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The dehydration of cis- and trans-2-methylcyclopentanol on B-P-O catalysts with P/B from 0.6 
to 1.4, yields only I-methylcyclopentene and 3-methylcyclopentene, with the relative amounts 
depending on the catalyst composition and the alcohol conformation. This data and that obtained 
from water-added catalysts and HMDS poisoning are interpreted to suggest a mixed mechanism 
involving a dominant E2 antielimination and an El 2-methylcyclopentyl cation process. 

INTRODUCTION 

One of the most commonly occurring 
processes in chemistry involves the re- 
moval of adjacent groups or atoms from a 
molecule to produce a bond of order higher 
than found in the original molecule. Al- 
though considerable work has been done on 
such elimination reactions, the mechanisms 
are still not understood and the introduction 
of a catalytic surface adds a further degree 
of complexity. Elimination mechanisms in 
both the liquid state and on catalysts have 
been classified as El, ElcB, and E2, refer- 
ring to two step, two step with rupture of 
the C-H bond, and one step processes, re- 
spectively (1). Of course, a continuum of 
possibilities exists, depending on the rela- 
tive heights of the activation barriers, so 
that such subdivisions are somewhat arbi- 
trary, although convenient. Two stereo- 
chemical mechanisms are generally distin- 
guished, the cis- or syn-elimination, in- 
volving removal of the groups from the 
same side of the host bond pair, and the 
vans- or antielimination, in which the 
groups leave from opposite sides. 
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Alcohols are probably the most common 
group of compounds which has been em- 
ployed for the study of catalytic elimina- 
tions. To a large extent such selection may 
be due to the convenient nature of the elimi- 
nated molecule. Aliphatic alcohols have the 
disadvantage that relatively free rotation 
about the host bond pair is often possible so 
that stereochemical studies are difficult, if 
not impossible. However, with cyclic mole- 
cules where the groups to be eliminated are 
ring-attached, this problem is largely cir- 
cumvented. Indeed, cyclic compounds 
have been used for a number of years for 
this purpose (1). One of the earliest reports 
is concerned with the dehydration of men- 
thol and neomenthol on alumina, which 
Pines and Pillai (2) found to involve anti- 
elimination. The same stereochemistry was 
deduced for the dehydration of various al- 
kyl- and phenyl-substituted cyclohexanols 
on alumina (3, 4), and for 2-methylcyclo- 
hexanol on thorium oxide (5). 

The results of studies of the dehydration 
of butanol, and methyl- and dimethylbu- 
tanols on B-P-O catalysts of various P/B 
ratios have recently been reported (6, 7). 

However the stereochemical nature of the 
elimination could not be deduced. In the 
present work the dehydration of cis- and 
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trans-2-methylcyclopentanol (MCPA) has the gas chromatograph. An 18-ft x &in. 
been studied on B-P-O catalysts with P/B column of 20% carbowax 20M (TPA) on 
molar ratios of 0.6, 0.8, 1.0, 1.2, and 1.4. 60/80 mesh chromosorb W(AW) operated 
Although elimination reactions with cyclo- at 145°C and a 15-ft x $-in. column of 25% 
pentanol have been explored, no heteroge- /3,/3-oxydipropionitrile on 80/ 100 mesh 
neous catalytic studies with MCPA have chromosorb P(NAW) at 70°C were used for 
been reported. the alcohols and alkenes, respectively. 

EXPERIMENTAL 

Mutericrls. The B-P-O catalysts were 
prepared from boric and orthophosphoric 
acids as previously described (7) with phos- 
phorus to boron molar ratios (P/B) ranging 
from 0.6 to 1.4. Samples employed were of 
100/200 mesh size and were pretreated at 
10e3 Torr for 8 hr at 400°C. Catalysts were 
also prepared by adding 5 ml of water with 
the boric and phosphoric acid and were la- 
beled as water-added (WA) samples. In 
some cases these were pretreated at 650°C 
for 12 hr. 

The surface acidity was estimated from 
the chemisorption of ammonia. The sam- 
ples of catalyst were evacuated at 200°C for 
3 hr prior to equilibration with 150 Torr of 
ammonia at room temperature for 12 hr. 
The system was then evacuated to constant 
weight. 

RESULTS 

Cis- and trans-2-methylcyclopentanol 
were obtained as 99% pure from Chemical 
Samples Co. and were used as received. l- 
Methylcyclopentene (1MCP) was pur- 
chased from Aldrich Chemical Co., 3- 
methylcyclopentene (3MCP) and Cmeth- 
ylcyclopentene (4MCP) from Pfaltz and 
Bauer, Inc., and methylenecyclopentane 
(MCP) was obtained from Fiuka. Less 
than 1% of impurity isomers was found in 
these samples, which were used as 
received. 1, I, 1,3,3,3-Hexamethyl-disila- 
zane (HMDS) was obtained 98% pure from 
Aldrich Chemical Co. 

