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Stoichiometric and nonstoichiometric Al-P-O catalyze the dehydration of cis- and trans-2. 
methylcyclohexanol to I-methylcyclohexene (I-MCH) and 3-methylcyclohexene (3-MCH). While 
the cis isomer is converted more extensively than the tram with all compositions, the relative 
amount of the two olefinic products (I-MCH/3-MCH) increases markedly on addition of phos- 
phorus. The observations are consistent with an El mechanism for the tram form and an E2 tram 
elimination for the cis alcohol, the latter appearing to require the presence of catalytic sites related 
to both aluminum and phosphorus atoms. o 1985 Academic PESS, IX. 

INTRODUCTION 

Interest in catalysts containing phos- 
phorus as the common element has been 
evident for many years (I, 2). Although the 
first studies of aluminum phosphate may be 
traced to 1960 (j-.5), a resurgence in activ- 
ity has recently become evident. New and 
significant structural understanding has 
been provided by a group at Gulf (6), and 
workers in Spain continue to provide infor- 
mation on the catalytic properties of this 
solid (7). In spite of such work, our under- 
standing of the catalytic sites and mecha- 
nisms on aluminum phosphate is still in- 
complete. While many techniques, based 
on a variety of principles, are available for 
the study of solid surfaces, chemisorbed 
species, and heterogeneous reactions, in- 
formation in this area can often be advanta- 
geously obtained with the use of probe mol- 
ecules and probe reactions. A number of 
workers, notably Pines (8), Hall (9), and 
more recently Davis (10-16) have demon- 
strated the utility of cyclic alcohols in such 
mechanistic studies. 

A number of different reactions are in 
principle possible for alcohols on solid sur- 
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faces. These reactions include dehydration, 
dehydrogenation, c&tram isomerization, 
and cracking, although the latter is usually 
less frequently observed on catalysts for 
which an alcohol is used as a probe. Such 
process selectivity can often provide useful 
information on the nature of the catalytic 
surface. In addition, a steric selectivity may 
exist. For example, with many homoge- 
neous organic systems, elimination reac- 
tions are frequently found to occur by an 
antielimination process (17). Where such 
steric preference exists, the product distri- 
bution may also be a function of such selec- 
tivity. 

Davis (24) has noted that the size of the 
base as well as the base strength will be 
factors in the elimination process (18). A 
larger base will favor the Hoffman (anti- 
Saytzeff) elimination. The imposition of a 
catalytic surface will contribute additional 
variables to the process. The catalytic sur- 
face may be unable to meet certain topolog- 
ical and energetic demands in order for the 
elimination process to follow routes with 
more stringent requirements. Finally, con- 
formational changes of the probe molecule, 
particularly those brought about as a conse- 
quence of its interaction with the surface, 
although more restricted in the case of cy- 
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clic alcohols, may produce perturbations in 
the potential energy surface. Although it is 
generally difficult to disentangle all of these 
factors, often the results of experiments 
with probe molecules are sufficiently defini- 
tive to permit useful inferences to be 
drawn. 

In the present work, cis- and tram-2- 
methylcyclohexanol are employed as probe 
molecules to examine their surface reac- 
tions on Al-P-O catalysts with stoichiome- 
try varying from a P/Al molar ratio of 0 td 
1.2. 

EXPERIMENTAL 

The Al-P-O catalysts were prepared by 
two different methods, that due to Kearby 
(3) and that due to Kehl (19), the former 
procedure being employed to prepare the 
stoichiometric AlPOd solids, and the latter 
for the nonstoichiometric materials. The 
Kearby-type Al-P-O catalysts were pre- 
pared from aluminum chloride (Baker Ana- 
lyzed) and orthophosphoric acid (Fisher 
Certified) and a 10% solution of ammonium 
hydroxide for adjustment of the pH during 
preparation to either 3.5 or 7.3. The gels 
were repeatedly redispersed with isopro- 
panol, filtered, and dried at room tempera- 
ture for 48 h. 

