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ABSTRACT: We describe the double-carboxylation of two C—H bonds

) . i ) ) - H LiO-t-Bu, CsF R * co,H
(i.e., at the benzylic and the B-positions) in 2-alkylheteroarenes using a T\ 4 COy(1atm) i 4
.. . . R-+- || c —= 5 R-i- | C
combination of LiO-t-Bu and CsF. A diverse range of substrates, namely <y DMI, 150 °C [ H,

benzothiophene, thiophene, benzofuran, furan, and indole derivatives,
are efficiently converted into the doubly carboxylated products. A variety
of functionalities (i.e., methyl, methoxy, halogen, cyano, ester, ketone,

and amide moieties) are well tolerated.

he development of carboxylation reactions using CO, to

form C—C bonds has long received significant interest
due to the abundance, nontoxicity, and low cost of CO, as a
C1 source since the pioneering works using organolithium,"
organomagnesium,” and sodium phenoxide’ were reported.
Indeed, the development of monocarboxylation reactions of a
variety of functionalized o-bonds (i.e., C—Sn, C—B, C—Si, C—
Zn, C—Al and C—halogen), unfunctionalized C—H bonds,
and unsaturated bonds has been reported in which one CO,
molecule couples with one substance.* In contrast, the studies
of the corresponding double-carboxylation reactions, wherein
two CO, molecules are captured by one substance, have not
been advanced, despite the fact that they can efficiently provide
dicarboxylic acids.” So far, the double-carboxylation reactions
of unsaturated bonds, such as those present in acetylenes,
allenes, alkenes, and dienes, have been achieved using either a
catalytic or a stoichiometric amount of transition metals with a
reducing reagent or Bronsted base or upon electrochemical
reduction.’ The direct double-carboxylation of two C—H
bonds is also of great interest due to the abundance of C—H
bonds in organic substances (Figure la). Although several
examples have been demonstrated by employing transition-
metal catalysts and Bronsted bases, '’ these examples are
limited to specific substrates, such as acetonitrile,” a.cetylene,8
benzene,’ phenol,10 phenylpyrazole,11 and 1,2,4,5-tetrafluoro-
and -chlorobenzenes.'”'® This is due to a drop in the
nucleophilicity of the molecule following the first carbox-
ylation, in addition to the increased steric hindrance, both of
which significantly affect the reactivities of C—H bonds close
to the introduced carboxylic moiety. The stepwise operation,
involving the deprotonation of two C—H bonds followed by
subsequent coupling with CO,, also results in double-
carboxylation (Figure 1b). This protocol, however, requires
the use of very strong Brensted bases, such as n-BuLi, s-BuLi, t-
BuLi, or 2,2,6,6-tetramethylpiperidide base, to generate
unstable dicarbanionic species, which significantly limits the
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Figure 1. Double carboxylation of two C—H bonds.

substrate scope and functional group tolerance.'* As such, no
system applicable to a diverse range of substrates has been
established.'”> We recently reported that the carboxylation of
electron-rich heteroarenes proceeds smoothly using the
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Bronsted base system LiO-t-Bu/CsF/18-crown-6.''" Thus,
we herein report the use of LiO-t-Bu and CsF to promote the
double-carboxylation of 2-alkylheteroarenes (i.e., benzothio-
phene, thiophene, benzofuran, furan, and indole derivatives) at
the benzylic C(sp®)—H and the f-C(sp*)—H bonds (Figure
1c). The tolerance of this system to a wide range of functional
groups will also be examined.

Initially, the reaction of 2-methylbenzothiophene (1a) was
carried out using the various Brensted bases in 1,3-dimethyl-2-
imidazolidinone (DMI) at 130 °C under ambient CO,
pressure (Table 1). The reaction of LiO-t-Bu provided the

Table 1. Effects of the Alkoxide Bases and Additives on the
Reaction”

H H Base (5.0 eq)
@c’ + co, Additive(s) (5.0 eq)
s Hz DMI, 130 °C, 13 h
1a (1 atm)
CO,H H CO,H
CO,H CO,H H
s H s H s’ H
2a-H 3 4
yield of 2a- yleld of yield of
entry base additive(s) Hb (%) 3% (%) 41’ (%)
1 LiO-t-Bu 12 0 0
2 LiO-t-Bu  LiF 6 0 0
3 LiO-t-Bu  RbF 24 S 0
4 LiO-t-Bu CsF 83 2 0
S LiO-t-Bu CsCl 14 0 0
6 LiO-t-Bu Csl S 1 0
7 CsF 0 0 0
8 LiO-t-Bu CsF + 77 6 10
18-crown-6
9 NaO-t-Bu 27 7 2
10 NaO-t-Bu CsF 77 3 3
11 KO-t-Bu 53 S 2
12 KO-t-Bu CsF 57 7 2
13 LiOMe CsF 0 0 0
14°  LiO-t-Bu CsF 94 1 3

