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of fluorenylmanganesetricarbonyl complexes:
electrocatalytic and chain mechanisms

S. V. Kukharenko,® L. N. Novikova,® V. V. Strelets,” N. A. Ustynyuk,® and A. I. Yarmolenko®

alnstitute of Chemical Physics in Chernogolovka, Russian Academy of Sciences,
142432 Chernogolovka, Moscow Region, Russian Federation.
Fax: +7 (096) 515 3588
t4. N. Nesmeyanov Institute of Organcelement Compounds, Russian Academy of Sciences,
28 ul. Vavilova, 117813 Moscow, Russian Federation.
Fax: +7(095) 135 5085

The electrochemical reduction of (né—Cl3H9)Mn(CO)3 (1, where C;3Hg — fluorenyl) has
been studied in THF by cyclic voltammetry and preparative controlled potential electrolysis.
One-electron reduction of 1 to the corresponding 19-electron radical anion 1°7 is ac-
companied by the haptotropic jsomerization of the latter to the radical anion
(13-C3Hg)Mn(CO)Y;"~ (2°7), which is oxidized at the electrode to neutral complex 2.
Electron-transfer induced isomerization 1 — 2 is an electrocatalytic process with current
efficiency of 600 %, which can be also promoted by catalytic amounts (20 %) of the
chemical reducing agents (benzophenone radical anion or sodium amalgam). If the reaction
is chemically induced, the radical anion 2"~ is oxidized by initial complex 1; as a result the
electron-transfer induced isomerization 1 — 2 proceeds by a chain mechanism. The influ-
ence of the electronic state (18¢7/19¢™) of n8- and n3-fluorenyl complexes on the position of
the equilibrium of the intra-ring haptotropic isomerization reaction is discussed.
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The reaction of inter-ring haptotropic isomerization
of fluorenyl complexes of cyclopentadienyliron and
chromiumtricarbonyl may be induced either thermallyl
or by electrochemical reduction of the initial 18-elec-
tron (188) complexes to the corresponding 19¢e-radical-

ions.23 The rate of the isomerization induced by the
electrochemical method is several orders of magnitude
higher than that induced thermally. In the case of the
thermal isomerization of 18€-complexes the equilibrium
[Eq. (1); ML = Fe(n3-CsHs), Cr(CO);7] is shifted to
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the n>-isomer, while in the case of the electrogenerated
198-state the n1°-isomer predominates in the equilibrium
mixure. %3

At present there are no criteria that allow one to
predict the position of the equilibrium of type 1 inter-
ring haptotropic rearrangements based on the nature of
the polycyclic aromatic ligand, the migrating ML-group,
or the electronic state of the complex.
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For the example of 188-chromiumtricarbonyl com-
plexes of the fluoreny! anion and its carbo- and hetero-
cyclic analogs it was shown? that the proportion of
nd-isomer in the equilibrium mixture increases with the
increase in n-electron density in the five-membered ring
of the polycyclic ligand. This allows one to propose that
the driving force of rearrangement (1) in the 18€-state is
the tendency of the electrophilic ML-group to occupy
the position with the maximum electron density in the
fluorenyi ligand.!

It is known3-® that in the reduction of sandwich and
half sandwich complexes of transition metals the un-
paired electron is localized on the molecular orbital,
whose main contribution comes from the atomic orbital
of the metal. For this reason, the electrophilic properties
of the migrating ML-group in the 198-state of the
complex should decrease. Since the transition to the
19¢-state is accompanied by migration of the ML-group
to a position with lower electron density, it is possible to
assume that the nature of the most thermodynamically
stable isomer (n® or 1) is determined by the congruence
of the electrophilic properties of the migrating group
and the electron density of the five- or six-membered
fragment of the fluorenyl ligand. This hypothesis is in
agreement with the principle of hard and soft acids and
bases.” According to this principle, coordination at a
position with high electron density should correspond to
a strong electrophile and vice versa. Therefore, the
decrease in the electrophilic properties of the ML-group
in the transition to the 19¢-state should be accompanied
by migration of this group to a position with lower
electron density, fe., to the six-membered ring of the
fluorenyl ligand. However, if the electrophilicity of the
ML-group were high enough even in the transition to
the 19¢-state of the complex, one would expect that the
n>-isomer would be the most thermodynamically stable
in the 188~ and 19e-states.

