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ABSTRACT: Robust and highly active bimetallic Rh
nanoparticle (NP) catalysts, PI/CB Rh/Ag, have been
developed and applied to the asymmetric 1,4-addition of
arylboronic acids to enones without leaching of the metals.
We found that the structures of the bimetallic Rh/Ag
catalysts and chiral ligands strongly affect their catalytic
activity and the amount of metal leaching. PI/CB Rh/Ag
could be recycled several times by simple operations while
keeping high yields and excellent enantioselectivities. To
show the versatility of the PI/CB Rh/Ag catalyst, a one-
pot, oxidation-asymmetric 1,4-addition reaction of an allyl
alcohol and an arylboronic acid was demonstrated by
combining the PI/CB Rh/Ag catalyst with PI/CB Au as an
aerobic oxidation catalyst.

Heterogeneous metal nanoparticle (NP) catalysis has been
of great interest in both academia and industry and has

expanded rapidly because of these catalysts’ unique reactivity and
selectivity, stability, recyclability, avoidance of metal contami-
nation of products, and availability for reaction integration such
as in continuous flow systems and tandem reactions.1 Also, their
activities and selectivities can be controlled by the formation of
multimetallic NPs.2 Several recent reports have shown that
homogeneous transition-metal-catalyzed reactions affording
complex organic molecules can be conducted by using metal
NP catalytic systems, with the advantages mentioned above.3

However, there have been few reports of metal NP catalysts that
can provide excellent enantioselectivity in asymmetric C−C
bond-forming reactions.3c,e,f,h,i Moreover, only single-metal NPs
are generally used in those reactions, and the effects of a second
dopant metal to form bimetallic NPs have scarcely been
discussed.
The Rh-catalyzed asymmetric 1,4-addition of boron com-

pounds to α,β-unsaturated carbonyl compounds was developed
by Hayashi and Miyaura and is one of the most useful tools for
constructing asymmetric C−C bonds.4 Although both academic
research and large-scale (up to 20 kg) processes involving this
reaction have been widely reported,5 recyclable and robust chiral
heterogeneous Rh catalysts that can work with high catalytic
turnover and long lifetimes without metal leaching are required
because Rh is one of the most expensive precious metals and Rh
contamination in products is problematic.5c Reported strategies
for immobilization of Rh catalysts have used two approaches:
immobilization of ligands on supports6 or immobilization of
cationic Rh on supports.7 The former strategy has already been

investigated for several C−C bond-forming reactions by using
immobilized phosphine ligands; however, these systems require
complicated preparation of monomeric ligands and individual
fabrication of heterogeneous polymers. In addition, these
catalysts themselves are not robust because of the instability of
the immobilized ligands, such as intolerance to oxidative
conditions. In contrast, the latter strategy easily allows the
optimization of ligand structures by external addition of ligands
to immobilized metal catalysts. However, control of metal
leaching is more difficult with this strategy because strong
coordination of the ligands to cationic Rh may allow the metal to
leach out from the support.7a,g To the best of our knowledge,
there has been no report of an asymmetric version of the 1,4-
addition reaction of boron compounds with α,β-unsaturated
carbonyl compounds in heterogeneous systems using the latter
strategy. Therefore, to develop immobilized chiral Rh catalysts
for asymmetric C−C bond-forming reactions with both high
efficiency and robustness, a new strategy is required.
Our group has already developed polystyrene (PS)-based

polymer-incarcerated metal (PI-M) NP catalysts and reported
that they show high catalytic activity and robustness, such as
recyclability and restoration of the activity of deactivated catalysts
that had been used repetitively for many kinds of reactions
without metal leaching.1c,8 With this PI method, multimetallic
NP catalysts were readily prepared, and some bimetallic catalysts
showed higher catalytic activities and unique selectivities
compared with the monometallic NP catalysts.1e,9 This work
led us to hypothesize that the development of truly robust, chiral
Rh NP catalysts10 could be achieved using the PI method.11

