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Carboxylation of Organoboronic Esters Catalyzed by N-Heterocyclic

Carbene Copper(I) Complexes **

Takeshi Ohishi, Masayoshi Nishiura, and Zhaomin Hou*

Carbon dioxide (CO,) is an attractive, cheap, and nontoxic C,
source.!! However, because of its high thermodynamic
stability and low reactivity, the use of CO, as a C,; source
for C—C bond formation usually requires highly nucleophilic
organometallic reagents, such as alkyllithium compounds and
Grignard reagents. Less nucleophilic organoboron com-
pounds, though easily available, usually do not react with
CO,. Recently, transition-metal-catalyzed addition of carbon
nucleophiles to CO, has attracted much attention.* In this
context, Iwasawa and co-workers have reported the catalytic
carboxylation of aryl- and alkenylboronic esters with CO, in
the presence of a rhodium(I) compound and additives.*® This
reaction is potentially useful for the synthesis of functional-
ized carboxylic acid derivatives because of the easy avail-
ability of various functionalized organoboronic esters.
Unfortunately, however, the Rh catalyst systems showed
only limited tolerance toward functional groups. Although
carbonyl and cyano groups survived the reaction conditions,
more reactive functional moieties, such as bromo, iodo, and
vinyl groups, seemed intolerant. Moreover, little information
about the active catalyst species and the reaction mechanism
was available because of the complexity of the catalyst
systems. These difficulties have limited the application scope
of the Rh catalyst systems. The search for new catalysts for
more efficient, selective CO, transformation as well as the
clarification of the catalytic process is therefore of interest
and importance. We report herein an excellent N-heterocyclic
carbene copper(I) catalyst system for the carboxylation of
aryl- and alkenylboronic esters with CO,. This Cu catalyst
system not only showed higher functional-group tolerance,
but could also afford structurally characterizable active
catalyst species, thus offering unprecedented insight into the
mechanistic aspects of the catalytic process.”’

Copper complexes bearing N-heterocyclic carbene
(NHC) ligands have been reported to act as efficient catalysts
for the transformation of various carbonyl compounds,® such
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as conjugate reduction of a,f-unsaturated carbonyl com-
pounds,® hydrosilylation of ketones®! and also for the
reduction of CO,.”" In addition, many copper compounds
have also been reported to promote nucleophilic addition of
organoboron compounds to electrophiles, such as a,-unsa-
turated carbonyls and allylic carbonates.® These results
encouraged us to examine the carboxylation of organobor-
onic esters with CO, by use of N-heterocyclic carbene copper
complexes as catalysts. At first we examined the reaction of 4-
methoxyphenylboronic acid 2,2-dimethyl-1,3-propanediol
ester (1a) with CO, using N-heterocyclic carbene copper
species generated in situ from CuCl, IPr-HCI”'and rBuOK. In
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the presence of 5 mol % of CuCl with 5 mol % of IPr-HCI and
2 mmol of tBuOK in THF 70°C, the reaction of 1a (1 mmol)
with CO, (1 atm) took place smoothly to afford the carbox-
ylation product 4-methoxybenzoic acid 2a almost quantita-
tively after acidic hydrolysis (Table 1, entry 1). The reaction
did not occur in the absence of CuCl or an NHC ligand or
BuOK under the same conditions. The use of a less bulky
NHC ligand, such as IMes-HCl, instead of IPr-HCI led to a
lower yield of 2a (Table 1, entry 4). CuBr, Cul, and the Cu"
compounds CuCl, and Cu(OAc), were less effective than
CuCl (Table 1, entries 5-9). Further screening revealed that
the isolated carbene copper(I) chloride complex [(IPr)-
CuCl]®®l could also show high activity for this reaction, and
the catalyst loading could be reduced to 1mol% with
1.05 mmol of tBuOK (Table 1, entries 9 and 10).

