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カルベンを配位子とする安定金ナノクラスターの創製と 

光触媒機能の開拓 
Synthesis of Stable Gold Nanoclusters Stabilized by Carbene Ligands for 

Photocatalysis Application 
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Atomically precise nanoclusters are a particularly important class of nanomaterials in this area 

because of the ability to discern molecular structure with high precision, and the high structural 

purity obtainable. In this study, a series of chiral Au13 nanoclusters were synthesized via the direct 

reduction of achiral dinuclear Au(I) halide complexes. The use of bidentate N-heterocyclic carbenes 

(NHCs) as ligands was important for thermal and photo stability of nanoclusters. And we could prepare 

the use of chiral, BINAP-inspired NHCs to prepare chiral Au10 nanoclusters with a unique elongated 

central Au10 core. We demonstrated that Au13 nanocluster shows catalytic activity for the oxidative 

coupling of benzylamines, indicating its potential application as a photocatalyst. 

 

 

 

要旨 

金属ナノクラスターは組成が決まった1分子とし

て扱える次世代のナノ物質として注目を集めている。

しかしながら、安定で単離可能な金属ナノクラスタ

ーは依然として限られており、その触媒活性に関し

ても未開拓の研究分野である。そこで本研究では、

含窒素ヘテロサイクリックカルベン(NHC)配位子を

用いることで、安定化された新規金ナノクラスター

の創製および可視光応答性光触媒への応用を目指し

た。その結果、二座NHCを配位子とする二核金錯体

を還元することで安定な金クラスターを得ることに

成功した。さらに合成した金ナノクラスターを光触

媒とする分子変換反応を検討したところ、ベンジル

アミン類の酸化的カップリングが進行することを見

出した。 

 

１. まえがき 

金属ナノ物質はバルク金属、金属錯体とも大きく

異なる特異な物性・反応性を示すことが知られてお

り、その中でも金属ナノ粒子は古くから利用されて

きた代表的な金属ナノ材料である[1-3]。しかしながら、

金属ナノ粒子は通常様々な形状、サイズ分布をもつ

混合物として得られ、これらを完全に制御すること

は極めて困難である。特にナノ粒子の触媒活性はこ

れらに大きく左右されることが明らかとなっており、

結果として平均値としてしかその性質を評価するこ

とはできない。したがって、金属ナノ物質の特性を

真に把握できているとは言い難いのが現状である。

この現状を打破する新しいナノ材料として近年注目

されているのが「金属ナノクラスター」である[4,5]。

金属ナノクラスターは元素数個から数百個からなる

集合体であり、1分子として取り扱うことができる

ナノ物質である。したがって、これまで困難であっ

たナノ物質そのものの特性を正確に評価することが

可能となる。 

これら金属ナノ物質群の調製法はこれまでに化学

的および物理的手法が数多く開発されており、多様

な金属ナノ材料が入手可能になりつつある。しかし、

イメージングや触媒などの高度な機能をもった金属

ナノ物質の創出にはサイズや形状の制御だけでなく、

ナノ構造の維持や新たな機能の付与を可能とする表

面修飾技術が必要である。実際、金属ナノ物質自体

は化学的な安定性に乏しく、保護剤なしではナノ構

造の崩壊や凝集を引き起こすことが問題となる場合

が少なくない。チオールをはじめとする配位子を金

属表面と結合させる方法が現在最も信頼性の高い表

面修飾法として多用されているものの、チオールは

酸化を受けやすく金属表面から解離してしまう。ま

た金属表面と結合したチオールは他のチオールと容

易に配位子交換を起こすことが知られている[6-8]。し

たがって、金属ナノ物質の安定化は依然として残さ

れている根本的かつ挑戦的な技術課題であり、その

解決には分子レベルでの合成化学的アプローチが必

要不可欠である。 
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最近著者の研究グループでは含窒素ヘテロサイク

リックカルベン(NHC)を配位子とする新しい金ナノ

物質の創製を行ってきた[9]。注目したのは NHCの炭

素–金属間の結合の強さである。実際、金–硫黄と金–

炭素(NHC)の結合エネルギーを比較すると、それぞれ

125kJ/mol、158kJ/molであり、これはNHC配位子が

金原子からの解離や交換が起こりにくいことを示唆

している。この知見を基に、NHC-金錯体の還元反応

を利用することで金ナノ粒子の合成法の開発に成功

してきた[10]。得られたNHC–金ナノ粒子は粒子径がそ

ろっており、用いるNHC–金錯体の種類や反応条件に

よって粒子径の制御が可能であった。また予めNHC

上にカルボン酸部位を導入することで金ナノ粒子は

水溶液中で長時間安定に存在するだけでなく、光音

響効果を示すことが明らかとなった[11]。金は生体親

和性に優れた元素であることからも、これらの成果

はNHC–金ナノ粒子が安定性に優れたイメージング材

料として応用できる可能性を示すものである。また

既知のホスフィン–金クラスターを足掛かりとして、

ホスフィンとNHCの配位子交換による世界初のNHC

を有する金ナノクラスターの合成にも成功した[12,13]。

得られたNHC–金ナノクラスターは配位子交換前と比

較して熱安定性が飛躍的に向上することが明らかに

している。これらの研究過程を通じ、NHCを用いる

戦略がナノ構造の安定化と機能化を両立させるユニ

バーサルな表面修飾法となる可能性を秘めており、

それによって金属ナノ物質の光学特性を利用した新

たな科学が展開できると考えられる。 

そこで本研究では安定化された新規金ナノクラス

ターの創製および可視光応答性光触媒への応用を目

指した。その結果、二座NHCを配位子とする二核金

錯体を還元することで安定な金クラスターを得るこ

とに成功した。さらに合成した金ナノクラスターを

光触媒とする分子変換反応を検討したところ、ベン

ジルアミンの酸化的カップリングが進行することを

見出した。 

 

２. 2座NHCを活用した金ナノクラスターの開発 

２.１ 金ナノクラスターの合成と物性 

著者の研究グループが以前に開発した単座NHC配

位子を有する金ナノクラスターは発光特性を示した

が、光や熱に対する安定性に乏しいものであった。

そこでNHCを架橋した2座配位子を用いより強固

に金中心に結合することで、金ナノクラスターの安

定性の向上を期待した。これまでに2座ホスフィン

配位子を有する金錯体を還元することで金ナノクラ

スターが得られることが報告されており[14]、この手

法を参考に合成を開始した(図1)。まずベンジル基

をリンカーとするビスベンズイミダゾリジデン塩1

を調製し、これを炭酸カリウム存在下でAu(SMe2)Cl

と反応させることで2座配位子(bisNHC)を有する金

2核錯体2を得た。得られた2をNaBH4で還元するこ

とでNHC-金ナノクラスターの形成を確認できたが、

UV-visやESI-MS測定から混合物であった。しかし、

さらにHCl水溶液を加えてエッチングを行うことで

不安定な金ナノクラスターが除去でき、精製が容易

となることが分かった。これをカラムクロマトグラ

フィーによって精製することで、1種類の金ナノク

ラスター3を得た(図1A)。ベンジル基上には様々な

置換基が導入することが可能であった。ESI-MS測定

から3は金原子13つ、NHC5つ、塩素原子2つから

なることが明らかとなった(図1B)。3のCH2Cl2溶液

のUV-vis測定を行なったところ、324, 409, 456, 

511nmに吸収を示した。また3は784nmに極大をも

つ赤橙色の発光を示し、その発光量子収率は23%で

あった。これは他の金ナノクラスターと比較しても

非常に高い値であり、NHC配位子の特徴に由来する

ものであると考えている。 
 

 

図1. (A)NHC-金ナノクラスター3の合成, (B)3aのESI-MSスペク

トル, (C) 3aのUV-Visと発光スペクトル 

NHC-containing Au11 and Au13 clusters.17,18 Zheng et al. have
also described the synthesis of Au13,19 Au25 (ref. 20a) and Au44
(ref. 20b) nanoclusters, and Tsukuda has prepared Au23 clus-
ters,21 illustrating the potential of NHCs as stabilizing ligands
for a range of gold nanocluster architectures. Very recently,
Zang et al. reported the synthesis of Au11 and Au13 nanoclusters
protected by m-phenylene-bridged N-heterocyclic carbene
ligands that result in different clusters based on subtle changes
in N-substituents.22

Herein we report the synthesis of chiral Au13 nanoclusters
prepared with achiral bidentate NHC ligands. The nanoclusters
derive their chirality from a helical arrangement of the achiral
ligand (Fig. 1). The stability introduced by the NHC ligand
permits the separation of the nanocluster into its constituent
enantiomers by chiral HPLC. Each enantiomer was character-
ized by circular dichroism. The clusters display impressive
thermal stability and record-setting photoluminescent
quantum yields.

