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that the upper curves in this figure are horizontal shows
that added salts which act only as strong electrolytes,
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have very little, if any effect on the yield of hydrazine,
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The kinetics of oxidation of cyclohexane by nitrogen pentoxide have been measured in carbon tetrachloride solution at

0 and 20°.

The results are interpreted by a mechanism in which the initial attack on the hydrocarbon is by an NO; radical
generated by dissociation of the nitrogen pentoxide, N.O; 2 NO; + NO3;, RH + NO; == R+ + HNO;.

The main products

of the oxidation, nitrocyclohexane and cyclohexyl nitrate, are formed in bimolecular, parallel reactions of the cyclohexyl

raclical with nitrogen dioxide; cyclohexyl nitrite is a transient intermediate in the formation of cyclohexyl nitrate.
Induced oxidation of the solvent occurs by a mechanism analo-
Relative velocity coefficients of the reactions in the assumed mechanism are
Single-step velocity coeflicients are evaluated on the assumption that certain

retardation of the reaction by nitrogen dioxide is analyzed.
gous to radical transfer in polymerization,
calculated from the experimental results.

The

key reactions have the same rate (and activation energy) in solution as at high pressure in the homogeneous gas phase.

The reaction of nitrogen pentoxide with satu-
rated hydrocarbons has recently been examined in
its qualitative aspects by Titov and Schitov? who
observed that the primary oxidation products were
the mononitro compound and the nitrate ester of
the corresponding alcohol.

N20s
RH ——> RNO,; and RONO,

This behavior was established for n-heptane, #-
octane and cyclohexane. Oxidation of the -
alkanes occurred principally at the methylene
group adjacent to the terminal methyl group.

The present study is concerned with the kinetics
and mechanism of the oxidation, cyclohexane being
chosen for quantitative measurements because of
the equivalence of the methylene groups. The re-
sults are of interest for two reasons: firstly because
the reaction serves as a useful model for the familiar
vapor phase nitration process* and can be studied
under much simpler experimental conditions;
and secondly because the participation of a satu-
rated hydrocarbon in a fast reaction at room tem-
perature is arresting and merits examination for its
own sake. The measurements in this paper refer to
oxidation in carbon tetrachloride solution; the
reaction is initially more rapid than the spontane-
ous decomposition of nitrogen pentoxide® but is
powerfully retarded by the accumulation of nitro-
gen tetroxide as the oxidation proceeds. The
mechanism involves consecutive, non-chain radical
reactions, and raclical transfer with the solvent oc-
curs.

Experimental

Materials.—Cyclohexane was submitted to acid extrac-
tion and partial freezing, and was twice fractionated in a
60-plate Podbielniak column with a take-off ratio of 1:50.

The final product had f.p. 6.60° (¢f. 6.68 &= 0.05° extra-
polated for pure cyclohexane by Aston, Szasz and Fink®).
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C.p. carbon tetrachloride was purified by treatment with
Hg and by extraction with coned. H;SO, and coned. KOH;
it was deaerated by refluxing in a current of nitrogen, and
freshly distilled from P.O; before use.

Nitrogen pentoxide was prepared from nitrogen dioxide
(Matheson) and excess ozone.” The crystals were purified
by sublimation twice from P;O; in a stream of ozone.

Cyclohexyl nitrate (¢f.*8) was obtained by esterification
of cyclohexanol with nitric acid in 859, sulfuric acid at —5°;
b.p. 76 ° (12 mm.), after washing with 85%, phosphoric acid.
Cyclohexyl nitrite was prepared by the method of Hunter
and Marriott.?

Velocity Measurements.—All experiments were conducted
in a medium of carbon tetrachloride. Oxygen, which inter-
fered with the course of the reaction, was swept out of the
apparatus with a current of dry nitrogen after the final sub-
limation of the nitrogen peutoxide; the dissolution of the
pentoxide in carbon tetrachloride and the subsequent man-
ipulation of the solution was conducted under nitrogen in a
closed apparatus. Commencement of the reaction was
timed from the addition of cyclohexane, Velocity measure-
ments were made at 0 and 20°.