The nonstoichiometric Al-P-O catalysts 
(P/Al from 0.1 to 1.2) were prepared from 
aluminum nitrate (BDH), orthophosphoric 
acid, and a 10% solution of ammonium hy- 
droxide (19), and were treated as previ- 
ously described. All catalyst samples were 
calcined in air at 650°C for 18 h, and were 
sieved to loo-140 mesh (150-106 pm) im- 
mediately prior to use. 

cis-2-Methylcyclohexanol (cis-Z 
MCHOL) 97%, trans-2-methylcyclohex- 
anol (rrans-ZMCHOL) 98%, l-methylcy- 
clohexene (l-MCH) 95%, 3-methylcyclo- 
hexene (3-MCH) 98%, 4-methylcyclo- 
hexene (6MCH), and methylene cyclo- 
hexane (MECH) 99%, were obtained from 
Aldrich. All chemicals were used as re- 
ceived. 

A microcatalytic pulse reactor with a 
trapping coil and connected gas chromato- 
graph (H.-P. SSSOA) was employed for all 
reaction experiments. Preliminary tests 
were performed to determine suitable oper- 
ating conditions for the various reactions. 
A 40-ft. x R-in. column of 25% P$‘-oxydi- 
propionitrile on 80/100 mesh Chromosorb P 
(NAW) at 80°C was used to analyze the al- 
kenes, while a 15-ft. x &in. column of 20% 
diglycerol on 60/80 mesh Chromosorb W 
(AW) at 120°C was employed for the water 
and alcohols. Prior to operation of the reac- 
tor, the 50-mg catalyst samples contained 
therein were predried for 4 h in a flow of 
helium at the reaction temperature. Experi- 
ments were performed in helium as carrier 
gas with pulse size of 2.0 ~1. A preheat zone 
of volume approximately three times that of 
the reactor preceded the catalyst sample. 

X-Ray powder diffraction patterns were 
recorded with the aid of a Phillips Model 
PW-101 l/60 diffractometer using nickel-fil- 
tered Cuba! radiation. All samples except 
that with a P/Al of 1.2 were found to be 
essentially amorphous. 

Elemental analyses (Galbraith Laborato- 
ries) on selected samples after preparation 
and calcination agreed to t2% or less with 
the aluminum and phosphorus concentra- 
tions as prepared. 

RESULTS 

The conversions of the cis alcohol are 
greater than those of the frans at 175°C and 
all P/Al (Fig. 1). Mass balances fall within 
the range 90 + 10% at these temperatures, 
but were considerably lower by 55o”C, at 
which temperature values as low as 10% 
were found with the Kearby-type catalysts. 
Consequently, the data reported here to il- 
lustrate the effect of changes in P/AI are 
restricted to 175”C, a temperature at which 
optimum mass balances were obtained. The 
conversions of both isomeric forms of the 
alcohols increase with P/Al, pass through a 
maximum at P/Al equal to 0.1, and then de- 
crease to values of 5% or less with further 
increase in P/Al. 
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FIG. 1. Conversion (%) of cis-2-methylcyclohexanol 
(0) and rruns-2-methylcyclohexanol (0) for various 
molar P/AI ratios. Products formed (moles/area): l- 
methylcyclohexene (0) and 3-methylcyclohexene (A) 
from cis-2-methylcyclohexanol; I-methylcyclohexene 
(0) and 3-methylcylohexene (A.) from trans-Zmethyl- 
cyclohexanol. Reaction temperature 175°C. 

No cis-tram isomerization of the alco- 
hols and no skeletal isomerization of either 
reactants or products were observed with 
any of the present catalysts. Only l-MCH 
and 3-MCH were obtained as products, al- 
though four isomeric alkenes, l-, 3-, and 4- 
methylcyclohexene, and methylenecyclo- 
hexane are possible in principle. Since the 
stabilities of these alkenes decreases in the 
order I-MCH %= 4-MCH > 3-MCH 9 
MECH (20) it is expected that any MECH 
formed would be rapidly isomerized. 

