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stirrer, a reflux condenser and dropping funnel. The flask
was flamed to remove water and the air displaced by nitro-
gen. The benzaldehyde (0.777 g., 7.33 mmoles) in 50.0 ml.
of tetrahydrofuran was introduced into the flask and main-
tained at 0°. A solution of sodium trimethoxyborohydride
(15.0 ml. containing 0.440 mmole/ml.) was added through
the dropping funnel over a period of 2 min. Aliquot samples
were removed at suitable intervals and analyzed for residual
aldehyde using 2,4-dinitrophenylhydrazine® and for active

(8) H. A.Iddles, A, W, Low, B, D. Rosen and R, T, Hart, Anal, Ed.,
11, 103 (1939).
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hydride, using the procedure of Lyttle, Jensen and Struck.?
The results are summarized in Table III.

Reduction of Benzoyl Chloride at 0°.—The experiment
was carried out precisely as in the case of benzaldehyde de-
scribed above, except that 1.00 g. (7.11 mmoles) of benzoyl
chloride was used. The results of the aldehyde and hydride
determinations are summarized in Table IV.

(9) D, A, Lyttle, E, H, Jensen and W, A, Struck, ibid., 24, 1843
(1952),
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Aluminum bromide possesses the dimeric formula, Al;Brs, in benzene solution.
at 17.7° show the existence of solid compounds Al;Brs-ArH with benzene and toluene.
m-xylene and mesitylene systems did not indicate the formation of similar solid complexes.

Vapor pressure~composition phase studies
Similar studies of the corresponding
However, the color of the solu-

tions as well as molecular weight determinations of solutions of mesitylene and aluminum bromide in cyclopentane support

the existence of similar complexes in the case of the latter two hydrocarbons.

bromide compounds are w-complexes with the structure

It is proposed that these aromatic aluminum

\] Br / Br
A r>A1——Br—-A1——Br
Vi B \Br

Introduction

Aluminum bromide is readily soluble in aromatic
hydrocarbons, apparently with the formation of
complexes. Unfortunately a number of setrious
conflicts exists in the observations and data re-
corded in the literature and unequivocable formu-
lation of the complexes is not now possible.

For example, two groups of workers*® agree that
aluminum bromide possesses a high dipole moment
in dilute benzene solutions. However, one group
claims that the dipole moment drops to zero at
higher concentrations® and differs, thereby, from
the first group.* The change in dipole moment
with concentration is attributed to the existence of
aluminum bromide in dilute solutions in the mono-
meric form, AlBr;, complexed with the aromatic
hydrocarbon, and in the dimeric uncomplexed form
in the more concentrated solutions. Parachor
measurements® and molecular weight determina-
tions by freezing point*? and vapor pressure low-
ering’ indicate a dimeric formula for aluminum
bromide in benzene solution. Moreover, the di-
meric formula is also supported by the observation
that the molar refractivities of solutions of alumi-
num bromide in benzene and toluene exhibit strict
additivity.® The parachor measurements® were
made in dilute solution, comparable to those used

(1) The Catalytic Halides. V.

(2) Abstracted from a thesis submitted by William J. Wallace in
partial fulfillment of the requirements for the Ph.D. degree.

(3) Standard Oil Company (Indiana) Fellow, 1950-1952,

(4) H. Ulich and W. Nespital, Z. Elektrochem., 87, 559 (1933);
H. Ulich, Z. physik. Chem., A (Bodenstein Festband), 423 (1931);
W. Nespital, Z. physik. Chem., B 16, 153 (1932),

(3) V. A. Plotnikov, I, A. Sheka and Z. A. YVankelewich, Mem, I'nst.
Chem., Aked. Sci. Ukrain. S.S.R., 4, 382 (1939).

(6) L. Poppick and A. Lehrman, THIS JoURNAL, 61, 3237 (1939).

(7) R. E. Van Dyke, ibid., 72, 3619 (1950).

(8) V. V. Korshak, N, N, Lebedeev and S. D, Fedoseev, J. Gen.
Chem. (U.S.S.R), 17, 575 (1947),

in the dipole moment determinations.® A serious
conflict exists between the respective conclusions of
the two groups of authors.58

As a result of his study of the systems of alumi-
num bromide with benzene, toluene and p-xylene,
Menshutkin? decided that complex formation did
not occur. However, as a result of a similar study,
Plotnikov and Gratsianskiil®!! concluded that alu-
minum bromide does form complexes with benzene,
p-xylene and m-xylene (m.p. 37, 31.2, 4.5°, respec-
tively). The complexes melt incongruently. The
arrests in the phase diagrams occurred on the hydro-
carbon-rich side of equimolar proportions of alu-
minum bromide and hydrocarbon so that the com-
plexes were assigned the empirical formula AlBrs
ArH. Moreover, a recent study of the benzene—
aluminum bromide system has been considered to
confirm Plotnikov’s conclusion.!? The authors also
formulate the complex as AlBryCeHg with an incon-
gruent m.p. of 37°, However, Van Dyke concluded
that the solid compound which separates from these
solutions should be formulated as Al,Brg2CsHs,
since aluminum bromide exhibits the dimeric
molecular weight in benzene solution.”