To follow the reaction, aliquot samples were withdrawn
by automatic pipet and were delivered into a measured
volume of dilute sodium carbonate solution. After shaking,
the aqueous phase (pH 9-10) was analyzed for nitrite and
chloride and the carbon tetrachloride layer was separated,
dried (Na,SO;) and examined by infrared methods. The
nitrite (from N.O,) present in the aqueous phase was esti-
mated with ceric sulfate; the chloride, formed by hydrolysis
of phosgene generated by induced oxidation of the solvent,
was analyzed by the Volliard method. Nitrogen pentoxide
was estimated by delivery of the solution in carbon tetra-
chloride into acetone containing a few per cent. of water,
the nitric acid liberated being titrated potentiometrically with
alkali; when present, nitrogen tetroxide contributed to
the total nitric acid and was determined by a simultaneous
analysis for nitrite by the previous procedure. In the po-
tentiometric titration nitric acid was estimated independently
of nitrous acid which, in the acetone medium, was very
weakly acidic.

Infrared Spectra.—The infrared spectra confirmed that
the major products of the reaction were nitrocyclohexane
and cyclohexyl nitrate, as reported by Titov and Schitov.?
The most prominent bands of these two absorbers in CCl,
solution were at: nitrocyclohexane, 6.44 and 7.26 u; cy-
clohexyl nitrate, 6.11, 7.84 and 11.55 x. Relatively smaller
amounts of chlorocyclohexane and trichloronitromethane
were identified by the following bands (excluding bands
unresolved from bands of uureacted cyclohexane, or ob-
scured by solvent absorption): for CsHuCl, 7.89, 8.24,
10.06, 11.25 and 14.60 u; for CCLNO,, 6.19, 7.41, 7.65,
11.10, 11.61, 11.88 and 14.93 u. These bands were clearly
seen if the major reaction products were first removed from

(7) J. H. Smith and F. Daniels, bid., 69, 1735 (1947).
(8) Fr. Fichter and A. Petrovich, Helu, Chim. Acta, 24, 256 (1941),
(9) 1. Huuter and J. A. Marriott, J. Chem. Soc., 285 (1936).
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the solution by extraction with sulfuric acid. The molar
ratio

[CeHuCl]/[CCLNO,] = 2.5 £ 0.7 (1)

was calculated from the intensities of the bands at 14.60 and
14.92 u. Within the rather wide limits of error, due mainly
to the intrinsic weakness of the chlorocyclohexane spectrum,
this ratio showed no observable trend with the kinetic con-
ditions.

Absorption at 6.04 u indicated a further oxidation prod-
uct which most probably absorbed also in the region of the
7.84 and 11.55 u bands of cyclohexyl nitrate as, relative to
the 6.11 u band, these two bands were appreciably more in-
tense in the spectrum of the reaction products than in the
reference spectrum of cyclohexyl nitrate. This suggests
that the 6.04 4 band marks a compound containing the ni-
trate ester function, but attempts to identify it more closely
were unsuccessful. The intensity of the 6.04 u band was
approximately a constant fraction of the cyclohexyl nitrate
absorption at 6.11 u, and presumably the slow steps in the
formation of these two compounds are the same.

If oxygen was admitted to the reaction, an additional
pair of bands (5.87 and 7.75 u) appeared in the product
spectrum, suggesting a new absorber containing the ~ONO,
group. This compound had peroxidic properties and was re-
duced with aqueous FeSO, or KI; on standing it decomposed
slowly in solution forming phosgene and some cyclohexanone.
Possibly this substance is cyclohexyl pernitrate, formed by
the steps

02 N02
C¢Huw —> C:Hu00: ——— CeH;;O0NO,

Its formation was minimized by the exclusion of atmos-
pheric oxygen but not suppressed completely; this was
attributed to small amounts of oxygen liberated by the de-
composition of the pentoxide.

