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Chiral «-aryl ketone moieties are privileged structural motifs that are widely present in various biolog-
ically active natural products and pharmaceuticals. However, traditional carbonylation methods typically
rely on the use of noble-metal catalysts and toxic and flammable CO gas as the carbonyl source. To over-
comes these challenges, we disclose here a nickel-catalyzed enantioselective cross-hydroacylation of aryl
alkenes with unactivated alkenes using isobutyl chloroformate as a safe CO source and electron acceptor.
Two distinct alkenes and chloroformates are assembled efficiently in a chemo-, regio- and enantioselec-
tive manner, providing a scalable, environmentally friendly alternative for the enantioselective synthe-
sis of «-aryl ketones. The approach proceeds under mild reaction conditions, uses abundant and readily
available starting materials, and avoids the use of either toxic CO or metal carbonyl reagents. Mechanis-
tic studies show that in situ generated nickel hydride complexes first undergoes hydrometalation/chain
walking with aryl alkenes, followed by sequential migratory insertion of CO and unactivated alkenes, and

CO surrogate

finally cross-hydroacylated products are obtained through reductive elimination.

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

Medica, Chinese Academy of Medical Sciences.

Chiral a-aryl carbonyl moieties are privileged structural motifs
that are widely present in various biologically active natural prod-
ucts and pharmaceuticals. For example, the biologically active nat-
ural products cortistatin C and (+)-indacrinone both contain an «-
aryl ketone unit; (S)-Naproxen and (S)-ibuprofen are a class of non-
steroidal anti-inflammatory drugs containing an «-aryl carboxylic
acid unit (Fig. 1a). The best-known strategy to access this structure
motif is transition metal-catalyzed or base-mediated «-arylation of
enolates [1-4]. However, such strategy often suffers from daunt-
ing challenges in accessing «-aryl ketones containing o-tertiary
stereocenters because they are base-sensitive and easily racemized
via enolization [5]. Alkenes are among the most readily available
and abundant feedstocks, and many powerful synthetic strategies
in organic synthesis utilize alkenes as ideal starting points. Tran-
sition metal-catalyzed hydro-carbonylation of alkenes is a funda-
mental transformation in the asymmetric synthesis of «-aryl car-
bonyl compounds [6,7] and has been widely used in academia and
industry (Fig. 1b). However, most of these processes rely heavily
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on rare and precious metals (such as Pd, Rh, Ru or Ir) as cata-
lysts and use high-pressure, toxic and flammable CO gas as the
carbonyl source [8-12]. Therefore, the exploration of a novel and
mild alkene carbonylation processes to access chiral «-aryl car-
bonyl compounds using earth-abundant transition metals and sim-
ple, easy-to-operate and less toxic CO surrogates is highly sought
after.

In the past few decades, the nickel-catalyzed reductive cross-
coupling reaction pioneered by the Weix and Gong groups has
received widespread attention [13-24], and the reductive cross-
coupling of alkyl halides with carboxylic acid derivatives has be-
come an effective strategy for ketone synthesis [25-36]. Subse-
quently, Reisman [37], Melchiorre [38], Zhu [39,40], and others
[41,42] achieved the synthesis of chiral «-aryl ketones through Ni-
catalyzed enantioselective cross-couplings (Fig. 1c). However, these
methods rely on the use of secondary benzyl chlorides or acyl
chlorides or anhydrides as acyl coupling agents, which are often
unstable or require additional preparation steps. In addition, these
strategies require the use of stoichiometric amounts of metal re-
ducing agents, such as manganese or zinc. On the other hand,
chloroformates are attractive as a safe CO source in organic syn-
thesis due to their low cost, good availability, stability, and ease
handling. In 2019, Hu and our group independently developed
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(a) Prevalence of the a-aryl carbonyl moiety in pharmaceuticals
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Fig. 1. Strategies for the synthesis of chiral «-aryl ketones.

