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Abstract

The product of the synthesis of (17°:17°-(CsH;Me),)Mo0,(CO), (1) is reported as a mixture of six stereoisomers, the ratio of which
has been unambigously assigned using homonuclear two dimensional correlation spectroscopy (COSY and NOESY). The reaction
of Liy[(5°:7°-(CsH5Me),)Mo,(CO)¢] (2) with IMe yields (5°:57°-(CsH3Me),)Mo,(CO)sMe, (3) and that of 1 with I, yields
(7°:17°-(CsH;Me),)Mo,(CO)L, (4). The electrochemical behaviour of 1, 3, and 4 is reported and compared with analogous
complexes where other substituents are present on the fulvalene rings. Electronic communication through the fulvalene ligand
seems to take place in 4. The related compounds [(#°-CsH,R)Mo(CO);], (R = Me (5), H (9)), (1°-CsH,R)Mo(CO);Me (R = Me
(7), H (10)) and (°-CsH,R)Mo(CO);I (R =Me (8), H (11)) have been synthesized in order to compare their electrochemical
behaviour with the fulvalene analogous. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Bimetallic fulvalene (°:7°-C,,Hg, Fv) complexes
have centered the attention of different authors [1-6],
due to their chemical behaviour, which may signifi-
cantly differ from that shown by analogous cyclopenta-
dienyl metal mononuclear and dimer complexes. One of
the reasons for this difference may lie in the presence of
the conjugated z-system of the fulvalene, which pro-
vides a mechanism for electronic communication be-
tween the metal centers regardless of whether or not
there is a metal-metal bond, and whether the metal
atoms are in anti or syn position with respect to the
bridging ligand [7].

In spite of the comparatively few studies existing on
related fulvalene and cyclopentadienyl complexes, spec-
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troscopic evidence for electronic communication
through the fulvalene ligand has been observed in the
radical cations FvFe,(HMB);”~ (HMB = hexamethyl-
benzene) [8] and FvMn,(CO)4(u,-PPh,CH,PPh,)* [9],
and chemical evidence for this phenomenon has been
provided by the conversion of the zwitterionic com-
plexes FvMo,(CO)s;(PMe;), and FvMo,(CO)s(dmpm)
to Mo(CO);(PMe;); along with FvMo(CO),(PMe;),
and FvMo(CO),(dmpm), respectively, in the presence
of excess PMe; [10].

Of particular interest is the effect exerted by the
presence of the fulvalene ligand in electron-transfer
processes. In this sense, electrochemical evidence for
electronic communication was found in the dirhodium
system FvRh,(CO),(PPh;),, which undergoes a re-
versible, bielectronic oxidation at 0.01 Vgcg, whereas
the cyclopentadienyl complex (#°-CsHs)Rh(CO)(PPh,)
undergoes a monoelectronic oxidation at 0.43 V.
This high difference in the oxidation potentials suggests
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that the formation of the cation in the first case is
linked to a special stabilization which facilitates the
oxidation process [11]. The presence of two distinct
cathodic waves in the voltammetric reduction of
(7°:7°-(CsH;CO,Me),)Mo,(CO)I, has been recently
reported [12]. This behaviour contrasts with that
found in the halocyclopentadienyl derivatives (i°-
C;H;)M(CO);X (X =Cl, Br, I, M =Mo, W) [13,14]
whose reduction gives rise to a single voltammetric
wave, with a shape typical for an electroreduction
process connected with an irreversible chemical pro-
cess. This result is in agreement with the existence of
electronic communication between the two metal cen-
ters via the fulvalene ligand.

The objective of this work is to extend the study
to a series of closely related fulvalene and cyclopen-
tadienyl complexes. Thus, we have performed the
synthesis and the electrochemical study of the
methyl-ring substituted fulvalene complex (57%7°-
(CsH;3Me),)Mo,(CO)s (1), its lithium salt Li,[(1%:77°-
(CsH;Me),)Mo0,(CO)s] (2) and the  dimethyl
(7°:1°-(CsH;Me),)Mo,(CO)iMe, (3) and diiodine
(7°:13-(CsH;Me),)Mo,(CO)gl, (4) derivatives together
with the analogous methylcyclopentadienyl complexes
[(n>-CsHMe)Mo(CO)sl,  (5),  Lil(°-CsH,Me)Mo-
(CO);] (6) and (°-CsH,Me)Mo(CO);X (X =Me (7), I
(8)) Scheme 1.
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2. Experimental section
2.1. Reagents and general techniques

All manipulations were carried out by using standard
Schlenk vacuum-line and syringe techniques under an
atmosphere of oxygen-free Ar. All solvents for syn-
thetic use were reagent grade. 1,2-Dimethoxyethane
(DME), hexane and tetrahydrofurane (THF) were dried
and distilled over sodium in the presence of benzophe-
none under an Ar atmosphere. Also under Ar, CH,Cl,
and acetone were dried and distilled over CaH, and
CaCl,, respectively. Propylene carbonate (PC) was
stored over molecular sieves (5 A) under Ar. All sol-
vents were bubbled with Ar for 1 h after distillation and
then stored under Ar, or degassed by means of at least
three freeze-pump-thaw cycles after distillation and be-
fore use. Column chromatography was performed by
using Alfa neutral alumina at activity II. Methyl iodide
and Li(Et);BH were used as received (Aldrich). The
compounds Na(DME)CsH,Me [15], Mo(CO);(NCEt),
[16], [(#>-CsH,Me)Mo(CO)s, [17]  (5), [(#°-Cs
H,)Mo(CO)s, [17] (9), (7°-CsHs)Mo(CO);Me [18] (10)
and (73-CsH5)Mo(CO),I [19] (11) were prepared
according to literature procedures. The dimethyldihy-
drofulvalene solution was prepared by a similar proce-
dure used for the carbomethoxidihydrofulvalene [20].
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All reagents were used without further purification unless
otherwise noted; 5, 9, 10 and 11 were purified by TLC.
The "H-NMR spectra were recorded on a Bruker AMX-
300 and 500 instrument. Chemical shifts were measured
relative either to an internal reference of TMS or to
residual protons of the solvents. IR spectra were mea-
sured on a Perkin-Elmer 1650 IR spectrometer. Elemen-
tal analyses were performed by the Mycroanalytical
Laboratory of the University Autéonoma of Madrid on
a Perkin-Elmer 240 B microanalyser. Electronic spectra
were recorded on a Pye Unicam SP 8-100 UV-visible
spectrophotometer. Mass spectra were measured on a
VG-Autospec mass spectrometer for FAB or AIE by the
Mass Laboratory of the University Autéonoma of
Madrid.