TABLE 1 

Surface Area of Al-P-O 
Catalysts 

P/AI Surface area 
(mol/mol) (m*k) 

0 143 
0.1 387 
0.8 92 
1.0 110 
1.2 77 

Since the values for conversion are influ- 
enced by the considerably different surface 
areas (Table 1) for the catalysts of various 
P/Al, it is instructive to examine the total 
alkenes produced per unit surface area. On 
an area1 basis, the quantities of l-MCH pro- 
duced from cis-2-MCHOL can be seen to 
be considerably larger than those of 3-MCH 
for all P/Al (Fig. 1). Maximum amounts of 
either products per unit area are obtained 
with the catalysts of P/Al equal to 0.8. 

The ratio of I-MCH/3-MCH (l/3) is con- 
veniently employed as a means of tracking 
product composition. The effect of reaction 
temperature on this ratio for the stoichio- 
metric (P/Al = 1.0) Al-P-O catalyst is 
shown in Fig. 2, together with the relative 
quantities of these two olefins expected at 
equilibrium (20). It may readily be observed 
that the preparation pH for the Al-P-O has 
relatively little effect on the l/3 ratio for all 
temperatures. Most noticeable, however, is 
the size of (l/3) from cis-2-MCHOL at 
175°C compared to that for equilibrium 
(6.7). In contrast the (l/3) ratio from the 
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FIG. 2. Product ratios at various reaction tempera- 
tures for the dehydration of cis-2-methylcyclohexanol 
(0, 0) and truns-2-methylcyclohexanol (A, A) by 
Kearby-type (P/Al = 1.0) AI-P-O catalysts prepared 
at pH 3.5 and 7.3, respectively. Product ratios at equi- 
librium (-----). 
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FIG. 3. Product ratios for the dehydration of c&2- 
methylcyclohexanol (0) and trans-2-methylcyclohex- 
anol (A) for various P/Al ratios at 175°C reaction tem- 
peratures. 

truns alcohol falls well below that for equi- 
librium at this same temperature. Increase 
in the reaction temperature produces a pre- 
cipitous drop in (l/3) from the cis form and 
the equilibrium value is approached at ap- 
proximately 400°C while that from the 
tram alcohol increases slightly to converge 
with the data from the cis isomer and that 
for equilibrium. 

The manner in which the (l/3) ratios vary 
with P/Al for a reaction temperature of 
175°C can be most clearly seen from Fig. 3. 
With the cis alcohol, the (l/3) is similar to 
the equilibrium value (6.7) for a P/Al value 
of zero (alumina), but increases markedly 
to a value of approximately 20 for P/Al 
equal to 1.2. In contrast, the (l/3) ratio with 
the tram isomer is approximately 1 for all 
catalyst compositions. 

The isomerization of the products was 
studied in supplementary experiments. In 
the absence of a catalyst, none of the four 
alkenes, I-MCH, 3-MCH, 4-MCH, and 
MECH, show any appreciable thermal 
isomerization at temperatures up to 435°C 
and other experimental conditions em- 

ployed in the present work. However, 
MECH is catalytically converted to I-MCH 
at temperatures as low as 120°C while l- 
MCH is partially isomerized to 3-MCH at 
the higher reaction temperatures. Although 
the extents of the isomerization of MECH 
and l-MCH at 120-435°C are considerably 
different, the product distributions are simi- 
lar. Both 3- and 4-MCH partially isomerize 
to form l-MCH and under the most severe 
conditions employed 48% (410°C) and 42% 
(435”C), respectively, were converted to I- 
MCH. At 175°C the secondary isomeriza- 
tion processes for l-, 3- and 4-MCH are es- 
timated to convert less than approximately 
3, 17, and 15%, respectively, of these al- 
kene products. Although in the present ex- 
periments no evidence for 4-MCH or 
MECH was found, the analytical method 
used was incapable of completely resolving 
4-MCH from 3-MCH. Blanc and Pines have 
reported the same difficulty (8b). In addi- 
tion to the species previously noted, an uni- 
dentified product, estimated at no more 
than 4% was observed from tram-2- 
MCHOL and catalysts with P/Al ratios of 
1.0. 

