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The isomerization of alkylaromatics has 
been widely studied. Early investigations 
with “homogeneous catalysts,” for exam- 
ple, metal halide-hydrogen halide com- 
plexes in aromatic solvents, established 
that the major reaction pathway utilized a 
series of 1,2-alkyl shifts (1-5). Tracer stud- 
ies with homogeneous catalysts indicated 
that methyl groups migrated on a ring in an 
intramolecular mechanism rather than by a 
series of intermolecular methyl migrations 
(6, 7). On the other hand, alkyl groups more 
complex than the methyl group-ethyl, n- 
or isopropyl, t-butyl, etc.-appeared to 
isomerize by intermolecular shifts (7-9). 

With amorphous silica alumina (IO), the 
series of 1,2-methyl shifts was the dominant 
reaction pathway although the apparent se- 
lectivity for this mechanism was lower than 
that obtained with the homogeneous cata- 
lyst. With the larger-pore zeolite, LaY, the 
apparent deviation from the 1,2-methyl 
shift mechanism was even greater than that 
for amorphous silica-alumina catalysts (II, 
12). 

With an intermediate-pore-size zeolite, 
HZSM-5, xylene isomerization appeared to 
be nonselective since the primary products 
consisted of essentially an equilibrium mix- 
ture (13). However, recent tracer studies 
utilizing [ 1-13C]toluene have shown that the 
dominant reaction pathway for methyl mi- 
gration in toluene, a reactant less suscepti- 
ble to diffusion disguise than the xylene iso- 
mers, is by a series of 1,2-methyl shifts 
(14). 

It was of interest to compare the alkyl 
migration of a methyl substituent in the 
presence of a heteroatom-substituted aro- 
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matic to the results obtained for dialkyl aro- 
matics. In this study, the isomerization of 
toluidine was investigated using an HZSM- 
5 catalyst. 

EXPERIMENTAL 

The isomerization reactions were per- 
formed in a plug flow reactor using approxi- 
mately 1 g of an HZSM-5 catalyst. The am- 
monium acid form of ZSM-5, obtained from 
Mobil Research and Development Corp., 
was calcined at 550°C prior to use. A 1% 
solution of toluidine(s) in benzene was 
passed through the reactor at flow rates 
ranging from 1 to 60 ml/hr. 

The temperature of the reactor was main- 
tained at 400°C. During a run, the system 
was allowed to stabilize for each flow rate, 
the material collected during the stabiliza- 
tion period was discarded, and a minimum 
of two ~-CC liquid samples was collected. 

The products were analyzed by gas chro- 
matography with a flame ionization detec- 
tor using a 60 M x 0.32-mm (i.d.) carbowax 
capillary column. Capillary gas chromatog- 
raphy-mass spectrometry was utilized to 
identify minor components. 

After each run, the catalyst was regener- 
ated by flushing the system with air and in- 
creasing the temperature to 500°C. The sys- 
tem was maintained at this temperature for 
at least 4 hr. The reactor was then cooled to 
reaction temperature and flushed with ni- 
trogen for 1 hr prior to the next run. 

Toluidine isomers were converted over 
HZSMJ catalyst at 400°C. Disproportion- 
ation to aniline was a minor reaction 
pathway as compared to the isomer inter- 
conversions. Disproportionation becomes 
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TABLE 1 

Compositions Reported for Equilibrium Mixture of 
Toluidine Isomers 

Reference Toluidine 

API 
Weigert (16) 
Arpe and Litterer (17)” 
This study 
Xylenes (13) 

ortho meta para 

6.3 3.2 90.5 
31 52 17 
18.6 50.4 29.2 
33.7 50.2 16.1 
23 53 24 

a Toluidine composition after 16 hr at 400°C in con- 
tact with ZSM-5 using 100% para-toluidine feed. 

significant only after a near equilibrium 
amount of toluidines is formed. It appears 
that at the same fractional approach of the 
reactant isomer to an equilibrium composi- 
tion, all three isomers undergo dispropor- 
tionation to the same extent. Only trace 
amounts of dimethylanilines were ob- 
served, even at the highest toluidine con- 
versions. Aniline, a product of dispropor- 
tionation, was less than 4 mole% of the 
nitrogen compounds at 80% approach to 
the equilibrium composition for all three re- 
actants. The benzene solvent was essen- 
tially unreactive under these conditions; 
only small amounts of a compound of m/z 
168, thought to be methylbiphenyl, was 
formed. 

