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bstract

The development of environmentally benign reactions is an important goal in synthetic organic chemistry and chemical engineering. However,
atalytic enantioselective reactions using transition-metal complexes in protic or aqueous solvents are limited. The current applications of asym-
etric cyclopropanation will be herein reported. Distinct methodologies have been developed for carbene transfer such as the use of water-soluble

atalysts or micelles in water. Carbene insertion to O–H bonds in water or alcohols catalyzed by transition-metal will also be presented since the

ompetitive reaction with the solvent is possible. Comparison between hydrophobic and hydrophilic solvents will be discussed from an asymmetric
oint of view. The possibility of carbene transfer catalyzed by metalloporphyrins and heme proteins such as cytochrome P450 in water will also
e discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Water is an inexpensive and environmentally benign solvent
hat can be advantageously used in organic syntheses [1]. Thus
he unique solvating properties of water have been shown in
ome cases to have beneficial effects on several types of organic

eactions both in terms of rate and selectivity [2]. This topic has
ecently been reviewed by Lindström [1] and Li [3].

∗ Corresponding author.
E-mail address: gerard.simonneaux@univ-rennes1.fr (G. Simonneaux).
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Historically, this effect was first underlined by Breslow [4]
ho mentioned the possibility of using water as a solvent to

mprove classical reactions. They discovered the special effect
f water on Diels–Alder reactions [5]. Spectacular enhance-
ent in the reaction rates was reported for the addition of

yclopentadiene with butenone when water was used as a
olvent rather than classical organic solvents for these reac-
ions [5]. Salt effects in water on Diels–Alder reactions have
een reviewed by Kumar [6] and asymmetric organometal-

ic reactions have been reviewed by Sinou [7]. The precise
echanism of hydrophobic interactions is still not well under-

tood but consistent interpretations have recently been proposed
8–10].

mailto:gerard.simonneaux@univ-rennes1.fr
dx.doi.org/10.1016/j.ccr.2007.09.003
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However the large extension of these organic reactions to car-
ene transfer processes in water catalyzed by transition-metal is
ar from having been demonstrated. One of the main advan-
ages is to prevent the potential hazardous nature of the diazo
erivatives, allowing an alternative method for their manipula-
ion [11]. The use of water as the only supporting medium when
he organic reactants are insoluble has other advantages such as
he ease of product isolation. Generation of carbenes using tran-
ition metals in water may be also relevant to carbene reactions
ithin living systems which were suggested for the metabolism
f drugs or toxic substances by cytochrome P450 [12]. The main
urpose of this review is to record the preliminary results in this
rea, underlying possible applications in organic synthesis. As
he use of protic solvents could lead to possible O–H insertion
eactions, a process that can compete with the cyclopropana-
ion, these insertion reactions will be first summarized. Then,
–H insertion and asymmetric cyclopropanation in protic sol-
ents will be highlighted; the last parts being devoted to carbene
ransfer by metalloporphyrins and possibly heme proteins.

. Metal–carbene stability and reactivity in water or
rotic solvents

Carbenes are highly reactive, deficient carbon-containing
pecies that have found widespread use in synthetic organic
hemistry [13]. There may also be some application in sur-
ace modification and in polymerization methodologies [14].
he insertion of “free” carbenes photochemically generated into
–H bonds, leading to ethers has been reviewed many times

15–17]. For synthetic applications, alcohols have been gener-
lly used as ether precursors, but there are also some examples of
–H insertions with water, leading alcohols [17]. For simplicity,
nly recent catalytic metal–carbene reactions will be described
erein. Since water is quite different from alcoholic solvents,
he metal–carbene reactivity will be first presented.

