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ABSTRACT: The nickel-catalyzed desymmetric hydrogenation 
has been achieved. With the Ni(OTf)2/(S,S)-Ph-BPE system, a 
series of γ,γ-disubstituted cyclohexadienones were transformed to 
the corresponding cyclohexenones with a chiral all-carbon 
quaternary center at the γ position in high yields (92% to 98%) and 
excellent enantioselectivities (92% to 99% ee). This catalytic 
system can also tolerate the desymmetric reaction of 
spirocarbocyclic cyclohexadienones to produce the corresponding 
cyclohexenones bearing a chiral spiro quaternary carbon with high 
yields (94% to 98%) and ee values (96% to 99% ee). Furthermore, 
this methodology provides an efficient and concise synthetic route 
to the intermediate of natural products cannabispirenones A and B.

All-carbon chiral quaternary stereocenters are important 
structural motifs in natural products and biologically active 
compounds (Figure 1a), while the construction of enantio-enriched 
all-carbon quaternary centers remains a significant challenge in 
chemical synthesis. In past decades, tremendous attention has been 
devoted to the stereocontrolled construction of all-carbon 
quaternary stereocentres using chemical catalysis, and many 
distinct catalytic enantioselective approaches have been 
established.1 Among these methods, catalytic enantioselective 
desymmetrization of prochiral compounds or meso-compounds 
provides an efficient and attractive strategy in the construction of 
all-carbon quaternary stereocenters.2,3 However, the desymmetric 
strategy in transition-metal (TM) catalyzed hydrogenation has far 
less developed4 compared to direct enantioselective synthesis 
enabled by TM-catalyzed asymmetric hydrogenation.5 Herein, we 
attempted to accomplish an approach to all-carbon quaternary 
stereocenters with  high enantioselectivity by nickel-catalyzed 
desymmetric hydrogenation (Figure 1b). 

In the past decades, asymmetric hydrogenation relying on 
precious metal compounds based on Rh, Ru, Ir, and Pd, etc. have 
been proven as a powerful synthetic method, which can be used in 
the preparation of many pharmaceuticals and biologically active 
molecules.5 However, these second and third row transition metal 
compounds are very expensive and their reserves in the Earth’s 
crust are declining. In contrast, catalysts containing first-row 
transition elements offer potential advantages in asymmetric 
catalysis as they are inexpensive, environmentally friendly and 
abundant. Recently, replacing the precious metals with earth-
abundant transition metals such as manganese,6 iron,7 cobalt8 and 
copper9 has attracted a great deal of attention in the area of 
asymmetric hydrogenation and asymmetric transfer hydrogenation. 
Particularly, excellent results have been also obtained in the Ni-
catalyzed asymmetric (transfer) hydrogenation of ketones,10 
alkenes11 and imines.12 However, to the best of our knowledge, the 
asymmetric hydrogenation of α,β-unsaturated ketones has been 
never tested in Ni-catalyzed system. Moreover, the desymmetric 
strategy in the first row TM-catalyzed asymmetric hydrogenation 
is still rare. Herein, for the first time, we report the nickel-catalyzed 
desymmetric hydrogenation to form the chiral quaternary 

stereocenters. Using cyclohexadienones as the substrates, a series 
compounds containing all-carbon quaternary stereocenters can be 
constructed in high yields (up to 98%) with excellent 
chemoselectivity and enantioselectivities (up to 99% ee).
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Figure 1. (a) Examples of natural products and biologically active 
compounds containing all-carbon quaternary stereocenters. (b) Ni-
catalyzed desymmetric hydrogenation of cyclohexadienones.

We began the initial investigations with the desymmetric 
hydrogenation of 1a to optimize the reaction conditions. A variety 
of chiral diphosphine ligands combined with Ni(OTf)2 were 
examined for the hydrogenation of 1a in methanol solution at 50 
bar of H2 at 50 °C (scheme 1). The evaluation of ligands revealed 
(S,S)-Ph-BPE to be superior to all others tested, although moderate 
conversion with moderate enantioselectivity was obtained. The use 
of (Rc,Sp)-DuanPhos as ligand afforded 16% conversion with only 
37% ee. Ni catalysts based on other ligands, including Me-BPE, i-
Pr-BPE, Me-DuPhos, i-Pr-DuPhos, QunioxP*, Binapine, JosiPhos, 
BINAP, SegPhos and DTBM-Segphos exhibited almost no activity 
for this reaction.

