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Carbene-Catalyzed Activation of C� Si Bonds for Chemo- and
Enantioselective Cross Brook–Benzoin Reaction
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Abstract: The first carbene-catalyzed asymmetric che-
moselective cross silyl benzoin (Brook–Benzoin) reac-
tion has been developed. Key steps of this reaction
involve activation of the carbon–silicon bond of an
acylsilane by a chiral N-heterocyclic carbene (NHC)
catalyst to form a silyl acyl anion intermediate. These
acyl anions then undergo an addition reaction with
indole aldehydes in a highly chemo- and enantioselective
manner to afford α-silyloxy ketones with excellent
optical purities. The reaction mechanism of this cross
Brook–Benzoin reaction was investigated through both
experimental and computational methods. The chiral α-
hydroxy ketone derivatives obtained by this approach
show promising, agrochemically interesting activity
against harmful plant bacteria.

Introduction

Chiral indole and carbazole molecules are widely found in
natural products and exhibit proven and potential
bioactivities.[1] Especially, chiral pinacol molecules derived
from indole and carbazole cores are interesting entities that
have shown great significance in the development of drugs

(Figure 1a).[2] For example, notoamides E2 and E3 are key
metabolites isolated from a marine-derived fungus Aspergil-
lus sp., and are significant in the investigation of the
biosynthetic pathways for various bioactive indole
alkaloids.[2e,f] Nigrospin A has been found in the culture
broth of the fungal strain Nigrospora oryzae SCSGAF 0111
isolated from the South China Sea gorgonian Verrucella
umbraculum that possesses strong antimicrobial activities
against a broad spectrum of fungi and bacteria.[2h] (� )-
Dihydroxygirinimbine and clausine W are carbazole-derived
chiral pinacols isolated from the roots of Zanthoxylum
austrosinense and have shown promising inhibitory activities
against 5 kinds of human cancer cells and the inflammatory
NO production.[2g,l] Neocarazostatin A is a bacterial alkaloid
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Figure 1. Natural products containing indole/carbazole-derived pinacol
motifs and the catalytic cross Brook–Benzoin reactions.
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and has been widely used as a potent free radical scavenger
in living cells.[2b,i–k] Therefore, the development of efficient
and enantioselective strategy for the construction of indole
and carbazole-derived chiral pinacol structures is of great
interest.

From the view of the retro-synthetic analysis towards the
indole and carbazole-derived chiral pinacol molecule, the
optically enriched α-hydroxyl ketone containing the hetero-
aryl alkaloid core is one of the key precursors (Figure 1b). A
most direct method to prepare such α-hydroxyl ketone
molecules is perhaps through benzoin reactions.[3] Unfortu-
nately, in typical benzoin reactions with two different
aldehydes (or aldehydes and ketones) as the substrates,
achieving chemo-selective cross reactions remains challeng-
ing.

To address such chemoselectivity issues, one approach is
to replace one of the aldehyde substrates with acylsilanes for
cross silyl benzoin reactions (Brook–Benzoin reactions,
Figure 1c).[4] Metal cyanides[4a,b,d,e] and Lewis acids[4g] have
been used as catalysts for this transformation [Figure 1c,
Eq. (1)]. However, most of the reported Brook–Benzoin
reactions are performed in racemic forms. An elegant
exception came from Johnson’s group in 2004, in which they
realized enantioselective cross Brook–Benzoin reactions
using chiral metallophosphite as the catalyst [Figure 1c,
Eq. (2)].[5] Scheidt explored N-heterocyclic carbenes (NHCs)
as organocatalysts[6] to mediate aza-benzoin[4c] and Stetter
reactions[7] using acylsilanes as the nucleophiles, with the
corresponding products obtained in racemic forms as well.[8]

To the best of our knowledge, enantioselective Brook–
Benzoin reactions mediated by NHCs or other organo-
catalysts have not been achieved.[9] Challenges might come
from two main factors: i) the steric hindrance impedes
addition of typically bulky chiral NHC catalysts to the
relatively bulky acylsilane substrates; and ii) chemo-selective
reaction of NHC catalyst with acylsilane over the aldehyde
electrophiles. In a general picture, achieving enantioselective
cross (silyl) benzoin reactions remains an important problem
waiting for effective solutions.