.1. Metal–carbene stability in water

The stability of ‘free’ unsubstituted carbenes is generally
ow in water [18]. In contrast, carbenes can be stabilized by
omplexation with transition metals and, in some cases, the
hysicochemical properties of such metal–carbene complexes
ave been carefully studied. Thus, the pKa values of many
isher carbene complexes have been determined by Bernasconi
t al. [19,20]. Actually, it has been known for many years
hat (methoxymethyl-carbene)pentacarbonylchromium(0), a
rotype Fischer carbene complex, is a rather strong acid
21]. This was first reported by Kreiter with the observa-
ion of a rapid conversion of CH3 group to CD3 group of
try Reviews 252 (2008) 727–735

methoxymethyl-carbene)pentacarbonyl chromium(0) in dilute
aOCH3/CH3OD solution [22]. Its thermodynamic acidity has
een estimated of having a pKa of 12.3 in water [23]:

(1)

In contrast, the O–H insertion reaction of rhodium–carbene
omplexes is so facile that there are several reports of reactions
ith water to give alcohols from synthetic viewpoint (Eq. (1))

24,25] or as side reactions, due to traces of water inside the
ystem [17]. Copper derivatives also catalyze decomposition
f diazo derivatives in water [26,27] but in aqueous alcohols,
nsertion into the alcohol to give an ether (Eq. (2)) is generally
referred versus water in all cases, except tert-butanol O–H [28]:

(2)

.2. Metal–carbene reactions in alcohols

Since the pioneering work of Teyssie and coworkers [24],
ransition-metal catalyzed insertions of carbenes and carbenoids
nto the hydroxylic bonds of alcohols to give ethers (Eq. (2)) have
een largely investigated [17,29] and only recent examples of
arbenoid O–H insertions will be selected. The reactions will be
ub-divided according to the metal.

Due to their high activity, many rhodium complexes have
een used to catalyze insertion reactions of �-diazocarbonyl in
olar O–H, S–H, Si–H, N–H bonds and C–H bonds [30–32]. In
he particular case of O–H insertion processes, stereoselective
nsertions have been recently proposed [32]. The mechanism
f O–H insertion has been discussed [32]. Two pathways for
his insertion are possible: either a direct concerted insertion
n the O–H bond or formation of an ylide intermediate fol-
owed by 1,2-hydrogen shift. In the later pathway, free ylide
r metal-associated ylide has been proposed. The chiral catalyst
nhancement of diastereocontrol for O–H insertion reactions
32] favours metal-associated ylides whereas the data obtained
rom kinetic analysis of rhodium carbene O–H insertion in alco-
ols [33] are in favour of a concerted insertion process. Further
xperimental evidence is needed to propose a definitive mecha-
ism with rhodium complexes.

The addition of diazoesters to alcohols in presence of a
atalytic amount of platinum complexes provides the corre-
ponding O–H insertion products in good yields [34]. This is
uite interesting since it provides a new carbon–oxygen bond
nd thus the conversion of an alcohol into an ether. Using allyl
lcohol (Eq. (3)), the reaction was regioselective, since olefin
yclopropanation did not occur:
(3)
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ig. 1. Structure of catalysts (a) (IPr)CuCl [37], (b) (IPr)AuCl (IPr: 1,3-bis(diis
2S)pyrrolidinecarboxylate]dirhodium(II) [44].

Although generally expected to be less reactive than
hodium complexes, ruthenium complexes with N-(p-
oluenesulfonyl)diamine ligands are also efficient for insertion
f carbenes generated from diazo compounds into O–H bonds
f alcohols [35]. Using allylic alcohol as a model, the reaction
as quite selective towards O–H insertion since less than 10%
f cyclopropanation was observed.

Copper complexes containing homoscorpiate ligands effi-
iently catalyze the insertion of carbene fragments generated
rom ethyl diazoacetate into the O–H bond of saturated alcohols
36]. With unsaturated alcohols, the reaction proceeds selec-
ively towards the O–H insertion product without formation
f the cyclopropane compound (Eq. (3)). Recently, complete
ontrol of the chemoselectivity in catalytic carbene transfer
eactions from ethyl diazoacetate was reported using an N-
eterocyclic carbene–Cu catalytic system (Fig. 1a) [37]. In this
ase, only O–H insertion was obtained without any diazo com-
ound dimerization reaction. Thus, the system is also inactive
owards the formation of diethyl maleate and fumarate in the
bsence of the substrate.

