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Aluminium triflate as catalyst for epoxide ring-
opening and esterification reactions —
Mechanistic aspects!

Yvette M. Terblans, Johannes J. Huyser, Michelle Huyser, Michael J. Green,
Desmond A. Young, and Mike S. Sibiya

Abstract: AI(CF;SO;); is a highly effective catalyst for the ring opening of epoxides with methanol, as well as for the
esterification of carboxylic acids with alcohols. Factors that influence the rate of the ring opening of butene oxide with
methanol and the esterification of acetic acid with n-propanol and ethanol were investigated. It was found that low con-
centrations (e.g., ~5 ppm) of Al(CF;SOj;); catalyze the ring-opening reactions, whereas considerably higher concentra-

tions are required for esterification reactions. Molecular modeling studies suggest that these differences can be
rationalized in terms of the formation energies of the active intermediates of these reactions.

Key words: epoxide, ring opening, esterification, aluminium triflate.

Résumé : Le AI(CF;S03); est un catalyseur trés efficace pour effectuer des ouvertures de cycles d’époxydes avec le
méthanol ainsi que pour ’estérification d’acides carboxyliques par les alcools. On a étudié les facteurs qui influencent
la vitesse d’ouverture de cycle de I’oxyde de butene par le méthanol et d’estérification de 1’acide acétique par 1’éthanol
et le propan-1-ol. On a trouvé que, a de faibles concentrations, environ 5 ppm, le Al(CF;S03); catalyse les réactions
d’ouverture de cycle alors que des concentrations beaucoup plus élevées sont nécessaires pour les réactions d’estérification.
Des études de modélisation moléculaire suggerent que ces différences peuvent étre rationalisées en fonction des éner-
gies de formation des intermédiaires actifs de ces réactions.

Mots clés : époxyde, ouverture de cycle, estérification, triflate d’aluminium.

[Traduit par la Rédaction]

Introduction

Esterification reactions between alcohols and carboxylic
acids and ring-opening reactions of epoxides with alcohols
have been successfully carried out for many decades. Tradi-
tionally, esterification reactions have been acid-catalyzed us-
ing mineral acids, e.g., HCl and H,SO,, as well as organic
acids including p-toluene sulfonic acid and methane sulfonic
acid. Epoxide ring-opening reactions can be either base- or
acid-catalyzed (1).

In recent years, the use of triflate salts (also known as
trifluoromethane sulfonate salts) as catalysts for both these
types of reactions has become increasingly popular. Metal
triflates and N-heterocyclic base triflates have been employed
in the direct esterification of alcohols and carboxylic acids,
as well as the transesterification of carboxylic acid esters
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and alcohols. Examples of the use of these catalysts in
esterification reactions include the acylation of alcohols by
anhydrides, which is catalyzed by a wide range of metal
triflates (e.g., Yb(CF;S03);, Bi(CF;S03);, In(CF;S505)s,,
Sc(CF3S03)5, Ce(CF;S03);) (2, 3). Rare earth triflates
(lanthanide triflates), such as scandium triflate, have been
successfully used to catalyze the reaction of alcohols with
carboxylic anhydrides, activated esters, mixed anhydrides,
acylurea, and N-hydroxysuccinimide at low temperatures.
Reactions such as the esterification of aliphatic alcohols
with carboxylic acids at room temperature and the direct
polycondensation of dicarboxylic acids (succinic acids) with
diols (ethylene glycol, 1,3-propanediol, and 1,4-butanediol)
at 35-180 °C to synthesize polyalkylene succinates have
also been reported (4). Scandium triflate has been used as a
catalyst for the condensation of carboxylic acids with solu-
ble polymers such as polyethylene glycol in toluene (5).
Gadolinium triflate has been found to be a simple and effi-
cient catalyst for the acetylation of alcohols and amines
using acetic anhydride at ambient temperatures (6). Further-
more, the selective preparation of secondary esters from ter-
minal vic-diols has successfully been achieved in a one-pot
synthesis via the Yb(CF;SO3); catalyzed formation and par-
tial hydrolysis of cyclic orthoesters (7). N-Heterocyclic base
triflates (e.g., diphenylammonium triflate (DPAT)) have
been found to be excellent catalysts for sterically hindered
esterification reactions in specific fluorous media under mild
conditions using equimolar amounts of carboxylic acids and
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Scheme 1. Ring opening of butene oxide with methanol.
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alcohols (8), as well as for the transesterification of
carboxylic acid esters with a slight excess of alcohols via the
use of trimethylsilyl chloride (TMSCI) as a co-catalyst (9).
Other organic base triflates that have successfully been
employed in esterification reactions include 4-(benzylamino-
carbonyl)diphenylammonium triflate (BDPAT) (10) and
polymer-supported 4-aminoforoyldiphenylammonium triflate
(PS-AFDPAT) (11).

