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Asymmetric redox benzylation of enals enabled by
NHC/Ru cooperative catalysis
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The development of general methods for asymmetric benzylation of prochiral carbon nucleophiles remains a
challenge in organic synthesis. The merging of ruthenium catalysis and N-heterocyclic carbene (NHC) catalysis
for asymmetric redox benzylation of enals has been achieved, which opens up strategic opportunities for the
asymmetric benzylation reactions. A wide range of 3,3′-disubstituted oxindoles with a stereogenic quaternary
carbon center widely existing in natural products and biologically interesting molecules is successfully obtained
with excellent enantioselectivities [up to 99% enantiomeric excess (ee)]. The generality of this catalytic strategy
was further highlighted by its successful application in the late-stage functionalization of oxindole skeletons.
Furthermore, the linear correlation between ee values of NHC precatalyst and the product elucidated the inde-
pendent catalytic cycle of either the NHC catalyst or the ruthenium complex.

Copyright © 2023 The
Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

INTRODUCTION
Transition metal (TM)–catalyzed alkylation reactions of benzylic
derivatives with various nucleophiles are among the most powerful
and indispensable tools for the formation of carbon-carbon and
carbon-heteroatom bonds in organic synthesis (1–3). However,
only a few examples of asymmetric benzylation reactions have
been achieved, and the selection of chiral ligands in conjunction
with TMs, including palladium and nickel, has made it possible
to produce chiral benzylic derivatives (Fig. 1A) (4–11). In 2010,
Trost and co-workers successfully demonstrated a model approach
for the asymmetric benzylation of prochiral carbon nucleophiles via
palladium catalysis (12–14). Very recently, asymmetric benzylic
substitutions accomplished through a cooperative combination
(15–20) of isoelectronic π-benzyl palladium/nickel species with
chiral organocatalysts (21, 22) or Lewis acids (23, 24) that mediated
nucleophiles have greatly progressed. In 2018, Snaddon and co-
workers introduced benzotetramisole/Pd cooperatively catalyzed
asymmetric benzylation reactions of acetic acid esters (21). Most re-
cently, two highly efficient examples of asymmetric benzylation of
azomethine ylides enabled by dual metal catalysis have been report-
ed by the Zhang group (23) and the Wang group (24), respectively.
Recently, Guo and co-workers established an α-benzylation reaction
of N-unprotected amino acids with excellent stereocontrol (22).
However, comparing with the well-developed Tsuji-Trost allylation
reactions (25–27), catalytic asymmetric benzylation reactions have
been reported much less frequently, probably due to the lack of re-
liable chirality models and also to the difficulties in the formation of
π-benzyl metal species because of the thermodynamically less favor-
able disruption to aromaticity (1–3). Nevertheless, the exploration
of catalytic systems, in which the π-benzyl metal species are orthog-
onally reactive toward certain nucleophiles, would be highly desir-
able for achieving optically active benzylic compounds.

N-heterocyclic carbene (NHC) catalysis, a versatile organocata-
lytic process, has attracted considerable interest from the synthetic
community (28–31). In recent years, NHC and TM cooperative ca-
talysis (32–34) has emerged as a versatile tool for accessing asym-
metric reactions that were previously difficult to achieve (35–43),
and impressive progress has been made (44–58) in the knowledge
of NHC-TM interplay (59), compatible catalyst activation modes,
and types of reactions (Fig. 1B). In comparison with the extensively
explored Pd, Ir, or Ni-π-allyl species, as well as Cu-allenylidene
species, coupling with chiral NHC-adorned nucleophiles, asymmet-
ric reactions mediated by other types of electrophilic TM-activated
intermediates, however, is still comprehensively elusive in this area.
Recently, our group (50, 55–58) demonstrated that the isatin-
derived homoenolate equivalent I (60–63) exhibits high facial selec-
tivity and good feasibility with metal-activated electrophiles, pro-
viding an important advance to access synthetically valuable
oxindole derivatives (Fig. 1C). In light of these pioneering contribu-
tions, we were interested in the exploration of a π-benzyl ruthenium
system (64–66) as a class of acceptor electrophile (38) in NHC/TM
cooperative catalysis. Such a reaction would, in principle, enable
umpolung reactivity where an isatin-derived enal functions as a nu-
cleophile in a C─C bond-forming reaction at a benzylic position
(Fig. 1D). This redox benzylation of enals, realized through NHC/
Ru cooperative catalysis, would not only broaden the domain of
NHC/TM cooperative catalytic system but also present pathways
for asymmetric benzylation reactions.

