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CONSPECTUS

lectrochemistry is a powerful tool for the study of oxi- ®

dative electron-transfer reactions (anodic processes). Since
the 1960s, the electrolytes of choice for nonaqueous electro-
chemistry were relatively small (heptaatomic or smaller) inor-
ganic anions, such as perchlorate, tetrafluoroborate, or
hexafluorophosphate. Owing to the similar size-to-charge ratios
of these “traditional” anions, structural alterations of the elec- ©
trolyte anion are not particularly valuable in effecting changes
in the corresponding redox reactions. Systematic variations of
supporting electrolytes were largely restricted to cathodic pro-
cesses, in which interactions of anions produced in the reac-
tions are altered by changes in electrolyte cations. A typical
ladder involves going from a weakly ion-pairing tetraalkylam-
monium cation, [N(CHz+1)a] ", with n > 4, to more strongly ion-
pairing counterparts with n < 4, and culminating in very strongly ion-pairing alkali metal ions.

A new generation of supporting electrolyte salts that incorporate a weakly coordinating anion (WCA) expands anodic
applications by providing a dramatically different medium in which to generate positively charged electrolysis products. A
chain of electrolyte anions is now available for the control of anodic reactions, beginning with weakly ion-pairing WCAs,
progressing through the traditional anions, and culminating in halide ions.

Although the electrochemical properties of a number of different WCAs have been reported, the most systematic work
involves fluoro- or trifluoromethyl-substituted tetraphenylborate anions (fluoroarylborate anions). In this Account, we focus
on tetrakis(perfluorophenyl)borate, [B(CsFs)s]~, which has a significantly more positive anodic window than tetrakis|(3,5-
bis(trifluoromethyl)phenyl)borate, [BArF,4] -, making it suitable in a larger range of anodic oxidations.

These WCAs also have a characteristic of specific importance to organometallic redox processes. Many electron-deficient orga-
nometallic compounds are subject to nucleophilic attack by the traditional family of electrolyte anions. With a view to testing the
scope of the much less nudeophililic WCAs in providing a benign electrolyte anion for the generation of organometallic cation rad-
icals, we carried out a series of studies on transition metal sandwich and half-sandwich compounds. The model compounds were
chosen both for their fundamental importance and because their radical cations had been neither isolated nor spectrally charac-
terized, despite many previous electrochemical investigations with traditional anions. The oxidation of prototypical organometal-
lic compounds, such as the sandwich-structured ruthenocene and the piano-stool structured Cr(37°-CgHg)(CO)3, Mn(;>-CsHs)(CO)s, Re(i7>-
CsHs)(CO)s, and Co(r7>-CsHs)(CO),, gave the first definitive in situ characterization of their radical cations. In several cases, the kinetic
stabilization of the anodic products allowed the identification of dimers or unique dimer radicals having weak metal—metal bonds
and provided new preparative options for organometallic systems. In terms of thermodynamic effects, the lower ion-pairing abil-
ities of WCAs and their good solubility in a broad range of solvents, induding those of lower polarity, permitted a systematic study
that yielded an integrated model of how to use solvent—electrolyte combinations to manipulate the E;, differences of com-
pounds undergoing multiple electron-transfer reactions.

Although the efficacy of WCA-based electrolytes in organometallic anodic chemistry is now established, WCAs might fur-
ther expand applications of organic redox chemistry. Other WCAs, including those derived from carboranes and fluori-
nated alkoxyaluminates, merit additional studies.
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Introduction