DISCUSSION 

The conversion of cis-ZMCHOL ex- 
ceeds that of truns-2-MCHOL for all tem- 
peratures below approximately 500°C and 
for all catalyst P/Al compositions. Similar 
results have been reported for various cata- 
lytic systems, including alumina (8b), hy- 
droxyapatite (9), gallia (IO), hafnia (12), an- 
atase (23), india, yttria, zirconia (14), and 
molybdena (16). In the present case, how- 
ever, there is no evidence for cis-tram 
isomerization of the reactant nor of dehy- 
drogenation of the alcohol to the corre- 
sponding ketone. While with a number of 
the aforementioned catalysts, cis-tram 
isomerization of cis- and trans-ZMCHOL 
is observed, little or no isomerization of the 
reactant alcohol occurs with alumina (Z5), 
gallium oxide (ZO), anatase (13), and molyb- 
dena (16). The present results with the Al- 
P-O catalysts suggest both a high degree of 
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stereoselectivity as well as dehydration 
processes which are rapid relative to those 
of dehydrogenation and cis-tram isomeri- 
zation. 

It is of interest to note that the dehydra- 
tion activity of the catalyst containing only 
aluminum and oxygen is considerably en- 
hanced by the addition of a relatively small 
quantity of phosphorus. The conversion of 
the truns alcohol with the catalyst, where 
P/Al is equal to 0.1, is more than double 
that in the case where no phosphorus is 
present, while that of the cis alcohol is in- 
creased from approximately 70 to 90%. 

As with cyclohexanes and monosubsti- 
tuted cyclohexanes, disubstituted cyclo- 
hexanes may exist in two alternative chair 
conformations. A 1,Zdisubstituted cyclo- 
hexane such as 2-methylcyclohexanol may 
exist in cis and tram configurations. The 
truns isomer (dl pair) will be either 
diequatorial (e,e) or diaxial (a,a) with the 
diequatorial conformation predominating. 
In contrast, the cis isomer will be either 
equatorial-axial or axial-equatorial. When 
the two substituents are different, as with 2- 
MCHOL, the conformation in which the 
larger substituent is equatorial will predom- 
inate. Thus with 2-MCHOL, the truns iso- 
mer (e,e) is expected to be more stable than 
the cis (e,a) because of the greater number 
of equatorial substituents (21-23). Recent 
i3C NMR studies (24) have shown the (ea/ 
ae) and the (ee/aa) equilibrium constants for 
2-MCHOL to be 4.3 and 250.0, respec- 
tively, from measurements at 193 K. These 
correspond to conformational energies of 
0.53 and ~1.4 kcal/mol, respectively. Al- 
though thermodynamic data are incom- 
plete, the heats of formation (A@, 298 K) 
of the tram and cis alcohols have been re- 
ported as -99.6 and -93.3 kcal/mol, re- 
spectively (25). 

