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Figure 2, Specira of chromium(V1), chromium(V), and chromium(111)
in water at 25 °C: chromium(V) complex with 2-hydroxy-2-methyl-
butyric acid (1), chromium(V) complex with citric acid (2), chromi-
um(VI) at the beginning (3) and chromium(II1) at the end (4) of the
oxidation of 2-hydroxy-2-methylbutyric acid by chromic acid under
conditions given in Figure 1.

Scheme III
Cr(V1l) + 2HMBA — Cr(I11) + 2MEK + CO; + -CO,H
Cr(VI) + .CO;H — Cr(V) + CO,

The nature of the intermediates formed in the first phase
of the reaction can be conveniently examined when the oxi-
dation is interrupted by cooling the reaction mixture down
to room temperature. At this point the color has changed
from the original yellow to red-brown. The absorption spec-
tra (corrected by subtracting the chromium(III) absorp-
tion), shown in Figure 2, together with the spectra of
chromium(VI) and chromium(III) are in good agreement
with the spectrum previously obtained for the chromium(V)-
oxalic acid complex® and are completely different from the
spectra of any known chromium(IV) compounds.''-!2 The
conclusion that the intermediates are chromium(V) species
is also consistent with the known extreme instability and re-
activity of chromium(IV) in aqueous solutions,!3-!8

The solutions of the chromium(V) complexes are stable
at room temperature for several hours, at 0 °C for about |
day, and can be stored frozen at —20 °C for several weeks.
Their stability can be extended considerably by careful
deaeration. The solution obtained in the chromic acid oxi-
dation of 2-hydroxy-2-methylbutyric acid has been further
purified by passing it through a cation exchange column
(Dowex 50W-X8) which did not affect the chromium(V)
complex, but completely removed chromium(III). The
chromium(III)-free solution was analyzed iodometrically
(a) directly and (b) after oxidation to chromium(VI) by hy-
drogen peroxide in alkaline solution, The ratio of the I3~
yields in procedures (a) and (b) were 1:1.52 providing addi-
tional proof that the complex is a chromium(V) compound,

While chromium(V) resembles in many respects chromi-
um(VI) 81920 jts reactivity towards iodide ions is greater by
a factor of more than 50 (for HMBA). This observation
permitted the development of a method for the quantitative
analysis of chromium(V)-chromium(VI) mixtures.?!

Although insufficient information about the nature of the
chromium(V) complexes is available at this time, the fol-
lowing structures appear plausible and are consistent with
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the need for two functional groups to stabilize the chrom-
ium(V) valence state. Kinetic data®' suggest that the
chromium(V) compound first produced is a 1:1 complex, al-
though it is entirely possible that the stable complex con-
tains an additional molecule of hydroxyacid. The negative
charge is consistent with the observation that the complexes
are not absorbed by a cation-exchange resin, but are re-
tained by an anion-exchange column (Dowex 2-X8).

The second phase of the reaction in which chromium(V)
is rapidly reduced to chromium(III) appears to involve a
free radical chain reaction initiated by traces of oxygen and
inhibited by chromium(VI).