A different formulation for these complexes is in-
dicated by data reported by Norris and Ingraham,!3
They prepared ternary complexes of aluminum
bromide and hydrogen bromide with benzene, tolu-
ene, mesitylene and 1,3,5-triethylbenzene. At re-
duced pressures the ternary complexes lost both
hydrogen bromide and hydrocarbon. The benzene

(9) B. N, Menshutkin, J. Russ. Phys, Chem, Soc., 41, 1089 (1908).

(10) V. A. Plotnikov and N. N. Gratsianskii, Mem. Inst. Chem.,
Akad. Sci., Uhkrain S.S.R., B, 213 (1930).

(11) V. A, Plotnikov and N, N. Gratsianskii, Bull. Acad, Sci. U.S.
S.R., Classe sci. chim., 101 (1947),

(12) D. D. Eley and P. J. King, Trans. Faraday Soc., 4T, 1287 (1951).

(13) J. R, Norris and J. N. Ingraham, THis Jour~aL, 63, 1298
(1940),
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derivative at 12 mm. (25°) yielded AL;Brs; whereas
at 12 mm. (25°) the toluene derivative, and at
0.002 mm. (25°), the remaining substances all
formed products formulated as Al,Brg-ArH.,

In the hope of clarifying these conflicting re-
ports we undertook a study of the interaction of
aluminum bromide with benzene, toluene, m-xylene
and mesitylene.

Results and Discussion

Aluminum bromide dissolves readily in the four
aromatic hydrocarbons listed and the colors of the
solutions show a regular change from an almost
colorless solution with a faint yellow tinge for the
benzene solution to an orange-colored solution for
mesitylene. Moreover, the solubilities of alumi-
num bromide in these aromatic hydrocatrbons are
appreciably greater than in typical non-aromatic
hydrocarbons (Table I).

TABLE I

PrvYSICAL PROPERTIES OF SOLUTIONS OF ALUMINUM Bro-
MIDE IN HYDROCARBONS

Solubility

at 17,7°
Hydrocarbon Color (mole fraction)
n-Hexane Colorless 0.034*
Cyclohexane Colorless .079°
Benzene Faint yellow J111°
Toluene Lemon yellow .086°
m-Xylene Yellow-orange .333°
Mesitylene Orange .398°

@ Extrapolated from data of E. R. Boedeker and A. G.
Oblad, THIS JOURNAL, 69, 2036 (1047). ? At 17.2° P.
A. Leighton and J. B. Wilkes, dbid., 70, 2600 (1948).
¢ Calenlated from vapor pressure diagrams.

The gradation in color and the high solubility
both point to complex formation of some kind be-
tween aluminum bromide and the aromatic hydro-
carbons,

The System: Benzene-Aluminum Bromide.—
The molecular weight of aluminum bromide in ben-
zene solution was determined over a wide range of
concentration from the decrease in vapor pressure.
The solutions were clear and did not change ob-
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Fig. 1.—Vapor pressure~composition diagram for the alumi-
num bromide-benzene system at 17.7°.
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servably with time. The data are summarized in
Table II. The molecular weights were calculated
assuming that the aluminum bromide was present
in unsolvated form (A) and as a complex containing
one mole of benzene (B).

TABLE II

MOLEcULAR WEIGHT DATA FOR SOLUTIONS OF ALUMINUM
BroMIDE IN BENZENE

Press.¢ Molecular weightb
Temp., Press., creg;e, AlBr; Benzene, A AIzBﬁrs-
°C. mm, mm. mmole mmole Al;Brs CsHj
17.7 63.95 3.30 0.625 12.86 503 516
17.7 61.10 6.15 .625 6.57 506 530
17.7 60.80 6.45 .625 5.96 528 556

¢ Decrease observed directly by a differential method.
b Theoretical for Al;Brs: 534.

The results are in somewhat better agreement
with the conclusion that in benzene solution alumi-
num bromide exists primarily in the form of the
unsolvated dimer, Al,Brs. If there is any tendency
toward dissociation into monomer, it appears to be
relatively small.