The progress of reaction was followed by quantitative
analyses for cyclohexane (3.41 and 3.50 u bands), cyclo-
hexyl nitrate (6.11 u) and nitrocyclohexane (6.44 u). Owing
to solvent absorption, the analysis for nitrocyclohexane was
made with wide slits and was least satisfactory. Cyclo-
hexyl nitrate, however, could be estimated conveniently
and rapidly in the range 0.1-0.001 A{/1., and the velocity
measurements below are mainly in the form of d[CeHj-
ONOQOy]/dt. The spectra were recorded with a Perkin-
Elmer spectrophotometer, model 21.

Results

The results of simultaneous analyses for nitrocy-
clohexane and cyclohexyl nitrate at different reac-
tion times and under different initial conditions are
shown in Fig. 1 where the experimental constancy
of the ratio [C¢H11NO;]/[CsHiiONO,] over a wide
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Fig. 1.—Formation of nitrocyclohexane and cyclohexyl
nitrate in side reactions (temp. 20°, initial conen., M:
CeHyi: = 0.2, N:O; = 0.09-0.36, N,O4y = 0.004-0.025
(circles); 0.17-0.55 (dots)).
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range of nitrogen tetroxide concentration indicates
that the rate-determining steps in the formation of
the two compounds are simultaneous side-reactions
of the same order. A plausible interpretation is
that the union of a cyclohexyl radical with nitro-
gen dioxide can occur in two ways, nanely

—> CHuXNO:

CeHu + NO; — 1 fust

b CiHjONO* — CsI‘IuONOg
The velocity measurements do 1ot specity the steps
in the formation of cyclohexyl nitrate from C¢Hy,
and NO, but the simplest assumiption is that the
intermediate nitrite ester is oxidized directly to the
nitrate.

N03 + CsHuONO = NOz + CsHuONOz

In experiments made to test the plausibility of
this reaction it was found that nitrogen pentoxide
converts cyclohexyl nitrite quantitatively and very
rapidly to nitrate. However, it may not be justi-
fied to overlook the fact that the union of a cyclo-
hexyl radical with NO, liberates sufficient energy
(~90 kcal.)®® to bring about dissociation of the
nitrite ester into cyclohexyloxy radicals and NO
(requiring ~40 keal.). In the event that this excess
energy is not removed from the CsHjjONO* mole-
cule by the solveut prior to dissociation a possible
reaction scheme is
CgHu' + NO; = CsHuONO* = CanO‘ + NO
CsHuO' + NO; = C(;}Iuoxo';

Measuremnients with nitrocyclohexaie, cyclohexyl
nitrate and chlorocyclohexane showed that none of
these compounds was attacked by nitrogen pentox-
ide as rapidly as cyclohexane. From the kinetic
viewpoint their oxidation could be neglected.!!

Kinetics.—The factors governing the initial
velocity of formation of cyclohexyl nitrate are
analysed in Figs. 2 and 3. The order of reaction
with respect to cyclohexane can be seen from Fig. 2
(curve A) where the initial velocity is plotted as
a function of cyclohexane concentration at a con-
stant initial concentration of nitrogen pentoxide;
a small correction has been applied to the velocities
to allow for minor variations of nitrogen tetroxide
concentration. Similarly curve B (Fig. 2) shows
the order of reaction with respect to nitrogen pent-
oxide. The retardation function for nitrogen tetrox-
ide is illustrated in Fig. 3 where thie square root of
the analytical concentration of nitrogen tetroxide
is plotted against the reciprocal initial velocity of
formation of cyclohexyl nitrate. As the degree of
dissociation of nitrogen tetroxide is small in the
concentration and temperature range involved the
analytical concentration is identified with [N:Os].

(10) T. L. Cottrell, *“The Strengths of Chemical Bonds,” Butter-
worths Scientific Publications, London, 1954, p. 272f.

