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o-acylation of alkenes enabled by
HAT-photo/nickel cocatalysis†

Rui Wang and Chuan Wang *

By merging nickel-mediated facially selective aza-Heck cyclization and radical acyl C–H activation

promoted by tetrabutylammonium decatungstate (TBADT) as a hydrogen atom transfer (HAT)

photocatalyst, we accomplish an asymmetric imino-acylation of oxime ester-tethered alkenes with

readily available aldehydes as the acyl source, enabling the synthesis of highly enantioenriched pyrrolines

bearing an acyl-substituted stereogenic center under mild conditions. Preliminary mechanistic studies

support a Ni(I)/Ni(II)/Ni(III) catalytic sequence involving the intramolecular migratory insertion of

a tethered olefinic unit into the Ni(III)–N bond as the enantiodiscriminating step.
Introduction

Cyclization of oxime derivative-tethered alkenes1 has emerged
as a powerful tool for the synthesis of pyrrolines, which are
a characteristic structural motif found in numerous natural
products and biologically active compounds.2 Mechanistically,
these ring closure reactions either proceed via the transition
metal-promoted aza-Heck reaction3 or are mediated by iminyl
radicals under photoredox catalysis.4 Among various imino-
cyclization reactions, imino-acylation of oxime ester-tethered
alkenes provides pyrrolines containing a synthetically highly
useful carbonyl moiety as the products and thus has attracted
considerable attention from synthetic chemists in recent years
(Scheme 1A). In 2015, Bower reported a palladium-catalyzed
redox-neutral three-component imino-acylation of alkenes
incorporating a pendant oxime ester with carbon monoxide and
organoborons as coupling partners.5 In 2019, our group devel-
oped a nickel-catalyzed olen imino-acylation employing acid
chlorides or anhydrides as the acylating agent under reductive
conditions.6 Very recently, Zhao7 and Ye8 successfully applied
redox N-heterocyclic carbene catalysis in diastereoselective
olen imino-acylation using aromatic aldehydes or acyl imid-
azoles as the acyl source. Despite impressive advances, none of
these aforementioned imino-acylation reactions could yield
highly enantioenriched products. Therefore, establishing a new
mode for asymmetric olen imino-acylation is still highly
desired.
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As a hydrogen-atom-transfer (HAT) photocatalyst, tetrabuty-
lammonium decatungstate (TBADT) is able to promote the
homolytic cleavage of the acyl C–H bond of aldehydes as well as
the aliphatic C–H bond of hydrocarbons, to produce nucleophilic
carbon-centered radicals, which can be used as coupling partners
with various electrophiles.9–11 Recently, the scope of C–H func-
tionalization reactions involving TBADT has been signicantly
expanded through the combination of transition-metal catalysis.12

We focus our research on the asymmetric variants of these reac-
tions13 and accomplished enantioselective olen acyl-carbamoy-
lation14 and acyl C–H allylation,15 which are the only two
precedents in asymmetric cooperative catalysis of transition
Scheme 1 (A) Previous racemic variants of imino-acylation of oxime
ester/ether-tethered alkenes; (B) asymmetric olefin imino-acylation
via Ni/TBADT cocatalysis.
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metals and TBADT to the best of our knowledge. As a continuation
of our ongoing interest in this research area, we herein envision
an asymmetric imino-acylation reaction of oxime ester-tethered
alkenes with aldehydes through merging nickel-mediated enan-
tioselective aza-Heck cyclization and TBADT-promoted acyl C–H
activation, to allow for the synthesis of diverse pyrrolines bearing
an acyl-substituted stereogenic center in a highly enantioselective
fashion (Scheme 1B). The major challenge of the anticipated
transformation lies in the avoidance of iminyl radical-mediated
uncontrolled ring closure.
Results and discussion

For optimization of the reaction conditions, we utilized butyr-
aldehyde (1a) and the mesitoyl oxime ester 2a incorporating
Table 1 Deviation of the reaction conditions from the optimized condit

Entry Deviation from optimized conditions

1 None
2 L2 instead of L1
3 L3 instead of L1
4 L4 instead of L1
5 L5 instead of L1
6 L6 instead of L1
7 L7 instead of L1
8 L8 instead of L1
9 L9 instead of L1
11 NiI2 instead of Ni(ClO4)2$6H2O
12 Ni(BF4)2$6H2O instead of Ni(ClO4)2$6H2O
13 NiBr2$glyme instead of Ni(ClO4)2$6H2O
14 Ni(acac)2 instead of Ni(ClO4)2$6H2O
15 Ni(cod)2 instead of Ni(ClO4)2$6H2O
16 Acetone instead of MeCN
17 w/o NaClO4

