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N-Heterocyclic carbene-/photoredox-catalyzed
regioselective carbonylation of alkenes†

Mao-Lin Yanga and Xiao-Feng Wu *a,b,c

Besides its special reactivities, organocatalysis offers the notable advantage of avoiding metal residue

compared with metal catalysis, and N-heterocyclic carbenes are important organocatalysts. Recently, the

combination of NHC organocatalysis and photoredox catalysis has emerged as a promising strategy for

C–C bond formation via radical intermediates. However, very few organocatalysis strategies can be used

in carbonylation chemistry, especially using N-heterocyclic carbene as it gets deactivated by carbon

monoxide. Herein, for the first time, we developed a catalytic carbonylation strategy combining NHC cat-

alysis with photocatalysis to enable CO-involved regioselective synthetic transformation. Under standard

conditions, carbonylative diacylation of alkenes was realized to afford valuable 1,4-dicarbonyl compounds

in good yields. This strategy offers novel insights into the design of photoinitiated organocatalytic trans-

formations of carbon monoxide.

Green foundation
1. Organocatalysis avoids the use of transition-metal catalysts, and photocatalysis makes use of light.
2. A catalytic carbonylation strategy by combining NHC catalysis with photocatalysis to enable CO-involved regioselective synthetic transformation was
developed.
3. The combination of NHC catalysis and photocatalysis would inspire further developments in CO chemistry.

Introduction

Carbon monoxide (CO) has been recognized as an abundant,
cost-effective, and versatile C1 feedstock in carbonylation
chemistry.1 Since the beginning of 20th century, various novel
transition metal-catalyzed carbonylation reactions have been
developed, such as the Mond–Langer process,2a Gattermann-
Koch reaction,2b Roelen’s oxo process,2c the Monsanto/Cativa
process,2d and Heck’s palladium-catalyzed methodologies
(Scheme 1a).2e Since then, transition metal catalysts have been
regarded as essential for facilitating carbonylation reactions.2

However, organocatalysts have been demonstrated to be power-
ful in catalyzing organic transformations owing to their lone
pairs of electrons and accessible vacant orbitals (Scheme 1b).3

Accordingly, innovative transformations were achieved, and
their importance was recognized with a Nobel prize in chem-
istry in 2021.3d However, owing to its strong coordinating
ability (σ-donating and π-back donating), CO readily interacts
with organocatalysts, which contain lone pairs of electrons,
forming ketene complexes that lead to catalyst deactivation.3b

Thus, the appropriate selection of small-molecule catalysts
and the design of an effective catalytic system are significant
challenges in carbonylation chemistry.

N-Heterocyclic carbenes (NHC) are powerful organic cata-
lysts capable of cleaving enthalpically strong bonds, such as
Si–H,4 C–H5 and C–F6 bonds, and even challenging molecules
like H2 and NH3.

3a,7 Most NHC-catalyzed reactions are ion-
based processes involving electron pair transfer, which is a
concept that has been extensively studied over the past few
decades.8 However, radical reactions driven by single electron
transfer (SET) processes remain relatively underexplored.
Recent advancements in this area, particularly the achieve-
ments of Studer,9a–c Ye,9d Chi,9e,f Rovis,9g Ohmiya9h Glorius,9k

Scheidt,9i,j and other research groups, have significantly
expanded the scope of NHC catalysis; however, further explora-
tion is still required to tackle more challenging transform-
ations in gas capture reactions, such as carbonylation.
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In recent decades, visible light photocatalysis has emerged
as a powerful tool for organic synthesis, effectively converting
light energy into chemical energy and offering an environmen-
tally benign approach for the construction of complex mole-
cular frameworks.10 This process typically involves the photo-
redox-driven SET mechanism, wherein an excited photocatalyst
transfers an electron to a substrate, generating a radical ion
that subsequently undergoes transformation in radical-based
reactions.11 The dynamic nature of reactive sites in radical
coupling reactions often leads to the occurrence of undesirable
side reactions, which become particularly problematic in
multi-component radical processes. Consequently, achieving
regioselective control in radical coupling to precisely syn-
thesize target compounds remains a formidable challenge in
this field. Combined photoredox and carbene organocatalysis
is recognized as an advanced strategy enabling radical–radical
coupling. Notably, in multicomponent systems, the strategic
application of NHC-catalysts plays a key role in mitigating the
side reactions that arise from multiple reactive sites during
photocatalytic processes, leveraging their regioselective cata-
lytic effects. This approach is particularly advantageous in
reactions that require prolonged reaction time, such as those
involving gas capture, as it promotes efficient and selective
transformations.

