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Abstract

Toluene was allowed to react with methanol in the presence (W ¢Clg)Clg]-6H,O supported on silica gel. When the temperature
was raised above 30C, the catalytic activity of the cluster appeared. Toluene alkylation proceeded selectively yielding xylenes with a
small amount of trimethylbenzenes. Similarly, the corresponding clusters of Nb, Mo, and Ta catalyzed the reaction. Methylation of xylenes,
trimethylbenzenes, and tetramethylbenzenes also proceeded; however, the main reaction of trimethyl- and tetramethylbenzenes was isomer
ization. Methylation of pentamethylbenzene hardly occurred, but demethylation of pentamethyl- and hexamethylbenzene proceeded. Thus,
the clusters catalyzed methylation, demethylation, and isomerization of the methylbenzenes in the presence of methanol. Hydrogen gas ac-
celerated the reactions. IR analyses of adsorbed pyridine on the catalyst showed the presence of a Brgnsted acid site; however, a Lewis acic
site was not observed. A hydroxo ligand that formed on the cluster complex would be the active site of the catalyst.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Catalysis by halide cluster; Brgnsted acid site on tungsten chloride; Toluene methylation with methanol; Demethylation of methylbenzene; Hydroxo
ligand

1. Introduction ing Beauty”[9]. In recent years, we have reported a series
of reactions catalyzed by halide clusters: intramolecular ring-
More than 100 types of halide clusters have been synthe-attachment isomerization of diethylbenzen#8], isomer-
sized since the first report of molybdenum chloride, which ization of olefing[11], dehydrohalogenation of halogenated
had been synthesized as Me@i 1859[1] and fully charac- alkaneq12], dehydration of alcoholflL3], and decomposi-
terized as [M@CIg"]CIZ”CIMz“*“ in 1967[2]. At present, 17 tion of phenyl acetate to phenol and ketghé]. Although
types of group 3—7 transition metals coordinated with four these reactions proceed over conventional acid catalysts,
types of halogen ligands constitute the halide clug&«Ss]. closer inspection showed some conspicuous features, partic-
They have characteristic features such as a multi-center andularly in terms of selectivity. In order to understand the scope
multi-electron system, an intermediate oxidation state of the and limitations of cluster catalysis and hence to establish the
metal atoms, and high thermal stability, and they have beennature of the active site, they have been studied for various
candidates for catalysts for a long tirnf@-8], like “Sleep- reactions. In this paper, we report that a Brgnsted acid site
emerges by heat treatment of halide clusters and that methy-
* Corresponding author. Tel.: +81 48 467 9399; fax: +81 48 462 4631. lation with methanol of methylbenzenes, such as toluene
E-mail addresschihara@postman.riken.jp (T. Chihara). and xylenes, proceeds over the halide clusters as catalysts.
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Alkylation of the aromatic ring has been widely studied were supported on the silica gel in 5.0wt.% in the same
using ether[15], olefin [16], halogenated hydrocarbon way. Commercial 1,2,3,4-tetramethylbenzene (Tokyo Kasei,
[17], or alcohol [18-21] as an alkylating reagent, and >90%, mp—6°C) and 1,2,3,5-tetramethylbenzene (Tokyo
inter alia methylation of toluene with methanol has been Kasei, >80%, mp—24°C) were repeatedly recrystallized
studied extensively owing to the commercial demand for from the neat liquids in a deep refrigerator until greater
the products. When Friedel-Crafts catalysts such aszAICI than 99% purity was achieved. All of the other organic

[22], AlCl3/charcoal or AlBg/charcoal[16], and BFR [23] compounds (>99%) were commercially available and

are employed for the reaction using alcohol, they serve asused as received. A conventional vertical glass fixed-bed
stoichiometric reagents. Solid acids such agsAlillared microreactor with a continuous flow system was operated at
montmorillonite [24], AIPO;-Al,0O3 [25,26] TiOy/silica- atmospheric pressufgl].

alumina and Mo@/silica-alumina[21], and Nafion-H27], Typically, a weighed supported sample df(200 mg)

a perfluorinated resin sulfonic acid, have been utilized for was packed in a borosilicate glass tube (3mm i.d.) with

the reaction as catalysts. the aid of quartz glass and placed in the center of an elec-