IR thermography has been used to screen the catalytic
acitivity of rare earth triflates (e.g., Eu(CF;S05);, La(CF;S05)5,
Lu(CF3S03);, Nd(CF;S03);, Sm(CF3S03);, Sc(CF3S03)s,
Y(CF;S0;);, and Ce(CF;S05),) for the ring opening of
epoxides by alcohols as well as the Baeyer—Villiger oxida-
tion of cyclobutanones with hydrogen peroxide. In the case
of the ring opening of epoxides, scandium triflate was found
to be an exceptionally active catalyst, whereas in the case of
the Baeyer—Villiger oxidation, it was again the most active,
followed by neodymium triflate (12). Furthermore, it has
been reported that Yb(CF;SO;); catalyzes intermolecular
ring-opening reactions of epoxides with alcohols to give B-
alkoxy alcohols in good to high yields with high regio- and
stereoselectivity (13).

Aluminium triflate has been used as a catalyst in organic
synthesis for reactions such as the ring opening of epoxides
in the presence of alcohols or amines (14-16), Friedel-
Crafts acylation and alkylation (17, 18), the epoxidation of
olefins with iodosylbenzene (19), and the preparation of es-
ters and lactones (20). It has also been used as an initiator
for cationic polymerization (21) and as co-catalyst in the
polymerization of olefins (22).

We now report on the considerable difference in the re-
quired concentration of AI(CF;S03); vs. KOCH; as catalysts
for the ring opening of butene oxide (BuO) with methanol
(MeOH) (Scheme 1) on the one hand, and the similar con-
centration requirements of Al(CF;SO;); and p-TSA as cata-
lysts for the esterification of n-propanol (n-PrOH) or ethanol
(EtOH) with acetic acid (Scheme 2) on the other hand. Low
Al(CF;S03); concentrations (e.g., ~5 ppm) are sufficient to
obtain excellent conversions and high reaction rates when
performing the ring-opening reaction of butene oxide with
methanol, whereas much higher catalyst concentrations (e.g.,
~1000 ppm or higher) are needed to obtain similar results
for the KOCHj; catalysed reactions. A related observation
was that both acid (p-TSA) and AI(CF;SO;); catalysed
esterification reactions of propanol and (or) ethanol with
acetic acid require similar catalyst concentrations of
~1000 ppm to get reasonable activities. A molecular model-
ing study was undertaken with a view to rationalizing the ex-
perimental observations and to postulate a reasonable
explanation for the low levels of AI(CF3S05); needed in the
ring-opening reactions. These calculations showed that AH;
values for the formation of the catalytically active species in
the potassium methoxide and aluminium triflate catalyzed
ring-opening reactions differ significantly, with AH; =
—3.3 kcal/mol (1 cal = 4.184 J) for the aluminium triflate re-
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action and AH; = +12.8 kcal/mol for the potassium methoxide
ring-opening reaction. It appears that the differences in cata-
lyst concentrations required for the reactions under investi-
gation are in line with the differences in the formation
energies of the active intermediate.

Experimental

Materials

Unless otherwise stated, all chemicals used in this study
were purchased from Sigma-Aldrich and used without fur-
ther purification. Aluminium triflate was prepared as de-
scribed in the literature (16). For the ring-opening reactions,
a stock solution of 500 ppm Al(CF;SO;); was prepared in
methanol and the desired quantity thereof was weighed for
every reaction. In the case of the esterification reactions, a
fresh catalyst solution (of the desired concentration) was
prepared in the alcohol substrate prior to each reaction.

