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Laboratoire de chimie, Electrochimie Molculaires et Chimie Analytique UMR CNRS 6521,
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Abstract

The synthesis of a homogeneous series of cis bis substituted iron complexes is described.
These complexes which display the [M]{[C(O)]

x
R}{[C(O))

y
R∞]} (x+y=0, 1, 2, 3, 4; x, y∏2)

pattern are models for the study of carbon–carbon coupling processes including mono- and
polycarbonylations. Their reactivity is reviewed and particularly that of bis alkoxycarbonyl, bis
carbamoyl and metalla c ketoester iron compounds. © 1998 Elsevier Science S.A. All rights
reserved.

Keywords: Carbene; Carbon–carbon coupling; Chain–ring isomerization; Dicarbonylation;
Iron; Monocarbonylation

1. Introduction

Coupling reactions of organic compounds catalysed by transition metals are impor-
tant methods for generating carbon–carbon bonds. It is generally admitted that the
final step of this process requires the elimination and coupling of two organic ligands
from the transition metal. For this reason the process of reductive elimination described
in Eq. (1) has been extensively studied on model complexes and the essential require-
ments for the achievement of this reaction have been determined [1–3]:

(1)

These different studies have established the influence of the nature of the metal
[1,3,4] and of its electronic density [1] on the course of the reaction. They have also
revealed the importance of the geometry of the starting complex [5] and also of the
nature of the intermediates [6–10] leading to carbon–carbon couplings.

The two organic ligands involved in the carbon–carbon coupling process are also
found to influence the reaction either via their electronic effects [6 ] or the hybridiza-
tion of their carbon directly bound to the metal centre [1,3].

Most of the previous studies were realized on d8 square planar complexes and,
curiously, only a very small number of hexacoordinate complexes of the type
M(R)(R∞) (CO)4 are reported.

In the present paper we survey recent results concerning the synthesis and study
of the properties of octahedral iron(II ) complexes bearing two organic ligands in a
cis position. According to the nature of their ligands, these complexes are possible
models either for the study of catalytic dimerization of organic halides (R=R∞=
alkyl ) or for the realization of mono (R=alkyl, R∞=acyl ) or di (R=R∞=acyl )
carbonylation processes which are of industrial importance.

We will successively describe the preparation and reactivity of bis alkyl, alkyl–acyl,
alkyl–alkoxycarbonyl, bis alkoxycarbonyl, bis carbamoyl, alkoxycarbonyl–alkyloxa-
lyl, acyl–alkyloxalyl, alkoxycarbonyl–pyruvoyl, bis alkyloxalyl and bis pyruvoyl
tetracarbonyl iron complexes. Probably due to the strong trans influence of their
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organic ligands, all these complexes display the cis configuration required for a
concerted coupling between these two organic ligands. The possible involvement of
these complexes in catalytic carbon–carbon coupling processes will also be discussed.

2. Bis alkyl complexes

As suggested by numerous remarkably stable bis alkyl complexes described in the
literature, carbon–carbon coupling between two alkyl ligands is not favoured [1,3].
Curiously, only a small number of hexacoordinate iron complexes of the type
Fe(R)(R∞) (L)4 have been reported and most of them are stabilized by electron
donor bis phosphine or bis amine ligands [11–17].

Their carbonyl homologues, Fe(R)(R∞) (CO)4, have only been described as metal-
lacycles: Fe–(CH2)n–(CO)4, n=4 [18]; Fe[CH2C(O)CH2CH2](CO)4 [19]; or display
electron-withdrawing perfluoroalkyl ligands [20–25].

Attempts to synthesize non-fluoro bis alkyl iron tetracarbonyl complexes by
reaction of two organic halides with [Fe(CO)4]2− [26 ] [Eq. (2)] failed, due to their
rapid decomposition reactions probably by migration of an alkyl to a carbonyl
ligand followed by a rapid elimination of a dissymmetric ketone [27]:

(2)

Similar results were obtained in our laboratory under phase transfer conditions
for R=R∞=CH2Ar [28]; R=CH2Ph, CH2CN, CH2CHCHPh, CH2CO2tBu; R∞=
Me [29]. Meanwhile, the use of less electron donor ligands has allowed the synthesis
of the first two iron complexes bearing two non-fluoro alkyl ligands [30,31]
[Eq. (3)]:

(3)

Since the electronic properties of the alkyl ligands probably prevent their migration
to a terminal carbonyl, these complexes are stable until 30 °C, consistent with the
reluctance of carbon–carbon coupling between two alkyl ligands.
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3. Model compounds for monocarbonylation

We have already mentioned in the previous section that elimination of ketones
from acyl–alkyl transition metal complexes occurs rapidly compared with the reduc-
tive coupling of two alkyl ligands; in view of this high reactivity these complexes
have often been supposed to be undetectable intermediates in ketone formation [27]
and only few examples of well-characterized entities of this type have been described
in the literature.

3.1. Acyl–alkyl complexes

Isolable acyl–alkyl complexes are more the exception than the rule. Such
platinum(II ) [32] and ruthenium(II ) [33,34] complexes have, however, been
described, but they readily undergo decomposition reactions giving rise, below
room temperature, to formation of ketones. On the other hand, acyl–alkyl com-
plexes of rhenium appear more stable and [Re(Me)[C(O)Ph](CO)4]− [35] and
ReCp[C(O)Me](Me)(CO)2 [36 ] have been isolated and characterized. They undergo
a reductive elimination at 30 °C to form, respectively, benzophenone and acetone.

