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Polymerization of Propylene Oxide by 
Diethylzinc- CY ,p -Unsaturated Ketone Systems 

RYOZO SAKATA, RYOTA FUJIO, KENJI TAKEUCHI, and AKIRA ONISHI 

l l e  Central Research Laboratory 
Bridgestone Tire Company, Ltd. 
Oga wa-hi’shicho, Kodaira 
Tokyo, Japan 

SUMMARY 

Propylene oxide was polymerized by a catalyst consisting of diethylzinc 
and ar,&unsaturated ketones. Ten a,P-unsaturated ketones and some other 
related compounds were examined. All methyl ketones were effective. 
a,P-Unsaturated phenyl ketones were effective except for a 0,P-disubstituted 
derivative. a,o-Unsaturated carbonyl compounds other than ketones were 
practically ineffective. The initial step of the catalyst formation is considered 
to be the reaction of diethylzinc and a,D-unsaturated ketone which is either 
the conjugate addition to the a,P-unsaturated group or the hydrogen abstrac- 
tion from the methyl group next to the carbonyl group. The conjugate ad- 
dition gives the catalyst having larger activity and better stability at high 
temperature. 

INTRODUCTION 

, Polymerization of epoxides by dialkylzinc-ketone systems was first re- 
ported by Garty et al. [ 11 . The relation of the structure of saturated ketones 
and the catalytic reactivity was investigated by the present authors [2] and 
the abstraction of hydrogen at the a-carbon by a four-centered mechanism 
was proposed as a necessary step in catalyst formation. The methyl vinyl 
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332 R. SAKATA ET AL. 

ketone-diethylzinc system was found to be another effective catalyst in 
propylene oxide polymerization by Tsuruta and one of the present authors 
[3]. They investigated the copolymerization of methyl vinyl ketone and 
propylene oxide with diethylzinc as catalyst [4] and, when relatively small 
amounts of methyl vinyl ketone were used, polypropylene oxide of very 
high molecular weight was found to be formed. In the present study, the 
relation of the structure and cocatalytic reactivity of a,Bunsaturated 
ketones is investigated and reactions involved in the catalyst formation are 
discussed. 

EXPERIMENTAL 

Materials 

Commercial methyl vinyl ketone was dried with Molecular Sieves 4A, 
distilled twice in the presence of hydroquinone, snd kept over Molecular 
Sieves. Methyl isopropenyl ketone was prepared by dehydration (with 
phosphoric acid) of 0-methyl-yketobutanol which was prepared from 
methyl ethyl ketone and paraformaldehyde according to Landau et al. 
[5] ; bp 97-99"C; yield 49% based on 0-methyl?-ketobutanol. Mesityl 
oxide and benzalacetone were obtained commercially, distilled, and dried, 
Commercial 0-phenylacrylophenone (chalcone) was recrystallized from 
ethanol and dried. 

to Leuck et al. [6] ; bp 94'C/5 mm Hg; yield 64%. Acrylophenone was 
prepared by decomposition of a Mannich's base which was prepared from 
acetophenone, paraformaldehyde, and dimethylaniline hydrochloride [ 71 ; 
bp 48-49OC10.47 mm Hg; yield 17% based on Mannich's base. a-Phenyl-' 
acrylophenone was prepared by dehydration (by distillation over potassium 
bisulfate) of a-methylbenzoin which was prepared by the reaction of 
benzil and methylmagnesium bromide [8] ; yield of a-rnethylbenzoin 37.2%; 
yield of a-phenylacrylophenone 48.8% based on a-methylbenzoin; bp 
16S0C/8.4 mm Hg. 

p, &Dimethylacrylophenone was prepared by the following steps: 0,b- 
dimethylacrylic acid was prepared by oxidation of mesityl oxide with 
hypochlorous acid [9]. The product was converted into the corresponding 
acid chloride by the reaction with thionyl chloride [ 101. The acid chloride 
was added to a solution of diphenylcadmium which was prepared from the 
Grignard reagent and cadmium chloride [ 1 I ]  . The yield of &&dimethyl- 
acrylophenone was 1% based on mesityl oxide; bp 65OC/O.3 mm Hg. 

Furfurylideneacetone was prepared from acetone and furfural according 
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POL YMERIZA TION OF PROPYLENE OXIDE 333 

Divinyl ketone was prepared by decomposition of a Mannich’s base 
which was prepared from acetone, 35% aq formaldehyde and diethylamine 
hydrochloride [ 121 . The Mannich’s base was decomposed at 200°C under 
60 mm Hg and the distillate was directly trapped into toluene containing a 
small amount of hydroquinone to prevent polymerization. Yield of divinyl 
ketone was 8.5%. 

Other carbonyl compounds were obtained commercially and purified by 
the conventional methods. 