2.2. Preparation of the isomer mixture of
(n°n>-(CsH;3Me),)Mo,(CO)s (1)

A sample of Mo(CO);(NCEt); (6.9 g, 20.0 mmol) in
dry degassed glyme (400 ml) was heated to reflux under
Ar. Without delay the dimethyldihydrofulvalene solution
was added via syringe in 5-ml aliquots over a period of
4 h and the mixture refluxed for an additional 21 h. After
being cooled, the entire reaction mixture was filtered
through a CH,Cl,-packed alumina column (200 g). The
column was washed with CH,Cl, and the solution was
concentrated to give a red powder; in the 'H-NMR
spectrum of this solid additional signals to those of the
fulvalene ligand are observed. The solid was redissolved
in CH,CIl, and purified by thin-layer chromatography
(TLC) using CH,Cl,/hexane (1:1) as eluent. Compound
1 was separated as a purple solid (0.9 g, 17%). [(y°-
CsH,Me)Mo(CO);], and (17°-CsH,Me)Mo(CO),I were
also obtained as red solids and were identified by IR and
'H-NMR. 1: '"H-NMR (500 MHz, CDCl,) § 5.47 (t,
2H,, J11 1o =J11_13=2.2 Hz); 5.34 (m, 1H,,, 1H;,); 5.32
(t, IHuy, J41-42=Ja1_43=2.2 Hz); 5.26 (dd, 1Hg,, Jo2 6
=1.8 Hz, Js,_¢3 = 3.0 Hz); 5.24 (dd, 1Hs,, Js5 5, =1.6
Hz, Js,_s;=3.0 Hz); 5.22 (dd, 2Hy,, Js,_g; = 1.8 Hz,
Jso_g3 =3.0Hz); 5.17(dd, 2H,,, J5»_7; = 1.7Hz, J;,_;; =
3.0 Hz); 5.02 (t, 1H,,, Jo 51 =J» 3= 3.1 Hz); 4.99 (4,
1Hyp, Jio a1 =Jp43=3.1 Hz); 4.95 (t, 1H3y, J3p 5 =
J3_33=3.1 Hz); 4.90 (t, 2H,,, Ji5_1; = J1»_13 = 3.0 Hz);
4.44 (dd, 1Hs,, J5; s, = 1.6 Hz, J5; 53 = 1.7 Hz); 4.34 (dd,
1Hg;, Jo3-61 = 1.8 Hz, J45 ¢ =3.1 Hz); 4.25 (t, 1Hg,,
Jo1-62=Js163=1.8 Hz); 422 (t, 2H;,, J7y 7p=J71 73 =
1.7 Hz); 4.17 (m, 2H 3, 2Hg,); 4.09 (dd, 1Hs;, Js5_5, = 1.7
Hz, Js; 5, =3.0 Hz); 4.07 (dd, 2Hg;, Jg3 5; = 1.8 Hgz,
Jss g =3.0Hz);4.02 (dd, 2H;, J55 7y = 1.7Hz,J5_5, =
3.0 Hz); 4.01 (dd, 2H,5, J53_», = 2.0 Hz, J,;_,, = 3.1 Hz);
3.95(dd, 1H,;, J43_41 = 1.8 Hz, J45_4, = 3.1 Hz); 3.93 (dd,
1H;;, J33 5, =1.8 Hz, J3; 3, =3.1 Hz); 2.19 (s, 3H,,
CH,), 2.18 (s, 3H,, CH;), 2.16 (s, 6H,, CHj), 2.14 (s, 6H,
CH,), 1.83 (s, 6H,, CH;), 1.79 (s, 6H,, CH5), 1.63 (s, 3H,;,

CH,), 1.62 (s, 3H,, CH;). MS: m/e 517 (M *). UV (THF)
hnax O45. Anal. Calc. for C,;H,,0,Mo,: C, 41.89; H, 2.34.

/Lmux

Found: C, 41.78; H, 2.46.
2.3. Li[(n > 5-(C5H3Me)2)M02(C0)5] 2)

A 1 M solution of Li(Et;)BH in THF (0.75 ml, 0.75
mmol) was added dropwise to a solution of 1 (0.15 g, 0.30
mmol) in THF (30 ml) at 0°C. The reaction was followed
by IR spectroscopy. During the addition period the
solution gradually changed from purple to yellow. Et;B
was removed under high vacuum along with the solvent
and gave 2 as a yellow, air-sensitive residue. "H-NMR
(300 MHz, acetone-dg) 6 5.29 (m), 5.27 (m), 5.18 (m), 5.11
(m), 5.02 (m), 4.86 (m), 4.83 (m), 4.73 (m), 4.69 (m), 4.66
(m), 4.62 (m) (a total of 36H, Fv), 2.18 (s), 2.16 (s), 2.15
(s), 2.11 (s), 2.00 (s), 1.98 (s), 1.93 (s), 1.92 (s) (a total
of 36H, Fv—CH,).

