tensity of the OH band. Slight changes also occur in
the C-H and C-D region of the spectra.

The above data clearly show that hydrogen is re-
moved from propylene to form an allyl group. If, fol-
lowing Burwell’s picture of adsorption on chromia,®®
we view hydrogen adsorption on zinc oxide as hetero-
lytic

i

|
—Zn*—0%*— + H, —> —Zn+*—0"—
the formation of an allyl species involves a similar heter-
olytic fission

CHz—CH=CHz
H

l
0*—Zn*—0%*— + C;H; —> O*—Zn*—0~—
I

Such a formulation has the advantage that it offers a
natural explanation of why no ZnH band is observed:
the allyl group blocks the Zn part of the active site.
The shift in the C=C bond frequency suggests there is
participation of the = bond in the bonding. When
manganese carbonyl reacts with allyl chloride to form
a c-allyl complex (II1), the double-bond frequency
(1620 cm—1)!! is only slightly different from that for
gaseous propylene (1652 cm~').!2 However, when it
forms a w-allyl complex (IV), the double-bond fre-
quency shifts dramatically, i.e., to 1505 cm~%*! Such
behavior is typical of transition metal-allyl complexes.
Since the shift in double-bond frequency we observe is
pronounced, it seems reasonable to view the surface
species as a w-allyl complex bound to zinc. With this
interpretation, the changes with time that are found in
the spectrum of adsorbed 1,1-dideuteriopropylene can
be accommodated by the following. !?

H H
! :
VAN VAN
DL TH, H == H DC CH,
0—Zn—0 NO—Zn—0
IVa IVb
i It
C H
/, \ l
HCD CH, P HD2C—C=1=CH2
D
\ 0—7Zn—0
0—Zn—0 \Y

Three further points should be stressed. (1) In the
above discussion we include the “dynamic” allyl system
(which may be more than one type of species!4) in the
term w-allyl complex; the infrared spectra are not
sufficiently diagnostic to differentiate these species. !5

(2) The bonding to the surface zinc atom involves
more 7 interaction than that found for diallylzinc in

(13) Consequences of such a sequence in the double-bond migration
of higher olefins, catalyzed by metal complexes, have been discussed
recently by J. F. Harrod and A. J. Chalk, J. Amer. Chem. Soc., 88, 3491
(1966).

(14) (a) 1. K. Becconsall, B, E. Job, and S. O. O’Brien, J. Chem. Soc.,
A, 423 (1967); (b) F. A. Cotton, J. W. Faller, and A. Murco, Inorg.
Chem., 6, 179 (1967); (c) K. C. Ramey, D. C. Lini, and W, B. Wise,
J. Amer. Chem. Soc., 90,4275 (1968); (d) D. L. Tibbets and T. L. Brown,
ibid., 91, 1108 (1969).

(15) G. Wilke, B. Bogdanovic, P, Hardt, P. Heimbach, W. Keim,
M. Kroner, W. Oberkirch, K. Tanaka, E. Steinriicke, D. Walter, and
H. Zimmerman, Angew. Chem. Intern. Ed. Engl., 5, 151 (1966).
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solution; for the latter vc-¢ occurs at 1613 to 1622
cm~! 1® compared to 1545 cm~! for the adsorbed spe-
cies.

(3) Propylene may form other species on the sur-
face; our results indicate only that the w-allyl complex
is the major (and perhaps the only) surface species pres-
ent.
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Self-Reaction of Diethylnitroxide Radicals!
Sir:

Although the self-reactions of alkylperoxy radicals
have received considerable attention in recent years,*%
the self-reactions of the isoelectronic dialkylnitroxide
radicals have been almost entirely neglected. We wish
to report the results of an esr investigation of the self-
reaction of diethylnitroxide carried out over a wide
range of temperature. The results show some interest-
ing parallels and differences when compared with the
behavior of the alkylperoxy radicals.