Propylene oxide was refluxed over potassium hydroxide, distilled, and 
dried over calcium hydride. Diethylzinc was distilled and diluted with 
toluene. Toluene was distilled and dried by Molecular Sieves. 

Procedure 

Pressure bottles (ca. 100 ml) were used for the polymerization. The 
solvent, the monomer, a ketone, and diethylzinc were added successively 
to a bottle under nitrogen atmosphere. The bottle was capped and tumbled 
in a water bath of the desired temperature. After the reaction was stopped 
by adding methanol into the bottle, volatile components were removed in 
vacuo. 

Intrinsic viscosity and specific viscosity were measured in benzene at 30°C. 

RESULTS AND DISCUSSION 

It has been reported that the methyl vinyl ketone-diethylzinc system 
polymerizes propylene oxide to form polymers of very high molecular 
weight [3]. The active catalyst can be considered to be formed through re- 
action of methyl vinyl ketone with diethylzinc. Major reactions between an 
a,P-unsaturated ketone and an organometallic compound are carbonyl ad- 
dition, conjugate addition, and hydrogen abstraction. These reactions were 
investigated by Kawakami, Yasuda, and Tsuruta [ 131, and the conjugate 
addition and the hydrogen abstraction were shown to be the major reactions 
in the reactions involving dialkylzinc. The relation between the structure of 
a,P-unsaturated ketones and the cocatalytic reactivity for the propylene 
oxide polymerization is investigated on the basis of this knowledge. 

Phenyl Ketones 

Methyl vinyl ketone has two reactive groups toward dialkylzinc: a,P- 
unsaturated group and methyl group next to the carbonyl group. Reaction 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1.

 C
oc

at
al

yt
ic

 R
ea

ct
iv

ity
 o

f o
r,P

-U
ns

at
ur

at
ed

 P
he

ny
l K

et
on

es
a 

K
et

on
e 

(m
ol

e 
tim

e 
C

on
ve

rs
io

n 
(C

, H
5)

, Z
n 

Po
ly

m
er

iz
at

io
n 

K
et

on
e 

ra
tio

) 
(h

r)
 

(W
 

[v
lb

 
-
 

N
on

e 
-
 

96
 

3 

CH
2 =

C
H

C
O

C
6 

H5
 

0.
7 

96
 

88
 

2.
56

 

1.
5 

74
 

1.
41

 
10

0 
1.

55
 

2.
2 

10
0 

1.
04

 
3 .
O 

10
0 

-
 

4 .
O 

I1
 

1
1

 

I1
 

I1
 

I1
 

I1
 

11
 

1
1

 

C
H

,=
C

(C
 ~

H
S

)C
O

C
~

H
~

 
c 

0.
5 

7 
Sm

al
l 

-
 

If
 

I1
 

1 .o
 

8 
0.

43
*(

0.
2 

1)
 

1.
5 

13
 

0.
33

*(
0.

21
) 

2.
0 

16
 

0.
16

*(
0.

20
) 

2.
5 

20
 

0.
33

*(
0.

19
) 

3 .
O 

4 .
O 

33
 

0.
13

*(
0.

24
) 

I1
 

11
 

I1
 

1
1

 

I
I

 
I1

 

I1
 

,I
 

25
 

0.
16

*(
0.

23
) 

I1
 

I1
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



C6
 H
S C

H
=C

H
CO

Cb
 H

s 
0.

7 
1.

5 
2.

2 
3 .
O 

4.
0 

I1
 

I1
 

I1
 

I
I
 

(C
H

~)
~=

C
H

C
O

C
~H

S
 

0.
5-
4.
0 

(C
H

2 =
C

H
)2

 C
O

e 
0.

75
 

1.
5 

3 .
O 

96
 

I1
 

I1
 

>5
d 7 

I1
 

15
 

- 
25

 
-
 

46
 

0.
50

*(
0.

12
) 

37
 

-
 

32
 

-
 

0 
- 

7 
8.
59
 

61
.5

 
8.

60
 

11
.8
 

1.
37

 

aC
on

di
tio

ns
 o

f p
ol

ym
er

iz
at

io
n:

 d
ie

th
yl

zi
nc

, 3
 m

ol
e 

%
ba

se
d 

on
 p

ro
py

le
ne

 o
xi

de
; 

ha
lu

es
 w

ith
 a

st
er

is
k 

ar
e 

re
du

ce
d 

vi
sc

os
iti

es
 at

 c
on

ce
nt

ra
tio

n 
(g

11
00

 m
l) 

in
 

'M
on

om
er

 c
on

ce
nt

ra
tio

n,
 2.