Detailed research has been focused particularly on ZSM- tric furnace. The catalyst sample was initially treated from
5 with a microporous structure, since it has shape selectivity room temperature to 45@€ for 1 h in a stream of hydro-
for production of commercially importamtxylene[28,29] gen (120 mL/h). Within 10 min, the temperature reached the
In the absence of diffusion constraints, the alkylation reac- set point. The reaction was initiated by feeding a mixture of
tion over ZSM-5 iso/p-directing, similar to that of aluminum  toluene and methanol (0.10 and 0.68 mmol/h, respectively)
chloride and amorphous silica/alumina cataly{8]. The into the stream of hydrogen at the same temperature. The
selectivity forp-xylene over H-ZSM-5 catalyst is reported reaction was monitored every 20 min by sampling the reac-
to be rather low at 200C, while highp-selectivity was ob-  tion gas (1 mL) with a six-way valve kept at 100 followed
served at 300C, at which temperature isomerization o by analysis using an on-line GLC (Benton 34 + DNP packed
xylene exceeded the rate of alkylation and accumulation of column). The reactor effluent was frozen in a dry-ice trap for
the bulk productsm ando-xylene in the porg31]. In con- subsequent analyses with GLC (polyethylene glycol capil-
trast, the external surface of H-ZSM-5 is non-seleci8#. lary column for separation of tetramethylbenzene isomers or
Inactivation of acid sites on the external surface without af- dimethylpolysiloxane capillary column for separation of the
fecting its intercrystalline void space by CVD with alkox- other products) and GC/MS (dimethylpolysiloxane capillary
ides[33] or adsorption of quinoling34] was achieved, and  column). Analyses of the trapped products showed that the
enhancedg-selectivity was obtained. Treatment with phos- material balance based on toluene was around 90% and that
phorus or boron compounds reduced the dimensions of porethe main products were xylenes with small amounts of ben-
openings and channels sufficiently to permit favorable forma- zene, ethylbenzene, and trimethylbenzenes. Analyses of the
tion and outward diffusion gf-xylene[35]. Another method gaseous products in the gas sampler also showed the forma-
for distinguishing the inner or outer active site is to com- tion of methane, ethane, and ethylene. In this report, conver-
pare the catalytic activity between large and small crystals sion and selectivity will be discussed based on the data from
[18,30,36,37]Halide clusters treated in this study are in the the on-line GLC analyses. The conversion was proportional
form of molecules and supported on silica gel. These sup-to the amount of the catalyst and hydrogen carrier gas, and
ported clusters have no such micropore structures, and hencénversely proportional to the amount of the reactant mixture
the intrinsic reactivity of all the methylbenzenes with or with- added. Then the reactants were in saturated adsorption. For
out methanol will be shown on the cluster catalyst. IR measurements, the silica gel or the supported sample of
1 on silica gel (15 mg) was pressed to form a tablet (10 mm
0.d.). It was treated in a stream of hydrogen at 45Gor
2. Experimental 1h and adsorbed with pyridine (20 mmHg) at 2@for 1 h,
followed by evacuation at ambient temperature for 30 min.
Crystals of the molecular cluster complexes of
[(NbgCl12)Cl2(H20)4]-4H20 [38], (H30)2[(M0gClg)Cle]-
6H,O [39], [(TagCl12)Cl2(H20)4]-4H,O [38], and 3. Results and discussion
(H30)2[(WgClg)Clg]-6HO (1) [40] were synthesized
according to the published procedures followed by repeated3.1. Methylation of toluene over halide clusters
recrystallization to give well-grown crystals. Methanol
(350mL) was added to a 1L flask containing canary yellow A typical reaction profile of toluene over supported
1 (0.452(9). After dissolution of the cluster, silica gel (H30)[(WgClg)Clg]-6H20 (1) on silica gel is plotted in
(Nippon Aerosil, Tokyo, Aerosil 380#&tg, 8.60g) was Fig. 1, showing the decrease in activity with time. Analy-
added and allowed to stand for 1 h with occasional shaking. ses by on-line GLC showed the formation of methane, which
Then the solvent was evaporated to dryness under vacuumwvould be produced from methan@®0], with small amounts
at ambient temperature. Masses of the dried silica gel wereof ethane and ethylene as gaseous products. Deposition of
crushed and screened to 150-200 mesh. All of the clusterscoke formed by polymerization of ethylene may retard the
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Fig. 1. Typical activity and selectivity profiles for methylation of toluene
with methanol over (BO)2[(WeClg)Clg]-6H20 (1)/SiO, under an H
stream. Following the treatment of the supportédon silica gel
(200mg) in a stream of $H (120 mL/h) at 450C for 1h, reaction was
started by introduction of a mixture of toluene and methanol (0.10,
0.68 mmol/h, respectively) to the jHstream at the same temperature.
Conversion = products/(products + recovered toluen&)0 (%), selectiv-
ity = product/total amount of products100 (%) based on aromatic com-
pounds. Decomposition of the aromatic ring was not detected.

