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Erker has used B(Fs)s to generate active olefin polymeriza-
tion catalysts by opening zirconacycles suci.asn an effort to
extend this work to heteroatom-substituted zirconacycles, we
treated2? with B(C¢Fs)s. To our surprise, the result is a partial
oxidation to a radical catior2™.

a X
A N,
BN

ad,. dx
< 70 <Y

o
© 4

A typical *H NMR spectrum oR after the addition of B(gFs)3
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Figure 1. The 300 MHz!H NMR spectrum (CBCly; 293 K) of 2 (a),
and2 (45 mM) with 16 mM B(GFs)s (b). The taller peaks are truncated.
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Figure 2. EPR spectra (9.775 GHz) @f* in CDsCsDs. (a) 2 (49 mM)
+ B(CsFs)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 ®fwith
[(CpMe)Fe]" (see text). Simulations usef = 7.0 G;ana = 3.2 G;amp
= 1.0 G;ayc = 3.7 G; line broadening (G): (d) 0.65; (e) 0.85; (f) 0.40.
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conditions. In eq 2A(T.ex ) is directly proportional to the rate
constant for electron exchanggin eq 3,A(T.ex 1Y) is inversely
porportional tok. Thus, resonances in the large hyperfine limit
will broaden as the temperature is raised, while those in the small

is shown in Figure 1. One set of phenyl resonances has broadenedhyperfine limit will sharpen.

to the point of disappearance; tfBu signal has broadened
substantially; the €Hs resonance and the other phenyl resonances
do not broaden significantly; the chemical shifts remain un-
changed. Less broadening is observed when smaller amounts o
B(CsFs); are added. There is no immediate change ifR&IMR
spectrum of the B(&Fs)s.

Such selective broadening has been seen intheNMR
spectrum of partially oxidized chlorophyll a and explained by
electron exchange with the corresponding radical catlodeed,
the EPR spectrum of the radical cati@tr is readily detectable
at g = 2.0118 when solutions a? are treated with B(§Fs)s
(Figure 2a). The observable hyperfine coupling constants (G) are
any = 7.0, aya = 3.2, a4 = 1.0, ac = 3.7; those for the other
protons are too small to be resolved.

While examining thedH NMR spectrum of partially reduced
p-xylene, de Boer and MacLean derived the basic equations for
the effect of electron exchange on NMR spedétiaquation 1

describes the line broadening due to exchange of an electron,

A(T,e 1) = K[Radical] 2)

®3)

In the present case the neutral specie3, ithe radical 2,
andk is the rate constant for electron exchange between them
(eq 4). The phenyl resonances,{Hl,, and H) of solutions of2
that contain2™ show? the increase itH NMR line width with
temperature expected in the large hyperfine limit (although
fNTRZaZ/4 ~ 1)9

f AT, ) = ([Radicall/[Neutralf)(1/4) @)k *

k

2+2"=2"+2 (4)
The 'Bu and GHs resonances of solutions @fthat contain

2** sharpen with temperature in the manner expected from eq 3,

and are thus characteristic of the small hyperfine limit. The

A(Tex 1Y), as a function of the mole fractions of the neutral and
radical fy andfg), the lifetime of the radicatg, the hyperfine
coupling constang, and the electron spin lattice relaxation time,
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Equation 1 has two limiting cases. In the large hyperfine
limit,~7 a is large enough thdtzr?a%/4 > 1 + 215T1e % in the
small hyperfine limit~7 a is small enough thafyrr?a?4 +

(2) (a) Walsh, P. J.; Hollander, F. J.; Bergman, RJGAm. Chem. Soc.
1988 110 8729. (b) Walsh, P. J.; Hollander, F. J.; Bergman, R. G.
Organometallics1993 12, 3705.

(3) Waterton, J. C.; Sanders, J. K. .Am. Chem. S0d978 100, 4044.

(4) (a) de Boer, E.; MacLean, @. Chem. Phys1966 44, 1334. (b) de
Boer, E.; van Willigen, HProg. Nucl. Magn. Resori967 2, 111.

(5) These have been referred to as the slow excHafogestrong puls®
limit and rapid exchanddor weak puls8 limit cases, respectively. We prefer
the terms large hyperfine and small hyperfine because there is onlyfone
exchange.

(6) McConnell, H. N.; Berger, S. Bl. Chem. Phys1957, 27, 230.

(7) Solomon, I.; Bloembergen, N.. Chem. Phys1956 25, 261.