Herein, we disclose the first NHC-catalyzed enantiose-
lective cross Brook-Benzoin reaction between acylsilanes[10]

and aldehydes (Figure 2). Chiral NHC catalyst can attack
the acylsilanes 1 to give a zwitterionic intermediate I and
then leads to the formation of the silylated Breslow
intermediate II via a 1,2-Brook rearrangement process
promoted by LiHMDS.[11] To avoid the competing side
reactions from the aldehyde substrate and the NHC catalyst,
indole aldehyde 2a bearing a less electrophilic carbonyl
carbon is used[12] to react with the silylated Breslow
intermediate II through a Benzoin condensation process to
give the zwitterion intermediate III. A 1,4-silyl group
migration reaction can be realized with the assistance of
LiHMDS to give the intermediate V via formation of a 5-
membered ring intermediate IV. The silylated Benzoin
product 3 can be finally afforded after elimination of the
NHC catalyst and LiHMDS from the intermediate V.

Results and Discussion

Benzoylsilane 1a bearing a diphenylmethylsilyl group was
chosen as the model substrate to react with the indole
aldehyde 2a under the catalysis of various NHC catalysts in
the presence of LiHMDS in CH2Cl2 (Table 1, entries 1 to 9).
Aminoindanol derived NHC catalysts bearing electron-rich
N-Mes[13] or N-Ph[14] groups were found efficient for the
Brook-Benzoin reaction, with the desired silylated Benzoin
product 3a afforded in promising yields with excellent
enantioselectivities (entries 1 to 2). NHC catalysts bearing
an electron-deficient N-C6F5

[15] group cannot promote this
transformation (e.g., entry 3). The triazolium NHC catalysts
bearing chiral morpholine structures cannot promote this
reaction (e.g., entries 4 and 5),[16] while the chiral pyrollo-
triazolium-derived NHC catalysts can give the desired
Brook–Benzoin products in poor to moderate yields with
good to excellent enantioselectivities (e.g., entries 6 and
7).[14,17] The triazolium fragment of the NHC catalysts played
significant roles in this catalytic transformation, since no
isolable products could be observed when using NHC
catalysts without the triazolium frameworks (e.g., entries 8
and 9).[18] Switching the LiHMDS to other organic or
inorganic bases resulted in no formation of the desired
product (e.g., entry 10). This is in accordance with the
crucial roles that the strong alkyl metal bases have played in
various reported Brook rearrangement reactions.[19] Disilyla-
mide salts other than LiHMDS could give the desired
products in lower yields, although the er values of the
products were not affected (e.g., KHMDS, entry 11). Non-
polar organic solvents could be used as the reaction medium
(e.g., entries 12 and 13), and the target product 3a could be
afforded in 70% yield and >99 :1 er value when using
(CH2Cl)2 as the reaction solvent (entry 13). Organic solvents

Figure 2. NHC-catalyzed enantioselective cross Brook–Benzoin reac-
tion.
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with high polarities are not suitable for this transformation
(entries 14 and 15). Finally, the yield of 3a could be further
improved to 83% without obvious erosion on the optical
purity when an excess amount of the indole aldehyde 2a was
used in a diluted reaction system (entry 16).

With an optimized reaction condition being identified,
we then seek to examine the reaction scope by using both of
the acylsilylanes 1 and the indole aldehydes 2 bearing
different substituents and substitution patterns (Schemes 1
and 2). Substituents with various electronic properties and
steric effects can be installed on the 4- and 3-positions of the
benzoyl group of 1a, with the corresponding silylated
benzoin products afforded in good yields with good to
excellent enantioselectivities (Scheme 1, 3b to 3j). It is
worth noting that benzoylsilanes bearing a 2-substituent on
the benzoyl moieties cannot work in this Brook–Benzoin
reaction, which was probably due to the increased steric
hindrance existed in the nucleophilic attack of the NHC
catalysts to the acylsilane substrates. An aliphatic acylsilane
can also be used for this transformation, although the target
product 3k can only be afforded in a moderate yield and er
value under the current reaction condition. Replacing the
diphenylmethylsilyl group of the benzoylsilane substrate
with a phenyldimethylsilyl group resulted in little erosion on
the reaction outcome (3 l). However, drops on both of the
product yield and optical purity were observed when using

benzoyltrimethylsilane as the reaction substrate (3m). Note-
worthy, this NHC-catalyzed asymmetric Brook–Benzoin
reaction between 1a and 2a can be carried out at gram
scales and the chiral product 3a can be afforded in even
higher yield with retention of the optical purity (Scheme 1,
3a).