nickel-catalyzed reductive carbonylation reaction, using chlorofor-
mate as a CO source to synthesize dialkyl ketones (Fig. 1d) [43-
46]. Inspired by the recent work of Hu [47], Fu [48], Zhu [49], etc.
[50-62] on NiH-catalyzed hydrofunctionalization of alkenes [63-
65] and building on our ongoing interest in Ni-catalyzed enan-
tioselective difunctionalization of alkenes [66-72], we hypothe-
sized that the in situ generated Ni-H species underwent oxidative
addition with chloroformate followed by hydrometallation/chain-
walking with aryl-substituted alkenes. Subsequent, CO extrusion
and reinsertion would form the acyl-nickel intermediate M. The
desired «-aryl ketones would then be obtained through migratory
insertion of the acyl-Ni species M into another terminal alkene fol-
lowed by reductive elimination (Fig. 1e). While we were preparing
the manuscript, Shu et al. reported a similar cross-hydroacylation
of olefins using chloroformates as a CO source [63-65].

To achieve this attractive transformation, several challenges
need to be overcome. First, Ni-catalyzed alkene cross-dimerization
have been reported to afford linear or branched alkyl-alkyl cou-
pling products [73,74], that are highly competitive with the desired
alkene cross-hydroacylation reaction. Second, controlling the re-
gioselectivity of the alkene hydronickelation process is a challeng-
ing task. Moreover, two distinct alkenes and chloroformate must
be assembled in a highly chemo-, regio- and enantioselective man-
ner. Herein we report the successful implementation of this con-
cept to the synthesis of enantioenriched «-aryl ketones via cross-
hydroacylation of two distinct alkenes using isobutyl chloroformate
as a safe CO source and electron acceptor.

We initiated our investigations by studying the enantioselective
cross-hydroacylation of aryl alkene 1 and unactivated alkene 2 us-
ing CICO,'Bu as a CO source and electron acceptor (Table 1). Af-

ter extensive evaluation of the reaction parameters, it was found
that «-aryl ketone 3 was obtained in 63% yield and 95% ee at
0 °C using Nil, as the nickel source, C,-symmetric bis-oxazoline
L2 as the chiral ligand, diethoxymethylsilane (DEMS) as the hy-
dride source, and KF as the additive in a mixture solvent of NMP
and Et,0 (4:1) (entry 1). The geminal disubstitution on the tether
of the bis(oxazoline) ligands is critical for regulating the efficiency
and enantioselectivity of the reaction (entries 2-5). The steric hin-
drance of the substituents at the C4 position of the bis(oxazoline)
ligand leads to a significant decrease in the enantioselectivity
(entry 6). Inferior results were observed when using the bulky
CICO,iPr or linear CICO,"Bu, while product 3 could not be ob-
tained when using CICO,Ph as the CO source (entries 7-9). We
further found that silanes also have a significant effect on the reac-
tion outcome. Dimethoxymethylsilane (DMMS) and polymethylhy-
drosiloxane (PMHS) gave slightly lower yields and ee values, while
(Me0O)3SiH and (Me,SiH),0 failed to provide the desired prod-
uct (entries 10-13). When NiBr,(dme) was used instead of Nil,,
the yield of product 3 was not affected, but the enantioselectiv-
ity decreased significantly to 63 % ee (entry 14). In addition, when
Ni(acac), or Ni(cod), was used as a catalyst, the target product 3
was not obtained (entry 15), and the ee value decreased signifi-
cantly when the reaction was carried out at room temperature (en-
try 16).

With the optimal conditions in hand, we sought to exam-
ine the generality of the enantioselective cross-hydroacylation of
aryl alkenes and unactivated alkenes with CICO,'Bu. As shown in
Fig. 2, aryl alkenes bearing various functional groups at the para-
position of the aromatic ring, such as ether (6), fluorine (7), trifluo-
romethyl (10), ester (11 and 13), nitrile (12), and sulfone (14), were
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Fig. 2. Enantioselective cross-hydrocarbonylation of aryl alkenes and unactivated alkenes with CICO,'Bu. Yields are of isolated products. Enantiomeric excesses of major
enantiomer were determined by HPLC on a chiral stationary phase.  The reaction was performed at —10°C. ® L4 was used.

readily accommodated. Notably, we found that aryl chloride and
aryl bromide (8 and 9), which are susceptible to Ni-catalyzed
cross-couplings, remained intact, opening up additional avenues
for further derivatization of the resulting products. The meta- and
ortho-substituted aryl alkenes proceeded smoothly to provide the

corresponding products 15-17 in good yields and excellent enan-
tioselectivities. In addition, heteroaryl-substituted styrenes were
also investigated. Naphthalene (18), dibenzofuran (19), dibenzoth-
iophene (20), indole (21), carbazole (22), morpholine (23) could
be successfully incorporated into the corresponding products in
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Table 1
Optimization of reaction conditions.?

