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INTRODUCTION
Gomberg demonstrated the rapid formation of trityl peroxide by the

reaction of oxygen with the triphenylmethyl radical in the presence of
hexaphenylethane1. The rapid reaction of oxygen with triphenylmethyl-
sodium or triphenylmethyl Grignard reagents produces mainly the hydro-
peroxide but significant amounts of trityl peroxide are also produced2 5
This suggests the intermediacy of the triphenylmethyl radical. The major
products are consistent with the reaction sequence outlined in reactions 1—6.

Ar3C: + 02—> Ar3C + 02 (1)

Ar3C +02 Ar3C00 (2)

Ar3C00 + Ar3C: —--> Ar3C00: + Ar3C (3)

Ar3COO + Ar3C: —-÷2 Ar3CO (4)

Ar3C + Ar3COO —> Ar3COOCAr3 (5)

2 Ar3COO —-> Ar3COOCAr3 + 02 (6)

The occurrence of reaction (5) in the presence of oxygen is reasonable since
reaction (2) occurs rather slowly6, and is readily reversible7, for the triphenyl-
methyl radical.

However, the products observed can be rationalized in other ways; for
example, reactions (7)—(9) followed by (5) and/or (6). Moreover, the effect
of the metal ion (sodium, magnesium) in non-polar ethereal solvents is a
complicating factor8.

Ar3C: + 02 —-> [Ar3C 02] [AraC 02] -
Ar3C0O: (7)

Ar3C + Ar3COOM —->ArC + Ar3CO + OM (8)

Ar3CO + Ar3C:- —÷ Ar3CO:- + Ar3C (9)

t This paper may be considered part XXVIII in the series, Reactions f Resonance Stabilized
Anions, and to be co-authored with Alan G. Bemis, Edward G. Janzen, and Wayne C. Danen.
This work was supported by a grant (1760—C) from the Petroleum Research Fund admini-
stered by the American Chemical Society.
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OXIDATION OF TRIPHENYLMETHYL ANION
We have investigated the oxidation of the triphenylmethyl anion, gene-

rated by ionization of triphenylmethane, in polar solvents such as dimethyl
suiphoxide (DMSO) or hexamethyiphosphoramide (HMPA)9. In DMSO
an additional important reaction occurs, namely the reduction of the hydro-
peroxide to the alcohol by the solvent.

B
Ar3COOH + DMSO —-÷ DMSO2 + Ar3COH (10)

Reaction of triphenylmethane with potassium t-butoxide in HMPA or
DMSO (80 volume per cent)—t-butyl alcohol (20 volume per cent) in the
presence of oxygen at a partial pressure of about 1 atm leads to the con-
sumption of one mole of oxygen and the formation of triphenylmethyl
hydroperoxide in HMPA and triphenylcarbinol in DMSO. Neither oxida-
tion displays induction or inhibition periods characteristic of a free radical
process. Moreover, the rates of oxidation are unaffected by electron transfer
agents, such as the nitroaromatics, which should catalyze a radical-chain
oxidation by reactions (11)—(13)'O' 11

R:- + ArNO2 —-* R + ArN02 (11)

ArN02 +02 —- ArNO2 + 02 (12)

ArNO2 + R00 —- R00: + ArNO2 (13)

ac-Deuteriotriphenylmethane is oxidized about 10-times as slowly as
triphenylmethane itself [DMSO (80)—t-BuOH (20)] suggesting that the
rate of oxygen absorption may be limited by the rate of ionization of the
hydrocarbon'2. In fact the rate of oxidation of deuterated triphenylmethane
and the rate of deuterium exchange in DMSO (80)—t-BuOH (20) are nearly
equivalent9. The overall reaction sequence is apparently given by equations
(l4)—(16).

slow
Ar3CH + (CH3)3C0 —-* Ar3C: + (CH3)3COH (14)

fast
Ar3C: +02 —- Ar3COO:

Ar3C00: + DMSO — Ar3CO: + DMSO2

The kinetics of the oxidation are easily measured because of the simple
stoichiometry which allows the instantaneous concentration of triphenyl-
methane to be equated to {[R3CHJ0 — 02 (absorbed)] (see Figure 1). In
DMSO (80)—t-BuOH (20) the rate of oxygen absorption is first order in
triphenylmethane and first order in potassium t-butoxide. Moreover, the
rate of oxidation is independent of the oxygen pressure above 400 mm. The
value of k1 for reaction (14) is 0134 1./mole-sec at 24•5°, 4H* =9•8 kcal/
mole, AS* = +294 e.s.u.
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Similar observation and conclusions were reached in a study of the
oxidation of diphenyl-oc-naphthylmethane and 1 ,1-diphenylethane. A
mechanism similar to that of reaction (7) is suggested.