Inspired by the work of Zheng, who showed that bisNHC
ligands linked by a simple propyl chain can provide stable Au13
nanoclusters,19 we set out to examine bis-benzimidazolylidene
ligands with aromatic linkers, designed to take advantage of
the multitude of CH-p interactions observed in other Au13
clusters.18 Bis-benzimidazolium salts (1a–g) prepared by simple
SN2 reactions were converted into the corresponding Au
complexes (bisNHC)Au2X2 (2a–g) by reaction with Au(SMe2)Cl in
the presence of K2CO3 (see ESI† for full details and character-
ization).23 Cluster synthesis was accomplished by reduction of
complex 2a with NaBH4 followed by etching with HCl. This
procedure afforded cluster [3a]Cl3 in 43% isolated yield based
on Au, aer purication by column chromatography (Fig. 2A).

The effect of HCl on the synthetic protocol was examined by
UV-vis spectroscopy and electrospray ionization mass spec-
trometry (ESI-MS). The absorbance spectra of the cluster were
signicantly sharper aer HCl etching, consistent with the size-
focusing effect observed in other systems (Fig. S1†).11,18 The
molecular formula of the cluster [3a]Cl3 was conrmed by ESI-
MS, which showed a dominant molecular ion peak at 1741.26
m/z corresponding to [Au13(bisNHCBn)5Cl2]3+ (Fig. 2B). Good
agreement was observed between the experimental and theo-
retical isotopic distribution patterns. A minor peak at 2629.89
m/z was also observed, corresponding to the divalent ion
[Au13(bisNHCBn)5Cl2]Cl2+ derived from incomplete ionization of
the parent cluster.

The UV-vis spectrum of [3a]Cl3 in dichloromethane shows
distinct absorption bands at 324, 409, 456, and 511 nm (Fig. 2C,

red), which are in line with previously reported Au13 clusters.18

Solutions of [3a]Cl3 in dichloromethane show bright red-orange
emission. Photoluminescence quantum yields measured by two
independent methods is 23%, a value considerably higher than
most superatom gold clusters, including our previous report of
16% for an NHC-protected Au13 cluster.18 The spectrum
produced by excitation at 784 nm (Fig. 2C, black) is in good
agreement with the UV-vis spectrum, supporting the conclusion
that the measured quantum yield was not affected by contam-
ination with other emissive species. Although the precise
reason for the high quantum yield is currently under investi-
gation, the rigid shell provided by the NHC with multiple p–p
stacking interactions likely contributes.

Halide counterions had little effect on cluster formation,
with bromide complex 2b affording 27% yield of [Au13(-
bisNHCBn)5Br2]Br3 ([3b]Br3) aer purication. The nature of the
linking unit was found to be critically important, withmeta- and
para-xylyl linked ligands (1f and 1g respectively) giving no
observable Au13 clusters (see Fig. S2†). However, wingtip
aromatic substituents were readily interchangeable, with
complexes 2c–e all affording Au13 nanoclusters (see ESI† for full
characterization).

Single crystals of [3a]Cl3 suitable for X-ray crystallography
were grown from layering hexane onto a dichloromethane
solution of the pure cluster. The structure features an icosahe-
dral Au13 core with Au–Cl bonds capping the top and bottom of
the core and the ve bis-NHC ligands bound to the two twisted
Au5 pentagons of the core (Fig. 3). The average Au–C bond
length is 2.05(2) Å, similar to other NHC-stabilized nano-
clusters.18 The average Au centre–Au peripheral bond distance
of the icosahedral core is 2.7655(12) Å, and the average Au–Cl
bond length of the terminal chloride ligands is 2.332(6) Å. A
distinct structural characteristic is the face-to-face arrangement

Fig. 1 Synthesis of chiral Au13 clusters.

Fig. 2 (A) Preparation of [Au13(bisNHC)5X2]X3 nanoclusters [3a–e]X3
(B) ESI-MS of [3a]Cl3; (C) UV-vis absorbance (red), photoluminescence
excitation (black) and emission (green) spectra of [3a]Cl3 in
dichloromethane.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 10436–10440 | 10437
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単離したNHC-金ナノクラスター3aの重ジクロロ

メタン溶液中のNMR測定の結果を示す(図2)。1H NMR

スペクトルからはベンジル基に由来する４つのジア

ステレオトピックなシグナルが観測された(図2A)。

これは前駆体である金2核錯体2のC 2対称な構造と

は異なり、回転の自由度が制限されていることが示

唆された。またこのシグナルはカウンターアニオン

(X)によって大きく影響を受けることが分かった。次

に金–NHC結合を直接観測するためにNHCのカルベン

炭素が13Cでラベル化された3aを合成し、その13C NMR

スペクトルを測定した(図2B)。その結果、２つのダ

ブレットが観測され、２つの異なるカルベン炭素の

存在が示唆された。また金ナノクラスター3cの 19F 

NMRも同様に２つのシグナルが観測された(図2C)。 

 

 

図2. (A) NHC-金ナノクラスター3aの重ジクロロメタン中の 1H NMR

スペクトル, (B) NHCのカルベン炭素が 13Cでラベルされた3aの 13C 

NMRスペクトル, (C) 3cの 19F NMRスペクトル 

 

最終的にNHC-金ナノクラスター3aに関しては、単

結晶X線構造解析によって詳細な構造を明らかにす

ることに成功した(図3)。金原子13個による20面

体構造をしており、その上下に２つ塩素原子が配置

され、側面に5つのNHC配位子がねじれた状態で結

合していた。これによって、3aは擬C 5対称の螺旋

キラリティを有し、配位子がアキラルにもかかわら

ずラセミ体(MとP)として結晶化していることが分

かった。これは前述したNMRの結果とも矛盾しない

ものである。また構造内にベンズイミダゾールとフ

ェニル基との間に複数のp-pスタッキング相互作用

が確認でき、この剛直な構造が高い発光量子収率に

寄与したものと考えられる。 
 

 

図3. (A) NHC-金ナノクラスター3aの単結晶X線構造, (B) p-pス

タッキング相互作用, (C) 上から見た構造, (D) 下から見た構造,  

(E) 螺旋キラリティを示した概略図 

 

２.２ 金ナノクラスターの光学分割と安定性評価 

2.1 で得られた金ナノクラスターはラセミ体とし

て存在することが示唆されたため、次にHPLCによる

光学分割を試みた。ダイセル株式会社にご協力いた

だき、キラルカラムを用いて様々な分離条件を検討

したところ、金ナノクラスター3aのエナンチオマー

(3a-en1,3a-en2)を分離できることが分かった(図

4A)。この条件にてキラル分取を行い、3a-en1、3a-en2

をそれぞれ 88%ee,95%eeと高い光学純度で得ること

に成功した。分離した後のエナンチオマーからのラ

セミ化は起こっておらず、これは金ナノクラスター

構造の高い安定性を示すものである。また分取した

エナンチオマーの円偏光二色性(CD)スペクトルを測

定したところ互いに鏡像の関係であることが分かり、

確かにエナンチオマーの分離ができていることを確

認した(図4B)。 

 
of one benzimidazole and the ortho-phenyl bridge, and the
other benzimidazole and one benzyl phenyl ring on neigh-
bouring ligands, with average distances of 3.3 Å and 3.4 Å,
respectively, suggesting the presence of p–p stacking interac-
tions (Fig. 3B).

From the top view, the disposition of these mutually inter-
acted components is unidirectional, rendering the top of 3a
different from the bottom. The NHC ligands are oriented with
pseudo C5 symmetry (Fig. 3C and D). From the bottom view,
benzyl arms are oriented vertically without any possible inter-
actions with the other components (Fig. 3D). Accordingly, 3a
has a helical chirality with pseudo C5 symmetry (Fig. 3E).
Cluster [3a]Cl3 was crystallized as a racemic mixture in Pna21
space group with mirror planes.

To investigate whether this structure is conserved in solu-
tion, the clusters were characterized by NMR spectroscopy. The
1H NMR spectrum of cluster [3a]Cl3 has four sets of diaster-
eotopic methylene CH2 protons attributed to the benzyl and
xylyl groups (Fig. 4A). This suggests a single ligand environment
without C2 symmetry and with a low degree of rotational
freedom, similar to what is observed in the solid-state (see ESI†
for full spectral details of all clusters). The NMR shis of some

protons were also found to be anion dependent, with [3a][PF6]3
displaying signicant changes in methylene resonance shis
compared to the chloride analogue (see ESI† for full details).

