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ABSTRACT: In the polymerization of isobutyl vinyl ether, Et2AICI was inactive 
by itself and highly activated by oxygen. A limited amount of oxygen contacted 
with Et2AICI at - 78°C gave a stereoregular polymer in a good yield. The catalytically 
active species was stable only at low temperatures. lodometrical titration and low 
temperature IR spectroscopy indicated that the concentration of the active species was 
proportional to that of the peroxide, e.g., EtAl(OOEt)Cl, a thermally unstable inter
mediate formed in the course of oxidation of Et2AICI by oxygen. EtAl(OOCMe2Ph)Cl 
catalyses the process in a similar fashion to that of the "low temperature Et2AICI-O2 
catalyst system." The oxidation of Et2AICI and the catalytic activity of the products 
are studied. The effects of carbon dioxide are reasonably interpreted in terms of the 
competitive coordination between oxygen and carbon dioxide toward organo-aluminums. 
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Diethylaluminum chloride has been known as 
one of the Lewis acids whose chemical structure 
is definite. 1 In 1959, Natta, et al., 2 discovered 
that the polymerization of vinyl ethers using 
this compound as catalyst gave a stereoregular 
polymer. Later on, the catalyst was applied to 
the stereospecific polymerization of a- or p
substituted vinyl ethers. 3 Since in vinyl ethers 
delocalization of the electrons from the alkoxide 
group toward the olefinic double bond remark
ably facilitated catonic polymerization, it ap
peared natural that the monomer might be 
activated by the weakly acidic Lewis acid 
diethylaluminum chloride. 

Recently, Razuvaev4 revealed that the electric 
conductivity of diethylaluminum chloride was 
only 1/25 of ethylaluminum dichloride. The 
very low conductivity of the former was later 
confirmed in the authors' laboratory. 5 No in
dication of the existence of ionic species in 

* Present address: Faculty of Pharmacy, Nagoya 
City University, Tanabe-dori, Mizuho, Nagoya, Japan. 
This report is from his PhD Thesis, Osaka Univer
sity, 1969. 

** To whom inquiry should be sent. 

Et2A1Cl was obtained by spectroscopic studies by 
Hoffmann, 6 Yamamoto,1 and Mach. 7 With the 
ether complex, occurrence of the intramolecular 
redistribution reaction was ruled out. 8 All of 
these results point out a substantial difference 
in ionic properties between diethylaluminum 
chloride and ethylaluminum dichloride. 

These facts encouraged the authors to study 
the active species in the Et2AlCI catalyst with 
a view to attaining an effective polymerization 
with a high stereospecificity and to producing 
a true picture of the catalyst behavior. 

More recently, Kennedy9 showed that the 
initiating cationic species were formed by adding 
alkyl halides in the case of Et2AlCl-catalyzed 
polymerization of isobutene, which is also one of 
the monomers favoring cationic polymerization. 

It has been disclosed by the authors that 
Et2AlCl is utterly inactive for the polymerization 
of isobutyl vinyl ether (IBVE) and requires 
some atmospheric substances as cocatalyst: 10 

Water stimulated Et2AtCI to be an active catalyst 
for polymerization without stereospecificity and 
oxygen for a highly stereospecific polymerization. 
The stereospecificity with Et2A1Cl activated by 
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a small amount of oxygen surpassed the values 
ever obtained with any other homogeneous 
catalyst system hitherto known. 

In this paper, the experimental findings on 
the catalytic behavior of Et2A1Cl in the presence 
or absence of oxygen are described, and the 
active species of Et2A1Cl-02 catalyst system is 
discussed. A characteristic effect due to carbon 
dioxide on the catalyst system is also involved. 

EXPERIMENTAL 

Materials 
Toluene. Commercial reagent was purified by 

usual method. It was then dried over metallic 
sodium and fractionally redistilled under a 
nitrogen atmosphere just before use. 

IBVE. Commercial reagent (Mitsubishi Chem
ical Co. Ltd.) was refluxed repeatedly under a 
nitrogen atmosphere over fresh metallic sodium, 
and then fractionally distilled under a nitrogen 
atmosphere, bp 82.9°C. Purity determined by 
GLC was 99.2%. 

Et2AlCl. Commercial reagent (Ethyl Corp.) 
was refluxed in the presence of sodium chloride 
(purity, 99.99%) in order to remove contami
nated EtAlC12 , and then fractionally distilled 
under reduced pressure, bp 69.4°C (3.0 mm). 
Purity of Et2A1Cl-96. 7 % for commercial, and 
99.5% for purified-was determined by DTA 
analysis11 by assuming the heat of fusion for a 
pure sample was 1.0±0.3 kcal/mol. 

