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Herein, we report a photocatalytic carbonylative carboxylation
strategy for alkenes, achieving the cooperative utilization of both
CO and CO; as C1 building blocks within a single reaction system.
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1. Utilization of both CO, (greenhouse gas) and CO as C1 building blocks.

Hefei Yang,*® Le-Cheng Wang,?® Yuanrui Wang® and Xiao-Feng Wu

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

Photo-promoted carbonylative carboxylation of
alkenes to synthesize p-alkyl ketocarboxylic acid
derivatives with CO and CO, as two mixed

C1 gaseous molecules

%xa.b

This method enables the efficient synthesis of f-alkyl ketocar-
boxylic acid derivatives from abundant and low-cost starting
materials under mild conditions.

2. A new photo-induced four-component carbonylation reaction toward efficient synthesis of f-alkyl ketocarboxylic acid derivatives.
3. Improvement of the reaction efficiency and lower CO pressure for further research.

Due to environmental concerns and the need for sustainable
development, the efficient utilization of chemical resources has
become a critical priority. Carbon capture, storage, and utiliz-
ation (CCSU) has also emerged as a burgeoning and urgent field
of research." The carbonyl functional group, owing to its diverse
forms of existence and unique catalytic properties, is widely
present in various natural products and small-molecule
pharmaceuticals.” Carbon monoxide (CO) is an inexpensive
and versatile C1 synthon that has become a key tool in the syn-
thesis of a wide range of carbonylated compounds.®™ In com-
parison, carbon dioxide (CO,), as another ideal C1 building
block in chemical synthesis, represents a promising carbon util-
ization strategy through its conversion into value-added chemi-
cals, leveraging its sustainability, low toxicity, and
abundance.”>"” Despite carbon monoxide and carbon dioxide
being used as C1 building blocks in equal measure, to our
knowledge, to date few reaction studies have reported the simul-
taneous use of the two gases as different C1 modules for build-
ing compounds, due to their inherent differences in reactivity.
In recent years, with the development of novel transform-
ation methods such as visible-light irradiation'®'® and tran-
sition-metal catalysis,>* > extensive research has been con-
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ducted regarding the transformation and utilization of carbon
monoxide (CO). Due to its unique electronic structure, reac-
tions involving CO can be categorized into four main types: (1)
through electrophilic acylmetal species;**** (2) through acyl
cations initiated by strong acids;*® (3) through acyl anions
formed by strong bases;*® and (4) through acyl radical inter-
mediates by radical trapping.>”*® In contrast to carbon monox-
ide (CO), the carboxylation of carbon dioxide (CO,) is recog-
nized as an important method for directly accessing carboxylic
acids. However, its application presents challenges due to its
thermodynamic stability and kinetic inertness.?**° In classical
CO,, carboxylation reactions, three strategies have been devel-
oped: generation of a transition metal-coordinated nucleophi-
lic carboxyl metal species;*’** direct SET-reduction of CO, to
CO,7;*>* formation of a carbon negative ion, in which the
SET process reduces the carbon radical (CO, acts as an electro-
philic reagent);**** intermediates are often produced as the
first step and then quenched with hydrochloric acid to afford a
series of carboxylate products (Fig. 1A). Despite these achieve-
ments in the two C1 modules, introducing two gaseous mole-
cules simultaneously is still highly challenging. Leveraging the
rapid development of alkene difunctionalization, in 2022, Wu
and colleagues reported a copper-catalyzed 1,2-dicarbonylative
cyclization reaction of alkenes, successfully incorporating two
molecules of CO into the system.*® In the same year, Yu’s team
successfully achieved the dicarboxylation reaction of alkenes
by introducing two CO, gaseous molecules.”* From this per-
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spective, utilizing CO and CO, as inexpensive feedstocks for
directly obtaining carbonyl and carboxyl groups, we designed a
strategy to simultaneously incorporate both as carbonyl and
carboxyl sources at the two termini of an alkene. This rep-
resents an unprecedented attempt (Fig. 1B). From the view-
point of advancing green synthetic methodologies, exploring
this new pathway for the simultaneous utilization of two C1
building blocks is valuable.

