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ABSTRACT: Attachment of N-heterocyclic carbenes
(NHCs) on the surface of metal nanoparticle (NP) catalysts
permits ﬁne-tuning of catalytic activity and product selectivity.
Yet, NHC-coated Au NPs have been seldom used in catalysis
beyond hydrogenation chemistry. One challenge in this ﬁeld
has been to develop a platform that permits arbitrary ligand
modiﬁcation without having to compromise NP stability
toward aggregation or leaching. Herein, we exploit the strategy
of supported dendrimer-encapsulated metal clusters (DEMCs)
to achieve aggregation-stable yet active heterogeneous Au NP
catalysts with NHC ligands. Dendrimers function as
aggregation-inhibitors during the NP synthesis, and NHCs,
well-known for their strong attachment to the gold surface,
provide a handle to modify the stereochemistry, stereoelectronics, and chemical functionality of the NP surface. Indeed,
compared to “ligandless” Au NPs which are virtually inactive below 80 °C, the NHC-ligated Au NP catalysts enable a model
lactonization reaction to proceed at 20 °C on the same time scale (hours). Based on Eyring analysis, proto-deauration is the
turnover-limiting step accelerated by the NHC ligands. Furthermore, the use of chiral NHCs led to asymmetric induction (up to
16% enantiomeric excess) in the lactonization transformations, which demonstrates the potential of supported DEMCs with
ancillary ligands in enantioselective catalysis.

■

heterogeneous catalysis,8 with pioneering work by Glorius3a,8b−f
and Chaudret.8g−j So far, most examples of NHC-ligated NP
catalysis focused on Pd, Pt, and Ru, and with the exceptions of
three reports (enantioselective ketone arylation8b and aldehyde
allylation;8c Buchwald−Hartwig amination8f) nearly all of the
examples describe hydrogenation catalysis.8e,g−j Despite the
broad scope of known gold-catalyzed transformations9 and the
growing body of work on NHC-Au surface chemistry,5,6b,10
catalysis by NHC-ligated Au NPs has been scarcely explored,
and to our knowledge, only been applied to hydrogenation
chemistry or electrochemical CO2 reduction.8k,l,11 A main
challenge has been to systematically vary the ligand structure
without perturbing Au NP stability to Au complex leaching
and/or NP aggregation. Work in our laboratories on supported
dendrimer encapsulated Au NPs1d−f provided a platform for
overcoming this challenge.
Herein, we combine the strategies of supported DEMCs and
NHC-ligated nanoparticles for the facile synthesis of catalytically active yet stable heterogeneous gold catalysts for a model