Such behaviour should be characteristic of isomeric
n°- and n°-fluorenylmanganesetricarbonyl complexes for
which,?® as for the corresponding chromiumtricarbonyl}
and ironcyclopentadienyl! analogs, the reaction of

haptotropic rearrangement (1) is typical. Besides this,
in the nucleophilic substitution of halides in
(n®-C¢HsX)ML™ complexes (where X = halide, ML =
Cr(CO);-, Fe(n’-CsHs), Mn(CO)), the reactivity
changes in the following series?: Cr(C0O);~ <
Fe(n’-CsHs) < Mn(CO)s, ie., of these dS-organo-
metallic fragments the manganesetricarbonyl group ex-
hibits the most electrophilic properties. In connection
with this, we have studied the reactivity of n>- and
n®-fluorenylmanganesetricarbonyl complexes in the re-
action of inter-ring haptotropic rearrangement induced
by electron transfer.

Results and Discussion

The cyclic voltammograms (CVA) of isomeric com-
plexes (n®-C3Hg)Mn(CO); (1) and (n5—C13H9)Mn(CO)3
(2) in THF in the region of cathode potentials are
practically identical (Fig. 1, curves I and 3): at the
voltammogram of the each isomer the irreversible diffu-
sive peak A is observed (Ip+v ~1/2 = const, where Ip is
the peak height, v is the rate of linear sweep of the
potential). The height of peak A4 is comparable with the
height of the one-electron peak of the oxidation of
ferrocene, all other conditions being the same. How-
ever, the oxidation of complexes 1 and 2 is observed at
different potentials (peaks A’ and B’, respectively). In
addition, along with peak A4 on the CVA of the n®-isomer
of 1 the cathode peak B with a very small height is
observed at more positive potentials (Fig. 1, inset). The
ratio of peak heights B : A increases as v increases (in
the interval of 0.02—0.5 V s7!) and/or as the tempera-
ture drops (in the interval 20+—70 °C), but it always
remains significantly less than unity. If the potential of
the electrode is kept at the peak B potential with the
subsequent sweep of the potential to the anode region,
peak A’ of oxidation of the n’-isomer appears in the
anodic part of the CVA of complex 1 along with peak B’
of the oxidation of the n®-isomer (Fig. 1, curve 2). The
potentials of the anodic and cathodic peaks of com-
plexes 1 and 2 (£,) observed on the CVA are given in
Table 1. The anodic peaks of the low height marked on
Fig. 1 by an asterisk are detected only at the potential of
peak A. They are probably connected with the oxidation
of the products of irreversible reduction at the potential
of this peak. The nature of these products was not
studied in this work.

Preparative electroreduction of the nb-isomer 1 at
the potential of peak B is accompanied by the formation
of the n’-isomer 2. This follows from the appearance of
peak A4’ on the anodic branch of the CVA and the
absorption bands of complex 2 in the carbonyl region of
the IR spectrum (2018, 1934 cm™!; ¢f Ref. 8) of the
catholyte solution. According to the data of voltammetric
and IR monitoring, the complete conversion of the
nb-isomer 1 to the n’-isomer 2 is reached only after the
consumption of 0.17 F mol™!, which corresponds to a
current efficiency of 600 %.



1712 Russ. Chem. Bull., Vol. 43, No. 10, October, 1994

Kukharenko ef al.

S s |

1 0 -1 E/V (sce)

Fig. 1. Cyclic voltammogram of isomeric complexes 1 (L2
1-1073 M) and 2 (3; 1 - 1073 M) in THF/0.05 M BuyNPFg at
the platinum electrode at v = 0.2 Vs~ and 20 °C; (the initial
directions of the sweep of the electrode potential are shown by
horizontal arrows; inset shows peak B at a 10-fold increase in
sensitivity).

Table 1. The potentials of peaks on the cyclic voltammograms
of isomeric complexes 1 and 2 in THF/0.05 M BuyNPFg
(Pt-glectrode at v = 0.2 V 57! and 20 °C)

Complex Peak  E,/V, sce
(48-C3Hg)Mn(CO); (1) A -1.83
B —1.51
A 1.08
B’ 0.44
(1°-C13Hg)Mn(CO); (2) A4 ~1.82
A 1.10

The data given above indicate that the 19€-radical
anion 1°~ generated at the potential of the peak B
undergoes fast haptotropic isomerization to form 2°7.
Since the potential of the electrode is significantly more

positive than the potential of reduction of 2 (see Ta-
ble 1, peak A), the rapid oxidation of the radical anion
2~ to the corresponding 188-complex takes place at
the electrode. Superposition of the reduction processes
of the initial complex 1 and the oxidation of the forming
radical anion 2~ proceeding at the potential of peak B
can account for the observed low height of this peak.
Thus, the mechanism of the electroreduction of the
n-isomer 1 is described by a catalytic E;CE,-scheme
(where E; corresponds to the stage of direct electron
transfer, E, — to reverse electron transfer, and C — to
the reaction of inter-ring haptotropic isomerization).

