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161° dec. Recrystallization from benzene gave yellow-
orange crystals, m.p. 161° dec. Infrared spectra of the
product both in potassium bromide disk and in chloroform
solution showed a broad band at 3.14 u and a single, sharp
band at 4.54 u.

Anal. Caled. for CsH,N.,O: C, 75.66; H, 4.54; N,
12.61; mol. wt., 222.236. Found: C, 75.94; H, 4.82;
N, 12.82; mol. wt.,11 223.

A sample of the product was also submitted for nuclear
magnetic resonance studies® made at a frequency of 60 mc.
in hexadeuterated acetone solution. An oxime hydrogen
peak was found at —274 c.p.s. (relative to benzene in an
external annulus). A phenyl hydrogen peak appeared at
—23 c.p.s. A family of peaks ranging from about —4
to +33 c.p.s. was attributed to quinoid hydrogen. Under
the conditions of the studies, a hydrogen attached to a
tertiary carbon atom should have produced a peak in the
region of +70 to +100 c.p.s. No peak distinguishable
from noise was found in this region.

p-Chlorophenylcyanomethylenequinone Ozxime.—Follow-
ing a similar procedure, 21.20 g. of p-chlorobenzyl cyanide
and 15.38 g. of nitrobenzene gave 24.8 (779, yield) of the
quinone oxime, m.p. 188-189° dec. Recrystallization from
benzene gave yellow needles, m.p. 195° dec. The infrared
spectrum of the product in a potassium bromide disk showed
a broad band at 3.14 u and a single, sharp band at 4.54 4,

Anal. Caled. for CyHgN,ClO: C, 65.60; H, 3.53; N,
g).92; Cl, 13.81. Found: C, 65.46; H, 3.58; N, 10.72;
1, 13.56.

p-Methoxyphenylcyanomethylenequinone Oxime.—In
like manner, 10.3 g. of p-methoxybenzy! cyanide and 7.86
g. of nitrobenzene gave 12.3 g. (779, yield) of the quinone
oxime, m.p. 161° dec. Recrystallization from benzene
gave vellow-orange needles, m.p. 161° dec. The infrared
spectrum of the oxime in a potassium bromide disk showed
a broad band at 3.20 u and a single, sharp band at 4.54 u.
Anal. Caled. for CisHiN.O: C 71.41; H, 4.79; N,
11.11. Found: C, 71.71; H, 5.04; N, 11.12.
«-Naphthylcyanomethylenequinone Ozxime.—In the
usual manner, 5.85 g. of a-naphthylacetonitrile and 3.93 g. of
nitrobenzene produced 5.7 g. (659, yield) of the quinone

(11) Molecular weight determined by Schwarzkopf Microanalytical
Laboratory, Woodside 77, N. Y.
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oxime, m.p. 165° dec. Two recrystallizations from benzene
gave yellow crystals, m.p. 169° dec. The infrared spectrum
of the quinone oxime in a potassium bromide disk showed a
broad band at 3.15 u and a single, sharp band at 4.53 u.

Anal. Caled. for CgH2NO: C, 79.39; H, 4.44; N,
10.29. Found: C, 79.67; H, 4.57; N, 10.40.

Ozxidation of Phenylcyanomethylenequinone Oxime.—To
a solution of 30 g. of potassium hydroxide (assay 85%) in
300 ml. of water was added 11.0 g. of the quinone oxime.
The mixture was stirred until all the solid dissolved, produc-
ing a deep-red solution. To this solution was added 60 g.
of 309, hydrogen peroxide in 140 ml. of water. The reaction
mixture was allowed to stand at room temperature for 3
hours during which time a tan solid precipitated. The
solid, p-nitrobenzophenone, was collected by filtration,
washed with water and dried; weight 6.50 g., m.p. 110-
120°, After two recrystallizations from ethanol-water:
m.p. 137-138° (lit.12 138°); phenylhydrazone, m.p. 149-
150° (1it.13 142°).

Anal. Caled. for phenylhydrazone C,H;jN;O2: C,
71.91; H, 4.76; N, 13.24. Found: C, 71.59; H, 4.71;
N, 13.35.

Oxidation of p-Chlorophenylcyanomethylenequinone
Oxime.—In similar manner 12.83 g. of the quinone oxime
produced 11.0 g. of crude p-nitrophenyl p-chlorophenyl
ketone, m.p. 90-94°; recrystallized from ethanol, m.p.
100-101° (lit.!4 98°); phenylhydrazone, m.p. 204-206°.

Anal. Caled. for C,H;N;0.Cl: C, 64.87; H, 4.01;
N, 11.95. Found: C, 64.76; H, 4.24; N, 11.92.

Oxidation of p-Methoxyphenylcyanomethylenequinone
Oxime.—In like manner 15 g. of the quinone oxime pro-
duced 9.4 g. of crude p-nitropheny! p-methoxyphenyl ke-
tone, m.p. 116-118°; recrystallized from methanol-water,
m.p. 121-123° (lit.!»16 121°); 2,4-dinitrophenylhydrazone,
m.p. 265-266° dec. (lit.16 265° dec.).

(12) G. Schroeter, Ber., 42, 3356 (1909).

(13) P. Carre, Compt. rend., 144, 34 (1907),

(14) J. Boeseken, Rec. iray. chim., 28, 107 (1904).

