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Copper-Catalyzed Hydrocarboxylation of Alkynes Using Carbon

Dioxide and Hydrosilanes™**
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Carbon dioxide (CO,) is a readily available and renewable
chemical feedstock, although thermodynamic considerations
limit its widespread use in chemical reactions.!"! For effective
utilization of CO,, transition-metal catalysts are required.”
Useful transformations of CO, such as 1) cycloaddition via a
metallacycleP! and 2) carboxylation of organozinc and orga-
noboron compounds have been reported to date. Besides
these reactions, the hydrocarboxylation® of C-C multiple
bonds using CO, is also very promising. The first example of
hydrocarboxylation using CO, was achieved using a nickel-
catalyzed electrochemical reaction with alkynes,® 1,3-diy-
nes,™™ and 1,3-enynesP as substrates. Later, in supercritical
CO,, palladium-catalyzed hydrocarboxylation of terminal
alkenes was reported.’*¢) As for more efficient hydrocarbox-
ylations, recent nickel-catalyzed reaction of styrenes’’ and
palladium-catalyzed reaction of allenes™! were reported with
either ZnEt,”™ or AIEt;”®¥ as reducing agents. These
reactions are very useful, but such strong and extremely air-
sensitive reducing agents were indispensable in the reactions.
Herein we report the copper-catalyzed hydrocarboxylation of
alkynes using CO, (balloon).[*” The use of mild and easy-to-
handle hydrosilane® as a reducing agent realizes highly
efficient hydrocarboxylation of alkynes to afford o,f3-unsatu-
rated carboxylic acids (2; Scheme 1).

_ - Cu cat.
—C=C— + CO, + H*SI:
1 (balloon)
H\C_C/COOSi: HClag.  H_ __JCOOH
N /Cic\

2

Scheme 1. Hydrocarboxylation of alkynes using CO, and hydrosilanes.

[*] Prof. Dr. T. Fujihara, Dr. T. Xu, K. Semba, Prof. Dr. ]. Terao,
Prof. Dr. Y. Tsuji
Department of Energy and Hydrocarbon Chemistry Graduate
School of Engineering, Kyoto University
Kyoto 615-8510 (Japan)
Fax: (+81)75-383-2514
E-mail: ytsuji@scl.kyoto-u.ac.jp
Homepage: http://twww.ehcc.kyoto-u.ac.jp/

[7‘: £

This work was supported by a Grant-in-Aid for Scientific Research on
Priority Areas (“Synergy of Elements” and “Chemistry of Concerto
Catalysis”) from the Ministry of Education, Culture, Sports, Science
and Technology (Japan). T.X. is grateful for a Postdoctral Fellowship
from JSPS for Foreign Researchers.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201006292.

Angew. Chem. Int. Ed. 2011, 50, 523527

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The hydrocarboxylation of diphenylacetylene (1a) with
CO, (balloon) was carried out using HSi(OEt); as a reducing
agent in 1,4-dioxane (Table 1). The yield of (E)-2,3-diphenyl-
2-propenoic acid (2a) was determined by GC methods after

Table 1: Hydrocarboxylation of diphenylacetylene (1a) using a hydro-

silane and carbon dioxide.!
Cu cat. (1.0 mol%)
hydrosilane (1.0 mmol)

o CO, (balloon)  HClaq. Fh ?’E';i'{)K ph
Przo.sznmzz 1,4-dioxane o \)\COOH Ph \%COOMS
100°C, 4 h 2a 2aMe
1a
Entry  Catalyst System Silane Yield [%]®!
2aMe 3al
1 [IPrCuCl] + tBuONa! HSi(OEt), trace 4
2 [IMesCuCl]+ tBuONa¥  HSi(OEt), 49 19
3 [IPrCuF] HSi(OEt), 41 3
4 [IMesCuF] HSi(OEt), 86 (72) 3
5 [IMesCufF] PMHS 80 6
6 [IMesCuF] HSi(OiPr); 52 12
7 [IMesCuF] H,SiPh, 32 10

[a] Reaction conditions: Diphenylacetylene (1a, 0.50 mmol), hydrosilane
(1.0 mmol), Cu catalyst (0.0050 mmol, 1.0 mol %), 1,4-dioxane (2.0 mL),
CO, (balloon), 100°C, 4 h. [b] Yield determined by GC methods. [c] cis-
Stilbene. [d] A mixture of [LCuCl] (L=IPr or IMes, 0.0050 mmol) and
tBuONa (0.025 mmol). [e] Yield of isolated 2a.
R? R®
R' — R

@”V”ﬁ
R2 R'" R’ R?

