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CP and CyP(, isomers. Finally, a similar stereospecific
breakdown was observed on passage of soman (neat) through
isolated guinea pig skin at ca. 30 °C. Initially ( < 1 h), only
the C,P, and C(4P( isomers of soman reappeared upon passage
through the skin preparation.

Hence, in rat blood and liver homogenates of rats, as well as
in guinea pig skin, the P4, isomers of soman, which have a low
anti-AChE activity, are “‘detoxified” more rapidly than the highly
active P, isomers. It is tempting to speculate that in all these
systems the same type of enzyme, i.c., a phosphorylphosphatase,202!
is responsible for the observed stereospecificity in the breakdown
of the stereoisomers of soman.
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The C-H bond dissociation energies (BDE) in hydrocarbons
are seldom known to better than £1 kcal mol™!. This is because
they depend upon the heats of formation of alkyl radicals, AH{R.),
which are generally difficult to measure (eq 1). For example,

BDE(R-H) = AH{R-) + AH{(H:) - AH{R-H) (1)
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Scheme I, Equilibrium Constants Measured at 60
°C for Reaction 5¢

c-CqHg

18.7, Q.s
5
Mee —2%3—* Ete 7-Bur
/
sec-Bur

@ Error +10%. Y Measured at 0 °C.

previously reported values®” of AH{30(t-Bu-) cover the range
6.7-12.9 kcal mol™ and give BDE for the simplest tertiary C-H
bond, i.e., that in isobutane, as somewhere between 91.2 and 97.4
kcal mol™!.2

In response to these problems, we have developed a system for
measuring the relative heats of formation of alkyl radicals, which
makes use of a “radical buffer”.® With this technique, heats of
formation of tert-butyl and ethyl radicals were measured relative
to that of methyl, which serves as a reasonable standard,®
AH¢{Me:) = 34.4 £ 0.7 kcal mol™.

Our approach is based upon measurements of equilibrium
constants, K, for the rapid exchange reactions which take place
between alkyl radicals and alkyl iodides!! (eq 5). Given the
entropies of all of the components and the heats of formation of
the iodides, a measurement of K leads to a value of AH{R-) -
AH{R").

The equilibrium constants, K, were measured by using EPR
spectroscopy. Typically, an isooctane solution containing 0.5 M
di-tert-butyl hyponitrite, 0.5 M triphenylarsine or triphenylboron,
and 0.1-2.0 M of the two alkyl iodides was heated at 60 °C in
the spectrometer cavity. The reaction scheme is described in eq
2-8. Relative radical concentrations were measured by double
integration of appropriate lines in the EPR spectra.

1-BUON=NOBu-t — 2:-BuO- + N, @
t-BuO- + MPh; — r-BuOMPh, + Ph- 3)
Ph- + RI/R’I — PhI + R-/R"- (4)

R- + R1==RI + R" )

R: + R: — nonradical products (6)

R: + R’ — nonradical products N
R’- + R’. — nonradical products (8)

From the point of view of these experiments, the reaction of
phenyl radical with alkyl iodides is essentially irreversible. The
exchange reactions between alkyl radicals and alkyl iodides proceed
with rate constants >10° M 57,1113 and hence the rates of these
reactions are extremely rapid compared with the rates of loss of
alkyl radicals by self-reaction, eq 6-8.° Therefore, the observed
relative concentrations of the radicals are dependent upon the
equilibrium constant'* K. Moreover, values of K were independent
of both the relative and absolute concentrations of the two iodides
when these were varied by a factor of 10.

As an additional safeguard, the equilibria were, in some in-
stances, established by using a second system for radical gener-
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Table I. Thermodynamic Parameters Used in the Calculation of AHy ,,,(R")?

R’ Ksuob S°300(R'~) S°300(R'I) AHf,aoo(R'I)c AHf,aou(R") BDano(R"H)
Me 1 46.44 60.5¢ 3.4+0.3 34.4f 104.4f

Et 20.1 59.2¢ 70.7% -2.0+0.4 28.0 £ 1.0% 100.3 £ 1.0
-Bu 1.67 x 10* 73.0¢ 82.5/ -17.2+0.3 9.4+ 1.0% 93.9+ 1.0

% AH¢, kcal mol™; §°, cal deg™' mol™'. b For reaction 5, R = Me. ¢ From ref 8; see also ref 16. @ Reference 18. ¢ Gelles, E.; Pitzer, K. S.
J. Am. Chem. Soc. 1953, 75, 5259-5267. ! Reference standard.® # Benson, S. W.; Amano, A. J. Chem. Phys. 1962, 36, 3464-3471.
h Error limits derive mainly from uncertainties in A ,,,(R']) but allow a contribution of +1 cal deg™' mol™" for AS®,,; errors in K ,,, are
less significant. ' Reference 19. / Benson, S. W.; Amano, A. J. Chem. Phys. 1962, 37, 197-198.

ation. Photolysis of an isooctane solution of hexa-n-butylditin,
RI, and R’I {eq 9 and 10) led to values for K which were the same

n-Bu;SnSnBu;s-n >, 2n-BusSn: )
n-Bu;Sn: + RI/R’l — n-Bu;Snl + R-/R" (10)

as those obtained by the thermal route. The photolysis procedure
was used at 0 °C for experiments involving methyl, since, in
thermolysis experiments at 60 °C, there was some evidence that
this radical was abstracting hydrogen from the solvent.

