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This contribution highlights recent develop-
ments from our research efforts at the Max-
Planck-Institute for Coal Research concerning
the use of compressed (liquid or supercritical)
carbon dioxide as a solvent for environmentally
friendly synthesis of fine chemicals. Representa-
tive examples discussed here include steel-
promoted epoxidation using molecular oxygen
as the primary oxidant and transition-metal-
catalysed asymmetric C—C bond forming reac-
tions. Copyright # 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

CO2 is the most abundant waste product of our
industrialized society. The significant increase of
the CO2 concentration in the atmosphere over the
last 120 years appears to be directly related to
anthropogenic CO2 emission and its possible
impact on the global climate has caused much
concern. A number of possible ways for CO2
mitigation and utilization have been proposed and
many of them are discussed throughout this
volume. The present contribution deals with a
fairly different approach to the utilization of CO2,
namely the use of compressed (liquid or super-

critical) carbon dioxide as a solvent for fine
chemical synthesis. Obviously, this kind of applica-
tion cannot have any significant impact on the
global CO2 emission problem, as no CO2 is
consumed in most cases and the required quantities
are negligible compared with the huge emissions of
CO2 resulting from human activities. However,
using the abundant and cheap waste material carbon
dioxide as a replacement for toxic, carcinogenic,
flammable or otherwise potentially hazardous
organic solvents seems a very attractive approach
to ‘green chemistry’ and environmentally benign
synthesis.1

As seen from the schematic phase diagram in
Fig. 1, pure CO2 can be liquefied by compression
only at temperatures below 31°C. Above this
critical temperature Tc and the corresponding
critical pressurepc, no distinct liquid or gaseous
phases exist and the new phase is referred to as a
supercritical fluid (SCF). At densities above the
critical density dc, supercritical carbon dioxide
(scCO2) has an appreciable solvent power for many
organic substances. ScCO2 has already found
various technical applications as a solvent for

Figure 1 Schematic phase diagram of carbon dioxide.
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purification and natural product extraction pro-
cessessuchas the decaffeinationof greencoffee
beans.2,3

In addition to the environmental and safety
aspectsdiscussedabove, a number of benefits
may arise from the unique physico-chemical
propertiesof scCO2 when using it as a reaction
mediumfor chemicalsynthesis.4–7 Thepresenceof
a singlesupercriticalphasecanbe highly advanta-
geous for chemical reactions involving gaseous
substratesbecausemasstransportlimitationsat the
gas–liquidphaseboundaryareavoided.Therefore,
it may come as no surprise that all examples
presentedin this paperinvolve at leastonegaseous
substrate.Otherbeneficialeffects,whichwill notbe
discussedhere,result from the chemicalreactivity
of the solvent CO2 which allows it to be used
simultaneouslyasaC1 building block8 or an in situ
protectinggroup.9 Furthermore,the high compres-
sibility of SCFsprovidestheopportunityto explore
density as an additional reaction parameter.9,10

Finally, the established separation techniques
utilizing scCO2 may be fruitfully integratedinto
synthetic processesallowing, for example, the
development of new recycling techniques for
homogeneouscatalysts.7

SELECTED RECENT EXAMPLES FOR
CHEMICAL SYNTHESIS IN
COMPRESSED CO2

Rhodium-catalysed asymmetric
hydroformylation

Asymmetrichydroformylationis ahighly attractive
synthetic methodology for the preparation of

optically activealdehydes,11 providingfor example
aviableroutefrom readilyavailablevinyl arenesto
importantanti-inflammatorydrugslike ibuprofen1

or naproxen1. Rhodium catalystsbasedon the
chiral bidentate phosphorusligand (R,S)-BINA-
PHOS(4a)12 areknownto allow outstandinglevels
of enantiocontrolin this reaction(Scheme1), but
the establishedprotocols require application of
ecological and toxicological hazardousorganic
solvents,in particular benzene.Furthermore,the
catalysts based on 4a give only a moderate
regioselectivity of 88% towards the desired
branchedaldehydessuchas2.

Initial attemptsto utilize scCO2 asa solventfor
thehydroformylationof styrene(1) usingacatalyst
formed in situ from [(CO)2Rh(acac)](acac= ace-
tylacetonate)and 4a in a molar ratio of approxi-
mately1:1gavegoodyieldsof thebranched(2) and
linear (3) aldehydesundervariousreactioncondi-
tions.13,14 However,the enantiomericexcesseeof
the desiredproduct2 washighly dependenton the
density of the reaction medium (Fig. 2), with
appreciableasymmetricinduction (up to 66% ee)
beingobservedonly atdensitiescloseto thecritical
densityof pureCO2. Themaximumeeachievedin
the presenceof compressedCO2 wasconsiderably
lower thanthatobservedin neat1 underotherwise
identical conditions (84%). Most notably, small
amountsof an additional liquid phasecould be
detectedby visual inspectionin all caseswhere
high ees were achieved in the presence of
compressedCO2.

