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REACTIONS OF ALCOHOLS WITH ALKENES OVER AN 
ALUMINUM-EXCHANGED MONTMORILLONITE 
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Abstract-The reaction of 2-methyl pent-2-ene with primary alcohols (C,-C.,.) at 95°C over an AI-mont­
morillonite gave yields of 20-90% of ethers of the type R-O-C(CHal.CaH" Lower yields were produced 
if secondary alcohols were employed, and tertiary alcohols gave only a trace of this ether. When a variety 
of alkenes was reacted with butan-I-ol at 95°C over a similar catalyst, no reaction occurred unless the 
alkene was capable of forming a tertiary carbonium ion immediately upon protonation. In this case the 
product was the tertiary ether t-R-O-nC.H •. However, at a reaction temperature of 150°C a variety of 
products were formed including (1) ether by the attack of butanol on the carbonium ions produced either 
directly from protonation of the alkenes or by hydride shift from such an ion, (2) alkenes by the attack of 
n-C.H.+ ions (derived from protonation and dehydration of butanol) on the alkene, (3) di-(but-I-yl) ether 
by dehydration of the butanol, and (4) small amounts of alcohol by hydration of the alkene. The differences 
in reactivity below and above 100°C are related directly to the amount of water present in the interlayer 
space of the clay and the degree of acidity found there. Although the clay behaves as an acid catalyst, the 
reactions are far cleaner (more selective) than comparable reactions catalyzed by sulfuric acid. 
Key Words-Alcohol, Alkene, Aluminum, Catalyst, Montmorillonite. 

INTRODUCTION 

An extensive study has been made of a wide range of 
organic reactions catalyzed by clay minerals (see, e.g., 
Fripiat and Cruz-Cumplido, 1974; Theng, 1974; Thom­
as et al., 1977; Bittles et al., 1964a, 1964b, 1964c). Re­
cently, renewed interest has been shown in the use of 
natural and synthetic smectitic clays as highly selective 
acid catalysts (e.g., Adams et al., 1978, 1979a, 1979b; 
Ballantine et al., 1981a, 1981b). In many studies car­
bonium ions, formed by the protonation of the reactant 
molecules, have been considered to be essential inter­
mediates in the reactions. The protons originate from 
the dissociation of interlayer water molecules coordi­
nated to the exchangeable cations (Mortland, 1968; Fri­
piat and Cruz-Cumplido, 1974)-indeed the interlayer 
water in smectities is known to be dissociated to a much 
greater extent than bulk water (Hougardy et al., 1976; 
Mortland et al., 1963; Fripiat et al., 1965; Touillaux et 
al., 1968). 

At low temperatures « lOO°C) the reactions of al­
kenes over montmorillonites usually produce ethers or 
alcohols, depending upon the type of alkene (Adams et 
al., 1979a, 1982a), whereas at higher temperatures they 
give dimers and other oligomers, Recently, Ballantine 
et al. (1981b) found that the reactions of alcohols with 
ion-exchanged montmorillonites give di-(alk-l-yl) ethers 
at 180°C. The possibility of reaction between alcohols 
and alkenes over ion-exchanged montmorillonite cat­
alysts has been explored in the case of methyl t-butyl 
ether (MTBE) production from isobutene and methanol 

t Deceased. 
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(Bylina et aI., 1980; Adams et al., 1982b) or t-butanol 
and methanol (Adams et aI., 1981). 

In the present study we have extended this work to 
the reactions of a range of alkenes and alcohols at tem­
peratures both above and below lOO°C. Initially the al­
kene chosen was 2-methyl pent-2-ene, which is similar 
to isobutene in that protonation should give a tertiary 
carbonium ion. In addition, this alkene is much easier 
to handle than isobutene and reaction with a range of 
alcohols was attempted. A variety of alkenes was also 
reacted with butan-l-ol. In all experiments an AI-ex­
changed montmorillonite was used as a catalyst, be­
cause this material is highly acidic (Mortland, 1968). 

EXPERIMENTAL 

Catalyst characterization 

The Wyoming bentonite used in this study (Volclay, 
foundry grade, Hopkin and Williams Ltd.) was crushed, 
separated from gross impurities and size graded in a cy­
clone before delivery. Eighty-five percent of the par­
ticles were specified as being <75 foLm. The <2-foLm clay 
fraction was selected by sedimentation. Cation ex­
change was carried out by exposing the clay to a 0.6 
molelliter solution of Al(NOJ3' 9H20 for 24 hr. The clay 
was then centrifuged and resuspended in deionized 
water repeatedly until a test for the exchanging salt 
proved negative, after which the clay was isolated by 
centrifugation, dried in an oven at 40°C, and ground 
finely. The cation-exchange capacity (CEC) of the iso­
lated montmorillonite sample was found to be 70 ± 2 
meq/ 100 g for air-dry material by a precipitation method 
described previously (Adams et al., 1981) and also by 

129 

https://doi.org/10.1346/CCMN.1983.0310207 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1983.0310207


130 Adams, Clement, and Graham Clays and Clay Minerals 

the conductimetric method of Mortland and Mellor 
(1954). These exchange capacities correspond to 1/6 AP+ 
per SiB0 20 unit. 