(15) K. Auwers, Ber., 36, 3899 (1903).

(18) H. Burton and P. F. G, Praill, J. Chem. Soc., 529 (1951).
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The kinetics of tlie decomposition of 1,1,1,3-tetranitro-2-phenylpropane to nitroform and S-nitrostvrene in methanol

solution have been studied in the presence of hydrogen chloride and of pyridine-pyridine hydrochloride buffers.

action was found to be subject to general base catalysis.

The re-

The reaction mechanism appears to involve the removal of a proton

by a base to give the 1,1,1,3-tetranitro-2-phenyl-3-propyv! anion whicb then loses the nitroform (trinitromethyl) anion to give

B-nitrostyrene.

In strongly acidic solutions the decomposition of the intermediate carbanion is the rate-controlling step

of the reactiou, while in the pyridine-buffered solutions the carbanion formation is rate controlling. Although tlie reverse
reaction, the addition of nitroform to g-nitrostyvrene, cau be studied only with considerably less accuracy, its rate was found
to be essentially equal to that predicted from the equilibrium constant and the decomposition rate measurements made under

non-equilibrium conditions.

This observation shows that the undissociated nitroform molecule is probably not important

as a proton donor i1 the rate-coutrolling step of the addition reaction.

Introduction

While qualitative observations and analogies with
more carefully studied reactions may be used to
suggest quite plausible mechanisms for the Michael
reaction and its reversal, only a few kinetic studies
have been reported.! It was felt that further ki-

(1) Cf. W. J. Jones, J. Chem. Soc., 106, 1547 (1914); M. J. Kamlet
and D. J. Glover, THIs JoURNAL, T8, 4556 (1956); Y. Ogata, M.
Okano, Y. Furuya and I. Tabushi, ¢bid,, 78, 5426 (1956).

netic studies would be desirable to learn more about

which step of the reaction is rate controlling under

various conditions. We have accordingly studied

the decomposition of 1,1,1,3-tetranitro-2-phenyl-

propane (HA) and of the reverse reaction, the addi-

tion of nitroform (HNF) to 8-nitrostyrene (NS).
C(NO);

CsH;CHCH,NO; > C:H;CH=CHNO, + HC(NO,);
HA NS HNF
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Results and Discussion

Preliniinary studies showed that at room tem-
perature HA dissociated at a negligible rate in hex-
ane, very slowly in ether, somewhat faster in diox-
ane, and much more rapidly in methanol. While
the reaction in pure methanol was initiaily quite
rapid, being observable within a few seconds at 25°,
it became much slower as the reaction proceeded,
presumably because the liberated nitroform in-
creased the acidity of the solution. This presunip-
tion was supported by the observation that in a
methanol solution 0.004 17 in HC], less than 397, de-
composition occurred in 19 hours at 25°.

The Decomposition of HA in Methanolic HCI
Solution.-—In order to learn more about the effect
of acidity on the reaction rate, kinetic studies were
carried out in the presence of three different con-
centrations of HCl in methanol. The reaction was
conveniently followed by spectrophotomietric meas-
urentents since @-nitrostyrene has an absorption
maximuni at 3100 A. and the nitroform anion has
one at 3500 A., whereas HA and nitroform do not
absorb appreciably above 3000 A. Irom these
nieasurements and the ionization constant of nitro-
form that we determined independently, tle extent
of reaction could be calculated. Tu each run satis-
factorv first-order rate comstants were obtained.
The values are listed in Table I.

TABLE I

RATES oF DECOMPOSITION OF 1,1,1,3-TETRANITRO-2-PHENYL-
PROPANE IN METHANoOLIC HCl AT 40°

[HC1] 107%, sec. ~!
0.0903 6.28 = 0.14
.0221° 9.53 = .19
.0048°¢ 11.69 = .39

© Sodium perchlorate added to bring the ionic streugtl to
0.10.

It seemis to us that the only plausible reaction
mechanism involves the removal of a proton on the
same carbon as a nitro group and the loss of the
trinitromethyl group as an anion. This, of course,
is situply the reverse of the usual mechanism for the
Michael reaction.? If this mechanism is considered
as occurring by two separate steps with a carban-
ion as an intermediate, then, since methanol and
metlioxide ions are the only species present likely to
perform the initial proton removal to an appreci-
able extent, the following inechanisni niay be writ-
ten

k)
HA + MeO~ > A~ + MeOH
Ry
Ry
HA + MeOH T2 A~ + McOH,”
ks
ks
A~ zkzt NS - N1~

A iy ClLCHCHNO,
C(NOq 4
Since the reactant, HA, should be a weak acid in
methanol solution and since all of our measure-
7yt K

try,” Cornell niversily Press, thara, N,V

Tngedd, “Stroectore mnl Mechunisins i Organie Clenns
1053, 1. 694,
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nients have been carried out in solutions that are at
least somewhat acidic, we may 1ake the steady
state approximation for the anion, A—=. Neglecting
k_s, since the reaction is essentially irreversible at
the concentrations employed in the runs uuder
consideration, this leads to the rate equation

 (B[MeO™] 4 Ea)ks[HA]

T ko F ko [HT] 4 ks

where k_; and k: have been treated as first-order
rate constants. Not all of the rate constants used
are indepeudent, however. From the principle of
microscopic reversibility?® it follows that

ko1 = kik_oKy/k: (2)

where K is the autoprotolysis constant of metha-
nol. After the substitution of eq. 2 in eq. 1 and
rearrangement of terms it is seen that the observed
first-order rate constants (k) for the decomposition
of HA have the meaning

{(RiKn/[H"]) + ke
r(BEY 4 ) 41
where ry = k—y/ks.

