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Carbon dioxide (CO,) is a challenging molecule to incorporate into
olefins due to its inherent inert properties. Silanes have now been
shown to rapidly react selectively with CO,, catalysed by the
presence of a caesium base, to form formate salts which can
undergo a hydrogen atom transfer (HAT) to give the desired CO,*~
adducts in the presence of activated olefins.

In the past century, and particularly in the past decade, research
into the photofixation of carbon dioxide (CO,) and its conversion
to a useful chemical feedstock has rapidly expanded due to novel
developments in visible-light photocatalysis." The need for trans-
forming an inert molecule into a high value chemical C; source is
well-studied and has a high impact especially in modern times
where the movement away from fossilised solar energy is in
desperate need.” One example of this is the carboxylation of readily
available olefins through a CO,*". This can be achieved in one of
two ways; by single electron reduction (SER) of CO, gas, or by
hydrogen atom transfer (HAT) of formate salts (Scheme 1).

The drawback of incorporating CO, by SER is the high
reduction potential required to generate CO,*~ (Scheme 1a). This
involves a photocatalyst that has a strongly negative redox
potential, and a substrate with a reduction potential that is lower
than —2.2 V vs. SCE.?® For this reason, substrates that are involved
in these reactions are often non-activated to avoid the competing
reduction reaction,® or in the case of activated olefins, a radical
precursor/acceptor is often utilised to initiate the reaction.” Addi-
tionally, formation of oxalate from an excess of CO,*" in solution
adds to the inefficiency of the reaction conditions. An alternative
approach to the formation of CO,*” can be envisioned to be
possible by HAT of formate salts. This process has been utilised
successfully by the Wickens group for CO, integration into both
activated and non-activated olefins (Scheme 1b).° Furthermore,

Technische Universitit Miinchen, School of Natural Sciences, Department of
Chemistry and Catalysis Research Center, LichtenbergstrafSe 4, 85747 Garching,
Germany. E-mail: thorsten.bach@ch.tum.de

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5cc00604j

This journal is © The Royal Society of Chemistry 2025

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Photocatalytic reductive incorporation of carbon
dioxide into double bondsT

* and Thorsten Bach 2 *

formate salts have been successfully utilised in difunctionalization
of olefins, through two consecutive SER processes, and the Maiti
group has recently reported formate being generated in situ from
CO, and a silane.”®

Silanes are highly selective reducing agents in organic
synthesis and have been previously illustrated to successfully
fixate CO, and convert it to a range of different products
(Scheme 2).° However, in a lot of these examples high heat or
a catalyst is required to enable the reaction. Our work aims to
combine the highly selective silane reactivity towards CO,, with
the facile HAT of the generated formate, to selectively produce
CO,*" in the presence of reactive olefins. To begin our studies,
we focused on detecting the formation of silyl formate in the
absence of heat or catalyst. Following a previous study towards
fixation of CO,, we employed phenyl silane in DMSO under an
atmosphere of CO,."° As a modification to the reported proce-
dure, we performed this reaction at room temperature and
found that after two hours only 25% of the silylformate had
been formed (see the ESLt for details). As previous work has
reported, an increase in reaction rate is observed with the
addition of formate or acetate salts, one equivalent caesium
acetate was added to the reaction.'® Pleasingly, the addition of

Single Electron Transfer Hydrocarboxylation
Requires strongly reducing photocatalyst: E,,(COy/CO,~)=-2.2 V vs. SCE
Requires high equivalents of sacrificial donor and additives
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Scheme 1 (a) Single electron reduction of CO, and subsequent reaction

with activated and non-activated olefins (b) Hydrogen atom transfer of
formate salts to generate CO,*".
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a Catalysed silylformate synthesis and subsequent functionalisation
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Scheme 2 (a) Reaction of hydrosilanes with CO, and the subsequent
products that can be obtained. (b) Conceptual approach of the present
study.

the base had a dramatic effect on the reaction rate, giving 160%
(per eq silane) of formate being detected by "H NMR within a
few minutes. With this result in hand, focus was turned to the
HAT of the generated formate salt and the subsequent incor-
poration of CO,. As established in previous literature, oxygen
(0,) would be vital as a sacrificial oxidant in the HAT process.®
We chose 1,1-diphenylethylene 1a as a suitable substrate due to
its effectiveness as a radical acceptor and its resistance to
polymerisation. Upon visible-light irradiation in the presence
of a thiol, and a combined atmosphere of air/CO, (1/1), 63% of
the desired product 2a was observed (Table 1, entry 1).
Further optimisation showed that caesium acetate had the
broadest reactivity across multiple substrates, and that two
equivalents of the silane and base lead to the best yield with
DMSO being the most suitable solvent. Upon screening multi-
ple silanes, it was found that all silanes were reactive towards
CO,, including polymethylhydrosiloxane (PMHS), with phenyl
silane leading to the best product yield. Our optimisation study
found, however, that an excess of phenyl silane facilitated the
reduction of the caesium acetate base to form ethanal which
led to the undesired formation of lactone by-product 3a
(Table 1, entry 4). In subsequent experiments, a range of thiol
derivatives were tested under the reaction conditions, and
found that most thiophenol derivatives were well tolerated,