RESULTS AND DISCUSSION
Design of the NHC/Ru cooperative catalytic system
Initially, proof-of-concept studies focused upon the asymmetric
benzylation reaction of isatin-derived enal 1a with 2-naphthyl di-
phenylphosphate 2a in the presence of NHC/Ru cooperative cata-
lytic system, and the key results are briefly summarized in Table 1
(see tables S1 to S6 for detailed condition optimizations). Several
ligands (L1 to L3) (64–66), together with the ruthenium catalyst,
were tested with NHC precatalyst 4a at room temperature (entries
1 to 3). The use of bipyridine ligand L2 would furnish the desired
product 3aa in moderate yield and high enantioselectivity. We next
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explored different NHC precatalysts 4b to 4d (entries 4 to 6) and
identified 4b to be the optimal one (entry 4). Further assessment
of base identified Na2CO3, which gave the product in an enhanced
yield and with 96% enantiomeric excess (ee) (entry 7). When low-
ering the concentration to 0.05M, along with the use of 2.0 equiv. of
2-naphthyl diphenylphosphate 2a in the reaction, the product yield
increased to 74% (entries 8 and 9). Eventually, the amount of cata-
lyst loading of 4b was decreased from 10 to 2.5%, whereas the cat-
alyst activity was retained (entry 10). Control experiments revealed
that no desired product was detected in the absence of any of the
catalyst components (entries 11 to 13).

Substrate scope
With the optimized reaction conditions in hand, we next investigat-
ed the scope of isatin-derived enals 1 (Fig. 2). In general, various
isatin-derived enals were allowed to react with 2-naphthyl diphenyl-
phosphate 2a and gave the corresponding products in satisfactory
yields and enantioselectivities. Isatin-derived enals bearing different
substituents at the nitrogen atom (R) all proceeded smoothly under
the current reaction conditions and gave oxindole derivatives 3aa to
3ea in good yields (51 to 72%) with excellent enantioselectivities.
Note that the N─H substrate works equally well for this transforma-
tion (3fa). Various substituted isatin-derived enals including those
bearing electron-withdrawing and electron-donating substituents at
different positions on the aromatic ring could be tolerated and gave
the corresponding compounds 3ga-3oa in high yields and excellent
enantioselectivities (95 to 98% ee). The absolute configuration of

3ga was determined by x-ray crystallography, and the other prod-
ucts were assigned in analogy to 3ga.

We then sought to expand the reaction to benzylic phosphate
electrophiles (Fig. 3). Variation of the electronic properties of the
substituents at different positions on the aromatic ring of naphthyl
phosphates was tolerated. Different halogen (F, Cl, and Br) atoms
substituted at the 6-position of naphthalene ring all afforded benzy-
lation products with excellent enantiocontrol (3ab to 3ad, up to
96% ee). Substrates 2e to 2j with functional groups on the aromatic
ring, such as vinyl methyl ester and OMe, were successfully trans-
formed into corresponding 3,3′-substituted oxindoles 3ae to 3aj.
Benzylic electrophiles, such as 2k to 2n with phenanthrene,
indole, and thiophene substituents, were also compatible with this
benzylation process and afforded the corresponding oxindole prod-
ucts 3ak to 3an with excellent stereoselectivities (96 to 98% ee). In
addition, this protocol was also amenable to the synthesis of 3,3′-
substituted oxindoles 3lg and 3mj. To further expand the substrate
scope, we then applied our NHC/Ru cooperative catalysis to the
benzylation reaction of the enal 1a with simple benzylic electro-
philes, which were supposed to have a higher ionization and dear-
omatization barrier than naphthalene substrates (13). The results
showed that ortho-substituted benzyl phosphates were good reac-
tion components, although the yield and stereoselectivity were
fairly good (3ao to 3ar; see tables S7 and S8 for details). [1,1′-Bi-
phenyl]-2-ylmethanol–derived phosphate 2o could give product
3ao in 31% yield and 87% ee. This reaction was well-represented
by the benzyl phosphate with two substituents on the benzene
ring (3ap). Benzyl phosphates with cyclic substituents were also

Fig. 1. Asymmetric benzylation reactions via NHC/Ru cooperative catalysis. (A) Previous work: TM-catalyzed asymmetric benzylation reactions. (B) N-Heterocyclic
carbene (NHC)/TM cooperatively catalyzed asymmetric reactions. (C) Selected naturally occurring and biologically active oxindoles and pyrroloindolines. (D) This work:
NHC/Ru cooperatively catalyzed enantioselective benzylation reactions. IC50, median inhibitory concentration. MRSA, methicillin resistant Staphylococcus aureus.
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suitable coupling partners and afforded the corresponding benzyla-
tion products 3aq (45% yield and 72% ee) and 3ar (40% yield and
71% ee) in acceptable results.

