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The redox-neutral, photocatalyzed insertion of CO; into C(spz)—H bonds of
(hetero)arenes and styrenes with a blue LED light is demonstrated. Our approach
presents a novel, straightforward, and an atom-efficient alternative to the current
carboxylation approaches and paves the way to develop further applications to
use CO; in chemical synthesis. Characterized by a broad substrate scope, this
methodology provides a new avenue for the valorization of common arenes and
styrenes and holds a promise for future applications in the late-stage
functionalization.
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Carboxylation of Arenes and Styrenes with CO,

Matthias Schmalzbauer,’* Thomas D. Svejstrup,”* Florian Fricke," Peter Brandt,”

Magnus J. Johansson,?? Giulia Bergonzini,”* and Burkhard Kénig'>*

SUMMARY

Carbon dioxide (CO,) is an attractive one-carbon (C1) building block
in terms of sustainability and abundance. However, its low reactivity
limits applications in organic synthesis as typically high-energy re-
agents are required to drive transformations. Here, we present a
redox-neutral C—H carboxylation of arenes and styrenes using a
photocatalytic approach. Upon blue-light excitation, the anthrolate
anion photocatalyst is able to reduce many aromatic compounds to
their corresponding radical anions, which react with CO, to afford
carboxylic acids. High-throughput screening and computational
analysis suggest that a correct balance between electron affinity
and nucleophilicity of substrates is essential. This novel methodol-
ogy enables the carboxylation of numerous aromatic compounds,
including many that are not tolerated in classical carboxylation
chemistry. Over 50 examples of C—H functionalizations using CO,
or ketones illustrate a broad applicability. The method opens new
opportunities for the valorization of common arenes and may find
application in late-stage C—H carboxylation.

INTRODUCTION

Photosynthesis, the most important photobiological process on our planet, allows
photoautotrophs to store energy in the form of chemical bonds by absorbing sun-
light. Driven by that energy, carbon dioxide (CO,) is captured from the atmosphere
and serves as a carbon feedstock for the organisms to build up sugars and biomass in
the Calvin cycle.’

The electrochemical and catalytic dihydrogen reductions of CO, have been devel-
oped in the field of renewable energy storage.”™ However, the use of CO; as a
C1 building block in organic synthesis has received far less attention, despite
resembling the principle of biological carbon fixing process the most.” The high
thermodynamic stability and kinetic inertness of CO; require the use of stoichio-
metric amounts of reactive reaction partners, such as Grignard reagents or organo-
lithium compounds for chemical conversion.® Aiming for a better efficiency and an
increased atom economy, a variety of catalytic carboxylation methods have been
developed. These processes make use of the readily available aryl bromides, which
undergo carboxylation with CO; in the presence of catalytic Pd(OAc),, as reported
by Martin and Correa.” Daugulis showed that Cu(l) catalyzes the carboxylation of aryl
iodides.® Tsuji and co-workers applied NiCl,(PPhs), to carboxylate more inert aryl
and vinyl chlorides under 1 atm CO, at room temperature.” The reaction scope
was extended to sulfonates,'® ester derivatives,'''?
ammonium salts,"* arylsulfonium salts,”® and unsaturated hydrocarbons.

allylic alcohols,’® benzylic
16-20

The Bigger Picture

CO; is a highly abundant and
sustainable carbon source that
serves as a feedstock for the
biosynthesis of organisms.
However, it is also considered a
greenhouse gas, therefore, the
fixation of CO; in synthetic
processes is of great
environmental value. In the field of
renewable energy storage and
conversion of CO5 into solar fuels,
large strides have been made into
effective catalytic reductions.
However, the need for a
stoichiometric reductant is a
significant disadvantage for the
use of CO, as a C1 synthon in
synthesis, limiting its use. A mild,
direct, redox-neutral, and
transition-metal-free insertion of
CO; into a C—H bond, as reported
here, accomplishes highest
energy and atom economy,
avoiding pre-functionalization.
Using a new mechanistic
manifold, the methodology
presents a straightforward,
sustainable, and atom-efficient
alternative to current approaches
and paves the way to develop
novel applications of CO; in
chemical synthesis.

