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Epoxidation of 1,4-diallyloxybutane to 1-allyloxy-4-glycidyloxybutane
by the method of phase transfer catalysis
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Abstract

The epoxidation of 1,4-diallyloxybutane (DiAB) with 30 wt% hydrogen peroxide in the presence of phosphorotungstic acid (PTA) hydrate
or phosphoric(V)-acid-sodium tungsten(VI) dihydrate system (PO4

3−/WO4
2−) as the catalysts and an onium salt as a phase transfer catalyst

has been investigated. The influence of the type and amount of epoxidation catalyst, the molar ratio of 1,4-diallyloxybutane to H2O2, the
amount and nature of auxiliary solvent on the course of the epoxidation was studied.
© 2005 Elsevier B.V. All rights reserved.

K

1

s
t
s
v
p
h
t
p
s
h
s
i
H
t
t
w
t
o

ently

lytic
to

an be
shii
s are

and
und
tion
ase
d in
oth
tate

acid
m-
cids.

1
d

eywords:Epoxidation; Hydrogen peroxide; Phase transfer catalysis; Epoxy-ethers; Heteropolyacids

. Introduction

The oxidation of organic compounds with an aqueous
olution of hydrogen peroxide is very advantageous from
he point of view of chemical technology and synthesis,
ince hydrogen peroxide is a relatively inexpensive, en-
ironmentally friendly and safe. In the recent years, the
ossibility of olefins epoxidation by a dilute solution of
ydrogen peroxide in the presence of molybdenum and

ungsten compounds as the catalysts under the conditions of
hase transfer catalysis (PTC) has been found. The catalytic
ystem (WIV /PV/PTC/H2O/CHCl3) developed by Venturello
as appeared to be useful in the epoxidation of olefins with a
mall reactivity[1–3]. A considerable drawback this method
s a need to use the toxic and carcinogenic chloride solvents.
owever, their presence is required to achieve high yields of

he products. Ishii and co-workers[4–6] have demonstrated
hat the epoxidation of alkenes and other organic compounds
ith a 35 wt% hydrogen peroxide can be carried out in the

wo phase system in the presence of heteropolyacids catalyst
f the type of phosphorotungstic acid (H3PW12O40). A

peroxy complex with the phase transfer catalyst Q+ cation
is transferred into the organic phase and is subsequ
regenerated in the interphase via the interaction with H2O2.
Over the past few years, the investigations on the cata
system, Venturello–Ishii, by many workers in relation
different compounds have been carried out[7–11]. They
have demonstrated, that various catalyst precursors c
used in the epoxidation of olefins by the Venturello–I
method and the identical intermediate peroxy complexe
always formed[7,8].

Two-component associates containing the tungsten
phosphate ions under the acidic conditions were fo
to be a valuable catalytic system for olefins epoxida
by hydrogen peroxide with the utilization of the ph
transfer catalysis. Such associates are in situ forme
the reaction mixture as a result of the introduction of b
components, most frequently in the form of sodium tungs
ando-phosphoric acid.

The heteropolyacids such as phosphorotungstic
(PTA) are not only used for the oxidation of organic co
pounds, but also in many reactions catalysed by a
∗ Corresponding author. Tel.: +48 91 449 4584; fax: +48 91 449 4365.
E-mail address:Elzbieta.Kaczmarczyk@ps.pl (E. Kaczmarczyk).

They have the catalytic properties both in the oxidation
processes and in the reactions requiring a high acidity
[12,13].
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The objective of these studies was the determination
of the influence of both catalytic systems on the course
of epoxidation of 1,4-diallyloxybutane (DiAB). The effect
of solvent on the reactions carried out in the presence of
PTA and the system of PO43−/WO4

2− anions was also
investigated. The influence of the molar ratio of DiAB
to hydrogen peroxide was also studied. The effect of the
catalytic system on the DiAB epoxidation in the direc-
tion of 1-allyloxy-4-glycidyloxybutane was investigated
at the molar ratio of DiAB to H2O2 1:2 and 1:4 using
methyltrioctylammonium chloride (Aliquat®336) as the
phase transfer catalyst. The nature and amount of solvent
was also investigated. The epoxidation of DiAB with 30
wt% H2O2 under the PTC conditions leads to mono- and
dioxide. 1-Allyloxy-4-glycidyloxybutane (monoepoxide) is
a compound that has not yet been described in the literature.
However, 1,4-bis(glycidyloxy)butane is a commercially
available compound and known under the trade name
Araldite DY [14].
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way: 3 min at temperature 40◦C, ramping the temperature at
10◦C/min to 120◦C, 5 min at this temperature subsequently
ramping the temperature at 10◦C/min to 200◦C and 20 min
at this temperature. The total time of analysis amounted to
44 min.

The concentration of hydrogen peroxide was determined
by iodometric titration method using 0.1N solution of sodium
thiosulfate.