In pyridine solution the reaction of triphenylmethane with potassium
1-butoxide and oxygen (heterogeneous) yields mainly the hydroperoxide but

22

'7,

o 3b 40 5
Time, sec

Figure 1. Pseudo first-order kinetic relationship observed in the autoxidation of triphenyl-
methane at 245° in dimethyl sulphoxide (80 volume %)—t-butyl alcohol (20%); solution
02 M in potassium t-butoxide, [R5CH]0 = 0025 M, 750 mm saturation pressure of oxygen.

about 10 per cent of trityl peroxide is observed. Pyridine is recognized to
form a specific complex with the superoxide ion13 and perhaps in this solvent
reactions (1) and (7) compete.

C5H5N
-> Ar3C + O2 C5H5N

Ar3Ct O2f
———-÷ ArC' O2 - Ar3COO:

Triphenylmethane derivatives that are much more acidic, such as
tris(p-nitrophenyl)methane or 9-phenyifluorene, show a rather different
oxidation behaviour. The rates of oxidation are now much slower than the
rates of ionization. Catalysis by added nitroaromatics is readily detected
and in the presence of such catalysts a reaction scheme involving reactions
(11), (12), (13), (1) and (2) followed by reaction (4) [or in the presence of
DMSO, reaction (16)] is envisioned'1. However, the mechanism of the
uncatalyzed reaction may proceed by a different course, more similar to
reaction (7). The major difference between triphenylmethane and these
derivatives is the relative rates of reactions (14) and (7) or (1).

The oxidation of tris(p-nitrophenyl)methane shows some characteristics
not consistent with reactions (1) or (7) that illustrate rather general pheno-
mena as far as nitro-substituted carbanions are concerned. The oxidation
in a given solvent is slower in excess base than in the presence of deficient

187



GLEN A. RUSSELL

quantities of base, particularly in the presence of light. This suggests a
spontaneous initiation process of the type shown in equation (17).

hu
(p-N02C6H4)3C:- + (p-N02C6H4)3CH

(p-N02C6H4)C. + [(p-N02C6H4)3CH] - (17)

In the presence of traces of oxygen significant quantities of the tris(p-
nitrophenyl)methyl radical can be detected from the reaction of tris(p-
nitrophenyl)methane and base in t-butyl alcohol. However, this observation
may be due to the occurrence of reaction (8) rather than reaction (1).

OXIDATION OF DIPHENYLMETHANE
The oxidation of diphenylmethane in the presence of base in HMPA or

DMSO (80)—t-BuOH (20) is similar to the oxidation of triphenylmethane
and is a process limited by the rate of ionization of the hydrocarbon. In
DMSO (80)-t-Bu0H (20) the reaction involves two steps, the formation of
the alcohol via reactions (14)—(16) (one mole of oxygen absorbed per mole
of diphenylmethane), k = 0085 ± 0015 litre/mole-sec at 245°, followed
by a slower oxidation of benzhydrol to benzophenone14-16. The stoichio-
metry of this conversion is complex because of the occurrence of at least
three reactions (18)—(20) of which reaction (20) can be observed in the
absence of the carbinol.

B

Ar2CHOH + 02 —-> Ar2CO + O22 (18)

B

Ar2CHOH + 202 —-± Ar2CO + 2 O2 (19)

022_ + 02 —-± 2 02 (20)

OXIDATION OF BENZHYDROL
The oxidation of benzhydrol in basic solution shows a large isotope effect

when an alpha deuterium atom is substituted [kH/kD 10 in DMSO (80)—
t-BuOH (20)]. Recovered benzhydrol from this experiment did not show
any hydrogen—deuterium exchange. The oxidation shows an induction
period that is greatly extended by arsenic trioxide or ferric chloride in
catalytic amounts, and is removed by cupric ion (experiments in t-butyl
alcohol) (see Figure 2). There is no effect of nitroaromatics on the oxidation.
Of special interest is the fact that the rate of oxidation of benzhydrol is
independent of the concentration of excess base and independent of the
solvent. The observed rates of oxidation in t-butyl alcohol, pyridine, and
DMSO (80)—t-BuOH (20) solutions are nearly the same, whereas for di- or
triphenylmethane there is a rate difference (potassium t-butoxide as base) of
more than 100-fold between t-butyl alcohol and DMSO (80)—t-BuOH (20).
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These results suggest the radical chain mechanism depicted in reactions
(21)—(23).

Ar2CHO ± Ar2C(00)0 —-- Ar2C0 + Ar2C(OOj(COj (21)

Ar2C(OOj(Oj —-± Ar2CO + 022 (22)

Ar2C0 + 02 —-÷ Ar2C(00) (0-) Ar2CO + O2 (23)

Some additional chain-branching step, presumably involving the super-
oxide ion, must occur since the reaction can be nearly completely inhibited
by arsenic trioxide.
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Figure 2. Oxidation of 012 M benzhydrol in t-butyl alcohol containing 036 M potassium
t-butoxide at 250, 750 mm oxygen pressure: (1) no additive; (2) 0002 M ferric chloride;

(3) 001 M arsenic trioxide (As203).

OXIDATION OF 9-FLOURENOL AND 9-XANTHENOL
With the more acidic (as a carbon acid) 9-fluorenol and 9-xanthenol

an effect of solvent and base upon the rate of oxidation is observed, no
deuterium isotope effect is observed in DMSO (80)—t-BuOH (20), catalysis
by nitroaromatics is observed, and the metal superoxide is the major reactions
product with potassium or rubidium alkoxides as the base. Here a dianion is
apparently involved [reactions (24), (25), and (23)].