Chem 6, 1-15, October 8, 2020 © 2020 Elsevier Inc. 1



(2020), https://doi.org/10.1016/j.chempr.2020.08.022

Please cite this article in press as: Schmalzbauer et al., Redox-Neutral Photocatalytic C—H Carboxylation of Arenes and Styrenes with CO,, Chem

¢? CellPress

However, all these systems require stoichiometric reducing reagents based on
Et,Zn, AlMes, Mn, and Zn powders or prefunctionalized starting materials.?’ Electri-
cal current may also be used to drive reductive carboxylation chemistry. Buckley and
co-workers reported the regioselective hydrocarboxylation of styrenes using a non-
sacrificial electrode system.?? Ackermann et al. showed that allyl chlorides derived
from cinnamyl chloride are carboxylated in the presence of a cobalt catalyst.”’
Concomitantly, difunctionalizations of alkenes via radical addition and subsequent

25-27

reduction were reported affording thio-,** carbo-, phosphono-,?® or silylcar-

boxylation?” products.

Non-catalytic C(sp?)-H carboxylations typically require stoichiometric amounts of
either strong bases, such as NaH?? or LiO'Bu,**>" or Lewis acids, like AlX5 (X = Br,
CI),>73% Me,AICI,*¢ and EtAICI,*"*® to activate CO,. Transition metal-catalyzed
directed C(spz)—H carboxylation reactions have been reported with Au,®” Cu,*740
and Rh*" complexes.** Moreover, direct carboxylation of non-activated C(sp?-H
was reported in molten alkali carbonate salts under elevated temperatures

(>200°C) and high CO, pressure.****

More recently, photoredox catalysis has been applied in the field of carboxylation
chemistry. Photocatalytic carboxylation of aryl-*>*¢ and alkyl-halides*® were the first
transformations to be reported, followed by direct C—H carboxylation of alkynes®’
and styrenes.*®*? These methods utilize a dual catalytic approach consisting of a
photocatalyst and an in-situ generated low-valent transition metal complex enabled
by an excess amount of a sacrificial electron donor. Visible-light mediated benzylic
C—H carboxylation was recently reported by the use of 4CzIPN and an organo-sila-
nethiol hydrogen-atom-transfer (HAT) reagent, which allowed to generate
carbanions.””

Direct UV-light excitation of polyaromatic hydrocarbons in the presence of sacrificial
amines and CO, was reported to yield the corresponding carboxylic acids.”'*? Ja-
mison employed p-terphenyl, which forms a radical anion upon UV-light excitation
in the presence of amines.”® The p-terphenyl radical anion is capable of the kineti-
cally slow one-electron reduction of CO; to its radical anion, which is used in the hy-
drocarboxylation of styrenes. Murakami and co-workers employed UV-excited
xanthone as HAT reagent in combination with a Cu complex or a Ni catalyst to

carboxylate allylic®* and benzylic>® C(sp®)-H, respectively.

However, despite the great progress achieved in thermal and photochemical
carboxylation methods (Schemes 1 and S20), the efficient redox-neutral carboxyla-
tion of C(spz)—H in arenes, heteroarenes and alkenes remains challenging. Here,
we report a mechanistically different catalytic approach in which aromatic com-
pounds are converted into their radical anions by a photoinduced single-electron
transfer (SET) from a visible-light excited anthrolate anion. The generated nucleo-
philic arene radical anions react with CO; to provide (hetero)aromatic carboxylic-
and cinnamic acids.

