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In 1877, Bard reported the reaction of aryl alkanes with chromyl Table 1. Chromyl Chloride Plus Isobutane Reaction Energetics

chloride to form a 1:2 complex in inert solverithis 1:2 Hard (keal/mol)
complex precipitates from solution, forming a brown amorphous method vdz sRviz sUvtz
material. Upon hydrolysis, aryl aldehyde is formechii0% yield. LDAab 43 40 39
Saturated €H bonds are also oxidized by CiCl, via Etard BPW9xd 36 34 32
complexes. €&H activation in solution seems to be in conflict with BLEPC'E 35 33 32
the fact that the reaction is endothermic in the gas phlagel6 EiTHlm gg gg gg
kcal/mol for the r_eactiqn of Cr@D, with toluene and by 11 kcal/ B3LYPN 23 21 19
mol for the reaction with propane. CASPT2 27 28
In his classic review,Wiberg suggested €H bond activation ZPE —4
; ; —TAS 3
occurred through carbocation formation, eq 1, T "
R;C—H + Cr(VI) — R3C® + Cr(Iv) (1) aVosko, S. H.; Wilk, L.; Nusair, M.Can. J. Phys198Q 58, 1200.
b Slater, J. CPhys. Re. 1951, 81, 385.¢ Becke, A. D.Phys. Re. A 1988
. . . 38, 3098-3100.9 Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K.
organic radical formation, eq 2, A.; Pederson, M. R.; Fiolhais, ®hys. Re. B 1992 46, 6671-6687.¢ Lee,
C.; Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785-789.f Perdew, J. P.;
R3C—H + Cr(VI) . RSC' + Cr(V) (2) Burke, K.; Ernzerhof, MPhys. Re. Lett. 1996 77, 3865-3868.9 Boese,

A. D.; Doltsinis, N. L.; Handy, N. C.; Sprik, MJ. Chem. Phys200Q 112,
1670-1678." Becke, A. D.J. Chem. Phys1993 98, 5648-52.
or via a concerted addition, eq 3.
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Wiberg favored the radical pathway given in eq 2 based on the '™ = °** o & vn @ omar
observed kinetic isotope effect and relative reactivity of primary, a ‘. <® 3 ®
secondary, and tertiary bonds. In a series of papers dating from /
the mid 1990s, Mayer, Cook, and Wa&rigorovided convincing s e lhylone Chirde Cyelahenare es Prase

experimental support for the radical pathway. Unfortunately, the Figure 1. Molecular structures of the saddle point for the reaction between
experimentally observed activation energies are roughly 12 kcal/ chromyl complexes and isobutane, in the gas phase and in solution,
mol lower than theoretical estimafesf radical pathway thermo- ~ "espectively.
chemistry. For example, the observed activation en€tdies
isobutane, cyclohexane, toluene, and cyclooctane are 21, 27, 16
and 19 kcal/mol, respectively, whereas the LANL2/BPW91
computed regctiqn energies are 33, 37, 28, and 32 kcal/mol. barrier of 29 kcal/mol is computed.

To determine if the~12 kcal/mol discrepancy is due tp the The C-C bond distances of the isobutane transition state,
methodology used, we have computed the thermochemistry for provided in Figure 1, are shorter than those of (3EF (1.500 A)

isobutane hy(_jrogen _abstract}élwith two different basis sets, a  and slightly longer than those in (GHC* (1.472 A). This suggests
range of density functionals, as well as the CASPTiave function significant carbocation character in the organic fragment of the

(Teth_od.fThe. resnIJIts arr]e dsumme_lrlzed in Tablehl. Eor_thls reaCt'Onl'ltransition state. This means the saddlepoint has substantial zwit-
ensity hun(l':]tlon?] metho ?are.msgnsmye to tl e ZSIS set, afS Vr\]’e terionic character, rather than the previously invéiéediradical
as 1o whether the wave function is spin restricted. Four of the character. We have previously suggested zwitterionic character in

functionals Cl;St?r 3732 _I;fcal/mol,_;/_vhilelLDAh(SQ kcal/mol) and the alkene epoxidation saddlepotfZwitterionic character should
B3LYP (19 kcal/mol) differ significantly. The CASPT2 wave o 5,4 s enhanced when the isobutane transition state is placed

functio_n approach yields 28 kcal/mol, 5 kcal/mol smaller the_m DFT. in an Onsagéf CH,Cl, continuum solvent® There is a significant
There is stila 7 kcal/mol discrepancy between the theoretical and transition state structural reorganization, see Figure 1, and the barrier

expgrlmental actlvat!on ener_getlcs. . L drops from 29 to 17 kcal/mol. Further, the transition state dipole
Given the current interest in the catalytic activation of saturated | -+ increases from 9 to 20 D. Use of the smaller dielectric

hydrocarbons_ such as propane or methane_, we have S°u9ht_ tosolvent, cyclohexane, results in a barrier drop of only 3 kcal/mol
unravel the discrepancies between observation and theory using o6 keal/mol and a smaller dipole moment increase to 12 D. A

t Colorado State University. mlxed gyclohexaneCrCIZOZ solvent should have an intermediate
* Silesian University. dielectric constant.

LANL2/BPW91? For isobutane, this smaller basis approach obtains
an abstraction energy of 33 kcal/mol, only 1 kcal/mol larger than
the large basis all-electron methodology. An isobutane activation
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Zwitterionic character should also be enhanced by the addition

of a second equivalent of Cr0,.1¢ Formation of an alcohol adduct
of Cr,Cl403 with two Cr(V) sites is computed to be 25 kcal/mol
exothermic'® Following these observations, we examined the
viability of a dimeric structure for CrGD,. Other than a weak basis
set superposition-induced complex with a binding energy of 0.6
kcal/mol, the only dimeric structure we find is computed to be 23
kcal/mol above two CrGD, molecules.

We have investigated the reaction chemistry of the dimeric Cr(V)
complex by modeling the simpler mononuclear complex, &rCl
(O)OH. CrCkL(O)OH is computed to activate isobutane via the oxo
ligand with a gas-phase barrier of 22 kcal/mol, 7 kcal/mol smaller
than with CrC}0,.° Reaction via CrG(O)OH is computed to not
be significantly solvent stabilized; the saddlepoint is lowered by
less than 1 kcal/mol in dichloromethane. As shown in Figure 1,

this transition state structure is consistent with radical abstraction;

the C-C bond distances of 1.568.507 A are longer those in
(CHg)sC.

Taken together, these observations suggest the following reaction
scheme for alkane activation. The reaction sequence begins with

an initial, rate-limiting, bimolecular reaction between G@j and
alkane, proceeding through a zwitterionic transition state, eq 4.

S+

0 A .
Clinc? + R-H 5.0 LO-R
CI” 7% % Clum.
o Cliict I'C* 4
% "o (4)

The high energy alcohol intermediate is subsequently trapped

by CrCLO,, eq 5, forming a dinculear complex with two Cr(V)
sites.

H H 4R
bn o o
Clun Clir 2 .Cr. ¥
C|¢Cf-o + C(VCEO - oy ~o—-cr=0
Cl 2\ (5)
Cicl

One of the two Cr(V) sites reacts, in a kinetically invisible step,
with an additional equivalent of alkane to generate two Cr(IV) sites.

This model is consistent with the observed first-order alkane and

chromyl chloride kinetics, as well as with the radical clock results
described by Wang and Mayeér.
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barrier is lowered 8 kcal/mol to 21 kcal/mol by addition of a second
CrCl,O,. However, because of the third body entropy factor, this species
cannot play a role in the observed chemistry.
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