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The study of substitution reactions of alkyl halides and
related compounds in solution has provided a wealth of
kinetic and mechanistic data.! Although many refinements
have been made, the entire range of mechanisms, Sy2 to
pure Sy1, can be accommodated by the manifold of reac-
tants in the Winstein' ion-pair scheme [eqn. (1)].

R-X 2 R*X™ 2 R*(solvent)X™ 2 R* + X~ 1)

The Syl mechanism is believed to occur with tertiary,
and some suitably substituted secondary, substrates. Al-
though these mechanisms have been studied intensively
over the past sixty years, there are no data available for the
free energy of ionization of simple alkyl halides in neutral
solution. Data for the ionization of tert-butyl and benzyl
halides, obtained using thermochemical cycles, are re-
ported here.

The free energy change in a reaction, or that for the sum
or difference of two reactions, can often be equated to an
electrode potential difference.” The procedure is illustrated
in Scheme 1 for the difference in heterolytic (AG,,,) and
homolytic (AG,,,) bond dissociations of alkyl halides

Free energy
R-X= R* + X AG;, 2)
R° + X =2 RX —AGom 3)

R + X =2 R' + X —FAFE @)

Scheme 1.

(R-X) in solution. The sum of the free energies above is
equal to that below the double line, completing the thermo-
chemical cycle, giving rise to eqn. (5).> Eqn. (5) is of
limited value since AG,,,, are not generally available. Ap-
plying the common assumption* that the entropies of for-
mation of R-X and R" are expected to be very nearly

AG,,, = AG,,, — FAE® &)
A(;hom = Ebd - TIS]'O(X.)] + AGso|v()(‘) (6)
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AGiy = Eyg — TIS7(X7)] = FAE® + AG,,(X) ™

equal, leads to eqn. (6) which allows AG,,, to be evaluated
from the corresponding enthalpic bond dissociation energy
(E,q). Pertinent C-X E,’ and standard entropies of forma-
tion [S°(X")] data of the halogen atoms® are available.

The electrode potential data necessary to determine
AG,,, are for the reductions of R* and X*. Pertinent data
for the ionization reactions of benzyl halides, tert-butyl
halides and tropyl halides in acetonitrile (AN) are summa-
rized in Table 1. Notice that two values of the reduction
potentials of the halogen atoms are listed. The first values
listed are from Eberson’s tabulation’ and are derived from
thermochemical estimates.® The second set of values are
from Pearson’s compilation® which have been adjusted us-
ing the free energy of transfer of halide ions from water to
AN. The latter values are probably more reliable (un-
certainty +0.15 V) since they are based on more recent
thermochemical data. The reduction potentials of benzyl'
and fert-butyl,'® as well as tropyl,! cations have been re-
ported.

The remaining quantities required to use eqn. (7) to
estimate AG,,, are the free energies of solvation of the
halogen atoms in AN, AG,,(X'). Related work® has
shown a value of AG,,(H,) of 5 kcal mol™!, for the free
energy of solvation of the hydrogen atom in AN is appar-
ently a good approximation. The solubility of O, in AN can
be estimated to be of the order of 0.008 M which corre-
sponds to AG,,,(O,) equal to about 3 kcal mol™!. Free
energies of solvation of a number of gases including He,

Table 1. Reduction potentials in acetonitrile.

Reduced form E°/V vs. NHE

cl- 2.1,%1.8+0.15°
Br- 1.7,1.5+0.15?
I- 1.2,1.0+0.15°
PhCH,- 0.97¢
(CHy)C- 0.33°
CH,- -0.08¢

2Data from Ref. 7. ?Data from Ref. 9. °Data from Ref. 10.
9Data from Ref. 11.
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Table 2. lonization free energies of alkyi halides from electrode potential and thermochemical data for alkyl radicals and halogen

atoms.

lonization Ey -TSe(X)12 —FAE° AGi,(AN) AG,,(H0)
PhCH,CI 72,20 -11.7 -19 41 29
PhCH,Br 57.6° —-12.5 -12 33 24
PhCH,! 48.2° -12.9 -1 34 29
tert-BuCl 80° -11.7 -34 34 22
tert-BuBr 64° -12.5 -27 24 15
tert-Bul 51°¢ —-12.9 -16 22 18
C,H,Cl 729 -11.7 —43 17 5
C,H,Br 58¢ —-12.5 -36 9 0
C,;H,l 484 -12.9 —26 4 0

aData from Ref. 6. °Data from Ref. 5. °Tabulated in Simoes, J. A. and Beauchamp, J. L. Chem. Rev. 90 (1990) 629. “Assumed to be

the same as the corresponding value for the benzy! halide.

N,, Ar, and ethane in N-methylacetamide have been re-
ported to be equal to 6.0, 5.1, 4.7 and 3.4 kcal mol™!,
respectively. From these solubility trends it appears to be
highly unlikely that AG,,,(X") for any of the gaseous halo-
gen atoms will be less than 0 (solubility of 1 M). Further-
more, it appears reasonable to suggest that the most likely
range of AG,,(X") is from about +3 to 0 kcal mol™"'. Thus,
AG,,,(X") can be neglected acknowledging that the AG;,,
obtained using eqn. (7) may be minimum values with a
small error due to this omission.

Free energies of ionization of benzyl, fert-butyl and tro-
py! halides in AN and water are summarized in Table 2.
The AN values were obtained using eqn. (7) while those in
water were estimated by adding the free energies of trans-
fer of the halide ions' to the AN values. The C-X E,, for
benzyl and fert-butyl halides are from the literature and
those for tropyl halides are assumed to be equal to the
corresponding benzyl values.'® Consequently, the AG,,
data for the tropyl halides are subject to a greater un-
certainty than those of the other two series of halides and
are included for the purpose of comparison.

The features of most interest in the data are: (i) that
AG,,, of both benzyl and tert-butyl halides are large and
positive in AN and that (ii) ionization is considerably less
favorable for benzyl than for fert-butyl halides in both
solvents. These data suggest that formation of the free ions
in non-aqueous solvents is unfavorable and is not expected
to be an important reaction pathway. The stabilization of
the halide ions by hydrogen bonding is the dominant factor
in the lowering of AG,,, on going from AN to water so-
lutions.

The preliminary data reported here show that applica-
tion of Scheme 1 and eqn. (7) can be expected to provide
AG,,, for a variety of Syl reactions. These data are of
fundamental importance for one of the most basic reactions
in organic chemistry. Further work is in progress on the
alkyl halides and related systems in both protic and aprotic
solvents."’
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