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a b s t r a c t

The dynamic kinetic asymmetric transformation of racemic propargylic ammonium salts with prochiral

aldimine esters through a stereodivergent propargylation is catalyzed by dual nickel and copper catalysis.

Thus, a diverse range of optically active α-quaternary amino esters were produced via C–N bond cleavage

with high reaction efficiency and stereoselectivity (up to >99% ee). By selection of the appropriate pair-

wise combination of catalyst configurational isomers, all four possible stereoisomers of the corresponding

propargylation products are obtained in high yields with excellent regio-, diastereo-, and enantioselectiv-

ities.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Stereocontrolled carbon-carbon bond forming reactions at the

propargylic position are particularly desirable, and the resulting

products can be easily subjected to further modifications with po-

tential applications in materials, organic chemistry and pharma-

ceuticals [1–4]. Recently, considerable efforts have been invested

in the development of distinct transition metal-mediated species

that enable asymmetric transformations of propargylic substrates

bearing an internal alkyne group in a regiocontrolled, stereocon-

trolled and diversity-oriented manner [5–25]. Efficient selective

cleavage of the C–N bonds [26–28] and further synthetic applica-

tions in transition metal-catalyzed propargylation reaction would

be very attractive due to the potential opportunity of develop-

ing novel methodologies in synthesis and chemical processes. Re-

markably, the Tortosa group made a seminal contribution to the

development of a regio- and stereospecific copper-catalyzed sub-

stitution reaction of optical active propargylic ammonium salts

(Scheme 1a) [29,30]. Recently, the Oestreich group have devel-

oped elegant copper-catalyzed nucleophilic silylation of organo-

ammonium salts to obtain trisubstituted allenes (Scheme 1b) [31].

Although significant progress has been made, examples of tran-

sition metal-catalyzed dynamic kinetic asymmetric transformation

(DyKAT) [32,33] of propargylic ammonium salts are still rare, espe-

cially in stereo-divergent manner. In the context, developing sim-
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ple and direct methodology for achieving the catalytic asymmet-

ric propargylic substitution reaction of racemic propargylic ammo-

nium salts is highly desirable. We anticipated that nickel catalysts

would enable the cross coupling of a wide variety of propargylic

ammonium salts via cleavage of C–N bonds [34–45]. Herein, we

report a Ni/(R)-Binap catalyst system for the DyKAT of racemic

propargylic ammonia salts.

Nowadays, an increasing amount of attention is being focused

on the construction of complete stereoisomers of a chiral molecule

containing multiple contiguous stereocenters with full control of

absolute and relative stereochemical configuration, and the use

of two chiral catalysts to activate synergistically two substrates

and dictate the configuration of the stereocenters has emerged as

a powerful strategy in chemical synthesis [46–50]. Recently, the

bimetallic catalytic system [51–56], which can set the chiral ele-

ments simultaneously at both the electrophile and nucleophile, of-

fers a unique opportunity for exploration of stereodivergent trans-

formations [57–67]. Typically, chiral copper complexes assisted the

conversion of aldimine esters 2 to the nucleophilic N-metalated

azomethine ylides [68] that have a well-defined geometry and

can react with high facial selectivity in the stereodivergent alky-

lation reactions disclosed by the groups of Zhang [58,65,66], Wang

[59,63,64,67] and Zi [61]. We reasoned that the asymmetric dual

bimetallic system via the combination of nickel and copper catal-

ysis can be extended to realize the stereo-divergent propargylic

alkylation reactions of racemic propargylic ammonium salts and

aldimine esters (Scheme 1c) [69]. Here we report the Ni/Cu dual
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Scheme 1. Strategies for dual Ni/Cu-catalyzed dynamic kinetic stereodivergent

transformations of propargylic ammonium salts.

catalytic approach for the expeditious construction of α-quaternary

amino esters [70–72] in a DyKAT process with excellent levels of

regio-, diastereo-, and enantioselectivity.