Iron tetracarbonyl acyl–alkyl complexes are, like their bis alkyl homologues, either
cyclic or present perfluoroalkyl ligands [19,37,38]. Cyclic complexes induce thermally
the formation of cyclic ketones, and perfluoro analogues by a decarbonylation
reaction give rise to bis alkyl complexes.

By reacting successively ClCH2CO2Me and CH3I on [Fe(CO)4]2− we have realized
the synthesis of Fe[C(O)Me](CH2CO2Me)(CO)4 2 [Eq. (4)] which is the first iron
non-fluoro alkyl–acyl complex [31]:

(4)

This easy formation confirms the rapid migration of methyl ligands on terminal
carbonyls already invoked in ketone formation processes induced by bis alkyl
complexes. The presence on our complex of an alkyl ligand bearing an electron-
withdrawing group (CH2CO2Me) probably makes its coupling with the acyl ligand
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more difficult; this occurs however at −30 °C to give rise to quantitative formation
of methyl acetyl acetate [Eq. (4)].

3.2. Alkoxycarbonyl–alkyl complexes

Monoalkoxycarbonyl complexes have been extensively studied because of their
basic role in the nucleophilic activation of carbon monoxide [39]. These complexes
and their closely related hydroxycarbonyl species are often invoked as key intermedi-
ates in catalytic processes such as the water gas shift reaction [39–41].
Alkyl–alkoxycarbonyl intermediates are thought to be involved in stoichiometric or
catalytic processes of carbonylation of organic halides to give esters [42,43]. These
complexes, resulting from the addition of the halide on an anion (e.g.
[Fe(CO2R)(CO)4]−), are supposed to induce carbon–carbon coupling reactions
between their two organic ligands, affording the final ester.

Probably due to their high instability, only few examples of this type of complex
have been described in the literature. A methyl–methoxycarbonyl platinum complex
stabilized by a strong electron donor bis phosphine ligand is stable at −20 °C [44];
its hydroxycarbonyl homologues undergo rapid decarboxylation at room temper-
ature [45,46 ]. On the other hand, the cis Pd(Me)(CO2Me)(bisphosphine) gives rise
to the formation of methylacetate even at −50 °C [47].

Only one iron alkyl–alkoxycarbonyl complex has been reported previously to our
work. This compound, Fe(Me)(CO2Me)(CO)4 [48], was obtained by reaction of
MeSO3F with [Fe(CO2Me)(CO)4]− [49,50] at −78 °C. It rapidly decomposes at
0 °C, affording methylacetate.

We have realized the synthesis of a series of fairly stable alkyl–alkoxycarbonyl
iron complexes by reacting the anions [Fe(CO2R)(CO)4]−, formed by nucleophilic
addition of the appropriate alcoholate (MeONa, tBuONa) to a terminal carbonyl
of Fe(CO)5 [49,50], with organic halides bearing electron-withdrawing groups:
BrCH2CO2Me, ClCH2CN [Eq. (5)] [30,31]:

(5)

Complexes 3, 4 and 5 are stable below +15 °C; at +20 °C they slowly decompose,
inducing the quantitative formation of dimethylmalonate (3), methyl t-butyl malo-
nate (4) and t-butyl cyanoacetate (5), respectively. The enhanced stability of 3, 4
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and 5 compared with that of Fe(CO2Me)(Me)(CO)4 is certainly due to the presence
on these complexes of weaker electron donor alkyl ligands.

The case of these observed reductive eliminations strongly suggests that this type
of complex is a possible intermediate in catalytic processes of monocarbonylation.

4. Model compounds for dicarbonylation

The recent discovery of the double carbonylation process, essentially realized with
Co (see for example refs. [51–54]) or Pd [55] as catalysts has drawn interest to the
synthesis and the study of organometallic models reproducing several steps of this
process. The double carbonylation of organic halides gives rise to a, b diketones, a
ketoesters or a ketoamides [Eq. (6)]. This process a priori involves a carbon–carbon
coupling either between an alkyl and an a ketoacyl, a ketoester or a ketoamide
ligands (a) or between two acyl ligands (b) [Eq. (6)]:

(6)
Both models will be described in the following section.

4.1. Alkyl–alkyloxalyl compounds

Though numerous attempts have been carried out to observe the migration of an
acyl group from the metal to a carbonyl ligand, this process has never been reported
except by oxidation under CO pressure [56,57]. This has to be related to the fact
that the reverse reaction, the decarbonylation of complexes bearing ligands such as
C(O)C(O)R, occurs readily [58,59].

All these observations make the realization of double carbonylation reactions via
complexes of type (a) highly improbable. It was, however, interesting to check the
possible accomplishment of double carbonylations by thermolysis of well-charac-
terized alkyloxalyl complexes. To our knowledge only one series of this type
of complex has been described. However, these platinum complexes
Pt[C(O)C(O)R](R∞) (PPh3)2 (R=Me, Et, Ph, OMe; R∞=Me, Et, Ph) display
the unfavourable trans geometry [60,61]. Thermally, the trans
Pt[C(O)C(O)Ph](Et)(PPh3)2 undergoes a spontaneous intramolecular CO transfer
to form trans Pt[C(O)Ph][C(O)Et](PPh3)2.

