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The isomeric chlorotoluenes and chloroethylbenzenes were not
separated sufficiently well even on capillary columns, although it
was possible to separate well the o-isomers froin the combined
meta 4+ para isomers. In these cases the isonters were analyzed
by infrared spectroscopy.

Analyses were carried out by the standard baseline technique,
with suitable corrections made for the interference of any isomer
on the others by use of an electronic computer.

It was found advantageous for the infrared analyses to sep-
arate the combined chlorotoluene or chloroethylbenzene frac-
tions by preparative scale gas chroniatography, thus eliminating
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solvent and other aromatic interferences. The following ana-
Iytical wave lengths were used for the analyses (u): o-chloro-
toluene, 13.40; m-chlorotoluene, 12.96; p-chlorotoluene, 12.42;
o-chloroethylbenzene, 13.37; m-chloroethylbenzene, 12.90; p-
chloroethylbenzene, 12.18.

Acknowledgment.—Drs. D. S. Erley and L. B. West-
over, Chemical Physics Research Laboratory, The Dow
Chemical Co., Midland, Mich., are thanked for the
infrared and mass spectroscopic analyses.
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Friedel-Crafts ¢-butylation of benzene and methylbenzene with f-butyl bromide and isobutylene was in-

vestigated in nitromethane solution with various acidic halide and proton acid catalysts,
isomer distributions were determined by gas-liquid chromatography.

Relative rates and
t-Butylation of toluene and benzene

under nonisomerizing conditions shows interntediate substrate selectivity (Bioluene:®benzene = 14—16). The
isonter distribution of the #-butyltoluenes formed was found to be 5.7-79% m- and 94.3-939, p-isomer. No
t-butylation ortho to a methyl group was observed in homogeneous butylations of methylbenzenes in nitro-

methane solution with either ¢-butyl bromide or isobutylene.
dimethylbenzene, with a reaction rate only one-twentieth of that of the butylation of o-xylene.
secondary isotope effect was observed in the f-butylation of benzene-ds.

discussed.

Introduction

Orientations in Friedel-Crafts alkylations have
frequently been considered to be anomalous,?~* and it
has been difficult to explain directive effects in alkyla-
tion of aromatics. Temperature, solvent, nature, and
amount of catalyst seemed to have a large effect on the
orientation of the products formed.

To explain the relatively high proportions of m-
isomers in Friedel-Crafts alkylation of toluene and
other alkylbenzenes under nonisomerizing conditions,
Brown suggested that this is a consequence of a high
reactivity and resulting low selectivity aromatic elec-
trophilic substitution reactions.?

Brown reported low selectivity in the t-butylation
of toluene and benzene in aluminum and gallium bro-
mide catalyzed reactions with ¢-butyl bromide in excess
aromatics as solvent.> The relative reactivity of
toluene and benzene was found kr:kg = 1.61, whereas
the isomer distribution of ¢-butyltoluenes was reported
as 32.19, m- and 67.99, p-isomer, with no o-t-butyl-
toluene formed.

In view of Schlatter’s data,® which indicated in a
number of {-butvlations of toluene with isobutylene or
t-butyl alcohol the isomer distribution as 79, m- and
939, p-isomer, the values for the {-CsH,Br butylation
were acknowledged as being due to partial isomeri-
zation.®>”* Schlatter’s lowest m-isomer containing
isomer distribution with t-butyl chloride butylation
was 159, m- and 859, p-isomer. No consideration
was give to the possible effect of intermolecular isomeri-
zation (disproportionation) on the observed relative
reactivity values.

Allen and Yats® recently reviewed the present status
of concurrent alkylation and isomerization of alkyl-
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t-Butylation of m-xylene gave only 5-f-butyl-1,3-
A small
The mechanism of the reactions is

benzenes with alkyl halides, olefins, and alcohols. They
concluded, on the basis of Schlatter’s results, that all
t-butylations of toluene could have been obtained by
alkylations producing isomeric mixtures containing
7% m-~ and 939, p-t-butyltoluene and subsequent or
concurrent isomerization of the mixtures. However,
they carried out no butylations of their own to sub-
stantiate this suggestion and no rate data were avail-
able to allow conclusions relating the effect of dis-
proportionation to relative rates.

Allen?® concluded from his observations, that in the
alkylations of toluene the particular catalysts and
alkylating agents used influence the extent of isomeri-
zation that accompanies the alkylation. He found in
the cases he studied that the ratio of p- to m-substi-
tution was constant within experimental error. In the
case of (-butylation steric hindrance prevents the for-
mation of o-isomer.

