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Conventional transition metal-catalyzed carbonylative reactions are a powerful tool for the direct incor-
poration of electrophilic reagents, CO, and nucleophilic reagents into high-value-added products.
Although these metal-catalyzed carbonylation strategies can efficiently synthesize carbonylated com-
pounds, metal-free systems remain an attractive direction in carbonylative reactions. Inspired by the
achievements in metal-free radical carbonylation, herein we describe a photochemical method for the
carbonylation of aryl sulfonium salts using photoexcitation of electron donor—acceptor (EDA) complexes.
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This strategy is metal-free and widely applicable, enabling ready access to a wide range of aryl carboxylic
acid derivatives in a simplified manner. Notably, by choosing different amines, the reaction intermediates
can be captured and then quenched stepwise. It has the potential to be a direct green alternative to con-
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Introduction

The carbonyl group can be used as a pharmacophore or
linking group and therefore plays a prominent role in drug
design and development. Among the carboxylic acid deriva-
tives, esters have been used to solve metabolic problems due
to their susceptibility to cleavage in organisms, most com-
monly to form prodrugs.”? The carbonyl and amino groups in
amides, which act as a HBA (hydrogen bond acceptor) and a
HBD (hydrogen bond donor), respectively,®* can form various
hydrogen bonding interactions with target proteins and
improve the binding of drugs to target proteins (Fig. 1a).>°
Therefore, the development of convenient and efficient
methods for synthesizing carbonyl-containing compounds has
been a long-standing concern. In organic synthesis, one of the
most commonly used methods for synthesizing esters and
amides is direct coupling of electrophilic acyl chlorides with
nucleophilic reagents.”® However, the synthesis of acid chlor-
ides typically requires high-energy and corrosive reagents such
as thionyl chloride,'® oxalyl chloride,"* or POCI;, all of which
are undesired in organic synthesis and cause difficulties when
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ventional carbonylation methods for the synthesis of aryl carboxylic acid derivatives.

used in large quantities. These characteristics make the devel-
opment of more efficient acylation schemes a priority.

Another method is the transition metal-catalyzed carbonyla-
tion, which allows the formation of a wide variety of amides,
esters and related products directly from available carbon
monoxide and widely sourced aromatic (pseudo)halides
(Fig. 1b, (1)). Since the first report on the palladium-catalyzed
direct synthesis of carbonyl compounds from aryl halides by
Heck and co-workers in 1974,"* significant progress has been
made in the preparation of aryl carboxylic acid derivatives
through palladium-catalyzed carbonylation of aromatic
(pseudo)halides.”*>* Various inexpensive metals, such as
Ni,?*?” Mo,?®%° Co,***" Cu,***? etc., have been gradually devel-
oped and used in the carbonylation of aryl halides to syn-
thesize arylamides and esters. Noteworthily, Arndtsen and co-
workers (Fig. 1b, (2)) synthesized acid chlorides via palladium-
catalyzed carbonylation using carbon monoxide as a C1 source
and converted them along with nucleophilic reagents into aryl
carboxylic acid derivatives.***> A few years later, their group
successfully reported the synthesis and conversion of aroyl
DMAP salts (Fig. 1b, (3)) into aromatic carboxylic acid
derivatives.**™®

Radical carbonylation chemistry allows obtaining
carbonylation products in a metal-free manner.***> Such a
reaction would be an attractive supplement to transition
metal-catalyzed strategies. Lei and co-workers (Fig. 1b, (4))
reported the first metal-free carbonylation reaction of aryl
halides in 2012.*® This reaction confirmed that aryl halides
can generate aryl radicals under the mediation of potassium

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthesis of aryl carboxylic acid derivatives: (a) Representative drugs demonstrating the ubiquity of aryl carboxylic acid derivatives. (b)
Traditional carbonylative methods. (c) This work: metal-free carbonylation of arenes.

tert-butoxide and 1,10-phenanthroline, which supported the
formation of a series of aryl tert-butyl esters. Subsequently,
metal-free carbonylation of aryl radicals continues to receive
attention and is thriving. Shortly thereafter, the groups of
Wangelin®” and Xiao*® reported that aryl diazonium salts,
which are synthesized from aryl amines, allowed for the pro-
duction of a series of aryl esters under conditions where fluor-
escein or eosin Y was used as a photosensitizer (Fig. 1b, (6)). A
few years later, Polyzos*® described an iridium-catalyzed visible
light mediated aromatic radical amidation (Fig. 1b, (5)).
However, exploring new methods in aryl radical carbonylation
is still crucial, not only because of the availability of starting
materials but also because simple methods and broader sub-
strates need to be considered.

