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Reactivity of 17- and 19-electron organometallic complexes.
Formation of bent sandwich 19-electron radical cation

complexes of ruthenium and osmium
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The redox behavior of sandwich indenyl complexes of the general formula (n3-CoH;)ML
(M = Ru and L = n’-CoHj; (1), #5-CsHs (2), n°-CsMes (3); M = Os, L = 15-CoH; (4))
has been studied in THF, MeCN, and CH,Cl, by cyclic voltammetry and controlled
potential electrolysis on a Pt electrode in the —85 to +20 °C temperature range. The title
complexes have been found to undergo reversible one-electron oxidation to the correspond-
ing radical cations, whose stabilities and reactivities depend on the nature of both the metal
and n-ligands and of the nucleophilic properties of the solvent. The fast interaction of the
electrogenerated 17-electron radical cations with nucleophiles yields bent sandwich 19-elec-
tron radical cations, [(n5—C9H7)M(L)(Nu)]+' (Nu = CI, MeCN, or THF), the latter
undergoing one-electron oxidation to the corresponding [(n3-CgH7)M(L)(Nu)]?* dications.
In the case of Nu = THF, the reaction of the electrogenerated 17-electron radical cations
with nucleophiles appears to be reversible. Radical cations [(n3-CgH7),M]** (M = Ru, Os)
have been characterized by ESR spectra.

Key words: ruthenium and osmium complexes, cyclic voltammetry, electrochemical

reactions.

The electrochemical oxidation of bis-cyclopentadienyl
compounds and their decamethyl-substituted homologs
is most studied for the series of sandwich complexes of
iron group metals with n’-coordinated ligands.1»2 The
reactivity of 17-electron radical cations formed as pri-
mary products upon this oxidation depends on the na-
ture of both the metal atoms and w-ligands and deter-
mines the mechanism of electrooxidation of these com-
plexes. The study of redox reactions of sandwich com-
plexes of iron group metals with other n*-coordinated
ligands, in particular, polycyclic ligands, was only casual.
For example, the potentials of the electrochemical oxi-
dation of iron3—5 and ruthenium® n3-indenyl and
nd-fluoreny! complexes are known. Some reactions of
17-electron radical cations have been studied, with
dibenzoferrocene as an example.$5 However, the data
available do not allow one to perform comparative analy-
sis of the main regularities of redox reactions of sand-
wich complexes of iron group metals with n’-coordi-
nated polycyclic ligands. To solve this problem using
n’-indenyl complexes as an example we have studied
the electrochemical behavior of complexes of the gen-
eral formula (n3-CyoH;)ML, where M = Ru, L =
n°-CoH; (1), w°-CsHs (2), n5-CsMes (3); M = Os,
L= n5—C9H7 (4), by cyclic voltammetry and prepa-

rative controlled potential electrolysis in media of aprotic
solvents with various coordination abilities (THF,
CH,Cl,, and MeCN).

Results and Discussion

Two diffusionally controlled anodic one-electron
peaks are observed on cyclic voltammograms of ruthe-
njum and osmium indenyl complexes 1—4 obtained on
a Pt electrode in CH,Cl, in the temperature range from
—80 to 20 °C (Fig. 1, a, Table 1). The first peak has
the corresponding cathodic response (AE, = Ep—E° =
60 mV, L2/ =1, 20 °C; EzR, 12, EyF, [,° are the
potentials and the heights of the anodic and cathodic
peaks), which testifies to the chemical and electrochemi-
cal reversibility of the oxidation of the initial complexes
to the corresponding 17-electron radical cations.* The

* The degree of chemical reversibility of oxidation (i.e., the
stability of radical cations formed) depends on the nature of
the ligand and metal and on the experimental conditions. For
example, reversible oxidation of 1, 2, and 4 is observed at
room temperature, while complex 3 is oxidized reversibly only
at 7< —20 °C.
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preparative oxidation of the above methioned com-
plexes, studied using complex 1 as an example, is ac-
companied by the consumption of 1 F mol™! of elec-
tricity and results in the formation of a dark-green
solution of a paramagnetic complex, which is stable in
an argon atmosphere for several hours and is character-
ized by its ESR spectrum (g, = 2.622, g; = 1.990). The
reduction of the oxidized solution results in the regen-
eration of complex 1 in a high yield (85—90 %). The
oxidation of 17-electron radical cations at the potentials
of the second anodic peak is irreversible at temperatures
down to —80 °C, which follows from the absence of the
corresponding cathodic responses in the temperature
range studied. This indicates that 16-electron dications
are extremely unstable even in such a weakly coordinat-
ing solvent as CH,Cl,. Thus, the oxidation of complexes
1—4 in CH,Cl, can be presented by Scheme 1.