Kinetic reactions

Kinetic reactions were carried out in a Parr autoclave. The
catalyst concentration was varied between 0 and 10 ppm for
the ring-opening reactions and between 10 and 5000 ppm for
the esterification reactions. In most cases, the esterification
reactions were allowed to proceed to equilibrium, since none
of the reaction products (including water) were removed.
Gas chromatography was performed on a Shimadzu GC-
17A, equipped with a flame ionization detector and a PONA
capillary column (50 m x 0.21 mm x 0.5 um). Each sample
was weighed into a GC vial and heptane was used as an in-
ternal standard.

Typical experimental procedure for the ring opening of
butene oxide

Methanol (192.25 g, 6.00 mol) and butene oxide (72.11 g,
1.00 mol) were combined in a 300 mL Parr reactor. On clos-
ing, the reactor was degassed and flushed with nitrogen to
remove all the air present. This flushing procedure was re-
peated three times.

A catalyst bomb was placed under vacuum prior to the
run. The stock solution was weighed out (2.644 g, 5 ppm)
and transferred via a syringe to this bomb, which was then
connected to the inlet of the autoclave. A high-pressure ni-
trogen line was connected to the opposite side of the catalyst
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bomb after which stirring of the reactor commenced. The re-
actor was subsequently heated to 100 °C after which the cat-
alyst solution was discharged into the reactor and a sample
taken immediately (0 min) and weighed. The sample was
weighed to determine the amount removed from the reactor.
Further sampling from the reactor was carried out at the fol-
lowing intervals; 5, 10, 15, 20, 30, 60, and 120 min, and
each sample weighed. A satd. NaOH - water solution
(0.5 mL) was added to all of the samples to quench the cata-
lyst.

Typical experimental procedure for the esterification
reaction between n-propanol and acetic acid

Acetic acid (60.10 g, 1.00 mol) and propanol (60.21 g,
1.00 mol) were combined in a 300 mL Parr reactor. The re-
actor was closed and heated to an operating temperature of
100 °C while stirring at 900 rpm. Upon reaching this tem-
perature, a solution of AI(CF;S0O3); (0.05 g dissolved in
10.0 g of propanol, 5000 ppm) was charged into the reactor
using a syringe. A sample was taken immediately and there-
after every 5 min for the first 30 min, after which samples
were taken every 30 min. All samples were weighed.

Molecular modeling

All geometries were optimized with the DMol® DFT code
in MaterialsStudio 3.0 (Accelrys, Inc.) (23) by applying the
all electron nonlocal GGA/RPBE/DNP method, employing a
med integration grid and 4.2 A orbital cut-off values. All re-
ported energies are electronic energies, which correspond to
G at 0 K.

Results and discussion

The epoxide ring-opening and esterification reactions were
probed experimentally, as well as via molecular modeling.
The ring-opening reaction of butene oxide with methanol
was studied at different catalyst concentrations, tempera-
tures, and methanol — butene oxide molar ratios. For com-
parison, the epoxide ring opening was also carried out with a
base catalyst KOMe. The esterification reaction of acetic
acid with n-propanol and ethanol was studied at different
catalyst concentrations, whereas the influence of substrate
concentrations was studied by varying the ethanol — acetic
acid molar ratio.

A molecular modeling study was carried out to assist in
formulating a reasonable explanation for the low levels of
Al(CF;S05); needed to catalyse the ring-opening reactions
compared to using KOCHj; as catalyst. In addition, calcula-
tions were carried out for the AI(CF;SO;3); and Brgnsted
acid catalysed esterification reactions.

Model substrates were used for the calculations to save on
computational time. Propylene oxide and methanol were
used as models for the ring-opening reactions and acetic
acid and methanol for the esterification reactions. In the cal-
culations involving AI(CF3S03);, possible stabilization ef-
fects involving, for example, methanol coordination or other
solvation effects were not taken into consideration. KOCHj;
was used as the model for the base-catalysed epoxide ring-
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Table 1. Conversion of butene oxide (mol%) at different
AIl(CF;S03); catalyst concentrations.

Catalyst concentration (ppm)

Time (min) 0 1 5 10
5 3.00 16.00 74.00 85.00
10 6.00 36.00 97.00 100.00
15 11.00 46.00 100.00 100.00
20 16.00 50.00 100.00 100.00
30 21.00 61.00 100.00 100.00
60 29.00 77.00 100.00 100.00
120 41.00 88.00 100.00 100.00

Note: 7 = 100 °C, MeOH:BuO = 6:1.

