Journal of Organometallic Chemistry 498 (1995) 165-170

ournal
ofOrgang

metallic

Chemistry

Electrochemical and chemical reduction of niobocene dichlorides
in the presence of carbon dioxide

Soumia Elkrami *, Youssef Mourad *, Yves Mugnier **, Antonio Antifiolo °,
Isabel Del Hierro °, Santiago Garcia-Yuste °, Antonio Otero °, Mariano Fajardo ©,
Henri Brunner ¢, Giinther Gehart ¢, Joachim Wachter ¢, Jacques Amaudrut ©

® Laboratoire de Synthése et d’Electrosynthése Organométalliques associé au CNRS (URA 1685), Université de Bourgogne, 21000 Dijon, France
Departamento de Quimica Inorgédnica, Orgénica y Bioquimica, Facultad de Quimicas, Universidad de Castilla—La Mancha,
13071 Ciudad Real, Spain
¢ Departamento de Quimica Inorgdnica and Departamento de Quimica Orgénica, Campus universitario, Universidad de Alcalé,
28871 Alcalé de Henares, Spain
¢ Institut fiir Anorganische Chemie der Universitiit Regensburg, D-93040 Regensburg, Germany
¢ Laboratoire des Organométalliques, Faculté des Sciences et des Techniques, 25030 Besancon Cedex, France

Received 16 December 1994; in revised form 8 March 1995

Abstract

The chemical and electrochemical reduction of the niobocene dichlorides [Nb(n>-CsH,SiMe,),Cl,] 1, [Nb(n®-CsMe,),Cl,] 2 and
[Nb(n>-CsMe,Et),Cl,] 3, in the presence of carbon dioxide has been investigated. Formation of compounds of the type [Cp,Nb(CO,)]
and [Cp$" "NbCI(CO,)] ! has been established by means of IR, ESR and /or NMR spectroscopy. They contain a labile 72-CO,. The order
of stability increases with the degree of substitution the Cp. Less stable intermediates in the reduction of the system [Cp,NbCl,]/CO,

are discussed on the basis of cyclovoltammetric and coulometric data.
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1. Introduction

The transformation of carbon dioxide into organic
products of practical interest is an attractive goal. Elec-
trochemical reduction of CO, is an applicable method
[1] although its reduction to an anion radical requires a
quite negative potential [2] and dependence of the re-
sulting products on both the nature of the electrode and
the reaction medium has been observed. Considerable
efforts have been made to find catalysts allowing a
substantial decrease of the reduction potential of CO,
with reaction selectivity [3]. Transition metal complexes
in low oxidation states have been extensively employed

* Corresponding author.

! Abbreviations employed throughout the text: Cp=any substi-
tuted cyclopentadienyl, Cp’ =n3-C H,SiMe;, Cp* = n°-C;Me,,
Cp' = n°-CsMe, Et, Cp'") = peralkylated cyclopentadienyl.
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as homogeneous catalysts for the electrochemical reduc-
tion of CO,. They may be grouped into five classes: Co
and Ni tetraazamacrocycles [1a]; related phthalocyanine
and porphyrin complexes [4]; metal clusters [5];
polypyridyl complexes [6]; and cyclopentadienyl com-
plexes. In particular cases interactions between the cata-
lyst and the substrate may lead to the formation of
stable adducts [7].