With the preliminary results in hand, we sought to obtain 
optimal reaction conditions, as summarized in Table 1. First, the 
mixture of MeOH with a series of other solvents (v/v = 1/9) were 
screened. When EtOH, iPrOH and EtOAc were used, >90% 
conversions were achieved and 74% to 79% ee values were 
obtained. In contrast, there was only <10% (even trace) conversion

Scheme 1. Ligand Screening for the Ni-Catalyzed Desymmetric 
Hydrogenation of 1aa
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aAll reactions were carried out with a Ni(OTf)2/ligand/substrate 
ratio of 1:1.1:100, in 1 mL of methanol, at 50 °C, under hydrogen 
(50 bar) for 24 h. Conversions were determined by 1H NMR 
spectroscopy. Enantiomeric excesses (ee) were determined by 
HPLC analysis using a chiral stationary phase. 

when MeCN, THF, 1,4-dioxane and DCE were employed. Then, 
two nonpolar solvents, cyclohexane and toluene, were investigated. 
To our delight, full conversions with 87% ee (MeOH/cyclohexane 
= 1/9) and 89% ee (MeOH/toluene = 1/9) were obtained. When the 
reaction was carried out in toluene without MeOH, 93% ee was 
achieved but the conversion dropped to 52%, which indicated that 
the addition of MeOH can promote this transformation. Using a 
mixture of MeOH/toluene in a 1/19 ratio, 93% ee was given and 
complete conversion was afforded at the same time. In the 
meanwhile, other nickel precursors such as NiCl2, Ni(OAc)2 and 
Ni(OAc)2·4H2O were also tested. Other nickel(II) precursors than 
Ni(OTf)2 resulted in eroded yield and ee value. It should be pointed 
out that no over-reduced products were detected and that 2a was 
the only product in this conditions (50 C, 50 bar H2). If harsher 
conditions were applied, although higher ee values (97% ee) were 
obtained, which is in accordance with the Horeau principle13, 9% 
over-reduced product (4-methyl-4-phenylcyclohexan-1-one) was 
observed (Table 1, entry 16).

Table 1. Optimization of Reaction Conditions in the Ni-
Catalyzed Desymmetric Hydrogenation of 1aa

O O

Ni (II) source (1 mol%), (S,S)-Ph-BPE (1.1 mol%)

Ph Ph
solvent, H2 (50 bar), 50 °C, 24 h

1a 2a

solvent conv. eeentry Ni (II)
(%)b (%)c

1 Ni(OTf)2 MeOH 66 66
2 Ni(OTf)2 EtOH >99 74
3 Ni(OTf)2 iPrOH 92 79
4 Ni(OTf)2 EtOAc 94 78
5 Ni(OTf)2 MeCN 3 -
6 Ni(OTf)2 THF 9 -
7 Ni(OTf)2 dioxane <1 -
8 Ni(OTf)2 DCE 4 -
9 Ni(OTf)2 cyclohexane >99 87

10d Ni(OTf)2 toluene 52 89
11e Ni(OTf)2 toluene >99 93

12e NiCl2 toluene <1 -
13e Ni(OAc)2 toluene 3 -
14e Ni(OAc)2·4H2O toluene <1 -
15e Ni(BF4)2·6H2O toluene 34 91
16f Ni(OTf)2 toluene >99 97

a Unless otherwise mentioned, all reactions were carried out with a 
Ni(OTf)2/(S,S)-Ph-BPE/substrate ratio of 1:1.1:100, in the mixture 
of MeOH (0.1 mL) with a series of other solvents  (0.9 mL), at 
50 °C, under hydrogen (50 bar) for 24 h. bConversions were 

determined by 1H NMR spectroscopy. cEnantiomeric excesses (ee) 
were determined by HPLC analysis using a chiral stationary phase. 
dThe reaction was carried out in toluene without MeOH. eThe 
reaction was carried out in the mixture of MeOH (0.05 mL) and 
toluene (0.95 mL). f 70 °C, H2 (60 bar), the over-reduced product 
(4-methyl-4-phenylcyclohexan-1-one, 9%) was detected.

