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tive effect, as in nitration, and the hyperconjugative
effect, as in both examples of bromination. Table
IIT includes examples where the attacking reagent
is an ionic species and where it is a covalent
species. In all cases the o4/p; ratio decreases
sharply from toluene to {-butylbenzene, by at least
a factor of 3.5. This is in marked contrast to the
present results for deuteration in trifluoroacetic
acid where the o¢/ps ratio decreases from 0.60 in
toluene to 0.41 in ¢-butylbenzene, a change involv-
ing a factor of ca. 1.5.

Lauer, Leister and Matson have found that for
the deuteration of toluene and isopropylbenzene
under heterogeneous conditions with 50 mole %
H,;SO4 at 50° the o¢/p¢ ratios were 0.95 and 0.85,
respectively. Gold and Satchell” have presented
evidence suggesting that hydrogen exchange of ben-
zene and toluene under similar conditions involves
o- and w-complexes between the entering and leav-
ing hydrogen ions and the aromatic ring, a mech-
anism that would be expected to involve relatively
small steric effects. The change in the o¢/p; ratio
that we observe for deuteration of toluene and iso-
propylbenzene in trifluoroacetic acid, 0.62 to 0.52,
1s quite similar to that observed for hydrogen ex-
change in sulfuric acid and is much less than the
changes of 0.79 to 0.24 observed for nitration,!?
and 0.56 to 0.073 for isopropylation.’® This again
argues for a very small steric effect in the present
case. In nitration and isopropylation the o¢/ps
ratios decrease steadily from toluene to ethylben-
zene, isopropylbenzene and ¢-butylbenzene.’* For
deuteration in trifluoroacetic acid, the o¢/p; ratios
for toluene and ethylbenzene are almost identical
and the decrease begins with the isopropyl and ¢-
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butylbenzenes. This suggests that steric effects
are almost constant in toluene and ethylbenzene
and presumably small.

Some further evidence on the magnitude of
steric effects can be obtained from a study of the
polyalkylbenzenes. We have examined the distri-
bution of deuterium in a sample of m-xylene deu-
terated under similar conditions to those used in
the present work. We find that the relative reac-
tivities of the 2-position, flanked on each side by a
methyl group, and the 4- and 6-positions, flanked
by only one methyl group, are 0.58:1.0. Condon!®
has shown that the reactivities of the polymethyl-
benzenes in chlorination can be predicted with re-
markable accuracy by assuming that the activating
effects of the methyl groups are additive. On this
basis we predict the relative reactivities of the 2-
and 4-positions in m-xylene to be equal to the ratio
of the ortho and para partial rate factors of toluene;
t.e., 0.60. Brown?® has shown that in mercuration,
a reaction with large steric requirements, the reac-
tivity of a position doubly flanked by methyl
groups is considerably lower than that predicted
from the partial rate factors for toluene. He has
also found indications of the same effect for bromi-
nation in acetic acid.’® The agreement between
the 2:4 ratio in m-xylene and the of/p¢ ratio in
toluene therefore argues that in deuteration no
large steric effect is involved.
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The rates of deuteration of a number of polyalkylbenzenes in mixtures of deuterium oxide and trifluoroacetic acid have
been measured. The rate of exchange closely parallels the basicity of the hydrocarbon and can be predicted from the

partial rate factors for the deuteration of the monoalkylbenzenes.

The results provide further evidence that stetic effects

are small for deuteration in trifluoroacetic acid and give approximate values for the meta partial rate factor for several alkyl

groups.

In previous papers? we have described the results
of a study on the relative rates of deuteration of
benzene, toluene and various monoalkylbenzenes in
mixtures of trifluoroacetic acid and deuterium
oxide. A useful extension of this work was a
study of the deuteration of the polyalkylbenzenes
under similar conditions. Our previous work had
left some uncertainty about the mefa partial rate
factor for toluene and had provided only tentative
values for the meta partial rate factors of the other
monoalkylbenzenes studied. As the relative reac-
tivities of the polymethylbenzenes can be pre-
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(2) W. M. Lauer, G. W. Matson and G. Stedman, THIS JOURNAL,
80, 6437 (1958).

dicted with some accuracy from the partial rate
factors of the monoalkylbenzenes,?* such a study
promised to provide at least approximate values
for these missing numbers. It was also hoped to
obtain information about the magnitude of steric
effects by comparison of positions singly and
doubly flanked by methyl groups. A few of the
results obtained in the present study have been
described earlier.?

Experimental Part

Materials.—Aromatic hydrocarbons were purified by
fractional distillation and recrystallization from aqueous

(3) H. C. Brown and J. W. McGary, sbid., 77, 2300 (1955); H. C.
Brown and L. M. Stock, ibid., 79, 1421 (1957).
(4) F. E. Condon, #bid., 70, 1963 (1948),
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methanol. Some compounds were kindly supplied by Pro-
fessor L. I. Smith. Other materials were used as described
in previous papers.?

