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ABSTRACT: A highly enantioselective palladium/
L-proline-catalyzed α-arylative desymmetrization of cyclo-
hexanones was developed. The new strategy for
α-arylation reaction led to a series of optically active
morphan derivatives bearing α-carbonyl tertiary stereo-
centers in good yields with excellent enantioselectivities
(up to 99% ee).

Transition-metal-catalyzed enantioselective α-arylation of
carbonyls represents one of the most important approaches

to optically active α-aryl carbonyl compounds.1 Since the seminal
studies from the groups of Buchwald, Hartwig, and Miura,2 a
range of carbonyl compounds have been investigated in enantio-
selective cross-coupling with aryl halides, including ketones,3

aldehydes,4 esters,5 and amides.6 However, the aforementioned
approaches are very limited to the construction of quaternary
carbon stereocenters because the benzylic α-H atom of the
tertiary carbon stereocenter is more acidic and prone to
racemization under basic conditions. In addition, the demand
of commercially unavailable chiral ligands still remains an issue
for these transformations. It is noteworthy that a few other
catalytic enantioselective arylation protocols to generate
α-carbonyl benzylic tertiary stereocenters have been developed,
including (1) cross-coupling of α-halo carbonyls with arylmetal
reagents,7 (2) electrophilic coupling of diaryliodonium salts with
silyl ketenimides, silyl enolates, or aldehydes,8 and (3) cross-
coupling of aryl triflates with silyl ketene acetals or tin enolates.9

In comparison, the direct coupling of readily available aryl halides
with α-C−H bonds of carbonyl moieties to form the tertiary
carbon stereocenters is highly attractive from the viewpoint of
atom economy and step efficiency.
In recent years, cooperative catalysis by merging transition-

metal and organic catalysis has enabled a series of new
enantioselective transformations.10 Among these, the combined
use of palladium/enamine catalysis has been widely investigated
for asymmetric allylic alkylation reactions.11 Consequently, we
envisaged that an enantioselective α-arylation of ketones might
be realized by this strategy through the formation of enamine
intermediates and subsequent Heck arylation (Scheme 1a).12

Herein we report a palladium/L-proline-catalyzed intramolec-
ular α-arylative desymmetrization of cyclohexanones to deliver
a series of chiral compounds containing the hexahydro-2,6-
methano-1-benzazocine structural motif with excellent enantio-
selectivities (Scheme 1b).13,14 It is worth noting that the
racemic variant of this reaction has been established by Sole’́s
group.15 The resulting unique bridged ring system is analogous

to the important morphan scaffold (2-azabicyclo[3.3.1]nonane)16

and frequently occurs in many natural products, such as
sespenine, aspernomine, and strychnochromine (Figure 1).17

More importantly, an α-carbonyl tertiary stereogenic center is
generated in this bridged ring system, and its racemization is
prevented by the rigid structural property.
At the outset, 4-(benzyl(2-bromophenyl)amino)cyclohexanone

(1a) was prepared, and its intramolecular arylation reaction was
studied (Table 1). The first test began with the reaction of 1a
under the catalysis of 5 mol % Pd(OAc)2/12 mol % achiral PPh3
ligand combined with 10 mol % L-proline in tetrahydrofuran
(THF) with Cs2CO3 (1.5 equiv) as a base. As expected, the
desired arylation product 2a was isolated in 60% yield with
23% ee after reaction at 85 °C (oil bath) for 48 h (entry 1).
When the stronger base NaOtBu was used, the ee was even
poorer in spite of an increased yield (entry 2). In contrast, the
enantioselectivity was enhanced to 60% when the weaker base
K3PO4 was used, while no reaction occurred in the presence of
K2CO3 (entries 3 and 4). Subsequent experiments revealed
that the addition of 1.5 equiv of acid was beneficial for the
enantioselectivity. A range of carboxylic acid additives afforded
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Scheme 1. Palladium/Enamine Catalysis for α-Arylation of
Ketones

Figure 1. Selected natural products containing the hexahydro-2,6-
methano-1-benzazocine framework.
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products with over 70% ee but showed different reactivities
(entries 5−11). Acetic acid led to an excellent yield with
moderate enantioselectivity (entry 10). As a comparison, a
higher enantioselectivity but a relatively lower yield were
observed for trifluoroacetic acid (TFA) (entry 9). TsOH was
proved to be an inferior additive (entry 11). Subsequent
investigation revealed a significant solvent effect. A poor yield
was observed when the reaction was performed in DMSO, and
a poor ee value was detected in toluene (entries 12 and 13).
To our delight, however, excellent yield and enantioselectivity
were achieved in MeOH, and in this case TFA additive led to
results comparable to those for acetic acid (entries 14 and 15).
Moreover, the reaction was also dramatically affected by the
nature of the catalyst, and other palladium precursors (Pd(dba)2
and Pd(PPh3)4) delivered inferior results (entries 16 and 17).
Finally, lowering the temperature to 70 °C resulted in a signifi-
cantly lower yield (entry 18). Therefore, the optimal reaction
conditions were determined to be the following: Pd(OAc)2
(5 mol %), PPh3 (12 mol %), L-proline (10 mol %), 1.5 equiv
of K3PO4, and 1.5 equiv of CH3CO2H in MeOH (2.0 mL) at
85 °C for 48 h.
Under the optimal conditions, we examined the scope of this