The asymmetric ligand environment was also conrmed by
synthesizing 13C-labeled cluster 13C-[3a][PF6]3 using 13C(C2)-
labelled NHC precursor, which enables the direct observation of
the M–C bond. The 13C{1H} NMR spectrum has two major car-
bene peaks, which appear as doublets at 207.5 and 206.6 ppm
(Fig. 4B). A minor set of two doublets was also observed at 207.0
and 206.0 ppm, the origin of which is currently under further
study in our group. Similarly, the 19F NMR spectrum of the
uorinated analogue [3c]Cl3 displays two signals at !111.5 and
!112.7 ppm (Fig. 4C).

Thus, solution NMR spectroscopic results support the pres-
ence of ligand asymmetry in solution as well as solid state. The
NMR studies are also consistent with conformational rigidity of
the clusters, at least on the NMR timescale, as we have reported
previously for other related NHC-functionalized clusters.18

These results suggested that the clusters might have high
congurational stability, such that the separation of the two
enantiomers via solution-based methods, such as chiral HPLC,
might be feasible.

With solution NMR studies showing high structural rigidity
of the cluster, we then proceeded to attempt to separate the two
enantiomers. [3a]Cl3 was successfully separated into its
constituent enantiomers using a chiral cellulose-based analyt-
ical HPLC column with methanol (MeOH) as the eluent, along
with triuoroacetic acid (TFA) and diethylamine (DEA) as
additives. Two well-separated peaks were observed at 21.6 and
24.2 minutes in an approximately 1 : 1 ratio as expected for
a racemic mixture (labelled as enantiomers 3a-en1 and 3a-en2
respectively, Fig. 5A). These conditions enabled the separation
of a large batch (20 mg) of racemic cluster [3a]Cl3 by preparative

Fig. 3 (A) Single-crystal X-ray structure of [Au13(bisNHCBn)5Cl2]Cl3
([3a]Cl3). Anions and hydrogen atoms have been removed for clarity
(color key: carbon, gray; nitrogen, blue; chlorine, green; gold, yellow);
(B) side-view of structure showing interactions between benzimid-
azole/o-phenyl bridge and benzimidazole/benzyl arm phenyl rings on
neighbouring ligands; (C) top-down and (D) bottom-up views of the
structure. See ESI† for full ORTEP structures; (E)M/P descriptors of 3a.
The chirality can be easily viewed from the left (counter-clockwise)
and right (clockwise)-handed arrangement of the bisNHC ligand on
the Au surface (dark blue: nitrogen of NHC).

Fig. 4 Solution structural characterization of [Au13(bisNHCAr)5Cl2]Cl3
clusters by NMR spectroscopy in CD2Cl2. (A)

1H NMR spectrum of [3a]
Cl3. (B) Cluster region of the 13C{1H} NMR spectrum of 13C-[3a][PF6]3
bearing 13C(C2)-labelled bisNHC ligand; (C) 19F NMR spectrum of [3c]
Cl3 (the signal at 113.80 ppm belongs to a small amount of [L2Au2]Cl2).

10438 | Chem. Sci., 2021, 12, 10436–10440 © 2021 The Author(s). Published by the Royal Society of Chemistry
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of one benzimidazole and the ortho-phenyl bridge, and the
other benzimidazole and one benzyl phenyl ring on neigh-
bouring ligands, with average distances of 3.3 Å and 3.4 Å,
respectively, suggesting the presence of p–p stacking interac-
tions (Fig. 3B).

From the top view, the disposition of these mutually inter-
acted components is unidirectional, rendering the top of 3a
different from the bottom. The NHC ligands are oriented with
pseudo C5 symmetry (Fig. 3C and D). From the bottom view,
benzyl arms are oriented vertically without any possible inter-
actions with the other components (Fig. 3D). Accordingly, 3a
has a helical chirality with pseudo C5 symmetry (Fig. 3E).
Cluster [3a]Cl3 was crystallized as a racemic mixture in Pna21
space group with mirror planes.

To investigate whether this structure is conserved in solu-
tion, the clusters were characterized by NMR spectroscopy. The
1H NMR spectrum of cluster [3a]Cl3 has four sets of diaster-
eotopic methylene CH2 protons attributed to the benzyl and
xylyl groups (Fig. 4A). This suggests a single ligand environment
without C2 symmetry and with a low degree of rotational
freedom, similar to what is observed in the solid-state (see ESI†
for full spectral details of all clusters). The NMR shis of some

protons were also found to be anion dependent, with [3a][PF6]3
displaying signicant changes in methylene resonance shis
compared to the chloride analogue (see ESI† for full details).

The asymmetric ligand environment was also conrmed by
synthesizing 13C-labeled cluster 13C-[3a][PF6]3 using 13C(C2)-
labelled NHC precursor, which enables the direct observation of
the M–C bond. The 13C{1H} NMR spectrum has two major car-
bene peaks, which appear as doublets at 207.5 and 206.6 ppm
(Fig. 4B). A minor set of two doublets was also observed at 207.0
and 206.0 ppm, the origin of which is currently under further
study in our group. Similarly, the 19F NMR spectrum of the
uorinated analogue [3c]Cl3 displays two signals at !111.5 and
!112.7 ppm (Fig. 4C).

Thus, solution NMR spectroscopic results support the pres-
ence of ligand asymmetry in solution as well as solid state. The
NMR studies are also consistent with conformational rigidity of
the clusters, at least on the NMR timescale, as we have reported
previously for other related NHC-functionalized clusters.18

These results suggested that the clusters might have high
congurational stability, such that the separation of the two
enantiomers via solution-based methods, such as chiral HPLC,
might be feasible.

With solution NMR studies showing high structural rigidity
of the cluster, we then proceeded to attempt to separate the two
enantiomers. [3a]Cl3 was successfully separated into its
constituent enantiomers using a chiral cellulose-based analyt-
ical HPLC column with methanol (MeOH) as the eluent, along
with triuoroacetic acid (TFA) and diethylamine (DEA) as
additives. Two well-separated peaks were observed at 21.6 and
24.2 minutes in an approximately 1 : 1 ratio as expected for
a racemic mixture (labelled as enantiomers 3a-en1 and 3a-en2
respectively, Fig. 5A). These conditions enabled the separation
of a large batch (20 mg) of racemic cluster [3a]Cl3 by preparative

Fig. 3 (A) Single-crystal X-ray structure of [Au13(bisNHCBn)5Cl2]Cl3
([3a]Cl3). Anions and hydrogen atoms have been removed for clarity
(color key: carbon, gray; nitrogen, blue; chlorine, green; gold, yellow);
(B) side-view of structure showing interactions between benzimid-
azole/o-phenyl bridge and benzimidazole/benzyl arm phenyl rings on
neighbouring ligands; (C) top-down and (D) bottom-up views of the
structure. See ESI† for full ORTEP structures; (E)M/P descriptors of 3a.
The chirality can be easily viewed from the left (counter-clockwise)
and right (clockwise)-handed arrangement of the bisNHC ligand on
the Au surface (dark blue: nitrogen of NHC).

Fig. 4 Solution structural characterization of [Au13(bisNHCAr)5Cl2]Cl3
clusters by NMR spectroscopy in CD2Cl2. (A)

1H NMR spectrum of [3a]
Cl3. (B) Cluster region of the 13C{1H} NMR spectrum of 13C-[3a][PF6]3
bearing 13C(C2)-labelled bisNHC ligand; (C) 19F NMR spectrum of [3c]
Cl3 (the signal at 113.80 ppm belongs to a small amount of [L2Au2]Cl2).