Kinetic Measurements.—The same procedure used for

the monoalkylbenzenes was used for the polyalkylbenzenes.
The more reactive compounds were deuterated at lower
temperatures in order to obtain a measurable rate, and in
these cases stoppered reaction vessels were used in place of
sealed ampoules. Deuterium analyses were carried out as
previously described.?
_ Calculations.—Relative rutes were calculated both by the
integrated form of rate equation (see paper I) and from the
ratio of the times needed to reach a given %, reaction. In
the cases of 1,2,4-trimethylbenzene, o-diethylbenzene, p-
diethylbenzene and p-f-butyltoluene, difficulties were en-
countered due to the presence of a small amount of a much
more reactive compound, in the latter three cases probably
the m-isomer.  In these cases the reactivity was calculated
from the residual rate after the reactive impurity had come
to isotopic equilibrium with the solvent.

Results and Discussion.—The experimental re-
sults, expressed as reactivities relative to benzene =
6 are given in Table I. The relative reactivities
were calculated as the ratio of the rate constants
and also as the reciprocal of the ratio of the times
needed to reach a given 9 reaction (usually D’ =
0.05, 0.10, 0.15). The two methods gave siinilar
results, although the relative reactivities calculated
by the latter method are comnsistently 10-159
lower than those calculated by the foriner method.
The wide range of reactivities made it necessary
to measure some of the more reactive hydrocarbons
at temnperatures lower than 70°. In order to relate
these values to those neasured at 70°, the rate of
deuteration of m-xylene was measured at several
temperatures, 70°, 40.1° and 29.65°. These rates
gave an Arrhenius activation energy of 17.6 kcal.
This value was used to relate the rates measured at
40.1 and 0° to those obtained at 70°. Because of
the existence of a solvent effect due to the high
concentration of aromatic compound used,? the
results in Table I have been corrected to allow for
this factor. The same correction used for the
monoalkylbenzenes was used for the present re-
sults.?

Tapre 1
Revarive Rates oF DEUTERATION OF POLYMETHYLBEN-
ZENES
Compound 77, °C. Observed?® Observed? Culeulated
Benzene 70 6 6 6
Toluene 70 934 954 934
p-Xylene 70 5.10 X 108 4.76 X 103 3.84 X 103
o-Xylene 70 6.18 X 103 5.12 X 108
m~-Nylene 70 1.84 % 108 166 X 1 2,77 X 18
Pseudo-
cumrene 40,1 5,03 X 105" 4.51 X 1 (.51 X 1k
Hemimel-
litene 4001 608 X 1o 580 X 108 S 14 X 109

Durene 30 .67 X 1087 1,85 X 108 1.85 X 106
Mesity-~

lene 0 570 X 0¥ 502 X 10T 8,08 X 107
Isodurene O 1.30 X 10 1,88 X 108 2.04 X 108
Pentamethiyl-

benzene () .09 X e 3.88 X 108

¢ Relative rates obtained from rate constants. ? Relative
rates obtained from time needed to reach a given deuterium
content. ¢ Compared with m-xylene at 40.1°. ¢Com-
petitive experiment with m-xylene. ¢ Run in benzene solu-
tionn at 40.1°. 7 Compared with m-xylenc at 0° calculated
from measured activation cnergy. ¢ Competitive experi-
ment with mesitylene; [ArH]p = 24.6, [D0] = 12.5, [CT,-
COOIT] = 62.9; all concentrations in nioles ¥,.
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These relative reactivities are in the same se-
quence as those observed in basicity,® halogenation®
and mercuration.® From the spread in reactivities
between benzene und pentammethylbenzene, it is
clear that deuteration in trifluoroacetic acid 15 «
reaction of similar selectivity to basicity in hydro-
fluoric acid. From p-xylene to pentamethylben-
zene there appears to be a good linear relationship
between basicity in hydrofluoric acid and deutera-
tion in trifluoroacetic acid; the log-log plot has a
slope close to unity. Deviations are observed for
toluene and to a inuch greater extent for benzene;
these results are shown graphically in Fig. 1.

The work of Condon® and Brown?® has shown
that the reactivities in electrophilic aromatic sub-
stitution of the polymethylbenzenes can be suc-
cessfully predicted froin the partial rate factors for
toluetie. We have found that for deuteration of
toluene under our conditions o; = 230 and py =
420. We also have obtained an approximate value
for m; of 3.8. The relative reactivities calculated
fromn these figures are given in the last columm of
Table I and may be compared with the observed
relative reactivities (corrected for solvent effects).
It can be seen that the agreement is good; over a
reactivity range of between 107 and 10° the average
deviation is about 25%,. This good agreement con-
firms that the partial rate factors for toluene quoted
above are, at worst, not much in error.