Scheme 2. Ni-Catalyzed Desymmetric Hydrogenation of 
Cyclohexadienonesa
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a Unless otherwise mentioned, all reactions were carried out with a 
Ni(OTf)2/(S,S)-Ph-BPE/substrate ratio of 1:1.1:100, in the mixture 
of MeOH (0.05 mL) and toluene (0.95 mL), at 50 °C, under 
hydrogen (50 bar) for 24 h. Yield of the isolated product. 
Enantiomeric excesses (ee) were determined by HPLC analysis 
using a chiral stationary phase.

With the optimized conditions in hand, we investigated the 
substrate scope and generality of this desymmetric transformation 
(Scheme 2). Many functional groups, such as methyl (2b), 
methoxyl (2c), trifluoromethyl (2d), and halides (2e-2g), at the para 
position of the phenyl group are compatible with this 
transformation. Substrates with meta- or ortho-substitution on the 
phenyl group are also tolerated, and excellent ee values were 
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obtained (2h and 2i). Moreover, the product 2j with disubstituted 
groups was obtained with high ee values as well. Reactions with 2-
naphthyl-containing substrates proceeded smoothly, and 2k was 
achieved in high yield with excellent enantioselectivity. Next, 
cyclohexadienones with two alkyl substituents were tested. When 
the aryl substituent was changed to a cyclohexyl group, the product 
2l was produced with 99% ee and 95% yield. Finally, the reaction 
of 1m, with two different alkyl groups (cyclohexyl and ethyl), gave 
product 2m with excellent enantioselectivity (92% ee).

Scheme 3. Ni-Catalyzed Desymmetric Hydrogenation of 
Spirocyclic Cyclohexadienonesa
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a Unless otherwise mentioned, all reactions were carried out with a 
Ni(OTf)2/(S,S)-Ph-BPE/substrate ratio of 1:1.1:100, in the mixture 
of MeOH (0.05 mL) and toluene (0.95 mL), at 50 °C, under 
hydrogen (50 bar) for 24 h. Yield of the isolated product. 
Enantiomeric excesses (ee) were determined by HPLC analysis 
using a chiral stationary phase.

As spiro scaffolds bearing a chiral spiro quaternary carbon are 
widely present in natural products,14 which exhibit biological and 
pharmacological activities, we investigated a series of 
cyclohexadienones incorporating a spirocarbocyclic backbone in 
current desymmetric reaction as well (Scheme 3). First, we used 
cyclohexadienone 3a as the substrate, to our delight, the reaction 
proceeded smoothly under standard conditions and 4a was obtained 
in high yield with excellent ee values (99% ee). Reactions of 3b-g, 
with electrondonating or -withdrawing substituents at various 
positions of the aromatic ring gave the desired products in high 
yield with 98% to 99% ee. To explore the impact of the ring size of 
3 on current desymmetric reaction, the transformation of 3 
containing a six-membered ring was tested. The high yields (95%-
98%) and excellent ee values (98% ee) of 4g-4i illustrated these 
six-membered ring-containing substrates can be tolerated very well 
in current system. The spiro-fused heterocyclic compounds 3j and 
3k are also accommodated, producing the desired products 4j and 
4k in excellent yields and ee values. Furthermore, high 
enantioselectivity (96% ee) was observed for the reaction of 3l, 

with a seven-membered ring, which demonstrated the strong 
tolerance of this desymmetric reaction.