RESULTS AND DISCUSSION

Recently, we showed that upon photoexcitation, the anionic form of commercially
available 9-anthrone and derivatives (Scheme S2) readily generate strong reductants
capable of activating aryl chlorides.®® While comparing the reported reduction po-
tentials of various aromatic compounds, we noticed that many arenes lay within
the range of the approximated excited state oxidation potential of the strongest
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Scheme 1. Overview of Different Strategies for the Direct C—H Carboxylation with CO,

photo-reductant 2,3,6,7-tetramethoxyanthracen-9(10H)-one (TMAH) [Eo (TMA'/
TMA~") = —2.92 V versus SCE] shown in that series. We thus envisioned a direct acti-
vation of arenes via radical anion formation, which may subsequently react with CO,
to form aromatic carboxylic acids. Strong carbon nucleophiles (e.g., organolithium

)°/=%0 or carbanions are well known to react with CO».

and -magnesium reagents
By contrast, aromatic radical anions formed in the presence of alkali metal have
always been considered poor nucleophiles,®’ yet, still showed reactivity toward
CO,.°%“* With a strongly reducing photoredox catalyst in hand and inspired by early
literature reports, we questioned if a similar reactivity of aromatic radical anions to-

ward CO, can be obtained under much milder photocatalytic conditions.

Initial Experiments and Optimization

We chose acenaphthene (1a, Scheme 2) as a model substrate and applied the estab-
lished combination of TMAH as the photocatalyst and cesium carbonate as the base.
To our delight, after 18 h of irradiation with a blue LED light and an acidic work-up,
the desired carboxylic acid 2a could be isolated in a 37% yield as a single
regioisomer. Encouraged by this first result, we run an intensive screening of the re-
action conditions (Table 1). During the optimization studies, we observed that the
reaction outcome was dependent on the amount of Cs,CO3. The use of less than
3 equivalents of the base led to a significantly lower product yield (entry 2), while
more equivalents of Cs,CO3 reduced the yield (entry 3). A lower catalyst loading
reduced the overall amount of base required, while the carboxylated product 2a
was still obtained in a good yield (entry 4-5). Note that the base is not only necessary
for the in-situ activation of the photocatalyst but also to trap the released proton
upon re-aromatization and hence to maintain alkaline reaction conditions. K,COs3,
although being scarcely soluble in DMSO, was also able to promote the carboxyla-
tion reaction and useful product yields were obtained in combination with crown-
ether (entry 6). Monitoring the reaction progress over time (Figure S8) showed
that the reaction was not complete after 6 h (entry 7). An overpressure of CO, was
found to be beneficial for the reaction outcome (entries 8 and 9). The solubility of
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Scheme 2. (Top) Photocatalytic C-H Carboxylation of Acenaphthene 1a; (Bottom) Base-
Promoted Formation of TMA™ and the Influence on the Absorption Spectrum

CO;, was reported to be higher in DMF compared with DMSO, yet, a better yield was
obtained in the latter (entry 10).°* When using green light (535 nm), a reduced prod-
uct yield was obtained (entry 11), which can be explained by both weaker catalyst
absorption and LED radiant flux. Control experiments revealed that all reagents
and light are crucial, as no product was detected in the absence of either photoca-
talyst, cesium carbonate, carbon dioxide, or light (entry 12-15).

Substrate Scope of the Carboxylation Reaction

With the optimized reaction conditions in hand (cf Table 1), we explored the scope of
this novel transformation. Naphthalene derivatives were investigated, as their re-
ported potentials are in a feasible range (—2.49 up to —2.65 V versus SCE)*® for
reduction by the photocatalyst (Scheme 3). We were pleased to see that unsubsti-
tuted as well as substituted naphthalene derivatives were converted to the corre-
sponding aromatic carboxylic acids (2b-2g) and could be isolated in useful yields.
The regioselectivity of the reaction was found to be affected by strong electron-
donating groups (-OMe 2c, —NMe, 2d) in the C1-position, giving selectively
5-naphthoic acids as single regioisomers. In contrast, the directing effect of
electronically neutral substituents (—Me, 2e) was minor and led to a mixture of
4- and 5-naphthoic acids. Remarkably, carboxylation in the C8-position was not
observed. Notably, unprotected hydroxyl groups (2f and 2g) were tolerated. Utiliz-
ing 1-naphthol (1f) led to the formation of two regioisomers of the corresponding
acid in 2- and 4-positions. 2,7-Dihydroxynaphthalene (1g) reacted smoothly under
our reaction conditions to yield the corresponding 1-naphthoic acid 2g as a single
regioisomer. Quinoline (1h), isoquinoline or quinazoline, although quenching the
photoexcited state of the catalyst, failed to yield any product (see Figure S12A).