Weakly coordinating anions (WCAs) have proven to play a cru-
cial role in reactions involving cationic organometallic
compounds.’"® Among the most important properties of a
WCA are its low nucleophilicity and the generally increased
solubility of its salts in lower polarity solvents. These charac-
teristics make WCA-based salts attractive as supporting elec-
trolytes for oxidative electrochemical (i.e., anodic) processes,
which produce cationic products that may be subject to
nucleophilic attack” by one of the electrolyte anions tradition-
ally employed?® for nonaqueous electrochemistry (e.g,, [CIO4]",
[BF4]~, [PFe]™). Although a number of WCAs have been
employed for anodic electrochemistry (vide infra), to date
systematic work has emphasized either the anion tetrakis-
(pentafluorophenyl)borate, [B(CeFs)a]~, 1, [TFAB]~, or the aryl
CFs-substituted derivative tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate, 2, [BArFo4]~. The body of this work, which
includes the observation of long-sought or unexpected orga-
nometallic cation radicals, is now sufficient to allow for eval-
uation of the benefits of WCAs to the study of molecular
anodic reactions.
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First WCA-Based Electrochemistry. Electrochemistry in a
WCA-based medium was first reported in the seminal paper of
Hill et al.? Growing out of a collaboration between Kent Mann
at the University of Minnesota and William Lamanna at 3 M
Central Research, this work employed the tetrabutylammo-
nium salt of 2. Among the important findings was the fact that
the oxidation of ruthenocene, RuCp, (Cp = 7°-CsHs), is a
reversible one-electron process under these conditions, in con-
trast to the irreversible two-electron process observed previ-
ously in other electrolytes. The authors also showed that a
tricationic dirhodium complex was stabilized with respect to
disproportionation by up to 10'" in Kqis, When the counteran-
ion [BArF.4]~ replaced a traditional anion. Thus were under-
lined two important influences of electrolyte anions on the
stabilities of electron-deficient metal complexes: one of kinetic
and the other of thermodynamic origin. Regarding the former,
traditional anions were confirmed as having nucleophilic activ-
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TABLE 1. Comparison of Electrochemically-Relevant Properties of
Some Electrolyte Anions?

more positive electrolyte window

solubility of salts in lower polarity solvents
solubility of cationic electrode products
dissociation of salts in lower polarity solvents
reduced ion-pairing with cationic electrode products TFAB ~ BArFy, > TA
lower nucleophilicity toward organometallic radical cations ~ TFAB > BArF,, > TA

?TA = traditional anion; TFAB = [B(CgFs)4]~; BArF24 = [BArFy4] .

TA > TFAB > BArF,4

BArF,, > TFAB > TA
BArF,, > TFAB > TA
TFAB = BArFy, > TA

ity toward organometallic radical cations, a notion” that had
been proposed earlier to account for the incomplete chemi-
cal reversibility observed in the anodic electrochemistry of
Cr(57°-CeHe)(CO)3.'° Regarding the thermodynamic factor, ion-
pairing strengths of traditional anions were shown to impart
a significant lowering of the E,, potentials for redox processes
involving multiply positively charged compounds. Despite the
importance of these findings, only a few papers utilizing
[BAIF,4]~ salts for electrochemistry appeared in the 1990s.""

Advantages of TFAB Anion. Our entry into this area was
framed around the TFAB anion, primarily with the desire to
provide a more positive electrochemical window than possi-
ble with [BArF.4] ™. It was also expected that [TFAB]~ would be
a weaker nucleophile than [BArF,4]~ owing to the greater
strength of aromatic vs aliphatic C—F bonds. This anion was
commercially available owing to its use by Dow Chemical Co.
in the single-site catalytic production of olefin-derived poly-
mers.'? The initial systematic work on TFAB-based electro-
chemistry was done by Robert LeSuer and appeared in
2000,'2 almost a decade after the report’ on [BArFy,]~. The
oxidation of [TFAB] is, indeed, more positive than that of
[BArF,4]~, providing an extension of the anodic electrochem-
ical window (Epa = 1.84 V vs ferrocene for 1 compared with
1.55 V for 2 in CH,Cl5; the oxidation of [BPh,4]~ occurs at 0.41
V).'* Based on published reports and on our personal expe-
rience, six relevant categories for the electrochemical effects
of anions 1 and 2 are listed in Table 1, wherein [TFAB]~ and
[BArF,4]™ are ranked with respect to each other and to the tra-
ditional anions. These qualitative comparisons will be referred
to during our subsequent treatment.

