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はじめに

エリブリン（商品名：ハラヴェン）は，「アントラサイクリ
ン系およびタキサン系抗がん剤を含む少なくとも2種類のが
ん化学療法による前治療歴のある転移性乳がん」に対する適
応で2010年11月に米国FDAにおいて認可された抗悪性腫
瘍剤である．その後，2011年1月には欧州，同4月には日本
でも承認を受け，現在はスイス，シンガポールにおいても販
売されている．この医薬品はクロイソカイメンより単離され
た海洋天然物ハリコンドリンBをリード化合物としており，
その開発は日本においてなされたものである．本稿では，ハ
リコンドリンBの発見からエリブリンに至る経緯を解説す
る．海洋性天然物をリードとした創薬に関する理解を深める
一助となれば幸いである．

 Ⅰ  ハリコンドリンB：単離と構造決定

 1. 日本における海洋性天然物
日本の国土面積は約38万km2で世界60位に位置するが，
排他的経済水域は広大で世界第6位である．さらに，この水
域の体積を見ると世界第4位であり，水深5,000m以深の保
有体積では世界第一位となる．このような特徴は，島国であ
る日本にとって海洋資源の潜在的な力を物語るものである．
そのような地理的背景に立脚して，天然有機化合物，特に
海洋生物由来天然物およびそれらを中心とした生理活性低分

子化合物探索の研究分野は，長年にわたり日本が世界を牽引
してきた．日本人が関与した代表的な海洋性天然物には，フ
グ毒のテトロドトキシンや，貝毒オカダ酸，イワスナギンチャ
ク由来の猛毒であるパリトキシンなどが挙げられる．これら
は化学構造の複雑さから構造決定も困難を極め，さらに有機
合成的にもチャレンジングな標的となっている．特筆すべき
は，これら天然物が化学としての研究対象のみならず，切れ
味鋭い試薬として生命科学研究においても重要な位置を占め
ているという事実である．このことは突き詰めれば，医薬品
としての利用も示唆する．

 2. ハリコンドリン類の単離と構造
海洋性天然物は必ずしも魚や貝によって作り出されるわけ

ではない．多くは海藻に付着する渦鞭毛藻や細菌が真の生産
者であると推定されている．つまり，これらが藻食性の魚に
摂取され，続いて肉食性の魚に濃縮されていくという機構で
ある．ところで，海綿は日にトン単位の海水を体内に組み入
れ，共生微生物を体内に住まわせている．共生微生物の量は
想像以上に多く，体の容積の40％を占めるという報告もあ
る．したがって，天然物の真の生産者としての海洋微生物の
濃縮体である海綿を材料とすれば，獲得できる天然物の多様
性が広がると期待できる．筆者らはこの考えを実践し，容易
に大量入手可能なクロイソカイメン（Halichondria okadai 

Kadota）を選び，生理活性物質の探索を行った．
クロイソカイメンは相模湾および房総半島以南の潮溜まり

に多く見られ，黒あるいは黒灰色をしている（図1A）．筆者
らは神奈川県三浦半島油壺にて採取したクロイソカイメン

特集 創薬スクリーニングの新時代（仮）

エリブリン（ハラヴェン）：
海洋天然物からの創薬展開
Eribulin（Halaven）: Development of Anticancer Drug from Marine Natural Products

川添嘉徳，上村大輔
Yoshinori Kawazoe, Daisuke Uemura

海洋生物は，私たちの想像をはるかに超えた複雑な構造を持つ天然物を産生する．さらに重要なことは，それらの多く
が切れ味鋭い生理活性物質として機能することである．近年上市された抗がん剤であるエリブリンも，そのような海洋
性天然物であるハリコンドリンBをリード化合物として開発された．その開発の過程には，天然物の単離と構造決定，
その全合成，そして作用機構の解明といった化学と生命科学のエッセンスが凝縮されており，今後の天然物をリード化
合物とした創薬におけるモデルケースになると考えられる．

ハリコンドリンB，エリブリン，海洋天然物
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600kgを用いて，その抽出物をマウスB-16メラノーマ細胞
に対する抗腫瘍活性を指標にして生理活性物質の精製を進
めた．この海綿にはホスファターゼ阻害活性を有するオカダ
酸が比較的多量に含まれていることから，その混入を抑える
ように工夫しながらカラム操作を繰り返した（図1B）．そ
の結果，構造的に類似した8種の新規化合物の単離に成功
し，これらをハリコンドリン類と名付けた（図1C）1)，2)．ハ

リコンドリン類の分子式と分子量を表1に示す．炭素数59，
60，61の化合物をそれぞれノルハリコンドリン，ハリコンド
リン，ホモハリコンドリンとした．同じ系列における質量の
差32および16は，トリシクロ環部分における水酸基の数に
由来し，その部分のヒドロキシ基数が2個あるいは1個のも
のを各々A群，C群とし，1つも有しない化合物をB群とし
た．

■図1 ハリコンドリン類の単離スキームと化学構造
A：クロイソカイメンHalichondria okadai ．
B：600kgのクロイソカイメン粗抽出物をB-16メラノーマ細胞に対する抗腫瘍活性を指標に分離を進め，8種類のハリコンドリン類を得た．
C：決定したハリコンドリン類の化学構造．

クロイソカイメン
（600kg）

有機層 水層

破砕・メタノール抽出，濾過・濃縮
n-ブタノール抽出
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 Ⅱ  ハリコンドリン類の抗腫瘍活性

 1. in vitroにおける活性
表2に in vitroでのマウスB-16メラノーマ細胞に対する細
胞毒性を示す．構造活性相関について考察してみると，トリ
シクロ環部分は最も疎水的なB群が良く，ハリコンドリンB

およびホモハリコンドリンBが他に比べて強い活性を示す
（それぞれ IC50値が0.093ng/mL，0.10ng/mL）．構造式の左
末端部分は親水性であるヒドロキシ基の数が多いほうが良
く，カルボン酸になるとノルハリコンドリンAのように，極
端に弱まる．

 2. in vivoにおける活性
ハリコンドリンBのマウス個体における抗腫瘍効果を表3

に示す．B-16メラノーマ細胞を移植したマウスにハリコン
ドリンBを腹腔内投与したところ，低濃度領域でも顕著な効
果を示した．この効果は静脈注射によっても再現することが
できる．さらに，P-388あるいはL-1210という2種類のマウ
ス白血病細胞を用いた動物実験でも，300％を超える延命効

果が観察された．加えてマウス個体自身には顕著な毒性を示
さなかったことから，ハリコンドリンBは新しい抗がん薬と
して期待が持たれた．

 3. 米国国立がん研究所による抗腫瘍剤探索
ハリコンドリンBの発見と時を前後して，米国国立がん研

究所（NCI）では新規抗腫瘍薬の探索が精力的に行われてい
た．およそ7000個の新規化合物をスクリーニングして複数
の候補化合物が得られた．そのほとんどが穏やかな効果しか
示さなかった中で，ただ2つの例外があった．その2つがハ
リコンドリンBとホモハリコンドリンBである 3)．これを契
機にNCIでは，特に有望であったハリコンドリンBについて
詳細な解析がなされた．この解析には，当時NCIに新たに導
入された60-cell line screenを適用して行われている．本法
では60種類の異なるヒト腫瘍細胞株に対して目的化合物を
様々な濃度で処理し，各々の細胞種に対する作用プロファイ
ルを作成する．それとは別に，およそ200種類からなる作用
機構があらかじめわかっている“基準”化合物群の作用プロ
ファイルを用意しておく．この両者を比較することによって，
目的化合物の作用機構を解明しようというものである．一連

■表1 ハリコンドリン類の分子式と分子量 ■表2 in vitroでのハリコンドリン類のB-16メラノーマに
 対する細胞毒性

■表3 in vivoでのハリコンドリンBのB-16メラノーマに対する抗腫瘍活性

MST；生存期間中央値，T/C；試験群／対照群（Test group/Control group）．

化合物 分子式 分子量

ノルハリコンドリンA C59H82O21 1126

ノルハリコンドリンB C59H82O19 1094

ノルハリコンドリンC C59H82O20 1110

ハリコンドリンB C60H86O19 1110

ハリコンドリンC C60H86O20 1126

ホモハリコンドリンA C61H86O21 1154

ホモハリコンドリンB C61H86019 1122

ホモハリコンドリンC C61H86O20 1138

化合物 IC50（ng/mL）
ハリコンドリンB 0.093
ノルハリコンドリンA 5.2
ホモハリコンドリンA 0.26
ハリコンドリンC 0.35
ホモハリコンドリンB 0.10

化合物 用量（mg/kg） 投与方法 MST（日） T/C（%）
ハリコンドリンB 0 第1～9日（腹腔内投与） 16

2.5 32.5 203
5.0 39 244
0 第1，3，5，7，9日（腹腔内投与） 19
5.0 37.5 197
10.0 39.5 208
0 第1，5，9日（腹腔内投与） 18
10.0 36.5 203
20.0 39.5 219
0 第1，4，7，10日（静脈投与） 17.5
10.0 27.5 157
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の解析の結果，ハリコンドリンBの作用プロファイルは，コ
ルヒチンやタキソールといったチューブリン結合性の細胞分
裂阻害剤のそれと酷似しており，実際に細胞周期をM期に留
めることが明らかとなった．同時に，in vitroにおいてチュー
ブリンの重合を阻害することが示されている．
引き続きハリコンドリンBとチューブリンの結合様式が

検討されたところ，この天然物はビンブラスチンのチューブ
リンへの結合を非競合的に阻害すると同時に，コルヒチンの
チューブリンへの結合を阻害しないことが明らかとなった．
この結果は，ハリコンドリンBがビンブラスチンやコルヒチ
ンとは異なる部位に結合することを示唆する．したがって，
ハリコンドリンBの強力な抗腫瘍活性に加えて，そのチュー
ブリンとの相互作用機構が既存のチューブリン結合性細胞分
裂阻害剤とは著しく異なることから，この化合物は有望な臨
床開発候補と認識されるようになった．しかしながら，さら
なる開発研究を進めるうえで1つ問題があった．供給量が極
端に少ないのである．600kgの海綿からわずか12.5mgしか
得られないため，これ以上の開発研究を行うことは事実上不
可能である．このような状況を打破したのが，ハリコンドリ
ンBの有機化学的全合成の達成である．

 Ⅲ  ハリコンドリンBの全合成

ハリコンドリン類は，分子中に31～34個の不斉炭素を含
む大変複雑な化合物である．このことから，この天然物は有
機合成的にも非常に興味深い合成ターゲットとして捉えられ
ていた．事実1986年の構造決定に端を発して，複数のグルー
プがその全合成に着手している．そして1992年，ハーバー
ド大学の岸 義人博士のグループからついにハリコンドリン
Bの全合成が報告された 4)，5)．本合成の卓越している点は，
ハリコンドリンBの全合成のみならずそれらの実用的供給の
確立をも志向していたことである．岸博士らはこの目的のた
めに，大量スケールでも実施可能な新規有機クロムカップリ
ング法（野崎 -檜山 -岸カップリング反応；NHK反応）を開発
し，ハリコンドリンBの合成に応用した．この合成ルートは
すべての合成パーツが複数あるハリコンドリンB異性体の中
でも最終的にハリコンドリンBのみに収束していくというエ
レガントなものである．ハリコンドリンBの全合成の報告は
現在においてもこの一例のみであり，合成化学の金字塔の1

つであると捉えられている．この研究は，ハリコンドリンB

の大量供給を可能にしたばかりでなく，後述するように臨床
開発において新しい知見を生み出すことに貢献した．

■図2 ハリコンドリンBからエリブリンへ
ハリコンドリンBの全合成を端緒に，この化合物に様々な修飾が加えられ，エリブリンが創製された．
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微小管形成に関与しない
チューブリンの重合

エリブリンが作用

微小管伸長

チューブリン
の重合

チューブリン
の脱重合

①

②

③

エリブリンはここには作用しない
微小管短縮

エリブリンが作用

紡錘体の
極

チューブリンモノマー
の凝集

 Ⅳ  ハリコンドリンBからエリブリンへ

 1. ハリコンドリンBの活性部位の抽出
一般に医薬品の開発においては，天然物や化合物ライブラ
リーにおけるヒット化合物そのものが臨床で利用されること
はほとんどない．これら医薬品の候補となるリード化合物に
対して，活性の増強や不都合な作用の軽減，体内動態や代謝
安定性の向上を目的に，種々の化学的修飾を施して最適化が
なされる．しかし，ハリコンドリンBは非常に複雑な構造で
あり，また酸に対して不安定であることから化学修飾の幅も
限られている．ところが化学的合成が可能であれば，この限
りではない．つまり合成の途上で，将来的な修飾を見据えた
足場を導入しておくことが容易にできる．さらには，基本骨
格に対して手を入れることも可能である．このような考えの
もと，まずはハリコンドリンBの合成中間体に対してその抗
がん作用が精査された．その結果，ハリコンドリンB分子全
体のうち，右側のラクトン環部分が薬理活性団であることが
示された．

 2. エリブリンの誕生
こうして見いだされた薬理活性団に対して，数百種類の誘
導体を用いた構造活性相関研究が展開された．このような誘
導体の中から in vitro，in vivoモデルにおいて理想とする活
性を示した化合物がエリブリンである 6)（図2）．エリブリン
の左端のアミノ基は化合物に水溶性を付与し，またラクトン
からケトンへの変換によって代謝安定性が向上している．ち

なみに，これら一連のエリブリン開発はハーバード大学の岸
教授とボストンにあるエーザイ株式会社の研究所でなされた
ものであり，Eisai Research Instituteの頭文字とチューブリ
ン tubulinを掛け合わせてエリブリン（eribulin）と命名され
たものである．

 Ⅴ  エリブリン

 1. エリブリンの作用機構
エリブリンのリード化合物であるハリコンドリンBが

チューブリンと結合して微小管の重合を阻害することで細胞
分裂を阻止する活性を持つことから，エリブリンのチューブ
リンに対する作用について興味が持たれ，詳細な解析がなさ
れている 7)～9)．その要点は次の3つにまとめることができる．
つまりエリブリンは，①微小管の伸長途上の（＋）端に結合し
てさらなる伸長（チューブリンの重合）を阻害する，②逆に微
小管の短縮（チューブリンの脱重合）には影響を及ぼさない，
③チューブリンモノマーと結合し凝集体を形成させることで
微小管への取り込みを抑制する（図3）．以上のことは，電子
顕微鏡を用いた微小管繊維の直接観察や，蛍光タンパク質を
利用した細胞内微小管の可視化によって，そのダイナミズム
を解析するという手法で行われた．このことを裏付けるよう
に，エリブリンで処理した分裂中期の細胞では紡錘糸が顕著
に短くなり，染色体は中期板に整列できないことが明らかと
なった．その結果，細胞分裂がG2/M期で停止し，アポトー
シスによる細胞死が誘導される 10)．またごく最近では，エリ

■図3 エリブリンの作用機構
エリブリンは，①微小管の（＋）端に結合して
チューブリンの重合を抑制する，②チューブリ
ンの脱重合には影響しない，③チューブリンモ
ノマーを凝集させる，作用を持つ．
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■図4 エリブリン，ビンブラスチン，パクリタキセルのチューブリンへの結合
これら3種のチューブリン結合性抗がん剤は，チューブリンへの結合部位が異なる．エリブリンはチューブリンの（＋）端，ビンブラスチンは（＋）端および表面，
パクリタキセルは内腔にそれぞれ結合する．

ブリンはβ -チューブリンに結合してこのタンパク質の立体
構造を変化させるというモデルが提案されている 11)．
エリブリンのこのような作用は，それまでに知られていた
チューブリンに作用する分裂阻害剤とは一線を画するもので
あった．例えば，ビンブラスチンやパクリタキセルは同じく
微小管に作用するが，チューブリンの重合と脱重合の双方を
阻害する．この微小管ダイナミクスの差は，微小管に対する
各々の薬剤の結合部位が異なるためであると説明されている
（図4）．このようにエリブリンは，これまでには見られない
新規メカニズムを通して抗がん作用を発揮することから，既
存のチューブリン結合性抗がん剤に対して耐性を獲得したが
んに対しても有効であると考えられ，有望な臨床効果が期待
された．

 2. エリブリンの臨床試験
このような経過を受けて2002年，第Ⅰ相臨床試験が開始
された．本試験で臨床用量が決定され，特に顕著な効果が見
られた乳がんに対して2004年に第Ⅱ相，2006年に第Ⅲ相試
験が開始，そして2009年これら臨床試験が終了した 12), 13)．
その要点は，エリブリン投与群は全生存期間の中央値が
13.12カ月であり，治験医師選択療法施行群の10.65カ月を
2.5カ月上回ったことである．本試験の重要な点は，対照と
してプラセボ（偽薬）ではなく既存の化学療法や放射線療法
などの治験医師選択療法が用いられたことである．このこと
は，本治験がより実践的な臨床現場を反映しており，エリブ

リンが単剤で延命効果を発揮しうる薬剤であることを示して
いる．本臨床試験の結果を受けて，エリブリンは日米欧にお
いて同日に承認申請が行われた．

おわりに

冒頭でも述べたように，エリブリンは日米欧に加えてスイ
ス，シンガポールでも承認を受け，ハラヴェンという製品名
で販売が開始された．クロイソカイメンから得られた微量天
然物ハリコンドリンBの発見から四半世紀の時を経て，がん
の化学療法に新機軸を打ち出す抗腫瘍薬剤が生まれたわけで
ある〔ハラヴェン（Halaven）という製品名はクロイソカイメ
ンの学名Halichondria okadaiからとられている〕．現在ハ
ラヴェンはさらに14カ国において承認申請中であり，また
その適応を拡充すべく非小細胞肺がんや軟部肉腫に対する臨
床試験が展開されている．さらに2013年4月には，ハラヴェ
ンが上皮間葉転換に関わる遺伝子群の発現を変動させること
が報告された．この結果は，本剤のがん転移抑制効果にも期
待を抱かせるものである．
エリブリンはリード化合物ハリコンドリンBと比較すれ
ばコンパクトになったとはいえ，分子量が826，さらに分子
内に19個もの不斉炭素原子を持つ分子である．このことは
219個，つまり524,288個の立体異性体が存在することを意味
する．エリブリンの実用的な合成法も開発され 14)～16)，現代

エリブリン

（＋）端へエリブリンが結合

（＋）端

（－）端

ビンブラスチン

（＋）端および表面へ
ビンブラスチン結合

パクリ
タキセル

内腔へパクリタキセル結合

β-チューブリン

α-チューブリン
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ABSTRACT: Natural products and their synthetic analogs are widely used as anticancer drugs. Many anticancer 
drugs originated from cytotoxic compounds, and most have been shown to induce apoptosis in cancer cells. Based on 

types of drugs. Recently, much attention has been given to the metabolites of marine organisms due to their strong 
cytotoxicity. For example, eribulin mesylate, a synthetic analog of halichondrin B isolated from H. okadai Kadota, 
has been developed as an anticancer drug. Novel cytotoxic substances, such as halichonines, bisebromoamides, and 
biselyngbyasides, have been isolated from marine organisms as apoptosis-inducing agents. All of these compounds 
may possess therapeutic potential, and thus, efforts to identify new apoptosis-inducing agents of marine origin may 
contribute to the discovery of new pharmaceuticals.

KEY WORDS: anticancer drug, apoptosis, marine organism, bisebromoamide, biselyngbyaside

ABBREVIATIONS: ER: endoplasmic reticulum; ERK: extracellular signal regulated protein kinase; PDGF: 
platelet-derived growth factor; SAR: structure-activity relationships 

I. INTRODUCTION

Cancer accounts for a large number of deaths, 
approximately 13% of all deaths worldwide, 
and this number is increasing.1 There is a 
constant need for new compounds that can 
serve as leads for new anticancer drugs. Cur-
rently, many naturally occurring compounds 
and their synthetic analogs have been devel-
oped as anticancer drugs, such as doxorubicin, 
paclitaxel, vinblastine, and etoposide. As 
these drugs illustrate, many anticancer drugs 
originated from cytotoxic compounds. Most 
of the cytotoxic anticancer drugs in current 
use have been shown to induce apoptosis in 
cancer cells. The fact that various compounds 

that interact with different targets induce 
cell death with common features (e.g., DNA 
fragmentation, chromatin condensation, cell 
shrinkage and membrane blebbing) suggests 
that cytotoxicity is determined by the ability 
of the cell to engage apoptosis. 

Apoptosis, or programmed cell death, is 
a natural process for removing undesired 
cells such as those with harmful muta-
tions, unusual detachment, or deviation 
from cell-cycle control. The deregulation of 
apoptosis can disrupt the balance between 
cell proliferation and cell death, which can 
lead to diseases such as cancer.2 Apoptosis 
is usually triggered by intracellular cues 
such as DNA damage and oxidative stress, 
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and by extracellular cues including death 
ligand-stimulation, matrix detachment, and 
lack of growth factors. Two central pathways 
are involved in the process of apoptosis, one 
involving the activation of caspase proteases 
and another involving a mitochondrial path-
way. These phenomena can be controlled 
by some cytotoxic compounds. Many factors 
participate in the process by which cytotoxic 
compounds induce apoptosis; however, the 
regulation of this association may have 
therapeutic effects. There are various mecha-
nisms of action, such as a loss of membrane 
integrity, inhibition of metabolic enzymes, 
blockage of signal transduction, inhibition 
of DNA replication, inhibition of mitosis, 
etc. Due to the multitude of these modes of 

compounds could be associated with the 
discovery of new types of drugs.

II. ANTICANCER AGENTS FROM MARINE 
ORGANISMS

Natural products and their synthetic analogs 
are widely used as anticancer drugs, as men-
tioned above. Natural products, especially 
those from terrestrial plants and microorgan-
isms, have been the most productive source 
of drug molecules, and such pharmacologi-
cally active compounds continue to play an 
important role in the development of new 
investigational drugs.3,4 However, much 
attention has recently been given to the 
metabolites of marine organisms due to their 
strong cytotoxicity.5 Marine natural products 
are attractive sources of remarkable bioactive 
compounds with unique structures.6,7 Among 
marine organisms, marine invertebrates 
have become a focus for the discovery of 
new drugs. Ecteinascidin-743 (ET-743; Tra-
bectedin) is a marine tetrahydroisoquinoline 
alkaloid that was isolated from Ectenascidia 
turbinata, a tunicate that grows on mangrove 
roots throughout the Caribbean sea.8–10 The 

mechanism of action of ET-743 has been elu-
cidated: ET-743 binds to the minor groove of 
DNA, thereby disrupting the cell cycle and 
inhibiting cell proliferation.11,12 Recently, 
ET-743 was approved for use in patients 
with advanced soft tissue sarcoma (STS) and 
ovarian cancer in the United States and the 
European Union.

Marine sponges are also widely known 
to be a rich source of biologically active and 
structurally unique secondary metabolites. 
They take seawater into their bodies, gather 

microorganisms; therefore, they may produce 
many kinds of secondary metabolites.13 Hali-
chondria okadai Kadota (Fig. 1A), a sponge 
that is abundant in the tidal zone in the 

Japan, contains many compounds that show 
potential for clinical or biological uses. For 
example, okadaic acid,14 halichlorine,15,16 and 
halichondrins17 have already been isolated 
from this sponge. Halichondrins were isolated 
based on their cytotoxicity toward mouse 
melanoma B16 cells.18 Halichondrin B (Fig. 

activity in vivo and was revealed to exert 
its cytotoxicity through its direct interaction 
with tubulin.19 

Based on an analysis of structure–activ-
ity relationships (SAR), the right half of the 
molecule was revealed to be active and was 
found to induce apoptosis in cancer cells.20,21 

Finally, a synthetic analog of halichondrin B, 
eribulin mesylate (Halaven™, Fig. 1B) was 
developed by Kishi et al. and Eisai Co., Ltd., 
and was recently approved for the treatment 
of patients with metastatic breast cancer 
in the United States, the European Union, 
Japan, and many other countries.22,23 Thus, 

new anticancer drugs. As part of the ongo-
ing search for cytotoxic substances from H. 
okadai Kadota, novel sesquiterpene alka-
loids, halichonines A, B, and C were recently 
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isolated (Fig. 2).24 Based on the results of 
spectroscopic analyses and syntheses, their 
structures were determined to include a 
6,6-bicyclic ring system and two prenylated 
amine moieties. Halichonines A, B, and C 
were examined for their cytotoxicity against 
the mammalian cancer cell lines (L1210 and 
PC13), and each compound showed moderate 
activity. In particular, halichonine B induced 
apoptosis in human leukemia HL60 cells. 

Because their mechanisms of action are still 
unknown, further studies are warranted. 

III. MARINE CYANOBACTERIAL 
CYTOTOXIC METABOLITES

Marine microorganisms are believed to be 
the true producers of many of the biologically 
active metabolites that have been isolated 
from marine invertebrates. In fact, okadaic 

25,26 Dolas-
tatin 10, which was originally isolated from 
the sea hare Dolabella auricularia, has been 
isolated from the marine cyanobacterium.27,28 
Therefore, marine microorganisms are poten-
tial sources of drugs. Cyanobacteria, many of 

of structurally unique and biologically active 
secondary metabolites.29 Thus, they have 
been recognized as a source of pharmaceutical 
lead compounds.30 For example, TZT-1027, a 
synthetic dolastatin 10 analog, is currently 
being evaluated in phase II clinical trials in 
several countries.31 Cryptophycin-309 and FIGURE 2. Structures of halichonines A, B, and C.

FIGURE 1. Picture of H. okadai Kadota (A), and structures of halichondrin B and eribulin mesylate (B).

A. B.
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cryptophycin-249, which are derivatives of 
the terrestrial cyanobacterial peptide crypto-

studies.32 Curacins33 and largazole,34 which 
were isolated from marine cyanobacteria, 
are also clinical candidates for anticancer 
drugs. In the search for novel biologically 
active compounds from marine cyanobac-
teria, novel compounds bisebromoamide, 
biselyngbyaside, and their analogs have been 
isolated.35–39 All of these compounds were 
isolated as cytotoxic compounds, and their 
structures were established by spectroscopic 
analyses, including 2D NMR techniques, and 
by synthetic studies. 

A. Novel Apoptosis-Inducing Agents, 
Bisebromoamides

Bisebromoamide was isolated from the marine 
Lyngbya sp., 

-
ture, Japan (Figs. 3A, B).35 Bisebromoamide 
was found to exhibit strong cytotoxicity 
toward human epithelial carcinoma HeLa 
cells. Bisebromoamide was evaluated for its 
growth-inhibitory activity across a panel of 
39 human cancer cell lines (HCC panel),40 
and the average concentration required for 
50% growth inhibition (GI50) in the 39 cell 
lines was 40 nM. Bisebromoamide was con-

cell lines.41 In addition, bisebromoamide was 
revealed to selectively inhibit the PDGF-
induced phosphorylation of ERK in NRK cells. 
With regard to its anticancer activity, human 
tumor xenograft tests in vivo are now under-
way. Furthermore, an SAR analysis of bise-
bromoamide using norbisebromoamide (Fig. 
3B) and synthetic derivatives revealed that 
the ketone, bromine atom, phenolic hydroxyl 
group, and methyl group on the thiazoline 
moiety of bisebromoamide are not important 
for its cytotoxicity.36 The total synthesis of 
bisebromoamide has been achieved by both Ye 
et al.42 and Ma et al.43 Ma et al. also carried 
out an SAR analysis and revealed that the 
stereochemistry of the methylthiazoline part 
and the methyl group at the 4-methylproline 

-
ence on its cytotoxicity.

The mode of action of bisebromoamide 
was studied, and it was revealed that bisebro-

44 Bisebro-
moamide was demonstrated to enhance the 
polymerization of monomeric globular actin 
in vitro in a concentration-dependent manner. 

-
moamide was synthesized; it localized in a 

The actin-targeting agents cytochalasins and 

regard to their apoptosis-inducing activity. 

FIGURE 3. Picture of Lyngbya sp. (A), and structures of bisebromoamide and norbisebromoamide (B).

A. B.
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these compounds has been shown to initiate 
caspase-dependent apoptosis signaling.45–51 
However, the relationship between bisebro-
moamide-induced actin-stabilization and its 
apoptosis-inducing activity has not been fully 
investigated. Because bisebromoamide has 
potential as a preclinical candidate for use 
in cancer chemotherapy, further structural 
and functional analyses might reveal the 
relationship between actin and other target 
biomacromolecules of bisebromoamide, which 
should offer better perspectives for the design 
and development of new anticancer drugs.

B. Novel Apoptosis-Inducing Agents, 
Biselyngbyasides

Biselyngbyaside, a new 18-membered macro-
lide glycoside, was isolated from the marine 
cyanobacterium Lyngbya sp. which was also 

(Figs. 4A, B, C).37 Biselyngbyaside exhibited 
moderate cytotoxicity against HeLa cells. 
Recently, its novel analogs, biselyngbyolide 
A38 and biselyngbyasides B-D,39 were isolated 
from the marine cyanobacterium Lyngbya 
sp. which was collected in the Tokunoshima 
Island, Kagoshima Prefecture, Japan (Fig. 
4C). The activity of biselyngbyolide A without 
a sugar moiety was shown to be approximately 
100-fold stronger than that of biselyngbyaside 
and biselyngbyaside B. Thus, 3-O-methyl-
glucoside moieties may reduce cytotoxicity. 
In contrast, biselyngbyaside C showed less 
cytotoxicity compared with biselyngbyaside. 

revealed to be essential for cytotoxicity of 
biselyngbyasides. In addition, biselyngbyas-
ide, biselyngbyolide A and biselyngbyaside B 
were determined to exhibit apoptosis-inducing 
activity against both HeLa cells and HL60 
cells. Furthermore, biselyngbyaside and 
biselyngbyolide A exhibited broad-spectrum 
cytotoxicity in an HCC panel, indicating that 

they likely inhibit cancer cell proliferation 
through a characteristic mechanism. The 

40 which may 
be able to predict the molecular targets of 
novel bioactive compounds, indicated that 
biselyngbyaside and biselyngbyolide A were 
somewhat analogous to thapsigargin.39 

Thapsigargin, an inhibitor of Ca2+

into endoplasmic reticulum (ER), induces 
apoptosis toward cancer cells via ER-stress 
based on its ability to increase intracellular 
Ca2+ concentrations.52–56 Maintenance of the 
intracellular Ca2+ gradient is essential for 
various aspects of cellular and physiological 
functions. Through the analysis of changes in 
the intracellular Ca2+ concentration in HeLa 
cells, biselyngbyasides were demonstrated to 
increase the cytosolic Ca2+ concentration in the 
absence of extracellular Ca2+. These studies 
indicated that biselyngbyasides, like thapsi-
gargin, induce the release of Ca2+ from ER, 
and then induce apoptosis. Thus, it has been 
hypothesized that biselyngbyasides induce 
apoptosis toward cancer cells via ER-stress. 
Because biselyngbyasides exhibited apoptosis-
inducing activity in several types of cell lines, 
cancer cells may generally contain their spe-

ER stress. Although further investigation is 
needed, biselyngbyasides may have a thera-
peutic potential as new anticancer agents.

IV. CONCLUSIONS

novel biologically active compounds and have 
been recognized as a source of pharmaceuti-
cal lead compounds. Especially, apoptosis-
inducing agents of marine origin have the 
potential to be applied in anticancer drugs. 
In fact, the anticancer drug eribulin mesyl-
ate was developed from halichondrin B, 
which was isolated from H. okadai Kadota. 
The novel apoptosis-inducing agents halicho-
nines were isolated from the same sponge. 
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Bisebromoamides and biselyngbyasides were 
isolated as novel cytotoxic metabolites of the 
marine cyanobacteria Lyngbya sp. Analyses 
of their biological functions revealed that 
bisebromoamide targeted actin filaments 

activity. Biselyngbyasides were also shown to 
induce apoptosis toward cancer cells based on 
their ER-stress-inducing activity. All of these 
compounds may have therapeutic potential 
as anticancer drugs. Thus, the search for 
novel apoptosis-inducing agents from marine 

organisms should contribute to the discovery 
of new pharmaceuticals.
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第 3章　化学処理技術

1.　はじめに
　化学的手法による排水処理技術は，対象とする物質が有機化合物なのか無機化合物なのか，
その物質が溶存している水が用水なのか排水なのかでも相当異なり，研究途上のものまで含め
ると多種多様にわたる。本書でも多くの具体例が紹介されているので，ここでは難分解性有機
化合物の処理に関する代表的な技術についてその原理を中心に解説したい。

2.　促進酸化法
　過酸化水素（H2O2）やオゾン（O3）は有機化合物を酸化する能力をもっている。その能力，
すなわち酸化力の大小は酸化還元電位により表現される。例えば，H2O2 の酸化還元電位は標
準水素電極を用いた場合，1.77 V（式⑴の反応に相当），O3 では 2.07 V（式⑵）1）となる。この値
が正に大きいほど酸化力は高いので，H2O2 よりもO3 の方が酸化力は高いことになる。

　　H2O2 ＋ 2H＋ ＋ 2e－ → 2H2O ⑴　
　　O3 ＋ 2H＋＋ ＋ 2e－ → O2 ＋ H2O ⑵　

　促進酸化法（AOP：Advanced Oxidation Process）とは，このようなH2O2 や O3 を酸化剤と
して直接利用するわけではなく，それらを組み合わせたり，それらに紫外線（UV）や超音波
などを照射することでヒドロキシラジカル（OHラジカル）を生成させて，水中の難分解性有
機化合物を分解する方法である（図 1）。OHラジカルの酸化還元電位は式⑶で 2.7 V，式⑷で
1.8 V なので，pHなどの反応条件を整えればH2O2 や O3 をそのまま用いた場合よりも高い酸
化力を示すことが期待できる。

　　・OH ＋ e－ ＋ H＋ → H2O ⑶　
　　・OH ＋ e－ ↔ OH－ ⑷　

　OHラジカルは有機化合物に対して電子移動
反応，水素引き抜き反応，不飽和結合への付加
反応などを起こす2）。これらの反応により水中
の有機化合物の濃度（全有機炭素，TOC：
Total Organic Carbon）を低減させることがで
きる。例えば，高橋らは水中のエチレングリコ
ールの分解挙動をO3 および O3＋UVの 2 種の
方法で比較している3）。その結果，O3 の単独処
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理ではシュウ酸で分解が止まってしまいTOC
がほとんど減少しなかったが，O3＋UV法では
ホルムアルデヒドを経てギ酸が生成する経路も
起こり（図 2）3），生成したシュウ酸およびギ酸
も効果的に分解してTOCが大幅に低減したこ
とを報告している。

3.　フェントン反応
　フェントン反応とは酸性の pH領域で H2O2
と Fe2＋（硫酸鉄（Ⅱ）を用いる場合が多い）か
らOHラジカルを発生させ，種々の有機化合物
の分解を行う反応である。Fe2＋は H2O2 により
Fe3＋に酸化され，OHラジカルとOH－が生成する（式⑸）。このOHラジカルが有機化合物と
反応するわけであるが，式⑸で生成したFe3＋は H2O2 と反応して Fe2＋とヒドロペルオキシルラ
ジカル（HO2・）が生成し（式⑹），このラジカルも有機化合物に対する酸化剤として作用する。
Fe2＋はまたH2O2 と反応するので触媒的に有機化合物が分解することになる4）。OHラジカルの
反応性を利用する方法なので促進酸化法の一種と見なすこともできる。

　　Fe2＋ ＋ H2O2 → Fe3＋ ＋ OH・＋ OH－ ⑸　
　　Fe3＋ ＋ H2O2 → Fe2＋ ＋ HO2・＋ H＋ ⑹　

　この手法により，土壌中や地下水中のトリクロロエチレンやベンゼンなどの揮発性有機汚染
物質（VOC：Volatile Organic Compounds）を分解させた例は数多く報告されている5）-8）。

4.　ペルオキソ二硫酸法（過硫酸法）
　上述の方法はOHラジカルの酸化力を利用して有機化合物の分解を行う方法であるが，近年，
硫酸イオンラジカル（SO4・－）を用いてOHラジカルとの反応性が低い有機化合物の分解を試
みることが盛んに検討されている。SO4・－の酸化還元電位は（式⑺の反応に相当）は水中で 2.5
～ 3.1 V であり9），OHラジカル（式⑶の場合は 2.7 V，式⑷では 1.8 V）と同程度か，それ以上
である。SO4・－はペルオキソ二硫酸イオン（過硫酸イオン）に紫外光を照射して得られる（式
⑻）。

　　SO4・－ ＋ e－ ↔ SO42－ ⑺　
　　S2O82－ ＋ ho → 2SO4・－ ⑻　

　水中の難分解性物質として典型的なものに有機フッ素化合物がある。例えば，界面活性剤と
して使用されてきたペルフルオロカルボン酸類（CnF2n＋1COOH，PFCA類）のうちペルフルオ
ロオクタン酸（C7F15COOH，PFOA）は，近年，生体蓄積性が指摘され世界的に規制が開始さ
れているが，通常の促進酸化法ではほとんど分解できない。筆者らは PFOA水溶液に S2O82－

を添加して紫外光を照射して分解を試みた。その結果，F－と CO2 まで分解できることを明ら

図 2　 O3＋UV法によるエチレングリコール分解の
反応経路3）
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かにした（図 310），PFOAの消失後も中間体であるペルフルオロアルキル基（CnF2n＋1）が短い短
鎖 PFCA類の分解が続くため，F－と CO2 の生成は続いている）10）。この反応では SO4・－は硫酸
イオンになるが，その生成量は使用した S2O82－の 2 倍モルとなった。つまり，硫黄分はすべて
硫酸イオンとして回収可能である。この方法で PFCA類よりも有害性が高いフルオロテロマ
ー不飽和カルボン酸類（CnF2n＋1CF＝CHCOOH）も分解できた11）。PFCA類については S2O82－を
熱励起することでも分解できる12）。図412）にPFOAと134倍モル過剰のS2O82－を入れた温水（80
℃）中における PFOA分解の時間依存性を示す。S2O82－を入れない場合には PFOA濃度は全
く減少しなかったが，S2O82－を入れた場合には迅速に減少し，CO2 と F－が生成した。
　このような方法で，水中や土壌中の PCBや VOCを分解除去した例も報告されている13）14）。

5.　超音波分解法
　水中に高出力の超音波を照射すると溶解している気泡が圧縮，膨張を繰り返し，断熱的に内
崩してミクロな高温高圧場が発生する。そのミクロな場における温度，圧力は数千℃，数百気
圧に達し，水は分解してOHラジカルを生じる。このOHラジカルや熱の作用により有機化合
物を分解させることができる15）-17）。例えば，Moriwaki らは上述の PFOA，さらには PFOA以
上に安定なペルフルオロオクタンスルホン酸（C8F17SO3H，PFOS）が超音波照射で分解するこ
とを報告している18）。Cheng らは埋立処分場の PFOS 含入地下水に超音波を照射して，反応
に及ぼす共存物質の影響を調べている19）。筆者らも S2O82－と超音波照射を組み合わせて有機フ
ッ素化合物の分解を試みた。例として，CF3OC2F4OCF2COOH（NEDOHA）50 nMに 0 ～
10 mMの S2O82－を添加して超音波照射した場合の水中のNFDOHA濃度の時間依存性を示す
（図 5（a））20）。S2O82－の添加によりNFDOHAの分解が促進され，F－の生成も増加しているこ
とが分かる（図 5（b））20）。

図 3　 S2O82－を光酸化剤としたPFOA分解反応の照
射時間依存性（PFOA 初期濃度 1.35 mM，
S2O82－初期濃度 50 mM）10）
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6.　熱水分解法
　有機フッ素化合物のような非
常に安定な有機化合物を分解す
る有力な方法に熱水分解法があ
る。図 6に水の状態図を示す。
周知のように常圧にある水（液
体）を加熱すると 100℃で沸騰
する。常圧よりも高圧に置かれ
た水を加熱すると，100℃より
も高温にしないと沸騰しない。
22.1 MPa にある水を加熱する
と 374℃で沸騰するが，それ以
上の圧力にさらされた水は加熱
しても沸騰という現象が見られ
ない。つまり，沸騰には終点が
ある。その終点を臨界点（374
℃，22.1 MPa）といい，臨界点
を超える温度・圧力の状態は超
臨界水と呼ばれる。また，臨界
点よりもやや低い領域にある高
温，高圧の水（液体）は亜臨界
水と呼ばれる。この超臨界水や
亜臨界水を総称して熱水と呼ぶ。これらの水は高拡散性，低粘性，無極性の有機化合物を溶解
する，有機化合物を加水分解するなど，普通の水にはない性質をもっており，トリニトロトル
エンや PCBのプラント規模での分解に応用されている21）22）。熱水に鉄粉のような還元剤を組み

図 5　 S2O82－＋超音波照射による有機フッ素化合物NFDOHAの分
解20）
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合わせることで，有機フッ素化合物を効果的に分解できる。例として，鉄粉を添加して亜臨界
水処理した場合の PFOS の分解挙動を図 723）に示す。PFOS は 6 時間で水中から消失し，同時
にF－が高収率で生成していることが分かる。
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1.　はじめに
　フッ素系イオン液体とは，陰イオンと陽イオンからなる塩類でありながら常温付近で液体の
物質（イオン液体）のうち，陰イオンを構成するアルキル基の水素原子がすべてフッ素原子に
置換された有機フッ素化合物である。それらは有機フッ素化合物に共通な性質，すなわち熱的
および化学的に安定であるだけでなく，不揮発性，不燃性，広い電位窓，高イオン電導性，特
異な物質溶解能などの性質を有している1）。そのため，リチウムイオン電池や固体高分子型燃
料電池，湿式太陽電池などの各種エネルギーデバイスの構成材（電解質）をはじめ，ガスクロ
マトグラフィーの固定相や二酸化炭素吸収材などにも導入されつつある。しかし，これらは炭
素のつくる共有結合で，最強の炭素・フッ素結合を有するためきわめて安定である。このため，
廃棄物の分解処理技術が確立されていない。焼却は可能であるが，高エネルギーを必要とする
だけでなく，生成するフッ化水素ガスが焼却炉材を損傷する問題がある。これらの廃棄物を穏
和な条件でフッ化物イオン（F－）まで分解できれば，既存のカルシウム処理でフッ化カルシウ
ムに変換できる。フッ化カルシウムの鉱物は蛍石で，フッ化水素酸の原料であり，フッ化水素
酸からすべての有機フッ素化合物は合成される。したがって，分解技術が確立されることは産
出が特定国に偏在し，需給が逼迫しているフッ素資源の循環利用にも貢献できる（図 1）。
　そこで，筆者らはフッ素系イオン液体の陰イオンの部分をさまざまな還元剤や酸化剤を用い
て熱水（亜臨界水および超臨界水）中で分解することを検討した。その結果，零価の鉄（Fe）
や酸化鉄（Ⅱ）（FeO）を還元剤として用いることで F－まで効果的に分解できることを明らか
にした2）。

2.　実　験
　試料としては（CF3SO2）2N－（リチウム塩，1）および（C4F9SO2）2N－（カリウム塩，2）を用いた。
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反応はこれらと鉄系の還元剤（Fe，FeO，
Fe3O4），および純水（10 mL）を耐圧容器に入
れ，アルゴン雰囲気中で密閉後，193 ～ 378℃
に加熱して行った。反応装置の概略図を図 2に
示す。容器内部は金処理を施しており，容器の
構成材料（ステンレス）による試料の汚染を防
いでいる。所定の温度で一定時間経過後，室温
まで急冷し，液相をイオンクロマトグラフィー
および高速液体クロマトグラフ質量分析法
（LCMS）で，気相をガスクロマトグラフィー
およびガスクロマトグラフ質量分析法
（GCMS）で分析した。反応に伴う還元剤の変
化は粉末 X線回折（XRD）で調べた。比較の
ため還元剤を添加しない反応や，O2 を酸化剤
として用いた反応も行った。

3.　実験結果
　表1に1.62 mMの1を6時間反応させた場合の1の残存率（1の残存モル数/初期モル数）と，
生成したF－の収率（F－モル数を反応前の 1中のフッ素原子のモル数で除した値）を示す。1は
アルゴン雰囲気下，純粋な亜臨界水中（344℃）では 98.8 ％が残存し，F－もほとんど生成しな
かった（No. 1）。O2 を用いた場合，1の残存率は 95.4 ％，F-収率は 1.11 ％となり，反応促進
効果はほとんどなかった（No. 2）。このことは，1が酸化分解をきわめて起こしにくいことを
意味する。
　効果的に分解を起こすために，アルゴン雰囲気下で鉄系の還元剤を用いた反応を行った。
Fe を添加して亜臨界水中（344℃）で反応させた場合，1の残存率は 1.35 ％まで減少し，F－収
率は 69.0 ％に達した（No. 3）。この値は Fe を添加しない場合の 186 倍であり，顕著な分解促

図 2　熱水反応装置の概略図

ステンレス製
耐圧容器

水相

スクリュー
キャップ

接液部分は
金処理されている

熱電対

圧力計ガス採取口

バルブ

バルブ

試料溶液
＋還元剤

表 1　フッ素系イオン液体（陰イオンの部分）の亜臨界水分解

No.a） 基質 ガス 還元剤
温度
［℃］

圧力
［MPa］

基質
残存率
［%］

F－
収率
［％］

1 1b） Ar なし 344 15.9 98.8 0.37
2 1b） O2 なし 345 16.0 95.4 1.11
3 1b） Ar Fe 344 16.5 1.35 69.0
4 1b） Ar FeO 345 15.7 36.8 48.2
5 1b） Ar Fe3O4 345 16.0 97.3 3.63
6 2c） Ar なし 346 15.6 17.3 9.50
7 2c） Ar Fe 346 15.4 ＜0.16 37.0

a）　液量：10 mL　還元剤添加量：9.60 mmol　反応時間：6時間
b）　初期量：16.2 mol
c）　初期量：1.62 mol
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進効果があった。345℃で FeO
を用いた場合にも Fe には及ば
ないものの，反応が促進された
（No. 4）。一方，Fe3O4 を用い
た場合にはほとんど効果がなか
った（No. 5）。同様の結果は 2
の場合にも見られた（No. 6 と
No. 7 を比較）。
　図 3に Fe を添加して 344℃
で反応させた場合の 1および生
成物の存在量の時間依存性を示
す。水中の 1の存在量は擬一次
反応速度式に従って減少した
（速度定数＝0.77 h－1）。同時に
F－の生成量が増加し，18 時間
後のF－収率は72.0 ％に達した。
また，ガス相中には CO2 と
CF3H が検出された。CF3H は
温暖化係数が高いので，その生
成には注意する必要があるが3），
幸いなことに CF3H は図から分
かるように長時間反応させることでほとんど消失した。このことは，CF3H が反応中間体であ
ることを意味する。この反応の温度依存性についても調べた（図 4）。1の分解は 243℃以上で
起こり，375℃の超臨界状態において F－の生成量は最大となっている。また，CF3H の生成量
は 300℃付近で最大となり，それ以上の温度で減少しているので分解していることは間違いな

図 3　 Fe を用いた場合の 1の分解の反応時間依存
性（反応温度：345℃，1の初期量：16.2 mol）
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図 4　 Fe を用いた場合の 1の分解の温度依存性
（反応時間：6時間，1の初期量：16.2 mol）
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図 5　回収した Fe粉の XRDパターン
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い。375℃で反応時間を延長したところ，18 時
間で F－収率は 76.8 ％に達した。
　この反応に伴う Fe の変化を XRD測定で調
べた。図 5に反応前と反応後に回収した Fe 粉
の XRDパターンを示す。反応後には Fe3O4 の
ピークが見られた。また，ガス相には水素ガス
も検出された。これらの結果は，Fe は 1 のみ
ならず水とも反応することを意味する。上述の
ように，Fe3O4 には 1 の反応促進効果はない。
したがって，Fe3O4 の生成は 1の分解を停止さ
せることになる。
　図 6に 1 を FeO を用いて 345℃で反応させ
た場合の反応の時間依存性を示す。Fe の場合

とは異なり，1の減少は擬一次
反応速度式に従わなかった。ま
た，Fe に比べて初期の反応性
は低いものの，意外なことに効
果が長時間持続し，最終的に
18 時間における F－収率は 71.3
％となり，Fe の場合（72.0 ％）
と同様であった。何が起こって
いるのか解明するため反応後に
回収した FeO 粉の XRD 測定
をしたところ，FeO は短時間
で Fe と Fe3O4 に変化していた
（図 7）。これは，FeOが亜臨界
水中で Fe と Fe3O4 に不均化し
たことを意味する4）5）。上述のよ
うにFe3O4 には 1 の反応促進効
果はない。したがって，FeO
による 1の分解においては系内
に生成した Fe が 1 の分解を起
こす真の活性種として作用して
いることが分かる。また，回収
した FeO および Fe の XRDパ

ターンから，FeOから生成するFeの方が，Fe を最初に用いた場合よりもFeの量は少ないこ
とは明らかである（初期量はどちらも同じモル数である）。にもかかわらず，長時間反応させ
た後のF－収率がほぼ同じになるということはFe は水とも反応するが，FeOから生成するFe

図 6　 FeO を用いた場合の 1の分解の反応時間依
存 性（ 反 応 温 度：345℃，1 の 初 期 量：
16.2 mol）
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図 7　回収した FeO粉の XRDパターン
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の方が最初から Fe を用いた場合よりも水との
反応に消費されにくく，1との反応に優先的に
使用されることを示唆する。図 8に FeO を用
いた場合の反応の温度依存性を示す。1の分解
は 300℃ 以上で顕著となったが，その場合に
Fe と Fe3O4 の不均化が生じていた。378℃にお
いては F－収率は 78.0 ％となり，最初から Fe
を用いた場合（70.6 ％）より高くなった。18 時
間後には F－収率は全条件の中で最高の 85.7 ％
に達した。

4.　おわりに
　以上のことから，1および 2 は Fe あるいは
FeOを還元剤として用いることにより，熱水（亜臨界水および超臨界水）中で効果的に F－ま
で分解できることを明らかにした。短時間では Fe の方が FeOよりも反応性が高いが，Fe と
水との反応も生じて 1の分解を抑制してしまう。一方，長時間の反応では FeOの方が Fe よ
りも 1の分解促進効果が持続し，最終的には Fe を用いた場合よりも高い F－収率が得られた。
現在，さらに多種多様のフッ素系イオン液体の分解を試みている。
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図 8　 FeOを用いた場合の 1の分解の温度依存性
（反応時間：6時間，1の初期量：16.2 mol）
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   ＊ 　  Deve l opment  o f  Decompos i t i on  Techn iques  f o r 
Environmentally Persistent Chemicals　

  堀　　　久　男

   有機フッ化化合物をはじめとする環境負荷物質の
分解 ･無害化反応の開発 ＊ 

    １．はじめに

  炭素・フッ素結合から形成される有機フッ素化合物は
耐熱性，耐薬品性，界面活性等の優れた性質を持ち，多
く産業で使われている。中でもペルフルオロアルキルス
ルホン酸類（PFAS 類，C n F 2n+1 SO 3 H）やペルフルオロ
カルボン酸類（PFCA類，C n F 2n+  1 COOH），およびそれ
らの誘導体は表面処理剤や乳化剤の原料や構成成分とし
て用いられてきた 1） 。ところが 2000 年頃からペルフル
オロオクタンスルホン酸（C 8 F 17 SO 3 H，PFOS）やペル
フルオロオクタン酸（C 7 F 15 COOH，PFOA）といった
一部の化合物が環境水中や野生生物中に存在しているこ
とが明らかとなった。PFOS/PFOAについては規制の
進行に ともない 代替物質への転換が進み，リスク評価の
対象も現在では代替物質が中心になっているが，代替物
質も有機フッ素化合物であり環境残留性は変わらない。
このような有機フッ素化合物の環境リスクの低減のため
には有害性に応じて産業排水・廃棄物の分解・無害化を
行う必要があるが，これらはオゾン，過酸化水素＋紫外
線照射等の促進酸化法ではほとんど分解できない。焼却
は可能であるが，高温が必要であるだけでなく，生成す
るフッ化水素ガスによる炉材の劣化が著しい。これら
の物質をフッ化物イオン（F ‒ ）まで分解できれば，既存
の処理技術により環境無害なフッ化カルシウムに変換で
きる。フッ化カルシウムは硫酸処理によりフッ素ポリ
マーを含む すべて の有機フッ素化合物の原料であるフッ
化水素酸になるため，産出が特定国に偏在し，入手難の
状況が続いているフッ素資源の循環利用にも寄与できる
（図 1 ）。この場合，穏和な条件で F ‒ まで分解すること

が重要である。これまでにも電子線照射やプラズマ等の
高エネルギー的な手法を使えばフッ素ポリマーさえも分
解することは知られていた。しかしその場合，ペルフ
ルオロイソブチレン（PFIB）やテトラフルオロメタン
（CF 4  ）等の有害ガスが発生する懸念がある 2） 。
  以上の背景から我々はPFAS/PFCA類やそれらの代替

物質，さらには二次生成物について，ヘテロポリ酸光触
媒 3  ～  7） ，ペルオキソ二硫酸イオン（S 2 O 8  2  ‒ ）＋光照射 8  ～  10） ，
金属粉＋亜臨界水 11  ～  13） ，鉄イオン光触媒 14） ，S 2 O 8  2  ‒ ＋温
水 15,     16） ，酸素ガス＋亜臨界水 17） ，S 2 O 8  2  ‒ ＋超音波照射 18）

 等の手法によりF ‒ までの分解，すなわち無機化を達成し
てきた。近年はこれらの知見を基にイオン交換膜 19） や表
面処理用のフッ素ポリマー 20） ，さらには過塩素酸イオン 21）

 等の新規環境リスク懸念物質の分解方法の開発にも取り
組んでいる。本稿ではそれらの代表的な例について報告
したい。

    ２．PFAS類および関連物質の分解

    2. 1　鉄粉＋亜臨界水
  水中の PFAS 類について熱水（亜臨界水，超臨界水）
分解を検討した 11  ～  13） 。図２に水の状態図を示す。臨界
点（374℃，22.1 MPa）を超える温度・圧力の状態は超
臨界水と呼ばれるが，臨界点よりもやや低い領域にある

   Hisao Hori
  平成 ２ 年   慶應義塾大学大学院理工学研究科

応用科学専攻後期博士課程修了
   同 年 ㈱東芝研究開発センター研究員
   ５ 年   通商産業省工業技術院資源環境技

術総合研究所研究員
   ６ 年 同主任研究官
   ９ 年   マックス ･プランク研究所客員研

究員（科学技術庁長期在外研究員
併任）

   16 年   産業技術総合研究所環境管理技
術研究部門研究グループ長

   22 年   神奈川大学理学部教授･産業技術
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図1　フッ素資源の循環利用スキーム

図2　水の状態図（正しいスケールではない）
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高温，高圧の水（液体）が亜臨界水である。亜臨界水や
超臨界水は無極性の有機化合物を溶解し，有機化合物を
加水分解する等，普通の水にはない性質を持っている。
  反応は耐圧容器に不活性ガス雰囲気中で PFOS水溶液

（93 ～ 372 µM）と鉄粉もしくは他の金属粉を入れ，加
熱することで行った。金属粉がない場合，水中の PFOS
濃度はほとんど減少しなかった。鉄粉を入れた場合に
PFOSは最も迅速に分解した。例えば PFOS初期濃度が
372 µM，反応温度 350 ℃の場合，PFOS は６時間で水
中から消失し，同時に F ‒ が高収率で生成した（図 3 ）。
この方法により反射防止剤中のPFOSや，炭素数２～６
の短鎖 PFAS類（PFOS代替品）も分解できた。
   2. 2  　  酸素ガス＋亜臨界水 
  PFOS 代替物質としてペルフルオロアルキル基の中に
エーテル結合を導入したペルフルオロアルキルエーテ
ルスルホン酸類（PFAES 類）がある。PFAES 類につ
いては酸素ガスを共存させた亜臨界水反応で F ‒ ，CO 2
 および SO 4  2  ‒ まで効果的に分解することができた 17） 。反
応を無酸素条件で行った場合，PFAES 類の減少の時間
依存性は酸素雰囲気の場合とほぼ同じであったが，F ‒ ，
CO 2 および SO 4  2  ‒ の生成量が大幅に減少した。このこと
は酸素ガスが反応中間体の無機化に重要な役割を果たし
ていることを意味する。

      ３．PFCA類および関連物質の分解

    3. 1　ヘテロポリ酸光触媒
  水中の PFCA類は通常の促進酸化法ではほとんど分

解できないが，我々はヘテロポリ酸 [PW 12 O 40 ] 3  - を用い
ることで F ‒ と CO 2 まで分解させることに成功した 3  ～  7  ） 。
これは PFCA類を光触媒分解させた世界初の例である。
光反応は PFCA類と [PW 12 O 40 ] 3  - を含む水溶液を耐フッ
素性の反応装置に入れ，酸素雰囲気下で紫外・可視光を
照射することで 行った 。この方法により，例えばトリフ
ルオロ酢酸の場合，１モルの消失に対して２モルのCO 2
 と３モルの F ‒ が生成したので物質収支も合っていた 3） 。
また，CF 4 等の有害ガスも発生しなかった。PFOAの
場合，反応初期には水中に短鎖 PFCA類も検出された
が，長時間照射により消失して F ‒ と CO 2 まで分解した
（図 4 ） 5） 。この反応は光励起した [PW 12 O 40 ] 3  - が PFCA
類から電子を奪うことで開始されるが，それに ともない

 [PW 12 O 40 ] 3  - は還元種 [PW 12 O 40 ] 4  - となる。この還元種が
酸素と反応して [PW 12 O 40 ] 3  - に戻ることで触媒サイクル
が形成されている。
    3. 2　S 2 O 8  2  ‒ ＋光照射
  上述の方法では 200 Wの水銀・キセノン灯を使用した

場合，1.35 mMのPFOAを完全に消失させるのに24時間
を要した。より短時間でPFCA類を分解するためにS 2 O 8  2  ‒

 を用いる方法を開発した 8） 。
  水中の S 2 O 8  2  ‒ に紫外光を照射すると硫酸イオンラジ

カル（SO 4  •  ‒ ）が生成する（１式）。SO 4  •  ‒ の酸化還元電
位（２式の反応に相当）は水中で 2.5 ～ 3.1 V であり 22） ，
OHラジカル（３式の場合は 1.8 V，４式では 2.7 V）と
同程度か，それ以上である。

     S 2 O 8  2  ‒    + hν  → 2SO 4  •  ‒      ⑴
   SO 4  •  ‒  + e ‒  ↔　SO 4  2  ‒      ⑵
    • OH + e ‒  ↔ OH ‒    ⑶
    • OH + e ‒  + H +  ↔ H 2 O  ⑷

    そこで PFOA水溶液に S 2 O 8  2  ‒ を添加し，光照射して
PFOAの分解を試みたところ [PW 12 O 40 ] 3  - を使用した場
合と同じ条件において４時間で消失させることができた
（図 5，PFOAの消失後も中間体である短鎖 PFCA類の
分解が続くため F ‒ と CO 2 の生成は続いている）。また

図3　  鉄粉を還元剤として用いた亜臨界水反応によるPFOS
分解の反応時間依存性11)

図4　  ヘテロポリ酸光触媒によるPFOA分解反応の照射時間
依存性（PFOA初期濃度1.35 mM）5)

図5　  S2O82‒を光酸化剤としたPFOA分解反応の照射時間依
存性8)
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SO 4  •  ‒ は反応後には SO 4  2  ‒ になるが，その生成量は使用
した S 2 O 8  2  ‒ の２倍モルとなった。つまり硫黄分は すべて
 SO 4  2  ‒ として回収可能である。この方法でワックス廃液
中の PFCA類や 8） ，PFCA類よりも有害性が高いフルオ
ロテロマー不飽和カルボン酸類 9） も分解できた。PFOA
よりも炭素数が２つ以上多く，難溶性の長鎖 PFCA類
については液体二酸化炭素・水の二相混合系で S 2 O 8  2  ‒ を
使用することで効果的に分解させることができた 10） 。
    3. 3　S 2 O 8  2  ‒ ＋温水
  PFCA類については S 2 O 8  2‒ を添加した熱水反応も検討

した。その結果，意外にも 80 ℃程度の低温の熱水，す
なわち温水中で最も迅速にF ‒ まで分解できた 15） 。図６に
PFOAと 134 倍モル過剰の S 2 O 8  2‒ を入れた温水（80 ℃）
中における PFOA分解の時間依存性を示す。S 2 O 8  2‒ を
入れない場合には PFOA濃度は全く減少しなかったが，
S 2 O 8  2‒ を入れた場合には迅速に減少し， CO 2 と F ‒ が生成
した。この方法で他の PFCA類さらには PFCA類の代
替物質であるペルフルオロエーテルカルボン酸類（ペル
フルオロアルキル基の中にエーテル結合を導入した化合
物，PFECA類）やヒドロペルフルオロカルボン酸類 16）

 も CO 2 と F ‒ まで効果的に分解・無機化できた。
    3. 4　S 2 O 8  2‒ ＋超音波照射
  ここでは S 2 O 8  2‒ と超音波照射を組み合わせて PFECA

類を迅速に分解させることを試みた 18） 。例として
CF 3 OC 2 F 4 OCF 2 COOH（NFDOHA）50 µMに０～ 10 mM
の S 2 O 8  2‒ を添加して超音波照射した場合の水中の
NFDOHA濃度の時間依存性を示す（図７A）。S 2 O 8  2‒ の
添加により NFDOHAの分解が促進され，F ‒ の生成も
増加している（図７B）。10 mM添加した場合，F ‒ 収
率は 24 時間で 84.8％となった。S 2 O 8  2‒ による分解反応
の促進は他の炭素数５～ 10 の PFECA類においても見
られ，S 2 O 8  2‒ の初期濃度が 10 mMの場合，減少の速度
定数は S 2 O 8  2‒ がない場合の 2.5 ～ 3.9 倍となった。これ
は超音波照射で生成するミクロな高温高圧場において
S 2 O 8  2‒ が SO 4  •  ‒ に熱分解し，これが PFECA類の脱炭酸
を誘起するためと考えられる。

      ４．過塩素酸イオンの分解

  過塩素酸イオン（ClO 4  ‒ ）はエンジンの推進剤やエネル
ギーデバイスの電解質等の様々な用途に使われているが，
近年環境影響が懸念されつつある。ClO 4  ‒ は凝集沈殿等
の既存の水処理技術の適用が極めて難しい。イオン交換
樹脂での回収は可能であるが，回収物は廃棄物となって
しまう。そこでClO 4  ‒ を熱水中で金属を還元剤としてCl ‒

 まで分解することを検討した 21） 。金属粉を入れずにClO 4  ‒

図6　  S2O82‒を用いたPFOAの温水分解（PFOA初期濃度
374 µM）15)

図9　  鉄粉を添加した熱水によるClO4‒分解反応の時間依存
性21)

図7　S2O82‒＋超音波照射によるNFDOHAの分解18)

図8　熱水によるClO4-分解反応の温度依存性（金属無添加）21)
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 初期濃度 103 µMで６時間反応させた場合の実験結果を
図８に示す。温度の上昇と共にClO 4  ‒ の残存率は減少し，
Cl ‒ 収率は増加したが 300℃においてもClO 4  ‒ の残存率は
84％，Cl ‒ 収率は 10％にとどまった。一方，金属粉を添加
すると とくに 鉄粉の場合にClO 4  ‒ が顕著に分解することが
分かった。図９に鉄粉を添加して 150 ℃に加熱した場合
の反応の時間依存性を示す。ClO 4  ‒ は擬一次反応速度式に
従って減少し（速度定数：4.3 h ‒  1  ），１時間で検出限界以
下になった。一方Cl ‒ 収率は２時間でほぼ飽和し，最終的
に６時間で 85％に達した。この方法を米国での花火大会
後の環境水の分解に適用してみた。この試料は 5.22 µM
の ClO 4  ‒ を含んでいたが，それよりはるかに高濃度のCl ‒

 （472  µ M）とSO 4  2  ‒ （130  µ M）を含んでいた。そのような
共存物質の存在にもかかわらず，反応後のClO 4  ‒ 濃度は
0.03 ± 0.01 µMまで減少し，99％以上のClO 4  ‒ を除去す
ることができた。

    ５．おわりに

  以上，我々が行ってきたこれまでの取り組みについて
紹介した。フッ素ポリマーについてはさらに使用量が多
いものについて，また低分子の化合物についても需要が
拡大しているイオン液体等の反応性を調べており，結果
については１年以内に公表したいと考えている。
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a b s t r a c t

Photobiological production of hydrogen is considered to be one of the most promising technologies

for replacing or complementing fossil fuel-derived energy. This review focuses on the bioenergetics of

photobiological hydrogen production by various phototrophs, namely purple non-sulfur bacteria, green

sulfur bacteria, cyanobacteria, and green algae. We discuss the improvements in hydrogen production

efficiency and the advances in related technologies that are needed before phototrophs can be used for

economically-viable hydrogen production. We also discuss some technological aspects such as the cost

of nutrients and bioreactors, which should be taken into consideration in designing future plans for the

application of photobiological hydrogen production.
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1. Introduction

The global human population has an acute need for renew-

able energy sources in order to mitigate the global climate change

caused by increasing green-house gases in the atmosphere and to

keep up with the dwindling fossil fuel supplies. According to one of

the scenarios presented in the Intergovernmental Panel on Climate

Change’s (IPCC) 4th Assessment Report “Climate Change” [327], in

order to mitigate the dangerous effects of anthropogenic warm-

ing, we must reduce global CO2 emission from fossil fuels by about

50% of present levels by 2050. The more economically-advanced

countries will be required to achieve more severe reductions. An

upcoming 5th Assessment Report by the IPCC is scheduled to be

published in 2014 and will provide more in-depth analyses. In order

to achieve the significant reductions of CO2 emissions called for

in the IPCC report, the adoption of large-scale solar energy-based

technologies seems to be among the most promising strategies

(Table 1) in terms of meeting energy demands.

Considering that our current consumption of fossil fuels is about

20 times greater than our energy derived from foods, we can-

not expect much additional energy production from agricultural

land-based energy crops. Even if we had additional arable land

available to produce energy crops alongside food crops, and energy

crops were as productive as food crops in terms of the quantity

of available energy, this theoretical energy crop production would

meet only 5% of our current fossil fuel energy demand. Therefore,

even with new crops grown exclusively for energy production, the

amount of energy feasibly produced from our agricultural lands
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Table 1
Global energy consumption.

Items (1018 J yr−1) Ratiob Ratioc

Fossil fuel energy consumption (2010)a 431 1 20

Solar energy received on Earth’ surface 2700000 6300 120000

Human digestive energy intaked 22 0.05 1

a IEA 2012 Key World Energy Statistics [328].
b Ratio to Fossil fuel energy consumption (2010).
c Ratio to Human digestive energy intake.
d World population: 7100000000, Digestive energy: 2000 kcal/day.

simply cannot replace the energy currently derived from fossil

fuels. Some additional energy from land-based crops may be avail-

able via the improved utilization of current agricultural waste such

as stovers from row crops and other by-products from forestry.

Mariculture-raised phototrophs may be another available energy

source [1,2].

Photobiologically-produced hydrogen (H2) is considered to be

an attractive renewable energy source candidate for a number of

reasons: (1) The amount of solar energy is vast in quantity, (2)

Fuel cells powered by H2 are expected to be energetically the most

efficient for power generation with minimal pollution; the final

by-product is H2O, and (3) In contrast to electricity produced by

windmills, H2 is easily stored and transported from overseas. In

response to the immediate needs for renewable energy sources

and given the promise of technologically and economically feasible

large-scale photobiological H2 production, there has been a marked

increase in the number of research projects and accompanying pub-

lications devoted to the topic of photobiologically-produced H2

[3–13].

Phototrophs utilize solar energy for H2 production either with

H2O as the e− donor (autotrophic photobiological H2 production) or

with various organic substances such as saccharides, organic acids,

etc. (heterotrophic photobiological H2 production). The organic

substrates are derived from photosynthetic products, and the

entire process is carbon neutral because CO2 has been absorbed in

the preceding reactions of photosynthesis. Since the early propo-

sals of renewable photobiological H2 energy production [14–16],

much progress has been made in photobiological H2 production

with research focusing on optimization through the use of var-

ious types of organisms under a variety of production schemes.

However, additional research and development of the biological

aspects as well as the supporting energy production technology

is needed before photobiological H2 production is put into actual

practice. This review considers photobiological H2 production uti-

lizing living phototrophic organisms. The artificial photobiological

H2 production strategies that utilize some parts of photosynthesis

incorporated into processed materials, for example artificial films

with embedded phototrophic microorganisms or inorganic sub-

strates embedded with reaction centers, etc., [17–21] will not be

considered in principle.

2. Energy conversion in photochemical reactions and
enzymes of H2 production

2.1. Photochemical reaction centers and linked e− transport

systems

Light energy absorbed by antenna pigments such as chloro-

phylls (Chl), bacteriochlorophylls (BChl), carotenoids, phycobilins

(present in cyanobacteria), etc., is transferred by excitation energy

transfer to the primary e− donors (P840, P700, P680, P870, etc.,

which are dimers of Chls or BChls bound to proteins [22]) of the

reaction centers (RCs), and finally converted to redox energy. RCs

are composed of pigment protein complexes binding several e−

transfer cofactors. The RCs are divided into two groups, namely

Type I and Type II, according to their functional characteristics and

the e− carriers bound to them (Fig. 1, Table 2).

Type I include the RCs found in green sulfur bacteria [23],

heliobacteria [23], and Photosystem I (PS I) [24–26] found in

cyanobacteria, and chloroplasts of algae and land plants, etc.

Type II includes the RCs found in purple bacteria [27], and green

Fig. 1. Reaction centers and e− transport systems of phototrophic microorganisms. Type I reaction center (green), Type II reaction center (blue),��H+: proton-motive force,

b/c: cytochrome b/c complex, c: cytochrome c, FA/FB: iron-sulfur cluster A and B bound to the reaction center, Fd: ferredoxin, MnCa: water oxidizing cluster of Mn4-Ca-O5,

MQ: menaquinone, Ndh: NADH dehydrogenase, P870, P840, P680, and P700: special chlorophyll or bacteriochlorophyll pairs in the reaction center, with*: excited special

pairs. Pcy: plastocyanin, PQ: plastoquinone, QB: quinone temporarily bound to the reaction center, UQ: ubiquinone. For chlorophyll, bacteriochlorophyll, and quinones bound

to the reaction centers, see [22].
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Table 2
Components of reaction centers and photosynthetic electron transport chains.

Organisms/Organelle RC special pair

(pigments)

Redox energy (eV) Bound e−

acceptors

External e−

acceptor

Immediate e− donor to

RC special pair

Type I Green sulfur

bacteria

P840 (BChl a′)2 1.48 Chl a, MQ,

Fe-SX,A,B

Fd cyt c (bound)

(PS I) Cyanobacteria P700 (Chl a and

Chl a′)
1.74 Chl a, PhylloQ,

Fe-SX,A,B

Fd/Fld Plastocyanon/cyt c6

(soluble)

(PS I) Chloroplasts P700 (Chl a and

Chl a′)
1.74 Chl a, PhylloQ,

Fe-SX,A,B

Fd/Fld Plastocyanin (soluble)

Type II Purple bacteria P870 (BChl a) 2 1.44 BPheo a, UQA,B UQ cyt c (soluble or bound)

(PS II) Cyanobacteria

and

chloroplasts

P680 (Chl a) 2 1.78 Pheo a, PQA,B PQ Mn4-Ca-O5 cluster

(bound)

Abbreviations: Bpheo, bacteriopheophytin; Chl, chlorophyll; Fd, ferredoxin; Fe-S, iron-sulfur cluster; Fld, flavodoxin; MQ, menaquinone; Pheo, pheophytin; UQ, ubiquinone.

For BChl a′ and Chl a′ , epipers of Bchl a and Chl a, see [22].

filamentous bacteria (Chloroflexaceae), Photosystem II (PS II) found

in cyanobacteria, and chloroplasts of algae and land plants, etc.

[24,28–31] (Fig. 1). The amino acid sequences of the RC proteins

are homologous across species within the same type of RC. Among

various species of RCs, the oxidation–reduction potential (E0
′) dif-

ference generated by the photochemical reaction is a function

of the absorption wavelength (�) of the primary donors: hc �−1,

where h is the Planck’s constant and c is the speed of light (about

3 × 108 m s−1). For example, P700 generates a redox potential dif-

ference of 1.77 eV, or about 171 kJ mol−1 (for energy conversion of

photosynthesis, see [32]).

2.2. Ferredoxin and flavodoxin

The photochemical reaction of Type I RC reduces a low potential

iron-sulfur protein ferredoxin (Fd), which in turn donates e−s to a

variety of different molecules, depending on the species, examples

include Fd-NADP+ oxidoreductase (also called Fd-NADP+ reductase,

FNR1), some types of hydrogenase (H2ase), nitrogenases (N2ase),

thioredoxin reductase, nitrite reductase, etc. In purple bacteria,

cyanobacteria and green algae, a flavoprotein called flavodoxin

(Fld) with FMN as the cofactor is sometimes present as an appar-

ent replacement for Fd [33]. The redox potential at pH 7 (E0
′) of

Fd isolated from spinach is about −0.43 V [34], low enough to be

directly used as the e− donors in H2 production by FeFe-type hydro-

genase (H2ase, Section 2.6.2), and in reduction of NADP+ by FNR. In

the N2ase reaction, the redox potential of Fd or Fld need not be

so low, and in fact some microorganisms have Fd and/or Fld with

slightly higher redox potentials with a maximum of about −0.3 V

(E0
′) [35], some of which are induced under nitrogen-deficient con-

ditions (see Section 2.6.2). Two types of Fds were isolated from the

nitrogen fixing Anabaena variabilis; Fd isolated from N2ase contain-

ing cells (heterocysts) showed higher activity than Fd isolated from

ordinary cells (also called vegetative cells) in the N2ase assay with

NADPH as the e− source [36–38]. In some Anabaena strains, Fld

mediates e− transfer from NADPH to N2ase [37].

2.3. Quinone pools

In photosynthetic membranes, some quinones occur as

diffusible e− carriers and thus link together various membrane-

bound e− transport components such as Type II RCs, NADH

dehydrogenase, succinate dehydrogenase, cyt b/c complex, etc. The

concentration of quinones in the membranes is much greater than

the e− transporting complexes discussed above, and these quinones

1 This is different from the Crp/Fnr family of transcriptional regulators found in

E. coli, etc.

are often referred to as bulk quinones or quinone pools (Fig. 1).

The species of quinones present in the pools differ among orga-

nisms and organelles: ubiquinone (UQ) is found in the cytoplasmic

membranes (sometimes intracellular membranes depending on

the species) of purple bacteria and in the inner mitochondrial mem-

brane of algae, plastoquinone (PQ) in the intracellular membranes

of cyanobacteria and chloroplast thylakoid membranes of eukary-

otic algae, and menaquinone (MQ) in the cytoplasmic membranes

of green sulfur bacteria [39]. UQ and PQ are benzoquinones with

E0
′ values of about 0–0.1 V, while MQ is a naphtoquinone with an

E0
′ value of about −0.1 V (for a review of the chemistry of quinone,

see [40]). The redox potentials of UQ or PQ reduced by Type II RC

are not low enough to directly reduce Fd and NAD(P)+.

2.4. Electron transport chains

The low-potential e−s generated by photochemical RCs are

sequentially transferred via e− transport chains (Fig. 1), with some

components of the e− transport chain being integral to the mem-

brane, and other components extrinsic to the membrane or even

soluble. The low-potential e−s are used as the source reducing

power in various reactions and for generating the proton-motive

force (pmf, see below). The redox energy of 1 eV is equivalent to

96.5 kJ mol−1.

2.5. Proton-motive force and ATP synthesis

2.5.1. Membrane-bound ATP synthase

ATP is essential for many cell functions including cell main-

tenance and division. In photosynthetic organisms, most of the

ATP is synthesized by membrane-bound ATP synthase linked to

the e− transport chains of photosynthesis (photophosphoryla-

tion) and respiration (oxidative phosphorylation). The enzyme

that catalyzes ATP synthesis (ADP + Pi = ATP + H2O, �G◦′ = 30.5 kJ)

is called membrane-bound ATP synthase, H+-ATPase, or FoF1-ATP

synthase (CFoCF1 in chloroplasts). Homologues of the mitochon-

drial membrane-bound ATP synthases are found in the cytoplasmic

membranes of bacteria, intracellular (also called thylakoid) mem-

branes of cyanobacteria, thylakoid membranes of chloroplasts, etc.

The enzyme is composed of part F1 peripheral membrane protein

(subunit composition: �3�3���) that plays a catalytic function and

part Fo (subunit composition ab2c8-15), an intrinsic membrane pro-

tein that forms a H+ channel [41].

Some portion of the energy available from the redox reac-

tions is transformed into the electro-chemical potential of H+

(pmf) across the energy transducing membranes according to P.

Mitchell’s chemi-osmotic theory [42,43] (for a review, see [44]).

The energy of the pmf is used for:
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• ATP synthesis by the membrane-bound ATP synthase,
• pmf-driven uphill transfer of e−s (also called energy-dependent

reversal of e− transport, e.g., reversal of NADH dehydrogenase

(Ndh)),
• NADP+ reduction from NADH (pmf-dependent transhydroge-

nase, Thg) [45],
• Fd reduction from NADH by Rnf [46] (Section 3.1.4.1)
• Fd reduction from NADH by Fix [47] (Section 3.1.4.2), and
• active transport, etc.

The pmf (measured in kJ) is expressed as the function of the

membrane potential (� in volt) and the pH difference (�pH

in a pH unit) across the membrane where pmf = −2.3 �pH + 96.5

� kJ per mol of H+. We will further denote the p and n sides,

which, respectively, become more positive or negative in electrical

potential upon energization of the membrane. The p side and the

n side, respectively, are the periplasmic side and the cytosolic side

of cell membranes of photosynthetic bacteria, the lumen side and

the stroma side of thylakoid membranes of chloroplasts, and the

intermembrane space side and the matrix side of mitochondria. In

some organisms, instead of pmf, the electrochemical potential of

Na+ drives various energy-linked reactions across the membranes

[48].

2.5.2. H+/ATP ratio in ATP synthesis

As described above, H+-ATP synthase [41] is composed of the

integral membrane protein part Fo (ab2cn, where c differs among

species with n = 8–15, [44,49]) and the peripheral membrane part

F1 attached to Fo. The enzyme synthesizes ATP with the consump-

tion of pmf by a rotational mechanism [50,51]. The ratio of H+/ATP

has yet to be conclusively determined, and may differ among

species and organelles even within the same species. The c sub-

unit constitutes a H+ channel, whose function may be inhibited

by dicyclohexyl carbodiimide (DCCD) via covalent modification of

the functionally important aspartyl residue. The � subunit is the

axis of rotation, with the torque presumably generated by H+ mov-

ing through the c subunits. The catalytic reaction occurs on the

�3�3 hexamer by the binding change mechanism [41]. Based on

this binding change mechanism model, it is logical to postulate

that one full turn of the � rotation driven by the H+ movement

through the c subunit synthesizes 3 ATP consuming H+s, whose

number is equal to that of the c subunit. FoF1 complexes have

been crystallized [52] and analyzed by X-ray crystallography, fol-

lowed by reports from a variety of species and organelles [49].

The number n of the c subunit determined experimentally thus

far seems to differ between 8 and 15 depending on the species

and the organelles with n equaling: 8 from bovine mitochondria,

10 from yeast mitochondria, 14 from spinach chloroplasts, etc.

[44,49]. These ratios imply that the expected value of H+/ATP ratio

is between 2.7 and 5 depending on the source of ATP synthase.

Petersen et al. [49] reconstituted the FoF1 ATP synthase from yeast

mitochondria (c = 10, or c/ˇ = 3.3) and from spinach chloroplasts

(c = 14, or c/ˇ = 4.7) into liposomes, determined the H+/ATP ratio,

and obtained a value of 2.9 ± 0.2 for the mitochondrial enzyme and

3.9 ± 0.3 for the chloroplast enzyme. Their results indicate that the

values of experimentally obtained H+/ATP ratio depends on the

stoichiometry of the c-subunit, although this may not simply be

a function of the number of c subunits.