Pleasingly, many other heteroaromatic compounds were suitable substrates for our
carboxylation method (Scheme 4). Thiophenes, bearing electron-deficient (3a-3d,
3f, 3i-3k) and -neutral (3e, 3g-3h, 3I-3n) substituents smoothly converted into
the corresponding thiophenecarboxylic acids 4a-4n in a good to excellent
yield. Remarkably, a broad range of functional groups, including ketones, esters,
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Table 1. Optimized Reaction Conditions and Effects upon Deviation
0 OH

TMAH (20 mol %)
Cs,C0; (3.0 equiv.)
€O, (22 cm?)
. DMSO (0.1 M) .

1a 455nm, 25°C, 18 h 2a
0.1 mmol acidic work-up

Entry Deviations from Optimized Conditions Yield 2a (%)”
1 None 68°
2 Cs,COs (2 equiv) 37°
3 Cs,CO3 (4 equiv) 59
4 TMAH (5 mol %), Cs,CO3 (2 equiv) 54
5 TMAH (10 mol %), Cs,CO3 (2 equiv) 60
6° TMAH (10 mol %), KoCO3 instead of Cs,COs3, 47

18-crown-6
7 6 h instead of 18 h 44
8 no CO, pressure (1 atm) 37
9 11 em® CO, instead of 22 cm?® 48
10 DMF instead of DMSO 35
119 535 nm instead of 455 nm 29
12 no TMAH n.d.
13 no Cs,CO3 n.d.
14 N5 (1 atm) instead of CO, n.d.
15°¢ no light n.d.

Optimized reaction conditions: 1a (0.1 mmol), TMAH (20 mol %) and Cs,CO3 (0.3 mmol) were added to a
5 mL crimp top vial equipped with a stirring bar. The vial was sealed, evacuated and backfilled with CO,
(5%). Degassed, anhydrous DMSO (1 mL) was added via syringe. The septum was further sealed with Par-
afilm® and gaseous CO, (22 cm®) was added to the headspace via syringe. While stirring, the reaction was
irradiated from the bottom side (blue LED, 455 + 15 nm) and constant temperature was maintained by an
aluminum cooling block and a water-cooling circuit. For the complete optimization table, please see
Table S1; Information. n.d., not detected.

2Product yield was determined after acidic work-up by crude "H-NMR with an internal standard.
PCombined isolated yield of four reactions.

“Crown ether 18-crown-6 (1 equiv) was added to the reaction.

9Radiant flux is lowered by a factor of eight compared with 455 nm LED (see Supplemental Information).
®Reaction mixture was stirred in the dark.

amides, -CH,CO,Me, —CH,CN, phenyl-, trimethylsilyl- and nitrile were tolerated.
However, unfunctionalized thiophene could not be activated by the photocatalyst
(see Figure S11B). Due to the mild nature of this reaction, we were pleased to see
that regioselectivity was maintained even with substrates containing acidic C—H
(4c, 4j) or active methylene groups (4g-4h). This is in contrast to the reported
base-promoted methods that are usually selective for the most acidic positions of
the substrates and that fail in the presence of sensitive functionalities. Our procedure
allowed for the conversion of methyl thiophene-2-carboxylate to 5-(methoxycar-
bonyl)thiophene-2-carboxylic acid (4a) in one step, providing a much shorter route
than by using other reported methods (Scheme 5Ai).°® Moreover, our method
allowed the synthesis of 5-carboxy-2-acetylthiophene (4c), an important building
block for the synthesis of the alpha and beta dual receptor blocker arotinolol,®” in
one step from 1-(thiophen-2-yl)ethan-1-one (3c). This is significantly shorter than
the well-established synthetic routes (Scheme 5Ai}).%8 Remarkably, we also found

Chem 6, 1-15, October 8, 2020 5



Please cite this article in press as: Schmalzbauer et al., Redox-Neutral Photocatalytic C—H Carboxylation of Arenes and Styrenes with CO,, Chem
(2020), https://doi.org/10.1016/j.chempr.2020.08.022

- ¢ CellPress Chem

TMAH (20 mol %)
Cs,C0O;3 (3.0 equiv.)