The equilibrium composition of the three 
isomers was calculated using free energies 
of formation (AC,) reported by API (1.5). At 
400°C the calculated composition is 6.3% 
ortho, 90.5% para, and 3.2% meta. How- 
ever, experimental data showed the equilib- 
rium composition to be 33.7% ortho, 50.2% 
meta, and 16.1% para; this composition 
agrees with the data of Weigert (16) and 
Arpe and Litterer (17). This composition is 
similar to other methyl-substituted benzene 
systems such as the xylenes and cresols 
(18, 19). To verify the equilibrium composi- 
tion more accurately, a near equilibrium 
composition (based on this run and Refs. 
(16, 17)) was prepared and passed through 

the reactor system. Temperature was held 
at 400°C and flow rates were varied as in 
previous runs. GC analysis of these prod- 
ucts showed the initial composition to con- 
sistently shift to the equilibrium composi- 
tion that contains 33.7% ortho-xylene 
rather than the calculated one with 6.3% 
ortho-xylene. The experimental equilib- 
rium data obtained in this study agree very 
closely with the composition obtained by 
Weigert as well as one reported by Arpe 
and Litterer (17). Included in Table 1 is the 
equilibrium composition for the three xy- 
lene isomers. The similarity of the xylene 
isomerization composition and the experi- 
mentally determined toluidine composi- 
tions suggests that the equilibrium value 
calculated from the API data is incorrect. 
In any event, a similar set of relative rate 
constants will be calculated using the Wei 
and Prater method for the toluidine equilib- 
rium concentrations given in Table 1 except 
for the API data. 

The Wei and Prater technique (20) was 
employed to calculate a set of six relative 
rate constants for the isomerization of to- 
luidines over HZSM-5 catalyst. This tech- 
nique is well suited to calculating kinetic 
data for reversible monomolecular sys- 
tems. In performing these calculations, the 
toluidine compositions are mathematically 
transformed to chemically fictitious species 
which follow unimolecular, uncoupled ki- 
netics. 

An initial isomer composition of 24.7% 
para-toluidine and 75.3% meta-toluidine re- 
sulted in a straight line reaction path to the 
equilibrium point. Using this information, 
two additional straight line paths were cal- 
culated defining two of the four quandrants 
on the reaction simplex. The data from four 
experimentally determined reaction paths 
falling within these two quandrants (feed 
composition of 100% meta; 100% para; 
80% para, 20% ortho; or 60% para, 40% 
meta) were used to calculate rate constants 
by the Wei and Prater technique. The re- 
sulting four sets of rate constants were sim- 
ilar. Calculated reaction line paths for each 
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of the four sets of rate constants are shown 
in Fig. 1. The rate constants from the 100% 
paru-toluidine data gave the best overall fit 
to the experimental data. These relative 
rate constants are given in Table 2. Shown 
in Fig. 2 are calculated curves using the 
kinetic constants from the pure para- 
toluidine curved line reaction path; the ex- 
perimental data are represented by points. 

The approach of toluidine isomerization 
to equilibrium is presented as a function of 
total conversion of the pure toluidine reac- 
tant in Figs. 3A through 3C. From plot 3B, 
it is shown that the meta isomer is con- 
verted to the puru isomer at a faster rate 
than it is converted to the ortho isomer. 
puru-Toluidine attains its equilibrium com- 

TABLE 2 

Wei and Prater Relative Rate Constants 

Rate Constants HZSM-5 
at 400°C 

Weigert 

ortho + meta, Kg,” 4.19 1.76 (4.79)‘ 
meta + ortho, K12 2.82 1.0 (2.82) 
para + meta, K,, 11.07 10.2 (28.76) 
meta + para, K32 3.40 3.3 (9.3 1) 
para + ortho, KI, 2.19 0 
ortho + para, K,, 1.00 0 

y 1, ortho, 2, meta, and 3, para isomers; thus, Kzl 
corresponds to 1 + 2 (ortho + mrta). 

b As reported in Ref. (16). 
c Calculated to make K12 the same for both data sets. 