INTRODUCTION
Supported dendrimer-encapsulated metal clusters (DEMCs)
are highly active and easily recyclable catalysts, which have
enabled new supported catalysis methodology.1 However,
despite its broad utility, this catalyst platform presently lacks
a modular handle to tune reaction outcomes. Yet, rapid
optimization of catalyst performance metrics such as reactivity,
enantio-, diastereo-, regio-, and chemo-selectivity would greatly
advance the sophistication and scope of transformations
catalyzed by DEMCs. Ancillary ligands, commonly utilized in
transition metal catalysis to tune catalyst selectivity, were a
logical choice of the desired modular handles to be added to
DEMCs. Among a broad array of ligands, persistent carbenes
(PCs, also known as stable carbenes;2 e.g., N-heterocyclic
carbenes, or NHCs3) oﬀer numerous advantages: (1) strong
binding to a broad array of elements,4 which in many cases has
enabled the stabilization and isolation of highly reactive
chemical species,5 (2) improved oxidative stability compared
to ligands like phosphines and thiolates,6 and (3) synthetic
accessibility and modularity.5,7 In addition, the judicious choice
of NHCs as ligands on metal nanoparticle (NP) surfaces has
been shown as a versatile strategy to enable selective
© 2018 American Chemical Society
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NaOH (stored at 0 °C before use) was injected dropwise into the ﬂask
with vigorous stirring. The yellow solution turned dark immediately,
and was then stirred for 3 h, after which it was puriﬁed by dialysis
against deionized water in cellulose dialysis tubes. Next, SBA-15 was
added to the colloidal solution of NPs and the mixture was sonicated
for 3 h at room temperature. The NP supported SBA-15 was separated
from the solution by centrifuge at 4,200 rpm for 6 min. After
centrifugation, the solution was clear. The solution was then decanted,
and the catalyst was dried at 80 °C overnight. The resultant catalyst
(Cat-0) was a purple powdery solid.
Synthesis of Cat-1. In a 4 mL glass vial, 0.01 mmol (5.19 mg) of
the 1 was dissolved in 1.0 mL of chloroform (Solution 1), and 986 mg
of a 7.24 wt % solution of G4OH in methanol containing 5 μmol of
G4OH was diluted to 1.0 mL with methanol (Solution 2). Solution 1
and Solution 2 were mixed with stirring for 1.5 h in the dark. 1 mmol
of tert-butylamine-borane complex (8.70 mg) was added as a solid in
one portion with vigorous stirring. The colorless solution gradually
turned purple. After 1 h, the resultant solution of nanoparticles (Au/
G4OH-NP-1) was sonicated with 150 mg of mesoporous silica SBA15 for 2 h, washed with 40 mL of chloroform three times (the liquid
was decanted after centrifugation at 4,200 rpm for 6 min), and dried at
80 °C overnight to obtain the ﬁnal catalyst (Cat-1) as a pink-colored
powdery solid.
Detailed procedures of the synthesis and characterization of the
catalyst precursors, reactants, and other nanoparticles containing
various portions of components are included in the SI.

lactonization reaction with the possibility of ligand-derived
enantioinduction (Figure 1). To the best of our knowledge, this

Figure 1. An illustration of the supported dendrimer-encapsulated
NHC-ligated Au NPs and the catalytic lactonization reaction they
catalyze. A putative mechanism based on analogous transformations
(vide inf ra) is shown. Fourth-generation hydroxyl-terminated polyamidoamine dendrimer (PAMAM G4OH, or G4OH for short) is
utilized in this work.

is the ﬁrst report of DEMCs with NHC ligands, as well as of
NHC-ligated Au NP catalysis extended beyond hydrogenation
or CO2 reduction: namely, lactonization of allene-carboxylic
acids. This model lactonization reaction was chosen because
gold complexes, homogeneous12 or loaded in molecular form
onto silica,13 have been previously shown to successfully
catalyze this transformation in enantioselective fashion. Given
the often ambiguous oxidation state, as well as distinct
coordination environment and ligand presentation at a Au
NP surface compared to molecular Au(I) species, translation of
homogeneous reactivity to Au NPs is a known challenge.
However, this challenge is also an opportunity to utilize the
distinctly nanoparticle-derived handles (e.g., under-coordinated
surface sites) on reactivity and selectivity. The synthesis,
characterization, and proof-of-principle reaction studies of these
catalysts will be discussed in detail.

■

■

RESULTS AND DISCUSSION
Catalyst Design and Synthetic Strategy. We sought to
install an NHC ligand due to its strong surface binding and
versatility as an ancillary ligand.3a,5 Looking ahead to exploring
enantioselective lactonization, we desired a stereogenic center
in one of the N-substituents; speciﬁcally, we selected the ligand
in complex 1 (Figure 2) because it was readily available, derived
from an L-amino acid (which suggested a modular approach to
chiral ligand diversiﬁcation), and previously demonstrated to
induce high enantioselectivity in conjugate additions catalyzed
by Cu(II).15 Furthermore, the presence of a hydroxyl group in
the ligand structure could potentially strengthen interactions of
the NHC-ligated AuNP with SBA-15, improving the catalyst
stability, and it could also facilitate proto-deauration, a step that
had been previously postulated to be turnover-limiting for the
transformation at hand,13 and demonstrated to be turnoverlimiting in intramolecular allene-alcohol etheriﬁcation.16 The
synthesis and characterization of Cat-1 and Cat-0 are
summarized and compared in Figure 2. As described in the
previous section, whereas HAuCl4 was reduced in water to
obtain Au/G4OH-NP-0, the NHC precursor 1 was not readily
soluble in water. Thus, a methanol/chloroform 1:1 v/v mixture
was used as the solvent. Following the versatile “Stucky
method”17 for nanoparticle synthesis, the tert-butylamineborane complex was chosen as the reducing agent due to its

