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Three-component carboacylation of simple alkenes with readily available
reagents is challenging. Transition metal-catalysed intermolecular carboacy-
lation works for alkenes with strained ring or directing groups. Herein, we
develop a photoredox cooperative N-heterocyclic carbene/Pd-catalysed alky-
lacylation of simple alkenes with aldehydes and unactivated alkyl halides to
provide ketones in good yields. This multicomponent coupling reaction fea-
tures a wide scope of alkenes, broad functional group compatibility and free of
exogenous photosensitizer or external reductant. In addition, a series of
chlorinated cyclopropanes with one or two vicinal quaternary carbons is
obtained when chloroform or carbon tetrachloride is used as the alkyl halide.
The reaction involves the alkyl radicals from halides and the ketyl radicals from
aldehydes under photoredox cooperative N-heterocyclic carbene/Pd catalysis.

Transition metal (TM)-catalyzed vicinal dicarbofunctionalization of
alkenes is a powerful protocol for the construction of two C-C bonds
to give value-added molecules from simple starting materials'™*. Par-
ticularly, the TM-catalyzed alkene carboacylation reactions provide
easy access to ketones, which are key structural motifs in many natural
products*®. The intramolecular carboacylation under TM catalysis has
been well established, including carboacylation with acylquinolines’™®,
reactions of alkenes tethered with ring-strained cyclobutanones ™,
unstrained ketones", and amides”, etc. However, the intermolecular
TM-catalyzed carboacylation has been far less developed. The Rh-
catalyzed intermolecular carboacylation of alkenes with the directing
group was reported by Douglas in 2009'. Later, the Pd- or Ni-catalyzed
carboacylation of norbornene with amides or esters using triarylbor-
ane as the arylation reagent was developed”’®. The nickel-catalyzed
carboayclation with acyl chloride and perfluoroalkyl iodide was
recently reported by Chu et al.'’. Apparently, the requirement of
alkenes with a strained ring or directing group and the employment of
perfluoroalkyl reagents limits the potential application of those
reactions.

N-Heterocyclic carbene (NHC) catalysis has evolved as a powerful
tool for the construction of various organic molecules?**. Recently,
the NHC-catalyzed radical reactions provide possibility for chemical
transformations (Fig. 1a)>~%%. In 2019, Ishii et al. disclosed the NHC-
catalyzed radical decarboxylative coupling of aldehydes with N-
hydroxyphthalimide (NHP) esters*>°. Laterly, pyridinium salts®, Togni
reagents®* >, and activated perfluoroalkyl reagents® were used as the
alkyl radical precursors for the NHC-catalyzed redox reactions. In
addition, the generation of radical intermediates via photoredox has
also been explored in NHC catalysis (Fig. 1b)**~*°, Our group reported
the merging of NHC catalysis and photoredox catalysis for y- and e-
alkylation with electron-deficient alkyl halides”. Scheidt**** and
Studer** developed the dual NHC and photoredox catalysis using
benzyl Hantzsch esters or the Langlois reagents as alkyl radical pre-
cursor, respectively. However, compared to these active alkyl radical
precursors, the utility of simple but unactivated alkyl halides remains
underexplored due to their low reduction potential®. In the last dec-
ade, the combination of NHC with TM catalysis has made great pro-
gress to promote reaction otherwise impossible (Fig. 1c)*®. While most
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of the reactions involve the TM-allylic/propargyl intermediate*’ ">, the
reaction of simple and less active alkene meets challenge®.

Here, we develop a photoredox cooperative NHC/Pd-catalyzed
alkylacylation of simple alkenes with aldehydes and unactivated alkyl
halides (Fig. 1d). This reaction involves the coupling of ketyl radical
from aldydes® and alkyl radicals from halides*®*®, delivering a range of
ketones in good to high yields.