Nil, (10 mol%) o Ph
/\M/\ L3 (20 mol%) O
N 5 Y
DEMS (2.0 equiv.) H
Me
KF (2.0 equiv.) O
CICO,/Bu (4.0 equiv.) 3

NMP/Et,0 (4/1), 0 °C

Me_ Me Et_ Et
o) o
SR Y 0
Ph Ph Ph Ph Ph Ph
L1 L2 L3
"Bu_ /Bu Bn_ Bn Me. Me
Oj)<‘/o Oj)ﬁro Me
S I *Q)QV
pr b Pr h
L4 L5
Entry Variants Yield (%)> of 3 ee (%) of 3
1 None 63 95
2 L1 instead of L3 Trace -
3 L2 instead of L3 51 89
4 L4 instead of L3 45 96
5 L5 instead of L3 Trace -
6 L6 instead of L3 33 17
7 CICO,'Pr instead of CICO,'Bu 22 95
8 CICO,"Bu instead of CICO,'Bu 43 95
9 CICO,Ph instead of CICO,Bu Trace -
10 DMMS instead of DEMS 61 83
11 PMHS instead of DEMS 26 88
12 (Me0);SiH instead of DEMS Trace -
13 (Me,SiH),0 instead of DEMS Trace -
14 NiBr;(dme) instead of Nil, 60 63
15 Ni(COD), or Ni(acac), instead of Nil, Trace -
16 Room temperature instead of 0°C 38 65

2 Reaction conditions: 1 (0.1 mmol), CICO,'Bu (0.4 mmol), 2
(10 mol%), L3 (20 mol%), DEMS (0.4 mmol), KF
(NMP:Et,0=4:1) at 0 °C.

b solated yield.

¢ Determined by HPLC using a chiral stationary phase.

(0.5 mmol), Nil,
(0.2mmol) in 1.0mL solvent

satisfactory yields with very high enantiomeric induction. Aryl
alkene derived from estrone (24) has no adverse effect on effi-
ciency and diastereoselective (>20/1, dr). The reaction is not lim-
ited to terminal olefins, but internal olefins are also suitable sub-
strates. Although the yields are slightly reduced, excellent enan-
tioselectivities can still be achieved (25-26).

Next, the substrate scope with respect to unactivated
alkene was investigated. Alkenes containing various (aro-
matic)heterocycles, such as carbazole (27), indole (28), furan
(29), and phenyl (30-32), reacted smoothly to give the corre-
sponding products in synthetically useful yields and excellent
enantioselectivities. X-ray crystallographic analysis unequivocally
confirmed the S configuration of 27 (CCDC 2440617), and the
corresponding absolute configurations of the other products were
determined by analogy. Alkene bearing various synthetically useful
functional groups, such as ether (33-34), ester (36-37), and nitrile
(38), were well tolerated. Remarkably, the alkyl chloride (35) sur-
vived intact and served as a versatile synthetic handle for further
functionalization. Moreover, alkenes derived from complex biologi-
cally important molecules, including glucopyranose (39), fenofibric
acid (40), naproxen (41), and estrone (42) also reacted smoothly
to afford the target products with excellent diastereoselectivities.

Next, the enantioselective remote cross-hydroacylation of an
aryl-substituted alkene and another unactivated alkene with
CICO,'Bu was explored (Fig. 3) [75-88]. We first tested aryl-
substituted alkenes with different chain lengths between the start-
ing C=C bond and the remote aromatic group and found that the
longer the migration distance, the lower the yield of products (25,
43-45), but fortunately, the enantioselectivity of these products
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was not affected (>91% ee). Aryl-substituted alkenes bearing a va-
riety of substituents at the para- or meta-position on the aromatic
ring, including ether (46), phenyl (47), ketone (48), trifluoromethyl
(49), and esters (52 and 53), all reacted smoothly to afford the de-
sired products in synthetically useful yields and high enantioselec-
tivities. Substituents that can be used for further cross-coupling,
such as aryl bromide (50) and aryl chloride (51), remained in-
tact. Heteroaryl-substituted alkenes, such as dibenzothiophene and
dibenzofuran, can also serve as competent substrates (54-56). Un-
activated terminal alkenes containing a variety of functional groups
were readily accommodated, including indole (57), ester (58), and
complex biologically important molecules such as naproxen (59)
and estrone (60), affording the corresponding products with excel-
lent enantioselectivity.