EtAl(OEt)Cl. This compond was prepared by 
equimolar reaction of Et2A1Cl with absolute 
ethanol in benzene under a nitrogen atmosphere, 
and then fractionally distilled under reduced 
pressure, bp 35°C (10-3 mm). Analyses for 
active ethyl groups by gasometry and for alu
minum content were consistent with calculated 
values. The molecular weight determined cry
oscopically corresponded to the trimer. 12 

(Et0) 2AlCl. This compound was prepared by 
reacting two moles of absolute ethanol with one 
mole of Et2A1Cl, and used after distilling off 
the solvent. 

Cumene Hydroperoxide. The commercial re
agent was used without further purification. 

EtAl(OCOEt)Cl. This compound was pre
pared by equimolar reaction of Et2A1Cl with 
propionic acid in benzene under a nitrogen 
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atmosphere, and purified by distillation under 
reduced pressure, bp 129°C (0.1 mm). The 
analyses of active ethyl group and of aluminum 
content were consistent with the calculated 
values. 

Oxygen. Oxygen which had been dried by 
passing through a column (120 cm in length and 
3.0 cm in diameter) packed with phosphorus 
pentoxide was bubbled through a glass pipette 
into the catalyst solution at the rate of 100 ml/ 
min except for at ambient temperature (50 ml/ 
min). Addition of oxygen in high vacuum was 
carried out by bubbling dry oxygen from a 
reservoir attached to the polymerization flask 
containing a toluene solution of Et2A1Cl through 
a capillary tube. 

Carbon dioxide. Carbon dioxide generated by 
thermal decomposition of purified sodium car
bonate was dehydrated by passing through 
columns of calcium chloride and of phosphorus 
pentoxide, successively. 

Polymerization 
By either of the following procedures IBVE 

was polymerized for 24 hr in a polymerization 
flask immersed in a Dry Ice-methanol bath. 

Procedure A. Method under a Nitrogen At
mosphere. The polymerization flask was filled 
with dried nitrogen after evacuating to ca. 10-1 

mm. Solvent (toluene, 15 ml), catalyst solution 
(0.02 mol of catalyst per mole of IBVE) and 
IBVE was successivly added to the flask with 
hypodermic syringes. 

ProcedureB. High VacuumMethod. Monomer 
and solvent were refluxed over metallic sodium 
under a nitrogen atmosphere and then distilled 
under 10-5 -mm pressure through a breakable 
seal into a small vessel coated with a sodium 
mirror. This distillation was usually repeated 
three or four times. The vessels containing the 
last distillates and oxygen were connected to 
the polymerization flask separated by breakable 
seals, which was thoroughly baked and degassed 
for a long time under 10-5-mm pressure. Solvent 
was first introduced into the flask and then 
catalyst (in a small ampoule which was crushed 
in the polymerization flask) followed by oxygen 
(contained in a small vessel with a breakable 
seal). After the mixture had been stirred 
magnetically at the given temperature, chilled 
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monomer was added at - 78°C with stirring, and 
the flask was kept at - 78°C for the poly
merization. 

Detection of Peroxide 
Peroxydic material was detected by the usual 

method. 13 In a well baked polymerization flask 

Figure 1. Diagram of the apparatus for IR 
mearurement at low temperature: A, reservoir 
for a cold liquid; B, KBr cell holder (copper block); 
C, reactor; D, jacket; E, sample cell (KBr); F, 
window (KBr); I, sample transfer tube; K, inert 
gas inlet tube; L, sample inlet tube; M, reaction 
gas bubbling tube; N, tap for evacuation. 
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flushed with dry nitrogen, a solution of 1.53 X 
10-4 mol of Et2AICI in 15 ml of toluene was 
placed. After a definite amount of oxygen had 
been bubbled in at - 78 °C or 0°C, a slightly 
acidified 5-% ethanolic potassium iodide solution 
was added. Liberated iodine was titrated with 
standardized sodium thiosulfate solution. 

JR Measurement at Low Temperature 
By the use of specially designed apparatus 

(Figure 1) allowing Et2AICI to contact with 
oxygen at a chosen condition, the change in 
absorption bands during the autoxidation at low 
temperature was successfully observed. The 
apparatus is constructed of double glass cyl
inders. The inner cylinder involves a reservoir 
(A) for the cooling material, a reactor (or a 
sample holder) (C) and a cell holder (made of 
copper block) (B) joined to the reservoir (A). 
The outer cylinder (D) having the KBr windows 
(F) is equipped with several narrow tubes for 
supplying dry inert gas (K) and for introducing 
oxygen (M). The space between the two cyl
inders was filled with inert gas in order to 
avoid evaporation of the solvent. The KBr 
windows were maintained fully transparent to 
the IR beam during the measurement, even at 
the very low temperature, by blowing dry 
nitrogen gas toward them. 