(o]
€O, (22 cm?) @(@ {
O DMSO (0.1 M) OH

455 nm, 25°C, 18 h

1a-g acidic work-up 2a-g
Os_OH Oi OH Os_OH O~ _OH
' OMe NMe,
2a, 68% 2b, 38% 2c, 22% 2d, 38%
Os_OH Os_OH Os_OH
N HO OH
SO S O O
* \N) Y
OH
2e + 2e', 33% 2f + 2f', 56% 2g, 64% 2h, n.d.

(1.3:1) (1:1)

Scheme 3. Substrate Scope for the Carboxylation of Naphthalene Derivatives
n.d., product was not detected.

that 3-substituted thiophenes were exclusively carboxylated in the 2-position (4i-4l),
which highlights the excellent regioselectivity of this reaction. In comparison, a pre-
vious literature report on the lithiation of 3-phenylthiophene (3l) and subsequent
carboxylation led to a mixture of 4l and 4l (Scheme 5B).*” Perfect regioselectivity
was also observed for the photocatalyzed carboxylation of 1-phenylpyrazole, where
only 4w was obtained. In this case, due to the chelating effect of nitrogen, the use of
organometallic reagents leads to product mixtures (n-BuLi)’® or to an inverse regio-
selectivity (EtMgBr)”" (Scheme 5C).

This photocatalyzed carboxylation method could also be extended to benzothio-
phenes (4p-4q), furans (4r-4s), benzofuran 4t, Boc-protected indoles (4u—4v) and
thiocarbazole 4x. Non-protected 1H-indoles, however, were carboxylated at the ni-
trogen atom, as reported in literature.>® Modifying the conditions during the reac-
tion work-up of 4r allowed the formation of either 2,5-furandicarboxylic acid
(FDCA) or dimethyl 2,5-furandicarboxylate (DMFDC, see Scheme S5), which is
noteworthy. Both are important monomers for the manufacture of polyesters
derived from biomass, including polyethylene furandicarboxylate (PEF), a potential
large-scale substitute for fossil-based polyethylene terephthalate (PET).”%’? Ligno-
cellulose is converted into furfural on an industrial scale’* and catalytic follow-up
procedures have been reported to yield methyl furoate quantitatively.”>’® Starting
from methyl furan-2-carboxylate 3r, our procedure offers a new one-step synthetic
route to form lignocellulose-derived monomers.

Remarkably, all examined heterocycles were carboxylated at the five-membered
ring in a-position (except 4v, where the a-position is blocked) to the heteroatom.
Contrarily, hydroxybenzothiophene éa or condensed heterocycles, such as inda-
zoles (6b—6c) and pyrazolo[1,5-a]pyridine (6d), showed exclusive selectivity for
the six-membered ring (Scheme 6A). With mild carboxylation conditions in
hand, we postulated that this methodology could be applied for the late-stage
functionalization of biologically active molecules. To this end, a Boc-protected
thiophene analog of propranolol, a well-established beta blocker bearing a free
hydroxyl group in the side chain, was subjected to our reaction conditions.
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DMSO (0.1 M) OH
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Ph N | —Si N\ I \ | N I
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4e, 99% 4f, 28% 4q, 89% 4h, 99%

o) o) o) o)
iﬁOH S i ©oH S i ©oH S i oH
\ cN \ \ Oide \ Ph

o) 0
4i, 86% 4, 41% 4k, 88% 4, 71%
0 N o *
N OH i S OH S OH
| Q| ~As \ |
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o) o 5 o)
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i’ oH o o OH 0 OH i oH
g NC—Q !
MeO
4q, 95% 4r, 70% 4s, 43% 4at, 43%
B‘oc (0] B‘oc - (0]
N O/ N o S OH
| I
o 9 NC—<\N [
. OH Me
HO NG !
4u, 40%° av, 10% 4w, 33% 4ax, 53%

Scheme 4. Substrate Scope for the Carboxylation of 5-Membered (Hetero)arenes
?Overall yield: methyl iodide was added to the crude mixture and the compound was isolated as
methyl ester 4u.

