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Uptake hydrogenase mutant cells of the cyanobacte-
rium Nostoc sp. PCC 7422 photobiologically produced
H2 catalyzed by nitrogenase for several days in H2-
barrier transparent plastic bags, and accumulated H2 in
the presence of O2 evolved by photosynthesis. Their H2

production activity was higher in the sealed flexible bags
than in stoppered serum bottles of fixed gas volume.

Key words: bioreactor; cyanobacteria; hydrogen; hydro-
gen barrier film; photosynthesis

This paper describes the use of transparent flexible
H2-barrier plastic bags as culture vessels for small-scale
laboratory experiments in place of stoppered serum
bottles for the accumulation of H2 photobiologically
produced by cyanobacteria. Some cyanobacteria pro-
duce H2 by the action of nitrogenase accompanied by
photosynthetic O2 evolution.1–4) Plastic bags allow
evaluation of H2 production activity under ambient
pressure accompanied by the emission and absorption of
various gases.

Bags made from two types of gas barrier films were
used: Besela film (donated by Kureha, Tokyo) composed
of a poly-acrylate gas-barrier layer, and GL film
(donated by Toppan, Tokyo) composed of an Al2O3-
deposited gas-barrier layer. These films were laminated
with a layer of biaxially oriented nylon (ONy) (15–
25 mm), followed by either cast polypropylene (CPP) or
low-density polyethylene (LDPE) (45–65 mm) on the
inner surface, yielding four types of bags: Be-P and Be-
E (Besela), and Gl-P and Gl-E (GL), with CPP and
LDPE respectively (some of these should be available
from GL Science, Tokyo). LDPE and CPP films
withstand vapor heat treatment at 100 and 120 �C
respectively. Although the Be-P and Gl-P bags look
hazy, chemical actinometry5) indicated that all of them
transmit more than 90% of incident visible light. In the
following experiments, the bags were equipped with a
laboratory-made gas-sampling device (Fig. 1)6) for
sampling and exchange of gases. The concentrations of
H2, O2, CO2, He, and Ne were determined by gas
chromatography (detector, TCD; column, Rt-Msieve 5A
PLOT, 0:32mm� 30m, Restek, Bellefonte, PA). The
gas volume in the bag was calculated by adding a known
amount of He or Ne to it followed by gas determination.

The permeation of H2 in the variously treated bags to

the outside air was determined for several days under
ambient atmosphere (about 1 atm, at about 25 �C) with
an initial H2 concentration of about 5–10% in Ar. From
the data, the permeability Pms (cm3 m�2 atm�1 day�1)
were calculated by eq. (1):

Vdq=dt ¼ �PmSp; ð1Þ
where V ¼ total gas volume (approximated to be
constant, as the change was less than 1% throughout
the experiments), q ¼ H2 mole fraction, t ¼ time,
S ¼ membrane surface area, p and p0 ¼ H2 partial
pressure at time t and time zero respectively. Under
these H2 diffusion conditions, the numerical values of q
and p are the same, and this yields Pms (Table 1) from
eq. (2):

V ln p ¼ �PmSt þ V ln p0 ð2Þ
Nitrogenase is an O2-sensitive N2 fixation enzyme

limited to some prokaryotes that catalyzes the unidirec-
tional production of H2 as the inevitable by-product of
the nitrogenase reaction.1,3) In the absence of N2, all the
electrons are allocated to H2 production. In cyanobac-
teria that have nitrogenase, the saccharides produced by
O2-evolving photosynthesis usually serve as the source
of electrons for the nitrogenase reaction.1,3) Although
cyanobacteria have developed various responses allevi-
ating the damaging effects of O2 on nitrogenase, these
responses are not always be enough completely to
mitigate the O2 effects. Stewart and Pearson7) reported
that in vivo nitrogenase activities (acetylene reduction)
of Anabaena flos-aquae and Nostoc muscorum cells
were inhibited by O2 when the concentration exceeded
20% (v/v). The Nostoc sp. PCC 7422 mutant (�Hup)
cells, which were used in the study too, whose uptake
hydrogenase gene (hupL) had been knocked out,
accumulated photobiologically produced H2 up to about
30% (v/v) in the presence of evolved O2.

8) The
inhibitory effect of O2 on this mutant was evident from
the experiments in which the mutant cells were
incubated in serum bottles with a starting gas phase of
20% O2–75% Ar–5% CO2: the concentration of the
accumulated H2 after 7 d was about 16% less than that
of the culture with a starting gas phase that contained no
O2 (95% Ar–5% CO2).

8)

Nostoc sp. PCC 7422 �Hup mutant cells8) 2 d after
transfer to a combined nitrogen-free BG110 medium for

y To whom correspondence should be addressed. Fax: +81-463-58-9684; E-mail: sakurai@waseda.jp
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nitrogenase induction were put into either open serum
bottles without caps or taller serum bottles of the same
diameter capped with butyl rubber septa, and both types
of bottles were put into untreated Be-E plastic bags.
The bags containing open bottles were heat sealed. The
initial gas volume was about the same for all the
bottles. The time course of H2 accumulation for the two
types of containers was almost the same for the first 3 d,
but after 5 d the sealed bags accumulated higher
amounts of H2 than the closed bottles (Fig. 2). The
decrease in H2 concentration in the gas phase due to H2

dissolved in the culture media was estimated on the
basis of H2 solubility to be only about 0.04% (v/v)
greater in the capped bottles than in the sealed bags
after 9 d due to elevated H2 partial pressure. These
results strongly suggest that the higher O2 partial
pressure in the capped bottles as compared to the open
plastic bags decreased nitrogenase-based H2 production
activity more strongly than in the latter, in agreement
with a previous report.8)

Gas-barrier plastic bags are suitable for measuring
biological activities accompanying gas emission and
absorption, such as H2 production, methane production,
and photosynthesis under ambient pressure. Flat surface
bags are suitable for determining the efficiency of
light energy conversion to H2. The size of the bag
can easily be changed by heat sealing. The bags can
also accommodate various structured materials such as
a latex biomimetic leaf coated with purple photo-
synthetic bacteria in Besela bags for photobiological
H2 production.9)

Amos10) estimated the cost of hydrogenase-based
photobiological H2 production by the green alga
Chlamydomonas, and pointed out that the product price
of the bioreactor accounts for a significant portion of the
overall cost. If the price of the bioreactor exceeds $100
per m2, then the system is not economically viable.
Prince and Kheshgi11) enumerated various technical
issues that must be addressed to make photobiologically
produced H2 economically viable, and one issue
identified is a need to develop inexpensive bioreactors.
H2-barrier plastic membranes were found here to be
potentially viable materials for inexpensive large-scale
bioreactors floating on the sea surface3,4) in future real-
world use. Although many of the relevant technologies
are in the early stages of development, the medium-term
target price of H2 produced by cyanobacteria is
estimated to be 26.4 cents per kWh.4)

Using an H2 permeability (Pm) value of 50
cm3 m�2 atm�1 d�1 (Table 1), the leakage of H2 from
the plastic bioreactor was estimated to be 1.5 Lm�2 over
60 d (compared with H2 production: 912 Lm�2) as
follows: Cyanobacteria produce H2 at 1.2% efficiency

Fig. 1. Gas Sampling Device Made from Plastic.
About 35� 45� 18mm in size. 1, vice; 2, butyl rubber septum

(gas barrier); 3, push bolt; 4, screw driving ring; 5, inner pad; 6,
stopper with through hole; 7, needle. The plastic material for 1, 3, 4,
5, and 6 is PPS (polyphenylene sulfide).

Table 1. H2 Permeability of Variously Treated Barrier Membranes

Treatment Bags
Pm:H2 permeability

(cm3 m�2 d�1 atm�1)

None

Be-E 87

Be-P 44

Gl-E 49

Gl-P 44

100 �C� 20min

3 times

Be-E 22

Be-P 53

Gl-E 29

Gl-P 48

120 �C� 20min

autoclave

Be-E 89

Be-P 67

Gl-P 41

For types of membranes, see the text. The Pm values fluctuated even with the

same type of the membrane according to the production lot and with the

same type of heat treatment, and hence should be taken as reference values.

Fig. 2. Time Course of Accumulation of H2 in Open and Capped
Bottles.

Cyanobacteria at 2 d after transfer to BG110. Bags were untreated
Be-E type. Initial gas composition: 94% Ar, 5% CO2, and 1% N2.
Cyanobacteria culture volume: 50mL in open bottles (3.7 cm outer
diameter, 7.6 cm in height) or capped bottles (3:7 cm� 11:6 cm).
Initial gas volume: about 45–55mL for the former and 50mL for
the latter. Light (a 12 h light and 12 h dark cycle) from fluorescent
lamps illuminating both sides of the bottles at the surface of
the bags: total photosynthetically active flux density of 100
mmol photonsm�2 sec�1. Gas samples were taken at the end of the
light period. H2 in sealed bags ( ) and in capped bottles ( ). Each
point is the average of triplicate samples.

832 M. KITASHIMA et al.
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in �H (a high heating value of 286 kJ/mol) vs. total
solar radiation of 5.4MJm�2 year�1, leading to an H2

production rate of 176 kJ (15.2 L (25 �C))m�2 d�1. The
amount of O2 produced is half that of H2. The initial gas
phase (5% CO2 plus 1% N2 in Ar) is 500 Lm�2, and H2

accumulates after 60 d to a concentration of 49%
(912=ð500þ 912þ 456Þ ¼ 0:49). H2 leakage from both
sides of the bioreactor over 60 d ¼ 2� 50� 10�3 �
0:245� 60 � 1:5 (Lm�2), and this can be reduced
further by increasing the thickness of the barrier layer if
necessary.
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Symbionts of the marine sponge Halichondria okadai
are promising as a source of natural products. Meta-
genomic technology is a powerful tool for accessing the
genetic and biochemical potential of bacteria. Hence, we
established a method of recovering bacterial-enriched
metagenomic DNA by stepwise centrifugation. The
metagenomic DNA was analyzed by ultrafast 454-
pyrosequencing technology, and the results suggested
that more than three types of bacterial DNA, Alphap-
roteobacteria, Actinobacteria, and Cyanobacteria, had
been recovered, and that eukaryotic genes comprised
only 0.02% of the metagenomic DNA. These results
indicate that stepwise centrifugation and real-time
quantitative PCR were effective for separating sponge
cells and symbiotic bacteria, and that we constructed a
bacteria-enriched metagenomic library from a marine
sponge, H. okadai, selectively for the first time.

Key words: metagenomic library; Halichondria okadai;
fosmid; 454-pyrosequencing; sponge

Many structurally unique compounds and significant
biologically active compounds have been isolated from
various marine invertebrates.1,2) In particular, sponges,
members of the porifera, are rich sources of many
natural products. The marine sponge Halichondria
okadai is generally found in tidal pools on the Pacific
coast of Japan. It has an irregular round shape with a few
large oscules, and is slightly hard. We have isolated
halichondrin B, which exhibits strong cytotoxicity
toward B16 melanoma cells, from H. okadai, and have
analyzed its structure.3,4) Erubrin (E7389), the right-side
fragment of halichondrin B, has been accepted as a
therapeutic drug (HALAVEN) for the treatment of
breast cancer by the U.S. FDA (http://www.fda.gov/
default.htm). Halichlorine, an alkaloid, has also been

isolated from H. okadai. It inhibits the production of
blood vessel cell adhesion molecule (VCAM-1).5–7)

Okadaic acid, a polyether that inhibits phosphatase,
has also been isolated from this sponge.8) Since, many
other natural products, including Alteramide A, Neo-
halicholactone and so on, have been isolated from this
sponge,9,10) H. okadai is promising as a source of natural
products.
Recent research suggests that marine sponges harbor

various microbial symbionts, and that the bacterial
population may be as high as 40–60% of the sponge
biomass.11,12) Furthermore, many bioactive compounds
in sponges are produced by these symbionts. For
example, cytotoxic macrolide swinholide A is produced
by both the marine sponge Theonella swinhoei and its
symbiotic Cyanobacteria.13) Hence, the exploitation of
bacterial symbionts of marine sponges might be an
effective approach to harvesting large amounts of natural
products. Although microorganisms have potential as
sources of bioactive compounds, only a small proportion
of bacteria have been isolated from the environment.14,15)

Hence, to use symbiotic bacteria efficiently as sources of
natural products, a metagenomic approach is appropriate.
Recently, several natural products have been isolated
using metagenomic libraries derived from soil.16,17)

These metagenomic libraries were used directly as
sources of natural products by screening of clones that
produce bioactive compounds by heterologous expres-
sion of metagenomic DNA. On the other hand, when
construct a metagenomic library from a marine sponge,
contamination by the eukaryotic genomic DNA of
sponge of metagenomic DNA decreases the efficiency
of heterologous expression of the symbiotic bacterial
genomic DNA in E. coli. Hence, strict separation of
symbiotic bacteria and sponge cells is very important in
the construction of a metagenomic library.
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In this study, we established a method of extracting
bacterial-enriched metagenomic DNA by stepwise cen-
trifugation and real-time quantitative PCR (Q-PCR), and
then confirmed the quality of the metagenomic DNA
by dataset analysis. Finally, we constructed a fosmid
library with metagenomic DNA from a marine sponge,
H. okadai, for the first time.

Materials and Methods

Sponge collection and separation of bacterial symbionts. The

marine sponge Halichondria okadai was collected from tidal pools on

the coast of Hayama, Kanagawa, Japan. The sponges were stored on

ice until used, within 6 h. They were diced into small pieces and

crushed manually into a cell suspension on ice with TEN buffer (3.5%

sodium chloride, 10mM tris-hydroxymethyl-aminomethane, 50mM

ethylenediaminetetraacetic acid, pH 8.5). First, the sediment and cell

suspension were separated with a large nylon mesh (20mm). Then the

sponge cells and bacteria were separated by step-wise centrifugation

(Fig. 1). The cell suspension was transferred to two ultracentrifuge

tubes. One cell suspension was centrifuged at 8;000 g for 15min at

4 �C in a HIMAC CR20G2 centrifuge (Hitachi, Tokyo) (fraction 1).

The other cell suspension was first centrifuged at 500 g for 5min at

4 �C (fraction 2). The supernatant was then transferred to another tube

and centrifuged at 1;000 g for 15min at 4 �C (fraction 3). Next, the

supernatant of the 1;000-g fraction was transferred to another tube and

centrifuged at 3;000 g for 15min at 4 �C (fraction 4). The supernatant

of the 3;000-g fraction was then transferred to another tube and

centrifuged at 8;000 g for 15min at 4 �C (fraction 5). Finally, the

various precipitates (fractions 1–5) were resuspended in TEN buffer

and centrifuged at 8;000 g (20min, 4 �C) by way of washing, twice

each. The genomic DNA of fraction 1 was used for PCR amplification

of 16S rRNA, and that of fraction 5 was used in both the construction

of a metagenomic library and second-generation ultrafast sequencing.

DNA isolation. Genomic DNA was extracted and purified following

the instructions in a commercial genomic DNA extraction kit (for

example, Genomic-tips 20/G, Qiagen, Frankfurt), and the protocol

used to recover genomic DNA, described by Piel et al., was modified

as follows.18,19) The precipitates were resuspended and lysed in 20mL

of guanidine solution (60% guanidine thiocyanate, 0.5% sodium

dodecyl sulfate, 10mM EDTA) during incubation at 65 �C. An

equivalent volume of CTAB buffer (4% cetyl trimethyl ammonium

bromide, 20mM EDTA pH 8.0, 100mM Tris–HCl pH 8.0, 1.4M NaCl)

and 50mL of mercaptoethanol were added, and the sample was

incubated for 2 h at 65 �C. After lysis, genomic DNA was extracted

2–3 times with phenol-chloroform and chloroform, and precipitated

with isopropanol. The precipitate was dissolved in TE buffer and

incubated at 37 �C with RNase A (Toyobo, Osaka) overnight, and then

precipitated with isopropanol and dissolved in TE again. The amounts

of DNA were determined using a UV spectrophotometer at 260 nm

(UVmini-1240, Shimadzu, Kyoto).

Bacterial diversity in metagenomic DNA determined by specific

PCR amplification of 16S rRNA. PCR amplification of 16S rRNA from

metagenomic DNA was carried out with primers 16SrRNAF: 50-
GTGCCAGCAGCCGCGGTAATAC-30 and 16SrRNAR: 50-TACAA-
GGCCCGGGAACGTATTCAC-30 (Operon, Tokyo), using Ex Taq

polymerase (Takara-Bio, Kyoto). These primers refer to Roseovarius

nubinhibens (NR 028728), Streptomyces sp. (AB498686), Staphylo-

coccus capitis (AB009937), Synechocystis sp. (AB364260), and

Escherichia coli (AB269763), and they were designed so that they

would be located outside the V1 and V8 regions of the bacterial 16S

rRNA. Thermocycling consisted of 2min of denaturation at 95 �C,
followed by 30 cycles of 30 s at 95 �C, 30 s at 55 �C, and 90 s at 72 �C.
The terminal elongation step was extended by 15min, and the reaction

mixtures were cooled to 4 �C upon completion. Amplicon size and

integrity were examined by standard agarose gel electrophoresis and

ethidium bromide staining. Amplicons were extracted using the GFX

PCR DNA and Gel Band Purification Kit (GE Healthcare Japan,

Tokyo). The purified PCR products were cloned to pT7-blue T vector

(Takara-Bio) with a Mighty mix-DNA ligation kit (Takara-Bio) and

transferred into E. coli, DH5-alpha competent cells. The 16S rRNA

clones were cultured with Luria-Bertani (LB) broth supplemented with

ampicillin (100mg/L), and the clones were extracted using a GenElute

Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO) following the

manufacturer’s instructions. Eighty-three positive clones were ran-

domly selected and sequenced with a BigDye Terminator Cycle

Sequencing Kit (Applied Biosystems, Norwalk, CT) with primers

pT7blue-SF: 50-CAGGTCGACTCTAGAGGATC-30 and pT7blue-SR:

50-GACGGCCAGTGAATTCGAGC-30 (Operon), using an ABI

3730xl DNA Analyzer (ABI). The sequence results were analyzed

by Genetyx software (Genetyx, Tokyo) and compared with known

sequences in the GenBank database using the BLASTN search

program (http://www.ncbi.nlm.nih.gov/) to determine approximate

phylogenetic affiliations. Chimeric genes were then compared with

related 16S rRNA. A phylogenetic tree was constructed by the

neighbor-joining method20) based on distance matrix data by the

phylogenetic program ClustalX2 (available at http://www.clustal.org/).21)

Evolutionary distances were calculated using the Kimura model.22) The

topology of the phylogenetic tree was evaluated by bootstrap analysis

carried out with 1,000 replications.23) 16S rRNA alignment was

achieved by including the phyla Proteobacteria, Actinobacteria,

Cyanobacteria, and Firmicutes. A sequence belonging to archaea was

used as out group (Fig. 3).

Cloning of the 18S rRNA of H. okadai. PCR amplification of the

18S rRNA genes of H. okadai was performed with primers designed

based on the conserved regions of the 18S rRNA of the marine sponges

H. melanodocia (AY737639) and Axinella corrugata (AY737637).

Thus 18S rRNA F: 50-CCTGGTTGATCCTGCCAGTAGTC-30 corre-
sponded to the 1n to 17n bases of the 18S rRNA of H. melanodocia,

and to the 1n to 24n bases of the 18S rRNA of A. corrugate, and 18S

rRNA R: 50-CTACAGAAACCTTGTTACGAC-30 corresponded to the

1,759n to 1,779n bases of the 18S rRNA of H. melanodocia, and to the

1,769n to 1,789n bases of the 18S rRNA of A. corrugate (Operon),

using genomic DNA extracted from fraction 1 with Ex Taq polymer-

ase. These purified PCR products were cloned, and several positive

clones were selected randomly and sequenced with primers pT7blue-

SF and pT7blue-SR. The sequence results were analyzed by Genetyx

software and compared with known sequences in the GenBank

database using the BLASTN search program to determine approximate

phylogenetic affiliations.

Quantitative real-time PCR. Cloned 18S rRNA was used as

template for a single reaction of Q-PCR. The copy number of the

18S rRNA gene was determined by assuming that based on the

molecular weights of the plasmid, which harbored partial 18S rRNA,

1 pg of plasmid equals 1:0� 105 copies. To prepare a standard curve

for Q-PCR, 1, 0.1, 0.01, 0.001, and 0.0001 pg of the purified plasmid

was used in identical PCR reactions. Q-PCR was performed using

SYBR PremiEx Taq and a Thermal Cycler Dice Real Time System

(Takara-Bio).

Pyrosequencing and analysis of metagenomic GS-FLX data.

Metagenomic DNA extracted from fraction 5 was used as starting

material for pyrosequencing. Approximately 15 mg of genomic DNA

was sequenced by three runs on a Roche GS-FLX pyrosequencer

Halichondria okadai

Squeezing

500 g 1,000 g 3,000 g 8,000 g

Crushed solution

8,000 g

fraction 1

fraction 2

supernatant supernatant supernatant

fraction 3 fraction 4 fraction 5

Fig. 1. Scheme for Concentration of the Bacterium from the Sponge
Used in This Study.
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(Roche, Mannheim, Germany). Genomic DNA was dissolved in TE

buffer, and its purity was ensured by checking that the A260/A280

wavelength ratio was from 1.8 to 2.0. The resulting data were

assembled using Newbler assembly software v1.1.02.15 (Roche).

Functional annotation of the protein-coding regions was achieved

using the BLASTX algorithm, which was used to query the NCBI non-

redundant database (nr) and the clusters of orthologous groups

database (COG).24–27) Comparisons of the metagenomic sequence data

to the NCBI-nr and COG databases were performed at a cutoff e-value

of 10�5. Manual editing was performed using Genetyx software.

Construction of metagenomic fosmid libraries. A metagenome

library was constructed following the manufacturer’s instructions using

a commercial fosmid library construction kit (CopyControl Fosmid

Library Production Kit, Epicentre, Madison, WI). Extracted metage-

nomic DNA was ligated into the fosmid vector pCC1FOS (Epicentre),

and the ligated vectors were packaged into lambda phages and used to

transfect E. coli EPI300 (Epicentre). The resulting infected cells were

spread onto LB medium containing 12.5mg/mL of chloramphenicol.

All the fosmid clones were stored in a deep freezer in LB medium

supplemented with a mixture of chloramphenicol (12.5 mg/mL) and

10% glycerol (v/v). Induction of the fosmids to give a high copy

number was achieved by the addition of induction solution (Epicentre)

and incubation of the cultures at 37 �C for 5 h. After induction, the cells

were collected, and the various fosmid DNAs were isolated by the

alkaline lysis miniprep method.28)

Nucleotide sequence accession number. The DNA sequence of the

continuous 18S, 28S, and 5.8S rRNAs of H. okadai (contig00027) is

available from the GenBank database under accession no. AB511881.

Results

Genomic DNA isolation and measurement of 18S
rRNA by Q-PCR assay

To measure the concentrations of eukaryotic genomic
DNA in the various fractions, the copy numbers of the
18S rRNA were determined using a LightCycler system
under the conditions described in ‘‘Materials and
Methods.’’ First, to design primers for Q-PCR, we
extracted genomic DNA from precipitates of H. okadai
by the CTAB method described in ‘‘Materials and
Methods.’’ Next, 18S rRNA was cloned. A blast search
suggested that the clone was 18S rRNA of H. okadai,
which shows high homology to that of the marine
sponge Halichondria melanodocia (AY737639, 99.8%).
A 10-fold dilution series of purified 18S rRNA PCR
products ranging from 1� 10�6 to 1 pg/mL was exam-
ined by Q-PCR. Genomic DNA samples were then
extracted from precipitates collected by graded centri-
fugation under the conditions described in ‘‘Materials
and Methods,’’ and the copy numbers of the 18S rRNA
segments were determined in duplicate by Q-PCR. The
copy number of 18S rRNA per 1 ng of genomic DNA
of the fractions collected at high speed decreased
dynamically (Fig. 2). The quantity of 18S rRNA clones

in the deposition collected at low speed (500 g) (fraction
2) was greater than that in the crushed-sponge solution
(fraction 1). This is because the sponge cells were
concentrated by centrifugation at low speed. On the
other hand, for precipitates collected at high speed
(8,000 g), the amount of 18S rRNA clones greatly
decreased (fraction 5). This suggests that contaminating
sponge cells were largely eliminated by low-speed
centrifugation (3,000 g), and that the pellets collected
from the supernatant at the higher speed (8,000 g) were
enriched bacterial pellets.

Bacterial community composition
Before we evaluated the metagenomic DNA used in

library construction, the composition and structure of the
bacterial community of H. okadai were examined by
PCR analysis. We cloned 16S rRNA and sequenced 83
random clones. This revealed that 76 clones (91.6%)
showed high homology (97.0–99.0%) to each other, and
this group was represented by clone2. First, a blast
search in the NCBI database revealed that all of the
clones show highest homology to uncultured bacteria
(Table 1). Next, to examine the phylogenetic relation
between these clones in further detail, cloned 16S rRNA
(clones 2, 4, 7, 13, 45, 47, 70, and 74) was aligned with
those of representatives of various bacteria using the
ClustalX2 program (Fig. 3). This revealed that the
dominant phylum was Alphaproteobacteria (clones 2,
4, 47, 70, and 74). Clone2 showed very high homology
with the 16S rRNA genes of uncultured Alphaproteo-
bacteria, HOC32 (98.2%), previously isolated from
H. okadai, at a position apart from the four other clones.
Two clones (clone13 and clone45) belonged to Actino-
bacteria, and clone7 belonged to Firmicutes. This PCR
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Fig. 2. Quantification and Comparison of 18S rRNA Copies in
Centrifuged Pellets of H. okadai.

The Q-PCR data were created using four fraction samples
(crushed solution, pellets at 500 g, pellets at 1;000 g, pellets at
8;000 g), twice (1st, 2nd).

Table 1. Closest Phylogenetic Affiliations of Partial 16S rRNAs Retrieved from Selected Clones

Clone Identity Closest homolog (BLASTN) Acessesion no.

2 98.0 Uncultured alphaproteobacteria (HOC32) AB054166

4 98.5 Mucus bacterium 81 AY654839

47 96.1 Alphaproteobacterium EXT2 AB274734

70 93.5 Uncultured alphaproteobacterium GQ346733

74 98.6 Uncultured alphaproteobacterium AB491826

7 99.5 Uncultured bacterium HM344756

13 99.2 Uncultured bacterium HM835849

45 99.8 Uncultured bacterium HM329350
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analysis revealed that Alphaproteobacteria are the over-
whelming dominant population in the marine sponge
H. okadai. Next, to assess the quality of the constructed
library, bacteria-enriched metagenomic DNA was esti-
mated by pyrosequencing of the metagenomic DNA,
which yielded about 230,000 readings (50Mb) with an
average read length of 220 bases assembled into 17,069
contigs. These contigs were committed to the NCBI-nr
database and assigned to either prokaryote (best
BLASTX expectation value � 10�5 to a prokaryotic
entry) or eukaryote (best BLASTX expectation value �
10�2 to a eukaryotic entry). Based on this analysis, at
least 50.7% of the contigs in the metagenomic data set
showed highest homology to genes that encode pro-
karyotic proteins. Very few contigs were homologous to
eukaryotic proteins (0.02%), and the other contigs were
considered not to be assignable. Further analysis
revealed that Alphaproteobacteria was also the largest
group in the metagenomic library (74.5%), followed
by Actinobacteria (3.5%) and Cyanobacteria (3.3%)
(Table 2). A further detailed analysis indicated that the
Alphaproteobacteria category consisted mainly of un-
cultured Alphaproteobacteria, Rhodobacterales, Rhizo-
biales, and Rhodospirillales (Table 3). Rhizobiales are
known to be symbionts of plants in general. This
indicates that a combination of graded centrifugation
and Q-PCR can be used to construct a bacterial-rich
genomic library efficiently, and that the metagenomic
library is rich in bacterial diversity.

Allocation of assembled contig sequences to micro-
bial genomes

To identify the genes involved in the biosynthesis of
natural products, the sequenced data sets were function-
ally annotated by COG category analysis based on a
BLASTX search against the NCBI database, and 8,096
contigs (47.4%) were assigned to functional genes
(Fig. 4). The most abundant proteins were associated
with metabolism (51.7%), and the biosynthesis, trans-

port, and catabolism of secondary metabolites accounted
for 1.8%. To understand better the biosynthetic path-
ways of natural products derived from symbiotic
bacteria, we focused on secondary metabolism, and

Table 2. Prokaryotic Taxa Distribution in the Metagenomic DNA
Based on BLAST Search against the Nr-Database

Taxon %

Alphaproteobacteria 74.5

Betaproteobacteria 3.2

Gammaproteobacteria 6.9

Deltaproteobacteria 1.9

Zetaproteobacteria 0.1

Actinobacteria 3.5

Cyanobacteria 3.3

Planctomycetes 1.2

Firmicutes 1.0

Bacteroidetes 0.9

Chlorobi 0.5

Chloroflexi 0.3

Chlamydiae 0.2

Acidobacteria 0.2

Verrucomicrobia 0.2

Deinococci 0.1

Spirochaetes 0.1

Aquificae 0.1

Tenericutes 0.1

Incertaesedis 1.7

Table 3. Taxonomic Affiliation of Contigs of the Class Alphapro-
teobacteria

ORDER %

Rhodobacterales 32.5

Unclassified alphaproteobacteria 27.8

Rhizobiales 19.3

Rhodospirillales 14.9

Sphingomonadales 2.7

Caulobacterales 1.1

Rickettsiales 0.9

Parvularculales 0.7
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HOC32 (AB054166)(α)
Uncultured bacterium from Halichondria nigrocutis (EU263912)(α)

SAR116 Candidatus Puniceispirillum marinum (NC_014010)(α)
Azospirillum rugosum (AM419042)(α)

Roseobacter litoralis from Prorocentrum lima (X78312)(α)

Rhodobacteraceae bacterium (EF629849)(α)

Agrobacterium tumefaciens from Discodermia sp. (GU826585)(α)
SAR11 Candidatus Pelagibacter ubique (CP000084)(α)
Vibrio sp. (AB220937)(γ )

Nitrosospira sp. from Aplysina aerophoba (EF529669)(β )

Rhodococcus sp. (HM590053)(Ac)

Synechocystis sp.  (AB364260)(C)
Oscillatoria sp.  (AB364252)(C)

Entotheonella palauensis from Theonella swinhoei (AF130847)(Δ)

Uncultured archaeon from Characella sp. (AB453932)(Ar)

Uncultured Propionibacterium sp. from oyster (FM995190)(Ac)
Streptomyces sampsonii (AB362247)(Ac)

Staphylococcus capitis (AB009937)(F)

Bacillus licheniformis (AB196353)(F)

Fig. 3. Neighbor-Joining Tree for Bacterial 16S rRNA.
Bootstrap values calculated from 1,000 resamplings by neighbor-joining are shown at the various nodes. Clones derived from H. okadai

are boxed. �, alphaproteobacteria; �, betaproteobacteria; �, gammaproteobacteria; �, deltaproteobacteria; Ac, actinobacteria; F, firmicutes;
C, cyanobacteria; Ar, archaea.
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performed an advanced COG analysis using a Swiss-
prot database. This revealed that 13 genes showed
homology to non-ribosomal peptide synthase modules
and related proteins (Table 4). These genes showed
similarity to NRPS derived from Proteobacteria
(30.8%), Actinobacteria (30.8%), Firmicutes (20.1%),
and Cyanobacteria (15.4%).

Genomic library construction
The genomic DNA isolated by the CTAB method was

larger than 25 kb, large enough to construct a fosmid
library. DNA bands larger than 25 kb were recovered by
subjecting the corresponding agarose slices to GFX PCR
RNA and using a Gel Band Purification Kit, and the
recovered genomic DNA was used to construct a fosmid
library. The ligation mixture of digested genomic DNA
and fosmid vector was packaged and transferred to
EPI300 competent cells. As a result, 150,000 independ-
ent clones were obtained. We then confirmed that an
appropriate length of genome had been inserted into
these fosmids by electrophoresis of restriction enzyme-
digested fosmids.

Discussion

Metagenomic analysis can be useful to understand the
genetic background of the biosynthesis of natural
products. Recently, it was reported that some PKS
genes obtained from a metagenomic library of symbiotic
bacteria were different from the genes derived from
cultivable bacteria.19) Thus, culture-independent analy-
sis is preferable for the analysis of such symbionts.
When one constructs a fosmid library, one must
eliminate sponge cells as much as possible, because
contamination by genomic DNA from the sponge is an
obstacle in screening bacterial natural product-related
genes from a metagenomic library. Hence, we estab-
lished a method of constructing a bacteria-enriched
metagenomic library from the marine sponge H. okadai
by stepwise centrifugation and Q-PCR. Next, we
investigated the quality of the metagenomic DNA to
determine whether it was suitable for the construction of
a metagenomic library and for the screening of natural

products. We accessed metagenomic DNA by dataset
analysis, and found that the eukaryotic genome accounted
for only 0.02% of total metagenomic DNA. Several
genome studies have been performed on Porifera, a
demosponge, and so the finding that few contigs of the
metagenomic database show homology to genes derived
from these projects suggests that the sponge’s genome
was largely removed from the metagenomic DNA.29)

Alphaproteobacteria is the dominant group in the
metagenomic library, followed by Actinobacteria and
Cyanobacteria (Table 2). Various natural products have
been isolated from Alphaproteobacteria, Actinobacteria,
and Cyanobacteria,30–32) and some might be the biogenic
source of the non-ribosomal peptides.32) This suggests
that the metagenomic DNA, from which the eukaryotic
genome had clearly been eliminated, is a promising
genetic resource for the discovery of natural products by
functional screening, and that heterologous expression
of metagenomic DNA using a multi-host expression
system might be useful for exploiting sponges’ sym-
biotic bacteria efficiently.
In this study, we identified 13 contigs that show

homology to NRPS genes by dataset analysis (Table 4).
For example, contig07303 showed homology with the
gene that encodes surfactin synthase, and contig08398
showed homology with the gene that encodes saframy-
cin Mx1 synthase.33,34) To determine whether these
contigs are involved in the biosynthesis of these
compounds, heterologous expression of the genes is
necessary. Screening of clones whose fosmid contains
these contigs by colony hybridization using the contigs
as probe might be an efficient approach to compiling
sequencing data and to the construction of a whole
cluster of NRPS genes. While various natural products
have been isolated from H. okadai, non-ribosomal
peptide has not yet been isolated from it. Hence the
expression of whole clusters of NRPS-like genes in a
suitable host should lead to the isolation of a non-
ribosomal peptide from H. okadai.
Marine sponges harbor various natural products

derived from secondary metabolites of symbiotic bac-
teria, and hence the diversity and specificity of sym-
biotic bacteria is an important issue in the screening
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of natural products. First, we compared the diversity of
the bacterial community of H. okadai with those of
other marine sponges.35–38) For sponges of the order
Halichondrida, Gammaproteobacteria is the dominant
bacteria in Halichondria sp., and Acidobacteria and
Chloroflexi are the dominant groups in Svenzea zeai. For
sponges of the order Haplosclerida, Gammaproteobac-
teria and Firmicutes are the dominant bacteria in
Haliclona simulans and Gelliodes carnosa respectively.
On the other hand, Alphaproteobacteria are the domi-
nant bacteria in H. panicea, Rhopaloeides odorabile,
and Mycale laxissima, of the orders Halichondrida,
Dictyoceratida, and Poecilosclerida respectively.35,39,40)

These results indicate that bacterial composition is
highly varied in sponges, and that the dominance of
alphaproteobacteria is not a rare characteristic.

We focused on the specificity of symbionts in the
marine sponge H. okadai. Eighty-three clones of the 16S
rRNA of H. okadai were analyzed by BLAST search of
the NCBI database. This revealed that clone2 showed
high homology to other uncultured alphaproteobacteria,
HOC32 (98.2%) (AB054166), which had been cloned
from H. okadai. Furthermore, this clone2 group is
phylogenetically distant from the major marine bacteria,
including SAR11, for example SAR116 (91.4%)
(NC 014010).41) The fact that 1 certain bacteria were
isolated from the sponge extracted separately suggested
that these bacteria are sponge-specific. Indeed, it has
been reported that the dominant alphaproteobacteria of
H. panicea was a sponge-specific symbiont by sampling
at different stations.35) These results imply the specificity
of alphaproteobacteria clone2. Furthermore, some
sponge-phylum-specific symbionts have been detected
by comparison of symbionts obtained from various
marine sponges,42) but clone2 derived from H. okadai
showed low homology to these sponge-phylum-specific
alphaproteobacteria (JAWS23, JAWS8) (84.2% and
82.6%). This suggests that this symbiont of the marine
sponge H. okadai is not a sponge-phylum-specific
bacterium.

Recently, it was reported that some sponge symbionts
may have co-evolved with their hosts.43,44) These allied
sponges were isolated related species. Because the
5.8S rRNA of H. okadai showed high similarity to
H. panicea (99.0%, AF062607) and sponge-specific
clones had been isolated from H. panicea, we inves-
tigated sponge-order-specific bacteria by homology

search. We compared clone2 with the 16S rRNA clones
derived from H. panicea, and found that the clone2
showed low homology to uncultured alphaproteobac-
teria in H. panicea, for example, HNS27 (Z88567),
HNS35 (Z88568), and HNSM50 (Z88569) (86.0%,
69.8%, and 85.7%), the dominant alphaproteobacteria
in H. panicea. This suggests that clone2 is not a sponge-
order-specific bacterium.
Thus there are two methods of transmission of

symbiotic bacteria in marine sponges. Usually, marine
bacteria are either acquired from the surrounding sea
water during filter-feeding by sponges or are transferred
from parental sponges to their progeny through repro-
duction.45) Sponge-species-specific symbionts are inher-
ited by vertical transmission. Although H. okadai,
H. panicea, and H. japonica all belong to the order
Halichondrida and live in tidal pools in Japan, different
natural products have been isolated from these three
sponges. For example, Halichondrin B was not isolated
from the latter two sponges. This can be explained by
the conjecture that the symbiotic bacterium that produces
natural products is sponge-species-specific. Indeed, the
16S rRNA clones derived from H. panicea did not show
high homology to that of H. okadai. Hence a phyloge-
netic analysis and comparison of symbionts derived
from H. okadai, H. panicea, and H. japonica sampled
from the same location is necessary to determine the
existence of sponge-species-specific symbionts and the
relationship between these host sponges, their sym-
bionts, and natural products. To determine this relation-
ship, the metagenomic approach with heterologous
expression and DNA analysis is effective.
In this study, we constructed a fosmid library from

a marine sponge, H. okadai, for the first time. We
eliminated the sponge genome from the recovered
metagenomic DNA. A dataset analysis indicated that
metagenomic DNA is a potential source for screening
natural products. An analysis of bacterial diversity
suggested that the metagenomic library was constructed
by various bacteria, mainly Alphaproteobacteria, Acti-
nobacteria, and Cyanobacteria. An analysis of ortholo-
gous proteins suggested that the library contains genes
that are involved in non-ribosomal peptide synthesis.
This analysis of the genetic profile of the metagenomic
DNA should help in using uncultivable and cultivable
bacteria as genomic sources in the screening of natural
products.

Table 4. Predicted Protein Coding Sequences in a Metagenomic Data Set Related to Secondary Metabolite Synthesis

Contig
Length

(bp)
e-Value Closest homolog (BLASTX) Accession no.

Identity

(%)

contig00219 224 6.00E-17 amino acid adenylation domain protein [Paenibacillus curdlanolyticus YK9] ZP 07387014 57

contig04668 256 4.081E-14 amino acid adenylation domain protein [Streptomyces flavogriseus ATCC 33331] ZP 05803229 54

contig06486 261 5.30E-06 amino acid adenylation domain-containing protein [Salinispora tropica CNB-440] YP 00115962 46

contig06528 265 2.889E-12 amino acid adenylation [Synechocystis sp. WH 8501] ZP 00517512 50

contig06841 260 5.00E-21 amino acid adenylation domain protein [Lyngbya majuscula 3L] ZP 08431748 56

contig07303 252 2.00E-04 surfactin synthase subunit 1 [Bacillus subtilis] P27206 47

contig07750 246 9.00E-10 non-ribosomal peptide synthetase [Pseudomonas brassicacearum] YP 00435531 47

contig08398 276 8.00E-27 saframycin Mx1 synthetase B [Myxococcus xanthus] AAC44128 70

contig08571 247 5.00E-08 peptide synthase [Pseudomonas aeruginosa PAb1] ZP 06878666 55

contig08754 263 5.09E-17 non-ribosomal peptide synthetase, putative [Roseobacter sp. GAI101] ZP 05099506 51

contig08780 242 6.00E-20 peptide synthetase [Streptomyces sp. Acta 2897] AEA30273 62

contig08861 243 2.00E-11 hypothetical protein bcere0027 54520 [Bacillus cereus AH676] ZP 04195022 51

contig11049 254 2.03E-13 putative non-ribosomal peptide synthase [Bradyrhizobium sp. BTAi1] YP 00123724 50
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An EtOH extract of Valeriana fauriei was found to
exhibit potent inhibition of fat accumulation against
3T3-L1 murine adipocytes. After performing several
chromatographic steps, we successfully isolated the
conjugated linoleic acid derivative, 9-hydroxy-
10E,12Z-octadecadienoic acid (9-HODE). Synthesized
9-HODE and its analogs showed inhibitory activity
against fat accumulation.

Key words: Valeriana fauriei; 3T3-L1 murine adipo-
cytes; inhibitor; fat accumulation

Such lifestyle-related diseases as cancer, cardiovas-
cular disease, hypertension, hyperlipidemia, and diabe-
tes are rapidly growing epidemics in developed coun-
tries, and obesity is one of the causes.1) The Ministry of
Health, Labor and Welfare in Japan has reported
increasing obesity rate in the population. Although such
approaches for anti-obesity as low-calorie foods have
been proposed, we have focused on inhibitors of fat
accumulation, because they could be applied to the
development of anti-obesity drugs.

Our previous study screened the fat accumulation
inhibitors from various sources. We found that the
mushroom, Coriolus versicolor, and plant, Valeriana
fauriei, potently inhibited fat accumulation against 3T3-
L1 murine adipocytes. The highly N-methylated cyclic
heptapeptide, (�)-ternatin, was successfully isolated
from C. versicolor as a novel inhibitor of fat accumu-
lation.2–4) V. fauriei is a Chinese herbal medicine and is
used to treat hysteroepilepsy and cardiac palpitations.
These effects have been mediated by such terpenoid
glycosides as kessoglycol diacetate and kessoglycol �-
monoacetate from V. fauriei.5,6) A novel iridoid glyco-
side and a sesquiterpenoid have been isolated from
V. fauriei and showed NGF-potentiating activity.7)

However, there are no reports on the inhibition of fat
accumulation. We report in this study the isolation and
determination of fat accumulation inhibitors from
V. fauriei.

To isolate the fat accumulation inhibitors, we used
the assay system with 3T3-L1 murine adipocytes as
described previously.2) LabAssay� Triglyceride (Wako

Pure Chemical Industries) was used to determine the
amount of triglyceride in the 3T3-L1 cells, and Cell
Counting Kit-8 (Dojindo Laboratories) was used to
determine the cell viability. Both the fat accumulation
(FA) and cell viability (CV) rates were determined by
dividing the absorbance value of a sample by the
absorbance of the control which had been exclusively
treated with a vehicle. An FA rate of 50% and CV rate
of 50% are respectively presented as the EC50 and IC50

values.
The rhizomes and roots of V. fauriei (2 kg) purchased

from Tochimoto Tenkaido Co. (Japan) were extracted
with 80% aqueous ethanol over 2 weeks. The concen-
trated extract (125 g) was partitioned between ethyl
acetate and water, and the ethyl acetate layer was
partitioned between 90% aqueous methanol and hexane.
Since the 90% aqueous methanol layer showed inhib-
itory effects on fat accumulation (66% FA rate and 93%
CV rate at a 100 mg/mL conc.), the methanol fraction
was separated by ODS column chromatography with
stepwise elution by 70% aqueous MeOH to MeOH. The
80% aqueous MeOH fraction (73% FA rate and 93% CV
rate at a 50 mg/mL conc.) was separated by silica-gel
column chromatography with stepwise elution by
CHCl3/MeOH (19/1, 9/1, and 2/1). The 9/1 CHCl3/
MeOH fraction (68% FA rate and 94% CV rate at a
50 mg/mL conc.) showed four spots on the TLC plate
[Rf ¼ 0:63, 0.70, 0.73, and 0.80 (CHCl3/
MeOH ¼ 9 : 1)]. These spots were separated by prepa-
rative TLC (CHCl3/MeOH ¼ 9 : 1) to afford an active
compound (0.6mg; 50% FA rate and 81% CV rate at a
20 mg/mL conc.) with an Rf value of 0.70. To determine
the structure, this active compound was analyzed by 1H-
NMR (300MHz, CDCl3), using high-resolution electro-
spray ionization mass spectrometry (HR-ESIMS) with a
Waters LCT Premier XE and ESIMS with a Brucker
Esquire 3000 Plus in the negative ESI mode. Character-
istic 1H-NMR peaks of the active compound are shown
in the experimental section. Its molecular formula was
determined to be C18H32O3 by HR-ESIMS (m=z
295.2262 ½M� H��, as calculated for C18H31O3,
295.2273). The ESI mass spectrum showed major peaks
at m=z 295 (½M� H��), and an MS/MS analysis gave

y To whom correspondence should be addressed. Kenji MIYAMOTO, Fax: +81-45-566-1783; E-mail: kmiyamoto@bio.keio.ac.jp; Daisuke UEMURA,
Fax: +81-463-58-9684; E-mail: uemura@kanagawa-u.ac.jp

Abbreviations: NGF, nerve growth factor; PPAR�, peroxisome proliferator-activated receptor �; GPCR, G protein-coupled receptor; FA, fat
accumulation; CV, cell viability
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ion fragments at m=z 277 (½ðM� H2OÞ � H��) and 171
([(M � CH3(CH2)4CHCHCHCH2) � H]�). Based on
these spectral data, we identified the active compound
as the known but unusual fatty acid, 9-hydroxy-
10E,12Z-octadecadienoic acid (9-HODE, 3) (Fig. 1).
The 1H-NMR and MS/MS peaks assigned to the active
compound were in good agreement with those reported
previously for 9-HODE.8,9) The enantiomeric excess of
isolated 9-HODE was determined by an HPLC analysis
after converting to the corresponding methyl ester.10)

The results indicate that the absolute configuration of
isolated 9-HODE was the (R)-enantiomer (>95% e.e.).

We next synthesized 9-HODE and its analogs by
using a reported method.9) Methyl linoleate (1) was
added to a mixture of SeO2 and dichloromethane in an
argon atmosphere. The reaction mixture was stirred for
24 h at room temperature, before a 10% NaCl solution
was added and the mixture extracted with dichloro-
methane. The extract contained the 9-HODE methyl
ester (4) and 13-hydroxy-9Z,11E-octadecadienoic acid
(13-HODE) methyl ester (6). These compounds were
purified by preparative HPLC and subsequent hydrolysis
to afford racemic 9-HODE (3) and racemic 13-HODE
(5), and their inhibitory activity against fat accumulation
was evaluated. Figure 2A shows that synthesized
9-HODE significantly inhibited fat accumulation in
3T3-L1 cells (EC50 ¼ 20 mg/mL, IC50 ¼ 29 mg/mL).
These results are relatively higher than those for (R)-9-
HODE isolated from V. fauriei (EC50 ¼ 40 mg/mL,
IC50 ¼> 40 mg/mL). The results indicate the stronger

activity of the (S)-enantiomer than that of the (R)-acid.
Interestingly, 13-HODE showed slightly greater activity
(EC50 ¼ 17 mg/mL, IC50 ¼ 41 mg/mL) than that of 9-
HODE (Fig. 2B). The methyl esters (4 and 6) were also
subjected to these assays, but indicated no inhibitory
activity (data not shown). These results show that the
structure of a conjugated diene with a hydroxyl group at
the allylic position and a carboxyl group may be
important for the biological activities of 9-HODE.
Although the inhibitory activity of 9-HODE and 13-
HODE against fat accumulation has not been previously
reported, it has been reported that conjugated linoleic
acid (CLA, 2) had such biological activities such as
anti-tumor and hypocholesterolemic effects.11) Interest-
ingly, we found that CLA (2) had weak inhibitory
activity against fat accumulation (EC50 ¼ 316 mg/mL,
IC50 ¼ 375 mg/mL) when compared with 9-HODE and
13-HODE.
It has been reported that 9-HODE and 13-HODE

showed antitumorial activities.9) The methyl esters (4
and 6) had very weak activity compared with the
corresponding acids. Intriguingly, 9-HODE and 13-
HODE showed more potent inhibition of fat accumu-
lation and antitumor activity than CLA, although these
activities were lost by methyl esterification.
It is crucial for future applications to elucidate the

mechanisms for the inhibitory activities of 9-HODE
against fat accumulation. 9-HODE has been reported to
act as a ligand of both PPAR�12) and G protein-coupled
receptor G2A.13,14) PPAR� is a transcriptional factor
belonging to the nuclear receptor super-family and is
known to promote the differentiation of adipocytes.
Experiments with the heterozygous mouse,15) inhibitors
of PPAR�,16) and Pro12Ala SNP in humans17) have
shown a suppression of obesity by incremental serum
leptin levels.18) However, it has been reported that
PPAR� activated by troglitazone, a potent agonist,
promoted the differentiation of small adipocytes and the
apoptosis of large adipocytes.19) Troglitazone thus led to
the miniaturization of adipocytes. It is likely that 9-
HODE may activate PPAR� and miniaturize adipocytes
in the same way as troglitazone, leading to decreased fat
accumulation. G2A is a stress-inducible G protein-
coupled receptor (GPCR) which is known to have such
biological functions as those involving inflammatory
response, proliferation, and differentiation. It has been
reported that 9-HODE acted as a ligand of G2A and
released a variety of cytokines.13,14) However, intra-
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3T3-L1 cells were treated with 9-HODE (A), 13-HODE (B), and the vehicle (control) for 1 week during differentiation. The fat accumulation

(filled circles) and cell viability (unfilled circles) were then determined. Data are presented as the mean and standard deviation (SD) of four tests
and are shown as a percentage of the control value.

1234 K. YUKI et al.

─ 91 ─



cellular signaling mediated by G2A has not been fully
elucidated. It is possible that the cytokines released by
G2A played a role in the inhibition of fat accumulation
after 9-HODE bound to G2A.

We successfully isolated 9-HODE in this study as an
inhibitor of fat accumulation and found that 13-HODE
had the same effect. The hydroxylated derivatives of
conjugated linoleic acid may be potent inhibitors of
fat accumulation, making it important to evaluate the
activity of other analogs of 9-HODE.

Experimental
General data. 1H-NMR spectra were recorded with a JeolL JNM

AL300 FT NMR spectrometer. 9-HODE (3). 1H-NMR (300MHz,

CDCl3) �: 0.89 (3H, t, J ¼ 6:8), 1.21–1.59 (18H, m), 2.18 (2H, m),

2.35 (2H, t, J ¼ 7:5), 4.15 (1H, m), 5.44 (1H, m), 5.66 (1H, dd,

J ¼ 6:8, 15.2), 5.97 (1H, dd, J ¼ 11:2, 11.2), 6.49 (1H, dd, J ¼ 11:2,
15.2).
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We screened a colored clone from a metagenomic library
derived from the marine sponge Halichondria okadai. We
isolated a yellow pigment, halichrome A (1), which was
structurally elucidated to be a biindole, exhibited cytotoxicity
against B16 melanoma cells and was substituted with an ethyl
group. To the best of our knowledge, this is the first report of the
isolation of a novel compound from a metagenomic library
derived from a marine sponge.

Many structurally unique compounds with significant bio-
logical activity have been isolated from various marine
invertebrates.1 In particular, sponges, members of the porifera,
are rich sources of many natural products. Recent research
suggests that marine sponges harbor various microbial sym-
bionts and that many bioactive compounds in sponges are
produced by these symbionts.2 Although microorganisms have
potential as sources of bioactive compounds, only a small
proportion of bacteria have been isolated from the environment.3

Hence to use symbiotic bacteria efficiently as sources of natural
products, a metagenomic approach is appropriate. Recently,
several natural products have been isolated using metagenomic
libraries derived from soil.4 These metagenomic libraries were
used directly as sources of natural products by screening of
clones that produce bioactive compounds by heterologous
expression of metagenomic DNA. We previously constructed a
metagenomic library from the marine sponge Halichondria
okadai.5 In this study, we screened for colored clones and found
a novel compound halichrome A (1) (Chart 1).

A colored clone was screened for the production of pigment
on LuriaBertani (LB) agar plates and grown in a liquid-shaker
culture. This culture was extracted with EtOAc and chloroform.
The extract was concentrated and partitioned between EtOAc
and H2O. The EtOAc extract was subjected to fractionation with
column chromatography (silica gel, tolueneEtOAc; ODS silica

gel, EtOHH2O) and reversed-phase HPLC (Develosil ODS-
UG-5, MeOHH2O; YMC-pack AG-323, acetonitrileH2O) to
give halichrome A (1). The cytotoxicity of halichrome A (1)
against B16 mouse melanoma cells was determined using the
MTT method.6 This compound showed cytotoxicity with an IC50

value of 30.9¯gmL¹1 after 4 days.
Halichrome A (1) was isolated as a yellow pigment soluble

in both methanol and chloroform. The UVvis absorption
maxima at 402 nm with a slight inflection at shorter wavelengths
indicate the presence of an indole chromophore.7 The molecular
formula of 1 was determined to be C18H16N2O by HR-ESIMS
(m/z 299.1160, [M + Na]+, ¦ + 0.4mmu). The NMR data for 1
are summarized in Table 1. The 1HNMR spectrum of 1 in
chloroform-d showed the presence of two aromatic ring ABCD
spin systems (¤ 7.65, 6.85, 7.49, 6.92, and 7.50, 7.02, 7.15,
7.34), one doublet aromatic proton (¤ 7.22), one methylene
(¤ 2.30), one methyl group (¤ 0.91), and two indole NH signals
(¤ 5.02 and 8.11). In the 13CNMR spectrum, 18 carbon signals
were observed, including one carbonyl carbon (¤ 201.2), one
methyl carbon (¤ 6.1), one methylene carbon (¤ 28.5), one
quaternary carbon (¤ 67.8), and 14 olefinic carbons (¤ 159.0,
135.5, 135.0, 123.3, 123.1, 120.6, 120.5, 119.2, 118.2, 118.1,
117.1, 113.3, 110.5, and 109.6). The 9 olefinic carbon signals

halichrome A (1)
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Table 1. 13CNMR and 1HNMR data for 1a,b,c

Position ¤C ¤H (mult., J in Hz) HMBC (H to C)

1 5.02 (s) 2, 3, 3a, 8
2 67.8
3 201.2
3a 119.2
4 123.1 7.65 (d, 7.7) 3, 7a
5 117.1 6.85 (dd, 7.2, 7.7) 3a
6 135.5 7.49 (dd, 7.2, 8.5) 7a
7 110.5 6.92 (d, 8.5) 3a
7a 159.0
8 28.5 2.30 (m) 2, 3, 3¤
9 6.1 0.91 (t, 7.3) 8
1¤ 8.11 (brs) 3a¤
2¤ 120.6 7.22 (d, 2.4) 3¤, 3a¤, 7a¤
3¤ 113.3
3a¤ 123.3
4¤ 118.2 7.50 (d, 8.0) 3¤, 7a¤
5¤ 118.1 7.02 (dd, 8.0, 7.3) 3a¤
6¤ 120.5 7.15 (dd, 8.0, 7.3) 7a¤
7¤ 109.6 7.34 (d, 8.0) 3a¤
7a¤ 135.0
aSolvent: CDCl3. b 1HNMR (500MHz), 13CNMR (125MHz).
cRecorded at 298K.
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(¤ 135.5, 123.1, 120.6, 120.5, 118.2, 118.1, 117.1, 110.5, and
109.6) were assigned to the methines, based on the results of an
HMQC experiment. The 1H1HCOSY spectrum and a decou-
pling experiment revealed the partial structures C4C5C6C7,
C4¤C5¤C6¤C7¤, and C8C9, as shown in Figure 1. First,
HMBC correlations at H5/C3a, H6/C7a suggested the con-
nectivity of C3aC4, C7aC7, respectively. Then, the assign-
ment of C3a and C7a were established by the similarity in the
13CNMR when compared to those of ketoindole moiety of
Cephalinone B.8 The correlations H1/C2, H1/C3, and H1/C3a
in the HMBC spectrum suggested a ketoindole moiety.
Furthermore, based on the HMBC correlations at H4/C3 and
the NOESY correlations between H1 and H7, the ketoindole
moiety should be located between N1 and C7a, as shown in
Figure 1. Next, the HMBC correlations at H5¤/C3a¤ and H6¤/
C7a¤ suggested the connectivity of C3a¤C4¤, and C7a¤C7¤,
respectively. Then, the assignment of C3a¤ and C7a¤ were
established by the similarity in the 13CNMR when compared to
those of indole moiety of Arcyriarubin B 6-O-sulfate.9 The
decoupling of H1¤ and H2¤, and HMBC correlations at H2¤/C3¤,
H2¤/C3a¤, H2¤/C7a¤, and H1¤/C3a¤ suggested an indole moiety.
Furthermore, based on the HMBC correlations at H4¤/C3¤ and
the NOESY correlations between H1¤ and H7¤, the indole moiety
should be located between N1¤ and C7a¤, as shown in Figure 1.
Thus, these analyses showed two indole moieties and one ethyl
group, and the connectivity between these partial structures was
clarified by HMBC as follows. The HMBC correlations at
H8/C2, H8/C3, and H1/C8 determined that the ethyl group was
attached to a C2 quaternary carbon. And the HMBC correlations
at H8/C3¤ suggest that a N1C7a portion was connected to an
N1¤C7a¤ portion at C2 and C3¤. Consequently, the entire carbon
chain was assembled and the gross structure of halichrome A (1)
was determined to be as shown in Figure 1. The specific rotation
of 1 is observed to be ¹0.9 (c 0.03, MeOH), and then
determination of the absolute configuration at C2 is under
investigation.

Many biosynthetic pathways of bacterial pigments have
been investigated by a metagenomic approach. Recently, some
clones that produce heterologously indigo, indirubin, and
violaceion were isolated from soil-derived metagenomic libra-
ries and full or partial sequences of these gene clusters were

analyzed.4b,7b,10 In this study we isolated a clone that produce
harichrome A. Hence sequencing of the gene clusters is in
progress and analysis of the genetic information of this clone
would improve the study of the open reading frames, responsible
for the halichrome A biosynthesis.

In summary, halichrome A (1) was isolated from a
metagenomic library derived from the marine sponge H. okadai.
The gross structure of halichrome A (1) was revealed to be
biindole substituted with an ethyl group based on 2DNMR
spectra. Halichrome A (1) exhibits weak cytotoxicity against
B16 mouse melanoma cells with an IC50 value of 30.9¯gmL¹1.
To date, some natural products have been isolated by a
metagenomic approach. Most of these natural products originate
from soil, marine sediment, and no example from a marine
sponge has been reported. To the best of our knowledge, this is
the first report of heterologous expression of a novel natural
product from a metagenomic library derived from a marine
sponge. These results indicate the potential of metagenomic
libraries derived from marine sponges as a genetic and chemical
source.

We thank Professor Kazuhito Inoue and Professor Yuko
Nishimoto of Kanagawa University for their support. This study
was supported in part by Grants-in-Aid for Creative Scientific
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a b s t r a c t

Stereoselective synthesis of the C94–C104 fragment of symbiodinolide which is a polyol marine natural
product with a molecular weight of 2860 has been accomplished. The synthetic route features
Achmatowicz rearrangement and RuO4-catalyzed dihydroxylation for the construction of the tetrahydro-
pyran moiety and the dithiane addition to the aldehyde for the introduction of the side chain.

� 2012 Elsevier Ltd. All rights reserved.

Symbiodinolide (1, Fig. 1) is a polyol marine natural product iso-
lated from dinoflagellate Symbiodinium sp.1 This molecule exhibits
voltage-dependent N-type Ca2+ channel-opening activity at 7 nM
and COX-1 inhibition activity at 2 lM. The planar structure of 1
was elucidated by the detailed 2D NMR analysis. However, the
huge and complex molecular structure of 1 featuring a molecular
weight of 2860 and the presence of 61 chiral centers has hampered
the complete stereochemical determination. Therefore, we are now
performing the chemical degradation of the natural product1,2 and
chemical synthesis of the fragments3 on 1 toward the complete
stereostructural elucidation. With regard to the C91–C99 carbon-
chain moiety, the stereochemical assignment was executed on
the basis of 3JH,H analysis and NOE correlations.1 Previously, we
synthesized the C79–C96 fragment by using spiroacetalization
and Kotsuki coupling as the key transformations.3a Herein, as a part
of our synthetic and structural studies of 1, we report the stereose-
lective synthetic route to the C94–C104 fragment.

Our retrosynthetic analysis of the C94–C104 fragment 2 is
outlined in Scheme 1. We envisaged that the carbon-framework
of 2 could be constructed through the coupling between dithiane
3 and aldehyde 4. The vicinal oxygen-functionalized moiety at
the C101 and C102 positions could be stereoselectively introduced
by dihydroxylation of enone 5. The carbon-skeleton of the methyl
acetal 5 could be constructed via Achmatowicz rearrangement4 of
optically pure alcohol 6, which could be prepared from commer-
cially available furfuryl alcohol.

Stereoselective construction of the tetrahydropyran part is
described in Scheme 2. Treatment of furfuryl alcohol with t-butyl-

dimethylsilyl chloride (TBSCl)/imidazole gave TBS ether 7 in 96%
yield.5 Regioselective lithiation of the furan 7 with n-BuLi followed
by the addition of 2-benzyloxy acetaldehyde 86 provided racemic
alcohol 9. Albright–Goldman oxidation7 of 9 and subsequent asym-
metric transfer hydrogenation of the resulting furfuryl ketone with
HCO2H/Et3N in the presence of (S,S)-Noyori catalyst 10 (2 mol %)8

afforded the chiral alcohol 6 as a single stereoisomer, as judged
by the 400 MHz 1H NMR spectra of the corresponding MTPA esters.

0040-4039/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tetlet.2012.06.005

⇑ Corresponding authors. Tel.: +81 86 251 7839; fax: +81 86 251 7836 (H.T.).
E-mail address: takamura@cc.okayama-u.ac.jp (H. Takamura).

Figure 1. Structure of symbiodinolide (1).
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The absolute configuration of the resulting asymmetric center was
confirmed by the modified Mosher method.9 Exposure of the alco-
hol 6 to the Achmatowicz conditions4 (NBS in THF/H2O) yielded
the desired rearrangement product 11 as a 1:1 diastereomeric mix-
ture, which was unstable, therefore, treated immediately with
(MeO)3CH in the presence of BF3�OEt2 in Et2O at 0 �C to give the
methyl acetal 5 in 67% yield in two steps, along with its C103-epi-
mer (10% yield in two steps). Next, we examined the stereoselec-
tive dihydroxylation of the enone 5. When the enone 5 was
subjected to the OsO4-dihydroxylation conditions, the reaction
did not proceed at all. We speculated that this unfortunate phe-
nomenon resulted from the electron-deficient character of the
enone 5. Therefore, the dihydroxylation of 5 was carried out with
RuCl3/NaIO4 in the presence of ZnCl2 as a Lewis acid at 0 �C, which
are efficient conditions to the electron-deficient alkenes,10 to afford
the desired diol 12 in 73% yield as the sole product.11 The stereo-
chemistries at the C101 to C103 positions were verified by NOE
correlations and coupling constants. Thus, the observed NOEs of

H-99/H-101 and H-99/OCH3-103 of 12 confirmed that they were
in a syn relationship to each other. The small magnitude of
3J101,102 (3.6 Hz) indicated the syn correlation of these protons.
Although the detailed conformational analysis of 5 was not carried
out, the stereochemical outcome in the dihydroxylation can be
rationalized by the steric repulsion between the methoxy group
at the C103 position and the ruthenium reagent. After the vicinal
diol moiety of 12 was protected as an acetonide, reduction with
NaBH4 proceeded stereoselectively to provide axial alcohol 13.
The resulting configuration at the C100 position was determined
by the observed 3J99,100 (5.5 Hz). The alcohol 13 was transformed
into the corresponding S-methyl dithiocarbonate in 97% yield,
which was deoxygenated under Barton–McCombie conditions12

to afford tetrahydropyran 14 in 93% yield.
Next objective was to introduce the side chain, stereoselectively.

Removal of the benzyl protective group of 14 with LiDBB13 and
subsequent Parikh–Doering oxidation14 gave the aldehyde 4
(Scheme 3). Deprotonation of the dithiane 315 with n-BuLi at room
temperature for 15 min, which were found to be the optimal condi-
tions by the deuterium exchange experiments, and subsequent
reaction of the resulting anion with the aldehyde 4 yielded alcohol
15 as a single stereoisomer.16 The stereoselectivity can be under-
stood by a Felkin–Anh model17 as illustrated in TS1. Treatment of
15 with Dess–Martin periodinane (DMP)18/pyridine afforded the
corresponding ketone in 95% yield, which was reduced with DI-
BAL-H to provide the desired alcohol 16 in quantitative yield. The
dithioacetal moiety of 16was hydrolyzed with NCS/AgNO3 in aque-
ous CH3CN19 to afford a-hydroxy ketone 17. Chelation-controlled
reduction of 17 with Zn(BH4)220 furnished the desired diol 2 as a
single stereoisomer.21 The absolute configuration at the C97 posi-
tion was confirmed by the modified Mosher method9 using the
mono-MTPA esters derived from 2.

In conclusion, we have synthesized the C94–C104 fragment 2 of
symbiodinolide (1) from furfuryl alcohol, which is the key synthetic
intermediate for the synthesis of the C79–C104 fragment. The syn-
thetic route features Achmatowicz rearrangement, RuO4-catalyzed

Scheme 2. Synthesis of 14.

Scheme 1. Retrosynthetic analysis of the C94–C104 fragment 2.
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dihydroxylation, and coupling between the dithiane and the alde-
hyde. Further synthetic and structural studies on 1 are currently
underway and will be reported in due course.

Acknowledgements

We appreciate the Kato Memorial Bioscience Foundation, The
Research Foundation for Pharmaceutical Sciences, The Society of
Synthetic Organic Chemistry, Japan (Shionogi Award in Synthetic
Organic Chemistry, Japan), and The Asahi Glass Foundation for their
financial supports. This research was supported by Grant-in-Aid for
Scientific Research from Japan Society for the Promotion of Science
(JSPS).

References and notes

1. Kita, M.; Ohishi, N.; Konishi, K.; Kondo, M.; Koyama, T.; Kitamura, M.; Yamada,
K.; Uemura, D. Tetrahedron 2007, 63, 6241.

2. Han, C.; Yamano, Y.; Kita, M.; Takamura, H.; Uemura, D. Tetrahedron Lett. 2009,
50, 5280.

3. (a) Takamura, H.; Ando, J.; Abe, T.; Murata, T.; Kadota, I.; Uemura, D.
Tetrahedron Lett. 2008, 49, 4626; (b) Murata, T.; Sano, M.; Takamura, H.;
Kadota, I.; Uemura, D. J. Org. Chem. 2009, 74, 4797; (c) Takamura, H.; Murata, T.;
Asai, T.; Kadota, I.; Uemura, D. J. Org. Chem. 2009, 74, 6658; (d) Takamura, H.;
Kadonaga, Y.; Yamano, Y.; Han, C.; Aoyama, Y.; Kadota, I.; Uemura, D.
Tetrahedron Lett. 2009, 50, 863; (e) Takamura, H.; Kadonaga, Y.; Yamano, Y.;
Han, C.; Kadota, I.; Uemura, D. Tetrahedron 2009, 65, 7449; (f) Takamura, H.;
Kadonaga, Y.; Kadota, I.; Uemura, D. Tetrahedron Lett. 2010, 51, 2603; (g)
Takamura, H.; Kadonaga, Y.; Kadota, I.; Uemura, D. Tetrahedron 2010, 66, 7569.

4. Achmatowicz, O., Jr.; Bukowski, P.; Szechner, B.; Zwierzchowska, Z.; Zamojski,
A. Tetrahedron 1971, 27, 1973.

5. Celanire, S.; Marlin, F.; Baldwin, J. E.; Adlington, R. M. Tetrahedron 2005, 61,
3025.

6. Nishizono, N.; Akama, Y.; Agata, M.; Sugo, M.; Yamaguchi, Y.; Oda, K.
Tetrahedron 2011, 67, 358.

7. Albright, J. D.; Goldman, L. J. Am. Chem. Soc. 1965, 87, 4214.
8. (a) Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc.

1996, 118, 2521; (b) Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, 97.
9. Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. J. Am. Chem. Soc. 1991, 113,

4092.
10. Plietker, B.; Niggemann, M. J. Org. Chem. 2005, 70, 2402.
11. When the enone 5 was treated with RuCl3/NaIO4 in the presence of CeCl3 at

0 �C, the diol 12 was obtained in 51% yield.
12. Barton, D. H. R.; McCombie, S. W. J. Chem. Soc., Perkin Trans. 1 1975, 1574.
13. (a) Freeman, P. K.; Hutchinson, L. L. J. Org. Chem. 1980, 45, 1924; (b) Ireland, R.

E.; Smith, M. G. J. Am. Chem. Soc. 1988, 110, 854.
14. Parikh, J. R.; Doering, W. V. E. J. Am. Chem. Soc. 1967, 89, 5505.
15. The dithiane 3 was prepared from commercially available methyl (S)-3-

hydroxy-2-methylpropionate according to the known procedure. See: (a)
Walkup, R. D.; Boatman, P. D., Jr.; Kane, R. R.; Cunningham, R. T. Tetrahedron
Lett. 1991, 32, 3937; (b) Shotwell, J. B.; Roush, W. R. Org. Lett. 2004, 6, 3865.

16. The absolute stereochemistry at the C98 position of 15 was elucidated by
applying the modified Mosher method to the a-hydroxy ketone which was
synthesized from 15 with NCS/AgNO3 in aqueous CH3CN.

17. For a selected review, see: Mengel, A.; Reiser, O. Chem. Rev. 1999, 99, 1191.
18. (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155; (b) Dess, D. B.; Martin, J.

C. J. Am. Chem. Soc. 1991, 113, 7277.
19. (a) Corey, E. J.; Erickson, B. W. J. Org. Chem. 1971, 36, 3553; (b) Rao, A. V. R.;

Venkatswamy, G.; Javeed, S. M.; Deshpande, V. H.; Rao, B. R. J. Org. Chem. 1983,
48, 1552.

20. Nakata, T.; Tanaka, T.; Oishi, T. Tetrahedron Lett. 1983, 24, 2653.
21. Diol 2: colorless oil; Rf = 0.40 (hexane/EtOAc=1:1); ½a�20D �10.2 (c 0.13, CHCl3);

IR (neat) 3437, 2927 cm�1; 1H NMR (400 MHz, CDCl3) d 7.21 (d, J = 8.3 Hz, 2H),
6.84 (d, J = 8.3 Hz, 2H), 4.43 (s, 2H), 4.37–4.31 (m, 1H), 4.01 (dt, J = 10.3, 3.0 Hz,
1H), 3.97 (d, J = 4.9 Hz, 1H), 3.81–3.78 (m, 1H), 3.78 (s, 3H), 3.73 (d, J = 10.7 Hz,
1H), 3.67 (d, J = 10.7 Hz, 1H), 3.62–3.58 (m, 1H), 3.41 (dd, J = 8.9, 4.3 Hz, 1H),
3.25–3.18 (m, 2H), 3.19 (s, 3H), 2.36–2.33 (m, 1H), 2.01–1.95 (m, 1H), 1.82–
1.73 (m, 3H), 1.47 (s, 3H), 1.42–1.36 (m, 1H), 1.29 (s, 3H), 0.92 (d, J = 6.8 Hz,
3H), 0.89 (s, 9H), 0.06 (s, 3H), 0.06 (s, 3H); 13C NMR (100 MHz, CDCl3) d 159.2,
129.6, 129.4, 113.8, 108.5, 99.9, 77.2, 76.4, 73.0, 72.1, 71.1, 71.1, 66.0, 60.3,
55.3, 47.9, 40.0, 32.2, 30.7, 29.8, 28.4, 26.5, 25.8, 18.4, �5.4, �5.5; HRMS (ESI-
TOF) calcd for C30H52O9SiNa (M+Na)+ 607.3278, found 607.3268.

Scheme 3. Synthesis of 2.

H. Takamura et al. / Tetrahedron Letters 53 (2012) 4317–4319 4319

─ 98 ─



─ 99 ─



─ 100 ─



─ 101 ─



─ 102 ─



─ 103 ─



─ 104 ─



This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 4347–4349 4347

Cite this: Chem. Commun., 2012, 48, 4347–4349

Metal ion-binding properties of DNA duplexes containing thiopyrimidine

base pairsw

Itaru Okamoto,* Takashi Ono, Rimi Sameshima and Akira Ono*

Received 1st September 2011, Accepted 14th March 2012

DOI: 10.1039/c2cc15436f

Thiopyrimidine pairs in DNA duplexes were unexpectedly largely

stabilized by complexation with two equivalents of Ag(I) ions and

their binding properties were evaluated. The metal ion-binding

properties of the thiopyrimidine base pairs differed significantly

from those of unpaired bases.

In recent years, a great deal of effort has gone toward capturing

certain metal ions using DNA strands. Complexes made from

metal ions and DNA have been applied toward the development

of new materials such as DNA-based wires and sensors capable of

detecting various metal ions in aqueous solution.1a–e In metal

ion-mediated base pairs (metallobase pairs), the hydrogen bonds

of Watson–Crick base pairs in natural DNA are replaced by

metal–base bonds. Metallobase pairs in DNA duplexes may also

be generated using only naturally occurring pyrimidine bases.2

Thymine–thymine (T–T) and cytosine–cytosine (C–C) mismatches

in duplexes selectively capture Hg(II) and Ag(I) ions to form the

corresponding metal-mediated base pairs T–Hg–T and C–Ag–C.

Because the binding of Hg(II) to the T–T pair is highly selective,

many DNA-based sensors have been developed for selectively

detecting Hg(II) ions in aqueous solutions containing various

heavy metal ions.2b,f,3

To develop methods for binding metal ions to DNA strands,

synthetic oligodeoxyribonucleotides containing various artificial

bases have been created to form specific metallobase pairs.1f–p To

expand the selectivity and variety of metal ions binding to

nucleobases, the concept of ‘‘hard and soft acids and bases’’

(HSAB) is a useful guideline. In general, base pairs containing

sulfur atom(s) can be expected to incorporate various heavy

metal ions. However, few studies have reported on the binding of

metal ions to base pairs containing sulfur atoms in DNA

duplexes. Zimmermann et al.1j described Ag(I) ion binding to

an artificial base-pair having methylthio side-chains. Takezawa

and collaborators4 reported that nucleosides having mercapto-

pyridione or hydroxypyridinethione bases were able to capture

Pd(II) and Ni(II) ions. In the report, they predicted that artificial

bases, once incorporated into DNA strands, may efficiently and

selectively capture desired metal ions.

Thiopyrimidine nucleotides are observed in RNAs in cells as

minor bases.5 Metal ion binding properties of thiopyrimidine

nucleosides and nucleotides have been examined. Thiopyrim-

idine nucleosides (2-thiouridine, 4-thiouridine, 2,4-dithiouridine, 5-

carboxymethyl-2-thiouridine) and mononucleotides (2-thiouridine

50-monophosphate, 4-thiouridine 50-monophosphate) form com-

plexes with divalent metal ions such as Ni(II), Cu(II), and Cd(II).6

Also, 4-thiothymine, when placed in the loop region of a DNA

hairpin structure, reportedly shows an affinity for divalent

heavy metal ions such as Cd(II) and Cu(II).7 However, the metal

ion-binding properties of thiopyrimidine pairs in duplexes have not

been reported. The current study investigated the metal ion-binding

properties of DNA duplexes containing the thiopyrimidine–

thiopyrimidine base pairs 2-thiothymine–2-thiothymine (S2–S2)

and 4-thiothymine–4-thiothymine (S4–S4) by thermal denaturation

and ESI-MS methods. The binding properties of the thiopyrimi-

dine pairs in duplexes differed from those of unpaired bases.

The chemical structures of the thiopyrimidine bases and DNA

duplexes containing thiopyrimidine pairs used in this study are

shown in Fig. 1. Oligodeoxynucleotides (ODNs) containing S2,

S4, and 4-thiouracil (SU) were prepared using commercially

available phosphoramidite units.8 Oligodeoxyribonucleotides

containing 4-methylthiouracil (MeSU) were prepared as described

by Coleman and Kesicki.9 Details are provided in the ESI.w
Because of difficulties in purification, ODNs containing MeSU

were composed of a simple, thymine-rich sequence. All of

the oligonucleotides were purified by reverse-phase HPLC

and their identity was confirmed by MALDI-TOF MS

analyses.

Fig. 1 Chemical structures of thiopyrimidine bases andDNA duplexes

containing thiopyrimidine pairs.

Department of Material and Life Chemistry, Faculty of Engineering,
Kanagawa University, 3-27-1 Rokkakubashi, Kanagawa-ku,
Yokohama 221-8686, Japan. E-mail: i-okamoto@kanagawa-u.ac.jp,
akiraono@kanagawa-u.ac.jp; Fax: +81-45-491-7915;
Tel: +81-45-481-5661 (Ex 3887)
w Electronic supplementary information (ESI) available: Synthesis of
oligonucleotides, HPLC profiles and MALDI-TOF MS spectra of
these oligonucleotides, thermal denaturation profiles, ESI-TOF MS
spectra and CD spectra of duplexes. See DOI: 10.1039/c2cc15436f
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The metal ion-binding properties of duplex-S2 and duplex-S4

were evaluated by thermal denaturation. Similar to duplexes

containing a T–T pair, both duplexes were stabilized by the

addition of Hg(II) ions (for further information on the binding

properties of Hg(II) see Fig. S4, ESIw). Duplex-S4 was stabilized

to some extent by the addition of excess Cu(II) ions. The same

treatment, however, had no effect on the transition curve of

duplex-S2 (Fig. S10, ESIw). Thermal denaturation profiles did

not change significantly in the presence of Mg(II), Ca(II), Fe(II),

Co(II), Ni(II), Zn(II), Pd(II), Cd(II), or Pt(II) ions (Fig. S8 and S9,

ESIw). In contrast, duplexes were unexpectedly and largely

stabilized in the presence of Ag(I) ions.

Thermal denaturation profiles of duplex-S2 and duplex-S4 in the

presence of various concentrations of Ag(I) are shown in Fig. 2.

Both duplex-S2 and duplex-S4 were stabilized in the presence of

two equivalents of Ag(I) ions (DTm= 23 1C). Additional Ag(I) had
no effect. Thus, two equivalents of Ag(I) were required to fully

stabilize both duplexes. In the presence of less than two equivalents

of Ag(I) ions, two transition curves were observed in each

denaturation profile for both duplexes. The origins of these transi-

tion curves are discussed below.

Fig. 3 shows ESI-MS spectra of duplex-S2 and duplex-S4. In the

presence of two equivalents of Ag(I) ions, peaks corresponding to

a complex consisting of two Ag(I) ions and a duplex were observed

(Fig. 3b and d).

The thermal denaturation profiles and the ESI-MS spectra

both indicate the capture of two Ag(I) ions by duplex-S2 and

duplex-S4. The observed metal ion-binding properties of these

thiopyrimidine pairs are different from those of a T–T pair,

which selectively captures one Hg(II) ion. This is likely due to

the thiocarbonyl groups, metal ion binding properties of which

should be different from those of the carbonyl group of thymine.

Another considerable difference between the thiopyrimidines and

thymine is the relative acidity of their imino protons; pKa values

of the thiopyrimidines are smaller than that of thymine (Fig. 4a).5

Fig. 4b shows proposed binding schemes for the thiopyrimi-

dine base pairs and Ag(I) ions. An imino or a thioenol proton of

a thiopyrimidine residue, which is more acidic than the imino

proton of thymine, is replaced by one Ag(I) ion, resulting

in thiopyrimidine–Ag(I)–thiopyrimidine complexes (Fig. 4b).

Then, another Ag(I) is captured by thiopyrimidine–Ag(I)–

thiopyrimidine complexes, resulting in metallobase pairs bridged

by two Ag(I) ions.

As mentioned above, duplexes containing the thiopyrimidine

pairs were largely stabilized in the presence of Ag(I) ions. This is a

significant deviation from the metal ion-binding properties of

duplexes containing a T–T pair, on which Ag(I) ions have no

effect. Instead, the metal ion-binding properties of the thiopyrimi-

dine pair were more reminiscent of those of 5-fluorouracil pairs

(F–F pair) in a duplex.10 Two equivalents of Ag(I) ions bind a F–F

pair to give a F–2Ag(I)–F complex.10,11 ESI-MS experiments

showed that the binding of a second Ag(I) ion to form

F–2Ag(I)–F was relatively weak. Even in the presence of two

equivalents of Ag(I) ions, peaks corresponding to a duplex

with two Ag(I) ions were not observed. However, peaks

corresponding to a duplex with a single Ag(I) ion were

present.10 Megger and collaborators12 recently reported that

two Ag(I) ions bind Hoogsteen-type base pairs to form a

metallobase pair, 1,3-dideazaadenine–2Ag(I)–thymine. In their

report, data from UV and CD titrations supported the binding

of two Ag(I) ions. However, presumably due to weak Ag(I) ion

binding, peaks corresponding to the Hoogsteen-type base

pairs containing two equivalents of Ag(I) ions were not

observed in the mass spectra. This mode of binding might be

similar to that of Ag(I) binding in F–F pairs. Conversely,

peaks corresponding to complexes consisting of two Ag(I) ions

and a duplex containing a thiopyrimidine pair were seen in the

ESI-MS spectra (Fig. 3).

Substitution of a proton with a Ag(I) ion in the thioenol

structure, which has a relatively lower pKa due to Ag(I)–N3

Fig. 2 Thermal denaturation experiments were performed in solutions

each containing 2 mM duplex, 10 mM MOPS (pH 7.0) and 100 mM

NaNO3 in the presence of various concentrations of Ag(I) ions.

(a) duplex-S2 and (b) duplex-S4. open circles = no metal ions, open

triangles = 1 equiv. Ag(I) ions, closed triangles = 2 equiv. Ag(I) ions,

closed circles = 3 equiv. Ag(I) ions.

Fig. 3 ESI-MS spectra of duplex-S2 and duplex-S4 in the (a and c)

absence and (b and d) presence of 2 equiv. of Ag(I) ions, respectively.

Fig. 4 (a) pKa values and (b) proposed binding schemes of Ag(I)-mediated

thiopyrimidine base pairs.

D
ow

nl
oa

de
d 

by
 K

an
ag

aw
a 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

20
13

 0
8:

25
:4

2.
 

Pu
bl

is
he

d 
on

 2
6 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.rs
c.

or
g 

| d
oi

:1
0.

10
39

/C
2C

C
15

43
6F

View Article Online

─ 106 ─



This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 4347–4349 4349

coordination,13 could be a key step in the formation of stable

metallobase pairs bridged by two Ag(I) ions (Fig. 4b). To

evaluate this hypothesis, we prepared a duplex containing a

4-thiouracil–4-methylthiouracil (SU–MeSU) pair and compared

its thermal denaturation profiles in the presence of various

concentrations of Ag(I) ions (Fig. 5). To remove a predicted

steric hindrance between the 5-methyl group and 4-methylthio

group in 4-methylthiothymine, a uracil ring was used in these

experiments. As shown in Fig. 5a, duplex-SU, which contained

an SU–SU pair, was fully stabilized in the presence of two

equivalents of Ag(I) ions.14 Conversely, duplex-MeSU was only

slightly stabilized in the presence of excess Ag(I) ions (Fig. 5b).

This indicates that the binding of a second Ag(I) ion is

important for the stabilization of duplex-SU.

Consequently, a thiopyrimidine–Ag(I)–thiopyrimidine is not

as stable as a thiopyrimidine–2Ag(I)–thiopyrimidine complex.

Therefore, a two-phase transition was observed in denaturation

profiles in the presence of less than two equivalents of Ag(I) ions

(Fig. 2a, b, and 5a),15 the first transition corresponding to the

dissociation of a free duplex and the second to the dissociation

of a complex consisting of a duplex and two Ag(I) ions.

The above study describes the metal ion-binding properties of

thiopyrimidine pairs. The binding properties of thiopyrimidine

pairs were significantly different from those of unpaired bases.

Thiopyrimidine-containing ODNs used in this study are

commercially available and can therefore be used in a broad

variety of applications in laboratories worldwide.
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(MEXT), Japan.
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ABSTRACT

Developing applications for metal-mediated base
pairs (metallo-base-pair) has recently become a
high-priority area in nucleic acid research, and
physicochemical analyses are important for design-
ing and fine-tuning molecular devices using metallo-
base-pairs. In this study, we characterized the
HgII-mediated T-T (T-HgII-T) base pair by Raman
spectroscopy, which revealed the unique physical
and chemical properties of HgII. A characteristic
Raman marker band at 1586 cm�1 was observed
and assigned to the C4=O4 stretching mode. We
confirmed the assignment by the isotopic shift
(18O-labeling at O4) and density functional theory
(DFT) calculations. The unusually low wavenumber
of the C4=O4 stretching suggested that the bond
order of the C4=O4 bond reduced from its canonical
value. This reduction of the bond order can be
explained if the enolate-like structure (N3=C4-O4�)
is involved as a resonance contributor in the thymine
ring of the T-HgII-T pair. This resonance includes
the N-HgII-bonded state (HgII-N3-C4=O4) and the
N-HgII-dissociated state (HgII+ N3=C4-O4�), and
the latter contributor reduced the bond order of
N-HgII. Consequently, the HgII nucleus in the
T-HgII-T pair exhibited a cationic character. Natural
bond orbital (NBO) analysis supports the interpret-
ations of the Raman experiments.

INTRODUCTION

Metal-mediated nucleic acid base pairs are extensively
studied molecules that are of interest because of their
ability to expand the genetic code and provide new mater-
ials for nano-devices (1–15). These artificial base pairs can
be made by substituting the natural nucleobases with a
planar metal chelator in the DNA molecule (1–15). As
an alternative, our group discovered that even the
natural base, thymine, can form a stable mercuryII-
mediated T-T base pair (T-HgII-T pair) (16–22). The
RNA analogue of this molecule (U-HgII-U) also exists
as a stable complex (23–25). The metal-mediated base
pairs can only form with HgII, and they are used in
many types of HgII-sensor (16,26–30). The DNA
molecule itself has potential as a component of future
nano-devices, and the introduction of a T-HgII-T pair
into the sequence could enable the physical and chemical
properties of such materials to be fine-tuned (31–33).

Although the T-HgII-T pair has been extensively studied
since 2004 (16,17,26–33), its precise chemical structure was
only revealed by 15N NMR spectroscopy in 2007 (20–22).
In the NMR analysis, the thymine was 15N-labeled at N3
and incorporated into the DNA duplex 1�2: d(CGCGTT
GTCC) � d(GGACTTCGCG) (Figure 1). In the presence
of the HgII ion, the thymine residues formed a T-HgII-T
pair, and 15N–15N J-coupling across HgII (2JNN) was
detected (Figure 1c), which provided unambiguous
evidence of the formation of the N3-HgII-N3 bond in
the T-HgII-T pair (20–22). This J-coupling value was the-
oretically examined by density functional theory (DFT)
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calculations (34). Although various data (35–48) hinted at
the chemical structure of the T-HgII-T pair prior to these
studies, its chemical structure was conclusively determined
by these studies (20–22,34).

However, despite elucidation of the precise chemical
structure of the T-HgII-T base pair, the nature of the
mercury atom in the base pair is unclear. To address
this, we used Raman spectroscopy to measure the
spectra of the T-HgII-T pair under different conditions.
In the Raman spectra, we identified characteristic bands
that were sensitive to irregular base-pair linkage that we
assigned using site-specific 18O-labeling. These bands
could also be interpreted using DFT calculations. Our
analysis revealed several interesting properties of the
N-HgII bonds, e.g. the bond order by natural bond
orbital (NBO) analysis.

MATERIALS AND METHODS

DNA synthesis

DNA oligomers (CGCGTTGTCC 1 and GGACTTCGC
G 2) and non-labeled thymidylyl (30–50) thymidine
(TpT) were synthesized by the phosphoramidite method
(Figure 1a and b), and purified using a reversed-phase
column (COSMOSIL 5C18-AR-300; Nakalai Tesque,
Kyoto, Japan). The solutions containing non-labeled
TpT were evaporated under vacuum several times to
remove unwanted triethylammonium acetate buffer and
acetonitrile. The DNA oligomers 1 and 2 were further
purified using an anion-exchange column (UNO Q-6;
BIO-RAD, CA, USA) to exchange the triethylammonium
counter ion with sodium. Excess NaCl was removed using
a gel filtration column (TSK-GEL G3000PW; TOSOH,
Tokyo, Japan) with MILLI-Q water (MILLIPORE,

MA, USA) as the mobile phase. Each oligomer was
quantitated by UV absorbance at 260 nm after digestion
with nuclease P1 (Yamasa, Choshi, Japan). Hg(ClO4)2
(Wako, Osaka, Japan) was used as the HgII source.
18O-labeled TpT at the O4 position (18O4-labeled TpT)
was synthesized by the procedure shown in Supplementary
Scheme S1; further details are described in the
Supplementary Data.

Raman spectroscopy

To prepare the HgII-DNA complex, a solution of 2.0mM
DNA duplex 1�2 and 4.8mM Hg(ClO4)2 were made, and
excess HgII cations were removed using a chelating resin
(Chelex 100, BIO-RAD) as described previously (20). The
resulting solution was concentrated to yield the HgII-DNA
complex at a final concentration of 2.0mM for measure-
ment purposes. To prepare the HgII-free DNA duplex,
NaClO4 was added to the 2.0mM DNA duplex 1�2
solution to enable the final concentration of the ClO�

4
ion to be adjusted to 9.6mM.
The Raman spectra of TpT were recorded using a

10mM TpT solution containing 0–1.75 molar equiva-
lents of Hg(ClO4)2 as a simple model for the system.
The pH of the solution was adjusted to 6.5 by direct titra-
tion with HCl or NaOH. The Raman spectra of thymidine
50-monophosphate (50-TMP) were recorded under various
conditions. Each sample was sealed in a glass capillary and
excited with the 514.5 nm line of a Coherent Innova 70
Ar+ laser. The Raman scattered light was collected with a
camera lens, dispersed on a Jasco NR-1800 triple spec-
trometer, and detected with a liquid-nitrogen-cooled
CCD detector. The temperatures of the samples were
maintained at 295K. Raman scattering from the solvent
was subtracted from each spectrum.

Figure 1. Sequences of DNA oligomers and the structure of the T-HgII-T pair. (a) The sequences of the DNA oligomers used for the NMR and
Raman spectral measurements. (b) Chemical structure of thymidylyl (30–50) thymidine (TpT). The numbering of each carbonyl oxygens is indicated
and the labeled oxygen atoms in 18O-labeled TpT are colored in red. (c) The reaction scheme for the T-HgII-T pair formation is shown with 2-bond
15N–15N J-coupling (2JNN). The numbering system for thymine is also shown, and the N3 atom is colored in blue.
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DFT calculations

The geometry of 1-methylthymine, and two possible
patterns of the T-HgII-T complexes (Supplementary
Figure S1) were optimized by Gaussian 03, rev. D02 (49)
at the B3LYP/6-31+G(d,p) level of theory with the
polarizable continuum model (PCM) of water solvent.
The core electrons of the mercury atom were treated
using the MWB60 relativistic pseudo-potential, while the
valence electrons were treated using the MWB60 basis set.
For fully optimized structures, vibrational analysis was
performed and the back-scattered Raman intensities
were calculated at the same level of theory. The calculated
line spectra were weighted by the temperature factor
(50,51) and convoluted with Lorentzian band shapes,
using 5 cm�1 full width at half height. 18O isotope effects
were evaluated using the same force field and different
oxygen masses.
The two possible topologies of the T-HgII-T complex

shown in Supplementary Figure S1a and b produced
almost the same spectra (Supplementary Figure S2), and
the topology shown in Supplementary Figure S1a was
used for comparison with experiment. Natural charges
and bond orders were calculated at the B3LYP/
6-31+G(d,p)/PCM(water) level with the NBO 5.0
program linked to Gaussian (49).

NMR spectra of duplex 1�2 and TpT

For the DNA duplex 1�2, 1D 1H NMR spectra were
recorded as HgII-free, HgII-bound and HgII-removed
forms. We found that the HgII atoms can be removed
even at temperatures below 100�C (Supplementary
Figure S3). NMR spectra were also recorded for TpT to
verify the complex formation of TpT with HgII

(Supplementary Figures S4 and S5), and the T-HgII-T
pair formations were confirmed(Supplementary Figures
S3–S5).

RESULTS

Raman spectroscopic characterizations of the
T-Hg

II
-T pair

The Raman spectra of the DNA duplex 1�2 in
the presence and absence of Hg(ClO4)2, are shown in
Figure 2. Many small changes were observed in the
duplex, in particular, those at 1704, 1576, 1487, 1422,
1372, 1172 and 749 cm�1, caused by the complexation
with HgII. In previous NMR studies (20–22), we con-
firmed that HgII exclusively binds to the T-T mismatch
sites in the same DNA duplex 1�2 to form two successive
T-HgII-T pairs, based on the observation of 2-bond
15N–15N J-coupling (Figure 1). Therefore, we can attri-
bute the observed Raman spectral changes to the same
HgII-binding.
Because the changes in the Raman spectra of the DNA

duplex were small and were overlapped by the stronger
Raman bands from the sugar-phosphate backbone and
bases other than T, we used the Raman spectra of the
thymidylyl (30–50) thymidine (TpT) for detailed studies.
The spectra acquired in the presence and absence of

Hg(ClO4)2 are shown in Figure 3. Clearly, the bands
present at 1664 and 749 cm�1 were significantly affected
by the addition of Hg(ClO4)2, which is consistent with the
duplex results.

Figure 2. Raman spectra of the duplex 1�2 in the absence (a) and
presence (b) of HgII, and the difference spectrum [(b)–(a)] (c) are
shown. In spectrum (b), the molar ratio (HgII/duplex) was 2.0.
Characteristic bands are highlighted with their wavenumber and their
main origins. The band at 934 cm�1 is due to ClO�

4 . Bands at 785, 831
and 1092 cm�1 were mainly due to vibration from the phosphate group.
The phosphate Raman band at 1092 cm�1 was used as a reference for
spectral intensity. Bands at 1487 and 1576 cm�1 are mainly due to
guanine, and their negative peaks in spectrum (c) may be ascribed to
an increase in the stacking interaction of guanosine residues upon the
formation of the T-HgII-T base pair.

Figure 3. Raman spectra of TpT in the presence (HgII/TpT = 1.75)
(a) and absence (b) of HgII. The Raman band at 934 cm�1 in the
spectrum of the HgII–TpT complex arises from ClO�

4 .
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Raman band at 749 cm
-1
: evidence for the formation of

the T-Hg
II
-T base pair

The Raman band at 749 cm�1 was perturbed upon the
complexation of thymine with HgII for both the duplex
1�2 and TpT (Figures 2 and 3). We next investigated the
Raman band of TpT and its HgII-complex in H2O and
D2O (Figure 4). Upon the addition of HgII to TpT, the
Raman band at 749 cm�1 was suppressed (Figure 4c and
d). For the HgII-free TpT in D2O, it is shifted by 13 cm�1

(Figure 4a and b). At this stage, the vibrational mode for
the Raman band at 749 cm�1 was found to include the
contribution from the imino proton of the thymine base.
To examine if the imino proton contributed to this band,

we recorded the Raman spectra of deprotonated thymi-
dine 50-monophosphate (50-TMP) under strong basic con-
ditions. The spectra obtained for 50-TMP showed that the
Raman band at 749 cm�1 disappeared under strong basic
conditions (Supplementary Figure S6). Thus, its absence
upon the addition of HgII indicates deprotonation of N3
due to the HgII-binding. Furthermore, the spectral change
that occurred at around 749 cm�1 in the DNA duplex 1�2
may be similarly explained (Supplementary Figure S7). In
summary, we have demonstrated the T-HgII-T pairing by
the Raman spectra.

Raman bands around 1664 cm
�1

of TpT as a probe
for thymine–Hg

II
interaction

We observed that the Raman bands around 1664 cm�1

from TpT altered upon HgII-binding. As the broad
Raman band at 1664 cm�1 includes contributions from
both the C2=O2 and C4=O4 stretches of thymine
(52,53) and these carbonyl groups are in close proximity
to HgII, the Raman spectral features in this region may be
useful for probing the thymine-HgII interactions. To
examine the spectral changes around 1664 cm�1 in detail,
HgII-titration experiments of TpT were performed
(Figure 5). As the concentration of HgII was increased, a
shoulder band at 1685 cm�1 lost intensity and a new band
at 1586 cm�1 emerged (Figure 5). This strongly suggests
that at least one or both of the carbonyl groups C2=O2
and C4=O4 in the T-HgII-T pair were affected by HgII-
binding. In addition, if the newly emerged Raman band at
1586 cm�1 is assigned to the stretching mode of the
carbonyl groups, it appears that quite a large perturbation
occurred to the C=O double bond(s) in thymine upon
HgII-complexation.

Raman spectra of
18
O-labeled TpT

To determine which of the C2=O2 and C4=O4 groups of
thymine was more affected by the HgII-complexation,
18O-labeled TpT at the O4 position (18O4-labeled TpT)
was synthesized (Figure 1b). In Figure 6, the Raman

Figure 4. Raman spectra of TpT (650–830 cm�1). (a) TpT alone in
H2O. (b) TpT alone in D2O. (c) The HgII–TpT complex in H2O. (d)
The HgII–TpT complex in D2O.

Figure 5. HgII-titration experiments of TpT by Raman spectroscopy.
The molar equivalencies represented by each color are as follows:
black: 0.0 eq., indigo: 0.8 eq., blue: 1.2 eq., light blue: 1.3 eq., green:
1.5 eq. and light green: 1.75 eq.
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spectra of 18O4-labeled and non-labeled TpT in the pre-
sence and absence of Hg(ClO4)2 are shown, with the main
contributions provided by DFT calculations. The
1586 cm�1 (non-labeled) band was specifically shifted to
1570 cm�1 for the 18O4-labeled TpT (Figure 6), which
clearly indicates that the band originates from the vibra-
tional mode associated with the C4=O4 carbonyl group.

DFT calculations of the Raman spectra

To find why the experimental wavenumber of the newly
emerged Raman band at 1586 cm�1 (TpT) was exception-
ally low for a C=O stretching mode, DFT calculations of
the Raman spectra for the T-HgII-T base pair were per-
formed (Figure 7). The DFT calculations reproduced the
band at 1586 cm�1 (assignment details: Figures 6 and 7).
The normal mode analysis also confirms that this band
comes from the C4=O4 stretching vibration (Figure 8).
A closer look revealed that this band was actually
composed of two normal modes (Figure 8), namely, the
in-phase and out-of-phase combinations of the C=O
stretching vibration of thymine bases in the T-HgII-T

pair. Both modes involve vibration of all carbonyl
groups in the T-HgII-T pair, but the major contribution
comes from C4=O4.

The calculated Raman spectra of 1-methylthymine and
the T-HgII-T pair whose O4 atoms were substituted with
18O are also shown in Figure 7a and c. In line with our
experimental evidence, the theoretical C4=O4 stretching
bands were shifted toward low-wavenumbers (Figure 7c
and d).

The shoulder band observed at 1685 cm�1 in HgII-free
TpT (non-labeled compound) was assigned to the C2=O2
stretching. Upon 18O4-labeling, this band moved to
1660 cm�1 and overlapped with that of the C5=C6
stretching (Figure 6).

DISCUSSION

Although the wavenumber of 1586 cm�1 is exceptionally
low for the C4=O4 carbonyl stretching compared to
normal carbonyl stretching, the 18O-isotope shift of the
Raman bands demonstrated that the main contribution
to the characteristic 1586 cm�1 band comes from the
C4=O4 stretching mode. The DFT calculations further
supported this assignment (Figure 8). The band at
1586 cm�1 was also observed by Morzyk-Ociepa and
Michalska (48), who tentatively assigned it (based on the
DFT calculations) using a deprotonated 1-methylthymine
anion as a hypothetical model of the T-HgII-T pair. In
contrast, we have simulated the Raman spectra of the
T-HgII-T pair using a more realistic system that includes
the heavy metal HgII (1-methylthymine-HgII (2:1)
complex). Consequently, our DFT calculations further
revealed that this band was composed of the collective

Figure 6. Raman spectra of (a) 18O4-labeled TpT, (b) TpT,
(c) 18O4-labeled HgII–TpT complex (HgII/TpT = 1.75) and (d) HgII–
TpT complex (HgII/TpT = 1.75). Normal modes for HgII-free
1-methylthymine (non-labeled and 18O-labeled ones) are shown in
Supplementary Figure S10. As a rough assignment based on the the-
oretical spectra (Figure 7) and the normal mode analyses (Figure 8 and
Supplementary Figure S10), the main contributors to the experimental
Raman bands around 1664 cm�1 were assigned as follows. (a)
18O4-labeled HgII-free TpT: 1660 cm�1 C2=O2 stretching and
C5=C6 stretching; 1630 cm�1 C4=O4 stretching. (b) HgII-free TpT:
1685 cm�1 C2=O2 stretching; 1664 cm�1 C5=C6 stretching;
1655 cm�1 C4=O4 stretching. (c) 18O4-labeled HgII–TpT complex:
1652 cm�1 C2=O2 stretching and C5=C6 stretching; 1570 cm�1

C4=O4 stretching. (d) HgII–TpT complex: 1654 cm�1 C2=O2
stretching and C5=C6 stretching; 1586 cm�1 C4=O4 stretching. The
assignment of the Raman bands for HgII-free TpT was principally the
same as in reference (48).

Figure 7. The high-wavenumber range of theoretical Raman spectra.
(a) 18O4-labeled 1-methylthymine; (b) non-labeled 1-methylthymine; (c)
18O4-labeled 1-methylthymine–HgII (2:1) complex; and (d) non-labeled
1-methylthymine–HgII (2:1) complex. Throughout the calculations,
1-methylthymine was used as a model of thymidine. Major contributors
to the Raman bands around the C=O stretching region in the theor-
etical spectra are as follows: (b), 1712 cm�1: C2=O2 stretching;
1686 cm�1: C5=C6 stretching; 1665 cm�1: C4=O4 stretching. (d),
1696 cm�1, C5=C6 stretching; 1664 cm�1, C2=O2 stretching;
1592 cm�1 (summation of two C4=O4 stretching modes in Figure 8).
Asterisks indicate an apparent wavenumber due to the band overlap.
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vibrational modes from all ‘four’ carbonyl groups in the
T-HgII-T base pair (Figure 8).

From a Raman spectral perspective, a lowering of the
wavenumber of a carbonyl stretching mode indicates a
reduced bond order of the C=O bond. Hence, the reson-
ance effect shown in Figure 9 might be responsible for this
phenomenon. Within resonance contributors, the
enolate-like structures 6 and 7 in Figure 9 would be

responsible for the reduced bond order. As a result, all
the resonance effects shown in Figure 9 give the resonance
hybrid 8 an average structure. This interpretation is con-
sistent with the observation of the Raman band around
1588 cm�1 for the TpT at pH 12.4, which originates from
the deprotonated thymine base at N3 and the resulting
enolate-like structure of the thymine bases (Supple-
mentary Figure S8).

Figure 9. Resonance contributors of the T-HgII-T pair. (a) Core resonance. (b) Further resonance associated with the anionic thymine 5. The
structure of 8 is the resonance hybrid (an average structure).

Figure 8. Normal modes for the experimental Raman bands around 1586 cm-1 in the T-HgII-T pair. The theoretical wavenumbers (1595 and
1590 cm�1) are indicated.
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In addition, the same resonance effect should also
reduce the effective bond order of the N-HgII bond,
because in the idealized resonance contributors 2–4, the
N-HgII bond is dissociated which makes the character of
the N-HgII bond ionic and weaker. The N-HgII bond is
thermally cleavable even below 100�C (Supplementary
Figures S3), which is indicative of an ionic character.
This interpretation is consistent with our previous
15N-NMR study of T-HgII-T pairs. In that study, large
down-field shifts of the 15N resonances of N3 were
observed upon the complexation of thymine with HgII

(20–22), and this chemical shift change was explained by

the (partially) ionic character of the N-HgII bond, based
on the theory of 15N chemical shifts (21,22,54,55).
However, the N-HgII bond is formally a covalent bond
and, therefore, we have demonstrated that the N-HgII

bonds in the T-HgII-T pair are labile covalent bonds
with a significant degree of ionic character.

Next, we considered if there was any relationship
between the ionicity of the N-HgII bond and the
geometry of the T-HgII-T base pair calculated by the
DFT method (Figure 10). The N-HgII-N linkage in
the calculated geometry was essentially linear and HgII-
binding to O4 seems to be weak. The calculated
inter-atomic distances between the Hg atom and the
keto-oxygen atoms ranged from 3.13 Å to 3.16 Å,
whereas those between Hg and N3 were 2.14 Å
(Figure 10a). These structural features are consistent
with those observed in the crystal structure of the
1-methylthymine-HgII complex (43) (Figure 10b), namely
the inter-atomic distances N3-HgII: 2.04 Å; O4-HgII:
2.98 Å; O2-HgII: 3.05 Å. This means that HgII-binding to
O4 is not necessarily required for the reduction of the
C4=O4 bond order.

We further characterized the bond order and the
natural charge within the T-HgII-T base pair theoretically
(Figure 10c–e; Supplementary Table S1). The calculated
results show that the bond order of C4=O4 for the
T-HgII-T pair is reduced to 1.17, from 1.21 for a neutral
1-methylthmine base (Figure 10c and d). The bond order
of the N3-HgII bond becomes 0.22, which is much less
than the bond order of N3–H3 (0.50; Figure 10c and d).
This is consistent with our interpretation that the N–HgII

bond is less covalent and rather more ionic than N–H and
N–C bonds.