Results and Discussion

Brown's ¢-butylation work was carried out using only
an excess of aromatic as solvent. Under these condi-
tions formation of g-complexes (preferentially with the
more basic alkylation products) is to be expected

ArH -+ GaX; + HX (__’ ArH, GaX;~ or
ArH + GaX; + HX <_’ ArHo*Ga Xy~

The formation of these complexes also promotes
secondary isomnerization. In the case of ({-butyl-
toluenes secondary or concurrent isomerization in-
volving predominantly intermolecular migration of the
t-butyl group was suggested.® Therefore, if iso neri-
zation takes place, not only is the isomer distribution
affected, but the relative toluene-benzene butylation
rates may also be affected. Disproportionation could
easily lower the relative rate, as f-butyltoluenes are
more basic and consequently more sensitive to inter-
molecular isomerization then ¢-butylbenzene.

To prove this point we carried out an investigation
of the effect of Lewis acid halide catalysts on the iso-
meric t-butyltoluenes (neat and also in nitromethane
and benzene solution). Details of this investigation

(97 R. H. Allen, #bid., 82, 4856 (1960).
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are being reported elsewhere.® With aluminum chlo-
ride rapid isomerization takes place. o-t-Butyltoluene
was found to isomerize much more rapidly than the p-
isomer and both isomerize more rapidly than the -
isomer. As a result of isomerizations the amount of
m-isomer substantially increases in the reaction mix-
tures. The equilibrium composition is 649, m- and
369 p-t-butyltoluene. If the isomerization is carried
out in benzene, considerable intermolecular trans-
alkylations (disproportionation) is observed. These
data clearly indicate the difficulties in using rate data
obtained from ¢-butylation systems when only excess
aromatics as solvent. Consequently, the calculation
of partial rate and selectivity factors from these data
without proving the absence of thermodynamically con-
trolled isomerization must be questioned.

Competitive rate determinations of the alkylation of
benzene and alkylbenzene with olefins in the presence
of BF;H;PO, catalyst, carried out by Volkov and
Zavgorodnii'l at temperatures ranging from 30 to 80°,
must for the same reasons be treated with reservation.
Claims that alkylbenzenes (e.g., toluene, xylenes, etc.)
are alkylated generally more slowly than benzene must
be based not on kinetics, but are the result of con-
current or consequentive substantial intermolecular
isomerization (disproportionation). The evidence for
nonisomerization under such conditions is in our
opinion quite insufficient.

No rate data were reported in either Schlatter’s or
Allen’s work. It was therefore felt that a reinvestiga-
tion of the ¢-butylation of benzene and toluene and an
extension of the work to butylation of xylenes and tri-
methylbenzenes should be undertaken if reaction con-
ditions enabling one to avoid substantial isomerization
could be found.

We first carried out competitive ¢-butylation of
toluene and benzene with {-butyl bromide and isobu-
tylene in nitromethane solution, using a number of cata-
lysts.

The data obtained are summarized in Tables I and
1I (for the mole ratio of catalyst:aromatic:alkylating
agent used, see Experimental part).

TaBLE I

COMPETITIVE {-BUTYLATION OF TOLUENE AND BENZENE WITH
t-BuTYL BROMIDE IN NITROMETHANE SOLUTION AT 25°

t~-Butyltoluene, 7, —

Catalyst Etoluene : Kbenzene ortho mela para
AlICI 1.90 46.4 53.6
FeCl; 1.17 64.8 35.2
SnCl, 16.6 7.0 93.0
Znl, 14.5 8.9 93.1
AgClO, 15.3 5.7 94.3
AgBF, 1.86 50.3 49.7
TaBLE 11

t-BUTYLATION OF TOLUENE AND BENZENE WITH ISOBUTYLENE IN
NITROMETHANE SOLUTION AT 25°
t-Butyltoluene, 9,—

Catalyst Fioluene : Bbenzene ortho meld para
AlCI; 15.2 6.0 94.0
FeCls 15.3 5.7 94 .3
H.SO, 16.3 5.6 94 .4

As seen from the data of Table I ¢-butylation of
toluene with f-butyl bromide gives large amounts of
m-isomer with aluminum chloride, ferric chloride, and
anhyvdrous silver tetrafluoroborate as catalysts. The
conjugate acids of these catalysts (formed by proton
elimination from the aromatics) must therefore be

(10) G. A. Olah and M. W. Meyer, to be published.