reaction. In the same reaction over AIR®BI>03 [25], Y-
zeolite [41,42], and various zeolite catalysf43], the de-
crease in activity is ascribed to coke deposition. Cluster

shows that W metal exhibited no catalytic activity under the
same reaction conditions. Mononuclear tungsten hexachlo-
ride cannot be used as a catalyst under the same reaction
conditions because it boils at 34¢. Clusterl is a coordi-
natively saturated stable complex that has no metal-metal
multiple bonds. Silica gel or no catalyst did not yield any
of the reaction products. Hence, halide clusteteveloped
catalytic activity on thermal treatment by taking advantage
of its thermal stability and low vapor pressure, as well as its
high melting point.

The chloride clusters of Nb, Mo, and Ta with an octahe-
drally arranged M metal core also catalyzed the reaction, as
shown inTable 1 The selectivity ovedl was not similar to
that over supportetibut rather similar to that over supported
(H30)2[(MogClg)Clg]-6H20 of the same group 6 metals.
Selectivity may be affected by supporting. The selectivities
over supported Nb, Ta, and W cluster catalysts were similar:
xylenes as main products in around 90% selectivity with
an o-, m, and p-isomer ratio of 2:1:1; trimethylbenzenes
resulted from successive methylation in 4-13% selectivity;
and benzene caused by demethylation in 3% selectivity. The
comparable ratio foo-, m-, andp-xylene of 2:1:1 is reported
over ordinary acid catalysfd3] such as AIP@-Al>03 [25]
and Nafion-H[27]. The preferential formation af-xylene

catalyzed methylation of toluene to yield xylenes in higher is also reported over large-pore zeolitg41,42] and meso-
than 80% selectivity, and successively, trimethylbenzenesporous aluminosilicate MCM-4]44]. Moreover,o-xylene

with 13% selectivity after 4 h of reaction, as showrHg. 1

is the first product in the cavity of medium-pore ZSM-5

On the other hand, the selectivity for side chain alkylation [43]. This selectivity is explained theoretically on acidic
to produce ethylbenzene was as low as 0.8%. Demethyla-catalystd45,46]by electrophilic attack on the aromatic ring
tion proceeded to a small extent, producing benzene in 3%[47] under kinetic contro[25]. On the other hand, almost

selectivity.
Table 1summarizes the catalytic activity of various clus-

no methylation of the side chain to produce ethylbenzene
proceeded except for over Mo cluster. This side chain

ters of group 5-7 metals and related compounds. This tablealkylation is generally accepted over base catalysts such as

Table 1
Methylation of toluene with metharfol

Supported cluster Conversion (%Belectivity (%Y

Benzeneo-Xylene m-Xylene

p-Xylene 1,2,3-MgCg¢H3 1,2,4-MgCgsH3 1,3,5-MgCsH3 Ethylbenzene

[(NbgCl12)Cl2(H20)4]-4H,0 3.0 39 457 205
(H30)2[(M0ogClg)Clg]-6H,O 1.8 338 167 191
[(TagCl12)Cla(H20)4]-4H,O0 2.2 28 445 205
(H30)2[(WeClg)Clg]-6H,O 105 32 377 214
(H30)2[(WsClg)Clg]-6H,0% 1.0 509 149 134
(H30)2[(WeClg)Clg]-6H,0° 4.2 6.9 411 210
(H30)2[(WeClg)Clg]-6H20 7.2 0.0 435 209
Re;Clg 0.0
ResClg® 17 795 22 6.0
SiO, 0.0
W metal Q0
NapWO,-2H,09 0.0

237 1.9 2.7 0.0 hrg
174 0.0 0.0 0.0 13
265 1.3 2.4 0.0 a
242 5.0 7.3 0.4 3]
106 3.6 14 2.1 2
235 2.3 3.6 0.0 B
242 3.9 6.5 0.0 0]

4.0 0.0 0.0 0.0 8

a After treatment of supported cluster (5 wt.% on silica gel, 200 mg) in a strearp (2@ mL/h) at 450C for 1 h. Reaction was started by introduction of
a toluene—methanol mixture (0.10 mL/h, 0.68 mmol/h each) at the same temperature.

b Conversion = products/(products + recovered ethylbenzed€) (%) after 4 h of reaction.