Procedures. The dehydration reactions 
were carried out in a microcatalytic pulse 
reactor (7) by injecting a known amount of 
reactant into the preheated helium carrier 
gas. Various helium flow rates, catalyst 
masses, and reaction temperatures were 
tested to determine the most suitable reac- 
tion conditions to minimize mass transfer 
effects and secondary reactions. The work 
reported here employed a helium flow-rate 
of 180 ml/min, 40 mg of catalyst, and 160°C 
reaction temperature. The products and un- 
reacted alcohol were trapped in liquid nitro- 
gen and subsequently flashed at 160°C to 

Dehydration of cis- and truns-Zmethyl- 
cyclopentanol on all catalyst compositions 
employed in this work produced l-methyl- 
cyclopentene (1MCP) and 3-methylcyclo- 
pentene (3MCP). No evidence for the pres- 
ence of methylenecyclopentane (MCP) and 
4-methylcyclopentene (4MCP) was found 
under any conditions of temperature and 
helium flow rate. The total amounts of al- 
kenes produced per unit area from each of 
the alcohols as a function of P/B show a 
minimum near the stoichiometric composi- 
tion for boron phosphate and maxima at 
P/B of approximately 0.8 and 1.2 (Fig. l), 
with the highest value at the lower P/B. 
The quantity of ammonia chemisorbed at 
room temperature shows similar trends 
with the maximum at a P/B of 0.8 consider- 
ably larger than that at P/B equal to 1.2. 
The cis-conformation is the more reactive 
in all cases. 

Dehydration of either cis- or trans-MCPA 
produces considerably larger quantities of 
1MCP than 3MCP for all compositions of 
catalyst (Fig. 2). However catalysts of P/B 
equal to 0.8 and 1.2 produced the maximum 
amounts of 1MCP while catalysts of P/B 
equal to 0.9 and 1.0 produced minimum 
amounts. Amounts of 3MCP formed from 
either cis- or trans-MCPA were relatively 
small for all P/B and were almost constant 
from both the cis- and trans-alcohol. 

In spite of the careful selection of reac- 
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FIG. 1. Specific dehydration activities for cis-2-methylcyclopentanol (0) and rruns-Zmethylcyclo- 
pentanol (A) and ammonia chemisorbed (x) for various molar P/B ratios. 

tion conditions it was not found possible to 
eliminate net loss of reactant and/or prod- 
uct presumably by irreversible chemisorp- 
tion and/or cracking on the catalyst. Color- 

i 
P/B (MOLE/MOLE) 

FIG. 2. Moles I-methylcyclopentene (0,O) and 3- 
methylcyclopentene (A,A) produced per unit area 
from cis- and rruns-2-methylcyclopentanol, respec- 
tively. 

With the catalysts prepared by addition 
of supplementary quantities of water, var- 
ious differences may be noted (Fig. 3). For 
all compositions the activity of the catalysts 
for the dehydration has been decreased, 
and the trends observed previously (Fig. 1) 

ation of the catalyst at the termination of an 
experiment was also observed. Mass bal- 
ances were also found to differ from ex- 
pected values. The amounts of reactant 
and/or product not accounted for in the 
mass balance and presumably remaining on 
the catalyst were calculated from the ana- 
lytical results for the various catalyst com- 
positions. Although, as a consequence of 
the method of calculation, relatively large 
errors can be expected, nevertheless two 
observations appear to be valid. The per- 
centage of cis-MCPA held irreversibly on 
the catalyst is greater than that of the trans- 
conformer for all catalyst compositions. A 
maximum in the amount of irreversibly ad- 
sorbed material occurs at approximately 
the stoichiometric composition of boron 
phosphate in the case of both conformers. 
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FIG. 3. Specific dehydration activities for cis-2- 
methylcyclopentanol (0,O) and rrans-2-methylcyclo- 
pentanol (A,& on water-added catalysts and on water- 
added catalysts poisoned by HMDS, respectively, 
various molar P/B ratios. Ammonia chemisorbed (x) 
on water-added catalysts. 