In photosynthetic organisms, ATP is required for various reac-

tions such as the assimilation of carbon in photosynthesis, N2ase

reaction, membrane transport of metabolites, etc. Because the

value of the H+/ATP ratio is not fixed, it is impossible to estimate

with much certainty the theoretical maximum solar energy con-

version efficiency to H2. In calculating the theoretical maximum

energy conversion efficiencies for this paper, we tentatively adopt

the values of 3, 4, and 5 (see below and Table 5).

2.5.3. Transhydrogenase and NADPH/NADP+, NADH/NAD+ redox

couples

Both NADPH and NADH are used in a variety of enzymatic

reactions as coenzymes, and the redox potentials of the two cou-

ples are about the same (E0
′ = −0.32 V). However, many organisms

use them differentially, typically using NADH for catabolic reac-

tions and NADPH for anabolic reactions. Often within the same

cell or organelle the NADPH/NADP+ ratio is kept high, while

the NADH/NAD+ ratio is kept low. These states are attained in

part through the activities of metabolic reactions; for example

the chloroplast FNR, the Escherichia coli glucose-6-phosphate-

dehydrogenase which preferentially uses NADPH/NADP+ as the

reaction partner, and other organisms where lactate dehydroge-

nase uses NADH/NAD+. In mitochondria and purple bacteria [53],

membrane-bound nicotinamide transhydrogenase transfers e−s

from NADH to NADP+, driven by consumption of pmf [45,54], which

enables the organelles and cells to keep the NADPH/NADP+ ratio

at a high level and the NADH/NAD+ ratio at a low level. In rat

mitochondria, the ratio of [NADPH]·[NAD+]/[NADP+]·[NADH] (i.e.,

([NADPH]/[NADP+])/([NADH]/[NAD+]) can reach a value of up to

500 (for a summary and thermodynamical considerations of tran-

shydrogenase, see [55]).

2.5.4. Hydrogen and NAD(P)H

The redox potential Eh of a redox couple is expressed as:

Eh = E0 + RT

nF
ln

(
[Ox]

[Red]

)
,

where E0 is the standard redox potential, R is the gas constant, n

is the number of e−s participating in the reaction, T is the absolute

temperature, and F is Faraday’s constant. At 25 ◦C (298 K),

Eh = E0 + 0.06

n
log

(
[Ox]

[Red]

)
.

As for the reaction formula of 2H+ (aq) + 2e− → H2 (g), we have

Eh = E0 + RT

2F
ln

(
[H+]

2

[H2]

)
= E0 + RT

F
ln[H+] − RT

2F
ln[H2].

Note. When the reaction is expressed as H+ + e− → 1/2 H2, we

have the same result:

Eh = E0 + RT

F
ln

(
[H+]

[H2]1/2

)
= E0 + RT

F
ln[H+] − RT

2F
ln[H2].

In the above reaction, E0 = 0 at [H+] = 1 M (pH zero), by definition,

and [H2] is the partial pressure of H2 (pH2
) in atm (101325 Pa). At

25 ◦C (298 K), we have Eh = 0 − 0.06 pH + RT/2F ln pH2
. At pH2

of

1 atm, Eh is a function of the pH of the compartment where the

hydrogenase is located: at pH 0, 5, 6, 7, or 8, it is 0, −0.3, −0.36,

−0.42, or −0.48 V, respectively. The Eh is also a function of the pH2
,

and at pH 7 when the pH2
is 1 (100%), 0.1, 0.01, or 0.001 atm, the Eh

(expressed as E0
′, please note the ′) is about −0.42, −0.39, −0.36, or

−0.33 V, respectively.

As for the reaction formula of NAD(P)+ (aq) + H+

(aq) + 2e− → NAD(P)H (aq), Eh at pH 7 (E0
′) = −0.32 V at

298 K, we have, E0
′ = −0.32 + 0.03 log([NAD(P)+]/[NAD(P)H]

+ 0.03 log([H+]/10−7) = −0.32 + 0.03 log([NAD(P)+]/[NAD(P)H] − 0.03

(pH–7). When the [NAD(P)H]/[NAD(P)+] ratio is 0.1, 1, or 10, the Eh

is about −0.29, −0.32, or −0.35 V at pH 7, and about −0.26, −0.29,

or −0.32 V at pH 6, respectively.

From the above calculations, at pH 7 and 6 when the

[NAD(P)H]/[NAD(P)+] is 10 (−0.35 V and −0.32 V, respectively), the

H2 concentration (pH2
) in equilibrium does not exceed 1% and 10%
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(v/v), respectively. The back reaction (H2 absorption) becomes sig-

nificant, when H2 concentration exceeds several percentages. Apart

from cell physiology and the pH dependence of enzymatic activ-

ity, the more acidic the compartment where the H2ase is located,

the more favorable conditions are energetically for H2 production.

Because there is an upper limit for the H2 concentration attained by

the activity of NAD(P)H-linked hydrogenase (Section 2.6.1.2), the

H2 accumulation levels are also limited [56].

2.6. The enzymes of H2 production

The enzymes that catalyze H2 production in phototrophic orga-

nisms are either hydrogenase (H2ase) or nitrogenase (N2ase).

2.6.1. Hydrogenases

The feasibility of photoproducing H2 was demonstrated a long

time ago using an artificial system composed of H2ase from Clostrid-

ium, chloroplasts and Fd from spinach [57]. Various aspects of

H2ases have been extensively reviewed [6,58–65].

H2ase is the enzyme that catalyzes the following simple reac-

tion:

2H+ + 2e− � H2.

H2ases are metalloenzymes and are classified into two main

classes based on the metallic co-factor of their active centers:

[FeFe]-H2ase (also called Fe-H2ase or Fe-only H2ase) and [NiFe]-

H2ase (see below). On the basis of physiological functions, H2ases

can be further divided into bi-direactional H2ases and uptake

H2ases.

The bi-directional H2ases (sometimes called reversible H2ase)

catalyze either evolution or uptake of H2 depending on the redox

state of the immediate e− donors (Fdred/Fldred or NADPH) within

the cellular compartments, and on the partial pressure of H2. Bidi-

rectional H2ases found in phototrophic organisms are divided into

two groups: the first is [FeFe]-H2ase found in green algae with

reduced or oxidized Fd/Fld as the reaction partner, and the second

is [NiFe]-H2ase found in cyanobacteria and photosynthetic bacteria

with NAD(P)H/NAD(P)+ as the reaction partner. These two groups

of bidirectional H2ases are of different phylogenetic origins.

The uptake H2ase (Hup) found in photosynthetic bacteria and

cyanobacteria belongs to the [NiFe]-H2ase; it absorbs H2 and

feeds e− to the quinone pool. Because the uptake H2ase catalyzes

the essentially unidirectional uptake of H2, it naturally interferes

with N2ase-based H2 production (see Section 2.6.2). Although the

physiological function differs, the [NiFe]-type uptake H2ase and

NAD(P)H/NAD(P)+-linked bi-directional H2ase share similarity in

the amino acid sequences of their catalytic proteins and in the 3-

D structures of the metal cluster [63]. However, they differ in the

composition and number of subunit proteins that constitute the

H2ase complexes.

The catalytic centers of the both types of H2ase are generally

sensitive to O2.

2.6.1.1. [FeFe] hydrogenase. [FeFe]-H2ase is typically found in

chloroplasts of green algae, and catalyzes the reversible reac-

tion with Fd/Fld as the reaction partner as described above [66].

Because the redox potential (E0
′) of Fd is around −0.43 V and

because PS I produces electronegative reducing power (E0
′) of

around −0.55 to −0.6 V, there are no redox potential constraints

for photobiological H2 production in green algae. In order for pho-

tobiological H2 production to occur in green algae, in addition to

the expression of H2ase, there must be an adequate intracellular

supply of Fdred/Fldred as many other enzyme activities are also

linked to Fdred/Fldred (e.g. FNR, nitrate reductase, antimycin A-

sensitive cyclic e− transport around PS I, etc., see below and Fig. 9).

Compared with other H2-producing enzymes, [FeFe]-H2ase has the

highest activity with a turnover rate of 6000–9000 s−1 [3]. By com-

parison, [NiFe]-type bi-directional H2ase has a turnover rate of

about 100 s−1 and 450–600 s−1, in the direction of H2 evolution

and uptake, respectively, and N2ase, about 6.4 s−1 [3].

The catalytic metal cluster of the [FeFe]-H2ase is extremely

sensitive to O2, and when the catalytic cluster is inactivated,

the protein is eliminated by degradation. After translation of the

[FeFe]-H2ase genes, the participation of 3 proteins is required

for formation of an active [FeFe]-cluster on the nascent polypep-

tide [67,68]. Because [FeFe]-H2ase is sensitive to O2 and O2 is

a product of photosynthesis, optimal photobiological H2 produc-

tion in these species will require that either O2 production via

photosynthesis is minimized or the O2 produced is promptly con-

sumed. In the green alga Chlamydomonas, sulfur deprivation in

the culture medium leads to a gradual decrease in PS II activity

and the production of H2 mainly from stored starch (see Section

3.4.1).

2.6.1.2. [NiFe] H2ases. [NiFe]-H2ases are found in photosynthetic

bacteria and cyanobacteria, and are one of three major types, dif-

fering by physiological function [58,59,62,63]: (1) bi-directional

H2ase (cyanobacterial enzyme sometimes called Hox) catalyzing a

reversible reaction with NAD(P)+/NAD(P)H as the reaction partner,

(2) uptake H2ase (called Hup) catalyzing practically unidirectional

absorption of H2, in many cases with a b-type cytochrome as the e−

acceptor from the [NiFe] catalytic center, and (3) H2-sensing H2ase

activating the gene expression of the former two in the presence

of H2. The NiFe binding sites of this group of H2ase show a cer-

tain degree of similarity in 3-D structure, and also in amino acid

sequences [62]. After translation of the [NiFe]-H2ase genes, the

participation of 7 proteins is required for formation of an active

[NiFe]-cluster on the nascent polypeptide [68,69].

Among these [NiFe]-H2ases, only bi-directional H2ase is a viable

candidate for biological H2 production. However, because the redox

potential of NADPH is about −0.32 V (E0
′), the maximal concen-

tration of H2 produced by the bi-directional [NiFe]-type H2ase

is limited under normal pressure as discussed in Section 2.5.4.

Although the molecular activity of bidirectional [NiFe]-H2ase is

lower than that of [FeFe]-H2ase, an advantage of the [NiFe]-H2ase

is that the inactivated catalytic cluster can be reconstituted in the

presence of H2 or NAD(P)H without the synthesis of the structural

protein. The Fe of the catalytic center of [NiFe]-H2ase binds CN and

CO as the ligands as in [FeFe]-H2ase, although the phylogenetic ori-

gins and structures of the catalytic centers of the two differ. After

translation of the [NiFe]-H2ase genes, the interaction of a variety

of proteins is required for formation of an active [NiFe]-cluster on

the nascent polypeptide. A total of 7 proteins (6 Hyp proteins and

one additional) are required [69,70] and the total inactivation of

any one of them leads to elimination of [NiFe] H2ase activity.

The hup genes encoding uptake H2ase are distributed through-

out most of the N2-fixing PNS bacteria and cyanobacteria. The hox

genes encoding bidirectional H2ase are found in some of the uni-

cellular and filamentous cyanobacteria, but are apparently absent

in others (see below).

2.6.1.3. Physiological roles of H2ases. The physiological roles of the

uptake H2ase Hup are either to use H2 from the environment as

the e− donors for various synthetic pathways (hydrogenotrophy)

or for recovery of H2 as the energy source that is produced in N2ase

reactions.

The physiological roles of bi-directional H2ase are: to absorb

H2 from the environment as the e− donors for oxidative chains,

to evolve H2 in order to drive metabolic pathways for ATP syn-

thesis (e.g., in fermentation), or to avoid accumulation of reducing

power on the e− acceptor sides of e− transport chain in oxygenic
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Fig. 2. Redox potential changes of clusters in nitrogenase proteins. The N2ase reaction is catalyzed by the interaction of two separate proteins (collectively called N2ase):

the Fe protein (reddish brown) and the MoFe protein (yellow). The E0
′ of free Fe-protein is around −300 mV, and it decreases to about −420 mV upon binding 2 ATP per

Fe-protein. Upon further binding of Fe-protein-ATP2 complex with MoFe-protein, the E0
′ of Fe-protein still decreases to about −620 mV [35,79,80].

phototrophs. While H2 production in these cases seems to be a

waste of acquired energy, it likely has a physiological function

under certain conditions. For example, when excess e− accumulate

on the e− acceptor side of PS I as Fdred and reduced RC-bound iron-

sulfur clusters, these reduced components react with O2 to generate

the active oxygen species super oxide (O2
−) which damages vari-

ous cell components [71], including the iron-sulfur clusters of PS I

[72]. In addition, on the reducing side of PS II under reducing condi-

tions but in the presence of transient O2, retention of excited energy

on chlorophyll molecules leads to formation of triplet chlorophyll,

which reacts with ordinary (triplet) O2 to produce singlet O2, a

highly active oxygen species that damages various cellular compo-

nents including PS II itself [71]. Accordingly, oxygenic organisms

have developed various means to decrease the accumulation of

excess e− in photosynthetic e− transport chains, and also to detox-

ify active oxygen species. It has been proposed that bidirectional

H2ase functions as a sort of “emergency valve” for excess e−, thus

mitigating the formation of damaging reactive oxygen species [73].

Collectively, these results suggest that the bi-directional H2ase

functions as a valve for low-potential e−s generated during the light

reactions of photosynthesis, thus preventing a “slowing down” of

e− transport caused by reactive oxygen species. This hypothesis

is supported by growth curves demonstrating that the cyanobac-

terium Nostoc punctiforme bi-directional H2ase mutant needs more

time to adapt to changing light intensities [74].

2.6.2. Nitrogenase

N2ase is an enzyme of N2 fixation, found only in some prokary-

otes including purple non-sulfur (PNS) bacteria, green sulfur

bacteria, some cyanobacteria strains, etc. N2ase catalyzes the uni-

directional production of H2 as the inevitable by-product of N2

fixation with substantial energy input in the form of ATP [75].

Thus, N2ase is a candidate enzyme for photobiological H2 produc-

tion. N2ase catalyzes the reaction under optimal conditions for N2

fixation:

N2 + 8e− + 8H+ + 16ATP → H2 + 2NH3 + 16(ADP + Pi) (Eq.1)

whereas, in the absence of N2 (e.g., under Ar), all e−s are allocated

to H2 production:

2e− + 2H+ + 4ATP → H2 + 4(ADP + Pi) (Eq.2)

The merit of using N2ase in photobiological H2 production is

that it catalyzes an essentially unidirectional production of H2, and

furthermore that the cells lacking H2ase activity can accumulate H2

for a long time even in the presence of O2.

The typical, and most widely distributed and well-characterized

N2ase contains molybdenum (Mo-N2ase), and is expressed under

conditions of combined nitrogen deprivation in the presence of

Mo. The N2ase reaction is catalyzed by the interaction of two sepa-

rate proteins (collectively called N2ase): the Fe protein (encoded by

nifH) and the MoFe protein (encoded by nifD and nifK). The homod-

imeric Fe protein, also called dinitrogenase reductase, contains a

single [4Fe-4S] cluster per dimer that accepts e− from Fdred or Fldred

and in turn donates the e− to the MoFe protein in an ATP-dependent

manner requiring 2 ATP per e− (Fig. 2). The MoFe protein also called

dinitrogenase contains a [8Fe-7S] P-cluster and the FeMo cofactor

(FeMo-co; MoFe7S9C-homocitrate) that binds and reduces N2 and

H+ [76–78].

Some prokaryotes have other type(s) of N2ases called V-N2ase

(encoded by vnf gene cluster) and Fe-only N2ase (encoded by anf

gene cluster) in addition to Mo-N2ase. These other N2ases are

sometimes called alternative N2ases and are similar to a certain

extent to the Mo-type N2ase in amino acid sequence, but can be

divided into distinct subgroups [81,82]. V-N2ase and Fe-only N2ase

are expressed in the absence of Mo, but in the presence of V and

in the absence of both Mo and V, respectively. In terms of the “e−

allocation coefficient” that is the ratio of (total e− fixed in NH3) to

(total e− used in the reaction catalyzed by N2ase), the alternative

N2ases are less efficient in fixing N2 and conversely, can be more

efficient in producing H2 than the Mo-N2ase [83–85]. The general

chemical equation for these types of N2ase is:

N2 + (6 + 2n)e− + (6 + 2n)H+ + 2(6 + 2n)ATP

→ nH2 + 2NH3 + 2(6 + 2n)(ADP + Pi) (n≥1.0) (Eq.3)

Thus in the presence of N2, one would expect greater effi-

ciency of photobiological H2 production by the alternative N2ases

rather than the conventional Mo-N2ases. Based on information

from the genomic sequence data bases, purple non-sulfur (PNS)

bacteria have Mo-N2ase, and some V-N2ase. The PNS bacterium

Rhodopseudomonas palustris CGA009 appears to have all three types

of N2ase [86]. Some N2-fixing cyanobacteria contain both Mo- and

V-N2ases [87–89], but the existence of a strain containing the

Fe-only type enzyme has not yet been reported. The cyanobac-

terium Anabaena variabilis contains two Mo- and one V-N2ases.

One of the Mo-N2ase is expressed in the heterocysts, the cell

specialized for N2 fixation (see Section 3.3.1), and the other is
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Fig. 3. Electron transport system of mitochondria and purple bacteria. Upper part: mitochondria (animal or yeast). Middle and lower parts: some PNS bacteria. H+ with a

red arrow: formation of proton-motive force, H+ with a blue arrow: consumption of proton-motive force. b/c1: cytochrome b/c1 complex, c: cytochrome c, Cox: cytochrome

c oxidase, Fd: ferredoxin, Fix: Fix complex (present in some strains), FNR: ferredoxin-NADP+ oxidoreductase, Hup: uptake hydrogenase, N2ase: nitrogenase, Ndh: NADH

dehydrogenase [93], Nth: nicotineamide transhydrogenase, P870: reaction center [92], Rnf: Rnf complex (present in some strains), Sdh: succinate dehydrogenase, UQ:

ubiquinone. See, for RC [27], pmf generation by RC [94], cyt b/c complex and pmf generation [91,95]. For details, see text.

expressed in ordinary (vegetative) cells under anaerobic conditions

[90].

The E0
′ of the cluster in the Fe-protein from Azotobacter

vinelandii is −290 mV, and the E0
′ is lowered to −430 mV upon

binding two ATP [35]. The E0
′ of the cluster in the Fe-protein (Fe-

protein-ATP2) is further lowered to about −620 mV, low enough

to drive N2 fixation as well as H2 production, by complex forma-

tion with the MoFe-protein (dinitrogenase) accompanied by ATP

hydrolysis [80] (reviewed in [79]) (Fig. 2).

3. H2 production by living organisms

3.1. Purple bacteria

3.1.1. Photobiological H2 production by purple non-sulfur

bacteria

Purple bacteria [27] constitute a group of Gram-negative pink

to purplish-brown bacteria that contain Type II RC, which cannot

use H2O as the e− donor in contrast with organisms like cyanobac-

teria, algae and land plants that contain PS II. This is because the

oxidant generated by the photochemical reaction of Type II RCs of

purple bacteria is not strong enough to extract e− from H2O (Fig. 1).

The primary donor of the RC is a dimer of BChl a (BChl b, in some

strains), and the major antenna pigments are protein-bound BChls

and carotenoids. The oxidized primary donor is reduced by either

soluble or membrane-bound cyt c in most of the RCs. The RC, energy

transducing e− transport chains, and ATP synthase are localized in

cytoplasmic membranes (Fig. 3). In certain species, some parts of

the membranes lodge into the cytoplasm and protrude further to

form intracellular membrane vesicles with the F1 portion of the

H+-ATP catalytic domain facing into the cytoplasm (n side).

The major groups of bacteria that contain this type of RC are

PNS bacteria (PNS genera Rhodobacter, Rhodospirillum, Rhodopseu-

domonas, etc.), purple sulfur bacteria (Chromatia, Allochromatia),

green filamentous bacteria (Chloroflexaci), etc. This review focuses

on PNS bacteria, because they are the most commonly used pur-

ple bacteria for studies of photobiological H2 production (for H2

production by PNS bacteria, see [5,96–99]).

3.1.2. N2ase-based H2 production with various organic

substances serving as e− sources

The PNS Rhodospirillum rubrum was found to produce H2 upon

illumination under He or Ar, but not under N2 [100], and the activity

was later attributed to N2ase [101]. In many PNS bacteria, vari-

ous organic substances are metabolized through dark fermentation

pathways (Section 3.1.3) to reduce either NAD+ or UQ. In PNS bacte-

ria, N2ase activity is induced by combined-nitrogen deficiency. In

the absence of N2 (under He, Ar, or no gas), all the e−s are allocated

to H2 production in the N2ase reaction. N2ase requires ATP and Fdred

[102] and/or Fldred [103]. ATP is supplied by photophosphorylation,

and the Fdred/Fldred is supplied by different pathways, depend-

ing on the species and cell physiology, possibly involving one or

more of the following: (1) Rnf pathway (from NADH to Fd), (2) Fix

pathway (from NADH to Fd), (3) pmf-dependent transhydrogenase

followed by FNR (from NADH to NADPH, and to Fd). Electrons for

NAD+ reduction are supplied from UQH2 by the pmf-driven uphill
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transfer of e− through NADH dehydrogenase (Ndh, Fig. 3). Because

the E0
′ of the Fe-protein of N2ase is not so electronegative (about

−300 mV [35] compared to the E0
′ of H2 at −420 mV)), N2ase is able

to recruit e−s from various metabolic pathways via Fdred or Fldred.

Rhodobacter capsulatus Fd gene located upstream of the nif gene

was expressed in E. coli and the protein had E0
′ of −220 mV, which

did not function in vitro as an e− donor to N2ase [104].

3.1.3. Comparison with dark fermentative H2 production

Dark fermentative H2 production is typically studied using some

species of enterobacteria such as Escherichia and some members

of Gram-positive spore-forming Clostridium growing on organic-

based media. Although the metabolic pathways leading to H2

production in these bacteria are not fully elucidated, the maximum

stoichiometric amount of H2 produced by the dark fermentation

from glucose under normal pressure is generally assumed to be

about 2 (mol/mol) for Enterobacteriaceae and 4 for Clostridiaceae

with various organic acids such as acetate, propionate, pyruvate,

succinate, butylate, etc., as the end products. However, some PNS

bacteria frequently produce more than 7 mol H2/mol of hexose in

the light, based on their photosynthetic machinery and N2ase (see

Table 3). In assessing the potential yield of H2 from organic com-

pounds, the importance of metabolic network-wide balancing of

reducing equivalents should be taken into account [105–109].

PNS bacteria are comprised of a phylogenetically diverse range

of strains. The species of organic substances that PNS bacteria can

efficiently use differ as do the resulting rates of metabolic reactions.

For the majority of PNS strains used in laboratory experiments, the

preferred substrates are organic acids such as malate, succinate,

butyrate, pyruvate, etc., but not acetate. PNS strains using saccha-

ride substrates such as glucose, starch, etc. typically have lower

rates of metabolic reactions than do strains using organic acids.

The standard free energy changes (�G◦) of formate, acetate and

pyruvate for H2 production are [110]:

Reaction (1) formate− + H2O = HCO3
− + H2 (�G◦′ = +1.3 kJ)

Reaction (2) acetate− + 4H2O = 2HCO3
− + 4H2 + H+

(�G◦′ = +104.6 kJ)

Reaction (3) acetate− + 4H2 + 2H2O = HCO3− + pyruvate− + 3H2

(�G◦′ = +151.7 kJ)

Reaction (4) pyruvate− + 2H2 = acetate− + HCO3
− + H+ + H2

(�G◦′ = −47.3 kJ)

Direct H2 production from acetate is bioenergetically unfa-

vorable. Oxidation of pyruvate can be linked to ATP synthesis

(�G◦′ = + 30.5 kJ. Total�G◦ = −47.3 kJ + 30.5 kJ = −16.8 kJ). In enter-

obacteria such as E. coli, the main reaction pathway of H2

production with glucose as the substrate may be described as:

Reaction (5) pyruvate formate lyase :

pyruvate− + CoA = formate− + acetyl-CoA, and

Reaction (6) formate hydrogen lyase-hydrogenase complex :

formate− + H+ = CO2 + H2

Reaction (7) phosphate acetyl transferase, and acetate kinase :

acetyl − CoA + Pi = acetyl phosphate + CoA,

and acetyl phosphate + ADP = acetate + ATP.

Even when formate is secreted extracellularly without further

metabolism, the cells are still able to produce ATP (Reaction 5 and

7).

As a consideration for future practical applications, it should be

noted that when the gas total pressure was decreased from 1 atm to

0.5 atm, the molar yield of H2 by Enterobacteria cloacae increased

from 1.9 mol to 3.9 mol/mol glucose [111], indicating that the H2

yield is greatly affected by the H2 partial pressure of the environ-

ment (see Section 2.5.4).

Members of the genus Clostridia have pyruvate-Fd oxidoreduc-

tase, and the pathway is described as:

(1) pyruvate-Fd oxidoreductase: pyruvate− + 2Fdox + CoASH =

acetyl-CoA + 2Fdred + CO2.

(2) H2ase: 2Fdred + 2H+ = 2Fdox + H2.

Under atmospheric pressure, some members of the family

Clostridia maximally evolve more than 2 but less than 4 H2 per

glucose. The mechanism of the apparent additional H2 pathway is

not fully elucidated, and the participation of Rnf (Section 3.1.4.1)

Table 3
Some examples of photobiological H2 production by coculture or two-stage culture including PNS bacteria.

Type of culture Fermentative bacteria PNS bacteria Substrate Total H2 yield

(mol/mol

hexose)

Special

remarks

References

Coculture

Lactobacillus delbrueckii Rhodobacter

sphaeroides

Glucose 7.1 [132]

Clostridium butylicum Rhodobacter

sphaeroides

Glucose 7.0 [130]

Cellulomonas sp. Rhodobacter capsulatus Cellulose 4.3 [129]

Caldicellulolosiruptor

saccahrolyticus

Rhodobacter capsulatus Beet molasses 6.9 [135]

2-Stage

Closteridium

pasteurianum

Rhodopseudomonas

palstris

Sucrose 7.1 90% COD

removal

(sucrose)

[134]

Clostridium butyricum

and Enterobacter

aerogenes

Rhodobacter sp. Starch mining

waste

7.2 [131]

activated sludge Rhodobacter

sphaeroides

Olive mill

waste

Not applicable 52% COD

removal

[133]

For an extensive review, see [99].
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or Fix (Section 3.1.4.2) pathways (see below) for some species is

conceivable.

3.1.4. Ferredoxin/flavodoxin reduction in PNS bacteria

3.1.4.1. Ion-motive Fd-NAD+ oxidoreductase, Rnf. From Rhodobacter

capsulatus, Schmehl et al. [46] identified homologs of a nif gene

cluster encoding N2ase-related genes. The R. capsulatus nif gene

cluster was shown to have homologs in Azotobacter vinelandii. At

the time of the report, the functions of the R. capsulatus gene prod-

ucts were unknown. When one of the products of the genes in rnf

(for Rhodobacter nitrogen fixing) gene cluster was disrupted, the

in vivo N2ase activity of R. capsulatus was greatly decreased, but

not totally abolished, and the authors concluded that the prod-

ucts of the genes function in e− transport to N2ase. Similarly,

RnfABCDEG from Acetobacterium woodii is a membrane protein

complex that reversibly transports e− from NADH to Fd via the

electrochemical potential of Na+ (or generation of the potential in

the reverse reaction) [112]. The pumped cation species is Na+ in

Acetobacterium woodii [48], but most likely H+ in Rhodobacter cap-

sulatus. The enzyme complex works reversibly, and oxidation of

Fdred by NAD+ is accompanied by Na+ (or H+) extracellular trans-

port (reviewed in [113]). The rnf gene clusters have been found

in some Escherichia and Clostridium strains, the purple sulfur bac-

terium Allochromatium vinosum, and some PNS bacteria. Of the PNS

bacterial strains whose entire genomes have been sequenced, 5

strains of Rhodobacter (alphaproteobacteria) and one strain Rubri-

vivax gelatinosus (betaproteobacterium) [114] contain the rnf gene

cluster, but it appears to be absent in 7 strains of Rhodopseudomonas

and 4 strains of Rhodospirillum. Among green sulfur bacteria, 4 out

of 5 Chlorobium strains have the rnf gene cluster, but 2 strains of

Chlorobaculum do not. Some Clostridium strains have the rnf gene

cluster, and others apparently lack it, as reported in the KEGG

(Kyoto Encyclopedia of Genes and Genomes) database [115,329].

The rnf gene cluster is apparently entirely absent in cyanobacteria

(>40) strains examined thus far and the green alga Chlamydomonas

reinhardtii (1 strain) in the KEGG database [115,329]. In yet another

variation, the acetogenic bacterium Acetobacterium woodii fixes

CO2 with H2 as the e− donor. In A. woodii, HydABCD H2ase reduces

Fd, and Fdred is in turn oxidized by a sodium-motive Rnf complex,

reducing NAD+ and generating the Na+ electrochemical potential

which is used to drive ATP synthesis. In some PNS bacteria, Rnf

complex requires both Fdox and NADH, generating Fdred and NAD+

in a 1:1 stoichiometry in e−.

3.1.4.2. FixABCX pathway. Edgren [47] reported the importance of

fixABCX genes to e− transport in the N2ase reaction in Rhodospiril-

lum rubrum, a species lacking rnf genes. In a more detailed analysis,

the bacterium has been reported to have two pathways of e− trans-

port to N2ase, with the Fix pathway appearing to be the minor

one operating under heterophototrophic conditions. It seems that

a pyruvate:ferredoxin oxidoreductase, encoded by the nifJ gene,

may play a central role under anaerobic conditions in the dark in

this strain [116]. The biochemical function of the membrane-bound

FixABCX was not known at that time, but Hermann et al. [117] later

proposed that e−s from NADH (carrying 2 e−s) are bifurcated, one

going to Fd/Fld (endergonic), and the other to quinone (exergonic).

3.1.5. Optimizing photobiological H2 production by purple

non-sulfur bacteria

3.1.5.1. Inactivation of H2ase. Many of the PNS bacteria have N2ase

and uptake H2ase (Hup). In these bacteria, the N2ase enzymes may

serve as viable candidates for H2 production systems. In order to

express N2ase, the N/C ratio of culture media should not be high,

the N2 in the gas phase should be low or initially zero (no gas in the

head space), and the main components of the produced gas should

be H2 and CO2. The presence of Hup activity, which reabsorbs the H2

produced, lowers the yield of H2. The strains lacking H2ase activity,

either selected from the environment or following chemical muta-

genesis, or constructed through genetic engineering, have been

shown to have significantly improved photobiological H2 produc-

tion. For example, a mutant deficient in H2ase activity was obtained

by ethylmethylsulfonate (EMS) mutagenesis of Rhodopseudomonas

capsulata [118]. In other examples, inactivation of uptake H2ase

genes in Rhodopseudomonas capsulata by transposon mutagenesis

was reported [119] and an uptake H2ase and poly-hydroxybutylate

synthase deficient mutant of Rhodobacter sphaeroides was reported

to have improved H2 productivity [120]. Other molecular targets for

improved H2 production include HypF, shown to be essential for the

cluster formation of NiFe-H2ase [69]. A hypF-deficient mutant of the

purple sulfur phototrophic bacterium Thiocapsa roseopersicina cre-

ated by transposon mutagenesis, showed dramatic increases in its

H2 evolution capacity under nitrogen-fixing conditions [121]. Thus

inactivation of H2ase activity enhances photobiological H2 produc-

tion activity by PNS bacteria such as R. capsulata. For expression of

H2ase genes in PNS bacteria, see [122].

3.1.5.2. Acceleration of photobiological H2 production from various

organic sources by coculture and two-stage culture. While many

PNS bacteria can efficiently use various short-chain organic acids

as the e− donors for growth, in contrast their growth rates are

rather low on media containing saccharides and complex organic

substances that might be more desirable for use in photobiolog-

ical H2 production systems. Some other microorganisms degrade

complex organic substances at much higher rates, yielding vari-

ous organic acids, but the H2 yields from organic substances are

modest (maximally 4 mol H2/mole glucose) [123]. Accordingly,

coculture (also called mixed culture) of PNS bacteria with fer-

mentative bacteria seems to be suitable for increasing the overall

rate as well as the yield of H2. Similarly, the two-stage pro-

cess begins with a dark fermentation stage followed by a second

stage of photofermentation in the PNS bacteria (Fig. 4, Table 3)

[99,124–128].

One of the merits of the two-stage process is that culture condi-

tions can be manipulated to support the growth of two otherwise

culturally incompatible organisms. Specifically, the culture condi-

tions may be optimized for the first stage organism and then shifted

to support the growth requirements of the second stage organ-

ism. For example, the both the pH of the medium and the culture

temperature can be optimized for growth of thermophilic fermen-

tative bacteria in the first stage and then medium pH and culture

temperature can be shifted to support the growth of mesophilic

PNS bacteria in the second stage. The shortcoming of the two-

stage process is that accumulating acids, which are continuously

removed in coculture by PNS bacteria, can limit the catalytic activi-

ties of the first-stage microbes [136]. There are practical limitations

of both the coculture and the two-stage process systems, even

though the metabolic activities of dark fermentation microbes are

generally much higher than those of the PNS bacteria [137]. In order

for either of these systems to achieve economically viable rates of

energy production, further improvements are needed in the con-

version efficiency of H2 per substrate, as well as in the rates of H2

production [99].

Two examples of coculture are: Rhodospirillum rubrum with

Klebsiella pneumonia with glucose or hydrolyzed cellulose as sub-

strates [138]; and coculture of Clostridium and Rhodopseudomonas

which produced 1.1 mol H2 in the dark and 7.0 mol H2/mol glucose

in the light [130]. Taken together, cocultures using PNS bacte-

rial strains with inactivated Hup activity can lead to enhanced

photobiological H2 production. In another coculture system com-

posed of the cellulose-fermenting, dark fermentation bacterium

Cellulomonas and either mutant (H2ase-negative) or wild-type

Rhodopseudomonas capsulata, the system containing the H2ase
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Fig. 4. Schematic illustration of improvement in H2 production by coculture or 2-stage culture of fermentative bacteria and purple non-sulfur bacteria. Upper part: Fer-

mentative bacteria decompose various organic substances at a high rate producing large amounts of organic acids, but the amount of produced H2 is not high. Middle part:

PNS bacteria decompose only a portion of organic substances, and the amount of produced H2 is not high. Lower part: In coculture or 2-stage culture, fermentative bacteria

produce a large amount of organic acids, which is efficiently used by PNS bacteria. Total amount of H2 produced is higher than the sum of those in the former two systems,

and the amount of organic acids and organic residues are substantially decreased.

mutant bacteria showed an increased level of H2 evolution at

4.6–6.2 and compared to the wild-type at 1.2–4.3 mol per mol of

glucose equivalent, respectively [129].

3.1.5.3. Selection of PNS bacteria with improved organic acid uti-

lization for H2 production. Acetate is one of the major products of

dark fermentation in various bacterial strains, and thus cannot be

a substrate for H2 production by dark fermentation due to ther-

modynamic constraints (Section 3.1.3). Furthermore, for most PNS

bacteria, acetate is a rather poor substrate for the reactions of pho-

tobiological H2 production. However, there is variability among

PNS bacterial strains with some being capable of achieving highly

efficient rates of photobiological H2 production using acetate. For

example, Rhodopseudomonas sp. decreased the acetate concentra-

tion from 1.5 g l−1 to about 0 in 47 h accompanied by H2 production

[139].

As fermentation by dark fermentative bacteria produces var-

ious organic acids, selection of PNS bacterial strains that are

capable of using a variety of organic acids as substrates for H2

production will be useful. Furthermore, these strains of bacte-

ria can decrease BOD in waste water. Two examples are: 2.1–2.5

(mol H2/mol acetate) (sludge, mainly Rhodobacter capsulatus),

402–474 ml H2/g volatile suspended solid day−1 [139]; and 2.7

(mol H2/mol acetate) (Rhodobacter sphaeroides) with COD removal

of >80% (>80% succinate lactate, >70% butylate, malate, pyruvate,

>60% acetate, propionate) [140]. More examples of H2 production
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Table 4
Some examples of H2 production from acetate and other acids by PNS bacteria.

PNS bacterium Substrate mol H2/mol acid References

Rhodopseudomonas sp. 2613 Acetate 2.7 [142]

Rhodopseudomonas palustris P4 Acetate 2.4–2.8 [143]

Rhodobacter capsulatus Acetate 2.5 [140]

Rhodopseudomonas sp. Acetate 2.9 [139]

Rhodobacter sphaeroides ZX-5 Acetate 2.8 [141]

ibid Succinate 6.3 ibid

Rhodobacter capsulatus Acetate + propionate + butylate (45%) [144]

Table 5
Quantum requirement for production of 1 molecule H2 via N2ase by PNS bacteria and GSB.

Path Quanta H+ (pmf) e− donor Product/e−

donor

Additional H+

requirement

Total H+ requirementa for 4ATP and 2Fdred (and

required quanta)

3H+/ATP 4H+/ATP 5H+/ATP

PNS bacteria A 1 3 UQH2 (cyclic)

B (from

substrate)

UQH2 6b 18 22 26

(Quantum

requirement)

(6) (7.3) (8.7)

C (from

substrate)

NADH 2c 14 18 22

(Quantum

requirement)

(3.7) (6) (7.3)

GSB A 1 4 (cyclic)

B 1 2 H2S Fdred 0 10 14 18

(Quantum

requirement)

(4.5) (5.5) (6.5)

C 1 0 H2S2O3 Fdred 0 12 16 20

(Quantum

requirement)

(5) (6) (7)

a Calculated for the 3 values of H+/ATP ratio (see text).
b UQH2 → [Ndh (2H+/e−)] → NADH → [Nth (H+/e−)] → NADPH → [FNR] → Fdred (see text).
c NADH → [Nth (H+/e−)] → NADPH → [FNR] → Fdred (see text).

from acetate and other acids by PNS bacteria are shown in

Table 4.

3.1.5.4. Light energy conversion efficiency (from organic acids to H2).

In PNS bacteria, photobiological H2 production is closely linked to

pmf, and the estimated minimum number of quanta required for

H2 production and the light conversion efficiencies assuming that

N2ase allocates all the e− to H2 production (Eq. (2), Section 2.6.2)

are shown in Table 5.

3.1.5.5. Some schemes for improvement of H2 production. Rey et al.

[145] described Rhodpseudomonas palstris mutants that produce

H2 in high N/C medium, presumably because the expression of

N2ase genes in these mutants was not repressed in the presence

of combined nitrogen.

Introduction of the [FeFe]-H2ase gene from the PNS bacterium

Rhodospirillum rubrum into Rhodobacter sphaeroides resulted in

enhanced photobiological H2 production with pyruvate as the

substrate [146]. The effects were modest, and given the limita-

tions of the e− transport system of PNS bacteria (Figs. 1 and 3),

it seems unlikely that this photobiological H2 production scheme

can be substantially improved even with various organic acids as

substrates.

Kars and Gündüz have discussed various schemes for the

improvement of PNS bacteria-based H2 production systems using

genetic engineering [147].

3.2. Green sulfur bacteria

Green sulfur bacteria (GSB) are strictly anaerobic, Gram-

negative bacteria that utilize various sulfur compounds such as

sulfide, elemental sulfur, thiosulfate, etc. as e− donors [148,149].

They have Type I RC similar to cyanobacteria and green algae, which

generate strong reducing power, capable of directly reducing Fd

[23,150,151]. The enzyme FNR from GSB is phylogenetically dis-

tinct from the FNRs of chloroplasts and cyanobacteria, with the

discrimination between NADP+ and NAD+ being less strict for the

GSB FNR [152] as compared to chloroplast and cyanobacteria FNRs.

Heliobacteria [153] have Type I photosystems [23], and are unique

in that they belong to Firmicutus (Gram-positive bacteria). Although

the genome of Heliobacterium modesticaldum contains N2ase genes,

heliobacteria will not be further considered in this review because

of the limited number of published reports.

GSB fix N2 [153,154], and assimilate carbon by a reverse

TCA cycle [155,156]. Chlorobaculum tepidum (formerly Chlorobium

tepidum) uses only a limited number of organic compounds such

as acetate and pyruvate, and the photoheterotrophic growth rates

using these organic acids are low [157]. The genome of C. tepidum

contains N2ase and [NiFe]-type uptake H2ase (Hup) genes [158],

and various aspects of its metabolic pathways have been dis-

cussed [159]. Although the presence of N2ase activity in GSB has

been known for some time [154,160], research and development

efforts on this group of bacteria for H2 production have been min-

imal. Coculture (this case, also known as syntrophic culture) of

the marine green sulfur bacterium Chlorobium vibrioforme with the

sulfur-reducing bacterium Desulfuromonas acetoxidans produced

H2 under light [161]. The latter bacterium uses elemental sulfur

as the terminal e− acceptor, and reduces it to sulfide with acetate

as the e− donor (sulfur respiration). Chlorobium uses sulfide as the

e− donor, and produces H2 by N2ase with elemental sulfur as the

intermediate product, which normally is further oxidized to sul-

fate as the final product [149]. Because GSB can directly reduce Fd

by photosynthetic e− transport, they may be good candidates for

photobiological H2 production from organic waste by coculture.
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Fig. 5. H2 production system by coculture of green sulfur bacteria and sulfate/sulfur

oxidizing bacteria. Fd: ferredoxin, MQ: menaquinone, N2ase: nitrogenase, P840: the

reaction center, S0: zero-valence sulfur or elemental sulfur.

Although D. acetoxidans uses elemental sulfur and not sulfate as

the e− acceptor [161], the use of sulfate-reducing bacteria as the

partner of a coculture with GSB is promising for H2 production,

with removal of both organic waste and reduced sulfur compounds

(Fig. 5). As many of the sulfate/sulfur-reducing bacteria and GSB

contain uptake H2ases, these activities should be eliminated for

efficient H2 photobiological production. For theoretical maximum

efficiency of H2 production, see Table 5.

3.3. Cyanobacteria

Cyanobacteria are prokaryotes that have oxygenic photosyn-

thetic activity like eukaryotic green algae. They have chlorophyll

a but not b, and the major antennas are pigment-protein com-

plexes called phycobilins (phycocyanin, allophycocyanin, etc.).

Some cyanobacteria have uptake H2ase (Hup), [NiFe]-type bi-

directional H2ase (called Hox in cyanobacteria), and N2ase. Hox

and N2ase can be used as the enzymes of H2 production (there are

various summaries and reviews listed in the citations; for a short

summary of H2 production research before 2002 [4] and there-

after [162–170], for H2ase [171], for reviews on H2ase and N2ase

[172], for evolution of nitrogen fixing cyanobacteria [173], for large-

scale H2 production using mariculture raised cyanobacteria [1,2]).

Various aspects of the biological roles of Hox in cyanobacteria have

been reviewed [174].

3.3.1. Heterocyst-forming cyanobacteria

This group of cyanobacteria has been frequently studied for

photobiological H2 production and are considered to be especially

good candidates for optimization of photobiological H2 production.

Because much is known about their cell differentiation [175–178],

they are amenable to standard molecular biological techniques

[179], and the whole genome sequence of Anabaena/Nostoc sp. PCC

7120 [180] has been available to researchers for a number of years

now.

Heterocyst-forming cyanobacteria reconcile two incompatible

processes, namely oxygenic photosynthesis and the O2-sensitive

N2ase reaction, by spatially separating them [173]. In response

to combined-nitrogen deprivation, some filamentous N2-fixing

cyanobacteria (e.g., Anabaena and Nostoc sp.) develop differenti-

ated cells called heterocysts [177,178], in a ratio of approximately

one heterocyst per 10–20 photosynthesizing vegetative cells. Het-

erocysts are the site of nitrogen fixation, functioning to provide

a microanaerobic environment, allowing the O2-labile N2ases to

function in aerobic environments. Heterocysts lack O2-evolving

PS II activity, show an increased rate of respiration (for terminal

oxidases, see [181–184]), and are surrounded by a thick cell enve-

lope composed of glycolipids and polysaccharides that impede the

entry of O2 [175,178]. Vegetative cells perform oxygenic photo-

synthesis and fix CO2 to synthesize organic substances such as

saccharides [176]. Heterocysts obtain saccharides in the form of

sucrose from vegetative cells, and the sucrose is then utilized in

the N2ase reaction as the source of e− and, in turn, provides the

vegetative cells with fixed nitrogen in the form of glutamine [36].

The cooperation between vegetative cells and heterocysts in the

N2ase reaction, and plausible routes of saccharide metabolism are

shown in Fig. 6.

Since the entire genome sequence of Anabaena/Nostoc sp. PCC

7120 has been available [180], genome-wide gene expression stud-

ies of heterocyst development revealed many genes that were up-

and down-regulated during heterocyst development [185]. Several

genes are involved in differentiation and patterning of heterocysts

[175,178] and mutations of some of them have shown to increase

the frequency of heterocysts [177,186]. Since it can be expected

that greater numbers of heterocysts may increase the rates of H2

production as well as N2 fixation, it will be worthwhile to study the

effect of increased heterocysts on H2 production.

Many of these types of cyanobacterial strains have Hup and

some (but not all) of them have Hox [89,187,188]. Notably, the

presence of Hup activity is considered to be a great obstacle

to developing large-scale N2ase-based H2 production based on

these organisms. Hup deficient mutants obtained by chemical

mutagenesis [189] or genetic engineering [162,190–194] had no

H2-absorbing activity, and consequently showed greater pho-

tobiological H2 production activity. Because N2ase catalyzes an

essentially unidirectional evolution of H2, �Hup mutant cells of

Nostoc sp. were able to accumulate H2 to a concentration of 29%

(v/v) over several days in the presence of evolved O2 [194].

3.3.2. Filamentous non-heterocystous cyanobacteria

There have been a relatively small number of published reports

on photobiological H2 production for this group of cyanobacte-

ria, accordingly the discussion here is limited. Non-heterocystous

cyanobacteria such as Trichodesmium and Oscillatoria fix N2 and

produce H2 in the light with O2 evolution. In contrast to heterocyst

forming cyanobacteria that spatially separate N2ase in heterocysts

from O2 evolving vegetative cells, these types of strains do not

develop morphologically discernible heterocysts. One member of

the group, Trichodesmium, is ubiquitous in tropical and subtropi-

cal seas and is known to be an important contributor to global N

and C cycling. Thus, this group has potentially unique physiological

mechanisms for sustaining O2-evolving photosynthesis in the pres-

ence of an O2-sensitive N2ase reaction. Some groups of researchers

postulate based on immune-electron microscopy [195] or fluores-

cence microscopy observations [196] that N2ase in Trichodesmium

is temporally localized in a subset of contiguous cells. In addition,

the cells could turn photosynthesis on and off within 10–15 min (as

measured by O2-evolution) under continuous illumination [196].

The other study on Trichodesmium cells has used high-resolution

mass spectroscopy to quantitatively Image 13C and 15N uptake. In

this study, transient inclusion of 15N and 13C into discrete subcellu-

lar bodies identified as cyanophycin granules was observed [197]. A

cyanophycin granule [198] is a nitrogen reserve polymer composed

mainly of arginine and aspartate, which is formed when the rate

of combined nitrogen supply exceeds that of organic compounds

generated by photosynthesis. The appearance of the granules in

the light indicates that these cells actively fix N2 in a temporal

fashion. The granules were not confined to a subset of contiguous

cells, but randomly distributed. This observation is congruent with

immune-electron microscopy observations where N2ase proteins

were seen almost uniformly distributed throughout the cells on fil-

aments [199–201]. The maximal CO2 fixation rates were detected
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Fig. 6. H2 metabolism in heterocyst forming cyanobacteria. Upper part: Metabolite exchange between vegetative cells and heterocysts. Lower part: Metabolic pathways

of saccharides. C6P: hexose phosphate, Fd: ferredoxin, Gn and Gn+1: glycogen with the number (n) and (n + 1) of glucose residues, H2ase: hydrogenase, Hox: bidirectional

H2ase, Hup: uptake H2ase, N2ase: nitrogenase, NDP: nucleoside diphosphate (ADP or UDP), NDPG: nucleoside diphosphate glucose (ADPG or UDPG), OPP pathway: oxidative

pentose phosphate pathway, Suc: sucrose, SucP: sucrose phosphate. Enzymes: glycogen synthase, sucrose phosphate synthase, sucrose-phosphate phosphatase,

sucrose synthase, invertase, and hexokinase. In the right, for producing 2 C6P, sucrose synthase pathway requires 1 ATP, and invertase pathway requires 2 ATP.

in the morning, compared with maximal N2 fixation rates in the

afternoon, suggesting that CO2 and N2 fixation in Trichodesmium

is regulated in part by temporal factors [197]. Trichodesmium cells

are known to accumulate glycogens [202] indicating that under

combined nitrogen deprivation conditions, the carbon assimila-

tion exceeds what is needed for growth. Finzi-Hart et al. [197]

speculated that Trichodesmium uses these dynamic storage bod-

ies to uncouple CO2 and N2 fixation from the dynamics of overall

growth, and that increased O2-consumption activities within indi-

vidual cells enable them to temporally segregate the biochemically

incompatible processes of CO2 and N2 fixation.

Other adaptive strategies have been reported for other strains

in this group, including an Oscillatoria sp. from the sea, where

N2ase activity was mainly expressed in the dark, indicating a diur-

nal rhythm [203]. A filamentous non-heterocystous Oscillatoria sp.

strain Miami BG7 with high photobiological H2 production activ-

ity selected from a marine environment was found to be devoid of

H2ase activity and capable of active photobiological H2 production

under Ar at 260 �mol mg Chl−1 h−1 [204].

3.3.3. Unicellular cyanobacteria

The majority of nitrogen fixing unicellular cyanobacteria

strains have Hup, with some of them bidirectional H2ase (Hox)

[162,164,170,172].

3.3.3.1. N2ase based H2 production. Unicellular N2 fixing cyanobac-

teria occur in some strains of the genera Cyanothece, Synechococcus,

Gloeothece, etc. In order to maintain both O2-sensitive N2ase and

O2 evolving photosynthesis within the same microorganism, uni-

cellular N2 fixing cyanobacteria have adopted the main strategy

whereby the two activities are temporally separated: O2 evolv-

ing photosynthesis occurs during the day, and N2 fixation occurs

during the night [205–209] accompanied by N2ase specific gene

expression during the night [210] and photosynthesis specific

gene expression in the light [211–213]. During the early night,

active respiration removes O2 and produces ATP required for N2ase

by oxidative phosphorylation. From recent genome-wide gene

expression profiling studies in Cyanothece sp., many genes related

to N2 fixation and also to uptake H2ase genes (hups) appear to

be expressed mainly in the dark period, while genes related to

photosynthesis appear to be expressed mainly in the light period.

In some species, however, the regulation of expression of the

N2 fixation and uptake H2ase genes as measured in the whole

culture is more as tightly regulated than the expression of the

photosynthesis-related genes [213]. These circadian patterns of

expression [214] are likely modulated at the molecular level by Kai

proteins [215,216]. In some species, circadian H2 production from

the culture still occurs in the light, even under continuous illumina-

tion [209]. Temporal cessation of oxygenic photosynthetic carbon

assimilation seems to occur in some portion of cells as described

for the non-heterocyst forming filamentous cyanobacteria (Section

3.3.2) [197] (Fig. 7).

Some of the Cyanothece strains photoheterotrophically produce

H2 in the presence of glycerol, with rates reported as high as 300
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Fig. 7. Schematic illustration of H2 production by unicellular cyanobacteria via temporal separation of oxygenic photosynthesis and N2ase. Schematic illustration of circadian

rhythm of H2 production and oxygenic photosynthesis. In the majority of cells, N2ase and H2 production activities are high in the night, but some portions of cells evolve H2

in the day time.

Table 6
Some records of the rates of H2 production by oxygenic phototrophs.

Phototrophs Strains e− donor(s) Rate

(�mol mg Chl−1 h−1)

Light intensity Duration Comments References

Cyanobacteria Cyanobacterium

Unicellular Synechococcus sp.

Miami BG 043511

About 140 25 W m−2 (PAR) 1 d Accumulation [222]

Cyanothece sp. strain

ATCC 51142

50 mM

glycerol + H2O

300 30 �mol m−2 s−1 About 24 h Accumulation [217]

Cyanothece sp. strain

ATCC 51142

50 mM

glycerol + H2O

465 100 �mol m−2 s−1 12 h Accumulation [218]

Cyanothece sp. strain

ATCC 51142

H2O 370 100 �mol m−2 s−1 12 h Accumulation ibid

Cyanothece sp. strain

ATCC 51142

H2O 400 140 �mol m−2 s−1 a few h Accumulation [219]

Cyanothece sp. strain

ATCC 51142

H2O 125 140 �mol m−2 s−1 over 100 h Accumulation ibid

Heterocystous A. cylindrica B-629 H2O 320 400 W m−2 1 d Ar flow [220]

Anabaena sp. PCC 7120

�Hup

H2O 53 70 W m−2 1 h Accumulation [225]

Anabaena sp. PCC 7120

�Hup

H2O 63 152 �mol m−2 s−1 1 d Accumulation [227]

A. variabilis PK84

(H2ase-deficient)

H2O 168 140 �mol m−2 s−1 0.5 h Accumulation [223]

A. variabilis ATCC

29413 AVM13�hup

H2O About 135 100 �mol m−2 s−1 4 h Accumulation [162]

Anabaena sp. PCC 7120

AMC 414

H2O About 110 100 �mol m−2 s−1 4 h Accumulation ibid

Anabaena sp. PCC 7120

�Hup

H2O About 80 200 �mol m−2 s−1 1 h Accumulation [194]

Nostoc sp. PCC 7422

�Hup

H2O About 100 200 �mol m−2 s−1 1 h Accumulation ibid

Filamentous

non-heterocystous

Oscillatoria sp. Miami

BG7

H2O (some

portion from

stored

glycogen)

260 2 × 30 W

fluorescent lamp

About 2 d Accumulation [221]

Green algae Green algae

Chlamydomonas

reinhardtii

Acetate + H2O 5.94 300 �mol m−2 s−1 3 h Synchronized

cells

[224]

Chlamydomonas

reinhardtii

Acetate + H2O 4 285 �mol m−2 s−1 A few d Gel-

immobilized

[226]

Chlamydomonas

reinhardtii (D1 mutant)

Acetate + H2O 27.5 2 × 140 �mol m−2 s−1 About 24 h Accumulation [228]
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[217], 465 [218], and photoautotrophically 400 �mol mg Chl−1 h−1

[219] (see Table 6).

3.3.4. H2ase-based H2 production by cyanobacteria

A unicellular non-nitrogen-fixing Synechocystis mutant defi-

cient in type I NADH dehydrogenase showed increased photobi-

ological H2 production activity catalyzed by NiFe-H2ase compared

to the wild-type, although the activity was low [229]. Non-N2 fix-

ing Gloeocapsa alpicola produced H2 in the dark accompanied by

acetate production [230]. A two-stage H2 production scheme using

H2ase by non-N2 fixing Anthrospira (formerly Spirulina) has been

proposed [231]. In the 1st stage: accumulation of starch, in the 2nd

stage: dark fermentative H2 production by [NiFe]-H2ase. Because

dark fermentation depends on NAD(P)H-linked H2ase, it will be

challenging to increase the H2 yield per glucose residue in starch

(see Section 2.5.4).

Ferreira et al. [232] performed LCA analysis of two-stage H2

production by heterocystous cyanobacterium Nostoc sp. followed

by dark fermentation by enterobacteria. They estimated the cost

of H2 from a laboratory-scale H2 production scheme partly based

on theoretical calculations, and concluded that with technical

improvements, the system could be economically viable. However,

the target value of production is 0.1 kg H2 per kg biomass (roughly

equivalent to 9 mol H2 per mol glucose), which will be a challeng-

ing target to meet using dark fermentation of enterobacteria (see

Section 3.1.3).

Using cyanobacteria cells as the feed stocks, a three-stage

H2 production scheme has been presented; Stage 1: growth of

cyanobacteria, Stage 2: dark fermentation, and Stage 3: photofer-

mentation by PNS bacteria [99].

3.4. Green algae

It has been 70 years since Gaffron and Rubin [233] found that

cells of the green alga Scenedesmus obliquus kept under anaero-

bic conditions for several hours could evolve H2 upon subsequent

illumination. However, the H2 evolution activity was very low and

short-lived. Unicellular green algae such as Chlamydomonas and

Scenedesmus have bi-directional [FeFe]-H2ase, but no N2ase. The

most widely-studied green algae for H2 production is Chlamy-

domonas reinhardtii, and a number of review articles have been

published in recent years [6,8,10,234,235,237,239,241].

3.4.1. Chlamydomonas

In Chlamydomonas, the [FeFe]-H2ase is located in the chloro-

plast [62,238], where it is highly active with a turnover rate of

6000–9000 s−1 [3], but it is extremely sensitive to O2. When the cat-

alytic metal cluster in the matured H2ase is inactivated by O2, cells

cannot reconstruct the cluster, and H2ase must be renewed start-

ing from protein synthesis. Accordingly, the key challenge of using

green algae for H2 production is how to reconcile the requirement

of O2-evolving photosynthesis with H2 production that is sensitive

to O2. Under sulfur-deficient growth conditions, the light-saturated

PS I activity was unaffected by sulfur deprivation (S-deprivation),

whereas the PS II partial reaction rate was reduced by more than

50% after 1 day [243], with the participation sac1 gene for the

acclimination [240].

3.4.1.1. Sustained H2 production by sulfur starvation. Melis et al.

[242], using Chlamydomonas, succeeded in separating the O2-

evolving photosynthesis stage from the subsequent photobiologi-

cal H2-production stage for more than 120 h by simply transferring

the cells from a S-replete medium to a S-deprived medium. This

report led to further studies of the various aspects of photobiolog-

ical H2 production utilizing Chlamydomonas. The entire process of

H2 production can be summarized as follows [224,236,243]:

(Stage 1) Growth of cells by ordinary photosynthesis accompa-

nied by O2 evolution in S-replete medium and internal stores of

saccharides, etc.

(Stage 2) Transfer of cells to S-deprived medium resulting in

a gradual decrease of PS II, because the D1 protein of PS II is

continuously inactivated by illumination and in the absence of

S-containing amino acids the D1 protein cannot be efficiently

replenished. Consequently, the cells cease to multiply and there

is breakdown of various proteins notably Rubisco, along with the

accumulation of a large quantity of starch in chloroplasts.

(Stage 3) After 10–15 h of anaerobiosis, algal cells induce the

reversible [FeFe]-H2ase in the chloroplast stroma and after about

20 h, cells began to continuously evolve H2 for several days con-

suming substantial amounts of internal starch and protein [243].

When the reserve starch is exhausted, the H2 production ceases. In

the H2 production stage, the apparent O2 production ceased [244].

For reviews of early studies on algal biological H2 production, see

[245–247].

Subsequent studies further revealed the details of H2 pro-

duction by Chlamydomonas. Although the apparent O2 evolution

ceases upon S-deprivation, PS II is not totally inactivated. With

the remaining low level of PS II activity, photo-produced O2 is

removed by active mitochondrial respiration as well as by chloro-

plast metabolic pathways that consume starch and other reserves

[248,249]. The e−s for photobiological H2 production largely

depend on both PS II and PS I activities and on non-photochemical

catabolic activities with e− fed from organic reserves to PQ and

NAD(P)+ [248–252] (Figs. 8 and 9).

Chlamydomonas contains two mechanisms that apparently

allow the cells to overcome long-term anaerobiosis; pyruvate-

formate lyase activity (Section 3.1.3), seldom found in eukaryotic

algae, and a fermentative carbon degradation pathway [236,250].

For anaerobic microorganisms, fermentation produces most of the

cellular ATP supply. With glucose as the substrate, yeast (ethanol

Fig. 8. H2 production by S-deprived Chlamydomonas. Left: S-replete cells accumulate organic substances by ordinary photosynthesis. In the transition stage (not shown in

the figure), S-deprived cells accumulate large amounts of starch by photosynthesis and by degradation of existing cell materials such as PS II proteins, etc. Right: The cells

still have low PS II activity, and O2 produced is consumed by mitochondria and also by chloroplast alternative oxidase (PTOX) [248].
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Fig. 9. Reaction center and linked e− transport system in Chlamydomonas. In the middle of the figure, some portion of PS I forms a protein super-complex composed of PS

I with its own light-harvesting complex (LHCI), the cytochrome b/f complex (Cyt b/f), FNR, the integral membrane protein PGRL1, etc. contributes to a part of the cyclic e−

transport system around PS I [256]. The latter may involve antimycin A-sensitive Fd-mediated system [34] directly or indirectly involving PGR5 protein [253]. When PQ is

fully reduced, e−s from organic substances as well as from PS II are used for H2 production with H+ as the e− acceptor. These processes on the whole contribute to synthesis

of ATP required for the maintenance of cell functions (for details, see text). Ndh-2 (type-2 NADH-PQ oxidoreductase, which does not generate pmf in contrast with Ndh-1

typically found in bacteria as well as in animal and yeast mitochondria) [254,255], mediates reduction of PQ using NADH derived from organic substrates. For discussion of

cyclic pathway, see [257,258], b/f: cytochrome b/f complex, Fd: ferredoxin, Ndh: Type-2 NADH dehydrogenase, PTOX: plastoquinol terminal oxidase.

as the end product) and lactic acid bacteria (lactic acid as the end

product) synthesize net 2 ATP per glucose molecule. In Chlamy-

domonas, the glycolytic pathway synthesizes 2 ATP per glucose

with pyruvate and NADH as the intermediary products. When

pyruvate is cleaved by pyruvate:Fd oxidoreductase or pyruvate-

formate lyase, an additional 2 ATP are synthesized from acetyl

phosphate via acetyl-CoA leaving NADH and Fdred for the former

and NADH and formate for the latter (Section 3.1.3). In order for

ATP formation to continue, NADH and Fdred need to be eliminated

either by further fermentation (e.g., to butylate, propionate) or

by H2 evolution through H2ase in the light. As evidence of this

biochemical pathway, a Chlamydomonas mutant with a disrupted

pyruvate-formate lyase gene showed a decreased H2 production

activity in the light, but not in the dark [259]. The growth media

for laboratory experiments usually contain acetate, but completely

photoautotrophic H2 production is also possible in media devoid of

acetate [260].

Since the whole genome sequence of Chlamydomonas reinhardtii

has been available [261], in depth studies on a variety of projects

related to H2 production are underway. From studies using genome,

transcriptome, and metabolome data, the switching of the above-

described stages is accompanied by dramatic changes in the gene

expression and metabolic patterns of the cells [262,263]. The abil-

ity of Chlamydomonas to produce H2 by S-deprivation seems to

be intimately related to the activity of this organism to survive

frequently encountered anaerobic periods in the natural environ-

ment [264,265]. Under anaerobic conditions, one metabolic route

of degradation of pyruvate in the mitochondria seems to be via

pyruvate-formate lyase, phosphotransacetylase and acetate kinase,

producing ATP, instead of acetyl-CoA that is fed to the TCA cycle in

aerobic metabolism [266]. The Chlamydomonas mutant cells that

have no [FeFe]-H2ase activity accumulated higher amount of suc-

cinate compared to the wild-type cells under anaerobic conditions

[267].

It should be noted that not every unicellular green algae

has the capacity to photobiologically evolve H2 by S-deprivation

[268]. The photobiological H2 production activity and H2 activ-

ity of 4 green algal strains was compared with C. reinhardtii, and

some of them showed higher and other lower activities [269].

The authors concluded that unique anaerobic acclimation strate-

gies have evolved in distinct green algae, resulting in differential

levels of H2ase activity and species-specific patterns of NADH

reoxidation during anoxia. For a description of H2 production activ-

ity screening methodology from naturally occurring green algae,

see [270].

The rate of H2 production is generally not so high, and various

strategies for further improvement have been discussed [234].

3.4.1.2. Two-stage and three-stage H2 production systems using green

algal biomass. Benemann [271] proposed a two-stage indirect H2

production scheme: first growing algae without H2 production in

open ponds, followed by H2 production by dark fermentation. He

proposed this scheme, because the algae growth rate is high, and H2

production rate is low (Section 5.1). Tekucheva and Tsygankov [99]

proposed a three-stage H2 production system adding a photofer-

mentation stage by PNS bacteria to the above scheme (Section

3.1.5).

4. Need for further improvements

4.1. Energy conversion efficiency

Although much progress has been made in understanding the

biological and biochemical basis of photobiological H2 produc-

tion across many different organisms, the knowledge has yet to

be put into practical use. If photobiological H2 production is to be

developed as the source of large-scale renewable energy, achiev-

ing improvements in light energy conversion efficiency and in rates

of H2 production are essential (for discussion of needed improve-

ments, see [13,272]).

For comparison purposes, the values of the minimum quantum

requirement for H2 production by PNS bacteria and GSB are shown

in Table 5. Depending on the e− donor (NAD+- or UQ-reducing sub-

strate) and H+/ATP ratio (3, 4, or 5), the values of the minimum

quantum requirement by PNS bacteria are calculated to be between

3.7 and 8.7. Assuming that PNS bacteria utilize 400–900 nm light

with the mean value of energy 184 kJ mol−1 (650 nm light), the

theoretical maximum light energy conversion efficiency into H2

(286 kJ mol−1, (HHV) see Table 8) is calculated to be between 17.9

and 42.0%. Assuming that 400–900 nm light comprises 61% of the

total solar radiation in energy, the maximum solar energy conver-

sion efficiency is calculated to be between 10.9 and 25.6%.

Similarly, depending on the e− donors (sulfide or thiosulfate)

and H+/ATP ratio (3, 4, or 5), the values of the minimum quantum

requirement for H2 production by GSB are calculated to be between

4.5 and 7.0. Assuming that GSB utilize light of 400–870 nm with the

mean value of energy 189 kJ mol−1 (635 nm light), the theoretical

maximum light energy conversion efficiency into H2 is calculated to

be between 21.6 and 33.6%. Assuming that 400–870 nm light com-

prises 59% of the total solar radiation, the maximum solar energy

conversion efficiency is calculated to be between 12.7 and 19.8%.

For N2ase-based photoautotrophic H2 production by cyanobac-

teria, Sakurai and Masukawa [1] calculated values by assuming an

H+/ATP ratio of between 3 and 4, the maximum energy conversion
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efficiency between 13.9 and 16.3% for 550 nm light and between 6.3

and 7.3% vs. the total solar radiation, respectively. For H2ase-based

photoautotrophic H2 production by green algae (starch accumu-

lation followed by its decomposition and PSI photoreaction), the

maximum energy conversion efficiencies have been calculated to

be 22% vs. 550 nm light and 9.9% vs. the total solar radiation, respec-

tively.

Under field conditions, the maximal photosynthesis efficien-

cies of land plants are estimated to be 3.5% and 4.3% for C3 and

C4 plants, respectively [273] (Compare with the theoretical max-

imum values of 12.5% (vs. total solar radiation, 27.6 × 0.45) and

9.3–11% (vs. total solar radiation, (20.7–24.5) × 0.45) for C3 and C4

plants, respectively [1]). These values are about 28% and 39–46% of

the theoretical maximum efficiencies for C3 and C4 plants, respec-

tively. In bioreactors using microphototrophs, the composition of

gases such as CO2, N2, Ar, etc., can be optimized for H2 production,

and wild-type or genetically selected or genetically engineered

strains can be grown without resource competition from other

organisms. Thus, using bioreactors for photobiological H2 produc-

tion appears to be a better strategy than relying on variable field

conditions for attaining the higher actual/theoretical efficiency

ratios.

4.2. A selection of proposed strategies for improving

photobiological H2 production

4.2.1. Improvement of H2ase

4.2.1.1. Introduction of heterologous H2ase and identification of some

candidate H2ases that could be targeted for improvement in H2ase-

based H2 production. The bidirectional H2ase present in some

strains of cyanobacteria is [NiFe]-H2ase with NAD(P)H/NAD(P)+

as the reaction partner. Because [FeFe]-H2ase receives e− from

low-potential Fdred/Fldred and because its molecular activity is

higher than [NiFe]-H2ase [3], introduction of the [FeFe]-H2ase

gene from Clostridium pasteurianum into the cyanobacterium Syne-

chococcus sp. resulted in the production of active [FeFe]-H2ase

[132]. This result was surprising because the structure of the

metal cluster of [FeFe]-H2ase differs somewhat from that of

[NiFe]-H2ase. Although both H2ases bind CN and CO as ligands

in the catalytic metal cluster, the H2ase maturation proteins

required for the catalytic cluster formation differ between the

two. It seems that cyanobacterial [NiFe]-H2ase maturation pro-

teins [69] substitute the role of [FeFe]-H2ase counterparts of

Clostridium [67].

In order to overcome the O2-lability of H2ase, some other can-

didate H2ases for heterologous incorporation into phototrophs are

presented below:

• [NiFe]-H2ase from Ralstonia eutropha is reported to be O2-

tolerant [274,275].
• H2ase from the aerobic hyperthermophilic archaeon Aeropyrum

camini retained 75% of its initial activity after a 168 h of air expo-

sure, and showed a half-life of 48 h at 90 ◦C [276].
• Membrane-associated H2ase from the deep-sea Epsilonpro-

teobacterium Hydrogenimonas thermophila was partially purified,

and the preparation retained 37% of its initial activity after 72 h

of air exposure [277].
• [NiFeSe]-H2ase from Desulfomicrobium baculatum is a selenocys-

teine enzyme, and a highly efficient H2 cycling catalyst. Although

traces of O2 (much less than 1%) rapidly and completely remove

H2 oxidation activity, the enzyme sustains partial activity for H2

production even in the presence of 1% O2 in the atmosphere [278].
• [NiFe]-H2ase from the aerobic H2 oxidizer Ralstonia eutropha is

highly resistant to O2, and binds one additional unprecedented

[4Fe-3S] cluster [279].

Thermotolerant H2ases have been reviewed [280], and intro-

duction of heterologous H2ases have been discussed [68,281].

4.2.1.2. Engineering of a putative gas channel of H2ase. Recent stud-

ies of the 3-D structure of various H2ases have shown that the

catalytic metal clusters appear to be embedded inside the protein.

Putative channels for entering/exiting H2 and O2 have been iden-

tified [282–284]. As the molecular size of O2 is slightly larger than

that of H2, one intriguing strategy for improving the H2ase would be

to increase the specificity of the gas channel by introducing a more

bulky residue(s) via site-directed mutagenesis. This strategy is sup-

ported by studies of Desulfovibrio fructose, in which both valine

and leucine residues were replaced by methionine residues, and

resulted in decreased susceptibility to O2 inactivation [285] (see

also, [286–288]).

4.2.1.3. Truncated antenna. Phototrophic microorganisms contain

an abundance of antenna pigments that contribute to the individual

organisms survival and propagation under fluctuating conditions,

including low light. However, in a mass culture of phototrophic

microorganisms, the high concentration of antenna pigments

decreases the light utilization efficiency of the culture as a whole

because cells near the surface absorb the majority of light energy

and thus cannot efficiently use it for photosynthesis. This is due

to rate limitations of the processes following the initial photo-

chemistry in RCs (“dark reaction”: photophosphorylation, carbon

assimilation, etc.).

Various authors have speculated that based on theoretical con-

siderations, a lower light harvesting pigment content should result

in higher photosynthetic productivity under high light intensity

[15,289], (for a review [290]). There have been several published

studies that support this concept. A mutant of the cyanobacterium

Synechocystis deficient in the antenna pigment phycocyanin was

created by nitrosoguanidine mutagenesis, and the photosynthetic

activity of the culture was found to be 20–30% higher than that

of the wild-type [291,292]. A mutant of the purple bacterium

Rhodobacter sphaeroides created by UV irradiation had a smaller

antenna size than that of the parent strain, and the H2 evolu-

tion rate of the mutant cell suspension was 1.5 times higher than

that of the wild-type strain [293]. The antenna pigment content

can be changed by growing algae under different light intensi-

ties. The green alga Dunaliella salina cells grown under high light

with decreased antenna Chl content showed higher photosynthetic

activity at high light intensities than the cells grown under low

light with larger antenna size [294]. A mutant of the green alga

Chlamydomonas reinhardtii with truncated antenna was created by

DNA insertional mutagenesis, and the culture of the strain showed

greater solar energy conversion efficiencies under high light inten-

sities [295].

Thus, the truncation of antenna pigments appears to be an

effective strategy for improving photobiological H2 production

activity for a variety of phototrophic organisms [226,235,296,297]

(reviewed in [290]).

4.2.1.4. Selection of promising strains followed by metabolic engineer-

ing. For the 4 groups of phototrophs described above, the entire

genome sequence is available for at least several strains within

each group. Based on information from genome-wide gene expres-

sion, and proteomic and metabolomic studies, the limiting steps

in the metabolic networks leading to H2 production will soon be

identified in strains of model organisms. Selection of strains with

desirable traits such as high photosynthetic activity under out-

door field conditions, followed by targeted metabolic engineering

[298–301] will likely be pursued as a strategy for improvement in
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Table 7
Some reports of light energy conversion efficiency to H2 by various phototrophs.

Phototrophs Main substrate Efficiency (%) Light

intensity

(W m−2)

Light

intensity

(�mol m−2 s−1)

Light source Duration of time Comments References

PNS bacteria

Rhodobacter

sphaeroides

Lactate 7.9 50 (total rad.) Xe 1–2 h Agar-

immobilized

[302]

ibid 6.2 75 (total

rad.a)

Xe-based Solar

simulator

1–2 h ibid

ibid About 2 1000 (total

rad.)

Xe-based Solar

simulator

1–2 h ibid

Rhodopseudomonas

sp.

Acetate 6.2 43 Halogen/tungstem about 200 h [139]

Rhodospirillum

rubrum

7.5 3 (870 nm) Infrered lamp a few min [303]

GS bacteria

Chlorobium

vibrioforme

8.6 3 (812 nm) Infrered lamp a few min [303]

Cyanobacteria

Synechococcus sp.

Miami

BG043511

Carbohydrates 5.5 17 (PARb) Fluorescent

tube

4 h [222]

H2O 2.6 17 (PAR) 24 h ibid

Nostoc sp. PCC

7422,�Hup

H2O 3.7 18 (PAR) Fluorescent

tube

6 d [194]

Anabaena sp.

TU37-1

H2O 2.4 22 (PAR) Fluorescent

tube

12 h [304]

Anabaena

variabilis PK84

H2O 0.029–0.094 max. 850 Outdoors 40 d June–July,

London

[305]

(H2ase-deficient) (total rad.)

Anabaena sp. PCC

7120

H2O 0.042 max. 850 Outdoors 1 d August, London [74]

(uptake H2ase-

deficient)

(total rad.)

Green algae

Chlamydomonas

reinhardtii

H2O + acetate 0.36 120 1 h Gel-

immobilized

[306]

ibid ibid 0.24 200 1 h Suspension ibid

Chlamydomonas

reinhardtii

H2O + acetate 0.4 19 (PAR) Fluorescent

tube

240 h Gel-

immobilized

[226]

a total rad.: total radiation.
b PAR: photosynthetically active radiation (400–700 nm for oxygenic phototrophs).

the near future [269]. Some reports of the light energy conversion

efficiencies to H2 by oxygenic phototrophs are tabulated in Table 7.

5. Need for cost reductions

Research efforts aimed at identifying and optimizing renew-

able energy production in various phototrophs have increased in

recent years, but the most important question that remained to be

answered is that of feasibility; specifically if phototroph-based sys-

tems will be able to produce net energy in the future at reasonable

costs? In the following discussion, we highlight the important cost

considerations for photobiological H2 production. Life cycle assess-

ment of biohydrogen production by photosynthetic processes has

been described [307].

5.1. Bioreactors and storage

Amos [330] estimated the cost of H2-based photobiological H2

production by the green alga Chlamydomonas, and pointed out that

if the price of the bioreactor exceeds $100 per m2, then the sys-

tem will not be economically viable. Various types of bioreactors

for outdoor use have been proposed (e.g. [228,305,308–312], but

many of them are designed for the research-scale evaluation of

photobiological H2 productivity and are not designed to minimize

costs.

Benemann [271] proposed a two-stage indirect H2 production

scheme: first growing algae without H2 production in open ponds,

followed by H2 production by dark fermentation. He proposed this

scheme, because from the cost analysis of open pond and photo-

biological H2 production bioreactor, he found that the cost of the

former is $5 m−2 and that of the latter about $130 at that time of the

publication. Melis [234] inferred based on their unpublished results

that construction materials and operational costs of a photobiore-

actor (including materials, fertilizer, personnel, etc.) can be as low

as $1.67 m−2, recurring every 2 months of continuous operation.

However, the actual materials and the structure of the bioreactor

are not described.

Prince and Kheshgi [313] enumerated various technical issues

that need to be addressed to make photobiologically produced H2

economically viable, with one of them being the need for inexpen-

sive H2-barrier bioreactors. They suggested the use of H2 barrier

plastic bags as part of an economically feasible system. Elaborat-

ing on this idea, Sakurai et al. [1,2] have proposed the use of large

flexible H2 barrier plastic bioreactors (e.g., 25 m × 200 m) floating

on the ocean surface for photobiological H2 production by fresh

water phototrophs. In this system, the bags will spontaneously

spread over the sea surface due to the difference in densities of

the medium and sea water. H2-barrier plastic bags for laboratory

use with a H2 permeability Pm of about 20–90 cm3 m−2 d−1 atm−1

are commercially available [314]. The leak of H2 produced over

60 days from such a plastic bioreactor with a H2 Pm value of
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Table 8
H2 energy (HHV) conversion table.a

MJ kWh kCal kOe

kg H2 142 39.4 34 × 103 3.4

m3 H2 12.7 3.55 3.06 × 103 0.306

kOe (kilo oil equivalent) = 10 × 103 kcal.

1 m3 H2 (STP) = 0.08988 g.

H2 energy.

H2 + 1/2O2 = H2O.

�H (HHV: higher heating value, the product is liquid water) = −286 kJ mol−1.

�H (LHV: lower heating value, the product is vapor) = −242 kJ mol−1.

�G = −242 kJ mol−1.
a Ref. [326] and other sources.

50 cm3 m−2 d−1 atm−1 is calculated to be less than 0.2% of the pro-

duced H2 (based on the following assumptions; H2 production at an

energy conversion efficiency of 1.2%, solar energy: 1500 kWh m−2,

initial gas (mainly Ar) 0.5 m3 m−2) [314]. Similar types of bags

have been used for photobiological H2 production by PNS bacteria

trapped in nanoporous latex coated materials [315].

Amos [330] also pointed out the importance of reducing storage

costs. At 25 ◦C, the energy content of 1 m3 H2 at 1 atm is less than

0.3 kg of crude oil (Table 8), and cost reduction of storage is essen-

tial for practical applications of photobiological H2 production. The

purification and storage issues have been discussed [316].

5.2. Cost of nutrients

Clarens et al. [317] performed a life cycle analysis of the pro-

duction of biomass by green algae based upon their life cycle

model: Briefly, a mass culture of algae is grown with bubbling

of CO2 in open ponds using a raceway configuration in 3 sites

in USA„ followed by harvesting. Their analysis indicated that the

environmental burden of producing energy exceeded the produced

biomass energy. They calculated that in order to produce 1.0 unit of

biomass energy, more energy is expended than gained at the cur-

rent levels of productivity (total of about 1.1–1.2 unit, consisting

of about 0.5 unit for nutrients (fertilizers), about 0.35 unit for CO2,

about 0.2–0.35 unit for water, and about 0.1 unit for the energy

needs of the operation). Their LAC analysis has influenced biofuel

R&D efforts such as biodiesel oil production by the green alga Botry-

ococcus that requires total harvesting of cells. In order to deal with

the energy input costs, various improvements are proposed includ-

ing the use of eutrophic waste water or flue gas from coal power

plants, etc.