10438 | Chem. Sci., 2021, 12, 10436–10440 © 2021 The Author(s). Published by the Royal Society of Chemistry
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図4. (A) NHC-金ナノクラスター3aの光学分割の際のHPLCチャー

ト, (B) エナンチオマーとラセミ体のCDスペクトル 

 

さらにNHC-金ナノクラスターの安定性の調査を行

なった(図5)。まず金ナノクラスターの3aの加熱に

よる経時変化を UV-vis にて比較した(図 5A)。その

結果、アセトニトリル中、60ºCで３日間加熱した後

でも明らかな変化はみられなかった。発光スペクト

ルの変化も確認できなかったことから、ナノクラス

ターの分解はほとんど起こっていないことが示唆さ

れた。この結果を受け、次に立体配置の安定性を光

学純度の変化で評価した。3a-en1(88%ee)をメタノー

ル中 60ºC で一時間加熱しても変化は見られなかっ

たが、それ以上の温度では徐々に光学純度の低下が

確認された(図5B)。しかし、高温であっても完全な

ラセミ化には至っていない、すなわち金原子周りの

立体配置がある程度保たれている点は非常に興味深

い。 

 

 

図5. (A) アセトニトリル中、60ºCでのNHC-金ナノクラスター3a

のUV-visの経時変化, (B) メタノール中、3a-en-1の熱による光

学純度の変化 

 

３. エナンチオピュアなNHC-金ナノクラスターの合

成 

３.１ キラルな2座NHC-金ナノクラスターの合成

と光学特性 

前述したように 2座NHC配位子を用いる戦略によ

って、優れた熱安定性と発光を示す金ナノクラスタ

ーを得ることに成功した。次にキラリティをNHC 配

位子に導入することで、光学分割することなくエナ

ンチオピュアなNHC-金ナノクラスターの合成を目指

した[15]。そこで架橋部位をo-キシリル基からより剛

直な構造であるビナフチルメチル基に変更した NHC

を新たに設計し、これを用いた金ナノクラスター合

成を行うこととした。ビナフチル骨格は潜在的にキ

ラリティを有し、光学活性体が入手容易な1,1’-ビ

-2-ナフトール(BINOL)を出発物質にすることで光学

的に純粋な配位子が合成可能である点もキラルな金

ナノクラスターの合成に有用であると考えた。 
金ナノクラスター3 と同様にキラルなビナフチル

基をリンカーとするビスベンズイミダゾリジデン塩

を合成し、Au(SMe2)Clと反応させることで 2座配位

子(bisNHC)を有する金 2核錯体 4を得た(図6A)。4

を NaBH4 で還元することで NHC-金ナノクラスター5

が得られた。シリカゲルクロマトグラフィー前にト

リフルオロ酢酸ナトリウムを加えカウンターアニオ

ン交換を行うことで、高い純度で精製することが可

能であり、収率25%で 5を得た。5の ESI-MS測定を

行なったところ、金原子10つ、NHC4つ、臭素原子2

つであることが分かり、これは予想していたNHC-金

ナノクラスター3とは異なる組成であった(図6B)。5

のCH2Cl2溶液のUV-vis測定を行なったところ、291, 

325, 546nmに特徴的な吸収を示し、金2核錯体4と

も明らかな違いが見られた。なお、5 は発光特性を

示さなかった。 

 

 

図6. (A)NHC-金ナノクラスター(S)-[5](O2CCF3)2の合成, (B) 

(S)-[5](O2CCF3)2のESI-MSスペクトル, (C) UV-Visスペクトル 

 

NHC-金ナノクラスター5のジクロロメタン/ジイソ

chiral HPLC. The enantiomeric excess (ee) of the two collected
fractions was determined by chiral HPLC and found to be 88%
for 3a–en1 and 95% for 3a-en2. The UV-vis, NMR and mass
spectra of the separated enantiomers were consistent with the
starting racemic mixture, illustrating the stability of the Au13
structure under the separation conditions, although the ESI-MS
and NMR spectra suggest that anion exchange with tri-
uoroacetate anion had occurred (Fig. S3–S5†).

The as-separated enantiomers were characterized by circular
dichroism (CD) spectroscopy (Fig. 5B). As expected, the CD
spectra of the two enantiomers are mirror images and show
distinct bands between 250 and 800 nm (main peaks: 259, 271,
296, 317, 333 nm, weak peaks at 376, 425 nm, and a broad peak
at 500 nm). No CD signal was observed for the racemic mixture.

The thermal stability of cluster [3a]Cl3 was investigated by
UV-vis spectroscopy. The UV-vis spectrum showed no discern-
ible change aer 3 days of heating at 60 !C in acetonitrile
(Fig. 6A). Emission spectra were also identical within error aer
this time (Fig. S7†). The congurational stability of 3a was
investigated by monitoring the change in enantiopurity upon
heating to different temperatures. Samples of 3a-en1 (88%
initial ee) were heated in MeOH at a variety of temperatures for
1 h. At 60 !C, there was no discernible change, but a slight drop
to 81% ee was observed when the cluster was heated to 80 !C,
and at 100 !C the ee further decreased to 72% (Fig. 6B). Changes
in enantiomeric ratios were documented by HPLC (Fig. S8†) and
CD (Fig. S9†). Work to clarify the mechanism of racemization is
underway in our lab.

Conclusions
In conclusion, we have described the synthesis and structural
characterization of a new chiral ortho-xylyl linked bisNHC-
stabilized Au13 cluster [Au13(bisNHCBn)5Cl2]Cl3 ([3a]Cl3) and
its bromide derivative [3b]Br3. These clusters have a similar
icosahedral structure to previously reported Au13 clusters,
including those ligated by monodentate,18 bis-NHC19 and bis-
phosphine ligands.11 A variety of wingtip groups were compat-
ible with nanocluster formation, allowing for the isolation of
clusters incorporating diverse functionality (3c–e). The chirality
of cluster 3a in the solid-state was investigated by X-ray crys-
tallography, where it was discerned that chirality results from
a helical arrangement of the surface ligands that is dictated by
the choice of a bidentate ligand. The two enantiomers were
separated by chiral HPLC and characterized by CD spectra. The
clusters show high thermal stability and stability against race-
mization, whichmay facilitate their future applications in chiral
catalysis and sensing.
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Fig. 5 Enantioseparation and characterization of chiral Au13 nano-
clusters: (A) chromatogram showing the enantioseparation of rac-3a
by chiral HPLC using UV-vis detection at 350 nm; (B) CD spectra of the
two chiral enantiomers separated by HPLC and rac-3a for comparison.

Fig. 6 (A) Thermal stability of rac-3a at 60 !C in acetonitrile monitored
by UV-vis spectroscopy; (B) chiral stability of 3a-en-1 in methanol after
treatment at different temperatures for 1 h. The enantiomeric purity
after heating was examined by chiral HPLC.
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chiral HPLC. The enantiomeric excess (ee) of the two collected
fractions was determined by chiral HPLC and found to be 88%
for 3a–en1 and 95% for 3a-en2. The UV-vis, NMR and mass
spectra of the separated enantiomers were consistent with the
starting racemic mixture, illustrating the stability of the Au13
structure under the separation conditions, although the ESI-MS
and NMR spectra suggest that anion exchange with tri-
uoroacetate anion had occurred (Fig. S3–S5†).

The as-separated enantiomers were characterized by circular
dichroism (CD) spectroscopy (Fig. 5B). As expected, the CD
spectra of the two enantiomers are mirror images and show
distinct bands between 250 and 800 nm (main peaks: 259, 271,
296, 317, 333 nm, weak peaks at 376, 425 nm, and a broad peak
at 500 nm). No CD signal was observed for the racemic mixture.

The thermal stability of cluster [3a]Cl3 was investigated by
UV-vis spectroscopy. The UV-vis spectrum showed no discern-
ible change aer 3 days of heating at 60 !C in acetonitrile
(Fig. 6A). Emission spectra were also identical within error aer
this time (Fig. S7†). The congurational stability of 3a was
investigated by monitoring the change in enantiopurity upon
heating to different temperatures. Samples of 3a-en1 (88%
initial ee) were heated in MeOH at a variety of temperatures for
1 h. At 60 !C, there was no discernible change, but a slight drop
to 81% ee was observed when the cluster was heated to 80 !C,
and at 100 !C the ee further decreased to 72% (Fig. 6B). Changes
in enantiomeric ratios were documented by HPLC (Fig. S8†) and
CD (Fig. S9†). Work to clarify the mechanism of racemization is
underway in our lab.

Conclusions
In conclusion, we have described the synthesis and structural
characterization of a new chiral ortho-xylyl linked bisNHC-
stabilized Au13 cluster [Au13(bisNHCBn)5Cl2]Cl3 ([3a]Cl3) and
its bromide derivative [3b]Br3. These clusters have a similar
icosahedral structure to previously reported Au13 clusters,
including those ligated by monodentate,18 bis-NHC19 and bis-
phosphine ligands.11 A variety of wingtip groups were compat-
ible with nanocluster formation, allowing for the isolation of
clusters incorporating diverse functionality (3c–e). The chirality
of cluster 3a in the solid-state was investigated by X-ray crys-
tallography, where it was discerned that chirality results from
a helical arrangement of the surface ligands that is dictated by
the choice of a bidentate ligand. The two enantiomers were
separated by chiral HPLC and characterized by CD spectra. The
clusters show high thermal stability and stability against race-
mization, whichmay facilitate their future applications in chiral
catalysis and sensing.
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Fig. 5 Enantioseparation and characterization of chiral Au13 nano-
clusters: (A) chromatogram showing the enantioseparation of rac-3a
by chiral HPLC using UV-vis detection at 350 nm; (B) CD spectra of the
two chiral enantiomers separated by HPLC and rac-3a for comparison.