reaction, and the results are shown in Scheme 2. The effect of
halogen was first examined. In comparison with the bromo
substrate, the yield and ee were both slightly decreased for the
reaction of the iodo substrate. However, almost no reaction took
place for the chloro substrate under the standard conditions. In
this case, modification of PPh3 to PCy3 led to product 2a in 50%
yield with 60% ee. Next, the influence of substitution at C4−C6

on the benzene ring of the aniline was examined. Electron-
withdrawing and electron-donating substituents were generally
well-tolerated, affording the desired products 2b−m bearing
alkyl, halide, alkoxyl, and ester functionalities in good yields with
excellent enantioselectivities. Remarkably, a free carboxylic acid
was compatible in the reaction, and product 2h was obtained
with 96% ee. Moreover, the N-protecting group has a remark-
able effect on the reaction outcome. The reactions of substrates
bearing methyl or substituted benzyl protecting groups
proceeded smoothly to afford products 2n−r in good yields
with excellent enantioselectivities. However, the reaction was
influenced unfavorably by N-benzoyl and N-ethoxycarbonyl
groups, which afforded products 2s and 2t in remarkably lower
yields and enantioselectivities.
To further extend the reaction scope, substrate 3a bearing a

tetrasubstituted carbon center was prepared and tested under
the above optimal conditions. As shown in Scheme 3, to our
disappointment, the desired arylation product 4a was isolated
with poor enantioselectivity. Optimization of the phosphine

Table 1. Optimization of the Reaction Conditionsa

entry base solvent additive yield (%)b ee (%)c

1 Cs2CO3 THF − 60 23
2 NaOtBu THF − 71 <10
3 K3PO4 THF − 60 60
4 K2CO3 THF − nr −
5 K3PO4 THF 4-NO2C6H4CO2H 60 73
6 K3PO4 THF 2-NO2C6H4CO2H 20 70
7 K3PO4 THF 4-MeOC6H4CO2H 40 72
8 K3PO4 THF 3-ClC6H4CO2H 87 73
9 K3PO4 THF CF3CO2H 79 81
10 K3PO4 THF CH3CO2H 95 76
11 K3PO4 THF TsOH·H2O 10 nd
12 K3PO4 DMSO CH3CO2H 10 nd
13 K3PO4 toluene CH3CO2H 70 20
14 K3PO4 MeOH CH3CO2H 91 97
15 K3PO4 MeOH CF3COOH 90 95
16d K3PO4 MeOH CH3CO2H 70 63
17e K3PO4 MeOH CH3CO2H 50 76
18f K3PO4 MeOH CH3CO2H 31 nd

aReaction conditions: 1a (0.2 mmol), Pd(OAc)2 (5 mol %), PPh3
(12 mol %), L-proline (10 mol %), base (0.3 mmol), and the solvent
(2.0 mL) in a sealed Schlenk tube at 85 °C (oil bath) for 48 h, unless
otherwise indicated. nr = no reaction; nd = not detected. bIsolated
yields. cDetermined by chiral HPLC. dWith 5 mol % Pd(dba)2 instead
of Pd(OAc)2.

eWith 5 mol % Pd(PPh3)4 instead of Pd(OAc)2 and
PPh3.

fAt 70 °C (oil bath) for 60 h.

Scheme 2. Substituent Effect of Substrate 1a

aReaction conditions: 1 (0.2 mmol), Pd(OAc)2 (5 mol %), PPh3
(12 mol %), L-proline (10 mol %), K3PO4 (0.3 mmol), CH3CO2H
(0.3 mmol), and MeOH (2.0 mL) in a sealed Schlenk tube at 85 °C
(oil bath) for 48 h, unless otherwise noted. bWith 12 mol % Cy3P·HBF4
instead of PPh3.
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ligand was then conducted, and the enantioselectivity was
improved to 81% ee when 1,6-bis(diphenylphosphino)hexane
(dpph) was used as the ligand instead of PPh3 (see Table S1
in the Supporting Information for ligand examination). In the
presence of dpph as the ligand, two other bridged ring products
4b and 4c bearing tetrasubstituted stereocenters were also
formed in good yields and enantioselectivities.
To confirm the scalability of the present method, a scaled-up

reaction of 1a was carried out, and product 2a was readily
isolated in 97% yield with 98% ee (eq 1).