The experimental procedure was similar to that em-
ployed in our studies of peroxy radicals.’ The nitrox-
ide was best prepared from 10-2 M diethylhydroxyl-
amine in CF,Cl; by direct photolysis at temperatures be-
low —60° and by photolysis in the presence of 10—! M
di-z-butyl peroxide above —60°. The spectrum was
similar to that previously reported for diethylnitroxide
formed in the reaction of diethylformamide with hy-
drogen peroxide.” The radicals generally disappeared
with reasonably clean second-order kinetics, occasional
deviations being observed at the beginning or end of the
main decay. These deviations are presumably due to
the formation of some radicals having stabilities differ-
ent from that of the main radical, diethylnitroxide.
The same bimolecular rate constant was obtained from
decays measured over two orders of magnitude in the
initial radical concentration.

The rate constant for the decay of tertiary peroxy
radicals decreases rapidly as the temperature is lowered
(Et = 89 kcal/mol?-%). In complete contrast the
temperature coefficient for the decay of diethylnitroxide
in CF,Cl; is very small or zero.® At 30° the bimolecu-

(1) Issued as NRCC No., 11223,

(2) K. U. Ingold, Accounts Chem. Res., 2, 1 (1969).

(3) J. A. Howard and K. U. Ingold, Can. J. Chem., 47, 3797 (1969).

(4) J. A. Howard, K. Adamic, and K. U. Ingold, ibid., 47, 3793
(1969).

(5) K. Adamic, J. A. Howard, and K. U. Ingold, Chem. Commun.,
505 (1969); Can. J. Chem., 47, 3803 (1969).

(6) J. E. Bennett, D. M. Brown, and B, Mile, Chem. Commun., 504
(1969); Trans. Faraday Soc., in press.

(7) A. Hudson and H. A. Hussein, J. Chem. Soc., B, 1299 (1967).

(8) This is also true of diethylnitroxide in benzene from 7 to 70° and in
isopentane from 30 to —60°,
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lar rate constant, Keg, is (1.2 = 0.2) X 104 M—! sec~!.?
At —135°% keseis (3 = 1) X 103 M—1sec™!. The results
over the entire temperature range give Kee = 100G£D
exp[(— 1000 = 500)/RT} M—'sec™!.

Tertiary peroxy radicals exist in a reversible equilib-
rium with dimeric tetroxide below ~—90°. Dialkyl-
nitroxides have never been reported to form dimers®
and, in fact, we have used 2,2,6,6-tetramethylpiperidone-
nitroxide to calibrate radical concentrations at tempera-
tures as low as —160° without seeing any evidence for
dimer formation. However, perhaps because of de-
creased steric hindrance, diethylnitroxide does form a
dimer in CF,Cl; (and also in isopentane). The dimer
was identified by the fact that the nitroxide concentra-
tion could be increased and decreased by raising and
lowering the temperature in the range —100 to —145°.
Because the irreversible decomposition of the nitroxide
is quite rapid even at these low temperatures it is not
possible to form very much of the dimer-nitroxide
equilibrium mixture. That is, high concentrations of
nitroxide decrease by irreversible decay up to the point
where this rate is small compared with the length of an
experiment. It is this “residual” nitroxide concentra-
tion, maximum ~2 X 10~-¢ M, which is in equilibrium
with a ‘“‘residual” concentration of dimer (eq 1). The

2(CH;CH.:NO- = {(CH;CH;);NO}. 1)
equilibrium constant is given by

K, = ko — [(CH;CH).NO-]* _
ky [{(CH;CH,);NO},]
2[(CH;CH_.),NO-]?
[(CH;CH):NOJmax — [(CHsCH):NO-]
where [(CH3;CH,):NO :Jn., is the radical concentration
at complete dissociation. The variation in the equilib-

rium constant with temperature can be represented by
the van’t Hoff relation

K = e2S1/Rg—AH\/RT

where AS is the change in entropy and AH the change
in enthalpy. The variation in the nitroxide concentra-
tion with temperature gave AH = 8.5 = 0.5 kcal/mol and
AS = 32 = 4 gibbs/mol at 1 mol/l. standard state.
These values are remarkably similar to those we found
previously for the tertiary peroxy radical-tetroxide
equilibria, viz.,* AH = 9.0 kcal/mol, AS = 33 gibbs/
mol. 13

Although our data could be interpreted by a reaction
scheme in which the dimer has no direct bearing on the
overall reaction, i.e.

