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Carboxylation of alkylboron compounds (alkyl-9-BBN) with CO, proceeded in the presence of catalytic amounts of CuOAc/1,10-phenanthroline
and a stoichiometric amount of KO'Bu. The alkylboranes are easily and widely available through the alkene hydroboration, and thus the overall
process represents a reductive carboxylation of alkenes with CO,. The broad functional group compatibility and the inexpensiveness of the Cu/
1,10-phenathoroline catalyst system are attractive features of this protocol.

Incorporation of carbon dioxide (CO,), which is an
abundant and renewable C1 source, into organic molecules
has emerged as an area of attractive research in recent
organic chemistry. In this regard, various carbon—carbon
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bond formation reactions using CO, have been achieved
under the influence of transition metal catalysts.” > Among
them, the transition-metal-catalyzed carboxylations of less
basic organometallic reagents such as organostannane,
zinc, or boron compounds with CO, offer versatile methods
for the synthesis of functionalized carboxylic acid deriva-
tives.>~* Specifically, allylstannane reagents were used for
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the palladium-catalyzed carboxylations.> More recently,
nickel- and palladium-catalyzed carboxylations of aryl-
(Ni, Pd) or alkylzinc (Ni) reagents have been developed.’

The organoboron compounds are particularly attractive
reagents due to their broad availability and functional
group compatibility. Iwasawa and co-workers developed
a rhodium-catalyzed carboxylation of aryl- and alkenyl-
boronates.** Copper-catalyzed reactions were also reported
by Iwasawa and co-workers and Hou and co-workers.*><
However, alkylboron compounds have not been used for
the transition-metal-catalyzed carboxylation.*>!°

Earlier, we showed that alkylcopper species can catalyti-
cally be formed from alkylboron compounds (alkyl-9-BBN)
through B/Cu transmetalation in the copper-catalyzed allylic
substitution reaction with allylic phosphates and conjugate
addition to imidazolyl o.B-unsaturated ketones.''*'> Here
we report an extension of our work to copper-catalyzed
carboxylation of alkylboron compounds with CO, to pro-
duce alkanoic acids.''"'? The wide and easy availability of
alkylboranes via the established alkene hydroboration is an
attractive feature of this transformation, and thus the overall
molecular transformation represents a formal reductive
carboxylation of terminal alkenes with CO,.5 A variety
of functional groups are tolerated in the alkenes.

Specifically, a solution of alkylborane in toluene was
prepared via hydroboration of alkene (1a) (0.5 mmol) with
a 9-borabicyclo[3.3.1]nonane (9-BBN-H) dimer (1a/B 1:1)
at 60 °C (Scheme 1). Subsequently, the solution was added
to a vial containing CuOAc (10 mol %), 1,10-phenanthro-
line (1,10-phen) (10 mol %), and KO'Bu (1 equiv to 1, 0.5
mmol) under an atomospheric pressure of CO, (balloon),
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and the resulting reddish brown opaque solution was
heated at 100 °C for 12 h. As the reaction proceeded, a
small amount of black solid was precipitated. Hydrolytic
workup afforded carboxylic acid 3a in 71% isolated yield
(based on 1a). A smaller amount of deborylated product 4a
(21%) was also obtained as a side product.

Ligand screening showed that 1,10-phenanthroline was
most effective. Other diamines such as 2,2'-bipyridyl (7%)
and TMEDA (5%) and phosphine ligands such as PPh;
(0%) and DPPE (19%) were much less efficient. The reac-
tion occurred without a ligand but with a decreased product
yield (31%). The reaction with CuCI(IPr) (10 mol %)/KO
'‘Bu (1.1 equiv)/toluene at 100 °C resulted in a 35% yield [IPr:
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]."

Several observations concerning the optimum reaction
conditions are to be noted. Controlling the reaction tem-
perature was crucial for the reproducibility in the product
yield; the reaction temperature over 100 °C (oil bath temp)
resulted in the formation of a significant amount of the
deborylated product 4a. Cheaper CuCl was as effective as
CuOAc, giving 3a in 61% yield. The use of Cu(OAc),
resulted in a lower reaction efficacy (56%). No carboxyla-
tion occurred in the absence of KO'Bu.

The formal reductive carboxylation protocol can trans-
form various terminal alkenes into the corresponding alka-
noic acids. Functional groups such as methoxy, siloxy, ester,
acetal, phthalimide, bromo, and benzyloxy groups were
tolerated (Table 1, entries 1—7 and 10). The terminal alkene
1d bearing a tertiary alkyl substituent served as a substrate
to afford the corresponding carboxylic acid in a reasonable
yield. The 5-branched alkylboranes 2j and 2k prepared from
1,1-diphenylethylene (1i) and 1k also underwent carboxyla-
tion, giving the corresponding branched carboxylic acids
(entries 9 and 10). Notably, the carboxylation of styrene (1i)
afforded hydrocinnamic acid (3i): the regioselectivity is
complementary to that of the Ni-catalyzed carboxylation
of styrenes developed by Rovis and co-workers.* The use of
secondary alkylborane reagents prepared from internal
alkenes resulted in no reaction (data not shown).

