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The electrochemical incorporation of carbon INTRODUCTION

dioxide into epoxides catalyzed by nickel(ll)

complexes afforded cyclic carbonates in good In the field of carbon-carbon bond formation
yields under very mild conditions (pco.= 1 atm, involving CO,, we have been interested in the
room temperature). Mechanistic and electro- reactivity of epoxides with C&for the synthesis of
chemical studies revealed the cooperative role of cyclic carbonate$. These are important synthons
reduced nickel species in the activation of C@ for the preparation of functionalized organic
and the influence of magnesium ions as Lewis intermediates, such as 1,2-didlsand for the
acids in the activation of the oxirane ring. Both  synthesis of various polymeric materidlsTheir

the presence of nickel catalysts and Mg ions  preparation from C@ as a G building block
were necessary for the electrocarboxylation of (instead of phosgene) constitutes an interesting
epoxides under mild conditions. Copyright ©  alternative based on the use of non-toxic, abundant
2001 John Wiley & Sons, Ltd. and cheap starting materfal.

The reaction of epoxides with CGOfor the
preparation of cyclic carbonates is generally carried
out at high temperatures>(00°C) and elevated
CO, pressures¥40 atm) in the presence of metal
or onium salt as the catalysts. Catalysis by
transition metal complexes based on nickel(0),
palladium (Of? copper(l)! titanium(1V)*° and
chromium(ll)** have also been reported. We have
been working on a novel electrochemical method
based on the use of nickel(ll) catalystand we
report here our results concerning some chemical,
electrochemical and mechanistic aspects of this
reaction.
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The carboxylation was carried out in a single-
compartmentell*? fitted with a magnesiunanode
and a stainlesssteel cathode,in DMF, at room
temperatureand at atmosphericCO, pressure.
3 mM of the epoxideand 10 mol% of the catalyst
Ni(cyclam)Br,  (cyclam=1,4,8,11-tetrasacyclo-
tetradecanewere introducedand KBr was used
assupportingelectrolyte(0.02M). Theelectrolyses
wereperformedat a constantcurrentof 60 mA for
7 h. With this approacha broad variety of sub-
stituted epoxides were transformedinto cyclic
carbonatesindergoodyields (Eqn[1]).

The sameelectrochemicateactionwith styrene
oxide was also efficient in the presence of
[Ni(bipy)s][BF4]> as pre-catalyst (bipy = 2,2-bi-
pyridine), leading to the correspondingcyclic
carbonaten 80% yield.

In the absenceof current,styreneoxide did not
react and could be recoveredunchangedIn the
absenceof the nickel(ll) complex, styreneoxide
yielded the correspondingyclic carbonaten low
yield through a non-selectivereaction,in which
productsfrom the epoxidering opening,aswell as
polymeric compoundswere formed. Oxalatewas
obtainedin this electrolysis, resulting from the
reductivedimerizationof CO,.*®

The natureof the electrodesand of the support-
ing electrolyteprovedto beimportantfactorsin the
control of the carbonateyield and selectivity. The
bestconditionsfor styreneoxide carboxylationwith
Ni(cyclam)Br, werefoundin DMF with Mg/stain-
lesssteelasthe electrodesouplesin the presence
of KBr assupportingelectrolyte.

Nickelaoxetanes as possible
intermediates

From a mechanisticpoint of view, the reactionof
epoxidesvith CO, (underelevatedpressuresin the
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presenceof nickel(0)—phosphinecomplexeshas
beenproposedo proceedhroughthe formationof
intermediate nickelaoxetane$. Recently, such
metallacycleshave been preparedand character-
ized from Ni(COD), in the presenceof N-donor
ligands such as 2,2-bipyridine or TMEDA
(Schemel).

Complexed andll werenotstablein air. Their
chemical reactionswith CO, did not allow the
synthesisof cyclic carbonatesunder mild condi-
tions (pco, =1 atm, T=25°C); nickel carbonate
and styrenewere obtainedinstead.Styrenecarbo-
natecould only be obtainedin low yields (ca 25%)
from | or Il underincreasedCO, pressureand
temperaturg50 atm, 160°C, Schemel).