(8) The solutions used for these experiments were prepared by oxidizing
with [(CsHsMe)Fe][B(CsFs)4] (as mentioned later in the text). The amount
of the radical catior2'™ in solutions prepared from the reaction ®fand
B(CsFs)3 increases with time, along with slow formation of products that are

21rT16 t < 1. Equations 2 and 3 show the consequences of thesediamagnetic but have not been identified.

§ Columbia University.

* Brookhaven National Laboratory.

(1) Karl, J.; Erker, G.; Fiblich, R.J. Am. Chem. S0d.997, 119 11165
and references therein.

10.1021/ja984290j CCC: $18.00

(9) If we use thek obtained from eq 5 at a typica2]of 50 mM, 7r is 1.33
x 1077 s; fy ~ 1 anda(He) = 3.7 G (1 x 10" Hz) makefytr?a?/4 equal to
0.48—less than 1, and not in the large hyperfine limit. A quantitative test of
eq 2 is difficult because thedHHy, and H resonances in thiél NMR spectrum
of 2 broaden significantly even at very small concentration&of
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temperature dependence of the width of thel§xesonance o2
(Table S-1 in Supporting Information) implies & of 4.1(1)
kcal/mol fork.

Solutions of2** that are free o2 can be generated by oxidation.
The CV of 2 shows a reversible one-electron oxidatiorEa,,
= —0.07 V vs SCE in CHKCI, (["BusN]J[PF¢], 0.1 N; 50 mV/s),
and the 1,Etdimethylferricinium cation oxidize& quantitatively
to 2™ (which can be reduced cleanly back2dy cobaltocene).
The EPR of2** generated with [(6Hs;Me)Fe][B(CsFs)4] (Figure
2c¢) is sharper in the absence of exchange ®Ri#nd broadens
upon addition of2 (Figure 2b). From the excess line width in
Figure 2b,AW, eq 3° gives an exchange rate constanif 1.5
x 108 M~ st at 293 K, implying from eq 3 and the width of
the'Bu 'H NMR resonance at 2K a hyperfineag, of 0.071 G;
the hyperfine of the €Hs protons is similarly calculated to be
0.018 G. Oxidation of a solution a@ with small amounts of
ferricinium permits the determination of th#d NMR line
broadening produced by a given amoun®0f, and implies that
less than 1% of th2 is oxidized to2** in a B(GFs); experiment?!

AW

k=154x 10’
x [Neutral]

(5)

In an effort to generate a radical anion from Bif€); we have
treated it with cobaltocene. No radical anion is observed, but the
products3'? and 4 are formed cleanly in a one-to-one ratio (eq
6); the structure oft has been confirmed by X-ray diffractiéh.
The oxidation oftwo cobalts to Co(lll) has produced the hydride
ligand in the anion oB, suggesting an electrophilic attack on a
Cp ring of CpCo#15

2CpyCo + 2B(CeFs)y —

< ®
Co
@—5(C6F5)3

4

[CpyCol[HB(CeFs5)3]  + Q)

3

Further experiments have shown that B{g)s is remarkably
difficult to reduce. In the presence of alkali metals a THF solution

(10) (a) Ward, R. L.; Weissman, S.J. Am. Chem. S0d.957, 79, 2086.
(b) Sorensen, S. P.; Bruning, W. Bl. Am. Chem. So0d.972 94, 6352.

(11) The broadening of thtH NMR '‘Bu resonance produced by addition
of B(CgFs)s solutions (12 mM) to solutions o2 (50 mM) varies between 5
and 25 Hz, whereas the broadening produced by AB0of ferricinium
(enough to oxidize only 0.3% of th®) is 44 Hz.

(12)*H NMR (CD.Cl,) of 3: 6 5.65 (s, 10 H); 3.65 (q, 1HJz-n = 90
Hz). [HB(CsFs)3] ~ is known: (a) Yang, X.; Stern, C. L.; Marks, T.Angew.
Chem., Int. Ed. Engl1992 31, 1375. (b) Yang, X.; Stern, C. L.; Marks, T.
J.J. Am. Chem. S0&994 116, 10015. (c) Temme, B.; Erker @. Organomet.
Chem.1995 488 177. (d) Ratger, D.; Schmuck, S.; Erker, G. Organomet.
Chem.1996 508 263.

