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Herein, we report the first visible-light photoredox-catalyzed carboxylation of aryl epoxides with CO,
to synthesize hydroxy acid derivatives. A variety of valuable §-, y-, §-, e-hydroxy acid derivatives are
obtained in moderate to high yields under mild conditions. This protocol shows noteworthy functional-
group compatibility, high chemo- and regioselectivities under transition-metal-free conditions with an
inexpensive organo-dye as photosensitizer. Mechanistic studies indicate that the benzylic carbanion is
generated as an intermediate via the sequential single electron transfer (SSET) process.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Epoxides are among the most important building blocks in or-
ganic synthesis [1]. Due to its intrinsic ring strain and electrophilic-
ity, the functionalization of epoxides has attracted much atten-
tion to generate complicated heteroatom-containing products [2].
On the other hand, CO, is an ideal one-carbon (C1) building block
in chemical synthesis in light of environmental protection and re-
source utilization [3-13]. The catalytic coupling and polymerization
of CO, and epoxides to yield cyclic carbonates or polycarbonates
remain amongst the most successful examples for CO, utilization
as carbon resource (Scheme 1A) [14-24]. Traditionally, Lewis acid
catalysts are required to activate epoxides to facilitate the ring-
opening and following O-centered carboxylation in these process.
With the development of the photo/electrochemistry over the past
few years [25-36], single electron activation emerges as an alter-
native strategy for the transformation of epoxide [37-39]. Although
the ring strain of epoxides makes them sensitive to both acids and
bases, regioselective cleavage of C-O bond of epoxides via single
electron activation strategy could generate C-centered radical for
controllable functionalization rather than polymerization, isomer-
ization and deoxygenation [2]. In 2023, Zhang, Lu and Qiu indepen-
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dently reported novel electroreductive ring-opening carboxylation
of epoxides with CO, in good chemoselectivity, providing valuable
B-hydroxy acids and relevant drug molecules (Scheme 1B) [40,41].
However, these methods always need to use expensive platinum
as cathode and magnesium as sacrificial anode, which might limit
their applications. Recently, visible light photoredox catalysis has
gained significant attention since it enables new chemical trans-
formations under mild conditions. Motivated by the advancements
in photocatalysis and our continuous interest in the carboxylation
reactions with CO, [42-50], we would like to achieve the reduc-
tive C-centered carboxylation of epoxides with CO, via visible-light
photoredox catalysis, which could provide a new way for con-
version of epoxides with CO,. Herein, we report the first photo-
catalytic carboxylation of epoxides with CO, via sequential single
electron transfer (SSET) process (Scheme 1C) [51,52]. Many valu-
able B-hydroxy acids can be synthesized in high regioselectivities
and yields. Furthermore, more challenging substrates, such as ox-
etanes, tetrahydrofurans and tetrahydropyrans, could also undergo
reductive ring-opening carboxylation reaction with CO,, affording
valuable y-, 8-, e-hydroxy acids.

We commenced the studies by exploring the reductive carboxy-
lation reaction using 2-([1,1’-biphenyl]—4-yl)oxirane (1a) as the
model substrate. After extensive investigation, the desired product
2a was obtained in 71% yield using organo-dye 4CzTPN as the pho-
tosensitizer, Cs,CO3 as the base, available organic amine DIPEA as
the electron donor and DMAc as the solvent under blue LED ir-
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(A) The production of cyclic carbonates and polycarbonates from epoxides and CO,
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Scheme 1. Utilization of CO, with epoxides in organic chemistry.

radiation at room temperature for 12h (Table 1, entry 1). Control
experiments showed that the photosensitizer, DIPEA, light and CO,
were all necessary for this reaction to occur (Table 1, entries 2-5).
The absence of Cs;CO3 led to a much lower yield of 2a (Table 1,
entry 6). When using other photosensitizers such as 3DPAFIPN or
fac-Ir(ppy)s, the yields of 2a decreased (Table 1, entries 7 and 8).

Table 1
Optimizations of reaction conditions.?