Since three &’s were determined at three different
acidities we may solve the three simultaneous equa-
tions? that may be written, for the three unknowns,
79, ko and k. The values obtained are

rs = 8.66 1. mole~!
k= 1.12 X 105 sec. !
ko= 475 X 108 1. invle ! sec. 7!

(1)

o=

From these results it may be calculated that in the
runs for which data are given in Table I, from 91.4
to 99.59 of the initial proton removal is due to
methancl rather than methoxide ions. Thus the
principal reason tliat the reaction rate increases
with decreasing acidity is not because there are
more methoxide ions presemt but becatise there
are fewer methvloxonium ions to divert A~ ions
from transformation to the final products. As
might be expected from the relative unimportance
of proton removal by methoxide ions, the reliability
of the value calculated for k; is quite low. In fact,
if £, is completely neglected, the optimum values of
koand 7, (1.19 X 10~%sec.~! and 10 1. mole™?) calcu-
lated by the niethod of least squares are capable of
reproducing the values of % listed in Table I with
an average deviation of 1.8%,. As will be shown
in the subsequent section, studies in pyridine buf-
fers show that k; is actually quite small and may
be neglected for the runs listed in Table I.

The Decomposition of HA in the Presence of
Methanolic Pyridine Buffers.—It seemed probable
that useful additional information could be obtained
by studying the reaction under more basic condi-
tions where we would cxpect the initial protoru

i AL AL Trost nnl R GL Pearson, * Kinetics aml Mechanism,*”
Jlalin Wiley aml Sous, 1ne., New York, N, Y., 1953, p. 202,

i4) The value uf pAy (16.66) of Blerrnm, Gnmack and Zechineister?
way eonrrectet] tn 13.97 for mse at inuic strength 0.1 by the assumption
tliat changing jonic sirength lias the same effect nu Ky as we hiave
vhserved it to have on the innization of nitroform, a reaction of the

same charge type. Not having available any data on the temperature
dependence of Ky we nsed this value over thie whole temperature range,

25 -10°, “Tlie baly rate cnustant wliose valiue is tlependent nn the value
nf Ky nsed is by
i NL Wierrnm, AL Dinmuck amd . Zechmeister, Kglo Dausice

Vidvnestab, Math, foy Uedd . B, N 1 1wy 04,19, 31906 (1420
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removal to become comipletely rate controlling
(since even in the presence of 0.0048 A HCI more
than 909, of the intermediate carbanions appear to
be transformed directly to the final products). We
therefore studied the reaction in the presence of a
pyridine-pyridine hydrochloride buffer.  Under
these conditions the additional reaction path
ks
HA + GH:N & A~ + CHNH*
—4
beconies possible for the formation of the interme-
diate anion. The rate equation may ncw be writ-
ten
v = (& [MeO~] + ks + £y [CsH:N] ks [HA]
k—l + k_z[H*] + k_4[C5H5NH+] + k3

From the values previously obtained for 7, and £~/
ks [this is simply equal to 7.(k1Kwm/ks)] it may be
seen that k_;and k_;[H*] may be neglected in com-
parison to ks in the denominator of eq. 3 for appli-
cation to our studies in pyridine buffers where [H ]
is at all times below 10™° A/, Since the principle of
microscopic reversibility may be applied to the
present case to show that

k—‘!k4KPH"
ky

where Kpy+ is the acidity constant of the pyridin-
ium ion in methanol, the first-order rate constant
for the decomposition of HA in pyridine buffers
should have the form

_ ki [MeO~1 4 ky + A, [CiH N
(ks/ ko )72 [C:HsNH T] Kpg+ + 1

The reaction was found experimentally to be first
order in HA in any given run (in all cases the buf-
fer concentration was much larger than that of HA)
and the first-order rate constants obtained in the
presence of various buffer concentrations and ra-
tios are listed in Table II.

(3)

k_4 =

k

(4)

TaABLE II

Rate CONSTANTS FOR THE DgrcoMmrposiTioN oF HA 1N
METHANOLIC PYRIDINE BUFFERS?

Temp., °C. 103[CeHs N1 103[CsHsNH *) 105k, sec. "1
25.0 4,141 4.147 3.58 = 0.02°
25.0 2.455 1.228 2.40 = .12
25.0 4.910 2.456 4.68 = .10
25.0 9.076 3.025 7.67 £ .05
25.0 18.15 6.050 15.35 = .47
38.0 2.046 0.682 518 = .13
38.0 3.758 1.698 8.97 = .14
38.0 4.163 1.387 9.53 = .05

¢ Sodium perchlorate added to keep the ionic strength at
0.1 in all cases. % Average deviation.