An interesting aspect of metal-stabilized vinyl carbenoids is
hat the vinylcarbenoid can display electrophilic reactivity at
ither the carbenoid site or the vinyl terminus, in particular with
hodium complexes [38]. Remarkably, using vinyldiazoacetates
s reagents, vinyl terminus O–H insertion was preferentially
bserved when the reaction was catalyzed by molybdenum com-
lexes in methanol [39]. The results obtained with rhodium and
olybdenium complexes are summarized in Fig. 2.
The first example of a gold-based catalyst (Fig. 1b) for

he decomposition of ethyl diazoacetate and the subsequent

ransfer of the carbenoid unit to saturated and unsaturated sub-
trates has recently been reported by Nolan and coworkers
40]. Thus the insertion in N–H and O–H bonds was studied
nd the corresponding amino acid derivatives and ethers were

r
t
w
t

Fig. 2. Comparative study of the reaction of the
yl-phenyl)imidazole-2-ylidene) [40] and (c) [1-[(4-tert-butylphenyl)-sulfonyl]-

btained quantitatively. The gold catalytic system was found
o be very chemoselective since no diazo derived dimers were
bserved.

Other metal complexes (Ni, Pb) have also been used to cat-
lyze O–H insertion but their application is less developed. Some
esults are summarized in a review [17].

. C–H insertion in water

Generally, cyclopropanation and C–H insertion reactions
mploying diazo substrates are performed under anhydrous con-
itions due to the competiting O–H insertion reaction (vide
upra). For the same reasons alcoholic solvents are precluded.
owever, these insertion reactions can be suppressed if the

eaction occurs under micellar conditions [11]. Two examples
f recent intermolecular [41] and intramolecular C–H [42,43]
nsertion reactions catalyzed by rhodium complexes have been
ecently reported. These reactions, which differ from the well-
nown reactions of rhodium carbenes, will be described herein.

Preferential Rh(II) carbenoid intramolecular C–H versus
–H insertion was reported by Afonso and coworkers [43] in
006. Using �-diazo-acetamides and Rh2(OAc)4, the C–H inser-
ion can be achieved to give �- and �-lactams (Fig. 3) without
ompetitive O–H insertion. This behaviour was explained by the
resence of a larger hydrophobic environment around the reac-
ive carbene center. The selectivity of the C–H insertion depends
n the structure of the catalyst and the hydrophobic nature of
he amide substituents. It was also suggested that the organized
ydrophobic aggregate around the rhodium reaction center is
omparable to the one assumed for the efficient Diels–Alder

eaction observed in water for hydrophobic substrates [1]. Due
o the high solubility and stability of the rhodium complex in
ater, the catalyst can be efficiently reused. A chiral version of

his reaction, using enantiopure ligands on the rhodium, may

vinyldiazoacetate 1 with methanol [39].
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Fig. 3. Intramolecular C–H insertio

pen new opportunities for asymmetric synthesis with a new
dapted system.

The intermolecular C–H insertion on tryptophan residues
f myoglobin and subtilisin with �-diazoacetate catalyzed by
hodium complexes (Rh2(OAc)4) has recently been reported in
ater (Fig. 4) [41]. The site selectivity was demonstrated by
igesting the protein with trypsin and then analyzed by mass
pectrometry. In light of the relatively low abundance of trypto-
han residues on protein surfaces, this carbene transfer reaction
n water offers new opportunities for selective bioconjugation
hat complements the classical used of cysteine and lysine mod-
fications.

. Asymmetric cyclopropanations in water or protic
olvents

The choice of solvent can have a dramatic effect not only
n the rate of the reaction but also on the enantioselectivity
f asymmetric homogeneous catalysis. The role of solvents
n determining these stereochemical outcomes cannot yet be
learly understood, but a thorough study reported by Jessop
nd coworkers [44] on cyclopropanation catalyzed by chiral
hodium complexes (Fig. 1c) reveals a decrease of the enan-
ioselectivity in water for cyclopropanation. The authors tested
he effect of controlled amounts of water on the enantioselectiv-
ty in methanol and found that the enantiomeric excess dropped
rastically [44]. The presence of water in ionic liquids was also
ound to decrease the enantioselectivity for asymmetric cyclo-
ropanation catalyzed by chiral copper complexes [45].