4CzTPN (2 mol%)
o Cs,CO5 (1 equiv.) COOH

+ co, DIPEA (2 equiv.) OH
DMAc (3 mL), r.t.
Ph Blue LED, 12 h Ph
1a then 2 mol/L HCI (aq.) 2a
CN
Cz Cz cz NPh2
Ir o

4CZTPN 3DPAFIPN fac-Ir(ppy)s
Entry Variations Yield of 2a (%)°
1 None 75 (71)
2 w/o 4CzTPN Trace
3 w/o DIPEA N.D.
4 w/o light N.D.
5 wj/o CO, Trace
6 w/o Cs;CO3 34
7 3DPAFIPN instead of 4CzTPN 55
8 fac-Ir(ppy)s instead of 4CzTPN 47
9 MecCN instead of DMAc 37
10 DMSO instead of DMAc 44
11 DIPEA (1 equiv.) 66
12 DIPEA (3 equiv.) 58
13 Cs,CO5 (2 equiv.) 61
14 Cs,CO5 (0.5 equiv.) 64
15 DMAc (2mL) 55

2 Reaction conditions: 1a (0.2 mmol), 4CzTPN (2 mol%), Cs,CO3 (0.2 mmol), DIPEA
(0.4 mmol), DMAc (3 mL), CO;, (1 atm, closed), r.t., 12 h.

b Determined by UPLC with naphthaline as internal standard. The isolated yield
of product is given in parentheses.
DMACc = N,N-Dimethylacetamide, DIPEA = N,N-Diisopropylethylamine, w/o = without,
N.D.=Not detected.
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Solvents were also evaluated, and DMAc was found to be the best
out of a variety of solvents such as MeCN and DMSO (Table 1, en-
tries 9 and 10). Varying the loading of DIPEA and Cs,CO3 could
not improve the yield of 2a (Table 1, entries 11-14). Increasing the
concentration of the reaction solution led to poor yield (Table 1,
entry 15).

With the optimized conditions in hand, we further investigated
with the substrate scope of aryl epoxides (Scheme 2). For mono-
substituted or 1,1-disubstituted epoxide, a variety of valuable func-
tional groups, such as aryl (2a, 2i, 2l), ester (2b, 2d, 2e, 2h, 2j),
trifluoromethyl (2m), alkoxy (2f), sulfone (2k), amide (2¢) and flu-
orine (2g, 2n), were all tolerated well in this reaction, thus al-
lowing for downstream chemistry. The manifolds provided the de-
sired products in the presence of alkene decoration on the alkyl
side-chain moiety (1e, 1f). In addition, 1,2-disubstituted epoxide
10 was also applicable to the reaction, delivering the product 20
in excellent chemo- and regioselectivities. Other disubstituted (1p)
and trisubstituted (1q, 1r) epoxides also exhibited the capability
to yield the desired products in commendable quantities. Further-
more, we also tested the aliphatic epoxide under the standard
reaction conditions. However no desired product was observed
(please see more details in Supporting information).

Encouraged by the above results, we next turned our atten-
tion to more challenging substrates, such as oxetanes (1s, 1t),
tetrahydrofuran (1u) and tetrahydropyran (1v). To out delight, all
of them reacted well, giving the corresponding y, § or e-hydroxy
acids in good yields. To confirm the feasibility of this method in
late-stage functionalization, we further tested some aryl epoxide
derivations from naturally occurring bioactive molecules, such as
DL-isoborneol (1w), citronellol (1x), and DL-menthol (1y), result-
ing the desired products in good to excellent yields. It was worth
noting that the alkyl-substituted oxirane group in 1x could also
be well-accommodated in this reaction, which showed the good
chemo-selectivity of this transformation. Besides, the scalability of
the reaction is demonstrated in Scheme 3a, in which product 2a
was prepared in 64% isolated yield with slight modification of the
reaction conditions.

