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a b s t r a c t

α-Chiral amides are common in pharmaceuticals, agrochemicals, natural products, and peptides, prompt-

ing the need for new synthetic methods. Here, we introduce a nickel-catalyzed asymmetric reductive

amidation method to synthesize α-chiral amides from benzyl ammonium salts and isocyanates. The key

to success is using a chiral 2,2′-bipyridine ligand (-)-Ph-SBpy, enabling high yield (up to 95%) and enan-

tiomeric ratio (up to 98:2 er) under mild conditions. Addition of phenol prevents isocyanate polymeriza-

tion by reversibly forming a carbamate intermediate, enhancing selectivity and efficiency. The synthetic

utility is showcased through transformations of the enantioenriched amides, and the mechanism and

enantioselectivity are supported by experimental and computational studies.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Amides are among the most essential scaffolds in both natural

and synthetic chemicals, and they are vital in biological systems

as well as in the design of pharmaceuticals [1–9]. Specifically, α-

chiral amides are highly prized due to their prevalence in natural

products, medicinal agents and agrochemicals, and are crucial in

forming chiral ligands for asymmetric catalysis (Scheme 1a) [10,11].

Consequently, devising new and efficient strategies for the asym-

metric synthesis of α-chiral amide has been long desirable. In this

context, the direct union of amines with α-chiral carboxylic acids

is a traditional method. However, the preparation of α-chiral car-

boxylic acids already poses a challenge. Therefore, direct synthesis

of α-chiral amides from readily accessibe achiral starting materi-

als would represent more streamlined approach, such as enantios-

elective alkylation, hydroaminocarbonylation, carbamoylation, hy-

drofunctionalization, hydrogenation and similar processes [12–19].

Recently, isocyanates have emerged as promising amidating

reagent due to their low cost, good availability, and ease of mod-

ification [20–22]. In this context, Mazet and co-workers have in-
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troduced a Cu-catalyzed asymmetric borylative carboxamidation

of alkenes and alkynes to obtain a range of β-borylated sec-

ondary amides [23]. Additionally, Nevado group has disclosed a

dual Ni/photo-catalyzed asymmetric carbamoylation reaction with

isocyanates for the efficient synthesis of α-chiral amides, which in-

volves a dual cycle mechanism that generates benzyl radicals [24].

Despite the progress in asymmetric amidation reactions, the use of

isocyanates as amidating reagents for synthesizing α-chiral amides

faces two main challenges: (1) Isocyanates are susceptible to self-

polymerization or overreaction with nucleophiles, which can com-

plicate product isolation and purity; (2) Most asymmetric reac-

tions are only compatible with aryl isocyanates, resulting a limited

substrate scope and reduced applications. Over the past decade,

there has been significant progress in nickel-catalyzed asymmet-

ric reductive coupling reactions, marking a new era in asymmetric

C–C bond formation [25–37]. These reactions are known for their

mild conditions and ease of execution, offering a more accessible

route to C–C bond formation without the need of organometal-

lic reagents that are often necessary in conventional coupling pro-

cesses [38].

The groups of Martin and Komeyama, have independently

developed innovative racemic reductive amidation reactions with

isocyanates, using alkyl halides or tosylates as the substrates

https://doi.org/10.1016/j.cclet.2025.111779
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Scheme 1. The occurrence and synthetic methods of α-chiral amides and the out-

line of this work.

(Scheme 1b) [39–43]. The success of these reactions in terms

of reactivity and regioselectivity is largely influenced by the

choice of specific ligand architectures. Nonetheless, the limited

availability of chiral ligands, especially 2,2′-bipyridine ligands, has

posed a challenge in developing an enantioselective variant of the

reductive coupling reaction that includes isocyanates.

Over the past few years, our team has brought to life an innova-

tive chiral 2,2′-bipyridine ligand named as SBpy, characterized by

its [6-5-3] rigid fused-ring structure and adjustable properties [44].