Considering the above discussed background, the appli-
cation of NHC-/photo-catalysis in carbonylation appears attrac-
tive. Exploration in this direction offers several distinct advan-
tages: (1) the employment of NHC small-molecule catalysts

effectively mitigates the issue of metal contamination in the
target product; (2) NHC catalysis facilitates enhanced regio-
selectivity in gas-involved (requiring prolonged reaction time)
multi-radical coupling reactions due to its high reactivity; (3)
in CO-capture-based carbonylation systems, the development
of appropriate NHC catalysts not only prevents catalyst de-
activation due to CO’s strong coordination ability but also
enables the efficient synthesis of the desired products; (4) the
advanced carbene/photon co-catalysis system represents the
first reported strategy for CO-based carbonylation, represent-
ing a significant milestone to further advance the field of sus-
tainable and green carbonylation processes.

The design of suitable carbene catalysis system, in conjunc-
tion with a compatible photocatalytic system for the carbonyla-
tion of CO, presents several key challenges, as outlined in
Scheme 1c. First, precise control of CO concentration is criti-

Scheme 1 Challenges and our design.

Table 1 Optimization of the reaction conditions

Entry Variations as shown Yield (%)

1b,f,k,o r.t., 40 °C or 50 °C 59, 65 or 40
2b,g,k,o PC-2 instead of PC-1 30
3b,g,k,o PC-3 instead of PC-1 22
4b,g,k,o 4CzIPN instead of PC-1 10
5b,g,k,o PC-1 52g, 56f

6b,i,g,o NHC-3 instead of NHC-9 15
7b,i,g,o NHC-6 instead of NHC-9 13
8b,i,o NHC-9 38g, 43f

9b,i,g,o NHC-10 instead of NHC-9 30
10b,i,f,o NHC-11, 12 or 13 instead of NHC-9 —
11b,k,f,o LG2 instead of LG1 22
12b,k,f,o LG3 instead of LG1 35
13b,k,f,o LG4 instead of LG1 32
14b,k,f,o LG1 52
15b,f,k,n 40 °C and 36 h, instead of r.t. and 24 h 90 (82)
16b,f,k,n 40 °C, 36 h; without PC, NHC, light or base —

The reaction was conducted using 1a (0.1 mmol), 2a (0.2 mmol), 3a
(0.25 mmoln, 0.15 mmolo), MeCN (1.0 mL) irradiation with blue LEDs
at room temperature for 24 h. CO (30a, 40b, 50c, 60d bar). PC (1 mol%e,
1.5 mol%f, 2 mol%g, and 3 mol%h). NHC (10 mol%i, 20 mol%j,
25 mol%k, 30 mol%l, and 50 mol%m), determined using GC with hexa-
decane as internal standard. Isolated yield is shown in parentheses.

Paper Green Chemistry

5258 | Green Chem., 2025, 27, 5257–5264 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 4
:3

9:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00609k


cal, as excessive CO may deactivate the carbene catalyst, while
insufficient CO could reduce the efficiency of its capture as
formed acyl radical intend to occur reverse decarbonylation.
Second, the polarity matching within the catalytic system,
coupled with the presence of multiple reactive sites, may
restrict the carbene catalyst to two-component reactions9i,f,j,12

or lead to undesired radical coupling side reactions,13 thereby
suppressing the formation of the desired four-component
product. Third, incompatibilities between the carbene catalytic
system and the photocatalytic system may disrupt the SET
relay, thereby impeding the overall catalytic cycle.

Based on the above considerations and our ongoing
exploration of green carbonylation,14 as well as integrating the
valuable applications of 1,4-dicarbonyl compounds in hetero-
cyclic synthesis and diol preparation,15 we designed a new
carbonylation catalytic system which leverages the regio-
selective catalysis of NHC small molecules and visible light to
achieve the efficient and sustainable conversion of CO
(Scheme 1d). In this process, NHC serves as a catalyst, driving
the reaction with high catalytic activity and regioselectivity.
Photocatalysis functions as a radical-initiating method, gener-
ating the radicals required for CO capture while facilitating the
catalytic cycle of the carbene catalyst. CO, serving as a carbonyl
source, is captured by radicals to generate acyl radicals, which
then regioselectively activate alkenes. The carbene catalytic
process and the photocatalytic process operate in tandem,
complementing each other to facilitate the efficient CO-inclus-
ive four-component radical coupling reaction, offering a series

of substituted 1,4-dicarbonyl compounds. The success of this
transformation provides new insights into the application of
organic small-molecule catalysis in carbonylation chemistry,
promoting the further development of green CO conversion.