Fig. 6 (A) Thermal stability of rac-3a at 60 !C in acetonitrile monitored
by UV-vis spectroscopy; (B) chiral stability of 3a-en-1 in methanol after
treatment at different temperatures for 1 h. The enantiomeric purity
after heating was examined by chiral HPLC.
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methylene CH2 protons attributed to the benzyl and
binaphthylmethyl groups. Analysis of the data in Figure 3A

suggests a single ligand environment with a low degree of
rotational freedom, consistent with the structure in the solid
state (see the Supporting Information for full spectral details).
Through the use of 13C-labeled NHC precursors, the Au−C

bonds of NHC-Au nanoclusters can be identified in the 13C
NMR spectrum. Two independent peaks at 213.8 and 198.8
ppm were observed in the 13C NMR spectrum by using S-
[3*]2+ bearing a 13C-labeled chiral Au10 nanocluster (Figure
3B). The 13C NMR experiment confirms two different
environments for the carbene carbons attached to the Au10
core, which is in agreement with the crystal structure. The 15
ppm shift between the signal for the two carbon atoms suggests
significant differences between pairs of Au atoms, which may
result from one pair being adjacent to the Au−Br unit.
Next we examined the CD spectra of the two enantiomers

(S-[3]2+ and R-[3]2+) (Figure 4a), which gives perfect mirror
image spectra for the two enantiomers. Distinct bands between
230 and 800 nm are observed, with dominant peaks at 236 and
319 nm and weak peaks at 368, 428, 480, and 546 nm. In the
visible-light region, the CD spectra of nanoclusters 3 showed a
significant difference from that of the (bisNHC)Au2Br2
complex 2 (Figure 4b), which indicates that the CD signal
of the nanocluster is not simply from the chiral ligand itself.
The presence of signals in the region of the spectrum
attributable to the cluster suggests chirality transfer from the
ligand to the metal core (as will be revealed later by the DFT
analysis).
We performed density functional theory calculations (DFT)

on an isolated S-[3]2+ unit starting from the observed crystal
structure (for technical details, see the Supporting Informa-
tion). The optimized DFT structure retained all the geometric
features seen in the crystal structure, including the weak
geometric chirality of the Au10Br2 unit. Geometric analysis of
that unit done by the VMD software24 showed C2 (chiral)
symmetry by using a strict 0.02 Å criterion for variation of
atom positions from idealized symmetry; however, approx-

imate nonchiral C2v symmetry could be obtained by allowing a
loose 0.21 Å criterion. This demonstrates that the observed
weak chirality is not due to the crystal packing but is an
inherent property of the cluster.
The chemical formula suggests that the cluster has six

delocalized electrons in the gold core25 and should have
metallic properties such as Au(6s)-derived frontier orbitals.
The electronic structure was analyzed by projecting the Kohn−
Sham electronic states to atom/ligand contributions (Au, Br,
bisNHC). As Figure 5a shows, the energy gap between the
highest occupied (HOMO) and lowest unoccupied (LUMO)
orbital is significant (1.73 eV), implying a good electronic
stability of the compound. From the four frontier orbitals,
HOMO−1, HOMO, and LUMO are strongly localized on Au
with a weak contribution in bisNHC, while LUMO+1 has a
more equal Au/bisNHC weight (Figure 5B).
The linear-response time-dependent DFT (LR-TDDFT)

method was used to calculate the optical spectrum of S-[3]2+.
As Figure 5c shows, up to six features (A−F) of the measured
spectrum are seen also in the computed spectrum, albeit
slightly red-shifted for features A−E and blue-shifted for F. We
analyzed the character of the transitions A−E in the computed
spectrum by creating so-called dipole transition contribution
maps (DTCM), shown in Figure S5 (see Supporting
Information). The DTCM analysis breaks down each optical
transition to its single-particle components, in terms of
electron−hole pairs. The strong lowest-energy peak A arises
dominantly from the metal-to-metal HOMO → LUMO
transition with a minor contribution from HOMO →
LUMO+1. The induced transition density for peak A shows
a clear dipolar character along the long axis of the gold core.
Peak B has a metal-to-ligand character originating from the
HOMO as well. All the other peaks have a more mixed
character.

Figure 3. Solution NMR spectra of the bisNHC-protected Au10
nanocluster. (A) 1H NMR spectrum of the S-[3]2+ nanocluster. (B)
13C NMR spectrum of S-[3*]2+ bearing 13C-labeled bisNHC, which
enables identification of carbene carbons linked to gold.

Figure 4. (A) Measured CD spectra of chiral Au10 nanoclusters S/R-
[3]2+ as compared to the computed CD spectrum of the S-
enantiomer. (B) Measured CD spectra of chiral bisNHC-Au-Br
complexes S/R-2.

Journal of the American Chemical Society pubs.acs.org/JACS Communication
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Herein we describe the use of chiral, binap-inspired NHCs
to prepare chiral Au10 nanoclusters with a unique elongated
central Au10 core (Scheme 1C). The chiral bisNHC-stabilized
edge-shared Au10 nanocluster is characterized by electrospray
ionization mass spectrometry (ESI-MS), UV−vis, X-ray single-
crystal crystallography, and CD spectroscopy. The core
structure differs considerably from other reported Au10
clusters, which tend toward more centrosymmetric structures
(Scheme 1B).20 Computational studies provide a clear view of
the electronic structure and optical absorption characteristics
of this unique Au10 nanocluster. A Au9 nanocluster was
identified as a key intermediate for the nucleation and
formation of the Au10 nanocluster by ESI-MS and UV−vis
spectra.
We began the nanocluster synthesis with the preparation of

the binap-inspired chiral bisNHC ligand (see the Supporting
Information).21 The 2,2′-bis(methyl)-(S/R)binaphthyl-linked
dinuclear Au(I) bis-N-heterocyclic carbene complexes
(Au2(bisNHC)Br2, S/R-2) were synthesized by the reaction
of commercially available Me2S−Au−Cl with bis-benzimida-
zolium salts (S/R-1) in the presence of K2CO3 at 60 °C for 12
h.
The bisNHC-protected Au10 nanoclusters were prepared by

direct reduction of (bisNHC)Au2Br2 complexes (S-2) with
NaBH4 in a solution of CH2Cl2/EtOH (Figure 1A). The

solution turns from colorless to dark purple immediately, and
reaction continues for 16 h at room temperature. After the
reaction is complete, concentration of the solution in vacuo
affords the crude residue, which was extracted with EtOH to
yield a purple-red crude cluster mixture. The crude cluster
mixture is then purified by silica gel column chromatography
to yield [Au10(bisNHC)4Br2]Br2 (S-[3]Br2) with small
impurities. Anion exchange of S-[3]Br2 with excess CF3CO2Na
in MeOH solution provided clusters of higher purity.
Purification of this species by column chromatography
provides the pure purple atomically precise intrinsically chiral
Au10 nanocluster [Au10(bisNHC)4Br2](O2CCF3)2 (S-[3]-
(O2CCF3)2) in 25% yield (see the Supporting Information
for details).

Characterization of the purified chiral Au10 (S-[3]-
(O2CCF3)2) by ESI-MS gave a set of signals at approximately
m/z = 2454.3 (Figure 1B), which was unambiguously assigned
to the divalent cluster cation [Au10(bisNHC)4Br2]2+ (3) by
comparison with a simulated isotopic distribution pattern. The
UV−vis spectrum of S-[3](O2CCF3)2 in CH2Cl2 displayed
four prominent absorption bands at 291, 325, and 546 nm
(Figure 1C, blue), which is a significant departure from the
spectra of bis-N-heterocyclic carbene dinuclear Au(I) com-
plexes (S-2, black).
Single crystals of S-[3](O2CCF3)2 suitable for X-ray

crystallography were obtained by mixing diisopropyl ether
with a dichloromethane solution of the pure Au10 cluster. X-ray
crystallographic analysis of S-[3](O2CCF3)2 revealed that the
cluster core adopts a unique linear edge-shared tetrahedral
geometry featuring a prolate shape of 10 gold atoms (Figure
2A). In previous reports, similar edge-shared bitetrahedral

Au6
22 and tritetrahedral Au8

23 nanoclusters could be
synthesized with phosphine ligands, but prolate Au10 clusters
are unknown.
In the crystal structure of the Au10 nanocluster S-

[3](O2CCF3)2, four bis N-heterocyclic carbene ligands
coordinate to the two sets of four terminal Au atoms, and
two Br ligands coordinate to two central Au atoms. The
average Au−C bond length is 2.03(2) Å, and the average Au−
Br bond length is 2.467(2) Å. The average Au−Au bond
distance is within the range 2.6537(6) to 2.9686(8) Å. From
the top view (Figure 2B), it is clear that the Au10 cluster has a
C2 (chiral) skeletal geometry and the four bis N-heterocyclic
carbene ligands are in the same environment. Figure 2C
highlights the specific bonding arrangement of a single NHC
ligand, which binds such that one carbon is on a peripheral
gold atom and one binds more closely to the cluster center.
To probe the structure of the Au10 nanocluster in solution,

we turned to NMR spectroscopy. The 1H NMR spectrum of
cluster S-[3](O2CCF3)2 is characterized by diastereotopic

Figure 1. Synthesis and characterization of the Au10 nanocluster. (A)
General conditions for the synthesis of S-[Au10(bisNHC)4Br2]-
(O2CCF3)2 nanoclusters (S-[3](O2CCF3)2). (B) ESI-MS character-
ization of S-[3](O2CCF3)2. (C) UV−vis spectra of S-2 and S-
[3](O2CCF3)2.