It seems that photobiological H2 production has an advan-

tage over other photobiological energy production systems such as

biodiesel production, because the cultures can produce H2 for a long

time without harvesting the cells. For systems using PNS bacteria,

the cost of nutrients is not an insurmountable problem, because

readily available nutrient-rich waste products from agriculture,

forestry, drainage, etc., can be used to support culture growth with

only minor additions of deficient nutrients needed to support the

growth of bacteria. The cost of nutrients is further alleviated in pho-

tobiological H2 production systems using oxygenic phototrophs as

they can evolve H2 for a long time without harvesting the cells

and without changing the culture medium. For example, Chlamy-

domonas cells, after H2 production by sulfur deprivation, resume H2

production by adding sulfate followed by accumulation of starch

by ordinary photosynthesis [10]. In another example, cyanobacte-

ria have been reported to produce H2 for 60 days without changing

the culture medium [331].

5.2.1. Filling gas for N2-based H2 production

This potential limitation is not a critical issue for H2 produc-

tion by PNS bacteria, because removing gas from the initial culture

will lead to production of H2 and CO2 as the main products. It is

important for N2ase-based H2 production by cyanobacteria with

H2O as the substrate, and the products are H2 and O2 in about 2:1

ratio. High concentrations of O2 may decrease the N2ase activity

even if cyanobacteria have developed various measures to cope

with O2. In order to alleviate the harmful effects of high concen-

trations of O2, the bioreactors for cyanobacterial H2 production are

usually filled with Ar plus low concentrations of CO2. This is usu-

ally necessary, because high concentrations of N2 lead to a lowering

of N2ase activity in the short term due to sufficient intracellu-

lar levels of combined nitrogen by N2 fixation. Some site-directed

N2ase mutants evolve H2 under N2 at levels approaching what

has been attained under Ar. This is likely because their N2ases

are impaired in N2 fixation activity without losing the H2 evolv-

ing activity [318,319]. Use of these mutants in production systems

will result in reducing costs, as Ar would not be needed. Although

the mutants require combined nitrogen to support growth, the cost

reduction of gas will surpass the cost of nutrients, because they can

produce H2 for a long time without changing the culture media.

6. Future prospects

6.1. Achieving the target of solar energy conversion to H2

6.1.1. Using the price of corn to gauge the performance of modern

agriculture

As an example of an economically sustainable agricultural pro-

duction model, corn production in the USA can be considered as

the benchmark to guide development of large-scale photobiolog-

ical H2 production. In the USA, the energy conversion efficiency

from solar energy to corn grain is estimated to be roughly

about 0.3%. Corn has traded at 1.4–6.2 cents per kWh in these

10 years [332]:

I Yield of corn

a. Annual corn yield: about 150 (in 2010 and 2011) and 130 bushels

acre−1 (in 2012, due to drought) [333].

b. 1 bushel of corn: about 900 ounces in weight, and 1 ounce of

corn: 119 kcal in nutritional energy.

c. Solar energy (assumed): about 1500 kWh m−2 yr−1, and 1 acre:

4047 m2.

II Calculation of Energy conversion efficiency in 2010 and 2011, at

about 150 bushels acre−1:

150 × 900 × 119 × 4.2 × 103 × J
4047 × 1500 × 103 × 3600 × J = 0.33% (0.28% in 2012).

Assuming an efficiency of about 0.3% as the annual energy con-

version efficiency, the efficiency limited to the growing season

(from spring to autumn) into corn is roughly estimated at about

0.5%, and at this efficiency, an economical production of 1.4–6.2

cents per kWh is achieved. The low cost production of corn has

been attained through the confluence of many factors, beginning

with the selection of suitable crops for a given region, by improve-

ments in breeding, horticulture, various related technologies, social

infrastructure, etc. It should be pointed out that the scale of agri-

culture land needed to support the corn-growing farmer is about

several km2 or larger. Levin et al. [137] calculated the scale of a

bioreactor necessary to support H2 fuel cells.

6.1.2. Targeting improved photobiological H2 production

efficiency by optimizing solar energy conversion

Several authors have proposed relatively high target values for

the efficiency of solar energy conversion by oxygenic phototrophs.

For example, Benemann [271] targeted about 10% for a mass culture
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of green algae. Blankenship et al. [21] discussed various possibili-

ties for improving the efficiency above the currently observed high

efficiency values of 3.5% for C3 plants and 4.3% for C4 plants under

field conditions [273]. Rupprecht [320] discussed the necessity for

improving the energy conversion efficiency of Chlamydomonas to

7%, and has proposed improvements by systems biology.

We conclude that using corn production as a model, it seems

reasonable to set the efficiency of 1–1.5% as the interim target

for photobiological H2 production by oxygenic phototrophs. In

the near future, if we are able to photobiologically produce H2

at 1.2% that results in 18 kWh m−2 yr−1 (assumption: solar energy

of 1500 kWh m−2 yr−1), and if the crude H2 is purified and trans-

ported to the final destination with an energy recovery of 50% (net

9 kWh m−2 yr−1) with the advancement of related technologies, we

will be able to replace 50% (the present level) of the fossil fuel

consumption by using the sea surface, equivalent to 1.3% of the

Earth’s total surface area (equivalent to about 85% of the Australian

continent) [2].

Although relatively high photoautotrophic H2 production effi-

ciencies of 2.7–3.6% vs. PAR (translated to 1.2–1.5% vs. solar

radiation, assuming that PAR comprises 45% of the solar radiation)

are reported from laboratory experiments using cyanobacteria,

these experiments were done under low light intensities of less

than 10% of full sun light intensities [194,304]. Under outdoor con-

ditions, the highest efficiency reported thus far is only about 0.1%

for cyanobacteria [305]. The theoretical maximum energy conver-

sion efficiency by N2ase-based H2 production by cyanobacteria is

estimated to be 6.3–7.3% [1]. The energy conversion efficiency of

H2ase-based H2 production by Chlamydomonas is reported to be

0.36% [306] (compared to the theoretical maximum efficiencies of

22% vs. PAR and 9.9% vs. total solar radiation (Section 4.1). Although

the metabolic networks for S-starved Chlamydomonas are not cer-

tain at this time, the theoretical maximum efficiency seems to be

roughly around 10% or less. For both cyanobacteria and green algae,

much improvement in the solar energy conversion efficiency to H2

is required.

For PNS bacteria, the H2 photobiological production efficien-

cies from organic acids of about 6–8% in laboratory experiments

are occasionally reported (Table 7). In the future, the most promis-

ing roles for large-scale photobiological H2 by PNS bacteria will be

in cocultures or two-stage cultures with dark fermentation bacte-

ria (see above) utilizing wastes derived of agricultural and forestry

by-products [321,322]. For example, the perennial grass Miscant-

hus shows relatively high photosynthetic productivity [323], and

the thermophilic bacterium Thermotoga produced 0.3 L H2/Lculture.

In the two-stage system, further treatment of the effluent by

Rhodobacter capsulatus increased the total yield to 1.0 L H2/Lculture

[324].

In the coculture or two-stage fermentation, not only the

improved efficiency, but also increased rates of photobiological H2

production can be realized. In these coculture systems, dark fer-

mentation bacteria can degrade organic materials into organic acids

much faster than they are utilized by PNS bacteria for H2 production

[99,136].

6.1.3. Targeting H2 price

In the Annual Progress Report, DOE, USA, [334] set a milestone

target price for H2 produced by photosynthetic organisms and by

dark fermentative organisms at $4/kg H2 (about 10.1 cents/kWh,

Table 8). The final goal of $2–$3/kg H2 (about 5.0–7.6 cents/kWh)

was presented by USDE and NREL, and the potential for renewable

H2 production in USA including solar panels, etc. was discussed

[325,334].

Although there are many uncertainties for the future imple-

mentation of photobiological H2 production, some preliminary cost

analyses have been presented. In a review article, Melis [235]

presented a preliminary estimate of the future production cost

(without storage) of $1.38/kg H2 (about 3.4 cents kWh−1) on the

assumption that Chlamydomonas produces H2 at 20 g H2 m−2 day−1

(about 300 kWh m−2 yr−1). Considering the solar energy received

in the Arizona desert is around 2600 kWh m−2 yr−1, the assumed

photobiological H2 production rate in this scenario may be rather

high. Sakurai et al. [2] presented a calculation of a preliminary

future H2 price of 26.4 cent kWh−1 if mariculture-raised cyanobac-

teria produce H2 at a 1.2% energy conversion efficiency (solar to

H2) (18 kWh m−2 yr−1) and if the crude H2 is purified and deliv-

ered to ports as pure H2 at an energy recovery of 50%, possible with

advancements of related technologies. These preliminary calcula-

tions and assumptions used indicate that there are many problems

to overcome before photobiologically produced H2 can be put into

actual use.

7. Concluding remarks

In spite of the many biological and technological challenges to

overcome, photobiological production of H2 remains one of the

leading contenders for renewable energy. The proof of concept

demonstration of H2 production at acceptable rates under out-

door conditions will be important and among the challenges to be

addressed by researchers in this field. In the future, even small-

scale photobiological H2 production may contribute not only to

production of renewable energy, but also to protection of the envi-

ronment by decreasing BOD in organic-rich waste water and to

local economies. We also should think carefully about the develop-

ment of large-scale and economical photobiological H2 production,

which may make meaningful contributions in mitigating climate

change and also provide new opportunities for employment. In

order to put photobiological H2 production into actual use, much

biological and technological progress is required.
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a b s t r a c t

The coral metamorphosis-enhancing compound luminaolide was isolated from the crustose coralline
algae (CCA) Hydrolithon reinboldii, and was shown to 34-membered macrodiolide skeleton. The relative
configuration of luminaolide was established based on 1H–1H coupling constants, steric information from
ROESY and a J-based configuration analysis using long-range 1H–13C coupling constants.

� 2013 Elsevier Ltd. All rights reserved.

Luminaolide (1) was isolated from the crustose coralline algae
(CCA) Hydrolithon reinboldii as a novel compound that enhanced
the metamorphosis of scleractinian coral larvae. 1,2 The settlement
and metamorphosis of many marine invertebrates, including coral,
are known to be influenced by CCA, and in some species CCA inhi-
bit recruitment. However, limited information is available on the
external chemical cues that act as natural inducers of larval meta-
morphosis.3,4 The isolation, larval metamorphosis activity, and pla-
nar structure of 1 have been reported previously.1 In this letter, we
present the result of a stereochemical study of macrodiolide 1.

Luminaolide (1) was purified as a white amorphous solid from
the extract of the CCA H. reinboldii, by bio-assay-guided isolation
using reversed-phase HPLC and preparative TLC. The planar struc-
ture was determined based on the result of spectroscopic analyses.
(Fig. 1).

The relative configuration of the dihydropyran moiety (C7–C11)
was determined from ROESY correlations. The ROESY correlations
between H6b (dH 1.90) and H11 (dH 3.55) showed that C6 and
H11 are in a diaxial orientation and half-chair conformation on
the dihydropyran ring. Therefore, the relative configurations were
deduced to be 7R⁄ and 11S⁄ (Fig. 2).

The conformation assignments for the macrocyclic moiety and
its side chain were first analyzed on the assumption that the
carbon chain has a zigzag conformation. For C3–C7, a series of 3

alternate stereocenters, C3, C5, and C7, were elucidated based on
3JH,H values and ROESY correlations. For C3–C4, an anti orientation
at H3 (dH 4.07)/H4b (dH 1.85) was revealed by the observation of a
large 3JH3,H4b value (9.8 Hz). The ROESY correlation between H3
and H4a (dH 1.46) followed this relationship. For C4–C5, the ROESY
correlation at H4b/H5 (dH 3.73) and 5-OCH3 (dH 3.40)/H4a, the
small 3JH4b,H5 value (3.4 Hz) established a gauche orientation at
H4b/H5. For C5–C6, the observation of a large 3JH5,H6a value
(7.5 Hz) indicated that H5 and H6a (dH 1.68) are in an anti orienta-
tion. The ROESY correlation between protons at 5-OCH3 (dH 3.40)
and H6a, 5-OCH3 and H7 (dH 4.45), and H6a and H7 determined rel-
ative configurations as 3S⁄ and 5S⁄ (Fig. 3).

The side chain C20–C30 was separated into two contiguous ste-
reocenters, C20–C22 and C26–C28, by the ethylene-carbonyl chain
C23–C25. For C26–C27, the observation of a large 3JH26,H27 value
(9.2 Hz) indicated that H26 (dH 2.76) and H27 (dH 3.30) are in an
anti orientation. For C27–C28, a gauche orientation at H27/H28
(dH 2.46) was revealed by the observation of a small 3JH27,H28 value
(2.6 Hz). The ROESY correlations between H26 and 27-OCH3 (dH
3.34), H27 and 26-CH3 (dH 0.95), H27 and H28, and 27-OCH3 and
28-CH3 (dH 1.17) showed that the relative configurations were
26S⁄, 27S⁄ and 28R⁄ (Fig. 4).

For C20–C21, an anti orientation at H20 (dH 1.80)/H21 (dH 2.85)
was revealed by the observation of a large 3JH20,H21 value (7.8 Hz).
The ROESY correlation between H20 and 21-OCH3 (dH 3.44)
showed that the configuration of H20/21-OCH3 was gauche. For
C21–C22, the observation of a small 3JH21,H22 value (3.2 Hz)
indicated that H21 and H22 (dH 1.74) are in a gauche orientation.
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The ROESY correlation between H20 and H22, 21-OCH3 and 22-CH3

(dH 0.97), and H21 and H22 revealed that 21-OCH3 and 22-CH3 are
in a gauche orientation. Therefore, the relative configuration of
C20–C23 was deduced to be 20R⁄, 21R⁄, and 22S⁄ (Fig. 5).

For C11–C19, the ROESY correlations at H11/H14 (dH 1.51) and
H15 (dH 3.62)/H18b (dH 1.95) suggested that the carbon chain is
not in a zigzag formation. Therefore, we applied the J-based config-
uration analysis (JBCA) method5 with a ROESY analysis for this sec-
tion. The JBCA method has been used to elucidate the relative
configurations of various compounds. Although JBCA is used for
acyclic compounds, some fragments of large-ring macrolides are
considered to have sufficiently flexible molecular structures. In
fact, the relative configurations of medium- and large-ring macro-

lides have been elucidated using JBCA.6,7 For the JBCA analysis, 2/

3JH,C values are required in addition to 3JH,H values. We obtained
coupling constant values by using the homo-J-resolved 1H NMR
method and J-resolved HMBC method.8

For C11–C12, the ROESY correlations between H11 and H12a
(dH 1.64), and H10 (dH 1.97) and H12a/H12b (dH 1.82) revealed that
H11 and H12a are in a gauche orientation, H11 and H12b are in an
anti orientation, and H12a/b and C10 are both in a gauche orienta-
tion. For C12–C13, the observation of a large 3JH12a,H13 value
(10.6 Hz) indicated that H12a and H13 (dH 3.92) are in an anti ori-
entation, and a large 3JH12b,C14 value (7.7 Hz) indicated that H12b
and C14 (dC 43.82) are in an anti orientation. For C13–C14, gauche
orientations at H13/H14 and C12/H14 are shown in a small
3JH13,H14 value (2.4 Hz) and the ROESY correlations at H12a/H14.
A large 3JH13;14�CH3

value (6.9 Hz) indicated that H13 and 14-CH3

(dH 0.82) are in an anti orientation. For C14–C15, a small value of
2JH14,C15 (<3 Hz) indicated an anti orientation at H14/OH15, and
gauche orientations at H14/C16 (dC 43.34) and H15 (dH 3.62)/14-
CH3 were revealed by small values of 3JH14,C16 (<3 Hz) and
3JH15,14-CH3 (<3 Hz). For C15–C16, the observation of a small value
of 2JC15,H16b (<3 Hz) inferred that H16b (dH 1.74) and OH15 are in
an anti orientation, and small values of 3JC14,H16a (<3 Hz) and
3JC14,H16b (<3 Hz) revealed that H16a (dH 1.71)/C14 and H16b/C14
had gauche orientations. Additionally, the ROESY correlations be-
tween H15 and H16b indicated a gauche orientation at H15/
H16b. For C16–C17, a large 2JH16a,C17 value (6.2 Hz) and a small
2JH16b,C17 value (<2 Hz) showed that H16a and OH17 are in a gauche
orientation, while in an anti orientation at H16b and OH17. The
observation of a large 3JH16a,C18 value (7.6 Hz) showed an anti ori-
entation at H16a and C18 (dC 42.29), and a small 3JH16b,C18 value
(<3 Hz) revealed a gauche orientation at H16b and C18. For C17–
C18, an anti orientation at H17 and H18a (dH 1.44) were indicated
in a large 3JH17,H18a value (9.0 Hz). The ROESY correlations at H18b/
H15 revealed that H18b and C16 are in a gauche orientation. For

Figure 2. Relative configuration of C7–C11.

Figure 3. Relative configuration of C3–C7.

Figure 4. Relative configuration of C26–C28.

Figure 5. Relative configuration of C20–C22.

Figure 1. Structure of luminaolide. Stereochemistry of C3–C22 and C26–C28 fragments are independent.
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the C18–C19, the observation of a large 3JH18b,H19 value (10.6 Hz)
indicated that H18b and H19 (dH 5.62) are in an anti orientation,
and a small 2JH18a,C19 value (<2 Hz) indicated that H18a and O19
are in an anti orientation. Thus, the relative configurations of
C12–C19 were deduced to be 13S⁄, 14S⁄, 15S⁄, 17S⁄, and 19R⁄

(Fig. 6).
Finally, for C19–C20, the ROESY correlations at H19/H20, H19/

H21, and H18b/H20 were associated with the asymmetry of C3–
C19 and C20–C22 (Fig. 7). The stereochemical relation between
the fragments of two fragments, C3–C22 and C26–C28 and their
absolute configurations are currently under investigation.

Another biological activity of compound 1 was examined with
regard to cytotoxicity against B16 mouse melanoma cells. After
incubation, 1 showed an IC50 of 0.7 lM. Meanwhile, 1 enhanced
metamorphosis activity by 42-fold in Leptastrea purpurea larva at
16.6 nM.
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a b s t r a c t

We have developed a thermally driven domino reaction for the synthesis of (S)-a-arylpropionates
(profens) using a thermostable esterase from Sulfolobus tokodaii strain 7. Stereoselectivity was improved
considerably by engineering of the active site. Stereoselective decarboxylation at the active site of an
esterase is a new reaction for the synthesis of optically active carboxylic acids.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.

Climate change and the future limitation of energy and re-
sources create a high demand for efficient, sustainable, synthetic
strategies under the green chemistry philosophy.1 One approach
to this is the minimization of resources dedicated to the work-up
and purification of compounds. Domino reactions, where several
bond-forming and bond-breaking steps take place in one pot under
the same reaction conditions, provide a highly efficient strategy.
These reactions improve the synthetic efficiency by decreasing
the number of operations and thus the amount of chemicals and
solvents required. The application of enzymes in multistep reac-
tions permits the use of excellent stereoselectivity and mild reac-
tion conditions usually associated with enzymes.2 Akai et al.
reported the first example of lipase-catalyzed enantioselective
esterification followed by an intramolecular Diels–Alder reaction,
a sequence which gave products with up to 99% enantiomeric ex-
cess (ee).3

We have recently identified a thermostable esterase gene
(ST0071) from the thermophilic archeon Sulfolobus tokodaii by an
in silico screening of the total genome.4 Esterase (Est0071) ex-
pressed from the putative gene is highly similar to esterases with
a so-called GGG(A)X motif in their active sites. This motif has been
associated with the ability of GGG(A)X hydrolases to convert steri-
cally demanding tertiary alcohols.5 Indeed, Est0071 shows activity
toward several arylaliphatic tertiary alcohols, albeit with low

enantioselectivity (not published). Moreover, it is known that sev-
eral of these esterases have excellent enantioselectivity toward
bulky malonate diesters (1).6

The hydrolysis reaction can be used to synthesize malonic acid
monoesters (2) in asymmetrization with 100% theoretical yield. In
contrast to mesophilic enzymes, Est0071 can catalyze this reaction
at temperatures above 70 �C. Under these reaction conditions, the
monoester is spontaneously cleaved to the a-arylpropionic acid es-
ter (4). If decarboxylation occurs at the active site it may be stere-
oselective. This prompted us to attempt an enantioselective
domino reaction to produce the pharmacologically important com-
pound naproxen (5b). If the chiral environment of the enzyme
causes the product to be optically pure, the stereospecific outcome
should depend to some degree on the choice of amino acids at the
active site, thus creating the opportunity to optimize enantioselec-
tivity by protein engineering (see Table 2).

Initially, we examined whether this esterase could catalyze the
hydrolysis of prochiral malonate diesters (1a) at room tempera-
ture. As anticipated, cell-free extract of Est0071 catalyzed the
hydrolysis of prochiral diesters to the corresponding monoesters
((S)-2a) with excellent stereoselectivity (99% ee) and 96% yield.
Interestingly, the enantiopreference of Est0071 is the opposite to
that of pig liver esterase, which forms the (R)-enantiomer with
96% ee.6 Under high temperatures of 50–70 �C, the monoester
(2a) was cleaved to the racemic ester (4a).4 As the esterase shows
excellent enantioselectivity, the decrease in optical purity was
attributed to racemization during decarboxylation. Variations in
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http://dx.doi.org/10.1016/j.tetlet.2013.01.080

⇑ Corresponding author. Tel.: +81 45 566 1786; fax: +81 45 566 1783.
E-mail address: kmiyamoto@bio.keio.ac.jp (K. Miyamoto).

Tetrahedron Letters 54 (2013) 1921–1923

Contents lists available at SciVerse ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate/ tet le t

─ 174 ─



pH between 6 and 9 and temperature between 50 and 70 �C had no
influence on the ee of the product. Nevertheless, the optical purity
of 5a was increased to 48% ee when His-tag purified enzyme was
employed in the reaction. In addition, no decarboxylation of 2a oc-
curred without Est0071 (data not shown). These observations led
us to assume that cleavage of the carboxyl group might take place
at the active site of Est0071. Accordingly, the chiral environment of
the active site induces stereoselective decarboxylation. As both
steps occur in an enantioselective manner, the reaction is a one-en-
zyme three-step domino reaction (see Fig. 1).

To obtain a better understanding of the reaction mechanisms,
several of the compounds considered to be intermediates were
subjected to reaction with Est0071. We considered two possible
reaction courses (Fig. 2). In the first pathway shown as Path A, a
half-ester is first hydrolyzed to prochiral phenylmalonic acid
(6a). Diacid (6a) is then decarboxylated to the corresponding
monoacid (5a). In this pathway, decarboxylation of malonic acid
is the selectivity-determining step. To confirm this assumption,
we incubated phenylmalonate with Est0071 at 70 �C. We found
that decarboxylation proceeded with or without esterase at almost
the same rate, and that both products (5a) were racemic. More-
over, it is known that the esterase-catalyzed hydrolysis of the sec-
ond ester of malonic acid esters is slow. Based on these
observations, a reaction via a prochiral dicarboxylic acid interme-
diate is unlikely. In the second proposed pathway (Path B), decar-
boxylation of the half-ester (2a) is followed by hydrolysis. In this
pathway, a monoester (2a) is decarboxylated to an optically active
ester 4a. The esterase then hydrolyzes 4a to the corresponding acid
(5a). In order to test this possibility, the reaction intermediate was
analyzed. In the beginning of the reaction, the diester disappeared
immediately, and the half ester (2a) generated. After that, the car-
boxylic acid (5a) was formed gradually. Next, both (R)-4a and
(S)-4awere subjected to the reaction. We found that the hydrolysis
rates of both enantiomers were nearly identical. If Path B is correct,
the decarboxylation product must be an optically active ester.
However, the ester (4a) could not be isolated because the ester
hydrolysis rate was faster than that of decarboxylation. Therefore,
the decarboxylation is a rate-determining step. Adding the racemic
monoester (2a) as a substrate to the reaction led to the formation
of optically enriched (S)-5a (45% ee). Selectivity was almost the
same as the reaction using the optically active half-ester (48% ee).

These results indicated that the intermediate of the domino
reaction should be planar (3). After hydrolysis forms the (S)-enan-
tiomer of the monoester (2a), decarboxylation is stereoselective or
at least preserves the absolute configuration to some extent.
Accordingly, protonation occurs mainly from one side of the planar
enolate intermediate. This mechanism strongly resembles that of
arylmalonate decarboxylase, which catalyzes the enantioselective

decarboxylation of malonate (6a) and proceeds via a prochiral
intermediate.7–9 In this two-step reaction, the formation of the
enolate is the rate determining step, and the direction of the addi-
tion of the proton decides the absolute configuration of the prod-
uct. It is also important to note that the optically active ester
(4a) is hydrolyzed to the corresponding acid in a non-selective
manner. Interestingly, the esterase-catalyzed reaction forms
(S)-enantiomers, while arylmalonate decarboxylase is (R)-specific.

These findings encouraged us to increase the stereoselectivity of
the domino reaction by protein engineering. Directed evolution
efficiently improves the enantioselectivity of esterases.10 Unfortu-
nately, no high-throughput assay for determining the optical pur-
ity of 5 was available. It is rather difficult to predict the amino
acid substitutions for rational engineering of stereoselectivity be-
cause the exact role of active-site amino acids in the decarboxyl-
ation mechanism remains unknown. Therefore, we chose a semi-
rational approach. A combination of structural considerations for
generating small, high-quality libraries has been shown to be effec-
tive for improving esterases.10 A homology model of Est0071 based
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Figure 1. Esterase-catalyzed asymmetric domino reaction.
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Figure 2. Two possible reaction courses.

Figure 3. (a) Residues of the active site pocket of Est0071 with potential impact on
the conversion of phenylmalonate diethyl ester (1a); (b) catalytic triad (D243, H273
and S150) and oxyanion hole (G78, G78, and G80) of Est0071.
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on the X-ray structure of an esterase from Archaeoglobus fulgidus
(PDB 1JJI) was the basis for the identification of three amino acid
residues around the substrate binding site (Fig. 3).

Residues 179, 198, and 203 are situated in close proximity to
the catalytic triad. These positions were simultaneously altered
by mutagenic polymerase chain reaction with primers bearing
the NNK codon. A library of 200 clones was constructed. The num-
ber of clones was not sufficient for full coverage, but helped to en-
sure the potential impact of the residues on the outcome of
decarboxylation. All clones were expressed in Escherichia coli and
purified by His-tag affinity chromatography. After purification, all
variants were active in the hydrolysis of p-nitrophenyl butyrate
at room temperature. In the domino reaction at 70 �C, 69 variants
showed activity. Using these positive mutants, we next confirmed
the stereoselectivity of the domino reaction by HPLC 12.

All variants showed (S)-selectivity. Interestingly, 6 variants
showed increased stereoselectivity compared to the wild-type en-
zyme (Table 1). The best variants (A179 M/L198Y) showed 80% ee,
at conversions around 37%. The variants with improved selectivity
had hydrophobic residues such as leucine replaced with polar argi-
nine, serine, glutamate, or lysine.

The enantioselective domino reaction was applied to the syn-
thesis of (S)-naproxen (5b). The conversion of 1b was much faster
than that of 1a. This can be explained by the higher stability of the

putative prochiral intermediate, based on better delocalization of
the charge on the naphthyl ring system. The effects of the amino
acid substitutions differed remarkably from the findings using 1a
as the substrate. Variant A179 M/L198Y, which produced 5a with
80% ee, catalyzed the formation of 5b with 31% ee. In contrast,
A179 K gave rise to (S)-5b with good optical purity (64% ee).

We developed the first enzymatic domino reaction for the syn-
thesis of optically active (S)-profens. A mechanistic analysis of the
reaction showed that it proceeds via enantioselective hydrolysis of
the malonic acid ester to the monoester. Cleavage of the carboxyl
group at the active site of the enzyme leads to the formation of
the prochiral intermediate, which is then protonated to give the
enantioenriched monoacid. Engineering of the active site gave rise
to a variant with good stereoselectivity. As the esterase-catalyzed
domino reaction does not need external cofactors and allows a the-
oretical yield of 100%, it offers clear advantages over alternative
enzymatic routes.11 The esterase-catalyzed domino reaction is thus
an important step on the road toward the sustainable synthesis of
optically active profens.
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determined by reverse phase HPLC using COSMOSIL 5C18-PAQ (Nakarai
Tesque, Inc., Japan).

Table 1
Enantioselectivity of Est0071 and its variantsa

Variant Conversion (%) eeb (%) Configuration

A179M/L198Y 37 80 S
A179M/L198E 43 77 S
I203R 5 74 S
A179K 56 70 S
I203E 15 67 S
A179M/L198S 35 66 S
Wild-type 85 48 S

a Reaction conditions: pH 7, 70 �C, 48 h.
b The ee values were determined by chiral-phase HPLC.

Table 2
Asymmetric synthesis of naproxen (5b)a

Variant Conversion (%) ee (%) Configuration

A179K >99 64 S
I203R >99 63 S
I203E >99 52 S
A179M/198Y >99 31 S
A179M/198E >99 18 S
Wild-type >99 21 S

a Reaction conditions: pH 7, 70 �C, 48 h.
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Enantioselective Total Synthesis of Pinnaic Acid and Halichlorine

Shu Xu,[a] Daisuke Unabara,[a] Daisuke Uemura,[b] and Hirokazu Arimoto*[a]

Introduction

In 1996, one of us reported the isolation of a novel class of
marine natural products represented by pinnaic acid (1)[1]

and halichlorine (2).[2] Compound 1 was obtained from the
Okinawan bivalve Pinna muricata. It inhibits a cytosolic
85 kDa phospholipase (cPLA2)

[3] in vitro.[1] Compounds that
inhibit cPLA2 have been targeted as anti-inflammatory
agents. Compound 2 was obtained from the black marine
sponge Halichondria okadai Kadota, and shows bioactivity
for reducing the induced mRNA expression of adhesion
molecules (VCAM-1, ICAM-1, E-selectin)[4] and induced
monocyte (U937) adhesion to endothelial cells by attenuat-
ing NF-kB activity,[2,5] which may be useful for treating athe-
rosclerosis. Compound 2 also inhibits L-type Ca2+ channels
in vascular smooth muscle cells, making it promising as an
antihypertensive agent.[6]

The architectural 6-aza-spiro ACHTUNGTRENNUNG[4.5]decane structures of
these two molecules are even more impressive than their
bioactivities. They have attracted considerable attention in
the synthetic chemistry community and have been the topic
of specific reviews[7] and a large number of synthetic stud-
ies.[8] However, significant problems still exist and, since
Danishefsky�s first total synthesis of both chiral molecules,[9]

only two asymmetric total syntheses of 1 from our[10] and
Zhao�s group,[11] and one asymmetric recent total synthesis
of 2 from Clive�s group,[12] have been reported. Construction
of the contiguous stereogenic centers at C9, C13, and C14 is
a challenge, and thus, many reported examples, including
the elegant total synthesis by Heathcock and Christie,[13] in-
volved the preparation of only the spiro framework in race-
mic form. Another significant problem is the addition of the
side chains to the spiro core. All of the reported total syn-
theses suffered low yields for the lower-chain connection
and/or poor selectivity in the subsequent C17 stereogenic
center installation.[9–13] In fact, none of the formal total syn-
theses reported to date, attempted this chain connection.[14]

In continuation of earlier reports,[10] we herein disclose
our recent efforts, which have culminated in the enantiose-
lective total synthesis of 1 and 2. Our total synthesis features
1) construction of the five-membered ring and C9 and C13
stereogenic centers through a palladium-catalyzed trimethy-
lenemethane (TMM) [3+2] cyclization; 2) installation of the
nitrogen atom through a regioselective Beckmann rear-
rangement of a poorly reactive ketone by using a modified
reaction protocol; 3) stereoselective cyclization of the spiro
ring through a one-pot, four-step hydrogenation–cyclization;
and 4) efficient connection of the sterically hindered lower
chain through a reduced-pressure cross olefin metathesis re-
action.

Abstract: The enantioselective total
synthesis of the bioactive marine natu-
ral products pinnaic acid and halichlor-
ine is reported in detail. Our total syn-
thesis features the construction of the
five-membered ring and C9 and C13
stereogenic centers through a palladi-
um-catalyzed trimethylenemethane

[3+2] cyclization; the installation of
the nitrogen atom through a regioselec-
tive Beckmann rearrangement of

a poorly reactive ketone; the stereose-
lective cyclization of the spiro ring
through a four-step, one-pot hydroge-
nation–cyclization; and efficient con-
nection of the sterically hindered lower
chain through a reduced-pressure cross
olefin metathesis reaction.

Keywords: cyclization · metathesis ·
natural products · stereoselectivity ·
total synthesis
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Results and Discussion

Retrosynthetic Analysis of 1 and 2

Because of the abovementioned difficulty with the installa-
tion of the lower chain, we planned to employ olefin meta-
thesis to form the C15=C16 bond. Thus, the C17 center
could be preinstalled in the lower-chain fragment with defi-
nite stereochemistry. Because 1 and 2 are proposed to be
biosynthetically related[15] and share the same structural
backbone, the common intermediate 3 was designed and ex-
pected to lead to 1 through cross metathesis with the upper-
chain unit 4 (A=hydrogen) and chiral lower-chain unit 5
(Scheme 1). By using the same compound 5 and a modified
upper-chain unit (A= leaving group), intermediate 3 could

also afford tetraene 6 ; a precur-
sor designed to provide 2
through a one-pot double ring-
closing metathesis (RCM) pro-
cess.

The spiro core of 3 was ex-
pected to be prepared from the
unsaturated ketone 7 through
a diastereoselective, one-pot,
four-step hydrogenation–cycli-
zation developed in our previ-
ous synthetic studies.[10c] Inter-
mediate 7 could be formed
from compound 8 through
a Horner–Wadsworth–Emmons
olefination (HWE reaction).
The nitrogen atom of 8 would
be installed through a regiose-
lective Beckmann rearrange-
ment from the bicyclic ketone

9, which could be synthesized by Pd-TMM [3+2] cycliza-
tion.[16] This cyclization was anticipated to occur from the
opposite face of the adjacent methyl group in cyclopente-
none 10 to construct the three contiguous stereogenic cen-
ters diastereoselectively. The chiral compound 10 could be
prepared from commercially available (R)-(+)-pulegone.

Preparation of Chiral Building Block 10

From the retrosynthetic analysis, (S)-2-alkyl-4-methylcyclo-
pent-2-enone (10) was our first target. When this study was
initiated, there were no reports on methods for preparation
of this type of building block in chiral form.[17] Thus, a short
route from (R)-(+)-pulegone was designed by using
Dieckmann condensation[18] and Tsuji�s decarboxylation–de-
hydrogenation[19] reactions.

Ozonolysis[20] of technical grade (R)-pulegone[21] cleanly
gave the dicarboxylic acid 11, which was esterified to afford
diallyl ester 12 in 89% yield (2 steps, 40 gram scale,
Scheme 2). Our synthesis of 11 is superior to other literature
procedures[22] because of the metal-free conditions and easy
workup. Dieckmann condensation[18] of 12 with potassium
metal as the base gave the mixed enolates 13a and 13b
(�2:1), which in situ reacted with the iodide 14 to afford
a mixture of 15 and 16. The combination of the potassium
salt and alkyl iodide provided the best C- (15a, b) to O-al-
kylation (16a, b) ratio (�9:1), as expected based on hard
and soft acids and bases (HSAB) theory.[23] Because the by-
products 16a and 16b interrupted the subsequent palladi-
um-catalyzed reaction and were difficult to separate from
compounds 15a and 15b, hydrolysis was employed to trans-
form them into the corresponding protonated compounds
13a and 13b. The hydrolyzed mixture was then subjected to
Tsuji decarboxylation–dehydrogenation,[19] which afforded
compound 10 in 49% yield (3 steps, 20 gram scale), together
with isolated byproduct 17 derived from 13b. The yield of
this decarboxylation–dehydrogenation was largely depen-

Scheme 1. Retrosynthetic analysis of 1 and 2. Cbz=carboxybenzyl,
TBDPS= tert-butyldiphenylsilyl, PMP=p-methoxyphenyl.

Scheme 2. Synthesis of the chiral building block 10 : a) O3, 0 8C, HOAc, H2O, EtOAc; b) AllylOH, H2SO4

(cat.), Dean–Stark, reflux, 89% (2 steps); c) K, AllylOH, PhMe, reflux; then 14, reflux; d) HCl (aq), acetone,
RT; e) Pd ACHTUNGTRENNUNG(OAc)2 (5 mol%), MeCN (4m), 90 8C, 49% (3 steps).
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dent on the concentration; a higher concentration favored
a higher conversion and fewer byproducts. However, neat
conditions led to a decrease in the yield owing to the diffi-
culty in achieving efficient stirring.

Pd-TMM [3+2] Cyclization

With the chiral building block 10 in hand, we attempted the
key Pd-TMM [3+2] cyclization (Scheme 3).[16] As anticipat-
ed, compound 10 reacted with the TMM precursor 19 highly
selectively, and only the diastereomer 9 was detected (80%
yield).[23] The configuration of the C9 and C13 centers was
verified by NOE analysis of 9.

Beckmann Rearrangement with a Modified MSH
Manipulation

For installation of the nitrogen atom, the Schmidt reac-
tion[24] and Beckmann rearrangement[25] were tested with
substrate 9 (Table 1). Schmidt conditions (Table 1, entry 1)
led to a complex mixture. The standard two-step Beckmann
procedure with NH2OH[25a] (Table 1, entry 2) proceeded
well, but only with 3:1 regioselectivity, presumably owing to
weak stereocontrol during formation of the oxime. Thus,
a hindered nitrogen reagent, MSH,[25b,c] was tested (Table 1,
entries 3–7). As expected, only the desired isomer 20 was
detected. However, the conversion of the reaction was
never clean and sometimes not reproducible. Although
larger amounts of MSH did provide higher conversion, the
enhancement of the yield was limited. A literature screen
revealed that all reported MSH–Beckmann rearrangements

employed highly reactive substrates (sterically unhindered
ketones or strained cyclobutanones), and the solution of
MSH/dichloromethane was added to the solution of the
ketone substrate. However, we observed that MSH rapidly
self-decomposed in dichloromethane at room temperature
particularly at high concentrations, and sometimes the solu-
tion refluxed on its own.[26] This self-decomposition may
compete with the formation of the desired oxime when
using hindered low-reactive substrates. Thus, to avoid de-
composition of MSH, the experimental procedure was modi-
fied to involve the direct addition of solid MSH to the solu-
tion of ketone 9 (Table 1, entry 7). Gratifyingly, this ap-
proach led to clean, full, and reproducible conversion of 9
to 20 in 85% yield on a 5 gram scale.

Preparation of 28 and Subsequent One-Pot, Four-Step
Hydrogenation–Cyclization

For the synthesis of the spiro core, cleavage of the exo-
olefin bond was required (Table 2). Ozonolysis of compound
20 smoothly afforded ketone 22. However, the next deoxy-
genation reaction proved to be troublesome. The thioacetal–
Raney nickel method (Table 2, entry 1) led to partial remov-
al of PMP (plausibly through benzene-ring hydrogenation
and hydrolysis). The NH2NHTs–NaBH4 method[27] (Table 2,
entry 2) decomposed the lactam ring. The NH2NHTs–
NaBH3CN method[28] (Table 2, entry 3) only gave a modest
yield. Although the Yamamura-modified Clemmensen re-
duction[29] (Table 2, entry 4) worked well, it was not repro-
ducible on a larger scale owing to the poor solubility of 22
in Et2O. Finally, the use of a combination of TMSCl and
H2O in THF afforded a reproducibly good result on the
gram scale (Table 2, entry 5). Notably, Yamamura et al. re-
ported that a solution of HCl in THF was not suitable for
this transformation.[29b] Based on these results, we also de-
veloped a one-pot ozonolysis–Clemmensen reduction pro-
cess[30] that provided 8 directly from 20 in 72% yield.

Protection of 8 with Cbz led to compound 24 (Scheme 4).
The next reductive ring opening was first attempted with
NaBH4,

[31] which proceeded well, but was contaminated with
a small amount of solvolyzed
byproduct.[23] Thus, LiBH4 in
the aprotic solvent THF was
tested, which yielded 25 quan-
titatively. Next, protection with
TBDPS, removal of PMP,
Parikh–Doering oxidation, and
the HWE reaction with 27 af-
forded spiro-cyclization precur-
sor 28 as the single trans
isomer.[32]

Our one-pot hydrogenation–
cyclization[10] is a powerful
protocol for constructing the
piperidine ring of 1 and 2 with
the desired C5 configuration
(Scheme 4). It consists of four

Scheme 3. Key Pd-TMM [3+2] cyclization of compound 10. THF= tetra-
hydrofuran, TMS= trimethylsilyl.

Table 1. Nitrogen atom installation in compound 9.[a]

Entry Conditions Results[b]

1 NaN3 (5.0 equiv), MeSO3H, MeOCH2CH2OMe, RT complex mixture
2 i) NH2OH·HCl (5 equiv), DABCO (1.1 equiv), MeOH, RT

ii) TsCl (1.2 equiv), NaOH (aq), acetone, reflux
84% in 2 steps
(20/21=3:1)

3 MSH (1.0 equiv), CH2Cl2, RT; then silica gel 20 (35%), 9 (50%)
4 MSH (1.5 equiv), MS4�, alumina, CH2Cl2, RT 20 (43%), 9 (57%)
5 MSH (5.0 equiv), CH2Cl2, RT; then silica gel 20 (60%), 9 (1%)
6 MSH (10.0 equiv), CH2Cl2, RT; then silica gel 20 (63%), 9 (0%)
7 MSH (1.5 equiv, solid), CH2Cl2, RT; then silica gel 20 (85%), 9 (0%)

[a] DABCO=1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane, Ts=p-toluenesulfonyl, MSH=O-mesitylenesulfonylhydroxyla-
mine, MS4�=4 � molecular sieves. [b] Yield of isolated product.
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consecutive transformations: 1) saturation of the olefin,
2) removal of the Cbz group, 3) intramolecular cyclic imine
and/or enamine formation, and 4) stereoselective reduction
of the imine/enamine intermediate. The stereoconformation
of 30 clearly demonstrated that attack from the right side
(which is also the b face of 30) would be disfavored because
of steric hindrance of the C22 methyl group. Similar reduc-
tive cyclizations have since then also been conducted by
others.[11,13] In our earlier studies,[10b–d] when this reaction
was carried out under neutral or acidic conditions with a cat-
alytic amount of HOAc,[33] typically 50 mol% of palladium
catalyst was required to obtain reproducible results. Careful
examination of the reaction conditions revealed that the

basic amino group of product
31 seemed to be the reason for
the high catalyst loading; it may
deter the Cbz hydrogenolysis
step.[34] Thus, when excess
HOAc was used, only 20 mol%
of the palladium catalyst was
sufficient to cleanly and repro-
ducibly afford the desired dia-
stereomer 31. Next, TFA pro-
tection of the amino group, se-
lective removal of TBS,[35] and
Grieco elimination[36] led to ter-
minal olefin 33, which exhibited
NOE correlations that con-
firmed the desired stereochem-
istry at C5.

Synthesis of the Lower-Chain
Fragment

As mentioned in the Introduc-
tion, the stereoselective con-
struction of the C17 center is
difficult during or after installa-
tion of the lower chain. There-
fore, we decided to construct
the C17 stereogenic center in
the lower-chain fragment
before the coupling reaction.
After failed attempts with
Sharpless desymmetrization
and Brown asymmetric allyla-
tion,[23] the Corey–Bakshi–Shi-
bata (CBS) method[37] became
our method of choice
(Scheme 5). Prechiral ketone 36
was readily prepared from bu-
tynol 34 through TBDPS pro-
tection, addition to acrolein,[38]

and IBX oxidation.[39] For the
asymmetric reduction, the com-
mercially available (R)-Me-
CBS chiral catalyst was used.

After initially suffering from low reproducibility, a procedure
involving the slow addition of 0.6 equivalents of Me2S·BH3

in THF to a premixed solution of 36 and 0.1 equivalents of
Me–CBS in THF ensured an acceptable yield with 90% ee.
Notably, Noyori asymmetric transfer hydrogenation[40] gave
no reaction with substrate 36. To the best of our knowledge,
our result was the first example of the catalytic asymmetric
reduction of an alkenyl–alkynyl–ketone substrate. Next, in-
stallation of chlorine by using the Red-Al/NCS method pro-
vided the chiral C15�C21 fragment 37a in a total of just
five steps from inexpensive, commercially available starting
materials. The enantiomeric excess (ee) of 37a was con-
firmed again to ensure that no racemization occurred during

Table 2. Cleavage of the exo-olefin bond of 20.

Entry Conditions Results[a] ([%])

1 i) HSCH2CH2SH, TiCl4, �15 8C, CH2Cl2;
ii) Raney nickel, EtOH, reflux

8 (35), 23 (17)

2 i) NH2NHTs, MeOH, reflux; ii) NaBH4, MeOH, reflux decomposed
3 i) NH2NHTs, MeOH, reflux; ii) NaBH3CN, TsOH, THF, reflux 8 (60)
4 activated Zn, HCl (sat. in Et2O), 0 8C 8 (80), low reproducibility
5 Zn, TMSCl-H2O (5:2), THF, 5 8C 8 (86), reproducible on gram scale

[a] Yield of isolated product. For two-step procedures, the yield is the overall yield.

Scheme 4. Preparation of the spiro core: a) NaH, CbzCl, THF, reflux, 87%; b) NaBH4, LiBr, THF, 50 8C,
quant.; c) TBDPSCl, DMAP, Et3N, CH2Cl2, RT; d) CAN, MeCN, H2O, 0 8C, 79% (2 steps); e) SO3·py, Et3N,
DMSO, RT; f) 27, Et3N, LiCl, THF, 30 8C, quant. (2 steps); g) H2, Pd(OH)2/C (20 mol%), HOAc (2 equiv),
EtOH, 25 8C; h) TFAA, iPr2NEt, CH2Cl2, 0 8C, 81% (2 steps); i) PPTS, EtOH, 25 8C; j) o-NO2PhSeCN, nBu3P,
THF, RT; then mCPBA, RT, 88% (2 steps). CAN= (NH4)2Ce ACHTUNGTRENNUNG(NO3)6, DMAP=4-dimethylaminopyridine, py=
pyridine, DMSO=dimethylsulfoxide, TBS= tert-butyldimethylsilyl, TFAA= trifluoroacetic anhydride, TFA=

trifluroacetyl, PPTS=pyridium p-toluenesulfonate, mCPBA=m-chloroperbenzoic acid.
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the chlorination step. Protection of 37a with TBS and
TBDPS afforded 37b and 37c, respectively.

Cross Olefin Metathesis for the Total Synthesis of 1

For the synthesis of 1, the upper chain was connected to
compound 33 through a cross olefin metathesis reaction
(Scheme 6). With the less reac-
tive counterpart, 38, as the sol-
vent and 8 mol% Hoveyda–
Grubbs II catalyst,[41] 81%
yield of olefin 41 was obtained
exclusively in the desired E
configuration, together with
5% yield of homodimer 42.
With the Grubbs II catalyst,[42]

phenyl-substituted byproduct
43 was also detected. When
isolated 42 and 43 were sub-
jected again to the above
metathesis conditions, they
reached an equilibrium with
41, but we did not pursue this
approach for preparative pur-
poses. Removal of TBDPS and
Grieco elimination generated
the terminal olefin 44.

The cross metathesis of 44
was tested with the lower-
chain units 37a–c (Table 3).
Four carbon–carbon double
bonds exist in the substrates.
The two tri-substituted double
bonds were expected[43] and
proved to be inert under the
tested conditions. However,
the monosubstituted olefin in
compound 44 showed unex-
pected lower reactivity than

that in lower-chain unit 37. The group of Grubbs summar-
ized experience-based rules for the cross olefin metathe-
sis.[43] They categorized olefin substrates into four types with
different reactivity and predicted the products and reaction
difficulty according to the “types” of the substrates. Thus,
according to Grubbs� theory, the terminal olefin in com-
pound 44 should be a “Type I substrate” (the most reactive
category, fast homodimerization), and the secondary allylic
alcohols 37 (protected and unprotected) should be “Type II
substrates” (less reactive, slow homodimerization). Howev-
er, under all of our tested conditions, the dimer of 44 was
never detected and the dimer of TBS-protected 37b always
appeared in considerable quantities (the free alcohol 37a
decomposed under the reaction condition, entry 1). Thus,
substrate 44 is less reactive than 37b for cross metathesis
and should belong to Grubbs� “Type III substrate” (least re-
active, no homodimerization). The low reactivity of 44 is
thought to be due to high steric hindrance from the nearby
spiro core. It is well known that for cross metathesis be-
tween Type II and Type III olefins, a large excess of the
Type III olefin is required to suppress the competing dimeri-
zation of Type II olefins.[43] However, this approach was not
feasible for our substrates because Type III olefin 44 is
much more precious than the readily prepared lower-chain
unit 37. Therefore, as shown in Table 3, entries 2–4, even

Scheme 5. Preparation of the lower-chain fragment through CBS asym-
metric reduction: a) TBDPSCl, Et3N, DMAP, CH2Cl2, RT, 99%;
b) nBuLi, LiBr, THF, RT; then acrolein, �78 8C, 80% (95% brsm);
c) IBX, EtOAc, reflux, quant.; d) (R)-Me-CBS (0.1 equiv), BH3·Me2S
(0.6 equiv), THF, �40 8C, 66% (90% ee); e) Red-Al, THF, RT; then
NCS, �78 8C, 65% (90% ee); f) TBSOTf, Et3N, CH2Cl2, RT, 84%;
g) TBDPSCl, Et3N, DMAP, CH2Cl2, RT, quant. CBS=Corey–Bakshi–
Shibata catalyst, brsm=based on recovered starting material, IBX=2-io-
doxybenzoic acid, Red-Al= sodium bis(2-methoxyethoxy) aluminum hy-
dride, NCS=N-chlorosuccinimide, Tf= trifluoromethanesulfonyl.

Scheme 6. Cross metathesis installation of the upper chain and preparation of 44 : a) 40 (8 mol%), 38/toluene
(1:1), 100 8C, 81%; b) HF·(py)x, py, 45 8C; c) o-NO2PhSeCN, nBu3P, THF, RT; then mCPBA, RT, 90%
(2 steps). Mes=mesityl, Cy=cyclohexyl.

Table 3. Cross metathesis installation of the lower chain of 1.

Entry 37 ([equiv]) Cat. ([mol%]) Conditions Results ([%])[a]

1 37a (6.2) 39 (20) PhMe, 90 8C, 6 h 45a (0), 44 (90)
2 37b (6.8) 40 (20) neat, 90 8C, 12 h 45b (7), 44 (80)
3 37b (4.0) 39 (50) neat, 90 8C, 6 h 45b (20), 44 (70)
4 37b (5.5) 39 (80) PhMe, 90 8C, 24 h 45b (40), 44 (42)
5 37c (5.0) 39 (44) neat, 90 8C, 10 h 45c (5), 44 (90)
6 37c (5.0) 39 (29) neat, 90 8C, 20 mmHg, 6.5 h 45c (100), 44 (0)
7 37c (6.0) 39 (50) C6H3Cl3,

[b] 90 8C, 20 mmHg, 22 h 45c (69), 44 (0)

[a] Yield of isolated product. [b] 1,2,4-Triclorobenzene, which is a high-boiling-point solvent (215 8C, 1 atm).
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when excess 37b was used, the conversion of 44 was low
and 80 mol% of catalyst had to be employed to afford
a moderate yield, as reported in our preliminary communi-
cation (Table 3, entry 4).[10a]

To avoid undesired homodimerization, the cross metathe-
sis using TBDPS-protected 37c was attempted (Table 3, en-
tries 5–7). Compound 37c is bulkier around the olefin than
TBS-protected 37b. As expected, it showed lower metathe-
sis reactivity and only tiny amounts of its dimer could be de-
tected. However, owing to the low reactivity of both 37c
and 44, the conversion of the reaction remained low
(Table 3, entry 5). Thus, forcing conditions were applied
with reduced pressure for removal of the in situ generated
ethylene and styrene (Table 3, entries 6 and 7). To our de-
light, under these conditions, full conversion was achieved,
and the fully protected pinnaic acid 45c was obtained in
quantitative yield under neat conditions (Table 3, entry 6).
The use of high vacuum was reported originally by the
group of Grubbs for the dimerization of unhindered termi-
nal olefins[44a] and recently by the groups of Schrock[44b] and
Grubbs[44c] to achieve cis-selective metathesis. It should be
noted that under all of the conditions tested for our sub-
strates, only the desired trans isomer (C15=C16 bond) of 45
was formed.

Deprotection of 45c successively with HF·py (2�
TBDPS), NaBH4 (TFA amide), and basic hydrolysis (ethyl
ester), afforded chiral 1 in its sodium salt form (66%,
2 steps, Scheme 7), which was identical to the synthetic race-
mic sodium salt of 1[13] based on a comparison of the
1H NMR spectra.

Macrocyclic RCM toward 2

In Scheme 1, tetraene 6 was designed as the precursor for 2
through two RCMs: a six-membered RCM and a macrocyclic
RCM. Because the lower-chain metathesis showed lower re-
activity than the upper-chain reaction in the total synthesis
of 1, it was expected that the two RCMs could be achieved
in one pot. Thus, the six-membered RCM in the presence of
C15=C16 terminal olefin was first explored by using model
compound 48 (Scheme 8), which was readily prepared from
32 through double silyl deprotection, double Grieco elimina-
tion, removal of TFA, and alkylation with the upper-chain
unit 47. The RCM of 48 was tested with Hoveyda–Grubbs II
catalyst 40 (10 mol%, 60 8C in toluene, similar conditions to
those used by the Kibayashi group[14a]). However, the de-
sired product 49 was not detected at all and compound 48
was fully converted into the C3=C15 RCM product 50. This

unexpected cyclization is thought to occur because of the
spatially neighboring C3 and C15 centers protruding from
the spiro core. All attempts to transform 48 or 50 into the
desired 49 by using a variety of metathesis conditions failed.
Therefore, we changed our idea from the one-pot RCM
strategy to a stepwise RCM strategy.

The stepwise RCM strategy commenced with compound
33 (Scheme 9), which smoothly afforded compound 53 after
removal of TFA, alkylation with bromide 51, and six-mem-
bered RCM. Next, removal of TBDPS, Grieco elimination,
acidic hydrolysis of the tert-butyl ester, and condensation
with lower-chain unit 54 by using the Shiina reagent[45] pro-
vided the macrocyclic RCM precursor 55. However, precur-
sor 55 proved to be inert to metathesis conditions,[23] and
surprisingly, contrary to our experience in the study of the
cross metathesis of 1, the TBS-protected lower chain was
less reactive than the C15 olefin. It is well known that free
amino groups usually inhibit metathesis through coordina-
tion to the ruthenium atom in the catalyst.[46] However, with
substrates 48 and 52, metathesis did occur in the presence of
tertiary amines. Thus, it was reasoned that, for substrate 55,

Scheme 7. Synthesis of 1 by deprotection of 45c : a) HF·(py)x, py, 25 8C;
b) NaBH4, EtOH, 25 8C; then NaOH (aq), 25 8C to 40 8C, 66% (2 steps).

Scheme 8. Preparation of compound 48 and its RCM: a) NH4F, MeOH,
60 8C; b) o-NO2PhSeCN, nBu3P, THF, RT; then mCPBA, RT, quant.
(2 steps); c) LiBH4, THF, 50 8C; d) 47, K2CO3, MeCN, 80 8C, 76% (2
steps).

Scheme 9. Preparation of compound 55 and its RCM: a) NaBH4, EtOH,
RT; b) 51, K2CO3, MeCN, 90 8C; c) NH4F, MeOH, 60 8C; d) o-
NO2PhSeCN, nBu3P, THF, RT; then H2O2, RT, 85% (2 steps);
e) HCO2H, RT; f) 54, MNBA, DMAP, RT, CH2Cl2, 80% (2 steps).
MNBA=2-methyl-6-nitrobenzoic anhydride.
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coordination of both the decalin nitrogen and C15 olefin to
the ruthenium atom might form a stable complex and deac-
tivate the catalyst.

Revised Strategy for the Total Synthesis of 2

Given the above results, we speculated that for the synthesis
of 2 the lower-chain metathesis must be carried out with
protection of the amino group, and therefore, before the
upper-chain RCM reaction. Thus, the retrosynthesis of 2 was
revised to macrolactonization, RCM, and alkylation, which
led to the key intermediate 58, possibly prepared by cross
metathesis of compounds 37c and 59 (Scheme 10).

Compound 59 was prepared from the synthetic intermedi-
ate 26 (Scheme 11) through a sequence that including
a Parikh–Doering oxidation, the HWE reaction with 60
(quantitative, 2 steps), our key one-pot hydrogenation–cycli-
zation, TFA protection (80%, 2 steps), TBDPS deprotection
(quantitative), Grieco elimination (99%), and MOM depro-
tection (86%). The cross metathesis of 59 then proceeded
smoothly with the lower-chain unit 37c under static vacuum
conditions[44] to afford compound 58 in 72% yield. Next,
Grieco elimination (84%), deprotection of TFA, and alkyla-
tion with bromo-substituted upper-chain unit 47 (84%,
2 steps) gave compound 57. Six-membered RCM of 57
under the conditions reported by Kibayashi et al.[14a] afford-

ed the tricyclic compound 63
(quantitative). Deprotection of
the two TBDPS groups (93%),
basic hydrolysis of the methyl
ester, and Shiina macrolactoni-
zation[45b] (56%, 2 steps) com-
pleted the total synthesis of 2.

Conclusion

We described the enantioselec-
tive total synthesis of 1 and 2
in detail. From a new chiral

building block, 10, the azaspiro core was constructed stereo-
selectively by using Pd-TMM [3+2] cyclization, a modified
MSH–Beckmann rearrangement, and a one-pot four-step
hydrogenation–cyclization. The C17 center was preinstalled
to the lower-chain fragment through catalytic CBS reduc-
tion. The lower-chain connection was achieved effectively
through reduced-pressure cross metathesis of sterically hin-
dered olefins. In addition, during our synthetic journey,
a TMSCl-modified Yamamura–Clemmensen reduction and
its use in a one-pot procedure to cleave olefins to alkanes
were also developed.

Experimental Section

The synthetic procedures and characterization of the compounds studied
herein can be found in the Supporting Information.
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Total Synthesis of the Antibiotic Kendomycin: A Macrocyclization
Using the Tsuji–Trost Etherification**
Tetsuya Sengoku, Shu Xu, Kenji Ogura, Yoshinori Emori, Kenji Kitada, Daisuke Uemura, and
Hirokazu Arimoto*

Abstract: A highly stereocontrolled, convergent total synthesis
of kendomycin [(�)-TAN2162], an ansa-macrocyclic anti-
biotic, is reported. The key of the strategy is an unprecedented
Tsuji–Trost macrocyclic etherification, followed by a trans-
annular Claisen rearrangement to construct the 18-membered
carbocyclic framework. The oxa-six- and five-membered rings
were also stereoselectively constructed respectively by a cascade
oxidative cyclization at an unfunctionalized benzylic position
and using a one-pot epoxidation/5-exo-tet epoxide opening.

Kendomycin [(�)-TAN2162; 1; for structure see Scheme 1]
is an ansa-macrocyclic polyketide comprising a quinone
methide chromophore, and was originally isolated as an
antagonist for the endothelin receptor,[1] and as an antiosteo-
porotic agent.[2] Zeeck and Bode reported that 1 exhibited not
only cytotoxic effects against a number of human tumor cell
lines but also a strong antibacterial activity against both
Gram-positive and Gram-negative bacteria, notably methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomy-
cin intermediate S. aureus (VISA) Mu50 strain.[3] The
architectural structure and multiple biological activities of
1 have attracted significant interest in the past decade from
biological,[4] biosynthetic,[5] and chemically synthetic[6] per-
spectives.

The macrocyclic carbon framework of 1 represents
a major challenge for an efficient chemical synthesis.
Among all the achieved total syntheses and formal total
syntheses, several macrocyclization strategies, including C-
glycosydation,[7a] ring-closing metathesis (RCM),[7b,c,e,f, 8] the
Barbier reaction,[7d] photo-Fries rearrangement,[7e,f] Dçtz
benzannulation,[7g] and Prins reaction[7h] have been reported,

albeit in modest yields. We have attempted an RCM strategy
for the macrocyclization at the C13�C14 double bond of 1.[8]

Unfortunately, the unnatural Z diastereomer was the pre-
dominant product. However, in our studies the Claisen
rearrangement was found to work as a powerful tool for the
introduction of a carbon substituent at the highly hindered
C20a position.[8a] We finally found that the macrocyclic
etherification/Claisen rearrangement combination could be
used for the construction of kendomycin�s carbon framework.

The retrosynthetic analysis of 1 is outlined in Scheme 1. It
could be derived from 2 through aromatic oxidation and
oxidative removal of the terminal hydroxymethyl group. The
five-membered ring of 2 could possibly be constructed
selectively by a 5-exo cyclization of the phenol and the
neighboring olefin of 3. The macro-carbocycle of 3 was
envisioned to be derived from the transannular Claisen
rearrangement of the allyl aryl ether 4, which comes from
hydroquinone 5 using a selective macrocyclization at the less
hindered hydroxy group by means of Tsuji–Trost etherifica-

Scheme 1. Retrosynthetic analysis. TBS= tert-butyldimethylsilyl.
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tion. The macrocyclization precursor 5 would be prepared
convergently from the aldehyde 6, alkylmagnesium 7, and
iodide 8. The tetrahydropyran ring could be cyclized diaste-
reoselectively at the unfunctionalized C5-position by a Ag2O-
triggered cascade reaction, as we have previously reported.[8a]

We have previously reported on the preparation of the
C1–C13 segment of 1,[8a] and herein, we present a modified
scalable synthetic route (Scheme 2). The modified route

commenced with the commercially available benzoic acid 9,
which was easily converted into the aryl bromide 10 with
a two-step procedure.[9] Evans asymmetric alkylation[10] and
reduction furnished the S-alcohol 12 with more than 99% ee,
which was determined using the modified Mosher�s
method.[11] Swern oxidation and Roush crotylation[12]

afforded a single diastereomer containing the three desired
contiguous stereogenic centers, which was further trans-
formed to aldehyde 6. Nucleophilic addition of the Grignard

compound 7[13] to 6 gave a 15:1 diastereomer mixture of the
secondary alcohol 13, favoring the expected Felkin–Anh-type
product. This selectivity is higher than our previous result
(5.5:1) which was obtained using a similar alkyllithium
nucleophile.[8a] After introduction of a phenolic hydroxy
group to the aromatic ring, 14was stereoselectively cyclized at
the unfunctionalized benzylic position under phenol oxida-
tion conditions (Ag2O

[14]) and quantitatively afforded the
tetrahydropyran 16 as a single diastereomer. The excellent
selectivity was thought to be due to the chair-form oxa-
Michael-addition transition-state 15 or 15’ with the bulky
quinone methide in an equatorial position. This result also
proposed another possibility for the unclear biosynthetic
mechanism of kendomycin�s pyran ring formation.[5] With this
modified route, 16 was obtained on a 3 gram scale.

The conversion of phenol 16 into 5 is shown in Scheme 3.
After a manipulation of the protecting groups, Swern
oxidation and Corey–Fuchs protocol furnished the alkyne
17. Hydrozirconation with the Schwartz reagent[15] and
subsequent iodination proceeded with high regioselectivity
(9:1) along with removal of a MOM ether. The regioisomers
18 and 18’ were not easily separable from each other, and

Scheme 2. Synthesis of C1–C13 segment 16 : a) 11, NaHMDS, THF,
�60 8C; b) LiAlH4, THF, �78 8C to 0 8C, 82% (2 steps); c) (COCl)2,
DMSO, Et3N, CH2Cl2, �78 8C to 0 8C; d) (R,R)-[(E)-2-butenyl]diisopropyl
tartrate boronate, 4� M.S., PhMe, �78 8C, 77% (2 steps); e) TBSOTf,
2,6-lutidine, CH2Cl2, 0 8C, quant.; f) OsO4 (cat.), NMO, acetone/H2O
(4:1), RT; g) NaIO4, EtOH/H2O (1:1), RT, 93% (2 steps); h) 7, �78 8C,
THF, quant. (d.r. 15:1); i) H2, Pd(OH)2/C, EtOAc, RT; j) TBSCl, DMAP,
Et3N, CH2Cl2, RT, 85% (2 steps); k) HBr3·Py, K2CO3, Py, 0 8C to RT;
l) ethyl vinyl ether, PPTS, RT, quant. (2 steps); m) nBuLi, B(OMe)3,
THF, �78 8C to RT, then 30% H2O2 aq., Na2CO3, RT, 90%; n) PPTS,
nPrOH, RT, 99%. DMAP=4-(N,N-dimethylamino)pyridine, DMSO=

dimethylsulfoxide, HMDS=hexamethyldisilazide, M.S.=molecular
sieves, NMO=N-methylmorpholine N-oxide, PPTS=pyridinium
p-toluenesulfonate, Py=pyridine, Tf= trifluoromethanesulfonyl,
THF= tetrahydrofuran.

Scheme 3. Synthesis of the macrocyclization precursor 5 : a) MOMCl,
NaH, THF, RT; b) PPTS, THF/MeOH (1:1), RT, 92% (2 steps);
c) (COCl)2·DMSO, Et3N, CH2Cl2, �78 8C; d) CBr4, PPh3, Et3N, CH2Cl2,
�78 8C, 72% (2 steps); e) nBuLi, MeI, THF, �78 8C to RT, 98%;
f) [HZrCp2Cl], PhH, RT, then I2; g) 8 (2 equiv), tBuLi, Et2O, �78 8C,
then MeO-9-BBN, THF, �78 8C to RT, then 18+18’, [Pd-
(dppf)2Cl2]·CH2Cl2 (20 mol%), 3mK3PO4 aq., DMF, RT, 87% (2 steps);
h) MOMCl, NaH, THF, RT, 95%; i) PPTS, THF/MeOH (1:1), RT, 73%;
j) ClCO2Et, Py, RT, 94%; k) (NH4)2Ce(NO3)6, MeCN/H2O (2:1), RT;
l) Na2S2O4, MeCN/H2O (1:1), 0 8C, quant. (2 steps). BBN=bora-
bicyclo[3.3.1]nonane, Cp=cyclopentadienyl, DMF=N,N-dimethylform-
amide, dppf=1,1’-bis(diphenylphosphino)ferrocene, MOM=methoxy-
methyl.
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were thus used as a mixture for the Suzuki–Miyaura cross-
coupling reaction[16] with boranate 19. The boranate was
prepared by lithiation and transmetalation of 8.[17] The desired
coupling product 20 was isolated in 87% yield (two steps).
Protection of 20 with MOMCl, selective removal of the
terminal TBS group, carbonate formation, and exposure of
the two hydroxy groups of the p-hydroquinone yielded the
Tsuji–Trost cyclization precursor 5.

The examination of the key palladium-catalyzed Tsuji–
Trost cyclization is shown in Table 1. Although the Tsuji–
Trost reaction is a well-established synthetic protocol,[18] to
the best of our knowledge, the macroetherification with this
reaction has not been reported in total synthesis studies of
natural products. More challenging is that our substrate, 5, is
actually a hydroquinone which contains two hydroxy nucle-
ophiles, and is sensitive to oxidation, which may render the
reaction more complicated. However, to avoid the tedious
and poorly selective protecting strategy for the hindered C4-
OH group, we decided to perform the cyclization with both
free hydroxy groups. Eventually, it was found that the desired
macrocyclic ether 4was obtained with [Pd2(dba)3] and dppb at
room temperature in THF,[19] though the regioisomer 4’ was
the major product (entry 1). Solvent effects were later found
to have great influence on the regioselectivity, with CH2Cl2
giving the best result (4/4’= 10:1, entries 5 and 6). Notably,
when the concentration of 5 was higher than 10 mm,
intermolecular coupling became significant. Other palladium
catalysts such as [Pd(PPh3)4] or Pd(OAc)2 gave either no
reaction or decomposed byproducts.[20] Although the solvent
has been shown to play a key role in the ion-pairing in the
Tsuji–Trost reaction,[21] the specific reason for the selectivity
in this study is still not clear.

After obtaining the 18-membered macrocyclic ether, we
next attempted a ring contraction through a Claisen rear-
rangement[22] (Scheme 4). We have reported this transforma-

tion with an acyclic substrate in refluxing Me2NPh.[8a] This
time, after TBS protection of the phenol 4 and heating at
205 8C in Et2NPh (a more stable solvent), 21 was smoothly
converted into the desired carbocyclic 3 in 99% yield.[23] Next,
several strategies (iodoetherification, oxymercuration, etc.)
were attempted to cyclize the five-membered ring of kendo-
mycin. Eventually, epoxidation and subsequent intramolecu-
lar epoxide opening proved to be most efficient. Thus, after
alkene epoxidation with mCPBA in CH2Cl2, the 5-exo-tet
cyclization proceeded smoothly by just adding a protic
solvent, MeOH, and furnished predominately one diastereo-
mer of 22. Since the upper trisubstituted alkene was also
epoxidized during the process, a subsequent deoxygena-
tion[7b,c,24] afforded the compound 2 in 82% yield (two steps)
as a single diastereomer. Next a hypervalent-iodine-promoted
b-fragmentation of the alkoxyl radical removed the terminal
hydroxymethyl group, and presumably provided an unstable
intermediate tert-iodide, which was gradually eliminated to
give the benzofuran 23. This elimination process was accel-
erated by the addition of a small amount of water. The
compound 23 has the same skeleton as intermediates
obtained by the groups of Lee[7a] and Mulzer.[7e,f] Finally, the
selective removal of the phenolic TBS group, oxidation, and
acidic rearrangement of the resulting o-quinone, with the
simultaneous TBS removal, accomplished the total synthesis
of kendomycin.

In summary, we have achieved the total synthesis of the
antibiotic kendomycin (1) by using a highly stereocontrolled
convergent strategy. The key step of this synthetic route is the

Table 1: Regioselective macrocyclization using Tsuji–Trost etherifica-
tion.[a]

Entry [Pd2(dba)3]
(equiv)

dppb
(equiv)

Solvent T [8C] 4/4’[b] Yield
4 [%][c]

1 0.15 0.4 THF RT 1:3[d] –
2 0.5 2 toluene RT 1:1 –
3 1.1 20 DMF 60 3:5 –
4 0.2 1.6 (ClCH2)2 70 –[e] –
5 0.4 10 CH2Cl2 50 10:1 80
6 0.14 0.86 CH2Cl2 70 10:1 71

[a] The reaction was performed with 1–5 mm of 5 in the dark in a sealed
tube. [b] Determined by 1H NMR analysis of the crude reaction mixture.
[c] Yield of the isolated product. [d] Approximately 20% of the starting
material remained. [e] Only starting material recovered. dba=dibenzyl-
ideneacetone, dppb=1,4-bis(diphenylphosphino)butane.

Scheme 4. Complete total synthesis of 1. mCPBA=m-chloroperoxyben-
zoic acid, TBAF= tetra-n-butylammonium fluoride.
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palladium-catalyzed regioselective Tsuji–Trost macroetheri-
fication/transannular Claisen rearrangement sequence to
construct the macrocyclic framework. Other synthetic fea-
tures include the tetrahydropyran installation by stereoselec-
tive nucleophilic addition to an aldehyde and a Ag2O-
triggered stereoselective cyclization and the establishment
of a five-membered ring by one-pot epoxidation/5-exo-tet
cyclization process.
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a b s t r a c t

Tris[2-(diphenylphosphino)ethyl]phosphine disulfide (pp3S2), in which two terminal phosphino groups
are selectively sulfidated, was prepared by utilizing the selective sulfidation reaction of [PdI(pp3)]I. Co(II)
complexes with bidentate, tridentate and tetradentate phosphines and pp3S2 were prepared from anhy-
drous CoI2. X-ray crystal analyses revealed that the reaction of CoI2 with 1 equivalent of 1,2-bis(diphen-
ylphosphino)ethane (p2) gave rise to partial oxidation of p2 to give the dicationic octahedral
[Co(p2O2)2(CH3CN)2]2+ (p2O2 = p2 dioxide) and dianionic p2O-bridged tetrahedral dinuclear [CoI3(p2-

O)CoI3]
2� (p2O = p2 monooxide) complexes, while the reaction with 2 equivalents of p2 gave the

square-pyramidal [CoI(p2)2]+ complex. The catalytic activity for the Co-catalyzed coupling reaction of
2-iodobutane with n-butyl acrylate was compared using multidentate phosphines and phosphine sul-
fides as ligands, and the efficiency of the phosphine sulfides was shown. The tendency for multidentate
phosphine to deactivate the Co-catalysis can substantiate an oxidative addition driven mechanism in
which the multidentate ligand should interfere with the formation of the alkyl halide Co(III) adduct
and subsequent coordination of an alkene.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon–carbon bond formation reactions by transition metal
catalysts are now quite versatile and indispensable in organic syn-
theses. In particular, direct C–H bond transformation is a highly
attractive strategy because of the commonness of C–H bonds [1].
Although some of the second row transition metal catalysts, such
as Rh, Pd and Ru complexes, have proven to be highly effective
in the direct coupling processes [2], the development of new
cost-effective catalysts is significant for industrial use. In line with
the above challenge, several Co-catalyzed reactions using a Grig-
nard reagent have been reported, where a radical generation mech-
anism was proposed [3]. However, these catalytic reactions cannot
be used for the coupling of an alkyl halide with an electron-
withdrawing alkene because Grignard reagents are quite reactive
to the activated alkene. Recently, Cheng et al. reported efficient
Co-catalyzed Csp3 -Csp3 bond forming reactions of primary, second-
ary and tertiary alkyl halides with electron-withdrawing alkenes
under mild conditions without Grignard reagents [4], and they pro-
posed an oxidative addition driven mechanism in which an alkene
is bound to a Co(III) adduct formed by the oxidative addition of

Co(I) with an alkyl halide. Although PPh3 or bidentate phosphines
were used for the bound ligand in that work, the steric and elec-
tronic properties of the ligand on the Co center should be quite sig-
nificant factors affecting the catalytic activity in the oxidative
addition driven mechanism. Thus, in the present report, the steric
and electronic effects of ligands are investigated by using some ste-
rically different multidentate phosphines and more p-accepting
and polarizable phosphine sulfides, which are electronically more
efficient for the oxidative addition–reductive elimination mecha-
nism in the Pd(0) catalytic cycle [5]. The observed differences in
the catalytic activity provide further insight into the reaction
mechanism of the catalytic cycle from the view point of coordina-
tion chemistry.

2. Experimental

2.1. Reagents

Tris[2-(diphenylphosphino)ethyl]phosphine (pp3, Aldrich),
bis[2-(diphenylphosphino)ethyl]phenylphosphine (p3, Aldrich),
1,2-bis(diphenylphosphino)ethane (p2, Wako), anhydrous cobal-
t(II) iodide (Kishida Chemical), tetrakis(acetonitrile)palladium(II)
tetrafluoroborate ([Pd(CH3CN)4](BF4)2, Aldrich), tetra(n-butyl)
ammonium iodide (Wako), sulfur (Wako), zinc powder (Wako),
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2-iodobutane (Tokyo Chemical), n-butyl acrylate (Kishida Chemi-
cal) and dibenzyl ether (Kishida Chemical) were used for the prep-
aration and catalytic reactions without further purification.

2.2. Preparation

2.2.1. Tris[2-(diphenylphosphino)ethyl]phosphine disulfide (pp3S2)
The disulfide complex [PdI2(pp3S2)] was prepared by the reac-

tion of [PdI(pp3)]I [6] (0.362 g, 0.351 mmol) with sulfur (0.0225 g,
0.702 mmol) in degassed chloroform (ca. 10 cm3) under N2 at
40 �C for 3 days. The reaction solution was concentrated to a small
volume, and to this was added diethyl ether. The resultant yellow
solid was filtered and air-dried. Yield: 0.28 g (70%). Anal. Calc. for
C42H42I2P4S2Pd�0.5CHCl3: C, 44.20; H, 3.71; N, 0.00; S, 5.55. Found:
C, 44.48; H, 3.75; N, 0.00; S, 5.57%. 31P{1H} NMR (CHCl3) d: 44.4 (d,
2P, sulfide), 70.0 (d, 1P, terminal), 78.1 (m, 1P, center); 3JP(sulfide)-
P(center) = 55.0 Hz, 3JP(terminal)-P(center) = 17.8 Hz.

The disulfide Pd(II) complex prepared above, [PdI2(pp3S2)]-
�0.5CHCl3 (0.190 g, 0.165 mmol), and pp3 (0.122 g, 0.182 mmol)
were dissolved in degassed chloroform (ca. 5 cm3) and reacted un-
der N2 at 50 �C for 1 day. The formed red pp3 complex [PdI(pp3)]I
[6] was removed by silica gel column chromatography with chloro-
form as the eluent. The 31P NMR spectrum of the concentrated col-
orless eluate indicated that the eluate contained unreacted pp3 and
dissociated free pp3S2. The concentrated chloroform eluate was
mixed with an aqueous solution of K2[PdCl4] to form red
[PdCl(pp3)]Cl [6,7] in the chloroform layer. Aqueous K2[PdCl4]
was added until the 31P NMR signals of pp3 completely disap-
peared, showing only the signals of pp3S2 and [PdCl(pp3)]Cl [6,7].
Then, the red Pd(II) complex was removed by silica gel column
chromatography, eluting with chloroform. The colorless eluate
was concentrated and to this was added diethyl ether to obtain
pure pp3S2. Yield: 0.049 g (40%). Anal. Calc. for C42H42P4S2�0.5H2O:
C, 67.82; H, 5.82; N, 0.00; S, 8.62. Found: C, 67.81; H, 5.67; N, 0.00;
S, 8.36%. 31P{1H} NMR (CHCl3) d: �19.7 (q, 1P, center), �13.1 (d, 1P,
terminal), 44.4 (d, 2P, sulfide); 3JP(center)-P(terminal) = 27.5 Hz, 3JP(cen-
ter)-P(sulfide) = 30.7 Hz.

2.2.2. [CoI(p2)2]I (1)
Anhydrous CoI2 (0.0510 g, 0.163 mmol) and p2 (0.130 g,

0.326 mmol) were dissolved in degassed THF and reacted under
N2 at room temperature for 2 h. The reaction solution was concen-
trated under N2, and to this was added degassed diethyl ether to
obtain the resultant brown solid by filtration. The solid was recrys-
tallized from chloroform, and single crystals suitable for an X-ray
analysis were obtained. Yield: 0.13 g (55%). Anal. Calc. for C52H48P4-
CoI2 (1)�CHCl3: C, 50.82; H, 3.94; N, 0.00. Found: C, 50.58; H, 3.87;
N, 0.00%.

2.2.3. [Co(p2O2)2(CH3CN)2][CoI3(p2O)CoI3] (2)
This complex salt was obtained by a procedure similar to that

described for 1, using 1 equivalent of p2 instead of 2 equivalents.
Single crystals suitable for an X-ray analysis were obtained by
recrystallization from acetonitrile. Yield: 0.050 g (40%). Anal. Calc.
for C82H78N2O5P6Co3I6 (2): C, 42.91; H, 3.42; N, 1.22. Found: C,
42.67; H, 3.45; N, 1.09%.

2.2.4. [CoI(p2O2)2]I (3)
This bis(P2O2) complex was obtained by a procedure similar to

that described for 1, using P2O2 prepared by the oxidation of p2

with 10% aqueous H2O2 in chloroform instead of P2. Yield: 0.16 g
(65%). Anal. Calc. for C64H60O4P4CoI2 (3)�3C4H4O: C, 55.79; H,
4.39; N, 0.00; S, 0.00. Found: C, 55.90; H, 4.37; N, 0.07; S, 0.00%.