This development has successfully overcome the balancing act be-

tween reactivity and selectivity. The SBpy ligand has proven to be

highly effective and precise in directing stereochemistry across a

range of reactions, such as the asymmetric Ullmann coupling [45],

the asymmetric addition to aryl aldehydes [44], and asymmetric

carboxylation reactions [46] with CO2 [47]. Drawing inspiration

from the electronic similarities between isocyanates and CO2, and

capitalizing on the adjustable nature of SBpy, we now introduce

the nickel-catalyzed asymmetric reductive amidation of quaternary

ammonium salts with alkyl isocyanates. This work paves the way

for the production of chiral amides with both good yields and high

enantioselectivity (Scheme 1c). It is important to highlight that the

inclusion of phenol is pivotal in managing the reactivity of iso-

cyanates throughout the reaction, effectively minimizing unwanted

side reactions.

To begin our investigations, we chose trimethyl 1-(naphthalen-

2-yl)ethyl ammonium trifluoromethanesulfonate (1a) and tert–

butyl isocyanate (2a) as the benchmark substrates to test our en-

visioned asymmetric reductive amidation. Pleasingly, after thor-

ough experimentation, we established an optimal set of condi-

tions. These involved using NiCl2[P(mesityl)3]2 as the precatalyst,

Ph-SBpy (L1) as the chiral ligand, Mn as the reductant, PhOH as an

additive, and phenyl acetate as the solvent at 70 °C for 20h, yield-

ing the target product 3a with 90% yield and 96:4 enantiomeric ra-

tio (er) (Table 1, entry 1). As depicted in Table 1, alterations in the

acetal substitution in SBpy markedly influence the reaction’s activ-

ity and stereoselectivity. For example, utilizing Me-SBpy (L2), the

chiral amides were obtained with 81% yield and 93:7 er (Table 1,

Table 1

Optimization of reaction conditions.a

Entry Deviation from standard conditions Yield (%) b erc

1 None 90 97:3

2 L2 instead of L1 81 93:7

3 L3 instead of L1 N.R -

4 L4 instead of L1 51 72:28

5 L5 instead of L1 N.R -

6 L6 instead of L1 N.R -

7 L7 instead of L1 N.R -

8 NiCl2 instead of NiCl2[P(mesityl)3]2 60 95:5

9 NiCl2(PPh3)2 instead of NiCl2[P(mesityl)3]2 65 95:5

10 2-MeTHF as solvent 51 92:8

11 Ethyl formate as solvent 75 96:4

12 w/o PhOH 63 95:5

13 30 °C instead of 70 °C N.R -

a Reaction conditions: 1a (0.10mmol), 2a (0.20mmol), NiCl2[P(mesityl)3]2
(0.010mmol), Ligand (0.012mmol), Mn (0.40mmol), PhOH (0.15mmol), phenyl ac-

etate (0.20mL), 20h at 70 °C.
b Isolated yield after silica gel column chromatography.
c The enantiomeric ratio was determined on a chiral HPLC OJ-H column.

