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Chirality in Thiolate-Protected Gold Clusters
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CONSPECTUS: Over recent years, research on thiolate-protected gold
clusters Au,,(SR), has gained significant interest. Milestones were the LCP « I(u(
successful determination of a series of crystal structures (Au;p,(SR)y,
Auys(SR)1g, Ausg(SR)yy Augg(SR)yy, and Auyg(SR)y). For Auyg(SR)a
Auy(SR),,, and Auyg(SR),, intrinsic chirality was found. Strong Cotton
effects (circular dichroism, CD) of gold clusters protected by chiral ligands RCP | (I(“(
have been reported a long time ago, indicating the transfer of chiral - "
information from the ligand into the cluster core.

Our lab has done extensive studies on chiral thiolate-protected gold clusters, including those protected with chiral ligands. We
demonstrated that vibrational circular dichroism can serve as a useful tool for the determination of conformation of the ligand on
the surface of the cluster.

The first reports on crystal structures of Au;o,(SR),, and Ausg(SR),, revealed the intrinsic chirality of these clusters. Their
chirality mainly arises from the arrangement of the ligands on the surface of the cluster cores. As achiral ligands are used to
stabilize the clusters, racemic mixtures are obtained. However, the separation of the enantiomers by HPLC was demonstrated
which enabled the measurement of their CD spectra. Thermally induced inversion allows determination of the activation
parameters for their racemization. The inversion demonstrates that the gold—thiolate interface is anything but fixed; in contrast,
it is rather flexible. This result is of fundamental interest and needs to be considered in future applications.

A second line of our research is the selective introduction of chiral, bidentate ligands into the ligand layer of intrinsically chiral
gold clusters. The ligand exchange reaction is highly diastereoselective. The bidentate ligand connects two of the protecting units
on the cluster surface and thus effectively stabilizes the cluster against thermally induced inversion. A minor (but significant)
influence of chiral ligands to the CD spectra of the clusters is observed. The studied system represents the first example of an
intrinsically chiral gold cluster with a defined number of exchanged ligands, full control over their regio- and stereochemistry. The
methodology allows for the selective preparation of mixed-ligand cluster compounds and a thorough investigation of the
influence of single ligands on the cluster’s properties. Overall, the method enables even more detailed tailoring of properties.
Still, central questions remain unanswered: (1) Is intrinsic chirality a ubiquitous feature of thiolate-protected gold clusters? (2)
How does chirality transfer work? (3) What are the applications for chiral thiolate-protected gold clusters?

In this Account, we summarize the main findings on chirality in thiolate-protected gold cluster of the past half decade. Emphasis
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is put on intrinsically chiral clusters and their structures, optical activity, and reactivity.

1. INTRODUCTION

Thiolate-protected gold clusters (10—200 Au atoms) have
recently aroused significant interest due to their molecular,
strongly size-dependent behavior, stability, and tunability of
properties.'~* It was observed that certain sizes show
exceptional stability and are ubiquitous reaction products,™®
while others are only formed under special conditions. The
formulation of the Superatom Complex Model (SACM) allows
explaining their stability.””® Unlike larger nanoparticles,
monolayer-protected gold clusters do not exhibit a localized
surface plasmon resonance (LSPR, Figure 1). Instead, featured
absorption spectra are found.'’ This is ascribed to discrete
energy levels in the clusters. The spectra cannot be predicted as
a size-dependent function (whereas the size-dependent
plasmon resonance can be modeled using Mie theory'').
This is closely related to their structures.

The interface between the core of the cluster and the thiolate
ligands consists of a bridged binding motif (Figure 2). A Au(I)
atom is stabilized between the sulfur atoms of two neighboring
ligands. This experimental finding was predicted (“divide-and-
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protect”).'* The binding motif can be thought as bidentate
binding of short oligomers SR(AuSR), (n = 1, 2) and was
found in several crystal structures."> ™"
was observed in scanning tunneling microscopy studies of self-
assembled monolayers (SAMs) (ref 18; ref 1 and references
therein).

Chirality is one of the most-studied phenomena in chemical
sciences. Its ubiquitous presence in biological systems leads to
strong demand for development of asymmetric drugs, sensors,
and catalysts. It is also expected to play an important role in the
development of metamaterials (e.g, ref 19). Chirality on the
nanoscale has become an intensively investigated field in
modern material sciences.’® Intrinsic chirality in thiolate-
protected gold clusters'>'®*'™>* has given rise to the
assumption that these systems could play a pivotal role in
applications of cluster-based materials. We herein highlight
recent findings on intrinsically chiral thiolate-protected clusters.