We carried out the reaction of alkenes 1 with 2 and CICO,'Bu
on a 3mmol scale to afford chiral «-aryl ketone 3 in 51% yield
(0.7g) and 94% ee, revealing the practical applicability of this Ni-
catalyzed cross-hydroacylation of alkenes. Diastereoselective reduc-
tion of ketone 3 using NaBH, gave alcohol 61 containing two adja-
cent stereocenters in 74 % yield. The ketone moiety of 3 was olefi-
nated with PPhsMeBr via Wittig reaction to afford the new alkene
62 in 72 % yield. In addition, nucleophilic addition of a vinyl Grig-
nard reagent onto 3 afforded the tertiary alcohol 63 in 86% yield
with a diastereoselectivity of 10/1. Alkynylation of 3 gave the cor-
responding propargyl alcohol 64 in 75% yield with a diastereose-
lectivity of 10/1 (Fig. 4).

To gain insight into the cross-hydroacylation reaction of
alkenes, a series of mechanistic experiments were performed. The
reaction of unactivated alkene 2 with CICO,Bu failed to produce
the expected product. Most of the alkene 2 was recovered (82 %),
with only a small amount being reduced to the alkane product
65 (Fig. 5a). In addition, control experiments were performed to
investigate the reaction sequence of aryl alkenes and unactivated
alkenes with Ni-H species. 5 equiv. of unactivated alkene 2 were
required to generate chiral a-aryl ketone 3 with satisfactory con-
version and yield. Notably, the reaction of unactivated alkene 2 and
aryl alkene 1 in a 1:1 ratio produced only trace amounts of prod-
uct 3, whereas ketone 66 was obtained in 21% yield with 90% ee
(Fig. 5b). By slightly modification of the reaction conditions, the re-
action of aryl alkene 1 with CICO,Bu gave product 66 in 50% yield
and 90% ee (Fig. 5c). We further expanded the substrate scope
and found that both electron-rich and electron-deficient substi-
tuted aryl alkenes could react smoothly to give the corresponding
products 66-69 in good yields and high enantioselectivities. These
results clearly indicate that aryl alkenes preferentially react with
Ni-H species rather than unactivated alkenes.

The competitive reaction of unactivated alkene 2 with electron-
deficient aryl alkene 70 and electron-rich aryl alkene 71 was fur-
ther investigated, with product 13 being the dominant product.
This result may indicate that electron-deficient aryl alkenes are
more reactive than electron-rich aryl alkenes when reacting with
Ni-H species (Fig. 5d).

The reaction of aryl alkene 1 with acyl chloride 72 gave only
a trace amount of product 73 (Fig. 5e). These results may sug-
gest that the acyl-nickel intermediate generated from the hy-
dronickelation of unactivated alkene followed by CO insertion
may be not the key intermediate for this transformation. This is
completely different from the mechanism of reductive carbonyla-
tion of N-vinyl indoles with unactivated alkenes to produce o-N-
heteroaromatic ketones [63-65]. Furthermore, we observed a lin-
ear relationship between the enantiomeric excess of product 3 and
the enantiomeric purity of ligand L3, suggesting that a 1:1 ratio
of nickel to ligand was involved in the enantiomeric determination
step (Fig. 5f).