Table 2. Conversion of butene oxide (mol%) at different temper-
atures.

Temperature (°C)

Time (min) 60 80 100 120
5 16.05 16.68 59.18 88.80
10 36.43 54.31 94.39 100.00
15 53.47 79.95 99.55 100.00
20 69.64 81.95 100.00 100.00
30 74.33 89.17 100.00 100.00
60 88.50 93.32 100.00 100.00
120 95.86 97.15 100.00 100.00

Note: AlI(CF;S05); catalyst concentration = 5 ppm, MeOH:BuO = 6:1.

opening reactions and a protonated AcOH-MeOAc complex
used to describe the acid-catalysed esterification reaction.

The limited objective of these simplified modelling stud-
ies was to calculate formation energies from geometry opti-
mizations with a view to rationalizing the experimental
results rather than the more time consuming location of tran-
sition states to obtain activation energies.

Ring opening of butene oxide

The conversion of butene oxide was calculated for each
reaction carried out with AI(CF;SO3); and KOH as the cata-
lyst and the data are presented in Tables 1-4. Graphs ob-
tained from the data are shown in the Supplementary
material to the publication.*

In the molecular modelling study, two steps in the cata-
lytic cycle of the ring-opening reaction with AI(CF;SOj3),
and KOCH; were considered, i.e., the ring-opening step, as
well as the regeneration of the active intermediate; these
steps are shown in Schemes 3 and 4.

As can be seen from the data in Table 1, butene oxide was
converted to the corresponding glycol ethers with
AI(CF;S05); concentrations of 10 ppm or less. When using
10 ppm of AI(CF;S03);, 100% conversion was achieved
within 10 min of reaction time. With a very Ilow
Al(CF;S03); concentration of 1 ppm, 88% conversion was
achieved within 2 h. In all of these reactions, both isomers
of the glycol ether, i.e., 1-methoxy-2-butanol and 2-
methoxy-1-butanol, were formed as the main products.

4 Supplementary data for this article are available on the Web site or may be purchased from the Depository of Unpublished Data, Document
Delivery, CISTI, National Research Council Canada, Ottawa, ON K1A 0S2, Canada. DUD 3692. For more information on obtaining mate-

rial refer to http://cisti-icist.nrc-cnre.gc.ca/irm/unpub_e.shtml.
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Table 3. Conversion of butene oxide (mol%) at different methanol — butene oxide ratios with

Al(CF;505);.
Methanol — butene oxide ratio
Time (min) 4 6 8 10 12 14
5 76.69 59.18 57.44 55.53 56.75 57.03
10 100.00 94.39 96.57 96.37 96.20 92.55
15 100.00 100.00 100.00 100.00 100.00 100.00
20 100.00 100.00 100.00 100.00 100.00 100.00
30 100.00 100.00 100.00 100.00 100.00 100.00
60 100.00 100.00 100.00 100.00 100.00 100.00
120 100.00 100.00 100.00 100.00 100.00 100.00
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Note: 7 = 100 °C, catalyst concentration = 5 ppm.

Table 4. Conversion of butene oxide (mol%) at dif-
ferent methanol — butene oxide ratios with KOH.

Methanol — butene oxide ratio

Time (min) 4 6

5 70.01 50.72
10 89.65 71.65
15 98.48 85.12
20 99.42 88.83
30 99.70 92.28
60 99.96 96.89

Note: 7 = 160 °C, catalyst concentration = 100 ppm.

These products were formed in a ratio of approximately 1:1,
with the yield of each ranging from 40%—47%. By-products
like dimers, diols, and in some instances trimers were also
formed during these reactions. All products were identified
using GC-MS via comparison with the literature data (16).

The effect of temperature on the ring-opening reaction of
butene oxide was as expected, in that the reaction rates and
conversions increased as the temperature was increased (Ta-
ble 2). It was found that as the reaction temperature was in-
creased, the formation of by-products, especially dimers and
trimers, increased over time.