entry 2). Employing DTB-SBpy (L4), which offers greater steric hin-

drance, resulted in poor outcome of 51% yield and 72:28 er (Table

1, entry 4). Moreover, the use of the bulkier i-Pr-SBpy (L3) com-

pletely inhibited the reaction (Table 1, entry 3). Additionally, we

evaluated the impact of several readily available dinitrogen chiral

ligands, Pyox (L5) and BOX (L6), and found their incompatibility

with this reaction (entries 5 and 6). Furthermore, the compara-

tively high rigidity of Z-bpy (L7) did not aid in the amidation re-

action (Table 1, entry 7). Additionally, it is plausible that molecular

interactions between the aryl group at the ligand’s distal end and

the substrate could enhance the reaction. Subsequently, we discov-

ered that the selection of the Ni catalyst played a crucial role in

the reaction’s outcome. For instance, NiCl2 and Ni(PPh3)2Cl2 were

less effective in terms of yield, though they did not significantly

impact stereoselectivity (Table 1, entries 8 and 9). This might be

because of the stability of the ligands on the nickel center can af-

fect the rate of ligand exchange processes. More stable complexes

might undergo slower ligand exchange, leading to more controlled

reaction conditions and higher yields [48]. Moreover, polar solvents

with good solubility, such as 2-MeTHF and ethyl formate, appeared

to be suitable for the reaction but yielded slightly inferior results

(Table 1, entries 10 and 11). Additionally, control experiments un-

derscored the significance of strategies for regulating isocyanate

activity. When the reaction was carried out without phenol, there

was a significant increase in side reactions involving isocyanates,

which led to a reduction in the yield of the desired product to

63%. However, adding phenol did not affect the enantioselectivity

of the reaction, indicating that the presence of phenol helped to

reduce unwanted byproducts without changing the preference for

producing one enantiomer over the other (Table 1, entry 12). Fur-

thermore, low temperatures were not favorable for the reaction to

occur (Table 1, entry 13).
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Scheme 2. Scope of the asymmetric reductive amidation. Reaction conditions: 1a

(0.10mmol), 2a (0.20mmol), NiCl2[P(mesityl)3]2 (0.010mmol), ligand (0.012mmol),

Mn (0.40mmol), PhOH (0.15mmol), phenyl acetate (0.20mL), 20h at 70 °C. Isolated
yield after silica gel column chromatography. The enantiomeric ratio was deter-

mined on a chiral HPLC OJ-H column.

With the viable reaction conditions in hand, we explored the

scope of the asymmetric amidation reaction, focusing initially on

quaternary ammonium salts (Scheme 2). Delightfully, the reaction

was amenable to a variety of quaternary ammonium salts with

polycyclic arenes, including those with naphthalene, anthracene,

and phenanthrene (3a-3d), as well as those with heterocyclic fused

rings (3e, 3f), all of which were efficiently converted to prod-

ucts with good yields and high enantiomeric ratios. Additionally,

quaternary ammonium salts with electron-donating and electron-

withdrawing groups at the meta and/or para positions also partici-

pated in the asymmetric amidation reaction, yielding chiral amides

in good yields (63%−70%) and enantiomeric ratios (84:16–97:3)

(3g-3j). Biphenyl substrates, both unsubstituted (3k) and those

with various electronic substituents like t–butyl (3l) and triflu-

oromethyl (3m), were compatible with the reaction, albeit with

moderate yields (64%−75%) and enantiomeric ratios (84:16–94:6).

Notably, biphenyl substrates substituted at the meta position (3n)

resulted in 70% and 81:19 er. Given the significance of fluorinated

compounds in pharmaceuticals and agrochemicals, we tested am-

monium salt with fluorine substitution. Encouragingly, biphenyl-

containing difluoro benzene-substituted ammonium salt produced

Scheme 3. Demonstrative transformations of α-chiral amide 3v, (I) TfOH, toluene,

(II) Tf2O, 2-F-Py, DCM, (III) LiOH, H2O2, THF/H2O.

fluorinated chiral amide product (3o) with moderate yield and

er. Furthermore, heterocyclic substrate i.e., 3-phenylthiophene (3p),

resulted 60% yield and 83:17 er. Replacing the benzyl methyl am-

monium salt with a benzyl ethyl ammonium salt resulted the

product (3q) with 70% yield and 86:14 er. We then investigated

the effect of isocyanates in this asymmetric amidation reaction.

