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Abstract: The electrocarboxylation of vinyl triflates performed with
carbon dioxide and a catalytic amount of PdCly(PPh;), affords
o, B-unsaturated carboxylic acids. The reactivity of vinyl triflates has
been reversed in the presence of an electron source, since they now react
with electrophiles. The reaction proceeds by an activation of the C-O
bond of the vinyl triflate by a palladium(0) complex followed by an
activation by electron transfer, of the vinylpalladium(Il) complex
formed in the oxidative addition.

Vinyl triflates usually undergo cross-coupling reactions with
nucleophiles ! such as hydrides 2, organostannanes 34 ang alkynes 3
the presence of a catalytic amount of palladium complexes, affording
substituted alkenes. They also react with alkenes (Heck reaction) 6 and
allenes.” The reactions are supposed to proceed via a nucleophilic attack
on a 6-vinylpalladium(IT) complex resulting from the oxidative addition
of a palladium(0) complex with the vinyl triflate.®

We wish to report that it is possible to invert the reactivity of vinyl
triflates 1 and to bring them to react with electrophiles, in the presence
of an electron source and a palladium catalyst. In the presence of carbon
dioxide as the electrophile, o,B-unsaturated carboxylic acids are

synthesized in good yields with PdCl,(PPhs), 2 as catalyst (Scheme 1,
Table 1).
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Scheme 1

Vinyl triflates 1 are electroactive compounds. Their reduction peak
potentials are gathered in Table 2. The direct electrochemical reduction
of vinyl triflates, performed in the absence of any catalyst, provided
after hydrolysis, the corresponding ketone 4 in quantitative yield (Table
1, entry 1, Scheme 2).

This shows that the direct reduction of vinyl triflates 1 results in an
activation and cleavage of the O-S bond in the triflate group. The first
electron transfer most probably affords the radical anion 1™ (Scheme 2).
After cleavage of the O-S bond, a vinyloxy radical 5 is formed whose
further reduction provides the enolate 6 and after protonation, the ketone
4.

Table 1. Electrocarboxylation of Vinyl Triflates Catalyzed by PdCl,(PPhs), in DMF at 20 °C (Scheme 1)

entry vinyl-OTf catalyst CO, E® F/mol b ketone 4 diene 7 vinyl-COH 3
[1 mmoli] [mmol] [atm] [% isolated] [% isolated] © [% isolated] ©
1 O~-om 0o o0 26 21 O ) ] -
1a 98
2 ©or o1 o 20 1 0 OO0 -
1a 96
1a 85
OTf COH
4 0.1 1 -16 20 0 0
1b 60
5 _'_O__OTf 0.1 1 20 22 0 0 +®—COzH
1c 80
6 <_—/§—0Tf 01 1 20 21 0 0 <-_/$—C°2H
1d 86
OTf COH
7 0.1 1 22 23 0 0
1f 704
8 0.1 1 -7 21 0 0
OTf CO,H
1g 32

a % Electrolysis potentials in Volt vs SCE. ® Faraday per mol of viny! triflate. ° Yields are related to the vinyl triflate completely converted.

Formation of 8 % of 1-hexene.
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In the presence of a catalytic amount of PdC1,(PPhj3),, the formation of
the ketone 4 was completely inhibited and a conjugated diene 7 was
obtained in quantitative yield (Table 1, entry 2, Scheme 3), showing that,
under these conditions, the activation of the C-O bond of the vinyl
triflate vig a palladium complex, was highly favored. This is the first

Scheme 2

reported homocoupling of viny! triflates catalyzed by palladium.

PACL(FPhs), 2, 109 :
2 ‘k—}‘OTf»f 2o 2CkEFhe, 2, 10% + 210
DMF, RT

1 7
Scheme 3

The electrochemical reduction performed in the presence of
PdCl,(PPh;), and carbon dioxide, resulted in the formation of
o.B-unsaturated carboxylic acids 3 (Scheme 1, Table 1). The
carboxylation was performed from cyclic and linear vinyl triflates and is
regiospecific. Vinyl triflates are more reactive than aryl triflates since
their electrocarboxylation was performed at room temperature, instead
of 90 °C for aryl triflates.’

Preliminary investigations on the mechanism of the carboxylation by
means of cyclic voltammetry, showed that PAdCly(PPhs), 2 was first
reduced to a palladium(0) complex at -0.90 V (vs. standard calomel
electrode, SCE). It is well established that the electrochemical reduction
of PdCI,(PPhs), generates a palladium(0) complex ligated by a chloride
anion 8 (Scheme 4).9
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This electrogenerated palladium(0) 8 underwent a fast oxidative
addition with the vinyl triflate 1, since its oxidation peak, usually
detected on the reverse scan at -0.02 V, disappeared in the presence of
one equivalent of the vinyl triflate. Stille has established that the
oxidative addition of vinyl triflates with palladium(0) complexes
provided cationic o-vinylpalladium(II) complexes, whereas neutral
o-vinylpalladium(II) chloride complexes 9, were formed when the
oxidative addition was performed in the E)resence of chloride anions.’
Thus, in the present case, i.e. in the presence of the electrogenerated
chloride-ligated complex 8, the oxidative addition led to the neutral
o-vinylpalladium(II) chloride complex 9.