Recently, some of us have shown that the electro-
chemical reduction of [Nb(n’-C4H,),Cl,] in the pres-
ence of carbon dioxide gives the carbonyl derivative
[Nb(n>-CsH;),C(CO)] as the only identified product
[8]. Starting from the substituted cyclopentadienyl nio-
bium derivatives, [Cp,NbCl,] 1, [Cp,; NbCl,] 2 and
[CpLNBC1,] 3, the electrochemical behaviour of which
has been previously examined [9], we now report the
first results of their chemical and electrochemical reduc-
tion in the presence of CO,.
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Table 1

Electrochemical and electron spin resonance data for niobocene dichloride derivatives

Compound E\ jaredy (V) Ey 200 (V) A (G) 8iso Preparative Electrogenerated Ref.
reduction product
Q (Fmol™!)
1 -1.19 +0.34 115.4 2.0018 1 Cp, NbCl [9a]
2 —1.60 +0.04 109.4 2.0019 2 Cp, Nb [9b]
3 -1.61 +0.07 1154 1.999 2 CpiNb [9b]

2. Results and discussion

2.1. Chemical reduction of niobocene dichlorides under
co,

Reduction of 1 with 1 equivalent of Na/Hg gives the
16-¢clectron species [Cp,NbCl] [10], the reaction of
which with CO, was monitored by IR spectroscopy.
After 30 min a band of progressively increasing inten-
sity at 1692 cm ™' was observed which gradually de-
creased after a further 30 min as a new band at 1917
cm~! grew. This absorption may correspond to »(CO)
of [Cp,NbCICO)] [11]. [Cp,NbCKO)] was identified
by spectroscopic means as a further product. The forma-
tion of [Cp,NbCI(CO)] and [Cp,NbCI(O)] as the only
identified products indicates the existence of a CO,-con-
taining intermediate which deliberates CO as in Eq.
(12). In a second step (Eq. (1b)) CO would add to the
remaining starting material. A similar behaviour was
reported by Nicholas et al. [12] for [Nb(n°-
C;H,Me),(CH,SiMe,X1*-CO,)]. All attempts to iso-
late from the solution the species responsible for the
band at 1692 cm ™' were unsuccessful.

[Cp,NbCI(m?-CO,)] - [Cp,NbCI(0)] + CO  (la)
[Cp,NbCl] + CO — [Cp’,NbCI(CO)] (1b)

Reaction of reduced solutions of 2 or 3 in the presence
of CO, takes place only when an excess of Na/Hg is

-0.4

employed (Eq. (2)). In both cases a green solid forms
which exhibits a strong band at 1730 cm™! in the IR
spectrum consistent with n*-coordinated CO,. In the
crystallographically characterized complexes [Nb(n’-
C,H ,Me),(CH,SiMe,;)(n3-CO,)] and [Nb(n*-
CsH Me),(CH,PhXn>-CO,)] »(CO,) appears at 1695
and 1732 cm ™, respectively [13]. FD—MS spectra con-
tain only the CO,-free fragments Cp$* NbCl indicating
a weakly coordinated ligand. Unfortunately, from re-
peated recrystallization only well shaped crystals of 3
were obtained, as established by X-ray diffraction [14].
C and H analyses are equivocal because of the small
differences of the compounds in question. Sharp 'H
NMR resonances exclude a paramagnetic species, e.g.
3. We believe that the very small CI™ concentrations in
solution are responsible for the displacement of CO,,
forming 3 (Eq. (2))

[Cps - NbCL, | + €O,

=L [CpyNbCI(12-C0,)] + CI™ (2)

2.2. Electrochemical reduction of niobocene dichlorides

The electrochemical behaviour of 1-3 under argon is
characterized by the influence of the peralkylated Cp
ligands (Table 1). In 2 and 3 a drastic shift to more
negative reduction potentials is observed compared to 1
[9b]. Another important difference concerns the bulk

complex 1

complex

complex 3

Fig. 1. Cyclic voltammograms at a vitreous carbon electrode in THF-[Bu, N}[PF;] solution of complexes 1, 2 and 3 under argon (solid line) and
in the presence of carbon dioxide (dotted line). Starting potential —0.4 V; sweep rate 0.2 V s~ 1.
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Fig. 2. Cyclic voltammograms at a vitreous carbon electrode in
THF-Na[BPh,] solution of 1 under argon (solid line) and in the
presence of carbon dioxide (dotted line). Starting potential 0.1 V,
sweep rate 0.2 V s™!,

electrolysis which consumes 1 equivalent of electrons
for 1 but 2 equivalents for 2 and 3.