We have reported the preparation of complex 6 by reaction of ethyloxalyl
chloride with Na2Fe(CO)4 [27] followed by methylation of the so-formed
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{Fe[C(O)CO2Et](CO)4}− anion with the powerful methylating agent MeSO3CF3
[Eq. (7)] [62]:

(7)

Complex 6 is very unstable: it decomposes at −10 °C to afford, according to two
different pathways: (1) ethylpyruvate by reductive elimination; (2) the acyl–alkoxy-
carbonyl complex 7a by intramolecular CO transfer [Eq. (8)]:

(8)

This reaction is the first example of double carbonylation realized from an alkyl–
alkyloxalyl complex; however, this process remains in competition with the decar-
bonylation of the alkyloxalyl ligand.

4.2. Complexes bearing two RCO ligands

We will limit our study to bis acyl and acyl–alkoxycarbonyl (or carbamoyl )
complexes. Bis alkoxycarbonyl and bis carbamoyl compounds will be described in
special sections.

4.2.1. Bis acyl complexes
The first bis acyl complexes were described 20 years ago. They are anionic and

display the same general formula: {M[C(O)R][C(O)R∞](CO)4}−, M=Mn [63–67],
M=Re [35,68]; R, R∞=Me, Et, iPr, PhCH2. These anions are stable at room
temperature. At +50 °C, manganese compounds induced the formation of mono-
ketones [64] supposed to occur by decarbonylation of one acyl ligand giving rise to
alkyl acyl complexes. These last complexes easily eliminated their two ligands via
carbon–carbon coupling (see Section 3.1). This formation of the alkyl–acyl interme-
diate by CO de-insertion was demonstrated for Re complexes [35] which are stable
at relatively high temperature.

The reductive elimination without decarbonylation of the two acyl ligands from bis
acyl complexes did, however, occur under oxidation conditions. Starting from acetyl
benzoyl Mn [64] or Re [68] complexes, PhC(O)C(O)Me was then formed
quantitatively.

Neutral bis acyl Pt(II ) complexes were synthesized later [32,61,69]. These com-
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pounds were stabilized by two electron donor phosphine ligands. Thermally, they
induced the formation, by reductive elimination, of a mixture of mono- and diketones.
Whatever the nature of the two substituents R and R∞, the yield of diketones remained
low (from 0 to 20%). However, when the reaction was performed under CO pressure,
no decarbonylation occurred and the only product of reaction was the diketone.

The only bis acyl iron complexes already described are again either cyclic [37,70–
76 ] or display perfluoro substituents [37,77]. Thermally these complexes undergo
decarbonylations giving rise to acyl–alkyl complexes (see Section 3.1). Only
one complex displays non-fluoro substituents; however, it is anionic:
{FeCp(CO)[C(O)R]2}−, and no study of its thermal behaviour is reported [78].1

We have isolated the first neutral bis acetyl iron complex. This compound,
cis Fe[C(O)Me]2(CO)4 8, is formed by decarbonylation of cis
Fe[C(O)C(O)Me][C(O)Me](CO)4* [Eq. (9)] [79]:

(9)

Complex 8, bearing no electron-withdrawing groups, is unstable; at +6 °C it affords
acetone quantitatively by reductive elimination. No trace of butanedione that would
result from a direct coupling between the two acetyl ligands has been detected.

Several attempts to prepare complex 8 by reaction of either acetyl chloride or
oxalyl chloride with the anion {Fe[C(O)Me](CO)4}−, itself obtained by nucleophilic
addition of MeLi on a CO ligand of Fe(CO)5, failed [Eq. (10)].

The only complex formed by these reactions is the m2g2 bis acetyl bridged dimer
9a with the two acetyl carbon atoms bound to one metal centre and the acetyl
oxygens linked to the other iron [79].

(10)

These bis (g2 acyl ) hexacarbonyl diiron complexes have already been prepared
by one-electron oxidation of the corresponding alkyl or acyl ferrate [80–82].

It is not inconceivable that the reaction observed in Eq. (10) could occur via the
same oxidative pathway; oxidation of the relatively electron-rich acetyl anion would
then be induced by the organic halides.

These difficulties encountered to synthesise iron bis acyl complexes could explain
their absence in the literature.

1The preparation and study of this complex will be examined in Section 5.
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4.2.2. Alkoxycarbonyl or carbamoyl–acyl complexes
Acyl–alkoxycarbonyl or acyl–carbamoyl complexes have been proposed as key

intermediates in catalytic palladium double carbonylation reactions of alkyl or aryl
halides which lead to the formation of a ketoesters or a ketoamides [3,83–85].

In order to study these catalytic processes, platinum acyl–carbamoyl [59,86 ] and
acyl–alkoxycarbonyl [59,87] have been synthesized. These complexes are found to
afford thermally a ketoamides or a ketoesters in low yields. However, the direct
coupling between an acyl and a carbamoyl appears easier (17% yield) than the
reaction between the same acyl and an alkoxycarbonyl (<1% yield) [86 ]. One
platinum acyl–hydroxycarbonyl complex: Pt(CO2H)[C(O)C6H9](diphosphine), has
also been reported. Probably due to the presence of a non-dissociating strongly
electron donor diphosphine ligand, this complex is stable and no decarboxylation
of the hydroxycarbonyl ligand is observed [45]. Only one acyl–carbamoyl complex
of ruthenium: Ru[C(O)Et][C(O)NR2](CO)(PPh3)2, has been described. However,
the authors suggest that the iron homologues are not stable [88].