The vapor pressures of the benzene—aluminum
bromide system were studied over a wide range of
composition. Typical data are shown graphically
in Fig. 1. The vapor pressure is sensibly constant
at 59.9 mm. over the composition range of C¢Hs/
AlBr; from 3.4 to 0.5. It then drops sharply to a
new pressure plateau of 35.8 between the composi-
tion range of C¢He/AlBr; from 0.5 to 0. This last
plateau corresponds to the existence of a solid phase
CsHe-Al:Bre, with the first plateau corresponding to
a saturated solution of this complex in benzene.

The System: Toluene-Aluminum Bromide.—
Here also the vapor pressure—composition data
(Fig. 2) show the existerice of a solid phase CH,-
CsHs-AlBrg with a dissociation pressure at 17.7° of
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Fig. 2.—Vapor pressure—composition diagram for the alumi-
num bromide~toluene system at 17.7° and 0°,
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9.9 mm., with a pressure plateau of 17.3 mm. be-
tween the compositions CH;CeHs/AlBr; from 0.5
to 1.6 representing a saturated solution of the solid
complex in toluene. At 0° the solid phase pos-
sesses the same composition with the dissociation
pressure of the complex having the value 2.7 mm.

Systems of Aluminum Bromide with m-Xylene
and Mesitylene.—We attempted to obtain similar
vapor pressure—composition data for systems of
aluminum bromide with m-xylene and mesitylene.
Unfortunately, the low vapor pressure of these hy-
drocarbons rendered the studies relatively difficult
and the data unsatisfactory. The results will
therefore not be reported at this time.!4

Since the vapor pressure technique, already poor
for m-xylene, proved totally unsatisfactory for
mesitylene, we utilized an indifferent solvent to
examine complex formation between this hydro-
carbon and aluminum bromide. A solution of
0.823 mmole of mesitylene in 27.41 mmoles of cy-
clopentane exhibited a lowering of the vapor pres-
sure of 6.90 mm. as contrasted to 6.88 calculated
for a perfect solution. Similarly 0.3526 g. of alu-
minum bromide in 27.41 mmoles of cyclopentane
produced a vapor pressure lowering of 5.40 mm.,
corresponding to a molecular weight of 549 (caled.
for Al,Brs: 534). However, the lowering in vapor
pressure observed for mixtures of aluminum bro-
mide and mesitylene in the solvent was smaller than
that calculated for the two reagents independently.
The data are reported in Table III. The value of
the equilibrium constant, Kx, was calculated as-
suming that the discrepancy in the vapor pressure
lowering of the solvent was due to the reaction

mesitylene + AlyBrg 2 mesitylene-Al,Brg

The excellent agreement in the values for Kx at 0°,
calculated for two different concentrations of mesi-
tylene, supports this interpretation.

TABLE III

INTERACTION OF ALUMINUM BROMIDE AND MESITYLENE IN
CYCLOPENTANE SOLUTION

Degree Equi-

Press. of librivm
de- Cyeclo- Mole fraction, N associa-  con-
Temp., crease, pentane, Mesity- tion, stant,

°C. mm, mmole  Al:Brs lene a Kx

0.0 9.65 28.07 0.018¢ 0.0721 0.1406 3.90
0.0 5.00 28.06 .0205 .0245 .0962 3.91
17,7 11.25 28.85 .0210 .0250 .0748 2.87
20.5 12.65 27.07 .0211 .0251 0713 2.74

Relative Stability of the Aromatic Aluminum
Bromide Complexes.—It is of considerable interest
to know how the stability of these aromatic
aluminum bromide complexes varies with the struc-
tures of the aromatic component. Data which
can be interpreted in terms of the stability of the
complexes were obtained by preparing 1:1 prod-
ucts of Al,Brs with benzene and toluene and observ-
ing the change in vapor pressure with temperature.
The results are summarized in Table IV.

From these data it appears that the heat of for-
mation of the solid complexes from solid aluminum

(14) Methods for making such vapor pressure-composition studies
under conditions of low vapor pressure are now under development.
We hope to be able to utilize these new techniques for a more complete

study of the m-xyleme and mesitylene systems. This work is being
carried out In collaboration with Dr. William C. Frith.
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TABLE IV