¢ Selectivity = product/total amount of productsl00 (%) after 4 h of reaction.

d Unsupported crushed crystalline cluster (150-200 mesh, 200 mg).
€ Under He.

f Under Nb.

9 5wt.% on silica gel, 200 mg.
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Fig. 2. Effect of temperature on the reaction of toluene with Fig. 3. Effect of the amount of toluene on the reaction with methanol

methanol over (HO)2[(WeClg)Clg]-6H20 (1)/SiO, under an H stream. over (H5O)2[(WeClg)Clg]-6H20 (1)/SiO, under an H stream. Methanol,
Both pre-treatment and reaction temperatures were altered con-28plL/h (0.68 mmol/h). Other reaction conditions were the same as in
comitantly. Other reaction conditions are the same asFig. 1 Fig. 1 Selectivity for ethylbenzene was less than 1% and omitted for clar-
Conversion = products/(products + recovered toluen&)0 (%), selectiv- ity. Conversion = products/(products + recovered methando (%), se-

ity = product/total amount of products100 (%) based on aromatic com-  lectivity = product/total amount of products100 (%) based on aromatic
pounds 4 h after the reaction started. compounds 4 h after the reaction started.

basic Y-zeolite[48], potassium-cation-exchanged zeolite
49], Cs-exchanged zeolite, alkali-impregnated ca )
E;m(} magnesi[aSl]g. Thus, clusters of Nt?, Tg, and W egi?gited [(WeCle)Cla(Hz0)] = [WeCle]Cl2Claz (2) +2H20
acidic character in the catalysis. (>300°C) (2

When supported was treated in the same way in a he-
lium or nitrogen stream, its selectivity remained virtually
the same as listed ifable 1 However, its catalytic activ-
ity became rather low, indicating the participation of hydro-
gen molecules. Metallic rhenium that resulted from rhenium
chloride, RgClg, by hydrogen reduction under the reaction
conditions[12] had no catalytic activity. However, the rhe-
nium cluster catalyzed demethylation under helium.

The effects of temperature on reactivity and product selec-
tivity over 1 are presented iig. 2 There are two obvious as-
pectsinthe reaction. Catalytic activity appeared above €50
and increased with increasing temperature up to>@@ith
constant selectivity. At temperatures above 4Z5the activ-
ity decreased with increasing temperature and the selectivity
changed with temperature: the selectivity for trimethylben-
zenes as well as far- and p-xylenes decreased, but those
for benzene andxylene increased with increasing temper-
ature. Thus, an apparent isomerization proceeded by the re3-2. Effect of the amount of toluene and methanol
versible methylation and the isomeric distribution of xylenes
approached the thermodynamic equilibrium distribuf&s. ~ The effect of the amount of toluene on the methyla-

We have reported, based on XRD analyses, that unsup-tion over supportedl is presented inFig. 3 The con-
ported molecular crystals af began to lose their water ~ Version of methanol increased with increasing _a_mount qf
of crystallization and protonated water, converting to an toluene, and about 90% of the methanol was efficiently uti-

The octahedral cluster framework ofgh 2 was definitely
retained up to 400C in a hydrogen streaifil]. Although

the present catalyst employed was in the form of a sup-
ported cluster on Sig) this supported cluster would retain
the cluster framework since the selectivity was sustained
up to 400°C, as shown inFig. 2 Treatment ofl above
450°C exhibited neither obvious Raman peaks attributable
to the W metal framework nor XRD patterns assignable
to 2 [11]. However, when the 45@C-treated dark brown
sample was washed with methanol followed by filtration
and acidification with hydrochloric acid, was recovered

in 69% yield. Clusted was partly disrupted but a large por-
tion should be strongly deformed to change its vibrational
modes as well as its crystal structure, and hence the selectivity
changed.

