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A series of chiral Au;z nanoclusters were synthesized via the direct reduction of achiral dinuclear Au()) halide
complexes ligated by ortho-xylyl-linked bis-N-heterocyclic carbene (NHC) ligands. A broad range of
functional groups are tolerated as wingtip substituents, allowing for the synthesis of a variety of
functionalized chiral Au;z nanoclusters. Single crystal X-ray crystallography confirmed the molecular
formula to be [Auz(bisNHC)sCL]Cls, with a chiral helical arrangement of the five bidentate NHC ligands
around the icosahedral Aujz core. This Aujz nanocluster is highly luminescent, with a quantum yield of

Received 2nd June 2021 23%. The two enantiomers of the Aujsz clusters can be separated by chiral HPLC, and the isolated
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enantiomers were characterized by circular dichroism spectroscopy. The clusters show remarkable
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The intersection of chirality with nanomaterials has been called
“one of the most dynamic areas in modern science”.* Atomi-
cally 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." The unique properties of these nano-
materials opens up applications in chiral sensing,”> enantiose-
lective nanocatalysis® and chiroptics.* Chirality in metal
nanoclusters can be generated via an intrinsically chiral metal
core,” from an achiral core with chiral organic ligands® or from
an achiral core with achiral ligands that are arranged in an
asymmetric fashion.” Although impressive strides have been
made in the synthesis of chiral metal clusters, considerable
challenges remain with regards to designing chiral nano-
clusters with stable chirality that is resistant to racemization
and with optimized properties, for example photo-physical
properties.
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The Biirgi group have been pioneers in the creation of chiral
thiolate-stabilized nanoclusters, highlighted by their work with
Ausg(SR),4, which is chiral by virtue of the arrangement of thiol
staples around the core, and can be separated into its enan-
tiomers by HPLC.® Cluster Aug(SCH,CH,Ph),, shows high
stability at room temperature, with racemization occurring in
approximately 30 minutes at 80 °C.° Computational work from
the Hikkinen group suggests that chiral inversions for
Ausg(SR),4 and Pd-doped Augg can take place through a rota-
tional reconstruction of the metal core without the need for
ligand-metal bond cleavage.*®

Smaller Au,; nanoclusters can also be prepared with achiral
phosphine ligands depending on their orientation around the
core. Shichibu and Konishi described this situation for [Au;(-
dppe)sCls]** (dppe = 1,2-bis(diphenylphosphino)ethane),™* in
which the five dppe ligands take up a propeller-like arrange-
ment."”> However, successful resolution of the individual enan-
tiomers by chiral HPLC was not achieved, possibly due to fast
racemization of these clusters in solution. The only examples of
resolvable chiral Au clusters stabilized by phosphine ligands
require the use of inherently chiral ligands.*®

N-Heterocyclic carbenes (NHCs) have recently emerged as
valuable alternatives to thiols or phosphines for the stabiliza-
tion of metal surfaces, nanoparticles, and clusters.** The
neutral, electron-rich NHCs form a strong covalent bond with
the metal,” which is important in providing stability to metal
nanoclusters.*® Our group recently described the utility of NHCs
in protecting gold nanoclusters, reporting the first examples of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NHC-containing Auy; and Au,; clusters.””*® Zheng et al. have
also described the synthesis of Auy3," Au,s (ref. 20a) and Auy,
(ref. 20b) nanoclusters, and Tsukuda has prepared Au,; clus-
ters,* illustrating the potential of NHCs as stabilizing ligands
for a range of gold nanocluster architectures. Very recently,
Zang et al. reported the synthesis of Au;; and Au,; nanoclusters
protected by m-phenylene-bridged N-heterocyclic carbene
ligands that result in different clusters based on subtle changes
in N-substituents.*

Herein we report the synthesis of chiral Au;; 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 Au;;
nanoclusters,'® we set out to examine bis-benzimidazolylidene
ligands with aromatic linkers, designed to take advantage of
the multitude of CH-1 interactions observed in other Au,;
clusters.*® Bis-benzimidazolium salts (1a-g) prepared by simple
Sn2 reactions were converted into the corresponding Au
complexes (bisNHC)Au,X, (2a-g) by reaction with Au(SMe,)Cl in
the presence of K,COj; (see ESIT for full details and character-
ization).> Cluster synthesis was accomplished by reduction of
complex 2a with NaBH, followed by etching with HCI. This
procedure afforded cluster [3a]Cl; in 43% isolated yield based
on Au, after purification by column chromatography (Fig. 2A).

The effect of HCI 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
significantly sharper after HCI etching, consistent with the size-
focusing effect observed in other systems (Fig. S1t).**** The
molecular formula of the cluster [3a]Cl; was confirmed by ESI-
MS, which showed a dominant molecular ion peak at 1741.26
m/z corresponding to [Au,;(bisNHC®");CL]** (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
[Auy5(bisNHCP");CL,]CI>" derived from incomplete ionization of
the parent cluster.