The indole aldehydes 2 can also tolerate a variety of
functional groups on each position of its aromatic ring
(Scheme 2). For example, installations of both electron-
donating and electron-withdrawing groups on the 2-, 3- and
4- positions of the indole rings of the aldehydes 2 can give
the silylated benzoin products in moderate to good yields
with excellent enantioselectivities (4a to 4j). A chloride
substituent installed on the 5-position of the indole aldehyde
led to drops on the product er values (4k). This is probably
resulted from the unique electronic effects of the strong
electron-negative 5-Cl substituents, since the 5-Br substi-
tuted indole aldehyde substrate can give the desired product
4 l in an excellent optical purity. Note that, the yield of the
desired product can be dramatically increased when using
the indole aldehyde bearing a 6-F substituent (4m).

To our great delight, carbazole-1-carbaldehydes 5 can be
used as another set of suitable reactants for this chiral NHC-
promoted enantioselective Brook-Benzoin reaction under

Table 1: Optimization of reaction conditions.[a]

Entry NHC Base Solvent Yield [%][b] er[c]

1 A LiHMDS CH2Cl2 35 98 :2
2 B LiHMDS CH2Cl2 53 99 :1
3 C LiHMDS CH2Cl2 <5 –
4 D LiHMDS CH2Cl2 <5 –
5 E LiHMDS CH2Cl2 0 –
6 F LiHMDS CH2Cl2 54 93 :7
7 G LiHMDS CH2Cl2 28 99 :1
8 H LiHMDS CH2Cl2 0 –
9 I LiHMDS CH2Cl2 0 –
10 B DBU/DMAP/K2CO3/Cs2CO3 CH2Cl2 0 –
11 B KHMDS CH2Cl2 21 99 :1
12 B LiHMDS toluene 45 94 :6
13 B LiHMDS (CH2Cl)2 70 >99 :1
14 B LiHMDS THF <5 –
15 B LiHMDS CHCl3 0 –
16[d] B LiHMDS (CH2Cl)2 83 99 :1

[a] Reaction conditions: 1a (0.12 mmol), 2a (0.10 mmol), NHC
(0.02 mmol), base (0.08 mmol), solvent (1.0 mL) at 40 °C for 12 h.
[b] Isolated yield of 3a. [c] The er values were determined via HPLC on
chiral stationary phase. [d] 1a (0.10 mmol), 2a (0.15 mmol), B
(0.02 mmol), LiHMDS (0.08 mmol), (CH2Cl)2 (2.0 mL), 40 °C, 12 h.

Scheme 1. Scope of acylsilanes 1.[a] [a] Reaction conditions as stated in
Table 1, entry 16. Yields are isolated yields after purification by column
chromatography. The er values were determined via HPLC on chiral
stationary phase. [b] The reaction was carried out on a 2.0 mmol scale
based on 1a.
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similar catalytic conditions (Scheme 3). With a slightly less
amount of LiHMDS used, the silyl-benzoin products 6 could
be afforded in generally excellent optical purities. Both
electron-donating and electron-withdrawing groups were
well tolerated on the benzoyl group of the acylsilane
substrate 1, with corresponding products afforded in moder-
ate to good yields with excellent er values (6b to 6h). Alkyl
substituted acylsilane substrate also worked well in this
process, although the target product 6 i was afforded in
slightly decreased enantioselectivity. Several alkyl substitu-
ents can be installed on the aromatic ring of the carbazole-1-
carbaldehyde substrate 5 without much erosion on either the
product yields or the enantioselectivities (6 j to 6 l). The
diphenylmethylsilyl group on the reaction substrate 1a could
be changed into a phenyldimethylsilyl group, with the
desired product 6m afforded in 62% yield with >99 :1 er
value.

It is worth to note that the free N� H group in the indole-
7-carbaldehyde substrate 2 is crucial to this transformation
(Figure 3). No reaction happened when using the N-
protected indole carbaldehyde substrates 7, benzaldehyde or
propionic aldehyde as the electrophiles under the current

Scheme 2. Scope of indole aldehydes 2.[a] [a] Reaction conditions as
stated in Table 1, entry 16. Yields are isolated yields after purification by
column chromatography. The er values were determined via HPLC on
chiral stationary phase.

Scheme 3. Scope of carbazole-1-carbaldehydes 5.[a] [a] Reaction condi-
tions: 1 (0.10 mmol), 5 (0.15 mmol), B (0.02 mmol), LiHMDS
(0.06 mmol), (CH2Cl)2 (2.0 mL), 40 °C, 12 h. Yields are isolated yields
after purification by column chromatography. The er values were
determined via HPLC on chiral stationary phase.