This journal is © The Royal Society of Chemistry 2024

The generation of aryl radicals through EDA complexes has
become a green and sustainable method for aryl C-H bond
functionalization.’®™? In the last few years, Ritter’s group>~°
and other groups®”~>° have described a wide range of aromatic
hydrocarbon functionalization reactions via site-selective C-H
pre-thianthrenation of arenes. Furthermore, aryl sulfonium
salts, as a common electron acceptor, support the generation
of EDA complexes using N-reagents as electron donors.®’"®?
Inspired by these works, we report herein a tertiary amine-pro-
moted aryl radical carbonylation of aryl sulfonium salts
(Fig. 1c). This protocol, in combination with aryl C-H thian-
threnation, can provide an efficient method for the preparation
of esters and amides via site-selective C-H carbonylation of
arenes under metal-free conditions.
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Results and discussion

We employed an aryl thianthrenium salt (1a) and benzyl
alcohol as model substrates, and performed an extensive
screening for metal-free carbonylation under blue LED
irradiation (Kessil 40 W, 456 nm). After a broad assessment of
the reaction parameters, we found that an optimum isolation
yield of 92% was obtained for 1a (0.4 mmol), 2a (benzyl
alcohol, 0.2 mmol), 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU,
0.6 mmol), acetonitrile (MeCN) as a solvent, and 50 bar CO
(Table 1, entry 1). A suitable electron donor (tertiary amine) is
critical to the success of the reaction, and there was a signifi-
cant decrease in the yield when other tertiary amines were
used as electron donors (Table 1, entries 2-10). The yield was
significantly lower when the reaction was carried out in 1,2-
dichloroethane (DCE) and toluene compared to acetonitrile
(MeCN) (Table 1, entries 11 and 12). When the pressure of

Table 1 Condition optimization?

TT*
- + BnOH
Me/©/ oTf MeCN (2 mL), CO (50 bar)

1a 2a blue LEDs (40 W), 24 h

G (3.0 equiv.)

O
A B Cc D E F
Ns h', / /
D \N/\/ \/\N/ @N N/ N\ N
I [ \ — \
G H I J

Entry Variation from standard conditions Yield”
1 None 93% (92%)°
2 A instead of G Trace
3 B instead of G Trace
4 C instead of G Trace
5 D instead of G 13%
6 E instead of G Trace
7 F instead of G 12%
8 H instead of G Trace
9 Iinstead of G Trace
10 J instead of G 28%
11 Toluene instead of MeCN 35%
12 DCE instead of MeCN 21%
13 10 bar CO <5%
14 w/o DBU ND
15 wj/o blue LEDs, 80 °C ND
16 1a (0.2 mmol), 2a (0.3 mmol) 48%
17 G (1.0 equiv.) 52%
18 G (2.5 equiv.) 79%

“1a (0.4 mmol), 2a (0.2 mmol), G (0.6 mmol), CO (50 bar), MeCN
(2 mL), 40 W blue LEDs, 24 h. ? Yields were determined by GC-FID ana-
lysis using n-dodecane as the internal standard. ¢ Isolated yield. A, tri-
ethylamine; B, 4-methylmorpholine; C, N-isopropyl-N-methyl-tert-buty-
lamine; D, quinuclidine; E, N,N,N’,N‘-tetramethylethylenediamine; F,
1,4-diazabicyclo[2.2.2]octane; G, 1,8-diazabicyclo[5.4.0lundec-7-ene; H,
N,N,N',N",N"-pentamethyldiethylenetriamine; I, N,N-dimethylaniline;
J, 4-dimethylaminopyridine (DMAP).
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carbon monoxide was lowered (Table 1, entry 13), the yield was
significantly reduced, which may be related to the decarbony-
lative reaction of the formed acyl radical intermediate. The
target product 3 could not be detected when the electron
donor or light was omitted (Table 1, entries 14 and 15). Then
we tried to reduce the equivalent of 1a and DBU, and the yield
decreased with the decrease of 1a and DBU.