(13) Crystal data ford: monoclinic space grou®2,/n (No. 14),a =
15.998(2) A,b = 10.116(1) A,c = 16.401 (2) A, = 110.918(2), V =
2479.4(4) B,Z=4,T =203 K,R; (I > 20(l)) = 6.66%, GOF= 1.023.2H
NMR (CD,Cly) for 4: 6 5.44 (br, 2H), 5.41 (br, 2H) 5.17 (s, 5HfF NMR:

0 —128.1 (d,Je—¢ = 22.6 Hz),—159.9 (t,Jrr = 21.2 Hz),—164.8 (t,Jr¢
= 18.4).

(14) The reaction of cobaltocene with Lewis acids has been examined in
an effort to explain the mechanism of e¢>7.

R

\I' H
Co

The initial step in reaction 7 is generally thoultb be an electron transfer,
forming the RX™ radical anion. The enhanced reactivity of BBelative to
CHBr; and MeN — BBr3) toward CpCo has been interpret®dn terms of

formation of BBE*. However, it is possible that the @po/BBr; reaction
begins with electrophilic attack by BBon cobaltocene (before formation of

2CpyCo + R-X

[Cp,Co][X] + )
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of B(CsHs)3 rapidly turns blue, reflecting the formation of the
radical anion B(GHs);*.% In the presence of Na or Na/K alloy

a THF solution of B(GFs); remains colorless, and we see no
evidence of a radical anion via EPR F NMR.”

The radical anion B(gFs);* does appear in the negative ion
mass spectrum of B(Es)s, but CV experiments on B¢Es); have
failed to provide evidence for the formation of the radical anion
by reversible reduction in solution. (Electrochemistry on {3
is complicated by the fact that it interacts with the anioR$s~,
BF,~, and CIQ~—of common supporting electrolytes, as shown
by °F NMR.) Reversible reduction is also unobservable for
B(CeHs)s; the radical anion apparently becomes adsorbed on
electrode surfacés.

No radical other tha@"* can be detected when the reaction of
2 with B(CgFs); is examined by EPR. Because so little of the
is converted to2**, the possibility that impurities play a role
cannot be excluded. Addition of ¢B)B(CsFs)3'8 (traces of which
remain even after sublimation of commercial BFg)s) or
[PhNMeH][B(C¢Fs)4] to solutions of2 causes formation dtt,
although less cleanly than does BEg); alone. We have always
observed the formation of son®&* from the reaction o2 and
B(CsFs)s 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 electroA%in manyreactions that
generate radical cations. For example, various Lewis acid/solvent
combinations (AIGYCH,Cl,, AICIz/CH;NO,, BF/SO,, SbCH
PhNQ;, etc.}%?° 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™® The formation of som&** 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(Es)s.
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(16) (a) Leffler, J. E.; Watts, G. B.; Tanigaki, T.; Dolan, E.; Miller, D. S.
J. Am. Chem. So0d.97Q 92, 6825-6830. (b) Eisch, J. J.; Dluzniewski, T.;
Behrooz, M.Heteroatom Chenil993 4, 235-241. (c) DuPont, T. J.; Mills,

J. L. J. Am. Chem. Sod 975 97, 6375-6382. (d) Schulz, A.; Kaim, W.
Chem. Ber1989 122 1863-1868.

(17) The reaction of B(gFs)s with Na or Na/K alloy in a variety of solvents
(diglyme, toluene, THF, EO, and toluene/THF mixtures) resulted in slow
decomposition of the B(§Fs)s (**F NMR). These reactions were not noticeably
exothermic, but extreme caution should be exercised in the reaction of
perfluorinated organics with alkali metals (see the Caution in Marsella, J. A.;
Gilicinski, A. G.; Coughlin, A. M.; Pez, G. Rl. Org. Chem1992 57, 2856~
2860).

(18) Water adducts of B@#Es); are mentioned by: (a) Siedle, A. R.;
Newmark, R. A.; Lamanna, W. M.; Huffman, J. Organometallics1993
12, 1491-1492 (ref 5). (b) Bradley, D. C.; Harding, I. S.; Keefe, A. D;
Motevalli, M.; Zheng, D. HJ. Chem. Soc., Dalton Tran$996 3931-3936.

the charged intermediate), and it is possible that reaction 6 gives rise to a(c) Piers, W. E.; Chivers, TChem. Soc. Re 1997 26, 345-354. (d)

radical anion at some stage.

(15) (a) Herberich, G. E.; Schwarzer,J1.Organomet. Chenil972 34,
C43—-CA47. (b) Herberich, G. E.; Carstensen, T.; Klein, W.; Schmidt, M. U.
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Chem., Int. Ed. Engl1996 35, 80—82.
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