In the presence of CO, the oxidation peaks are
influenced as shown in Fig. 1. The oxidation peak A of
1, which corresponds to the oxidation of the anion
[Cp,NbC1,]~ [15] decreases, whereas in the cyclic

Al

Aq

10 1=1

voltammograms of 2 and 3 the oxidation peaks obtained
during the reverse scan disappear completely, implying
that in these complexes a fast reaction with CO, is
taking place.

An interesting difference, which will be discussed in
detail later, is observed in the behaviour of 1 when
Na[BPh,] is supporting electrolyte instead of
[Bu,NJ[PF]. Under argon the cyclic voltammogram
exhibits three oxidation peaks in the reverse scan, which
disappear in the presence of CO, (Fig. 2). In both cases
the one electron reduction of 1 yields [Cp,NbCl] or
[Cp’,NbCl,)~. These Nb(III) complexes may react with
CO, to give [Cp, NbCI(CO,)] (Eq. (3)). Reaction (3a) is
faster than reaction (3b) and the electrogenerated inter-
mediates cannot be detected at the time scale of elec-
trolysis (Figs. 1 and 2)

[Cp,NbCl] + CO, - [Cp,NbCl(7?-CO, )] (3a)
[Cp,NbCl,] ™~ + CO, = [Cp,NbCl(5?-CO, )] + CI-

(3b)

Preparative electrolysis of 1 under CO, (Table 2)

gives a maroon solution, the ESR spectrum of which is

silent. Its IR spectrum shows two bands at 2337 and
1917 cm™!. Whereas the first absorption is typical of

Ry

Fig. 3. Cyclic voltammograms on vitreous carbon electrode in THF-{Bu,NJ{PF;] solution of 1 after two-electron reduction in the presence of

carbon dioxide. Starting potential — 1.4 V; sweep rate 0.2 V s~ 1.
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free CO, [16] the second one corresponds to
[Cp, NbCI(CO)] [11]. The polarogram of the reduced
solution shows one reduction wave B and three oxida-
tion waves A,, A, (ill defined) and A,. In cyclic
voltammetry at a vitreous carbon electrode, four oxida-
tion peaks A, A,, A; and A, are observed in the
anodic sweep. If the potential is reversed after peak A,
four reduction peaks A;, A,, A, and A" are found
(Fig. 3(a)). Peaks A, and A* result from the reduction
of the species generated along with peak A, or peak A,
(or A,), respectively (Figs. 3(b) and 3(c)). Cyclic
voltammetry (THF, [Bu,N][PF,]) of independently pre-
pared [Cp,NbCI(CO)] also exhibits the oxidation peak
A,. Assignment of the other peaks in Fig. 3 is less
obvious but may be discussed on the basis of CO,
disproportionation which produces [Cp,NbCI(O)] or
[Cp’,NbCI(O)]~ as a second intermediate product. By
nucleophilic attack of the metal bound oxygen at CO,
[17] a carbonato-complex may be formed, as expressed
by Eq. (4) [18]. This assumption is supported by the
observation that addition of an aqueous Na,CO; solu-
tion to electrogenerated [Cp,NbCl] gives rise to the
peaks A, /A, (Fig. 3) [19]. The addition of water alone
does not give this system so that the formation of an
anionic carbonato-complex seems to be likely (Eg. (4)).