Synthetic application
The practical synthetic utility of this method was demonstrated by a
large-scale reaction, which proceeded smoothly to afford the
desired product 3aa in 68% yield with maintained ee value
(Fig. 4A). Last, to explore the synthetic value of benzylation prod-
ucts, 3aa was transformed into a series of derivatives that retain the
chiral integrity of the starting 3,3′-oxindole skeleton (Fig. 4, B to D).
For example, the hydrolysis of the ester moiety under basic condi-
tions led to an acid 5 in 98% yield (Fig. 4B). Moreover, the

manipulation of the acid unit of 5 delivered the alcohol 6withmain-
tained ee. Treatment of 3aa with 9-borabicyclo[3.3.1]nonane at
65°C in tetrahydrofuran (THF) led to the indoline alcohol 7 in
76% yield with 96% ee. The aminolysis of 3aa with methylamine
ethanol solution smoothly afforded amide 8 with no diminution
of ee (Fig. 4C). Subsequent reductive cyclization successfully
formed the tricyclic product 9 in 60% yield and with 98% ee. The
reduction of 3aa with LiAlH4 in THF led to a furoindoline 10, and
the hexahydropyrrolo[2,3-b]indole and hexahydrofuro[2,3-
b]indole motif having a carbon substituent at C-3 are the defining
structural features of a diverse collection of natural products and
pharmaceutically active molecules (67). In addition, starting from
the oxindole acid 5 derived from 3aa, we accomplished an efficient

Table 1. Optimization of the reaction conditions. Unless otherwise specified, all reactions were carried out using 1a (0.1 mmol), 2a (0.1 mmol),
[Cp*Ru(MeCN)3]PF6 (10 mol %), L (10 mol %), NHC precatalyst 4 (10 mol %), and base (0.11 mmol) in CHCl3 (0.9 ml) and methanol (MeOH; 0.1 ml) at 25°C for
20 hours under N2. NMR, nuclear magnetic resonance; HPLC, high-performance liquid chromatography.

Entry L 4 Base Yield (%)* ee (%)†

1 L1 4a Et3N 34 62

2 L2 4a Et3N 44 92

3 L3 4a Et3N 33 89

4 L2 4b Et3N 41 95

5 L2 4c Et3N 40 62

6 L2 4d Et3N 28 46

7 L2 4b Na2CO3 50 96

8‡ L2 4b Na2CO3 60 96

9‡,§ L2 4b Na2CO3 74(72) 96

10‡,§,|| L2 4b Na2CO3 73(72) 96

11‡,§,|| L2 - Na2CO3 N.D.

12‡,§,|| - 4b Na2CO3 N.D.

13‡,§,||,¶ - 4b Na2CO3 N.D.

*1H NMR yield. The yield of the isolated product 3aa is given within parentheses. †The enantiomeric excess (ee) was determined by HPLC. N.D., not
detected. ‡With CHCl3 (1.8 ml) and MeOH (0.2 ml). §2.0 equiv. of 2awas used. ||2.5 mol % of 4bwas used. ¶In the absence of [Cp*Ru(MeCN)3]PF6.
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access to spirooxindole 11 with structural diversity, and the carbon
stereocenter remains intact (Fig. 4D).

Plausible mechanism
We performed a set of experiments with ee-varied chiral NHC pre-
catalyst 4b, ruthenium-bipyridine complex, isatin-derived enal 1a,
and 2-naphthyl diphenylphosphate 2a under the standard condi-
tions (Table 1, entry 10). As depicted in Fig. 5A (see table S9 for
details), a linear relationship between the ee values of the NHC pre-
catalyst and benzylation product 3aa was observed, which suggests
that one molecule of NHC gets involved in the enantio-determining
step towork as an organocatalyst and that the ruthenium-bipyridine
complex is the reactive metal species in the catalytic system. The co-
ordination event between NHC and the ruthenium center had little
effect on the stereochemical control. On the basis of these experi-
mental results and previous findings (28–34, 64–66), a plausible re-
action pathway is proposed and summarized in Fig. 5B. The Breslow
intermediate I (or azolium homoenolate species II) is generated
from the reaction of the enal 1a and NHC catalyst. Meanwhile,

the ruthenium complex coordinates with 2-naphthyl diphenylphos-
phate 2a and then undergoes oxidative addition to generate a π-
benzyl ruthenium species III (64–66). Afterward, the homoenolate
species II (or I) attacks the π-benzyl ruthenium intermediate III
preferentially from the unblocked bottom face by the substituents
on NHC and affords a benzylation intermediate IV. Last, the inter-
mediate IV delivers the final benzylation product 3aa by regenerat-
ing the ruthenium catalyst and releasing the NHC catalyst via
methanolysis.

