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Unusual Electron-Transfer Processes Involving
Electron-Rich and Electron-Deficient Metallocenes
Sir:

We wish to report measurements which establish that highly
electron-deficient or electron-rich metallocene ((ns-CsHs),M
or Cp,M) ions can be generated by electrochemical methods.
Although these ions are generally very reactive, cyclic vol-
tammetry (CV) data allow us to draw inferences concerning
structural changes involved in the electron-transfer reactions.
Included in our discoveries are a 21-electron metallocene
(Cp2Ni~), which appears to be the most electron-rich metal-
locene yet detected, the anions of vanadocene (Cp,V) and
chromocene (Cp,Cr), and a vanadocene cation in which the
Cp rings are apparently coplanar.

Working under high-vacuum conditions with an electro-
chemical cell to be described in a subsequent publication,' we
have performed electrochemical experiments (CV, de polar-
ography, coulometry) on the bis(cyclopentadienyl) complexes
of V, Cr,and Ni (1, z = 0). Remarkably, in spite of the obvious

1
importance of oxidation/reduction process in the reactivity
(and catalytic properties) of d? to d* metallocenes,2-* no
electrochemical studies on neutral Cp,Cr or Cp,V have been
reported.5-7 This situation may well have arisen because of the
difficulty of handling dilute solutions of these pyrophoric
materials, for the redox processes of more air-stable metallo-

cenes such as Cp,Fe, Cp,Co™, and Cp,Ni have received a great
deal of attention.®
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Figure 2. Cyclic voltammogram of the reduction Cp,Ni in DMF at a
platinum electrode, scan rate ~50 V/s.

The electron-transfer reactions of Cp,Cr appear to be the
simplest of the three metals being reported. In either THF or
CH;CN, Cp,Cr undergoes an electrochemically reversible
oxidation to Cp,Cr* and reduction to Cp,Cr~, as shown by CV
(Figure 1). Salts of the chromocene cation, such as Cp,Crl,
are well known,’ and the cation probably retains the symmetric
coplanar ring structure 1. The reduction of chromocene is more
interesting, for the anion of Cp,Cr, like all other metallocenes
except Co,810:11 has not been previously reported. CV mea-
surements of this reduction show that the anion undergoes
follow-up reactions to as yet unspecified products, but the CV
peak heights, as well as bulk coulometry measurements, show
that a one-electron process is involved in THF,

Cp,V is reduced just before solvent discharge (ca. =3 V).
Polarographic and CV data are consistent with a reversible
one-electron change to give the vanadocene anion, a species
isoelectronic with Cp,Cr. The anion is stable enough to be
monitored by slow CV, but no bulk electrolyses have been
performed as yet.

The electrochemical oxidation of Cp,V at a platinum elec-
trode allow us to probe the effects of metal oxidation state on
the metallocene structure, since the V(I1I) and V(IV) species
derived from Cp,V, such as CpaVX or Cp,VX,,7!12 are be-
lieved to have the “bent” structure 2.'3 Our results confirm that
the oxidation of Cp,V in a relatively inert medium like THF
occurs in two discrete steps, yielding first Cp,V* and then
Cp,V?*. The first oxidation, at about —0.7 V, is reversible, and
apparently involves no important structural distortions. The
second oxidation is irreversible, with an anodic peak potential
which is highly dependent on scan rate. The slow electron
transfer in the second oxidation is to be expected for a redox
process which involves severe structural changes,!# such as
from the planar to the bent structure, 1 — 2. Presumably,
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Figure 1. Cyclic voltammogram of Cp,Cr in THF at a platinum electrode at a scan rate of ~100 mV /s, showing the reversible oxidation to Cp,Cr* and

reduction to Cp,Cr~.
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Figure 3. Plot of the polarographic half-wave potentials of the metallocene
reductions as a function of second metal ionization potential.

solvent molecules would occupy the extra coordination sites
in Cp,V?2*. The apparently ring-parallel Cp,V* is isoelectronic
and isostructural with the elusive!3:16 d2 “titanocene”.

Nickelocene, which is already electron rich, can be further
reduced in THF or DMF, and the anion Cp;Ni~ can be de-
tected by CV (Figure 2). Cp,Ni~ has a half-life of ~1 s at room
temperature. The formal Ni(1) complex, a 21-electron com-
pound, appears to be the most electron-excessive metallocene
known, since Cp,Cu has not been reported. The anion proceeds
to other electroactive products, which may include
CpNiCsH4.17

The reduction of nickelocene (CpyNi = Cp;Ni™) is ab-
normally slow, as shown by the large peak separations in CV
measurements (Figure 2), suggesting that a structural change,
possibly leading to the “slipped sandwich” structure 3, occurs
to relieve the high electron density around the metal. Such
structures are well known for electron-rich metallocarbo-
ranes,'®!9 and have been predicted?® on theoretical grounds
for electron-rich metal = hydrocarbons as well.

The trend in reduction potentials of the four metallocenes
known to produce simple anions (V, Cr, Co, Ni) is worth noting
in that the more electron-rich metallocenes are easier to reduce.
In fact a plot of £ > potentials vs. the second metal ionization
potential (Figure 3), is linear, as would be expected for a M(11)
= M(1) process. This and other points will be elaborated on
in subsequent publications.
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Reversible Addition of a Carbonium Ion to a Double Bond
Sir:

Addition of carbonium ions to double bonds leading to
molecular adducts or ring closure is a common mechanistic
step. However, detailed examination of the addition step itself
has not previously been described. We report here the reaction
of tert-butyl cation with isobutylene at —115 °C to yield di-
methylneopentyl carbonium ion (I). On warming to —80 °C,
I undergoes $-cleavage to the initial cation and olefin which
may be trapped by the addition of a proton acid or isopropyl

cation.
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The addition of tert-butyl cation to isobutylene was ac-
complished via a modification of the molecular beam method
of cation preparation.! The apparatus was altered so that three
beams, one each of tert-butyl chloride, SbFs, and isobutylene
in a ratio of 5:10:1, impinge on the liquid nitrogen cooled sur-
face of the evacuated apparatus. The intimate mixture formed
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