The differences between fluoroaryl borates and traditional
anions may be thought of as originating from the sharing of
negative charge in the former (by 20 fluorine atoms in 1 or
8 CF5 groups in 2). The attendant weaker interactions with cat-
ions lead to increases in both their solubility and dissocia-
tion (and thus conductivity) in lower polarity solvents.®

Enhanced solubility may also be advantageous if the redox
product itself is positively charged. When neutral compounds
are anodically oxidized in a lower polarity solvent contain-
ing a traditional anion electrolyte, electrode surfaces often
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undergo passivation owing to product precipitation.'® WCA-
based electrolytes usually alleviate this adsorption effect (vide
infra). The weaker ion-pairing interactions between WCAs and
positively charged electrode products may also prove to be
useful, especially in multielectron transfer reactions, as will be
detailed below. Finally, WCAs may increase the longevity of
the anodic product if it is susceptible to nucleophilic attack.
Thus are highlighted the three aspects of the electrolyte
anions around which this Account is organized: (1) fundamen-
tal properties that affect the practical aspects of electrochem-
ical methodology, (2) thermodynamic factors, chiefly relating
to how these anions affect the AE;,, values of multielectron
transfer processes, and (3) kinetic factors, emphasizing the
often dramatic increase in kinetic stability of an electrogener-
ated cation radical.

Impact of Electrolyte Changes

Improving Electrochemical Methodologies. Enhanced
Conductance. The electrochemistry of transition metal com-
plexes is often carried out in halocarbons (e.g., CH,Cl,,
halobenzenes) for oxidations or ethers (e.g., THF, glyme) for
reductions. The fact that the dielectric constants (¢) of these
solvents are less than 10 causes their electrolyte solutions to
be more resistive than those historically favored for studies of
organic systems (e.g., CH3CN, DMF, DMSO, for which ¢ = 35).
The increased dissociation of WCAs improves the conductiv-
ity of lower polarity solvents, thereby decreasing ohmic
effects'” and facilitating electrochemical experiments such as
bulk electrolysis for synthesis and quantitative voltammetry for
diagnosis of electrode mechanisms. For example, the resistiv-
ity of 0.1 M [NBu,][TFAB] in THF is about six times less than
that of [NBuy][PFe],'® allowing a significant improvement in the
accuracy of cyclic voltammetry data.'® Applications in uncon-
ventional electrochemical solvents?® such as diethyl ether
(e = 4.3)?! and chloroform (¢ = 4.8) are also facilitated, in
many cases obviating the need to employ ultramicro-
electrodes.???3 The enhanced performance of WCA salts in
lower-polarity solvents also provides for better experimental
conditions at reduced temperatures.?*

Enhanced Product Solubility. Positively charged elec-
trode products are much less likely to undergo adsorption
onto the working electrode if the counterion is a WCA.
Although severe adsorption may be desirable in certain appli-
cations,?” it tends to impede the study of molecular electron-
transfer processes by restricting the use of diffusion-controlled
diagnostics, and it may retard the progress of bulk electroly-
ses owing to electrode passivation. The benefits of enhanced
solubilities for tripositively charged oxidation products were
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FIGURE 1. Comparison of CV scans for triferrocenyl compound 4
in CHyCl, containing 0.1 M of either [NBu,][PF¢] (—®—) or
[NBug][TFAB] (—). Adapted with permission from ref 13.

shown for the triferrocenyl compounds 3% and 4.' The sol-
ubility of all three ferrocenyl-based oxidation products of 4 is
indicated by the smooth, diffusion-controlled shape of each
redox process in the CV scan shown in Figure 1. In contrast, the
third anodic wave in a [PFg]~ electrolyte has a wave shape indic-
ative of deposition of 4[PF¢]; onto the electrode, followed by
cathodic stripping on the return scan. Salts of the [BArF4]~ anion
tend to be even more soluble than those of the [TFAB] anion.?'%”

