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Direct allylic acylation via cross-coupling
involving cooperative N‑heterocyclic
carbene, hydrogen atom transfer, and
photoredox catalysis

Xiaochen Wang1, Rongxin Yang1, Binbing Zhu1, Yuxiu Liu 1, Hongjian Song 1,
Jianyang Dong1 & Qingmin Wang 1

Herein, we report a mild, operationally simple, multicatalytic method for the
synthesis of β,γ-unsaturated ketones via allylic acylation of alkenes. Specifi-
cally, the method combines N‑heterocyclic carbene catalysis, hydrogen atom
transfer catalysis, and photoredox catalysis for cross-coupling reactions
between a wide range of feedstock carboxylic acids and readily available ole-
fins to afford structurally diverse β,γ-unsaturated ketones without olefin
transposition. The method could be used to install acyl groups on highly
functionalizednatural-product-derived compoundswithnoneed for substrate
pre-activation, and C–H functionalization proceed with excellent site selec-
tivity. To demonstrate the potential applications of the method, we convert a
representative coupling product into various useful olefin synthons.

α, β-Unsaturated ketones are common structures in functional organic
molecules and are easy to synthesize. In contrast, robust synthetic
methods for β,γ-unsaturated ketones are lacking, despite the fact that
these moieties are found in many bioactive molecules and natural
products and can be used as building blocks for complex structures
(Fig. 1a)1–6. Many of the reported methods are based on disconnection
of the bond between the α and β carbons which means α-alkenylation
of an enolate or enolate equivalent;7–12 whereas disconnection of the
bond between the carbonyl group and the α carbon—that is, allylation
of an acyl donor13–17—has not been thoroughly explored. In addition,
most methods for synthesizing β,γ-unsaturated ketones require a
prefunctionalized starting material, which limits the applications of
the methods to relatively simple targets. Moreover, these methods
suffer from low β,γ regioselectivity18,19. To address these issues, inves-
tigators have recently developed a number of mild catalytic reactions.
For example, theHelquist group reported a procedure for Ni-catalyzed
cross-coupling of ketone enolates with allyl bromides (Fig. 1b, top)20,
Fu and a co-worker reported Ni-catalyzed enantioselective cross-
coupling of secondary α-bromoketones with vinyl zirconium reagents
(Fig. 1b, bottom)21, and MacMillan and colleagues realized

enantioselective α-vinylation of aldehydes with catalysis by Cu(I) and
chiral amines (Fig. 1c)22–24. However, these elegant methods are based
on disconnection of the α,β bond, which has hampered their wider
applications. Only a few examples of retrosynthetic analyses based on
radical reaction of homolytic disconnection of the bond between the α
carbon and the carbonyl carbon have been reported25,26. Given that β,γ-
unsaturated ketones are privileged scaffolds, their synthesis remains
an important challenge, and there is a growing need to blossom new
C–H bond activation and late-stage functionalization reactions in an
unconventional manner.

We reasoned that combining N-heterocyclic carbine (NHC) cat-
alysiswithother types of catalysismight beuseful forβ,γ-unsaturated
ketone synthesis. NHCs are unique Lewis basic catalysts that use
polarity reversal tomediate various organic transformations27–29. The
revival of photocatalysis30–36 and electrocatalysis has accelerated the
development of free radical chemistry37–46, and visible-light catalysis
has been combined with NHC catalysis to achieve NHC-mediated
radical reactions under mild conditions. For example, reactions
of radicals generated by single-electron oxidation of Breslow
intermediates have been reported by the groups of Scheidt47,48,
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Studer49,50, Chi51–55, Rovis56,57, Sun58, Ye59–62, Ohmiya63–66, and
others67–74. In contrast, single-electron reduction of NHC-bound acyl
azolium intermediates in radical reactions has not been as thor-
oughly explored75–84. In above processes, the NHC catalytic cycle is
intertwined with the second catalytic cycle, and biosyntheses of
complex natural products often proceed viamulticatalytic pathways,
combining three or more catalysts is an attractive strategy for the
development of new reactions85,86. However, the use of NHCs in
multicatalytic systems is in its budding stage87, and its challenge lies
in compatibility issues between catalysts and intermediates, so we
aim to use the unique single-electron reduction characteristics of
acyl azolium intermediates with the combination of photocatalysis
and hydrogen atom transfer catalysis to further bridge the existing
gaps in this field. Aromatic carboxylic acids were chosen as sub-
strates because they are inexpensive, readily available, highly reac-
tive, can be used to quickly generate libraries of structurally complex
small molecules88,89.

In this work, we disclose a strategy for coordinating triple
catalysis to direct allylic acylation of alkenes with carboxylic acids
(Fig. 1d). Specifically, a carboxylic acid would be activated in situ by