The1H NMR and13C NMR spectra were recorded using
a Brücker DPX 400 MHz spectrometer. As a solvent of anal-
ysed samples was used CDCl3, whereas TMS as an internal
standard.

2.3. Epoxidation of 1,4-diallyloxybutane

The syntheses were carried out in a glass reactor of
100 cm3 capacity equipped with a magnetic stirrer, ther-
mometer and a reflux condenser. The reactor was charged
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. Experimental

.1. Materials

Hydrogen peroxide 30 wt% aqueous solution was pur-
hased from POCH Gliwice, whereas methyltrioctylam-
onium chloride (CH3N)[(CH2)7CH3]7Cl under the trade
ame Aliquat®336 was from Aldrich. Sodium tungstate di-
ydrate Na2WO4·2H2O, pure 99%, was purchased from
erck. Phosphorous acid with concentration of 85 wt% from
achema. Phosphorotungstic acid hydrate H3PW12O40 was
urchased from Fluka. The following solvents (analytical
rade, POCh Gliwice) were used in the studies: chloroform,

oluene, benzene and methylene chloride. The solvents were
sed without further purification. DiAB was prepared accord-

ng to the method described in the literature[15,16].

.2. Analytical methods

The concentrations of organic compounds were deter-
ined by gas chromatography method. The analyses were
erformed using a Carlo Erba GC 8000 gas chromatograph
ith a DB-17 column (50% (phenyl)-methylpolysiloxane)
&W (30 m× 0.25 mm× 0.25�m) and the FID detector. The
hermostat temperature was programmed in the following

wit
or
ac
it w
wa
ca
ac
ph
1 o
am
tio
am
of
pre
init
a 1
pro
ph
18
so
the
an
po
the
we
in t
h sodium tungstate(VI) dihydrate in the amount of 0.
3.48 mmol and a 40 wt%o-phosphoric acid or if the re
tions were carried out in the presence of heteropoly
as added in the amount of 1.08× 10−4 mol. The reacto
s then immersed in the oil bath at temperature 50◦C. In the
se of the process carried out in the presence ofo-phosphoric
id and sodium tungstate dihydrate, the molar ratio oo-
osphoric acid to sodium tungstate dihydrate amount
r 2. Subsequently, hydrogen peroxide was added i
ount of 36× 10−3 or 72× 10−3 mol, so that the molar ra
of DiAB to H2O2 was maintained at 1:2 or 1:4. At the
ounts of the reagents, the aqueous phase has the pH
0.26–0.28. In the case of the processes carried out
sence of heteropolyacids, the pH of the aqueous laye
ially below 1. In order to obtain the pH value of 0.26–0.
0 wt% solution of sodium hydroxide was added in an
priate amount. Subsequently, DiAB and the Aliquat®336

ase transfer catalyst were introduced in the amoun
× 10−3 and 35× 10−4 mol, respectively, and eventually
lvent was added. All the experiments were carried out u
vigorous stirring for 2 h. In the process carried out with
auxiliary solvent (in mass), chloroform was added to

st reaction mixture in order to separate the product. A
reaction was completed, the aqueous and organic p

re separated. When the hydrogen peroxide concent
he aqueous phase was determined the conversion of2O2
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was calculated. After the chromatographic determination of
the concentration of 1,4-diallyloxybutane, the conversion of
organic raw material and the monoepoxide yield were calcu-
lated. The conversions were calculated from the amount of
the respective raw materials consumed (H2O2 or DiAB) in
relation to that introduced into the reaction. The yields were
calculated from the quantity of obtained monoepoxide in re-
lation to DiAB introduced into the reaction. The amounts of
raw materials and the products were expressed in grams.

Identification of 1-allyloxy-4-glycidyloxybutane was per-
formed by the method of nuclear magnetic resonance1H
NMR and 13C NMR. The boiling point of monoepoxide
amounted to 91–94◦C (4 mmHg). The results of identifica-
tion were as follows:

1H NMR (CDCl3; ppm): δ = 5.95–5.86 (m, 1H,
CH2 CH–), 5.29–5.24 (dd,3J= 17.2 Hz, 1HE, CH2 CH–),
5.17–5.14 (d,3J= 10.4 Hz, 1HZ CH2 CH–), 3.97–3.95
(d, 3J= 5.62 Hz, 2H, CH–CH2–O–), 3.73–3.69 (dd,
3J= 11.5 Hz, 2J= 3 Hz, 1Ha, oxirane group–CH2–O–),
3.55–3.48 (m, 2H, –CH2–CH2–O–), 3.46–3.43 (t,
3J= 3 Hz, 2H, CH2–O–), 3.39–3.35 (dd3J= 11.4 Hz,
2J= 6 Hz, 1Hb,oxirane group–CH2–O–), 3.15–3.11 (m,

1H, ), 2.79–2.77 (t,3J= 9.2 Hz, 1HE,

), 2.61–2.59 (dd,3J= 5 Hz, 2J= 2.7 Hz, 1H , ),

0

3
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Fig. 1. The influence of time on the DiAB conversion in the presence of
PTA (1.08× 10−4 mol), temperature 50◦C, Aliquat®336 (0.35 mmol), mo-
lar ratio of DiAB to H2O2 = 1:2, solvent CHCl3.