2.4. (4°n>-(CsH;Me),)Mo,(CO)Me, (3)

A solution of 2 prepared from 1 (0.15 g, 0.30 mmol)
in THF (20 ml) at 0°C was treated with methyl iodide
(39 pl, 0.60 mmol). The reaction was IR monitored. The
solvent was removed under vacuum and the product was
purified by TLC using acetone/hexane (1:2) as eluent. A
yellow residue was obtained (0.13 g, 80%). "H-NMR (300
MHz, CDCl,). 6§ 5.41 (m), 5.35 (m), 5.27 (m), 5.24 (m),
5.20 (m), 5.17 (m), 5.08 (m) (a total of 36H, Fv), 2.37 (s),
2.30 (8), 2.23 (s), 2.04 (s), 2.01 (s), 2.00 (s), 1.99 (s), 1.95
(s) (a total of 36H, Fv—CH,), 0.28 (s), 0.25 (s), 0.24 (s),
0.23 (s), 0.22 (s) (a total of 36H, Mo—CH,). UV (THF)
dmax 332 nm. Anal. Calc. for C,H,sOsMo,: C, 43.98; H,

/Lmux

3.32. Found: C, 43.86; H, 3.44.
2.5. (7755’75'(C5H3Me)2)M02(C0)612 “4)

Iodine (0.06 g, 0.24 mmol) in THF (20 ml) was added
to a solution of 1 (0.12 g, 0.24 mmol) in THF (30 ml)
with stirring. The color inmediately turned from purple
to red. The solvent was removed under vacuum and the
residue was purified by TLC using CH,Cl,/hexane (1:1)
as eluent, giving 4 as the major product (0.15 g, 85%).
'"H-NMR (300 MHz, CDCl,) 6 5.85 (m), 5.80 (m) 5.72
(m), 5.71 (m), 5.69 (m), 5.62 (m), 5.57 (m), 5.50 (m), 5.42
(m), 5.38 (m), 5.31 (m), 5.27 (m), 5.15 (m) (a total of 36H,
Fv), 2.54 (s), 2.46 (s), 2.45 (s), 2.42 (s), 2.22 (s), 2.21 (s),
2.19 (s), 2.18 (s) (a total of 36H, Fv—CH,). UV (THF)
Amax 490 nm. Anal. Calc. for C;sH,,1,0,Mo,: C, 28.08;
H, 1.57. Found: C, 27.95; H, 1.68.

2.6. Lif(°-CsH ,Me)Mo(CO),] (6)

From a solution of 5[17] (0.23 g, 0.44 mmol) in THF
(20 ml) and 1 M solution of lithium triethylborohydride
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Fig. 1. Schematic representation of six possible isomers, not including enantiomers, of (#°:77°-(CsH;Me),)Mo,(CO) (1).

in THF (1.1 ml, 1.1 mmol) and in the dark, a yellow
air-sensitive oily-residue was obtained following the
procedure described above for the preparation of 2.
'H-NMR (300 MHz, acetone-dg) J 4.89 (t, 2H, J=2.2
Hz), 4.84 (t, 2H, J=2.2 Hz), 1.97 (s, 3H).

2.7. q>-CsH Me)Mo(CO);Me (7)

From a solution of 6 (obtained from 5 [17] (0.23 g,
0.44 mmol) in THF (20 ml) and CH;I (58 ul, 0.89
mmol) in the dark, a yellow oily-residue was obtained
(0.20 g, 85%) following the procedure described above
for the synthesis of 3 using hexane as eluent. "H-NMR
(300 MHz, CDCl;) ¢ 5.16 (t, 2H, J=2.2 Hz), 5.11 (4,
2H, J=2.2 Hz), 1.94 (s, 3H), 0.26 (s, 3H, Mo—CH,).
UV (THF) A, 313 nm. Anal. Calc. for C,,H,,05;Mo:
C, 43.82; H, 3.68. Found: C, 43.69; H, 3.80.

2.8. p>-C:H,Me)Mo(CO);I (8)

The procedure described above for the preparation of
4 was used, but with 5 [17] (0.18 g, 0.35 mmol) and 1,
(0.088 g, 0.35 mmol) as reactants. The product was a
red powder (0.23 g, 87%). '"H-NMR (300 MHz, CDCl,)
05.49 (t, 2H, J=2.2 Hz), 5.38 (t, 2H, J =2.1 Hz), 2.31
(s, 3H). MS: m/e 385 (M ). UV (CH,CL,) /A,,.x 484, 310
nm. Anal. Calc. for CoH,10;Mo: C, 28.01; H, 1.83.
Found: C, 27.90; H, 1.94.

2.9. Electrochemical measurements

A computer-driven PAR Mo. 273 electrochemistry
system with positive feedback IR compensation was
employed. Measurements were carried out in a three
electrode cell under N, atmosphere in anhydrous de-
oxygenated propylene carbonate (PC) containing 0.2 M
tetrabutylammonium hexafluorophosphate (TBAPF)
as supporting electrolyte. Temperature was maintained
constant at 25°C. Cyclic voltammetry studies were
made on a polycrystalline Pt working electrode (0.05
cm? real surface area, as calculated in a separate exper-

iment through the H-adatom charge in 0.5 M H,SO,
solution [21]). The counterelectrode was a Pt gauze.
The reference electrode was an Ag wire quasi-reference
electrode (QRE), pre-treated by immersion in 10 M
HNO; for 5 min before use. Ferrocene (Fc) was used as
an internal standard, and all potentials in this paper
were referred to the Fc* /Fc couple, as [UPAC recom-
mends [22]. When Fc caused wave overlapping, it was
added to the solution immediately after a short series of
experiments. Controlled potential coulometry studies
were made on a large area Pt working electrode.

