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Abstract

Cyclic voltammetry in CH,Cl, containing 0.1 M [NBu,][B(C¢Fs),] gives enhanced behavior for the oxidation of complexes
containing two or more ferrocenyl groups, owing to better stabilities and solubilities of the multiply-charged oxidation products.
The lower ion-pairing interaction of the anion [B(C¢Fs),]~ with oligoferrocenyl multiply-charged cations leads to larger
separations of the oxidation waves which may be exploited in studies of mixed-valent systems. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The facile and often simple electron-transfer (ET)
properties of ferrocenyl groups are a major factor in
their widespread usage in multimetallic mixed-valent,
dendrimeric, and polymeric chemistries [1]. Electro-
chemical properties, especially AE, , values, [2] are rou-
tinely used to address the degree of -electronic
interactions between the ferrocenyl groups. Representa-
tive examples of this approach are readily found in
both older [3-5] and more recent [6] literature.

Acetonitrile and dichloromethane are the two sol-
vents most often used in these studies. Although both
are excellent electrochemical solvents [7], each has
drawbacks when applied to the oxidation reactions of
multi-ferrocenyl compounds. Many of the neutral (Fe')
complexes (e.g. bis(fulvalene)diiron, BFD, 3) exhibit
low solubilities in CH;CN and some multiply-oxidized
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Fe™ cations exhibit follow-up reactions in this solvent,
limiting the chemical reversibility of second [3], third
[5], or even higher [8] oxidation waves of oligoferro-
cenyl systems. Although CH,Cl, may overcome these
problems, it has one important shortcoming arising
from another solubility problem: because of its low
polarity, many multiply-charged cations are poorly sol-
uble in dichloromethane. This factor often gives rise to
electrode passivation and/or stripping-type CV waves
[9] which obscure the thermodynamic and mechanistic
information ideally available in voltammetry experi-
ments. A common experimental compromise is to use
mixtures of CH;CN and CH,Cl, [5,8,9a,10], usually in
a 1:1 ratio [11], in the hopes of moderating these
solvent-based effects. Virtually all the literature experi-
ments were conducted with a supporting electrolyte
consisting of a tetraalkylammonium ([NR,]*) cation
and an anion of either [PF]~, [BF,]~ or [CIO,] .
Large weakly-coordinating anions have provided a
new way to approach solubilities of highly charged
cations [12]. Usage of a tetrabutylammonium salt of
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Fig. 1. CV scans at v=0.2 V s~ ! for terferrocene (2) in different
nonaqueous solutions: (a) reproduction of scan from Ref. [5] in 1:1
CH;CN:CH,Cl,/0.1 M [NBu,][PF]; (b) 0.4 mM 2 in CH;CN/0.1 M
[NBuy][PF]; (c) 0.4 mM 2 in CH,Cl,/0.1 M [NBu,J[PF]; (d) 0.4 mM
2 in CH,Cl,/0.1 M [NBu,][B(C¢Fs),]-

one of these anions, namely [B{C;H;(CF;),},] ", as a
supporting electrolyte was first reported by Mann and
co-workers in a study of the oxidative processes of
several metal complexes [13]. Extension of this electro-

Table 1

chemical approach to [NR,]" salts of the tetrakis(pen-
tafluorophenyl)borate anion, [B(C¢F5),]~, was recently
shown to expand the options for electrochemistry in
low-polarity solvents [14]. The purpose of the present
communication is twofold: first, to demonstrate that
the electrode behavior of multiply-oxidised oligoferro-
cenyl complexes in CH,Cl,/0.1 M [NBu,][B(C.F5),] is
completely consistent with high solubilities and stabili-
ties of the oxidation products, and: second, to point out
the large increases in AE,,, that may potentially arise
when weakly ion-pairing anions like [B(C¢Fs),]™ re-
place [PF]~, [BF,~ or [CIO,]”. The second point
suggests that the AE,, values of mixed-valent systems
can be systematically changed by altering the identity of
the supporting electrolyte anion.