Ar2CHO Ar2C02 (24)

Ar2C02 + 02 —-k Ar2CO + (25)

The oxidation of fluorene in t-butyl alcohol containing potassium t-
butoxide yields fluorenone in high yield with the absorption of one mole of
oxygen'7. The initially formed hydroperoxide apparently undergoes a base-
catalyzed decomposition'8. The stoichiometry observed

Ar2CHOOH + B- —- HB - Ar2CO + OH- (26)
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excludes the intervention of 9-fluorenol. The reaction shows little isotope
effect consistent with the finding that 9,9-dideuteriofluorene undergoes
hydrogen—deuterium exchange in basic solution much more rapidly than
the fluorene is oxidized. Pronounced catalysis by the nitroaromatics is
observed (see Figure 3) and the reaction proceeds faster in solvents such as
DMSO or HMPA than in t-butyl alcohol (see Figure 4). The catalyzed

a)C
a)

0J
0
a)
0
E
C
clj
Q)>
0

0

Figure 3. Catalyzed oxidation of 010 M fluorene in t-butyl alcohol containing 02 M potassium
t-butoxide at 25°, 750 mm saturation oxygen pressure: (1) uncatalyzed; (2) 0005 M m-nitro-
toluene; (3) 0005 M nitrobenzene; (4) 0005 M p-chloronitrobenzene; (5) 0005 M p-cyano-

nitrobenzene.
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Figure 4. Oxidation of 01 M fluorene in the presence of 02 M potassium t-butoxide at 25',
750 mm saturation oxygen pressure: (1) t-butyl alcohol; (2) benzene (80 volume % )—
t-butyl alcohol (20%); (3) dioxane (80 volume %)—t-butyl alcohol (20%); (4) dimethyl
sulphoxide (80 volume %)—t-butyl alcohol (20%); (5) piperidine (80 volume %)—t-butyl

alcohol (20%)
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reaction apparently involves the steps shown in equations (27)—(31) followed
by reaction (26).

fast
Ar2CH2 + B- Ar2CH: + HB (27)

Ar2CH: + ArNO2 —-> ArNO2 + Ar2CH (28)

Ar2CI+ +02 —- Ar2CHOO (29)

Ar2CHO0 + Ar2CH: —- Ar2CHOO: + Ar2CH (30)

Ar2CH00 + ArN02 —-- Ar2CHOO: + ArNO2 (31)

Strong support for this interpretation is furnished by the correlation between
the rate of reaction (28) observed by e.s.r. techniques in the absence of oxy-
gen (see Figure 5) and the rates of oxygen absorption observed in the presence
of oxygen and the nitroaromatics (see Figure 6)11.Since the rates of oxidation

0

a)
0
E

0z

Figure 5. Initial rates of formation of nitroaromatic radical anions in t-butyl alcohol at 25°
from the reaction of OSlO M fluorene, O2O M potassium t-butoxide and 00048 M nitroaromatic:
() in-nitroaniline; (2) m-nitrotoluene; (3) nitrobenzene; (4) m-nitroanisole; (5) p-chloro-
nitrobenzene; (6) m-nitrobenzotrifluoride. Radical anion concentrations at zero time reflect
reaction occurring during the filling of the e.s.r. cell. Signal deflections were observed at
constant field for overmodulated e.s.r. signals. Concentrations were calculated by comparison
with signal intensity of overmodulated diphenylpicryihydrazyl solution under exactly the

same experimental conditions.

are about 35 times faster than the rates of electron transfer (0.1 M fluorene,
0.2 M potassium t-butoxide, 00048 M nitrobenzene) a short but appreciable
kinetic chain length for reactions (28)—(31) is indicated.

Although the mechanism of the catalyzed oxidation of fluorene seems
to be well documented the question still remains as to the mechanism that
occurs in the absence of an added catalyst. Either the reaction can be a
"one-step" process [reaction (7)] not involving a chain process'4 or reaction
(1) can initiate a free radiéal chain process. If the triphenylmethyl radical
cannot escape from the reaction cage for reaction (7), it seems unlikely that
the less stable fluorenyl radical would escape. There is little, if any, auto-
catalysis in the oxidation of fluorene which indicates that either reaction (32)
is unimportant

R2CH: + R2CHOOH — R2CH + R2CHO + OH- (32)
191
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or else the concentration of R2CHOOH rapidly reaches a low, steady state
value possibly due to the rapidity of reaction (26)]. The rate of oxidation
of fluorene in the absence of added catalysts in t-butyl alcohol containing
potassium t-butoxide varies linearly with the oxygen pressure as required by
reaction (7) (see Figure 7).

