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ABSTRACT: A protocol for the hydrocarboxylation of disubstituted alkenes and terminal alkynes providing access to differ-
ent secondary carboxylic acids and malonic acid derivatives has been developed. This methodology relies on an initial hy-

droboration using 9-BBN followed by carboxylation with
carbon dioxide in the presence of a copper catalyst and the
additive, cesium fluoride. Different cyclohexene, styrene and
stilbene derivatives could be utilized, and alkynes could be
transformed into their corresponding dicarboxylic acids in
good yields. Finally, six different terpenoids were carboxylat-
ed using the developed procedure.
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Carboxylic acids are a common structural motif in a variety
of bioactive molecules! (Figure 1), as well as being useful
precursors for accessing alcohols,? esters,®> amides* and
acid chlorides.5 Carbon dioxide is widely abundant and has
been utilized as a useful C1-building block for synthesizing
benzoic derivatives by employing phenoxides® or organo-
metallic reagents, such as aryl lithium species and Gri-
gnard reagents.” Milder conditions involving the carboxy-
lation of aryl halides and aryl boronic esters have recent-
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Figure 1. Bioactive molecules containing secondary car-
boxylic acid groups and derivatives thereof.

ly been reported by the groups of Martin,® Tsuji,° Daugu-
lis,’0 Hou,!! and Iwasawa,!? respectively. However, these
methodologies are limited to the formation of vinylic- and
benzoic acids. Martin and co-workers have later extended
the methodology to include benzylic and aliphatic electro-
philes with focus on the preparation of benzylic and alkyl
carboxylic acids, respectively.13

The groups of Hou!* and Sawamural5 independently
reported on a hydroboration-carboxylation sequence of
terminal olefins using copper catalysis and alkoxides as
additives to form aliphatic, linear carboxylic acids (Scheme
1). The 9-BBN dimer was exploited for the hydroboration
step. Interestingly, in this work, 1,2-disubstituted olefins
were not included for the formation of carboxylic acids.
Given our interest in CO2 consuming reactions,'61” we set
out to identify the appropriate parameters for expanding
the two-step hydrocarboxylation procedure to include
these more elaborately substituted olefins as well as pri-
mary alkynes (Scheme 1). In this report, we demonstrate a
viable protocol for accessing carboxylic acids from cyclo-
hexenes, stilbenes, and styrenes. Furthermore, terminal
alkynes are able to undergo a double carboxylation leading
to malonic acid derivatives. Finally, the developed condi-
tions for the two-step hydrocarboxylation were tested on a
number of simple terpene-based natural products display-
ing either internal or exocyclic C=C double bonds.
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Previous work
€O, (1.0 atm)
Hou 2011 (9-BBN), LiOMe (1.1 equiv)
RN (0.5 equiv)  (IPr)CuCl (3.0 mol%)

Strong alkoxides required
CO,H
CO,(1.0atm) [—>= R7>"""2

Sawamura 2011 KOtBu (1.0 equiv)

Limited to
(9-BBN), CuOAc (10 mol%) - :
R (0.5 equiv) Phen (10 mol%) primary acids
This work CO; (2.0 equiv)
CsF (3.0 equiv) R3
R3  (9-BBN), Cul (5 mol%) "
R (0.5 equiv) IPr (6 mol%) j)\COZH
R2
R2 Enabled by fluoride salt Secondary acids
CO, (4.0 equiv)
CsF (2.2 equiv)
P (9-BBN), Cul (10 mol%) R COH
R// (0.5 equiv) IPr (12 mol%) COH
Malonic acid
derivatives

Scheme 1. Previous Results on the Hydroboration-
Carboxylations of Olefins

Based on the previous results by Hou* and Sawamu-
rals, we sought to develop a hydroboration-carboxylation
for functionalizing internal alkenes. Cyclohexene was cho-
sen as the test substrate and hydroboration of the double
bond was obtained in the presence of 9-BBN at 65 °C in
dioxane. Optimization of the ensuing carboxylation is de-
picted in Table 1. The previous work of Hou and Sawamura
relied on alkoxides (LiOMe and KOtBu) as additives to
promote the necessary o-bond metathesis. However, em-
ploying alkoxides for the hydrocarboxylation of cyclohex-
ene did not lead to the formation of carboxylic acid 1 even
after raising the reaction temperature to 120 °C (See Sup-
porting Information).