For all experiments pre-weighed AI-exchanged sam­
ples were equilibrated for 36--48 hr over a saturated LiCI 
solution at 30°C; this salt solution produces an atmo­
sphere of constant 12% RH and consistently gave a fixed 
water content in the interlamellar space of the clay. The 
reproducibility of the clay water content is important 
because the acidity of interlayer water is a function of 
the amount of such water present (Mortland, 1968), and 
the product of reactions catalyzed by montmorillonites 
have likewise been shown to be dependent upon this 
content of water (e.g., Adams et al., 1979a). Thermo­
gravimetric analysis showed that the clay samples con­
tained 4.2 x 10-3 moles H 20/g clay, i.e., 3.0 water mol­
eculesl unit cell. 

Gas-liquid chromatography and 
mass spectrometry 

Gas-liquid chromatography (GLC) was used to mon­
itor the purity of reactants and to analyze the reaction 
products. Glass columns, 0.25-inch internal diameter, 
were packed with 10% polyethylene glycol 20 M, with 
2% silver nitrate supported on acid-washed silanized 
Chromosorb G. For the identification ofreaction prod­
ucts a gas-liquid chromatograph coupled to an AEI MS 
30 mass spectrometer was used with a DS 50 S micro­
processor. 

Reaction conditions 

Teflon-lined brass vessels were employed for the re­
actions carried out at 95°C; stainless steel vessels were 
used at 150°C. These containers were charged with either 
1.0 g or 0.5 g (12% RH) of AI-exchanged clay together 
with the appropriate alkene and alcohol and n-hexane 
solvent. The vessels were sealed, placed in thermo­
statted oil baths, and stirred magnetically. 

RESULTS 

Reaction of 2·methyl pent-2-ene 
with alcohols 

Reactions of 2-methyl pent-2-ene were carried out in 
Teflon-lined vessels at 95°C for 5 hr with 1 g of AI-clay 
(12% RH) and 12.5 mmole of the pentene and the ap­
propriate alcohol; 3 cm3 of n-hexane was used as sol­
vent. Reasonable yields (2()....:.40%, Table 1) of t-ether, 
i.e., 2-alkoxy 2-methyl pentane, were obtained by the 
acid-catalyzed reaction of2-methyl pent-2-ene with all 
straight-chain alcohols (Figure J) with carbon chain 
lengths from C2 to C lB' With methanol the reaction was 
much more efficient and a larger (~90%) yield was ob­
served. Here a small quantity of 2-methyl pentan-2-ol 
was produced from the hydration of the parent alkene, 
and a small quantity of MeOMe was formed from the 
methanol,' as was found previously in the formation of 

2-methyl pentan-2-ol 2-methyl-2-alkoxy pentane 

Figure 1. Mechanism for the acid-catalyzed reaction of 
2-methyl pent-2-ene with alcohols (AI-montmorillonite cata­
lyst). 

methyl t-butyl ether when using a clay catalyst (Bylina 
et ai., 1980; Adams et al., 1981b). At this temperature 
methanol is the only alcohol to form a di-alkyl ether, 
whereas Ballantine et al. (l981b) showed that at higher 
temperatures di(alk-l-yl) ethers can be synthesized from 
n-alcohols using clay catalysts. 

The ethers produced were identified by GLC-MS 
cracking patterns. Generally the yield of the tertiary al­
cohol, 2-methyl pentan-2-01, was between 0.8 and 1.2 
mole, which is less than that which could have been 
produced if all of the interlayer water originally in the 
clay had been consumed (4.2 mmole). No dimers of 
2-methyl pent-2-ene were found in any reaction at 95°C, 
whereas in a comparable reactions involving methanol 
and 2-methyl propene, Adams et al. (1982b) reported 
the production of dimers of the reactant alkene. Where 
secondary alcohols were used as reactants, the yield of 
the appropriate tertiary ether was less than with pri­
mary alcohols, and a tertiary alcohol led to a negligible 
yield of ether. 

These results indicate that there is no limit to the size 
of n-alcohols that can react to give t-ethers (up to C1B); 

the lower yields obtained with secondary and tertiary 
alcohols are probably due to the increase in sterk 
hindrance around the hydroxyl group which prevented 
the tertiary carbonium ion (produced by protonation of 
the alkene) and the alcohol from approaching each oth­
er in a manner suitable for ether formation. The yield 
of 2-methyl pentan-2-01 is greater when secondary Or 
tertiary alcohols are used rather than primary alcohols 
because the ether formation is restricted by steric 
hindrance; there are, therefore, more pronotated al-
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Table I. Yi.elds of tertiary hexyl ethers (R-O-C(CHa)2CaH7) 
and the tertIary alcohol 2-methyl pentan-2-01 using various 
alcohols. 1 