To substantiate the aforementioned reaction design, we began

our investigation into the Ni/Cu-catalyzed asymmetric alkylation

of racemic propargylic ammonium salt 1a with aldimine ester 2a

(Table 1). The combined use of a chiral copper complex modified

Table 1

Optimization of the reaction conditions.a

Entry Variation from the standard conditions Yield (%)b drc ee (%)d

1 None 85 18:1 >99

2 Without Cu(MeCN)4BF4 39 1:1 89

3e Without ligand (S,Sp)-4 45 6:1 97

4 Without Ni(COD)2 nr – –

5 Without ligand (R)-5 nr – –

6 Without Cs2CO3 nr – –

7 rac-4 instead of (S,Sp)-4 85 2:1 64

8 rac-5 instead of (R)-5 81 2:1 50

a Reactions were performed by using Cu(MeCN)4BF4 (10 mol%), (S,Sp)-4 (12

mol%), Ni(COD)2 (10 mol%), (R)-5 (12 mol%), 1a (0.24mmol, 2.4 equiv.), 2a

(0.1mmol, 1.0 equiv.), and Cs2CO3 (0.3mmol) in dichloromethane (DCM) at r.t.; hy-

drolysis with HCl (1mol/L, 4mL).
b Isolated yields after column chromatography are shown.
c Determined by 1H NMR spectroscopy.
d Determined by HPLC analysis.
e In the presence of (R)-5 (10 mol%).

Table 2

Investigation of chiral propargylic ammonium salts for preliminary mechanistic

studies.a

Entry 1 Yield (%)b drc ee (%)d

1 rac-1a 78 >20:1 >99

2 (S)-1a 70 >20:1 >99

3 (R)-1a 74 >20:1 >99

4e (R)-1a 45 1:1 0

a Reactions were performed by using Cu(MeCN)4BF4 (10 mol%), (S,Sp)-4 (12

mol%), Ni(COD)2 (10 mol%), (R)-5 (12 mol%), 1a (0.1mmol, 1.0 equiv.), 2a (0.15mmol,

1.5 equiv.), and Cs2CO3 (0.1mmol) in dichloromethane (DCM) at rt; hydrolysis with

HCl (1mol/L, 4mL).
b Isolated yields after column chromatography are shown.
c Determined by 1H NMR spectroscopy.
d Determined by HPLC analysis.
e The reaction was conducted by using Ni(COD)2 (10 mol%), (rac)-5 (12 mol%),

(R)-1a (0.24mmol, 2.4 equiv.), 2a (0.1mmol, 1.0 equiv.), and Cs2CO3 (0.3mmol) in

DCM at r.t.

with the Phosferrox ligand (S,Sp)-4 and a chiral nickel complex de-

rived from bidentate phosphine ligand (R)-5 successfully afforded

the desired product 3a in high yield with excellent stereocontrol

at room temperature (entry 1, 85% yield, 18:1 dr, >99% ee). With

the aim of gaining more insights into the synergistic effect of the

bimetallic catalysis, a series of control experiments were carried

out (entries 2–8). In the absence of Cu catalyst or ligand (S,Sp)-4,

the efficiency and the selectivities of the reaction deceased dra-

matically (entries 2 and 3). Notably, no reaction was observed in

the absence of other reaction components (the nickel catalyst, lig-

and (R)-5, or Cs2CO3) (entries 4–6). With the use of racemic lig-

ands 4 and 5, respectively, large variations in the diastereo- and

enantioselectivity were observed (entries 7 and 8).

To investigate the reaction mechanism, enantiopure propargylic

ammonium salts (R)-1a and (S)-1a were prepared and subjected to

the catalysis conditions, respectively (Table 2). Notably, the propar-

gylation with the enantioenriched ammonium salts 1a led to the

product 3a with apparently the same results as when racemic salts

rac-1a was applied (entries 1–3). Furthermore, Ni/rac-5 catalyst can

individually catalyze the propargylation reaction of (R)-1a with 2a

leading to the racemic product 3a albeit with low yield (entry

4). Consequently, the combination of copper/(S,Sp)-4 complex and

nickel/(R)-5 complex was essential for this DyKAT process, which

verifies the superiority of synergistic catalysis in the propargyla-

tion alkylation reactions.