In conclusion, we have developed an NHC/Ru cooperatively cat-
alyzed asymmetric redox benzylation reaction of enals with benzylic
phosphates. By integrating NHC catalysis and ruthenium catalysis,
the direct enantioselective coupling of NHC-bound homoenolate
with a π-benzyl ruthenium species proceeds well to provide a
rapid and stereoselective method to access 3,3′-oxindole skeletons
with great tolerance of functional groups in high yields (up to
91%) and with excellent enantioselectivity (up to 99% ee). Mecha-
nistic studies confirm that the free carbene catalyst and the Ru cat-
alyst work well independently to accomplish their own catalytic

Fig. 2. Substrate scope of enals. Unless otherwise specified, all reactions were carried out using 1 (0.1 mmol), 2a (0.2 mmol), [Cp*Ru(MeCN)3]PF6 (10 mol %), L2 (10 mol
%), NHC precatalyst 4b (2.5 mol %), and Na2CO3 (0.11 mmol) in CHCl3 (1.8 ml) andmethanol (MeOH; 0.2 ml) at 25°C for 20 hours under N2. Yield of isolated product 3. The
ee was determined by high-performance liquid chromatography (HPLC).
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roles without quenching each other. Further studies on the explora-
tion of NHC/TM cooperative catalytic systems are the topics of the
ongoing investigation.

MATERIALS AND METHODS
General information
All solvents were purified according to the solvents handbook.
Unless otherwise noted, materials were obtained from commercial

suppliers and used without further purification. All reactions were
performed under a dinitrogen atmosphere using Schlenk line tech-
niques or inside a dinitrogen-filled glove box. Flash column chro-
matography was carried out using 300- to 400-mesh silica gel at
medium pressure. 1H NMR (nuclear magnetic resonance) and
13C NMR spectra were recorded at 25°C on Bruker Advance 500-
MHz NMR spectrometers. High-resolution mass spectral analysis
was performed on a Thermo LTQ Orbitrap XL (ESI+) or a P-
SIMS-Gly of Bruker Daltonics Inc. (EI+). Optical rotations were

Fig. 3. Substrate scope of benzylic phosphate electrophiles. Unless otherwise specified, all reactions were carried out using 1 (0.1 mmol), 2 (0.2 mmol),
[Cp*Ru(MeCN)3]PF6 (10 mol %), L2 (10 mol %), NHC precatalyst 4b (2.5 mol %), and Na2CO3 (0.11 mmol) in CHCl3 (1.8 ml) and MeOH (0.2 ml) at 25°C for 20 hours
under N2. Yield of isolated product 3. The ee was determined by HPLC. *With 10 mol % of NHC precatalyst 4b. †CO2Me-protected 2-naphthalene methanol was
used. ‡With 20 mol % of NHC precatalyst 4b at 0°C. §With [Cp*Ru(MeCN)3]PF6 (20 mol %), L2 (20 mol %), 1a (0.3 mmol), 2 (0.1 mmol), and Et3N (0.11 mmol) in
ethanol (EtOH; 0.5 ml) at 60°C. ||With [Cp*Ru(MeCN)3]PF6 (20 mol %), L2 (20 mol %), 1a (0.2 mmol), 2 (0.1 mmol), and Et3N (0.11 mmol) in EtOH (1.0 ml) at 40°C.
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determined at 589 nm (sodium D line) by using a PerkinElmer 343
polarimeter. The measurement of ees was performed onWaters-Al-
liance (2998, Photodiode Array Detector).

General procedure for the synthesis of chiral products 3
A flame-dried Schlenk tube equipped with a magnetic stirring bar
was taken into the glove box and charged with

[Cp*Ru(MeCN)3]PF6 [0.01 mmol, 10 mole percent (mol %)] and
2,2′-bipyridine (L2) (0.01 mmol, 10 mol %). Outside the glove
box, CHCl3 (0.9 ml) and methanol (MeOH) (0.1 ml) were added
to the Schlenk tube under a positive pressure of nitrogen and the
solution was stirred at 25°C for 30 min. Then, the NHC precatalyst
4b (0.0025 mmol, 2.5 mol %), isatin-derived enal 1 (0.1 mmol, 1.0
equiv.), benzylic derivative 2 (0.2 mmol, 2.0 equiv.), Na2CO3 (0.11

Fig. 4. Product derivatization. (A) Large scale reaction. (B) to (D) Synthetic transformations. BOP, benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium; 9-BBN, 9-
borabicyclo[3.3.1]nonane; DIPEA, N,N-diisopropylethylamine; THF, tetrahydrofuran.
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mmol, 1.1 equiv.), CHCl3 (0.9 ml), and MeOH (0.1 ml) were added
under a positive pressure of nitrogen, and then, the solution was
stirred at 25°C for 16 to 24 hours. After the reaction was complete,
the reaction mixture was filtered through a short pad of silica gel
and the solvent was evaporated under vacuum. The residue was pu-
rified by silica gel chromatography to afford the desired product 3.

Supplementary Materials
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Supplementary Text
Tables S1 to S9
Fig. S1
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