Results

Condition optimization of the alkylacylation

Initially, the model alkylacylation of 2-vinylnaphthalene 1a with
2-pyridinecarboxaldehyde 2a and commercially available trimethy-
I(iodomethyl)silane 3a was explored under photoredox cooperative
NHC/Pd catalysis (Table 1). We were happy to find the desired three-
component coupling product 4 was isolated in 78% yield without Heck-
type byproduct when the reaction was carried out in the presence of
10 mol% of Pd(OAc), with ‘Bu-Xantphos L1 as the ligand, 20 mol%
thioazolium preNHC N1 with Cs,CO; as the base and 20 mol% 4-
methylpyridin-2-ol Al as the additive® in 1,4-dioxane under blue LED
irradiation (entry 1). Control experiments showed that the yield was
somewhat decreased without additive or use of additive A2 instead of
Al (entries 2 and 3). The use of ligand Cy-Xantphos L2, Xantphos,
DPEphos or rac-BINAP instead of L1 resulted in trace product (entries
4-5). Using THF or toluene as the solvent showed no strong influence
on this reaction (entry 6). Other palladium catalysts such as
Pd(PPhj3),Cl,, Pd(PPh3), and Pd,(dba); were far less effective (entry 7).
The screening of preNHC catalysts revealed that thioazolium preNHC
N2 and N3 resulted in some loss of the yield (entry 8), while triazolium
preNHC N4 did not work, possibly due to the shorter lifespan of the
ketyl radical from triazolium NHC than thioazolium® (entry 9).
Screening of bases showed that DBU and K,CO; performed much
better than Na,COj3 possibly due to its lower basicity (entries 10-11).
Lowering the loading of preNHC N1 to 10 mol% resulted in decreased
yield (entry 12). Finally, the reaction did not work in the absence of
light, preNHC, Pd(OAc),, or Ligand L1 (entry 13).

Substrate scope

With the optimized reaction conditions in hand, the generality of the
photoredox cooperative NHC/palladium-catalyzed alkylacylation
reaction was then investigated (Fig. 2). It was found that all styrenes
with electron-rich and electron-deficient substituents at the para

positions of the phenyl moiety are capable partners for this transfor-
mation, providing the desired ketones in moderate to good yields
(5-16). Functional groups such as aldehyde, nitro, and alkynyl were
also compatible (17-19). Both 1-vinylnaphthalene and styrenes with
meta- or ortho-substituents worked well (20-24). Pentafluorostyrene
and those with heteroaryl such as 2-pyridyl, 2-thienyl and 2-benzofuryl
group were also amenable, affording the corresponding ketones in
moderate to good yields (25-28). In addition, the reaction of 1-methyl-
1-phenylethylene went smoothly to give ketone 29 with quaternary
carbon in 71% yield. However, 1H-indene (internal alkene), allylbenzene
(aliphatic alkene), and butyl methacrylate (Michael acceptor) were
unreactive under current conditions.

The scope of aldehydes was then explored. Heteroaromatic
aldehydes, such as furfural, thiazole-4-carboxaldehyde, 2-methylthia-
zole-4-carboxaldehyde, 2-pyridinecarboxaldehydes and 4-pyr-
idinecarboxaldehyde, showed good reactivity under standard
conditions (30-36). Benzaldehyde and those with para- and meta-
substituents (R=4-F, -Cl, -Br, -CF3, -CN and 3-Cl) all worked for the
alkylacylation reaction, giving the corresponding a-aromatic ketones
in good yields (37-43). It is noteworthy that the acidic hydroxyl group
in salicyladehydes showed no harm to the reaction, giving the expec-
ted ketones 44-46 in good yields.

Variation of the halides showed that all primary haloalkanes with
less or more steric alkyl group reacted efficiently to furnish the cou-
pling products 47-50 in good to high yields. Both secondary and
tertiary haloalkanes worked well for the reaction, although two
equivalent alkenes were employed to circumvent possible direct
coupling of aldehydes with the more stable alkyl radicals (51-58). The
additional chlorine in bromoalkanes or idoalkanes showed no negative
effect for the reaction with exclusive chemical selectivity (59-61). The
reaction of trifluorohaloalkanes, such as 1,1,1-trifluoro-2-iodoethane
and 1,1,1-trifluoro-3-iodopropane, went smoothly to give the fluori-
nated ketones 62-63 in high yields. The benzylic radical worked as well
as the alkyl ones, affording the corresponding ketone 64 in good yield.
The additional ether or amine functional group in alkyl halides were
tolerable (65-66). Furthermore, the a-haloesters, such as bromoace-
tate, 2-methyl-2-bromopropionate and difluorobromoacetate, were
also suitable radical precursors for the reaction (67-69).