2 methyl 

Alcohol (ROH) 
R-O-C(CH"j, pentan-2-ol1 
C"H,/mmole mmole 

CHaOH 11.32 1.2 
C2H 5OH 3.0 0.8 
n-CaH70H 3.5 0.8 
n-C4H9OH 4.8 1.1 
n-C5H llOH 3.7 0.75 
n-C6H,aOH 3.8 0.9 
n-C4H 15OH 3.9 0.8 
n-CSH ,7OH 4.7 1.1 
n-CsH'90H 4.0 0.4 
n-C 1oH2IOH 3.7 1.0 
n-C ,2H25OH 3.3 0.9 
n-C,4H29OH 3.2 I 
n-C,.HaaOH 2.5 1 
n-C ,sHa70 H 2.4 1 
CHaCH(OH)CHa 0.71 1.87 

CH2-CH2" 
I /CHOH 0.86 1.1 

CH2-CH2 

(CHahCOH 0.07 2.6 

I I gAl-clay (12% RH) + 12.5 mmole 2 methyl pent-2-ene 
+ 12.5 mmole ROH + 3 em" n-hexane (5 hr, 95°C). 

2 This value is based on the loss of methanol and gives the 
total of this ether and a small amount of MeOMe. 

kene molecules available for hydration and subsequent 
conversion to alcohol by loss of a proton. 

Reaction of butan-l-ol with alkenes 

A series of alkenes-some of which gave secondary 
carbonium ions on protonation and some which gave 
tertiary carbonium ions-were reacted with butan-I-ol 
in the presence of AI-clay at 95° and 150°C in sealed 
vessels. The alkenes used were: 2-methyl pent-I-ene, 
2-methyl hept-I-ene, 4-methyl pent-I-ene, cis 4-methyl 
pent-2-ene, trans 4-methyl pent-2-ene, 3,3-dimethyl but­
l-ene, hex-l-ene, and hex-2-ene. For all experiments, 
0.5 gAl-clay (12% RH) was reacted with 6.25 mmole 
alkene, 6.25 mmole butan-I-ol, and 1.5 cm" n-hexane 
solvents for 5 hr at 95° and 150°C, 

The reactions catalyzed by the clay at 95°C gave rise 
to new products (t-ethers and t-alcohols) only in those 
reactions where the alkene was able to give a tertiary 
carbonium ion immediately upon protonation (Table 2). 
The alkenes which could give only primary or second­
ary carbonium ions on protonation did not yield new 
products. 

At 150°C all of the alkenes studied reacted to give a 
range of products (Table 3), although the GLC trace 
was far cleaner than in those reactions catalyzed by 
concentrated acid. At this higher temperature some di­
n-butyl ether was produced (Figure 2) from the butan-
1-01, as observed by Ballantine et al. (198Ia, 198Ib). In 
addition, each alkene reacted with butyl carbonium ions 

CH3CH2CH2CH20CH2CH2CH2CH3 
di-n-butyl ether 

a variety of 

Figure 2. Diagrammatic representation of production and 
possible reaction pathways of butyl carbonium ions generated 
in the montmorillonitte. 

(produced by protonation and subsequent loss of water 
from the butanol) to give.a ClO carbonium ion which 
then lost a proton to give a ClO alkene (Figure 2). The 
synthesis of di-(alk-I-yl) ethers from alcohols using a 
clay catalyst has been reported previously by Ballan­
tine et al. (l981b), but in previous work involving the 
reaction of alkan-l-ols with hex-I-ene no mention was 
made of any ethers or alkenes arising from the reaction 
of the reactant alkene with a carbonium ion derived from 
the alcohol, the sole product of the reaction being 
l-alkyI2-hexyl ether and the l-alkyI3-hexyl ether (Bal­
lantine et al., 1981a). 

In all experiments carried out in the present study at 
150°C, the alkenes reacted with the butanol to give iso­
meric ether products. The reactions involving the methyl 

Table 2. Summary of results for the reaction of various aI­
kenes with butan-I-ol at 95°C in sealed vessels. I 

Alkene 

2-methyl pent-I-ene 
2-methyl hept-I-ene 

Dimers 
Other Tertiary of 

t-ethers ethers alcohols alkene, BuGH 

1.74 
1.40 

0.45 
0.32 

4.51 
4.85 

Note that the following alkenes did not react under these 
conditions: 4-methyl pent-I-ene, cis 4-methyl pent-2-ene, tr(lns 
4-methyl pent-2-ene, 3,3-dimethyl but-I-ene, hex-I-ene, hex-
2-ene. Values in millimoles. 

'0.5 gAl-clay (12% RH) + 6.25' mmole alkene + 6.25 
mmole butan-l-ol + 1.5 cman-hexane (5 hr, 95°C). 
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extent to which hydride shift occurred. The ratio of 2-
methyl 4-butoxypentane to 2-methyl 3-butoxypentane 
could not be determined from GLC analysis because 
these compounds give unresolvable overlapping peaks. 
However, GLC-MS data indicated that the peak in 
question was the result of two ethers since molecular 
fragments having mle 45 from the 4-butoxy ether and 
mle 59 and 73 from the 3-butoxy ether were present. 

