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Epoxidation of 1,4-bis(allyloxy)butane by hydrogen peroxide
using phase transfer catalysis
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Abstract

Epoxidation of 1,4-bis(allyloxy)butane by hydrogen peroxide under phase transfer catalysis and transition metal salts was investigated. The most
advantageous conditions for the epoxidation were determined (temperature, reaction time, the type and amount of phase transfer catalyst, molar
ratio of hydrogen peroxide to 1,4-bis(allyloxy)butane, the amount and molar ratio of H3PO4:Na2WO4·2H2O). The process was evaluated in terms
of the conversion of 1,4-bis(allyloxy)butane, hydrogen peroxide and the yields of monoepoxide and diepoxide.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The application of phase transfer catalysis (PTC) enables
he preparation of a number of epoxy compounds impossible
o obtain by other methods, or considerable improvement of the
ields of those currently prepared. This concerns particularly the
ompounds containing the electron withdrawing substituents in
he neighbourhood of the double bond such as:Cl, Br, CN,
OH, NO2, or with the ethylene bond at the end of aliphatic
hain[1].

In the epoxidation with PTC technique, an unsaturated com-
ound is present in a non-polar organic solvent, whereas hydro-
en peroxide in the aqueous phase. The phase transfer catalyst

n the form of quaternary onium salt [Q+X−] transfer the HO2−
nion to an organic layer in the form of ionic couple OH− and
O2

−. In this phase, a rapid reaction proceeds and the catalyst
ation returns to the interphase with the OH2

− anion. Here, the
on-exchange of OH− to HO2

− takes place[2]. This process is
odified by the epoxidation catalyst in the form of complexes
f the transition metals (W, V, Mo and Ti)[3].

The epoxidation of 1,4-bis(allyloxy)butane by hydrogen per-

dihydrate creates the possibility of development of new us
compounds. In this process, the transition metal under the
ence of hydrogen peroxide passes on a higher oxidation
The most often used metallic catalysts of the oxidation in
presence of hydrogen peroxide and the phase transfer ca
are Mo(VI) and W(VI) compounds.

The epoxy compounds on the basis of allylic ethers crea
possibility of preparation of highly reactive connections als
an industrial importance. Beside the glycidyl group boun
with etheric oxygen, the epoxy compounds may contain se
glycidyl group.

The application of allylic ethers as the monomers is
known[4], especially in the production of varnishes with a h
hardness and the resistance on the action of solvents.

They are used for the modification of properties of o
polymers, e.g. in the production the drying in the open
polyester resins and protective coatings, and also the fibers
are characterized by a good dyeability. The compounds
the glycidyl etherically bounded are used as flame reta
[5] and they are the raw material for production of valua
intermediates such as, e.g. Polyhedral Oligomeric Silseq
xide in the presence of onium salt as the phase transfer catalyst
s well as 40 wt% orthophosphoric acid and sodium tungstate

∗

ane (POSS), utilized in the production of reinforcing plastics
compounds[6]. Shell firm applies 1,4-bis(glycidyloxy)butane
under the trade name Heloxy 67 in the synthesis of agent rein-
forcing the glass fiber[7]. The same compound under the trade
name Araldit DY[8] is used in the production of polymeric
c
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Fig. 1. Reactions proceeding in the process.

The objective of these studies was to determine the techno-
logical parameters of epoxidation of 1,4-bis(allyloxy)butane by
hydrogen peroxide in the presence of 40 wt% orthophosphoric
acid and sodium tungstate dihydrate (Na2WO4·2H2O) under the
conditions of phase transfer catalysis.

The influence of the molar ratio of hydrogen peroxide to
1,4-bis(allyloxy)butane (DiAB) and orthophosphoric acid to
sodium tungstate dihydrate, temperature, the nature of sol-
vent and phase transfer catalyst on the epoxidation of 1,4-
bis(allyloxy)butane to 1-allyloxy-4-glycidyloxybutane (monoe-
poxide) and 1,4-bis(glycidyloxy)butane) (diepoxide) was deter-
mined in the performed studies. The results of previous inves-
tigations of epoxidation of compounds with a similar structure
and the chemical and physical properties were taken as a basis
in the selection of the reaction parameters.