Scheme 1
+e
(n8-C13Hg)Mn(CO)3 ==  (n5-Cy3Hg)Mn(CO)3"~  (E1)
(n8-C13Hg)Mn(CO)3 "~ == (n%-Cy3Hg)Mn(CO)3"~ (C)
-e
(15-C13Hg)Mn(CO)3 "~ == (n°-Cy3Hg)Mn(CO); (Ea)

The existence of the stage of reverse electron transfer
E, makes possible the catalytic haptotropic isomerization
of complex 1 induced by electron transfer with a current
efficiency of more than 100 %. In an ideal case, the
quantity of electricity consumed in a catalytic
ECE-process with an irreversible C-stage should be
close to zero. The fact that the observed amount of
electricity consumption (0.17 F mol™}!) necessary for
the complete conversion of the n’-isomer 1 to the
nS-isomer 2 is distinct from zero indicates that the
haptotropic isomerization in 19€-state (Eq. (1)) is re-
versible, although the equilibrium is significantly shifted
to the right.

In principle, the reverse transfer of an electron from
the forming radical anion 2°~ to either the electrode
(heterogeneous transfer) or the initial complex 1 (ho-
mogeneous transfer), which is reduced more easily than
the n’-isomer 2 (see Table 1) can occur. Since at the
potential of peak B the concentration of the initial
nb-isomer 1 in the layer near the electrode is negligibly
small, the homogeneous transfer of an electron in the
reaction of haptotropic isomerization induced electro-
chemically is not very probable. The homogeneous stage
of the reverse transfer of an electron can be realized if a
chemical reducing agent is used instead of an electrode.
This allows the transition from an electrocatalytic reac-
tion mechanism to a chain process (Scheme 2).

The reducing agent, Red, is necessary in catalytic
quantities only at the stage of chain generation, E, but
it is not involved in the further steps of the reaction.

We used either the radical anion of benzophenone
(E® = —1.72 V, see Ref. 10) or sodium amalgam as the
chain initiator. In this case no more than 20 % of the
stoichiometric quantity of reducing agent {assuming one-
electron reduction) was necessary to complete the con-
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Scheme 2
(18-C13Hg)Mn(CO)3 + Red == (18-C13Hg)Mn(CO)s" ~ + Ox
(n8-C13Hg)Mn(CO)3* ~ == (n°-Cy3Hg)Mn(CO)3" ~
(n3-C13Hg)MN(CO)3 "~ + (n®-Cy3Ha)MN(CO)5 ==

== (15-C13Hg)Mn(CO); + (1B-Cy3He)MN(CO)3 "~

version of 1 to 2. The value obtained is close to the
amount of electricity consumption required for the com-
plete conversion of the n-isomer to the n’-isomer in
electrochemical induction.

The n’-isomer is the most thermodynamically stable
isomer in the 18e7-state of the complexes
(CI3H9)FC(C5H5), (CBHQ)CI’(CO)}', and
(C3Hg)Mn(CO); (see Refs. 11,4,8, respectively).
Unlike the fluoreny! complexes of iron? and chromium?3
studied before, in which the n®-isomer prevails in the
19g-state, for (C,3H9)Mn(CO); complexes, as it was
shown above, the most thermodynamically stable isomer
in the reduced state remains the n’-isomer. This distinc-
tion may be accounted for from the point of view of the
mutual congruence of the electrophilic properties of the
migrating ML-group and the electron density of the
coordinated ring of the fluorenyl ligand. In a series of
complexes (n°~C 3Hg)ML and (n8-C,3He)ML (ML =
Fe(CsHs), see Ref. 2; Cr(CO);7, see Ref. 3; Mn(CO),,
see Table 1) the manganese compounds are character-
ized by the most positive reduction potentials. This fact
suggests that the Mn(CO); group has stronger electro-
philic properties than Fe(CsHs) and Cr(CO);~. Even in
the 19g-state of the complex the electrophilic properties
of the Mn(CO); group remain strong enough to keep
the preferable coordination of this group at the position
with the maximum electron density, i.e., at the five-
membered ring of the fluorenyl ligand.

For all fluorenyl complexes of iron, chromium, and
manganese studied the n’-isomer is more difficult to
reduce than the n%-isomer (see Table 1). However, only
for the manganese complexes is equilibrium (1) in the
19¢-state shifted to the radical anion of the n’-isomer,
which is easier to oxidize. This allows the realization of
the electron transfer induced reaction of nf—ns-
isomerization in either an electrocatalytic or chain mode.
For the complexes of iron and chromivm the electron
transfer induced isomerization proceeds in the opposite
direction: n3—-n° (see Refs. 2,3). As the reverse transfer
of the electron from the 19g-n®-isomer formed during
the isomerization either to the electrode or to the initial
n3-complex is not possible, the reduction of the initial
n°-isomer occurs only stoichiometrically.

