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A novel heterogeneously catalyzed condensation of benzyl alcohol to form anthracene is re-
ported. The reaction involves an orthoalkylation of a surface benzyl oxide species by the benzyl
cation from a neighboring benzyl oxide to form o-hydroxymethyldiphenylmethane which under-
goes cyclodehydration followed by aromatization to yield anthracene. Reactions have been carried
out with alumina and modified alumina catalysts (fluorided and sodium ion-impregnated), HY-
zeolite, phosphotungstic acid, and silicotungstic acid. Mechanistic features of the reaction are
discussed. A simple and efficient synthesis of anthracene from benzyl alcohol over HY-zeolite is

also described. © 1989 Academic Press, Inc.

INTRODUCTION

Benzyl alcohol undergoes dehydration to
dibenzyl ether and water and dispropor-
tionation to benzaldehyde, toluene, and
water, over alumina, at around 300°C (/-3).

AlO;

2 PhCH,OH 2% PhCH,OCH,Ph
AlLOy

AlOs

2 PhCH,0H 0 PhCHO + PhCHs;

In the course of a study of these reac-
tions, it was observed that at high tempera-
tures anthracene was formed in substantial
quantities. While there are reports on the
formation of anthracene from benzyl alco-
hol and related molecules in the presence of
aluminium chloride (4, 5), this reaction un-
der heterogeneous catalysis in the vapor
phase does not seem to have been reported.
Simple alkylation of aromatics by alcohols
in the presence of alumina, zeolites, etc., is
also known (6-9). The present paper de-
scribes the details of a study of the forma-
tion of anthracene from benzyl alcohol over
oxide catalysts.
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EXPERIMENTAL

Preparation and Characterization of
Catalysts

The alumina catalyst (sample 1) was pre-
pared by the slow hydrolysis of double dis-
tilled aluminium isopropoxide (/0) by atmo-
spheric moisture as reported elsewhere
(11). Fluorided alumina catalysts were pre-
pared by the reaction of alumina with HF
solutions (12). The fluoride content was de-
termined spectrophotometrically (/3). So-
dium ion-doped catalysts were prepared by
impregnation with sodium carbonate solu-
tions as reported elsewhere (/4). The so-
dium ion content was estimated by flame
photometry (/5). Alumina and modified alu-
mina catalysts were activated by heating at
100°C for 12 h and further calcination at
600°C for 6 h. High silica faujasite zeolite-
Y was prepared by a seed slurry activated
crystallization method (/6). Sodium ions
were exchanged with ammonium ions using
5% NH4CI1 solution and the resulting solid
was heated at 100°C for 6 h and calcined at
500°C for 3 h to obtain HY-zeolite. Phos-
photungstic acid (HPW) was prepared from
sodium tungstate and disodium phosphate
using the procedure reported elsewhere
(17). Commercial silicotungstic  acid
(HSiW) sample (LOBA, India) was used as
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such. Both HPW and HSiW were activated
at 355°C for 3 h. Alumina (sample 8) was
prepared by pyrolysis of aluminium isopro-
poxide as reported in the literature (/7).

X-ray diffraction studies were performed
to characterize all these catalysts and sur-
face area measurements were performed
for alumina (216 m?/g) and modified alu-
mina catalysts (no appreciable change in
surface area upon modification). Acidity
measurements were performed by the titra-
tion of solid catalyst suspended in dry ben-
zene with n-butylamine solution using
Hammett indicators (I8). The total acidity
of the catalysts was in the order HPW >
HSiW > HY-zeolite > F~/ALO; > ALL,O; >
Na*/ALO;. When compared to alumina,
fluoridation increases the total acidity and
also creates stronger acidic sites and so-
dium ion impregnation lowers the total
acidity and also the number of stronger
acidic sites.

