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Anisole and methylanisoles are rearranged when passed in the gas phase over highly acidic solid perfluorinated 
resinsulfonic acid (Nafion-H) catalyst at  205 "C and atmospheric pressure. A mixture of anisole, mono- and di- 
methylanisoles, phenol, cresols, and xylenols was obtained. Methyl alcohol and phenol (for cresols) reacted under 
the same conditions to give a mixture of 0- and C-methylated products. The latter reaction was shown to proceed 
via fast initial 0-methylation of the phenol followed by an intermolecular rearrangement of the aryl methyl ether 
to methylphenols. Rearrangement of anisole and methylation of phenol gave 0 -  and p-cresol. Methylanisoles or a 
mixture oi' cresol and methyl alcohol yielded mixtures of mono- and dimethylated ring products. When the di- 
recting effects of the methyl, methoxyl, or hydroxyl groups oppose each other, as is the case with 0-  and p-methyla- 
nisoles or cresols, 6-14% of products methylated meta to the methoxyl or hydroxyl group was obtained. Isomeriza- 
tion and ring transmethylation were negligible under the experimental conditions. Nafion-H was also compared 
to other solid catalysts. Its lack of selectivity toward ortho methylation is attributed to the absence of basic sites 
on the catalyst. 

Alkylation of phenols by alcohols is well known.3 Gas- 
phase methylation of phenol by methyl alcohol was reported 
by Ipatieff as early as 1925.4 Liquid phase, acid catalyzed 
methylation gave ortho and para substitution with low se- 
lectivity. Meta alkylation was reported in some cases,5 but 
forcing conditions were required and the meta isomer was 
obtained via secondary isomerization. Lately, solid catalysts 
of the mixed oxides type containing basic sites, or acidic and 
basic sites, were found to catalyze efficiently the methylation 
of phenols with methyl alcohol with high selectivity for ortho 
methylation. 

Recently we reported the use of highly acidic perfluorinated 
resin sulfonic acid catalysts, such as Nafion-H,G for the al- 
kylation of benzene and alkylben~enes.~ In continuation of 
our studies we felt it of particular interest to  study the 
methylation of phenols with methyl alcohol using mild reac- 
tion conditions (ca. 200 "C and atmospheric pressure) and to 
compare the activity of Nafion-H with other solid catalysts. 
The behavior of anisoles and methylanisoles was also studied 
under the same Conditions. 

Experimental Section 
Materials. Methyl alcohol, phenols, and anisoles used were of 

highest commercially available purity, higher than 99%. Dimethyla- 
nisoles and xylenols used for comparison in identifying products in 

0022-326317811943-3142$01.00/0 

the GLC analyses were also commercially available. The activation 
of the Nafion-H catalyst was as m e n t i ~ n e d . ~  

Experimental Procedure. The catalytic flow reactor and the 
general procedures used were described previously.s All the reactions 
were carried out at  205 "C in a Nz flow of 5 mL/min, using 2 g of the 
catalyst. Phenols, anisoles, or their mixtures with methyl alcohol (1:l 
molar ratio) were introduced at  a liquid rate of 0.02 mL/min. The 
contact time of the reagents over the catalyst under these conditions 
is 6-7 s. 

Analysis. Product compositions were determined by gas liquid 
chromatography using a Perkin-Elmer Model 226 gas chromatograph 
equipped with a flame ionization detector. A capillary column of 150 
ft  X 0.01 in. coated with m-bis(m-phenoxyphen0xy)benzene + Ap- 
iezon L was used to separate the products. Anisoles were separated 
as such. Phenols were first silylated by hexamethyldisilazane or tri- 
methylchlorosilane and identified as the trimethylsilyl ethers. Some 
of the dimethylanisole peaks overlapped with those of aryl trimeth- 
ylsilyl ethers. Therefore, each fraction was analyzed twice. One portion 
was dissolved in ether and extracted with aqueous NaOH and the 
ethereal solution was analyzed for anisoles. Another portion was si- 
lylated and analyzed for phenols and anisoles. In cases where peak 
overlap occurred, corrections were made on the basis of the known 
composition of the anisoles. m -  and p-methylanisole were not sepa- 
rated under these conditions. They were, however, separated by using 
a 20 f t  X 0.125 in. column packed with 15% p-azoxyanisole on Chro- 
mosorb W at 125 "C (a liquid crystal columng), using a Perkin-Elmer 
Model 900 gas chromatograph. Peak areas were measured by an 
electronic integrator, using corrections for differences in detector 
sensitivities. The accuracy of the determination of the product com- 