Two reaction pathways for the carboxylation of alkyl-
boranes can be postulated as illustrated in Scheme 2 (paths
a and b). In path a, a trialkyl(alkoxo)borate B is initially
formed by the stoichiometric reaction beween an alkylborane
2 and KO'Bu."® Subsequently, the B/Cu transmetalation
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Table 1. Cu-Catalyzed Carboxylation”

entry alkene product yield
(%)
TBDMSO. TBDMSO.
I jij\/\ D\/\/ 64
MeO x MeO COzMe
1b 3b
2° TIPSO _~_ TIPSO _~_-~_-CO:Me 73
1c 3¢
3 MeO MeO COH 63
X
T ) .
1d 3d
4 Bu\n/o\//\v/'§§ Bujro\//\v/\\/ccﬂi 79
o] 1e o] 3e
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5 E/\o(\/\ E/\(')/\/\/ -
1f 3f
[0} [
6 58
Noe~x N~~~ COH
O1g O 3g
Br. Br.
7 \©\/\ \©\/\/C°2H 4
1h 3h
PR P~~~ COH 72¢
8 i 3
Ph Ph
9 pn b~ CORH >4
1) 3
100 pr™ o/\/g Ph/\o/\/l\/cone 49
1k 3k

“The reaction was carried out with CO, (1 atm, balloon), alkylbor-
ane 2 (0.5 mmol), CuOAc (10 mol %), 1,10-phen (10 mol %), and KO'Bu
(1 equiv to 1, 0.5 mmol) in toluene at 100 °C for 12 h. Alkylborane 2 was
prepared in advance by hydroboration of 1 with 9-BBN dimer in toluene
at 60 °C for 1 h and used without purification. ? Isolated yield. ¢ After
hydrolytic workup and methylation with TMSCHN,, the product was
isolated as its methyl ester. “NMR vyield.

between the borate B and a 1,10-phenanthroline-ligated
copper carboxylate A (or an alkoxocopper D shown in
path b for the initial cycle) occurs to form an alkylcopper(I)
species C in the same way as the recently reported Cu-
catalyzed allyl—alkyl coupling between allylic phosphates
and alkylboranes.''® Finally, the addition of the alkylcop-
per species C across the C=0 bond of CO, (in place of the
C=C bond of the allylic phosphates) occurs to afford the
carboxylate complex A.

In path b, the reaction of the copper carboxylate A and
KO'Bu initially gives an alkoxocopper D.* Next, the
transmetalation between the alkylborane 2 and the alkox-
ocopper D forms the alkylcopper C. The addition of the
Cu—C bond of C across the C=0 bond of CO, affords the
carboxylate complex A.

At present, neither pathways can be ruled out. Never-
theless, the former (path a) seems to be more plausible because

(13) See SuPporting Information for details of the NMR studies. In
addition, the ""B NMR study in our previous work on the Cu-catalyzed
allyl—alkyl coupling between allylic phosphates and a/ky/boranes sup-
ports the formation of the borate B (path a) (see ref 11a). Thus, the
reaction of PhnCH,CH»-9-BBN with -BuOK (1:1) in THF-ds at rt for 5
min resulted in a complete conversion of PhCH,CH,-9-BBN (6 65.7)
into a tetravalent borate (0 —1.4). Subsequent treatment of the solution
with CuOAc (B/Cu 1:1) afforded 9-BBN-O'Bu (6 55.1).
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Scheme 2. Possible Reaction Pathways
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the coexistence of the alkylborane 2 and KO'Bu asin path bis
improbable. In fact, when a toluene-dg solution of PhCH»-
CH»-9-BBN was treated with ~BuOK (1:1) at 100 °C for 10
min, a complete conversion of the borane PhCH,CH»-9-BBN
(6 87.5, rt) into a tetravalent borate (B) occurred as confirmed
by "B NMR spectroscopy (0 — 1.6, rt). Subsequent mixing of
the borate (1:1) with CuOAc/1,10-phen at 100 °C for 1 h
resulted in the formation of 9-BBN-O'Bu (6 54.7, rt)."*

In summary, we have developed a copper-catalyzed
carboxylation of alkylboron compounds (alkyl-9-BBN)
with CO to afford alkanoic acids.'® The alkylboranes are
easily and widely available through the alkene hydrobora-
tion, and thus the overall process represents a reductive
carboxylation of alkenes with CO,.** The broad functional
group compatibility and the inexpensiveness of the Cu/1,10-
phen catalyst system are attractive features of this protocol.
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