2. Results and discussion

Cyclic voltammetry (CV) results on terferrocene (TF,
2) intended to illustrate the major points of this com-
munication are collected in Fig. 1. The originally-re-
ported [5] scan in 1:1 CH,;CN:CH,Cl,+0.1 M
[NBu,][PF,], reproduced in Fig. 1(a), shows all three
oxidation waves for the ET sequence TFY!+/2+/3+,
The poor chemical reversibility for the third oxidation
wave suggests decomposition of the trication TF**, an
effect also observed in pure CH;CN (Fig. 1(b)). Oxida-
tive behavior in pure CH,Cl,/0.1 M [NBu,][PF,] (Fig.
1(c)) is both reversible and well-behaved through the
first and second waves, but strong adsorption of the
trication is seen when the third wave is included. When,
however, 0.1 M [NBu,][B(C4Fs),] is used as the sup-
porting electrolyte in CH,Cl,, all three oxidations are
Nernstian, and give stable products which are appar-
ently fully soluble (Fig. 1(d)). The E,, values can be
confidently measured (Table 1) as E},= —023 V,
Ei,=0.11V, E{,=0.79 V (vs. Fc). The persistence of
TF*+ suggests that the heretofore spectrally elusive
[5] trication might be amenable to physical
characterization.

E,, values (V) vs. ferrocene and AE,, values (mV) for biferrocene (1), terferrocene (2), bis(fulvalene)diiron (3) and bis(ferrocenyl)ethane (4)

Compound  Solvent S.E. anion ® El, E?, E}, AE,, (2-1) (mV) AE, ), (3-2) (mV) Ref.

1 CH,CN [ClO,] ~0.09 0.24 330 3]

1 CH,CI, [B(C4Fs).]~ —0.13 0.40 530 This work
2 CH,CN/CH,Cl, [PF ]~ 027 —005 036 220 380 [5]

2 CH,CI, [B(C4F5)a]~ ~0.23 0.11 079 340 680 This work
3 CH,CN [ClO,] —027 0.32 590 3]

3 CH,Cl, [B(C4Fs).]~ ~033 0.64 970 This work
4 CH,CN [ClO,] ~—007 ~—003 ~40 ;3]

4 CH,CI, [B(C4Fs).]~ —0.08 0.10 180 This work

2 1In each case the cation of the supporting electrolyte is either [NBu,]™ or [NEt,]*.
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Removal of [PF¢]~ from the solution in favour of
[B(C4Fs)s]~ exerts a profound influence on the AE,,
values of the successive oxidations of 2 in CH,Cl,
(Table 1), with increases of 120 mV for AE,,, (2-1) and
300 mV for AE,;, (3-2) in the [B(C¢Fs),]~ solution.
The total separation of the three oxidation waves there-
fore increases from about 600 mV in [PF,]~ solutions
to 1020 mV in [B(C¢Fs),]~ solutions. When these
experiments are performed in CH;CN/0.1 M
[NBu,][B(C4Fs),], neither the chemical reversibility of
the third oxidation wave nor the AE,, values are
greatly altered compared to those observed in CH;CN/
0.1 M [NBu,][PF4]. These facts are strongly suggestive
that the ion pairing effects of [PF4]~ with TF>* and
TF**+ in CH,Cl, are virtually absent in the more polar
CH,CN.

Fractionally similar increases in AE,, are also seen
for diferrocenyl-type complexes which have interacting
ferrocenyl groups. Biferrocene (1, BF) has been electro-
chemically characterized a number of times in CH,CI,
[15] and in CH;CN [3,16] with reported average AE,,
(2—-1) values of 338 and 320 mV, respectively, when
the electrolyte anion was [ClO,]~, [PF¢]~ or [BF,]".
This value rises to 530 mV in CH,Cl,/0.1 M
[NBu,][B(C4Fs),] (Table 1). Similarly, the somewhat
less-highly studied bis(fulvalene)diiron, BFD (3), dis-
plays an increase of AE,, (2—1) from 590 mV in either
CH,CN/[CIO,]~ or CH,CL/[BF,]- to 970 mV in
CH,CL,/[B(C¢Fs)4]~ (Table 1).