Consequently, the HgII atom in the T-HgII-T pair
becomes cationic with a calculated natural charge of
+1.45 (Figure 10c). This cationic property seems to be
related to the theoretical assumption made by Voityuk
(31) that the lowest unoccupied molecular orbital
(LUMO) is continuously distributed around the HgII

nuclei in tandem T-HgII-T base pairs. Even the LUMO
orbital in a single T-HgII-T base pair possesses the same
character, giving thus good pre-requisite to overlap with
the density of neighboring LUMO in a consecutive
T-HgII-T step (Supplementary Figure S9). This is
because the HgII nucleus is the most electro-deficient
part in the T-HgII-T base pairs, and may accept an add-
itional electron. Hence, the cationic nature of the HgII

nucleus is an intrinsic property of the T-HgII-T base pair.
Thus, we realistically simulated the Raman spectra,

natural charges and bond orders of the T-HgII-T pair,
using a model system comprising the heavy metal of
HgII (1-methylthymine-HgII (2:1) complex). It is note-
worthy that a metallophilic interaction between adjacent
HgII nuclei in tandem U-HgII-U pairs has been recently
studied (25). In combination with the findings from other
theoretical studies (31,34,48), these recently proposed
interactions and characteristics might be utilized to
exploit the novel properties of DNA oligomers, including
metal mediated base pairs like the T-HgII-T pair.

In summary, we assigned the observed Raman band at
1586 cm�1 to a carbonyl stretching vibration, with the

Figure 10. Results of the DFT calculations. (a) Key inter-atomic dis-
tances within the 1-methylthymine–HgII (2:1) complex. (b) Key
inter-atomic distances within the crystal structure of the
1-methylthymine–HgII (2:1) complex (43). Natural charges and bond
orders of (c) the T-HgII-T pair, (d) 1-methylthymine: 1MeThy and
(e) deprotonated 1-methylthymine: [1MeThy-H+]�.
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main contribution from the C4=O4 stretching mode. The
low wavenumber shift of this carbonyl vibration,
measured upon adding HgII, is associated with the
reduced bond order of the C4=O4 bond. This is due to
the partial enolization of the thymine bases in the T-HgII-
T base pair. This effect promotes a partial ionic character
of the N–HgII bond and makes the HgII atom in the
T-HgII-T base pair cationic. Based on the strong agree-
ment between the experimental and theoretical data, we
conclude that the HgII atom in the T-HgII-T base pairs is
cationic, and that the Hg–N3 bond is less covalent and
rather more ionic than N–H and N–C bonds.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Methods, Supplementary Table 1, Supp-
lementary Scheme 1, Supplementary Figures 1–10 and
Supplementary Reference [56].
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15. Johannsen,S., Megger,N., Böhme,D., Sigel,R.K.O. and Müller,J.
(2010) Solution structure of a DNA double helix with consecutive
metal-mediated base pairs. Nat. Chem., 2, 229–234.

16. Ono,A. and Togashi,H. (2004) Highly selective
oligonucleotide-based sensor for mercury(II) in aqueous solutions.
Angew. Chem. Int. Ed., 43, 4300–4302.

17. Miyake,Y. and Ono,A. (2005) Fluorescent sensor for redox
environment: a redox controlled molecular device based on the
reversible mercury mediated folded structure formation of
oligothymidylate. Tetrahedron Lett., 46, 2441–2443.

18. Miyake,Y., Togashi,H., Tashiro,M., Yamaguchi,H., Oda,S.,
Kudo,M., Tanaka,Y., Kondo,Y., Sawa,R., Fujimoto,T. et al.
(2006) Mercury(II)-mediated formation of thymine-HgII-thymine
base pairs in DNA duplexes. J. Am. Chem. Soc., 128, 2172–2173.

19. Tanaka,Y., Yamaguchi,H., Oda,S., Nomura,M., Kojima,C.,
Kondo,Y. and Ono,A. (2006) NMR spectroscopic study of a
DNA duplex with mercury-mediated T-T base pairs. Nucleosides
Nucleotides Nucleic Acids, 25, 613–624.

20. Tanaka,Y., Oda,S., Yamaguchi,H., Kondo,Y., Kojima,C. and
Ono,A. (2007) 15N-15N J-coupling across HgII: Direct observation
of HgII-mediated T-T base pairs in a DNA duplex. J. Am. Chem.
Soc., 129, 244–245.

21. Tanaka,Y. and Ono,A. (2008) Nitrogen-15 NMR spectroscopy of
N-metallated nucleic acids: insights into 15N NMR parameters
and N-metal bonds. Dalton Trans., 2008, 4965–4974.

22. Tanaka,Y. and Ono,A. (2009) Structural Studies on
MercuryII-mediated T-T Base-pair with NMR Spectroscopy.
In: Hadjiliadis,N. and Sletten,E. (eds), Metal Complexes—DNA
Interactions. Wiley, West Sussex, UK.

23. Johannsen,S., Paulus,S., Düpre,N., Müller,J. and Sigel,R.K.O.
(2008) Using in vitro transcription to construct scaffolds for
one-dimensional arrays of mercuric ions. J. Inorg. Biochem., 102,
1141–1151.

24. Kozasa,T., Miyakawa,Y., Ono,A. and Torigoe,H. (2008) The
specific interaction between metal cation and mismatch base pair
in duplex RNA. Nucleic Acids Symp. Ser., 52, 197–198.

25. Benda,L., Straka,M., Tanaka,Y. and Sychrovský,V. (2011) On the
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DNA forms a double-stranded structure through the forma-
tion of adenine–thymine (A–T) and guanine–cytosine (G–C)
Watson–Crick base pairs.[1] The selectivity of the hydrogen
bonding between bases is essential for the replication and
expression of genetic information. For two decades, the
development of an artificial base pair has been an area of
research with the goal of expanding the genetic alphabet.[2]

Several groups have reported artificial base pairs formed by
non-Watson–Crick hydrogen bonding[3] and hydrophobic
interaction based on shape complementarity.[4] Some of
these alternative base pairs, such as isoguanine–isocytosine,[5]

dk–dX,[6] dZ–dF,[7] dPICS–dPICS,[8] dImNO–dNaON[9] , and
dDs–dPa[10] pairs, were reported to be recognized and
incorporated into a primer strand by DNA polymerases.

Metal-mediated base pairs are formed by the coordina-
tion of metal ions to natural or artificial bases,[11] and have
attracted considerable interest for nanodevices. Recently,
Ono et al. reported that HgII and AgI ions specifically stabilize
the thymine–thymine (T–T) and cytosine–cytosine (C–C)
mismatches in oligodeoxynucleotide (ODN) duplexes
through the formation of the T-HgII-T and C-AgI-C base
pairs, respectively (Figure 1a).[12–14] Also, the formation of
a U-HgII-U base pair in RNAwas reported.[15] We focused on
the biological relevance of metal-mediated base pairs and
discovered that in the presence of HgII ions, DNA poly-
merases used thymidine 5’-triphosphate (TTP) to incorporate
thymidine at the site opposite a thymine in the template
strand and elongated the primer to synthesize a full-length
product.[16] Following our discovery, Park and co-workers
reported the extension reactions of primer strands that have
a T–T or C–C mismatch at the 3’-terminus, in the presence of

HgII or AgI ions, respectively.[17] Also, an artificial CuII-
mediated base pair recognized by DNA polymerases was
reported.[18] However, the AgI ion mediated incorporation of
a deoxynucleotide into a primer strand by DNA polymerases
has not yet been reported. The discovery of natural and
artificial metal-mediated base pairs recognized by poly-
merases may increase the possibility of replicating and
amplifying artificial metal-containing DNA nanodevices.
Herein, we report a primer extension reaction in the presence
of AgI ions.

The primer extension experiments were carried out using
the primed template shown in Figure 2a with the Klenow
fragment (KF) DNA polymerase. In the presence of dATP,
dGTP, and dCTP, the extension reactions afforded the full-
length product regardless of the presence or absence of AgI

ions (Figure 2b, lanes 1 and 2). This result shows that the
polymerase activity is not inhibited by AgI ions at the
concentration of 30 mm. In the presence of dATP and dCTP,
the reaction without AgI ions was terminated at the site
opposite the C residue in the template to yield the 19-mer
product (lane 3). In contrast, as AgI ion concentration was
increased (1–50 mm), KF elongated the primer to yield the
full-length 24-mer as the major product (lanes 4–9). We also
used an extended primed template, which contains two
C residues in the single-strand region of the template, KF
also afforded the full-length product but with reduced
efficiency (see Figure S1 in the Supporting Information). At
higher AgI ion concentrations (500–1000 mm), the elongation
was inhibited and the reactions produced weaker bands on
the gel, probably because of the aggregation of DNA (see
Figure S2 in the Supporting Information). Furthermore,
KOD Dash and Taq DNA polymerases also catalyzed this
reaction, meaning that this phenomenon is not specific to KF

Figure 1. a) Chemical formulas of T-HgII-T and C-AgI-C base pairs, and
b) a possible structure of the C-AgI-A base pair. dR=deoxyribose.
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(see Figure S3 in the Supporting Information). To exclude the
effects of the counteranion (nitrate), the reactions were also
carried out in the presence of AgI(NO3), NaI(NO3), or
MgII(NO3)2. Only AgI(NO3) promoted the reaction (see
Figure S4); thus, we conclude that it is the AgI ions that
mediate the incorporation of cytosine or adenine into the site
opposite the C residue in the template by KF.

Next, to confirm the kind of nucleotide incorporated into
the site opposite the C residue in the template, single
nucleotide insertion reactions were carried out (Figure 3).
KF incorporated guanine through the formation of a Watson–
Crick G–C base pair to yield the 20-mer (n+ 1) product
regardless of the presence or absence of AgI ions (lanes 3 and
4). In the absence of AgI ions, adenine, cytosine, or thymidine
were not incorporated into the site opposite the C residue in
the template and the primer was degraded by the 3’!5’
exonuclease activity of the enzyme to afford n�1, n�2, and
n�6 products, respectively (lanes 2, 6, and 8). The 3’!5’
exonuclease activity of KF competes with the polymerization
activity. In the absence of the complementary dNTP (in this
case dGTP), the exonuclease domain of KF seems to degrade
the primer strand to yield truncated products that have the
same base at the 3’-terminus as the dNTP that has been added
to the reaction. Unexpectedly, in the presence of AgI ions, KF
misincorporated adenine into the site opposite the C residue
in the template (lane 1) to yield the 20-mer (n+ 1) product
together with a trace amount of the 18-mer (n�1) product.
However, the enzyme did not misincorporate cytosine into
the same site at all (lane 5). Furthermore, even 3’!5’
exonuclease-deficient KF (KF exo�) gave the same results
(Figure S5, lanes 5 and 6). These results indicate that when

dGTP was absent, KF specifically incorporated adenine into
the site opposite the C residue in the template, probably
through the formation of C-AgI-A, a silver(I)-mediated base
pair. The composition of the full-length products of the AgI-
promoted reaction was confirmed by MALDI-TOF mass
spectroscopy (see Figure S6 in the Supporting Information).

To investigate the effects of other metal ions on the
reaction, we performed the primer extension reaction in the
presence of MnII, FeII, FeIII, CoII, NiII, CuI, CuII, ZnII, CdII, AuI,
AuIII, HgII, TlI, or PbII. Figure 4 shows the relative amounts of
the full-length product of the reactions catalyzed by KF.
Although the reaction was not highly specific to AgI ions, the
AgI ion-mediated reaction gave much higher yield than any of
the other metal-mediated reactions. Some metal ions, such as
MnII, CuI, and CuII, did catalyze the reaction but with low
efficiency and reproducibility.

Figure 2. a) Sequences of the template and primer strands. The primer
was labeled with fluorescein amidite (FAM) at the 5’ end. b) Effects of
AgI ion concentration on the primer extension reaction by the Klenow
fragment (KF). The reaction mixtures (20 mL) containing 100 nm
primer, 150 nm template, 20 mm dNTPs, 100 mm NaOAc, 10 mm Tris-
AcOH (pH 7.9), 10 mm Mg(OAc)2, 5 mm NH4Cl, 0.3 units of KF, and
8 mm dithiothreitol (DTT) in the presence or absence of various
concentrations of AgNO3 were incubated at 37 8C for 1 h. The reactions
were quenched by adding 100 mm DTT (0.5 mL) and a gel loading
solution (2.28 mL) containing 8m urea, 50% sucrose, and 0.2%
bromophenol blue, and the mixtures were immediately heated at 90 8C
for 10 min. After cooling, the mixtures were analyzed by denaturing
20% PAGE. M indicates markers for the primer, 19-mer and 24-mer.

Figure 3. a) Sequences of the template and 5’-FAM-labeled primer
strands. b) Single nucleotide insertions at the site opposite the
C residue in the template strand were carried out by KF. The reaction
conditions are the same as those indicated in Figure 2b. M indicates
markers for the 15-mer, primer, and 24-mer.

Figure 4. Effects of various metal ions on the primer extension
reaction catalyzed by KF. Shown are the amounts of the full-length
products of metal ion mediated reactions relative to that of AgI ion
mediated reaction. Values are averages� the standard deviation deter-
mined by at least five independent experiments. The reactions
contained 30 mm metal ions and the other conditions are the same as
those indicated in Figure 2b.
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The molecular basis of the AgI-promoted selective
incorporation of adenine rather than cytosine is still ambig-
uous. The UV melting experiments demonstrated that the C–
C mismatch-containing duplex was more stable than the C–A
mismatch-containing duplex by addition of AgI ions (see
Table S1 in the Supporting Information). It was reported that
when KF exo� misincorporates nucleotides to form a purine–
purine hydrogen-bonded mispair, the incoming dNTP rotates
to the syn conformation to maintain the C1’-C1’ distance
between complementary residues of canonical B-DNA,
however, the purine residue in the template is maintained in
the normal anti conformation.[19] Thus, we investigated the
incorporation of cytosine opposite an A residue in the
template strand with added AgI ions (Figure 5). In the
presence of dATP and dCTP, however, the reactions were
terminated at the site opposite the A residue in the template
strand even in the presence of AgI ions (lanes 4–9). This result
may suggest that an incoming dATP rotates to the syn
conformation and coordinates to an AgI ion with its Hoog-
steen face (Figure 1b) to maintain the C1’–C1’ distance of B-
DNA as reported in 1-deazaadenine-containing oligonucleo-
tides.[20] Indeed, the preferential binding of AgI-modified 1-
methylcytosine to the N7 position of 9-methyladenine was
reported.[21] The anti to syn rotation of the dA residue in
oligonucleotides would be energetically more disadvanta-
geous than that of the incoming dATP. Therefore, the AgI-
mediated stabilization of the C–A mismatch-containing
duplex (shown by the UV melting experiments; Table S1)
may be compensated by the energy required for the anti to syn
rotation of the dA residue in the template strand.

In conclusion, we demonstrated that KF does not
incorporate cytosine into the site opposite a C residue in the
template strand even in the presence of AgI ions. Instead,
adenine was shown to be incorporated opposite the C residue
in the template strand by KF in the presence of AgI ions,
probably through the formation of a silver(I)-mediated C-
AgI-A base pair. Our findings may open up new possibilities
for the discovery of additional metal-mediated base pairs
recognized by DNA polymerases, leading to the construction

of a metal ion-triggered replicating system and the enzymatic
preparation of metal-containing DNA nanodevices.
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a b s t r a c t

Metal ion-nucleic acid interactions have attracted considerable interest for their involvement in structure
formation and catalytic activity of nucleic acids. Although interactions betweenmetal ion andmismatched
base pair duplex are important to understand mechanism of gene mutations related to heavy metal ions,
theyhavenotbeenwell-characterized.Werecently found that theAgþ ion stabilized aC:Cmismatchedbase
pair duplex DNA. A CeAgeCmetal-mediated base pair was supposed to be formed by the binding between
the Agþ ion and the C:C mismatched base pair to stabilize the duplex. Here, we examined specificity,
thermodynamics and structure of possible CeAgeC metal-mediated base pair. UV melting indicated that
only the duplexwith the C:Cmismatched base pair, and not of the duplexeswith the perfectlymatched and
other mismatched base pairs, was specifically stabilized on adding the Agþ ion. Isothermal titration calo-
rimetry demonstrated that the Agþ ion specifically bound with the C:C base pair at 1:1 molar ratio with
a binding constant of 106 M�1, which was significantly larger than those for nonspecific metal ion-DNA
interactions. Electrospray ionization mass spectrometry also supported the specific 1:1 binding between
the Agþ ion and the C:C base pair. Circular dichroism spectroscopy and NMR revealed that the Agþ ion may
bind with the N3 positions of the C:C base pair without distorting the higher-order structure of the duplex.
We conclude that the specific formation of CeAgeC base pair with large binding affinity would provide
a binding mode of metal ion-DNA interactions, similar to that of the previously reported T-Hg-T base pair.
TheCeAgeCbase pairmaybeuseful notonly forunderstandingofmolecularmechanismof genemutations
related to heavymetal ions but also for wide variety of potential applications of metal-mediated base pairs
in various fields, such as material, life and environmental sciences.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

The interactions between metal ions and nucleic acids have
attracted considerable interest for their involvement in structure
formation and folding of nucleic acids, such as triplex, quadruplex,
and RNA folding [1], and their possible roles in catalytic activity of
nucleic acids, such as catalytic cofactors in ribozymes [2]. The
structural and thermodynamic properties of the binding with the

perfectly matched duplex DNA have been reported for many metal
ions, such as Cr3þ [3], Cr6þ [3], Tlþ [4], Fe2þ [5], Fe3þ [5], Al3þ [6],
Mn2þ [7], and Cd2þ [8]. To understand molecular mechanism of
gene mutations related to heavy metal ions [9], the study of the
interaction between metal ions and the mismatched base pair
duplex DNA may be important. However, few studies have been
reported for the interaction of metal ions with the mismatched
base pair duplex DNA. We recently found that a duplex DNA with
a C:C mismatched base pair was stabilized by only the Agþ ion and
not by other metal ions (Mg2þ, Ca2þ, Mn2þ, Fe2þ, Fe3þ, Co2þ, Ni2þ,
Cu2þ, Zn2þ, Ru3þ, Pd2þ, Cd2þ, and Pb2þ) [10]. A CeAgeC metal-
mediated base pair (Fig. 1a) was supposed to be formed by the
binding between the Agþ ion and the C:C mismatched base pair in
the duplex DNA. The binding of the Agþ ion may stabilize the
duplex DNA with the C:C mismatched base pair [10]. However, the

Abbreviations: CD, circular dichroism; ESI-MS, electrospray ionization mass
spectrometry; HPLC, high-performance liquid chromatography; ITC, isothermal
titration calorimetry; Tm, melting temperature.
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mechanistic explanation for the Agþ ion-mediated stabilization of
the duplex DNA with the C:C mismatched base pair and the
possible CeAgeC metal-mediated base pair formation was not
clearly understood. Therefore, here, we have expanded our
previous line of research to explore specificity, thermodynamics
and structure for the interaction between the Agþ ion and the C:C
mismatched base pair. The interaction between the Agþ ion and
each of mismatched base pair duplex DNA or the corresponding
perfectly matched duplex DNA with another base sequence was
analyzed by UV melting, isothermal titration calorimetry (ITC) [11],
electrospray ionization mass spectrometry (ESI-MS) [12e14],
circular dichroism (CD) spectroscopy and NMR. UV melting anal-
yses indicated that the Agþ ionwas able to significantly stabilize the
duplex with the C:C mismatched base pair without stabilizing the
duplexes with the perfectly matched base pairs or the other mis-
matched base pairs. ITC analyses demonstrated that the Agþ ion
specifically bound with the C:C mismatched base pair in the duplex
at a 1:1 molar ratio with a binding constant of nearly 106 M�1,
which was significantly larger than those previously reported for
the nonspecific interactions between metal ions and DNA
(3.2 � 103e1.4 � 105 M�1) [3e8,15]. ESI-MS also supported the
specific binding and the 1:1 molar ratio between the Agþ ion and
the C:C mismatched base pair. CD spectroscopy and NMR study
revealed that the Agþ ion may bind with the N3 positions of the C:C
mismatched base pair without distorting the higher-order struc-
ture of the duplex. The specific formation of CeAgeC base pair with
large binding affinity would provide a binding mode of metal ion-
DNA interactions, similar to that of the previously reported T-Hg-T
base pair [16e19]. The CeAgeC base pair may be useful for wide
variety of potential applications of metal-mediated base pairs in
various fields, such as material, life and environmental sciences.
Possible applications of the CeAgeC base pair in various fields will
be discussed.

2. Materials and methods

2.1. Preparation of oligonucleotides

We synthesized DNA oligonucleotides, APMF25X: 50-CTCA-
GATCCTGCXCTTCAAAAACAA-30 (X ¼ A, C, G, T), APMR25Y: 50-

TTGTTTTTGAAGYGCAGGATCTGAG-30 (Y ¼ A, C, G, T), APMF15Z: 50-
ATCCTGCZCTTCAAA-30 (Z ¼ C, G), APMR15C: 50-TTTGAAGCGCAG-
GAT-30 and SS1: 50-ATAATAATAAACTTTATTATTAT-30 (Fig. 1b), on
a DNA synthesizer by using the solid-phase cyanoethyl phosphor-
amidite method; we then purified them with reverse-phase high-
performance liquid chromatography (HPLC) on a Wakosil DNA
column. The concentration of all oligonucleotides was determined
by UV absorbance. Three pairs of the purified strands (APMF25X
and APMR25Y, APMF15Z and APMR15C, two SS1 strands) were
annealed in 5 mM potassium phosphate buffer (pH 7.0) to form the
duplexes (APMF25X:APMR25Y, APMF15Z:APMR15C, duplex 1)
(Fig. 1b) by heating at up to 90 �C, followed by a gradual cooling to
room temperature. The annealed sample was applied on
a hydroxyapatite column (BIORAD Inc.) to remove the unpaired
single strands. The concentration of the duplex DNA was deter-
mined by UV absorption considering the DNA concentration ratio of
1 OD ¼ 50 mg/ml, with a Mr of 15300 for APMF25X:APMR25Y.

2.2. UV melting

UV melting experiments were carried out on a DU-640 spec-
trophotometer (Beckman Inc.) equipped with a Peltier type cell
holder. The cell path length was 1 cm. The UVmelting profiles were
measured in buffer A [10mM sodium cacodylate-cacodylic acid (pH
6.8) and 100 mM NaNO3] either with or without 1 mM AgNO3 at
a scan rate of 0.2 �C/min with detection at 260 nm. The first
derivative was calculated from the UV melting profile. The peak
temperatures in the derivative curve were designated as the
melting temperature, Tm. The concentration of the duplex DNA
(APMF25X:APMR25Y) used was 1 mM.

2.3. Isothermal titration calorimetry (ITC)

Isothermal titration experiments were carried out on a VP ITC
system (Microcal Inc., U.S.A.) [11]. The duplex DNA (APMF25-
X:APMR25Y) solutions were prepared by extensive dialysis against
buffer A. AgNO3 was dissolved in the dialysis buffer. The AgNO3
solution in buffer A was injected 30 times in 5-ml increments at 5-
min intervals into the duplex DNA (APMF25X:APMR25Y) solution
without changing the reaction conditions. The heat for each
injection was subtracted by the heat of dilution of the injectant,
which was measured by injecting the AgNO3 solution into the same
buffer. Each corrected heat was divided by the moles of AgNO3
injected and analyzed with Microcal Origin software supplied by
the manufacturer.

2.4. ESI-MS

ESI-MS measurements were performed on a time-of-flight mass
spectrometer (JMS-T100; JEOL, Japan). Each aqueous solution con-
taining the duplex DNA (APMF15Z:APMR15C) and the Agþ ion in
62.5 mM CH3COONH4 (pH 7.0) was diluted with CH3OH to give
10 mM DNA in 50 mM CH3COONH4 buffer dissolved in the solvent
(H2O:CH3OH ¼ 4:1). Although the complexation between the Agþ

ion and NH3 in the solution can affect the activity of the Agþion, the
binding between the Agþion and the C:Cmismatched base pair was
observed as described in the section of 3.3. The measurement
conditions were as follows, needle voltage: e1.8 kV, orifice voltage:
e55 V, desolvation temperature: 80e100 �C, resolution (10% valley
definition): 2000, and sample flow rate: 20 ml/min.

2.5. CD spectroscopy

CD spectra were recorded at 25 �C and pH 6.8 in buffer A either
with or without 1 mM AgNO3 on a JASCO J-720 spectropolarimeter

Fig. 1. (a) CeAgeC base pair formation in duplex by the interaction between Agþ ion
and C:C mismatched base pair. (b) Oligonucleotide sequence of the target duplexes,
APMF25X:APMR25Y, APMF15Z:APMR15C and duplex 1.
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interfaced with a microcomputer. The cell path length was 1 cm.
The concentration of the duplex DNA (APMF25X:APMR25Y) used
was 1 mM.

2.6. NMR

NMR spectra were recorded at 25 �C on JEOL ECA600. 15 mM
uniformly 15N-labeled cytidine with various concentrations of the
Agþ ion was measured in DMSO-d6. 1.3 mM nonlabeled duplex 1
with various concentrations of the Agþ ion was measured in D2O
with 100 mM NaNO3.

3. Results

3.1. UV melting analyses of mismatched base pair duplex DNA and
the corresponding perfectly matched duplex DNA either with or
without the Agþ ion

The thermal stability of a series of 1 mM APMF25X:APMR25Y
(X:Y ¼ C:C, C:G and G:C) (Fig. 1b) was examined in 10 mM sodium
cacodylate-cacodylic acid (pH 6.8) and 100 mM NaNO3 either with
or without 1 mM AgNO3 by UV melting (Figure S1). The Tm values of
X:Y ¼ C:G (66.0 �C) and X:Y ¼ G:C (66.2 �C) with AgNO3 were not
significantly different from those without AgNO3 (Fig. 2, Figs. S1b,
S1c and Table S1). In contrast, the addition of 1 mM AgNO3
increased the Tm of 1 mM X:Y ¼ C:C by about 3.5 �C (56.9 �C
/60.4 �C) (Fig. 2, Fig. S1a and Table S1). The increase in the Tm of
X:Y ¼ C:C by the addition of the Agþ ion was achieved at a molar
ratio of [Agþ ion]/[X:Y ¼ C:C] ¼ 1. These results indicate that the
thermal stability of the C:C mismatched base pair duplex DNA was
significantly increased by the addition of the Agþ ion at a molar
ratio of [Agþ ion]/[C:C mismatched base pair duplex DNA] ¼ 1.

To examine the base-pair specificity of the stabilization by the
addition of the Agþ ion, we measured the Tm values of a series of
1 mM APMF25X:APMR25Y with 16 different base pairs, (X:Y ¼ A:A,
A:C, A:G, A:T, C:A, C:C, C:G, C:T, G:A, G:C, G:G, G:T, T:A, T:C, T:G, and
T:T) (Fig. 1b), in the same buffer with or without 1 mMAgNO3 by UV
melting (Fig. 2 and Table S1). The Tmvalues of the duplex DNAswith
the perfectly matched base pairs (X:Y ¼ A:T, C:G, G:C and T:A) and
those of the duplex DNAs with the other kinds of mismatched base
pairs (X:Y ¼ A:A, A:C, A:G, C:A, C:T, G:A, G:G, G:T, T:C, T:G and T:T)
(Tm (-Agþ)) were not significantly changed by the addition of the
Agþ ion (Tm (þAgþ)), unlike the case of X:Y ¼ C:C (DTm ¼ 3.5 �C)
shown above (Fig. 2 and Table S1). These results indicate that only

the duplex DNAwith the C:C mismatched base pair was specifically
stabilized by the addition of the Agþ ion.

To investigate whether other metal ions have the ability to
stabilize the duplex DNA with the C:C mismatched base pair, we
measured the Tm values of the series of 1 mM APMF25X:APMR25Y
with 16 different base pairs in 10 mM sodium cacodylate-cacodylic
acid (pH 6.8) and 100 mM NaNO3 (or NaCl) with or without each of
1.5 mM Mn(NO3)2, Co(NO3)2, Ni(NO3)2, Zn(NO3)2, RuCl3, Cd(NO3)2,
TlNO3, and Pb(NO3)2 by UV melting (Tables S2eS9). We also
measured them in 10 mM sodium cacodylate-cacodylic acid (pH
6.8) and 100 mM NaClO4 with or without 1 mM Hg(ClO4)2 by UV
melting (Table S10). The Tm values of the duplex DNAs with any
kinds of base pairs including the C:C mismatched base pair were
not significantly changed by the addition of each of the Mn2þ, Co2þ,
Ni2þ, Zn2þ, Ru3þ, Cd2þ, Tlþ, and Pb2þ ion. Although the addition of
Hg2þ increased the Tm value of the duplex DNA with the T:T mis-
matched base pair by about 5.0 �C (Table S10), which was previ-
ously reported in our studies [17,19], the Tm values of the duplex
DNAs with any other kinds of base pairs including the C:C mis-
matched base pair were not significantly altered by the addition of
Hg2þ. These results indicate that only the Agþ ion stabilized the
duplex DNA with the C:C mismatched base pair.

3.2. ITC analyses of the interaction between the Agþ ion and each of
mismatched base pair duplex DNA and the corresponding perfectly
matched duplex DNA

To explore the mechanism of specific stabilization of the duplex
DNAwith the C:C mismatched base pair by the addition of the Agþ

ion, we examined the thermodynamic properties of the interaction
between AgNO3 and APMF25X:APMR25Y (X:Y ¼ C:C, C:G and G:C)
(Fig. 1b) in 10 mM sodium cacodylate-cacodylic acid (pH 6.8) and
100 mM NaNO3 at 25 �C by ITC (Fig. 3). Fig. 3a shows a typical ITC
profile of the interaction between AgNO3 and X:Y¼C:C at 25 �C and
pH 6.8. An exothermic heat pulse was observed each time after
AgNO3 was injected into X:Y ¼ C:C. The magnitude of each peak
decreased gradually with each new injection, indicating that the
Agþ ion specifically bound with X:Y ¼ C:C. On the other hand, the
ITC profiles of the interaction between AgNO3 and each of X:Y¼C:G
and G:C at 25 �C and pH 6.8 are shown in Fig. 3b and c, respectively.
Although an exothermic heat pulse was observed after each
injection of AgNO3 into X:Y ¼ C:G or G:C, the magnitude of each
peak was not significantly changed with each new injection, indi-
cating that the Agþ ion nonspecifically bound with X:Y ¼ C:G and
G:C. These ITC profiles were in sharp contrast with that observed
for the interaction between AgNO3 and X:Y ¼ C:C (Fig. 3a).

The nonspecific binding between the Agþ ion and each of
X:Y ¼ C:G and G:C judged from the ITC profiles (Fig. 3b and c)
suggests that the Agþ ion may bind with the phosphate backbones
of each of the perfectly matched duplex DNAs (X:Y ¼ C:G and G:C)
in a nonspecific manner due to the attraction between the positive
charge of the Agþ ion and the negative charge of the DNA phos-
phate backbones. On the other hand, the specific binding between
the Agþ ion and X:Y ¼ C:C judged from the ITC profile (Fig. 3a)
suggests that the Agþ ion may specifically bind with the C:C mis-
matched base pair of the mismatched base pair duplex DNA
(X:Y ¼ C:C) in addition to the nonspecific binding between the Agþ

ion and the DNA phosphate backbones of X:Y ¼ C:C. Thus, the net
heat derived from the specific binding between the Agþ ion and the
C:C mismatched base pair of the duplex DNA (X:Y ¼ C:C) should be
estimated by subtracting the heat observed for the perfectly
matched duplex DNA (X:Y ¼ C:G or G:C) from that observed for the
C:C mismatched base pair duplex DNA (X:Y ¼ C:C). Based on these
considerations, in order to analyze the thermodynamic parameters
of the specific binding between the Agþ ion and the C:C

Fig. 2. Change of melting temperatures, DTm, of 1 mM duplexes [APMF25X:APMR25Y
(X:Y ¼ A:A, A:C, A:G, A:T, C:A, C:C, C:G, C:T, G:A, G:C, G:G, G:T, T:A, T:C, T:G, and T:T)] at
pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaNO3 upon addition
of 1 mM AgNO3, obtained from UV melting.
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mismatched base pair of the duplex DNA (X:Y¼C:C), the ITC profile
observed for X:Y¼C:G in Fig. 3bwas subtracted from that observed
for X:Y¼C:C in Fig. 3a, and the ITC profile observed for X:Y¼G:C in
Fig. 3c was subtracted from that observed for X:Y ¼ C:C in Fig. 3a.
The area under each peak was integrated, and the integrated values
were divided by the moles of the injected solution. The resulting
values were plotted as a function of the molar ratio of [Agþ ion]/
[duplex DNA] (Fig. 3d). The resultant titration plots were fitted to
a sigmoidal curve by a nonlinear least-squares method. The stoi-
chiometry, n, the binding constant, Ka, and the enthalpy change,DH,
for the specific binding between the Agþ ion and the C:C mis-
matched base pair were obtained from the fitted curve [11]. The
Gibbs free energy change, DG, and the entropy change, DS, were
calculated from the equation, DG ¼ -RTlnKa ¼ DH-TDS, where R is
gas constant and T is the temperature [11].

Table 1 summarizes the thermodynamic parameters for the
specific binding between the Agþ ion and the C:C mismatched base
pair, obtained for (X:Y ¼ C:C)-(X:Y ¼ C:G) and (X:Y ¼ C:C)-
(X:Y ¼ G:C). The thermodynamic parameters obtained for
(X:Y ¼ C:C)-(X:Y ¼ C:G) and (X:Y ¼ C:C)-(X:Y ¼ G:C) were quite
similar in magnitude. The obtained value of n was nearly 1, indi-
cating that the Agþ ion boundwith the C:Cmismatched base pair at
a molar ratio of 1:1. The nonspecific binding between the Agþ ion
and each of X:Y ¼ C:G and G:C may be out of the optimum range of
the ITCmeasurements due tono significant changeof themagnitude
of each peak upon each new injection (Fig. 3b and c). The “c” value,
which is the product of the duplex DNA concentration and the
binding constant for the present case, should be 1e1000 for the

optimum ITC measurements [11]. Thus, the “c” value for the
nonspecific bindingmay be below the value of 1. Because the duplex
DNA concentration was 40 mM(¼4 � 10�5 M), the binding constant
for the nonspecific bindingmay be below the value of 2.5�104M�1,
whichwas about 20 times smaller than the binding constant for the
specific binding between the Agþ ion and the C:C mismatched base
pair (Table 1). Thus, the amount of the Agþ ion to nonspecifically
bind with the phosphate backbones of the duplex DNA may be less
than a few percent of that to specifically bind with the C:C mis-
matched base pair. The very small amount of the Agþ ion may not
significantly affect a 1:1 binding stoichiometry. Although the sign of
DH was negative, the sign of DS was positive. Because both the
observed negativeDH andpositiveDSwere favorable for the specific
binding between the Agþ ion and the C:Cmismatched base pair, the
specific binding between the Agþ ion and the C:C mismatched base
pair was driven by both the negative DH and positive DS. The
magnitudes of the observedKa andDGwere significantly larger than
those previously reported for the nonspecific interaction between
metal ion and DNA (3.2 � 103e1.4 � 105 M�1) [3e8,15], indicating
that the Agþ ion specifically bound with the C:C mismatched base
pair. To examine the concentration dependence of the obtained
thermodynamic parameters, we performed the same ITC experi-
ments using 80 mM and 120 mM target duplex DNA (Table S11) as
those using 40 mM target duplex DNA (Table 1). The obtained ther-
modynamic parameters were quite similar in magnitude to those
shown in Table 1. The concentration did not significantly affect the
thermodynamic parameters for the specific binding between the
Agþ ion and the C:C mismatched base pair.

Table 1
Thermodynamic parameters for the specific binding between the Agþ ion and the C:C mismatched base pair at 25 �C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid
and 100 mM NaNO3, obtained from ITC measurements.

Profile n Ka (M�1) DG (kcal mol�1) DH (kcal mol�1) DS (cal mol�1 K�1)

(X:Y ¼ C:C) e(X:Y ¼ C:G) 1.06 � 0.03 (5.86 � 1.29) � 105 �7.87 � 0.15 �2.37 � 0.07 18.4 � 0.7
(X:Y ¼ C:C) e(X:Y ¼ G:C) 1.21 � 0.07 (2.92 � 1.13) � 105 �7.45 � 0.29 �2.55 � 0.17 16.5 � 1.5

Fig. 3. Thermodynamic analyses of the interaction between the Agþ ion and APMF25X:APMR25Y (X:Y ¼ C:C, C:G and G:C). (aec) Typical ITC profile of the interaction between
AgNO3 and each of X:Y ¼ C:C (a), X:Y ¼ C:G (b) and X:Y ¼ G:C (c) at 25 �C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaNO3. AgNO3 solution (1 mM) was
injected 30 times in 5-ml increments into each of X:Y ¼ C:C (a), X:Y ¼ C:G (b) and X:Y ¼ G:C (c) solution (40 mM). Injections were administered over 12 s at 5-min intervals. (d)
Titration plot against the molar ratio of [Agþ ion]/[duplex DNA] for (X:Y ¼ C:C)-(X:Y ¼ C:G) and (X:Y ¼ C:C)-(X:Y ¼ G:C). The data were fitted by a nonlinear least-squares method.
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Further, we examined the interaction between the Agþ ion and
the double C:C mismatched base pair duplex, APMF25C-
C:APMR25CC (Figure S2), by ITC (Figure S3). The thermodynamic
parameters for the specific binding between the Agþ ion and the
double C:C mismatched base pair were obtained from Figure S3
in the same way as those between the Agþ ion and the single
C:C mismatched base pair. Table S12 summarizes the thermody-
namic parameters for the specific binding between the Agþ ion
and the double C:C mismatched base pair, which were based on
a model of 2 binding sites. The values of n1 and n2 were nearly 1,
indicating that 1:1 stoichiometric binding was achieved in each
binding step. The magnitudes of the observed Ka2 and DG2 for the
second binding between the second Agþ ion and the second C:C
mismatched base pair were similar to those of the observed Ka1
and DG1 for the first binding between the first Agþ ion and the
first C:C mismatched base pair. The obtained thermodynamic
parameters, n, Ka, and DG, were quite similar in magnitude to
those shown in Table 1. On the other hand, the magnitude of the
negative enthalpy change for the second Agþ binding, DH2, was
significantly larger than that for the first Agþ binding, DH1. In
addition, although the sign of the entropy change for the first Agþ

binding, DS1, was positive, that for the second Agþ binding, DS2,
was negative. Therefore, the thermodynamic properties of DH
and DS were quite different between the first and second Agþ

binding.

3.3. ESI-MS of the complex between the Agþ ion and each of
mismatched base pair duplex DNA and the corresponding perfectly
matched duplex DNA

To examine the molar ratio of the binding between the Agþ

ion and the C:C mismatched base pair, we analyzed the interac-
tion by ESI-MS as a function of a molar ratio of [Agþ ion]/[duplex
DNA]. We measured the ESI-MS spectra of the mixture of the Agþ

ion and a 15 base pair duplex, APMF15Z:APMR15C (Z:C ¼ C:C and
G:C) (Fig. 1b), which corresponds to the base sequence just in the
middle of APMF25X:APMR25Y (X:Y ¼ C:C and G:C), to obtain
good signals and have less competing binding sites (Fig. 4). In the
case of Z:C ¼ C:C, the intensity of the peak corresponding to the
free duplex ([duplex-5H]5-) was significantly decreased, and
a new peak corresponding to 1:1 complex between the Agþ ion
and the duplex ([duplex-6H þ Ag]5-) appeared at a molar ratio of
1.0 (1.0 eq Ag for Z:C ¼ C:C). At a molar ratio of 2.0 and 3.0 (2.0 eq
Ag and 3.0 eq Ag for Z:C ¼ C:C), the peak corresponding to the
free duplex ([duplex-5H]5-) almost disappeared, and the main
peak corresponding to 1:1 complex ([duplex-6H þ Ag]5-) was
maintained. In contrast, in the case of Z:C ¼ G:C, the intensity of
the peak corresponding to the free duplex ([duplex-5H]5-) was
not significantly changed, although a new small peak corre-
sponding to 1:1 complex between the Agþ ion and the duplex
([duplex-6H þ Ag]5-) appeared at a molar ratio of 1.0 (1.0 eq Ag
for Z:C ¼ G:C). The peak corresponding to the free duplex
([duplex-5H]5-) was still observed even at a molar ratio of 2.0 and
3.0 (2.0 eq Ag and 3.0 eq Ag for Z:C ¼ G:C). These results indicate
that the Agþ ion specifically bound with only the C:C mismatched
base pair at a molar ratio of 1:1, consistent with the ITC results
(Table 1). On the other hand, at a molar ratio of 2.0 and 3.0 (2.0 eq
Ag and 3.0 eq Ag for Z:C ¼ C:C and G:C) corresponding to
the addition of an excess Agþ ion, additional peaks([duplex-
7H þ 2Ag]5- and [duplex-8H þ 3Ag]5-) were observed for both
Z:C ¼ C:C and G:C, suggesting the extra binding sites of the Agþ

ion by nonspecific binding with lower binding affinity. The
background exothermic heat pulse observed for X:Y ¼ C:G and
G:C in ITC (Fig. 3) may be related to the nonspecific binding of the
Agþ ion to the extra binding sites.

3.4. CD spectroscopy of mismatched base pair duplex DNA and the
corresponding perfectly matched duplex DNA either with or without
the Agþ ion

To examine the effect of the Agþ ion binding on the higher-order
structure of duplex DNA, CD spectra of 1 mM APMF25X:APMR25Y
(X:Y ¼ C:C, C:G and G:C) (Fig. 1b) were measured in 10 mM sodium
cacodylate-cacodylic acid (pH 6.8) and 100 mM NaNO3 either with
or without 1 mMAgNO3 at 25 �C (Fig. 5). The CD profile of X:Y¼C:C,
C:G and G:C with AgNO3 was quite similar to that observedwithout
AgNO3. This result indicates that there was no significant change in
the higher-order structure of X:Y¼C:C, C:G and G:C on the addition
of the Agþ ion. When a B to A-DNA conformational change is
induced as previously observed by other groups upon the
Agþbinding to the N7 position of the guanine [20], a large positive
band should appear at 260 nm [21]. However, such spectral change
was not observed upon the formation of the CeAgeC complex. The
higher-order structure of the mismatched base pair duplex DNA
(X:Y¼C:C) was not significantly distorted by the binding of the Agþ

ion. Althoughwemeasured the CD profiles in thewavelength range
of 210e320 nm, the CD profiles in the experimental buffer con-
taining NO3

� were quite noisy in the wavelength range of
210e250 nm due to the presence of NO3

�. Thus, we showed the CD
spectra only in the wavelength range of 250e320 nm (Fig. 5).

3.5. NMR of the complex between the Agþ ion and each of
uniformly 15N-labeled cytidine and a non-labeled duplex

Our previous NMR study of the interaction between the Agþ ion
and the C:Cmismatched base pair duplex DNA showed that one C:C
mismatched base pair captured one Agþ ion, and the proton
exchange rate between Agþ-free and Agþ-complexed duplex DNAs
was slow relative to the timescale of the NMR measurement [10].
However, the binding position of the Agþ ion with the C:C mis-
matched base pair remained unclear. Thus, to reveal the binding
position of the Agþ ion with the C:C mismatched base pair, we first
measured the 15N NMR and 1H NMR spectra for the interaction
between the Agþ ion and uniformly 15N-labeled cytidine (Figs. 6
and 7). In 15N-NMR spectra (Fig. 6), the N3 signal of the labeled
cytidine was drastically upfield shifted by 21.8 ppm upon the
binding with the Agþ ion at a molar ratio of [Agþ]/[15N-labeled
cytidine] ¼ 0.5, but the chemical shifts of the N1 and NH2 signals
were changed only by 0.39 ppm and 5.80 ppm, respectively, at the
same molar ratio (Table 2). The similar chemical shift changes were
also observed at a molar ratio of [Agþ]/[15N-labeled cytidine] ¼ 1.0.
These results indicate that the preferential binding site of the Agþ

ion was the N3 position of the cytidine. Also, in 1H NMR spectra
(Fig. 7), the H5 and H6 signals of the labeled cytidine were down-
field shifted by 0.26 ppm and 0.22 ppm, respectively, upon the
binding of the Agþ ion with N3 of the cytidine (Table 2). Next, we
measured the two-dimensional 1H-1H COSY spectra for the inter-
action between the Agþ ion and a non-labeled duplex 1 (Fig. 1b)
containing a C:C mismatched base pair, which was composed of
two SS1 strands (Fig. 8). The H5 and H6 signals of the C:C mis-
matched base pair in duplex 1 were downfield shifted by 0.21 ppm
and 0.25 ppm, respectively, upon the Agþ ion complexation (Fig. 8
and Table 2). It should be noted that these chemical shift changes
were quite similar in magnitude to those observed for the H5 and
H6 signals of the labeled cytidine upon the binding with the Agþ

ion (Table 2). The NMR data suggest that the binding site of the Agþ

ionwould also be the N3 positions of the C:C mismatched base pair
in duplex 1. Also, the chemical shift change for the H5 and H6
signals upon the bindingwith the Agþ ionwas almost terminated at
the molar equivalency of [Agþ ion]/[duplex 1] ¼ 1.0 (Fig. 8), indi-
cating that the duplex 1 bound with the Agþ ion at a molar ratio of
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1:1, which was consistent with the results of ITC (Table 1). These
results reveal that the Agþ ion may bind with the N3 positions of
the two cytosine bases and bridge the two cytosine bases to form
the CeAgeC complex (Fig. 1a) in the duplex DNA.

4. Discussion

UV melting analyses showed that the addition of the Agþ ion
significantly increased the thermal stability of the duplex DNAwith

Fig. 4. ESI-MS spectra of APMF15Z:APMR15C (Z:C ¼ C:C, G:C), corresponding to the base sequence just in the middle of APMF25X:APMR25Y (X:Y ¼ C:C, G:C), with or without the
Agþ ion. Each aqueous solution containing the duplex DNA and the Agþ ion in 62.5 mM CH3COONH4 (pH 7.0) was diluted with CH3OH to give 10 mM DNA in 50 mM CH3COONH4

buffer dissolved in the solvent (H2O:CH3OH ¼ 4:1).
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the C:C mismatched base pair (Fig. 2 and Fig. S1 and Table S1).
However, the thermal stability of the duplex DNAs with the
perfectly matched base pairs (X:Y ¼ A:T, C:G, G:C and T:A) and that
of the duplex DNAs with the other kinds of mismatched base pairs
(X:Y ¼ A:A, A:C, A:G, C:A, C:T, G:A, G:G, G:T, T:C, T:G and T:T) were
not significantly changed by the addition of the Agþ ion (Fig. 2 and
Table S1). Thus, only the duplex DNAwith the C:Cmismatched base
pair was specifically stabilized by the addition of the Agþ ion. The
base pair specificity has not been examined previously [10].We also
showed that other metal ions, such as Mn2þ, Co2þ, Ni2þ, Zn2þ, Ru3þ,
Cd2þ, Tlþ, Pb2þ and Hg2þ, did not show any notable effect on the
thermal stability of the duplex DNA with the C:C mismatched base
pair (Tables S2-S10). Therefore, only the Agþ ion was able to
specifically increase the thermal stability of the duplex DNA with
the C:C mismatched base pair. We previously reported that a C:C

mismatched base pair duplex DNAwith another base sequence was
also stabilized not by other metal ions (Mg2þ, Ca2þ, Mn2þ, Fe2þ,
Fe3þ, Co2þ, Ni2þ, Cu2þ, Zn2þ, Ru3þ, Pd2þ, Cd2þ, and Pb2þ) but by only
the Agþ ion [10], which was consistent with the present results.
Combining these results, we conclude that the combination of the
Agþ ion and the duplex DNA with the C:C mismatched base pair is
highly specific for the stabilization of the complex between metal
ion and duplex DNA.

The ITC profile for the injection of the Agþ ion into the perfectly
matched duplex DNA (X:Y ¼ C:G and G:C) was examined in the
presence of 100 mM NaNO3 (Fig. 3b and c). A large magnitude of
exothermic heat pulse was observed after each injection, and the

Fig. 6. 15N NMR spectra of a uniformly 15N-labeled cytosine mononucleoside with or
without the Agþ ion. 15N NMR spectra of 15 mM uniformly 15N-labeled cytidine with
various concentrations of the Agþ ion were measured in DMSO-d6 at 25 �C. Molar
ratios are labeled at the left side of the spectra. Resonance assignments are indicated in
the spectra.

Fig. 7. 1H NMR spectra of a uniformly 15N-labeled cytosine mononucleoside with or
without the Agþ ion. 1H NMR spectra of 15 mM uniformly 15N-labeled cytidine with
various concentrations of the Agþ ion were measured in DMSO-d6 at 25 �C. Molar
ratios are labeled at the left side of the spectra. Resonance assignments are indicated in
the spectra.

Fig. 5. CD spectra of APMF25X:APMR25Y, [X:Y ¼ C:C (a), X:Y ¼ C:G (b) and X:Y ¼ G:C
(c)], with or without AgNO3. Duplexes (1 mM) at 25 �C and pH 6.8 in 10 mM sodium
cacodylate-cacodylic acid and 100 mM NaNO3 with or without 1 mM AgNO3 were
measured at a wavelength range of 250e320 nm. The cell path length was 1 cm.
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magnitude of each peak was not significantly different after each
injection. To confirm that the exothermic heat pulses are derived
from the nonspecific binding between the Agþ ion and the phos-
phate backbones of the perfectly matched duplex DNA, we
measured the ITC profile for the injection of the Agþ ion into
X:Y ¼ G:C in the presence of higher salt concentration, 1 M NaNO3
(Figure S4a). Similar to the case in the presence of 100 mM NaNO3

(Fig. 3c), an exothermic heat pulse was observed after each injec-
tion and no significant difference in the magnitude of each peak
was observed. The magnitudes of the exothermic heat pulses in the
presence of 1 M NaNO3 were significantly smaller than those
observed in the presence of 100 mM NaNO3 (Figure S4b). Before
injecting the Agþ ion, the phosphate backbones of X:Y ¼ G:C may
bind with the Naþ ion. The binding affinity of the Naþ ion with the
phosphate backbones of X:Y ¼ G:C in the presence of 1 M NaNO3
may be larger than that in the presence of 100 mM NaNO3. The
bound Naþ ion may be exchanged by the injected Agþ ion. The
degree of the exchange by the Agþ ion in the presence of 1MNaNO3
may be smaller than that in the presence of 100 mM NaNO3 due to
the larger binding affinity of the Naþ ion. Thus, the smaller
magnitudes of the heat pulses upon the binding of the Agþ ionwith
the phosphate backbones were observed in the presence of 1 M
NaNO3 (Figure S4b). This suggests that the heat pulses observed
upon the binding between the Agþ ion and the perfectly matched
duplex DNA (X:Y¼ C:G and G:C) (Fig. 3b and c) may result from the
nonspecific binding between the Agþ ion and the DNA phosphate
backbones.

ITC analyses revealed that the Agþ ion specifically bound with
the C:C mismatched base pair in the duplex DNA at a molar ratio of
1:1 (Fig. 3 and Table 1). ESI-MS also supported the specific binding
and the molar ratio of 1:1 between the Agþ ion and the C:C mis-
matched base pair (Fig. 4). The termination of the chemical shift
change for the H5 and H6 signals at the molar equivalency of [Agþ

ion]/[duplex 1]¼ 1.0 also indicated that the duplex 1 binds with the
Agþ ion at a molar ratio of 1:1 (Fig. 8). The specific binding of the
Agþ ion with the C:C mismatched base pair may result in the
observed specific stabilization of the C:C mismatched base pair
duplex DNA by the addition of the Agþ ion (Fig. 2 and Table S1). We
previously reported that the Hg2þ ion specifically bound with the
T:T mismatched base pair in the duplex DNA at a molar ratio of 1:1
to form T-Hg-T metal-mediated base pair [16e19]. Both the Hg2þ

and Agþ ion have been known to bind selectively with base
moieties rather than with the phosphate and sugar groups in DNA
[22e29]. In the case of the T-Hg-T base pair, our previous study of
15N NMR spectra of the complex between the Hg2þ ion and the
duplex DNA containing the T:T mismatched base pair labeled with
15N at the N3 position [30,31] showed that 15N-15N J-coupling was
observed across the Hg2þ ion with the coupling constant (2JNN) of
2.4 Hz, and the Hg2þ ion specifically boundwith the N3 positions of
the two thymine bases in place of the imino protons and bridged
two thymine bases to form the T-Hg-T base pair. Analogous to the T-
Hg-T base pair formation, the Agþ ion may specifically bind with
the N3 positions of the two cytosine bases and bridge the two
cytosine bases to form the CeAgeC base pair. A similar binding
mode to bind with the N3 positions was proposed for the interac-
tion between the Agþ ion and artificially designed pyridine nucle-
obases in duplex DNA [29]. We previously analyzed the 1H-NMR
spectra of the C:C mismatched base pair duplex DNA in the absence
and presence of the Agþ ion [10]. The proton exchange rate
between the Agþ-free and Agþ-bound duplex DNAs was slow
relative to the timescale of the NMR measurement [10], although
the exchange rates of metal ion associationedissociation processes
with DNA/RNAmolecules were usually fast relative to the timescale
of the NMR measurement [32]. The similar slow proton exchange
rate was also observed in the 1H-NMR study of the T-Hg-T base pair
formation, where the Hg2þ ion bound with the N3 positions of the
two thymine bases [17]. Thus, the observed slow proton exchange
rate for the CeAgeC formation suggested that the Agþ ionmay bind
with the inner N3 positions rather than with the outer O2 or N4
positions. To reveal the binding position of the Agþ ionwith the C:C
mismatched base pair more clearly, we performed more extensive
NMR experiments in the present study. Our present NMR study of

Fig. 8. 1H-1H COSY spectra of a nonlabeled duplex 1 with or without the Agþ ion.
1H-1H COSY spectra of 1.3 mM nonlabeled duplex 1 with various concentrations of the
Agþ ion were measured in D2O with 100 mM NaNO3 at 25 �C. Molar equivalency of
[Agþ ion]/[duplex 1] is labeled on top of each spectrum. H5eH6 cross peaks of Agþ-free
and Agþ-bound forms are labeled with black and white arrows, respectively.

Table 2
1H and 15N NMR chemical shift perturbations of cytosine base in a uniformly 15N-
labeled cytosine mononucleoside and a nonlabeled duplex 1 upon the binding with
the Agþ ion, obtained from 1H NMR and 15N NMR spectra.

Nucleus Site [Agþ]/[15N-labeled
cytidine] ¼ 0.5
(ppm)a

[Agþ]/[15N-labeled
cytidine] ¼ 1.0
(ppm)a

[Agþ]/[Nonlabeled
duplex 1] ¼ 1.0
(ppm)a

1H H5 þ0.25 þ0.26 þ0.21
H6 þ0.22 þ0.22 þ0.25

15N N1 �0.39 �0.42 nab

N3 �21.8 �24.5 nab

NH2 þ5.80 þ6.30 nab

a Positive and negative values correspond to the downfield and upfield shifts,
respectively.

b Not applicable due to the absence of 15N labeling of the duplex 1.
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the Agþ ion binding with uniformly 15N-labeled cytidine indicated
that the preferential binding site of the Agþ ionwas the N3 position
of the cytidine (Fig. 6), and the H5 and H6 signals of the labeled
cytidine were downfield shifted upon the binding of the Agþ ion
with N3 of the cytidine (Fig. 7). The chemical shift changes for the
H5 and H6 signals of the labeled cytidine upon the binding of the
Agþ ion were quite similar in magnitude to those of the C:C mis-
matched base pair in duplex 1, suggesting that the binding site of
the Agþ ion would also be the N3 positions of the C:C mismatched
base pair in duplex 1 (Fig. 8 and Table 2). Taken together, we
conclude that the Agþ ion may bind with the N3 positions of the
two cytosine bases and bridge the two cytosine bases to form the
CeAgeC complex (Fig. 1a) in the duplex DNA. However, our NMR
data cannot fully exclude additional binding to the exocyclic O2 or
N4 positions of the cytosine bases [28]. Also, a previous infrared
spectroscopic study proposed a possibility for the binding of the
Agþion to the N7 position of the guanine bases in calf thymus DNA
films [20].

The Ka and DG for the specific binding between the Agþ ion and
the C:C mismatched base pair was nearly 106 M�1

and �7.7 kcal mol�1, respectively (Table 1). The magnitudes of the
observed Ka and DG are significantly larger than those previously
reported for the nonspecific interaction between metal ion and
DNA (3.2 � 103e1.4 � 105 M�1) [3e8,15], supporting the specific
binding between the Agþ ion and the C:C mismatched base pair.
The thermodynamic properties of the specific binding have not
been examined previously [10]. The observed DG resulted from
both the observed negative DH and positive DS (Table 1). The
positive DS for the specific binding between the Agþ ion and the C:C
mismatched base pair measured by ITC (Table 1) includes a major
contribution of a positive dehydration entropy change from the
release of structured water molecules surrounding the Agþ ion and
the DNA, and a conformational entropy change from the confor-
mational change of duplex DNAupon bindingwith the Agþ ion [33].
The CD spectra showed that the higher-order structure of the
duplex DNA was not significantly distorted by the specific binding
of the Agþ ion (Fig. 5), suggesting no significant contribution of
a conformational entropy change to the observed positive DS
(Table 1). Thus, the observed positive DS (Table 1) may mainly
result from the positive dehydration entropy change from the
release of structured water molecules surrounding the Agþ ion and
the DNA. In fact, a positive dehydration entropy change of the Agþ

ion (18 cal mol�1 K�1) [34] is similar in magnitude to the observed
positive DS (Table 1). On the other hand, the negative DH for the
specific binding between the Agþ ion and the C:C mismatched base
pair measured by ITC (Table 1) reflects a major contribution from
a positive dehydration enthalpy change of the Agþ ion
(115 kcal mol�1) [35], and a negative binding enthalpy change from
the bond formation between the Agþ ion and the Agþ ion binding
positions in the two cytosine bases to form the CeAgeC complex.
Because the sign of the binding enthalpy change upon the bond
formation to form the CeAgeC complex was negative and the sign
of the dehydration enthalpy change was positive, the observed
negative DH (Table 1) might have been mainly driven by the
negative binding enthalpy change upon the bond formation to form
the CeAgeC complex. Based on these, we propose a possible
scheme for the specific binding between the Agþ ion and the C:C
mismatched base pair (Fig. 9). The Agþ ion surrounded by struc-
tured water molecules may be dehydrated with significant contri-
bution of the positive dehydration entropy change. The dehydrated
Agþ ion may bind with the two cytosine bases to form the CeAgeC
complex with significant contribution from the negative binding
enthalpy change.

Previous study by capillary electrophoresis reported the binding
constant of 8.3� 104M�1 for the Agþ ion binding to the N7 position

of the guanine bases in calf thymus DNA [36], which was about 10
times smaller than those obtained from the present study (nearly
106 M�1) for the Agþ ion binding to the N3 positions of the C:C
mismatched base pair. The number of AgeN bond formed for the
CeAgeC complex may be larger than that formed for the Ag-G
adduct, which may result in larger magnitude of the negative
binding enthalpy change and provide a favorable component to the
Gibbs free energy change and the binding constant.

5. Conclusions

The present study has demonstrated that the combination of the
Agþ ion and the C:C mismatched base pair is highly specific for the
metal-mediated base pair formation. The present work has also
revealed that the binding constant between the Agþ ion and the C:C
mismatched base pair is significantly larger than those for
nonspecific interactions between metal ions and DNA. The specific
binding between the Agþ ion and the C:C mismatched base pair
with large binding affinity may be applied to various applications.
The formation of the CeAgeC metal-mediated base pair with the
large binding affinity may enable alignment of multiple Agþ ions in
natural C-rich duplex DNA, which may lead to construction of
metallic nanowires and design of biomolecular electronic devices
[37]. Further, due to the high binding specificity, the binding
between the Agþ ion and the C:C mismatched base pair can be
applied to the detection of base differences in duplex DNA, which
may lead to development of efficient strategy to detect the single
nucleotide polymorphisms, the most abundant form of natural
genetic variation in the human genome, and promotion of
customized medicine [38]. In addition, by the specific binding
between the Agþ ion and the C:C mismatched base pair, C-rich
oligonucleotides immobilized on the polymer beads can be applied
to the removal of the Agþ ion in industrial wastewater, which may
lead to advancement of convenient methods to improve the natural
environment [39]. Taken together, we conclude that the specific
formation of CeAgeC base pair with large binding affinity would
provide a binding mode of metal ion-DNA interactions, similar to
that of the previously reported T-Hg-T base pair [16e19]. The
CeAgeC base pair may be useful for wide variety of potential
applications of metal-mediated base pairs in various fields, such as
material, life and environmental sciences.
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a b s t r a c t

Metal-mediated base pairs by the interaction between metal ions and artificial bases in oligonucleotides

have been developed for their potential applications in nanotechnology. We recently found that a natural

T:T mismatched base pair bound with Hg2+ ion to form a novel T–Hg–T base pair. Here, we examined

the thermodynamic properties of the binding between Hg2+ and each of the single and double T:T mis-

matched base pair duplex DNAs by isothermal titration calorimetry. Hg2+ specifically bound with the T:T

mismatched base pair at 1:1 molar ratio with 106 M−1 binding constant, which was significantly larger

than those for nonspecific metal ion–DNA interactions. In the Hg2+–double T:T mismatched base pair

interaction, the affinity for the second Hg2+ binding was significantly larger than that for the first Hg2+

binding. The positively cooperative binding may be favorable to align multiple Hg2+ in duplex DNA for

the application of the metal-mediated base pairs in nanotechnology.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The interactions between metal ions and nucleic acids have

attracted considerable interest not only for their involvement in

biological processes, such as RNA folding [1,2] and enzymatic activ-

ity of ribozymes [3,4], but also for their wide variety of potential

applications in nanotechnology including the design of biomolec-

ular nanomachines and nanodevices [5,6]. Metal-mediated base

pairs by the interaction between metal ions and artificial bases

in synthetic oligonucleotides have been extensively developed for

their potential applications in nanotechnology [7–15]. The metal

ions were placed between the two artificial bases in duplex oligonu-

cleotides, as shown by structural analyses of the complex between

the metal ions and the artificial bases [16,17]. On the other hand,

we have recently found an alternative method for generating

metal-mediated base pairs in duplex DNA, based on the binding

between a metal ion and a natural base in duplex DNA [18–21].

Only Hg2+ ion and no other metal ions bound with a natural base,

thymine–thymine (T:T) mismatch, in a duplex DNA to form T–Hg–T

base pair (Fig. 1a), and the binding of the Hg2+ ion stabilized the

duplex DNA with the T:T mismatched base pair [18,19]. The ther-

mal stability of the duplex DNA with the T–Hg–T base pair was

comparable to that with the corresponding normal T:A or A:T base

pair [19]. Hg2+ ion specifically bound with the T:T mismatched base

pair, and did not bind with the perfectly matched base pairs and the

∗ Corresponding author. Tel.: +81 3 5228 8259; fax: +81 3 5261 4631.

E-mail address: htorigoe@rs.kagu.tus.ac.jp (H. Torigoe).

other kinds of mismatched base pairs [22,23]. Because the artifi-

cial bases are more difficult to be prepared due to time-consuming

organic synthesis in comparison with the natural T:T mismatch,

the T–Hg–T base pair formation (Fig. 1a) is more convenient than

the base pair formation between the metal ions and the artificial

bases. In spite of these convenient properties of the T–Hg–T base

pair (Fig. 1a), the mechanistic explanation for the T–Hg–T base pair

formation was not clearly understood. Therefore, here, we have

expanded our previous line of research to explore the thermody-

namic properties of the interaction between the Hg2+ ion and the

T:T mismatched base pair. To explore the possibility for the appli-

cation of multiple aligned T–Hg–T base pairs in duplex DNA to

nanotechnology, we have examined the thermodynamic proper-

ties of the Hg2+ ion binding with not only single but also double

T:T mismatched base pairs. The interaction between the Hg2+ ion

and each of the single and double T:T mismatched base pair duplex

DNA and the corresponding perfectly matched duplex DNA was

analysed by isothermal titration calorimetry (ITC) [24], and circu-

lar dichroism (CD) spectroscopy. ITC analyses have demonstrated

that the Hg2+ ion specifically bound with the T:T mismatched base

pair in the duplex DNA at a molar ratio of 1:1 with a binding con-

stant of nearly 106 M−1. The magnitude of the observed binding

constant was significantly larger than those previously reported for

the nonspecific interactions between metal ion and DNA [25–31].

The specific binding between the Hg2+ ion and the T:T mismatched

base pair was driven by both a negative enthalpy change and a

positive entropy change. ITC analyses of the interaction between

the Hg2+ ion and the double T:T mismatched base pair duplex DNA

have revealed that the affinity of the second binding between the

0040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Structural formula of T–Hg–T base pair. (b) Oligonucleotide sequences of

the target duplex INSF25UVW:INSR25XYZ used in the present study.

second Hg2+ ion and the second T:T mismatched base pair was sig-

nificantly larger than that of the first binding between the first Hg2+

ion and the first T:T mismatched base pair. The positive coopera-

tivity was observed for the specific binding between the Hg2+ ion

and the double T:T mismatched base pairs. The positively coop-

erative binding would be favorable to align multiple Hg2+ ions in

duplex DNA and support further progress in potential applications

of metal-mediated base pairs in nanotechnology.

2. Experimental

2.1. Preparation of oligonucleotides

We synthesized 25-mer complementary DNA oligonu-

cleotides, INSF25UVW: 5′-GCCCTGCCTGUVWCCCAGATCACTG-3′

(UVW = TTT) (Fig. 1b) and INSR25XYZ: 5′-CAGTGATCTG

GGXYZCAGGCAGGGC-3′ (XYZ = AAA, TAA, TTA, TAT) (Fig. 1b),

on a DNA synthesizer by using the solid-phase cyanoethyl phos-

phoramidite method; we then purified them with reverse-phase

high-performance liquid chromatography (HPLC) on a Wakosil

DNA column. The concentration of all oligonucleotides was deter-

mined by UV absorbance. The purified complementary strands,

INSF25UVW and INSR25XYZ, were annealed by heating at up to

90 ◦C, followed by a gradual cooling to room temperature. The

annealed sample was applied on a hydroxyapatite column (BIORAD

Inc.) to remove the unpaired single strands. The concentration

of the duplex DNA (INSF25UVW:INSR25XYZ) was determined

by UV absorption considering the DNA concentration ratio of 1

OD = 50 �g/ml, with a Mr of 16,500.

2.2. Isothermal titration calorimetry (ITC)

Isothermal titration experiments were carried out on a

VP ITC system (Microcal Inc., U.S.A.) [24]. The duplex DNA

(INSF25UVW:INSR25XYZ) solutions were prepared by extensive

dialysis against buffer A [10 mM sodium cacodylate-cacodylic acid

(pH 6.8) and 100 mM NaClO4]. Hg(ClO4)2 was dissolved in the dial-

ysis buffer. The Hg(ClO4)2 solution in buffer A was injected 20 or 40

times in 5-�l increments at 5-min intervals into the duplex DNA

(INSF25UVW:INSR25XYZ) solution without changing the reaction

conditions. The heat for each injection was subtracted by the heat

of dilution of the injectant, which was measured by injecting the

Hg(ClO4)2 solution into the same buffer. Each corrected heat was

divided by the moles of Hg(ClO4)2 injected and analysed with

Microcal Origin software supplied by the manufacturer.

2.3. CD spectroscopy

CD spectra were recorded at 25 ◦C and pH 6.8 in buffer A either

with or without Hg(ClO4)2 on a JASCO J-720 spectropolarimeter

interfaced with a microcomputer. The cell path length was 1 cm.

The concentration of the duplex DNA (INSF25UVW:INSR25XYZ)

used was 1 �M.

3. Results

3.1. ITC analyses of the interaction between the Hg2+ ion and

each of the single mismatched base pair duplex DNA and the

corresponding perfectly matched duplex DNA

We examined the thermodynamic properties of the interaction

between Hg(ClO4)2 and each of the single T:T mismatched base

pair duplex DNA, INSF25TTT:INSR25TAA (Fig. 1b), and the corre-

sponding perfectly matched duplex DNA, INSF25TTT:INSR25AAA

(Fig. 1b), at 25 ◦C and pH 6.8 by ITC (Fig. 2) [24]. Fig. 2a shows

a typical ITC profile of the interaction between Hg(ClO4)2 and

INSF25TTT:INSR25TAA at 25 ◦C and pH 6.8. An exothermic heat

pulse was observed each time after Hg(ClO4)2 was injected into

INSF25TTT:INSR25TAA. The magnitude of each peak decreased

gradually with each new injection, and a peak was still observed

at a molar ratio of the last injection. The area under each peak

was integrated, and the heat of the dilution of Hg(ClO4)2 mea-

sured in a separate experiment by injecting Hg(ClO4)2 into the

same buffer was subtracted from the integrated values. The cor-

rected heat was divided by the moles of injected solution, and

the resulting values were plotted as a function of a molar ratio

of [Hg2+ ion]/[INSF25TTT:INSR25TAA] (closed circles in Fig. 2c).

The resultant titration plot was sigmoidal, indicating that the Hg2+

ion specifically bound with INSF25TTT:INSR25TAA. On the other

hand, the ITC profile of the interaction between Hg(ClO4)2 and

INSF25TTT:INSR25AAA at 25 ◦C and pH 6.8 is shown in Fig. 2b.

Although an exothermic heat pulse was observed after each injec-

tion of Hg(ClO4)2 into INSF25TTT:INSR25AAA, the magnitude of

each peak was not significantly changed with each new injec-

tion, which was in sharp contrast with the ITC profile observed

for the interaction between Hg(ClO4)2 and INSF25TTT:INSR25TAA

(Fig. 2a). The titration plot obtained from Fig. 2b (closed squares

in Fig. 2c) in the same way as that obtained from Fig. 2a (closed

circles in Fig. 2c) was not sigmoidal, indicating that the Hg2+ ion

nonspecifically bound with INSF25TTT:INSR25AAA.

The nonspecific binding between the Hg2+ ion and

INSF25TTT:INSR25AAA judged from the ITC titration plot (Fig. 2c)

suggests that the Hg2+ ion may bind with the phosphate backbones

of the perfectly matched duplex DNA (INSF25TTT:INSR25AAA) in

a nonspecific manner due to the attraction between the positive

charge of the Hg2+ ion and the negative charge of the DNA phos-

phate backbones. The nonspecific binding with the DNA phosphate

backbones has been reported for many other metal ions, such as

Mg2+ [32,33], Ca2+ [32,33], Al3+ [34], Ga3+ [34], Cr3+ [25], Fe3+ [27],

Cu2+ [35], and Pb2+ [35]. On the other hand, the specific binding

between the Hg2+ ion and INSF25TTT:INSR25TAA judged from the
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Fig. 2. Thermodynamic analyses of the interaction between the Hg2+ ion and each of the single T:T mismatched base pair duplex (INSF25TTT:INSR25TAA) and the corre-

sponding perfectly matched duplex (INSF25TTT:INSR25AAA). (a and b) Typical ITC profile of the interaction between Hg(ClO4)2 and each of INSF25TTT:INSR25TAA (a) and

INSF25TTT:INSR25AAA (b) at 25 ◦C and pH 6.8 in buffer A (see Section 2). Hg(ClO4)2 solution (1 mM in buffer A) was injected 20 times in 5-�l increments into each of

INSF25TTT:INSR25TAA (a) and INSF25TTT:INSR25AAA (b) solution (40 �M in buffer A). Injections were administered over 12 s at 5-min intervals. (c) Titration plots against

the molar ratio of [Hg2+ ion]/[duplex DNA], obtained from the ITC profiles in (a) and (b). (d) ITC profile for the specific binding between the Hg2+ ion and the single T:T

mismatched base pair, obtained by subtracting the ITC profile observed for INSF25TTT:INSR25AAA in (b) from that observed for INSF25TTT:INSR25TAA in (a). (e) Titration

plot against the molar ratio of [Hg2+ ion]/[duplex DNA], obtained from the ITC profile in (d). The data were fitted by a nonlinear least-squares method.

ITC titration plot (Fig. 2c) suggests that the Hg2+ ion may specifically

bind with the single T:T mismatched base pair of the mismatched

base pair duplex DNA (INSF25TTT:INSR25TAA) in addition to the

nonspecific binding between the Hg2+ ion and the DNA phosphate

backbones of INSF25TTT:INSR25TAA. Thus, the net heat derived

from the specific binding between the Hg2+ ion and the single T:T

mismatched base pair of INSF25TTT:INSR25TAA should be esti-

mated by subtracting the heat observed for INSF25TTT:INSR25AAA

from that observed for INSF25TTT:INSR25TAA. Based on these

considerations, to analyse the thermodynamic parameters of

the specific binding between the Hg2+ ion and the single T:T

mismatched base pair of INSF25TTT:INSR25TAA, the ITC profile

observed for INSF25TTT:INSR25AAA in Fig. 2b was subtracted from

that observed for INSF25TTT:INSR25TAA in Fig. 2a to obtain that in

Fig. 2d. The area under each peak in Fig. 2d was integrated, and the

integrated values were divided by the moles of the injected solu-

tion. The resulting values were plotted as a function of the molar

ratio of [Hg2+ ion]/[duplex DNA] (Fig. 2e). The resultant titration

plot was fitted to a sigmoidal curve by a nonlinear least-squares

method. The stoichiometry, n1, the binding constant, Ka1, and

the enthalpy change, �H1, for the specific binding between the

Hg2+ ion and the single T:T mismatched base pair were obtained

from the fitted curve. The Gibbs free energy change, �G1, and

the entropy change, �S1, were calculated from the equation,

�G1 = −RTln Ka1 = �H1 − T�S1, where R is gas constant and T is the

temperature.

Table 1 shows the thermodynamic parameters for the specific

binding between the Hg2+ ion and the single T:T mismatched base

pair, obtained from Fig. 2e. The obtained value of n1 was nearly

1, indicating that the single Hg2+ ion bound with the single T:T

mismatched base pair at a molar ratio of 1:1. Although the sign

of �H1 was negative, the sign of �S1 was positive. Because both

the observed negative �H1 and positive �S1 were favorable for

the specific binding between the Hg2+ ion and the single T:T mis-

matched base pair, the specific binding between the Hg2+ ion and

the single T:T mismatched base pair was driven by both the nega-

tive �H1 and positive �S1. The magnitudes of the observed Ka1 and

�G1 were significantly larger than those previously reported for the

nonspecific interactions between metal ion and DNA [25–31], indi-

cating that the single Hg2+ ion specifically bound with the single

T:T mismatched base pair.

3.2. ITC analyses of the interaction between the Hg2+ ion and each

of the continuous or interrupted double T:T mismatched base pair

duplex DNA and the corresponding perfectly matched duplex DNA

To explore the possibility for the application of multiple aligned

T–Hg–T base pairs in duplex DNA to nanotechnology, the inter-

─ 132 ─



H. Torigoe et al. / Thermochimica Acta 532 (2012) 28–35 31

Table 1
Thermodynamic parameters for the specific binding between the Hg2+ ion and each of the single T:T mismatched base pair and the continuous or interrupted double T:T

mismatched base pairs at 25 ◦C and pH 6.8 in 10 mM sodium cacodylate-cacodylic acid and 100 mM NaClO4, obtained from ITC measurements.

Binding parameters Fig. 2e Fig. 3g Fig. 3h

n1 1.16 ± 0.04 1.10 ± 0.04 1.10 ± 0.04

Ka1 (M−1) (5.87 ± 2.21) × 105 (5.58 ± 2.86) × 105 (5.15 ± 3.82) × 105

�G1 (kJ mol−1) −32.9 ± 1.2 −32.8 ± 1.8 −32.6 ± 3.4

�H1 (kJ mol−1) −25.9 ± 1.3 −29.0 ± 9.1 −28.4 ± 3.6

�S1 (J mol−1 K−1) 23.7 ± 4.4 12.9 ± 30.5 14.0 ± 12.2

n2 naa 1.24 ± 0.10 1.27 ± 0.12

Ka2 (M−1) naa (3.96 ± 2.01) × 106 (8.01 ± 4.10) × 106

�G2 (kJ mol−1) naa −37.7 ± 1.8 −39.4 ± 1.8

�H2 (kJ mol−1) naa −23.6 ± 5.3 −29.0 ± 2.8

�S2 (J mol−1 K−1) naa 47.2 ± 17.8 34.9 ± 9.5

ana: not applicable as the titration plot in Fig. 2e was fitted to a model of single binding site.

action of the Hg2+ ion with not only single but also multiple T:T

mismatched base pair duplex DNA should be investigated. To this

end, we examined the thermodynamic properties of the interaction

between Hg(ClO4)2 and each of the continuous or interrupted dou-

ble T:T mismatched base pair duplex DNAs, INSF25TTT:INSR25TTA

or INSF25TTT:INSR25TAT (Fig. 1b), and the corresponding per-

fectly matched duplex DNA, INSF25TTT:INSR25AAA (Fig. 1b), at

25 ◦C and pH 6.8 by ITC (Fig. 3). Fig. 3a shows a typical ITC profile

of the interaction between Hg(ClO4)2 and INSF25TTT:INSR25TTA

at 25 ◦C and pH 6.8. An exothermic heat pulse was observed

each time after Hg(ClO4)2 was injected into INSF25TTT:INSR25TTA.

The magnitude of each peak decreased gradually with each

new injection, and a peak was still observed at a molar ratio

of the last injection. The interaction between Hg(ClO4)2 and

INSF25TTT:INSR25TAT at 25 ◦C and pH 6.8 also shows a similar ITC

profile (Fig. 3b). The titration plots obtained from Fig. 3a (closed

circles in Fig. 3d) and b (closed squares in Fig. 3d) in the same way

as shown in the Section 3.1 (Fig. 2c) were sigmoidal, indicating that

the Hg2+ ion specifically bound with INSF25TTT:INSR25TTA and

INSF25TTT:INSR25TAT. On the other hand, the magnitude of each

exothermic heat pulse observed after each injection of Hg(ClO4)2

into INSF25TTT:INSR25AAA was not significantly changed with

each new injection (Fig. 3c), and the titration plot obtained from

Fig. 3c (closed triangles in Fig. 3d) in the same way as shown in the

Section 3.1 (Fig. 2c) was not sigmoidal, indicating the nonspecific

binding between Hg2+ ion and INSF25TTT:INSR25AAA. The heat

pulse observed in Fig. 3a and b may result from the specific binding

between the Hg2+ ion and the continuous or interrupted double T:T

mismatched base pairs of the duplex DNA (INSF25TTT:INSR25TTA

or INSF25TTT:INSR25TAT) in addition to the nonspecific binding

between the Hg2+ ion and the DNA phosphate backbones of the

duplex DNA. In contrast, the heat pulse observed in Fig. 3c may

correspond to only the nonspecific binding between the Hg2+ ion

and the DNA phosphate backbones of the duplex DNA. Thus, the net

heat derived from the specific binding between the Hg2+ ion and

the continuous or interrupted double T:T mismatched base pairs of

the duplex DNA (INSF25TTT:INSR25TTA or INSF25TTT:INSR25TAT)

should be estimated by subtracting the heat observed for the per-

fectly matched duplex DNA (INSF25TTT:INSR25AAA) (Fig. 3c) from

that observed for the continuous or interrupted double T:T mis-

matched base pair duplex DNA [INSF25TTT:INSR25TTA (Fig. 3a)

or INSF25TTT:INSR25TAT (Fig. 3b)]. Based on these considerations,

to analyse the thermodynamic parameters of the specific binding

between the Hg2+ ion and the continuous double T:T mismatched

base pairs of INSF25TTT:INSR25TTA, the ITC profile observed for

INSF25TTT:INSR25AAA in Fig. 3c was subtracted from that observed

for INSF25TTT:INSR25TTA in Fig. 3a to obtain that in Fig. 3e, and

to obtain the thermodynamic parameters of the specific binding

between the Hg2+ ion and the interrupted double T:T mismatched

base pairs of INSF25TTT:INSR25TAT, the ITC profile observed for

INSF25TTT:INSR25AAA in Fig. 3c was subtracted from that observed

for INSF25TTT:INSR25TAT in Fig. 3b to obtain that in Fig. 3f. The area

under each peak in Fig. 3e was integrated, and the integrated values

were divided by the moles of the injected solution. The result-

ing values were plotted as a function of the molar ratio of [Hg2+

ion]/[duplex DNA] (Fig. 3g). The resultant titration plot was fitted

to a model of two binding sites by a nonlinear least-squares method.

The model of two binding sites is based on the following two steps,

INSF25TTT : INSR25TTA or INSF25TTT : INSR25TAT + Hg2+

� INSF25TTT:INSR25TTA:Hg2+ or INSF25TTT : INSR25TAT : Hg2+

(1)

INSF25TTT : INSR25TTA : Hg2+ or INSF25TTT : INSR25TAT : Hg2+

+Hg2+ � INSF25TTT : INSR25TTA : 2Hg2+

or INSF25TTT : INSR25TAT : 2Hg2+ (2)

The stoichiometry, n1, the binding constant, Ka1, and the

enthalpy change, �H1, for the first binding in step (1), and the sto-

ichiometry, n2, the binding constant, Ka2, and the enthalpy change,

�H2, for the second binding in step (2) were obtained from the fit-

ted curve. The Gibbs free energy changes for the first and second

binding, �G1 and �G2, and the entropy changes for the first and

second binding, �S1 and �S2, were calculated from the equation,

�G1 = −RTln Ka1 = �H1 − T�S1 and �G2 = −RTln Ka2 = �H2 − T�S2,

where R is gas constant and T is the temperature. The titration plot

(Fig. 3h) and the thermodynamic parameters of the specific binding

between the Hg2+ ion and the interrupted double T:T mismatched

base pairs of INSF25TTT:INSR25TAT were also obtained from Fig. 3f

in the same way.

Table 1 shows the thermodynamic parameters for the specific

binding of the Hg2+ ion with the continuous double T:T mismatched

base pairs, obtained from Fig. 3g, and those with the interrupted

double T:T mismatched base pairs, obtained from Fig. 3h, which

are based on a model of two binding sites. For both cases of Fig. 3g

and h, the values of n1 and n2 were nearly 1, indicating that the

stoichiometric binding was achieved in each step of the first and

second binding regardless of whether the double T:T mismatched

base pairs were continuous or interrupted (Table 1). Also, for both

cases of Fig. 3g and h, the magnitudes of the observed Ka2 and �G2

for the second binding between the second Hg2+ ion and the sec-

ond T:T mismatched base pair were significantly larger than those

of the observed Ka1 and �G1 for the first binding between the first

Hg2+ ion and the first T:T mismatched base pair (Table 1). The posi-

tive cooperativity of the specific binding between the Hg2+ ion and

the double T:T mismatched base pairs were observed for both of

the continuous and interrupted double T:T mismatched base pairs

(Table 1).
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Fig. 3. Thermodynamic analyses of the interaction between the Hg2+ ion and each of the continuous or interrupted double T:T mismatched base pair duplexes

(INSF25TTT:INSR25TTA or INSF25TTT:INSR25TAT) and the corresponding perfectly matched duplex (INSF25TTT:INSR25AAA). (a–c) Typical ITC profile of the interaction

between Hg(ClO4)2 and each of INSF25TTT:INSR25TTA (a), INSF25TTT:INSR25TAT (b) and INSF25TTT:INSR25AAA (c) at 25 ◦C and pH 6.8 in buffer A (see Section 2). Hg(ClO4)2

solution (1 mM in buffer A) was injected 40 times in 5-�l increments into each of INSF25TTT:INSR25TTA (a), INSF25TTT:INSR25TAT (b) and INSF25TTT:INSR25AAA (c) solution

(40 �M in buffer A). Injections were administered over 12 s at 5-min intervals. (d) Titration plots against the molar ratio of [Hg2+ ion]/[duplex DNA], obtained from the ITC

profiles in (a)–(c). (e) ITC profile for the specific binding between the Hg2+ ion and the double continuous T:T mismatched base pair, obtained by subtracting the ITC profile

observed for INSF25TTT:INSR25AAA in (c) from that observed for INSF25TTT:INSR25TTA in (a). (f) ITC profile for the specific binding between the Hg2+ ion and the double

interrupted T:T mismatched base pair, obtained by subtracting the ITC profile observed for INSF25TTT:INSR25AAA in (c) from that observed for INSF25TTT:INSR25TAT in (b).

(g) Titration plot against the molar ratio of [Hg2+ ion]/[duplex DNA], obtained from the ITC profile in (e). (h) Titration plot against the molar ratio of [Hg2+ ion]/[duplex DNA],

obtained from the ITC profile in (f). The data in (g) and (h) were fitted to a model of two binding sites by a nonlinear least-squares method.

3.3. CD spectroscopy of the mismatched base pair duplex DNAs

and the corresponding perfectly matched duplex DNA either with

or without the Hg2+ ion

To examine the effect of the Hg2+ ion binding on the higher-

order structure of duplex DNA, CD spectra of the perfectly

matched duplex DNA (INSF25TTT:INSR25AAA) (Fig. 1b), the sin-

gle T:T mismatched base pair duplex DNA (INSF25TTT:INSR25TAA)

(Fig. 1b), and the double T:T mismatched base pair duplex DNAs

(INSF25TTT:INSR25TTA and INSF25TTT:INSR25TAT) (Fig. 1b) were

measured in buffer A either with or without Hg(ClO4)2 at 25 ◦C

and pH 6.8 (Fig. 4). The CD spectrum of INSF25TTT:INSR25AAA

without Hg(ClO4)2 (Fig. 4a) may be quite different from

those of INSF25TTT:INSR25TAA (Fig. 4b), INSF25TTT:INSR25TTA

(Fig. 4c) and INSF25TTT:INSR25TAT (Fig. 4d) probably due to the

absence of the T:T mismatched base pairs. The CD profile of

INSF25TTT:INSR25AAA with Hg(ClO4)2 was quite similar to that

observed without Hg(ClO4)2 (Fig. 4a). This result indicates that the
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Fig. 4. CD spectra of the perfectly matched duplex, INSF25TTT:INSR25AAA (a), the single T:T mismatched base pair duplex, INSF25TTT:INSR25TAA (b), and the double T:T

mismatched base pair duplexes, INSF25TTT:INSR25TTA (c) and INSF25TTT:INSR25TAT (d), with or without Hg(ClO4)2. Duplexes (1 �M) at 25 ◦C and pH 6.8 in buffer A (see

Section 2) with or without Hg(ClO4)2 were measured at a wavelength of 205–320 nm. The cell path length was 1 cm.

nonspecific binding of the Hg2+ ion with the phosphate backbones

of the duplex DNA may not significantly change the higher-order

structure of the duplex DNA. In contrast, the ellipticity of the

CD profile of INSF25TTT:INSR25TAA in the 260–300 nm region

was significantly decreased at the molar ratio of [Hg2+]/[DNA] = 1

in comparison with that at the molar ratio of [Hg2+]/[DNA] = 0

(Fig. 4b). This result indicates that the specific binding of the

single Hg2+ ion with the single T:T mismatched base pair may

significantly change the higher-order structure of the duplex

DNA, unlike the nonspecific binding of the Hg2+ ion with the

phosphate backbones of the duplex DNA. The spectral difference

between [Hg2+]/[DNA] = 1 and [Hg2+]/[DNA] = 2 was significantly

smaller in magnitude than that between [Hg2+]/[DNA] = 0 and

[Hg2+]/[DNA] = 1 (Fig. 4b). The excess mol of Hg2+ may not signif-

icantly change the higher-order structure of the duplex DNA. As

the molar ratio of [Hg2+ ion]/[duplex DNA] was increased up to the

value of 2, the ellipticity of the CD profile of INSF25TTT:INSR25TTA

and INSF25TTT:INSR25TAT in the 260–300 nm region was signif-

icantly decreased (Fig. 4c and d). The change in the higher-order

structure of the duplex DNA was also observed for the specific bind-

ing between the double Hg2+ ion and the double T:T mismatched

base pairs. The spectral difference between [Hg2+]/[DNA] = 2 and

[Hg2+]/[DNA] = 3 was significantly smaller in magnitude than that

between [Hg2+]/[DNA] = 0 and [Hg2+]/[DNA] = 1 or that between

[Hg2+]/[DNA] = 1 and [Hg2+]/[DNA] = 2 (Fig. 4c and d). The excess

mol of Hg2+ may not significantly change the higher-order structure

of the duplex DNA. These results clearly indicate that the higher-

order structure of the T:T mismatched base pair duplex DNA was

significantly changed by the specific binding of the Hg2+ ion with

the T:T mismatched base pair.

4. Discussion

The ITC profile for the injection of the Hg2+ ion solution into the

perfectly matched duplex (INSF25TTT:INSR25AAA) solution was

examined in the presence of 100 mM NaClO4 (Fig. 2b). A large mag-

nitude of exothermic heat pulse was observed after each injection,

and the magnitude of each peak was not significantly different after

each injection. To confirm that the large magnitudes of the exother-

mic heat pulses may result from the nonspecific binding of the

Hg2+ ion with the phosphate backbones of INSF25TTT:INSR25AAA,

we have measured the ITC profile for the injection of the Hg2+

ion solution into INSF25TTT:INSR25AAA solution in the presence

of higher salt concentration, 1 M NaClO4 (Supplementary Fig. S1).

Similar to the case in the presence of 100 mM NaClO4, an exother-

mic heat pulse was observed after each injection and no significant

difference in the magnitude of each peak was observed. The magni-

tudes of the exothermic heat pulses in the presence of 1 M NaClO4

were significantly smaller than those observed in the presence of

100 mM NaClO4 (Supplementary Fig. S1). Before injecting the Hg2+

ion solution, the phosphate backbones of INSF25TTT:INSR25AAA

may bind with the Na+ ion. The binding affinity of the Na+ ion

with the phosphate backbones of INSF25TTT:INSR25AAA in the

presence of 1 M NaClO4 may be larger than that in the presence

of 100 mM NaClO4. The bound Na+ ion may be exchanged by the

injected Hg2+ ion. The degree of the exchange by the Hg2+ ion in the

presence of 1 M NaClO4 may be smaller than that in the presence

of 100 mM NaClO4 due to the larger binding affinity of the Na+ ion.

Thus, the smaller magnitudes of the heat pulses upon the binding

of the Hg2+ ion with the phosphate backbones were observed in the

presence of 1 M NaClO4. This suggests that the large magnitudes

of the exothermic heat pulses in the presence of 100 mM NaClO4

observed in Fig. 2b may result from the nonspecific binding of the

Hg2+ ion with the phosphate backbones.

ITC analyses of the interaction between the Hg2+ ion and

each of the single T:T mismatched base pair duplex DNA

(INSF25TTT:INSR25TAA) and the corresponding perfectly matched

duplex DNA (INSF25TTT:INSR25AAA) revealed that the single Hg2+

ion specifically bound with the single T:T mismatched base pair

in the mismatched base pair duplex DNA (INSF25TTT:INSR25TAA)

at a molar ratio of 1:1 (Fig. 2 and Table 1). The Hg2+ ion has

been known to bind selectively with base moieties rather than

with the phosphate and sugar groups in DNA [36–41]. In par-

ticular, the Hg2+ ion has a strong affinity for the N3 position of

thymine bases [36–38]. A covalent and linear N3–Hg–N3 bond was

observed in the crystal structure of a 1:2 complex of Hg2+ and 1-
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methylthymine [38]. According to the literature from the 1960s,

Yamane and Davidson reported that protons were released when

Hg2+ ions bound with several natural DNAs [40]. Katz proposed

the possibility of the formation of a 1:2 complex of Hg2+ ion and

thymine bases in a double-stranded polynucleotide, d(AT)n·d(AT)n,

with the release of protons [41]. Also, a 1:2 complex of mercury and

thymine was used in nucleoside synthesis procedures, the so-called

“mercury” method, a traditional synthetic method for coupling gly-

cosyl halides and bases [42]. Thus, it is assumed that the Hg2+ ion

may bind with the single T:T mismatched base pair in the duplex

DNA through a covalent N3–Hg–N3 bond. We previously analysed

the 1H NMR spectra of the duplex DNA containing the single T:T

mismatched base pair in the absence and presence of the Hg2+

ion [19]. We found that the imino proton resonances of the sin-

gle T:T mismatched base pair disappeared in the presence of the

Hg2+ ion, suggesting that the imino protons of the single T:T mis-

matched base pair were substituted with the Hg2+ ion [19]. We also

previously examined the 15N NMR spectra of the complex of the

Hg2+ ion and the duplex DNA containing the single T:T mismatched

base pair labeled with 15N at the N3 position [43,44]. We found
15N–15N J-coupling across the Hg2+ ion with the coupling constant

(2JNN) of 2.4 Hz [43,44]. This observation clearly demonstrated the

N3–Hg–N3 bond formation in the T–Hg–T complex. Taken together,

we conclude that the Hg2+ ion specifically binds with the N3 posi-

tions of two thymine bases in place of the imino protons and bridges

two thymine bases to form the T–Hg–T complex (Fig. 1a) in the

duplex DNA (INSF25TTT:INSR25TAA).

The Ka and �G for the specific binding between the Hg2+

ion and the single T:T mismatched base pair was 5.87 × 105 M−1

and −32.9 kJ mol−1, respectively (Table 1). The magnitudes of the

observed Ka and �G were significantly larger than those previously

reported for the nonspecific interaction between metal ion and

DNA [25–31], supporting the specific binding between the Hg2+ ion

and the single T:T mismatched base pair. The observed �G resulted

from both the observed negative �H and positive �S (Table 1). The

positive �S for the specific binding between the Hg2+ ion and the

single T:T mismatched base pair measured by ITC (Table 1) includes

a major contribution of a dehydration entropy change from the

release of structured water molecules surrounding the Hg2+ ion

and the duplex DNA, and a conformational entropy change from the

conformational change of the duplex DNA upon the binding with

the Hg2+ ion [45]. The dehydration entropy change of the Hg2+ ion

is largely positive (238 J mol−1 K−1) [46,47], and that of the duplex

DNA is also expected to be positive due to the release of structured

water molecules from the surface of the duplex DNA. Thus, the total

dehydration entropy change should be positive. On the other hand,

the CD spectra showed that the higher-order structure of the single

T:T mismatched base pair duplex DNA was significantly changed by

the specific binding of the Hg2+ ion (Fig. 4b), suggesting a significant

contribution of a conformational entropy change to the observed

positive �S (Table 1). Because the magnitude of the positive dehy-

dration entropy change (more than 238 J mol−1 K−1) discussed

above may be significantly larger than that of the observed posi-

tive �S (23.7 J mol−1 K−1) (Table 1), another major component of

the observed �S, that is, the conformational entropy change should

be negative. Because the positive dehydration entropy change was

favorable and the negative conformational entropy change was

unfavorable for the specific binding between the Hg2+ ion and the

single T:T mismatched base pair, the observed positive �S (Table 1)

might have been mainly driven by the positive dehydration entropy

change. On the other hand, the negative �H for the specific binding

between the Hg2+ ion and the single T:T mismatched base pair mea-

sured by ITC (Table 1) reflects a major contribution from a positive

dehydration enthalpy change of the Hg2+ ion (1840 kJ mol−1) [48],

a positive deprotonation enthalpy change of the two thymine bases

(1450 kJ mol−1) [49,50] upon the binding of the Hg2+ ion with the

single T:T mismatched base pair, an accompanying positive proto-

nation enthalpy change of the cacodylate buffer (1.96 kJ mol−1) [51]

taking up the two protons released from the two thymine bases, and

a negative binding enthalpy change from the N3–Hg–N3 bond for-

mation in the T–Hg–T complex. Because the sign of only the binding

enthalpy change upon the N3–Hg–N3 bond formation was negative

and the signs of the enthalpy changes from the other three contri-

butions were positive, the observed negative �H (Table 1) might

have been mainly driven by the negative binding enthalpy change

from the N3–Hg–N3 bond formation.

ITC analyses of the interaction between the Hg2+ ion and each of

the continuous and interrupted double T:T mismatched base pair

duplex DNAs (INSF25TTT:INSR25TTA and INSF25TTT:INSR25TAT)

revealed that the molar ratios n1 and n2 for the first and second

binding were nearly 1 for both of the mismatched base pair duplex

DNAs (Table 1). The stoichiometric binding was achieved in each

step of the first and second binding regardless of whether the dou-

ble T:T mismatched base pairs were continuous or interrupted,

similar to the stoichiometric binding between the single Hg2+ ion

and the single T:T mismatched base pair (Table 1). The magnitudes

of the observed Ka2 and �G2 for the second binding between the

second Hg2+ ion and the second T:T mismatched base pair were

significantly larger than those of the observed Ka1 and �G1 for the

first binding between the first Hg2+ ion and the first T:T mismatched

base pair (Table 1). The positive cooperativity of the specific bind-

ing between the Hg2+ ion and the double T:T mismatched base pairs

were observed for both of the continuous and interrupted double

T:T mismatched base pair duplex DNAs (INSF25TTT:INSR25TTA and

INSF25TTT:INSR25TAT) (Table 1). The CD spectra showed that the

higher-order structure of the continuous and interrupted double

T:T mismatched base pair duplex DNAs was significantly distorted

by the specific binding of the Hg2+ ion (Fig. 4c and d). When the

first Hg2+ ion binds with the first T:T mismatched base pair, the

higher-order structure of the continuous and interrupted double

T:T mismatched base pair duplex DNAs may be changed into their

distorted higher-order structure, where the second Hg2+ ion may

bind with the second T:T mismatched base pair more easily. The

change in the higher-order structure of the continuous and inter-

rupted double T:T mismatched base pair duplex DNAs induced by

the binding of the first Hg2+ ion with the first T:T mismatched

base pair may be one of the reason for the positive cooperativity

of the specific binding between the Hg2+ ion and the double T:T

mismatched base pairs. However, the detailed mechanism for the

positively cooperative binding remains to be elucidated.

5. Conclusions

The present study has demonstrated that the binding affinity

between the Hg2+ ion and the T:T mismatched base pair was sig-

nificantly larger than those for previously reported nonspecific

interactions between metal ions and DNA [25–31]. The specific

binding between the Hg2+ ion and the T:T mismatched base pair

was mainly driven by the positive dehydration entropy change and

the negative binding enthalpy change. In the interactions between

the Hg2+ ion and each of the continuous and interrupted double T:T

mismatched base pairs, the stoichiometric binding at a molar ratio

of 1:1 was achieved in each step of the first and second binding,

similar to that between the single Hg2+ ion and the single T:T mis-

matched base pair. The binding affinity between the second Hg2+

ion and the second T:T mismatched base pair was significantly

larger than that between the first Hg2+ ion and the first T:T mis-

matched base pair. The stoichiometric and positively cooperative

binding between the double Hg2+ ions and the double T:T mis-

matched base pairs may be favorable to align multiple Hg2+ ions

in duplex DNA for the application of the metal-mediated base pairs

in nanotechnology. The T–Hg–T base pair formation involving the
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natural bases with the large binding affinity shown in the present

study may be more convenient than the formation of other previ-

ously reported metal-mediated base pairs involving the artificial

bases [7–15] due to lack of time-consuming synthesis of the bases.

Taken together, we conclude that the T–Hg–T base pair could be a

key metal-mediated base pair and may eventually lead to progress

in potential applications of metal-mediated base pairs in nanotech-

nology.
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A thiolato-bridged AuI2CuI2 metalloring compound, [Au2-
Cu2(L)4] (L = (C6H4NMe2)CH=N(C6H4)S¹), together with an
analogous CuI4 compound, [Cu4(L)4], was newly prepared from
2-(4-dimethylaminophenyl)benzothiazoline. The AuI2CuI2 com-
pound was found to show structural and spectroscopic features
comparable well with those of [Ag4(L)4], rather than those of
[Au4(L)4] and [Cu4(L)4].

There has been considerable research interest in multi-
nuclear coordination compounds of group 11 elements in recent
years.1 In particular, heterometallic compounds containing two
or three kinds of group 11 metal ions are of much interest due to
their fascinating structural features and unique chemical and
physicochemical properties.2 In general, this class of compounds
can be synthesized by one-pot reactions of selected organic
ligands with a mixture of group 11 metal ions or by stepwise
reactions via homometallic precursors with a different group 11
metal ion. However, the former reactions commonly require
troublesome separation processes because of the formation of a
mixture of several homometallic and heterometallic species,
while the latter reactions require well-designed, controlled
reaction pathways. Thus, the finding of a coordination system
that exclusively affords a single heterometallic species from a
mixture of different kinds of group 11 metal ions remains a great
challenge.

In our successive study on the reactivity of 2-substituted
benzothiazolines toward transition-metal ions,3 we have recently
synthesized thiolato-bridged tetranuclear complexes, [Au4(L)4]
and [Ag4(L)4] (L = (C6H4NMe2)CH=N(C6H4)S¹), by the sim-
ple reactions of 2-(4-dimethylaminophenyl)benzothiazoline with
gold(I) or silver(I) in chloroform in a 1:1 ratio.4 In addition, we
have found that an analogous tetranuclear complex containing
both AuI and AgI ions, [Au2Ag2(L)4], is selectively produced by
a similar reaction with a 1:1 mixture of gold(I) and silver(I).4

This result prompted us to investigate whether this synthetic
method is applicable to the preparation of a heterometallic
complex containing both of AuI and CuI. In this paper, we report
that the use of a 1:1 mixture of gold(I) and copper(I), instead of a
mixture of gold(I) and silver(I), indeed results in the production
of an expected heterometallic complex, [Au2Cu2(L)4]. The
preparation of an analogous CuI4 complex, [Cu4(L)4], from 2-(4-
dimethylaminophenyl)benzothiazoline is also reported. Notably,
[Au2Cu2(L)4] was found to exhibit structural and spectroscopic
features that are comparable well with those of [Ag4(L)4], rather
than those of [Au4(L)4] and [Cu4(L)4] (Scheme 1). As far as
we know, this is the first report that points out the possible
creation of characteristics of a silver(I) compound by the
introduction of a mixture of AuI and CuI ions, in place of AgI

ions.

Treatment of a chloroform solution of 2-(4-dimethylamino-
phenyl)benzothiazoline, a chloroform solution of chloro(tetra-
hydrothiophene)gold(I), and an acetonitrile solution of tetraace-
tonitrilecopper(I) perchlorate in a 2:1:1 ratio in the presence of
NEt3 gave a dark orange solution, from which orange crystals
(1¢2CHCl3) suitable for X-ray crystallography were isolated by
slow evaporation at room temperature.5 X-ray fluorescence
analysis of this compound revealed the presence of Au and
Cu, and its elemental analysis was consistent with a formula
containing iminothiolate ligands (L = (C6H4NMe2)CH=
N(C6H4)S¹) and AuI and CuI atoms in a 2:1:1 ratio.6 Single-
crystal X-ray analysis revealed that 1 contains two AuI and two
CuI atoms in combination with four L ligands, with the lack of
any counter ions.7 As shown in Figure 1, the AuI and CuI atoms
are alternately linked by four S atoms from four L ligands,
forming a thiolato-bridged AuI2CuI2 metalloring structure with a
Ci symmetry. Each L ligand adopts a ¯2-κ1S:κ2N,S coordination
mode, in which its imine group coordinates to a CuI atom (av
CuN = 2.16(5)¡) and its thiolato group bridges AuI and CuI

atoms (av AuS = 2.295(18)¡, CuS = 2.31(3)¡). As a result,
two CuI atoms are situated in an N2S2 tetrahedral geometry (N
CuN = 117.88(14)°, SCuS = 111.10(5)°), while two AuI

atoms are in an S2 linear geometry (SAuS = 176.44(4)°).
The preference of linear and tetrahedral geometries for AuI and
CuI, as well as the high affinity of an imine group to a CuI center
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rather than to an AuI center, accounts for the formation of this
metalloring structure. Despite the Ci symmetric structure in
crystal 1, the 1HNMR spectrum of 1 in CDCl3 gave only a
single set of signals for four L ligands (Figure S1a),5 suggestive
of the flexible nature of its AuI2CuI2S4 metalloring framework
with an averaged C2h symmetry in solution.

It is possible that three heterometallic species, [Au3Cu1(L)4],
[Au2Cu2(L)4], and [Au1Cu3(L)4], besides two homometallic
species, [Au4(L)4] and [Cu4(L)4], are formed from L ligands in
combination with a 1:1 mixture of AuI and CuI ions. In addition,
two isomeric forms that are discriminated by the arrangement
of AuI and CuI ions, AuAuCuCu-type and AuCuAuCu-type,
are possible for [Au2Cu2(L)4]. However, the present reaction
exclusively produced [Au2Cu2(L)4] with an AuCuAuCu-type
arrangement in a moderate yield of ca. 50%. Since the 1HNMR
spectrum of a reaction mixture of 2-(4-dimethylaminophenyl)-
benzothiazoline, triethylamine, chloro(tetrahydrothiophene)-
gold(I), and tetraacetonitrilecopper(I) perchlorate in a 2:2:1:1
ratio in CDCl3/CD3CN is indicative of the formation of a
complex mixture with no obvious preference for a single species
(Figure S1b),5 the selective isolation of 1 is attributed to its less

solubility in solution. This is different from the corresponding
reaction with a mixture of gold(I) and silver(I), in which a single
species of [Au2Ag2(L)4] with an AuAgAuAg-type arrangement
is selectively formed in solution.4,8 The affinity of an imine
group to a CuI center, which is much higher than to an AgI

center, seems to prevent the conversion of some kinetic products
to the thermodynamically stable product of 1 in solution.

To obtain a homometallic CuI4 metalloring compound, a
chloroform solution of 2-(4-dimethylaminophenyl)benzothiazo-
line was treated with an acetonitrile solution of tetraaceto-
nitrilecopper(I) perchlorate in a 1:1 ratio. However, this reaction
did not give [Cu4(L)4] but produced a brown compound of
[Cu8(L)8](ClO4) that has been obtained by the 2:1 reaction of
2-(4-dimethylaminophenyl)benzothiazoline with copper(II) ace-
tate in 1,2-dichloroethane.3c After several trials, an orange
compound 2, which is assignable to have a neutral formula of
[CuI(L)]n based on the elemental analysis and IR spectrum that is
essentially the same as that of 1 (Figure S2),5 was obtained by
the reaction of 2-(4-dimethylaminophenyl)benzothiazoline with
copper(II) acetate in a 2:1 ratio in toluene.5,9 Although the
characterization of 2 by means of the NMR spectroscopy was
precluded owing to its poor solubility in common solvents
and its instability in solution,10 an expected CuI4 metalloring
structure was established by single-crystal X-ray analysis.11 In 2,
four Cu atoms are bridged by four S atoms from four L ligands
to form a tetranuclear metalloring structure with an S4 symmetry
(Figure 2). Each Cu atom in 2 is in a +1 oxidation state, as
evidenced by the lack of any counter cations. Thus, it is seen that
2-(4-dimethylaminophenyl)benzothiazoline acts not only as a
ligand precursor but also as a reducing agent for copper(II).3c

The successful isolation of 2 by the use of toluene as a reaction
medium, instead of 1,2-dichloroethane, is most likely due to the
insolubility of 2 in this solvent, which leads to the precipitation
of 2 prior to its conversion into [Cu8(L)8]+ in solution. Each L
ligand in 2 also adopts a ¯2-κ1S:κ2N,S coordination mode (av
CuS = 2.211(4)¡, av CuN = 2.140(9)¡), like in 1. However,
in 2, four imine groups from four L ligands bind to four different
CuI atoms, and each CuI atom is situated in an NS2 trigonal-
planar geometry (SCuS = 146.59(8)°, NCuS = 117.9(3)
and 87.8(3)°). Thus, the four bridging S atoms in 2 are situated
in a square arrangement, which is distinct from an arrangement
of parallelogram found in 1.