3. Results and discussion
3.1. Synthesis and spectroscopic properties

We have prepared a dimethyldihydrofulvalene solu-
tion by a similar procedure to that described by Del-
gado et al. [20] for the synthesis of a dicarbo-
methoxidihydrofulvalene solution. By reaction of this
solution with Mo(CO);(NCEt); complex 1 has been
obtained as a mixture of six possible stereoisomers (Fig.
1). The reaction of 1 and LiEt;BH in THF at 0°C
leads to the dianion salt 2, which reacts with Mel to
afford the dimethylated complex 3 in high yield. The
diiodine complex 4 has been prepared from 1 and I, in
THF.

The IR data of the complexes are listed in Table 1.
The spectrum of 1 shows four absorption bands in the
range 2100—1800 cm ~! associated with terminal Mo—
CO stretching (veo) modes, and the four bands ob-
served in the spectrum of 2 are largely shifted to lower
energies, due to a strong back donation from the metals
to the CO ligands, as a consequence of the anionic
nature of 2. The dimethyl 3 and diiodine 4 derivatives
show two IR terminal vo bands, at 2010, 1926 cm —!
and 2033, 1962 cm !, respectively, which are indicative
of C, symmetry around each metal atom. The struc-
tures of 2, 3 and 4 are expected to be similar to that of
(7°:7°-(CsH,CO,Me),)Mo0,(CO)(I, in which the fulva-
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lene rings are planar [12]. In all these ring-dimethylated
fulvalene complexes the v, bands appear at lower
frequencies than the corresponding band in the fulva-
lene [23] and dicarbomethoxyfulvalene [12,20] ana-
logues. The trend observed in these veo [24] is
CO,MeFv > Fv > MeFv in accordance with an increase
in the electronic density on the metal atom as the
electron-donating capacity of the fulvalene ring sub-
stituent increases.

In the '"H-NMR spectra of these complexes (mixture
of six possible stereoisomers), eight separate methyl
singlets are observed in the 2.5-1.6 ppm range, as
expected if all different methyl signals were resolved.
This mixture of isomers should exhibit 24 resonances
due to fulvalene ring protons. In the spectrum of 1 22
signals are observed in the 5.5-3.9 ppm range, however
there is a considerable overlap of these resonances in
the spectra of 3 and 4, presumably due to a higher
molecular symmetry as a consequence of the metal—
metal bond rupture. We have assigned unambiguously

Table 1
IR spectroscopic data for the complexes 1-11 (cm~!, THF)

No. Compound veo (em~1)

1 (n>:n°- 2012 (vs), 1955 (s), 1926 (vs), 1908
(CsH3Me),) (s),1983 (w)
Mo,(CO),

2 Liy[(5°:7°- 1890 (vs), 1802 (vs), 1775 (sh), 1712 (s)
(CsH;Me),)
Mo,(CO)¢]

3 (n>:n°- 2010 (s), 1926 (vs)
(CsH3Me),)
Mo,(CO)sMe,

4 (n>:n>- 2033 (vs), 1962 (vs)
(CsH;Me),)
Mo,(CO)¢l,

5 [(17°-CsH,Me) 2008 (m), 1952 (vs), 1909 (vs)
Mo(CO);],

6 Li[(7°-CsH,Me) 1902 (vs), 1804 (vs), 1778 (sh), 1716 (s)
Mo(CO),]

7 (7°-CsH,Me) 2013 (s), 1924 (vs)
Mo(CO);Me

8 (n°-CsH,Me) 2036 (vs), 1952 (vs)
Mo(CO),l

9 [(7°-CsHs) 2011 (m), 1954 (vs), 1911 (vs)
Mo(CO);],

10 (n°-CsHs) 2016 (vs), 1926 (vs)
Mo(CO);Me

11 (7°-CsHs) 2042 (vs), 1967 (vs)
Mo(CO),l

the protons of the methyl groups and fulvalene rings of
the six isomers of 1 by using homonuclear two-dimen-
sional correlation spectroscopy (COSY, NOESY) [25]
(Fig. 2). The ratio of d, I (a), meso (b), d, 1 (c), d, 1 (d),
d, 1 (e), meso (f) was found to be 6:9:35:28:11:11 on the
basis of integrals.

Similar reactions to those described above with the
dimethylfulvalene complex (1) have been carried out
with [(7°-CsH,Me)Mo(CO);,], (5) in order to obtain the
mononuclear complexes Li[(1°-CsH,Me)Mo(CO);] (6)
and (7°-CsH,Me)Mo(CO);X (X =Me (7), I (8)). The
IR spectrum of 6 shows four v-o bands (Table 1) at
lower frequencies than those of 5 [26] as expected. The
methyl 7 and iodine 8 derivatives show two terminal
veo bands at 2013, 1924, 2036 and 1952 cm ~ !, respec-
tively, in agreement with the cyclopentadienyl
analogous compounds (1°-CsHs)Mo(CO);X (X = Me
(10), I (11)) [18]. The 'H-NMR spectra of 6, 7 and 8
each display two triplet signals (A,X, pattern) due to
four cyclopentadienyl hydrogens and a singlet arising
from the three protons of the cyclopentadienyl methyl

group.
3.2. Electrochemical studies

3.2.1. Electrochemistry of the fulvalene derivatives 1—4

The voltammetric reduction of 1 in PC (Fig. 3) gives
rise to a single cathodic peak. At 0.1 V s~! the peak
potential, £, is —1.44 V versus Fc™ /Fc and the peak
current function, i,,/C, is 120 mA cm~> M~ A
reduced species is formed which can be reoxidized upon
scan reversal at a much more positive potential, E,, =
—0.54 V. The reduction of 1 is bielectronic, as deter-
mined by controlled potential coulometry at — 1.75 V.
The function 7., depends linearly on v'”* (v = scan rate)
in the 0.01 Vs~ !<v <1V s~! range, whereas a plot
of E,. versus log v is linear for v up to 1 Vs~ '. From
the slope of this plot (50 mV decade —'), the transfer
coefficient an, corresponding to irreversible charge
transfer can be calculated as 0.60 [27]. This value is
consistent with that obtained from the peak width [27]
(Epe—Epe)p =85 mV), an, = 0.56.