2.2.5. [CoI2(L)] (L = pp3 (4), p3 (5), and pp3S2 (6))
These phosphine and phosphine disulfide complexes were ob-

tained by a procedure similar to that described for 1, using 1 equiv-
alent of pp3 for 4, p3 for 5 and pp3S2 for 6 instead of 2 equivalents of
p2. Yields: 0.14 g (74%) for 4, 0.10 g (63%) for 5 and 0.16 g (72%) for
6. Anal. Calc. for C42H42P4CoI2 (4)�1.5CHCl3: C, 44.94; H, 3.77; N,
0.00; S, 0.00. Found: C, 44.82; H, 3.88; N, 0.04; S, 0.00%. Anal. Calc.
for C34H33P3CoI2 (5)�CHCl3: C, 43.49; H, 3.55; N, 0.00; S, 0.00.
Found: C, 44.19; H, 3.60; N, 0.00; S, 0.00%. Anal. Calc. for C42H42P4-
S2CoI2 (6)�2C4H4O�1.5CHCl3: C, 45.39; H, 3.81; N, 0.00; S, 4.71.
Found: C, 45.16; H, 3.88; N, 0.08; S, 4.59%.

2.2.6. [CoI(pp3)] (7)
This Co(I) complex was obtained by a procedure similar to that

described in the literature [8]. 31P{1H} NMR (CHCl3) d: 59.5 (d, 3P,
terminal), 157.9 (q, 1P, center); 3JP(center)-P(terminal) = 37.2 Hz.

2.3. Crystal structure determination

The measurements for 1�3CHCl3 and 2 were made on a Rigaku
Mercury CCD X-ray diffractometer using graphite-monochromated
Mo Ka (k = 0.71075 Å) radiation at 200 K. Cell parameters were re-
fined using the program CRYSTALCLEAR (Rigaku and MSC, version 1.3,
2001) and the collected data were reduced using the program CRYS-

TALSTRUCTURE (Rigaku and MSC, version 3.8, 2006). Empirical absorp-
tion corrections were applied. The structures were solved by direct
methods using SIR 92 [9] and refined by full-matrix least-squares
techniques using SHELXL-97 [10]. All non-hydrogen atoms for
1�3CHCl3 and 2 were refined anisotropically and hydrogen atoms
were included in calculated positions. The structure of 2 contains
CoI3 moieties disordered over two different orientations for I1
and three different orientations for I2, I3, I4, I5, and I61.

2.4. General procedure for the cobalt-catalyzed coupling reaction

Reactions of n-butyl acrylate (0.128 g, 1.00 mmol) with 2-iodo-
butane (0.184 g, 1.00 mmol) were carried out in a sealed tube con-
taining degassed acetonitrile (2 cm3), the cobalt catalyst
(0.040 mmol), zinc powder (0.164 g, 2.50 mmol), water (0.018 g,
1.0 mmol) and dibenzyl ether (0.015 g, 0.075 mmol) under N2 at
80 �C. The yields were calculated by the 1H NMR intensity of the
methylene protons of the formed n-butyl-4-methylhexanoate on
the basis of the intensity of the methylene protons of dibenzyl
ether contained as an internal reference and followed as a function
of time.

2.5. Measurements

31P and 1H NMR spectra for solutions were recorded on a JEOL
JNM-A400 FT-NMR spectrometer operating at 160.70 and
399.65 MHz, respectively. In order to determine the chemical shifts
of the 31P NMR signals, a 3-mm-o.d. NMR tube containing the sam-
ple solution was coaxially mounted in a 5-mm-o.d. NMR tube con-
taining deuterated water as a lock solvent and phosphoric acid as a
reference.

1 Crystal data for 1�3CHCl3: C55H51Cl9CoI2P4, Mr = 1467.62, triclinic, space group P�1,
a = 14.4437(15) Å, b = 20.182(2) Å, c = 20.612(2) Å, a = 93.404(3)� b = 91.004(3)�
c = 93.107(3)� V = 5987.8(11) Å3, Z = 4, qcalcd = 1.628 Mg m�3, crystal size
0.26 � 0.23 � 0.12 mm3, F(000) = 2908, l(Mo Ka) = 1.862 mm�1, GOF = 1.080,
26866 independent reflections (Rint = 0.0588). The final R indicates were R1 = 0.0635
(I > 2r(I)) and wR2 = 0.1641 (all data). Crystal data for 2: C82H78Co3I6N2O5P6,
Mr = 2295.47, monoclinic, space group P21, a = 11.583(3) Å, b = 20.038(5) Å,
c = 20.039(5) Å, b = 105.090(8)� V = 4491(2) Å3, Z = 2, qcalcd = 1.698 Mg m�3, crystal
size 0.25 � 0.10 � 0.05 mm3, F(000) = 2226, l(Mo Ka) = 2.764 mm�1, GOF = 1.117,
20075 independent reflections (Rint = 0.0577). The final R indicates were R1 = 0.0819
(I > 2r(I)) and wR2 = 0.1411 (all data).

38 S.-i. Aizawa et al. / Polyhedron 62 (2013) 37–41

─ 192 ─



3. Results and discussion

3.1. Synthesis

The selective sulfidation of two terminal phosphino groups of
the tetradentate tris[2-(diphenylphosphino)ethyl]phosphine (pp3)
was reported previously for the five-coordinated trigonal-bipyra-
midal Pd(II) complex, [PdCl(pp3)]Cl [11]. The disulfide complex ex-
ists in equilibrium between the five-coordinate pseudo-trigonal-
bipyramidal complex and the four-coordinate square-planar one
with two pendant phosphine sulfide groups in chloroform [11a].
In this work, such reactivity of the pp3 complex was applied to
the preparation of pp3S2 (pp3 disulfide) (Scheme 1). The selective
sulfidation of two terminal phosphino groups of pp3 was carried
out with [PdI(pp3)]I instead of the corresponding chloro complex,
[PdCl(pp3)]Cl. The obtained disulfide complex exhibited 31P NMR
behavior similar to that of the chloro complex, with broadening
of the signals, suggesting an equilibrium between the five and four
coordinate structures as observed for the chloro complex [11a].
The pp3S2 ligand was successfully dissociated from the Pd(II) com-
plex by competitive coordination of pp3 to form the more stable
five coordinate [PdI(pp3)]I [6]. The reason for use of the iodo com-
plex instead of the chloro one is that the electron-accepting ability
of the iodo ligand is greater than that of chloro one, which may
promote coordination of phosphiner donors to form the five coor-
dinate pp3 complex [6], and accordingly the pp3S2 ligand may dis-
sociate more easily from the pp3S2 complex. Furthermore, taking
advantage of the stability of the five-coordinate Pd(II) complex
with the tetradentate pp3 ligand compared to the pp3S2 complex
equilibrated between the four and five-coordinate structures,
unreacted pp3 was successfully removed from the mixture of free
pp3 and pp3S2 by complexation with K2[PdCl4], followed by
separation with a silica gel column (see Section 2).

For a comparison of the catalytic activity of the Co(II) complexes
with different bound ligands, the preparation of the 1:1 complexes
with a phosphine or phosphine chalcogenide was attempted.
However, the reaction of anhydrous CoI2 with 1 equiv of 1,2-
bis(diphenylphosphino)ethane (p2) gave rise to partial oxidation
of p2, probably during recrystallization, to give 2 which consists
of the dicationic octahedral bis(p2O2) complex, [Co(p2O2)2(CH3-

CN)2]2+ (p2O2 = p2 dioxide), and the dianionic p2O-bridged dinucle-
ar tetrahedral complex, [CoI3(p2O)CoI3]2� (p2O = p2 monooxide), in
which p2O does not act as a bidentate chelate (see below). This fact
indicates that the 1:1 complex, [CoI2(p2)], is not stable because the
p2 chelate bite distance is too small to give the tetrahedral Co(II)
complex (see below). Consequently, the 1:2 complexes were pre-
pared using 2 equivalents of p2 or p2O2 to give 1 and 3.

3.2. Crystal structure

The perspective views of 1�3CHCl3 and 2 are shown in Figs. 1
and 2, respectively. The bis(p2) complex 1, prepared with a 1:2
CoI2/p2 ratio, takes a five-coordinate square-pyramidal geometry
with one iodide group in the apical position. The other iodide ion
is surrounded by three chloroform molecules. The chelate bite an-
gles of the p2 bidentate ligands are considerably smaller than 90�
(P1-Co1-P2 = 82.09(5)� and P3-Co1-P4 = 81.57(5)�). This structure
indicates that the five-membered chelate of p2 is too small to form
a regular square plane for the Co(II) centre. It is obvious that forma-
tion of a tetrahedral geometry, expected for the mono(p2) complex
[CoI2(p2)], would give rise to further distortion because the chelate
bite angle should be 109� for a regular tetrahedral geometry.

Complex 2, which was obtained from a 1:1 CoI2/p2 ratio, con-
sists of the dicationic octahedral complex [Co(p2O2)2(CH3CN)2]2+

and the dianionic p2O-bridged dinuclear complex with two tetra-
hedral Co(II)I3 moieties linked by phosphino and phosphine oxide
groups. The complex cation takes a nearly regular octahedral
geometry in which the chelate bite angles of the p2O2 ligands are
almost 90� (89.6–90.7�). This is attributed to the flexibility and ste-
ric adjustability of the seven-membered p2O2 chelate. Though large
deviations of the bond distances and angles were observed in the
two distorted tetrahedral Co(II) moieties, the averaged I–Co–I bond
angles for the phosphine complex moiety (114.1�) and the phos-
phine oxide complex moiety (113.8�) are obviously larger than
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the averaged I–Co–P (103.5�) and I–Co–O (104.7�) bond angles, due
to the repulsion between the large iodide anions. It should be
noted that the averaged Co–I bond distance for the phosphine com-
plex moiety (2.52 Å) is considerably shorter than that for the phos-
phine oxide complex moiety (2.61 Å), in spite of the larger steric
bulkiness of the diphenylphosphino group in the coordination
sphere compared to the phosphine oxide group. Such a difference
in bond distances may suggest that the electron donation of the
soft diphenylphosphino group to the hard tetrahedral Co(II) ion
is relatively weaker than that of the hard phosphine oxide group,
resulting in smaller electronic repulsion on the Co(II) center with
a phosphino group rather than that with a phosphine oxide group.
This is consistent with the fact that the Co–P distance in the tetra-
hedral Co(II) moiety in 2 (2.463(5) Å) is significantly longer than
the averaged Co–P distance of the five-coordinate Co(II) complex
1 (2.283 Å), though the ionic radius of four-coordinate tetrahedral
Co(II) should be smaller than those for five- or six-coordinate
Co(II). On the other hand, the Co–O distance in the tetrahedral
Co(II) moiety in 2 (1.892(8) Å) is reasonably shorter than the aver-
aged Co–O distance in the six-coordinate octahedral Co(II) moiety
in 2 (2.036 Å).

3.3. Cobalt-catalyzed coupling reaction

The catalytic activities of the p2, pp3 and bis[2-(diphenylphos-
phino)ethyl]phenylphosphine (p3,) phosphine complexes, 1, 4
and 5, and the pp3S2 phosphine sulfide complex 6 for the cobalt-
catalyzed coupling reaction of an alkyl halide with an alkene were
compared using 2-iodobutane and n-butyl acrylate as the sub-
strates. The changes in the yield of the formed n-butyl-4-methyl-
hexanoate are plotted in Fig. 3. If an excess of n-butyl acrylate
(more than 2 equivalents) and more Co catalyst (0.1 equivalents)
were used, as described in the literature [4], a much higher yield
was obtained for each ligand. However, in the present experiments,
equimolar amounts of substrates and 0.04 equivalents of the Co
catalysts were used in order to make the difference in the activity
clearer. The catalytic activity of the phosphine sulfide complex 6 is
definitely higher than those of the phosphine complexes 1, 4 and 5.
The efficiency of phosphine sulfides was also shown by the reac-
tion with a mixture of pp3S4 (pp3 tetrasulfide) [5a] and CoI2
(Fig. 3). Among the phosphine complexes, complex 4, with the tet-
radentate phosphine ligand pp3, showed the lowest activity, and
the bidentate phosphine, p2, does not deactivate the catalysis even
in the case of the bis(p2) complex 1. On the other hand, the phos-
phine oxide group gives rise to deactivation, as observed for the
reaction using the bis(p2O2) complex 3 as an analogue of 1.

Phosphines have been reported to be quite versatile ligands so
far, especially for Pd catalyzed coupling reactions [12]. However,
phosphines are usually susceptible to oxidation to give inactive
Pd black and addition of excess phosphines inhibits the catalytic
reactions by blocking the substrate coordination. More recently,
it has been reported that phosphine sulfides are more effective li-
gands for some Pd catalyzed C–C coupling reactions because phos-
phine sulfides can stabilize the active Pd(0) species, even in the air,
and do not interfere with the oxidative addition of Pd(0) and sub-
sequent coordination of substrates on Pd(II) [5]. The nature of P@X
(X = O, S, Se) bonds has been extensively discussed and reviewed
over the years [13]. In line with these discussions, the p accepting
ability of the P@S bond of phosphine sulfides can stabilize low-va-
lent metal centers to promote the generation of the catalytically
active species. Also the polarizability of the P@S bond can be effec-
tive for coordination to higher positively charged metal ions, so as
not to interfere with the oxidative addition of the active species.
Furthermore, because phosphine sulfides are weakr donors, form-
ing relatively weak r bonds, the coordination of another substrate
and subsequent migration on the oxidized metal center are not
blocked. The polarization of P@S bonds by coordination is observed
even in the solid state, that is the P@S distances for coordinated
p2S2 and pOp2S3 ligands (2.009–2.018 Å for [PdCl2(p2S2)] [14],

Fig. 2. ORTEP diagram of 2 showing [Co(p2O2)2(CH3CN)2]2+ (a) and [CoI3(p2-

O)CoI3]2� (b), individually.

Fig. 3. Change in the yield of butyl-4-methylhexanoate with time in the cobalt-
catalyzed coupling reaction using 1 (s), 3 (d), 4 (4), 5 (N), 6 (h) and a mixture of
CoI2 and pp3S4 (j).

40 S.-i. Aizawa et al. / Polyhedron 62 (2013) 37–41
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1.984–2.005 Å for [Pd(p2S2)2](BF4)2 [5b] and 2.005–2.011 Å for
[Pd3Cl6(pp3S3)2] [15]) are definitely elongated compared with
those in the free phosphine sulfide, e.g. pp3S4 (1.957–1.958 Å)
[16], while such a difference in bond distances is not clearly ob-
served for phosphine oxides (1.449–1.518 Å for the bound P@O
in 6 and 1.473–1.487 Å for the pendant P@O in [Pd(4-ClC6H4S)(pp3-

O)]+ and [Pd(4-ClC6H4S)2(pp3O2)] [17]). The present comparison of
the catalytic activities also indicates the efficiency of phosphine
sulfides in the case of the Co(I)/Co(III) catalytic cycle. On the other
hand, the phosphine oxide p2O2 deactivated the Co catalyst, prob-
ably due to the poor p accepting ability resulting in destabilization
of the Co(I) active species.

Two different reaction mechanisms for the catalytic cycle were
proposed recently [4]. One is an oxidative addition driven mecha-
nism (Scheme 2) in which the oxidative addition of a Co(I) species
with an alkyl halide gives the alkyl Co(III) intermediate, followed
by coordination of an alkene. The alkene is then inserted into the
Co-alkyl bond, protonation gives the final reductive coupling prod-
uct and reduction of the Co(III) species by zinc powder regenerates
the active Co(I) species. The other is a radical generation mecha-
nism (Scheme 3) in which electron transfer from a low-valent
Co(I) species to an alkyl halide generates an alkyl radical, followed
by radical addition to the acrylate, trapping by the Co(II) species to
give the Co(III) intermediate. Subsequent protonation gives the fi-
nal product, and reduction of Co(III), similar to the oxidative addi-
tion driven mechanism, regenerates the Co(I) species. It is obvious
that the active catalyst is the Co(I) complex, generated by reduc-
tion of the Co(II) species with zinc powder, because the coupling
product, n-butyl-4-methylhexanoate, was stoichiometrically
formed by the reaction of the Co(I) complex 7without zinc powder.
Deactivation of complex 4 with the tetradentate pp3 compared to

the bis(p2) complex 1 may be attributed to blocking the formation
of the alkyl halide adduct and subsequent coordination of an al-
kene by the robust coordination structure with the tetradentate li-
gand. On the other hand, the tetradentate phosphine sulfides pp3S2
and pp3S4 do not interfere with the substrate coordination, proba-
bly due to partial dissociation of the weakly r-donating phosphine
sulfide groups on Co(III). These results are consistent with an oxi-
dative addition driven mechanism with alkene coordination to the
alkyl halide adduct.
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Trihalogenoruthenium(III) complexes bearing an ethylbis(2-
pyridylmethyl)amine (ebpma) ligand, fac-[RuIIIX3(ebpma)]
(X = Cl, Br), were reduced by zinc in acetone that contained
halogeno acid to afford a reddish-orange solution. Two kinds
of dinuclear complexes were synthesized from the solution.
After removing the remaining zinc and adding counterions
such as PF6

– and BF4
– with water, the solution was allowed

to stand under air until the color of the solution changed.
New oxido-bridged dinuclear complexes of mixed-valence
RuIII–RuIV [{RuIII,IVX2(ebpma)}2(μ-O)]Y (X = Cl, Y = PF6,

Introduction

Reduction and oxidation reactions are important pro-
cesses for the activation and conversion of inert molecules
to more useful materials. Metal complexes play important
roles in redox reactions and have been widely investigated
in connection with material- and energy-conversion systems
such photosynthesis.[1] Water oxidation is one of the impor-
tant processes for artificial photosynthesis, and various
types of catalysts based on metal complexes with mononu-
clear and dinuclear frameworks have been developed.[2,3] In
dinuclear complexes, bridging moieties are related to their
electronic interaction between metal centers, redox behav-
iors, and reactivities. Oxido-bridged diruthenium com-
plexes, such as the so-called blue dimer [{RuIII,III(bpy)2-
(H2O)}2(μ-O)]4+ (bpy = 2,2�-bipyridyl), are first homogen-
eous catalysts and have attracted much interest as a catalyst
for water oxidation.[2,4–6] The blue dimer has been actively
investigated with respect to its electronic structure and
properties. For oxido-bridged diruthenium complexes, it
has been suggested that the higher oxidation states of RuIV–
RuIV, RuIV–RuV, and RuV–RuV are important species in the
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[1]PF6; Y = BF4, [1]BF4; X = Br, Y = PF6, [2]PF6; Y = BF4,
[2]BF4), which showed a similar framework to the reported
water oxidation catalysts, were obtained as deep-colored sol-
ids. In the reaction without addition of extra water, a different
mixed-valence dinuclear complex of RuII–RuIII

[{RuII,III(ebpma)}2(μ-Cl)3]2+, for which the metal centers were
triply bridged by three chlorides, was formed. The synthetic
procedures are useful for the development of multinuclear
frameworks that function as molecular catalysts for redox re-
actions such as water oxidation.

water oxidation reactions. However, these complexes were
too unstable for investigations on their structure and reac-
tivity. The RuIII–RuIII and RuIII–RuIV oxidation-state com-
plexes have been investigated with regard to their structure
and reactivity.[4,7,8] To create diruthenium frameworks and
synthesize stable dinuclear complexes that show higher oxi-
dation states such as RuIII–RuIV, flexible tridentate eth-
ylbis(2-pyridylmethyl)amine (ebpma),[9,10] as shown in Fig-
ure 1, was used as a supporting ligand.

Figure 1. Tridentate ethylbis(2-pyridylmethyl)amine (ebpma).

In this study, new oxido-bridged diruthenium complexes
bearing ebpma ([1]Y and [2]Y) have been synthesized, fully
characterized, and their structures have been determined.
These complexes have a novel mixed-valence state of RuIII

and RuIV. Their dinuclear frameworks were formed by
means of reduction of the ruthenium center and dissoci-
ation of ligand(s) by using the RuIII complex fac-[RuIIIX3-
(ebpma)], similar to the previously reported dimerization
reaction to afford triply bridged diruthenium complexes.[10]

Results and Discussion
Synthesis and Characterization of Oxido-Bridged
Complexes

fac-[RuIIIX3(ebpma)] (X = Cl or Br) was reduced by zinc
in acetone containing aqueous HX. After addition of water
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and NH4PF6 or NH4BF4 as a counter anion, the solutions
were left standing under air at room temperature for 1 d to
give deep orange or red crystals. The obtained complexes
were characterized as the diruthenium complexes bridged
by an oxido ligand in a mixed-valence state of RuIII–RuIV,
[{RuIII,IVX2(ebpma)}2(μ-O)]PF6·(CH3)2CO [X = Cl ([1]-
PF6) or Br ([2]PF6)] in approximately 60% yields. Spectral
and electrochemical properties together with Δν̃1/2 and Kc

values (see below) are summarized in Table 1.

Table 1. Spectral and electrochemical properties.

[1]PF6 [2]PF6

UV/Vis/NIR absorption bands

λ [nm] 460 (17540) 500 (16490)
(ε [m–1 cm–1]) 1189 (380) 1196 (460)

Half bandwidths at half-maximum of NIR absorption bands

Δν̃1/2(found) [cm–1] 3796 3714
Δν̃1/2(calcd.) [cm–1] 4408 4395

Redox potential

E1 [V] 0.74 0.74
E2 [V] –0.46 –0.39
E3 [V] –1.39 –1.32
Kc 2.0 �1020 1.3 �1019

Since both diruthenium complexes as PF6 salts, [1]PF6

and [2]PF6, were not sufficiently soluble in water and or-
ganic solvents usually used for electrochemistry, the BF4

salts, [1]BF4 and [2]BF4, were synthesized in similar man-
ners; the solubilities of the BF4 salts were slightly higher
than that of the PF6 salts. Results of FAB MS showed mo-
lecular-ion peaks at m/z = 816 and 994 for the Cl and Br
complexes, respectively, and other fragment peaks, thus in-
dicating dissociation of halogeno ligands and/or ebpma
without decomposition of their oxido-bridged dinuclear
framework. Effective magnetic moments (μeff) of [1]PF6 and
[2]PF6 at room temperature were 1.67 and 1.65 B.M.,
respectively, thus indicating the presence of one unpaired
electron on two ruthenium centers. X-band ESR spectra

Figure 2. UV/Vis/NIR spectra of [{RuIII,IVX2(ebpma)}2(μ-O)]PF6

([1]PF6, black line; [2]PF6, gray line) in CH3CN.

Eur. J. Inorg. Chem. 2014, 722–727 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim723

were measured at both 77 K and room temperature. No
ESR signals were observed for the solid state of both
[1]BF4 and [2]BF4 at room temperature and 77 K. A broad
and weak signal was observed at g = 2.54 in the frozen
solution of [2]BF4 in acetone/toluene at 77 K (Figure S1 in
the Supporting Information), whereas for [1]BF4, an ESR
signal was not observed. UV/Vis and near-infrared (NIR)
spectra of both [1]PF6 and [2]PF6 in acetonitrile are shown
in Figure 2. A strong ligand-to-metal charge-transfer
(LMCT) band at 460 nm for the Cl complex (black line)
and 500 nm for the Br complex (gray line) were observed in
the visible region. In the near-infrared region, weak broad
intervalence charge transfer (IVCT) bands, that were char-
acteristic of the mixed-valence complexes, were observed at
1189 and 1196 nm, respectively. Both dinuclear ruthenium
complexes were characterized by X-ray crystallography.

Structures of Oxido-Bridged Complexes

Single crystals of both Cl and Br complexes, [1]PF6 and
[2]PF6, suitable for X-ray structural analysis were obtained
by recrystallization from acetone solutions. The complexes
crystallized with one acetone molecule in the unit cell.[11,12]

The two ruthenium centers are bridged by the oxido ligand,
and the geometries of both ruthenium centers were slightly
distorted octahedral with one bridging oxido, two halo-
geno, and three nitrogen atoms of the ebpma ligand. The
ebpma ligand coordinates in a facial configuration around
each ruthenium center. The structure of
[{RuIII,IVCl2(ebpma)}2(μ-O)]+ is shown in Figure 3 and that
of [{RuIII,IVBr2(ebpma)}2(μ-O)]+ in Figure S3 of the Sup-
porting Information. The structures of both Cl and Br com-
plexes are similar to each other within differences between
the chlorido and bromido ligands. Bond lengths and angles
are summarized in Table 2. The bond lengths between Ru

Figure 3. Structure of [1]+ with thermal ellipsoids at 50% prob-
ability. Hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths [Å] and angles [°].

[1]PF6 [2]PF6

Ru–O 1.8248(19), 1.8200(19) 1.829(3), 1.826(3)
Ru–N(py) trans toward the oxido:

2.095(3), 2.103(3) 2.108(4), 2.112(4)
cis toward the oxido:
2.075(3), 2.064(3) 2.085(4), 2.072(4)

Ru–N(amine) 2.123(3), 2.129(3) 2.132(4), 2.151(4)
Ru–O–Ru 166.82(12) 167.70(17)
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and O and the bond angles of Ru–O–Ru [1.8248(19),
1.8200(19) Å, and 166.82(12)° for the Cl complex, and
1.829(3), 1.826(3) Å, and 167.70(17)° for the Br complex]
are in good agreement with those of previously reported
RuIII–RuIV mixed-valence oxido-bridged diruthenium com-
plexes.[7,8] The Ru–O distances are shorter than those of
RuIII–RuIII oxido-bridged diruthenium complexes[13–20] and
are longer than those of RuIV–RuIV complexes.[21–26] The
metric parameters of the ebpma ligand are similar to those
of the previously reported complexes.[9,10] The Ru–N(py)
(py = pyridine) distances trans with respect to the oxido
ligand are slightly longer than those of the cis position.

Mixed-Valence State of Oxido-Bridged Complexes

Cyclic voltammograms of [1]PF6 in acetonitrile show
three waves as shown in Figure 4. A reversible oxidation
wave, and two reversible and irreversible reduction waves
were observed at E1, E2, and E3.

Figure 4. Cyclic voltammograms of [1]PF6 and [2]PF6 [3.0 �10–4 m;
[1]PF6 (upper) and [2]PF6 (lower)] in acetonitrile containing 0.1 m
tetrabutylammonium hydroxide (TBAH) at room temperature with
a scan rate of 100 mVs–1.

These values of E1, E2, and E3 for the Cl and the Br
complexes are shown in Table 1. Two reversible oxidation
and reduction waves at E1 and E2 are assigned to RuIV–
RuIV/RuIII–RuIV and RuIII–RuIV/RuIII–RuIII processes,
respectively. These two reversible waves were confirmed to
be one-electron reaction processes by analysis using hydro-
dynamic voltammetry (HDV) and controlled potential elec-
trolysis (CPE) shown in Figures S4A and S5A of the Sup-
porting Information. The wide differences between the re-
dox potentials of the reversible RuIV–RuIV/RuIII–RuIV and
RuIII–RuIV/RuIII–RuIII couples, ΔE = E1 – E2, for both Cl
and Br complexes indicate the stability of the mixed-valence
state of RuIII–RuIV.[26] The values of comproportionation
constant Kc, calculated by ΔE, is 2.0� 1020 for complex 1
and 1.3�1019 for complex 3. These Kc values are similar to
those of reported Ru–O–Ru complexes of RuIII–RuIV and
larger than those of RuII–RuIII[4] and that of the triply
chlorido- and methoxido-bridged RuII–RuIII mixed-valence
complex with ebpma, [{RuII,III(ebpma)}2(μ-Cl)(μ-
OCH3)2]2+.[10] In addition to the large Kc value, half band-
widths at half-maximum, Δν̃1/2(calcd.), were estimated ac-
cording to Hush’s theory: 4408 cm–1 for [1]PF6 and
4395 cm–1 for [2]PF6 (Table 1). The experimental half band-
widths (3796 cm–1 for [1]PF6 and 3714 cm–1 for [2]PF6) are

Eur. J. Inorg. Chem. 2014, 722–727 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim724

smaller than the theoretical values. These results of analysis
of IVCT bands could be interpreted as the result of strong
electronic coupling. Both Cl and Br complexes are classified
as Class III according to the Robin–Day classification of
mixed-valence states.[27]

Redox Behaviors of Oxido-Bridged Complexes

These oxido-bridged complexes of RuIII–RuIV were elec-
trochemically oxidized and reduced by CPE in acetonitrile
at room temperature and –40 °C, and the ensuing reactions
were monitored by cyclic voltammetry (CV) to investigate
relationships between reactivities and oxidation states of the
metal centers. The oxidative CPE experiments for both
[1]BF4 and [2]BF4 at 0.85 V reveal that the oxidation waves
at 0.74 V are assigned to one-electron oxidation processes
from RuIII–RuIV to RuIV–RuIV. The oxidized forms RuIV–
RuIV of both complexes were stable under CPE experimen-
tal conditions (Figures S4B and S5B in the Supporting In-
formation). For [1]BF4, the UV/Vis spectrum also reversibly
changed between RuIII–RuIV and RuIV–RuIV states with
isosbestic points using an optical transparent thin-layer
electrode (OTTLE) cell as shown in Figure S4C of the Sup-
porting Information.

Changes in cyclic voltammograms of [1]BF4 during re-
ductive CPE experiments are shown in Figure 5; those of
[2]BF4 are in Figure S7B of the Supporting Information.

Figure 5. Change in the cyclic voltammograms during reductive
CPE of [1]BF4 (5.0�10–4 m) in acetonitrile: (a) before CPE, (b) af-
ter one-electron reduction at –0.5 V, and (c) after standing for 1 d.

The first reversible reduction waves of the original com-
plexes, observed at –0.46 V for the Cl complexes and
–0.39 V for the Br complexes, were confirmed to be one-
electron processes by changes in HDV during CPE at
–0.5 V (Figures S6A and S7A in the Supporting Infor-
mation). During one-electron reduction by CPE, three
waves of the original complex decreased, and three new
waves appeared at more positive potentials around 1.1,
–0.1, and –1.1 V with the appearance of another new wave
around 0.7 V, which was assigned to an oxidation wave of
Cl– as shown in Figure 5b. One-electron-reduced forms
RuIII–RuIII of both Cl and Br complexes were unstable at
room temperature and changed into new complexes that
kept their dinuclear frameworks to afford RuIII–RuIII com-
plexes. Observation of the oxidation wave of Cl– at 0.7 V
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and positive shifts of the waves for [1]BF4 indicate that
dissociation of the Cl ligand(s) and coordination of acetoni-
trile to the ruthenium center(s) occur. After the samples had
stood for 1 d, these waves were shifted to further positive
potentials, and there was a further increase in the Cl oxi-
dation wave (Figure 5c and Figure S7c in the Supporting
Information). These results reveal that substitution of Cl
ligands was made possible by reduction to the RuIII–RuIII

state to give the {Cl2–n(CH3CN)nRuIII(μ-O)RuIIICl2–m-
(CH3CN)m}(n+m)+ moiety (n, m = 0–2). Attempts to synthe-
size a new oxido-bridged complex under several different
conditions were unsuccessful. Reversible spectral changes
with an oxidation state between RuIII–RuIV and RuIII–RuIII

of the central metals for [1]BF4 were observed using an
OTTLE cell as shown in Figure 6. The strong LMCT band
at 460 nm disappeared, and a new metal-to-ligand charge-
transfer (MLCT) band appeared at 604 nm with electro-
chemical reduction of [1]BF4. The spectrum of the RuIII–
RuIV complex was reversibly regenerated by oxidation from
the RuIII–RuIII to the RuIII–RuIV state, thus indicating that
the RuIII–RuIII state was stable for this experimental period
(ca. 10 min). These characteristic bands for the RuIII–RuIV

and the RuIII–RuIII complexes are similar to those for
[(bpy)2(H2O)RuIII(μ-O)RuIV(bpy)2(OH)]4+ and [{RuIII,III-
(bpy)2(H2O)}2(μ-O)]4+.[4–6,19]

Figure 6. UV/Vis spectra of [1]BF4 (2.50 �10–4 m; black line) in
acetonitrile and after reduction using an OTTLE cell (gray line).

Further reduction of both [1]BF4 and [2]BF4 to the RuII

state were carried out by CPE at –40 °C (Figures S8 and S9
in the Supporting Information). The one-electron-reduced
form was generated by CPE at –0.40 V and was stable under
electrochemical conditions at –40 °C as shown in Fig-
ures S8b and S9b in the Supporting Information. For fur-
ther reduction of the one-electron-reduced form, the RuIII–
RuIII state, at –1.60 V, two moles of electrons based on the
amount of the starting compounds [1]BF4 and [2]BF4 were
consumed. The reduced complexes slightly changed to new
complexes that showed redox waves around 0 and 0.6 V
with the oxidation wave of Cl– around 0.7 V. According to
the redox potential, the reduction product around 0.6 V
seemed to be a mononuclear ruthenium(II) complex such as
[RuIICl(NCCH3)2(ebpma)]+.[9] When comparing CV-profile
changes during these CPE experiments for both Cl and Br
complexes at room temperature and –40 °C, the Br complex
was more reactive than the Cl complex.

Catalytic activities of both compounds [1]PF6 and [2]PF6

for the water oxidation reaction were examined by CV of
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an acetonitrile solution with the addition of H2O as shown
in Figure S10 of the Supporting Information. Although sig-
nificant current increases were not observed, the change in
the current using the Br complex [2]PF6 was slightly higher
than that of the Cl complex [1]PF6.

Formation of Oxido-Bridged Diruthenium Frameworks

The present oxido-bridged dinuclear ruthenium com-
plexes of RuIII–RuIV seemed to be formed by means of for-
mation and substitution of the triply bridged halogeno
complex, [{RuII,II(ebpma)}2(μ-X)3]+ (X = Cl, Br), and oxi-
dation in acetone solutions with or without water as shown
in Scheme 1. In the reduction of [RuIIICl3(ebpma)] in acet-
one by Zn with hydrochloric acid, an orange solution was
generated at the early stage of the reaction. H2O was added
to the solution, and the solution was allowed to stand for
1 d to yield complex 1 by addition of NH4PF6 as a precipi-
tant. In the absence of H2O, a dark blue solution was ob-
tained after the sample had stood for 2 h, and the deep blue
complex was isolated by addition of NH4PF6. This deep
blue complex [{RuII,III(ebpma)}2(μ-Cl)3]2+ has a diru-
thenium framework, the ruthenium centers of which are
bridged by three Cl ligands. The structure is similar to that
of the reported diruthenium complex [{RuII,III(ebpma)}2(μ-
Cl)(μ-OCH3)2]2+.[10] Compounds [1]PF6 and [2]PF6 were
also synthesized by reduction of [{RuII,III(ebpma)}2(μ-
Cl)3]+ and standing under air in the presence of H2O. A
brown complex was isolated from the orange solution by
the addition of NH4PF6 and H2O as a poor solvent. The
isolated brown complex was unstable, and the color of the
complex in the solid state quickly changed to green under
air. CV of the obtained orange complex showed two revers-
ible waves at –0.14 and 0.84 V, the same as that of
[{RuII,III(ebpma)}2(μ-Cl)3]2+ in CH3CN, whereas their rest
potentials were different from each other (Figure S11 in the
Supporting Information). Thus, the brown complex was
identified as a triply chlorido-bridged diruthenium complex
of RuII–RuII, [{RuII,II(ebpma)}2(μ-Cl)3]+.

Scheme 1. Formation of [{RuIII,IVX2(ebpma)}2(μ-O)]+.
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Conclusion
Oxido-bridged diruthenium complexes of RuIII–RuIV

were synthesized through the formation of
[{RuII,II(ebpma)}2(μ-X)3]+ (X = Cl, Br) and reaction with
H2O followed by oxidation under air. The properties of
both Cl and Br complexes are similar to each other within
differences in the nature between Cl– and Br– ligands. The
reactivity of the Br complex is slightly higher than that of
the Cl complex. Although significant catalytic activities of
both Cl and Br complexes for the water oxidation reaction
were not observed by cyclic voltammetry of an acetonitrile
solution with the addition of H2O, the catalytic activity of
the Br complex was slightly higher than that of the Cl com-
plex, as shown in Figure S10 of the Supporting Infor-
mation. Whereas the Ru–O–Ru framework is stable in the
RuIII–RuIV and RuIV–RuIV oxidation states, reduction to
the one-electron-reduced form, the RuIII–RuIII state, affords
a new complex in which the chlorido ligand(s) was substi-
tuted. Further reduction to the RuII state induces decompo-
sition of the Ru–O–Ru framework. These results indicate
that stabilization of higher oxidation states such as RuIII–
RuIV and RuIV–RuIV is important for the development of
a homogeneous water oxidation catalyst. The RuIII–RuIV

species would be one of the important complexes for under-
standing the catalytic function of the oxido-bridged dinu-
clear complex. Attempts to prepare new oxido-bridged di-
nuclear ruthenium complexes by substitution of the halo-
geno ligands of [{RuIII,IVX2(ebpma)}2(μ-O)]+ (X = Cl, Br)
under various conditions and by reduction of the metal cen-
ter are under investigation.

Experimental Section
Measurements: IR spectra were recorded with a Perkin–Elmer FT-
2000 FTIR spectrophotometer using samples prepared as KBr
disks. Elemental analyses were carried out with a Perkin–Elmer
2400-II. Magnetic-susceptibility measurements were carried out at
room temperature with a Sherwood Scientific Magway MSB MK1
balance. X-band ESR spectra were measured with a JEOL JES-
FA300 ESR spectrometer at both 77 K and room temperature. UV/
Vis/NIR spectra were obtained with a Shimadzu MultiSpec-1500
diode array spectrophotometer and a JASCO V-570. CV, normal
pulse voltammetry (NPV), and differential pulse voltammetry
(DPV) were carried out on acetonitrile solutions that contained
tetraethylammonium perchlorate (TEAP; 0.1 m) from Nakarai
Tesque, Ltd., tetra(n-butyl)ammonium hexafluorophosphate
(TBAH; 0.1 m), or tetra(n-butyl)ammonium tetrafluoroborate
(TBAT; 0.1 m) as supporting electrolyte with a platinum disk work-
ing electrode (φ = 1.6 mm) and an Ag/AgNO3 (0.01 m) reference
electrode with a BAS 100B/W electrochemical analyzer. HDV was
carried out with a rotating platinum-disk working electrode (φ =
3.0 mm) and a BAS RDE-2 rotating electrode. Electrochemical re-
duction and oxidation were performed by the controlled potential
electrolysis (CPE) technique. CPE was carried out in a three-com-
partment cell with a platinum-gauze working electrode in the first
compartment, an auxiliary electrode in the second compartment,
and a reference electrode in the third compartment with a Huso
Polarograph Model 312 and 343B digital coulometer. At the end
of each measurement, ferrocene was added as an internal standard
to correct redox potentials.
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[{RuIII,IVCl2(ebpma)}2(μ-O)]PF6·(CH3)2CO {[1]PF6·(CH3)2CO}:
fac-[RuCl3(ebpma)] (102 mg, 0.23 mmol) was suspended in acetone
(15 cm3) that contained hydrochloric acid (0.12 cm3). Zinc powder
was added, and the mixed solution was stirred for 4 h to give an
orange solution. After removing the remaining zinc, water (2 cm3)
and NH4PF6 (55 mg, 0.34 mmol) as a precipitant were added. The
reddish-orange solution was allowed to stand under air at room
temperature for 1 d. The deep-orange product obtained was col-
lected by filtration, washed with ethanol and diethyl ether, and
dried under vacuum. [{RuCl2(ebpma)}2(μ-O)]PF6 was recrys-
tallized several times from acetone. Yield: 64 mg, 57 %.
[{RuCl2(ebpma)}2O]PF6·(CH3)2CO (1017.60): calcd. C 36.59, H
3.96, N 8.26; found C 36.52, H 4.16, N 8.09. FAB MS: m/z = 816
[M – PF6], 781 [M – Cl – PF6], 674 [M – 4 Cl – PF6]. Electrochemi-
cal properties (CV in CH3CN): Epa = –1.39 V (RuIII,III/RuIII,II),
E1/2 = –0.46 V (RuIII,IV/RuIII,III), E1/2 = 0.74 V (RuIV,IV/RuIII,IV)
versus Ag/AgNO3(CH3CN) (0.01 m). μeff = 1.67 B.M. Thermograv-
imetric analysis showed a gentle mass loss of approximately 6–8%
at 100–200 °C.

[{RuIII,IVCl2(ebpma)}2(μ-O)]BF4·2(CH3)2CO {[1]BF4·2(CH3)2CO}:
The complex was synthesized by a procedure similar to that for [1]-
PF6, but NH4BF4 (118 mg, 1.13 mmol) was used as precipitant.
Yield: 93 mg, 70%. [{RuCl2(ebpma)}2O]BF4·2(CH3)2CO (1017.52):
calcd. C 39.49, H 4.38, N 8.50; found C 39.35, H 4.50, N 8.40.

[{RuIII,IVBr2(ebpma)}2(μ-O)]PF6·(CH3)2CO {[1]PF6·(CH3)2CO}
and [{RuIII,IVBr2(ebpma)}2(μ-O)]BF4·2H2O {[2]BF4·2H2O}: These
complexes were synthesized by the same procedure as for the
chlorido complex but using fac-[RuBr3(ebpma)] (68 mg,
0.12 mmol) and hydrobromic acid (0.10 cm3). Yield: 77 mg, 73 %
for the PF6 salt and 47 mg, 69% for the BF4 salt.
[{RuBr2(ebpma)}2O]PF6·(CH3)2CO (1195.41): calcd. C 31.15, H
3.37, N 7.03; found C 31.26, H 3.56, N 6.98. FAB MS: m/z = 994
[M – PF6], 913 [M – Br – PF6], 834 [M – 2 Br – PF6]. Electrochemi-
cal properties (CV in CH3CN): Epa = –1.32 V (RuIII,III/RuIII,II),
E1/2 = –0.39 V (RuIII,IV/RuIII,III), E1/2 = 0.74 V (RuIV,IV/RuIII,IV)
versus Ag/AgNO3(CH3CN) (0.01 m). μeff = 1.65 B.M.
[{RuBr2(ebpma)}2O]BF4·2H2O (1115.20): calcd. C 30.16, H 3.43,
N 7.54; found C 30.06, H 3.42, N 7.08.

[{RuII,III(ebpma)}2(μ-Cl)3](PF6)2: fac-[RuCl3(ebpma)] (150 mg,
0.35 mmol) was suspended in acetone (15 cm3) that contained hy-
drochloric acid (0.5 cm3). Zinc powder was added, and the mixed
solution was stirred for 4 h to give an orange solution. After remov-
ing the remaining zinc, the solution was allowed to stand under air
at room temperature for 2 h until the color changed to dark blue.
NH4PF6 (300 mg, 1.84 mmol) was added to the solution as a pre-
cipitant. The deep blue product obtained was collected by fil-
tration, washed with water, ethanol and diethyl ether, and dried
under vacuum. Yield: 155 mg, 85%. [{Ru(ebpma)}2Cl3](PF6)2

(1053.04): calcd. C 31.94, H 3.25, N 7.98; found C 32.17, H 3.39,
N 7.63. FAB MS: m/z = 765 [M – 2 PF6]. Electrochemical proper-
ties (CV in CH3CN): E1/2 = –0.14 V (RuII,III/RuII,II), E1/2 = 0.84 V
(RuIII,III/RuII,III) versus Ag/AgNO3(CH3CN) (0.01 m). μeff =
1.94 B.M.

X-ray Crystallography: Single crystals of [1]PF6·(CH3)2CO and
[2]PF6·(CH3)2CO were obtained by recrystallization from the acet-
one solution and then vapor diffusion of diethyl ether into the solu-
tion or slow concentration of the acetone solution. Intensity data
were collected with a Rigaku Mercury CCD diffractometer using
graphite-monochromated Mo-Kα radiation (0.71075 Å). All the
calculations were carried out using the Crystal Structure software
package.[28] Structures were solved by direct methods, expanded
using Fourier techniques, and refined using full-matrix least-
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squares techniques on F2 using SHELXL97.[29] The crystallo-
graphic data are summarized in Table S1 of the Supporting Infor-
mation, selected bond lengths and angles are in Table S2 of the
Supporting Information, and structures of the complex cations are
shown in Figures S2 and S3 of the Supporting Information.
CCDC-955811 {[1]PF6·(CH3)2CO measured at 93 K}, -956150
{[1]PF6·(CH3)2CO measured at 298 K}, -955812 {[2]PF6·(CH3)2CO
measured at 93 K}, and -956150 {[2]PF6·(CH3)2CO measured at
298 K} contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ESR, X-ray crystallography, electrochemical behaviors, and
UV/Vis/NIR data.
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a b s t r a c t

This paper describes the syntheses and crystal structures of a set of novel 2:2-type ZrIV/HfIV-containing
Keggin complexes with edge-sharing and face-sharing linkages prepared under different pH conditions,
each consisting of di-ZrIV/HfIV cluster cations sandwiched between two mono-lacunary a-Keggin poly-
oxometalates (POMs) with an Si heteroatom, i.e., (Et2NH2)10[(a-SiW11O39M)2(l-OH)2]�4H2O (M = Zr, Zr-
edge; Hf, Hf-edge) and (Et2NH2)11[(a-SiW11O39M)2(l-OH)3]�15H2O (M = Zr, Zr-face; Hf, Hf-face). The
two central Zr and Hf atoms of the Zr-edge and Hf-edge are linked by two l-OH groups, i.e., an edge-
sharing linkage, whereas those of the Zr-face and Hf-face are linked by three l-OH groups, i.e., a face-
sharing linkage. Previously reported Zr/Hf-containing POM dimers were generally linked by edge-sharing
M(OH)2M (M = Zr, Hf) bonds. Therefore, the present Zr-face and Hf-face are the first examples of Zr/Hf-
containing POM dimers linked in a face-sharing fashion.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The coordination chemistry of polyoxometalates (POMs) with
d0 transition metals has been particularly well documented in
the past few decades. Indeed, the d0 transition metal derivatives
of polyoxoanions have attracted considerable attention in the
fields of catalysis, surface science, and materials science because
POMs are often considered as molecular analogs of oxides in terms
of structure [1–19]. In the Group IV (d0) metal ion-containing
POMs, the Zr/Hf atoms function very similarly to each other but
show quite different behavior from the Ti atom [20]. The Zr and
Hf atoms in the group IV metals, compared with the Ti atom (ionic
radius 0.75 Å and a maximum coordination number of 6 in POMs),
have larger ionic radii (approximately 0.85 Å) and show higher
coordination numbers (6, 7, and 8). Therefore, if they are incorpo-
rated into the POMs, a wide variety of molecular structures are
anticipated. Furthermore, Lewis acid catalysis in the coordinatively
unsaturated complexes of Zr and Hf atoms is also anticipated.

Following the development of TiIV-containing POMs, there has
been a dramatic advance in recent years in studies on various types
of ZrIV/HfIV complexes in combination with several lacunary POMs

[21–54]. For example, the following have been reported as ZrIV/HfIV

sandwich-structured complexes with the same compositions and
formulas: mono-nuclear, 8-coordinate metal complexes sand-
wiched between two mono-lacunary a-Keggin- and a2-Dawson-
type POMs, i.e., [M(a-PW11O39)2]10� (M = Hf, Zr; the Keggin 1:2
complexes) and [M(a2-P2W17O61)2]16� (the Dawson 1:2-type com-
plexes), respectively [34,46]; di- and tetra-nuclear 7-coordinate
metal complexes sandwiched between two c-Keggin silicotung-
states, i.e., [{M(H2O)}2(l-OH)2(c-SiW10O36)2]10� and [{M(H2O)}4
(l4-O)(l-OH)6(c-SiW10O36)2]8� (M = Hf, Zr), respectively [38];
tetra-nuclear two 7-coordinate and two 8-coordinate metal com-
plexes with two b-Keggin silicotungstates, i.e., [Zr4(l3-O)2(OH)2
(H2O)4(b-SiW10O37)2]10� [31]; hexa-nuclear three 7-coordinate
and three 8-coordinate metal complexes formed with three b-Keg-
gin silicotungstates, i.e., [Zr6O2(OH)4(H2O)3(b-SiW10O37)3]14� [31];
tetra-nuclear 7-coordinate metal complexes with acetate ligands
sandwiched between two di-lacunary Keggin-type POMs, i.e.,
[Zr4(OH)6(CH3CO2)2(a-PW10O37)2]10� [51] and [Hf4(OH)6(CH3-

CO2)2(x-PW10O37)2]12� (x = a, b) [52], respectively; and hexa-
nuclear 6-peroxo metal complexes formed with three c-Keggin
silicotungstates, i.e., [M6(O2)6(l-OH)6(c-SiW10O36)3]18� (M = Hf,
Zr) [40,45]. Recently, three 6-coordinate prismatic HfIV and ZrIV

ions, i.e., the [M3(l-OH)3]9+ cluster cations (M = Hf, Zr) sandwiched
between two tri-lacunary a-Keggin POMs, or [M3(l-OH)3

0277-5387/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.poly.2012.08.062
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(A-a-PW9O34)2]9� (the Keggin 3:2 complexes), were reported [47];
the analogous tri-nuclear 6-coordinate ZrIV cluster compound
[Zr3(l-OH)3(A-b-SiW9O34)2]11� has previously been reported [24].
The di-nuclear, 7-coordinate Hf and Zr cluster cations sandwiched
between two mono-lacunary a-Keggin POMs and between two
mono-lacunary a-Dawson POMs, i.e., [{a-PW11O39M(H2O)}2(l-
OH)2]8� (M = Hf, Zr; the Keggin 2:2 complexes) [48,53] and [{a2-P2-
W17O61M(H2O)}2(l-OH)2]14� (the Dawson 2:2 complexes) [50,53],
respectively, and the tetra-nuclear 7-coordinate metal cluster cat-
ion species [M4(l3-O)2(l-OH)2(H2O)4]10+ (M = Zr [27], Hf [49])
sandwiched between two di-lacunary Dawson POMs, i.e., [M4(l3-
O)2(l-OH)2(H2O)4(P2W16O59)2]14� (the Dawson 4:2 complexes),
have also been reported. As a molybdo-POM, the 8-coordinate Hf
complex, i.e., {Hf[PMo12O40][(NH4)PMo11O39]}5�, has also recently
been reported [41].

Most Ti-substituted Keggin POMs are isolated as oligomers
formed by corner-sharing Ti–O–Ti bonds. Meanwhile, Zr/Hf-con-
taining a-Keggin/a-Dawson POMs are usually isolated as di-, tri-,
tetra-Zr/Hf cluster cations sandwiched between two lacunary
POMs, the cluster cations of which are formed by edge-sharing
M(OH)2M (M = Zr, Hf) bonds [20]. For example, the Keggin 2:2
and the Dawson 2:2 complexes, i.e., [{a-PW11O39M(H2O)}2(l-
OH)2]8� and [{a2-P2W17O61M(H2O)}2(l-OH)2]14� (M = Zr, Hf),
respectively, are composed of two mono-Zr- and Hf-substituted
POM units [a-PW11O39M] and [a2-P2W17O61M] linked via two
l-OH groups [48,50].

In this work, we prepared a set of novel 2:2-type ZrIV/HfIV-con-
taining Keggin complexes with edge-sharing and face-sharing link-
ages under different pH conditions, each consisting of di-ZrIV/HfIV

cluster cations sandwiched between two mono-lacunary a-Keggin
POMs with an Si heteroatom, i.e., (Et2NH2)10[(a-SiW11O39M)2(l-
OH)2]�4H2O (M = Zr, Zr-edge; Hf, Hf-edge) and (Et2NH2)11[(a-
SiW11O39M)2(l-OH)3]�15H2O (M = Zr, Zr-face; Hf, Hf-face). We
successfully determined their molecular structures by X-ray crys-
tallography. Two central Zr and Hf atoms of the Zr-edge and the
Hf-edge were linked by two l-OH groups, i.e., an edge-sharing
linkage, whereas those of the Zr-face and the Hf-face were linked
by three l-OH groups, i.e., a face-sharing linkage. The Zr/Hf-con-
taining POM dimers reported so far are usually linked by edge-
sharing M(OH)2M (M = Zr, Hf) bonds [20]. Therefore, the Zr-face
and the Hf-face are the first examples of Zr/Hf-containing POM di-
mers linked in a face-sharing fashion.

2. Experimental

2.1. Synthesis

2.1.1. Materials
The following reactants were used as received: 1 M aqueous HCl

solutions (quantitative analysis grade), 0.1 and 1 M aqueous KOH
solutions (quantitative analysis grade), EtOH, Et2O, Et2NH2Cl, zirco-
nium(IV) dichloride oxide octahydrate, hafnium(IV) dichloride
oxide octahydrate (Wako), and D2O (Isotec). The precursor or
mono-lacunary a-Keggin POM with heteroatom Si and the 2:2-
type ZrIV-containing Keggin POM, K8[a-SiW11O39]�15H2O [55] and
(Et2NH2)8[{a-PW11O39Zr(H2O)}2(l-OH)2]�9H2O [48], respectively,
were prepared according to the literature and identified by FTIR,
thermogravimetric (TG)/differential thermal analyses (DTA), 29Si
NMR, and 31P NMR.

2.1.2. Preparation of sample mixture of Zr-edge and Zr-face
ZrCl2O�8H2O (0.258 g, 0.80 mmol) was dissolved in 20 mL of

water, and the solution was stirred vigorously in a water bath at
>90 �C for 1 min. To the hot solution was added 2.61 g (0.80 mmol)
of solid K8[a-SiW11O39]�15H2O, followed by stirring for 30 min.

This solution was stirred at >90 �C (pH 7.3). To the colorless solu-
tion was added 2.0 g (18.2 mmol) of Et2NH2Cl, followed by stirring
for 1 min. The colorless solution was slowly evaporated at r.t. After
2 days, colorless, clear needle crystals formed, which were col-
lected on a membrane filter (JG 0.2 lm), washed with EtOH
(30 mL � 3) and Et2O (50 mL � 3), and dried in vacuo for 2 h. This
crystalline sample was a mixture of Zr-edge and Zr-face and the
obtained yield was 1.45 g.

2.1.3. Synthesis of (Et2NH2)10[(a-SiW11O39Zr)2(l-OH)2]�4H2O (Zr-
edge)

The sample mixture (2.5 g) was dissolved in 10 mL of water.
This solution (pH 7.1) was slowly adjusted to pH 4.5 with a 1 M
aqueous HCl solution and slowly evaporated at r.t. After 1 day, col-
orless, clear prismatic crystals formed, which were collected on a
membrane filter (JG 0.2 lm), washed with EtOH (30 mL � 3) and
Et2O (50 mL � 3), and dried in vacuo for 2 h. The yield was 1.83 g
(47.5% based on K8[a-SiW11O39]�15H2O).

The crystalline samples were soluble in water and DMSO but
insoluble in diethyl ether and ethanol. Anal. Calc. for C40H130N10-

O84Si2W22Zr2 or (Et2NH2)10[(a-SiW11O39Zr)2(l-OH)2]�4H2O: C,
7.53; H, 2.05; N, 2.20. Found: C, 7.60; H, 1.61; N, 2.33%.

TG/DTA under atmospheric conditions: a weight loss of 1.25%
due to dehydration was observed at below 166.9 �C; calc. 1.13%
for a total of four water molecules. A weight loss of 11.44% was ob-
served between 166.9 and 500.0 �C with an exothermic peak at
381.2 �C; calc. 11.62% for a total of 10 Et2NH2

+ cations. Selected
IR (KBr): 1624 w, 1471 w, 1454 w, 1433 w, 1387 w, 1363 vw,
1198 vw, 1159 vw, 1061 w, 1045 w, 1001 w, 957 m, 906 vs, 877
m, 789 vs, 692 m, 663 m, 642 m, 540 m, 525 m, 507 m cm�1. Solu-
tion 29Si NMR (22.2 �C, D2O): d �85.47 ppm. Solid-state 29Si CPMAS
NMR (r.t.): d �83.89 ppm.

2.1.4. Synthesis of (Et2NH2)11[(a-SiW11O39Zr)2(l-OH)3]�15H2O (Zr-
face)

The sample mixture (2.5 g) was dissolved in 10 mL of water.
This solution was slowly adjusted to pH 9.5 with a 1 M aqueous
KOH solution and slowly evaporated at r.t. After 7 days, colorless,
clear prismatic crystals formed, which were collected on a mem-
brane filter (JG 0.2 lm), washed with EtOH (30 mL � 3) and Et2O
(50 mL � 3), and dried in vacuo for 2 h. The yield was 1.85 g
(45.9% based on K8[a-SiW11O39]�15H2O).

The crystalline samples were soluble in water and DMSO but
insoluble in diethyl ether and ethanol. Anal. Calc. for C44H165N11-

O96Si2W22Zr2 or (Et2NH2)11[(a-SiW11O39Zr)2(l-OH)3]�15H2O: C,
7.93; H, 2.49; N, 2.31. Found: C, 7.86; H, 2.18; N, 2.37%.

TG/DTA under atmospheric conditions: a weight loss of 3.94%
due to dehydration was observed at below 169.8 �C; calc. 4.05%
for a total of fifteen water molecules. A weight loss of 11.57%
was observed between 169.8 and 500.0 �C with an exothermic
peak at 374.4 �C; calc. 12.23% for a total of eleven Et2NH2

+ cations.
Selected IR (KBr): 1620 w, 1471 w, 1454 w, 1390 w, 1362 vw, 1312
vw, 1275 vw, 1196 vw, 1159 vw, 1062 w, 1047 w, 1000 m, 956 m,
903 s, 786 vs, 586 w, 541 m, 526 m, 504 m, 478 w, 461 w, 403 w
cm�1. Solution 29Si NMR (25.9 �C, D2O) d �85.51 ppm. Solid-state
29Si CPMAS NMR (r.t.): d �84.09 ppm.

2.1.5. Preparation of sample mixture of Hf-edge and Hf-face
In the synthesis of the sample mixture of Hf-edge and Hf-face,

HfCl2O�8H2O was used in place of ZrCl2O�8H2O with almost the
same work-up. A sample mixture of Hf-edge and Hf-face was ob-
tained as a yield of 1.67 g.
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2.1.6. Synthesis of (Et2NH2)10[(a-SiW11O39Hf)2(l-OH)2]�4H2O (Hf-
edge)

The sample mixture (2.5 g) was dissolved in 10 mL of water.
This solution was slowly adjusted to pH 4.5 with a 1 M aqueous
HCl solution and slowly evaporated at r.t. After 1 day, colorless,
clear prismatic crystals formed, which were collected on a mem-
brane filter (JG 0.2 lm), washed with EtOH (30 mL � 3) and Et2O
(50 mL � 3), and dried in vacuo for 2 h. Yield 1.98 g (56.1% based
on K8[a-SiW11O39]�15H2O).

The crystalline samples were soluble in water and DMSO but
insoluble in diethyl ether and ethanol. Anal. Calc. for C40H130N10-

O84Si2W22Hf2 or (Et2NH2)10[(a-SiW11O39Hf)2(l-OH)2]�4H2O: C,
7.33; H, 2.00; N, 2.14. Found: C, 7.37; H, 1.54; N, 2.28%.

TG/DTA under atmospheric conditions: a weight loss of 1.11%
due to dehydration was observed at below 168.6 �C; calc. 1.10%
for a total of four water molecules. A weight loss of 11.04% was ob-
served between 168.6 and 500.0 �C with an exothermic peak at
381.5 �C; calc. 11.31% for a total of 10 Et2NH2

+ cations. Selected
IR (KBr): 1622 w, 1471 w, 1452 w, 1430 w, 1390 w, 1363 vw,
1198 vw, 1159 vw, 1061 w, 1045 w, 1001 w, 957 m, 906 vs, 877
m, 791 vs, 702 m, 671 w, 646 w, 542 m, 523 m, 509 m cm�1. Solu-
tion 29Si NMR (21.4 �C, D2O): d �85.69 ppm. Solid-state 29Si CPMAS
NMR (r.t.): d �84.09 ppm.

2.1.7. Synthesis of (Et2NH2)11[(a-SiW11O39Hf)2(l-OH)3]�15H2O (Hf-
face)

The sample mixture (2.5 g) was dissolved in 10 mL of water.
This solution was slowly adjusted to pH 9.5 with a 1 M aqueous
KOH solution and slowly evaporated at r.t. After 7 days, colorless,
clear prismatic crystals formed, which were collected on a mem-
brane filter (JG 0.2 lm), washed with EtOH (30 mL � 3) and Et2O
(50 mL � 3), and dried in vacuo for 2 h. Yield 1.91 g (54.2% based
on K8[a-SiW11O39]�15H2O).

The crystalline samples were soluble in water and DMSO but
insoluble in diethyl ether and ethanol. Anal. Calc. for C44H165N11-

O96Si2W22Hf2 or (Et2NH2)11[(a-SiW11O39Hf)2(l-OH)3]�15H2O: C,
7.72; H, 2.43; N, 2.25. Found: C, 7.76; H, 1.83; N, 2.42%.

TG/DTA under atmospheric conditions: a weight loss of 3.93%
due to dehydration was observed at below 197.3 �C; calc. 3.95%
for a total of fifteen water molecules. A weight loss of 9.78% was
observed between 197.3 and 500.0 �C with an exothermic peak
at 361.6 �C; calc. 11.92% for a total of eleven Et2NH2

+ cations. Se-
lected IR (KBr): 1626 m, 1471 w, 1456 w, 1390 w, 1363 vw, 1198

vw, 1159 vw, 1063 w, 1045 w, 1003 w, 957 m, 906 vs, 877 m,
791 vs, 700 m, 665 m, 644 m, 542 m, 523 m, 509 m cm�1. Solution
29Si NMR (21.2 �C, D2O) d�85.69 ppm. Solid-state 29Si CPMAS NMR
(r.t.): d �84.28 ppm.

2.1.8. Control experiment: attempting to prepare the
phosphotungstate Keggin 2:2-type complex linked in a face-sharing
fashion

The pH of the solution (pH 4.2) containing the Keggin 2:2-type
complex with heteroatom P, i.e., (Et2NH2)8[{a-PW11O39Zr(H2O)}2
(l-OH)2]�9H2O, (0.75 g, 0.12 mmol) dissolved in 15 mL water at
70 �C, was adjusted to 4.5, 5.5, 6.5, 7.5, 8.5 and finally 9.5. 31P
NMR spectra were measured (Fig. 6): pH 4.2 (�13.55 ppm), pH
4.5 (�13.51, �14.52, �14.61 ppm), pH 5.5 (�13.46, �14.53,
�14.61 ppm), pH 6.5 (�13.41, �14.52, �14.62 ppm), pH 7.5
(�13.40, �14.51, �14.60 ppm), pH 8.5 (2.67 ppm), pH 9.5
(2.76 ppm).

2.2. Instrumentation/analytical procedures

CHN elemental analyses were carried out with a Perkin Elmer
2400 CHNS Elemental Analyzer II. Infrared spectra were recorded
on a JASCO 4100 FTIR spectrometer in KBr disks at room tempera-
ture. TG and DTA were acquired using a Rigaku Thermo Plus 2 ser-
ies TG/DTA TG 8120 instrument. 29Si NMR (78.0 MHz) spectra in
D2O solution were recorded in 5-mm outer diameter tubes on a
JEOL JNM ECA 400 FT-NMR spectrometer with a JEOL ECA-400
NMR data-processing system and on a JEOL JNM ECP 500 FT-
NMR spectrometer with a JEOL ECP-500 NMR data-processing sys-
tem. The 29Si NMR spectra were referenced to an internal standard
of DSS. 31P NMR (160.0 MHz) spectra in a D2O solution were re-
corded in 5-mm outer diameter tubes on a JEOL JNM-ECA-400
FT-NMR spectrometer with a JEOL ECA-400 NMR data-processing
system. The 31P NMR spectra were referenced to an external stan-
dard of 25% H3PO4 in H2O in a sealed capillary. The 31P NMR signals
with the usual 85% H3PO4 were shifted to +0.544 ppm from our
data with 25% H3PO4. Solid-state 29Si CPMAS NMR (59.0 MHz)
spectra were recorded in 6-mm outer diameter rotors on a JEOL
JNM-ECP-300 FT-NMR spectrometer with a JEOL ECP-300 NMR
data-processing system and were referenced to an external
standard of polydimethylsilane (d = �34.0 ppm). Powder X-ray
diffraction (PXRD) was carried out on a RIGAKU Ultima IV and
characterization instrument using Cu Ka radiation.

Table 1
Crystallographic data for Zr-edge, Zr-face, Hf-edge, and Hf-face.

Zr-edge Zr-face Hf-edge Hf-face

Formula C40H120N10O86Si2W22Zr2 C44H132N11O94Si2W22Zr2 C40H120Hf2N10O86Si2W22 C44H132Hf2N11O93Si2W22

Formula weight 6400.78 6602.93 6575.32 6761.47
Color, shape colorless, prismatic colorless, prismatic colorless, prismatic colorless, prismatic
Crystal system triclinic monoclinic triclinic monoclinic
Space group P�1 P2(1)/c P�1 P2(1)/c
T (K) 120 90 120 120
a (Å) 12.2571(9) 13.5533(8) 12.2527(11) 13.6619(5)
b (Å) 13.5084(10) 45.823(3) 13.4995(12) 45.6954(17)
c (Å) 20.1586(15) 21.5559(13) 20.1314(18) 21.5558(8)
a (�) 79.7940(10) 90 79.7620(10) 90
b (�) 86.3960(10) 99.7050(10) 86.3360(10) 99.6130(10)
c (�) 65.7590(10) 90 65.7310(10) 90
V (Å3) 2995.1(4) 13195.8(14) 2987.1(5) 13268.0(8)
Z 1 4 1 4
Dcalc (g cm�3) 3.549 3.324 3.655 3.385
F000 2854 11844 2918 12068
GOF 0.956 1.064 1.059 1.050
R1 (I > 2.00r(I))) 0.0443 0.0457 0.0592 0.0503
R (all data) 0.0636 0.0599 0.0623 0.0700
wR2 (all data) 0.1288 0.1024 0.1747 0.1448

H. Osada et al. / Polyhedron 52 (2013) 389–397 391

─ 204 ─



2.3. X-ray crystallography

Single crystals with dimensions of 0.15 � 0.08 � 0.04 mm3 for
Zr-edge, 0.28 � 0.08 � 0.04 mm3 for Zr-face, 0.20 � 0.19 �
0.03 mm3 for Hf-edge, 0.29 � 0.10 � 0.07 mm3 for Hf-face were
mounted on cryoloops using liquid paraffin (Paratone-N) and
cooled by a stream of cooled N2 gas. All measurements were made
on a Bruker SMART APEX CCD diffractometer at 90 K with a graph-
ite monochromated Mo Ka radiation (k = 0.71073 Å). The intensity
data were automatically collected for Lorentz and polarization ef-
fects during integration. The structures were solved by direct
methods (SHELXS-97) [56] followed by a subsequent difference Fou-
rier calculation and refined by a full-matrix, least-squares proce-
dure on F2 (SHELXL-97) [57]. Absorption corrections were
performed with SADABS (empirical absorption correction) [58]. The
compositions and formulae of the POM containing many counter-
cations and many hydrated water molecules were determined by
CHN elemental analysis and TG analysis. As with other structural
investigations of crystals of highly hydrated large polyoxometalate
complexes, it was not possible to locate every diethylammonium
countercation and hydrated water molecule for all the complexes.
This frequently encountered situation is attributed to extensive
disorder of the cations and many of the hydrated water molecules.
The details of the crystallographic data for Zr-edge, Zr-face, Hf-
edge, and Hf-face are listed in Table 1.

3. Results and discussion

3.1. Synthesis and compositional characterization

The diethylammonium salts of the di-zirconium(IV) and di-haf-
nium(IV) cluster cations sandwiched between the two mono-lacu-
nary Keggin POMs with heteroatom Si linked in an edge-sharing
fashion and a face-sharing fashion, (Et2NH2)10[(a-SiW11O39Zr)2(l-
OH)2]�4H2O (Zr-edge) and (Et2NH2)11[(a-SiW11O39Zr)2(l-OH)3]-
�15H2O (Zr-face), were obtained in 47.5% and 45.9% yields,
respectively. First, the mixed sample of Zr-edge and Zr-face was
obtained by a 1:1-M ratio reaction of the separately prepared
K8[a-SiW11O39]�15H2O with ZrCl2O�8H2O in water without pH
adjustment (pH 7.3), following by stirring the solution at 90 �C.
From this solution, two types of crystals having different shapes
were formed. This mixed sample of Zr-edge and Zr-face was dis-
solved in water (pH 7.1). When the solution was adjusted to pH
4.5 with a 1 M aqueous HCl solution and evaporated slowly, the
crystalline sample of Zr-edge was obtained. On the other hand,
from the solution adjusted to pH 9.5 with a 1 M aqueous KOH solu-
tion, the crystals of Zr-face were formed. The Hf analogs, Hf-edge
and Hf-face, were obtained by procedures and conditions similar
to the Zr-edge and Zr-face syntheses. Each crystalline sample
was characterized by CHN elemental analysis, FTIR, TG/DTA, solu-
tion and solid-state 29Si NMR, and X-ray crystallography.

The formation of the mixtures of M-edge and M-face (M = Zr,
Hf) can be represented by the sum of Eqs. (1) and (2).

2½a-SiW11O39�8� þ 2MCl2Oþ 2Hþ

! ½ða-SiW11O39MÞ2ðl-OHÞ2�10� þ 4Cl� ð1Þ

2½a-SiW11O39�8� þ 2MCl2Oþ 2H2O

! ½ða-SiW11O39MÞ2ðl-OHÞ3�11� þ 4Cl� þ OH� ð2Þ

When the sample mixture solution was adjusted to pH 4.5, M-
face in the solution was converted into M-edge by the reaction
with H+ (Eq. (3)). In this way a pure sample of M-edge can be
obtained.

½ða-SiW11O39MÞ2ðl-OHÞ3�11� þHþ

! ½ða-SiW11O39MÞ2ðl-OHÞ2�10� þH2O ð3Þ
On the other hand, adjusting to pH 9.5 using a 1 M KOH solu-

tion, M-edge in the solution was converted into M-face by the
insertion of OH� for the M(l-OH)2M bonds (Eq. (4)).

½ða-SiW11O39MÞ2ðl-OHÞ2�10� þ OH�

! ½ða-SiW11O39MÞ2ðl-OHÞ3�11� ð4Þ
M-edge and M-face (M = Zr, Hf) have different charges, i.e., M-

edge is 10� andM-face is 11�, due to the difference in the number
of bridged l-OH� groups. Therefore, the number of counter cations
is also different, and the CHN elemental analyses of these com-
pounds showed a clear difference. The data we found were in good
accord with the calculated values for the formulae with 10 Et2NH2

cations, two l-OH groups, and four crystalline water molecules for
M-edge, and for the formulae with eleven Et2NH2 cations, three l-
OH groups and fifteen crystalline water molecules for M-face.

In the TG/DTA measurements carried out under atmospheric
conditions, the weight losses of 1.25% observed at below 166.9 �C
for Zr-edge (Fig. S8) and 1.11% observed at below 168.6 �C for
Hf-edge (Fig. S10) corresponded to ca. four water molecules for
both, and the weight losses of 3.94% observed at below 169.8 �C
for Zr-face (Fig. S9) and 3.93% observed at below 197.3 �C for Hf-
face (Fig. S11) corresponded to ca. 15 water molecules for both,
all of which were consistent with the elemental analyses data.

The four FTIR spectra of Zr-edge, Zr-face (Fig. 1 and Fig. S1), Hf-
edge, and Hf-face (Figs. S2 and S3), measured in KBr disks, showed
the characteristic bands of the Keggin POM framework (1500–
750 cm�1). The bands were very similar to each other and almost
coincident within the experimental error.

The powder X-ray diffractions (PXRD) of Zr-edge, Zr-face
(Fig. S12), Hf-edge, and Hf-face (Fig. S13) were measured. The
PXRD patterns did not agree with the PXRD patterns simulated
from the respective single-crystal X-ray data, because several hy-
drated water molecules were lost during the measurement of
PXRD and the crystal structures were changed. In the meantime,
clear difference in the PXRD patterns of M-edge and M-face

Fig. 1. The FTIR spectra in the polyoxoanion region (1200–400 cm�1), measured in
KBr disks, of (Et2NH2)10[(a-SiW11O39Zr)2(l-OH)2]�4H2O (Zr-edge) and (Et2NH2)11[(-
a-SiW11O39Zr)2(l-OH)3]�15H2O (Zr-face).
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appeared. Thus, M-edge and M-face can be distinguished and pur-
ity of the bulk materials was confirmed.

3.2. Structural analyses

3.2.1. Molecular structures of M-edge (M = Zr and Hf)
The molecular structure of polyoxoanion Zr-edge, its polyhe-

dral representation, and the partial structure around the Zr2 cen-
ters are shown in Fig. 2a, b, and c, respectively. Selected bond
lengths (Å) and angles (�) around the Zr2 centers in Zr-edge are gi-
ven in Table 2.

The composition and formula of Zr-edge, which contains 10
diethylammonium countercations and four hydrated water mole-
cules, were determined by CHN elemental analysis and TG/DTA
analysis. In X-ray crystallography, one polyoxoanion, five diethyl-
ammonium cations, and three hydrated water molecules per for-
mula unit were identified in the crystal structure.

X-ray crystallography of Zr-edge revealed that twopolyhedral Zr
units were linked in an edge-sharing fashion, i.e., two
mono-Zr-substituted a-Keggin POM units [a-SiW11O39Zr] were

linked via two l-OH groups (O1M) [Zr–O average 2.130 Å]
(Fig. 2a, b, and c). Bond valence sum (BVS) calculations [59–62] have
strongly suggested that the oxygen atoms (O1M) are protonated,
i.e., they are ascribed to the OH� groups (the BVS value of O1M is
1.160). Each Zr atom is bonded to four oxygen atoms (O(16),
O(22), O(23), O(28)) of the lacunary site in each SiW11O39 unit
(Fig. 2c) [Zr–O average 2.086 Å]. Thus, two Zr atoms can be consid-
ered as 6-coodinate and the whole symmetry of the molecule is
shown with approximate Ci symmetry. The Zr–Zr distance is
3.577 Å.

The 2:2-type ZrIV-containing Keggin POMs related to the pres-
ent Zr-edge, a di-zirconium(IV) cation species sandwiched be-
tween two mono-lacunary Keggin POMs with heteroatom P, i.e.,
(Et2NH2)8[{a-PW11O39Zr(H2O)}2(l-OH)2]�7H2O (Et2NH2-2) and (n-
Bu4N)8[(a-PW11O39Zr)2(l-OH)2] (OK-2), have been reported by
our group [48] and Kholdeeva’s group [32], respectively. Both of
these 2:2-type POMs were also linked in an edge-sharing fashion;
however, the coordination environment around the Zr center in the
previous Et2NH2-2 was different from that of the present Zr-edge
and Kholdeeva’s OK-2. In the case of Zr-edge and OK-2, the 6-
coordinate geometry around the Zr center was accomplished by
bonding with two bridging l-OH and four terminal oxygen atoms
in the mono-lacunary site of the Keggin POM and without any
coordinating water molecules. The Et2NH2-2 which was previously
reported by us contained one water molecule coordinating to each
Zr atom, resulting in the 7-coordination environment around the Zr
center. On the other hand, the orientation of the two lacunary
Keggin units of Zr-edge was similar to that of Et2NH2-2; however,
it was different from that of OK-2. The two lacunary Keggin units
of Zr-edge and Et2NH2-2 oriented in the opposite direction; there-
fore, the whole symmetry of these molecules is shown with
approximate Ci symmetry. OK-2 had two lacunary Keggin units
oriented in the same direction, resulting in the approximate C2h
symmetry. [Note: It has been erroneously described in the text to
be Cs symmetry. We have checked it using the CIF file downloaded
from the ESI of Ref. [32]].

Table 2
Selected bond lengths (Å) and angles (�) around the ZrIV center in Zr-edge.

Lengths
Zr(1)–O(1M) 2.137(10) Zr(1)–O(16) 2.073(10)
Zr(1)–O(1M)# 2.123(11) Zr(1)–O(22) 2.084(9)
Average 2.130 Zr(1)–O(23) 2.113(9)

Zr(1)–O(28) 2.073(10)
average 2.086

Angles
Zr(1)–O(1M)–Zr(1)# 114.2(4) O(1M)–Zr(1)–Zr(1)# 32.8(3)

O(1M)#–Zr(1)–Zr(1)# 33.0(3)
O(1M)–Zr(1)–O(1M)# 65.8(4) average 32.9

# Symmetry operators: �x + 2, �y + 1, �z.

Zr1

O1M

O16

O28

O23

O22
O1M

Zr1

O16

O23

O22

O28

(a)

(b)

(c)

Fig. 2. (a) Molecular structure of the polyoxoanion [(a-SiW11O39Zr)2(l-OH)2]10� in
Zr-edge, (b) its polyhedral representation, and (c) the partial structure around the
Zr2 center.

Zr1B
O1M

O16B

O28B

O23B

O22B

O2M

Zr1A
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O23A

O22A

O28AO3M
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Fig. 3. (a) Molecular structure of the polyoxoanion [(a-SiW11O39Zr)2(l-OH)3]11� in
Zr-face, (b) its polyhedral representation, and (c) the partial structure around the
Zr2 center.
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X-ray crystallography revealed that the molecular structure of
Hf-edge was isostructural with that of Zr-edge (see Fig. S4 and
Table S1).

3.2.2. Molecular structures of M-face (M = Zr and Hf)
The molecular structure of polyoxoanion Zr-face, its polyhedral

representation, and the partial structure around the Zr2 centers are
shown in Fig. 3a, b, and c, respectively. Selected bond lengths (Å)
and angles (�) around the Zr2 centers in Zr-face are given in
Table 3.

The composition and formula of Zr-face, which contains 11
diethylammonium countercations and fifteen hydrated water mol-
ecules, were determined by CHN elemental analysis and TG/DTA
analysis. In X-ray crystallography, one polyoxoanion, eleven dieth-
ylammonium cations and thirteen hydrated water molecules per
formula unit were identified in the crystal structure.

X-ray crystallography of Zr-face revealed that two polyhedral
Zr units were linked in a face-sharing fashion, i.e., two mono-Zr-
substituted a-Keggin POM units [a-SiW11O39Zr] were linked via
three l-OH groups (O1M, O2M, O3M) [Zr-O average 2.188 Å]
(Fig. 3a, b, and c). To the best of our knowledge, it is the first exam-
ple of a sandwiched compound of POMs containing group IV

metals with a face-sharing linkage. BVS calculations have strongly
suggested that the oxygen atoms (O1M, O2M, O3M) are proton-
ated, i.e., they are ascribed to the OH� groups (the BVS value of
O1M is 0.876, O2M 0.947, and O3M 1.175). Each Zr atom (Zr1A,
Zr1B) is bonded to four oxygen atoms (O16A, O22A, O23A, O28A;
O16B, O22B, O23B, O28B) of the lacunary site in each SiW11O39

unit (Fig. 3c) [Zr–O average 2.126 Å]. Thus, two Zr atoms can be
considered as 7-coordinate.

Two SiW11O39Zr units were slightly twisted away from each
other (torsion angle between O16A–Zr1A–Zr1B plane and
Zr1A–Zr1B–O16B plane, 3.579�; O22A–Zr1A–Zr1B plane and
Zr1A–Zr1B–O22B plane, 4.323�; O23A–Zr1A–Zr1B plane and
Zr1A–Zr1B–O23B, 3.445�; O28A–Zr1A–Zr1B plane and Zr1A–
Zr1B–O28B plane, 3.621�; average 3.742�), and the two enantio-
mers of the [(a-SiW11O39Zr)2(l-OH)3]11� anion were defined by
the relative twist direction. Therefore, the whole symmetry of Zr-
face is shown with approximate C1 symmetry. The [(a-SiW11O39-

Zr)2(l-OH)3]11� anions of Zr-face were detected as two sets of
enantiomeric pairs of two different units in the unit cell. The Zr–
Zr distance of Zr-face was much shorter than that of Zr-edge
due to the effect of the face-sharing connection (Zr-face, 3.282 Å;
Zr-edge, 3.577 Å). Unlike the edge-sharing analogs Zr- and Hf-
edge, the two mono-lacunary Keggin units oriented in the same
direction. This orientation mode was similar to that of Kholdeeva’s
OK-2.