We then investigated the substrate range of propargylic am-

monium salts under the optimum conditions (Scheme 2). A broad

variety of racemic propargylic ammonium salts, including those

with electron-withdrawing or donating substituents on the ben-

zene ring, underwent the dual catalytic transformation with favor-

able yields and outstanding diastereo- and enantioselectivities (3b-

3i). Encouragingly, the enantioselective propargylic alkylation could

be successfully conducted on a large scale, consistently yielding 3a

with comparable yields, diastereo-, and enantioselectivities (0.70 g,

70% yield, 9:1 dr, 98% ee). The reaction also tolerated propargylic

ammonium salts bearing heteroaromatic substituents, as evidenced

by the production of the thiophenesubstituted product 3j with

79% yield and high stereoselectivity (16:1 dr, >99% ee). Further-

more, propargylic ammonium salts containing an alkenyl group

were compatible with this approach, producing the required com-

pounds in moderate yields and with high enantioselectivity using

THF as solvent (3k). Notably, dialkyl-substituted propargylic car-

bonates did not compromise reaction efficiency or enantiocontrol
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Scheme 2. Substrate scope of propargylic ammonium salts. Reactions were performed by using Cu(MeCN)4BF4 (10 mol%), (S,Sp)−4 (12 mol%), Ni(COD)2 (10 mol%), (R)−5

(12 mol%), 1 (0.24mmol, 2.4 equiv.), 2a (0.1mmol, 1.0 equiv.), and Cs2CO3 (0.3mmol) in dichloromethane (DCM) at r.t.; hydrolysis with HCl (1mol/L, 4mL). a THF instead of

DCM.

(3l and 3m). Propargylic carbonates bearing various substituents

on the propargylic carbon atom performed efficiently in the asym-

metric alkylation reaction (3n-3r). These findings highlight the ver-

satility and potential of this method in the synthesis of diverse chi-

ral propargylic compounds.

In addition, we examined the versatility of this remarkable

reaction by investigating the impact of various substituents on

aldimine esters 2 (Scheme 3). Remarkably, a diverse range of

aldimine esters 2 served as excellent nucleophiles in the propar-

gylic alkylation process, delivering the desired products with high

yields and stereoselectivities (3s-3x). Furthermore, variations in the

ester group of 2 had no apparent impact on the reaction outcomes

(3y-3aa), further demonstrating the robustness and flexibility of

the methodology.

The propargylation reactions of racemic propargylic ammo-

nium salts to access all possible stereoisomers would be challenge

(Scheme 4). Only low diastereoselectivity of the desired product

Scheme 3. Substrate scope of aldimine esters. Reactions were performed by us-

ing Cu(MeCN)4BF4 (10 mol%), (S,Sp)−4 (12 mol%), Ni(COD)2 (10 mol%), (R)−5 (12

mol%), 1a (0.24mmol, 2.4 equiv.), 2 (0.1mmol, 1.0 equiv.), and Cs2CO3 (0.3mmol) in

dichloromethane (DCM) at r.t.; hydrolysis with HCl (1mol/L, 4mL).

(S,S)-3a was observed using triflate counterion 1a substrate when

the reaction was conducted with (S)-4 as the ligand for nickel and

(S,Sp)-5 as the ligand for copper for the bimetallic system (84%

yield, 1:1 dr, 91% ee). Subsequently, the influence of the counte-

rion on the propargylic ammonium salts was examined, and 1a’

with tetrafluoroborate anion was proved to be efficient substrate in

turning the diastereoselectivity (72% yield, 5:1 dr, >99% ee). To fur-

ther demonstrate the stereodivergence of this Ni/Cu dual-catalyzed

alkylation, the enantioselective propargylation of 1a’ with aldimine

ester 2 was conducted with four different pairs of enantiomers of

the nickel catalyst and the copper catalyst under otherwise iden-

tical conditions (Scheme 4). All four stereoisomers of the desired

products 3a were produced in good yields, with high diastereo-

and enantioselectivity. These results strongly indicate that each

chiral metal complex is independently responsible for a different

stereogenic center in the cooperative propargylation reactions.