The rate of ionization of fluorene by potassium t-butoxide in t-butyl
alcohol can be estimated by the rate of oxidation observed at high con-
centrations of the nitroaromatic catalyst. Under conditions of constant

12 —

08 —

0
0'4
0-j 0

-04

-08
-08 -04 0 04 08 12

0
Figure 6. Hammctt correlation between substituent constants, the rate of electron transfer
from the fluorenide anion to substituted nitrobenzenes (0) and the catalyzed oxidation
rate observed with substituted nitrobenzenes (s). All experiments performed in t-butyl
alcohol at 25°, 01 M in fluorene, 02 M in potassium t-butoxide, and 000048 M in nitro-
aromatic. For all experiments the ordinate is log initial rate with substituted nitrobenzene-log

initial rate with nitrobenzene.
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Figure 7. Effect of oxygen pressure on rate of oxidation of 0 1 M fluorene in t-butyl alcohol
containing 02 M potassium t-butoxide; (1) 800 mm saturation pressure; (2) 600 mm saturation

pressure; (3) 400 mm saturation pressure.
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concentration of base and fluorene the oxidation rate increases linearly
with nitrobenzene concentrations up to at least 0-1 M. The rate then asymp-
totically approaches a maximum value with a second order ionization rate
constant (k1) of 08 litre/mole-sec at 3 M nitrobenzene.

However, some rate increase is still observed at 3 M nitrobenzene. With
in-trifiuoronitrobenzene the rate maximum is reached at a lower concen-
tration of nitroaromatic (see Figure 8) and little increase in the rate of

1•0 -

I I I
01 02 0-3 04 05 0-6 0-7 0-8

m-CF3C6H4NO2 ,M

Figure 8. Initial rate of oxidation of fluorene/[fluorene]o[KOC(CH3)]o at 2950 in t-butyl
alcohol (curve 1) and initial rate of electron transfer from fluorene to ,n-nitrobenzotrifluoride
under the same conditions (curve 2) at 25°. Initial concentration of fluorene and base where

approximately 0-02 M.

oxidation is observed above a concentration of m-trifiuoronitrobenzene of
0-7 M. The value of k (litre/mole-sec) indicated for ,n-trifiuorobenzene
concentrations between 0-7 and 1-3 M is 0-88 + 0-05. This can be compared
to a rate of hydrogen—deuterium exchange for 9,9-dideuteriofluorene in
t-butyl alcohol (potassium t-butoxide) in accord with kj = 0-12 ± 0.01
litre/mole-sec. The rate of radical anion formation from the reaction of
fluorene, potassium t-butoxide and m-trifiuoromethylnitrobenzene also
approaches a limiting value as the nitroaromatic concentration exceeds
0-7 M whence the observed rate of electron transfer is about 0-8 that of
oxidation. In view of experimental uncertainties in absolute concentration
measurements by e.s.r. spectroscopy (+30 per cent) it appears that both
techniques are consistent with an ionization rate constant of fluorene
(t-butyl alcohol, potassium t-butoxide) of about 0-9 litre/mole-sec,

8.
Oxidation of fluorene in DMSO (80)—t-BuOH (20) containing potassium

t-butoxide occurs quite readily. Interrupted oxidations were shown by
e.s.r. spectroscopy to contain significant quantities of fluorenone ketyl
(I) (Figure 9). However, the formation of (I) is probably not pertinent

1zI
(1)
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to the oxidation mechanism since (I) can be readily formed and detected
in this solvent system by (a) the reaction, of deficient quantities of oxygen
with 9-fluorenol and base", (b) electron transfer between 9-fluorenol and

Figure 9. E.s.r. spectrum of fluorenone ketyl detected by the exposure of a solution of fluorene
(01 M) in t-butyl alcohol (8& volume %)—dimethyl sulphoxide (20%) containing 0•2 M
potassium t-butoxide to 10 mole % (based on fluorene) of oxygen at 25°. The correlation
diagram is based on the hyperfine splitting constants a11 365, 365, 261, 261, 081, 081,

024, and 024 gauss.

9-fluorenone in the presence of base10, or (c) electron transfer between the
fluorenyl anion and the ketone'°.

In DMSO (80)—t-BuOH (20) the final oxidation product is the fluorenone
dimethylsuiphoxide adduct (II).

HO CH2SOCH3

(II)

OXIDATION OF TOLUENE AND p-NITROTOLUENE
Toluene can be oxidized very slowly to benzoic acid in HMPA solution

of potassium t-butoxide20. Since the c,oc,ac-trideuterio derivative is oxidized
much more slowly, it appears that ionization rate limited process is involved.
More acidic toluene derivatives, such as the p-cyano, p-carbethoxy, p-
phenylazo, p-phenylsulphonyl and p-benzoyl derivatives give rise to a
mixture of the acid and stilbene derivative9. No trace of the bibenzyl dimer
is detected.