VAPOR PRESSURES AND THERMODYNAMIC DATA FOR Dis-
SOCIATION OF AROMATIC Al;Brg COMPLEXES

keal.
AHDY AHve¢ AHd
Benzene:Al:Brgs

Temp., °C. 0.0 10.2 18.2 10.13 8.09 2.0
Press., mm. 11.65 20.4 37.05

Toluene:Al; Bre®

Temp., °C. 0.0 103 17.1 240 12.20 9.08 3.1
Press., mm. 2.35 5.50 9.3 15.15

@ Solid complex. °® Heat of dissociation: AlBrs-ArH(s)
= Al,Br¢(s) + ArH(g). °Heat of vaporization of hydro-
carbon from ’‘Selected Values of the Properties of Hydro-
carbons,”” National Bureau of Standards, Circular C461,
1947, pp. 136. 2 Heat of reaction (AH = AHp — AH,)
AlBrgArH(s) = AlBrg(s) + ArH(1).

bromide and liquid hydrocarbon is quite small, 2.0
keal. for benzene and 3.1 kcal. for toluene. From
the variation in the equilibrium constant (Kx) with
temperature (Table VI), a heat of reaction of 2.7
keal. is calculated for the reaction

mesitylene-Al;Brg(soln.) = mesitylene(soln.) +
AlzBl’o( sola. )

These results indicate that the complexes are all
substances of a relatively low order of stability.
Unfortunately, because of the characteristics of
the different complexes, the data are not directly
comparable and it is impossible to use the values
to compare the effect of the structure of the hydro-
carbon component upon the stability of the prod-
uct. We are currently extending the inert solvent
technique, used for mesitylene, to a number of
additional hydrocarbons, in the hope of obtaining
quantitative data of this kind.

Nature of the Aromatic Aluminum Bromide
Complexes.—Eley and King!® have recently re-
ported a spectrometric investigation of solutions
of aluminum bromide in benzene. They find a
characteristic absorption band at 2785 A., which
they attribute to AlBren(CeHs), with n probably
having the value 1. They suggest that this com-
plex is to be distinguished from the product C¢He:
AlBr; which both they!? and Plotnikov!! report
from phase studies.

We do not agree with this interpretation. We
believe that our vapor phase-composition studies
definitely support the composition ArH-Al,Bre for
the solid complexes isolated from the benzene- and
toluene—aluminum bromide systems. We further
propose that the proposed existence of solid com-
plexes CgHg-AlBrs!t!2 and 2CsHgsALBrg be ac-
cepted with caution until further confirmatory
evidence is available.

In dilute cyclopentane solutions (0.02 mole frac-
tion) mesitylene and aluminum bromide associate
to complex to approximately 109, (Table III).
Yet in benzene solution the molecular weight data
indicate that there must be relatively little associa-
tion between the aromatic and the halide—that is,
the concentration of the CgHg Al,Brs complex in
the solution must be low. This suggests that there
is an increased tendency for the formation of the
ArH-Al,Brs complexes as one goes from benzene to
mesitylene. Many other studies have shown that
the basic properties of aromatic hydrocarbons in-

(I5) D. D. Eley and P. J. King, J. Chem. Soc., 4072 (1952),
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crease with increasing number of methyl groups.!®
The increase in intensity of the color of the solu-
tions of aluminum bromide in these hydrocarbons
(Table I) also supports the conclusion that these
solutions must contain an increasing concentration
of ArH-Al,Brg complexes as we proceed from ben-
zene to toluene to m-xylene and to mesitylene.

We suggest that these complexes are probably -
complexes!® with the structure

4 Br Br
@—> r>A1——Br——A1<
A\ B Br
It has frequently been suggested that dimeric
aluminum bromide does not itself react with aro-
matic hydrocarbons, but first dissociates into the
monomer which exists associated with the aromatic
hydrocarbon.s While this may occur, we know of
no decisive evidence which requires this conclusion
at the present time. Indeed, Eley and King’s ob-
servation that solutions of aluminum bromide in
benzene obey Beer’s law over a wide range of con-
centration is strong evidence against such a disso-
ciation.
As far as we can now ascertain these complexes
do not have any significant role in Friedel-Crafts
reactions.

Experimental Part?

Materials.—Phillips Research Grade aromatic hydrocar-
bons were treated with anhydrous aluminum chloride and
then distilled through a column rated at 72 plates. A con-
stant boiling center cut was collected and stored over cal-
cium hydride. Commercial aluminum bromide (Eimer and
Amend) was distilled three times in an evacuated all glass

(16) D, A. McCaulay and A, Lien, THis JOURNAL, 78, 2013 (1851);
H. C. Brown and J. D, Brady, #bid., T4, 3570 (1952).

(17) For the experimental values of the vapor pressure-composition
studies and diagrams of the apparatus used in these studies consult
W. J. Wallace's Ph.D. thesis, Purdue University Library.
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apparatus and collected in convenient samples (ca. 0.3 g.)
in small ampoules which were drawn down into thin, fragile
tips. These ampules were sealed under vacuum and the
aluminum bromide was observed to be analytically pure and
to remain in satisfactory condition for the experiments over
long periods of time.