As indicated in Table 3a, 2-methyl pent-I-ene gave 
predominantly the t-ether, 2-methyl 2-butoxypentane, 
whereas the remaining substituted pentenes gave mix­
tures of2-methyl 3-butoxy and 2-methyl4-butoxy ethers 
with minor amounts of 2-methyl 2-butoxypentane. It 
should be noted that on hydration 2-methyl pent-I-ene 
gave only 2-methylpentan-2-01, a t-alcohol, whereas the 
other methyl pentenes gave two secondary alcohols. 
2-methyl hept-I-ene (Table 3b) behaved similarly to 
2-methyl pent-I-ene except that there was slightly less 
C12 (compared with C lO) alkene produced by the reac­
tion ofa butyl carbonium ion with the 2-methyl hept-l­
ene. 

pentenes give various amounts of 2-methyl 3-butoxy­
pentane, 3-methyl 4-butoxypentane, and 2-methyl 
2-butoxypentane (Figure 3) depending upon the posi­
tion of protonation of the alkene in question and the 

Of the two isomeric hexenes, hex-I-ene gave the 
greater yield of ether with the major product being the 
I-butyl 2-hexyl ether (Table 3c). This ether was pro­
duced from the secondary carbonium ion formed di-

Table 3. Summary of results for the reaction of various a1kenes with butan-I-ol at 150°C in sealed vessels. 

2·methyl 
3·butoxy 

(a) pentane and 
Alkene 2-methyl 2-methyl 
(methyl 2-butoxy 4-butoxy 2-methyl Secondary Di-n-butyl Dimer of 

pentenes) pentane pentane C IO a1kenes pentan· 2~oJ alcohols ether alkene Butan-I-ol 

~ 0.4 0.08 2.05 0.17 0.35 1.46 3.02 

~ 0.11 1.5 0.12 0.07 0.25 4.02 

~ 0.28 1.46 0.53 0. 1 0.28 3.32 

'""'- 0.18 0.74 0.41 0.1 0.32 4.28 

2-methyl Otber ethers 
(b) 2-butoxy from BuOH + 2-methyl Secondary Di-n-butyl Dimer of 

Alkene heptane alkene C l2 alkene beptan-2-ol alcohols ether alkene Butan-I-ol 

~ 0.41 0.9 0.12 0.36 4.22 

(e) 2-butoxy 3-butoxy Di·n-butyl Dimer of 
Alkene hexane hexane C IO alkenes hexan-2-ol Hexan-3-ol ether alkene Butan-I-ol 

~ 2.33 0.46 0.04 0.06 0.02 0.34 2.74 

~ LI8 0.79 0.02 0.06 0.04 0.62 3.02 

2.methyl 
2,2-di-methyl 2-butoxy 

(d) 3-butoxy 3-methyl 2.3-di-methyl Secondary Di-n-butyl Dimer of 
Alkene butane butane C10 alkene butan-2-ol alcohols ether alkene BUlan-l-ol 

i- 0.17 0.19 0,04 0.08 0.23 5.39 

0.5 gAl-clay (12% RH) + 6.25 mmole alkene + 6.25 mmole butan-l-ol + 1.5 cm' n-hexane (5 hr, 150°C). All quantities 
quoted are in mmoles of product. 
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rectly by protonation rather than the alternative car­
bonium ion which would be produced by a hydride shift 
and which would generate I-butyl 3-hexyl ether. With 
hex-2-ene, relatively more I-butyl 3-hexyl ether was 
produced because the carbonium ion required to give 
both the 2-hexyl and 3-hexyl ethers was generated di­
rectly from protonation of the alkene. 

For 2,2-dimethyl but-l-ene the yield of all products 
was lower than with the remaining alkenes (Table 3). 
Two isomeric ethers were produced from the reaction 
with butan-l-ol, one of which is 2,2-dimethyl 3-butoxy­
butane formed by protonation of the double bond of the 
alkene followed by attack of the alcohol and loss of a 
proton. The secondary carbonium ion produced, how­
ever, undergoes a Wagner-Meerwein rearrangement 
(Fieser and Fieser, 1961) with migration of a methyl 
group to give a more stable carbonium ion CHT 

CH(CHJ+C(CHJ2' GLC/MS data indicated that this 
process did indeed occur to give 2,3-dimethyl 3-butoxy­
butane. Furthermore the alcohol produced in the re­
action was that derived from the tertiary carbonium ion 
given by this Wagner-Meerwein rearrangement. 

Reactions in the inter/ayer space 

The reaction of alcohol and alkene molecules could, 
in principle, take place in solution, on the clay surface, 
or in the interlayer space ofthe clay catalyst. In control 
experiments made without clay catalyst, no reaction 
occurred. In a second set of experiments using AICI3 , 

together with the alcohol and alkene , none of the ma­
terials produced by the clay catalyzed reactions were 
found . The compounds 2-methyl pent-l-ene and cis 
4-methyl pent-2-ene were also used for control exper­
iments where they were stirred for 3 hr with equimolar 
amounts ofbutan-l-ol and concentrated sulfuric acid . 
OLC analysis of the organic reaction products indicat­
ed a low conversion of butanol together with a broad 
envelope of unresolvable peaks which consisted of al­
cohols, ethers, alkenes, and other polymerization and 
breakdown products of the alkene. It is apparent that 
the reactions must take place on the external surface of 
the clay particles, or in the interlayer space, or both. 