0 1978 American Chemical Society 



Heterogeneous Catalysis by Solid Superacids J .  Org. Chem., Vol. 43, No. 16, 1978 3143 

Table I_ I. Products from Rearrangement of Anisole and Methylanisoles over Nafion-H Catalyst 

% product composition 
registry startin methYf- dimethyl- 

starting reactant no. materii anisolea anisolesa anisoles phenol cresols xylenols 
__._ 

anis o 1 e 100-66-3 44.4 9.3 1.8 30.3 9.5 4.7 
o -methylanisole 578-58-5 39.2 0.2 0.2 7.8 0.3 33.9 18.4 
rn -methylanis01 e 100-84-5 28.9 0.1 tr 10.1 0.2 37.5 23.2 
p-methylanisole 104-93-8 35.1 3.4 1.1 8.3 4.6 34.7 12.8 

Excluding starting material 

Table 11. I Methylation of Phenol, Cresols, and Anisole with Methyl Alcohol over Nafion-H Catalyst 

% product composition 
unreacted 
startin meth 1 dimethyl- 
mater13 anisolea anisoiks anisoles Dhenola cresolsa xvlenols 

phenol 37.3 37.2 9.7 
anisole 58.6 13.9 
o-cresol 51.4 0.1 23.4 
m-cresol 48.1 tr 26.0 
p-cresol 39.2 3.3 23.4 

Excluding starting material. 

Table 111. Composition of Methylanisoles and Cresols 
Obtained in the Nafion-H Catalyzed Transformation 

Reactions 

starting - O/O methylanisoles % cresols 
reactant(s1 ortho meta para ortho meta para 

anisole 45 1 54 58 1 41 
phenol+methanol 54 t r  46 61 6 33 
anisole +methanol. 48 1 51 45 2 53 

positions is considered, based on comparison with mixtures of known 
composition, f0.5% 

Results 
When anisole, or any of the isomeric methylanisoles, was 

passed over Nafion-H in the gas phase at  205 O C  and atmo- 
spheric pressure (in N2 atmosphere) mixtures of phenols and 
ring-methylated anisoles were obtained. About 60-70% of the 
starting materials were converted giving anisole, methylani- 
soles, dimethylanisoles, phenol, cresols, and xylenols. The 
product compositions obtained (in mole percent) are given in 
Table 1. The relative aimounts of methylanisoles and cresols 
obtained in the rearrangement of anisole are given in Table 
111. The isomeric compositions of obtained dimethylanisoles 
and xylenols are listed in Table IV. Equimolar mixtures of 
phenol, or an isomeric cresol with methyl alcohol, were passed 

1.0 10.4 4.4 
3.0 18.1 4.7 1.7 
4.7 0.4 0.6 19.4 
5.8 0.2 1.0 18.9 
6.4 8.4 4.6 14.8 

over Nafion-H catalyst using the same experimental condi- 
tions. Both 0- and C-methylation occurred giving anisoles and 
higher ring methylated phenols and anisoles. Similar results 
were obtained from the reaction of anisole and methyl alcohol. 
The amount of products obtained, the relative amounts of 
methylanisoles and cresols, as well as the isomeric composi- 
tions of dimethylanisoles and xylenols are given in Tables 11, 
111, and IV, respectively. Usually about 40-50% of the starting 
phenol was methylated. Methyl alcohol was hardly detected 
in the products. 

When neat methyl alcohol was passed over Nafion-H cat- 
alyst a t  190 "C with a contact time of 4 s, the liquid product 
obtained contained 19% methyl alcohol and 81% water (by lH 
NMR), while in a subsequent cold trap a t  -78 O C  dimethyl 
ether was condensed in the corresponding amount. The gas- 
eous effluent contained only the carrier Nz gas. Dehydration 
of methyl alcohol to form dimethyl ether thus competes with 
the methylation process. Indeed, small amounts of dissolved 
dimethyl ether could always be detected in the products ob- 
tained from the phenol-methyl alcohol reaction mixtures. 

We also studied the activity of the catalyst as a consequence 
of onstream time. Figure 1 shows the product composition 
obtained as a function of onstream time in the reaction of 
anisole with methyl alcohol. After 3 h the catalytic activity was 
stabilized and did not change between 3 to 6 h of reaction 
time. 