We have prepared acyl–alkoxycarbonyl tetracarbonyl iron complexes according
to the two methods described by Eq. (11):

(11)

The first synthesis (a) has already been detailed in Eq. (8), the formation of 7a then
results from an intramolecular transfer of CO [62]. The second method of preparation
(synthesis of 7b) occurs by reaction of acetyl chloride with methoxycarbonyl tetracar-
bonyl ferrate (path b) [79]. Probably due to the lower electronegativity of the alkoxy-
carbonyl ferrate, the difficulties encountered for the same reaction realized with acyl
ferrates are not found here. 7a and 7b are the first characterized acyl–alkoxycarbonyl
iron complexes; they decompose at 6 °C affording quantitatively ethyl or methyl
acetate. No trace of methyl or ethyl pyruvate products of double carbonylation is
detected even if the thermolysis is performed under CO atmosphere.

The carbamoyl homologues of 7a and 7b: Fe[C(O)NR2][C(O)CH3](CO)4, are
found unstable, they decompose at low temperature giving rise to acetamides and
Fe(CO)5.

4.3. Bis alkoxycarbonyl complexes

The syngas (mixture of CO and H2) route to ethylene glycol is an important
industrial reaction. A crucial step in this process is the production of oxalates which
are subsequently reduced by H2 to give ethylene glycol.
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Another attractive route to oxalates and then to ethylene glycol is the oxidative
carbonylation of alcohols. This reaction is reported to give dialkyloxalates in the
presence of palladium salts [89–91]. The proposed key intermediate of this reaction
is a bis alkoxycarbonyl palladium species which would release oxalate by reductive
coupling of the two alkoxycarbonyl ligands.

Only one well-characterized complex: Pd(CO2Me)2(PPh3)2 [92], thermally induces
the formation of dimethyloxalate. Though numerous cis bis alkoxycarbonyl com-
plexes have been described, none of these Pd [93], Pt [44,94–96 ], Co [97–99], Rh
[100] or Ru [101,102] compounds thermally affords the formation of oxalates but
only dialkyl carbonates or alcohols [44,93,94,97,100,101]. Elimination of oxalates
from these bis alkoxycarbonyl complexes requires the action of oxidizing agents
which also give some organic side products [44,100].

4.3.1. Preparation of bis alkoxycarbonyl iron complexes

4.3.1.1. By reaction of oxalyl chloride on methoxy, ethoxy and i-propyloxy carbonyl
ferrates. Surprisingly, iron bis alkoxycarbonyl complexes are not described in the
literature. We successfully synthesised them via a novel preparation [Eq. (12)] [103]:

(12)

The alkoxycarbonyl ligand is formed by nucleophilic attack of the appropriate
alcoholate on a terminal carbonyl of Fe(CO)5 leading to formation of the corre-
sponding alkoxycarbonyl tetracarbonyl ferrate which, by reaction with 1/2 equivalent
of oxalyl chloride, affords cis bis alkoxycarbonyl tetracarbonyl iron complexes.

The overall yields of these straightforward reactions are about 70%; however their
mechanism remains unclear.

An oxidation process analogous to that responsible for the formation of the di
m2g2 acetyl iron dimer 9a by reaction of acetyl halide with {Fe[C(O)Me](CO)4}−
(see Section 4.2.1) was first considered. However, one-electron oxidation reactions
of [Fe(CO2R)(CO)4]− realized by copper(II ) trifluoromethane sulfonate are found
to induce specifically the formation [Eq. (13)] of di m2g2 alkoxycarbonyl dimers
analogous to that obtained for {Fe[C(O)Me](CO)4}− [104]:

(13)



363J.-Y. Salaün et al. / Coordination Chemistry Reviews 178–180 (1998) 353–379

These di m2g2 alkoxycarbonyl dimers have never been described as iron examples
of this type are limited to acyl [80–82,105] or carbamoyl [106 ] complexes.

Alkoxycarbonyl bridging ligands of 9b–e present a carbenoid character as their
carbonyl resonance in 13C NMR is found at ~230 ppm.

The achievement of complexes 9 by one-electron oxidation of
[Fe(CO2R)(CO)4]− rules out the possible intervention of such a reaction pathway
in the formation of the monomer compounds 10. Another mechanism may explain
the formation of 10 [Eq. (14)]:

(14)

According to this pathway, reactions of oxalyl chloride on the ferrates are sup-
posed to afford dicarbonyl monobridged complexes 11, iron analogous to the pro-
ducts of the reactions between oxalylchloride and the anions [M(CO)5]−, M=Mn,
Re [107]. Monocarbonyl monobridged complexes 12 would then be formed by
decarbonylation of 11 and after rearrangement would give rise to Fe(CO)5 and
Fe(CO2R)2(CO)4 10.

The next example will show that the reality of the intervention of a di- and a
monocarbonyl monobridged complex cannot be precluded.

4.3.1.2. By reaction of oxalyl chloride with ferrates bearing bulky alkoxycarbonyl
ligands. When the process described in Eq. (12) is performed with bulky alcohol-
ates as reagents, the nature of the final products depends on the temperature of the
reaction [Eq. (15)] [108].

With addition of oxalyl chloride to ferrates at −20 °C, new complexes (13) are
formed. Their IR and NMR data and a crystallographic study of 13a reveal that
these complexes display a dimeric structure formed by two Fe(CO2R)(CO)4 entities
linked by their metal centre. Their alkoxycarbonyl ligands are cis to the metal–metal
bond and they present no bridging ligands.

Complexes 13a and 13b are of importance: only a few dimers without bridging
ligands and displaying one organic ligand on each metal centre have been described.
Os2H2(CO)8 [109] and Os2(Me)2(CO)8 [110] are stable but several attempts to realize



364 J.-Y. Salaün et al. / Coordination Chemistry Reviews 178–180 (1998) 353–379

(15)

the preparation of (CO)4[C(O)Me]Fe–Fe[C(O)Me](CO)4 by addition of MeCOCl
to [Fe2(CO)8 ]2− failed [111].