Scheme 1

(N5-CoHIML === [(n3-CgHy)MLI** —=» [(n5-CgHy)MLJ2*

(18 ) (17 e) (16 e)

The mechanism of electrooxidation of complexes
1—4 changes substantially on going from CH,CI, that
almost does not manifest nucleophilic properties (DN =
0 7) to comparatively strongly coordinating solvents. For
example, in MeCN all complexes studied undergo the
one-step two-electron irreversible oxidation rather than
one-electron oxidation (Fig. 2, see Table 1). The ca-
thodic peaks corresponding to the reduction of the
products of the two-electron oxidation of complexes
1-—4 appear on the reverse branch of the potential scan
of the cyclic voltammograms of the compounds studied
in MeCN. This unambiguously indicates that the solvent
takes part in the electrodic reaction. Similar effect caused

Table 1. Oxidation potentials E° (V, relative to SCE) of
ruthenium and osmium sandwich L;ML, complexes with
n3-indenyl and n3-cyclopentadienyl ligands in various solvents

Com- L, M L, Solvent
plex CH,Cl, THF, MeCN,
0/+ /248 072+ 0/2+¢
1 CoH; Ru CgH; 055 1.00 061 0.58
2 C¢H; Ru CsHs 077 111 069  0.77
3 CgH; Ru CsMes 053 095 060 055
4 CyH;, Os CgH; 043 113 0479 047
CHs Ru CsHs; 09913 — 0.93¢,14 —
CsMes Ru  CsMes 0.532  1.15 0639 —

@ Irreversible one-electron oxidation, potential of the peak.
b Reversible two-electron oxidation. ¢ Irreversible two-elec-
tron oxidation, potential of the peak. ¢ Reversible one-electron
oxidation.
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Fig. 1. Cyclic voltammograms of complex 1 (Pt electrode,
V=200 mV s, T= 20°C) in CH,Cl,/0.1 mol L} of
BuyNPF¢ (a) and CH,Cl,/0.1 mol L™! of BuyNPFg in the
presence of a fivefold excess of CI™(E{;PhCH,NCI) (5).

by the participation of a solvent has been observed
previously for the oxidation of (n°-CgH3;Me;)W(CO),.8

The electrochemical behavior of complexes 1—4 was
studied in THF to elucidate the mechanism of the
reaction of nucleophiles in the process of electrooxidation
of these complexes. Although THF is more nucleophilic
(DN = 20.0 7) than MeCN (DN = 14.4 7), the latter,
as known, reacts readily with electrophiles. The high

Il 1 L i I 1
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Fig. 2. Cyclic voltammogram of complex 1 (MeCN/0.1 mol L}
of Buy,NPFj).
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Fig. 3. Cyclic voltammograms of complex 1 (THF/0.05 mol L™!
of BuyNPF) at different temperatures.

reactivity of MeCN can be associated with a small size
of its molecule.

Diffusionally controlled two-electron anodic peaks
are observed on the cyclic voltammograms of complexes
1—3 on a Pt electrode both in THF and MeCN. How-
ever, unlike MeCN, the two-electron oxidation of the
complexes studied in THF at room temperature occurs
reversibly. This follows from the corresponding equal
cathodic responses (AE, = 60 to 80 mV, 12/1° = 1,
20 °C) on the cyclic voltammograms (Fig. 3, a, see
Table 1). A decrease in the temperature results in a
decrease in the height of the cathodic response, and
only an irreversible anodic two-electron peak is observed
on the cyclic voltammograms at 7 = —30 to —20 °C. In
addition, a decrease in the temperature results in the
appearance of a cathodic peak at more negative potentials,
which is similar to that observed in MeCN (Fig. 3, b).
At lower temperatures, this peak nearly disappears, the
height of the anodic peak decreases to that of the one-
electron peak, and the oxidation becomes reversible
(AE, =40 mV at =70 °C). This follows from the appear-
ance of anodic and cathodic responses of equal heights
on the voltammograms (Fig. 3, ¢).

The data obtained altogether show that the one-
electron oxidation of compounds 1—3 in THF (electro-

chemical stage E,;, Scheme 2) is followed by the fast
reversible chemical reaction (stage C) with the for-
mation of an electroreactive intermediate that is oxi-
dized (stage E,) easier than the initial complex (process
E,CE,, E°; > EP;). The reversible and fast character of
the chemical stage follows from the reversibility of the
two-electron oxidation at room temperature. The com-
parison of the cyclic voltammograms of complexes 1—3
in CH,Cl; and THF allows one to draw a conclusion
that the chemical stage is the fast reversible reaction of
electrogenerated 17-electron radical cations with the
solvent (Nu = THF), which results in the formation of
19-electron radical cations [(n’-CgH;)M(Nu)L]*t"
oxidizable at less positive potentials to form the corre-
sponding 18-electron dications.