The electrochemicateactivity of complexed or
Il with CO, under the standardelectrochemical
conditionsalsodid not produceany cyclic styrene
carbonate.

The resultsfrom nickelaoxetanegeactivity with
CGO; indicatethat suchmetallacycleshouldnot be
intermediatesn the catalyticelectrochemicateac-
tion.

Moreover, without isolation of the nickelaoxe-
tanes,the direct reactionof styreneepoxidewith
CGO, in DMF in the presenceof 10 mol% of
Ni(COD)(bipy) at 50 atmand25°C for 3 h led not
to styrenecarbonatebut to the recoveryof styrene
oxidein 75%vield.

Cyclic voltammetry

The interaction of epoxides and CO, with
Ni(cyclam)Br, wasexaminedby cyclic voltamme-
try. Figure 1 presentghe behaviourof the nickel
complexin a DMF solution containingtetrabutyl-
ammoniumtetrafluoroborateat room temperature
(curvea). A reversible pne-electromeductionpeak
of nickel(ll) to nickel(l) wasobservedat —1.45V
vs Ag/AgCl, in agreementvith the literature®
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Figure 1 Cyclic voltammetry on a platinum electrode, at
100mV s and room temperature,of a DMF solution of
n-Bu,N"BF; (0.1M), reference electrode Ag/AgCl. (a)
Ni(cyclam)Br, 2.5mM; (b) after addition of ten equivalents
of styreneepoxide;(c) after saturationwith CO, at 1 atm.

In the presenceof from 0.5 to 10 equivalents
(Fig. 1, curve b) of styreneoxide no significant
changesof the initial nickel(ll) reduction curve
couldbeobservedTheabsenc®f anymodification
of the nickel(Il)/nickel(l) system indicates that
thereis no stronginteractionandno rapid chemical
reactionbetweernthe epoxideandthe electrogener-
atednickel(l) complex.

In the presenceof CO, (saturatedsolution at
atmosphericpressure)the cyclic voltammogram
presentsan irreversible nickel(ll)/nickel(l) transi-
tion (Fig. 1, curve c), the sign of a rapid coor-
dinationandfurtherreactivity of electrochemically
generatedickel(l) with CO,. The samebehaviour
(Fig. 1, curvec) wasobtainedin the absencef the
epoxide.

Theelectrochemicabehaviourof Nl(cyclam)2+
type complexeswith CO, in aqueousnedia(or in
H,O-DMF mixtures)hasbeenreportedto present
anintensecatalyticwavecorrespondingo the CO,
electroreductlon into CO in the presence of
protonst®

In anhydrousDMF (Fig. 1, curve c), a slightly
higher intensity thanfor curve a is presentedput
there is no strong catalytic phenomenaof CO,
electroreduction.

The cyclic voltammogramof [Ni(bipy)s][BF 4]
in the presenceof epoxideand CO, in a DMF
solutionwasalsoexaminedTheadditionof styrene
oxide (0.5 to 10 equivalents)to an [Ni(bipy)3]
[BF4]» solutiondid not modify the cyclic voltam-
metry behaviourof the initial nlckeI(II)/nlckeI(O)
reversiblereductionat —1.15V vs Ag/AgCl.*’
the presenceof CO, a catalytic wave appearedat
—1.6V, correspondingo the CO, electroreduction,
in agreementvith theliterature® We canconclude
that at the time scaleof the cyclic voltammetry,
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styrene oxide does not interact strongly with
nickel(ll) or with electrogeneratedNi'(cyclam)”
or nickel(0)—(bipy}-type complexes.In contrast,
both reduced metal species present a strong
interactionwith CO,. This electrochemicabeha-
viour is in agreementwith the low chemical
reactivity of styreneoxidewith CO, in thepresence
of nickel(0)—aminecomplexesunder mild condi-
tionsin which no styrenecarbonatevasobtained.

