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While the carbonyl alkylation amination of alkyl aldehydes has
been established as a powerful strategy for accessing tertiary
aldehydes
remain underexplored. Herein, we introduce a photoinduced car-

amines, analogous transformations involving aryl

bonylative amination strategy with arylaldehydes, enabling the

efficient  synthesis of valuable «a-aminoketones. This
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transformation features a four-component reaction wherein
carbon monoxide acts as a carbonyl source and aniline serves as
the amine moiety. The method proceeds under mild, photo-
induced conditions and provides a streamlined, atom-economical
approach to structurally diverse a-aminoketones through a one-

pot one-step protocol.

1. A general photo-induced four-component carbonylation reaction without metal catalyst.
2. High selectivity photocatalytic multi-radical-coupling for the direct synthesis of a-aminoketones with broad substrate scope.

3. Lower CO pressure for the further research.

Introduction

Carbonyl functionalization of aldehydes remains a central and
enduring theme in synthetic chemistry.' However, conjuga-
tive stabilization by the aromatic ring renders arylaldehydes
less electrophilic and significantly less reactive toward nucleo-
philic functionalization, underscoring the need for efficient
strategies to enable their carbonyl functionalization. While its
single functionalization has been well established—such as
reductive amination,"* cyanation,® and aldol condensation®—
the development of precise methods for dual functionalization
remains a long-standing challenge. a-Aminoketones represent
valuable synthetic targets;” However, conventional approaches
often involve multistep sequences and exhibit low selectivity
and limited functional group tolerance, thereby restricting
their utility in the streamlined synthesis of structurally diverse
scaffolds.® A compelling alternative involves a direct approach
that installs both amino and carbonyl groups onto aldehydes
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via a carbonyl carbonylative amination strategy (CCA strategy),
provides an efficient and straightforward approach to access
these compounds from simple precursors, potentially addres-
sing many of the limitations. However, the identification of
carbonyl sources compatible with such transformations
remains a significant synthetic challenge (Fig. 1a).

Carbon monoxide (CO) has been recognized as an abun-
dant, cost-effective, and versatile source of carbonyl group.’™*?
Its diverse and innovative applications in synthesis have been
extensively explored, and the significance of these develop-
ments was highlighted by the 2021 Nobel Prize in Chemistry."*
In an addition, multicomponent reactions (MCRs) as an
efficient tool for building complex molecules, making them
well-suited for synthesizing «-aminoketones through
carbonylation, including imine and carbonyl addition.
However, in traditional metal-catalyzed MCRs carbonylation
reactions, the nitrogen lone pair preferentially coordinates
with the metal, leading to amide formation and preventing
access to a-aminoketones."> " Radical-based MCRs provide an
alternative strategy to overcome these limitations, enabling dis-
tinct reactivity under mild conditions. Recent advances in
photoinduced single-electron transfer (SET) have facilitated
environmentally friendly approaches for constructing complex

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/greenchem
http://orcid.org/0000-0001-6622-3328
http://crossmark.crossref.org/dialog/?doi=10.1039/d5gc02973b&domain=pdf&date_stamp=2025-08-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc02973b
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC027033

Open Access Article. Published on 31 July 2025. Downloaded on 4/2/2026 8:51:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

a) Carbonyl Functionalization of Aldehydes

Jo\ Single Functionalization

Ar H
Dual Functionalization

= = - 9 H
5, Carbonylative Amination H N_ _R3
! 1" Ar2 RS or A YT
‘ Ar! et
c) This work: Carbonyl C:
------------------------------------- v [ hv w 9
AFCHO *+ APPNH, + R-LG + (co) 1A\4CZPN) _ N\HLRG‘
. .. A o
= Four-Comp Carbonyl C: y Amil

= Readily Available Feedstocks = Non-metal Catalyst

= Gentle Formation of Two C-C Bonds, One C-N Bond and Introduction of One Carbonyl Group

Fig. 1 Background of carbonyl carbonylative amination and our design.

molecular architectures via radical MCRs.?**°

However, these
protocols are often hindered by competing side reactions, par-
ticularly in gas-trapping processes, limiting their application
in carbonylation chemistry for a-aminoketone synthesis.