Scheme 2
—-e +Nu
5. _— 5. +r e
(N5-CabIML === [(n"-CoHMLI*+ <=pees

(18 e) (17 e)

Pr———
——

[(n3-CoH7M(Nu)LJ* -

{19 e)

—e
F——

5-CoHy)M(NU)LT*+*
[(nd-CoH7)M(Nu)L] )

[(n3-CoH7)M(Nu)LJ2+

(19 e) {18 )

The temperature decrease reduces abruptly the rate
of the reverse chemical reaction {C stage; see Scheme 2),
which results in the disappearance of the cathodic re-
sponse on the voltammograms at T = —30 to —20 °C,
while the overall two-electron character of the oxidation
retains (see Fig. 3, ). The subsequent decrease in the
temperature is accompanied by the reduction of the rate
of the direct chemical reaction of the C stage. As a
result, the reversible one-electron oxidation of com-
plexes 1-—3 is observed at 7 < —70 °C in THF (see
Fig. 3, b) and at room temperature in CH,Cl, (see
Fig. 1, a).

The difference observed in the behavior of complexes
1—3 in THF and CH,Cl, is caused by the difference in
nucleophilic properties of these solvents. Nucleophilic
THF is more prone to react with electrogencrated
17-electron radical cations 1*°—3*" than CH,Cl,, and
this reaction is reversible due to the comparatively weak
nucleophilic properties of THF. The reaction of radical
cations with stronger nucleophiles should shift the equi-
librium of the C stage to the formation of the 19-electron
adduct and should result in the irreversible two-electron
oxidation of the complexes, which is observed in the
case of MeCN (see above). A similar situation takes
place when CI™ anions (in the form of Et;PhCH,NCI)
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Fig. 4. Cyclic voltammograms of complex 4 in
THF/0.1 mol L~! of BuyNPFg (a) and MeCN/0.1 mol Lt
B114NPF6 (b)

are added to a CH,Cl, solution of the complexes under
study. For example, the anodic peak of the oxidation of
complex 1 becomes irreversible and two-electron, and a
peak (E,° = —0.65 V) that evidently corresponds to the
reduction of an 18-electron complex [(n>-CoH7),RuCI]*
formed is observed on the cathodic branch of the cyclic
voltammogram (see Fig. 1, b).

Unlike complexes 1—3, the oxidation of osmium
bis-indenyl complex 4 in THF is reversible and one-
electron (Fig. 4, a) even at room temperature, ie.,
radical cation 4*° is more inert toward the reaction with
THF, although it reacts with relatively strong nucleo-
philes, MeCN or CI~, like complexes 1*° —3*
(Fig. 4, b). The preparative one-electron oxidation of 4
(electrochemical or chemical oxidation under the action
of AgBF,) results in the formation of a brown solution,
which is comparatively stable in an argon atmosphere
and whose ESR spectrum exhibits only one signal with
g = 2.003.

It is known that the chemical oxidation of rutheno-
cene and osmocene in the presence of strong nucleophiles
results in the formation of cationic complexes
(n3-CsHg),MX"* (M = Ru, Os, X =Cl, Br, L, n = 1;
M = Os, X = MeCN, n = 2)°~11 with the bent sand-

wich structure.’? It can be supposed by analogy that
electrogenerated Ru™Y and Os" indenyl complexes and
the corresponding 19-electron radical cations alsc have
the bent sandwich structure.

Thus, the reactions of ruthenium and osmium
17-electron radical cation indenyl complexes with nu-
cleophiles resulting in the formation of 19-electron radi-
cal cations (or radicals in the case of Nu = X7) facili-
tate considerably the elimination of an unpaired elec-
tron to form 18-electron dications (or cations) stabilized
by the electron pair of the nucleophile.