X-ray crystallography revealed that the molecular structure of
Hf-face was isostructural with that of Zr-face (see Fig. S5 and
Table S2).

3.3. Solution 29Si NMR and solid-state 29Si CPMAS NMR

The solution 29Si NMR spectra of Zr-edge and Zr-face in D2O
showed only one resonance for each at �85.47 and �85.51 ppm,
respectively (Fig. 4). The solid-state 29Si CPMAS NMR spectra of
the crystalline sample of Zr-edge and Zr-face showed a single
broad signal for each at �83.89 and �84.09 ppm, respectively
(Fig. 5). Although in both solution and solid-state 29Si CPMAS
NMR spectra, only one signal was observed which should
correspond to one solid-state structure as determined by X-ray
crystallography, these chemical shifts hardly reflect a difference
in solid-state structure due to the very small difference in their

Fig. 4. Solution 29Si NMR spectra of Zr-edge and Zr-face dissolved in D2O.

Table 3
Selected bond lengths (Å) and angles (�) around the ZrIV center in Zr-face.

Lengths
Zr(1A)–O(1M) 2.252(7) Zr(1A)–O(16A) 2.134(7)
Zr(1A)–O(2M) 2.186(7) Zr(1A)–O(22A) 2.120(7)
Zr(1A)–O(3M) 2.109(7) Zr(1A)–O(23A) 2.136(7)
Zr(1B)–O(1M) 2.216(7) Zr(1A)–O(28A) 2.133(7)
Zr(1B)–O(2M) 2.224(7) Zr(1B)–O(16B) 2.124(7)
Zr(1B)–O(3M) 2.141(7) Zr(1B)–O(22B) 2.130(7)
Average 2.188 Zr(1B)–O(23B) 2.114(7)

Zr(1B)–O(28B) 2.120(7)
average 2.126

Angles
Zr(1A)–O(1M)–Zr(1B) 94.5(2) O(1M)–Zr(1A)–O(2M) 67.4(3)
Zr(1A)–O(2M)–Zr(1B) 96.2(3) O(1M)–Zr(1A)–O(3M) 68.2(3)
Zr(1A)–O(3M)–Zr(1B) 101.1(3) O(2M)–Zr(1A)–O(3M) 73.7(3)
Average 97.3 O(1M)–Zr(1B)–O(2M) 67.4(3)

O(1M)–Zr(1B)–O(3M) 68.3(3)
O(2M)–Zr(1B)–O(3M) 72.4(3)
average 69.6
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molecular structures. As a matter of fact, the solid-state 29Si
CPMAS NMR spectrum of a 3:4 M-ratio mixed sample of Zr-edge
and Zr-face, which were separately prepared and then mixed,
also showed only one signal at �83.85. Therefore, Zr-edge and
Zr-face were difficult to identify by solution and solid-state 29Si
NMR spectra.

Solution 29Si NMR spectra of both Hf-edge and Hf-face in D2O
showed only one resonance at �85.69 ppm (Fig. S6). The solid-
state 29Si CPMAS NMR spectra of the crystalline sample of Hf-edge
and Hf-face showed a single broad signal for each at �84.09 and
�84.28 ppm, respectively (Fig. S7). The tendency for the 29Si
NMR resonances of the Hf compounds to appear in a higher field

Fig. 5. Solid-state 29Si CPMAS NMR spectra of Zr-edge and Zr-face.

Fig. 6. 31P NMR of the solutions of the Keggin 2:2-type complex with heteroatom P, [{a-PW11O39Zr(H2O)}2(l-OH)2]8� (Et2NH2-2), in which pH was changed: pH (a) 4.2
(unadjusted); (b) 4.5; (c) 5.5; (d) 6.5; (e) 7.5; (f) 8.5; (g) 9.5.
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than those of the Zr compounds is consistent with the recently re-
ported 31P NMR resonances of Zr- and Hf-containing POMs: [M3(l-
OH)3(A-a-PW9O34)2]9� in D2O (M = Hf, Zr) at �11.45 and
�10.85 ppm, respectively [47]; [M(a-PW11O39)2]10� in D2O
at �14.67 and �14.77 ppm for M = Hf and at �14.57 and
�14.65 ppm for M = Zr [48]; [M(a2-P2W17O61)2]16� in D2O
at �9.25 and �13.82 ppm for M = Hf and at �9.20 and
�13.81 ppm for M = Zr [48].

3.4. Attempting to prepare the phosphotungstate Keggin 2:2-type
complex linked in a face-sharing fashion, [(a-PW11O39Zr)2(l-OH)3]9�

The Zr/Hf cluster cations sandwiched between a-Keggin phos-
photungstate POMs are usually linked with edge-sharing
M(OH)2M (M = Zr, Hf) bonds. We tried to prepare the 2:2-type Zr
complexes sandwiched between a-Keggin phosphotungstate in a
face-sharing fashion by alkalification. Thus, we have examined
the pH-dependent 31P NMR of the 2:2-type Zr complex sandwiched
between two a-Keggin phosphotungstates in an edge-sharing fash-
ion. The pH of the aqueous solution (pH 4.2) of the Keggin 2:2-type
complex with heteroatom P, i.e., [{a-PW11O39Zr(H2O)}2
(l-OH)2]8� (Et2NH2-2) [48], was adjusted to 4.5, 5.5, 6.5, 7.5, 8.5
and finally 9.5, and 31P NMR spectra were measured (Fig. 6). 31P
NMR spectra in the unadjusted sample (pH 4.2) showed a singlet
signal at �13.55 ppm, which can be assigned to the Keggin 2:2-
type complex in an edge-sharing fashion. In the pH range of 4.5–
7.5, other signals were observed in addition to the signal of the
2:2-type complex. These signals can be tentatively assigned to
the 1:2-type complex, [M(a-PW11O39)2]10� and the proton-dissoci-
ation species of the coordination water molecules. We previously
reported that the 2:2-type complexes [{a-PW11O39M(H2O)}2
(l-OH)2]8� undergo a conversion to the 1:2-type complexes
[M(a-PW11O39)2]10� in solution under less acidic conditions [48].
However, in more basic conditions, no peaks due to POM were ob-
served, and the peak of the decomposition product appeared in a
lower field region (ca. 2.7 ppm). This fact suggests that the 2:2-
type Keggin POM in a face-sharing fashion can be formed only if
the heteroatom is Si because the POM with heteroatom Si is resis-
tant to base.

4. Conclusion

We have prepared a set of novel 2:2-type ZrIV/HfIV-containing
Keggin complexes with edge-sharing and face-sharing linkages un-
der different pH conditions, each consisting of di-ZrIV/HfIV cluster
cations sandwiched between two mono-lacunary a-Keggin POMs
with heteroatom Si, i.e., (Et2NH2)10[(a-SiW11O39M)2(l-OH)2]�4H2O
(M = Zr, Zr-edge; Hf, Hf-edge) and (Et2NH2)11[(a-SiW11O39M)2
(l-OH)3]�15H2O (M = Zr, Zr-face; Hf, Hf-face). We successfully
determined their molecular structures by X-ray crystallography.
When the solution was adjusted to pH 4.5 with a 1 M aqueous
HCl solution, Zr-edge or Hf-edge was crystallized. On the other
hand, from a solution adjusted to pH 9.5 with a 1 M aqueous
KOH solution, the crystals of Zr-face or Hf-face were formed.
Two central Zr and Hf atoms of Zr-edge and Hf-edge were linked
by two l-OH groups, i.e., an edge-sharing linkage, whereas those
of Zr-face and Hf-face were linked by three l-OH groups, i.e., a
face-sharing linkage. Zr-face and Hf-face are the first examples
of Zr/Hf-containing POM dimers linked in a face-sharing fashion.
In the case of heteroatom P, the 2:2-type ZrIV-containing Keggin
POM decomposed in basic conditions. Therefore, the 2:2-type Keg-
gin POM in a face-sharing fashion can be prepared only if the het-
eroatom is Si due to its basic resistance. From the viewpoint of
catalysis, ZrIV/HfIV-containing POMs have attracted much attention
[20]. Oxidation catalysis for H2O2-based epoxidation of olefins by

the present 2:2-type Keggin POM in a face-sharing fashion is in
progress.
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a b s t r a c t

A chiral coordination polymer of L-argininesilver(1+) nitrate, {{[Ag(L-Harg)](NO3)}2�H2O}n (1) was pre-
pared by vapor diffusion using a water-methanol mixed solution containing AgNO3 and neutral L-argi-
nine (L-Harg) as the inner solution and ether as the external solvent, followed by characterization by
CHN analysis, FTIR, TG/DTA, single-crystal X-ray analysis and (1H and 13C) NMR spectroscopy. In the crys-
tal, each silver(I) ion was coordinated by Namino of one L-Harg and Ocarboxy of the other. Linear polymer
chains consisting of repeating Namino–Ag–Ocarboxy bonding units were connected by Ag. . .Ag
(3.0440(5) Å) interaction and intermolecular hydrogen bonding to form a grid-like sheet. The sheets were
connected by hydrogen bonds and electrostatic interaction between guanidium groups and NO3

�. The
antimicrobial activities of 1 against selected bacteria, yeasts and molds were evaluated by minimum
inhibitory concentration (MIC). Complex 1 inhibited growth of four bacteria (Escherichia coli, Pseudomo-
nas aeruginosa, Bacillus subtilis, and Staphylococcus aureus) and a yeast (Saccharomyces cerevisiae) moder-
ately, the spectrum of which is different from that of AgNO3.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The medicinal applications of coinage metal (Cu, Ag and Au)
complexes have been established for years [1] and among them sil-
ver(I) complexes have been known to show antimicrobial activity
[2]. 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(I) complexes with nat-
ural amino-acid ligands have been shown to exhibit low toxicity
towards human skin [4], and, in fact, silver(I) histidinate formu-
lated with some additives has been practically used [5]. Notably,
silver(I) complexes have been reported to show a different antimi-
crobial spectrum against microorganisms compared to the activity
of the ligand itself and the hydrated silver(I) ion [6]. From the
viewpoints of (1) model complexes for silver(I)–protein interac-
tion, (2) the anticipated wider spectrum of antimicrobial activities
and (3) structure–activity correlation, we focused on the silver(I)
complexes of amino-acid ligands with both N and O donor atoms
and without an S atom [7–9], and examined the antimicrobial
activity of the silver(I) coordination polymer with L-argaine.

L-Arginine (L-Harg), i.e., (S)-2-amino-5-guanidinopentanoic
acid, is one of the 20 most common natural a-amino acids, and
is also known as playing an important role as a precursor of nitric

oxide, urea, ornithine and agmatine [10]. It is classified as a basic
amino acid because the distal end is capped by a guanidium group
(pKa of 12.5) [11]. The conjugation between double bonds and
nitrogen lone pairs in a guanidium group makes this compound a
positively charged amino acid and also enables the formation of
multiple hydrogen bonds. Although the behavior of arginine to-
ward metal ions represents an important and useful subject of re-
search [12–26], only a few investigations have been reported so far
on the structures of metal complexes of arginine [15,22,25,26]. Our
preliminary experiments have shown that there are many types of
silver(I) complexes with L-arginine ligand, depending upon the
reaction conditions such as the starting silver(I) source e.g., AgNO3,
Ag2O, Ag2SO4, Ag(CH3CO2) etc., the starting molar ratios of silver(I)
and L-arginine, and pH and so on.

In this paper, we report the preparation and first crystal struc-
ture of a polymeric silver(I) complex with L-arginine, {{[Ag(L-
Harg)](NO3)}2�H2O}n (1) and its antimicrobial activity evaluated
by minimum inhibitory concentration (MIC). We compared the re-
sults with those of other N- and O-coordinating silver(I) complexes
having related amino acid ligands.

2. Experimental

2.1. Materials and measurements

The following reagent-grade chemicals were used as received:
AgNO3, Et2O, dimethyl sulfoxide (DMSO), EtOH, CHCl3, CH2Cl2,

0277-5387/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.poly.2012.07.031

Abbreviation: L-Harg, neutral L-arginine ligand with zwitter ionic structure.
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MeOH, EtOAc, CH3CN, and acetone (Wako); L-arginine (L-Harg)
(Ajinomoto Co. Inc.); 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS) (Aldrich); and D2O (99.9 D atom%, Isotec).

CHN elemental analyses were performed using a Perkin–Elmer
PE2400 series II CHNS/O analyzer. Thermogravimetric (TG) and dif-
ferential 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 200 �C. Infrared spectra were re-
corded on a JASCO FT-IR 4100 spectrometer in KBr disks at room
temperature. 1H and 13C{1H} NMR spectra in solution were re-
corded at ambient temperature on a JEOL ECP500 NMR spectrom-
eter. 1H and 13C{1H} NMR spectra of the complexes were measured
in a D2O solution with reference to an internal DSS.

2.2. Preparation of {{[Ag(L-Harg)](NO3)}2�H2O}n (1)

To a solution of 85 mg (0.50 mmol) of AgNO3 in 5 mL of water
was added 86 mg (0.49 mmol) of L-Harg in 15 mL of water. Imme-
diately, a white suspension was formed. After 30 min of stirring,
80 mL of MeOH was added to the suspension, and the mixture
was filtered off through a folded filter paper (Whatman No. 5).
Crystallization was carried out by vapor diffusion of an internal
aqueous solution of the clear filtrate with diethyl ether as the
external solvent. Colorless platelet crystals were formed in five
days of standing at ambient temperature, which were washed with
ether (30 mL � 2) and dried in vacuo for 2 h (30 mg, 17% yield). The
crystals obtained were characterized as below. Anal. Calc. for
C12H30N10O11Ag2 or {{[Ag(L-Harg)](NO3)}2�H2O} as a monomer
unit: C, 20.41; H, 4.28; N, 19.83. Found: C, 20.69; H, 4.01; N,
19.85%. TG/DTA data: no weight loss was observed before decom-
position temperature. Decomposition began at around 141 �C with
an endothermic peak at 179 �C. Prominent IR bands in the 1800–
400 cm�1 region (KBr disk): 1671 s, 1560 s, 1472 m, 1384 vs,
1214 w, 1121 w, 1100 w, 1038 w, 1008 w, 824 w, 658 m, 604 m,
565 m, 462 w cm�1. 1H NMR (D2O, 26.5 �C): d 1.59–1.81 (CH2,
two multiplets, 4H), 3.21 (CH2, t, 2H), and 3.51 (CH, t, 1H) ppm.
13C NMR (D2O, 27.8 �C): d 27.04 (C4), 35.01 and 43.58 (C3 and
C5), 59.12 (C2), 159.56 (C6), 182.91 (C1) ppm. The colorless crys-
tals changed to brown within a few days. 109Ag NMR measurement
was unsuccessful because of insufficient solubility in D2O.

2.3. X-ray crystallography

A single crystal of silver(I) complex 1 was mounted on a loop
and used for the measurements of precise cell constants and the
collection of intensity data at 100 K on a Bruker Smart APEX CCD
diffractometer. The structures were solved by direct methods, fol-
lowed by difference Fourier calculation and were refined by full-
matrix least-squares on F2 using a SHELXTL program package
[27]. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were placed geometrically or found on a differ-
ence Fourier-map and were treated using a riding model. The crys-
tal data and structural refinement of complex 1 are summarized in
Table 1.

2.4. Antimicrobial activity

The antimicrobial activities of L-argininesilver(1+) nitrate were
estimated by minimum inhibitory concentration (MIC: lg mL�1) in
water, as described elsewhere [28].

3. Results and discussion

Preparation of complex 1 was carried out by using a mixture of
AgNO3 and L-arginine (L-Harg) as the inner water-methanol mixed

solution and ether as an external solvent at room temperature, and
colorless, platelet crystals of 1 were obtained in 17% (30 mg scale)
yield. The composition and molecular formula of 1 were consistent
with elemental analysis and FTIR. X-ray structure analysis revealed
that L-argininesilver(1+) nitrate 1 formed a coordination polymer.
In the polymer, each silver(I) ion was bound to the Namino atom
(N1) of one arginine ligand and to the Ocarboxy atom (O1iii) of the
other, i.e., the N–Ag–O bonding units were repeated, as shown in
Fig. 1a [Ag1–N1 and Ag1–O1iii distances are 2.1440(19) and
2.152(2) Å, respectively; N1–Ag1–O1iii angle 169.07(8)�, Table 2].

Silver(I) complexes formed by amino acids with N and O donor
atoms and without an S atom have been classified into four types
(I–IV) based on the bonding modes of the silver(I) center [7]. Type
I contains only Ag–O bonds, as observed in {[Ag2(D-Hasp)(L-

Table 1
Crystallographic data for {{[Ag(L-Harg)](NO3)}2�H2O}n (1).

Empirical formula C12H30O11N10Ag2
Formula weight 704.18
Crystal system monoclinic
T (K) 90
Space group C2(No.5)
a (Å) 12.6657(15)
b (Å) 7.5091(9)
c (Å) 12.9366(16)
a (�) 90
b (�) 100.570(2)
c (�) 90
V (Å3) 1209.5(3)
Z 2
Dcalc (g cm�3) 1.94
l (mm�1) 1.69
No. of reflections total 4356
Unique 2548
Goodness-of-fit (GOF) 1.157
No. of observations [I > 2r(I)] 2543
Rint 0.0217
R 0.0187
Rw 0.0539

Fig. 1a. Molecular structure of the local coordination around silver(I) centers of
{{[Ag(L-Harg)](NO3)}2�H2O}n 1 with 50% probability ellipsoids (symmetry opera-
tions: i = –x, y, 1–z; ii = 0.5+x, 0.5+y, z; iii = –0.5+x, –0.5+y, z; iv = –x, y, –z, v = –x, –
1+y, –z; vi = x, 1+y, z; vii = –1+x, y, z; viii = x, 1–y, z; ix = 0.5–x, –0.5–y, 1–z).

A. Takayama et al. / Polyhedron 52 (2013) 844–847 845
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Hasp)]�1.5H2O}n, {[Ag(b-ala)]NO3}2 [29], [Ag(Hglygly)]NO3 [30]. In
type II, the two-coordinate O–Ag–O and N–Ag–N bonding units
are alternately repeated, as found in {[Ag(gly)]2�H2O}n. The two-
coordinate N–Ag–O bonding units are repeated in type III, as seen
in {[Ag(L-asn)]}n [7], and complexes that contain only Ag–N bonds

belong to type IV, as found in silver(I) histidinates [8,9]. Thus, com-
plex 1 belongs to type III. The other Ocarboxy atom (O2) did not take
part in the coordination of silver(I). Another N–Ag–O bonding
chain (N1i–Ag1i–O1ix) is located in a skew position of the former
polymer chain, as shown in Fig. 1a and also they are displayed in
green and white lines in Fig. 1b. Van der Waals contact was ob-
served between Ag1 and Ag1i (3.0440(5) Å) [31,32]. A hydrated
water molecule (O6vi) connects polymer chains through hydrogen
bonds between Namino groups (N1 and N1i). As a result, linear N–
Ag–O chains of green and white are arranged in a grid-like sheet
shown in Fig. 1b running perpendicular to the c axis. Neither the
terminal guanidium groups nor NO3

� participate in coordination
to the silver(I) center as seen in Fig. 1a, but they form multiple
hydrogen bonds. Five hydrogen atoms of the guanidium group
form hydrogen bonds with two NO3

� (O4iv, O5iv, O3v and O4v)
and an Ocarboxy atom (O2vii). At the same time, NO3

� groups (the
blue groups in Fig. 1c) connect the grid-like sheets (shown in green
chains) electrostatically through positively charged guanidium
groups. NO3

� also interacted weakly with the silver(I) of an adja-
cent coordination polymer chain. These multiple interactions be-
tween sheets would be a reason why 1 is a sparingly soluble
complex in water. The difference in polymeric chain of structure
between [Ag(L-asn)]n and 1 is caused by bulkiness and the charge
distribution of substituent groups [7] see Chart 1.

Fig. 1b. View of a grid-like sheet of the polymer backbones (containing only Ag1,
C1, C2, N1, O1 and O2) of 1 with 50% probability ellipsoids. Colors of chains were
changed by symmetry operations. (Colour online.)

Fig. 1c. View of the grid-like sheets (green), NO3
� (blue) and hydrated water

molecules (red) of 1with 50% probability ellipsoids along the b axis. (Colour online.)

Chart 1. Scheme of L-arginine (L-Harg) with atomic numbering, its zwitter ion and related amino acids.

Table 2
Selected distances (Å) and angles (�) for {{[Ag(L-Harg)]2(NO3)}2�H2O}n (1).

{{[Ag(L-Harg)](NO3)}2�H2O}n

Ag1–N1 2.152(2) N1–Ag1–O1iii 169.07(8)
Ag1–Oiii 2.1440(19) Ag1i–Ag1–O1 84.38(5)
Ag1–Ag1i 3.0440(5) Ag1i–Ag1–N1 85.35(6)
C6–N2 1.331(4)
C6–N3 1.324(3)
C6–N4 1.339(3)
N1. . .O3 3.047(3)
N1. . .O6vi 3.001(4)
N2. . .O4 2.902(3)
N3. . .O2vii 2.976(3)
N3. . .O4v 2.941(3)
N4. . .O3 2.956(3)
N4. . .O5 2.952(4)

Symmetry operations: i = –x, y, 1–z; ii = 0.5+x, 0.5+y, z; iii = –0.5+x, –0.5+y, z; iv = –
x, y, –z; v = –x, –1+y, –z; vi = x, 1+y, z; vii = –1 + x, y, z.
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Changes of signals of arginine were observed in the 1D NMR
spectra of 1 (1H and 13C NMR) upon coordination. However, in
the both 1H and 13C NMR spectra of 1, little shifts were observed
for the signals located close to the guanidium group, which was
in good agreement with the structure of 1 in the crystal, revealing
that the guanidium groups did not coordinate to silver(I) .

The antimicrobial activities of the silver(I) complexes are listed
in Table 3. The antimicrobial activities of complex 1 and AgNO3

against selected bacteria (Escherichia coli, Bacillus subtilis, Staphylo-
coccus aureus and Pseudomonas aeruginosa), yeasts (Candida albi-
cans and Saccharomyces cerevisiae) and molds (Aspergillus niger
and Penicillium citrinum) were evaluated by minimum inhibitory
concentration (MIC), as shown in Table 3. Complex 1 inhibited
the growth of four bacteria (E. coli, P. aeruginosa, B. subtilis, and S.
aureus) and a yeast (S. cerevisiae) moderately. Complex 1 showed
a wider spectrum of antimicrobial activities compared to those of
hydrated Ag+ (AgNO3) [33], which exhibited effective activities
against two Gram-negative bacteria. The key factors which lead
to a wide spectrum of antimicrobial activities are (1) the ease of li-
gand replacement and (2) the N–Ag–O binding mode of complex 1,
which also supports the nature of the atom that coordinates with
the silver(I) center plus its bonding properties (rather than the sol-
ubility, charge, chirality, or degree of polymerization of the com-
plexes) [34]. The antimicrobial activities of 1 were less effective
in comparison with those of {[Ag(L-asn)]}n, although both silver(I)
complexes belong to the same type III having O–Ag–N polymer
structure. This may be caused by the multiple-bonded sheet struc-
ture of 1.

4. Conclusions

In summary, a coordination polymer, {{[Ag(L-Arg)](-
NO3)}2�H2O}n, 1, was prepared by vapor diffusion and was well-
characterized by CHN analysis, FTIR, single-crystal X-ray analysis
and (1H and 13C) NMR spectroscopy. In the crystal, each silver(I)
ion was coordinated by Namino of one L-Harg and Ocarboxy of the
other. Linear polymers consisting of repeating Namino–Ag–Ocarboxy

bonding units were connected by Ag. . .Ag (3.0440(5) Å) interac-
tions and intermolecular hydrogen bonding to form a grid-like
sheet of polymer chains. Multiple hydrogen bonds and electro-
static interaction were formed between guanidium groups and
NO3

�. The antimicrobial activities of 1 against selected bacteria,
yeasts and molds, evaluated by MIC, revealed that N and O bonding
of complex 1 inhibited the growth of four bacteria (E. coli, P. aeru-
ginosa, B. subtilis, and S. aureus) and a yeast (S. cerevisiae) moder-
ately, which was slightly different from those of hydrated
silver(I) ion and {[Ag(L-asn)]}n.
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Appendix. A. Supplementary data

Supplementary data CCDC 880566 contains the supplementary
crystallographic data for {{[Ag(L-Harg)](NO3)}2�H2O}n (1). These
data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crystallo-
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Table 3
Antimicrobial activities of {{[Ag(L-Harg)](NO3)}2�H2O}n 1, AgNO3 and a related complex evaluated by minimum inhibitory concentration (MIC; lg mL–1).

L-Harg AgNO3
a {{[Ag(L-Harg)](NO3)}2�H2O}n {[Ag(L-asn)]}nb

(1)

Escherichia coli >1000 6 125 31.3
Bacillus subtilis >1000 >1600 125 250
Staphylococcus aureus >1000 100 125 250
Pseudomonas aeruginosa >1000 6 62.5 62.5
Candida albicans >1000 >1600 >1000 125
Saccharomyces cerevisiae >1000 1600 125 62.5
Aspergillus niger >1000 >1600 >1000 62.5
Penicillium citrinum >1000 >1600 >1000 62.5

a Ref. [33].
b Ref. [7].
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Powder and crystalline samples of the monomer (Et2NH2)5[α-
PW11TiO40]·2H2O (EtN-1) and a crystalline sample of the μ-
oxo dimer (Et2NH2)8[(α-PW11TiO39)2O]·6H2O (EtN-2) of
mono-titanium(IV)-containing α-Keggin polyoxometalates
(POMs) were prepared and characterized by elemental
analysis, thermogravimetry/differential thermal analysis
(TG/DTA), FTIR, single-crystal X-ray crystallography, and

Introduction
Polyoxometalates (POMs) are molecular metal oxide

clusters that have attracted considerable attention in the
fields of catalysis, medicine, surface science, materials sci-
ence, and nanotechnology because POMs are often consid-
ered to be molecular analogues of metal oxides in terms of
structural analogy.[1] The ionic radius of TiIV (0.75 Å) is
close to that of WVI (0.74 Å), which suggests that TiIV

should fit nicely into the POM framework. Thus, site-selec-
tive substitution of WVI atoms in POMs with TiIV atoms is
particularly 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.[2–6] A number of catalytic reac-
tions of titanium(IV)-containing POMs have also been re-
ported so far.[1g,1m,3] Oxidation catalysis by peroxo and hy-
droperoxo species of Ti-containing Keggin POMs has been
extensively studied.[3]

The dimerization process in Lindqvist and Keggin POMs
(i.e., the mechanism of formation of the μ-oxo dimer) has

[a] Department of Chemistry, Faculty of Science,
Kanagawa University, Hiratsuka,
Kanagawa 259-1293, Japan
Homepage: http://professor.kanagawa-u.ac.jp/sci/chemistry/
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WWW under http://dx.doi.org/10.1002/ejic.201201290.
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solid-state cross-polarization magic angle spinning (CPMAS)
31P NMR and solution (31P and 183W) NMR spectroscopy. The
molecular structure of the dimeric polyoxoanion with a μ-oxo
group in 2 was determined for the first time. The monomer–
dimer equilibrium in solution was clarified by pH-varied 31P
NMR spectroscopy.

been discussed by using DFT studies,[7] in which the most
probable thermodynamic mechanism for the smaller clus-
ters has been proposed: first, the formation of a protonated
monomer, the protonation site of which is the O atom of a
terminal M=O bond; second, the formation of di-μ-hydroxo
intermediate from the M–OH species (this requires
+28 kcalmol–1); and the final step, formation of the μ-oxo
dimer by loss of a water molecule from the di-μ-hydroxo
intermediate.

The tri-titanium(IV)-substituted Dawson POM
“[P2W15Ti3O62]12–” has been realized through the formation
of several tetrameric species[4] [e.g., the tetrameric Dawson
Ti–O–Ti-bridged anhydride form without bridging μ3-
Ti(H2O)3 octahedral groups (the nonbridging Dawson tet-
ramer)], which has an encapsulated Cl– anion in the central
cavity {i.e., [{α-1,2,3-P2W15Ti3O57.5(OH)3}4Cl]25–},[4b–4d] an
encapsulated NH4

+ cation species {i.e., [(α-1,2,3-
P2W15Ti3O60.5)4(NH4)]35–},[4g] and also the tetrameric Daw-
son species with bridging μ3-Ti(H2O)3 groups (the bridging
Dawson tetramer) with an encapsulated anion X [{α-1,2,3-
P2W15Ti3O59(OH)3}4{μ3-Ti(H2O)3}4X]21– (X = Cl, Br, I,
NO3).[4a,4d,4e]

The dimeric mono-titanium(IV)-substituted Dawson
POM {i.e., the μ-oxo Dawson dimer [(α2-P2W17TiO61)2(μ-
O)]14– and its protonated species [(α2-P2W17TiO61)(α2-
P2W17TiO61H)(μ-O)]13–} has been structurally charac-
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terized by single-crystal X-ray crystallography.[5] In the lat-
ter, the protonation site is the surface Ti–O–W site of one
of the two Dawson units, but not the μ-oxo site, and there-
fore, two Dawson units became inequivalent. The mono-
meric form K8[α2-P2W17TiO62]·18H2O was also prepared.
pH-varied 31P NMR spectroscopic measurements showed
the presence of monomer–dimer equilibrium in solution;
that is, the predominant species in aqueous solutions are
the monomeric species at pH 7.0, the μ-oxo dimer at pH
1.0–3.0, and the monoprotonated species at pH 0.5, the
protonation site of which is the surface Ti–O–W site of one
of the two Dawson units.

In terms of the Keggin derivatives, tri-titanium(IV)-1,2,3-
and di-titanium(IV)-1,2-substituted Keggin POMs have
been isolated as tri-μ-oxo dimers {e.g., [(β-1,2,3-
SiW9Ti3O37)2O3]14–,[2a] [(α-1,2,3-GeW9Ti3O37)2O3]14–,[2b]

[(β-1,2,3-GeW9Ti3O37)2O3]14–,[2c] and [(α-1,2,3-PW9Ti3-
O37)2O3]12–}[2e] and as a di-μ-oxo dimer {e.g., [(α-1,2-
PW10Ti2O38)2O2]10–}.[2d] Furthermore, di-titanium(IV)-sub-
stituted γ-Keggin silicotungstate and germanotungstate
{i.e., [{γ-SiTi2W10O36(OH)2}2O2]8–[2f] and [{γ-GeTi2W10-
O36(OH)2}2O2]8–}[2g] have also been prepared as a dimeric
species, whereas a di-titanium(IV)-1,5-substituted β-Keggin
POM has been isolated as a tetrameric species, [{β-
Ti2SiW10O39}4]24–.[2h] In addition, cyclic tri-titanium(IV)-
substituted Keggin trimers such as [(α-Ti3PW9O38)3-
(PO4)]18–,[2i] [(α-Ti3SiW9O37OH)3{TiO3(OH2)3}]17–,[2i] and
{K[{Ge(OH)O3}(GeW9Ti3O38H2)3]}14–[2j] have recently
been reported.

As to the titanium(IV)-substituted Keggin POMs, how-
ever, it should be noted that no structural determination
through X-ray crystallography of the mono-titanium(IV)-
containing POMs has been reported. Concerned with such
POMs, Kholdeeva’s group has reported the preparation and
characterization of the μ-hydroxo dimer (Bu4N)7-
[(PTiW11O39)2(μ-OH)] (H1) formed in acidic MeCN from
the monomeric species Keggin POM (Bu4N)5[PTiW11O40]
(2), and pH-dependent interconversion between them.[6a]

The same research group has also reported the μ-oxo dimer
(Bu4N)8[(PTiW11O39)2(μ-O)] (μ-oxo dimer 1) and three mo-
nomeric derivatives (Bu4N)4[PTi(L)W11O39] {L = OH,
OMe, and OAr [ArOH = 2,3,6-trimethylphenol (TMP)]},
which have been synthesized starting from the μ-hydroxo
dimer (Bu4N)7[(PTiW11O39)2(μ-OH)] (H1) or the heteropo-
lyacid H5PW11TiO40·12H2O.[6b] In these studies, however,
the molecular structures of the μ-hydroxo dimer and the μ-
oxo dimer have not been determined through X-ray crystal-
lography.

In this work, we have prepared and characterized the
monomeric Keggin POM (Et2NH2)5[α-PW11TiO40]·2H2O
(EtN-1) and the μ-oxo Keggin dimer (Et2NH2)8[(α-
PW11TiO39)2O]·6H2O (EtN-2), and also confirmed a mono-
mer–dimer equilibrium in solution by pH-varied 31P NMR
spectroscopy. Furthermore, we have successfully deter-
mined the molecular structure of μ-oxo dimeric poly-
oxoanion 2 by X-ray crystallography. Herein, we report full
details of the synthesis and characterization of EtN-1 and
EtN-2.
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Results and Discussion
Synthesis and Characterization

The monomer and dimer of the titanium(IV)-substituted
Keggin POM have been significantly discussed.[6] However,
their X-ray structures have not been reported so far, be-
cause the crystals suitable for X-ray crystallography have
never been obtained. In this work, we successfully prepared
and crystallized the monomer in the presence of NaOAc.
The dimer was also crystallized from the monomer under
acidic conditions of pH 1.0 and the X-ray structure was
determined.

In the presence of NaOAc, a 1:1 molar ratio reaction of
mono-lacunary Keggin POM K7[PW11O39]·8H2O with
TiCl4 in an aqueous solution and the addition of excess
amounts of solid Et2NH2Cl produced the diethylammo-
nium salt of the monomeric Keggin POM, (Et2NH2)5[α-
PW11TiO40]·2H2O (EtN-1). Monomer EtN-1 was dissolved
in an H2O/MeOH (1:1 v/v) mixed solvent, and the solution
was adjusted to pH 1.0 with a 1 m aqueous HCl solution,
followed by stirring for 2 days at room temperature. The
solution was evaporated slowly, and after 3 days, colorless,
clear plate crystals of the dimer Keggin POM, (Et2NH2)8-
[(α-PW11TiO39)2O]·6H2O (EtN-2), were obtained. These
compounds were characterized by CHN elemental analysis,
FTIR, thermogravimetry/differential thermal analysis (TG/
DTA), X-ray crystallography, and solution and solid-state
cross-polarization magic angle spinning (CPMAS) 31P
NMR and solution 183W NMR spectroscopy.

The number of water molecules was determined by TG/
DTA measurements under atmospheric conditions and ele-
mental analysis. In the TG/DTA, weight losses of 1.15 %
observed at below 199.3 °C for EtN-1 (Figure S1 in the
Supporting Information) and 1.84% observed at below
122.5 °C for EtN-2 (Figure S2 in the Supporting Infor-
mation) corresponded to approximately two water mole-
cules and approximately six water molecules, respectively,
which were consistent with the data from elemental analyses.

Figure 1. The FTIR spectra in the polyoxoanion region (1200–
400 cm–1), measured in KBr disks, of (a) (Et2NH2)5[α-PW11TiO40]·
2H2O (EtN-1) and (b) (Et2NH2)8[(α-PW11TiO39)2O]·6H2O (EtN-
2).
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The solid FTIR spectrum of monomer EtN-1 (Figure 1,
a) measured in a KBr disk showed prominent bands in the
polyoxometalate region (1200–400 cm–1) at 1090, 1062, 964,
886, and 801 cm–1, which originated from mono-lacunary
Keggin POM, [PW11O39]7–. These are the characteristic vi-
bration bands of the Keggin-type “PW12O40

3–”.[8] The Ti–
O–Ti vibration band of the inter-Keggin units was not ob-
served at around 650 cm–1. The P–O vibration band was
observed as split peaks at 1090 and 1062 cm–1. The FTIR
spectrum of dimer EtN-2 measured in a KBr disk also
showed prominent bands in the polyoxometalate region
(1200–400 cm–1) at 1075, 968, 889, 807, and 654 cm–1. The
Ti–O–Ti vibration band of the inter-Keggin units in EtN-2
was observed at 654 cm–1, which was consistent with the X-
ray crystallography data (see below). The P–O vibration
band of EtN-2 was observed as a single peak at 1075 cm–1.

Molecular Structures of Dimeric EtN-2 and Monomeric EtN-1

The molecular structure of polyoxoanion 2 in EtN-2 and
its polyhedral representation are shown in Figure 2 (a and
b), respectively. Selected bond lengths [Å] and angles [°]
around the titanium(IV) centers in 2 are listed in Table 1,
whereas other bond lengths [Å] and angles [°] for the Keg-
gin unit (Table S1) and bond valence sum (BVS) calcula-
tions (Table S2) are given in the Supporting Information.

Figure 2. (a) Molecular structure of the polyoxoanion [(α-
PW11TiO39)2O]8– (2) in EtN-2 and (b) its polyhedral representation.

The composition and formula of EtN-2, which contains
eight diethylammonium countercations and six hydrated
water molecules, were determined by CHN elemental analy-
sis and TG/DTA analysis. In X-ray crystallography, one
polyoxoanion that contained two Keggin units, five dieth-
ylammonium cations, and three hydrated water molecules
per formula unit was identified in the crystal structure.

X-ray crystallography of EtN-2 revealed that six-coordi-
nate geometry around each Ti center was accomplished by
bonding with five oxygen atoms in the mono-lacunary site
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Table 1. Selected bond lengths [Å] and angles [°] around the TiIV

center in [(α-PW11TiO39)2O]8– (2).

Ti–O bond lengths

Ti(1A)–O(1X) 1.794(12) Ti(1B–O(1X) 1.782(11)

Ti(1A)–O(16A) 1.934(14) Ti(1A)–O(23A) 1.912(13)
Ti(1A)–O(22A) 1.943(12) Ti(1A)–O(28A) 1.904(13)
Ti(1B)–O(16B) 1.933(11) Ti(1B)–O(23B) 1.893(10)
Ti(1B)–O(22B) 1.947(11) Ti(1B)–O(28B) 1.906(12)

Ti(1A)–O(36A) 2.361(12) Ti(1B)–O(36B) 2.343(11)

Ti–O–Ti angle

Ti(1A)–O(1X)–Ti(1B) 169.9(9)

of the Keggin POM and the bridging oxygen atom (μ-O).
Here the bonding between the titanium atom and the oxy-
gen atom coordinated to the P atom [O(36A)–Ti(1A)
2.361(12) Å, O(36B)–Ti(1B) 2.343(11) Å] is incorporated in
the coordination. The two Keggin units are crystallographi-
cally independent due to the slight twist between each Keg-
gin unit, thus resulting in the overall C1 symmetry of the
polyoxoanion molecule in the solid state. However, in solu-
tion, the twist was averaged, thus resulting in overall C2v

symmetry. Therefore, the six-line 183W NMR spectrum in
D2O/CD3CN (1:3 v/v) was observed with a relative intensity
ratio of 2:2:1:2:2:2 (Figure 6; see below). The Ti–O–Ti
bonding moiety and the eleven W atoms in the Keggin unit
exhibited conventional octahedral coordination polyhedra
(Figure 2, b). Structural analysis revealed that 2 was com-
posed of two mono-titanium(IV)-substituted Keggin POM
subunits “[α-PW11TiO39]3–” linked through one μ-oxo
group. The bond angle of the Ti–O–Ti moiety [Ti(1A)–
O(1X)–Ti(1B) 169.9(9)°] and the inter-Keggin unit Ti–Ti
distance [Ti(1A)–Ti(1B) 3.562 Å] in 2 can be compared with
those of the previously reported di- and tri-titanium(IV)-
substituted dimeric Ti–O–Ti-bridged anhydride forms (Fig-
ure 3); that is, (i) the Ti–O–Ti angles between the two Keg-
gin units (135.7, 136.3°) in the di-titanium(IV)-substituted
dimer, [(α-1,2-PW10Ti2O38)2O2]10– (Figure 3, b),[2d] and (ii)
the Ti–O–Ti angles between the two Keggin units (130.2,
130.9, 131.3°) in the tri-titanium(IV)-substituted dimer, [(α-
1,2,3-PW9Ti3O37)2O3]12– (Figure 3, c).[2e] The angle of the
intermolecular Ti–O–Ti moiety of 2 was more of a linear
alignment, and the inter-Keggin unit Ti–Ti distance of 2
was longer than those of the previously reported di- and
tri-TiIV-substituted Keggin dimers. The bond lengths of the
Ti–O–Ti moiety [O(1X)–Ti(1A) 1.794(12) Å, O(1X)–Ti(1B)
1.782(11) Å] in 2 were slightly shorter than those of di- and
tri-titanium(IV)-substituted Keggin dimers {1.80(2)–
1.84(2) Å for [(α-1,2-PW10Ti2O38)2O2]10–, 1.80(1)–1.86(1) Å
for [(α-1,2,3-PW9Ti3O37)2O3]12–}.

The bond valence sum (BVS) value of the bridging oxy-
gen atom [O(1X)], which was calculated on the basis of the
observed bond lengths in 2 (Table S2 in the Supporting In-
formation), strongly suggested that the bridging oxygen
atom [O(1X)] was not protonated (i.e., ascribed to O2–). As
for the other oxygen atoms in the Keggin units of 2, there
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Figure 3. Structures and partial structures around the Ti center of (a) mono-titanium(IV)-substituted dimer, [(α-PW11TiO39)2O]8– (this
work), (b) di-titanium(IV)-substituted dimer, [(α-1,2-PW10Ti2O38)2O2]10–,[2d] and (c) tri-titanium(IV)-substituted dimer, [(α-1,2,3-
PW9Ti3O37)2O3]12–.[2e]

was also no protonation in any of them. The BVS values of
other elements in 2 reasonably corresponded to the formal
valences of O2–, Ti4+, W6+, and P5+ (Table S2 in the Sup-
porting Information).

The crystal structure of 1 in EtN-1 was successfully de-
termined (Figure S3 in the Supporting Information) and
had the same structure as the saturated Keggin POM. How-
ever, it was not possible to determine the mono-TiIV site
due to the high symmetry of the Keggin structure. Never-
theless, from this X-ray structural analysis, we were able
to confirm that 1 was not a dimeric structure but rather a
monomeric structure.

Solid-State 31P CPMAS NMR Spectroscopy

Solid-state 31P CPMAS NMR spectroscopy of EtN-1
and EtN-2 showed a single broad signal due to Keggin
units at δ = –12.96 and –13.21 ppm, respectively (Figure 4),
which should be consistent with X-ray crystallography. So-
lid-state 31P NMR spectra of EtN-1 and EtN-2 corre-
sponded to solution 31P NMR spectra in D2O/DMSO (10:1
v/v) in a similar region.

Solution (31P and 183W) NMR and pH-Varied 31P NMR
Spectroscopy

The 31P NMR spectrum of EtN-1 in D2O/DMSO (10:1
v/v; Figure 5, a) showed only one resonance at δ =
–13.71 ppm, thus showing the formation of a single phos-
phorus-containing species and that the molecular structure
of 1 in the solid state was maintained in solution. On the
other hand, the 31P NMR spectrum of EtN-2 in D2O/
DMSO (10:1 v/v; Figure 5, b) showed two peaks at δ =
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Figure 4. Solid-state 31P CPMAS NMR spectra of (a) (Et2NH2)5-
[α-PW11TiO40]·2H2O (EtN-1), and (b) (Et2NH2)8[(α-PW11TiO39)2O]·
6H2O (EtN-2).

–13.72 and –13.79 ppm, in which the downfield resonance
was assigned to monomeric species 1, and the upfield reso-
nance was assigned to dimeric species 2. When 1m aqueous
HCl (50 μL) was added to this NMR spectroscopy sample
tube, only one resonance due to dimer 2 was observed at δ
= –13.78 ppm (Figure 5, c). These 31P NMR spectra indi-
cate that monomer 1 and dimer EtN-2 in solution are
strongly dependent on pH.
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Figure 5. Solution 31P NMR spectra of (a) (Et2NH2)5[α-
PW11TiO40]·2H2O (EtN-1), and (b) (Et2NH2)8[(α-PW11TiO39)2O]·
6H2O (EtN-2) dissolved in a solvent mixture of D2O/DMSO (10:1
v/v), and (c) the solution of (b) to where 50 μL of 1m aqueous HCl
were added.

The 183W NMR spectrum of EtN-1 measured in D2O/
CD3CN (1:3 v/v) (Figure 6, a) showed a six-line spectrum
at δ = –69.55 (2 W), –101.34 (2 W), –110.11 (1 W), –114.31
(2 W), –117.89 (2 W) and –124.53 (2 W) ppm. The peaks
at around δ = –69.55 and –110.11 ppm were observed as
doublets due to 183W-31P coupling.[9] This NMR spectrum,
consistent with a Cs symmetric compound, indicates that
the solid-state structure of 1 is maintained in solution. The
183W NMR spectrum of EtN-2 in D2O/CD3CN (1:3 v/v)
(Figure 6, b) showed a six-line spectrum at δ = –99.20
(2 W), –99.36 (2 W), –101.30 (1 W), –105.81 (2 W), –116.74
(2 W) and –117.16 (2 W) ppm. In the solid state, the whole
symmetry of the molecule is shown with approximate C1

symmetry. However, the six-line 183W NMR spectrum indi-
cated the overall C2v symmetry in solution, because the
twist between each Keggin unit was averaged.

The pH-varied 31P NMR spectra were also measured
using monomeric species EtN-1 as the starting material.
The pH of the H2O/DMSO (10:1 v/v) solution (pH 3.2) of
monomer EtN-1 was adjusted to 2.0, 1.5, 1.0, and finally
to 0.5 by 6 and 1 m aqueous HCl solutions, and the 31P
NMR spectra were measured (Figure 7). 31P NMR spectra
in the unadjusted sample (pH 3.2) showed a single signal at
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Figure 6. Solution 183W NMR spectra in D2O/CD3CN (1:3 v/v) of
(a) (Et2NH2)5[α-PW11TiO40]·2H2O (EtN-1) and (b) (Et2NH2)8[(α-
PW11TiO39)2O]·6H2O (EtN-2).

δ = –13.72 ppm, which can be assigned to the monomeric
Ti-containing Keggin POM 1. In the pH range of 2.0–1.0,
the signal of dimeric Ti-containing Keggin POM 2 was ob-
served in addition to the signal of monomer 1. At pH 0.5,

Figure 7. pH-varied 31P NMR spectra of (Et2NH2)5[α-PW11TiO40]·
2H2O (EtN-1) in H2O/DMSO (10:1 v/v); pH (a) 3.2 (unadjusted);
(b) 2.0; (c) 1.5; (d) 1.0; (e) 0.5 ppm.
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the signal of only dimer 2 was observed. Therefore, dimeric
species 2 was the predominant species in solution. The ten-
dency for the 31P NMR spectroscopic resonances of mono-
meric 1 to appear in a higher field than that of dimer 2 is
consistent with the solid-state 31P CPMAS NMR spectra
of EtN-1 and EtN-2. Thus, interconversion between the
monomer and the dimer can be controlled by the pH of the
solutions. The pH-varied 31P NMR spectra of the mono-
TiIV-substituted Dawson analogues reported previously[5]

{i.e., K14[(α2-P2W17TiO61)2(μ-O)]·55H2O} in aqueous solu-
tions showed that the monomer at pH 7.0, the dimer at pH
1.0–3.0, and the mono-protonated species of the dimer at
pH 0.5 were the predominant species in the solutions. The
present mono-TiIV-substituted Keggin POM denoted the
same tendency as the Dawson analogue, that is, the mono-
TiIV-substituted POM was present as a dimeric form under
acidic conditions, but as a monomeric form under less
acidic conditions. Unlike the Dawson analogues, the mono-
protonated species of the dimer was not found in the pH
range of 3.2–0.5.

Conclusion

In this work, we prepared and characterized the mono-
mer Keggin POM (Et2NH2)5[α-PW11TiO40]·2H2O (EtN-1)
and the μ-oxo Keggin dimer (Et2NH2)8[(α-PW11TiO39)2O]·
6H2O (EtN-2). The molecular structure of μ-oxo dimeric
polyoxoanion 2 was successfully determined for the first
time by single-crystal X-ray crystallography. Structural
analysis revealed that 2 was composed of two mono-
titanium(IV)-substituted Keggin POM subunits “[α-
PW11TiO39]3–” linked through one μ-oxo group. The BVS
value of the bridging oxygen atom [O(1X)] of 2 has strongly
suggested that it is not protonated. The pH-varied 31P
NMR spectra revealed that monomer 1 and dimer 2 in
solution were strongly dependent upon pH, and therefore,
the interconversion between them can be controlled by the
pH of the solutions. Unlike the Dawson analogues, the
mono-protonated species of the dimer was not found in the
pH range of 3.2–0.5. These facts also provide significant
information about acid catalysis by the Keggin mono-titani-
um(IV)-substituted POMs.

Experimental Section
Materials: The following reactants were used as received: NaOAc,
Et2NH2Cl, MeOH, EtOH, Et2O, DMSO, CH3CN, TiCl4 (Wako);
D2O, CD3CN (Isotec). The precursor K7[α-PW11O39]·8H2O was
prepared and identified by FTIR, TG/DTA, and 31P NMR spec-
troscopy.[10]

Instrumentation/Analytical Procedures: CHN elemental analyses
were carried out with a Perkin–Elmer 2400 CHNS Elemental Ana-
lyzer II. Infrared spectra were recorded with a JASCO 4100 FTIR
spectrometer in KBr disks at room temperature. TG and DTA were
acquired with a Rigaku Thermo Plus 2 series TG/DTA TG 8120
instrument. 31P NMR (160 MHz) spectra in a D2O solution were
recorded in 5 mm outer diameter tubes with a JEOL JNM-ECS
400 FT-NMR spectrometer and a JEOL ECS-400 NMR spectro-
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scopic data processing system and were referenced with an external
standard of 25% H3PO4 in H2O in a sealed capillary. The 31P NMR
spectroscopic signals with the usual 85% H3PO4 are shifted by
+0.544 ppm from our data with 25% H3PO4. The 183W NMR
(20 MHz) spectra were recorded in 10 mm outer diameter tubes
with a JEOL JNM-ECP 500 FT-NMR spectrometer equipped with
a JEOL NM-50 T10L low-frequency tunable probe and a JEOL
ECP-500 NMR spectroscopic data processing system. The 183W
NMR spectra measured in D2O were referenced with an external
standard of a saturated Na2WO4/D2O solution. The 183W NMR
spectroscopic signals were shifted by –0.787 ppm by using a 2 m

Na2WO4 solution as a reference instead of the saturated Na2WO4

solution. Solid-state CPMAS 31P NMR (120 MHz) spectra were
recorded in 6 mm outer diameter tubes with a JEOL JNM-ECP
300 FT-NMR spectrometer with a JEOL ECP-300 NMR spectro-
scopic data processing system and were referenced to an external
standard of (NH4)2HPO4. Chemical shifts are reported as negative
for resonances upfield of (NH4)2HPO4 (δ = 1.60).

Synthesis of the Monomeric POM, (Et2NH2)5[PW11TiO40]·2H2O
(EtN-1): NaOAc (0.11 g, 1.34 mmol) was added to a solution of
K7[PW11O39]·8H2O (2.0 g, 0.65 mmol) dissolved in water (20 mL).
After stirring for 15 min in an ice bath, a colorless solution of TiCl4
(ca. 0.08 mL, ca. 0.7 mmol) was added at a rate of one drop per
2 s. The solution was stirred for 1 h in a water bath at 80 °C, fol-
lowed by filtration. Et2NH2Cl (3.0 g, 27.4 mmol) was added to the
filtrate at once. The white powder formed was collected with a glass
filter (P40, or G 4.0), washed with EtOH (10 mL three times) and
Et2O (10 mL three times), and then dried under vacuum for 2 h.
At this stage, the white powder was obtained in a yield of 1.59 g
{77.7 % relative to (Et2NH2)5[PW11TiO40]·2H2O}, which was very
soluble in water and a solvent mixture of water/DMSO (10:1 v/v)
and water/CH3CN (1:3 v/v), soluble in MeOH, sparingly soluble in
EtOH, but insoluble in Et2O. IR (KBr) (polyoxometalate region):
ν̃ = 1635 (w), 1576 (w), 1472 (w), 1456 (w), 1428 (w), 1396 (w),
1388 (w), 1362 (vw), 1307 (vw), 1275 (vw), 1192 (vw), 1159 (vw),
1090 (m), 1062 (m), 964 (s), 886 (m), 801 (vs), 699 (m), 656 (m),
594 (m), 515 (m), 492 (m) cm–1. 31P NMR [23.2 °C, D2O/DMSO
(10:1 v/v)]: δ = –13.71 ppm. Solid-state 31P NMR: δ = –12.96 ppm.
183W NMR [room temp., D2O/CD3CN (1:3 v/v)]: δ = –69.51,
–69.59 (2 W), –101.34 (2 W), –110.08, –110.14 (1 W), –114.31 (2
W), –117.89 (2 W), –124.53 (2 W) ppm. TG/DTA under atmo-
spheric conditions: a weight loss of 1.15%, due to dehydration of
solvated water molecules, was observed at below 199.3 °C; calcd.
1.14 % for x = 2 in (Et2NH2)5[PW11TiO40]·xH2O. A weight loss of
10.98 %, due to decomposition of Et2NH2 cations, was observed
between 199.3 and 500 °C with an exothermic peak at 359.1 °C.
Calcd. for (Et2NH2)5[PW11TiO40]·2H2O or C20H64N5O42P1W11Ti1:
C 7.63, H 2.05, N 2.22; found: C 7.70, H 1.83, N 2.15.

pH-Varied 31P NMR Spectroscopy: The monomeric powder sample
of (Et2NH2)5[PW11TiO40]·2H2O (EtN-1; 0.6 g, 0.19 mmol) was dis-
solved in a solvent mixture of water and DMSO (9.9 mL, 10:1
v/v). The pH of the solution (pH 3.2) was adjusted to 2.0, 1.5, 1.0,
and 0.5, using 6 and 1 m aqueous HCl solutions and their 31P NMR
spectra were measured (Figure 7). The solutions of pH 3.2, 2.0, 1.5,
and 1.0 were colorless and clear, but the solution of pH 0.5 was
not clear (cloudy or a bit suspended).

Crystallization of the Monomeric Species (EtN-1): EtN-1 (2.0 g,
0.64 mmol) was added to a solution of Et2NH2Cl (0.20 g,
1.82 mmol) and NaOAc (0.15 g, 1.83 mmol) dissolved in water
(30 mL). The colorless, clear solution was slowly evaporated at
room temperature. After 3 d, colorless, clear column crystals were
deposited, which were collected by a glass frit (P16, or G 3.5),
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washed with EtOH (20 mL two times) and Et2O (20 mL two times),
and dried under vacuum for 2 h. White powder, obtained in a yield
of 1.42 g {71.3% relative to (Et2NH2)5[PW11TiO40]·0.4H2O}, was
very soluble in water and a solvent mixture of water/CH3CN (1:3
v/v), soluble in MeOH, sparingly soluble in EtOH, but insoluble in
Et2O. IR (KBr) (polyoxometalate region): ν̃ = 1630 (w), 1603 (w),
1573 (w), 1472 (w), 1453 (w), 1427 (w), 1389 (w), 1362 (vw), 1327
(vw), 1306 (vw), 1275 (vw), 1192 (vw), 1159 (vw), 1090 (m), 1062
(m), 964 (s), 886 (m), 799 (vs), 700 (m), 655 (m), 594 (m), 515 (m),
491 (m) cm–1. 31P NMR [23.3 °C, D2O/DMSO (10:1 v/v)]: δ =
–13.70 ppm. TG/DTA under atmospheric conditions: a weight loss
of 0.23%, due to dehydration of solvated water molecules, was ob-
served at below 57.5 °C; calcd. 0.23% for x = 0.4 in (Et2NH2)5-
[PW11TiO40]·xH2O. A weight loss of 10.22%, due to decomposition
of Et2NH2 cations, was observed between 57.5 and 500 °C with
exothermic peaks at 322.6 and 372.2 °C. Calcd. for (Et2NH2)5-
[PW11TiO40]·0.4H2O or C20H60.8N5O40.4P1W11Ti1: C 7.70, H 1.96,
N 2.25; found C 7.80, H 1.87, N 2.22.

Crystallization of the Dimeric Species (EtN-2): The monomeric spe-
cies (Et2NH2)5[PW11TiO40]·2H2O (EtN-1; 0.5 g, 0.16 mmol) was
dissolved in a solvent mixture of MeOH/water (10 mL, 1:1 v/v),
with the pH of the solution being 4.9–5.3. The pH was adjusted to
1.0 by using 1 m aqueous HCl, followed by stirring for 2 d. The
white suspension formed was filtered by a membrane filter (JG
0.2 μm). The colorless, clear filtrate was slowly evaporated at room
temperature. After 3 d, colorless, clear plate crystals were de-
posited, which were collected by a glass frit (G 4.0), washed with
EtOH (20 mL two times) and Et2O (20 mL two times), and dried
under vacuum for 2 h. The white powder, obtained in a yield of
0.32 g {65.3% relative to (Et2NH2)8[(PW11TiO39)2O]·6H2O}, was
very soluble in a solvent mixture of water/DMSO (10:1 v/v) and
water/CH3CN (1:3 v/v), less soluble in water, and insoluble in
EtOH and Et2O. IR (KBr) (polyoxometalate region): ν̃ = 1620 (w),
1469 (w), 1451 (w), 1389 (w), 1205 (vw), 1158 (vw), 1075 (m), 968
(s), 889 (m), 807 (vs), 654 (s) [intermolecular Ti–O–Ti], 594 (m),
520 (m), 499 (m) cm–1. 31P NMR [23.2 °C, D2O/DMSO (10:1 v/v)]:
δ = –13.72, –13.79 ppm. 31P NMR [23.0 °C, D2O/DMSO (10:1
v/v), after addition of 1 m aqueous HCl (0.05 mL, 50 μmol)]: δ =
–13.78 ppm. Solid-state 31P NMR: δ = –13.21 ppm. 183W NMR
[room temp., D2O/CD3CN (1:3 v/v)]: δ = –99.20 (2 W), –99.36 (2
W), –101.30 (1 W), –105.81 (2 W), –116.74 (2 W), –117.16 (2 W)
ppm. TG/DTA under atmospheric conditions: a weight loss of
1.84 %, due to dehydration of solvated water molecules, was ob-
served at below 122.5 °C; calcd. 1.75% for x = 6 in (Et2NH2)8-
[(PW11TiO39)2O]·xH2O. A weight loss of 9.40%, due to decomposi-
tion of Et2NH2 cations, was observed between 122.5 and 500 °C
with endothermic peaks at 40.5 and 60.6 °C and an exothermic
peak at 371.5 °C. Calcd. for (Et2NH2)8[(PW11TiO39)2O]·6H2O or
C32H108N8O85P2W22Ti2: C 6.23, H 1.77, N 1.82; found C 6.31, H
2.28, N 1.78.

X-ray Crystallography: A colorless column crystal of EtN-1
(0.28�0.07 �0.05 mm3) and a colorless plate crystal of EtN-2
(0.20 �0.10 �0.04 mm3) were surrounded by liquid paraffin (Para-
tone-N) to prevent its degradation. Data collection was carried out
with a Bruker SMART APEX CCD diffractometer at 100 K in a
range of 3.56° � 2θ � 56.70° (EtN-1) and 3.62° � 2θ � 55.00°
(EtN-2). The intensity data were automatically corrected for Lo-
rentz and polarization effects during integration. The structure was
solved by direct methods (SHELXS-97[11a] for EtN-1 and
SIR2004[12] for EtN-2), followed by subsequent difference Fourier
calculation and refined by a full-matrix least-squares procedure on
F2 (SHELXL-97).[11b] Absorption correction was performed with
SADABS (empirical absorption correction).[11c]

Eur. J. Inorg. Chem. 2013, 1754–1761 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1760

High-level alerts in the checkCIF report are due to the disorder of
many hydrated water molecules and countercations. The composi-
tions and formulae of the POMs that contained many countercat-
ions and many hydrated water molecules were determined by CHN
elemental analysis and TG analysis. In general, it is not possible in
X-ray crystallography to determine the location of the hydrogen
atoms of hydrated water molecules due to extensive disorder of the
countercations and the hydrate water molecules. Such features are
frequently encountered and common in POM crystallography.

Crystal Data for EtN-1: O44PW12; Mr = 2941.17; triclinic, space
group P1̄; a = 11.8449(14) Å, b = 11.8552(14) Å, c = 13.0038(15) Å;
α = 104.547(2)°, β = 104.450(2)°, γ = 116.313(2)°; V = 1440.8(3) Å3;
Z = 1; Dcalcd. = 3.390 gcm–3; μ(Mo-Kα) = 23.947 mm–1; R1 =
0.0897, wR2 = 0.2297 (for all data), Rint = 0.0385, R1 = 0.0675,
wR2 = 0.2073; GOF = 1.074 {19883 total reflections, 7148 unique
reflections [I �2σ(I)]}.

Crystal Data for EtN-2: C20H60N5O82P2Ti2W22; Mr = 5909.19; tri-
clinic, space group P1̄; a = 11.6856(11) Å, b = 21.196(2) Å, c =
21.463(2) Å; α = 86.9960(10)°, β = 79.4420(10)°, γ = 78.1580(10)°;
V = 5114.2(8) Å3; Z = 2; Dcalcd. = 3.837 gcm–3; μ(Mo-Kα) =
24.903 mm–1; R1 = 0.0781, wR2 = 0.1475 (for all data), Rint =
0.0658, R1 = 0.0565, wR2 = 0.1358; GOF = 1.052 {60352 total
reflections, 23161 unique reflections [I �2σ(I)]}.

CCDC-906701 (for EtN-1) and -906699 (for EtN-2) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): TG/DTA data for EtN-1 and EtN-2 (Figures S1 and S2); the
molecular structure and polyhedral representation of 1 in EtN-1
(Figure S3); bond lengths and angles for 2 in EtN-2 (Table S1);
and BVS calculations of Ti and O around Ti for 2 in EtN-2.

Acknowledgments

This work was supported by the Japan Society for the Promotion of
Science through a Grant-in-Aid for Scientific Research (C) (JSPS
KAKENHI Grant Number 22550065) and by the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan (Strategic
Research Base Development Program for Private Universities).

[1] a) M. T. Pope, A. Müller, Angew. Chem. 1991, 103, 56; Angew.
Chem. Int. Ed. Engl. 1991, 30, 34–48; b) M. T. Pope, Heteropoly
and Isopoly Oxometalates, Springer Verlag, New York, 1983; c)
V. W. Day, W. G. Klemperer, Science 1985, 228, 533–541; d)
C. L. Hill (Ed.), Chem. Rev. 1998, 98, 1–390; e) T. Okuhara, N.
Mizuno, M. Misono, Adv. Catal. 1996, 41, 113–252; f) C. L.
Hill, C. M. Prosser-McCartha, Coord. Chem. Rev. 1995, 143,
407–455; g) a series of 34 papers in a volume devoted to poly-
oxoanions in catalysis: C. L. Hill (Ed.), J. Mol. Catal. A 1996,
114, 1–371; h) R. Neumann, Prog. Inorg. Chem. 1998, 47, 317–
370; i) M. T. Pope, A. Müller Editors (Eds.), Polyoxometalate
Chemistry from Topology via Self-Assembly to Applications,
Kluwer Academic Publishers, The Netherlands, 2001; j) T. Ya-
mase, M. T. Pope (Eds.), Polyoxometalate Chemistry for Nano-
Composite Design, Kluwer Academic Publishers, The Nether-
lands, 2002; k) M. T. Pope, in: Comprehensive Coordination
Chemistry II (Ed.: A. G. Wedd), Elsevier Science, New York,
2004, vol. 4, p. 635; l) C. L. Hill in Comprehensive Coordination
Chemistry II (Ed.: A. G. Wedd), Elsevier Science, New York,
2004, vol. 4, p. 679; m) a series of 32 papers was published in
a volume devoted to polyoxometalates in catalysis: C. L. Hill,
J. Mol. Catal. A 2007, 262, 1; n) B. Hasenknopf, K. Micoine,

─ 221 ─



.eu ic.o g ULL A

E. Lacôte, S. Thorimbert, M. Malacria, R. Thouvenot, Eur. J.
Inorg. Chem. 2008, 5001–5013; o) A. Proust, R. Thouvenot, P.
Gouzerh, Chem. Commun. 2008, 1837–1852; p) D. Laurencin,
R. Thouvenot, K. Boubekeur, F. Villain, R. Villanneau, M.-M.
Rohmer, M. Benard, A. Proust, Organometallics 2009, 28,
3140–3151; q) D.-L. Long, R. Tsunashima, L. Cronin, Angew.
Chem. 2010, 122, 1780; Angew. Chem. Int. Ed. 2010, 49, 1736–
1758; r) A. Dolbecq, E. Dumas, C. R. Mayer, P. Mialane,
Chem. Rev. 2010, 110, 6009–6048; s) C. P. Pradeep, D.-L. Long,
L. Cronin, Dalton Trans. 2010, 39, 9443–9457; t) K. Nomiya,
Y. Sakai, S. Matsunaga, Eur. J. Inorg. Chem. 2011, 179–196.

[2] a) Y. Lin, T. J. R. Weakley, B. Rapko, R. G. Finke, Inorg. Chem.
1993, 32, 5095–5101; b) T. Yamase, T. Ozeki, H. Sakamoto, S.
Nishiya, A. Yamamoto, Bull. Chem. Soc. Jpn. 1993, 66, 103–
108; c) T. Yamase, X. O. Cao, S. Yazaki, J. Mol. Catal. A 2007,
262, 119–127; d) K. Nomiya, M. Takahashi, J. A. Widegren, T.
Aizawa, Y. Sakai, N. C. Kasuga, J. Chem. Soc., Dalton Trans.
2002, 3679–3685; e) K. Nomiya, M. Takahashi, K. Ohsawa,
J. A. Widegren, J. Chem. Soc., Dalton Trans. 2001, 2872–2878;
f) Y. Goto, K. Kamata, K. Yamaguchi, K. Uehara, S. Hikichi,
N. Mizuno, Inorg. Chem. 2006, 45, 2347–2356; g) R. Tan, D.
Li, H. Wu, C. Zhang, X. Wang, Inorg. Chem. Commun. 2008,
11, 835–836; h) F. Hussain, B. S. Bassil, L.-H. Bi, M. Reicke,
U. Kortz, Angew. Chem. 2004, 116, 3567; Angew. Chem. Int.
Ed. 2004, 43, 3485–3488; i) G. A. Al-Kadamany, F. Hussain,
S. S. Mal, M. H. Dickman, N. Leclerc-Laronze, J. Marrot, E.
Cadot, U. Kortz, Inorg. Chem. 2008, 47, 8574–8576; j) Y. H.
Ren, S. X. Liu, R. G. Cao, X. Y. Zhao, J. F. Cao, C. Y. Gao,
Inorg. Chem. Commun. 2008, 11, 1320–1322.

[3] a) K. Hayashi, C. N. Kato, A. Shinohara, Y. Sakai, K. Nomiya,
J. Mol. Catal. A 2007, 262, 30–35; b) O. A. Kholdeeva, T. A.
Trubitsina, R. I. Maksimovskaya, A. V. Golovin, W. A. Ne-
iwert, B. A. Kolosov, X. López, J. M. Poblet, Inorg. Chem.
2004, 43, 2284–2292; c) C. N. Kato, K. Hayashi, S. Negishi, K.
Nomiya, J. Mol. Catal. A 2007, 262, 25–29; d) C. N. Kato, S.
Negishi, K. Yoshida, K. Hayashi, K. Nomiya, Appl. Catal.
2005, 292, 97–104; e) J. Gong, Q. J. Shan, D. R. Wang, R. N.
Hua, L. Y. Qu, J. Electroanal. Chem. 1998, 455, 39–44; f) O. A.
Kholdeeva, T. A. Trubitsina, M. N. Timofeeva, G. M. Maksi-
mov, R. I. Maksimovskaya, V. Rogov, J. Mol. Catal. A 2005,
232, 173–178; g) O. A. Kholdeeva, Top. Catal. 2006, 40, 229–
243.

Eur. J. Inorg. Chem. 2013, 1754–1761 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1761

[4] a) Y. Sakai, K. Yoza, C. N. Kato, K. Nomiya, Chem. Eur. J.
2003, 9, 4077–4083; b) Y. Sakai, K. Yoza, C. N. Kato, K. No-
miya, Dalton Trans. 2003, 3581–3586; c) K. Nomiya, Y. Arai,
Y. Shimizu, M. Takahashi, T. Takayama, H. Weiner, T. Nagata,
J. A. Widegren, R. G. Finke, Inorg. Chim. Acta 2000, 300–302,
285–304; d) Y. Sakai, Y. Kitakoga, K. Hayashi, K. Yoza, K.
Nomiya, Eur. J. Inorg. Chem. 2004, 4646–4652; e) Y. Sakai, S.
Yoshida, T. Hasegawa, H. Murakami, K. Nomiya, Bull. Chem.
Soc. Jpn. 2007, 80, 1965–1974; f) U. Kortz, S. S. Hamzeh, N. A.
Nasser, Chem. Eur. J. 2003, 9, 2945–2952; g) Y. Sakai, S. Ohta,
Y. Shintoyo, S. Yoshida, Y. Taguchi, Y. Matsuki, S. Matsunaga,
K. Nomiya, Inorg. Chem. 2011, 50, 6575–6583.

[5] S. Yoshida, H. Murakami, Y. Sakai, K. Nomiya, Dalton Trans.
2008, 4630–4638.

[6] a) O. A. Kholdeeva, G. M. Maksimov, R. I. Maksimovskaya,
L. A. Kovaleva, M. A. Fedotov, V. A. Grigoriev, C. L. Hill, In-
org. Chem. 2000, 39, 3828–3837; b) O. A. Kholdeeva, T. A. Tru-
bitsina, G. M. Maksimov, A. V. Golovin, R. I. Maksimov-
skaya, Inorg. Chem. 2005, 44, 1635–1642; c) G. M. Maksimov,
R. I. Maksimovskaya, O. A. Kholdeeva, M. A. Fedotov, V. I.
Zaikovskii, V. G. Vasil’ev, S. S. Arzumanov, J. Struct. Chem.
2009, 50, 618–627.

[7] X. López, I. A. Weinstock, C. Bo, J. P. Sarasa, J. M. Poblet,
Inorg. Chem. 2006, 45, 6467–6473.

[8] a) C. Rocchiccioli-Deltcheff, R. Thouvenot, R. Franck, Spec-
trochim. Acta A 1976, 32, 587–597; b) C. Rocchiccioli-Delt-
cheff, M. Fournier, R. Franck, Inorg. Chem. 1983, 22, 207–
216; c) R. Thouvenot, M. Fournier, R. Franck, C. Rocchiccioli-
Deltcheff, Inorg. Chem. 1984, 23, 598–605.

[9] G. Lenoble, B. Hasenknopf, R. Thouvenot, J. Am. Chem. Soc.
2006, 128, 5735–5744.

[10] S. Aoki, T. Kurashina, Y. Kasahara, T. Nishijima, K. Nomiya,
Dalton Trans. 2011, 40, 1243–1253.

[11] a) G. M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467–
473; b) G. M. Sheldrick, SHELXL-97, Program for Crystal
Structure Refinement, University of Göttingen, Germany, 1997;
c) G. M. Sheldrick, SADABS, University of Göttingen, Ger-
many, 1996.

[12] M. C. Burla, R. Caliandro, M. Camalli, B. Carrozzini, G. L.
Cascarano, L. De Caro, C. Giacovazzo, G. Polidori, R.
Spagna, J. Appl. Crystallogr. 2005, 38, 381–388.

Received: October 24, 2012
Published Online: January 23, 2013

─ 222 ─



Selected Papers

Tetranuclear Hafnium(IV) and Zirconium(IV) Cationic
Complexes Sandwiched between Two Di-Lacunary Species
of ¡-Keggin Polyoxometalates: Lewis Acid Catalysis
of the MukaiyamaAldol Reaction

Kenji Nomiya,* Kazuaki Ohta, Yoshitaka Sakai, Taka-aki Hosoya,

Atsushi Ohtake, Akira Takakura, and Satoshi Matsunaga

Department of Chemistry, (formerly Department of Materials Science), Faculty of Science,
Kanagawa University, Hiratsuka, Kanagawa 259-1293

Received January 22, 2013; E-mail: nomiya@kanagawa-u.ac.jp

The syntheses, X-ray structures, and homogeneous Lewis acid catalytic activities for the Mukaiyamaaldol reaction
of four tetranuclear HfIV and ZrIV cluster cations, which are sandwiched between two 1,2-di-lacunary ¡-Keggin poly-
oxometalates (POMs) and between two 1,4-di-lacunary POMs, are described, i.e., [[{M(H2O)}2{M(H2O)2}2(¯-OH)3-
(¯3-OH)2](¡-1,2-PW10O37)2]7¹ (M = Hf 1 and M = Zr 2) and [{M4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]8¹ (M =
Hf 3 and M = Zr 4), respectively. Evaluated was homogeneous Lewis acid catalysis of the Mukaiyamaaldol reaction
in aqueous/CH3CN mixed media at room temperature under air by water-soluble sodium or lithium salts of sandwich-
structured Hf/Zr-containing Keggin and Dawson POMs. In particular, the sodium salts of tetranuclear Hf/Zr cluster
cations sandwiched between two di-lacunary ¡-Keggin POMs, i.e., Na-1Na-4, showed the highest activities, compared
with other cluster cations. The present POM-based sandwich-structured compounds gave products with high stereo-
selectivity, i.e., high anti-selectivity, regardless of high or low activities. The excellent stabilities of Na-1Na-4 as
catalysts, i.e., with no reduced activities, were confirmed even after reusing several times.

The coordination chemistry of polyoxometalates (POMs)
with d0 transition metals has been particularly well documented
in the past few decades. Indeed, the d0 transition metal deriva-
tives of polyoxoanions have attracted considerable attention
in the fields of catalysis, surface science, and materials science,
since POMs are often considered as molecular analogues of
oxides in terms of structural analogy.1 In POMs containing
Group IV (d0) metal ions, the Zr/Hf atoms function very simi-
larly to each other, but show quite different behavior from
the Ti atom.2 The Zr and Hf atoms in Group IV metals, com-
pared with the Ti atom (ionic radius 0.75¡ and a maximum
coordination number of 6 in POM), have larger ionic radii
(ca. 0.85¡) and show higher coordination numbers (6, 7, and
8) and, therefore, if they are incorporated in POMs, a wide
variety of molecular structures are anticipated. Most Ti-
substituted Keggin POMs are isolated as oligomers formed
by corner-sharing TiOTi bonds, whereas Zr/Hf-containing
¡-Keggin/¡-Dawson POMs are usually isolated as di-, tri-, and
tetra-Zr/Hf cluster cations sandwiched between two lacunary
POMs, the cluster cations of which are formed by edge-sharing
M(OH)2M (M = Zr and Hf ) bonds.2

Following the development of TiIV-containing POMs, there
has been a dramatic advance in recent years in studies on vari-
ous types of HfIV/ZrIV complexes in combination with several
POMs.35 For example, the followings have been reported as
HfIV/ZrIV sandwich-structured complexes with the same com-

positions and formulas: mononuclear, 8-coordinate metal com-
plexes sandwiched between two mono-lacunary ¡-Keggin- and
¡2-Dawson-type POMs, i.e., [M(¡-PW11O39)2]10¹ (M = Hf
and Zr; the Keggin 1:2 complexes) and [M(¡2-P2W17O61)2]16¹

(the Dawson 1:2-type complexes), respectively,4k,5a di- and
tetranuclear 7-coordinate metal complexes sandwiched be-
tween two £-Keggin silicotungstates [{M(H2O)}2(¯-OH)2-
(£-SiW10O36)2]10¹ and [{M(H2O)}4(¯4-O)(¯-OH)6(£-SiW10-
O36)2]8¹ (M = Hf and Zr), respectively,4o and tetranuclear
two 7-coordinate and two 8-coordinate metal complexes with
two ¢-Keggin silicotungstates [Zr4(¯3-O)2(OH)2(H2O)4(¢-
SiW10O37)2]10¹ and hexanuclear three 7-coordinate and three
8-coordinate metal complexes formed with three ¢-Keggin
silicotungstates [Zr6O2(OH)4(H2O)3(¢-SiW10O37)3]14¹,4h and
hexanuclear 6-peroxo metal complexes formed with three
£-Keggin silicotungstates [M6(O2)6(¯-OH)6(£-SiW10O36)3]18¹

(M = Hf and Zr).4q,4v Recently, three 6-coordinate prismatic
HfIV and ZrIV ions, i.e., the [M3(¯-OH)3]9+ cluster cations (M =
Hf and Zr) sandwiched between two tri-lacunary ¡-Keggin
POMs, or [M3(¯-OH)3(A-¡-PW9O34)2]9¹ (the Keggin 3:2 com-
plexes), were reported;5b the analogous trinuclear 6-coordinate
ZrIV cluster compound [Zr3(¯-OH)3(A-¢-SiW9O34)2]11¹ has
previously been reported.4a The dinuclear, 7-coordinate Hf and
Zr cluster cations sandwiched between two mono-lacunary ¡-
Keggin POMs and between two mono-lacunary ¡-Dawson
POMs, i.e., [{¡-PW11O39M(¯-OH)(H2O)}2]8¹ (M = Hf and
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Zr; the Keggin 2:2 complexes)5c and [{¡2-P2W17O61M(¯-OH)-
(H2O)}2]14¹ (the Dawson 2:2 complexes),5e respectively, and
the tetranuclear 7-coordinate metal cluster cation species
[M4(¯3-O)2(¯-OH)2(H2O)4]10+ (M = Zr4d and Hf5d) sand-
wiched between two di-lacunary Dawson POMs (POMs),
i.e., [M4(¯3-O)2(¯-OH)2(H2O)4(P2W16O59)2]14¹ (the Dawson
4:2 complexes), have also been reported. As a molybdo-POM,
the 8-coordinate Hf complex, i.e., [Hf{PMo12O40}{(NH4)-
PMo11O39}]5¹, has also recently been reported.4r

It should be noted that several examples of central-cluster
cations with the same structure, being sandwiched between
different lacunary POM units, are found: the [Zr4(H2O)4-
(¯-OH)2(¯3-O)2]10+ cation is sandwiched between two [¢-
SiW10O37]10¹ POMs4h and the same cluster cation is also sand-
wiched between two [P2W16O59]12¹ POMs.4d

As to application, Lewis acid catalysis of unsaturated
coordination complexes of Zr and Hf atoms can be anticipat-
ed,1o,4o,6 while that of Ti-containing POMs cannot. Malacria’s
group has reported Lewis acid catalysis of the Mannich
reaction, Mukaiyamaaldol reaction, DielsAlder reaction and
so on using a combination of mono-lacunary ¡1-Dawson
POM and lanthanoide series (La3+, Eu3+, Sm3+, and Yb3+) and
Hf4+ and Zr4+ cations, which relatively favor 1:1 complexes
over sandwich 1:2 complexes in aqueous solution.1o,6 Their
work is based on sandwich 1:2 and dimeric 2:2 structures
precluding or decreasing catalytic activity® relative to the 1:1
complex®because they have no or few free sites for complex-
ation of substrates.1o,4o,6 The Mukaiyamaaldol reaction has
been recognized as a facile and valuable method for the syn-
thesis of (¢-hydroxy)carbonyl compounds, and a wide variety
of catalysts are known to accelerate the reaction.7 Herein, we
are interested in whether the Hf/Zr sandwich complexes such
as 1:2, 2:2, and 4:2 complexes of Keggin- and Dawson-type
POMs preclude or decrease catalytic activity, because many
Hf/Zr sandwich complexes have available sites for inter-
action with substrates, i.e., as sites of terminal water molecules
coordinated to Hf and Zr centers.