3
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Figure 2 shows the striking improvement observed for the
anodic reaction of WCp(3-CoH)(CO),, which was beneficial in
the study of a series of tungsten compounds.?® A remarkable
demonstration of enhanced solubility of oxidized species was
noted?® when the one-electron oxidation of bis(fulvalene)din-
ickel, 5, was carried out in diethyl ether/0.1 M [NBu,][BArF.4].
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FIGURE 2. CV scans for ca. 0.7 mM WCp(;73>-CoH-)(CO) in CH,Cl,
containing (A) 0.05 M [NBu,][TFAB] or (B) 0.1 M [NBu,][PF¢| at a Pt
electrode. Taken from Ph.D. dissertation of Michael Stoll, University
of Vermont, 2000.
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FIGURE 3. CV scans of bis(fulvalene)dinickel, 5, before and after
anodic oxidation to 5. “Background” curve was recorded on saturated
solution of 5 in diethylether/0.1 M [NBu4][BArF4]. Lines with directional
arrows recorded after bulk electrolysis at Expp = —0.4 V.

The neutral compound 5 dissolved so poorly that its presence
was virtually undetected in CV scans (line close to zero cur-
rent in Figure 3). Application of —0.4 V to a large Pt electrode
produced only a small current, but the solution gradually dark-
ened as the monocation 5° was formed from the small
amount of neutral complex available for oxidation. Over about
1 h, the coulometry reached the level expected for a one-elec-
tron oxidation of the quantity of 5 originally placed in the cell.
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The resulting CV scan (arrowed lines in Figure 3) gave testi-
mony to the greatly increased solubility of the monocation 5.

Thermodynamics: Efect of WCAs on E;; and AE;,,
Potentials. The effect of ion pairing on Eq,» potentials is nat-
urally magnified in lower-polarity solvents with more strongly
coordinating anions. In eq 1, we assume the idealized
absence of ion-pairing for a redox couple with a formal
potential E}9/0x*_If Red is a neutral compound and Ox™ is a
monocation, the ion-pairing equilibrium of Ox* with the anion
of the electrolyte, A~, eq 2, comes into play and the E;; of the
system is lowered by an amount dependent on the associa-
tion constant K;4, eq 3, where C, is the concentration of the
electrolyte anion.

Red=0x"+e” pRedox (1)
Ox"+ A =[0x"(A)] K, )
ElD = ERAOX” _ RT/F In(1 + K,,C,) 3)

Expanding the redox series, we include a second one-elec-
tron process in which the monocation Ox* is further oxidized
to a dication Ox2* at the idealized potential E9%7°%*", eq 4. The
experimental potential for the Ox*/Ox* couple, E{7#"), again
reflects ion pairing, this time also of Ox?* with either one or
two anions, egs 2 and 5—7.

ox'=0x*"+e” QX0 (4)
Ox*" + A" =[0x*" (A" Ky, (5)
Ox*" +2A" =[0x*"(A"),] Ky (6)

E2H = f, OO _ RT/F In{(1 + K,,C, +
K1K2o(C)A) /(1 + K11 C} (7)

The difference between the two experimental potentials,
AE» = E§2% — EO5 is a convenient measure3° of the rela-
tive ion-pairing abilities of different anions. Beyond that, how-
ever, the magnitude of AE, is of inherent significance owing
to its relationship to the comproportionation reaction (eq 8),
which helps to determine the fundamental behavior of the
Red/Ox"/Ox?" series.?"

Red + Ox*" = 20x" Keomp = [OX'1/ [Red][0X*']

(8)

In contrast to the considerable literature on ion-pairing
interactions for negatively charged products (often involving
alkali metal vs tetraalkylammonium electrolyte ions),* corre-
sponding studies of positively charged products were severely
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lacking. Blount and co-workers showed that the AE,,, values
of polyaromatic cations generally increased in the order
[ClO4]™ < [BF4]™ < [PF¢]~, with the counterion effect being “lev-
eled” in more polar solvents such as acetonitrile.>® Even in
dichloromethane, however, the spreads in AE,; values caused
by changes in the traditional anions were less than 200 mV.
In contrast, inclusion of a WCA into the set of anions used to
probe oxidation of the dirhodium complex mentioned® in the
Introduction resulted in a much larger increase of the spread
in potentials. Based on the comproportionation constants
reported by Hill et al., a difference of over 500 mV is calcu-
lated when going from [PFs]~ to the WCA 2. Based on data in
dichloromethane, the relative order of ion-pairing strength was
given by those authors as [CI]” > [CIO4]™ > [BF4]~ > [PFg]™ >
[SbFg]= > 2.2