Whether or not a catalytic surface is 
present, a number of factors deriving from 
properties intrinsic to the reactive molecule 
may be operative in reactions involving 
derivatives of cyclohexane. Inductive, 
steric, and ring deformation effects are evi- 
dent in a number of homogeneous phase 

reactions. In the acetylation of the 2-substi- 
tuted cyclohexanols, a truns-%-substituted 
methyl group produces a small accelera- 
tion, believed to be inductive in origin, 
while a cis-2-methyl substituent appears to 
yield a steric retardation (26). With homo- 
geneous systems, it has been suggested that 
in the transition state the 1,Zsubstituted 
groups may relieve steric compression by 
bending away from other other, a process 
which is more facile in the tram- 1,2- than in 
the cis-1, 2-disubstituted molecule (27). 
From inspection of models it has been 
found that the increasing separation of the 
tram-l,2 groups (or decreasing separation 
of the cis-1,2 groups) flattens the ring chain 
into the flexible form, a process associated 
with relatively little increase in energy, 
while increasing separation of the cis-1,2 
groups (or decreasing separation of the 
tram-l,2 groups) would be associated with 
the more energetically difficult puckering of 
the chair. However, the more rapid oxida- 
tion of axial than equatorial forms of substi- 
tuted cyclohexanols has been attributed to 
both steric and polar influences (27). 

Recent mass spectrometric studies of the 
energy dependence of the fragmentation of 
stereoisomeric methylcyclohexanols (28) 
provide further information on the relative 
properties of the epimeric 2-methylcyclo- 
hexanols. In the [C6Fs]+’ charge exchange 
mass spectra the [M-H20]+‘/[M]+’ ratio is 
1.4 for the cis epimer but only 0.44 for the 
tram epimer. This difference was attrib- 
uted to both an enthalpic and a conforma- 
tional effect, that is, the difference in the 
heats of formation of the two forms and the 
close proximity of the 4-H and the OH 
group in the boat conformation of the cis 
epimer, where the CH3 group is in an equa- 
torial position, in contrast to the truns epi- 
mer in which the methyl group is placed in a 
sterically more crowded position and as a 
consequence the aforementioned confor- 
mation is less favored. 

While the enhanced conversion of cis-Z 
MCHOL as compared to the tram epimer 
observed in the present work may, in the 
light of the aforementioned studies, be at- 
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tributed at least in part to the lower stability 
and more favorable position of the 4-H 
atom relative to the hydroxyl, which are 
found in the cis form, It will be apparent 
from examination of the product distribu- 
tions that other factors must predominate. 
As has been noted earlier, of the four possi- 
ble dehydration products from 2-MCHOL, 
only l-MCH and 3-MCH are observed. 
With the cis alcohol, the amounts of l- 
MCH are considerably larger than those of 
3-MCH for all P/Al and all, except the high- 
est, temperatures employed in this work. In 
contrast, for the trans alcohol such product 
distributions, but of diminished intensity, 
are only observed for the catalysts with 
P/Al of 0.8 and 1 .O. With the stoichiometric 
catalyst (P/Al equal to 1.0) at temperatures 
below 25o”C, the ratio of l-MCH to 3-MCH 
produced from the cis alcohol is a factor of 
three times larger than that expected at 
equilibrium. This is indicative of a mecha- 
nism in which I-MCH is produced as a pri- 
mary product. I-MCH could result as a pri- 
mary product either from an E2 [I ,2] 
elimination of water or through the forma- 
tion of a secondary carbenium ion by ex- 
traction of the hydroxyl group followed by 
proton loss from the methyl-substituted 
carbon. However, as a consequence of the 
inductive effect of the methyl group, the 
secondary carbenium ion is more likely to 
suffer the loss of a proton from the C-3 po- 
sition, thus generating 3-MCH. 

Production of l-MCH as a primary prod- 
uct through an E2 mechanism would appear 
to require an antielimination. While such an 
elimination may appear difficult to achieve 
on a solid surface, Kndzinger and co-work- 
ers have demonstrated that effective con- 
tact of the trans leaving groups of an alco- 
hol such as cis-2-MCHOL with the surface 
of the catalyst may be obtained by a tilted 
orientation of the molecule (29, 30). How- 
ever, as is evident from aforementioned 
considerations of both steric and conforma- 
tional effects, pseudorotation within the 
ring, partly surface-assisted, may render 
unnecessary any models invoking a rigid 
ring structure for cyclohexane. However, 

this is not to suggest the existence of a fac- 
ile cis-tram process for the cyclic alcohol, 
particularly since no evidence for such has 
been observed in the present work. 