Initially, the selection of the catalytic system has been per-
formed. In one of the series the epoxidation of DiAB with a
30 wt% hydrogen peroxide was performed in the presence
of phosphorotungstic acid whereas in the second one the
PO4

3−/WO4
2− system was used. In both cases the experi-

ments were carried out at the molar ratio of DiAB:H2O2 = 1:2,
using the following solvents (5 cm3): methylene chloride,
chloroform, benzene and toluene. Aliquat®336 was used
as the phase transfer catalyst. The processes were oper-
ated at temperature of 50◦C for 2 h (Table 1). The reaction
time and process temperature were recognized as the most
advantageous based on the variations of DiAB conversion
(Figs. 1 and 2). It results fromFig. 1 that a prolongation of
the reaction time over 2 h does not increase the DiAB con-
version. The same results were achieved in the presence of
both PO4

3−/WO4
2− system and PTA. The highest conver-

sion of DiAB was achieved at temperature 50◦C, and the
presence of chloroform as the solvent, while the remaining
parameters were similar (Fig. 2). The conversions of hydro-
gen peroxide in both processes are close and they amounted

T
T utane (18 mmol) with 30 wt% H2O2 (36 mmol) in presence of Aliquat®336 (0.35 mmol)
a

f monoepoxide Conversionb Yieldb of monoepoxide
(wt%)

H O (wt%) DiAB (wt%)

1
2
3
4
5

75 mm
Z
1.68–1.63 (dt, 4H, –CH2–).
13C NMR (CDCl3; ppm): δ = 135.0
(CH2 CH–CH2–O–), 116.6 (CH2 CH–CH2–O–),
71.7 (CH2 CH–CH2–O–), 71.4 (–O–CH2–oxirane
group.), 71.3 (–CH2–O–CH2–oxirane group), 70.

(CH2 CH–CH2–O–CH2–), 50.9 ( ), 44.2

( ), 26.3 (–O–CH2–CH2–).

. Results and discussion

The influence of the nature of solvent on the course o
ction in the presence of PO4

3−/WO4
2− associates or pho

horotungstic acid was studied. The effect of enhance
f the molar ratio of DiAB to hydrogen peroxide from 1:2
:4 was also determined.

able 1
he influence of catalytic system on the epoxidation of 1,4-diallyloxyb
s the PT catalyst at temperature 50◦C for 2 h

Solvent Conversiona Yielda o
(wt%)

H2O2 (wt%) DiAB (wt%)

Methylene chloride 54 88 33
Chloroform 67 90 35
Benzene 48 69 24
Toluene 54 71 26
– 44 52 16

a Reaction carried out in the presence of PO4
3−/WO4

2 system (1.75/0.8
b Reaction carried out in the presence of PTA (1.08× 10−4 mmol).
2 2

42 33 17
68 61 17
37 41 4
39 39 5

60 63 15

ol).
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Table 2
The influence of catalytic system on the epoxidation of 1,4-diallyloxybutane (18 mmol) with 30 wt% H2O2 (72 mmol) in presence of Aliquat®336 (0.35 mmol)
as the PT catalyst at temperature 50◦C for 2 h

Solventa Conversionb Yieldb of monoepoxide
(wt%)

Conversionc Yieldc of monoepoxide
(wt%)

H2O2 (wt%) DiAB (wt%) H2O2 (wt%) DiAB (wt%)

1 Methylene chloride 54 89 26 29 52 17
2 Chloroform 62 90 36 23 40 37
3 Benzene 46 82 21 22 63 16
4 Toluene 54 71 22 40 52 11
5 – 56 0 0 24 82 23

a Five cubic centimeters of solvent was used.
b Reaction carried out in the presence of PO4

3−/WO4
2− systems (6.96/3.48 mmol).

c Reaction carried out in the presence of PTA (1.08× 10−4 mmol).

to about 68 wt%. The epoxidation process also proceeds in
both catalytic systems without the addition of auxiliary sol-
vent. However, the effect of solvent addition is higher in the
presence of PO43−/WO4

2− system. The addition of solvent
independently on its nature causes an increase of both raw
materials conversion and the yield of monoepoxide. In the
presence of PTA the improvement of raw materials conver-
sion and the yields was found only in the case of chloroform.
A decrease of the monoepoxide yield was observed in the
presence of benzene and toluene. This testifies to a consid-
erably larger activity of the PO43−/WO4

2− catalytic system
and indicates that an enhancement of the yield and conver-
sion can be achieved in the presence of the polar solvents. A
higher yield and conversion is caused by an ionic character of
the phenomena of oxygen transfer in the form of ionic couple
during the phase transfer catalysis[17]. The highest yield of
monoepoxide 35 wt% was achieved in the process carried out
in the presence of PO43−/WO4

2− system. In the presence of
PTA the yield of monoepoxide was decreased by half.