B-, 02
p-X—C6H4CH3 -÷ p-X-—C6H4CO2H +

DMSO (80%)

p-X—C6H4CH=CHC6H4—X-p (33)

Moreover, in several instances the bibenzyl dimer oxidizes in basic solution
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to give products other than the stilbene dimer [see equation (34)}21. The
addition of radioactive p-phenylsulphonylbenzaldehyde to oxidizing

B, 02
p-C6H5COC6H4CH2CH2C6H4COC6H5-p —-

DMSO (80%)

p- C6H4COC6H4COCH2C6H4COC6H5-p (34)
(Major product)

p-phenylsulphonyltoluene showed that the aldehyde and toluene were
distributed into the two products to the same degree. Therefore, the oxida-
tion of these aforementioned toluene derivatives apparently involves the
initial formation of the aldehyde1'

02 B

p-X---C6H4CH3 -p-X—-C6H4CH2- —-÷ [p-X—-C6H4CH200H] —-

B, 02
—-----—* p-X--C6H4CO2H

p-X—C6H4CHO —
p-X—-C6H4CH=CHC6H4—X-p+ H20

p-XC6H4CH2-
(35)

The oxidation of p-nitrotoluene in basic solution yields p-nitrobenzoic
acid and p,p'-dinitrobibenzyl. The bibenzyl can be slowly oxidized to the
stilbene and in solvent systems such as DMSO (80)-t-BuOH (20) the
stilbene can be converted to the acid in the presence of base and oxygen.
The percent conversion to the bibenzyl increases as the initial p-nitrotoluene
concentration is increased and decreases as the oxygen pressure is increased.
The results are qualitatively in agreement with a process involving the
p-nitrobenzyl radical which can either be trapped to yield the acid or con-
verted to the dimer by some reaction involving additional molecules (or
intermediates derived therefrom) of p-nitrotoluene.

02 - p-NO2C6H4CO2H
p-NO2C6H4CH2. - -÷ p-NO2C6H4CH2CH2C6H4NO2-p

p-NO2C6H4CH3

Elementary considerations exclude the coupling of p-nitrobenzyl radicals
to yield the bibenzyl from occurring in the presence of oxygen22. A possible
pathway involves the trapping of the p-nitrobenzyl radical by the p-nitro-
benzyl anion followed by loss of one electron.

p-NO2C6H4CH2• + p-NO2C6H4CH2:-
02

[p-NO2C6H4CH2CH2C6H4NO2-p] .-

p-NO2C6H4CH2CH2C6H4NO2-p + O2• (36)
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In the absence of oxygen p-nitrotoluene spontaneously disproportionates
in t-butyl alcohol solutions containing potassium t-butoxide to yield p-nitro-
toluene radical anion (2 moles, see Figure 10) and p,p'-dinitrobibenzyl

10 Gauss

Figure 10. E.s.r. spectrum ofp-nitrotoluene radical anion formed spontaneously from 00025 M
p-nitrotoluene in t-butyl alcohol containing 005 si potassium t-butoxide. The correlation
diagram is based on the hyperfine splitting constants, ao" =apT1 acH,11 34 gauss,

am11 = 11 gauss, aN =l27 gauss.

(1 mole)23. The reaction may be driven to completion by the insolubility
of the bibenzyl. The rate of formation of the p-nitrotoluene radical anion
(from initial rate measurements) is first order in p-nitrotoluene (Figure 11)
and first order in potassium t-butoxide (Figure 12). This suggests a process

Figure 11. Initial rate of formation of p-nitrotoluene radical anion from solutions of p-nitro-
toluene in t-butyl alcohol containing 02 M potassium t-butoxide at 25°. The concentrations
were measured by e.s.r. spectroscopy by comparison of peak heights of the overmodulated
signals obtained at constant field with standard solutions of diphenylpicrylhydrazyl under

identical instrumental conditions.
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DETECTION OF PARAMAGNETIC INTERMEDIATES

limited by the rate of ionization of p-nitrotoluene (RH) as described in
reactions (37)—(40).

slow
RH + (CH3)3C0- —* (CH3)3COH + R:- (37)

fast
R- + RH R + RH- (38)

fast
R• + R- —- [R—R] (39)

[R—R] + RH —-÷ RH• + R—R (40)

In the presence of oxygen some of the p-nitrobenzyl radicals can be trapped
to eventually yield p-nitrobenzoic acid. However, the high yields of p,p'-
dinitrobibenzyl isolated from reaction mixtures saturated with oxygen at
one atmosphere pressure requires that reaction (39) is an exceedingly

0z
.4 0
(0X

=0 -- -.-
In

C

Figure 12. Initial rates of formation of p-nitrotoluene radical anion from 0025 s p-nitro-
toluene in t-butyl alcohol containing potassium t-butoxide at 25°.

facile one. The presence of oxygen will reconvert the p-nitrotoluene radical
anion to p-nitrotoluene and superoxide ion [reaction (12)] thus allowing
a higher yield of dimer to be achieved in the presence of oxygen than in the
absence. The ionization rate constant of p-nitrotoluene in t-butyl alcohol
(potassium t-butoxide) is estimated to be 3 x 10 litre/mole-sec (experi-
mental uncertainty +30 per cent) from the rate of the spontaneous dis-
proportionation reaction as measured by e.s.r. spectroscopy.

In DMSO (80)—t-BuOH (20) solutions the spontaneous disproportiona-
tion reaction is much faster. Moreover the kinetics of the formation of
p-nitrotoluene radical anion (Figures 13, 14) take a different form (see
kinetic equation).

