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N-Salicylidene derivatives were prepared from the respective
amines*7 by the usual procedure.?® Yields and physical properties
are given in Table III.

References and Notes

(1) This is part 23 in the Vanderbilt University series, "“Optically Active
Amines’’. Part 22: H. E. Smith, E. P. Burrows, M. J. Marks, R. D. Lynch, and
F.-M. Chen, J. Am. Chem. Soc., 99, 707 (1977).

(2) (a) University of Uppsala; (b) Vanderbilt University; (c) Tennessee State
University,

(3) R. Dahlbom, A. Lindquist, 8. Lindgren, U. Svensson, B. Ringdahi, and M.
R. Blair, Jr., Experientia, 30, 1165 (1974).

(4) A.Lindquist, B. Ringdahi, U. Svensson, and R. Dahlbom, Acta Chem. Scand.
B, 30, 517 (1976).

(5) B. Ringdahl and R. Dahlbom, Acta Chem. Scand. B, 30, 812 (1976).

(6) B. Ringdahl and R. Dahlbom, Acta Chem. Scand. B, 30, 993 (1976).

(7) B. Ringdahl and R. Dahibom, to be published.

(8) -H. E. Smith, J. R. Neergaard, E. P. Burrows, and F.-M. Chen, J. Am, Chem.
Soc., 96, 2908 (1974).

(9) H. E. Smith, E. P. Burrows, E. H. Massey, and F.-M. Chen, J. Org. Chem.,
40, 2897 (1975). ’

(10) D. Heinert and A. E. Martell, J. Am. Chem. Soc., 85, 183, 188 (1963).

J. Org. Chem., Vol. 42, No. 26, 1977 4187

(11) P. W. Alexander and R. J. Sleet, Aust. J. Chem., 23, 1183 (1970).

(12) J. A. Schellman, Acc. Chem. Res., 1, 144 (1968).

(13) C. Sandorfy, “‘Electronic Spectra and Quantum Chemistry”, Prentice-Hall,
Englewood Cliffs, N.J., 1964, pp 341 and 342.

(14) R. Bonnet in “Chemistry of the Carbon-Nitrogen Double Bond’', S. Patal,
Ed., Interscience, New York, N.Y., 1970, Chapter 4.

(15) H. E. Smith and R. Records, Tetrahedron, 22, 813 (19686).

(18) H. E. Smith and T. C. Willis, Tetrahedron, 28, 107 (1970).

(17) H.E. Smith, L. J. Schaad, R. B. Banks, C. J. Wiant, and C. F. Jordan, J. Am,
Chem. Soc., 95, 811 (1973).

(18) H. E. Smith, E. P. Burrows, J. D. Miano, C. D. Mount, E. Sanders-Bush, and
F.-Sulser, J. Med. Chem., 17, 416 (1974).

(19) H. E. Smith and H. E. Ensley, Can. J. Chem., 49, 2902 (1971).

(20) H. Ripperger, K. Schreiber, G. Snatzke, and K. Ponsold, Tetrahedron, 25,
827 (1969).

21 H.gE. Smith, E. P. Burrows, and F.-M. Chen, J. Org. Chem., 41, 704
(1978).

(22) K. A. W. Parry, P. J. Robinson, P. J. Sainsbury, and M. J. Waller, J. Chem.
Soc. B, 700 (1970).

(23) (B.QK?;Z, M. Brith, B. Sharf, and J. Jortner, J. Chem. Phys., 54, 3924
1971).

{24) H. E. Smith, E. P. Burrows, E. H. Massey, and F.-M. Chen, J. Org. Chem.,
40, 2897 (1975).

(25) H. E. Smith, S. L. Cook, and M. E. Warren, Jr., J. Org. Chem., 29, 2265
(1964).