We have recently reported the structural characterization and
preliminary catalytic studies of two types of novel tetranuclear
Hf/Zr clusters sandwiched between two 1,2-di-lacunary ¡-
Keggin POMs and between two 1,4-di-lacunary ¡-Keggin
POMs (the Keggin 4:2 complexes), i.e., [[{M(H2O)}2{M-
(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]7¹ (M = Hf 1
and M = Zr 2) and [{M4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10-
O37)2]8¹ (M = Hf 3 and M = Zr 4), respectively.8

In the present work, the two sets of POMs, cesium salts of
1 and 2 (abbreviated as Cs-1 and Cs-2, respectively), and
dimethylammonium salts of 3 and 4 (abbreviated as MeN-3
and MeN-4, respectively), were rigorously characterized by
complete elemental analysis, TG/DTA, FTIR, solid-state and
solution 31PNMR, and X-ray crystallography. In this work,
we also examined homogeneous Lewis acid catalysis of the
Mukaiyamaaldol reaction of silyl enol ether with benzalde-
hyde in aqueous/CH3CN media, together with syn/anti-stereo-
selectivity of the reaction product, i.e., 3-hydroxy-2-methyl-
1,3-diphenylpropan-1-one, at room temperature under air,
using water-soluble sodium or lithium salts of 14 as well
as various sandwich-structured Hf/Zr-containing Keggin and
Dawson POMs.

Herein, we report full details of the synthesis and structure
of Cs-1/Cs-2, and MeN-3/MeN-4, and discuss their homo-
geneous Lewis acid catalysis of the Mukaiyamaaldol reaction
by water-soluble POMs containing Na-1Na-4.

Experimental

Materials. The following reagents were used as received:
Amberlite IR120B NA, 0.1, 1, and 6M aqueous HCl solutions
(quantitative analysis grade), benzaldehyde, toluene, MeOH,
EtOH, Et2O, CH3CN, Me4NCl, Me2NH2Cl, CsCl, Na2CO3,
pyridine, 2,6-di-tert-butylpyridine, zirconium(IV) sulfate tetra-
hydrate (all from Wako); D2O (Isotec); hafnium(IV) chloride,
hafnium(IV) sulfate (Aldrich). The precursors or the tri-
lacunary Keggin POMs, Na9[A-PW9O34]¢16H2O and Na9[B-
PW9O34]¢16H2O were prepared according to the literature9a

and identified with FTIR, TG/DTA and 31PNMR. One of the
substrates of the Mukaiyamaaldol reaction (silyl enol ether),
(Z)-1-phenyl-1-trimethylsiloxy-1-propene, was prepared ac-
cording to the literature9b and identified by (1H, 13C)NMR.6f,9c

Instrumentation/Analytical Procedures. Complete ele-
mental analyses were carried out by Mikroanalytisches Labor
Pascher (Remagen, Germany). The samples were dried at room
temperature under 10¹310¹4 Torr overnight before analysis.
Infrared spectra were recorded on a Jasco 4100 FTIR spec-
trometer in KBr disks at room temperature. Thermogravimetric
(TG) and differential thermal analyses (DTA) were acquired
using a Rigaku Thermo Plus 2 series TG/DTA TG 8120
instrument. 31PNMR (161.70MHz) spectra were recorded in
5-mm outer diameter tubes on a JEOL JNM-EX 400 FT-
NMR spectrometer with a JEOL EX-400NMR data processing
system. 31PNMR spectra were measured with reference to an
external standard of 25% H3PO4 in H2O in a sealed capillary.
31PNMR data with the usual 85% H3PO4 reference are shifted
to +0.544 ppm from our data. Chemical shifts are reported
as negative for resonances upfield of 25% H3PO4 (¤ 0). Solid-
state 31PCPMASNMR (121.00MHz) spectra were recorded
in 6-mm outer diameter rotors on a JEOL JNM-ECP 300 FT-
NMR spectrometer with a JEOL ECP-300NMR data process-
ing system and were referenced to an external standard of
(NH4)2HPO4. Chemical shifts were reported as negative for
resonances upfield of (NH4)2HPO4 (¤ 1.60).

Syntheses of Cs7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-
OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-1). To a colorless clear
solution of 0.96 g (3.0mmol) of HfCl4 dissolved in 20mL of
water was added 6mL of 6M aqueous HCl solution. To the
vigorously stirred, colorless, clear solution, 2.0 g (0.73mmol) of
solid Na9[A-PW9O34]¢16H2O was added instantly, followed by
stirring overnight at room temperature. To the clear solution,
8.0 g (73.0mmol) of Me4NCl was added. After stirring for 30
min, the precipitated white powder was collected on a mem-
brane filter (JG 0.2¯m), washed with EtOH (10mL © 2) and
then with Et2O (50mL © 2). This powder obtained in ca. 1.5 g
yield was added to 20mL of a 0.1M aqueous HCl solution.
After stirring for 1 h at room temperature, the resulting suspen-
sion was filtered through a membrane filter (JG 0.2¯m). The
colorless clear filtrate was passed through a cation-exchange
resin column [Amberlite IR120B NA, 50mL] of the Na+ form
at a rate of 2 drops per second. Moreover, 100mL of water was
passed through the column. The combined solution was evapo-
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rated to ca. 10mL of the volume by rotary evaporation at 35 °C.
The pH (ca. 5) of the solution was adjusted to 1.0 by adding
a 6M aqueous HCl solution. To the colorless solution, 2.0 g
(11.9mmol) of CsCl was added, followed by stirring for 1 h.
The precipitated white powder was collected on a membrane
filter (JG 0.2¯m), washed with EtOH (10mL © 2) and Et2O
(50mL © 3) and dried in vacuo for 2 h. At this stage, a white
powder sample was obtained in 28.5% (0.65 g scale) yield.10

Crystallization. A 0.3-g powder sample was dissolved
in 7mL of a pH-2.0 HCl acidic aqueous solution in a water
bath at 50 °C. The colorless solution was filtered through a
folded filter paper (Whatman #5), and the filtrate was slowly
evaporated at room temperature. After 2 days, colorless, clear,
granular crystals formed, which were collected on a membrane
filter (JG 0.2¯m), washed with EtOH (10mL © 2) and Et2O
(50mL © 3) and dried in vacuo for 2 h. Yield 56.7% (0.17 g
scale). The crystalline samples were soluble in water (more
soluble in an acidic aqueous solution), but insoluble in diethyl
ether and ethanol. Microanalysis: Calculated values were fitted
within allowed errors for all x = 02 in Cs7[{Hf4(H2O)x-
(OH)5}(¡-1,2-PW10O37)2]. Calcd for x = 0 or H5O79P2Hf4-
Cs7W20: H, 0.08; O, 19.00; P, 0.93; Hf, 10.73; Cs, 13.99; W,
55.27%; calcd for x = 2 or H9O81P2Hf4Cs7W20: H, 0.14; O,
19.38; P, 0.93; Hf, 10.68; Cs, 13.91; W, 54.98%. Found: H,
0.34; O, 18.0; P, 0.91; Hf, 10.6; Cs, 13.7; W, 55.5; Na, <0.001;
total 99.05%. A weight loss of 3.69% (weakly solvated or
adsorbed water) was observed during the course of drying
at room temperature at 10¹310¹4 Torr overnight before ana-
lysis, suggesting the presence of 14 water molecules. TG/DTA
under atmospheric conditions: a weight loss of 4.07% due to
dehydration was observed at below 199.5 °C with endothermic
peaks at 51.7 and 100.5 °C and with an exothermic peak at
247.0 °C; calcd 4.15% for a total of 16 water molecules, i.e.,
6 water molecules coordinated to hafnium(IV) atoms plus x =
10 in Cs7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-
PW10O37)2]¢xH2O. IR (KBr) (polyoxometalate region): 1109 s,
1069 s, 1039 s, 951 vs, 892 s, 804 vs, br, 688 w, 520 w cm¹1.
Solid-state 31PCPMASNMR: ¤ ¹13.82. 31PNMR (23.4 °C,
D2O): ¤ ¹13.71. 31PNMR (22.1 °C, 0.1M aqueous HCl
solution): ¤ ¹13.42.

Synthesis of Cs7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3(¯3-
OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2). Zr(SO4)2¢4H2O
(0.522 g, 1.47mmol) was dissolved in 20mL of water. To it,
5mL of a 6M aqueous HCl solution was dropwise added using
a burette at a rate of ca. 0.25mL per minute. To the vigorously
stirred, colorless, clear solution, 2.0 g (0.73mmol) of solid
Na9[A-PW9O34]¢16H2O was added instantly. After stirring for
30min at room temperature, 2.0 g (18.2mmol) of Me4NCl was
added, followed by stirring for 30min. The white powder
which formed was collected on a membrane filter (JG 0.2¯m),
washed with EtOH (10mL © 2) and then Et2O (50mL © 2).
This powder, obtained in ca. 1.6 g yield, was added to 10mL
of water, followed by stirring for 30min at room temperature.
The resulting suspension was filtered through a membrane filter
(JG 0.2¯m). The colorless, clear filtrate was passed through a
cation-exchange resin column [Amberlite IR120B NA, 50mL]
of the Na+ form at a rate of 2 drops per second. Moreover,
100mL of water was passed through the column. The com-
bined solution was evaporated to ca. 10mL of the volume by

rotary evaporation at 35 °C. The pH (ca. 5) of the solution was
adjusted to 2.0 by adding a 1M aqueous HCl solution. To the
colorless solution, CsCl (0.5 g, 2.97mmol) was added, fol-
lowed by stirring for 30min. The precipitated white powder
was collected on a membrane filter (JG 0.2¯m), washed with
EtOH (10mL © 2) and Et2O (50mL © 3) and dried in vacuo
for 2 h. At this stage, a white powder sample was obtained in
18.0% (0.39 g scale) yield.

Crystallization. A 0.5-g powder sample was dissolved in
20mL of an HCl acidic aqueous solution at pH 2.0 in a water
bath at 50 °C. The colorless solution was filtered through a
folded filter paper (Whatman #5), and the filtrate was slowly
evaporated at room temperature. After 2weeks, colorless, clear,
granular crystals were deposited and collected on a membrane
filter (JG 0.2¯m), washed with EtOH (10mL © 2) and Et2O
(50mL © 3) and dried in vacuo for 2 h. Yield 34.0% (0.17 g
scale). The crystalline samples were soluble in water (more
soluble in an acidic aqueous solution), but insoluble in diethyl
ether and ethanol. Microanalysis: Calculated values were fitted
within allowed errors for all x = 02 in Cs7[{Zr4(H2O)x(OH)5}-
(¡-1,2-PW10O37)2]. Calcd for x = 0 or H5O79P2Zr4Cs7W20: H,
0.08; O, 20.05; P, 0.98; Zr, 5.79; Cs, 14.76; W, 58.33%; calcd
for x = 2 or H9O81P2Zr4Cs7W20: H, 0.14; O, 20.44; P, 0.98; Zr,
5.76; Cs, 14.68; W, 58.00%. Found: H, 0.36; O, 19.4; P, 1.01;
Zr, 5.84; Cs, 14.5; W, 58.7; Na,<0.001; total 99.81%. Aweight
loss of 3.76% (weakly solvated or adsorbed water) was ob-
served during the course of drying at room temperature at 10¹3

10¹4 Torr overnight before analysis, suggesting the presence
of 14 water molecules. TG/DTA under atmospheric conditions
showed a weight loss of 4.28% due to loss of water molecules
at below 199.7 °C with endothermic peaks at 53.9 and 98.0 °C
and with an exothermic peak at 237.6 °C; calcd 4.37% for a total
of 16 water molecules, i.e., 6 water molecules coordinated
to zirconium(IV) atoms plus x = 10 in Cs7[[{Zr(H2O)}2{Zr-
(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢xH2O. IR (KBr)
(polyoxometalate region): 1107 s, 1068 s, 1038 s, 951 vs, 892 s,
801 vs, br, 678 w, 512 w cm¹1. Solid-state 31PCPMASNMR:
¤ ¹13.21. 31PNMR (22.9 °C, D2O): ¤ ¹13.28. 31PNMR
(22.7 °C, 0.1M aqueous HCl solution): ¤ ¹12.82.

Cs-2 can also be synthesized by the reaction of ZrCl4
and Na9[A-PW9O34]¢16H2O with almost the same work-ups
as Cs-1.

Synthesis of (Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-
1,4-PW10O37)2]¢9H2O (MeN-3). Solid Hf(SO4)2¢4H2O
(1.00 g, 2.26mmol) was dissolved in 20mL of water in a water
bath at 50 °C. The pH (ca. 0.7) of the colorless solution was
adjusted to 1.41.5 by adding solid Na2CO3, followed by
stirring for 15min in an ice-bath. To it, vigorously stirred in an
ice-bath, 2.0 g (0.73mmol) of solid Na9[B-PW9O34]¢16H2O
was slowly added over more than 10min. To that, 1.5 g (18.4
mmol) of Me2NH2Cl was added, followed by stirring for 30
min at room temperature. The white suspension was filtered
through a membrane filter (JG 0.2¯m). Also, 1.0 g (12.3mmol)
of Me2NH2Cl was added to the colorless filtrate and then
stirred overnight at room temperature. The white powder which
formed was collected on a membrane filter (JG 0.2¯m), washed
with H2O 3mL, EtOH (10mL © 3) and Et2O (50mL © 2) and
dried in vacuo for 2 h. At this stage, the crude product of the
dimethylammonium salt was obtained in a yield of ca. 0.8 g.
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Crystallization. This powder (0.76 g) was dissolved in
5mL of water in a water bath at 50 °C. The colorless solu-
tion was slowly evaporated at room temperature. After 4 days,
colorless, clear, plate crystals formed, which were collected on
a membrane filter (JG 0.2¯m), washed with EtOH (10mL © 2)
and Et2O (50mL © 3) and dried in vacuo for 2 h. The crys-
tals were obtained in 3.0% yield (0.07 g scale). Found: C,
3.25; H, 1.18; N, 1.74%. Calcd for C16H92N8O91P2Hf4W20 or
(Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢
9H2O: C, 3.05; H, 1.47; N, 1.78%. TG/DTA under atmospheric
conditions showed a weight loss of 3.78% due to loss of
water at below 131.0 °C with an endothermic peak at 115.3 °C;
calcd 3.71% for a total of 13 water molecules, i.e., 4 water
molecules coordinated to hafnium(IV) atoms plus x = 9 in
(Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢
xH2O. IR(KBr) (polyoxometalate region): 1465 m, 1436 w,
1412 w, 1392 w, 1079 s, 1044 s, 1017 m, 949 vs, 879 s, 790 vs,
635 m, 589 w, 510 m, 489 w, 429 w, 416 w cm¹1. Solid-
state 31PCPMASNMR: ¤ ¹11.13. 31PNMR (17.3 °C, D2O): ¤
¹11.68.

Synthesis of (Me2NH2)8[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-
1,4-PW10O37)2]¢9H2O (MeN-4). The pH (ca. 0.9) of a
solution of Zr(SO4)2¢4H2O (0.79 g, 2.22mmol) dissolved in
20mL of water was adjusted to 1.6 by adding solid Na2CO3.
To the vigorously stirred, colorless solution, 2.0 g (0.73mmol)
of solid Na9[B-PW9O34]¢16H2O was slowly added over more
than 10min. This solution was stirred for 15min at room
temperature. To it, 1.0 g (12.3mmol) of Me2NH2Cl was
added, followed by stirring for 5min at room temperature.
The solution was allowed to stand for 9 h in a refrigerator
at 4 °C. The white powder which precipitated was filtered off
through a membrane filter (JG 0.2¯m). The colorless filtrate
was slowly evaporated at room temperature. After 3 days,
colorless, clear, plate crystals formed and were collected on a
membrane filter (JG 0.2¯m), washed with EtOH (20mL © 3)
and Et2O (50mL © 3) and dried in vacuo for 2 h. The crys-
tals, obtained in 18.7% (0.18 g scale) yield, were soluble
in water, but insoluble in diethyl ether and ethanol. Found:
C, 3.42; H, 1.27; N, 1.86%. Calcd for C16H92N8O91P2Zr4W20

or (Me2NH2)8[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢
9H2O: C, 3.23; H, 1.56; N, 1.88%. TG/DTA under atmospheric
conditions: a weight loss of 3.91% due to loss of water
was observed at below 160.5 °C with an endothermic peak
at 125.0 °C; calcd 3.93% for a total of 13 water molecules, i.e.,
4 water molecules coordinated to zirconium(IV) atoms plus
x = 9 in (Me2NH2)8[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10-
O37)2]¢xH2O. IR(KBr) (polyoxometalate region): 1465 m, 1435
w, 1412 w, 1392 w, 1251 w, 1228 w, 1077 s, 1043 s, 1016 m,
950 vs, 880 s, 799 vs, 641 m, 614 m, 588 w, 545 m, 512 m,
489 w, 414 w cm¹1. Solid-state 31PCPMASNMR: ¤ ¹10.76.
31PNMR (16.2 °C, D2O): ¤ ¹10.86.

Syntheses of Precatalysts Na-1 to Na-4. The water-
soluble sodium salts Na-1, Na-2, Na-3, and Na-4 as precata-
lysts for the Mukaiyamaaldol reaction were obtained and
characterized by FTIR, TG/DTA, and solid-state 31PCPMAS
and solution 31PNMR, as described below.11 The compounds
Na-1 to Na-4 were obtained as pure powder samples, but not
crystalline samples. In fact, their powder XRD patterns were
not obtained.

Na-1: POM Cs-1 (0.5 g, 0.07mmol) was dissolved in
20mL of water in a water bath at 60 °C. The colorless, clear
solution was passed through a cation-exchange resin column
[Amberlite IR120B NA, 50mL] of the Na+ form at a rate of 2
drops per second, and 100mL of water was also passed through
the column. The combined solution was evaporated with a
rotary evaporator at 40 °C and dried in vacuo for 2 h. Yield
73.2% (0.33 g scale). The powder samples were soluble in
water and acetonitrile. TG/DTA under atmospheric conditions
showed a weight loss of 8.55% due to dehydration at below
459.9 °C with an endothermic peak at 59.6 °C; calcd 8.67% for
a total of 31 water molecules, i.e., 6 water molecules coordi-
nated to hafnium(IV) atoms plus x = 25 in Na7[[{Hf(H2O)}2-
{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢xH2O. IR
(KBr) (polyoxometalate region): 1105 s, 1068 s, 1038 s, 953
vs, 895 s, 816 vs, br, 686 w, 522 w cm¹1. 31PNMR (22.6 °C,
D2O): ¤ ¹13.48. Solid-state 31PCPMASNMR: ¤ ¹12.85.

Na-2: POM Cs-2 (0.4 g, 0.06mmol) was dissolved in
20mL of water in a water bath at 60 °C. The colorless, clear
solution was passed through a cation-exchange resin column
[Amberlite IR120B NA, 50mL] of the Na+ form at a rate of
2 drops per second, after which 100mL of water was passed
through the column. The combined solution was evaporated
with a rotary evaporator at 40 °C and dried in vacuo for 2 h.
Yield 87.5% (0.32 g scale). The powder samples were soluble
in water and acetonitrile. TG/DTA under atmospheric con-
ditions showed a weight loss of 9.29% due to loss of water
molecules at below 467.1 °C with endothermic peaks at 45.1
and 66.1 °C; calcd 9.16% for a total of 31 water molecules,
i.e., 6 water molecules coordinated to zirconium(IV) atoms
plus x = 25 in Na7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3(¯3-OH)2]-
(¡-1,2-PW10O37)2]¢xH2O. IR (KBr) (polyoxometalate region):
1101 s, 1066 s, 1039 s, 955 vs, 891 s, 806 vs, br, 675 w,
663 w, 592 w cm¹1. 31PNMR (22.5 °C, D2O): ¤ ¹12.86 (main),
¹13.17 (minor), 31PNMR (24.0 °C, 0.1M HCl (aq)): ¤ ¹12.95,
31PNMR (23.2 °C, D2O/CD3CN (200¯L/450¯L)): ¤ ¹12.31.
Solid-state 31PCPMASNMR: ¤ ¹11.50.

Na-3: POM MeN-3 (0.55 g, 0.092mmol) and a cation-
exchange resin [Amberlite IR120B NA, 50mL] of the Na+

form were added to 50mL of water (batch method). After
stirring for 1 h at room temperature, a cation-exchange resin
[Amberlite IR120B NA, 50mL] of the Na+ form was filtered
off through a membrane filter (JG 0.2¯m). The colorless, clear
filtrate was evaporated by a rotary evaporator at 30 °C and
dried in vacuo for 2 h. Yield 72.1% (0.41 g scale). The powder
samples were soluble in water and acetonitrile. TG/DTA under
atmospheric conditions revealed a weight loss of 5.09% due
to loss of water molecules at below 500 °C with an endo-
thermic peak at 76.4 °C; calcd 5.22% for a total of 18 water
molecules, i.e., 4 water molecules coordinated to hafnium(IV)
atoms plus x = 14 in Na8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-
PW10O37)2]¢xH2O. IR (KBr) (polyoxometalate region): 1074 s,
1045 s, 954 s, 892 s, 783 vs, 625 s, 587 s, 547 s, 504 s,
410 s cm¹1. 31PNMR (24.0 °C, D2O): ¤ ¹11.60. Solid-state
31PCPMASNMR: ¤ ¹11.04.

Na-4: POM MeN-4 (0.57 g, 0.096mmol) and a cation-
exchange resin [Amberlite IR120B NA, 50mL] of the Na+

form were added to 50mL of water (batch method). After
stirring for 1 h at room temperature, a cation-exchange resin
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[Amberlite IR120B NA, 50mL] of the Na+ form was filtered
off through a membrane filter (JG 0.2¯m). The colorless, clear
filtrate was evaporated by a rotary evaporator at 30 °C and
dried in vacuo for 2 h. Yield 66.3% (0.38 g scale). The powder
samples were soluble in water and acetonitrile. TG/DTA
under atmospheric conditions displayed a weight loss of
7.48% due to loss of water molecules at below 500 °C with
an endothermic peak at 63.9 °C; calcd 7.52% for a total of
21 water molecules, i.e., 4 water molecules coordinated to
zirconium(IV) atoms plus x = 17 in Na8[{Zr4(H2O)4(¯-OH)2-
(¯3-O)2}(¡-1,4-PW10O37)2]¢xH2O. IR (KBr) (polyoxometalate
region): 1072 s, 1044 s, 954 s, 891 s, 785 vs, 605 s, 588 s,
542 s, 503 s, 411 s cm¹1. 31PNMR (22.2 °C, D2O): ¤ ¹10.81.
Solid-state 31PCPMASNMR: ¤ ¹10.38.

By a similar method, the sodium salts of other Keggin POMs
and the lithium salts of Dawson POMs, used for the catalysis
of the Mukaiyamaaldol reaction, were obtained through the
ion-exchange resins from known POMs.2,4d,5d,5e

MukaiyamaAldol Reaction. The sodium salts Na-1, Na-
2, Na-3, and Na-4 as precatalysts (0.025mmol) were dissolved
in a solvent mixture of acetonitrile/water (4.5mL/2.0mL) in
a round-bottom flask. To it were added benzaldehyde (51¯L,
0.50mmol), silyl enol ether (113¯L, 0.50mmol) and toluene
(100¯L, 0.94mmol) as an internal reference for HPLC
analysis. The dispersed solution was stirred for 24 h at room
temperature. During stirring for several hours, the dispersed
solution became a homogeneous, colorless solution. Then 100
¯L of the solution were put into a 10-mL volumetric flask,
diluted with MeOH to 10mL, and 5¯L of the colorless,
clear solution were analyzed by HPLC, Shimadzu LC-20AD
(column: VP-ODS with a size of 150L © 4.6; detector:
Shimadzu SPD-20A, 260 nm ABS). The syn/anti ratio of aldol
as product, i.e., 3-hydroxy-2-methyl-1,3-diphenylpropan-1-
one, was determined by 1HNMR and HPLC.

Reuse Experiments of Na-1, Na-3, and Na-4: 1st4th
Reuse for MukaiyamaAldol Reaction. The solution after
24 h reaction in the 1st run (Entries 1, 6, and 9, Table 5) was
evaporated until all of the acetonitrile was removed by a rotary
evaporator at 30 °C, resulting in separation of two layers. To it
was added a solvent mixture of 10mL of dichloromethane and
10mL of water, stirred for a few min and transferred into a
separatory funnel. The organic layer from the two layers was
separated off and the aqueous layer was washed with dichloro-
methane (10mL © 3). The residual aqueous layer was trans-
ferred to a round bottom flask, evaporated to dryness by rotary
evaporation at 40 °C, and further dried in vacuo for 30min.
This material was dissolved in a solvent mixture of aceto-
nitrile/water (4.5mL/2.0mL) and the colorless clear solution
was used for the 2nd run experiment (Entries 2, 7, and 10,
Table 5). This procedure was repeated for 35 runs (Entries
35, 8, and 11, Table 5). After the 5th run (Entry 5, Table 5),
white powder of 0.14 g was recovered (recovery rate; 88%).

X-ray Crystallography. Full details of X-ray crystallo-
graphic data of Cs-1, Cs-2, MeN-3, and MeN-4 are described
in Supporting Information (Figures S1S4, Tables S1S12)
because the structural characterization were briefly reported in
a previous paper.8

The crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-

Leopoldshafen, Germany (fax: (+49)7247-808-666); e-mail:
crysdata@fiz-karlsruhe.de, by quoting depository number
CSD-424498 (formula/code: yos011s) for Cs-1 and CSD-
424497 (formula/code: yos007s) for Cs-2. CCDC reference
numbers 874376 (formula/code: yos017s) for MeN-3 and
874375 (formula/code: yos016s) for MeN-4 contain supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html (or from Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ, UK.; Fax:
+44-1223-336-033; E-mail: deposite@ccdc.cam.ac.uk).

Results and Discussion

Synthesis and Compositional Characterization. The
cesium salts of tetrahafnium(IV) and tetrazirconium(IV) cluster
cations sandwiched between two di-1,2-lacunary Keggin
POMs, Cs7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-
PW10O37)2]¢10H2O (Cs-1) and Cs7[[{Zr(H2O)}2{Zr(H2O)2}2-
(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2), were ob-
tained as analytically pure, colorless crystals in 16.2% and
6.1% yields, respectively. Compounds Cs-1 and Cs-2 were
prepared by the 1:4 molar ratio reaction of [A-PW9O34]9¹ with
HfCl4 and the 1:2 molar ratio reaction of [A-PW9O34]9¹ with
Zr(SO4)2¢4H2O, respectively, in stronger HCl-acidic solutions
(pH ca. 0), both followed by changing the counterion first to
Me4N+, then to Na+ and finally to Cs+. The low yield of Cs-1
(16.2%) and Cs-2 (6.1%) mainly came from the three fold
exchange work-ups of the counter cation for purification and
crystallization. Crystallization of Cs-1 and Cs-2 was carried out
by slow evaporation of the aqueous HCl acidic solutions. The
crystalline samples were characterized by complete elemental
analysis, including Cs and O analyses, FTIR, TG/DTA, solid-
state 31PCPMAS and solution 31PNMR in a D2O and 0.1M
aqueous HCl solution, and X-ray crystallography.

The formation of polyoxoanions 1 and 2 can be represented
in eq 1.

2½A-PW9O34�9� þ 4M4þ þ 9H2Oþ 2WO4
2� !

½½fMðH2OÞg2fMðH2OÞ2g2ð�-OHÞ3ð�3-OHÞ2�ð¡-1,2-PW10O37Þ2�7�
ðM ¼ Hf 1, Zr 2Þ þ Hþ ð1Þ
As to the synthetic reaction using [A-PW9O34]9¹, it should

be noted that the trinuclear hafnium(IV) and zirconium(IV)
complexes sandwiched between two Keggin tri-lacunary
POMs, [M3(¯-OH)3(A-¡-PW9O34)2]9¹ (M = Hf and Zr) have
been prepared by the 1:3 molar ratio reactions of [A-PW9O34]9¹

with Hf(SO4)2 and Zr(SO4)2 in aqueous acidic solutions
(pH 1.2) at 8090 °C, followed by refluxing.5b The key points
of the synthesis of the M3 clusters and the present M4 clusters
are as follows: (1) the M3 clusters were prepared by 1:3 molar
ratio reactions in pH 1.2 solutions, (2) the Hf4 cluster (Cs-1)
was prepared by 1:4 molar ratio reaction in a pH ca. 0 solu-
tion, and (3) the Zr4 cluster (Cs-2) was prepared by 1:2 molar
ratio reaction in a pH ca. 0 solution. The M4 clusters are
sandwiched between two di-lacunary Keggin units, although
the tri-lacunary Keggin POMs are used as starting materials.
The di-lacunary Keggin units should be in situ generated by
decomposition and subsequent reactions of the tri-lacunary
Keggin POMs. Therefore, lower pH may be required to syn-
thesize the present M4 clusters.
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The two samples, Cs-1 and Cs-2, for elemental analysis,
were dried at room temperature under a vacuum of 10¹3
10¹4 Torr overnight. All elements (H, O, P, W, Cs, and Hf or
Zr) were observed for a total analysis of 99.05% for Cs-1 and
99.81% for Cs-2, and Na analysis of <0.001% found for both
POMs revealed no contamination of the sodium ions from the
precursors. The analytical data we found were in good accord
with the calculated values for the formulas within the allowed
errors for 02 hydrated water molecules (see Experimental
section). The weight losses observed during drying before
analysis were 3.69% for Cs-1 and 3.76% for Cs-2, both of
which corresponded to approximately 14 weakly solvated and/
or adsorbed water molecules. Thus, the elemental analyses
showed a presence of a total of 1416 water molecules for both
samples under atmospheric conditions.

On the other hand, in the TG/DTA measurements carried
out under atmospheric conditions, the weight losses of 4.07%
observed at below 199.5 °C for Cs-1 and 4.28% observed
at below 199.7 °C for Cs-2 corresponded to approximately 16
water molecules for both. Thus, the total of 16 water mole-
cules observed by TG/DTA measurements under atmospheric
conditions, assigned as 10 solvated and/or adsorbed water
molecules plus 6 water molecules coordinated to Hf or Zr
atoms, are in good agreement with a total of 1416 water
molecules found by elemental analyses. The formulas present-
ed herein are based on the results of TG/DTA measurements.

The FTIR spectra (Figures 1a and 1b) of Cs-1 and Cs-2,
measured in KBr disks, showed the characteristic bands of the
Keggin POM framework,12 which were very similar to each
other and almost coincidental within experimental error.

The dimethylammonium salts of tetrahafnium(IV) and tetra-
zirconium(IV) cluster cations sandwiched between two di-
1,4-lacunary Keggin POMs, (Me2NH2)8[{Hf4(H2O)4(¯-OH)2-
(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-3) and (Me2NH2)8-
[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-
4), were obtained as analytically pure, colorless crystals in
3.0% and 18.7% yields, respectively. The powder sample
of MeN-3 was prepared by the 1:3 molar ratio reaction of
[B-PW9O34]9¹ with Hf(SO4)2¢4H2O in aqueous acidic solu-
tion (pH ca. 1.41.5) in an ice bath, followed by changing
the counter ion to Me2NH2

+. The Me2NH2
+ salt of 3 was

crystallized by slow evaporation of the solution. Compound
MeN-4 was also prepared by the 1:3 molar ratio reaction
of [B-PW9O34]9¹ with Zr(SO4)2¢4H2O in an aqueous acidic
solution (pH ca. 1.6), after adding Me2NH2Cl, and the
crystalline sample was obtained by slow evaporation. Both
crystalline samples were characterized by CHN elemental
analysis, FTIR, TG/DTA, solution 31PNMR in a D2O and X-
ray crystallography.

The formation of polyoxoanions 3 and 4 can be represented
in eq 2.

2½B-PW9O34�9� þ 4M4þ þ 6H2Oþ 2WO4
2� !

½fM4ðH2OÞ4ð�-OHÞ2ð�3-OÞ2gð¡-1,4-PW10O37Þ2�8�
ðM ¼ Hf 3, Zr 4Þ þ 2Hþ ð2Þ

In the TG/DTA measurements carried out under atmos-
pheric conditions, the weight losses of 3.78% observed at
below 131.0 °C for MeN-3 and those of 3.91% observed at
below 160.5 °C for MeN-4 corresponded to approximately 13
water molecules for both. Thus, the total of 13 water molecules
observed by TG/DTA measurements under atmospheric con-
ditions, assigned as 9 solvated and/or adsorbed water mole-
cules plus 4 water molecules coordinated to Hf or Zr atoms, are
in good agreement with the total of 13 water molecules found
by CHN elemental analyses.

The FTIR spectra (Figures 1c and 1d) of MeN-3 and MeN-
4, measured in KBr disks, showed the characteristic bands
of the Keggin POM framework,12 which were very similar to
each other and almost coincidental within experimental error.
The two intense PO vibrational bands due to di-1,4-lacunary
Keggin POMs are in contrast to the three intense PO bands in
Cs-1 and Cs-2.

Molecular Structures. X-ray crystallography revealed that
the central Hf4 cluster cation moiety in 1, i.e., [{Hf(H2O)}2-
{Hf(H2O)2}2(¯-OH)3(¯3-OH)2]11+, was sandwiched between
two ¡-Keggin 1,2-di-lacunary POMs, [¡-1,2-PW10O37]9¹

(Figure 2a). The central Hf4 cluster cation unit was composed
of two 8-coordinate Hf polyhedra (Hf1A and Hf1B) with one
coordinated water molecule (O1X and O2X were coordinated
to Hf1A and Hf1B, respectively) and two 7-coordinate Hf poly-
hedra (Hf2A and Hf2B) with two coordinated water molecules
(O3X and O4X were coordinated to Hf2A; O5X and O6X were
coordinated to Hf2B). Four Hf polyhedra were linked through
3 ¯-OH (O7X, O9X, and O11X) and 2 ¯3-OH groups (O8X
and O10X) (Tables S1, S2, and S9, Figure S1).

The molecular structure of Zr-analogue 2 in Cs-2 was
isostructural with that of 1 (Tables S3, S4, and S10, Figure S2).

X-ray crystallography revealed that the central Hf4 cluster
cation moiety in 3, i.e., [Hf4(H2O)4(¯-OH)2(¯3-O)2]10+, was

Wavenumber/cm
1800 1200 800 400

(a)

(b)

(c)

(d)

Figure 1. FTIR spectra in the polyoxoanion region (1800
400 cm¹1), measured as KBr disks, of (a) Cs7[[{Hf-
(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢
10H2O (Cs-1), (b) Cs7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3-
(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2), (c) (Me2-
NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢
9H2O (MeN-3), and (d) (Me2NH2)8[{Zr4(H2O)4(¯-OH)2-
(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-4).
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sandwiched between two ¡-Keggin 1,4-di-lacunary POMs, [¡-
1,4-PW10O37]9¹ (Figure 2b). The central Hf4 cluster cation unit
of 3 was different from those of 1 and 2. In contrast to the Hf4
cluster moiety in 1 with two 7-coordinate and two 8-coordinate
Hf atoms, the central Hf4 cluster cation unit in 3 is composed of
only 7-coordinate Hf atoms (Hf1 and Hf2). Four Hf polyhedra
were linked through 2 ¯-OH groups (O1M) and 2 ¯3-O2¹

atoms (O2M) (Tables S5, S6, and S11, Figure S3). The Hf1
atom is accompanied by 2 coordinated water molecules (O1W
and O2W: the BVS of O1W and O2W are 0.388 and 0.397,
respectively), whereas no water molecule is observed on the
Hf2 atom.

The molecular structure of Zr-analogue 4 in MeN-4 was
isostructural with that of 3 (Tables S7, S8, and S12, Figure S4).

Solid-State 31PCPMAS and Solution 31PNMR. Solid-
state 31PCPMASNMR of the crystalline samples of Cs-1 and
Cs-2 showed a single 31P resonance due to the two equivalent
1,2-di-lacunary ¡-Keggin units, as shown in X-ray crystallog-
raphy, at ¹13.82 and ¹13.21 ppm, respectively (Figures 3a
and 3b). The difference in the chemical shifts reflects that of
the tetra-nuclear Hf and Zr clusters.

Solid-state 31PCPMASNMR of the crystalline samples of
MeN-3 and MeN-4 also showed a single 31P resonance due to
the two equivalent 1,4-di-lacunary ¡-Keggin units, as shown in
X-ray crystallography, at ¹11.13 and ¹10.76 ppm, respectively
(Figures 3c and 3d).

The solid-state 31PCPMASNMR spectra of Cs-1 and Cs-2
correspond to the solution 31PNMR spectra in D2O (at ¹13.71
and ¹13.28 ppm, respectively, Figures 4a and 4b), and the
solid-state 31PNMR of MeN-3 and MeN-4 correspond to the
solution 31PNMR in D2O (¹11.68 and ¹10.84 ppm, respec-
tively, Figures 4c and 4d), indicating that the solid-state sand-
wich structures are maintained in solution. These spectra also
demonstrate the purity and single-product nature of these com-
pounds. Solution 31PNMR spectra of the sandwich-structured
Keggin POMs reflect the differences in both the central Hf/Zr
clusters and the lacunary Keggin POM units; the 4:2 com-
plexes, 1:2 complexes, 2:2 complexes, and 3:2 complexes

(Table 1). Comparison within each pair of complexes shows
the differences in the clusters of Hf and Zr.

The chemical shifts of Cs-1 and Cs-2 in D2O (¹13.71 and
¹13.28 ppm, respectively) were found in a higher field than
those in a 0.1M aqueous HCl solution (¹13.42 and ¹12.82
ppm, respectively). The tetranuclear cluster structure may be
present in a different state in D2O and the 0.1M HCl solution.
It should also be noted that the opposite tendency has been
observed in the 2:2 complex; 31PNMR resonances of the
dinuclear Hf and Zr complexes in D2O observed at ¹13.76 and

(a) (b)

Hf2A

Hf1B
Hf2B

Hf1A
Hf1

Hf2 Hf1

Hf2

Figure 2. Molecular structures of the polyoxoanion (a)
[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10-
O37)2]7¹ (1) in Cs-1 and (b) [{Hf4(H2O)4(¯-OH)2(¯3-O)2}-
(¡-1,4-PW10O37)2]8¹ (3) in MeN-3.

(a)

(b)

(c)

(d)

Figure 3. Solid-state 31PCPMASNMR spectra of (a) Cs7-
[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10-
O37)2]¢10H2O (Cs-1), (b) Cs7[[{Zr(H2O)}2{Zr(H2O)2}2-
(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2),
(c) (Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10-
O37)2]¢9H2O (MeN-3), and (d) (Me2NH2)8[{Zr4(H2O)4-
(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-4).

5 0 -5 -10 -15 -20 ppm

(a)

(b)

(c)

(d)

Figure 4. Solution 31PNMR spectra in D2O of (a) Cs7-
[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10-
O37)2]¢10H2O (Cs-1), (b) Cs7[[{Zr(H2O)}2{Zr(H2O)2}2-
(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2),
(c) (Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10-
O37)2]¢9H2O (MeN-3), and (d) (Me2NH2)8[{Zr4(H2O)4-
(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-4).
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¹13.49 ppm, respectively, have shown a slight shift to a lower
field than those in a 0.1M aqueous HCl solution (¹13.86 and
¹13.55 ppm, respectively). This fact has been explained by the
dissociation of the proton from the coordinated water in D2O.5c

Solution 31PNMR of Na-1 to Na-4 in D2O can be compared
with those of Cs-1, Cs-2, MeN-3, and MeN-4 (Table 1).
31PNMR spectrum of Na-2 showed two peaks at ¹12.86
(major) and ¹13.17 (minor) ppm. These two peaks of 31PNMR
of Na-2 were changed to a single peak (¹12.95 ppm) by addi-
tion of an acid, indicating that the major peak at ¹12.86 ppm
was due to the protonated species of Na-2. Probably, Na-1 and
Na-2 show different acidity in aqueous solution.

In order to confirm the solution structures of Na-1 to Na-4,
the solid-state 31PNMR were also measured. The solid-state
31PNMR of Cs-1, Cs-2, MeN-3, and MeN-4, which should
be consistent with X-ray structure, were found to be consistent
with those of Na-1 to Na-4. The latter were consistent with

their solution 31PNMR. Thus, in Na-1 to Na-4, the sandwich
structures are maintained in solution. Further, the difference
of the catalytic activities of Keggin and Dawson POMs with
sandwich structures indirectly suggest that the solid state struc-
tures are maintained in solution (see the section of Catalysis).

Catalysis of MukaiyamaAldol Reaction. The results of
the Mukaiyamaaldol reaction between silyl enol ether (0.5
mmol) and benzaldehyde (0.5mmol), carried out using water-
soluble Zr and Hf sandwich Keggin and Dawson POMs
(5mol%; 0.025mmol) as precatalysts in a CH3CN/water
mixed solvent (4.5mL/2.0mL) at room temperature and in
air, are summarized in Tables 2 and 3 [Note: See Ref. 11 as
to the precatalysts used here]. These reaction conditions are
subtly different from those of Malacria’s papers, in which
excess amounts (0.75mmol6f and 2.5mmol6h) of silyl enol
ether, benzaldehyde (0.5mmol), and Hf/Zr-containing ¡1-
Dawson [P2W17O61]10¹ POMs (20mmol%; 0.1mmol) were

Table 1. Solution 31PNMR and Solid-State 31PCPMASNMR

Entry
Complex
type

Chemical shift
[ppm] in D2O

Solid-state
CPMAS

1 Cs7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-2) 4:2-type ¹13.28 ¹13.21
2 Na7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢25H2O (Na-2) 4:2-type ¹12.86, ¹13.17a) ¹11.50
3 Cs7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢10H2O (Cs-1) 4:2-type ¹13.71 ¹13.82
4 Na7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢25H2O (Na-1) 4:2-type ¹13.48 ¹12.85
5 (Me2NH2)8[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-4) 4:2-type ¹10.84 ¹10.76
6 Na8[{Zr4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢21H2O (Na-4) 4:2-type ¹10.81 ¹10.38
7 (Me2NH2)8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢9H2O (MeN-3) 4:2-type ¹11.68 ¹11.13
8 Na8[{Hf4(H2O)4(¯-OH)2(¯3-O)2}(¡-1,4-PW10O37)2]¢14H2O (Na-3) 4:2-type ¹11.60 ¹11.04
9 (Et2NH2)10[Zr(¡-PW11O39)2]¢7H2O 1:2-type ¹14.57, ¹14.65
10 (Et2NH2)10[Hf(¡-PW11O39)2]¢2H2O 1:2-type ¹14.67, ¹14.77
11 (Et2NH2)8[{¡-PW11O39Zr(¯-OH)(H2O)}2]¢7H2O 2:2-type ¹13.49
12 (Et2NH2)8[{¡-PW11O39Hf(¯-OH)(H2O)}2]¢7H2O 2:2-type ¹13.76
13 (Et2NH2)7H2[Zr3(¯-OH)3(A-¡-PW9O34)2]¢12H2O 3:2-type ¹10.85
14 (Et2NH2)7H2[Hf3(¯-OH)3(A-¡-PW9O34)2]¢11H2O 3:2-type ¹11.45

a) ¤ ¹12.86 ppm (main), ¤ ¹13.17 ppm (minor) in D2O; ¤ ¹12.95 ppm in 0.1M aqueous HCl solution; ¤ ¹12.31 ppm in D2O/CD3CN
(200¯L/450¯L).

Table 2. Keggin POM-Catalyzed MukaiyamaAldol Reaction

CH3CN/H2O, r.t. 24 h

Catalyst (5 mol%; 0.025 mmol)

0.5 mmol 0.5 mmol

+

O
Me3Si

H

O O OH

Entry Keggin POM-based catalysts
Complex
type

Total
yield/%

TON
syn:anti
ratio

1 Na10[Zr(¡-PW11O39)2]¢15H2O 1:2 15 3.0 20:80
2 Na10[Hf(¡-PW11O39)2]¢15H2O 1:2 33 6.6 18:82
3 Na8[{¡-PW11O39Zr(¯-OH)(H2O)}2]¢12H2O 2:2 42 8.4 20:80
4 Na8[{¡-PW11O39Hf(¯-OH)(H2O)}2]¢11H2O 2:2 42 8.4 19:81
5 Na9[Zr3(¯-OH)3(A-¡-PW9O34)2]¢31H2O 3:2 15 3.0 19:81
6 Na9[Hf3(¯-OH)3(A-¡-PW9O34)2]¢18H2O 3:2 13 2.6 20:80
7 Na7[[{Zr(H2O)}2{Zr(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢25H2O (Na-2) 4:2 75 15 14:86
8 Na7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢25H2O (Na-1) 4:2 87 17 15:85
9 Na8[{Zr4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢21H2O (Na-4) 4:2 89 18 12:88
10 Na8[{Hf4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢14H2O (Na-3) 4:2 88 18 13:87
11 Na12[(¡-1,2,3-PW9Ti3O37)2O3]¢20H2O 6 (Ti):2 trace ® ®
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used in a dry CH3CN solvent.6f,6h Tables 4 and 5 show the
effects by varied amounts of precatalysts and their stability as
catalysts, respectively. Table 6 shows the effect of the addition
of pyridine and 2,6-di-tert-butylpyridine, suggesting that the
reaction mechanism was due to Lewis acid catalysis.

(1) Catalysis by Keggin POMs. The Zr and Hf cluster cations
sandwiched between two lacunary Keggin POMs showed vari-
ous activities (Entries 110, Table 2). Aldol as product, i.e.,
3-hydroxy-2-methyl-1,3-diphenylpropan-1-one, was obtained

with high anti-selectivity (syn/anti = 20/8012/88). The
Lewis acid catalytic activities (Table 2) of the Mukaiyama
aldol reaction by the water-soluble sodium salts of the Keggin
sandwich POMs were found in the order of the product yields:
the 4:2 complexes (Entries 710, Table 2) > the 2:2 complexes
(Entries 3 and 4, Table 2) > the 1:2 complexes (Entries 1 and 2,
Table 2) > the 3:2 complexes (Entries 5 and 6, Table 2). The
sandwich-structured POMs used here were air- and water-stable,
and their Lewis acid catalysis was found with high activities and

Table 3. Dawson POM-Catalyzed MukaiyamaAldol Reactiona)

Entry Dawson POM-based catalysts
Complex
type

Total yield
/%

TON
syn:anti
ratio

Ref

1 Li6[¡2-P2W17O61Zr(H2O)3]¢19H2O2 1:1 68 14 10:90 This work
2 Li14[{¡2-P2W17O61Zr(¯-OH)(H2O)}2]¢nH2O5e 2:2 23 4.6 13:87 This work
3 Li14[{¡2-P2W17O61Hf(¯-OH)(H2O)}2]¢nH2O5e 2:2 35 7.0 11:89 This work
4 Li14[Zr4(¯3-O)2(¯-OH)2(H2O)4(P2W16O59)2]¢34H2O4d 4:2 18 3.6 13:87 This work
5 Li14[Hf4(¯3-O)2(¯-OH)2(H2O)4(P2W16O59)2]¢34H2O5d 4:2 5.4 1.1 16:84 This work
6 TBA5K[¡1-Hf(H2O)4P2W17O61] 1:1 85 4.3 48:52 6f
7 TBA5K[¡1-Zr(H2O)4P2W17O61] 1:1 92 4.6 6h

a) Reaction conditions: amounts for Entries 15, catalysts 0.025mmol, benzaldehyde 0.5mmol, silyl enol ether 0.5mmol; solvent:
CH3CN/water (4.5mL/2.0mL), reaction time: 24 h, at room temperature, in air. For Entry 6, catalyst 0.1mmol, benzaldehyde
0.5mmol; silyl enol ether 0.75mmol; solvent: dry CH3CN, reaction time: 24 h, at room temperature. For Entry 7, silyl enol ether
2.5mmol.

Table 4. Yields, TONs, and Stereoselectivities of the MukaiyamaAldol Product by Varied Amounts of Precatalysts, Na-3 and Na-4a)

Entry Keggin POM-based catalysts
Amount of precatalyst

/mmol
Total yield

/%
TON

syn:anti
ratio

1 Na8[{Zr4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢21H2O (Na-4) 0.025 89 18 12:88
2 Na-4 0.012 71 30 13:87
3 Na-4 0.0048 70 73 13:87
4 Na-4 0.0024 47 98 14:86
5 Na8[{Hf4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢14H2O (Na-3) 0.025 94 19 13:87
6 Na-3 0.013 85 33 13:87
7 Na-3 0.0050 62 62 12:88
8 Na-3 0.0023 37 80 12:88

a) Reaction conditions: amounts for Entries 18, benzaldehyde 0.5mmol, silyl enol ether 0.5mmol; solvent: CH3CN/water (4.5mL/
2.0mL), reaction time: 24 h, at room temperature, in air.

Table 5. Yields, TONs, and Stereoselectivities of the MukaiyamaAldol Product after Reuse of Precatalysts Na-1, Na-3, and Na-4
Several Timesa)

Entry Keggin POM-based catalysts
Time
/h

Total yield
/%

TON
syn:anti
ratio

1 Na7[[{Hf(H2O)}2{Hf(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10O37)2]¢25H2O (Na-1) 24 92 18 15:85
2 after the 1st reuse 24 93 19 15:85
3 after the 2nd reuse 24 92 18 15:85
4 after the 3rd reuse 24 90 18 15:85
5 after the 4th reuse 24 91 18 15:85
6 Na8[{Zr4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢21H2O (Na-4) 24 89 18 12:88
7 after the 1st reuse 29 86 17 13:87
8 after the 2nd reuse 31 84 17 13:87
9 Na8[{Hf4(¯-OH)2(¯3-O)2(H2O)4}(¡-1,4-PW10O37)2]¢14H2O (Na-3) 24 94 19 13:87
10 after the 1st reuse 24 91 18 13:87
11 after the 2nd reuse 24 94 19 13:87

a) Reaction conditions: amounts for Entries 1, 6, and 9, 0.025mmol; benzaldehyde 0.5mmol; silyl enol ether 0.5mmol; solvent:
CH3CN/water (4.5mL/2.0mL), at room temperature, in air. The results of Entries 1, 6, and 9 are obtained by different lots of the
catalysts in Entries 8, 9, and 10 in Table 2.
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excellent stereoselectivities. The reaction sites will be the sites
of the water molecules coordinated to the Hf/Zr atoms within
the sandwiched clusters, because such sites can interact with the
aldehyde oxygen atom of the substrate. The tetranuclear Hf/Zr
complexes, i.e., the 4:2 complexes, showed higher activities
(Entries 710, Table 2) than the 2:2 complexes (Entries 3 and 4,
Table 2). These results are attributable to the fact that the former
complexes have 46 available reaction sites as terminal water
molecules, while the latter have only 2 sites. The 3:2 complexes
showed the lowest activities, because the central trinuclear
clusters have no available site for interaction with the sub-
strate. Among the sandwich structured-POMs, it was found
that the Keggin 4:2 complexes showed high activities, while
the 1:2 complexes showed low activities (Entries 1 and 2,
Table 2). With regard to the apparent activities of the Keggin
1:2 complexes, the following points should be noted. Since the
1:2 complexes are composed of saturated coordinated Hf/Zr
atoms, i.e., 8-coordinate Hf/Zr atoms, they should not have any
activities, i.e., the 1:2 complexes are not true catalysts. Since 1:2
complexes are readily converted to 2:2 complexes (composed of
dinuclear 7-coordinate Hf/Zr atoms) under acidic conditions,5c

the converted 2:2 complexes will act as true catalysts. On the
other hand, the dimeric form of the trititanium(IV)-substituted
Keggin POM, [(¡-1,2,3-PW9Ti3O37)2O3]12¹, did not show any
activity in the Mukaiyamaaldol reaction (Entry 11, Table 2).
Titanium(IV) atoms occupying in the lacunary sites of the
POM do not work as Lewis acid catalysts, whereas TiCl4 in
organic solvents works as a general Lewis acid catalyst.7a

The titanium(IV) atoms in [(¡-1,2,3-PW9Ti3O37)2O3]12¹ take
6-coordinate composed of the lacunary POM site as a 5-
coordinate ligand and one terminal OH group, and thus they
cannot further accept an electron pair of the Lewis base. In case
of the Keggin-sandwiched POMs, these results indicate that
the Hf/Zr sandwich structures do not necessarily preclude or
decrease catalytic activity, and the existence of the free sites

for complexation of substrates is important. Furthermore, the
sandwiched Keggin structures induced the anti-selectivity of
the products (vide infra).

(2) Stereoselectivity of the product. The high anti-selectivity
of the products found here is in contrast to the syn-selectivity
of the products obtained by general Lewis acid catalysts,
for example, TiCl4 (¹78 °C, CH2Cl2), and mononuclear com-
plexes such as Sc(OTf )3, Bi(OTf )3, and Sn(OTf )2 bearing
chiral bipyridine or chiral diamine ligands.7a7d anti-Selective
Mukaiyamaaldol reactions using a chiral zirconium catalyst
containing bulky ligands such as (R)-3,3¤-I2BINOL have been
reported.7f The sandwich structure of the present POMs still
has available reaction sites and the presence of large POM
moieties can significantly participate in the interaction of the
Hf/Zr sites with aldehyde and subsequent nucleophilic attack of
silyl enol ether. Because the high anti-selectivity of the products
was found here regardless of Keggin (Table 2) or Dawson
(Table 3) POMs, it is concluded that the high anti-selectivity is
characteristic of the POM-based catalysis. However, at present
its mechanism is still unclear. The high anti-selectivity of
the products was also confirmed by reactions using aldehydes
such as p-tolualdehyde and p-methoxybenzaldehyde other than
benzaldehyde.

(3) Issue of water and reaction system. Although the reaction
system contained water that comes from the solvent system and
the solvated water molecules of the precatalysts, remarkably
reduced activities were not found due to the hydrolysis of silyl
enol ether. In fact, the highest activities found here (Entries 7
10, Table 2) were comparable to those of the Hf/Zr-containing
[¡1-P2W17O61]10¹ POMs reported by Malacria et al. (Entries 6
and 7, Table 3), the reactions of which were carried out
in dry CH3CN.6f,6h Furthermore, our reaction conditions in
the CH3CN/water system were found to have some merit in
the elimination of the TMS group and subsequent protona-
tion leading to the final product, because the overall reac-

Table 6. Inhibition of the MukaiyamaAldol Reaction

Entrya) Catalyst Additive Yield/% TON syn:anti ratio

1 Na-1 ® 87 17 15:85
2 Na-1 2,6-di-tert-butylpyridine 85 17 14:86
3 Na-1 pyridine 35 7.0 17:83
4 Na-2 ® 75 15 14:86
5 Na-2 2,6-di-tert-butylpyridine 66 13 18:82
6 Na-2 pyridine 10 2.0 24:76
7 Na-3 ® 88 18 13:87
8 Na-3 2,6-di-tert-butylpyridine 64 13 15:85
9 Na-3 pyridine 15 3.0 20:80
10 Na-4 ® 89 18 12:88
11 Na-4 2,6-di-tert-butylpyridine 70 14 14:86
12 Na-4 pyridine 28 5.6 17:83

13 ¡1-Dawson/Hfb) ® 100 5
14 ¡1-Dawson/Hfb) 2,6-di-tert-butylpyridine 6 0.3
15 ¡1-Dawson/Hfb) pyridine 5 0.25
16 ¡1-Dawson/Zrc) ® 92 4.6
17 ¡1-Dawson/Zrc) 2,6-di-tert-butylpyridine 0 0
18 ¡1-Dawson/Zrc) pyridine 16 0.8

a) Entries 1318 are cited from Ref. 6h. b) (Bu4N)5K[¡1-Hf(H2O)4P2W17O61]. c) (Bu4N)5K[¡1-Zr-
(H2O)4P2W17O61].
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tions take place without the addition of any acids, such as HCl,
as in other reported Mukaiyamaaldol reactions in aqueous
media.7g,7h Probably, the water molecules coordinated to the
higher charge HfIV/ZrIV atoms will function as a Brønsted acid
for hydrolysis of the intermediate. This is in contrast to the
reactions of Malacria’s group carried out in dry CH3CN,6f,6h

in which they have used aq. HCl for desilylation or in order
to eliminate the TMS group and obtain the final product by
protonation. This is also in contrast to the general Lewis acid
reactions catalyzed by TiCl4, Sc(OTf )3 etc., in which protonic
acids or water are added.7a7d

The present reactions should also be compared with the re-
sults by heterogeneous catalysts such as mesoporous alumino-
silicate,7e in which the final product is not a (¢-hydroxy)-
carbonyl compound, but a ¢-siloxy ketone, because the
protonation step is lacking.

(4) Catalysis by Dawson POMs. Lewis acid activities in the
Mukaiyamaaldol reaction by the water-soluble lithium salts of
the sandwich Dawson POMs, under conditions similar to the
Keggin POM-based reactions, were found in the order of the
1:1 complex (Entry 1, Table 3) > the 2:2 complexes (Entries 2
and 3, Table 3) > the 4:2 complexes (Entries 4 and 5, Table 3),
all kept with high anti-selectivity.

The apparent activity by the 1:1 complex (Entry 1, Table 3)
does not simply come only from the monomeric, open-
structured POM, because it can be readily changed to the 2:2
complex and the 1:2 complex.5e The true activity by the 1:1
complex itselfmay be comparable to those ofMalacria’s results
(Entries 6 and 7, Table 3). It should be noted that the high
anti-selectivity of the product is kept in the case of catalysis
by the 1:1 complex (see the discussion (2) described above).

The lowest activities of the Dawson 4:2 complexes (Entries 4
and 5, Table 3) should be compared with the highest activities
of the Keggin 4:2 complexes (Entries 9 and 10, Table 2),
because the structures of the central tetranuclear cluster cations
are quite the same. It is suggested that the Dawson POM
moieties will strongly restrict interaction between aldehyde and
the central Hf/Zr cluster ion, and/or subsequent nucleophilic
attack by silyl enol ether. This may also be the reason why the
activities of the 4:2 complexes (Entries 4 and 5, Table 3) are
lower than those of the 2:2 complexes (Entries 2 and 3, Table 3),
despite the former having many more available reaction sites
than the latter. However, the high anti-selectivity of the product
indicates that the reaction mechanism is the same in the catalysis
by the present Dawson and Keggin POMs.

(5) Amounts of catalysts. The yields, TONs and stereo-
selectivities by varied amounts of precatalysts, i.e., the 4:2
complexes Na-3 and Na-4, are summarized in Table 4 (Entries
18). The varied amounts of precatalysts (0.0250.0024mmol)
resulted in yields of 4789% and TONs of 1898; the syn:anti
selectivities were unchanged (14:8612:88). These results
showed that the sandwich-structured precatalysts were stable
under the reactions. These yields and TONs are superior to
those of the open-structured Hf/Zr-containing ¡1-Dawson
POMs (Entries 6 and 7, Table 3).

(6) Reuse of catalysts. The yields, TONs and stereoselectiv-
ities found after reusing precatalysts Na-1, Na-3, and Na-4
several times are shown in Table 5 (Entries 111). The
activities and selectivities were unchanged, for example, even

after 4th reuse of Na-1 (Entry 5, Table 5). Thus, it is also
concluded that these sandwich-structured Hf/Zr compounds
are very stable as catalysts even in water-containing reaction
systems.

(7) Reaction mechanism. The Mukaiyamaaldol reaction
was examined in the presence or absence of additives, i.e.,
pyridine and 2,6-di-tert-butylpyridine. Malacria’s group has
recently pointed out the fact that (1) both bases are strong
enough to capture protons and should inhibit any Brønsted
acid-catalyzed reaction, (2) pyridine also binds to metal centers,
thus inhibiting Lewis acid-catalyzed reactions, but (3) 2,6-di-
tert-butylpyridine is highly hindered and should coordinate
less to the Lewis acid centers located in the POMs, and its
effect on Lewis acid catalysis is expected to be weak.6h

Our reaction solutions were white suspensions composed
of POM catalysts (Na-1Na-4: 0.025mmol), benzaldehyde
(0.5mmol), silyl enol ether ((Z)-1-phenyl-1-trimethylsiloxy-1-
propene, 0.5mmol), pyridine (0.1mmol) or 2,6-di-tert-butyl-
pyridine (0.1mmol), toluene (0.94mmol) in a mixed solvent
(CH3CN 4.5mL/H2O 2.0mL). During stirring at room temper-
ature for several hours, the suspensions became homogeneous,
colorless, clear solutions. After a reaction time of 24 h, the
solutions were analyzed by HPLC. The results are summarized
in Table 6.

The 2,6-di-tert-butylpyridine influenced all of the reaction
outcomes less, regardless of the metal center (Entries 2, 5, 8,
and 11, Table 6), whereas pyridine significantly decreased the
outcomes of all the reactions (Entries 3, 6, 9, and 12, Table 6).
Thus, the Mukaiyamaaldol reactions by Na-1Na-4 proceed
through substrate complexation, i.e., Lewis acid catalysis.
An easy deprotonation of coordinated water molecules in
the POM/Hf or POM/Zr complexes, which has been indicated
by DFT calculations,6h does not play an important role in our
reaction mechanism.

Our results based on Lewis acid catalysis are quite different
from the mechanism based on the indirect Brønsted catalysis
proposed by Malacria et al. for Mukaiyamaaldol reaction
by ¡1-Dawson complexes, (Bu4N)5K[¡1-M(H2O)4P2W17O61]
(M = Hf, Zr).6f In the latter, nearly complete inhibition of the
reaction was observed in all the cases in which both pyridine
and 2,6-di-tert-butylpyridine were included.

The high anti-selectivity of the products in the catalysis by
our Keggin and Dawson POMs with the sandwich structure
suggests that the POM moieties which comprise the sandwich
structure also significantly take part in the nucleophilic attack
by silyl enol ether in the transition state, but not only the central
Hf/Zr cluster cation moieties.

(8) Comparison with the catalysis by [¡1-L(H2O)P2W17O61]
reported by Malacria’s group. First, although the reaction
conditions are subtly different from those of Malacria’s papers,
in which dry CH3CN was used as solvent, the present reac-
tions can be compared with the reactions by the [¡1-L(H2O)-
P2W17O61] catalysts reported by Malacria’s group,6f because
they think that the dimeric species is of low activity. Second,
the stereoselectivity in the present Keggin and Dawson POM-
based catalysis is in contrast to that in the catalysis by the
open-structured ¡1-Dawson POMs of Hf atoms, in which the
products were reported as those with comparable or slightly
higher syn-selective ratios (syn:anti ratios = 48:52, 56:44,
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60:40, 55:45, and 66:34).6f As to the stereoselectivity of the
product, Malacria et al. have also reported syn:anti = 25:75 for
the Keggin POM catalyst (TBA)3.7K0.3[¡-Hf(OH)PW11O39]6f

and syn:anti = 48:52 for the ¡1-Dawson/Hf POM.6f

Conclusion

Four tetranuclear HfIV and ZrIV cluster cations, sand-
wiched between two 1,2-di-lacunary ¡-Keggin polyoxo-
metalates (POMs) and between two 1,4-di-lacunary POMs,
i.e., [[{M(H2O)}2{M(H2O)2}2(¯-OH)3(¯3-OH)2](¡-1,2-PW10-
O37)2]7¹ (M = Hf 1 and M = Zr 2) and [{M4(H2O)4(¯-OH)2-
(¯3-O)2}(¡-1,4-PW10O37)2]8¹ (M = Hf 3 and M = Zr 4),
respectively, were synthesized and rigorously characterized
by complete elemental analysis, TG/DTA, FTIR, solid-state
and solution 31PNMR, and X-ray crystallography. Homo-
geneous Lewis acid catalysis by the water-soluble sodium
salts of the Hf/Zr-containing sandwich-structured Keggin
POMs Na-1Na-4 was evaluated for the Mukaiyamaaldol
reaction of silyl enol ether with benzaldehyde in aqueous/
CH3CN media, together with syn/anti-stereoselectivity of the
reaction product, i.e., 3-hydroxy-2-methyl-1,3-diphenylpropan-
1-one, at room temperature under air. In this work, we have
interest in whether the Hf/Zr sandwich-structured POM com-
plexes truly preclude or decrease catalytic activity, because
Malacria’s group thinks that the dimeric POM species is of
low activity.6f

The water-soluble sodium salts of the Keggin sandwich
POMs Na-1Na-4 were air- and water-stable, and their Lewis
acid catalysis was found with high activities. The catalytic
activities by Na-1Na-4 were superior to those of the Dawson
analogues and other sandwich-structured Keggin POMs. It
should be noted that all of the POM-based sandwich-structured
compounds showed high anti-selectivity of the products,
regardless of high and low activities. The excellent stabilities
of Na-1Na-4 as catalysts, i.e., no reduced activities, were
confirmed even after reusing several times. The effect of the
addition of pyridine and 2,6-di-tert-butylpyridine showed that
the present reactions are exclusively due to Lewis acid cata-
lysis. Furthermore, the high anti-selectivities of the reaction
products and the fact that the catalytic activities by Keggin
POMs are superior to those by Dawson analogues with the
same structured central cluster cations suggest that not only
the central cluster cation moieties, but also the polyoxoanion
moieties should significantly participate in the Mukaiyama
aldol reaction mechanism. The presence of large POM moieties
should significantly contribute to the interaction of the Hf/Zr
sites with aldehyde and subsequent nucleophilic attack of silyl
enol ether, but its mechanism is unclear at present. A more
detailed mechanism will be reported in due course.
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Molecular structures of Cs-1 (Figure S1), Cs-2 (Figure S2),
MeN-3 (Figure S3), and MeN-4 (Figure S4), bond lengths and
angles for Cs-1, Cs-2, MeN-3, and MeN-4 (Tables S2, S4, S6,

and S8, respectively), selected bond lengths and angles around
the cluster cation moiety for them (Tables S1, S3, S5, and S7),
bond valence sum calculations of the Hf and O atoms for Cs-1
and MeN-3 (Tables S9 and S11) and those of the Zr and O
atoms for Cs-2 andMeN-4 (Tables S10 and S12). This material
is available free of charge on the Web at http://www.csj/jp/
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Two types of tetranuclear phosphanegold(I) cations as
dimers of dinuclear units, [{(Au{P(p-RPh)3})2(μ-OH)}2]

2+

(R = Me, F), synthesized by polyoxometalate-mediated
clusterization†

Takuya Yoshida, Satoshi Matsunaga and Kenji Nomiya*

Novel intercluster compounds [{(Au{P(p-RPh)3})2(μ-OH)}2]3[α-PM12O40]2·nEtOH (R = Me, M = W for 1;

R = Me, M = Mo for 2; R = F, M = Mo for 3) were synthesized by the polyoxometalate (POM)-mediated

clusterization of monomeric phosphanegold(I) complexes, and unequivocally characterized by elemental

analysis, TG/DTA, FTIR, X-ray crystallography, and 1H and 31P{1H} NMR. In each cluster cation, two digold(I)

units, {Au{P(p-RPh)3})2(μ-OH)}+, dimerized to form the tetragold(I) cluster cation by interdimer auro-

philic interactions, i.e., a dimer of dinuclear units, and these cations showed different forms of structural

dimerization, i.e., a crossed-edge arrangement for 1 and 2 and a parallel-edge arrangement for 3,

depending upon the substituent on the aryl group of triarylphosphanes. The dimerization of digold(I)

cations was affected by not only the type of the POMs, but also the phosphane ligand of the monomeric

phosphanegold(I) precursors.

Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that
are of current interest as soluble metal oxides and for their
applications in catalysis, medicine, and materials science.1

The preparation of POM-based materials is therefore an active
field of research. One of the intriguing aspects of POMs is that
their combination with cluster cations or macrocations has
resulted in the formation of various intercluster compounds
that are interesting from the viewpoints of conducting research
on ionic crystals, crystal growth, crystal engineering, structure,
sorption properties, and so on. In many compounds, POMs
have been combined with separately prepared Au cluster
cations.2

Recently, we unexpectedly found the clusterization of
monomeric phosphanegold(I) [Au(PR3)]

+ units during the
course of carboxylate elimination of a monomeric phosphane-
gold(I) carboxylate, [Au(RS-pyrrld)(PPh3)] (RS-Hpyrrld = (RS)-2-
pyrrolidone-5-carboxylic acid), in the presence of the free-acid
form of the α-Keggin POM, H3[α-PW12O40]·7H2O.

3a This

reaction resulted in the formation of a tetrakis{triphenylphos-
phanegold(I)}oxonium cation, i.e., [{Au(PPh3)}4(μ4-O)]2+, as
countercations of POM anions. In addition, we also found
that the reaction of [Au(RS-pyrrld)(PPh3)] with the sodium
salt of the α-Keggin POM, Na3[α-PW12O40]·9H2O, gave a hepta-
kis{triphenylphosphanegold(I)}dioxonium cation, i.e., [{{Au-
(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+, with the α-Keggin POM
anion.3b The formation of such tetragold(I) and heptagold(I)
cluster cations was strongly dependent upon the bulkiness and
charge density of the POMs, and the POMs appeared to act as
a template in the clusterization of phosphanegold(I) cations.

The field of element-centered gold clusters [E(AuL)n]
m+ (L =

group 13–17 elements)4–8 has been extensively studied by the
groups of Schmidbaur4a,b,7 and Laguna;4c,6i,j their findings
included [E(AuPPh3)4]

2+ (E = S, Se),6i,j the angular flexibility of
the Au–E–Au angles,4a,b and new structural findings, i.e., the
tetrahedral bonding of [N(AuL)4]

+ and the pyramidal bondings
of [As(AuL)4]

+ and [P(AuL)4]
+.7 In addition, several phosphane-

gold(I) complexes have been known to serve as effective
homogeneous catalysts for organic synthesis.9a–f For example,
[{Au(PPh3)}3(μ3-O)]BF45d,e,9g–j has been used as an effective
catalyst for a Claisen rearrangement of propargyl vinyl
ethers,9a–f and such a complex has also been used as a precur-
sor for the synthesis of novel metal complexes.10 Conceivably,
the oxonium cations, [{Au(PR3)}3(μ3-O)]+, are sources of the
catalytically active [Au(PR3)]

+ species.
The aurophilic interaction is the driving force for the oligo-

merization of many phosphanegold(I) cluster cations in the

†Electronic supplementary information (ESI) available: Molecular structure of 2,
syntheses of the phosphanegold(I) precursors. CCDC 940031–940033. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c3dt51412a
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solid state, resulting in the dimer-of-multinuclear phosphane-
gold(I) clusters.5a,d–g,6c–h,8b,c For example, trigold(I) oxonium
cations [{Au(PR3)}3(μ3-O)]+ have been reported to exhibit
different forms of structural dimerization depending upon the
bulkiness of phosphane ligands, resulting in the hexagold(I)
cation as a dimer of trinuclear units [{{Au(PR3)}3(μ3-O)}2]2+.5d–g

The previously described heptagold(I) dioxonium cation, i.e.,
[{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+, was regarded as an
assembly of the tetragold(I) unit {{Au(PPh3)}4(μ4-O)} and the
trigold(I) unit {{Au(PPh3)}3(μ3-O)} induced by intercationic
aurophilic interactions.3b This class of compounds is of inter-
est as a source of useful aurating agents, and the POM-
mediated clusterization of the phosphanegold(I) complexes
provides effective synthetic routes for novel phosphanegold(I)
cluster cations by a combination of the phosphanegold(I) car-
boxylate and different POMs. In fact, the previously described
heptagold(I) cluster has been isolated only by the POM-
mediated clusterization method.3b

In this paper, we report the syntheses and characterizations
of novel intercluster compounds [{(Au{P(p-RPh)3})2(μ-OH)}2]3-
[α-PM12O40]2·nEtOH (R = Me, M = W for 1; R = Me, M = Mo for
2; R = F, M = Mo for 3), which were synthesized by the POM-
mediated clusterization of the monomeric phosphanegold(I)
complexes. We successfully determined their molecular struc-
tures by X-ray crystallography. In each cluster cation, two
digold(I) units dimerized to form the tetragold(I) cluster cation
as a dimer of dinuclear units by interdimer aurophilic inter-
actions, and these cations showed different forms of structural
dimerization, i.e., a crossed-edge arrangement for 1 and 2 and
a parallel-edge arrangement for 3. The parallel-edge tetragold(I)
cation in 3 has not been synthesized by the conventional
method, but can only be synthesized by the POM-mediated
clusterization method.

Results and discussion
Synthesis and composition characterization

The intercluster compounds between the dimer of triaryl phos-
phanegold(I) hydroxo dimers and the α-Keggin POM anion
were obtained as 1 in 78.0% (0.078 g scale) yield and as 3 in
27.9% (0.071 g scale) yield. These compounds were prepared
by reactions between [Au(RS-pyrrld)(P(p-RPh))] (R = Me for 1
and 2, R = F for 3) in CH2Cl2 and the free-acid forms of Keggin
POMs in mixed EtOH–H2O solvents, i.e., H3[α-PM12O40]·nH2O
(M = W, n = 7 for 1; M = Mo, n = 14 for 2 and 3), at r.t. Their
crystallizations were carried out by slow evaporation. The mole-
cular formulae of the intercluster compounds 1 and 3 prepared
here were consistent with the obtained results of X-ray crystal-
lography, elemental analysis, thermogravimetric and differen-
tial thermal analyses (TG/DTA), Fourier transform infrared
(FTIR), and solution 31P{1H} nuclear magnetic resonance
(NMR) spectra. In the case of compound 2, an unknown green-
ish powder was also formed as a byproduct in addition to
yellow plate crystals of 2. Because manual separation of the
byproduct was not possible, bulk chemical analysis of 2 was

not performed, and only the crystal structure was determined
by single-crystal structural analysis.

The formation of 1 and 2 is represented in eqn (1) and that
of 3 is represented in eqn (2).

12½AuðRS-pyrrldÞfPðp-MePhÞ3g� þ 2H3½α-PM12O40�
þ 6H2O ! ½fðAufPðp-MePhÞ3gÞ2ðμ-OHÞg2�3½PM12O40�2
þ 12RS-Hpyrrld ðM ¼ W for 1;Mo for 2Þ

ð1Þ

12½AuðRS-pyrrldÞfPðp-FPhÞ3g� þ 2H3½α-PMo12O40�
þ 6H2O ! ½fðAufPðp-FPhÞ3gÞ2ðμ-OHÞg2�3½PMo12O40�2 ð3Þ
þ 12RS-Hpyrrld

ð2Þ

X-ray crystallography of 1, 2, and 3 showed the formation of
discrete intercluster compounds between [{(Au{P(p-RPh)3})2-
(μ-OH)}2]

2+ (R = Me for 1 and 2, F for 3) and a saturated Keggin
POM (Molecular structures of 1, 2, and 3).

Compounds 1, 2, and 3 showed the same composition and
formulae except the substituent on the aryl group of triaryl-
phosphanes. When [Au(RS-pyrrld)(P(o-RPh)3)] (R = H and Me)
was used in reactions with the free-acid form of α-Keggin
POMs such as Hn[XM12O40]·yH2O (X = P, Si; M = W, Mo), the
oxonium-centered tetragold(I)phosphane cations [{Au(PR3)}4-
(μ4-O)]2+ were obtained.3a In addition, the heptagold(I)phos-
phane cation, [{Au(PPh3)}7O2]

3+, was formed by the reaction of
[Au(RS-pyrrld)(PPh3)] with the sodium salt of an α-Keggin
POM, Na3[PW12O40]·9H2O.

3b In the present study, the reactions
of [Au(RS-pyrrld){P(p-RPh)3}] (R = Me, F) with H3[α-PM12O40]·
nH2O (M = W, Mo) provided the tetragold(I) cluster cation as a
dimer of dinuclear units, [{(Au{P(p-RPh)3})2(μ-OH)}2]

2+ (R = Me
for 1 and 2; F for 3). Therefore, the POM-mediated clusteriza-
tion of the monomeric phosphanegold(I) complexes depends
upon not only the POMs, but also the phosphane ligand of the
monomeric phosphanegold(I) precursors.

In the TG/DTA measurements performed under atmos-
pheric conditions, the weight loss of 0.55% observed at temp-
eratures less than 258.3 °C for 1 corresponded to ca. one EtOH
molecule, and that of 1.40% observed at temperatures less
than 223.4 °C for 3 corresponded to ca. three EtOH molecules,
all of which were consistent with the elemental analysis
results.

The solid-state FTIR spectra of 1 and 3 showed the charac-
teristic vibrational bands on the basis of coordinating PR3

ligands (R = Me for 1, F for 3). The FTIR spectra also showed
prominent vibrational bands owing to the α-Keggin tungsto-
POMs (1079, 978, 896, and 820 cm−1) for 1 and the α-Keggin
molybdo-POMs (1062, 957, 879, and 799 cm−1) for 3.13 In these
spectra, the carbonyl vibrational bands of the anionic (RS)-
pyrrld ligand in the [Au(RS-pyrrld)(P(p-RPh)3)] (R = Me for 1, at
1699 and 1637 cm−1; F for 3, at 1697 and 1634 cm−1) precur-
sors disappeared, suggesting that the carboxylate ligand was
eliminated. Elimination of the carboxylate ligand was also con-
firmed by 1H NMR in DMSO-d6. The carboxylate plays only
the role of a leaving group. In fact, not only pyrrolidone
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carboxylate, but also other carboxylates such as 5-oxotetra-
hydrofuran-2-carboxylate and acetylglycinate can serve as the
leaving groups in the formation of the tetraphosphanegold(I)
clusters in the presence of POMs.3a

Molecular structures of 1, 2, and 3

Single-crystal X-ray analysis revealed that 1 crystallizes in the
cubic Ia3̄d space group and is composed of three tetragold(I)
cluster cations, i.e., [{(Au{P(p-MePh)3})2(μ-OH)}2]

2+, and two
saturated α-Keggin POMs [α-PW12O40]

3− as counteranions
(Fig. 1a).

The tetragold(I) cluster cation in 1 can be regarded as the
dimerization of digold(I) units {(Au{P(p-MePh)3})2(μ-OH)}+.
The digold(I) unit consists of two Au{P(p-MePh)3} monomer
subunits linked by a μ-OH ligand and is triangular in shape.
Two digold(I) units dimerize to form the tetragold(I) cluster
cation, [{(Au{P(p-MePh)3})2(μ-OH)}2]

2+, by interdimer aurophi-
lic interactions (Au1–Au1′, 2.991 Å) in a crossed-edge arrange-
ment, leading to a tetrahedral array of the four gold(I) atoms
(Fig. 1b). This interdimer Au–Au distance was longer than the
Au–Au separation of metallic gold (2.88 Å) but was shorter
than twice the van der Waals radius of gold (3.32 Å). In

Fig. 1 (a) Molecular structure of [{(Au{P(p-MePh)3})2(μ-OH)}2]3[α-PW12O40]2·EtOH (1); (b) the partial structure around the tetragold(I) cluster core of 1 in a crossed-
edge arrangement; and (c) the short interactions between the tetragold(I) unit and the α-Keggin POM unit.
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comparison, the intradimer Au–Au distance was 3.554 Å, indi-
cating the absence of any significant aurophilic interactions in
each dimer. The Au1–O1–Au1′ bond angle is 116.1°. A crossed-
edge tetragold(I) cation similar to that observed in 1 has been
reported for [({Au(PPh3)}2(μ-OH))2](TfO)2,

5a and its interdimer
Au–Au distances were reported to be 3.1035–3.2798 Å. These
distances are longer than that of compound 1 (2.991 Å), indi-
cating stronger aurophilic interactions in 1. Hydrogen bonding
between the μ-OH and the TfO− anion was observed in the
reported [({Au(PPh3)}2(μ-OH))2](TfO)2, whereas for compound
1, no interaction was observed between the tetragold(I) core
and the Keggin POM unit. However, hydrogen bonding
between the peripheral phosphane ligands and the oxygen
atoms of Keggin POMs was found in 1 (O3⋯H6, 2.420 Å;
O3⋯H17, 2.551 Å; O3⋯H21A, 2.692 Å; O4⋯H14A, 2.643 Å;
O6⋯H14A, 2.688 Å; Fig. 1c). Other related compounds are
the halide-bridged tetragold(I) cations with a crossed-edge
arrangement, [({Au(PR)}2(μ-X))2](SbF6)2 (X = Cl, Br, I; R = Ph3,
{(MeO)2C6H3}Ph2).