EXPERIMENTAL SECTION

Synthesis of Cat-0. The synthesis of NHC-free Au NP catalyst,
stabilized with the fourth generation hydroxyl-terminated polyamidoamine dendrimer (G4OH) supported in SBA-15, i.e., Au40/G4OH/
SBA-15 (Cat-0, see Table 1 for the meanings of sample codes used in
this publication) was reported elsewhere.1d,f,14 Brieﬂy, a stock solution
of G4OH in water containing 1.5 μmol of G4OH was diluted to 52
mL in a 100 mL round-bottomed ﬂask, and purged with argon for half
an hour. 0.01 M HAuCl4 (6 mL) was then added into the ﬂask
dropwise with vigorous stirring. Immediately afterward, a 20-fold
excess of a freshly prepared mixture of 0.5 M NaBH4 and 0.15 M

Table 1. Sample Codes and the Corresponding Compositions of the Gold Samples
Codesa
Cat-0
Au/G4OH-NP-0
1
Au/G4OH-NP-1
Cat-1
AuNP-1
AuNP-1/SBA-15
IS-1
a

Composition
Au40/G4OH/SBA-15
Au40/G4OH (aqueous solution) before loading onto SBA-15
NHC-Au(I)-Cl complex as the precursor for Au NPs, see Figure 1 for the chemical structure
Au NPs (methanol/chloroform solution) prepared from the reduction of 1 in the presence of G4OH
Au/G4OH-NP-1 loaded onto SBA-15
Au NPs (methanol/chloroform solution) prepared from the reduction of 1 in the absence of G4OH
AuNP-1 loaded onto SBA-15 as a solid
the precursor imidazolium salt of 1