Thus, developing an efficient photoinduced four-com-
ponent carbonyl carbonylative amination strategy (CCA strat-
egy) for a-aminoketones synthesis is desirable. Such a trans-
formation represents a highly appealing strategy, offering: (1) a
novel four-component CCA strategy, marking a significant
milestone in the development of precise and practical
methods for carbonyl dual functionalization of carbonylation
and amination in one pot; (2) broadening the chemical space
of a-aminoketones; (3) aligning with the principles of sustain-
able chemistry through efficient CO conversion in multicom-
ponent protocol with high atom economy. However, the chal-
lenges for such transformation are obvious (Fig. 1b). First, acyl
radicals generated from the capture of carbon monoxide are
inherently unstable due to their propensity for decarbonyla-
tion. Second, imine intermediates exist in a condensation-
hydrolysis equilibrium, which can interfere with the SET step
of the reaction. Most critically, the reaction is hindered by
competing non-carbonylation side reactions, which complicate
the selective formation of the desired a-aminoketones.

Based on these considerations and our ongoing interest in
developing sustainable carbonylative transformations,**° we
designed a photoinduced carbonylation catalytic system for
carbonyl carbonylative amination. This photocatalytic process
proceeds through a sequential SET pathway, enabling an
efficient CO-inclusive four-component reaction. CO is crea-
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tively employed as the carbonyl source, while aniline serves as
the amine source in CCA process. This strategy achieves high-
precision dual functionalization at the aldehyde carbonyl
center, leading to the formation of a wide range of structurally
diverse a-aminoketones in a one-pot manner. The success of
this transformation provides valuable insights into carbonyl
dual functionalization and supports the development of sus-
tainable carbonylation methodologies.

Results and discussion

To realize the above design of photocatalytic CO-inclusive four-
component CCA strategy access to a-aminoketones, we initially
employed benzaldehyde 1a, aniline 2a, and Hantzsch ester 3a
as model substrates under 400-500 nm irradiation, wherein we
explored the carbonylation under 50 bar of CO, as shown in
Table 1. After screening, 4CzIPN (5 mol%) was identified as a
more effective photocatalyst than the alternatives (Table 1,

Table 1 Optimization of the reaction conditions

CHO NH, DHP N i
©/ + ©/ + [PC], CO (50 bar) ©/
© CHCly (0.1 M)
1a 2a 3a 400-500 nm, 30 °C, 24 h 4a

Entry  Variations as shown Yield (%)
19f 4CzIPN 84 (79)
2¢d 4CzIPN 50
3%¢ 4CzIPN 75
4%¢ PC-1 instead of 4CzIPN 43
5%¢ PC-2 instead of 4CzIPN 76
6%F 40 °C, 4CzIPN 80
7ot 50 °C, 4CzIPN 68
gef THF, DCE, DMSO, MeCN as solvent, 4CzIPN 0-60
9f 4CzIPN 70
10>f 4CzIPN 79
119f 15 h (or 20 h, 28 h) instead of 24 h, 4CzIPN 40 (or 75, 85)
12 Without light, base, CO or 4CzIPN —