To gain more insight into this reaction, a series of mechanis-
tic experiments were carried out. Firstly, when radical scavenger
2,2,6,6-tetramethyl-1-piperdiny-1-oxy (TEMPO) was subjected to
standard reaction, the carboxylation reaction was almost inhibited
and the adduct of benzylic radical with TEMPO (3a) was detected
by HRMS (Scheme 3b). These results indicated that benzylic radi-
cal intermediate might be involved in the reaction. Then we con-
ducted the deuterium-labeling experiment (Scheme 3c). When the
deuterium incorporation study was performed under a N, atmo-
sphere, the product 4a was obtained in 46% yield with 87% deu-
terium incorporation, indicating that the benzylic carbanion might
exist in this transformation.

To further elucidate the photocatalytic cycle, the Stern-Volmer
luminescence experiment was carried out. As shown in Scheme 4,
DIPEA could reductively quench the excited photocatalyst more
efficiently than the substrate 1a, indicating that single electron
transfer (SET) between 4CzTPN* and DIPEA is responsible for the
initiation of the carboxylation reaction.

Based on the above experiments and previous work, we pro-
posed a possible mechanism (Scheme 5). First, the photosensitizer
4CzTPN was excited under the irradiation of blue

LED. Then the excited photosensitizer 4CzTPN* was quenched
by DIPEA to give the reduced photosensitizer 4CZTPN"". The sub-
strate A could be reduced by 4CZTPN'~ to generate ground state
4CzTPN and benzylic radical intermediate B, which underwent a
SET reduction in another photocatalytic cycle to provide the ben-
zylic carbanion C. Final nucleophilic attack of C on CO, would give
the desired product D.
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Scheme 2. Substrate scope. Standard conditions: 1 (0.2 mmol), 4CzTPN (2 mol%), Cs,CO3; (0.2 mmol), DIPEA (0.4 mmol), DMAc (3 mL), CO, (1 atm, closed), r.t., 12 h. The ester
product was obtained by TMSCHN, as the methylation reagent. Isolated yields are shown. ¢ 4CZTPN was replaced by 3DPA2FBN. ? 4CzTPN (5 mol%) was used. ¢ 0 °C. ¢ 60 °C,
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(a) Gram-scale reaction

o COOH
4CZTPN (2 mol%) OH
+ CO,
Ph Cs,COg3 (1 equiv.), DIPEA (2 equiv.)
DMAg, r.t., Blue LED, 16 h Ph
1a, 8 mmol (1 atm) 2a,1.24 g, 64%

(b) Radical trapping experiment

I} COOH N
/@/Q Standard conditions /@)\/OH o
—
TEMPO (3 equiv. *
Ph (3 equiv.) on mH
Ph

3a, TEMPO-adduct

1a, 0.2 mmol 2a, trace HRMS[3a+H]" : 354.2428
found : 354.2427
(c) Deuterium-labeling experiment
o H/D

4CZTPN (2 mol%) OH/D
+ D0
Cs,CO3 (1 equiv.), DIPEA (2 equiv.)
P Ph

Ny, DMAg, r.t., Blue LED, 12 h
4a, 46%

1a, 0.2 mmol C-H/D: 87% D

(10 equiv.)

Scheme 3. Gram-scale reaction and mechanism investigations.

In summary, we report the first example of visible-light
photoredox-catalyzed carboxylation of aryl epoxides with CO, to
synthesize various important hydroxy acids. Besides the epoxides,
the oxetane and more challenging tetrahydrofuran or tetrahydropy-
ran could all provide desired products in high chemo- and regios-

B DIPEA (y = 74.77x+1.02)
® la(y=37.79x+1.00)

1/

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0x107

Concentration (mol/L)

Scheme 4. Stern-Volmer fluorescence quenching experiment.

electivities under transition-metal-free conditions. And the mech-
anistic investigation indicated the key ring-opening procedure was
achieved via SSET process. Notably, this reaction features high step-
and atom-economy and good functional group tolerance, comple-
menting other well-established methodologies for utilization of
epoxide with CO,.
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Scheme 5. Proposed mechanism.
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