Cyclopropanes are privileged structure motif in natural products
and bioactive compounds and useful building blocks in organic
synthesis®. It is interesting that cholorcyclopropyl ketone 70 was
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Table 1 | Condition optimization®

(S 2a Pd(OAC), (10 mol%) NT
= L1 (12 mol%) 0, S
OO X N1 (20 mol%), A1 (20 mol%)
+ + ™S
S e e U0
Blue LED 36 W, rt &
seelloo< PN
P'Bu, P'Bu, PCy, PCy, NZ oH ol
L1 L2 Al a2
HO —( ¢ /=( cl~ —( clo, z \L—Mes
S\ e S\ e S\A e N e
N1 N2 N3 N4

Entry Deviations from standard conditions Yield® (%)
1 None 76 (78)°
2 Without A1 70
3 A2 instead of A1 64
4 L2 instead of L1 <10
5 Xantphos, DPEphos, or rac-BINAP instead of L1 trace
6 THF or Tol instead of 1,4-dioxane 66 or 68
7 Pd(PPh3),Cl,, Pd(PPhs), or Pd,(dba); instead of Pd(OAc), 24,27, or 38
8 N2 or N3 instead of N1 60 or 49
9 N4 instead of N1 trace
10 DBU or K,CO3 instead of Cs,CO3 64, 58
1 Na,COj3 instead of Cs,CO5 trace
12 10 mol% instead of 20 mol% N1 49°
13 Without light, or N1, or Pd(OAc),, or L1 0

Reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), 3a (0.3 mmol), Pd(OAc), (10 mol%), ligand (12 mol%), preNHC (20 mol%), additive (20 mol%), base (150 mol%), 2.0 mL solvent, rt, blue LED

(36 W) under N, for 48 h.
®The yields were determined by 'H NMR analysis.
°Isolated yields.

obtained in good yield with excellent diastereoselectivity when CHCl;
was used as the radical precursor for the alkylacylation reaction
(Fig. 3). It was proposed that the cyclopropyl ketone was formed from
alkylacylation product 70a by an intramolecular SN2 cyclization under
basic condition. More examples of the cascade alkylacylation/cyclo-
propanation were then examined (Fig. 4). It was found that
2-naphthaldehyde and benzaldehydes substituted with 4-F, 4-Cl, and
4-CF; all worked well to give the desired cyclopropanes in good yields
with good to excellent diastereoselectivities (70-74). In addition,
when carbon tetrachloride was used, the corresponding challenging
dichlorocyclopropanes with vicinal four-substituent 75-79 were
afforded in moderate to good yields.

The potential utility of the reaction was demonstrated by gram-
scale experiment and further chemical transformations of the resulted
ketone (Fig. 5). The a-aromatic ketone 5 was obtained in 1.20 g, 81%
yield from the reaction of 5.0 mmol of styrene. Alcohol 80 was resulted
in 86% yield with 15:1 dr when ketone 5 was reduced by sodium bor-
ohydride (reaction a). The addition of ethynyl Grignard reagent to
ketone 5 gave the corresponding alcohol 81 in 99% yield with 25:1 dr
(reaction b). The Wittig reaction of ketone 5 with methyl ylide gave the
corresponding olefin 82 in 67% yield (reaction c).

Discussion

Mechanistic studies

A series of control experiments were carried out to investigate the
possible mechanism of the photoredox cooperative NHC/Pd-catalyzed

alkylacylation reaction (Fig. 6). It was found that there was no alkyla-
cylation product 4 detected when TEMPO was added as radical sca-
venger, while the adduct 83 from the alkyl radical and TEMPO was
detected by HRMS (Fig. 6a). The radical clock experiment using (bro-
momethyl)cyclopropane gave ketone 84 with rearrangement of
cyclopropylmethyl radical (Fig. 6b). The reaction with 6-bromohex-1-
ene gave the ketone 85a with the formation of cyclopentyl ring as the
major product (Fig. 6c). These results strongly support the involve-
ment of the alkyl radical as the key intermediate for the reaction. The
reaction of (1-(2-phenylcyclopropyl)vinyl)benzene gave ketone 86
with ring-opening of cyclopropane, which supports the involving of
benzyl radical species.