Herein we report the development of novel, robust, chiral Rh and
bimetallic NP catalysts by the PI method and their use in
asymmetric 1,4-additions of boronic acids to enones.
We first chose Rh(PPh3)3Cl as the Rh precursor for the

preparation of PI/CB Rh catalyst 7 containing Rh NPs through
in situ reduction of cationic Rh byNaBH4 in the presence of a PS-
based copolymer, followed by thermal cross-linking (Scheme 1).
With the copolymer and carbon black (CB) as a second support
to expand the surface area, PI/CB catalysts were prepared using a
reported method.12 2-Cyclohexenone 1a and phenylboronic acid
2a were chosen as model substrates, and the reaction was
conducted with the external addition of BINAP 4 as a chiral
ligand (substrates and ligands are shown in Chart 1). In a 1:2
toluene/water cosolvent system, the desired product 3aa was
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obtained in high yield with high enantiomeric excess (ee) at 100
°C, but >10% leaching of Rh was observed by inductively
coupled plasma (ICP) analysis (Table 1, entry 1). As our control
experiments showed that no leaching of Rh occurred in the
presence of only 4 or only the substrates under the same
conditions,13 we hypothesized that the leaching might result
from the formation of an intermediate involving interactions with
both the ligand and the substrates.
To prevent the leaching, chiral ligands with various structures

were examined to see whether the size or strength of the
interaction affected the degree of leaching. Interestingly, we
chose chiral dienes as ligands4b,g,14 and found that the leaching
was dramatically decreased when chiral diene 5 was used, in spite
of the lower yield and ee (Table 1, entry 2). On the other hand,
when chiral diene 6was used, excellent ee was obtained and∼5%
Rh leaching was observed (entry 3). Preheating the solvents to
100 °C improved the yield (entry 4), probably because side
reactions occurring at T < 100 °C were suppressed. Finally, the
use of PI/CB Rh catalyst 8 prepared from [Rh(OAc)2]2
completely suppressed the leaching (entry 5), while the
combination of 8 and 4 could not suppress the leaching (entry
6). The second reduction in the catalyst preparation (Scheme
1)13 provided better reproducibility of the catalytic activity and
metal leaching. We also applied this system to the acyclic
substrate 1b. Disappointingly, the product 3ba was obtained in
poor yield in the presence of 8 (entry 8). Because our previous
work showed that the use of bimetallic NP catalysts enhanced the
catalytic activity,9 we then screened bimetallic NP catalysts
prepared by the same procedure as for 8 with simultaneous
reduction of the Rh salt and another metal salt. Initially, catalysts
prepared with a 1:1 Rh/M ratio (M = Ag, Co, Pd, Ru, Au) and a
commercially available 5% Rh on carbon (Rh/C) catalyst were
examined (entries 9−14), and PI/CB Rh/Ag catalyst 9 showed
the highest catalytic activity with 2.3% Rh leaching (entry 9). The
high catalytic activity of 9 for cyclic substrate 1a was also
confirmed, and no leaching of either Rh or Ag was observed
(entry 7) and the loading of ligand 6 was successfully reduced to
0.0375 mol % without loss of catalytic activity and ee.13 The yield

and amount of Rh leaching were improved by increasing the
proportion of Ag (entries 15 and 16), and further optimization
gave 3ba in 91% yield and 92% ee with no leaching of the metals
(entry 17). Furthermore, a filtrate transfer experiment3b,13

confirmed that the filtrate after the reaction did not catalyze
the 1,4-addition, indicating that the reaction is not catalyzed by
homogeneous leached species. It is noteworthy that the
notorious metal leaching was suppressed by the use of bimetallic
NP catalysts.
With the optimized bimetallic catalysts 9 and 15, the substrate