Pleasantly, regioselective carboxylation was successfully achieved to provide 6e,
albeit in modest yield.

To demonstrate the scalability of our reaction, we repeated the synthesis of 4b on a
gram-scale. 2-Cyanothiophene 3b was reacted in a custom-built glass reactor (see
Figure S2) with a reduced amount of both TMAH (5 mol %) and cesium carbonate
(1.5 equiv) in DMSO (Scheme 6B). Remarkably, as working with CO, overpressure
was not possible with this reaction vessel, a gentle stream of CO, was sufficient to
obtain the product in a good yield.

We then questioned whether our photocatalytic system could be further utilized for

the direct carboxylation of other stabilized sp*-hybridized carbon atoms. To this
end, we examined styrene derivatives (Scheme 7) and we were delighted to see
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Scheme 5. Commonly Applied Synthetic Routes to Obtain Products 4a and 4c and the Issues
Associated with Regioselectivity in Organometallic Carboxylation

(A) Reported four-step synthesis for compound 4a (Ai)*® and 4c (Aii)°%; conditions: (a) ethane-1,2-
diol, Al,03, CCly, A, 48 h; (b) n-BuLi, THF, —78°C, then CO; followed by H,SO4 (10%); (c) Mel,
Na,CO3, DMF, 20°C, 48 h; (d) Jones reagent; () MeONH,+HCI, Na,CO3, H,O, MeOH, AcOH (pH 5),
A, 3 h; (f) ZnCl,, CHCI3, Ac,0, 100°C, 12 h, RT, aqg. HCI (20%) (g) MeOH, ag. NaOCI (5.5%), 70°C, 4 h,
RT, HCl conc.; (h) aq. HCI, 65°C, 12 h.

(B) n-Buli promoted carboxylation of 3l leads to a mixture of regioisomers.

(C) Organometallic methods for carboxylation of 1-phenylpyrazole. Due to the chelating effect of
nitrogen, the use of organometallic reagents causes a mixture of regioisomers (n-Buli) or leads to
an inversion of regioselectivity (EtMgBr) yielding benzoic acid 4w’ as single product.

that under the presented redox-neutral conditions, only the corresponding trans-
cinnamic acids were obtained. Our protocol thus provides a complementary method
to previous net-reductive approaches where excess of sacrificial reductant or electri-
cal current yielded hydrocarboxylated products.””*®°* Despite the limitations
posed by competing polymerization reactions, a variety of vinyl benzenes could
be converted into trans-cinnamic acid derivatives 8b-8| (Scheme 7), which find
applications in the food industry, material science,”” and cosmetics.”® While styrene
derivatives bearing electron-donating substituents (7d-7f, 7h) reacted smoothly,
the reaction with the electron-poor 4-(trifluoromethyl)styrene resulted in low
product yield. 4-Cyanostyrene (7n) or methyl-4-vinylbenzoate (70) were not suitable
substrates under these conditions. As the electron transfer from the excited
photocatalyst to an electron-poor styrene is thermodynamically favored, we postu-
lated that electron-withdrawing groups stabilize the negative charge and reduce
the nucleophilicity of the corresponding radical anion. When using a-methylstyrene,
we observed the formation of 3-aryl-3-butenoic acid 8m in favor of the thermody-

namically more stable a,B-unsaturated acid 8m’.*

Mechanistic Insights

We propose a photoinduced SET from the excited TMA ™" to the substrate as the first
step. The excited photocatalyst TMA™" is strongly emissive and its luminescence
decay follows first-order kinetics (see Figures S4A, S4B, and S5). In the presence
of chosen (hetero)arenes (cf Scheme 4) as well as styrenes (cf Scheme 7) we observed
a decrease in the luminescence lifetime of TMA™". Based on the obtained data, a
Stern-Volmer plot was derived (see Figures ST1A and S11B). The luminescence life-
time of TMA™" in a CO,-saturated solution of DMSO remains almost unchanged,
indicating that CO; is not reduced by the photocatalyst. Reduction of CO, by SET
to achieve carbon-bond formation has been reported, but it requires reagents
such as p-terphenyl radical anion.®’? Although a direct reduction of CO,
(—2.21 V versus SCE in DMF)*° by TMA ™" is thermodynamically feasible, we assume
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Scheme 6. Substrate Scope for the Carboxylation of Heteroarenes with Non-classical
Regioselectivity, Late Sstage Carboxylation, and Gram Scale Carboxylation of 3b

(A) Substrate scope for the carboxylation of (hetero)arenes on the six-membered ring and example
of late-stage functionalization.

