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Abstract 

Electrochemically reduced Ni(bipy),(BF,), catalyzes the reaction of carbon 
dioxide with disubstituted alkynes to yield mono- and di-carboxylated derivatives. 
The reaction is performed under mild conditions in an undivided cell fitted with a 
sacrificial magnesium anode. 

The direct conversion of carbon dioxide into carbon containing chemicals is a 
particularly important process [l]. Activation of CO, by transition metal complexes 
is a very active research field, and despite the interest in the development of CO, 
chemistry, there are only a few homogeneous and catalytical reactions which lead to 
the incorporation of carbon dioxide into an organic product [2]. 

In the case of alkyne substrates, Ni” complexes have shown to be active catalysts 
for carbon dioxide fixation and a variety of reaction products (carboxylic acids, 
pyrones, alkyne oligomers, etc.) can be obtained, depending on the reaction condi- 
tions and the nature of the ancillary ligands [2,3]. Thus, a-pyrones are isolated from 
alkynes [4] (or diynes [5]) under high CO, pressure with Ni(COD) 2/PR3 as the 
catalytic system, but a&unsaturated acids are formed stoichiometrically with 
Ni(COD),/TMEDA (or other ligands) [6]. 

We recently described the carboxylation of terminal alkynes catalyzed by electro- 
generated Ni” complexes [7] to yield selectively ar-substituted acrylic acids (eq. 1). 

RCECH + CO2 
Ni(bipy)3(BFL)z(1Do/.) + e 

l 
DMF , Mg anode 

HOOC 

(1) 

We present here our results of a study of the electrocarboxylation of disubsti- 
tuted alkynes (eq. 2). The reaction is catalyzed by a low valent nickel complex 
generated in situ by electrochemical reduction of a stable Ni’* catalyst precursor, 
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R,-CSC-RR, 
Ni(bipy)3(BFL),2(100/.) +e 
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t-i COOH 
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HOOC l-l 
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Rl 

* 

R2 

+ 

C02H cool4 

(3) 

(21 

Ni(bipy),(BF,),(bipy = 2,2’-bipyridine). The carboxylation is carried out in DMF 
at constant current density in an undivided electrolytic cell: the anode is a sacrificial 
rod of magnesium surrounded by a cathode of carbon fiber. 

The reactions at the electrodes can be represented as follows: 

Anode: Mg + Mg2’ + 2e 

Cathode: Ni(bipy)3(BF,), + 2e --, Ni’bipy, + bipy + 2BF,- 

As shown by cyclic voltammetry studies [8], the Nin complex is reduced in a two 
electron single wave (- 1.1 V SCE), and the electrogenerated Ni’bipy, complex in 
DMF coordinates the alkyne as well as CO,. After carbon-carbon bond formation, 
magnesium carboxylates are formed, the nickel species being recycled [7]. The 
presence of the catalyst allows more seleative nickel-mediated carboxylation than 
the direct electrochemical (non-catalyzed) carboxylation of activated acetylenes [9]. 

The results of the electrocarboxylation of several alkynes are summarized in 
Table 1. 

Selective monocarboxylation of 4-octyne (entry 1) afforded the corresponding 
a&unsaturated acid 1 (Rr = R2 = n-&H,) in 85% yield as a 88/12 mixture of 
cis/truns isomers. No CO, incorporation took place in the absence of the catalyst. 

Diphenylacetylene (entry 2) was carboxylated at 80 o C to give a l/2 mixture of 
unsaturated and saturated monocarboxyhc acids. Less than 5% of carboxylation 
occurred at room temperature, and at a higher CO, pressure (P(C0,) 5 atm, T 

20 o C) a 7/3 mixture of 1 and 3 was formed. cis- and truns-stilbene were obtained 
as a by-products in all cases. The bulky bis(trimethylsilyl)acetylene (entry 3) reacted 
slowly with CO, to yield a 8/2 mixture of mono- and di-carboxylated compounds. 
Again, an increase in the CO, pressure to 5 atm did not significantly enhance the 
selectivity or the reaction rate. 