(11) However, a proportion of the eyclohexaile is degraded by the
over-all reaction to products which include adipic acid? and 2-nitro-
cyclohexanone, Tlie extent to which these more highly oxidized sub-
stances were formed could be seen from the ratio of moles formed of

N204: CeH1nON Oz, which was usnalfly in excess of the ’‘theoretical”
valire of 1:1 required by the eq.

CsHiz + 2N30; = CHuONO; + HNO; + NyO04

and it most expts was ~3:1.  (Oxidation of the solvent accounted for
only one-third of the excess). ‘I'he results in the text indicate that
2-nitrocyclohexanone, for example, was formeil by a side.reaction of a
transient intermediate il 1ot by direet oxidation of nitrocyelbhexane
or cyclohexyl nitrate.
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Fig. 2.—Orders of reaction with respect to cyclohexane
and nitrogen pentoxide (temp. 20°, initial concn., M:
(curve A, cyclohexane) N,O; = 0.194, N,O, = 0.005-0.01;
(curve B, nitrogen pentoxide) C¢Hye = 0.20, N.O4 = 0.006-
0.017).

Up to this point the results can be summarized by
eq. 2

d[CeHuONO:] /dt = k[CeHi1z] [N2Os] /(1 4 [N20O4]V2) (2)

wherein & and m are constants at constant tempera-
ture. Values of the empirical constants (at 20°) and
the parameters of the exponential factors (from
additional data at 0°) are given in Table I, which
is assembled from experimental data only.

TABLE 1
“"Activa-
tion
energy,’”’
Quantity Source Value at 20° keal.
[CsH11C1]/ [CCIN O] Eq. 1 2,5 x0.7 Low
[CeHuNO:z]/[CeHiiONO:] Fig. 1 0,90 = 0.2 Low
k Fig. 83 7.13 +£0.5 X 10~% 21.5%* 0.5
Eq. 2 1.Y2mole-1/2 sec,”1
m Fig.3 0,016 =0.01 —_—
Eq. 2 mole!/21.-1/2
m Fig. 4 0.021 mole!/21.-Y/2 —2£1
K Ref. 12 1,07 X 10 "4 mole 20,1 k1
1.-1
Discussion

The mechanism proposed (¢f. ref.3) is (eq. A-H)
N0, = NO, + NO; (equilibrium constant, K)!2

N;O; = NO, 4+ NO; (A)

N0 (B)

(12) According to Holmes and Daniels,1? K = 3.01 X 10-4 mole
1."1 at 25° Earlier measurements by Cundalllt gave somewhat
lower values which can be summarized by the eq.

In K = 25.20 — 20,100/RT
The value used in this paper, X = 1.07 X 10-4 mole 1. -1 at 20°, was
calculated from Holmes and Daniels’ measurement using AH = 20.1
keal. It may be noted here that the heat of dissociation in solution
is significantly higher than the gas phase value, AH % = 14 keal.

(13) Quoted by E. D. Coon, THIs JoURNAL, §9, 1910 (1937).

(14) J. T. Cundall, J. Chem. Soc., 67, 794 (1895).

ITons

NO; + NO;
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Fig. 3.—Retardation by nitrogen dioxide (temp. 20°,
initial conen., M: C¢Hp = 0.20, N.O; = 0.087-0.308; =
(abscissa) is the time in sec. for the conversion of 19, of the
initial cyclohexane into cyclohexyl nitrate; the slope of the
line is therefore £ X 100 and the intercept on the ordinate is
—m).

c
CeHiz 4 NO;

= C¢H,, + HONO, ()
CeHu + NO; i CsHuNO, (D)
CeHui + NO; < CeH,ONO* ff; CeHuONO:; (E)
CeHut + CCl, f= CeHuCl 4 CCly (F)
CCl; + NO, ‘ CCLNO; (G)
CCl; + NO, i CCLLONO* —> CCLO + NOCI (H)