1 2
{(CHaCHz)zNO}z — 2(CH3CH2)2NO . —

(CH;CH,)»NOH + CH;CH=N(O)CH.CH.

(9) The room-temperature rate constant decreases by almost two
orders of magnitude with increasing solvent polarity along the series
isopentane > benzene > CF:Cl; > methanol > H:O. The N and H
splittings increase along this series.

(10) Potassium nitrosodisulfonate ((KSO3):NO, Fremy salt) is
diamagnetic in the solid state!! and bis(trifluoromethyl)nitroxide
((CF3):NO-) gives a diamagnetic solid at —160°,12

(11) A. R, Forrester, J. M, Hay, and R. H. Thomson, 'Organic
Chemistry of Stable Free Radicals,” Academic Press, New York, N. Y.,
1968, p 192.

(12) Reference 11, p 199.

(13) The calculated entropy change for this equilibria at 150°K is
30.4 gibbs/mol at 1 mol/l. standard state (S. W. Benson, private com-
munication).

it is difficult to believe that reaction 2, a hydrogen atom
abstraction, could occur almost without activation
energy and with a preexponential factor as low as 105
(cf. ref 14). We therefore prefer to represent the reac-
tion as

1 3
2(CH;CH,).NO: 7> {(CH;CH,),NO}; —>

-1

with the measured decay rate constant k.. = k3/K1, from
which we obtain k; = 10!% exp(—9500/RT) sec—!.
The preexponential factor for reaction 3 is within the
range generally found for unimolecular decompositions
proceeding by five- or six-center cyclic transition states. !4
Assuming the dimer is formed by head-to-head coupling
of the nitroxide radicals!s the transition state might be
represented as

O CH.CH,
/X /
CH,CHN " / 0—N
Hf-— i CH,CH,
CH,

The measured entropy change accompanying step 1
is 32 gibbs/mol. The entropy loss accompanying the
formation of the cyclic transition state will be that due
to the loss from three hindered internal rotors at — 3.6
gibbs/mol per rotor!4!® plus a symmetry contribution
of R In 8 since any of eight equivalent hydrogens may
be transferred. That is, AS; ¥ = 3(—3.6) + RIn 8 =
—10.8 + 4.2 = —6.6 gibbs/mol. The preexponential
factor for the overall decay can be estimated as A, =
(ekT/m)(10-55/23R/10%/23R8) — 1048 M—! sec~! at the
mean temperature of the experiments (220°K). This
value is in gratifying agreement with the value found
by direct measurement.

In conclusion, the present results indicate that diethyl-
nitroxide radicals react reversibly with one another
to form a dimer which can decompose via a cyclic transi-
tion state. The overall process is closely analogous to
that proposed by Russell for secondary peroxy radicals.”

(14) S. W. Benson, “Thermochemical Kinetics,” John Wiley & Sons,
Inc., New York, N. Y., 1968.

(15) An analogous five-center structure can be drawn for EtaN(O)-
N(O)Et: and either a four- or six-center structure for Et:NON(O)Et,.

(16) H. E. O’Neal and S. W. Benson, private communication.

(17) G. A. Russell, J. Amer. Chem. Soc., 79, 3871 (1957).
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Free Radical Epimerization at Unactivated Tertiary
Carbon Atoms in Cyclohexane Derivatives

Sir:

We have recently reported! a new method for epimer-
ization at unactivated tertiary carbon atoms in saturated
cyclopentane derivatives by irradiation in the presence
of mercuric bromide or N-bromosuccinimide in hydro-
carbon solution. We have now extended this method
to unactivated teritary carbon atoms in saturated cyclo-
hexane systems.

(1) M. Gorodetsky and Y. Mazur, J. Amer. Chem. Soc., 90, 6540
(1968).
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