Introduction of Aluminum Bromide.—The aluminum
bromide was introduced in the following manner. The tip
of the weighed ampule was carefully scratched and the am-
pule placed in the side arm of an apparatus containing a
glass-enclosed hammer. The side arm was closed and the
entire apparatus sealed on to the lower end of the reaction
tube. When the system was thoroughly degassed, the glass-
enclosed hammer was lifted slightly with magnets and
dropped onto the fragile, strained tip. The aluminum bro-
mide was then distilled out of the ampule into position in
the reaction tube. The section containing the ampule was
then sealed at the constriction, removed from the remainder
of the apparatus, and the ampule and tip removed and
weighed. Experiment showed that we could in this way
transfer samples of 0.2 to 0.3 g. of aluminum bromide with
an uncertainty of only 0.0003 g. (¢.e., introduced by wt.:
0.2423, 0.2629, 0.2162 g.; found by analysis: 0.2419,
0.2625, 0.2160 g.). The samples thus transferred were
analyzed for aluminum and bromide ions—they were ana-
lytically pure.

Phase Studies.—The aluminum bromide was introduced
as described above into a tube with a magnetically operated
stirrer. A weighed sample of the aromatic hydrocarbon
was condensed into the tube and the tube maintained at
constant temperature with stirring until no change in pres-
sure was observed. Hydrocarbon was added or sub-
tracted to obtain additional points. In all cases the solu-
tions appeared to be stable and did not change with time.

The molecular weight measurements were made using
similar methods. Two tubes, one containing the pure hy-
drocarbon and the other containing the solution of aluminum
bromide, were connected to the two limbs of a manometer,
The apparatus was designed so that the two tubes could be
inserted into the same constant temperature bath. In this
way the pressure lowering was measured directly and the
effects of small variations in the temperature of the bath
were thereby reduced.

The same differential procedure was utilized for the study
of the interaction between mesitylene and aluminum bro-
mide in cyclopentane solution.
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Henry’s law constants were determined for the solubility of hydrogen bromide in benzene, toluene, m-xylene and mesi-
tylene. The solubility increases in the order listed. Aluminum bromide is slightly soluble in liquid hydrogen bromide at
—78.5°; it appears to exist as a dimer in this solvent. Hydrogen bromide and aluminum bromide react with the aromatic
hydrocarbons to form o-complexes with the compositions: ArH;* AlLBri(ArH = benzene, toluene, m-xylene and mesi-

tylene) and ArH,* AlBri (ArH = toluene, m-xylene, mesitylene).
ArH = benzene < toluene < m-xylene < mesitylene.

ArH,* AlBri~ < ArH,* Al,Bri, as well in the order:

unstable solid complex was prepared with the unusual composition: toluene-2HBr-Al;Brs.
At slightly higher temperatures one mole of hydrogen bromide is evolved.
In the presence of excess hydrocarbon the products contain additional
The precise nature of the forces holding these additional aromatic components re-

product is uncertain.
hydrogen bromide is held by crystal lattice forces.
molecules of the aromatic component.
mains to be clarified.

Introduction

The alkylation of aromatic hydrocarbons by
means of the Friedel-Crafts reaction is accompan-
ied by the formation of highly colored (frequently
red), hydrocarbon insoluble oils. These oils have
usually been considered to be undesirable by-prod-

(1) The Catalytic Halides, VI.

(2) Abstracted from a thesis presented by William J, Wallace in par-

tial fulfillment of the requirements for the Ph,D. degree.
(3) Standard Oil Company (Indiana) Fellow, 1950-1952,

The stability of the complexes increases in the order:
At —80° an
The precise formulation of this
It may be that one mole of

ucts, although Gustavson*? demonstrated that they
have marked catalytic properties. In spite of a
number of earlier studies,’~7 the precise nature of

(4) (a) G, G. Gustavson, Ber., 11, 1841 (1878); (b) 2151 (1878);
(c) 16, 784 (1883); (d) J. prakt. Chem., [2] 43, 250 (1890); 68, 209
(1903); (e) 72, 57 (1905).

(5) B. N. Menshutkin, J. Russ, Phys. Chem, Soc., 41, 1089 (1909),

(6) J. F. Norris and D, Rubinstein, THIS JoumNaL, 61, 1163
(1939).

(7) (a) H. Campbell and D. D, Eley, Nature, 184, 85 (1944); (b)
M, H. Dilke, D, D. Eley and M. J. Perry, Resecrch, 3, 538 (1949),