The reactions proceeding in the process can be described by
the equations inFig. 1.

The hydrogen peroxide is becoming increasingly common
used in the oxidation processes because it is a cheap raw mate-
rial, readily available and is ecological. The only by-product of
its transformations is water. The use of hydrogen peroxide in
the oxidation processes by the method of phase transfer cataly-
sis creates the possibility of development of new technological
processes or syntheses of new compounds. The advantage of this
method is versatility because it can be used for preparation of
various epoxides including epoxy-ethers. Its advantage is com-
p r th
h

- sol-
hes
-pola

-
-

Moreover, hydrogen peroxide can be used instead of the
aggressive oxidants, thereby this method is very economical and
ecological thus becoming an example of “green chemistry”.

It results from the previous studies of epoxidation of selected
olefines and allylic compounds by hydrogen peroxide under PTC
[9–12] conditions that the process depends on the following
parameters: amount of 30% hydrogen peroxide, concentration
and the type of the PT catalyst, process temperature and time
of reaction, intensity of mixing, molar ratio of transition metal
salts to orthophosphoric acid(V).

2. Experimental

2.1. Materials

The hydrogen peroxide with a concentration of 30%
from POCh Gliwice, methyltrioctylammonium chloride
(CH3N[(CH2)7CH3]3Cl) under the trade name Aliquat®336
from Aldrich. Tetrabutylammonium bromide (Bu4NBr),
n-dodecyltrimethylammonium bromide (Me3NC12H25Br),
hexadecyltrimethylammonium bromide (Me3NC16H33Br) and
sodium tungstate dihydrate(VI) Na2WO4·2H2O pure 99% were
purchased from Merck. Orthophosphoric acid(V) concentration
85 wt% from Lachema. DiAB was prepared according to the
method described in the literature[13,14]. Chloroform, toluene,
benzene,n-hexane, cyclohexane and dichloromethane with
a The
s

2

with
c e),
J s
u ed in
etitiveness in relation to the processes carried out unde
omogeneous conditions, first of all with regards on:

elimination of expensive and anhydrous, polar, aprotic
vents, often required in a such type of the reactions. T
solvents can be replaced with considerably cheaper, non
solvents;
milder conditions of process operation;
easier methodology of work.
e

e
r

nalytical grade were purchased from POCh Gliwice.
olvents were used without a further purification.

.2. Analytical methods

A gas chromatograph Carlo Erba GC 8000, equipped
apillary column DB 17 (50% phenylmethylpolysiloxan
&W (30 m× 0.25 mm× 0.25�m) and the FID detector wa
sed. The temperature of thermostate was programm
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the following way: 3 min at the initial temperature 40◦C,
an increase with a rate of 10◦ min−1 to 120◦C and 5 min
at this temperature, subsequent to an increase with a rate
of 10◦ min−1 to 200◦C and 20 min at this temperature. The
total analysis time amounted to 44 min. The concentration
of DiAB, 1-allyloxy-4-glycidyloxybutane (monoepoxide) and
1,4-bis(glycidyloxy)butane (diepoxide) was determined by this
method.

The concentration of hydrogen peroxide in the water phase
was determined by means of iodometric titration.

Monoepoxide identification was presented earlier[15]. The
results identification of diepoxide by nuclear magnetic reso-
nance1H NMR and13C NMR are as follows:

1H NMR (CDCl3; ppm): δ = 3.74–3.71 (dd,3J = 11.5 Hz,
2J = 3 Hz, 2Ha, oxirane groupCH2 O ), 3.56–3.48 (m, 4H,

O CH2 CH2 ), 3.39–3.34 (dd,3J = 11.4 Hz,2J = 6 Hz, 2Hb,

oxirane groupCH2 O ), 3.16–3.12 (m, 2H,

), 2.79 (t,3J = 4.8 Hz, 2HE, ), 2.62–2.60 (dd,

3J = 5 Hz, 2J = 2.7 Hz, 2HZ, ), 1.68–1.65 (dt,
4H, CH2 ).