The AI-clay equilibrated at 12% RH had a basal spac­
ing of 15.4 A. On immersion of this clay in 2-methyl 
pent-2-ene and hexan-I-ol the spacing increased to 15 .9 
A and 17 .9 A, respectively . When the clay was im­
mersed in a mixture of this alkene and alcohol, the spac­
ing increased to 17.9 A and remained there after heating 
to 95° and 150°C for 5 hr. Although both types of reac­
tant molecules obviously had access to the interlayer 
space during the reaction, these data do not necessarily 
prove that reaction took place there . 

A collapsed AI-clay was produced by heating at 500°C 
for 48 hr: reactions carried out using this material as a 
catalyst were compared with those using the normal , 
uncollapsed , clay (the reaction used was 2-methyl pent­
I-ene + butan-I-ol). At 95°C, the normal clay gave 

t-ether and t-alcohol products (Table 2), as did the col­
lapsed clay, but the yield was only about 25% of that 
for the normal clay. At 150°C, the normal clay gave di­
mers of the reactant alkene and other ethers in addition 
to the t-ether and t-alcohol (Table 3a) . The collapsed 
clay, however, gave a reduced yield of the t-ether and 
t-alcohol, but other products were not detected. 

These results suggest that two types of sites may be 
involved in these reactions. First, a surface site may 
exist where carbonium ions can react with oxygenated 
species, such as the alcohol and water, but not with hy­
drocarbons. Second, the carbonium ions can react in 
the interlayer region with hydrocarbons to give dimers, 
etc. Moreover, these two sites would probably differ in 
acidity , with the interlayer site being more acidic. It is 
not completely clear whether the carbonium ions them­
selves can be formed on the surface and in the interlayer 
space, or only at one of these sites with subsequent mi­
gration to the reaction site. 

DISCUSSION 

The dramatic differences in the products formed by 
reactions at 95° and 150°C were probably due to loss of 
interlamellar water from the clay on heating at 150°C. 
As dehydration proceeds, the water remaining in the 
clay becomes more polarized by the Al cations and the 
proton donation ability is improved (Mortland, 1968). 
At 95°C protonation of the alkene took place only when 
a stable tertiary carbonium ion could be formed, where­
as by 150°C the interlamellar water became sufficiently 
acidic to protonate alkenes that yielded less stable sec­
ondary carbonium ions and also sufficiently acidic to 
protonate butan-l-oJ. This protonated alcohol subse­
quently lost water to yield the primary C4H g + carbo­
nium ion which then reacted with other alcohol mole­
cules (Ballantine et af., 1981b) or reacted with alkenes 
to form larger alkene molecules. 

If the reaction of the methyl pentenes with butan-l-
01 is considered, 2-methyl pent-l-ene, which is the al­
kene that gives the most stable and easily produced 
carbonium ion, gave the lowest yield of ether but the 
largest yield of C IO alkene. The yield of ether was also 
significantly less at 150°C than at 9SOC. At 150°C the 
extra high acidity in the clay enabled primary butyl car­
bonium ions to be formed ; these ions easily attacked 
the nucleophilic double bond of an alkene. This process 
occurred as readily as protonation of the alkene, but the 
final step in the attack of the alkene by a butyl carbo­
nium ion was the facile loss of a proton to form a CIO 

alkene. This loss took place more readily than the al­
ternative attack of a butanol molecule on a protonated 
alkene regardless of any special orientation effects. At 
95°C, however, because only 2-methyl pent-l-ene is 
protonated, the only possible reaction was that be­
tween butanol and 2-methyl pent- I-ene to produce the 
t-ether. As there were no other reactive species com-
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CLAY -INTER LAVER & SURFACE EXTE RNAL LIQUID 

solvent 

BuOH 
solvent 

BuOH 

+HZO,.H+tl+H~-H2o 
Bu+ + H20 r=::;'1=! H20 

H+ jBUOHU-H+,+BuOH; 

Bu·O- Bu Bu-O-Bu 

alkene 

(Bu+alkene) 
-various isomers 

alkene+H+ 

(aIJLH+) 

- BUOH,+H+ll+BUOH,-H+ 

Bu-O-alkyl ether ;:::==;'P' Bu-O-alkyl ether 

interlayer water 

(alkene+H+) 

lhYdride or 
methyl sh itt 

(alkene + H+) 

- various isomers 

l-H+ 
alkene· r=::::§~ alkene· 

Figure 4. Representation of the distribution of reactants and 
products between the interlayer region of the montmorillonite 
and the external liquid. (* denotes isomer of reactant alkene.) 

peting for the alkene molecules a reasonable yield of 
t-ether was achieved. 