Scheme 4. Transformations and Deuterium Labeling Studies
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To demonstrate the synthetic utility of this desymmetric 
methodology, two gram-scale transformations were conducted, as 
summarized in scheme 4. First, under the standard reaction 
conditions, gram-scale 1a was converted to the desired product 2a 
in 97% yield with 93% ee. Then, the desymmetric reaction of 3f 
was also conducted on a gram scale, and 4f was obtained in 96% 
yield with undiminished enantioselectivity (99% ee). Notably, the 
chiral compound 4f can be transformed to the natural products (-)-
cannabispirenones A and B in just one step according to the 
reported procedure.15 The deuterium labeling experiment was also 
conducted, and the results identified the role of methanol as a 
proton source to complete product, which is in agreement with the 
previous studies.11b,c Isotope labeling experiments supported a 
hypothesis that the reactive nickel hydride complex reacts with this 
conjugate enone in a 1,4-addition pathway, yielding an enolate 
which deprotonates methanol to form the product ketone. This 
outer-sphere manner is different from traditional inner-sphere 
mechanism which involves coordination of C=C bonds.

In conclusion, we have developed the Ni-catalyzed 
desymmetric hydrogenation of γ,γ-disubstituted 
cyclohexadienones. This method provides an efficient and concise 
route to the synthesis of compounds bearing a chiral all-carbon 
quaternary stereocenters, which are important intermediates in 
organic synthesis. Further investigation on the earth-abundant 
transition metal-catalyzed asymmetric hydrogenation is underway 
in our laboratory.

ASSOCIATED CONTENT 
Supporting Information

Experimental procedures and compound characterization data. 
This material is available free of charge via the Internet at 
http://pubs.acs.org.

AUTHOR INFORMATION

Page 3 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org


Corresponding Author
Email: wenjl@sustech.edu.cn;
Email: zhangxm@sustech.edu.cn
Author Contributions
†Cai You and Xiuxiu Li contributed equally to this work.
Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT 
We are grateful to the financial support from Shenzhen Nobel Prize 
Scientists Laboratory Project (C17783101)，  SZDRC Discipline 
Construction Program and the Shenzhen Commission of Science, 
Technology and Innovation (JSGG20160608140847864).

REFERENCES
(1) For reviews, see: (a) Corey, E. J.; Guzman-Perez, A. The 

Catalytic Enantioselective Construction of Molecules with Quaternary 
Carbon Stereocenters. Angew. Chem., Int. Ed. 1998, 37, 388-401. (b) 
Douglas, C. J.; Overman, L. E. Catalytic Asymmetric Synthesis of All-
Carbon Quaternary Stereocenters. Proc. Natl. Acad. Sci. U. S. A. 2004, 
101, 5363-5367. (c) Trost, B. M.; Jiang, C. Catalytic Enantioselective 
Construction of All-Carbon Quaternary Stereocenters. Synthesis 2006, 
369-396. (d) Cozzi, P. G.; Hilgraf, R.; Zimmermann, N. 
Enantioselective Catalytic Formation of Quaternary Stereogenic 
Centers. Eur. J. Org. Chem. 2007, 2007, 5969-5994. (e) Bella, M.; 
Gasperi, T. Organocatalytic Formation of Quaternary Stereocenters. 
Synthesis 2009, 1583-1614. (f) Quasdorf, K. W.; Overman, L. E. 
Catalytic Enantioselective Synthesis of Quaternary Carbon 
Stereocenters. Nature 2014, 516, 181-191. (g) Liu, Y.; Han, S.-J.; Liu, 
W.; Stoltz, B. M. Catalytic Enantioselective Construction of 
Quaternary Stereocenters: Assembly of Key Building Blocks for the 
Synthesis of Biologically Active Molecules. Acc. Chem. Res. 2015, 48, 
740-751. (h) Xu, P.-W.; Yu, J.-S.; Chen, C.; Cao, Z.-Y.; Zhou, F.; Zhou, 
J. Catalytic Enantioselective Construction of Spiro Quaternary Carbon 
Stereocenters. ACS Catal. 2019, 9, 1820-1882.

(2) For reviews, see: (a) Kalstabakken, K. A.; Harned, A. M. 
Asymmetric transformations of achiral 2,5-cyclohexadienones. 
Tetrahedron 2014, 70, 9571-9585. (b) Petersen, K. S. Nonenzymatic 
enantioselective synthesis of all-carbon quaternary centers through 
desymmetrization. Tetrahedron Lett. 2015, 56, 6523-6535. (c) Zeng, 
X.-P.; Cao, Z.-Y.; Wang, Y.-H.; Zhou, F.; Zhou, J. Catalytic 
Enantioselective Desymmetrization Reactions to All-Carbon 
Quaternary Stereocenters. Chem. Rev. 2016, 116, 7330-7396.