The UV-Visible absorption spectra of possible combination of
the substrates and reagents were then measured (Fig. 7). It was
found that there was no apparent absorption for the solution of
alkene, benzaldehyde, alkyl iodide, N-heterocylic carbene, phos-
phine ligand with alkyl iodide®, or the Breslow intermediate
(NHC + benzaldehyde) in range of visible light (>400 nm), while
absorption was observed in the same level for Pd/ligand, Pd/ligand/
NHC and the full reaction mixture under the standard conditions.
These results suggested that palladium species worked as photo-
catalysts for the reaction (see Supplementary Fig. 1 in SI for more
details).

Then light on/off experiments were conducted (Fig. 8). These
results reveal that the blue light is integral in the whole reaction pro-
cess and excluded the chain-reaction process.
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Fig. 2 | Substrate scope for alkylacylation of alkenes. Reaction conditions: 1
(0.20 mmol), 2 (0.40 mmol), 3 (0.3 mmol), Pd(OAc), (10 mol%), L1 (12 mol%), N1

(20 mol%), A1 (20 mol%), Cs,CO5 (150 mol%), 2.0 mL 1,4-dioxane, rt, blue LED

(36 W) under Ny; X =1, unless otherwise noted. *X = Br; ®1 (0.40 mmol), 2
(0.20 mmol), and 3 (0.3 mmol) were used.
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Fig. 3 | Synthesis of cholorcyclopropyl ketone 70. Alkylacylation using chloro-
form as alkyl halide gave chloorocyclopropyl ketone as the final product.
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Fig. 4 | Cascade alkylacylation/cyclopropanation. Reaction conditions: 1m
(0.20 mmol), 2 (0.40 mmol), 3w (2.0 mmol) or 3x (1.0 mmol), Pd(OAc), (10 mol%),
L1 (12 mol%), N1 (20 mol%), Al (20 mol%), Cs,CO3 (250 mol%), 2.0 mL 1,4-dioxane,
rt, blue LED (36 W) under N,.
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Fig. 5 | Gram-scale synthesis and further chemical transformations. a NaBH,,
MeOH, 0°C to rt. b THF, 0 °C to rt. ¢ THF, 0°C to rt.

Based on this information, the plausible catalytic cycle of the
reaction was proposed as shown in Fig. 9. The Pd® complex is excited
under blue light irradiation, followed by a single-electron transfer
(SET) between the photoexcited Pd® complex and alkyl halides 3 to
give the Pd' complex and the alkyl radical species I. The addition of the
alkyl radical to styrenes 1 produces radical species II. In the meantime,
the Breslow intermediate Ill, generated from aldehydes 2 under NHC
catalysis, is oxidized via an SET by Pd' complex to afford ketyl radical IV
and Pd° complex. The radical-radical coupling between Il and IV gives
adduct V, which is fragmented to release the alkylacylation products
and regenerate NHC catalyst.

a X NZ
17 Tis N N
I
o
Tr

—_—_—
+ " ™S
Standard conditions ™S
N__CHO
| = with 5.0 equiv TEMPO 83
Pz 4, Not detected HRMS detected
I>_/Br °
3y N
AN i Ny oHe 7S =
B ——
A
m Z Standard conditions Z ’
Ar = 4-CN-CgH,
84,47%
o
N
[+ ‘ AN
Br
U Z Ar 85a
FEES Ny~ CHO 3z 4
+ |l _— o
im =
Ar = 4-CN-CgH, Standard conditions
d
™S
N._CHO
J Ph | A —/
Ph” +
1 V 7 Standard conditions
aa

86, 49%, 3.6:1 E/Z

Fig. 6 | Mechanistic study. a Radical trapping experiment with TEMPO (2,2,6,6-
tetramethylpiperidinooxy). b Radical clock experiment with (bromomethyl)cyclo-
propane. ¢ Radical probe experiment with 6-bromohex-1-ene. d Radical clock
experiment with (1-(2-phenylcyclopropyl)vinyl)benzene.