N,N-carbonyldiimidazole (CDI), and then the addition of a NHC
would afford an acyl azolium intermediate90, which would undergo
single-electron reduction upon irradiation with visible light in the
presence of a photocatalyst to generated an azolium radical anion.
Meanwhile, single-electron oxidation of a thiolate generated in situ
would provide a thiyl radical, which would undergo a HAT reaction
with the olefin to produce a nucleophilic allylic radical, and cou-
pling of this radical with the azolium radical anion would form the
β,γ-unsaturated ketone. The key challenge posed by this strategy
was the identification of three highly selective but independent
catalysts that functioned harmoniously. Several formidable chal-
lenges comprise (1) The HAT catalyst would have to discriminate
between the reactants and the products. (2) Thiyl radical would
selectively undergo a HAT reaction rather than direct coupling with
the azolium radical anion. (3) The formation of α,β-isomers as by-
products would have to be avoided. (4) Because the redox activity
of the three catalysts would be interdependent, regeneration of
the ground-state photocatalyst, the NHC catalyst, and the HAT
catalyst would require careful synchronization of the three catalytic
cycles.
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Results
Optimization of reaction conditions
We commenced our investigation by using 1a, an acyl imidazole deri-
vative of p-toluic acid, and cyclohexene (2a) as model substrates
(Table 1). After extensive exploration of the reaction parameters, we
found that upon irradiation of 1a and 2a in DCM with blue LEDs in the
presence of PC-I as the photocatalyst, NHC A as the NHC catalyst,
triisopropylsilanethiol (HAT-1) as the HAT catalyst, and potassium
phosphate and cesium carbonate as bases (20mol % each), we could
obtain target β,γ-unsaturated ketone product 3 in 77% isolated yield
(entry 1). When other photocatalysts were used, the yield of 3
decreased substantially (entries 2–4). Replacing NHC A with other
catalysts led to sharply lower yields (entries 5–9). Evaluation of solvent
effects revealed that CH3CN and THF were inferior to DCM (entries 10
and 11). Under the same conditions, other thiol catalysts HAT-2–HAT-5
gave considerably lower yields (entry 12). This result is mainly due to

the mismatch of BDE values (e.g., methyl thiosalicylate S−H BDE =
78.7 kcal/mol; cyclohexene allylic C−H BDE = 83.2 kcal/mol and
toluene benzylic C−HBDE= 89.9 kcal/mol) and other on long-standing
and well-established physical properties (that is, oxidation potentials,
hydrogen atom transfer exchange constants)91–94. Replacing K3PO4 or
Cs2CO3 with other bases substantially decreased the yields (entries
13–17). Control experiments showed that all three catalysts, both
bases, and light were crucial to the reaction (entries 18–22).

Substrate scope with respect to the carboxylic acid
After optimizing the reaction conditions, we investigated the suit-
ability of acyl imidazole derivatives of various aryl carboxylic acids
(Fig. 2). In reactions with 2a, acyl imidazoles 1 with a substituent on
the meta or para position of the aryl ring were tolerated, affording
the corresponding β,γ-unsaturated ketone products (4–20) in
moderate to high yields, regardless of the electronic nature of the

Table 1 | Optimization of reaction conditionsa

Entry Deviation from standard conditions Yield (%)b

1 None 83 (77c)

2 PC-II instead of PC-I 29

3 PC-III instead of PC-I 31

4 PC-IV instead of PC-I NR

5 NHC B instead of NHC A NR

6 NHC C instead of NHC A <5

7 NHC D instead of NHC A 45

8 NHC E instead of NHC A NR

9 NHC F instead of NHC A <5

10 MeCN instead of DCM 27

11 THF instead of DCM NR

12 HAT-2–HAT-5 0–31

13 nBu4NOAc instead of K3PO4 36

14 Cs2CO3 instead of K3PO4 27

15 DBU instead of K3PO4 19

16 NaHCO3 instead of Cs2CO3 30

17 K3PO4 instead of Cs2CO3 27

18 No PC NR

19 No NHC NR

20 No base NR

21 No HAT NR

22 No light NR

NR, no reaction.
aStandard conditions: 1a (0.3mmol), 2a (0.6mmol), NHC A catalyst (0.06mmol), photocatalyst (0.003mmol), Cs2CO3 (0.06mmol), K3PO4 (0.06mmol), and HAT-1 catalyst (0.06mmol) in DCM
(4mL) were irradiated with blue LEDs under Ar at room temperature.
bDetermined by 1H NMR spectroscopy with dibromomethane as an internal standard.
cIsolated yield.
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substituent. Moreover, a product with an unprotected ortho
hydroxyl group (21) could be obtained, albeit in moderate yield.
Disubstituted substrates were also amenable to the reaction con-
ditions, affording compounds 22–25. Notably, halogen atoms
remained intact, and thus products 11–13, 18, 19, and 25 had the
potential to undergo subsequent functionalization. The mild con-
ditions were compatible with a range of functional groups, includ-
ing phenyl (6), ethers (7–10, 16 and 24), esters (17), and alkyl-
substituted phenyl rings (5, 15, 22 and 23). Moreover, several rela-
tively sensitive but versatile functional groups—an olefin (9) and
boronic esters (14 and 20)–also tolerated the reaction conditions
well, indicating the potential utility of this method for pharmaceu-
tical and synthetic chemistry. Notably, we did not detect a reaction
at the allylic C −H bonds position of substrate of 9. Because of the
prevalence of heteroaryl groups in pharmaceutical compounds, we
were pleased to find that thiophene and pyridine substrates were
amenable to the reaction, yielding 26 and 27 in 71% and 38% yields,
respectively. In addition, 2-naphthoic acid underwent the desired
transformation to afford 28 in 69% yield. Finally, late-stage mod-
ification of a derivative of menthol, delivered the corresponding
product 29 in 41% yield. Potentially because of the instability of
aliphatic azolium radicals, the scope was primarily limited to aryl
substrates.