18 w/o Ni(ClO4)2$6H2O or TBADT or light

a Unless otherwise specied, the reactions were performed on a 0.2 mmol
Ni(ClO4)2$6H2O, 18 mol% ligand L1, 5 mol% TBADT, and 0.5 equiv. of NaC
away, with adequate fans and a water bath to keep the reaction at
chromatography. c Determined by HPLC-analysis on a chiral stationary ph

6450 | Chem. Sci., 2023, 14, 6449–6456
a terminal olenic unit as the standard substrates (Table 1).
Aer the systematic screening of various reaction parameters,
we identied the optimized reaction conditions as follows:
Ni(ClO4)2$6H2O (15 mol%), the BOX ligand L1 (18 mol%),
TBADT (5 mol%), and NaClO4 (0.5 equiv.) under irradiation at
390 nm for 24 h in MeCN at room temperature. In this case, the
desired imino-acylation product 3aa was obtained in 66% yield
and 99% ee (entry 1), wherein the major by-products are the
ketone 2a′ (9%) and the hydroimination product 3aa′ (11%, 15%
ee). Subsequently, we varied the reaction parameters to
demonstrate their inuence on the outcome of the target
transformation. Only 7% ee could be achieved in the case of the
PHOX L2 as the ligand, which has been proven to be the best
ligand in our previously reported Ni/TBADT-cocatalyzed asym-
metric reactions14,15 (entry 2). In the case of the PyBox L3, the
ionsa

Yield 3aab (%) eec (%)

66 99
78 7
40 0
65 0
26 9
70 0
62 10
47 63
73 13
40 96
62 98
33 96
10 94
43 99
25 91
61 98
0 —

scale of the oxime ester 2a using 3 equiv. of butyraldehyde (1a), 15 mol%
lO4 in 1 mLMeCN under irradiation at 390 nm for 24 h (two lamps 5 cm
room temperature). b Yields of isolated products through column
ase.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BiOX L4, the BOX L5, or the PyrOx L6, the imino-acylation
reaction proceeded with very poor or no asymmetric induction
(entries 3–6). The substitution pattern of the bridging methy-
lene of the BOX ligands turned out to be vital for the enantio-
selectivity of the studied reaction. Compared to the chiral BOX
L1, ligands L7–L9 resulted in substantially lower enantiose-
lectivities (entries 7–9). The use of other nickel precatalysts
including NiI2, Ni(BF4)2$6H2O, NiBr2$glyme, Ni(acac)2, and
Ni(cod)2 gave rise to inferior results (entries 11–15). Replacing
MeCN with acetone as the solvent led to a decrease in both yield
and enantiomeric excess of 3aa (entry 16). Without the addition
of NaClO4, both the efficiency and the enantiocontrol of the
desired reaction were slightly attenuated (entry 17). In the
absence of nickel, TBADT, or irradiation, no desired imino-
acylation occurred, conrming their crucial roles in this coop-
erative catalysis (entry 18).

With the optimized reaction conditions in hand, we started
to evaluate the substrate scope of this nickel/photo-cocatalyzed
olen imino-acylation. First, various aldehydes were reacted
with the oxime ester-tethered alkene 2a under standard condi-
tions (Table 2). The aliphatic aldehydes without a-substitution
(1a–1e) provided the products 3aa–3ea in moderate to good
yields and excellent enantioselectivities.

In the case of bulkier a-branched aldehydes (1f and 1g), the
products 3af and 3ag were obtained in slightly lower yields
while the asymmetric induction remained high. In contrast, the
reactions employing a-trisubstituted aldehydes such as piv-
alaldehyde and 2,2-diphenylpropanal failed to yield the desired
products. Subsequently, the generality of aromatic aldehydes
for the studied reaction was interrogated. Benzaldehyde (1h)
Table 2 Evaluation of the substrate scope of aldehydesa,b,c,d

a Unless otherwise specied, the reactions were performed on a 0.2 mmol s
Ni(ClO4)2$6H2O, 18 mol% ligand L1, 5 mol% TBADT, and 0.5 equiv. of NaC
away, with adequate fans and a water bath to keep the reaction at
chromatography. c Enantiomeric excesses were determined by HPLC-ana
mmol scale of the oxime ester 2a.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and its derivatives bearing either electron-donating or weak
electron-withdrawing substitution on the para, meta, or ortho
positions of the phenyl ring (1i–1n and 1q–1t) were all found to
be pertinent precursors, furnishing the products 3ia–3na and
3qa–3ta in a highly enantioselective manner. In contrast, strong
electron-withdrawing substituents on the phenyl ring turned
out to have a detrimental effect on the enantiocontrol (3oa and
3pa). Furthermore, the naphthaldehydes 1u and 1v, as well as
the heteroaryl aldehydes bearing a furan (1w), thiophene (1x), or
pyrazole unit (1y) were also suitable precursors, providing the
corresponding products 3ua–3ya in high enantiocontrol. In
addition, the reaction on a 2 mmol scale of 2a toward the
synthesis of compound 3aa provided a similar result in terms of
both efficiency and asymmetric induction (64% yield, 98% ee).