Table IV. Isomeric Dimethylanisoles and Xylenols Formed in Transmethylation and Methylation Reactions 

starting 
reactant( s) 

% dimethylanisoles % xylenols 
2,3" 2,4b 2,5' 2,6d 3,4e 2,3f 2,4g 2,5h 2,6' 3,41 

anisole 
(J -methylanisole 
rn-methylanisole 
p -methylanisole 
phenol + methanol 
anisole + methanol 
o-cresol + methanol 
rn-cresol + methanol 
I;'-cresol + methanol 

6 76 
10 76 
24 

87 
100 

7 83 
7 70 

89 
25 

6 6 6 4 41 
4 10 6 44 

13 94 
55 

3 tr 7 1 2  64 
7 16 14 43 

11 96 

34 42 28 

30 45 34 

2 51 2 
5 45 

42 30 
6 

45 
12 6 6 
2 41 

41 25 
4 

a Registry no. 2944-4!3-2, Registry no. 6738-23-4. Registry no. 1706-11-2. Registry no. 1004-66-6. e Registry no. 4685-47-6. 
f Registry no. 526-75-0. Registry no. 105-67-9. Registry no. 95-87-4. Registry no. 576-26-1. j Registry no. 95-65-8. 
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Scheme I 
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Figure 1. Reaction of' anisole with methyl alcohol over Nafion-H. 
Yields vs. onstream time: ( 0 )  anisole; (D) methylanisoles; (A) di- 
methylanisoles; (0) phenol; (0) cresols; (A) xylenols. 

Discussion 
As seen from the results in Tables I and 11, under the ex- 

perimental conditions Nafion-H readily catalyzes both the 
rearrangement of anisoles and the methylation of phenols with 
methyl alcohol. Aniisoles rearranged to an extent of 60-70% 
in the flow system. Phenol was methylated in 65% yield and 
cresols in 40-50% yield. The consumption of methyl alcohol 
was somewhat higher. 

Methylation of phenols with methyl alcohol in the gas phase 
over solid catalysts is well known. Reports in the literature 
(including the patent literature) are numerous and thus only 
representative ones (can be cited. Recently the selective ortho 
methylation of phenols was reported. Catalysts such as 
A1203,lO TiOz,ll ZnO-Fez03,12 ZnO-MO (M = Cu, Ba, Ca, Co, 
Mn, Mg, Ni),13 MgO alone,14 or mixed with oxides of Mn,14 
Cu,l5 Sn,15 Bi,15 Pb,15 or Cr,15 as well many other oxides 
showed good to excellent selectivity toward ortho methylation. 
Temperatures employed were in the range of 250-400 "C and 
were typically around 350 "C. However, it is questionable 
whether acid catalysis is involved in these cases.12a Rear- 
rangement of anisole in the gas phase over alumina16 and ze- 
olite catalyst17 was also reported. 

C- vs. 0-Methylation. The intermediacy of anisole in the 
ring methylation of phenols is a question of still unresolved 
controversy. It was reportedla that alkoxybenzenes are in- 
termediates in the alkylation of phenols over alumina. Other 
authors,loa however, reported that over the same catalyst 0- 
and C-alkylation are parallel reactions and suggested different 
mechanisms for each. KotanigawalZa found anisole and its 
mixtures with methyl alcohol to be unreactive over ZnO-FeZOs 
catalyst, thus excluding anisole as a possible C-alkylation 
intermediate. Using Nafion-H as the catalyst the situation is 
more complicated. Methylation of phenols always gives also 
significant amounts of the appropriate anisole. In the reaction 
of phenol and methyl alcohol 48% anisole and isomeric 
methylanisoles were obtained. Cresols and methyl alcohol 
gave ca. 30% anisoles. Further, anisole and methylanisoles 
were found to rearrange when passed over Nafion-H (Table 
I). 

We suggest that under the experimental conditions initial 
0-methylation forming aryl methyl ether takes place followed 
by intermolecular 0 - C methyl transfer leading to ring 
methylated products. I t  is significant to point out that when 
anisole and methyl alcohol were passed over Nafion-H, only 
5% of the methyl alcohol methylated any aromatic compound. 

OMe OMe 
I I Q+Q 

OH OMe 
I I 

With phenol 79% of the methyl alcohol was consumed in 
methylation and with cresols 40-55%. Thus, competition from 
the transmethylation by anisole minimized alkylation by 
methyl alcohol. The small amount of methyl alcohol used can 
be due to secondary 0-methylation of the phenols formed and 
maybe to some direct C-methylation. 

