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Electroreduction of [CpFe(CO)2]2 (Fp2) in the
presence of carbon dioxide makes possible the
formation of the 1:1 adduct [Cp(CO)2Fe—
CO2]

ÿ, which is catalytically reduced atÿ1.8 V
vs SCE liberating [Cp(CO)2Fe]ÿ and CO2

�ÿ. The
generation of CO2

�ÿ at a potential close to the
standard value allows regioselective carboxyla-
tion of styrene and isoprene with turnover
number of 200 per Fp2. The first step of the
carboxylation appears to be the addition of
CO2

�ÿ to the unsubstituted carbon atoms of the
olefin. Copyright # 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

Electroreductive coupling between olefinic sub-
strates and CO2 is known to be a preparative
method for dicarboxylic acids derivatives.1 The
voltage required for electrolysis is governed by the
reduction properties of the olefin–CO2 system.
Accordingly, good to poor yield and selectivity

were observed. For activated olefins reduced at a
less cathodic potential than CO2, two mechanisms
have been proposed for initiation: either the
nucleophilic attack of the olefin radical-anion on
CO2 or a redox catalysis followed by coupling of
the olefin and CO2 radical-anions.2,3 Our approach
in this field came from our interest on CO2
activation by transition metal complexes4 and on
selective functionnalization of olefins by appro-
priate conjunction of activation modes.5 We report
here the role of [CpFe(CO)2]2, Fp2, in the regio-
selective electrocarboxylation of styrene and iso-
prene.

RESULTS

The electrochemical reduction of Fp2 has been
shown to be a two-electron process leading to 2Fpÿ,
which is reoxidized to the starting complex (EC
mechanism).6 Accordingly, cyclic voltammetry at a
scan rate of 0.1 V sÿ1 exhibited irreversible
cathodic and anodic peaks atEp =ÿ1.55 V and
ÿ0.96 V respectively (Fig. 1a). Addition of styrene
or isoprene did not promote any changes. By
contrast, the addition of CO2 led to an additional
cathodic peak atÿ1.8 V (Fig. 1b), which was found
to be catalytic as CO2 concentration increased (Fig.
1c). It was therefore of interest to study more
deeply this system by generating Fpÿ and examin-
ing its electroactivity under CO2. It is noteworthy
that the chemical reaction between Fpÿ and CO2
has been reported to give the 1:1 adduct [Fp—
CO2]

ÿ.7 The in situ preparation of Fpÿ was
performed by controlled potential electrolysis of
Fp2 (10ÿ2 M) at ÿ1.80 V. Then, changes in Fpÿ

concentration upon CO2 admission were recorded
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by amperometryat �0.3V, a potential at which
Fpÿ is oxidized. Upon admission of CO2, the
currentdecreasedprogressively.The IR spectrum
of the solution exhibited n(C=O) bandsof the
carbonyl ligands at 2015 and 1950cmÿ1, corre-
spondingto thoseof [Fp—CO2]

ÿ;7 then(CO)of the
carbonatoligandwasobscuredby thesolvent.The
voltammogramat a rotatinggold electrodeshowed
practically no current at the level of either Fp2
reduction(E1/2 =ÿ1.50V) or Fpÿ oxidation(E1/2 =
ÿ0.96 V), whereasa current associatedwith the
catalytic wave at E1/2 =ÿ2.0 V was present.The
cyclic voltammetry of the same solution at a
stationarygold electrodeconfirmedthe disappear-

anceof Fp2 and the presenceof [Fp—CO2]
ÿ and

Fpÿ. These results show that [Fp—CO2]
ÿ is

reducedat ÿ1.8 V to producean unstablespecies
that splits into Fpÿ and CO�ÿ2 . As Fpÿ is
regenerated,it reactsagainwith CO2 in a catalytic
cycle,asdepictedin Scheme1.

Controlledpotentialelectrolysisof a 70ml N,N-
dimethylformamide–tetrabutylammonium hexa-
fluorophosphate(DMF–TBAPF6) solutioncontain-
ing Fp2 (0.13mmol), styrene(60mmol), andCO2
(9 bar) led to the carboxylatedproducts1 and 2
(Eqn[1]), at thereductionpotentialof [Fp—CO2]

ÿ.