,

2

acit
o 40,
5 and
a mo
o t of
4 olar

ratio of H3PO4 to Na2WO4·2H2O (0.5:1, 1:1, 2:1, 3:1, 4:1
and 5:1) was maintained. Subsequently, a 30 wt% hydrogen
peroxide was gradually added at the appropriate molar ratio
resulting from the studies in relation to DiAB. In the case
of processes performed in the presence of auxiliary solvent
it was added in a volume of 5 cm3. The solvent facilitated
the separation of organic and water layer. In all experiments,
the same amount 18 mmol of 1,4-bis(allyloxy)butane as well
as 0.35 mmol PT catalyst Aliquat®336 were applied. All
experiments were carried for 2 h with vigorous stirring. After
completing the reaction, the water and organic phase, were
separated.

3. Results and discussion

The advancement of reaction was determined on the basis
of GC analysis of the post-reaction mixture. The conversions
of DiAB and the yields of 1-allyloxy-4-glycidyloxybutane
(monoepoxide) and 1,4-bis(glycidyloxy)butane (diepoxide)
were calculated. The conversions were calculated from the
amount of raw material H2O2 or DiAB in the post-reaction
mixture in relation to the amount introduced into the reactor,
expressed in grams. The yield of monoepoxide or diepoxide was
calculated from the amount determined for each one in relation
to DiAB introduced to the reactor.
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13C NMR (CDCl3; ppm): δ = 71.4 (O CH2 oxirane group)

7.2 ( CH2 O CH2 oxirane group), 50.9 ( ),

44.2 ( ), 26.3 ( O CH2 CH2 ).

.3. Mode of synthesis

Syntheses were carried out in a glass reactor, with cap
f 25 ml immersed in the oil bath, at temperature of 30,
0 or 60◦C, equipped with magnetic stirrer, thermometer
reflux condenser. The reactor was charged with 0.875 m

f sodium tungstate dihydrate(VI) and a such amoun
0 wt% orthophosphoric acid so that the appropriate m

able 1
nfluence of the molar ratio of H3PO4 to Na2WO4·2H2O on the epoxidation of
s PT catalysta

xperiment no. Molar ratio

H3PO4:Na2WO4·2H2O H2O2:DiAB

0.5:1 2:1
1:1 2:1
2:1 2:1
3:1 2:1
4:1 2:1
5:1 2:1
2:1 3:1
2:1 4:1

a The reactions were carried out by using 18 mmol of DiAB, 0.35 mmol of
-glycidyloxybutane), diepoxide-(1,4-bis(glycidyloxy)butane).
y

l

.1. The influence of the molar ratio of H3PO4 to
a2WO4·2H2O

In the first order the influence of molar ratio H3PO4 to
a2WO4·2H2O was determined, carrying out the epoxida
f DiAB by 30% hydrogen peroxide without the addition
olvent, in the presence of Aliquat®336, as the phase trans
atalyst at 60◦C (Table 1).

When the molar ratio of orthophosphoric acid to sod
ungstate was increased from 0.5:1 to 3:1 a continuous inc
f hydrogen peroxide conversion from 40 to 91% and D
onversion from 66 to 99% took place. A further increas
he amount of acid did not cause any changes of H2O2 conver-
ion. However at the three-, four- and five-fold larger amou

is(allyloxy)butane by 30 wt% hydrogen peroxide in the presence of Aliqu®336

Conversion (wt%) Yield of products (wt%)