Subsequently, synthetic transformations of the product were con-
ducted. As shown in Scheme 4, Pd/C-catalyzed hydrogenation

of 2a in ethanol readily afforded free amine 5 in 81% yield with
98% ee. Bromination of 2a using HBr/DMSO in EtOAc at
room temperature furnished compound 6 in 67% yield with
98% ee. The absolute configuration of 6 was determined to be
(2R,6S) by single-crystal X-ray analysis, which conversely
implied the absolute configuration of 2a. Moreover, facile

reduction of 2a with NaBH4 led to alcohol 7 as a single isomer
in 95% yield with 99% ee. A Fischer indolization reaction cata-
lyzed by TsOH produced indole derivative 8 in 95% yield with
complete preservation of the enantiopurity.
In order to gain insights into the role of L-proline in this

transformation, a few control reactions were conducted. As
shown in Scheme 5, racemic product 2a was isolated in 92%

yield in the absence of L-proline (A1) and in 89% yield when
N-methyl-L-proline (A2) was used instead. However, excellent
enantioselectivity was obtained using (S)-methylpyrrolidine-2-
carboxylate (A3) as a chiral amine. In addition, the reaction
of Pd complex 9 (prepared according to the reported method15)
in the presence of 10 mol % L-proline afforded product 2a with
92% ee (eq 2). The above results imply that L-proline is more
likely to act as an enamine catalyst to activate the ketone.

In conclusion, we have developed a new strategy for the
enantioselective α-arylative desymmetrization of cyclohexanones
by using palladium/chiral amine catalysis. A series of optically
active morphan derivatives bearing α-carbonyl tertiary stereo-
centers were produced in good yields with excellent enantio-
selectivities. The present protocol offers new opportunities for
the development of enantioselective α-arylation of ketones.
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Scheme 3. Asymmetric Arylation of Cyclohexanones Bearing
Tetrasubstituted Carbon Centers

Scheme 4. Synthetic Transformations of 2a and
Determination of the Absolute Configurationa

aReaction conditions: (a) 10% Pd/C in EtOH at 30 °C with H2
balloon for 3 days. (b) 2a (0.5 mmol), HBr (2.2 equiv), and DMSO
(1.1 equiv) in EtOAc (2.0 mL) at 60 °C for 0.5 h. (c) 2a (0.2 mol)
and NaBH4 (0.4 mmol) in MeOH (2.0 mL) at room temperature for
1 h. (d) 2a (0.2 mmol), phenylhydrazine (1.0 equiv), and TsOH
(1.0 equiv) in toluene at 80 °C for 4 h.

Scheme 5. Control Experiments

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.6b01214
J. Am. Chem. Soc. 2016, 138, 5198−5201

5200

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01214/suppl_file/ja6b01214_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b01214
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01214/suppl_file/ja6b01214_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01214/suppl_file/ja6b01214_si_002.cif
mailto:yxjia@zjut.edu.cn
http://dx.doi.org/10.1021/jacs.6b01214
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b01214&iName=master.img-004.jpg&w=238&h=113
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b01214&iName=master.img-005.jpg&w=196&h=55
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b01214&iName=master.img-006.jpg&w=230&h=137
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b01214&iName=master.img-007.jpg&w=192&h=109
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b01214&iName=master.img-008.jpg&w=215&h=57


■ ACKNOWLEDGMENTS

We are grateful for the financial support from the National
Natural Science Foundation of China (21372202, 21522207,
and 21502169), the Program for New Century Excellent
Talents in University (NCET-12-1086), and the Zhejiang
Provincial Natural Science Foundation (LR14B020001 and
LQ15B020003).

■ REFERENCES
(1) For reviews, see: (a) Bellina, F.; Rossi, R. Chem. Rev. 2010, 110,
1082. (b) Johansson, C. C. C.; Colacot, T. J. Angew. Chem., Int. Ed.
2010, 49, 676. (c) Burtoloso, A. C. B. Synlett 2009, 2009, 320.
(d) Zhou, J. Synlett 2012, 2012, 1.
(2) (a) Palucki, M.; Buchwald, S. L. J. Am. Chem. Soc. 1997, 119,
11108. (b) Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc. 1997, 119,
12382. (c) Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Angew.
Chem., Int. Ed. Engl. 1997, 36, 1740.
(3) (a) Hamada, T.; Chieffi, A.; Åhman, J.; Buchwald, S. L. J. Am.
Chem. Soc. 2002, 124, 1261. (b) Liao, X.; Weng, Z.; Hartwig, J. F. J.
Am. Chem. Soc. 2008, 130, 195. (c) Chen, G.; Kwong, F. Y.; Chan, H.
O.; Yu, W.-Y.; Chan, A. S. C. Chem. Commun. 2006, 1413. (d) Ge, S.;
Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 16330. (e) Ge, S.; Chaładaj,
W.; Hartwig, J. F. J. Am. Chem. Soc. 2014, 136, 4149. (f) Cornella, J.;
Jackson, E. P.; Martin, R. Angew. Chem., Int. Ed. 2015, 54, 4075.
(4) (a) Garcia-Fortanet, J.; Buchwald, S. L. Angew. Chem., Int. Ed.
2008, 47, 8108. (b) Nareddy, P.; Mantilli, L.; Gueńeé, L.; Mazet, C.
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