13

Scheme1 Asymmetrichydroformylationof styrene(1) using
BINAPHOS-typeligands4a, b. Catalystswereformed in situ
using[(CO)2Rh(acac)]asthe sourceof rhodium.

Figure 2 Enantiomeric excess ee of product (R)-2 as a
function of the densityof CO2, when hydroformylationof 1
was carried out using a catalyst formed in situ from
[(CO)2Rh(acac)]and4a. Thedottedlinesmark theareawhere
small amountsof a liquid phasecould be visually detected
duringsomestagesof the reaction.
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Theseresultsarebestrationalizedby taking into
accountthe equilibrium betweenunmodifiedand
ligand-modified rhodium species,which is well
establishedfor ligand 4a under hydroformylation
conditionsin conventionalsolvents(Scheme2).12

Theliganditself, andanyligand-modifiedrhodium
complex,can be expectedto havea very low (if
any)solubility in a fully homogeneoussupercritical
CO2 phase.15 Therefore, intermediates of the
catalyticcycle,suchas5a, canoperateonly in the
presenceof small amounts of a liquid phase.
However, ligand free—and hence achiral—rho-
diumspecieslike 6 arehighly solublein scCO2 and
act as very efficient hydroformylation catalysts
undertheseconditions,16 leadingto the formation
of racemic2. Thepossibilityto form a liquid phase
for 5a canbeexpectedto decreasewith increasing
densityof the reactionmixture,2,3 resultingin the
observeddecreaseof the overall enantioselectivity
at higherCO2 densityandpressure.

It was shown recently that the introduction of

perfluoroalkylsubstituentslike (CH2)2(CF2)6F into
aryl phosphorouscompounds greatly enhances
their CO2 solubility, makingcatalystsderivedfrom
suchligandsavailablefor generalapplicationin this
medium.15–17 Encouragedby this precedence,we
setout to synthesizethe perfluoroalkyl-substituted
BINAPHOS derivative 4b and usedit for asym-
metric hydroformylation in compressed CO2
(Scheme1). This ligand provides now the first
catalytic systemthat allows highly efficient en-
antioselectivehydroformylation of 1 and related
vinyl arenesin compressed(liquid or supercritical)
CO2.

18 Thereactionratesandtheeescomparewell
with those observed with 4a in conventional
solvents.Most remarkably,the selectivity for the
desiredbranchedaldehyde2 over the achiral by-
product 3 is significantly higher under the new
conditions(Fig. 3).

Detailed control experimentsrevealedthat the
enhancedregioselectivity is mainly due to the
presenceof thesubstituentin theligandratherthan
to the change of solvent. This observation is
consistent with the formation of the hydrido
carbonyl complex 5b as the actual catalyst
precursor in the supercritical phase,which was
experimentallyestablishedmost recentlyby high-
pressure NMR spectroscopy.19 Owing to the
enhancedsolubility of 4b in scCO2, theequilibrium
shownin Scheme2 is effectivelyshiftedto the left
regardlessof the phasebehaviourof the reaction
medium.

Nickel-catalysed asymmetric
hydrovinylation

The metal-catalysedco-dimerization of alkenes
with etheneyielding 3-substituted1-butenes(hy-

Scheme2 Equilibriumbetweenligand-modifiedandunmodi-
fied rhodium speciesunderhydroformylationconditions.The
formula [(CO)4RhH] (6) is usedto summarizeall phosphine-
freehydridocarbonylspeciesthatmightbecatalyticallyactive.

Figure 3 Comparisonof the regioselectivity towards the
branchedaldehydesof type 2 [iso (%)] and the enantioselec-
tivity [ee(%)] obtainedfrom asymmetrichydroformylationof
vinyl arenes(A = styrene,1; B = p-iBu-styrene)usingligand4a
in benzene(whitebars)andligand4b in compressedCO2 (grey
bars).Dataaretakenfrom Refs12 and18 respectively.

Scheme3 Nickel-catalysedasymmetrichydroformylationin
compressedCO2.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 809–814(2000)

CARBON DIOXIDE AS AN ENVIRONMENTALLY BENIGN REACTION MEDIUM 811



drovinylation) is a particularly intriguing carbon–
carbonbondforming reactionbecausebothstarting
materialsare incorporatedentirely in the product
and the resulting new double bond can be used
for further transformationsto highly functional-
ized molecules.20 Wilke introducedthe (Z3-allyl)-
nickel(II) complex 7 containing a chiral 1,2-
substituted1-azaphospholeneligand as a catalyst
precursorfor the asymmetrichydrovinylation of
vinyl arenes (Scheme 3) and other olefins.20a