The occurrence of steps A and B in the gas phase
is firmly established.® The steps C-H are exo-
thermic with the possible exception of F which is
nearly thermoneutral.’ The heat of reaction of the
rate-controlling step C (~ —10 kcal.) is sufficient to
ensure that the reverse reaction (eq. C, reading right
to left) is not kinetically significant. This result
was verified experimentally, the addition of
amounts of anhydrous nitric acid up to 0.3 M
being found to have no influence on the rate of
formation of cyclohexyl nitrate. Similarly, nitrogen
dioxide had no oxidizing action on cyclohexane un-
der the comditions of the present experiments.!®

(15) (a) H. S. Johnston, THI1s JOURNAL, 73, 4542 (1951); (b) R. A,
Ogg, J. Chem. Phys., 15, 337, 613 (1947); 18, 573 (1950).

(16) At higher temperatures (>200°) nitrogen dioxide initiates
oxidation by a reaction analogous to C

RH 4 NO; = R 4+ HONO

this step being followed by D and E.!” The products of E suffer
pyrolysis at the temperature necessary for initiation.

(17) A. D. Yoffe, Research (London), 6, 12 S (1953).
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As the reaction velocity over-all is never more
than ten tinies faster than the rate of nitrogen pent-
oxide decomposition it can safely be assumed that
the steady-state concentration of NOj is determined
by eq. A and B. The stationary concentration of
cyclohexyl radicals is, therefore

c{a/b)[CeH1o] [N20s]/[NOo]{f + (d + ¢)[NO:] }
and hence
d[CeHuON O, /dt = c(a/b){e/(d + e)K'/2}[CeHus) [N2Os]/
{f/(@ + e)K'/s + [N:04]'2}  (3)
By comparison of the coefficients of eqn. 2 and 3

EVEK = c(a/b){e/(d + )} sec.7], and
m\/ff = f/(d + e) mole .71
The experimental constants can now be used to
evaluate a number of ratios of the coefficients a—#,
and these are collected in Table II which is based
on eq. A-H and on experimental quantities; no
other assumptions are used.

(4)

TABLE 11
Pre- *'Acti-
expo- vation
nential  energy’’
Quantity Source Value at 20° factor keal.
cla/by kK. d/e 1.40 X 107 sec. ! 31.5
d/e [CeHuUNO:1/ 0.90 Low
[CsHUONO:]
fle m\/K, d/e 4 X 10-¢molel. -1 4 X 10? 8
g/h [CsHuCL]/ 0.7 Low
[CCLINO2]

Oxidation of the Solvent.—The oxidation of
cyclohexane induces oxidation of the solvent to
trichloronitromethane and phosgene. The extent
of the attack is regulated by the constant m in eq.
2 which measures the proportion of cyclohexyl
radicals reacting other than with nitrogen dioxide;
nitrogen pentoxide alone has no oxidizing action
on the solvent.

As one trichloromethyl radical is liberated per
mole of chlorocyclohexane formed

(g + h)/g = [CeHuCll/[CCLNO,] = 2.5 (eq. 1) (5)
Experimentally, the production of phosgene (and
nitrosyl chloride) was followed by analysis for chlo-
ride ion after hydrolysis (see Exptl. section) and the
ratio of inmitial velocities of formation of phosgene
and cyclohexyl nitrate is, therefore

(1/3)[C17]./[CsHuONO: ], (6)
where the subscript denotes concentration at time ¢
within the initial rate period. If the steady-state
assumption is made for CCls radicals

[CCL]/[CHul = f/(g + MKY3[N:0s]'/2 (T7)

= ool
S 0.6 A
z v
& !
~ 0.4 //
o

0

0 4 8 12

[N;0s] =2, (mole /1)~
I'ig. 4.—Relative initial rates of formation of phosgene
and cyclohexy! nitrate (temp. 20°).
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the ratio of the initial velocities of reactions H and
F can, by combining eq. 6 and 7, be written

