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Erker has used B(C6F5)3 to generate active olefin polymeriza-
tion catalysts by opening zirconacycles such as1.1 In an effort to
extend this work to heteroatom-substituted zirconacycles, we
treated22 with B(C6F5)3. To our surprise, the result is a partial
oxidation to a radical cation,2+•.

A typical 1H NMR spectrum of2 after the addition of B(C6F5)3

is shown in Figure 1. One set of phenyl resonances has broadened
to the point of disappearance; thetBu signal has broadened
substantially; the C5H5 resonance and the other phenyl resonances
do not broaden significantly; the chemical shifts remain un-
changed. Less broadening is observed when smaller amounts of
B(C6F5)3 are added. There is no immediate change in the19F NMR
spectrum of the B(C6F5)3.

Such selective broadening has been seen in the1H NMR
spectrum of partially oxidized chlorophyll a and explained by
electron exchange with the corresponding radical cation.3 Indeed,
the EPR spectrum of the radical cation2+• is readily detectable
at g ) 2.0118 when solutions of2 are treated with B(C6F5)3

(Figure 2a). The observable hyperfine coupling constants (G) are
aN ) 7.0, aHa ) 3.2, aHb ) 1.0, aHc ) 3.7; those for the other
protons are too small to be resolved.

While examining the1H NMR spectrum of partially reduced
p-xylene, de Boer and MacLean derived the basic equations for
the effect of electron exchange on NMR spectra.4 Equation 1
describes the line broadening due to exchange of an electron,
∆(T2ex

-1), as a function of the mole fractions of the neutral and
radical (fN and fR), the lifetime of the radicalτR, the hyperfine
coupling constanta, and the electron spin lattice relaxation time,
T1e.

Equation 1 has two limiting cases. In the large hyperfine
limit,4-7 a is large enough thatfNτR

2a2/4 . 1 + 2τRT1e
-1; in the

small hyperfine limit,4-7 a is small enough thatfNτR
2a2/4 +

2τRT1e
-1 , 1. Equations 2 and 3 show the consequences of these

conditions. In eq 2,∆(T2ex
-1) is directly proportional to the rate

constant for electron exchangek; in eq 3,∆(T2ex
-1) is inversely

porportional tok. Thus, resonances in the large hyperfine limit
will broaden as the temperature is raised, while those in the small
hyperfine limit will sharpen.

In the present case the neutral species is2, the radical is2+•,
and k is the rate constant for electron exchange between them
(eq 4). The phenyl resonances (Ha, Hb, and Hc) of solutions of2
that contain2+• show8 the increase in1H NMR line width with
temperature expected in the large hyperfine limit (although
fNτR

2a2/4 ≈ 1).9

The tBu and C5H5 resonances of solutions of2 that contain
2+• sharpen with temperature in the manner expected from eq 3,
and are thus characteristic of the small hyperfine limit. The
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Figure 1. The 300 MHz1H NMR spectrum (CD2Cl2; 293 K) of 2 (a),
and2 (45 mM) with 16 mM B(C6F5)3 (b). The taller peaks are truncated.

Figure 2. EPR spectra (9.775 GHz) of2+• in CD3C6D5. (a) 2 (49 mM)
+ B(C6F5)3 (12 mM); (b)2 (47 mM),2+• (0.45 mM); (c)2+• (0.45 mM).
Complex 2+• in (b) and (c) was generated via oxidation of2 with
[(CpMe)2Fe]+ (see text). Simulations usedaN ) 7.0 G;aHa ) 3.2 G;aHb

) 1.0 G;aHc ) 3.7 G; line broadening (G): (d) 0.65; (e) 0.85; (f) 0.40.

∆(T2ex
-1) ) k[Radical] (2)

∆(T2ex
-1) ) ([Radical]/[Neutral]2)(1/4)(a2)k-1 (3)

2 + 2+• h
k

2+• + 2 (4)
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temperature dependence of the width of the C5H5 resonance of2
(Table S-1 in Supporting Information) implies anEa of 4.1(1)
kcal/mol for k.