When the electrochemical reduction was performed beyond the
reduction of PdCl,(PPhs),, a new reduction peak was observed at a less
negative potential than the reduction potential of the vinyl triflate 1
(Table 2), whereas the reduction peak of the vinyl triflate was no longer
detected on the voltammogram. This new reduction peak was assigned
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to the reduction of the neutral ¢-vinylpalladium(II) chloride complex 9
resulting from the oxidative addition (Scheme 4). In all cases
investigated here, the o-vinylpalladium(Il) complex 9 was more easily
reduced than the precursor vinyl triflate 1 (Table 2). The magnitude of
its reduction peak grew as the concentration of the vinyl triflate was
increased, evidencing a catalytic reaction. The reduction of the
vinylpalladium(lI) complex 9 in the presence of carbon dioxide,
afforded the corresponding o,B-unsaturated carboxylic acid 3, in a
catalytic process.'® The electrosynthesis of the o,B-unsaturated
carboxylic acid 3 was then performed at the reduction potential of the
vinylpalladium(II) complex 9, i.e. at a potential less negative than the
reduction potential of the vinyl triflate, thus avoiding its direct reduction
to ketone.!!

Thus, the electrocarboxylation of vinyl triflates proceeds via a double
activation of the vinyl triflate: firstly, activation of the C-O bond of the
vinyl triflate by a palladium(0) complex and secondly, activation by
electron transfer, of the vinylpalladium(II) complex 9 resulting from the
oxidative addition. It is interesting to note that vinyl triflates are
synthesized by two different routes (Scheme 5): cyclic vinyl triflates
(compounds 1a-d) are synthesized by reaction of ketone enolates with a
triflating reagent'? whereas linear vinyl triflates (compounds 1f-g) are
obtained by addition of HOTf on alkynes.13
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Scheme 5

Our work shows that cyclic ketones and alkynes are transformed to o,3-
unsaturated carboxylic acids in the presence of CO,, a palladium
catalyst and an electron source, via the vinyl triflates (Scheme 5). This
new reaction is an alternative route to the palladium-catalyzed synthesis
of o,B-unsaturated carboxylic acids from vinyl triflates and carbon
monoxide!* under basic conditions.!?

Table 2. Reduction Peak Potentials of Vinyl Triflates and of the
Vinylpalladium(IT) Complexes Resulting from the Oxidative Addition:
Pd(0)(PPh:),CI” + vinyl-OTf — vinyl-Pd-CI(PPh;), + TfO

Vinyl-OTf Vinyl-OTf 1 Vinyl-Pd-Ci(PPhs), 9
1 B2 FPog @
@_@_OTf 2.95 215
oTf
@é 2.16 2.08
‘I O-ore 291 2.10
C/§_0Tf 2.95 -1.75
OTf
4[\/\/ 2.94 220
©>: -1.94 -1.92

OTf

2Volt vs SCE. Reduction peak potentials were detemuned at a
steady gold disk electrode at the scan rate of 0.2 V 57 , in DMF
containing n-BuyNBF, (0.3 mol dm™ ) 20°C.
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Typical experimental procedure: electrocarboxylation of compound
1d (Table 1, entry 6). The electrocarboxylation was performed in a
divided cell. The cathode was a piece of carbon cloth (10 cm?) and the
anode a magnesium rod. The cathodic compartment containing 50 mL
of anhydrous DMF and n-BuyNBF, (0.1 mol dm™) was charged with
244 mg (1 mmol) of 1d, followed by 70 mg (0.01 mmol of
PdCl,(PPh;),). The anodic compartment contained 5 mL of anhydrous
DMF and n-BuyNBF, (0.1 mol dm). A cyclic voltammetry performed
prior the electrolysis allowed the determination of the electrolysis
potential (Tables 1 and 2). Carbon dioxide was then bubbled into the
cathodic compartment and the electrolysis was conducted at a controlled
potential until the current dropped to 5% of its initial value. The mixture
was hydrolyzed overnight with aqueous HCl (1 mol dm™). After
extraction with diethyl ether and evaporation of the solvent, the crude
mixture was analyzed by 'H NMR spectroscopy. The signals of the .,B-
unsaturated carboxylic acid were detected contaminated with some
triphenylphosphine oxide. The carboxylic acid was purified by
solubilization in aqueous NaOH (1 mol dm™). After extraction with
diethyl ether, the basic aqueous phase was treated with aqueous HCL
The acidic aqueous phase was then extracted with diethyl ether.
Evaporation of the solvent afforded 120 mg (86 %) of pure
6-methylcyclohex-1-ene-1-carboxylic acid as white crystals. mp 102
°C; "TH NMR (CDCl3, 250 MHz): 6 = 1.04 (d, 3H, J =7 Hz, CHj3), 1.45-
1.60 (m, 4H, CH,-CH,), 2.06-2.17 (m, 2H, CH,-CH=), 2.54-2.67 (m,
1H, CH-CH3), 7.03 (t, 1H, J = 4 Hz, =CH), 11.60 (br. s, 1H, OH) ppm;
3¢ NMR (CDCl3, 62.9 MHz): 8 = 16.99, 20.10, 26.12, 27.40, 29.43,
134.69, 142.17, 173.14 ppm; IR (KBr pellet): 3200-2700 (O-H), 2965,
2945, 2918, 2870, 1677 (C=0), 1635 (C=C), 1422, 1274, 1251, 1068,
939 em™l; MS: m/z (%) = 140 (M™), 125, 95(100).
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