Apparatus and Experimental Techniques

The catalytic flow reactor and the general
experimental technique have been de-
scribed previously (19). Products were ana-

lyzed using HPLC (LC5A, Shimadzu, Ja-
pan, Zorbax ODS 4.6 mm X 15 cm column,
100% methanol solvent system, spectro-
photometric detector) and GLC (CIC, In-
dia, FFAP 109 on 60- to 80-mesh Chromo-
sorb G, acid-washed white, 6 ft length, § in.
diameter column, N, carrier, FI detector 1
in. = 25.4 mm, 1 ft = 30.5 cm). Identifica-
tion was made by comparison of retention
times with authentic samples and estima-
tion was made by the internal standard
method.

RESULTS AND DISCUSSION

Benzyl alcohol, when passed over differ-
ent oxide catalysts (Al,Os, fluorided AlLO;,
HY-zeolite, phosphotungstic acid, and sili-
cotungstic acid) at 300-500°C, has been
found to yield anthracene in addition to the
normal dehydration product dibenzyl ether
and the disproportionation products benz-
aldehyde, toluene, and water. The results
are given in Table 1.

PhCH,OH —";—‘:; anthracene

+ PhCH,0OCH,Ph + PhCHO + PhCH;

TABLE 1

Reactions of Benzyl Alcohol over Oxide Catalysts at Different Temperatures

No. Catalyst Temperature  Conversion Yield (%)
°C) (%)
Toluene Benzaldehyde Anthracene Dibenzyl Unaccounted?
ether

1 7,~ALO; (sample 1) 300 80 18 17 — 35 10
2 m-AlLO; (sample 1) 350 93 25 24 12 21 11
3 n-AhO; (sample 1) 355 100 29 28 14 17 12
4  7-AlO; (sample 1) 380 100 34 33 19 — 14
5  1~AlO; (sample 1) 400 100 25 26 34 — 15
6  n-AlOs (sample 1) 450 100 15 34 45 — 6
7 n-AhLO; (sample 1) 500 100 14 37 43 — 6
8 4.75% F-/ALLO, 355 100 20 17 46 Trace 17
9 4.75% F/AlLO, 400 100 10 8 70 — 12
10 4.75% F-/ALO; 450 100 8 11 69 — 12
11 4.75% F~/ALO, 500 100 7 12 63 — 18
12 HY-zeolite 250 59 23 2 Trace Trace 14
13 HY-zeolite 300 90 33 32 12 — 13
14 HY-zeolite 355 100 18 16 50 — 16
15 HY-zeolite 400 100 10 8 73 — 9
16  HY-zeolite 450 100 9 15 65 — ii
17 HY-zeolite 500 100 8 17 64 —_ i1
18  HSiW 355 97 25 17 25 7 23
19 HPW 355 96 24 22 33 5 12

Note. Reagent, 5 ml of benzyl alcohol in 15 ml of benzene; catalyst, 5 g; flow rate, 22 ml/h.

“ Mole percent based on benzyl alcohol taken.
» Small amount of PhCH-Ph, PhCH>CH,Ph, and losses.
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Toluene and benzaldehyde individually
and as a mixture did not yield any anthra-
cene over these catalysts. Benzyl alcohol
itself did not yield anthracene in the ab-
sence of the catalyst.

When dibenzyl ether was passed over
alumina under the reaction conditions, it
decomposed completely yielding anthra-
cene as the major product in addition to
toluene, benzaldehyde, and water.

PhCH,OCH,Ph % anthracene + PhCH;

+ PhCHO + H,0O

Both benzyl alcohol and dibenzyl ether
are known to give, on adsorption over alu-
mina, the same benzyl oxide surface spe-
cies. o-Benzylbenzyl alcohol (I) formed by
the interaction between two such surface
alkoxide species is the likely intermediate.

PhCH,OCH,Ph

ALO;
OH

A1203\
—-H;0
2PhCH,0H -
|

Attempts to isolate this intermediate (I)
were unsuccessful but gas chromatographic
analysis showed its presence in traces in
the product mixture. When the intermedi-
ate (I) prepared independently was sub-
jected to the same experimental conditions,
anthracene was obtained quantitatively.

On the basis of the above studies,
Scheme I is proposed for the formation of
anthracene, over alumina. On the more
acidic catalysts (HY-zeolite and heteropoly
acids) the alkylating species are likely to be
benzyl cations rather than benzyl oxides.