Reaction conditions: 1a (0.1 mmol), 2a (0.1 mmol), 3a (0.1 mmol?
0.12 mmol®, 0.15 mmol®), PC (1.5 mol%9, 3 mol%?®, 5 mol%’), CO (50
bar), CHCl; (1 mL), 400-500 nm, 30 °C, 24 h. Determined by GC with
hexadecane as internal standard. Isolated yield is shown in parenth-
eses.
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entries 1-5), the optimal reaction temperature was found to be
30 °C (Table 1, entries 6 and 7), and the optimal reaction
solvent was CHCl; (Table 1, entries 1 and 8). To achieve
efficient CO conversion in this multi-component system, we
investigated the effects of substrate ratio and reaction time.
The optimal substrate ratio was found to be 1:1:1.5 (1a/2a/
3a), with the ideal reaction time being 24 h (Table 1, entries
9-13). Additional control experiments underscored the essen-
tial roles of CO, light and the photocatalyst, in achieving a suc-
cessful transformation (Table 1, entries 14 and 15). Finally, the
optimal reaction conditions are shown in Table 1, entry 1 (1a/
2a/3a = 1:1:1.5), CHCl; (0.1 M), CO (50 bar), 4CzIPN
(5 mol%), under 400-500 nm irradiation, at 30 °C for 24 h.

Ar'-CHO  +  AP-NH,  + R-DHP  +

CO
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Under the optimized conditions, we explored the applica-
bility of this carbonyl carbonylative amination strategy for the
synthesis of various a-aminoketones (Scheme 1). A series of
substituted arylamines and arylaldehydes were tested at the
first stage, and the carbonylated products a-aminoketones 4a—
4n, were obtained in moderate to good yields (41-86%).
Among them, para-substituted benzaldehydes exhibited
superior reactivity in the transformation, affording the corres-
ponding a-aminoketone products 4b-4h (p-F, Cl, Br, Me, OMe,
OBn, iPr) in good yields ranging from 70% to 84%. meta-
Substituted benzaldehydes also performed well under the reac-
tion conditions, delivering products 4i (m-OMe) and 4j (m-Me)
in 86% and 81% yields, respectively. Even ortho-substituted

_fw\_. Nﬁ)kR
\4CzIPN) r

Aldehydes Scope

(e}

H
N

4a,79%

OBn

4ah, 70% 4i, 86%

40, 70%
o

4ac, 75%

4ad, 80% 4ae, 70%

OPh

Cl
4ak, 73% 4an, 70%

4al, 78%

4am, 50%

4af, 73%

Pr
4g, 80%

OMe
4f, 84%

Me

4e, 80%

4ag, 80% 4ah, 50% 4ai, 75% 4aj, 72%

4ao, 72%

4ap, 69% 4aq, 75%

4ar, 70%

Scheme 1 Substrate scope. Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), 3 (0.3 mmol), CHClz (2.0 mL), CO (50 bar), 4CzIPN (5 mol%), under

400-500 nm irradiation, at 30 °C for 24 h. Isolated yield.
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substrates, despite increased steric hindrance, underwent
smooth conversion to give the desired product 4k in 75%
yield. Furthermore, the disubstituted benzaldehyde bearing
substituents at the ortho- and meta- positions (3,4-dichloroben-
zaldehyde) furnished the target compound 41 in 71% yield.
Notably, heteroaromatic aldehydes such as benzo[d][1,3]
dioxole-5-carbaldehyde and furan-2-carbaldehyde were also
compatible, providing products 4m and 4n in moderate yields
of 41% and 50%, respectively. The substrate scope of aryla-
mines was next investigated. para-Substituted anilines bearing
-Cl, -Br, —CF3;, ~OCF3;, and -SCF; groups were well tolerated,
affording the corresponding products 40-4s in yields ranging
from 60% to 77%. meta-Substituted anilines, such as those
containing -OPh and -CN groups, also reacted smoothly to
furnish products 4t and 4u in 75%-80% yield. Sterically hin-
dered ortho-substituted aniline 2-phenoxyaniline was compati-
ble with the reaction conditions, delivering product 4v in 60%
yield. Disubstituted anilines were also suitable substrates, pro-
viding the desired products 4w-4y in moderate yields (50%-—
70%). Moreover, deuterated aniline benzen-2,3,4,5,6-ds-amine-
d, gave product 4z in 70% yield, and fluorinated heteroaryl-
fused aniline 2,2-difluorobenzo[d][1,3]dioxol-5-amine under-
went the transformation to afford 4aa in 53% yield. Different
substituted Hantzsch esters were also successfully employed in
this transformation, affording products 4ab-4ad in good yields
(75%-85%). In addition, various combinations of benzal-
dehydes, anilines, and Hantzsch esters participated smoothly
in the reaction, delivering the corresponding a-aminoketone
products 4ae-4ar in consistently good yields (50%-80%).
These results underscore the broad substrate scope and excel-
lent performance of this new CCA strategy for the synthesis of
a-aminoketones. However, no desired product could be
detected when alkyl aldehydes or alkyl amines were tested
under the current system.