altered considerably. While the activity for 
the dehydration of the &-conformer is 
again higher than that for the trans form, 
the activity for the former decreases as P/B 
increases, so that for P/B equal to 1.2 and 
1.4, these values are nearly identical. Addi- 
tion of hexamethyldisilazane (HMDS) con- 
siderably reduces the dehydration activity 
for both conformers and all catalyst compo- 
sitions. The dependence of the quantity of 
ammonia chemisorbed on the composition 
of the water-added catalyst is now some- 
what altered from that observed with the 
unmodified catalyst (Fig. 1). There is, how- 
ever, as in the previous case, an approxi- 
mate correspondence between the quanti- 
ties of ammonia chemisorbed and the 
quantities of alkenes produced on the wa- 
ter-added catalyst. With the water-added 
catalysts the amounts of 1MCP are again 
greater than those of 3MCP for all composi- 
tions, as observed with the unmodified cat- 
alysts (Fig. 4), and the quantity of 1MCP 
produced from the cis conformer is consid- 
erably greater than that formed from the 
trans-alcohol for samples with P/B equal to 
0.6 and 0.8. However as P/B increases the 
amounts of 1MCP from the cis- and trans- 

0.6 0.8 1.0 1.2 1.4 

P/B ( MOLE / MOLE 1 

FIG. 4. Moles 1-methylcyclopentene (0,O) and 3- 
methylcyclopentene (A,& produced per unit area 
from cis and rruns-2-methylcyclopentanol, respec- 
tively, on water-added catalysts. 

conformers become nearly equal, as ex- 
pected from Fig. 3. 

Poisoning of the WA catalysts almost 
eliminates any dependence of amounts of 
the various alkenes produced on the com- 
position of the catalyst (Fig. 5). However, 
the amount of 1MCP from the c&alcohol 
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FIG. 5. Moles I-methylcyclopentene (0,O) and 3- 
methylcyclopentene (A,& produced from cis- and 
frans-2-methylcyclopentanol on water-added cata- 
lysts, and on water-added catalysts, poisoned by 
HMDS, respectively. 
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remains relatively high for the catalyst with 
P/B equal to 0.6. The amount of irrevers- 
ibly adsorbed material on the WA catalysts 
increases with P/B and that on the HMDS- 
poisoned catalysts decreases as P/B in- 
creases. 

DISCUSSION 

The approximate correlation between the 
acidity, as estimated from the amount of 
ammonia chemisorbed, and the total al- 
kenes produced, demonstrates that the re- 
action is dependent on the number of acidic 
sites present. Earlier work (8, 9) has shown 
that catalysts with P/B greater than one 
have primarily Bronsted sites, while those 
with P/B less than one are predominantly 
Lewis acidic in nature. It thus appears that 
Bronsted and Lewis acid sites are equally 
effective in catalyzing the dehydration of 2- 
methylcyclopentanol. It is also evident that 
the stoichiometric catalyst (P/B = 1) pos- 
sesses fewer acidic sites than those which 
are nonstoichiometric. This is in agreement 
with the results of previous work 
(6, 7, 10, II). 

From the results reported here, it is also 
apparent that, for all compositions of cata- 
lysts except that where P/B is equal to 1, 
the elimination of water occurs more read- 
ily with the cis-conformer than with the 
trans-alcohol. Although thermodynamic 
data do not appear to be available for 2- 
methylcyclopentanol, the evidence which is 
available suggests that the trans-conformer 
is slightly more stable than the cis structure 
(12, 13). However, cyclopentane itself has 
a puckered ring structure, together with an 
additional degree of freedom in the form of 
a rotation of the puckering around the ring, 
usually referred to as a pseudorotation (14). 
The ring puckering causes ring substituents 
to assume somewhat staggered positions, 
rather than the completely eclipsed posi- 
tions expected for the planar form. At a 
puckering amplitude of 0.48 A, the enve- 
lope and half-chair forms (C, and CZ, re- 
spectively) have the lowest energy, with the 
former having an energy lower than the lat- 

Envelope Half-Chair 

ter by 0.5 kcal/mole. Cyclopentane itself 
has been shown to be practically a free 
pseudorotator (15), but monosubstitution 
on the ring changes the potential barriers 
for rotation around the bonds adjacent to 
the altered center, thus reducing the 
pseudorotation. Unfortunately, no confor- 
mational analysis is yet available for 2- 
methylcyclopentanol. However it is be- 
lieved that the complexities of molecules 
such as MCPA are manifestations of the 
five-membered ring (14). For example, it 
has been shown recently (16) that the oxi- 
dation of cis-MCPA by chromic acid in 90% 
acetic acid at 25°C occurs approximately 
twice as rapidly as that of the frans-con- 
former, while the acetylation by acetic an- 
hydride in pyridine at 25°C occurs approxi- 
mately three times more rapidly with the 
tram than with the cis. It has been postu- 
lated (17) that the rate of oxidation with 
chromic trioxide is directly related to the 
magnitude of ground state steric interac- 
tions involving the OH group of alcohols. 
However, it has also been shown (18) that 
transition state energy differences, proba- 
bly the result of torsional angle effects, are 
important, and depend on the specific ste- 
reochemistry in the ground and transition 
states. Unfortunately, the mechanism of 
the acetylation reaction is unknown (26). 