The values obtained for K are shown in Scheme I and generally
represent an average obtained from five experiments. The
equilibrium involving ethyl and ters-butyl radicals could not be
established directly because of the magnitude of K, and hence
cyclopentyl and sec-butyl radicals were used as intermediates
linking these two.

The values of K measured in these experiments are solution
values. However, if we assume that the free energies of mixing
and vaporization of the radicals are similar to those of their parent
alkanes, we can treat these values as being equivalent to gas-phase
data. This is because heats of mixing of alky! iodides and alkanes
with hydrocarbons are small (<100 cal mol™),!s and since only
differences in these values alter K, their effect is negligible.
Moreover, corrections to the free energies of the radicals and
iodides for vaporization are subject to “compensation effect”!6
and are also negligible. Values of K333 were corrected to Kjo by
using the entropies and heat capacities of the components in
equilibria®1® and are shown in Table I along with the other
thermodynamic parameters used in the calculation of AH[300(R")
and BDEgm(R—H)

The value of AHpg(Et:) obtained in this work is higher than
the normally accepted value of 25.9 £ 1.3 kcal mol™ % and leads
to a value for the C-H bond dissociation energy in ethane of 100.7
+ 1.0 kcal mol™. We note that the higher value for AH; 300(Et:)
leads to a reconciliation of currently conflicting data on the
self-reaction of the ethyl radical,®** which enhances our confidence
in the accuracy of this method.

The heat of formation for rerz-butyl (Table I) is within ex-
perimental error of recent measurements“®’ which cover the range
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AH;30(t-Bu-) = 8.4-10.5 kcal mol™ and is in excellent agreement
with the results of two unpublished determinations.'®?? Since
our value falls (albeit fortuitously) at the mean of the best available
data, we recommend its use until a more accurate method of
measurement becomes available. This work is being extended to
measure the heats of formation of a variety of radicals.

(2]2) Lossing, F. P., unpublished results give AHj 300(¢-Bus) =9 % 1 keal
mol™".

(23) After this work was submitted, details of a further measurement of
AH{300(t-Bus) = 10.5 + 1.0 were published. See: Canosa, C. E.; Marshall,
R. M. Int. J. Chem. Kinet. 1981, 13, 303-316.

¥Si CP/MAS NMR Studies of Methylchlorosilane
Reactions on Silica Gel

Dean W. Sindorf and Gary E. Maciel*

Department of Chemistry, Colorado State University
Fort Collins, Colorado 80523

Received March 16, 1981

Covalently attached bonded-phase materials prepared by the
reaction of silating agents with the surface of silica gel have found
important applications in many areas.'™ As part of a continuing
study of such systems by 2Si and '*C cross-polarization and
magic-angle spinning (CP/MAS) NMR3$ spectroscopy, we wish
to report some preliminary observations on the reactions of a
homologous series of methylchlorosilanes with a commercial silica
gel (Fisher S-157). Recent CP and MAS studies of related
materials have shown great promise for structure elucidation.>®

Surface-silane reactions were carried out by exposing samples
of silica gel, prepared under vacuum at 240 °C, to vapors from
refluxing methylchlorosilane reagent for a period of about 12 h.
The reaction temperature was maintained at 200 °C by inde-
pendent heating of the sample cell and subsequently for an ad-
ditional 4 h while the cell was evacuated to remove any unreacted,
physically adsorbed reagent. Solid-state ®Si spectra were obtained
at 11.88 MHz on a JEOL FX-60QS spectrometer.’

We recently reported 2°Si chemical shift assignments for the
three observable resonances of the silica gel surface.® These are
labeled a, b, and c in Figure 1A which also shows a hypothetical
surface segment suggested by the °Si data. Resonance a cor-

(1) Gilpin, R. K.; Burke, M. F. Anal. Chem. 1973, 45, 1383-1389.

(2) Leyden, D. E,; Luttrell, G. H. Anal. Chem. 1975, 47, 1612-1617.

(3) Leal, L.; Anderson, D. L.; Bowman, F. B.; Burwell, R. L., Jr. J. Am.
Chem. Soc. 1978, 97, 5125-5129.

(4) Horvath, C.; Melander, W. J. Chromatogr. Sci. 1977, 15, 393-404.

(5) Maciel, G. E; Sindorf, D. W ; Bartuska, V. J. J. Am. Chem. Soc. 1980,
102, 7606-7607.

(6) Maciel, G. E.; Sindorf, D. W. J, Chromatogr. 1981, 205, 438-443.

(7) Lippmaa, E.; Magi, M.; Samoson, A.; Engelhardt, G.; Grimner, A. R.
J. Am. Chem. Soc. 1980, 102, 4889-4893.

(8) Slotfeldt-Ellingsen, D.; Resing, H. A. J. Phys. Chem. 1980, 84,
2204-2209.

(9) All ¥Si CP/MAS spectra employed contact times of 10 ms and rep-
etition times of 0.50 s. The spectra shown represent 10000 to 60 000 repe-
titions. Peak intensities in the —109-ppm region are especially sensitive to the
quality of the Hartmann—Hahn match!® and should therefore be viewed with
caution. 1*C CP/MAS spectra of the particular systems discussed here were
found to show just one line due to (CH3Si<€) carbons and were therefore not
very informative. However, *C spectra of systems with more complex carbon
frameworks are sometimes very useful 512

© 1981 American Chemical Society