Thus, it is not surprising that there are few examples in the
iterature that study the cyclopropanation reaction in water as
olvent, and even less under chiral conditions. It was however
ecognized by Nishiyama [46,47] that, for copper catalyzed
yclopropanations [48], the existence of free hydroxyl groups
n chiral ligands does not interfere with the cyclopropanation.
Evidence was first presented in 2001 for a positive effect
n the enantioselectivity for cyclopropanation with ruthenium
46] and cobalt [49] chiral catalysts in alcohol or aqueous alco-
ol. More recent studies with chiral rhodium complexes confirm

c
e
o
a

Fig. 4. Reaction of 3-methylindole with me
lyzed by Rh2(OAc)4 in water [43].

possible extension to other chiral systems [11,50]. All these
esults will be discussed herein.

Two possibilities can exist to perform carbene transfer in
ater: either a water-soluble chiral complex can be used but the
etallocarbene should be stable enough in water or the reaction

hould be realized under micellar conditions. Obviously, the sta-
ility of the carbene intermediate depends strongly on the nature
f the metal center.

Although there are many examples of cyclopropa-
ation reactions, the first cyclopropanation effective in
queous media or protic solvents was realized with
is(hydroxymethyldihydrooxazolyl)pyridine–ruthenium cata-
ysts (Fig. 5) [51]. Thus catalytic asymmetric intermolecular
yclopropanation of terminal alkenes with diazoesters in the
resence of hydrophilic chiral pybox complexes proceeded in
rotic or biphasic to give the corresponding cyclopropanation
roducts in high enantiomeric excesses (90–97%) and trans/cis
tereoselectivity to 97/3 [46,47]. Remarkably, the enantiomeric
xcess (8%) of the trans isomer in pure THF increases to 78%
n a THF/H2O (2/1) mixture for the cyclopropanation of styrene
nd menthyl diazoesters with these chiral ruthenium pybox. In
hese biphasic systems, most of the catalyst was dissolved in the
queous phase and addition of phase-transfer reagents such as
n-Bu4N)(HSO4) into the system resulted in no improvement in
he reaction and selectivities [47]. As the active species remained
n the aqueous phase, the reuse of the water phase was tested
or several runs with encouraging results but, however, with a
arge decrease of the yield and selectivity in the fourth run. The
uthors suggested that appropriate solvation of water molecules
round the hydroxyl groups causes a more favourable chiral
nvironment around the active site for the cyclopropanation.

In the same year, 2001, highly enantioselective cyclo-
ropanation in alcoholic and aqueous solvents catalyzed by
ptically active �-ketoiminato cobalt(II) complex was reported
y Yamada and coworkers [49] (Fig. 6a). The reaction pro-

eeded very slowly in non-polar solvents without addition of
xternal ligand such as N-methylimidazole. Similar effects were
bserved in various alcohols, and a strong coordination of the
lcohol to the cobalt atom was suggested to explain the positive

tallocarbenes in aqueous media [41].



I. Nicolas et al. / Coordination Chemistry Reviews 252 (2008) 727–735 731

Fig. 5. Catalytic asymmetric cyclopropanation of various electron rich terminal alkenes and d-menthyl diazoacetate with chiral pybox-hm and [RuCl2(p-cumene)]2

in the presence of water [94].
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Fig. 6. Structure of chiral catal

ffects, both on the rates and the enantioselectivity. In contrast,
o the previous work, the cobalt complex was not soluble in
ater.
These results were somehow rationalized by Wurtz and

harette [11]. In an attempt to improve the viability of
arge-scale diazo-mediated cyclopropanation reaction, they also
ecided to use water as a reaction solvent. Their idea was to
se hydrophobic catalysts and non-water-soluble alkenes that
ould lead to small alkene micelles in water. To illustrate their

dea, a number of rhodium carboxylate catalysts were screened
or cyclopropanation reactions with styrene in water. It was con-
luded that low yields were obtained with water-soluble catalysts
hile high yields were obtained with hydrophobic catalysts.
his procedure also allows the in situ generation of the diazo
ompound from sodium nitrite and amino derivatives in water.