For the isomeric hexenes the yields of the butoxy ether 
were greater than with the other alkenes, probably due 
to the fact that only secondary carbonium ions were 
involved in the reaction, with correspondingly little ste­
ric hindrance. On the other hand, 2,2-dimethyl but-I­
ene is a branched molecule which effectively protects 
the double bond from attack; low yields were observed 
for all products. 

In the production of di-(but-I-yl) ether it would be 
expected that because this ether is more basic than bu­
tan-I-ol itself, it would be instantly protonated and re­
hydrated by the interlamellar water giving butan-l-oI. 
However, due to the high reaction temperature, the 
water formed On production of the ether waS rapidly 
lost from the interlamellar space of the clay and, hence, 

a significant amount of di-(but-I-yl) ether was pro­
duced. As evidence of competition it was noted that, in 
reactions involving similar alkenes, good yields of di­
(but-l-yl) ether were formed when lower yields of the 
ether derived from alcohoValkene reactions were ob­
tained and vice versa. 

The final yields of the various products of these re­
actions were dependent upon the reactivity of the al­
kene, and also upon the distribution of products and 
reactants between the clay and the surrounding medi­
um. The representation of the various equilibria in the 
clay/external medium system is relatively complex 
(Figure 4) and is even more complicated if the various 
equilibria between the liquid medium surrounding the 
clay and the vapor phase existing above the clay/liquid 
mixture are taken into account. Experimental distri­
bution coefficients for these equilibria are not at present 
available, and the network of interconnecting equilibria 
is not therefore mathematically tractable at the present 
time. 

In summary, the AI-montmorillonite studied here be­
haved in many ways as a solid source of protons, but 
the range of products is smaller than that given by a 
liquid acid catalyst. This relative selectivity probably 
results from the stereochemical constraints necessary 
to fit the organic molecules between the layers or on the 
surface of the clay. 

ACKNOWLEDGMENTS 

We thank the Science and Engineering Research 
Council for a studentship to D.E.C. and the Royal So­
ciety for support. 

REFERENCES 

Adams, J. M., Ballantine, J. A., Graham, S. H., Laub, R. J., 
Purnell, J. H., Reid, P.l., Shaman, W. Y. M., and Thomas, 
J. M. (I 979a) Selective chemical conversions using sheet 
silicates: low temperature addition of water to l-alkenes: J. 
Cata/. 58, 238-252. 

Adams, J. M., Bylina, A., and Graham, S. H. (l982a) Shape 
selectivity in low temperature reactions of C6 alkenes cat­
alyzed by a Cu2+-exchanged montmorillonite: Clay Miner. 
16, 325-332. 

Adams, J. M., Clement, D. E., and Graham, S. H. (1981) 
Low temperature reaction of alcohols to form t-butyl ethers 
using clay catalysts: J. Chern. Res., S254-S255. 

Adams, J. M., Clement, D. E., and Graham, S. H. (1982b) 
Synthesis of methyl t-butyl ether (MTBE) from methanol 
and isobutene using a clay catalyst: Clays & Clay Minerals 
30, 129-132. 

Adams, J. M., Davies, S. E., Graham, S. H., and Thomas, 
J. M. (1978) Ready production of benzophenone from cli­
phenylethylene catalyzed by a synthetic hectorite: J. Chem. 
Soc. Chern. Cornrn., 93()""931. 

Adams, J. M., Davies, S. E., Graham, S. H., and Thomas, 
J. M. (I 979b) Hydrogen exchange between 9,IO-dihy· 
droanthraceneand I, I-diphenylethyleneoverasynthetichec· 
torite: J. Chem. Soc. Chern. Comm., 527~528. 

Ballantine, J. A., Davies, M., Purnell, J. A., Rayanakorn, M., 
Thomas, J. M., and Williams, K. J. (I981a) Chemical con­
versions using sheet silicates: facile ester synthesis by direct 

https://doi.org/10.1346/CCMN.1983.0310207 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1983.0310207


Vol. 31 , No.2 , 1983 Alcohol-alkene reactions on AI-montmorillonite 135 

addition of acids to alkenes: J . Chem . Soc . Chem. Comm., 
8-9. 

Ballantine, J. A., Davies, M., Purnell, J. H., Rayanakorn, M., 
Thomas, J. M., and Williams, K . J. (198Ib) Chemical con­
versions using sheet silicates: novel intermolecular dehy­
dration of alcohols to ethers and polymers: J. Chem. Soc. 
Chem. Comm., 427--428. 

Hougardy,J . , Stone, W. E. E ., and Fripiat , J. J . (1976) NMR 
study of adsorbed water. I. Molecular orientation and pro­
tonic motions in the two layer hydrate of sodium vermicu­
lite: J . Chem. Phys. 64,3840-3851. 

Bittles, J. A., Chaudhuri, A. K., and Benson, S. W. (I 964a) 
Clay-catalyzed reactions of oletins. I. Polymerization of sty­
rene: J. Polym. Sci. Part A , 2, 1221-1231. 