TABLE 3 

Reactant Selectivity HZSM-5 approach Wei 
to equilibrium and 

(low conversion) Prater 

para-Toluidine meralortho 4.6 5.0 
meta-Toluidine ortholpara 0.4 0.8 
ortho-Toluidine metaipara 1.1 4.2 

position at approximately 30% metu-to- 
luidine conversion. The conversion of 
puru-toluidine to the metu isomer is rela- 
tively fast and reaches the equilibrium com- 
position at 60% conversion. On the other 
hand, conversion of the puru isomer to 
ortho-toluidine is initially very low. The 
conversion of ortho-toluidine to metu-to- 
luidine and puru-toluidine does not follow 
the above trend since the approaches to 
equilibrium of both the puru- and metu-to- 
luidine appear to be almost equal. 

Conversion selectivity ratios for each to- 
luidine reactant were estimated by taking 
the ratio of the slope of approach to equilib- 
rium curves and by comparing the relative 
rates generated by the Wei and Prater tech- 
nique. These selectivities are reported in 
Table 3. The same trend is obtained 
whether the Wei and Prater approach or the 
aproach to equilibrium plots is utilized to 
obtain the selectivity data. 

At the higher conversions of each of the 
three toluidine reactants, a side reaction be- 
came significant. One of the products from 
this secondary reaction is aniline. For each 

FIGURE 2 
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of the three reactants, less than 4 mole% of 
aniline is formed below a conversion that 
corresponds to about 80% approach to 
equilibrium for that isomer. At higher con- 
versions this secondary reaction becomes 
extensive and 30% or more aniline may be 
formed. A second component was formed 
along with aniline. Gas chromatography- 
mass spectrometry was utilized to confirm 
the identity of aniline and the second com- 
ponent, a methylbiphenyl. As shown in Fig. 
4, the amount of methylbiphenyl is directly 
related to the amount of aniline over the 
total conversion range observed in this 
study. The data, as plotted, are for the rela- 
tive GC area percentage adjusted for the 
difference in molecular weight but not for 
the difference in GC response factor. Con- 
sidering this, the slope of ca. 1.2 to 1.4 is 
consistent with the formation of essentially 
the same number of moles of aniline and 
methylbiphenyl over the total conversion 
range; furthermore, this selectivity does 
not appear to change when the higher con- 
versions are attained. 

HZSM-5 does have catalytic activity for 
the isomerization of toluidines. Under simi- 
lar reaction conditions, LaY had essentially 
no catalytic activity for toluidine isomeriza- 
tion or the activity was masked by a very 
rapid poisoning-coking process. Further- 
more, transalkylation contributed little to 
the conversion of any of the three isomers 
until a particular isomer had undergone 
80% or greater conversion to other to- 
luidine isomers. 

The Wei and Prater method should pro- 
vide a set of relative rate constants that fit a 
number of experimental curved reaction 
paths. However, in this reaction system it 
is not a simple procedure to obtain a set of 
relative rate constants. As shown by the 
curves in Fig. 1, simply determining a 
curved line reaction path for a single pure 
reactant may not provide a very satisfac- 
tory set of relative rate constants. How- 
ever, it is apparent from the data in Table 2 
that the relative rate constants calculated 
by Weigert (16), using a gear iterator to cal- 
culate rate constants for this reaction sys- 
tem, are similar to those obtained by the 
Wei and Prater technique. Thus, the Wei 
and Prater method appears to be as applica- 
ble to this heteroatom system as it was to 
the alkyl aromatic system. 