Effect of Temperature on Selectivity

Table 1 gives the results obtained from
the reactions of benzyl alcohol over the dif-
ferent catalysts at different temperatures
(300-500°C). The product distribution is the
result of several competing reactions which
are temperature dependent (Scheme 1I).
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SCHEME I

At low temperature (300°C), over alu-
mina both dehydration to ether and dispro-
portionation to toluene, benzaldehyde and
water were found to occur. Anthracene
could not be detected at this temperature
except on HY-zeolite (No. 13, Table 1).
Figure 1 illustrates the variation of the for-
mation of toluene, benzaldehyde, and an-
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Fi1G. 1. Effect of temperature on product distribu-
tion.

thracene at different temperatures ranging
from 300 to 500°C over alumina.

Toluene and Benzaldehyde

Up to 400°C the ratio of benzaldehyde to
toluene in the product mixture is main-
tained at 1. This is evidently because, as
has been reported earlier (/-3), the two are
formed in the same primary reaction step,
namely disproportionation either from ben-
zyl alcohol or from the ether (Scheme II).
The yield of toluene and benzaldehyde in-
creases with temperature and reaches a
maximum at about 380°C and then de-
creases. This is because at higher tempera-
tures, the competing reaction, formation of
anthracene, takes over. Above 400°C the
ratio of benzaldehyde : toluene is no longer
unity but increases due to yet another com-
peting reaction, namely dehydrogenation of
benzyl alcohol to benzaldehyde and hydro-
gen as reported earlier (20). This trend is
found on the other catalysts also (Nos. 10
and 11, F/ALO;, and Nos. 16 and 17, HY-
zeolite, Table 1).

Anthracene

Anthracene formation involving the al-
kylation of the aromatic nucleus requires

fairly high temperature. It starts around
350°C and reaches a maximum yield around
450°C over alumina. The gradual decrease
in its yield above 450°C may be due to the
competing dehydrogenation reaction.

Dibenzyl Ether

Dibenzyl ether was detected only at low
temperatures. At high temperatures, it un-
dergoes further reactions to give anthra-
ceneg, toluene, and benzaldehyde.

Role of Acidity of the Catalyst

Among the catalysts listed in Table 1
acidity increases in the order Al,O; < F~/
ALO; < HY-zeolite = heteropoly acids. It
can be seen from Table 1 that at any given
temperature selectivity for anthracene for-
mation also increases in that order (Nos. 3,
8, and 14, Table 1) except for the hetero-
poly acids (Nos. 18 and 19, Table 1). The
heteropoly acids are less porous solids of
much lower surface area than ALO; or the
zeolite. It is possible that the texture of the
catalyst may also play a role in the selectiv-
ity. Alumina, fluorided alumina, and HY-
zeolite contain both Brgnsted and Lewis
acidic sites but heteropoly acids are known
to be Brgnsted acids. The formation of an-
thracene may require both Brgnsted and
Lewis acid sites which may also be a reason
for the lower yield of anthracene over het-
eropoly acids. To verify the role of acidity
on selectivity further, alumina catalysts im-
pregnated with sodium ions (Nos. 4-7, Ta-
ble 2) and a relatively low acidic alumina
(11) obtained by the pyrolysis of aluminium
isopropoxide (No. 8, Table 2) were pre-
pared and used for the benzyl alcohol reac-
tions (see Table 2).

From Table 2, it is clear that ether forma-
tion is favored by sodium ion-doped alu-
mina catalysts containing weak acidic sites
(samples 4-7) and the disproportionation is
favored by fairly acidic pure alumina cata-
lyst (sample 1). The result obtained in the
case of sample 8 (11), a weakly acidic cata-
lyst, corroborates this conclusion.