The comparison of the potentials of the one-electron
oxidation of sandwich complexes 1—3 as well as of
(n5—C5H5)2Ru, (ﬂS—C9H7)2RU, and (n5—C5Me5)2Ru (SCC
Table 1) and the kinetic stability of the corresponding
electrogenerated 17-electron radical cations (whose
criterion is the degree of reversibility and the electronic
character of the oxidation of the initial complexes
in the presence of nucleophiles) make it possible to
draw a conclusion that the reactivity of radical cations in
the nucleophilic addition reactions depends on the na-
ture of the ligand and increases in the following series
[(n*-CoHp)Ru(n>-CsMes)I* < [(n>-CoH7)Ru(n®-CoHyp)]*
< [(W*-CoHy)Ru(n*-CsHs)]* " and [(n3-CsMes),Rul*
< [(M3-CgHy),Ru]** < [(m>-CsHs),Ru]*" in parallel
with an increase in donor properties of the n-ligand®
n3-CsMes > n°-CoH; > 1n°-CsHs.

It follows from the data obtained that ruthenium
cyclopentadienyl complexes should manifest the maxi-
mum activity in reactions with nucleophiles. In accord-
ance with this, the reversible one-electron oxidation of
{CsHs),Ru was observed only in an AICI;/1-butyl-
pyridinium chloride melt,!3 while in THF and MeCN
the oxidation occurs as one irreversible two-electron
stage according to the ECE scheme.l:14 1t is evident that
in this case the C stage is also the reaction of the
electrogenerated 17-electron ruthenocene radical cation
with the nucleophile with the formation of an easier
oxidizable 19-electron intermediate. It should be
mentioned that the nature of the C stage of the
electrochemical oxidation of ruthenocene has been un-
clear yet.15

The results obtained in the present work allow one to
suppose the formation of 19-electron intermediates in
chemical reactions of 17-electron radical cations of
ruthenium and osmium sandwich complexes occurring
in the absence of nucleophiles. One of these reactions is
the disproportionation of 17" electrochemically gener-
ated in a CH,Cl, solution under the action of CI™ with
the formation of 1 and [(n’-CgH;),RuCl]*, that has
been observed in the present work (Scheme 3).

Scheme 3

[(n5-CoHp)oRu* - =S

5_ .
S lns-CoHyRu—CIl* ——

{(n5-CgH+)oRul* "
Ln® Gl lRIT (n5-CgH)aRu + [{n5-Cahy)Ru—Cl]



19-Electron radical cation complexes of Ru and Os

Russ.Chem.Bull., Vol. 44, No. 12, December, 1995 2293

Scheme 4

[(n3-CsMes)MI*T" __ +Nu
M = Ru, Os

(17 e)

[(n3-C5sMes)oM—Nu}*"

(19 e)

[(CsMeg)M]**
=Nu

[(n5-CsMe4CHz)(n5-CsMes)MI* + [(n5-CsMes)MH(n5-CsMes)] _MiFL (n5-CsMes),Ru

It is likely that the disproportionation reactions of
17-electron osmium cyclopentadienyl complexes de-
scribed previously!! also occur with the formation of
19-electron intermediates.

In the case of 17-electron permethylated osmium
and ruthenium complexes, the C—H bond of the methyl
group is involved in the reaction,® which results in the
transfer of an H atom (Scheme 4).

Decamethylruthenocene is a weaker base than the
osmium analog,!” therefore, its protonated form easily
looses a proton, and only decamethylruthenocene is
observed in the reaction products.

The participation of the nucleophile in this process is
not evident, because it is not incorporated into the final
products. However, it has been shown in the present
work with decamethylruthenocene as an example that
the transfer of an H atom (see Scheme 4) is
promoted by the catalytic amount of CIT. The
addition of the catalytic amount of CI~ (the ratio
Et;PhCH,NCI/[(CsMes),Ru]*" = 0.1 to 0.2) to a solu-
tion of [(CsMes),Ru]BF, in CH,Cl, results in almost
instantaneous disappearance of the peak of the reduc-
tion of decamethylruthenocenium and the appearance
of the peak of the oxidation of (n°-CsMes),Ru and
a new peak with the equal height, although the peaks
on the cyclic voltammogram were unchanged
for several hours in the absence of CI~. The latter
new peak corresponds to the reduction of the
[(M3-CsMe4CH,)(n3-CsMes)Rul* complex identified by
comparison with the peak of the identical sample. Thus,
the results obtained allow one to suppose that the hy-
drogen transfer (see Scheme 4) occurs in the catalytic
regime involving the 19-electron intermediate formed
upon the addition of the nucleophile. It is noteworthy
that these reactions have been previously considered
either without taking into account the stage of the
reaction of 17-¢electron radical cations with nucleophiles!®
or not occurring in the catalytic regime.? It is highly
probable that the previously observed reaction of the H
atom transfer for radical cation 3*" resulting in the
formation of [(n3-CyoH;)(n’-CsMe,CH,y)Ru]* and
[(n8-CyHg)(n>-CsMes)Ru]* cationic complexes!® also
involves 19-electron intermediates.