8b,c These compounds showed an anion-
dependent monomer–dimer conversion, i.e., the compounds
exist as tetragold(I) dimers with large SbF6

− anions, whereas
they occur as digold(I) monomers with small anions such as
BF4

− or ClO4
−. The Keggin POM anion is much larger than the

SbF6
−, BF4

−, and ClO4
− anions; therefore, the fact that com-

pound 1 exists as tetragold(I) dimers is consistent with the pre-
viously described anion dependency.

X-ray crystallography revealed that the molecular structure
of 2 is isostructural with that of 1 except that the addenda
metal atoms of Keggin POM units are Mo (Fig. S1†).

Single-crystal X-ray analysis revealed that 3 crystallizes in
the triclinic P1̄ space group and is composed of three tetragold(I)
cluster cations, i.e., [{(Au{P(p-FPh)3})2(μ-OH)}2]

2+, two satu-
rated α-Keggin POMs [α-PMo12O40]

3− as counteranions, and
four solvated ethanol molecules (Fig. 2a).

As with compound 1, the digold(I) unit consists of two Au-
{P(p-FPh3} monomers linked by a μ-OH ligand, and the two
digold(I) units dimerize by interdimer aurophilic interactions
(Au1–Au2′, 3.280 Å; Au3–Au4′, 3.197 Å; Au5–Au6′, 3.192 Å) to
form the tetragold(I) cluster cation [{(Au{P(p-FPh)3})2-
(μ-OH)}2]

2+. There were three crystallographically independent
tetragold(I) cations in the unit cell. Unlike compound 1, the
digold(I) cations of 3 dimerized in a parallel-edge arrangement,
leading to a rectangular array of the four gold(I) atoms
(Fig. 2b). The Au–(μ-OH)–Au angles in each digold(I) dimer are
92.216° (Au1–O1–Au2), 91.700° (Au3–O2–Au4), and 98.572°
(Au5–O3–Au6), and these angles are narrower than that in 1
(116.1°). Because of these narrow angles, the intradimer
Au–Au distances of the digold(I) unit are shorter (2.996 for
Au1–Au2, 2.998 for Au3–Au4, and 3.152 for Au5–Au6 Å) than
that of 1, indicating that the aurophilic interactions are also
present in the digold(I) units. Notably, interactions between
the tetragold(I) core and the Keggin POM unit were observed in
compound 3 (Fig. 2c). The Keggin POM interacts with each
crystallographically independent tetragold(I) cation (Au1, Au2,
and O1 interact with edge-sharing oxygen atoms O34, O36,
and O35; Au3, Au4, and O2 interact with edge-sharing oxygen

atoms O25, O13, and O14; Au5 interacts with edge-sharing
oxygen O11; Au6 and O3 interact with corner-sharing oxygen
atoms O11 and O7; the short distances between O1, O2, O3
and O36, O25, O7 indicate the existence of a hydrogen
bonding), resulting in a 2D sheet structure (Fig. 2c). The short
contact between the fluorine atoms of the phosphane ligands
of tetragold(I) cations and the oxygen atoms of Keggin POM
units was not observed.

A parallel-edge tetragold(I) cation similar to that observed
in 3 has been reported for the thiolate-bridged tetragold(I)
cations [({Au(PR1)}2(μ-SR2))2]

2+ (R1 = Ph, Me; R2 = CMe3,
2-H2NC6H4, CH2CMe3, 4-MeC6H4, 2,3,4,6-tetraacetyl-1-thio-D-glu-
copyranosato).6c–h To the best of our knowledge, compound 3
is the first example of a hydroxide-bridged tetragold(I) cation
dimerized in a parallel-edge arrangement.

Many trigold(I) oxonium cations have been reported, and
these cations show different forms of structural dimerization
depending upon the phosphane ligands, resulting in the hexa-
gold(I) cations.5d–f For example, the rectangular-type hexagold(I)
cations were favored with bulkier phosphane ligands such
as PPh3 and PMePh2, whereas trimers were favored with
smaller ligands such as PMe3 dimerized in a tetrahedral
arrangement. Theoretical studies also support these results.5g

The present crossed- and parallel-edge tetragold(I) cations may
also be regarded as analogs with the loss of {AuPR3}

+ moieties
from each trimer of the tetrahedral and rectangular cations,
respectively. In the case of the tetragold(I) cations presented
here, the crossed-edge tetragold(I) cations in 1 and 2, i.e., the
analog of the tetrahedral type, are formed even with bulkier
ligands such as P(p-MePh)3. On the other hand, the digold(I)
cation with a smaller ligand such as P(p-FPh)3 formed the paral-
lel-edge tetragold(I) cation in 3, i.e., the analog of rectangular
cations. Our results indicate that the dimerization of digold(I)
cations may be affected by not only the bulkiness of the phos-
phane ligand, but also the interactions between the digold(I)
cations, including the phosphane ligand and the POM anion.

Solution 31P{1H} NMR

The solution 31P{1H} NMR spectrum of 1 in DMSO-d6 showed
two sharp signals at −14.72 and 23.06 ppm because of the
α-Keggin POM and P(p-MePh)3 ligands, respectively, of the
gold(I) cluster. The signal of the P(p-MePh)3 ligands at
23.06 ppm shifted to a higher field from the signal observed at
25.35 ppm of the [Au(RS-pyrrld){P(p-MePh)3}] precursor. The
solution 31P{1H} NMR spectrum of 3 showed a sharp peak at
24.14 ppm because of P(p-FPh)3 ligands of the gold(I) cluster,
and three peaks from 0 to −3.5 ppm due to the α-Keggin
POM (–3.43 ppm) and decomposition species of the Keggin
POM (–0.58 and −1.90 ppm).

The tendency for the 31P{1H} NMR spectroscopic reso-
nances of the oligomeric phosphanegold(I) clusters 1 and 3 to
appear in a higher field than that of the monomeric phospha-
negold(I) precursor is consistent with the previously reported
NMR results for other phosphanegold(I) clusters.3
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Conclusion

In this study, we prepared and characterized novel intercluster
compounds by the POM-mediated clusterization of monomeric
phosphanegold(I) complexes. In each cluster cation, two digold(I)
units dimerized to form the tetragold(I) cluster cation by
interdimer aurophilic interactions, and these cations show
different forms of structural dimerization depending upon the

substituent on the aryl group of triarylphosphanes, i.e., a
crossed-edge arrangement for the P(p-MePh)3 ligand (1 and 2)
and a parallel-edge arrangement for the P(p-FPh)3 ligand (3).
Our results indicate that the dimerization of digold(I) cations
may be affected by not only the type of POM, but also the phos-
phane ligand of the monomeric phosphanegold(I) precursors.
In addition, the dimerization of digold(I) cations may be
affected by the interactions between the digold(I) cations,

Fig. 2 (a) Molecular structure of [{(Au{P(p-FPh)3})2(μ-OH)}2]3[α-PMo12O40]2·3EtOH (3); (b) the partial structure around the tetragold(I) cluster core of 3 in a parallel-
edge arrangement; and (c) the short interactions between the tetragold(I) unit and the α-Keggin POM unit, and the 2D sheet structure is also shown.
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including interactions between the phosphane ligands and the
POM anions. These facts provide significant information
about the synthesis of phosphanegold(I) cluster cations by the
POM-mediated clusterization method.

Experimental
Materials

The following reactants were used as received: EtOH, CH2Cl2,
Et2O (all from Wako), and DMSO-d6 (Isotec). With respect to
the α-Keggin POM, H3[α-PW12O40]·7H2O was derived from a
separately prepared sodium salt using the ether extraction
method and was identified by FTIR, TG/DTA, and solution
31P NMR spectroscopy.11a The [Au(RS-pyrrld){P(p-RPh)3}] (R =
Me, F) precursors were synthesized using P(p-RPh)3 (R = Me, F)
with the same previously reported procedure used to prepare
[Au(RS-pyrrld)(PPh3)]

11b and characterized by CHN elemental
analysis, FTIR, TG/DTA, and (1H, 13C{1H}, and 31P{1H}) NMR
spectroscopy (ESI).

Instrumentation/analytical procedures

CHN elemental analyses were performed with a Perkin-Elmer
2400 CHNS Elemental Analyzer II. IR spectra were recorded on
a Jasco 4100 FTIR spectrometer in KBr disks at r.t. TG/DTA
analyses were performed using a Rigaku Thermo Plus 2
series TG/DTA TG 8120 instrument. 1H NMR (500.00 MHz) and
31P{1H} NMR (202.00 MHz) spectra of samples in DMSO-d6
solutions contained in 5-mm-outer-diameter tubes were
recorded on a JEOL JNM-ECP 500 FT-NMR spectrometer
equipped with a JEOL ECP-500 NMR data processing system.
The 1H NMR spectra were referenced to an internal standard
of tetramethylsilane. The 31P{1H} NMR spectra were referenced
to an external standard of 25% H3PO4 in H2O in a sealed capil-
lary tube. The 31P NMR data with the usual 85% H3PO4 refer-
ence are shifted by +0.544 ppm from our chemical shifts.

Syntheses

[{(Au{P(p-MePh)3})2(μ-OH)}2]3[α-PW12O40]2·EtOH (1). A solu-
tion of [Au(RS-pyrrld){P(p-MePh)3}] (0.189 g, 0.300 mmol) dis-
solved in 25 mL of CH2Cl2 was slowly added to a clear solution
of H3[α-PW12O40]·7H2O (0.150 g, 0.050 mmol) dissolved in
15 mL of an EtOH–H2O (5 : 1, v/v) mixed solvent. After stirring
for 1 h at r.t., the resulting pale yellow translucent solution
was concentrated to 15 mL with a rotary evaporator at 30 °C.
A yellow-white powder was collected on a membrane filter (JG
0.2 μm), washed with H2O (20 mL × 2), EtOH (20 mL × 2) and
Et2O (20 mL × 2), and dried in vacuo for 2 h. At this stage, the
yellow-white powder was obtained in a yield of 0.26 g.

Crystallization

The yellow-white powder (0.100 g) was dissolved in 20 mL of a
CH2Cl2–EtOH (3 : 1, v/v) mixed solvent and was filtered
through a folded filter paper (Whatman no. 5). The clear pale
yellow filtrate was slowly evaporated at r.t. in the dark. After
5 days, orange block crystals were formed and 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: 0.078 g
(78.0%). The crystalline samples were soluble in DMSO and
sparingly soluble in CH2Cl2, but were insoluble in H2O, EtOH,
and Et2O. Found: C, 25.80; H, 2.14%. Calcd for C254H264O87-
P14W24Au12 or [{(Au{P(p-tolyl)3})2(μ-OH)}2]3[α-PW12O40]2·EtOH:
C, 25.60; H, 2.23%. TG/DTA under atmospheric conditions:
a weight loss of 0.55% because of desorption of EtOH was
observed at temperatures less than 258.3 °C; calcd 0.39% for
one EtOH molecule. IR (KBr): 1597 w, 1444 w, 1397 w, 1309 vw,
1188 w, 1104 m, 1079 s, 978 s, 896 s, 820 vs, 802 vs, 706 w, 648
w, 633 w, 620 w, 529 m, 510 m cm−1. 31P{1H} NMR (25.8 °C,
DMSO-d6): δ −14.73, 23.06 ppm. 1H NMR (24.9 °C, DMSO-d6):
δ 1.06 (t, J = 6.9 Hz, CH3CH2OH solvate), 2.27 (s, Me), 7.14–7.32
(m, Ph) ppm.

[{(Au{P(p-MePh)3})2(μ-OH)}2]3[α-PMo12O40]2 (2). A solution
of [Au(RS-pyrrld){P(p-MePh)3}] (0.252 g, 0.400 mmol) dissolved
in 25 mL of CH2Cl2 was slowly added to a clear solution of
H3[α-PMo12O40]·14H2O

11c (0.104 g, 0.050 mmol) dissolved in
15 mL of an EtOH–H2O (5 : 1, v/v) mixed solvent. After stirring
for 1 h at r.t., only CH2Cl2 was evaporated, and the resulting
precipitate was separated by filtration on a membrane filter
(JG 0.2 μm). The resulting yellow powder was washed with H2O
(20 mL × 2), EtOH (20 mL × 2) and Et2O (20 mL × 2), and dried
in vacuo for 2 h. At this stage, the yellow powder was obtained
in a yield of 0.210 g.

Crystallization

The yellow powder (0.100 g) was dissolved in 20 mL of a
CH2Cl2–EtOH (3 : 1, v/v) mixed solvent and filtered through a
folded filter paper (Whatman no. 5). The clear yellow filtrate
was slowly evaporated at r.t. in the dark. After 2 days, yellow
block crystals were formed. Because an unknown greenish
powder was also formed as a byproduct in addition to yellow
block crystals of 2 and their manual separation was not possi-
ble, bulk chemical analysis of 2 was not performed; the crystal
structure, however, was determined by single-crystal X-ray
structural analysis.

[{(Au{P(p-FPh)3})2(μ-OH)}2]3[α-PMo12O40]2·3EtOH(3). Asolu-
tion of [Au(RS-pyrrld){P(p-FPh)3}] (0.192 g, 0.300 mmol) dis-
solved in 30 mL of CH2Cl2 was slowly added to a clear solution
of H3[α-PMo12O40]·14H2O (0.104 g, 0.050 mmol) dissolved in
15 mL of an EtOH–H2O (5 : 1, v/v) mixed solvent. After stirring
for 1 h at r.t., the reaction solution was filtered through a
membrane filter (JV 0.1 μm). The resulting yellow-orange trans-
lucent solution was slowly evaporated at r.t. in the dark. After
7 days, yellow plate crystals were formed and 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: 0.071 g
(27.9%). The crystalline samples were soluble in DMSO and
sparingly soluble in CH2Cl2; they were insoluble in H2O, EtOH,
and Et2O. Found: C, 26.29; H, 1.37%. Calcd for C222H168O89-
P14Au12Mo24 or [{(Au{P(p-FPh)3})2(μ-OH)}2]3[α-PMo12O40]2·
3EtOH: C, 26.55; H, 1.69%. TG/DTA under atmospheric con-
ditions: a weight loss of 1.40% because of desorption of EtOH
was observed at temperatures less than 223.4 °C; calcd 1.38%
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for three EtOH molecules. IR (KBr): 1589 s, 1496 s, 1396 w,
1302 vw, 1278 vw, 1238 m, 1161 m, 1103 w, 1062 m, 1013 vw,
957 s, 879 m, 799 vs, 709 w, 640 w, 618 w, 534 m, 451 w, 442 w
cm−1. 31P{1H} NMR (27.0 °C, DMSO-d6): δ −3.43, 24.14 (main),
−1.90, −0.58, −0.16, 41.09 (minor) ppm. 1H NMR (25.9 °C,
DMSO-d6): δ 1.09 (t, J = 7.0 Hz, CH3CH2OH solvate), 3.39 (q, J =
7.0 Hz, CH3CH2OH solvate), 7.40–7.66 (m, Ph) ppm.

X-ray crystallography

Single crystals with dimensions of 0.23 × 0.21 × 0.12 mm3 for
1, 0.11 × 0.11 × 0.08 mm3 for 2, and 0.18 × 0.09 × 0.02 mm3 for
3 were mounted on cryoloops using liquid paraffin and cooled
by a stream of cooled N2 gas. All measurements were per-
formed on a Bruker SMART APEX CCD diffractometer at 100 K;
the diffractometer was equipped with a graphite-monochro-
mated Mo Kα radiation source (λ = 0.71073 Å). The intensity
data were automatically collected for Lorentz and polarization
effects during integration. The structures were solved by direct
methods (SHELXS-97)12a followed by a subsequent difference
Fourier calculation; the structures were refined by a full-matrix
least-squares procedure on F2 (SHELEXL-97).12b Absorption
corrections were performed with SADABS (empirical absorp-
tion correction).12c The compositions and formulae of the
POMs containing many solvated molecules were determined
by CHN elemental analysis, TG analysis, and 1H NMR analysis.
As with other structural investigations of crystals of highly sol-
vated, large polyoxometalate complexes, every solvated EtOH
molecule for all of the complexes could not be located. This
frequently encountered situation is attributed to extensive dis-
order of the solvated EtOH molecules. The central PO4 group
of compounds 1 and 2 is crystallographically disordered,
which leads to the observation of a cube instead of a tetra-
hedron. This observation is common for Keggin anions lying on
an element of symmetry. The details of the crystallographic
data for 1, 2, and 3 are listed in Table 1.
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The novel intercluster compounds composed of a tetrakis{triphenylphosphanegold(I)}oxonium cation 
and an α-Keggin polyoxometalate (POM) linked by three monomeric triphenylphosphanegold(I) units, 
were synthesized. A single peak was observed in the solution 31P{1H}NMR for these clusters, which is 
consistent with rapid exchange of the phosphanegold(I) units in the tetra{phosphanegold(I)}oxonium 
cluster cation with the three monomeric phosphanegold(I) species linked to the POM. 
Importantly, these compounds may be relevant transition states or intermediates in POM-mediated 
tetra{phosphanegold(I)}oxonium cluster formation.
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Using highly negatively charged Keggin polyoxometalates
(POMs), [α-XW12O40]5¹ (X = Al and B), novel intercluster
compounds composed of a tetrakis{triphenylphosphanegold(I)}-
oxonium cation and an α-Keggin POM linked by three
monomeric triphenylphosphanegold(I) units were prepared. A
single peak was observed in the solution 31P{1H}NMR for
these clusters, which is consistent with rapid exchange of the
phosphanegold(I) units in the tetra{phosphanegold(I)}oxonium
cluster cation with the three monomeric phosphanegold(I)
species linked to the POM. Importantly, these compounds may
be relevant transition states or intermediates in POM-mediated
tetra{phosphanegold(I)}oxonium cluster formation.

The reaction of polyoxometalates (POMs) with cluster
cations or macrocations has yielded a diverse set of intercluster
compounds. Preparation of these compounds, many of which
have interesting structure and sorption properties, has informed
how they crystallize and has allowed for the controlled crystal
engineering of these materials.1,2 Intercluster compounds are
commonly prepared by the reaction of separately prepared metal
cluster cations with POMs.1,2

Recently, we discovered the clusterization of monomeric
phosphanegold(I) units, [Au(PR3)]+, during the course of
carboxylate elimination of a monomeric phosphanegold(I)
carboxylate, [Au(RS-pyrrld)(PPh3)] (RS-Hpyrrld: RS-2-pyrroli-
done-5-carboxylic acid),3 in the presence of the free-acid form
of the Keggin POM, H3[α-PW12O40]¢7H2O. This reaction
resulted in the formation of a novel intercluster compound,
composed of a tetrakis{triphenylphosphanegold(I)}oxonium
cluster cation and the Keggin POM anion, with the formula
[{Au(PPh3)}4(¯4-O)]3[α-PW12O40]2.4a The tetra{phosphane-
gold(I)}oxonium cluster cation, [{Au(PR3)}4(¯4-O)](BF4)2, as
the BF4¹ salt, has been previously synthesized via an alternative
method by the Schmidbaur group.5a We have also prepared the
heptakis{triphenylphosphanegold(I)}dioxonium cluster cation,
[{{Au(PPh3)}4(¯4-O)}{{Au(PPh3)}3(¯3-O)}]3+, by the reaction
of [Au(RS-pyrrld)(PPh3)] with the sodium salt of the Keggin
POM, Na3[α-PW12O40]¢9H2O.4b Also, the novel intercluster
compounds, [{(Au{P(p-RPh)3})2(¯-OH)}2]3[α-PM12O40]2¢
nEtOH (R =Me, M = W; R = Me, M =Mo; R = F,
M =Mo) have been recently synthesized using the POM-
mediated clusterization of monomeric phosphanegold(I) com-
plexes.4c These reactions are influenced by the acidity, bulki-
ness, and high-charge density of the POM and substituents of
phosphane ligand.

Element-centered gold clusters, [E(AuL)n]m+ have been
studied extensively by Schmidbaur6a6d and Laguna.6e For
example, a trigold(I)oxonium cluster, [{Au(PMe3)}3(¯3-O)]+,
was found to be a structural motif for chalcogen-centered gold
clusters, in that the monomeric units are aggregated through

crossed edges.6b Element-centered gold clusters are also apt
models for the isolobal protic species [H3O]+ and [H4O]2+,
which are currently of interest.7 In terms of applications, several
phosphanegold(I) complexes have been shown to be effective
homogeneous catalysts.8 For example, [{Au(PPh3)}3(¯3-O)]-
BF45b,5c effectively catalyzes the Claisen rearrangement of
propargyl vinyl ethers.9 It is hypothesized that the oxonium
cation, [{Au(PPh3)}3(¯3-O)]+, is a source of the catalytically
active species, [Au(PR3)]+.8f [{Au(PPh3)}3(¯3-O)]BF4 has also
been utilized as a precursor for the synthesis of novel metal
complexes.10

The POM-mediated clusterization of monomeric phospha-
negold(I) complexes provides an effective synthetic route for
the preparation of novel phosphanegold(I) cluster cations, and
a library of clusters can be built by the combination of
phosphanegold(I) carboxylate with various POMs. However, the
clusterization mechanism of the monomeric phosphanegold(I)
unit in the presence of the Keggin POMs is still unclear. Herein,
we report the synthesis and characterization of two novel
intercluster compounds [{Au(PPh3)}4(¯4-O)][α-XW12O40{Au-
(PPh3)}3]¢3EtOH (X = Al (1) and B (2)), which are composed
of a tetrakis{triphenylphosphanegold(I)}oxonium cluster cation,
a saturated, negatively charged Keggin POM anion, and three
monomeric phosphanegold(I) units linked through OW2 oxygen
atoms of edge-shared WO6 octahedra. These compounds appear
to be intermediates in the formation of the tetra{phosphanegold-
(I)}oxonium cluster cation from the monomeric phosphanegold-
(I) units in the presence of the free-acid form of the Keggin
POM,4a because the solid-state and solution 31PNMR measure-
ments revealed a rapid exchange of phosphanegold(I) with the
tetra{phosphanegold(I)}oxonium cluster cation and the three
monomeric phosphanegold(I) units linked to the POM.

The novel intercluster compounds were prepared and
crystallized by the liquidliquid diffusion reaction of [Au(RS-
pyrrld)(PPh3)] in CH2Cl2 with the free-acid form of the highly
negatively charged Keggin POM, H5[α-XW12O40]¢nH2O
(X = Al, n = 12; X = B, n = 14) in EtOH/H2O at room
temperature (7:1 Au:POM mole ratio). Compounds 1 and 2
were isolated in 51.9% (0.324 g scale) and 44.8% (0.279 g scale)
yields, respectively. Synthesis and characterization of the
precursors and compounds 1 and 2 are given in Supporting
Information.11

The chemical equation for the preparation of 1 and 2 is
shown in eq 1.

7½AuðRS-pyrrldÞðPPh3Þ� þ H5½¡-XW12O40� þ H2O

! ½fAuðPPh3Þg4ð®4-OÞ�½¡-XW12O40fAuðPPh3Þg3�
ðX = Al ð1Þ and B ð2ÞÞ þ 7RS-Hpyrrld ð1Þ

Solid-state FT-IR of 1 and 2 showed the characteristic
vibrational bands associated with coordinating triphenylphos-
phane ligands. The carbonyl vibrational bands of the anionic
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RS-pyrrld ligand in [Au(RS-pyrrld)(PPh3)], present before the
reaction, disappeared, suggesting elimination of the carboxylate
ligand. Elimination of this ligand was also confirmed by
1HNMR.

The molecular structures of 1 and 2 were determined by
X-ray crystallography; however, it was not possible to define the
positions of the phenyl groups due to extensive disorder. Crystal
data and selected bond lengths and angles of 1 and 2 are given
in Supporting Information.11 Compound 1 is composed of one
tetra{phosphanegold(I)}oxonium cluster cation, [{Au(PPh3)}4-
(¯4-O)]2+, one Keggin POM anion, [α-AlW12O40]5¹, and three
monomeric phosphanegold(I) units linked to the OW2 oxygen
atoms of edge-shared WO6 octahedra of the POM. The
tetra{phosphanegold(I)}oxonium cluster cation in 1 adopts a
trigonal-pyramidal structure composed of three short edges
associated with the Au1 atom, Au1Au2 2.8929(14)¡, and a
triangular plane of the Au2, Au2¤, and Au2¤¤ atoms with longer
edge lengths (Au2Au2¤: 3.583¡; Figure 1). The three edges
associated with the Au1 atom are longer than the AuAu
separation of metallic gold (2.88¡),12a but shorter than twice the
van der Waals radius for gold (3.32¡).12b The bridged-oxygen
atom (¯4-O) was placed within the basal plane composed of the
Au2, Au2¤, and Au2¤¤ atoms (AuOAu: 119.3(3)°), resulting in
a point group of C3v for the tetra{phosphanegold(I)}oxonium
cluster cation. The distorted tetra{phosphanegold(I)}oxonium
cluster cation in 1 is similar to that of the previously reported
tetra{phosphanegold(I)}oxonium cluster cation, [{Au(PPh3)}4-
(¯4-O)]2+, as the counter ion of the POM.4a The three gold(I)
atoms, Au2, Au2¤, and Au2¤¤, in the tetra{phosphanegold(I)}-
oxonium cluster cation, interact with the terminal oxygen atoms
of the Keggin POM (Au2O2: 3.160¡). These interactions may
contribute to a stabilization of the tetra{phosphanegold(I)}oxo-
nium cluster structure on the Keggin POM.

Three monomeric phosphanegold(I) units link to the OW2

oxygen atoms of edge-shared WO6 octahedra of the Keggin
POM opposite the tetra{phosphanegold(I)}oxonium cluster
cation. The AuAu distance between the coordinating mono-

meric phosphanegold(I) units is relatively long (Au3Au3¤:
5.379¡), indicating no aurophilic interaction among these units.
Although an intermolecular interaction such as “phenyl em-
braces”13 may be suggested among an apical phosphanegold(I)
unit in the tetra{phosphanegold(I)}oxonium cluster cation and
the three phosphanegold(I) units at the bottom, it is unclear
because of extensive disorder of the phenyl groups.

Since the POM-mediated clusterization of the monomeric
phosphanegold(I) units is strongly regulated by the acidity and
the negative charge of the POM,4 the structures obtained may
be intermediate states, and it is likely that the POM acts as a
template for the formation of the tetra{phosphanegold(I)}oxo-
nium cluster cation. The dynamic behavior of these coordinating
phosphanegold(I) units is also supported by solid-state and
solution 31PNMR. Compound 2 is isostructural with 1, with the
difference being the heteroatom in the Keggin POM (B vs. Al).

Solid-state CPMAS 31PNMR of 1 showed two broad
signals at 17.0 and 27.1 ppm, with relative intensities of 1:6,
originating from the inequivalent triphenylphosphane groups
(Figure 2a). The peak at 17.0 ppm is assignable to one apical
triphenylphosphane group in the tetra{phosphanegold(I)}oxoni-
um cluster cation, and the signal at 27.1 ppm is assignable to the
three basal triphenylphosphane groups in the tetra{phosphane-
gold(I)}oxonium cluster cation and three monomeric phospha-
negold(I) units linked to the POM. Interestingly, the solution
31P{1H}NMR spectrum of 1 in DMSO-d6 displayed only one
sharp singlet at 26.00 ppm (Figure 2c). The presence of a singlet
can be explained by the rapid exchange of phosphanegold(I)
units among the tetra{phosphanegold(I)}oxonium cluster cation,
the three monomeric phosphanegold(I) units linked to the
Keggin POM, and the monomeric [Ph3PAu(DMSO)]+ cation
present in solution. This exchange is likely a result of the weak
AuO bonds between the monomeric phosphanegold(I) units
and the Keggin POM. The monomeric phosphanegold(I) units
linked to the POM may indicate a transient state in the formation
of the tetra{phosphanegold(I)}oxonium cluster cation from

Figure 1. Molecular structure of [{Au(PPh3)}4(¯4-O)][α-AlW12-
O40{Au(PPh3)}3]¢3EtOH (1). (a) Polyhedral representation and
(b) ball-and-stick model.

Figure 2. Solid-state CPMAS 31PNMR spectrum of (a) 1 and
(b) 2 and the 31P{1H}NMR spectrum in DMSO-d6 of (c) 1 and
(d) 2.

1488

© 2013 The Chemical Society of JapanChem. Lett. 2013, 42, 14871489 www.csj.jp/journals/chem-lett/

─ 246 ─



monomeric phosphanegold(I) units. Compound 1 showed low
solubility even in DMSO and DMF, and further information in
solution by temperature-dependent 31PNMR was not obtained.

The same behavior was observed for compound 2. The
solid-state CPMAS 31PNMR spectrum of 2 showed two broad
signals at 17.0 and 26.7 ppm, with a relative intensity ratio of 1:6
(Figure 2b). In the solution 31P{1H}NMR spectrum, a singlet
was observed at 26.08 ppm (Figure 2d), which is an averaged
signal due to the rapid exchange process in solution.

In summary, the clusterization of monomeric phosphane-
gold(I) units to form the new compounds [{Au(PPh3)}4(¯4-
O)][α-XW12O40{Au(PPh3)}3]¢3EtOH (X = Al (1) and B (2))
was achieved by the reaction of phosphanegold(I) carboxylate
with free-acid forms of Keggin POMs. These compounds,
prepared using negatively charged Keggin POM (5¹) with the
heteroatoms Al3+ and B3+, appear to be intermediates in the
formation of the tetra{phosphanegold(I)}oxonium cluster cation.
The present work establishes that in addition to the POM acidity
(proton vs. sodium), the high negative charge of the POM (5¹
vs. 3¹ or 4¹) determines its reactivity. It should be also noted
that the OW2 oxygen atoms of edge-shared WO6 octahedra in
the Keggin POM act as multicentered active binding sites14 for
the monomeric phosphanegold(I) cations generated from the
elimination of the carboxylate ligands in the presence of the
POM. This work shows that clusterization is strongly dependent
upon the POM, and it provides fundamental details about the
molecular architecture of POM-mediated element-centered gold
clusters.

This work was supported by JSPS KAKENHI Grant number
22550065 and also by the Strategic Research Base Development
Program for Private Universities of the Ministry of Education,
Culture, Sports, Science and Technology of Japan.
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First radical homopolymerisation of
2-trifluoromethacrylic acid in water and study of the
degradation of the resulting homopolymers†

Yogesh Patil,a Hisao Hori,b Hirotaka Tanaka,b Takehiko Sakamotob and
Bruno Ameduri*a

The radical homopolymerisation of 2-trifluoromethacrylic acid (MAF)

initiated by Na2S2O8 in water, under the influence of pH, led to original

water soluble surfactants, the decomposition of which was investigated.

The value of the square of the propagation rate constant to the termina-

tion rate constant, kp
2/kte, of MAF was 4 � 10�3 l mol�1 s�1 at 80 8C.

2-Trifluoromethacrylic acid (MAF) is an industrial monomer synthe-
sized in three steps from3,3,3-trifluoropropene andmainly used as a
precursor of different derivatives, monomers and copolymers.1

Many surveys developed by Narita report that the homopolymerisa-
tion of MAF can be successfully achieved using an anionic initiator.2

In contrast, the radical homopolymerisation of MAF or MAF-ester
failed.1,3–8 In this study, the failure to polymerize was ascribed
mainly due to (i) an inefficient propagation step due to the small
interaction of the low energy singly occupied molecular orbital
(SOMO) and the lowest unoccupied molecular orbital (LUMO)
of the acrylate, (ii) the higher e-values of fluorinated vinyl monomers
than those of non-fluorinated analogues, (iii) the highest electro-
negativity of fluorine atoms that induces a high electron-
withdrawing inductive effect that would reduce the electron density
of the vinyl group and (iv) the strong acidic nature of the MAF
monomer (pKa = 2.1).9 As a matter of fact, itaconic acid is difficult to
homopolymerize but recent studies have shown that under certain
basic conditions, this acidic monomer is able to homopolymerize.10

Hence, it was of interest to investigate the influence of the pH value
on the homopolymerisation of MAF. Besides, perfluorooctanesulfo-
nate (C8F17SO3

�) and perfluorooctanoic acid (C7F15COOH), which
have been widely used as surface treatment agents in the industry
until the mid-2000s, are on the way to being banned, because of their
persistency, toxicity and bioaccumulation. Thus, US environmental
protection agency and European REACH regulations seek alternative

fluorochemical surfactants.11 For the industrial application of fluoro-
chemical surfactants, their degradation behaviour is challenging.
Elucidation of the degradation of fluorochemicals would be desired
not only for the reduction of the environmental impact, but also for
the development of a waste treatment technology instead of incinera-
tion (since the decomposition of fluorochemicals by incineration
requires high temperatures and produces hazardous HF gas, which
damages the walls of incinerators). Hence, it would be ideal if they
could bemineralized into F� ions because F� ions can combine with
Ca2+ ions to form CaF2 as a rawmaterial for synthesis of hydrofluoric
acid, which has been facing an increasing global demand.

Recently, performing reactions under pressurized hot water (PHW)
has been recognized as an innovative and environmentally benign
reaction technique.12 Recently, practical-plant-scale decomposition of
hazardous chemicals in PHW was demonstrated,13,14 and mineralisa-
tion of fluorochemicals such as perfluoroalkylsulfonates,15,16 perfluoro-
alkylether sulfonates,17 cyclic perfluoroalkanesulfonylamide,18 and
perfluorinated ion-exchange membranes19 was also achieved via
oxidation or reduction processes in PHW. Thus, the present
communication deals with (i) the homopolymerisation of MAF in
water initiated under radical conditions without any surfactant
(Scheme 1) and (ii) the degradation study of poly(MAF) in PHW
leading to CaF2 by addition of Ca(OH)2 to the reaction system.

The results of the homopolymerisation of MAF initiated by
sodium persulphate are summarized in Table 1. The reaction
temperature was chosen to be 80 1C for which Na2S2O8 has a half
life of 1 h. Preliminary blank runs (runs 1 and 2, Table 1) showed
that at acidic pH (2 and 5) appreciable amounts of the polymer
could not be produced under the adopted reaction conditions. In
contrast, at higher pH (8–9, neutralised with NaOH), a good yield
and high monomer conversion was observed (run 3, Table 1). It is
remarkable that the highest yield (95%) and conversion ofmonomer
(97%) ascertained in this preliminary run are yet higher with respect

Scheme 1 Radical homopolymerisation of 2-trifluoromethacrylic acid (MAF)
initiated by persulphate salts in water.
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to those of the anionic initiators2 and represent the best result for
the first time in the radical homopolymerisation of MAF.

Polymer characterization using 1H NMR (Fig. S1, ESI†) and
19F NMR spectroscopy (Fig. 1) evidenced that the basic poly-
merisation took place with sharp formation of poly(MAF) with a
higher conversion and no side reactions. Characteristic signals
in 1H NMR spectra from 6.5 to 6.7 ppm and at 3.4 ppm are
assigned to ethylenic protons and CH2 of MAF, respectively.
The 19F NMR spectra exhibit signals at �64.8 (I1) and �66.8 (I2)
assigned to the CF3 group of unreacted MAF and MAF units,
respectively.8 By comparing I1 and I2 integrals of both peaks,
the conversion rate of MAF was assessed from eqn (1).8b

MAF conversion (%) = I2/(I1 + I2) (1)

Besides the acidic factor of MAF, we studied the effect of pressure
on polymerisation (runs 4 and 5 Table 1). Usually hydrostatic pressure
is known to favourably affect the propagation–depropagation
equilibrium during polymerisation and consequently this increases
the rate of polymerisation.20 However, even at high pressure
(30 bar N2) but at acidic pH (run 4 Table 1) no polymer could be
obtained. In contrast, when the pH was basic, PMAF was obtained
in fair amount (run 5 Table 1) but was still low when compared to
PMAF produced without pressure. Thus, it is necessary to maintain
basic conditions since the COO� anion enhances the density of the
double bond p electron of MAF (instead of an acid since the pKa of
MAF is 2.1). A significant decrease in yield as well as monomer
conversion were noted when acetonitrile (AN) (run 6, Table 1) was
used as the solvent, and the initiator concentrations decreased
(run 7, Table 1). A similar yield, conversion and characteristics of

PMAF were observed when MAF was neutralised with both KOH
(run 8, Table 1) and NaOH (run 3, Table 1).

For kinetic study, 19F NMR spectroscopy was used to monitor the
MAF conversion (eqn (1)) and Fig. S2 (ESI†) shows the 19F NMR spectra
of the total product mixture in D2O at different reaction times for
experiment 3 (Table 1). The evolution of MAF conversion appeared to
be linear versus time (Fig. S3, ESI†) allowing the determination of kp

2/kte.
Once integrated, eqn (S1) (ESI†) leads to the Tobolsky’s law (eqn (S2),
ESI†). Thus, plotting ln([M]0/[M]) versus [1 � exp(�kd � t/2)] led to a
straight line, the slope of which was directly related to the kp

2/kte value
(Fig. S4, ESI†), by choosing kd and an efficiency of 2.8 � 10�3 min�1

and 0.521 for Na2S2O8 in water at 80 1C. Hence, the kp
2/kte

value obtained for MAF homopolymerisation at 80 1C was 4 �
10�3 l mol�1 s�1 which is lower than the values found for two similar
hydrogenated monomers: acrylic acid (56 � 106 l mol�1 s�1)21,22 and
methacrylic acid (32� 106 lmol�1 s�1)21,23 at 25 1C. Themolarmasses
and polydispersity indices of poly(MAF) homopolymers were assessed
using size exclusion chromatography with poly(acrylic acid) standards
in aqueous buffer. They ranged between 4000 to 9000 g mol�1 and
from 2.8 to 3.3 (Fig. S5, ESI†). In addition, their thermal stabilities were
assessed using thermogravimetric analysis (TGA) under an oxygen
atmosphere. Poly(MAF) started to decompose from 150 1C with 10%
of weight loss while sharp decomposition was achieved at 250 1C
(Fig. S6, ESI†). The glass transition temperature (Tg) of these polymers
ranged between 30 and 35 1C (Fig. S7, ESI†).

These poly(MAF) oligomers were water soluble and may act
as surfactants, and it was worth investigating their decomposition
under pressurized hot water, PHW. The effect of temperature on the
decomposition of poly(MAF)-H was achieved by PHW reactions
under oxygen.24 The initial polymer contained 439 mmol of the
fluorine atoms, asmeasured using combustion ion-chromatography.
When the reaction was carried out at 80 1C, 91.8 mmol of F� was
detected in the reaction solution (Fig. 2). This value corresponds to a
F� yield [(moles of F� formed)/(moles of initial fluorine atoms in the
polymer, i.e., 439 mmol)] of 20.9%. Raising the reaction temperature
increased the reactivity. The F� formation became prominent above
250 1C, at which point the F� yield reached 93.4%. Therefore,
mineralisation of the fluorine component in the initial poly(MAF)-
H to F� was well achieved. A further increase in the temperature
resulted in almost the same F� formation: when the reaction was
carried out at 350 1C, the highest tested temperature, the F� yield
was 92.0%. In the gas phase, CO2 was detected as a major product.
The CO2 formation increased with increasing temperature, and
showed a saturation tendency above 250 1C (plateau in Fig. 2). When
the reaction was carried out at 350 1C, the formed CO2 reached

Table 1 Homopolymerisation of 2-trifluoromethacrylic acid (MAF) initiated by
Na2S2O8 (2 mmol) at 80 1C for 16 hours

Run pH Solvent (60 mL) Press (bar) Conv. (%) Yield (%) Mn Ð

1 2 Water 0 0 — — —
2 5 Water 0 0 — — —
3 9 Water 0 97 95 4000 2.8
4 2 Water 30 0 — — —
5 9 Water 30 98 85 4200 2.9
6 9 CH3CN 0 66 64 3200 2.8
7a 9 Water 0 49 26 9000 3.3
8b 9 Water 0 98 96 4500 2.9

a Na2S2O8 = 1 mmol. b Neutralised with KOH.

Fig. 1 19F NMR spectrum of poly(2-trifluoromethacrylic acid) (run 3 Table 1)
recorded in D2O at room temperature.

Fig. 2 Effect of temperature on the decomposition of poly(MAF)-H with O2 for
6 h. An aqueous solution (10 mL) containing poly(MAF)-H (30 mg) was trans-
ferred into the reactor, which was pressurized with O2 (0.60 MPa), then the
reactor temperature was raised.
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217 mmol. On the other hand, the moles of carbon atoms in the
initial poly(MAF)-H was 634 mmol based on the elementary analysis.
Hence, the CO2 yield [(moles of CO2 formed)/(moles of carbon atoms
in the initial polymer)] was 34.2%, which was considerably lower
than the corresponding F� yield (92.0%). This finding indicated that
carbon-containing species bearing no fluorine atom, other than CO2,
were formed. GC/MSmeasurement was carried out for the gas phase
after the reaction at 350 1C to assess the gaseous products, and C2H4

and C2H6 were detected. However, these amounts were nearly trace
level: 0.02 mmol and 0.01 mmol for C2H4 and C2H6, respectively,
suggesting that additional hydrocarbon species were mainly present
in the reaction solution but not in the gas phase. Consistently,
ATR-IR spectra of the reaction solutions showed broad peaks around
1600–1750 cm�1, which can be assigned to COOHgroups. Therefore,
we employed ion-chromatography to quantify organic acids in
the reaction solutions, and found that at least malonic acid,
HOOCCH2COOH, was present as a major product. The amount of
HOOCCH2COOH gradually increased with increasing temperature,
and reached 32 mmol at 350 1C (Fig. 2).

To eliminate possible degradation under oxidative conditions,
the reaction system was changed from O2 to argon. The effect of
temperature on the decomposition of poly(MAF)-H in PHW under
argon is shown in Fig. S8 (ESI†). The temperature dependence of
the F� formation was similar to that with O2 (Fig. 2). When the
reaction was carried out at 350 1C with argon, the F� yield reached
90.4%, which is slightly lower (92.0%) than that obtained when the
reaction was carried out in the presence of O2.

These results indicate that the mineralisation of the fluorine
component in poly(MAF)-H was almost unaffected by the nature of
gas. The effect of temperature on the formation of HOOCCH2COOH
(Fig. S8, ESI†) was also similar to that observed in previous experi-
ments carried out under O2 (Fig. 2): the amount of HOOCCH2COOH
reached 27 mmol, while the corresponding value with O2 was 32 mmol.
In contrast, a significant difference in the result ascribed to the gas
was observed in the CO2 formation. The reactions with argon resulted
in lower CO2 formation at higher temperatures (250–350 1C, compare
Fig. 2 and Fig. S8, ESI†). This result indicates that O2 plays some role
in the mineralisation of the carbon component of poly(MAF-H) to
CO2. The decomposition of poly(MAF)-K in PHW was also examined.
As for poly(MAF)-H, F�, CO2 and HOOCCH2COOH were detected as
major products. The effect of the temperature on the formation of
these products from reactions with O2 is shown in Fig. S9 (ESI†).

The amount of F� increased with increasing temperature, and
the F� yield reached 98.4% at 250 1C. This result indicates that
mineralisation of the fluorine component of poly(MAF)-K occurred
efficiently in subcritical water in the presence of O2, as well as
poly(MAF)-H. In addition, almost complete mineralisation of the
fluorine component of poly(MAF)-K was also observed when the
reaction was carried out under an argon atmosphere (Fig. S10, ESI†).
The temperature dependence of the formation of HOOCCH2COOH
was also similar to that in the presence of O2. When the reactions were
carried out under argon, CO2 formation was lower than that released
under O2 (Fig. S9 and S10, ESI†), which indicates that O2 plays a role in
the mineralisation of poly(MAF)-K, similar to poly(MAF)-H.

To examine whether CaF2 was formed in the present reaction, a
similar reaction involving Ca(OH)2 was performed as above. When
the aqueous solution of poly(MAF)-H was heated at 350 1C for 6 h

under O2 in the presence of a stoichiometric amount of Ca(OH)2, a
white precipitate was observed. The XRD pattern of the collected
powder indicated that this species was X-ray spectrometrically pure
CaF2 (Fig. S11, ESI†). The molar amount of CaF2 was 168 mmol, in
which the amount of fluorine atoms was 336 mmol. On the other
hand, the amount of fluorine atoms in the initial poly(MAF)-H was
439 mmol. Therefore, 76.5% of the fluorine atoms in the initial
polymer were transformed to CaF2.

In conclusion, for the first time, the radical homopolymerisation
of a highly electron-withdrawing acidic monomer (MAF) was success-
fully carried out under pH conditions in water. The value of the
square of the propagation rate to the termination rate of MAF, kp

2/kte,
was 4� 10�3 lmol�1 s�1 at 80 1C. The decomposition of poly(MAF)-H
and poly(MAF)-K in PHW in the presence of O2 or argon was assessed
and the fluorine components of these chemicals were almost com-
pletelymineralized to F� ions after treatment above ca. 250 1C for 6 h.
When the aqueous solution of poly(MAF)-H was heated with the
stoichiometric amount of Ca(OH)2 at 350 1C for 6 h under O2, X-ray
spectrometrically pure CaF2 was obtained in ca. 77% yield.
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Decomposition of Perfluorinated Ionic Liquid Anions to Fluoride Ions
in Subcritical and Supercritical Water with Iron-Based Reducing
Agents
Hisao Hori,* Yoshinari Noda, Akihiro Takahashi, and Takehiko Sakamoto

Department of Chemistry, Faculty of Science, Kanagawa University, 2946 Tsuchiya, Hiratsuka, Kanagawa 259-1293, Japan

ABSTRACT: Decomposition of perfluorinated ionic liquid anions [(CF3SO2)2N]
− and [(C4F9SO2)2N]

− in subcritical and
supercritical water was investigated with the aim of developing a technique to recover the fluorine component from ionic liquid
wastes. Addition of zerovalent iron to the reaction system dramatically increased the yield of F−: when the reaction of
[(CF3SO2)2N]

− was carried out at 344 °C for 6 h, the F− yield was 69.0%, which is 186 times the yield without iron. Increasing
the temperature and reaction time in the presence of zerovalent iron further increased the yield: when [(CF3SO2)2N]

− and
zerovalent iron were heated in supercritical water at 375 °C for 18 h, 76.8% of the fluorine content in the initial [(CF3SO2)2N]

−

was transformed into F−. [(CF3SO2)2N]
− also decomposed in the presence of FeO, which underwent in situ disproportionation

to form zerovalent iron, which acted as the reducing agent. Although the FeO-induced decomposition of [(CF3SO2)2N]
− was

initially slower than the zerovalent iron-induced decomposition, after prolonged reaction (18 h) at 378 °C, the F− yield of the
former reaction reached 85.7%, which was the highest yield obtained. This result suggests that the zerovalent iron that formed in
situ reacted preferentially with the substrate, as opposed to water.

■ INTRODUCTION

Ionic liquids (ILs) have been widely investigated as reaction
and extraction media for green chemistry applications.1,2

Furthermore, there has been increasing interest in the
electrochemical applications of ILs, mainly as electrolytes
safer than organic solvents.3 In particular, perfluorinated IL
anions are being introduced in many electrochemical devices,
including lithium-ion batteries, polymer electrolyte membrane
fuel cells, and dye-sensitized solar cells, owing to their
nonflammability, high thermal stability, wide electrochemical
windows, high ion conductivity, and low viscosity.3−6 Wider use
of ILs will require that waste treatment be established.
Incineration is one method for decomposing these chemicals.
However, incineration requires high temperatures to break the
strong C−F bonds, and hydrogen fluoride gas is formed, which
can seriously damage the firebrick of an incinerator. In addition,
these anions do not biodegrade under either aerobic or
anaerobic conditions,7 which indicates that conventional
microbial degradation processes are not applicable for treat-
ment of waste ILs. If perfluorinated IL anions could be
decomposed to F− by means of environmentally benign
techniques, the well-established protocol for treatment of F−

could be used, whereby Ca2+ is added to the system to form
CaF2, which is a raw material for hydrofluoric acid. Thus, the
development of such a method would allow the recycling of
fluorine, the global demand for which is increasing.
Reactions in subcritical and supercritical water have been

recognized as an innovative and environmentally benign waste-
treatment technique, owing to the high diffusivity and low
viscosity of these media, as well as their ability to hydrolyze
many organic compounds.8 Subcritical water is defined as hot
water with sufficient pressure to maintain the liquid state, and
supercritical water is defined as water at temperatures and
pressures higher than the critical point, 374 °C and 22.1 MPa.

Recently, such water was used for pilot- and practical-plant-
scale decomposition of hazardous compounds such as
trinitrotoluene9 and polychlorinated biphenyls.10 We previously
demonstrated that a perfluorosulfonic acid membrane polymer
for fuel cells is efficiently decomposed in subcritical water in the
presence of metals.11

In this study, we investigated the decomposition of two
typical perfluorinated IL anions, [(CF3SO2)2N]− and
[(C4F9SO2)2N]

−, in subcritical and supercritical water in the
presence of an oxidizing agent (O2) or an iron-based reducing
agent (zerovalent iron, FeO, or Fe3O4). The latter conditions
(except Fe3O4) effectively decomposed the anions to F−. This
is the first report not only on the decomposition of
perfluorinated IL anions in subcritical and supercritical water
but also on a technique aimed at waste treatment that
successfully achieves the efficient formation of F− ions from
the anions.

■ EXPERIMENTAL SECTION
Mater ia ls . Bi s( t r ifluoromethanesu l fony l ) imide

([(CF3SO2)2N]
−, >99.5%) and bis(nonafluorobutanesulfonyl)-

imide ([(C4F9SO2)2N]
−, >99%) were obtained from SynQuest

Laboratories (Alachua, FL) and Mitsubishi Material Electronic
Chemicals (Akita, Japan) as lithium and potassium salts,
respectively. Zerovalent iron (>99.9%, <53 μm), FeO (>99.9%,
<180 μm), and Fe3O4 (>99.9%, <150 μm) powders were
purchased from Kojundo Chemical Laboratory (Saitama,
Japan) and used as received. Argon (99.99%), O2 (99.999%),
CO2 (0.995%)/N2, and CF3H (0.971%)/N2 gases were
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purchased from Taiyo Nippon Sanso (Tokyo, Japan). Standard
gas mixtures, N2O (1.0%)/air, and C2H4 (1.0%)/air were
prepared from N2O and C2H4 (99.5%, GL Sciences, Tokyo,
Japan), respectively. Other reagents were of high purity and
were obtained from Wako Pure Chemical Industries (Osaka,
Japan).
Reaction Procedures. Reactions were carried out in a

stainless steel high-pressure reactor (35.1 mL volume)
equipped with a thermocouple and a stainless steel screw cap.
The screw cap was connected to a pressure gauge for measuring
the pressure in the reactor and to a sampling port for analyzing
gaseous products. A gold vessel (24.6 mL, 2.8 cm i.d.) was
fitted into the reactor to prevent contamination from the
reactor material. In a typical run using [(CF3SO2)2N]

−, an
argon-saturated aqueous (Milli-Q) solution (10 mL) containing
[(CF3SO2)2N]

− (16.2 μmol, 1.62 mM) and zerovalent iron
powder (9.60 mmol) was introduced into the gold vessel, and
the reactor was pressurized to 0.60 MPa with argon and sealed.
The reactor was placed in an oven, and the reactor temperature
was raised to the desired value (193−375 °C) and held there
for a specified time (e.g., 6 h), after which the reactor was
quickly cooled to room temperature. The reaction solution was
subjected to ion chromatography, high-performance liquid
chromatography/mass spectrometry (LC/MS), and electro-
spray ionization (ESI)-MS. The gas phase was subjected to gas
chromatography (GC)/MS and GC, and the solid phase (iron)
was subjected to X-ray diffractometry (XRD). We also
conducted control experiments in the absence of zerovalent
iron, with other iron-based reducing agents (FeO and Fe3O4),
under O2 instead of argon, and with another IL anion,
[(C4F9SO2)2N]

−.
Analysis. An ion-chromatography system (IC-2001, Tosoh,

Tokyo, Japan) consisting of an automatic sample injector (30-
μL injection volume), a degasser, a pump, a guard column
(TSKguard column Super IC-A, 4.6-mm i.d., 1.0-cm length,
Tosoh), a separation column (TSKgel Super IC-Anion, 4.6-mm
i.d., 15-cm length, Tosoh), a column oven (40 °C), and a
conductivity detector with a suppressor device was used to
measure the F− concentrations. The mobile phase was an
aqueous solution containing Na2B4O7 (6 mM), H3BO3 (15
mM), and NaHCO3 (0.2 mM), and the flow rate was 0.8 mL
min−1.
The concentrations of the IL anions were quantified by

means of an ion-chromatography system (IC-2010, Tosoh).
The separation column was a Tosoh TSKgel Super Anion HS
column (4.6 mm i.d., 10 cm length); the mobile phase was an
aqueous solution containing acetonitrile (39%), NaHCO3 (7
mM), and Na2CO3 (7 mM); and the flow rate was 0.8 mL

min−1. The detection limits for [(CF3SO2)2N]− and
[(C4F9SO2)2N]

− were 0.17 μM (48 μg L−1) and 0.27 μM
(157 μg L−1), respectively, and were calculated from a signal-to-
noise ratio of 3.
An LC/MS system (LCMS-2010 EV, Shimadzu, Kyoto,

Japan) with a separation column (TSKgel ODS-80TSQA) was
used to identify the intermediates in the reaction solutions. The
mobile phase was a mixture (50:50, v/v) of methanol and
aqueous CH3COONH4 (1 mM, adjusted to pH 4.0 with acetic
acid), and the flow rate was 0.2 mL min−1. Analyses were
carried out in negative-ion mode, and the electrospray probe
voltage was 4.50 kV. ESI-MS was also carried out without the
separation column in the LC/MS system with methanol as the
mobile phase.
The products in the gas phase were analyzed by GC/MS

(QP2010 SE, Shimadzu) with a fused silica capillary column
(Rt-Q-BOND, Restek, Bellefonte, PA, USA). The carrier gas
was helium, and the oven temperature was held constant at 30
°C. A GC system (GC 323, GL Sciences, Tokyo, Japan) with a
thermal conductivity detector was also used. The column was
packed with active carbon (60/80 mesh), and the carrier gas
was argon. The oven and detector temperatures were 110 and
130 °C, respectively. Changes in iron-based reducing agents
that occurred during the reactions were determined by XRD
with Cu Kα radiation (Multiflex, Rigaku, Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS) measurements were also
carried out at Nissan Arc (Yokosuka, Japan), with a Quantum-
2000 instrument (Physical Electronics, Eden Prairie, MN,
USA) with Al Kα radiation.

■ RESULTS AND DISCUSSION

Reactions in Subcritical Water in the Absence or
Presence of an Iron-Based Reducing Agent. The results
for reactions of perfluorinated IL anions in subcritical water at
343−346 °C and at a constant reaction time of 6 h are
summarized in Table 1. When the initial amount of
[(CF3SO2)2N]

− was 16.2 μmol (i.e., the concentration in the
initial aqueous solution was 1.62 mM) and the reaction was
performed under argon without any additive (entry 1), most
(98.8%) of the initial substrate remained after the reaction, and
the yield of F− was only 0.37%. This observation indicates that
[(CF3SO2)2N]

− was stable in pure subcritical water, reflecting
the anion’s high thermal and chemical stability. In an attempt to
facilitate the decomposition of [(CF3SO2)2N]

−, we first
examined the possibility of using O2 to induce oxidative
decomposition. However, introduction of 0.60 MPa (4.99
mmol) of O2 only slightly enhanced the decomposition of
[(CF3SO2)2N]

−: 95.4% of the initial substrate remained, and

Table 1. Decomposition of Perfluorinated IL Anions in Subcritical Water under Various Reaction Conditions

entrya substrate gas iron-based reducing agent temp (°C) press (MPa) remaining substrate (%) F− yield (%)e

1 [(CF3SO2)2N]
−b Ar none 344 15.9 98.8 0.37

2 [(CF3SO2)2N]
−b O2 none 345 16.0 95.4 1.11

3 [(CF3SO2)2N]
−b Ar Fe 344 16.5 1.35 69.0

4 [(CF3SO2)2N]
−b O2 Fe 343 15.5 1.84 39.6

5 [(CF3SO2)2N]
−b Ar FeO 345 15.7 36.8 48.2

6 [(CF3SO2)2N]
−b Ar Fe3O4 345 16.0 97.3 3.63

7 [(C4F9SO2)2N]
−c Ar none 346 15.6 17.3 9.50

8 [(C4F9SO2)2N]
−c Ar Fe 346 15.4 <0.16d 37.0

aAn aqueous solution (10 mL) containing the substrate and additive (9.60 mmol) was introduced into the reactor, which was pressurized with argon
or oxygen (0.60 MPa) and then heated for 6 h. bInitial amount, 16.2 μmol. cInitial amount, 1.62 μmol. dBelow the detection limit. eF− yield (%) =
[(moles of F− formed)/(moles of fluorine content in initial substrate)] × 100.
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the F− yield was low (1.11%, entry 2), even though the molar
amount of introduced O2 was 308 times that of the initial
substrate (16.2 μmol).
Next, we examined the decomposition of [(CF3SO2)2N]

− in
the presence of iron-based reducing agents. When the reaction
was carried out in the presence of zerovalent iron (9.60 mmol)
under an argon atmosphere, the amount of the [(CF3SO2)2N]

−

substrate dramatically decreased to 1.35% of the initial amount
(entry 3). Simultaneously, the F− yield reached 69.0%, which is
186 times the yield without iron (entry 1). On the other hand,
when the reaction was carried out in the presence of zerovalent
iron under O2, the amount of remaining substrate (1.84%, entry
4) was similar to that under argon, while the F− yield (39.6%,
entry 4) was much lower than that under argon. This fact
indicates that the presence of O2 suppresses the mineralization
of the substrate to F− induced by iron.
Addition of FeO also enhanced the decomposition of the

substrate, although the enhancement was not as great as that
observed with zerovalent iron: the amount of residual
[(CF3SO2)2N]

− was 36.8%, and the F− yield was 48.2%
(entry 5). In contrast, Fe3O4 did not enhance the
decomposition of the substrate: 97.3% of the initial
[(CF3SO2)2N]

− remained, and the F− yield was only 3.63%
(entry 6).
The reactivity of [(C4F9SO2)2N]

− in subcritical water
differed somewhat from that of [(CF3SO2)2N]

−. After 6 h of
reaction, the amount of [(C4F9SO2)2N]

− decreased to 17.3%
even in pure subcritical water, although the F− yield remained
low (9.50%, entry 7). This fact suggests that although the initial
step of the decomposition of [(C4F9SO2)2N]

− proceeded in
pure subcritical water, the subsequent steps leading to F−

formation did not. The decomposition of [(C4F9SO2)2N]
− was

enhanced by zerovalent iron: the proportion of remaining
substrate decreased to <0.16% of the initial amount (below the
detection limit of ion chromatography), and the F− yield
increased to 37.0% (entry 8), which was 3.9 times the yield
without iron.
Decomposition in the Presence of Zerovalent Iron.

Among the iron-based reducing agents tested, zerovalent iron
gave the highest F− yields, so we further investigated the
decomposition of [(CF3SO2)2N]

− to F− with zerovalent iron at
various reaction times and temperatures (Figure 1). In addition
to analyzing the solution-phase products, we also analyzed the
gas-phase products. When the reaction was carried out at 344
°C for 6 h, H2 made up 42.7% of the total gas after the reaction,
corresponding to 3.38 mmol of H2. The formation of this large
amount of H2 indicates that zerovalent iron reacted not only
with [(CF3SO2)2N]

− but also with subcritical water. As
described later, zerovalent iron transformed to Fe3O4 in our
reaction condition (eq 1).

+ → +3Fe 4H O Fe O 4H2 3 4 2 (1)

According to eq 1, the amount of H2 observed here (3.38
mmol) indicates that 2.54 mmol of the zerovalent iron was
consumed by the reaction with H2O. This value was much
larger than the initial amount of [(CF3SO2)2N]

− (16.2 μmol).
Besides H2, small amounts of CO2 and CF3H were detected.

The reaction-time dependences of the amount of remaining
[(CF3SO2)2N]

− and the amounts of CO2, CF3H, and F
− at 344

°C are shown in Figure 1a. The amount of [(CF3SO2)2N]
− in

the reaction solution decreased with increasing reaction time,
following pseudo-first-order kinetics with a rate constant of
0.77 h−1, and the decrease in the amount of substrate was

accompanied by an increase in the amount of F−. After 6 h, the
amount of [(CF3SO2)2N]

− in the reaction solution decreased
to 0.22 μmol, indicating that 98.7% of the initial amount
disappeared. At the same time, the F− amount reached 67.1
μmol, which corresponds to a F− yield of 69.0%. At a prolonged
reaction time, F− formation became saturated: after 18 h, the
F− amount reached 70.0 μmol (72.0% yield). In contrast, the
amount of the minor product CF3H in the gas phase increased
during the first 1 h of the reaction and then decreased. By 18 h,
CF3H had almost disappeared. This result indicates that the
CF3H that formed decomposed under the reaction conditions.
The disappearance of CF3H is advantageous because this
species is a greenhouse gas with a global-warming potential of
14,800 for a time horizon of 100 years.12

We also investigated the temperature dependence of the
reaction at a constant reaction time of 6 h (Figure 1b). At 193
°C, no decomposition of [(CF3SO2)2N]

− was observed.
Substrate decomposition was observed at above 243 °C, and
decomposition increased with increasing temperature, resulting
in increasing F− formation. At 375 °C, the temperature at
which the water reached the supercritical state, the substrate
completely disappeared from the reaction solution, and 68.6
μmol of F− formed (70.6% yield). Prolonged reaction at 375 °C
increased the amount of F− formed: after 18 h, the F− yield
reached 76.8%.
The reaction-time and reaction-temperature dependences of

the decomposition of [(C4F9SO2)2N]
− in the presence of

zerovalent iron are shown in Figure 2. When the reaction was
carried out at 346 °C, the substrate disappeared from the
reaction solution within 1 h, and the decrease in the amount of
substrate was accompanied by increases in the amounts of F−

and CO2 (Figure 2a). In this case, no formation of CF3H was
observed. After disappearance of the substrate, the amounts of
F− and CO2 continued to increase. This result suggests that

Figure 1. (a) Reaction-time and (b) temperature dependence of
[(CF3SO2)2N]

− decomposition in the presence of iron: detected
molar amounts of [(CF3SO2)2N]

−, F−, CO2, and CF3H. An aqueous
solution (10 mL) of [(CF3SO2)2N]

− (16.2 μmol, 1.62 mM) and
zerovalent iron powder (9.60 mmol) were introduced into the reactor,
which was pressurized with argon (0.60 MPa) and (a) heated at 344
°C for 1−18 h or (b) heated at 193−375 °C for 6 h.
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some reaction intermediate(s) produced F− and CO2 during
this period. After 18 h, the amount of F− reached 14.7 μmol
(50.4% yield). Although [(C4F9SO2)2N]

− disappeared faster
than [(CF3SO2)2N]− (Figure 1a), the F− yield from
[(C4F9SO2)2N]− at 18 h was lower than that from
[(CF3SO2)2N]

− (72.0%). The temperature dependence of the
reaction of [(C4F9SO2)2N]

− is shown in Figure 2b. When the
reaction was carried out at 248 °C, the proportion of remaining
substrate decreased to 52.2% of the initial amount, but little F−

or CO2 formed. However, F
− and CO2 formed at temperatures

above ∼300 °C. At 375 °C, 17.3 μmol of F− formed (59.3%
yield). Prolonged reaction at 375 °C slightly increased the
amount of F− formed: after 18 h, the F− yield reached 60.9%.
To detect reaction intermediates, we analyzed reaction

solutions by LC/MS. When [(CF3SO2)2N]
− was decomposed

in the presence of zerovalent iron, the total-ion mass
chromatograms of several reaction solutions showed a peak
that yielded signals at m/z 148, which corresponds to
CF3SO2NH

−. No peak for CF3SO3
−, which has an m/z value

of 149 and a different retention time, was observed. The
presence of CF3SO2NH

− clearly indicates that the decom-
position of [(CF3SO2)2N]

− proceeded through cleavage of the
N−S bond. The reaction-time dependence at 344 °C of the
LC/MS peak intensity for CF3SO2NH

− is shown in Figure 3.
The peak intensity increased during the initial stage of the
reaction (<1 h) and then decreased, indicating that the formed
CF3SO2NH

− decomposed under the reaction conditions. In
other words, CF3SO2NH

− was a reaction intermediate. A
similar phenomenon was also observed during the reaction of
[(C4F9SO2)2N]

− in the presence of zerovalent iron. The ESI-
MS spectra of the reaction solutions of [(C4F9SO2)2N]

− before
and after heating for 6 h are shown in Figure 4. Before the
reaction, the spectrum showed a single peak (at m/z 580),

corresponding to the initial anion [(C4F9SO2)2N]
− (Figure 4a).

When the reaction was carried out at 346 °C for 6 h in the
presence of zerovalent iron, the resulting reaction solution
showed a peak at m/z 298, which was assigned to
C4F9SO2NH

− (Figure 4b). Raising the reaction temperature
to 375 °C led to the disappearance of the peak (Figure 4c).
These results clearly indicate that C4F9SO2NH

− was a reaction
intermediate.
To elucidate the changes in zerovalent iron during reactions,

we compared the XRD patterns of the iron powder before and
after reaction of [(CF3SO2)2N]

− at 375 °C for 6 h (Figures 5a

Figure 2. (a) Reaction-time and (b) temperature dependence of
[(C4F9SO2)2N]

− decomposition in the presence of iron: detected
molar amounts of [(C4F9SO2)2N]

−, F−, and CO2. An aqueous solution
(10 mL) of [(C4F9SO2)2N]

− (1.62 μmol; 0.16 mM) and zerovalent
iron powder (9.60 mmol) were introduced into the reactor, which was
pressurized with argon (0.60 MPa) and (a) heated at 346 °C for 1−18
h or (b) heated at 248−375 °C for 6 h.

Figure 3. Reaction-time dependence of the intensity of the LC/MS
peak for CF3SO2NH

−. The reaction conditions were the same as those
described in the caption of Figure 1a.

Figure 4. ESI-MS spectra of the reaction solutions (a) before heating
and after heating at (b) 346 and (c) 375 °C for 6 h. The reaction
conditions were the same as those described in Figure 2b.
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and 5b, respectively). The pattern of the recovered iron powder
showed peaks that were assigned to Fe3O4, indicating that the
zerovalent iron was oxidized to Fe3O4 as [(CF3SO2)2N]

−

decomposed: the formation of Fe3O4 suppressed the
decomposition of the substrate because this iron species had
almost no reactivity toward the substrate, as shown in entry 6 in
Table 1.
As for the fate of sulfur atoms in the substrate during the

iron-induced reaction, we detected SO4
2− in the reaction

solution. However, the amount was considerably lower than the
amount of sulfur atoms in the substrate: for example, the
reaction of [(CF3SO2)2N]

− (16.2 μmol) at 344 °C for 6 h
(entry 3 in Table 1) resulted in 0.34 μmol of SO4

2−. This fact
suggests that most of the formed SO4

2− remained on the iron
surface. We also surveyed the nitrogen-containing products,
and GC/MS measurement indicated that NO, NO2, and N2O
did not form during the iron-induced mineralization of
[(CF3SO2)2N]

−. However, when the reaction was carried out
under O2 (entry 2 in Table 1), a trace amount of N2O (0.42
μmol) was detected.
Decomposition in the Presence of FeO. As described

above, zerovalent iron induced efficient decomposition of the
IL anions in subcritical and supercritical water. However, the
iron reacted not only with the substrate (and reaction
intermediates) but also with subcritical and supercritical water
to form Fe3O4, which was unreactive toward the substrate.
Iron(II) oxide undergoes disproportionation to Fe and

Fe3O4 at higher temperatures (>257 °C) (eq 2),13,14 although
to our knowledge this reaction has not been reported in
subcritical or supercritical water:

→ +4FeO Fe Fe O3 4 (2)

If the disproportionation did occur in subcritical or supercritical
water, zerovalent iron would form in situ, and the formed iron
might be preferentially consumed by reaction with the substrate

than with water. To test this possibility, we carried out the
reaction of [(CF3SO2)2N]

− in the presence of FeO, despite the
fact that its reactivity at 345 °C for 6 h was lower than that of
zerovalent iron (compare entries 3 and 5 in Table 1).
The reaction-time dependences of the amounts of remaining

[(CF3SO2)2N]
− and the amounts of the products formed at

345 °C are shown in Figure 6a. The amount of [(CF3SO2)2N]
−

in the reaction solution decreased with increasing reaction time,
but the decrease of [(CF3SO2)2N]

− did not follow pseudo-first-
order kinetics. This is not surprising, because the disproportio-
nation of FeO to Fe and Fe3O4 occurred simultaneously during
this period, as shown in the XRD pattern of the recovered FeO
powder (Figure 7b). After 6 h, the XRD pattern of the
recovered FeO powder from the reaction mixture showed only
peaks assignable to zerovalent iron and Fe3O4 (Figure 7c). As
the reaction time was extended beyond 6 h, the amount of
[(CF3SO2)2N]

− continued to decrease, and the amount of F−

continued to increase (Figure 6a). Because Fe3O4 did not
decompose [(CF3SO2)2N]− (as mentioned above), the
decomposition of the substrate observed after 6 h of reaction
must have been induced by zerovalent iron. That is, the iron
that formed in situ acted as the real reducing agent for the
decomposition of the substrate. Although during the initial
reaction period (∼6 h), the decomposition of [(CF3SO2)2N]

−

proceeded more slowly in the presence of FeO than in the
presence of zerovalent iron, the F− amount reached 69.3 μmol
(71.3% yield) after 18 h, at which time the yield was almost the
same as the yield observed when zerovalent iron was present
from the beginning of the reaction (72.0%). Compared to the
XRD pattern of the recovered solid after 345 °C for 6 h (Figure
7c) with that of the solid recovered after the same reaction
conditions conducted with zerovalent iron (the pattern was
almost the same as Figure 5b), the amount of zerovalent iron

Figure 5. XRD patterns of the iron powder (a) before and (b) after
reaction. For the measurement of pattern (b), an aqueous solution (10
mL) of [(CF3SO2)2N]

− (16.2 μmol; 1.62 mM) and zerovalent iron
powder (9.60 mmol) were introduced into the reactor, which was
pressurized with argon (0.60 MPa) and heated at 375 °C for 6 h, after
which the iron powder was recovered.

Figure 6. (a) Reaction-time and (b) temperature dependence of
[(CF3SO2)2N]

− decomposition in the presence of FeO in subcritical
water: detected molar amounts of [(CF3SO2)2N]

−, F−, CO2 and
CF3H. An aqueous solution (10 mL) of [(CF3SO2)2N]

− (16.2 μmol;
1.62 mM) and FeO powder (9.60 mmol) were introduced into the
reactor, which was pressurized with argon (0.60 MPa) and (a) heated
at 345 °C for 1−18 h or (b) heated at 193−378 °C for 6 h.
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produced in situ from FeO must have been much lower than
the remaining amount when zerovalent iron was used (the
initial amounts of added FeO and zerovalent iron were the
same, 9.60 mmol). Nevertheless the two reaction conditions
resulted in almost the same F− yields after a long reaction time
(18 h). This fact suggests that the zerovalent iron formed in situ
from the disproportionation of FeO reacted preferentially with
the substrate. Consistently, the amounts of H2 were almost
constant (0.31−0.33 mmol) during the FeO-induced decom-
position of [(CF3SO2)2N]

− at 345 °C (Figure 6a). The
temperature dependence of the reaction of [(CF3SO2)2N]

− in
the presence of FeO is shown in Figure 6b. Decomposition of
the substrate increased substantially at above ∼300 °C, at which
temperature the disproportionation of FeO was clearly
observed. At 378 °C, F− formation reached 75.8 μmol
(78.0% yield), which is higher than the yield when zerovalent
iron was present from the beginning of the reaction (70.6%).
Prolonged reaction further increased the F− yield. The reaction
of [(CF3SO2)2N]

− in the presence of FeO at 378 °C for 18 h
afforded a F− yield of 85.7%, the highest yield among all the
reaction conditions tested. As for the fate of carbon in the
substrate, we detected CO2 and CF3H (as described above) and
also detected a trace of C2H4 (below the quantification limit) in
the gas phase. However, the carbon recovery (the molar ratio of
total carbon content in the CO2 and CF3H formed to that in

the initial substrate before reaction) was 52.3% after the
reaction at 378 °C for 18 h in the presence of FeO, which led to
the highest F− yield. This fact suggests that the rest of the
carbon-containing species were mainly present on the surface of
the FeO used.
To detect the possible presence of the fluorine-containing

species on the surface of the recovered FeO powder after the
reaction at 378 °C for 18 h, we measured the XPS spectrum for
the region corresponding to the binding energy of the F(1s)
core electrons. The spectrum showed a dominant peak around
684 eV, which can be assigned to negatively charged
monovalent fluorine, F− (Figure 8). This result indicates that

F− ions are present not only in the reaction solution but also on
the surface of the FeO used. If species containing fluorine−
carbon bonds are present on the surface, the peak
corresponding to fluorine bonded to carbon (F−C) should
appear around 689 eV. The absence of the F−C peak in the
XPS spectrum indicates that this reaction completely
mineralized the substrate on the solid surface.

■ CONCLUSION
We investigated the decomposition of IL anions
[(CF3SO2)2N]

− and [(C4F9SO2)2N]
− in subcritical and

supercritical water. Addition of zerovalent iron to the reaction
system dramatically accelerated the decomposition of these
anions to F−. When [(CF3SO2)2N]

− and zerovalent iron were
allowed to react at 375 °C for 18 h, 76.8% of the fluorine
content in the initial [(CF3SO2)2N]

− was transformed into F−.
During the iron-induced reactions, CF3SO2NH

− was detected
as an intermediate, indicating that the decomposition was
initiated by N−S bond cleavage. Zerovalent iron also enhanced
the yield of F− from the reaction of [(C4F9SO2)2N]

−. The
decomposition of [(CF3SO2)2N]

− was also enhanced in the
presence of FeO, which underwent in situ disproportionation
to form Fe3O4 and zerovalent iron, which acted as the real
reducing agent for the substrate. Although [(CF3SO2)2N]

−

decomposed more slowly in the presence of FeO than in the
presence of zerovalent iron during the initial reaction period,
the F− yield of the former reaction reached 85.7% after a

Figure 7. XRD patterns of the FeO powder (a) before and (b, c) after
reactions at 345 °C. An aqueous solution (10 mL) of [(CF3SO2)2N]

−

(16.2 μmol, 1.62 mM) and FeO powder (9.60 mmol) were introduced
into the reactor, which was pressurized with argon (0.60 MPa) and
heated for (b) 1 h or (c) 6 h, after which the solid was recovered.

Figure 8. XPS spectrum [(F(1s) region] of the recovered FeO powder
after reaction at 378 °C for 18 h. An aqueous solution (10 mL) of
[(CF3SO2)2N]

− (16.2 μmol, 1.62 mM) and FeO powder (9.60 mmol)
were introduced into the reactor, which was pressurized with argon
(0.60 MPa) and heated, after which the solid was recovered.
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prolonged reaction time (18 h, 378 °C). This yield was higher
than that obtained when zerovalent iron was added at the
beginning of the reaction.
Further application of this method to perfluorinated ILs with

several organic cations is being investigated in our laboratory.
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carboxylic acid in water with a combination of tungsten trioxide
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h i g h l i g h t s

� C3F7CF@CHCOOH was not
decomposed by visible light and
either TiO2 or WO3 under O2.

� Irradiation in the presence of WO3

and K2S2O8 clearly decomposed
C3F7CF@CHCOOH.

� The photochemical decomposition of
C3F7CF@CHCOOH was greater under
argon than under O2.

� Under O2, formed H2O2 may have
interfered with the photochemical
decomposition.
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a b s t r a c t

Photochemical decomposition of a fluorotelomer unsaturated carboxylic acid, C3F7CF@CHCOOH ( ), in
the presence of WO3 and an electron acceptor (S2O

2�
8 or H2O2) in water under visible-light irradiation

was investigated. Under an O2 atmosphere, was not decomposed either by TiO2 (P25) or WO3 alone.
A combination of WO3 and H2O2 also resulted in almost no decomposition of . In contrast, irradiation
in the presence of a combination of WO3 and S2O

2�
8 (potassium salt) efficiently decomposed to F�,

CO2, C3F7COOH, and C2F5COOH. The decomposition of was affected by the counter cation of S2O
2�
8 :

the decomposition extent was higher with K2S2O8 than with (NH4)2S2O8. The decomposition of was fur-
ther enhanced when the reaction in the presence of WO3 and K2S2O8 was carried out under an argon
atmosphere. Under O2, the amount of H2O2 formed in the reaction solution was an order of magnitude
higher than the amount formed under argon. This fact suggests that the decrease in the decomposition
of under O2 can be ascribed to the formation of H2O2, which consumed S2O

2�
8 and SO �

4 .
� 2013 Elsevier Ltd. All rights reserved.

Perfluorocarboxylic acids (PFCAs; CnF2n+1COOH) and related
chemicals have been used as emulsifying agents and surface

treatment agents because of their high surface-active effect, high
thermal and chemical stability, and high light transparency
(Schultz et al., 2003). Since it became clear that PFCAs with long
perfluoroalkyl chains (n 6), such as perfluorooctanoic acid
(C7F15COOH), bioaccumulate in the environment, efforts have been
made to eliminate them from facility emissions (US EPA, 2013).
Under the circumstances, there has been increasing interest in
photochemical degradation of these chemicals in water (Hori
et al., 2004, 2005, 2007a,b, 2011; Dillert et al., 2007; Zhao and

0045-6535/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
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Structural Characterization and Oxidation Reactivity of a Nickel(II)
Acylperoxo Complex
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S

ABSTRACT: The nickel(II)−acylperoxo complex [Ni-
(TpCF3Me)( 2-mCPBA)] (1CF3Me) [TpCF3Me = hydrotris(3-
tri uoromethyl-5-methylpyrazolyl)borate, mCPBA = m-
chloroperbenzoate] was isolated and fully characterized.
The electrophilic oxygenation ability of 1CF3Me toward
sul des and ole ns was con rmed. The Michaelis−
Menten-type behavior of thioanisole oxygenation indicates
the existence of a pre-equilibrium of substrate association
in the reaction. In addition, 1CF3Me retains H-atom
abstraction ability for hydrocarbons with activated
methylene C−H bonds (e.g., uorene). The oxidations
of styrenes and these readily oxidizable hydrocarbons
follow second-order kinetics, rst-order each with respect
to 1CF3Me and substrate. The lack of clear acceleration in
the decay of 1CF3Me in the presence of substrates with high
C−H bond dissociation energies (e.g., cyclohexane)
suggests that another reaction pathway contributes
through the O−O-cleaved intermediate.