If 0-methylation occurs first, the reaction of phenols (such 
as m-cresol) and methyl alcohol should give similar product 
composition (excluding unreacted starting material) as would 
be obtained from the intermolecular rearrangement of the 
appropriate anisole (i.e,, m-methylanisole). In order to test 
this assumption we should consider, first, the suggested re- 
action paths. Transmethylation from anisoles is depicted in 
Scheme I. In the first step one molecule of methylanisole 
transmsthylates another molecule of methylanisole giving 
cresol and dimethylanisole. The formed cresol can be further 
methylated by a second molecule of the starting anisole 
(present in large excess) to give the related xylenol and cresol. 
The dimethylanisole obtained in the first step can also 
methylate another molecule of the starting material to give 
xylenol and dimethylanisole. The other possibility, i.e., 
methylation of the dimethylanisole by methylanisole, is less 
likely as the former has better methylating ability. We assume 
only intermolecular transfer of 0-methyl groups, as cresols 
were found hardly to isomerize or transfer ring methyl groups 
(vide infra) and the amount of ring isomerization of meth- 
ylanisoles is also negligible (Table I). Further, in preceding 
studies it was shown that methyl migration in phenyl alkyl 
oxonium ions is an exclusively intermolecular process.19 

The reaction of cresol and methyl alcohol is schematically 
depicted in Scheme 11. The first step is the fast formation of 
methylanisole, which then methyl transfers. The relative high 
amount of the appropriate methylanisole (no isomerization 
has appeared under the experimental conditions) present 
shows that methyl transfer is slower than its formation in the 
0-methylation by methyl alcohol. Phenols formed by the 
transmethylation can be further 0-methylated by methyl 
alcohol to give anisoles, which subsequently can continue the 
transmethylation process. The extent of the second 
transmethylation is limited due to the short contact time of 
the feed over the catalyst. In fact, the observed conversions 
of methyl alcohol were always higher than the conversion of 
the starting phenol. in accord with the suggested reaction 
path. 

If the reaction mechanisms are those outlined in Schemes 
I and 11, and the assumption is correct that 0-methylation by 
methyl alcohol is faster than the subsequent 0 - C 
transmethylation, then the combined fraction of xylenols and 
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dimethylanisoles should be obtained in comparable yield and 
should have similar composition whether we start with a 
methylanisole (e.g., o-methylanisole) or a mixture of methyl 
alcohol and the appropriate cresol (0-cresol). One cannot, 
however, compare the composition of the dimethylanisoles 
or xylenols, as secondary 0-methylation is possible only in the 
presence of methyl alcohol (the lack of C - 0 transmethyla- 
tion is shown by the absence of any detectable anisoles when 
a neat cresol was passed over Nafion-H catalyst). We conse- 
quently calculated the combined isomeric compositions of 
xylenols and dimethylanisoles. The results obtained, shown 
in Table V, support our assumption. o-Methylanisole gave 
26% of dimethylated ring products, while o-cresol and methyl 
alcohol gave these products in 24% yield. The isomeric com- 
positions are also very similar. Similar results were obtained 
for the meta and para methyl compounds too (Table V). 

Dimethyl ether, which was formed in the dehydration of 
methyl alcohol over Nafion-H, is also a possible methylating 
agent. It was observed that dimethyl ether methylates benzene 
over Nafion-H20 and mlethylates phenol over alumina.21 We, 
however, did not establish whether dimethyl ether is involved 
in the present reaction as a reactant. 