These results suggest that steric effects do not
play an important role in deuteration of the poly-
methylbenzenes in trifluoroacetic acid. Brown,
in a study of mercuration® and bromination,® has
found that inesitylene, isodurene and pentamethyl-
benzene, and in the former case durene also, show
considerably lower reactivities than predicted by
the above method. This has been ascribed to in-
creased importance of steric effects in positions
doubly flanked by 1inethyl groups compared to
positions singly flanked. 1In the present case the
agreement between observed and calculated rates
is satisfactory for durene, mesitylene and isodurene,
while in the case of pentamnethylbenzene the ob-
served reactivity is a little less than half of the pre-
dicted value. The calculated rate for mesitylene
does not depend on the value of #;; for isodurene
the caleulated rate depends on it to the first power,
and for durene and pentamethylbenzene the cal-
culated rate depends on #; to the second power.
We conclude from these results that steric effects
do not play a very important role in deuteration in
trifluoroacetic acid. Becausc of the uncertainty
in the value for mz; this is not a sufficiently sensitive
test to detect small steric effects.  Even if a very
accurate value for n; were available, the existencc
of solvent effects, thie fact that measurements werc
made at different teimnperatures and the fact that
it is not known how accurately the additivity rela-
tion should hold in the absence of steric effects
render discussion of the causc of small deviations
of doubtful significance.

Isomer Distribution.—The distribution of deu-
terium in deuterated o-xylene and m-xylene lhas
been deterinined by methods similar to those used

(5 M., KHilpalrick and M. 15, Luborsky, Tnmms Journan, 76, 20
(1953); 1. A, Macaulay :oud A 10 Lien, ¢bid., T3, 2013 (1041)
(6) 17, 6. Condon, ibid 70, 1063 (1018).
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for the monoalkylbenzenes. For o-xylene the rela-
tive deuterium contents of the 3- and 4-positions
were found to be 0.68:1. Condon’s theory pre-
dicts that they should be in the ratio o;:p; for tolu-
ene, 7.e., 0.60:1. The results are subject to a con-
siderable error as the deuterium contents were
determined as the differences between deuterated
o-xylene and its purified nitro derivatives. These
deuterium contents differ by only about 259, on
average, thus considerably magnifving the possible
error.

For m-xylene the relative deuterium content of
the 2- and 4-positions were found to be 0.59:1.
Theory again predicts they should be in the ratio
or:ps for toluene, .., 0.60:1. The good agree-
ment is probably fortuitous in view of the possible
experimental error. By arguments similar to
those outlined above it is concluded that as the
relative reactivity of positions singly and doubly
flanked by methyl groups is close to that predicted
from the partial rate factors for toluene, there are
no large steric effects involved.

The Polyalkylbenzenes. Steric Effects.—The
relative reactivity of 1,3,5-triethylbenzene and
mesitylene was determined at 30° by a competitive
experiment. It was thought that this would
provide a particularly favorable case for observing
the occurrence of non-additive steric effects. The
relative reactivities can be predicted from the ortho
and para partial rate factors for toluene and ethyl-
benzene alone, and these quantities are known with
some accuracy. It was found that the observed
relative rates of mesitylene:1,3,5-triethylbenzene
were 1.34:1. The predicted ratio is 0.909:1. It
is difficult to decide how much significance is to be
placed on this difference because it is not clear how
well the additivity rule holds. It is believed that
the difference is outsidethe experimental error and
that it is significant and indicates the presence of a
small steric effect in 1,3,5-triethylbenzene.

meta Partial Rate Factors.—If it is assumed that
the additivity relationship found for the poly-
methylbenzenes also holds for the polyalkylben-
zenes, excluding special steric effects in doubly
flanked positions, then from the known values of o;
and p; for the monoalkvlbenzenes and the reac-
tivities of suitable polyalkylbenzenes one can cal-
culate approximate values for m for the other
alkyl groups. Measurements were made on p-
diethylbenzene, o-diethylbenzene and p-t-butyl-
toluene. The calculation of results was compli-
cated by the presence of small amounts of a much
more reactive impurity, probably the mete isomer.
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Fig. 1.—Relation between basicity® and rate of deutera-
tion: 1, benzene; 2, toluene; 3, p-xylene; 4, o-xvlene;
5, m~xylene; 6, pseudocumene; 7, hemimellitene; &, durene;
9, mesitylene; 10, isodurene; 11, pentamethylbenzene.

The reactivities were determined therefore by
comparing the residual rates after this impurity
had come to isotopic equilibrium with the solvent,
as shown by a sharp change in slope of the reaction-
time curve. After correction for solvent effects, it
was found that m; for the ethyl group was 4.3 from
p-diethylbenzene and 4.4 from o-diethylbenzene;
for the t-butyl group, m; was 7. These results can
only be regarded as approximate values, indicating
that the meta partial rate factors of the monoalkyl-
benzenes are quite similar.
Acknowledgments.—Part of the work was car-
ried out under a contract with the Atomic Energy
Commission, AT(11-1)478. G. S. is glad to ac-
knowledge receipt of a Fulbright Travel Grant.

MinNEAPOLIS 14, MINN.