Heterogeneous Catalysis by Solid Superacids. 3.12 Alkylation of
Benzene and Transalkylation of Alkylbenzenes over Graphite-Intercalated
Lewis Acid Halide and Perfluorinated Resin-Sulfonic Acid (Nafion-H)
Catalysts

George A. Olah,* Joseph Kaspi,!b and Josef Bukalal®

The Institute of Hydrocarbon Chemistry, Department of Chemistry, University of Southern California,
Los Angeles, California 90007, and The Department of Chemistry, Case Western Reserve
University, Cleveland, Ohio 44106

Received May 31, 1977

The use of superacidic solid catalysts in heterogeneous gas-phase alkylation reactions, such as the ethylation of
benzene by ethene and the transethylation of benzene with diethylbenzene, was studied. Such catalysts enable us
to conduct the reactions under relatively mild conditions and to obtain clean reaction products. Reactions were car-
ried out in a flow system, in the gas phase, in the temperature range of 125-210 °C at atmospheric pressure. Interca-
lated AlCl3 and AlBrs gave good initial yields of alkylated products. The lifetime of the catalyst was, however, limit-
ed as the active Lewis acid is leached out from the catalyst, causing a sharp decline in the catalytic activ@y with on-
stream time. Other possible reasons of the deactivation of the catalyst are also discussed. A perfluorinated sulfonic
acid resin catalyst (Nafion-H) was found to have a much better stability, while showing good catalytic activity. Al-
cohols were also found to dehydrate in the gas phase efficiently over this catalyst and could be used as alkylating

agents for benzene.

Friedel-Crafts alkylation and transalkylation reactions
are traditionally carried out in the liquid phase. Catalysts are
generally based on aluminum chloride and related Lewis acid
halides. The ethylation of benzene with ethylene to form
ethylbenzene using aluminum chloride as catalyst is one of the
largest chemical processes carried out in industry. Application
of solid supported catalysts in heterogeneous vapor phase
ethylation started to gain importance only recently. One of
the major difficulties is the sluggishness of the ethylation re-
action, Ethene is far less readily protonated than, for example,
the more polar propene, and its equilibrium with the ethyl
cation is rather unfavorable. Few (if any) of the known solid
acid catalysts are able to catalyze efficiently the ethylation of
benzene or the transethylating benzene with polyethylben-
zenes (which are inevitably formed as by-products in the
ethylation of benzene). This is not the case with the isoprop-
ylation of benzene to cumene. Cumene has been industrially
produced for decades over supported acid catalysts such as

* Address correspondence to this author at the University of Southern Cali-
fornia.

supported phosphoric acid. Obviously, the more polar propene
is protonated much more readily than ethene and polyiso-
propylbenzenes also transalkylate benzene with greater
ease.

In continuation of our studies of Friedel-Crafts and su-
peracid chemistry, our interest was directed to the possibility
of applying solid superacidic catalysts to heterogeneous re-
actions.!-3 These catalysts can be based either on Lewis acid
halides bound or intercalated to suitable supports or solid
(polymeric) protic acid, such as perfluorinated resin sulfonic
acids. :

Results and Discussion
The alkylation of benzene with ethene and propene (eq 1)

_ CHRCH,
@ + RCH==CH, —> ©/ (1)

R=H,CH;

and the transethylation of benzene with diethylbenzenes (eq
2) was studied over several solid superacidic catalysts. Reac-
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Table 1. Ethylation of Benzene with Ethene over Graphite-Intercalated Metal Halides

Metal halide AlCl; AlCl, AlCly AlCl3 AlBrg SbF5 FeCly
% intercalated 16.6 16.6 16.6 28.4 4.5 26.1 50.5
Temp, °C 125 160 200 160 160 160 185
[CeHgl/[CoHy] ratio 3.3 34 3.2 3.5 3.3 3.6 3.2
Onstream time, h % conversion (based on ethene)

1 61.7 41.7 15.1 60.4 31.7 4.8

2 10.3 12.0 5.7 62.9 15.1

3 5.4 7.3 2.4 43.8

4 4.3 5.3 1.7 33.7

5 2.9 5.7 1.9 26.5

6 1.9 14 0.7 6.8

7 2.6

8 2.2

9 1.7

10 1.5
C.H, C.H; sensitivity of this catalyst to hydrolysis and other impurities.