H2O2 DiAB Monoepoxide Diepoxid

40 56 17 2
57 78 18 2
82 88 27 6
91 94 14 10
90 98 <1 11
91 97 <1 30
53 99 5 2
42 91 14 4

atalyst, 0.87 mmol of Na2WO4·2H2O, temperature 60◦C, monoepoxide-(1-allyloxy
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the moles of phosphoric acid than that of tungstate, the analy-
ses exhibited a small amount of monoepoxide and an increase
of the amount of diepoxide 1,4-bis(allyloxy)butane. Moreover,
the post-reactions mixtures were monophased in these cases.
The addition of 5 cm3 of chloroform to such a mixture enables
the separation into the two phases. This testifies about a partial
hydration of formed epoxy compounds to polyhydric alcohols
and their transferring to the water layer. The presence of this
type of connections was confirmed by the determination of gly-
cols by the periodic method[14]. The molar ratio of H3PO4
to Na2WO4·2H2O = 2:1 was determined as the optimum in the
epoxidation of 1,4-bis(allyloxy)butane. This ratio ensures a high
conversion of both substrates as well as the highest yield of prod-
ucts.

The studies were also performed at the molar ratio of H3PO4
to Na2WO4·2H2O = 2:1 while the ratio of H2O2 to DiAB was
increased to, respectively, 3:1 and 4:1 (experiments 7 and 8,
Table 1). In these experiments were found that an increase
of the quantity of H2O2 in relation to DiAB did not cause
a significant increase of the yield of epoxidation products.
Despite almost a quantitative conversion of the organic sub-
strate it is difficult to separate the organic phase from the
post-reaction mixture. This separation was possible after the
addition of 4 ml of benzene to each of post-reaction mixture
and cooling to 0◦C. The yields of obtained products were
small.

3
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Fig. 3. The influence of kind of solvent on the conversions (wt%) of H2O2 and
DiAB (18 mmol DiAB, 36 mmol H2O2, 0.35 mmol of PT catalyst, 0.87 mmol
of Na2WO4·2H2O and 5 cm3 of solvent were used).

As results from this comparison the highest conversion
of DiAB and the yields of monoepoxide and diepoxide was
achieved in the presence of chloroform. Other solvents (benzene,
toluene, cyclohexane andn-hexane) ensure the similar values of
the conversion of H2O2 and DiAB, a slightly lower yield of
monoepoxide and a considerably lower yield of diepoxide. This
is caused by their considerably lower polarity (Fig. 3).

3.3. The influence of the molar ratio H2O2:DiAB

In the subsequent experiments, the effect of increasing the
molar ratio of H2O2 to DiAB and the amount of introduced
Na2WO4·2H2O on the process performed in the presence
of chloroform was determined. In these studies, the molar
ratio of H3PO4 to Na2WO4·2H2O = 2:1 was maintained.
Increasing the molar ratio of H2O2:DiAB from 2:1 to 4:1
(experiments 1–3,Table 3) an improvement in the conversion
of DiAB and diepoxide yields was observed. The epoxidation
was also carried out at two- and four-fold larger amount of
H3PO4 to Na2WO4·2H2O in relation to that used in previously
described investigations. These experiments were performed
at the molar ratios of H2O2 to DiAB of both 2:1 and 4:1
(Table 3). A significant improvement in the selectivity of
transformation of DiAB in the direction of diepoxide occurred
of the molar ratio of H2O2:DiAB = 1:4 simultaneously with
t r
t e it
i cess
o t
t
s of
H f
H he
d
e

3

ence
o ined.
T

.2. The influence of the nature of solvent

The epoxidation with the molar ratio of H3PO4 to
a2WO4·2H2O = 2:1 creates the possibility of a favourable r

zation of process. A high conversion of H2O2 and DiAB as
ell as satisfactory yields of monoepoxide and diepoxide

hen achieved. In relation to these results the influence o
ature of aprotic solvents on the course of process was i

igated. The same volume of the solvent (5 cm3) was applied
n all experiments. Each of the solvents ensured the two-p
eaction system. The influence of the presence of the follo
olvents: dichloromethane, chloroform,n-hexane, cyclohexan
enzene and toluene in the reaction medium were investig
he results are shown inFigs. 2 and 3.