Organic peroxycarboxylic acids, such as m-chloroperben-
zoic acid (HmCPBA) and peracetic acid, are versatile

oxidants and extensively utilized reagents for organic substrate
oxygenation. HmCPBA has enough reactivity for O-atom
transfer toward various organic compounds, including non-
activated hydrocarbons, without the use of a catalyst. However,
the combination of a transition-metal catalyst and HmCPBA
leads to regio- and chemoselective oxygenation. In the catalytic
process, it is considered that an initially formed metal−
acylperoxo complex is a precursor to the actual active oxidants,
namely, high-valent metal−oxo species formed via homolytic or
heterolytic O−O bond cleavages.1 In the case of heme iron
complexes, the metal−acylperoxo species themselves also work
as O-atom transfer reagents toward ole ns.2,3 As a result, the
chemical properties of mCPBA complexes of redox-active
transition metals have attracted much attention. To date, fully
characterized mCPBA complexes are still scarce. Especially, the
substrate-oxidizing abilities of non-heme metal−mCPBA
complexes remain to be clari ed. The transfer of O atoms
from Cu−mCPBA complexes to phosphine has been reported.
However, these copper complexes are not very reactive.4

Recently, the selective hydroxylation of cyclohexane
catalyzed by Ni(II) complexes with HmCPBA has been
reported.5 While we were examining the reactivity of the active
oxygen complexes of nickel with tridentate TpR ligands, where
TpR denotes a substituted hydrotris(pyrazolyl)borate and R
lists the non-hydrogen substituents (R = iPr2, iPr2Br, Me2, and

Me2Br; see Chart 1), we detected thermally unstable Ni(II)−
acylperoxo intermediates [NiII(TpR)(mCPBA)] (1R).6 The

acylperoxo complexes 1R were formed by reaction of the
dinuclear bis( -hydroxo)nickel(II) complexes [(NiIITpR)2( -
OH)2] (2R) with stoichiometric amounts of HmCPBA
(Scheme 1, route A). The thermal stability of 1R depends on

the electronic nature of the R4 group on the Tp ligand: the
complex 1Me2Br bearing the electron-withdrawing bromine
group is more stable than the nonbrominated derivative 1Me2.
Interestingly, the acylperoxo species 1R have the potential to
abstract a hydrogen atom from the aliphatic C−H group, as
evidenced by the kinetic isotope e ect during the self-
decomposition of 1R in CH2Cl2/CD2Cl2. We have not been
able to isolate 1R to date. Not only does its structure remain to
be characterized, but the nature of its oxidizing abilities toward
various external substrates other than alkanes remains to be
clari ed. In this work, we characterized in detail the molecular
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Chart 1. Abbreviations for the TpR Ligands

Scheme 1. Preparation of TpRNiII Complexes

amCBA and mCPBA indicate m-chlorobenzoate and m-chloroperben-
zoate, respectively. Reaction conditions: (i) Ni(OAc)2; (ii) NaOH;
(iii) HmCPBA; (iv) NiBr2; (v) KmCBA; (vi) HmCPBA.

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 6010 dx.doi.org/10.1021/ja4020277 | J. Am. Chem. Soc. 2013, 135, 6010−6013

─ 296 ─



structure and external substrate oxidizing behavior of a Ni(II)−
mCPBA complex.
Our strategy for the isolation of a Ni(II)−mCPBA complex

involved controlling the properties of the Ni-supporting TpR

ligand. As mentioned above, the incorporation of electron-
withdrawing groups (EWGs) on the pyrazolyl rings of TpR

enhances the stability of 1. In addition, steric hindrance and
chemical stability (i.e., resistance to oxidation) of the
substituent groups on TpR are critical. Bulky alkyl groups
(e.g., isopropyl groups) at the R3 position of the pyrazolyl rings
wrap the O−O moiety of the metal-bound acylperoxide,
stabilizing 1 and hindering the reaction with external substrates.
Moreover, C−H bonds of the R3 substituents are oxidized by a
proximal oxidant (i.e., metal-bound acylperoxide or further
activated species generated via O−O breaking) through
intramolecular reaction. Therefore, in this study hydrotris(3-
trifluoromethyl-5-methylpyrazolyl)borate (TpCF3Me) was em-
ployed as the Ni-supporting ligand because the proximal
trifluoromethyl groups exhibit an electron-withdrawing nature,
high oxidation resistance, and moderate steric hindrance. The
versatility of TpCF3Me for the stabilization of metal−dioxygen
species was revealed by the Cu2( - 2: 2-O2) complex reported
by Gorun and co-workers.7

Our first attempt to synthesize an acylperoxo complex with
TpCF3Me (1CF3Me) in a manner similar to that used to form the
reported 1R (i.e., dehydrative condensation between the
Ni(II)−hydroxo species and HmCPBA; route A in Scheme
1)6 failed because of the insolubility of the putative Ni(II)−
hydroxo complex 2CF3Me formed by the reaction of the Ni(II)−
acetato complex [NiII(TpCF3Me)(OAc)] (3CF3Me) with aqueous
NaOH. Therefore, we selected an m-chlorobenzoate (mCBA)
complex, [NiII(TpCF3Me)(mCBA)] (4CF3Me), as a precursor to
1CF3Me because exchange of the mCBA ligand with mCPBA on
the Ni(II) center might occur during the turnover process in
catalytic alkane oxidation by Ni/mCPBA systems (route B in
Scheme 1).5 4CF3Me was prepared from bromido complex 5CF3Me

by ligand exchange with KmCBA.8 As we expected, the reaction
of 4CF3Me with a small excess (∼2 equiv) of HmCPBA in
CH2Cl2 at −40 °C allowed a perfect conversion to 1CF3Me.
Monitoring of the UV−vis spectral changes revealed an
increase in absorbance at 375 nm, which was attributed to
1CF3Me, as the 408 nm band of 4CF3Me decreased with an
isosbestic point at 395 nm. Surprisingly, this titration
experiment was reproducible at room temperature, indicating
the high thermal stability of the formed 1CF3Me [Figure S2 in the
Supporting Information (SI)].
After the volatiles were removed from the reaction mixture of

HmCPBA (2.7 equiv) and 4CF3Me in CH2Cl2, the dissociated
HmCBA and the remaining excess HmCPBA were washed out
with H2O and EtOH. The agreement between the UV−vis
spectra of the redissolved isolated solid and the final species in
the above-mentioned titration in CH2Cl2 suggests that isolation
was achieved (Figure S4). Recrystallization of the resulting
green-blue solid from CH2Cl2/n-hexane yielded a single crystal
of 1CF3Me suitable for X-ray analysis (Figure 1 and Table S3 in
the SI).8,9 The oxidation state of the Ni center is +2, and 1CF3Me

is a neutral complex, as evidenced by the absence of any
counterions in the crystal lattice. The Ni center in 1CF3Me is
supported by a donor set containing three N atoms and two O
atoms. The O−O bond length [1.443(3) Å] falls in the typical
range for peroxide O−O lengths (Figure S4).3,4a,10 The
coordination mode of mCPBA is 2, as indicated by the bond
lengths of the percarboxylate moiety [Ni1−O1, Ni−O3, and

O3 C16 = 1.914(2), 2.040(2), and 1.223(3) Å, respectively].
The Ni−N(Tp) lengths in 1CF3Me [Ni1−N1, Ni1−N3, and
Ni1−N5 = 2.037(2), 2.041(2), and 2.058(2) Å, respectively]
are comparable to those in 4CF3Me, where the Ni center is
supported by the tridentate TpCF3Me ligand and the 2-binding
mCBA ligand. The geometry of the nickel center of 1CF3Me is
slightly distorted from square-pyramidal ( = 0) toward
trigonal-bipyramidal ( = 1), as indicated by its value of
0.26. The Ni−mCPBA site is fully surrounded by CF3 groups.
These structural characteristics are consistent with the
following observed spectroscopic properties:8 Paramagnetically
shifted 1H NMR signals of 1CF3Me assignable to the protons of
the TpCF3Me and mCPBA ligands support the high-spin
configuration (S = 1) of the distorted five-coordinate Ni(II)
center (Figures S5 and S6). Coordination of the carbonyl
moiety of the acylperoxo ligand leads to a red shift of the C O
vibration to 1644 cm−1 in the IR spectrum, as found in the
previously reported TpR derivatives (i.e., for 1Me2 in CH2Cl2
solution at −40 °C, C O = 1646 cm−1) (Figures S7−S9).4,6,11
The oxidation reactivity of the isolated Ni(II)−acylperoxo

complex 1CF3Me for external substrates in aprotic solvents
(CF3C6H5, toluene, benzene) was studied by kinetic analysis
using UV−vis spectroscopy and product analysis using GC
(Scheme 2).8 Without any substrate, the complex 1CF3Me was
thermally robust even at 70 °C in benzene (first-order rate
constant = 1.63 × 10−5 s−1), while 1Me2 decomposed below
−20 °C.12 This thermal stability of 1CF3Me is a result of the
steric protection around the Ni center and the electron-
withdrawing nature of the CF3 groups in the TpCF3Me ligand.
However, 1CF3Me behaved as an O-atom transfer reagent toward
nucleophiles such as phosphine and sulfide under mild
conditions. A reaction solution containing 10 equiv of
thioanisole stoichiometrically formed MeS( O)Ph (96%)
and MeS( O)2Ph (1%), and the use of 10 equiv of PPh3
gave O PPh3 (103%), as determined by GC analyses (yields
based on 1CF3Me; Table S4). In fact, the decay of 1CF3Me was
accelerated even at −40 °C in the presence of excess
thioanisole. The pseudo-first-order reaction rate constant
(kobs) for the decay of 1CF3Me became saturated as the
concentration of thioanisole increased, implying that the
reaction of 1CF3Me and thioanisole proceeds through a
Michaelis−Menten-type mechanism (Scheme 2 and Figures
S10−S12).13 A Lineweaver−Burk-type plot (1/[thioanisole] vs
1/kobs) gave values of the association equilibrium constant Kon

Figure 1. ORTEP diagrams of the complexes 1CF3Me and 4CF3Me with
50% thermal ellipsoids. H atoms on the carbon backbones have been
omitted for clarity.
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for the formation of a substrate adduct of 1CF3Me and the rate
constant kox for the subsequent sulfoxide formation (Figure 2a).

The negative value of S (−191 J K−1 mol−1) derived from
the Eyring plot suggested that the O-atom transfer from the Ni-
bound acylperoxide to the S atom occurs directly (Figure 2b).
The reactions of 1CF3Me with other para-substituted thioanisoles
(MeSC6H4−X; X = Br, Me, OMe) exhibited similar reaction
pro les. Linear correlations between the substituent constants
and the Kon and kox values, with negative values of the Hammett
reaction constants , indicated that the higher Lewis basicity of
the substrate enhances the formation of the 1CF3Me·MeSC6H4−
X adduct and that the Ni-bound acylperoxide shows an
electrophilic nature (Figures S13 and S14).
The Ni(II)−acylperoxide complex 1CF3Me also behaves as an

electrophilic O-atom transfer reagent toward alkenes. Reactions
of 1CF3Me with 10 equiv of cyclohexene and styrene in CF3C6H5
at 70 °C yielded the corresponding epoxides in 66 and 92%
yield, respectively. The formation of small amounts of 2-
cyclohexen-1-ol (4%)/2-cyclohexen-1-one (6%) and benzalde-
hyde (3%), respectively, might suggest the involvement of a
small extent of H-atom abstraction (Table S4). The reactions of
1CF3Me with a series of para-substituted styrenes (H2C

CHC6H4−X; X = Br, H, Me, OMe) exhibited second-order
kinetics (Figures S15−S20). The negative value of S (−110 J
K−1 mol−1) for the oxidation of styrene (X = H) indicates that
the reaction proceeds through an associative transition state.
The time course of changes in the UV−vis spectral pattern
showed an isosbestic point, which may imply conversion from
1CF3Me to 4CF3Me without any intermediate. Also, the electro-
philic nature of 1CF3Me was evidenced by a negative value
(−1.35) derived from the Hammett plot of versus log kox (kox
= second-order rate constant) at 90 °C.
Remarkably, 1CF3Me can oxidize hydrocarbon substrates with

activated methylene C−H bonds, such as 1,4-cyclohexadiene
(CHD), 9,10-dihydroanthracene (DHA), xanthene, and
uorene, obeying second-order kinetics (Figures S21−S28).
In the UV−vis spectrum of 1CF3Me in the presence of a large
excess of CHD, the 4CF3Me band at 408 nm increased
concomitantly with the consumption of 1CF3Me. No signi cant
features were found at around 800 nm in our system; we
attribute this result to the absence of putative high-valent Ni−O
species arising from the cleavage of the acylperoxide O−O
bond.14 The negative S values for the reactions of the
compounds with activated methylene C−H bonds indicated
that 1CF3Me works as the direct oxidant without an O−O-bond-
cleaved intermediate (Figures S29−S32). The values of the
second-order rate constants and C−H bond dissociation
energies (BDEs) of these substrates are not correlated, which
might be attributable to the steric e ects of the CF3 groups
around the Ni center of 1CF3Me: less hindered CHD is more
easily accessible to the acylperoxide ligand of 1CF3Me, leading to
a faster reaction than with hindered DHA, although the latter
has a lower BDE (Figure S33). It must be noted that no clear
acceleration of the decay of 1 was observed in the presence of
1000 equiv of cyclohexane in benzene. The product analysis of
the reaction of 1CF3Me and methylcyclohexane indicated that the
reaction proceeded in the somewhat sterically crowded
coordination sphere of the Ni center (Table S4).6 Therefore,
in the case of large-BDE substrates such as cyclohexane,
another reaction pathway through the O−O-cleaved inter-
mediates [i.e., high-valent Ni−O or Ni(II)−oxyl species] is
dominant.
In conclusion, we have succeeded in fully characterizing the

Ni(II)−acylperoxo complex. This thermally robust acylperoxide
compound works as an O-atom transfer reagent toward
nucleophilic sul des and ole ns and also is a genuine oxidant
toward activated aliphatic C−H bonds.
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O2 activation and external substrate oxidation
capability of a Co(II)–semiquinonato complex

Atsushi Ikeda, Kazuya Hoshino, Hidehito Komatsuzaki, Minoru Satoh,
Jun Nakazawa and Shiro Hikichi*

The synthesis, characterization and catalytic oxidizing activity of a cobalt(II)–semiquinonato complex with

hydrotris(3,5-dimethyl-1-pyrazolyl)borate (=TpMe2) have been investigated. The cobalt(II)–semiquinonato

complex can be synthesized by two alternative routes; (i) dehydrative condensation of a cobalt(II)–hydroxo

complex with 3,5-di-tert-butylcatechol and following O2 oxidation, or (ii) one-electron oxidation of cate-

chol by a dinuclear cobalt(III)-bis(m-oxo) complex. The synthesized cobalt(II)–semiquinonato complex can bind

O2 at low temperatures and catalyzes the oxidation of ortho- and para-hydroquinones to the corresponding

benzoquinones concomitant with the generation of hydrogen peroxide. The resulting H2O2 is utilized as an

oxidant for the epoxidation of allyl alcohol catalyzed by peroxotungstate. Aerobic oxidation of benzyl alcohol

to the corresponding aldehyde is also promoted by the cobalt(II)–semiquinonato complex.
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Submillimetre size self-assemblies composed of oleate and azo-

benzene derivatives show forceful motions such as screw-type

coiling–recoiling motion by photoirradiation.
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Computational Study on the Mechanism of the Electron-Transfer-
Induced Repair of the (64) TT Photoproduct of DNA by Photolyase:
Possibility of a Radical Cation Pathway

Toshiaki Matsubara,* Nozomi Araida, Daichi Hayashi, and Hatsumi Yamada

Department o Chem stry, Facu ty o Sc ence, Kanagawa Un vers ty, 2946 Tsuch ya, H ratsuka, Kanagawa 259-1293

Rece ved October 25, 2013; E-ma : matsubara kanagawa-u.ac.jp

The oxetane and the non-oxetane mechan sms o the e ectron-trans er-dr ven repa r o the (6 4) T T photo es on o
DNA by photo yase are exam ned by dens ty unct ona theory (B3LYP). We ca cu ated the rad ca cat on pathway n
add t on to the rad ca an on and the neutra pathways or both mechan sms n order to assess the poss b ty o the rad ca
cat on pathway, because re at ve y arge energy barr ers have been ound or the rad ca an on pathway. As a resu t, the
rad ca an on pathway showed a arge energy barr er n both the oxetane and the non-oxetane mechan sms n agreement
w th prev ous ca cu at ons. However, t was ound that the rad ca cat on pathway o the oxetane mechan sm has a rea st c
ow energy barr er. Th s advantage o the rad ca cat on pathway was ascr bed to the pos t on o the rad ca be ore the
ormat on o the oxetane and the stab ty o the oxetane n energy.

DNA s h gh y a react ve substance and s there ore read y
n uenced and damaged, because the ns de o the ce s under
chem ca y act ve cond t ons due to u trav o et rays, chem ca
substances, and so on. In act, DNA s rout ne y damaged and
var ous types o DNA es ons are known.1 D mer zed adjacent
thym nes, c ass ed as s ng e-strand damage, s a so one o
such DNA es ons. A though DNA es ons can be an or g n
o d seases such as cancer, damaged DNA s mmed ate y
recovered through a repa r process1 n order to ma nta n norma
genet c n ormat on.

For examp e, ormed thym ne d mer s repa red by photo-
yase under photo rrad at on n p ants and bacter a.2 Many
peop e have ocused on th s repa r process as a mode and have
endeavored to understand ts mechan sm.3 There ex st two
orms o thym ne d mer, cyc obutane pyr m d ne d mer (CPD)
and (6 4) photoproduct (F gure 1), and many exam nat ons
o the repa r mechan sm have been conducted espec a y or
the case o CPD. Photo yase s a avoprote n that has a
chromophore co actor av n aden ne d nuc eot de (FAD)
(F gure 1) p ay ng an mportant ro e as a coenzyme. A second
chromophore co actor that unct ons as an antenna harvest ng
b ue ght, metheny tetrahydro o ate (MTHF) or 8-hydroxy-7,8-
d demethy -5-deazar bo av n (8-HDF), s a so present ns de
the prote n. The FAD, wh ch s thought to be u y reduced to
FADH ns de the prote n, s bur ed n the v c n ty o the act ve
s te. On the other hand, the second co actor s urther deep y
bur ed and a tt e ar rom FAD.

The genera y proposed mechan sm o the repa r react on o
the thym ne d mer on the bas s o prev ous nd ngs or CPD

s d sp ayed n F gure 2A. The unct on o the photo yase
or g nates n the b ue- ght harvest by the second chromophore
co actor. The e ectron c state o the second co actor that
absorbed the ght s enhanced to an exc ted state and th s
exc tat on energy s transm tted to the other co actor FADH
when the exc ted state o the second co actor returns to the
ground state. The FADH , wh ch rece ved the energy, becomes
an ex ted state FADH * and then unct ons as an e ectron

Figure 1. The structures o the DNA T T es ons, cyc o-
butane pyr m d ne d mer (CPD) and (6 4) photoproduct,
and the co actor av n aden ne d nuc eot de (FAD).

© 2014 The Chemical Society of Japan
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donor. So, when an e ectron s trans erred rom the FADH * to
the T T photo es on o DNA bound to the act ve s te o the
photo yase, the repa r react on s commenced.

The current y proposed react on mechan sm o the sp tt ng
process o the (6 4) photoproduct s presented n F gure 3.4,5

In the past, t was genera consensus that the oxetane s eas y
ormed thermochem ca y rom the (6 4) photoproduct be ore
the b nd ng o the (6 4) photoproduct w th the act ve s te o
the photo yase. The e ectron trans er was there ore thought to
take p ace a ter the b nd ng o the oxetane w th the photo yase.
However, th s assumpt on was contrad cted by a recent y
reported crysta ograph c structure o a photo yase that com-
b nes w th the (6 4) photoproduct,6 wh ch shows that the
e ectron trans er takes p ace not at the ntermed ate oxetane
but at the start ng (6 4) photoproduct. F gure 3A d sp ays the
repa r mechan sm v a the oxetane n the case o the rad ca
an on. Here, the oxetane o the rad ca an on ex sts not as an
equ br um structure but as a trans t on state. The repa r react on
commences rom the (6 4) photoproduct 1Aa. The hydroxy

hydrogen at rst m grates to the n trogen o the other mo ety as a
proton n the rst step, 1Aa¼ 2Aa. In the second step 2Aa ¼
TS1Aa ¼ 3Aa, the oxetane s ormed at the trans t on state
TS1Aa and the C O bond o the oxetane s broken a ter the
trans t on state to orm 3Aa. The sp tt ng o the thym ne d mer
s comp eted by the C C bond break ng n the na step,
3Aa ¼ 4Aa. Another repa r mechan sm by OH trans er, wh ch
does not pass through the oxetane, s presented n F gure 3B.
The hydroxy group o the start ng (6 4) photoproduct 1Ba s
trans erred v a the ntermed ate 2Ba to orm 3Ba. The sp tt ng
o the thym ne d mer s s m ar y comp eted by the C C bond
break ng n the na step, 3Ba¼ 4Ba.

Domratcheva et a . have recent y reported the energy pro es
or both the oxetane and the non-oxetane mechan sms ca cu-
ated by dens ty unct ona theory (DFT).5 The ca cu ated
energy pro es show that both mechan sms have to pass the
arge energy barr er o 25 30 kca mo 1. In contrast, the energy
barr er or the sp tt ng s on y about 2 kca mo 1 n the case
o CPD.7,8 The ca cu ated arge energy barr er or the (6 4)

. .

Figure 2. Mechan sm o the repa r react on o the (6 4) T T photoproduct by the photo yase proposed on the bas s o recent reports.
The react on proceeds by the e ectron trans er rom the co actor FADH to the T T es on n A and rom the T T es on to the
co actor FADH n B.

1Aa 2Aa TS1Aa 3Aa 4Aa

4Ba

+

1Ba 2Ba 3Ba

+

Figure 3. Convent ona y proposed mechan sms o the e ectron-trans er- nduced repa r o the (6 4) T T photoproduct o DNA.
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photoproduct does not seem to be rea st c. Hence, one wou d
th nk that another rea path must ex st to escape such arge
energy barr ers. Sadegh an et a . proposed such a path n the
oxetane mechan sm,9 where the e ectron trans er between the
co actor FAD and the T T es on at the act ve s te occurs two
t mes. However, the arge energy barr er at the oxetane tse
bas ca y rema ns as t s. The contr but on o the ne ghbor ng
H s res due to the repa r react on has been a so computat ona y
exam ned by Faraj et a . or the non-oxetane mechan sm10 on
the bas s o a recent y proposed mechan sm.11 The ca cu ated
energy barr er o about 20 kca mo 1 s st not ow enough.
Consequent y, n the present study, we exam ned the sp tt ng
o the (6 4) photoproduct n the case o the rad ca cat on
(F gure 2B) to search other e c ent pathways, a though the
e ectron trans er rom the T T es on to the co actor FAD has
been tt e cons dered except some computat ona exam nat ons
or the CPD8,12 and the (6 4) photoproduct.13 I the co actor
FAD ex sts as the u y reduced orm FADH , the exc ted
FADH * ormed by an energy transm ss on rom the second
co actor m ght rece ve an e ectron rom the T T es on,3,12,14

wh ch resu ts n the ormat on o FADH 2 as presented n
F gure 2B. The ormed FADH 2 returns to the FADH g v ng
the e ectron back to the d ssoc ated thym ne ragments T:T( ).
I the FADH ormed under some cond t ons as prev ous y
reported3,12,15,16 contr butes to the e ectron trans er, t under-
goes a am ar reduced state FADH nstead o FADH 2 .
A though the var ous reduced states o the FAD have been n
act exam ned by both exper ments17 and computat ons,7,12,13b

they are not u y c ar ed and there s yet tt e n ormat on
on the e ectron-trans er mechan sm n the case o the (6 4)
photoproduct.

In the present study, we there ore concentrate on the search
or a pathway w th a ow energy barr er cons der ng the rad ca
cat on o the (6 4) photoproduct. We conducted the ca cu a-
t ons or both the oxetane and the non-oxetane mechan sms o
the e ectron-trans er- nduced repa r o the (6 4) T T photo-
product at the B3LYP eve o theory n order to exam ne the
poss b ty o the rad ca cat on pathway. The repa r react on
was o owed by a mode system o (6 4) T T photoproduct
and ts surround ng am no ac ds were approx mated by the
po ar zed-cont nuum-mode (PCM), because the surround ng
am no ac ds are not essent a n the d scuss on o the energy
pro e o the repa r react on.9

Computational Method

A the ca cu at ons were per ormed us ng the Gauss an03
program package.18 We o owed both the oxetane and the non-
oxetane mechan sms o the e ectron-trans er- nduced (6 4)
T T photoproduct repa r us ng a mode mo ecu e o the (6 4)
T T photo es on o DNA. The env ronment o am no ac ds
was approx mated by the PCM, because the surround ng am no
ac ds are not essent a n the repa r react on as ment oned n
the Introduct on.

The geometry opt m zat ons were per ormed by dens ty
unct ona theory (DFT) at the B3LYP eve o theory, wh ch
cons sts o a hybr d Becke Hartree Fock exchange and Lee
Yang Parr corre at on unct ona w th non oca correct ons.19

For the bas s set, we adopted the tr p e 6-311G used n
the prev ous ca cu at on5 n order to reproduce the structure

nvo ved n the repa r react on. The energ es o the opt m zed
structures were mproved us ng a h gher eve bas s set aug-cc-
pVTZ.

A equ br um structures and trans t on states were den-
t ed by the number o mag nary requenc es ca cu ated rom
the ana yt ca Hess an matr x. The react on coord nates were
o owed rom the trans t on state to the reactant and the
product by the ntr ns c react on coord nate (IRC).20 The
therma correct on to the G bbs ree energy, wh ch was
ca cu ated at the B3LYP 6-311G eve w th a sca e actor o
0.961421 or ca cu ated v brat ona requenc es at the temper-
ature o 298.15K, was used to ca cu ate the G bbs ree energy
at the B3LYP aug-cc-pVTZ eve . The NBO ana ys s22 was
per ormed to obta n the atom c charge. The surround ng am no
ac ds were taken nto account by the PCM approx mat on23

us ng the d e ectr c constant o 5.7.24 The ca cu at ons w th
the d e ectr c constant o 80 were a so per ormed assum ng
a water med um or compar son. The bas s set superpos t on
error (BSSE) nc uded n the nteract on energy between two
thym nes o the oxetane was corrected by the counterpo se
method.25

We added A and B as su xes to the abe s o the equ br um
and the trans t on state structures to d st ngu sh the oxetane and
the non-oxetane mechan sms, and a so added n, a, and c to
d st ngu sh the neutra , rad ca an on, and the rad ca cat on.

Results and Discussion

We exam ned a the cases o the neutra , rad ca an on, and
the rad ca cat on or both the oxetane and the non-oxetane
mechan sms start ng rom the (6 4) T T photoproduct a ter the
e ectron trans er.

Structures Involved in the Oxetane Mechanism. The
opt m zed equ br um and trans t on state structures o the
repa r react on v a the oxetane are d sp ayed n F gure 4. We
a so ca cu ated or the neutra n add t on to the rad ca an on
and the rad ca cat on or the compar son. In the case o the
neutra , the oxetane ex sts as an equ br um structure so that
the T T d ssoc at on react on cons sts o two steps. The rst
step s the m grat on o the OH hydrogen to the n trogen and
the attack o the OH oxygen on the carbon o the other mo ety
o the T T d mer n the (6 4) photoproduct 1An to orm the
oxetane 2An through the trans t on state TS1An. The second
step s the d ssoc at on o the C C and the C O bonds o the
T<>T oxetane to orm the repa red T:T 3An pass ng through
the trans t on state TS2An. The mportant geometr c param-
eters are summar zed n Tab e 1. The d stance o the O1 C3
decreases to 1.546¡ to orm a chem ca bond n the oxetane
2An and urther decreases to 1.248¡ to orm a C O doub e
bond n the product 3An. On the other hand, the d stance o the
C1 C2 s a most constant unt 2An, but shortened to 1.355¡
n 3An to orm a C C doub e bond. The ormat on o the O1
C3 bond n 2An does not pract ca y a ect the C1 C2 bond. In
contrast, both C1 O1 and C2 C3 bonds are stretched by 0.06
0.07¡ n 2An due to the ormat on o the O1 C3 bond.

In the case o the rad ca an on, a ter the m grat on o the
OH hydrogen, the repa r react on essent a y proceeds by one
step pass ng through the trans t on state TS1Aa o the oxetane
(F gure 4). A though 3Aa was ound as an equ br um struc-
ture, t d sappeared when the bas s set 6-311G s sw tched to

BCSJ AWARD ARTICLEBull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014)392
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another bas s set w th po ar zat on unct ons. The trans t on
state rom 3Aa to 4Aa was on y 0.2 kca mo 1 h gher than
3Aa. Th s resu t s the same as that o the prev ous ca cu at on.5

The changes n the geometr c parameters re ated to the repa r
react on are bas ca y s m ar to the case o the neutra as
presented n Tab e 1, a though the oxetane n the trans t on
state TS1Aa shows a re at ve y ong C1 O1 d stance o
1.695¡ and short O1 C3 d stance o 1.464¡. The C1 C2
d stance o the sp t thym ne ragment o the rad ca an on s
onger than that o the other thym ne ragment o the neutra
because the rad ca s on the C2 atom (F gure 8). The repa r
react on n the case o the rad ca cat on s qu te s m ar to the
case o the rad ca an on as shown n F gure 4. The repa r
react on proceeds by one step pass ng through the trans t on
state TS1Ac a ter the m grat on o the OH hydrogen. However,
TS1Ac s an ear y trans t on state so that ts structure s a tt e
d erent rom oxetane. Th s s re ected n the ong O1 C3
d stance o 1.866¡ n TS1Ac (Tab e 1). The C1 C2 d stance
o the sp t thym ne ragment o the rad ca cat on s a so onger
than that o the other thym ne ragment o the neutra , because
the rad ca s on the C1 atom (F gure 8) as ment oned ater.

Structures Invo ved n the Non-Oxetane Mechan sm.
A though we a so o owed the non-oxetane mechan sm or
three cases o the neutra , rad ca an on, and the rad ca cat on,
the structures nvo ved n the repa r react on are d sp ayed on y
or the case o the rad ca an on n F gure 4. The con ormat on
o the start ng (6 4) T T photoproduct 1Ba n the case o the

non-oxetane mechan sm s d erent rom those o 1An, 1Aa,
and 1Ac n the case o the oxetane mechan sm.5 The OH group
n 1Ba s d rected to the carbon to wh ch the OH group
m grates, wh ch s re ected on the re at ve y short O1 C3
d stance o 2.782¡ (Tab e 1). The repa r react on occurs by the
OH trans er, wh ch s o owed by the C C bond c eavage.
S nce the trans t on state between 2Ba and 3Ba was very c ose
to 2Ba,5 we cou d not nd t. The structures or the rad ca
an on n F gure 4 was the same as those n the prev ous ca cu-
at on.5 As shown n Tab e 1, the O1 C3 d stance s gradua y
shortened to orm a s ng e bond n 4Ba, whereas the C2 C3
d stance s gradua y e ongated. The C1 C2 d stance becomes
somewhat shorter a ter 3Ba due to the de oca zat on o the
e ectron (F gure 3).
The repa r react on n the case o the neutra and the rad ca

cat on was ound to proceed by one step, where the m grat on
o the OH group and the c eavage o the C C bond occurs at
the same t me. To opt m ze these trans t on states n the case o
the neutra and the rad ca cat on, we xed the C1 O1 and the
O1 C3 d stances at the va ues p cked up rom 2Ba and the C2
C3 d stance at the va ue p cked up rom TS2Ba, s nce t was
hard to u y opt m ze these trans t on states. The opt m zed
structures o these trans t on states were success u y obta ned
w th these xed d stances and con rmed by the number o the
mag nary requency and the d sp acement o the norma mode.
Energy Pro es o the Oxetane Mechan sm. The energy

pro es o the oxetane mechan sm at the var ous eve s are

+

+

+

+

1Aa 2Aa TS1Aa 3Aa

1Ac 2Ac TS1Ac

1An TS1An 2An TS2An

1Ba 2Ba 3Ba

3An

4Aa

3Ac

i i

i

i

i i
4BaTS2BaTS1Ba

F gure 4. Opt m zed equ br um and trans t on state structures o the oxetane and the non-oxetane mechan sms n the cases o the
neutra , rad ca an on, and the rad ca cat on at the B3LYP 6-311G eve . The re at ve potent a energ es ( n kca mo 1) together
w th the mag nary requenc es ( n cm 1) o the trans t on states are a so presented. See Tab e 1 or the geometr c parameters.
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presented n F gure 5. There s no s gn cant change n the
eature o the energy pro e among the var ous eve s, a though
the energy o the d ssoc ated T:T ragments s a ected by
tak ng account o the entropy and the med um. The energy
pro e o the neutra shows very arge energy barr ers n each
step, suggest ng that the e ectron trans er s mportant n the
repa r react on. However, the energy pro e o the rad ca
an on a so has a arge energy barr er, because the oxetane s
very unstab e n energy. In contrast, n the case o the rad ca
cat on, the oxetane- ke trans t on state TS1Ac s very stab e
due to the arge exotherm c ty o the react on so that the energy
sur ace s qu te smooth. The trans t on state TS1Ac s on y 5 6
kca mo 1 ess stab e than the start ng (6 4) T T photoproduct

1Ac. The energy barr er rom 2Ac to TS1Ac s about 10
kca mo 1 when we cons der the G bbs ree energy n a
d e ectr c med um. The structure o the trans t on state TS1Ac
s ear y as ment oned above, wh ch s cons stent w th the
Hammond postu ate.26 A ter TS1Ac, the react on passes
through the oxetane, wh ch s more stab e n energy than
1Ac. Here, one w not ce that the stab ty o the oxetane s
apparent y d erent among the neutra , rad ca an on, and the
rad ca cat on, the order o the stab ty o the oxetane be ng
rad ca cat on > neutra > rad ca an on. Th s s very nterest-
ng, because the stab ty o the oxetane o the rad ca cat on s
one o c ues to understand ng why the energy pro e o the
rad ca cat on s so smooth as ment oned ater.

It shou d be a so noted here that the order o the break ng
o the C C and the C O bonds o the oxetane s d erent
among the neutra , rad ca an on, and the rad ca cat on. The
p ots o the geometr c parameters versus the react on coord nate
are presented n F gure 6. In the case o the neutra , both the
C C and the C O bonds break ng occur a most concerted y.
However, t s not concerted n the cases o the rad ca an on
and the rad ca cat on. In the case o the rad ca an on, the C O
bond s broken at rst and then the C C bond s subsequent y
broken, whereas th s order s reversed n the case o the rad ca
cat on, as the deta s are d scussed ater.

Energy Pro es o the Non-Oxetane Mechan sm. The
energy pro es o the non-oxetane mechan sm at the var ous
eve s are presented n F gure 7. It s obv ous that the OH
trans er react on n the case o the neutra and the rad ca cat on
s not mportant, because the trans t on states TS1Bn and
TS1Bc or both cases are extreme y unstab e n energy and the
energy barr ers are very arge. On the other hand, the energy
barr er s reduced to ha n the case o the rad ca an on. The
arge energy barr er ex sts n the rst step o the OH trans-
er 1Ba ¼ 3Ba. The second step o the C C bond break ng
3Ba ¼ 4Ba s comb ned w th the rst step, because the tran-
s t on state TS2Ba ound n the opt m zat on d sappeared at
the h gher eve used or the energy ca cu at ons. The energy o
the ntermed ate 2Ba s c ose to that o the trans t on state
TS1Ba, as expected rom these structures be ng s m ar to each
other (F gure 4). When we ca cu ate the energy n a d e ectr c
med um, both TS1Ba and 2Ba are espec a y stab zed n
energy. But, the energy barr er s st arge. So, we urther
ca cu ated or the rst step o the OH trans er tak ng account o
the ne ghbor ng H s res due n order to con rm whether th s
arge energy barr er s reduced or not by the contr but on o the
H s res due, accord ng to an exper menta y proposed mecha-
n sm.4 It has been thought that the nteract on o the proton
rom the H s res due w th the m grat ng OH group m ght
stab ze TS1Ba and 2Ba. F gure S1 n the Support ng In or-
mat on shows that there s no e ect o the proton rom the H s
res due consequent y s nce the proton stab zes the OH group
but destab zes the ent re mo ecu e. The recent ca cu at ons
on the bas s o the other mechan sm11 w th the contr but on o
the H s res due have a so shown a s m ar energy barr er o
about 20 kca mo 1.10 There ore, the oxetane mechan sm o the
rad ca cat on s the most avorab e n energy, and the energy
pro e w th the sma energy barr er o about 10 kca mo 1

seems to be reasonab e or the react on occurr ng n the
b o og ca system.

Tab e 1. Se ected Opt m zed Parameters ( n ¡) o the
Equ br um and the Trans t on State Structures Invo ved
n the Oxetane and the Non-Oxetane Mechan sms n the
Cases o the Neutra , Rad ca An on, and the Rad ca
Cat on

d(C1 O1) d(C2 C3) d(C1 C2) d(O1 C3)

Oxetane mechan sm

Neutra
1An 1.450 1.522 1.566 3.032
TS1An 1.488 1.558 1.545 2.200
2An 1.506 1.591 1.545 1.546
TS2An 1.841 2.252 1.440 1.383
3An 1.355 1.248

Rad ca an on
1Aa 1.450 1.506 1.566 2.997
2Aa 1.412 1.501 1.587 2.934
TS1Aa 1.695 1.596 1.548 1.464
3Aa 2.299 1.592 1.521 1.398
4Aaa) 1.421 1.355 1.290 1.248

Rad ca cat on
1Ac 1.435 1.519 1.575 2.895
2Ac 1.402 1.517 1.578 2.902
TS1Ac 1.493 1.572 1.548 1.866
3Acb) 1.405 1.355 1.238 1.248

Non-oxetane mechan sm

Rad ca an on
1Ba 1.437 1.508 1.564 2.782
TS1Ba 2.169 1.549 1.525 2.526
2Ba 2.226 1.545 1.525 2.730
3Ba 2.858 1.626 1.491 1.515
TS2Ba 2.931 1.877 1.444 1.459
4Ba 1.421 1.369

a) The e t hand s de o the s ash s or the rad ca an on and the
r ght hand s de o the s ash s or the neutra . b) The e t hand
s de o the s ash s or the rad ca cat on and the r ght hand s de
o the s ash s or the neutra .

BCSJ AWARD ARTICLEBull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014)394

─ 430 ─



Reason for the Preference of the Oxetane Mechanism
of the Radical Cation. In the oxetane mechan sm, t s
nterest ng that the unrea st ca y arge energy barr er n the
case o the rad ca an on s reduced to a moderate magn tude
n the case o the rad ca cat on, a though the energy barr ers
n the cases o both the rad ca an on and the rad ca cat on
are ow or the repa r react on o the CPD.7,8 The ent re energy
sur ace s a so much ower or the rad ca cat on than or the
rad ca an on. These resu ts are not changed by ncreas ng the
ca cu at on eve and by nc ud ng the med um. Th s eature

o the energy pro e o the rad ca cat on s ascr bed to the
stab ty o the oxetane, as ment oned above. We there ore
compared the nteract on energ es between two thym nes o
the oxetane o the neutra , rad ca an on, and the rad ca cat on
(Tab e 2). As a resu t, the nteract on energy was the argest
n the case o the rad ca cat on, as expected.
We urther ocused on the p ace o the rad ca n order to

c ar y the reason why the repa r react on by the oxetane
mechan sm s ac e n the case o the rad ca cat on and s
d cu t n the case o the rad ca an on. The p ace o the rad ca

1An
1Aa
1Ac

TS1An

2An

3An

2Aa

TS1Aa

3Aa

4Aa

2Ac

TS1Ac

3Ac

0.0 a
0.0 b
0.0 c
0.0 d
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37.4

-2.3
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-12.4
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6.4
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6.4-7.3
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-6.1
-4.3 -33.3

-47.4
-15.8
-15.8

5.5
4.8
2.3
1.0

21.2
20.8
18.2
17.1

29.9
29.5
27.7
26.6

9.1
9.6

11.5
12.5

49.1
46.3TS2An
49.9
50.1

-32.6
-47.7
-32.8
-32.4

Figure 5. Energy pro es o the oxetane mechan sm n the cases o the neutra (dotted ne), rad ca an on (norma ne), and the
rad ca cat on (bo d ne) at var ous eve s. a: B3LYP aug-cc-pVTZ eve , b: G bbs ree energy at the B3LYP aug-cc-pVTZ eve ,
c: B3LYP aug-cc-pVTZ eve n a d e ectr c med um w th a d e ectr c constant o 5.7, d: B3LYP aug-cc-pVTZ eve n a d e ectr c
med um w th a d e ectr c constant o 80.

TS2An TS1Aa TS1Ac2An 3An 4Aa 3Ac

Figure 6. Changes n the geometr c parameters dur ng the d ssoc at on o the oxetane n the cases o the neutra , rad ca an on, and
the rad ca cat on at the B3LYP 6-311G eve .
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and the negat ve or the pos t ve charge n the mo ecu e dur ng
the repa r react on n the case o the rad ca an on and the
rad ca cat on determ ned judg ng rom the ca cu ated sp n
dens ty and Mu ken charge s presented n F gure 8. The
resu t n the case o the rad ca an on s n agreement w th that

prev ous y known.5 The stretch and the shr nk o the bonds
shown by the bond d stances are cons stent w th the change n
the pos t on o the rad ca . On the other hand, n the case o the
rad ca cat on, the pos t on o the rad ca s comp ete y d er-
ent. It s noteworthy that the rad ca s on the O1 atom n 2Ac
and TS1Ac be ore orm ng the oxetane. The oxetane s actua y
ormed a ter TS1Ac that s the ear y trans t on state. The va ues
o the sp n dens t es and the mo ecu ar orb ta s (MOs) corre-
spond ng to the rad ca n 2Aa and 2Ac be ore the O1 attack
n both cases o the rad ca an on and the rad ca cat on are
presented n F gure 9. The arge sp n dens t es are ound on the
C6 atom n 2Aa n the case o the rad ca an on wh e on the O1
atom n 2Ac n the case o the rad ca cat on. The correspond-
ng MOs suggest the ex stence o the rad ca on these atoms.
The rad ca on the O1 n 2Ac wou d make the attack o the O1
atom to orm the oxetane ac e. Name y, t wou d create a arge
advantage n the ormat on o the oxetane.

It s a so thought that the pos t on o the rad ca a ects the
order o the bond break ng n the sp tt ng o the oxetane. As
shown n F gure 9, the bond popu at on o the C1 C2 reduced
to about ha compared to that o the C5 C6 suggests that the
rad ca s on the C1 C2 bond and then the C1 C2 bond s a
s ng e bond n both 4Aa n the case o the rad ca an on and
3Ac n the case o the rad ca cat on a ter the d ssoc at on o
two thym nes. The sp n dens ty shows that the rad ca ex sts
on the C2 atom n 4Aa whereas on the C1 atom n 3Ac. The
correspond ng MOs a so suggest these pos t ons o the rad ca
n 4Aa and 3Ac. Here, we th nk the oxetane ormat on
between the sp t two thym nes, the C2 C3 bond wou d be
ormed at rst n the case o the rad ca an on whereas the C1
O1 bond n the case o the rad ca cat on. In other words, n the
oxetane d ssoc at on, the C1 O1 bond s broken at rst n the
case o the rad ca an on whereas the C2 C3 bond s broken
rst n the case o the rad ca cat on. Thus, the d erence n the

1Bn

TS1Ba 2Ba

3Ba TS2Ba

4Ba

TS1Bc

TS1Bn
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3.1 c
1.9 d

67.3
62.5
67.6
67.3

53.7
50.3
56.9
59.1

21.3
20.0
17.8
16.4

33.5
31.5
27.2
24.6
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15.6
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-37.2
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Figure 7. Energy pro es o the non-oxetane mechan sm n the cases o the neutra (dotted ne), rad ca an on (norma ne), and the
rad ca cat on (bo d ne) at the var ous eve s. a: B3LYP aug-cc-pVTZ eve , b: G bbs ree energy at the B3LYP aug-cc-pVTZ
eve , c: B3LYP aug-cc-pVTZ eve n a d e ectr c med um w th a d e ectr c constant o 5.7, d: B3LYP aug-cc-pVTZ eve n a
d e ectr c med um w th a d e ectr c constant o 80.

Table 2. Interact on Energ es ( n kca mo 1) between the
Thym ne Fragments T1 and T2 o the Oxetanea) n the
Cases o the Rad ca An on, Neutra , and the Rad ca
Cat on at the B3LYP 6-311G Leve

Comb nat on o the charge
(T1, T2)b)

INTc) BSSE corr. INTd)

Rad ca an on
(0, 1) 50.1 38.9
( 1, 0) 56.2 46.8
Neutra
(0, 0) 84.3 77.1
Rad ca cat on
(0, 1) 89.0 83.2
(1, 0) 92.9 85.6

a) The opt m zed structure o the oxetane n the case o the
neutra was used or a ca cu at ons o the nteract on energy.
b) The comb nat on o the charge o T1 and T2 n the ca -
cu at ons o the ragments. c) Interact on energy (INT)
E(T1 T2) E(T1) E(T2). d) BSSE corrected INT INT
BSSE, see the Computat ona Method or deta s.
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pos t on o the rad ca wou d make a d erence n the order o
the CC and the CO bond break ng o the oxetane.

The changes n the va ues o the sp n dens t es on the
se ected atoms versus the react on coord nate are presented
n F gure 10. In the case o the rad ca cat on, the rad ca s
obv ous y on the O1 unt TS1Ac as shown by the arge sp n
dens ty on the O1. Dur ng the ormat on o the oxetane a ter
TS1Ac, the arge sp n dens ty on the O1 remarkab y decreases
and nstead the sp n dens ty on the C5 ncreases nd cat ng the
m grat on o the rad ca . The rad ca moves to C2 n the course
o the CC bond break ng and na y moves to C1 n the CO
bond break ng, as shown by the changes n the va ues o the
sp n dens t es. On the other hand, n the case o the rad ca
an on, the rad ca on the C4 n TS1Aa moves to C1 n the CO
bond break ng and then moves to C2 (or C6) n the CC bond
break ng.

Concluding Remarks

The mechan sm o the e ectron-trans er- nduced repa r reac-
t on o the (64) TT photo es on o DNA by the photo yase
was exam ned by dens ty unct ona theory (B3LYP). The repa r
react on s genera y thought to take p ace by the oxetane or the
non-oxetane mechan sm a ter an e ectron trans er between the
co actor FAD o the photo yase and the (64) TT photo es on.
A though a ot o ca cu at ons have been conducted or the
rad ca an on pathway o both mechan sms, re at ve y arge
energy barr ers have been ound n any case. We there ore ca cu-
ated or the rad ca cat on pathway n add t on to the rad ca
an on and the neutra pathways or both mechan sms to assess
the poss b ty o the rad ca cat on pathway. Our ca cu at ons
showed that the rad ca an on pathway has a arge energy bar-
r er n both the oxetane and the non-oxetane mechan sms n
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Figure 9. Sp n dens t es (bo d), NBO charges ( ta c), and bond popu at ons (p a n) n 2Aa and 2Ac be ore the oxetane ormat on
and 4Aa and 3Ac a ter the thym ne d mer d ssoc at on n the cases o the rad ca an on and the rad ca cat on at the B3LYP 6-311G
eve . The MOs correspond ng to the rad ca n each structure are a so d sp ayed together.
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mechan sm n the cases o the rad ca an on and the rad ca cat on.
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agreement w th the prev ous ca cu at ons. However, t was
ound that the rad ca cat on pathway o the oxetane mechan sm
has a rea st c ow energy barr er. So, urther deta s o the
state o the FADH n the am no ac d env ronment and under
photo rrad at on are expected, s nce t s genera consensus that
the e ectron trans er rom the (64) photoproduct to the FADH
s un avorab e. The advantage o the rad ca cat on pathway was
ascr bed to the o ow ng two th ngs, (1) the rad ca ex sts on the
react ve oxygen to orm the oxetane and (2) the ormed oxetane
s stab e n energy due to the strong nteract on between two
thym nes. The d ssoc at on o the CC and the CO bonds o
the oxetane n the course o the repa r react on was a so ound to
take p ace stepw se n the case o the rad ca cat on, as known
or the case o the rad ca an on. However, the order o the bonds
d ssoc at on was reversed, the rad ca p ay ng a key ro e to
determ ne th s order.

Part o the computat ons was per ormed at the Research
Center or Computat ona Sc ence, Okazak , Japan.

Supporting Information

L st ngs g v ng the opt m zed Cartes an coord nates o a
equ br um structures and trans t on states presented n th s
paper, F gure S1: Energy pro es o the rst step o the non-
oxetane mechan sm w th and w thout the contr but on o the H s
res due at the B3LYP 6-311G eve . Th s mater a s ava ab e
ree o charge on the Web at http://www.csj.jp/journa s/bcsj/.
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The react on mechan sm o the cova ent b nd ng o comp ement component 3 (C3) w th ant gen, wh ch s gn cant y
contr butes to the mmune system by enhanc ng the phagocytos s o phagocytes, s exam ned by dens ty unct ona theory
(B3LYP). The cova ent b nd ng react on takes p ace by the c eavage o the hydroxy O H bond o the ant gen on the
th oester bond o the C3b ormed by the act vat on o C3. We per ormed the ca cu at ons assum ng a mechan sm II that
m m cs that o ser ne protease n add t on to the convent ona mechan sm I. Our ca cu at ons suggest that the convent ona
mechan sm I proceeds w th tt e part c pat on o a H s res due contrary to the prev ous consensus. Mechan sm I, wh ch
has a arge energy barr er o more than 30 kca mo 1, s not rea st c. On the other hand, n mechan sm II, the energy
barr er s about 10 kca mo 1, due to an e c ent med at on o a H s res due by the co aborat on w th a ne ghbor ng G u
res due. There ore, the cova ent b nd ng react on o the act vated C3b w th the ant gen was thought to proceed by
mechan sm II we proposed rather than by the convent ona mechan sm I.

The comp ement system n b ood s compr sed o over 25
prote ns and prote n ragments synthes zed by the ver, and
systemat ca y exc udes pathogen rom the body.1 The com-
p ement prote n cons sts o n ne components C1 C9, and
unct ons n the mmune system when act vated through one o
sequent a pathways, the c ass ca comp ement pathway, the
a ternat ve comp ement pathway, and the ect n pathway. The
comp ement component 3 (C3), that p ays a centra ro e n
the comp ement system, s act vated by a proteo yt c sp tt ng
nto C3a and C3b (F gure 1). The ragment C3b s gn cant y
contr butes to nnate mmun ty, serv ng as an opson z ng agent.

It has been known that the generated C3b exposes a reac-
t ve th oester o the act ve s te to the com ng ant gen. The
crysta ograph c structure o the C3b reg stered n the prote n
data bank (PDB) w th the ID code 2HR02 shows that the
th oester bond ormed rom Cys and G n emerges rom the
ns de by a drast c movement o the th oester doma n (TED).
Th s th oester bond cova ent y b nds w th the hydroxy group
o the wa sur ace o ant gen. In the crysta ograph c structure
o 2HR0, the mode substrate N-acety -L-threon ne (AcT) s

actua y trapped on the th oester C S bond. Once the C3b
attaches to the target ant gen, the b nd ng o the ant gen to
the phagocyte s great y enhanced (F gure 1). There ore, the
phagocytos s o the phagocyte, such as macrophage, n the
nnate mmune system ncreases, wh ch s ca ed opson zat on.
We just ocused on the cova ent b nd ng o the th oester bond
o the act vated comp ement C3b w th the hydroxy group o the
sur ace o the ant gen, wh ch causes th s opson zat on.

The convent ona y proposed cova ent b nd ng mechan sm
o the th oester bond o C3b s presented n F gure 2(I). The
hydroxy O H bond s broken on the th oester C S bond w th
the support o H s.3,4 In act, t has been con rmed n severa
crysta ograph c structures o C3b that a H s res due ex sts n
the v c n ty o the th oester bond.2,5 Be ore break ng o the
O H bond, the one e ectron pa r on the N o H s nteracts w th
the pos t ve y charged carbony carbon (B). When the C N
nteract on s converted to a cova ent bond, the C S bond s
broken, where the e ectron rom the N o H s s accommodated
on the S atom (C). The O H bond o the ncom ng ROH s
hetero yt ca y broken, where the H and RO s attached to the
negat ve y charged S atom and the pos t ve y charged carbony
carbon, respect ve y (D). Thus, the hydroxy group s trapped
on the th oester bond. In th s mechan sm, a H s unct ons to
enhance the bas c ty o the S atom as a proton acceptor.

In add t on to the convent ona mechan sm I, we a so pro-
posed a new mechan sm II (F gure 2(II)), because a G u res due
has been con rmed to ex st next to the H s res due n the
crysta ograph c structures2,5 and the unct on o G u n the
cova ent b nd ng mechan sm has been d scussed.6 The mech-
an sm II, wh ch m m cs the we -known mechan sm or ser ne
protease,7 seems to be p aus b e, because the th oester C S
bond s broken by the ROH nuc eoph e n the current react on.
The cova ent b nd ng react on through the mechan sm II s
expected to be ac e, as we have computat ona y shown or
the s m ar ester C O bond break ng n the degradat on oFigure 1. D agram o the opson zat on.
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b odegradab e p ast cs.8 In mechan sm II, a G u nstead o an
Asp supports the H s. As the act ve s te o the crysta ograph c
structure w th the PDB ID o 2HR0, wh ch s a mode structure
n th s study, s presented n F gure 3, G u1209 ex sts next to
H s1104. The se ected d stance between H s1104 and G u1209
s 3.203¡. H s1104 s a tt e ar rom G n991 n th s crysta
structure a ter the react on, a though n other structures2,5

be ore the react on H s1104 s c ose to G n991 w th the d s-
tance o about 34¡. The hydroxy group o the substrate AcT
s trapped on the th oester bond o Cys988G n991, and then
the th oester CS bond s broken. The negat ve charge on the
carbony oxygen n the ntermed ate B, wh ch s known as
oxyan on ho e n the case o the ser ne protease, shou d be
stab zed by the pos t ve charge o the NH hydrogen o the
ma n cha n o am no ac ds. However, there s no NH hydrogen
o the ma n cha n or other pos t ve y charged atoms around the
carbony oxygen. There ore, we assumed the H2O hydrogen
rom the so vent as pos t ve y charged atom to stab ze the
negat ve y charged carbony oxygen as presented n F gure 2,
because the c e t o the act ve s te s arge y open to the so vent
and we can nd enough space or the ncom ng H2O around the
carbony oxygen.

In the present study, we conducted the ca cu at ons or the
mechan sms I and II o the comp ement C3 to trap the hydroxy
group o the sur ace o the ant gen at the B3LYP eve o theory
n order to exam ne wh ch mechan sm s more rea st c. The
react on was o owed by a mode system and ts surround ngs
are taken nto account by the po ar zed-cont nuum-mode
(PCM) approx mat on.

Computational Method

A ca cu at ons except B3LYP-D were per ormed us ng
the Gauss an03 program package.9 We used a mode system
that cons sts o some am no ac ds part c pat ng the react ons

to o ow the mechan sms I and II and ts env ronment was
approx mated by the po ar zed-cont nuum-mode (PCM). We
adopted methano as a mode o ant gen, as var ous a coho s
have been used n exper ments to exam ne the cova ent b nd ng
react v ty o C3.4

I

A B C D

- - -

-

A B C

II

-+

+

Figure 2. Convent ona y proposed cova ent b nd ng mechan sm I or the comp ement C3b (I), and a new cova ent b nd ng
mechan sm II we proposed or the comp ement C3b (II). Mechan sm II m tates the rst step o the genera y known cata yt c
process o ser ne protease.

9.158
9.172

9.132

3.203

4.302

Figure 3. Act ve s te o the comp ement C3b w th the
trapped substrate N-acety -L-threon ne res due (AcT),
wh ch s abstracted rom the crysta ograh c structure
reg stered n the prote n data bank (PDB) w th the ID code
2HR0.2 On y the mportant am no ac ds are d sp ayed
or c ar ty. The se ected d stances (¡) are a so presented
together.
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The geometry opt m zat ons were per ormed by dens ty
unct ona theory (DFT) at the B3LYP eve o theory, wh ch
cons sts o a hybr d Becke Hartree Fock exchange and Lee
Yang Parr corre at on unct ona w th non oca correct ons10

us ng the bas s set 6-311 G(d,p). We have just qua ed the
bas s set 6-311 G(d,p) to per orm the geometry opt m zat on
on the bas s o Tab es S1 and S2 o the Support ng In orma-
t on. The energet cs were mproved us ng h gher eve bas s set
aug-cc-pVTZ and a so the d spers on corrected B3LYP eve o
theory (B3LYP-D) mp emented n the Gauss an09 program.11

A equ br um structures and trans t on states were u y
opt m zed and dent ed by the number o mag nary requen-
c es ca cu ated rom the ana yt ca Hess an matr x. The reac-
t on coord nates were o owed rom the trans t on state to the
reactant and the product by the ntr ns c react on coord nate
(IRC) techn que.12 The zero-po nt energy was ca cu ated at the
B3LYP 6-311 G(d,p) eve w th a sca e actor o 0.961413

or ca cu ated v brat ona requenc es. NBO ana ys s14 was
per ormed to obta n the atom c charge. The surround ng am no
ac ds were taken nto account by PCM approx mat on15 us ng
the d e ectr c constant o 5.7.16 The ca cu at ons w th the
d e ectr c constant o 80 were a so per ormed assum ng a water
med um or compar son. The presented energ es are re at ve to
the energy o the th oester bond w th H s and the ndependent
substrate MeOH n the case o mechan sm I and o the nde-
pendent th oester bond and the substrate MeOH w th H s and
G u n the case o the mechan sm II. We added O and N as
su xes to the abe s o the equ br um and trans t on state
structures to d st ngu sh the convent ona and our proposed
mechan sms, and a so added s and o to d st ngu sh the or g -
na th oester and the S-subst tuted ester systems and marked
w th or the system w thout H s.

Results and Discussion

Mechanism I. We at rst opt m zed the equ br um and
trans t on state structures nvo ved n the convent ona mecha-
n sm I. As a resu t, t was ound that the cova ent b nd ng
react on proceeds by one step through the trans t on state
TS1Os as presented n F gure 4. A H s res due part c pates
tt e n th s react on 2Os¼ TS1Os¼ 3Os, wh ch s d erent
rom the prev ous y pred cted react on by exper menta sts
(F gure 2). Actua y, there d d not ex st an ntermed ate such as
C n F gure 2, where a H s res due orms a cova ent bond w th
the carbony carbon and the th oester C S bond s arge y
stretched. In 2Os, the C N d stance o 3.922¡ s very ong
suggest ng that the nteract on o the H s w th the carbony
carbon s weak. The substrate MeOH hydrogen a so weak y
nteracts w th the S atom o the th oester bond as shown by the
S H d stance o 2.572¡. The MeOH come c ose to the C S
bond, and then the C O bond shortens to 1.658¡ n TS1Os.
Thereby, the C S d stance stretches to 2.526¡. On the other
hand, the MeOH O H d stance o 1.126¡ s not so stretched
and the H S d stance o 1.751¡ s st ong. As shown by the
ong C N d stance o 3.687¡, the H s tt e part c pates n the
react on, wh ch s d erent rom the prev ous consensus on the
ro e o H s. In act, the trans t on state TS1Os s not stab zed
by the H s, as shown by the act that stab ty o the trans -
t on state TS1Os w th H s s s m ar to that o trans t on state
TS1Os w thout H s (F gure 4). Thus, not the N o H s but the

O o MeOH weakens the C S bond. However, the C S bond s
not stretched enough so that the S atom never acts as a proton
acceptor be orehand. A ter pass ng through the trans t on state
TS1Os the MeOH hydrogen s abstracted by the S atom as a
proton as d scussed ater. Thus, the convent ona mechan sm
proceeds by one-step pass ng through a our-centered trans -
t on state, and the H s res due mere y weak y nteracts w th
the carbony carbon o the G n res due throughout and never
contr butes to the react on.

The changes n the se ected geometr c parameters and NBO
charges dur ng the react on are presented n F gure 5. We
p otted the 65 po nts o those ga ned rom the IRC ca cu at ons
aga nst the react on coord nate. The character st c o the reac-
t on ment oned above s c ear y re ected n these p ots. The
d stance between the carbony carbon and the MeOH oxygen s
shortened enough to orm a cova ent bond whereas the C S
bond s extreme y e ongated be ore reach ng the trans t on
state. In accordance w th these geometr c changes, the va ue
o the pos t ve charge o the C S carbon a most reaches the
max mum at the trans t on state, and n contrast, the pos t ve
s gn or the other S atom s changed to the negat ve s gn and the
va ue o ts negat ve charge reaches the m n mum, because the
C S bond s h gh y po ar zed by the approach o the MeOH
oxygen to the C S carbon. A ter pass ng the trans t on state, the
MeOH O H bond s sudden y stretched and ts hydrogen s
abstracted as a proton by the h gh y negat ve y charged S
atom. The arge pos t ve charge o the O H hydrogen, there-
ore, arge y decreased a ter the trans t on state. A though the
d stance between the carbony carbon and the H s n trogen
gradua y decreases dur ng the react on, th s change n the ong
d stance that suggests no contr but on o H s to the react on s
not substant a y mportant. So, the negat ve charge o the N
atom o H s s a most constant.

We per ormed s ng e po nt energy ca cu at ons or the
opt m zed structures o the cova ent b nd ng react on 2Os¼
TS1Os ¼ 3Os by mechan sm I at h gher eve s, B3LYP
aug-cc-pVTZ and B3LYP-D aug-cc-pVTZ, to mprove the
re ab ty o the energy. As the r energy pro es are d sp ayed
n F gure 6, the react on s a tt e exotherm c and the energy
barr er o more than 30 kca mo 1 s very arge. The nc u-
s on o the zero-po nt correct on d d not change the energy
pro e, a though the energy barr er s a tt e reduced. A though
the energy pro e o the react on was a so determ ned n a
d e ectr c med um tak ng account o the am no ac d env ron-
ment (F gure 7), there was no remarkab e change n t. Thus,
the cova ent b nd ng react on does not seem to proceed by the
convent ona mechan sm I that has such arge energy barr er.
We, there ore, proposed another cand date o the cova ent
b nd ng mechan sm n the next sect on.

We a so exam ned the ro e o the S atom o the th oester
bond by rep ac ng the S atom w th an O atom. The opt m zed
structures o the S-subst tuted reactant and the trans t on state
and the r re at ve energ es at the eve B3LYP 6-311 G(d,p)
are presented n F gure 4. The trans t on state TS1Os s about
6 kca mo 1 destab zed n energy by th s subst tut on. Th s
suggests that not the ester but the th oester bond s mportant as
a react on s te. The mportance o the S atom rom a Cys res due
s more obv ous n the mechan sm II as shown be ow. The
trans t on state n the case o the O atom s d erent rom that n
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Figure 4. Opt m zed equ br um and trans t on state structures ( n ¡) w th the re at ve potent a energ es ( n kca mo 1) nvo ved
n the convent ona mechan sm I at the B3LYP 6-311 G(d,p) eve . The mag nary requenc es ( n cm 1) are a so presented
together or the trans t on states. 2Os ¼ TS1Os and 2Oo ¼ TS1Oo correspond to 2Os¼ TS1Os w thout h st d ne and that w th
ester bond nstead o th oester bond, respect ve y.

Figure 5. Changes n the se ected geometr c parameters (A) and NBO charges (B) dur ng the cova ent b nd ng react on by
mechan sm I.
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the case o the S atom. The O H d stance s onger by 0.071¡
whereas the O(S) H d stance s shorter by 0.539¡ or TS1Oo
than or TS1Os (F gure 4), because the oxygen s a stronger
proton acceptor than the su ur. As shown n F gure 8B, the
oxygen s arge y negat ve y charged throughout the react on
due to ts arge e ectronegat v ty (3.44 Pau ng),17 whereas
the su ur w th the sma er e ectronegat v ty (2.58 Pau ng)17 s
pos t ve y charged n the n t a stage o the react on and ts s gn
o the charge s changed to negat ve dur ng the react on by the
n uence o the ncom ng MeOH oxygen. The ormed C O
bond s obv ous y onger, and the broken C O bond s not as
stretched as n the case o the S atom. It s there ore thought that
the ormat on and the break ng o the bonds s mu taneous y take
p ace n contrast to the case o the S atom. Th s character st c
o the react on s a so shown by F gure 8A, where geometr c
parameters gradua y change throughout the react on. The N
atom o the H s w th the negat ve charge s pushed away rom

the carbony carbon due to the oxygen at the oppos te s te
hav ng a arge negat ve charge. Th s s re ected n the stab ty
o the trans t on state TS1Oo, be ng about 6 kca mo 1 ess
stab e than TS1Os. The charge o each atom (F gure 8B), wh ch
s a most constant dur ng the react on, s a so d erent rom the
case o the S atom, a though the va ues o the negat ve charges
o two oxygens are sw tched.

Mechanism II. The opt m zed equ br um and trans -
t on state structures or the mechan sm II at the B3LYP
6-311 G(d,p) eve are presented n F gure 9. The mecha-
n sm II, where the G u res due as we as the H s res due has
an mportant ro e to enhance the react v ty, m m cs a part o
the react on mechan sm o ser ne protease as ment oned n the
Introduct on. In 1Ns, the nuc eoph c ty o the MeOH oxygen
s enhanced by a H-bond w th the N o the H s, as shown by
the negat ve charge o the MeOH oxygen o 0.471 e that s
ncreased by 0.109 e compared to that o the correspond ng

1Os

TS1Os

3Os 4Os
0.0
0.0 -3.4

-2.8

31.4
30.3

-9.5
-9.4

-6.3
-6.8

2Os

34.8
33.1

40.9
39.7

3.2
2.6

Figure 6. Energy pro es o the cova ent b nd ng react on
by convent ona mechan sm I at the B3LYP aug-cc-pVTZ
(p a n) and B3LYP-D aug-cc-pVTZ ( ta c) eve s, and at
the B3LYP-D aug-cc-pVTZ eve w th zero-po nt correc-
t on (bo d).

1Os

TS1Os

3Os 4Os
2Os

Figure 7. Energy pro es o the cova ent b nd ng reac-
t on by convent ona mechan sm I at the B3LYP
6-311 G(d,p) eve n a d e ectr c med um w th a d -
e ectr c constant o 5.7 or the am no ac d env ronment
and o 80 or the water so vent (parenthes s).

Figure 8. Changes n se ected geometr c parameters (A) and NBO charges (B) dur ng the cova ent b nd ng react on by mechan sm
I n the case o an ester bond.
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oxygen o the ree MeOH. The ntermed ate 2Ns s ormed v a
the trans t on state TS1Ns by the nuc oph c attack o the
MeOH oxygen to the carbony carbon. Here, not the S o the
th oester bond but the N o the H s abstracts the OH hydrogen
o the MeOH as a proton.

The carbony carbon n 1Ns takes a tetrahedra structure n
the ntermed ate 2Ns by the add t on o the MeO . A ter the

add t on o the MeO , the negat ve charge o the carbony oxy-
gen s gn cant y ncreases (F gure 10B), because the negat ve
charge o the MeO s trans erred to the carbony oxygen. Th s
negat ve charge o the O s stab zed n energy by ne ghbor ng
pos t ve part a charges o am no ac ds n the case o the ser ne
protease, orm ng an oxyan on ho e. However, as shown by the
crysta ograph c structure o the act ve s te o C3b n F gure 3,
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Figure 9. Opt m zed equ br um and trans t on state structures ( n ¡) w th the re at ve potent a energ es ( n kca mo 1) nvo ved n
the new mechan sm II at the B3LYP 6-311 G(d,p) eve . The mag nary requenc es ( n cm 1) are a so presented together or the
trans t on states.
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there s no su tab e am no ac d that prov des a pos t ve part a
charge to the h gh y negat ve y charged oxygen n the present
case. So we assumed some water mo ecu es rom the so vent
nstead o am no ac ds as a prov der o the pos t ve part a
charge, because the act ve s te s just open to the so vent and
there s enough space around the th oester bond to accom-
modate some water mo ecu es. The oxyan on ho e n 2Ns
wou d be stab zed by the e ectrostat c nteract on w th the
pos t ve part a charge o the hydrogen o H2O rom the
so vent. In act, as shown by F gure 10A, the carbony oxygen
nteracts w th two water mo ecu es n 2Ns, a though the corre-
spond ng oxygen nteracts w th on y one water mo ecu e n
1Ns and 3Ns. A ter the trans t on state TS2Ns, the C S bond
s broken and the carbony doub e bond s recovered. As a
resu t, the MeOH s cova ent y bound to the C S carbon by the
c eavage o the C S bond. The abstracted proton by the H s
rom the substrate MeOH s returned to the S atom through
the process, 3Ns ¼ TS3Ns¼ 4Ns ¼ TS4Ns¼ 5Ns, where
ts potent a energy pro e s a most at.
In the proton trans er between the MeOH and the H s and

between the H s and the S atom, the G u supports the H s as a
proton acceptor or donor. The G u contro s the bas c ty o the
H s by nteract ng w th the other N H hydrogen o the H s as
shown n 1Ns and 3Ns. In the present system, the G u actua y
abstracts the N H hydrogen rom the H s as a proton to
enhance the bas c ty o the H s n the 1Ns ¼ TS1Ns¼ 2Ns.
Th s mechan sm, where two protons trans er rom the MeOH
to the H s and rom the H s to the G u, s ca ed the doub e-
proton-trans er mechan sm. However, a s ng e-proton-trans er
mechan sm, where on y one proton trans ers rom the MeOH
to the H s, s a so cons derab e, because the act ve s te has an
enough space to accommodate some water mo ecu es rom the
so vent to e ectrostat ca y nteract w th the G u oxygens (There
s no am no ac d to e ectrostat ca y nteract w th the G u
oxygens as shown n F gure 3). There ore, the energy pro e
o mechan sm II s ca cu ated a so or the case o the s ng e-
proton-trans er mechan sm be ow.

The ca cu ated energy pro es or mechan sm II at the h gher
eve are presented n F gure 11. Here, the c usters o 1Ns*
be ore the trans t on state TS1Ns and o 3Ns* a ter the tran-
s t on state TS2Ns are arb trary structures p cked up rom the
energy sur ace determ ned by the IRC ca cu at on, because the
u opt m zat ons o these c usters g ve unreasonab e structures
as reactant and product due to ntermo ecu ar nteract ons. We
do not see any s gn cant change n the energy pro e even

the bas s set s mproved to aug-cc-pVTZ eve . The energy
barr ers n both the rst and second steps are sma and the
ent re energy pro e s qu te smooth. Both the trans t on state
TS1Ns o the rst step and the trans t on state TS2Ns o the
subsequent second step are arge y stab zed. They are ess
stab e on y by 9.8 and 1.4 kca mo 1, compared to the reactant
1Ns. Th s wou d be ma n y ascr bed to the two reasons; the
co aborat ve part c pat on o the G u to make the proton
trans er v a the H s smooth and the stab zat on o the nter-
med ate 2Ns by the nteract ons w th the surround ng pos t ve
part a charges. When we use the d spers on corrected B3LYP
eve o theory, the ent re energy pro e except product s
3 8 kca mo 1 stab zed. The trans t on state TS1Ns at the
h ghest po nt s urther stab zed by 1.6 kca mo 1 by the
nc us on o the zero-po nt correct on. As a resu t, the energy
barr er n the rst step s reduced to 9 kca mo 1. However, the
rst step s thought to be the rate-determ n ng step, s nce the

energy barr er o about 1 kca mo 1 n the second step s very
sma . Thus, compared to the reactant 1Ns, the ntermed ate
2Ns and the trans t on state TS2Ns s more stab e n energy,
whereas the trans t on state TS1Ns s ess stab e but on y by
about 2 kca mo 1. There ore, the cova ent b nd ng react on by
the mechan sm II wou d be extreme y ac e.

We a so take the surround ng am no ac ds nto account
us ng a d e ectr c med um. The energy pro es at the B3LYP
6-311 G(d,p) eve n the d e ectr c med um w th the d -
e ectr c constant o 5.7 are presented n F gure 12. The part o
the energy pro e, TS1Ns ¼ 2Ns¼ TS2Ns, s pushed up by
9 10 kca mo 1 by the e ect o the am no ac d env ronment.
As ment oned above, the process 1Ns¼ 2Ns proceeds by the
doub e-proton-trans er mechan sm (F gure 9), where the other
proton a so trans ers rom the H s to the G u when the proton
trans ers rom the MeOH to the H s. However, n the case o
pept de bond break ng by the ser ne protease, the s m ar process
proceeds by the s ng e-proton-trans er mechan sm w thout the
trans er o the other proton rom the H s to the G u,8,18 because
the bas c ty o the G u s reduced by the ex stence o pos t ve
part a charges around the carboxy ate an on. The crysta o-
graph c structure o the act ve s te presented n F gure 3 shows
that the am no ac ds, Lys1062 and Arg1163, w th the pos t ve
part a charges are about 10¡ apart rom G u. However, t s
poss b e that water mo ecu es rom the so vent come nto the
act ve s te and nteract w th the carboxy ate an on o the G u. In
th s case, the react on w proceed by the s ng e-proton-trans er
mechan sm. We there ore determ ne another energy pro e
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Figure 11. Energy pro es o the cova ent b nd ng react on by the new mechan sm II at the B3LYP aug-cc-pVTZ (p a n) and
B3LYP-D aug-cc-pVTZ ( ta c) eve s, and at the B3LYP-D aug-cc-pVTZ eve w th zero po nt correct on (bo d).
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where the movement o the H o the H s nteract ng w th the
G u s xed assum ng the s ng e-proton-trans er mechan sm.
S nce the s ng e-proton-trans er mechan sm s energet ca y
un avorab e, the energy pro e o TS1Ns¼ 2Ns ¼ TS2Ns
was destab zed by 5 9 kca mo 1 n the gas phase and by
2 6 kca mo 1 n the d e ectr c med um (F gure 12). However,
the trans t on state TS1Ns st es at the ower energy so that
the energy barr er o the ent re energy pro e s much sma er
than the case o mechan sm I.

We exam ned the ro e o the S atom a so or the mechan sm
II rep ac ng the S atom by the O atom. The opt m zed equ -
br um and trans t on state structures and the r re at ve energ es
or the case o the O atom at the B3LYP 6-311 G(d,p) eve
s presented n F gure 13. There s no substant a d erence
n the structure rom the case o the S atom, a though the
MeO abstracts the proton rom the H s s mu taneous y w th ts
d ssoc at on n the second step. On the other hand, n the energy
pro e t shou d be noted that the ntermed ate 2No and the
trans t on state TS2No are destab zed by 7 8 kca mo 1 so
that the trans t on state TS2No n the second step becomes ess

stab e than the trans t on state TS1No n the rst step, wh ch s
cons stent w th the prev ous ca cu at on or the s m ar system.8

Name y, the second step s ac tated by the S atom o the
th oester bond, wh ch suggests the mportance o the contr bu-
t on o the Cys w th the S atom to the ormat on o the act ve
s te.

Concluding Remarks

The comp ement component 3 (C3) s nd spensab e n
the mmune system, because the act vated C3b s gn cant y
enhances the phagocytos s o the phagocyte by cova ent y
b nd ng w th the ant gen. In the present study, we exam ned
how the C3b cova ent y b nds to the ant gen by dens ty unc-
t ona theory (B3LYP) compar ng the convent ona mechan sm
I to the mechan sm II we proposed that m m cs that o the
ser ne protease. The ca cu at ons showed that there s no sub-
stant a part c pat on o the H s n the convent ona mechan sm
I, wh ch s d erent rom the prev ous consensus. The cova ent
b nd ng react on there ore proceeds by one step w th the qu te
arge energy barr er o more than 30 kca mo 1 n the case o

1Ns
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Figure 12. Energy pro es o the cova ent b nd ng react on by the new mechan sm II at the B3LYP 6-311 G(d,p) eve n a
d e ectr c med um w th a d e ectr c constant o 5.7 or the am no ac d env ronment ( ta c) and o 80 or the water so vent
(parenthes s). The correspond ng energy pro es w thout a d e ectr c med um (p a n) and n the case o the s ng e-proton-trans er
mechan sm (bracket) are a so presented. See the text or the deta .
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a so presented together or the trans t on states.
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mechan sm I. In contrast, n mechan sm II, the cova ent b nd ng
react on proceeds n two steps and the H s supports the reac-
t on co aborat ng w th the ne ghbor ng G u. S nce the ormed
ntermed ate w th the negat ve charge s stab zed n energy by
the nteract on w th the pos t ve part a charge o the surround-
ng mo ecu es, both energy barr ers o the rst and the second
steps are sma and the energy pro e s qu te smooth. Thus,
t was suggested that the cova ent b nd ng o C3b w th the
ant gen takes p ace by the mechan sm II we proposed rather
than the convent ona mechan sm I.

Part o the computat ons was per ormed at the Research
Center or Computat ona Sc ence, Okazak , Japan.

Supporting Information

L st ngs g v ng the opt m zed Cartes an coord nates o a
equ br um structures and trans t on states presented n th s
paper, Tab e S1: Bas s set dependence on the geometr c param-
eters o the trans t on state TS1Os n the convent ona mech-
an sm I, Tab e S2: Bas s set dependence on the energy o the
trans t on state TS1Os re at ve to 2Os and the energy barr er o
the react on 2Os¼ TS1Os. Th s mater a s ava ab e ree o
charge on the Web at http://www.csj.jp/journa s/bcsj/.
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distance（depth）(m)
0 (0) 1000 (0) 1000 (20) 2000 (0) 2000 (20)

Estuary of Kaname 
river

Freeze 
process

Liquid phase 4.30 5.40 5.70 5.40 5.70

Solid phase 1.80 2.85 3.25 3.15 3.10

Melt process
Liquid phase 3.95 5.40 6.05 4.80 5.15

Solid phase 1.55 2.45 2.65 2.75 2.45

Boron concentration of 
seawater 2.80 3.90 4.00 4.20 4.30

Estuary of Sagami 
river

Freeze 
process

Liquid phase 1.70 4.65 4.40 4.90 5.55

Solid phase 0.40 2.35 2.50 2.55 2.75

Melt process
Liquid phase 0.50 5.00 5.95 6.10 5.95

0.45 2.10 2.55 2.40 2.55

Boron concentration of 
seawater 0.80 4.00 4.30 4.00 4.10
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Aqueous solution 
prepared with H3BO3

Boron concentration (mmol/L)
Freeze process Melt process

Salt Acid Base Liquid phase Solid phase Liquid phase Solid phase
- - - 0.17 0.05 0.05 0.16
- HCl - 0.15 0.07 0.17 0.07
- HNO3 - 0.16 0.08 0.15 0.05
- - NaOH 0.13 0.08 0.17 0.04
- - KOH 0.13 0.07 0.16 0.06

KNO3 - - 0.11 0.09 0.15 0.05
NaNO3 - - 0.12 0.08 0.15 0.05
NaNO2 - - 0.11 0.09 0.15 0.05
KCl - - 0.11 0.09 0.15 0.05
NaCl - - 0.12 0.08 0.15 0.05

Aqueous solution 
prepared with H3BO3

Boron concentration (mmol/L)
Freeze process Melt process

Salt Acid Base Liquid phase Solid phase Liquid phase Solid phase
- - - 0.56 0.34 0.23 0.67
- HCl - 0.58 0.37 0.65 0.29
- HNO3 - 0.59 0.40 0.71 0.19
- - NaOH 0.62 0.38 0.68 0.29
- - KOH 0.61 0.39 0.66 0.29

KNO3 - - 0.61 0.31 0.68 0.19
NaNO3 - - 0.60 0.31 0.66 0.18
NaNO2 - - 0.56 0.29 0.52 0.26
KCl - - 0.57 0.33 0.68 0.20
NaCl - - 0.56 0.32 0.59 0.19

Aqueous solution 
prepared with H3BO3

Boron concentration (mmol/L)
Freeze process Melt process

Salt Acid Base Liquid phase Solid phase Liquid phase Solid phase
- - - 0.17 0.05 0.05 0.16
- HCl - 0.18 0.05 0.16 0.06
- HNO3 - 0.18 0.05 0.19 0.03
- - NaOH 0.17 0.05 0.16 0.05
- - KOH 0.17 0.04 0.11 0.09

KNO3 - - 0.19 0.04 0.13 0.07
NaNO3 - - 0.17 0.04 0.19 0.02
NaNO2 - - 0.19 0.03 0.13 0.07
KCl - - 0.13 0.09 0.13 0.08
NaCl - - 0.11 0.09 0.20 0.01
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