= k[RH]2[Bj/(Ic' + [Bj)
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This result is consistent with a rapid ionization ofp-nitrotoluene followed by
a slow and rate determining electron transfer step from the carbanion to
the unionized p-nitrotoluene.

It is concluded that the absorption of oxygen by p-nitrotoluene in basic
solution is a process not really connected with carbanion oxidation but

4

3 -

I I I I
0 002 004 006

Potassium f-butoxide,M

Figure 13. p-Nitrotoluene radical anion formed in 25 Sec by reaction of 0005 si p-nitrotolucne
with potassium (-butoxide in dimethyl sulphoxide (80 volume %)—t-butyl alcohol (20%) at

23°. Each point represents the average of 2—4 experiments.

0

(I)

o_ -0

00'10
&

00001 00002 00003 00004

Initia.t p-nitrototuene(motes/t.)2
Figure 14. Formation of p-nitrotoluene radical anion in 25 sec in dimethyl sulphoxide (80

volume %)—tbutyl alcohol (20%) containing 035 M potassium t-butoxide.

simply a side reaction that follows the spontaneous disproportionation
reaction (38). Similar disproportionations are noted for many derivatives
ofp-nitrotoluene23 as well as members of the generalized class of compounds,
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DETECTION OF PARAMAGNETIC INTERMEDIATES

ir-CH3, wherein IT is an acid strengthening group that is easily reduced, such
as the p-nitrophenyl, quinone nucleus, tetrazine nucleus, the isoalloxazines
nucleus, or the oc-diketone moiety.

OXIDATION OF ALIPHATIC KETONES AND ESTERS
Aliphatic ketones and esters containing ionizable alpha hydrogen atoms

are readily oxidized in basic solution to yield final products consistent with
the formation of an intermediate hydroperoxide. Evidence has been pre-
sented that the oxidation of certain unsaturated esters in basic solution
does not involve the free radical, i.e., a one-step process similar to reaction
(7). The oxidation of acetophenone is catalyzed by nitroaromatics in
t-butyl alcohol solutions containing potassium t-butoxide and there is
a correlation between the magnitude of the catalysis and the rate of the
electron transfer reaction observed between the enolate anion and the
nitroaromatic in the absence of oxygen".

The reaction of ketones containing an alpha methylene group with
deficient quantities of oxygen in basic solution yields only a single type of
paramagnetic intermediate identified as the semidione, RC(0)=C(OjR'
(see Figure 15) 24 The formation of semidione radical anions is undoubtedly

Figure 15. Semidione formed by oxidation of 1-methyl-syn-7-methylbicyclo[2.2.1]heptan-2-
one (-santenone) in dimethyl suiphoxide solution containing potassium t-butoxide. Long
range hyperfine splittings are observed for the 7-anti hydrogen atom and the exo-5,6-hydrogen
atoms [G. A. Russell and K. Y. Chang, J. Am. Chem. Soc. 87, 4381 (1965)1. The observed
hyperfine splitting constants for hydrogen atoms are: anti C—7, 305 gauss; C—4, exo C—5,

exo C—6, 255 gauss; syn-7 -methyl, 1-methyl, 018 gauss.

a secondary process in the oxidation of a monoketone since both cx-diketones
and -hydroxyketones spontaneously yield semidione radical anions in
basic solution. Particularly high yields of semidiones are obtained from
mixtures of the c-diketone and oc-hydroxyketone, presumably via the
electronic disproportionation [shown in equation (41)]25.

RCOCOR + RC(O-)=C(O-)R 2 RC(O.)=C(OjR (41)
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The formation of both the diketone and hydroxyketone from an initial
x-hydroxyperoxy ketone are readily envisioned, reaction (42) with= RC(0-)==CHR.

B
02 ——- RCOCOR + OH- + HB

R' —- RCOCH(OOH)R —. (42)
R'O + RCOCH(OH)R

R'

/3-Diketones such as cyclohexane-l ,3-dione, acetylacetone or malonic
esters, are not oxidized by base and oxygen. This is true of many other
extremely stable carbanions such as those conjugated with several nitro or
cyano groups. In these cases apparently too much resonance energy is
lost for the carbanion to participate in reaction (1) or (7)26.

OXIDATION OF 2-NITROPROPANE
The oxidation of 2-nitropropane in basic solution is a clean cut example

of a carbanion oxidation proceeding via a radical chain mechanism27.
In the presence of a large excess of hydroxide ion in aqueous solution or a
very slight excess of ethoxide ion in ethanol solution, the alkali metal
salts of 2-nitropropane are stable to molecular oxygen. Neither reactions
(1) nor (7) occurs readily. Under these conditions the reaction can be
initiated by nitroaromatics and light, presumably via reaction (43). In the
presence of deficient quantities of ethoxide ion or when the hydroxide ion is

hu
ArNO2 + (CH3)2C=NO2 —-->ArN02 + (CH3)2C—N02 (43)

not in a large excess, oxidation will occur in an autocatalytic manner in alcohol
or water solution. The overall process involves the consumption of one-half
mole of oxygen per mole of 2-nitropropane with the production of acetone
and nitrite ion in high yield.