It is seen from the data in Table 3 that as the ratio of
MeOH:BuO was increased, the rate of the reaction de-
creased. As the ratio was increased from 4 to 6, a decrease
in the rate was clearly observed. The decrease in the rate be-
came less as the ratio was further increased to 8. With even
further increases from 8 to 14, the decrease in the rate be-
came even less. Similarly, when KOH was used as the cata-
lyst, it was seen that as the ratio of MeOH:BuO was
increased, the rate of the reaction decreased. However, these
reactions had to be carried out with higher catalyst concen-
trations (100 ppm KOH compared to 10 ppm Al(CF;S05)5)
and at higher reaction temperatures (160 °C for KOH com-
pared to 100 °C for AI(CF;S03);). An explanation for this
decrease in rate with an increase in MeOH:BuO ratio could
be that the transfer of the Al(CF;S0;); to BuO to form the
active intermediate is dependant on the concentration of
BuO in the reaction mixture. Since the increase in the
MeOH:BuO ratio will lead to a lowering in BuO concentra-
tion, it is to be expected that a drop in rate will be seen
(Scheme 3).

The mechanism of the ring-opening reaction involves the
coordination of the epoxide oxygen to the aluminum, thus

forming the active intermediate, a strained three-membered
epoxide ring. This is seen when geometry optimized struc-
tures of a “free” epoxide are compared with those of an
epoxide coordinated to the aluminum. A C—O bond length-
ening from 1.44 to 1.477 A (0—C,) and 1.507 A (O—Cjp)
is observed when Al is coordinated. Nucleophilic attack
by methanol can then take place on either the C, or Cg
position. Electronic factors will favor the Cg position (the
O—Cy is longer than the O—C, bond) while steric factors
will favor the C, position (less substituted). In the case of
methanol as the nucleophile, these two factors contribute
equally, as is evident by the product distribution of approxi-
mately 1:1 (Scheme 5).

As can be expected, the formation energies for the ring-
opening reactions are highly exothermic because of the re-
lease of the strained three-membered epoxide ring. In line
with the Hammond postulate, it would be reasonable to as-
sume that the activation energies for the ring-opening reac-
tions would be low (the transition state for the ring-opening
reactions should be very early and resemble the reagents be-
cause of the highly exothermic reaction). The interesting as-
pect about the base-catalysed ring-opening reaction is the
high stability of the potassium salt of the product. The sig-
nificance of this is that the regeneration of the active inter-
mediate, KOCHj, represents a highly endothermic reaction.
This will explain the high levels of KOCH; necessary to ob-
tain a reasonable rate. The ring-opening reaction itself will
be facile and the rate-determining step will be the regenera-
tion of the KOCHj; species to start the catalytic cycle again
(Scheme 4). The AI(CF;SO;); catalysed reaction, on the
other hand, does not have such a thermodynamic sink with
the regeneration of the activated epoxide ring coordinated to
the AI(CF;SOs); being only a slightly exothermic reaction
(Scheme 3). Together with the low activation energy for the
ring-opening reaction, this will explain the low levels of
Al(CF;S03); necessary to obtain very high rates. A reason-
able explanation would then be that the difference in catalyst
concentration needed for the ring-opening reaction is due to
the highly endothermic and (or) unfavourable reaction for
the regeneration of the KOCHj; species compared to the fac-
ile reaction for the Al(CF;SO3);.

Esterification reaction

The conversion of acetic acid at different acid catalyst
concentrations with n-propanol is shown in Table 5 and for
ethanol in Table 6. The results for the variation of the acetic
acid — ethanol molar ratio are shown in Table 7. Graphs ob-
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Scheme 3. Formation energies for the Al(CF;SO;); catalysed ring-opening reaction (1 cal = 4.184 J).
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Scheme 6. Formation energies for the acid-catalysed esterification reaction (1 cal = 4.184 J).
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Table 5. Conversion of acetic acid (mol%) at different
Al(CF;S05); catalyst concentrations with n-propanol.

Table 7. Conversion of acetic acid (mol%) with Al(CF;SO3);
catalyst at different ethanol — acetic acid ratios.”