Results and discussion

To realize the above design of an NHC-/photoredox-catalyzed
carbon monoxide-inclusive four-component diacylation
process (for more details, see the ESI†), we initially employed
styrene 1a, acyl imidazole 2a, and Hantzsch ester 3a as model
substrates under blue light-emitting diode (LED) irradiation,
wherein we explored the carbonylation of styrene under 40 bar of
CO, as shown in Table 1. At the beginning, IrdF(CF3)ppy2(dtbpy)
PF6 (PC-1, 1.5 mol%) was identified as a more effective photo-
catalyst than the alternatives (Table 1, entries 2–5), and the
optimal reaction temperature was found to be 40 °C (Table 1,
entry 1). Then, we focused on the chemical structure of NHC
molecules, the leaving group (LG) of acyl radical donors, and the
Hantzsch esters (DHP) that capture CO molecules. Through sys-
tematic experimental investigations, we identified NHC-9, LG1,
and DHP2 as the most suitable components for our carbonylation
system (Table 1, entries 6–14). Additional control experiments
underscored the essential roles of light, the photocatalyst, the
NHC-catalyst, and the base in achieving a successful transform-
ation (Table 1, entry 16). Finally, the optimal reaction conditions
are shown in Table 1, entry 15.

Scheme 2 Substrate scope of various alkenes, acyl imidazoles and Hantzsch esters to synthesize 1,4-diketones. Reaction conditions: 1 (0.2 mmol),
2 (0.4 mmol), 3 (0.5 mmol), MeCN (2.0 mL), K2CO3 (0.4 mmol), 400–500 nm, isolated yield.
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With the optimal conditions in hand, we subsequently
explored the applicability of the carbon monoxide-inclusive
four-component diacylation method for synthesizing 1,4-
diones (Schemes 2 and 3). A series of substituted alkenes were
transformed successfully and the desired dicarbonyl products
4a–z were formed in moderate to good yields (40–85%), includ-
ing 5-vinylbenzo[d][1,3]dioxole (1m), which was efficiently con-
verted to 4m in 70% yield. Fluorine-substituted styrenes, such
as 2,3,4,5,6-pentafluorostyrene (1i), 4-difluoromethoxy styrene
(1o) and 3-trifluoromethylstyrene (1w), also produced the
corresponding products 4i, 4o and 4w in yields of 59%, 56%
and 51%, respectively.

In addition, α,β-disubstituted styrenes also qualified as sub-
strates that delivered the desired dicarbonyl products 4q–z.
β-Substituted styrenes, such as 1-propenylbenzene (1s), 1,2-
diphenylethene (1t), 1-chloro-4-(prop-1-en-1-yl)benzene (1x),
and 2-(prop-1-en-1-yl)naphthalene (1z), delivered the corres-
ponding dicarbonyl products 4s, 4t, 4x, and 4z in yields of
46%, 50%, 43%, and 40%, respectively, with diastereomeric
ratios (dr) ranging from 6 : 4 to 9 : 1. α-Disubstituted styrenes,
such as 4-isopropenyltoluene (1q), 1,1-diphenylethene (1r),
1-chloro-4-(prop-1-en-2-yl)benzene (1u), 1-methyl-4-(prop-1-en-
2-yl)benzene (1v) and 1-methyl-4-(prop-1-en-2-yl)benzene (1w),

delivered the targeted dicarbonyl products 4q, 4r, 4u, 4v and
4w in 85%, 60%, 72%, 70% and 51% yields, respectively.

Remarkably, α-substituted styrenes exhibit excellent per-
formance in our catalytic system, both in terms of product con-
version and complete regioselectivity. This outcome is particu-
larly surprising, as in traditional free radical reactions,
α-substituted styrenes—especially phenyl-substituted variants
—tend to effectively capture free radicals due to their electron-
donating properties, conjugation effects, and stabilization of
free radical intermediates.16 As a result, they typically serve as
efficient radical scavengers, terminating the propagation of the
radical chain in the SET process. However, in our catalytic
system, instead of inhibiting the reaction, the α-substituted
styrene facilitates the process and enables the successful regio-
selective formation of the target dicarbonyl compound, which
is particularly valuable for applications requiring precise struc-
tural control. Furthermore, the substrate scopes of acyl imid-
azoles and Hantzsch esters were also examined. When acyl
imidazoles functionalized with various substituents on the
benzene ring were investigated, the influence of the electronic
properties of the aromatic ring became evident. Substituents
with electron-donating and electron-withdrawing character-
istics were found to significantly impact the reaction

Scheme 3 Substrate scope of various styrenes, acyl imidazoles and Hantzsch esters to synthesize 1,4-diketones. Reaction conditions: 1 (0.2 mmol),
2 (0.4 mmol), 3 (0.5 mmol), MeCN (2.0 ml), K2CO3 (0.4 mmol), 400–500 nm, isolated yield.