2[Cp,NbCl, | + 4¢~+ 2 CO,

— [Cp,NbCICO] + 3 CI~ + Cp,Nb(CO,) (4)

Preparative electrolysis of 1 under the same condi-
tions as above but with Na[BPh,] as supporting elec-
trolyte (Table 2) gives a green solution. This exhibits a
ten-line ESR spectrum ( g = 2.0228) and a weak absorp-
tion band at 1717 cm™' in the IR spectrum. The
hyperfine splitting (ay, =54 G) suggests appreciable
delocalization of the unpaired spin density onto the
ligand (Fig. 4). This is consistent with the formation of
paramagnetic [Cp, Nb(n*-CO,)] which may be favoured
by elimination of NaCl as in Eq. (5). The complex is
reduced at —1.45 V and again the systems A, /A, and

Table 2

Preparative reduction of 1-3 in the presence of carbon dioxide *

Complex Potential of Q (Fmol™1) Colour
electrolysis

1 -12 1.95 Maroon

1° -1.2 19° Green

2 -1.7 1.0 Yellow

3 —-1.5 11 Yellow

® THF, 0.2 M [Bu,N][PE;), mercury electrode, 20°C
® In the presence of Na[BPh, ] as supporting electrolyte.
¢ Coulometric data are not reproducible.

1 y " 1006

Fig. 4. ESR spectrum of electrogenerated species [Cp, Nb(CO,)] in
THF-Na[BPh, ] solution.

A,/A, are found in cyclic voltammetry, as shown in
Fig. 3.

a I
/O
Cp)Nb—O  +Na* — Cp,Nb{_| + NaCl
\C/ Cx
0]

|
0]

(5)

The one-electron reduction of the peralkylated com-
pounds 2 or 3 in the presence of CO, gives yellow
solutions which are ESR silent. Attempts to isolate the
electrochemically generated products [Cp$*’NbCI(CO,)]
failed because the solutions are stable only in the pres-
ence of CO,. Under Ar a slow change into 2 and 3 is
observed by ESR spectroscopy, according to the reverse
of Eq. (2).

Under Ar in cyclic voltammetry at a vitreous carbon
electrode [Cp, NbCI(CO,)] exhibits a reduction peak B.
Reversing the potential scan produces an oxidation peak
B). In the second scan a new reduction peak B, situated
at a lower cathodic potential is observed (Fig. 5(a)). A
similar cyclic voltammogram was obtained for the elec-
trogenerated species from 3 (Fig. 5(b)).

At low temperatures paramagnetic [Cp, Nb(CO,)] is
sufficiently stable for spectroscopic detection. For ex-
ample, electrolysis of the species generated from 2 at
the plateau of wave B at —20°C [20] gives a dark
yellow solution after consumption of 1 equivalent of
electrons. The ESR spectrum (centred at g = 1.9958) of
the solution shows a ten-line signal (a,, = 46.9 G). Its
IR spectrum exhibits an absorption at 1716 cm ™', again
typical of coordinated CO,. Similar behaviour was found
for electrogenerated species from 3 (IR: v(C=0); 1711
cm™!; ESR: ay, =47.0 G, g = 1.9973).

The two-electron reduction of [Cp} NbCI(CO, )] (peak
B) corresponds to an ECE process involving cleavage of
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Fig. 5. Cyclic voltammograms of the electrogenerated species from 2
(a) and 3 (b) at a vitreous carbon electrode in THF-[Bu,N]J[PF]
solution under argon. Starting potential — 1 V; sweep rate 0.2 Vs~ !.
First scan (solid line); second scan (dotted line).

the niobium—chloride bond. Similar behaviour has been
previously reported for other Nb(V) complexes [21].
The anionic species formulated as [Cp}Nb(CO,)]~ was
formed, and this was oxidized at the potential of peak
Bj. The formation of the supposed paramagnetic species
[CpiNB(CO,)] during the electrolysis could be ex-
plained by an outer sphere electron-transfer reaction
according to the following reaction (Eq. 6).

[CpiNB(CO,)| +[CpiNbCI(CO,)]
— 2[CpiNb(CO,)] + €1~ (6)

The anionic species, which is generated at the elec-
trode diffuses towards the bulk of the solution and
comes in contact with [Cp},NbCI(CO,)] which diffuses
towards the electrode where above reaction takes place.