Solutions of2+• that are free of2 can be generated by oxidation.
The CV of 2 shows a reversible one-electron oxidation atE°1/2

) -0.07 V vs SCE in CH2Cl2 ([nBu4N][PF6], 0.1 N; 50 mV/s),
and the 1,1′-dimethylferricinium cation oxidizes2 quantitatively
to 2+• (which can be reduced cleanly back to2 by cobaltocene).
The EPR of2+• generated with [(C5H4Me)2Fe][B(C6F5)4] (Figure
2c) is sharper in the absence of exchange with2 and broadens
upon addition of2 (Figure 2b). From the excess line width in
Figure 2b,∆W, eq 510 gives an exchange rate constantk of 1.5
× 108 M-1 s-1 at 293 K, implying from eq 3 and the width of
thetBu 1H NMR resonance at 293 K a hyperfineatBu of 0.071 G;
the hyperfine of the C5H5 protons is similarly calculated to be
0.018 G. Oxidation of a solution of2 with small amounts of
ferricinium permits the determination of the1H NMR line
broadening produced by a given amount of2+•, and implies that
less than 1% of the2 is oxidized to2+• in a B(C6F5)3 experiment.11

In an effort to generate a radical anion from B(C6F5)3 we have
treated it with cobaltocene. No radical anion is observed, but the
products312 and4 are formed cleanly in a one-to-one ratio (eq
6); the structure of4 has been confirmed by X-ray diffraction.13

The oxidation oftwo cobalts to Co(III) has produced the hydride
ligand in the anion of3, suggesting an electrophilic attack on a
Cp ring of Cp2Co.14,15

Further experiments have shown that B(C6F5)3 is remarkably
difficult to reduce. In the presence of alkali metals a THF solution

of B(C6H5)3 rapidly turns blue, reflecting the formation of the
radical anion B(C6H5)3

-•.16 In the presence of Na or Na/K alloy
a THF solution of B(C6F5)3 remains colorless, and we see no
evidence of a radical anion via EPR or19F NMR.17

The radical anion B(C6F5)3
-• does appear in the negative ion

mass spectrum of B(C6F5)3, but CV experiments on B(C6F5)3 have
failed to provide evidence for the formation of the radical anion
by reversible reduction in solution. (Electrochemistry on B(C6F5)3

is complicated by the fact that it interacts with the anionssPF6
-,

BF4
-, and ClO4

-sof common supporting electrolytes, as shown
by 19F NMR.) Reversible reduction is also unobservable for
B(C6H5)3; the radical anion apparently becomes adsorbed on
electrode surfaces.16

No radical other than2+• can be detected when the reaction of
2 with B(C6F5)3 is examined by EPR. Because so little of the2
is converted to2+•, the possibility that impurities play a role
cannot be excluded. Addition of (H2O)B(C6F5)3

18 (traces of which
remain even after sublimation of commercial B(C6F5)3) or
[PhNMe2H][B(C6F5)4] to solutions of2 causes formation of2+•,
although less cleanly than does B(C6F5)3 alone. We have always
observed the formation of some2+• from the reaction of2 and
B(C6F5)3 no matter how carefully the reagents are purified
(recrystallization, sublimation, etc.).

“There is no definite knowledge of either the nature of the
counterion or the fate of the electrons”19 in manyreactions that
generate radical cations. For example, various Lewis acid/solvent
combinations (AlCl3/CH2Cl2, AlCl3/CH3NO2, BF3/SO2, SbCl5/
PhNO2, etc.)19,20 oxidize neutral organic molecules by one
electron, but [as Bard, Ledwith, and Shine have noted for aromatic
substrates] “the final state of the electron acceptor is not too well-
known”, and the “Lewis-acid anion radical has never been
detected”.19 The formation of some2+• from 2 can also be effected
by another Lewis acid, methyl alumoxane (Aldrich, 10% in
toluene).

The above results raise the possibility that one-electron transfer
is involved in other reactions of B(C6F5)3.
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