0.4 Alkene 1m
Benzaldehyde 2i
Alkyl iodide 3a
03 NHC

L1 + Alkyl iodide 3a

= NHC + Benzaldehyde 2i
= [Pd] + L1

= [Pd] + L1 + NHC

Standard reaction mixture

Absorbance
o
N

o
S

380 430 480 530 580
Wavelength / nm

Fig. 7 | UV-Visible absorption spectra. The UV-Vis absorption spectra of possible
combinations of the substrates and reagents.

In summary, we reported the photoredox cooperative NHC/Pd-
catalyzed alkylacylation of alkenes with simple alkyl halides. This
multicomponent coupling reaction used readily available starting
materials with broad functional group compatibility. A wide range of
aromatic aldehydes and simple alkyl halides directly coupled with
styrenes, providing synthetically useful ketones in good to high yields.
In addition, a series of chloro-cyclopropanes with quaternary carbon
were obtained when chloroform or carbon tetracholoride was used as
the alkyl radical precursor. This method does not require exogenous
photosensitizers or external reductants. Mechanistic studies suggest
the involvement of the alkyl radicals from halides and the ketyl radicals
from aldehydes under photoredox cooperative NHC/Pd catalysis.
Further mechanistic studies and reaction development are underway
in our laboratory.
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Fig. 8 | Light on/off experiments. The yield of ketone 4 determined by GC-MS
using dodecane as an internal standard.
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Fig. 9 | Proposed catalytic cycle. The plausible mechanism for the photoredox
cooperative NHC/Pd catalylsed alkylacylation of alkenes.

Methods

General procedure for photoredox cooperative NHC/Pd-catalyzed
alkylacylation of alkenes. A 4 mL vial equipped with a stir bar was
charged with preNHC N1 (10.8 mg, 0.04 mmol), Pd(OAc)2 (4.5 mg,
0.02 mmol), ligand L1 (11.9 mg, 0.024 mmol) and 1.0 mL of 1,4-dioxane.
After stirring for 30 min in glove box, to the solution was added
Cs,C0;3 (97.8 mg, 0.3 mmol), additive Al (4.4 mg, 0.04 mmol), alkenes
1 (0.2 mmol), aldehydes 2 (0.4 mmol), alkyl halides 3 (0.3 mmol), and
1.0 mL of 1,4-dioxane. The reaction mixture was removed from the
glove box and stirred under 36 W blue LED lights at room temperature
until the complete consumption of 1 (generally 48 h) by TLC analysis.
The reaction mixture was filtered through a small pad of silica and
eluted with EtOAc. The solution was concentrated under reduced
pressure, and purified by column chromatography on silica gel to
afford the desired ketones (see SI for more details on
experimentation).

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information file.
For experimental details and compound characterization data,
see Supplementary Methods. For 'H NMR, C NMR spectra, see Sup-
plementary Figs. 3-167. Supplementary Data 1 contains raw data for
Figs. 7 and 8.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Yin, G., Mu, X. & Liu, G. Palladium(ll)-catalyzed oxidative difunctio-
nalization of alkenes: bond forming at a high-valent palladium
center. Acc. Chem. Res. 49, 2413-2423 (2016).

Dhungana, R. K., Sapkota, R. R., Niroula, D. & Giri, R. Walking metals:
catalytic difunctionalization of alkenes at nonclassical sites. Chem.
Sci. 11, 9757-9774 (2020).

Li, Y., Wu, D., Cheng, H. G. & Yin, G. Difunctionalization of alkenes
involving metal migration. Angew. Chem. Int Ed. Engl. 59,
7990-8003 (2020).

Wickham, L. M. & Giri, R. Transition metal (Ni, Cu, Pd)-catalyzed
alkene dicarbofunctionalization reactions. Acc. Chem. Res. 54,
3415-3437 (2021).