3. Experimental details

Synthesis and physical measurements for all reac-
tions were performed using standard Schlenk techniques
under an atmosphere of dry, oxygen-free, dinitrogen,
argon or carbon dioxide. Solvents were distilled from
appropriate drying agents and degassed before use. IR
spectra were recorded at room temperature with a Nico-
let 205 spectrophotomer. ESR spectra were taken at the
X-band with a Bruker ESP 300 spectrometer. 'H NMR
spectra were recorded on a Bruker WM 250 spectrome-
ter. Field desorption mass spectra were run on a Finni-
gan MAT 311A instrument from THF solution.

Voltammetric analysis was carried out in a standard
three-electrode cell with a Tacussel UAP4 unit cell. The
reference electrode was a saturated calomel electrode

separated from the solution by a sintered glass disk. The
auxiliary electrode was a platinum wire. For voltammet-
ric measurements the working electrode was either vit-
reous carbon (disk electrode) or a platinum disk elec-
trode (surface area 3.1 mm?) which was initially pol-
ished with silicon carbides of decreasing particle size
(down to 0.05 mm). For the polarograms, a three-elec-
trode Tacussel Tipol polarograph was used. The drop-
ping-mercury electrode characteristics were m =3 mg
s~!' and 7= 0.5 s. Controlled-potential electrolysis were
performed with an Amel 721 electronic integrator.
Large-scale electrolysis were performed in a cell with
three compartments separated with fritted glasses of
medium porosity. A mercury pool or a platinum plate
was used as the anode, a platinum plate as the cathode,
and a saturated calomel electrode as the reference elec-
trode.

[Nb(n*-Me,SiC4H,),Cl,] [22] [Nb(n’-Me,Si-
C;H,),Cl] [10], [Nb(n’-CsMe;),Cl,] and [Nb(n’-
CsMe,Et),Cl,] [9b] were prepared according to pub-
lished methods.

3.1. Reaction of Cp, NbCI with CO,

Carbon-dioxide was bubbled for 1 h at —78°C
through a solution of 650 mg (0.16 mmol) [Cp, NbCl] in
40 ml hexane. The solution was stirred and warmed to
room temperature over 16 h. After this time a suspen-
sion was obtained and from the precipitate, a mixture of
[Cp, NbCI(CO)] and [Cp,NbCI(O)], was isolated and
identified after the appropriate separation by chromatog-
raphy, by comparison of the IR and 'H NMR spectra
with those of genuine samples.

3.2. Preparation of [Cp, NbCl(n*-CO,)]

Carbon dioxide was bubbled for 1 h through a mix-
ture of 380 mg (0.82 mmol) of 3 in 50 ml of THF and
Na/Hg (from 38 mg (1.64 mmol) Na in 10 ml Hg). The
green solution was decanted and filtered. The solvent
was then removed under vacuum and the residual solid
was chromatographed on silanized SiO, (10 X 3 cm).
With toluene, green 3 was eluted and with CH,Cl,
green [CpiNbCI(1%-CO,)], in 42% yield. Recrystalliza-
tion of the latter from toluene gave green needles. The
complex was stored and manipulated under CO,. Anal-
yses: found (calc. for C,;H,,CINbO,) (%). C 57.87
(58.70), H 7.14 (7.22); deviations were assumed to be
due to the presence of some 3.

"H NMR (CDCl,): 2.24 (m, 4), 1.86 (s, 12), 1.84 (s,
6), 0.97 (t, 6). IR (KBr): »(CO,) =1730 cm~'.

4. Conclusion

Relatively stable CO, adducts of niobocene have
been obtained from the chemical and electrochemical
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reduction of various substituted niobocene dichlorides
under carbon dioxide. The order of stability seems to
decrease from the Nb(III) derivatives Cp$* ’NbCI(CO,)
to the Nb(II) derivatives [Cp}*’Nb(CO,)] and from
peralkylated to monoalkylated niobocenes. However,
cyclovoltammetric and coulometric methods show that
in the reduction pathways of [Cp,NbCl,] interesting
intermediates, such as a carbonate-containing complex
must be considered.