derivatization to the corresponding methyl ester 2aMe. By
employing [[PrCuCl] + (BuONa (Table1, entry1) or
[[MesCuCl] + BuONa (Table 1, entry2) as a catalyst,
2aMe was obtained in only trace amounts and 49 % yield,
respectively. In the latter case, a considerable amount (19 %
yield) of cis-stilbene (3a) was observed as a by-product. When
[TPrCuF]™ was used as a catalyst, 2aMe was obtained in 41 %
yield while reducing the formation of 3a to 3% (Table 1,
entry 3). The new complex [IMesCuF] was synthesized from
[IMesCuCl] similar to the synthesis of [IPrCuF], and its
structure was confirmed by X-ray crystallography
(Scheme 2).”! As a result, [IMesCuF] was a much more

IPr:R'=jPr,R?=R3=H
IMes: R'= R?= Me, R®=H
CLIPr: R'=Pr, R?=H, R®=ClI

1) tBuONa

[IMesCuCl] IMesCuFl % é ,;
2) EtsN(HF) [MesCuF] [ L lcU N
S F
[IMesCuF]
Scheme 2. Synthesis and X-ray structure of [IMesCuF].
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effective catalyst providing 2aMe in
86 % yield with a small amount of
3a (Table 1, entry 4). The reaction is
stereoselective and affords only the
Eisomer as confirmed by X-ray
crystal structure of 2a.”! The reac-
tion proceeds smoothly at 100°C,
but yields decreased to 42% and
27 % at 70°C and 50°C, respectively
(see Table S1, entries 2 and 3 in the
Supporting Information). In toluene
as a solvent, 2aMe was obtained in
81 % yield under the same reaction
conditions as used for entry4 of
Table 1, but 2a was not obtained
when using DMF (see entries 4 and
7 in Table S1 in the Supporting
Information). Polymethylhydrosi-
loxane (PMHS), a by-product of
the silicone industry, is a cheap,
easy-to-handle, and environmen-
tally friendly reducing agent. When
HSi(OEt); was replaced with
PMHS, 2aMe was obtained in
80% yield (Table 1, entry 5). Other
hydrosilanes such as HSi(OiPr); and
H,SiPh, afforded 2aMe in 52 % and
32% vyields, respectively (Table 1,
entries 6 and 7), whereas HSiEt; and
H;SiPh did not provide 2aMe at all.

The hydrocarboxylation of a
variety of symmetrical aromatic
alkynes (1b-1) was carried out in
the presence of [IMesCuF] as a
catalyst (Table?2). From all the
alkynes listed, the corresponding
a,p-unsaturated carboxylic acids
(2b-1) were obtained in good
yields with E stereochemistry. The
stereochemistry was confirmed by
NOESY measurements after con-
verting 2b-1 into the corresponding
allylic alcohols 4b-1!  Alkynes
bearing both electron-rich (Table 2,
entries 1 and 2) and electron-poor
(Table 2, entries 3-10) aryl moieties
gave the corresponding products
(2b-Kk) in good yields. Importantly,
chloro (Table 2, entries5 and 6),
bromo (Table 2, entry 7), alkoxycar-
bonyl (Table 2, entries 8 and 9), and
cyano (Table 2, entry 10) function-
alities were tolerated under the
reaction conditions and provided
the corresponding products in good
yields. An alkyne bearing thiophene
rings (11) stereoselectively afforded
the corresponding product 21 in
78% yield (Table2, entry11).

www.angewandte.org

Table 2: Hydrocarboxylation of symmetrical aromatic alkynes.?!

Entry Substrate Product Yield [%]
o
XU
1 e = e S e
Me
o
=) Qe
2 MeO = OMe 1c O OMe 2c¢ 58
OMe
. o
HO™ N7 F
, D=0 y IR
: L
0
FsC, oF
= QO
4 Q = O e 2e 75 (72)¢
o )
3 FiC
o
I
5 CICI 1f O cl 2f 75
cl
. 0 cl
. HO™ N7
6 O = O g < 2g 64 (62)
. J
o
Qe
S e e T
Br
o
I
g9 muooc— Hy—=—( )-cooms 1i O cooma 2 71
COOBu
o
XU
9[d] BuOOC O — O COOBuU '|j O COOBuU zi 64
COOBu
NG 2 on
. HO™ N7
10 ¢ )=~ 1k 2k 52
on 9
NC
o)
s PN
1 | Y= I n ) 21 78
S )

[a] Reaction conditions: Alkyne (0.50 mmol), HSi(OEt); (1.0 mmol), [IMesCuF] (0.0050 mmol, 1.0
mol %), 1,4-dioxane (2.0 mL), CO, (balloon), 100°C, 12 h. [b] Yield of isolated 2. [c] PMHS (2.0 mmol)

was used in place of HSi(OEt);. [d] [I[MesCuF] (0.010 mmol, 2.0 mol %) was used.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3: Hydrocarboxylation of various alkynes.?