Zhang, X. & MacMillan, D. W. C. Direct aldehyde C-H arylation and
alkylation via the combination of nickel, hydrogen atom transfer, and
photoredox catalysis. J. Am. Chem. Soc. 139, 11353-11356 (2017).
Cuquerella, M. C., Lhiaubet-Vallet, V., Cadet, J. & Miranda, M. A.
Benzophenone photosensitized DNA damage. Acc. Chem. Res. 45,
1558-1570 (2012).

Dreis, A. M. & Douglas, C. J. Catalytic carbon-carbon ¢ bond acti-
vation: an intramolecular carbo-acylation reaction with acylquino-
lines. J. Am. Chem. Soc. 131, 412-413 (2009).

Rathbun, C. M. & Johnson, J. B. Rhodium-catalyzed acylation with
quinolinyl ketones: carbon-carbon single bond activation as the
turnover-limiting step of catalysis. J. Am. Chem. Soc. 133,
2031-2033 (2011).

Lutz, J. P. et al. Rate-limiting step of the Rh-catalyzed carboacylation
of alkenes: C-C bond activation or migratory insertion? J. Am. Chem.
Soc. 134, 715-722 (2012).

Shao, P., Yu, T., Lu, H., Xu, P.-F. & Wei, H. Regiodivergent access to
2- or 3-substituted indanones: catalyst-controlled carboacylation
via C-C bond activation. CCS Chem. 3, 1862-1871 (2021).

Liu, L., Ishida, N. & Murakami, M. Atom- and step-economical
pathway to chiral benzobicyclo[2.2.2]octenones through carbon-
carbon bond cleavage. Angew. Chem. Int. Ed. Engl. 51,
2485-2488 (2012).

Xu, T. & Dong, G. Rhodium-catalyzed regioselective carboacylation
of olefins: a C-C bond activation approach for accessing fused-ring
systems. Angew. Chem. Int. Ed. 51, 7567-7571 (2012).

Deng, L., Chen, M. & Dong, G. Concise synthesis of (-)-cycloclavine
and (-)-5-epi-cycloclavine via asymmetric C-C activation. J. Am.
Chem. Soc. 140, 9652-9658 (2018).

Rong, Z. Q., Lim, H. N. & Dong, G. Intramolecular acetyl transfer to
olefins by catalytic C-C bond activation of unstrained ketones.
Angew. Chem. Int. Ed. 57, 475-479 (2018).

Walker, J. A., Vickerman, K. L., Humke, J. N. & Stanley, L. M. Ni-
catalyzed alkene carboacylation via amide C-N bond activation. J.
Am. Chem. Soc. 139, 10228-10231 (2017).

Wentzel, M. T., Reddy, V. J., Hyster, T. K. & Douglas, C. J. Chemos-
electivity in catalytic C-C and C-H bond activation: controlling
intermolecular carboacylation and hydroarylation of alkenes.
Angew. Chem. Int. Ed. Engl. 48, 6121-6123 (2009).

Kadam, A. A., Metz, T. L., Qian, Y. & Stanley, L. M. Ni-catalyzed three-
component alkene carboacylation initiated by amide C-N bond
activation. ACS Catal. 9, 5651-5656 (2019).

Banovetz, H. K., Vickerman, K. L., David, C. M., Alkan, M. & Stanley, L.
M. Palladium-catalyzed intermolecular alkene carboacylation via
ester C-O bond activation. Org. Lett. 23, 3507-3512

(2021).

Zhao, X. et al. Intermolecular selective carboacylation of alkenes via
nickel-catalyzed reductive radical relay. Nat. Commun. 9,

3488 (2018).

Chen, X. Y., Gao, Z. H. & Ye, S. Bifunctional N-heterocyclic carbenes
derived from l-pyroglutamic acid and their applications in enan-
tioselective organocatalysis. Acc. Chem. Res 53, 690-702 (2020).