“Conditions: 1a (0.30 mmol), CO, (1 atm), alkoxide base (1.50
mmol), additive(s) (1.50 mmol), DMI (1.5 mL), 130 °C, 13 h.
“Yields were determined by 'H NMR spectroscopy using 1,1,2-
trichloroethane as an internal standard. “Reaction was conducted at
150 °C.

desired product 2a-H in 12% yield (entry 1). The effects of
additives were then evaluated based on our previous studies
into the monocarboxylation of heteroarenes.' Among the
examined alkali-metal salts, CsF was the most effective,
furnishing 2a-H in 83% yield (entries 2—6). In the absence
of LiO-t-Bu, 2a-H was not obtained (entry 7). The addition of
18-crown-6 did not increase the yield of 2a-H, and 3 and 4
were also formed in yields of 6% and 10%, respectively (entry
8). In addition, NaO-t-Bu/CsF and KO-t-Bu/CsF gave yields
of 77% and 57%, respectively, while LiOMe/CsF was
ineffective (entries 9—13). When the reaction of LiO-t-Bu
and CsF was carried out at 150 °C, 2a-H was obtained in 94%
yield (entry 14).'®"” Finally, the product obtained using these
conditions was isolated as the dimethyl ester form of 2a in 83%
yield following treatment with TMSCH,N, (Figure 2).

With the optimized reaction conditions in hand, they were
then applied to the double carboxylation of a variety of 2-
alkylbenzothiophenes (Figure 2). 2-Methylbenzothiophenes

1. LiO-t-Bu (5.0 eq)

CsF (5.0 eq) OM CO Me
® _ DML, 150°C,13h ®
2. TMSCHN, (3.0 eq) s

MeOH, rt
(1 atm)
CO,Me CO,Me
CO,Me Me. : ,( COzMe MeO. : ,( CO,Me
2a, 83%, 91%° 2b, 84% 2¢, 75%
CO,Me CO,Me CO,Me
COzMe CO,Me mCOZMe
MeO
2d, 71% 2e 82%° 2f, 87%
CO,Me CO,Me CO,Me
\Ofg_/002Me Bf\@g_/002Me NC\©jg_/002Me
2g, 83% 2h, 82% 2i, 82%
CO,Me CO,Me CO,Me
BuO,C \@g_/cozrwe @_{:ozm ®_<002Me
2j, 74% 2k, 81% 21, 76%¢

MeO,C CO,Me

Reget

2m (R' = CO,Me), 31%"
+2m' (R' = H), 26%"

Figure 2. Substrate scope: 2-alkylbenzothiophenes. (a) Reactions
were conducted on a 0.3 mmol scale. (b) Isolated yields. (c) Reaction
was conducted on a 1.2 mmol scale. (d) Reaction was conducted at
160 °C. (e) Reaction was conducted at 140 °C. (f) Reaction was
conducted at 100 °C.

1b and Ic, bearing electron-donating methyl and methoxy
groups at the S-position, afforded the desired products 2b and
2¢ in yields of 84% and 75%, respectively. The reactions of 1d
and le, which contained methoxy substituents at the 6- and 7-
positions, respectively, formed 2d and 2e in yields of 71% and
82%. In addition, halogen atoms (i.e, F, Cl, and Br) were
tolerated to give the corresponding products 2f—h in yields of
87%, 83%, and 82%, respectively. The tolerance of the
relatively weak C(sp*)—Br bond is due to the in situ generation
of the relatively weak tert-butyl carbonate base from tert-
butoxide and CO,, which can prevent the one-electron transfer
reaction of the tert-butoxide to cleave the bond, as noted in our
previous study.'®* Actually, we confirmed that the combination
of [t-BuOCO,Li] with CsF resulted in the double-carbox-
ylation of 1h under an argon atmosphere (Scheme S1). The
dimethyl ester structure of the benzothiophene derivative was
confirmed by X-ray crystal analysis of 2h (see the Supporting
Information). Furthermore, 1i and 1j, which contain electron-
withdrawing cyano and ester moieties, were also suitable
substrates, giving 2i and 2j in yields of 82% and 74%,
respectively. 2-Ethylbenzothiophene (1k) and 2-propylbenzo-
thiophene (11) were also efficiently converted to the desired
products 2k and 2l in 81% and 76% vyields, respectively.
Finally, the reaction of substrate 1m bearing two benzothio-
phene moieties was examined; the triple-carboxylated product
2m was obtained in 31% yield along with the double-
carboxylated product 2m’ in 26% yield.
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To broaden the substrate scope, the current system was then
applied to the double carboxylation of 2-methylheteroarenes
other than 2-methylbenzothiophenes (Figure 3). Thus, the