aquated cluster complex [(§€1g)Cla(H20),] above 100C lized fqr thg methylation in the presence of toluene more
(Eq. (1)), and that they changed to a chlorine-bridged three- than eight times the molar amount of methanol, suggest-
dimensional solid state cluster pElg]Cl>Clas (2) with low ing the stronger adsorption of methanol. When 1/16 equiv-

crystallinity above 300C (Eq.(2)). The eliminated hydro- alent of toluene was employe_d, the app_arent conversion of
gen chloride as well as water was removed in the stream of Meéthanol was only 1.7%. This conversion may be small;

hydrogen: however, it corresponds to 27% conversion of toluene used
under an ample supply of methanol, implying weaker ad-
(H30),[(WgClg)Clg] - 6H20 (1) sorption of toluene than methanol. The increase in xylene

selectivity and the decrease in trimethylbenzene selectiv-
ity with increasing amount of toluene can be elucidated
(1) by the relative abundance of toluene. The relative selectiv-

— [(WeClg)Cla(H20),] 4+ 2HCI+ 6H,0 (> 100°C)
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15 3.3. Methylation and demethylation of methylbenzenes

Methylation of methylbenzenes over supporigd sum-
marized inTable 2 Unsubstituted benzene did not react under
the conditions; however, methylation of methylbenzenes
other than hexamethylbenzene proceeded. The increasing
reactivity order of toluene, xylenes, and trimethylben-
zenes accords with the increasing proton affinity order of
polymethyl-substituted benzenfs3]. The same reactivity
order is reported on the Nafion-H cataly&7]. Hence, the
acid site onl would catalyze this electrophilic substitution.
116 /4 p 4 16 Side chain methylation of toluene occurred in 0.8% selectiv-
ity. However, no other side chain methylations of the other
methylbenzenes were observed at all, which precludes base
Fig. 4. Effect of the amount of methanol on the reaction with toluene Catalysis.
over (H30)2[(WgClg)Clg]-6H20 (1)/SiO, under an H stream. Toluene, Successive methylation of toluene proceededadde 1
72pL/h (0.68 mmol/h). Other reaction conditions were the same as in shows. The same feature was observed for xylenes, which
Eigb 1 rie'fci“‘r:“y f?fdethg"ze:‘zgnetwfrs 'esvs trhz”t 1|% a;goo(';“/“)ted {Or clar- yielded trimethylbenzenes as the main product and tetram-
ti\):itygprﬁdsuc(;t/totp;tloar?:(:)jntpof0 p:JocdlSJctsi%% 1(30;) baos:znon aror?];jce ce(():m— ethylbenzenes as a,by_p'_‘OdUCt' ,G,e,nera”y’ this type O_f low
pounds 4 h after the reaction started. substrate selectivity in which the initial product successively

reacts is observed over some other catalysts: Nafi¢27H

AIPO4-Al,03 [25,26] Aljiz-pillared montmorillonite[24],

and mesoporous MCM-4#4]. A highly energetic methyla-
ities for xylenes were not affected by the amount of toluene tion species is assumed to participate in the rea¢fi@h
added, and-xylene was obtained predominantly through-  Xylene methylation afforded 1,2,4-trimethylbenzene pref-
out. In the toluene methylation with methanol over acidic erentially, irrespective of the equilibrium distribution, which
zeolite catalysts, methanol is Strongly adsorbed in compet- contains a maximum amount of the 1,3,5-i50|’f@t]1 as
itive adsorption with t0|uen{a43]. The relative selectivities shown inTable 2 Essentia”y the same consequence was ob-
for xylenes were practically constant under kinetic control served for AIPQ-Al,O3 [25] and Nafion-H catalystg27].
with an o-, m+, and p-xylene selectivity of 2:1:1[25,26] The 2-position ofp-xylene is unique, the 4-position @k
On the whole, the Selectivity profiles iIIustratedFiig. 3are Xy|ene is sterica”y not crowded, and the 4-p05iti0nn@f
reasonable. xylene is electron-rich with less steric hindrance. In all cases,

The effect of the amount of methanol is presented in 1 2 4-trimethylbenzene is expected as the main product in the

Fig. 4 The conversion of toluene increased with increasing electrophilic substitution of the aromatic rings. On the other
amount of methanol. However, the maximum conversion of hand, the formation of 1,3,5-trimethylbenzene was minor in

toluene was not more than 15%, even when a 16-fold ex- || cases, since it can be formed only fromxylene, as long

cess amount of methanol was employed, which also demon-as the methyl migration can be ignored and the electron den-
strates that the adsorption of toluene was weaker than thatsjty of the 5-position ofn-xylene is low.