The voltammetric behaviour is analogous to those of
related compounds FvMo,(CO), [20,28] (12) and
(7°:7°-(CsH;CO,Me),)Mo0,(CO)¢ [20] (13). Thus, the
reduction of 1 must also follow an ECE-type mecha-
nism in which the first step is rate determining and
consists of the addition of an electron that destabilizes
the Mo—Mo bond. A relaxation of the molecule geome-
try through an increase in the Mo—Mo distance fol-
lows; this yields an anion radical easier to reduce than
1, so that a second electron transfer readily takes place.
The final product of the reduction process is the dian-
ion 12—, in which there is no Mo—Mo bond. The
identity of the final reduced species as 12~ is further
confirmed by the voltammetric oxidation of Li,[(37%:7°-
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(CsH,Me),)Mo,(CO),], which contains the same anion
and is oxidized in PC at —0.54 V (v=0.1 V s~ 1), the
same E,, found in the reoxidation of the reduction
product of 1.

The voltammetric oxidation of 1 (Fig. 4) originates
an irreversible wave at E,, = +04 V (v=0.1 V s~}
preceded by a prewave at ca. 0.2 V which disappears in
the second and subsequent cycles for v>0.02 V s~ 1,
The oxidation characteristics are analogous to those
found for 12 [20,28] and 13 [20], and the process must
correspond to the removal of electrons from orbitals
that are primarily ligand-localized [20]. The prewave
has been interpreted as being due to the formation of
an adsorbed species on the electrode surface.

The influence of the substituents of the fulvalene
rings on E,. and E,, is shown in Table 2. The E values
obtained for a solution of 1 in PC have been compared
with those for solutions of 12 and 13 in the same
experimental conditions. E,. shifts towards more nega-
tive potentials when the substituents (R) change from
CO,Me to H to CH;. This result is in agreement with
the electron-withdrawing or electron-donating proper-
ties of R. A similar trend is found for E_,. Now, the
CH; substituent makes the removal of electrons from 1
easier, i.e. E,, is less positive. In the CO,Me-substituted
compound, where two isomers could be isolated [20] (a
and b, see Fig. 1), E,, was found to depend on the
stereoisomer (0.65 and 0.56 V, respectively). In the

ppm
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Fig. 2. NOESY experiment for (17%:4°-(CsH;Me),)Mo,(CO)4 (1) in CDCl,.



|

M.-L. Marcos et al. / Journal of Organometallic Chemistry 568 (1998) 185-196

ppm

(b)

&

J&

3.8

3.9

4.0

4.1

4.2

~4.3

4.4

-4.5

4.6

4.7

4.8

4.9

=5.0

5.1

5.2

5.3

5.4

5.5

Frreeey T T T
56 55 54 53 52 5

T
A

T T

50 49 4

T T T T
8 47 46 45 4

T T f T

4 43 42 44

Fig. 2. (Continued)

T T
40 39 3

T

8

56
ppm

191

same way, 1 is a mixture of six stereoisomers, and
different E_, should be expected. However, a single
peak is observed in the voltammogram. This result
must be due to the comparatively smaller shift in £,
provoked by the presence of the CH; substituent in
comparison with that found when R = CO,Me is the
substituent. It is likely that each stereisomer in 1 origi-
nates a different E_,, but the individual contributions
cannot be resolved under the experimental conditions
used, due to their close proximity.

Compounds 3, 4 do not contain a Mo—Mo bond, so
that their electrochemical behaviour differs from that of
1. The reduction of 3 originates as a single, poorly
resolved, cathodic peak atca. —2.25V (v=0.1 Vs

whilst that of 4 gives rise to two distinct cathodic waves
(Fig. 5). The peak potentials, £, and E,,, are — 1.41
and —1.63 Vatv=0.1Vs~! respectively. Coulome-
try at —2.1 V shows that the overall reduction of 4 is
a four-electron process, and the almost equal height of
the two cathodic waves at low v (i,,/C = 140 mA cm ~*
M~!at 0.1 Vs—')indicates that each of them involves
a two-electron transfer. (57°:7°-(CsH;Me),)Mo,(CO)Z~
(127) and 1~ are the final products of the reduction of
4. Upon scan reversal, 12~ oxidizes to the Mo—Mo
bonded compound 1 at —0.54 V, whilst I ~ is oxidized
at 0.08 V, as confirmed by the addition of an authentic
sample of KI to the solution. When the anodic scan
following the reduction of 4 is extended to ca. 1 V,
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Fig. 3. Cyclic voltammogram for the reduction of a 1.26 x 1073 M
solution of 1 in PC containing 0.2 M TBAPF, at 0.1 Vs~ ! and 25°C.
The first (—) and second (---) scans are shown.

additional peaks appear (Fig. 5). Two peaks at 0.63 and
0.86 V correspond to the oxidation of 4 and will be
discussed later. A small peak at 0.4 V is also clearly
distinguishable, and corresponds to the oxidation of 1,
which has been formed during the anodic sweep by the
reoxidation of 1>~ at —0.54 V. The two reduction
waves of 4 are completely irreversible at low and mod-
erate v. However, when v >2 V s~ !, an oxidation peak
coupled to the less cathodic wave can be observed (Fig.
6). The ratio i,,:i,. approaches 1 as v increases; at the
same time, the intensity of the most cathodic reduction
peak decreases relative to that of the less negative one.