Interestingly, alkyl isocyanates, which were challenging to couple

in previous studies, could be transformed into the desired amides

(3r and 3s) in 81% and 84% yield and er 96:4 and 94:6, respec-

tively. A lower er was observed for isocyanates with primary car-

bon center, such as n–butyl isocyanate (3t), yielding chiral amides

with 70% yield and 84:16 er. Ultimately, this reaction was also ap-

plicable for the synthesis of amide derivatives of two important

drugs, flurbiprofen and naproxen. Under standard conditions, the

flurbiprofen amide derivative (3u) was successfully prepared with

81% yield and 97:3 er, and the naproxen amide derivative (3v) was

generated with 80% yield and 96:4 er. The absolute stereochem-

istry of (S)-2-([1,1′-biphenyl]−4-yl)-N-(tert–butyl)propanamide (3k)

was unambiguously confirmed to be the opposite configuration of

the reported product, enabling the configuration assignment of all

other products by analogy [49].

The practicality of the nickel-catalyzed asymmetric amidation

was demonstrated through post-catalytic transformations without

erosion of enantioselectivity (Scheme 3). α-Chiral amide (3v) was

transformed to amide 4a via an N-dealkylation reaction of the

amide using trifluoromethanesulfonic acid, in 95% yield. Addition-

ally, cyanide, a highly useful chemical intermediate 4b, was pro-

duced with 99% yield under the influence of trifluoromethanesul-

fonic anhydride and 2-fluoropyridine. Lastly, the synthesis of the

nonsteroidal anti-inflammatory drug (S)-naproxen 4c was accom-

plished through a gentle hydrolysis process in 92% yield.

Preliminary mechanistic investigations were performed to elu-

cidate the pathway of the nickel-catalyzed asymmetric reduc-

tive amidation of isocyanates with benzyl ammonium salts. First,

radical-trapping experiments were performed by adding one equiv-

alent of either 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) or

diphenyl disulfide (PhSSPh) as a radical scavenger. The presence

of these scavengers inhibited the amidation reaction, suggesting

that benzyl radicals were generated during the reaction cycle, con-

tributing to side reactions (Fig. 1a). Additionally, we found that the

reaction outcome of triethylamine-derived quaternary ammonium

salt was comparable to that of trimethylamine-derived one under

the standard conditions, yielding the desired product 3a in 92%

yield and 93% ee (Fig. 1b). The amidation reaction did not proceed

when phenyl carbamate (5) was used instead of isocyanate (2a),

demonstrating its inertness towards amidation. However, when ad-

ditional triethylamine was added under identical conditions, the

amidation product 3a was obtained in 60% yield and 94% ee (Fig.

1c). This result suggested that trialkylamines, particularly triethy-

lamine, can regulate the release of isocyanates from phenyl car-
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Fig. 1. Mechanistic studies.

bamate under the reaction conditions. Reversibility of carbamate

formation during reaction process was confirmed by the reaction

involving phenylcarbamate and p-cresol in the presence of triethy-

lamine. The presence of triethylamine likely facilitates the depro-

tonation of p-cresol, promoting the formation of the carbamate

intermediate (Fig. 1d). NMR analysis confirmed the generation of

both phenylcarbamate (5) and 4-methylphenylcarbamate (6) in the

reaction mixture, with approximately 20% of the latter (see Sup-

porting information for detail). To further confirm these hypothe-

ses, the profiles of the key species over reaction time was moni-

tored. The results indicated that under asymmetric amidation con-

ditions, the release of trimethylamine from quaternary ammonium

salts has a regulatory effect similar to that of triethylamine. In the

early stages of the reaction, phenyl carbamate (5) was formed with

isocyanates (2a) and phenol. After an induction period of approx-

imately 12h, during which the active nickel intermediate and tri-

 

Fig. 2. Stereoscopic control experiments.

alkylamine gradually form, phenyl carbamate 5 begins to release

isocyanate at 16h and rapidly forms the chiral amide 3a, com-

pleting the reaction in 20h. Based on this observation, we per-

formed a reaction in the presence of triethylamine. As indicated

in the graph, the reaction proceeds faster in the presence of tri-

ethylamine, which is likely due to the rapid release of isocyanate

from carbamate, completing the reaction in 16h (Fig. 1e).