7 Furthermore, the motif
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Figure 1. Left: UV—vis spectrum of a 20 nm sized citrate-stabilized gold nanoparticle. A strong LSPR is found. Right: UV—vis spectrum of
Auys(SCH,CH,Ph),, clusters. The spectrum shows several defined transitions. The strongly featured spectrum is due to distinct electronic
transitions, in contrast to the collective electron oscillation in the 20 nm nanoparticle.

Figure 2. Protecting units in thiolate-protected gold clusters and on extended surfaces. Left: schematic of a (short) SR-Au-SR unit. Middle: STM
image of methylthiolate on a Au(111) surface. Reprinted with permission from ref 18. Copyright 2009 American Chemical Society. Right: crystal
structure of the Au,o,(p-MBA),, cluster (ref 13; the organic rest is not shown). The Au atoms in the schematics are colored according to their

oxidation state.

2. CHIRALITY IN GOLD CLUSTERS

Thiolate-protected gold clusters can show chirality at different
levels: (1) Protection with chiral thiolate ligands; (2)
arrangement of the ligands on the surface of the cluster; (3)
inherent chirality of the cluster core; and (4) cis/trans
isomerism in the bridged Au—S binding motifs. Whereas the
first way to bestow chirality to gold clusters is rather trivial and
has been shown in numerous examples,”®™>” the other three
features are much more sophisticated and complicated to assess
experimentally. Inherently chiral cluster cores have been
proposed as minimum energy geometries for various clusters.>®
It is found in bare metal clusters, for example, in Au,,~ and Augg
(Agss and Cugg form regular icosahedra).® ™ A similar
distortion from a symmetric structure is found in the core of
the Auys(SR),; cluster.***> However, these small distortions are
probably difficult to be discriminated by chirally sensitive
measurement techniques such as circular dichroism.

The bridged binding motifs SR(AuSR), form semirings on
the cluster surface, and the organic rests of the ligands can
adopt cis and trans geometries (for n = 1). For near sp®
hybridization, the sulfur atoms have four different substituents
in tetrahedral coordination geometry. This renders them as
stereogenic centers, and the absolute configuration can be
assigned for the monomeric units SR-Au-SR (Scheme 1). The
situation is more complicated in the dimeric units (n = 2). The
central sulfur atom is either pseudochiral or its configuration is
not readily assignable.

The cis/trans isomerism of the protecting units is difficult to
assess experimentally. Computations showed the influence of
the orientation of the ligands with respect to the units, leading
to different energy and CD spectra.46’47 This can lead to (weak)
optical activity in structures, in which no “locked” stereogenic
elements are found. Of note, the absolute configuration of the
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Scheme 1. Stereochemistry in Protecting Units on the
Surface of Gold Clusters®
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“The gold atoms at the bottom of the structures are Au(0) atoms at
the surface of the cluster core, while the gold atoms stabilized between
two sulfur atoms are formal Au(I). The stereodescriptors are indicated
in red, and lowercase indicates pseudochirality. Priority for the
determination of absolute configuration is Au(0) > Au(I) > R >
electron lone pair.

sulfur atoms can lead to 2'® = 262144 and 2** = 16777216
different stereoisomers in Au,(SR);s and Au;s(SR),,,
respectively. While some of these configurations may lead to
redundant structures, a vast number of isomers remains and
finding the isomer of minimum energy is difficult.

3. CRYSTAL STRUCTURES OF THIOLATE-PROTECTED
GOLD CLUSTERS

3.1. Auypo(p-MBA) 4,

A milestone in the field was the successful determination of the
crystal structure of Auye,(p-MBA),, (Figure 3A)."> The core
can be thought of as a 49-atom Marks decahedron and
additional 30 surface atoms split into two 15-atom-subgroups
on opposite sites. Fivefold symmetry is found for the core of
the cluster, in which 19 short and two long units SR(AuSR), (x
= 1, 2) protect the core.

dx.doi.org/10.1021/ar400295d | Acc. Chem. Res. 2014, 47, 1318—1326
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Figure 3. Crystal structure of the Au,g,(p-MBA),, cluster (A), Au,s(2-
PET),;s (B), and Auss(2-PET),, in side-view (C) and along its
principal axis (D). For the latter, the left-handed A-enantiomer is
shown. The organic groups are removed. Atomic positions are from
refs 13, 14, and 16. Yellow, Auc,,.; orange, Aupg,om; green, sulfur.