The reduction behaviours of 3 and 4 are similar to
those of (1%#°-(CsH;CO,Me),)Mo,(CO)s(CH;), (14)
and (1%7°-(CsH;CO,Me),)Mo,(CO)l, (15), respec-

£. | | ] | =
00 05 10
E (Vvs Fc'/Fc)

Fig. 4. Cyclic voltammogram for the oxidation of a 1.26 x 1073 M
solution of 1 in PC containing 0.2 M TBAPF, at 0.1 Vs~ ! and 25°C.
The first (—) and second (---) scans are shown.

tively, whose electrochemical study in different solvents
has been reported from this laboratory [12]. The reduc-
tion mechanisms of both species are still unclear, as the
information gained from the mostly irreversible cyclic
voltammograms is limited. Tetranuclear species such as
reported by Astruc et al. [29] could be involved in the
reduction process. The presence of two distinct cathodic
waves in the case of 4 can be interpreted as due to
electronic communication through the fulvalene ligand.
If the two redox centers in 4 were completely non-inter-
acting and independent of each other, a single cathodic
wave would be expected, as each center would behave
in a way similar to compound 8 (see below).

In the electrochemical oxidation of 4, two irreversible
peaks (Fig. 5, dashed line) are observed at + 0.63 and
+0.86 V (v=0.1 Vs—!). No coupled cathodic peaks
were recorded even at v as high as 80 V s—!, which is
in agreement with the existence of fast linked chemical
reactions in solution. The peak current function i,./C of
the first peak can be estimated as ca. 140 mA cm 2
M~-!at v=0.1 V s~ . At faster v the two anodic
processes are best resolved, and the height of the sec-
ond peak is about half that of the first one (Fig. 7).

The  electrochemical  oxidation  of  (y%#°-
(CsH;CO,Me),)Mo,(CO)gl,, 15 [12], leads to just one
anodic peak when working in PC solution, whereas two
peaks appeared when the solvent was acetonitrile. Sev-
eral explanations can be postulated for the different
behaviour of 4: (a) an effect of the nature of the
substituent, which not only influences the value of E_,,
but also is able to change the oxidation mechanism; (b)
an effect of the position of the substituent. Complex 15
was prepared from an isolated isomer of 13 (b) in which
both CO,Me were on an «-C atom. On the contrary, 4
has been prepared from the isomer mixture 1, and thus
the substituents are both on «-C and f-C atoms. It is
feasible that this may play a significant role in the
oxidation of compound 4. More work is in progress in
order to ascertain the whole mechanism of the oxida-
tion process.

A comparison of the peak potential data between 3
and its analogue 14, and 4 and its analogue 15 is
afforded in Table 2. The trend is similar to that found
for the Mo—Mo bonded 1 and its analogues. Thus,
both E,. and E,, shift towards more negative values
when the electron-withdrawing CO,Me substituents are
replaced by the electron-donating CH;. The amplitudes
of the E, shifts are very close to those found for the
Mo—-Mo bonded compounds.

3.3. Electrochemistry of the cyclopentadienyl dimer
derivative 5

The voltammetric reduction of  [(#°-CsH,-
Me)Mo(CO),],, 5, takes place through a single catho-
dic wave at E,, = —1.58 V (v =0.1 Vs~ "). The reduced
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Table 2

Peak potential values in PC at v=0.1 Vs~! for the reduction and oxidation processes

Compound R No. E,. (V vs. Fc*[Fc) E, . (V vs. Fct/Fc)
(7°:17°-(CsH3R),)Mo0,(CO), Me 1 —1.44 +0.40

H 12 —1.40 +0.44

CO,Me 13 —1.20 +0.65% +0.56°
(7%:°-(CsH3R),)M05(CO) Me, Me 3 ~225

CO,Me 14 —1.90
(7°:17°-(CsH3R),)Mo0,(CO),l, Me 4 —1.41 and —1.63 +0.63 and +0.86

CO,Me 15 —1.20 and —1.50 +0.83
[(75-CsH,R)Mo(CO)s], Me 5 —1.58 £0.45

H 9 —1.55 +0.52
(7°-CsH,R)Mo(CO);Me Me 7 243 40.50

H 10 —2.36 +0.54
(7°-CsH,R)Mo(CO),1 Me 8 —1.57 40.63 and +0.95

H 11 —1.51 +0.67 and +0.89

2Tsomer a. ®Isomer b.

species is reoxidized in a subsequent anodic scan at
E,,= —0.55 V (Fig. 8). The function 7,/C (150 mA
cm~?>M~'at0.1 Vs—')linearly depends on v'/? in the
0.01 Vs '<v<2 Vs 'range. At the same time, E,,
shifts with v, and the plot of E,. versus log v is linear
for v up to 2 V s~ !. From the slope of this plot (80 mV
decade — '), the transfer coefficient an, can be calculated
as 0.38. The reduction involves a bielectronic process,
as indicated by controlled potential coulometry at —
2.1 V. The reduced solution (yellow) could be reoxi-
dized upon passage of ca. 2 F mol~! to the original
material 5 (red—orange).

The voltammetric behaviour of 5 resembles that
of [(73-CsH5)Mo(CO);),, 9, previously reported [30].
Thus, the bielectronic reduction of 5 must also proceed
by a similar ECE-type mechanism ([30]b). A first rate
determining electron transfer involves the weakening
of the Mo—Mo bond and is followed by a fast homo-
geneous bond-breaking reaction vyielding [(7°-CsH,
Me)Mo(CO);] ~ and (°-CsH,Me)Mo(CO),. The latter
radical is easier to reduce than 5, so that another
electron is immediately added to this species, and a
single bielectronic cathodic peak is observed. The mech-
anism is confirmed by the electrochemical behaviour of
6, the lithium salt of [(#°-CsH,Me)Mo(CO);] ~. In PC,
6 is oxidized at —0.55 V, i.e. the same value for E,
found for the reoxidation of the reduction product of 5.
The reoxidation of [(17°-CsH,Me)Mo(CO),] ~ yields 5
according to a well precedented EC path ([30]b) consist-
ing in an electron transfer that yields the radical (7°-
Cs;H,Me)Mo(CO); followed by dimerization to 5.