The fluorided catalysts (samples 2 and 3)
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TABLE 2

Reaction of Benzyl Alcohol over Alumina and Modified Alumina Catalysts at 380°C

No. Catalyst Conversion Yield (%)”
(%)
Toluene Benzaldehyde Anthracene Dibenzyl Unaccounted
ether
1 n-AlO; (sample 1) 100 34 33 19 — 14
2 2.11% F-/AL,0; 100 20 19 53 — 8
3 4.75% F~/AlLO4 100 16 16 61 —_ 5
4 0.25% Na*/Al,0, 100 33 32 17 1 17
5 0.50% Na*/AlL,O, 100 31 30 14 7 18
6 1.00% Na*/Al,Os 95 27 26 11 14 17
7 1.50% Na*/Al,Os 81 15 13 S 31 17
8 ALQO; (sample 8) 88 15 16 7 37 13

Note. Reagent, 5 ml of benzyl alcohol in 15 ml of benzene; catalyst, 5 g; flow rate, 22 ml/h,

« Refer to footnotes « and b of Table 1.

are more selective for anthracene formation
than for disproportionation suggesting that
increased acidity favors the former reac-
tion, as discussed already. Figure 2 shows
the influence of sodium ions on different
reactions of benzyl alcohol over alumina.
The formation of anthracene, toluene, and
benzaldehyde decreased as the amount of
sodium ion increased, while ether forma-
tion increased. Increasing the Na* content
decreases the acidity of alumina. The shift
in selectivity shows that both dispropor-
tionation and anthracene formation are re-
actions which require relatively stronger
acidity than ether formation.
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F1G. 2. Effect of sodium ion content of alumina on
product distribution.

Substituted Benzyl Alcohols

Benzyl alcohols substituted in the side
chain and in the nucleus were included in
the present investigation. In the case of
benzhydrol, only the disproportionation re-
action was found to occur to yield ben-
zophenone, diphenylmethane, and water
over alumina as already reported (20).

OH

l AlO;3

Ph—-CH-Ph W PhCOPh + PhCH,Ph
+ H,O

When 1-phenylethanol was passed over
alumina at 400°C, the dehydration product,
styrene, was obtained in a major amount in
addition to the disproportionation products
namely acetophenone and ethylbenzene.
The expected 9,10-dimethylanthracene was
not detected. Reactions of 2-, 3-, and 4-
methylbenzyl alcohols over alumina
yielded in each case a mixture of hydrocar-
bon derivatives in addition to the ether and
disproportionation products, The 'H NMR
of the solid mixture showed the presence of
a methy! group but the efforts to separate
the individual compounds from the mixture
by column chromatography were not suc-
cessful. At high temperatures, demethyl-
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ation was also noted, which further in-
creased the complexity of the mixture.

Synthetic Utility

Reactions of benzyl alcohol over HY-ze-
olite have been optimized to form a conven-
ient method for preparing pure anthracene.
A solution of 0.2 mol of benzyl alcohol
(21.6 g) in benzene (diluted to 50 ml) was
passed over a bed of HY-zeolite (10 g) at a
rate of 22 ml/h at 400°C. The products were
collected in a water-cooled condenser. Af-
ter being dried over anhydrous Na,SOy, the
solvent was evaporated. A viscous liquid
was obtained. Addition of a small amount
of hexane to it yielded solid product. The
solid anthracene was filtered from the reac-
tion product mixture and recrystallized
from hot hexane. The yield was 11.5 g
(64.5% based on benzyl alcohol) (mp =
216°C).

CONCLUSIONS

The results of our study of the reaction of
benzyl alcohol over oxide catalysts under
different experimental conditions led us to
the following conclusions:

1. Dibenzyl ether is formed over weakly
acidic catalysts (Na*-doped alumina and
alumina prepared by pyrolysis of alumin-
ium isopropoxide) at low temperature
(300°C).

2. Disproportionation of benzyl alcohol
and decomposition of dibenzyl ether to tol-
uene, benzaldehyde, and water are facili-
tated by fairly acidic catalysts (pure alu-
mina) at moderately high temperature
(380°C).

3. Anthracene formation is favored over
highly acidic catalysts (fluorided alumina
and HY-zeolite) at higher temperatures
(>400°C).

4. At temperatures above 400°C, a fourth

competing reaction, dehydrogenation of
benzyl alcohol to benzaldehyde occurs.
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