scope of the asymmetric 1,4-addition was surveyed (Table 2).
Arylboronic acids with either electron-donating or electron-
withdrawing groups were employed for the reaction with 1a
under the optimized conditions, and in all cases the desired 1,4-
addition products were obtained in high yields with excellent ee
(entries 2−4, 7, 8, and 10−12). No leaching of Rh occurred in
any cases. Arylboronic acids with substituent groups at the ortho,
meta, and para positions also provided the desired products in
high yields with excellent ee without leaching of Rh (entries 3, 4,
and 10−12). o-Methyl-substituted phenylboronic acid 2b and 1-
napthylboronic acid 2h were found to be less reactive, but slight
increases in the amounts of arylboronic acid, catalyst, and ligand
led to high yields of the desired products with excellent ee
(entries 2 and 9). In the reaction of 2e, Rh/Ag catalyst 15 gave a
high yield with excellent ee and no leaching of Rh (entry 6), while
9 showed a small amount of metal leaching (entry 5). The five-
membered-ring enone 1c also afforded the 1,4-addition product
in high yield with good ee under the same conditions (entry 14).
For acyclic enones 1d−f, the optimized conditions for 1b (entry
13) were used, and in all cases the desired products were
obtained in good to high yields with excellent ee and no leaching
of Rh (entries 15−17). In the reaction of 1f, the yield was
improved by using Rh catalyst 8 (entry 18). Overall, a wide

Scheme 1. Preparation of Rh NP catalysts

Chart 1. Substrates and Ligands

Table 1. Optimization of the Reaction Conditionsa

aReaction conditions: either 1a (0.2 mmol), 2a (0.3 mmol), toluene
(0.25 mL), and water (0.5 mL) or 1b (0.3 mmol), 2a (0.45 mmol),
toluene (0.375 mL), and water (0.75 mL) at 100 °C for t h.
bDetermined by GC analysis. cDetermined by HPLC analysis. “−” =
not determined. dND = below the detection limit of the ICP
equipment (<0.003−0.005 ppm).13 eThe solvent was heated to 100 °C
before use. fRh/M = 1:1. gICP analysis confirmed that there was no
leaching of Ag. hRh/Ag = 1:2. iRh/Ag = 1:3. j2a (0.6 mmol), 15 (1.5
mol % as Rh), and 6 (2 mol %) were used.
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substrate scope with high yields and excellent ee was found, and
in all cases, no metal leaching occurred.
The viability of recycling 9 was examined in the asymmetric

1,4-addition reaction of 1a with 2a (Scheme 2). The catalysts
were easily recovered by simple filtration and reused for the next
cycle with additional 6 after washing with tetrahydrofuran and
drying. For eight cycles, no significant loss of activity was
observed; however, the yield suddenly dropped to 67% for the
ninth use. Similar low activity was observed for the 10th use when
no special treatment was performed before use. Interestingly,
when the catalyst collected after the 10th use was heated at 170
°C for 4 h, the high activity was successfully restored and
maintained for a further four uses, probably because the heating
eliminated impurities such as small amounts of solvents,
products, or side products that were adsorbed on the surface of
the NPs. No significant structural changes before use, after the
10th use, or after heating were observed using scanning
transmission electron microscopy (STEM).13 In all cycles, the
product was obtained in excellent yield and ee with no leaching of
Rh. This demonstrates the robustness of the PI/CB Rh/Ag
catalyst in asymmetric catalysis.
To understand why Ag affects both the catalytic activity and

the Rh leaching, STEM and energy-dispersive X-ray spectrom-
etry (EDS) analyses were performed. In Rh catalyst 8, although

small NPs (∼3 nm) were formed, they were assembled on one
area and not dispersed widely over the support (Figure 1a). In
contrast, the NPs in Rh/Ag catalyst 9 were dispersed over the
support (Figure 1b), and EDS mapping showed that bimetallic
alloy NPs were formed (Figure 1c). EDS line analyses of those
alloy NPs (Figure 1d) showed that the Rh/Ag ratio in the NPs
was random (1:2−2:1). Thus, the effects of the bimetallic
structure might be explained by the size effect10a and the
existence of metal−metal interactions. At this stage, we believe
that the reaction proceeds on the surface of the bimetallic NPs, as
there were no significant morphological changes in the catalyst
after use and after heating. We did not determine the oxidation
states of the metals on the surface of the NPs at this stage.
To show the general versatility and applicability of the PI/CB