The leveling effect in acetonitrile observed by Blount and
co-workers*3 brings up the question of the interplay between
solvent and electrolyte in influencing AE,; values. Although
there is considerable literature on the effect of solvent on AE;,
values, a broad study of the blended effects of solvent and
electrolyte changes on anodic processes had not appeared.
Noting that the favorable properties of electrolytes based on
1 and 2 greatly widened the family of solvents and electro-
lytes that could be employed for anodic reactions, we
expanded the scope of earlier studies to include a more com-
prehensive array of media with the goal of developing an inte-
grated medium approach to the tuning of AE;,, values.3*3>
The differential pulse voltammograms shown in Figure 4 are
representative of the large changes in AE,,, observed for 5 in
different media, and Figure 5 is a diagrammatic summary of
data collected in 45 different media. For a given set of elec-
trolyte anions, the alterations in AE,,, are largest when the
solvent is a poor donor and of low polarity [e.g., dichloro-
methane, donor number (DN) = 0], moderated when the sol-
vent has significant donor character (THF, DN = 20), and
almost nonexistent in a highly polar, strong donor solvent
(DMSO, ¢ = 47.2, DN = 29.8).

A qualitative overview of these results portrays media as
having “mirror image” effects on AE,; for redox products that
are either cations or anions. As shown graphically in Figure 5,
the spread in the |AE, 2| value increases for solvents of lower
polarity with maximum changes being seen in going from
halide ions to WCAs for positively charged products and alkali
metal ions to longer-chain tetraalkyammonium ions for neg-
atively charged products. In this sense, the behavior of a WCA
toward cations is analogous to that of the tetrabutylammo-
nium ion toward anions, with the behavior of traditional
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FIGURE 4. Differential pulse voltammograms (pulse height 25 mV)

for 1 mM 5 in CHxCl, containing 0.1 M [NBuu][An], where An = CI~

(A), PFs~ (B), or TFAB (Q).
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FIGURE 5. Mirror image model of solvent and supporting
electrolyte effects on AE;,, values. The abscissa is meant to
correspond only roughly to dielectric constant. The solvent donor/
acceptor strength also plays a role, as described in the text.
Adapted with permission from ref 34.

Polarity

anions being charge-analogous to that of the tetramethyl-
ammonium ion.

The fact that medium effects may give rise to such large
changes in |AE; 2| raises a cautionary note®>~37 on the com-
mon usage of these values in estimating the degree of elec-
tronic interaction between different redox sites in a
molecule. The general rules for maximizing and minimiz-
ing |AE, 2| values given for both anodic and cathodic multi-
electron reactions were applied to control the one-electron vs
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FIGURE 6. Square wave voltammograms (10 Hz) of 0.6 mM Rh,Fv(COD), (6) in different media: (A) CH>Cl>/0.1 M [NBu4][TFAB]J; (B) CH»Cl»/0.1
M [NBug][TFAB] + 250 equiv of [NBug][PFg]; (C) 6CH,Cl,/4glyme/0.1 M [NBu4][TFAB] + 250 equiv [NBu4][PFg]; (D) 1CH,Cl>/1 glyme/0.1 M
[NBu4][TFAB] + 250 equiv [NBu,][PFe]. Ordinate is current-normalized for better viewing. Adapted with permission from ref 38.

two-electron stoichiometries of representative organometal-
lic compounds.?®3° For example, oxidation of the dirhodium
complex RhyFv(COD), (6, Fv = fulvalendiyl, COD = cyclooc-
tadiene) proceeds by two well-resolved one-electron processes
(6% and 62%) in CH,Cl>/0.1 M [NBuy][TFAB] but by a single
two-electron wave upon addition of a donor solvent and a tra-
ditional anion. As partially reproduced in Figure 6, the AEq,;
value can be readily manipulated within an overall spread of
about 330 mV, thereby varying the comproportionation equi-
librium constant (eq 8) by more than 10°.2® The important
phenomenon?' of “potential crossover” (in this case, E;2(6"2") <
E12(6%%)) was achieved with the combination of a strong
donor solvent and a traditional electrolyte anion.