It is seen that at a constant [C;H;N]/[CsH;-
NH7] ratio and hence a constant methoxide ion
concentration, the pseudo first-order rate constant
is almost proportional to the concentration of py-
ridine. This shows that the principal term in the
numerator of eq. 4 is £ [C;H;N] and the principal
termn in the denowminator is unity; that is, the rela-
tion

k = k4[C5H5N]

is approximately true. From this approximate re-
lation k4 may be calculated to be about 8 X 10—3 at
25° and 22 X 107 at 38°. From these values of
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ks, the term 7ok Kpu+/ks in the denominator of eq. 4
may be calculated® to be about 6 X 10~* at 40°
(and relatively insensitive to temperature since the
rate constants appear only as ratios). Hence the
entire first term in the denominator of eq. 4 may be
neglected and the expression may be rediiced to the
form
£ = B MeO~] + ko + ky(CH,N] (5)

From the values of # in Table II it is clear that the
optimum (but as stated, relatively unreliable) value
of ki calculated from the k’s obtained in HCI solu-
tion is far too large. Values of k; of 4 X 1077 and
10 X 1077 at 25° and 38°, respectively, were esti-
mated from the value at 40° and the assumption
that the activation energy for k; is the same as for
ks, Since ks is quite a minor term in eq. 5, errors in
this estimate will have little effect on the values
calculated for k; and 4,.  Optimum values of &y and
k4 were then calculated from the data of Table I by
the method of least squares. The resulting %, val-
ues of 5.2 X 10% and 5.1 X 10*1. mole~! sec.™! at
25° and 38° and k&4 values of 8,10 X 10—%and 2.19 X
102 1. mole~—! sec. ™! are capable of reproducing the
k’s of Table II with an average deviation of less than
20;. The fact that k; has a higher value at 25°
than at 38° may suggest an error in our interpreta-
tion of our results. However, in addition to the
fact that the k; values are umncertain because so
small a fraction of the reaction is brought about by
methoxide ion, the value of k; at 38° is subject to
the near-certainty of error in our assumptions that
Ky and Kpy + are temperature independent.  While
such an error would create a proportionate error in
ki at 38° it would have no effect on the degree to
which our % values can be fit by eq. 5. We believe
that the contribution of the %; term in the case of
the pyridine-catalyzed reaction is probably real,
since 1f ky is completely neglected the optimum val-
ues of k4 and the values estimated for %, cannot cor-
relate the k’s values obtained to within any better
than a 5%, average deviation.

The Addition of Nitroform to g-Nitrostyrene.—
In order to provide more information about the re-
verse reaction, the addition of HNF to NS, the
equilibrium constant, K., was determined.

K, = [HNF][NS]./[HAJ,
The method of approach from both sides, as illus-
trated in Fig. 1, gave
log K4° = —1.20 =% 0.03 or K.#° = 0.063 = 0.004
The establishment of K, permits a determination

of the value of an additional rate constant, A_j,
since

kaks _ [NS].[MeOH,*],[NF ],
kosk_; (HAl.
— ,.@%__ : -3 =1 coe =1 a1 40°
b s = REe T 3.23 X 10731, mole~! see. 1 at 40

where K is the ionization constaut of nitroforiut.

(6) The value 3.55 used for pKpr* had heeit determined at 23°,7
hut we have used it at 38° also since no data on the effect nf tempera-
ture seemed available and since the ionization cunstants of some
amines have been found to increase with temperature while others de-
crease.® This assumption of the temperature independence of Kpg*
has no effect on the value that we would calculate for any k except k1.

(7) H. Goldschmidt and E. Mathieson, Z. physik. Chem., 119, 439
(1926).

(8) Cf. D. H. Everett uml W. F. K. Wyune-Jones, Proc. Rov. Sor.
(Londvon), A1TT, 499 (1841).
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Fig. 1.—Plot of log K, versus time at 40°.

The next measurements were made on the ki-
utetics of the addition of HNF to NS. If the proposed
reaction mechanism operates for the decomposi-
tion reaction it must, of course, also operate (in
reverse) for the addition reaction. There is a new
step that niust be considered in the present case,
however. This involves the possible entrance of ni-
troform and its anion into the reaction as a cata-
lytic species.

ks

HA + NF~- 2 A~ 4+ HNF

ks
In the deconiposition reactions, which were all run
in quite dilute solution, the concentration of nitro-
form and its anion never reached a level where thie
significant contribution of the step shown above
seems at all plausible. From the study of the de-
composition reactiol, it is clear that at hydrogen
ion concentrations greater than about 0.001 M, as
in all of the addition reactions studied, &, and Ak,
may be neglected. Neglecting these terms for the
addition reaction, too, the steady state approxi-
iation gives the relation
_ ka[HA] + A[HAJ[NF7] + b [NS]|NF]

[A7] F_:MeOH,*] F F_s[HNF] T
Therefore, the net forward reaction rate may be ex-
pressed
d[HA]

dt
(rsk_ 3K {HNF][NS] — k[HA](1 4+ [NF~1ks/ks)
relMeOH,*] 4 (k_s/k;) [HNF] + 1

(6)
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Fig. 2.—Kinetic plot for addition of nitroform to 8-nitro-
styrene.

Since the terms [NF™]ks/ksy, 7:[MeOH."] and
(k_s/ks) [HNF] are not too large compared to omne,
we may take tlie values of [NF—], [MeOH,*] and
[HNF] (in the denominator but not in the numer-
ator) as their average values during arun. That is,
in a given run we have a constant C.