The same investigations were carried out increasing both
the molar ratio of DiAB to H2O2 to 1:4 and the amount
of sodium tungstate dihydrate. However, the molar ratio of
sodium tungstate too-phosphorous acid was 1:2 (Table 2).
An increase of the amount of hydrogen peroxide and the ratio
these reagents (PO4

3−/WO4
2− system) does not increase the

F ce of
P
(

maximum yield of monoepoxide. The conversions of raw ma-
terials and the monoepoxide yield reach similar values in this
process in the presence of methylene chloride, benzene and
toluene. Significantly, higher values were reached in the pres-
ence of chloroform. However, monoepoxide is not formed
despite of a considerable conversion of hydrogen peroxide
without the presence of chloroform. These results confirm
the beneficial influence of polar solvent on the monoepoxide
yield. A high conversion of hydrogen peroxide in this case re-
sults from thermo-catalytic decomposition. When the process
is carried out in the presence of PTA as the catalyst, a change
of the molar ratio of DiAB: H2O2 from 1:2 to 1:4 causes a
noticeable increase of the product yield. This increase of the
yield is the largest in the presence of the following solvents:
chloroform, benzene and toluene. The same tendency is ob-
served in the process carried out without the auxiliary solvent.
The yield of monoepoxide is almost identical in the presence
of the PO4

3−/WO4
2− system and PTA after increasing the

molar ratio of DiAB to H2O2 to 1:4 and in the presence of
chloroform. However, the DiAB conversion is reduced by
half in the presence of PTA due to formation of a smaller
amount of by-products associated with DiAB. An increase
of the amount of hydrogen peroxide most probably enhances
the activity of the catalytic system based on PTA. Owing to
this the highest yields of monoepoxide were achieved. Since
the use of chloroform allows to achieve the highest yield of
1 its
a of
D

T
T 1,4-
d f
A

1
2
3

(

ig. 2. The effect of temperature on the DiAB conversion in the presen
O4

3−/WO4
2− system (1.75/0.875 mmol), temperature 50◦C, Aliquat®336

0.35 mmol), molar ratio of DiAB:H2O2 = 1:2, solvent CHCl3.
-allyloxy-4-glycidyloxybutane, the effect of increasing
mount in the PO43−/WO4

2− system, at the molar ratio
iAB to H2O2 = 1:2 was investigated (Table 3).

able 3
he influence of the amount of solvent on the epoxidation of
iallyloxybutane (18 mmol) with 30 wt% H2O2 (72 mmol) in presence o
liquat®336 (0.35 mmol) as the PT catalyst at temperature 50◦C for 2 h

Solvent Chloroform
(cm3)

Conversiona Yielda of
monoepoxide
(wt%)H2O2

(wt%)
DiAB
(wt%)

5 62 90 36
10 33 77 23
15 29 69 15

a Reaction carried out in the presence of PO4
3−/WO4

2− system
6.96/3.48 mmol).
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From this compilation results that the highest yield of
product can be achieved at 5 cm3 of chloroform. However, a
dilution of the reaction medium by chloroform in the amount
above 5 cm3 renders the separation of product in the form of
organic layer more difficult.

4. Conclusion

The most advantageous conditions of epoxidation of
1,4-diallyloxybutane to 1-allyloxy-4-glycidyloxybutane by
a 30 wt% hydrogen peroxide with the phase transfer catal-
ysis method are the following: temperature 50◦C, molar
ratio of 1,4-diallyloxybutane to H2O2 = 1:4, the amount of
epoxidation catalyst in the form of phosphorotungstic acid
(H3PW12O40) 6× 10−1 mol% in relation to DiAB. The phase
transfer catalyst used was methyltrioctylammonium chlo-
ride (Aliquat®336) in the amount of 0.1 mol% in relation to
H2O2, and auxiliary solvent was chloroform in the amount
of 245 wt% in relation to DiAB. Under these conditions, the
yield of monoepoxide amounted to 37 wt% and the conver-
sions of H2O2 and 1,4-diallyloxybutane were 23 and 40 wt%,
respectively.

In the case of application of WO42−/PO4
3− catalytic

system, the best results were achieved at the molar ratio of
Na WO of 3.5 mmol per 18 mmol DiAB. The molar ratio
o ns,
t gen
p t%.
A in

this process amounted to 245 wt% calculated in relation
to DiAB.
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