References and Notes

(1) Support for this investigation by a grant of the National Science Founda-
tion is gratefully acknowledged.
(2) J. K. Beattle and G. P. Haight, Jr., in *‘Inorganic Reaction Mechanisms,
PartlI”, J. O. Edwards, Ed., Interscience, New York, N.Y., 1972, p 93.
(3) K. B. Wiberg in "Oxidation in Organic Chemistry, Part A", K. B. Wiberg,
Ed., Academic Press, New York, N.Y., 1965, p 69, and references
given therein.
(4) H. C. Mishra and M. C. R. Symons, J. Chem. Soc., 4480 (1963).
(5) M. Mitewa, A. Malinovsky, P. R. Bontchev, and K. Kabassanov, inorg.
Chim. Acta, 8, 17 (1974), and references given therein.
(6) F. Hasan and J. Rocek, J. Am. Chem. Soc., 94, 9073 (1972).
(7) F.Hasan and J. Rocek, J. Am. Chem. Soc., 94, 8964 (1972).
(8) V. Srinivasan and J. Rocek, J. Am. Chem. Soc., 96, 127 (1974).
(9) F. Hasan and J. Rocek, J. Org. Chem., 39, 2612 (1974).
(10) F. Hasan and J. Rocek, J. Am. Chem. Soc., 97, 1444 (1975).
(11) H. C. Clark and Y. N. Sadana, Can. J. Chem., 42, 50 (1964).
(12) E. C. Alyea, J. S. Basl, D. C. Bradley, and M. H. Chisholm, J. Chem.
Soc. A, 772 (1971),
(13) J. Rocek and A. E, Radkovsky, J. Am. Chem. Soc., 90, 2986 (1968).
(14) M. Rahman and J. Rocek, J. Am. Chem. Soc., 93, 5455 (1971).
(15) M. Rahman and J. Rocek, J. Am. Chem. Soc., 93, 5462 (1971).
(16) J. Rocek and C.-S. Ng, J. Am. Chem. Soc., 96, 1522 (1974).
(17) F. Hasan and J. Rocek, Tetrahedron, 30, 21 (1974).
(18) J. Rocek and C.-S. Ng, J. Am. Chem. Soc., 96, 2840 (1974).
(19) F. Hasan and J. Rocek, J. Am. Chem, Soc., 96, 534 (1974).
(20) K. B. Wiberg and S. K. Mukherjee, J. Am. Chem. Soc., 96, 6647 (1874).
(21) M. Krumpolc and J. Rocek, to be submitted for publication.

Miroslav Krumpolc, Jan Roéek*
Department of Chemistry

University of Illinois at Chicago Circle
Chicago, Hlinois 60680

Received September 4, 1975

Chemistry of Superoxide Ion. II. Reaction with
Hydroperoxides!
Sir:

The elegant work of Fridovich and his group? has clearly
demonstrated the damaging effects of superoxide ion (O5™)
in biological systems. However, little work has yet appeared
on the chemical reactions which superoxide can undergo
with simple organic substrates. !.3- !

Both H>O, and O,: are formed in the reaction of xan-
thine oxidase with its substrates, and the system is destruc-
tive to organisms.'2 However, neither H,O5 nor Oy~ alone
is sufficient to account for the damage, and it has been hy-
pothesized that OH., a powerful oxidizing agent, is pro-
duced in the reaction of HyO, and O5.~,12-12

H;0; + O~ — OH- + OH" + O,

As a model for this reaction, we have studied the reaction
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Figure 1, Alcohol/acetone ralio from the reaction of tert-butyl hydro-
peroxide with (CH3)4N*0O2~ in CH3CN as a function of added cyclo-
hexane.

between alkyl hydroperoxides and Oz-~ and report that alk-
oxy radicals are a major product of the reaction.

ROOH + O3~ — RO:

The experiments were carried out using tetramethylam-
monium superoxide,!® a reagent which is soluble in polar
aprotic solvents {up to 0.05 M in CH3CN) and provides a
convenient, easily handled source of superoxide. In prelimi-
nary experiments, 0.01 M tert-butyl hydroperoxide in dry
acetonitrile was rapidly added to an equivalent amount of
solid (CH3)4N*+0,.7.'¢ The products (determined by GLC,
internal standard) were acetone (0.001 M) and terz-butyl
alcohol (0.009 M). When an identical experiment was car-
ried out, except with 0.02 M rert-butyl hydroperoxide and
half an equivalent of superoxide, the products were acetone
(0.001 M), tert-butyl alcohol (0.009 M), and unreacted hy-
droperoxide (0.01 M). Thus the reaction is stoichiometric.
No other products were detectable by GLC. Depending on
the rate of addition, a pale pink to burgundy color devel-
oped; the solution again became colorless within 30 s after
addition was complete.