We have been attracted to developing a novel, milder, and
greener reaction mode for the simultaneous introduction of
both CO and CO,. The key to its success lies in achieving com-
patibility with the distinct properties of both C1 building
blocks. The halogen atom transfer (XAT) strategy is an alterna-
tive to classical two-electron disconnection and provides a way
to convert versatile alkyl halides into other valuable chemi-
cals.”® Moreover, the reaction does not need to overcome the
strong reducing nature of the C(sp®)-halogen bond (Erq >
—2.0 V vs. SCE) based on the XAT method, making it less
dependent on the participation of transition metals. In recent
years, a-aminoalkyl radicals have been used in XAT reactions
involving various halides to produce the desired radicals.
However, its own SET-reducing properties have been
overlooked.***®  Therefore, we endeavor to employ
a-aminoalkyl radicals as mediators to bridge the reactions of
CO and CO,. On the one hand, the desired radical species
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obtained via XAT can trap CO. On the other hand, the carbon
radical precursor undergoes SET reduction to generate a carba-
nion, which then nucleophilically attacks CO,. In this report,
we present a novel photocatalyzed carbonylative carboxylation
of alkenes utilizing the combined incorporation of both CO
and CO, as C1 building blocks (Fig. 1C).

We initiated our studies on the dual C1 synthon strategy by
evaluating the effects of various conditions on a model reac-
tion by using 1,1-diphenylethylene (1a) and iodocyclohexane
(2a) as substrates. After systematically compiling the reaction
optimization data, the optimized conditions are summarized
in Fig. 2 (see the SI for additional details). At the initial reac-
tion stage, the occurrence of the reaction was successfully con-
firmed under the following conditions: using 3DPA,FBN as the
catalyst, with the addition of Cy,NMe and Na,CO;, under a
mixed CO/CO, atmosphere, and irradiation with 15 W blue
LEDs (Fig. 2, entry 1). When other solvents were substituted
for DMSO, the yield of the desired product decreased (Fig. 2,
entry 2). Subsequently, during our exploration of different cata-
lysts, the use of Ir(dF(CF;)ppy),(dtbbpy)PF, increased the yield
of 3a to 71% (Fig. 2, entry 3). Further screening of alternative
bases failed to improve the yield of 3a (Fig. 2, entry 4). Upon
exploration of diverse a-amino alkyl radicals, significantly fluc-
tuating yields were observed, further confirming their crucial
role in the reaction (Fig. 2, entry 5). Moreover, adjustment of

A) Differences in the inherent reactivity of carbon monoxide (CO) and carbon dioxide (CO,)

Carboxylic acid
derivatives

B) Dicarbonylation and dicarboxylation of alkenes with CO and CO,

o}
R X
(Wu's Team) ~ 2"py +
o X X=CHy, N-R
o]

(Yu's Team) HOMOH -

Ph O

2 >pn +

®
coy” | -—> R

o)
REAM

—0

Carbonylation
products

C) This work: Photomediated dicarbonylation of alkenes via two mixed C1 gaseous molecules

R—I + P + co +
X,Ir
o} PR Y
R* ——capture CO—— /l%

R

i
©
R
(¢}
o
R
tcot
: : \‘\ Less explored R i
i Do+ phj\ ************* - NOH
E 3 ;. O Ph
i co, | '
\\\@H 0
co, R OH
h I
photocatalyst o) Ph
co,
o) O

Fig. 1 Background on CO and CO, as C1 modules for the synthesis of various compounds.
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3DPA,FBN Ph O

Na,CO3;, Cy,NMe

1a 2a
Entry Deviation from standard condition Yield of 3a (%)?
1 none 27
2 MeCN, DMF, EA instead of DMSO <16
3 Ir(dFppy),(dtbbpy)PFg instead of 3DPA,FBN 71b
4 K3CO3, NazgPO4, NaHCO3 instead of Na,CO3 <46°
5 TMEDA instead of Cy,NMe 8gbe
6 CO, (10 bar), CO (30 bar) 81be
7 CO, (1 bar), CO (40 bar) 67b°
8 Reaction performed in dark trace

Fig. 2

DMSO, blue LEDs, r.t.
then Cs,CO3, Mel, 65 °C

Ph

3a

mYield of 3a (%)

71

Yield (%)

Cy2NMe EGN DIPEA ITMEDA DABCO Pr3N Me2NBn

2 Reaction conditions: 1a (0.2 mmol), 2a (1.5 equiv.), 3DPA,FBN (2 mol%), Cy,NMe (1.5 equiv.), Na,COs (1.5 equiv.), CO; (10 bar), CO (40 bar)

in DMSO (1 mL), irradiation with 15 W blue LEDs at rt for 24 hours. Yields were determined by GC-FID analysis using n-hexadecane as an internal
standard. “Yield of the isolated product. 3DPA,FBN: 2,4,6-tris(diphenylamino)-3,5-difluorobenzonitrile. € Ir(dFppy),(dtbbpy)PFs instead of

3DPA,FBN. 3DPA,FBN: 2,4,6-tris(diphenylamino)-3,5-difluorobenzonitrile.

the gas pressure ratio resulted in reduced yields (Fig. 2, entries
6 and 7). Finally, control experiments under light-exclusion
conditions completely suppressed the reaction (Fig. 2, entry 8).
It is worth noting that no desired reaction occurred in the
absence of an organic base, and the yield decreased when the
reaction time was shortened to 12 hours with incomplete con-
version of substrates. Importantly, the obtained carboxylic acid
product was methylated for easier purification.