Previously, we have shown that the homometallic AuI4 and
AgI4 compounds, [Au4(L)4] and [Ag4(L)4], also have a metal-
loring structure, in which four metal atoms are bridged by four S
atoms from four L ligands, as in the case of [Cu4(L)4] (2).4

However, in [Au4(L)4], all four AuI atoms adopt a two-
coordination geometry, whereas two of four AgI atoms adopt a
two-coordination geometry and the other AgI atoms have a four-
coordination geometry in [Ag4(L)4] (Figure S3).5 The 2,2,2,2-
coordination in [Au4(L)4] and the 2,4,2,4-coordination in
[Ag4(L)4] are both different from the 3,3,3,3-coordination found
in 2, in which four CuI atoms are unified to have a three-
coordination geometry. It should be noted that the 2,4,2,4-
coordination pattern in [Ag4(L)4] is the same as that in
[Au2Cu2(L)4] (1). In addition, the four bridging S atoms in
[Ag4(L)4] are in an arrangement of parallelogram like in 1,
whereas those in [Au4(L)4] are in a square arrangement like in 2.
Thus, the overall metalloring structure in [Ag4(L)4] is well
comparable with that in [Au2Cu2(L)4] (1), rather than those in

Figure 1. Perspective views of (a) 1 and (b) its core structure;
AuI: purple, CuI: brown, N: blue, S: yellow, C: gray. H atoms are
omitted for clarity.
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[Au4(L)4] and [Cu4(L)4] (2). Besides the structural feature, the
similarity between [Ag4(L)4] and [Au2Cu2(L)4] (1) was noticed
in the solid-state electronic spectra. That is, the diffuse reflection
spectrum of 1 is dominated by an intense band at 392 nm,12 the
peak position of which is very close to that for [Ag4(L)4]
(390 nm), rather than those for [Au4(L)4] (380 nm) and 2
(402 nm) (Figure S4).5

In summary, we showed that a single species of [Au2-
Cu2(L)4], in which AuI and CuI atoms are alternately bridged by
S atoms in a cyclic form, is selectively isolated from the reaction
of 2-(4-dimethylaminophenyl)benzothiazoline with a mixture of
gold(I) and copper(I). An analogous homometallic CuI4 metal-
loring compound, [Cu4(L)4], was also obtained by the reaction
with copper(II) when toluene was used as a reaction solvent.
What is the most remarkable finding is that the structural feature
of [Au2Cu2(L)4], as well as its electronic spectral feature, is
similar to that of [Ag4(L)4], rather than those of [Au4(L)4] and
[Cu4(L)4]. This finding indicates for the first time that a
coordination compound bearing characteristics of a homometal-
lic silver(I) species is possibly created from gold(I) and
copper(I), providing a significant insight into the development

of modern “alchemy” that meets the demand of alternatives for
rare metals or harmful elements.13

This work was supported in part by Grants-in-Aids for
Science Research No. 23350026 from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan and by
Izumi Science and Technology Foundation.
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Two novel heterobimetallic coordination polymers, [Cd{Pt(nic)4}]n 5nH2O (Cd–Pt-1) and [Zn{Pt(nic)4}(H2O)4]n
nH2O (Zn–Pt-1) (nicH = nicotinic acid), were synthesized by a one-pot slow-evaporation reaction system in
water. Single crystal X-ray analysis revealed that Cd–Pt-1 and Zn–Pt-1 are two-dimensional sheet frameworks
with open pores and one-dimensional chain polymers, respectively. However, crystal structure of Cd–Pt-1 is
not robust in air. Therefore, BET surface area (pore volume) of Cd–Pt-1 calculated byN2 gas adsorptionmeasure-
ment is very low and the value is 22.5 m2 g−1 (0.00813 cm3 g−1).

© 2012 Elsevier B.V. All rights reserved.

In recent years, porous coordination polymers (PCPs) or metal–
organic frameworks (MOFs) with well-defined pores have attracted
attention because of potential applications in gas storage [1–3],
heterogeneous catalysis [4–6], magnetism [7,8] and so on. Coordination
polymers can be easily prepared through self-assembly of organic
ligands as linkers and metal ions as connecting nodes, and this makes
it possible to construct the coordination polymers with desired proper-
ties. Since Mori and co-workers in our group reported that
paddle-wheel copper coordination polymer, [Cu2(p-BDC)2]n (p-BDC =
1,4-benzendicarboxylate), can encapsulate several gases in 1997,
many works concerning the applications of coordination polymers
have been carried out until now [9–12].

In this research area, the immobilization of open metal sites as
activity sites for specific and selective substances in coordination
polymers is also very important for their applications. One general
approach for immobilization of metal sites is to use complex ligands
instead of organic ligands in the construction of traditional coordina-
tion polymers. Then, several heterobimetallic coordination polymers
with permanent porosity have been realized for functional properties
such as gas adsorption, sensing materials, heterogeneous catalyst and
so on [13–18]. Specially, from a view point of the catalytic applications
of coordination polymers, the use of Pt(II) or Pd(II) complex ligand
will be one of the effective approaches because Pt(II) and Pd(II)
complexes have been widely employed as homogeneous catalysts in
catalytic reactions such as hydrogenation reaction, water photo-
reduction reaction and hydrocarbon C\H bond activation. Generally,
compared with homogeneous catalysis, heterogeneous coordination
polymers introduced homogeneous complex catalyst units as complex

ligands resulted in the high stability and the easy separation of them
from solvents because coordination polymers are insoluble in com-
mon organic solvents such as alcohols. In recent studies, our group
also succeeded to synthesize and characterize some heterobimetallic
coordination polymers constituted of Pd(II) and Pt(II) complex
ligands using isonicotinic acid (inaH). Specifically, [Zn{Pd(ina)4}]n
constructed from mononuclear Zn metal nodes and [Pd(ina)4] com-
plex ligands acted as not only useful heterogeneous water photo-
reduction catalyst [19] but also selective H2 gas adsorption materials
versus N2 gas [20]. There are some reports about heterobimetallic
Pt(II) and Pd(II) coordination polymers [21–24], but they are still at
development stages compared with the other coordination polymers.
Therefore, we also have attempted to prepare novel Pt(II) and Pd(II)
coordination polymers using other complex ligands.

In this paper, we report synthesis, crystal structures and properties of
twonovel heterobimetallic coordination polymers, [Cd{Pt(nic)4}]n 5nH2O
(Cd–Pt-1) and [Zn{Pt(nic)4}(H2O)4]n nH2O (Zn–Pt-1), constructed from
mononuclear Cd or Zn unit as a bridging node and [Pt(nic)4] as a complex
ligand (Fig. 1). Although some Pt(II) heterobimetallic coordination poly-
mers have been reported so far, there is no report about heterobimetallic
coordination polymers with [Pt(nicH)2(nic)2] complex ligand.

At first, [Pt(nicH)2(nic)2] complex was synthesized by a
solvothermal method in water solution (5.0 ml) containing of K2

[PtCl4] (0.10 mmol) and nicH (0.40 mmol) [25]. Single crystal X-ray
analysis revealed that [Pt(nicH)2(nic)2] was crystallized in triclinic
space group P-1 and the asymmetric unit consists of one-half of
[Pt(nicH)2(nic)2]. The charge balance of [Pt(nicH)2(nic)2] is maintained
by two trans-position carboxylate ions. In packing view, [Pt(nicH)2(nic)2]
is self-assembled by strong hydrogen bonds between carboxylate and
carboxylic acid of [Pt(nicH)2(nic)2] (Fig. S1). Therefore, [Pt(nicH)2(nic)2]
complex is largely insoluble in common solvents such as water, alcohol
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and DMF. Therefore, we tried synthesis of heterobimetallic coordination
polymers using [Pt(nicH)2(nic)2] complex ligand by one pot methods in
water solution.

Cd–Pt-1 and Zn–Pt-1 were synthesized by one-pot slow-
evaporation reactions as follows: A mixture of K2[PtCl4] (0.05 mmol),
nicH (0.20 mmol) and Cd(NO3)2 or Zn(NO3)2 (0.10 mmol) was
dissolved in distilled water (6.0 ml) at room temperature. The solution
was transformed into a 20 ml sample vial and allowed to stand for
1 week. The obtained colorless block crystals were filtered, washed
with distilled water and dried at room temperature. CHN elemental
analysis for [Cd{Pt(nic)4}]n 6nH2O (Cd–Pt-1): Calcd. C, 31.89; H, 3.12;
N, 6.20%. Found C, 31.98; H, 3.05; N, 6.17%. Solvent content calcd (%)
from the proposed formula: H2O 12.00; found (%) determined by
TGA: 12.31 and [Zn{Pt(nic)4}(H2O)4]n nH2O (Zn–Pt-1): Calcd. C,
34.36; H, 3.12; N, 6.68%. Found C, 34.02; H, 3.37; N, 6.46%. Solvent

content calcd (%) from the proposed formula: H2O 10.74; found (%)
determined by TGA: 8.81.

Single crystal X-ray analysis revealed that Cd–Pt-1 is crystallized in
tetragonal space group P4/ncc and features two dimensional porous
frameworks [26]. The asymmetric unit consists of one Cd node and a
quarter [Pt(nic)4] complex ligand. The coordination environment of
Cd and Pt atoms is shown in Fig. 2a. The Cd atoms are coordinated
by eightO atoms (Cd\O=2.378 and2.454 Å) derived from carboxylate
ions of [Pt(nic)4] units (C\O=1.263 and 1.262 Å). The charge of
[Cd(COO)4]2− units was balanced by [Pt(nic)4]2+ complex ligand and
therefore overall framework is neutral. As shown in Fig. 2b, the packing
view along the c axis revealed that the structure of Cd–Pt-1 is as
wave-like two dimensional sheets and then these sheets are packed
along the c axis with ABAB fashion (Fig. 2c). In addition, the
two-dimensional frameworks have open pores with approximately
4.0×4.0 Å2 along an a–b plane, taking into account the van der Waals
radii of surface atom (Fig. 2d). Theneighboring Pt–Pt distance is 9.655 Å.

Another type coordination polymer Zn–Pt-1 is crystallized in tri-
clinic P-1 and has one-dimensional zig–zag chain structure [27]. The
asymmetric unit consists of one Zn metal node and one-half of
[Pt(nic)4] complex ligand. As shown in Fig. 3a, Zn atom is octahedrally
coordinated by six O atoms; two O atoms from carboxylate ions of
[Pt(nic)4] complex ligand (C\O=1.239 and 1.277 Å, Zn\O=2.048 Å)
and four O atoms of H2Omolecules (Zn\O=2.072 and 2.048 Å). There-
fore, the charge of Pt(II) is balanced by non-coordinated carboxylate ions
of [Pt(nic)4] and that of Zn(II) by coordinated carboxylate ions. From the
packing view in Fig. 3b, Zn–Pt-1 forms a one-dimensional chain polymer
structure and there are no cavities. The chain polymers are stacked along
the b axis with the distance of 9.032 Å.

In these single crystal X-ray analyses, the accurate number of
guest solvent H2O molecules could not be determined because of
disorder of H2O molecules. Therefore, we determined the number of

Fig. 2. Crystal structure of Cd–Pt-1. a) Crystal structure around Cd(II) and Pt(II) metal centers. b–c) Packing view along the c axis. d) Space filling model of two dimensional network
structure along the a–b plane. Hydrogen atoms and guest H2O molecules are omitted for clarity. Cd atoms are shown in green, Pt in purple, C in gray, N in blue and O in red.

Fig 1. Structure of [Pt(nicH)2(nic)2] complex ligand.
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solvent molecules based on elemental analysis and TGA. TGA-curves
of Cd–Pt-1 and Zn–Pt-1 revealed the weight loss around 373 K due
to the removal of solvent H2O molecules and the decomposition
of these frameworks around 573 K. From the weight of the lost
H2O molecules and elemental analysis, Cd–Pt-1 includes five H2O
molecules for [Cd{Pt(nic)4}] formula. Zn–Pt-1 also includes five
H2O molecules for [Zn{Pt(nic)4}] formula unit (four H2O molecules
coordinate to Zn atom and one H2O molecule is non-coordinated
guest molecule).

To confirm the permanent porosity of Cd–Pt-1, we performed N2

and H2 gas adsorption measurements at 77 K and 760 mm Hg [28].
As shown in Fig. 4, N2 gas adsorption isotherm of Cd–Pt-1 is type III
in IUPAC classification being associated with non porous solids. The
calculated BET surface area and pore volume are too low in comparison
with traditional coordination polymers (these values are 22.5 m2/g and
0.00813 cm3/g respectively).Moreover, H2 gas adsorption performance
of Cd–Pt-1was not completely observed.We assumed that N2 or H2 gas
(the kinetic diameters are 3.64 and 2.84 Å respectively) can be
adsorbed into pores of Cd–Pt-1 observed by a single crystal X-ray anal-
ysis, but the gas adsorption measurements revealed that Cd–Pt-1 has
no such ability. In the course of measurement, we also confirmed that
crystals of Cd–Pt-1 are air-sensitive and crystallinity is gradually lost
by moving these crystals out of reaction solution and standing while
crystals of Cd–Pt-1 are very stable in reaction solution for a half year.
XRPD measurement of samples after gas adsorption measurement
also revealed that observed peaks are different from simulation peaks
calculated from crystal structure (Fig. S2). Therefore, open pores of
Cd–Pt-1maybe closed due to the loss of crystalline structure by remov-
al of guest H2O molecules. Additionally, Zn–Pt-1 shows also too low

surface area (BET surface area is 2.91 m2/g) owing to non-pore
structure.

In summary,we synthesized and characterized twoheterobimetallic
coordination polymers from mononuclear Cd or Zn metal node and Pt
complex ligand. From a single crystal X-ray analysis, the structure of
Cd–Pt coordination polymer is ABAB packing two-dimensional sheet
frameworks and Zn–Pt coordination polymer has one-dimensional
zig–zag chain structure. In N2 gas adsorption measurements, two coor-
dination polymers showed too low BET surface area by the loss of crys-
tal structure in Cd–Pt coordination polymer and non-porous structure
in Zn–Pt coordination polymer. In this work, we succeed to prepare
two kinds of coordination polymerswith different topological networks
by selection of metal nodes. Now, we are attempting to prepare several
Pt(II) heterobimetallic coordination polymers using other metal nodes
such as Cu(II), Co(II) and Ni(II).

Appendix A. Supplementary material

CCDC 886315, 886316 and 886317 contain the supplemental crys-
tallographic data for Cd–Pt-1 and Zn–Pt-1. These data can be obtained
free of charge from http://www.ccdc.cam.ac.uk/conts/retrieving.html,
or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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The reaction of (1R)-(�)-myrtenal-derived benzothiazoline with

nickel(II) acetate in ethanol exclusively gave a Schiff base-type

nickel(II) complex having M helical configurational myrtenyl arms,

which is reversibly converted to a non-innocent-type complex

having additional S,S configurational asymmetric carbon centres.

Transfer of chirality at themolecular level has been a subject of great
interest in recent years because it is closely associated with the
development of asymmetric catalysis and chiral recognition.1 The
formation of chiral supramolecular host systems and the chiral
information transfer from a host system to guest molecules by
solid–solid interaction has attracted much attention in the field of
host–guest chemistry.2 In coordination chemistry, considerable inter-
est has been directed toward the chirality transfer from a tetrahedral
centre of an organic ligand to an octahedral metal centre, and steric
factors that govern the chiral selective formation of metal complexes
have been extensively investigated.3 The chirality transfer between
metal centreshasalsobeenobserved in the formationofmultinuclear
complexes with a helical chirality.4 Recently, the chiral-auxiliary-
mediatedasymmetric synthesisbasedonanefficientchirality transfer
was reported in an octahedral ruthenium polypyridyl system.5,6

Furthermore, the chirality inversion at a metal centre induced by
pH change was also reported in cysteine-bound ruthenabenzene
derivatives,5,7 and the reversiblemutarotation between the solid state
and solution was found in a helicate-type macrocyclic ytterbium
complex.5,8 However, a report on chirality transfer that occurs in the
course of a structural conversion between two chiral compounds has
not appeared todate.Herein,we report a remarkable chirality transfer
phenomenon based on a reversible C–C bond formation/breaking
between two isomeric nickel(II) complexes having chiral myrtenyl
groups; one is a Schiff base-type complex with a helical chirality that
arises from the crossing of twomyrtenyl arms and the other is a non-

innocent-type complex with two asymmetric carbon centres that are
created by the imino C–C bond formation (Scheme 1).9

The benzothiazoline employed in this work was prepared by the
reaction of 2-aminothiophenol and (1R)-(�)-myrtenal in ethanol. The
additionofnickel(II) acetate toanethanolsolutionof thisbenzothiazo-
line in a 2 : 1 (L : M) ratio gave brown powder (1). This product was
assigned to an expected Schiffbase-type nickel(II) complex having two
pendent myrtenyl arms (Scheme 2)10 by means of its 1H NMR
spectrum and elemental analysis. The appearance of a half-set of
1HNMRsignalsfor ligandsinthecomplex is indicativeof thepresence
of a single C2 symmetrical isomer with P or M helical configuration
(Fig. 1). The absorption spectrum of 1 in CHCl3 is characterized by a
broadvisiblebandcenteredat ca.500nm(Fig.S1,ESI†). In this region,
positive–negative CD bands from the longer wavelength side are
observed in the CD spectrum, consistent with the optically active
nature of the complex. Unfortunately, single crystals of 1 suitable for
X-ray diffraction were unable to obtain from the reaction solution or
by the recrystallization of the initial product owing to its low solubility
in common solvents. Thus, the determination of the chiral configu-
ration of 1 (P orM) could not be made at this stage.

It is expected from our previous works that the Schiff base-type
complex (1) is converted to a non-innocent-type complex,9 which
possesses two additional asymmetric carbon centres adjacent to
myrtenyl groups, via a simple flip of its pendent myrtenyl arms
accompanied by an imino C–C bond formation (Scheme 1). In this
case, the P and M configurational Schiff base-type complexes are
considered to lead to R,R and S,S configurational carbon centres in
the resulting non-innocent-type complex, respectively, because of
the steric demand. When 1 was treated in THF at 30–40 1C for

Scheme 1 Interconversion between Schiff base-type and non-innocent-type
nickel(II) complexes.
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several hours, the initial suspension turned to a brown solution,
fromwhich violet powder (2) was isolated after the chromatographic
purification using a silica gel column. Compound 2 exhibits a single
set of signals in the 1H NMR spectrum (Fig. 2a), the spectral feature
of which is compatible with that of a proposed non-innocent-type
nickel(II) complex. Single-crystals of 2 suitable for X-ray diffraction
were obtained by slow evaporation of a pentane solution of 2. The
X-ray analysis established that 2 is indeed a mononuclear nickel(II)
complex with a tetradentate-N2,S2 non-innocent-type ligand (Fig. 3).
In 2, the two carbon atoms adjacent to myrtenyl groups are
asymmetric with the S,S configuration. This implies that the
parental Schiff base-type complex (1) has the M helical configu-
ration. The averaged Ni–S and Ni–N bond distances are 2.119(3) and
1.809(7) Å, respectively (Table S2, ESI†), which are comparable to
those reported for related nickel(II) complexes with non-innocent
ligands.9,11 The averaged C–S and C–N bond distances are 1.718(10)
and 1.356(11) Å, respectively. These values are intermediate between
those of single and double bonds and are similar to those found in
analogous complexes with o-iminothionebenzosemiquinonate
ligands.9,11 Here it should be noted that 2 is not stable in solution

and is reverted back to 1, as evidenced by the 1H NMR spectral
change with time (Fig. S2, ESI†). Thus, it is seen that 2 is a kinetically
controlled product of 1 that is thermodynamically more stable.

To check the possibility of the formation of the non-innocent-type
nickel(II) complexwith another configuration (R,R orR,S), 1was treated
in toluene under reflux (110–120 1C).12 Again, the initial suspension
turned to a dark brown solution, fromwhich a dark violet powder was
isolated. While the absorption spectrum of this powder is essentially
the sameas thatof2, its 1HNMRspectrumgives twosets of signals ina
1 : 1 integrationratio (Fig.2b),oneofwhich is identicalwith thesignals
for 2. This suggests that another isomer (3) of the non-innocent-type
nickel(II) complex was produced in this reaction (Fig. 2c), besides 2.
Notably, the signals for2decreasedwith time,with theappearanceand
growth of the signals of 1, while the signals for 3 remained intact
(Fig. S3, ESI†). In parallel with this observation, dark-violet crystals of 3
were produced by slow evaporation of a pentane solution of the initial
dark violet product. Furthermore, dark-brown crystals of 1were grown,
together with dark-violet crystals of 3, when diethyl ether was diffused
intoaCH3CNsolutionof thedarkvioletproduct. TheCDspectrumof3
is enantiomeric to thatof2, suggesting that3has theR,Rconfiguration,
opposite to the S,S configuration of 2 (Fig. S4, ESI†). The molecular
structures of 3 and 1were both determinedby X-ray analysis, using the
crystals thus obtained.

As shown in Fig. 4, 3 has a mononuclear nickel(II) structure with
a tetradentate-N2,S2 non-innocent-type ligand, which is analogous to
2. Moreover, the bond distances and angles for 3 are very similar to
those for 2 (Table S2, ESI†). However, the two asymmetric carbon
atoms adjacent to myrtenyl groups in 3 have the R,R configuration.
On the other hand, 1 was determined to be an expected mono-
nuclear nickel(II) complex having two bidentate-N,S Schiff base

Scheme 2 Formation of P andM isomers of a Schiff base-type nickel(II) complex.

Fig. 1 1H NMR spectrum of 1 in CDCl3.

Fig. 2 1H NMR spectra of (a) 2, (b) dark violet powder and (c) 3 in CDCl3.

Fig. 3 Ortep drawing of 2. Ellipsoids represent 30% probability. Hydrogen
atoms are omitted for clarity.

Fig. 4 Ortep drawing of 3. Ellipsoids represent 30% probability. Hydrogen
atoms are omitted for clarity.

Communication ChemComm

─ 147 ─



670 Chem. Commun., 2013, 49, 668--670 This journal is c The Royal Society of Chemistry 2013

ligands (Fig. 5). The metal atom is located on a crystallographic
2-fold axis. In 1, the two myrtenyl arms of two ligands cross each
other to form a single-stranded helical chirality with theM configu-
ration. The Ni–S (2.1748(13) Å) and Ni–N (1.904(3) Å) bond distances
in 1 are normal for square-planar nickel(II) complexes with an N2S2
donor set, and the C–N bond distances (1.299(5) Å) of Schiff base
moieties are compatible with a C–N double bond delocalization.9,13

From the structural determinations of 1, 2 and 3, it is confirmed
that the Schiff base-type nickel(II) complex obtained from (1R)-(�)-
myrtenal-derived benzothiazoline selectively forms theM isomer (1),
ratherthantheP isomer,andthattherefluxofitssolutionresultsinthe
formationoftheS,SandR,R isomers(2and3)ofthenon-innocent-type
complex, while its moderate heating gives only the S,S isomer (2). No
significant1HNMRspectralchangewithtimewasnoticedfor3,which
is in contrast to the case of 2 (Fig. S2, ESI†). The profile of these
reactions is summarized inScheme3.Molecularmodel examinations
indicate that an unfavorable non-bonding steric interaction exists
between the myrtenyl groups and the benzene rings when the Schiff
base-type complex has the P helical configuration, which seems to
account for the selective formation of theM isomer. In addition, the
stabilityof3 towardconversion to theSchiffbase-typecomplex, aswell
as its formation only under severe reaction conditions, is most likely
related to the steric factor, given that 3 is interconvertible to the Schiff
base-type complex having the unfavorable P configuration.

In summary, we showed that (1R)-(�)-myrtenal-derived
benzothiazoline readily reacts with nickel(II) to afford only the M

isomer of the Schiff base-type nickel(II) complex (1). This result
indicates that the helical chirality is effectively controlled by asym-
metric centers existing in thependentarms.Remarkably,1was found
tobe converted to theS,S isomerof thenon-innocent-typecomplex (2)
by themoderateheatingof its solution,whichiseasily revertedback to
1 at room temperature. Thus, the information of helical chirality in 1
iskinetically transferred to thecentral chirality in2 in thecourseof the
C–C bond formation, while the information of central chirality in 2 is
thermodynamically transferred to the helical chirality in 1 in the
course of the C–C bond cleavage. Note that the reflux of its solution
resulted in the formation of the R,R isomer (3), together with the S,S
isomer (2). Since3 is thermodynamically stableandisnotconvertedto
the Schiff base-type complex, it is seen that the kinetic control of
products is essential for the reversible transfer of chiral information
between two isomeric compounds. With this in mind, the develop-
ment of another chiral coordination system that shows a reversible,
chiral selective structural change is currently underway.
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a b s t r a c t

We reported earlier that KNO3- and Pt-impregnated potassium titanate nanobelt (KTN) catalysts exhibit

high storage capacity and excellent catalytic cycles for NOx storage-reduction (NSR) reaction. In the

present study, we compared the NSR behavior of various alkali-metal-nitrate impregnated KTN catalysts,

which revealed that the KNO3-impregnated catalyst exhibited superior performance. The XPS and XRD

analyses of the NaNO3-impregnated KTN catalyst showed that the migration of K+ from KTN bulk to the

surface nitrate salt took place more predominantly than the migration of Na+. Probably for this reason,

KNO3-impregnated KTN materials exhibit the best performance for NSR catalytic cycles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Because of recent severe environmental problems, NOx emis-

sions must be strictly controlled and regulated [1]. Simultaneously,

urgent development of highly fuel-efficient vehicles has been

sought because of limited crude oil resources in the world and

increasingly severe global warming. Conventional three-way cat-

alysts are extremely efficient at reducing NOx, CO, and unburned

hydrocarbon emissions, but only within a narrow window region

around the stoichiometric air/fuel ratio (A/F = 14.7), although lean-

burn engines (A/F = 20–25) can burn fuel much more efficiently

[2]. Therefore, an effective NOx removal technique for lean-burn

exhaust has come to be desired eagerly from both environmental

and catalytic perspectives. In fact, NOx removal technologies under

the lean-burn condition include direct catalytic decomposition of

NOx [3], catalytic NOx storage/reduction (NSR) [1,4–6], and selec-

tive catalytic reduction of NOx with urea/NH3 [7] or hydrocarbon

[8,9].

The NSR catalysts operate under cyclic fuel lean–rich conditions.

Under the lean-burn condition, NOx is absorbed on the catalyst.

Under the rich-burn condition, stored NOx is reduced by H2, CO,

and hydrocarbons. Generally, NSR catalysts contain three compo-

sitions: high surface area metal oxides such as Al2O3 as a support,

basic elements such as Ba and K as a NOx storage site, and precious

metals such as Pt, Pd, and Rh as a redox site for oxidizing NO to NO2

and for reducing the stored NOx to regenerate storage capacity. In

∗ Corresponding author.

E-mail address: naitos01@kanagawa-u.ac.jp (S. Naito).

actual systems, a storage period of 1–2 min and subsequent 3–5 s

rich conditions are typically adopted.

The most popular model NSR catalyst is Pt–Ba/Al2O3, which

was first developed by Toyota’s research group [4–6]. Although

considerable amounts of experimental and theoretical investiga-

tions of Pt–Ba/Al2O3 have been reported, severe problems remain

unresolved with respect to sulfur poisoning [5,10–12]. Meanwhile,

NSR catalysts with high NOx storage capacity are desirable because

increasing the NOx storage capacity can decrease the necessary

amount of catalyst and thereby decrease the amounts of precious

metals and costs. Titanium dioxide has been proposed as an effi-

cient support for NSR reaction instead of Al2O3 because of its

greater resistance to sulfur poisoning [5]. At the same time, several

research groups have demonstrated that potassium based catalyst

showed good performance on NOx storage in a lean-burn atmo-

sphere [13–15].

Recently a Korean research group has reported that Pt/K2Ti2O5

catalysts, prepared through a solid state reaction, exhibited high

NOx storage capacity (1.2 mmol/g) at 550 ◦C [16,17]. The structural

transformation between K2Ti2O5 and K2Ti6O13 has been regarded

as the mechanism for NOx storage on Pt/K2Ti2O5 [17]. The lower

NOx storage capacity at lower temperatures (200–400 ◦C) as well

as the slower NOx storage rate even at higher temperatures (550 ◦C)

has limited the application of K2Ti2O5-based catalysts in wide

areas.

Alkali titanate nanomaterials have been widely investigated

[18–20]. However, their usual applications have directed the for-

mation of functional materials by neutralizing them with acid

[21,22]. Recently we reported the preparation of potassium-

titanate nanobelts (KTN) using hydrothermal method. We used

them as supports for Pt-KNO3-impregnated NSR catalysts [23].

0920-5861/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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Fig. 1. Time courses of the outlet NO concentration on different catalysts during

isothermal NOx storage tests at 350 ◦C: (a) KTN, (b) Pt-13LiNO3/KTN, (c) Pt-

17NaNO3/KTN, (d) Pt-20KNO3/KTN, (e) Pt-27RbNO3/KTN, and (f) Pt-33CsNO3/KTN.

The obtained catalysts exhibited a high NOx storage capacity

(1.27–2.27 mmol/g) at 350 ◦C, whose maximal value (2.27 mmol)

was the highest NOx storage capacity ever reported in the literature.

Results of isothermal NOx storage and lean-rich cycling experi-

ments, as well as various characterizations of catalysts before and

after the reaction, demonstrate that the reduction of stored KNO3

caused the formation of a K-rich surface layer of KTN. The migration

of K+ from and back to the K-rich layer might be the mechanism for

the storage and reduction of NOx on those catalysts.

In this study, comparison of NSR behaviors of various alkali-

metal-nitrate impregnated KTN catalysts revealed that the KNO3-

impregnated one showed superior performance. The XPS and XRD

analyses of NaNO3-impregnated Pt/KTN catalysts revealed that the

migration of K+ from KTN bulk to the surface nitrate salts proceeds

more predominantly than the migration of Na+, which explains why

KNO3-impregnated KTN exhibited the best catalytic performance.
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Fig. 2. NOx storage capacities of Pt-MNO3/KTN (M = Li, Na, K, Rb, and Cs) during

isothermal NOx storage tests at 350 ◦C.

2. Experimental

2.1. Catalyst preparation

A KTN was prepared using hydrothermal treatment with TiO2

and KOH as starting materials. In XRD measurements of the

obtained KTN, all reflection peaks were assigned to a monoclinic

phase of K2Ti8O17 (JCPDS No. 84-2057) (Fig. 5(a)). Nanobelts of

several micrometers’ length and tens of nanometers width with

bending and twisting features were observed using TEM. Details of

the preparation method and the results of characterization were

described elsewhere [23]. Alkali metal nitrates of various kinds

(designated as MNO3: M = Li, Na, K, Rb, and Cs) and 1.5 wt% Pt were

dispersed onto the KTN support using a conventional impregnation

method. The impregnation amounts of MNO3 were, respectively,

13 (M = Li), 17 (Na), 20 (K), 27 (Rb), and 33 wt% (Cs), which corre-

sponded to 2 mmol/g on catalysts. Mixtures of the KTN and aqueous

solutions of H2PtCl6 and MNO3 were put into an oven at 70 ◦C until

complete evaporation of water was achieved, with subsequent cal-

cination at 350 ◦C for 2 h (designated as the as-prepared sample).

The catalysts were designated as Pt-xxMNO3/KTN, where xx signi-

fies the weight percent of MNO3.

2.2. Catalyst characterization

The XRD patterns were recorded using a diffractometer (Mul-

tiFlex; Rigaku Corp.) with a Cu K�1 X-ray source (50 kV, 30 mA).

Fig. 3. Time courses of the reduction processes of stored NOx on (a) Pt-17NaNO3/KTN and (b) Pt-20KNO3/KTN catalyst at 350 ◦C (100 mg of catalyst, 80 mL/min of 4% H2/He).
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Fig. 4. X-ray photoelectron spectra of (a) as-prepared and (b) NOx stored Pt-17NaNO3/KTN samples. Spectra of both samples before and after in situ hydrogen reduction at

350 ◦C are shown, respectively, as solid and dashed lines.

Then X-ray photoelectron spectroscopy (XPS) was conducted using

a spectrometer (JPM-9010MC, JEOL) with a Mg K� X-ray source. The

XPS apparatus has a preparation chamber in which a sample can

be heated in situ and can be reduced by hydrogen (in situ hydro-

gen reduction). The C1s (284.3 eV) peak was used as the standard

reference for binding energies.

2.3. Procedure for NOx storage/reduction

Catalytic tests were performed on a fixed-bed-gas-flow reactor

equipped with a pulse gas-feed system. The outlet gas was ana-

lyzed using an online quadrupole-mass-spectrometer (QME200;

Pfeiffer Vacuum GmbH). Before each catalytic test, 100 mg of a cata-

lyst was placed in a quartz tube reactor and reduced by 80 mL/min

of 8% H2/He flow from room temperature to 350 ◦C with a ramp

rate of 10 ◦C/min. It was maintained at 350 ◦C for 30 min. For the

isothermal NOx storage test, 80 mL/min of 930 ppm NO/7%O2/He

mixed gas was flowed through the reduced catalyst at 350 ◦C (des-

ignated as a NOx stored sample). The outlet gas was analyzed using

a QMS. After flushing by 80 mL/min of He for 15 min, the NOx stor-

age catalyst was reduced by 80 mL/min of 4% H2/He at 350 ◦C and

the outlet gas was analyzed using a QMS. Then the procedures

described above were repeated. Data obtained from the second test

were then used for analyses.
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3. Results and discussion

3.1. NOx storage and reduction capability of various

alkali-metal-nitrate impregnated potassium titanate catalysts

Fig. 1 shows time courses of isothermal NOx storage on various

alkali-metal-nitrate impregnated KTN catalysts at 350 ◦C. The stor-

age process includes two stages: at the first stage, NO was trapped

completely, with no outlet NO detected; at the second stage, NO

was partially trapped, with outlet NO increasing concomitantly

with time. As presented in Fig. 1, all alkali-metal-nitrate impreg-

nated Pt/KTN catalysts exhibited better NO trapping capacity than

Pt/KTN without impregnation of alkali metal nitrate salts, whereas

the periods of the complete NO trapping stage were depen-

dent on impregnating alkali metal nitrate salts of the kind. The

potassium and sodium nitrate impregnated ones exhibited excel-

lent performance (24.7 and 20.1 min, respectively). The rubidium-

and cesium-impregnated ones exhibited moderate performance

(16.1 and 14.3 min, respectively). The lithium-impregnated one

exhibited the shortest period (8.2 min). The NO storage capaci-

ties calculated from the isothermal NO storage experiment also

depended on impregnating alkali metal nitrate salts of the kind,

and showed the same trends as the complete NOx trapping periods

(Fig. 2). Our previous report on the potassium nitrate impregnated

KTN catalyst revealed that NO trapping facilitates the migration of

potassium cations from K-rich titanate layers to surface nitrate salt

[23]. The volcano-like trends toward alkali metal cations in NOx

trapping period (Fig. 1) as well as NOx trapping capacity (Fig. 2)

probably arose from the different migration abilities of alkali metal

cations between the titanate surface and nitrate salts, which might

depend on the size of the cation.

Fig. 3 depicts time courses of the reduction processes of

stored NOx on Pt-17NaNO3/KNO3 and Pt-20KNO3/KNO3 catalysts

at 350 ◦C. When 4%H2/He was introduced on both catalysts in the

NOx stored state, the m/z = 28 signal derived from N2 increased after

a short period (<30 s) with the subsequent increase of the m/z = 18

signal derived from H2O. This result demonstrates that both cata-

lysts exhibited comparably good responses to hydrogen reduction.

The m/z = 2 signal derived from H2 was not observed in the ini-

tial stage of reduction (up to 3 min), although a sharp increase of

the m/z = 2 signal was observed after that period (after 4 min). This

result indicates that those catalysts are sufficiently active to con-

sume hydrogen completely in the initial stage and to complete the

reduction within a couple of minutes. It is noteworthy that the pro-

duction of unfavorable byproducts such as NH3, N2O and NO2 was

not observed during the reduction process on either catalyst.

3.2. XPS and XRD analyses on sodium nitrate impregnated KTN in

NOx stored/released states

To elucidate the different behavior of various alkali metal

cations, which come from impregnating nitrate salts and KTN bulk,

XPS and XRD analyses on the NaNO3-impregnated KTN catalysts

under as-prepared and NOx stored states were conducted. Fig. 4

depicts the X-ray photoelectron spectra of O1s, N1s, Ti2p, K2p, and

Na1s transitions of as-prepared (solid line in (a)) and NOx stored Pt-

17NaNO3/KTN (solid line in (b)) samples, and also the spectra after

in situ hydrogen reduction of both samples at 350 ◦C for 1 h (dashed

lines in (a) and (b)). In the spectrum of the as-prepared sample, the

peaks derived from NO3
− were observed at 407.0 and 532.6 eV in

the region of the N1s and O1s transitions, respectively, which dis-

appeared completely after in situ reduction and reappeared again

after NOx storage. These results support that NOx molecules are

stored as NO3
− species located on the KTN surface. In contrast to

the peaks derived from NO3
−, the intensities of the peaks with the

binding energies at around 529.3 and 457.8 eV, assignable to the

O1s and Ti2p3/2 transitions of KTN, increased considerably after

in situ hydrogen reduction. This result is explainable by the fact that

the nitrate species that were formed by NOx storage process and

covered the KTN surface were removed after hydrogen reduction,

thereby exposing a bare KTN surface.

The K2p3/2 transition of as-prepared sample has a single peak

at 292.7 eV, which is assignable to KNO3, although NaNO3 was

impregnated on the KTN material. This is true probably because

the cation exchange reaction between sodium nitrate and potas-

sium cation on KTN surface proceeded to a small degree during the

impregnation or calcination process used to prepare NaNO3/KTN.

After in situ reduction of the as-prepared sample, K2p3/2 peak

was shifted from 292.7 to 292.1 eV, which can be assigned to the

K2p3/2 transition of KTN. This result suggests the incorporation of

K+ of KNO3 into the bulk of KTN during in situ hydrogen reduc-

tion. In the NOx stored sample (spectra (b)), the peak at 292.7 eV,

assignable to the K2p3/2 transition of KNO3, was observed again.

The remarkable increase of its intensity indicates that a certain

extent of K+ migrated from KTN bulk was incorporated into the

formation of surface nitrate salt. After in situ reduction, its inten-

sity decreased markedly, accompanied with the shift of its binding

energy (292.2 eV), suggesting that most of K+ was back into the lat-

tice of KTN. On the other hand, the behavior of impregnated Na+

differed somewhat from that of K+. After in situ hydrogen reduc-

tion of the as-prepared sample, the intensity of Na1s transition

increased slightly with the shift of binding energy from 1071.6 to

1071.3 eV. This result suggests the incorporation of Na+ into KTN.

In the NOx stored sample, the intensity of Na1s peak decreased

drastically. It was recovered again through in situ hydrogen reduc-

tion. These observations indicate clearly that potassium cations

migrated more predominantly from KTN to surface nitrate salts

than sodium cations and covered most of the KTN surface as KNO3

salts.

Those migration phenomena of potassium cations were also

observed using XRD. Fig. 5(b) shows the XRD pattern of Pt-

17NaNO3/KTN catalysts at the NOx stored state. Strong peaks at

2� = 23.6, 29.4 and 33.9◦ can be assigned to KNO3, although NaNO3

Fig. 5. XRD patterns of (a) KTN and (b) NOx stored Pt-17NaNO3/KTN samples. The

positions of the reflections from KNO3 are shown as dashed lines. The indexing

of KTN (a) was done according to JCPDS database of a monoclinic K2Ti8O17 (No.

84-2057).
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Fig. 6. Proposed mechanistic view of NOx storage/reduction on Pt-NaNO3/KTN.

was impregnated at the beginning. These KNO3 peaks disappeared

completely through hydrogen reduction.

Fig. 6 shows a possible schematic process of the NSR reaction

on Pt-NaNO3/KTN catalyst. The impregnated H2PtCl6 and NaNO3

(with a small amount of KNO3) can be reduced during pretreat-

ment by H2 reduction, and a K-and Na-rich layer and Pt metallic

particles can be formed on the surface of KTN. During the NOx stor-

age process, NO molecules were first oxidized on Pt to NO2 and

then combined predominantly with potassium cations from a K-

rich and Na-rich layer, thereby forming KNO3 on the surface. The

formed NOx storage species might move easily on the surface and

eventually cover most of the KTN surface. During the NOx reduc-

tion process, the formed KNO3 was reduced by hydrogen and the

K+ moved back to the KTN bulk to form the K and Na-rich layer

again. The XPS and XRD results revealed that potassium cations

can migrate more easily from titanate bulk to surface nitrate salts

than sodium cations. Probably for this reason, KNO3-impregnated

KTN showed the best NOx storage/reduction performance among

various alkali-metal-impregnated KTN catalysts.

4. Conclusion

The NSR activity of KTN was enhanced by the decoration of vari-

ous alkali metal nitrate salts. Among them, the KNO3-impregnated

one showed superior performance and a NaNO3-impregnated one

showed comparable activity to the KNO3-impregnated one. The

XPS and XRD analyses of the NaNO3-impregnated KTN mate-

rial revealed that migration of K+ from the KTN bulk to surface

nitrate salts predominated over the migration of Na+. Probably

for this reason, KNO3-impregnated KTN showed the best NOx

storage/reduction performance among the various alkali-metal-

impregnated KTN catalysts.
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a b s t r a c t

The catalytic activity of 2 wt% Ir/TiO2 in alcohol oxidation with molecular oxygen was enhanced by

high-temperature reduction (673–873 K) of the catalyst in a hydrogen stream. Wide variety of alco-

hols were converted efficiently into corresponding carbonyl compounds with 2 wt% Ir/TiO2 reduced at

723 K. Kinetic analysis revealed that the alcohol adsorption was enhanced by high-temperature reduction

of catalysts. Formation of partially reduced titanium oxide by high-temperature hydrogen reduction of

TiO2-supported metal catalysts is a widely known phenomenon as the SMSI effect. The formed TiO(2−ı)

species containing coordinatively unsaturated titanium sites might contribute to the enhancement of

catalysis as a coordination site of alcohols.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Carbonyl compounds such as aldehydes and ketones comprise

an important class of compounds used not only in chemical indus-

tries but also in laboratories. The oxidation reaction of alcohols is

regarded as a principal process because it is the most common way

of producing carbonyl compounds. In spite of the formation of toxic

by-products and large amount of heavy metal wastes, the reac-

tions have been performed mainly in non-catalytic systems with

stoichiometric amounts of oxidants [1]. From environmental and

economic points of view, catalytic systems that can use greener

and cheaper oxidants, particularly molecular oxygen, have been

desired [2]. To date, catalytic systems of various kinds have been

reported in the oxidation of alcohols using transition metal com-

plexes [3–5], nitroxyl radicals [1], heterogeneous catalysts [6–10],

and photocatalysts [11,12]. For practical applications, utilization of

metal catalysts supported on oxide materials is preferred because

of their advantages in separation, recovery and reuse of the cata-

lysts, and ease of catalysts preparation. Therefore, the development

of efficient supported metal catalysts for this reaction has been

regarded as an attractive research area.

Recently, we reported that TiO2-supported Ir catalysts prepared

using the conventional impregnation method efficiently catalyzed

the oxidation of alcohols with molecular oxygen [13]. Although Ir

catalysts supported on various oxide materials exhibited catalytic

activity to a certain degree, the relations between catalytic activ-

ity and metal surface area or acid–base properties of the support

were not observed clearly. Investigation of the intrinsic role of TiO2

∗ Corresponding author. Tel.: +81 45 481 5661x3903; fax: +81 45 413 9770.

E-mail address: naitos01@kanagawa-u.ac.jp (S. Naito).

support revealed that catalytic activity of Ir/TiO2 in the alcohol oxi-

dation was enhanced by high-temperature reduction in a hydrogen

atmosphere. Strong interaction between metal particles and the

TiO2 support is well known to be induced by high-temperature

hydrogen reduction. This phenomenon is known as the Strong-

Metal-Support-Interaction (SMSI) effect [14,15]. A well accepted

explanation of the SMSI effect is the decoration of metal surface

by partially reduced titanium oxide [16–19]. Several reports have

described that activity and/or selectivity of the TiO2 supported cat-

alysts can be tuned by the SMSI effect. For example, Fierro et al.

reported enhancement of the catalysis toward the hydrogenation of

citral over Ir/TiO2 by the SMSI effect [20]. They explained that TiOx

species formed by the higher temperature reduction contributed to

the polarization of carbonyl group, which made the hydrogenation

of citral easier to produce geraniol or nerol. Moon et al. and Pan-

pranot et al. reported that higher temperature reduction of Pd/TiO2

improved the selectivity in the semi-hydrogenation reactions of

alkyne to alkene [21–23]. Moon et al. described that configuration

and electronic modification of Pd particles were the key factors

for improving the selectivity in the hydrogenation of acetylene

to ethylene over Pd/TiO2 [21]. In the present work, we describe

enhancement of the catalytic activity of Ir/TiO2 in the oxidation of

alcohols by high-temperature reduction in a hydrogen stream. Fur-

thermore, we investigated how the SMSI effect participated in the

enhancement of the catalytic activity.

2. Experimental

2.1. Instruments

GC analyses were performed using a gas chromatograph (GC-

2010; Shimadzu Corp.) with a FID detector equipped with a

0920-5861/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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TC-WAX capillary column. Mass spectra were recorded on a spec-

trometer (GCMS2010; Shimadzu Corp.) equipped with a TC-WAX

capillary column at an ionization voltage of 70 eV. NMR spectra

were recorded on a spectrometer (JNM-ECA-600; JEOL). The 1H

and 13C NMR spectra were measured, respectively, at 600.17 and

150.92 MHz. A transmission electron microscope (JEM2010; JEOL)

with an acceleration voltage of 200 kV and a LaB6 cathode was

applied for the observation of the images of supported catalysts.

Samples were prepared by suspending the catalyst powder ultra-

sonically in 2-propanol and depositing a drop of the suspension

on a standard copper grid covered with carbon monolayer films.

The X-ray photoelectron spectra were recorded on a spectrometer

(JPS-9010; JEOL) with a Mg K� X-ray source (10 kV, 10 mA). Before

measurement, a sample was reduced by H2 at 573 K or 723 K in

the preparation chamber and transferred to the analysis chamber

without exposure to air. The adsorption amount of carbon monox-

ide was measured using a static volumetric adsorption apparatus

(Omnisorp 100CX; Beckman Coulter, Inc.) at 298 K. Before measure-

ment, a sample was dried at room temperature and reduced for 3 h

at varying temperatures in a flow of hydrogen at atmospheric pres-

sure. The dispersion (D(%); percentage of metal atoms exposed to

the surface) of the supported metal was evaluated from the amount

of chemisorbed carbon monoxide and adsorption stoichiometry

(CO/surface metal atom = 1).

2.2. Materials and catalyst preparation

The TiO2 support (P25) was purchased from Nippon Aerosil Co.,

Ltd. The solvents used for the catalytic reaction were dried with

activated molecular sieves 4A. For other materials, commercially

available reagents of the highest grade were used without fur-

ther purification. A TiO2-supported Ir catalyst was prepared from

aqueous solution of H2IrCl6 using the conventional impregnation

method. The loading amount of Ir was adjusted in the range of

0.5–15 wt%. The impregnated sample was dried at 373 K and then

reduced in a H2 flow at varying temperature for 3 h.

2.3. Procedures for catalytic oxidation

The oxidation reaction was done in the following procedure:

187 mg of the reduced 2 wt% Ir/TiO2 (Ir: 20 �mol, 1.25 mol% to

substrates), the solvent (toluene or mesitylene, 1.5 mL), and the

substrate (1.5 mmol) were charged into a glass vial (17 mL). The

reaction was started by stirring the reaction mixture at 353 K in

alcohol oxidation or 423 K in xanthene oxidation under molecular

oxygen at atmospheric pressure. The products were identified by

Table 1
Dependence between reduction temperature of catalysts and catalytic activity in

the oxidation of 1-phenylethanol at 353 K for 1 h.

Red. temp (K) Yield of acetophenone (%) CO chemisorption amount (mL/g)

573 27 1.5

673 62 1.0

723 89 0.35

773 62 0.17

873 57 –

comparison of the mass and NMR spectra with those of authen-

tic samples. The yields of the products were determined using GC

analyses with an internal standard technique.

3. Results and discussion

3.1. Characterization of the catalyst

The relation of CO chemisorption amount with hydrogen reduc-

tion temperature was examined on 2 wt% Ir/TiO2. When the

hydrogen reduction temperature was increased, the CO chemisorp-

tion amount was decreased (Table 1) because of the Strong Metal

Support Interaction (SMSI) effect. The decrease of chemisorption

amount is explained by the decoration of Ir metal surface with

partially reduced titanium oxide, which is formed by hydrogen

reduction at high temperature [16–19]. After reduction at 873 K, the

chemisorption amount of CO was almost zero. A TEM photograph of

the catalyst reduced at 723 K is presented in Fig. 1(b). It was rather

difficult to distinguish the interface between Ir metal particle and

TiO2 support. In addition, some Ir particles were completely cov-

ered with partially reduced titania moieties. On the other hand, the

interface between Ir metal particle and support was clearly distin-

guishable in the case of 573 K reduced catalyst (Fig. 1(a)) and the

surfaces of Ir metal particles were well exposed. These observations

also support the occurrence of the SMSI effect by the reduction at

723 K. The electronic state of Ir was investigated using XPS analy-

ses. The catalysts reduced in a H2 atmosphere were transferred to

the measurement chamber without exposure to air. In the Ir4f7/2

transition, the similar spectra were obtained for 573 K and 723 K

reduced catalysts (Fig. 2). This observation suggests that the elec-

tronic state of Ir species formed on the catalyst reduced at 573 K and

723 K are not so different. The observed spectra for Ir4f7/2 transition

were separated in two peaks: a major peak centered at 60.2 eV and

a minor one at 61.7 or 61.8 eV. Binding energy for the major peak is

slightly lower than the reported value for metallic Ir (60.8 eV [24]),

indicating that slightly anionic Ir is the major species. The binding

Fig. 1. TEM images of 2 wt% Ir/TiO2 reduced at (a) 573 and (b) 723 K.
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Fig. 2. X-ray photoelectron spectra of the Ir4f transition of 2 wt% Ir/TiO2 reduced at

(a) 573 and (b) 723 K.

energy for the minor peak is approximately equal to that reported

for IrO2 (62.0 eV [24]), indicating that a small amount of Ir species

is in an oxidized state even after the reduction.

3.2. Enhancement of catalytic activity by higher temperature

reduction

The relation between catalytic activity and reduction tempera-

ture was investigated in the aerobic oxidation of 1-phenylethanol

(Table 1). In spite of the decrease of CO chemisorption amount,

the catalysts reduced at higher temperature (673–873 K) showed

higher activity than that reduced at 573 K. This result suggests

that partially reduced titanium oxide around Ir metal particles

enhanced the catalytic activity. The catalyst reduced at 723 K

showed the best performance; 94% of acetophenone afforded 98%

selectivity after 7 h at 353 K. The lack of detection of a significant

amount of by-product indicates that the oxidation proceeded selec-

tively. Low-valent Ir or metallic Ir is expected to be the active

species because the catalyst without hydrogen reduction showed

almost no activity. The catalysts reduced at 773 and 823 K showed

lower activity than the 723 K reduced one. This is probably caused

by the too much covering of the Ir surface with partially reduced

titania moieties.

The high-temperature reduction enhanced not only 1-

phenylethanol, but also the oxidation reactions of a wide variety of

alcohols. The catalytic activities of the 723 K reduced catalyst and

573 K reduced catalyst are compared in Table 2. In the oxidation of

primary alcohols, the 723 K reduced catalyst showed slightly higher

or almost identical activity compared to that of the 573 K reduced

catalyst. When benzyl alcohol, 4-methylbenzyl alcohol, and cin-

namyl alcohol were applied to the substrates, the 723 K reduced

catalyst exhibited excellent catalytic activity to afford correspond-

ing aldehyde quantitatively, whereas the 573 K reduced catalyst

also showed good activity to afford aldehydes in around 90% yields.

In the oxidation of 4-nitrobenzyl alcohol, the respective catalytic

activities of the 723 K reduced catalyst and the 573 K reduced

catalyst were almost identical. Enhancement of catalytic activity

Table 2
Oxidation of alcohols and xanthene with molecular oxygen catalyzed by 2 wt%

Ir/TiO2 reduced at 573 K and 723 K.

Entry Substrate Time (h) Yield (%) Selec. (%)

1a

OH 1 >99 >99

1b 86 >99

2a

OH 1 >99 >99

2b 91 97

3a

O2N

OH 30 65 72

3b 65 74

4a

OH
7 >99 >99

4b 93 94

5a OH 3 >99 >99

5b 65 98

6a

4

OH 7 92 98

6b 70 95

7a OH 3 91 92

7b 76 86

8a OH 7 95 98

8b 84 90

9a OH 21 94 96

9b 58 91

10a,c

O

12 61 92

10b,c 81 88

2 wt% Ir/TiO2 reduced at a273 and b573 K were used as catalysts. cThe reactions were

carried out at 423 K used mesitylene as a solvent.

by high-temperature reduction was observed more clearly in the

oxidation of secondary alcohols. For example, the 723 K reduced

catalyst afforded 2-adamantanone in 94% yield in the oxidation

of 2-adamantanol after 21 h, whereas the 573 K reduced catalyst

afforded the product in 58% yield in the same period. For oxida-

tion of other kind of aromatic and aliphatic secondary alcohols, the

723 K reduced catalyst showed efficient catalytic activity to afford

the corresponding ketones at more than 92% yields. It is notewor-

thy that not only the catalytic activity but the selectivity was also

improved by the higher-temperature reduction. For oxidation of

secondary alcohols, dehydration of substrate to form alkenes was

the only detectable side reaction. To consume the substrate in a

shorter period might reduce the production of by-products. There-

fore the selectivity was improved. We have already reported that

Ir/TiO2 catalyst shows the catalytic activity to the aerobic oxida-

tion of alkylarenes [13]. We also compared the respective catalytic

activities of 573 K and 723 K reduced 2 wt% Ir/TiO2 in the oxida-

tion of xanthene (Table 2, entry 10). It is particularly interesting

that the catalytic activity of xanthene oxidation was retarded by

the higher-temperature reduction.

As presented in Table 2, catalysis enhancement by high-

temperature reduction was observed to a considerable degree in

the oxidation of secondary alcohols and moderately in the oxida-

tion of primary alcohols. We reported earlier that primary alcohols

reacted predominantly over Ir/TiO2 catalyst in the presence of both
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Fig. 3. Schematic representation of the enhancement of catalysis by high-temperature reduction.

primary and secondary alcohols [13]. This result might be explained

by the stronger absorption of primary alcohols than secondary alco-

hols on the active sites. The marked enhancement of the catalytic

activity in the oxidation of secondary alcohols by higher temper-

ature reduction suggests that absorption of secondary alcohols

on the active sites was improved in the presence of the partially

reduced titanium oxide species near the Ir metal particles. On the

other hand, the oxidation of primary alcohols was only moderately

enhanced by the SMSI effect. This is probably because the adsorp-

tion of primary alcohols to the catalyst surfaces is strong enough

even in the absence of the SMSI effect is absent. Fierro et al. reported

the enhancement of the catalysis toward the hydrogenation of cit-

ral over Ir/TiO2 by the SMSI effect [20]. They explained that TiOx

species formed by the higher temperature reduction activated the

substrate by polarizing a carbonyl group. The SMSI effect is known

to result from the formation of partially reduced titanium oxide

(TiO2−ı) species near the supported precious metals. The partially

reduced titanium oxide species contains oxygen vacancies. In other

words, it contains coordinatively unsaturated titanium sites, which

are able to function as adsorption and/or activation sites of polar

molecules, such as carbonyl compounds and alcohols. To bind the

alcohol molecules in the vicinity of the iridium metal center is pre-

sumed to be an intrinsic role in the enhancement of the catalysis

by the SMSI effect (Fig. 3). It is noteworthy that no enhancement

was observed in the oxidation of alkylarenes of xanthene (Table 2,

entry10), probably because xanthene does not form alcoholate and

has no strong coordination ability.

3.3. Kinetic analysis

To investigate the intrinsic role of the SMSI effect in the

enhancement of the catalysis, kinetic analysis using a Lang-

muir equation was conducted. The Langmuir equation is given

as V = n·kreac·K·[A]/(1 + K·[A]) or 1/V = 1/(n·kreac·K·[A]) + 1/(n·kreac)

(K = kads/kdes), where V is the reaction rate, n is the number of reac-

tion sites, kreac is the reaction rate constant of adsorbed species,

kads and kdes are the adsorption and desorption rate constants of

substrate on catalyst surface, respectively, and [A] is the substrate

concentration. The adsorption equilibrium constant K is calculated

by dividing intercept of y-axes (1/(n·kreac)) by slope (1/(n·kreac·K))

on the plot of 1/V vs. 1/[A]. Fig. 4 presents plots of 1/V vs. 1/[A]

toward the 1-phenylethanol oxidation catalyzed by 573 K and 723 K

reduced 2 wt% Ir/TiO2. Linear correlations were observed on the

plots for both 573 K and 723 K reduced catalysts, suggesting that

the reaction operated in the Langmuir type kinetics. The K values

calculated using the method described above were, respectively,

6.7 and 13.5 for 573 K and 723 K reduced catalysts. Increase of the

K value after high-temperature reduction indicates clearly that the

SMSI effect enhances adsorption of alcohol on the catalyst surface.

3.4. Recyclability of catalyst

Recyclability of 2 wt% Ir/TiO2 catalyst reduced at 723 K was

examined in oxidation of benzyl alcohol. After the reaction, the

catalyst was separated by filtration and subsequently washed with

Fig. 4. Plots of 1/V vs. 1/[A] in the oxidation of 1-phenylethanol catalyzed by 573

(square symbols) and 723 K (circle symbols) reduced Ir/TiO2.

toluene. The obtained catalyst was reused without any treatment.

During the recycling experiments, the yield of benzaldehyde was

only slightly lower than the fresh one in the 2nd and 3rd runs (>99%

(fresh catalyst), 90% (2nd run), 92% (3rd run)), although the greater

decrease was observed in the 4th run (64% (4th run)). The catalytic

activity was almost recovered by hydrogen reduction at 723 K after

the 4th run. The activity was maintained in another three reac-

tions (92% (1st run after reduction), 92% (2nd run), and 89% (3rd

run)). Tauster et al. discussed from the CO chemisorption results

on 2 wt% Pd/TiO2 that the SMSI effect became ineffective by oxy-

gen treatment at 673 K and recovered again after high-temperature

hydrogen reduction [14]. Therefore, the catalyst degradation after

several reactions and recovery after high-temperature hydrogen

reduction could be explained by ineffectiveness and recovery of

the SMSI effect.

4. Conclusion

The catalytic activity of 2 wt% Ir/TiO2 in alcohol oxidation with

molecular oxygen was enhanced by higher-temperature reduction

(673–873 K) of the catalyst in a hydrogen stream, even though

the chemisorption amount of CO was decreased. Wide variety of

alcohols were converted efficiently into corresponding carbonyl

compounds with 2 wt% Ir/TiO2 reduced at 723 K. Kinetic analy-

sis revealed that the reaction operated in Langmuir type kinetics.

The adsorption constants in Langmuir equation of 6.7 and 13.5

for 573 K and 723 K reduced catalysts respectively indicate that

high-temperature reduction of catalysts enhanced adsorption of

alcohols. Formation of partially reduced titanium oxide by high-

temperature hydrogen reduction of TiO2-supported metal catalysts

are widely known phenomena referred to the SMSI effect, and the
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formed TiO(2−ı) species containing coordinatively unsaturated tita-

nium sites might contribute to the enhancement of catalysis as a

coordination site of alcohols.
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Reaction products of titanium(IV) sulfate with the two, dimeric precursors,
1,2,3-tri-titanium(IV)- and 1,2-di-titanium(IV)-substituted α-Keggin
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and one coordinated sulfate ion grafted on a di-lacunary Keggin POM
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A novel,monomeric species containing a tetra-titanium(IV) oxide cluster and one coordinated sulfate ion grafted
on a di-lacunary Keggin polyoxometalate (POM), [[{Ti(H2O)3}2{Ti(H2O)2}2(μ-O)3(SO4)](PW10O37)]− 1, was de-
rived from reactions of Ti(SO4)2 with two precursors, i.e., [(α-1,2-PW10Ti2O38)2O2]10− 2 and [(α-1,2,3-PW9Ti3-
O37)2O3]

12− 3, under strongly acidic conditions. [Note: the potassium salts of POMs 1–3 are represented as K1
to K3, respectively.] The potassium salt of 1, which was stable in the solid state, but unstable in water, was
unequivocally characterized by complete elemental analysis, TG/DTA, FTIR, X-ray crystallography, and solid-
state 31P CPMAS and solution 31P NMR spectroscopy. Both precursors have been considered as relatively stable
forms of titanium(IV)-substituted Keggin POMs. A deposit of crystals from the reaction system consisting of pre-
cursor 3, Ti(SO4)2, and a strong acid (HCl, HNO3, or H2SO4) was significantly affected by the conjugate base of the
acid, while crystallization from the reaction using precursor 2 was not affected by the base. The Ti4 center in 1
belongs to a class of a 2-host (di-lacunary site)/4-guest (four Ti atoms) coordination relationship, or a combina-
tion of two sets of a 1-host/2-guest coordination.

© 2012 Elsevier B.V. All rights reserved.

Polyoxometalates (POMs) are molecular metal-oxide clusters,
which have attracted considerable attention in the fields of catalysis,
medicine, surface science and materials science, since POMs are often
considered as molecular analogues of metal oxides in terms of struc-
tural analogy [1–20]. In the synthesis, structure and behavior in
the solid state and in solution of Group IV metal ion (Ti, Zr and Hf)-
containing POMs, it has been elucidated that Zr/Hf atoms are very
similar to each other, but quite different from Ti atom [20]. Site-
selective substitution of WVI atoms in POMs with TiIV atoms is partic-
ularly interesting, because of the formation of multicenter active sites
with corner- or edge-sharing TiO6 octahedra and also the generation
of oligomeric species through Ti–O–Ti bonds [21–30]. A number of
catalytic reactions of titanium(IV)-containing POMs has also been
reported so far [7,13,31,32]. One of the aspects specific to titaniu-
m(IV)-substituted POMs is the host-guest relationship observed be-
tween the titanium(IV) atom (guest) and the lacunary site (host) of
Keggin POMs. Although the relationship is not necessarily based on
non-covalent interaction, the use of the term of host-guest is

convenient and useful in classifying and understanding the structures
in the myriad titanium(IV)-substituted POMs [33–35].

The ionic radius of TiIV (0.75 Å) is close to that of WVI (0.74 Å),
suggesting that TiIV should fit nicely into the POM framework. How-
ever, there is a significant consequence in terms of oligomeric Ti–O–
Ti anhydride formation resulting from substitution with several
titanium(IV) atoms. For instance, tri-titanium(IV)-1,2,3- and di-
titanium(IV)-1,2-substituted Keggin POMs heretofore reported have
been isolated as dimeric, Ti–O–Ti-bridged anhydride forms, e.g., [(α-
1,2-PW10Ti2O38)2O2]10− 2 [24] and [(α-1,2,3-PW9Ti3O37)2O3]12− 3
[25].

The dimeric species, 2 [24], of a di-titanium(IV)-substitutedα-Keggin
POM and the dimeric species, 3 [25], of a tri-titanium(IV)-substitutedα-
Keggin POM have been considered as relatively stable forms of titaniu-
m(IV)-substituted Keggin POMs. However, it has recently been found
that 3 further reacts with Ti(SO4)2 to give richer titanium(IV)-containing
POMs, such as the dimeric species of a tetra-titanium(IV)-substituted α-
Keggin POM {[[{Ti(H2O)3}2(μ-O)](α-PW9Ti2O38)]2}6−, 4, and a mono-
meric species containing a tetra-titanium(IV) oxide cluster and two co-
ordinated sulfate ions grafted on a tri-lacunary Keggin POM [{Ti4(μ-
O)3(SO4)2(H2O)8}(α-PW9O34)]3−, 5, both under HCl-acid conditions
[35].

In this work, to further extend the reactions of the dimeric, titaniu-
m(IV)-substitutedKeggin POMprecursors,wehave carefully investigated
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the reaction products under strongly acidic conditions of Ti(SO4)2·4H2O
with the two dimeric precursors, 2 and 3. From the two precursors, a
novel, monomeric species containing a tetra-titanium(IV) oxide cluster
and one coordinated sulfate ion grafted on a di-lacunary Keggin POM
[[{Ti(H2O)3}2{Ti(H2O)2}2(μ-O)3(SO4)](PW10O37)]−, 1, was obtained as
an analytically pure potassium salt, which was stable in the solid state
but unstable in water. The 2-host/4-guest relationship of the Ti4 center
in 1 was in contrast to the 3-host/4-guest relationship of the Ti4 center
in 5 [35]. It should also be noted that a deposit of crystals from the reac-
tion system consisting of 3, Ti(SO4)2, and strong acid (HCl, HNO3, or
H2SO4) was significantly affected by the conjugate base.

The formula and composition of the monomeric species of a tetra-
titanium(IV) oxide cluster and one sulfate ion grafted on the di-lacunary
Keggin POM were determined as K[[{Ti(H2O)3}2{Ti(H2O)2}2(μ-O)-
3(SO4)](PW10O37)]·nH2O (n=2–9) (K1) based on complete elemental
analysis, TG/DTA, FTIR, X-ray crystallography and solid-state 31P CPMAS
NMR spectroscopy. K1 in analytically pure form was obtained by a reac-
tion of precursor K2 with Ti(SO4)2·4H2O in a 1 M aqueous HCl solution
[36], and also obtained by a reaction of K3 with Ti(SO4)2·4H2O in a 1 M
aqueous HNO3 solution [37]. A synthetic route of POM 1 from POMs 2
and 3 is shown by arrows of full lines in Fig. 1.

The formation of POM 1 can be represented in Eqs. (1) and (2).

α−1;2−PW10Ti2O38ð Þ2O2
� �10−2þ 4Ti SO4ð Þ2 þ 22H2O→

2 Ti H2Oð Þ3
� �

2 Ti H2Oð Þ2
� �

2 μ−Oð Þ3 SO4ð Þ PW10O37ð Þ�−1þ 6SO4
2− þ 4Hþ

hh

ð1Þ

α−1;2;3−PW9Ti3O37ð Þ2O3
� �12−3þ 2Ti SO4ð Þ2 þ 5H2Oþ 2WO4

2− þ 10Hþ

→2 Ti H2Oð Þ3
� �

2 Ti H2Oð Þ2
� �

2 μ−Oð Þ3 SO4ð Þ PW10O37ð Þ�−1þ 2SO4
2−

hh

ð2Þ

It should be noted that [{Ti4(μ-O)3(SO4)2(H2O)8}(α-PW9O34)]3−,
5, was formed by a reaction of precursor 3 with Ti(SO4)2 in a 1 M
aqueous HCl solution (Eq. (3)) and its crystals were deposited

under a 1 M aqueous HCl [35]. Formation of 1 or 5 from precursor 3
depends on only the acidic solvents i.e., aqueous HNO3 or aqueous
HCl (Fig. 1).

α−1;2;3−PW9Ti3O37ð Þ2O3
� �12−3þ 2Ti SO4ð Þ2 þ 13H2Oþ 6Hþ

→2 Ti4 μ−Oð Þ3 SO4ð Þ2 H2Oð Þ8
� �

α−PW9O34ð Þ� �3− 5ð Þ ð3Þ

A deposit of crystals of K1 from the reaction system consisting of
precursor 3, Ti(SO4)2 and a strong acid (HCl, HNO3, or H2SO4) was sig-
nificantly affected by the conjugate bases Cl−, NO3

− and SO4
2−; crys-

tals of K1 were deposited under 1 M aqueous HNO3, but no crystals
formed under 1 M aqueous H2SO4. On the other hand, crystal forma-
tion of K1 from the reaction of 2 was not affected by the conjugate
bases.

The solid FT-IR spectra, measured on KBr disks of K1 and the two
precursors, K2 and K3, showed the characteristic vibrational bands of
the Keggin-type “PW12O40

n−” polyoxotungstate framework [38]. IR
spectra of the two POMs obtained from the two precursors were iden-
tical and thus the frameworks of the both POMs were the same. This
was also confirmed by X-ray crystallography [39]. In the FT-IR spectra
of the two precursors, K2 and K3, the bands based on the Ti–O–Ti vi-
bration between the two Keggin units were observed at 698 and
718 cm−1, respectively, suggesting that they are dimeric species,
while in the spectrum of K1 no Ti–O–Ti vibrational band was ob-
served, suggesting that it is a monomeric species. [Note: the Ti–O–Ti
bands between the two Keggin units have been previously reported
at 721 cm−1 [24] and 731 cm−1 [25], respectively.] In the spectrum
of K1, the bands due to the one coordinated sulfate ion were observed
at 1214 and 1100 cm−1, which can be compared with those of the
monomeric POM K5 having two coordinated sulfate ions at 1232,
1200 and 1128 cm−1.

The solid-state 31P CPMASNMR spectrumof themonomeric POMK1
showed a single broad signal at −10.8 (the sample obtained from K2
(Fig. S1)) and −10.4 ppm (the sample obtained from K3 (Fig. S2)),

RT 
1 h

32 4

Ti(SO4)2

in HCl aq.

60°C

10 min

80°C
30 min

80°C
30 min

Ti(SO4)2

in HNO3 aq.

Ti(SO4)2

in HCl aq.

1

in H2SO4 aq.

5

in D2O in D2O

in HCl aq.

  or HNO3 aq.

Fig. 1. A synthetic route showing the relation among POMs, 1, 4 and 5 derived from the two POM precursors, 2 and 3, is exhibited by arrows of full lines. Behaviors of 1 and 5 in
solution are shown by arrows of broken lines. As to colors in polyhedral representations of POMs, the octahedral TiO6 units are shown in blue, all WO6 octahedra are shown in gray,
and the one central PO4 group is shown in yellow. Each sulfate ion, bridged between the two titanium(IV) octahedra, is shown by a yellow circle (S atom) and two red circles (O
atom).

11K. Nomiya et al. / Inorganic Chemistry Communications 19 (2012) 10–14

─ 163 ─



which can be compared with that of the monomeric POM K5 at −
14.43 ppm and that of the dimeric precursor, K3, at −10.64 ppm [35].
These data should correspond to the solid-state structures determined
by X-ray crystallography.

K1 was stable in the solid state, but unstable in water and readily
decomposed (Fig. S3(a)). POM 1 slowly decomposed in 0.5 M H2SO4

aqueous solution to give 5 as one of major species, one week later
after dissolving (Fig. S3(b) and (c)). One week later after dissolving
in 1 M HCl or 1 M HNO3 aqueous solution, POM 1 gave major peaks
at around −11.1 ppm and minor peaks at around −11.5 ppm (Fig.
S3(d) and (e)), and these spectra were not essentially changed even
three weeks later [36,37].

POM 5 showed almost unchanged 31P NMR spectra at around −
15.0 ppm in 0.5 M H2SO4 aqueous solution (Fig. S4(a)) even three
weeks later, but in other solutions it gave the 31P NMR spectra
containing several minor peaks, in addition to the major peak at
around −15.0 ppm, in a couple of days later after dissolving [35]:
POM 5 dissolved in D2O showed the minor peaks due to 4 and 3 at
−9.74 and −10.45 ppm, respectively (Fig. S4(c)), and POM 5 dis-
solved in HCl or HNO3 aqueous solution showed the minor peaks
(probably due to 1 in solution) at −11.13 and −11.03 ppm, respec-
tively (Fig. S4(d) and (e)). In Fig. 1, behaviors of 1 and 5 in solution
are shown by arrows of broken lines.

From the reaction system in the absence of SO4
2− ions, i.e., the reac-

tion using in situ-generated “Ti(NO3)4”, a POMwithout coordinated sul-
fate ions, such as “[[{Ti(H2O)3-n(OH)n}4(μ-O)3](α-PW10O37)]−(4n−1)

(n=0–3) ”, was formed, which showed a 31P NMR signal in acidic solu-
tion at−11.15 ppm, but it did not crystallize (see Supplementarymate-
rial). The 31P NMR spectrum of the reaction solution after 1 h stirring,
which showed major peaks at −11.07, −11.10 ppm and a minor
peak at −11.51 ppm (Fig. S5(a)), was very similar to those of 1 one
week later after dissolving in 1 M HCl or 1 M HNO3 aqueous solution
(Fig. S3(d) and (e)). Probably, coordination of the SO4

2− ion is necessary
only for crystallization of the solid. On the other hand, coordination of
other bases such as NO3

− and Cl− and subsequent crystallization were
not realized.

The molecular structure of polyoxoanion 1 in K1 are shown in
Fig. 2. The molecular structure of 1 in the crystals obtained from the
precursors K2 and K3 was the same. The presented data are of the
crystals obtained from K2 [39] (also see Supplementary material). Se-
lected bond lengths (Å) and angles (o) around the Ti4 centers (Table
S1), other bond lengths (Å) and angles (o) (Table S2) and the bond
valence sum (BVS) calculations of the W, Ti, S, P and O atoms in 1
are deposited in Supplementary material (Table S3).

The composition and formula of K1 containing one potassium
counterion and nine hydrated water molecules were determined by
complete elemental analysis and TG/DTA analysis [36]. In X-ray crystal-
lography, POM 1, one potassium cation, and the oxygen atoms due to
10 coordinated water molecules and three μ-O atoms, per formula unit,
were identified in the crystal structure, but the location of nine hydrated
water molecules, per formula unit, was not determined as a result of
disorder.

The molecular structure of 1 is a monomeric POM composed of a
Ti4 cluster and one coordinated sulfate ion constructed on a di-
lacunary Keggin unit. Regardless of the coordination of the sulfate
ion, the arrangement of the Ti4 cluster can be considered as a type
of host-guest relation, i.e., a 2-host (di-lacunary site)/4-guest (four
Ti octahedra) coordination, or a combination of two sets of a 1-host/
2-guest coordination. One sulfate ion is bridged between the terminal
positions of two Ti octahedra (Fig. 2(b) and (c)). In total, 10 coordi-
nating water molecules in 1 are shown as open circles in Fig. 2(b)
and (c). Thus, the whole symmetry of this molecule is approximately
exhibited by point group Cs.

Ti–O–Ti bonds and angles in the Ti4 center supported on the di-
lacunary Keggin POM in 1 can be compared with those of the Ti4 cen-
ter supported on the tri-lacunary Keggin POM unit in 5 [35], and also

with those of the Ti4 center accompanied by 4 oxalato ligands sup-
ported on the di-lacunary Keggin POM unit in [[{Ti(ox)(H2O)}4(μ-
O)3](α-PW10O37)]7− (H2ox=oxalic acid) 6 [33].

The Ti–O–Ti skeleton constructed on the di-lacunary Keggin POM
in 1 without the ox2− ligands and with the sulfate ligand was very
similar to that in 6 without the sulfate ligand and with the ox2− li-
gands [33]. Three Ti–O–Ti angles (Ti4–O3Y–Ti2 148.9, Ti2–O1Y–Ti
147.9, and Ti1–O2Y–Ti3 147.5o) in 1 are approximately equal, which
are not affected by sulfate coordination, whereas in 6, three Ti–O–Ti
angles are different from each other (124.9, 141.0 and 176.5o). All of
the O–Ti–O angles in 1 and 6 are almost equal, i.e., about 100o. The
two Ti octahedra (Ti3 and Ti4, equivalent to each other) in 1 are coor-
dinated by three water molecules, and the other two Ti octahedra (Ti1
and Ti2, equivalent to each other) are coordinated by two water mol-
ecules and one bridging sulfate ion. On the other hand, each of the
four Ti octahedra in 6 has one chelating ox2− ligand and one water
oxygen atom. In 5, composed of four Ti octahedra constructed on a
tri-lacunary Keggin POM, the central Ti octahedron does not directly
link to any WO6 octahedra, but connects to three Ti octahedra by
corner-sharing. In 5, the two sulfate ions are bridged between Ti2
and Ti4 octahedra and between Ti1 and Ti4 octahedra, respectively.

Although the Ti–O–Ti skeleton constructed in 1 is very similar to
that in 6, their stability in solution is considerably different. The insta-
bility of 1 in solution and the stability of 6 in acidic media may be at-
tributed to the presence of the ox2− ligand and the unfavorable
coordination of the sulfate ion in solution.

The bond valence sum (BVS) calculations [40,41] (Table S3), based
on the observed bond lengths, suggest that the 10 doubly protonated
oxygen atoms (O1W–O10W: 0.389–0.517) are due to water mole-
cules, and that all atoms (W1–W10, Ti1–Ti4, P1, S1 and O1–O37)
maintain formal valences (W6+, Ti4+, P5+, S6+ and O2−). No pro-
tonation was confirmed in the bridging oxygen atoms in Ti–O–Ti
bonds (O1Y–O3Y), i.e., O2−. The BVS of the oxygen atoms bonded
to the sulfur atom (O1X-O4X: 1.482-1.940) suggest a formal valence
O2−, i.e., no protonation of the sulfate ion.

In summary, several titanium(IV)-substituted Keggin POMs such
as K2 and K3, but not lacunary Keggin POMs, were used as precursors
and the novel titanium(IV)-substituted species, K1, was derived
under acidic conditions. Precursor K3 has given so far titanium(IV)-
substituted POMs such as K4 and K5, depending upon the conditions
[35] (Fig. 1). The present work shows that K3 gives the novel titaniu-
m(IV)-substituted POM, K1, under different conditions. Thus, K3 is
found to be a versatile precursor. K2 has given K6 by a reaction
with an anionic Ti(IV) complex, [TiO(ox)2]2− [33]. The present
work also shows that K2 gives K1 by a reaction with Ti(SO4)2 in an
HCl aq. solution. The framework of K1 with the coordinated SO4

2−

ion was similar to that of K6 with coordinated ox2− ions. From the
viewpoint of the host-guest chemistry of Ti-substitution in POMs,
the Ti4 center in 1 comprised a new type of host-guest relation, i.e.,
2-host/4-guest coordination. The polyoxoanions containing rich tita-
nium(IV) atoms in the lacunary sites of POM are also of interest as
possible solid oxidation catalysts [31,32]. Studies in this direction
are in progress.
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CSD reference number 422826 (formula/code: ym005) for K1. Sup-
plementary data: General methods, X-ray crystallography, control ex-
periments, the solid-state 31P CPMAS NMR spectra of K1 (Fig. S1 and
S2), the solution 31P NMR spectra of 1 (Fig. S3), 5 (Fig. S4) and the re-
action solution of 1 under SO4

2−-free conditions (Fig. S5), selected
bond lengths (Å) and angles (o) around the Ti4 centers for 1 (Table
S1), other bond lengths (Å) and angles (°) for 1 (Table S2) and
bond valence sum (BVS) calculations of W, Ti, S, P and O atoms for
1 (Table S3) associated with this article can be found in the online
version at doi:10.1016/j.inoche.2012.01.017.
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ABSTRACT: Reaction of L- and DL-N-acetylmethionine (Hac-
met) and Ag2O in water at ambient temperature afforded the
remarkably light-stable silver complexes {[Ag(L-acmet)]}n (1)
and {[Ag2(D-acmet)(L-acmet)]}n (2), respectively. The color of
the solids and aqueous solutions of 1 and 2 did not change for
more than 1 month under air without any shields. The light
stability of these two silver(I) complexes is much higher than that
of silver(I) methioninate {[Ag2(D-met)(L-met)]}n (3) (Hmet =
methionine), silver(I) S-methyl-L-cysteinate {[Ag(L-mecys)]}n
(4), and silver(I) L-cysteinate {[Ag(L-Hcys)]}n (5). X-ray
crystallography of 1 obtained by vapor diffusion revealed that ladder-like coordination polymers with two O- and two S-
donor atoms were formed. The acetyl group of acmet− prevents chelate formation of the ligand to the metal center, which is
frequently observed in amino acid metal complexes, but allows for formation of hydrogen bonds between the ligands in the
crystals of 1. These two silver(I) N-acetylmethioninates showed a wide spectrum of effective antimicrobial activities against
Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and yeasts (Candida albicans and Saccharomyces cerevisiae),
the effectiveness of which was comparable to that of water-soluble Ag−O bonding complexes.

■ INTRODUCTION
Medicinal applications of coinage metal (Cu, Ag, and Au)
complexes have been established for years,1 and among them
silver(I) complexes as well as silver clusters2 have been known
to show antimicrobial activity. It has been said that discovering
new compounds that work against Gram-negative bacteria but
simultaneously are not toxic to humans is difficult.3 Fortunately,
silver materials have been shown to exhibit low toxicity toward
human skin,4 and silver(I) histidinate formulated with some
additives is a practical example.5 Notably, silver(I) complexes
have been reported to show a different antimicrobial spectrum
against microorganisms compared to the activity of the ligand
itself and the hydrated silver(I) ion.1b,c,6 During investigation of
the structural relationship of silver(I) complexes with their
antimicrobial activities in aqueous media we noticed that
silver(I) complexes with hard donor atoms (i.e., silver(I)−N
and/or silver(I)−O bonds) exhibited an effective and a wide
spectrum of antimicrobial activity,1c,6a−e,h whereas silver(I)
thiolates were shown to have a narrower spectrum of
antimicrobial activity.6f,g From these results we concluded
that the nature of the atom that coordinates to the silver(I)
center and its bonding properties (rather than the solubility,
charge, chirality, or degree of polymerization of the complexes)
and the ease of ligand replacement are the key factors that lead
to a wide spectrum of antimicrobial activity. The primary
targets for inhibition of bacteria and yeasts by the silver(I)
complexes are proteins that function as sulfur donor ligands but

not nucleic acids that act as N/O donors. Although Ag−O and
Ag−N bonding silver(I) complexes are potential antimicrobial
reagents with a wide spectrum of antimicrobial activities, many
of them are not light-stable and/or poorly soluble in common
solvents, as seen in [Ag(Him)2]NO3 (Him = imidazole),7a

{[Ag(im)]}n,
7b and others, including the silver(I) complexes of

amino acids, peptides, and proteins.8 Therefore, their character-
ization, including structural studies, has not been easily carried
out.
To investigate the interactions between biomolecules and

metal complexes via transmission electron microscopy,9 water-
soluble coinage metal complexes are desired. However, there
are only a few water-soluble silver(I) complexes that can be
used as starting materials and are easy to handle. Typical
commercial sources are AgClO4 and AgNO3, but use of
AgClO4 requires caution, especially in organic solvents, and the
NO3

− anion is in many cases hard to remove completely during
the purification steps. We found that reaction of Ag2O and
acids containing the HOOC−C−X−CO (X = N or O)
moiety gave relatively light-stable (i.e., aqueous solutions
containing the silver(I) complexes are stable for a few hours
to days at ambient temperature without light shielding) and
water-soluble silver(I) complexes, such as silver(I) aspartate,6c

silver(I) 2-pyrrolidone-5-carboxylates,6b,d and silver(I) acetyl-
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glycinate.6e Addition of soft ligands, such as phosphines, to a
solution containing Ag−O bonding complexes increases the
light stability of silver(I) complexes but tends to decrease their
antimicrobial activity.10 Silver(I) thiolate complexes are more
light stable, but as described above they exhibit a narrower
spectrum of antimicrobial activity against Gram-negative
bacteria, and their characterization is difficult, especially for
silver(I) complexes with aliphatic thiolate ligands due to their
oligomeric nature.6f,g,i

Herein, we report the synthesis, characterization, crystal and
solution structures, and properties of novel silver(I) complexes
derived from N-acetyl-L-methionine (L-Hacmet) and N-acetyl-
DL-methionine (DL-Hacmet), i.e., {[Ag(L-acmet)]}n (1) and
{[Ag2(D-acmet)(L-acmet)]}n (2), the aqueous solutions of
which are stable under ambient conditions without shade for
several weeks to months. Acetylmethionine was thought to be a
potential candidate for forming a water-soluble, light-stable, and
effective antimicrobial silver(I) complex for the following
reasons: (i) compounds containing the OC−N−C−COO
partial moiety in the backbone have been found to form water-
soluble silver(I) complexes (red circle in Figure 1);6e (ii) acetyl

group substitution changes the zwitterionic nature of the
methionine to an acid and also enables the ligands to make
interunit hydrogen bonds; (iii) the interaction of the silver(I)
ion and the soft S-donor atoms of the thioether groups would
be less tight (yellow circle in Figure 1) compared with that of
Ag−S (thiolate) bonding silver(I) complexes,11 but it would
stabilize silver(I) complexes in aqueous solution; and (iv) the
ligand (L-Hacmet or DL-Hacmet) is a derivative of the amino
acid methionine, which is easily obtained from natural products
and expected to form complexes that are less toxic to human
skin. The complexes were characterized using elemental
analysis, thermogravimetric (TG) analysis, and differential
thermal analysis (DTA), FT-IR, and solution 1H, 13C{1H},
and 109Ag NMR spectroscopies, and X-ray crystallography. The
antimicrobial activities of complexes 1 and 2, as well as related
silver(I) complexes, evaluated by minimum inhibitory concen-
tration (MIC, μg mL−1) in a water or water−suspension system
are also presented. The properties of these silver complexes,
including light stability, solubility in water, and antimicrobial
activity, are compared with those of silver(I) methioninate
{[Ag(DL-met)]}n (3), silver(I) S-methyl-L-cysteinate {[Ag(L-

mecys)]}n (4), and silver(I) L-cysteinate {[Ag(L-Hcys)]}n (5)
(Figure 1).

■ EXPERIMENTAL SECTION
Materials. The following reagent-grade chemicals were used as

received: Ag2O, dimethyl sulfoxide (DMSO), EtOH, Et2O, CHCl3,
CH2Cl2, MeOH, EtOAc, CH3CN, and acetone (Wako); N-acetyl-DL-
methionine, N-acetyl-L-methionine, L-methionine, DL-methionine, S-
methyl-L-cysteine, and L-cysteine (Tokyo Kasei); 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) (Aldrich); and D2O (99.9 D atom
%, Isotec).

Instrumentation/Analytical Procedures. CHN elemental anal-
yses were performed using a Perkin-Elmer PE2400 series II CHNS/O
analyzer. Thermogravimetric (TG) and differential thermal analyses
(DTA) were performed under air with a temperature ramp of 4 °C
min−1 using a Rigaku Thermo Plus 2 TG 8120 instrument between 30
and 500 °C. Infrared spectra were recorded on a JASCO FT-IR 4100
spectrometer in KBr disks at room temperature. 1H, 13C{1H}, and
109Ag NMR spectra in solution were recorded at ambient temperature
on a JEOL EX-400 NMR or a JEOL ECP500 NMR spectrometer. 1H
and 13C{1H} NMR spectra of the complexes were measured in a D2O
solution with reference to an internal DSS. The signals of the two
methyl groups and the carbonyl in the acetyl and carboxylate moieties
in the 1H and 13C NMR spectra were assigned using 2D NMR,
heteronuclear multiple quantum coherence (HMQC), and hetero-
nuclear multiple-bond connectivity (HMBC). 109Ag NMR spectra of
the complexes were measured in D2O with reference to an external
standard solution consisting of saturated AgNO3−D2O using a
substitution method. Solid-state cross-polarization magic-angle-spin-
ning (CPMAS) 13C (75 MHz) NMR spectra were recorded in 6 mm
o.d. rotors on a JEOL JNM-ECP 300 FT-NMR spectrometer with a
JEOL ECP-300 NMR data processing system. These spectra were
referenced to the methyl peak of hexamethylbenzene as an external
standard (δ 17.37).

X-ray Crystallography. Crystallization of 1 and 4 was carried out
by vapor diffusion of an internal aqueous solution of the silver(I)
complex with an external solvent (acetone). Water-soluble colorless
crystals of 1 and 4 suitable for single-crystal X-ray analysis were
obtained. Colorless crystals of 3 suitable for single-crystal X-ray
analysis were grown using a slow-evaporation method.

Each single crystal of the silver(I) complexes (1, 3, and 4) was
mounted on a loop and used for measurements of precise cell
constants and collection of intensity data at 90 K on a Bruker Smart
APEX CCD diffractometer. Structures were solved by direct methods,
followed by difference Fourier calculations; they were refined by full-
matrix least-squares on F2 using the SHELXTL program package.12 All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed geometrically or shown on a difference Fourier map and
treated using a riding model. Crystal data and structure refinement of
complexes 1, 3, and 4 are summarized in Table 1. Details of the crystal
data have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC 842939, 842940, and
842941 for complexes 1, 3, and 4, respectively.

Antimicrobial Activity. Antimicrobial activities were estimated
based on the minimum inhibitory concentration (MIC, μg mL−1) by
adding an aqueous solution of the silver(I) complexes, as described
elsewhere.6f−h Bacteria were inoculated into 5 mL of a liquid medium
(soybean casein digest (SCD)) and cultured for 24 h at 35 °C. Yeast
was inoculated into 5 mL of a liquid medium (glucose peptone (GP))
and cultured for 48 h at 30 °C. The cultured fluids were diluted,
adjusted to a concentration of 106−107 mL−1, and used for inoculation
in the MIC test. As for the mold culture, the agar slant (potato
dextrose (PD) agar medium), for 1-week cultivation at 27 °C, was
gently washed with saline containing 0.05% Tween 80. The spore
suspension obtained was adjusted to a concentration of 106 mL−1 and
used for inoculation in the MIC test. The test materials were dissolved
(silver complexes 1−4 and the “free” ligands) or suspended (complex
5) in water. Such solutions were then diluted with an SCD medium for
bacteria and with a GP medium for yeast and mold. Using these 2-fold-

Figure 1. Chemical structure of N-acetyl-L-methionine and related
ligands. Yellow and red circles show the thioether and OC−N−C−
COO partial moiety of L-Hacmet, respectively.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201950p | Inorg. Chem. 2012, 51, 1640−16471641

─ 168 ─



diluted solutions, concentrations from 1000 to 2 μg mL−1 were
prepared. Each 1 mL of a culture medium containing various
concentrations of test materials was inoculated with 0.1 mL of the
microorganism suspension prepared above. Bacteria were cultured for
24 h at 35 °C, yeast for 48 h at 30 °C, and mold for 1 week at 25 °C,
and then growth of the microorganisms was observed. When no
growth was observed in the medium containing the lowest
concentration of test materials, the MIC was defined at this point of
dilution.
Preparation of {[Ag(L-acmet)]}n (1). To a suspension of 0.348 g

(1.50 mmol) of Ag2O in 40 mL of water was added 1.15 g (6.02
mmol) of L-Hacmet. During 2 h of stirring, the black suspension
changed to a clear pale-yellow solution. Unreacted black powder
(Ag2O) was filtered off through a folded filter paper (Whatman No.
5). The clear yellow filtrate was added dropwise to 500 mL of acetone.
The white powder that formed was collected on a membrane filter (JG
0.2 μm), washed with acetone (50 mL × 2) and diethyl ether (100 mL
× 2), and dried in vacuo. The light-stable and thermally-stable white
powder (0.775 g, 87.6% yield) was soluble in water but insoluble in
most organic solvents. Crystallization of the obtained powder was
carried out by vapor diffusion of an internal aqueous solution of 100
mg of the powder in 10 mL of water with acetone as the external
solvent, which gave water-soluble, colorless needle crystals (59.9 mg).
The crystals obtained were characterized as below. Anal. Calcd for
C7H12NO3SAg or [Ag(L-acmet)] as a monomer unit: C, 28.20; H,
4.06; N, 4.70. Found: C, 28.30; H, 4.29; N, 4.74. TG/DTA data: no
weight loss was observed before the decomposition temperature.
Decomposition began at around 192 °C with an endothermic peak at
211 °C. Prominent IR bands in the 1800−400 cm−1 region (KBr disk):
1635 vs, 1592 vs, 1442 m, 1399 s, 681 m, 599 m, 549 m cm−1. 1H
NMR (D2O, 17.1 °C): δ 2.03 (CH3 in acetyl group, s, 3H), 2.06−2.11
and 2.23−2.25 (CH2CH, two multiplets, 2H), 2.43 (CH3S, s, 3H),

2.82 (CH2S, t, 2H), 4.32 (CH, double doublet, 1H) ppm. 13C NMR
(D2O, 25.7 °C): δ 20.62 (SCH3), 24.62 (CH3 in acetyl group), 34.78
and 35.40 (two CH2), 56.57 (CH), 176.37 (CO in acetyl group),
180.50 (COO) ppm. 109Ag NMR (D2O, 19.7 °C, pH 5): δ 352 ppm.
No color change was observed for about 1 month in the solid state nor
in an aqueous solution. Solubility in water at room temperature was
approximately 50 mg mL−1. Even when 4 equiv of L-Hacmet were
added to Ag2O in the reaction mixture instead of 2 equiv, the same
silver(I) complex 1 was isolated by adding acetone (confirmed by IR,
1H and 13C NMR, and elemental analysis data). However, the reaction
mixture using 4 equiv of L-Hacmet showed different signals in the
109Ag NMR spectrum (538 ppm, pH 3.0) and was more light stable.
The filtrate of the reaction mixture was also more light stable, and the
color did not change for several months.

Preparation of {[Ag2(D-acmet)(L-acmet)]}n (2). An achiral
silver(I) complex, 2, was obtained in a similar manner using 4 equiv
of DL-Hacmet instead of L-Hacmet. Anal. Calcd for C14H24N2O6S2Ag2
or [Ag2(D-acmet)(L-acmet)] as a monomer unit: C, 28.20; H, 4.06; N,
4.70. Found: C, 28.29; H, 3.80; N, 4.74. TG/DTA data: no weight loss
was observed before the decomposition temperature. Decomposition
began at around 183 °C with an endothermic peak at 201 °C.
Prominent IR bands in the 1800−400 cm−1 region (KBr disk): 1637
vs, 1589 vs, 1119 vs, 1043 vs, 966 vs cm−1. 1H NMR (D2O, 23.1 °C): δ
2.02 (CH3 in acetyl group, s, 3H), 2.02−2.09 and 2.16−2.23 (CH2CH,
two multiplets, 2H), 2.42 (CH3S, s, 3H), 2.83 (CH2S, t, 2H), 4.32
(CH, dd, 1H) ppm. 13C NMR (D2O, 25.5 °C): δ 20.46 (SCH3), 24.66
(CH3 in acetyl group), 34.83 and 35.14 (two CH2), 56.62 (CH),
176.43 (CO in acetyl group), 180.62 (COO) ppm. 109Ag NMR
(D2O, 22.0 °C, pH 5): δ 356 ppm. Solubility in water at room
temperature was approximately 20 mg mL−1, which is about one-half of
that of 1. No color change was observed for about 1 month in the solid
state nor in an aqueous solution.

Preparation of {[Ag2(D-met)(L-met)]}n (3). To a suspension of
0.580 g (2.50 mmol) of Ag2O in 100 mL of water was added 0.745 g
(5.00 mmol) of DL-Hmet. During 2 h of stirring, the black suspension
changed to a clear solution. The unreacted black powder of Ag2O was
filtered off through a folded filter paper (Whatman No. 5). The clear
filtrate was added dropwise to 1 L of ethanol, and the resulting mixture
was allowed to stand for 1 day. The white powder formed was
collected on a membrane filter (JG 0.2 μm), washed with ethanol (50
mL × 2) and diethyl ether (100 mL × 2), and dried in vacuo. The
light-stable and thermally-stable white powder obtained in 1.15 g
(89.8%) yield was soluble in water but insoluble in most organic
solvents. The powder (0.300 g) was dissolved in 2.5 mL of warm
water. Colorless granular crystals were grown in 1 day while standing
at room temperature (0.215 g). Although the powder was soluble in
water, the crystals were sparingly soluble in water and insoluble in
common organic solvents. The water-soluble powder and crystals
obtained were characterized as below. Anal. Calcd for
C10H20N2O4S2Ag2 or [Ag2(D-met)(L-met)] as a monomer unit: C,
23.45; H, 3.94; N, 5.47. Found: C, 23.41; H, 3.59; N, 5.46. TG/DTA
data: no weight loss was observed before the decomposition
temperature. Decomposition began at around 148 °C with an
endothermic peak at 166 °C. Prominent IR bands in the 1800−400
cm−1 region (KBr disk): 1577 vs, 1442 s, 1427 s, 1404 s, 1326 m, 1305
s, 1275 m, 1254 m, 1032 m, 961 m, 620 m cm−1. 1H NMR (D2O, 22.8
°C): δ 2.04−2.17 (CH2CH, two multiplets, 2H), 2.45 (CH3S, s, 3H),
2.90 (CH2S, t, 2H), 3.58 (CH, t, 1H) ppm.

13C NMR (D2O, 25.1 °C):
δ 20.36 (SCH3), 34.98 (CH2), 58.78 (CH), 182.25 (COO) ppm. 109Ag
NMR (D2O, 25.5 °C, 0.08 M): δ 494 ppm. The color of the powder
gradually changed to brown in a few days and that of the aqueous
solution in a few hours. A chiral silver(I) complex {[Ag(L-met)]}n was
also obtained in a similar manner using 2 equiv of L-Hmet instead of
DL-Hmet; however, characterization was too difficult to perform
because of its hygroscopic nature. Crystals of complex 3 suitable for X-
ray crystallography contained 6 hydrated water molecules.

Preparation of {[Ag(L-mecys)]}n (4). A chiral silver(I) complex, 4,
was obtained in a manner similar to preparation of complex 3 using 2
equiv of L-Hmecys instead of L-Hmet. Crystallization was also carried
out by vapor diffusion of an internal aqueous solution of 100 mg of the

Table 1. Summary of Crystal Data and Structure Refinement
Parameters for Crystals 1, 3, and 4a

{[Ag(L-
acmet)]}n (1)

{[Ag2(D-met)(L-
met)]·6H2O}n (3)

{[Ag(L-
mecys)]}n (4)

empirical
formula

C7H12NO3SAg C10H32N2O10S2Ag2 C4H8NO2SAg

fw 298.12 620.24 242.04
cryst syst monoclinic monoclinic orthorhombic
space group C2 (No. 5) P21/c (No. 14) P212121 (No.

19)
a/Å 16.124(5) 12.3891(9) 5.0463(4)
b/Å 4.7856(14) 7.3815(5) 5.6304(5)
c/Å 15.443(5) 11.7052(9) 23.2902(19)
α/deg 90 90 90
β/deg 117.911(9) 97.2720(10) 90
γ/deg 90 90 90
V/Å3 1053.0(6) 1061.83(13) 661.74(10)
Dcalcd/g·cm

−3 1.88 1.94 2.430
Z 4 4 4
μ/mm−1 2.088 2.088 3.281
T/K 90 90 90
no. of total reflns 4188 8112 4923
no. of unique
reflns

2463 2631 1641

no. of
observations (I
> 2σ(I))

2342 2531 1638

Rint 0.0332 0.0214 0.0235
R1 0.0361 0.0175 0.0190
wR2 0.0990 0.0456 0.0446
GOF 1.069 1.102 1.227
aR1 = Σ{|Fo| − |Fc|}/Σ|Fo|. wR2 = [Σω(|Fo| − |Fc|)

2/ΣωFo2]1/2. GOF =
[Σω(|Fo| − |Fc|)

2/(m − n)]1/2 where m = no. of reflections, n = no. of
parameters.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201950p | Inorg. Chem. 2012, 51, 1640−16471642

─ 169 ─



powder in 10 mL of water with acetone as the external solvent, which
gave water-soluble, colorless, granular crystals after standing at room
temperature for a few days (yield 70 mg). Anal. Calcd for
C4H8NO2SAg or [Ag(L-mecys)] as a monomer unit: C, 19.85; H,
3.33; N, 5.79. Found: C, 19.80; H, 2.90; N, 5.79. Decomposition
began at around 112 °C with an endothermic peak at 144 °C.
Prominent IR bands in the 1800−400 cm−1 region (KBr disk): 1585
vs, 1398 s, 1357 m cm−1. 1H NMR (D2O, 23.5 °C): δ 2.46 (CH3S, s,
3H), 3.08 and 3.23 (CH2S, two multiplets, 2H), 3.73 (CH, dd 1H)
ppm. 13C NMR (D2O, 25.3 °C): δ 20.86 (SCH3), 43.14 (CH2), 56.80
(CH), 180.72 (COO) ppm. 109Ag NMR (D2O, 25.5 °C, 0.08 M): δ
549 ppm. The color of the powder and aqueous solution changed to
brown in a few days.
Preparation of {[Ag(L-Hcys)]}n (5). To a colorless solution of

0.472 g (1.00 mmol) of silver(I) R,S-2-pyrrolidone-5-carboxylates
({[Ag2(R-Hpyrrld)(S-Hpyrrld)]}n, H2pyrrld = pyrrolidone-5-carbox-
ylic acid)6d in 40 mL of water was added a colorless solution
containing 0.242 g (2.00 mmol) of L-cysteine (L-H2cys) in 40 mL of
water. The solution was vigorously stirred overnight to form a
suspension. The white powder that formed was collected on a
membrane filter (JG 0.2 μm), washed with water (50 mL × 2),
acetone (50 mL × 2), and diethyl ether (100 mL × 2), and dried in
vacuo. The light-stable and thermally-stable white powder (0.421 g,
92.3% yield) was insoluble in water and most organic solvents. Anal.
Calcd for C3H6NO2SAg or [Ag(L-Hcys)] as a monomer unit: C,
15.80; H, 2.65; N, 6.14. Found: C, 15.69; H, 2.37; N, 6.00. TG/DTA

data: no weight loss was observed before the decomposition
temperature. Decomposition began at around 118 °C with an
endothermic peak at 215 °C. Prominent IR bands in the 1800−400
cm−1 region (KBr disk): 1677 s, 1620 s, 1565 vs, 1485 s, 1390 vs, 1351
m cm−1. Solid 13C CP MAS NMR: δ 37.34 (SCH2), 59.66 (CH),
171.84 (COO) ppm. The color of the white powder gradually changed
to yellow in about 1 week.

■ RESULTS AND DISCUSSION
Preparation and Properties of {[Ag(L-acmet)]}n (1),

{[Ag2(D-acmet)(L-acmet)]}n (2), and Other Related Silver-
(I) Complexes. Water-soluble powder and crystals of silver(I)
acetylmethioninates 1 and 2 were obtained from reaction of
Ag2O and acetylmethionines (L-Hacmet or DL-Hacmet) in
molar ratios of Ag2O:Hacmet = 1:2 and 1:4 in water at ambient
temperature (Scheme 1). The obtained solids were charac-
terized by FT-IR, TG/DTA, NMR, CHN analysis, and X-ray
crystallography, confirming that the isolated materials contain
Ag and acmet− in a 1:1 ratio in the solid state and in both
reaction mixtures. Black particles of Ag2O disappeared more
quickly when higher equivalents of acetylmethionine were
employed.
Water-soluble powder and crystals of silver(I) DL-methioni-

nate 3 and silver(I) S-methyl-L-cysteinate 4 were also prepared

Scheme 1. Synthetic Scheme of Silver(I) Complexes 1−5

Table 2. Selected Distances (Angstroms) and Angles (degrees) of Crystals 1, 3, and 4a

{[Ag(L-acmet)]}n (1) {[Ag2(D-met)(L-met)]·6H2O}n (3) {[Ag(L-mecys)]}n (4)

Ag1−S1 2.4969(13) Ag1−S1 2.3953(4) Ag1−S1 2.8436(7)
Ag1−S1i 2.9940(14) Ag1−O1vii 2.4530(11) Ag1−O1i 2.590(2)
Ag1−O1ii 2.345(3) Ag1−O2viii 2.5848(11) Ag1−O2X 2.188(2)
Ag1−O2iii 2.209(4) Ag1 N1vii 2.2408(13) Ag1−N1 2.212(2)
Ag1−Ag1iv 2.8987(9)
N1−O3v 2.909(6) N1−O1ix 2.8982(17)

O2−O4 2.6958(16)
O3−O4 2.7877(18)
O4−O5 2.8795(19)

O1ii−Ag1−S1i 92.90(9) O1vii−Ag1−S1 123.38(3) O2X−Ag1−N1 171.80(8)
O2iii−Ag1−S1i 69.96(11) O2viii−Ag1−S1 107.71(3) O2X−Ag1−O1i 94.42(7)
O1ii−Ag1−O2iii 131.29(14) O1vii−Ag1−O2viii 100.72(4) N1−Ag1−O1i 86.95(8)
O2iii−Ag1−S1 135.70(11) N1vi−Ag1−S1 152.64(4) O2X−Ag1−S1 108.75(6)
Ag1iv−Ag1−S1 120.29(3) N1vii−Ag1−O1vii 70.42(4) N1−Ag1−S1 78.85(6)
Ag1iv−Ag1−O1ii 73.94(9) N1vii−Ag1−O2viii 90.66(4)
Ag1iv−Ag1−O2iii 81.47(10)
Ag1−S1−Agvi 121.01(5)

aSymmetry operations i = x, 1 + y, z; ii = 0.5 + x, 0.5 + y, z; iii = 0.5 − x, 0.5 + y, 1 − z; iv = 1 − x, y, 1 − z; vi = x, −1 + y, z; vii = 1 − x, 1 − y, 2 − z;
viii = x, 0.5 − y, 0.5 + z; ix = 1 − x, 0.5 + y, 1.5 − z; X = −1 + x, 1 + y, z.
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from reactions of Ag2O with DL-Hmet and L-Hmecys,
respectively. The synthetic conditions used here gave neutral
silver(I) methioninate 3 but not the anionic complex reported
previously.13 The light stability and water solubility of silver(I)
acetylmethioninates 1 and 2 in the solid state and in aqueous
solution are more remarkable than those of silver(I)
methioninate (3), silver(I) S-methyl-L-cysteinate (4), and
silver(I) L-cysteinate (5). Properties such as the solubility in
water of 1 and 2 are slightly different depending on whether
chiral or achiral ligands were used. Complex 5 is insoluble in
most solvents. Judging from elemental analysis, {[Ag2(R-
Hpyrrld)(S-Hpyrrld)]}n as a silver(I) source for preparation
of 5 was superior to AgNO3, because the former formed pure
polymeric silver(I) cysteinate.14 In the FT-IR spectrum of 5,
disappearance of the 2552 cm−1 band of νSH in L-H2cys and an
absorption shift of the νCO band from 1608 to 1677 cm−1

were observed. The signal shift of the methine carbon in the
13C CP MAS spectrum also suggests that the metal ion of 5 is
coordinated by sulfur and nitrogen atoms, so Ag−S (thiolate)
bridging coordination may be a cause for the low solubility.
These results support our hypothesis of ligand selection for
light-stable and water-soluble silver(I) complexes.
Crystal and Molecular Structures of 1, 3 and 4. Crystal

data are summarized in Table 1, and selected bond distances
and angles with their estimated standard deviations are listed in
Table 2.
Structure of {[Ag(L-acmet)]}n (1). The molecular structure of

1 with atom-numbering scheme is depicted in Figure 2a. Ag1 is
surrounded by two O (O1ii and O2iii) and two S atoms (S1 and
S1i) in a distorted tetrahedral coordination geometry belonging

to four separate L-acmet− ligands. A short distance between Ag1
and Ag1iv (symmetry operation iv = 1 − x, y, 1 − z) (2.8987(9)
Å), indicating argentophilic interaction, is also observed in
complex 1.15 The two close silver(I) atoms are bridged by two
carboxylato-O,O′ groups of acmet− ligands to create a syn−syn-
type Ag2O4 moiety. Two thioether S atoms bridge the Ag2O4
moieties, and the S1, Ag1, Ag1iv, S1iv, Ag1v, and Agvi (symmetry
operations v = 1 − x, −1 + y, 1 − z; vi = x, −1 + y, z) atoms
form a chairlike 6-membered ring. The rings are connected like
ladders as if two infinite linear Ag1vi−S1−Ag1−S1i are
connected by silver(I)−silver(I) separation in the direction of
the b axis (Figure 2b). No donor atoms of the acetyl group (N1
and O3) coordinate to the silver(I) center. Instead, they form
hydrogen bonds between the acmet− ligands.