A plausible mechanistic cycle, in which nickel catalysis inter-

twines with copper catalysis for the DyKAT of racemic propar-

gylic ammonium salts with prochiral aldimine esters, is outlined

in Scheme 5. In this Ni/Cu dual catalytic system, chiral nickel com-

plexes combine transiently with racemic propargylic ammonium

salts 1 cleaving the C–N bonds to generate the electrophilic allenyl-

nickel(II) intermediates I [26-28,73-77]. Subsequent nucleophilic

addition of the Cu-coordinated azomethine ylides III [78] onto the

allenylnickel(II) intermediates I [79–81] via a catalytic enantio–

convergent pathway would provide a novel stereoselective route to

access chiral α-tertiary amines through propargylation process. Im-

portantly, the configuration of the adjacent stereocenters could be

independently dictated with these two independent catalytic sys-

tems (Scheme 5).

In conclusion, our strategy represents a chiral Ni/Cu dual catal-

ysis for the DyKAT of racemic propargylic ammonium salts with

prochiral aldimine esters. Taking advantage of the synergistic ef-

fects for enhanced catalytic properties, we designed the stereo-

divergent propargylic alkylation to afford the synthetic useful α-

quaternary amino esters with broad scope, outstanding efficiency,

uniformly excellent yield, high diastereoselectivity, and excellent

enantioselectivity. Furthermore, the novel stereodivergent Ni/Cu

dual catalysis can provide a unified route, applying racemic inter-

nal propargylic carbonates to access all four stereoisomers of cor-

responding products. Remarkably, the individual activation role of

each chiral metal complex has the potential to be a powerful plat-
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Scheme 4. Stereodivergent transformation and synthetic versatility of the dual catalytic system.

Scheme 5. Proposed mechanism.

form for the development of a wide range of broadly useful stere-

ocontrolled reactions.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

The authors acknowledge financial support from the National

Natural Science Foundation of China (Nos. 21702198 and

21971227), the Anhui Provincial Natural Science Foundation

(No. 1808085MB30), the Fundamental Research Funds for the

Central Universities (No. WK2340000090).

References

[1] K.M. Nicholas, Acc. Chem. Res. 20 (1987) 207–214.

[2] J. Tsuji, T. Mandai, Angew. Chem. Int. Ed. 34 (1996) 2589–2612.
[3] C.H. Ding, X.L. Hou, Chem. Rev. 111 (2011) 1914–1937.

[4] Y. Nishibayashi, Synthesis 44 (2012) 489–503.
[5] D.Y. Zhang, X.P. Hu, Tetrahedron Lett. 56 (2015) 283–295.

[6] X.H. Hu, Z.T. Liu, L. Shao, X.P. Hu, Synthesis 47 (2015) 913–923.
[7] K. Sakata, Y. Nishibayashi, Catal. Sci. Technol. 8 (2018) 12–25.

[8] S.W. Roh, K. Choi, C. Lee, Chem. Rev. 119 (2019) 4293–4356.

[9] W. Xu, S. Zhao, X. Luo, et al., Chin. J. Org. Chem. 35 (2015) 2095–2101.
[10] X. Li, X. Lang, Q. Song, Y. Guo, L. He, Chin. J. Org. Chem. 36 (2016) 744–751.

[11] X. Wang, Q. Li, T. Wen, Chin. J. Org. Chem. 41 (2021) 284–296.
[12] N. Li, S. Xu, X. Wang, et al., Chin. Chem. Lett. 32 (2021) 3993–3997.

[13] Z. Li, D. Li, H. Xiang, et al., Chin. Chem. Lett. 33 (2022) 867–870.

4



R. Geng, L. Peng and C. Guo Chinese Chemical Letters 35 (2024) 109433

[14] S.W. Smith, G.C. Fu, J. Am. Chem. Soc. 130 (2008) 12645–12647.

[15] A.J. Oelke, J. Sun, G.C. Fu, J. Am. Chem. Soc. 134 (2012) 2966–2969.

[16] N.D. Schley, G.C. Fu, J. Am. Chem. Soc. 136 (2014) 16588–16593.
[17] H. Huo, B.J. Gorsline, G.C. Fu, Science 367 (2020) 559–564.

[18] K. Motoyama, M. Ikeda, Y. Miyake, Y. Nishibayashi, Eur. J. Org. Chem. 12 (2011)
2239–2246.

[19] R. Sinisi, V.V. Meria, A. Gualandi, E. Emer, P.G. Cozzi, Chem. Eur. J. 17 (2011)
7404–7408.

[20] K. Watanabe, Y. Miyazaki, M. Okubo, et al., Org. Lett. 20 (2018) 5448–5451.