To shed light on the hydrometallation process of alkenes, we
synthesized deuterated alkenes 1-D2 and 2-D2 and performed a



Y. Liu, D. Xu, Y. Ping et al. Chinese Chemical Letters 37 (2026) 111893

. Nil, (15 mol%), L4 (20 mol%) Ar |
o DEMS (3.0 equiv.) R\/Y i O NN
PN N2 | -
R * CI)J\O’BU At KF (2.0 equiv.) S o i Q
NMP:THF (7/3), 0 °C i O
1
OMe
0 0 o) o) I

25,66%, 92% ee 43, 60%, 92% ee

A
Ph ¢

o o

o (0]

¢]

47, 45%, 83% ee 48, 57%, 90% ee

CO,Et

)

44, 36%, 94% ee

49, 43%, 89% ee

45, 23%, 91% ee 46, 57%, 93% ee

Br

Cl
o]

CF3

(0]

50, 42%, 89% ee 51,31%, 89% ee

o]

52, 64%, 88% ce 53, 45%, 92% ee 56, 44%, 91% ee

Q <
~_O .,
N e 204
o ¢ MeO © ©

57, 43%, 95% ee

54, 53%, 90% ee 55,67%, 95% ee

58, 53%, 95% ee

60, 57%, dr> 20:1

59, 34%, dr> 20:1

Fig. 3. Enantioselective remote hydrocarbonylation of aryl-substituted alkenes and unactivated alkenes with CICO,'Bu. Reaction conditions: unactivated alkene (0.5 mmol),
CICO,'Bu (0.4 mmol), aryl-substituted alkene (0.1 mmol), Nil, (15 mol%), L4 (20 mol%), DEMS (0.3 mmol), KF (0.2 mmol) in 0.5mL NMP/THF (7/3) at 0°C. Yields are of isolated
products. Enantiomeric excesses of major enantiomer were determined by HPLC on a chiral stationary phase.
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series of deuterium labeling experiments under standard condi-
tions (Fig. 6). Interestingly, deuterium scrambling was observed at
the terminal position of the alkenes (Figs. 6a-c, both aryl alkene
and unactivated alkene). In addition, the reaction of alkene 1 with
CICO,Bu using Ph,SiD, instead of DEMS as the hydride source af-
forded product 66 in 21% yield with 91% ee. Notably, in addition
to the chiral carbon stereocenter at the a-position to the carbonyl
group, deuterium is delivered to three sites of the product 66 (Fig.
6d). Taking together, these results suggest that the migratory in-

sertion of Ni-H species into aryl alkene is reversable and highly
regiospecific.

Based on the above experimental results and previous stud-
ies [47-65], a plausible reaction mechanism is proposed (Fig.
7). First, oxidative addition of CICO,Bu to catalytically active
Ni(0) species A affords Ni(Il) intermediate B. In the presence of
DEMS and KF, Ni-H species C would be generated from B. Re-
versible and regioselective hydrometallation/chain walking of Ni-H
species C into an aryl alkene affords alkyl-Ni(Il) species D, which
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(a) Enantioselective homo-hydroacylation of two identical alkyl olefins using isobutyl chloroformate
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Fig. 5. Mechanistic studies.

would participate in a rapid equilibrium involving CO extrusion with assistance of a base to generate alkyl-Ni-H species G. The
and reinsertion to ultimately form the acyl-Ni intermediate E. alkyl-Ni-H intermediates G and G’ can be interconverted via
An intramolecular migratory insertion of the acyl-Ni species E B-H elimination and reinsertion process (chain walking), which
into another alkene affords the alkyl-nickel(Il) intermediate F, is supported by the deuterium labeling experiments in Fig 6d.
which further undergoes transmetalation reaction with DEMS Finally, the alkyl-Ni-H species undergoes reductive elimination to
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form «-chiral ketones and catalytically active Ni(0) species H, thus
completing the catalytic cycle. This mechanism is different from
that reported by Shu et al, [65] and we believe that Ni-H will
preferentially react with more active aryl alkenes rather than alkyl
alkenes.

In summary, we report here a nickel-catalyzed enantioselective
cross-hydroacylation of aryl alkenes with unactivated alkenes using
CICO,Bu as a safe CO source and electron acceptor. Two distinct
alkenes and chloroformates are assembled efficiently in a chemo-
, regio- and enantioselective manner, providing a scalable, envi-
ronmentally friendly alternative for the synthesis of enantiomer-
ically enriched «-aryl ketones. This reaction uses abundant and
readily available starting materials and proceeds under mild reac-
tion conditions without the use of toxic CO gas or metal carbonyl
reagents.
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