Complex 7 catalysesthe enantioselectivehydro-
vinylationof 1 to give8 atextremelyhighratesand
with unrivalled chemo-,regio- and enantio-selec-
tivity, but it needsto be activatedby an excessof
highly flammable Et3Al2Cl3. Furthermore, the
reactionrequirestemperaturesbelow ÿ60°C and
theuseof toxicologicallydisreputableCH2Cl2 asa
solvent.Therefore,the useof compressedCO2 as
an alternativemediumis highly attractivefor this
reaction.21

Initial attemptsusingtheoriginal catalystrecipe
with scCO2 showed promising results, but the
difficult handling of Et3Al2Cl3 and corrosion
problemswith the high-pressureequipmentmade
this approachimpractical.It is generallyaccepted
that the role of theco-catalystin this reactionis to
abstracta chloride ion from 7 to providea vacant
co-ordinationsite on a cationic nickel centre.We
thereforeanticipatedthatasuitablesaltof anon-co-

ordinatinganion shouldhavea similar promoting
effect in scCO2,

20a providedthat sufficientsolubi-
lity of all speciesexceptthe resultingchloridesalt
couldbeachievedin thereactionmixture.Basedon
these considerations, the sodium salt of the
tetrakis-[3,5-bis(trifluormethyl)phenyl]borate an-
ion (BARF) seemedto be the logical choicefor a
suitableco-catalyst.17e,20b,22Indeed,excellent re-
sults were achievedin the hydrovinylation of 1
usinga catalystgeneratedfrom 7 andNaBARF in
liquid or supercritical CO2. Other fluorinated
anions were considerablyless effective than the
borate(Fig. 4).

Steel-promoted epoxidation of
ole®ns

The miscibility of the supercritical phase with
reactantgases,togetherwith theoxidationstability
of the CO2 molecule,make scCO2 a particularly
interestingreactionmediumfor selectiveoxidation
of organic substrateswith molecularoxygen.6b,23

Previous attempts to apply scCO2 for metal-
catalysedoxidationsusingO2 led only to moderate
yields of the desiredproducts.23,24 We havethere-
fore turnedour interestto theepoxidationof olefins
with oxygen in the presenceof aldehydesas
sacrificial oxygen transfer agents (Mukaiyama
conditions).25 It soon becameapparentthat the
epoxidation of substrateswith internal double
bondsoccursundertheseconditionsin scCO2 with
excellent yields and selectivities even in the
absenceof any additional catalyst (Scheme4).26

Otherolefinswereoxidizedwith somewhatlower
efficiency.Dependingon thesubstitutionpatternat

Figure 4 Influenceof the co-catalyston conversion(white
bar),chemoselectivity(greybar)andenantioselectivity((R)-8,
black bar) of the asymmetrichydrovinylationof styrene(1) in
compressedCO2 usingcatalyst3 accordingto Scheme3. All
anionswere employedas their sodium salts.Data are taken
from Ref 21.

Scheme4 Steel-promotedepoxidation of internal double
bounds using oxygen as the primary oxidant, aldehydes
(R = iPr, tBu) as sacrificial co-oxidants,and scCO2 as the
reactionmedium.
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the double bond, either epoxidation or vinylic
oxidation was the prevailing pathway in these
cases.

Detailed control experimentsrevealedthat the
stainlesssteelof the reactorwalls plays a crucial
role for the epoxidationof internal doublebonds.
Presumably,the steelsurfacepromotesthe forma-
tion of acylperoxy radicals RC(O)OO. from the
reactionof the aldehydewith oxygen.27,28 These
radicalscan act as the actualoxygenatingspecies
for the olefin, whereby they are ultimately con-
vertedto the correspondingcarboxylic acids.The
RC(O)OO. radicalsareregeneratedin thepresence
of oxygenduringthis process.This oxidationcycle
doesnot requireanadditionalcatalystandoperates
very effectively and selectively in scCO2 as the
reaction medium. One of the most intriguing
optionsarising from theseresultsis the principal
possibility to combinetheoxidationof olefinswith
the coupling of epoxidesand CO2 to give either
cyclic or polymeric carbonates.29 Exploration of
this approachis part of our ongoingefforts in this
area.

CONCLUSION

CompressedCO2 is a readily available and
technically feasiblesolvent,providing fascinating
opportunitiesfor applicationsin chemical synth-
esis.Especiallyin the supercriticalstate,CO2 has
uniquepropertiesthatmaybebeneficialfor various
synthetic transformations. Metal-catalysed pro-
cessesinvolving gaseoussubstratesoccur with
high rates and selectivities if the organometallic
catalysts are suitably adjusted to this reaction
medium. Oxidation reactionsare particularly at-
tractivetargetsfor theapplicationof scCO2 andare,
asyet,largelyunexplored.Thepossibilityof radical
pathways initiated by stainless steel from the
reactorwalls mustbe consideredasa background
reactionin suchstudies,andmay evenbe utilized
for an efficient epoxidationprocessof olefinswith
internaldoublebonds.Furtherstudiesin this field
seem highly rewarding for the developmentof
environmentallybenignsyntheticmethodologies.
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