Bittles, J. A., Chaudhuri, A. K., and Benson, S . W. (1964b) 
Clay-cataJyzed reactions of oletins. II. Catalyst acidity and 
mechanism: J. Polyrn. Sci. Part A, 2, 1847-1862. 

Bittles , J . A., Chaudhuri, A. K ., and Benson, S. W. (I%3c) 
Clay-catalyzed reactions of oletins . III. Kinetics of poly­
merization of styrene: J. Polyrn. Sci. Part A, 2,3023-3032. 

Bylina, A., Adams, J. M., Graham, S. H. , and Thomas, J. M. 
(1980) ChemicaJ conversions using sheet silicates: a simple 
method for producing methyl t-butyl ether (MTBE): J. Chem. 
Soc. Chem. Comm., 1003-1004. 

Fieser, L. F. and Fieser, M. (1961) Advanced Organic 
Chemistry: Reinhold, New York, 285-287. 

Fripiat, J. J. and Cruz-Cumplido, M. 1. (1974) Clays as cat­
aJysts for natural processes: Annu. Rev. Earth Planet. Sci. 
2,239-256. 

Fripiat, J. J. , Jelli , A. , Ponceiet, G ., and Andre, J. (1965) 
Thermodynamic properties of adsorbed water molecules and 
electrical conduction in montmorillonites and silicas: J. Phys . 
Chem . 69,2185-2197. 

Mortland, M. M. (1968) Protonation of compounds at clay 
mineral surfaces: Trans. 9th Int. Cong o Soil Sci., J. W. 
Holmes , ed ., Elsevier, New York, 691-699. 

Mortland, M. M., Fripiat, J. J., Chaussidon, J., and Uytter­
hoeven , J. (1963) Interaction between ammonia and the 
expanding lattices of montmorillonite and vermiculite: J. 
Phys. Chern. 67,248-258. 

Mortland, M. M. and Mellor, J. L. (1954) Conductometric 
titration of soils for cation exchange capacity: Soil Sci. Soc. 
Amer. Proc . 18, p. 363. 

Theng, B. K . G . (1974) The Chemistry of Clay-Organic Re­
actions: Adam Hilger, London, 261-292 . 

Thomas , J. M., Adams, J. M., Graham, S. H., and Tenna­
koon, D. T. B. (1977) Chemical conversion using sheet 
silicate intercaJates: in Solid State Chemistry of Energy 
Conversion and Storage, J. B. Goodenough and M. S. Whit­
tingham, eds., ACS Advances in Chemistry Series 163, 
Amer. Chern. Soc., Washington, D.C. , 298-315. 

Touillaux, R. , Salvador, P., Vandermeersche , C. , and Fripiat, 
J. J . (1968) Study of water layers adsorbed on sodium and 
calcium montmorillonite by the pulsed nuclear magnetic 
resonance technique: Israel J . Chem. 6, 337-348. 

(Received / / February 1982 ; accepted 6 June 1982) 

Pe3IOMe--PeaK~IIS1 2-MeT1I1l neHT-2-eHa c nepBllqHhIMII cnllpTaMII (C,-C,.J Upll TeMnepaType 95°C B 
np1lcYTcTB1I1I AI-MOHTMOPIlJlJIOHIITa nplIBOi\lIJIa K o6pa30BaHllIO 20-90% 3qmpoB Tllua R-O-C(CH:J2C3H7' 
MeHhllllle KOJIllqeCTlla npOIl3BOi\IIJIIICh Upll IICnOJIh30BaHIIII BTOPHqHhIX cnllpToB, B TO BpeMSI KaK 
TpeTllqHhIe cnllpThI i\aBaJIlI TOJIhKO CJIei\hI 3Toro 3qJllpa. Kot)l,a pa3Hhle aJIKeHhI pearllpOBaJIlI C 
6YTaH-I-oJIeM npll 95°C B nplICYTCTBlI1I nOi\06HOrO KaTaJIlI3aTOpa, peaK~1I11 He npolICXOAIIJIII i\0 TeX 
nop, nOKa aJIKeH He 6hIJI cnoco6eH 06pa30BaTh TpeTllqHOrO Kap60HlleBoro IIOHa HeMe!1JleHHO nOCJIe 
npoToHllpoBaHIISI. B 3TOM cJIy'lae npoi\YKTaM SlBJIlIJICSl TpeTlI'lHhlii 3(iJllp t-R-O-nC.H9• Oi\HaKO, 
npll TeMuepaTYpe peaK~1I 150°C 06pa30BhlBaJIIICh pa3Hble npOi\YKTbI, BKJIIO'Ia:>K (I) 3QJllP, nOJIY'leHHbIH 
B03i\eiicTBlleM 6YTaHOJISI Ha Kap60HlleBble 1I0HbI, npoll3Bei\eHHble JIII60 HenOCpei\CTBeHHo nYTeM npOTO­
HllpoBaHIISI aJIKeHOB, JIII60 nYTeM Ci\Bllra rll!1plli\a 113 3Toro 1I0Ha, (2) aJIKeHbI , nOJIY'leHHble B03i\elicTBlleM 
1I0HOB n-C.H.+ (nOJIY'IeHHbIX nYTeM nporoHllpoBaHlISI II i\erlli\para~1I11 6YTaHOJISI) Ha aJIKeH, (3) 
i\1I-(6YT-I-IlJI) 3QJIIP nYTeM i\erlli\paTa~1I11 6YTaHOJISI II (4) He60JIbllllle KOJIII'IeCTBa cnllpTa nYTeM 
rIIi\paTa~iiH aJIKeHa. Pa3JIII'IHble . 3Ha'ieHIISI peaKTlIlIHoCTII 11II:>Ke II BhIllle 100°C CIISl3aHbI Henocpei\CTBeH­
HO c KOJIllqeCTBOM BOi\bI, nplICYTcTBYIOllieii B npOCJIOiiKaX rJIIIHbI, II CTeneHhIO KIICJIOTHOCTII. XOTSI 
rllllHa Bei\eT ce6S1 KaK KIICJIOTHbiii KaTaJI1I3aTOp, peaK~1I11 SlBJlJl"IOTCSl Ha MHoro qllllie (6oJIee CeJIeK­
TIIBHhIMII), 'IeM cooTBeTcTBYIOIl\lIe peaK~III1, KaTaJIII311pOBaHHhle cepHoH KIICJIOTOii. [E.C.) 