As in the case of the Suzuki-Miyaura reaction, such
strong basic additives can be replaced by a milder fluoride
source.!8 With this in mind, the carboxylation step was
examined with cesium fluoride, 2 equiv. of COz and 5 mol%
of Cul in the presence of different ligands (Table 1). In the
absence of ligand or with the two different phosphine
ligands tested even at 120 °C, we did not observe any car-
boxylation (entries 1-3). Resorting to 1,10-
phenanthroline, previously utilized by Sawamura, proved
also futile (entry 4).1> On the other hand, the NHC ligands
IPr, ICy and BICy allowed for the isolation of the desired
carboxylic acid 1 with similar efficiencies in a yield of ap-
prox 65% (entries 5-7). Lowering the reaction tempera-
ture led to reduced yields of the carboxylic acid, while no
product was formed upon omission of Cul (entry 8). How-
ever, when the hydroboration step was carried out with 1
equiv. of the 9-BBN dimer, the formation of 1 could be
achieved in an excellent 94% isolated yield (entry 9).

With the optimized conditions in hand, the scope and
limitations of this hydrocarboxylation sequence was inves-
tigated employing different internal alkenes (Scheme 2).
Using BICy as ligand instead of IPr allowed for the carboxy-
lation of the tri-substituted 1-methylcyclohex-1-ene to give

carboxylic acid 2. Only the anti-isomer was observed, orig-
inating from the syn-addition of the borane. Norbornene
could be carboxylated to give 3 as the exo-isomer. Disubsti-
tuted styrenes were attempted as reaction partners, result-
ing in carboxylation of the a-position, which is similar to
the Ni-catalyzed carboxylation of styrenes reported by
Rovis (carboxylic acids 4-8).1° Methyl-substituted styrene-
derivatives coupled smoothly whereas having an

Table 1. Optimization of Conditions for Carboxylation
of Secondary Olefins

Cul (5 mol%)
Ligand (Y mol%)
(9-BBN), B CsF (3.0 equiv)

COOH
@ (X equiv) CO, (2.0 equiv) O/
—_— —_—
Dioxane 120 °C,16 h

65°C, 16 h then HCI (aq) 1
Entry Ligand (mol%) (9(’(;23’\‘,‘))2 Yield 1 (%)
1 - 0.5 -
2 PPh; (5) 0.5 -
3 BINAP (5) 0.5 -
4 Phen (5) 0.5 -
5 IPr (6)® 0.5 65
6 ICy (6)™ 0.5 65
7 BICy (6)" 0.5 68
g IPr ()™ 0.5 -
9 IPr (6)® 1.0 94

General conditions: Reactions were carried out in a 10 mL
glass tube. Hydroboration step: Cyclohexene (41 uL, 0.4
mmol), 9-BBN dimer (X equiv) and dioxane (1.0 mL). Carboxy-
lation step: Cul (3.8 mg, 5 mol%), ligand (Y mol%), CsF (182
mg, 3.0 equiv), CO2 (20 mL, 2.0 equiv) and dioxane (1.0 mL).
Quenched with 1 M HCl (6.0 mL). [allsolated yields. [bIPrepared
in situ from the HCI salt using NaOtBu (2.3 mg, 6 mol%). [<INo
Cul. BINAP (2,2’-bis(diphenylphosphino)-1,1’-binapthalene),
Phen (1,10-phenanthroline), [Pr (1,3-bis(2,6-
diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene), ICy
(1,3-dicyclohexyl-1,3-dihydro-2H-imidazol-2-ylidene), BICy
(1,3-dicyclohexyl-1,3-dihydro-2H-benzimidazol-2-ylidene).

isopropyl group present lowered the efficiency of the reac-
tion (compounds 4-6). A phosphonate group was well-
tolerated and even a boronic acid derivative could be iso-
lated in a moderate yield (compounds 7, 8). The carboxylic
acid 8 is particularly interesting as no additional carboxy-
lation or protodeboration was observed. Furthermore, 8 is
set up for an ensuing Suzuki-Miyaura cross-coupling.?? In
the previous work by Hou and Sawamura, 1,1-
diphenylethylene was tested as a coupling partner with
varying degrees of success (0% and 54%, respectively).
However, an improved yield of 9 (82%) could be secured
using our modified conditions reported here. Stilbene also
proved to be a suitable candidate for the reaction as the
hydrocarboxylated product 10 was formed in a high yield.
Other stilbenes were competent substrates furnishing the
corresponding carboxylic acids in good to moderate yields
as a mixture of a- and p-isomers (compounds 11 and 12).
This is due to the similar electronic property of the two
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aryl rings. Employing a stilbene equipped with an electron-
deficient and an electron-rich aryl ring allowed for the
formation of the o-regioisomer 13 as the sole product,
albeit in a low yield.