The only compound isoelectronic to 13 which displays two alkoxycarbonyl ligands
is [Ru(CO2Me)(CO)2(bipyridine)]2 [112]. However, its two alkoxycarbonyl ligands
are trans to the metal–metal bond.

When reaction (15) is performed at −78 °C, bis alkoxycarbonyl monomers 10d
and 10e are the only products of the process.

A crystallographic study of 10e has been realized [104].
These results strongly suggest that the formation of bis alkoxycarbonyl monomers

or dimers by reaction of oxalyl chloride on alkoxycarbonyl ferrates occurs via the
monocarbonyl monobridged intermediate 12 which either after rearrangement gives
rise to 10 or after decarbonylation affords 13 [Eq. (16)]:

(16)

4.3.2. Properties of iron bis alkoxycarbonyl complexes

4.3.2.1. The ‘‘mobility’’ of their alkoxy groups. A well-known property of alkoxy-
carbonyl ligands is their easy transesterification under very mild conditions. Thus a
methoxycarbonyl ligand is rapidly converted into the corresponding ethyl ester upon
treatment with ethanol without added acid or base catalyst in contrast to the
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transesterification of organic esters. This process has been observed for a wide range
of alkoxycarbonyl complexes: Pt [113], Re [114], Ir [115], Mn [116,117], Ru [118]
and Fe [116,117,119,120].

However, the mechanism of this reaction remains unclear. Depending on
the nature of the metal centre or on the electronic effects of the ancillary ligands,
two different pathways have been suggested. A dissociative mechanism
[Eq. (17)] has been postulated for the exchange reactions observed on
rhenium: ReCp(NO)(CO2Me)L, L=CO, PPh3 [114] or on iron complexes: FeCp
(CO2menthyl )(CO)(PPh3) [116,117] whose homologues FeCp[C(O)R](CO)(PPh3),
R=OMe, OPh, SMe, SPh, exhibit spontaneous ionization in polar solvents
[119,120].

(17)

On the other hand, associative routes where a nucleophilic attack of alcohol
occurs prior to the elimination of the alkoxy group have been proposed for
Mn(Cp)(NO)(CO2menthyl )(CO)2(PPh3) [116,117] or Ru(CO2Me)2(CO)2(dppe)2
[118]. However, little has been done to determine the site of the nucleophilic attack
on the complex (terminal CO or carbonyl of the alkoxycarbonyl [Eq. (18)]):

(18)

(19)

The mobility of the alkoxy groups of complexes 10 is evidenced by rapid exchanges
with alcohols or with dialkyl oxalates. Thus 10a reacts rapidly with two equivalents

2dppe=ethylene bis diphenylphosphine.
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of ethanol or with one mole of diethyl oxalate to afford a statistical mixture of 10a:
25%, 10b: 25% and Fe(CO2Me)(CO2Et)(CO)4 10g: 50% [Eq. (19)]:

The same mixture is obtained when equal quantities of 10a and 10b are mixed in
CH2Cl2 at 10 °C [Eq. (20)]:

(20)

This last result can explain our unsuccessful attempts to isolate pure 10g as this
complex probably evolves toward the equilibrium of Eq. (20).

The mechanism of exchange reactions — Contrary to FeCp[C(O)R](CO)(PPh3)
(R=OMe, OPh, SMe, SPh) [119,120], complexes 10 do not undergo spontaneous
dissociation even in solution in polar solvents. However, we showed that 10 loses one
alkoxy group by reaction with strong nucleophiles (HBF4) [Eq. (21)] [121]:

(21)
Compounds 14 represent the second example of cationic complexes bearing an

alkoxycarbonyl carbonyl ligand after [CoCp(CO2Me)(CO)(PPh3)]+ [98] which has
already been described.

Though these last results indicate that spontaneous dissociation does not occur
on complexes 10, they do not preclude the intervention of a dissociative mechanism
in the exchange reactions observed for these compounds. In order to get more
information about this mechanism, we have prepared bis alkoxycarbonyl complexes
of higher electron density than 10 by substitution of one CO ligand of 10a by
different phosphanes.

Indeed, an increase of the electron density of the metal centre is expected to
favour a dissociative pathway [122] and to make the nucleophilic attack of the
associative mechanism more difficult. The preparation of monophosphane bis alkox-
ycarbonyl complexes occurs by heating a CH2Cl2 solution of complex 10a in the
presence of the appropriate phosphane for 24 h at 28 °C. After recrystallization the
yield of Fe(CO2Me)2(CO)3(PR3) is about 40% [Eq. (22)] [79].

The substitution of one terminal carbonyl of 10a by PMe3 affords 95% of 15a
(isomer fac) while the same reaction realized with PPh3 or P(OEt)3 gives rise to
100% of the mer isomers of 15b or 15c.

Careful monitoring of the early stages of these reactions of substitution realized
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(22)

by 31P NMR have not revealed the transitory formation of the fac isomers of 15b
or 15c or any change in the relative proportions of complexes 15a and 15a∞. As the
primary product of the reaction of substitution of one CO of Fe(CO2Me)2(CO)4 by
a phosphane is expected to be the fac compound [123,124], the rapid formation of
15b and 15c leads us to assume that, at 28 °C, rapid isomerization between fac and
mer isomers could occur. These processes possibly occur via methoxy hopping from
one CO to another as proposed for the ruthenium homologues [118].