1. LiO-t-Bu (5.0 eq)

H CO,Me
7 Vs gi/IFI (?é%e(é) 13h 2 ’ ,oMe
o ° T
RL T +co, —— =0 o7 TN
S~y H, 2. TMSCHN, (3.0 eq) St~y H,
X=5.0.NR) MeOH, rt
5 (1 atm) 6
CO,Me CO,Me CO,Me
I\ coMe I COZMePhw/ﬂ\/COZMe
s s s
NC o
6a, 80% 6b, 88% 6c, 67%°
CO,Me COMe CO,Me
PhMeN_ [/ \\  CO,Me CO:Me /7 \ co,Me
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Figure 3. Substrate scope: 2-methylheteroarenes with the exception
of 2-methylbenzothiophenes. (a) Reactions were conducted on a 0.3
mmol scale. (b) Isolated yields. (c) Reaction was conducted at 130
°C. (d) Reaction was conducted at 180 °C. (¢) DMI (2.0 mL) was
used.

reactions of 2-methylthiophenes Sa and 5b, bearing phenyl and
p-cyanophenyl moieties at the S-position, proceeded to form
6a and 6b in yields of 80% and 88%, respectively. The
regioselectivity of the double-carboxylation in the thiophene
derivative was confirmed by X-ray crystal analysis of 6b (see
the Supporting Information). It was found that electrophilic
keto and amide substituents were well tolerated on the
thiophene ring to provide the desired products 6¢ and 6d in
67% and 82% yields, respectively. In addition, 2-methylbenzo-
furan (5e) and 2-methyl-S-phenylfuran (5f) were also
smoothly converted to their corresponding products in yields
of 92% and 77%, respectively, while 2-methylindoles Sg—i,
bearing methyl, phenyl, and pyridyl groups on their nitrogen
atom, gave diesters 6g—i in yields of 77%, 90%, and 70%,
respectively.

On the basis of the above results, a mechanism for the
double-carboxylation process was proposed (Scheme 1). In
this mechanism, an equilibrium exists between the tert-
butoxide base, [--BuOM] (M = Li or Cs), and the carbonate,
[+-BuOCO,M], under a CO, atmosphere.””*' The increased
reactivity obtained by the combined Bronsted bases of LiO-t-
Bu and CsF is considered to be due to the generation of the
cesium base, a stronger base than the corresponding lithium
base, with the formation of stable LiF salt.”> The base initially
deprotonates the benzylic C(sp*)—H bond of 1a to generate
the anionic species 7, which then reacts with CO, at the
benzylic position to form 8. Subsequently, deprotonation of
the benzylic position and coupling with CO, at the f-position
occur to form 10, which is further deprotonated to give 11
(path a). Alternatively, 7 undergoes the first carboxylation at
the f-position and the second at the benzylic position (path b).

Scheme 1. Proposed Mechanism

Equilibrium of Brensted bases under an CO, atmosphere
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To gain insight into the reaction pathway of the proposed
double-carboxylation, additional experiments were carried out
(Figures 4 and 5). Initially, monocarboxylated substrates 3 and

H
CO,H
N 1. LiO-t-Bu (5.0 eq)
(Is CsF (5.0 eq) oMo e
DMI, 150 °C, 13 h
3 +COp —— 2 PN @E\g_/
COoM 2. TMSCHN, (3.0 eq) S

MeOH, rt
AN (1 atm) 2a, 90% from 3
s 2a, 82% from 4
4

Figure 4. Conversion of monocarboxylated substrates 3 and 4 to 2a.
(a) Reactions were conducted on a 0.3 mmol scale. (b) Isolated

yields.

4 were subjected to the carboxylation reaction, and both
provided dicarboxylated product 2a. This result suggests that
both types of monocarboxylated intermediate may be involved
in the present system and that both paths a and b can be
involved. The reaction of 2-isopropylbenzothiophene (15) was
then carried out to give the monocarboxylated product 16 at

H H
H CO,H
S S

15 (1 atm) 16, 48%

LiO-t-Bu (5.0 eq)
CsF (5.0 eq)

DMI, 160 °C, 13 h

Me LiO-tBu (5.0 eq)

H ' co
H
/ CsF (5.0 e 2
N + co, (30 eq) N @)
g H, DMI, 150 °C, 13 h S
17 (1 atm) 18, 92%

Figure 5. Monocarboxylation of 15 and 17 at the benzylic C(sp*)—H
bonds. (a) Reactions were conducted on a 0.3 mmol scale. (b)
Isolated yields.
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the benzylic position and not at the S-position.”* The benzylic
carboxylation of 2,3-dimethylbenzothiophene (17) also
occurred, thereby indicating that the carboxylation reaction
takes place at the benzylic position prior to the S-position. This
result appeared to favor pathway a.*®

In summary, we successfully demonstrated that the Bronsted
base system LiO-t-Bu/CsF opened the door for the efficient
direct double-carboxylation of two C—H bonds in 2-
alkylheteroarenes. Indeed, this system facilitated the double-
carboxylation of various substrates, namely benzothiophene,
thiophene, benzofuran, furan, and indole derivatives. The
reaction was also found to be compatible with a wide range of
functional groups, such as methyl, methoxy, halogen, cyano,
ester, ketone, amide, and pyridyl moieties.
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