(11) R. X. Volkov and 8. V. Zavgorodnii, Proc. Acad. Sci.-U.S.S.R., 183,
869 (19680).
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sufficiently strong acids even in nitromethane solution
to effect isomerization. When the catalyst concentra-
tion was lowered to the minimum amount capable of
producing detectable amounts of alkylates (0.005
mole), the FeCl; catalyzed butylation gave only 79
of m-isomer instead of the 64.89, obtained with .05
mole of catalyst (under reactions conditions described
in the Experimental part), and the relative rate of
Btoluens Rbenzene Was 12.  The relative toluene: benzene
reactivity ratio was found to be 1.17, 1.86, and 1.90,
respectively, in the cases where high m-isomer content
indicated isomerization conditions.

As observed previously,'? one of the ways to over-
come in certain cases the ability of acid catalysts, such
as aluminum, gallium, iron, etc., halides, to form o-
complexes (and consequently separate layers) with
aromatics in the presence of hydrogen halides (or
other cocatalyst), is to use a solvent sufficiently basic
to complex the acid preferentially, thus rendering it
less active for aromatic ring protonation. Nitro-
methane was found among others to be a suitable sol-
vent for this purpose. No isomerization of isomeric
cymenes, ethyltoluenes, or xylenes with aluminum
chloride catalyst in nitromethane solution at 25° is
observed during 15 min. of reaction time. No trans-
alkylation of added benzene takes place in the same
reaction media.

However the treatment of p-t-butyltoluene in nitro-
methane solution with AlCly CH3;NO, catalysts at 25°
results in substantial isomerization (ultimately reach-
ing the thermodynamic equilibrium). Treatment of
p-t-butyltoluene in the presence of benzene in nitro-
methane solution at 25° with AlCl;-CH;NO, catalyst
under the general conditions of alkylations reported in
this work resulted in about 309, transalkylation with
formation of {-butylbenzene. At the same time
about 109 m-t-butyltoluene was also formed, indi-
cating that isomerization of f-butyltoluene is not en-
tirely an intermmolecular process. With m-t-butyl-
toluene under identical conditions, transalkylation
was less than 19, with only traces of p-t-butyltoluene
found. Thus the reaction of the m-isomer is much
slower than that of the p-isomer.

Isomerization of o-t-butyltoluene results in a very
fast ortho-para (meta) conversion, followed by a slower
isomerization of the p-f-butyltoluene formed to the
equilibrium meta—para mixture.!® Thus under acid
conditions even if some o-t-butyltoluene were primarily
formed despite strong steric hindrance, for which there
is presently no evidence, it probably would be imme-
diately isomerized to the para (and meta) isomers.

Whereas ferric chloride behaves similarly to alumi-
num chloride, stannic chloride in nitromethane solution
causes no detectable isomerization (either inter- or
intramolecular) of ¢-butyltoluenes.

Because isomerization of {-butylbenzenes involves
predominantly intermolecular butyl migration, rela-
tive reactivity ratios cannot be considered significant
if they were obtained under nonkinetic reaction con-
ditions. (Isomerizations must be considered thermo-
dynamically and not kinetically controlled.) The
toluene: benzene relativity ratios in alkylations showing
low m-isomer ratios (5.7-79;) and consequently little
or no isomerizations, were found between 14.5 and 16.6 in
the case of butylation with ¢-butyl broinide and be-
tween 15.2 and 16.3 in butylations with isobutylene,

Whereas AICl; and FeCl; cause substantial isomeri-
zation in alkylations with #-butyl bromide, they do not
when isobutylene is used as an alkylating agent. This
observation indicates that the presence of an equimolar

(12) G. A. Olah, 8. H. Flood. 8. J. Kuhn, M. E. Aoffatt, and N. A
Overchuck. J. Awni. Chem. Soc., 86, 1046 (1964).
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amount of halide (which from a catalytic point of
view can be considered as cocatalyst) is able to initiate
substantial isomerization, whereas in the olefin alkyla-
tion system the minor amount of water added as co-
catalyst is unable in the solvent used to initiate similar
isomerization.

The isomer distributions and relative rates (obtained
from competitive experiments) were determined by
gas-liquid chromatography. Details of the analytical
determination and the alkylation conditions are de-
scribed in the Experimental part. With a homogen-
eous alkylation system (in which no separate alkylate
layer was formed) and a constant large excess of aro-
matics, very little di- or higher alkylation was observed
in any of the systems investigated (less than 59, of
monoalkylates). Based on data obtained from mix-
tures of known compositions, the analytical method
used was reliable to =5 relative per cent.