Isomerization and  Transmethylation. Alkylbenzenes are 
known to isomerize and disproportionate (transalkylate) by 
acid catalysis.22 We hake shown that Nafion-H catalyzes the 
isomerization and transalkylation of methy1,l ethyl, propyl, 
and isopropylbenzenes.8 We expected a higher degree of 
isomerization and transimethylation from methylanisoles and 
methylphenols due to their high reactivity in electrophilic 
aromatic substitution. Methylbenzenes show higher reactivity 
both for electrophilic substitution and methyl transformations 
when the number of the methyl groups increases. However, 
this is not the case with the studied methylanisoles and phe- 
nols. Under the present experimental conditions ring methyl 
groups remain inert. Neither methyl transfer nor isomeriza- 
tion occurs to any signiricant extent. When 0 -  and m-meth- 
ylanisoles were reacted over Nafion-H, or when 0- or m-cresol 
were methylated with methyl alcohol over the same catalyst, 
ring methyl isomerization was limited to the extent of 0.5% 
or less. Disproportionation was also minimal, as seen from the 
minute amounts of anisole and phenol formed. p-Cresol and 
p-methylanisole were an exception. They showed 3-4% 
isomerization and 8-10% disproportionation (combined yield 
of phenol and anisole). Ethylphenols showed similar behavior. 
p -Ethylphenol disproportionated in the gas phase over an 
aluminum fluoride-alumina catalyst twice as much as the 
other isomers.23 Under reducing conditions (Ni on alumina 
catalyst, H2 atmosphere) para-alkylphenols disproportionated 

OH 

Table V. Isomer Composition of Ring Dimethylated 
Products Obtained in Methylation Reactions 

% ring dimethylated products 
composition 

reactants 2,3 2,4 2,s 2,6 3,4 

o -methylanisole 8 53 5 34 
o-cresol+ methanol 12 50 2 36 

m-cresol + methanol 32 38 30 

p-cresol + methanol 94 6 

m-methylanisole 26 40 34 

p -methylanisole 91 9 

almost exclusively rather than hydrodealkylated, in contrast 
w?th other isomers.24 Enhancement of disproportionation of 
the para isomer was also reported for 

We did not check the possibility of methyl transfer from 
dimethylanisoles and xylenols. I t  was shown26 in gas-phase 
reactions that the migratory ability of the ethyl group in 
ethylphenols decreased by the introduction of a methyl group 
into the ring. Thus, we do not anticipate dimethylanisoles and 
xylenols to show a higher tendency toward methyl transfer 
than is the case with cresols and methylanisoles. In addition, 
the dimethylated species obtained were always structurally 
related to the monomethyl precursors, indicating that 
methylation is the sole process to take place. When di- 
methylanisoles were isomerized over si l i~a-alumina,~~ 3,5- 
xylenol was always formed in sizable amounts. With excess 
of the stronger AlClS-HC1 catalyst 3,5-xylenol was the major 
product (>go%) and probably the only isomer formed (if re- 
action was carried out to completion).28 Both 3,5-xylenol and 
3,5-dimethylanisole were totally absent in the products of our 
experiments, showing that isomerization does not take 
place. 

Isomeric Dimethylanisoles and  Xylenols. Cresols or 
methylanisoles have two different functional groups, i.e., 
methyl and hydroxyl (methoxyl), which exert activating and 
directing effects on the aromatic ring. As already men- 
tioned1°-15 many solid acid catalysts direct the alkylation 
selectively ortho to the hydroxyl group, regardless of other 
substituents. o-Cresol and 2,6-xylenol were obtained from 
phenol and methyl alcohol. Ortho substitution was also found 
to predominate in the methylation of cresol. Thus, p-cresol 
and methyl alcohol gave over alumina 2,4-xylenol and 
2,4,6-trimethylphen01~~ and over MgO 2,4,6-trimethylphe- 
n 0 1 . ~ ~  m-Cresol and methyl alcohol gave 2,3,6-trimethylphenol 
over Mg030 or PBO-Mg015 while o-cresol gave 2,6-xylenol 

Scheme I1 
t i 

I YMe w e  OMe 

OH 
I 1- - MeOH 
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over alumina,lOc MgO,3O or PbO-Mn02.15 Nafion-H, on the 
other hand, did not show any special tendency toward ortho 
methylation and the isomer distributions reflect kinetic 
control, i.e., the activation of ring positions for methyl- 
ation. 

Rearrangement of anisole or methylation of phenol by 
methyl alcohol showed (Table 111) that methylation occurred 
a t  the ortho and para positions to the same extent (calculated 
for the sum of cresols and methylanisoles). The para position 
is thus preferred by a factor of 2. Meta methylated products 
comprised only 1% of this fraction. The observed regioselec- 
tivity thus is para > ortho >> meta. 

A different reactivity pattern is observed when the starting 
material is a cresol lor a methylanisole. The methyl and the 
hydroxyl (or methoxyl) group can either augment each others 
directing effect (for the rn-methyl compounds) or oppose it 
(for the ortho and para isomers). 