The §-scission of alkoxy radicals (k4) and hydrogen ab-
straction from solvent or added H donor (k,) are well-es-
tablished reactions.'”'® The relative rates of the two pro-
cesses provide a convenient diagnostic test for the presence
of alkoxy radicals, in comparison with values determined in
other reactions.'®

kd
R(CH3),CO- —>» CH;COCH; + R-

k
R(CH;),CO- + R'H — R(CH;),COH + R

If k4 and k, are the only sources of acetone and tert-butyl
alcohol, respectively, a plot of alcohol/acetone ratios
against added R’H should yield a linear relationship with a
slope of k,/kq. A comprehensive study of this type was
originally done by Walling and Wagner,?® with k,/kq ra-
tios determined as a function of solvent and temperature
using tert-butyl hypochlorite as a source of tert-butoxy rad-
icals.

To determine whether rert-butoxy radicals are generated
from the reaction of superoxide with tert-butyl hydroperox-
ide, a similar study was carried out. All experiments were
done at room temperature (23 °C) in dry acetonitrile (re-
fluxed and distilled over P>Os). A series of solutions of tert-
buty! hydroperoxide (0.01 M) containing various amounts
of cyclohexane (R'H) was prepared and added dropwise,
with stirring, to flasks containing an amount of solid
(CH3)4N*+O»~ equivalent to the hydroperoxide. After ad-

dition of internal standard (toluene), the acetone and tert-
butyl alcohol were determined by GLC.?! The alcohol/ace-
tone ratios are plotted as a function of cyclohexane concen-
tration (Figure 1). The value of (k./k4) determined from
this plot is 19.6 £ 0.6 M~!, in good agreement with the
value of Walling and Wagner2® for rert-butoxy radicals
generated from tert-butyl hypochlorite in CH3CN at 25 °C
(19.8 M),

It was also shown by Walling and Padwa?? that changing
the structure of the alkyl groups attached to the alkoxy rad-
ical drastically alters the product ratios, with 3-scission be-
coming more favorable with increasing stabilization of
R..'822 Thus k,/kq changed from 50 to 0.5 as R was
changed from CHj to C3Hs (for hypochlorites in CCly, 40
°C, R'H = cyclohexane).?2 These conditions could not be
duplicated because the superoxide is not soluble in CCly.
However, qualitatively similar behavior is observed. Thus
reaction of rert-amyl hydroperoxide in CH3CN (23 °C, no
added H donor) as described above gave an alcohol/acetone
ratio of 0.5, compared to 7.4 for tert-butyl hydroperoxide.

These results support the contention that alkoxy radicals
are generated in the reaction of O,-~ with hydroperoxides.
Extrapolation to the H,O; system would suggest that O~
should react with hydrogen peroxide to give hydroxyl radi-
cals.

Hydroperoxides might also react with Oz~ to give -OH
+ RO™ instead of RO- + OH~. However, the latter reac-
tion is more favorable from electronegativity arguments,
and the k,/k4 value determined in Figure 1 should have
been much higher if an appreciable fraction of the other re-
action was occurring.

Either reaction predicts O; production equivalent to the
hydroperoxide consumed. In initial experiments with potas-
sium superoxide, we did find an equivalent of O3 evolved
based on hydroperoxide, but the reaction was found to pro-
duce no color during addition of reactants. However, using
the much more soluble (CH3)4N*O» ™, 60% or less of O,
was evolved (depending on addition rate), but a colored in-
termediate was formed as discussed earlier. (Probably the
O; is consumed by radicals formed by reaction of ters-bu-
toxy radicals with solvent, as well as with CH3: formed).

An alternative reaction between O,.~ and tert-butyl hy-
droperoxide to give rert-butylperoxy radical and H,0,
could also generate rerr-butoxy radicals by the reaction
shown below. However, some (3-5%) di-tert-butyl peroxide
should have been formed from cage recombination if this
reaction was taking place,”® and none (detection limit
0.05%) was found in any of the experiments, although it is
easily detected gas chromatographically, and is much less
reactive to superoxide than the hydroperoxide.?4

(CH3)3COOH —> (CH3);COO-
R.