[C17]¢/[CeHLONO:]: = 3(f/e) h/(g + h)KV2[N:0,] /2

In Fig. 4, [C17],/[CeH1 ONO,]; is plotted as a furc-
tion of [N.O4]™"; since 2/(g + &) = 0.6 (eq. 5),
the slope of a straight line drawn through the origin
([N2O4] = @) is 1.8 f/eK':. Introducing the
graphical slope (7.2 X 107% moles”: 1.7 at 20°)
and the value of K

f/e = 4.1 X 107* moles 1.7! at 20°

At 0° phosgene formation was slightly enlianced,
yielding an “activation energy” for f/eK'/* of —2
+1 keal.

From f/e, m can be evaluated directly by the re-
lations mV'K = f/(d + ¢) and d/e = 0.9. The
value m = 0.021 agrees very satisfactorily with
that obtained independeutly from the results in
Fig. 3 (m = 0.016).

Absolute Velocity Coefficients.—Only ratios of
the elementary velocity coefficients can be ob-
tained directly from the experimental data.
These are grouped in three sets which relate the
coefficients a, b and ¢; d, e and f; g and %, there
are no equations between coefficients in different
sets. Only the first two sets are considered further,
and in each case the absolute rate coefficients are
evaluated with the assumption that a particular
reaction proceeds with the same velocity in solution
as in the gas phase. The results are in Table III.

In the first group, ¢ could be evaluated if ¢/5, the
dissociation constant of nitrogen pentoxide, were
known. As the Arrhenius parameters for the de-
composition of nitrogen pentoxide vapor and solu-
tion are very similar® it follows from the mecha-
nism® that, if the reaction

NO; + NO; = NO + O, + NO,

is assumed to have the same velocity in the two
phases, the dissociation constant appropriate to the
gas phase can be transferred to the solution. Hence
a/b =3 X 10" moles 1.t at 20°,%= and

¢ = 10132 exp(—11,500/RT)

The pre-exponential factor of ¢ is high for an ele-
mentary metathetical reaction, possibly owing to
accumulation of errors in the exponential term
formed from the same and differences of relatively
larger quantities.

In the second group of coefficients it is assumed
that the velocity of reaction D is of the same order
of magnitude as the combination of methyl radi-
cals with NO at high pressure in the gas phase.!
Values of e and f follow directly from the ratios in
TableII. Itisin accord with experience from trans-
fer coefficients in polymerization to allocate the
“activation energy’’ of the ratio f/e entirely to renc-
tion F. The frequency of bimolecular collisions be-
tween cyclohexyl radicals (assigned the same diam-
eter as cyclohexane, #iz., 1.33 X 10-8Vya,'r = 6.3
A., the effective diameter of the “‘cage” being 0.5
A)) and carbon tetrachloride is & X 10! 1. mole
sec.”1,19 and the '"“maximum’ pre-exponential fac-

(18) A. F. Trotman-Dickenson, Quart. Rewrs. Chem. Soc.. 7, 198
(1953).
(18) R. H. Fowler and N. B. Slater. Trans. Faraday Soc.. 34, 8

(1938).
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tor of the apparent first-order coefficient f is 8 X
10'? sec.™! The value deduced from the velocity
coefficient and the activation energy (Table III)
corresponds to a steric factor of 0.01 for reaction F.

TaBLE I1I
Acti-
Pre- vation
Value at 20°, exponential energy
Quantity  Source 1. mole -1 sec. ™1 factor kcal,
a/b Gas phase® 3 X 10~ molel, -t 20 £ 3
13 cla/b),a/b 5 X 104 2 X 1012 11,5
d Assumed 2 X 108 Low
e d/e, d 2 X 108 Low
f fle, e 8 X 10¢ sec.”1 8 X 101? 8
s Ref. 152, %8 X 10° . mole~! sec~1if the ‘‘concn.” of

CCl, is factored out.