Ion-pairing effects have been probed for their rele-
vance to the electronic properties of mixed-valence
complexes [17]. The present data suggest, however, that
such effects from anions (such as [BF,]”) commonly
considered to be weakly ion-pairing may be more im-
portant than previously thought, at least in relatively
low-polarity solvents. It is expected that physical stud-
ies (e.g. optical spectroscopy) of cationic mixed-valent
systems with [B(C¢Fs),]~ or related ‘non-coordinating’
counter-anions [12,18] will be helpful in furthering our
understanding of the impact of media effects [19] on the
electronic properties of this class of compounds.

An increase in AE,, values may prove to be particu-
larly useful for complexes with more weakly-interacting
ferrocenyl groups by diminishing the tendency of the
mixed valent intermediate to disproportionate. For ex-
ample, CV scans of bis(ferrocenyl)ethane, [CpFe(CsH,)-
CH,], (4) are unable to resolve the two individual
oxidation processes (estimated to have AE,, (2-1) ca.
40 mV) [3] in a CH,CL,/[PF,]~ electrolyte solution,
whereas two well-resolved waves with AE;, =180 mV
are observed in a [B(C¢Fs),]~ electrolyte [20]. The
apparent Ky, value for 4" in CH,CI, decreases from
ca. 0.2 to 0.001 by taking advantage of the anion
substitution.

In summary, there are significant advantages in con-
ducting ET studies of the multiple oxidations of oligo-

ferrocenes by using very poorly ion-pairing anions of
low nucleophilicity. There is every reason to anticipate
that similar advantages will be observed for ET pro-
cesses leading to cations and polycations of other oligo-
building blocks [1d] such as the (dppe)Cp*Fe group

[21].
S s
=) e —

3. Experimental

Compounds 1-3 were synthesized, starting from
CpNa, according to a literature procedure [22]. By
using less than the stoichiometric amount of I, in the
first step, the reaction was directed so as to provide all
three compounds in acceptable yields. Crude 4 (claimed
to have a purity of 98%) was purchased from Aldrich
and used after extensive purification. Compound 4 was
also prepared by a published procedure [23].
[NBu,J[B(CcFs)s] was prepared by metathesis of
Li[B(C4Fs)4)'2Et,O (Boulder Scientific Co., Boulder,
CO) with [NBuy]Cl as described previously [14] and
recrystallized several times from CH,CL/Et,0.
Dichloromethane (Aldrich, Omnisolve) was first dis-
tilled after drying under CaH,, and then by bulb-to-
bulb transfer under static high vacuum conditions.
Electrochemistry was conducted at ambient tempera-
tures in a Vacuum Atmospheres drybox under nitrogen.
Although the voltammetry experiments were begun
only when the box atmosphere was no higher than 1
ppm in oxygen and water, this fairly rigorous precau-
tion is not thought to be crucial to the electrode
behavior described in the present study. Similar results
were obtained in bench-top experiments conducted un-
der nitrogen or argon. Glassy carbon working elec-
trodes of 1 or 2 mm diameter were polished with 1 um
and then 0.25 um diamond paste, rinsed with water and
then acetone, and evacuated before putting them into
the drybox. The experimental reference electrode was a
AgCl-coated Ag wire isolated from the working elec-
trode compartment by a fine frit. The reported poten-
tials versus the ferrocene/ferrocenium couple used in
this paper were obtained indirectly by adding de-
camethylferrocene [24] (Fc*) as an internal standard
near the end of an experiment. The measured analyte
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potential was then referred to Fc by subtraction of 0.62
V if the supporting electrolyte anion was [B(CsFs),]~,
and 0.55 V for solutions containing [PF¢]~. Since much
of the older literature on ferrocenyl complexes uses
potentials referenced to the aqueous SCE, we note that
one must add 0.46 V to our reported values versus Fc
for [PF¢]~ experiments in order to reproduce the origi-
nal literature values versus SCE and 0.49 V to obtain
those against the less frequently used [5] SSCE (sodium
SCE). All CV experiments used standard criteria [25]
for characterization of diffusion control and reversibil-
ity of the oxidation processes.
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