Nature Communications | (2022)13:5754



Article

https://doi.org/10.1038/s41467-022-33444-0

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

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

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

Menon, R. S., Biju, A. T. & Nair, V. Recent advances in employing
homoenolates generated by N-heterocyclic carbene (NHC) cata-
lysis in carbon-carbon bond-forming reactions. Chem. Soc. Rev. 44,
5040-5052 (2015).

Enders, D., Niemeier, O. & Henseler, A. Organocatalysis by
N-heterocyclic carbenes. Chem. Rev. 107, 5606-5655 (2007).

Dai, L. & Ye, S. Recent advances in N-heterocyclic carbene-cata-
lyzed radical reactions. Chin. Chem. Lett. 32, 660-667 (2021).
Ishii, T., Nagao, K. & Ohmiya, H. Recent advances in N-heterocyclic
carbene-based radical catalysis. Chem. Sci. 11, 5630-5636 (2020).
Wang, L., Ma, R., Sun, J., Zheng, G. & Zhang, Q. NHC and visible
light-mediated photoredox co-catalyzed 1,4-sulfonylacylation of
1,3-enynes for tetrasubstituted allenyl ketones. Chem. Sci. 13,
3169-3175 (2022).

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 (2022).

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

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).

Kim, 1., Im, H., Lee, H. & Hong, S. N-Heterocyclic carbene-catalyzed
deaminative cross-coupling of aldehydes with Katritzky pyridinium
salts. Chem. Sci. 11, 3192-3197 (2020).

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

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

Li, Z., Huang, M., Zhang, X., Chen, J. & Huang, Y. N-heterocyclic
carbene-catalyzed four-component reaction: chemoselective
cradical-cradical relay coupling involving the homoenolate inter-
mediate. ACS Catal. 11, 10123-10130 (2021).

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

Mavroskoufis, A. et al. N-heterocyclic carbene catalyzed photo-
enolization/diels-alder reaction of acid fluorides. Angew. Chem. Int.
Ed. Engl. 59, 3190-3194 (2020).

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

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

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

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

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

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

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

Bay, A. V. et al. Light-driven carbene catalysis for the synthesis of
aliphatic and a-amino ketones. Angew. Chem. Int. Ed. 60,
17925-17931 (2021).

Meng, Q. Y., Doben, N. & Studer, A. Cooperative NHC and photo-
redox catalysis for the synthesis of beta-trifluoromethylated alkyl
aryl ketones. Angew. Chem. Int. Ed. Engl. 59, 19956-19960 (2020).
Gorski, B., Barthelemy, A.-L., Douglas, J. J., Julia, F. & Leonori, D.
Copper-catalysed amination of alkyl iodides enabled by halogen-
atom transfer. Nat. Catal. 4, 623-630 (2021).

Ohmiya, H. N-heterocyclic carbene-based catalysis enabling cross-
coupling reactions. ACS Catal. 10, 6862-6869 (2020).

Liu, K., Hovey, M. T. & Scheidt, K. A. A cooperative N-heterocyclic
carbene/palladium catalysis system. Chem. Sci. 5,

4026-4031 (2014).

Guo, C., Fleige, M., Janssen-Mueller, D., Daniliuc, C. G. & Glorius, F.
Cooperative N-heterocyclic carbene/palladium-catalyzed enantio-
selective umpolung annulations. J. Am. Chem. Soc. 138,
7840-7843 (2016).

Singha, S., Patra, T., Daniliuc, C. G., & Glorius, F. Highly enantiose-
lective [5 + 2] annulations through cooperative N-heterocyclic car-
bene (NHC) organocatalysis and palladium catalysis. J. Am. Chem.
Soc. 140, 3551-3554 (2018).

Yasuda, S., Ishii, T., Takemoto, S., Haruki, H. & Ohmiya, H. Syner-
gistic N-heterocyclic carbene/palladium-catalyzed reactions of
aldehyde acyl anions with either diarylmethyl or allylic carbonates.
Angew. Chem. Int. Ed. Engl. 57, 2938-2942 (2018).

Zhang, Z. J. et al. N-heterocyclic carbene/copper cooperative cat-
alysis for the asymmetric synthesis of spirooxindoles. Angew.
Chem. Int. Ed. Engl. 58, 12190-12194 (2019).