Catalyst concentration (ppm)

Ethanol — acetic acid ratio

Time (min) 5000 500 100 10 Time (min) 1 4 8
10 50.73 26.73 19.17 7.38 5 10.02 28.47 47.82
20 57.90 35.27 22.50 8.94 10 15.10 34.28 57.21
30 60.78 41.18 29.79 12.12 15 20.22 50.65 63.04
60 66.04 — — — 20 25.43 55.72 71.54
90 — 55.94 41.82 25.84 25 30.05 59.94 77.67
150 66.20 60.53 51.41 33.59 30 32.97 64.99 84.41
210 66.6 61.21 56.92 38.64 60 40.07 79.65 93.20
Note: 7 = 100 °C, n-PrOH : acetic acid = 1:1. 90 45.10 85.43 97.80
120 46.21 87.46 98.68
150 49.80 90.46 98.63

Table 6. Conversion of acetic acid (mol%) at different
Al(CF;S053); catalyst concentrations with ethanol.

Catalyst concentration (ppm)

Time (min) 500 100 10
30 15.72 10.75 8.72
60 30.07 20.76 19.89

120 43.37 35.44 22.69

180 53.03 48.36 26.24

Note: 7 = 100 °C, EtOH : acetic acid = 1:1.

tained from the data are shown in the Supplementary mate-
rial* to the publication.

In the molecular modelling study, two steps in the cata-
lytic cycle of the esterification reaction with Al(CF;SO3)3
and an acid were considered, i.e., the esterification step as
well as the regeneration of the active intermediate; these
steps are shown in Schemes 6 and 7.

As esterification reactions are equilibrium reactions and
are known to proceed very slowly in the absence of an acid
catalyst (1), the addition of small quantities of the catalyst
will ensure that they reach equilibrium much faster. This can
clearly be seen upon comparing the data for the esterifi-
cation reaction in Tables 5 and 6. It is evident that equilib-
rium (equilibrium conversion = 66%) is reached after 1 h,

Note: 7' = 100 °C, catalyst concentration = 5000 ppm.
“These reactions were run to completion, hence the yields of ethyl ace-
tate were =98%.

when using 5000 ppm of Al(CF;S05); for the esterification
reaction of acetic acid and n-propanol. However, equilib-
rium is not reached for this reaction even after 210 min
when using 10 ppm of the catalyst. Similar results were ob-
served for the esterification reaction of acetic acid and etha-
nol when 10 ppm of catalyst is used, as equilibrium is not
reached after 180 min. The main products that were formed
in the esterification reactions are the corresponding esters: n-
propyl acetate in the case of n-propanol and ethyl acetate in
the case of ethanol. The equilibrium yields of the main prod-
ucts =64%. Some by-products were also formed in low
yields; these were identified as ethers (e.g., diethyl ether or
dipropyl ether) via GC-MS.

In the esterification reaction, electron density is donated
from the carbonyl oxygen atom of the carboxylic acid by co-
ordinating to the aluminum, thus forming the active interme-
diate. Geometry optimized structures of the free acetic acid
compared to one coordinated to aluminum show the C=0
bond lengthening from 1.208 to 1.245 A. Nucleophilic at-
tack by the methanol then takes place on the carbonyl car-
bon of the carboxylic acid (Scheme 8).
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Scheme 7. Formation energies for the Al(CF;SO;); catalysed esterification reaction (1 cal = 4.184 J).
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o/AI(CF3SO3)3 0

- J\
OCH3

AH;=-2.8 keal/mol

Scheme 8. Reaction mechanism for esterification.
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. ®

OH
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=~ OH
/\QH /\ 3t J) °°
©)

+ Al(CF3S03);3 5/%

|

/\“ N H
- Al(CF3S05)
QR 3503); /\OR

Ester

Formation energies for the esterification reactions are,
however, only slightly endothermic. In line with the
Hammond postulate, it would thus be reasonable to assume
the activation energies for the esterification reactions to be
higher than those for the ring-opening reactions (AH; =
—4.2 kcal/mol for the esterification compared to AH; =
—27.3 kcal/mol for the ring-opening reaction).

Unlike the epoxide ring-opening reaction, the esterifica-
tion reaction does not show any discrepancy between the
Al(CF;S03); and the acid-catalysed reactions. Similar for-
mation energies are observed for both reactions and thus
similar catalyst concentrations should give similar reaction
rates; this was in fact the case.’ The only difference will be
the slight variation in the energy of the transition state for
the Al(CF;S03); and acid-catalysed reaction.