Table 1 Optimisation of reaction conditions for the carboxylation of
olefin 1a

CO, /0,
methy! thiosalicylate (15 mol%) o
CsOAc (2 eq) CO,H C\o
JJ\ phenyl silane (2 eq) J: § :
Ph
Ph™ “Ph DMSO-dg (0.1 M) Ph” “Ph Ph Me
1a 455 nm Kessil (40 W), rt., 16 hrs 2a 3a

Entry Change to conditions NMR yield (%) Remaining 1a (%)

1 — 63 0
2 KOAc 41 0
3 NaOAc 3 66
4 CsOAc/PhSiH; (3 eq.) 58 (25) 0
5 Methyl 4-mercaptobenzoate 79 0

Reactions were performed on a 0.1 mmol scale. Trimethoxybenzene
used as an internal standard. Yield of by-product 3a in parentheses.
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with the exception of sterically hindered or acidic compounds.
Methyl 4-mercaptobenzoate achieved the highest yield of 79%
for the desired reaction at 15 mol% loading (Table 1, entry 5).

With these results in hand, a series of control reactions were
performed. Unexpectedly, it was found that the addition of a
photoredox catalyst (4CzIPN) had a detrimental effect on the
product yield (Table 2, entry 2). Each individual component of
the reaction was found to be essential to the production of 2a
(entries 3-8). The reaction conditions were found to be intol-
erant to the addition of water (entries 10 and 11). Additional
experiments confirmed that dry ice could be used as the CO,
source, although a significant amount of lactone 3a was
observed (entry 12). The reaction was scaled up to 1 mmol
and gave a 70% yield of isolated product (entry 13).

Oxygen was established to be essential for achieving a high
reaction yield, as thiyl radical formation proceeds through an
oxidative pathway (Table 2, entry 4). However, upon applying
these conditions to a broader substrate scope, it was found that
non-substituted styrenes did not show good yields (< 30%). This
may be due to the generation of singlet oxygen and subsequent
oxidation of the activated olefins. To circumvent this problem,
oxygen was not introduced into the reaction. Because methyl
4-mercaptobenzoate cannot be oxidized without oxygen, dimethyl
4,4'-disulfanediyldibenzoate was synthesized separately and sub-
sequently introduced into the reaction conditions. This resulted
in the highest yield for the optimised substrate (84% isolated,
entry 9) and was therefore employed as the optimised conditions
for the substrate scope.

Next, a range of styrenes were tested under the reaction
conditions (Scheme 3a). It was found that most styrenes exhibited
reactivity under the optimised reaction conditions (products 2b-
2h), but overall gave lower yields than 1,1-diphenylethylene. To
identify if a more stable radical intermediate would increase the
reaction yield, an alkyl group was added in the a-position but did
not improve the product yield. To determine if heterocycles were
tolerant to the reaction conditions, 2-vinyl pyridine was employed

Table 2 Control reactions regarding reagents, additives, and CO, source

Entry Change to conditions NMR yield (%) Remaining 1a (%)

1 — 79 0
2 Presence of 4CzIPN (1 mol%) 73 0
3 Absence of CO, 0 0
4 Absence of O, 37 0
5 Absence of thiol 0 30
6 Absence of silane <1 18
7 Absence of base 0 63
8 Absence of light 0 0
9  Non-deuterated DMSO™ 84 0
10  Addition of water (1 eq.) 65 0
11*  Addition of water (1 M) 26 12
12 Dry ice as CO, source® 50 (22) 0
13“  Scale up to 1 mmol° 70% 0

Reactions were performed on a 0.1 mmol scale using DMSO-d; as the solvent
(¢f Table 1, entry 5). Yield of by-product 3a in parentheses. “ Anhydrous
DMSO employed. 0.2 mmol scale. ¢ Dimethyl 4,4’-disulfanediyldibenzoate
as catalyst in the absence of oxygen (GP 2, see ESI). ¢ Yield of isolated
product. ¢ Dry ice (approx. 100 mg, 2.2 mmol) added to reaction solution and
allowed to warm to r.t. before sealing, no gas purging of reaction headspace.

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Reactions were performed on a 0.2 mmol scale. (a) Styrene
substrate scope. (b) Acrylate derivative scope. (c) Strecker-type reactions.
Due to difficulties with isolation, yields shown in parentheses were
obtained by 'H NMR using trimethoxybenzene as an internal standard.

as a substrate and achieved incorporation of CO, with a 37%
internal yield.