Enantiomerically pure dirhodium(II) complexes with ortho-

etallated para-substituted aryl phosphines (Fig. 6b) have

ecently been shown to lead to the enantioselective cyclo-
ropanation of styrene with ethyl diazoacetate (Fig. 7) [50].
iastereoselectivities (up to 90%) and enantioselectivities (up

E
a
b
t

Fig. 7. Cyclopropanation of styrene with ethyl d
a) Ref. [49] and (b) Ref. [50].

o 90%) are comparable to those obtained in pentane. They are
eached when, in the presence of chiral rhodium as catalyst, the
atalytic reaction is performed in aqueous micellar conditions.
s suggested by Wurtz and Charette [11], the hydrophobic cat-

lyst is in the styrene layer, and at the same time, the ethyl
iazoacetate, relatively soluble in water, slowly diffuses in the
rganic layer. Thus the catalytic reaction occurs in the organic
ayer. This micellar effect is quite thoughtfully discussed in the
wo previous examples [11,50].

. Carbene transfer with metalloporphyrins in water

The use of metalloporphyrins as cyclopropanation catalysts
riginated with Callot et al. [52] who reported that (TPP)RhI
TPP = tetraphenyl porphyrin) provided a cis selective cyclo-
ropanation of styrene with ethyl diazoacetate (Fig. 7) [53].

xamples involving osmium [54], ruthenium [55], cobalt [56]
nd iron [57–59] porphyrins as catalysts have been also reported
ut the catalysts mainly provided a trans product. However,
o our knowledge, there is no report on cyclopropanation of

iazoacetate catalyzed by a metal complex.
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Table 2
Asymmetric cyclopropanation of styrene with ethyl diazoacetate by chiral com-
plexes (P*)RuCO and (P*)FeCl (see Fig. 9)

Entry Catalyst Solvents Yield
(%)

Ratio
trans/cis

ee (trans)
(%)

ee (cis)
(%)

1 HaltRuCOa CH2Cl2 77 95:5 83 8.8
2 HaltRuCOa EtOH 98 98:2 92 20
3 HaltRuCOa H2O 79 94:6 88.7 32
4 HaltFeClb CH2Cl2 72 95:5 74.5 3.1
5 HaltFeClb EtOH 85 89:11 53 5.4
6 HaltFeClb H2O 70 96:4 85 9.6

a Carbonyl-{5,10,15,20-tetrakis[(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahydro-
1,4:5,8-dimethanoanthracene-9-yl]porphyrinato}ruthenium(II).

1

c
t
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i
w
o
o
c
r

6

s
b
i
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a
i
p
there is no report on intermolecular carbene addition to olefins
catalyzed by heme proteins in water. Consequently, this perspec-
tive will only be suggested.
Fig. 8. Molecular structure of (TPP)Ru[(C(CO2Et)2)(MeOH)] [62].

lefins catalyzed by metal porphyrins in presence of water or
ydrophilic solvents. This is not surprising for rhodium since
t is known that rhodium porphyrins also efficiently catalyze
arbene insertion into O–H bonds leading to ethers, by use
f ethyl diazoacetate under mild condition (40 ◦C) [60,61].
n contrast, we reported the crystal structure of tetraphenyl-
orphyrinatoruthenium(II)(diethoxycarbonyl)carbene complex
earing a methanol molecule in axial position (Fig. 8) [62] and
he absence of O–H insertion with tetramesitylrutheniumpor-
hyrin carbon monoxide [63]. Since the ruthenium carbene
ond was found stable in presence of hydrophilic solvent,
uch as methanol, we became interested in exploring the
ossibility that ruthenium porphyrins may also catalyze cyclo-
ropanation in water and alcohols. We reveal herein [64] that
ot only ruthenium porphyrins but also iron porphyrins are
ndeed efficient and general catalysts for diastereoselective
nd asymmetric cyclopropanation of styrenes in hydrophilic
olvents.