: O-Al(CF3S03)3

S)
Al(CF3S03)3

- ROH

H—O—R

+H0 O ..
(CF3SO3)3A|704:) H
-H,0 (1\ ®
Q—H
:Q—R
Conclusion

The ring-opening reaction of butene oxide with methanol
is easily achieved at low concentrations (10 ppm or less) of
Al(CF;S05); as the catalyst. When using 10 ppm of
Al(CF;803);. 100% conversion of butene oxide is achieved
within 10 min. This is, however, not the case for the KOCH;
catalysed ring-opening reaction, which requires at least a
1000 ppm catalyst concentration to achieve a reasonable
rate. A plausible explanation is the energy difference in the
regeneration of the active intermediate that is unfavourable
for the KOCH; catalysed reaction, implying the necessity of
higher catalyst loading to get similar rates. Esterification of
acetic acid with n-propanol and (or) ethanol gave similar en-
ergies for both acid and AI(CF;SO;); catalysed reactions,

>On comparing the conversion of acetic acid using AI(CF;SO;); and a conventional acid catalyst in the esterification of 1-methoxy-2-
propanol with acetic acid, it was seen that the reaction rate with Al(CF;SO3); was only slightly faster than that with the acid catalyst when

the same catalyst concentration was used.

© 2005 NRC Canada
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thus explaining the need for similar catalyst loadings to give
similar rates

Acknowledgements

The authors would like to thank SASOL Technology (Pty)
Ltd. for the opportunity to publish this work. Furthermore,
we wish to thank our colleagues Dr. Johntho Dixon,
Mr. Dave Morgan, and Dr. Matthew Overett for their inputs
and suggestions during proof reading of this paper. Lastly,
we also acknowledge Professor Cedric Holzapfel from the
Rand Afrikaans University (RAU), Johannesburg, South Af-
rica for his valuable comments and suggestions.

References

1. TW. Graham Solomons. Organic chemistry. 5th ed. John
Wiley and Sons Inc., New York. 1992. p. 778.

2. R. Dumeunier and I.E. Marké. Tetrahedron Lett. 45, 4669
(2004).

»3. N. Iranpoor and M. Shekarriz. Bull. Chem. Soc. Jpn. 72, 455
(1999).

4. T. Akinori, O. Yoshika, I. Yoshitaka, I. Yoshihito, and H.
Tadamichi. Macromolecules, 36, 1772 (2003).

5. S. Chandrasekhar, S. Shameen Sultana, Ch. Narsihmulu, J.S.
Yadav, R. Gree, and J.C. Guillemin. Tetrahedron Lett. 43,
8335 (2002).

6. R. Alleti, M. Perambuduru, S. Samantha, and V.P. Reddy. J.
Mol. Catal. A: Chem. 226, 57 (2004).

»7. M. Ikejiri, K. Miyashita, T. Tsunemi, and T. Imanishi. Tetrahe-
dron Lett. 45, 1243 (2004).

861

»8. B. Gacem and G. Jenner. Tetrahedron Lett. 44, 1391 (2003).
»9. K. Wakasugi, T. Misaki, K. Yamada, and Y. Tanabe. Tetrahe-
dron Lett. 41, 5249 (2000).
»10. M. Lei, C. Ma, and Y.-G. Wang. Chin. Chem. Lett. 13, 487
(2002).
»11. M. Lei, C. Ma, and Y.-G. Wang. Chin. J. Chem. 19, 1309
(2001).
»12. A. Berkessel, E. Ashkenazi, and M.R.M. Andreae. Appl. Catal.
A, 254, 27 (2003).
»13. S. Kobayashi, M. Sugiura, H. Kitagawa, and W.W.-L. Lam.
Chem. Rev. 102, 2227 (2002).
14. M.J. Green. US Patent 4 605 769, 12 August 1986.
15. M.J. Green. US Patent 4 762 952, 9 August 1988.
16. D. Falgoux, D. Simoulin, and M. Pascal-Mousselard. US Pat-
ent 4 543 430, 24 September 1985.
»17. G.A. Olah, O. Farroq, S.M.F. Farina, and J.A. Olah. J. Am.
Chem. Soc. 110, 2560 (1988).
»18. S. Kobayashi and 1. Komoto. Tetrahedron, 56, 6463 (2000).
»19. Y. Yang, F. Diederich, and J.S. Valentine. J. Am. Chem. Soc.
112, 7826 (1990).
20. Y. Ishii and T. Nakano. EP 1078922 A1, 2001.
21. O. Farooq and W. Minn. US Patent 5084 586, 28 January
1992.
22. S.J. Mclain and J. Feldman. WO 9803559, 29 January 1998.
23. (a) B. Delley. J. Chem. Phys. 92, 508 (1990); (b) B. Delley. J.
Chem. Phys. 100, 6107 (1996); (¢) B. Delley. J. Chem. Phys.
113, 7756 (2000).