(6)

]

Mirror-image manipulation of the medium also allowed
stoichiometric traversal between single two-electron and sep-
arate one-electron reduction processes for the tricarbadecabo-
ranyl complex Mn(CO)s(35-C3B7HoPh), 7, Figure 7.3° In this
case, owing to the anionic nature of the electrode products,
the combination of strong donor solvent and a tetrabutylam-

monium-based electrolyte stretched the potential difference
and separated the two waves. Potential-crossover-based two-
electron conditions were reached by changing to a nondo-
nor solvent and a smaller tetraalkylammonium ion electrolyte.

Taken together, refs 38 and 39 demonstrated the efficacy
of the general electrolyte rules previously outlined.>* Appli-
cations of this approach to the separation of ferrocenyl redox
couples in dendrimers*® and in hexa(ferrocenylethynyl)ben-
zene derivatives*' have been reported.

Kinetic Stabilization of Radical Cations. Long-Lived
Radicals from Family Parents. A long sought-after class of
organometallic radical cations is that derived from readily
available unsubstituted half-sandwich carbonyls such as Cr(;°-
C6He)(CO)5 (8), MNCp(CO); (9) (cymantrene), and CoCp(CO),
(10). The one-electron anodic processes of the Cr and Mn
complexes had been shown to be at least partially chemically
reversible on the CV time scale, and the anodic fate of the Co
compound was ambiguous.**> However, prior to investigations
of their oxidations in WCA-based electrolytes, the radical cat-
jions 8*—10" had been neither isolated nor spectroscopically
characterized. Instead, more stable radicals were generated
from analogues altered either through replacement of the
s-hydrocarbon by a more donating ligand (e.g., CsHs by
CsMes), through substitution of a carbonyl group by a donor
ligand, or both.*? In setting out to test the possibility that WCA
electrolytes provide a beneficial medium for the enhanced
kinetic stabilities of the parent systems, we probed 8—10 as
well as ReCp(CO); (11), the third-row congener of 9. Not only
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FIGURE 7. CV scans of 1,1,1-(CO);-2-Ph-closo-1,2,3,4-MnC3B;Hy (7) in different media. Adapted with permission from ref 39.

did 8*—11" prove to be long-lived in WCA-based electrolytes,
but in some cases, they were also shown to undergo novel
reactions that make possible new applications for organome-
tallic radical cations.

The quasi-Nernstian one-electron oxidations of the Cr sys-
tem 8% and the Mn system 9%* permitted the facile spectral
characterization of the corresponding radical cations by IR and
ESR (8" and 9*) and by optical, near-IR, and NMR methods
(9%). The especially rich spectral responses of the [MnCp(CO)s]*
radical allowed mapping of the spin and charge localization in
8" (ca. 50% Mn character, most of the remaining charge in
the carbonyl groups) and measurement of the small energy
separation between the ground and first excited states (4840
cm1) responsible for the rapid electronic relaxation, which
renders 8" NMR-active. These findings encouraged extension
of the redox study to the Cp-substituted complexes Mn-
(CsH4NH5)(CO)5 (12) and Mn(CsMes)(CO)s (13), which culmi-
nated in X-ray diffraction characterization of TFAB salts of 12+
and 13*. The fact that oxidation of Mn(CsH4R)(CO); is generally
reversible under controlled medium conditions prompted the
suggestion that this moiety might find use as a “redox tag” anal-
ogous to the widely employed ferrocenyl group.**

e = @

Cr. ‘ 1}’[:: /Cg_)
oc Clo O o g0 o co
(8 () (10)
<= ?QNHz B
_ ﬁe Mn . ~Mn
oc” C/O "co  OC éo o oc” (ijo"‘"CO
(11) (12) (13)