Resiimee--Die Reaktion von 2-methyl-pent-2-en mit primaten Alkoholen (C,-C,S) bel 95°C tiber einem AI­
Montmorillonit ergab 20-90% Ather des Typs R-O-C(CH:J.C3H7. Geringere Ausbeuten wurden erreicht, 
wenn sekundare Alkohole eingesetzt wurden. Tertiare Alkohole ergaben nur Spuren dieses Athers . Wenn 
unterschiedliche Alkene mil Butan-I-ol bei 95°C iiber einem ahnlichen Katalysator zur Reaktion gebracht 
wurden, trat keine Reaktion ein, auGer das AIken war in der Lage, ein tertiares Carbonium-Ion unmittelbar 
nach der Protonierilng zu bilden. In diesem FaJI war das Produkt ein tertiarer Ather t-R-O-nC.H •. Bei 
einer Reaktionstemperatur von 150°C wurde jedoch eine Vielzahl von Produkten gebildet einschlieBlich 
(I) Ather, unter der Einwlrkung von Butanol auf die Carbonium-Ionen. entweder direkt bei der Proton i­
erung von Alkenen oder durch Hydridverschiebung von diesen Ionen, (2) Alkene, unter der Einwirkung von 
n-C.H.+-Ionen (gebildet bei der Protonierung und Dehydrierung von Butanol) auf das AIken, (3) Di-(but­
I-yl)-Ather, durch Dehydrierung von Butanol und (4) geringe Mengen von Alkohol, durch die Hydrierung 
von AIken. Die Vnterschiede in der Reaktivitat unter und tiber 100°C hangen direkt mit der Wassermenge 
zusammen, die in den Zwischenschichten des Tons vorhanden ist und mit der dort herrschenden Aciditat. 
Obwohl der Ton als ein saurer Katalysator wirkt, sind die Reaktionen viel sauberer (selektiver) als ver­
gleichbare Reaktionen, die durch Schwefelsaure katalysiert werden . [V.W.) 
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Resume-La reaction de pent-2-ene methyl-2 avec des alcohols primaires (C,-C,,;) a 95°C sur une mont­
morillonite-AI a fourni de 20-90% d'ethers du type R-O-C(CH3).C3H7' Des rendements moindres etaient 
produits lorsque des alcohols secondaires etaient employes, et des alcohols tertiaires n'ont produit qu' une 
trace de cet ether. Lorsqu'on a fait reagir une variete d'a1kenes avec du butan-I-ol a 95"C sur un catalyste 
similaire, aucune reaction ne se produisait a moins que l'a1kene n'etait capable de former un ion carbonium 
tertiaire des que se passait la protonation. Dans ce cas, Ie produit etait l'ether tertiaire t-R-O-nC.H •. A 
une temperature de reaction de 150°C cependant, une variete de produits on ete formes, comprenant (1) 
un ether par l'attaque du butanol sur les ions carbonium produits soit directement par la protonation des 
alkenes soit par deplacement hydride d'un tel ion, (2) des alkenes par l'attaque des ions n-C.H.+ (derives 
de la protonation et la deshydration du butanol) sur l'a1kene, (3) l'ether di-but-l-yl) par la deshydration du 
butanol, et (4) de petites quantites d'a1cohol par hydration de l'alkene. Les differences de reactivite au 
dessus et dessous 100°C sont directement apparentees ala quantite d'eau presente dans J'espace inter­
feuillet de l'argile et au degre d'acidite trouve lao Quoique l'argile se comporte comme un catalyste acide, 
les reactions sont beaucoup plus propres (plus selectives) que des reactions comparables catalysees par 
un acide sulphurique. [D.J.] 
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