ig. 2. Yields of 1-allyloxy-4-glycidyloxybutane (monoepoxide) and (
is(glycidyloxy)butane (diepoxide) in different kinds of solvent (18 m
iAB, 36 mmol H2O2, 0.35 mmol of PT catalyst, 0.87 mmol of Na2WO4·2H2O
nd 5 cm3 of solvent).
he molar ratio of H3PO4:Na2WO4·2H2O = 8:4. In orde
o achieve high yields of monoepoxide and diepoxid
s necessary to maintain at least a two-fold molar ex
f H2O2 to DiAB and H3PO4 to Na2WO4·2H2O, so tha

he molar ratio of H2O2:DiAB:H3PO4:Na2WO4·2H2O
hould amount to at least 2:1:4:2. A larger excess
2O2, H3PO4 and Na2WO4·2H2O, thus, the molar ratio o
2O2:DiAB:H3PO4:Na2WO4·2H2O = 4:1:8:4 enhances t
iepoxide yield, but monoepoxide yield is small (Table 2,
xperiments 3 and 7).

.4. The influence of the temperature

In the subsequent stage of the studies the influ
f temperature on the course of process was exam
he Aliquat®336 as PT catalyst and 5 cm3 of chloroform
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Table 2
The influence of the molar ratio of H2O2 to DiAB and H3PO4 to Na2WO4·2H2O on the epoxidation of 1,4-bis(allyloxy)butane in the presence of chloroform and
Aliquat®336, temperature 60◦Ca

Experiment no. Molar ratio Conversion (wt%) Yield of products (wt%)

H2O2:DiAB H3PO4:Na2WO4·2H2O H2O2 DiAB Monoepoxide Diepoxide

1 2:1 2:1 75 85 39 28
2 3:1 2:1 58 87 30 31
3 4:1 2:1 42 92 33 34
4 2:1 4:2b 82 94 28 46
5 4:1 4:2b 55 91 33 34
6 2:1 8:4c 88 91 29 27
7 4:1 8:4c 86 95 9 54

a The reactions were carried out by using 18 mmol of DiAB, 0.35 mmol of PT catalyst, 0.87 mmol of Na2WO4·2H2O and 5 cm3 of solvent.
b 1.74 mmol Na2WO4·2H2O.
c 3.48 mmol Na2WO4·2H2O, monoepoxide-(1-allyloxy-4-glycidyloxybutane) and diepoxide-(1,4-bis(glycidyloxy)butane).

Table 3
Influence of temperature on the epoxidation of 1,4-bis(allyloxy)butane in the presence of chloroform as solvent and Aliquat®336 as PT catalysta

Experiment no. Temperature (◦C) Molar ratio Conversion (wt%) Yield of products (wt%)

H2O2:DiAB H3PO4:Na2WO4·2H2O H2O2 DiAB Monoepoxide Diepoxide

1 60 2:1 2:1 75 85 39 28
2 60 4:1 8:4b 86 95 9 54
3 50 2:1 2:1 67 90 33 57
4 50 4:1 8:4b 61 98 19 79
5 40 2:1 2:1 45 72 43 29
6 40 4:1 8:4b 40 87 41 46
7 30 2:1 2:1 40 87 43 29
8 30 4:1 8:4b 12 50 29 6

a The reactions were carried out by using 18 mmol of DiAB, 0.35 mmol of PT catalyst and 0.87 mmol of Na2WO4·2H2O.
b 3.48 mmol Na2WO4·2H2O, monoepoxide-(1-allyloxy-4-glycidyloxybutane) and diepoxide-(1,4-bis(glycidyloxy)butane).