Substrate scope with respect to the alkene
The reaction conditions could also be applied to alkenes 2 with a
diverse arrayof substitution patterns and electronic properties (Fig. 3).
Both cyclic and acyclic alkenes were suitable substrates for reactions
with 1a. For example, a series of simple cyclic olefins with various ring
sizes afforded the corresponding β,γ-unsaturated ketones (30–33).

Evaluation of various acyclic alkenes revealed that compounds
with long or short alkyl chains, terminal olefins, or internal olefins
with two or three substituents could be used as substrates and
afforded the corresponding products (34–40) in moderate to good
yields. Notably, the isomeric products (37 and 37′) of an asymme-
trically substituted olefin could be separated. The exclusive for-
mation of the benzyl acylation product (40) though bearing a
terminal doble bond can be readily rationalized by consideration of
the ortho oxygen reducing the BDE value of this site and its stabi-
lizing effect on free radicals. Moreover, a series of benzylic C(sp3)–H
substrates were successfully employed in this coupling reaction;
specifically, primary, secondary, and tertiary benzyl substrates gave
products 41–43, respectively, in 66–77% yields. Finally, the mild
reaction conditions were suitable for the modification of natural
products with various biological activities. For example, acylation
of flavormolecules isopulegol, terpinyl acetate, limonene, 3-carene,
and dicyclopentadiene afforded 44–48, respectively. Unique site
selectivity mainly benefits from steric hindrance or more stable
secondary radicals. Naturally occurring γ-terpinene, which have
multiple allylic C(sp3)–H sites, selectively reacted at the cyclic car-
bon to deliver products 49 in 63% yield. Butadiene dimer, which is
used as an indigo dye, underwent direct allylic acylation at two sites,
affording a mixture of isomers (50). In addition, modification of
derivative of (S)-β-citronellol, a molecule with pesticidal activity,
could be achieved by means of this method, which gave product 51
in 49% yield.

Transformations of β,γ-unsaturated ketone products
The β,γ-unsaturated ketones generated bymeans of ourmethod could
be scaledup in a slightly lower yield (71%) after 3 days of irradiation and
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easily be transformed to other useful molecules (Fig. 4). For example,
treatment of 3 with hydroxylamine hydrochloride afforded β,γ-unsa-
turated ketoxime 52, which was a convenient raw material for the
synthesis of isoxazoline 5395–100. The C=C bond of 3 could also be
selectively reduced to afford 54. Moreover, terminal olefin 55, β,γ-
unsaturated alcohol 56, and secondary amine 57 could be obtained via
Wittig reaction, sodium borohydride reduction, and reductive amina-
tion, respectively.

Development of one-pot protocol
In addition, to demonstrate the operational simplicity and utility of the
method, we synthesized β,γ-unsaturated ketone 3 in one pot directly
from p-toluic acid (Fig. 5). The acyl imidazole was generated in situ by
reaction of the carboxylic acid with CDI, and then reaction with
cyclohexene (2a) under the standard conditions produced 3 in 47%
yield (compared with the 77% yield obtained when the acylimidazole
was used as the substrate). Furthermore, a one-pot reaction of p-toluic
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acid, CDI, and cyclohexene under the standard conditions afforded 3
in 32% yield.

Mechanistic studies
Next, we turned our attention to the mechanism of this multicatalytic
process. First, to determine whether radicals were involved, we per-
formed radical-trapping experiment using TEMPO (2,2,6,6-tetra-
methylpiperidine oxide) as a radical scavenger.We found that reaction
of 1a and 2awas greatly suppressed by the scavenger, and the addition
product of 2a and TEMPO was detected by mass spectrometry. In
addition, radical capture product 58 was isolated from the reaction,
supporting the formation of an acyl radical intermediate (Fig. 6a).
Notably, reaction of 2a with acyl azolium ion 59 or 59’ under photo-
redox catalysis conditions provided ketone 3 in 41% and 25% yields;
this result indicates that the acyl azolium species, generated in situ
from the acylimidazole and NHC catalyst, might be the intermediate
(Fig. 6b). Next, we performed Stern–Volmer quenching experiments
using intermediate 59, 59’, iPr3SiSH (HAT−1) and iPr3SiS

− (int. I) as
quenching reagents (Fig. 6c–e). The results of these experiments
showed that reduction of the excited photocatalyst by the thiol in the

presence of nBu4NOAc resulted in strong fluorescence quenching that
was linearly correlatedwith thiolate concentration (Fig. 6e, red line). In
contrast, thiol (HAT−1), 59 and 59’ did not obviously quench the
excited catalyst (Fig. 6e, black, blue and green line). Finally, a light on/
off experiment showed that the reaction stopped completely in the
absence of light and then resumed when the light was turned back on,
indicating that light was essential (data not shown). This result indi-
cates that any radical chain processes were short-lived.

Based on the above mechanism experiments and literature
reports, we propose that the mechanism of photoredox/NHC/HAT
catalyzed formation of β,γ-unsaturated ketones from carboxylic
acids and olefins is carried out through themechanism in Fig. 7. Blue
light irradiation converts the IrIII photocatalyst into a long-lived
triplet excited state IrIII* complex, which is reduced to an IrII species
by thiolate I generated in situ. The resulting electrophilic thiyl
radical (II) can be used as a powerful HAT catalyst to abstract allylic
hydrogen from cyclohexene to generate transient radical III. At the
same time, the carboxylic acid is activated in situ by reaction with
CDI, and then NHC catalyst is added to the activated acid (1a) to
generate azolium intermediate IV, which can be reduced by IrII
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species to provide azolium radical V and regenerate the ground
state IrIII photocatalyst. Subsequently the coupling of V with radical
III ultimately yields the target β, γ-unsaturated ketone 3 and relea-
ses the NHC catalyst.