As is to be seen from the data of Table I the choice
of catalyst (and solvent) is essential in determining
isomer distributions and relative rates. Using only
an excess of aromatics as solvent caused both intra-
and intermolecular isomerization (disproportionation).
Table III summarizes the isomer distribution of ¢-
butyltoluenes found in butylations with a number of
different catalysts under heterogeneous reaction con-
ditions, using excess toluene as solvent (diluent).

TapLE III
$-BUTYLATION OF TOLUENE WITH {-BUTYL BROMIDE AT 25°
(HETEROGENEOUS REACTION CONDITIONS, EXCESS TOLUENE
AS SOLVENT)

Reacn, time, —~——t-Butyltoluene, 7—

Catalyst min. meta para

AlCls 5 64.4 35.6
FeCl; 5 64.6 35.4
TiCly 15 5.7 94.3
SnCly 15 3.8 96.2
ZrCly 15 7.9 92.1
BCl; (with -C4HeF) 15 16.4 83.6
AgBF, 15 62.8 38.2
10 50 .4 49.6

5 30.7 69.3

AgClO, 5 5.6 94 .4
AgPFq 10 37.4 63.6
AgShFs 5 66.2 33.8
I, 18 hr 5.5 94.5

Use of a basic solvent like nitromethane instead of
excess of the aromatic hydrocarbons should however
result in weaker electrophilic conditions and therefore
a higher degree of selectivity. It is therefore regretful
that it seemis to be impossible to carry out Friedel-
Crafts t-butylation of benzene and alkylbenzenes in the
presence of strong acid catalyst using only excess of
the aromatics as solvent, under nonisomerizing condi-
tions.

Whereas strong Lewis acids like aluminum and ferric
chloride caused substantial isomerization (based on the
high amount of m-isomers formed and disproportiona-
tion observed), weaker acid catalysts gave isomer ratios
comparable with those obtained in alkylations in
homogeneous nitromethane solution. When anhy-
drous silver salts are used as metathetic cation-forming
agents, in the beginning the reaction media are acid-
free; however, the corresponding conjugate acids
are formed from the proton elimination step of the
alkylations as the reactions proceed. AgClO, gave no
isomerization, whereas AgBF; and AgSbF; caused
substantial isomerization. The absence of o-isomer, as
in the case of the homogeneous butylations in nitro-
methane solutions, can be attributed to steric effects.
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Competitive ¢-butylation of benzene and xylenes, as
well as the trimethylbenzenes, was also carried out
both with ¢-butyl bromide and isobutylene in nitro-
methane solution at 25° wusing SnCly and AICl,;:
CHiNO, as catalyst (for details of ratio of reagents
used see Experimental part). The data obtained are
summarized in Tables IV and V.

TaBLE IV
CoMPETITIVE SnCly CATALYZED {-BUTYLATION OF BENZENE AND
METHYLBENZENES WITH /-BUTYL BROMIDE IN NITROMETHANE
SOLUTION AT 25°

Aromatic kAriRbenzene t-Butylaikylbenzenes, 7,
Benzene 1.00
Toluene 6.6 1,3-° 6.4 1,4- 93.6
0-Xylene 4.3 1,2,4- 100
m-~Xylene 2.54 13,5- 100
p-Xylene No t-butylation obsd. in competition
Mesitylene with benzene

1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene 170 1,2,3,6- 100
@ Position of ¢-butyl group italicized.

TABLE V
CoMPETITIVE AlCl;-CH;NO; CATALYZED (~-BUTYLATION OF
BENZENE AND METHYLBENZENES WITH ISOBUTYLENE IN
NITROMETHANE SOLUTION AT 25°

Aromatic kAr:Rbengene i-Butylalkylbenzenes, ¢
Benzene 1.00
Toluene 15.2  1,3-° 7.8 1,4- 92.2
0-Xylene 47.8 1,2,4- 100
m-~Xylene 3.82 1,3,5- 100
p-Xylene No t-butylation obsd. in competition
Mesitylene with benzene

1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene 110 1,2,3,5- 100
@ Position of t-butyl group italicized.