From the results in Table III it is easily seen
that with the high concentration of nitrogen diox-
ide a number of intrinsically fast reactions are not

([CeHre] = [NoOs] = [N204] = 0.2 M) the concen-
trations of the various radicals relative to NO; are,
at 20°
[NO;]/[NO:] [CsHnl/[NO;] [CCls]/[NOy]
3 X 1077 2 X 1071 6 X 10712

Thus the formation of cyclohexyl nitrate by direct
radical union

CeHn + NO; = CeHpONO;

is insignificant compared with the reaction E
through nitrite. Similarly, the solvent is the only
species able to compete successfully with nitrogen
dioxide for cyclohexyl radicals ([CCL]/[NO.] =
2 X 10%for [N,0O4] = 0.2 M); the union of two cy-
clohexyl radicals, or of cyclohexyl and trichlor-
methyl radicals, is negligibly slow by comparison.
Any latent tendency of the system toward a chain
mechanism is suppressed by the nitrogen dioxide.

important in this system. In a typical experiment PrinceToNn, N, J.
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Froton Hyperfine Interactions in Paramagnetic Resonance of Semiquinones!

By BALU VENKATARAMAN AND GEORGE K. FRAENKEL
RECEIVED DECEMEBER 13, 1954

Semiquinores formed by the oxidation of hydroquinones or the reduction of quinotes in alkaline media have been studied
by paramagnetic resonance absorption spectroscopy. The p-benzosemiquinone ion has been observed for the first time in
solution; its existence has been established by examination of the structure of its paramagnetic resonance spectrum. It has
been confirmed that certain structure observed in the paramagnetic resonance spectra of some free radicals is due to intra-
molecular magnetic hyperfine interaction between the unpaired electron and protons. The magnitude of the hyperfine
iiteraction constant for the p-benzosemiquinone ion was found to be 6.54 =+ 0.06 Mc./sec., and the magnitude of the con-
stant for the durosemiquinone ion was found to be 5.28 = 0.15 Mc./sec. Although theoretical interpretation of the mag-
nitude of the interaction constatits has not been satisfactory, it is believed that relative values of these constants can be inter-
preted in terms of relative odd-electron deusities at the protons. The magnitude of the hyperfine interaction in the duro-
semiquinore ion may represent direct confirmation of the phenomenon of hyperconjugation. Paramagnetic spectra were
observed from the p-tolusemiquinone ion, the 9,10-phenanthrenesemiquinone ion, and the radical formed from a mixture

of benzil and benzoin.
p-benzoquinone exposed to the air.

Introduction

During the 1930’s, it was demonstrated, princi-
pally by Michaelis and his co-workers,? that the bi-
valent oxidation of hydroquinones, or the reduction
of quinones, proceeds through an intermediate
compound containing an odd number of electrons,
a semiquinone free radical. This conclusion was
reached through the study of potentiometric oxida-
tion—reduction titrations of these materials® and,
in a few cases, by the measurement of the change in
the magnetic susceptibility that took place during

(1) Supported in part by Squier Signal Laboratory, U. S. Army
Signal Corps. Presented before the Division of Physical and I'norganic
Chemistry at the 126th Meeting of the American Chemical Society,
New York, September, 1954,

(2) For a review, including an extensive bibliography, see L.
Michaelis, Ann. N. Y. Acad. Sci., 40, 39 (1940), For later work, see
references 2 and 3 below, and L. Michaelis, M., P. Schubert and S.
Granick, TH1s JoURNAL, 62, 204 (1940); S. Granick, L. Michaelis and
M. P. Schubert, ébid., 62, 1802 (1940); S. Granick and L. Michaelis,
tbid., 62, 2241 (1940); L. Michaelis, S. Granick and M. P. Schubert,
ibid., 68, 351 (1941); L. Micbaelis and S. Granick, #bid., 68, 1636
(1941); 66, 1023 (1944); and S. Granick and L. Michaelis, ibid., 69,
2983 (1947).
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