Acknowledgements

We thank Mrs M.T. Compain for her technical assis-
tance. We gratefully acknowledge financial support from
Electricité de France (Novelect Bourgogne and Club
d’Electrochimie Organique) and from Direccion Gen-
eral de Investigatién Cientifica y Técnica (DGIGYT PB
98-0206) and Accién Integrada Hispano—Francesa (HF
106).

References and notes

[1] (a) B.J. Fisher and R. Eisenberg, J. Am. Chem. Soc. 102 (1980)
7361; (b) M.R.M. Bruce, E. Megehee, B.P. Sullivan, H. Thorp,
T.R. O’'Toole, A. Downard and T.J. Meyer, Organometallics, 7
(1988) 238, and references therein; (¢) K.W. Frese, D.P. Sum-
mers and M.J. Cinibulk, Electrochem. Soc., 135 (1988) 264; (d)
C. Amatore and J.M. Saveant, J. Am. Chem. Soc., 103 (1981)
5021; (e) E. Lamy, L. Nadjo and J.M. Saveant. J. Electroanal.
Chem., 78 (1977) 403; () J. Fisher, T. Lehman and E.J. Heitz,
Appl. Electrochem., 11 (1981) 743; (g) P.A. Christensen, A.
Hamnett and A.V.G. Muir, J. Electroanal. Chem., 288 (1990)
197; (h) J. Desilvestro and S. Pons, J. Electroanal. Chem., 267
(1989) 207.

[2] The standard potential of the CO, /CO, couple in N,N-dimeth-

ylformamide with 0.1 M [NEt,]JCIO, as supporting electrolyte

has been estimated to be —2.2 V vs. SCE by cyclic voltamme-
try on a mercury electrode (see Ref. [1e]).

Recent reviews: (a) G. Silvestri. in M. Aresta and G. Forti

(eds.), Carbon Dioxide as a Source of Carbon, NATO ASI

Series Reidel, Dordrecht 1987, 339; (b) J.P. Collin and J.P.

Sauvage, Coord. Chem. Rev., 93 (1989) 245; (¢) G. Silvestri, S.

Gambino and G. Filardo, in Enzymatic and Model Carboxyi-

ation and Reduction Reactions for CO, Utilization, NATO ASI

Series, Vol. 314, Reidel Dordrecht, 1990, p. 101.

[4] (a) S. Meshitsuka, M. Ichikawa and K. Tamaru, J. Chem. Soc.,
Chem. Commun., (1974) 158; (b) C.M. Lieber and N.S. Lewis,
J. Am. Chem. Soc., 106 (1984) 5033; (c) M. Hammouche, D.
Lexa, J.M. Savéant and M. Momenteau, J. Electroanal. Chem.,
249 (1988) 347; (d) M. Hammouche, D. Lexa, M. Momenteau

[3

—_—

and J.M. Savéant, J. Am. Chem. Soc., 113 (1991) 8455, and
references therein.

[5] M. Tezuka, T. Yajima, A. Tsuchiya, Y. Matsumoto, Y. Uchida
and M. Hidai, J. Am. Chem. Soc., 104 (1982) 6834.

[6] (a) C.M. Bolinger, B.P. Sullivan, D. Conrad, J.A. Gilbert, N.
Story and T.J. Meyer, J. Chem. Soc., Chem. Commun., 796
(1985); (b) B.P. Sullivan and T.J. Meyer, Organometallics, 5,
(1986) 1500; (c) J. Hawecker, .M. Lehn and R. Ziessel, J.
Chem. Soc., Chem. Commun., 328 (1984); (d) R. Ziessel, Nouv.
J. Chim., 7 (1983) 613; (¢) C.M. Bolinger, N. Story, B.P.
Sullivan and T.J. Meyer, Inorg. Chem., 27 (1988) 4582.