The results obtained in cyclopropanation catalysis
ith ruthenium- and iron-porphyrins are summarized in
ables 1 and 2. The reaction of styrene with ethyl diazoac-
tate in the presence of TPPRuCO or TpMePPFeCl gave a
ixture (trans/cis ∼ 9/1) of cyclopropane derivatives, e.g.

rans- and cis-2-phenylcyclopropane carboxylic esters. The
atalytic cyclopropanations were run in three different solvents,

tOH and H2O and CH2Cl2 for comparison. If we detect a
mall decrease of the yield with TPPRuCO, surprisingly, the
ields were slightly higher in water with the iron-porphyrin

able 1
yclopropanation of styrene with ethyl diazoacetate by complexes (P)RuCO
nd (P)FeCl

ntry Catalyst Solvents Yield (%) Ratio trans/cis

TPPRuCOa CH2Cl2 78 93:7
TPPRuCOa EtOH 68 97:3
TPPRuCOa H2O 53 92:8
TpMePPFeClb CH2Cl2 81 91:9
TpMePPFeClb EtOH 73 92:8
TpMePPFeClb H2O 88 90:10

a Carbonyl-{tetraphenyl porphyrinato}ruthenium(II).
b Chloro-{tetrakis[p-methyl phenyl] porphyrinato}iron(III).
b Chloro-{5,10,15,20-tetrakis[(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahydro-
,4:5,8-dimethanoanthracene-9-yl]porphyrinato}iron(III).

omplex (see Table 1). The asymmetric version was also
ested using Halterman porphyrin as chiral ligand (Fig. 9).
s can be seen from Table 2, the use of water or ethanol

s not detrimental to the enantiomeric excess and the yield
ith the iron or the ruthenium complex. Development of
ther chiral metalloporphyrin systems in water may also
ffer rich opportunities to improve the enantioselectivity and
hemoselectivity of other catalytic reactions such as oxidation
eactions.

. Carbene transfer with heme proteins

Although carbenes are not natural substrates in biological
ystems, their formation (interactions) with heme proteins has
een extensively studied. Initial experiments were carried out
n the 1970s–1980s, and several short reviews on carbene for-

ations during interactions of heme proteins with xenobiotics
re available [65–68]. This review will discuss only possible
ntramolecular transfer from iron carbene intermediates to the
orphyrin ring in heme proteins. In contrast, to our knowledge,
Fig. 9. Chiral metalloporphyrin complex (M–L: RuCO, FeCl) [95].
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Fig. 10. Mechanism of 1,3-benzodioxole metabolism by cytochrome P450
monooxygenases [78].
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6

m
by metal complexes in water, (ii) metalloporphyrins and, in par-
ticular ruthenium porphyrins are excellent catalysts for carbene
transfer reactions [84,85], including water as solvent and (iii)
evidence for cytochrome P450 carbene complexes is now largely
I. Nicolas et al. / Coordination C

.1. Formation and intramolecular transfer of carbene

It has long been recognized that cytochrome P450 can
atalyze the reduction of polyhalogenated compounds. Car-
on tetrachloride, for example, produced a relatively stable
arbene complex in water (vide infra) via a reductive dehalo-
enation [69]. This discovery was the starting point of the
ioorganometallic chemistry of heme proteins.

Evidence was first presented, by Ullrich and coworkers, in
974 and then in 1977 for microsomal cytochrome P450 carbene
omplexes [12,69]. Carbon monoxide and chloroform, two other
etabolites that result from the reduction of CCl4, were detected

n incubations that contained P450 and dithionite or in complete
ystems (P450 and reductase) (Eq. (4)) [69,70]. Since halothane
CF3CHClBr) is one of the most widely used polyhalogenated
naesthetics, a possible formation of carbene species during the
nteraction of halothane and cytochrome P450 was also proposed
y analogy with the results obtained with CCl4. This hypothesis
as first tested but the presence of �-bonded alkyl derivatives
as finally demonstrated [71]. Bacterial cytochrome P450 has
een used as an excellent model to better understand bacte-
ial reductive dehalogenation biochemistry [72]. In this study,
t was found that the enzyme catalyzed a single turnover stoi-
hiometric reduction of CFCl3 to carbon monoxide, suggesting
carbene intermediate in the reaction pathway [72]. In the previ-
us examples, the metallocarbene reacts with water and cannot
e transferred. Accordingly, it was reported by Susslick, that
uch an iron-porphyrin carbene can be added to a double bond,
nly by a photochemical reaction [73]:

(4)

The 1,3-benzodioxole derivatives are oxidatively metabo-
ized by cytochrome P450 monooxygenases with formation
f very stable complexes of this cytochrome in the ferrous
tate, characterized by a Soret peak at 455 nm [74,75]. Indi-
ect evidence for the presence of 1,3-benzodioxol-2-carbene
omplexes of cytochrome P450 came from model stud-
es [76]. Structure–activity relationships in the interaction
f alkoxymethylenedioxybenzene derivatives with microsomal
ixed-function oxidase in vivo have been reported [77] and the
echanism of this reaction has also been discussed in a review by
rtiz de Montellano and Reich (Fig. 10) [78]. The metabolism of

ryldioxymethylene compounds to catechol and carbon monox-
de is consistent with hydroxylation of the carbene complex
Fig. 11) [78]. As previous examples with CCl4, the metallo-
arbene seems to react with water without any intermolecular
ransfer.

Intramolecular transfer of metallocarbene in heme proteins
s however possible. Thus the metabolites of sydnones (Fig. 12),

hich are a pharmacologically interesting class of drugs, have
een shown to be a mechanism-based inactivator of microso-
al P450 [79]. Enzymatic destruction is accompanied by the

ormation of N-vinylprotoporphyrin IX. It was first suggested F
ig. 11. The metabolism of aryldioxymethylene compounds with hydroxylation
f the carbene complex [78].

hat intermediate formation of diazo compounds (Fig. 13) [80]
rom sydnone metabolism gives bridged Fe–C–N iron carbene
omplexes [78]. To more define the mechanism of these reac-
ions, other sydnone substrates that do not have a leaving group
ere also examined in order to explain the formation of N-

lkyl heme adduct [81]. Reaction of the same diazoalkane with
ron-porphyrin models confirms the formation of the carbene
omplexes as precursors of the N-alkyl porphyrins [82].

There are few reports of interactions of diazo derivatives
ith cytochrome P450 [12,83] but without real conclusive infor-
ation. With trifluoro diazomethane, the suggested carbene

omplex [12] was found to be a �-alkyl–iron complex [71]. The
eaction of liver microsomes with diazoacetophenone seems to
ield N-alkylporphyrin as was previously reported for the reac-
ion with phenyl acetylene [83]. However, in both cases, the
resence of a metallocarbene complex was not confirmed.

.2. Bioorganometallic catalysis with heme proteins

Significant results discussed earlier in this chapter are sum-
arized below: (i) carbene transfer can be efficiently catalyzed
ig. 12. Generation of diazo compounds from sydnone metabolism [79].
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Fig. 13. Formation of N-

ecognized [86]. In view of these results, it is tempting to suggest
combination of heme proteins with carbene precursors, such

s diazo derivatives to set up a viable organometallic system
or asymmetric synthesis. If native heme proteins can be pos-
ible candidates for organometallic reactions, one would also
xpect ruthenium reconstituted heme proteins also to be good
andidates for catalyzing asymmetric cyclopropanations. The
uthenium juxtaposition in the periodic table makes ruthenium
n ideal candidate for organometallic reactions with artificial
eme proteins. Such hybrid hemeproteins have been previ-
usly reported, such as ruthenium myoglobin [87,88], ruthenium
emoglobin [89] and ruthenium peroxidases [90]. Thus the next
tage in this area will be the engineering of new organometal-
ic functions inside the heme proteins [91–93]. Although many
xamples have been described an effective system with metallo-
orphyrins, that utilizes heme proteins as catalysts for carbene
ransfer reactions, has not yet been forthcoming. However, it is
robable that the availability of new artificial metalloproteins
ill solve this problem in the future.

. Conclusion

Part of the results presented herein indicates that the asym-
etric carbene transfer using chiral metal complexes as catalysts

nd water or hydrophobic solvents is possible, with good results.
iastereo- and enantioselectivities comparable to those obtained

n “classical” organic solvents are obtained whether in micellar
onditions or with water-soluble complexes. Although the num-
er of efficient systems is still low, their development will be
onsiderably widened in the future, with possible application in
symmetric catalysis.
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