To investigate the origin of enantiocontrol in the reductive ami-

dation reaction, we conducted a series of experiments using enan-

tioenriched starting materials and ligands, as outlined in Fig. 2. Ini-

tially, we examined the effect of the chiral and racemic ligand on

the reaction outcome using racemic substrate 1a (Fig. 2a). Under

standard conditions, the use of optically pure (–)-Ph-SBpy and (+)-

Ph-SBpy ligands afforded (S)-3a and (R)-3a, respectively, in high

yields and enantiomeric ratios. In contrast, the use of racemic (±)-

Ph-SBpy resulted in a completely racemic product, (±)-3a, indicat-

ing that the stereochemical outcome is solely controlled by the lig-

and and not influenced by kinetic resolution (Fig. 2a). Next, we

evaluated the impact of the substrate’s absolute configuration by

performing the reaction with enantioenriched (S)-1a. When (–)-

SBpy (matched pair) is used the (S)-3a obtained in 90% yield and

95:5 er. In contrast, using (+)-SBpy (mismatched pair) resulted in

reducing both selectivity and yield (40%, 87:13 er). With rac-SBpy,

both matched and mismatched pathways compete, causing poor

overall performance (32% yield, 40:60 er), with a slight bias toward

the (S)-3a, suggesting that the matched pathway with (–)-SBpy is

slightly more competitive, or that the S-ammonium salt interacts

more favorably with the (–)-SBpy ligand and the substrate’s con-

figuration can either reinforce or oppose that preference, leading

to matched or mismatched reactivity (Fig. 2b).

Based on the above experimental results and relevant reports

[50–55], we have formulated a likely catalytic cycle for the nickel-

catalyzed reductive amidation reaction (Scheme 4a). Initially, the

nickel precursor is activated through ligand exchange with Ph-SBpy

and subsequent reduction by Mn0, yielding the active Ni0L∗ com-

plex A. This complex A then engages in oxidative addition with

the quaternary ammonium salt substrate, resulting in the forma-

tion of the benzyl NiII intermediate B and the release of trimethy-

lamine, which plays a role in controlling the release of isocyanates.

The highly reactive intermediate B may dissociate into NiIXL∗ and

the benzyl radical F, with the latter prone to escaping the solvent

cage and engaging in self-coupling side reactions. The intermedi-
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Scheme 4. Proposed catalytic cycle of nickel-catalyzed asymmetric reductive ami-

dation and explanation of match/mismatch events in case of chiral substrate.

ate B is reduced to the NiI species C by Mn0, a critical step in

the amidation process. Insertion occurs more readily from mono-

valent nickel complexes, which have a lower energy barrier com-

pared to divalent nickel complexes, resulting increased reaction ac-

tivity [56]. Moreover, phenyl acetate might participate in this re-

action as both a solvent cage and a source of phenol to facilitate

carbamate formation. So, the solvent itself can be involved in the

reaction mechanism, providing a dual role that can enhance reac-

tion efficiency. Following this, isocyanates insert to form the NiI

intermediate D. This step will determine the enantioselectivity of

the process. Throughout this stage, the trimethylamine formed in

situ modulates the protective effect of phenol on isocyanates, giv-

ing rise to the formation of inert phenyl carbamate and preventing

the self-polymerization of isocyanates. Concurrently, the release of

phenyl carbamate is dynamically regulated to liberate isocyanates.

Ultimately, the chiral amide salt D is reduced further by Mn0 to

regenerate A and E. Protonation of E then delivers final product 3.

Consistent with the mechanism shown in Scheme 4a and the

enantiocontrol data in Fig. 2b, the oxidative addition step involv-

ing the (S)-1a/(–)-SBpy “matched” pair (Case-1) rapidly establishes

a well-aligned chiral environment, contributing to the formation

of the thermodynamically stable intermediate B-1a as the major

enantiomer. This intermediate B-1a is reluctant to isomerize to the

less favorable enantiomer B-1b, and instead proceeds through a

fast reduction to C-1, ultimately delivering the S-3a with high rate

and selectivity. In contrast, the (S)-1a/(+)-SBpy “mismatched” pair

Fig. 3. (a) The plausible transition state of enantio–determining step. (b) IGMH

analysis of the two energetically lowest conformations in the enantio–determining

step.