[7] See the following reviews: (a) A. Behr (ed.), Carbon Dioxide
Activation by Metal Complexes, Verlag Chemie, Weinheim,
1988; (b) F.R. Keene, G. Creutz and N. Sutin, Coord. Chem.
Rev., 64 (1985) 247, (¢) D.J. Darensbourg and R.A. Kudaroski,
Adv. Organomet. Chem., 22 (1983) 129.

[8] A. Fakhr, Y. Mugnier, L. Roullier, R. Broussier, B. Gautheron
and E. Laviron, New. J. Chem. 12 (1988) 213.

[9] (a) H. Nabaoui, Y. Mugnier, A. Fakhr, E. Laviron, A. Antifiolo,
F.A. Jalon, M. Fajardo and A. Otero, J. Organomet. Chem., 375
(1989) 67; (b) H. Brunner, G. Gehart, W. Meier, J. Wachter, A.
Riedel, S. Elkrami, Y. Mugnier and B. Nuber, Organometallics,
13 (1994) 134,

[10] A. Antifiolo, S. Garcia-Lledo, J. Martinez de Ilarduya and A.
Otero, J. Organomet. Chem., 335 (1987) 85.

{11] A. Antifiolo, M. Fajardo, F.A. Jalon, C. Lopez-Mardomingo, A.
Otero and C. Sanz-Bemabé, J. Organomet. Chem., 369 (1989)
187.

[12] P.F. Fu, M.A. Khan and K.M. Nicholas, Organometallics, 10
(1991) 382.

{13] (a) G.S. Bristow, P.B. Hitchcock and M.F. Lappert, J. Chem.
Soc., Chem. Commun. (1981) 1145; (b) P.F. Fu, M.A. Khan and
K.M. Nicholas, J. Am. Chem. Soc., 114 (1992) 6579.

[14] B. Nuber, personal communication.

[15] H. Nabaoui, A. Fakhr, Y. Mugnier, A. Antinolo, M. Fajardo, A.
Otero and P. Royo, J. Organomet. Chem., 338 (1988) C17.

{16] G. Herzberg, Infrared and Raman Spectra of Polyactinic
Molecules, Van Nostrand, New York, 1945.

[17] D.R. Palmer and R. van Eldik Chem. Rev., 83 (1983) 651.

[18] Mono- and bi-dentate carbonato-complexes are quite common:
Carol Creutz in B.P. Sullivan, K. Krest and H.E. Guard (eds.),
Electrochemical and Electrocatalytic Reaction of Carbon Diox-
ide, Elsevier, Amsterdam, 1993, p. 24.

[19] Y. Mugnier, unpublished results.

[20] The paramagnetic niobium derivative is very unstable at room
temperature and an ESR signal is obtained only at —20°C.

[21] (@) A. Antifiolo, M. Fajardo, C. Lopez-Mardomingo, A. Otero,
Y. Mourad, Y. Mugnier, J. Sanz-Aparicio, I. Fonseca and F.
Florencio, Organometallics 9 (1990) 2919; (b) A. Antifiolo, M.
Fajardo, C. Lopez-Mardomingo, A. Otero, D. Lucas, Y. Mug-
nier, M. Lanfranchi and M.A. Pellinghelli, J. Organomet. Chem.,
435 (1992) 55; (c) D. Lucas, H. Chollet, Y. Mugnier, A.
Antifiolo, A. Otero and M. Fajardo, J. Organomet. Chem., 426,
(1992) C4; (d) H. Chollet, D. Lucas, Y. Mugnier, A. Antifiolo,
A. Otero and M. Fajardo, J. Organomet. Chem., 441 (1992) 45.

[22] P.B. Hitchcock, M.F. Lappert and C.R.C. Milne, J. Chem. Soc.
Dalton Trans., (1981) 180.