In contrast, the I-MCH/3-MCH ratio ob- 
tained with truns-ZMCHOL on the stoi- 
chiometric catalyst at 170°C is considerably 
less than the equilibrium value, suggesting 
the 3-MCH is the primary product in the 
case. This alkene could be produced by ei- 
ther an anti or syn [2,3] elimination or alter- 
natively through production of a secondary 
carbenium ion by loss of a hydroxyl group, 
that is by either an E2 or El mechanism. 
With the tram alcohol the product ratio 
changes very little with temperature, while 
with the cis alcohol this ratio decreases 
markedly with temperature until near 400°C 
these values from the two alcohols are ap- 
proximately identical. Such an observation 
implies that with the cis alcohol l- and 3- 
MCH are produced by different mecha- 
nisms with substantially different activation 
energies. On the other hand, it would ap- 
pear that with the tram alcohol these two 
products may be produced by similar mech- 
anisms. 

The substantial increase in the amount of 
I-MCH which is produced from the cis al- 
cohol as the P/Al ratio increases up to 0.8, 
while the quantity of 3-MCH varies rela- 
tively little, suggests that the two-site pro- 
cess to which l-MCH may be attributed re- 
quires both phosphorus and aluminum to be 
present. With the cis alcohol the ratio of 
products l-MCH/3-MCH, exceeds the 
equilibrium value for all P/Al values except 
that corresponding to alumina, for which 
the I-MCH/3-MCH ratio is similar to that 
expected at equilibrium. As with the stoi- 
chiometric catalyst at various tempera- 
tures, this observation suggests that for all 
catalysts containing both P and Al, with the 
cis alcohol l-MCH is the primary product, 
apparently produced through a predomi- 
nantly E2 mechanism. With the tram alco- 
hol the l-MCH/3-MCH ratio is less than the 
equilibrium value for all compositions of 
catalysts, thus suggesting that 3-MCH is 
the primary product with all catalyst com- 
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FIG. 4. Ln(l-MCH/3-MCH) vs reciprocal reaction 
temperature for the dehydration of cis- and tram-2- 
methylcyclohexanol by Kearby-type (P/Al = 1 .O) Al- 
P-O catalysts [O (pH 3.5), 0 (pH 7.3); A (pH 3.5), A 
(pH 7.3)], alumina (86) (Cl, n ), and hydroxyapatite (9) 
(0, +) catalysts, respectively. 

positions at 175°C. While it is possible for 3- 
MCH to be generated from either an El or 
E2 process, the former appears more likely 
in view of the relatively constant value for 
l-MCW3-MCH obtained with the trans al- 
cohol. The partial generation of I-MCH 
from the truns alcohol by secondary isom- 
erization cannot be excluded. Earlier work 
(8, 9) has noted that the production of I- 
MCH from the tram alcohol for hydroxy- 
apatite and alumina catalysts cannot be ad- 
equately explained by a concerted syn 
elimination. 

It is of interest to compare the present 
results with those obtained for other cata- 
lysts by various workers. Product (l-MCH/ 
3-MCH) ratios for the Kearby-type alumi- 
num phosphate catalysts of the present 
work are compared with those for alumina 
(8) and hydroxyapatite (9) in Fig. 4. For 
truns-ZMCHOL on aluminum phosphate 
and on hydroxyapatite the plots are similar, 
and vary little with temperature, while with 

alumina a considerably different linear plot 
with negative slope is obtained. With the 
cis alcohol the data for alumina and hy- 
droxyapatite lie on a common straight line, 
while those for aluminum phosphate fall on 
a separate linear plot with a more positive 
slope. While the mechanism for dehydra- 
tion of the truns alcohol may be similar on 
hydroxyapatite and aluminum phosphate, 
that with the cis alcohol appears to be sig- 
nificantly different on aluminum phosphate 
from that observed with either hydroxyapa- 
tite or alumina. 