Entry Substrate Product Yield Entry Substrate Product Yield
(%] [9%]®
0
o] Q o]
7 _
Q%Me HO Me N Meo/—_ CrHys Ho)ﬁ/\cﬂﬂs HO)V\/OMQ 63 y
e o Law 937
11 im 2m 2m’ trace 10 1t 2t 2t
o}
o}
' , 18 =) Ny
2 Tm Zm Zm (66:34) Med
MeQO
3 Tm 2m 2m’ 86 11 Tu 2u 2u’ 70
(75:25) (90:10)
0
o] o]
=
@%Bu Ho B HO” NF /%{ Ho)ﬁ/\(\/\
Bu MeO MeO
4 Tn 2n 2n’ 91 12 Tv 2v 74
(88:12)
76!
0 ? o
HO™ o
/ HO” N =
_ o) BnO/TC7st Ho)ﬁ/\cﬂ_hs HO)J\l/\/OBn
BnO CrHis
5 1o 20 20 85 13 Tw 2w 2w 75
(93:7)1, (85:15),
751 48"
o]
o]
Q%O HO™ NF —— o )ﬁ/\/OMe
MeO OMe
MeO
6 1p 2p 88 144 1x 2x 66
0
o)
HO Z
< >—€: = Ho)‘tﬁﬁ/o""e
MeO OMe
MeO
7 1q 2q 71 15 1y 2y 61
o]
HO = 0]
Br—@%é Q%H HO)‘\/\@
Br
8lel 1r 2r 68 161 1z 2z 44
o
HO™ N7
MeOOG =
COOMe
9tel 1s 2s 63

[a] Reaction conditions: Alkyne (1.0 mmol), HSi(OEt); (2.0 mmol), [Cl,IPrCuF] (0.025 mmol, 2.5 mol %), n-hexane (2.0 mL), CO, (balloon), 70°C, 14 h.
[b] Isolated yield. [c] [[MesCuF] (0.025 mmol) in 1,4-dioxane at 100 °C. [d] [IPrCuF] (0.025 mmol) in 1,4-dioxane at 100 °C. [e] A ratio of 2 and 2’ was determined by
"H NMR analysis. [f] Yield of isolated 2n or 20. [g] [Cl,IPrCuF] (0.050 mmol). [h] Yield of isolated 2w as the corresponding methyl ester.

PMHS could be used in place of HSi(OEt); as an effective  [IMesCuF], provided only a trace amount of the product for
reducing reagent and the products were obtained in compa-  the hydroxycarboxylation of 1-phenyl-1-propyne (1m) in 1,4-
rable yields (Table 2, entries 3, 4, and 6). dioxane at 100°C (Table 3, entry 1), whereas using [[PrCuF]

The hydrocarboxylation of other alkynes were carried out  as the catalyst under the same reaction conditions afforded a
as shown in Table 3. The best catalyst in Tables1 and 2, mixture of regioisomers (2m and 2m’) in low yield with poor

Angew. Chem. Int. Ed. 201, 50, 523527 © 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 525
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regioselectivity (Table 3, entry 2). Thus, [CL,IPrCuF] was
synthesized® in a similar way to [IPrCuF]!'” using the
known NHC ligand CLIPr."Y The reaction of 1m in the
presence of [CLIPrCuF] (2.5 mol%) in n-hexane as a
solvent afforded 2m and 2m'’ in much higher yield (88 %)
even at 70°C with moderate regioselectivity (Table 3,
entry 3). The regioselectivity was considerably improved
by replacing the methyl group of 1m with a butyl group
(I1n) or secondary alkyl groups (1o). In these cases, the
major regioisomers (2n and 20) were readily isolated in
analytically pure form by column chromatography on silica
gel. Gratifyingly, alkynes with cyclohexyl (1p) and tert-
butyl groups (1q-s) afforded single regioisomers in good to
high yields (Table 3, entries 6-9). Here, bromo (Table 3,
entry 8) and alkoxycarbonyl (entry 9) functionalities on the
phenyl ring were tolerated in the reaction. In the present
reaction, simple internal aliphatic alkynes such as 5-decyne
were much less reactive (conv. <5%) and did not give the
corresponding carboxylic acid under the present reaction
conditions. However, it was found that 1-methoxy-2-decyne
(1t) gave a product in good yield with high regioselectivity
(Table 3, entry 10). A similar effect was evident for the f3-
methoxy (1u and 1v) and benzyloxy groups (1w; Table 3,
entries 11-13), suggesting that coordination of the ether
moieties to a copper center would be important in the
reaction. 1,4-Dimethoxy-2-butyne (1x) and 2,5-dimethoxy-3-
hexyne (1y) bearing the two f-ether functionalities also
afforded the corresponding products (2x and 2y, respectively)
in good yields (Table 3, entries 14 and 15). As for terminal
alkynes, phenylacetylene (1z) afforded cinnamic acid (2z) in
44% vyield using [IPrCuF] as the catalyst at 100°C in 1,4-
dioxane (Table 3, entry 16). The yield was modest owing to
considerable formation of the styrene in 28 % yield.