(B) Reaction conditions for the gram-scale carboxylation of 3b.

a kinetic barrier preventing the formation of the bent CO, radical anion within the
excited state lifetime of TMA™". Thus, we ascertained that the productive pathway
is dominated by the formation of an aromatic radical anion, which subsequently
reacts with CO; via nucleophilic addition. In order to get further insight into the
reaction mechanism, we tested other electrophiles than CO,. We decided to use
ketones for this study, as single-electron reduction from the excited photocatalyst
to the ketone would give a ketyl radical anion. In sharp contrast to the radical anion
of COy,, ketyl radical anions are considered as electron-rich species acting as single-
electron reductants rather than forming C-C bonds via radical reactions.®’ When
benzo[blthiophene (3p, Scheme 8) was reacted with acetone (9a), the corresponding
tertiary alcohol adduct 9pa was formed in good yield. The luminescence lifetime of
TMA™" remains unchanged upon titration with acetone (—2.84 V versus SCE in
DMF)®? and thus, the formation of a ketyl radical anion is unlikely (Figure S12B).
Remarkably, similar transformations require very harsh reaction conditions (-78°C,
excess of n-BuLi) and are not viable in a one-pot procedure.®’ Moderate yields of
the resulting tertiary alcohol were also obtained using cyclic ketone 9b and non-con-
jugated enone 9c as electrophiles.

In addition, we performed deuterium-labeling experiments using D,O and ‘BuOD,
respectively. Upon formation of the nucleophilic arene radical anion, we envisioned
a fast acid-base reaction followed by deprotonation to yield a mixture of Hand D in
the substrate (see Scheme S3). However, as water in the reaction mixture was found
to be detrimental and protic solvents were shown to inhibit the reaction (cf Table S1),
only small amounts of incorporated deuterium were detected using benzothiophene
3q (Table S3). Based on the aforementioned results we propose the following reac-
tion mechanism for the photocatalytic C—H carboxylation of (hetero)arenes
(Scheme 9). In the presence of a base, the pre-catalyst TMAH is chemically activated
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Scheme 7. Substrate Scope for the Carboxylation of Styrene Derivatives
?Overall yield: methyliodide was added to the crude mixture and the compound was isolated as the
methyl ester 8g.

by deprotonation to form an anionic species TMA™, indicated by the solution color
change. Uponirradiation with visible light (455 nm) a strongly reducing excited anion
TMA~" is formed. The excited state is then quenched by the arene | via PET to afford
the radical of the photocatalyst TMA™ and the electron-rich radical anion of the arene
(I). The screening calculations show that the regioselectivity is correlated with the
Mulliken spin population as illustrated for the benzothiophene radical anion (I,
Scheme 9). While this would indicate that the reaction is radical in character, the
spin population is also strongly correlated with both the atomic change in charge
upon the single-electron reduction and the f-NN-HOMO parameter of the radical.
Whereas the rate of a nucleophilic attack is dependent on the charge of the nucleo-
philic atom, the Mulliken spin population is poorly correlated with the Mulliken
charges and the regioselectivity is not well predicted by the Mulliken charges of
the radical anion per se. In the bond-forming step, CO; is attacked by Il to generate
a radical carboxylate Ill as an intermediate. We assume that lll is deprotonated
immediately in the presence of base (IV). Similar radical species have been reported
to cause an enormous increase in CH acidity in order to gain resonance energy upon
deprotonation.?*®> The resulting radical dianion IV is expected to be a sufficiently
strong reductant [E° (TMA/TMA") = —0.51 V versus SCE] to close the catalytic cycle
via SET and to recapture the active catalyst TMA™.