rs (9BBN); Cul (5 mol%), IPr (6 mol%) R3
R \% (1.0 equiv)  CsF (3.0 equiv), CO, (2.0 equiv) R w)\
Dioxane 120 °C, 16 h, then HCI (aq) CoH
R2 65°C,16 h R2

1-15

Cyclohexenes H

QCOZH O/ E E COH
/"COZH CO,H ' @)\/

4 89%

1 94% 2 57%lal 3 91% (®9:11)

CO-H CO.H CO-H

‘/@‘
g

10 93%

CO,H O
cl ‘

12 52%
(53:47)

/
co,H —N
| S
O O N_N_ CcO,Me
AN

14 85% 15 76%[0]

General conditions: Reactions were carried out in a 10 mL
glass tube. Hydroboration step: Olefin (0.4 mmol), 9-BBN
dimer (97.6 mg, 1.0 equiv) and dioxane (1.0 mL). Carboxyla-
tion step: Cul (3.8 mg, 5 mol%), IPr-HCl (10.2 mg, 6 mol%),
NaOtBu (2.3 mg, 6 mol%), CsF (182 mg, 3.0 equiv), COz (20
mL, 2.0 equiv) and dioxane (1.0 mL). Quenched with 1 M HCI
(6.0 mL). Isolated yields. [al 9-BBN (58.6 mg, 0.6 mmol), BI-
Cy-HCI (7.7 mg, 6 mol%) employed instead of IPr-HCL b1 2.0 M
TMSCH2Nz in diethyl ether (1.0 mL, 5.0 equiv).

Scheme 2. Cu-Catalyzed Carboxylation of Different
Disubstituted Olefins

Finally, stilbenes constructed with heteroaromatic
rings such as an indole and a pyrrole could be exploited for
this transformation as illustrated for the products 14 and
15. Interestingly, the corresponding benzylic boron com-
pounds derived from the styrene and stilbene entries
could be carboxylated in the absence of copper, albeit in a
lower yield (42% for 4).2!

ACS Catalysis

Alkynes are known to react with COz to form acrylic
acid derivatives.??2 However, when employing the opti-
mized conditions for the carboxylation of internal olefins
to terminal alkynes, we observed the formation of the
corresponding malonic acid. This approach for accessing
these synthetically useful substrates through a double
hydroboration generating a 1,1-gem-diboryl intermedi-
ate,?3 has been reported earlier in the presence of n-BuLi.?*
Interestingly, Hou and co-workers reported on the use of
similar conditions for carboxylation of alkynes using
Bzpin: to generate boralactones and not malonic acids.?>

Cul (10 mol%)

IPr (12 mol%)
(ggésfrtﬁi) BR , CsF (2.2 equiv) COH
. 2eq R% ] CO, (4.0 equiv) R
R Dioxane BR2] 120°C,16h CO.H
65°C, 16 h then HCI (aq) 16-22
CO.H CO,H CO,H
O/\(EHH mzH FmZH
16 63% 17 72% 18 74%
COH CO.H
¢ COM MeO CO.H
19 46% 20 44%
COH COH
COH
MeO X COH S 2l
21 70% 22 76%

General conditions: Reactions were carried out in a 10 mL
glass tube. Hydroboration step: Alkyne (0.2 mmol), 9-BBN
(117.2 mg, 1.2 equiv) and dioxane (1.0 mL). Carboxylation
step: Cul (7.6 mg, 10 mol%), IPr-HCl (20.4 mg, 12 mol%),
NaOtBu (4.6 mg, 12 mol%), CsF (133.7 mg, 2.2 equiv), CO2 (40
mL, 4.0 equiv) and dioxane (1.0 mL). Quenched with 1 M HCI
(6.0 mL). Isolated yields.

Scheme 3. Cu-Catalyzed Double Carboxylation of Al-
kynes

After a small optimization study (See Supporting In-
formation), conditions were obtained that allowed for the
dicarboxylation of a cyclohexyl acetylene giving 16 in a
good yield (Scheme 3). Phenylacetylene and a 4-fluoro
derivative also provided the malonic acid products 17 and
18 after column chromatography. The presence of ortho-
substituents reduced the efficiency of the reaction as seen
for compounds 19 and 20, however, an electron-rich naph-
thylacetylene proved to be effective with the generation of
malonic acid 21. Finally, 2-ethynylthiophene provided the
desired diacid 22 in a good yield.