We then examined the reactions of various functionalized
organoboronic esters with CO, by using [(IPr)CuCl] as a
catalyst precursor. Representative results are summarized in
Table 2. A wide range of aryl- and alkenylboronic esters could
be used in this reaction. The reaction was not affected by
either electron-donating (e.g., OMe) or electron-withdrawing
(e.g., NO, and CF;) groups (Table 2, entries 1, 15, 16). A
variety of reactive functional groups, such as vinyl, propargyl
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Table 1: Carboxylation of an arylboronic ester with CO, by various Cu

catalysts.”!
0o [CU/NHC ag. HCI
MeO B, MeO@COOH
o) tBUOK
1a - 2a
CO, (1 atm)
Entry {Cu} NHC Yield [%]!
1 Cucl IPr-HCl 9%
2 - IPr-HCl -
3 cucl - -
4 Cucl IMes-HC| 81
5 CuBr IPr-HCI 80
6 Cul IPr-HCl 58
7 Cucl, IPr-HCl 70
8 Cu(OAd), IPr-HCl 83
9 [(IPr)CuCl] - 9%
10 [(IPr)CuCl] - 971

[a] Conditions: 1a (1 mmol), {Cu} (0.05 mmol), tBuOK (2 mmol), CO,
(1 atm), THF (5 mL), 70°C, 12 h, unless otherwise noted. [b] Yield of
isolated product. [c] The reaction was carried out by use of 1 mol% of
[(IPr)CuCl] and 1.05 mmol of tBuOK for 24 h.

ether, epoxy, carbonyl, and halides (F, Cl, Br, I), survived in
these reactions (Table 2, entries 3-14). Boronic esters with
sterically demanding aryl groups (e.g., 2,4,6- Me,CsH,),
heteroaromatic derivatives, and alkenyl substituents were
also applicable (Table 2, entries 17, 19-21, 24-26). In all the
cases, the reaction took place selectively to give the corre-
sponding carboxylation products in high yields.

To gain information on the mechanistic aspects of the
catalytic process, several stoichiometric reactions were exam-
ined. The reaction of [(IPr)CuCl] with 1 equivalent of fBuOK
in THF at room temperature under N, gave the known copper
alkoxide complex [(IPr)Cu(OrBu)] isolated in 92 % yield.!'"
Further reaction of [(IPr)Cu(OrBu)] with 1 equivalent of the
arylboronic ester 1a afforded the corresponding arylcopper
complex 3 isolated in 91 % yield (Scheme 1). In contrast, no
reaction was observed between [(IPr)CuCl] and 1a under the
same conditions. Recrystallization of 3 in THF/toluene
yielded colorless single crystals suitable for X-ray analysis.
This investigation revealed that 3 adopts a monomeric
structure, in which the NHC ligand, the Cu atom, and the
aryl unit are oriented almost linearly with ¥ C8-Cul-Cl=
177.27(16)° (Figure 1).!"! Exposure of the aryl complex 3 to

[(IPCUCI]
0
)J\ tBuOK THF, RT, 30 min

O
[(lPr)Cu(OtBun MEOOB\OX
{BUOK THF 92% yield 1a
(IPr)Cu- o%<
(IPr)Cu@OMe

3, 91% vield
4,92% yield  opme

002 (1 atm)

T THF
-78 °C (10 min)
to RT (10 min)

Scheme 1. Stoichiometric reactions of [(IPr)CuCl].
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Table 2: {(IPr)Cu}-catalyzed carboxylation of aryl- and alkenylboronic
esters with CO,.

[IPF)CUCI (1 mol %)

tBUOK (1.05 mmol) aq. HCI

/o .
R-B, >< + CO,
o] (1 atm) THF, reflux, 24 h

R-COOH
1 2
ntry R 2 (%]
1 4-MeOCH, 2a (97)
2 4-tBuCgH, 2b (88)
3 4-PhC¢H, 2c (97)
4 4-(CH;=CH,)C¢H, 2d (93)
5 4-(MeOCH,C=C)CH, 2e (94)
6 OV—Q 2 (77)
7 4-HCOCH, 2g (97)
8 4-PhCOCH, 2h (99)
9 4-MeOOCC¢H, 2i (89)
10 4-NCC¢H, 2j (88)
1 4-FCH, 2k (89)
12 4-CICH, 21 (92)
13 4-BrCeH, 2m (99)
14 41CH, 2n (85)
15 4-F;CCeH, 20 (92)
16 3-0,NCgH, 2p (79)
17 2,4,6-Me;CeH, 2q (98)
18 4-Me,NCH, 2r (87)"
19 Q\ 2s (73)
20 Q\ 2t (83)
Br
1 m
21 N (82)
Boc
tBuMe,SiO
22 tBuMeZSiO\)—Q 2v (36)
23 %’O 2w (73
24 PN 2x (85)
25 BFO—\ 2y (92)
26 Meo©1\ z (89)