Structure of {[Ag2(D-met)(L-met)]}n (3). The molecular
structure of 3 with atom-numbering scheme is depicted in
Figure 3. Unlike that of 1, none of Ag−Ag interaction, μ-S
coordination and Ag2O4 moiety was observed in the crystal
structure of complex 3. Ag1 is surrounded by S1, two O atoms

(O1vii and O2viii, symmetry operations vii = 1 − x, 1 − y, 2 − z,
viii = x, 0.5 − y, 0.5 + z), and one N (N1vii) atom in a distorted
tetrahedral coordination geometry belonging to three separate
met− ligands. Coordination of the carboxylato-O,O′ of the met−

ligands is in a syn−anti form. The N and O atoms of the α
carbon coordinate to silver(I) in a 5-membered, chelated
manner. Each met− ligand connects three AgI atoms, leading to
infinite polymeric chains. Intermolecular hydrogen bonds were
observed between one water molecule (O4) and one
carboxylate (O2), in the three hydrated water molecules (O3,
O4, and O5) and met− ligands (N1···O1ix 2.8982(17) Å,
symmetry operations ix = 1 − x, 0.5 + y, 1.5 − z).

Structure of {[Ag(L-mecys)]}n (4). The molecular structure of
4 with atom-numbering scheme is depicted in Figure 4. Ag1 is
surrounded by S1, two O atoms (O1i and O2X, symmetry
operations i = x, 1 + y, z; X = 1 + x, 1 + y, z) ,and a N1 atom in
a distorted tetrahedral coordination geometry belonging to
three separate mecys− ligands. Coordination of the carboxylato-
O,O′ group of mecys− ligands is in a syn−anti form. The N and
S atoms coordinate to silver(I) in a 5-membered, chelated
manner (Ag1−N1−C2−C3−S1). Each met− ligand connects
three AgI atoms, leading to infinite polymeric chains.

Figure 2. (a) Local structure of {[Ag(L-acmet)]}n (1) with 50%
probability thermal ellipsoids, and (b) 3D polymeric structure of
crystal 1 viewed along the b axis in which hydrogen atoms are omitted
for clarity. Symmetry operations: i = x, 1 + y, z; ii = 0.5 + x, 0.5 + y, z;
iii = 0.5 − x, 0.5 + y, 1 − z; iv = 1 − x, y, 1 − z; v = 1 − x, −1 + y, 1 −
z; vi = x, −1 + y, z.

Figure 3. Polymeric structure of crystal {[Ag2(D-met)(L-met)]}n (3)
with 50% probability thermal ellipsoids. Symmetry operations: vii = 1
− x, 1 − y, 2 − z; viii = x, 0.5 − y, 0.5 + z.
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Solution Behavior of Silver(I) Acetylmethioninate
Monitored by 109Ag NMR. Because of poor sensitivity,
which stems from very low gyromagnetic ratios γ for 109Ag,
relatively highly concentrated samples are required for 109Ag
NMR experiments.16 Silver(I) complexes 1−4 were soluble
enough in water for 109Ag NMR measurements.
Solutions of chiral and achiral silver(I) acetylmethioninates 1

and 2 dissolved in D2O (0.2 M, pH 5) show the same single
peak at around 380 ppm in the 109Ag NMR spectra (Figure 5a
and 5b), the value of which is larger than those of Ag−O
bonding complexes (<100 ppm) such as {[Ag2(R-Hpyrrld)(S-

Hpyrrld)]}n
6d (48 ppm) but lower than those of water-soluble

Ag−S (thiolate) bonding complexes such as {Na[Ag(mba)]}n
(H2mba = 2-mercaptobenzoic acid, 856 ppm),6f {Na[Ag-
(mna)]·H2O}n (H2mna = 2-mercaptonicotinic acid, 1029
ppm),6g {NaH[Ag(tma)]·0.5H2O}n (H3tma = thiomalic acid,
869 ppm)6i in D2O, and [HQ][Ag(pspa)] (HQ = diisopropy-
lammonium, H2pspa = 3-phenyl-2-sulfanylpropenoic acid, 841
ppm in DMSO and 809 ppm in MeOD).17 No significant
difference in the chemical shifts was observed for 1 and 2 under
the same conditions in the 109Ag NMR spectra regardless of the
chirality of acmet−.
Addition of free Hacmet to the solutions moved the 109Ag

NMR signals to a lower field, although no observable changes
occurred; the solution remained colorless, and no precipitation
was noted. Following addition of 2 equiv of acidic Hacmet, the
signal appeared at 565 ppm ({[Ag2(D-acmet)(L-acmet)]}n (pH

3) (Figure 5c and 5d), and thus, the chemical shift became
closer to those of Ag−S (thiolate) bonding complexes, such as
silver(I) 2-mercaptonicotinate (856 ppm).6f In water, the S
(thioether) and O atoms of acmet−, as well as water oxygen
atoms, coordinate to silver(I) because the coordination number
of silver(I) is often reported to be more than two.1d Fast ligand
exchange between the O atoms of acmet− and/or water
molecules takes place in aqueous solutions of 1 and 2. Addition
of Hacmet to the NMR sample solutions of 1 and 2 increases
the concentration of thioether S atoms in the solutions. The
lower signal shift of the 109Ag NMR spectra shows that ligand
exchange between the O atom and the S atom (thioether)
around the silver(I) atom easily takes place in water. As the
ratio of Hacmet increases, more sulfur coordination occurs,
indicating that the neutral thioether S atom can coordinate to
the silver(I) atom more strongly than the O atom, but that is
not the case for the thiolate S atom. Addition of Hacmet to
aqueous solutions of 1 and 2 causes a decrease in the pH of the
solutions, which also increases the light stability of the silver(I)
complexes in solution (see Experimental Section, complex (1)).
When the Hacmet ligand was added to an aqueous solution

of {[Ag2(R-Hpyrrld)(S-Hpyrrld)]}n the signal in the 109Ag
NMR spectrum shifted to around 400 ppm. The opposite
reaction did not occur, however. No signal shift was observed
when H2pyrrld was added to the solution of {[Ag(L-acmet)]}n.
By addition of 2-mercaptobenzoic acid to the aqueous solution
of {[Ag(L-acmet)]}n the signal of 109Ag moved to 1000 ppm.
Again, the opposite reaction did not take place. These signal
shifts clearly show that the affinity of acmet− for the AgI atom is
between the Ag−O bond (<100 ppm) and the Ag−S (thiolate)
bond (>800 ppm). The chemical shifts of 109Ag NMR and the
ligand exchangeability of the silver(I) thioether complexes, 3
(494 ppm) and 4 (549 ppm), also show that the Ag−S
(thioether) bond is between Ag−O and Ag−S (thiolate).

Antibacterial and Antifungal Activities. The antimicro-
bial activities of complexes 1−5 together with their free ligands
and related silver(I) complexes are listed in Table 3, as
estimated by the minimum inhibitory concentration (MIC, μg
mL−1). Aqueous solutions of 1−4 were added to the test media.
A suspension of 5 was added to the test media because 5 was
insoluble in water.
The antimicrobial activities of the free ligands, i.e., DL-

Hacmet, DL-Hmet, L-Hmecys, L-H2cys, H2pyrrld, H2mba, and
H2mna, were estimated as >1000 μg mL−1 for selected bacteria,
yeast, and mold, indicating no activity. The hydrated Ag+ ion
was reported to show effective activity against Gram-negative
bacteria (E. coli and P. aeruginosa), moderate activity against
Gram-positive bacteria (B. subtilis), and no activity against yeast
and mold.6f Complexes 1 and 2 with Ag−O and Ag−S
(thioether) bonds showed effective activities against Gram-
negative bacteria (E. coli and P. aeruginosa) and yeasts (C.
albicans and S. cerevisiae), moderate activities against Gram-
positive bacteria (B. subtilis and S. aureus), and modest activities
against mold (A. niger and P. citrinum). A similar wide spectrum
of activity was observed for complex 3. Complex 4 with Ag−O
and Ag−S (thioether) bonds, which has a shorter backbone
ligand compared with methionine, also exhibited effective
activities against Gram-negative bacteria (E. coli and P.
aeruginosa) and a Gram-positive bacterium (B. subtilis),
moderate activity against a Gram-positive bacterium (S. aureus),
modest activities against yeasts, and no activities against molds.
The ligand exchageability of the silver(I) thioether complexes
might be influenced by the backbone length of the ligand.

Figure 4. Polymeric structure of crystal {[Ag(L-mecys)]}n (4) with
50% probability thermal ellipsoids. Symmetry operations: i = x, 1 + y,
z; X = 1 + x, 1 + y, z.

Figure 5. 109Ag NMR spectra of solutions of silver(I) N-
acetylmethioninate (0.2 M in D2O at ambient temperature) and a
mixture containing 2 equiv of Hacmet.
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As shown in Table 3, water-soluble Ag−S (thiolate) bonding
complexes ({Na[Ag(mba)]}n and {Na[Ag(mna)]}n) exhibited
effective activity against Gram-negative bacteria but only
modest or no activity against yeast and mold.6f,g The pattern
of antimicrobial-activity spectra of 1−3 with Ag−O and Ag−S
(thioether) bonds is similar to that of water-soluble Ag−O
bonding complexes rather than Ag−S (thiolate) complexes.
The effectiveness of 1−3 is a little weaker than Ag−O bonding
complexes. 109Ag NMR data and ligand-exchange experiments
of 3 and 4 support the fact that the ligand exchangeability of
Ag−S (thioether) of silver(I) complexes is between Ag−O and
Ag−S (thiolate). The relationship between the ligand-exchange
ability of Ag−S (thioether) of 3 and 4 as well as 1 and 2 and
antimicrobial activity supports our hypotheses that the
antimicrobial activities of silver(I) complexes depend on the
nature of the atom that coordinates to the silver(I) center and
its bonding properties and the ease of ligand replacement. The
antimicrobial activity of 4 was slightly less effective than those
of complexes 1−3 with a methionine backbone. Although the
bond distances and angles of 4 were normal, the molecular
structure of 4 may be strained compared to those of 1−3.
These results are in agreement with the fact that the ligand
exchangeability of Ag−S (thioether) of silver(I) complexes is
between Ag−O and Ag−S (thiolate), consistent with 109Ag
NMR data. Water-insoluble complex 5 showed no activities
against the selected bacteria, yeasts and molds.

■ CONCLUSION
Water-soluble and remarkably light-stable silver(I) acetylme-
thioninates {[Ag(acmet)]}n (1 and 2) were prepared as powder
or crystals from Ag2O and acetylmethionine in water at ambient

temperature. They were fully characterized by CHN elemental
analysis, IR, solution 1H, 13C, and 109Ag NMR, and TG/DTA
and compared to related complexes such as silver(I)
methioninate (3), silver(I) S-methyl-L-cysteinate (4), and
silver(I) cysteinate (5). X-ray crystallography of 1 shows that
the O and S atoms of the thioether ligand coordinate to AgI but
not N atoms. Hydrogen bonds are formed between the acetyl
groups of the ligands. The properties of the neutral silver(I)
complexes, 1 and 2, are much different from those of silver(I)
thiolates, attributable to coordination of the O- and S-
(thioether) donor atoms to AgI. The silver(I) acetylmethioni-
nates showed effective antimicrobial activities against two
Gram-negative bacteria and two yeasts. The remarkable light
stability and water solubility and a wide spectrum of
antimicrobial activities of silver(I) complexes 1 and 2,
compared to those of related silver(I) complexes, indicate
that the thioether and a partial −OOC−C−N−CO moiety,
including the acetyl group of acmet−, achieve a good balance
between stability and antimicrobial activities in silver(I)
complexes. These silver(I) acetylmethioninates are easy to
handle and would be excellent starting silver(I) materials for
synthesis of more complicated metal complexes.

■ ASSOCIATED CONTENT

*S Supporting Information

Crystallographic information files (CIF format) of crystals 1, 3,
and 4. This material is available free of charge via the Internet at
http://pubs.acs.org.

Table 3. Antimicrobial Activities of Silver(I) Complexes 1−5a

DL-Hacmet {[Ag(L-acmet)]}n (1) {[Ag2(D-acmet)(L-acmet)]}n (2) DL-Hmet {[Ag2(D-met)(L-met)]}n (3)

Escherichia coli (ATCC8739) >1000 15.7 15.7 >1000 15.7

Bacillus subtilis (ATCC6633) >1000 62.5 62.5 >1000 62.5

Staphylococcus aureus (ATCC6538) >1000 125 62.5 >1000 62.5

Pseudomonas aeruginosa (ATCC9027) >1000 31.3 31.3 >1000 15.7

Candida albicans (ATCC9763) >1000 15.7 15.7 >1000 15.7

Saccharomyces cerevisiae (ATCC10231) >1000 31.3 31.3 >1000 15.7

Aspergillus niger (ATCC16404) >1000 125 250 >1000 125

Penicillium citrinum (NBRC6352) >1000 >1000 1000 >1000 1000

S-methyl-L-cysteine (L-Hmecys) {[Ag(L-mecys)]}n (4) L-cysteine (L-H2cys) {[Ag(L-Hcys)]}n (5)

E. coli >1000 31.3 >1000 >1000

B. subtilis >1000 31.3 >1000 >1000

S. aureus >1000 62.5 >1000

P. aeruginosa >1000 7.9 >1000

C. albicans >1000 250 >1000

S. cerevisiae >1000 500 >1000

A. niger >1000 >1000 >1000

P. citrinum >1000 >1000 >1000

{[Ag2(R-Hpyrrld)(S-Hpyrrld)]}n
6d {Na[Ag(mba)]}n

6f {Na[Ag(mna)]}n
6g AgNO3

6f

E. coli 7.9 <2 12.5 6.3

B. subtilis 31.3 <2 >1000 100

S. aureus 15.7 32 >1000 >1600

P. aeruginosa 7.9 16 31.5 6.3

C. albicans 7.9 1000 >1000 >1600

S. cerevisiae 7.9 125 >1000 1600

A. niger 500 >1000 >1000 >1600

P. citrinum 125 >1000 >1000 >1600
a“Free” ligand and relating silver(I) complexes evaluated by minimum inhibitory concentration (MIC; μg mL−1). Compound 5 was added as a
suspension in water because it was insoluble in water. H2pyrrld = pyrrolidone-5-carboxylic acid, Hmba = 2-mercaptobenzoic acid, H2mna = 2-
mercaptonicotinic acid.
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A novel intercluster compound, [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH (1)
constructed between a heptakis{triphenylphosphinegold(I)}dioxonium cation and an α-Keggin
polyoxometalate (POM) is synthesized and unequivocally characterized by elemental analysis, TG/DTA,
FTIR, X-ray crystallography, solid-state CPMAS 31P NMR and solution (1H, 31P{1H}) NMR.
The heptagold(I) cluster was formed during the course of carboxylate elimination of a monomeric
phosphinegold(I) carboxylate precursor, i.e., [Au((RS)-pyrrld)(PPh3)] ((RS)-Hpyrrld = (RS)-2-pyrrolidone-
5-carboxylic acid), in the presence of the sodium salt of an α-Keggin POM, Na3[α-PW12O40]·9H2O.
Compound 1 was formed by ionic interaction between the heptagold(I) cluster cation and the α-Keggin
POM anion. The heptagold(I) cluster unit was formed by four inter-cationic aurophilic interactions
between the tetragold(I) cluster unit and trigold(I) cluster unit. The tetragold(I) cluster unit and trigold(I)
cluster unit contained μ4-O and μ3-O atoms, respectively.

Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that
are of current interest as soluble metal oxides and for their appli-
cation in catalysis, medicine, and materials science.1 The prep-
aration of POM-based materials is therefore an active field of
research. Some of the intriguing aspects are that a combination
of POMs with cluster cations or macrocations has resulted in the
formation of various interesting intercluster compounds, from
the viewpoints of ionic crystals, crystal growth, crystal engineer-
ing, structure, sorption properties, and so on.2–4

Some intercluster compounds have been obtained by a combi-
nation of POMs with separately prepared metal cluster cations;
for example, [Au9(PPh3)8][α-PW12O40],

2a Na2[Cr3O(OOCH)6-
(H2O)3][α-PW12O40]·16H2O, K3[Cr3O(OOCH)6(H2O)3]-
[α-SiW12O40]·16H2O, Rb4[Cr3O(OOCH)6(H2O)3][α-BW12O40]·
16H2O and Cs5[Cr3O(OOCH)6(H2O)3][α-CoW12O40]·7.5H2O.

4

Recently, we unexpectedly found clusterization of monomeric
phosphinegold(I) [Au(PR3)]

+ units during the course of carboxy-
late elimination of a monomeric phosphinegold(I) carboxylate,
[Au((RS)-pyrrld)(PPh3)] ((RS)-Hpyrrld = (RS)-2-pyrrolidone-5-
carboxylic acid),5 in the presence of the free-acid form of the
α-Keggin POM, H3[α-PW12O40]·7H2O.

6 This reaction resulted
in the formation of a novel intercluster compound consisting of a

tetrakis{triphenylphosphinegold(I)}oxonium cation and an
α-Keggin POM anion, i.e., [{Au(PPh3)}4(μ4-O)]3-[α-PW12O40]2.

7

The formation of such an intercluster compound was strongly
dependent upon POMs with bulkiness and high-charge density.
In the tetragold(I) cluster, the bridging μ4-O atom comes from
water contained in the hydrated water molecules of the POM
and/or the reaction system. In relation to the present compound,
the field of element-centered gold clusters, [E(AuL)n]

m+ has
been extensively studied by Laguna et al.8a,b and Schmidbaur
et al.8c–i For example, the structure of a trigold(I)oxonium
cluster, [{Au(PMe3)}3(μ3-O)]

+ was a new structural motif for
chalcogen-centered gold clusters in that the monomeric units are
aggregated through crossed edges.8f In the trigold(I)-sulfonium
clusters, [{Au(PR3)}3(μ3-S)]

+, the steric and electronic effects of
the PR3 ligands are very similar and have the same structural
consequences that the nature of the anion may also play a
significant role: the [{Au(PPh3)}3(μ3-S)]

+ was a monomer in the
BF4

− salt, but a dimer in the PF6
− salt.8d,e

The BF4
− salt of the tetragold(I) cluster cation, [{Au-

(PPh3)}4(μ4-O)](BF4)2 has been synthesized so far by a quite
different method, i.e., the reaction of tris{triarylphosphinegold(I)}-
oxonium tetrafluoroborate, [{Au(PR3)}3(μ3-O)]BF4

9a,b with one
equivalent of a freshly prepared solution of the monomeric
species, [Au(PR3)]BF4 (R = phenyl, o-tolyl) by the Schmid-
baur’s group.9c It should be noted that tetragold(I) cluster cations
with different counterions (BF4

− vs. POM) have a different
geometry. The tetragold(I) cluster cation with a BF4

− counterion
is a regular tetrahedral structure (Td symmetry), while that with a
POM counterion is a trigonal-pyramidal structure (C3v sym-
metry). Thus, the latter is significantly influenced by POM
anions of a larger size and higher-charge density, compared with
the BF4

− anion. Schmidbaur very recently mentions that this

†Electronic supplementary information (ESI) available: Bond lengths
(Å) of the Keggin polyoxoanion in 1 (Table S1). CCDC 867542 for 1.
For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c2dt30456b

Department of Chemistry (formerly Department of Materials Science),
Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa
259-1293, Japan. E-mail: nomiya@kanagawa-u.ac.jp

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10085–10090 | 10085
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distorted structure of the tetragold(I) cluster is an unexpected sur-
prise in structural chemistry.8i

As to applications, several phosphinegold(I) complexes have
become known as effective homogeneous catalysts for organic
synthesis.10 For example, [{Au(PPh3)}3(μ3-O)]BF4

9a has been
used as an effective catalyst for a Claisen rearrangement of
propargyl vinyl ethers,10,11 and such a complex has also been
utilized as a precursor for the synthesis of novel metal com-
plexes.12 It is conceivable that the oxonium cations, [{Au-
(PR3)}3(μ3-O)]

+ are sources of the catalytically active
[Au(PR3)]

+ species which can activate both the alkyne and the
alkene functions.10e

The POM-mediated clusterization of the monomeric
phosphinegold(I) complexes provides effective synthetic routes
for novel phosphinegold(I) cluster cations by a combination of
the phosphinegold(I) carboxylate and the different POMs.
However, the clusterization mechanism of the monomeric phos-
phinegold(I) unit in the presence of the free-acid form of the
α-Keggin POM is still unclear. In this work, we have examined
the effects of the acidity of POMs on the formation of the
phosphinegold(I) cluster using the sodium salt of an α-Keggin
POM, Na3[α-PW12O40]·9H2O, and found the formation of a
novel intercluster compound. Herein, we report the synthesis and
characterization of a novel intercluster compound between the
heptakis{triphenylphosphinegold(I)}dioxonium cluster cation
and the α-Keggin POM, [{{Au(PPh3)}4(μ4-O)}{{Au-
(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH (1). This work finds that
the [{Au(PPh3)}3O]

+ cation and the [{Au(PPh3)}4O]
2+ dication

can be self-assembled to the [{Au(PPh3)}7O2]
3+ trication in the

presence of the sodium salt of the [α-PW12O40]
3− polyoxoanion.

This finding is even relevant to the isolobal protic species
[H3O]

+ and [H4O]
2+, which also attracts current interest.13

Results and discussion

Synthesis and compositional characterization

The intercluster compound between the heptakis{triphenyl-
phosphinegold(I)}dioxonium cluster cation and the α-Keggin
POM anion was obtained as 1 in 50.5% (0.249 g scale) yield.
Compound 1 was prepared by a reaction based on liquid–liquid
diffusion at room temperature between [Au((RS)-pyrrld)(PPh3)]
in CH2Cl2 and the sodium salt of an α-Keggin POM in a mixed
EtOH–H2O solvent. Characterization was performed by CHN
elemental analysis, TG/DTA, FTIR, X-ray crystallography, solid-
state CPMAS 31P NMR and solution (1H and 31P{1H}) NMR.

The heptagold(I) cluster was directly formed during the course
of carboxylate elimination from [Au((RS)-pyrrld)(PPh3)] in the
presence of the sodium salt of an α-Keggin POM. This reaction
occurs under the reaction space/field of the POM and is signifi-
cantly influenced by POM anions of a larger size and higher-
charge density. The heptagold(I) cluster and the previously
reported tetragold(I) cluster7 were formed by an α-Keggin POM
with different counter cations, i.e., sodium salt and a free-acid
form, respectively. The acidity of the POM contributes to the
clusterization of the monomeric phosphinegold(I) unit. Com-
pound 1 is an ionic crystal between the heptagold(I) cluster
cation and the POM anion, i.e., there is no direct bond between
them.

The heptagold(I) cluster containing two bridged-oxygen atoms
is a unique structure, and has never been reported before in
phosphinegold(I) chemistry.8 The two bridged-oxygen atoms
come from the water molecules contained in the reaction system
and/or the solvated water molecules of the POM. The heptagold(I)
cluster is formed only in the presence of POM. When an anion
was exchanged from the polyoxoanion to BF4

− using anion-
exchange resin, the tetragold(I) cluster was formed in solution
due to decomposition, but the heptagold(I) cluster itself was not
found. In fact, the chemical shift observed at 25.18 ppm was in
accord with the literature data of the tetragold(I) cluster cation
with the BF4

− counterion (at 25.10 ppm,7 25.4 ppm9c), but not
with the trigold(I) cluster cation with the BF4

− counterion
(at 24.0 ppm).9b This fact suggests that the heptagold(I) cluster
can exist only in the presence of a POM in the solid-state and
even in solution (see the section on solid-state CPMAS 31P and
solution 31P{1H} NMR).

The carboxylate plays only a role of a leaving group.7 Thus,
not only pyrrolidone carboxylate, but also other carboxylates
such as 5-oxotetrahydrofuran-2-carboxylate and acetylglycinate
can work in the formation of phosphinegold(I) clusters in the
presence of POMs.

The solid-state FTIR spectrum of 1 showed the characteristic
vibrational bands based on the coordinating PPh3 ligands. The
FTIR spectrum also showed prominent vibrational bands due to
the α-Keggin tungsto-POMs (1078, 977, 895 and 816 cm−1).14

In this spectrum, the carbonyl vibrational bands at 1696 and
1632 cm−1 of the anionic (RS)-pyrrld ligand in [Au((RS)-pyrrld)-
(PPh3)] disappeared, suggesting that the carboxylate ligand is
eliminated. Elimination of the carboxylate ligand was also
confirmed by 1H NMR in DMSO-d6.

Molecular structure

X-ray crystallography of 1 showed the formation of a discrete
intercluster compound between a heptakis{triphenylphosphine-
gold(I)}dioxonium cluster cation, [{{Au(PPh3)}4(μ4-O)}{{Au-
(PPh3)}3(μ3-O)}]

3+, and an α-Keggin POM anion. The mole-
cular structure of 1 and the framework of the heptagold(I) cluster
cation with an atom numbering scheme are shown in Fig. 1a and
1b, respectively. The heptagold(I) cluster consists of two gold(I)
clusters, i.e., the tetragold(I) cluster with a μ4-O atom and the
trigold(I) cluster with a μ3-O atom (Fig. 1c). Selected bond
lengths (Å) and angles (°) are given in Table 1.

As shown in Fig. 1b, the heptagold(I) cluster unit in 1 was
formed by inter-cationic aurophilic interactions (Au2–Au5
3.1028(6) Å, Au3–Au6 3.0936(7) Å, Au4–Au5 3.2428(6) Å,
Au4–Au6 3.2732(7) Å) between the tetragold(I) cluster unit and
the trigold(I) cluster unit. The tetragold(I) cluster moiety, {{Au-
(PPh3)}4(μ4-O)}

2+ had a distorted tetrahedron structure com-
posed of three intra-cationic aurophilic interactions (Au1–Au2
3.1381(6) Å, Au1–Au4 3.1790(7) Å, Au2–Au3 2.9581(6) Å)
and three longer edges (Au1–Au3 3.411 Å, Au2–Au4 3.741 Å,
Au3–Au4 3.785 Å). The three intra-cationic aurophilic inter-
actions (average 3.092 Å) were longer than the Au–Au distance
of metallic gold (2.88 Å),15 but shorter than the sum of two
van der Waals radii for gold (3.32 Å).16 One encapsulated μ4-O
atom (O1) was placed within the distorted tetrahedron (Au2–O1–Au3

10086 | Dalton Trans., 2012, 41, 10085–10090 This journal is © The Royal Society of Chemistry 2012
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89.2(3)°, Au2–O1–Au4 127.0(4)°, Au3–O1–Au4 128.6(3)°). In
the tetragold(I) cluster moiety, one of the phenyl groups was dis-
ordered. This tetragold(I) cluster moiety was different from the
previously reported tetragold(I) cluster.7 In the present
compound, an encapsulated μ4-O (O1) atom in the tetragold(I)
cluster moiety was placed within the distorted tetrahedron, while
in the previous tetragold(I) cluster, the μ4-O atom is in the basal
plane consisting of three gold atoms. On the other hand, in the
trigold(I) cluster moiety {{Au(PPh3)}3(μ3-O)}

+, three gold(I)
atoms formed a triangular plane composed of the Au5, Au6 and
Au7 atoms (Au5–Au7 3.0456(7) Å, Au6–Au7 3.0545(7) Å,
Au5–Au6 3.725 Å). One μ3-O atom (O2) was placed out-of-
plane consisting of the Au5, Au6 and Au7 atoms (Au5–O2–Au6
133.2(5)°, Au5–O2–Au7 97.4(3)°, Au6–O2–Au7 96.7(4)°).
In the trigold(I) cluster cation with the BF4

− counterion, i.e.,
[{Au-(PPh3)}3(μ3-O)]2(BF4)2 reported as a dimeric form in the

soild-state,9a three gold(I) atoms were arranged in a triangle
by three aurophilic interactions (3.032(7) Å, 3.034(7) Å,
3.215(6) Å), and one μ3-O atom was placed out-of-plane
(Au–O–Au angles 99(3)°, 103(3)°, 108(3)°). In the present
trigold(I) cluster moiety, one length (Au5–Au6 3.725 Å) of
the triangle formed by three gold(I) atoms was longer than
that (3.215(6) Å) of the trigold(I) cluster cation with the BF4

−

counterion, and the present μ3-O atom (O2) located closer to
the triangle plane. The trigold(I) cluster cation with the
BF4

− counterion existed as a dimeric form in the solid-state,9a

while the present trigold(I) cluster moiety with the POM
was formed as a part of the heptagold(I) cluster. Therefore,
the structure of the trigold(I) cluster moiety is essentially
different.

The molecular structure of the α-Keggin POM anion,
[α-PW12O40]

3− as a counterion in 1, was identical with that of

Fig. 1 (a) Molecular structure of [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH (1), (b) the partial structure around the heptagold(I)
cluster in 1 and (c) the tetragold(I) cluster unit and the trigold(I) cluster unit in the heptagold(I) cluster.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 10085–10090 | 10087
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previously reported POMs.17 The W–O bond lengths of the
α-Keggin units were in the normal range (Table S1†).1b,17

Solid-state CPMAS 31P and solution 31P{1H} NMR

The solid-state CPMAS 31P NMR spectrum (Fig. 2a) of 1
showed two broad signals at −14.2 and 24.6 ppm due to the
α-Keggin POM and PPh3 groups of the heptagold(I) cluster,
respectively. The peak at 24.6 ppm due to the PPh3 groups is
observed as one broad signal, because all PPh3 groups are in an
approximately equivalent state, but they are not fluxional in the
solid-state. The three broad signals of the tetragold(I) cluster
cation with the POM counterion (Fig. 2b) were assignable to the
heteroatom phosphorus in the α-Keggin POM anion
(−14.6 ppm) and the two unequivalent phosphorus atoms (15.3,
25.8 ppm) due to the PPh3 groups in the distorted tetrahedron of
the tetragold(I) cluster cation.7 The solution 31P{1H} NMR spec-
trum (Fig. 2c) of 1 in DMSO-d6 showed two sharp signals at
−14.92 and 24.46 ppm. The peak at −14.92 ppm is assignable
to the heteroatom phosphorus in the α-Keggin POM. The other
peak at 24.46 ppm is an averaged signal of PPh3 groups due to
fluxional motion in the solution of the heptagold(I) cluster,
which corresponds to the solid-state broad signal at 24.6 ppm.
Probably the heptagold(I) cluster would be present in solution
only in the presence of the POM, i.e., it cannot exist without the
POM. The solution 31P{1H} NMR signal at 24.46 ppm slightly
shifted to a higher field from the single signal observed at
24.84 ppm of the tetragold(I) cluster in solution (Fig. 2d).7 In
general, the 31P NMR signals of phosphinegold(I) clusters are
observed in the higher field in comparison with that of the pre-
cursor, [Au((RS)-pyrrld)(PPh3)] at 27.61 ppm in CDCl3.

Conclusion

Pale-yellow, block crystals of novel, ionic intercluster compound,
[{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH
(1) were obtained in 50.5% yield by the liquid–liquid diffusion
method of a 1 : 7 molar-ratio reaction system of Na3[α-
PW12O40]·9H2O and [Au((RS)-pyrrld)(PPh3)] in CH2Cl2 in a
solvent mixture of EtOH–H2O (2 : 1). The heptaphosphinegold(I)
cluster species in 1 has never been reported before in
phosphinegold(I) chemistry. The formation of 1 significantly
depends upon the POM and, in particular, the acidity of
[α-PW12O40]

3− plays an important role in the clusterization of
the monomeric [Au(PPh3)]

+ unit; the sodium salt of the POM
provides the heptagold(I) cluster, while the free-acid form of the
POM gives the tetragold(I) cluster.7 The heptagold(I) cluster unit,
composed of the tetragold(I) cluster unit and the trigold(I) cluster
unit, possessed the bridged-oxygen atoms, μ4-O and μ3-O,
respectively, which came from water molecules contained in the
reaction system and/or solvated water molecules in the POM. It
should be noted that the heptagold(I) cluster can exist only in the
presence of a POM in the solid-state and even in solution. In this
work, formation of the novel phosphinegold(I) cluster was antici-
pated by a combination of the phosphinegold(I) carboxylate
precursor and a POM with different acidity and charge density.
Research in this direction is in progress.

Experimental

Materials

The following reactants were used as received: EtOH, CH2Cl2,
Et2O (all from Wako); DMSO-d6 (Isotec). As for the α-Keggin

Table 1 Selected bond lengths (Å) and angles (°) around the
heptagold(I) cluster in 1

Lengths

Au(1)–O(1) 2.054(7) Au(5)–O(2) 2.013(8)
Au(2)–O(1) 2.097(7) Au(6)–O(2) 2.047(9)
Au(3)–O(1) 2.116(7) Au(7)–O(2) 2.040(8)
Au(4)–O(1) 2.084(8)

Average 2.064

Au(1)–P(1) 2.220(3) Au(5)–P(5) 2.217(3)
Au(2)–P(2) 2.230(3) Au(6)–P(6) 2.204(4)
Au(3)–P(3) 2.220(3) Au(7)–P(7) 2.219(3)
Au(4)–P(4) 2.218(3)

Average 2.218

Au(1)–Au(2) 3.1381(6) Au(4)–Au(5) 3.2428(6)
Au(1)–Au(4) 3.1790(7) Au(4)–Au(6) 3.2732(7)
Au(2)–Au(3) 2.9581(6) Au(5)–Au(7) 3.0456(7)
Au(2)–Au(5) 3.1028(6) Au(6)–Au(7) 3.0545(7)
Au(3)–Au(6) 3.0936(7)

Average 3.1209

Angles

Au(2)–O(1)–Au(3) 89.2(3) Au(5)–O(2)–Au(6) 133.2(5)
Au(2)–O(1)–Au(4) 127.0(4) Au(5)–O(2)–Au(7) 97.4(3)
Au(3)–O(1)–Au(4) 128.6(3) Au(6)–O(2)–Au(7) 96.7(4) Fig. 2 Solid-state CPMAS 31P NMR spectra of (a) 1 and (b) the

tetragold(I) cluster,7 and solution 31P{1H} NMR spectra in DMSO-d6
of (c) 1 and (d) the tetragold(I) cluster.7 Broad signals denoted by
asterisks in the higher field are due to spinning sidebands.

10088 | Dalton Trans., 2012, 41, 10085–10090 This journal is © The Royal Society of Chemistry 2012
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POM, Na3[α-PW12O40]·9H2O was synthesized according to the
literature6 and identified by FTIR, TG/DTA and solution
31P NMR spectroscopy. The phosphinegold(I) carboxylate,
[Au((RS)-pyrrld)(PPh3)] was synthesized according to the literature5

and identified by CHN elemental analysis, FTIR, TG/DTA and
solution (1H, 13C{1H} and 31P{1H}) NMR spectroscopy.

Instrumentation and analytical procedures

CHN elemental analyses were carried out with a Perkin-Elmer
2400 CHNS Elemental Analyzer II (Kanagawa University). IR
spectra were recorded on a Jasco 4100 FT-IR spectrometer in
KBr disks at room temperature. Thermogravimetric and differen-
tial thermal analyses (TG/DTA) were acquired using a Rigaku
Thermo Plus 2 series TG/DTATG 8120 instrument.

1H NMR (500.00 MHz) and 31P{1H} NMR (202.00 MHz)
spectra in a DMSO-d6 solution were recorded in 5 mm outer
diameter tubes on a JEOL JNM-ECP 500 FT-NMR spectrometer
with a JEOL ECP-500 NMR data processing system. The
1H NMR spectra were referenced to an internal standard of tetra-
methylsilane (SiMe4). The 31P{1H} NMR spectra were refer-
enced to an external standard of 25% H3PO4 in H2O in a sealed
capillary. The 31P NMR data with the usual 85% H3PO4 refer-
ence are shifted to +0.544 ppm from our data.

Solid-state cross-polarization magic-angle-spinning (CPMAS)
31P NMR (121.00 MHz) spectra were recorded in 6 mm outer
diameter rotors on a JEOL JNM-ECP 300 FT-NMR spec-
trometer with a JEOL ECP-300 NMR data processing system.
This spectrum was referenced to an external standard
(NH4)2HPO4 (δ 1.60).

Synthesis

[{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH
(1). [Au((RS)-pyrrld)(PPh3)] (0.329 g, 0.560 mmol) was dis-
solved in 40 mL of CH2Cl2. A clear solution of Na3[α-
PW12O40]·9H2O (0.249 g, 0.080 mmol) dissolved in 60 mL of
an EtOH–H2O (2 : 1, v/v) mixed solvent was slowly added along
an interior wall of a round-bottom flask containing a colorless
clear solution of the gold(I) complex. The round-bottom flask
containing two layers, i.e., the gold(I) complex solution in the
lower layer and the POM solution in the upper layer, was sealed
and left in the dark at room temperature. After 5 days, pale-
yellow, clear block crystals formed around the interface of the
two layers, which were collected on a membrane filter
(JG 0.2 μm), washed with EtOH (20 mL × 2) and Et2O (20 mL
× 2), and dried in vacuo for 2 h. Yield: 0.249 g (50.5%). The
crystalline samples were soluble in DMSO and DMF, but insolu-
ble in H2O, EtOH and Et2O. Found: C, 24.97; H, 1.39%. Calc.
for C128H111O43P8Au7W12 or [{{Au(PPh3)}4(μ4-O)}{{Au-
(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH: C, 24.92; H, 1.81%.
TG/DTA under atmospheric conditions: a weight loss of 1.05%
due to desorption of EtOH was observed at below 213.7 °C;
calc. 0.75% for 1 EtOH molecule. IR (KBr): 1479 w, 1436 s,
1183 vw, 1101 m, 1078 s, 977 vs, 895 s, 816 vs, 742 s, 711 m,
689 s, 538 m, 508 s cm−1. Solid-state CPMAS 31P NMR:
δ −14.2, 24.6. 31P{1H} NMR (24.5 °C, DMSO-d6): δ −14.92,
24.46. 1H NMR (23.6 °C, DMSO-d6): δ 1.09 (t, J = 7.1,

CH3CH2OH solvate), 3.39 (q, J = 7.0, CH3CH2OH solvate),
7.31–7.51 (m, PPh3).

X-ray crystallography

A pale-yellow, clear block crystal (0.21 × 0.20 × 0.16 mm3) was
surrounded by liquid paraffin to prevent its degradation. Data
collection was done by a Bruker SMART APEX CCD diffract-
ometer at 90 K in the range of 0.95° < θ < 27.50°. The intensity
data were automatically collected for Lorentz and polarization
effects during integration. The structure was solved by direct
methods (program SHELXS-97)18a followed by subsequent
difference Fourier calculation and refined by a full-matrix, least-
squares procedure on F2 (program SHELXL-97).18b Absorption
correction was performed with SADABS (empirical absorption
correction).18c The composition and formula containing the sol-
vated molecule were determined by CHN elemental analysis,
TG/DTA and 1H NMR. Solvent molecules (EtOH) in the struc-
ture were highly disordered and impossible to refine by using
conventional discrete-atom models. To resolve these issues, the
contribution of the solvent electron density was removed by
using the SQUEEZE routine in PLATON.19 In the refinement,
the restraint command ‘isor’ and ‘simu’ were employed to keep
thermal parameters reasonable. This command led to the restraint
number 5154 for the compounds.

Crystal data. C128H111Au7O43P8W12, M = 6169.89, monocli-
nic, space group P2(1)/n, a = 16.2752(14), b = 39.606(3), c =
25.931(2) Å, β = 99.623(2)°, V = 16 480(2) Å3, Z = 4, Dc =
2.487 Mg m−3, μ(Mo-Kα) = 14.683 mm−1. R1 = 0.0660, wR2 =
0.1279 (for all data). Rint = 0.0596, R1 = 0.0496, wR2 = 0.1213,
GOF = 1.049 (156 542 total reflections, 37 798 unique reflec-
tions where I > 2σ(I)). The maximum and minimum residual
density (+7.472 and −7.807 e Å−3) holes were located at 0.74 Å
from Au(6) and 0.78 Å from Au(6), respectively. The Keggin
polyoxoanion consisting of 12 tungsten atoms, one phosphorus
atom, 40 oxygen atoms, and a gold(I) cluster cation consisting of
7 gold atoms, 7 phosphorus atoms, 126 carbon atoms, 105 hydro-
gen atoms and 2 bridged-oxygen atoms, per formula unit, were
identified, but the location of one solvated EtOH molecule per
formula unit was not determined as a result of disorder. CCDC
867542.†
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Characterization of nickel(II)-acylperoxo species
relevant to catalytic alkane hydroxylation by nickel
complex with mCPBA†

Shiro Hikichi,*a Kento Hanaue,a Takako Fujimura,a Hideho Okuda,a Jun Nakazawa,a

Yoshiko Ohzu,b Chiho Kobayashib and Munetaka Akitab

Nickel complexes with hydrotris(pyrazolyl)borate ( = TpR) ligands catalyze alkane oxidation with organic

peroxide meta-Cl–C6H4C(vO)OOH (= mCPBA). The electronic and steric hindrance properties of TpR

affect the catalyses. The complex with an electron-withdrawing group containing a less-hindered ligand,

that is, TpMe2,Br, exhibits higher alcohol selectivity. Higher selectivity for secondary over tertiary alcohols

upon oxidation of methylcyclohexane indicates that the oxygen atom transfer reaction proceeds within

the coordination sphere of the nickel centers. A reaction of the catalyst precursor, dinuclear nickel(II)-

bis(μ-hydroxo) complexes, with mCPBA yields the corresponding nickel(II)-acylperoxo species, as have

been characterized by spectroscopy. Thermal decomposition of the nickel(II)-acylperoxo species in CH2Cl2
yields the corresponding nickel(II)-chlorido complexes through Cl atom abstraction. Employment of the

brominated ligand increases the thermal stability of the acylperoxo species. Kinetic isotope effects

observed on decay of the nickel(II)-acylperoxo species indicate concerted O–O breaking of the nickel-

bound acylperoxide and H-abstraction from the solvent molecule.

Introduction

Selective partial oxidation of alkanes to the corresponding
alcohols is an important fundamental chemical transform-
ation.1 In order to achieve high alcohol selectivity, a free
radical-contributed reaction should be prevented because as
such reaction will give a mixture of alcohol and the corres-
ponding over-oxidized product (i.e. ketone or aldehyde)
through the Russel termination mechanism.2,3 It therefore
remains important to design catalysts that provide a metal-
based oxidant showing alkane hydroxylation activity. The most
considerable metal-based oxidants are high-valent metal-oxo
(or metal-oxyl radical) species. Metal-peroxo species, LM–OO–Z
(where L denotes a metal supporting ligand, Z = none, H,
alkyl, acyl, metal), are also possible candidates for the metal-
based oxidants. Moreover, these species are promising
precursors for the metal-oxo species produced by O–O bond
activation under mild conditions.4

Recently, some experimental5–9 and theoretical10,11 investi-
gations have revealed the alkane hydroxylation potential of
active oxygen complexes of nickel. One of the interesting find-
ings is the selective hydroxylation of cyclohexane catalyzed by
nickel(II) complexes with mCPBA explored by Itoh and co-
workers.5a–c In addition, Balamurugan et al. have reported
similar catalytic alkane hydroxylation by a series of nickel(II)
complexes with mCPBA.5d The correlation between the struc-
tures of the metal-supporting ligands (shown in Fig. 1) and the
catalytic activities of the resulting nickel(II) complexes has
been revealed. During the catalytic process, homolytic O–O
bond rupture of a putative nickel(II)-acylperoxo intermediate
occurs, as has been evidenced by the formation of chloro-
benzene from mCPBA. Although no reaction intermediates
have been detected in these catalytic systems, a related mono-
nuclear nickel(III)-oxygen (oxo and hydroxo) species that is
formed through the reaction of the Ni(II) precursor with
mCPBA has very recently been characterized.6

In this study, hydrotris(3,5-dialkyl-4-X-pyrazolyl)borates,
TpR2,X where R = Me or iPr and X = H or Br (when X = H, H is
omitted in the abbreviation shown as TpR2; the abbreviation
system follows that in the literature:12 see Fig. 1), have been
employed as the nickel-supporting scaffold. The advantage of
TpR2,X is structural and electronic controllability.12 In particu-
lar, substituent groups on the distal fourth position of the pyr-
azolyl groups affect the electronic nature of the resulting TpR2,X

†Electronic supplementary information (ESI) available. See DOI:
10.1039/c2dt32419a
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complex, although the structural environment around the
metal center is almost the same as that of the prototype com-
pound where X = H. Such electronic tuning leads to control
of the stability and reactivity of the nickel(II)-alkylperoxo
species.13 This strategy is expected to provide insight into the
catalytic alkane hydroxylation mechanism of the nickel(II)–

mCPBA system. As reported herein, we have explored the cata-
lyses of the TpR2,X supported nickel(II) complexes toward cyclo-
hexane oxygenation with mCPBA. Notably, we have succeeded
in detecting thermally unstable nickel(II)-acylperoxo
species formed by reaction of the dinuclear nickel(II)-bis-
(μ-hydroxo) complexes, [(NiIITpR2,X)2(μ-OH)2] (1

X where R = Me

Fig. 1 Cyclohexane oxygenation by the Ni–mCPBA system and the ligands used as the support for nickel.
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and 1′X where R = iPr, respectively),8e,13,14 with mCPBA. Product
analyses and kinetic studies of the thermal decomposition
process of the nickel(II)-acylperoxo species provide insights into
the alkane hydroxylation mechanism through the O–O acti-
vation process.

Results and discussion
Correlation between catalytic activity and the nature of the
metal-supporting ligands

Prior to characterization of a putative nickel(II)-acylperoxo
intermediate, trends in cyclohexane oxygenation catalyses of
the TpR2,X-supported nickel complexes were explored (Table 1).
The catalysts derived from 1X, of which the metal-supporting
ligands were the less hindered TpMe2,X, yielded the alcohol as
the major product. The more hindered TpiPr2,X ligand ana-
logues 1′X did not exhibit such catalytic activity even in the
large excess substrate reaction. In contrast, the alkylperoxo-
nickel(II) complex [NiII(OOtBu)TpiPr2] can catalyze the oxygen-
ation of cyclohexane with tert-butylhydrogenperoxide, but the
major product is cyclohexanone because the free-radical reac-
tion occurs predominantly.7 As reported previously by Nam
and coworkers, a simple nickel(II) salt (an MeCN solution of
Ni(ClO4)2) cannot catalyze cyclohexane oxidation with
mCPBA.15 Therefore, the catalytic hydroxylation activity of
nickel emerges from employment of the appropriate ligands
controlling the generation of a metal-based oxidant. In the
case of the tris(pyridylmethyl)amine (TPA) ligand system, a
cobalt catalyst exhibits selective hydroxylation activity similar

to that of the nickel catalyst.5a Moreover, a cobalt–porphyrinato
complex as well as a cobalt–perchlorate salt catalyze cyclo-
hexane hydroxylation with mCPBA.15,16 In contrast, the
cobalt(II) analogues of 1X were almost inactive under the exam-
ined reaction conditions. These findings imply that the combi-
nation of a central metal ion and its supporting ligand is
dominant.

The electron-withdrawing bromine-containing TpMe2,Br

ligand catalyst 1Br showed a higher alcohol yield than that of
the non-brominated ligand catalyst 1H when the reaction pro-
ceeded in CF3C6H5 (Fig. S4†). In the reaction of the mixture of
a large excess of substrate and a small amount of CH2Cl2 as a
solvent for mCPBA, an extremely high A/K value (= 53) was
achieved by 1Br. In this reaction condition, TON of 1Br reached
42 (theoretical maximum is 50). The less electron-withdrawing
ligand catalyst 1H exhibited somewhat a higher TON (= 46) but
a lower A/K ( = 32) (Fig. 2).

The formation of chlorobenzene (C6H5Cl) indicated that
homolytic O–O bond cleavage of a putative nickel(II)-acylperoxo
intermediate occurred in the present oxidation process.5b,d

In the reactions of large excess substrate (entries 3 and 4 in
Table 1), 57 μmol of C6H5Cl formed when 1Br was used as
the catalyst precursor, while 84 μmol of C6H5Cl formed when
1H was used. The yield of C6H5Cl seems to be correlated with
the selectivity of the oxygenated products; a small amount
of radical species such as a phenyl radical (generated by
decarboxylation of acyloxy radical) might work as a mediator
for a free-radical contributed reaction giving a ketone.

When methylcyclohexane was employed as a substrate, 1X/
mCPBA systems showed high secondary alcohol selectivity
(Table 2). In the absence of 1X, i.e. control reactions (entries 3
and 4 in Table 2), the tertiary C–H bond was oxidized selec-
tively. In the case of substituted cyclohexanes, the tertiary C–H
is sterically crowded. Therefore, the bulkiness of the oxidant
affects the product selectivity,17 and selective hydroxylation on
secondary C–H bonds results from a sterically demanding
TpMe2,X-supported nickel-based oxidant.

To clarify the nature of the active oxygen species, cyclo-
hexane oxidation in the presence of H2

18O was examined.
No 18O-labeled cyclohexanol could be detected, whereas an
18O-labeled cyclohexanone was obtained (Fig. S5†). These

Fig. 2 Time course of cyclohexane oxidation with mCPBA mediated by 1X

under a large excess of substrate (corresponding to entries 3 and 4 in Table 1).

Table 1 Catalytic activity of 1H for cyclohexane oxidation

Entry Complex

Productsa/μmol

A/Kb TONc

Solvent: C6H5CF3 (5 mL), amount of 1X = 26 μmol, Ni :mCPBA : C6H12 =
1 : 5 : 50
1 1H 10.7 6.4 1.7 0.5
2 1Br 35.9 20.4 1.8 1.5

Solvent: CH2Cl2 (1 mL), amount of 1X = 13 μmol, Ni∶mCPBA∶C6H12 =
1 : 50 : 2500
3 1H 227 7.0 32 46
4 1Br 210 4.0 53 42

a ε-Caprolactone, which would form through the reaction of
cyclohexanone and mCPBA, was not obtained under the examined
reaction conditions. b A/K = yield of cyclohexanol/yield of
cyclohexanone. c TON = (cyclohexanol + 2 × cyclohexanone)/nickel.
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findings imply that the 18O-labeled ketone is not formed from
the corresponding alcohol by its over-oxidation, and that the
formation pathways of alcohol and ketone are different in our
TpR2,X-supported nickel–mCPBA system as well as the pre-
viously reported nickel complexes with the amine-based
neutral ligands.5 In addition, the oxygen atom of the alkane
hydroxylating active species of our system (i.e. nickel–oxygen
species) is not exchangeable with the oxygen atom of the water
molecule. Incorporation of the oxygen atom of H2O into cyclo-
hexanol occurs in the cyclohexane oxidation with mCPBA cata-
lyzed by iron and cobalt catalysts (porphyrinato complexes of
iron and cobalt, and CoII(ClO4)2) reported by Nam and co-
workers.15,16,18 In these iron and cobalt systems, high-valent
metal-oxo species are proposed as the active oxidant and their
oxo ligands are exchangeable. Such a difference between our
nickel and the other systems may be due to the reaction
mechanism and the character of the active species. Possible
explanations for our nickel system are: (i) the active oxidant
is a putative nickel–oxygen species (such as NiIIIvO or
NiII–O˙)5b,d,6 and its oxygen atom is readily transferred to the
substrate via hydrogen atom abstraction and the radical-
rebound mechanism, and (ii) a nickel(II)-mCPBA complex is
the active oxidant and the reaction occurs via a concerted
mechanism through concomitant O–O rupture and oxygen
atom transfer. In the iron–heme system reported by Nam and
coworkers, the extent of the 18O incorporation into the product
is varied depending on the nature of the catalysts as well as
the reaction conditions, including the choice of solvent.18

Characterization of nickel(II)-acylperoxo species 2X

The alkane hydroxylation catalyses of 1X motivate us to charac-
terize a putative nickel–acylperoxo species that may be a key
intermediate formed during the mCPBA activation process.

Titration of the reaction of 1H with mCPBA at 223 K monitored
by UV/Vis spectra revealed that the increase in the absorption
band around 386 nm became saturated when two equivalents
of mCPBA were added to the CH2Cl2 solution of the dinuclear
nickel(II)-bis(μ-hydroxo) complex 1H (Fig. 3 and Table 3). The
intensity of this band is not very high, and the spectral pattern
of this pale blue solution is clearly different from those of the
dinuclear nickel(III)-bis(μ-oxo) and mononuclear nickel(II)-
alkylperoxo complexes with TpR.7,8e,13

An IR spectrum of this solution exhibited a peak at
1644 cm−1 under low-temperature conditions, and this peak
disappeared in response to increases in the solution temp-
erature (Fig. 4). Therefore, the thermally unstable pale blue
species could be assigned as the nickel(II)-acylperoxo complex,

Table 2 Catalytic methylcyclohexane oxidation by 1X with mCPBA

Entry Complex
Productsa/μmol

3°-ol : 2°-olb TONc

1 1H 74.7 47.1 61.6b 27.9 3.8 0.6 0.9 35 : 65 43
2 1Br 72.3 45.6 62.4b 29.6 3.3 0.5 0.8 34 : 66 42
3 None 6.1 0.9 0.9b 0 0 0 0 77 : 23 2d

4 Nonee 153.6 10.4 11.5b 6.6 1.9 0.5 0.2 84 : 16 36d

a ε-Caprolactones, which would be formed through the reaction of methylcyclohexanones and mCPBA, and cyclohexanecarboxaldehyde, which
would be formed by oxidation of cyclohexanemethanol ( = 1°-ol), were not obtained under the examined reaction conditions. b A small amount of
2-methylcyclohexanone was included. c TON = (3°-ol + 2° -ol + 1°-ol + 2 × 2°-one)/nickel. d Values based on 5.2 μmol of virtual nickel catalyst.
e Reaction conditions: 353 K, without CH2Cl2, 2 h.

Fig. 3 UV/Vis spectra of in situ-generated 2H (formed by the reaction of the
dinuclear nickel(II) complex 1H with 2 equiv. of mCPBA) and the parent 1H in
CH2Cl2 at 223 K.
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[NiII(OOC(vO)C6H4Cl)(Tp
Me2)] (2H), formed through dehydra-

tive condensation of 1H with a stoichiometric amount of
mCPBA (i.e., Ni(II)–mCPBA = 1 : 1).19 The νCvO bands of free
mCPBA and mCBA are observed at 1738 and 1706 cm−1,
respectively, under the same conditions (i.e. CH2Cl2 solution
at 223 K). To date, a few meta-chloroperbenzoate complexes
have been characterized, and the wavenumbers of their νCvO
bands (observed in the solid state) are correlated to the
binding mode of the acylperoxo moieties, as summarized in
Table 4.20–22 As found for the structure-determined dinuclear
copper(II) complex, the non-coordinating acyl group shows a

small blue shift of the νCvO compared to that of the free
mCPBA.21 The observed νCvO peak at 1644 cm−1 of 2H

suggests coordination of the acyl group to the nickel center
(see Scheme 1), and the molecular structure of 2H is probably
similar to that of the copper(II) derivative of TpiPr2 reported by
Kitajima and coworkers.22

The other nickel(II)-hydroxo complexes, not only the cata-
lytically active TpMe2,Br but also the inactive TpiPr2,X derivatives,
gave the corresponding acylperoxo complexes 2Br and 2′X,
respectively. As summarized in Tables 3 and 4, spectral pat-
terns of UV/Vis and wavenumbers of νCvO of 2Br and 2′X are
similar to those of 2H. These findings indicate that the reason
for the catalytic inertness of the TpiPr2,X complexes is the steric
hindrance between the substrate and the isopropyl groups
surrounding the nickel center. Three isopropyl groups on
the third position of the pyrazolyl rings in TpiPr2,X work as
hindered shades surrounding the nickel center, which stabil-
izes the nickel(II)-acylperoxo species. In fact, the most stable
complex 2′Br could be isolated, although the C–H hydroxylation
potential was retained, as evidenced by the intra-molecular
ligand oxygenation (vide infra). Unfortunately, our challenge to
get single crystals of 2′Br (and other ligand derivatives) has not
met with success so far.

Characterization of product complexes derived from thermal
decomposition of 2X and 2′X

The nickel(II)-acylperoxo species 2X and 2′X decomposed even
at 253 K, and the resulting product nickel(II) complexes were
varied depending on conditions such as solvent and temp-
erature as well as R of TpR2,X (Scheme 1).

(i) Products from the TpMe2,X complexes 2X. In the case of
the CH2Cl2 solution of 2X having the less hindered TpMe2,X,
raising the solution temperature from 223 to 253 K resulted in

Fig. 4 IR spectra of the CH2Cl2 solutions of in situ-generated 2H (formed by
the reaction of the dinuclear nickel(II) complex 1H with 2 equiv. of mCPBA; top),
the parent 1H (bottom), and the sample once warmed to room temperature
(recorded at 223 K).

Table 4 IR band of νCvO of the acyl componenta

Compound νCvO [cm−1] Ref.

2H 1646a This work
2Br 1661, 1643a,c This work
2′H 1643b This work
2′Br 1637b This work
[FeIII(OOC(vO)C6H4Cl) (TTPPP)] 1744b 20
[CuII2 (XYL–O–)(μ-OOC(vO)C6H4Cl)]

2+ 1745b 21
[CuII(OOC(vO)C6H4Cl)(Tp

iPr2)] 1640b 22
mCPBA 1738a, 1726b This workd

mCBA 1706a, 1696b This workd

a CH2Cl2 solution.
b Solid sample (KBr or Nujol). c Two peaks appeared.

See ESI (Fig. S6†). dMeasured under the same conditions for 2X

(CH2Cl2 solution at 223 K) and for 2′X (KBr pellet at room
temperature).

Table 3 UV/Vis spectral data of 2X and 2’Xa

2Hb 2Brb 2′Hc 2′Brc

λ [nm] 386 (148) 382 (108) 386 (260) 386 (151)
(ε [M−1 cm−1]) 633 (42) 628 (22) 654 (68) 654 (50)

a ε values of 2X and 2′H were estimated based on the concentration of
nickel in the parent hydroxo complexes 1X and 1′H, while the ε of 2′Br

was determined based on the used 2′Br, which was isolated as a pale
blue powder by refrigeration. b CH2Cl2 solution at 223 K. c Et2O
solution at 233 K.

Scheme 1 Formation of the nickel(II)-acylperoxo complexes and their thermal
decomposition products.
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changing the solution color from pale blue-green to pale
brown. The resultant pale brown solutions exhibited absorp-
tion around 480 nm attributed to the Cl-to-Ni charge transfer
band of nickel(II)-chloride complexes, [NiII(Cl)(TpMe2,X)]
(3X; see Fig. 5(a): the formed complexes 3X were characterized
by comparison to authentic samples synthesized via another
method).23 The yields of 3X were over 85% (determined by
UV/Vis) when the CH2Cl2 solutions of 2X were stored at 253 K
for 12 h and then slowly warmed to room temperature. As we
have reported previously, thermal decomposition of the
nickel(II)-tert-butylperoxo complexes with TpiPr2,X in CH2Cl2
yields the corresponding chloride complexes [NiII(Cl)(TpiPr2,X)]
(3′X) with a moderate yield (ca. 30%).7,13 The formation of 3′X

may proceed through abstraction of the Cl atom from CH2Cl2
by a putative nickel(I) species given by the Ni–O bond homoly-
sis of the alkylperoxo complexes. The yielding of 3X from the
nickel(II)-acylperoxo complexes 2X suggests the formation of a
nickel(I) species through the thermal decomposition process.
Itoh and coworkers have proposed formation of the nickel(I)
species after the hydroxylation of alkane in the catalytic pro-
cesses.5b In this context, we can hypothesize that nickel(I)

species with TpMe2,X are formed after the oxidation of CH2Cl2.
The formation rates of 3X (3.2 × 10−4 for 3H and 5.2 × 10−5 s−1

for 3Br, respectively, at 253 K) were lower than the decay rates
of the corresponding 2X (vide infra). Therefore, the conversion
from 2X to 3X might proceed by a stepwise process through the
decomposition of 2X and the following reaction of the result-
ing nickel(I) species with CH2Cl2 to give 3X, although we have
not succeeded in trapping any intermediates so far.

The other products obtained in the decomposition reac-
tions in CH2Cl2 were nickel(II)-meta-chlorobenzoate complexes,
[NiII(O2CC6H4Cl)(Tp

Me2,X)] (4X), having characteristic absorp-
tion bands around 420–430 nm (see the Experimental section).
Decomposition of 2X in CH2Cl2 at 273 K led to an increase in
the yield of 4X with a decrease in 3X, as shown in Fig. 5(b).
Therefore, the formation of 3X and 4X occurred competitively.

Decomposition of 2X in toluene yielded 4X, with yields of 4H

and 4Br of 73 and 77% (determined by UV/Vis), respectively. A
possible explanation for the formation of 4X is the coupling of
the nickel(I) species with an acyloxy radical resulting from
homolysis of the O–O bond of 2X (see Scheme 2). Mass spectral
analyses revealed no formation of oxidized TpMe2,X ligand com-
pounds in the case of products derived from either CH2Cl2 or
toluene solutions. However, decomposition of 2Br in CD2Cl2
resulted in the oxidation of TpMe2,Br. This result implies that
there are competitive reactions between the solvent and the
methyl group on TpMe2,Br.

(ii) Ligand hydroxylation on TpiPr2,X complexes 2′X. In the
case of more hindered TpiPr2,X systems, the solvent type did
not affect the products. UV-vis spectra of the products derived
from both CH2Cl2 and Et2O solutions of 2′X exhibited peaks
around 430 nm, and these spectral patterns were the same as
those of the TpiPr2,X analogues of 4X, [NiII(O2CC6H4Cl)(Tp

iPr2,X)]
(4′X). In mass spectra of the product derived from a CH2Cl2 sol-
ution, no peak of the chloride complexes 3′X existed, whereas
peaks consistent with the formula [4′X + O] (m/z = 933) were
observed. 1H NMR spectra of the product mixture showed the
existence of 4X and another species, of which the three-fold
symmetry of the tris(pyrazolyl)borate ligand moiety was lost.
Moreover, the 1H NMR spectrum derived from 2′Br contained a
signal at 16.5 ppm, of which the proton was exchangeable with
external D2O. These spectral features suggest the progress of
partial oxygenation of the methine portion of the isopropyl
groups of TpiPr2,X proximal to the nickel center, and the pro-
ducts were tentatively assigned as nickel(II)-carboxylate com-
plexes with hydroxylated TpiPr2,X ligands, [NiII(O2CC6H4Cl)-
{HB(3-Me2C(OH)-5-iPrpz)(3,5-iPr2pz)2}] (5′X; see Scheme 1).
Such intra-molecular ligand oxygenations have been observed
in various transition metal-active oxygen complexes such as
M2(μ-O)2 and M–OOR, including the nickel- and cobalt-TpiPr2

complexes.7,8d,8e,13,24 Interestingly, the selectivity for the
ligand-hydroxylated compounds 5′X seems to be correlated
with the nature of X on TpiPr2,X. The product ratios of 5′X : 4′X

were 7 : 1 from 2′Br and 1 : 2 from 2′H, respectively (determined
by 1H NMR). Although the hindered TpiPr2,X complexes cannot
catalyze cyclohexane hydroxylation, the higher selectivity
toward the intra-molecular alkyl group hydroxylation on 2′Br is

Fig. 5 Decay of 2Br observed by time-course UV/Vis spectra. [2Br] = 1 mM. (a)
Interval of the spectrum recording was 60 min. (b), (c) Interval of the spectrum
recording was 20 min.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 42, 3346–3356 | 3351

─ 187 ─



consistent with that the alcohol selectivity of the TpMe2,Br

ligand catalyst is higher than that of the non-brominated
TpMe2 ligand catalyst.

Kinetics of the thermal decomposition process of 2X

In the absence of an external substrate, both 2X and 2′X decom-
posed spontaneously in accord with first-order kinetics. The
bromine-containing ligand complexes are more stable than
the parent non-brominated complex. Also, 2′Br is more stable
than 2Br (Table 5). These orders illustrate how both the elec-
tronic and steric nature of the ligands affect the lifetime of the
acylperoxo species and the substrate-oxidizing activities. The
bulky alkyl groups (i.e. 3-iPr on TpiPr2,X) wrap the O–O moiety
of the metal-bound acylperoxide to stabilize 2′X but hinder the
reaction with the external substrate. The smaller methyl substi-
tuents on TpMe2,X are of an appropriate size to provide sub-
strates-accessible space allowing for the catalyses of 2X. As well
as the previously reported nickel(II)-alkylperoxo complexes with
TpiPr2,X,13 incorporation of the electron-withdrawing bromine
at the distal fourth position of the pyrazolyl groups in TpR2,X

results in an increase in the stability of the nickel(II)-acylperoxo
species.

Interestingly, kinetic isotope effects were observed during
the decay of 2X in CH2Cl2–CD2Cl2. The observed kH/kD values
at 253 K were 2.5 for 2H and 3.2 for 2Br, respectively. Interest-
ingly, the yields of the chloride complexes 3X decreased when
the deuterated solvent was used (3H: 51% in CH2Cl2 → 12% in
CD2Cl2 at −20 °C, 3Br: 36% in CH2Cl2 → 7% in CD2Cl2 at 0 °C).
Moreover, the decomposition of 2Br in CD2Cl2 led to

oxygenation of the methyl group of TpMe2,Br (Fig. S9†). These
findings indicate an interaction between the solvent molecule
and 2X, and hydrogen atom abstraction from the solvent may
occur concomitant with O–O bond rupture of 2X.25 The large
negative values of an activation entropy for the self-decompo-
sition of 2X in CH2Cl2 (Fig. S11 and Table S5†) indicate that
the reaction proceeds through an associative transition state,
and this is consistent with the interaction between the solvent
molecule and 2X. The observed KIE values are, however, not so
large even at low temperatures. Upon decomposition of 2Br

(2.0 mM) in the mixture (v/v = 1/1) of CD2Cl2 and C6H12 or
C6D12 at 273 K, the observed KIE was 1.6 (k(CD2Cl2/C6H12) and
k(CD2Cl2/C6D12) were 5.2 × 10−4 s−1 and 3.3 × 10−4 s−1, respect-
ively). However, a high concentration of cyclohexane (v/v = 1/20
of CD2Cl2 and C6H12 or C6D12) led to a negligible KIE value
(decomposition rates of 2 mM of 2Br at 283 K were k(CD2Cl2/
C6H12) = 2.8 × 10−3 s−1 and k(CD2Cl2/C6D12) = 2.5 × 10−3 s−1).
Therefore, 2X themselves have the ability for hydrogen atom

Scheme 2 Possible reaction pathways for the thermolysis of 2X.

Table 5 First order rate for the decomposition of 2X and 2’X

Solvent (temp.)

Rate/s−1

2H 2Br 2′H 2′Br

CH2Cl2 (273 K) 4.2 × 10−3 1.7 × 10−3 —a —a

CH2Cl2 (253 K) 8.8 × 10−4 1.6 × 10−4 —a —a

CD2Cl2 (253 K) 3.5 × 10−4 5.0 × 10−5 —a —a

Toluene (273 K) 3.8 × 10−3 2.3 × 10−3 —a 9.7 × 10−4

Et2O (273 K) —a —a 2.5 × 10−3 5.1 × 10−4

aNot measured.
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abstraction from an aliphatic C–H group,26 but a putative
nickel–oxygen species such as NiIIIvO or NiII–O˙ resulting
from the O–O homolysis of 2X may work as a major oxidant on
catalytic cyclohexane hydroxylation (Scheme 2). Recently, the
hydrogen atom abstraction ability of the mononuclear nickel
(III)-oxo species, which is generated from the reaction of
[NiII(OTf)(TMG3tren)]

+ (TMG3tren denotes tris[2-(N-tetra-
methylguanidyl)ethyl]amine) with 1 equiv. of mCPBA, has
been reported.6 In the TpR2,XNi systems, however, we could not
identify any intermediates during decomposition of the
nickel(II)-acylperoxo species 2X by spectroscopy (UV/Vis and
EPR), and there is no direct evidence for the contribution of
the nickel(III)-oxo and related species.27

Conclusion

The nickel complexes with TpMe2,X exhibit alkane hydroxy-
lation catalyses with mCPBA oxidant. Introduction of an elec-
tron-withdrawing group (EWG) into the pyrazolyl backbone of
TpMe2,X leads to an increase in alcohol selectivity. The effective-
ness of introduction of EWG into the metal supporting ligand
in the selective hydroxylation of alkanes has been demon-
strated for iron–heme compounds.28 The electrophilicity of the
active oxidant may be enhanced by an EWG-containing ligand,
and our results indicate that the common concept for the
ligand design, that is, the fine tuning of the electronic property
without changing the structure of the metal-supporting
scaffold, is applicable to non-heme catalysts. The thermal stab-
ility of the nickel(II)-mCPBA species is also enhanced by the
EWG-containing ligands TpR2,Br, which might weaken the
ability for back-donation from the metal center to the σ*
orbital of the peroxide moiety.13,29 Kinetic and product ana-
lyses of the decomposition of the nickel(II)-mCPBA complexes
suggest that the nickel(II)-acylperoxo complex, NiII–OOC(vO)-
C6H4-meta-Cl, is an alternative oxidant. However, the hydrogen
atom abstracting potential of nickel(II)-mCPBA complexes with
TpMe2,Br is not so high and the previously proposed O–O bond
cleaved species (i.e. NiII–O˙ or NiIIIvO) may be a major active
oxidant for the catalytic cyclohexane oxygenation.

Experimental section
General

All manipulations were performed under argon by standard
Schlenk techniques. THF, Et2O, pentane, toluene, CH2Cl2,
MeCN were purified over a Glass Contour Solvent Dispending
System under an Ar atmosphere. CF3C6H5 was distilled using
sodium as a drying agent and then stored under argon. meta-
Chloroperbenzoic acid (mCPBA) was washed with a KH2PO4–

NaOH buffer solution (pH 7.4) and pure water in order to
remove meta-chlorobenzoic acid. Other reagents of the highest
grade commercially available were used without further purifi-
cation. The catalyst precursors [(NiIITpR2,X)2(μ-OH)2] (1X (R =
Me) and 1′X (R = iPr); X = H, Br) and their starting materials

were prepared by the methods described in the litera-
ture.8e,13,14,30 Elemental analyses were performed on a Perkin-
Elmer CHNS/O Analyzer 2400II. IR measurements of KBr
pellets of solid compounds were carried out by using JASCO
FT/IR-5300 or FT/IR 4200 spectrometers. IR spectra of the
in situ-generated solution samples were recorded using a
Mettler Toledo ReactIR iC10. NMR spectra were recorded
on Bruker AC-200 (1H, 200.0 MHz) or JEOL ECA-500
(1H, 500.0 MHz) spectrometers. Chemical shifts (δ) were
reported in ppm downfield from internal SiMe4. UV/Vis
spectra were recorded on JASCO V-570, V650 or Agilent 8453
spectrometers equipped with a UNISOKU CoolSpeK USP-203-A
for low-temperature measurements. Mass spectra were
measured on a JEOL JMS-700 by a field desorption (FD) ioniz-
ation method or on a JEOL JMS-T100LC by an electrospray ion-
ization (ESI) method. Gas chromatographic (GC) analyses were
carried out on a Shimadzu GC-2010 instrument with a flame
ionization detector equipped with a RESTEK Rtx-1701 (30 m,
0.25 mm ID, 0.25 μm df) capillary column. GC-MS analyses
were carried out on a Shimadzu PARVUM2 system equipped
with a RESTEK Rtx-5MS (30 m, 0.25 mm ID, 0.25 μm df) capil-
lary column.

Catalytic cyclohexane oxidation with mCPBA

All reactions were carried out at 313 K under Ar, and the pro-
ducts were analyzed by GC and GC–MS with an internal stan-
dard. Cyclohexane (0.28 mL, 2.6 mmol) was added to a
5.2 mM CF3C6H5 solution of 1X or 1′X (5.0 mL, 26 μmol). Next,
45 mg of mCPBA (260 μmol) was added to this solution with
stirring. The reactions with large excess substrate were carried
out as follows. Due to the insolubility of the catalyst precursors
(1X and 1′H) and mCPBA toward cyclohexane, a minimal
amount of CH2Cl2 was used as a solvent: 1.0 mL of a 2.6 mM
CH2Cl2 solution of 1X or 1′H (2.6 μmol) was added to 1.4 mL of
cyclohexane (13 mmol) under Ar. Then 45 mg of mCPBA
(260 μmol) was added.

Synthesis of the nickel(II)-mCPBA complexes

[NiII(OOC(vO)C6H4Cl)(Tp
iPr2,Br)] (2′Br). The synthetic pro-

cedure for the isolable TpiPr2,Br complex 2′Br is described as
a typical example. The hydroxo complex 1′Br (250 mg,
0.16 mmol) was dissolved in Et2O (15 mL), and the solution
was cooled at 233 K. Then 5 mL of an Et2O solution of mCPBA
(58.2 mg, 0.33 mmol) was added to the cold solution of 2′Br.
The resulting pale blue solution was stirred for 10 min at
233 K, and the solvent was then concentrated by evaporation
while maintaining a low temperature. Refrigeration of the con-
centrated solution at 195 K yielded the pale blue powder of
2′Br. Almost quantitative oxygenation of Ph3P to Ph3PvO (97%
yield based on 2′Br analyzed by 31P NMR) in Et2O at 293 K
(7 equiv. of Ph3P was applied) indicated that the isolated blue
powder compound was a pure acylperoxo complex. UV/Vis
(Et2O 233 K): λ(ε) = 386 (151), 654 nm (50); IR (KBr): ν = 2586
(BH), 1637 cm−1 (CO).
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The other ligand complexes 2X and 2′H could be generated
by similar procedures, and spectroscopic characterization by
UV/Vis and IR was performed without isolation.

Products analyses of the spontaneous decomposition of the
nickel(II)-mCPBA complexes

The product complexes derived from the spontaneous
decomposition of 2X and 2′X were characterized by comparison
with the UV-vis spectral data of the nickel(II)-chloride and
meta-chlorobenzoate complexes 3X, 3′X, 4X, and 4′X. Except for
the previously reported chlorido complexes with TpMe2 (3H),23

TpiPr2 (3′H),14 and TpiPr2,Br (3′Br),13 the authentic complexes
were synthesized as follows.

[NiII(Cl)(TpMe2,Br)] (3Br). THF solution (20 mL) of NaTpMe2,Br

(1.00 g, 1.80 mmol) was slowly added to a methanol solution
(20 mL) of NiCl2·6H2O (0.854 g, 3.6 mmol) over 30 min at RT.
The green solution was stirred for 30 min, and the solvent was
then evaporated. The green residue was re-dissolved in 100 mL
of CH2Cl2, and the insoluble green powder was removed by fil-
tration through a celite pad, after which a reddish filtrate was
evaporated to dryness to give a green solid. The solid was re-
dissolved in 100 mL of MeCN, and the insoluble purple
residue was removed by filtration through a celite pad to give a
bluish-green filtrate. Evaporation of the solution gave a green
solid. Crystallization from toluene gave the title complex as a
green platelet crystal (0.498 g, 0.74 mmol, 41% yield). UV/Vis
(CH2Cl2): λ(ε) = 481 (360), 801 (105), 900 nm (120); IR (KBr): ν =
2532 cm−1 (BH); 1H NMR (500 MHz, CD2Cl2, r.t.): δ = −13.16
(2H, BH), −8.52 (18H, Me), 3.74 ppm (18H, Me); elemental
analysis: calcd (%) for C18.5H23N6BBr3ClNi (3Br·1/2 toluene):
C 32.96, H 3.44, N 12.47; found: C 33.48, H 3.23, N 12.65. The
molecular structure was determined by X-ray crystallography,
and the details are provided in the ESI.†

[NiII(O2CC6H4Cl)(Tp
R2,Br)] (4X and 4′X). As a typical example,

the synthetic procedure for [NiII(O2CC6H4Cl)(Tp
Me2,Br)] (4Br) is

described. The hydroxo complex 1Br (122 mg, 0.10 mmol) and
meta-chlorobenzoic acid (mCBA, 34.4 mg, 0.22 mmol) were dis-
solved in 10 mL of CH2Cl2. The green solution was stirred
for 30 min at ambient temperature, and the solvent was then
evaporated. The green residue was recrystallized from
slow evaporation of EtOH to give an ethanol adduct of 4Br,
[NiII(O2CC6H4Cl)(Tp

Me2,Br)(C2H5OH)2], as green block crystals
(127 mg, 0.15 mmol, 75% yield). UV/Vis (CH2Cl2): λ(ε) = 421
(210), 682 (47), 843 nm (39); (toluene): λ(ε) = 421 (180), 685
(38), 851 nm (31); IR (KBr): ν = 2544 (BH), 1591 cm−1 (COO);
1H NMR (500 MHz, CD2Cl2, r.t.): δ = −10.51 (1H, BH), −9.45
(9H, Me), 0.62 (9H, Me), 2.36 (6H; EtOH), 4.28 (4H; EtOH),
6.06 (1H; mCBA), 9.39 (1H; mCBA), 11.04 (1H; mCBA),
11.47 ppm (1H; mCBA); elemental analysis: calcd (%) for
C26H35BBr3ClN6NiO4 (4Br·2EtOH): C 37.16, H 4.20, N 10.00;
found: C 37.25, H 3.98, N 10.11.

The other nickel(II)-mCBA complexes were synthesized by
the same procedure.

[NiII(O2CC6H4Cl)(Tp
Me2)] (4H). The TpMe2 complex 4H is syn-

thesized by the reaction of 1H (111 mg, 0.15 mmol) and mCBA
(51.6 mg, 0.33 mmol) in THF. Recrystallization from MeCN

yielded the yellow-green solid of 4H (60.1 mg, 0.12 mmol, 40%
yield). UV/Vis (toluene): λ(ε) = 428 (213), 686 nm (61); IR (KBr):
ν = 2514 (BH), 1591 cm−1 (COO); elemental analysis: calcd (%)
for C22H26N6BClNiO2 (4H): C 51.67, H 5.12, N 16.43; found
C 51.20, H 4.95, N 16.47.

[NiII(O2CC6H4Cl)(Tp
iPr2)] (4′H). The hydroxonickel complex

with TpiPr2 1′H (75.6 mg, 0.0698 mmol) and mCBA (21.8 mg,
0.139 mmol) were stirred in 15 mL of Et2O for 10 min at room
temperature. After removal of the volatiles under vacuum, the
resulting yellow-green solid of 4′H was recrystallized from
pentane (76.5 mg, 0.113 mmol, 81% yield). UV/Vis (CH2Cl2):
λ(ε) = 429 (250), 690 (59), 854 nm (47); IR (KBr): ν = 2549 cm−1

(BH); 1H NMR (200 MHz, C6D6, r.t.): δ = −3.6 (3H, br, CH of
iPr), 0.07 (18H, s, Me of iPr), 2.61 (21H, s, Me and CH of iPr),
4.80, 9.04, 11.1, 11.5 (1H × 4, s × 4, Ph of mCBA), 75.4 ppm
(3H, s, pz-4H); MS (FD): m/z = 679 ([4′H]+); elemental analysis:
calcd (%) for C34H50N6BClNiO2 (4′

H): C 60.08, H 7.41, N 12.36;
found: C 59.86, H 7.43, N 12.43.

[NiII(O2CC6H4Cl)(Tp
iPr2,Br)] (4′Br). Recrystallization of the

reaction mixture of 1′Br (352 mg, 0.226 mmol) and two equiv.
of mCBA (70.8 mg, 0.452 mmol) from hexane yielded the
yellow-green powder of the TpiPr2,Br analogue 4′Br (217 mg,
0.120 mmol, 53% yield). UV/Vis (Et2O): λ(ε) = 416 (240),
694 nm (52); IR (KBr): ν = 2578 cm−1 (BH); 1H NMR (200 MHz,
C6D6, r.t.): δ = −11.1 (1H, BH), −0.75 (br, CH of iPr), 1.78 (18H,
s, Me of iPr), 2.12 (21H, br, Me and CH of iPr), 5.10, 9.10 (1H ×
2, s × 2, Ph of mCBA), 13.1 ppm (2H, br, Ph of mCBA); MS (FD):
m/z = 917 ([4′Br]+); elemental analysis: calcd (%) for
C34H47N6BBr3ClNiO2 (4′Br): C 44.56, H 5.17, N 9.17; found:
C 44.85, H 5.40, N 8.89.

The molecular structures of an EtOH adduct of 4Br and 4′H

were determined by X-ray crystallography, and the details are
provided in the ESI.†

Acknowledgements

This work was supported in part by a Grant in-Aid for Scienti-
fic Research (Nos. 20037063 and 20360367), a Cooperative
Research Program of “Network Joint Research Center for
Materials and Devices (Nos. 2011169 and 2012216)”, a Scienti-
fic Frontier Research Project, and a Strategic Development of
Research Infrastructure for Private Universities from the Minis-
try of Education, Culture, Sports, Science, and Technology
(MEXT), Japan. S. H. and J. N. also thank Kanagawa University
for financial support.

References

1 Metal-Catalyzed Oxidations of Organic Compounds, ed.
R. A. Sheldon and J. K. Kochi, Academic Press, New York,
1981.

2 M. Costas, K. Chen and L. Que Jr., Coord. Chem. Rev., 2000,
200–202, 517–544.

Paper Dalton Transactions

3354 | Dalton Trans., 2013, 42, 3346–3356 This journal is © The Royal Society of Chemistry 2013

─ 190 ─



3 G. A. Russell, J. Am. Chem. Soc., 1957, 79, 3871–
3877.

4 Reviews for example: (a) Biomimetic Oxidations Catalyzed by
Transition Metal Complexes, ed. B. Meunier, Imperial
College Press, London, 2000; (b) Thematic issue: Homo-
geneous Biomimetic Oxidation Catalysis, ed. R. V. Eldik and
J. Reedijk, Adv. Inorg. Chem., 2006, vol. 58, pp. 1–290;
(c) Metal-Oxo and Metal-Peroxo Species in Catalytic
Oxidations, ed. B. Meunier, Struct. Bonding, 2000, vol. 97,
pp. 1–303; (d) L. Que Jr. and W. B. Tolman, Nature, 2008,
455, 333–340.

5 Alkane hydroxylation with mCPBA catalyzed by nickel com-
plexes with tetradentate ligands: (a) T. Nagataki, Y. Tachi
and S. Itoh, Chem. Commun., 2006, 4016–4018;
(b) T. Nagataki, K. Ishii, Y. Tachi and S. Itoh, Dalton Trans.,
2007, 1120–1128; (c) T. Nagataki and S. Itoh, Chem. Lett.,
2007, 748–749; (d) M. Balamurugan, R. Mayilmurugan,
E. Sureshb and M. Palaniandavar, Dalton Trans., 2011, 40,
9413–9424.

6 F. F. Pfaff, F. Heims, S. Kundu, S. Mebs and K. Ray, Chem.
Commun., 2012, 48, 3730–3732.

7 S. Hikichi, H. Okuda, Y. Ohzu and M. Akita, Angew. Chem.,
Int. Ed., 2009, 48, 188–191.

8 Intramolecular C–H oxygenation mediated by nickel com-
plexes of active oxygen species: (a) D. Chen and
A. E. Martell, J. Am. Chem. Soc., 1990, 112, 9411–9412;
(b) D. Chen, R. J. Motekaitis and A. E. Martell, Inorg. Chem.,
1991, 30, 1396–1402; (c) E. Kimura, R. Machida and
M. Kodama, J. Biol. Inorg. Chem., 1997, 2, 74–82;
(d) S. Hikichi, M. Yoshizawa, Y. Sasakura, H. Komatsuzaki,
M. Akita and Y. Moro-oka, Chem. Lett., 1999, 979–980;
(e) S. Hikichi, M. Yoshizawa, Y. Sasakura, H. Komatsuzaki,
Y. Moro-oka and M. Akita, Chem.–Eur. J., 2001, 7, 5011–
5028; (f ) S. Itoh, H. Bandoh, S. Nagatomo, T. Kitagawa and
S. Fukuzumi, J. Am. Chem. Soc., 1999, 121, 8945–8946;
(g) S. Itoh, H. Bandoh, M. Nakagawa, S. Nagatomo,
T. Kitagawa, K. D. Karlin and S. Fukuzumi, J. Am. Chem.
Soc., 2001, 123, 11168–11178; (h) A. Kunishita, Y. Doi,
M. Kubo, T. Ogura, H. Sugimoto and S. Itoh, Inorg. Chem.,
2009, 48, 4997–5004; (i) T. Tano, Y. Doi, M. Inosako,
A. Kunishita, M. Kubo, H. Ishimaru, T. Ogura, H. Sugimoto
and S. Itoh, Bull. Chem. Soc. Jpn., 2010, 83, 530–538;
( j) J. Cho, H. Furutachi, S. Fujinami and M. Suzuki, Angew.
Chem., Int. Ed., 2004, 43, 3300–3303; (k) J. Cho,
H. Furutachi, S. Fujinami, T. Tosha, H. Ohtsu, O. Ikeda,
A. Suzuki, M. Nomura, T. Uruga, H. Tanida, T. Kawai,
K. Tanaka, T. Kitagawa and M. Suzuki, Inorg. Chem., 2006,
45, 2873–2885; (l) M. Suzuki, Acc. Chem. Res., 2007, 40,
609–617; (m) K. Honda, J. Cho, T. Matsumoto, J. Roh,
H. Furutachi, T. Tosha, M. Kubo, S. Fujinami, T. Ogura,
T. Kitagawa and M. Suzuki, Angew. Chem., Int. Ed., 2009, 48,
3304–3307; (n) A. Company, S. Yao, K. Ray and M. Driess,
Chem.–Eur. J., 2010, 16, 9669–9675; (o) S. Yao, C. Herwig,
Y. Xiong, A. Company, E. Bill, C. Limberg and M. Driess,
Angew. Chem., Int. Ed., 2010, 49, 7054–7058; (p) S. Yao and
M. Driess, Acc. Chem. Res., 2012, 45, 276–287.

9 D. Schröder and H. Schwarz, Angew. Chem., Int. Ed. Engl.,
1995, 34, 1973–1995.

10 Y. Shiota and K. Yoshizawa, J. Am. Chem. Soc., 2000, 122,
12317–12326.

11 A. W. Pierpont and T. R. Cundari, Inorg. Chem., 2010, 49,
2038–2046.

12 (a) S. Trofimenko, Scorpionates – The Coordination Chem-
istry of Polypyrazolylborate Ligands, Imperial College Press,
London, 1999; (b) C. Pettinari, Scorpionates II: Chelating
Borate Ligands, Imperial College Press, London, 2008.

13 S. Hikichi, C. Kobayashi, M. Yoshizawa and M. Akita,
Chem.–Asian J., 2010, 5, 2086–2092.

14 N. Kitajima, S. Hikichi, M. Tanaka and Y. Moro-oka, J. Am.
Chem. Soc., 1993, 115, 5496–5508.

15 W. Nam, J. Y. Ryu, I. Kim and C. Kim, Tetrahedron Lett.,
2002, 43, 5487–5490.

16 W. Nam, I. Kim, Y. Kim and C. Kim, Chem. Commun., 2001,
1262–1263.

17 K. Kamata, K. Yonehara, Y. Nakagawa, K. Uehara and
N. Mizuno, Nature Chem., 2010, 2, 478–483.

18 (a) W. Nam, M. H. Lim, S. K. Moon and C. Kim, J. Am.
Chem. Soc., 2000, 122, 10805–10809; (b) A.-R. Han,
Y. J. Jeong, Y. Kang, J. Y. Lee, M. S. Seo and W. Nam, Chem.
Commun., 2008, 1076–1078.

19 If the nickel(II) centers of 1X were oxidized to nickel(III) by
mCPBA at the initial step and the following ligand
exchange reaction led to nickel–acylperoxo complexes, the
total ratio of Ni to mCPBA would be 1 : 1.5 or more as was
found for the non-heme iron(II) complex. K. Ray, S. M. Lee
and L. Que Jr., Inorg. Chim. Acta, 2008, 361, 1066–1069.

20 J. T. Groves and Y. Watanabe, Inorg. Chem., 1987, 26, 785–
786.

21 P. Ghosh, Z. Tyeklar, K. D. Karlin, R. R. Jacobson and
J. Zubieta, J. Am. Chem. Soc., 1987, 109, 6889–6891.

22 N. Kitajima, K. Fujisawa and Y. Moro-oka, Inorg. Chem.,
1990, 29, 357–358.

23 P. J. Desrochers, J. Telser, S. A. Zvyagin, A. Ozarowski,
J. Krzystek and D. A. Vicic, Inorg. Chem., 2006, 45, 8930–
8941.

24 S. Hikichi, H. Komatsuzaki, M. Akita and Y. Moro-oka,
J. Am. Chem. Soc., 1998, 120, 4699–4710.

25 On the basis of the observation of KIE upon thermal
decomposition of the copper(II)-alkylperoxo complex in the
deuterated solvent (CD3CN), concerted O–O fission and
H abstraction are proposed: T. Tano, M. Z. Ertem,
S. Yamaguchi, A. Kunishita, H. Sugimoto, N. Fujieda,
T. Ogura, C. J. Cramer and S. Itoh, Dalton Trans., 2011, 40,
10326–10336.

26 In the heme-Fe/mCPBA system, both (por)FeIII-acylperoxo
and (por˙)FeIVvO (por˙ denotes 1e− oxidized porphyri-
nate ligand) are proposed as active oxidants for alkane
hydroxylation. See ref. 18(a).

27 Existence of nickel(IV)-oxo species, which would generate
via O–O heterolysis of the nickel(II)-acylperoxo species or
intramolecular electron transfer from the nickel center of
the weakly binding carboxyl radical in the nickel(III)-oxo

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 42, 3346–3356 | 3355

─ 191 ─



species (O–O homolysis intermediate in Scheme 2), cannot
be excluded, although no nickel(IV) complexes with TpR

have been reported so far.
28 (a) W. Nam, Acc. Chem. Res., 2007, 40, 522–531;

(b) D. Dolphin, T. G. Traylor and L. Y. Xie, Acc. Chem. Res.,
1997, 30, 251–259.

29 Stabilization of Cu2(μ–η2:η2-O2) species by TpCF3,Me has
been reported.(a) Z. Hu, R. D. Williams, D. Tran,

T. G. Spiro and S. M. Gorun, J. Am. Chem. Soc., 2000, 122,
3556–3557; (b) Z. Hu, G. N. George and S. M. Gorun,
Inorg. Chem., 2001, 40, 4812–4813; (c) G. Aullón,
S. M. Gorun and S. Alvarez, Inorg. Chem., 2006, 45,
3594–3601.

30 S. Hikichi, Y. Sasakura, M. Yoshizawa, Y. Ohzu, Y. Moro-
oka and M. Akita, Bull. Chem. Soc. Jpn., 2002, 75,
1255–1262.

Paper Dalton Transactions

3356 | Dalton Trans., 2013, 42, 3346–3356 This journal is © The Royal Society of Chemistry 2013

─ 192 ─



Journal of Molecular Catalysis A: Chemical 371 (2013) 42–47

Contents lists available at SciVerse ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

Iron complex immobilized catalyst based on �-ketiminate ligand: Alkene

oxygenation activity depending on the morphology of silica support and the

structures of base additives

Takahiro Akashi, Jun Nakazawa, Shiro Hikichi ∗

Department of Material and Life Chemistry, Faculty of Engineering, Kanagawa University, 3-27-1 Rokkakubashi, Kanagawa-ku, Yokohama 221-8686, Japan

a r t i c l e i n f o

Article history:

Received 2 September 2012

Received in revised form 23 January 2013

Accepted 26 January 2013

Available online xxx

Keywords:

Immobilized catalyst

Chelating ligand

Support effect

Selective oxidation

Additive effect

a b s t r a c t

Novel immobilized iron complex catalysts based on a �-ketiminate ligand have been developed. Dehy-

drative condensation between �-diketone and the ethylenediamine derivative of silane-coupling reagent

yields the silanol ester of the ligand motif which can be anchored on the silica supports through covalent

bond. The morphology of the silica supports affects the structures of active sites and catalytic activities on

alkene oxygenation with H2O2. The ordered flat surface of SBA-15 allows to immobilize the ligand with

highly-dispersion and to form the coordinatively unsaturated iron active site. Addition of small amount

of pyrazoles improves the catalytic performance without leaching of iron.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Development of heterogeneous catalysts which mediate the

selective oxygenation of hydrocarbons with environmentally

friendly oxidant such as O2 and H2O2 under mild condition is an

attractive and challenging subject from the viewpoint of green

chemistry [1]. In nature, iron-containing enzymes catalyze selec-

tive hydrocarbon oxygenation under physiological mild condition.

The iron centers of these enzymes are supported by organic lig-

ands such as porphyrin in heme enzymes or amino acid residues

in non-heme enzymes [2]. From biomimetic viewpoints, various

iron complexes with organic supporting ligand (porphyrin, Schiff

base, amine, heterocyclic compounds including pyridine and so

on, amino acid derivatives, phenols, carboxylic acid derivatives,

etc.) have been explored as homogeneous oxidation catalysts so far

[3]. Some of these complexes catalyze the oxygenation of hydro-

carbons with H2O2 at ambient temperature: In these systems,

iron-peroxo and/or high-valent iron-oxo species seem to be an

active intermediate(s) as well as enzymes [4]. In order to improve

catalytic efficiencies, decomposition of the catalyst by leaching of

iron, or/and transformation to inactive compounds such as dinu-

clear Fe(III)-�-oxo species and coordinatively saturated complex

must be avoided.

∗ Corresponding author. Tel.: +81 45 481 5661; fax: +81 45 413 9770.

E-mail address: hikichi@kanagawa-u.ac.jp (S. Hikichi).

Immobilization of the non-heme iron complexes on an appro-

priate support would make possible to construct isolated catalytic

active sites [5]. Such immobilized catalyst might hinder the trans-

formation of the iron complex to inactive species and that result in

the elongation of catalyst lifetime. In addition, the resulting hetero-

geneous catalyst would have an advantage for recovering the used

catalyst. The most important requirement is no leaching of com-

plex and metal ions. In this context, we have been designing novel

immobilized metallocomplex catalysts based on anionic chelating

ligands which are anchored to appropriate supports through cova-

lent bond [6].

A family of �-diketonates is one of the well-defined anionic

chelating ligands. Importantly, one of two carbonyl groups of the

�-diketones (parent of �-diketonate ligands) can be replaced by an

imino group giving the corresponding �-ketimine compounds, and

their deprotonated form are recognized as �-ketiminate ligands [7].

Recently, metal complexes with NNO-chelating �-ketiminate lig-

ands, which are obtained by dehydrative condensation between

acetylacetone and ethylendiamine derivatives, are investigated

as homogeneous catalysts for coupling reaction and polymeriza-

tion [8–10]. Especially, the applicability of the NNO �-ketiminate

complexes toward redox process containing reaction, i.e. the cross-

coupling catalysis of the Fe(III) complex [8] and the atom-transfer

radical polymerization catalysis of the Cu(II) complexes [9], moti-

vate us to explore oxidation catalysis of the NNO �-ketiminate

ligands complexes. Herein we report development of �-ketiminate

ligand-based immobilized iron complex catalysts. Structures of

1381-1169/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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the immobilized iron complex species and their catalytic activi-

ties toward oxygenation of cyclohexene with H2O2 depend on the

morphology of silica support. In addition, base additives improve

the catalytic activity.

2. Experimental

2.1. Instruments

Atomic absorption analysis was performed on a Shimadzu AA-

6200. Elemental analysis was performed on a Perkin-Elmer CHNS/O

Analyzer 2400II. ESI (electrospray ionization)-MS spectra were

measured on a JEOL JMS-T100LC mass spectrometer. Gas chromato-

graphic (GC) analyses were carried out on a Shimadzu GC-2010

(flame ionization detector) equipped with a RESTEK Rtx-5 capil-

lary column (length = 30 m, i.d. = 0.25 mm, thickness = 0.25 �m). IR

spectra were recorded on a JASCO FT/IR 4200 spectrometer. NMR

spectra were recorded on a JEOL ECA-500 spectrometer. UV–vis

spectra were measured on a JASCO V650 spectrometer with a PIN-

757 integrating sphere attachment for solid reflectance. Nitrogen

sorption studies were performed at liquid nitrogen temperature

(77 K) using a Micromeritics TriStar 3000. Before the adsorption

experiments, the samples were outgassed under reduced pressure

for 3 h at 333 K.

2.2. Materials and methods

All solvents (THF, toluene, CH2Cl2, MeCN) were purified over

a Glass Contour Solvent Dispending System under Ar atmosphere.

The reagents of the highest grade commercially available were used

without further purification. Merck Silica gel 60 (70–230 mesh;

BET surface area = 714 m2 g−1; pore volume: 1.13 cm3 g−1) was

employed as an unmodified amorphous silica support ( SiO2). SBA-

15 (BET surface area = 578 m2 g−1; pore volume = 0.76 cm3 g−1) was

prepared according to the previously reported procedure [11].

2.3. Catalyst preparation

A linker-attached �-ketiminate ligand HL was synthesized

as follows. N-(3-trimethoxysilylpropyl)ethylenediamine (1.08 g;

5.00 mmol) and one equivalent (0.500 g; 5.00 mmol) of acethylace-

tone were refluxed in toluene (100 mL) for 3.5 h. Pale yellow oil of

HL was obtained by evaporation of volatiles under reduced pres-

sure, and characterized by 1H NMR. 1H NMR (CDCl3): ı 1.61 (m, 2H,

CH2), 3.58 (s, 3H, CH3), 4.92 (s, 1H, C CH).

The prepared HL (0.200 g) and SBA-15 (2.00 g) were suspended

in toluene and refluxed for 2 h. Filtration of solid and wash with

toluene then CH2Cl2 yielded pale yellow solid. Elemental analy-

sis data (C, 1.34%; H, 0.40%; N, 0.21%) indicate the loading amount

of HL was 0.08 mmol g−1. Remaining silanols on silica were end-

capped by trimethylsilyl group. A suspension of the obtained pale

yellow solid (1.92 g) and hexamethyldisilazane (10 mL, 42.5 mmol)

in toluene (30 mL) was stirred at 50 ◦C for 1 h. The resulting solid

was collected by filtration then washed with toluene and CH2Cl2.

Dryness under evacuation yielded 1.89 g of HL-anchored SBA-15

(SBAL). Elemental analysis data (C, 7.75%; H, 1.07%; N, 0.21%) sug-

gest the retention of L on the support.

The pale yellow colored SBAL (1.00 g) was suspended in 20 mL

of THF under Ar. A hexane solution of n-buthyllithium (0.12 mL;

0.16 mmol) was added slowly to this THF suspension at 0 ◦C and

stirred at room temperature. After 1 h, methanol solution (20 mL) of

FeCl3 (0.02 g; 0.16 mmol) was added and stirred for 1 h. The result-

ing pale brown solid was collected by filtration and then washed

with MeOH. Dryness by evacuation yielded the desired iron catalyst

Fe/SBAL.

When amorphous silica (abbreviated as SiO2 in this paper) was

employed as the support, the corresponding catalysts were pre-

pared by same procedure. The loading amounts of L on SiO2
L were

controlled by applied amount of HL upon immobilization. A lower

ligand loading SiO2
L was prepared by the reaction of 5.0 g of SiO2

and 0.50 mmol of HL in refluxing toluene (20 mL). Whereas a higher

ligand loading SiO2
L was obtained by the reaction of 5.0 g of SiO2

and 3.0 mmol of HL in refluxing toluene (120 mL).

2.4. Synthesis of model compounds [Fe(L′)]2+ and [Fe(L)2]+

A ligand for model compounds, 4-[2-(ethylamino)ethylamino]-

pent-3-en-2-one (HL′), was synthesized via similar procedure for

HL. 30 mmol of N-ethylethylenediamine and equimolar of acety-

lacetone were refluxed in toluene (50 mL) for 1 h. Pale yellow oil

of HL′ was obtained by evaporation, and characterized by 1H NMR.
1H NMR (CDCl3): ı 1.03 (m, 3H, CH3), 2.63 (t, 2H, CH2), 2.85 (t, 2H,

CH2), 4.87 (s, 1H, CH). Metalation of L′ was achieved by reaction

of sodium salt of L′, which was obtained by treatment of HL′ with

sodium hydride in THF, with an appropriate ratio of FeCl3.

2.5. Catalytic reaction

Typical reaction procedure is as follows: In Schlenk tube, 60 mg

of catalyst (Fe/SBAL) was suspended in 5 mL of MeCN. Cyclohex-

ene (0.25 mL, 2.5 mmol) and nitrobenzene (10 �L, 0.10 mmol; as

internal standard) was added to this suspension. All reactions were

carried under Ar and the products were analyzed by GC with an

internal standard.

3. Results and discussion

3.1. Preparation of catalysts

There are two possible procedures for anchoring the NNO �-

ketiminate ligand on silica supports. One is namely “in situ ligand

formation” by reaction of an amine-modified silica gel with �-

diketone [12]. Another is “grafting of pre-synthesized ligand” which

is connected to a linker unit [13]. The analogous metallocomplex

immobilized catalysts with a bidentate NO �-ketiminate ligand

motif have been prepared by both procedures so far. We employed

the later procedure [13] in order to construct the desired NNO �-

ketiminate ligand certainly. A silanol ester derivative of the NNO

�-ketiminate ligand ( L) was synthesized by dehydrative con-

densation of N-(3-trimethoxysilylpropyl)ethylenediamine with

acetylacetone in refluxing toluene. The synthesized linker-attached

ligand HL was anchored on pre-dried silica gels (amorphous

silica with surface area = 714 m2 g−1 or SBA-15 with surface

area = 578 m2 g−1), and remaining surface silanol moieties were

end-capped by trimethylsilyl group in order to prevent the immo-

bilization of extra metal ions on the surface of the silica (Scheme 1).

Upon amorphous silica ( SiO2) was employed as the support,

amounts of anchored L were varied by changing the amount of

applied L to SiO2. The amounts and densities of anchored L on the

supports are summarized in Table 1. L might be densely located on

Table 1
Properties of ligand-immobilized support SBAL and SiO2

L .

Ligand-immobilized support SBAL SiO2
La SiO2

Lb

BET surface area of support/m2 g−1 578 714 714

Loading of L/mmol g−1 0.08 0.11 0.63

Density of L/molecule nm−2 0.08 0.09 0.53

Loading of Fe/mmol g−1 0.08 0.05 0.31

Ratio of L/Fe 1.0 2.2 2.0

a Lower ligand loading SiO2
L .

b Higher ligand loading SiO2
L .
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Scheme 1. Preparation of NNO �-ketiminate ligands and immobilization on silica gels.

the higher ligand loading SiO2
L. In contrast, the densities of L on

the lower ligand loading SiO2
L and SBAL were comparable.

Prior to loading iron(III) to the ligand-anchored silica, we

checked the coordination behavior of L by using model compound

L′ ( 4-[2-(ethylamino)ethylamino]-pent-3-en-2-one; obtained via

dehydrative condensation of N-ethylethylenediamine with acety-

lacetone, see Scheme 1). Analyses of THF solutions of the reaction

mixture of FeCl3 and sodium salt of L′ (derived by treatment with

NaH prior to reaction with FeCl3) revealed that the structure of

formed complexes were influenced by the ratio of iron(III) to

applied L′; the observed major ion peak was assigned as [Fe(L′)Cl]+

upon the reaction of FeCl3 with one equiv. of NaL′, whereas the

reaction with two equiv. of NaL′ gave the major peak attributed

to [Fe(L′)2]+ as shown in Fig. 1. These observations suggest the

density of L on the supports should be controlled in order to

construct the desired iron complex active sites on the surface of

supports. Therefore, the anchoring amount of L on the supports

kept <0.1 mmol g−1because sparsely loaded L would yield the iso-

lated coordinatively unsaturated [Fe(L)]2+ species (which might be

a favored structure as an active site of catalyst) [14], whereas forma-

tion of a coordinatively saturated [Fe(L)2]+ might be unavoidable

upon densely loading of L.

The resulting ligand-anchored silica gels were treated with FeCl3
to give the corresponding iron-complex immobilized catalysts. The

anchored amounts of Fe and L on SBA-15 were almost same (i.e.

Fe:L = 1:1 on Fe/SBAL), however, the loadings of iron on the amor-

phous silica based Fe/SiO2
L were close to half of the anchored L

(Fe:L = 1:2 on) in both higher and lower ligand loading catalysts

(Table 1). It should be notable that the density of L on the lower

ligand loading SiO2
L was comparable with that on SBAL. The differ-

ence of loading of iron seems to be correlated with the morphology

of the silica supports; relatively flat surface on SBA-15 leads to

highly dispersed L to give a desired [Fe(L)]2+ species. On the other

hand, rugged surface of the amorphous silica support might make

the situations that densely located L giving [Fe(L)2]+ species in

addition to iron-inaccessible L penetrating into the pores (Fig. 2).

Decreasing of the active [Fe(L)]2+ sites on Fe/SiO2
L reduces the

catalytic efficiency (vide infra). Densely located L on the higher

ligand loading SiO2
L might yield [Fe(L)2]+ predominantly. In fact,

TON of the iron center of the higher ligand loading Fe/SiO2
L was

lower than that of the lower ligand loading Fe/SiO2
L (see Table 2).

3.2. Catalytic activities

Catalytic activities of the prepared iron-complex immobi-

lized catalysts toward oxygenation of cyclohexene with H2O2 at

ambient temperature were examined (Table 2). In any case, an

allylic oxidized ketone was major product. The SBA-immobilized

catalyst Fe/SBAL (Entry 1) exhibited higher activity compared to the

lower ligand loading Fe/SiO2
L (Entry 3). Decreasing of TON on the

higher ligand loading Fe/SiO2
L (Entry 4) suggests that high density

Fig. 1. Mass spectra of reaction mixture of FeCl3 and 1 equiv. of NaL′ (a) and 2 equiv.

of NaL′ (b).
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Table 2
Comparison of the cyclohexane oxygenation abilities. .