Having examined the reactivity of different internal
olefins, we turned to investigate whether the developed
methodology could be applied to the carboxylation of ole-
fin-containing natural products (Scheme 4). §-Damascone,
a well-known fragrance agent, was selectively carboxylat-
ed at the unactivated double bond providing the carboxylic
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rs (9-BBN); Cul (5 mol%), IPr (6 mol%) R3
Ri ) _(10equv)  CsF (30 equiv), CO, (20 equiv) RH)\
W) Dioxane 120 °C, 16 h, then HCI (aq) COH
R2 65°C, 16 h R2
23-28
i *)- h
&-Damascone B-Pinene (#)-Camphene
o) CO.H
‘\/\ h\COZH
HO,C ‘
23 81% 24 57% 25 67% (78:22)

a-Phellandrene (S)-Limonene

—COH

26 75% (1:1) MeO

27 70% (1:1) H : 28 31%

2

General conditions: Reactions were carried out in a 10 mL glas
tube. Hydroboration step: Olefin (0.4 mmol), 9-BBN (97.6 mg,
1.0 equiv) and dioxane (1.0 mL). Carboxylation step: Cul (3.8
mg, 5 mol%), IPr-HCI (10.2 mg, 6 mol%), NaOtBu (2.3 mg, 6
mol%), CsF (182 mg, 3.0 equiv), COz (20 mL, 2.0 equiv) and
dioxane (1.0 mL). Quenched with 1 M HCI (6.0 mL). Isolated
yields. [aIHydroboration conducted at 90 °C.

Scheme 4. Cu-Catalyzed Carboxylation of Common
Natural Products

acid 23 in a good isolated yield (81%) as a single regioi-
somer. A trans-relationship was observed for the acyl
group and the corresponding f3-methyl substituent with a
coupling constant between the two diaxial protons of 11.0
Hz. The carboxylic acid occupies an equatorial position as
measured from the coupling constants for the a-proton
(dddd at 2.6 ppm with a two similar trans-couplings (J =
12.8 Hz) and two equal cis-couplings (J = 2.6 Hz). Never-
theless, the activated double bond was reduced during the
hydroboration step.

B-Pinene displays an exocyclic double bond, which
could be carboxylated to form 24 in 57% yield with hy-
droboration occurring from the Re-face due to the gem-
dimethyl group.?¢ Similarly camphene could undergo car-
boxylation to 25 in a good yield (67%) with the exo-isomer
as the major product.?’ a-Phellandrene displays both a di-
and a tri-substituted double bond, which enables the less-
substituted double bond to be selectively carboxylated,
providing the carboxylic acid 26 (75%) as a 1:1 regioiso-
meric mixture with the acid group positioned trans to the

isopropyl group. Likewise, (§)-limonene can be selectively
functionalized generating the terminal carboxylic acid 27
in a 70% yield. In an earlier experiment, a trisubstituted
alkene was carboxylated as demonstrated with compound
2 (Scheme 1) under slightly modified conditions. However,
carboxylation of both double bonds in (S)-limonene
proved unfruitful (result not shown). Cholesterol displays
a tri-substituted C=C double bond in the B-ring. Gratifying-
ly, the methyl ether of cholesterol could be carboxylated to
compound 28 in a 31% yield with complete control at the
two new stereogenic carbon centers. A double double
doublet at 2.30 ppm with two trans-couplings (J = 12.0 Hz)
and a cis-coupling (J = 3.2 Hz), corresponding to the a-
hydrogen to the carboxylic acid, confirming the relative
stereochemistry.

A proposed mechanistic cycle for the hydroboration-
carboxylation methodology is depicted in Figure 2,28 simi-
lar to that presented by Hou and Sawamura though with
alkoxide activation.!#15 The active IPr-ligated copper-
fluoride species A is generated in situ from Cul, IPr and
cesium fluoride.?? A can then undergo a o-bond metathesis
reaction with the preformed alkylborane species to form
the alkyl-copper complex B. This complex can then insert
CO2 to generate complex C, which can liberate A and a
cesium carboxylate finally generating the desired carbox-
ylic acid after an acidic quench.

Cul
CsF, IPr
3
R Csl R3
RV\ PN
¢ Cs Pncu—F R%B
R2 0 ‘A
RZ
CsF
.B
F
R3 RS

RH)\CU(IPr)

co,

Figure 2. Possible catalytic cycle for the carboxylation of
disubstituted olefins.

In conclusion, we have developed an efficient method-
ology for accessing secondary carboxylic acids through a
hydroboration-carboxylation sequence of internal olefins.
This could be extended to different cyclic olefins, stilbenes
and styrenes in moderate to good yields. Furthermore,
terminal alkynes underwent a double carboxylation ena-
bling the formation of the corresponding malonic acid
derivatives. Finally, a range of different natural products
was submitted to the optimized conditions, which allowed
for carboxylation of di- and trisubstituted double bonds.
Future work on expanding the developed methodology is
currently underway in our laboratories.
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