0 
m

ol
e/

l ;
 di

et
hy

lz
in

c,
 1

 .S
 m

ol
e 

%
 b

as
ed

 o
n 

pr
op

yl
en

e 

dF
iv

e 
ho

ur
s a

t 
10

0°
C

 a
nd

 o
ve

rn
ig

ht
 a

bo
ve

 th
e 

ro
om

 te
m

pe
ra

tu
re

. 
eS

ol
ve

nt
/m

on
om

er
, 3

 b
y 

vo
lu

m
e;

 te
m

pe
ra

tu
re

, 
10

0°
C

. 

to
lu

en
e 

as
 th

e 
so

lv
en

t; 
so

lv
en

t/m
on

om
er

, 
1 

by
 v

ol
um

e;
 te

m
pe

ra
tu

re
, 

5O
oC

. 

pa
re

nt
he

si
s. 

ox
id

e;
 te

m
pe

ra
tu

re
, 

10
0°

C
. D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



336 R. SAKATA ET AL. 

at the methyl group will be eliminated by replacing the methyl group with 
the phenyl group. Cocatalytic reactivities of a series of phenyl ketones 
were examined. The results are listed in Table 1. The ketones examined 
were: acrylophenone (phenyl vinyl ketone) CH2 =CHCOC6 H5 , a-phenyl- 
acrylophenone CH2 =C(C6 HS )COC6 H, , (3-phenylacrylophenone (chalcone) 
C6 H5 CH=CHCOC6 H5, (3,(3-dimethylacrylophenone (CH3)2 C=CHCOC6 H, , 
and divinyl ketone (CH2 =CHh CO. 

Since acrylophenone is a very effective cocatalyst, it is clear that the 
structure CH2=CHCO- is effective for the formation of the active 
catalyst. The a-phenyl and (3-phenyl derivatives of acrylophenone are also 
effective though the activity is lower than with acrylophenone. It is re- 
markable that the dimethyl derivative is entirely inactive. This shows that 
the structure (CH3)?C=CHCO- is not effective. Thus, it may be con- 

cluded that the structure -CH=C-CO- is effective for the formation of 
the active catalyst. 

Though divinyl ketone is not a phenyl ketone, it is also lacking in 
functional groups other than the CH2=CHCO- group. The result that it 
is also an effective cocatalyst is in accordance with the above conclusion. 

I 

Methyl Ketones 

Now that the cocatalytic reactivity of the unsaturated ketone group 
has been examined, derivatives of methyl vinyl ketone having methyl 
ketone structure are another group of unsaturated ketones to be examined. 
Cocatalytic reactivities of the following ketones were examined: methyl 
vinyl ketone CH2 =CHCOCH3, methyl isopropenyl ketone 
CH2 =C(CH3)COCH3, mesityl oxide (CH3)z C=CHCOCH3, benzalacetone 

c6 Hs CH=CHCOCH3, and furfurylideneacetone (IOY-CH=CHCOCH,. 
The results are shown in Table 2, 

All the ketones examined are effective. Reactivity of mesityl oxide is 
attributed to the methyl ketone structure, CH3CO-, because the unsat- 

urated ketone structure, C=CHCO-, in this ketone should be ineffective. 

The higher reactivity of benzalacetone than that of (3-phenylacrylophenone 
may be related to the presence of methyl ketone structure in this com- 
pound. Substitution of the phenyl group in benzalacetone by the fury1 
group does not make any difference. Thus, it is confirmed that the methyl 
ketone structure is also effective for the formation of the active catalyst. 

\ 
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POLYMERIZATION OF PROPYLENE OXIDE 33 7 

Possible Reactions Involved in the Catalyst Formation 
I 

The conclusion so far is that either the -CH=C-CO- or the -COCH3 
structure in an unsaturated ketone is effective for the formation of the 
active catalyst. Since none of the unsaturated ketones or the dialkylzinc 
is effective by itself, the reaction between the ketone and the dialkylzinc 
must take place first. The effective structures are considered to be re- 
lated in their reactivity toward the dialkylzinc. The major possible re- 
actions are conjugate addition and hydrogen abstraction, as mentioned 
before. It is likely that the former reaction is related to the structure 

I 
-CH=C-CO- and the latter reaction to the structure -COCH3. 

Kawakami et al. [13] is cited in Table 3. It is shown that conjugate ad- 
dition takes place exclusively with acrylophenone and hydrogen abstrac- 
tion exclusively with mesityl oxide and benzalacetone. Mixed reactions 
are found to take place with methyl vinyl ketone, methyl isopropenyl 
ketone, and 0-phenylacrylophenone. The typical compounds showing 

the cocatalytic effect of the structures -CH=C-CO- and -COCH3 
(acrylophenone and mesityl oxide, respectively) correspond to the 
typical ones related with conjugate addition and hydrogen abstraction, 
respectively, Most of the other compounds fall between these two 
compounds. 

rated ketone structure or hydrogen abstraction from the methyl ketone 
structure is sufficient as the initial step in the formation of the active 
catalyst. Both reactions appear to take place simultaneously in many 
cases. 

loss of reactivity. Substitution at the a-position keeps the group re- 
active even when the substituent is the bulky phenyl group. Since a 
number of nucleophillic addition reactions are known to take place at 
the &carbon of mesityl oxide [ 141 , the present result does not appear 
to be explained as a simple nucleophillic addition reaction. Steric 
effects may be considered. 