The UV-vis spectrum of [3a]Cl; in dichloromethane shows
distinct absorption bands at 324, 409, 456, and 511 nm (Fig. 2C,
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Fig. 1 Synthesis of chiral Au;s clusters.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

(A)

1) NaBH4, 0°Ctort
N N —————— > [Auy3(bisNHC)sX;]X3
Ar\/N\\J< >\?N\/Af 2) Corru.: }-‘:ﬁl (2.0 equiv)
Ay A‘u
X 2a-2e X 3a-3e
R F
O O 25 K
) - -
3a,43% F F
X =Cl|
b, 27% ke 3d, 25% 3¢, 30%
(X=8Br) (X=Br) (X=8Br)
(B) «©)
38, [Aupy(NHO)CLI™ miz = 17412606 2
5
s
=
8 5
i 3
s H £
& ] E
H < <
- g
1Ay (NHC)SCHICE" @
miz = 26208671
[] 1000 z‘o‘w ‘M 4000 5000 6000 250 350 450 550 650 750 850 950
miz Wavelength (nm)
Fig. 2 (A) Preparation of [Auyz(bisNHC)sX51Xs nanoclusters [3a—e]Xs

(B) ESI-MS of [3a]Cls; (C) UV-vis absorbance (red), photoluminescence
excitation (black) and emission (green) spectra of [3alCls in
dichloromethane.

red), which are in line with previously reported Au,; clusters.*®
Solutions of [3a]Cl; 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 Au,; cluster.”® 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 -7
stacking interactions likely contributes.

Halide counterions had little effect on cluster formation,
with bromide complex 2b affording 27% yield of [Aus(-
bisNHC®");Br,|Br; ([3b]Br3) after purification. The nature of the
linking unit was found to be critically important, with meta- and
para-xylyl linked ligands (1f and 1g respectively) giving no
observable Auy; clusters (see Fig. S2t). However, wingtip
aromatic substituents were readily interchangeable, with
complexes 2c-e all affording Au;; nanoclusters (see ESIT for full
characterization).

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

Chem. Sci., 2021, 12, 10436-10440 | 10437
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Fig. 3 (A) Single-crystal X-ray structure of [Auiz(bisNHCEMsCLICls
([3a]Cls). 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 ESIT 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).

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 A and 3.4 A,
respectively, suggesting the presence of mw—7 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 Cs 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 Cs symmetry (Fig. 3E).
Cluster [3a]Cl; was crystallized as a racemic mixture in Pna2,
space group with mirror planes.

To investigate whether this structure is conserved in solu-
tion, the clusters were characterized by NMR spectroscopy. The
'H NMR spectrum of cluster [3a]Cl; has four sets of diaster-
eotopic methylene CH, protons attributed to the benzyl and
xylyl groups (Fig. 4A). This suggests a single ligand environment
without C, 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 shifts of some

10438 | Chem. Sci, 2021, 12, 10436-10440
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Fig. 4 Solution structural characterization of [Au;z(bisNHCA)sCL]Clg
clusters by NMR spectroscopy in CD,Cl,. (A) *H NMR spectrum of [3a]
Cls. (B) Cluster region of the BC{*H} NMR spectrum of *C-[3a][PF¢s
bearing 1*C(C2)-labelled bisNHC ligand; (C) *°F NMR spectrum of [3c]
Clz (the signal at 113.80 ppm belongs to a small amount of [L,Au,]Cl,).

protons were also found to be anion dependent, with [3a][PFs];
displaying significant changes in methylene resonance shifts
compared to the chloride analogue (see ESIT for full details).

The asymmetric ligand environment was also confirmed by
synthesizing '*C-labeled cluster *C-[3a][PF¢]; using '*C(C,)-
labelled NHC precursor, which enables the direct observation of
the M-C bond. The *C{"H} 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 '>’F NMR spectrum of the
fluorinated analogue [3¢]Cl; 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.'®
These results suggested that the clusters might have high
configurational 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]Cl; was successfully separated into its
constituent enantiomers using a chiral cellulose-based analyt-
ical HPLC column with methanol (MeOH) as the eluent, along
with trifluoroacetic 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]Cl; by preparative

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Enantioseparation and characterization of chiral Au;z 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.

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 Auy;
structure under the separation conditions, although the ESI-MS
and NMR spectra suggest that anion exchange with tri-
fluoroacetate anion had occurred (Fig. S3-S57).

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]Cl; was investigated by
UV-vis spectroscopy. The UV-vis spectrum showed no discern-
ible change after 3 days of heating at 60 °C in acetonitrile
(Fig. 6A). Emission spectra were also identical within error after
this time (Fig. S7t). The configurational stability of 3a was
investigated by monitoring the change in enantiopurity upon
heating to different temperatures. Samples of 3a-enl (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. S81) and
CD (Fig. S97). Work to clarify the mechanism of racemization is
underway in our lab.
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Fig. 6 (A) Thermal stability of rac-3a at 60 °C in acetonitrile monitored
by UV-vis spectroscopy; (B) chiral stability of 3a-en-1in methanol after
treatment at different temperatures for 1 h. The enantiomeric purity
after heating was examined by chiral HPLC.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Conclusions

In conclusion, we have described the synthesis and structural
characterization of a new chiral ortho-xylyl linked bisNHC-
stabilized Au,; cluster [Au,3(bisNHC®")5Cl,]Cl; ([3a]Cl;) and
its bromide derivative [3b]Br;. These clusters have a similar
icosahedral structure to previously reported Au,; clusters,
including those ligated by monodentate,'® bis-NHC* and bis-
phosphine ligands.™ 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, which may facilitate their future applications in chiral
catalysis and sensing.
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