After thepassageof 200F molÿ1 of Fp2, compound
1 was the major product formed with a chemical
yield of 78%anda currentefficiencyof 45%(2eÿ

per mole of 1). In the absenceof Fp2, the
electrolysis occurred at ÿ2.3V, for the same
current density, and compound 1 was again
preponderant(chemical yield: 70%; current effi-
ciency:40%).Theotherproduct,2, correspondsto
the regioselectivecarboxylationat the b carbon
atomandtheadditionof onehydrogenatomatthea
carbonof thedoublebond.Experimentsconducted
in the presenceof 110mmol of H2O, under the
sameconditions,pointed out that residual water
wasresponsiblefor the hydrogenation.Compound
2 was formed selectively in the absenceof Fp2
(chemical yield: 77%; current efficiency: 67%),
whereaswith Fp2 theratio1:2 = 1.3(chemicalyield
andcurrentefficiencycloseto 98%).Theseresults
showthat the major effect of Fp2 is to operatethe
carboxylationof styreneatalessnegativepotential,
at a value correspondingto the catalytic wave
describedin Scheme1.

A morespectaculareffectof Fp2 wasrevealedfor
isoprene.At thereductionpotentialof [Fp—CO2]

ÿ,
electrolysis of a 70ml DMF–TBAPF6 solution

Scheme1.

Figure 1 Voltammogram(scanrate0.1V sÿ1) in DMF–0.1M

TBABF4 onagoldmicroelectrodeof: (a)Fp2 (10ÿ2 M), (b) Fp2–
CO2, (c) with moreCO2.
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containingFp2 (0.13mmol), isoprene(60mmol),
andCO2 (2.5bar)ledto thecarboxylatedproducts3
and 4, resulting from the regioselective 1,4-
dicarboxylation(Eqn[2]). After thepassageof 200
F molÿ1 of Fp2, thechemicalyield was97%andthe
current efficiency 72%, with a selectivity 3:(3�
4) = 83%. In the absenceof Fp2, electrolysistook
placeatÿ2.6V. The reactionwasnot selectivein
the carboxylationof isoprene:oxalatewas found
(currentefficiency of 30%) togetherwith 3 and 4
(currentefficiency20%).

DISCUSSION

The resultsdescribedin this papershow that the
electrogenerationof [Fp—CO2)]

ÿ from Fp2 and
CO2 leads to a catalytic reduction of CO2 into
CO�ÿ2 throughthe decompositionof [Fp—CO2)]

2ÿ

into Fpÿ and CO�ÿ2 . The generationof CO�ÿ2 at a
potentialcloseto the standardvalue (ÿ2.21 V vs
SCEin DMF)8 allowstheregioselectivecarboxyla-
tion of styreneandisoprenewith turnovernumbers
of 200F perFp2. Thefirst stepof thecarboxylation
appearsto be the addition of CO�ÿ2 to the unsub-
stitutedcarbonatomsof theolefin.

EXPERIMENTAL

All reactionswerecarriedout underargonatmos-
phere using standardSchlenk techniques.DMF
from Aldrich wasdistilled underreducedpressure
over CaH2 and kept over 3 Å molecular sieves.
TBAPF6 from Fluka was recrystallized from
EtOH–H2O andvacuumdried at 100°C overnight
beforeuse.Fp2 waspreparedaccordingto Ref. 9.

The electrochemical experiments were con-
ductedin DMF. Bulk electrolyseswereperformed
underCO2 pressurein athermostatedstainlesssteel
reactorfittedwith electricleads.Thethreecompart-
mentsof thecell wereseparatedby glassfritts. The
workingelectrodewasamercurypool(29cm2), the
counterelectrodealuminumfoil, andthe reference
electrodeAg–AgCl. Electrolysis was carried out
with a current density of 7 mA cmÿ2 using an
AMEL 552 potensiostatequippedwith a Solea–
Tacussel IG5-LN coulometer. The experiments
werestoppedafter 2500C.

The gasphasewas analyzedby gaschromato-
graphy(GC) for COandhydrogen,thenthereactor

was depressurized,and the solution from the
cathodiccompartmentwasdistilled underreduced
pressureat roomtemperature.Theresidue,contain-
ing the reactionproducts,was reactedwith MeI–
MeCN to esterify the carboxylatedsalts for GC
analysis.The concomitantformationof TBAI was
titratedwith a solutionof AgNO3. This procedure
allowed one to calculate the chemical yield in
carboxylation. A further treatment with diazo-
methanepermittedone to checkif any carboxylic
acidswerepresent;thiswasnot thecase.Identifica-
tion of theproductswasperformedby 1H NMR and
mass spectrometry,after extraction with diethyl
etherandseparationby liquid chromatography.The
yield in methylesterswasdeterminedby GC (10%
Carbowax20M on Gaz Chrom Q) with suitable
internalstandards.
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