To our knowledge, no example of a reaction of CO* with unsymmetrically 
disubstituted alkynes has been reported, and little is known about the factors 
controlling orientation in carboxylation reactions with such substrates. Under the 
electrochemical conditions phenylpropyne (entry 4) reacted selectively with one 
molar equivalent of CO,. A l/2 regioselectivity of 62/38 was found, with a-methyl- 
cinnamic acid as the major isomer. The direction of CO, fixation into phenylpro- 
pyne contrasts with that in the carboxylation of phenylacetylene, in which atropic 



c35 

Table 1 

Nickel-catalyzed electrochemical carboxylation of disubstituted afkynes. 

R’ CXZR2 + CO, e,catalyst (10%) ff2+3 
DMF 

Entry R’ R2 T(OC) Converted Reaction products n (W) 
alkyne Monocarboxylic Dicarboxylic 

acids (1,2) acids (3) 

1 n-C,H, n-CsH, 20 78% 85 8 
2 Ph Ph 80 85% 646 6 
3 (CH,),Si (CH,),Si 80 40% 30 c 8 
4 CH3 Ph 20 85% 65 d 7 
5 Ph CO, Et 5 70% 20 55 
6 CH3 CO1 Et 5 90% 20 30 
7 CH3 (CH,),OCOCH, 50 30% 45 d 

u General procedure: one compartment cell; DMF, 40 ml; Ni(bipy),(BF,),, 0.6 mmol; alkyne, 6 mmol; 
n-Bu4NBF,, 0.3 mmol; CO, bubbling at atmospheric pressure; 50 mA applied between a Mg anode and 
a carbon fiber cathode for 15 h. Carboxylic acids were esterified and analyzed as methyl esters after 
column chromatography. Yields are expressed in terms of the yielded isolated products relative to the 
amount of alkyne that has reacted. b l/2 mixture of 1 and its saturated analog, 25% stillbene was formed. 
’ Mixture of isomers. ’ Selectivity l/2: entry 4: 62/38; entry 7: 53/Q. 

acid was formed selectively [7] (eq. l), suggesting that steric effects can be a 
predominant factor in determinin g orientation. 

Electrocarboxylation of 3-pentynyl acetate at P(C0,) 1 atm (entry 7) afforded a 
53/47 mixture of regioisomers 1 and 2. An identical l/2 ratio was observed at 
P(C0,) 5 atm. This is in agreement with the presence of two similar sterically and 
electronically demanding groups, with no additional coordination of the acetate 
group to the nickel center that would favour carboxylation on the methyl side, e.g. 
isomer 1. 

Electron-deficient alkynes such as ethyl phenylpropiolate (entry 5) or ethyl-2- 
butynoate (entry 6), underwent dicarboxylation more rapidly, together with reduc- 
tion and carboxylative oligomerization of the starting alkynes. For both substrates, 
regioisomer 1 was predominant among the monocarboxylic acids formed. 

We conclude that disubstituted alkynes can be selectively carboxylated under 
mild conditions (P(C0,) 1 atm) with Ni(bipy),(BF4)* as the catalyst by a very 
simple one-compartment cell electrolysis procedure. The carboxylation occurs more 
slowly than that of terminal acetylenes [7], particularly when two bulky substituents 
are present (e.g. TMS, Ph). The selectivity of mono-relative to di-carboxylation 
strongly depends on the nature of the alkyne, with non-conjugated or phenyl 
substituent, a&unsaturated carboxylic acids are formed selectively, and with more 
electron deficient substrates (e.g. conjugated esters) 1,Zdicarboxylation the rate is 
higher. 

It is difficult to assess the relative importance of electronic and steric effects in 
the direction of CO* incorporation in unsymmetrically substituted alkynes. It seems 
likely that steric factors play an important role in determining the orientation. The 
observed regioselectivities correlate with the triple bond polarization (according to 
13C chemical shifts of acetylenic carbons [lo]), the CO, bonding preferentially to the 
carbon centre with the lowest charge density. 
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