O O—:0 w

tions were carried out in the gas phase in the temperature
range of 125-210 °C.

A, Reactions over Graphite-Intercalated Metal Ha-
lides. Many metal halides when heated with graphite are ca-
pable of inserting themselves between the graphite layers thus
forming intercalates.? As a result the distance between the
graphite layers is increased from 3.35 to 9-10 A depending on
the intercalated halides. Some chlorides such as aluminum
chloride are intercalated only in the presence of chlorine gas
and it was shown® that the intercalated AICI; contains more
than 3 Cl atoms per Al atom. Lately,® intercalation of AlCl;
and other halides was also achieved by treating graphite with
solutions of the metal halides. Higher valency metal fluorides
such as SbF57 and AsF38 were also shown to intercalate easily
into graphite. Wide-line NMR studies showed that interca-
lated SbF;5 behaves as a liquid well below the freezing point
of SbF5.9

The possibility of intercalating metal halides into graphite
suggested their use as Friedel-Crafts catalysts.? Lalancettel!
reported the catalytic activity of intercalated AlCl; for aro-
matic alkylations of liquid hydrocarbons with alkyl halides
or alkenes as alkylating agents. In his experiments the inter-

-calate was stirred in the solution as a heterogeneous catalyst.
It was found that intercalated AICl3 is a milder catalyst than
neat AICls. The rate of the reaction was somewhat lower but
the tendency to form polyalkylbenzenes was reduced. It was,
however, observed that under these conditions AlCl; is leached
out from the intercalate into the reaction medium and reac-
tions thus may be to a significant degree catalyzed in the
conventional fashion with the intercalate serving only as a
reservoir for the AICl3 catalyst.

We have studied graphite intercalated aluminum chloride
and bromide, as well as antimony pentafluoride and ferric
chloride, as solid heterogeneous catalysts for the gas-phase
ethylation of benzene with ethene. A flow system with a fixed
bed catalyst was used in our experiments. Products were
collected, periodically sampled, and analyzed by gas-liquid
chromatography. Results obtained are summarized in Table

As seen from data in Table I intercalated AICl3 and AlBr,
are efficient ethylation catalysts. High initial conversions were
observed at temperatures as low as 125 °C. Of the two addi-
tional acidic haldies investigated SbF; gave lower initial
conversions and rapidly lost activity, indicating the extreme

The weaker Lewis acid FeClz was, on the other hand, inactive.
However, both the AICl; and AlBr; intercalates were efficient
only for 3 to 6 h under the continuous experimental conditions.
Reactivity declined with onstream time and the catalyst be-
came deactivated after 6 to 8 h.

Transethylation of benzene with diethylbenzenes was also
studied over the same catalysts at 180 °C. Results are shown
in Table I1. Good initial catalytic reactivity was again observed
which decreased sharply with onstream time.

Several factors can contribute to the loss of the catalytic
activity. Upon following the course of the AlClz-graphite-
catalyzed reaction aluminum chloride was found (analyzed
as hydrolyzed chloride) in the liquid products and HCl was
found in the effluent gases. The amount of the eluted chloride
in each fraction was measured. Figure 1 shows the amount of
the eluted chloride against the conversions obtained in the
ethylation of benzene.1? As seen from the figure the elution
of AlCl3 and the loss of catalytic reactivity are related to each
other. In the ethylation reaction loss of 30% of the overall
aluminum chloride content caused complete deactivation of
the catalyst. Similar results were also obtained in the tran-
sethylation reaction of benzene with diethylbenzenes.