The codes containing 2, 3, ..., 11 are used in the same way as the codes containing 1, which is illustrated in Figure 4.
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addition of the dendrimer resolved this issue. Thus, the
dendrimers functioned as a stabilizer of the NPs.
Besides the reduction of structurally well-deﬁned NHCAu(I) complexes, e.g. Au-1, to prepare Cat-1, another method
was attempted to attach the NHC to the Au surface:6a,10d,h
namely, via CO2 adducts of N-heterocyclic carbenes (NHCCO2). However, the surface modiﬁcation method led to the
aggregation of Au particles under the conditions we tested
(Figure S2). Thus, this method was not used further in this
work.
Au Oxidation State Analysis. X-ray photoelectron
spectroscopy (XPS) analysis shed light on the oxidation state
diﬀerences at the Au NP surfaces (Figure 2C). The Au 4f7/2
binding energy of Cat-0 was 83.4 eV, consistent with
nanoparticular Au(0): Kruse and Chenakin19 previously
observed that the charge-corrected Au 4f7/2 binding energy in
Au NP/TiO2 catalysts was 0.15−0.45 eV lower than that in the
pure bulk Au. In contrast, the Au 4f7/2 binding energy observed
for Cat-1 was 84.9 eV, similar to that of the Au(I) complex 1
(84.7 eV). This diﬀerence of ∼1.5 eV between Cat-1 and Cat-0
reﬂected the prevalence of Au(I) species at the surface of the
former and Au0 at the surface of the latter. To understand how
far beyond the very surface the oxidation state diﬀerences
persisted, we turned to X-ray absorption near edge structure
(XANES), a bulk analysis technique. XANES of complex 1 was
analogous to that of another NHC-Au(I) chloride reported by
Silbestri and colleagues,20 whereas the spectra of both Cat-1
and Cat-0 where quite diﬀerent, and nearly identical to that of a
gold foil (Figure 2E). Linear combination analyses using the
spectra of Au-1 and the Au foil as the basis set indicated that
over 95% of Au atoms in Cat-1 and Cat-0 are in the Au(0)
phase. In addition, in situ XANES spectra of Cat-1 under the
catalytic reaction conditions, i.e., in the presence of the reactant
and solvent (vide inf ra), remain the same as the ex situ spectra
(Figure S5). Thus, the particles do not undergo oxidative
degradation (e.g., to Au(I) complexes) on the time scale of the
reaction. Based on XPS and XANES, we can therefore conclude
that the Au NPs of Cat-1 are coated with a ∼ monolayer of
Au(I) species, presumably NHC-Au(I) complexes. Such
monolayers of NHC-oxidized metal species at metal NP and
bulk metal surfaces have a number of recent precedents.8i,21
Time-of-ﬂight secondary ion mass spectrometry (ToF-SIMS)
provided additional evidence for the presence of NHC-Au
complexes at the surfaces of AuNP-1 and Au/G4OH-NP-1
(Cat-1 was not directly analyzed because ToF-SIMS typically
cannot probe below the very surface of the given material).
Namely, both samples exhibited a mass-to-charge ratio (m/z)
of 769.294 (Figure 2D) and associated isotope pattern (Figure
S4), attributable to the corresponding (NHC)2Au+ ion
(theoretical m/z = 769.375, Figure 2D inset). Furthermore,
when the as-synthesized sample was puriﬁed via dialysis against
methanol, dried and redispersed in CD3OD, the 1H NMR
spectrum revealed the presence of two sets of broadened NHCderived aromatic resonances; meanwhile, other reaction
components (e.g., 1 and tBuNH2·BH3 byproducts) were absent
(Figure S35). The presence of two sets instead of one suggests
the presence of multiple NHC-Au species at the Au NP surface.
Together, TEM, XPS, XANES, ToF-SIMS, and 1H NMR
analyses allow us to infer that Cat-1 is composed of ∼4.7 nmdiameter nanoparticles whose core of Au0 is coated with NHCAu(I) complexes such as (NHC)Au+ and (NHC)2Au+.
Whereas the latter coordinatively saturated Au(I) species is
unlikely to be active in our transformation, the under-

Figure 2. (A and B) Preparation and TEM images of nanoparticles in
Cat-1 (A) and Cat-0 (B) before (i) and after (ii) loading into SBA-15,
respectively. (C) Normalized Au 4f XPS spectra of Cat-0 (i), Cat-1
(ii), and 1 (iii). (D) Relative intensity of the mass-to-charge ratio of
769.294 from ToF-SIMS spectra of G4OH (i), Au/G4OH-NP-0 (ii),
AuNP-1 (iii), IS1, i.e., the precursor imidazolium salt of 1 (iv), and
Au/G4OH-NP-1 (v). Inset: the proposed structure of the ion whose
mass-to-charge ratio matches 769.294. (E) Au L3-edge XANES spectra
of 1 (i), AuNP-1/SBA-15 (ii), (c) Cat-1 (iii), Cat-0 (iv), and a gold
foil (v).

