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In this paper we report on the ‘oxidative-
carboxylation’ of olefins catalysed by either
transition metal complexes or metal oxides. We
discuss the oxidation mechanism under homo-
geneous and heterogeneous conditions. In the
former case the process is driven by co-ordina-
tion to the metal centre, in the latter a radical
reaction takes place. The yield of carbonate is
strongly dependent on the catalyst used. Copy-
right # 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

‘Sinking carbon dioxide’ has been included in
international agreements as a technology for carbon
dioxide mitigation following the 1997 Kyoto
Conference on Climate Change. Recovery of
carbon dioxide from power plant flue gases or
industrial processes will make available very large
amounts of carbon dioxide, either for disposal or for
utilization.

However, recycling carbon dioxide (technologi-
cal utilization, fixation into chemicals or biomass)
is now being assessed as a technology alternative to
the disposal.1

As a matter of fact, the utilization of carbon
dioxide as building block2 for the synthesis of
chemicals is now the object of several national and
international research programmes worldwide, e.g.
the EU-BRITE RUCADI project and the RITE
programme in Japan; see also the proceedings of
the 215th ACS National Meeting Symposium,
held in Dallas, TX, in 1998. This approach can
contribute to the development of clean synthetic
methodologies, avoiding both the use of toxic
substances3,4 and the production of waste.

RESULT AND DISCUSSION

We have for a long time been developing new
synthetic approaches to large-market (Megatonnes
per year) chemicals, like carbamate- and carbonate-
esters.5 Relevant to the latter reaction is our study
of the conversion of olefins into carbonates by
carboxylation under oxidative conditions, (Eqn [1])
using rhodium catalysts under homogeneous con-
ditions.6

Such a reaction is of interest as it does not require
pure (dioxygen free) carbon dioxide. This feature
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makesit attractive,as the CO2 purification cost,
which may be one of the aspectsdiscouraging
carbondioxide utilization, is kept low. Moreover,
theprocessuseslow-pricedorganicsubstrates,like
olefins,for thesynthesisof valuable(molecular-or
polymeric-carbonates)chemicals.

The limitation to thepossibleimplementationof
the rhodium-catalysedsyntheticmethodologylies
in thelow turnovernumber(TON), which is linked
to the life of the catalystunderthe homogeneous-
phaseoxidativecarboxylationconditions.

In fact,we havedemonstratedthat if thecatalyst
is a rhodium complex stabilizedby monodentate
phosphanes,it can be destroyedbecauseof the
progressiveoxidation of the ligand to phosphine
oxide. We have also ascertainedthat the ligand
oxidationis aninter-molecular,ratherthananintra-
molecular,process.7

Conversely,whenunsaturatedrhodium(I) com-
plexes ‘Rh(L—L)Cl’ bearing a bidentate ligand
(L—L = diphosphine, dipyridyl) are used, the
mechanismof deactivation follows a different
pathway.In this case,the coordinativelyunsatu-
rated ‘Rh(L—L)Cl’ moiety can be converted,by
reactionwith olefins,into amixtureof thepenta-co-
ordinatedrhodium complex,Rh(L—L)2Cl, which
no longershowscatalyticproperties,7 andRh(ole-
fin)nCl, which is inactive.Owing to thesefacts,the
life time of thecatalystrarelyexceedsa few hours,
with a seriouslimitation on the potentialapplica-
tion in syntheticchemistry.

As far asthereactionconditionsareconcerned,a
low temperatureis requiredin order to limit the
decomposition of the catalyst and favour the
oxidation of the olefin, which may occur either
via a‘two-oxygentransfer’to thedoublebond,with
subsequentcleavageand formation of aldehydes
(Eqn [2]), or via a ‘one-oxygen’ transfer that
affordsoxidationproducts,amongwhichis epoxide
(Eqn [3]).

RCH==CH2�O2 ÿ! RCHO� CH2O �2�

RCH==CH2 � ‘O’ ÿ! RHCÿÿCH2 �3�
n =

O

RHC(O)CH3

RCH2CHO

However,thesyntheticmethodologyreportedin
Eqn [1] is of interestbecauseit is basedon easily
available chemicals and couples two processes,

epoxidation of olefins8 and carbonationof ep-
oxides,9 which are already implementedat the
industrial level.

Thus,we decidedto explorefurtherthepotential
of this reactionby operatingunderheterogeneous
conditions.In principle,undertheseconditionsthe
catalystcould havea longer life. However,metal
oxidesunderheterogeneousconditionshavebeen
usedboth in the epoxidationof olefins(Ag2O has
beenusedto catalysethe epoxidationof ethylene
for sometime,e.g.seeRef. 8) andthe carbonation
of epoxides (MgO is a good catalyst for the
carbonationof styreneoxide9).