1 + [NF-]ks/E2
ro{MeOH,*] + (k_s/ks){HNF] + 1
Calculations using the maximum possible value of
k_s/ ks, whose estimate is described below, show that
C never varies from its average value by so much as
0.5% in our runs. If x = [HA] and ¢ = [HNF],
(this is the concentration of HNF actually present
in the undissociated form, not the formal concen-
tration) then the approximation [HNF] = (a —
x) is mever in error by so much as 0.2%, in our

¢ =

runs. With these approximations eq. 6 becomes
dx/dt = Cld(a — x)(b — x) — kux] (D)
where 4 = 7k 3Knand b = [NS]o. Integration of
eq. 7 gives
(D + B — 24x)(D — B) _
23108 (55— 04 D T ) BCt  (8)
where
B = VAHa = 07 + 2kA(a + b) + k2
D =A4(a +b)+ &

Since k4 and k—4 are found only in the constant C,
a plot of the logarithmic term in eq. 8 versus time
can be made without a knowledge of the value of
these rate constants. From the values already de-
termined for #s, ks, b_3and Kx and the data on indi-
vidual kinetic runs, such plots were made (see Fig.
2). The run represented by solid circles was car-
ried out at an ionic strength of only about 4 X 10~*
(due to the ionized nitroform) rather than at 0.1
where 7;, ky and k—; were determined. However,
only reactions between ions should be greatly af-
fected by the change in ionic strength. Only 7
and Ky relate to reactions of this type and since
they change in opposite directions their product
should be relatively independent of the iomic
strength. Since these terms appear only as in the
7K~ product we have used at all ionic strengths
the value for this product appropriate to ionic
strength 0.1. Although the study of the addition
reaction involved greater experimental uncertain-
ties than that of the decomposition reaction, the
points in Fig. 2 are seen to lie fairly near straight
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lines. The straight lines shown, however, were not
chosen to fit the points but were calculated from
eq. S on the assumiption that the terms [NF~]ks/k;
and (k—s/k;) [HNF] are negligible. From the agree-
ment observed it is believed that most of the reac-
tion goes through the path governed by 4, and 24—,
and not more than one-fifth of it goes through the
path governed by ks and k_5. By expressing C in
terms of known constants and ks it may be shown
that k5 may therefore be no larger than 2 X 102 L.
mole~!sec.”! at 40°.

The rate and equilibrium constants that we have
determined in this investigation are listed in Table
III. The values of k—,, k—y, ki k-4 and k—;, the
rate constants for reactions of the intermediate A—,
are also listed expressed in terms of Kwua, the
ionization constant of HA as an acid in methanol.
It should be possible to estimate Kga within a few
powers of ten by use of standard methods.®

TaBLE III
SUMMARY OF RATE AND EQUILIBRIUM CONSTANTS
k1252 ~5.2 X 1041, mole "1 sec, "1 k-1 = kiKm/KaA
k1%8° ~5.1 X 1041, mole~! se¢, ™! k-3 = ks/KgHA

kg#t® = 1,19 X 1076 sec, !

(k-2/ks)}%® = 101, mole~1

k425° = 8,10 X 1031, mole ~! sec. ™!

k43° = 2.19 X 10721, mole~!sec. ™!

k-34° = 3.23 X 10-%1, mole !
sec, 7!

ks = k- 3KNK./Kna

k-4 = kyKpp+t/KgHA

k-5 = keKN/KHA

k§t0° <2 X 1075 1. mole "1 sec., 7!

K¢#° = 0.063 mole 1.7!

Rate Constants for Proton Removal from HA.—
As an independent check on the reaction mecha-
nism that we have proposed it is useful to consider
whether the magnitudes of the k’s listed in Table
III are reasonable in view of what is known about
the kinetics of related reactions. One relationship
that at might first seem unexpected is that k.-, the
rate constant for the protonation of A~ by pyridin-
ium iom, is said to be larger than k_;, the rate con-
stant for protonation by the 200-fold stronger acid,
nitroform. However, this observation is in agree-
ment with the generalization that acidic protons at-
tached to carbon are donated to bases more slowly
than equally acidic protons attached to oxygen or
nitrogen. Thus, the ammonium ion (pK ~ 10)
undergoes deuterium exchange in acidic aqueous
solution at 0° 1 millions of times more rapidly than
nitroethane (pX ~ 8.6} would under these condi-
tions.!! It is probable that steric hindrance is also
of importance in decreasing the reactivity of nitro-
form.

The rate constants observed for the removal of a
proton from nitroethane by various bases are:
k = 125 X 1077 sec.™! for water,!' £ = 3.57 X
10—* 1. mole~! sec.7! for pyridine,2 & = 8.04 1.
mole~! sec.™! for hydroxide ions,'? all in aqueous
solution at 34.85°. Pearson and co-workers’ ob-
servations that pyridine is 160,000 times as reac-

(8) G. E. K. Branch and M. Calvin, “The Theory of Organic
Chemistry,” Prentice-Hall, Inc., New York, N. V., 1941, chap. VI;
R. W. Taft, Jr., “Steric Effects in Organic Chemistry,” ed. by M. S.
Newman, John Wiley and Sons, Inc., New York, N. V., 1956, Chap. 13.