There may be two reasons for the loss of the catalytic ha-
lides. The first is the possible hydrolysis of AlCl; by small
amounts of moisture in the feed. It is known#P that interca-
lated FeCl; which is more stable to hydrolysis by aqueous
HCI4P also showed loss of chloride ion during attempted
transethylation reaction. This is in accord with the desorption
of metal halide from the catalyst. Intercalation into graphite
is a reversible process and there is always a certain vapor
pressure of the free metal halide at the reaction temperatures
studied. The conditions in a fixed bed flow reactor favor de-
sorption because the desorbed aluminum halide is readily
complexed by the organic reagents and thus can be contin-
uously carried away by the fresh feed. This is also sustained
by the observation that the completely deactivated catalyst
kept further loss of AlCls at approximately the same rate
(Figure 1). These observations are in accord with Lalancette’s
observations concerning intercalation of metal halides from
their solutions in CCl4.8 Intercalation took place only for ha-
lides which are slightly soluble in CCly. Those which showed
better solubility stayed in the solution and did not intercalate
(or were desorbed to the extend that no intercalation was
observed).

Therelation between the catalytic activity and the overall
amount of intercalated AlCl; is not a simple one. The actual
catalytic sites of intercalated metal halides are not well known.
Considering the layer structure and steric requirements of the
intercalate it is reasonable to assume that catalysis can take
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Table II. Transethylation of Benzene with
Diethylbenzene over Graphite-Intercalated Metal

Halides
Metal halide AlCl3 AlBrs SbF;
% intercalated 28.4 4.5 26.1
Temp, °C 180 180 180
[CGI‘IG]/[CGH4Et2] ratio 4 4 4
Onstream time, h % conversion (based on
diethylbenzene)
1 45.0 66.2 2.4
2 70.4 51.8 :
3 66.9 414
4 70.3 3.1
5 56.9
6 16.2
7 13.8
8 15.2
9 12.7
10 10.4

place only on the exposed surface areas or edges but not in the
deeper layers of the catalyst. For steric reasons alone the
reactants cannot be expected to penetrate well into the deeper
layers containing metal halides. Diminished reactivity thus
may involve desorption of the metal halide from the catalyt-
ically active exposed areas which, however, account only for
a fraction of the overall amount of intercalated halide. One
must further consider the probable migration of halide in-
tercalated into the deeper inside layers of the surface areas.
Comparative elementary analysis of fresh catalyst and sam-
ples of the same catalyst taken from the reactor after pro-
longed reaction time showed that 56% of the chlorine and 34%
of the aluminum were lost in the spent catalyst. ESCA spectral
study, which is detecting the upper 30 A of the catalyst’s
surface, showed at the same time chlorine loss of 66 and 32%
loss of aluminum. These results indicate that the bulk of the
graphite-intercalated catalyst loses AlCl; at a different rate
than the catalytically active exposed surface areas. In a typical
ethylation reaction it was observed that complete deactivation
of the catalyst took place after ca. 30% of the chloride was lost
(Figure 1). Such an amount of AlCls is much too large to be
present on the surface alone. Furthermore, even after the
catalytic activity is completely lost, chlorine continues to be
eluted at about the same rate. This shows that at the reaction
temperature (160 °C) there is some equilibration between the
AlCl3 in the deeper lattice areas and that of the surface.

We had already mentioned the possible hydrolysis of the
metal halide by traces of moisture in the feed. Analytical data
of the deactivated catalysts indeed clearly show that more
chloride than aluminum is lost from the catalyst, i.e., the ratio
Cl/Alin the spent caltalyst decreases, in good agreement with
partial hydrolysis of exposed AlCls. As the result of hydrolysis
chloride is lost as HCI, while the aluminum remains as a
nonvolatile hydroxide (or oxide).