Paper Green Chemistry

5260 | Green Chem., 2025, 27, 5257–5264 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 4
:3

9:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00609k


efficiency. Among these, electron-donating substituents
enhance the reaction outcome. For instance, employing
methyl-substituted benzene ring series acyl imidazoles as the
substrate resulted in the formation of 1,4-diketone products
4aa–4ac, achieving moderate to excellent yields (70–83%). In
contrast, the reaction involving acyl imidazoles with electron-
withdrawing substituents on the benzene ring yielded lower
quantities of 4ae–4ah (50–70%). The reaction efficiency was
observed to decrease in the order of 4-position, 2-position, and
3-position methyl substitution, further supporting the notion
that stronger electron-donating effects enhance the reactivity
of acyl imidazoles. Then, different substituted Hantzsch esters
were also successfully employed for this conversion into an
array of 1,4-diones (4aa, 4ai–4ak). In light of the overall results,
the reactions involving a range of substituted styrenes, acyl
imidazoles, and Hantzsch ester substrates afforded product
yields spanning from moderate to excellent. These results
underscore the broad substrate scope and robust catalytic per-
formance of the novel carbonylation system we have
developed.

To gain more insight into the mechanism of this reaction,
several mechanistic experiments were conducted (Scheme 4).
Firstly, we used the highly reactive free radical scavenger

2,2,6,6-tetramethyl-1-piperidinoxy (TEMPO). Under standard
reaction conditions, no product 4a was obtained and product
cyclohexyl-TEMPO 5 as the main product was detected by
GC-MS, which validated the presence of the cyclohexyl radical
group. Control experiments are essential to verify the necessity
of reaction parameters, and several control experiments were
performed (Scheme 4, eqn (b) and (e)). When the reactions
were performed in the absence of light, base, CO, photo-
catalyst or NHC-catalyst, the desired product was not found.
These results suggested that light, base, CO, photocatalyst and
NHC-catalyst are necessary to induce the production of the 1,4-
diketone compounds. Given the potential for NHC-catalyst de-
activation at high CO concentrations, we systematically evalu-
ated the effect of CO pressure on the catalytic performance
under the optimized conditions. Notably, a CO pressure of 40
bar proved optimal for our system, while increasing the CO
pressure to 60 bar led to a marked decrease in product yield
(Scheme 4, eqn (f)). While investigating the influence of the
NHC catalyst loading and the optimal substrate stoichiometry
on our catalytic system, we conducted a series of control-vari-
able experiments. Based on the experimental feedback, we
observed that the NHC catalyst demonstrated moderate cata-
lytic activity at 10 mol%, and the highest yield was achieved

Scheme 4 Radical capture experiments, exploration of influencing factors of catalytic system and synthetic transformations of 1,4-diones. (e) 1a/
2a/3a = 2 : 1 : 2 : 5, MeCN (0.1 M), K2CO3 (2 eq.), PC-1 (1.5 mol%), NHC-9 (25 mol%), 40 °C, 400–500 nm, determined using GC. (f ) 1a/2a/3a =
1 : 1 : 1.5, MeCN (0.1 M), K2CO3 (2 eq.), PC-1 (1.5 mol%), NHC-9 (25 mol%), r.t., 24 h, 400–500 nm, determined using GC. (g) CO (40 bar), MeCN (0.1
M), K2CO3 (2 eq.), PC-1 (1.5 mol%), NHC-9 (25 mol%), 40 °C, 24 h, 400–500 nm, determined using GC. (h) 1a/2a/3a = 1 : 1 : 1.5, MeCN (0.1 M), CO
(40 bar), MeCN (1.0 mL), K2CO3 (2 eq.), PC-1 (2 mol%), r.t., 24 h, 400–500 nm, determined using GC.
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with 25 mol% NHC-catalyst. However, increasing the NHC-
catalyst loading beyond this point led to a gradual decrease in
product yield (Scheme 4, eqn (h)). This trend can be attributed
to the excess NHC catalyst, which may reduce the overall cata-
lytic activity of the dual-catalytic system, thereby hindering the
reaction progress.17 Furthermore, the optimal substrate ratio
of 2 : 1 : 2.5 (1a/2a/3a) resulted in the most efficient reaction
(Scheme 4, eqn (g)). This composition appears to represent an
ideal balance in the concentrations of NHC catalyst and the
substrates, thereby promoting the reaction kinetics and
driving the system toward the desired transformation.17 These
results not only corroborate our previous hypothesis but also
highlight the significant influence of NHC design and catalytic
system optimization on the efficiency of the carbonylation
process.

