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ABSTRACT: A visible-light-driven carboxylation of aryl and xOTF
alkenyl triflates with CO, is developed by using a combination of R-—-

Pd and photoredox catalysts. This reaction proceeds under mild
conditions and can be applied to a wide range of substrates OTf

F co,
[Pd]1 [Ir], iPrZNEt, CSZCO:;

CO,H
including acyclic alkenyl triflates. blue LED J\f .
NG

C arboxylation reactions utilizing carbon dioxide (CO,) as
a C1 source have attracted significant attention from
many synthetic chemists for a long time. Highly nucleophilic
metallic reagents such as Grignard reagents, which are directly
generated from organic halides, are traditionally employed for
carboxylation. Transition-metal-catalyzed carboxylation of
organic halides has also been achieved by using a
stoichiometric amount of metallic reductants such as Et,Zn
and Mn." More recently, visible-light-driven carboxylation of
aryl and alkyl halides was realized by using a Pd—Ir or Ni—
organic dye dual catalyst system without the necessity of using
a stoichiometric amount of strong metallic reductants.””’

Aryl and alkenyl trifluoromethanesulfonates (triflates) are
considered as an equivalent to the corresponding halides and
are highly useful as they are easily available from the
corresponding phenols and carbonyl or alkynyl compounds.”
However, to the best of our knowledge, there have been only
two reports on carboxylation of aryl or alkenyl triflates with
transition-metal catalysts except for electrochemical meth-
ods.”® In 2015, Tsuji et al. reported Co- and Ni-catalyzed
carboxylation of aryl and alkenyl triflates using a stoichiometric
amount of Mn as a reductant (Scheme 1a).” Later, Konig et al.
reported carboxylation of aryl and alkyl bromides and aryl
triflates using Ni and organic photoredox catalysts, where onl{
three aryl triflates were employed as substrate (Scheme 1b).”
These two reactions proceeded smoothly at room temperature,
but there are some drawbacks such as use of metallic
reductants, long reaction time (>20 h), and limited substrate
scopes, ie., no examples of acyclic alkenyl triflates. Thus,
development of more general methods is desirable for
carboxylation of aryl and alkenyl triflates.

We here report a facile method for carboxylation of aryl and
alkenyl triflates with a combination of Pd and photoredox
catalysts using amine as a reductant (Scheme Ic). These
reactions are completed within 4 h, much faster than the
previously reported carboxylations of triflates, and a broad
scope of triflates is applicable including acyclic alkenyl triflates.

To initiate our study, the reaction of aryl triflates was
examined on the basis of our photocatalytic carboxylation
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Scheme 1. Direct Carboxylation of Aryl or Alkenyl Triflates
with CO,

a) Tsuji et al.
OTf CO, X CO,H
R—: Co or Ni (cat.) R—:
=z Mn (reductant)

i) rt—40 °C, 20 h

b) Konig et al.
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conditions of aryl halides (Table 1).** First, we conducted the
carboxylation of 3,4-(methylenedioxy)phenyl triflate (1a)
usmg catalytic amounts of Pd(OAc),, 2- dlphenylphosphmo—
2',4’,6’-triisopropylbiphenyl (PhXphos),” and Ir-
(ppy)z(dtbpy) (PF¢) under irradiation with blue light emitting
diodes (LEDs) in the presence of an excess amount of iPr,NEt
as an electron donor under a CO, atmosphere at room
temperature (entry 1). Though this is the optimized condition
for aryl bromides, the conversion of la and the yield of the
desired carboxylic acid 2a were moderate, and a small amount
of the hydrogenated product 3a was obtained. Extension of the
reaction time from 4 to 12 h did not improve the yield,
suggesting the deactivation of the Pd catalyst (entry 2). As the
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Table 1. Screening of Reaction Conditions for Aryl

Triflates”
0 COpH
1y
(0]
) 2a
o) H
Iy
(0]
3a

CO5 (1 atm)
Pd(OAc), (2.5 mol %)
PhXphos (5.0 mol %)

0 oTf Ir(ppy)2(dtbpy)(PFe) (2.5 mol %
{ :©/ additive (20 mol %)
)

Cs,COj3 (3.0 equiv)
1a iProNEt (3.0 equiv)
DMA, rt, hv (425 nm), 4 h

yields

entry additive conv. 2a 3a O

1 none 50 44 4 PR,
20 none 45 38 7 iPr iPr
3 TBACI 60 47 8 O

4 TBAB 96 89 4 iPr

5 TBAI 90 74 8 PhXphos :R=Ph
6¢ none 100 65 19 BuXphos : =1fBu
7c TBAB 100 70 16

“Determined by 'H NMR spectra. *12 h. “Using tBuXphos instead of
PhXphos.