3.2. Ausg(2-PET),,

The structure of Auyg(2-PET),, (2-PET: 2-phenylethylthiolate)
was solved in 2010 (Figure 3C/ D).'® A correct prediction of its
intrinsic chirality was made by Lopez-Acevedo et al.,*® while the
basic structural features were proposed by Zeng et al*® The
cluster consists of a face-fused bi-icosahedral Au,; core which is
protected by six dimeric and three monomeric units. The short
units are arranged along the equator of the prolate core and the
long units form two triblade fans at its ends. The fans have the
same handedness, giving rise to chirality. We propose the use of
the descriptors C and A (clockwise/anticlockwise) for the right-
and left-handed enantiomers. Strictly, the cluster should be
labeled as A,A- or C,C-Ausg(SR),,, since the structure proposed
by Zeng et al. has opposite handedness for the two fans (4,C-
Augg(SR),,). We will make this distinction only when
necessary.

3.3. Au,s(2-PET) 4

The crystal structure of Au,s(2-PET);4 consists of a Au,; core
with six dimeric units (Figure 3B)."* A slight distortion is found
in both the anionic and neutral form."> These distortions
mainly affect the protecting units, which are flexible. It seems
unlikely, that one can discriminate these (chiral) distortions
experimentally.

3.4. Au,g(TBBT),,

The structure of Auy(TBBT),, (TBBT: p-tertbutylbenzene-
thiol) consists of a Auy, core protected by four dimeric and two
trimeric (Aus(SR),) units.”>* The dimeric units form two
subsets of two units each, which are arranged in a chiral fashion.

The intrinsic chirality of thiolate-protected gold clusters is a
unique feature that arises from the “divide-and-protect™type
gold—thiolate interface. The protecting units arrange on the
curved surface of the cluster core in a two-point interaction.
This has two important consequences: (1) the units arrange in
a fashion that minimizes the steric interaction between the units
and organic rests of the ligands (we ignore stabilizing
interactions between the ligands here and refer solely to steric
demand). Considering Au;g(SR),,, this becomes obvious when
comparing the A,C-isomer and the more stable A,A- or C,C-
structure. The distances between the sulfur atoms in the
monomeric units at the “equator” of the core and the nearest
sulfur atom of a neighboring dimeric unit (central sulfur atom)
are considerably longer in the chiral than in the achiral structure
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(average 4.606 vs 4.171 A). This leads to stronger steric
hindrance between the organic rests of the thiolates in the
achiral isomer (Figure 4). The prolate nature of the Ausg(SR),,

Achiral Augg(SR),,

Figure 4. Top: Chiral (left) and achiral (right) structures of
Au5(SR),, in comparison (coordinates from ref 46). Marked with
arrows are one sulfur atom of one monomeric unit and the nearest
sulfur atom from a neighboring dimeric unit. The average distances
over the cluster are assigned. Bottom: Views along the principal axis of
the isomers in both directions. The chiral structure shows the same
handedness; the achiral structure shows opposite handedness.

cluster allows for the dimer units to arrange in helical fashions
and adopt to the interaction with the monomeric units. (2) The
two-point interaction between the protecting units and the
cluster core prevents the ligands from free rotation. As
discussed below, the enantiomers of intrinsically chiral clusters
such as Auyg(SR),, are stable at room temperature.

4. OPTICAL ACTIVITY IN THIOLATE-PROTECTED
GOLD CLUSTERS

4.1. Gold Clusters Protected with Chiral Thiolates

Chiral protecting ligands lead to significant Cotton effects in
the visible range of the electromagnetic spectrum and gives rise
to strong circular dichroism responses. This has first been
demonstrated by Whetten and co-workers.”® Several ligands
have been used to study the optical activity of gold clusters, and
numerous examples focused on cysteine-derived li-
gands.””%*%" The Au,((SR);q cluster has been extensivel
studied and was prepared with different chiral ligands.***3%?
The CD spectra give insight into the influence of a ligand on
the optical activity. The absorption spectra of the cluster
protected with L—glutathionate,26 1-methyl-2-phenylethylthio-
late (get*),z’4 camphorthiolate (Cam$),>” and captopril
(Capt)®® are very similar, but the CD spectra reveal an
interesting observation: All clusters, except for pet*-protected
ones, show similar CD spectra. Given the fact that pet™® is the
least bulky ligand, it has been speculated that it induces a
different cis/trans configuration in the protecting units, which
may alter the shape of the CD spectrum.”” Experimental proof
of this interpretation is lacking, however.