Starting with a m-methyl compound three out of the four 
available positions are activated toward methylation. The 5 
position being meta it0 both hydroxyl and methyl groups is not 
activated, and, indeed, 3,5-xylenol (or dimethylanisole) was 
not observed as procluct. Methylation of the 2,4, or 6 position 
leading to the 2,3-, 3,4-, or 2,5-dimethyl products occurs al- 
most to the same extent (Tables IV and V). 

When the directing effects oppose each other, the effect of 
the methyl group is expected to be minor in comparison with 
that of a hydroxyl or methoxyl group, in view of the large 
difference of the u+ values of these substituents and the high 
p values characteristic of electrophilic aromatic substitution.31 
However, we found that with Nafion-H catalysis in the gas 
phase, the directing effects of the methyl groups are small, but 
not negligible. Starting with p -cresol or p -methylanisole we 
obtained 6 3 %  of the “abnormal” 3,4-dimethyl product. Four 
xylenols and four dimethylanisoles were obtained from o -  
methylanisole or 0-(cresol, respectively (Table IV). The com- 
position of the isomeric dimethylanisoles is different from that 
of the isomeric xylenols. The reason may be the sluggishness 
of the ortho methylation of 2,6-xylenol by methyl alcohol due 
to the obvious steric hinderance by the two methyl groups in 
the 2 and 6 positions. When the xylenol and dimethylanisole 
fractions are combined (Table V) one c q  see that methylation 
directed by hydroxyl and methoxyl groups (2,4 and 2,6 iso- 
mers) comprises 86% of the dimethylated products, while the 
directing effect o f t  he methyl group (2,3 and 2,5 isomers) ac- 
counts for 14% of t’he products. From these results it seems 
that hydroxyl (or methoxyl) groups are 10-15 times more ef- 
fective in directing the intermolecular 0 - C methyl transfer 
than a p-ethyl group and only 6 times more so than an o-  
methyl group. These ratios of the competing directing effects 
are surprisingly low, as usually no substitution directed by 
methyl group while being opposed by that of a hydroxyl group 
was found. An exception is the reported acetylation of 2,4- 
xylenol which gave 9% of the “abnormal” 5-acetyl-2,4-di- 
methylphenol, but it probably involved 2,4-dimethylphenyl 
acetate as an intermediate which can account for this result.32 
But, in this case two methyl groups give a combined directing 
effect against the hydroxyl. 

A possible reason for the diminished directing effect of the 
hydroxyl and methoxyl groups is the partial protonation (or 
strong protosolvation) of the oxygen atoms by the acidic sites 
of Nafion-H. This will weaken the ortho-para directing effect 
and will permit methylation at positions meta to the hydroxyl 
or methoxyl groups when these positions are activated by 
methyl groups. Phenols and anisoles were found to be ring 
protonated by superacids in the liquid phase,33 rather than 
0-protonated. With somewhat weaker acids and a t  low tem- 
peratures, however, oxygen protonation also takes place, with 
both C- and 0-protonated species being observed simulta- 
neously. 