It is thus not possible to propose a unique 
rationalization for the difference in behav- 
ior of the cis- and trans-MCPA on the 
present catalysts. However, a number of 
possibilities can be proposed. The dehydra- 
tion process may be one of antielimination, 
apparently occurring more readily with the 
cis- than the rrans-alcohol. The cis form 
may be inherently more reactive because of 
the steric repulsive interaction between the 
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hydroxyl and methyl groups. As has been 
mentioned, puckering of the cyclopentane 
ring can occur, but it may be anticipated 
that this would be more prevalent in the cis- 
conformer. However, torsion angle data for 
cyclopentane (14) suggests that, while the 
hydroxyl and methyl groups in the cis form 
will not be eclipsed, the staggering will 
probably amount to no more than 20”. The 
cis-alcohol may be able to interact with the 
solid surface more readily, by assuming the 
inclined orientation put forth by Knozinger 
et al. (19). However, the amounts of the 
cis- and trans-alcohols converted on the 
catalyst with P/B equal to 1 are quite simi- 
lar, thus suggesting that the difference in 
behavior of the two conformations of 
MCPA are more a property of the solid 
surface than the molecules themselves. 

The dehydration of MCPA can, at least in 
principle, yield four isomers of methylcy- 
clopentene, namely, l-methylcyclopentene, 
3-methylcyclopentene, Cmethylcyclopen- 
tene, and methylenecyclopentene. In the 
present work only 1MCP and 3MCP are 
produced. No evidence for methylenecy- 
clopentane or 4-methylcyclopentene was 
found under any reaction conditions. The 
stabilities of the isomers have been shown 
to decrease in the order lMCP, 3MCP, 
4MCP, and MCP (20). The quantities of 
IMCP produced are greater than those of 
3MCP for both the cis- and tvans-alcohols 
and for all compositions of catalyst. How- 
ever the ratio of IMCP/3MCP from the cis- 
alcohol ranges from approximately 20 to 55, 
while that from the trans-MCP has values 
from 5 to 14. The equilibrium ratio of 
lMCP/3MCP at 160°C is approximately 12. 
The significant difference in the composi- 
tions produced from the two isomeric alco- 
hols suggests that a common intermediate is 
unlikely. The observation that the lMCP/ 
3MCP ratio produced from the cis dehydra- 
tion is greater than the equilibrium value, 
while that from the tram dehydration is 
less, for all but one catalyst, can be inter- 
preted as evidence for the production pri- 
marily of 1MCP and 3MCP from the cis and 

tram forms, respectively, a result consist- 
ent with antielimination. At the same time, 
however, the substantial amounts of 1MCP 
produced from the trans-alcohol may be the 
result of an additional mechanism or may 
be attributed to secondary isomerization of 
3MCP to 1MCP. 

It is also interesting to note that the ratio 
IMCP/3MCP is highest (for either the cis- 
or trans-alcohol) for the catalyst with P/B 
equal to 0.6, and decreases as the propor- 
tion of phosphorus increases. In the case of 
the c&-alcohol the lMCP/3MCP ratio is es- 
sentially constant for catalysts with P/B 
equal to or greater than 1.0 and for the 
truns-alcohol for all catalysts except that 
where P/B is equal to 0.6. Of course these 
ratios are strongly influenced by the 
changes in amounts of 3MCP produced. 

The introduction of additional water in 
the preparation of the catalysts apparently 
poisons a number of the Lewis sites and 
may also reduce the effectiveness of some 
of the Bronsted sites. The irreversible ad- 
sorption appears to take place preferen- 
tially on those catalysts with smaller num- 
bers of acidic sites and is least favored by 
Lewis acid sites. Although addition of wa- 
ter to catalysts with P/B greater than 1 
reduces their dehydration activity, their 
ability to irreversibly adsorb either reactant 
or products is considerably enhanced. 
HMDS appears to be capable of poisoning 
both Lewis and Bronsted sites. 

While it is not possible to interpret the 
present evidence in favor of a unique mech- 
anism for the dehydration of 2-methylcyclo- 
pentenols, nevertheless it does appear that 
an E2 antielimination reaction is occurring. 
However it is not possible to rule out the 
participation of an E 1 mechanism involving 
the 2-methylcyclopentyl cation. There is 
evidence in the present work to suggest that 
such a mechanism is more probable on cat- 
alysts with smaller numbers of acidic sites, 
preferably of Bronsted type, and that such a 
mechanism may be conducive to the forma- 
tion of irreversibly adsorbed materials. It is 
also not possible to draw conclusions as to 
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the influence of such irreversibly adsorbed 
materials on the reaction mechanism. 
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