The isomer distributions and relative rates (obtained
from competitive experiments) were determined by
gas—liquid chromatography. Using homogeneous alkyl-
ation systems (in which no separate complex layer was
formed) and a constant large (10:1) excess of aromatics
over the alkylating agent, little di- and no higher ¢-
butylations were observed (no more in any case than
5% on monoalkylates). Carrying out the alkylations
at 25° in nitromethane solution with the aromatic:
reagent:catalyst ratios described in the Experimental
part during the average 15-min. reaction time yielded
over-all about 309, monoalkylate. The rest of the
material balance, as established from quantitative
gas chromatographic separation on a preparative scale
gas chromatograph and also from mass spectroscopic
analysis of the reaction mixture, was accounted for in
the form of unreacted starting aromatic hydrocarbons
and alkylating agent, with a minor amount (as pre-
viously stated) of dialkylate. It was possible to account
for more than 989 of the over-all material balance.
On the basis of data obtained analyzing mixtures of
known composition, the used gas chromatographic
analytical method was reliable to £3%.

To establish that relative rate data were obtained in
real competitive experiments, the concentration of
benzene—toluene mixtures was varied from 1:9 to 9:1
(molar ratio). The experimental data (as summarized
in Tables VI and VII) gave good agreement if
first-order dependence on aromatics is accepted. Thus
it was established that the observed relative rates are
real and represent direct competition of the substrates
(toluene—benzene).

The relative reactivity of toluene over benzene in
our t-butylations shows substantial deviation from
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TasLE VI
CONCENTRATION VARIATION OF TOLUENE AND BENZENE IN
COMPETITIVE {-BUTYLATION WITH {-BuTYL BROMIDE + SnCly 1IN
NITROMETHANE SOLUTION AT 25°
Ratio

toluene:benzene Obsd. rel, rate kT kB
1 9 1.86 16.7
1 4 3.98 15.9
1 2 8.2 16.4
1 1 16.6 16.6
2 1 31.8 15.9
4 1 66.8 16.7
9 1 128 .7 14.3
TapLe VII

CONCENTRATION VARIATION OF TOLUENE AND BENZENE IN
COMPETITIVE {-BUTYLATION WITH ISOBUTYLENE + AlCl;-CH;NO;
IN NITROMETHANE SOLUTION AT 25°

Ratio

toluene:benzene Obsd. rel. rate kT kB
1 9 1.24 11.2
1 4 3.20 12.8
1 2 6.95 13.9
1 1 15.2 15.2
2 1 25.0 12.5
4 1 51.2 12.8
9 1 119.7 13.3

previously reported data indicating low substrate
selectivity of the order of 2. The present data show
Bioluene: Bbenzene = ~15. The evidence presented in this
work demonstrates that ¢-butylations giving interme-
diate substrate selectivity in homogeneous butylations
in nitromethane were carried out under substantially
nonisomerizing conditions. The corresponding isomer
distributions are about 93 p- and 7%, m-t-butyltoluene.
Previously reported low selectivity butylations, giving
high proportions of m-isomer, must inevitably be con-
sidered as at least partially thermodynamically and not
kinetically controlled. Inter- and intramolecular isom-
erizations (disproportionation) influence both sub-
strate and positional selectivity values.

Our present data fit the selectivity correlation better
than those reported previously. However, as pointed
out previously,!? our own investigations have not pro-
vided general evidence for the linear correlation be-
tween positional and substrate selectivities in all
electrophilic aromatic substitutions and in particular
in those involving strong electrophiles.

t-Butylation of di- and trimethylbenzenes also show
intermediate substrate selectivity (as compared with
benzene). The isomer distributions are characterized
by the fact that no o-substitution relative to a methyl
group is possible. o-Xylene gives exclusively 4-¢-
butyl-1,2-dimethylbenzene; m-xylene produces only
5-t-butyl-1,3-dimethylbenzene, but with a relative
rate of only one-twentieth of that of the butylation of
o-xylene. These data are in good agreement with the
observed 5-69 m-t-butyltoluene isomer formation in
the f-butylation of toluene, thus giving a meta:para
ratio of about 1/ and providing strong evidence for
direct, kinetically controlled alkylation in the -posi-
tion meta to methyl groups.

p-Xylene, mesitylene, and 1,2,4-trimethylbenzene
(pseudocumene) were not {-butylated in competitive
t-butylation with benzene in nitromethane solution,
since no positions other than those ortho to methyl
group are available.