Further synthetic transformations of our produced products
were performed subsequently (Scheme 2). Leveraging our CCA
strategy, we successfully executed carbonyl functionalization
reactions, including alkenylation, alcoholization, and alkynyla-
tion, leading to the efficient synthesis of 1-((4-chlorophenyl)
amino)-2-cyclohexyl-1-phenylbut-3-en-2-ol 10, 2-((4-chlorophe-
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nyl)amino)-1-cyclohexyl-2-phenylethan-1-ol 11, and 1-((4-chlor-
ophenyl)amino)-2-cyclohexyl-1-phenylbut-3-yn-2-ol 13 in high
yields. Furthermore, building upon the CCA strategy and alco-
holization, we demonstrated that cyclization-based post-modi-
fication could be effectively carried out under simple experi-
mental conditions, affording 3-(4-chlorophenyl)-5-cyclohexyl-4-
phenyloxazolidin-2-one 12 with excellent efficiency. These
results not only further enriched for the way of post-
functionalization of carbonyl compounds but also promote
the development of further functionalization of carbonylation
products, with carbon monoxide serving as a C1 source. More
importantly, they underscore the synthetic utility of the pro-
posed photocatalytic, CO-enabled four-component carbonyla-
tive amination strategy, highlighting its broad applicability
and potential in complex molecule synthesis.

To further elucidate the mechanism of this reaction, several
mechanistic experiments were performed (Schemes 3 and 4).
Initially, 2,2,6,6-tetramethyl-1-piperidinoxy (TEMPO) was
employed as a free radical scavenger to probe the involvement
of free radicals in the reaction pathway. Under standard reac-
tion conditions, no product 4a was formed (Scheme 3, eqn
(a)). Instead, cyclohexyl-TEMPO 5 was detected as the main
product via GC-MS analysis. Additionally, imine 6 was
observed, providing evidence for the involvement of the cyclo-
hexyl radical and imine in the reaction pathway. Subsequently,
we performed a reaction with 1,1-diphenylethylene and ana-
lyzed the products by GC-MS (Scheme 3, eqn (b)). Contrary to
expectations, product 4a was not formed. However, the detec-
tion of 1-cyclohexyl-3,3-diphenylprop-2-en-1-one 7 and imine 6
supported the involvement of cyclohexyl radicals and imines
in the reaction mechanism. Then, we initiated the reaction
with imine 6. Upon adding TEMPO to the reaction system, GC
analysis revealed no formation of product 4a, cyclohexyl-
TEMPO 5 and imine 6 was detected (Scheme 3, eqn (c)).

Our results reveal that under 10 bar of CO, the predominant
product is the non-carbonylated compound 4a’ (Scheme 3, eqn
(d)). Control experiments were conducted to verify the neces-
sity of the reaction conditions (Scheme 3, eqn (e)). When the
reactions were carried out in the absence of light, CO, or
photocatalyst, the desired product was not observed. These

N
Ar Cy

Ar'NH; PhCHO |

__MIB(15 eq)
THF, 0°C
‘ 0 10, 90%
Ar %Cy BH3-SMe; (1.5 eq.)
v Ph 40 THF, -20 °C
Ar = p-chlorophenyl 11, 80%
=—MgBr(1.5eq.)
e A
< co | 13, 86%

X
H OH

Ph
Cy Ph
CDI (1.5 eq.)