4.2. Intrinsically Chiral Gold Clusters

The successful determination of the structures of Auyg,(p-
MBA),, and Auys(2-PET),, stimulated the search for a way to
resolve the enantiomers of the clusters.'>'¢ Chiral High-
Performance Liquid Chromatography (HPLC) was found to be
an effective method for the enantioseparation of Ausg(2-
PET),,>">* The CD spectra of the enantiomers are perfect
mirror images and the CD spectrum of the enantiomer eluting
last from the HPLC column is in very good agreement with a
computed spectrum of a right-handed model cluster, C-

dx.doi.org/10.1021/ar400295d | Acc. Chem. Res. 2014, 47, 1318—1326
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Figure 6. Top: Anisotropy factors (left) and CD spectra of Auyy(2-PET),, (middle), comparison between the measured and calculated CD spectrum
of Auy(2-PET),, (right). For the comparison, the spectra were plotted as “enantiomers” in order to highlight the match. The calculated spectrum is
the one of A-Au,(SH),4; accordingly, “enantiomer 1” corresponds to C-Auyy(2-PET),,. Bottom: Proposed structure of the right-handed Au,(SR),,
cluster. Data and coordinates are from refs 22 and 47. Yellow, Auc,,.; orange, Auyg.om; green, sulfur.

Auys(SMe),, (Figure 5).% Therefore, assignment of the
handedness is possible (which CD spectroscopy alone does
not readily provide).

Similarly, Auyy(2-PET),, clusters were enantioenriched via
HPLC and the collected fractions show strong optical activity
with mirror-image relationship (Figure 6, top).”>>> As yet, the
crystal structure of Auy(SR),, is not available, but the results
suggest intrinsic chirality similar to that found in Aus and
Aug,. A structural model was proposed in a DFT study (Figure
6, bottom).*” The cluster is proposed to consist of a Au,g core
protected with six mono- and four dimeric protecting units.
The core is composed of two icosahedrons in edge-to-edge
contact and rotation of 90°. Four monomeric units are arranged
along the “equator” of the cluster core and the ends of the
“nanorod” are capped with two sets consisting of two dimeric
and one monomeric unit. The units are arranged in a staggered
fashion very similar to Ausg(SR),,. A fair agreement between
simulated and experimental absorption and CD spectra was
found, which allows assignment of handedness.” A different
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structure with a Au,; core was predicted to have very similar
energies, but, as yet, no optical properties are available.” The
enantiomers of Au,g(TBBT),, were separated by HPLC and
CD spectra were recorded.”® As in Auy(SR),, a series of
electronic transitions is resolved in the CD spectrum that is not
found in the UV—vis spectrum. Computations allow assign-
ment of handedness of the cluster by comparison of measured
to simulated CD spectra.*’

Both Auys(2-PET),, and Auy(2-PET),, show strong optical
activity with maximum anisotropy factors in the range of 5 X
10732"**5% which exceed the typical anisotropy factors of
clusters protected with chiral thiolates.>* Even the Aug(L-
SG),, cluster shows weaker optical activity,”” although one
might expect cooperative effects between the chiral ligand and
the chiral cluster. Comparison of the CD spectra of Ausg(2-
PET),, and Ausg(L-SG),, shows very similar curves,>
indicating that one enantiomer (the right-handed one) of the
cluster is formed under the influence of the chiral L-glutathione.
Overall, comparison of the CD spectra of Auys(SR),, indicates

dx.doi.org/10.1021/ar400295d | Acc. Chem. Res. 2014, 47, 1318—1326
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Figure 7. Left: Inversion reaction of Ausg(SR),, (top) and Au,(SR),, (bottom). Right: Evolution of the enantiomeric excess of Auyg(2-PET),, at
different temperatures. Acceleration of the racemization is observed for higher temperatures. Data were originally published in ref S2.

a rather low influence of the ligand. Additional evidence of
selective formation of one handedness of the cluster under the
influence of enantiopure thiolates is provided by experiments
conducted with R- and S-pet* and captopril®> Note that
calculations predict that even smaller thiolate-protected gold
clusters than those discussed above can be chiral.*®

4.3. Inversion of Intrinsically Chiral Gold Clusters

The fact that the enantiomers of Auy(SR),4 and Auy(SR),,
are stable at room temperature suggests a sufficiently high
racemization barrier. This barrier was determined for Ausg(2-
PET),, and Auyo(2-PET),,.>>** An enantiopure solution of the
clusters is heated to different temperatures and the optical
activity is followed with time (Figure 7). The strength of the
CD response is a function of the enantiomeric excess of the
sample. HPLC control experiments showed no hints for
decomposition of the clusters.