Kinetic Isotope Effect.—The kinetic isotope effect
in the f-butylation of benzene-d¢ was determined by
the previously used competitive method, using ¢-
CsHoBr -+ AgClOs as an alkylating agent in nitro-
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methane solution at 25°. Direct competition of ben-
zene and benzene-ds (analyzed by mass spectroscopy)
and competitive butylation of toluene-benzene and
toluene-benzene-ds (analyzed by gas-liquid chroma-
tography) were used. Both methods give a small
secondary kinetic isotope effect.

kbensene ! Rbenzenc-2e = 1.16  ku:ky = 1.16 £ 0.05
ktoluene : Buensene = 153
kioluene: Rhenzene-ds = 18.5 kmikp = 1.21 & 0.06

The t-CsHBr 4+ AgClO, alkylation system in nitro-
methane caused only slight hydrogen—-deuterium ex-
change according to mass spectroscopic analysis.
Therefore the method could be used for the determin-
ation of the kinetic isotope effect. Corrections were
applied for di-t-butylated products. The effects caus-
ing a small secondary isotope effect, similar to those
observed in previous benzylation!® and isopropyla-
tion, ! have been discussed and need not be repeated.

Conclusions

The observed relative reactivities of methylbenzenes
and benzene cannot be simply related to the stabilities
of complexes corresponding to strictly =~ or g-complex
natures although they show substantially closer re-
semblance to - than oc-complex stabilities. The ¢-butyl-
ations of benzene and toluene show higher substrate
selectivity than those of the corresponding isopropyla-
tions discussed previously.'? Consequently, the alky-
lating agent in the present t-butylations must be a
weaker electrophile than that of the isopropylation
systems.

The trimethyl carbonium ion or its precursor is a
weaker electrophile than the dimethyl carbonium ion
or its precursor (the electron defficiency of the carbon
atom is decreased by hyperconjugation with one more
methyl group). This can explain why #-butylation
shows higher substrate selectivity than isopropylation.
At the same time considerable steric hindrance, inter-
fering with the formation of o-f-butyl derivatives,
makes it more difficult to evaluate positional selectivity.
The same steric factors also make it impossible to
evaluate substrate reactivities in cases where no posi-
tions other than those ortho to a methyl group are avail-
able (as in the case of p-xylene, mesitylene, pseudo-
cumene).

As to the mechanism of the {-butylation reactions, it
is suggested somewhat similarly to that of isopropyla-
tions!? that it involves two transition states: one
(Ty) of an oriented w-complex nature which is involved
in the substrate rate-determining step and a subse-
quent second one (T:) corresponding to a o-complex
which is involved in determining the positional selec-
tivity.

As discussed previously T, should be different in
energy for the m- and p-positions. The relative rate
data indicate that T; must be higher than T, (other-
wise the formation of T should become reversible).
If T, should be also involved in the substrate rate-
determining step, much higher substrate rates would
be expected for the methylbenzenes, as compared
with benzene. However, the energy difference be-
tween T; and T; is probably smaller than in the case of
reactions involving stronger electrophiles, which could
explain the higher substrate selectivity.

Data indicating substantial steric hindrance also
suggest that the alkylating agent is the polarized donor—
acceptor complex of the alkyl halide and catalyst (or
olefin—catalyst—cocatalyst) which is then displaced
by the aromatic substrate. No free trimethyl carbon-

(13) G. A. Olah, 8. J. Kuhn, and 8. H. Flood, J. Am. Chem. Soc., 84, 1688
(1962).
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ium ion as alkylating agent can be demonstrated either
from relative rate and isomer distribution data (the
steric hindrance with (CH;);C* should be smaller) or
spectroscopic investigations of the alkylating systems
(ultraviolet, infrared, and nuclear magnetic resonance
investigations, to be reported separately). In nitro-
methane (or related polar solvents) ionization of alkyl
halides by Lewis acids is not favored, because of the
competing donor effect of the solvent, “deactivating”
the catalyst. However, an equilibrium containing
small amounts (subspectroscopic) of the carbonium ion
cannot be ruled out and this could contribute to the
alkylation. The carbonium ion should be present in
the form of a solvated ion pair and nota “free’ ion, thus
still showing substantial bulkiness.

A comparison of the isopropylation and ¢-butylation
of benzene and alkylbenzenes with previously investi-
gated nitration, bromination, and chlorination of the
same systems allows one to point out certain similarities.