Figure 3. Effects of the indole N� H group on the Brook–Benzoin
reaction.
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optimized reaction condition (Figure 3a). Computational
studies revealed that the indole-7-carbaldehyde 2a and the
ionic LiHMDS are close enough to form substantial non-
covalent interactions (Figure 3b, the non-covalent bond
length of H···N� is 1.86 Å, the non-covalent bond length of
O···Li+ is 1.86 Å). The electrophilicity of the carbonyl
carbon in the indole-7-carbaldehyde substrate 2a could be
greatly enhanced by the non-covalent interactions formed
among the free indole N� H group, the strong base of
LiHMDS and the O-atom of the carbaldehyde group (Fig-
ure 3b, the Pk

+ value of 2a in the presence of LiHMDS is
� 1.86×10� 4, that without LiHMDS is � 1.18×10� 2).

The relationship between the catalyst ee and the product
ee was examined and no deviation from linearity was
observed (Figure 4a). The linear relationship indicated that
only one of the two reactants was activated by the NHC
catalyst in the enantioselective-determining step.[20] The
electrophilic affinities of both of the reaction substrates to
the NHC catalyst were studied via DFT calculations (Fig-
ure 4b).[21] The energy barrier for the addition of the NHC
catalyst B to the indole-7-carbaldehyde 2a (ΔG=10.41 to
15.81 kcalmol� 1) was much higher than the addition of the
catalyst B to the benzoylsilane 1a (ΔG=8.80 kcalmol� 1),

regardless of whether or not in the presence of the
LiHMDS. Therefore, the benzoylsilane substrates are be-
lieved to be selectively activated by the NHC catalyst in this
Brook–Benzoin reaction system.

To exclude the possibility that a common benzoin
reaction was actually taking place with a free silyl group
released and transferred during this NHC-catalyzed Brook-
Benzoin reaction, we carried out additional control experi-
ments to get further evidence on the reaction process
(Figure 5). First of all, neither the cross nor the homo
benzoin reaction could happen with the benzaldehyde 8 and
the indole-7-carbaldehyde 2a substrates under our currently
optimized reaction condition, although the corresponding
benzoin products 9 and 10 could be obtained in 50% and
40% yields respectively under reported reaction conditions
(Figure 5a).[9f] Moreover, no cross-silyl group transferred
product 3a could be observed when the potential “silyl
group shuttle” molecule 11 or 12 was added into the reaction
system of 1 l and 2a (Figure 5b). Therefore, a cross-benzoin
reaction between benzaldehyde 8 and the indole-7-carbalde-
hyde 2a was unlikely to happen and the silyl group might
not be released from any of the possible reaction intermedi-
ates during our reaction process. Additionally, we also used
the optically pure benzoylsilane 1n bearing a stereogenic Si
center as the substrate for this Brook–Benzoin reaction with
the indole-7-carbaldehyde 2a (Figure 5c). The target prod-

Figure 4. Investigation of the affinities of both reactants to the NHC
catalyst. Figure 5. Control experiments on the reaction process.
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uct 13 was isolated in 42% yield with an excellent
diastereoselectivity, which indicated that no positively
charged silicon ions bearing plane-conformations were
generated during the intramolecular silyl group-transfer
processes.

The 1H NMR analyses on the crude mixtures of the
catalytic system have shown that a catalytic amount of
unidentifiable silyl species was generated from the reaction
between the benzoylsilane 1a and the NHC catalyst B in the
presence of the LiHMDS (Figure 6). The newly generated
silyl peaks were believed to belong to silyl-containing
intermediates related to the silyl-Breslow intermediate I,
since stoichiometric or sub-stoichiometric amount of the silyl
peaks should be expected if the silyl group could be released
under the current catalytic conditions. Moreover, the
generation of benzaldehyde-related intermediates was not
observed from the mixture of 1a and the NHC B under
identical reaction conditions (Figure 6c vs. d).

DFT calculations have been carried out to further
rationalize the reaction process and the enantioselective
discrimination of this chiral NHC-catalyzed Brook–Benzoin
transformation (Figure 7). Gaussian16[22] with DFT method
M06-2X[23] has been employed to explore the energy
variations of different transition states and intermediates
throughout the catalytic process (Figure 7a). The normal
level 6-31G(d,p) was used for geometry optimization and
the high level 6-311+ +G(2d,2p) was calculated energies of
single point.[24] Moreover, all calculations were under the
condition of dispersion correction (D3).[25] The formation of
the Si-Breslow intermediate II was greatly favored from
addition of the NHC catalyst B to the acylsilane substrate
1a (ΔG= � 31.54 kcalmol� 1). Nucleophilic addition of the
intermediate II to the indole aldehyde substrate 2a gave the
diastereomeric intermediates III-1 and III-2 via the forma-
tion of the transition states TS3-1 and TS3-2 (Figure 7b).
The formation of the TS4-1 was disfavored due to a high
energy barrier and the chiral intermediate IV could there-
fore be exclusively generated via formation of the transition

state TS4-2. Finally, the target chiral Brook–Benzoin
product 3a could be obtained in an excellent er value from
the intermediate IV via formation of the transition state
TS5.