Discussion
In summary, we have developed a method for preparing β,γ-unsatu-
rated ketones from carboxylic acids and alkenes bymeans of a process
involving single-electron reduction of acyl azolium intermediates. The
co-catalytic mode of triple catalysis involving photoredox, NHC, and
HAT catalyst, enable the single-electron reduction of the acyl azolium
intermediates; and subsequent radical–radical coupling readily forms
a C–C bond under mild conditions to generate β,γ-unsaturated
ketones. The method uses easy-to-prepare or commercially available
starting materials and has a wide substrate scope and excellent func-
tional group tolerance; our successful modification of various natural
product and drug molecules demonstrates the potential utility of the
method. The products could also undergo subsequent transforma-
tions. Continued research on such multicatalytic processes can be
expected to facilitate thedevelopmentof additional carbene-mediated
reactions.

Methods
General procedure for the radical reaction
An8mLglass vial was chargedwith PC-I (3.4mg, 0.003mmol, 1mol%),
1 (0.3mmol, 1.0 equiv), 2 (0.6mmol, 2.0 equiv), NHC A (13.5mg,
0.06mmol, 20mol%), Cs2CO3 (21.2mg, 0.06mmol, 20mol%), HAT-1
(11.4mg, 0.06mmol, 20mol%), K3PO4 (12.7mg, 0.06mmol, 20mol%),
and 4mLof anhydrous DCM. Argon was bubbled through the reaction
mixture for 15 s via anoutlet needle, and the vial was sealedwith a PTFE
cap. The mixture was then stirred rapidly while being irradiated with a
36Wblue LED (placed approximately 2 cmaway from the vial) at room
temperature for 24 h. Themixture was concentrated in vacuo, and the
residue was subjected to flash chromatography on silica gel to afford
the desired product in pure form.

Data availability
All data generated in this study are provided in the Supplementary
Information, and can be obtained from the authors upon request.

References
1. Fu, C. et al. The natural product carolacton inhibits folate-

dependent C1 metabolism by targeting fold/MTHFD. Nat.
Commun. 8, 1529–1537 (2017).

2. Asaba, T., Katoh, Y., Urabe, D. & Inoue, M. Total synthesis of
crotophorbolone. Angew. Chem. Int. Ed. 54, 14457–14461
(2015).

3. Irschik, H. et al. Isolation, structure elucidation, and biological
activity of maltepolides: remarkable macrolides from myx-
obacteria. Angew. Chem. Int. Ed. 52, 5402–5405 (2013).

4. Davies, S. S., Amarnath, V., Brame, C. J., Boutaud, O. & Roberts, L.
N. Measurement of chronic oxidative and inflammatory stress by
quantification of isoketal/levuglandin γ-ketoaldehyde protein
adducts using liquid chromatography tandem mass spectro-
metry. Nat. Protoc. 2, 2079–2091 (2007).

5. Zhang, S., Duan, W. & Wang, W. Efficient, enantioselective orga-
nocatalytic synthesis of Trichostatin A. Adv. Synth. Catal. 348,
1228–1234 (2006).

6. Radin, N. S. Drug design: hiding in full view. Drug Dev. Res. 69,
15–25 (2008).

7. Wu, Y. et al. Palladium-catalysed mono-α-alkenylation of ketones
with alkenyl tosylates. Chem. Commun. 53, 952–955 (2017). For
recent examples, see references 7-12.

8. Huang, Y., Huang, R. & Zhao, Y. Cobalt-catalyzed enantioselective
vinylation of activated ketones and imines. J. Am. Chem. Soc. 138,
6571–6576 (2016).

9. Guo, J. et al. Nickel (II)-catalyzedenantioselectiveα-vinylation ofβ-
keto amides/esters with hypervalent iodine salts. Org. Lett. 18,
5540–5543 (2016).

10. Grigalunas, M., Ankner, T., Norrby, P., Wiest, O. & Helquist, P.
Palladium-catalyzed alkenylation of ketone enolates under mild
conditions. Org. Lett. 16, 3970–3973 (2014).

11. Ankner, T., Cosner, C. C. & Helquist, P. Palladium- and nickel-
catalyzed alkenylation of enolates. Chem.—Eur. J. 19,
1858–1871 (2013).

12. Ooi, T., Goto, R. & Maruoka, K. Fluorotetraphenylbismuth: a new
reagent for efficient regioselective α-phenylation of carbonyl
compounds. J. Am. Chem. Soc. 125, 10494–10495
(2003).

NHC

N

O

N

Ar

NHO
+
C

NHC
Catalysis

O

OH

O
CDI

1a

Ar NH

O
+
C

V

3

NN

M

IrIII

IrIII*

IrII

hv

Photoredox
Catalysis

RS

RS•

RSH

H

HAT
Catalysis

Ar NH

O
+
C

IV

SET

I

II

2aIII

VI

SET

HAT

III

Cs2CO3

K3PO4

Fig. 7 | Proposed mechanism. NHC, HAT and photocatalyst co-catalyzed mechanism.