Finally, there must be considered another source of catalyst
deactivation, not connected with loss of the metal halide.
Ethene and other alkenes are well-known poisons for many
solid acidic catalysts as they have the tendency to polymerize
on the catalyst surface. Higher pressure reactions and high
dilution of ethene by the alkylated compound give partial
relief from this problem. The transalkylation reaction which
does not involve etheéne shows much lesser tendency for
deactivation. :

B. Reactions over Perfluorinated Resin-Sulfonic Acid

(Nafion-H). Sulfonated ion exchange resins, of the cross-.

linked polystyrene type (Dowex, Amberlyst) in which the
sulfonic acid group is bound to the polymeric framework, are
frequently used as acid catalysts of moderate strength. The
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Figure 1. Yield of ethylbenzene and loss of chloride from intercalated
AlCl; against onstream time in the ethylation of benzene by eth-
ene,

Table III. Alkylation of Benzene over Nafion-H Catalyst

Alkene
Temp, [CgHgl/  Contact  conversion,

Alkene °C [alkene] time, s %

Ethene 110 4 7 10
150 4 6 24

180 4 6 36

190 34 3.5 44

Propene 110 1.5 7 9
150 1.5 6 16

180 1.5 6 19

180 3 4 21

180 6 4 29

use of such sulfonic acid resins in acid catalysis was reviewed.!?
The acidity of these catalysts can be enhanced by complexing
with Lewis acid halides such as AlClg,** SbFs5, or TaF; and the
like. However, by increasing the acidity to the superacidic
range, protolytic cleavage (degradation) of the hydrocarbon
polymer backbone can take place. We therefore searched for
strong resin sulfonic acids which at the same time are stable
under highly acidic conditions. The commercially available
copolymer of a perfluorinated ether and perfluoroalkanesul-
fonic acid, Du Pont’s Nafion resin,!® used as its K salt in di-
electric membranes material, in its activated free acid form
(Nafion-H) was found to fulfill best these requirements.

(1) Alkylation with Alkenes and Transalkylation with
Dialkylbenzenes. When ethene or propene were reacted with
benzene over Nafion-H at temperatures between 125 and 190
°C, alkylated benzenes were obtained with yields significantly
increasing at higher temperatures. The results are summarized
in Table III. Transalkylation of benzene with diethylbenzene
(as well as diisopropylbenzene) was also found to be efficiently
catalyzed by Nafion-H. Using a typical ratio of benzene:di-
ethylbenzene of 4.5:1 the yield of ethylbenzene (based on di-
ethylbenzene) was 45% at 130 °C and 76% at 190 °C. At 130
°C there was no decline in the reactivity of the catalyst after
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Table IV. Dehydration of Alcohols over Nafion-H
Catalyst

Olah, Kaspi, and Bukala

Table V. Alkylation of Benzene with Alcohols over
Nafion-H Catalyst

%

Contact dehydra- Product

Alcohol Temp, °C .time, s tion  %alkene % ether

i-PrOH 100 10 9 100
130 9 28 45 55
160 8 >97 100

n-PrOH 130 4.5 8 47 53
160 8 96 100

t-BuOH 120 5 100 100

15 h onstream time (the longest experiments carried out) and
at 190 °C after 8 h., This contrasts sharply with the rapid
deactivation of intercalated metal halides. However, the
thermal stability of Nafion-H rapidly decreases at the region
of 220 °C. Extended exposure to such temperatures results
in loss of sulfonic groups and of activity which is substantiated
by observed loss of sulfur as found by ESCA spectroscopy in
the thermally deactivated catalyst.