Next, we continued to explore the substrate scope by varying
the structure of the oxime ester-tethered alkenes in the reac-
tions with butyraldehyde (1a), and the results are summarized
in Table 3. Starting from the cyclic substrates 2b and 2c, the
highly enantioenriched pyrrolines with a spirocyclic scaffold
(3ab and 3ac) were synthesized in excellent enantioselectivity
and in 52% and 75% yield, respectively. Unfortunately, the
absence of geminal substitution of the linker between oxime
ester and alkene led to a dramatic decrease in both efficiency
and enantiocontrol (3ad). Furthermore, the reaction using the
a-monomethyl substituted oxime ester 2e delivered the imino-
acylation product 3ae in a low diastereomeric ratio and low
enantiomeric excesses. In the case of 1,1-disubstituted alkene,
a quaternary stereogenic center could be constructed albeit in
a relatively low enantiomeric excess (3af). Subsequently, the
permutation of different substitutions on the phenyl ring of the
cale of the oxime ester 2a using 3 equiv. of the aldehydes 1a–1y, 15 mol%
lO4 in 1 mLMeCN under irradiation at 390 nm for 24 h (two lamps 5 cm
room temperature). b Yields of the isolated products aer column
lysis on a chiral stationary phase. d The reaction was performed on a 2

Chem. Sci., 2023, 14, 6449–6456 | 6451
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Table 3 Evaluation of the substrate scope of oxime-ester-tethered alkenesa,b,c

a Unless otherwise specied, the reactions were performed on a 0.2 mmol scale of the oxime esters 2b–2v using 3 equiv. of butyraldehyde (1a),
15 mol% Ni(ClO4)2$6H2O, 18 mol% ligand L1, 5 mol% TBADT, and 0.5 equiv. of NaClO4 in 1 mL MeCN under irradiation at 390 nm for 24 h
(two lamps 5 cm away, with adequate fans and a water bath to keep the reaction at room temperature). b Yields for the isolated products aer
column chromatography. c Enantiomeric excesses were determined by HPLC-analysis on a chiral stationary phase.
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oxime esters 2g–2t was carried out. In general, in the case of
both electron-donating and electron-withdrawing substituents,
all the reactions proceeded smoothly, furnishing the products
3ag–3at in moderate to good yields with excellent enantiocon-
trol. Moreover, the naphthyl and thienyl oxime esters 2u and 2v
also turned out to be suitable precursors for this cocatalyzed
reaction, providing the coupling products 3au and 3av in high
enantiomeric excesses. Unsuccessful substrates for this reac-
tion include internal olens and oxime esters derived from
dialkyl ketones.

To demonstrate the utility of this method, various derivati-
zations starting from imino-acylation product 3aa or 3ha were
carried out (Scheme 2). First, Wittig olenation successfully
converted compound 3aa into a chiral alkene (4) in 61% yield
and 98% ee. Next, compound 3aa was reacted with tosylhy-
drazine to afford a Z-congured hydrazone (5) in 53% yield and
96% ee, the absolute conguration of which was unambigu-
ously determined to be S through X-ray crystallography (CCDC
number: 2246373). By means of mCPBA-mediated oxidation of
compound 3aa, a chiral oxaziridine (6) was obtained as a single
diastereomer in 68% yield and 98% ee. Notably, such structural
motifs are oen used as O- or N-atom transferring agents and
the precursors for [3 + 2] cycloadditions.16 Furthermore, DIBAL-
H turned out to be able to promote the chemo- and diaster-
eoselective reduction of the carbonyl group of compound 3aa in
DCM at −78 °C, leading to the formation of a chiral secondary
alcohol (7) in 54% yield, 98% ee, and >98 : 2 dr. Moreover,
6452 | Chem. Sci., 2023, 14, 6449–6456
treatment of compounds 3aa and 3ha with the Grignard
reagents provided the corresponding chiral tertiary alcohols 8
(88% yield, 96% ee) and 9 (60% yield, 90% ee), respectively. In
addition, the latter was subjected to NaBH(OAc)3-mediated
reduction, furnishing a chiral diphenyl homoprolinol (10) in
75% yield, 10 : 1 dr, and 92% ee, which might nd applications
as a catalyst or a catalyst precursor since it is structurally
analogous to CBS-17 and the Jørgensen–Hayashi18 catalyst.