Racemization proceeds with first-order kinetics and the
activation barrier was determined to be in the range of 29 kcal/
mol. This value is low compared to typical energies of Au—S
bonds (ca. S0 — 60 kcal/mol), but is in the range of the
chemisorption enthalpies of thiols and disulfides in the
formation of SAMs.*”~%* A similar activation energy is found
for Auy(2-PET),, (24 kcal/mol), but a negative entropy of
activation is observed.>® This suggests a different pathway for
the inversion of the cluster. Therefore, higher temperatures are
needed to induce the racemization of Auyy(2-PET),,. The
inversion of Ausg(2-PET),, is effectively hindered by
introducing one bidentate ligand (see below).”> While the
activation energies for inversion are very similar in all cases, it
was observed that the entropy of activation varies significantly.

Mechanisms for the inversion of Ausg(SR),, and Auyy(2-
PET),, were proposed,”>* but experimental insights into these
are lacking. While the elucidation of the mechanism desires
more detailed work, the flexibility of the Au-thiolate interface in
thiolate-protected gold clusters was demonstrated using the
inherent chirality and circular dichroism as a probe. The fact
that rearrangement of the ligand layer on the surface of a gold
cluster is feasible should be considered in future applications
that require rather drastic conditions (e.g, elevated temper-
atures).

5. LIGAND EXCHANGE REACTIONS INTRODUCING
CHIRAL LIGANDS

In ligand exchange reactions, a cluster Au,,(SR), is reacted with
an excess of incoming ligand HSR'. This forms a mixture of
clusters with different compositions Au,,(SR),_,(SR’), (x = 0—
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1n).3%%*=7* If chiral ligands are involved, the CD response is a
superposition of the individual CD spectra of the different
ligand compositions in the product.***®*®” Introduction of
chiral ligands leads to increasing optical activity until the
reaction is equilibrated.

Comparison of the evolution of optical activity with the
extent of exchange gives useful insight into the contribution of
individual ligands on the CD spectra of the clusters. The
reaction of Ausg(2-PET),, and Au,y(2-PET),, with bidentate
1,1-binaphthyl-2,2'-dithiol (BINAS, Scheme 2) was found to
be slow and BINAS binds in a bidentate fashion. Even at very
low BINAS-coverage of the clusters, strong optical activity is
induced.***®

Scheme 2. Structure of 1,1’-Binaphthyl-2,2’-dithiol

Starting from a chiral, but racemic, cluster, the evolving CD
spectra are a superposition of the individual CD spectra of the
enantiomers (which did not react) and diastereomeric exchange
products. If only one chiral ligand is present, the reaction
product then consists of the two enantiomers (unexchanged
clusters) and two diastereomers (exchanged clusters). For the
diastereomers, the handedness of the chiral ligand is the same,
but the handedness of the cluster is different. Overall, four
chiral species are found. Assuming that the place-exchange
reaction is not diastereoselective, the starting enantiomers react at
the same rate; their CD spectra cancel and do not contribute to
the net optical activity. The measured CD spectrum is the
difference between the CD spectra of the diastereomers. This
should result in rather weak optical activity. If the ligand
exchange reaction has different rate constants for the two
enantiomers (diastereoselective), unequal amounts of the
enantiomers of the unreacted cluster and the reaction products
are expected. The CD spectra of the four species overlay in this
case.

dx.doi.org/10.1021/ar400295d | Acc. Chem. Res. 2014, 47, 1318—1326
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Table 1. Activation Parameters for the Thermal Inversion of Au,5(2-PET),,, A-Auss(2-PET),,(R-BINAS);, and C-Auss(2-

PET),,(R-BINAS),

E, (kcal-mol™)

Augg(2-PET),, 29.5
Au,y(2-PET),, 25.0
A-Augg(2-PET),,(R-BINAS), 252
C-Augg(2-PET),,(R-BINAS), 23.0

AH* (kcal-mol™)

AS* (cal-mol'K") AG* (kcal'mol™)