[a] Yield of isolated product. [b] Yield of the methyl ester derivative.
[c] Boc = tert-butoxycarbonyl.

CO, in THF at room or lower temperatures rapidly afforded
the carboxylate complex 4 isolated in 92% yield. X-ray
analysis revealed that the carboxylate unit in 4 is bonded to
the metal center in an n'-fashion rather than an n’-form,
probably owing to the steric hindrance from the NHC ligand
(Figure 2)."12l Treatment of the carboxylate complex 4 with
1 equivalent of rBuOK in THF regenerated the alkoxide
[(IPr)Cu(OrBu)], with quantitative release of potassium 4-
methoxybenzoate as a white precipitate (Scheme 1). Hydrol-
ysis of the potassium salt afforded 4-methoxybenzoic acid
quantitatively. It is also noteworthy that, similar to the
chloride complex [(IPr)CuCl], the alkoxide complex
[(TPr)Cu(OfBu)], the aryl complex 3 and the carboxylate
complex 4 all showed high catalytic activity for the carbox-
ylation of 1a with CO, in the presence of fBuOK, affording 2a
in 95%, 95 %, and 96 % yields, respectively.
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Figure 1. ORTEP structure of 3.Thermal ellipsoids set at 30% proba-
bility. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [A] and angle [°]: Cu1-C8 1.903 (4), Cu1-C1 1.913(4); C8-Cu]-
C1177.27(16).

03

Figure 2. ORTEP structure of 4. Thermal ellipsoids set at 30%
probability. Hydrogen atoms have been omitted for clarity. Selected
bond lengths [A] and angle [°]: Cu1-O1 1.861(2), Cul-C1 1.869(3), O1-
€28 1.287(4), 02-C28 1.235(4); C1-Cu1-O1 176.9(1).

On the basis of the above experimental results, a catalytic
cycle for the carboxylation of organoboronic esters with CO,
could be proposed as shown in Scheme 2. The metathesis
reaction between [(IPr)CuCl] and rBuOK should give
straightforwardly the alkoxide complex [(IPr)Cu(OrBu)]
which, on reaction with an organoboronic ester, would give
the corresponding organocopper complex [(IPr)CuR]. Nucle-
ophilic addition of [(IPr)CuR] to CO, should yield the

[(IPr)CuCI]
ji H* )Ci -KCI [+ tBuOK 0
- s
H-0" "R K-0" "R _[(1P)Cu(OtBu)] ko) o
BuO-B, ><
{BUOK ©
hig [(IPr)Cu-R]
(Pcu-0” "R/
co,

Scheme 2. A possible mechanism for (IPr)Cu-catalyzed carboxylation
of organoboronic esters with CO,.
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carboxylate [(IPr)Cu(OCOR)], which on metathesis with
BuOK could regenerate [(IPr)Cu(OrBu)] and release the
potassium salt RCOOK. The potassium salt would yield the
carboxylic acid RCOOH after hydrolysis.

In summary, we have demonstrated that the combination
of [(IPr)CuCl] with /BuOK can serve as an excellent catalyst
system for the carboxylaton of aryl- and alkenylboronic esters
with CO,, leading to selective formation of various function-
alized carboxylic acid derivatives. Some key reaction inter-
mediates, such as the copper(I) alkoxide complex [(IPr)Cu-
(O1Bu)], the aryl complex 3, and the carboxylate complex 4,
have been isolated and structurally characterized, and have
also been confirmed to be active species in this catalytic
process. Further studies on catalytic fixation of CO, with
other substrates are under progress.
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