(Case-2) experiences a slow oxidative addition due to the lack of a

well-aligned chiral environment, resulting in the formation of B-

1b, which can partially isomerize to the enantiomer B-1a. Both

enantiomers B-1b (major isomer) and B-1a (minor isomer) then

undergo fast reduction to C-2, ultimately yielding the R-3a with

lower rate and selectivity. The slower oxidative addition also leads

to increased side reactions in this case, resulting in reduced yield

and enantioselectivity. These results confirm that the stereochemi-

cal outcome is governed by the ability of the chiral ligand to form

a well-aligned chiral environment and generate thermodynamically

stable intermediates, as illustrated in Scheme 4b.

The plausible transition state of the enantio–determining step

in the reductive amidation process is depicted in Fig. 3a. To pro-

vide a more intuitive visual understanding of enantioselectivity us-

ing Ph-SBpy, the structural model of the stereo-determining step (C

to D) was generated through density functional theory (DFT) calcu-

lations, as illustrated in Fig. 3b (For the computational details, see

Supporting information). Among the obtained insertion transition

states corresponding to different configurations/conformations, the

transition state TS-S-1, which led to the (S)-enantiomer, was cal-

culated to have the lowest activation barrier. In contrast, TS-R-1,

which was the energetically lowest conformation for the formation

of the other enantiomer, was 0.7 kcal/mol more energy-demanding

than TS-S-1. This is consistent with the experimental observations

that (S)-enantiomer was generated favorably. Furthermore, to elu-

cidate the origin of the free energy difference between TS-S-1 and

TS-R-1, Independent Gradient Model based on Hirshfeld partition

(IGMH) analysis was conducted using Multiwfn software to probe

the non-covalent interactions between the chiral pocket and sub-

strates. As shown in Fig. 3b, for both TS-S-1 and TS-R-1, the naph-

thyl was preferably positioned in parallel with pyridyl unit of Ph-

SBpy, which resulted in π-π stacking interaction. Also, the H-bond

interaction between the carbonyl oxygen and bridgehead hydrogen

between 3- and 5-membered ring of ligand was observed in both

cases. For TS-S-1, the methyl was positioned outward the chiral

pocket, which obviated the steric repulsion between methyl and

the bulky pyridyl substituents. In TS-R-1, methyl was in a reversed

direction, making the repulsion inevitable. This steric effect should

also be responsible for the enlengthened H-bond distance (0.13 Å
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longer) in TS-R-1. Overall, TS-R-1 contained decreased favorable

non-covalent interaction and increased steric repulsion than TS-

S-1, which raised its free energy and made it difficult to achieve

relatively.

In summary, we have successfully developed an enantioselec-

tive reductive amidation of quaternary ammonium salts employ-

ing readily accessible isocyanates as the practical amidating agents,

providing a direct approach to α-chiral amides that are frequently

found in bioactive molecules. With mild nickel catalysis and the

use of chiral bipyridine ligand SBpy, a variety of substrates have

been smoothly converted to α-chiral amides with high yields and

excellent enantioselectivities. Furthermore, the inclusion of phe-

nol in the reaction mixture effectively controls the reactivity of

isocyanates, thereby minimizing side reactions and enhancing the

overall yield of the desired products. Moreover, the stereochemical

outcome is confirmed to be governed by the chiral ligand’s ability,

as indicated by enantiocontrol experiments and DFT computational

studies. These findings should provide valuable tools and inspira-

tions for the synthesis of relevant chiral functional molecules and

development of other base-metal catalyzed asymmetric reactions.
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