(CH3)2C=N0 + 1/202 —- CH3COCH3 + N02 (44)

In aqueous solution the reaction can be inhibited for extremely long periods
of time by arsenic trioxide, a known reducing agent for hydroperoxides.
The inhibition periods observed in water can also be removed, by the
addition of metal ion, such as the ferrous—ferric couple (see Figure 16).
These results seem to be explainable by a reaction similar to (2)—(4) with a
spontaneous initiation step of the type

B
2 ir—C—H —* ir—C + [—C—H]
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Figure 16. Oxidation of 10 M 2-nitropropane in aqueous solution; (1) 2-0 M sodium hydroxide,
at this concentration of base the initially formed acetone undergoes extensive further oxidation;
(2) 2-0 M sodium hydroxide and O01 M Fe1T1; (3) 2-0 M sodium hydroxide and Q-01 M arsenic
ttioxide (AssOs); (4) 10 M sodium hydroxide; (5) FO M sodium hydroxide, in 16 h 6 per cent

of the 2-nitropropane was converted to 2,3-dinitro-2,3-dimethylbutane.

The oxidation sequence can be described by reactions (45)—(48).

(CH3)2C=N02- + (CH3)2CHNO2
(CH3)2CN02 + [(CH3)2CHNO2] (45)

(CH3)2CN02 + 02 —-÷ (CH3)2C(00•)N02 (46)

(CH3)2C(00•)N02 + (CH3)2C=N02- —-*
(CH3)2C(00 : jNO2 + (CH3)2CN02 (47)

(CH3)2C=N02- + (CH3)2C(OOjNO2 —-÷
2 (CH3)2C(OjNO2 -÷ CH3COCH3 + NO2- (48)

However, an alternative chain process involving nitrogen dioxide as an
intermediate has not been eliminated [reactions (49)—(51 )].

NO2 + (CH3)2C=N02- —-÷ NO2- + (CH3)2CN02 (49)
(CH3)2ON02 + 02 —± (CH3)2C(00•)N02 (50)

(CH3)2C(00•)N02 + (CH3)2C=N02- —-÷
(CH3)2C(N02)OOC(CH3)2N02'- —--

NO2 +2 CH3COCH3 + N02 (51)

Chain branching (autocatalysis) can be readily explained in terms of a hydro-
peroxide mechanism by reaction (52).

(CH3)2C(OOH)N02 + (CH3)2C==N02- —>
(CH3)2CN02 + (CH3)2C(0•)N02 + OH- (52)
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Since in the presence of excess base the 2-nitro-2-propyl anion does not
react with oxygen, whereas the 2-nitro-2-propyl radical is readily oxygenated,
a potentially valuable technique for detecting the 2-nitro-2-propyl radical
in reactions of the 2-nitro-2-propyl anion is suggested.

This technique has been applied to the coupling reaction of 2-nitropropane
and 2-halo-2-nitropropanes in basic solution [reaction (53)].

B-
(CH3)2CHNO2 + (CH3)2C(Cl)N02 —-* NO2C(CH3)2C(CH3)2N02 (53)

The coupling reaction occurs readily in ethanol solution in the presence
of light to give yields of the dimer in excess of 85 per cent. In the presence of
oxygen and light no dimer is formed, the halonitropropane is not consumed,
and the 2-nitropropane is converted to acetone and nitrite in high yield.
The oxidation will occur under conditions wherein 2-nitropropane is not
oxidized in the absence of the halonitropropane. In the dark no oxygen
absorption is observed and in the absence of oxygen no dimer is formed
(Figure 17). The light reaction (coupling) can be inhibited byp-dinitrobenzene

92/. yield of NOi, 80'!. yield of acetone
0°/, yield of dimer

(CH3)2CNO K C2H5OH, hi'

60 120
Time, mm

Figure 17. Reaction of molecular oxygen with 10 ml of 025 M solutions of 2-X-2-nitro-
propane, 2-nitropropane and potassium t-butoxide at 29°.

with the formation of p-dinitrobenzene radical anion. The photochemical
coupling reaction is also completely inhibited by Gomberg's radical until
the radical has been destroyed whence the coupling occurs at the normal
rate (see Figure 18).

These results appear to demand the reaction scheme given in equations
(54)_(57)29.

hu
(CH3)2C (Cl) NO2 ——--——> [(CH3)2C(Cl)N02] (54)

CH3CH2Om (CH3)2C= NO

S
— S —12 -
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0)
xo 06
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Figure 18. Reaction of 2-nitropropane (0-256 M) with 2-bromo-2-nitropropane (0.256 M)
in ethanol containing 0-256 M potassium ethoxide at 13°: (1) the dark reaction; (2) the
reaction illuminated with a 275 watt General Electric "ultraviolet" Sunlamp in a water
jacketed Pyrex reaction flask, an ultimate yield of 86 per cent of 2,3-dinitro-2,3-dimethyl-
butane was observed; (3) illumination as in experiment 2 in the presence of 0002 M-hexa-

phenylethane.