4 OH
Ar /NW)\Cy O. N
THF, rt. ~Ar
Ph b

12, 85% 0
Il

N OH
Ar” Cy
Ph

Scheme 2 Synthetic transformations.
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Scheme 3 Radical capture experiments, and exploration of influencing factors of catalytic system. 1a, 2a and 3a: (f) CO (50 bar), CHClz (1.0 mL),
4CzIPN (5 mol%), 30 °C, 24 h, 400-500 nm. (g) Reaction conditions: 1a (0.1 mmol), 2a (0.1 mmol), 3a (0.15 mmol), CO, CHCl; (1.0 mL), 4CzIPN
(5 mol%), 30 °C, 24 h, 400-500 nm. Determined by GC with hexadecane as internal standard.

/a) Reaction from imine
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Scheme 4 Photoinduced
amination.

four-component carbonyl carbonylative

findings indicate that light, CO, and the photocatalyst are
essential for the carbonyl carbonylative amination to proceed.
Considering the multi-radical nature of the gas trapping reac-

9892 | Green Chem., 2025, 27, 9888-9894

tion, several side-coupling reactions may occur, which could
hinder the efficient formation of the target compounds. To
mitigate this, we examined the influence of feedstock ratio
and CO concentration on the reaction, ensuring exclusion of
interference from non-carbonylation by-products (Scheme 3,
eqn (f)). Further optimization showed that the optimal feed-
stock ratio revealed that the ideal ratio of 1:1:1.5 (1a:1b:1c),
and the ideal CO pressure is 50 bar (Scheme 3, eqn (g)). These
results validate our hypothesis that the competing non-
carbonylation pathway presents a major hurdle, which can be
mitigated by tuning the CO concentration and the feedstock
composition. To further investigate the reaction pathway, we
separately examined the use of imine 6 and DHP-Bn
(Scheme 4, eqn (a) and (b)). The reaction with imine 6 led to
the detection of the carbonylation product 4a. And when
DHP-Bn was employed as the reactant, only the non-carbonyla-
tion product 9 was observed which implies the importance of
the properties of the radical intermediate.

Based on all the experimental results and literature
precedents,*°” we propose the following possible catalytic
cycle (Scheme 4, eqn (c)). Initially, the aldehydes and aniline
undergo condensation to yield imine intermediate A.
Simultaneously, under light irradiation, 4CzIPN is excited,
leading to the oxidation of Hantzsch esters (3a) by the photo-
activated species (4CzIPN*), generating intermediate B. This
process results in the formation of cyclohexyl radical and the

This journal is © The Royal Society of Chemistry 2025
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release of diethyl 2,6-dimethylpyridine-3,5-dicarboxylate
(H-Pyr). The cyclohexyl radical subsequently captures CO to
form the acyl radical C, which undergoes radical addition to
imine intermediate A, generating intermediate D.
Subsequently, with the assistance of photocatalytic SET, the
excited intermediate E is formed. Finally, the protonation of
intermediate E with pyridinium ion (PyH") furnishes the
desired carbonylation product a-aminoketone 4a and the by-
product pyridine F.

Conclusions

In summary, we report the development of a photoinduced
CO-inclusive four-component carbonyl carbonylative amin-
ation (CCA) strategy for the synthesis of a-aminoketones from
anilines and arylaldehydes, achieving high regioselectivity and
moderate to good yields. This transformation introduces a
novel approach to carbonyl functionalization by CO capture,
enabling the regioselective dual functionalization of arylalde-
hydes under mild photocatalytic conditions. Additionally, the
success of this carbonyl multiple post-functionalization pro-
vides valuable insights into the application potential of CCA
strategy and fostering the sustainable development of CO con-
version processes.
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