Like 10, phosphane complexes 15a, 15b or 15c do not display spontaneous
dissociation in polar solvents. However, by reaction with HBF4 they easily give rise
to cationic compounds 16 [Eq. (23)]:

(23)

The specific formation of 16b and 16c indicates that a phosphane ligand induces
the dissociation of the alkoxycarbonyl trans to itself. Whereas this enhanced mobility
should favour a trans esterification process realized via a dissociative mechanism,
complexes 15a or 15b are unreactive towards alcohols even at room temperature.
Only 15c undergoes a slow trans esterification reaction (24 h at 30 °C).

These last results strongly suggest that the exchange reactions observed on com-
plexes 10 occur via an associative mechanism. This mechanism involves, prior to
the dissociation of the alkoxy group, a nucleophilic attack of alcohol on a carbonyl
of the compound. On complex 10, this addition can occur either on a terminal
carbonyl or on an alkoxycarbonyl itself.

Determination of the site of nucleophilic addition on iron bis alkoxycarbonyl com-
plexes — When a complex displays no terminal CO, nucleophilic additions can
occur on the alkoxycarbonyl ligands [125]. It has also been proven that for complexes
bearing acyl and CO ligands the same addition is specifically realized on the CO
[35]. However, since alkoxycarbonyl ligands are more electrophilic than acyl ones,
a nucleophilic addition of alcohols on their carbonyl cannot be precluded.
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To our knowledge only one example of nucleophilic addition of alcoholate on a
complex bearing terminal CO and alkoxycarbonyl ligands has been described:
complex Co(CO2Me)(CO)4 by reaction with MeO− affords the anion
[Co(CO2Me)2(CO)3]− formally formed by addition of MeO− on a terminal CO
[97]. However, due to the same nature of the alcoholate and the alkoxy group, a
rapid exchange resulting from an attack of the alcoholate on the alkoxycarbonyl
ligand cannot be dismissed.

Similar reactions realized on complexes 10a–e led us to synthesize a series of new
tris alkoxycarbonyl anions [Eq. (24)] [126 ]:

(24)

All these complexes present a fac geometry of their alkoxycarbonyl ligands. This
geometry is attributed to these compounds according to their IR and NMR data;
it has been confirmed by the crystallographic study of 17b.

Specific formation of complexes 17c, 17d, and 17e demonstrate that nucleophilic
additions of alcoholates occur specifically on a terminal CO since fast nucleophilic
attack of alcoholates on alkoxycarbonyl ligands would induce the formation of
complex mixtures composed of [Fe(CO2R)3(CO)3]−, [Fe(CO2R)2(CO2R∞)(CO)3]−,
[Fe(CO2R)(CO2R∞)2(CO)3]− and [Fe(CO2R∞)3(CO)3]−.

Tris alkoxycarbonyl complexes have never been described previously; nevertheless,
they are close to the tris acyl dianions {M[C(O)R]3(CO)3}2− formed by addition
of an excess of alkyl lithium on M[C(O)R](CO)5, M=Mn, Re [66,127].

Probably due to the strong electron donor effect of their phosphorus ligand, no
reaction is observed by addition of RONa to the phosphine complexes
Fe(CO2Me)2(CO)3L, L=PMe3: 15a, L=PPh3: 15b. However, the reaction occurs
on complex 15c: L=P(OEt)3, affording the phosphite anion 17f. Exchange reactions
are only observed for complexes which undergo nucleophilic addition of alcoholate
on one terminal CO. These results suggest the following mechanism for the trans
esterification of 10a [Eq. (25)].

The process is associative, it includes an addition of alcohol on a terminal CO
prior to the elimination of the alkoxy group of one alkoxycarbonyl ligand. When
addition of alcohols occurs on an equatorial CO (path b), the reaction affords
probably the mer tris alkoxycarbonyl intermediate 18. However, this intermediate
bearing two ligands of strong trans influence in trans position probably undergoes
a fast isomerization, giving rise to its fac isomer which displays the same geometry
as anions 17.
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(25)

4.3.2.2. Thermal properties of bis alkoxycarbonyl iron complexes. (a) Thermolysis
of the mononuclear complexes — We already mentioned that most bis alkoxycarbonyl
complexes described in the literature do not thermally induce the formation of
oxalates by carbon–carbon coupling but afford dialkylcarbonates and alcohols (see
Section 4.3). Consistent with these observations, thermolysis of Fe(CO2R)2(CO)4 10
afford alcohols, traces of dialkylcarbonates and Fe(CO)5.

Careful control of these reactions allowed us to isolate and characterize a new
series of intermediates: the iron hexa alkoxycarbonyl trimers 19 [Eq. (26)] formed
at 30 °C in ca. 70% yield [104]:

(26)

Complex 19d has been structurally characterized. These compounds 19 can be
considered as two anionic entities [Fe(CO2R)3(CO)3]− linked by the oxygen of the
carbonyl of their alkoxycarbonyl ligands to a central Fe2+. They can be compared
to {Re[C(O)Me]2[RC(O)](CO)3}2M, M=Zr, Hf, described by Lukehart and
coworker [127,128]. Complexes 19 are the first characterized intermediates in the
thermolysis of bis alkoxycarbonyl complexes. When heated at 50 °C, they give
Fe(CO)5, alcohols and traces of dialkylcarbonates.
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(b) Thermolysis of the binuclear bis alkoxycarbonyl complex [Fe(CO
2
tBu)(CO)

4
]
2

13a — Bimetallic complexes bearing an organic ligand on each metal centre are of
importance since they forge a link between mononuclear complexes used in homogen-
eous catalysis and polynuclear clusters which may be used as models for hetero-
geneous catalysts. Studies of carbon–carbon coupling induced by such compounds
are not numerous. Very often, due to the presence of bridging ligands on the
complexes, the two organic entities are not close enough to induce concerted car-
bon–carbon coupling and the observed reactions then occur via radical formation
[129,130].