Nitration, bromination, and isopropylation show
similar low substrate selectivities (with otherwise
predominant ertho-para directing effects) and obviously
are due to strong electrophiles. Chlorination and
t-butylation, on the other hand, show higher substrate
selectivity, indicating that in these cases the substi-
tutious are effected by somewhat weaker electrophilic
reagents. Our knowledge concerning the electrophilic
nature of the corresponding positive ions (which are of
course only the limiting cases and not necessarily
reached in the substitution reactions, where strong ion-
pair interactions and solvations exclude the presence
of ““free’” ions) is in accordance with these observa-
tions, the decreasing order of electrophilic character
being (CH3)oCH ™ ~ NOy* > Br~ > Cl+ ~ (CHj3);C™.

Experimental

Benzene, methylbenzenes, aud (~butyl bromide used were com-
ntercially available products of highest purity. If necessary,
tliey were redistilled ot a Podbielniak column or purified by pre-
parative scale gas cliromatography (using a Wilkens Model Aero-
graplt Autoprep A-700 tustrument). Average purity was 99.5%,
as analyzed by gas—ligaid clirotnatography. Isobutylene
(Mathesot Cliettical Co.) was used without furtler purification.
We are gratefal for samples of o-f-butyltoluene and 5-f-butyl-1,3-
dimnethylbenzene from Drs. B. 8. Friednian (Sinclair Researclt
Inc., Harvey, Ill.) and D. A. McCaulay (American Oil Co.,
Whiting, Ind.). Reference isomeric m- and p-f-butyltoluencs
were obtained from the National Bureau of Standards, Washing-
ton, D). C. Otlier isomerie t-butyl-di- and trimethylbenzeues, as
well as di~f-batyhinethylbenzenes, were prepared by known
mtetliods i this laboratory. The parity of all standard isormters
ased was clieccked by gas-liquid cliromatography and infrared
spectroscopy.  Tle nitrometliane used was purified as described
previously?! by tlie ase of the method of Winstein and Smith.
Anliydrous acidic ltalide catalysts were comimercial products puri-
fied with standard nietliods (sablination, azeotropic distillation,
treatient with thiionyvl lhalides) or lialides prepared by kiiown
mtethods i this laboratory .

Conmntereial “‘anhiydrous’ silver perclilorate was deliydrated
it @ utauner simtilar to that described recently by Radell, Con-
1elly, and Rayutond® by azeotropic distillation with benzeue.

Auliydroas silver tetrafluoroborate,!® liexafluoroantinionate,!®
hexaflaoroarsenate,’” and hexafluoropliosphate!” were prepared
as described.

Benzene-dg was purcliased from Ciba Ltd., Basel, Switzerland.

Competitive t-Butylation of Benzene and Methylbenzenes with
{-Butyl Bromide in Nitromethane Solution.—To a solution of 0.05
mtole of catalyst in 50 g. of nitromethane were added 0.25 mole
caclt of toluene and beuzette, int a 3-1ecked reaction flask equipped
witlt a thiermonteter, reflux condenser (connected through a dry-
ing tube to a hydrogen halide absorber), and dropping funnel.
The reaction tlask was then placed in a constant temperature
batlt and kept at 25 £ 0.5°. While vigorously stirred (magnetic
stirrery, 0.08 wole (7 g.) of t~butyl bromide in 30 g. of nitro-
imetlane was added dropwise.  Tlic addition took approximately

{(I4) G. A, Olah, 8. J. Kvhn, 8. H. Flood, and B, A. Hardje, J. Am. Chem.
Soc.. 86, 1039 (19617,

(15: J. Radell, J. W. Connelly, and A. J. Raymond, ¢bid., 83,3960 (1961).

{16 (5. A. Olah and H. W, Quinn, J. Inorg. Nucl. Chem., 14, 295 (1960).

(17 Go AL Olah, 5. J. Kuhn, W, S, Tolgyesi, and E. Baker, J. Am. Chem.
Soc.. 84, 2733 (1062).
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10 min. and the reaction was then allowed to proceed for another
5 min. Thereafter the solution was washed witlh water, three
times with 200-ml. portions of 59 NaOH (to remove uitro-
methane), and again with water. The organic layer was sepa-
rate;d, dried over CaCly, and analyzed by gas-liquid chronatog-
raphy.

The data obtained are summarized in Table I.

Competitive ¢-Butylation of Toluene and Benzene with Iso-
butylene in Nitromethane Solution.—To a solution of 0.02 mole
of catalyst in 50 g. of nitromethane were added 0.10 mole eacl: of
toluetie and benzene. One drop of water was added as cocatalyst
to avoid discrepancies owing to minor amounts of moisture pres-
ent in the system. The reaction flask fitted with thermometer,
reflux condenser, and gas inlet tube was tlien placed i1 a constant
temperature bath and kept at 25 & 0.05°; isobutylene gas was
introduced with a constant rate (75 ml./min.) for 15 min. with
stirring. The solution was then washed with water, 57 NaOH
solution, and again with water. The organic layer was separated,
dried, and analyzed by gas-liquid chromatography.