The voltammetric oxidation of 5 gives rise to an
irreversible peak at E, = 0.45 V (i,./C =340 mA cm >
M~ 'at 0.1 Vs—1). This wave seems to be associated to
a cathodic process at — 0.9 V. For the related com-
pound 9, Kadish et al. ([30]b) suggested an ECE-type

oxidation mechanism which, in the present case, would
involve Egs. (1-3):

[(7°-CsHMe)Mo(CO)s],

—[(7°>-CsH,Me)Mo(CO)s;" + e~ (D
[(7°-CsH,Me)Mo(CO)5],f

- [(7°-CsH,Me)Mo(CO),] ™ + (1 5-C5H4M6)M0(CO)(3‘2)
(7°-CsH,Me)Mo(CO),

= [(7°-CsH,Me)Mo(CO),] * + e~ 3)

03|

[l 1 1 1 1 1 1

20 -15 -10 -05 00 0.5 1.0
E (V vs Fct/Fc)

Fig. 5. Cyclic voltammograms of a 1.11 x 10 =3 M solution of 4 in
PC containing 0.2 M TBAPF, at 0.1 V s~ ! and 25°C. Scans started
at — 0.6 V in the cathodic direction (—) and in the anodic direction

().
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1 1 1 L 1 . 1
-2.0 -1.5 -1.0 -0.5
E (V vs Fc*/Fc)

Fig. 6. Cyclic voltammogram for the reduction of a 7.3 x 10=% M
solution of 4 in PC containing 0.2 M TBAPF, at 2 V s~ ! and 25°C.
Scan started at — 0.6 V in the cathodic direction.

Within the experimental conditions of this work, the
first oxidation wave at 0.45 V is followed by a second
and less intense one at 0.61 V which does not have a
coupled reduction peak (Fig. 8). This latter peak could
be due to a further oxidation of [(5°-
CsH,Me)Mo(CO);]* or of another product resulting
from a fast chemical reaction involving the monoca-
tion. A reduction wave at —0.71 V seems to be associ-
ated to this process. Kadish et al. ([30]b) did not report
a second oxidation process for 9, which can be due to
the fact that they did not work in the same solvent. The
oxidation of 9 in PC was also studied in the present
work. It has been found that a first oxidation peak at
0.52 V, similar to that reported ([30]b), is followed by a
second peak at 0.69 V. Table 2 assembles the values of
E, and E, for 5 and 9 obtained under the same
experimental conditions. They are more negative when
the electron-donating substituent CH, is present, as
expected. The amplitudes of the potential shifts are
comparable to those found with 1 and 12.

08 -

1 (mA cm-2)
o o
NS B
T T
1 1

o ¢
o
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02 F _
I 1 I n I " 1 1 I
-1.0 -0.5 0.0 0.5 1.0

E (V vs Fc*/Fc)

Fig. 7. Cyclic voltammogram for the oxidation of a 7.3 x 10 =% M
solution of 4 in PC containing 0.2 M TBAPF; at 5 V s ! and 25°C.
Scan started at — 0.6 V in the anodic direction.

20 -15 -10 05 0.0 0.5 1.0
E (V vs F¢*/Fc)

Fig. 8. Cyclic voltammograms of a 8.8 x 10 ~* M solution of 5 in PC
containing 0.2 M TBAPF, at 0.1 V s~ ! and 25°C. Scans started at
— 0.8 V in the cathodic direction (—) and at — 0.5 V in the anodic
direction (---).

3.4. Electrochemistry of the cyclopentadienyl derivatives
7-8

The reduction of (17°-CsH,Me)Mo(CO);Me, 7, in-
volves a cathodic wave at a very negative potential,
E,.= —243Vatv=0.1 Vs ' (Fig. 9 and Fig. 10).
The reduced species formed reoxidizes upon scan rever-
sal at —0.55 V. A second cycle run immediately after
the first one shows the appearance of a new cathodic
peak at —1.58 V (0.1 V s—') which can be unam-
bigously identified as due to the reduction of the dimer
5. The voltammetric features and literature data [31]
seem to indicate that the reduction of 7 takes place
according to an EC scheme consisting in a first electron
transfer followed by the breakage of the Mo—C bond

D6
| | | | |
25 20 -5 -10 95 0.0
E (VvsFc'IFe)

Fig. 9. Cyclic voltammogram of a 1.6 x 10 ~3 M solution of 7 in PC
containing 0.2 M TBAPF, at 0.5 V s ~! and 25°C. The first (—) and
the second (---) scans are shown. Scan started at —0.7 V in the
cathodic direction.
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04

E (V vs Fct/F¢)

Fig. 10. Cyclic voltammograms of a 1.6 x 10~3 M solution of 7 in
PC containing 0.2 M TBAPF at 0.1 V s~ ! and 25°C. Scans started
at —0.7 V in the cathodic direction (—) and at —0.5 V in the
anodic direction (---).

to yield (7°-CsH,Me)Mo(CO);- and CH;. The CH,
radical evolves to CH;CH; or CH, [31], whereas (1°-
CsH ,Me)Mo(CO); oxidizes upon scan reversal at —
0.55 V, yielding 5. This is confirmed by a reduction
peak corresponding to 5 in the second cycle
voltammogram.

The voltammetric oxidation of 7 gives rise to an
irreversible wave with E,, = 0.50 V (Fig. 10). The ab-
sence of a coupled cathodic peak indicates the existence
of fast follow-up homogeneus chemical reactions. The
current density measured seems to indicate a two-elec-
tron process, since the height of the oxidation peak is
ca. twice that of the reduction peak, when adequate
corrections for the baseline are made.