previously demonstrated success in forming NHC-ligated gold
nanoparticles.10e,18 The average sizes of both as-synthesized
NPs were comparable (ca. 3 nm in diameter). However, NPs in
Cat-1 were still growing during the loading process due to
continued reduction of 1, ultimately reaching a diameter of
∼4.7 nm; meanwhile, the NPs in Cat-0 remained the same
average size as before loading (Figure 2A,B). The observed size
NP diﬀerence between Cat-0 and Cat-1 proved inconsequential with regard to their activity, given the results for other
catalysts described herein (vide inf ra; Tables S1 and S2).
The use of dendrimer enhances the stability of the NPs to
aggregation on the time scale of their synthesis, and inhibits
their fusion at longer time scales. The morphology evolution of
Au/G4OH-NP-1 and AuNP-1 under otherwise identical
synthetic conditions was monitored by TEM (Figure S1).
Au/G4OH-NP-1 existed as isolated NPs at the 8th hours after
the reduction, but at the same time a large portion of NPs of
AuNP-1 aggregated to particles >10 nm in diameter. At the
32nd hour after the reduction step, individual NPs of ca. 5 nm in
size were still observed in Au/G4OH-NP-1: some aggregated,
but, retained separate boundaries; in the case of AuNP-1, large
aggregates of particles fused together by this point. In addition,
reduction of other NHC-Au(I) complexes led to NPs of broad
size distributions even at early stages of complex reduction, but
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coordinated surface gold atoms, including (NHC)Au+ were
considered plausible catalytically active sites.
Catalytic Studies. Intramolecular lactonizations of allenes
(Figure 1) were chosen as model reactions to evaluate the eﬀect
of Au NP surface composition on its performance under a
diverse set of conditions. Note that while molecular Au(I)
complexes dispersed in mesoporous silica were previously
found to be active catalysts for this reaction, formation of Au
NPs under reaction conditions actually led to reduced activity
over time.13 Indeed, Au NP-catalyzed lactonization of allenes
remains a challenge, and we address this limitation herein. Cat1 readily catalyzes the lactonization of reactant A at room
temperature in predeuterated dichloromethane (CD2Cl2),
benzene (C6D6), and chloroform (CDCl3) (Table 2), and
Table 2. Reaction Condition Screening and Comparison of
Cat-1 and Cat-0

catalyst

Au mol %

solvent

temperature (°C)

time (h)

yielda (%)

Cat-1
Cat-1
Cat-1
Cat-1
Cat-0
Cat-0
Cat-0

2.2
2.2
2.2
2.2
3.6
3.6
3.6

CD2Cl2
C6D6
CDCl3
CD2Cl2
CD2Cl2
Tol-d8
Tol-d8

20
20
20
20
20
80
100

2
2
2
22
22
2
22

29
21
12
100
<1
7
100

Figure 3. Kinetics studies of the lactonization reaction catalyzed by
Cat-1. (A) Reaction scheme. (B) Plot of ln[A] vs time showing ﬁrstorder kinetics. The reaction was performed in an NMR tube with
constant shaking at room temperature. (C) Eyring plot of A and A′
along with the corresponding ΔH‡ and ΔS‡. Each reaction was run for
2 h.

values are consistent with proto-deauration as the turnoverlimiting step, a common scenario in Au(I) catalysis, which has
been previously postulated in Au(I)-catalyzed allene lactonizations.13 Notably, Roth and Blum22 observed that the presence
of the NHC ligand nearly doubled the rate of proto-deauration
compared to the analogous triphenylphosphine complex. In
line with this experimental study, theoritical studies by
Belanzoni and colleagues23 showed that electron-donating
ligands reduce the electrostatic component of the Au−C
bond undergoing proto-deauration, which in turn reduces the
activation barrier for this process. Given that NHCs are some of
the most strongly electron-donating ancillary ligands,24 the
observed high activity of Cat-1 compared to Cat-0 is
reasonable.
Inspired by the initial success of Cat-1, we sought to expand
the catalyst scope (Figure 4). The catalyst analogues Cat-2−
Cat-11 were prepared similarly to Cat-1. The details of the
synthesis and characterization of the NHC-Au(I) complexes
(catalyst precursors shown in Figure 4) and the catalysts are
included in the SI (TEM images see Figure S7 and statistics
analyses in Table S2). Generally, Au NPs in Cat-2−Cat-8 have
relatively uniform size distributions, ranging from 2 to 7 nm in
diameter. Cat-9−Cat-11, however, contain Au NPs larger than
10 nm. XPS analysis of these new catalysts indicated that the
surface Au 4f 7/2 binding energy varied considerably with the
NHC: Cat-5 (85.7 eV) > Cat-1 (84.7 eV) > Cat-2−Cat-4, Cat10 (83.8−84.3 eV) > Cat-6−Cat-8 (83.5−83.7 eV) > Cat-0
(83.4), Cat-11 (82.9 eV) (Figure S8). This variation indicated
that the distribution of Au oxidation states at the NP surface
could be tuned using diﬀerent NHCs.
As in the case of Cat-1, for most new catalysts, A′ underwent
lactonization faster than A at 20 °C. Cat-1−Cat-8 all catalyze
full conversion of A′ in 22 h, although Cat-8 cannot accomplish
the same for A. The turnover frequencies (TOF, normalized to
the total amount of Au) based on the 2 h reactions of A under
the same conditions reﬂect the catalytic activity of each catalyst.
Several valuable conclusions were derived from these results.
First, the presence of one mesityl N-substituent on the NHC
ligand led to an elevated TOF per Au (cf. Cat-1 vs Cat-6, and
Cat-4 vs Cat-7). This observation is consistent with the
activating inﬂuence of an aryl-surface interaction recently