The data obtained are summarized in Table II.

Concentration Variation of Toluene and Benzene in Competi-
tive t-Butylations.—The concentration variations were carried
out in the same manner as the competitive studies varying only
the relative amounts of toluette and benzene. Tlie data obtained
are summarized in Tables IIT and IV.

t~-Butylation of Toluene with {-Butyl Bromide under Hetero-
geneous Reaction Conditions, Excess Toluene as Diluent.—¢-
Butylations of toluene with {-butyl bromide were carried out by
mixing the catalyst (0.05 mole) and toluene (0.5 inole) and then
adding 0.05 mole of ¢-butyl bromide to the stirred reaction mix-
tures at 25°. The reaction mixtures were allowed to react gen-
erally for 5 to 15 min. in cases where tlie reactions appeared to
occur readily as evidenced by liberation of hydrogen halide (see
Table V) and were thereafter quenched with water. Mixtures
with less reactive catalysts (like I;), where no product formation
was observed, were allowed to react for longer periods of time (up
to several hours) in order to obtain 10-159 alkylation, suitable in
amount for analysis. The solutions were theu waslied, dried,
and analyzed by gas-liquid chromatography, as in previous ex-
periments. The data obtained are summarized in Table V.

Determination of Kinetic Isotope Effect. (a) (-Butylation of
CysDs + CiH;.—Benzene-ds (0.1 mole) and benzene (0.1 niole)
were dissolved together witlt 0.02 mole of AgClOy in 30 g. of nitro-
methane. To this stirred solution, kept at 25 & 0.5°, 0.02 mole
of t-butyl bromide dissolved in 5 g. of nitromethane was added
and the reaction carried out as in previous experiments. Tle
reaction mixture was washed twice witlh 50-ml. of water; tlhe
organic layer was dried over CaCl; and analyzed by mass spec-
troscopy.

TasLeE VIII
RETENTION TIMES OF {~-BUTYLBENZENE AND {-BUTYL-

METHYLBENZENES AT 150°
Time, min,

t-Butylbenzene 10.5
o-t-Butyltoluene 23
m-~t-Butyltoluene 16
p-t-Butyltoluene 17
1,2-(CHjy)y-4~t-Butylbenzene 29
1,3-(CHj3)s-5-t-Butylbenzene 24
1,4-{ CHy)y-3-t-Butylbenzene 31
1,2,3-( CH;)3—5-t-Butylbenzene 49

(b) t-BUtyIatiOn of CHaCsHs + CSHS and CHacSH5 -+ CSDs.—
Toluene (0.1 mole) and 0.1 mole of benzene-ds together witl 0.02
niole of anhyvdrous AgClQs were dissolved in 30 g. of nitrometh-
ane. To the stirred solutions, kept at 25 &= 0.5°, 0.02 mole of ¢~
butyl bromide dissolved in 5 g. of nitromethane was added drop-
wise. The reactions were then carried out as in previous experi-
ments. The mixtures were washed twice with 50 ml. of water,
dried over CaCls, and analyzed by gas-liquid chromatograpliy.

Gas-Liquid Chromatographic Analyses.—The analyses of all
t-butvlations were carried out by gas-liquid cliromnatograpliy on a
Perkin—Elmer Model 154-C vapor fractometer equipped witlt a
thermistor thermal conductivity cell detector.  The 4-m. by
0.25 in. stainless steel column was packed witli polypropylene
glveol (UCON LB 550-X) on diatomaceous eartll (309, w./w.).
The column temperature was generally 150° with dry liydrogen
carrier gas flow rate at approximately 60 ml. per minute. Peak
areas were obtained by the use of electrouic printing integrator.
Characteristic retention times of f-butylbenzerne and f-butyl-
methylbenzenes on a column are given in Table VIII.

Relative response data were obtained by running know quan-
tities of t-butylbenzene and #-batyltoluentes in benzeue in the
approximate amournts i1 whicl they appeared i1 the experimental
samples, according to Messner, Rosie, and Argabriglit.!

(18) A. E. Messner, D. M. Rosie, and P: A. Argabright, dnai. Chem.,
31, 230 (1959).