(10} A.I. Brodskiand L. V. Sulima, Doklady Aked. Nauk S. S. S. R.,
74, 513 (1950); cf. Louis Kaplan and K. E. Wilzbach, THIS JOURNAL,
78, 2503 (1954); and C. G. Swain, J. T. McKnight, M. M. Labes and
V. P. Kreiter, ibid., T8, 4243 (1954),

(11) R. G. Pearson and R. L. Dillon, ibid., 72, 3574 (1950).

(12) R. G. Pearson and F. V. Williams, ¢bid., T8, 3073 (1953).

(13) Extrapolated from the data of R. P. Bell and J. C. Clunie,
Proc, Roy, Soc. (London), A212, 16 (1952),
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Fig. 3.—Bronsted-tvpe plot of logs of basicity constants
of bases versus logs of rate constants for proton removal
from: solid circles, nitroethane in water!*~!%; open circles,
1,1,1,3-tetranitro-2-phenylpropane in methanol. The point
with an arrow lies an unknown distance in tlie direction
shown.

tive as water (on an equal concentration basis) to-
ward nitroethane compared to our observation that
pyridine is 530,000 times as reactive as methanol
toward HA (2-phenyl-2-trinitromethylnitroethane)
is reasonable in view of the fact that water is a some-
what stronger base than methanol.!* The rela-
tive magnitude of %, and the absolute magnitudes
of all of our &’s are believed to be in the general area
expected, when the following factors are considered.
Reactions like those governed by ks and &4, in which
there is charge formation in the transition state,
should proceed more rapidly in water than in metha-
nol.’®® Reactions like those of the hydroxide and
methoxide ions with nitro compounds should be
faster in methanol.’® The methoxide ion is a
slightly weaker base than the hydroxide ion.'
Nitroethane must be a weaker acid than its electro-
negatively substituted derivative, HA.

Figure 3 is a Bronsted-type plot of our rate con-
stants for proton removal from HA by various
bases at 40° (open circles) and datal’~!® on the
rates of reaction of nitroethane with various bases
in water at 25°. For some of the latter data it has
been assumed that the various substituted pyridine
bases will react 379, faster in pure water than in
30% ethanol just as pyridine does.!? The values of
Ky are defined

Ky, = [BH*][OH"]/(B]

in water and analogously in methanol. The proper
value of Ky, for hydroxide ion is thus 55.5 and that
of water is Kw/55.5 since pure water is 55.5 M.

(14) H. Goldschmidt and A. Thueson, Z. phystk. Chem., 81, 30
(1912); H. Goldschmidt and P. Dahll, ibid., 108, 121 (1924).

(15) This follows from the theory of solvent effects described in
ref. 2, Sec. 23. For specific supporting data see ref. 12.

(16) J. Hine and M. Hine, TH1s JOURNAL, T4, 5266 (1952).
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Similarly K's for methoxide ion and wmethanol are
24.7 and K/24.7, respectively. Since neither set
of data is fit well by a straight line, we have arbi-
trarily chosen the arc of a circle of the same radius
to fit both sets of points (ignoring the point for
nitroform) and found good agreement, as shown.
We regard this as additional evidence in support of
our reaction mechanisin from which the interpreta-
tion of ki, % aud k. as rate constants for removal of
a-protons from a nitro compound arose.

The onlv rate constant determined with suffi-
cient precision at two temiperatures to warrant
calculating activation parameters was k4, for which
we calculated AH+ = 13.5 kcal./mole and ASF =

— 16.8 e.11. from the absolute rate equation’”
B = I—{;ng—AH F/RT ¢AS ¥R

A comparison of these data with those of Pearson
and Williams'® shows that the greater reactivity of
HA than nitroethane toward pyridine is partly an
entropy and partly an enthalpy effect.

Other Reaction Mechanisms.—There are other
reaction mechanisms such as a concerted one-step
E2 type’® elimination reaction

HA +B —> NS + NF~- + BH*

or a process in which the decomposition of A~ is
acid catalyzed

HA + B2 A"+ BH*
A~ + BH* —> NS + HXNF + B

which explain the observed base catalysis but not
the data of Table I. Thus the decomposition of HA
has been shown to proceed via the rather unusual
carbanion mechanism (E1cB®) for elimination.
We plan to discuss this point further in connection
with other examples in a subsequent paper.

Experimental

Preparation and Purification of Reagents.—Potassium
nitroform was prepared from tetranitromethane by the
method of Macbeth and Orr.!®* To liberate nitroform
from its potassium salt, dry hydrogen chloride was passed
into a stirred suspension of the salt in hexane until the origi-
nal bright yellow color became a very pale yellow. Then
drv nitrogen was bubbled through the mixture to remove the
excess hydrogen chloride. The mixture was filtered and
cooled in a Dryv Ice-bath. The white crystalline nitroform
that separated on cooling was collected on a filter with ex-
clusion of moisture and then distilled at reduced pressure
through a 9-cm. Vigreux column in an all-glass still. The
material collected at 48-49° (15 mm.), crystallized at room
temperature (25°) to a white solid that became yellow upon
exposure to much atmospheric moisture. Only white ma-
terial was used in these investigations. All operations with
nitroform and its salt were carvied out with adequate pre-
cautions since both materials are explosive.