Singha, S., Serrano, E., Mondal, S., Daniliuc, C. G. & Glorius, F.
Diastereodivergent synthesis of enantioenriched a,(3-disubstituted
y-butyrolactones via cooperative N-heterocyclic carbene and Ir
catalysis. Nat. Catal. 3, 48-54 (2020).

Yang, W. et al. Synergistic N-heterocyclic carbene/palladium-cat-
alyzed umpolung 1,4-addition of aryl iodides to enals. Angew.
Chem. Int. Ed. Engl. 59, 161-166 (2020).

Zhang, Z.-J., Wen, Y.-H., Song, J. & Gong, L.-Z. Kinetic resolution of
aziridines enabled by N-heterocyclic carbene/copper cooperative
catalysis: carbene dose-controlled chemo-switchability. Angew.
Chem. Int. Ed. 60, 3268-3276 (2020).

Zhang, J. et al. Cooperative N-heterocyclic carbene and iridium
catalysis enables stereoselective and regiodivergent [3 +2] and

[3 +3] annulation reactions. ACS Catal. 11, 3810-3821 (2021).

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).

Delfau, L. et al. Critical assessment of the reducing ability of
Breslow-type derivatives and implications for carbene-catalyzed
radical reactions. Angew. Chem. Int. Ed. 60, 26783-26789 (2021).
Wang, G. Z., Shang, R., Cheng, W. M. & Fu, Y. Irradiation-induced
heck reaction of unactivated alkyl halides at room temperature. J.
Am. Chem. Soc. 139, 18307-18312 (2017).

Zhou, W. J. et al. Visible-light-driven palladium-catalyzed radical
alkylation of C-H bonds with unactivated alkyl bromides. Angew.
Chem. Int. Ed. Engl. 56, 15683-15687 (2017).

Cheung, K. P. S., Kurandina, D., Yata, T. & Gevorgyan, V. Photo-
induced palladium-catalyzed carbofunctionalization of conjugated
dienes proceeding via radical-polar crossover scenario: 1,2-ami-
noalkylation and beyond. J. Am. Chem. Soc. 142, 9932-9937
(2020).

Huang, H. M. et al. Three-component, interrupted radical heck/
allylic substitution cascade involving unactivated alkyl bromides. J.
Am. Chem. Soc. 142, 10173-10183 (2020).

Chen, Y. Q. et al. Pd-catalyzed gamma-C(sp(3))-H fluorination of
free amines. J. Am. Chem. Soc. 142, 9966-9974 (2020).

Nature Communications | (2022)13:5754



Article

https://doi.org/10.1038/s41467-022-33444-0

63. Ebner, C. & Carreira, E. M. Cyclopropanation strategies in recent
total syntheses. Chem. Rev. 117, 11651-11679 (2017).

64. Fu, M. C., Shang, R., Zhao, B., Wang, B. & Fu, Y. Photocatalytic
decarboxylative alkylations mediated by triphenylphosphine and
sodium iodide. Science 363, 1429-1434 (2019).

Acknowledgements

Financial support from the National Natural Science Foundation of China
(Nos 21831008, S.Y.; 22071253, Z.H.G.) and Beijing National Laboratory
for Molecular Sciences (BNLMS-CXXM-202003, S.Y.), and the Ministry of
Science and Technology of China is greatly acknowledged.

Author contributions

Y.-F.H., Y.H., C.-L.Z., and S.Y. designed, performed, and analyzed the
experiments. Y.-F.H., C.-L.Z., and S.Y. co-wrote the manuscript. Y.-F.H.,
Y.H., H.L., Z-H.G., C.-L.Z., and S.Y. contributed to the discussions.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33444-0.

Correspondence and requests for materials should be addressed to
Chun-Lin Zhang or Song Ye.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission 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) 2022

Nature Communications | (2022)13:5754


https://doi.org/10.1038/s41467-022-33444-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Photoredox cooperative N-nobreakheterocyclic �carbene/palladium-catalysed alkylacylation of alkenes
	Results
	Condition optimization of the alkylacylation
	Substrate scope

	Discussion
	Mechanistic studies

	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