(3) For selected examples on catalytic enantioselective 
desymmetrization reactions of 4,4-Disubstituted cyclohexadienones, 
see: (a) Hayashi, Y.; Gotoh, H.; Tamura, T.; Yamaguchi, H.; Masui, 
R.; Shoji, M. Cysteine-Derived Organocatalyst in a Highly 
Enantioselective Intramolecular Michael Reaction. J. Am. Chem. Soc. 
2005, 127, 16028-16029. (b) Du, J.-Y.; Zeng, C.; Han, X.-J.; Qu, H.; 
Zhao, X.-H.; An, X.-T.; Fan, C.-A. Asymmetric Total Synthesis of 
Apocynaceae Hydrocarbazole Alkaloids (+)-Deethylibophyllidine and 
(+)-Limaspermidine. J. Am. Chem. Soc. 2015, 137, 4267-4273. 
Examples on desymmetric reduction of cyclohexadienones by 
hydrosilylation, see: (c) Naganawa, Y.; Kawagishi, M.; Ito, J.; 
Nishiyama, H. Asymmetric Induction at Remote Quaternary Centers of 
Cyclohexadienones by Rhodium-Catalyzed Conjugate Hydrosilylation. 
Angew. Chem., Int. Ed. 2016, 55, 6873-6876. (d) Han, Y.; Breitler, S.; 
Zheng, S.; Corey, E. Enantioselective Conversion of Achiral 
Cyclohexadienones to Chiral Cyclohexenones by Desymmetrization. 
Org. Lett. 2016, 18, 6172-6175. (e) Bokka, A.; Mao, J. X.; Hartung, J.; 
Martinez, S. R.; Simanis, J. A.; Nam, K.; Jeon, J.; Shen, X. Org. Lett. 
2018, 20, 5158-5162.

(4) (a) Ito, M.; Kobayashi, C.; Himizu, A.; Ikariya, T. Highly 
Enantioselective Hydrogenative Desymmetrization of Bicyclic Imides 
Leading to Multiply Functionalized Chiral Cyclic Compounds. J. Am. 
Chem. Soc. 2010, 132, 11414-11415. (b) Takebayashi, S.; John, J. M.; 
Bergens, S. H. Desymmetrization of meso-Cyclic Imides via 
Enantioselective Monohydrogenation. J. Am. Chem. Soc. 2010, 132, 
12832-12834. (c) Yoshimura, M.; Tsuda, K.; Nakatsuka, H.; 

Yamamura, T.; Kitamura, M. Desymmetric hydrogenation of a meso-
cyclic acid anhydride toward biotin synthesis. Tetrahedron 2011, 67, 
10006-10010. (d) Liu, T.-L.; Li, W.; Geng, H.; Wang, C.-J.; Zhang, X. 
Catalytic Enantioselective Desymmetrization of Meso Cyclic 
Anhydrides via Iridium-Catalyzed Hydrogenation. Org. Lett. 2013, 15, 
1740-1743. (e) John, J. M.; Takebayashi, S.; Dabral, N.; Miskolzie, M.; 
Bergens, S. H. Base-Catalyzed Bifunctional Addition to Amides and 
Imides at Low Temperature. A New Pathway for Carbonyl 
Hydrogenation. J. Am. Chem. Soc. 2013, 135, 8578-8584. (f) Hong, Y.; 
Chen, J.; Zhang, Z.; Liu, Y.; Zhang, W. Ru-Catalyzed Asymmetric 
Hydrogenative/Transfer Hydrogenative Desymmetrization of Meso-
Epoxy Diketones. Org. Lett. 2016, 18, 2640-2643. (g) Fernández-Pérez, 
H.; Lao, J. R.; Vidal-Ferran, A. Stereoselective Rh-Catalyzed 
Hydrogenative Desymmetrization of Achiral Substituted 1,4-Dienes. 
Org. Lett. 2016, 18, 2836-2839. (h) Gong, Q.; Wen, J.; Zhang, X. 
Desymmetrization of cyclic 1,3-diketones via Ircatalyzed 
hydrogenation: an efficient approach to cyclic hydroxy ketones with a 
chiral quaternary carbon. Chem. Sci. 2019, 10, 6350-6353.