The electrochemical behaviour of 7 can be compared
with that of (3-CsHs)Mo(CO);Me, 10, which was pre-
pared in order to obtain data in the same solvent. The
voltammetric features of 10 in PC are similar to those
of 7, both for the reduction (irreversible monoelectronic
wave at —2.36 V) and for the oxidation (irreversible
two-electron wave at + 0.54 V). In the reduction pro-
cess, the anion (°-CsH5)Mo(CO); is formed. This
reoxidizes upon scan reversal to (1°-CsHs)Mo(CO)s,,
which readily dimerizes. The second cycle voltam-
mogram shows then a reduction wave at — 1.55 V
corresponding to the dimer 9. Values in Table 2 show
that the effect of the CH; substituent is a negative shift
of E,. and E,,. Interestingly, the amplitude of the shift
in E, is larger than in 1-12 and 5-9, where the
reduction processes take place at primarily metal-local-
ized orbitals, and concern the Mo—Mo bonds. On the
other hand, the reduction of 7 and 10 is related to the
Mo-C bond, and the energy of the orbitals where the
electrons must enter seems to be more influenced by the
substituents in the Cp ring.

The electrochemical behaviour of 8 was also investi-
gated (Fig. 11). Reduction involves a single, completely

irreversible, cathodic wave at E,,= —1.57 V (v=0.1 V
s, i,./C =148 mA cm > M~ ). Coulometry indicates
that the process is a two-electron transfer. Upon scan
reversal, the reduction product is oxidized at —0.55 V
(the same E,, as for the oxidation of 6). The function i,
depends linearly on v'/2in the 0.01 Vs~ !<p <2 Vs~!
range. E,. systematically shifts with v and, from the
linear E,. versus log v plot (slope =80 mV decade™),
an, = 0.38.

Complex 8 is closely related to (1°-CsHs)W(CO),X
(X =Cl, Br, I), which were electrochemically studied
under the same experimental conditions in this labora-
tory [14], and the voltammetric features of 8 are similar
to those observed for the latter compounds. Thus, the
bielectronic reduction of 8 must follow an ECE type
mechanism analogous to that of Egs. (3-5) in ref. [14],
ie. electron transfer to 8, Mo—1I bond breaking to yield
I~ and a (33-CsH,Me)Mo(CO), radical, and final elec-
tron transfer to the latter. The product, (#°-
C;H,Me)Mo(CO);, is oxidized to 5 at — 0.55 V upon
scan reversal. A small anodic peak at 0.45 V is also
clearly observed (Fig. 11), and can unambiguously be
attributed to the oxidation of 5. The peak at 0.07 V in
Fig. 11 corresponds to the oxidation of I, as confi-
rmed by the addition of an authentic sample of KI to
the solution.

The oxidation of 8 takes place at +0.63 V (v=0.1 V
s™!, i,/C=102 mA cm > M~ "). At low v, the anodic
wave is completely irreversible (Fig. 11); however, at
v>5V s~ a coupled cathodic peak is observed, and
ine/ip, approaches one as v increases (Fig. 12). A second
oxidation process, with no coupled cathodic wave even
atv=80V s~ ! appearsat +095Vatv=0.1Vs~'
The height of the first oxidation peak, and the reported
results on related compounds [14,32] indicate that it
involves one-electron transfer to yield 8 7. The latter
suffers a follow-up chemical reaction which is not too

[l " 1 1 1 1 1 L 1 L 1 N 1
20 -15 -0 05 00 05 10
E (V vs Fc*/Fc)

Fig. 11. Cyclic voltammograms of a 4.1 x 10 =3 M solution of 8 in
PC containing 0.2 M TBAPF; at 0.1 V s~ ! and 25°C. Scans started
at — 0.6 V in the cathodic direction (—) and at —0.5 V in the
anodic direction (---).
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L 1 1 1 1 I 1 1 L
-0.5 0.0 0.5 1.0 1.5
E (V vs Fc*/Fc)

Fig. 12. Cyclic voltammograms of a 4.1 x 103 M solution of 8 in
PC containing 0.2 M TBAPF, at 10 V s~ ! and 25°C. Scans started
at —0.7 V in the anodic direction.

fast in the time scale of the cyclic voltammetry experi-
ment, as the presence of a coupled reduction peak for
v>5 V s~ ! indicates. For the above mentioned (#°-
Cs;H;)W(CO);X (X =Cl, Br, I) [14], the corresponding
cations were too unstable to detect any sign of re-
versibility even at 80 V s—'. However, when one of
the CO ligands was replaced by the bulky PCy;
(Cy = C¢H,)) in (5°-CsH5)W(CO),(PCy,)I, the 17-elec-
tron cationic species was greatly stabilized, and a cou-
pled cathodic peak was observed at a scan rate as low
as 0.02 V s—!'. For the related compounds (y°-
C;H;)Mo(CO);X (X =Cl, Br, I), monoelectronic irre-
versible oxidation waves were found in acetonitrile,
but the oxidation of the iodine compound was re-
versible at 5 V s~ ! in DCM [32]. As the solvent
seems to take a significant part in the stabilization of
the cation, we have also prepared (y°-
C;H5)Mo(CO),I, 11, and studied its electrochemical
behaviour in PC. The voltammetric features of 11 are
similar to those of 8, as expected, but the presence of
a coupled cathodic peak in the oxidation process can-
not be detected until v is 10 V s—! or faster. Thus,
the CH,; substituent in 8 involves a slight stabilization
of the corresponding 17-clectron 8 species as com-
pared to 117+, and this result can be attributed to the
electron-donating character of CH;. Table 2 shows
the effect of the substituent on E,. and E,,. A trend
towards more negative values is observed when R=H
is replaced by R=CHs,.
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