Rh/Ag catalyst, a one-pot, oxidation-asymmetric 1,4-addition
reaction of an allylic alcohol and an arylboronic acid was
performed (Scheme 3). The reaction was started from allylic

alcohol 16 at 60 °C under an O2 atmosphere in the presence of
K2CO3 and a PI/CB Au catalyst that was shown to be an
excellent catalyst for aerobic oxidation of alcohols.12,15 After the
oxidation step was complete, 2a, 15, and 6 were added to the
same pot, and the reaction mixture was stirred at 100 °C; this
gave the desired product 3ga in high yield with excellent ee. Such
one-pot processes are very useful because workup purification
steps are reduced and a relatively unstable intermediate can be
generated in situ. Moreover, this one-pot reaction shows the

Table 2. Scope of the Asymmetric 1,4-Additiona

aReaction conditions: 100 °C, enone (0.3 mmol), toluene (0.375 mL),
water (0.75 mL); all solvents were heated to 100 °C before use.
bCalculated from product isolated from 70% of the reaction mixture.
cDetermined by HPLC analysis. “−” = not determined. dND = below
the detection limit of the ICP equipment (<0.003−0.005 ppm).13
eDetermined by GC analysis. fThe catalyst (1.5 mol % as Rh) and 6 (2
mol %) were used. gThe catalyst (1.5 mol % as Rh) and 5 (2 mol %)
were used. hThe catalyst was further treated in mesitylene at 150 °C
for 5 h before use.

Scheme 2. Reuse of the Catalysta

aThe recovered catalyst was heated at 170 °C for 4 h between the 10th
and 11th uses. In all cases, 3aa was obtained with 98% ee and no metal
leaching.

Figure 1. (a, b) STEM images of (a) 8 and (b) 9. (c) EDSmappings of 9.
(d) EDS line analyses of 9.

Scheme 3. One-Pot Reaction Using Allylic Alcohol 16
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robustness of 15, as its catalytic activity was maintained in the
presence of the Au catalyst and K2CO3.
In summary, we have developed robust and active bimetallic

NP catalysts, PI/CB Rh/Ag, and used them in chiral metal-NP-
catalyzed asymmetric 1,4-additions of arylboronic acids to
enones without leaching of the metals. Wide substrate scope,
high yields, high ee, and no metal leaching were attained in the
chiral metal-NP-catalyzed asymmetric C−C bond-forming
reactions. We also found that the structures of the bimetallic
Rh/Ag NPs and chiral ligands strongly affected the catalytic
activity and the amount of metal leaching. STEM analysis and
EDS mapping showed that Ag formed alloy NPs with Rh,
preventing aggregation of the Rh NPs to enhance the catalytic
activity and control the metal leaching. This is a remarkable
example of the positive effects of a second dopant metal in metal-
NP-catalyzed systems. In addition, the PI/CB Rh/Ag catalyst
could be recycled using simple operations while keeping high
yields and high ee for several cycles, and the deactivated catalyst
after repetitive use could be restored simply by heating. Finally,
to show the versatility of the PI/CB Rh/Ag catalysts, we
developed a one-pot, oxidation-asymmetric 1,4-addition reaction
of an allyl alcohol and an arylboronic acid by combining the PI/
CB Rh/Ag catalyst with a PI/CB Au catalyst as an aerobic
oxidation catalyst. Thus, the developed catalytic system is not
only useful as a synthetic methodology but also should provide
precious scientific knowledge and new avenues for heteroge-
neous, homogeneous, and metal-NP catalysis.
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