In order to shed light on the mechanism of this reaction, we
carried out a set of control experiments and cyclic voltammetry
studies (Scheme 3). Under the standard reaction conditions, the
oxime esters bearing benzoate (2a-1) or acetate (2a-2) as the
leaving group were utilized as the precursors instead of mesi-
toate (2a), yielding the product 3aa in signicantly lower
enantiomeric excess (Scheme 3A). Subsequently, 1,4-cyclo-
hexadiene was employed instead of butanal in this reaction,
and the hydroimination product 3aa′ was afforded in 16% ee
(Scheme 3B), which is consistent with the ee of the isolated by-
product in the imino-acylation reaction demonstrated in Table
1. The aforementioned results conrm that the enantiocontrol
in the cyclization process depends on both the properties of the
leaving group and the presence of an acyl source, indicating that
acyl and carboxylate are both probably attached to the nickel
center when it performs the enantiodiscriminating intra-
molecular migratory insertion with the pendant olen. More-
over, we conducted the reaction between the oxime ester 2a and
butanal (1a) under the sole photocatalysis of TBADT (Scheme
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Derivatizations of imino-acylation products.

Scheme 3 Control experiments and cyclic voltammetry studies.
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3C). No hydroacylation occurred in this case, suggesting that
the addition of an acyl radical to the terminal olenic unit could
not serve as an elementary step for the initial C–C bond
formation in this cocatalyzed imino-acylation reaction. Cyclic
voltammetry studies reveal that the half-wave potential of [W]5−/
[W]6− (E1/2 = −1.41 V vs. Ag/AgCl)19 is more negative than the
one of Ni(II)/Ni(I) (E1/2 = −0.81 V vs. Ag/AgCl) but less negative
than the one of Ni(I)/Ni(0) (E1/2 = −1.99 V vs. Ag/AgCl) in
acetonitrile, indicating that Ni(I) species can be generated in situ
starting from the Ni(II) precatalyst through reduction by [W]6−

(Scheme 3D). Besides, the half-wave potential of the oxime ester
2a (E1/2 = −0.86 V vs. Ag/AgCl) turned out to be slightly more
negative than the one of Ni(II)/Ni(I), accounting for the preferred
reduction of Ni(II) by [W]6− in the presence of oxime esters in the
reaction mixture. In addition, the stoichiometric reaction of the
oxime ester 2a with the Ni(0) complex generated from Ni(COD)2
and L1 did not yield any ring closure product, which also argues
against the reaction sequence of Ni(0)-mediated oxidative
addition followed by Ni(II)-mediated cyclization (Scheme 3E).

On the basis of the results of the preliminary mechanistic
investigations, a plausible reaction mechanism exemplied by
butyraldehyde (1a) and the oxime ester-tethered alkene 2a is
proposed in Scheme 4. Initially, decatungstate [W]4− is activated
to [W]4−* under irradiation at 390 nm, which subsequently
abstracts a hydrogen atom from butyraldehyde (1a), leading to
the formation of corresponding acyl radical A and [W]5−H+.
Disproportionation of the latter affords original [W]4− for the
next TBADT catalytic cycle and [W]6−2H+, which is able to
Scheme 4 Proposed reaction mechanism.

Chem. Sci., 2023, 14, 6449–6456 | 6453
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reduce Ni(II) to Ni(I) via single-electron transfer (SET). In the
nickel-catalytic cycle, the in situ generated Ni(I) is oxidized by
the acyl radical A, to provide the acyl-Ni(II) species B, which is
reduced to the acyl-Ni(I) species C by [W]6−2H+ via SET. Next, the
oxime ester 2a performs oxidative addition to the Ni(I) complex
C, to afford the Ni(III) intermediate D, the pendant olenic unit
of which undergoes the enantiodetermining migratory inser-
tion into the Ni–N bond. Aer facile reductive elimination from
the resultant Ni(III) complex E, the corresponding imino-
acylation product 3aa is furnished and Ni(I) is regenerated for
the next catalytic cycle.

Conclusions

In conclusion, we have developed an asymmetric imino-
acylation reaction of oxime ester-tethered alkenes with alde-
hydes, which proceeds under the cooperative catalysis of
a nickel-BOX complex and TBADT as a HAT photocatalyst,
providing a new method to construct a chiral pyrroline scaffold.
The synthetic diversication potential of the imino-acylation
products has been demonstrated through various derivatiza-
tions based on the chemoselective transformations of the
incorporated carbonyl and imino moieties. On the basis of the
results of control experiments and cyclic voltammetry, a cata-
lytic cycle with Ni(I) as the initial operating species has been
proposed, in which Ni(III)-mediated aza–Heck cyclization serves
as the enantiodetermining step.
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