[21] F.D. Lu, D. Liu, L. Zhu, et al., J. Am. Chem. Soc. 141 (2019) 6167–6172.
[22] S. Xie, X. Gao, F. Zhou, H. Wu, J. Zhou, Chin. Chem. Lett. 31 (2020) 324–328.

[23] Y. Miyazaki, B. Zhou, H. Tsuji, M. Kawatsura, Org. Lett. 22 (2020) 2049–2053.
[24] Q. Hu, Z. He, L. P, C. Guo, Nat. Synth. 1 (2022) 322–331.

[25] Z. He, L. P, C. Guo, Nat. Synth. 1 (2022) 393–400.
[26] K. Ouyang, W. Hao, W.X. Zhang, Z. Xi, Chem. Rev. 115 (2015) 12045–12090.

[27] Q. Wang, Y. Su, L. Li, H. Huang, Chem. Soc. Rev. 45 (2016) 1257–1272.
[28] Y. Lei, W. Zhu, Y. Zhang, et al., Chin. Chem. Lett. 34 (2023) 107778–107781.

[29] M. Guisán-Ceinos, V. Martín-Heras, M. Tortosa, J. Am. Chem. Soc. 139 (2017)

8448–8451.
[30] M. Guisán-Ceinos, V. Martín-Heras, R. Soler-Yanes, D.J. Cárdenas, M. Tortosa,

Chem. Commun. 54 (2018) 8343–8346.
[31] J. Scharfbier, B.M. Gross, M. Oestreich, Angew. Chem. Int. Ed. 59 (2020)

1577–1580.
[32] F.F. Huerta, A.B.E. Minidis, J.E. Bäckvall, Chem. Soc. Rev. 30 (2001) 321–331.

[33] V. Bhat, E.R. Welin, X. Guo, B.M. Stoltz, Chem. Rev. 117 (2017) 4528–4561.

[34] E. Wenkert, A.L. Han, C.J. Jenny, J. Chem. Soc. Chem. Commun. (1988) 975–976.
[35] S.B. Blakey, D.W.C. MacMillan, J. Am. Chem. Soc. 125 (2003) 6046–6047.

[36] L.G. Xie, Z.X. Wang, Angew. Chem. Int. Ed. 50 (2011) 4901–4904.
[37] X.Q. Zhang, Z.X. Wang, Org. Biomol. Chem. 12 (2014) 1448–1453.

[38] Z.C. Cao, S.J. Xie, H. Fang, Z.J. Shi, J. Am. Chem. Soc. 140 (2018) 13575–13579.
[39] P. Maity, D.M. Shacklady-McAtee, G.P.A. Yap, E.R. Sirianni, M.P. Watson, J. Am.

Chem. Soc. 135 (2013) 280–285.

[40] H. Zhang, S. Hagihara, K. Itami, Chem. Eur. J. 21 (2015) 16796–16800.
[41] Y.Q. Yi, W.C. Yang, D.D. Zhai, et al., Chem. Commun. 52 (2016) 10894–10897.

[42] C.H. Basch, K.M. Cobb, M.P. Watson, Org. Lett. 18 (2016) 136–139.
[43] T. Moragas, M. Gaydou, R. Martin, Angew. Chem. Int. Ed. 55 (2016) 5053–5057.

[44] C.H. Basch, J. Liao, J. Xu, J.J. Piane, M.P. Watson, J. Am. Chem. Soc. 139 (2017)
5313–5316.

[45] S. Plunkett, C.H. Basch, S.O. Santana, M.P. Watson, J. Am. Chem. Soc. 141 (2019)

2257–2262.
[46] M.T. Oliveira, M. Luparia, D. Audisio, N. Maulide, Angew. Chem. Int. Ed. 52

(2013) 13149–13152.
[47] S. Krautwald, E.M. Carreira, J. Am. Chem. Soc. 139 (2017) 5627–5639.

[48] L. Lin, X. Feng, Chem. Eur. J. 23 (2017) 6464–6482.

[49] I.P. Beletskaya, C. Nájera, M. Yus, Chem. Rev. 118 (2018) 5080–5200.

[50] F. Romiti, J. del Pozo, P.H.S. Paioti, et al., J. Am. Chem. Soc. 141 (2019)
17952–17961.