The silylated Benzoin products obtained from our
approach are rich in functionalities and can be used in a
variety of synthetic transformations (Figure 8). For instance,
the ketone group on the chiral silylbenzoin product 3a can
be reduced by BH3 to give the chiral alcohol 14 in a 73%
yield as a single enantio- and diastereoisomer.[26] The silyl
group on 3a can be removed by HF under basic conditions
to give the chiral α-hydroxyl ketone 15 in a good yield with
an excellent optical purity.[27] The chiral pinacol 16 can be
afforded as a single diastereomer from reduction of 15 in an
excellent yield and enantioselectivity.[28] Moreover, the free
NH group incorporate in the aromatic indole ring of 3a can
be efficiently protected by a Boc group to give the product
17 without erosion on its optical purity.[29] An α-diketone
compound 18 can also be afforded in a good yield through
an oxidative elimination of the silyl group from 3a.[30]

The afforded indole- and carbazole-derived chiral α-
hydroxyl ketone compounds also exhibit promising anti-
microbial activities against various harmful plant pathogens
(Table 2). For instance, 14 of the chiral molecules obtained
from our approach showed better inhibition rates than the
commercial bactericides thiodiazole copper (TC) and bis-
merthiazol (BT) against Pseudomonas syringae pv. actinidiae
(Psa).[31] Especially, 2 of the chiral α-silyloxyl ketone
compounds containing carbazole cores displayed the best
anti-bacterial activities against Psa under the concentrations
of 100 μgmL� 1 and 50 μgmL� 1 respectively (6b, 6c). It is
worth noting that Psa can colonize Actinidia flowers and
lead to their browning and fall. It can eventually cause death
of the whole plant after its systematic invasion. Therefore,
the chiral α-hydroxyl ketone molecules containing indole or

Figure 6. 1H NMR analyses of reaction mixtures.

Table 2: Inhibitive activities of the target compounds against Psa.

Compounds Inhibition Rate [%][a]

100 μgmL� 1 50 μgmL� 1

4 j 67.1�4.6 44.8�0.4
6a 76.8�2.2 71.0�1.5
6b 82.5�5.5 62.2�2.6
6c 77.3�1.0 74.1�1.0
6e 73.3�3.7 55.7�5.5
6g 65.9�2.9 47.6�2.3
6h 78.6�3.0 68.1�2.3
6 i 71.7�1.4 67.0�2.5
6 j 69.7�2.6 60.3�5.6
6k 72.6�5.9 55.4�2.7
6 l 75.3�2.3 70.2�0.4
6m 66.9�2.2 63.4�3.4
15 66.7�3.6 60.5�2.4
16 69.4�3.8 61.5�2.5
TC[b] 51.6�2.6 27.7�2.3
BT[c] 52.1�1.1 30.9�2.5

[a] Average of three replicates. [b] TC=Thiodiazole coppers. [c] BT=

Bismerthiazol.
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carbazole cores are promising structures in the development
of new agrichemicals.

Conclusion

In summary, we have developed the first NHC-catalyzed
enantioselective Brook–Benzoin reaction. α-Silyloxyketone
products bearing various substituents and substitution
patterns are efficiently afforded from our approach in
generally good to excellent yields and enantioselectivities.
Mechanistic studies have provided clear evidence that the
NHC organocatalyst can selectively activate the acylsilane
substrates over the indole aldehydes presented in the
reaction systems. Both experimental and computational
studies have supported that multiple intramolecular silyl-
group transfer processes take place during the reaction
without any free silyl species being released. A variety of
chiral functional molecules can be efficiently obtained from
the silylbenzoin products via simple transformations. Many
of the afforded indole- and carbazole-derived chiral α-
hydroxyl ketone molecules have been discovered to possess
promising inhibition activities against various plant patho-

Figure 7. Energy profile for the enantioselective discrimination of the Brook–Benzoin reaction via DFT calculations.

Figure 8. Synthetic transformations of the chiral product 3a.
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gens such as Psa. Investigations into further synthetic and
bioactive applications of the chiral molecules afforded from
our approaches are in progress in our laboratories.
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