© 2005 NRC Canada



Can. J. Chem. Downloaded from www.nrcresearchpress.com by ILLINOIS STATE UNIVERSITY - MILNER LIBRARY on 12/05/12
For pefsonal use only.

Thisarticle has been cited by:

1. Nicholas A. Brunélli, Wei Long, Krishnan Venkatasubbaiah, Christopher W. Jones. 2012. Catalytic Regioselective Epoxide
Ring Opening with Phenol Using Homogeneous and Supported Analogues of Dimethylaminopyridine. Topics in Catalysis
55:7-10, 432-438. [ CrossRef]

2.D. Bradley G. Williams, Mike S. Sibiya, Pieter S. van Heerden. 2012. Efficient hydroalkoxylation of alkenes to generate
octane-boosting ethers using recyclable metal triflates and highly active metal triflate/Bransted acid-assisted catalysts. Fuel
Processing Technology 94:1, 75-79. [ CrossRef]

3.D. Bradley G. Williams, Mike S. Sibiya, Pieter S. van Heerden. 2012. Efficient hydroalkoxylation of alkenes to generate
octane-boosting ethers using recyclable metal triflates and highly active metal triflate/Bransted acid-assisted catalysts. Fuel
Processing Technology 94:1, 75. [CrossRef]

4. Krishnan Venkatasubbaiah, Y an Feng, Tina Arrowood, Peter Nickias, Christopher W. Jones. 2012. Soluble and Supported
Molecular Colll Catalysts for the Regioselective Ring-Opening of 1,2-Epoxyhexane with Methanol. ChemCatChem n/a.
[CrossRef]

5.F.M. Msi, E. X. Chen, G. X. Li. 2009. Effective and recoverable homogeneous catal ystsfor the transesterification of dimethyl
carbonate with ethanol: Lanthanide triflates. Kinetics and Catalysis 50:5, 666-670. [ CrossRef]

6. Ahmed Kamal, Nagula Markandeya, Nagula Shankaraiah, C. Ratna Reddy, S. Prabhakar, C. Sanjeeva Reddy, Marcos
N. Eberlin, Leonardo Silva Santos. 2009. Chemoselective Aromatic Azido Reduction with Concomitant Aliphatic Azide
Employing Al/Gd TriflatessfNal and ESI-MS Mechanistic Studies. Chemistry - A European Journal 15:29, 7215-7224.
[CrossRef]

7. Ahmed Kamal, M. Naseer A. Khan, K. Srinivasa Reddy, Y.V.V. Srikanth, T. Krishnagji. 2007. Al(OTf)3 asahighly efficient
catalyst for the rapid acetylation of acohols, phenols and thiophenols under solvent-free conditions. Tetrahedron Letters
48:22, 3813-3818. [CrossRef]

8. Yvette M Terblans, Michelle Huyser, Desmond A Y oung, and Michael J Green. 2006. The synthesis of butene glycol ethers
with aluminium triflate. Canadian Journal of Chemistry 84.6, 859-866. [Abstract] [PDF] [PDF Plus]


http://dx.doi.org/10.1007/s11244-012-9822-2
http://dx.doi.org/10.1016/j.fuproc.2011.10.024
http://dx.doi.org/10.1016%2Fj.fuproc.2011.10.024
http://dx.doi.org/10.1002%2Fcctc.201200494
http://dx.doi.org/10.1134/S0023158409050073
http://dx.doi.org/10.1002/chem.200900853
http://dx.doi.org/10.1016/j.tetlet.2007.03.162
http://dx.doi.org/10.1139/v06-086
http://www.nrcresearchpress.com/doi/pdf/10.1139/v06-086
http://www.nrcresearchpress.com/doi/pdfplus/10.1139/v06-086