(5) For selected reviews, see: (a) Cui, X.; Burgess, K. Catalytic 
homogeneous asymmetric hydrogenations of largely unfunctionalized 
alkenes. Chem. Rev. 2005, 105, 3272-3296. (b) Xie, J.-H.; Zhu, S.-F.; 
Zhou, Q.-L. Transition metal-catalyzed enantioselective hydrogenation 
of enamines and imines. Chem. Rev. 2011, 111, 1713-1760. (c) Xie, J.-
H.; Zhu, S.-F.; Zhou, Q.-L. Recent advances in transition metal-
catalyzed enantioselective hydrogenation of unprotected enamines. 
Chem. Soc. Rev. 2012, 41, 4126-4139. (d) Chen, Q.-A.; Ye, Z.-S.; Duan, 
Y.; Zhou, Y.-G. Homogeneous palladium-catalyzed asymmetric 
hydrogenation. Chem. Soc. Rev. 2013, 42, 497-511. (e) Verendel, J. J.; 
Pamies, O.; Dieguez, M.; Andersson, P. G. Asymmetric hydrogenation 
of olefins using chiral crabtree-type catalysts: Scope and limitations. 
Chem. Rev. 2014, 114, 2130-2169. (f) Zhang, Z.; Butt, N. A.; Zhang, 
W. Asymmetric hydrogenation of nonaromatic cyclic substrates. Chem. 
Rev. 2016, 116, 14769-14827.

(6) For selected examples, see: (a) Garbe, M.; Junge, K.; Walker, 
S.; Wei, Z.; Jiao, H.; Spannenberg, A.; Bachmann, S.; Scalone, M.; 
Beller, M. Manganese(I)-Catalyzed Enantioselective Hydrogenation of 
Ketones Using a Defined Chiral PNP Pincer Ligand. Angew. Chem., 
Int. Ed. 2017, 56, 11237-11241. (b) Zhang, L.; Tang, Y.; Han, Z.; Ding, 
K. Lutidine-Based Chiral Pincer Manganese Catalysts for 
Enantioselective Hydrogenation of Ketones. Angew. Chem., Int. Ed. 
2019, 58, 4973-4977. (c) Zirakzadeh, A.; de Aguiar, S. R. M. M.; 
Stöger, B.; Widhalm, M.; Kirchner, K. Enantioselective Transfer 
Hydrogenation of Ketones Catalyzed by a Manganese Complex 
Containing an Unsymmetrical Chiral PNP’ Tridentate Ligand. 
ChemCatChem 2017, 9, 1744-1748. (d) Demmans, K. Z.; Olson, M. E.; 
Morris, R. H. Asymmetric Transfer Hydrogenation of Ketones with 
Well-Defined Manganese(I) PNN and PNNP Complexes 
Organometallics 2018, 37, 4608-4618.

(7) For reviews, see: (a) Morris, R. H. Asymmetric hydrogenation, 
transfer hydrogenation and hydrosilylation of ketones catalyzed by iron 
complexes. Chem. Soc. Rev. 2009, 38, 2282-2291. (b) Li, Y. Y.; Yu, S. 
L.; Shen, W. Y.; Gao, J. X. Iron-, Cobalt-, and Nickel-Catalyzed 
Asymmetric Transfer Hydrogenation and Asymmetric Hydrogenation 
of Ketones. Acc. Chem. Res. 2015, 48, 2587-2598. (c) Morris, R. H. 
Exploiting Metal-Ligand Bifunctional Reactions in the Design of Iron 
Asymmetric Hydrogenation Catalysts. Acc. Chem. Res. 2015, 48, 
1494-1502. (d) Chirik, P. J. Iron- and Cobalt-Catalyzed Alkene 
Hydrogenation: Catalysis with Both Redox-Active and Strong Field 
Ligands. Acc. Chem. Res. 2015, 48, 1687-1695. (e) Zhang, Z.; Butt, N. 
A.; Zhou, M.; Liu, D.; Zhang, W. Asymmetric Transfer and Pressure 
Hydrogenation with Earth-Abundant Transition Metal Catalysts. Chin. 
J. Chem. 2018, 36, 443-454.