Methanol was purified by the method of Vogel.2? Pyvridine
was fractionated over potassium hydroxide. Anhydrous
sodium perchlorate was prepared by crystallization from a
saturated solution at a temperature above the transition
temperature of 530°,2!dried in a vacuum desiccator and found
by a Karl Fischer titration, to contain about 0.0459, water.

(17) S. Glasstone, K, J. Laidler and H. Eyring, “The Theory of
Rate Processes,” McGraw—Hill Book Co., Inc., New York, N. Y., 1941,
p. 14,

(18) C. K. Ingold, ref. 2, Sec. 30a.

(19) A. K. Macbeth and W. B. Orr, J. Chem. Soc., 534 (1932).

(20) A. 1. Vogel, *“Textbook of Practical Organic Chemistry,” 2nd
ed., Longmans, Green and Co., London, p. 168.

(21) E. Cornec and J. Dickely, Bull. soc. chim. France, [4) 41, 1017
(1923).
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Tle neutrality of tlie sodiutt perchilorate was showu by tlie
fact that for a 1 M methanolic solution, the amouut of base
required to titrate to the brom thymeol blue end-point and
the amount of acid required for the brom phenol blue end
point were bnth the same as the amounts required for pure
methanol, within the experimental error.

To prepare the 1,1,1,3-tetranitro-2-phenylpropaue, 13.6
g. of uitroform was added to a solution of 8.94 g. of g-nitro-
styrene in methannl. Water was added to the cloud poiut
and the mixture was kept at 40° for 4 hours. Upon cooling
and filtering, 5.75 g. of white crystals was obtainted and the
mother liquors reheated to 40° for 4 more hours. A second
cooling and filtration gave an additinnal 2.75 g. of product.
Upnn recrystallization from hexaue, the combined crystals
gave 7.39 g. (419;) of white needles, m.p. 87-88°.

Spectral Measurements.—By use of a Beckinan model
DU spectrophotometer, it was shown tliat the 8-nitrostyrene
lias an absorption maximum at 3100 A. and that the nitro-
form anion has one at 3500 A. The absorption of nitroform
and HA was small above 3000 A. Beer’s law plots gave
straight lines and the extinction coefficients shown in Table
Iv.

TaABLE IV
ExTixcrioNn COEFFICIENTS®
Species exr00 B €2500 ¢ 3700
8-Nitrostyreue 16463 2922 687
Nitroform anion 2595 14847 7546
Nitrofornt 35 ~0 ~0

s ¢ for HA ~ 0 at 3100-3700 A. ¢ Slit 0.64 nuu. < Slit
0.50 mm.

Ionization Constant of Nitroform.—Tlie ionization cou-
stant of nitroform in methanol was determined by nieasure-
ments of the concentration of the nitrofori anion (froin
spectral data at 3500 A.) in solutions with known formal con-
centrations of nitroforni and in some instances hydrogen
chloride and/or sodium perchlorate. The results obtained
are listed in Table V.

TABLE V
ToN1zaTION CONSTANTS (K y) OF NITROFORM IN METHANOL
Kx X 104
lonic strength 25° 40°

0.5 17.6
.3 11.8
.2 9.41 9.39
1 5.92 hH.86
.04 3.61
002 1.30
. 000" 1.20°

e BExtrapolated.

Kinetic Studies with Pyridine Buffers.—In a typical ruu
0.002080 g. of HA was weighed into a 50-ml. low-actinic
glass volumetric flask, and 45 ml. of methanolic pyridine-
pyridine hydrochloride buffer and 5 ml. of 1.00 A metha-
nolic sodium perchlorate, both at 25°, wereadded. The solu-
tion was shaken and a sample placed in a quartz cell in the
25 =% 0.1° thermostated cell compartment of the spectro-
photometer. Optical density readings at 3700 A. were made
at various times and for the points between 10 and 759, reac-
tion, first-order rate constants were calculated from tlie
equation
_ 2.3()31 Dw

t °*D. <D

wliere D is the optical density at time ¢ and D« that at in-
finite time. Test experiments showed that in the buffers
used nitroform is present entirely as the anion, within ex-
perimental error. Our observed values of Dw as well as
calculations based on the equilibrium constant show that
the reaction proceeds essentially to completion under the
conditions used.

The results obtained are listed in Table VI. In the ex-
periments said to be at 38°, the absolute temperature is
correct within 0.3° and the temperature held within 0.1°
for any given run.

Kinetic Studies in Methanolic Hydrogen Chloride.—
Reaction solutions were made up by adding standard meth-

k
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TABLE VI
DEecomposITION OF HA 1N A METHANOLIC PYRIDINE BUFFER
AT 23°
[HA] = 1.385 X 1074 M, [CH;N] = [GH;NHT] =
4.144 X 1073 M, [NaClOs] = 0.100 M
. . Dw

T;le?e’ d%ggggla °g Dw ~D 108k, sec. ™!
3960 0.151 0.0614 3.57
4560 173 L0715 3.62
12360 411 .1931 3.60
13560 441 L2111 3.58
14760 . 468 2281 3.57
15960 .496 . 2465 3.55
16560 5810 L2560 3.57

Av. 3.58 £0.02
@ Do = 1.150, the calculated value is 1,140.

anolic hydrogen chloride to weighed samples of HA and then
adding enough 1.00 M sodium perchlorate to bring the ionic
strength to 0.100. At given times samples were pipetted
from the reaction flask in a 40 == 0.1° bath into a spectro-
photometer cell at 25° and the optical density at 3100 and
3500 A. determined. From these measurements and the
ionization constants of nitroform under these conditions,
the concentrations of S-nitrostyrene and nitroform were cal-
culated and substituted into the integrated form of the first-
order rate equation. The reaction was relatively slow and
was only followed to about 209, of completion since -
nitrostyrene was found to decompose in methanol at a rate
sufficient to have produced significant errors if we had tried
to follow the reaction much further. Calculations based on
K. show that the reaction should proceed to mure than 999,
completion under tlie conditions used in these experiments.