Having determined the optimal reaction conditions, we
assessed the versatility of this novel olefinic carbonylative car-
boxylation by using a range of alkenes and representative iodo-
cyclohexane under standard conditions (Table 1). From the
experimental data, it can be observed that when adding substi-
tuents to a single phenyl group of an alkene, small steric hin-
drance does not cause a spatial effect on the reaction outcome,
but as the steric hindrance effect increases significantly, the
reaction yield decreases (3a-3d). Moreover, the corresponding
products were obtained in good yields when the single phenyl
ring bore substituents with varying electronic properties (3e-
3g). Subsequently, when distinct functional groups were intro-
duced onto each of the two phenyl rings, the target products
were still obtained in moderate to good yields (3h-3m). These
results demonstrate that the reaction exhibits good tolerance
towards both electronic effects and steric hindrance in the sub-
strates. To further expand the scope of alkene types, we also
investigated alkenes bearing a single phenyl substituent. A
decrease in reaction yield was observed for these substrates
(3n-30), which we postulate may arise from yield variations
induced by differences in radical stability. Notably, when a CF;
group was incorporated onto the phenyl ring or methyl substi-
tution was introduced at the a-position of the alkene, a clear
increase in the yield of the desired product was observed (3p-
3s). Notably, this protocol also proved applicable to
a-methacrylate substrates, affording the target products in

This journal is © The Royal Society of Chemistry 2025

moderate yields (3t-3x). Finally, we successfully extended this
methodology to the modification of bioactive molecular
scaffolds, obtaining the desired products in good yields as well
(3y-3z).

To further demonstrate the compatibility of this reaction,
we explored the categories of alkyl iodides (Table 2). From the
obtained results, we can observe that the reaction has good tol-
erance for small molecule iodinated alkanes, and the target
products (4a-4c) are obtained in moderate yields. By contrast,
a significant increase in yield was obtained when iodinated
cyclic alkanes replaced chain alkanes (4d-4k). At the same
time, the results show that, although the reaction is compati-
ble with iodinated cycloalkanes containing heteroatoms, the
presence of these heteroatoms still impacts the reaction yield
(4f). This effect gradually decreases as the ring size increases
and the distance from the heteroatom increases. Notably, the
procedure can also be easily scaled up by performing the same
reaction in several parallel vials in one autoclave. However,
only a trace amount of the corresponding product was detected
when tert-butyl iodide was tested as the substrate.

To gain a deeper understanding of the reaction pathway, we
performed some control experiments (Fig. 3). First, adding
TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) to the system
under standard conditions showed that the reaction was sig-
nificantly inhibited. This suggests that the reaction probably
proceeds via a radical pathway that competes with the break-
ing of the olefinic C=C bond in the reaction (Fig. 3a). To
verify the initiation step of the reaction and determine
whether it undergoes a chain process, photocatalyst-free alkyl-
generation conditions were used, and the presence of a redu-
cing agent was excluded. We used catalytic (20 mol%) and
equivalent (1.5 eq.) amounts of K,S,0g as XAT initiators,
respectively, but the target products were not obtained.
However, the generation of 5a, 5b and 5c¢ was successfully

Green Chem., 2025, 27,15067-15073 | 15069
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Table 1 Substrate scope for alkenes
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General reaction conditions: 1 (0.2 mmol), 2a (1.5 equiv.), Ir(dF(CF3)ppy).(dtbbpy)PFs (2 mol%), TMEDA (1.5 equiv.), Na,CO;3 (1.5 equiv.), CO, (10
bar), CO (40 bar) in DMSO (1 mL), irradiation with 15 W blue LEDs at rt for 24 hours.