Since complex 13a exhibits two alkoxycarbonyl ligands cis to the iron–iron bond,
direct coupling between these two ligands cannot be precluded.

When heated for 1 h at 45 °C, 13a specifically affords the complex 9e already
obtained by monoelectronic oxidation of [Fe(CO2tBu)(CO)4]− (see Section 4.3)
[Eq. (27)]:

(27)

This process formally involves the migration of an alkoxycarbonyl ligand from
one metal centre to the other and, for this reason, can provide a model for the study
of the migration of carbonylated ligands on a metal surface.

To our knowledge this reaction has never been observed for alkoxy-
carbonyl complexes but only for acyl [105,131–134] or allyl [135–138] bimetallic
compounds. Further work to gain mechanistic information about this migration is
in progress.

Though thermal decomposition of acyl homologues of 9e is known to induce the
formation of mono- or diketones [81], probably via a diketonic complex [139],
further thermolysis of complex 9e has only afforded Fe(CO)5 and tBuOH.

4.4. Bis carbamoyl iron complexes

Though carbamoyl ligands are very easily prepared, either by nucleophilic addition
of amines on terminal carbonyl [39] or by alkoxy/amine exchange on alkoxycarbonyl
ligands [140], only two bis carbamoyl complexes have been structurally characterized
[141,142].

Two different procedures were supposed to allow the synthesis of
Fe[C(O)NR2]2(CO)4: (1) the alkoxy/amine exchange with Fe(CO2R)2(CO)4 10; and
(2) the action of 1/2 equivalent of oxalyl chloride on the carbamoyl ferrates
{Fe[C(O)NR2](CO)4}−.

These two reactions occurring for NR2=NMe2, NEt2 or NiPr2 afford the same
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type of complex which exhibit the carbenic metallacyclic structure displayed in
Eq. (28) [104]:

(28)

20b, which has been characterized structurally, is found to present a quasi-planar
five-membered metallacycle.

Though bis carbamoyl complexes have never been found to induce the formation
of such carbenic compounds, it is highly probable that formation of complexes 20
occurs via the bis carbamoyl intermediates 21 [Eq. (29)]:

(29)

Two reaction pathways may explain the formation of carbenes 20 from bis carbam-
oyl intermediates 21. Path (a) requires an initial nucleophilic attack of the oxygen of
a carbamoyl on the carbon of the carbonyl of the second carbamoyl. This would be
followed by a rearrangement which is supposed to afford carbenes 22 whose decarbo-
nylation gives rise to metallacyclic carbenes 20. According to path (b) the decarbonyla-
tion would occur prior to the nucleophilic attack affording the g2 carbamoyl
intermediate 23, which after addition of the oxygen of the g1 carbamoyl on the carbon
of the carbonyl of the g2 carbamoyl and rearrangement would afford 20.
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Later we will see that carbenes 22 are stable under the reaction conditions; path
(b) then represents the more likely route for the formation of 20 from 21. Further
work is in progress to confirm the formation of the intermediate g2 carbamoyl 23.

To our knowledge these results constitute the first example of evolution of bis
carbamoyl complexes into metallacyclic carbenes. Though less numerous than other
metal carbenes, iron carbenes are well known [143]. Fe[C(NiPr2)OC(O)Et](CO)3,
whose structure is very close to that of 20, has been characterized structurally [144].
This complex, which is a side product of a classical Fischer type reaction, is formed
in very low yield and has not been studied. Since coordination between neutral iron
complexes and oxygen atoms is generally weak, the g2 carbene ligand of complexes
20 can be considered as a potential hemilabile ligand. Indeed, complex 20b reacts
rapidly with CO or phosphines to afford the non-cyclic carbenes 24 [Eq. (30)]:

(30)

Complexes 24 are stable even in the absence of added phosphines or under inert
atmosphere.

5. Potential models for tricarbonyl chaining

Stoichiometric or catalytic triple carbonylation processes inducing the formation
of tricarbonyl organic compounds have never been described. However, a series of

platinum complexes: cis Pt[C(O)C(O)R][C(O)R∞](PPh3)2, has been designed to
study the possibility of such a reaction from well-characterized complexes. This
attempt was not successful since thermolysis of these complexes afforded trans
diacyl– or acyl–alkoxycarbonyl complexes after decarbonylation of their a ketoacyl
or alkyloxalyl ligands [61].

In order to check the possible occurrence of carbon–carbon coupling induced by
iron complexes of a similar type, we prepared the Fe[C(O)C(O)R][C(O)R∞](CO)4
series by reaction of {Fe[C(O)R∞](CO)4}− anions with ClC(O)C(O)R [Eq. (31)] [145]:

(31)
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The yield of these reactions varies from 30% (25a) to 55% (25d).
With these complexes, exchange reactions with alcohols are only observed for the

alkoxycarbonyl directly linked to the metal centre and not for the ester group of
alkoxycarbonyl ligands.