The longevity of the radicals 8" and 9% makes possible
their participation in a switching process wherein substitution
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of CO by a donor ligand, L, can be carried out at a synthetic
level. As described in egqs 9—11, the applied potential, Eapp, is
first set at a value that is sufficiently positive to exhaustively
oxidize the tricarbonyl complex represented as M(CO)s (i.e.,
Eappr > EF93). In the presence of L, or after its addition to the
oxidized solution, rapid CO substitution occurs*® to give
[M(CO),L]*. Resetting the potential sufficiently negative (i.e.,
Eappi < EIG92') gives the substitution product in its desired
18-electron form, which can be readily extracted from the
electrolysis solution. Switching schemes such as these pro-
vide a synthetic alternative to the photochemically initiated
methods usually employed for carbonyl substitution of half-
sandwich complexes.

£

M(CO); = [M(CO),]" +e~ (9)

[M(CO)5]" + L — [M(CO),L]" + CO (10)

[M(CO),LI" + e~ = [M(CO),L] B

(11)

Fragile Cationic Dimers: Formation and Reactions. The
anodic behavior of the formally five-coordinate cobalt compound
10 was far more complex than its pseudo-octahedral counter-
parts 8 and 9, showing a concentration dependence in which a
single, almost Nernstian-shaped wave at very low concentrations
yielded to a double wave of overall one-electron height at high
concentrations (Figure 8). Ultimately,*® this unusual behavior was
shown to arise from the reaction of the electrogenerated radical
10" with another mole of starting material 10, thereby forming
the unique dimer radical [Co2Cp2(CO)4[" (14+, Scheme 1), the oxi-
dation of which was responsible for the second anodic feature
(feature B in Figure 8).

This unusual “radical—substrate” reaction occurs owing to
rehybridization of the metal orbital in electron-deficient 107,
which makes possible its acceptance of the strongly basic
metal center of neutral 10. The computed long cobalt—cobalt
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FIGURE 8. CV scans of CoCp(CO), 10, in CH,Cl,/0.05 M
[NBuy4|[TFAB] at two different concentrations: 0.3 mM for dashed
line; 2.3 mM for solid line. Digital simulation results are shown as
circles; the ordinate gives concentration-normalized current.
Adapted with permission from ref 46.
distance of 3.14 A (and implied weak metal—metal bond) was
consistent with the fact that 14" partially dissociates in solu-
tion to give equilibrium amounts of 10 and 10*.%°

A weakly bonded metal—metal dimer was also shown to
be responsible for the concentration-dependent anodic behav-
ior of ruthenocene 15 in WCA-based electrolytes.*” Low-tem-
perature electrolysis of RuCp, permitted isolation of the dimer
[Ru>Cp,4][TFAB],, which is likely to have a structure (see 16)
analogous to that of the previously isolated osmium ana-
logue.*® A more detailed mechanistic and spectral in situ study
of this system by Swarts et al.*° revealed that the monomer/
dimer equilibrium of eq 12 was a key factor in the hydrogen-
atom shuttling process responsible for the subsequent formation
of the dimetalated complex [Ru>Cp,(o:17>-CsHa)o> (17).

2@

? gl{u%
< O
(15) (16)

Yl

\6/<Ru * OC\C\:;:CO 1?2@

=i U
an (18)

2[RuCp,]* = [Ru,Cp,I** (12)

Fundamental to the differences in reactions of the ferroce-
nium and ruthenocenium ions is the ability of the heavier
transition metal to expand its coordination sphere beyond that