Table 2 Substrate scope for alkyl iodides

Ir(dFppy)2(dtbbpy)PFg

Ph TMEDA, Na,CO4

+ R3—| + coO + CO,

O Phph

Ph DMSO, blue LEDs, r.t. R3
then Cs,CO3, Mel, 65 °C

1a 2

: o
O CO,Me

4b, 36%

O CO,Me

4c, 46%

! o
O CO,Me

4a, 35%

o]

4d, 30%

CO,Me

4g, 59% 4h, 50% 4i, 32%

General reaction conditions: 1a (0.2 mmol), 2

CO,Me

4e, 62% 4f, 35%

J, . g
o
CO,M CO,Me ‘
O Me |\ \ O 2 \0> O COoMe |\
“Boc o "~Boc

4j, 62% 4k, 53%

(1.5 equiv.), Ir(dF(CF;)ppy).(dtbbpy)PFs (2 mol%), TMEDA (1.5 equiv.), Na,CO; (1.5 equiv.), CO, (10

bar), CO (40 bar) in DMSO (1 mL), irradiation with 15 W blue LEDs at rt for 24 hours.

detected, suggesting that the XAT reagent was initiated in the first
step and excluding the chain reaction process (Fig. 3b). When
D,O was added to the reaction system, the presence of 90%
deuterated H was observed at the benzyl position of the target
product. This suggests that the reaction undergoes a benzyl
carbon-negative process (Fig. 3c). This control experiment con-
firms the position of inserted CO and the source of the carbonyl
group. Notably, a carboxylation reaction with CO, was also
reported in the literature, which then confirms the position of
inserted CO,.* Subsequently, to investigate the stability of the

15070 | Green Chem., 2025, 27,15067-15073

product, substrate 7 was subjected to the standard conditions. It
was found that without the addition of TMEDA, compound 5a
was obtained in 22% yield. Conversely, decarboxylation was mark-
edly inhibited in the presence of TMEDA, with a 94% recovery of
the starting material (Fig. 3d). To demonstrate the feasibility of
this approach, we derivatized the product (Fig. 3e). The carboxylic
acid product and the diol compound were obtained at high yields
under suitable reaction conditions.

Based on the experimental results, we proposed a possible
reaction mechanism for this transformation (Fig. 4). First, the

This journal is © The Royal Society of Chemistry 2025
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a) Radical inhibition experiment
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Ph TEMPO (4 eq.) PRt ooMe
1a 2a 3a, trace
b) Chain process i and XAT experiment
; K3S,05 (X eq.) Ph O
Ph TMEDA, Na,CO
“|‘/ + + CO + CO, 8203 PH
Ph DMSO, 70 °C CO,Me
then Cs,CO3, Mel, 65 °C
1a 2a G 3a,nd
Ph O Ph O

P Ph_
Ph
5a 5b 5c

Ca1H,50* 293.1900 CaqHps0* 291.1743 Ca1Hp50" 263.1794
HRMS [M + H]* Found 293.1900 HRMS [M + H]* Found 291.1750 HRMS [M + H]* Found 263.1799

Entry X (eq.) Products

1 20 mol% 5a, 5b, 5c (trace)
2 15eq. 5a, 5b, 5¢

Fig. 3 Control experiments and synthetic applications.

W N

[T

Fig. 4 Proposed mechanism.

iridium photocatalyst is activated by light irradiation. The
excited-state photocatalyst Ir* oxidizes a-aminoalkane I and
then deprotonates to form an a-amino carbon radical II and
an Ir"" complex. Then, the radical species II generates an alkyl
radical B from iodinated alkane A through the XAT strategy.
Subsequently, CO was captured by the radical B to obtain an
acyl radical species C. A relatively stable benzyl radical D was
formed after the addition of the radical C to an alkene, which
was then further reduced to a benzyl carbon anion E under the
action of the Ir'"" complex. Finally, the carbon anion E reacted
with CO, through nucleophilic addition to afford the target
product F. Meanwhile, the iridium photocatalyst is regenerated
for the next catalytic cycle.

This journal is © The Royal Society of Chemistry 2025
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c) Intercepting the carbanion intermediate with D,0

Ph O
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d) Product stability
Ph O Standard conditions Ph O
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7 5a, 22%
Ph© Standard conditions ko
Ph — 2 = Ph
/j‘Bj\O rsm (94%) )\)\O
7 5a, n.d
e) Product Derivations
I OH . O I o
LiAlH, (4 eq.) 9 KOH (2 eq.)
THF MeOH+H,0 O Con ‘
CO,Me 2
O OH O 2 ‘ 50 °C
6,91% 3a (0.1 mmol) 7,98%

Conclusions

In summary, we have developed a new carbonylative carboxyla-
tion strategy for alkenes that enables the cooperative utiliz-
ation of both CO and CO, as C1 building blocks within a
single reaction system through visible-light photocatalysis.
This method demonstrates excellent substrate compatibility,
enabling the synthesis of high-value p-alkyl ketocarboxylic acid
derivatives from abundant and low-cost starting materials
under mild conditions. It thus provides a new environmentally
benign approach for the efficient utilization of C1 resources
and expands the synthetic applications of dual C1 building
blocks.
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