The selectivity of Nafion-H in effecting polyalkylation is
relatively low. About 20% of the alkylated products at 190 °C
are diethylbenzenes. The isomeric composition of the di-
ethylbenzenes is 9% ortho, 75% meta, and 34% para. Venuto!6
studied the ethylation of benzene over a rare earth exchanged
Zeolite X catalyst. He found that with a feed composition of
benzene/ethene of 5:1 the ratio of diethylbenzene/ethylben-
zene was 1:4.65. Similar results were obtained with a silica~
alumina catalyst.!7 Ten percent diethylated products were
obtained using a feed ratio benzene/ethene of 10:1. The large
amount of m-diethylbenzene formed shows significant ther-
modynamically influenced isomerization (probably in the
arenium ion intermediates). Electrophilic attack on ethy!-
benzene is prone to occur initially at the ortho and para po-
sitions. Isomerization is, however, incomplete as higher
amounts of m-diethylbenzene were obtained in the isomer-
ization of diethylbenzenes using AlCl3,1718 Nafion-H,!® or
Zeolite Y type?0 catalysts. Formation of substantial amounts
of m-diethylbenzene is common for all acidic catalysts. The
strong complexing ability of AICl3 (or its conjugate acid) helps
to form increased amounts of the meta isomer, whereas sil-
ica—alumina gives amounts similar to those obtained with
Nafion-H. The less acidic zeolite Y is reported to give mostly
the ortho and para isomers.2 Formation of sec-butylbenzene,
expected by possible ipso attack of ethene on ethylbenzene,
was detected with some catalysts such as supported phos-
phoric acid,!? ferric phosphate,!” or AlCl3-NiQ-Si05.2! In
some cases sec-butylbenzene is indeed an important alkyla-
tion product. No sec-butylbenzene was found, however, with
AICl; (maybe due to the ready dealkylation of sec-butylben-
zene with such a strong catalyst). Similarly there was no evi-
dence for the formation of sec-butylbenzene using Nafion-H
catalyst.

(2) Alkylation with Alcohols. Perfluoro resin sulfonic
acids of the Nafion-H type also allow the use of alcohols as the
alkylating agents. Water formed as by-product in the reactions
does not affect the acidic groups of the catalyst by hydrolysis.
The use of alcohols instead of alkenes indeed improves the
lifetime of the catalyst. With alcohols no ready polymerization
side reactions take place whereas alkenes, such as ethene, can
poison the catalyst by polymer formation on its surface. To
avoid polymer formation it was recommended to use higher
pressures and to introduce first the benzene into the reactor
followed by the ethene-benzene mixture. The use of alcohols
which form water as a by-product thus inhibits polymerization
and helps-to minimize poisoning of the catalyst.

The behavior of several neat alcohols over Nafion-H cata-
lyst in the gas phase was studied. The results, summarized in

[CeHg]/  Temp, Contact % alcohol

Alcohol [ROH] °C time, s conversion
EtOH 2.6 180 9 3.5

2.6 210 8 6
n-PrOH 0.85 110 10 0

0.85 175 9 5

2 175 9 17
1-PrOH 2 170 9 11

2 210 8 16

A

Table 1V, show that the alcohols are efficiently dehydrated
under these conditions. There is no evidence for other side
reactions such as dehydrogenation2?2 or decomposition??®
often found over other solid acid catalysts. The ease of dehy-
dration is in the order tertiary > secondary > primary alco-
hols. At higher temperatures the alcohols are dehydrated in
nearly quantitative yield and the appropriate alkenes are
formed. At lower temperatures ether formation predominates.
The ease of the dehydration of alcchols over Nafion-H
prompted us to study their alkylating ability of benzene under
similar conditions.

The alkylation of benzene was studied with ethanol, 1-
propanol, and 2-propanol. The results of these alkylations are
summarized in Table V. 1-Proponal gave only cumene as the
alkylation product. Propylbenzene could not be detected. This
indicates the intermediacy of the 2-propyl cation in the al-
kylation process. The initial formation of O-protonated 1-
propanol is assumed as the first step of the reaction. This
species was indeed shown to be formed from 1-propanol in
FSOsH-SbF5 at low temperatures232 and to cleave to water
and propyl cation above 0 °C.23b But the sole formation of
cumene as the reaction product rulés out the possibility of
alkylation by it through an SN2 type process. Hydration of the
2-propyl cation to give 2-propanol is not a favored reaction
under the reaction conditions. The only alcohol recovered
from an incomplete conversion of the feed was 1-propanol.
The 2-propyl cation either alkylates benzene or reforms (via
proton elimination) propene. In control experiments under
the same conditions propene was found to hardly react with
water over Nafion-H to give 2-propanol. Alkylation of benzene
by alcohols gave lower yields than with alkenes. Possible
reasons may be the difference in the catalytic activity as a
consequence of water formed?2¢ or the shorter contact time for
the alkylation reaction as dehydration clearly precedes al-
kylation and thus decreases the de facto contact time for the
alkylation step.