cationic [ArPd(PhXphos)]OTf” species generated in situ was
supposed to be less stable than halide-containing neutral
ArPdX(PhXphos) species, catalytic amounts of tetrabutylam-
monium (TBA) halides were added to the reaction mixture in
order to convert the cationic Pd complex into the neutral one
(entries 3—5). As expected, all of the halides improved the
yields of 2a, and quite pleasingly, 2a was obtained in 89% yield
with 20 mol % of TBA bromide (TBAB). The use of more
electron-donating 2-(di-tert-butylphosphino)-2’,4',6’-triisopro-
pylbiphenyl (tBuXphos),'® which is also effective for
carboxylation of aryl halides,” led to the full conversion of
1a, but the yield of 2a was not significantly increased upon
addition of TBAB (entries 6 and 7).

With the optimized conditions in hand, we investigated the
substrate scope of aryl triflates (Scheme 2). To facilitate the
purification, the obtained carboxylic acids were converted into
the corresponding methyl esters by treatment with
(trimethylsilyl)diazomethane (TMSCHN,). Aryl triflates 1b—
le with electron-withdrawing substituents at the para position

Scheme 2. Substrate Scope of Aryl Triflates

CO, (1 atm)
Pd(OAc); (2.5 mol %)
PhXphos (5.0 mol %)

Ir(ppy)2(dtbpy)(PFg) (2.5 mol %)
TBAB (20 mol %) TMSCHN, (2.0 equiv)

Ar—OTf Ar—CO,Me
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1a-i iPryNEt (3.0 equiv)
DMA, t, hv (425 nm), 4 h

MeOH/EL,0 = 1/4

0°C,05h 4a-i

R=
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COzMe
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R

4d CF; 84% 4g CO,Me 71%°

CO,Me
<0:©/C02Me COMe
0 I
4a 88% 4h 55% 4i 79%

“Using tBuXphos instead of PhXphos.

gave the desired methyl esters 4b—4e in good yields. Notably,
the carboxylation of p-chlorophenyl triflate 1¢ proceeded at the
triflate group selectively while the chloride functionality
remained inert, which can be employed for further trans-
formations. For the aryl triflate 1f with an electron-donating
tert-butyl group, the conversion and yield were low with
PhXphos (39% and 32% by NMR, respectively) probably due
to the slower oxidative addition of the triflate. The use of more
electron-donating tBuXphos as a ligand increased the yield of
4f to 73%. Aryl triflate 1g with a methoxycarbonyl substituent
suffered from low NMR vyield of 4g (40%) with PhXphos due
to generation of the corresponding phenol (29%), which was
thought to be formed via direct one-electron reduction of the
triflate by the Ir photocatalyst.'" In this case also, employing
tBuXphos was effective, affording 4g in 71% yield with a trace
amount of the phenol. Bulky 2,4,6-trimethylphenyl triflate 1h
was also applicable to the carboxylation although the yield of
4h was slightly lower. Naphthyl triflate 1i gave the methyl ester
4i in 79% yield.

As the carboxylation of aryl triflates was found to be widely
applicable based on the Pd—Ir dual catalyst system, the
carboxylation of alkenyl triflates, which has never been
achieved under photocatalytic conditions with organic
reductants, was examined next (Table 2). Piperidone-derived

Table 2. Screening of Reaction Conditions for Alkenyl
Triflates

CO, (1 atm)
Pd(OAc), (2.5 mol %)
oTf Phosphine (5.0 mol %) COH H o
N Ir(ppy)2(dtbpy)(PFg) (2.5 mol %) @ @ @
Cs,CO3 (3 equiv)
Eoc iProNEt (3 equiv) Eoc QOC goc
) DMA, rt, hv (425 nm), 6 h )
1] 2j 3 5
yields® (%)
entry phosphine conv” (%) 2j 3j Sj
1 PhXphos 100 37 31 14
2 tBuXphos 100 7 35 43
3 Ar®2Xphos 100 71 12 2
4° Ar®F)2Xphos 100 62 11 4
5¢ Ar®F2Xphos 99 69 9 1

“Determined by '"H NMR spectra. “With TBAB (20 mol %). “15 min.