25a and 25b, which display an alkoxycarbonyl ligand, decompose respectively at
25 and 15 °C. They are more stable than their acyl homologues which undergo
thermal decomposition at 0 °C. Complexes 25a, 25b and 25c decompose thermally
according to two different routes [Eq. (32)]:

(32)

Path (a) consists of a decarbonylation reaction affording bis alkoxycarbonyl (10a),
acyl–alkoxycarbonyl (7b) or bis acyl (8) complexes. Decarbonylation of 25b is the
only method of preparation of the bis acyl compound 8 (see Section 4.2.1).

According to path (b), 25a, 25b and 25c afford Fe(CO)5 and a dicarbonylated
organic compound: RC(O)C(O)R∞ (dimethyl oxalate, methyl pyruvate or butanedi-
one). The formation of these last products formally results from a carbon–carbon
coupling between a carbonyl a to the metal (on the acyl or on the alkoxycarbonyl
ligands) and a second carbonyl in the b position on the dicarbonylated ligand
(alkyloxalyl or pyruvoyl ).

The ratio between the two processes (a) and (b) varies from 85% decarbonylation
and 15% oxalate formation for 25a to 65% decarbonylation and 35% oxalate
formation for 25c.

Since no a, b dicarbonyl organic compounds are formed by thermolysis of com-
plexes 10a, 8 and 7b [see Section 4.2.1 (8), Section 4.2.2 (7b) and Section 4.3.2.2
(10a)], the observed reactions are undoubtedly the result of decomposition of 25.
When the thermolysis is performed under CO pressure, the rate of the two processes
is reduced dramatically. Furthermore, thermolysis of 25a occuring in the presence
of one equivalent of PPh3 affords the phosphine complex 26 which itself induces at
28 °C the quantitative formation of oxalate [Eq. (33)] [145]:

(33)
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These last results strongly suggest that the formation of RC(O)C(O)R∞ by thermal
decomposition of complexes 25 could occur via the formation of a pentacoordinated
intermediate formed by decoordination of a terminal CO.

To our knowledge complexes 25 and 26 are the first well-characterized complexes
displaying the [M][C(O)R][C(O)C(O)R∞] pattern whose decomposition affords
dicarbonyl organic products in reasonable yield.

Surprisingly, complex 25d when heated under the same conditions as 25a, 25b
and 25c does not afford decarbonylation or carbon–carbon coupling but isomerizes
into the metalla methoxy ketolactone 27a [Eq. (34)] [146 ]:

(34)

The formation of 27a, which has been structurally characterized, results from a
chain–ring isomerization analogous to those observed in organic chemistry for c
ketoesters [Eq. (35)] [147]:

(35)

Complex 25d can be considered as a c ketoester which possesses a metal inserted
in the chain connecting the two carbonylated groups. Contrary to the reaction
observed for organic c ketoesters, the isomerisation of 25d is irreversible and does
not require any catalyst. Since this cyclisation is not observed for 25c,
Fe[C(O)CO2Me][C(O)Me](CO)4, which is also a metalla c ketoester, it is clear that
the isomerization is made possible by the specific properties of the alkoxycarbonyl
ligand displayed by 25d. The proximity of this ligand to the metal increases the
nucleophilic character and the mobility of its alkoxy group which can migrate to
the ketonic carbon. The rate of the reaction is greatly enhanced in methanol, this
last result suggests that the mechanism of this cyclisation could be of associative type.

To our knowledge reaction (33) represents the first example of cyclisation of a c
ketoester with a metal inserted in the bridge between the two organic groups.

6. Potential models for tetracarbonyl chaining

Complexes which can be considered as model compounds for the study
of the tetracarbonylation reaction and which should display the
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[M][C(O)C(O)R][C(O)C(O)R∞] pattern have never been described. Our work gave
us the possibility of preparing such iron complexes by reaction of [Fe(CO)4]2− with
pyruvoyl chloride or alkyloxalyl chloride [Eq. (36)] [79,145]:

(36)

Surprisingly, these complexes are found relatively stable; they evolve between
10 °C and 15 °C giving rise to complexes 25a, 25b and 25d by decarbonylation
reactions [Eq. (37)] [145]. At these temperatures no carbon–carbon coupling is
observed.

(37)

As expected, decarbonylation of the alkyloxalyl of 28c occurs more rapidly than
that of the pyruvoyl ligand, affording specifically 25d. This result confirms that
ligands bearing electron-withdrawing groups undergo easy decarbonylation [35].

7. Conclusion

Specific synthetic methods for the preparation of cis bis substituted iron
complexes have been developed. Since these compounds display the cis
[Fe][(CO)

x
R][(CO)

y
R∞] pattern they are good models for the study of carbon–carbon

coupling processes with octahedral complexes. Studies of the reactivity of these
complexes have confirmed that carbon–carbon coupling reactions between two
ligands linked to the metal centre via two sp3 or two sp2 carbons (carbonyl groups)
are difficult to realize, contrary to the same reductive elimination between an sp3
and an sp2 carbon, which occurs readily.

The model compounds for the dicarbonylation: x=y=1, are found unable to
thermally induce such a process. Nevertheless, bis alkoxycarbonyl and bis carbamoyl
complexes afford respectively original trimeric clusters and metallacyclic carbenes.

Model compounds for the tricarbonylation: x=2, y=1, give rise to
bis carbonylated organic compounds except the metalla c ketoester
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Fe(CO2Me)[C(O)C(O)Me](CO)4 which undergoes isomerization into a metalla
ketolactone.

Finally, the first models for the tetracarbonylation were prepared, but they only
undergo decarbonylation reactions.
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