Article https://doi.org/10.1038/s41467-023-38743-8

Nature Communications |         (2023) 14:2951 7



13. Ohnishi, N., Yasuda, S., Nagao, K. & Ohmiya, H. Synergistic
N-heterocyclic carbene/palladium-catalyzed aldehyde acylation
of allylic amines. Asian J. Org. Chem. 8, 1133–1135 (2019).

14. Haruki, H., Yasuda, S., Nagao, K. & Ohmiya, H. Dehydrative ally-
lation between aldehydes and allylic alcohols through synergistic
N-heterocyclic carbene/palladium catalysis. Chem. -Eur. J. 25,
724–727 (2019).

15. Trongsiriwat, N., Li, M., Pascual-Escudero, A., Yucel, B. &Walsh, P.
J. Palladium-catalyzed allylic alkylation of 2-aryl-1,3-dithianes, an
umpolung synthesis ofβ,γ-unsaturated ketones.Adv. Synth. Catal.
361, 502–509 (2019).

16. Medina, J. M., Moreno, J., Racine, S., Du, S. & Garg, N. K. Mizoroki-
heck cyclizations of amide derivatives for the introduction of
quaternary centers. Angew. Chem. Int. Ed. 56, 6567–6571 (2017).

17. Yao, K. et al. 1,3-dithianes as acyl anion equivalents in Pd-catalyzed
asymmetric allylic substitution. Org. Lett. 18, 6296–6299 (2016).

18. Poulsen, T. B., Bernardi, L., Bell, M. & Jørgensen, K. A. Organoca-
talytic enantioselective nucleophilic vinylic substitution. Angew.
Chem. Int. Ed. 45, 6551–6554 (2006).

19. Chieffi, A., Kamikawa, K., Ahman, J., Fox, J. M. & Buchwald, S. L.
Catalytic asymmetric vinylation of ketone enolates. Org. Lett. 3,
1897–1900 (2001).

20. Grigalunas, M., Ankner, T., Norrby, P., Wiest, O. & Helquist, P. Ni-
catalyzed alkenylation of ketone enolates under mild conditions:
catalyst identification and optimization. J. Am. Chem. Soc. 137,
7019–7022 (2015).

21. Lou, S. & Fu, G. C. Enantioselective alkenylation via nickel-
catalyzed cross-coupling with organozirconium reagents. J. Am.
Chem. Soc. 132, 5010–5011 (2010).

22. Stevens, J. M. & MacMillan, D. W. C. Enantioselective α-
alkenylation of aldehydes with boronic acids via the synergistic
combination of copper(II) and amine catalysis. J. Am. Chem. Soc.
135, 11756–11759 (2013).

23. Skucas, E. & MacMillan, D. W. C. Enantioselective α-vinylation of
aldehydes via the synergistic combination of copper and amine
catalysis. J. Am. Chem. Soc. 134, 9090–9093 (2012).

24. Kim, H. & MacMillan, D. W. C. Enantioselective organo-SOMO
catalysis: the α-vinylation of aldehydes. J. Am. Chem. Soc. 130,
398–399 (2008).

25. Liu, H. et al. Cooperative N-heterocyclic carbene/nickel-catalyzed
hydroacylation of 1,3-dienes with aldehydes in water. ACS Catal.
12, 1657–1663 (2022).

26. Yuan, Y., Zhang, X., Qian, H. & Ma, S. Catalytic enantioselective
allene–anhydride approach to β,γ-unsaturated enones bearing an
α-all-carbon-quaternary center. Chem. Sci. 11, 9115–9121 (2020).

27. Hopkinson, M. N., Richter, C., Schedler, M. & Glorius, F. An over-
view of N-heterocyclic carbenes. Nature 510, 485–496 (2014).

28. Flanigan, D. M., Romanov-Michailidis, F., White, N. A. & Rovis, T.
Organocatalytic reactions enabled by N-heterocyclic carbenes.
Chem. Rev. 115, 9307–9387 (2015).

29. Zhang, C., Hooper, J. F. & Lupton, D. W. N-heterocyclic carbene
catalysis via the α,β-unsaturated acyl azolium. ACS Catal. 7,
2583–2596 (2017).

30. Patel, N. R., Kelly, C. B., Siegenfeld, A. P. & Molander, G. A. Mild,
redox-neutral alkylation of imines enabled by an organic photo-
catalyst. ACS Catal. 7, 1766–1770 (2017).

31. Jia, J., Lefebvre, Q. & Rueping, M. Reductive coupling of imines
with redox-active esters by visible light photoredox organocata-
lysis. Org. Chem. Front. 7, 602–608 (2020).

32. Ji, P. et al. Visible-light-mediated, chemo- and stereoselective
radical process for the synthesis of C‑glycoamino acids.Org. Lett.
21, 3086–3092 (2019).

33. Zhang, H.-H. & Yu, S. Radical alkylation of imines with 4‑alkyl-1,4-
dihydropyridines enabled by photoredox/brønsted acid cocata-
lysis. J. Org. Chem. 82, 9995–10006 (2017).

34. Plasko, D. P., Jordan, C. J., Ciesa, B. E., Merrill, M. A. & Hanna, J. M.
Visible light-promoted alkylation of imines using potassium
organotrifluoroborates. Photochem. Photobiol. Sci. 17,
534–538 (2018).

35. Cao, K. et al. Catalytic enantioselective addition of prochiral
radicals to vinylpyridines. J. Am. Chem. Soc. 141,
5437–5443 (2019).

36. Li, Y. et al. Copper(II)-catalyzed asymmetric photoredox reactions:
enantioselective alkylation of imines driven by visible light. J. Am.
Chem. Soc. 140, 15850–15858 (2018).