To gain insight into reaction mechanism, fundamental
catalytic steps in the present hydrocarboxylation were
examined by stoichiometric reactions (Scheme 3). When
[CLIPrCuF], the catalyst precursor used the examples
shown in Table 3, was treated with an excess of the silane
(4 equiv), such as PMHS or HSi(OEt); in [D¢]C¢Hg, an
immediate color change from colorless to bright orange was
observed. The '"H NMR spectrum indicated clean formation
of [CLIPrCuH] (A’) with a diagnostic proton resonance of
Cu-H at 60=2.39ppm (see Figure S2 in the Supporting
Information), which is consistent with a reported value of
[TPrCuH] at 6 =2.63 ppm.'?

An aromatic alkyne such as 1q reacted with A’ smoothly
in 2.5 hours at room temperature to afford the corresponding
copper alkenyl complex (B’). In contrast, an aliphatic alkyne
such as 5-decyne did not react with A’, which was decomposed
rapidly under the reaction conditions. This low reactivity of
the internal aliphatic alkyne is very reminiscent of the
catalytic reaction. The copper alkenyl complex B’ was isolated
in 70% yield and fully characterized by 'H and “C NMR
methods (see Figures S3 and S4 in the Supporting Informa-
tion). The reaction of B’ with CO, (balloon) was very slow at
room temperature, but took place smoothly at a higher
reaction temperature (65°C) after 12 hours. The copper
carboxylato complex C' was also isolated in 84 % yield and
fully characterized by 'H and *C NMR analysis (see Figur-

www.angewandte.org

HSl(OEt) iPr /Q
c_N P 1q iPr
IO)—CU F —PMHS Ptis IO)—Cu—H :[O%CLJJ¥
ir [DelCeHs  CI” "N bergTe”e tBu
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65°C iPr
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Scheme 3. Stoichiometric reactions relevant to the catalysis.

es S5 and S6 in the Supporting Information). Finally, C'
reacted with an excess (4 equiv) of HSi(OEt); at room
temperature and the copper hydride complex A’ was afforded
cleanly. The isolated B’ and C’ were active catalysts, affording
2q in 80% and 74 % yields, respectively, under the same
reaction condition as those used in entry 7, Table 3.

On the basis of the stoichiometric reactions shown in
Scheme 3, a possible catalytic cycle is shown in Scheme 4. A
copper(I) hydride species (A)' is generated insitu from
[LCuF] (L =IMes, IPr, or CL,IPr) and a hydrosilane by the aid
of the strong silicon—fluorine interaction™” (step a). Syn
addition of A to an alkyne (1) initiates the catalytic cycle and
affords a copper alkenyl intermediate (B) stereoselectively
(step b)."”! Then, insertion of CO, takes place to provide the
corresponding copper carboxylate intermediate CH¢!
(step c). Finally, o-bond metathesis of C with a hydrosilane
provides the corresponding silyl ester 2si and regenerates A
(step d). All the catalytic were confirmed by the stoichio-
metric reactions in Scheme 3, in which only the insertion of
CO, requires the higher reaction temperature (65°C),
whereas other stoichiometric reactions proceeded at room

[LCuF] L =IMes, CLIPr, IPr
S O HSI< N
HO R HY 7 step a P
H PR \ SiT
\ ~
(¢} R i R—
Sl [LCuH
step d
HSI step b
Me _ Me LCu—O0 R LC
N_N A\ u;«\ﬁ
Me’@ v QMe OMR R
Me Me' c g H
IMes
L= or
ipr© ):(C' iPr sepe

N_N

) do,
iPr iPr

ClolPr

Scheme 4. Plausible catalytic cycle.
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temperature. Thus, stepc in Scheme 4 must be a rate-
determining step.

In conclusion, copper-catalyzed hydrocarboxylation of
alkynes (1) using carbon dioxide (balloon) has been devel-
oped. [IMesCuF] and [CLIPrCuF] complexes show high
catalytic activity when using a hydrosilane as a reducing
agent. Additional studies on application and reaction mech-
anism of the reaction are now in progress.
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