Entry Catalysta Productsb/�mol E/(A + K) TONc

E A K

1 Fe/SBAL 7.70 3.30 14.4 0.40 8.3

2d Fe/SBAL 17.0 35.5 109 0.12 57.1

3 Fe/SiO2
Le 6.11 2.87 8.50 0.54 5.2

4 Fe/SiO2
L f 8.63 4.01 8.68 0.68 1.0

5 SBAL Trace 0 0 – –

6 SBA-15 Trace 0 0 – –

7 [Fe(L′)]2+g,h 9.49 2.97 5.34 1.14 4.6

8d [Fe(L′)]2+g,h 60.3 138 269 0.15 147

9 [Fe(L′)2]+g,h Trace Trace Trace – –

10d [Fe(L′)2]+g,h 7.70 6.02 13.6 0.42 9.6

11 FeCl3
g 9.40 1.40 5.30 1.73 4.3

12 None 0 0 0 – –

a Amount of catalysts: Fe/SBAL (entries 1 and 2), 60 mg; Fe/SiO2
L (entries 3 and 4), 100 mg; silica-gel supports (entries 5 and 6), 60 mg; homogeneous iron compounds

(entries 7–11), 5.0 �mol of Fe.
b All reactions yields no or trace amount of cis- and trans-1,2-cyclohexanediols.
c TON = (cyclohexen oxide + cyclohexen-1-ol + 2 × cyclohexen-1-one)/iron.
d Reaction temperature: 353 K.
e Lower ligand loading SiO2

L .
f Higher ligand loading SiO2

L .
g Homogeneous reaction.
h In situ generated complex by reaction of FeCl3 with appropriate amount of NaL′ .

of the ligand anchoring leads to increase the inactive [Fe(L)2]+ sites.

The SBA-supported iron complex was stable even in the reaction

proceeded at 353 K (Entry 2), and no leaching of iron was observed

under such hard condition.

We checked the catalytic performances of the parent com-

ponents of Fe/SBAL: L-anchored SBA-15 (SBAL) as well as

non-functionalized SBA-15 did not show catalytic activities under

heterogeneous condition (Entries 5 and 6). Also, one of the model

complexes, [Fe(L′)2]+ which was formed by reaction of FeCl3 with

two equiv. of L′, was inactive (Entry 9). Even in high temperature

Fig. 2. Plausible models of the surface structures of Fe/SBAL (a) and Fe/SiO2
L (b).

(353 K) condition, activity of [Fe(L′)2]+ was low (Entry 10). There-

fore, a coordinatively saturated iron center in [Fe(L′)2]+ cannot

activate H2O2. In contrast, cyclohexene epoxidation occurred in

homogeneous reactions upon [Fe(L′)]2+ which was generated in situ

by reaction of FeCl3 with one equiv. of L′, or FeCl3 in the absence

of L′ were used as the catalyst (Entries 7 and 11). The similar activ-

ities of the free FeCl3 and the in situ generated [Fe(L′)]2+ might

imply the decomposition of [Fe(L′)]2+ via intermolecular reaction

in homogeneous condition. The catalytic activity of Fe/SBAL was

clearly different from those observed on the homogeneous systems.

Therefore, heterogenization of the complex seems to shed light on

its nature of catalysis due to the prevention of disproportionation

of [Fe(L)]2+ through bimolecular reaction.

In some homogeneous iron complex catalysts system, improve-

ments of catalytic activity by addition of acid [15] or base [16] have

been reported. Therefore, we explored additive effect on Fe/SBAL

(Table 3). When AcOH was added (Entry 1), the catalytic activity

became almost half of that found in the reaction without additive. In

contrast, the catalytic performances were improved by addition of

small amount (1.2 equiv. of iron) of base. In case of tert-alkylamines,

the order of effectiveness seems to be correlated with the basicity

(Entries 2–4), and the role of tert-alkylamine may play as a proton

acceptor from H2O2 to give OOH−species. Addition of azoles also

influenced the catalytic activity. Alkyl-substitution on azoles led

to higher activities compared to the corresponding parent azoles

[e.g. imidazole (Entry 5) vs. 1-methylimidazole (Entry 6) and pyr-

azole (Entry 7) vs. 3,5-dimethylpyrazole (Entry 8)]. Introduction

of electron-withdrawing bromine atom at fourth position of the

pyrazolyl ring of 3,5-dimethylpyrazole (Entry 9) reduced the effi-

ciency of activity improvement. Although the total TON (180 min)

of the 3,5-dimethyl-4-bromopyrazole system (Entry 9) is similar

to that observed on the non-additive reaction (Entry 10), the time

course of the reaction of these systems are clearly different as

shown in Fig. 3. In the no additive system, the substrate oxidation

stopped at 60 min. In contrast, the reaction of the 3,5-dimethyl-

4-bromopyrazole additive system continued and the total TON

reached to 165 after 24 h. In both the presence and absence of
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Table 3
Additive effect on the cyclohexane oxygenation by Fe/SBAL . .

Entry Additivea Products/�mol E/(A + K) TONb

E A K

1 AcOH 11.6 14.2 58.1 0.17 28.7

2 Et(iPr)2N 19.4 41.3 46.7 0.23 30.4

3 Et3N 23.0 42.7 103 0.16 59.0

4 DBUc 39.7 53.0 129 0.22 73.3

5 41.6 38.0 105 0.29 60.4

6 42.0 49.5 112 0.26 65.7

7 53.6 62.5 169 0.23 94.7

8 57.1 66.3 192 0.22 105

9 29.4 31.6 97.8 0.23 53.5

10 none 17.0 35.5 108 0.12 57.1

a 100 equiv. of AcOH (based on Fe) were added. 1.2 equiv. of base compounds were added.
b TON = (cyclohexen oxide + cyclohexen-1-ol + 2 × cyclohexen-1-one)/iron.
c DBU denotes 1,8-diazabicyclo[5.4.0]undec-7-ene.

additive, removal of catalyst (by filtration) led to termination of

the products formation. Also, the leaching of iron species was neg-

ligible because the concentration of the iron species in the solution

phase of the reaction mixture was lower than that of the detectable

limit. These observations suggest that the observed catalysis is het-

erogeneous. Therefore, the role of the additive azoles seems to

be changing the local structure of the iron center of the immo-

bilized complex by coordination. Notably, pyrazole is less basic

compared to imidazole [17], but pyrazole is more effective for activ-

ity improvement. A plausible reason for the higher efficiency of

pyrazoles compared to imidazoles is a hydrogen bonding ability

of N H group of the metal-coordinating pyrazoles. To date, some

transition metal–dioxygen complexes are known to be stabilized

by intra-molecular hydrogen bonding between metal-binding per-

oxides (O2
2−and OOH−) and the N H moiety of the pyrazole
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Fig. 3. Comparison of TON varied on the additive pyrazols.

ligand [18]. The imidazole ligand also indicates the hydrogen

bonding ability with peroxide, but interaction occurs inter-

molecularly reflecting on the difference of the arrangement of

the N H moieties [19]. In this context, stabilization of a putative

Fe(III) OOH intermediate is considerable effect of the pyrazole

additive (Fig. 4). In addition, hydrogen bonding between X H and

the �-oxygen of M OOH (distal oxygen atom of the hydroperoxide

ligand) is suggested to induce the heterolysis of O O bond giving

high-valent M O active species, whereas the hydrogen bonding

on �-oxygen (proximal oxygen of the OOH− ligand) leads to sta-

bilize O O bond [20]. In our system, small extent of improvement

of epoxide selectivity upon addition of pyrazoles might suggest the

Fig. 4. A putative Fe-OOH intermediate stabilized by pyrazoles.
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increasing the contribution of an electrophilic oxidant like Fe OOH

and Fe O. But the allylic oxidation occurred mainly and the nature

of major active oxidant showed radical character.

4. Conclusion

We have developed novel �-ketiminate ligand-based immobi-

lized iron complex catalysts. The precursor of the anchored ligand,

the silanol ester derivative of the NNO chelating �-ketiminate, can

be prepared by dehydrative condensation between acetylacetone

and the ethylenediamine derivative of the silane-coupling reagent.

The surface morphology of the silica support influences the struc-

ture of the formed iron complex and catalytic performance. The

ordered flat surface of SBA-15 realizes highly-dispersed ligand

immobilization and formation of the coordinatively unsaturated

[Fe(L)]2+ active site. The activity of SBA-15 based catalyst Fe/SBAL

toward alkene oxygenation with H2O2 was improved by addition

of small amount of pyrazoles.

The advantage of the present system is high availability of diver-

gent active site structures by modification of the ligand precursors

(i.e. combination of carbonyl compounds and amines) and metal

sources following the same procedures. Further investigations on

screening of an optimum ligand structure as oxidation catalyst and

scopes of the present catalyst toward reactions other than oxygen-

ation have been under investigation.
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h i g h l i g h t s

" ClO�
4 showed little reactivity in pure

pressurized hot water (PHW) up to
300 �C.

" Metal additive dramatically
enhanced the decomposition of ClO�

4

to Cl� in PHW.
" Iron led to the most efficient

reaction, producing Cl� with yields
of 85–86%.

" ClO�
4 in water after fireworks display

was successfully decomposed by this
method.
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a b s t r a c t

Decomposition of perchlorate (ClO�
4 ) in pressurized hot water (PHW) was investigated. Although ClO�

4

demonstrated little reactivity in pure PHW up to 300 �C, addition of zerovalent metals to the reaction
system enhanced the decomposition of ClO�

4 to Cl� with an increasing order of activity of (no
metal) � Al < Cu < Zn < Ni << Fe: the addition of iron powder led to the most efficient decomposition of
ClO�

4 . When the iron powder was added to an aqueous ClO�
4 solution (104 lM) and the mixture was

heated at 150 �C, ClO�
4 concentration fell below 0.58 lM (58 lg L�1, detection limit of ion chromatogra-

phy) in 1 h, and Cl� was formed with the yield of 85% after 6 h. The decomposition was accompanied by
transformation of the zerovalent iron to Fe3O4. This method was successfully used in the decomposition
of ClO�

4 in a water sample contaminated with this compound, following fireworks display at Albany, New
York, USA.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Perchlorate ðClO�
4 Þ has recently received much attention be-

cause of its ubiquitous occurrence in the aquatic environment
and its potential to disrupt thyroid hormone levels. Perchlorate
has been reported to occur in aquatic environments (Parker
et al., 2008; Rajagopalan et al., 2009; Kannan et al., 2009; Wu

et al., 2011), drinking water and foodstuffs (Dyke et al., 2007;
Wu et al., 2010; Guruge et al., 2011), as well as in humans (Zhang
et al., 2010; Oldi and Kannan, 2009). The ammonium and potas-
sium salts of ClO�

4 are used as oxidizers in jet and rocket fuels,
pyrotechnic devices, explosives, fireworks, vehicle air bag inflators
and so forth (Mendiratta et al., 2005). Improper treatment of
wastes associated with manufacture and use of these products
can act as significant stationary sources of ClO�

4 in the environment
(Dasgupta et al., 2006). Furthermore, sources attributable to
industrial effluents (Kosaka et al., 2007), fireworks manufacturing

0045-6535/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
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operations (Zhang et al., 2010), and fireworks displays (Wu et al.,
2011) were recently indicated. Large doses of ClO�

4 can inhibit io-
dide uptake by the thyroid gland, which reduces the levels of thy-
roid hormones in the body; this has resulted in regulatory actions
on ClO�

4 levels in drinking water in many countries including the
USA (US EPA, 2011). Therefore, development of decomposition
technologies for ClO�

4 to harmless Cl� under mild condition is
desired as a measure against stationary sources of emission. As
for removal techniques of ClO�

4 in drinking water, biological reduc-
tion has widely been investigated (Srinivasan and Sorial, 2009;
Bardiya and Bae, 2011; Ghosh et al., 2011; Boles et al., 2012). How-
ever, biological treatment requires nutrient supply (Huang and
Sorial, 2007). Zerovalent iron was also employed (Moore et al.,
2003; Huang and Sorial, 2007; Xiong et al., 2007), but the removal
rate of ClO�

4 was very slow: for example, 66% of the initial amount
of ClO�

4 (0.1 mM) was removed after 336 h (Moore et al., 2003), and
the rate constants for the removal was 0.001–0.004 h�1 for the ini-
tial concentration of 10.1 lM (Huang and Sorial, 2007). To enhance
the reactivity towards ClO�

4 , a combination of zerovalent iron with
254-nm light irradiation was examined, at which 5.6% removal of
ClO�

4 (initial concentration: 16 lM) was observed after 12 h under
anaerobic conditions (Im et al., 2011). The combination of zerova-
lent iron with high energy microwave irradiation was also exam-
ined (Oh et al., 2006); in this case, 98% removal of ClO�

4 (initial
concentration: 0.5 mM) was achieved in 1 h, whereas the forma-
tion of Cl� was not described. Although the previous reports dem-
onstrated the removal of ClO�

4 from water, many reports did not
fully quantify the end products, especially Cl� ions, which are ex-
pected to be formed if the reductive decomposition was complete.
Furthermore, zerovalent metals other than iron have been rarely
investigated for the removal of ClO�

4 from water (Lee et al., 2011).
Recently, reactions with pressurized hot water (PHW) have

been recognized as an innovative and environmentally benign
technique in water treatment (Jessop and Leitner, 1999). PHW is
defined as hot water at sufficient pressure to maintain the liquid
state, below the critical point of water (374 �C, 22.1 MPa). PHW
has many characteristics that are favorable for chemical reactions:
high diffusivity, low viscosity, and the ability to accelerate acid-
and base-catalyzed reactions. Recently, dechlorination of trinitro-
toluene, trichloroethane and polychlorinated biphenyls, via an oxi-
dation (Foy et al., 1996) or reduction (Kubátová et al., 2002, 2003)
was investigated with PHW, and a practical-plant-scale decompo-
sition of hazardous compounds was achieved (Hawthorne et al.,
2000; Kawasaki et al., 2006). Not only decomposition of chlori-
nated chemicals, but also perfluorinated surfactants such as per-
fluorooctane sulfonate was achieved; the reaction of PHW was
dramatically enhanced by the introduction of metals (Hori et al.,
2006).

In this study, we examined decomposition of ClO�
4 in PHW up to

300 �C, and examined the effect of several zerovalent metals in the
reaction system. Among metals we tested, iron led to the most effi-
cient decomposition of ClO�

4 to Cl� ion, with no formation of other
chlorinated species such as chlorate ðClO�

3 Þ and chlorite ðClO�
2 Þ. We

also applied this method to the decomposition of a ClO�
4 contami-

nated water sample from a man-made reflecting pond, following
fireworks display in Albany, New York.

2. Experimental section

2.1. Materials

Potassium perchlorate (>99.5%) and standard solutions of
NaClO3 and NaClO2 (the concentration of ClO�

3 or ClO�
2 :

1000 mg L�1) were purchased fromWako Pure Chemical Industries
(Osaka, Japan). Fine metal powders were used as received: alumi-

num (>99.99% purity, <75 lm particle size), copper (99.9%,
<75 lm), iron [>99.9%, <53 lm, BET (Brunauer, Emmett and Teller)
surface area: 0.76 m2 g�1], nickel (>99.9%, <53 lm), and zinc
(99.99%, <75 lm) from Kojundo Chemical Laboratory (Saitama,
Japan), and iron (>99.3%, <180 lm, BET surface area: 0.25 m2 g�1)
from Kobe Steel (Tokyo, Japan). Other reagents and solvents were
obtained from Wako Pure Chemical Industries. Argon (99.99%)
and oxygen (99.999%) were from Taiyo Nippon Sanso (Tokyo,
Japan). Collection of ClO�

4 contaminated water from a man-made
reflecting pond, following fireworks display (in Albany, New York),
was described previously (Wu et al., 2011): the sample was col-
lected 2 d after the July 4th fireworks in 2008, and stored at 5 �C.

2.2. Reaction procedures

A stainless steel high-pressure tube reactor (11 mL volume)
equipped with two stainless steel screw caps was used. In a typical
run, an argon-saturated aqueous (Milli-Q water) solution (3.5 mL)
of ClO�

4 (101–204 lM) and metal powder (0.91 mmol) were intro-
duced into the reactor under an argon atmosphere by use of a
globe bag, and the reactor was sealed. Then the reactor was placed
into an oven, and the reactor temperature was raised at a rate of ca
10 �C min�1 to the desired reaction temperature (80–300 �C), and
the temperature was held constant for a specified time (e.g., 6 h).
After the specified time, the reactor was quickly cooled to room
temperature using ice water. The reactor was opened under an ar-
gon atmosphere, and the reaction mixture was centrifuged to sep-
arate the reaction solution and the solid phase (metal powder). The
reaction solution was analyzed, by ion chromatography, for the
quantification of residual ClO�

4 and the product, Cl�, as well as
other ionic species, if present. The recovered metal powder was
dried overnight under vacuum and subjected to X-ray diffractom-
etry (XRD). Control reactions were performed either in the absence
of metal or under ambient (air) atmosphere.

The decomposition of ClO�
4 in water from a man-made reflect-

ing pond following fireworks display was also examined. To
decompose ClO�

4 in this sample, iron powder (1.82 mmol) was
added to the sample (3.5 mL) and the mixture was introduced into
the reactor, and then reacted in the same manner as described
above. Quantification of ClO�

4 in the samples before and after the
reactions was carried out by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) at Wadsworth Center, New York State
Department of Health, where the samples were analyzed immedi-
ately before and after the reaction experiments. Other major ions
present in the sample prior to the reaction (Cl� and SO2�

4 ) were
measured by ion chromatography.

2.3. Analysis

The ion-chromatograph system (Tosoh IC-2001) consisted of an
automatic sample injector (injection volume: 30 lL), a degasser, a
pump, a guard column, a separation column (Tosoh TSKgel Super
IC-AP, 4.6-mm id, 7.5-cm length), a column oven, and a conductiv-
ity detector with a suppressor device. The mobile phase was an
aqueous solution containing NaHCO3 (1.7 mM), Na2CO3 (1.8 mM),
and acetonitrile (23 vol%). The detection limit of ClO�

4 was
0.58 lM (58 lg L�1), calculated from a signal-to-noise ratio of 3.
An LC-MS/MS system consisting of an HPLC system (Agilent
1100), an anion-exchange column (IonPac AS-21, Dionex), and a
mass spectrometer (Micromass Quatro, Waters) was used to quan-
tify ClO�

4 in the water sample from the man-made reflecting pond
following fireworks display and its reaction solution. The detection
limit of ClO�

4 by this method was 0.20 nM (0.02 lg L�1). Details of
the LC-MS/MS procedure have been described elsewhere (Wu
et al., 2011). XRD measurement was performed using Cu Ka radia-
tion (Multiflex, Rigaku, Tokyo, Japan).
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3. Results and discussion

3.1. Decomposition of ClO�
4 in PHW

Initially, we studied the decomposition of ClO�
4 in PHW in the

absence of a metal additive. The densities of the liquid and gas
phases of pure water at 300 �C, at which the two phases coexist,
are reported to be 0.71214 and 0.046168 g mL�1, respectively
(Lemmon et al., 2012). These density values and the water amount
(3.5 g) and the internal reactor volume (11 mL) in the present
study indicate that the volumes of the liquid and gas phases at
300 �C, the highest temperature tested, were 4.5 and 6.5 mL,
respectively. This fact demonstrated that the reactions proceeded
in PHW. The effect of temperature on ClO�

4 decomposition, in the
absence of a metal, is shown in Fig. 1; the reaction time was 6 h
and the initial concentration of ClO�

4 was 103 lM. The residues of
ClO�

4 gradually decreased with increasing the temperature and
Cl� was detected in the reaction solution. However, the reactivity
of ClO�

4 in PHW was considerably low: when the reaction was car-
ried out at 300 �C, the highest temperature tested, 84% of the initial
ClO�

4 remained, accompanied by the formation of a very small con-
centration of Cl�, with a yield [(molar concentration of Cl�

formed)/(molar concentration of the initial ClO�
4 )] of 10%. The

low yield reflects the high thermal and chemical stability of
ClO�

4 . Total recovery of chlorine, i.e., the molar ratio of total chlo-
rine in Cl� formed and remaining ClO�

4 to total chlorine atoms in
the initial ClO�

4 was 94%, indicating that ClO�
4 and Cl� were virtu-

ally the only chlorinated species present in the reaction solution.
Consistently, other chlorinated species such as ClO�

3 and ClO�
2 were

not detected in the reaction solution, indicating that these two spe-
cies are unstable in PHW.

To enhance the decomposition of ClO�
4 in PHW, we carried out

reactions in the presence of a metal powder. The results are sum-
marized in Table 1; the reaction was carried out at 150 �C for 6 h. In
the absence of a metal (entry 1), most (99%) of the initial ClO�

4

(103 lM) remained, accompanied by a very small yield (3%) of
Cl�. Addition of aluminum did not enhance the formation of Cl�

(entry 2). Alternatively, addition of other metals clearly enhanced
the decomposition of ClO�

4 to Cl�, with an increasing order of,
Cu < Zn < Ni << Fe (entries 3–6). The highest enhancement of
decomposition of ClO�

4 to Cl� was achieved by the addition of iron.
After the reaction in PHW with iron for 6 h, no ClO�

4 was detected
in the reaction solution, while Cl� was formed, with a high yield
(85%) (entry 6). The enhancement of the decomposition of ClO�

4

to Cl� was not reflected by the reducing power of the metals, be-
cause the order of ClO�

4 reduction (or Cl� increase) was different
from the order of the redox potentials (E0, V vs. NHE) of metals
in the more negative direction of Cu/Cu2+ (0.34) < Ni/Ni2+

(�0.26) < Fe/Fe2+ (�0.44) < Zn/Zn2+ (�0.76) < Al/Al3+ (�1.68) (Bard
and Faulkner, 2001). This finding suggests that the reduction of
ClO�

4 on metal surface is not a simple redox reaction. It appears
that specific interaction between ClO�

4 and metal surface (such as
adsorption) plays an important role in the decomposition of
ClO�

4 . In each case, ClO�
3 and ClO�

2 were not detected in the reaction
solution. Iron-induced decomposition was also achieved at high
concentrations of ClO�

4 such as 138 and 204 lM, resulted in similar
Cl� yields, i.e., 86% and 85%, respectively (entries 7 and 8).

3.2. Effect of iron

Because the addition of iron powder led to the most efficient Cl�

formation among the metals tested, we further investigated the
decomposition of ClO�

4 to Cl� with iron by changing the reaction
conditions. The reaction-time dependence of the residual ClO�

4

ratio and Cl� yield in the reaction solution is shown in Fig. 2; the
initial concentration of ClO�

4 was 104 lM and the reaction temper-
ature was 150 �C. The amount of ClO�

4 remaining in the solution
decreased from 100% to 94% after addition of iron at 23 �C: 6% of
the initial ClO�

4 was removed from the solution even before heat-
ing, with no Cl� formed. This may be due to the adsorption of
ClO�

4 on the iron surface (Moore et al., 2003; Huang and Sorial,
2007). After heating, the concentration of ClO�

4 rapidly decreased

Fig. 1. Effect of temperature on the decomposition of perchlorate (ClO�
4 ) in

pressurized hot water (PHW) in the absence of metal at a constant reaction time
of 6 h. An argon saturated aqueous solution (3.5 mL) of ClO�

4 (103 lM) was
introduced in a sealed reactor, then the reactor temperature was raised between
150 and 300 �C [Remaining ClO�

4 (%) = (molar concentration of remaining ClO�
4 )/

(initial molar concentration of ClO�
4 ) � 100; Cl� yield (%) = (molar concentration of

formed Cl�)/(initial molar concentration of ClO�
4 ) � 100].

Table 1
Decomposition of perchlorate (ClO�

4 ) in pressurized hot water (PHW) with and without metal additivesa.

Entry Metal additive Weight of metal additive (mg) Particle size of metal additive (lm) Initial ClO�
4 concentration (lM) Remaining ClO�

4 (%) Cl� yield (%)

1 None – – 103 99 3
2 Al 24.5 <75 103 93 1
3 Cu 57.7 <75 101 86 13
4 Zn 59.3 <75 102 51 22
5 Ni 53.4 <53 100 46 43
6 Fe 50.8 <53 104 <1b 85 ± 1
7 Fe 50.8 <53 138 0b 86
8 Fe 50.8 <53 204 0b 85

a An argon saturated aqueous solution (3.5 mL) of ClO�
4 and metal powder (0.91 mmol) were introduced into the reactor under argon, and the reactor was heated to 150 �C

for 6 h.
b Below the detection limit of ion chromatography.
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with increasing reaction time, following pseudo-first-order-kinet-
ics with a rate constant of 4.3 h�1, while Cl� increased. After 1 h,
ClO�

4 was not detected in the reaction solution. The formation of
Cl� showed saturation in 2 h, which indicates that the reaction
was almost complete during this period, and the yield of Cl�

reached 85% after 6 h.

The effect of temperature on ClO�
4 decomposition in the pres-

ence of iron is shown in Fig. 3; the reaction time was 6 h and the
initial concentration of ClO�

4 was 104 lM. Raising the reaction tem-
perature from 23 �C dramatically decreased the residual ClO�

4 and
increased Cl� yield. After the reaction at 80 �C for 6 h, 45% of the
initial ClO�

4 remained, followed by a Cl� yield of 46%.
The concentration of ClO�

4 decreased below the detection limit
at 150 �C, and the Cl� yield increased to a maximum (85%). There-
fore, it was clear that the best reaction temperature for the decom-
position of ClO�

4 to Cl� induced by iron in the present study was
150 �C, at which temperature the reaction was almost complete
in 2 h (Fig. 2).

In the above experiments, we used iron powder with the parti-
cle size of <53 lm and the BET surface area of 0.76 m2 g�1. We used
another iron powder with the particle size of <180 lm and the BET
surface area of 0.25 m2 g�1. When iron powder with lower specific
surface area was used, the residue of ClO�

4 remained in the reaction
solution was 52% and the Cl� yield was 46% (Table 2, entry 2), after
the reaction at 150 �C for 6 h. This residual ratio of ClO�

4 was much
higher than that when the iron powder with high specific surface
area was used (the remaining ClO�

4 was below the detection limit,
Table 2, entry 1); the Cl� yield was considerably lower than that
when the iron powder with high specific surface area was used
(85%, Table 2, entry 1). These results clearly indicate that the
reaction proceeded on the iron surface and that the increase in
the specific surface area was a key factor for accelerating the
decomposition of ClO�

4 .
We also tested the effect of reaction atmosphere on the decom-

position of ClO�
4 . When the reaction was carried out at 150 �C for

6 h under ambient atmosphere, the concentration of ClO�
4 reduced

to below the detection limit (Table 2, entry 3), similar to that un-
der argon (Table 2, entry 1). On the other hand, the Cl� yield was
68%, somewhat lower than that under argon (85%, entry 1). In the
reaction system under ambient atmosphere, the initial amount of
O2 in the gas phase was calculated to 65 lmol from the reactor
volume and O2 concentration of air. On the other hand, the initial
amount of ClO�

4 in the solution was 0.37 lmol: the amount of O2

was 175 times that the amount of ClO�
4 . Although iron reacted

not only with ClO�
4 and water but also with O2 in the reactor,

the presence of O2 in the reaction system may not cause large
interference.

3.3. Fate of iron

To elucidate the fate of iron powder during the reaction, we
carried out the XRD measurement of the recovered iron powder
after the reaction. The XRD pattern of the recovered iron powder
after the reaction at 150 �C under argon for 6 h is shown in
Fig. 4a. The recovered iron powder showed peaks assigned to
Fe3O4. Therefore, iron was transformed into Fe3O4 during the
decomposition of ClO�

4 in PHW. Alternatively, when the reaction
was carried out under ambient atmosphere, the peaks of Fe3O4

of the recovered iron powder became outstanding (Fig. 4b). This
fact supports that iron reacted not only with ClO�

4 and water but

Fig. 2. Reaction-time dependence of the residual ClO�
4 ratio and the Cl� yield. Iron

powder (0.91 mmol; 50.8 mg, <53 lm) was added to an argon saturated aqueous
solution (3.5 mL) of ClO�

4 (104 lM) under argon atmosphere, and the mixture in the
sealed reactor was heated at 150 �C for 1–6 h. Two dots for ClO�

4 at time 0
correspond to the values obtained before (higher value) and after (lower value)
addition of iron.

Fig. 3. Effect of temperature on the decomposition of ClO�
4 in PHW in the presence

of iron at a constant reaction time of 6 h. An argon saturated aqueous solution
(3.5 mL) of ClO�

4 (104 lM) and iron powder (0.91 mmol; 50.8 mg, <53 lm) were
introduced in the sealed reactor under argon atmosphere, then the reactor
temperature was raised between 80 and 250 �C.

Table 2
Effect of iron sort and reaction conditions on the decomposition of ClO�

4 in PHW.a

Entry Particle size (lm) BET surface area (m2 g�1) Initial ClO�
4 concentration (lM) Atmosphere Remaining ClO�

4 (%) Cl� yield (%)

1 <53 0.76 104 Argon <1b 85
2 <180 0.25 101 Argon 52 46
3 <53 0.76 105 Air <1b 68

a An aqueous solution (3.5 mL) of ClO�
4 and iron powder (0.91 mmol; 50.8 mg) were introduced into the reactor under either argon or air, and the reactor was heated to

150 �C for 6 h.
b Below the detection limit of ion chromatography.
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also with O2, when the reaction was carried out under ambient
atmosphere.

3.4. Application to perchlorate-contaminated water from fireworks
display

We used perchlorate-contaminated water from a man-made
reflecting pond following a fireworks display, to evaluate the effi-
ciency of the developed method for the remediation of contami-
nated waters. This sample contained 5.22 lM of ClO�

4 and much
higher concentrations of Cl� (472 lM) and SO2�

4 (130 lM), which
might interfere with the decomposition of ClO�

4 . Therefore, we pro-
longed the reaction time to 18 h and increased the amount of iron
to 1.82 mmol. Consequently, the concentration of ClO�

4 was dra-
matically reduced to 0.03 ± 0.01 lM after the reaction at 150 �C:
99% of the initial ClO�

4 was effectively removed from the water.

4. Conclusions

In the present study, we investigated the decomposition of ClO�
4

in PHW. Although ClO�
4 demonstrated low reactivity in pure PHW

up to 300 �C, addition of several zerovalent metals to the reaction
system enhanced the decomposition of ClO�

4 to Cl�. The addition of
iron powder led to the most efficient decomposition of ClO�

4 : when
the iron powder was added to an aqueous ClO�

4 (104 lM) and the
mixture was heated at 150 �C, the ClO�

4 concentration was fell be-
low 0.58 lM (detection limit of ion chromatography) in 1 h, and
Cl� ions formed at yield of 85% after 6 h. While the decomposition
of ClO�

4 proceeded in PHW, the zerovalent iron was transformed
into Fe3O4. This method was successfully applied in the decompo-
sition of ClO�

4 in a water sample contaminated with ClO�
4 from a

fireworks display: the initial concentration of ClO�
4 (5.22 lM) was

dramatically decreased to 0.03 ± 0.01 lM: 99% of the initial ClO�
4

was effectively removed from the water.
Further studies are needed by scaling up and flow configuration

of this reaction system at pilot or field scale.
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Abstract Changes in crustacean hyperglycemic hormone

(CHH)-family peptides in response to stress were investi-

gated in Litopenaeus vannamei. Stress treatments consisted

of air exposure and low salinity. High-performance liquid

chromatography was used to quantify CHH-family pep-

tides in the X-organ–sinus gland complex (XO–SG) in the

eyestalks. Among the CHH-family peptides analyzed, only

the level of sinus gland peptide-G (SGP-G) in the XO–SG

was decreased. SGP-G was also detectable by Western

blotting analysis in the hemolymph of animals subjected to

stress. These results suggest that SGP-G was secreted from

the XO–SG into the hemolymph during stress. Glucose

levels in the hemolymph increased under conditions during

which SGP-G was detected in the hemolymph. Hypergly-

cemia was also observed when SGP-G was injected. SGP-

G may function to shift energy use to deal with stress.

Keywords Air exposure � Crustacean hyperglycemic

hormone � Low salinity � Shrimp � Stress

Introduction

The supply of energy mediated by an organism’s endocrine

system is a typical stress response that is used to regulate

physiological conditions and protect the body from stress

[1–4]. Stress hormones such as cortisol and norepinephrine

in vertebrates play a role in satisfying energy demand

under these circumstances. However, in crustaceans, a

different system exists in which several peptide hormones

mediate the maintenance of energy balance under stressful

conditions [5].

Crustacean hyperglycemic hormones (CHHs) are neu-

ropeptides that play a central role in the regulation of

energy metabolism in response to stress in Crustacea [5, 6].

CHH-family peptides generally consist of 70–80 amino

acids and possess 6 cysteine residues that form 3 disulfide

bonds [7, 8]. CHH-family peptides are produced mainly by

the X-organ–sinus gland complex (XO–SG) in the eye-

stalk. They have also been found in the pericardial organ,

foregut, hindgut, ventral nerve cord, and retina of several

crustacean species [5, 6, 9]. However, the CHH-family

peptides that are involved in the stress response are

secreted mainly from the XO–SG [9]. Stressful conditions

may promote signaling via enkephalinergic or serotonic

neurons for the release of CHH-family peptides from the

XO–SG into the hemolymph [10–12].

CHH-family peptides are classified into two subtypes:

type I, which does not possess glycine at position 12 in the

mature peptide, and type II, which exhibits glycine.

Immature peptides that belong to type I possess CHH

precursor-related peptide between the signal and mature

peptides [8]. All molecules associated with hyperglycemic

activity have been confirmed to be of type I, and the

C-terminal is often amidated [13]. In contrast, type II

contains molecules that show vitellogenesis-inhibiting,
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molt-inhibiting, or mandibular organ-inhibiting activity

[5]. However, it has also been reported that the type I

subtype in Marsupenaeus japonicus possesses vitellogen-

esis-inhibiting activity, and that the structural classifica-

tions do not always correspond to the functions [14]. CHH-

family peptides are therefore often multifunctional. How-

ever, the physiological functions of these peptides have still

not been sufficiently clarified [9, 15, 16], although the

peptides are considered to be secreted to maintain energy

metabolism in response to stress. In order to gain better

understanding of the mechanisms of energy supply during

the stress response in crustaceans, it is considered neces-

sary to identify which CHH-family peptides function in

this process.

In this study, therefore, we studied the stress response in

terms of CHH-family peptides. We used the penaeid

shrimp Litopenaeus vannamei as an experimental animal.

In this species, 8 CHH-family peptides have been identified

in the sinus glands and have been fully or partly sequenced

[7, 8]. We therefore considered this species suitable for

examining the stress response in relation to CHH-family

peptides. For the purpose of screening CHH-family pep-

tides that function under stressful conditions, we utilized

two different types of stress that frequently occur, for

example, during commercial culture operations. These

were air exposure that comprises hypoxia, drying, and

handling; and low-salinity exposure that induces the influx

of water [5]. Animals were subjected to these stresses, and

their responses were analyzed.

Materials and methods

Experimental animals

Whiteleg shrimp L. vannamei were purchased from Inter-

national Mariculture Technology Co. Ltd. (Tokyo, Japan).

Carapace length was 26.5 ± 1.6 cm (mean ± standard

deviation, SD) and body weight was 13.8 ± 2.1 g

(mean ± SD). Experimental animals were reared in a

3,000-L tank at 20 �C, under 30–35 parts per thousands

(ppt) salinity in artificial seawater (Sea Life, Marinetech,

Tokyo, Japan) until the experiments were commenced.

Experimental procedures used for stress treatments

Intermolt or premolt males were used in this study. In the air-

exposure experiment, experimental animals were reared in a

3,000-L tank at 20 �C and salinity of 35 parts per thousand

(ppt) for 5 days before stress treatment. The animals were

fed 0.2 g dry food pellets (Gold Prawn; Higashimaru Co.

Ltd., Kagoshima, Japan) per day, except in the 14 h before

the experiments. Remaining feed was removed from the tank

10 h after feeding, and the quality of the rearing water was

maintained by circulating the water through filters. After the

acclimation period, the experimental animals were subjected

to air-exposure stress. In the air-exposure experiment, ani-

mals were placed on top of a styrofoam box and subjected to

air-exposure stress for 0 (control), 15, or 30 min, 30 min

being the maximum exposure which would enable the ani-

mals to remain alive. The air temperature was maintained at

20 �C using an air conditioner.

In the low-salinity experiment, animals were kept in a

60-L tank at 28 �C and salinity of 28 ppt for 7 days before

the stress treatment. They were fed dry food pellets (Gold

Prawn; Higashimaru) at a rate of 5 % of body weight per

day, except in the 24 h before the experiments. Remaining

feed was removed from the tank 5 h after feeding, and the

water quality was maintained by circulating the water

through filters. After the acclimation period, the experi-

mental animals were subjected to experimental salinities of

0 and 28 (control) ppt for 0, 3, or 6 h at 28 �C, 6 h being

the maximum exposure which would enable the animals to

remain alive.

Hemolymph was collected in 200 lL acetonitrile to

detect CHH-family peptides in the hemolymph, or in 20 lL
1 M sodium citrate to analyze glucose levels. The con-

centration of acetonitrile was adjusted to 50 % with 100 %

acetonitrile for samples used in the analysis of CHH. For

samples used in glucose analysis, sodium citrate was

adjusted to 0.1 M with 1 M sodium citrate after collection.

In vivo bioassay of hyperglycemic activity of SGP-G

The bioassay method used was mainly as described by

Katayama et al. [13]. Each experimental animal was kept at

salinity of 28 ppt at 28 �C for 7 days. During the experi-

ments, animals were fed dry food pellets (Gold Prawn;

Higashimaru) at a rate of 5 % of body weight per day,

except in the 24 h before injection. Five days after the

beginning of the experimental period, the animals were

bilaterally eyestalk-ablated using heated tweezers. After a

7-day total rearing time, sinus gland peptide-G (SGP-G)

was injected into the abdomen between the cephalothorax

and the tail. SGP-G was identified and obtained from 250

sinus glands by using high-performance liquid chromatog-

raphy (HPLC) as described below; after freeze-drying, it

was then dissolved in phosphate-buffered saline (PBS; pH

7.4, 9.57 mM). The injected concentrations were 0.02, 0.2,

2, 20, and 200 ng, and SGP-G of each concentration was

prepared by dilution in 100 lL PBS. PBS only as a vehicle

control, and crude extracts from 2 sinus glands as positive

controls were also injected in the same manner. Hemo-

lymph was collected in 20 lL 1 M sodium citrate 1 h after

the injection. The concentration of sodium citrate in the

hemolymph samples was adjusted to 0.1 M after collection.
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Quantification of CHHs in sinus glands

Peptides in the sinus glands were extracted by the same

method as described in our previous study, with several

modifications [8]. Eyestalk samples of individuals sub-

jected to air exposure for 0 and 30 min., and of those

subjected to all conditions in the low-salinity experiments,

were utilized for analysis. The right eyestalks were dis-

sected, and each sinus gland was collected in 200 lL 30 %

acetonitrile containing 0.9 % NaCl. The concentration of

acetonitrile was adjusted to 50 % with 100 % acetonitrile,

and each sinus gland was homogenized separately. The

homogenates were centrifuged at 4 �C and 20,000g for

10 min, and the supernatants were collected. Each super-

natant was evaporated to remove the acetonitrile; the vol-

ume was then adjusted to 1 mL with 0.05 % trifluoroacetic

acid (TFA). The extracts were then applied to a Sep-Pak

C18 Cartridge (Waters, MA, USA). The cartridge was

washed with 20 % acetonitrile in 0.05 % TFA, and the

samples were eluted with 50 % acetonitrile in 0.05 % TFA.

The acetonitrile in the eluted samples was evaporated in a

centrifugal evaporator, and the sample volume was adjus-

ted to 1 mL with 0.05 % TFA.

Each CHH was quantified by reversed-phase high-per-

formance liquid chromatography (HPLC) in a Shimadzu

LC-10 HPLC system (Shimadzu, Kyoto, Japan). The

analysis was performed on a Shodex Asahipak ODP-50 2D

(2 mm I.D. 9 150 mm; Showa Denko, Tokyo, Japan) with

a Shodex Asahipak ODP-50 2A (2 mm I.D. 9 10 mm;

Showa Denko, Tokyo, Japan) as a guard column; and

0.05 % TFA and 80 % acetonitrile in 0.05 % TFA was

used as a mobile phase. For the air-exposure experiments,

ingredients in the samples were separated at 40 �C and

flow rate of 0.2 mL/min according to the time program

shown in (a) in Table 1. For the low-salinity experiments

the experimental conditions were slightly modified because

of the use of a different batch of column from the same

manufacturer. The time program given in (b) in Table 1

was used at 50 �C for separation. In both experiments, each

component was detected at a wavelength of 225 nm.

Human recombinant insulin was used as an external

standard for quantification. The quantity of each CHH-

family peptide was calculated against the standard curves

for insulin and recombinant SGP-G (rSGP-G). In this

study, only CHH-family peptides that could be separated to

homogeneity by HPLC were targeted for quantification.

A CHH-family peptide was regarded as nearly pure in the

case that a single peak could be detected by matrix-assisted

laser desorption ionization time-of-flight (MALDI-TOF)

mass spectrometry (data not shown). The thus targeted

CHH-family peptides differed between the experiments;

SGP-A, SGP-B, SGP-C, and SGP-G were quantified in

animals subjected to air exposure, while SGP-C, SGP-F,

and SGP-G were quantified in animals exposed to low

salinity. The time programs in these experiments were

therefore adjusted for the above purposes.

Identification of each CHH by using MALDI-TOF mass

spectrometry

Each HPLC peak was examined by using MALDI-TOF

mass spectrometry before the analysis above, in order to

identify CHH-family peptides in the peak and to elucidate

the purity of each peptide. Sinus gland extract was pre-

pared from 7 to 20 eyestalks by using the method described

above. Each HPLC fraction was collected and concentrated

to volume of less than 10 lL. One microliter of each

sample was mixed with 1 lL matrix reagent on the plate

used for MALDI-TOF mass spectrometry (AB Sciex,

Foster City, CA, USA). The matrix reagent was prepared

by dissolving sinapic acid in 50 % acetonitrile in 0.05 %

TFA. The mixture on the plate was dried in air, and the

plate was then inserted into the mass spectrometer (Voy-

ager-DE STR; AB Sciex). Mass spectra were analyzed in

accordance with the instructions in the manual provided by

the manufacturer.

Detection of SGP-G in hemolymph

In this study, we analyzed hemolymph samples from ani-

mals subjected to 0 and 30 min of air exposure or 3 h of

exposure to low salinity. This selection was made on the

basis of increases in hemolymph glucose levels when

animals were subjected to each type of stress. Hemolymph

samples in 50 % acetonitrile were centrifuged at 4 �C and

20,000g for 10 min. The supernatants were collected, and

the acetonitrile was evaporated in a centrifugal evaporator.

Samples were adjusted to total volume of 1 mL with

0.05 % TFA, and centrifuged again at 4 �C and 20,000g for

Table 1 Time program for HPLC analysis of CHH-family peptides

in eyestalks in experimental air exposure (a) and low salinity (b)

Time (min) Acetonitrile

concentration (%)

(a)

0 24.8

15 24.8

75 50.0

(b)

0 22.4

20 22.4

105 39.0

A binary system consisting of 0.05 % TFA and 80 % acetonitrile in

0.05 % TFA was used as the mobile phase in accordance with this

time program
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10 min. The supernatants were then applied to a Sep-Pak

C18 cartridge (Waters) as described above, after the elim-

ination of acetonitrile in a centrifugal evaporator. The

fractions of each CHH peptide were collected by HPLC as

described above, according to each elution time. Ten

microliters of Laemmli buffer (Bio-Rad Laboratory Inc.,

CA, USA) was added in each fraction, which was then

concentrated to 10 lL and neutralized with 4 lL 1 M

NaHCO3. Mercaptoethanol was added to each sample; the

concentration was adjusted to 10 %, and the samples were

heated at 95 �C for 3 min. A standard was prepared by

using rSGP-G in the same manner. The samples and

standards were subjected to Western blotting analysis.

Sodium dodecyl sulfate (SDS) polyacrylamide gel

electrophoresis (PAGE) was performed with commercial

15 % acrylamide gel (Atto, Tokyo, Japan). Running buffer

was prepared by dissolving 3.03 g Tris-hydroxymethyl

aminomethane (Tris), 14.4 g glycine, and 1 g sodium

dodecyl sulfate (SDS) in Milli-Q water (total, 1 L). Elec-

trophoresis was performed at 10 mA for 100 min.

Following SDS-PAGE, peptides in the gel were trans-

ferred to a polyvinylidene fluoride (PVDF) membrane. The

gel was washed in distilled water for 20 s and then soaked

in blotting buffer for 3 min. The PVDF membrane was

washed in methanol for 1 min, rinsed in Milli-Q water, and

soaked in blotting buffer before use. The blotting buffer

was prepared by dissolving 3.03 g Tris, 14.4 g glycine, and

200 mL methanol in Milli-Q water (total, 1 L). The gel and

PVDF membrane were each placed between 2 filter papers

and treated with a blotting apparatus (Bio-Rad). Transfer

was performed at 150 mA for 100 min.

After blotting, the PVDF membrane was soaked in

blocking buffer and incubated at 37 �C for 1 h for block-

ing. Immunoreactions were then performed by an indirect

method, using anti-rSGP-G available in our laboratory

(Takara Bio Inc., Shiga, Japan) and a second antibody from

a commercial kit (Vectastain Elite ABC kit; Vector Lab-

oratories Inc., CA, USA) dissolved in blocking buffer. The

PVDF membrane was separately incubated at 37 �C for 1 h

in the buffers containing each antibody. The second anti-

body was labeled with horseradish peroxidase from the kit

(Vectastain Elite ABC kit; Vector Laboratories) at 30 �C
for 1 h, in accordance with the manufacturer’s protocol.

The PVDF membrane was washed in washing buffer 3

times for 1 min each time, and 3 times for 5 min each time,

between each process. The washing buffer was prepared by

dissolving 10 mL 1 M Tris–HCl (pH 8.0), 5.844 g NaCl,

and 1 mL Tween 20 in Milli-Q water (total, 1 L). The

blocking buffer was prepared by dissolving 2.5 g bovine

serum albumin in wash buffer (50 mL total).

The membrane was finally reacted with chemilumines-

cence reagents (Immunostar LD; Wako Pure Chemical

Industries Ltd., Osaka, Japan), and SGP-G on the

membrane was detected using a ChemiDoc XRS molecular

imager (Bio-Rad).

Analysis of glucose levels in hemolymph

Hemolymph samples with 0.1 M sodium citrate were

heated at 105 �C for 10 min and then centrifuged at 4 �C
and 20,000g for 10 min. The supernatants were collected

and subjected to glucose assay with a commercial kit

(Sigma-Aldrich Inc., MI, USA).

Statistical analysis

For each CHH-family peptide in the eyestalk in the air-

exposure experiments, the method of statistical analysis

was selected according to the homogeneity of variance

examined by the F test. Differences between means were

compared by using a Student’s t test or Mann–Whitney

U test. For each CHH-family peptide in the eyestalk in the

low-salinity experiments and for the glucose levels in the

hemolymph, the statistical methods were selected accord-

ing to the homogeneity of variance examined by the

Bartlett test. Differences among the mean concentrations of

CHH-family peptides in the eyestalk in the low-salinity

experiments were compared by using parametric or non-

parametric Bonferroni-type multiple comparison. Differ-

ences between the means of glucose levels were compared

by using Dunnett’s method or the Shirley–Williams

method.

Results

Responses of CHHs in sinus glands

Under the experimental conditions used in the air-exposure

experiments, we found all 8 CHH peptides previously

reported in L. vannamei (Fig. 1). The fractions of the peaks

of SGP-A, SGP-B, SGP-C, and SGP-G were almost pure

according to MALDI-TOF mass spectrometry. The chro-

matogram pattern of 1 sinus gland was similar to that of 20

sinus glands (Fig. 1). The peak area of recombinant SGP-G

was one-third as large as that of human recombinant insulin

(Fig. 2). Amounts as low as 50 ng of recombinant SGP-G

could be detected with this method, with peak area corre-

sponding to that of the standard curve. SGP-A, SGP-B,

SGP-C, and SGP-G were quantified by using human

recombinant insulin as an external standard and multiply-

ing by one-third. The fractions of the peaks of SGP-C,

SGP-F, and SGP-G were almost pure as determined by

MALDI-TOF mass spectrometry under the conditions used

in the low-salinity experiments (Fig. 3). Similar to those in

the air-exposure experiment, the peak area of recombinant
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SGP-G was one-third as large as that of human recombi-

nant insulin (data not shown).

We subjected experimental animals to air-exposure stress

and analyzedSGP-A, SGP-B, SGP-C, andSGP-G in the sinus

glands by using HPLC. Only the level of SGP-G decreased

significantly when the animals were placed in air for 30 min

(P\ 0.05) (Fig. 4).Although the peaks of Pev 26 andSGP-D

were not pure, these peaks also showed significant decreases

(data not shown). In the low-salinity experiments, SGP-F

levels showed a tendency to decrease at 0 ppt after 6 h;

however, the decrease was not significant in comparisonwith

the control (P[ 0.05). Only SGP-G showed a significant

decrease in level (P\ 0.05) when animals were exposed to

salinity of 0 ppt for 6 h (Fig. 5). This was similar to the

results of the air-exposure experiments.

SGP-G in hemolymph

We confirmed that SGP-G was present in the hemolymph of

only those animals that had been subjected to air-exposure

stress for 30 min (Fig. 6a). The SGP-G concentration was

estimated at 10 ng/mL. The sensitivity of the Western blot-

ting analysiswas 0.15 ng. In the air-exposure experimentswe
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used 500 lL hemolymph; therefore, the concentration of

SGP-G in the hemolymph of animals not subjected to stress

was likely to be less than about 0.3 ng/mL. Similarly, SGP-G

was detected in the hemolymph of animals exposed to low-

salinity stress for 3 h (Fig. 6b), although the quantity was

expected to be small. In the low-salinity experiments we used

300 lL hemolymph; therefore, the concentration of SGP-G

in the hemolymph of animals not subjected to stress was

likely to be less than about 0.5 ng/mL.

Glucose levels in hemolymph

Glucose levels in hemolymph increased significantly in

animals subjected to air-exposure stress for 15 or 30 min

(P\ 0.05) (Fig. 7a). Glucose levels also showed a ten-

dency to increase when animals were exposed to low

salinity for 3 h, but they recovered to the control levels by

6 h (data not shown). Glucose levels in hemolymph also

significantly increased when 200 ng SGP-G or extract of

two sinus glands was injected into animals whose sinus

glands had been removed by eyestalk ablation (P\ 0.05)

(Fig. 7b). The quantity of SGP-G injected was almost

equivalent to the quantity lost from one sinus gland when

the animals were subjected to air-exposure stress (Fig. 4).

Discussion

We initially established a method of simultaneously quan-

tifying eachCHH-family peptide in the sinus glands by using

HPLC. With our method, three or four CHHs from among

eight CHH-family peptides already found in L. vannamei

were separated to almost pure levels. We quantified the

peptides, using recombinant insulin as a standard, because

recombinant insulin is easy to obtain and has amolecular size

similar to those of CHH-family peptides. Use of this method

can avoid the overestimation that occurs with analytical

methods that use immunoreaction. This point is particularly

useful for CHH analysis, because antibodies made from

CHH-family peptides often show cross-reaction [17].

All CHH-family peptides that we analyzed are classified

as type I [8]. Similarly to in our previous study [8], SGP-G

was the most abundant CHH-family peptide in the
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eyestalks. When animals were exposed to air, the level of

only SGP-G in the eyestalks decreased, whereas the levels

of SGP-A, SGP-B, and SGP-C were maintained. Similarly,

when animals were exposed to low salinity, the level of

only SGP-G in the eyestalks decreased. SGP-G was also

detected in hemolymph sampled from animals subjected to

air or low salinity. Considering that the XO–SG in eyestalk

is the organ that produces and accumulates CHH-family

peptides and secretes them into the hemolymph if neces-

sary [18], these results suggest that SGP-G is secreted from

the XO–SG into the hemolymph in response to different

types of stress, whereas the other hormones analyzed here

are probably not.

When the animals were subjected to stressful conditions,

hemolymph glucose levels showed an increasing tendency

similar to the increase in SGP-G levels in the hemolymph.

As described above, CHH-family peptides of type I mostly

possess hyperglycemic activity [13]. Hence, we consider

that the hyperglycemia observed during air-exposure stress

is partly or mostly controlled by SGP-G. This idea is

supported by the results of our bioassay of SGP-G.

Hemolymph glucose levels were significantly increased by

injecting 200 ng SGP-G. This injection amount is close to

the amount by which SGP-G levels decreased in one eye-

stalk during air exposure. These results suggest that SGP-G

possesses hyperglycemic activity in the stress response. It

has been reported in a related species M. japonicus that

CHH affects the hepatopancreas, inhibits glycogen syn-

thase, and activates glycogen phosphorylase [6]. Hence,

hyperglycemia caused by SGP-G is likely brought about by

a similar mechanism. Furthermore, our previous incubation

experiments using ovaries in L. vannamei revealed that

SGP-G has vitellogenesis-inhibiting activity [8]. Inhibition

of sexual maturation is a general response when organisms

are subjected to stressful conditions. This response is likely

caused by a change in energy use, from use in maturation

to use in survival. It is possible, therefore, that SGP-G is a

hormone that shifts physiological conditions from other

activities in order to deal with stress.

Our results therefore suggest that, in L. vannamei sub-

jected to air-exposure and low-salinity stresses, at least one

of the type I CHH-family peptides in the eyestalk is con-

cerned with energy mobilization. Interestingly, the results

also implied that not all type I CHH-family peptides

function in the stress response. Secretion of CHH-family

peptides and increased hemolymph glucose levels have

been reported in many crustacean species exposed to var-

ious stressful conditions [3, 5, 11, 19, 20]. It may be pos-

sible to assume that type I CHH-family peptides that

possess similar characteristics to SGP-G in this species also

control physiological conditions in the stress response. To

support this hypothesis, it would be valuable to compare

the dynamics of CHH-family peptides under stressful

conditions in other crustacean species. Further studies are

necessary in order to better understand the endocrinology

of stress response in Crustacea.
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Abstract Seven major peptides belonging to the crusta-

cean hyperglycemic hormone family were purified from

the sinus gland located in the eyestalk of the kuruma prawn

Marsupenaeus japonicus, and their effects on vitellogenin

gene expression were examined using the ex vivo ovary

incubation system. Six molecular species of crustacean

hyperglycemic hormone, Pej-SGP-I, -II, -III, -V, VI, and

VII, displayed significant inhibitory effects on vg exp-

ression with almost the same efficacies, whereas Pej-SGP-

IV (known as molt-inhibiting hormone) did not. Two

chromatophorotropic peptides, red pigment-concentrating

hormone and pigment-dispersing hormone, which were

also present in the sinus glands, did not have a clear effect

on the gene expression levels in this incubation system.

These results suggest that the six crustacean hyperglycemic

hormones are potentially capable of acting as vitellogen-

esis-inhibiting hormones in M. japonicus.

Keywords Crustacean hyperglycemic hormone �
Kuruma prawn � Marsupenaeus japonicus � Sinus gland �
Vitellogenesis

Introduction

It has been shown that various kinds of neuropeptide hor-

mones are produced in the eyestalks of crustaceans [1]. Most

of them are synthesized in the X-organ and transferred to the

sinus gland (SG), from where they are released into the

hemolymph. Among them, red pigment concentrating hor-

mone (RPCH) was isolated and sequenced from the sinus

glands of the pink shrimp Pandalus borealis [2]. This mole-

cule was the first neuropeptide to be characterized not only in

crustaceans but also in invertebrates. Subsequently, pigment

dispersing hormone (PDH), originally identified as distal

retinal pigment hormone, was isolated from SG of P. borealis

and sequenced [3]. A few decades after the discovery of the

two chromatophorotropic peptides, four sinus gland neuro-

peptides—crustacean hyperglycemic hormone (CHH), molt-

inhibiting hormone (MIH), vitellogenesis- or gonad-inhibit-

ing hormone (VIH/GIH), and mandibular organ-inhibiting

hormone (MOIH)—were purified and sequenced, one after

another [4]. Their primary structures are similar to each other,

and form a peptide family referred to as the CHH family.

CHH-family peptides are mostly 72–78 amino acid residues

long with six conserved cysteine residues which form three
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intramolecular disulfide bonds. CHH-family peptides are

divided into two subgroups based on the absence (type I) or

presence (type II) of a glycine residue at position 12 in the

mature peptide. According to this grouping, CHHs can be

classified as type I peptide, and most MIHs, VIHs, and

MOIHs as type II peptides. Additionally, type I peptides are

characterized by an amidated C-terminus, although some

type II peptides—MIH from the American crayfish Pro-

cambarus clarkii [5], the South African spiny lobster Jasus

lalandii [6], and VIH from the American lobster Homarus

americanus [7, 8]—possess an amidated C-terminus.

In decapod crustaceans, VIH/GIH regulates vitellogene-

sis by inhibiting vitellogenin (VG) synthesis. The existence

of VIH originating in the eyestalks has been suggested based

on the results from the earliest studies [9, 10]. However,

despite more recent work to characterize VIH using bioas-

says involving the indirect estimation of inhibition of VG

synthesis (reduction in gonadosomatic index or oocyte

diameter) or the direct measurement of inhibition of protein

synthesis, VG synthesis, or vg expression, as reviewed in [1],

our knowledge of peptides with vitellogenesis-inhibiting

activity is still limited. The primary structure ofVIHwas first

reported in the American lobster Homarus americanus [7].

The Homarus VIH (Hoa-VIH) was purified and character-

ized based on an in vivo bioassay using oocyte diameters in

grass shrimp Palaemonetes varians as indices [11]. That

VIH belongs to the type II subfamily as described above. On

the other hand, two molecular species of CHH (type I) from

the South African spiny lobster Jasus lalandiiwere reported

to inhibit protein synthesis in incubated ovary fragments of

the green tiger prawnPenaeus semisulcatus [12]. In the giant

tiger shrimp Penaeus monodon, knockdown of the pem-gih

gene, which encodes a type II peptide, caused the increase in

vg mRNA levels [13]. Thus, vitellogenesis-inhibiting

activities have been recorded for both type I and II peptides.

In the kuruma prawn Marsupenaeus japonicus, two

PDHs (Pej-PDH-I and -II), Pej-RPCH, and eight molecular

species of CHH-family peptides were purified from SG

[14–18]. The three chromatophorotropic peptides were

characterized by in vivo bioassay [16]. Among the eight

CHH-family peptides, six type I molecules, Pej-SGP-I, -II,

-III, -V, -VI, and -VII, have been characterized as CHHs

[15, 17]. Both Pej-SGP-IV and -MIH-B are type II; Pej-

SGP-IV is considered to be an MIH in this species (Pej-

MIH) because of its inhibitory effect on the secretion of

ecdysteroids by the Y-organ [16] and on the expression of

phantom (mj-phm), whose translation product may be

involved in the steroidogenesis in the Y-organ [19]. Pej-

MIH-B shows a weaker inhibitory effect on ecdysteroid

secretion [18], and its physiological role is still ambiguous.

The participation of these CHH-family peptides in vitel-

logenesis regulation was first examined using incubated

P. semisulcatus ovary; six type I molecules inhibited the

protein synthesis [20]. For more detailed clarification of

their role in vitellogenesis regulation, the cDNA encoding

VG was characterized [21, 22]. Then an ex vivo incubation

system of the ovary fragment of M. japonicus was estab-

lished, and the effects of three peptides (Pej-SGP-III,

-MIH, and -MIH-B) on vg mRNA levels were examined

[23]. As a result, Pej-SGP-III (type I) exhibited strong

inhibitory activity, whereas Pej-MIH and -MIH-B (type II)

had no significant effect, which led to the need to assess the

inhibitory effects of all type I peptides.

Here, we report the effects of all type I peptides fromM.

japonicus on vg mRNA levels, and consider whether they

are vitellogenesis-inhibiting hormones. In addition, two

chromatophorotropic neuropeptides that accumulate in SG,

Pej-PDH-II and Pej-RPCH, were also assayed in the same

system in order to study their contribution to vitellogenesis.

Materials and methods

Animals

Adult M. japonicus approximately 18 g in body weight

were purchased from a local fish market in Tokyo, Japan.

For SG collection, animals were kept in the tank with

natural seawater and fed with Goldprawn (Higashimaru

Co. Ltd., Kagoshima, Japan). The SGs were collected as

described previously [14]. For ex vivo ovary incubation,

the animals were kept in a tank with natural seawater and

used within the day purchased.

Preparation of eyestalk peptides of M. japonicus

The preparation of crude SG extract and the separation of

CHH-family peptides using reversed-phase high-perfor-

mance liquid chromatography (RP-HPLC) were carried out

according to the method described previously [15, 17]. After

HPLC separation, peaks representing Pej-SGP-I to -VII were

identified by mass spectral analysis. Mass spectra were

measured on a matrix-assisted laser desorption ionization

time-of-flight (MALDI-TOF) mass spectrometer (Voyager-

DE STR, Applied Biosystems, Foster City, CA, USA) with

3,5-dimethoxy-4-hydroxycinnamic acid used as a matrix in

the positive ion mode. The concentration of each purified

peptide was determined based on the absorbance at 280 nm

and the extinction coefficient at 280 nm, as estimated from

the amino acid sequence of each peptide [24].

Pej-PDH-II was synthesized using 9-fluorenylmethylox-

ycarbonyl-protected amino acids on an automated peptide

synthesizer (Apex396, AAPPTec, Louisville, KY, USA).

Protocols for peptide synthesis, deprotection, and cleavage

from the resin were essentially the same as those recom-

mended by the manufacturer. Deprotected peptides were

34 Fish Sci (2013) 79:33–38
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dissolved in aqueous trifluoroacetic acid and purified by RP-

HPLC. Pej-RPCH was purchased from Toray Research

Center Inc. (Tokyo, Japan).

Preparation of recombinant peptides

Recombinant peptide of Pej-SGP-IV (rPej-SGP-IV) was

prepared according to a previous report [25], and it was

confirmed that the biological activity of the rPej-SGP-IV

was comparable to the natural one (data not shown).

Expression, removal of the tag moiety, the amidating

reaction, and the purification of rPej-SGP-I were performed

according to methods described previously [26, 27]. The

amidating enzyme was a kind gift from Drs. Ohsuye and

Furukawa of Asubio Pharma Co. Ltd. (Gunma, Japan).

Bioassay for vitellogenesis-inhibiting activity using

an ex vivo incubation system for the ovary

The effects of Pej-PDH-II, Pej-RPCH, and seven CHH-

family peptides on vg expression were assessed using an

ex vivo ovary incubation system [23]. The organic solvent

and water in each peptide solution after RP-HPLC purifica-

tion were removed by vacuum centrifugation, and the dried

peptide was dissolved in the incubation medium. Serial

dilutions of medium containing each peptide were prepared:

1 nM, 40 pM, and 2 pM for Pej-SGPs (1 nM only for Pej-

SGP-IV); 800 nM, 40 nM, 2 nM, and 0.1 nM for Pej-PDH-II

and Pej-RPCH. The following peptide concentrations were

employed for the combinations of CHH (rPej-SGP-I) and

MIH (rPej-SGP-IV): 0.5 nM MIH alone, a combination of

0.5 nM MIH with 50 pM CHH, that of 0.1 nM MIH with

50 pM CHH, and 50 pM CHH alone. For the group con-

taining no peptide (0 nM group), incubation medium alone

was used. One ovarian tissue fragment was incubated in

0.2 mL of medium. Preparation of the tissue fragments,

incubation conditions, extraction of total RNA, and sub-

sequent relative quantification of vg mRNA levels by

quantitative reverse transcriptase-polymerase chain reaction

(qRT-PCR) were performed as described previously [23],

except that a 7300 real-time PCR system (Applied Biosys-

tems) was used instead of an ABI PRISM 7700 sequence

detection system (Applied Biosystems) for real-time moni-

toring of the fluorescence signal generated during PCR.

Statistics

Numerical data are expressed as the mean ± SEM. Vg

mRNA levels are expressed as the percentage change

relative to each control value (control = 100). One-way

ANOVA with Dunnett’s post test was performed using

GraphPad Prism version 4.03 for Windows (GraphPad

Software, Inc., La Jolla, CA, USA).

Results

Effects of CHHs on vg expression

The vitellogenesis-inhibiting activities of six CHHs (Pej-

SGP-I, -II, -III, -V, -VI, and -VII) were assessed at concen-

trations ranging from 2 pM to 1 nM. All peptides inhibited

vg expression in ex vivo incubated ovary fragments in a dose-

dependent manner with very similar efficacies (Fig. 1).

Significant inhibitory effects were observed at 40 pM and 1

nM; vg levels in ovary fragments that received 1 nM CHHs

were 19–34 % of those in control ovary fragments. MIH

(Pej-SGP-IV) did not show a significant inhibitory effect,

even at 1 nM, as reported previously [23].

Effects of PDH and RPCH on vg expression

Neither Pej-RPCH nor Pej-PDH-II had a clear effect on vg

expression in the assay at any of the four concentrations

employed. Vg mRNA levels were 95–111 % for Pej-RPCH

(Fig. 2a) and 94–107 % of the control for Pej-PDH-II

(Fig. 2b).

Combined effects of CHH and MIH

To examine the combined effects of CHH and MIH on vg

expression levels, incubation was performed using medium

containing CHH (rPej-SGP-I) or MIH (rPej-SGP-IV) alone

or both CHH and MIH. As shown in Fig. 3, CHH alone

exhibited 46 % inhibition at 50 pM, which was not reduced

by the addition of 100 and 500 pM MIH (47 and 57 %,

Fig. 1 Effects of CHH-family peptides from M. japonicus on vg
mRNA levels in an ex vivo ovary incubation system. Relative vg
mRNA levels are expressed as percentage changes relative to control

values. The results are presented as the mean ± SEM of four prawns.

Asterisks indicate significant differences compared with 0 pM groups

(*P\ 0.01, Dunnett’s test)
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respectively), whereas MIH alone did not affect the vg

expression level at 500 pM.

Discussion

In recent years, vg genes or vg cDNAs have been charac-

terized in decapods, and they have been utilized as a reli-

able tool to understand the process of vitellogenesis. We

previously established an ex vivo bioassay in which vg

expression levels of incubated ovary fragments were uti-

lized to check the vitellogenesis-inhibiting or -stimulating

effects of target molecules, and assessed three CHH-family

peptides: Pej-SGP-III, Pej-MIH, and Pej-MIH-B [23]. In

the present study, all of the major CHH-family peptides

were subjected to this bioassay. The results showed that the

six CHHs belonging to the type I peptide group exhibit

vitellogenesis-inhibiting activity, but MIH, which belongs

to the type II peptide group, does not. Additionally, our

preliminary experimental results showed that a non-

CHH-family peptide fraction corresponding to the eluate

of RP-HPLC, from which CHH-family peptide fractions

(Pej-SGP-I to -VII) were removed, did not show a signif-

icant inhibitory effect at a concentration of 0.1 SG equiv-

alents/mL (data not shown). Although minor peptides such

as a putative CHH, MIH-C, and PDH-3 that were found by

performing expressed sequence tag analysis of M. japoni-

cus eyestalk [28] or other unknown factors in SG may

regulate vitellogenesis, most of the inhibitory activity

exerted by the crude extract of SG [23] is considered to be

derived from the six CHHs.

In our previous study, vitellogenesis-inhibiting activities

of CHH-family peptides of the whiteleg shrimp Litopena-

eus vannamei were examined by the same ex vivo bioas-

say; type I peptides showed inhibitory activity, but a

C-terminally truncated type I peptide had weaker activity,

whereas a type II peptide had no activity [29]. Together

with the previous reports [12, 20], we can therefore con-

clude that vitellogenesis-inhibiting activities of type I

peptides are detectable in penaeid shrimp ovarian bioassay,

and that their efficacies are affected by the presence or

absence of the C-terminal amide moiety, as is the case for

hyperglycemic activity [27, 30, 31]. On the other hand,

Pem-GIH (a type II peptide) from P. monodon, which

belongs to the same family (Penaeidae) as M. japonicus,

was presumed to be a VIH/GIH based on the result that vg

expression levels were increased by the knockdown of that

gene using pem-gih dsRNA injection [13]. Thus, the nature

of the authentic and biologically relevant VIH within the

family Penaeidae is still unclear. In addition to the above

work on Pem-GIH, gene silencing by dsRNA administra-

tion was also used to characterize the gonad-stimulating

hormone (GSH) in Metapenaeus ensis [32]. Similarly,

dsRNAs that target the six CHHs of M. japonicus will be

useful for verifying their in vivo vitellogenesis-inhibiting

activities. Furthermore, information on the contents of the

six CHHs in one SG and their physiological concentrations

in the hemolymph during vitellogenesis will provide cir-

cumstantial evidence that will aid our understanding of the

contribution of each peptide to vitellogenesis regulation.

The C-terminal amide is a characteristic of type I pep-

tides, while the insertion of a glycine residue at position 12

Fig. 2 Effects of Pej-RPCH (a) and Pej-PDH-II (b) on the vg mRNA

levels in ex vivo incubated ovary fragments. Relative vg mRNA

levels are expressed as percentage changes relative to control values.

The results are presented as the mean ± SEM of five prawns for

a and four prawns for b

Fig. 3 Vg mRNA levels in ex vivo incubated ovary fragments

receiving combinations of CHH (rPej-SGP-I) and MIH (rPej-SGP-

IV). Relative vg mRNA levels are expressed as percentage changes

relative to control values. The results are presented as the mean ±

SEM of five prawns. Asterisks indicate significant differences

compared with 0 pM groups (*P\ 0.05, Dunnett’s test)
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is a characteristic of type II peptides. Mutated type I pep-

tides with a glycine inserted at position 12 showed reduced

hyperglycemic activity despite having an amidated C-ter-

minus [33]. As a result of tertiary structural analysis of Pej-

MIH (Pej-SGP-IV) and subsequent homology modeling, a

common fold has been proposed for both type I and II

peptides, because they possess conserved arrangements of

the three disulfide bonds [34]. However, the primary

structure is not well conserved between the two subgroups,

and each group possesses structural characteristics that are

essential for its hormonal activity. Therefore, tertiary

structural analysis of type I peptides [26] will be required

to gain a better understanding of the structural and func-

tional divergence of the CHH family of peptides.

Among chromatophorotropic peptides, it has been pro-

posed that RPCH acts as a neurotransmitter in the red

swamp crayfish Procambarus clarkii, stimulating GSH

release from thoracic ganglia [35], and, so far, this is the

only report that describes the stimulatory effect of chro-

matophorotropic peptide on vitellogenesis. On the other

hand, it was shown that Pej-PDH-I and Pej-RPCH exert no

effect on ovarian protein synthesis [20]. In this study, the

direct vitellogenesis-regulating activities of both Pej-RPCH

and Pej-PDH-II were assessed, and as was expected, they

did not show any definite effects on vg expression under

the experimental conditions employed. In addition to these

results, since the non-CHH-family peptide fraction did not

show significant vitellogenesis-regulating activity, Pej-

PDHs probably do not directly affect vg expression. To

assess the participation of Pej-RPCH in the regulation of

vitellogenesis, in vivo injection or ex vivo coincubation of

the ovary and thoracic ganglia will be required.

In the experiment investigating the combined effects of

CHH and MIH, MIH acted neither cooperatively nor

antagonistically on the vitellogenesis-inhibiting activity of

CHH: the inhibitory effect of CHH was unabated in the

presence of MIH, the concentration of which was two and

ten times higher than that of CHH. These results suggest

that the ovarian tissues lack the MIH receptor, or that the

MIH molecule has very low affinity for the CHH receptor.

In the M. japonicus ovary, it was found (using a similar

incubation system to that employed in this study) that both

cyclic adenosine monophosphate (cAMP) and cyclic gua-

nosine monophosphate (cGMP) mediate the action of VIH,

whereas calcium ion and protein kinase C are involved in

the inhibition of vg expression, irrespective of VIH [36].

Moreover, it was reported that cGMP, rather than cAMP,

mediated the signaling pathway of CHH in the hepato-

pancreas [37], and that intracellular cGMP levels increased

upon the stimulation of CHH [38] using rPej-SGP-VII.

Therefore, it is presumed that receptors involved in cGMP

signaling (i.e., membrane-associated or soluble guanylate

cyclase) or in cAMP signaling (i.e., G protein-coupled

receptor) are candidates for the receptor for CHH-family

peptides. The cDNA encoding guanylate cyclase has been

characterized in some crustacean species [39–41], but the

functional receptor for CHH-family peptides has not been

identified in any crustacean species. To understand the

signal transduction processes activated by VIH, informa-

tion on its receptor molecule will be needed.
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Vesicular adhesion and fusion of two kinds of hybrid
vesicles composed of zwitterionic and anionic phospholipids
were induced by a pH-change that caused a difference in
vesicular surface charges. This facile vesicular fusion method
can be applied to a substrate-transfer from a conveyer vesicle to
a target vesicle.

Recently, giant vesicles (GV), which is a hollow supra-
molecular self-assembly of amphiphiles, have played an impor-
tant role as a nanoreactor in which chemical reactions, including
enzymatic reactions, occur efficiently.1 In general, a GV consists
of a semipermeable bilayer membrane which does not pass ions
or large molecules. Therefore, development of a new transporting
method of a substrate into GVs draws much attention not only
from the aspect of construction of a successive model protocell2

but also biomedical engineering or applications, e.g., drug
delivery,3 gene delivery,4 and DNA computing.5 However,
spontaneous vesicular transport is difficult because of the large
energetic barrier arising from the electrostatic repulsion between
GVs with homopolar surface charge and the dehydration energy
of a substrate required for passing itself through a hydrophobic
membrane. In a biological system, smaller substrates like ions or
polar molecules can be transported across membranes selectively
through an ion channel. In the case of larger substrates, such as
sugars, oligonucleotides, and proteins, they are transported by
endocytosis. By mimicking these mechanisms from a chemical
viewpoint, various transporting methods have been reported.68

As for vesicular fusion,911 a vesicular fusion is usually
accompanied by adhesion with vesicles carrying a complimen-
tary recognition site or an opposite surface charge.

In this paper, we explored a pH-change-triggered vesicular
adhesion and fusion caused by two kinds of hybrid vesicles in a
certain pH range. In order to transport substrates through this
adhesion and fusion event, we are concerned with the acid
dissociation equilibrium of the phosphate diester in phospholi-
pids (Figure 1). Since the acid dissociation constant of the
phosphate group in water is approximately 3, the phosphate
group in basic or neutral water exists as the phosphate anion, and
it is protonated in acidic water.12 Namely, phosphocholine (PC)
in 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC)
has no effective charge in a neutral solution, but it becomes
cationic at pH 3 by protonation, whereas about half of the ester
group in 2-oleoyl-1-palmitoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (POPG) (sodium salt) remains anionic (Figure 1).
Hence, while PC-rich and PG-rich vesicles do not adhere with
each other in a neutral dispersion, they do interact and adhere at
ca. pH 3.

The PC-rich GV [target GV] comprising POPC:POPG:cho-
lesterol = 80:10:10 (mol%) was prepared by swelling the film
with a 50mM aqueous NaCl solution and the resulting
dispersion was incubated at 23 °C until the adhesion experiment.
On the other hand, PG-rich vesicles comprising POPG and
cholesterol (POPG:cholesterol = 90:10) were prepared by film
swelling as well, being stained by 0.1mol% of a phospholipid
tagged with a lipophilic fluorescent probe (2-(4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecaonyl)-1-hexa-
decanoyl-sn-glycero-3-phosphocholine, ¢-BODIPY FL C12-
HPC (Invitrogen)). The dispersion of PG-rich GVs was extruded
twice by a syringe with a 0.2-¯m pore membrane filter. By this
treatment, the size distribution of the PG-rich GVs was shifted to
a large vesicle (LV)-size [conveyer LV], which was unable to be
detected under an optical microscope. The pH of the dispersions
of target GVs and conveyer LVs stained with the ¢-BODIPY FL
C12-HPC were adjusted to pH 3 and they were mixed in a
frame-sealed incubation chamber (17 © 8 © 0.25mm3) from the
outlets placed at diagonal corners, respectively, by capillary
force. Gentle mixing of both dispersions formed a boundary
between two layers (Figure 2a). In the dispersion of target GVat
pH 3, no aggregates were observed by phase contrast micros-
copy (the left-down layer in Figure 2b), or by fluorescent
microscopy. The dispersion containing the conveyer LVs
emitted green fluorescence as a whole (the right-up layer in
Figure 2b); no GVs or aggregates were observed under phase
contrast microscopy because the size of conveyer vesicles
remained as the LV-size. These results mean that the aggregation
between individual phospholipid vesicles did not occur in the
separate layers. However, we noticed fluorescent target GVs

Figure 1. Change of the electric charge of phospholipids (a)
POPC is zwitterionic in a neutral dispersion but it becomes
cationic in an acidic dispersion. (b) POPG is anionic in neutral
but nonionic in acidic dispersions.
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appeared at the boundary between two layers 2 h after the
mixing. The expanded micrographic image of the target GV
adhered by florescent conveyer LVs was shown in Figure 2c.
The fluorescent target GV must be formed at least by the
vesicular adhesion with fluorescent PG-rich LVs and it could be
converted to a fused GV.

In addition, the size distribution of adhered vesicles was
measured by dynamic light scattering experiments. The target
GVs and the conveyer LVs were extruded by 1.2 and 0.2¯m-
membrane filters, respectively, to be distinguished based on
the vesicular size. Figure 3 shows the distribution of the target
GVs and the conveyer LVs: The horizontal axis of Figure 3
corresponds to the logarithm of the vesicular size and the
vertical axis corresponds to the intensity of scattered light which
is proportional to a product of the vesicular volume and the
frequency. A solid line connecting open circles in Figure 3
shows the vesicular size-distribution of both vesicles when
mixed at pH 7. The two maxima correspond to the conveyer LV
(ca. 0.12¯m) and to the target GV (ca. 0.6¯m), respectively.
The plot drawn by thick lines connecting solid circles shows the
size-distribution at pH 3 after 18 h. While the maximum in the
smaller region remained almost the same, the maximum in the

larger range was shifted to ca. 1¯m, which means that the
adhesion between the target GVs and conveyer LVs, at least
occurred.

In order to examine whether the adhesion is followed by the
vesicular fusion, we prepared the conveyer LVs the inner pool of
which was stained by fluorescein (a hydrophilic fluorescent
probe) as follows. The thin PG film was swollen with a 500mM
aqueous solution of fluorescein and the exterior aqueous solution
was diluted with water 20 times. This fluorescent PG-vesicular
dispersion was filtered through a filter with a mesh of 0.2¯m so
that vesicles cannot be observed under an optical microscope.
It was then diluted with water 100-fold. Because the fluorescent
background from the added outer aqueous solution was diluted
about 8000-fold, the fluorescence microscopic observation was
not influenced by the outer fluorescent dye. This dispersion of
conveyer vesicles was mixed with a dispersion of target GVs
(PC-rich GVs), and then 2mM hydrochloric acid was added to
adjust pH 3. When the mixed dispersion was incubated at 23 °C
for 18 h, the inner pool of the GVs became fluorescent
(Figures 4a and 4b). On the other hand, the incubated mixed
dispersion of pH 7 did not show any change even after several
days. The transport of fluorescein into these GVs at pH 3 was
confirmed by the analysis of the fluorescence intensity along the
diameter of the GV (Figure 4c). The maximum of the fluores-
cence intensity was detected at the middle along the diameter
(see Supporting Information, Figure S115). The result unequiv-
ocally indicates that two kinds of phospholipid hybrid vesicles
not only adhered but also fused with each other in a specific pH
region (ca. pH 3) where the surface charges of one kind of
vesicle change to cationic, and the others remain anionic.

Adhesion and fusion events of a large number (50000 GVs)
of target (PC-rich) GVs and conveyer (PG-rich) GVs were
investigated on the basis of flow cytometric analysis.13 Vesicular
membranes of the target GV was stained by lipophilic fluores-
cence probe (2mol% of BODIPY-red,14 ethyl 10-[4-(4,4-di-
fluoro-1,7-dimethyl-4-bora-3a,4a-diaza-s-indacene)-3,5-dimeth-
ylphenyl]decanate) and that of the conveyer vesicle was doped
with a lipophilic quencher (20mol% of 2,4-dinitro-1-octylben-
zene), and the quench of the fluorescence intensity of the target
GV was measured in terms of the decrease of the fluorescence
intensity of each vesicle caused by the fusion with conveyer
LVs. After these two kinds of vesicular dispersions were mixed
at pH 7 and 3, respectively, and left standing still for 18 h, the
forward scattered light (FS) intensity, corresponding to a size
of GV, and the fluorescence (FL) intensity, corresponding to
amount of the fluorescence probe per GV, of the vesicular
mixture were measured (Figure 5). The size distribution of GVs
after incubation (23 °C) at pH 3 increased slightly compared
with that incubated at pH 7 (Figure 5a). On the other hand, the

Figure 3. pH dependence of size distribution of target GVs
and conveyer LVs in as dispersion Size-distribution obtained by
mixing the individual dispersons at pH 7 (solid line connecting
open squares) and at pH 3 (thick solid line connecting solid
circles).

Figure 4. (a) Differential microscope image and (b) fluores-
cent microscope image of a fused target GV with fluorescent
conveyer LVs after fluorescein transport by fusion. (c) Distri-
bution of fluorescent intensity of the fused GV.

Figure 2. Temporal change of micrograms of a mixed
dispersion of target GV and conveyer LVs. (a) Microchamber
for mixing dispersions of target GV and conveyer LVs, the latter
of which was stained by a fluorescent probe. (b) Fluorescence
microgram of the boundary between target GVs and conveyer
LVs 2 h after mixing. Target GVs became fluorescent due to the
adhesion with fluorescent conveyer LVs. (c) A magnified image
of target GV adhered by fluorescent conveyer LVs.
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FL intensity of target GVs decreased by one tenth after being
incubated at pH 3 compared with that at pH 7 (Figure 5b). A
control experiment using conveyer LVs without the quencher
caused almost no difference (Supporting Information,
Figure S215).

When the two-dimensional density plots of FS and FL
intensities after incubation at pH 3 and 7 were examined
precisely (Figure 6), the distribution along the FL axis after
being incubated at pH 3 apparently broadened compared with
that at pH 7. The broadening was not observed in the control
experiment without the quencher (Supporting Information,
Figure S315). The above results mean that the quenching
efficiency depends on the lamellarity of GVs. This is because
conveyer LVs coat the surface of the target GV and the
quenching occurs only in the outermost vesicular membrane. In
the case of multilamellar GVs, fluorescent probes buried in the
inside membranes are difficult to quench. Thus GVs with thin
outer membranes are favorable to obtain high performance by
our vesicular transport method since the efficiency depends on
the lamellarity.

In conclusion, we found that the molecular transport of
substrates from the conveyer vesicles to the target GV could be
triggered by the pH-change through the vesicular adhesion and

fusion processes. If transport of larger molecules, such as DNA,
or enzymes, is feasible, this method will be widely applicable to
biochemical or medical purposes.

This work was partially supported by a Grant-in-Aid for
Scientific Research (B) (No. 23350060) from Japan Society for
the Promotion of Science (JSPS).
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Figure 5. Histograms of the fused GVs after incubation at
pH 7 (black dots) and pH 3 (gray dots). (a) Size distribution of
GVs (FS), (b) amount of fluorescence probe per GV (FL). Note
that the magnitude of frequencies in the two plots was
normalized by the maximum value.

Figure 6. Density plots (2D contour map) of a flow cytometric
analysis of dispersions of a mixture of target GVs with a
lipophilic fluorescent dye and conveyer LVs with a lipophilic
quencher incubated at pH 7 (a) and pH 3 (b). Cross bars in the
both diagrams indicate the highest position in plot (a).
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Giant vesicles (GVs) comprising zwitterionic and anionic
phospholipids (DOPC and POPG, respectively) at a molar ratio
of 90:10 formed a sparse network of aggregates that dissociated
into isolated GVs reversibly depending on the pH of the
dispersion (pH range, 7.02.5). This reversibility was due to the
fluctuations in the composition of as-grown GVs.

Amphiphiles, such as phospholipids, afford three-dimen-
sional structures, belonging to the gyroid and hexagonal phases,
under high-temperature,1 high-concentration,2 and high-pressure
conditions.1 On the other hand, they also form vesicles
characterized by closed hollow structures with a lipid bilayer.3

Recently, giant vesicles (GVs) with diameters larger than 1¯m
have drawn considerable attention in the physical and chemical
research fields due to fact that they belong to discrete (zero-
dimensional) systems. Aggregation and fusion of GVs, taking
place at high concentrations of electrolytes or in the presence of
multivalent inorganic ions, are irreversible processes.4 Although
the aggregation of GVs equipped with a specific recognition site,
e.g., DNA-tag,5 or a coordination site6 has been extensively
studied, that of phospholipid hybrid GVs of the same compo-
sition but without any specific tag has been scarcely inves-
tigated. Since a binary lipid mixture of phosphatidylcholine (PC)
and phosphatidylglycerol (PG) in the lamellar phase is uniquely
sensitive to the pH change,7 we have been interested in
examining whether this intravesicular response to the pH
change influences the intervesicular interaction in dispersion. As
a result, we conceived PC/PG hybrid GVs to study the pH-
sensitive reversible transformation of the aggregation states of a
hybrid GV in dispersion. Here, we found that the switchable
aggregation and dissociation of the PC/PG hybrid GVs can be
induced simply by changing the pH of the aqueous dispersion.
This phenomenon is caused by the distribution of the positive or
negative surface charge of the hybrid GVs with fluctuating
composition of PC and PG. The adhesion of GVs occurs around
pH at which the effective surface charge of the GV membrane
becomes zero.

As stated above, vesicles in a colloidal dispersion easily
aggregate in the presence of multivalent inorganic ions or at a
high concentration of electrolytes.4 However, such aggregation
often induces fusion between adhering vesicles that are difficult
to dissociate reversibly. In this study, we prepared phospholipid
hybrid GVs comprising zwitterionic 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and anionic 2-oleoyl-1-palmitoyl-sn-
glycero-3-phospho-rac-(1-glycerol) (POPG) sodium salt at a
ratio of 90:10 (mol%) by a film-swelling method. The mixture

of phospholipids was dissolved in chloroform. The solvent was
evaporated by dry nitrogen flow. The resulting film was dried
under reduced pressure overnight. Deionized water at 25 °C was
added to the film to obtain a dispersion of hybrid GVs with
phospholipids at a concentration of 2mM. Generally, the surface
charge of the hybrid GV membrane changes from negative to
positive by the protonation of the phosphate groups of PC and
PG (vide infra). The surface charge of the GV becomes almost
zero at a certain pH and a molar ratio of PC/PG. Since GVs are
damaged due to the complete protonation of the phosphate
groups of PC and PG under too low a pH (Figure 1c), the critical
pH (pH at which the surface charge of the GV becomes zero)
should not be too low. Accordingly, we selected the ratio of PC
and PG in the hybrid GV to be 9:1.

The pH of the vesicular dispersion with an average diameter
of 5 « 1¯m (Figure 1a) was decreased by adding aqueous HCl
(100mM) dropwise using a micropipette, following which a
sparse network of GVs appeared at pH 2.4, as observed by
differential interference contrast microscopy (OLYMPUS,
BX51) (Figure 1b). Incidentally, no aggregation of GVs was
observed at a pH lower than 2.0 (Figure 1c).

To determine whether the observed aggregation is a uniform
throughout the whole bulk state, the pH dependence of the
particle size distribution was monitored by dynamic light
scattering (DLS) analysis (Nikkiso, Microtrac UPA150). The
size of the phospholipid hybrid GVs was maintained less than
100 nm, which was suitable (less than 6.5¯m) for DLS analysis,
by filtering the dispersion of GVs through a membrane filter
with pores of 100 nm diameter. Moreover, to prevent the
precipitation of large aggregates, DLS analysis was conducted
immediately after the adjustment of pH. The pH dependence of
the size distribution determined by the DLS measurement is
shown in Figure 2. Only the peak centered at 100 nm, which was
ascribed to the filtered GVs, was detected in the pH range of
74, which indicated that no size change occurred in this pH

Figure 1. Microscopic images of isolated vesicles or vesicular
aggregates in dispersions at (a) pH 7.0, (b) pH 2.5, and
(c) pH 2.0. White bars in the micrographs correspond to 100¯m.
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range. However, a new subpeak with a broad maximum at
approximately 2¯m appeared at pH 2.5, together with the
original distribution at 100 nm. This subpeak was attributed to
aggregates of GVs with sizes in the order of 100¯m, the
presence of which was confirmed by optical microscopy. We
were not able to observe any micrometer-order aggregates at
pH 2. However, we observed a shoulder of the main peak
centered at 300 nm, the origin of which is not clear at the
moment.

The pH of the dispersion containing the vesicular aggregates
was neutralized by adding an aqueous NaOH solution (100mM)
using a micropipette, and the changes in the aggregates in the
dispersion were monitored by differential interference contrast
microscopy (Figure 3). As the pH increased, the aggregates
dissociated smoothly (Figure 3a), and at pH 7 all the aggregates
disappeared (Figure 3b), leaving the vesicular dispersion ap-
pearing as it did in the initial state. We confirmed that the
aggregation and dissociation of GVs occur reversibly many
times using an optical microscope (Figures 3c3f). Note that this
rapid interconversion (30min) between the dissociated state and
the aggregated state of the same GVs can be triggered simply by
pH change. The reversibility of the aggregation and dissociation
of GVs can be guaranteed for more than one day. A partial
breakdown of the reversibility was observed after more than
3 days.

The switchable aggregation and dissociation of GVs were
monitored by the aforementioned DLS measurement of the
filtered GV (º = 100 nm) dispersion (Figure 4). The alternating
appearance and disappearance of bands corresponding to the
micrometer-sized aggregates were clearly observed. This un-
equivocally showed that the aggregation and dissociation
processes occurred not locally in an area observed under the
microscope but ubiquitously in the bulk.

Our phospholipid hybrid vesicles comprised zwitterionic
DOPC and anionic POPG in a fixed composition. Therefore,
how can such a switchable aggregation be rationalized? Because
the surface charge of these hybrid vesicles is negative owing to
the presence of PG, it generates a repulsive interaction among
the hybrid GVs. However, if the pH of the dispersion becomes
close to that at the acid dissociation equilibrium of the
phospholipid, the number of protonated phosphate groups of
the phospholipids (both PC and PG) increases. Assuming that
the practical pKa’s of the phosphate groups of PC and PG were
approximately 1 and 3, respectively,8 we calculated the pH
dependence of the surface charge of the hybrid GV and found

that the surface charge became almost zero at pH of ca. 2.5. This
estimation is in accord with our experimental result. As a result,
the protonated PC becomes cationic owing to the presence of the
choline unit and the protonated PG becomes neutral, which
attenuates the anionic characteristic of the surface charge of
the hybrid GVs, thereby weakening the repulsive interaction

Figure 2. Size distribution of vesicular and their aggregation
at several pH. An inset is a whole view.

Figure 3. Microscopic images of switchable dynamics be-
tween aggregated states and dissociated states depending on the
pH of the dispersion. (a) Initial specimen. (b) After the first
acidification to pH 2.5 with a diluted HCl(aq). (c) First
neutralization with NaOH(aq). (d) Second acidification to
pH 2.5 with a diluted HCl(aq). (e) Second neutralization with
NaOH(aq). (e) Third acidification to pH 2.5. White bars in the
micrographs correspond to 100¯m.

Figure 4. Switching between dissociation (dispersed) and
aggregation states in dispersion under neutral or acidic condition
observed by dynamic light scattering analysis.
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between the GVs. Note that even though the surface charge of
a vesicle composed solely of zwitterionic PC is neutral, PC
vesicles never aggregate in the dispersion. If the change in the
surface charge of a vesicle is accompanied by the change in the
pH of the dispersion, the sign of the surface charge remains the
same and only a repulsive interaction would be generated.
Consequently, reversible vesicular adhesion cannot occur.
However, vesicular adhesion was found to occur at pH 2.4 in
the current system. This is the reason why the hybrid phospho-
lipid GV aggregates would originate from the fluctuations in the
compositions of PC and PG in each as-grown GV at the time of
preparation. Hence, even though the pH was maintained at a
value at which the surfaces charges are strictly cancelled, as
calculated from the original compositions of PC and PG, there
must be a fluctuation in the composition of the as-grown hybrid
GVs. If the amount of PG is slightly higher than the estimated
value, the surface charge becomes negative, and vice versa.
Hence, an attractive interaction can be expected between such
GVs.

The pattern of aggregation among vesicles observed in this
study correlates well with the structure simulated using a
clustercluster aggregation (CCA) model based on the adhesive
interaction among particles.9,10 In this model, the process was
assumed such that the adhesive particles encounter and adhere
with each other at a random place in the system, and they form
small clusters which, in turn, collide and adhere to form larger
clusters, and so on; eventually, large clusters with many voids
are formed. Indeed, a regular distribution of vesicular aggregates
observed by the DLS analysis resembles the initial state of the
CCA model.

Moreover, the adhesion force between the vesicles in this
study is at a level that prevents fusion that might occur
subsequently because fusion prevents the reversible dissociation
process. This is in sharp contrast to the studies that reported that
tight adhesion is followed by fusion between vesicles.4,1115 In
this system, the small ratio of the potential anion source (PG)
keeps the adhesion sites few, which guarantees high reversibility
of the system. The reason why adhesion does not occur at pHs
lower than 2.4 can also be rationalized by the acid dissociation
equilibrium. If the pH is low, most of the phosphate groups are
protonated, which makes the surface charge of PC-rich vesicles
cationic. As a result, the interaction between GVs becomes
repulsive.

In this study, we succeeded in switching between the
aggregated state and the dissociated state of the phospholipid
hybrid vesicles (PC:PG = 90:10mol%) simply by changing the
pH of the dispersion. This reversible process can be repeated
many times every 30min. The key mechanism of this
aggregationdissociation of GVs is derived from the fluctuation
of the composition of the as-grown GVs. We have already
reported the significant effect of the fluctuation on the
responsiveness toward external stimuli (and to the spontaneous
movement of soft matter). For example, the self-rewinding
motion of the helical structure made of multilamellar tubular

vesicles composed of oleic acid and oleate originates from the
fluctuation of effective volume and the charge of the carboxylic
group of oleic acid and oleate in the multilamellar membrane.16

In another instance, curved structures, which can be regarded as
a magneto-elastica that appear following the application of
external magnetic field to the collagen-containing tubular
vesicles, originate from the fluctuations of the two compo-
nents.17 When a dispersion of PC/PG vesicles is acidified in a
thin canal, the vesicles form sparse aggregates, which may
precipitate out or form a stack at the bottleneck of the canal. The
aggregates can be removed by washing with neutral water. Such
vesicular aggregates may work as a “soft valve” or “soft
stopper” in a canal. Manipulatable soft matter may lead to new
applications along this direction.

Paper based on a presentation made at the International
Association of Colloid and Interface Scientists, Conference
(IACIS2012), Sendai, Japan, May 1318, 2012.
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The valence electronic states of thiophene (TP), 2-thiophenethiol (TT), 2,20-bithiophene (BTP), and
2,20-bithiophene-5-thiol (BTT) on Pt(111) were measured by ultraviolet photoemission spectroscopy

(UPS) and metastable atom electron spectroscopy (MAES) to elucidate how the local electronic

properties at the organic–metal interface are altered by the extent of p-conjugation and substituent

effects. First-principles calculations using density functional theory (DFT) were used to assign the

observed spectra. TP and BTP chemisorb weakly on Pt(111), whereas TT and BTT are strongly

bound to Pt(111) through the S atom with the cleavage of the S–H bond, forming a thiolate. In the

MAES spectra, weak emission just below the Fermi level (EF) was attributed to a chemisorption-

induced gap state (CIGS) produced by orbital mixing between the organic species and Pt(111).

The formation of CIGS is responsible for a metallic structure at the organic–metal interface.

The relative intensities of CIGSs at EF were in the order of TP (flat-lying configuration) 4 TT 4 TP

(inclined configuration), indicating that the spatial distribution of CIGSs is drastically altered by the

strength of the organic–metal bond and the adsorption geometry. In other words, TP (flat-lying

geometry) and TT serve as good mediators of the extension of the metal wave function at EF,

which would be closely related to charge transport at organic–metal interfaces.

1. Introduction

The nature of thiophene (C4H4S, TP) and its derivatives on a

metal substrate has attracted considerable attention in several

fields, including heterogeneous catalysis, thin-film growth, and

electrochemistry. In molecular electronics, oligothiophenes

and polythiophenes are widely used because they are promising

materials for the fabrication of field-effect transistors,1,2 light

emitting diodes,3 and molecular junctions.4 When organic

molecules are chemically bound to the metal substrate, new

electronic states may emerge in the highest occupied molecular

orbital–lowest unoccupied molecular orbital (HOMO–LUMO)

gap. Such a chemisorption-induced gap state (CIGS) is

accompanied by charge transfer between the molecules and the

substrate, resulting in the formation of an electric dipole layer.

The work function change (or vacuum level shift) directly deter-

mines the charge injection barrier at the organic–metal interface.5

Furthermore, the CIGS mediates the extension of metal wave

functions to the molecule, which affects the tunneling prob-

ability (and consequently electric conductance) in molecular

junctions linked by metal electrodes.6 Thus, the CIGS is a

key factor in the development of a functional organic–metal

system, but it is still unclear how the CIGS is altered by the

extent of p-conjugation and substituent effects.

Numerous experimental studies have been performed on the

adsorption of TP on metal substrates, including Fe(100),7

Ni(100),8,9 Cu(100),8 Cu(111),10 Mo(100),11 Rh(111),12

Pd(110),13 Pd(111),13 Ag(111),14 W(110),15 Pt(111),16–19 and

Au(111).20–22 The adsorption energy and geometry have been

estimated using density functional theory (DFT).20,23,24 On

some substrates such as Pt(111) and Au(111), TP undergoes a

coverage-driven phase transition: at low coverage TP adopts a

flat-lying conformation, while with increasing coverage a tilted

orientation becomes dominant, and these phases are some-

times called ‘‘relaxed monolayer’’ and ‘‘compressed mono-

layer’’, respectively. At higher temperatures, TP desulfurizes

on reactive substrates, for example, in TP/Pt(111), the C–S

bond cleavage begins close to room temperature.19 Thiophene

derivatives such as 2-thiophenethiol (TT) are also candidates

for the fabrication of TP monolayers, because they are

expected to bind to the substrate through the S atom with

the cleavage of the S–H bond, forming a thiolate.25–27
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Scanning tunneling microscopy (STM) and X-ray photo-

emission spectroscopy (XPS) studies of TT on Au(111) have

shown that two different sulfur atoms are competitively bound to

the substrate, forming a disordered self-assembled monolayer.28

Oligothiophenes such as 2,20-bithiophene (BTP) are bound in

a flat-lying geometry on Ni(110)29 and Ag(111).14 The valence

electronic states of TP on Mo(1001),11 Rh(111),12 and

W(110),15 and BTP on Ni(110)29 have been measured by

ultraviolet photoemission spectroscopy (UPS), but there is

little information on the CIGS (in particular, near the Fermi

level, EF) because of the overlap with the substrate bands.

The local electronic states at the outermost layer can be

probed by metastable atom electron spectroscopy (MAES),

which is based on energy analysis of electrons emitted by

thermal collision of rare gas metastable atoms such as

He*(1s2s, 23S) with a solid surface.30,31 On a transition-metal

surface [e.g., Pt(111)], in which the conduction bands lie

opposite the 2s level of He*, the 2s electron tunnels resonantly

to the surface, and then, the He+(12S) ion produced is

neutralized by an Auger transition; these processes are called

resonance ionization (RI) and Auger neutralization (AN),

respectively. As the AN process produces two holes in the

valence bands, the resulting spectrum shows a broad structure

reflecting the self-convolution of the local density of states. On

an insulator surface without an empty state opposite the He*

2s level (e.g., ordinary organic film), the RI process is sup-

pressed and Penning ionization (PI), in which an electron in

the valence band fills the He* 1s hole and the 2s electron is

simultaneously emitted to the vacuum, occurs instead. In PI, a

single hole is produced in the valence band, as in the case of

photoemission. Extremely high surface sensitivity of MAES

has been applied to detect CIGSs near EF for alkanethiols

(CnH2n+1SH, n= 1–3) on Pt(111),32,33 benzenethiol (C6H5SH)

on Pt(111),34 and C6H5SH on Au(111).35 The spatial extent of the

CIGS (i.e., the extension of metal wave functions to the molecule)

is drastically altered by the strength of the organic–metal bond

and adsorption geometry, whose character is closely related to

transport phenomena in molecular junctions.6

In this paper, we report the valence electronic states of TP,

TT, BTP, and 2,20-bithiophene-5-thiol (BTT) on Pt(111) examined

by UPS, MAES, and first-principles DFT calculations. The

chemical structures of the molecules are shown in Fig. 1. In

Sections 4.1 and 4.2, we first show the UPS and MAES spectra

of condensed TP and TT on Pt(111) to clarify the native electronic

structures. Then, theMAES spectra of the chemisorbed phases are

compared with the calculated local density of states. In Section 4.3,

we show the MAES spectra of BTP and BTT on Pt(111) in the

condensed and chemisorbed phases. Our data indicate that TP

and BTP chemisorb weakly on Pt(111), whereas TT and BTT

chemisorb strongly on Pt(111) by forming thiolates. In all cases,

CIGSs are formed just below EF, resulting in a metallic structure

at the organic–metal interfaces. In Section 4.4, we compare the

local density of CIGSs at EF of the four systems, and address the

close relationship of CIGS with transport characteristics.

2. Experimental

The experimental apparatus and related procedure are

reported elsewhere.32,36 The Pt(111) substrate was cleaned by

repeated Ar+ ion sputtering and heating cycles. The clean

substrate showed a well-ordered low-energy electron diffraction

pattern and no impurities within the limit of Auger electron

spectroscopy. TP and BTP were obtained commercially. TT

and BTT were synthesized in our laboratory. Condensed films

were prepared by vapor deposition on the clean substrate at

55–205 K cooled by a He-flow cryostat. The film thickness was

estimated from the attenuation of photoemission signals

from the metal bands and expressed in units of monolayers

(ML). Chemisorbed monolayer were obtained by heating the

condensed layer. The UPS and MAES spectra were measured

by the He I resonance line (hn = 21.21 eV) and He*(23S,

19.82 eV) atoms, respectively.

3. Computational details

All calculations based on a generalized gradient approximation

(GGA) in DFT were performed using a program package

‘‘STATE’’ (Simulation Tool for Atom TEchnology).37 The

pseudopotentials of H 1s, C 2p, and Pt 5d states were constructed

with the Vanderbilt’s ultrasoft scheme,38 whereas those of

other components were constructed with the norm-conserving

scheme.39 The cut-off energy for the wave function and the

augmented charge were 25 Ry and 225 Ry, respectively. A

periodic slab model was used with each slab composed of three

atomic layers separated by a vacuum region of 27.8 Å. Adsorbed

molecules were introduced on one side of the slab. Brillouin zone

integrations were performed on a 6� 6� 1 uniformmesh grid of

k-points40 for hypothetical (2 � 2) and (O7 � O7)R19.11 unit

cells, corresponding to the coverage (y) of 0.25 and 0.14,

respectively. For optimization, adsorbed molecules and the top

two layers of the substrate atoms were allowed to relax. The

adsorption energy Ead was defined as follows:

Ead = Etot � (EPt + Emol),

where Etot, EPt, and Emol are the total energies of adsorbate-

covered Pt(111), bare Pt(111), and an isolated molecular layer,

respectively. For the optimized structures, the local density of

states (LDOS), projected density of states (PDOS), and crystal

orbital overlap population (COOP) were calculated.

Fig. 1 Energy diagrams of higher-lying occupied p MOs in free

thiophene derivatives by ab initio calculations at the B3LYP level.
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4. Results and discussion

Before an analysis of adsorption systems, it is useful to

compare the electronic states of free molecules. Fig. 1 shows

the energy diagram for the higher-lying occupied p MOs by

ab initio calculations at the B3LYP level. The notations of

MOs are based on the optimized geometries, i.e., a planar

structure for TP (C2v) and BTP (C2h), and a non-planar

structure, in which the thiol-H atom protrudes out of the ring

plane, for TT (C1) and BTT (C1). According to our gas-phase

UPS spectra (not shown), the ionization energies (IEs) of the

higher-lying p bands are 8.85 and 9.64 eV for TP, and 8.83,

9.46, and 9.68 eV for TT. The TT values (in particular the small

energy separation between the second and third IEs) support

the assumption that TT prefers the non-planar to the planar

conformation. Note that the HOMO levels of TP and TT as

well as those of BTP and BTT are nearly identical. This feature

is drastically altered by chemisorption as mentioned below.

4.1. Thiophene (TP) on Pt(111)

Fig. 2 shows the He I UPS and He*(23S) MAES spectra of a

TP multilayer (B6 ML) on Pt(111) prepared at 55 K. The

binding energy (EB) is referred to the Fermi level (EF) of the

substrate. The UPS spectra of TP in the gas and condensed

phases have been measured several times and the following

assignment is well established.12,41 The first band is assigned to

the 1a2(p3) orbital (HOMO) with a nodal plane on the S atom

and the 2b1(p2) orbital with a large amount of S 3p (see the

isosurface plots in Fig. 2). The second band is assigned to five

MOs including 6a1(nS) and 1b1(p1), and the third band is

assigned to three s MOs. The corresponding bands appear in

the MAES spectrum, indicating that the He*(23S) atoms decay

via PI. The Pt 5d bands are observed just below EF in the UPS

spectrum, but are missing in the MAES spectrum, reflecting

the limited sensitivity to the topmost layer. In other words, the

absence of electron emission near EF in the MAES spectrum

provides direct evidence that the condensed layer (without

direct contact with the Pt substrate) is an insulator with a

wide energy gap. The threshold of electron emission for the

condensed layer is 3.3 eV below EF, which corresponds to the

hole injection barrier from Pt(111) to the TP film.