To broaden the substrate scope beyond aryl olefins, a range
of acrylate derivatives were tested. The acrylate derivatives
presented a higher tolerance in the reaction conditions, giving
yields of up to 89%. Generally, substituted acrylates resulted in
high yields, possibly due to their resistance to polymerisation
(2i-21, 2n). The reactivity of the CO,*~ in sterically hindered
environments was demonstrated as it was even able to form
quaternary carbon-carbon bonds (20). Amide and nitrile func-
tional groups were also shown to be tolerated in these reaction
conditions (2m, 2p). Good diastereoselectivity was observed
with substrates containing trisubstituted olefins (2k, 2I).

A common method towards the synthesis of amino acids is the
Strecker synthesis. This requires the use of highly toxic cyanide
salts to form simple amino acids from imines. Incorporation of
CO,, via a radical anion into imines would broaden the substrate
scope and avoid the need for cyanide salts. Previous work in this
area has utilised diarylamine compounds to form a carbanion
intermediate.""*> To ascertain if CO, could be incorporated
through our method, imines were synthesised and subjected to
the reaction conditions (Scheme 3c, products 4a-4d). Pleasingly,
all imines were converted to the desired amino acid in good to
quantitative yield. To the best of our knowledge, this is the first
instance of amino acids being synthesised from imines via direct
addition of CO,®". Electron rich olefins did not indicate reactivity

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 (a) Proposed reaction mechanism. (b) Deuterium labelling
studies.

towards CO,* ", and non-activated olefins provided no conversion
or low yields (see ESL{ for details). Furthermore, employing
bicyclobutanes led to their degradation under the reaction condi-
tions, and reactive halides (allyl bromide) underwent hydrodeha-
logenation in the presence of phenyl silane.

Our proposed mechanism for the fixation of CO, and sub-
sequent HAT and radical addition is outlined in Scheme 4a.
Initially, phenyl silane coordinates to caesium acetate, activating
the silicon-hydrogen bond. This activated intermediate is able to
selectively reduce CO, and produce a silylformate which is able to
go through a transmetallation with caesium acetate, forming
silylacetate and caesium formate. The silylformate was found to
not participate in HAT (Table 2, entry 7). Disulphide 5 is homo-
lytically cleaved from direct irradiation (see ESIi for UV/Vis
spectra) to produce two thiyl radicals which in turn abstract a
hydrogen atom from the generated caesium formate 6 to form
the desired CO,*~ 7. Radical anion 7 reacts with the substrate
olefin, leading to the radical adduct carboxylate 8. The generated
radical 8 can be subjected to a reduction from another molecule
of 7, and the corresponding anion 10 can be protonated. Alter-
natively, the generated radical 8 can undergo HAT with HSAr® to
produce product 9 and to regenerate a thiyl radical.

Several conditions were employed to elucidate this proposed
mechanism. Firstly, evidence for the addition of CO,*~ was
demonstrated by a radical clock test from a cyclopropyl

Chem. Commun., 2025, 61, 6791-6794 | 6793
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substituted substrate (see the ESLt for details). The desired
product was detected in a 53% yield, suggesting that a radical
addition takes place. Secondly, deuterium studies were undertaken
to determine the fate of the generated radical 8 (Scheme 4b). When
using phenyl silane-d;, a low yield and a low deuterium incorpora-
tion was observed. Upon addition of D,O into the reaction condi-
tions, a favoured route was identified, whereby the generated
radical 8 undergoes reduction to the anion, and is subsequently
protonated.’® These two experiments demonstrate that both pro-
cesses happen in the reaction mechanism. Furthermore, the
removal of radical inhibitors from commercial supplies of olefins
was necessary to obtain good reaction yields, further demonstrat-
ing the role of radicals in the reaction conditions. A reaction plot of
the oxygenated reaction (using methyl 4-mercaptobenzoate) indi-
cated an initial delay in the reaction rate in the first two hours.
This can be explained by the need for the thiol catalyst to be
oxidised into the disulphide, before homolytic cleavage can take
place.” Disulphide 5 could be synthesised in near quantitative
yield by irradiating methyl 4-mercaptobenzoate under an aerobic
atmosphere for 3 hours.

In conclusion, a method towards the facile incorporation of
CO, into activated olefins has been established. The reaction
pathway of CO, silylation and subsequent HAT has been
confirmed, and the reaction conditions have been successfully
employed across a range of activated olefins and imine double
bonds to give the desired products with up to 89% yields of
isolated material and quantitative yields by 'H NMR. The
reaction was found to not require a photoredox catalyst, which
allows for redox active substrates to be included. Similar results
can also be achieved using dry ice as the source of CO, and
furthermore the reaction has been revealed to tolerate scale up.
Further work is necessary to apply this type of methodology to
non-activated olefins, but the initial work demonstrated here
suggests that a silane mediated general route towards hydro-
carboxylation across double bonds, using CO, as a C, source, is
possible.
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