Organometallic Electrochemistry Geiger and Barriére

SCHEME 1
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oc Co oc Co oC Co
(10) (107 (14)

of pseudo-octahedral. With this possibility of coordination
expansion in mind, we investigated the oxidation of the third-
row metal complex ReCp(CO)s (11), permitting isolation of the
bis-TFAB salt of the dimer 18, [Re,Cp»(CO)s|>".>° The weak
metal—metal bond implied by the computed®® Re—Re bond
length of 3.229 A explained the observation that solutions of
18 provide modest proportions of the monomer-radical 11+
(close to 10% under typical conditions). An important prop-
erty of this rhenium system is the very positive potential of the
119* couple (1.16 V vs ferrocene), which makes 11+ a very
strong one-electron oxidant.>">2 The isolated dimer 18[TFAB|,
is a convenient source of the oxidant, which can be used to
synthesize TFAB salts of oxidized organic and organometal-
lic compounds such as the X-ray characterized [Re(°-
CsH4NH,),(CO)6|[TFAB; (Figure 9).>3

Summary and Recommendations

Electrochemistry, in its various guises, is arguably the most
powerful and widely used approach to the study of oxidative
electron-transfer reactions. The benefits inherent to the use of
WCA-based electrolytes in molecular electrochemistry are suf-
ficient to rightly classify them as the third-generation of sup-
porting electrolyte anions (halide — “traditional”, for example,
[BF4]~ — WCA). In terms of physical and physicochemical
effects, the improved conductivities of their electrolyte salts
and increased solubilities of their reaction products facilitate
use of the lower-polarity solvents that are often desirable for
electrochemical applications. The more dramatic chemical
effects of WCAs, however, which originate in their intrinsically
low ion-pairing strengths and nucleophilicities, are in how they
influence the thermodynamic and Kinetic properties of redox
reactions involving cationic products.

Weakly coordinating anions have already been shown to
be a valuable addition to the electrochemical toolbox for
manipulating the medium in order to control the thermody-
namics of multielectron processes, even to the point of allow-
ing changes between a one-electron and two-electron
stoichiometry. A conceptually simple “mirror image” model is
now available,>* which integrates the medium effects of elec-
trolyte ions and solvent on the AE,,; values of multielectron
processes involving either cations or anions. In this model, the
traditional anions, such as [BF4]~ and [PFg]~, are seen to have

Vol. 43, No. 7 = July 2010 = 1030-1039 = ACCOUNTS OF CHEMICAL RESEARCH = 1037



Organometallic Electrochemistry Geiger and Barriére

FIGURE 9. X-ray of cationic structure for [Rey(7°-
CsH4NH,)»(CO)6|[TFABJ,. Reprinted with permission from ref 53.

an effect on anodic AE;; values that is intermediate between
those of halides and WCAs, much as the cation [NMe,]" is
seen3? as ranking intermediate between alkali metal ions and
the tetrabutylammonium ion in its effect on cathodic AE;,;
values.

The fact that new possibilities for the generation and reac-
tions of Kinetically stable organometallic radical cations
emerged so readily from the study of prototypical metal
sandwich®474° and half-sandwich complexes*34446:53 has
established the value of fluoroarylborate electrolyte anions in
organometallic applications. WCAs other than 1 and 2 also
hold promise. Voltammetry has been carried out in benzene
with the aide of Li[CB;;Me;,] as the supporting electrolyte.>*
The rather facile oxidation of this carborane anion (ca. 0.7 V
vs FcH) limits its anodic utility, but the potential range of the
hexachloro-substituted analogue [CBq;ClsMeg]~ extends more
positive by about 1V, giving it promise as a functional elec-
trolyte anion.>® Fluorinated alkoxyaluminates>® are also prom-
ising,>” and one member of the traditional family, namely,
hexafluoroarsenate anion, has proven useful.>> An analogue
of 2, in which the CF5 groups are replaced by CgF3, allows vol-
tammetry to be carried out in very low polarity fluorous sol-
vents.>®

Less well-developed is the scope of how WCAs might be
used to deal with problems of nucleophilic attack by the elec-
trolyte anion on organic radical cations.>*° This is an area in
which systematic comparisons between traditional anions and
various weakly coordinating anions would be welcome, inquir-
ies that are facilitated by the now modest costs of some com-
mercially available®' fluoroarylborates.
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