The conversion selectivity of the para- 
toluidine isomer is that which is expected 
for an isomerization mechanism that in- 
volves a series of 1,2-methyl (or NH:) 
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FIGURE 4 
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shifts since the only, or predominate, initial 
product is meta-toluidine; the concentra- 
tion of ortho-toluidine appears to approach 
a small, or zero, value for low conversion 
of para-toluidine (Fig. 3A). For meta-to- 
luidine, para-toluidine appears to be the 
dominant initial product (Fig. 3B) and could 
be consistent with a 1,Zmethyl shift. For 
ortho-toluidine conversion, both meta-to- 
luidine and paru-toluidine are formed in es- 
sentially equal amounts during conversions 
up to 60% of the reactant (Fig. 3C). For the 
ortho isomer, either a 1 ,Zmethyl shift does 
not operate or a more rapid diffusion of the 
put-u isomer introduces diffusional disguise 
into the kinetic picture. Diffusional disguise 
would also explain the greater production 
of the puru isomer over the ortho isomer 
when meta-toluidine is the reactant. The 
relative rate constants (Tables 2 and 3) as 
well as the selectivity plots in Figs. 3A, 3B, 
and 3C suggest that the dominant isomer- 
ization mechanism is a series of 1,2 shifts 
with a superimposed disguise that provides 
a favored pathway for enhanced production 
of put-u-toluidine during the kinetic mea- 
surements. 

Acid-catalyzed isomerization of xylene is 
usually considered to involve protonation 
of the ring followed by methyl migration to 
produce a protonated alkyl aromatic iso- 
mer: 

(1) 
Deprotonation of the alkyl aromatic pro- 
vides the isomerized product. It is difficult 
to explain toluidine isomerization by a simi- 
lar mechanism. The first proton should add 
to the much more basic NH2 group; once 
the toluidinium ion is formed, it is unlikely 
that a second proton will add to form the 
higher (2+) charged species: 

The 2+ species appears more likely than 
the protonation of the ring while the much 
stronger base, NH2, remains unprotonated: 

(3) 

If it is proposed that the 2+ species 
shown in (2) is formed, one has the problem 
of explaining how the toluidine was able 
to acquire two protons in the channel of 
a low-alumina, low-proton-density zeolite 
HZSM-5. It appears that the formation of 
structure (2) requires migration of the to- 
luidinium ion, or at least one proton, over a 
considerable distance. Furthermore, if neg- 
ative charges remain localized at the zeo- 
litic site with a framework alumina, the 2+ 
charge of the aromatic species must be 
counterbalanced by two negative charges, 
at least one of which must be separated by a 
significant atomic distance from the organic 
cation. 

If the 2+ species is accepted as an inter- 
mediate in the isomerization mechanism, it 
is then speculated that the isomerization of 
toluidine is analogous to that of xylene, 
with one exception. In the case of toluidine, 
one of the side-chain groups is the charged 
NH: group rather than CH3 and the CH3, 
not NH:, migrates in the toluidine isomer- 
ization mechanism. Deprotonation of the 
above toluidines then provides the isomer- 
ized products. 

Attempts were made to isomerize pico- 
lines. In one run, a feed containing 1% 
ortho-picoline in benzene was passed over 
the catalyst and, and even at the lowest 
flow rate used in the current study, no con- 
version products could be detected. The 
benzene/picoline feed was terminated and 
immediately replaced by a 1% ortho-to- 
luidine in benzene solution. The toluidine 
underwent conversion at a level similar to 
that obtained with a catalyst that had never 
been exposed to picoline; thus, the ZSM-5 
catalyst was active and was not perma- 
nently poisoned by the picoline. The feed 
was subsequently changed to 1% picoline in 
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benzene and again there was no detectable 
conversion. A similar result was obtained 
with 1% paru-picoline except the first liquid 
condensing from the reactor contained a 
small quantity of o&o-picoline but no de- 
tectable quantity of meta-picoline. These 
results indicate that picolines are isomer- 
ized much more slowly than the corre- 
sponding toluidine isomer. Unless there is 
considerably more charge stabilization by 
the NH: group of protonated toluidine than 
that by the NH+ when nitrogen is in the 
ring, the difference in the extent of conver- 
sion of the two compound classes suggests 
that toluidine isomerization occurs by mi- 
gration of NH: rather than by a 2+ species. 

The “disproportionation” to form meth- 
ylbiphenyl and aniline is a complex reaction 
that involves even oxidation-reduction; it 
extends data interpretation too far to write 
a detailed mechanism for this reaction at 
this time. 
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