Fig. 3 shows the temperature-dependent spectra of a TP

multilayer on Pt(111) prepared at 55 K. Upon heating to 120 K,

the UPS spectrum shows that the Pt 5d bands increase in intensity,

whereas the TP-derived bands are apparently unchanged. In the

MAES spectrum, a weak structure due to a chemisorbed species

appears just below EF. According to TDS measurements, with the

heating rate of 3 K s�1, the condensed multilayer on Pt(111)

desorbs at 152 K, and then, the remaining monolayer partially

desorbs at 174 K.16 Reflection-absorption infrared spectroscopy

(RAIRS) studies showed that the condensed molecules desorb by

annealing at temperatures above 135 K.17 Therefore, spectral

changes observed at 120 K are not due to thermal desorption

but by disorder–crystalline transition.17 In the latter process, the

disordered layers are rearranged at B120 K to form crystalline

islands on the chemisorbed layer, as in the case of a benzene

(C6H6) multilayer on Pt(111).42

With increasing substrate temperature, two types of mono-

layers are formed,19 i.e., a compressed (high coverage) mono-

layer, and then, a relaxed (low coverage) monolayer. The

spectra measured at 150 and 200 K shown in Fig. 3 correspond

to those for the compressed and relaxed monolayers, respec-

tively. The following remarks can be deduced.

(1) In the UPS spectra, the TP-derived bands show little

change in EB between multilayer and monolayers, indicating

that TP chemisorbs weakly on Pt(111).

(2) The MAES spectrum shows that the He*(23S) atoms

decay on the compressed monolayer predominantly via PI,

yielding the TP-derived bands. On the relaxed monolayer, PI is

considerably suppressed, and RI followed by AN is dominant.

The former process yields a weak p-derived band at EB B 4 eV,

and the latter two-step process yields a broad background

(like for the clean substrate). Changes in the branching ratio

(GPI/GRI) are caused by the different molecular orientations in

the relaxed and compressed phases, i.e., TP is bound with the

ring plane parallel and tilted to the substrate, respectively.19 In

the flat-lying configuration, the He*(23S) atoms approach more

close to the Pt(111) substrate, leading to the predominant decay

via RI and AN. A similar feature has been observed in thermal

collision of He*(23S) with flat-lying C6H6 on Pt(111).42

(3) In the MAES spectra, a weak structure just below EF is

attributed to the CIGS formed at the TP–Pt(111) interface,

because the corresponding structure is missing in the cases of

the bare substrate and multilayer film. The appearance of an

edge structure at EF indicates that the chemisorbed species are

metallic in nature.

We also measured the exposure-dependent spectra in the

temperature range of 55–295 K (not shown). At saturation, the

compressed and relaxed monolayers are formed on Pt(111) at

150 and 200 K, respectively, resulting in a very similar MAES

spectrum shown in Fig. 3. According to previous studies of TP

on Pt(111),19 the C–S bond cleavage begins close to room

temperature, which is consistent with the MAES spectra.

To examine the local electronic structure at the TP–Pt(111)

interface, we performed first-principles DFT calculations

using a periodic slab model. Because no order structure has

Fig. 2 He I UPS and He*(23S) MAES spectra of a TP multilayer

(B6 ML) on Pt(111) prepared at 55 K, together with the energy levels

of gaseous TP determined by He I UPS. The arrow in the spectrum

indicates the threshold of electron emission. The isosurface plots of

some MOs by ab initio calculations are also shown.
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been observed for TP on Pt(111), hypothetical (O7 �
O7)R19.11 and (2� 2) overlayers were assumed for the relaxed

and compressed monolayers, respectively. The coverages in

these overlayers are 0.14 and 0.25, respectively. According

to the total energy calculations for the (O7 � O7)R19.11
structure, TP adopts a nearly flat geometry on the substrate

with the S atom in a terminal position, as schematically shown

in Fig. 4A. The adsorption energy is 110 kJ mol�1 at a

stationary point (which corresponds to the S–Pt distance,

dS–Pt = 3.14 Å), and finally reaches 132 kJ mol�1 at dS–Pt =

2.28 Å. For the (2 � 2) structure, TP is bound to the terminal

site via the S atom with an inclined configuration (Fig. 5A),

where the S–Pt distance is 2.30 Å and the tilt angle of the

molecular plane relative to the surface normal is B261. The
adsorption energy is reduced to 83 kJ mol�1. Thus, it is

confirmed that the molecular orientation crucially depends

on the coverage or molecular packing, in agreement with the

MAES feature. According to near-edge X-ray-absorption fine-

structure (NEXAFS),19 the tilt angle in the compressed phase

was estimated to be B501, which is somewhat larger than the

calculated value.

For the optimized structures, we calculated the LDOS,

PDOS, and COOP. Fig. 4B and 5B show the LDOS for the

(O7 �O7)R19.11 and (2 � 2) structures, respectively, in which

the state density is divided into the Pt, S, and C atomic

orbitals. To facilitate comparison, the observed band positions

are also shown at the top of the figures. For the (O7 �
O7)R19.11 structure, the C1 2p-, C2 2p-, and S 3p-derived

states at EB = 2–3 eV are much broadened by mixing with

the Pt 5d bands, reflecting the flat-lying configuration.

Fig. 3 (A) He I UPS spectra and (B) He*(23S) MAES spectra of TP on Pt(111) obtained as a condensed film (B6 ML) was prepared at 55 K and

then heated to 120–200 K.

Fig. 4 (A) The structure of Pt(111)(O7 � O7)R19.11–TP obtained

from the total energy calculations and (B) LDOS divided into the Pt,

S, C and H atomic orbitals. The band positions observed are shown at

the top of the panel.
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According to the COOP analysis (not shown), the occupied

states below and above EB = 2 eV are composed of the

bonding and antibonding couplings between TP p (p3 and

p2) and Pt 5d, yielding the positive and negative overlap

populations, respectively. As a consequence, the sum of the

overlap populations below EF is almost offset, leading to the

weak chemisorption of TP on Pt(111). As can be seen in

Fig. 4B, the C1 2p-, C2 2p-, and S 3p-derived states are

distributed below and above EF, yielding the finite densities

at EF. The filled parts below EF correspond to CIGS observed

in the MAES spectrum. Thus, it is clear that the flat-lying TP

species on Pt(111) are wholly metallic in nature. In the region

of EB = 4–10 eV, the C1 2p-, C2 2p-, and S 3p-derived states

show rather narrow structures because of weak (or negligible)

mixing with the Pt 5d bands. These structures correspond to

the nS-, p1-, and s-derived states. Finally, in the energy region

far above EF, broad structures are derived from the 3b1(p4)
orbital (LUMO). The overlap population between TP LUMO

and Pt 5d is positive but quite low below EF, meaning that the

LUMO plays a minor role in the bond formation. The

validities and limitations of the present DFT calculations are

discussed in Section 4.4.

For the (2 � 2) structure, the S 3p-derived states are widely

distributed below and above EF by mixing with the Pt 5d

bands. The occupied parts just below EF correspond to the

CIGS observed in the MAES spectrum. The state density at

EF decreases from the terminal S atom to the outer-located C1

and C2 atoms, in contrast to the case of the flat-lying configu-

ration. In other words, the metallic nature fades out with

increasing distance from the terminal atom. A similar feature

has been observed in the LDOS for alkanethiolates

(CnH2n+1S, n = 1–3)33 and benzenethiolate (C6H5S)
34 on

Pt(111), where these species are bound to Pt(111) via the S

atom in a tilted orientation and the local densities at EF

attenuate rapidly from the terminal atom to the molecular end.

4.2. 2-Thiophenethiol (TT) on Pt(111)

Fig. 6 shows the He I UPS and He*(23S) MAES spectra of TT

layers (B2 ML) on Pt(111) prepared at 150 K. The MAES

spectrum of a chemisorbed layer prepared by heating the

condensed layer to 295 K is also shown. In the UPS spectrum,

the first band is assigned to three p MOs, in which the 16a(p4)
and 14a(p2) MOs are composed of antibonding and bonding

couplings between the TP 1a2(p3) and thiol-S 3p orbitals,

respectively, while the 15a(p3) MO is derived from TP

2b1(p2) (see Fig. 1 and the isosurface plots in Fig. 6). The

second band is assigned to six MOs, including the 13a(nS2)

MO derived from TP 6a1(nS) and the 12a(nS1) MO localized at

the thiol-S atom. The corresponding bands appear in the

MAES spectrum, indicating that PI is the dominant process.

Furthermore, electron emission just below EF is missing

because of the insulating nature of the condensed film. The

threshold of electron emission for the condensed layer is 2.7 eV

below EF, which is 0.6 eV lower than that for TP on Pt(111).

Because the HOMO levels are nearly identical between free TP

and TT (see Fig. 1), this reduction is mainly caused by the

vacuum level shift induced by the chemisorbed species.

Fig. 5 (A) The structure of Pt(111)(2 � 2)–TP obtained from the

total energy calculations and (B) LDOS divided into the Pt, S, C and

H atomic orbitals. The band positions observed are shown at the top

of the panel.

Fig. 6 He I UPS and He*(23S) MAES spectra of condensed layers

(2 ML) of TT on Pt(111) prepared at 150 K, and He*(23S) MAES

spectrum of a TT monolayer on Pt(111) at 295 K. The gas-phase

energy levels determined by He I UPS and the isosurface plots of some

MOs obtained by ab initio calculations are also shown. The arrow in

the spectrum indicates the threshold of electron emission.
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The spectral features of the chemisorbed layer are summarized

as follows:

(1) The TT-derived bands are clearly observed above room

temperature and shifted by 0.9–1.0 eV to the lower EB than

those in the condensed layer. These features are very different

from the case of TP on Pt(111) mentioned above, and strongly

suggest that TT is bound to the substrate through the S atom

with the cleavage of the S–H bond, forming a thiolate. The

high branching ratio (GPI/GRI) indicates that TT is arranged

on Pt(111) in the tilted orientation.

(2) The energy splitting of the p-derived bands (DEp4–p2) is

little changed for the condensed layer and chemisorbed layer,

and therefore, the strong ring p–S 3p conjugation is sufficiently

preserved after the formation of thiolate.

(3) A weak structure just below EF is attributed to the CIGS

formed at the thiolate–Pt(111) interface. The presence of the

Fermi edge clearly indicates the metallic nature of thiolate.

According to the first principles DFT calculations for a

hypothetical (O7 �O7)R19.11 overlayer on Pt(111), thiolate is

bound preferentially on the bridge site with an inclined

configuration. Fig. 7A shows a schematic view of the optimized

structure, where the Pt–S distance is 2.30 Å and the tilted angle

of the ring plane relative to the surface normal is 511. The
adsorption energy is 301 kJ mol�1.

Fig. 7B show the LDOS for the (O7 � O7)R19.11 structure,
in which the state density is divided into the Pt, S, and C

atomic orbitals. The observed band positions are also shown

at the top of the figure. At the anchor S1 atom, the 3p-derived

states are widely distributed below and above EF by coupling

with the Pt 5d bands, forming a metallic electronic state. The

finite density at EF is discernible not only at the adjacent C1

atom but also at the outer C3 and C4 atoms, indicating that

thiolate is wholly metallic in nature. In other words, thiolate is

a good mediator of the extension of metal wave functions at

EF. The local DOS at 1–3 eV below EF are attributed to the

p4–p2 states. The sharp structures at the S2, C2, and C3 atoms

are derived from the p4 state, because the native p3 MO of TT

has a nodal plane on the anchor S1 atom (see Fig. 6) and

plays a minor role in the S1–Pt bond formation. The broad

structures at the C1 and C4 atoms are caused by the strong

couplings of the p4 and p2 MOs with the Pt 5d bands.

The validities and limitations of the DFT calculations are

described in Section 4.4.

4.3. 2,20-Bithiophene (BTP) and 2,20-bithiophene-5-thiol
(BTT) on Pt(111)

Fig. 8A shows the He I UPS and He*(23S) MAES spectra of

BTP layers (B2 ML) on Pt(111) prepared at 205 K. The MAES

spectrum of a chemisorbed layer prepared by heating the con-

densed layer to 225 K is also shown. The UPS spectra of BTP in

the gas and condensed phases have been reported in the litera-

ture.29,43 The first band is assigned to four p MOs; the 3bg(p6)
and 2au(p3) MOs are composed of antibonding and bonding

couplings of two TP 1a2(p3), respectively, while the 3au(p5) and
2bg(p4) are derived from the weak coupling of two TP 2b1(p2) (see
Fig. 1 and the isosurface plots in Fig. 8A). The assignment of the

other bands is given in the figure. The corresponding bands are

seen in the MAES spectrum, indicating that the He*(23S) atoms

deexcite on the condensed layer via PI. The threshold of electron

emission for the condensed layer is 2.1 eV below EF, which is

1.2 eV lower than that for TP on Pt(111), reflecting the

HOMO levels in free TP and BTP (see Fig. 1).

For the chemisorbed layer, the BTP-derived bands are

clearly seen in the MAES spectrum, indicating that PI is

dominant. The binding energies are apparently unchanged

upon chemisorption. In addition, a weak emission appears

just below EF and can be attributed to the CIGS formed at the

BTP–Pt(111) interface. These features quite well resemble

those observed in TP on Pt(111), and suggest that BTP is

weakly bound to Pt(111) with an inclined geometry. Angle-

resolved UPS for BTP on Ni(110)29 and NEXAFS for BTP on

Ag(111)14 showed that the molecules are bound in a flat-lying

geometry, in contrast to the case of BTP on Pt(111).

Fig. 8B shows the relevant spectra of BTT on Pt(111). A

chemisorbed layer was prepared by heating the condensed

Fig. 7 (A) The structure of Pt(111)(O7 � O7)R19.11–TT obtained

from the total energy calculations and (B) LDOS divided into the Pt,

S, C and H atomic orbitals. The band positions observed are shown at

the top of the panel.
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layer to 295 K. In the UPS spectrum of the condensed layers,

the first band is assigned to five p MOs, in which the well-

separated 28a(p7) MO is derived from the 3bg(p6) MO in BTP

(see Fig. 1 and the isosurface plots in Fig. 8B). The assignment

of the other bands is given in the figure. The corresponding

bands are also observed in the MAES spectra, and indicate

that the He*(23S) atoms deexcite on the condensed and

chemisorbed layers mainly via PI. The threshold of electron

emission is 1.6 eV below EF, which is 0.5 eV lower than that

for BTP on Pt(111). Because the HOMO levels for free BTP

and BTT are nearly identical (see Fig. 1), this reduction is

mainly attributed to the increased work function induced at

the chemisorbed BTT–Pt(111) interface. As for the chemi-

sorbed layer, the observed bands are uniformly shifted by

B0.6 eV to the lower EB than those in the multilayer. This

feature is very similar to the case of TT on Pt(111), suggesting

that BTT is also bound to Pt(111) as a thiolate. Furthermore,

weak emission just below EF newly appears and can be

attributed to the CIGS formed at the thiolate–Pt(111) interface.

A critical comparison of CIGSs observed in these systems is

described in the next section.

4.4. Chemisorption-induced gap states (CIGSs)

As mentioned above, TP and the derivatives chemisorb on

Pt(111) to form new electronic states in the HOMO–LUMO gap,

denoted as CIGSs. Because the CIGS is usually accompanied by

charge transfer between the organic molecule and the metal

substrate, it plays a crucial role in several phenomena; for

example, chemical reactions such as desulfurization and

charge injection across the organic–metal interface. Furthermore,

CIGSs mediate the extension of the metal wave function to

organic species, which determines transport characteristics at the

organic–metal interface. The electric conductance in metal–

organic–metal junctions is a typical example.6 In this section,

we briefly address how the spatial extent of the CIGS is altered

by the strength of the organic–metal bond and the adsorption

geometry.

Fig. 9 shows the MAES spectra near EF for the chemisorbed

species on Pt(111) at saturation. To facilitate comparison, the

first band (hatched area) in each spectrum is normalized in

intensity by taking into account the number of the relevant p
MOs. The relative intensity of the CIGS at EF is given in the

figure. Fig. 10 shows the calculated DOS at EF for TP and TT

on Pt(111) as a function of distance from the topmost Pt layer.

The following features are deduced from Fig. 9 and 10.

(1) For nearly flat-lying TP, the observed CIGS at EF is

greatly enhanced in intensity, indicating that the electron

density is sufficiently exposed outside of the molecule. In the

calculated DOS at EF, two maxima at 2.5 and 3.6 Å are

derived from the TP p MOs with a node along the ring plane.

The charge density is considerably exposed toward the

vacuum because of the coupling of TP p with Pt 5d. Thus, it

is clear that nearly flat-lying TP acts as a good mediator of the

extension of the metal wave function at EF, in spite of weak

chemisorption of TP on Pt(111).

(2) In contrast, the observed CIGS at EF is rather weak for

inclined TP on Pt(111). This result is confirmed by the

calculated DOS, in which the charge density at EF strongly

attenuates in the chemisorbed molecule. In other words,

inclined TP is a poor mediator of the metal wave function at

EF. This would also be true for inclined BTP on Pt(111),

because the CIGS is very suppressed at EF in the spectrum.

(3) TT chemisorbs strongly on Pt(111) in an inclined fashion,

forming a thiolate. The CIGS for TT at EF is weaker than that

Fig. 8 (A) He I UPS and He*(23S) MAES spectra of condensed layers (2 ML) of BTP on Pt(111) at 205 K, and He*(23S) MAES spectrum of a

BTP monolayer on Pt(111) at 225 K. (B) He I UPS and He*(23S) MAES spectra of condensed layers (2 ML) of BTT on Pt(111) at 150 K, and

He*(23S) MAES spectrum of a BTT monolayer on Pt(111) at 295 K. The arrow in the spectra indicates the threshold of electron emission. The

isosurface plots of some MOs obtained by ab initio calculations are shown at the right-hand side of the panel.
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for nearly flat-lying TP and stronger than that for inclined TP.

The calculated DOS at EF is rather high because of strong Pt

5d–S 3p mixing. This would also be the case for BTT on

Pt(111), taking into consideration the spectral intensity of

the CIGS.

Although the transport characteristics in molecular junc-

tions are beyond the scope of this work, it is appropriate to

briefly make some comments. According to current–voltage

(I–V) traces for alkanedithiols linked by metal (Ag, Pt, and Au)

electrodes,44 the conductance at zero bias decreases exponentially

with increasing chain length. Such non-resonance tunneling is

originated from the fact that the CIGS near EF is strongly

damped from the anchor S atoms to the alkyl chain.33 Non-

resonance tunneling also dominates in metal–benzenedithiol–

metal junctions, yielding low conductance at zero bias.45–48

This result is closely related to the spatial distribution of the

CIGS near EF; the benzene p–S 3p conjugation in the free

molecule becomes weak upon chemisorption, resulting in the

localized CIGS around the S atoms.34,35 In contrast, the I–V

traces for oligo-thiophenedithiols such as bithiophenedithiol

bridged by a pair of Au electrodes showed that the conduc-

tance at low bias is dominated by resonance tunneling.4 This

behavior indicates that the CIGS near EF is wholly distributed

in the sandwiched species, similar to the case of BTT on

Pt(111), and serves as a so-called resonance state in the

tunneling process. The characterization of CIGSs in organic–

metal systems and their relationship with charge transport in

molecular junctions have been described in our review.6

Finally, we comment on the first-principles DFT calcula-

tions used in this work. As can be seen in Fig. 4B, 5B, and 7B,

the calculated binding energies are much lower than the

observed values and they seem inadequate for interpreting

the band broadening and splitting. Several limitations in the

GGA or local density approximation (LDA) have been pointed

out when applied to the description of the organic–metal inter-

face.23 However, the present calculations aid in qualitative under-

standing of the molecular orientations and electronic structures, in

particular the formation of CIGS.

5. Summary

In this study, we examined the valence electronic states

of thiophene derivatives on Pt(111) in the condensed and

chemisorbed phases using UPS, MAES, and first-principles

DFT calculations. The concluding remarks are summarized as

follows.

(i) Condensed films of TP, TT, BTP, and BTT (without

direct contact with the substrate) are insulators with a wide

energy gap.

(ii) TP chemisorbs weakly on Pt(111) with flat-lying and

inclined orientations at low and high coverage, respectively, in

agreement with the previous measurements. BTP is weakly

bound on Pt(111), whereas TT and BTT are strongly bound

on Pt(111) through the S atom with the cleavage of the S–H

bond, forming thiolates.

Fig. 9 Comparison of He*(23S) MAES spectra of the chemisorbed

species on Pt(111) at saturation. The first bands (hatched area) are

normalized in intensity to take account of the number of relevant p
MOs.

Fig. 10 Calculated DOS at EF for clean Pt(111), nearly flat-lying and

inclined TP on Pt(111), and TT on Pt(111) as a function of the distance

from the topmost Pt(111) layer.
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(iii) In the MAES spectra for the chemisorbed species,

CIGSs emerge just below EF, yielding a metallic structure

at the organic–metal interface. The formation of CIGSs is

responsible for the vacuum level shift, and subsequently, the

hole injection barrier at the organic–metal interface.

(iv) In the MAES spectra, the relative intensities of CIGSs

at EF are in the order of TP (flat-lying configuration)4 TT4
TP (inclined configuration). This indicates that the spatial

extent of CIGSs is drastically altered by the strength of the

organic–metal bond and the adsorption geometry. In other

words, TP (flat-lying geometry) and TT serve as good media-

tors of the extension of the metal wave function at EF. Such

asymptotic behavior of the metal wave function would be

useful for the understanding and fabrication of functional

organic-based devices.
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The present study provides evidence that a kind of nucleic acid base crystal, guanine crystal, shows a distinct magnetic orientation. Under the

condition where the guanine crystal boards were lying on the glass surface due to gravity, the boards gradually oriented their length to the applied

horizontal magnetic fields of 400mT. On the other hand, the vertical magnetic fields parallel to Earth’s gravity caused their width to be oriented

along the applied magnetic fields. Moreover, combining both vertical and horizontal magnetic fields produced a rapid alignment of the length to the

horizontal magnetic fields. # 2013 The Japan Society of Applied Physics

I
n previously reported studies, magnetic orientations
of organic and inorganic materials were observed under
magnetic fields of more than 1 T.1–5) Most of the studies

were designed to provide a new finding on the diamagnetic
properties of crystals under magnetic fields of 10 T order.
However, less attention was paid to the possible effects of
mT order fields on diamagnetic crystals with high diamag-
netic anisotropy. In the field of polymer science, biaxial
magnetic orientations of crystallized organic polymer
crystals were observed under magnetic fields of more than
1 T.6–9) The diamagnetic anisotropic energy is expressed
using the following equation:

Ed� ¼ � �B2

2�0

;

in the cgs system, where �� is the difference between
magnetic susceptibilities in two axes: B, magnetic fields, and
�0, magnetic permeability in vacuum. The diamagnetic
orientation becomes obvious when the diamagnetic energy
overcomes the thermal energy kT , where k is the Boltzmann
constant and T is temperature (K).

Also, it was reported that Lysozyme crystals were oriented
under 10 T magnetic fields.10,11) However, there was no
report on magnetic field effects on the biogenic crystal’s
orientation. Our previous study focused on the behaviors
of guanine crystals, which is a kind of nucleic acid base,
showing light-scattering changes under magnetic fields
as weak as 260mT,12,13) by utilizing both in situ high-
resolution CCD microscopy and fiber-optic spectroscopy.

The present study focused on the magnetic orientation
of goldfish guanine crystals by changing the direction of
the magnetic fields. The direction of the magnetic fields was
selected as horizontal or vertical depending on the stances
standing or lying of guanine crystals on the bottom surface,
and exhibited the biaxial alignment of the biogenic crystals.

Figure 1 shows the experimental setup that was utilized
for the observation of the biaxial magnetic orientation of
guanine crystal boards in an aqueous solution. Figure 1(a)
is the configuration of a resistive electromagnet and an
inverted optical microscope. Horizontal magnetic fields of
up to 500mT were generated in the gap of two magnetic
poles. Figure 1(b) illustrates the permanent magnet that
provided 340mT magnetic fields normal to the bottom of
the sample chamber. The magnetic field exposure parallel
to Earth’s gravity was performed by setting the sample
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Fig. 1. Experimental system for observing a guanine crystal’s orientation

by horizontal and vertical magnetic fields. (a) Horizontal magnetic field

exposure system for the observation of guanine crystals on an inverted

optical microscope. The sizes of the coil and poles of the resistive

electromagnet are shown. (b) Configuration of the vertical magnetic field

exposure system with a permanent magnet array and the objective lens of

the inverted optical microscope. (c) A model of a guanine crystal board

showing its b-axis and the broadest surface that is parallel to the (102) plane.
The photo on the right shows an image of guanine crystals under dark-field

illumination. Bar, 20 �m.
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chamber on the permanent magnet where the magnetic
field penetrated perpendicular to the bottom of the chamber.
The distance between the magnet’s surface and the guanine
crystals was 3mm. The sample chamber, about 300 �m
in thickness and containing guanine crystal boards, was
completely filled with aqueous solution.

The chamber was made of two cover glasses (18� 18

mm2, 0.12–0.17mm in thickness) bonded by a frame seal
(Bio-Rad SLF0201) and set in the stage of an inverted
optical microscope (Olympus IX73), as shown in the bottom
of Fig. 1(a). In addition, the inverted optical microscope
was placed in the space between two coils of the resistive
electromagnet. In the case of the horizontal magnetic field
exposure, an electric current was introduced into the elec-
tromagnet, and the horizontal fields of up to 500mT were
applied parallel to the bottom of the chamber.

The guanine crystals were obtained from chromatophore
cells in goldfish scales (and skin). The biological sample
preparation procedures were submitted to and approved
by the biological ethics committee of Chiba University.
The biogenic guanine crystals were thin and their broadest
surface represented a long hexagonal pattern, as shown in
Fig. 1(c). We carried out X-ray diffraction pattern measure-
ments and obtained data showing that the structure of
goldfish guanine crystals was similar to that of anhydrous
crystals.14,15) According to previous literature on crystal-
lography,15) the broadest surface corresponds to the (102)
plane, and the length of the broadest plane is parallel to the
b-axis. Within the broadest surface, the lengths in the
longitudinal and lateral directions were about 10–20 and
4–8 �m, respectively. The broadest surface of the crystals
showed a twinkling light scattering due to the distinct
difference in the light reflectivity between guanine crystals
and the surrounding aqueous solution.

First, an in situ observation of goldfish guanine crystals
was carried out under magnetic fields by utilizing the optical
microscope whose stage was set in the gap of poles of an
electromagnet. The exposed guanine crystal boards exhib-
ited an orientation directing the length of the (102) plane
(b-axis) to the applied magnetic fields [Figs. 2(a)–2(d) and
its model illustration in Fig. 2(e)]. A random orientation
of guanine boards was observed under ambient fields. In
contrast, the guanine crystal boards gradually changed their
length direction parallel to the applied horizontal magnetic
fields. Most of the guanine crystal boards completed their
orientation in 5min. Figure 2(f) shows an example of the
angle distribution of the crystal boards which was analyzed
on another set of experiments under 500mT. The number of
boards that directed their b-axis to the horizontal direction
by the angle � was counted with and without the horizontal
magnetic field. It is apparent that the length direction
became parallel. The mechanism of this phenomenon is
explained in Fig. 2(g), where �l and �w denotes the
diamagnetic susceptibility in the length direction and that
in width direction of the (102) plane in guanine crystal
board, respectively. The signs of both �l and �w are minus
because guanine is a diamagnetic molecule, and �l is larger
than �w. The values of both diamagnetic energies being
deducted from that in the depth direction (��dB

2=2�0) are
different; as a result, the diamagnetic energy in the length
direction is smaller than that in the width direction. These

energy level speculations prove the observed magnetic
orientation.

It was speculated that the physical mechanism for the
observed orientation under magnetic fields of 400mT was
the same as the pilot study reporting the magnetic orientation
of lecithin crystals,16) which had a similar crystal’s mor-
phological size with the goldfish guanine crystal, and was
reported to show a magnetic orientation at 160–900mT. It is
considered that the magnetic fields of the sub-Tesla order
are enough for diamagnetic crystals to cause orientation
versus magnetic fields if the crystals have high diamagnetic
anisotropy which can provide enough diamagnetic energy
to overcome the thermal energy kT , as described in the
introduction. To prove this speculation, a simple estimation
of the diamagnetic energy of goldfish guanine crystals was
carried out by utilizing the cgs gauss unit system. Depending
on this study’s DC-SQUID measurements showing that the
diamagnetic susceptibility of a goldfish scale with guanine
crystals was �4:52� 10�7 emu/g, it was hypothesized that
the maximum j��j in a guanine crystal was 1� 10�7

emu/g. Also an atomic force microscopy (AFM) analysis
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suggested that usually the thickness of a goldfish guanine
crystal was approximately 0.1 �m. The employed guanine
crystal model in the size of 20� 5� 0:1 �m3 has a volume
of 10�11 cm3 (with an assumption of the density �1 g/cm3)
and assumed to have a j��j of 1� 10�18 emu/g. The dia-
magnetic energy of this model �E is estimated to be 8�
10�12 erg under 400mT magnetic fields, and is 100 times
larger or more than thermal energy kT at 300K, which is
4:14� 10�14 erg. The estimations quantitatively supported
this study’s conjecture that the goldfish guanine crystals dia-
magnetically oriented under 400mT.

Next, the magnetic orientation of guanine crystal boards
directing its width direction in the (102) plane parallel to the
magnetic fields was observed. Figure 3(a) shows the guanine
crystal boards standing on its long thin plane [(001) plane]15)

and directing their width direction in the (102) plane parallel
to both the magnetic fields and gravity. The image that was
taken 3 s after removing the permanent magnet shows the

thin line, which is the other long thin plane [(001) plane].
The guanine crystal boards gradually leaned, and in one
minute, most of them were lying down, as shown in the
photographs [Figs. 3(b) and 3(c)]. The leaning of guanine
crystal boards is quantitatively analyzed by measuring the
width of boards, as shown in Fig. 3(d). Figure 3(e) illustrates
the process of guanine crystal boards directing width of the
(102) plane parallel to both magnetic fields and gravity. To
explain the mechanism of this kind of orientation, rotational
energies with a moment of inertia have to be accounted
for. The rotational energy for the rotating length direction
[REL in Fig. 3(f)] is larger than that for the rotating width
direction (REW). Thus, for the lying board, it is difficult
to rotate its length to let it stand up. In the case when the
rotational energy of the length rotation is larger than the
absolute value of the diamagnetic energy in the length
direction, it is possibly easy to rotate the width direction if
the rotational energy of the width rotation is small enough.
These results indicate that the rotation of the biogenic
hexagonal thin crystal boards quickly occurred owing to
diamagnetic torque forces around the length direction of the
broadest surface (b-axis). However, several minutes were
needed in order to obtain the magnetic orientation around the
depth direction of the guanine crystal board.
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Furthermore, this study presents the rapid rotation of the
length direction by combining the vertical and horizontal
magnetic fields. Figure 4 shows the in situ observation of
the time course of the rotation of guanine crystal boards
under two kinds of magnetic fields. Figure 4(a) shows a
photograph of guanine crystal boards directing their width
direction of the broadest surface [(102) plane] to the vertical
magnetic fields that were parallel to Earth’s gravity. The
horizontal magnetic fields were applied by an electromagnet
while the boards were still standing. It was observed that
the standing guanine crystal boards were twisted by the
applied horizontal magnetic fields and the length direction
of their (102) plane was quickly oriented to the horizontal
direction [Fig. 4(b)]. Some of the boards horizontally rotated
while standing, and others fell to make the (102) plane
horizontal. The results indicated that the procedure com-
bining the preexposure making the guanine crystal board
stand up and the consequent horizontal exposure provided
a quick orientation to the horizontal direction. The histogram
in Fig. 4(c) indicates that the horizontally aligning guanine
crystal boards spontaneously increased in number in 3 s after
the horizontal magnetic field of 400mT was provided.

Along with lecithin crystals,16) guanine crystal boards
exhibited a rapid orientation when the boards oriented their
width direction. The physical mechanism depends on the
morphological anisotropy which is strongly correlated with
the diamagnetic anisotropy. Another morphological axis,
the length of guanine crystal boards, rotated relatively
slowly versus horizontal magnetic fields, but the developed
exposure method with the ‘‘vertical + horizontal’’ sequence
exhibited a rapid orientation of the length direction. The
obtained technique focusing on the biaxial orientation with a
permanent magnet and electromagnet is a new method of
aligning the organic crystal plates in micro- to nanometer
lengths. The guanine crystal boards with high reflectivity
behaved as ‘‘micromirrors’’ in liquid phases, so the magnetic
orientation of these organic micromirrors can control the
light incidence for micrometer regions noninvasively.

In conclusion, the goldfish guanine crystal boards were
exposed to vertical and horizontal magnetic fields. The
vertical magnetic fields of 340mT parallel to Earth’s
gravity made the guanine crystal boards stand up within
dozens of seconds, and directed their width direction of
the broadest surface. On the other hand, the horizontal
magnetic fields of 400mT caused the orientation of lying
guanine crystal boards, which directed their length direc-
tion of the broadest surface within several minutes. The
combination of both vertical and horizontal magnetic field
exposures resulted in a rapid orientation of their length
direction.
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The mechanism of the olefin hydrogenation by Wilkinson’s catalyst is examined by the ONIOM method taking
account of the substituents of the phosphine ligands. We optimized the equilibrium and transition state structures involved
in the catalytic cycles by both active species, trans-[RhCl(PPh3)2] (1Rt) and cis-[RhCl(PPh3)2] (1Rc), and determined the
energy profiles of these catalytic cycles. The steric repulsion between the two phosphine ligands in the cis-form was very
small throughout the reaction, and in fact 1Rc was more stable by 3.3 kcalmol¹1 than 1Rt by the stacking interactions
between Ph groups, indicating that not only 1Rt but also 1Rc is a possible catalytically active species. The entire energy
profiles showed that the olefin insertion is a rate-determining step in the case of the trans active species 1Rt. Although the
activation energy of the olefin insertion is reduced so much in the case of the cis active species 1Rc, the transition states
TS2 and TS3 of olefin insertion and isomerization also lie at the highest point of the energy surface. However, the cis-
form is more favorable than the trans-form, since the top of the energy surface is lower for the cis-form than for the trans-
form. The calculations suggested that if we think a large-size substituent of olefin, the cis-form that provides a larger space
for the reaction will have an energy advantage. The steric or electronic effect of the Ph substituents of the phosphine
ligands did not affect the entire energy profile substantially in both cases of trans- and cis-forms, although the inclusion of
the Ph groups is important to evaluate the stability of isomers and to determine the most favorable path.

Recently, we have been able to readily perform quantum
chemical calculations of real molecules to examine their
structures, properties, reactivities, and so on, without using
model molecules, because new methods, for example hier-
archical methods such as ONIOM (hybrid method of QM and
MM), as well as computer hardware have been developed. The
computational methods of quantum chemical calculations are
now so reliable that even experimentalists use them for various
analyses of molecules. In fact, we know that they are powerful
methods to explore and design high-performance homogeneous
catalysts with high efficiency, selectivity, and so on. New com-
putational reports concerning catalytic reactions of transition-
metal complexes increase year by year giving new insights.
In some cases, new information can be abstracted even from
previous subjects by revisiting. In this context, we examined
the olefin hydrogenation by Wilkinson’s complex, which is one
of the most well-known catalytic reactions.

The reaction mechanism of the olefin hydrogenation by
Wilkinson’s catalyst has been examined in various aspects
up to date and proposed as summarized in Scheme 1. Starting
from Wilkinson’s complex A, the oxidative addition of H2 first
occurs to form C. Here, two alternative paths depending on
the order of H2 addition and PPh3 dissociation, i.e., associative:
A ¼ B ¼ C and dissociative: A ¼ F ¼ C, are considered.
However, it has been thought that the latter is a preferable path,
because the addition of H2 to the active species F is much faster
than that to the parent complex A.1 We therefore adopted
the dissociative path in this study, as Daniel et al. also did in a
precedent study.2 After the formation of C, olefin coordinates to

form D, which is followed by the olefin insertion into the RhH
bond. Consequently, an alkyl complex E is formed, and then
the reductive elimination of alkane takes place to form F again.
The rate-determining step has been experimentally examined
under several conditions using isolated complexes in some
cases, and has been generally believed to be the olefin insertion
step,3 although there have been contradictions.4

Dedieu performed quantum chemical calculations to exam-
ine the thermochemical stability of isomers of assumed inter-
mediates in the catalytic cycle and some elementary steps of
bond dissociation and association.5 Later a quantum chemical
calculation was also performed by Daniel et al. for the full
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catalytic cycle and its energy profile was shown.2 This
calculation was very meaningful as a first calculation of the
full catalytic cycle, because it revealed transition states as well
as intermediates of the entire catalytic cycle. However, the
electron correlation in the optimizations of structures and the
substituent effects of phosphine ligands were ignored due to the
undeveloped computational method and computer hardware
at that time. Therefore, some structures and the energy profile
would be corrected if we recalculate for a real molecule with a
present computational method, for example, density functional
theory (DFT) and multiscale simulation techniques such as
ONIOM method.

In this study, we therefore reexamined the entire process
of the olefin hydrogenation by the real Wilkinson’s catalyst by
means of ONIOM taking account of the electron correlation
and the substituent effects of phosphine ligands. We usually
describe the catalytic cycle with the trans-form by intuition,
although the energetic preference of the catalytic cycles of the
trans- and cis-forms has not been squarely discussed so far
and also there exist some suggestions of the catalytic cycle with
the cis-form.4a,5 Therefore, we considered both trans- and cis-
forms as the active species of Wilkinson’s catalyst, i.e., trans-
[RhCl(PPh3)2] and cis-[RhCl(PPh3)2] presented in Scheme 2.
To determine the most favorable path of the entire catalytic
cycle of each trans- and cis-form, we used ethylene as olefin,
and then used propene to discuss the preference of the trans-
and cis-forms.

Following the explanation of the computational details, we
will discuss the active species 1, and then the elementary step
of the catalytic cycle, i.e., first step of the oxidative addition of
H2, the second step of the olefin insertion, and the final step of
the reductive elimination of alkane. In each section, the model
and real complexes, and the trans- and cis-forms are discussed.
In the subsequent section, the entire energy profiles consisting
of the most favorable paths of each elementary step for the
model and real complexes with the trans- and cis-forms are
discussed. In the last section, the effects of the Ph substituents
of the phosphine ligands in the real complexes are discussed.

Computational Details

All calculations by the density functional theory (DFT) and
ONIOM methods were performed using the Gaussian 03
program package.6 The calculations of energetics as well as
geometry optimizations for the model molecules with the H
atoms instead of the Ph substituents of phosphine ligands were

carried out at the B3LYP level of theory, which consists of a
hybrid Becke + HartreeFock exchange and LeeYangParr
correlation functional with nonlocal corrections,7 using the
basis set BSI. In BSI, we used the 6-31G(d,p) level for the H
and C atoms of the H2, C2H4, and C2H6 molecules and for the
Cl atom, and the 6-31G(d) level for the H and P atoms of the
PH3 ligands. For the Rh atom, we used the lanl2dz basis func-
tions, augmented by a single set of f polarization functions8

with the exponent of 1.350, for the 17 electrons in the valence
shell, and the original effective core potential (ECP) deter-
mined by Hay and Wadt9 to replace the core electrons except
for the valence 17 electrons. For the real molecules, we adopted
a two-layered ONIOM methodology,10 including the Ph sub-
stituents of the phosphine ligands in the outer portion of the
ONIOM partition. Both geometry optimizations and energy
calculations were performed at the ONIOM(B3LYP/BSI:HF/
BSII) level. Here, the HartreeFock (HF) level was used for the
outer part to take account of the electronic effect as well as the
steric effect of the Ph substituents. In BSII for the outer part, the
lanl2dz basis functions were used for all the atoms.

All equilibrium structures and transition states were identi-
fied by the number of imaginary frequencies calculated from
the analytical Hessian matrix. The reaction coordinates were
followed from the transition state to the reactant and the pro-
duct by the intrinsic reaction coordinate (IRC) technique.11 The
thermochemical parameters, enthalpy, entropy, and Gibbs free
energy, were calculated at the B3LYP/BSI level for the model
complexes and the ONIOM(B3LYP/BSI:HF/BSII) level for the
real complexes with a scale factor of 0.961412 for calculated
vibrational frequencies at the temperature of 298.15K. The
NBO analysis13 was performed to obtain the atomic charge.

All the energies presented are relative to the energy of the
trans active species in both cases of the model and real com-
plexes. We used ethylene as olefin to determine the favorable
paths in each trans- and cis-form and propene to discuss the
preference of trans- and cis-forms including the steric effect
between the substituent of olefin and the phenyl groups of the
phosphine ligands. The single point energy calculations were
also performed at the B3LYP/BSI level for some selected real
structures to improve the energy.

To abstract the steric effect of the Ph substituents, we also
calculated the energy of the real complexes at the ONIOM-
(B3LYP/BSI:MM3) level for the optimized structures at the
ONIOM(B3LYP/BSI:HF/BSII) level, treating the outer part
of the Ph by the molecular mechanics (MM) method with
the MM3 force field parameters. In the MM calculations, the
van der Waals parameters reported by Rappé et al. are used
for the Rh atom.14 The torsional contributions associated with
dihedral angles involving Rh are set to zero. For the other
atoms, the standard MM3 parameters15 were used. Here, the
ONIOM energy is expressed by the sum of the QM(B3LYP)
and MM(MM3) energies for the inner and outer parts, and the
energy of the outer part is defined as follows.

EðONIOMÞ ¼ EðQM,innerÞ þ EðMM,outerÞ ð1Þ
EðMM,outerÞ ¼ EðMM,entireÞ � EðMM,innerÞ ð2Þ

Therefore, the energy of the outer part calculated by eq 2
represents the steric effect of the Ph substituents in this case.
When the HF method is used instead of the MM method for the
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outer part, both steric and electronic effects are considered
by eq 2. However, it should be noted that the steric effects of
the MM method and the HF method are not completely the
same. For the MM3 calculations, we used the TINKER pro-
gram package.16

We added M and R as suffixes to the labels of the equi-
librium and transition state structures to distinguish the model
and real complexes and also added t and c to distinguish the
trans- and cis-forms.

Results and Discussion

Active Species. The optimized structures of the active
species for the model and real complexes in the trans- and cis-
forms are presented in Figure 1. Cis form as well as trans-form
are T-shaped. In the cis-form, the ¾P1RhP2 angle is 96.6° in
the model complex and is increased only by 2.5° even in the
real complex. This suggests that the steric effect between the
Ph groups is small enough to keep the T-shape even in the cis-
form. The two RhP distances are also not affected by the steric
effect of the Ph groups. These RhP distances in the cis-form
are shortened by 0.0550.138¡ compared to those in the trans-
form by the trans influence. As shown in Table S1, the NBO
analysis indicates that the electron donation of the P(1)H3

ligand is larger for 1Mc than for 1Mt, and then the bond
population of the RhP1 becomes larger for 1Mc than for 1Mt.
The electron donative character of the Ph group, which was
shown by the MO energy of the lone electron pair of PR3 high-
er for R = Ph (¹0.21424 au) than for R = H (¹0.27565 au), is
reflected in the RhP1 distance shorter for 1Rc than for 1Mc.

The trans influence is also reflected in the stability of the
complex; 1Mc is more stable by 10.9 kcalmol¹1 than 1Mt.
However, in the real complex, this preference of the cis-form is

reduced, as 1Rc is only 3.3 kcalmol¹1 more stable than 1Rt.
This fact would be ascribed to the electronic effect of the Ph
groups rather than the steric effect, because the energy of the
Ph groups is 4.2 kcalmol¹1 more stable in cis than in trans by
the stacking interaction between the Ph groups when the energy
of the outer part of the Ph groups are calculated at the MM3
level (see below). At the ONIOM(B3LYP/BSI:MM3) level, the
energy of the entire molecule was 16.4 kcalmol¹1 more stable
in cis than in trans (Figure 9). Thus, the cis-form which can
provides more space for the reaction is more stable in energy
than the trans-form.

Oxidative Addition of H2. The first step of the catalytic
reaction is the oxidative addition of H2 to the trans- or cis-
form of the active species 1. The H2-coordinated complex 2 is
formed first in the side-on manner, and then the HH bond
activation occurs to form the dihydrido complex 3 through the
transition state TS1, as presented in Figure 2. In both trans-
and cis-forms of the model and real complexes, all the
equilibrium and transition state structures, 2, TS1, and 3, are Y-
shaped structure as previously presented2 except for 3Rc with
the T-shaped structure.

Model Complex: In 2Mt with the trans-form, the HH
bond of H2 is already stretched to 0.957¡ (Table 1) by its coor-
dination to the Rh atom. This is further stretched up to 1.120¡
in TS1Mt with the very small energy barrier of 0.2 kcalmol¹1

and is broken in 3Mt. The reaction 2Mt ¼ TS1Mt ¼ 3Mt
was slightly exothermic.

On the other hand, in 2Mc with the cis form, the HH bond
of 0.815¡ is not so stretched compared to that in 2Mt with
the trans-form due to the trans influence. The d·ðdx2�y2 Þ orbital
of the Rh of the fragment 1Mc with the PH3 ligand trans to H2

lies lower in energy as shown in Table S1, which makes the
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Figure 1. Optimized structures (in ¡ and degree) of the active species 1 of the model complex at the B3LYP/BSI level and of the
real complex at the ONIOM(B3LYP/BSI:HF/BSII) level with those of H2, C2H4, and C2H6 at the B3LYP/BSI level. The relative
potential energies (in kcalmol¹1) are also presented together.
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electron donation from the H2 · orbital to the d· orbital of
the Rh difficult. Thereby, the RhH bonds are longer for 2Mc
than for 2Mt, consistently. The long HH distance of 1.314¡
in TS1Mc is product-like, because the reaction 2Mc ¼
TS1Mc ¼ 3Mc is 6.3 kcalmol¹1 endothermic. This HH
distance is much longer than that in the case of trans-form
where the reaction is exothermic.

Real Complex: In the real complex, the HH distance is
also shorter for 2Rc with the cis-form than for 2Rt with the
trans-form, which is similar to the case of the model complex.
As to the energy, 2Rc is destabilized by 11.1 kcalmol¹1 by the
electronic effect of the Ph groups compared to 2Mc. As a
result, the reaction 2Rc ¼ 3Rc becomes exothermic. For both
trans- and cis-forms of the real complex, we were not able
to find the transition state TS1 due to unsteadiness of the
coordinates of the reaction part by the steric contact with the Ph
groups. Therefore, we searched the transition state plotting the
energy against the HH distance. As a result, it was found that
the H2 oxidative addition step is almost downhill energetically
for trans whereas it has the small energy barrier of about
4 kcalmol¹1 for cis (Figure S1).

Ethylene Insertion. The second step of the catalytic cycle
is the ethylene insertion. After the coordination of ethylene to

the dihydrido complex 3, the ethylene insertion into the RhH
bond takes place to produce the ethyl complex.

Model Complex: In the trans-form of the model complex,
ethylene approaches the Rh parallel to the RhCl axis and
an octahedral complex is formed as shown in Figure 3. After
passing through the transition state TS2Mt, the ethyl complex
6Mt1 is directly formed without undergoing an intermediate
with an agostic interaction between the ethyl CH bond and
the Rh atom that has been found at the HartreeFock level.2

Although both energy and structure of TS2Mt is far from those
of the product 6Mt1, the short distance of C1H1 (1.171¡) and
the long distances of RhH1 (1.996¡) and RhC1 (2.533¡) in
TS2Mt (Table 2) suggests that the ethylene insertion actually
is almost completed. Therefore, the large activation barrier of
18.6 kcalmol¹1 from 4Mt to TS2Mt is consistent with the
Hammond postulate.17

In the cis-form, there exist two isomers 4Mc1 and 4Mc2 for
the ethylene-coordinated complex. Here, the energy barrier for
the formation of 4Mc2 from 3Mc was only 0.8 kcalmol¹1 as
shown in Figure S2. We also assumed the solvation of 3Mc to
examine the influence of the solvation on the energy profile. As
shown in Figure S3, the displacement of the solvent (ethylene
was used as the solvent benzene experimentally used) by the
substrate ethylene to form 4Mc1 was found to take place by a
dissociative mechanism. This suggests that the solvation is
actually out of the catatlytic cycle as previously reported.18

Starting from 4Mc1 and 4Mc2, two paths of ethylene
insertion exist, i.e., 4Mc1 ¼ TS2Mc1 ¼ 5Mc1 and 4Mc2 ¼
TS2Mc2 ¼ 5Mc2. The products 5Mc1 and 5Mc2 in each
path are intermediates with an agostic interaction between the
ethyl CH bond and the Rh atom. Although the stability of the
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Figure 2. Optimized structures of the H2-coordinated
complexes 2, transition states TS1, and the dihydrido
complexes 3 of the oxidative addition of H2 to the active
species 1, 2 ¼ TS1 ¼ 3, for the model complex at
the B3LYP/BSI level and for the real complex at the
ONIOM(B3LYP/BSI:HF/BSII) level. The relative poten-
tial energies (in kcalmol¹1) together with the imaginary
frequencies (in cm¹1) of the transition states are also
presented. See Table 1 for the geometric parameters.

Table 1. Optimized Geometric Parameters (in ¡) of the
Equilibrium and Transition State Structures of the Oxida-
tive Addition of H2 to the Active Species, 2 ¼ TS1 ¼ 3a)

2 TS1 3

Model, trans

d(H1H2) 0.957 1.120 1.640
d(RhH1) 1.624 1.577 1.535
d(RhH2) 1.624 1.577 1.535

Model, cis

d(H1H2) 0.815 1.314 1.631
d(RhH1) 1.769 1.537 1.523
d(RhH2) 1.769 1.555 1.523

Real, trans

d(H1H2) 0.940 1.739
d(RhH1) 1.664 1.526
d(RhH2) 1.661 1.526

Real, cis

d(H1H2) 0.832 1.974
d(RhH1) 1.724 1.535
d(RhH2) 1.725 1.507

a) See Figure 2 for the structures.
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starting complex 4Mc1 and 4Mc2 are nearly the same in
energy, the transition state and the product are 79 kcalmol¹1

more stable for TS2Mc2 and 5Mc2 than for TS2Mc1 and
5Mc1. This would be ascribed to the trans influence, because
the energy of the d orbitals of the Rh atom participating the C
H bond formation will depend on the Cl and PH3 ligands at the
trans position as shown by Table S1. In contrast to the case of
trans, the transition states, TS2Mc1 and TS2Mc2, are reactant-
like, as shown by the long distance of C1H1 and the short
distances of RhH1 and RhC1 (Table 2). Therefore, the acti-
vation barriers of 13.2 kcalmol¹1 for 4Mc1 ¼ TS2Mc1 and
of 6.7 kcalmol¹1 for 4Mc2 ¼ TS2Mc2 are smaller than in the
case of trans. The produced 5Mc1 and 5Mc2 isomerize and
become the starting complex of the reductive elimination 6Mc1
and 6Mc2 passing through the transition states TS3Mc1 and
TS3Mc2, respectively. The angle, ¾H2RhP1 or ¾ClRhP,
increase to 120130° to break the agostic interactions in
TS3Mc1 and TS3Mc2, and the structures finally change to
square-pyramid in 6Mc1 and 6Mc2. This isomerization path is
more facile for 5Mc1 ¼ TS3Mc1 ¼ 6Mc1 than for 5Mc2 ¼
TS3Mc2 ¼ 6Mc2, as shown by the activation energy of each
step. The larger activation barrier for the latter originates from
the energetically stable 5Mc2 with the hydride trans to the
Cl ligand.

Real Complex: We have found the same paths for the
ethylene insertion and the subsequent isomerization also for the
real complex in both cases of trans and cis forms (Figure 4).
As shown in Table 2, in the geometric parameters of 4, TS2,
and 5 in the trans- and cis-forms, we do not find any significant
difference compared to the corresponding ones for the model
complex. However, in 4Rc1, the coordinated ethylene is
twisted from the HRhP axis due to the steric effects of
the surrounding Ph groups. This destabilizes 4Rc1 and then
reduces the energy barrier in the step from 4Rc1 to TS2Rc1 up
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Figure 3. Optimized structures of the ethylene-coordinated complexes 4, transition states TS2, and the ethyl complexes 5 of the
ethylene insertion into the RhH bond, 4 ¼ TS2 ¼ 5, and the transition states TS3 of the isomerization from 5 to 6 for the model
complex at the B3LYP/BSI level. The relative potential energies (in kcalmol¹1) together with the imaginary frequencies (in cm¹1)
of the transition states are also presented. See Table 2 for the geometric parameters.

Table 2. Optimized Geometric Parameters (in ¡) of the
Equilibrium and Transition State Structures of the Ethylene
Insertion into the RhH Bond, 4 ¼ TS2 ¼ 5a)

4 TS2 5

Model, trans

d(C1C2) 1.356 1.478
d(RhC1) 2.490 2.533
d(RhC2) 2.480 2.163
d(C1H1) 2.623 1.171
d(RhH1) 1.560 1.996

Model, cis1/cis2

d(C1C2) 1.360/1.375 1.422/1.423 1.472/1.483
d(RhC1) 2.437/2.315 2.344/2.260 2.397/2.346
d(RhC2) 2.484/2.284 2.271/2.155 2.193/2.083
d(C1H1) 2.554/2.369 1.437/1.551 1.213/1.201
d(RhH1) 1.558/1.555 1.665/1.615 1.842/1.828

Real, trans

d(C1C2) 1.357 1.476
d(RhC1) 2.472 2.551
d(RhC2) 2.492 2.169
d(C1H1) 2.523 1.167
d(RhH1) 1.540 2.001

Real, cis1/cis2

d(C1C2) 1.352/1.371 1.421/1.420 1.462/1.482
d(RhC1) 2.516/2.343 2.348/2.278 2.395/2.368
d(RhC2) 2.580/2.339 2.276/2.167 2.218/2.082
d(C1H1) 2.807/2.336 1.403/1.538 1.217/1.191
d(RhH1) 1.545/1.554 1.659/1.620 1.812/1.848

a) See Figures 3 and 4 for the structures.
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to 3.9 kcalmol¹1. On the other hand, the energy barrier of
6.3 kcalmol¹1 in the step from 4Rc2 to TS2Rc2 is nearly the
same as the corresponding one of 6.7 kcalmol¹1 in the model
complex. Thus, the steric effect of the Ph groups would be
small in the reaction 4Rc2 ¼ TS2Rc2 ¼ 5Rc2 compared to
the case of the reaction 4Rc1 ¼ TS2Rc1 ¼ 5Rc1, because
the space for the reaction is far from the Ph groups. The
energy surface in the cis-form was more stable for 4Rc2 ¼
TS2Rc2 ¼ 5Rc2 ¼ TS3Rc2 ¼ 6Rc1 than for 4Rc1 ¼
TS2Rc1 ¼ 5Rc1 ¼ TS3Rc1 ¼ 6Rc1, which is similar to
the case of the model complex.

Reductive Elimination of Ethane. The final step of the
catalytic cycle is the reductive elimination of ethane. The opti-
mized equilibrium and transition state structures of the model
and real complexes in the trans- and cis-forms are presented
in Figures 5 and 6.

Model Complex: In the trans-form of the model complex,
the ethyl complex 6Mt1 is formed from TS2Mt directly
without passing through the equilibrium structure with a CH
agostic interaction as mentioned above. The ethyl complex
6Mt1 as well as the dihydrido complex 3Mt has a Y-shaped
structure. Here, the ethyl ligand of 6Mt1 turns outside from the
C2RhCl plane, which is different from the precedent report.2

In the other isomer 6Mt2, the ethyl ligand turns up. The switch
between these two isomers would possibly occur by the
rotation of the ethyl ligand. In both isomers, 6Mt1 and 6Mt2,
the reductive elimination of ethane takes place, keeping the
orientation of the ethyl ligand in the transition states, TS4Mt1
and TS4Mt2. The energy of the transition state was slightly
lower for TS4Mt1 and the activation energy was smaller for
path 6Mt1 ¼ TS4Mt1.
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Also in the cis-form, there are two isomers of ethyl complex,
6Mc1 and 6Mc2, which are produced from 5Mc1 and 5Mc2
through the transition states TS3Mc1 and TS3Mc2, respec-
tively. Here, it is notable that these ethyl complexes are T-
shaped and their energies are higher than the corresponding
trans-forms. Each ethyl complex, 6Mc1 and 6Mc2, isomerizes
to 7Mc1 and 7Mc2, and then eliminates ethane through each
transition state, TS4Mc1 and TS4Mc2. Other isomerzations
between 6Mc1 and 6Mc2 and between 7Mc1 and 7Mc2 would
also occur by the rotation of the ethyl ligand. The C2H1
distances in the transition states, TS4Mc1 and TS4Mc2, are
stretched by 0.15¡ compared to the trans-form by the trans
influence, as shown in Table 3, which is similar to the case
of the oxidative addition of H2. Although the energies of
the transition states, TS4Mc1 and TS4Mc2, were nearly the
same, the activation energy was smaller for the path pass-
ing through TS4Mc1 with ethyl ligand turned downward,
which is similar to the case of the trans-form. However, their
activation energies were larger than the corresponding ones for
the trans form, because the structural change from T shape to
Y shape is required to reach the transition state in the case of
the cis-form.

We also optimized 7Mc1, 7Mc2, TS4Mc1, and TS4Mc2
with the solvent ethylene and the additional PH3 ligand to
examine the associative mechanism in the reductive elimina-
tion for the cis-form. As shown in Figure S4, the PH3 ligand
coordinated to the Rh atom whereas the solvent ethylene did
not except for 7Mc1. However, this coordination of the PH3

ligand did not lower the energy barrier in both steps from 7Mc1
to TS4Mc1 and from 7Mc2 to TS4Mc2, suggesting that the
associative mechanism is not important.

Real Complex: All the ethyl complexes in the real com-
plex have a T-shaped structure as presented in Figure 6. 6Rt in

the trans-form produced from 4Rt through TS2Rt also has a T-
shaped structure with the ethyl ligand at the apical position due
to the steric and/or electronic effects of the Ph groups, which is
different from the corresponding ethyl complex 6Mt1 in the
model complex. Since the transition state with the ethyl group
turned down does not exist due to the steric effect of the
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Figure 6. Optimized structures of the ethyl complexes 6 and 7 and the transition states TS4 of the reductive elimination of ethane,
6 ¼ 7 ¼ TS4, for the real complex at the ONIOM(B3LYP/BSI:HF/BSII) level. The relative potential energies (in kcalmol¹1)
together with the imaginary frequencies (in cm¹1) of the transition states are also presented. See Table 3 for the geometric
parameters.

Table 3. Optimized Geometric Parameters (in ¡) of the
Equilibrium and Transition State Structures of the Reduc-
tive Elimination of Ethane, 6 ¼ (7 ¼ )TS4a)

6 7 TS4

Model, trans1/trans2

d(RhC2) 2.096/2.091 2.182/2.214
d(RhH1) 1.531/1.530 1.554/1.563
d(C2H1) 2.226/2.237 1.586/1.487

Model, cis1/cis2

d(RhC2) 2.082/2.076 2.102/2.083 2.166/2.176
d(RhH1) 1.549/1.545 1.506/1.511 1.537/1.546
d(C2H1) 2.560/2.412 2.577/2.505 1.740/1.633

Real, trans

d(RhC2) 2.078 2.083 2.215
d(RhH1) 1.544 1.537 1.571
d(C2H1) 2.510 2.393 1.474

Real, cis1/cis2

d(RhC2) 2.081 2.094/2.083 2.172/2.195
d(RhH1) 1.527 1.507/1.509 1.534/1.543
d(C2H1) 2.454 2.548/2.478 1.696/1.604

a) See Figures 5 and 6 for the structures.
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Ph groups, 6Rt is first transformed to another isomer 7Rt and
then the ethane reductive elimination takes place through the
transition state TS4Rt.

In 6Rc1 in the cis-form, the ethyl ligand at the apical
position is oriented to the less crowded space in order to avoid
the steric repulsion with the Ph groups. Other isomers, 7Rc1
and 7Rc2, have the ethyl ligand at the equatorial position,
where the ethyl group is turned down in 7Rc1 and turned up
in 7Rc2. 7Rc1 is transformed from 6Rc1, and 7Rc2 is trans-
formed from 7Rc1. Then, the reductive elimination of ethane
occurs from 7Rc1 through the transition state TS4Rc1 and
from 7Rc2 through the transition state TS4Rc2, the former
being energetically slightly favorable.

All the C2H1 distances in the transition states in the real
complex are shorter compared to those in the corresponding
transition states in the model complex by the effects of the Ph
groups. However, as to the activation energy, the cis-form as
well as the trans-form exhibits values similar to those in the
case of the model complex.

Energy Profile of the Catalytic Cycle. The energy profiles
of the entire catalytic cycle consisting of the most favorable
paths of each elementary step for the model and real complexes
are displayed in Figures 7 and 8, respectively.

Model Complex: We first discuss the potential energy
profile for the model complex. In the case of the trans-form, the
H2-coordinated complex 2Mt is stabilized by 26.9 kcalmol¹1

by the H2 coordination. The oxidative addition of H2, 2Mt ¼
TS1Mt ¼ 3Mt, has a small energy barrier of only 0.2
kcalmol¹1. After the ethylene coordination to form 4Mt, the
ethylene insertion, 4Mt ¼ TS2Mt ¼ 6Mt1, takes place with
the large energy barrier of 18.6 kcalmol¹1, which is the rate-
determining step. Since the final step, the reductive elimina-
tion of ethane has two alternative paths, 6Mt1 ¼ TS4Mt1 ¼
1Mt and 6Mt1 ¼ 6Mt2 ¼ TS4Mt2 ¼ 1Mt, we adopted
the former, of which energy surface is lower. The activation
barrier of this step was 4.7 kcalmol¹1 and much smaller than
that of ethylene insertion. The entire catalytic reaction was
41.8 kcalmol¹1 exothermic.
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On the other hand, in the cis-form, the active species 1Mc is
more stable by 10.9 kcalmol¹1 than that in the trans-form.
However, the energy surface of the oxidative addition of
H2, 2Mc ¼ TS1Mc ¼ 3Mc, is less stable compared to the
case of the trans-form by the trans effect as mentioned
above. From the ethylene-coordinated complex 4, there
exist two paths, 4Mc1 ¼ TS2Mc1 ¼ 5Mc1 ¼ TS3Mc1 ¼
6Mc1 and 4Mc2 ¼ TS2Mc2 ¼ 5Mc2 ¼ TS3Mc2 ¼
6Mc2, and further two paths from the ethyl complex 6,
6Mc1 ¼ 7Mc1 ¼ TS4Mc1 ¼ 1Mt and 6Mc2 ¼ 7Mc2 ¼
TS4Mc2 ¼ 1Mc, are possible. We therefore selected the
energetically favorable path with a lower energy surface for
this process, 4Mc2 ¼ TS2Mc2 ¼ 5Mc2 ¼ TS3Mc2 ¼
6Mc2 ¼ 7Mc2 ¼ TS4Mc2 ¼ 1Mc. The large activation
energy of the ethylene insertion in the trans-form was reduced
to 6.7 kcalmol¹1 in the cis-form.

The Gibbs free energy did not change so much the entire
energy profiles, although the small energy barrier of the oxi-
dative addition of H2 in the case of trans-form disappears.
However, the entropy term affects the stability of the energy
surface when a molecule associates or dissociates.18 In fact,
the energy surface of 2 ¼ TS1 ¼ 3 is about 10 kcalmol¹1

destabilized by the H2 addition and the subsequent energy
surface of 4 ¼ TS2 ¼ (5 ¼ TS3 ¼ )6 ¼ (7 ¼ )TS4 is 20
25 kcalmol¹1 destabilized by the H2 and C2H4 addition in both
cases of trans- and cis-forms. In accordance with the previous
report,2 the ethylene insertion with the large energy barrier of
15.8 kcalmol¹1 is the rate-determining step in the trans-form.
However, in the cis-form, its energy barrier is reduced so that
the entire energy surface becomes smoother and the top of the
energy surface is lower for the cis-form than for the trans-form,
suggesting that the catalytic reaction in the cis-form is more
favorable, which is similar to the case of the potential energy
surface.

Real Complex: Also in the case of the real complex in
the cis-form, we have alternative paths, 4Rc1 ¼ TS2Rc1 ¼
5Rc1 ¼ TS3Rc1 ¼ 6Rc1 and 4Rc2 ¼ TS2Rc2 ¼
5Rc2 ¼ TS3Rc2 ¼ 6Rc1, in the ethylene insertion and the
subsequent isomerization, and 6Rc1 ¼ 7Rc1 ¼ TS4Rc1 ¼
1Rc and 6Rc1 ¼ 7Rc1 ¼ 7Rc2 ¼ TS4Rc2 ¼ 1Rc, in
the reductive elimination. To describe the entire energy pro-
files in Figure 8, we adopted the path, 4Rc2 ¼ TS2Rc2 ¼
5Rc2 ¼ TS3Rc2 ¼ 6Rc1 ¼ 7Rc1 ¼ TS4Rc1 ¼ 1Rc,
which has a lower energy surface. As presented in Figure 8, the
potential and Gibbs free energy surfaces of the entire catalytic
reaction showed a similar feature to each other, although the
entropy term destabilized or stabilized the energy surface when
the H2 and C2H4 molecules are added or the C2H6 molecule
is eliminated.

The active species 1 is more stable in energy for the cis-form
than for the trans-form also in the real complex. However, after
the H2 coordination in 2, the energy surface for the cis-form is
less stable, which is similar to the case of the model complex,
except for the transition state TS2. Since the energy barriers
of the steps, 4 ¼ TS2 ¼ 5 for the ethylene insertion and
5 ¼ TS3 ¼ 6 for the isomerization, are small in the cis-form,
the energy surface of 4 ¼ TS2 ¼ 5 ¼ TS3 ¼ 6 as well as
that of 1 ¼ 2 ¼ 3 of the H2 oxidative addition is very flat. As
a result, the entire energy surface is smoother and the top of the

energy surface is lower for the cis-form than for the trans-form,
suggesting that the catalytic reaction in the cis-form is more
favorable.

We also performed single point energy calculations of the
entire molecule at the B3LYP/BSI level for the highest points
of the energy surfaces to improve the energies. Although in
both cases of the trans- and cis-forms the energy is stabilized
by 23 kcalmol¹1, the tendency that the top of the energy
surface is lower for the cis than for the trans form did not
change (Table S2).

We further examined the case of representative propene with
the methyl substituent, since the steric contact between the
substituent of olefin and phenyl groups of the PPh3 ligands
is expected to affect the energy surface of the reaction. We
optimized the transition states at the highest points of the
energy surfaces of the reaction for both cases of trans and
cis forms, TS2R and TS3R, at the ONIOM(B3LYP/BSI:HF/
BSII) level including the Me group of propene in the outer part.
Here, the positions of the atoms for the 4-membered ring of the
reaction part RhHCC were fixed. The potential energies of four
possible structures depending on the position of the methyl
group in each transition states, TS2Rt, TS2Rc2, and TS3Rc2,
are shown in Table 4. The ONIOM(B3LYP/BSI:HF/BSII) cal-
culations showed that C1L is the most favorable in energy in
the case of the trans-form, on the other hand, C1R in the case
of the cis-form, and the cis-form is more stable than the trans-
form at the highest point of energy surface. As mentioned
earlier, the single point energy calculations of the entire mole-
cule at the B3LYP/BSI level stabilized the transition states by
24 kcalmol¹1 similarly, but the energetic advantage of the cis
form did not change. Only the favorable position of the methyl
group changed from C1R to C2L. This advantage would be
responsible for the cis form providing a larger space for the
reaction (Figure S5).

Table 4. Potential Energies (in kcalmol¹1) of the Transition
States in the Olefin Insertion and Isomerization Steps,
TS2Rt, TS2Rc2, and TS3Rc2, Relative to the Active
Species 1Rt in the Case of Propene at the ONIOM-
(B3LYP/BSI:HF/BSII) and B3LYP/BSIa) Levels

Rh

H

C2L
C2R

C L
C R

Rh

H

C2L
C2R

C L
C R

Position of
Me group

TS2Rt TS2Rc2 TS3Rc2

ONIOM B3LYP ONIOM B3LYP ONIOM B3LYP

C1L ¹5.4 ¹7.9 ¹9.4 ¹12.0 ¹6.7 ¹8.4
C1R ¹4.2 ¹6.9 ¹7.0 ¹9.9 ¹7.5 ¹9.4
C2L ¹4.6 ¹7.8 ¹9.2 ¹12.5 ¹6.9 ¹9.6
C2R ¹2.7 ¹6.6 ¹3.0 ¹7.1 ¹7.5 ¹11.5

a) 6-31G(d,p) was used for the phenyl groups of phosphine
ligands.
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Steric and Electronic Effects of the Ph Groups on the
Energy Profile of the Catalytic Cycle. The energy profiles
in Figure 8 include both steric and electronic effects, since the
Ph groups in the outer part are calculated at the HartreeFock
level. Therefore, to examine the steric effect of the Ph groups,
we calculated the outer part by the molecular mechanics
method using the MM3 force field for the optimized structure at
the ONIOM(B3LYP/BSI:HF/BSII) level. Using the calculated
MM3 energy for the outer part and the original B3LYP energy
for the inner part (See the Computational Details for the
details.), we obtained the energy at the ONIOM(B3LYP/
BSI:MM3) level. The ONIOM(B3LYP/BSI:MM3) energy of
the entire molecule and its component of the B3LYP energy of
the inner part for the equilibrium and transition state structures
of the entire catalytic reaction are presented in Figure 9. As
one can see, in the case of the cis-form, the relative energy
of the entire molecule is stabilized by the MM3 energy of
14 kcalmol¹1 for the outer part. This indicates that the steric
repulsion between the PPh3 ligands is quite small even in the
cis-form and the stacking interaction of Ph groups stabilizes the
entire molecule. The steric repulsion between the PPh3 ligands
in the trans-form is also small as we expected.

The ONIOM(B3LYP/BSI:HF/BSII) energy of the entire
molecule and its component of the B3LYP energy of the inner
part for the equilibrium and transition state structures of the
entire catalytic reaction are presented in Figure 10. The shapes
of the energy surfaces for the inner part and the entire molecule
in Figure 10 are very similar to those in Figure 9 except for
the reductive elimination in the trans-form, indicating that the
electronic effect of the Ph groups does not affect so much the
elementary step. In the step, 7 ¼ TS4 ¼ 1, in the trans form,
the shapes of the energy surfaces for both the inner part and the
entire molecule in Figure 10 differ from those in Figure 9, due
to the electronic effect of the Ph groups.

Concluding Remarks

We theoretically reexamined the entire process of the olefin
hydrogenation by Wilkinson’s catalyst by the ONIOM method
including the substituent effects of phosphine ligands. As
active species, we considered both trans- and cis-forms of
[RhCl(PPh3)2] (1). The steric repulsion between the two PPh3
ligands in the active species 1 was small even in the cis-form,
and the cis-form 1Rc was more stable by 3.3 kcalmol¹1 than
the trans-form 1Rt due to the stacking interaction between the
Ph groups, suggesting that not only 1Rt but also 1Rc is one of
candidates of catalytically active species.

The entire energy profiles of the catalytic reaction showed
that the olefin insertion with the largest energy barrier is a rate-
determining step in the case of the trans-form. On the other
hand, in the case of the cis-form, the energy barrier in the olefin
insertion is much reduced. As a result, the entire energy profile
for the cis-form is smooth and lower than that for the trans-
form, suggesting that the cis-form is more favorable than the
trans-form. The steric repulsion between the Ph groups of the
phosphine ligands was small even in the cis-form throughout
the catalytic reaction. Moreover, the cis-form can provide a
large space for the reaction and has an advantage in energy
toward the olefin with a large-size substituent compared to the
trans-form. The steric and electronic effects of the Ph groups
did not affect substantially each energy profile of the trans- and
cis-forms, although the inclusion of the Ph groups is important
to evaluate the stability of isomers and to determine the most
favorable path.

Part of the computations was performed at the Research
Center for Computational Science, Okazaki, Japan. This study
was supported in part by grants from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.
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Supporting Information

Listings giving the optimized Cartesian coordinates of all
equilibrium structures and transition states presented in this
paper, Table S1: Bond distance, bond population, and NBO
analysis of the RhP bond and the molecular orbital (MO)
energies of 1Mt and 1Mc at the B3LYP/BSI level, Table S2:
Relative energies of the transition states, TS2Rt, TS2Rc2, and
TS3Rc2, at the ONIOM(B3LYP/BSI:HF/BSII) and B3LYP/
BSI levels, Figure S1: Plots of the energy and the RhH dis-
tance against the HH distance from 2Rc to 3Rc at the B3LYP/
BSI level, Figure S2: Plots of the energy and the Rh(ethylene)
distance against the ¾ClRhP1 angle from 3Mc to 4Mc2
at the B3LYP/BSI level, Figure S3: Plots of the energy and
the Rh(substrate ethylene) distance against the Rh(solvent
ethylene) distance in the displacement of the solvent ethylene
by the substrate ethylene to form 4Mc1 from the solvated
3Mc(Ô4Mc1) at the B3LYP/BSI level, Figure S4: Optimized
structures and the relative energies of 7Mc1, 7Mc2, TS4Mc1,
and TS4Mc2 with the solvent ethylene and the additional PH3

ligand at the B3LYP/BSI level, Figure S5: Optimized struc-
tures of the transition states, TS2Rt, TS2Rc2, and TS3Rc2,
in the case of propene at the ONIOM(B3LYP/BSI:HF/BSII)
level. This material is available free of charge on the Web at
http://www.csj.jp/journals/bcsj/.
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a b s t r a c t

Bicyclic dioxetanes 3 and 4 tethering a fluorescein or 4-(benzothiazol-2-yl)-3-hydroxyphenyl moiety
through a linkerwere synthesized by the use of dihydrofuran-intermediate5 or its advanced intermediate 6.
These dioxetanes underwent base-induced decomposition to effectively give light due to intramolecular
energy-transfer from an excited oxidobenzoate to a tethered fluorophore. Although the chemiluminescence
efficiency FCL values for 3 and 4 were only ca. 2-fold greater than that for parent 2 in a TBAF/acetonitrile
system, these values were 30e550-fold greater than that for 2 in a NaOH/H2O system. Suchmarked increase
of FCL was hardly observed by the simple addition of 25 or 26 as a model of a tethered fluorescer.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The intramolecular charge-transfer-induced decomposition
(CTID) of oxidophenyl-substituted dioxetanes has received con-
siderable attention due to interest in the mechanisms of bio-
luminescence and chemiluminescence and because of possible
applications in modern biological and clinical analyses using
chemiluminescence.1e4 Typical examples of such CTID-active
dioxetanes are adamantylidene-substituted dioxetane 1 and bi-
cyclic dioxetane 2 (Scheme 1).2,5,6 Although these dioxetanes ef-
fectively emit light in an aprotic polar solvent, they give light in
quite poor yield in an aqueous medium. This significant defect has
been considerably improved through the addition of a fluorescer
such as fluorescein and/or a surfactant such as quaternary ammo-
nium or phosphonium salt for practical use in an aqueous system.7,8

This situation prompted us to realize new CTID-active dioxe-
tanes tethering a fluorescer that show highly effective chem-
iluminescence without any additives in an aqueous system.9,10

Since it is more appropriate than 1 to structural modification for
the present purpose, dioxetane 2 was selected as a basic skele-
ton.11,12 To modify the structure of 2 with a minimal decrease in
thermal stability and minimal change in the structure around
the dioxetane ring, we planned to functionalize a methyl of the

tert-butyl group in 2. The resulting dioxetanes 3 and 4 tethered
a fluorescein or 4-(benzothiazol-2-yl)-3-hydroxyphenyl moiety as
a highly efficient fluorescer (Fig. 1).

We report here that 3 and 4 were effectively synthesized by using
dihydrofuran-intermediate 5 bearing an u-carboxy-substituted
linker,13,14whichwasprepared fromthekeybuildingblock7orbyusing
advanced intermediate 6 bearing an N-hydroxysuccinimide (HOSu)
estermoiety (Fig.1).15We also report that dioxetanes 3 and 4 gave light
far more efficiently than the parent 2a in an aqueous medium.
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Scheme 1. Base-induced chemiluminescent decomposition of 3-oxyphenyl-substituted
dioxetanes 1 and 2.
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2. Results and discussion

2.1. Synthesis of bicyclic dioxetanes tethering a fluorescer
through a linker

First, we synthesized a key building block 7 for the preparation
of dihydrofuran-intermediate 5 starting from 2,2,4,4-tetrame-
thylpentane-1,3,5-triol (9). The triol 9 was prepared from dimethyl

3-oxopentanedioate 8 through the introduction of four methyl
groups followed by reductionwith LiAlH4 (Scheme 2). Two hydroxy
groups in triol 9 were protected as cyclic acetal 10, which was in
turn subjected to Williamson synthesis with 3-methoxybenzyl
chloride to selectively give benzyl ether 11. Compound 11
was then deprotected to give diol 12, in which only the primary
OH was protected to give tetrahydropyranyl (THP) ether 13.
The remaining secondary OH in 13 was oxidized with PCC to give
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Fig. 1. Bicyclic dioxetanes 3 and 4 tethering a fluorescer and their synthetic intermediates 5e7.
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1-benzyloxypentan-3-one 14. LDA-mediated cyclization16 of
14 effectively took place at low temperature to give 3-
hydroxytetrahydrofuran 15 bearing a THP-oxy group, depro-
tection of which quantitatively gave the desired key building block
7 as a mixture of stereoisomers.

Key building block 7 was condensed with ethyl 5-
bromopentanoate to selectively give ester 16. The hydroxyte-
trahydrofuran 16 was dehydrated with SOCl2/pyridine to give the
corresponding dihydrofuran 17 (Scheme 2). When 17 was treated
with MeSNa in hot DMF, both demethylation and saponification
took place to give 5-(3-hydroxyphenyl)-2,3-dihydrofuran 18 bear-
ing an u-carboxy-substituted linker. Then, a phenolic hydroxyl
group in 18 was protected with tert-butyldimethylsilyl (TBMS)
chloride to give the desired dihydrofuran-intermediate 5. Con-
densation of 5 with bis(N-hydroxysuccinimidyl) carbonate gave
HOSu ester 6 as an advanced intermediate.

Intermediate 5 was transformed to its acid chloride in situ,
which was coupled with TBMS-protected 5-aminofluorescein 19 in
pyridine to give dihydrofuran 20 bearing a fluorescein moiety
(Scheme 3). Deprotection of a siloxy group in 20 with tetrabuty-
lammonium fluoride (TBAF) gave precursor 21 of dioxetane teth-
ering a fluorescein. On the other hand, condensation of 6 with 4-
(benzothiazol-2-yl)-3-methoxybenzylamine 22 gave dihydrofuran
23 tethering a 4-(benzothiazol-2-yl)-3-methoxyphenyl moiety

through an amide linkage. Amide 23 was further treated with hot
MeSNa in DMF gave precursor 24 leading to dioxetane 4.

Finally, dihydrofurans 21 and 24 were individually irradiated
together with a catalytic amount of tetraphenylporphin (TPP) in
CH2Cl2 with a Na-lamp under an oxygen atmosphere at 0 �C. Thus,
1,2-addition of singlet oxygen to 21 and 24 smoothly took place to
selectively give the corresponding dioxetanes 3 and 4. The struc-
tures of these dioxetanes were determined by 1H NMR, 13C NMR, IR,
and HRMass spectral analyses.

2.2. Chemiluminescent decomposition of bicyclic dioxetanes
tethering a fluorescein or 4-(benzothiazol-2-yl)-3-
hydroxyphenyl moiety through a linker

First of all, we investigated CTID of dioxetanes 3 and 4 in a TBAF/
acetonitrile system, since this triggering system has been often
used to evaluate chemiluminescence properties of CTID-active
dioxetanes.3e6 When 3 was treated with a large excess of TBAF in
acetonitrile at 25 �C, 3 decomposed according to pseudo-first-order
kinetics to effectively give light with lCLmax ¼ 535 nm (Fig. 2A), rate
of CTID kCTID¼4.7�10�3 s�1 and chemiluminescence efficiency
FCL¼0.19,17,18 the value of which was 1.7 times larger than that for
2a (Table 1, entries 1 and 2). This chemiluminescence spectrum
coincided with fluorescence spectrum of acetamidofluorescein 25
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(Fig. 3) as a model of a tethered fluorescein moiety, which showed
maximum wavelength lflmax ¼ 535 nm, but was significantly dif-

ferent from that for 2a (lCLmax ¼ 467 nm, Table 1, entry 1) in a TBAF/
actonitrile system (Fig. 2A). These results strongly suggested that
CTID of 3 showed chemiluminescence due to energy-transfer from
initially formed excited oxidobenzoate to fluorescein moiety.19

Similarly to the case of 3, dioxetane 4 underwent CTID on treat-
ment with TBAF/acetonitrile to give light. As shown in Table 1

(entry 3), lCLmax and kCTID for 4 were only a little different from
those for 2, though FCL was 1.9 times increased. The chem-
iluminescence spectrum of 4was somewhat narrower than that for

2a but coincided with fluorescence spectrum ðlflmax ¼ 469 nmÞ of
N-[4-(benzothiazol-2-yl)-3-hydroxybenzyl]acetamide 26 (Fig. 3) as
a model of a tethered fluorescer in 4 in TBAF/acetonitrile (Fig. 2A).
From these results, we can see that energy-transfer most likely
occurred for 4 similarly to the case of 3 (Scheme 4).

Singlet-chemiexcitation efficiency FS¼FCL�Ffl (Ffl: fluores-
cence efficiency of emitter) has been estimated to be 0.46 for 2a in
TBAF/acetonitrile.6a Here, the FS for 2a is presumably maintained
even for both 3 and 4. On the other hand, Ffls were estimated to be
0.52 for 25 and 0.48 for 26 in TBAF/acetonitrile. These values are

also expected to be not somuch different from those for fluorescein
moiety of 3 and benzothizolylphenol moiety of 4, respectively.
Thus, we can estimate formally that singlet-chemiexcitation energy
generated from the dioxetane moiety transferred to the tethered
fluorescer in efficiency of 80% for 3 and 95% for 4.

The results described above encouraged us to investigate
chemiluminescent decomposition of 3 and 4 in an aqueous system.
When 3was treated with 0.1 M NaOH/H2O, 3 decomposed with the
accompanying emission of yellow light with lCLmax ¼ 525 nm,
FCL¼6.0�10�3 and kCTID¼1.3�10�3 s�1 [Fig. 2B, Table 1 (entry 7)].
This FCL value was 550-fold greater than that for 2a. Similarly, 4
decomposed to give light with lCLmax ¼ 468 nm, FCL¼3.7�10�4 and
kCTID¼1.2�10�3 s�1 [Fig. 2B, Table 1 (entry 8)]. In this case,FCL value
was 30-fold greater than that for 2a.6a

Such marked enhancement of FCL was not observed when the
chemiluminescent decomposition of 2a was carried out by simply
adding fluorescer 25 or 26 in NaOH/H2O system. When 2a
(1.0�10�4 M, 1 mL) was treated with NaOH/H2O (0.1 M, 2 mL) in-
cluding 25 (1.0�10�3 M) at 25 �C,20 2a decomposed with the ac-
companying emission of yellow light ðlCLmax ¼ 542 nmÞ, but not
blue light ðlCLmax ¼ 467 nmÞ, the spectrum of which is shown in
Fig. 2B. Table 1 (entry 5) shows that the value ofFCL for 2a increased

Table 1
Base-induced chemiluminescent decomposition of dioxetane 2a and dioxetanes 3 and 4 tethering a fluorescera

Entry Dioxetane Systemb Additive lCLmax=nm FCLc kCTID/s�1 Relative FCLd

1e 2a A d 467 0.11 2.8�10�2 1
2 3 A d 535 0.19 4.7�10�3 1.7
3 4 A d 469 0.21 2.6�10�2 1.9
4e 2a Be d 467 1.1�10�5 8.6�10�4 1
5 2a B 25 542 1.3�10�4 8.7�10�3 12
6 2a B 26 481 3.2�10�5 8.4�10�3 3
7 3 B d 525 6.0�10�3 1.3�10�3 550
8 4 B d 468 3.7�10�4 1.2�10�3 30
9 3 B 27 535 4.4�10�3 3.6�10�4 400
10 4 B 27 473 2.6�10�2 1.1�10�3 2400

a All reactions were carried out at 25 �C.
b A: TBAF/acetonitrile system, B: NaOH/H2O system.
c Based on a value reported for the chemiluminescent decomposition of 3-adamantylidene-4-(3-tert-butyldimethylsiloxy)phenyl-4-methoxy-1,2-dioxetane 1b in TBAF/

DMSO.18
d Values for entries 2 and 3 were based on the FCL in entry 1, while values for entries 5e10 were based on the FCL in entry 4.
e Ref. 6a.
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12 times by the addition of 25, though it was only 1/50 of that for 3.
On the other hand, the CTID of 2a in the presence of 26 gave light
only three times more than the case of 2a without any additive
fluorescer (Table 1, entry 6.

The results described above showed that FCL was markedly in-
creased by tethering a fluorescer to dioxetane 2 skeleton in NaOH/
H2O system. However, the magnitude of enhancement of FCL for 4
was only 1/16 of that for 3, though model 26 was yet an effective
fluorescer like as 25 in NaOH/H2O: Ffl¼0.73 for 25, and 0.36 for 26.
This suggested that the energy-transfer did not operate well for the
CTID of 4 in an aqueous system differently from a non-aqueous
system such as TBAF/acetonitrile.

Although itwas unclear the reasonwhy thefluorescermoiety did
not act well in 4 in an aqueous system, a hydrophobic circumstance
appeared to be favorable to the energy-transfer chemiluminescence
for the CTID of 4. Thus, we finally attempted to use a surfactant with
expectation that it should provide more or less a hydrophobic mi-
croenvironment in an aqueous system. A surfactant selected as
a representative was tributylhexadecylphosphonium bromide 27
(Fig. 3), since it was used for a chemiluminescent clinical analysis
using dioxetane 2c (phosphate form).8 When 4 was treated with
NaOH/H2O including an equimolar amount of 27 (Fig. 3), emission of
lightmarkedly increased. As shown inTable 1 (entry 10), the value of
FCL became 2400-fold greater than that for innocent 2. On the other
hand, 27 rather did not act to increaseFCL for CTID of 3 in NaOH/H2O
system (Table 1, entry 9).21

3. Conclusion

Bicyclic dioxetanes 3 and 4 tethering a fluorescein or 4-(ben-
zothiazol-2-yl)-3-hydroxyphenylmoiety were synthesized through
the preparation of dihydrofuran-intermediate 5 and its advanced
intermediate 6. These dioxetanes underwent base-induced de-
composition to effectively give light due to intramolecular energy-
transfer from an excited oxidobenzoate to a fluorescein or 4-
(benzothiazol-2-yl)-3-hydroxyphenyl moiety. Although the values
of chemiluminescence efficiency (FCL) for 3 and 4were only slightly
larger than that for parent 2a in a TBAF/acetonitrile system, these
values were 30e550-fold greater than that for 2a in a NaOH/H2O
system. A comparison of the chemiluminescent decomposition of 3
and 4 to that of parent 2awith additivemodel fluorescer 25 or 26 in
an aqueous system showed that tethering a fluorophore was 10e50
times more effective to increase FCL than a simple combination of
dioxetane and fluorescer in a NaOH/H2O system.

4. Experimental

4.1. General

Melting points were uncorrected. IR spectra were taken on an
FT/IR infrared spectrometer. 1H and 13C NMR spectra were recorded
on a 400 MHz and 500 MHz spectrometers. Mass spectra were
obtained by using double-focusing mass spectrometers and an ESI-
TOF mass spectrometer. Column chromatography was carried out
using SiO2 or NHeSiO2.

4.2. Data for compounds

4.2.1. 2,2,4,4-Tetramethylpentane-1,3,5-triol (9). A solution of di-
methyl 2,2,4,4-tetramethyl-3-oxopentanedioate (40.1 g, 0.174 mol),
prepared from dimethyl 3-oxopentanedioate (8), in dry THF
(40 mL) was added dropwise to a suspension of LiAlH4 (10.2 g,
0.269 mol) in dry THF (110 mL) under a N2 atmosphere at 0 �C and
stirred overnight. After the usual workup, the crude product was
chromatographed on SiO2 and eluted with AcOEt/hexane (3:1) to
give triol 9 in 53% yield (16.2 g). Colorless needles; mp 61.0e61.5 �C

(from hexane); 1H NMR (400 MHz, CDCl3): dH 1.01 (s, 6H), 1.09
(s, 6H), 2.11 (br s, 3H), 3.50 (qAB, J¼10.7 Hz, 4H), 3.64 (s, 1H) ppm;
13C NMR (125 MHz, CDCl3): dC 20.3, 24.7, 40.3, 75.4, 85.7 ppm; IR
(KBr): ~n 3305, 2988, 2960, 2875, 1043 cm�1; HRMS (ESI): 199.1266,
calcd for C9H20O3Na [MþNa]þ 199.1310.

4.2.2. 4-(2-Hydroxy-1,1-dimethylethyl)-2,2,5,5-tetramethyl-1,3-
dioxane (10). 2,2-Di-methoxypropane (7.10 mL, 56.6 mmol) and
pyridinium p-toluenesulfonate (PPTS) (1.41 g, 5.61 mmol) were
added to a solution of triol 9 (9.76 g, 55.4 mmol) in CH2Cl2 (60 mL)
under N2 atmosphere at room temperature and stirred overnight.
The reaction mixture was poured into aq NaHCO3 and was
extracted with CH2Cl2. The organic layer was washed three times
with aq NaCl, dried over anhydrous MgSO4, and concentrated in
vacuo. The residue was chromatographed on SiO2 and eluted with
AcOEt/hexane (1:3) to give 1,3-dioxane 10 in 97% yield (11.6 g).
Colorless oil; 1H NMR (400 MHz, CDCl3): dH 0.89 (s, 3H), 1.02 (s, 3H),
1.02 (s, 3H), 1.21 (s, 3H), 1.42 (s, 6H), 3.01 (br s, 1H), 3.11 (d,
J¼11.1 Hz, 1H), 3.33 (d, J¼11.1 Hz, 1H), 3.50e3.57 (m, 2H), 3.59 (s,
1H) ppm; 13C NMR (100 MHz, CDCl3): dC 18.7, 20.3, 21.2, 24.1, 24.5,
29.0, 35.4, 40.2, 73.0, 74.4, 83.2, 98.5 ppm. IR (liquid film): ~n 3451,
2991, 2958, 2873,1201, 1091, 738 cm�1. HRMS (ESI): 239.1589, calcd
for C12H24O3Na [MþNa]þ 239.1623.

4.2.3. 4-[2-(3-Methoxybenzyloxy)-1,1-dimethylethyl]-2,2,5,5-
tetramethyl-1,3-dioxane (11). A solution of 1,3-dioxane 10 (11.6 g,
53.6 mmol) in dry THF/DMF (4:3, 70 mL) was added to a suspen-
sion of NaH (60% in oil, 2.45 g, 61.3 mmol) in dry THF (80 mL)
under a N2 atmosphere at 0 �C and then stirred at room temper-
ature for 1 h. To the solution, 3-methoxybenzyl chloride (8.0 mL,
53.4 mmol) was added at 0 �C and stirred at room temperature
overnight. The reaction mixture was quenched with aq NH4Cl, and
extracted with AcOEt. The organic layer was dried over anhydrous
MgSO4 and concentrated in vacuo. The residue was chromato-
graphed on SiO2 and eluted with AcOEt/hexane (1:20/1:9) to give
benzyl ether 11 in 91.7% yield (16.6 g). Colorless oil; 1H NMR
(400 MHz, CDCl3): dH 0.88 (s, 3H), 0.95 (s, 3H), 1.05 (s, 3H), 1.14
(s, 3H), 1.34 (s, 3H), 1.37 (s, 3H), 3.01 (d, J¼8.4 Hz, 1H), 3.08
(d, J¼11.4 Hz, 1H), 3.37 (d, J¼8.4 Hz, 1H), 3.51 (d, J¼11.4 Hz, 1H),
3.65 (s, 1H), 3.81 (s, 3H), 4.45 (qAB, J¼12.5 Hz, 2H), 6.82 (d with fine
coupling, J¼8.2 Hz, 1H), 6.88e6.92 (m, 2H), 7.25 (t, J¼8.2 Hz, 1H)
ppm; 13C NMR (125 MHz, CDCl3): dC 19.0, 20.9, 21.9, 23.4, 24.2, 29.1,
35.3, 40.5, 55.1, 72.9, 74.7, 78.4, 78.5, 98.5, 112.7 (�2), 119.5, 129.2,
140.6, 159.6 ppm; IR (liquid film): ~n 2991, 2941, 2871, 1602,
1092 cm�1; Mass (m/z, %): 336 (Mþ, 15), 222 (72), 143 (14), 137
(39), 121 (100). HRMS (ESI): 359.2181, calcd for C20H32O4Na
[MþNa]þ 359.2198.

4.2.4. 5-(3-Methoxybenzyloxy)-2,2,4,4-tetramethylpentane-1,3-diol
(12). Benzyl ether 11 (15.8 g, 47.0 mmol) was heated in refluxing
dioxane (160 mL) and 1 N HCl (40 mL) for 3 h. The reaction mixture
was poured into aq NaHCO3 and extracted with AcOEt. The organic
layer was washed with aq NaCl, dried over anhydrous MgSO4, and
concentrated in vacuo. The residue was chromatographed on SiO2
and eluted with AcOEt/hexane (1:9/1:1) to give benzylox-
ypentanediol 12 in 86.1% yield (12.0 g). Colorless oil; 1H NMR
(400 MHz, CDCl3): dH 0.98 (s, 3H), 1.02 (s, 3H), 1.05 (s, 3H), 1.11 (s,
3H), 3.33 (s, 2H), 3.37 (dwith fine coupling, J¼10.7 Hz,1H), 3.48 (dd,
J¼10.7 and 2.2 Hz, 1H), 3.58 (d, J¼2.2 Hz, 1H), 3.61 (br s, 1H), 3.81 (s,
3H), 4.26 (br s, 1H), 4.49 (s, 2H), 6.83e6.90 (m, 3H), 7.24e7.30 (m,
1H) ppm; 13C NMR (125 MHz, CDCl3): dC 20.1, 21.1, 24.7, 25.0, 40.4,
40.4, 55.1, 73.5, 75.4, 83.0, 85.3, 112.9, 113.3, 119.8, 129.5, 139.0,
159.7 ppm; IR (liquid film): ~n 3412, 2959, 2914, 2874, 1602, 1267,
1080 cm�1; Mass (m/z, %): 296 (Mþ, 31), 138 (100), 121 (92), 97 (14),
91 (10); HRMS (ESI): 319.1856, calcd for C17H28O4Na [MþNa]þ

319.1885.
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4.2.5. 1-(3-Methoxybenzyloxy)-2,2,4,4-tetramethyl-5-(tetrahydro-
2H-pyran-2-yloxy)-pentan-3-ol (13). PPTS (540 mg, 2.15 mmol) and
3,4-dihydro-2H-pyran (4.8 mL, 51.0 mmol) were added to a solu-
tion of benzyloxypentanediol 12 (12.0 g, 40.5 mmol) in dry CH2Cl2
(120 mL) under a N2 atmosphere at room temperature and stirred
at room temperature for 3 h. The reaction mixture was poured into
satd aq NaHCO3 and extracted with AcOEt. The organic layer was
washed with aq NaCl, dried over anhydrous MgSO4, and concen-
trated in vacuo. The residue was chromatographed on SiO2 and
eluted with AcOEt/hexane (1:9) to give THP-ether 13 in 92.1% yield
(14.2 g). Colorless oil; 1H NMR (400 MHz, CDCl3): dH 1.02 (s, 1.5H),
1.04 (s, 1.5H), 1.04 (s, 1.5H), 1.05 (s, 1.5H), 1.06 (s, 1.5H), 1.09 (s, 1.5H),
1.10 (s, 1.5H), 1.11 (s, 1.5H), 1.47e1.85 (m, 6H), 3.14e3.70 (m, 7H),
3.76e3.86 (m, 1H), 3.81 (s, 3H), 4.45e4.53 (m, 2H), 4.54e4.59 (m,
1H), 6.82 (d with fine coupling, J¼8.2 Hz, 1H), 6.88e6.92 (m, 2H),
7.25 (t, J¼8.2 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): dC 19.3, 19.6,
21.6, 21.9, 21.9, 22.0, 24.4, 24.7, 24.9, 25.0, 25.3, 25.4, 30.5, 30.6, 40.4,
40.5, 40.8 (�2), 55.1 (�2), 61.9, 62.4, 73.1 (�2), 77.7, 78.2, 80.4, 80.5,
80.6, 81.1, 99.0, 99.3,112.7 (�2), 112.9, 113.0, 119.6 (�2), 129.3, 129.3,
140.1, 140.2, 159.6 (�2) ppm; IR (liquid film): ~n 3500, 2942, 2871,
1602,1266,1119,1034 cm�1; Mass (m/z, %): 380 (Mþ, trace), 295 (3),
138 (31), 136 (22), 121 (100), 109 (17); HRMS (ESI): 403.2434, calcd
for C22H36O5Na [MþNa]þ 403.2460.

4.2.6. 1-(3-Methoxybenzyloxy)-2,2,4,4-tetramethyl-5-(tetrahydro-
2H-pyran-2-yloxy)-pentan-3-one (14). Alcohol 13 (7.90 g, 20.8 mmol)
in CH2Cl2 (20 mL) was added to a suspension of PCC (6.90 g,
32.0 mmol), pyridine (2.7 mL, 33.4 mmol), and Celite (15.7 g) in
CH2Cl2 (60 mL) at room temperature and refluxed for 4 h. After the
usual workup, the crude product was chromatographed on SiO2
and eluted with AcOEt/hexane (1:16/1:2) to give ketone 14 in
85.9% yield (6.76 g). Colorless oil; 1H NMR (400 MHz, CDCl3): dH
1.23 (s, 3H), 1.28 (s, 6H), 1.32 (s, 3H), 1.42e1.80 (m, 6H), 3.46 (d,
J¼9.2 Hz, 1H), 3.43e3.54 (m, 1H), 3.51 (qAB, J¼8.8 Hz, 2H), 3.72 (d,
J¼9.2 Hz, 1H), 3.77e3.84 (m, 1H), 3.80 (s, 3H), 4.47 (s, 2H), 4.55 (s
with fine coupling, 1H), 6.80 (d with fine coupling, J¼8.1 Hz, 1H),
6.85e6.89 (m, 2H), 7.23 (t, J¼8.1 Hz, 1H) ppm; 13C NMR (100 MHz,
CDCl3): dC 19.3, 23.3, 23.5, 23.6, 23.7, 25.5, 30.5, 50.1, 50.3, 55.1, 61.8,
73.0, 76.0, 78.3, 98.9, 112.5, 112.9, 119.5, 129.1, 140.1, 159.5,
215.9 ppm; IR (liquid film): ~n 2940, 2870, 1686, 1602, 1266 cm�1;
Mass (m/z, %): 378 (Mþ, 2), 294 (12), 138 (42), 137 (13), 121 (100);
HRMS (ESI): 401.2279, calcd for C22H34O5Na [MþNa]þ 401.2304.

4.2.7. 3-[1,1-Dimethyl-2-(tetrahydro-2H-pyran-2-yloxy)ethyl]-3-
hydroxy-2-(3-methoxyphenyl)-4,4-dimethyltetrahydrofuran
(15). Ketone 14 (12.6 g, 33.2 mmol) in dry THF (50 mL) was added
to a solution of LDA, prepared from BuLi (1.61 M solution, 48.0 mL,
77.3 mmol) and diisopropylamine (12 mL), in THF (80 mL) at
�78 �C and stirred for 5 h. The reaction mixture was poured into aq
NH4Cl, and extracted with AcOEt. The organic layer was washed
with aq NaCl, dried over anhydrous MgSO4, and concentrated in
vacuo. The crude hydroxytetrahydrofuran 15 (3.20 g, an oil) as
a stereoisomeric mixture was used for the next reaction without
purification.

4.2 .8 . 3-Hydroxy-3-(2-hydroxy-1,1-dimethylethyl)-2-(3-
methoxyphenyl)-4,4-dimethyl-2,3,4,5-tetrahydrofuran (7). HCl (1 N,
5 mL) was added to a solution of tetrahydrofuran 15 (12.9 g) in
MeOH (120 mL) at room temperature and stirred overnight. The
reaction mixture was poured into aq NaHCO3 and extracted with
AcOEt. The organic layer was washed with aq NaCl, dried over
anhydrous MgSO4, and concentrated in vacuo. The residue was
chromatographed on SiO2 and eluted with AcOEt/hexane (1:4) to
give hydroxytetrahydrofuran 7 in 97.4% yield (2.33 g) (a mixture of
trans-3-hydroxy form and cis-3-hydroxy form, trans/cis¼95:5).
Colorless oil; 1H NMR (500 MHz, CDCl3): dH 0.78 (br s, 2.85H), 0.93

(s, 0.15H), 1.02 (s, 2.85H), 1.20 (s, 0.15H), 1.22 (s, 0.15H), 1.25
(s, 2.85H), 1.37 (s, 2.85H), 1.39 (s, 0.15H), 2.22 (br s, 1H), 3.21 (dd,
J¼11.0 and 5.1 Hz, 1H), 3.33 (d, J¼5.1 Hz, 0.1H), 3.45e3.65
(m, 0.95H), 3.50 (d, J¼7.2 Hz, 0.05H), 3.70 (d, J¼8.1 Hz, 0.95H), 3.81
(s, 2.85H), 3.82 (s, 0.15H), 3.89 (d, J¼8.1 Hz, 0.95H), 4.09 (d, J¼7.2 Hz,
0.05H), 4.57 (br s, 0.95H), 5.04 (s, 0.95H), 5.27 (s, 0.05H), 6.81
(d with fine coupling, J¼8.0 Hz, 0.95H), 6.86 (d with fine coupling,
J¼8.2 Hz, 0.05H), 7.04e7.10 (m, 0.1H), 7.13 (s, 0.95H), 7.16
(d, J¼7.8 Hz, 0.95H), 7.20e7.25 (m, 0.05H), 7.22 (dd, J¼8.0 and
7.8 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3): dC 20.3, 22.7 (�2),
22.8, 23.2, 23.2, 25.4, 26.6, 40.6, 41.4, 47.9, 48.3, 55.2 (�2), 72.0, 73.1,
80.4, 81.3, 84.0, 86.7, 89.6, 93.7, 113.0, 113.6,114.5, 115.2,121.3, 122.0,
128.6, 128.9, 141.4, 142.2, 159.0, 159.2 ppm; IR (liquid film): ~n 3295,
2938, 2877, 1607, 1284, 1043 cm�1; Mass (m/z, %): 294 (Mþ, 20), 276
(33), 236 (45), 190 (33), 159 (20), 136 (100), 126 (68); HRMS (ESI):
377.1703, calcd for C17H26O4Na [MþNa]þ 317.1729.

4.2.9. 3-(7-Ethoxycarbonyl-1,1-dimethyl-3-oxaheptyl)-3-hydroxy-
2-(3-methoxyphenyl)-4,4-dimethyl-2,3,4,5-tetrahydrofuran (16). 3-
Hydroxy-3-(2-hydroxy-1,1-dimethylethyl)tetrahydrofuran 7 (1.00 g,
3.40 mmol) was added to a suspension of NaH (60% in oil, 255 mg,
6.38 mmol) in dry DMF (7 mL) under a N2 atmosphere at 0 �C and
stirred at room temperature for 30 min. To the solution, ethyl 5-
bromopentanoate (0.81 mL, 7.16 mmol) was added at 0 �C and
stirred at room temperature for 2 h. The reaction mixture was
poured into aq NH4Cl and extracted with AcOEt. The organic layer
was washed with aq NaCl, dried over anhydrous MgSO4, and con-
centrated in vacuo. The residue was chromatographed on SiO2 and
eluted with AcOEt/hexane (1:6) to give ester 16 in 94.7% yield
(1.36 g) as a mixture of stereoisomers (cis/trans¼93:7), fromwhich
a small amount of pure isomers were isolated.

3-r-(7-Ethoxycarbonyl-1,1-dimethyl-3-oxaheptyl)-3-hydroxy-2-
trans-(3-methoxyphenyl)-4,4-dimethyl-2,3,4,5-tetrahydrofuran (16-
trans): Colorless oil; 1H NMR (400 MHz, CDCl3): dH 0.80 (br s, 3H),
1.06 (s, 3H), 1.19 (s, 3H), 1.26 (t, J¼7.1 Hz, 3H), 1.35 (s, 3H), 1.55e1.73
(m, 4H), 2.32 (t, J¼7.1 Hz, 2H), 2.80 (d, J¼9.3 Hz, 1H), 3.10e3.30 (m,
3H), 3.68 (d, J¼7.9 Hz, 1H), 3.80 (s, 3H), 3.87 (d, J¼7.9 Hz, 1H), 4.13
(q, J¼7.1 Hz, 2H), 4.89 (br s, 1H), 5.04 (s, 1H), 6.80 (d with fine
coupling, J¼7.8 Hz, 1H), 7.10e7.17 (m, 2H), 7.21 (t, J¼7.8 Hz, 1H)
ppm; 13C NMR (125 MHz, CDCl3): dC 14.1, 21.6, 23.4 (br�3), 25.3,
28.8, 33.7, 41.5, 47.7, 55.1, 60.1, 70.6, 80.1, 81.7, 88.4, 92.3 (br),
112.8, 114.0 (br), 120.8 (br), 128.4, 142.2, 159.0, 173.2 ppm; IR (liquid
film): ~n 3447, 2936, 2873, 1734, 1603, 1093 cm�1; Mass (m/z, %):
422 (Mþ, 8), 258 (22), 245 (100), 243 (53), 135 (64), 129 (60);
HRMS (ESI): 445.2562, calcd for C24H38O6Na [MþNa]þ 445.2566. 3-
r-(7-Ethoxycarbonyl-1,1-dimethyl-3-oxaheptyl)-3-hydroxy-2-cis-(3-
methoxyphenyl)-4,4-dimethyl-2,3,4,5-tetrahydrofuran (16-cis): Col-
orless oil; 1H NMR (400 MHz, CDCl3): dH 1.01 (s, 3H), 1.16 (s, 3H),
1.21 (s, 3H), 1.26 (t, J¼7.2 Hz, 3H), 1.37 (s, 3H), 1.30e1.40 (m, 2H),
1.45e1.55 (m, 2H), 2.23 (t, J¼7.3 Hz, 2H), 2.54 (dt, J¼9.3 and 6.4 Hz,
1H), 2.82 (d, J¼9.3 Hz, 1H), 2.94 (dt, J¼9.3 and 6.4 Hz, 1H), 3.08 (d,
J¼9.3 Hz, 1H), 3.44 (d, J¼7.1 Hz, 1H), 3.81 (s, 3H), 4.08e4.15 (m, 3H),
4.87 (s, 1H), 5.23 (s, 1H), 6.83 (d with fine coupling, J¼8.3 Hz, 1H),
7.10 (d with fine coupling, J¼7.6 Hz, 1H), 7.16 (s with fine coupling,
1H), 7.21 (dd with fine coupling, J¼8.3 and 7.6 Hz, 1H) ppm; 13C
NMR (100 MHz, CDCl3): dC 14.3, 20.5, 21.6, 23.7 (�2), 26.9, 28.7,
33.9, 40.4, 48.4, 55.2, 60.2, 70.5, 81.0, 81.7, 83.9, 86.4, 113.5, 115.5,
122.5, 128.3, 142.4, 159.0, 173.1 ppm; IR (liquid film): ~n 3403, 2963,
2873, 1734, 1599, 1372, 1094 cm�1; Mass (m/z, %): 422 (Mþ, 21), 245
(24), 147 (28), 140 (32), 136 (92), 129 (100); HRMS (ESI): 445.2563,
calcd for C24H38O6Na [MþNa]þ 445.2566.