Next, we explored the compatibility of the photoactivation
carbonylation method with various aryl thianthrenium salts
and nucleophilic reagents as pathways to obtain different aryl
carboxylic acid derivatives (Fig. 2). Various electron-donating
groups of aryl thianthrenium salts provided high yields of the
target compounds under standard conditions, where 1,8-diaza-
bicyclo[5.4.0Jlundec-7-ene (DBU) acted as an electron donor
(3-6 and 8). The reaction was also compatible with functional
groups such as acyl, cyano, and heterocyclic groups, providing
moderate yields (12-14). Moreover, various phenols, alcohols,
and benzyl alcohols with various substituents were tested

Table 2 Condition optimization®

. te , % g
L~ N 2 3 + @' NuH
i G e
acyl radical T Nu = N-, alkyl O-
T IN] T o o
_ MeCN, CO (50 bar)_ . CyOH
/©/ OTf  “Biue LEDs, 36 h : N NEdPr /©)\o
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QY | ()
A B c D E F
N |
\@ SN @N/ N2\ N/
| | \ - \
G H 1 J
Entry Variation from standard conditions Yield”
1 None 93% (92%)6
2 A instead of J ND
3 B instead of J ND
4 C instead of J ND
5 D instead of J ND
6 E instead of J ND
7 F instead of J ND
8 G instead of J ND
9 H instead of G ND
10 I instead of G ND
11 DMF instead of MeCN Trace
12 Toluene instead of MeCN 39%
13 10 bar CO 41%
14 w/o DMAP NR
15 w/o blue LEDs, 80 °C NR
16 Blue LEDs, 24 h 82%

“1a (0.6 mmol), electron donor (1.2 mmol), MeCN (2 mL), CO (50 bar),
40 W blue LEDs, 36 h. Then, cyclohexanol (0.2 mmol) and NEt'Pr,
(0.2 mmol) were added to this reaction system at r.t. for 16 h. ” Yields
were determined by GC-FID analysis using n-dodecane as the internal
standard. “Isolated yield.

This journal is © The Royal Society of Chemistry 2024
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under our optimal conditions, affording excellent yields of the
desired products. When electron-withdrawing, electron-donat-
ing, o-substituted, and benzyl alcohols were used, the corres-
ponding target products were obtained in moderate to excel-
lent yields (15-20). The target products were obtained in good
yields under standard conditions for substrates containing
halogen substituents (22-24). It is worth noting that a two-site
nucleophilic reagent like 4-(hydroxymethyl)phenol (25) could
afford the corresponding products in only trace amounts.
From the reaction mixture, a mixture of mono- and double-
carbonylation products could be detected together with some
compounds from 4-(hydroxymethyl)phenol oxidation. When
the carbonylation reaction was carried out using the optimal
conditions, phenols containing different substituents were
transformed in moderate to excellent reaction yields for the
corresponding target products (26-33). Unfortunately, other
types of nucleophilic reagents such as alkyl alcohols, aryl
amines, and alkyl amines were not compatible with the
system. The compatibility of nucleophilic reagents remains a
potential challenge in this photochemical carbonylation
reaction.
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To overcome this limitation, the exploration of new photo-
chemical methods was carried out. Inspired by the work of
Arndtsen, we envisioned whether acyl radicals could be directly
coupled with the N-radicals present in this system to form rela-
tively stable acyl amine salts, and then nucleophilic reagents
could be added to the reaction system to achieve compatibility
with a wider range of substrates. We used a variety of
N-reagents to initiate the reaction. Surprisingly, in the one-
pot, two-step approach, the previously incompatible cyclo-
hexanol of the reaction system could give the corresponding
ester when DMAP was used as an electron donor.
Subsequently, after screening a series of relevant conditions,
we finally used aryl thianthrenium salt 1a (0.6 mmol),
DMAP (1.2 mmol), CO (50 bar), and MeCN (2 mL) to react
under blue LED irradiation for 36 hours. Then, cyclohexanol
(0.2 mmol) and NEtPr, (0.2 mmol) were added to the
mixture and reacted at room temperature for 16 hours as
the optimal conditions, obtaining the corresponding ester
with a separation yield of 92% (Table 2, entry 1). Other ter-
tiary amines could not afford the esterification product 47
through this one-pot two-step method (Table 2, entries

DBU (3.0 equiv)

Blue LEDs, 24 h
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Fig. 2 Evaluation of the substrate scope for the photochemical carbonylative reaction: 1 (0.4 mmol), nucleophilic partner (0.2 mmol), DBU
(0.6 mmol), CO (50 bar), MeCN (2 mL), 40 W blue LEDs, 24 h, isolated yields.
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2-10). This may be due to the fact that the corresponding
acyl amine salts generated from other tertiary amines are
not sufficiently stable. When the pressure of CO was
lowered, the reaction yield decreased to 41% (Table 2, entry
13). The reaction could not occur under conditions where

DMAP (6.0 equiv.