37. Yoon, T. P., Ischay, M. A. & Du, J. Visible light photocatalysis as a
greener approach to photochemical synthesis. Nat. Chem. 2,
527–532 (2010). For reviews and selectedwork onphotochemistry
and electrochemistry, see references 37-46.

38. Xuan, J. & Xiao, W.-J. Visible-light photoredox catalysis. Angew.
Chem. Int. Ed. 51, 6828–6838 (2012).

39. Prier, C. K., Rankic, D. A. & MacMillan, D. W. C. Visible light pho-
toredox catalysis with transition metal complexes: applications in
organic synthesis. Chem. Rev. 113, 5322–5363 (2013).

40. Francke, R. & Little, R. D. Redox catalysis in organic electrosynth-
esis: basic principles and recent developments. Chem. Soc. Rev.
43, 2492–2521 (2014).

41. Romero, N. A. & Nicewicz, D. A. Organic photoredox catalysis.
Chem. Rev. 116, 10075–10166 (2016).

42. Skubi, K. L., Blum, T. R. & Yoon, T. P. Dual catalysis strategies in
photochemical synthesis. Chem. Rev. 116, 10035–10074 (2016).

43. Shaw,M. H., Twilton, J. &MacMillan, D.W. C. Photoredox catalysis
in organic chemistry. J. Org. Chem. 81, 6898–6926 (2016).

44. Yan, M., Kawamata, Y. & Baran, P. S. Synthetic organic electro-
chemical methods since 2000: on the verge of a renaissance.
Chem. Rev. 117, 13230–13319 (2017).

45. Huang,H., Yu,C., Zhang, Y.,Mariano, P. S. &Wang,W.Chemo- and
regioselective organo-photoredox catalyzed hydroformylation of
styrenes via a radical pathway. J. Am. Chem. Soc. 139,
9799–9802 (2017).

46. Zhang, S. et al. Electrochemical arylation of aldehydes, ketones,
and alcohols: from cathodic reduction to convergent paired
electrolysis. Angew. Chem. Int. Ed. 60, 7275–7282 (2021).

47. Maki, B. E., Chan, A., Phillips, E. M. & Scheidt, K. A. Tandem oxi-
dation of allylic and benzylic alcohols to esters catalyzed by n
heterocyclic carbenes. Org. Lett. 9, 371–374 (2007).

48. Maki, B. E. & Scheidt, K. A. N-heterocyclic carbene-catalyzed oxi-
dation of unactivated aldehydes to esters. Org. Lett. 10,
4331–4334 (2008).

49. Guin, J., De Sarkar, S., Grimme, S. & Studer, A. Biomimetic
carbene-catalyzed oxidations of aldehydes using TEMPO. Angew.
Chem. Int. Ed. 47, 8727–8730 (2008).

50. De Sarkar, S., Grimme, S. & Studer, A. NHCcatalyzed oxidations of
aldehydes to esters chemoselective acylation of alcohols in pre-
sence of amines. J. Am. Chem. Soc. 132, 1190–1191 (2010).

51. Zhang, Y. et al. N-heterocyclic carbene-catalyzed radical reactions
for highly enantioselective β-hydroxylation of enals. J. Am. Chem.
Soc. 137, 2416–2419 (2015).

52. Wu, X. et al. Polyhalides as efficient andmild oxidants for oxidative
carbene organocatalysis by radical processes. Angew. Chem. Int.
Ed. 56, 2942–2946 (2017).

53. Li, B.-S. et al. Carbene-catalysed reductive coupling of Ni-
Trobenzyl Bromides and Activated Ketones Or Imines Via Single-
electron-transfer Process. Nat. Commun. 7, 12933–12940 (2016).

54. Zhang, Y. et al. N‑heterocyclic carbene-catalyzed radical reactions
for highly enantioselective β‑hydroxylation of enals. J. Am. Chem.
Soc. 137, 2416–2419 (2015).

55. Wu, X. et al. Polyhalides as efficient andmild oxidants for oxidative
carbene organocatalysis by radical processes. Angew. Chem. Int.
Ed. 56, 2942–2946 (2017).

Article https://doi.org/10.1038/s41467-023-38743-8

Nature Communications |         (2023) 14:2951 8



56. White, N. A. & Rovis, T. Enantioselective N-heterocyclic carbene-
catalyzed β-hydroxylation of enals using nitroarenes: an atom
transfer reaction that proceeds via single electron transfer. J. Am.
Chem. Soc. 136, 14674–14677 (2014).

57. White, N. A. & Rovis, T. Oxidatively initiated NHC-catalyzed enan-
tioselective synthesis of 3,4-disubstituted cyclopentanones from
enals. J. Am. Chem. Soc. 137, 10112–10115 (2015).

58. Yang,W., Hu, W., Dong, X., Li, X. & Sun, J. N-Heterocyclic carbene
catalyzed γ-dihalomethylenation of enals by single-electron
transfer. Angew. Chem. Int. Ed. 55, 15783–15786 (2016).

59. Chen, X. Y., Chen, K. Q., Sun, D. Q. & Ye, S. N-Heterocyclic car-
bene-catalyzed oxidative [3 + 2] annulation of dioxindoles and
enals: cross coupling of homoenolate and enolate. Chem. Sci. 8,
1936–1941 (2017).