(8) (a) Monfette, S.; Turner, Z. R.; Semproni, S. P.; Chirik, P. J. 
Enantiopure C1-Symmetric Bis(imino)pyridine Cobalt Complexes for 
Asymmetric Alkene Hydrogenation. J. Am. Chem. Soc. 2012, 134, 
4561-4564. (b) Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. 
W.; Tudge, M. T.; Chirik, P. J. Cobalt Precursors for High-Throughput 
Discovery of Base Metal Asymmetric Alkene Hydrogenation Catalysts. 
Science 2013, 342, 1076-1080. (c) Friedfeld, M. R.; Shevlin, M.; 
Margulieux, G. W.; Campeau, L. C.; Chirik, P. J. Cobalt-Catalyzed 
Enantioselective Hydrogenation of Minimally Functionalized Alkenes: 

Page 4 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Isotopic Labeling Provides Insight into the Origin of Stereoselectivity 
and Alkene Insertion Preferences. J. Am. Chem. Soc. 2016, 138, 3314-
3324. (d) Friedfeld, M. R.; Zhong, H.; Ruck, R. T.; Shevlin, M.; Chirik, 
P. J. Cobalt-catalyzed asymmetric hydrogenation of enamides enabled 
by single-electron reduction. Science 2018, 360, 888-893.

(9) (a) Shimizu, H.; Igarashi, D.; Kuriyama, W.; Yusa, Y.; Sayo, 
N.; Saito, T. Asymmetric Hydrogenation of Aryl Ketones Mediated by 
a Copper Catalyst. Org. Lett. 2007, 9, 1655-1657. (b) Junge, K.; Wendt, 
B.; Addis, D.; Zhou, S.; Das, S.; Fleischer, S.; Beller, M. Copper-
Catalyzed Enantioselective Hydrogenation of Ketones. Chem. Eur. J. 
2011, 17, 101-105. (c) Krabbe, S. W.; Hatcher, M. A.; Bowman, R. K.; 
Mitchell, M. B. McClure, M. S.; Johnson, J. S. Copper-Catalyzed 
Asymmetric Hydrogenation of Aryl and Heteroaryl Ketones. Org. Lett. 
2013, 15, 4560-4563. (d) Zatolochnaya, O. V.; Rodriguez, S.; Zhang, 
Y.; Lao, K. S.; Tcyrulnikov, S.; Li, G.; Wang, X.-J.; Qu, B.; Biswas, 
S.; Mangunuru, H. P. R.; Rivalti, D.; Sieber, J. D.; Desrosiers, J.-N.; 
Leung, J. C.; Grinberg, N.; Lee, H.; Haddad, N.; Yee, N. K.; Song, J. 
J.; Kozlowski, M. C.; Senanayake, C. H. Copper-Catalyzed 
Asymmetric Hydrogenation of 2-Substituted Ketones via Dynamic 
Kinetic Resolution. Chem. Sci. 2018, 9, 4505-4510.

(10) (a) Hamada, Y.; Koseki, Y.; Fujii, T.; Maeda, T.; Hibino, T.; 
Makino, K. Catalytic asymmetric hydrogenation of α-amino-β-keto 
ester hydrochlorides using homogeneous chiral nickel-bisphosphine 
complexes through DKR. Chem. Commun. 2008, 46, 6206-6208. (b) 
Hibino, T.; Makino, K.; Sugiyama, T.; Hamada, Y. Homogeneous 
Chiral Nickel-Catalyzed Asymmetric Hydrogenation of Substituted 
Aromatic α-Aminoketone Hydrochlorides through Dynamic Kinetic 
Resolution. ChemCatChem 2009, 1, 237-240.