Conclusions 
Products obtained in the Nafion-H catalyzed methylation 

of phenols with methyl alcohol or from the intermolecular 
rearrangement of anisoles are derived from substitution of all 
the activated positions. These results are quite different from 
those obtained with a wide range of solid catalysts which show 
high selectivity for ortho methylation. Kotanigawa studied 
the mechanism of phenol methylation over ZnO-Fe~03.~~* He 
found that phenol is dissociated upon adsorbtion on the cat- 
alyst to give the phenoxide anion. Methyl alcohol is then ad- 
sorbed onto the proton to form an adsorbed methyl cation. 
This intermediate dictates the location of the methylating 
agent close to the ortho position explaining the selectivity in 
the reaction. Similar intermediates were suggested for the 
specific ortho alkylation in homogeneous solution catalyzed 
by aluminum phen0xide.3~ Such a mechanism raises the 
question whether this reaction is catalyzed by basic sites12* 
or some sort of dual acid-base catalysis. Kotanigawa found12b 
that methylation of phenol by methyl alcohol over ZnO-FezO3 
is not the major reaction path. About 80% of the methyl al- 
cohol decomposed, giving H2, CHI, CO, and C02 as products. 
Similar reactions were obtained by substituting ZnO with 
other metal oxides.l3 The primary reaction is the dehydro- 
genation of methyl alcohol to give hydrogen and CO. Alkyla- 
tion with higher alcohols over ZnO-FeaOa was also accom- 
panied by dehydrogenation to give aldehydes or ketones.35 
The reaction of 2-propanol was studied over a zeolite cata- 
l y ~ t . ~ ~  By selective poisoning, dehydration was found to be 
acid catalyzed, while dehydrogenation was base catalyzed. 
Thus, it seems that selective ortho alkylation is connected with 
the basicity of the catalyst, which is absent in the case of 
Nafion-H. We checked the reaction of methyl alcohol over 
Nafion-H for possible dehydrogenation. Only water and  di- 
methyl ether were formed. We were unable to detect any CO 
in the gaseous affluent. Higher alcohols were also found to only 
dehydrate, when passed over N a f i ~ n - H . ~  
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Nafion-H," a perfluorinated resinsulfonic acid, catalyzes the gas-phase methylation of benzene and methylben- 
zenes with methyl alcohol under relatively mild experimental conditions (185 "C and atmospheric pressure). Reac- 
tions are clean, and water formed as byproduct does not deactivate the catalyst. Dimethyl ether is also formed in 
the competitive dehydration of methyl alcohol when the extent of methylation is low. Generally, low substrate se- 
lectivity is observed, indicating that a highly energetic methylating species is participating in the reaction. Dimeth- 
yl ether was also found to be an effective methylating agent, but weaker than methyl alcohol. The catalytic activity 
was found to drop quickly with onstream time when using dimethyl ether, probably due to esterification of the acid- 
ic sites. The catalytic activity can be, however, regenerated by steam treatment of the catalyst. Mechanistic aspects 
of the reactions are also discussed. 

Nafion-H,4 a perfluorinated resinsulfonic acid, activated 
in its H form, was found to be an efficient alkylating catalyst 
for heterogeneous gas-phase  reaction^.^ Ethene and propene 
alkylate benzene to give ethylbenzene and cumene, respec- 
tively. Alkylations with ethyl and isopropyl alcohol are also 
catalyzed by Nafion-H. The observations that propylation of 
benzene with n-propyl alcohol gave only cumene as the al- 
kylation product and that the alcohols dehydrate to the cor- 
responding alkenes almost quantitatively when passed over 
Nafion-H raise the question whether the alcohols are merely 
precursors to the corresponding alkenes (or their protonated 
form, i.e., the corresponding carbenium ions). In the case of 
methylations with methyl alcohol no alkene formation is 
possible, and under the experimental conditions carbene 
formation is improbable. The high energy of the methyl cation 
makes its formation in the reactions also questionable. 

In recent work1 we found that gas-phase methylation of 
phenol and cresols with methyl alcohol over Ndion-H catalyst 
proceeds readily. The reaction involves fast initial O-meth- 
ylation of the phenol followed by intermolecular rearrange- 
ment to ring-methylated phenols. In continuation of our work, 
we would like to report that the methylation of less activated 
aromatic hydrocarbons, such as benzene and methylbenzenes, 
also takes place with methyl alcohol in the gas phase over 
Nafion-H as catalyst. 

0022-3263/78/1943-3147$01.00/0 

Experimental Section 
The catalytic reactor and the experimental procedures were pre- 

viously described.5c Dry nitrogen was passed a t  the rate of 5 mL/min. 
The liquid feed rate was 0.02 mL/min. Contact time of the catalyst 
with the gaseous feed was 5-7 s. The temperature was kept a t  185 f 
2 "C, except when temperature effects were studied. All compounds 
used were of commercially available high purity, generally higher than 
99.5%. Products were analyzed by gas liquid chromatography using 
a Perkin-Elmer Model 226 gas chromatograph, equipped with a flame 
ionization detector. Separation was obtained with a 150 ft X 0.01 in. 
capillary column coated with m-bis(m-phenoxyphen0xy)benzene + 
Apiezon L. Peak areas were measured with an electronic integrator 
and were corrected for differences in detector sensitivity. The accu- 
racy of the determination of the product compositions is considered, 
based on comparison with mixtures of known composition, as 
f0.5%. 

Results 
Benzene, toluene, and the three isomeric xylenes were 

methylated with methyl alcohol over Nafion-H catalyst. Po- 
lymethylation hardly occurred in the case of reaction of ben- 

Nafion-H 

185 O C  
ArH + CH30H - ArCH3 + HzO 

zene and toluene. The increased reactivity of xylenes and 
trimethylbenzenes toward methylation is reflected in the 
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