Figure 2. Single-crystal X-ray crystallographically determined
structure of S-[3](O2CCF3)2. (A) Side view. (B) Top view. (C)
Structure with only one bisNHC ligand. Anions and hydrogen atoms
have been removed for clarity. (Color key: carbon of Au−NHC bond,
purple; other carbons, gray; nitrogen, light blue; bromide, dark
yellow; gold, yellow; binaphthyl unit, dark blue.)
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プロピルエーテルから単結晶が得られ、単結晶X線

構造解析を行なった。これまでにキラルな 2座ホス

フィン配位子である 2,2'-ビス（ジフェニルホスフ

ィノ）-1,1'-ビナフチル(BINAP)を利用することで金

原子 10 個から成るナノクラスターが報告されてい

るが[16,17]、5 においては中心クラスターの構造が大

きく異なっていた。すなわち、中心骨格は２つの四

面体構造を２つの金原子で架橋した様な新奇な扁長

楕円体をしていることが明らかとなった(図7)。5は

C 2対称性を有し、これは NHC のカルベン炭素を 13C

でラベル化したナノクラスターの13C NMRスペクトル

において２つのシグナルがみられたのと一致する結

果である。 
 

 

図7. (A) NHC-金ナノクラスター(S)-[5](O2CCF3)2の単結晶X線構

造, (B) 上から見た構造, (C) 1つのNHC配位子を示した構造 

 

次にNHC-金ナノクラスター5のエナンチオマーを

それぞれ合成し、それら CD スペクトルを測定した

(図8A)。想定通り、互いに鏡像の関係であることが

確認できた。これは DFT 計算によるシミュレーショ

ンによって得られた結果とも比較的よい一致を示し

た。前駆体である金錯体 4のエナンチオマーからも

シグナルが観測されるが(図8B)、可視光領域にはみ

られなかったため、単にNHC 配位子由来ではないこ

とが示唆される。すなわち、キラリティがNHC 配位

子から金クラスター中心に転写されたことによるも

のと考えられる。 

 

 

 
図8. (A) NHC-金ナノクラスター5のエナンチオマーのCDスペクト

ル (実測とDFT計算), (B) 金錯体4のエナンチオマーのCDスペク

トル 

 

３.２ NHC-金ナノクラスターの中間体の観測 

NHC-金ナノクラスター5 の形成過程を考察するた

めに、1 時間後の反応溶液の ESI-MS 測定を行った。

その結果、5に対応するピークだけでなく、金原子9

つ、NHC4つ、臭素原子2つの組成をもつNHC-金ナノ

クラスター6 が確認された(図 A)。16 時間後には 6

のピーク強度が減少し、その一方5が増加したこと

から 5は 6を経由して形成したと考えられる。5の

単離を試みたが精製過程で徐々に 6に変化してしま

うため、6 の詳細な構造の解析には至らなかった。

しかし、5から6への変換はUV-vis測定によっても

観測され、ESI-MS測定結果とも矛盾しないものであ

った。実際、5 が主である粗生成物をメタノールに

溶解させたところ、16時間後に5は完全に6へと変

換された。アセトニトリルやジクロロメタン溶液中 

 

 

図9. (A) 金ナノクラスター(Au9)中間体6から5への変換過程にお

けるESI-MSスペクトル, (B) UV-visスペクトル 

Herein we describe the use of chiral, binap-inspired NHCs
to prepare chiral Au10 nanoclusters with a unique elongated
central Au10 core (Scheme 1C). The chiral bisNHC-stabilized
edge-shared Au10 nanocluster is characterized by electrospray
ionization mass spectrometry (ESI-MS), UV−vis, X-ray single-
crystal crystallography, and CD spectroscopy. The core
structure differs considerably from other reported Au10
clusters, which tend toward more centrosymmetric structures
(Scheme 1B).20 Computational studies provide a clear view of
the electronic structure and optical absorption characteristics
of this unique Au10 nanocluster. A Au9 nanocluster was
identified as a key intermediate for the nucleation and
formation of the Au10 nanocluster by ESI-MS and UV−vis
spectra.
We began the nanocluster synthesis with the preparation of

the binap-inspired chiral bisNHC ligand (see the Supporting
Information).21 The 2,2′-bis(methyl)-(S/R)binaphthyl-linked
dinuclear Au(I) bis-N-heterocyclic carbene complexes
(Au2(bisNHC)Br2, S/R-2) were synthesized by the reaction
of commercially available Me2S−Au−Cl with bis-benzimida-
zolium salts (S/R-1) in the presence of K2CO3 at 60 °C for 12
h.
The bisNHC-protected Au10 nanoclusters were prepared by

direct reduction of (bisNHC)Au2Br2 complexes (S-2) with
NaBH4 in a solution of CH2Cl2/EtOH (Figure 1A). The

solution turns from colorless to dark purple immediately, and
reaction continues for 16 h at room temperature. After the
reaction is complete, concentration of the solution in vacuo
affords the crude residue, which was extracted with EtOH to
yield a purple-red crude cluster mixture. The crude cluster
mixture is then purified by silica gel column chromatography
to yield [Au10(bisNHC)4Br2]Br2 (S-[3]Br2) with small
impurities. Anion exchange of S-[3]Br2 with excess CF3CO2Na
in MeOH solution provided clusters of higher purity.
Purification of this species by column chromatography
provides the pure purple atomically precise intrinsically chiral
Au10 nanocluster [Au10(bisNHC)4Br2](O2CCF3)2 (S-[3]-
(O2CCF3)2) in 25% yield (see the Supporting Information
for details).

Characterization of the purified chiral Au10 (S-[3]-
(O2CCF3)2) by ESI-MS gave a set of signals at approximately
m/z = 2454.3 (Figure 1B), which was unambiguously assigned
to the divalent cluster cation [Au10(bisNHC)4Br2]2+ (3) by
comparison with a simulated isotopic distribution pattern. The
UV−vis spectrum of S-[3](O2CCF3)2 in CH2Cl2 displayed
four prominent absorption bands at 291, 325, and 546 nm
(Figure 1C, blue), which is a significant departure from the
spectra of bis-N-heterocyclic carbene dinuclear Au(I) com-
plexes (S-2, black).
Single crystals of S-[3](O2CCF3)2 suitable for X-ray

crystallography were obtained by mixing diisopropyl ether
with a dichloromethane solution of the pure Au10 cluster. X-ray
crystallographic analysis of S-[3](O2CCF3)2 revealed that the
cluster core adopts a unique linear edge-shared tetrahedral
geometry featuring a prolate shape of 10 gold atoms (Figure
2A). In previous reports, similar edge-shared bitetrahedral

Au6
22 and tritetrahedral Au8

23 nanoclusters could be
synthesized with phosphine ligands, but prolate Au10 clusters
are unknown.
In the crystal structure of the Au10 nanocluster S-

[3](O2CCF3)2, four bis N-heterocyclic carbene ligands
coordinate to the two sets of four terminal Au atoms, and
two Br ligands coordinate to two central Au atoms. The
average Au−C bond length is 2.03(2) Å, and the average Au−
Br bond length is 2.467(2) Å. The average Au−Au bond
distance is within the range 2.6537(6) to 2.9686(8) Å. From
the top view (Figure 2B), it is clear that the Au10 cluster has a
C2 (chiral) skeletal geometry and the four bis N-heterocyclic
carbene ligands are in the same environment. Figure 2C
highlights the specific bonding arrangement of a single NHC
ligand, which binds such that one carbon is on a peripheral
gold atom and one binds more closely to the cluster center.
To probe the structure of the Au10 nanocluster in solution,

we turned to NMR spectroscopy. The 1H NMR spectrum of
cluster S-[3](O2CCF3)2 is characterized by diastereotopic

Figure 1. Synthesis and characterization of the Au10 nanocluster. (A)
General conditions for the synthesis of S-[Au10(bisNHC)4Br2]-
(O2CCF3)2 nanoclusters (S-[3](O2CCF3)2). (B) ESI-MS character-
ization of S-[3](O2CCF3)2. (C) UV−vis spectra of S-2 and S-
[3](O2CCF3)2.