a
The yield was determined by 1H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

CD2Cl2 provided the highest reaction rate. Notably, though
Cat-1 can achieve full conversion of A within 22 h at room
temperature (20 °C), Cat-0 shows no reactivity under the same
conditions. Even at 80 °C (in toluene-d8), Cat-0 shows little
activity and requires 100 °C to reach full conversion of A within
22 h. Thus, the presence of NHC complexes on the surface of
Cat-1 is critical to engender the catalyst with high activity even
at room temperature.
The reaction stops immediately upon the ﬁltration of Cat-1,
which conﬁrms that the catalysis is truly heterogeneous. The
heterogeneity of the catalyst was also conﬁrmed by the
inductively coupled plasma optical emission spectroscopy
(ICP-OES) tests of the ﬁltrate of the reaction mixture after
reaction, where the Au concentration was below the 0.1 ppm
detection limit of the instrument. The analysis procedure is
included in the SI. TEM images of Cat-1 after the catalytic
reaction show no apparent change of morphologies compared
to the as-synthesized Cat-1. It can be reused for at least four
additional runs (Figure S6) without a loss of activity, which also
conﬁrmed the stability of the catalyst.
The reaction kinetics of A and its analogue A′ were
investigated to better understand the eﬀect of the catalyst on
reaction mechanism (Figure 3A). Lactonization of A follows
overall ﬁrst-order kinetics as indicated from the linear ln[A]−
time plot (Figure 3B). Eyring analysis (Figure 3C) covering a
63 °C temperature range (248 to 311 K) revealed the following
kinetic parameters for A and A′, respectively: ΔH‡ of 6.4 ± 0.4
and 7.9 ± 1.0 kcal·mol−1, ΔS‡ of −57 ± 2 and −52 ± 3 cal·
mol−1·K−1, respectively. The small ΔH‡ and large negative ΔS‡
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precipitaton of Au0. The Au species that remain in solution are
active catalysts, but aﬀord only 2% ee (entry 3 of Table S1 and
Figure S70), indicating that NHC anchoring at the NP surface
is crucial for enantioselectivity in our transformation. Although
16% ee is the highest that could be attained for our system at
present, this result is, to our knowledge, the ﬁrst demonstration
of enantioselective catalysis by NHC-ligated Au NPs, as well as
by Au DEMCs.

■

CONCLUSIONS
In this work, we present a novel synthesis of dendrimerencapsulated persistent carbene-ligated Au NPs in silica. The
dendrimer encapsulation and silica support rendered the NPs
resistant to aggregation, which allowed us to systematically
modify the NHCs with little impact on NP aggregation and
complex leaching. In turn, NHCs as ligands alter the oxidation
state distribution of the surface Au atoms and signiﬁcantly
increase the activity of the Au NPs toward a model complex
transformation that is typically challenging for Au NPs-allenecarboxylic acid lactonization. Note that prior to this report,
NHC-Au NP catalysis was limited to hydrogenation or CO2
electroreduction chemistry. Moreover, beyond enhanced
activity and stability, ligand-derived enantioselectivity has
been demonstrated in this system. The truly modular synthesis
of NHC-ligated Au NPs in the presence of dendrimers, the vast
array of available NHCs with excellent performance as ancillary
ligands in Au catalysis, and the superb recyclability of silicaloaded NPs combine to make for a powerful new
heterogeneous catalyst system that can address challenges in
both heterogeneous and homogeneous Au catalysis.