as an auxiliary solvent were used in all experiments. As
shown in Table 3, the highest conversion of DiAB and
the highest yields of products (monoepoxide and diepox-
ide) were achieved at temperature of 50◦C at the molar
ratios of H2O2:DiAB = 4:1 and H3PO4:Na2WO4·2H2O = 8:4.
The highest yields of monoepoxide (43 wt%) was achieved
at the temperatures of 30 and 40◦C and the molar ratio
of H2O2:DiAB:H3PO4:Na2WO4·2H2O = 2:1:2:1. Whereas the
highest yield of diepoxide was achieved at temperature of
50◦C. This yield amounts 79 wt% at the molar ratio of
H2O2:DiAB:H3PO4:Na2WO4·2H2O = 4:1:8:4. An increase of
the H2O2 conversion during elevation of temperature was partly
caused by thermal decomposition. A simultaneous increase
of DiAB conversion and the yields of products (monoepox-

ide and diepoxide) testify about the progress of desirable
reactions.

3.5. The influence of the type of PT catalyst

The influence of the type of phase transfer catalyst on
the epoxidation of DiAB by this method was also compared
(Table 4). Each of used ammonium salts demonstrates the activ-
ity in the studied process of epoxidation. The formation of
epoxidation products was not found without the ammonium salt.
The best results were achieved in the presence of Aliquat®336,
the ammonium salt containing three octyl and one methyl sub-
stitutes at the nitrogen. The remaining catalysts were found to be
less active in the studied process. They caused a much smaller

Table 4
Influence of type of PT catalyst on the epoxidation of 1,4-bis(allyloxy)butanea, the molar ratio H3PO4:Na2WO4·2H2O = 2:1 and H2O2:DiAB = 2:1, temperature
60◦C

Experiment no. PT catalyst Conversion (wt%) Yield of product (wt%)

H2O2 DiAB Monoepoxide Diepoxide

1 Bu4NBr 77 42 10 1
2 Me3NC12H25Br 33 49 23 5
3 Me3NC16H33Br 38 57 28 6
4 CH3N[(CH2)7CH3]3Cl, Aliquat®336 75 85 39 28

a The reactions were carried out by using 18 mmol of DiAB, 0.87 mmol of Na2WO4·2H2O, 5 cm3 of chloroform and PT catalyst 0.35 mmol, monoepoxide-(1-
a .
llyloxy-4-glycidyloxybutane) and diepoxide-(1,4-bis(glycidyloxy)butane)
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conversion both DiAB and hydrogen peroxide. Such a type of
behavior results from different surface activity of used PT cata-
lysts. The surface tension was the most reduced by Aliquat®336,
thus results its highest activity.

4. Conclusion

In the epoxidation of DiAB by means of 30% H2O2 in pres-
ence of methyltrioctylammonium chloride as the phase trans-
fer catalyst and the epoxidation catalyst Na2WO4·2H2O, in
the presence of orthophosphoric acid and an auxiliary solvent-
chloroform 1-allyloxy-4-glycidyloxybutane (monoepoxide) and
1,4-bis(glycidyloxy)butane (diepoxide) are obtained with high
yields.

The most advantageous conditions of epoxidation to monoe-
poxide are the following: temperature 40◦C, molar ratio of
H2O2:DiAB:H3PO4:Na2WO4·2H2O = 2:1:2:1, the PT catalyst
in the amount of 2 mol% in relation to DiAB, chloroform in the
amount of 240 wt% in relation to DiAB, reaction time 2 h. Under
these conditions, the yield of monoepoxide amounts is 43 wt%,
whereas diepoxide is 29 wt%. Simultaneously, the H2O2 con-
version amounts 45 wt% and DiAB 72 wt%. An increase of the
molar ratio of H2O2:DiAB to 4:1 and H3PO4:Na2WO4·2H2O
to 8:4 gives higher yield of diepoxide 46 wt%. The remaining
magnitudes (conversion, monoepoxide yield) are close to the
previously ones.

However, the highest yields of diepoxide equal to 79 wt%
is achieved at temperature 50◦C, at the molar ratio of
H2O2:DiAB:H3PO4:Na2WO4·2H2O = 4:1:8:4. The remaining
conditions of process operation are identical. Monoepoxide is
formed with the yield of 19 wt%.
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