Conclusions

The alkylation of benzene and the transalkylation of al-
kylbenzenes were studied in the gas phase over highly acidic
solid catalysts. The high activity of these catalysts permitted
the use of relatively low temperatures and atmospheric
pressure, instead of the higher temperatures and pressures
usually employed in such reactions, without significantly af-
fecting the yields. The major difficulties encountered with
these catalysts are their relatively short lifetime and ease of
deactivation. Perflorinated resin-sulfonic acids such as Naf-
ion-H were found to give significant improvement in this re-
gard. They offer the possibility to extend the application of
acid-catalyzed Friedel-Crafts reactions to “clean” heteroge-
neous gas-phase reactions without complex formation and
many of the side reactions observed in solution chemistry.

Experimental Section

Materials. Ethene and propene were at least 99.5% pure. Aromatics
used were highest purity commercial products (>99%). Diethylben-
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Figure 2. Scheme of the catalytic reactor: (1) alkene supply; (2) flow
controller; (3) syringe pump; (4) reservoir for liquid feed; (5) evapo-
rator; (6) reactor; (7) condenser; (8) liquid product receiver; (9, 10)
traps; (11) CaCls drying tube; (12) water absorber; (13) receiver for
water; (14) water reservoir; (15) pyrometer; (16, 17) heater power-
stat.

zenes used were a commercial mixture containing 8% ortho, 66% meta,
and 26% para isomer.

Catalytic Reactor. We used a single pass, fixed bed flow reactor
which is schematically depicted in Figure 2. When Nafion-H was used
as a catalyst the HCl absorption system (No. 11-14 in Figure 2) could
be omitted.

Catalysts. Graphite intercalated metal halides were either pre-
pared according to known procedures’?5 or were commercially
available (Alfa Products). Nafion 501 as the potassium salt was ob-
tained from the Du Pont Co. The acidic form (Nafion-H) was pre-
pared by treatment with 20% aqueous nitric acid followed by that with
fluorosulfuric acid.

Procedure for Catalytic Alkylations. Reactions were carried out
in a 170 X 12 mm glass tube reactor in which the catalyst was sup-
ported by a sintered glass disk. The reactor was charged with 1 g of
the activated dry catalyst, while dry Ng was passed through generally
at the rate of 5 mL/min. The reactor was electrically heated. The re-
actions were introduced with a syringe pump at a constant liquid rate
of 0,02 mL/min. Products emerging from the catalytic reactor were
condensed and analyzed at time intervals by gas-liquid chromatog-
raphy. During individual experiments the reactor temperature did
not deviate by more than +1 °C. The maximal variation of the tem-
perature in all the experiments was less than 4 °C. Under the used
experimental conditions the space velocity was in the range of 1.6-2.2
X 1078 mol/s-g catalyst and the contact time over the catalyst (if
otherwise not indicated) was 4-5 s. Variations are mainly due to the
different molecular weights and densities of the liquid reactants, as
they were introduced on a fixed volume basis.
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Analysis of Products. Products were analyzed by gas-liquid
chromatography using a Perkin-Elmer Model 226 gas chromatograph
equipped with flame ionization detector. A 150 ft X 0.1 in, capillary
column coated with m-bis(m-phenoxyphenoxy)benzene + Apiezon
L at 120 °C separated the products very efficiently.
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