28.8 9.7 25.6
244 —-12.0 28.8
24.4 —10.1 282
223 -17.6 29.1

For the well-characterized Auss(SR),, cluster, HPLC experi-
ments were performed to study the reaction with enantiopure
R-BINAS in situ.”® A clear difference in the reaction rates of the
enantiomers of Auss(2-PET),, was observed when the cluster
reacted with R-BINAS and it was found that R-BINAS has a
preference for A-Ausg(2-PET),, (Figure 8, left). Furthermore, it
was found that the second exchange step is much slower than
the first exchange. We isolated the diastereomeric reaction
products A-Au;g(2-PET),,(R-BINAS), and C-Ausg(2-
PET),,(R-BINAS),.%® This approach yields pure, mixed-ligand
clusters with a defined number of exchanged ligands. The
optical properties of Auyg(SR),, are affected by the BINAS
ligand in a minor way. Similarly, the CD spectra of the
diastereomeric clusters bear resemblance to those of the parent
enantiomers, allowing assignment of the handedness of the
cluster (Figure 8, right).

We compared the activation barriers of inversion of BINAS-
functionalized Ausg clusters to those of Ausq(2-PET),,.
Significantly higher temperatures are needed to induce a
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change in optical activity, hence the inversion is hindered
(Figure 9, left). It was found that the activation energy is lower
than in Ausg(2-PET),, and the entropy of activation changes
from positive to negative values after BINAS-substitution,
which affects the Gibbs enthalpy of activation (Figure 9, right
and Table 1). This gives rise to the assumption that a different
pathway is followed. The results clearly indicate that BINAS-
substitution leads to enhanced stability of the Auss(SR),,
cluster against inversion.

The fact that a different inversion pathway is likely in BINAS-
substituted clusters raises the question of the binding site of the
bidentate ligand. It has long been assumed that BINAS
preferentially binds to the monomeric protecting units, 366576
This interpretation was challenged by a MALDI study on the
ligand exchange between Au,s(2-PET);; and BINAS. Au, is
protected by dimeric units only and survives the exchange
without decomposition.”” Based on this, a very recent DFT
study revealed interunit binding of BINAS between two dimeric
units in Ausg(SR),, (Figure 10).”® This model is consistent
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Figure 10. Optimized structure of A-Au;g(2-PET),,(R-BINAS),. Left:
Auyg(2-PET),, along its (idealized) C; axis. Binding sites of BINAS are
highlighted by the red arrow. Right: Ausg cluster with the BINAS
ligand (side view). Coordinates are from ref 78. Yellow, Auc,,.; orange,
AUpg,rom; green, sulfur; blue, carbon; white, hydrogen.

with studies on bidentate ligands on Au,5(SR) 5.°*%” The
increased stability of the Auss(SR),,(BINAS), clusters against
thermally induced inversion may be explained by the bridging
of the units by the BINAS ligand.** Since the dimeric units are
involved in this inversion, the binding site of the ligand has
paramount importance and forces the cluster to follow a
different pathway during inversion. It should be noted that a
monodentate ligand can change its binding site when heating
the cluster.”’

6. CONCLUSION AND OUTLOOK

Recent efforts toward understanding chiral thiolate-protected
gold clusters have seen significant advances which revealed
interesting properties. Chirality can be induced to clusters by
the use of chiral thiolate ligands or is found as an intrinsic
property of the clusters. For the latter, no chiral ligands are
required, but synthesis yields racemic mixtures. The separation
of enantiomers was demonstrated with chiral HPLC. The
optical activity of such intrinsically chiral clusters is strong.
Thermal inversion experiments revealed significant flexibility of
the gold—sulfur interface.

Ligand exchange experiments with bidentate BINAS show
diastereoselectivity when a racemic mixture is used. Diastereo-
meric clusters A-or C-Au,,(SR),_.(SR*), can be isolated using
HPLC, yielding very defined species, in the case of Ausg(2-
PET),,(BINAS), even with regioselectivity. The interunit
binding motif in the BINAS-case stabilizes the cluster against
inversion.

Future studies should be devoted to testing chiral clusters in
catalysis or sensing applications. The flexibility of the Au-
thiolate interface is a substantial property that deserves further
insight since it has to be considered in applications.

In summary, the recent work may allow quantification of
contribution of the individual levels of chirality (distorted cores,
cis/trans isomerism at sulfur atoms, arrangement of protecting
units, chiral ligands) on the optical activity. Adsorption site
studies (e.g, the successful determination of the crystal
structure) on mixed-ligand protected clusters may allow
selective manipulation of cluster properties for specific
purposes. Chirality and CD spectroscopy have been proven
as a useful tool to assess these properties experimentally and
theoretically. The paramount importance of chirality for
catalytic and biologic applications is an additional motivation.
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