4.2.10. 4-(7-Ethoxycarbonyl-1,1-dimethyl-3-oxaheptyl)-5-(3-
methoxyphenyl)-3,3-dimethyl-2,3-dihydrofuran (17). SOCl2 (0.53 mL,
7.27 mmol) was added to a solution of hydroxytetrahydrofuran (16)
(2.55 g, 6.02 mmol) and pyridine (5.0 mL, 61.8 mmol) in dry CH2Cl2

N. Watanabe et al. / Tetrahedron 68 (2012) 6079e60876084

─ 255 ─



(30 mL) under a N2 atmosphere at 0 �C and stirred for 3 h. The re-
action mixture was poured into satd aq NaHCO3 and extracted with
CH2Cl2. The organic layer was washed twice with satd aq NaCl,
dried over anhydrous MgSO4, and concentrated in vacuo. The res-
idue was chromatographed on SiO2 and eluted with AcOEt/hexane
(1:6) to give dihydrofuran 17 in 85.7% yield (2.09 g). Colorless oil;
1H NMR (400 MHz, CDCl3): dH 1.04 (s, 6H), 1.25 (t, J¼7.2 Hz, 3H),1.31
(s, 6H), 1.51e1.59 (m, 2H), 1.63e1.72 (m, 2H), 2.31 (t, J¼7.3 Hz, 2H),
3.10 (s, 2H), 3.24 (t, J¼6.2 Hz, 2H), 3.80 (s, 3H), 3.87 (s, 2H), 4.12 (q,
J¼7.2 Hz, 2H), 6.83e6.87 (m, 2H), 6.90 (d with fine coupling,
J¼7.5 Hz, 1H), 7.20e7.25 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3):
dC 14.3, 21.9, 27.3 (�2), 27.4 (�2), 29.1, 34.1, 37.0, 47.0, 55.2, 60.1,
70.4, 79.5, 83.0, 113.9, 115.1, 122.3, 122.3, 128.7, 137.0, 150.9, 158.9,
173.5 ppm; IR (liquid film): ~n 2956, 2866, 1735, 1596, 1048 cm�1;
Mass (m/z, %): 404 (Mþ, 2), 259 (12), 258 (19), 246 (20), 245 (100),
243 (43), 135 (20). HRMS (ESI): 427.2420, calcd for C24H36O5Na
[MþNa]þ 427.2460.

4 .2 .11. 4 - (7 -Carboxy-1,1 -d imethyl -3 -oxahep ty l ) -5 - (3 -
hydroxyphenyl)-3,3-dimethyl-2,3-dihydrofuran (18). CH3SNa (95%,
988 mg, 13.5 mmol) was added to a solution of dihydrofuran (17)
(1.19 g, 2.94 mmol) in dry DMF (10 mL) under a N2 atmosphere at
room temperature and stirred at 140 �C for 2 h. The reaction
mixture was poured into diluted aq HCl and extracted with
AcOEt. The organic layer was washed three times with satd aq
NaCl, dried over anhydrous MgSO4, and concentrated in vacuo.
The residue was chromatographed on SiO2 and eluted with
AcOEt/hexane (1:1) to give carboxylic acid 18 in 92.7% yield
(1.09 g). Colorless oil; 1H NMR (400 MHz, CDCl3): dH 1.03 (s, 6H),
1.30 (s, 6H), 1.54e1.62 (m, 2H), 1.68e1.77 (m, 2H), 2.41 (t,
J¼7.2 Hz, 2H), 3.10 (s, 2H), 3.26 (t, J¼6.0 Hz, 2H), 3.86 (s, 2H), 6.77
(d with fine coupling, J¼8.1 Hz, 1H), 6.83e6.87 (m, 2H), 7.16 (t
with fine coupling, J¼8.1 Hz, 1H) ppm; 13C NMR (100 MHz,
CDCl3): dC 21.9, 27.3(�2), 27.5 (�2), 28.9 33.7, 37.1, 47.0, 70.5, 79.5,
82.9, 115.3, 116.9, 122.0, 122.1, 128.9, 136.9, 150.7, 155.2,
178.8 ppm; IR (liquid film): ~n 3376, 2957, 2869, 1709, 1595,
1047 cm�1; Mass (m/z, %): 362 (Mþ, 3), 244 (22), 232 (28), 231
(100), 230 (12), 229 (46), 121 (37), 55 (10); HRMS (ESI): 385.1954,
calcd for C21H30O5Na [MþNa]þ 385.1991.

4.2.12. 5-(3-tert-Butyldimethylsilyloxyphenyl)-4-(7-carboxy-1,1-
d imethyl -3 -oxahep ty l ) -3 ,3 -d imethyl -2 ,3 -d ihydro fu ran
(5). Imidazole (1.53 g, 22.5 mmol) and TBMSCl (97%, 3.17 g,
21.0 mmol) were added to a solution of carboxylic acid 18 (2.70 g,
7.45 mmol) in dry DMF (6.8 mL) under a N2 atmosphere at room
temperature and stirred for 2 h. The reaction mixture was poured
into satd aq NH4Cl and extracted with AcOEt. The organic layer was
washed three times with satd aq NaCl, dried over anhydrous
MgSO4, and concentrated in vacuo. K2CO3 (484 mg, 3.50 mmol) in
H2O (10 mL) was added to a solution of the residue in CH3OH
(40 mL) at room temperature and stirred for 1 h. The reaction
mixture was poured into satd aq NH4Cl and extracted with AcOEt.
The organic layer was washed twice with satd aq NaCl, dried over
anhydrous MgSO4, and concentrated in vacuo. The residue was
chromatographed on SiO2 and eluted with AcOEt/hexane (1:5) to
give dihydrofuran 5 in 92.6% yield (3.29 g). Colorless oil; 1H NMR
(400 MHz, CDCl3): dH 0.18 (s, 6H), 0.98 (s, 9H), 1.04 (s, 6H), 1.30 (s,
6H),1.54e1.62 (m, 2H),1.65e1.75 (m, 2H), 2.38 (t, J¼7.5 Hz, 2H), 3.10
(s, 2H), 3.25 (t, J¼6.1 Hz, 2H), 3.86 (s, 2H), 6.76e6.81 (m, 2H), 6.90 (d
with fine coupling, J¼7.6 Hz, 1H), 7.14e7.19 (m, 1H) ppm; 13C NMR
(125 MHz, CDCl3): dC �4.4 (�2), 18.1, 21.6, 25.7 (�3), 27.2 (�2), 27.4
(�2), 28.9, 33.8, 37.0, 47.0, 70.4, 79.6, 83.0, 119.8, 121.7, 122.4, 123.0,
128.7, 137.1, 151.0, 155.0, 179.6 ppm; IR (liquid film): ~n 2956, 2930,
2860, 1711, 1595, 1262, 1118 cm�1; Mass (m/z, %): 476 (Mþ, trace),
358 (35), 343 (100), 309 (13), 231 (10); HRMS (ESI): 499.2815, calcd
for C27H44O5SiNa [MþNa]þ 499.2856.

4.2.13. N-Hydroxysuccinimide ester of 5-(3-tert-butyldimethylsily-
loxyphenyl)-4-(7-carboxy-1,1-dimethyl-3-oxaheptyl)-3,3-dimethyl-
2,3-dihydrofuran (6). Di(N-succinimidyl) carbonate (760 mg,
2.97 mmol) and Et3N (0.64 mL, 4.59 mmol) were added to a solu-
tion of carboxylic acid 5 (445 mg, 0.932 mmol) in dry CH3CN (8 mL)
under a nitrogen atmosphere at room temperature and stirred for
1 h. The reaction mixture was concentrated in vacuo. The residue
was chromatographed on silica gel and eluted with ether/hexane
(2:1) to give 1.30 g of N-hydroxysuccinimide ester 6 as a colorless
oil in 99.8% yield; 1H NMR (400 MHz, CDCl3): dH 0.18 (s, 6H), 0.98 (s,
9H), 1.04 (s, 6H), 1.31 (s, 6H), 1.59e1.67 (m, 2H), 1.76e1.85 (m, 2H),
2.63 (t, J¼7.5 Hz, 2H), 2.83 (br s, 4H), 3.10 (s, 2H), 3.26 (t, J¼6.1 Hz,
2H), 3.86 (s, 2H), 6.75e6.81 (m, 2H), 6.90 (d with fine coupling,
J¼7.3 Hz, 1H), 7.14e7.20 (m, 1H) ppm; 13C NMR (125 MHz, CDCl3):
dC �4.4 (�2), 18.1, 21.6, 25.5 (�2), 25.6 (�3), 27.2 (�2), 27.4 (�2),
28.6, 30.6, 36.9, 47.0, 70.0, 79.6, 83.0, 119.8, 121.6, 122.3,123.0, 128.7,
137.1, 151.0, 155.0, 168.5, 169.1 (�2) ppm. IR (liquid film): ~n 2956,
2930, 2860, 1816, 1746, 1480, 1206, 1068, 840 cm�1; Mass (m/z, %):
573 (Mþ, trace), 359 (12), 358 (33), 345 (19), 344 (37), 343 (100),
309 (10), 231 (10), 99 (23), 75 (14), 73 (17), 57 (17), 56 (26), 55 (11).
HRMS (ESI): 596.2974, calcd for C31H47NO7SiNa [MþNa]þ 596.3020.

4.2.14. 5-[3-(tert-Butyldimethylsiloxy)phenyl]-4-[7-(fluorescein-5-
yl)carbamoyl-1,1-dimethyl-3-oxaheptyl]-3,3-dimethyl-2,3-
dihydrofuran (20). SOCl2 (0.02 mL, 0.27 mmol) was added to a so-
lution of carboxylic acid 5 (99.7 mg, 0.209 mmol) in dry CH2Cl2
(1 mL) at room temperature under a N2 atmosphere and stirred for
3 h. The solution was concentrated, and then the residue was dis-
solved in dry THF (1 mL) and stirred at room temperature under
a N2 atmosphere. To the solution [30,60-bis(tert-butyldimethylsi-
loxy)-5-aminofluorescein (19) (120 mg, 0.208 mmol) and pyridine
(0.02 mL, 0.247 mmol) were added and stirred for 24 h. The re-
action mixture was poured into satd aq NH4Cl and extracted with
AcOEt. The organic layer was washed three times with satd aq NaCl,
dried over anhydrous MgSO4, and concentrated in vacuo. The res-
idue was chromatographed on SiO2 and eluted with AcOEt/hexane
(1:1) to give dihydrofuran (20) in 79.5% yield (111 mg). Amorphous
orange solid; 1H NMR (500 MHz, CD3OD): dH 0.19 (s, 6H), 0.98 (s,
9H), 1.05 (s, 6H), 1.31 (s, 6H), 1.61e1.69 (m, 2H), 1.76e1.85 (m, 2H),
2.46 (t, J¼7.3 Hz, 2H), 3.14 (s, 2H), 3.28e3.35 (m, 2H), 3.84 (s, 2H),
6.51e6.58 (m, 4H), 6.60e6.70 (m, 4H), 6.75 (s with fine coupling,
1H), 6.81 (d with fine coupling, J¼8.2 Hz, 1H), 6.89 (d with fine
coupling, J¼7.6 Hz, 1H), 7.14 (d, J¼8.2 Hz, 1H), 7.20 (dd, J¼8.2 and
7.6 Hz, 1H), 7.83e7.90 (m, 1H), 8.29 (br s, 1H) ppm; 13C NMR
(125 MHz, CD3OD): dC �3.8, �3.6, 19.3, 24.0, 26.5 (�3), 28.0 (�2),
28.3 (�2), 30.6, 38.1, 38.4, 48.3, 49.6, 71.9, 81.0, 84.3, 103.9 (�2),
111.8 (�2), 113.9 (�2), 116.3, 121.3, 123.2, 124.2, 124.7, 126.0, 128.3,
129.4, 130.2, 130.4 (�2), 138.8, 142.1, 149.0, 152.5, 154.4 (�2), 156.6,
161.7 (br�2), 171.6, 175.0 ppm; IR (KBr): ~n 3338, 2956, 2930, 2860,
1738, 1609, 1259, 1179, 1114 cm�1; HRMS (ESI): 828.3565, calcd for
C47H55NO9SiNa [MþNa]þ 828.3544.

4.2.15. 4-[7-(Fluorescein-5-yl)carbamoyl-1,1-dimethyl-3-oxahept-1-
yl ]-5-(3-hydroxyphenyl)-3 ,3-dimethyl-2 ,3-dihydrofuran
(21). Tetrabutylammonium fluoride (1 M in THF, 2.08 mL,
2.08 mmol) was added to a solution of dihydrofuran 20 (508 mg,
0.630 mmol) in dry THF (4 mL) at 0 �C under a N2 atmosphere and
stirred for 0.5 h. The reaction mixture was poured into diluted aq
HCl and extracted with AcOEt. The organic layer was washed three
times with satd aq NaCl, dried over anhydrous MgSO4, and con-
centrated in vacuo. The residue was chromatographed on SiO2 and
eluted with AcOEt/hexane (9:1) to give phenolic dihydrofuran 21 in
81.7% yield (356 mg). Amorphous orange solid; 1H NMR (500 MHz,
CD3OD): dH 1.06 (s, 6H), 1.30 (s, 6H), 1.60e1.70 (m, 2H), 1.76e1.84
(m, 2H), 2.46 (t, J¼7.3 Hz, 2H), 3.13 (s, 2H), 3.27e3.32 (m, 2H), 3.82
(s, 2H), 6.53 (dd, J¼8.7 and 2.3 Hz, 2H), 6.62 (d, J¼8.7 Hz, 2H), 6.66
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(d, J¼2.3 Hz, 2H), 6.72e6.73 (m,1H), 6.75 (dd, J¼7.8 and 1.8 Hz, 2H),
7.11e7.16 (m, 2H), 7.85 (dd, J¼8.2 and 1.8 Hz, 1H), 8.31 (d, J¼1.4 Hz,
1H) ppm; 13C NMR (125 MHz, CD3OD): dC 24.0, 28.0 (�2), 28.2 (�2),
30.5, 38.0, 38.3, 48.3, 50.1, 71.8, 80.9, 84.2, 103.8 (�2), 111.8 (�2),
114.0 (�2), 116.4 (�2), 118.3, 122.7, 123.9, 126.0, 128.3, 129.3, 130.1,
130.5 (�2), 138.5, 142.0, 148.9 (br), 152.7, 154.4 (�2), 158.1, 161.7
(�2), 171.6, 175.2 ppm; IR (KBr): ~n 3393, 2957, 2869, 1735, 1607,
1313, 1179, 1115 cm�1; HRMS (ESI): 692.2869, calcd for C41H42NO9
[MþH]þ 692.2860, 714.2687, calcd for C41H41NO9Na [MþNa]þ

714.2679.

4.2.16. 4-{7-[N-(4-Benzothiazol-2-yl)-3-hydroxyphenyl]methyl-
carbamoyl]-1,1-dimethyl-3-oxahept-1-yl}-5-(3-tert-butyldimethylsi-
lyloxyphenyl)-3,3-dimethyl-2,3-dihydrofuran (23). 2-(4-Aminomethyl-
2-methoxyphenyl)benzothiazole (320 mg, 1.18 mmol) and Et3N
(0.20 mL, 1.43 mmol) were added to a solution of N-hydrox-
ysuccinimide ester 6 (602 mg, 1.05 mmol) in CH3CN (6 mL) under
a nitrogen atmosphere at room temperature and stirred for 5 h. The
reaction mixture was concentrated in vacuo. The residue was
chromatographed on silica gel and eluted with AcOEt/hexane (1:2)
to give amide 23 as a colorless oil in 86.3% yield (661 mg); 1H NMR
(400 MHz, CDCl3): dH 0.17 (s, 6H), 0.97 (s, 9H), 1.03 (s, 6H), 1.29 (s,
6H),1.55e1.64 (m, 2H),1.71e1.80 (m, 2H), 2.30 (t, J¼7.4 Hz, 2H), 3.10
(s, 2H), 3.27 (t, J¼6.1 Hz, 2H), 3.84 (s, 2H), 4.02 (s, 3H), 4.49 (d,
J¼5.9 Hz, 2H), 5.95 (br s, 1H), 6.74e6.79 (m,1H), 6.77 (s, 1H), 6.89 (d
with fine coupling, J¼7.7 Hz, 1H), 6.98 (s, 1H), 7.00 (d, J¼7.9 Hz, 1H),
7.15 (t, J¼7.7 Hz, 1H), 7.37 (dd with fine coupling, J¼8.2 and 7.2 Hz,
1H), 7.49 (dd with fine coupling, J¼8.2 and 7.2 Hz, 1H), 7.92 (d with
fine coupling, J¼7.9 Hz, 1H), 8.07 (d with fine coupling, J¼8.2 Hz,
1H), 8.47 (d with fine coupling, J¼7.9 Hz, 1H) ppm; 13C NMR
(125 MHz, CDCl3): dC �4.4 (�2), 18.1, 22.9, 25.6 (�3), 27.2 (�2), 27.4
(�2), 29.0, 36.4, 37.0, 43.3, 47.0, 55.7, 70.7, 79.7, 83.0, 111.0, 119.8,
120.2, 121.2, 121.4, 121.7, 122.3, 122.7, 123.0, 124.6, 125.9, 128.7,
129.7, 136.0, 137.1, 142.8, 151.0, 152.1, 155.0, 157.3, 162.8, 172.9 ppm;
IR (liquid film): ~n 3299, 2955, 2930, 2859, 1649, 1577, 1463, 1419,
1264, 1125, 940 cm�1; Mass (m/z, %): 728 (Mþ, 1), 346 (31), 345
(100), 254 (10), 235 (13); HRMS (ESI): 729.3747, calcd for
C42H57N2O5SSi [MþNa]þ 729.3757.

4.2.17. 4-{7-[N-(4-Benzothiazol-2-yl)-3-hydroxyphenyl]methyl-
carbamoyl]-1,1-dimethyl-3-oxahept-1-yl}-5-(3-hydroxyphenyl)-3,3-
dimethyl-2,3-dihydrofuran (24). CH3SNa (95%, 211 mg, 2.86 mmol)
was added to a solution of amide 23 (493 mg, 0.676 mmol) in dry
DMF (5 mL) under a nitrogen atmosphere at room temperature and
stirred at 140 �C for 1 h. The reaction mixture was poured into satd
aq NH4Cl and extracted with AcOEt. The organic layer was washed
three times with satd aq NaCl, dried over anhydrous MgSO4, and
concentrated in vacuo. The residue was chromatographed on silica
gel and eluted with AcOEt/hexane (2:1) to give amide 24 in 94.8%
yield (385 mg). Colorless granules mp 132.5e133.0 �C (from AcOEt/
hexane); 1H NMR (500 MHz, CDCl3): dH 1.01 (s, 6H), 1.29 (s, 6H),
1.57e1.64 (m, 2H), 1.77e1.90 (m, 2H), 2.35 (t, J¼7.2 Hz, 2H), 3.10 (s,
2H), 3.29 (t, J¼5.7 Hz, 2H), 3.85 (s, 2H), 4.50 (d, J¼5.8 Hz, 2H), 5.91
(br s, 1H), 6.77e6.83 (m, 1H), 6.83 (d with fine coupling, J¼8.2 Hz,
1H), 6.90 (dd, J¼7.9 and 1.5 Hz, 1H), 7.00 (s with fine coupling, 1H),
7.03 (s with fine coupling,1H), 7.16 (t, J¼7.9 Hz,1H), 7.42 (t with fine
coupling, J¼7.9 Hz, 1H), 7.51 (t with fine coupling, J¼7.9 Hz, 1H),
7.66 (d, J¼8.2 Hz, 1H), 7.91 (d, J¼7.9 Hz, 1H), 7.99 (d, J¼7.9 Hz, 1H),
8.32 (s, 1H), 12.60 (br s, 1H) ppm; 13C NMR (125 MHz, CDCl3): dC
22.9, 27.2 (�2), 27.7 (�2), 29.2, 36.1, 37.1, 43.3, 46.9, 70.3, 79.3, 82.9,
115.4, 115.8, 116.4, 117.3, 118.9, 121.1, 121.4, 121.4, 122.0, 125.5, 126.6,
128.7, 128.8, 132.5, 136.9, 143.2, 151.2, 151.6, 156.3, 157.9, 168.9,
173.9 ppm. IR (KBr): ~n3316, 2955, 2929, 2865, 1634, 1578, 1481,
1440,1215, 759 cm�1; Mass (m/z, %): 600 (Mþ, 1), 255 (13), 244 (15),
232 (17), 231 (100); HRMS (ESI): 623.2517, calcd for C35H40N2O5SNa
[MþNa]þ 623.2556.

4.2.18. 5-[7-(Fluorescein-5-yl)carbamoyl-1,1-dimethyl-3-oxaheptyl]-
1-(3-hydroxyphenyl)-4,4-dimethyl-2,6,7-trioxabicyclo[3.2.0]heptane
(3). Dihydrofuran 21 (100 mg, 0.145 mmol) was irradiated in the
presence of TPP (1.0 mg) externally with a 940W Na-lamp in
CH2Cl2 (10 ml) and CH3OH (10 drops) under an O2 atmosphere at
0 �C for 1 h. The photolysatewas concentrated in vacuo. The residue
was chromatographed on SiO2 and eluted with CH2Cl2/ether to give
dioxetane 3 in 84.6% yield (88.8 mg). Amorphous orange solid; 1H
NMR (500 MHz, CD3OD): dH 0.87 (s, 3H),1.13 (s, 3H),1.17 (s, 3H),1.39
(s, 3H), 1.56e1.66 (m, 2H), 1.72e1.84 (m, 2H), 2.45 (t, J¼7.3 Hz, 2H),
3.25 (d, J¼9.2 Hz, 1H), 3.33e3.40 (m, 3H), 3.38 (d, J¼9.2 Hz, 1H),
3.79 (d, J¼8.0 Hz, 1H), 4.47 (d, J¼8.0 Hz, 1H), 6.53 (dd, J¼8.7 and
2.3 Hz, 2H), 6.63 (d, J¼8.7 Hz, 2H), 6.60 (d, J¼2.3 Hz, 2H), 6.80e6.85
(m, 1H), 7.05 (s, 1H), 7.06 (d, J¼7.9 Hz, 1H), 7.14 (d, J¼8.2 Hz, 1H),
7.22 (dd, J¼8.2 and 7.9 Hz, 1H), 7.86 (dd, J¼8.2 and 1.8 Hz, 1H), 8.31
(d, J¼1.8 Hz, 1H) ppm; 13C NMR (125 MHz, CD3OD): dC 18.5, 21.6,
23.3, 24.0 (�2), 25.3, 30.3, 38.0, 42.5, 46.9, 72.1, 77.7, 81.4, 103.8
(�2), 106.6, 111.8 (�2), 114.0 (br, �2), 116.4 (br), 116.8, 117.8, 118.5,
121.0, 126.0, 128.4, 129.4, 130.3, 130.5 (�2), 138.9, 142.1, 149.0 (br),
154.5 (�2), 158.5, 161.7 (br�2), 171.6, 175.1 ppm; IR (KBr): ~n 3353,
2925, 2871, 1735, 1671, 1606, 1312, 1114 cm�1; HRMS (ESI):
746.2553, calcd for C41H41NO11Na [MþNa]þ 746.2577.

4.2.19. 5-{7-[N-(4-Benzothiazol-2-yl)-3-hydroxyphenyl]methyl-
carbamoyl]-1,1-dimethyl-3-oxahept-1-yl}-1-(3-hydroxyphenyl)-4,4-
dimethyl-2,6,7-trioxabicyclo[3.2.0]heptane (4). A solution of dihy-
drofuran 24 (150 mg, 0.250 mmol) and TPP (3 mg) in CH2Cl2 (10 ml)
was irradiated externally with 940W Na-lamp under an oxygen
atmosphere at 0 �C for 1 h. The photolysate was concentrated in
vacuo. The residue was chromatographed on silica gel and eluted
with CH2Cl2 and ether/CH2Cl2 (1:1) to give dioxetane 4 in quanti-
tative yield. Compound 4: Colorless amorphous solid; 1H NMR
(400 MHz, CDCl3): dH 0.87 (s, 3H), 1.04 (s, 3H), 1.12 (s, 3H), 1.35 (s,
3H), 1.50e1.82 (m, 4H), 2.27e2.43 (m, 2H), 3.23 (d, J¼9.3 Hz, 1H),
3.29e3.42 (m, 2H), 3.57 (d, J¼9.3 Hz, 1H), 3.80 (d, J¼8.0 Hz, 1H),
4.45e4.55 (m, 2H), 4.54 (d, J¼8.0 Hz,1H), 6.35 (t, J¼5.6 Hz,1H), 6.89
(d with fine coupling, J¼8.1 Hz, 1H), 6.96 (d with fine coupling,
J¼8.1 Hz, 1H), 7.06e7.10 (m, 2H), 7.22e7.28 (m, 2H), 7.41(dd with
fine coupling, J¼7.9 and 7.3 Hz, 1H), 7.51 (dd with fine coupling,
J¼8.1 and 7.3 Hz, 1H), 7.67 (d, J¼8.1 Hz, 1H), 7.90 (d with fine cou-
pling, J¼7.9 Hz, 1H), 7.99 (d with fine coupling, J¼8.1 Hz, 1H), 12.72
(br s, 1H) ppm; 13C NMR (125 MHz, CDCl3): dC 18.0, 20.9, 22.4, 23.5,
24.6, 28.2, 36.0, 40.8, 43.2, 45.5, 71.5, 76.9, 80.0, 105.6, 115.7, 115.8,
116.6,116.8,116.9,119.2,119.9, 121.4, 122.0,125.5,126.6,128.7, 129.2,
132.5, 136.9, 143.8, 151.6, 156.4, 157.7, 169.0, 174.1 ppm. IR (KBr): ~n
3342, 2948, 2872, 1632, 1583, 1481, 1316, 1216, 759 cm�1; Mass (m/
z, %): 632 (Mþ, 89), 482 (12), 356 (22), 355 (10), 340 (12), 339 (58),
326 (11), 278 (35). 257 (17), 256 (30), 255 (100), 241 (12), 240 (14),
228 (11), 227 (18), 221 (26), 121 (26), 100 (45), 94 (55), 83 (24), 71
(10), 56 (11); HRMS (ESI): 655.2434, calcd for C35H40N2O7SNa
[MþNa]þ 655.2454.

4.3. Measurement of chemiluminescence and time-course of
the base-induced decomposition of dioxetanes: general
procedure

Chemiluminescence was measured using a JASCO FP-750 and/or
FP-6500 spectrometer, and a Hamamatsu Photonics PMA-11 multi-
channel detector.

4.3.1. TBAF/acetonitrile system. A freshly prepared solution
(2.00 mL) of TBAF (1.0�10�2 mol/L) in acetonitrile was transferred
to a quartz cell (10�10�50 mm), which was placed in a spectrom-
eter that was thermostated with stirring at 25 �C. After 3e5 min,
a solution of dioxetane 3 or 4 in acetonitrile (1.0�10�4 mol/L,
1.00 mL) was added by means of a syringe, and measurement was
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started immediately. The time-course of the intensity of light
emission was recorded and processed according to first-order ki-
netics. The total light emission was estimated by comparing it with
that of an adamantylidene dioxetane, the chemiluminescent effi-
ciency FCL of which has been reported to be 0.29 and which was
used here as a standard.17,18

4.3.2. NaOH/H2O system. A freshly prepared solution (2.00 mL)
of NaOH (0.1 M) in H2O was transferred to a quartz cell
(10�10�50 mm), which was placed in a spectrometer that was
thermostated with stirring at 25 �C. After 3e5 min, a solution of
dioxetane 3 or 4 in H2O containing acetonitrile (9:1) (1.0�10�4 mol/
L, 1.00 mL) was added bymeans of a syringe, andmeasurement was
started immediately. The time-course of the intensity of light
emission was recorded and processed according to first-order ki-
netics. The total light emission was estimated as in the case of
solvent-promoted decomposition described above.

4.3.3. NaOH/H2O system including a fluorescer. Except for the use of
NaOH in H2O (0.1 M) including acetamidofluorescein 25
(1.0�10�3 M) or N-[4-(benzothiazol-2-yl)-3-hydroxybenzyl]acet-
amide 26 (1.0�10�3 M) in place of NaOH in H2O (0.1 M)without any
additive, the chemiluminescent reaction was carried out as in the
NaOH/H2O system described above.

4.3.4. NaOH/H2O system including a surfactant. Except for the use
of NaOH in H2O (0.1 M) including tributylhexadecylphosphonium
bromide 27 (1.0�10�3 M) in place of NaOH in H2O (0.1 M) without
any additive, the chemiluminescent reaction was carried out as in
the NaOH/H2O system described in Section 4.3.2.
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a b s t r a c t

Bicyclic dioxetanes, 1-(hydroxyaryl)-2-aza-6,7-dioxabicyclo[3.2.0]heptanes, bearing a syn-N-acyl or
anti-N-acyl group underwent TBAF (tetrabutylammonium fluoride)-induced decomposition in DMSO or
THF accompanied by the emission of bright light, the maximumwavelengths ðkCLmaxÞ of which were similar
to each other. On the other hand, upon treatment with t-BuOK in THF, the dioxetanes bearing a syn-N-
acyl group emitted light that showed a dramatic red-shift compared to that in a TBAF/THF system, while
the dioxetanes bearing an anti-N-acyl group showed light with a blue-shift. For oxidoaryl-substituted
dioxetanes bearing a syn-N-acyl group, t-BuOK most likely coordinated with both a syn-N-acyl and an
oxygen of the dioxetane ring, so that two imide carbonyls in the produced emitter possessed a consider-
ably regulated structure leading to a red-shift in the chemiluminescence. Such coordination of K+ was
hardly expected for the case of the dioxetanes bearing an anti-N-acyl group, for which the strong contact
of K+ to an oxidoaryl group presumably caused a blue-shift in chemiluminescence.

� 2012 Elsevier Ltd. All rights reserved.

A dioxetane bearing an electron-rich aromatic substituent
undergoes intramolecular charge-transfer-induced decomposition
(CTID) accompanied by the emission of light. This phenomenon
has received considerable attention due to interest in the mecha-
nismof bioluminescence and chemiluminescence and in its possible
application to high-performance biological and clinical analysis.1–6

Thus, a wide variety of CTID-active dioxetanes have been designed
and synthesized. One of these dioxetanes is N-acylamino-substi-
tuted bicyclic dioxetane 1.7–9

Dioxetane 1 possesses unique stereochemical characteristics
due to the presence of an N-acyl group, in contrast to the related
dioxetane 2, which is fused with a tetrahydrofuran ring. First, large
steric interaction between N-acyl and aryl groups at the C1 causes
rotational isomerism between the syn-aryl form and anti-aryl
form7 around the axis that joins an aryl to the C1 carbon, when
the aryl group has a hydroxyl group at an asymmetrical position,
as shown in Figure 1 (type A isomerism).8,9 This syn-aryl/anti-aryl
isomerism has very recently been found to significantly affect the
chemiluminescence efficiency UCL for CTID of dioxetanes 1.9 Sec-
ond, the N-acyl group would cause another isomerism between
the syn-acyl form and anti-acyl form,7 though only the anti-acyl
form has been observed to date (type B isomerism in Fig. 1). We

report here that, in addition to the anti-acyl form, dioxetanes 1
with the syn-acyl form were observed and that the syn/anti
stereochemistry of the N-acyl group could lead to a new type of
color modulation for CTID-active dioxetanes.10,11

0040-4039/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tetlet.2012.07.086
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The new type of color modulation for chemiluminescence that
will be described here was developed for N-acyl-substituted dioxe-
tanes 3a–d and 4a–e: the former possessed a urea-type substitu-
ent, while the latter possessed an N-Boc as a representative
carbamate-type substituent (Fig. 2). This work started from a ca-
sual finding. We had preliminarily investigated CTID of dioxetanes
3b-p and 3b-c bearing an N-acyl group functionalized as a podand
or crown ether, respectively, and dioxetane 4b as their reference, to
understand whether or not dioxetanes bearing such a functional-
ized N-acyl group could become a new chemiluminescence system
for recognizing molecules and/or ions.

When 3b-p, 3b-c, and their reference 4b were individually trea-
ted with a large excess of TBAF (tetrabutylammonium fluoride) in
DMSO at 25 �C, they decomposed according to pseudo-first order
kinetics with an accompanying effective emission of yellow light,
the maximum wavelength ðkCLmaxÞ of which was 563, 569, and
566 nm, respectively (Scheme 1). Their chemiluminescence prop-
erties, that is, kCLmax, chemiluminescence efficiency (UCL) and rate
of CTID (kCTID), are shown in Table 1.12,13 These kCLmax values were
similar to those of the parent dioxetanes 3a possessing an N-
(piperidin-1-yl)carbonyl group and 4a possessing an N-Boc group.

Upon treatment with TBAF in THF instead of TBAF in DMSO, 3b-
p, 3b-c, and 4b similarly underwent CTID to give yellow light,
though their kCLmax values showed a red-shift of 10–18 nm (Table
1, Fig. 3). The chemiluminescence properties (kCLmax, U

CL and kCTID)
for 3b-p, 3b-c, and 4b quite resembled those of the parent dioxe-
tanes 3a and 4a in both TBAF/DMSO and TBAF/THF systems. Nota-
bly, all of the spent reaction mixtures for 3a, 3b-p, 3b-c, and 4a�b
in both TBAF/DMSO and TBAF/THF exclusively gave the corre-
sponding ketoimides 7a, 7b-p, 7b-c, and 8a�b after careful neutral-
ization. Thus, the CTID of 3a, 3b-p, 3b-c, and 4a�b was strongly
suggested to give the corresponding anionic ketoimides 5a, 5b-p,
5b-c, and 6a�b in the excited state, as shown in Scheme 1.

As described above, the functionalized N-substituent on a pyr-
rolidine ring for 3b-p or 3b-c did not practically affect the change
in the color of chemiluminescence when TBAF was used as a base.
However, CTID of these dioxetanes showed characteristic changes
in chemiluminescence in a t-BuOK/THF system. When 3b-p and
3b-c were treated with t-BuOK in THF, they emitted orange–red
light with kCLmax ¼ 616 and 599 nm, respectively (Fig. 3 and Table
1). Thus, the change in the base from TBAF to t-BuOK caused a con-
siderable red-shift of the chemiluminescence spectra (20–40 nm)
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for 3b-p and 3b-c. On the other hand, upon treatment with t-BuOK
in THF, dioxetane 4b gave light, the spectrum of which showed a
blue-shift of 62 nm compared to that in the TBAF/THF system.

The opposite trend (red-shift/blue-shift) seen between the
chemiluminescence spectra of 3b and 4b in a t-BuOK/THF system
was thought to be due to the crown ether or podand moiety at-
tached to the N-acyl group for 3b-p and 3b-c. However, even the
parent dioxetane 3a exhibited chemiluminescence in a t-BuOK/
THF system, which also showed a large red-shift compared to the
case in TBAF/THF. In contrast, the parent dioxetane 4a showed
chemiluminescence with a blue-shift (Fig. 3 and Table 1). These re-
sults showed that, for CTID in a t-BuOK/THF system, the red-shift in

chemiluminescence was likely common among dioxetanes 3a and
3b with a urea-type N-acyl group, while the blue-shift in chemilu-
minescence was likely common among dioxetanes 4a and 4b with
an N-Boc (carbamate-type N-acyl) group.

To clarify whether or not this phenomenon has greater
applicability, we further investigated the chemiluminescent
decomposition of related dioxetanes in a t-BuOK/THF system. We
considered two pairs of dioxetanes bearing an N-Boc or a urea-type
N-acyl group: one was a pair of dioxetanes bearing a 6-hydroxy-1-
naphthyl group 3c vs 4c, while the other was a pair bearing a 2-hy-
droxy-1,10-binaphthyl-5-yl group 3d vs 4d. As expected, when the
base for triggering was changed from TBAF to t-BuOK in THF, the
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Table 1
Chemiluminescence properties of dioxetanes 3a–d and 4a–e in a TBAF/DMSO, TBAF/THF or t-BuOK/THF systema,b

TBAF/DMSOc TBAF/THFd t-BuOK/THFe

kCLmax(/nm) UCL kCTID(s�1) kCLmax(/nm) UCL kCTID(s�1) kCLmax
f(/nm) UCL kCTID(s�1)

3a 564 1.8 � 10�2 2.7 � 10�3 578 8.3 � 10�3 2.6 � 10�3 620" 1.4 � 10�3 6.7 � 10�2

3b-p 563 1.6 � 10�2 2.2 � 10�3 576 7.4 � 10�3 1.5 � 10�3 616" 5.0 � 10�4 5.7 � 10�3

3b-c 569 2.4 � 10�2 2.1 � 10�3 579 9.5 � 10�3 2.1 � 10�3 599" 2.1 � 10�3 4.5 � 10�3

3cg 650 1.3 � 10�3 2.8 � 10�3 685 6.5 � 10�4 7.4 � 10�4 770" 6.7 � 10�5 1.4 � 10�2

3d 662 1.4 � 10�3 2.0 � 10�3 683 3.7 � 10�4 3.4 � 10�3 766" 9.2 � 10�5 2.9 � 10�3

4a 571 8.5 � 10�3 4.2 � 10�2 590 2.9 � 10�3 5.8 � 10�3 565; 1.1 � 10�3 2.5 � 10�3

4b 566 1.1 � 10�2 5.5 � 10�2 584 3.8 � 10�3 2.7 � 10�3 522; 2.3 � 10�3 3.3 � 10�3

4ch 678 2.8 � 10�4 3.2 � 10�2 693 6.1 � 10�4 8.3 � 10�3 685; 2.3 � 10�4 6.8 � 10�3

4dh 680 2.2 � 10�4 1.6 � 10�1 682 4.3 � 10�5 2.2 � 10�1 660; 3.7 � 10�4 6.2 � 10�3

4eh 542 0.15 1.2 � 10�4 544 0.19 2.9 � 10�2 588" 0.11 1.4 � 10�2

9i 582 1.7 � 10�2 3.7 � 10�2 607 6.2 � 10�3 1.1 � 10�2 583; 2.2 � 10�3 5.6 � 10�3

a Unless stated otherwise, the base-induced decomposition of dioxetanes was carried out at 25 �C.
b Chemiluminescence efficiencies UCLs were based on a value reported for the chemiluminescent decomposition of 3-adamantylidene-4-(3-tert-butyldimethylsiloxy-

phenyl)-4-methoxy-1,2-dioxetane in TBAF/DMSO.13
c A solution of dioxetane in DMSO (1.0 � 10�4–1.0 � 10�5 M, 1 mL) was added to a solution of TBAF in DMSO (1.0 � 10�2 M, 2 mL).
d A solution of dioxetane in THF (1.0 � 10�4, 1 mL) was added to a solution of TBAF in THF (1.0 � 10�2 M, 2 mL).
e A solution of dioxetane in THF (1.0 � 10�4, 1 mL) was added to a solution of t-BuOK in THF (1.0 � 10�2 M, 2 mL).
f The symbol " indicates that kCLmax showed a red-shift when the triggering system changed from TBAF/THF to t-BuOK/THF, while ; indicates a blue-shift kCLmax.
g At 45 �C for both the TBAF/DMSO and t-BuOK/THF systems.
h At 45 �C for the t-BuOK/THF system.
i Ref. 11.
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chemiluminescence spectra for both 3c and 3d showed a consider-
able red-shift, while those for 4c and 4d showed a blue-shift (Fig. 3
and Table 1). The overall trend in color modulation described
above for 3 and 4 is shown in Figure 4.

Among the N-substituted bicyclic dioxetanes 3a�d and 4a�d
investigated here, the structures of 3c and 4c were determined
by X-ray single crystallographic analysis, as illustrated in Figure

5.14–16 As shown, dioxetane 3c with an N-(piperidin-1-yl)carbonyl
group possesses a syn-acyl form, while 4c with an N-Boc group
possesses an anti-acyl form. Furthermore, if we consider that the
3-methoxy-analog 4a(Me) of 4a has an anti-acyl form observed
by X-ray single crystallographic analysis,8 4a should also possess
an anti-acyl form. These findings suggest that the red-shift/blue-
shift color modulation caused by t-BuOK was presumably due to
the difference in the orientation of the N-acyl carbonyl group be-
tween dioxetanes 3a�d and 4a�d.

Tetrahydrofuran-analog 9 underwent CTID to give light, the kCLmax

of which showed a blue-shift, as in the case of 4c, when the trigger-
ing system changed from TBAF/THF to t-BuOK/THF (Table 1). This
blue-shift was thought to be due to the strong interaction between
K+ ion and naphthoxido anion to form a contact ion pair for both
the intermediate dioxetane 10 and emitter 11, in contrast to the
case with TBAF, as illustrated in Scheme 2. This would be also
the case with the blue-shifted chemiluminescence for dioxetanes
4a�d with an anti-acyl form. Thus, dioxetanes 4a�d produce
oxidoaryl anion 12 with K+ which decomposes to ketoimide 13 in
the excited state (Scheme 3).

For dioxetanes 3a�d with a syn-acyl form, the contact ion pair
between K+ and an aryloxido anion would also form as in the case
of 4a�d in a t-BuOK/THF system. However, their chemilumines-
cence showed a red-shift, in contrast to the case with 4a�d. Thus,
the red-shift of chemiluminescence for 3a�d can be attributed to
some factor that is stronger than the effect of the contact ion pair
between K+ and an oxidoaryl anion. A strong candidate to explain
this phenomenon is the participation of an N-acyl group in the
presence of t-BuOK, which is characteristic for a syn-acyl form,
but not an anti-acyl form. A difference in coordination with K+ be-
tween the syn-acyl and anti-acyl conformations is that the former
carbonyl can presumably coordinate with t-BuOK (or K+) together
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Figure 4. Color modulation in the base-induced chemiluminescent decomposition of dioxetanes 3 and 4.
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with an oxygen of dioxetane O–O to form the intermediate dioxe-
tane 14, as illustrated in Scheme 3. Dioxetane 14 decomposes to
ketoimide 15 in the excited state, to which t-BuOK (or K+) coordi-
nates as it is, so that two imide carbonyls lie in the same orienta-
tion. Notably, ketoimide 13 produced from dioxetane 12 would
possess two imide carbonyls which lie in opposite directions rela-
tive to each other. An MO calculation suggested that the p?p⁄

transition energy (Ep?p
⁄) for 15was considerably smaller than that

for 13.17

We found that 4-(benzothiazol-2-yl)-3-hydroxyphenyl-substi-
tuted dioxetane 4e possessing an N-Boc group has a syn-acyl form
by X-ray single crystallographic analysis, in contrast to its analog
4a�d, as illustrated in Figure 5.Whendioxetane4ewas treatedwith
TBAF in DMSO or THF, it emitted light with kCLmax at 542�544 nm. On
the other hand, upon treatmentwith t-BuOK in THF,4e emitted light
thatwas red-shifted ca 45 nm, as shown in Table 1 and Figure 3. This
result further strengthened the notion that the syn-N-acyl group
caused a red-shift of chemiluminescence for N-acyl-substituted
bicyclic dioxetanes 3 and 4 in a t-BuOK/THF system.
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ABSTRACT: Diphenylparabanic acid was found to react with >2 equiv of
organolithiums at −78 °C to effectively give the corresponding symmetrical
α-diketones. However, upon treatment with 1 equiv of organolithium, the
parabanic acid gave mainly 5-substituted 5-hydroxyimidazolidine-2,4-diones. On
the other hand, Grignard reagents were less reactive toward the parabanic acid at
low temperature, and selectively gave the corresponding 5-hydroxyimidazolidine-
2,4-diones even if more than 1 equiv of the reagents was used. A tandem process in
which the parabanic acid was first reacted with a Grignard reagent and then reacted
in one-pot with an organolithium effectively gave the unsymmetrical α-diketone.
5-Substituted 5-hydroxyimidazolidine-2,4-diones were useful as versatile precursors for preparing α-ketocarboxylic acids as well as
unsymmetrical α-diketones.

■ INTRODUCTION
α-Diketones, an important class of compounds as versatile inter-
mediates for organic synthesis, can be synthesized by various
methods, such as the oxidation of acetylenic compounds,1−5

acyloins6 or enamines,7 the base-mediated homologation of
dimethyldihydropyrazines,8 and the nucleophilic substitution
(addition−elimination) of oxalic acid derivatives.9−12 Among
these methods, the latter shows a considerably wide scope for
the synthesis of dialkyl-, diaryl-, and unsymmetrically substituted
α-diketones, though it could be made even more versatile with
the development of a new effective synthon.
α-Diketone synthons that have been described thus far

include oxalyldiimidazole (1),9 oxalamide of N,O-dimethylhy-
droxylamine (2),10 N,N′-dialkylpiperazine-2,3-diones (3)11 and
oxalyl chloride (Chart 1).12 Each synthon offers characteristic

advantages and disadvantages. Oxalamide 1 reacts even with
sterically crowded aromatic Grignard reagents to give α-
diketones at low temperature, while its effectiveness for the
synthesis of unsymmetrical α-diketones is unclear. Oxalamide 2
undergoes nucleophilic substitution with Grignard reagents to
give the corresponding α-ketoamides in low to high yields, as

well as double nucleophilic substitution with aromatic organo-
lithiums to give α-diketones in moderate yields. However,
there have been no reports of the synthesis of unsymmetrical
α-diketones from 2. Cyclic oxalamide 3 undergoes double
nucleophilic substitution with organolithiums or Grignard
reagents to give the corresponding α-diketones in good yields,
while there have been no reports of single substitution.
The reaction of oxalyl chloride with organocopper reagents is
apparently limited to the synthesis of ω,ω′-disubstituted hexa-
1,5-diyne-3,4-diones.
We report here that readily available diphenylparabanic

acid (N,N′-diphenylimidazolidine-2,4,5-trione) (4)13 acts as a
new synthon14 to effectively prepare symmetrical and unsym-
metrical α-diketones 5 and 6, and provides stable precursors 7,
which can be successively transformed to α-ketocarboxylic acids
8 as well as α-diketones 5 and 6 (Scheme 1).

■ RESULTS AND DISCUSSION
1. Reaction of Diphenylparabanic acid with Organo-

lithiums or Grignard Reagents: Formation of Sym-
metrical α-Diketones or 5-Substituted 5-Hydroxyimida-
zolidine-2,4-diones. Diphenylparabanic acid 4 is an oxalic
acid derivative that has the characteristics of an α-diketone
synthon as follows. First, 4 is formally a cyclic imide of oxalic
acid, so that the carbons of−CO−CO− would be more electron-
deficient, and thus more reactive, toward nucleophiles than
simple oxalamides 1−3. Second, a fixed cisoid −CO−CO−
structure presumably stabilizes the metal salt of monoadduct 7
produced from organolithium or Grignard reagent by forming
a chelate, so that it preferably inhibits side reactions such as a
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Chart 1. Oxalamide Derivatives as α-Diketone Synthons
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double nucleophilic attack on the same carbon. Third, it may be
possible to isolate intermediate, a certain cyclic hemiaminal, 7
produced by the reaction of 4 with a nucleophile, since it has
been reported that certain N,N′,5-trisubstituted 5-hydroxyimida-
zolidine-2,4-diones are isolable.15

First, we treated diphenylparabanic acid 4 with >2 equiv of
phenyllithium (9a) in THF at −78 °C for 3 h. A usual workup
of the reaction mixture gave 1,2-diphenylethane-1,2-dione (5a),
as expected, in 84% isolated yield along with N,N′-diphenylurea.
Similar treatment of 4 with 1-naphthyllithium (9b) or
2-naphthyllithium (9c) gave the corresponding 1,2-diaryl-
ethane-1,2-diones 5b and 5c in good yields, as shown in
Table 1. These results suggest that, as expected, aryllithium 9

attacked a −CO−CO− of 4 to initially produce lithium salt 11,
in which a remaining carbonyl was presumably coordinated
with Li+ and subsequently reacted with the second aryllithium
(Scheme 2). In fact, when 4 was treated with 1 equiv of
phenyllithium 9a as a representative compound at −78 °C, 1:1
adduct, that is, 5-hydroxy-N,N′,5-triphenylimidazolidine-2,4-
dione (7a), was obtained in 73% yield together with a trace
amount of 5a. In contrast to the results with 9a−c, the reaction
of 4 with 9-anthryllithium (9d), even with the use of >2 equiv,
did not give the desired α-diketone 5d, and instead gave 1:1
adduct 7d. Sterically congested 2,4,6-trimethylphenyllithium
(9e) also gave only 1:1 adduct 7e (Table 1).

BuLi (9f), as a representative alkyllithium, also gave α-
diketone 5f, though the isolated yield was somewhat low
(62%). We also attempted to synthesize hexa-1,5-diyne-3,4-
diones, since they have only been synthesized by the reaction of
oxalyl chloride with copper acetylides.11 Treatment of 4 with
>2 equiv of (4-methylphenyl)ethynyllithium (9g) at −78 °C
gave the desired diynedione 5g in 77% yield, while the reaction
of 4 with 1 equiv of 9g gave 1:1 adduct 7g in 85% yield. Notably,
benzothiophen-2-yllithium (9h), as a representative hetero-
aromatic lithium reagent, effectively underwent addition to 4
to give α-diketone 5h. These results are summarized in Table 1.
Next, we investigated the reactivity of 4 with Grignard reagents

10. When 4 was treated with >1 equiv of phenylmagnesium
bromide (10a) in THF at −78 °C for 1 h, only 1:1 adduct 7a
was selectively obtained. A use of excess 10 and/or a prolonged
reaction time at −78 °C had little effect on the production of
α-diketone 5a. Various Grignard reagents 10b, 10c and 10i−k
were found to react similarly with 4 to give the corresponding
5-substituted 5-hydroxyimidazolidine-2,4-diones 7b, 7c and
7i−k in high yields, as shown in Table 2. However, at higher

temperature (room temp), 2 equiv of 10a reacted with 4 to give
hydroxydiphenylacetic acid (12a) in high yield, but not 5a.
These results suggest that Grignard reagents were not sufficiently
reactive to cause double nucleophilic attack to two carbons of 4,
though the initially formed Mg salt 13 could not retain its
structure at room temperature and presumably exposed a reactive
α-ketoamide moiety, as illustrated in Scheme 3.

2. Synthesis of Unsymmetrical α-Diketones and
α-Ketocarboxylic Acids. The results described in the
previous section suggest that the tandem reaction of 4 would
proceed with the use of two different organometallic reagents
to give unsymmetrical α-diketone 6. There are two possible
types of tandem method: the addition of organolithium 9 to
a solution of magnesium salt 13 prepared from 4 and Grignard
reagent 10, and the successive addition of organolithium 9
to an initially prepared solution of lithium salt 11. Thus, we
examined these two types of reactions using Grignard reagent

Scheme 1. Synthesis of α-Diketones 5 and 6, 5-Substituted
5-Hydroxyimidazolidine-2,4-diones 7 and α-Ketocarboxylic
Acids 8

Table 1. Synthesis of α-Diketones 5 or 5-Substituted
5-Hydroxyimidazolidine-2,4-diones 7 by the Reaction of
Diphenylparabanic Acid (4) with Organolithiums 9a

aUnless otherwise stated, all of the reactions were carried out by using
2.0−2.5 equiv of organolithium 9 in THF at −78 °C for 1−3 h.
b1.1 equiv of 9a was used. c1.1 equiv of 9g was used.

Scheme 2. Reaction of Diphenylparabanic Acid with
Organolithiums

Table 2. Synthesis of 5-Substituted 5-Hydroxyimidazolidine-
2,4-diones 7 by the Reaction of Diphenylparabanic Acid (4)
with Grignard Reagents 10a

aReactions were carried out in THF at −78 °C for 1 h.
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10b, and organolithiums 9a and 9b as representative reagents.
When 4 was first treated with 1.5 equiv of Grignard reagent
10b in THF at −78 °C for 1 h, and successively treated in one-
pot with organolithium 9a at −78 °C for 1 h, unsymmetrical
α-diketone 6ab was obtained in 90% yield. On the other hand,
a tandem reaction with a combination of two organolithiums
was less effective for synthesizing unsymmetrical α-diketones 6:
treatment of 4 with 1.1 equiv of 9b and then with 9a in THF at
−78 °C gave the desired 6ab in only 44% yield along with a
small amount of symmetrical α-diketone 5a and 5b (Scheme 4).

We further attempted to use 5-substituted 5-hydroxyimida-
zolidine-2,4-diones 7 as a versatile precursor for the synthesis
of unsymmetrical α-diketones 6. When 7a was treated with
>2 equiv of 9b in THF at −78 °C for 1 h, unsymmetrical
α-diketone 6ab was obtained in 99% yield. The inverse combina-
tion, that is, the addition of 9a to 7b, also gave 6ab in 88% yield,
as shown in Table 3. Other representative combinations of 7 and
9 also gave the expected unsymmetrical α-diketones 6 in high
yields, as shown in Table 3.
The synthetic method that uses precursor 7 as described

above would be useful as a library for the synthesis of
unsymmetrical α-diketones 6, though it requires more than
2 equiv of organolithium reagent 9: half of 9 is consumed just to
form a lithium salt 11. Thus, we attempted to use an inexpensive
sodium salt of 7 instead of 11 for the synthesis of 6. A
representative reaction sequence was as follows. Precursor 7c
was treated with NaH in THF to give a sodium salt, which was
then treated in one-pot with 1.2 equiv of BuLi 9f at −78 °C for
1 h. After workup, unsymmetrical α-diketone 6cf was obtained
in 92% yield (Scheme 5).

Finally, we investigated whether or not hydroxyimidazolidi-
nediones 7 could be effectively hydrolyzed to the correspond-
ing α-ketocarboxylic acids 8. When 7a was heated in NaOH/
H2O-MeOH at 50 °C for 1 h, the hydrolysis of 7a proceeded to
give 2-oxo-2-phenylethanoic acid 8a in 89% yield together with
diphenylurea after acidification. Similarly, hydroxyimidazolidi-
nediones 7b−e, 7g, 7i and 7k were effectively hydrolyzed to
the corresponding α-ketocarboxylic acids 8b−e, 8g, 8i and 8k,
as shown in Table 4.

■ CONCLUSION

Diphenylparabanic acid 4 was found to react with >2 equiv of
organolithiums at −78 °C to effectively give the corresponding
symmetrical α-diketones 5, though 4 gave mainly 5-substituted
5-hydroxyimidazolidine-2,4-diones 7 when treated with 1 equiv
of organolithiums. On the other hand, Grignard reagents
were less reactive toward 4 at low temperature, and selectively
gave 7 even if more than 1 equiv of the reagents were used.
A tandem reaction of 4 by the successive addition of two
different organolithiums gave an unsymmetrical α-diketone 6
in moderate yields. However, a tandem process in which 4
was first reacted with a Grignard reagent and then with an
organolithium was effective for producing an unsymmetrical
α-diketone 6. 5-Substituted 5-hydroxyimidazolidine-2,4-diones

Scheme 3. Reaction of Diphenylparabanic Acid with
Grignard Reagents 10

Scheme 4. Synthesis of Unsymmetrical α-Diketone 6ab by a
Tandem Reaction

Table 3. Synthesis of Unsymmetrical α-Diketones 6 by the
Reaction of 5-Substituted 5-Hydroxyimidazolidine-2,4-
diones 7 with Organolithium 9a

aReactions were carried out using 2.3 equiv of organolithium 9 in
THF at −78 °C for 1 h.

Scheme 5. Synthesis of Unsymmetrical α-Diketones 6 from
5-Substituted 5-Hydroxyimidazolidine-2,4-diones 7
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7 were useful as versatile precursors for preparing unsym-
metrical α-diketones 6 and α-ketocarboxylic acids 8.
Finally, synthon 4 could be easily modified to a copolymer

with N-phenyl-N′-(4-vinylphenyl)parabanic acid and styrene,
and further studies of this process are now underway.

■ EXPERIMENTAL SECTION
Preparation of Diphenylparabanic Acid (4). According to the

procedure reported,13 4 was prepared as follows, though CH2Cl2 was
used as a solvent instead of diethyl ether. Oxalyl chloride (12.0 mL,
0.14 mol) was added dropwise to a solution of N,N′-diphenylurea
(25.2 g, 0.12 mol) in CH2Cl2 (400 mL) and refluxed for 1.5 h. The
reaction mixture was washed with sat. aq. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The residue was crystallized from
CH2Cl2−hexane to give 4 as colorless needles (31.5 g, 99% yield).
4: colorless needles melted at 208.0−209.0 °C (from CH2Cl2−

hexane). (lit.,13 202 °C). 1H NMR (400 MHz, CDCl3): δH 7.44−7.51
(m, 6H), 7.52−7.58 (m, 4H) ppm.
Synthesis of 1,2-Diphenylethane-1,2-dione (5a) by the

Reaction of Diphenylparabanic Acid (4) with Phenyllithium
(9a). Typical Procedure. A solution of 4 (1.02 g, 3.83 mmol) in dry
THF (5 mL) was added to a solution of phenyllithium (9a) (1.13 M in
THF, 7.80 mL, 8.81 mmol, 2.30 equiv) in dry THF (5 mL) at −78 °C
under a N2 atmosphere and stirred for 1 h. The reaction mixture was
poured into sat. aq. NH4Cl and then extracted with AcOEt. The
organic layer was washed with sat. aq. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The residue was rinsed with
CHCl3 and N,N′-diphenylurea was removed by filtration. The filtrate
was concentrated in vacuo, and the residue was chromatographed on
silica gel and eluted with hexane-AcOEt (4:1) to give 5a as a yellow
solid (675 mg, 84% yield).
5a: yellow needles melted at 96.5−97.0 °C (from AcOEt−hexane)

(lit.,16 95−97 °C from AcOEt−hexane). 1H NMR (500 MHz,
CDCl3): δH 7.52 (dd, J = 8.2 and 7.3 Hz, 4H), 7.66 (t, J = 7.3 Hz, 2H),
7.98 (d with fine coupling, J = 8.2 Hz, 4H) ppm. 13C NMR (125 MHz,
CDCl3): δC 129.0 (×2), 129.9 (×2), 133.0, 134.9, 194.5 ppm. IR
(KBr): ν̃ 3063, 1677, 1660, 1594, 1579 cm−1. Mass (m/z, %): 210
(M+, 6), 105 (100), 77 (54). HRMS (ESI): 233.0583, calcd for
C14H10O2Na [M + Na]+ 233.0579.
According to the procedure described above, 4 was reacted with

1-naphthyllithium (9b), 2-naphthyllithium (9c), butyllithium (9f),
(4-methylphenyl)ethynyllithium (9g), or benzothiophen-2-yllithium
(9h) to give the corresponding symmetrical α-diketones 5b (84%),
5c (89%), 5f (62%), 5g (77%) and 5h (87%): organolithiums 9b and
9c were prepared by the metal−halogen exchange reaction of
the corresponding bromide with butyllithium, while 9g and 9h were
prepared by the lithiation of (4-methylphenyl)ethyne or benzothio-
phene with butyllithium.

5b: yellow granules melted at 192.0−194.0 °C (from CH2Cl2)
(lit.,17 192−194 °C from AcOEt−hexane). 1H NMR (500 MHz,
CDCl3): δH 7.47 (dd, J = 8.2 and 7.3 Hz, 2H), 7.63 (ddd, J = 8.2, 7.1,
and 1.1 Hz, 2H), 7.75 (ddd, J = 8.5, 7.1, and 1.4 Hz, 2H), 7.95 (d with
fine coupling, J = 8.2 Hz, 2H), 8.02 (dd, J = 7.3 and 1.1 Hz, 2H), 8.12
(d, J = 8.2 Hz, 2H), 9.36 (d, J = 8.5 Hz, 2H) ppm. 13C NMR (125
MHz, CDCl3): δC 124.4, 126.0, 127.1, 128.8, 128.9, 129.4, 131.1, 134.1,
135.0, 135.8, 196.9 ppm. IR (KBr): ν̃ 3055, 1662, 1571 cm−1. Mass
(m/z, %): 310 (M+, 10), 156 (11), 155 (100), 128 (10), 127 (96), 126
(18). HRMS (ESI): 333.0901, calcd for C22H14O2Na [M + Na]+

333.0892.
5c: colorless needles melted at 160.0−161.0 °C (from CH2Cl2)

(lit.,18 156−157 °C from AcOEt-hexane). 1H NMR (500 MHz,
CDCl3): δH 7.55 (dd with fine coupling, J = 8.0 and 7.1 Hz, 2H), 7.65
(dd with fine coupling, J = 8.0 and 7.1 Hz, 2H), 7.91 (d, J = 8.0 Hz,
2H), 7.91 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 8.7 Hz, 2H), 8.16 (d
with fine coupling, J = 8.7 Hz, 2H), 8.46 (s, 2H) ppm. 13C NMR
(125 MHz, CDCl3): δC 123.7, 127.1, 127.9, 129.1, 129.5, 129.9,
130.4, 132.3, 133.6, 136.4, 194.7 ppm. IR (KBr): ν̃ 3061, 1664, 1628,
1596 cm−1. Mass (m/z, %): 310 (M+, 12), 156 (12), 155 (100), 127
(85), 126 (15). HRMS (ESI): 333.0901, calcd for C22H14O2Na [M + Na]+

333.0892.
5f: yellow oil. 1H NMR (500 MHz, CDCl3): δH 0.92 (t, J = 7.3 Hz, 6H),

1.30−1.38 (m, 4H), 1.53−1.60 (m, 4H), 2.74 (t, J = 7.3 Hz, 4H) ppm.
13C NMR (125 MHz, CDCl3): δC 13.7, 22.2, 25.1, 35.7, 200.1 ppm.
(lit.,3a 100 MHz, CDCl3 δC 13.8, 22.2, 25.1, 35.8, 200.2 ppm). IR
(liquid film): ν̃ 2961, 1713 cm−1. Mass (m/z, %): 170 (M+, 7), 85 (100),
71 (12), 57 (66).

5g: orange columns melted at 154.5−156.0 °C (from CH2Cl2).
1H

NMR (400 MHz, CDCl3): δH 2.42 (s, 6H), 7.23 (d, J = 8.1 Hz, 4H),
7.60 (d, J = 8.1 Hz, 4H) ppm.; 13C NMR (125 MHz, CDCl3): δC 21.9,
86.2, 100.8, 116.1, 129.6 (×2), 133.9 (×2), 142.9, 172.6 ppm. IR
(KBr): ν̃ 3033, 2190, 1659, 1603, 1508 cm−1. Mass (m/z, %): 286
(M+, 0.8), 230 (37), 144 (11), 143 (100), 115 (13), 89 (11). HRMS
(ESI): 309.0894 calcd for C20H14O2Na [M + Na]+ 309.0892.

5h: yellow needles melted at 236.0−236.5 °C (from CH2Cl2) (lit.,
19

239−240 °C). 1H NMR (400 MHz, CDCl3): δH 7.44 (dd, J = 8.5 and
6.8 Hz, 2H), 7.53 (dd, J = 8.5 and 6.8 Hz, 2H), 7.93 (d, J = 8.5 Hz,
4H), 8.32 (s, 2H) ppm. 13C NMR (125 MHz, CDCl3): δC 123.0,
125.4, 126.9, 128.7, 135.4, 138.8, 139.0, 143.8, 184.3 ppm. IR (KBr): ν̃
1647, 1592 cm−1. Mass (m/z, %): 322 (M+, 19), 162 (11), 161 (100),
133 (31), 89 (55). HRMS (ESI): 345.0002, calcd for C18H10O2S2Na
[M + Na]+ 345.0020.

Synthesis of 5-Hydroxy-N,N′,5-triphenylimidazolidine-2,4-
dione (7a) by the Reaction of Diphenylparabanic Acid (4)
with Phenyllithium (9a). A solution of 4 (1.00 g, 3.76 mmol) in dry
THF (5 mL) was added dropwise to a solution of phenyllithium (9a)
(1.1 equiv) in dry THF under a N2 atmosphere at −78 °C and stirred
for 1 h. The reaction mixture was poured into sat. aq. NH4Cl and then
extracted with AcOEt. The organic layer was washed with sat. aq.
NaCl, dried over anhydrous Na2SO4 and concentrated in vacuo. The
crude product was crystallized from CHCl3 to give 7a (174 mg, 13%).
The filtrate was concentrated in vacuo, and chromatograped on silica
gel with hexane−AcOEt (4:1) to further give 7a (772 mg, 60%) as a
yellow solid. Total yield of 7a was 73%.

7a: colorless granules melted at 208.0−209.0 °C (from CHCl3).
1H NMR (500 MHz, CDCl3): δH 4.20 (s, 1H), 7.18 (t, J = 7.6 Hz,
1H), 7.23−7.28 (m, 2H), 7.34−7.52 (m, 12H) ppm. 13C NMR
(125 MHz, DMSO-d6): δC 88.5, 125.4 (×2), 126.6, 126.6 (×2),
127.4 (×2), 128.8, 128.9 (×2), 129.0 (×2), 129.4 (×3), 131.9,
135.2, 136.3, 153.4, 170.9 ppm. IR (KBr): ν̃ 3378, 3062, 3034,
1779, 1706, 1596 cm−1. Mass (m/z, %): 344 (M+, 23), 225 (26),
197 (15), 119 (34), 105 (100), 91 (12), 77 (37). HRMS (ESI):
367.1073, calcd for C21H16N2O3Na [M + Na]+ 367.1059. Anal.
Calcd for C21H16N2O3: C, 73.24; H, 4.68; N, 8.13. Found: C, 73.06;
H, 4.67; N, 8.14.

Synthesis of 5-(9-Anthryl)-5-hydroxy-N,N′-diphenylimidazo-
lidine-2,4-dione (7d). BuLi (1.63 M in hexane, 5.30 mL, 8.64 mmol)
was added to a solution of 9-bromoanthracene (2.44 g, 9.49 mmol) in
dry THF (20 mL) at −78 °C under a N2 atmosphere and stirred for

Table 4. Synthesis of α-Ketocarboxylic Acids 8 from
5-Substituted 5-Hydroxyimidazolidine-2,4-diones 7a

aReactions were carried out by using 4 M NaOH in H2O/MeOH at
50 °C for 1 h. bN-Phenyl-2-(2,4,6-trimethylphenyl)-2-oxoacetamide
(14) was concomitantly produced in 54% yield. c8g was isolated as a
lactone form, 5-(4-methylphenyl)furan-2,3-dione.
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30 min. To the thus-prepared solution of 9-anthryllithium, a solution of
4 (1.00 g, 3.76 mmol) in dry THF (10 mL) was added dropwise under
a N2 atmosphere at −78 °C and stirred for 1 h. The reaction mixture
was poured into sat. aq. NH4Cl and then extracted with AcOEt. The
organic layer was washed with sat. aq. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The crude product was purified by
chromatography on silica gel and eluted with hexane-AcOEt (4:1) to
give 7d (1.61 g, 96%) as a yellow solid.
7d: yellow granules melted at 192.0−194.0 °C (from CH2Cl2−

hexane). 1H NMR (500 MHz, CDCl3): δH 4.15 (s, 1H), 7.09−7.19
(m, 6H), 7.27−7.31 (m, 1H), 7.42 (t with fine coupling, J = 7.3 Hz,
1H), 7.45−7.61 (m, 6H), 7.88 (d, J = 8.2 Hz, 1H), 7.94 (d, J = 9.2 Hz,
1H), 8.03 (d, J = 8.2 Hz, 1H), 8.40 (d, J = 9.2 Hz, 1H), 8.46 (s, 1H) ppm.
13C NMR (125 MHz, CDCl3): δC 90.3, 122.4, 123.9, 124.6, 124.8,
125.9, 125.9 (×2), 126.0, 127.4, 128.4, 128.7, 129.0 (×2), 129.1 (×2),
129.2, 129.2 (×2), 129.6, 130.0, 130.9, 131.5, 131.8, 132.0, 132.1,
133.6, 154.1, 171.8 ppm. IR (KBr): ν̃ 3461, 3046, 1778, 1726, 1624,
1597 cm−1. Mass (35 eV, m/z, %): 444 (M+, 1), 325 (18), 206 (16),
205 (100), 177 (33), 119 (12). HRMS (ESI): 467.1376, calcd for
C29H20N2O3Na [M + Na]+ 467.1372.
Synthesis of 5-Hydroxy-5-(2,4,6-trimethylphenyl)-N,N′-di-

phenylimidazolidine-2,4-dione (7e). BuLi (1.64 M in hexane,
5.30 mL, 8.69 mmol) was added to a solution of 1-bromo-2,4,6-tri-
methylbenzene (1.41 mL, 9.42 mmol) in dry THF (5 mL) at −78 °C
under a N2 atmosphere and stirred for 30 min. To the thus-prepared
solution of 2,4,6-trimethylphenyllithium in dry THF, a solution of 4
(1.02 g, 3.83 mmol) in dry THF (5 mL) was added dropwise under
a N2 atmosphere at −78 °C and stirred for 1.5 h. The reaction mixture
was poured into sat. aq. NH4Cl and then extracted with AcOEt. The
organic layer was washed with sat. aq. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The crude product was crystallized
from hexane−AcOEt to give 7e (1.06 g, 72%) as colorless granules.
The filtrate was concentrated in vacuo and chromatographed on silica
gel with hexane−AcOEt (4:1) to further give 7e (275 mg, 18%) as a
colorless solid. Total yield of 7e was 90%.
7e: colorless granules melted at 170.0−171.0 °C (from CH2Cl2).

1H NMR (500 MHz, CDCl3): δH 2.16 (s, 3H), 2.23 (s, 3H), 2.35 (s,
3H), 3.92 (s, 1H), 6.72 (s, 1H), 6.85 (s, 1H), 7.11−7.17 (m, 2H),
7.24−7.30 (m, 3H), 7.37−7.44 (m, 1H), 7.38−7.52 (m, 4H) ppm. 13C
NMR (125 MHz, DMSO-d6): δC 20.3, 20.8, 24.7, 90.6, 125.8 (×2),
126.8 (×2), 127.1, 128.6, 128.9 (×2), 128.9, 129.3 (×2), 131.1, 131.8,
132.5, 134.8, 135.4, 137.8, 139.9, 153.2, 170.8 ppm. IR (KBr): ν̃ 3356,
3065, 2973, 2924, 1783, 1715, 1598 cm−1. Mass (m/z, %): 386 (M+,
1), 212 (14), 148 (11), 147 (100), 119 (19), 93 (44), 91 (14), 77
(10). HRMS (ESI): 409.1527, calcd for C24H22N2O3Na [M + Na]+

409.1528.
Synthesis of 5-Hydroxy-5-(4-methylphenylethynyl)-N,N′-di-

phenylimidazolidine-2,4-dione (7g). BuLi (1.61 M in hexane,
2.50 mL, 4.03 mmol) was added to a solution of 4-methylphenyla-
cetylene (0.57 mL, 4.5 mmol) in dry THF (5 mL) at −78 °C under
a N2 atmosphere and stirred for 30 min. To the solution of 2-(4-
methylphenyl)ethynyllithium in dry THF, a solution of 4 (1.02 g,
3.83 mmol) in dry THF (5 mL) was added dropwise under N2
atmosphere at −78 °C and stirred for 1 h. The reaction mixture
was poured into sat. aq. NH4Cl and then extracted with AcOEt.
The organic layer was washed with sat. aq. NaCl, dried over
anhydrous Na2SO4 and concentrated in vacuo. The crude product
was crystallized from CH2Cl2−hexane to give 7g (1.25 g, 85%) as a
colorless solid.
7g: colorless granules melted at 168.0−169.0 °C (from CH2Cl2).

1H NMR (500 MHz, CDCl3): δH 2.32 (s, 3H), 4.85 (s, 1H), 7.07 (d,
J = 7.8 Hz, 2H), 7.22 (d, J = 7.8 Hz, 2H), 7.33−7.39 (m, 2H), 7.40−
7.47 (m, 6H), 7.65 (d, J = 7.8 Hz, 2H) ppm. 13C NMR (125 MHz,
CDCl3): δC 21.5, 80.5, 80.7, 90.0, 117.1, 126.1 (×2), 126.9 (×2), 128.0,
128.5, 129.1 (×6), 130.9, 131.9 (×2), 133.7, 140.2, 152.4, 167.9 ppm. IR
(KBr): ν̃ 3387, 2227, 1787, 1728, 1596 cm−1. Mass (m/z, %): 382
(M+, 0.6), 266 (50), 119 (100), 116 (17), 115 (19), 91 (52), 64 (20),
63 (12). HRMS (ESI): 405.1221, calcd for C24H18N2O3Na [M + Na]+

405.1215. Anal. Calcd for C24H18N2O3: C, 75.38; H, 4.74; N, 7.33.
Found: C, 75.03; H, 4.49; N, 7.30.

Synthesis of 5-Hydroxy-N,N′,5-triphenylimidazolidine-2,4-
dione (7a) by the Reaction of N,N′-Diphenylparabanic Acid
(4) with Phenylmagnesium Bromide (10a). Typical Proce-
dure. To the solution of phenylmagnesium bromide (10a), which was
prepared from bromobenzene (11.3 mmol) and Mg (13.0 mmol) in
dry THF, a solution of 4 (2.01 g, 7.55 mmol) in dry THF (10 mL) was
added dropwise over 5 min at −78 °C and stirred for 1 h. The reaction
mixture was poured into sat. aq. NH4Cl and extracted with AcOEt.
The reaction mixture was poured into sat. aq. NH4Cl and then
extracted with AcOEt. The organic layer was washed with sat. aq.
NaCl, dried over anhydrous Na2SO4 and concentrated in vacuo.
The crude product was chromatograped on silica gel and eluted with
hexane−AcOEt (4:1) to give 7a (2.53 g, 97%) as colorless granules.

According to the procedure described above, the reaction of diphenyl-
parabanic acid (4) with 1-naphthylmagnesium bromide (10b),
2-naphthylmagnesium bromide (10c), 1-pyrenylmagnesium bromide
(10i), ethylmagnesium chloride (10j) or tert-butylmagnesium chloride
(10k) gave the corresponding 5-substituted 5-hydroxyimidazolidine-2,4-
diones 7b (94%), 7c (95%), 7i (98%), 7j (90%) and 7k (93%).

7b: colorless granules melted at 191.0−192.0 °C (from CH2Cl2−
hexane). 1H NMR (300 MHz, CDCl3): δH 4.64 (s, 1H), 7.02−7.18
(m, 5H), 7.29−7.57 (m, 8H), 7.78−7.97 (m, 4H) ppm. 13C NMR
(125 MHz, DMSO-d6): δC 87.4 (br), 121.6 (br), 125.1, 125.4 (×2),
125.9, 126.8 (br), 127.1 (×2), 127.8 (br), 128.4 (br), 128.7 (×3),
128.8, 129.4, 129.4, 129.8 (br), 130.2 (br), 130.8, 131.8, 133.8 (br),
134.6 (br), 153.4, 170.9 ppm. IR (KBr): ν̃ 3383, 3094, 3058, 3019,
1784, 1726, 1596 cm−1. Mass (m/z, %): 394 (M+, 6), 275 (23), 156
(13), 155 (100), 127 (43), 119 (25), 91 (10). HRMS (ESI): 417.1230,
calcd for C25H18N2O3Na [M+Na]+ 417.1215.

7c: colorless needles melted at 204.0−205.0 °C (from CH2Cl2−
hexane). 1H NMR (500 MHz, CDCl3): δH 4.69 (s, 1H), 7.14 (t, J =
7.3 Hz, 1H), 7.22 (dd, J = 8.2 and 7.3 Hz, 2H), 7.38−7.55 (m, 10H),
7.80−7.86 (m, 3H), 8.11 (s with fine coupling, 1H) ppm. 13C NMR
(125 MHz, DMSO-d6): δC 88.5, 123.6, 125.3 (×2), 126.4, 126.5,
126.7, 127.1, 127.3 (×2), 127.7, 128.6 (×2), 128.7, 128.8 (×2), 129.2
(×2), 131.8, 132.7, 133.1, 133.7, 135.1, 153.3, 170.7 ppm. IR (KBr): ν̃
3350, 3063, 1785, 1723, 1596 cm−1. Mass (m/z, %): 394 (M+, 4), 275
(22), 156 (13), 155 (100), 127 (63), 126 (10), 119 (16), 77 (13).
HRMS (ESI): 417.1224, calcd for C25H18N2O3Na [M + Na]+

417.1215. Anal. Calcd for C25H18N2O3: C, 76.13; H, 4.60; N, 7.10.
Found: C, 75.90; H, 4.37; N, 7.10.

7i: pale yellow granules melted at 218.5−219.5 °C (from CHCl3).
1H NMR (500 MHz, CDCl3): δH 4.74 (s, 1H), 6.95−7.03 (m, 3H),
7.13−7.17 (m, 2H), 7.41−7.53 (m, 3H), 7.57 (d, J = 7.3 Hz, 2H), 7.95
(d, J = 8.7 Hz, 1H), 7.99 (d, J = 8.2 Hz, 1H), 8.03 (dd, J = 7.8 and 7.3
Hz, 2H), 8.07 (d, J = 9.2 Hz, 1H), 8.16 (d, J = 7.3 Hz, 1H), 8.21 (d
with fine coupling, J = 7.8 Hz, 2H), 8.36 (br-s, 1H) ppm. 13C NMR
(125 MHz, CDCl3): δC 124.5, 124.6, 125.1, 125.8, 126.1 (×2), 126.2
(×4), 126.3 (×2), 127.0, 127.2 (×2), 128.5, 128.6 (×3), 128.6, 129.1
(br), 129.3 (×3), 130.1, 131.1, 131.3, 132.6, 133.6, 153.8, 171.8 ppm.
IR (KBr): ν̃ 3380, 3044, 1780, 1722, 1597 cm−1. Mass (35 eV, m/z, %):
468 (M+, 2), 349 (20), 230 (18), 229 (100), 201 (46), 119 (11).
HRMS (ESI): 491.1388, calcd for C31H20N2O3Na [M + Na]+

491.1372. Anal. Calcd for C31H20N2O3: C, 79.47; H, 4.30; N, 5.98.
Found: C, 79.15; H, 4.15; N, 5.99.

7j: colorless amorphous solid. 1H NMR (500 MHz, CDCl3): δH
0.84 (t, J = 7.3 Hz, 3H), 1.87 (dq, J = 14.4 and 7.3 Hz, 1H), 2.06 (dq,
J = 14.4 and 7.3 Hz, 1H), 4.33 (s, 1H), 7.32 (t, J = 7.3 Hz, 1H), 7.35−
7.47 (m, 7H), 7.55 (d, J = 8.2 Hz, 2H) ppm. 13C NMR (125 MHz,
CDCl3): δC 7.3, 27.3, 89.1, 126.1 (×2), 126.2 (×2), 127.3, 128.3, 129.0
(×4), 130.8, 133.6, 153.5, 171.8 ppm. IR (KBr): ν̃ 3388, 3065, 2974,
2939, 2882, 1781, 1714, 1596 cm−1. Mass (m/z, %): 296 (M+, 60),
268 (16), 267 (100), 149 (11), 120 (62), 119 (31), 93 (29), 91 (20),
77 (36), 57 (12). HRMS (ESI): 297.1258, calcd for C17H17N2O3 [M +
H]+ 297.1239.

7k: colorless granules melted at 145.0−146.0 °C (from AcOEt−
hexane). 1H NMR (500 MHz, CDCl3): δH 0.98 (s, 9H), 4.14 (s, 1H),
7.29 (t, J = 7.3 Hz, 1H), 7.32−7.38 (m, 5H), 7.40−7.45 (m, 2H), 7.51
(d, J = 7.8 Hz, 2H) ppm. 13C NMR (125 MHz, CDCl3): δC 24.9 (×3),
40.2, 91.9, 126.2 (×2), 127.5, 127.8 (×2), 128.3, 128.8 (×2), 129.0
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(×2), 131.1, 136.1, 153.8, 171.9 ppm. IR (KBr): ν̃ 3421, 3065, 2963,
2874, 1775, 1711, 1597 cm−1. Mass (m/z, %): 324 (M+, 4), 269 (17),
268 (100), 267 (94), 120 (56), 119 (34), 92 (11), 91 (22), 77 (28),
57 (29). HRMS (ESI): 347.1380, calcd for C19H20N2O3Na [M + Na]+

347.1372.
Synthesis of 1-Naphthyl-2-phenylethane-1,2-dione (6ab) by

the Reaction of 5-Hydroxy-N,N′,5-triphenylimidazolidine-2,4-
dione (7a) with 1-Naphthyllithium (9b). Typical Procedure. To
the solution of 1-naphthyllithium (9b) prepared from BuLi (1.63 M in
hexane, 4.10 mL, 6.68 mmol) and 1-bromonaphthalene in dry THF
(10 mL), a solution of 5-hydroxy-N,N′,5-triphenylimidazolidine-2,4-
dione (7a) (1.01 g, 2.93 mmol) in dry THF (5 mL) was added
dropwise under a N2 atmosphere at −78 °C and stirred for 1 h. The
reaction mixture was poured into sat. aq. NH4Cl and then extracted
with AcOEt. The organic layer was washed with sat. aq. NaCl, dried
over anhydrous Na2SO4 and concentrated in vacuo. The crude product
was dissolved in CHCl3 (15 mL) including Et3N (catalytic amount),
stirred at 50 °C for 30 min and concentrated in vacuo. The residue was
rinsed with CHCl3 to remove N,N′-diphenylurea by filtration and the
filtrate was concentrated in vacuo. The residue was chromatographed
on silica gel and eluted with hexane−AcOEt (4:1) to give 6ab
(753 mg, 99% yield) as a yellow solid.
6ab: pale-yellow granules melted at 103.0−104.0 °C (from CH2Cl2)

(lit.,20 101.5−102 °C). 1H NMR (400 MHz, CDCl3): δH 7.44−7.54
(m, 3H), 7.58−7.68 (m, 2H), 7.74 (ddd, J = 8.6, 6.8, and 1.3 Hz, 1H),
7.91 (dd, J = 7.3 and 1.2 Hz, 1H), 7.93 (d with fine coupling, J = 8.3
Hz, 1H), 8.03 (d with fine coupling, J = 8.3 Hz, 2H), 8.11 (d, J = 8.2
Hz, 1H), 9.31 (d with fine coupling, J = 8.6 Hz, 1H) ppm. 13C NMR
(125 MHz, CDCl3): δC 124.4, 125.9, 127.1, 128.5, 128.7, 129.0 (×2),
129.4, 129.9 (×2), 130.9, 133.3, 134.0, 134.7, 135.0, 135.9, 194.5,
197.1 ppm. IR (KBr): ν̃ 3065, 1673, 1661, 1594, 1572 cm−1. Mass (m/
z, %): 260 (M+, 9), 156 (11), 155 (100), 127 (68), 126 (14), 105 (17),
77 (29). HRMS (ESI): 283.0740, calcd for C18H12O2Na [M + Na]+

283.0735.
According to the procedure described above, unsymmetrical

diketones 6ab, 6bc, 6bf, 6cf, 6ag and 6ak were synthesized by the
reaction of 5-hydroxy-5-(1-naphthyl)-N,N′-diphenylimidazolidine-2,4-
dione (7b) with phenyllithium (9a), 7b with 2-naphtyllithium (9c), 7b
with butyllithium (9f), 5-hydroxy-5-(2-naphthyl)-N,N′-diphenylimida-
zolidine-2,4-dione (7c) with butyllithium (9f), 5-hydroxy-5-(4-
methylphenyl)ethynyl-N,N′-diphenylimidazolidine-2,4-dione (7g)
with 9a, 5-tert-butyl-5-hydroxy-N,N′-diphenylimidazolidine-2,4-dione
(7k) with phenyllithium (9a), respectively. The yields were 88% for
6ab (from 7b with 9a), 83% for 6bc, 91% for 6bf, 97% for 6cf, 98% for
6ag, and 62% for 6ak.
6bc: yellow granules melted at 140.0−141.5 °C (from CH2Cl2).

1H
NMR (500 MHz, CDCl3): δH 7.46 (dd, J = 8.0 and 7.6 Hz, 1H), 7.53
(dd, J = 8.2 and 7.1 Hz, 1H), 7.60−7.66 (m, 2H), 7.76 (dd with fine
coupling, J = 8.7 and 6.9 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.89 (d, J =
8.2 Hz, 1H), 7.92−7.98 (m, 3H), 8.11 (d, J = 8.0 Hz, 1H), 8.14 (dd
with fine coupling, J = 8.7 and 1.6 Hz, 1H), 8.48 (s, 1H), 9.37 (d, J =
8.7 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 123.9, 124.4,
126.0, 127.1, 127.1, 127.9, 128.8, 128.8, 129.1, 129.4 (×2), 129.9, 130.7,
131.0, 132.4, 133.4, 134.1, 135.2, 135.9, 136.3, 194.7, 197.1 ppm. IR
(KBr): ν̃ 3380, 3044, 1780, 1722, 1597 cm−1 Mass (m/z, %): 310 (M+,
11), 156 (12), 155 (100), 128 (11), 127 (97), 126 (20). HRMS (ESI):
333.0898, calcd for C22H14O2Na [M + Na]+ 333.0892.
6bf: yellow oil. 1H NMR (500 MHz, CDCl3): δH 0.97 (t, J = 7.3 Hz,

3H), 1.41−1.50 (m, 2H), 1.71−1.78 (m, 2H), 2.97 (t, J = 7.4 Hz, 2H),
7.53 (dd, J = 8.2 and 7.3 Hz, 1 H), 7.59 (ddd, J = 8.2, 6.9, and 1.1 Hz,
1H), 7.68 (ddd, J = 8.5, 6.9, and 1.4 Hz, 1 H), 7.87 (dd, J = 7.3 and 1.4
Hz, 1H), 7.92 (d with fine coupling, J = 8.2 Hz, 1H), 8.10 (d, J = 8.2
Hz, 1 H), 8.96 (d, J = 8.5 Hz, 1 H) ppm. 13C NMR (125 MHz,
CDCl3): δC 13.8, 22.4, 25.1, 38.6, 124.2, 125.7, 126.9, 128.1, 128.7,
129.0, 131.1, 133.6, 134.1, 135.3, 195.6, 204.0 ppm. IR (liquid film): ν̃
2959, 1710, 1666 cm−1. Mass (m/z, %): 240 (M+, 89), 197 (16), 169
(19), 157 (11), 156 (100), 155 (99), 128 (95), 127 (97), 126 (94), 101
(44), 85 (16), 77 (50), 76 (14), 75 (25), 74 (12), 57 (31), 51 (14).
HRMS (ESI): 263.1037, calcd for C16H16O2Na [M + Na]+ 263.1048.

6cf: yellow oil. 1H NMR (500 MHz, CDCl3): δH 0.96 (t, J = 7.3 Hz,
3H), 1.39−1.48 (m, 2H), 1.69−1.77 (m, 2H), 2.94 (t, J = 7.3 Hz, 2H),
7.57 (dd, J = 8.2 and 6.9 Hz, 1H), 7.64 (dd, J = 8.2 and 6.9 Hz, 1H),
7.88 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.7 Hz, 1H), 7.96 (d, J = 8.2 Hz,
1H), 8.03 (dd, J = 8.7 and 1.8 Hz, 1H), 8.51 (s with fine coupling,
1H) ppm. 13C NMR (125 MHz, CDCl3): δC 13.8, 22.3, 25.0, 38.6,
124.2, 127.0, 127.9, 128.9, 129.2, 129.4, 130.0, 132.3, 133.5, 136.2,
192.5, 203.7 ppm. IR (liquid film):ν̃ 2959, 1711, 1668, 1626 cm−1. Mass
(m/z, %): 240 (M+, 7), 156 (12), 155 (100), 127 (66), 126 (12).
HRMS (ESI): 263.1061, calcd for C16H16O2Na [M + Na]+ 263.1048.

6ag: yellow oil. 1H NMR (500 MHz, CDCl3): δH 2.40 (s, 3H), 7.22
(d, J = 7.8 Hz, 2H), 7.51−7.57 (m, 4H), 7.67 (t with fine coupling, J =
7.3 Hz, 1H), 8.08 (d with fine coupling, J = 7.3 Hz, 2H) ppm. 13C
NMR (125 MHz, CDCl3): δC 21.9, 87.1, 100.1, 116.1, 128.9 (×2), 129.6
(×2), 130.5 (×2), 131.7, 133.7 (×2), 134.8, 142.7, 178.6, 188.6 ppm. IR
(liquid film): ν̃Z 2186, 1679, 1657, 1601 cm−1. Mass (m/z, %): 248
(M+, 2), 192 (27), 144 (11), 143 (100), 115 (13), 105 (58), 77 (55).
HRMS (ESI): 271.0738, calcd for C17H12O2Na [M + Na]+ 271.0735.

6ak: yellow oil. 1H NMR (400 MHz, CDCl3): δH 1.31 (s, 9H), 7.50
(dd, J = 7.9 and 7.4 Hz, 2H), 7.64 (t with fine coupling, J = 7.4 Hz,
1H), 7.83 (d with fine coupling, J = 7.9 Hz, 2H) ppm. 13C NMR
(125 MHz, CDCl3): δC 26.2 (×3), 42.6, 128.9 (×2), 129.5 (×2),
132.9, 134.5, 195.4, 210.9 ppm. (lit.,3a 100 MHz, CDCl3 δC 26.2, 42.6,
128.9, 129.5, 132.8, 134.5, 195.4, 210.9 ppm). IR (liquid film): ν̃ 2969,
1704, 1676, 1597 cm−1. Mass (m/z, %): 190 (M+, 3), 105 (100), 77
(51), 57 (23).

Synthesis of 2-Oxo-2-naphthylethanoic Acid (8c) from 5-
Hydroxy-5-(2-naphthyl)-N,N′-diphenylimidazolidine-2,4-dione
(7c). Typical Procedure. NaOH in H2O (4 M, 3 mL) was added to
a solution of 5-hydroxy-5-(2-naphthyl)-N,N′-diphenylimidazolidine-
2,4-dione (7c) (1.16 g, 2.94 mmol) in MeOH (10 mL) at room
temperature and heated 50 °C for 1 h. The reaction mixture poured
into H2O and extracted with AcOEt to give organic layer including
N,N′-diphenylurea. The thus-obtained aqueous layer was acidified with
1N HCl, and then extracted with AcOEt. The AcOEt solution was
washed with sat. aq. NaCl, dried over anhydrous Na2SO4 and con-
centrated in vacuo. The residue was crystallized from hexane−CH2Cl2
to give 8c (525 mg, 89% yield) as a yellow solid.

8c: yellow granules melted at 92.0−93.0 °C (from AcOEt−hexane)
(lit.,21 92− 93 °C from xylene). 1H NMR (500 MHz, CDCl3): δH 7.59
(dd with fine coupling, J = 8.2 and 6.9 Hz, 1H), 7.68 (dd with fine
coupling, J = 8.2 and 6.9 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.93 (d, J =
8.7 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 8.18 (d with fine coupling,
J = 8.7 Hz, 1H), 8.95−9.17 (m, 1H), 9.09 (s, 1H) ppm. 13C NMR
(125 MHz, CDCl3): δC 124.4, 127.2, 127.8, 128.9, 129.0, 130.0, 130.3,
132.2, 135.2, 136.5, 163.3, 184.3 ppm. IR (KBr): ν̃ 3062, 3006, 2964,
1747, 1653, 1616, 1588 cm−1. HRMS (ESI negative): 199.0345, calcd
for C12H7O3 [M − H]¯ 199.0395.

According to the procedure described above, 5-substituted 5-hydro-
xyimidazolidine-2,4-diones (7a, 7b, 7d, 7e, 7i and 7k) were
individually hydrolyzed to give the corresponding α-ketocarboxylic
acids 8a (98%), 8b (94%), 8d (78%), 8e (39%), 8i (84%), and 8k
(96%): for hydrolysis of 7e, 8e was produced along with 2-oxo-N-
phenyl-2-(2,4,6-trimethylphenyl)acetamide (14) (54%). Hydroxyimi-
dazolidinedione 7g was similarly hydrolyzed to give 5-(4-methyl-
phenyl)furan-2,3-dione in 80% yield instead of the expected keto
carboxylic acid (8g).

8a: yellow oil. 1H NMR (500 MHz, CDCl3): δH 7.53 (dd, J = 8.2
and 7.6 Hz, 2H), 7.70 (td, J = 7.6 and 1.1 Hz, 1H), 8.23 (dd, J = 8.2
and 1.1 Hz, 2H), 9.77 (s, 1H) ppm. (lit.,21 CDCl3, δH 7.51 (t, J =
7.8 Hz, 2H), 7.65 (t, J = 7.8 Hz, 1H), 8.14 (d, J = 7.8 Hz, 2H), 12.47
(s, 1H) ppm). 13C NMR (125 MHz, CDCl3): δC 129.0 (x2), 130.9
(x2), 131.7, 135.6, 163.8, 184.9 ppm. IR (liquid film): ν̃ 3496, 1741, 1686,
1596 cm−1. HRMS (ESI negative): 299.0570, calcd for C16H11O6 [2M-
H]¯ 299.0556.

8b: colorless needles melted at 102.0−103.0 °C (from CH2Cl2−
hexane) (lit.,22 112−114 °C). 1H NMR (500 MHz, CDCl3): δH 7.51−
7.62 (m, 2H), 7.68 (dd, J = 8.2 and 6.9 Hz, 1H), 7.90 (d, J = 7.8 Hz,
1H), 8.12 (d, J = 7.3 Hz, 1H), 8.32 (d, J = 6.9 Hz, 1H), 8.93 (d, J =
8.7 Hz, 1H), 10.51−11.06 (m, 1H) ppm. 13C NMR (125 MHz,

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo202304x | J. Org. Chem. 2012, 77, 632−639637

─ 269 ─



CDCl3): δC 124.3, 125.3, 127.1, 127.2, 128.9, 129.5, 131.0, 133.8, 134.9,
136.5, 165.4, 187.0 ppm. IR (KBr): ν̃Z 3142, 1701, 1681, 1573 cm−1.
HRMS (ESI negative): 199.0346, calcd for C12H7O3 [M − H]¯ 199.0395.
8d: pale yellow solid melted at >300 °C. 1H NMR (500 MHz,

DMSO-d6): δH 7.49−7.56 (m, 4H), 8.07−8.15 (m, 2H), 8.18−8.27
(m, 2H), 8.64 (s, 1H) ppm. 13C NMR (125 MHz, DMSO-d6): δC
125.7 (×2), 126.1 (×2), 126.4 (×2), 127.9, 128.0 (×2), 128.5 (×2),
130.8 (×2), 136.4, 169.1, 203.6 ppm. IR (KBr): ν̃ 3399, 3052, 1673,
1645 cm−1. HRMS (ESI negative): 249.0534, calcd for C16H9O3 [M −
H]¯ 249.0552.
8e: pale yellow columns melted at 119.0−120.0 °C (from CH2Cl2−

hexane) (lit.,23 118.8−119.4 °C from hexane). 1H NMR (500 MHz,
CDCl3): δH 2.25 (s, 6H), 2.30 (s, 3H), 6.89 (s, 2H), 10.4 (s, 1H) ppm.
13C NMR (125 MHz, CDCl3): δC 19.6 (×2), 21.2, 129.1 (×2), 131.6,
136.4 (×2), 141.5, 163.4, 192.0 ppm. IR (KBr): ν̃ 3042, 2961, 2926,
1721, 1692, 1609 cm−1. HRMS (ESI negative): 191.0695, calcd for
C11H11O3 [M − H]¯ 191.0708.
14: colorless needles melted at 136.0−137.5 °C (from CH2Cl2).

1H NMR (300 MHz, CDCl3): δH 2.23 (s, 6H), 2.31 (s, 3H), 6.90 (s,
2H), 7.19 (t with fine coupling, J = 7.4 Hz, 1H), 7.39 (dd with fine
coupling, J = 8.7 and 7.4 Hz, 2H), 7.70 (d with fine coupling, J =
8.7 Hz, 2H), 8.87 (s, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC
19.5 (×2), 21.2, 119.6 (×2), 125.2, 128.7 (×2), 129.2 (×2), 132.6,
135.6 (×2), 136.6, 140.4, 158.0, 197.3 ppm. IR (KBr): ν̃ 3287,
3135, 3060, 3018, 2975, 2920, 1685, 1674, 1674, 1600, 1542 cm−1.
Mass (m/z, %): 267 (M+, 3), 148 (11), 147 (100), 119 (17), 91
(10). HRMS (ESI): 268.1324, calcd for C17H18NO2 [M + H]+

268.1338, 290.1154, calcd for C17H17NO2Na [M + Na]+ 290.1157.
Anal. Calcd for C17H17NO2: C, 76.38; H, 6.41; N, 5.24. Found: C,
76.09; H, 6.29; N, 5.13.
5-(4-Methylphenyl)furan-2,3-dione as a Cyclized Form of

8g. Colorless needles were melted at 142.5− 144.0 °C (from CHCl3)
(lit.,24 136−137 °C (decom.)). 1H NMR (500 MHz, CDCl3): δH 2.45
(s, 3H), 7.15 (s, 1H), 7.32 (d, J = 8.2 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H)
ppm. 13C NMR (125 MHz, CDCl3): δC 21.8, 95.3, 128.1 (×2), 129.8
(×2), 130.6, 145.6 (×2), 162.6, 187.6 ppm. IR (KBr): ν̃ 1700, 1604
cm−1. Mass (m/z, %): 188 (M+, 1), 162 (11), 161 (100), 119 (17).
8i: orange granules melted at 183.0−185.0 °C (from AcOEt−

hexane) (lit.,25 170−172 °C from ethanol). 1H NMR (500 MHz,
CDCl3): δH 8.09−8.15 (m, 2H), 8.23 (d, J = 8.2 Hz, 1H), 8.28 (d, J =
8.7 Hz, 1H), 8.31−8.38 (m, 3H), 8.90 (d, J = 8.2 Hz, 1H), 9.17 (d, J =
9.6 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC, 123.8, 123.9,
124.0, 124.2, 124.9, 126.8, 127.2, 127.3, 127.6, 130.3, 130.9, 131.4
(×2), 131.5, 132.3, 136.4, 161.5, 186.4 ppm. IR (KBr): ν̃ 3466, 3013,
1712, 1666, 1592 cm−1. HRMS (ESI negative): 273.0600, calcd for
C18H9O3 [M − H]¯ 273.0552.
8k: colorless oil. 1H NMR (300 MHz, CDCl3): δH 1.34 (s, 9H),

7.81−8.47 (m, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 25.6
(×3), 42.5, 164.2, 202.0 ppm. (lit.,26 100 MHz, CDCl3, 25.6 (×3),
42.5, 163.7, 201.9 ppm. IR (liquid film): ν̃ 3538, 2977, 1717 cm−1.
HRMS (ESI negative): 259.1185, calcd for C12H19O6 [2M − H]¯
259.1182.
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ABSTRACT: Charge-transfer-induced decomposition
(CTID) of bicyclic dioxetanes 1b−d bearing a 3-hydrox-
ylphenyl moiety substituted with a benzothiazol-2-yl group at
the 2-, 6-, or 5-position was investigated, and their
chemiluminescence properties were compared to each other,
based on those for a 4-benzothiazolyl analogue 1a. Dioxetanes
1c and 1d underwent CTID to give the corresponding oxido
anions of keto esters 8c or 8d in the singlet excited state with
high efficiencies similarly to the case of 1a. On the other hand, 1b showed chemiluminescence with quite low efficiency, though it
gave exclusively keto ester 2b. The marked decline of chemiluminescence efficiency for 1b was attributed to 1b mainly being
decomposed to 8b through a radiationless pathway, in which intramolecular nucleophilic attack of nitrogen in the benzothiazolyl
group to dioxetane O−O took place to give cyclic intermediate cis-11.

■ INTRODUCTION
Dioxetanes substituted with an aromatic electron donor such as
the phenoxide anion undergo intramolecular charge-transfer-
induced decomposition (CTID) with an accompanying
emission of bright light.1−4 The phenomenon has received
considerable attention from the viewpoints of mechanistic
interest related to bioluminescence and application to clinical
and biological analysis.5−7 Thus, up to the present, a wide
variety of CTID-active dioxetanes have been designed and
synthesized. One such dioxetane is bicyclic dioxetane 1a
bearing a 4-(benzothiazol-2-yl)-3-hydroxyphenyl group, which
effectively emits light even in an aqueous system.8,9 To
understand how the benzothiazol-2-yl group functioned to
achieve high-performance chemiluminescence, we investigated
CTID of three isomeric dioxetanes 1b−d, in which a
benzothiazolyl group was attached at the 2-, 6-, or 5-position
on the 3-hydroxyphenyl group. We report here that these
isomeric dioxetanes 1b−d showed characteristic chemilumi-
nescence depending on the structure of the aromatic electron
donor, and that a radiationless decomposition of dioxetane 1b
concurrently took place with the chemiluminescent CTID,
though both decompositions gave the same keto ester 2b
(Chart 1).

■ RESULTS AND DISCUSSION
Synthesis of Bicyclic Dioxetanes 1b−d Bearing a 3-

Hydroxyphenyl Moiety Substituted with a Benzothia-
zol-2-yl Group. All of the dioxetanes 1b−d investigated here
were prepared by singlet oxygenation of the corresponding 4-
tert-butyl-3,3-dimethyl-2,3-dihydrofurans 3b−d bearing a 5-(3-

hydroxyphenyl) group, to which a benzothiazolyl group was
attached at the 2-, 5-, or 6-position. These precursors 3b−d
were synthesized according to the synthetic process of 1a9

through several steps starting from the corresponding 4-tert-
butyl-3,3-dimethyl-2,3-dihydrofurans 4b−d bearing a 5-(form-
yl-3-methoxyphenyl) group, as illustrated in Scheme 1. The
initial step was condensation of 4b−d with 2-aminobenzene-
thiol to give exclusively the corresponding benzothiazolinyl
derivatives 5b−d, which were used for the next reaction
without further purification. The oxidation of benzothiazolines
5b−d was achieved by the use of 2,3-dichoro-5,6-dicyano-1,4-
benzoquinone (DDQ) in toluene to give dihydrofurans 6b−d
in high yields. Dihydrofurans 6b−d were finally demethylated
with sodium methanethiolate in hot DMF to give the desired
precursors 3b−d in 95, 85, and 89% yields, respectively. All of
3b−d underwent 1,2-addition of singlet oxygen to selectively
give the corresponding dioxetanes 1b−d in 69 (conversion
yield 97%), 100, and 98% yields. The structures of dioxetanes
1b−d were determined by 1H NMR, 13C NMR, IR, mass
spectral data, and elemental analyses. Furthermore, X-ray single
crystallographic analysis was successfully achieved for all
dioxetanes 1b−d. ORTEP views of dioxetanes 1b−d are
shown in the Supporting Information. All of these benzothia-
zolyl-substituted dioxetanes 1b−d were thermally stable
enough to permit handling at room temperature, though they
decomposed into the corresponding keto esters 2b−d when
heated in refluxing p-xylene.
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Chemiluminescent Decomposition of Bicyclic Dioxe-
tanes Bearing a 3-Hydroxyphenyl Moiety Substituted
with a Benzothiazol-2-yl Group in a TBAF/Acetonitrile
System. Dioxetane 1a has been reported to decompose
according to the pseudo-first-order kinetics to give bright green
light (maximum wavelength λmax

CL = 492 nm) with
chemiluminescence efficiency ΦCL = 0.28 and rate constant
of CTID kCTID = 4.2 × 10−4 s−1 at 45 °C (half-life t1/2 = ln 2/
kCTID = 1600 s) when treated with a large excess of
tetrabutylammonium fluoride (TBAF) in acetonitrile.8,9

Comparing chemiluminescence properties for 1a with those
for parent dioxetane 7 bearing an unsubstituted 3-hydrox-
yphenyl group (λmax

CL = 467 nm, ΦCL = 0.11, and t1/2 = 25 s in
TBAF/acetonitrile at 25 °C) (Scheme 2),10 we can see that the
benzothiazolyl group acts to considerably improve ΦCL, while
decreasing t1/2 by 2 orders.
Dioxetane 1b has a π-electron system of o-(benzothiazol-2-

yl)phenol formally the same as that of 1a, though the
benzothiazolyl group suffers the steric hindrance of the adjacent
dioxetane ring and a hydroxy group at the opposite side. On
treatment with TBAF (large excess) in acetonitrile at 25 °C,
dioxetane 1b decomposed far more rapidly than 1a with the

accompanying chemiluminescence, the λmax
CL of which was the

same as that for 1a, as shown in Table 1, though the spectrum
was broader than that for 1a, as shown in Figure 1. However,
ΦCL for 1b was unexpectedly low (ΦCL = 0.0036)11,12 and only
1/80 of that for 1a.
Careful neutralization of the spent reaction mixture of 1b

gave selectively keto ester 2b as in the case of 1a giving 2a.
Oxido anion 8b generated from 2b in situ in TBAF/acetonitrile
showed fluorescence, the spectrum of which practically

Chart 1. Bicyclic Dioxetanes 1a−d Bearing a 3-Hydroxyphenyl Moiety Substituted with a Benzothiazol-2-yl Group and Their
Decomposition Products 2a−d

Scheme 1. Synthetic Pathway of Dioxetanes 1b−d

Scheme 2. Base-Induced Decomposition of Dioxetanes 1b−
d and 7
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coincided with chemiluminescence spectrum of 1b (Figure 2).
This result showed that 8b was the emitter produced through

9b from 1b (Scheme 2). On the basis of fluorescence efficiency
Φfl = 0.67 measured for 8b, singlet chemiexcitation efficiency
ΦS (=ΦCL/Φfl) for 1b was estimated to be only 0.0054 and 1/
80 of that for 1a. Therefore, unexpected decline of ΦCL for 1b
was attributed to quite low ΦS. Thus, we decided to investigate
TBAF-induced decomposition of analogous dioxetanes 1c and
1d to understand why 1b gave such a poor chemiluminescence.
Benzothiazolyl group of dioxetane 1c lies in a π-conjugation

system with a hydroxy group, though at the para-position
differently from the case of 1a and 1b, and receives steric effect
of the adjacent dioxetane ring as 1b. When 1c was treated in a
TBAF/acetonitrile system similarly to the case of 1b, 1c
showed chemiluminescence, the spectrum of which shifted to a
longer wavelength region from the case of 1a and 1b, as shown

in Figure 1 and Table 1. Value of ΦCL for 1c was considerably
higher than that for 1b, though the rate of CTID markedly
decreased.
Benzothiazolyl group of dioxetane 1d does not directly lie in

π-conjugation system with a hydroxy group and receives steric
effect from neither a dioxetane ring nor a hydroxyl group since
these three groups are in meta-relation among each other.
Therefore, the aromatic system of 1d lies in a different situation
from those for 1a, 1b, and 1c. Dioxetane 1d also underwent
TBAF-induced decomposition to give light, the spectrum of
which is shown in Figure 1. As shown in Table 1 and Figure 1,
comparing that for dioxetane 7 rather than 1a, the
chemiluminescence spectrum shifted to a longer wavelength
region, but both ΦCL and kCTID decreased for 1d: low ΦCL was
attributed to low Φfl of the emitter (vide infra). Such a
tendency has been observed for various dioxetanes bearing a 5-
aryl-3-hydroxyphenyl group (1,3,5-trisubstitution pattern).14

Both dioxetanes 1c and 1d gave also the corresponding keto
esters 2c and 2d in high yields after careful neutralization of
spent reaction mixtures, as in the case of 1a and 1b.
Fluorescence spectrum of authentic emitter 8d generated
from 2d coincided with the chemiluminescence spectrum of
dioxetane 1d (Figure 2). On the basis of fluorescence efficiency
Φfl (0.060) for 8d, singlet chemiexcitation efficiency ΦS for 1d
was estimated to be as high as or rather higher than for 1a, as
shown in Table 1. On the other hand, authentic emitter 8c
generated from 2c showed fluorescence (Φfl = 0.024), the
spectrum of which did not coincide with the chemilumines-
cence spectrum of 1c and showed two peaks, differently from
the case of 8a, 8b, and 8d (Figure 2). Notably, the
concentration of 8c did not affect the shape of the spectrum.
Thus, the fluorescence spectrum of 8c was analyzed to
comprise two fluorescence spectra: the first coincided with
the chemiluminescence spectrum of 1c (λmax

fl = 528 nm), and
the second was one with λmax

fl = 466 nm (Figure 2 and the
Supporting Information). This finding suggests that 8c should
exist as an equilibrium mixture of at least two species.15 Here,
chemiexcitation efficiency ΦS for 1c was formally estimated to
be as high as that for 1a (Table 1), though it could not reliably
be estimated because of a discrepancy in the spectrum between
chemiluminescence of 1c and the fluorescence of 8c.
As described above, singlet chemiexcitation effectively

occurred for CTID of 1a, 1c, and 1d but not for 1b.
Considering that 1a and 1b both have an ortho-benzothiazolyl-
substituted phenol group as an important aromatic electron
donor as well as a fluorophore and that the authentic emitters
8a and 8b both effectively show fluorescence, the marked
decrease in ΦS for CTID of 1b was unexpected. Thus, we
thought that 1b may decompose to keto ester 8b through a
new concurrent pathway(s) that did not lead to chemilumi-
nescence. A clue to understanding this radiationless decom-
position was found when we measured the melting point of 1b.
After a sample of crystalline 1b was heated to melting (100

°C), we found the unusual decomposition product trans-10 in
addition to intact dioxetane 1b and keto ester 2b. Chromato-
graphic purification (SiO2) gave crystalline trans-10, the
structure of which was determined by X-ray single crystallo-
graphic analysis (Supporting Information). However, the 1H
NMR and 13C NMR spectra of pure trans-10 could not be
measured because of its instability: trans-10 was contaminated
by ca. 10% of keto ester 2b. Notably, crystalline 1a, 1c, and 1d
exclusively gave the corresponding keto esters 2a, 2c, and 2d
when heated to melting.