It has been reported that the reaction of dibutylzinc toward a,p- 
unsaturated ketones in nonpolar media is the most homolytic among 
similar reactions of organometallic compounds and also that more 
homolytic reactions tend to produce more stereospecific polymers of 
methyl methacrylate [ 151. Based on these results and also on the 

To look into this point closer, a part of the results reported by 

I 

Thus, it may be concluded that either conjugate addition to  the unsatu- 

Disubstitution at the 0-carbon of the unsaturated group results in the 
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Table 3. Mode of Reaction of Dialkylzinc and 
Unsaturated Ketonesa 

Conjugate addition, % 
Ketone Hydrogen abstraction, % 

aCited from Ref. 13. 

results of more detailed work, it has been proposed that the addition re- 
action takes place through a four-centered mechanism involving two 
molecules of dialkylzinc and one molecule of an unsaturated ketone [ 13) . 
It is very likely that the steric effect mentioned above is related to this re- 
action mechanism. 

Since it has been concluded that either or both the conjugate addition 
and the hydrogen abstraction takes place as the initial step of catalyst 
formation, it is interesting to consider what follows these reactions. The 
reaction product of the conjugate addition will be 

\ I  
CH-C=C- 

f I 
R OZnR 

where R is an alkyl group from dialkylzinc. The reaction product of the 
hydrogen abstraction will be 

R’-C=CH~ 
I 

OZnR 

where R’ is a vinyl or substituted vinyl group. Since enol-forms of vinyl 
ketones are unstable [16, 171, it is probable that the above structures 
may rearrange or react to form other species. 
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POL YMEiUZA TION OF PROPYLENE OXIDE 341 

Saturated ketones are known to give aldol-type condensation products 
in the presence of dialkylzinc [ 181 . Species similar to that formed in the 
dialkylzinc-water catalyst were found to be formed. The reaction product 
of the hydrogen abstraction in the present system may possibly undergo 
similar reactions. 

A difference between phenyl ketones and methyl ketones is found in 
the effect of the catalyst composition, The effect of the catalyst compo- 
sition on conversion is shown in Figs. 1 and 2. All the methyl ketones 
show maximum values when the ratio of the ketone to diethylzinc is 
between % and 2, while the phenyl ketones do not. Methyl ketones in 
excess decrease the catalyst activity. This suggests the presence of un- 
favorable side reactions in the case of methyl ketones. 

" 0  I 2 3 4 

Ketom/(CoY)zZn. mole ratio 

Fig. 1. Effect of the catalyst composition ( l ) ,  phenyl ketones. 
0: CH~=CHCOC~HS. 0:  CH2=C(C6H5)COC6HS. @: C ~ H S C H = C H C O C ~ H ~ .  

The effect of the temperature of polymerization shown in Table 4 is 
also in accord with the above result. While acrylophenone, methyl vinyl 
ketone, and benzalacetone have cocatalytic reactivity of about the same 
degree at 5OoC, big differences are found between them at elevated 
temperature. Compounds with higher reactivity toward hydrogen abstrac- 
tion lose cocatalytic reactivity to a larger extent. This again suggests the 
presence of unfavorable side reactions in the case of methyl ketones. The 
aldol-type condensation mentioned above may be one of the related re- 
actions. 

It may be concluded that the conjugate adducts give, directly or through 
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342 R. SAKATA ET AL. 

Ketone/fCzH&i!n, mole ratio 

Fig. 2. Effect of the catalyst composition (2), methyl ketones. Data 
for acetophenone from the Ref. 2. 0: CH2=C(CH3)COCH3. 
0:  ( C H J ) ~  =CHCOCH3. @: C6 H5 CH=CHCOCH3. 0:  0 -CH=CHCOCH3. 
A: CH3 coc6 HS . 0 

subsequent reactions, the catalysts that are capable of polymerizing 
propylene oxide more rapidly with better stability at high temperature. 

Examination of Other Related Compounds 

The following a, Punsaturated aldehydes showed slight reactivity under 
similar polymerization conditions: acrolein, methacrolein, and crotonalde- 
hyde. The following compounds were not effective as the cocatalyst: 
cinnamaldehyde, 2-furylacrolein (a ,P-unsaturated aldehydes), methyl 
acrylate, methyl methacrylate, diethyl fumarate, diethyl maleate (a,@- 
unsaturated esters), vinyl acetate, and acrylonitrile. The compounds ef- 
fective as cocatalysts seem to be practically limited to ketones. 
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