To highlight the simplicity and efficiency of the method,
the standard procedure for synthesizing compound 4a was exe-
cuted beginning with benzoic acid as the starting material
(Scheme 4, eqn (c)). In situ generation of benzoyl imidazole via
carbonyldiimidazole (CDI) was confirmed by gas chromato-
graphy-mass spectrometry (GC-MS). Subsequent reaction
under the standard conditions afforded compound 4a in 75%
yield (compared to 82% when starting from benzoyl imid-
azole). This result further highlights the practicality of our
NHC/photocatalytic carbonylation system in facilitating the
transformation of inexpensive and readily available carboxylic
acid compounds. Furthermore, the application and sub-
sequent transformation of the dicarbonylation product (4a) is
also a key focus of our research (Scheme 4, eqn (d)). The con-
densation of 4a, facilitated by 4-methylbenzenesulfonic acid
(PTSA) in ethanol at 60 °C, resulted in the formation of 2,3,5-
trisubstituted furan 6a with an 88% yield. Reactions of 4a with
aniline in water at 100 °C, as well as with aniline in toluene
containing PTSA at 110 °C, both yielded 1,2,3,5-tetrasubsti-
tuted pyrrole 6b, in 85% and 87% yields, respectively. Notably,
the 1,4-diketone intermediate we synthesized also contributed
to the formation of the 1,4-diol skeleton. Specifically, 4a was
reduced to the 1,4-diol 6c in 90% yield using sodium boro-
hydride in methanol at room temperature. Treatment of 4a
with hydrazine hydrate at room temperature afforded 3,5,6-tri-
substituted pyridazine 6d in 83% yield. Finally, the reactions
of 4a with ammonium acetate or ammonium formate in acetic
acid at 100 °C led to the formation of 2,3,5-trisubstituted
pyrrole 6e in yields of 94% and 90%, respectively. These
results not only validate the potential applications of 1,4-di-
ketone-based skeleton compounds, but also offer novel
insights into the efficient conversion of carbon monoxide
under mild conditions, further underscoring the efficacy and
value of our NHC/photocatalytic carbonylation system.

Based on our mechanistic experiments for this reaction and
previous reports,9,12,13 a possible mechanism for this dual
N-heterocyclic carbene-/photoredox-catalyzed carbonylation
was proposed (Scheme 5). Initially, under light irradiation, the
photosensitizer is excited, leading to the oxidation of
Hantzsch esters (3a) by the photoactivated species, generating
intermediate A. This process results in the formation of a

cyclohexyl radical and the release of diethyl 2,6-dimethyl-
pyridine-3,5-dicarboxylate after further deprotonation. The
cyclohexyl radical subsequently captures CO to form the acyl
radical B, which undergoes radical addition to styrene (1a),
yielding intermediate C. Simultaneously, NHC-9 is activated by
a base to generate the active carbene intermediate H. This
intermediate H then catalyzes the conversion of acyl imidazole
2a (derived from the transformation of benzoic acid D) to
intermediate acyl azolium salts E. Subsequently, with the
assistance of photocatalytic single-electron transfer, the reac-
tive intermediate F can be generated. Finally, intermediates F
and C couple to form intermediate G, which subsequently
undergoes further transformation to afford the target com-
pound 4a while releasing the free carbene catalyst.

Conclusions

In summary, we developed a novel dual catalytic strategy com-
bining NHC catalysis with photocatalysis for the carbonylation
of alkenes, enabling the synthesis of valuable 1,4-dicarbonyl
compounds. In this reaction, three new C–C bonds and two
carbonyl groups were constructed in one reaction. Moreover,
the synthetic practicality of the protocol was demonstrated
through the efficient construction of significant heterocycles
(furan, pyrrole, and pyridazine) as well as 1,4-diol derivatives.
This strategy provides new insights into the design of NHC-/

Scheme 5 Plausible reaction mechanism for the dual NHC-/photo-
redox-catalyzed carbonylation reaction.
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photoredox-catalysis-driven multi-catalytic systems for CO util-
ization under economical and sustainable conditions, thereby
fostering advancements in the field of small molecule syn-
thesis combined with photocatalytic gas capture.
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