Figure 2. Single-crystal X-ray crystallographically determined
structure of S-[3](O2CCF3)2. (A) Side view. (B) Top view. (C)
Structure with only one bisNHC ligand. Anions and hydrogen atoms
have been removed for clarity. (Color key: carbon of Au−NHC bond,
purple; other carbons, gray; nitrogen, light blue; bromide, dark
yellow; gold, yellow; binaphthyl unit, dark blue.)
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methylene CH2 protons attributed to the benzyl and
binaphthylmethyl groups. Analysis of the data in Figure 3A

suggests a single ligand environment with a low degree of
rotational freedom, consistent with the structure in the solid
state (see the Supporting Information for full spectral details).
Through the use of 13C-labeled NHC precursors, the Au−C

bonds of NHC-Au nanoclusters can be identified in the 13C
NMR spectrum. Two independent peaks at 213.8 and 198.8
ppm were observed in the 13C NMR spectrum by using S-
[3*]2+ bearing a 13C-labeled chiral Au10 nanocluster (Figure
3B). The 13C NMR experiment confirms two different
environments for the carbene carbons attached to the Au10
core, which is in agreement with the crystal structure. The 15
ppm shift between the signal for the two carbon atoms suggests
significant differences between pairs of Au atoms, which may
result from one pair being adjacent to the Au−Br unit.
Next we examined the CD spectra of the two enantiomers

(S-[3]2+ and R-[3]2+) (Figure 4a), which gives perfect mirror
image spectra for the two enantiomers. Distinct bands between
230 and 800 nm are observed, with dominant peaks at 236 and
319 nm and weak peaks at 368, 428, 480, and 546 nm. In the
visible-light region, the CD spectra of nanoclusters 3 showed a
significant difference from that of the (bisNHC)Au2Br2
complex 2 (Figure 4b), which indicates that the CD signal
of the nanocluster is not simply from the chiral ligand itself.
The presence of signals in the region of the spectrum
attributable to the cluster suggests chirality transfer from the
ligand to the metal core (as will be revealed later by the DFT
analysis).
We performed density functional theory calculations (DFT)

on an isolated S-[3]2+ unit starting from the observed crystal
structure (for technical details, see the Supporting Informa-
tion). The optimized DFT structure retained all the geometric
features seen in the crystal structure, including the weak
geometric chirality of the Au10Br2 unit. Geometric analysis of
that unit done by the VMD software24 showed C2 (chiral)
symmetry by using a strict 0.02 Å criterion for variation of
atom positions from idealized symmetry; however, approx-

imate nonchiral C2v symmetry could be obtained by allowing a
loose 0.21 Å criterion. This demonstrates that the observed
weak chirality is not due to the crystal packing but is an
inherent property of the cluster.
The chemical formula suggests that the cluster has six

delocalized electrons in the gold core25 and should have
metallic properties such as Au(6s)-derived frontier orbitals.
The electronic structure was analyzed by projecting the Kohn−
Sham electronic states to atom/ligand contributions (Au, Br,
bisNHC). As Figure 5a shows, the energy gap between the
highest occupied (HOMO) and lowest unoccupied (LUMO)
orbital is significant (1.73 eV), implying a good electronic
stability of the compound. From the four frontier orbitals,
HOMO−1, HOMO, and LUMO are strongly localized on Au
with a weak contribution in bisNHC, while LUMO+1 has a
more equal Au/bisNHC weight (Figure 5B).
The linear-response time-dependent DFT (LR-TDDFT)

method was used to calculate the optical spectrum of S-[3]2+.
As Figure 5c shows, up to six features (A−F) of the measured
spectrum are seen also in the computed spectrum, albeit
slightly red-shifted for features A−E and blue-shifted for F. We
analyzed the character of the transitions A−E in the computed
spectrum by creating so-called dipole transition contribution
maps (DTCM), shown in Figure S5 (see Supporting
Information). The DTCM analysis breaks down each optical
transition to its single-particle components, in terms of
electron−hole pairs. The strong lowest-energy peak A arises
dominantly from the metal-to-metal HOMO → LUMO
transition with a minor contribution from HOMO →
LUMO+1. The induced transition density for peak A shows
a clear dipolar character along the long axis of the gold core.
Peak B has a metal-to-ligand character originating from the
HOMO as well. All the other peaks have a more mixed
character.

Figure 3. Solution NMR spectra of the bisNHC-protected Au10
nanocluster. (A) 1H NMR spectrum of the S-[3]2+ nanocluster. (B)
13C NMR spectrum of S-[3*]2+ bearing 13C-labeled bisNHC, which
enables identification of carbene carbons linked to gold.

Figure 4. (A) Measured CD spectra of chiral Au10 nanoclusters S/R-
[3]2+ as compared to the computed CD spectrum of the S-
enantiomer. (B) Measured CD spectra of chiral bisNHC-Au-Br
complexes S/R-2.
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Herein we describe the use of chiral, binap-inspired NHCs
to prepare chiral Au10 nanoclusters with a unique elongated
central Au10 core (Scheme 1C). The chiral bisNHC-stabilized
edge-shared Au10 nanocluster is characterized by electrospray
ionization mass spectrometry (ESI-MS), UV−vis, X-ray single-
crystal crystallography, and CD spectroscopy. The core
structure differs considerably from other reported Au10
clusters, which tend toward more centrosymmetric structures
(Scheme 1B).20 Computational studies provide a clear view of
the electronic structure and optical absorption characteristics
of this unique Au10 nanocluster. A Au9 nanocluster was
identified as a key intermediate for the nucleation and
formation of the Au10 nanocluster by ESI-MS and UV−vis
spectra.
We began the nanocluster synthesis with the preparation of

the binap-inspired chiral bisNHC ligand (see the Supporting
Information).21 The 2,2′-bis(methyl)-(S/R)binaphthyl-linked
dinuclear Au(I) bis-N-heterocyclic carbene complexes
(Au2(bisNHC)Br2, S/R-2) were synthesized by the reaction
of commercially available Me2S−Au−Cl with bis-benzimida-
zolium salts (S/R-1) in the presence of K2CO3 at 60 °C for 12
h.
The bisNHC-protected Au10 nanoclusters were prepared by

direct reduction of (bisNHC)Au2Br2 complexes (S-2) with
NaBH4 in a solution of CH2Cl2/EtOH (Figure 1A). The

solution turns from colorless to dark purple immediately, and
reaction continues for 16 h at room temperature. After the
reaction is complete, concentration of the solution in vacuo
affords the crude residue, which was extracted with EtOH to
yield a purple-red crude cluster mixture. The crude cluster
mixture is then purified by silica gel column chromatography
to yield [Au10(bisNHC)4Br2]Br2 (S-[3]Br2) with small
impurities. Anion exchange of S-[3]Br2 with excess CF3CO2Na
in MeOH solution provided clusters of higher purity.
Purification of this species by column chromatography
provides the pure purple atomically precise intrinsically chiral
Au10 nanocluster [Au10(bisNHC)4Br2](O2CCF3)2 (S-[3]-
(O2CCF3)2) in 25% yield (see the Supporting Information
for details).