The ability of ruthenium and osmium 17-electron
radical cation sandwich complexes to transform into
19-electron complexes under the action of nucleophiles
demonstrated in the present work is one of the most
important properties of electron-deficient odd-electron
species. The specific feature of the complexes studied in

-H

our work is the fact that 17-electron complexes trans-
form into 19-electron complexes under the action of
even relatively weak nucleophiles such as THF.

Experimentai

Electrochemical measurements were performed on a PAR-
173 potentiostat. A custom-made cell containing a 1-mm disk
working Pt electrode, an Ag/AgCl reference electrode, and a
Pt-wire as an accessory electrode was used for low-temperature
electrochemical measurements. The reference electrode was
connected with the main solution by a salt bridge filled with a
solution of a base electrolyte and provided with a graphite
membrane sealed into the glass. The temperature of the refer-
ence electrode was ~20 °C in the course of low-temperature
measurements. All potentials were measured relative to a
saturated calomel electrode and were compared with the
potentials of the Cp,Fe/Cp,Fe™ or Cp*;Fe/Cp*,Fe™ (Cp* is
pentamethylcyclopentadienyl) couples, which were +0.43,
+0.44, +0.42 and —0.10, —0.00, —0.08 V relative to a saturated
calomel electrode in CH,Cl,, THF, and MeCN, respectively.
Controlled potential electrolysis was carried out on a P-5827M
potentiostat and on an OH-404 digital coulometer (Radelkis)
in a cylindrical cell with anodic and cathodic spaces separated
by a porous glass diaphragm. The surface of the foil Pt-electrode
was 35 cm?.

NMR and ESR spectra were recorded on Bruker WP
2008Y and Varian 12 spectrometers, respectively.

All procedures were carried out in an argon atmosphere.
CH,Cl, was purified by the known procedure!® and kept in
argon in dark at 0 °C. THF was distilled over sodium benzophe-
none ketyl prior to use. MeCN was purified by the procedure
described previously,?® kept over CaH,, and distilled prior to
use. BuyyNPFg (Fluka) or BuyNBF, (Fluka) were used as base
electrolytes and dried by melting in vacuo before distillation of
a solvent. A purified solvent (CH,Cl,, MeCN, or THF) was
distilled in argon into a special buret with the base electrolyte
and then was placed without contact with air into an
electrochemical cell preliminarily dried in vacuo and filled
with argon. These procedures excluded the presence of traces
of air and water in the solution studied. Complex 1 was
synthesized by the known procedure.?! Complexes 2
and 3 were synthesized in the reaction of indenyllithium with
[(n3-CsR5)Ru(MeCN)4} TPF~ (R = H, Me) or
[(m3-CsMes)RuCl,] .22

(m3-CgH;);0s. Zinc dust (3 g) was added portionwise to a
mixture of (BuyN);0sCl; (2.2 g, 2.48 mmol) and indene
(6 mL) in 100 mL of MeOH/EtOH (1 : 1). The reaction
mixture was stirred for 0.5 h at ~20 °C and for 2 h at 45 °C
and then was refluxed for 4 h. After cooling, the solvent was
evaporated, and the residue was extracted with a 1 : | petro-
leum ether—benzene mixture. The product obtained after
evaporation of the solvent was washed with a cold 1 : 1
Me,CO—EtOH mixture. Crystals were filtered off, dissolved in
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CH,Cl,, and precipitated with ether. Recrystallization from
MeOH/Me,CO (4 : 1) yielded 86 mg (yield 11 %) of com-
plex 4 as golden crystals. Found (%): C, 51.51; H, 3.42;
Os, 45.58. Cy;gH40s. Calculated (%): C, 51.41; H, 3.36;
Os, 45.23. IH NMR, &: 4.84 (t, 1 Hy, J = 1.8 Hz); 5.15 (d,
2 H,, J =22 Hz); 6.42—6.47 (t, 2 o-H (B-H)); 6.57—6.62
t, 2 B-H (o-H)).

[(n3-CsMes)Ru]*BF,~. Thoroughly dried AgBF, (0.1 g,
0.51 mmol) was dissolved in CH,Cl, (10 mL) and added to a
solution of of (n°-CsMes),Ru (0.185 g, 0.50 mmol) in 20 mL
of CH,Cl,. A red solution obtained was filtered and concen-
trated to 5 mL, and 100 mL of absolute ether was added to
the filtrate. A pink finely crystalline residue was filtered off and
reprecipitated from a CH,Cly/ether mixture. The complex
[(n57C5Me5)2R11}+BF4“ (0.16 g, 70 %) was obtained.
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