- @*@
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DMAP or blue light irradiation was not present (Table 2,
entries 14 and 15). This indicates that DMAP and blue light
irradiation are critical. When the blue light irradiation time
was reduced to 24 hours, the reaction yield decreased to
82% (Table 2, entry 16).

NuH (0.2 mmol)
NEtPr, (1.0 equiv)
., 16 h

o

i o
OBn Nf0\©\ /©)L08n
o

34, 89% 35,91% 36, 84% 37,92% 38,46% 39, 83%
Scope of Alcohols and Amines
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46, 52% 47, 92% 48, 96% 49, 76% 50, 70% 51, 99%
=
P z
Ar O/\/ Ar)J\N CFs, Ar)kN OMe Ar)kN Ar)J\N Ar/U\N
H H H H H
52, 88% 53, 84% 54,79% 55, 87% 56,91% 57,87%
I M Ph N
R T PO UOHES SO WY )
X, .
Ar)J\N Ar)LN Ar)kN Ar)J\N Ar” N7 N )J\N)\N
H H H H H H
58, 65% 59, 86% 60, 64% 61,51% 62, 50% 63, 99%
0 o o] o 9
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Fig. 3 Evaluation of the substrate scope for the photochemical carbonylative reaction: 1a (0.6 mmol), DMAP (1.2 mmol), MeCN (2 mL), CO (50 bar),
40 W blue LEDs, 36 h. Then, the nucleophilic partner (0.2 mmol) and NEt'Pr, (0.2 mmol) were added to this reaction system at r.t. for 16 h; isolated

yields.
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Subsequently, under the optimal conditions of a DMAP-
mediated one-pot two-step process for photoactivation, we
expanded the substrate range. Various aryl thianthrenium salts
could be used in the DMAP-mediated carbonylative reaction to
produce the corresponding products in more appreciable
yields (34-39). The electron pairs of heteroatoms in hetero-
cycle-containing nucleophilic reagents can coordinate with
metal catalysts, thereby decreasing and limiting the catalytic
activity of metal catalysts.®® Notably, heterocyclic benzyl alco-
hols were compatible with this metal-free carbonylative reac-
tion system affording excellent yields (40, 42, and 43).
Importantly, reagents with two nucleophilic sites that are
incompatible with DBU-mediated carbonylation reactions (45
and 46) could be transformed in this new system. Alkyl alco-
hols and N-nucleophilic reagents were also compatible with
this protocol. Anilines and primary and secondary alkyl
amines were successfully converted under the reaction con-
ditions. Amines substituted with electron-withdrawing substi-
tuents such as trifluoromethyl, trifluoromethoxy, and cyano
were compatible and afforded the target compounds in
51-91% yields (53, 55, 56, and 61). Meanwhile, various elec-
tron-donating substituents such as methoxy, thiomethyl and
phenoxy substituted amines were compatible and the target
compounds were obtained in 64-86% yields (54, 59, and 60).
For halogen-substituted anilines, the target products were
obtained in good yields under the standard conditions (57 and
58). The range of various heterocyclic amines was then exam-
ined under the same reaction conditions (62, 63, 65 and 66).
Different alkyl amines could be obtained in good yields in this
case.

As shown in Fig. 3, cyclic amines of different ring sizes,
including cyclopentyl (68, 74%), cyclohexyl (69, 90%), and even
alkyl amines with larger tensile rings, such as 3-oxetanyl (71,
76%) and cyclopropyl (70, 71%), delivered the desired
carbonylation products in good yields. We demonstrated the
synthetic value of this strategy using natural products, bio-
active molecules, and late-stage modifications of complex
multiple aryl complexes. Encouragingly, bioactive alcohols
and phenols such as vitamin E (73), estrone (74), br-
menthol (75), dehydroabietic amines (76), amino acid
derivatives (77), and ezetimibe (78) were successfully con-
verted into the corresponding carbonylated products. It is
noteworthy that compounds with multiple substitutions on
the aryl groups could be site-selectively generated to the
corresponding thianthrenes, both of which could react with
nucleophilic reagents to form the corresponding esters (36,
39, 79 and 80), which are difficult to achieve in other
similar methods. These positive results show the potential
for this strategy to be employed in the late-stage modifi-
cation of complex molecules.