of methanol. It is generally accepted that the alkylation of In methy|ation of Xy|ene5, isomerization and demethy_
toluene with methanol proceeds via electrophilic substitution |ation were observed in 10-20% and 4-9% selectivity, re-
[28], and that a Brgnsted acid site on zeolite catalysts is thespectively. Superimposition of these reactions complicated
active center and is covered with methafdal]. The strongly  the methylation. These side reactions were pronounced in
adsorbed methanC[H3] is activated to a carbenium ion, the absence of methanol. When and p-Xy|enes were al-
which reacts with weakly adsorbed toluej3d] or toluene  |owed to react in the absence of methanol, the main reaction
in the cavity of zeolites through the Eley—Rideal mechanism changed to isomerization, yielding thermodynamically sta-
[26,43] blem-xylene, as shown ifiable 2 Demethylation, as well as
One of the remarkable features of the selectivities shown methylation, proceeded in around 10% selectivity.
in Fig. 4is that demethylation of toluene increased signifi-  \When the three isomers of trimethylbenzene were allowed
cantly with decreasing amounts of methanol. The selectivity to react with methanol, isomerization proceeded mainly. A
ratio for o-, m, andp-xylenes is the same as that shown in  predominant side reaction was methylation yielding 1,2,3,5-
Fig. 3 as long as the methanol/toluene ratio is greater thantetramethylbenzene, which can be formed by direct methy-
1. In contrast, the selectivity fon-xylene, which is thermo-  |ation of each trimethylbenzene. The distribution of the
dynamically the most stable isomer among the tHfes, tetramethylbenzene isomers is roughly proportional to that in
increased with decreasing methanol fraction. Apparent iso- equilibrium at 450 C [54]. Demethylation of trimethylben-
merization was also shown under conditions of insufficient zenes was also observed in around 10% Se|ectivity_ S|m||ar|y,
alkylating reagent. tetramethylbenzenes underwent those three reactions. Thus,

10

Conversion of toluene / %
Selectivity / %

Methanol / Toluene



Table 2
Methylation of methylbenzenes with methanol oveg@%[(WesClg)Clg]-6H20 (1)/SiO, catalyst

Substrate Conversion (%) Selectivity (%Y

Benzene Toluene o-Xylene mXylene p-Xylene 1,2,3- 1,2,4- 1,3,5- 1,2,3,4- 1,2,3,5- 1,2,4,5- MesCgH  MegCsg

ME3C6H3 M83C6H3 M63C6H3 ME4C6H2 ME4C6H2 ME4C6H2

Benzene ®m
Toluené 105 3.2 - 377 214 24.2 49 7.3 0.5 0.0 0.0 0.0 0.0 0.0
o-Xylene 294 0.0 37 - 30 89 208 358 21 108 87 6.4 0.0 0.0
o-Xyleneé® 24.6 0.9 112 - 673 9.6 13 75 16 0.1 04 01 0.1 0.0
m-Xylene 184 0.0 14 17 - 179 17.2 409 4.6 50 6.2 49 0.0 0.0
p-Xylene 188 0.0 87 31 180 - 24 528 24 19 6.0 46 0.0 0.0
p-Xylene® 785 1.4 144 211 527 - 08 6.7 24 0.0 04 01 0.0 0.0
1,2,3-MegCgH3 24.4 0.0 26 80 6.1 0.2 - 375 17 15 330 6.0 34 0.0
1,2,4-MegCgH3 224 1.1 Q5 4.4 57 26 243 — 299 4.0 144 117 15 0.0
1,3,5-MegCgH3 94.7 1.1 Q8 25 47 18 156 359 - 42 163 122 47 0.2
1,2,3,4-M@CgH> 817 0.1 01 01 01 0.0 20 32 05 - 371 259 304 05
1,2,3,5-MgCgHo' 285 1.9 Q8 01 02 01 11 35 24 85 — 336 472 04
1,2,4,5-M@CgH,9 57.3 0.0 16 09 14 07 26 124 54 194 112 - 445 0.0
MesCgH" 62.7 - 56 03 12 0.8 20 87 14 92 332 351 - 23
MesCs' 87.2 - 70 0.9 0.5 0.2 0.9 31 0.4 33 100 6.8 668
MegCe/ 96.4 - 94 12 0.8 02 11 4.0 09 4.4 148 104 529 -
MegCs¥ 215 — 120 01 02 01 0.0 05 04 19 41 23 785 —
MegCs' 85 — 142 01 01 01 0.0 0.7 03 13 30 48 755 —
Equilibrium distributio 25 52 23 16 32 52 18 38 44
Relative basicity 0.01 3 9 1 18 18 1400 85 2800 60 4350 44500