During the exploration of the substrate scope, we found that several aromatic com-
pounds that quench the excited state of the photocatalyst did not undergo carboxyla-
tion (see Figure S12A). While some functional groups are understandably not tolerated
under our reaction conditions, such as aromatic halides (these may undergo fast

10 Chem 6, 1-15, October 8, 2020



Please cite this article in press as: Schmalzbauer et al., Redox-Neutral Photocatalytic C—H Carboxylation of Arenes and Styrenes with CO,, Chem
(2020), https://doi.org/10.1016/j.chempr.2020.08.022

Chem ¢ CelPress

o} TMAH (20 mol %) OH
N\ U Cs,C05 (3.0 equiv.) N
+ R R' R.
s S R

DMSO (0.1 M)

3p 9a-c 455 nm, 25°C, N, 18 h 9pa-9pc
10 equiv.
OH OH Me
s’ wee s s
4
9pa, 54% 9pb, 30% 9pc, 19%

Scheme 8. Mechanistic Investigations: Probing the Possibility of other Electrophiles as Viable
Candidates for Reactivity with Aromatic Radical Anions

mesolytic bond-cleavage to form aryl radicals) or highly electrophilic moieties, we were
surprised that only certain radical anions were reacting with CO,. In order to determine
the required electronic characteristics for reactivity and to improve our insight regarding
functional group tolerance, high-throughput screening (HTS) of various arenes contain-
ing a large array of functionalities and differing in complexity was carried out (see Fig-
ure S9). The analysis of the HTS outcome indicates that aldehydes, halides (with the
exception of fluorine), aliphatic amines, 6-membered nitrogen heterocycles, and nitro
groups are not compatible with the reaction conditions. Beyond functional group inter-
ference, calculations indicate that the applicability of our methodology is related to the
arene electron affinity and the nucleophilicity of the resulting radical anion. Arenes may
be able to accept an electron with ease, but the radical anion formed may not be nucle-
ophilic enough to add to CO,. Conversely, some aromatic radical anions may be highly
nucleophilic, but their formation may be beyond the reductive capabilities of the photo-
catalyst or a functional group present may be reduced instead. The estimated electron
affinities of the arenes, and the Mulliken spin population and charges for the arene
radical anions were derived from DFT calculations. The importance of a correct balance
of electron affinity of the arene and the nucleophilicity of the aromatic radical anion for a
successful reaction is illustrated in Figures S13-S17 (Supplemental Information). Addi-
tionally, DFT calculations also showed that the regioselectivity is generally well predicted
by comparing the Mulliken spin population for the aromatic carbons of calculated sub-
strate radical anions (see Scheme S4).

Conclusion

We have developed a mild, direct, redox-neutral, and transition-metal-free insertion
of CO; into non-prefunctionalized C(spz)—H bonds, leading to an efficient method
for producing valuable aromatic carboxylic acids and trans-cinnamic acids in a single
operation. A reaction performed on gram-scale demonstrated the scalability of this
carboxylation method, while ketones could be used as alternative electrophiles to
CO; yielding tertiary alcohols. The scope of the reaction can be predicted by
DFT-estimated reduction potential of the substrates and nucleophilicity of the inter-
mediate arene radical anions. These findings may open new opportunities for an
atom-economic and energy-efficient use of CO; as a Cq building block in the chem-
ical processing of aromatic hydrocarbons, as well as for developing new photocata-
lytic late-stage functionalizations of drug-like compounds.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Burkhard Kénig (burkhard.koenig@ur.de).
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The numbers besides intermediate Il indicate the calculated Mulliken spin population for each sp?-
hybridized carbon atom.

Materials Availability

Unique and stable reagents generated in this study will be made available on
request, but we may require a payment and/or a completed Materials Transfer
Agreement if there is potential for commercial application.

Data and Code Availability
There is no dataset and code associated with the paper. Full experimental proced-
ures are provided in the Supplemental Information.

Images of the key spectral and analytical data of the compounds generated in this
study are included in Figures S1-5126 in the Supplemental Information.
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