The influence of the electronic state of the fluorenyl
complexes (C3Hg)ML (188 or 198) on equilibrium (1)
can be accounted for with the help of the thermody-
namic cycle:

Scheme 3
+e
formaned
E%
+e
——.

E%

(n®-CyaHg)ML

T
(n®-C1aHg)ML

(®-CygHg)ML" ~
ﬂ AGCg
(n3-CyaHg)ML" ~

!

where AG%3 and AG%y are the changes in the free
energy of the reaction of isomerization (1) for the 188-
and 19e-states, and F% and EU; are the reduction
potentials of n®- and n3-isomers, respectively. Then
AGolg - AGﬂlg = F‘(E06 - E05), or 111K18/K19 -
F/RT- AE, where K;g and K| are the corresponding
constants of the equilibrium, F is the Faraday constant,
and AE = E% — E%. Since for the studied complexes of
iron,2 chromium,? and manganese (see Table 1) the
value of AE is positive, then it is obvious that upon the
transition of the complex from the 18€-state to the
19€-state the constant of equilibrium (1) decreases and
the degree of this decrease is determined by the value
of AF.

Thus, the transition of the complex from 18&-state to
the 19¢-state for the fluorenylmanganesetricarbonyl com-
plexes and for the ironcyclopentadieny! analogs is ac-
companied by a decrease in the equilibrium constant of
inter-ring haptotropic rearrangement (1). The stronger
electrophilic character of the Mn(CO); group, as com-
pared to Fe(CsH;) and Cr(CO),™, causes a significant
shift of equilibrium (1) of (C13H)Mn(CO); in the
direction of the n’-isomer in the 18- and 19&-states.
This, in turn, allows the electron transfer induced reac-
tion of haptotropic 1-2 isomerization to occur either by
an electrocatalytic or chain mechanism.

Experimental

Complexes 1 and 2 were obtained according to the known
procedures.8

The electrochemical measurements were performed in an
atmosphere of dry Ar in THF. The THF was purified by the
ketyl method and then distilled directly into an evacuated
electrochemical cell which was then filled with Ar as described
earlier.}? The supported clectrolyte was a 0.05 M solution of
BuyNPFg, which was dehydrated by fusing in vacuo. The
electrochemical measurements at low temperatures were car-
ried out in a cell termostatted by ethanol cooled with liquid
nitrogen in a Dewar flask.

All potentials were measured relative to a saturated calomel
electrode (sce). The potential of the reference electrode
(Ag/AgCl/4 M aqueous solution of LiCl), which was separated
from the solution under investigation by a bridge with the
supported electrolyte, was referred to the potential of the redox
transition of ferrocene®* (E9 = 0.44 V, sce).

A disk platinum electrode scaled in glass and polished with
a diamond paste (grain size 1 pm) was used as the working
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electrode. The cyclic voltammograms were recorded using a
PAR 173 potentiostat with compensation of ohmic losses and a
PAR 175 signal generator.

IR spectra were recorded using a Specord 75 IR spectro-
meter.

Electrolysis at the controlled potential was carried out with
a PAR 173 potentiostat on a of platinum gauze electrode in a
two chamber glass cell in which catholyte and anolyte were
separated by a porous glass filter. The progress of the electroly-
sis was monitored by voltammetry and by periodic registration
of the IR spectra of the catholyte solution.

Reduction of (n5-C;3Hg)Mn(CO); by the radical anion of
benzophenone. The corresponding aliquot of a titrated solution
of Na*Ph,CO"~ in THF (prepared by reduction of benzo-
phenone by Na metal) was added with stirring using a
microsyringe to a solution of 0.024 g (0.08 mmol) of 1 in
20 mL of THF under Ar. The reaction mixture was kept for
10 min and then the IR spectrum was recorded. This proce-
dure was repeated until 1 was completely converted to 2. The
total quantity of reducing agent necessary for complete conver-
sion of 1 to 2 in three independent experiments was 18+1 %
of the stoichiometric quantity (assuming one-electron reduc-
tion). In the absence of a reducing agent no change in the [R
spectrum of the initial solution was observed.

Reduction of (n%-C3Ho)Mn(CO); by a sodium amalgam.
Three mL of 0.033 % sodium amalgam (0.6 mmol Na) was
added with vigorous stirring to a solution of 0.18 g (0.59 mmol)
of 1 in 30 mL of THF under Ar. When conversion of 1 to 2
was complete (IR data), the content of sodium in the amalgam
was determined by reverse titration. In a typical experiment
the complete conversion of 1 to 2 required 0.12 mmol of Na
in the amalgam, which is 20 % of the stoichiometric quantity
(assuming one-electron reduction).
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05209) and.the International Science Foundation (Grant
No. REV 000).
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