triflate 1j was chosen as a model cyclic substrate. Using
PhXphos in the absence of TBAB, the desired ester 2j was
obtained in moderate yield with considerable amounts of the
reduced product 3j and the homodimer §j (entry 1). We
examined more and less electron-donating Xphos-type ligands
to find that 2-(3,5-bis(trifluoromethyl)phenyl)phosphino-
2',4',6'-triisopropylbiphenyl (Ar(®?Xphos)'* gave 71%
yield of 2j with smaller amounts of 3j and $Sj (entries 2 and
3). The use of the electron-deficient ligand would have led to
facile one-electron reduction of [alkenylPd(Xphos)]OTf and
suppressed the formation of the byproducts. In contrast to the
aryl triflates, addition of TBAB did not improve the yield of 2j
(entry 4). It should be noted that the carboxylation proceeded
very rapidly and was completed within only 15 min (entry S).

Then we expanded the scope of alkenyl triflates (Scheme 3).
Irradiation for 2 h was found to be sufficiently long for the full
conversion of all the alkenyl triflates. Cyclohexenyl triflates
1k—o gave the desired methyl esters 4k—o in moderate to
good yields, including acetal 4n and tetrasubstituted olefin 4o.
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Scheme 3. Substrate Scope of Alkenyl Triflates
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CO,Me /@/\)\ﬁ‘\@\
CO,Me X R R

4s H 69% (E:Z=7:93)abc

40 65 e e 4t OMe 57% (E:Z=9:91)b°¢

q65%  4r51%(EZ=1189)°° 4y COMe 50% (E:Z:sty = 10:78:12)b0¢
4v Cl 41% (E:Z:sty = 9:38:53)%9

CO,Me
COMe sty = CO,Me
4w 40 %P 4x 39% R R

%0.5 h. ®“MeCN was used as a solvent. “1r (E/Z = 7:93) and 1s—v (E/
Z ~ 1:3) were used. dStyrene-type products were obtained due to
isomerization.

Tetralone-derived cyclic triflate 1p was also successfully
converted into 4p. Besides the 6-memberd ring triflates,
cycloheptenyl triflate 1q and cyclododecenyl triflate 1r
provided the desired products 4q and 4r, respectively.
Importantly, this carboxylation procedure was effective for
acyclic alkenyl triflates with slight modification. When the
acyclic olefin 1s was subjected to the optimized conditions,
elimination of the triflate predominated and an alkyne was
obtained as the main byproduct (Table S7). Though the
formation of the alkyne was also observed only with Cs,COj; in
the absence of the Pd and Ir catalysts, addition of the Pd
catalyst increased the amount of the alkyne, suggesting the
involvement of [alkenylPd(Xphos)]OTf for the formation of
the alkyne. We found that the use of MeCN as a solvent greatly
suppressed the alkyne formation and increased the yield of 4s
up to 69% probably due to the stabilization of the cationic Pd
species. Other acyclic triflates 1t—x including methyl ether 1t,
methyl ester 1u, and chloride 1v were also applicable without
losing the functional groups, although isomerization of the
C=C double bonds occurred for electron-deficient products
4u and 4v. Aliphatic acyclic alkenyl triflates 1w and 1x gave the
desired methyl esters in moderate yields. It should be noted
that the alkenyl triflate 1w was not suitable for the
carboxylation reaction developed by Tsuji et al,,” and this is
the first example of carboxylation of acyclic alkenyl triflates.
The proposed mechanism of this carboxylation for aryl and
alkenyl triflates in the absence of TBAB is shown in Scheme
4. Electron-deficient cationic [RPd(Xphos)]OTf B, which
would be readily generated by oxidative addition of R—OTf to
Pd(0)(Xphos) A, would undergo one-electron reduction to
give nucleophilic RPd(I)(Xphos) C. This Pd(I) species would
react with CO, to give the corresponding (RCOO)Pd(I)-

Scheme 4. Proposed Catalytic Cycle

-OTt
"
A Oj/ Pd (I
Pd(OAC), ‘OTf
+ LPd(0) A

xﬁ/

Ligand (XPhos)
R coo,%\ co,
LPd(I —OCOR

(Xphos) D, which would be further reduced to Pd(0)(Xphos)
A with release of RCOO™."*

In conclusion, we have developed a facile and convenient
method for carboxylation of aryl and alkenyl triflates under
photocatalytic conditions. This carboxylation proceeds faster
than the previous carboxylations and is compatible with a
variety of functional groups because of the mild conditions.
Acyclic alkenyl triflates can also be utilized as substrates with
suppression of the alkyne formation for the first time. Further
investigation into the reaction mechanism is now ongoing in
our laboratory.
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