2 After treatment of supported cluster (200 mg) in a stream {320 mL/h) at 450C for 1 h, reaction was started by the introduction of a mixture of substituted benzene and methanol (0.68 mmol/h
at the same temperature.

b Conversion = products/(products + recovered ethylbenzed€p (%) after 4 h of reaction.

¢ Selectivity = product/total amount of productsl00 (%) after 4 h of reaction.

d Ethylbenzene was produced in 0.8% selectivity.

€ In the absence of methanol.

f 1,2,3,5-M@CgH2:MeOH:ether = 1:1:5 (mole ratio, 1,2,3,5-M&H, and MeOH 0.68 mmol/h each).
9 1,2,4,5-M@CgH2:MeOH:ether =1:1:1 (mole ratio, 0.68 mmol/h each).

h MesCgH:MeOH:CsHg = 1:1:1 (mole ratio, 0.068 mmol/h each).

I MegCg:MeOH:CgHg = 1:1:20 (mole ratio, MgCs and MeOH 0.068 mmol/h each).

J MegCg:CgHg = 1:20 (mole ratio, MgCg0.068 mmol/h), in the absence of MeOH.

K In He stream, MgCs:MeOH:CgHg = 1:1:20 (mole ratio, MgCs and MeOH 0.068 mmol/h each).

I In He stream, MgCs:CgHg = 1:20 (mole ratio, MgCs0.068 mmol/h), in the absence of MeOH.
M Equilibrium distribution among three isomers of each di-, tri- and tetramethylbenzene &t f8051].
" Relative basicity of benzene rifg0].

6-T (5002) 92z [MP1way 1y sisA[ered Jejnasjoy Jo [eulnor / ‘e 18 Iyonbiwey S



S. Kamiguchi et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 1-9 7

clusterl catalyzed methylation, demethylation, and isomer- 1445
ization of the polymethyl-substituted benzenes, and their ra-
tio depended largely on the number of methyl substituents.
As Table 2shows, methylation of pentamethylbenzene
was difficult and demethylation proceeded almost exclu-
sively, even in the presence of methanol. Demethylation of
hexamethylbenzene also proceeded under hydrogen, both in
the presence and absence of methanol. The same catalytic ac-
tivities, methylation and demethylation, have been reported
on an acidic large-pore zeolite, into which hexamethylben-
zene can penetrate. H-beta catalyzed methylation of toluene

L

1540 1489 c

Absorbance

i,_

with methano[55,56]and demethylation of hexamethylben- 1550 1500 1450
zene under nitrogefb7] or polymethylbenzenes under he- Wave number / cm’™
lium [58].

In the reaction of pentamethylbenzene, toluene was Fig. 5. IR spectra of pyridine adsorbed ons®)[(WeCls)Cls]-6H20
formed in about 6% selectivity, regardless of the slight forma- (1/SiC2: Sample powder (15mg) was pressed into a disk (L0mm diam-
. eter) and treated in a hydrogen stream at45@or 1 h (A), followed by
tion of xernes.TabIe 2also _ShOWS that t0|ue_n_e W_as pr_oduced introduction of pyridine (B). Catalyst sample after 4 h of reaction (C) and
from hexamethylbenzene in 7-14% selectivity in spite of the ynsupported silica gel (D) were treated in the same way.

slight formation of xylenes and trimethylbenzenes under both

hydrogen and helium streams. Benzene was used as a solve%tIuster framework has been confirmed at least up to°@00

d Y, y revealing the formation of a poorly crystallized solid state

the methyl groups. . cluster of2. Elemental analyses showed that the total amount
Table 2shows that the conversion of hexamethylbenzene .

increased when the helium stream was replaced with a h “of W (72.4%) and ClI (26.7%) in the 40C-treated sample

! W u W P W Y of 1 was 99.1%, and therefore some components, presum-

drogen stream. Similarly, an obvious accelerating effect of ably originating from the water i, were left in the treated

the hydrogen stream was observed in toluene methylation, as : N _
shown inTable 1 In contrast, W metal scarcely showed cat- sample. Very weak broad peaks atributable ere ob