(11) (a) Yang, P.; Xu, H. Y.; Zhou, J. Nickel-Catalyzed 
Asymmetric Transfer Hydrogenation of Olefins for the Synthesis of α- 
and β-Amino Acids. Angew. Chem. Int. Ed. 2014, 53, 12210-12213. (b) 
Shevlin, M.; Friedfeld, M. R.; Sheng, H.; Pierson, N. A.; Hoyt, J. M.; 
Campeau, L, -C.; Chirik, P. J. Nickel-Catalyzed Asymmetric Alkene 
Hydrogenation of α,β-Unsaturated Esters: High-Throughput 
Experimentation-Enabled Reaction Discovery, Optimization, and 
Mechanistic Elucidation. J. Am. Chem. Soc. 2016, 138, 3562-3569. (c) 

Gao, W.; Lv, H.; Zhang, T.; Yang, Y.; Chung, L. W.; Wu, Y.-D.; Zhang, 
X. Nickel-catalyzed asymmetric hydrogenation of β-acylamino 
nitroolefins: an efficient approach to chiral amines. Chem. Sci. 2017, 8, 
6419-6422. 

(12) (a) Xu, H. Y.; Yang, P.; Chuanprasit, P.; Hirao, H.; Zhou, J. 
Nickel-Catalyzed Asymmetric Transfer Hydrogenation of Hydrazones 
and Other Ketimines. Angew. Chem. Int. Ed. 2015, 54, 5112-5116. (b) 
Zhao, X.; Xu, H.; Huang, X.; Zhou, J. S. Asymmetric Stepwise 
Reductive Amination of Sulfonamides, Sulfamates, and a 
Phosphinamide by Nickel Catalysis. Angew. Chem. Int. Ed. 2019, 58, 
292-296. (c) Li, B.; Chen, J.; Zhang, Z.; Gridnev, I. D.; Zhang, W. 
Nickel-Catalyzed Asymmetric Hydrogenation of N-Sulfonyl Imines. 
Angew. Chem. Int. Ed. 2019, 58, 7329-7334.

(13) Harned, A. M. From determination of enantiopurity to the 
construction of complex molecules: The Horeau principle and its 
application in synthesis. Tetrahedron 2018, 74, 3797-3841.

(14) (a) Heathcock, C. L.; Graham, S. L.; Pirrung, M. C.; Plavac, 
F.; White, C. T. The Total Synthesis of Sesquiterpenes, 1970-1979. In 
The Total Synthesis of Natural Products; ApSimon, J., Ed.; John Wiley 
& Sons: New York, 1983; Vol. 5, pp 264-313. (b) Undheim, K. 
Preparation and structure classification of heteraspiro[m.n]alkanes. 
Synthesis 2014, 46, 1957-2006. (c) Smith, L. K.; Baxendale, I. R. Total 
syntheses of natural products containing spirocarbocycles. Org. Biomol. 
Chem. 2015, 13, 9907-9933.

(15) Examples on synthesis of cannabispirenones A and B, see: (a) 
Crombie, L.; Tuchinda, P.; Powell, M. J. Total Synthesis of the Spirans 
of Cannabis: Cannabispiradienone, Cannabispirenone-A and -B, 
Cannabispirone, α- and β-Cannabispiranols and the 
Dihydrophenanthrene Cannithrene-1. J. Chem. Soc. Perkin Trans. 1 
1982, 1477-1484. (b) Novák, J.; Salemink, C. J. J. Cannabis. Part 25. 
Synthesis of Cannabispirenone-B and its 5,7-Difluoro-analogue. J. 
Chem. Soc. Perkin Trans. 1 1982, 2403-2405.

Page 5 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

TOC Graphic:

Ni

O O

R R' R R'

X
Ar

O

n

X = CH2, O, S
n = 0, 1, 2

X
Ar

O

n

R = Aryl, Cy
R' = Me, Et

H2

13 examples

12 examples

up to 99% ee
up to 98% yield

up to 99% ee
up to 98% yield

Nickel-catalyzed

Desymmetric hydrogenation

All-carbon quaternary stereocenters

Excellent chemo- and enantio-selectivities

Page 6 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