Table 1. TBAF-Induced Chemiluminescence of Dioxetanes
1a−d and 7a

dioxetane
λmax

CL/
nm ΦCLb Φfl ΦS kCTID/s−1 t1/2/s

1ac 492 0.28 0.66 0.42 4.2 × 10−4 1600
1b 493 0.0036 0.67 0.0054 2.0 × 10−2 34
1c 528 0.011 0.024 (0.46) 6.9 × 10−5 11000
1d 535 0.044 0.060 0.73 7.2 × 10−3 96
7d 467 0.11 0.24e 0.46 2.8 × 10−2 25

aUnless otherwise stated, reactions were carried out in a TBAF/
acetonitrile system at 45 °C. bBased on a value reported for the
chemiluminescent decomposition of 3-adamantylidene-4-(3-tert-butyl-
dimethylsiloxyphenyl)-4-methoxy-1,2-dioxetane in TBAF/DMSO.11,12
cFrom ref 9. dFrom ref 10. Chemiluminescent decomposition was
carried out at 25 °C. eFrom ref 13.

Figure 1. Chemiluminescence spectra of dioxetanes 1a−d.

Figure 2. Fluorescence spectra of authentic 8a−d generated from 2a−
d in TBAF/acetonitrile.
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The unusual decomposition product trans-10 was thought to
be derived from an intramolecular redox reaction between the
benzothiazolyl nitrogen and the O−O in dioxetane 1b. A redox
reaction between an amine and a dioxetane has been reported
by Adam and his co-workers: a primary or secondary amine
attacks a dioxetane to give the corresponding 2-amino-
oxyethanol, while tertiary amine catalyzes the decomposition
of dioxetane to two carbonyl fragments through an as-yet-
undetected aminooxy intermediate.16 Thus, trans-10 was the
first example of an aminooxy intermediate for the tert-amine-
catalyzed decomposition of dioxetane. In fact, when heated at
>100 °C, trans-10 changed exclusively to 2b. However, such a
redox reaction would directly give isomeric cis-10 but not trans-
10. Although product cis-10 could not be isolated in pure form
after thermolysis of crystalline 1b (vide infra),17 its structure
was fortunately determined by X-ray single crystallographic
analysis of a eutectic crystal of 1b and cis-10 (1:1) obtained
during the recrystallization of 1b (Supporting Information).
The results described above encouraged us to investigate

whether or not 1b produced 10 or its anion cis-11 even in
TBAF/acetonitrile. Upon treatment with even only 1 equiv of
TBAF in acetonitrile at 45 °C, 1b exclusively gave 2b after 30
min. However, when the amount of TBAF was further
decreased to 0.3 equiv, 1b was found to produce cis-10
(29%) and 2b (64%) along with a trace amount of 1b and
trans-10 after 10 h. Thus, cis-10 contaminated with ca. 10% of
2b was obtained as yellow crystals by rinsing from a reaction
mixture after usual workup. The product cis-10 was, of course,
rapidly and exclusively transformed to 2b on further treatment
with TBAF.
The results described above showed that the decomposition

of 9b (oxido anion of 1b) to 8b (isolated as 2b) through
intermediate cis-11 (isolated as cis-10) should occur con-
currently with chemiluminescent CTID to give 8b in TBAF/
acetonitrile. Scheme 3 offers a plausible process, in which
nucleophilic attack of the nitrogen in the benzothiazolyl group
takes place on O−O of dioxetane 9b to give intermediate cis-11,
which spontaneously undergoes cleavage of a C−C bond of the
tetrahydrofuran ring to finally give keto ester 8b. This process
would not cause chemiexcitation of any carbonyl fragment, in

contrast to CTID of 9b. Hence, the base-induced decom-
position of 1b gave only weak light.

■ CONCLUSION
CTID of bicyclic dioxetanes 1b−d bearing a benzothiazolyl-
substituted 3-hydroxylphenyl group was investigated, and their
chemiluminescence properties were compared, based on those
for 1a. While dioxetanes 1c and 1d underwent CTID to give
the corresponding keto esters 8c and 8d in a singlet excited
state with high efficiencies as with 1a, 1b led to singlet
chemiexcitation with quite low efficiency. The unusually low
singlet chemiexcitation efficiency for 1b was attributed to the
decomposition of oxido anion 9b to 8b mainly through a
radiationless pathway in which intramolecular nucleophilic
attack of the nitrogen of benzothiazolyl group took place on the
dioxetane O−O to give cis-11.

■ EXPERIMENTAL SECTION
General. Melting points were uncorrected. IR spectra were taken

on a FT/IR infrared spectrometer. 1H and 13C NMR spectra were
recorded on a 400 and 500 MHz spectrometers. Mass spectra were
obtained by using double-focusing mass spectrometers and an ESI-
TOF mass spectrometer. X-ray diffraction data were collected on a
CCD diffrectometer with graphite monochromated MoKα
(λ=0.71070 Å) radiation. Column chromatography was carried out
using silica gel.

4-tert-Butyl-5-(2-formyl-3-methoxyphenyl)-3,3-dimethyl-
2,3-dihydrofuran (4b): Pale yellow oil; 1H NMR (400 MHz,
CDCl3) δH 1.01 (s, 9H), 1.35 (s, 6H), 3.92 (s, 2H), 3.93 (s, 3H), 6.94
(dd, J = 7.6 and 1.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 7.48 (dd, J = 8.4
and 7.6 Hz, 1H), 10.35 (s, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC
27.0, 32.0, 32.5, 47.2, 55.9, 83.5, 112.1, 123.5, 124.0, 127.1, 134.1,
140.0, 146.1, 160.6, 190.8 ppm; IR (liquid film) ν 2957, 2867, 2762,
1698, 1652, 1587, 1577 cm−1; mass (m/z, %) 288 (M+, 8), 273 (12),
232 (16), 231 (100), 217 (24), 201 (17), 189 (11), 163 (11); HRMS
(ESI) 311.1656, calcd for C18H24O3Na [M + Na+] 311.1623.

4-tert-Butyl-5-(2-formyl-5-methoxyphenyl)-3,3-dimethyl-
2,3-dihydrofuran (4c): Colorless plates, mp 61.5−62.0 °C (from
hexane); 1H NMR (500 MHz, CDCl3) δH 1.03 (s, 9H), 1.37 (s, 6H),
3.89 (s, 3H), 3.94 (s, 2H), 6.84 (d, J = 2.4 Hz, 1H), 6.97 (dd, J = 8.8
and 2.4 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 10.04 (s, 1H) ppm; 13C
NMR (125 MHz, CDCl3) δC 27.1, 32.1, 32.5, 47.4, 55.5, 83.4, 114.7,
116.1, 128.0, 129.0, 129.1, 141.7, 144.9, 163.5, 190.5 ppm; IR (KBr) ν
2981, 2861, 2763, 1655, 1690, 1601 cm−1; mass (m/z, %) 288 (M+, 7),

Scheme 3. Radiationless Decomposition of Dioxetane 1b to Keto Ester 2b
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233 (58), 232 (16), 231 (68), 217 (35), 201 (17), 189 (17), 163
(100); HRMS (ESI) 311.1613, calcd for C18H24O3Na [M + Na+]
311.1623.
4-tert-Butyl-5-(3-formyl-5-methoxyphenyl)-3,3-dimethyl-

2,3-dihydrofuran (4d): Colorless oil; 1H NMR (400 MHz, CDCl3)
δH 1.06 (s, 9H), 1.35 (s, 6H), 3.87 (s, 3H), 3.89 (s, 2H), 7.11 (s with
fine coupling, 1H), 7.35 (s with fine coupling, 1H), 7.41 (s, 1H), 9.96
(s, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 27.3, 32.5, 32.6, 47.3,
55.6, 83.3, 112.0, 122.8, 125.2, 126.8, 137.4, 138.4, 148.2, 159.8, 191.8
ppm; IR (liquid film) ν 2958, 2868, 2729, 1700, 1463, 1335, 1054
cm−1; mass (m/z, %) 288 (M+, 24), 274 (19), 273 (100), 217 (14),
163 (32); HRMS (ESI) 311.1653, calcd for C18H24O3Na [M + Na+]
311.1623.
Synthesis of 5-[2-(Benzothiazol-2-yl)-3-methoxyphenyl]-4-

tert-butyl-3,3-dimethyl-2,3-dihydrofuran (6b). Typical Proce-
dure: A solution of 4-tert-butyl-5-(2-formyl-3-methoxyphenyl)-3,3-
dimethyl-2,3-dihydrofuran (4b) (7.12 g, 24.7 mmol) and 2-amino-
benzenethiol (2.90 mL, 27.2 mmol, 1.1 equiv) in dry EtOH (140 mL)
was mixed under a nitrogen atmosphere at room temperature and
stirred for 5 h. The reaction mixture was concentrated in vacuo to give
10.5 g of crude 4-tert-butyl-5-[2-(2,3-dihydrobenzothiazol-2-yl)-3-
methoxyphenyl]-3,3-dimethyl-2,3-dihydrofuran 5b as a pale yellow
oil. The crude 5b was used for the next reaction without further
purification.
A solution of crude 5b and 2,3-dichloro-5,6-dicyano-1,4-benzoqui-

none (DDQ) (5.60 g, 24.7 mmol, 1.00 equiv) in dry toluene (80 mL)
was refluxed for 50 min. After cooling, the reaction mixture was filtered
and concentrated in vacuo. The residue was chromatographed on silica
gel and eluted with AcOEt−hexane (1:4) to give 9.01 g of 5-[2-
(benzothiazol-2-yl)-3-methoxyphenyl]-4-tert-butyl-3,3-dimethyl-2,3-di-
hydrofuran (6b) as a colorless solid in 93% yield based on 4b.
According to the procedure described above, 5-[2-(benzothiazol-2-

yl)-5-methoxyphenyl]-4-tert-butyl-3,3-dimethyl-2,3-dihydrofuran (6c)
and 5-[3-(benzothiazol-2-yl)-5-methoxyphenyl]-4-tert-butyl-3,3-di-
methyl-2,3-dihydrofuran (6d) were synthesized by using the
corresponding benzaldehydes 4c and 4d instead of 4b in 62 and
77% yield, respectively.
6b: Colorless granules, mp 120.0−120.5 °C (from AcOEt−

hexane); 1H NMR (400 MHz, CDCl3) δH 0.88 (s, 9H), 0.75−1.40
(m, 6H), 3.77 (s, 2H), 3.82 (s, 3H), 6.98−7.04 (m, 2H), 7.38 (ddd, J =
7.9, 7.2, and 1.2 Hz, 1H), 7.41 (dd, J = 8.3 and 7.8 Hz, 1H), 7.47 (ddd,
J = 8.2, 7.2, and 1.2 Hz, 1H), 7.92 (d with fine coupling, J = 7.9 Hz,
1H), 8.09 (d with fine coupling, J = 8.2 Hz, 1H) ppm; 13C NMR (125
MHz, CDCl3) δC 26.9 (broad), 31.7, 32.4, 46.7, 56.0, 82.8, 111.3,
121.1, 123.1, 123.2, 123.6, 124.7, 125.5, 126.1, 130.4, 136.4, 137.9,
146.7, 152.9, 157.5, 162.6 ppm; IR (KBr) ν 3434, 2989, 2924, 2864,
1654, 1577, 1468, 1429 cm−1; mass (m/z, %) 393 (M+, 0.2), 378 (16),
337 (22), 336 (100), 322 (15); HRMS (ESI) 394.1852, calcd for
C24H28NO2S [M + H+] 394.1841, 416.1673, calcd for C24H27NO2SNa
[M + Na+] 416.1660. Anal. Calcd for C24H27NO2S: C, 73.25; H, 6.92;
N, 3.56. Found: C, 73.18; H, 7.07; N, 3.67.
6c: Colorless oil; 1H NMR (400 MHz, CDCl3) δH 0.94 (s, 9H),

1.37 (s, 6H), 3.88 (s, 3H), 3.92−4.20 (m, 2H), 6.89 (d, J = 2.7 Hz,
1H), 7.01 (dd, J = 8.8 and 2.7 Hz, 1H), 7.36 (ddd, J = 7.9, 7.2, and 1.2
Hz, 1H), 7.47 (ddd, J = 8.2, 7.2, and 1.2 Hz, 1H), 7.90 (d with fine
coupling, J = 7.9 Hz, 1H), 8.06 (d with fine coupling, J = 8.2 Hz, 1H),
8.11 (d, J = 8.8 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 26.2
(broad), 28.4 (broad), 31.8, 32.6, 47.2, 55.5, 83.3, 114.6, 117.2, 121.2,
123.0, 124.6, 125.9, 126.5, 126.6, 131.5, 136.1, 136.4, 147.2, 153.1,
160.5, 166.1 ppm; IR (liquid film) ν 2957, 2934, 2868, 1602, 1566,
1482, 1463, 1433 cm−1; mass (m/z, %) 393 (M+, 0.7), 378 (15), 337
(22), 336 (100), 322 (15), 268 (9). HRMS (ESI): 394.1854, calcd for
C24H28NO2S [M + H+] 394.1841, 416.1673, calcd for C24H27NO2SNa
[M + Na+] 416.1660.
6d: Pale yellow granules, mp 139.0−140.0 °C (from AcOEt−

hexane); 1H NMR (400 MHz, CDCl3) δH 1.10 (s, 9H), 1.37 (s, 6H),
3.91 (s, 2H), 3.92 (s, 3H), 6.98 (dd, J = 2.6 and 1.3 Hz, 1H), 7.39
(ddd, J = 7.9, 7.2, and 1.2 Hz, 1H), 7.49 (ddd, J = 8.2, 7.2, and 1.3 Hz,
1H), 7.59 (dd, J = 1.6 and 1.3 Hz, 1H), 7.64 (dd, J = 2.6 and 1.6 Hz,
1H), 7.90 (d with fine coupling, J = 7.9 Hz, 1H), 8.08 (d with fine

coupling, J = 8.2 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 27.4,
32.5, 32.5, 47.2, 55.6, 83.2, 112.0, 118.6, 121.5, 121.8, 123.2, 125.2,
126.3, 126.3, 134.5, 135.0, 138.2, 148.8, 154.0, 159.6, 167.6 ppm; IR
(KBr) ν 3442, 2982, 2955, 2924, 2854, 1605, 1584, 1508, 1458, 1422,
1337 cm−1; mass (m/z, %) 394 (M+ + 1, 7), 393 (M+, 25), 379 (24),
378 (100), 322 (26). HRMS (ESI): 394.1844, calcd for C24H28NO2S
[M + H+] 394.1841, 416.1666, calcd for C24H27NO2SNa [M + Na+]
416.1660. Anal. Calcd for C24H27NO2S: C, 73.25; H, 6.92; N, 3.56.
Found: C, 73.25; H, 7.08; N, 3.57.

Synthesis of 5-[2-(Benzothiazol-2-yl)-3-hydroxyphenyl]-4-
tert-butyl-3,3-dimethyl-2,3-dihydrofuran (3b). Typical Proce-
dure: A solution of 5-[2-(benzothiazol-2-yl)-3-methoxyphenyl]-4-tert-
butyl-3,3-dimethyl-2,3-dihydrofuran (6b) (537 mg, 1.36 mmol) and
sodium thiomethoxide (200 mg, 2.85 mmol, 2.09 equiv) in dry DMF
(5 mL) was stirred under a nitrogen atmosphere at 140 °C for 10 min.
The reaction mixture was poured into saturated aqueous NH4Cl and
extracted with AcOEt. The organic layer was washed three times with
saturated aqueous NaCl, dried over anhydrous MgSO4, and
concentrated in vacuo. The residue was chromatographed on silica
gel and eluted with AcOEt−hexane (1:9) to give 493 mg of 5-[2-
(benzothiazol-2-yl)-3-hydroxyphenyl]-4-tert-butyl-3,3-dimethyl-2,3-di-
hydrofuran (3b) as a pale yellow solid in 95% yield.

(Benzothiazol-2-yl)-3-methoxyphenyl-substituted dihydrofurans 6c
and 6d were similarly demethylated with sodium thiomethoxide to
give 5-[2-(benzothiazol-2-yl)-5-hydroxyphenyl]-4-tert-butyl-3,3-di-
methyl-2,3-dihydrofuran (3c) and 5-[3-(benzothiazol-2-yl)-5-hydrox-
yphenyl]-4-tert-butyl-3,3-dimethyl-2,3-dihydrofuran (3d) in 85 and
89% yield, respectively.

3b: Pale yellow granules, mp 171.0−171.5 °C (from AcOEt−
hexane); 1H NMR (400 MHz, CDCl3) δH 1.05 (s, 9H), 1.42 (s, 3H),
1.51 (s, 3H), 4.03 (d, J = 8.3 Hz, 1H), 4.17 (d, J = 8.3 Hz, 1H), 6.87
(dd, J = 7.3 and 1.3 Hz, 1H), 7.13 (dd, J = 8.3 and 1.3 Hz, 1H), 7.33
(dd, J = 8.3 and 7.3 Hz, 1H), 7.42 (ddd, J = 7.9, 7.2, and 1.2 Hz, 1H),
7.51 (ddd, J = 8.2, 7.2, and 1.2 Hz, 1H), 7.93 (d with fine coupling, J =
7.9 Hz, 1H), 8.01 (d with fine coupling, J = 8.2 Hz, 1H), 13.93 (s, 1H)
ppm; 13C NMR (125 MHz, CDCl3) δC 25.7, 29.0, 31.7, 32.9, 47.6,
83.4, 116.2, 118.7, 121.1, 121.9, 123.5, 125.4, 126.5, 127.7, 131.3,
133.9, 135.4, 147.7, 149.4, 159.4, 167.3 ppm; IR (KBr) ν 3435, 2984,
2952, 2928, 2866, 2700, 2586, 1575, 1466, 1454, 1444 cm−1; mass (m/
z, %) 379 (M+, 0.3), 364 (20), 323 (21), 322 (100), 308 (17), 254
(10), 57 (12). HRMS (ESI): 380.1682, calcd for C23H26NO2S [M +
H+] 380.1684, 402.1512, calcd for C23H25NO2SNa [M + Na+]
402.1504. Anal. Calcd for C23H25NO2S: C, 72.79; H, 6.64; N, 3.69.
Found: C, 72.79; H, 6.75; N, 3.78.

3c: Colorless columns, mp 206.5−207.0 °C (from AcOEt−hexane);
1H NMR (400 MHz, CDCl3) δH 0.94 (s, 9H), 1.36 (s, 6H), 3.90−4.20
(m, 2H), 5.77 (s, 1H), 6.85 (d, J = 2.7 Hz, 1H), 6.91 (dd, J = 8.5 and
2.7 Hz, 1H), 7.37 (ddd, J = 7.9, 7.2, and 1.2 Hz, 1H), 7.47 (ddd, J =
8.2, 7.2, and 1.2 Hz, 1H), 7.90 (d with fine coupling, J = 7.9 Hz, 1H),
8.03 (d, J = 8.5 Hz, 1H), 8.06 (d with fine coupling, J = 8.2 Hz, 1H)
ppm; 13C NMR (125 MHz, CDCl3) δC 26.1 (broad), 28.4 (broad),
31.8, 32.6, 47.2, 83.2, 116.3, 119.0, 121.3, 122.8, 124.8, 126.0, 126.0,
127.0, 131.6, 135.9, 136.6, 146.8, 152.7, 157.4, 166.7 ppm; IR (KBr) ν
3388, 3058, 2966, 2929, 2908, 2864, 2777, 2677, 2586, 1608, 1568,
1465, 1432 cm−1; mass (m/z, %) 379 (M+, 0.3), 364 (14), 323 (20),
322 (100), 308 (15), 254 (11). HRMS (ESI): 380.1696, calcd for
C23H26NO2S [M + H+] 380.1684, 402.1517, calcd for C23H25NO2SNa
[M + Na+] 402.1504. Anal. Calcd for C23H25NO2S: C, 72.79; H, 6.64;
N, 3.69. Found: C, 72.79; H, 6.83; N, 3.75.

3d: Colorless granules, mp 190.0−191.0 °C (from CH2Cl2−
hexane); 1H NMR (400 MHz, CDCl3) δH 1.06 (s, 9H), 1.33 (s, 6H),
3.89 (s, 2H), 6.95 (t, J = 1.8 Hz, 1H), 7.32 (s, 1H), 7.34 (ddd, J = 8.0,
7.3, and 1.1 Hz, 1H), 7.44 (ddd, J = 8.2, 7.3, and 1.1 Hz, 1H), 7.53 (d,
J = 1.8 Hz, 2H), 7.82 (d with fine coupling, J = 8.0 Hz, 1H), 8.04 (d, J
= 8.2 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 27.3, 32.5, 32.5,
47.2, 83.1, 114.2, 120.3, 121.5, 121.6, 123.0, 125.3, 126.4, 126.6, 134.2,
134.8, 138.3, 148.5, 153.6, 156.3, 168.1 ppm; IR (KBr) ν 3494, 2980,
2967, 2910, 2869, 1608, 1597, 1465, 1438, 1429 cm−1; mass (m/z, %)
380 (M+ + 1, 7), 379 (M+, 26), 365 (25), 364 (100), 308 (27), 254
(10), 226 (8); HRMS (ESI) 380.1691, calcd for C23H26NO2S [M +
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H+] 380.1684, 402.1509, calcd for C23H25NO2SNa [M + Na+]
402.1504. Anal. Calcd for C23H25NO2S: C, 72.79; H, 6.64; N, 3.69.
Found: C, 72.79; H, 6.77; N, 3.72.
Singlet Oxygenation of 5-[2-(Benzothiazol-2-yl)-3-hydrox-

yphenyl]-4-tert-butyl-3,3-dimethyl-2,3-dihydrofuran (3b). Typ-
ical Procedure: A solution of dihydrofuran 3b (202 mg, 0.532 mmol)
and tetraphenylporphyrin (TPP) (1.5 mg) in CH2Cl2 (10 mL) was
irradiated externally with a 940 W Na lamp under an oxygen
atmosphere at 0 °C for 8.5 h. After the concentration of the
photolysate in vacuo, the residue was chromatographed on silica gel
and eluted with CH2Cl2−hexane (4:1) and then with AcOEt−hexane
(1:1) to give intact 3b (60 mg, 30%) and 1-[2-(benzothiazol-2-yl)-3-
hydroxyphenyl]-5-tert-butyl-4,4-dimethyl-2,6,7-trioxabicyclo[3.2.0]-
heptane (1b) as a pale yellow solid (150 mg, 69% yield (CY = 97%)).
Dihydrofurans 3c and 3d were similarly oxygenated with singlet

oxygen to give the corresponding dioxetanes 1c and 1d in 100 and
98% yields, respectively.
1b: Colorless granules, mp 100.5−101.0 °C (dec) (from CH2Cl2−

hexane); 1H NMR (500 MHz, CDCl3) δH 0.95 (s, 9H), 1.03 (broad s,
3H), 1.06 (s, 3H), 3.81 (d, J = 8.2 Hz, 1H), 4.55 (d, J = 8.2 Hz, 1H),
7.14 (dd, J = 8.2 and 1.1 Hz, 1H), 7.28−7.36 (m, 1H), 7.42 (dd, J =
8.2 and 7.8 Hz, 1H), 7.43 (ddd, J = 8.0, 7.3, and 1.1 Hz, 1H), 7.52
(ddd, J = 8.0, 7.3, and 1.1 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 8.10 (d, J
= 8.0 Hz, 1H), 8.36 (s, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC
19.0, 24.6, 26.9, 36.7, 45.1, 80.4, 106.1, 117.0, 118.1, 118.7, 121.2,
122.2, 123.0, 125.4, 126.1, 130.5, 135.1, 136.8, 151.8, 155.4, 165.5
ppm; IR (KBr) ν 3493, 3314, 3218, 3065, 2974, 2919, 2806, 2681,
1586, 1463 cm−1; mass (m/z, %) 412 (M+ + 1, 14), 411 (M+, 57), 271
(13), 255 (17), 254 (100), 253 (33), 227 (27), 198 (12), 57 (15);
HRMS (ESI) 412.1597, calcd for C23H26NO4S [M + H+] 412.1583,
434.1422, calcd for C23H25NO4SNa [M + Na+] 434.1402. Anal. Calcd
for C23H25NO4S·1/2CH2Cl2: C, 62.17; H, 5.77; N, 3.09. Found: C,
62.19; H, 6.08; N, 3.19.
1c: Colorless granules, mp 181.0−181.5 °C (dec) (from AcOEt−

hexane); 1H NMR (500 MHz, CDCl3) δH 0.89 (broad s, 3H), 1.00 (s,
3H), 1.01 (s, 9H), 3.61 (d, J = 8.2 Hz, 1H), 4.42 (d, J = 8.2 Hz, 1H),
6.85 (dd, J = 8.5 and 2.7 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 7.31
(broad s, 1H), 7.40 (ddd, J = 8.0, 7.3, and 1.1 Hz, 1H), 7.47 (ddd, J =
8.0, 7.3, and 1.1 Hz, 1H), 7.63 (broad s, 1H), 7.87 (d, J = 8.0 Hz, 1H),
8.04 (d, J = 8.0 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 19.1,
24.4 (broad), 27.0, 36.7, 45.2, 80.3, 106.1, 116.5, 116.8, 117.9, 121.1,
123.0, 125.1, 125.1, 126.0, 133.7, 136.3, 136.5, 151.9, 157.1, 169.3
ppm; IR (KBr) ν 3441, 3067, 3007, 2982, 2959, 2896, 1605, 1479,
1432, 1306 cm−1; mass (m/z, %) 411 (M+, 8), 355 (11), 255 (17), 254
(100), 227 (40), 57 (16); HRMS (ESI) 412.1594, calcd for
C23H26NO4S [M + H+] 412.1583, 434.1420, calcd for C23H25NO4SNa
[M + Na+] 434.1402. Anal. Calcd for C23H25NO4S: C, 67.13; H, 6.12;
N, 3.40. Found: C, 67.11; H, 6.23; N, 3.45.
1d: Colorless columns, mp 141.0−141.5 °C (dec) (from CH2Cl2−

hexane); 1H NMR (400 MHz, CDCl3) δH 1.02 (s, 9H), 1.17 (s, 3H),
1.39 (s, 3H), 3.84 (d, J = 8.3 Hz, 1H), 4.60 (d, J = 8.3 Hz, 1H), 6.35
(s, 1H), 7.27 (dd, J = 2.4 and 1.5 Hz, 1H), 7.40 (ddd, J = 8.1, 7.2, and
1.2 Hz, 1H), 7.49 (ddd, J = 8.2, 7.2, and 1.3 Hz, 1H), 7.71 (dd, J = 2.4
and 1.5 Hz, 1H), 7.84 (dd, J = 1.5 and 1.5 Hz, 1H), 7.89 (d with fine
coupling, J = 8.1 Hz, 1H), 8.08 (d with fine coupling, J = 8.2 Hz, 1H)
ppm; 13C NMR (100 MHz, CDCl3) δC 18.5, 25.2, 27.0, 36.8, 45.7,
80.3, 105.2, 115.1, 116.0, 118.3, 120.2, 121.6, 123.2, 125.4, 126.4,
134.5, 135.0, 138.7, 153.7, 156.1, 167.3 ppm; IR (KBr) ν 3388, 3073,
2979, 2967, 2696, 1600, 1488, 1433, 1346 cm−1; mass (m/z, %) 411
(M+, 5), 355 (39), 354 (10), 272 (10), 271 (19), 255 (15), 254 (100),
227 (30), 226 (28), 57 (20); HRMS (ESI) 412.1598, calcd for
C23H26NO4S [M + H+] 412.1583, 434.1409, calcd for C23H25NO4SNa
[M + Na+] 434.1402. Anal. Calcd for C23H25NO4S: C, 67.13; H, 6.12;
N, 3.40. Found: C, 67.03; H, 6.19; N, 3.43.
Thermal Decomposition of 1-[2-(Benzothiazol-2-yl)-3-hy-

droxyphenyl]-5-tert-butyl-4,4-dimethyl-2,6,7-trioxabicyclo-
[3.2.0]heptane (1b). Typical Procedure: A solution of dioxetane
1b (168 mg, 0.408 mmol) in p-xylene (4 mL) was refluxed under a
nitrogen atmosphere for 4 h. After cooling, the reaction mixture was
concentrated in vacuo. The residue was chromatographed on silica gel

and eluted with AcOEt−hexane (1:9) to give 2,2,4,4-tetramethyl-3-
oxopentyl 2-(benzothiazol-2-yl)-3-hydroxybenzoate (2b) as a pale
yellow oil (165 mg, 98% yield).

Dioxetanes 1c and 1d were similarly decomposed to give the
corresponding keto esters 2c and 2d in 98 and 97% yields,
respectively.

2b: Colorless oil; 1H NMR (500 MHz, CDCl3) δH 1.12 (s, 9H),
1.28 (s, 6H), 4.40 (s, 2H), 7.10 (dd, J = 7.4 and 1.4 Hz, 1H), 7.22 (dd,
J = 8.4 and 1.4 Hz, 1H), 7.38 (dd, J = 8.4 and 7.4 Hz, 1H), 7.45 (ddd, J
= 7.8, 7.3, and 1.2 Hz, 1H), 7.53 (ddd, J = 8.1, 7.3, and 1.4 Hz, 1H),
7.93 (d with fine coupling, J = 7.8 Hz, 1H), 8.04 (d with fine coupling,
J = 8.1 Hz, 1H), 12.68 (s, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC
23.5, 27.8, 45.7, 48.7, 73.7, 114.7, 120.3, 120.6, 121.3, 122.3, 125.8,
126.7, 131.7, 133.1, 134.2, 150.4, 158.1, 166.1, 168.7, 215.6 ppm; IR
(liquid film) ν 3351, 2974, 2872, 1724, 1685, 1579, 1477, 1454 cm−1;
mass (m/z, %) 412 (M+ + 1, 11), 411 (M+, 40), 255 (17), 254 (100),
253 (32), 227 (29), 198 (12), 57 (20); HRMS (ESI) 412.1598, calcd
for C23H26NO4S [M + H+] 412.1583, 434.1415, calcd for
C23H25NO4SNa [M + Na+] 434.1402.

2c: Colorless oil; 1H NMR (500 MHz, CDCl3) δH 1.04 (s, 6H),
1.10 (s, 9H), 4.23 (s, 2H), 6.92 (dd, J = 8.4 and 2.6 Hz, 1H), 7.13 (d, J
= 2.6 Hz, 1H), 7.39 (ddd, J = 8.0, 7.2, and 1.1 Hz, 1H), 7.47 (d, J = 8.4
Hz, 1H), 7.48 (ddd, J = 8.1, 7.2, and 1.2 Hz, 1H), 7.88 (d with fine
coupling, J = 8.0 Hz, 1H), 8.02 (d, J = 8.1 Hz, 1H), 8.76 (broad s, 1H)
ppm; 13C NMR (125 MHz, CDCl3) δC 23.1, 27.9, 45.7, 48.7, 72.8,
117.1, 118.5, 121.5, 122.9, 124.3, 125.2, 126.3, 132.1, 133.0, 135.6,
153.1, 158.6, 167.5, 167.7, 217.0 ppm; IR (liquid film) ν 3355, 3060,
2976, 2934, 2873, 2793, 2683, 2607, 1726, 1685, 1605, 1576, 1479,
1434, 1367 cm−1; mass (m/z, %) 411 (M+, 6), 355 (10), 255 (16), 254
(100), 227 (42), 57 (23); HRMS (ESI) 434.1414, calcd for
C23H25NO4SNa [M + Na+] 434.1402.

2d: Colorless needles, mp 185.5−186.0 °C (from AcOEt−hexane);
1H NMR (400 MHz, CDCl3) δH 1.33 (s, 9H), 1.43 (s, 6H), 4.44 (s,
2H), 6.01 (s, 1H), 7.41 (ddd, J = 8.1, 7.2, and 1.2 Hz, 1H), 7.50 (ddd,
J = 8.2, 7.2, and 1.2 Hz, 1H), 7.56 (dd, J = 2.6 and 1.3 Hz, 1H), 7.86
(dd, J = 2.6 and 1.6 Hz, 1H), 7.91 (d with fine coupling, J = 8.1 Hz,
1H), 8.06 (d with fine coupling, J = 8.2 Hz, 1H), 8.16 (dd, J = 1.6 and
1.3 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δC 23.7, 28.1, 46.0,
49.2, 72.6, 118.1, 119.2, 120.9, 121.6, 123.1, 125.6, 126.5, 132.1, 134.7,
134.9, 153.4, 157.0, 165.4, 167.1, 216.7 ppm; IR (KBr) ν 3434, 2973,
1696, 1685, 1614, 1601, 1437, 1374, 1334 cm−1; mass (m/z, %) 411
(M+, 5), 355 (39), 354 (10), 272 (10), 271 (19), 255 (16), 254 (100),
227 (28), 226 (25), 57 (22); HRMS (ESI) 412.1605, calcd for
C23H26NO4S [M + H+] 412.1583, 434.1411, calcd for C23H25NO4SNa
[M + Na+] 434.1402. Anal. Calcd for C23H25NO4S: C, 67.13; H, 6.12;
N, 3.40. Found: C, 67.06; H, 6.11; N, 3.44.

Time Course of Thermal Decomposition of Crystalline 1b at
80 °C. Crystalline 1b (20.0 mg) was heated at 80 °C, and after 1, 2, 3,
and 4 h, product distribution was monitored by 1H NMR in CDCl3
(Figure S1).

Thermal Decomposition of Crystalline 1b To Isolate trans-
10. Crystalline 1b (21.5 mg) was heated at 90 °C for 45 min to give a
mixture of 2b and trans-10. After cooling, the crude product was
chromatographed on NH−silica gel and eluted with AcOEt−MeOH
(9: 1) to give a mixture of 2b and trans-10 (37:63) as a pale yellow oil
(13.2 mg), which was crystallized from CHCl3−hexane to give
colorless plates of trans-10 including 10% of 1b. Further purification of
trans-10 was unsuccessful because of its thermal and chemical (silica
gel) instability: trans-10 gradually decomposed to 2b during isolation
and purification process even though at low temperature.

trans-10: 1H NMR (500 MHz, CDCl3) δH 1.19 (s, 9H), 1.38 (s,
3H), 1.89 (s, 3H), 2.47 (s, 1H), 3.88 (d, J = 8.7 Hz, 1H), 4.01 (d, J =
8.7 Hz, 1H), 6.84 (d, J = 8.9 Hz, 1H), 7.13 (d, J = 7.3 Hz, 1H), 7.34
(dd, J = 8.9 and 7.3 Hz, 1H), 7.47 (dd with fine coupling, J = 8.0 and
7.3 Hz, 1H), 7.61 (dd with fine coupling, J = 8.0 and 7.3 Hz, 1H), 7.66
(d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H) ppm; 13C NMR (125
MHz, CDCl3) δC 25.2, 28.7, 29.1, 39.3, 46.8, 82.2, 90.9, 107.5, 110.8,
111.4, 117.5, 123.9, 124.0, 125.5, 126.3, 127.9, 130.0, 135.3, 136.7,
151.0, 174.4 ppm.
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TBAF-Induced Decomposition of Crystalline 1b To Isolate
cis-10. A solution of 1b (61.4 mg) and TBAF (0.3 equiv) in
acetonitrile (15 mL) was heated at 45 °C for 10 h. The reaction
mixture was poured in aqueous NH4Cl and extracted with AcOEt. The
organic layer was washed with aqueous NaCl, dried over MgSO4, and
concentrated in vacuo. The residue was rinsed with CH2Cl2 to give cis-
10 as a yellow solid (14.0 mg).
cis-10: 1H NMR (500 MHz, CDCl3) δH 0.68 (broad s, 9H), 1.25

(s, 3H), 1.51 (s, 3H), 2.61 (s, 1H), 3.76 (d, J = 8.6 Hz, 1H), 4.33 (d, J
= 8.6 Hz, 1H), 6.61 (d, J = 7.1 Hz, 1H), 6.85 (d, J = 9.0 Hz, 1H), 7.35
(dd, J = 9.0 and 7.1 Hz, 1H), 7.47 (dd with fine coupling, J = 8.0 and
7.3 Hz, 1H), 7.61 (dd with fine coupling, J = 8.2 and 7.3 Hz, 1H), 7.79
(d, J = 8.2 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H) ppm; 13C NMR (125
MHz, CDCl3) δC 21.3, 25.9, 27.8 (broad), 39.5, 49.3, 80.4, 91.9, 107.9,
110.5, 111.7, 119.3, 123.7, 125.1, 125.5, 125.7, 128.1, 131.6, 134.8,
136.4, 153.0, 174.3 ppm.
Measurement of Chemiluminescence and Time Course of

the Charge-Transfer-Induced Decomposition of Dioxetanes 1.
General Procedure: Chemiluminescence was measured using a
JASCO FP-750 and/or FP-6500 spectrometer and/or Hamamatsu
Photonics PMA-11 multichannel detector.
A freshly prepared solution (2.0 mL) of TBAF (1.0 × 10−2 mol/L)

in acetonitrile was transferred to a quartz cell (10 × 10 × 50 mm) and
was placed in the spectrometer, which was thermostatted with stirring
at an appropriate temperature range of 45 °C. After 3−5 min, a
solution of the dioxetane 1 in acetonitrile (1.0 × 10−5 mol/L, 1.0 mL)
was added by means of a syringe and measurement was started
immediately. The intensity of the light emission time-course was
recorded and processed according to first-order kinetics. The total
light emission was estimated by comparing it with that of an
adamantylidene dioxetane, whose chemiluminescent efficiency ΦCL

has been reported to be 0.29 and was used here as a standard.11,12

■ ASSOCIATED CONTENT
*S Supporting Information
1H NMR/13C NMR spectra of 1b−d, 2b−d, 3b−d, 4b−d, 6b−
d, trans-10, cis-10, and ORTEP views and crystallographic
information files for 1b−d, trans-10, and cis-10. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: matsumo-chem@kanagawa-u.ac.jp.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge financial assistance provided by
Grants-in-Aid (No. 22550046 and No. 21550052) for Scientific
Research from the Ministry of Education, Culture, Sports,
Science, and Technology, Japan.

■ REFERENCES
(1) (a) Schaap, A. P.; Gagnon, S. D. J. Am. Chem. Soc. 1982, 104,
3504−3506. (b) Schaap, A. P.; Handley, R. S.; Giri, B. P. Tetrahedron
Lett. 1987, 28, 935−938. (c) Schaap, A. P.; Chen, T. S; Handley, R. S.;
DeSilva, R.; Giri, B. P. Tetrahedron Lett. 1987, 28, 1155−1158.
(2) (a) Koo, J.-Y.; Schuster, G. B. J. Am. Chem. Soc. 1977, 99, 6107−
6109. (b) Koo, J.-Y.; Schuster, G. B. J. Am. Chem. Soc. 1978, 100,
4496−4503. (c) Zaklika, K. A.; Kissel, T.; Thayer, A. L.; Burns, P. A.;
Schaap, A. P. Photochem. Photobiol. 1979, 30, 35−44. (d) Catalani, L.
H.; Wilson, T. J. Am. Chem. Soc. 1989, 111, 2633−2639. (e) McCapra,
F. J. Photochem. Photobiol. A 1990, 51, 21−28. (f) McCapra, F. In
Chemiluminescence and Bioluminescence; Hastings, J. W., Kricka, L. J.,
Stanley, P. E., Eds.; Wiley: New York, 1996; pp 7−15. (g) Adam, W.;
Bronstein, I.; Trofimov, T.; Vasil’ev, R. F. J. Am. Chem. Soc. 1999, 121,
958−961. (h) Adam, W.; Matsumoto, M.; Trofimov, T. J. Am. Chem.

Soc. 2000, 122, 8631−8634. (i) Nery, A. L. P.; Weiss, D.; Catalani, L.
H.; Baader, W. J. Tetrahedron 2000, 56, 5317−5327.
(3) (a) Catalani, L. H.; Wilson, T. J. Am. Chem. Soc. 1989, 111,
2633−2639. (b) McCapra, F. J. Photochem. Photobiol. A 1990, 51, 21−
28. (c) Wilson, T. Photochem. Photobiol. 1995, 62, 601−606.
(4) (a) Takano, Y.; Tsunesada, T.; Isobe, H.; Yoshioka, Y.;
Yamaguchi, K.; Saito, I. Bull. Chem. Soc. Jpn. 1999, 72, 213−225.
(b) Tanaka, J.; Tanaka, C.; Matsumoto, M. In Bioluminescence and
Chemiluminescence; Tsuji, A., Matsumoto, M., Maeda, M., Kricka, L. J.,
Stanley, P. E., Eds.; World Scientific: Singapore, 2004; pp 205−208.
(c) Tanaka, C.; Tanaka, J.; Matsumoto, M. In Bioluminescence and
Chemiluminescence; Tsuji, A., Matsumoto, M., Maeda, M., Kricka, L. J.,
Stanley, P. E., Eds.; World Scientific: Singapore, 2004; pp 209−212.
(d) Isobe, H.; Takano, Y.; Okumura, M.; Kuramitsu, S.; Yamaguchi, K.
J. Am. Chem. Soc. 2005, 127, 8667−8679.
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Magnesium methoxide-induced
chemiluminescent decomposition of bicyclic
dioxetanes bearing a 20-alkoxy-2-hydroxy-1,
10-binaphthyl-7-yl moiety
Hidehisa Kawashima, Nobuko Watanabe, Hisako K. Ijuin and
Masakatsu Matsumoto*

ABSTRACT: Bicyclic dioxetanes 2a–c bearing a 20-alkoxy-2-hydroxy-1,10-binaphthyl-7-yl moiety were effectively synthesized and their
base-induced chemiluminescent decompositionwas investigated by the use of alkalinemetal (Na+ and K+) orMg2+ alkoxide inMeOH.
When 2a–c were treated with tetrabutylammonium fluoride (TBAF) in dimethyl sulfoxide (DMSO) as a reference system, they showed
chemiluminescence as a flash of orange light (maximum wavelength lmax

CL=573–577nm) with efficiency ΦCL=6–8� 10–2. On the
other hand, for an alkaline metal (Na+ or K+) alkoxide/MeOH system, 2a–c decomposed slowly to emit a glow of chemiluminescence,
the spectra of which were shifted slightly toward red from the TBAF/DMSO system, and ΦCL (= 1.4–2.3� 10–3) was considerably
decreased. In addition, Mg(OMe)2 was found to play a characteristic role as a base for the chemiluminescent decomposition of
2a–c through coordination to the intermediary oxidoaryl-substituted dioxetanes 13. Thus, Mg2+ increased ΦCL to more than twice
thosewithNa+ or K+,while it shiftedlmax

CL considerably toward blue (lmax
CL=550–566nm). Copyright©2012 JohnWiley& Sons, Ltd.

Keywords: 20-alkoxy-2-hydroxy-1,1’-binaphthyl; chemiluminescence; dioxetane; magnesium methoxide

Introduction
Upon treatment with a base, a dioxetane bearing a hydroxyaryl
moiety produces an unstable oxidoaryl-substituted dioxetane,
which rapidly decomposes with the accompanying emission of
light by an intramolecular charge-transfer-induced decomposi-
tion (CTID) mechanism. This phenomenon has received consid-
erable attention due to interest in the mechanism of biolumines-
cence and its potential application to modern chemiluminescent
biological analysis (1–5). Recently, it has been reported that,
for CTID of bicyclic dioxetane 1 bearing a 2-hydroxy-1,
10-binaphthyl-5-yl moiety, the color of chemiluminescence varies
with changes in the twisted angle of the binaphthyl moiety in an
anisotropic microenvironment, such as the coordination sphere
of crown ether complexes (6).

In the course of our studies to design dioxetanes of this type,
we synthesized bicyclic dioxetanes 2a–c bearing a 20-alkoxy-2-
hydroxy-1,10-binaphthyl-7-yl moiety, the structures of which
were more congested than that of 1 (Fig. 1). We report here that
dioxetanes 2a–c underwent CTID effectively accompanied by the
emission of light in methanol and that Mg(OMe)2 acted as a
unique base to cause a change in the color of chemilumines-
cence as well as to enhance the efficiency of chemiluminescence.

Experimental

Synthesis of bicyclic dioxetanes 2a�c bearing a 20-alkoxy-2-
hydroxy-1,10-binaphthyl-7-yl moiety

Dioxetanes 2a–c were prepared by singlet oxygenation of the
corresponding dihydrofurans 3a–c (Scheme 1). These precursors were

synthesized through several steps starting from 7-hydroxy-2-
naphthyl-substituted dihydrofuran 4 (7). First, oxidative cross-coupling
of 4 with methyl naphthoate 5 was carried out in an O2/Cu2Cl2/
pyridine/MeOH system at room temperature to give binaphthyl-
substituted dihydrofuran 6 in 94% yield. Hydrolysis of the ester group
in 6 exclusively gave carboxylic acid 7, which was, in turn, decarboxy-
lated with Cu2Cr2O5 in hot quinoline to give the desired bisnaphthol 8
in 77% yield. Williamson ether synthesis of 8 with methyl iodide gave
precursor 3a and its isomer 3a0 . The isomer 3a0 was converted to neo-
pentyl ether 3ab, which was, in turn, demethylated with MeSNa to
give precursor 3b. On the other hand, reduction of 6 with LiAlH4 gave al-
cohol 9, which was successively reacted with 2,2-dimethoxypropane
in the presence of acid catalyst to give precursor acetal 3c. When thee
precursors 3a–c were individually irradiated in the presence of a catalytic
amount of tetraphenylporphin in CH2Cl2 with a Na lamp under an O2 atmo-
sphere at 0�C, the desired dioxetanes 2a–c were effectively produced as a
mixture of diastereomers. The structures of dioxetanes 2a–c were deter-
mined by 1H NMR, 13C NMR, IR, Mass and HRMass spectral data. For 2c,
diastereomers 2c(a) and 2c(b) were separated in pure form and their
stereochemistries were tentatively assigned by reference to the 1H NMR
spectral data of 1 and its related dioxetanes (7): 2c(a) possessed (RaR/SaS)
form, while 2c(b) possessed (RaS/SaR) form.

Detailed synthetic procedures are described below.
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Synthesis of 4-tert-butyl-5-(2,20-dihydroxy-30-methoxycarbonyl-
1,10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (6)

A solution of 4-tert-butyl-5-(7-hydroxy-2-naphthyl)-3,3-dimethyl-2,3-
dihydrofuran (4) (5.03 g, 17.0mmol) and 3-hydroxy-2-naphthoic acid
methyl ester (5) (5.17 g, 25.5mmol) were stirred together with CuCl
(1.69 g, 17.1mmol) and pyridine (14mL) in MeOH (100mL) at room tem-
perature under O2 atmosphere for 5 h. The reaction mixture was poured
into 1 M HCl and extracted with ethyl acetate (AcOEt). The organic layer
was washed with saturated aqueous NaHCO3 and saturated aqueous
NaCl, dried over anhydrous MgSO4 and concentrated in vacuo. The resi-
due was chromatographed on silica gel and eluted with hexane–AcOEt
(4:1), then with hexane–CH2Cl2 (1:2) to give dihydrofuran 6 (7.94 g,
94%) as an amorphous solid. 6: Yellow granules, m.p. 193.0–194.0�C
(from AcOEt–hexane); 1H NMR (500MHz, CDCl3): dH 0.82 (s, 9H), 1.19
(s, 3H), 1.21 (s, 3H), 3.74 (s, 2H), 4.07 (s, 3H), 4.98 (s, 1H), 6.99 (s with fine
coupling, 1H), 7.16–7.20 (m, 1H) 7.23 (dd, J=8.2 and 1.5 Hz 1H), 7.33–7.39
(m, 3H), 7.82 (d, J=8.2Hz, 1H), 7.90 (d, J=8.9 Hz, 1H), 7.90–7.95 (m, 1H),
8.72 (s, 1H), 10.78 (s, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 27.4,
27.4, 32.2, 32.3 (� 3), 47.1, 52.8, 83.0, 114.3, 114.3, 114.4, 118.0, 124.4,
124.9 (� 2), 125.9, 126.2, 127.3, 127.8, 128.8, 129.7, 129.9, 130.2, 132.9,
133.9, 134.1, 137.4, 150.2, 151.6, 154.8, 170.3 p.p.m.; IR (KBr): n 3530,
3249, 3062, 2953, 2924, 1688, 1622, 1604 cm–1; Mass (m/z, %): 496

(M+, 27), 482 (M+, 32), 481 (M+, 100), 393 (M+, 19); HRMS (ESI):
497.2347, calculated for C32H33O5 [M+H+] 497.2328, 519.2144, calcu-
lated for C32H32O5Na [M+Na+] 519.2147.

Synthesis of 4-tert-butyl-5-(30-carboxy-2,20-dihydroxy-1,
10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (7)

Dihydrofuran 6 (3.92 g, 7.88mmol) was dissolved in a solution of KOH
(1.58 g, 28.2mmol) in EtOH (40mL) and heated at refluxing temperature
under N2 atmosphere for 15min. The reaction mixture was poured into
1 M HCl and extracted with AcOEt. The organic layer was washed with
saturated aqueous NaCl, dried over anhydrous MgSO4 and concentrated
in vacuo. The residue was rinsed with hexane to give naphthalenecar-
boxylic acid 7 (3.80 g, quantitative yield) as a pale brown solid. 7: Yellow
granules m.p. 205.0–207.0�C (AcOEt–hexane); 1H NMR (500MHz, CDCl3):
dH 0.82 (s, 9H), 1.19 (s, 3H), 1.23 (s, 3H), 3.76 (s, 2H), 7.02 (s, 1H), 7.15–7.19
(m, 1H), 7.25 (dd, J=8.2 and 1.4 Hz, 1H), 7.33–7.39 (m, 3H), 7.84
(d, J=8.2 Hz, 1H), 7.89–7.94 (m, 1H), 7.92 (d, J=8.9 Hz, 1H), 8.73 (s, 1H),
10.45 (br-s, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 27.3, 27.5, 32.2,
32.3 (� 3), 47.1, 82.9, 113.3, 114.3, 114.4, 118.1, 124.6, 124.9, 125.1,
126.2, 126.2, 127.4, 127.9, 128.9, 130.0, 130.0, 130.5, 133.0, 134.1, 135.2,
138.0, 149.9, 151.5, 155.0, 172.8 p.p.m.; IR (KBr): n 3444, 3212, 3060,

Figure 1. Bicyclic dioxetanes 1 and 2a–c bearing a 2-hydroxy-1,10-binaphthyl-7-yl moiety.

Scheme 1. Synthesis of bicyclic dioxetanes 2a–c through key precursors 3a–c.
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2957, 1680, 1623 cm–1; Mass (m/z, %): 482 (M+, 36) , 468 (M+, 34), 467
(M+, 100), 438 (M+, 33), 437 (M+, 81), 423 (M+, 27), 57 (M+, 39); HMRS
(ESI): 505.1994, calculated for C31H30O5Na [M+Na+] 505.1991.

Synthesis of 4-tert-butyl-5-(2,20-dihydroxy-1,10-binaphthyl-
7-yl)-3,3-dimethyl-2,3-dihydrofuran (8)

A solution of naphthalenecarboxylic acid 7 (2.16 g 4.47mmol) in AcOEt
(2mL) was added dropwise over 1min to a solution of Cu2Cr2O5

(185mg, 0.594mmol) in quinoline (4mL) and stirred at 230�C under N2

atmosphere for 5 h. The reaction mixture was cooled to room tempera-
ture and then was diluted with diethyl ether (6mL). The mixture was
filtered through celite, and the filtrate was poured into 3 M HCl and
extracted with AcOEt. The organic layer was washed with saturated
aqueous NaCl, dried over anhydrous MgSO4 and concentrated in vacuo.
The residue was chromatographed on silica gel and eluted with hexane–
AcOEt (4:1) to give 2,20-dihydroxy-1,10-binaphthyl 8 (1.51 g, 77%) as a
pale brown amorphous solid.

8: Colorless needles m.p. 141.0–142.0�C (from AcOEt–hexane); 1H
NMR (500MHz, CDCl3): dH 0.82 (s, 9H), 1.19 (s, 3H), 1.22 (s, 3H), 3.74
(s, 2H), 5.15 (br-s, 2H), 7.05 (s, 1H), 7.09 (d, J=8.2 Hz, 1H), 7.21–7.34
(m, 5H) , 7.80 (d, J=8.2 Hz, 1H), 7.83 (d, J=8.2Hz, 1H), 7.86 (d, J=9.2 Hz,
1H), 7.89 (d, J=9.2 Hz, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 27.3,
27.4, 32.2, 32.3 (� 3), 47.1, 83.0, 110.8, 111.3, 117.7, 118.0, 123.9, 124.4,
125.6, 125.7, 126.2, 127.4, 127.9, 128.2, 128.9, 129.3, 130.9, 131.3, 132.9,
133.5, 135.0, 149.7, 152.7, 152.8 p.p.m.; IR (KBr): n 3473, 3419, 2957,
2868, 1619, 1598 cm–1; Mass (m/z, %): 438 (M+, 27), 436 (M+, 10), 424
(M+, 29), 423 (M+, 100), 421 (M+, 16), 313 (M+, 14); HRMS (M+, ESI):
461.2085, calculated for C30H30O3Na [M+Na+] 461.2093.

Synthesis of 4-tert-butyl-5-(2-hydroxy-20-methoxy-1,
10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (3a) and
4-tert-butyl-5-(20-hydroxy-2-methoxy-1,10-binaphthyl-7-yl)-
3,3-dimethyl-2,3-dihydrofuran (3a0)

2,20-Dihydroxy-1,10-binaphthyl 8 (801mg, 1.83mmol) and K2CO3

(253mg, 1.83mmol) were added to N,N-dimethylformamide (DMF)
(6mL) and stirred under a N2 atmosphere at room temperature for 1 h.
To the solution, methyl iodide (Mel) (0.225mL, 3.63mmol) was added
and stirred at room temperature for 1 h. The reaction mixture was poured
into 1 M HCl and extracted with AcOEt. The organic layer was washed with
saturated aqueous NaCl, dried over anhydrous MgSO4 and concentrated
in vacuo. The residue was chromatographed on silica gel and eluted with
hexane–CH2Cl2 (1:4–1:2) to give 2-hydroxy-20-methoxy-1,10-binaphthyl 3a
(170mg, 21%) as a colorless solid and its 20-hydroxy-2-methoxy-1,10-
binaphthyl isomer 3a0 (298mg, 36%) as a pale yellow solid. 3a: Colorless
granules, m.p. 163.0–164.0�C (from AcOEt–hexane); 1H NMR (500MHz,
CDCl3): dH 0.83 (s, 9H), 1.21 (s, 3H), 1.22 (s, 3H), 3.74 (s, 2H), 3.78 (s, 3H),
4.90 (s, 1H), 6.98 (s, 1H), 7.18 (d, J=8.5Hz, 1H), 7.22 (dd, J=8.2 and
1.4Hz, 1H), 7.24–7.28 (m, 1H), 7.33–7.37 (m, 2H), 7.47 (d, J=9.2Hz, 1H),
7.81 (d, J=8.2Hz, 1H), 7.88 (d, J=8.7Hz, 1H), 7.89 (d, J=8.0Hz, 1H), 8.05
(d, J=9.2Hz, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 27.4, 27.4, 32.2,
32.3 (� 3), 47.1, 56.3, 82.9, 113.3, 114.9, 115.3, 117.7, 124.0, 124.8, 125.0,
125.7, 126.4, 127.4, 127.7, 128.0, 128.6, 129.3, 129.5, 131.0, 133.2, 133.9,
134.0, 150.2, 151.4, 155.8p.p.m.; IR (KBr): n 3486, 3056, 2956, 2867,
1592 cm–1; Mass (m/z, %): 452 (M+, 27), 438 (M+, 31), 437 (M+, 100), 327
(M+, 12); HRMS (ESI): 475.2254, calculated for C31H32O3Na [M+Na+]
475.2249. 3a0: pale yellow granules, m.p. 175.0–176.0�C (from AcOEt–
hexane); 1H NMR (500MHz, CDCl3): dH 0.80 (s, 9H), 1.19 (s, 3H), 1.22 (s,
3H), 3.75 (s, 2H), 3.80 (s, 3H), 4.90 (s, 1H), 7.01 (d, J=8.5Hz, 1H), 7.09 (s with
fine coupling, 1H), 7.19 (dd with fine coupling, J=8.5 and 6.9Hz, 1H),
7.25–7.30 (m, 2H), 7.34 (d, J=8.9Hz, 1H), 7.48 (d, J=8.9Hz, 1H), 7.82–7.87
(m, 2H), 7.89 (d, J=8.9Hz, 1H), 8.03 (d, J=8.9Hz, 1H) p.p.m.; 13C NMR
(125MHz, CDCl3): dC 27.2, 27.5, 32.2, 32.3 (� 3), 47.1, 56.6, 83.0, 114.0,
114.7, 115.6, 117.4, 123.1, 124.9, 125.7, 126.1, 126.3, 126.4, 127.7, 127.9,
128.9, 129.0, 129.7, 130.7, 133.5, 133.8, 134.9, 149.7, 151.2, 156.1 p.p.m.; IR
(KBr): n 3379, 3058, 2955, 2870, 1619, 1596 cm–1; Mass (m/z, %): 452 (M+,

28), 438 (M+, 31), 437 (M+, 100), 327 (M+, 13); HRMS (ESI): 475.2250, calcu-
lated for C31H32O3Na [M+Na+] 475.2249.

Synthesis of 4-tert-butyl-5-(2-hydroxy-20-neopentyloxy-1,
10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (3b)

20-Hydroxy-2-methoxy-1,10-binaphthyl 3a0 (501mg, 1.11mmol) was
added to a suspension of NaH (60% in oil, 99.7mg, 2.49mmol) in dry
DMF (5mL) at 0�C under a N2 atmosphere and stirred for 30min at room
temperature. To the solution, neopentyl iodide (0.29mL, 2.2mmol) was
added at room temperature and refluxed for 2 h. The reaction mixture
was poured into saturated aqueous NH4Cl and extracted with AcOEt.
The organic layer was washed with saturated aqueous NaCl, dried over
anhydrous MgSO4 and concentrated in vacuo. The residue was chroma-
tographed on silica gel and eluted with hexane–AcOEt (9:1) to give
2-methoxy-20-neopentyloxy-1,10-binaphthyl 3ab (531mg, 92%) as a pale
yellow solid. 3ab: Colorless granules, m.p. 151.0–152.0�C (from AcOEt–
hexane); 1H NMR (500MHz, CDCl3): dH 0.57 (s, 9H), 0.81 (s, 9H), 1.20
(s, 3H), 1.20 (s, 3H), 3.54 (qAB, J=8.1 Hz, 2H), 3.73 (s, 2H), 3.74 (s, 3H),
7.02 (s with fine coupling, 1H), 7.15–7.22 (m, 3H), 7.29 (ddd, J=8.2, 6.2
and 1.8 Hz, 1H), 7.37 (d, J=8.9 Hz, 1H), 7.41 (d, J=8.9 Hz, 1H), 7.80
(d, J=8.5 Hz, 1H), 7.84 (d, J=8.2 Hz, 1H), 7.92 (d, J=8.9 Hz, 2H) p.p.m.;
13C NMR (125MHz, CDCl3): dC 26.2 (� 3), 27.4, 27.5, 31.8, 32.2, 32.4
(� 3), 47.1, 56.6, 79.3, 82.9, 114.0, 115.4, 120.0, 120.1, 123.3, 124.9,
125.5, 125.6, 126.2, 126.8, 127.3, 127.7, 128.5, 128.8, 129.1, 129.1, 133.7,
133.8, 134.2, 150.4, 154.7, 155.2 p.p.m.; IR (KBr): n 3054, 2954, 2902,
2866, 1621, 1594 cm–1; Mass (m/z, %): 523 (M+ + 1, 13), 522 (M+, 33),
508 (M+, 38), 507 (M+, 100), 437 (M+, 12); HRMS (ESI): 523.3220, calculated
for C36H43O3 [M+H+] 523.3212, 545.3036, calculated for C36H42O3Na
[M+Na+] 545.3032.

MeSNa (52.0mg, 0.742mmol) was added to a solution of 2-methoxy-
20-neopentyloxy-1,10-binaphthyl 3ab (164mg, 0.314mmol) in dry DMF
(2mL) at 0�C under a N2 atmosphere and stirred at refluxing temperature
for 5 h. The reaction mixture was poured into saturated aqueous NH4Cl
and extracted with AcOEt. The organic layer was washed with saturated
aqueous NaCl, dried over anhydrous MgSO4 and concentrated in vacuo.
The residue was chromatographed on silica gel and eluted with
hexane–AcOEt (9:1) to give 2-hydroxy-20-neopentyloxy-1,10-binaphthyl
3b (139mg, 96%) as a pale yellow solid. 3b: Colorless columns, m.p.
178.0–178.5�C (from AcOEt–hexane); 1H NMR (500MHz, CDCl3): dH 0.63
(s, 9H), 0.81 (s, 9H), 1.19 (s, 3H), 1.21 (s, 3H), 3.59 (qAB, J=8.1 Hz, 2H),
3.73 (s, 2H), 4.95 (s, 1H), 6.96 (s with fine coupling, 1H), 7.20 (dd, J=8.2
and 1.4 Hz, 1H), 7.21 (d with fine coupling, J=8.5 Hz, 1H), 7.26 (dd with
fine coupling, J=8.5 and 6.6 Hz, 1H), 7.33 (d, J=8.7 Hz, 1H), 7.35 (dd with
fine coupling, J=8.0 and 6.6 Hz, 1H), 7.41 (d, J=8.9 Hz, 1H), 7.80
(d, J=8.2 Hz, 1H), 7.84–7.89 (m, 2H), 8.01 (d, J=8.9 Hz, 1H) p.p.m.;
13C NMR (125MHz, CDCl3): dC 26.2 (� 3), 27.4 (� 2), 31.9, 32.2, 32.4
(� 3), 47.1, 79.4, 82.9, 115.2, 115.5, 115.9, 117.6, 124.0, 124.7, 125.2,
125.6, 126.3, 127.3, 127.6, 128.0, 128.5, 129.3, 129.4, 130.8, 133.5, 133.8,
134.3, 150.4, 151.5, 155.6 p.p.m.; IR (KBr): n 3471, 3060, 2954, 2865,
1620, 1590 cm–1; Mass (m/z, %): 509 (M+ + 1, 10), 508 (M+, 26), 494
(M+, 34), 493 (M+, 100), 239 (M+, 10). HRMS (ESI): 509.3079, calculated
for C35H41O3 [M+H+] 509.3056, 531.2882, calculated for C35H40O3Na
[M+Na+] 531.2875.

Synthesis of 4-tert-butyl-5-(2,20-dihydroxy-30hydroxymethyl-
1,10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (9)

A solution of naphthalenecarboxylate 6 (517mg, 1.04mmol) in dry tetra-
hydrofuran (THF) (3mL) was added dropwise to a suspension of LiAlH4

(64.2mg, 1.69mmol) in dry THF (2mL) at 0�C under a N2 atmosphere
and stirred at room temperature for 1 h. The reaction mixture was
quenched with H2O in THF, poured into 3 M HCl and extracted with
AcOEt. The organic layer was washed with saturated aqueous NaCl, dried
over anhydrous MgSO4 and concentrated in vacuo. The residue was
chromatographed on silica gel and eluted with hexane–AcOEt (2:1) to
give 2,20-dihydroxy-30-hydroxymethylbinaphthyl 9 (447mg, 92%) as a

Magnesium methoxide-induced chemiluminescent decomposition
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colorless solid. 9: Colorless granules, m.p. 223.0–224.0�C (from AcOEt–
hexane). 1H NMR (500MHz, CDCl3): dH 0.82 (s, 9H), 1.20 (s, 3H), 1.22 (s,
3H), 2.48 (t, J=6.2Hz, 1H), 3.75 (s, 2H), 4.91–4.99 (m, 2H), 5.14 (s, 1H),
5.83 (S, 1H), 7.04 (s with fine coupling, 1H), 7.11 (d, J=8.2Hz, 1H), 7.24–
7.30 (m, 2H), 7.34–7.39 (m, 2H), 7.83–7.87 (m, 2H), 7.91 (s, 1H), 7.94 (d,
J=8.9Hz, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 27.2, 27.4, 32.2, 32.3
(� 3), 47.1, 62.8, 83.0, 111.8, 111.9, 118.2, 124.2, 124.4, 125.4, 125.8,
126.2, 127.2, 127.9, 128.1, 128.5, 128.8, 129.0, 129.0, 130.8, 133.0, 133.3,
134.8, 149.7, 151.3, 152.8 p.p.m.; IR (KBr): n 3525, 3212, 2956, 2862,
1624 cm–1; Mass (m/z, %): 469 (M+ + 1, 14), 468 (M+, 40), 454 (M+, 32),
453 (M+, 100), 451 (M+, 14), 435 (M+, 15), 379 (M+, 15), 239 (M+, 10); HRMS
(ESI): 491.2197, calculated for C31H32O4Na [M+Na+] 491.2198.

Synthesis of 4-tert-butyl-5-[1-(2,2-dimethyl-1,3-dioxa-1,2,3,
4-tetrahydro-anthracen-9-yl)-2-hydroxy-7-naphthyl]-3,
3-dimethyl-2,3-dihydrofuran (3c)

2,20-Dihydroxy-3’-hydroxymethylbinaphthyl 9 (1.51 g, 3.23mmol), acetone
dimethyl acetal (1.59mL, 12.9mmol) and pyridinium p-toluenesulfonate
(84mg, 0.33mmol) were dissolved in acetone (15mL) and refluxed under
N2 atmosphere for 3 h. The reaction mixture was poured into saturated
aqueous NaHCO3 and extracted with AcOEt. The organic layer was
washed with saturated aqueous NaCl, dried over anhydrous MgSO4 and
concentrated in vacuo. The residue was chromatographed on silica gel
and eluted with hexane–AcOEt (4:1) to give cyclic acetal 3c (1.38 g,
84%) as a pale brown solid. 3c: Colorless needles, m.p. 201.5–202.0�C
(from AcOEt–hexane); 1H NMR (500MHz, CDCl3): dH 0.82 (s, 9H), 1.20
(s, 3H), 1.22 (s, 3H), 1.41 (s, 3H), 1.46 (s, 3H), 3.74 (qAB, J=8.0 Hz, 2H),
4.90 (s, 1H), 5.16 (qAB with fine coupling, J=15.3 Hz, 2H), 6.99 (s with fine
coupling, 1H), 7.12 (d, J=8.7 Hz, 1H), 7.21 (dd with fine coupling, J=8.7
and 6.6 Hz, 1H), 7.22 (dd, J=8.3 and 1.6 Hz, 1H), 7.33 (d, J=8.9 Hz, 1H),
7.33 (dd with fine coupling, J=8.0 and 6.6 Hz, 1H), 7.68 (s, 1H), 7.80
(d, J=8.0Hz, 1H), 7.81 (d, J=8.3Hz, 1H), 7.87 (d, J=8.9 Hz, 1H) p.p.m.
13C NMR (125MHz, CDCl3): dC 24.7, 24.8, 27.2, 27.5, 32.2, 32.4 (� 3), 47.1,
61.2, 82.9, 100.4, 114.6, 114.6, 117.7, 121.3, 124.3, 124.8, 124.9, 124.9,
125.6, 126.3, 126.8, 127.6, 127.6, 128.6, 128.7, 129.4, 133.3, 133.4, 134.0,
148.7, 150.2, 151.5 p.p.m.; IR (KBr): n 3484, 3049, 2981, 2962, 2866, 1618,
1602 cm–1; Mass (m/z, %): 509 (M+ + 1, 10), 508 (M+, 26), 451 (M+, 26),
450 (M+, 77), 436 (M+, 32), 435 (M+, 100), 379 (M+, 12); HRMS (ESI):
509.2718, calculated for C34H37O4 [M+H+] 509.2692, 531.2515, calculated
for C34H36O4Na [M+Na+] 531.2511.

Singlet oxygenation of 4-tert-butyl-5-(2-hydroxy-20-methoxy-1,
10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (3a)

Typical procedure: a solution of 2-hydroxy-20-methoxy-1,10-binaphthyl
3a (50.7mg, 0.112mmol) and tetraphenylporphin (1.0mg) in CH2Cl2
(5mL) was irradiated externally with 940 W Na lamp under an O2 atmo-
sphere at 0�C for 30min. The photolysate was concentrated in vacuo.
The residue was chromatographed on silica gel and eluted with
hexane–AcOEt (4:1) to give a diastereomeric mixture (50:50) of 5-tert-
butyl-1-(2-hydroxy-20-methoxy-1,10-binaphthyl-7-yl)-4,4-dimethyl-2,4,
7-trioxabicyclo[3.2.0]heptane (2a) (52.8mg, 97%) as a pale yellow solid.
2a: Colorless needles, m.p. 161.0–162.0�C (dec.) (from CH2Cl2–hexane)
(50:50 mixture of stereoisomers). 1H NMR (500MHz, CDCl3):dH 0.75 (s, 9H
0.50), 0.86 (s, 9H� 0.50), 1.04 (s, 3H� 0.50), 1.05 (s, 3H� 0.50), 1.10 (s, 3H
0.50), 1.25 (s, 3H� 0.50), 3.66 (d, J=8.0 Hz, 1H� 0.5), 3.69 (d, J=8.2 Hz,
1H� 0.5), 3.73 (s, 3H� 0.50), 3.77 (s, 3H� 0.50), 4.41–4.46 (m, 1H), 4.94
(s, 1H� 0.50), 4.95 (s, 1H� 0.50), 7.08 (d, J=8.5 Hz, 1H� 0.50), 7.14
(d, J=8.5 Hz, 1H� 0.50), 7.18–7.27 (m, 1H), 7.30–7.37 (m, 2H), 7.39
(d, J=8.8 Hz, 1H), 7.42–7.49 (m, 2H), 7.83-7.93 (m, 3H), 8.05 (d, J=8.8 Hz,
1H) p.p.m. 13C NMR (125MHz, CDCl3): dC 18.4, 24.6 and 24.8, 26.7 and
26.8, 36.5 and 36.6, 45.4 and 45.4, 56.2 and 56.4, 80.1 and 80.1, 104.8
and 104.8, 113.2 and 113.4, 114.3 and 114.5, 116.0 and 116.1, 116.7,
118.6, 122.6 and 122.6, 124.0 and 124.0, 124.5 and 124.7, 125.6 and
125.7, 127.2 and 127.3, 127.7 and 127.8, 128.1 and 128.1, 129.3, 129.3
and 129.3, 129.3 and 129.4, 131.3 and 131.3, 132.9 and 133.0, 133.5

and 133.6, 133.9 and 134.0, 151.7 and 151.7, 155.9 and 155.9 p.p.m.; IR
(KBr): n 3497, 3448, 3060, 2962, 2894, 1623, 1593 cm–1; Mass (m/z, %):
485 (M+ + 1, 16), 484 (M+, 47), 428 (M+, 30), 344 (M+, 31), 328 (M+, 24),
327 (M+, 100), 268 (M+, 27), 267 (M+, 23), 266 (M+, 11), 255 (M+, 10),
239 (M+, 26), 226 (M+, 13), 57 (M+, 44); HRMS (ESI): 507.2155, calculated
for C31H32O5Na [M+Na+] 507.2147.

5-tert-Butyl-1-(2-hydroxy-20-neopentyloxy-1,10-binaphthyl-
7-yl)-4,4-dimethyl-2,4,7-trioxabicyclo[3.2.0]heptane (2b)

Singlet oxygenation of 4-tert-butyl-5-(2-hydroxy-20-neopentyloxy-1,
10-binaphthyl-7-yl)-3,3-dimethyl-2,3-dihydrofuran (3b) was carried out sim-
ilarly to the case of 3a to give dioxetane 2b as a mixture of diastereomer
(50:50) in 96% yield. 2b: Colorless needles, m.p. 176.0–177.0�C (dec.)
(from CH2Cl2–hexane) (50:50 mixture of stereoisomers). 1H NMR
(500MHz, CDCl3):dH 0.58 (s, 9H� 0.50), 0.62 (s, 9H� 0.50), 0.73 (s, 9H
0.50), 0.82 (s, 9H� 0.50), 1.02 (s, 3H� 0.50), 1.04 (s, 3H), 1.25 (s, 3H� 0.50),
3.47–3.53 (m, 1H), 3.60–3.71 (m, 2H), 4.40–4.46 (m, 1H), 5.02 (s, 1H� 0.50),
5.03 (s, 1H� 0.50), 7.13 (d, J=8.2Hz, 1H� 0.50), 7.17–7.26 (m, 1.5 H),
7.27–7.42 (m, 4.5 H), 7.48 (dd, J=8.5 and 1.6Hz, 1H� 0.50), 7.81–7.90
(m, 3H), 8.00 (d, J= 8.9 Hz, 1H) p.p.m.; 13C NMR (125MHz, CDCl3):
dC 18.3 and 18.4, 24.4 and 24.8, 26.1 and 26.1, 26.7 and 26.8, 31.8 and
31.9, 36.5 and 36.6, 45.4 and 45.4, 79.2 and 79.3, 80.1 and 80.2, 104.8
and 104.9, 114.9 and 115.0, 115.1 and 115.4, 116.2 and 116.3, 116.8 and
116.8, 118.4 and 118.4, 122.3 and 122.4, 123.9 and 124.0, 124.8 and
124.8, 125.7 and 125.8, 127.1 and 127.2, 127.6 and 127.7, 128.1
and 128.1, 129.1 and 129.1, 129.1 and 129.2, 129.3 and 129.4, 131.1
and 131.1, 133.1 and 133.2, 133.4 and 133.4, 134.2 and 134.2,
151.9 and 151.9, 155.6 and 155.6 p.p.m.; IR (KBr): n 3492, 3059, 2957,
2870, 1623, 1603, 1592 cm–1; Mass (m/z, %): 541 (M+ + 1, 38), 540
(M+, 100), 384 (M+, 27), 383 (M+, 85), 330 (M+, 40), 314 (M+, 20), 313
(M+, 92), 312 (M+, 90), 295 (M+, 17), 285 (M+, 16), 284 (M+, 18), 268
(M+, 23), 267 (M+, 41), 266 (M+, 18), 256 (M+, 11), 255 (M+, 26), 240
(M+, 14), 239 (M+, 56), 228 (M+, 12), 227 (M+, 10), 226 (M+, 19), 57
(M+, 89); HRMS (ESI): 541.2991, calculated for C35H41O5 [M+H+]
541.2954, 563.2776, calculated for C35H40O5Na [M+Na+] 563.2773.

Synthesis of 5-tert-butyl-1-[1-(2,2-dimethyl-1,3-dioxa-1,2,3,
4-tetrahydro-anthracen-9-yl]-2-hydroxy-7-naphthyl)-4,4-
dimethyl-2,4,7-trioxabicyclo[3.2.0]heptane [2c(a)] and [2c(b)]

Singlet oxygenation of 4-tert-butyl-5-[1-(2,2-dimethyl-1,3-dioxa-1,2,3,
4-tetrahydroanthracen-9-yl)-2-hydroxy-7-naphthyl]-3,3-dimethyl-2,
3-dihydrofuran (3c) (305mg) was carried out similarly to the case of 3a.
The photolysate was concentrated in vacuo, and the residue was chro-
matographed on silica gel and eluted with hexane–CH2Cl2 (1:4) to give
2c(b) (178mg, 54.8%) as a colorless solid and its isomer 2c(a) (111mg,
34.1%) as a colorless solid. 2c(b): Colorless needles, m.p. 153.0–154.0�C
(dec.) (from CH2Cl2–hexane).

1H NMR (500MHz, CDCl3): dH 0.69 (s, 9H),
1.04 (s, 3H), 1.29 (s, 3H), 1.34 (s, 3H), 1.38 (s, 3H), 3.72 (d, J=8.2 Hz, 1H),
4.46 (d, J=8.2 Hz, 1H), 5.03 (s, 1H), 5.12 (qAB, J=15.2 Hz, 2H), 7.08
(d, J=8.5 Hz, 1H), 7.18 (dd, J=8.5 and 6.9 Hz, 1H), 7.31 (dd, J=8.0 and
6.9 Hz, 1H), 7.37–7.42 (m, 3H), 7.65 (s, 1H), 7.78 (d, J=8.0 Hz, 1H), 7.84
(d, J=9.2 Hz, 1H), 7.88 (d, J=8.9 Hz, 1H) p.p.m.; 13C NMR (125MHz,
CDCl3): dC 18.4, 23.8, 24.9, 25.8, 26.7, 36.5, 45.5, 61.2, 80.2, 100.4, 104.8,
114.1, 115.5, 116.8, 118.6, 121.3, 122.5, 124.2, 124.6, 125.2, 125.7, 126.6,
127.8, 127.8, 128.7, 129.2, 129.3, 133.0, 133.4, 133.4, 148.9, 151.9 p.p.m.;
IR (KBr): n 3539, 3060, 2981, 2895, 1627, 1604 cm–1; Mass (m/z, %): 540
(M+, 11), 483 (M+, 28), 482 (M+, 83), 426 (M+, 10), 383 (M+, 10), 342
(M+, 17), 327 (M+, 12), 326 (M+, 28), 325 (M+, 100), 324 (M+, 21), 298
(M+, 14), 297 (M+, 13), 296 (M+, 14), 271 (M+, 14), 269 (M+, 21), 268
(M+, 19), 267 (M+, 12), 252 (M+, 16), 250 (M+, 10), 240 (M+, 12), 239
(M+, 39), 57 (M+, 70); HRMS (ESI): 563.2414, calculated for C34H36O6Na
[M+Na+] 563.2410. 2c(a): Colorless needles, m.p. 166.0–167.0�C (dec)
(from CH2Cl2–hexane);

1H NMR (500MHz, CDCl3): dH 0.81 (s, 9H), 1.02
(s, 6H), 1.37 (s, 3H), 1.46 (s, 3H), 3.62 (d, J=8.2 Hz, 1H), 4.42 (d, J=8.2Hz,
1H), 5.04 (s, 1H), 5.13 (qAB, J=15.4Hz, 2H), 6.96 (d, J=8.5Hz, 1H), 7.12
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(ddd, J=8.5, 6.9 and 1.1Hz, 1H), 7.27 (s with fine coupling, 1H), 7.28 (ddd,
J=8.2, 6.9 and 1.1Hz, 1H), 7.38 (d, J=8.9Hz, 1H), 7.50 (dd, J=8.5 and
1.8Hz, 1H), 7.64 (s, 1H), 7.75 (d, J=8.2Hz, 1H), 7.86 (d, J=8.5Hz, 1H),
7.89 (d, J=8.9Hz, 1H) p.p.m.; 13C NMR (125MHz, CDCl3): dC 18.4, 24.3,
24.5, 25.3, 26.9, 36.6, 45.4, 61.2, 80.1, 100.4, 104.9, 114.1, 115.3, 116.8,
118.6, 121.2, 122.5, 124.2, 124.7, 125.1, 125.5, 126.7, 127.6 (� 2), 128.6,
129.3, 129.3, 133.1, 133.4, 133.6, 148.7, 151.9p.p.m.; IR (KBr): n 3391,
3060, 2984, 2960, 2894, 1629, 1604 cm–1; Mass (m/z, %): 540 (M+, 11),
483 (M+, 27), 482 (M+, 82), 426 (M+, 10), 383 (M+, 10), 342 (M+, 16), 327
(M+, 13), 326 (M+, 27), 325 (M+, 100), 324 (M+, 21), 298 (M+, 14), 297
(M+, 14), 296 (M+, 15), 271 (M+, 15), 269 (M+, 22), 268 (M+, 20), 267
(M+, 13), 252 (M+, 16), 251 (M+, 10), 250 (M+, 12), 240 (M+, 13), 239
(M+, 44), 226 (M+, 10), 57 (M+, 71); HRMS (ESI): 563.2417, calculated for
C34H36O6Na [M+Na+] 563.2410.

Thermal decomposition of 5-tert-butyl-1-(2-hydroxy-20-
methoxy-1,10-binaphthyl-7-yl)-4,4-dimethyl-2,4,
7-trioxabicyclo[3.2.0]heptane (2a)

Typical procedure: Dioxetane 2a (69.4mg, 0.143mmol) was stirred in
p-xylene (0.7mL) for 2 h at refluxing temperature. After the concentration
in vacuo, the reaction mixture was chromatographed on silica gel and
eluted with AcOEt–hexane (1:9) to give 2,2,4,4-tetramethyl-3-oxopentyl
2-hydroxy-20-methoxy-1,1-binaphthyl-7-carboxylate (12a) (63.8mg, 92%
yield) as a colorless solid. The other dioxetanes 2b and 2c were similarly
decomposed in hot p-xylene to give keto ester 12b in 99% yield and 12c
in 92% yield, respectively.

12a: Colorless granules, m.p. 190.5–191.0�C (from AcOEt–hexane).
1H NMR (500MHz, CDCl3): dH 1.03 (s, 9H), 1.14 (s, 3H), 1.17 (s, 3H), 3.80
(s, 3H), 4.24 (qAB, J=10.8 Hz, 2H), 4.97 (br-s, 1H), 7.11 (d, J=8.5 Hz, 1H),
7.27 (dd with fine coupling, J=8.5 and 6.9 Hz, 1H), 7.36 (dd with
fine coupling, J=8.0 and 6.9 Hz, 1H), 7.45 (d, J=8.9Hz, 1H), 7.50
(d, J=9.2 Hz, 1H), 7.77 (s with fine coupling, 1H), 7.84 (dd, J=8.5 and
1.6 Hz, 1H), 7.87–7.95 (m, 3H), 8.08 (d, J=9.2 Hz, 1H) p.p.m.; 13C NMR
(125MHz, CDCl3): dC 23.4, 23.6, 26.0 (� 3), 27.9 (� 3), 31.7, 45.6, 48.9,
71.7, 78.9, 114.6, 114.7, 116.8, 119.8, 122.5, 124.0, 124.4, 127.4, 127.5,
128.1, 128.2, 128.3, 129.3, 129.4, 131.2, 131.2, 133.1, 133.8, 151.9, 155.6,
166.5, 215.7 p.p.m.; IR (KBr): n 3452, 3057, 2962, 2933, 2839, 1703, 1687,
1620, 1602 cm–1; Mass (m/z, %): 485 (M+ + 1, 14), 484 (M+, 25), 428
(M+, 25), 344 (M+, 28), 328 (M+, 23), 327 (M+, 100), 268 (M+, 23), 237
(M+, 20), 239 (M+, 22), 226 (M+, 11), 57 (M+, 24); HRMS (ESI): 507.2157,
calculated for C31H32O5Na [M+Na+] 507.2147.

12b: Colorless viscous oil. 1H NMR (500MHz, CDCl3): dH 0.55 (s, 9H),
1.02 (s, 9H), 1.13 (s, 3H), 1.16 (s, 3H), 3.59 (qAB, J=8.2Hz, 2H), 4.23
(s, 2H), 5.06 (br-s, 1H), 7.20 (d, J=8.5 Hz, 1H), 7.28 (dd with fine coupling,
J=8.5 and 6.8 Hz, 1H), 7.35 (dd with fine coupling, J=8.0 and 6.8 Hz, 1H),
7.39–7.45 (m, 2H), 7.79 (s with fine coupling, 1H), 7.82 (dd, J=8.8 and
1.6 Hz, 1H), 7.85–7.91 (m, 3H), 8.01 (d, J=8.9 Hz, 1H) p.p.m.; 13C NMR
(125MHz, CDCl3): dC 23.4, 23.6, 27.9 (� 3), 45.6, 49.0, 56.5, 71.8, 113.6,
114.2, 116.5, 119.9, 122.7, 124.2, 124.4, 127.5, 127.8, 127.8, 128.3, 128.4,
129.5, 129.5, 131.3, 131.5, 133.0, 133.7, 151.8, 156.0, 166.5, 215.7 p.p.m.;
IR (KBr): n 3423, 3058, 2957, 2869, 1714, 1686, 1622, 1592 cm–1; Mass
(m/z, %): 541 (M+ + 1, 39), 540 (M+, 20), 384 (M+, 20), 383 (M+, 66), 330
(M+, 32), 314 (M+, 16), 313 (M+, 73), 312 (M+, 80), 295 (M+, 11), 285
(M+, 10), 284 (M+, 22), 268 (M+, 13), 267 (M+, 23), 255 (M+, 14), 239
(M+, 29), 57 (M+, 45); HRMS (ESI): 563.2777, calculated for C35H40O5Na
[M+Na+] 563.2773.

12c: Colorless granules, m.p. 206.0–207.0�C (from AcOEt–hexane).
1H NMR (500MHz, CDCl3): dH 1.02 (s, 9H), 1.16 (s, 3H), 1.18 (s, 3H), 1.39
(s, 3H), 1.41 (s, 3H), 4.25 (qAB, J=10.5 Hz, 2H), 5.00 (s, 1H), 5.18
(qAB, J=15.4 Hz, 2H), 7.10 (d, J=8.5 Hz, 1H), 7.23 (dd, J=8.5 and 6.4 Hz,
1H), 7.35 (dd, J=8.2 and 6.4 Hz, 1H), 7.44 (d, J=8.9 Hz, 1H), 7.70 (s, 1H),
7.79–7.86 (m, 3H), 7.89 (d, J=8.5 Hz, 1H), 7.92 (d, J=8.9 Hz, 1H) p.p.m.;
13C NMR (125MHz, CDCl3): dC 23.4, 23.7, 23.8, 25.9, 27.9 (� 3), 45.6,
49.0, 61.2, 71.8, 100.5, 113.6, 115.9, 120.0, 121.4, 122.7, 124.3, 124.4,
125.4, 126.9, 126.9, 127.6, 128.0 (� 2), 128.4, 128.8, 129.5, 131.3, 133.0,
149.0, 152.0, 166.5, 215.7 p.p.m.; IR (KBr): n 3421, 3061, 2970, 2871,

1715, 1685, 1627, 1602 cm–1; Mass (m/z, %): 540 (M+, 13), 483 (M+, 36),
482 (M+, 100), 426 (M+, 14), 383 (M+, 11), 342 (M+, 20), 327 (M+, 12),
326 (M+, 28), 325 (M+, 99), 324 (M+, 27), 298 (M+, 13), 297 (M+, 13), 296
(M+, 13), 271(M+, 11), 269 (M+, 17), 268 (M+, 15), 252 (M+, 12), 239
(M+, 28), 57 (M+, 38); HMS (ESI): 563.2413, calculated for C34H36O6Na
[M+Na+] 563.2410.

Chemiluminescence measurement:
general procedure
Chemiluminescence was measured by a Hamamatsu Photonics
PMA-11 (detection limit, 200–900 nm) and/or JASCO FP-6500
spectrometer (detection limit 200–900 nm).

Tetrabutylammonium fluoride/dimethyl sulfoxide system

A freshly prepared solution (2.00mL) of tetrabutylammonium
fluoride (TBAF) (1.0� 10–2mol/L) in DMSO was transferred to a
quartz cell (10� 10� 50mm), which was placed in a spectrome-
ter that was thermostated with stirring at 25�C. After 3–5min, a
solution of dioxetane 2 in DMSO (1.0� 10–4mol/L, 1.00mL) was
added by means of a syringe, and measurement was started
immediately. The time-course of the intensity of light emission
was recorded and processed according to first-order kinetics.
The total light emission was estimated by comparing it with
that of 3-adamantylidene-4-[3-(tert-butyldimethylsiloxy)phenyl]-
4-methoxy-1,2-dioxetane, the chemiluminescence efficiency ΦCL

of which has been reported to be 0.29 and was used here as a
standard (9,10).

NaOMe/MeOH system, typical procedure

A freshly prepared solution (2.00mL) of NaOMe (0.1 M) in MeOH
was transferred to a quartz cell (10� 10� 50mm), which was
placed in a spectrometer that was thermostated with stirring
at 45�C. After 3–5min, a solution of dioxetane 2 in MeOH
(1.0� 10–4mol/L, 1.00mL, 45�C) was added by means of a
syringe, and measurement was started immediately. The time-
course of the intensity of light emission was recorded and pro-
cessed according to first-order kinetics. The total light emission
was estimated as in the TBAF/DMSO system described above.
When tetrabutylammonium methoxide (TBAOMe), potassium

t-butoxide (KOt-Bu), or Mg(OMe)2 was used in place of NaOMe,
chemiluminescent decomposition was carried out according to
the procedure described above.

Results and discussion
First, we investigated the chemiluminescent decomposition of
2a, 2b and the two diastereomers 2c(a) and 2c(b) in a TBAF/
DMSO system, which is a typical triggering system that produces
a naked oxido anion for the base-induced decomposition of
hydroxyaryl-substituted dioxetanes (3,4). When dioxetanes 2a
and 2b were individually treated with a large excess of TBAF in
DMSO at 25�C, 2a and 2b rapidly decomposed according to
pseudo-first-order kinetics to effectively give light with maximum
wavelength lmax

CL = 576 and 577nm and chemiluminescence
efficiency ΦCL = 7.0 and 5.7� 10–2, respectively (Table 1) (9,10).
Notably, theΦCL values for 2a and 2bwere about five times higher
than those for 1 in the TBAF/DMSO system, as shown in Table 1.
Diastereomeric dioxetanes 2c(a) and 2c(b) similarly underwent
TBAF-induced decomposition to show chemiluminescence, for
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which theΦCLs and lmax
CLs resembled those for 2a and 2b, though

these two isomers showed slightly different rates of CTID, kCTID, as
shown in Table 1. For these TBAF-induced decompositions of

2a�c, freshly spent reaction mixtures exclusively gave the
corresponding keto esters 12a�c after neutralization. Thus, the
chemiluminescent decomposition of 2a�c was undoubtedly
thought to proceed through oxido anion 10a�c, which rapidly
decomposed to give keto ester 11a�c in the excited state
(Scheme 2).

The 20-alkoxy-2-hydroxy-1,10-binaphthyl-7-yl moiety in 2a–c
can act as a bidentate ligand for chelation to an appropriate
metal ion. If CTID takes place under the metal ion-chelation of
an oxidoaryl group as an electron donor, such chelation should
become a new entry to controlling the color and/or efficiency
of chemiluminescence and the rate of the CTID through regula-
tion of the stereochemistry of an oxidoaryl-substituted dioxe-
tane. For this purpose, we sought to preliminarily investigate
CTID of 2a–c in MeOH, as MeOH is the neutral solvent in which
a metal ion is soluble as in water, though it has been known to
often significantly decrease ΦCL for CTID of oxidoaryl-substituted
dioxetanes in MeOH (3,4).

When dioxetane 2a was treated with a large excess of NaOMe
in MeOH at 45�C, 2a underwent CTID to emit chemilumines-
cence (Fig. 2), the properties of which are summarized in Table 2.
Comparing the result for NaOMe/MeOH (Table 2) to that for a
TBAF/DMSO system (Table 1), we can see several characteristic

Scheme 2. Tetrabutylammonium fluoride-induced chemiluminescent decomposition of dioxetanes 2a�c.

(a) (b)

(c) (d)

Figure 2. Chemiluminescence spectra of dioxetanes 2a–c in a tetrabutylammonium methoxide, MeONa, t-BuOK, or Mg(OMe)2/MeOH system: (a) for 2a, (b) for 2b, (c) for
2c(a) and (d) 2c(b).

Table 1. TBAF-induced chemiluminescent decomposition
of binaphthyl-substituted dioxetanes in DMSOa

lmax
CL/nm ΦCL b kCTID/s–1 t1/2/s

2a 576 7.0� 10–2 4.3� 10–2 16
2b 577 5.7� 10–2 9.8� 10–2 7.1
2c(a) 573 7.9� 10–2 4.0� 10–2 17
2c(b) 573 7.9� 10–2 5.0� 10–2 14
(RaR/SaS)-1c 600 1.1� 10–2 1.8� 10–1 3.9
(RaR/SaS)-1c 600 9.2� 10–3 1.8� 10–1 3.9

DMSO, dimethyl sulfoxide; TBAF, tetrabutylammonium
fluoride.
aAll reactions were carried out at 25�C.
bBased on a value reported for the chemiluminescent
decomposition of 3-adamantylidene-4-(3-tert-butyldimethyl-
siloxyphenyl)-4-methoxy-1,2-dioxetane in TBAF/DMSO (9,10).
cRef. 8.
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features for CTID in a NaOMe/MeOH system. First, the lmax
CL in the

NaOMe/MeOH system was shifted slightly (�10nm) to a longer
wavelength region from the case in the TBAF/DMSO system. Sec-
ond, the ΦCL value for the NaOMe/MeOH system decreased to 1/
30 of that for the TBAF/DMSO system. Third, the kCTID significantly
decreased. When KOt-Bu was used as a base in place of NaOMe in
MeOH, CTID also took place to show chemiluminescence, the
spectrum and properties of which were very similar to those for
NaOMe (Fig. 2, Table 2).

We examined the chemiluminescent decomposition of 2a us-
ing tetrabutylammonium methoxide TBAOMe as a representa-
tive base with little coordination ability, to evaluate the effect
of alkaline metal ions on the chemiluminescence of 2a in MeOH
(Fig. 2, Table 2). The ΦCL value increased to some extent and
chemiluminescence spectrum showed a slight blue-shift. This re-
sult suggested that Na+ and K+ more or less affected the CTID of
dioxetane 2a through coordination to oxido anion 10a and 11a
(Scheme 2). This suggestion prompted us to investigate the CTID
of 2a induced by a metal alkoxide with stronger chelation ability,
with the expectation that it could become a new system based
on metal-chelation for triggering the chemiluminescence of
dioxetanes.

Our choice of metal alkoxide was Mg(OMe)2, which is soluble
in MeOH and has been reported to show characteristic activity
as a base that is different from those of alkaline metal alkoxides
for base-mediated reactions such as stereoselective aldol and
Claisen reactions (11,12); methoxides of alkaline earth metal
other than Mg are hardly soluble in MeOH. When treated with
a large excess of Mg(OMe)2 in MeOH at 45�C, dioxetane 2a
decomposed more slowly than with NaOMe and KOt-Bu to show
chemiluminescence with lmax

CL (550 nm), which was 36 nm
shorter than those for NaOMe and KOt-Bu. In addition to the
color change, the most prominent finding was that the ΦCL value
for the Mg(OMe)2 system was 2.4 times greater than those with
NaOMe or KOt-Bu and even larger than that with TBAOMe in
MeOH (Table 2).

Next, we investigated CTID of 2b triggered by NaOMe, KOt-Bu,
TBAOMe or Mg(OMe)2 in MeOH similarly to the cases of 2a
(Fig. 2, Table 2). The results show that Mg(OMe)2 also character-
istically affected CTID of 2b. The chemiluminescence spectrum
with Mg(OMe)2 showed a blue-shifted peak, while those with
NaOMe, KOt-Bu or TBAOMe shifted to red from the case in a
TBAF/DMSO system. The ΦCL value for the Mg(OMe)2 system
was greater than those with NaOMe, KOt-Bu or TBAOMe. To
better understand the characteristic features of CTID for 2a
and 2b induced by Mg(OMe)2, Fig. 3 shows the changes in the
values of lmax

CL and ΦCL depending on the metal alkoxide used
as a base in MeOH.
The blue-shift of lmax

CL and the decrease of kCTID are presum-
ably attributed to strong coordination of Mg2+ ion to an
oxidoaryl anion on the metal alkoxide used as a base in MeOH.
However, the increase of ΦCL could not simply be explained by
such coordination of Mg2+ ion. Referring that the stereochemis-
try around an aromatic electron donor has been reported to
strongly affect chemiluminescence properties such as ΦCL

(3,4,13), coordination of Mg2+ ion to a 2-oxido-1,10-binaphthylyl
group as a bidentate ligand was presumed to regulate stereo-
chemistry of the biaryl to increase ΦCL for CTID of 2a and 2b.
Finally, we investigated the decomposition of diastereomeric

2c(a) and 2c(b) in NaOMe, KOt-Bu, TBAOMe or Mg(OMe)2 system
(Figs 2 and 3, Table 2). Upon treatment with Mg(OMe)2 in MeOH,
2c(a) decomposed slowly to show chemiluminescence, for
which the lmax

CL (554 nm) was 29 nm shorter and the ΦCL value
was 1.7 times greater than those for NaOMe and KOt-Bu.
Diastereomer 2c(b) also showed chemiluminescence in NaOMe,
KOt-Bu or TBAOMe system, for which the ΦCL values and the
lmax

CLs were practically same as those for isomeric 2c(a). In con-
trast, chemiluminescence properties of 2c(b) in the Mg(OMe)2
system were considerably different from those for isomeric
2c(a). These discrepancies in lmax

CL,ΦCL and kCTID between diaster-
eomers indicated that Mg(OMe)2 diastereoselectively induced
the chemiluminescent decomposition of 2c(a) and 2c(b). Thus,

Table 2. Base-induced chemiluminescent decomposition of binaphthyl-substituted dioxetanes in MeOHa

Base lmax
CL/nm ΦCL b Relative ΦCL kCTID/s–1 t1/2/s

2a NaOMe 586 2.1� 10–3 1 2.2� 10–3 320
KOt-Bu 586 2.0� 10–3 1.0 2.2� 10–3 320
Mg(OMe)2 550 5.0� 10–3 2.4 4.5� 10–4 1500
TBAOMe 583 2.6� 10–3 1.2 1.9� 10–3 370

2b NaOMe 589 1.4� 10–3 1 4.6� 10–3 150
KOt-Bu 589 1.4� 10–3 1.0 4.7� 10–3 150
Mg(OMe)2 560 3.5� 10–3 2.5 6.1� 10–4 1100
TBAOMe 587 1.9� 10–3 1.4 4.2� 10–3 170

2c(a) NaOMe 583 2.3� 10–3 1 2.6� 10–3 270
KOt-Bu 583 2.3� 10–3 1.0 2.7� 10–3 260
Mg(OMe)2 554 5.1� 10–3 1.7 4.4� 10–4 1600
TBAOMe 581 3.0� 10–3 1.3 2.6� 10–3 270

2c(b) NaOMe 583 2.2� 10–3 1 1.9� 10–3 370
KOt-Bu 583 2.3� 10–3 1.0 1.9� 10–3 370
Mg(OMe)2 566 4.7� 10–3 2.1 2.6� 10–4 2700
TBAOMe 581 2.9� 10–3 1.3 1.8� 10–3 380

aAll reactions carried out at 45�C.
bBased on a value reported for the chemiluminescent decomposition of 3-adamantylidene-4-(3-tert-butyldimethylsiloxyphenyl)-4-
methoxy-1,2-dioxetane in tetrabutylammonium fluoride/dimethyl sulfoxide (9,10).
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as suggested already, Mg(OMe)2 presumably coordinated to a
2-oxido-1,10-binaphthylyl group as a bidentate ligand for CTID
of the present dioxetanes. Scheme 3 illustrates CTID of 2
induced by Mg(OMe)2, in which Mg2+ ion coordinates to 2 to
form Mg complex 13 with intermediary oxidoaryl-substituted
dioxetanes, the stereochemistry of which is considerably regu-
lated by the chelation.

Conclusions
Bicyclic dioxetanes 2a�c bearing a 20-alkoxy-2-hydroxy-1,
10-binaphthyl-7-yl moiety underwent base-induced decomposition
accompanied by the emission of light, the yield and spectrum of
which varied depending on the base/solvent system used. When
2a–c were treated with TBAF in DMSO they effectively emitted
flashes of orange light. In the case of alkaline metal (Na+ or K+)
alkoxide/MeOH systems, 2a–c decomposed slowly to show
glowing chemiluminescence, the spectra of which were slightly
shifted toward red from those in the TBAF/DMSO system, and
ΦCL decreased considerably. In addition, Mg(OMe)2 was found
to play a characteristic role as a base for the chemiluminescent
decomposition of 2a–c through coordination to the intermedi-
ary oxidoaryl-substituted dioxetane 13. Thus, Mg2+ increased ΦCL

to more than twice those for Na+ or K+, while it shifted lmax
CL

considerably to blue.
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We have proposed large-scale photobiological H2 production by cyanobacteria in large flexible 
plastic bags as the bioreactors floating on the sea surface in the future. The H2 production is 
based on the photosynthesis and nitrogenase activities of nitrogen-fixing cyanobacteria, and we 
have created more than 50 hydrogenase- and nitrogenase-related mutants of Nostoc species by 
genetic engineering. Some of the mutants accumulated H2 for more than 60 days in the presence of O2 
evolved by photosynthesis. In order that our proposed system is put into practice, one of the issues is the cost 
reduction of photobioreactors. In laboratory experiments, we have shown that flexible transparent plastic 
bags (Wakhy bags) are good barriers to H2. The escape of the photobiologically produced H2 from large plastic 
photobioreactors is estimated to be about 0.2% in 60 days. For the sustained H2 production, the N2 
concentration in the gas phase should be low. The H2 production activities of some of the nitrogenase 
mutants are not inhibited by N2, and N2 gas can be used in place of Ar as the gas mixture for H2 production 
by such mutants. 
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Abstract:  Preparation and structural characterization of novel intercluster compounds, 
i.e., [{Au(PPh3)}4(μ4-O)]3[ -PW12O40]2·4EtOH (1), [{Au(PPh3)}4(μ4-O)]2[ -SiW12O40]·2H2O (2) 
and [{Au(PPh3)}4(μ4-O)]3[ -PMo12O40]2·3EtOH (3), constructed between a tetrakis{triphenyl 
phosphinegold(I)}oxonium cation and a saturated -Keggin polyoxometalate (POM), are 
described. The tetragold(I) cluster oxonium cation was formed during the course of car-
boxylate elimination of a monomeric phosphinegold(I) carboxylate complex, i.e., [Au((R,S)-
pyrrld)(PPh3)][(R,S)-Hpyrrld = (R,S)-2-pyrrolidone-5-carboxylic acid], in the presence of 
the free acid form of a Keggin POM, Hn[ -XM12O40]·mH2O (n = 3, X = P, M = W, Mo; n = 4, 
X = Si, M = W; m = 7-14). The tetragold(I) cluster cation in 1 was composed of four PPh3AuI 
units bridged by a central μ4-oxygen atom in a distorted tetrahedron. On the other hand, 
by using sodium salt of Keggin POM, Na3[PW12O40]·9H2O, the heptagold(I) cluster cation 
was formed, i.e., in the form of [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][ -PW12O40]·EtOH 
(4). The heptagold(I) cluster unit in 4 was formed by four inter-aurophilic interactions 
between the tetragold(I) cluster unit and trigold(I) cluster unit, which contained μ4-O and 
μ3-O atoms, respectively. The POM anion in 1 can be exchanged with the BF4

- anion us-
ing an anion-exchange resin (Amberlyst A-27) in BF4

- form, resulting in the formation of 
[{Au(PPh3)}4( 4-O)](BF4)2. On the other hand, when the POM anion in 4 was exchanged 
with BF4

-, the heptagold(I) cluster was decomposed and a tetragold(I) cluster was formed. 
This suggests that the heptagold(I) cluster can exist only in the presence of POM. These 
compounds were characterized by elemental analysis, thermogravimetric and differential 
thermal analyses, Fourier transform IR, X-ray crystallography, and solid-state (CPMAS 
31P and 29Si) and solution (31P{1H} and 1H) NMR spectroscopy.
Keywords:  polyoxometalate, intercluster compound, multinuclear gold(I) triphenylphosphine 
cluster cation, NMR, X-ray crystallography

Keggin 型ヘテロポリアニオンと金 (I) 多核クラスターからなる
新規クラスター間化合物の合成
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POM [ -XW12O40]n- X = P, Si, B, Co; n = 3-6
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I 4
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