Characterization of the purified chiral Au10 (S-[3]-
(O2CCF3)2) by ESI-MS gave a set of signals at approximately
m/z = 2454.3 (Figure 1B), which was unambiguously assigned
to the divalent cluster cation [Au10(bisNHC)4Br2]2+ (3) by
comparison with a simulated isotopic distribution pattern. The
UV−vis spectrum of S-[3](O2CCF3)2 in CH2Cl2 displayed
four prominent absorption bands at 291, 325, and 546 nm
(Figure 1C, blue), which is a significant departure from the
spectra of bis-N-heterocyclic carbene dinuclear Au(I) com-
plexes (S-2, black).
Single crystals of S-[3](O2CCF3)2 suitable for X-ray

crystallography were obtained by mixing diisopropyl ether
with a dichloromethane solution of the pure Au10 cluster. X-ray
crystallographic analysis of S-[3](O2CCF3)2 revealed that the
cluster core adopts a unique linear edge-shared tetrahedral
geometry featuring a prolate shape of 10 gold atoms (Figure
2A). In previous reports, similar edge-shared bitetrahedral

Au6
22 and tritetrahedral Au8

23 nanoclusters could be
synthesized with phosphine ligands, but prolate Au10 clusters
are unknown.
In the crystal structure of the Au10 nanocluster S-

[3](O2CCF3)2, four bis N-heterocyclic carbene ligands
coordinate to the two sets of four terminal Au atoms, and
two Br ligands coordinate to two central Au atoms. The
average Au−C bond length is 2.03(2) Å, and the average Au−
Br bond length is 2.467(2) Å. The average Au−Au bond
distance is within the range 2.6537(6) to 2.9686(8) Å. From
the top view (Figure 2B), it is clear that the Au10 cluster has a
C2 (chiral) skeletal geometry and the four bis N-heterocyclic
carbene ligands are in the same environment. Figure 2C
highlights the specific bonding arrangement of a single NHC
ligand, which binds such that one carbon is on a peripheral
gold atom and one binds more closely to the cluster center.
To probe the structure of the Au10 nanocluster in solution,

we turned to NMR spectroscopy. The 1H NMR spectrum of
cluster S-[3](O2CCF3)2 is characterized by diastereotopic

Figure 1. Synthesis and characterization of the Au10 nanocluster. (A)
General conditions for the synthesis of S-[Au10(bisNHC)4Br2]-
(O2CCF3)2 nanoclusters (S-[3](O2CCF3)2). (B) ESI-MS character-
ization of S-[3](O2CCF3)2. (C) UV−vis spectra of S-2 and S-
[3](O2CCF3)2.

Figure 2. Single-crystal X-ray crystallographically determined
structure of S-[3](O2CCF3)2. (A) Side view. (B) Top view. (C)
Structure with only one bisNHC ligand. Anions and hydrogen atoms
have been removed for clarity. (Color key: carbon of Au−NHC bond,
purple; other carbons, gray; nitrogen, light blue; bromide, dark
yellow; gold, yellow; binaphthyl unit, dark blue.)
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As Figure 4a shows, the computed CD spectrum of S-[3]2+

compares favorably to the measured one as well, and four
lowest-energy maxima can be assigned and analyzed (labeled
1−4 in both data). We analyzed those maxima in terms of
single-particle e−h transitions contributing to the rotatory
strengths (RTCM analysis, Figure S6, see the Supporting
Information). Peaks 1 and 2 correspond well to the absorption
peaks A and B in Figure 6, respectively, and the CD activity is

due to similar e−h transitions to those for the linear
absorption. Peak 3 has both ligand-to-metal and metal-to-
ligand contributions, while peak 4 has a strong ligand-to-ligand
(π−π*) contribution. This analysis implies that the observed
CD activity in the visible range is due to the combined effect of
the CD activity of the chiral ligand itself as well as its indirect
effect on causing a small chiral distortion lowering the
symmetry of the Au10Br2 unit to C2 as discussed above.
ESI-MS was used to probe potential intermediates to

provide insight into the formation of the Au10 nanocluster
(Figure 6A). After 1 h of reaction time, [Au9(bisNHC)4Br]2+

(S-[4]2+) was the main product in the nanocluster region of
the ESI-MS spectra. After 16 h, this cluster had converted to
the expected S-[3]2+ nanocluster, suggesting that S-[4]2+

should be a key intermediate for the formation of S-[3]2+.
The Au9 cluster (S-[4]) was gradually converted into Au10 (S-

[3]) during the purification process; thus it was unsuccessful in
isolating pure Au9 and obtaining crystals suitable for analysis
by crystallography. However, the transformation from Au9 (S-
[4]2+) into Au10 (S-[3]2+) could be observed by UV−vis
spectroscopy (Figure 6B). These results were consistent with
what we observed by ESI-MS, such that in MeOH solution the
tentatively isolated Au9 nanocluster was completely trans-
formed into Au10 in 16 h, as assessed by the loss of the band at
500 nm (Au9) and the appearance of the band at 546 nm
(Au10). In MeCN and CH2Cl2 solutions, the transformations
occur more slowly, demonstrating the important effect of
solvents on this transformation (see the Supporting
Information for full characterization).
This report describes the first synthesis and characterization

of a chiral bis NHC-protected nanocluster, specifically a Au10
cluster with a previously unknown prolate shape. The total
structure of the cluster was determined by ESI-MS, 1H NMR,
13C NMR, and X-ray crystallography. The unique linear edge-
shared tetrahedral geometry of the chiral Au10 nanocluster is
responsible for the strong absorption at 546 nm in the UV−vis
spectrum, as revealed by the DFT calculations. The chirality of
the Au10 nanocluster was characterized by measured and
computed CD spectra, which show translation of chirality into
the metal core. Through MS and UV−vis analyses, a new Au9
nanocluster was observed, which was shown to be an
intermediate en route to the Au10 cluster. This work opens
the door for the preparation of enantiopure NHC-protected
Au nanoclusters using readily available chiral NHC ligands.

■ ASSOCIATED CONTENT
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Experimental procedure, characterization data, and
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data_request@ccdc.cam.ac.uk, or by contacting The Cam-

Figure 5. (A) Projected electronic density of states (PDOS) of S-[3]2+. (B) Visualization of the frontier orbitals from HOMO−1 to LUMO+1. (C)
Comparison of the calculated and measured UV−vis spectrum of S-[3].

Figure 6. Transformation from Au9 to Au10 by ESI-MS (A) and UV−
vis (B) spectra.
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ではこの変換が非常に遅く、興味深い溶媒の効果が

見られた。 

今回見出した本合成法は光学分割することなく純

粋な NHC-金ナノクラスターを得るための有用な手

法の１つであると考えられる。 

 

４. 金ナノクラスターの光触媒としての応用 

近年、可視光で駆動する光触媒を活用した有機合

成反応に注目が集まっている[18-20]。光触媒は酸化と

還元の両方を促進することが可能であり、一般的な

熱反応では困難な分子変換が達成されている。今回

合成したNHC-金ナノクラスター3は可視光領域に吸

収を有し、発光特性を示すことから、光触媒として

機能すると期待した。まずナノクラスターの光安定

性の評価を行なった。NHC-金ナノクラスター3bのア

セトニトリル溶液に青色LED(456nm)の照射し、

UV-visの経時変化を調べた(図10)。その結果、6時

間の照射では3bの分解はみられなかった。しかし、

24時間後にはピーク強度の減少が見られ、一部の分

解が確認された。 

 

 

図10. アセトニトリル中、青色LED照射によるNHC-金ナノクラス

ター3bのUV-visの経時変化 

 

光照射によるナノクラスターの大きな分解は見ら

れなかったことから、光触媒への応用を試みた。そ

のモデル反応としてベンジルアミンの酸化的カップ

リングを選択し、触媒量のナノクラスター存在下で

光反応を行なった。青色 LEDを照射しながら大気下

において効率的に反応が進行し、2 量化したイミン

を選択的に与えることが分かった(図11)。金ナノク

ラスターの前駆体である金錯体では反応性が大きく

低下したことから、光励起によって本触媒反応が進

行したことが示唆される。従来の光触媒反応の報告

から[21]、現時点で反応機構は以下のように考えてい

る。まず金ナノクラスター光触媒(PC)が可視光によ

って励起され、これが空気中の酸素分子によって１

電子酸化される。酸化力の高まった PC・+がベンジル

アミンを１電子酸化することでアミンのラジカルカ

チオン種が生じると同時に光触媒が再生する。さら

にアミンのラジカルカチオン種が酸化されることで

イミンへと変換され、これが別のベンジルアミンと

反応することで生成物が形成する。 

 

 

図11. 金ナノクラスターを光触媒とするベンジルアミンの酸化的

カップリングと想定される反応機構 

 

５. まとめと今後の展望 

 本研究において、著者らは新たに２座NHC 配位子

を用いることで安定な新規金ナノクラスターの創製

に成功した。得られた金ナノクラスターは従来のチ

オールやホスフィン配位子のものと比較して熱安定

性が高いのみならず、強い発光特性を有することを

見出した。またNHC 配位子の設計によって、ナノク

ラスター構造にキラリティを導入できることを明ら

かにし、これは不斉触媒やキラルセンシング材料な

どへの応用展開が期待できる成果と考えている。さ

らに合成した金ナノクラスターを用いることでベン

ジルアミン類の酸化的カップリングを見出し、金ナ

ノクラスターの可視光応答性触媒としての機能を実

証することができた。しかし、触媒としての安定性

や効率の面で改善の余地があると考えており、NHC

配位子の修飾に着目した検討を現在進めている段階

である。今回見出したNHC 配位子を活用する戦略は

これまで単離が困難と考えられてきた金以外の金属

ナノクラスターの創製にも威力を発揮すると考えら

れ、今後さらに金属ナノクラスターの合成と機能開

拓を進めていきたい。 
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