[51] J. Fu, X. Huo, B. Li, W. Zhang, Org. Biomol. Chem. 15 (2017) 9747–9759.
[52] D.R. Pye, N.P. Mankad, Chem. Sci. 8 (2017) 1705–1718.

[53] Y. Wu, X. Huo, W. Zhang, Chem. Eur. J. 26 (2020) 4895–4916.
[54] L. Wei, C.J. Wang, Chin. J. Chem. 39 (2021) 15–24.

[55] X. Huo, G. Li, X. Wang, Angew. Chem. Int. Ed. 61 (2022) e202210086.

[56] W. Liang, C.J. Wang, Chem. Catal. 3 (2023) 100455.
[57] X. Huo, R. He, X. Zhang, W. Zhang, J. Am. Chem. Soc. 138 (2016) 11093–11096.

[58] X. Huo, J. Zhang, J. Fu, R. He, W. Zhang, J. Am. Chem. Soc. 140 (2018)
2080–2084.

[59] L. Wei, Q. Zhu, S.M. Xu, X. Chang, C.J. Wang, J. Am. Chem. Soc. 140 (2018)
1508–1513.

[60] X. Jiang, P. Boehm, J.F. Hartwig, J. Am. Chem. Soc. 140 (2018) 1239–1242.
[61] Q. Zhang, H. Yu, L. Shen, et al., J. Am. Chem. Soc. 141 (2019) 14554–14559.

[62] Z.T. He, X. Jiang, J.F. Hartwig, J. Am. Chem. Soc. 141 (2019) 13066–13073.

[63] S.M. Xu, L. Wei, C. Shen, et al., Nat. Comm. 10 (2019) 5553.
[64] L. Wei, Q. Zhu, L. Xiao, H.Y. Tao, C.J. Wang, Nat. Comm. 10 (2019) 1594–1605.

[65] J. Zhang, X. Huo, B. Li, et al., Adv. Synth. Catal. 361 (2019) 1130–1139.
[66] R. He, X. Huo, L. Zhao, et al., J. Am. Chem. Soc. 142 (2020) 8097–8103.

[67] Y.N. Li, X. Chang, Q. Xiong, X.Q. Dong, C.J. Wang, Chin. Chem. Lett. 32 (2021)
4029–4032.

[68] Z.Y. Xue, Q.H. Li, H.Y. Tao, C.J. Wang, J. Am. Chem. Soc. 133 (2011) 11757–11765.

[69] L. Peng, Z. He, X. Xu, C. Guo, Angew. Chem. Int. Ed. 59 (2020) 14270–14274.
[70] L. Pollegioni, S. Servi, Unnatural Amino Acids: Methods and Protocols, Springer,

New York, 2012.
[71] H. Jang, F. Romiti, S. Torker, A.H. Hoveyda, Nat. Chem. 9 (2017) 1269–1275.

[72] S. Zhang, J. del Pozo, F. Romiti, et al., Science 364 (2019) 45–51.
[73] K. Hideo, O. Sensuke, Bull. Chem. Soc. Jpn. 71 (1998) 973–984.

[74] J.T. Chen, Coord. Chem. Rev. 190-192 (1999) 1143–1168.

[75] K. Tsutsumi, S. Ogoshi, S. Nishiguchi, H. Kurosawa, J. Am. Chem. Soc. 120 (1998)
1938–1939.

[76] M. Aresta, A. Dibenedetto, E. Quaranta, M. Lanfranchi, A. Tiripicchio,
Organometallics 19 (2000) 4199–4207.

[77] S.Z. Tasker, E.A. Standley, T.F. Jamison, Nature 509 (2014) 299–309.
[78] L. Wei, X. Chang, C.J. Wang, Acc. Chem. Res. 52 (2020) 1084–1100.

[79] X. Xu, L. Peng, X. Chang, C. Guo, J. Am. Chem. Soc. 143 (2021) 21048–21055.

[80] J. Zhang, X. Chang, X. Xu, H. Wang, L. Peng, C. Guo, Nat. Commun. 13 (2022)
7049.

[81] X. Xu, M. Wang, L. Peng, C. Guo, J. Am. Chem. Soc. 144 (2022) 21022–21029.

5