The selectivities of alumina, gallium ox- 
ide, and anatase in the catalytic conversion 
of the cis-ZMCHOL are similar to those 
observed in the present work, l-MCH being 
predominant in all cases (10-16). With alu- 
mina, the truns isomer produced relatively 
more 3-MCH than l-MCH, while with gal- 
lia, hafnia, and molybdena approximately 
equal amounts of these two alkenes were 
formed. Davis has also compared the con- 
version of these alcohols over alpha and a 
transitional alumina (Al-N). With Al-N, 
the rate of dehydration is again signficantly 
higher than that of cis-tram isomerization, 
while the l-MCH/3-MCH ratio was greater 
and less than 1 with the cis and truns iso- 
mers, respectively. With some oxides, zir- 
conia, for example, a significant amount of 
cis-truns isomerization is observed, the 
conversions of cis and truns alcohols to al- 
kenes are similar, and the l-MCH/3-MCH 
ratios are approximately 1 with both iso- 
merit forms. Davis (16) attributes the l- 
alkene selectivity on various oxides with a 
variety of alcohols to an electronic effect 
(acidity or basicity) and arranges the oxides 
in order of increasing basicity: Mo03, 
A1203, Si02, Int03, Nd203, ZrOz, ThOz. 
Davis (24-16) suggests that the strong pref- 
erence for antielimination with alumina is 
related to the size of the base (28). In the 
case of alumina the oxide ions surrounding 
the metal ion may constitute a basic anion. 

The substantial increase with P/Al in the 
quantity of l-MCH produced from cis-Z 
MCHOL suggests that the two-site process 
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producing I-MCH is dependent, at least par- to the production of both larger and more 
tially, on the presence of both aluminum effective basic sites, presumably necessary 
and phosphorus. There appear to be two for the two-site dehydration process. 
possibilities: (1) phosphorus or group(s) at- 
tached to phosphorus serve as the second ACKNOWLEDGMENTS 
site in the two-site process, (2) the addition 
of phosphorus provides the electronic and/ 
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p&e second-site characteristics in adja- 
cent species, for example, the oxide ions. 
Recent reports on the role of the phosphate 
anion in molybdena-alumina based cata- 
lysts suggest that this anion may be stabiliz- 
ing strained Al-O-Al groups (32). In con- 
trast the production of 3-MCH from either 
alcohol is little influenced by the presence 
of phosphorus atoms. This implies that 3- 
MCH results primarily from an El process, 
possible through a carbenium ion mecha- 
nism, which largely depends on the exis- 
tence of sufficiently strongly acidic sites. 
The production of l-MCH presumably re- 
quires an acidic and a basic site which may 
be provided directly or indirectly, by alumi- 
num and phosphorus, respectively. The 
aluminum atoms may function as Lewis 
acidic sites or with hydroxyl groups at- 
tached, as Bronsted acidic sites. Hydroxyl 
groups or oxygen atoms bound to phos- 
phorus atoms may serve as Bronsted and 
Lewis basic sites, respectively (4). How- 
ever, Peri (4) has argued that P-O groups 
may not be suitable basic sites on aluminum 
phosphate, at least for cracking purposes. 
Of course, it must be kept in mind that the 
potential surface for the one-site process is 
continuous with that for the two-site mech- 
anism, so that a continuum of possibilities 
exists, depending on the relative heights of 
the activation barriers. 

In the present case, the enhanced activity 
for the dehydration of 2-methylcyclohex- 
anol on addition of phosphorus may be at- 
tributed, in part, to the higher electro- 
negativity possessed by phosphorus as 
compared with aluminum. This may pro- 
duce a shift in electron density away from 
the aluminum atoms thus enhancing their 
(Lewis) acidic strength, while contributing 
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