60. Dai, L., Xia, Z. H., Gao, Y. Y., Gao, Z. H. & Ye, S. Visible-light-driven
N-heterocyclic carbene catalyzed γ- and -alkylation with alkyl
radicals. Angew. Chem. Int. Ed. 58, 18124–18130 (2019).

61. Dai, L. & Ye, S. Photo/N-heterocyclic carbene cocatalyzed ring
opening and γ-alkylation of cyclopropane enal. Org. Lett. 22,
986–990 (2020).

62. Han, Y.-F. et al. Photoredox cooperative N-heterocyclic carbene/
palladium-catalysed alkylacylation of alkenes. Nat. Commun. 13,
5754–5761 (2022).

63. Ishii, T., Kakeno, Y., Nagao, K. & Ohmiya, H. N-heterocyclic car-
bene-catalyzed decarboxylative alkylation of aldehydes. J. Am.
Chem. Soc. 141, 3854–3858 (2019).

64. Ishii, T., Ota, K., Nagao, K. & Ohmiya, H. N-heterocyclic carbene-
catalyzed radical relay enabling vicinal alkylacylation of alkenes. J.
Am. Chem. Soc. 141, 14073–14077 (2019).

65. Ota, K., Nagao, K. & Ohmiya, H. N heterocyclic carbene-catalyzed
radical relay enabling synthesis of delta-ketocarbonyls. Org. Lett.
22, 3922–3925 (2020).

66. Kakeno, Y., Kusakabe, M., Nagao, K. & Ohmiya, H. Direct synthesis
of dialkyl ketones from aliphatic aldehydes through radical N-
heterocyclic carbene catalysis. ACS Catal. 10, 8524–8529 (2020).

67. Zhang, B., Peng, Q., Guo, D. & Wang, J. NHC-catalyzed radical
trifluoromethylation enabled by togni reagent. Org. Lett. 22,
443–447 (2020).

68. Du, D. et al. Bio- and medicinally compatible α-amino- acid mod-
ification via merging photoredox and N-heterocyclic carbene
catalysis. Org. Lett. 22, 6370–6375 (2020).

69. Kim, I., Im, H., Lee, H. & Hong, S. N-Heterocyclic carbene-cata-
lyzed deaminative cross-coupling of aldehydes with Katritzky
pyridinium salts. Chem. Sci. 11, 3192–3197 (2020).

70. Li, J. L. et al. Radical acylfluoroalkylation of olefins through
N-heterocyclic carbene organocatalysis. Angew. Chem. Int. Ed.
59, 1863–1870 (2020).

71. Yang, H. B., Wang, Z. H., Li, J. M. & Wu, C. Modular synthesis of α-
aryl β-perfluoroalkyl ketones via N-heterocyclic carbene catalysis.
Chem. Commun. 56, 3801–3804 (2020).

72. Liu, M.-S. & Shu, W. Catalytic, metal-free amide synthesis from
aldehydes and imines enabled by a dual-catalyzed umpolung
strategy under redox-neutral conditions. ACS Catal. 10,
12960–12966 (2020).

73. Du, H.-W., Liu, M.-S. & Shu, W. Synthesis of β-thiolated-α-arylated
ketones enabled by photoredox and N-heterocyclic carbene-cat-
alyzed radical relay of alkenes with disulfides and aldehydes.Org.
Lett. 24, 5519–5524 (2022).

74. Choi, H., Mathi, G. R., Hong, S. & Hong, S. Enantioselective func-
tionalization at the C4 position of pyridinium salts through NHC
catalysis. Nat. Commun. 13, 1776–1783 (2022).

75. Davies, A. V., Fitzpatrick, K. P., Betori, R. C. & Scheidt, K. A. Com-
bined photoredox and carbene catalysis for the synthesis of
ketones from carboxylic acids. Angew. Chem. Int. Ed. 59,
9143–9148 (2020).

76. Meng, Q. Y., Doben, N. & Studer, A. Cooperative NHC and pho-
toredox catalysis for the synthesis of beta-trifluoromethylated
alkyl aryl ketones. Angew. Chem. Int. Ed. 59, 19956–19960 (2020).

77. Wang, X., Zhu, B., Liu, Y. & Wang, Q. Combined photoredox and
carbene catalysis for the synthesis of α-amino ketones from car-
boxylic acids. ACS Catal. 12, 2522–2531 (2022).

78. Ren, S. C. et al. Carbene and photocatalyst-catalyzed decarbox-
ylative radical coupling of carboxylic acids and acyl imidazoles to
form ketones. Nat. Commun. 13, 2846–2855 (2022).

79. Zuo, Z., Daniliuc, C. G. & Studer, A. Cooperative NHC/Photoredox
Catalyzed Ring-Opening of ArylCyclopropanes to 1-
Aroyloxylated-3-Acylated Alkanes. Angew. Chem. Int. Ed. 60,
25252–25257 (2021).

80. Meng, Q., Lezius, L. & Studer, A. Benzylic C−H acylation by
cooperative NHC and photoredox catalysis. Nat. Commun. 12,
2068–2075 (2021).

81. Sato, Y. et al. Light-driven N-heterocyclic carbene catalysis using
alkylborates. ACS Catal. 11, 12886–12892 (2021).

82. Ren, S.-C. et al. Carbene-catalyzed alkylation of carboxylic esters
via direct photoexcitation of acyl azolium intermediates. ACS
Catal. 11, 2925–2934 (2021).