In contrastthecyclic voltammogranof complex
| did notpresentainyelectroactivityfrom 0to —2 V
vsAg/AgQCIL. In thepresencef CO,, anirreversible
peakappeare@t—1.5V, whichwasassignedo the
reductionof (TMEDA)Ni(carbonate) accordingto
Schemel.

Influence of metal salts

In contrastto the low chemical reactivity of
nickel(0) towards the insertion of CO, into
epoxides, electrogeneratediickel(0) or nickel(l)
complexeswere shownto be efficient catalystsin
the electrochemicalcarboxylation of such sub-
stratesto cyclic carbonatesindermild conditions
(Ean[1). ~ |

However,in the presencef metalsaltsandhigh
CO, pressurescyclic carbonateformation from
epoxideshas been proposedto proceedthrough
oxirane ring openln%followed by reaction with
CGO, andring closure?

In the electrochemical reaction of epoxide
carboxylation, besidesthe nickel(ll) catalyst,the
reactionmedium also containsKBr as supporting
electrolyte and Mg?" ions, formed progressively
from the anodic oxidation of the magnesiumrod
anode.We examinedthe effect of both KBr and
MgBr; in the reactionof styreneoxide with CO,.
Table 1 presentghe resultsfrom the influenceof
the CO, pressuren theyield andselectivity of the
cyclic carbonatdormationin the presencef KBr
or MgBr, (30 mol% with respecto the epoxide)in
chemicalreactionsin DMF at 20°C for 3 h.

With KBr, underatmospheriaCO, pressureno
carbonatevasformed.Only atapressuref 50 atm
wasthe epoxideconversiomattainedin 80% yield.

In similar reactionsn the presencef anhydrous
MgBr, (preparedelectrochemicallyfrom dibro-
moethanewith an Mg anode)the epoxideconver-
sionwasof 80%at atmosphericCO, pressurewith
a carbonateyield of 46% (bromoalcoholnd poly-
meric materialswere also obtained).Yields and
selectivity of cyclic carbonateincreasedwith the
CO, pressure.

Magnesiumions seemto play animportantrole
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Table 1 Influenceof the CO, pressureon the reaction
with styreneoxide for the synthesif styrenecarbonate
in the presencef a metalsalt MX?®

Epoxide  Carbonate
MX CGO, pressure conversion yield
(30mol%) (atm) (%) (%)°
KBr 1 — —
KBr 10 12 99
KBr 50 80 99
MgBr, 1 80 46
MgBr, 10 90 74
MgBrs 50 99 96

2 Reactionscarried out at a 3 mmol scalein DMF at room
temperaturdor 3 h.
Yield basedon convertedepoxide.

aslLewis acidsin theepoxidecarboxylationprocess
undermild conditions However thereactionin the
presenceof MgBr, at atmospherigressurebut in
the absenceof a nickel catalyst exhibited poor
selectivity (Table 1).

In agreementwith theseresults,we proposea
mechanisnfor the electrochemicaCO, incorpora-
tion into epoxideswith a cooperativeeffect of both
Mg?" ionsandreducedhickel specieScheme).

The proposedmechanisminvolves the epoxide
ring opening mediated by MgBr,, forming a
magnesiunbromoalcoholateln a parallelprocess,
the electrochemicalreductive medium generates
reducedNi(0)(bipy), or Ni(l)(cyclam) speciegrom
the corresponding Ni(ll) complexes, able to
coordinateCO,. The bromoalcoholateeactswith
the activatedCO, to form an intermediateMg?"
carbonatewhich thenundergoesing closureto the
cyclic carbonate.

In conclusion,the cooperationof Mg®" ions in

Niu(cyclam)+2

Mg —>\Mg*2 ‘26 ) -
S O Mg Br T +
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the Lewis acid activationof the epoxidefor its ring
openingwith the reduced electrogeneratedickel
specieghatactivateCO, may explainthe efficient
andhighyield formationof cyclic carbonateby the
electrochemicalmethod under very mild condi-
tions, compared with two other processesof
epoxidecarboxylationreported.
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