. S ' ) served by XRD analysis of the 45C-treated sample df,
alytic activity with hydrogen: when evaporated porous films . . : .
of W metal were used for hvdroaenation of ethvlene. the cat- which also supported some oxygen atoms being retained in
alvic acti \tN a: onl 1/136 OO% of tlhat of Rhyme159] the treated samples. Consequently, the halogen ligands would
G?lolu 6 r|:1/|e¥a\lNatoms )éf the 'halide cluster complexes s.hould have reacted with the coordinated water, eliminating HCI to
be isgelectronic with the platinum metals b tgkin two or produce hydroxo or oxo species as expressed in(Ejjand

P : v 9 . (4) in imperfect crystals o2, when the cluster was treated at

more electrons from the halogen ligands, as discussed previ-

ously[9,10]. The participation of hydrogen could be ascribed above 300C.
to this effect. [(WgClg)Cla(H20)2] — [(WeClg)Cl3(H20)(OH)] + HCI
3.4. Adsorption of pyridine on the activated cluster )

The IR spectrum ol/SiO, treated at 450C in a hydro-
gen stream followed by adsorption of pyridineisillustrated in  [(WeClg)Cl3(H20)(OH)] — [(WClg)Cl2(H20)(0)] + HCI
Fig. 5with related spectra. A band at 1445 chattributable 4)
to hydrogen-bonded pyridine to the surface silanol group is
common in each spectruf60,61] The two bands at 1540
and 1489 cm? assignable to pyridinium ion in the spectrum
of 1/SiOy, both before and after the reaction, show the pres- O
ence of a Brgnsted acid site &anHowever, there is no band
that is characteristic of coordinatively bonded pyridine in the

) : ) _ H

1449-1460 cm? region, and hence there is no Lewis acid M\e\ .
site. NS

A previously proposed mechanism for the appearance of N /O\ /
active sites on the cluster can be summarized as follows Si ;
[11-14] When 1 was heated under hydrogen gas above / '\ /U
100°C, evolution of HCI gas commenced as expressed in
Eq. (1) and it continued above 30, implying an addi- Fig. 6. Suggested intermediate in toluene alkylation with methanol over

tional route other than ER). The retention of the octahedral  zeolite.
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HoO N

Fig. 7. Activation of halide cluster complex.

From the IR analyses of the adsorbed pyridine, the formation merization, and methyl transfer can be depicted as shown in
of a Brgnsted acid site, presumably ascribed to the hydroxoFigs. 7 and 8

species expressed in E@), was ascertained, which would

be the catalytically active site of the reactions. In this case,

Lewis acid sites cannot be generated. Similar examples of4. Conclusions

catalysis by Brgnsted acid site originating from aqua ligands

have been reported in heteropoly adiéi3,63] When the tungsten halide cluster 3®l),[(WgClg)

A possibility existed that the catalytic reaction proceeded Clg]-6H,0O (1) was treated in a stream of hydrogen above
on the oxygen atoms simply bridging Si and W atoms, and 100°C, it changed to an aqua complex [§&lg)Cl4(H20),].
then a supported sample of N8O, on silica gel was pre-  Above 300°C this complex successively turned to a poorly
pared and applied to catalysis. As showitable 1 it had no crystallized solid state complex [MZIg]Cl>Cla/2 (2) that con-
catalytic activities for the methylation of toluene. tained a hydroxo complex such as [§@lg)Cl3(H20)(OH)].

For toluene methylation with methanol over zeolite, the This hydroxo group would exhibit a new type of Bragnsted
commonly accepted reaction scheme suggests that an acacid site, which catalyzed methylation with methanol,
tivated form of methanol, the methyl cation, reacts with demethylation, isomerization, and intermolecular methyl
weakly adsorbed toluene, as illustrated-ig. 6 [36,64] In transfer of methylbenzenes. Niobium, tantalum, and molyb-
the cluster catalysis, this intermediate would be adopted by denum halide clusters of the same metal framework also
replacing the silica-alumina catalyst with the cluster moi- displayed the catalytic activity. A similar example of the
ety. Consequently, the activation of halide cluster complex appearance of a Brgnsted acid site has been reported:
and the mechanism for the methylation, demethylation, iso- heteropoly acid has several types of protons, one of which

originates from its coordinated water.

H
|
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