Therefore,we have testeda large number of
oxides, either Group 1 and 2 or transition-metal
oxides,andwe presentin this papersomeselected
results of the work we have done under batch-
conditions in N,N-dimethylformamideas solvent.
In our work we haveusedthe catalysteither asa
fine powder(this work) or supportedon pumice,10a

a natural alumino-silicate that has shown quite
interestingpropertiesas a supportfor hydrogena-
tion catalysts.10b–e We discusshere the perfor-
manceof our catalystsin comparisonwith Ag2O
andMgO, for the reasonsgivenabove.

As we have discussedin previous papers,6,11

underour operatingconditionsolefinscanundergo
an oxidationaccordingto a ‘two-oxygen’ or ‘one-
oxygen’ transfer mechanism(see above).12 We
have also demonstratedthat carbon dioxide can
modulatethe oxidativepropertiesof dioxygenand
that rhodiumcomplexesenhancethe ‘one-oxygen’
transferreactionto olefinsin the presenceof CO2/
O2 mixtures,13 underhomogeneouscondition.

Table1 summarizesthe datafor severalhetero-
geneouscatalysts.It lists,besidestheconversionof
styrene,the selectivity towards styreneepoxide,
which is a product formed upon ‘one-oxygen’
transferto the olefin, and styrenecarbonate.The
othermajority productsformedin the reactionare
benzaldehyde(typical product of ‘two-oxygen’
transfer to styrene)and its oxidation derivative,
benzoic acid. Among minority products,phenyl-
acetaldehydeand acetophenoneaccount for not
morethat5% of the total.

Using heterogeneouscatalysts, the oxidation
processis not ‘catalyst-driven’.More likely, it is
a radical reaction started by the catalyst, as
demonstratedby ad hoc studies.The role of the
catalystis quite important in the secondphaseof
the reaction,i.e. thecarbonation.

Noteworthy,silica,aluminaandmolecularsieves
5A showsomecatalyticpropertiesfor thesynthesis
of carbonate.It is worth noting thathydratedsilica
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Table 1 Conversionof styrenewith CO2–O2 mixturesa

Selectivitytowards:

Catalyst Styreneconversion(%) Styrenecarbonate Styreneoxide Benzaldehyde Benzoicacid

Molecularsieves5Ab 16 3.1 11.8 67.5 3.1
SiO2 anhydrousb 23 9.1 15.2 45.6 19.1
SiO2 hydratedb 22 1.1 17.3 50.9 24.1
Ag2O

c 28 — 16.4 50.8 24.5
MgOb 14 6.8 13.6 58.8 8.9
MgOd — — — — —
Fe2O3

b 28 10.3 1.8 46.4 33.9
MoO3

b 27 6.3 5.9 54.8 25.2
Ta2O5

b 27 2.9 17 48.5 24.4
La2O3

b 26 2.7 12.7 43 32.3
Nb2O5

b 27 16.6 4.4 46.3 24.1
V2O5

b 34 7.3 5 55.3 27
ZnO 12.5 1.3 14.2 41.1 36

a Eachentryis theaverageof threetests.Theaveragedeviationis�5%.Theoperatingconditionswerethesamein all tests.Catalyst:
7� 104 mol; styrene:1.75� 10ÿ2 mol; N,N-dimethylformamideassolvent:10ml; temperature:393K; reactiontime: 5 h.
b Po2

= 5 atm; Pco2
= 45 atm.

c Po2
= 5 atm.

d Pco2
= 45 atm.

Figure 1 Formationtrendof styrenecarbonate.
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is lessactive thananhydroussilica. This is dueto
the fact that surfaceOH groupsdestroy organic
carbonates,aswe havedemonstratedin an ad hoc
study.

A quite interestingbehaviouris also shownby
Nb2O5, which is not deactivatedafter several
cycles.

Preliminary kinetic studieshave demonstrated
thattheformationof carbonateis fasterfrom olefins
andCO2–O2 thanfrom epoxide–CO2, (Fig.1) using
the samecatalystunder identical reactioncondi-
tions.

This could be explainedby taking into account
an intermediatelike (2) that is likely to be formed
underthe reactionconditions.Suchspeciesavoid
the ring-opening of epoxide that may be the
limiting stepfrom the thermodynamicandkinetic
pointsof view.

Furtherexperimentsarein progressto elucidate
the reactionmechanismand improve the catalytic
activity.
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