83. Yu, X., Meng, Q.-Y., Daniliuc, C. G. & Studer, A. Aroyl fluorides as
bifunctional reagents for dearomatizing fluoroaroylation of ben-
zofurans. J. Am. Chem. Soc. 144, 7072–7079 (2022).

84. Liu, K., Schwenzer, M. & Studer, A. Radical NHC catalysis. ACS
Catal. 12, 11984–11999 (2022).

85. Ambrosini, L. M. & Lambert, T. H. Multicatalysis: advancing syn-
thetic efficiency and inspiring discovery. ChemCatChem 2,
1373–1380 (2010).

86. Lohr, T. L. & Marks, T. J. Orthogonal tandem catalysis. Nat. Chem.
7, 477–482 (2015).

87. Liu, K. & Studer, A. Direct α-acylation of alkenes via N-heterocyclic
carbene, sulfinate, and photoredox cooperative triple catalysis. J.
Am. Chem. Soc. 143, 4903–4909 (2021).

88. Gooßen, L. J., Deng, G. & Levy, L. M. Synthesis of biaryls via cat-
alytic decarboxylative coupling. Science 313, 662–664 (2006).

89. Gooßen, L. J. et al. New catalytic transformations of carboxylic
acids. Pure Appl. Chem. 80, 1725–1733 (2008).

90. Vora, H. U.,Wheeler, P. &Rovis, T. Exploiting acyl and enol azolium
intermediates via n-hetero- cyclic carbene-catalyzed reactions of
α-reducible aldehydes. Adv. Synth. Catal. 354, 1617–1639
(2012).

91. Wu, Y.-D., Wong, C.-L., Chan, K. W. K., Ji, G.-Z. & Jiang, X.-K. Sub-
stituent effects on the C−Hbond dissociation energy of toluene. A
density functional study. J. Org. Chem. 61, 746–750 (1996).

92. Khursan, S. L., Mikhailov, D. A., Yanborisov, V. M. & Borisov, D. I.
AM1 calculations of bond dissociation energies. allylic and
benzylic C-H bonds. React. Kinet. Catal. Lett. 61, 91–95 (1997).

93. Bordwell, F. G., Zhang, X.-M., Satish, A. V. & Cheng, J.-P. Assess-
ment of the importance of changes in ground-state energies on
the bond dissociation enthalpies of the O-H bonds in phenols and
the S-H bonds in thiophenols. J. Am. Chem. Soc. 116,
6605–6610 (1994).

94. Cuthbertson, J. D. & MacMillan, D. W. C. The direct arylation of
allylic sp3 C–Hbonds via organic andphotoredox catalysis.Nature
519, 74–77 (2015).

95. Chen, F. et al. Iminoxyl radical-promoted oxycyanation and ami-
nocyanation of unactivated alkenes: synthesis of cyano-featured
isoxazolines and cyclic nitrones. Org. Lett. 19, 3255–3258 (2017).

96. Zhu, M.-K., Zhao, J.-F. & Loh, T.-P. Palladium-catalyzed oxime
assisted intramolecular dioxygenation of alkenes with 1 atm of air
as the sole oxidant. J. Am. Chem. Soc. 132, 6284–6285 (2010).

97. Han, B. et al. Oxime radical promoted dioxygenation, oxyamina-
tion, and diamination of alkenes: synthesis of isoxazolines and
cyclic nitrones. Angew. Chem., Int. Ed. 51, 8816–8820 (2012).

Article https://doi.org/10.1038/s41467-023-38743-8

Nature Communications |         (2023) 14:2951 9



98. Yang, X.-L., Chen, F., Zhou, N.-N., Yu, W. & Han, B. Synthesis of
isoxazoline-functionalized phenanthridines via iminoxyl radical-
participated cascade sequence. Org. Lett. 16, 6476–6479 (2014).

99. Li, Z., Qian, L., Chen, H. & Xu, X. Generation of iminoxyl radicals by
photoredox catalysis enables oxidant-free hydroxygenation of
β,γ-unsaturated oximes. Synlett 33, 293–295 (2022).

100. Hu, X.-Q., Chen, J., Chen, J.-R., Yan, D.-M. & Xiao, W.-J. Organo-
photocatalytic generation of N- and O-centred radicals enables
aerobic oxyamination and dioxygenation of alkenes. Chem. Eur. J.
22, 14141–14146 (2016).

Acknowledgements
The authors are grateful to the National Natural Science Foundation of
China (22271166, 22077071) for generous financial support for our
programs.

Author contributions
X.W., R.Y., B.Z., Y.L., H.S., J.D., and Q.W. designed, performed, and
analyzed the experiments. X.W., Y.L., andQ.W. co-wrote themanuscript.
X.W. and Q.W. contributed to the discussions.

Competing interests
The authors declare no competing interest.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38743-8.

Correspondence and requests for materials should be addressed to
Qingmin Wang.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-38743-8

Nature Communications |         (2023) 14:2951 10

https://doi.org/10.1038/s41467-023-38743-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Direct allylic acylation via cross-coupling involving cooperative N‑heterocyclic carbene,�hydrogen atom transfer, and photoredox�catalysis
	Results
	Optimization of reaction conditions
	Substrate scope with respect to the carboxylic acid
	Substrate scope with respect to the alkene
	Transformations of β,γ-unsaturated ketone products
	Development of one-pot protocol
	Mechanistic studies

	Discussion
	Methods
	General procedure for the radical reaction

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