Figure 4. Schematics of the synthesis of the ﬁnal supported catalysts
Cat-n with the NHC structure corresponding to the sample code. The
yields of the 22 h reactions of A and A′ (and 2 h reactions of A in the
parentheses and the corresponding TOF in the unit of h−1 based on
total Au atoms) catalyzed by Cat-n are given below each structure.
Even though the catalysts are prepared in the same scale and
conditions, the molar percentage of Au in the catalysts are diﬀerent. As
a ﬁxed weight (10 mg) of each catalyst is used, the mol % of Au of
each catalyst is diﬀerent.
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demonstrated by Glorius and co-workers.8f The increase in
activity in the order Cat-1, Cat-2, Cat-4, and Cat-3 indicated
that steric bulk (as measured by A-values25) did not correlate
with activity; more likely, increased ligand rigidity in the same
order led to a less dense ligand/Au complex packing on the NP
surface, thereby facilitating reactant access to the active sites.
Finally, the presence of hydroxyl groups was critical to catalyst
activity: indeed, Cat-8 and Cat-9 were far less active, while Cat10 and Cat-11, with densely packing dodecyl and octadecyl Nsubstituents, were completely inactive under the standard
reaction conditions. Hydroxyl groups, as mentioned above, are
expected, through H-bonding interactions, to facilitate the
turnover-limiting proto-deauration.13 Finally, it appears that a
surface Au 4f7/2 binding energy 83.8−84.3 eV (vide supra) is
optimal (but not suﬃcient: cf. Cat-10) for the catalyst activity
in the transformation at hand.
The attachment of NHC on the surface of Au NPs not only
activates the catalysts, but also installs a handle to control
enantioselectivity. Leveraging the chiral NHC in the form of
Cat-1, 16% ee is observed (entry 1 of Table S1 and Figure S44)
for product B under the reaction conditions outlined in Figure
4 (see Table S1 for a screen of ee against other catalysts and
conditions). Control experiments showed that complex 1 does
not itself catalyze the transformation (entry 2 of Table S1), and
that chloride abstraction from it with AgBF4 leads to
uncontrolled decomposition of the cationic complex, with the
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Am. Chem. Soc. 2012, 134, 9134−9137.
(17) Zheng, N.; Fan, J.; Stucky, G. D. J. Am. Chem. Soc. 2006, 128,
6550−6551.
(18) Ling, X.; Schaeffer, N.; Roland, S.; Pileni, M.-P. Langmuir 2013,
29, 12647−12656.
(19) Kruse, N.; Chenakin, S. Appl. Catal., A 2011, 391, 367−376.
(20) Fernández, G. A.; Picco, A. n. S.; Ceolın, M. R.; Chopa, A. B.;
Silbestri, G. F. Organometallics 2013, 32, 6315−6323.
(21) (a) Jiang, L.; Zhang, B.; Medard, G.; Seitsonen, A. P.; Haag, F.;
Allegretti, F.; Reichert, J.; Kuster, B.; Barth, J. V.; Papageorgiou, A. C.
Chem. Sci. 2017, 8, 8301−8308. (b) Larrea, C. R.; Baddeley, C. J.;
Narouz, M. R.; Mosey, N. J.; Horton, J. H.; Crudden, C. M.
ChemPhysChem 2017, 18, 3536−3539.
(22) Roth, K. E.; Blum, S. A. Organometallics 2010, 29, 1712−1716.
(23) Gaggioli, C. A.; Ciancaleoni, G.; Zuccaccia, D.; Bistoni, G.;
Belpassi, L.; Tarantelli, F.; Belanzoni, P. Organometallics 2016, 35,
2275−2285.
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