The formation of EDA complexes with aryl sulfonium salts
has been demonstrated in the literature.®*®* It can be
observed that when DBU is added to the solution of aryl sulfo-
nium salt (1a) in MeCN, there is no significant change in
colour. However, when the mixture is irradiated with blue light
at 456 nm for 20 minutes, it clearly turns into yellow (Fig. 4a).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Spectroscopic studies of the photochemical carbonylative reac-
tion: (a) UV-vis spectra of 1a (1) and DBU (2) in MeCN (4 mL) solution
and their mixture, taken immediately (3) and after 20 min of irradiation
at 456 nm (4); (b) UV-vis spectra of 1a (1) and DMAP (2) in MeCN (4 mL)
solution and their mixture, taken immediately (3) and after 20 min of
irradiation at 456 nm (4) and 400 nm (5).

In the UV absorption spectrum, the absorption curve of the
mixture of 1a and DBU shows a red shift, which becomes more
pronounced after blue light irradiation. In the system of 1a
and DMAP, 400 nm blue light irradiation is required for a sig-
nificant red shift in the absorption curve (Fig. 4b). This may be
caused by the formation of different EDA complexes.

In the absence of a nucleophilic reagent and NEt'Pr,, we
also conducted reactions to identify the key intermediates
involved in the method (Fig. 5a). To our delight, we could
detect the corresponding intermediates by HRMS. At the same
time, we attempted a one-step reaction and modified the reac-
tion conditions. It was found that the one-step method is also
compatible with the reaction using alkyl alcohol as a nucleo-
phile, and the separation yield could reach up to 92%
(Fig. 5b). The addition of radical scavengers to reaction system
A (Fig. 5c, left) and reaction system B (Fig. 5c¢, right), respect-
ively, completely inhibited the formation of the desired
product under other standard conditions. Additionally, the
aryl radical capture product 81 was detected by HRMS, and
when the radical capture reagent was 1,1-diphenylethylene,
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Fig. 5 Experiments for mechanistic investigation. (a) Detection of the aroyl-DMAP salt. (b) One-pot preparation when DMAP is used as a promoter.

(c) Radical-trapping experiment. (d) Possible mechanisms.

both aryl and acyl radicals could be detected. These results
suggest that aryl radicals and acyl radicals are most likely
involved in the process.

Based on the above experimental results and reported lit-
erature, we proposed a mechanism for the generation of aryl
radicals by the formation of EDA complexes from aryl thian-
threnium salts and tertiary amines for this methodology
(Fig. 5d). Initially, DBU or DMAP is combined with aryl sulfo-
nium salts to produce the corresponding EDA complex, which
produces the aryl radical, DBU"" or DMAP'", and the thian-
threne. The thianthrene can be recovered and reused for aryl
activation. Subsequently, the aryl radical captures CO, forming
an acyl radical. Under condition A, the acyl radical is oxidized
by DBU™" to an acyl cation, and finally the nucleophilic reagent
reacts with the acyl cation in the presence of a base to produce
the corresponding acyl compound. Under condition B, the acyl
radical is combined with DMAP™" to form the corresponding
aroyl-DMAP salt, which acts as an active species allowing the
reaction with more abundant N-, O-nucleophilic reagents to
obtain the corresponding acyl compounds.

1692 | Green Chem., 2024, 26, 11686-11694

Conclusions

In summary, we have developed a universal strategy for the three-
component construction of aryl carboxylic acid derivatives in a
metal-free manner. In combination with site-selective thianthre-
nation of aromatic hydrocarbons, esterification and amidation of
arenes were achieved and late modification of complex molecules
could be accomplished.®* The multifunctionality of the protocol
is proven by the compatibility with phenols, alkyl alcohols, ani-
lines and alkyl amines containing various functional groups,
which allows for the generation of synthetically valuable and
pharmaceutically relevant aryl carboxylic acid derivatives. We
expect this work to further promote the development of metal-
free radical carbonylation chemistry.
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