Kinetics of the Addition of Nitroform to g-Nitrostyrene
and Determination of K..—To 1.0518 g. of B-nitrostyrene in
a 50-ml. low-actinic volumetric flask were added 20 ml. of
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1.0380 M nitroform, 5 ml. of 1.00 M sodium perchlorate and
25 ml. of methanol. The flask was shaken, placed in a
thermostated bath at 40 = 0.1°, aud at measured times 5-
ml. samples were transferred into 45 ml. of ~ 0.5 37 meth-
anolic hvdrogen chloride, to quench the reaction. A 5-ml.
aliquot of this solution was then diluted to 100 m!. with meth-
anol to give a solution of which 5 ml. was removed and di-
luted to 50 ml.  Optical density measurements were made at
3100 and 3500 A. on this final solution which was 2000 times
as dilute as the reaction mixture. From these measure-
nients, thie concentrations of reactants and products were
calculated. The resultant data are listed in Table VII and
plotted (open circles) i1 Fig. 2. Also plotted in Fig. 2 is a
run made with [HNF], = 0.0909, [NS] = 0.0713, [NaClO,]
= 0.000.

TaBLE VII
ADDITION OF NITROFORM TO 3-NITROSTYRENE IN METHANOL
AT 40°
~——Optical density——

Time, hr. 3100 A. 3500 A. [NS]a
0.0 0.583 0.135 0.1402

2.5 .538 .113 .1340

4.5 .503 .119 .1208
21.5 .366 .081 0884
24.5 .386 .076 . 0860

a Initial value of [HNF]ltorma1 = 0.4152 M.

Runs used to determine the value of K, were carried out
similarly except that no sodium perchlorate was used, and in
some cases HA was used as the reactant. The data ob-
tained are plotted in Fig. 2.
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Phenyl Migration during Decomposition of Peroxides in Alkylbenzenes'*"

By HErRMAN PiINEs aND C. N. PrLrar
RECEIVED JUNE 26, 1959

The decomposition of peroxides in alkylbenzenes was studied.

Decomposition of di-#-butyl peroxide in cumene and ¢-

butylbenzene yielded, in addition to the products previously reported in the literature, n-propylbenzene in small vield and

isobutylbenzene, respectively.
methylbutane,
caused similar isomerizations, but to a lesser extent.
more important than side-chain hydrogen abstraction.

t-Amylbenzene under similar conditions yielded 2-phenyl-3-methvlbutane and 1-phenyl-2-
Peroxides giving rise to more reactive free radicals, namely, benzoyl peroxide and acetyvl peroxide, also
With the latter peroxides, reactions with the aromatic nucleus became
The decomposition of di-t-butyl peroxide in cumene at higher

temperature is accompanied by side-chain methylation resulting in the formation of t-butyvlbenzene.

Recentlyl.? it was observed in this Laboratory
that during the thermal reaction of alkylbenzenes
with olefins 1,2-aryl migrations took place readily.
In all the cases studied, the migration was that of
a phenyl group to an adjacent terminal carbon
atom. For example, during the thermal reaction
of cumene with propylene, in addition to the normal
side-chain alkylation products, the rearranged
product 2-methyl-1-phenylpentane was also de-
tected. This product was evidently formed by the
migration of the phenyl group of 2-methyl-2-phen-

(1) (a) Paper III of the series, ‘‘Thermal Alkylation Reactions.”
For paper II, see H, Pines and C. N, Pillai, Tais Jour¥aL, 81, 3629
(1959). (b) This research was supported in part by a grant from the
Petroleum Research Fund administered by the American Chemical
Society, Grateful acknowledgment is hereby made to the donors of
the Fund.

(2) H. Pines and J. T. Arrigo, TH1s JoURNAL, T9, 4957 (1957).

ylpentane to the adjacent terminal carbon atom.
The alternate type of migration, namely, to the ad-
jacent non-terminal carbon atom, would have led
to 2-methyl-3-phenylpentane. However, this prod-
uct was not detected. In view of this it was of in-
terest to see if the radical produced by the removal
of a B-hydrogen atom of an alkylbenzene under less
severe conditions will rearrange. Specifically, it
was of interest to see what type of rearrangement,
if any, will take place as a result of hydrogen ab-
straction from #-amylbenzene. With these ends in
mind the decompositions of peroxides in isopropyl-
benzene, t-butylbenzene and {-amylbenzene were
studied.

Several instances of 1,2-phenyl migration during
free radical reactions are to be found in the litera-
ture. Among the most well-known of these are