[(CH3)2C(Cl)NO2] —--> Cl— + (CH3)2C—N02 (55)

(CH3)2CNO2 + (CI13)2C=N02

[(CH3)2C(N02)—C(CH3)2N021 (56)

[(CH3)2C(N02)—C(CH3)2N02] + (CH3)2C(Cl)N02

(CH3)2C(N02)—C(N02) (CH3)2 + [(CH3)2C(Cl)N02] (57)

Oxygen, p-dinitrobenzene, or triphenylmethyl radical can interrupt the
chain reaction by either destroying the 2-nitro-2-halopropane radical anion
or the 2-nitro-2-propyl radical.

TRAPPING OF RADICALS BY CARBANIONS IN
OXIDATIVE COUPLING

The trapping of a radical by a carbanion which can yield a relatively
stable radical anion may be a very important step in oxidative coupling
reactions. In the case of p-nitrobenzyl radicals reacting with p-nitrobenzyl
anions we concluded that this reaction could compete with the trapping of
the p-nitrobenzyl radical by oxygen. In the case of the reaction of 2-nitro-
propyl radicals with the 2-nitro-2-propyl anion oxygen can completely
trap the radical. The conclusions drawn in regard to the coupling reaction
suggest another possible radical chain mechanism for the oxidation of 2-
nitropropane in basic solution, namely a mechanism involving interaction
of the peroxy radical with the anion [reactions (58)—(60)].
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(CH3)2C(N02)OO. + (CH3)2C=N02-

(CH3)2C(N02)OOC(CH3)2N02.— (58)

(CH3)2C(NO2)OOC(CH3)2NO2-

(CH3)2C(N02)O- + (CH3)2C(N02)O• (59)

(CH3)2C(N02)O. + (CH3)2C=N02

(CH3)2C(N02)OH + (CH3)2áNO2 (60)

It is of interest that in aqueous solution containing deficient hydroxide
ion that a free radical chain oxidation of 2-nitropropane can not be sus-
tained. Instead the dimer is formed very slowly. A possible explanation is
that the 2-nitro-2-propyl radical [formed slowly by reaction (45)] is readily
trapped by the aci-form of 2-nitropropane to yield an intermediate readily
destroyed by oxygen to give• a product that cannot propagate a chain
reaction [reaction (61)].

(CH3)2CN02 + (CH3)2C=NO2H —-*
B

(CH3)2C(N02)—C(CH3)2N02H —-÷

02
[(CH3)2C(N02—C(CH3)2N02]

O2 + (CH3)2C(N02)—C(N02)(CH3)2 (61)

By the same techniques employed in the investigation of the coupling of
the 2-nitro-2-propyl anion with 2-halo-2-nitropropanes it can be shown that
the coupling of acetylacetone and malonic esters by iodine in basic solution
does not involve free radical intermediates but must involve a SN2 dis-
placement reaction on the initially formed halo compound.

The reaction of p-nitrobenzyl chloride with the anion of 2-nitropropane28
also proceeds via a chain process that is readily photochemically initiated
and retarded by oxygen, p-dinitrobenzene, or hexaphenylethane. The free
radical process involves reaction (62) as a key step. In fact (III) is readily

p-N02C6H4CH2 + (CH3)2C=NO2 —-

[p-NO2C6H4CH2C(CH3)2N02] (62)
(III)

detected under the reaction conditions by e.s.r. spectroscopy Since reaction
(62) occurs readily it follows that if the mechanism suggested previously for
the coupling of p-nitrotoluene is correct then the coupled product,
p-NO2C6H4CH2C(CH3)2N02, should be formed by the spontaneous
disproportionation of p-nitrotoluene in the presence of the 2-nitro-2-propyl
anion. However, we find only a few per cent of such coupled products3O,
or the corresponding cross reaction products between the p-nitrobenzyl
radical and numerous other nitro-substituted carbanions.
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An alternative mechanism for the dimerization of p-nitrotoluene in basic
solution can be formulated involving a charge transfer complex (IV) be-
tween the p-nitrobenzyl anion and p-nitrotoluene.

CH OH3 CH2 CR2 CH2 CH2

NO2 NO{ NO{

(V) (VI)

Ionization of (IV) would yield intermediate (V) which is formally a dimer
of p-nitrobenzyl anion30. Intermediate (V) would be expected to rapidly
undergo intramolecular electron transfer to yield (VI) which could be
readily oxidized to the observed products [reaction (64)]

02
022- + p-NO2C6H4CH2CH2C6H4NO2-p

(64)——-------- 2p-CH3C6H4NO2•- +
2 p-CH3C6H4NO2

p-NO2C6H4CH2CH2C6H4NO2-p

The oxidation of p-nitrotoluene in basic solution to form a mixture of the
bibenzyl and p-nitrobenzoic acid can be formulated to involve the compet-
ition shown in equation (65)31.

02
-÷ p-NO2C6H4CO2H

p-NO2C6H4CH2:- — (65)Iv
p-NO2C6H4CH3

p-NO2C6H4CH2CH2C6H4NO2-p
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