2(CH3)3COO0: — (2x)(CH3)1CO- +
(1 — x)(CH3)3COOC(CH3); + O3
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Classical and Nonclassical Structures of the Vinyl
Cation. An Accurate Computational Determination of
Their Relative Stabilities and Optimum
Rearrangement Path

Sir:

Vinyl cations are known' to play an important role as
highly reactive intermediates in many organic reactions.
Since they can have two possible structures, a classical lin-
ear one (Figure l1a) and a nonclassical bridged one (Figure
1b), a knowledge of the relative stabilities of both forms and
the activation barrier between them is needed for a better
understanding of their chemistry. In the absence of experi-
mental data, these properties have to be deduced from theo-
retical calculations done on the parent system C>H3*. The
ab initio calculations reported in this communication, which
include an accurate evaluation of correlation effects
through extensive configuration interaction (CI), lead to
the following chemical predictions after a critical estima-
tion of all errors which can arise from defects in the calcula-
tions. (i) The two structures, both corresponding to minima
in the potential energy surface, have the same energy to
within 1-2 kcal/mol, the bridged structure probably having
the lower energy. (ii) Molecular conformations along the
lowest energy path for rearrangement from linear to
bridged structures are planar. (iii) The barrier to rearrange-
ment is small, less than 1-3 kcal /mol.

Previous calculations have addressed the question of the
relative stabilities of the two structures, but have not given
a definitive answer: semiempirical methods are known to
strongly overestimate the stabilities of the nonclassical
jons,23 ab initio self consistent field (SCF) calculations*3
do not include correlation effects, and the independent-elec-
tron-pair approximation used in the CI approach of Zuraw-
ski et al.% lacks the so-called additivity corrections.” There
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Figure 1. Optimized geometries for the vinyl cation: (a) classical (Cs,);
(b) bridged (Ca,): (c) intermediate a = 90.8°. Internuclear dislances
are in A.

H,

have been no previous predictions of the rearrangement
path. In our calculations, two levels of wave functions were
computed for each nuclear conformation, (i) an SCF wave
function for the dominant closed shell configuration in
which occupied orbitals are expanded in a contracted
Gaussian basis of “double-{ plus polarization™ quality, and
(ii) a CI wave function, obtained by diagonalizing the
Hamiltonian in an n-particle space spanned by the SCF
configuration and all configurations derivable from it by
single and double electron excitation into the unoccupied
SCF orbitals. Energy differences between the SCF and CI
wave functions give the correlation corrections to the poten-
tial energy surface. The calculations will be fully described
elsewhere %

SCF energies of the linear and bridged structures have
been minimized with respect to all geometrical parameters,
whose optimum values are shown in Figures 1a and 1b. We
have determined computationally that these minimum ener-
gy structures are planar Cj,. Three points on the reaction
path were chosen to give equal increments in the angle
H,C,C; (Figure 1) between the lirtear and bridged struc-
tures, Having fixed this angle, «, the SCF energies were
minimized with respect to variation of all the remaining
geometrical parameters. Figure lc shows the optimized
conformation when angle « is halfway between its linear
and bridged values (o = 90.8°). All points on the minimum
energy reaction path, presented in Figure 2, have been
shown computationally to be planar. We have determined
that during the migration of H, (Figure 1) along the reac-
tion coordinate, the atom H3 moves trans to H,, with angle
C,C>H; equal to 188.9° when o« = 90.8°, and then back
through the linear position to a final C;C;H; angle of
179.1°. This emphasizes the necessity of geometrical opti-
mization; assumed interpolations using only the linear and
bridged geometries can result in errors of several kilocalo-
ries per mole in the energy along the reaction path. It is
noteworthy that the H>C,CyH; conformation in the
bridged structure has a geometry very close to that of acety-
lene; w-protonation of acetylene causes very little distortion.

Figure 2 shows the reaction path computed with C1 wave
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