Stereospecificity of the Polymerization Reaction 
Methanol-insoluble crude polymer (0.5 g) was 

fractionated by keeping it in 100 ml of methyl 
ethyl ketone (MEK) at 30°C for 48 hr. The 
index of stereospecificity of the polymerization 
reaction (IS) was calculated as follows: IS= 
(MEK-insol polymer (g)) X 100/(Methanol-insol 
polymer (g)). 

Polymer 
The solution viscosity (r;sv/ c) of crude polymer 

in benzene at 30°C (1 g/100 ml) ranged from 
2.2 to 4.6. The MEK-insoluble fraction of the 
polymer showed absorption bands at 1340 and 
980 cm-1 indicating isotactic polymer (mp max 
ll0°C). 

RESULTS 

Catalytic Behavior of Et2AlCl 
As long as commercial Et2AICI was used 

without particular attention to its purity, the 
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reproducibility of the polymerization results for 
IBVE was very poor, i.e., polymer yield, 
61.4±36%; isotactic polymer yield, 28.3±28.3%; 
IS, 29±29%, for eight runs. By using purified 
Et2AlCl (99.5-% purity) as catalyst and by ex
cluding oxygen and water as completely as 
possible from the polymerization system, the 
yield of polymer reduced markedly with an 
improved reproducibility, i.e., polymer yield, 
3.7±3.4%, for nine runs. The catalytic activity 
of the purified Et2A1Cl was almost independent 
of catalyst concentration (0.01-0.15 mol/mol 
monomer), excluding the possibility that some 
materials contained in the solvent and/or 
monomer might deactivate the catalytic effect 
of Et2AlCI. 

The fact that under a high vacuum the poly
merization mixture produced no detectable 
amount of polymer nor oligomer (by GLC) 
after two weeks at - 78°C, confirms that Et2AlCl 
is catalytically inactive and that IBVE itself 
cannot activate Et2AlCl as a cocatalyst under 
that condition. 

Effect of Oxygen 
Amount. Under a high vacuum, Et2A1Cl was 

made remarkably active by contacting it with 
excess amount of oxygen, producing isotactic 
polymer (Table I). The dependence of the 
activity of Et2AICl-O2 system on the amount 
of oxygen bubbled at - 78 °C under nitrogen is 
illustrated in Figure 2. As the bubbling time 
increased, sharp activation (20-40 sec) followed 
by deactivation (1 min) was observed. The IS-

Table I. Polymerization by Et2AlCl-O2 system 
under high vacuum condition a 

Et2AlC!, 02, 
Polymer 

mol ml O2/Alb Yield, IS, 
% % 

6.9x 10-4 5.5 0.4 trace 
3.3 X lQ-4 10 1.3 100 12 
6.9 X 10-4 23 1.5 100 60 

• Polymerization: IBVE, 1 x 10-2 mol; toluene, 
15 ml; temp, - 78°C; polymerization time, 24 hr; 
02 bubbling, - 78°C. 

b This value denotes the ratio of "total" moles 
of oxygen introduced into the system to moles 
of Et2AlCI. The amount of "absorbed" oxygen 
into the organo-aluminum was not determined. 
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Figure 2. Polymerization catalysed by Et2AlCl
O2 system: 0, yield; (), IS; Et2AlCl, 1.53 x 10-4 

mol; toluene, 15 ml; IBVE, 7.63 x 10-3 mol; Poly
merization temp, - 78°C; time, 24 hr. Oxygen 
bubbling was carried out at - 78°C at the flow 
rate of 100 ml/min. 
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Figure 3. Polymerization catalysed by Et2AlCl
O2 system: O, yield; (), IS. Oxygen was bubbled 
at room temperature at the flow rate of 50 ml/min. 

value curve gave similar results showing nearly 
90% in the optimum region and 50-60% for 
prolonged bubbling.* Bubbling at room tem
perature resulted in steep activation at extremely 
short bubbling times (5-10 sec) followed by 
sharp deactivation as shown in Figure 3. 

Temperature. Figure 4 illustrates the tempera
ture dependence of the activity of the Et2AlCl
O2 system under a nitrogen atmosphere. The 
Et2AICl-O2 system kept for about 30 min at 
- 78°C showed a slight change in activity and 
IS value. Sharp depression of the activity was 
observed at 0°C over a short period (30-60 sec). 
The results obtained by bubbling oxygen at 
specified temperature (Figure 5) indicate that 
the active species giving stereoregular polymer 
is stable only at low temperatures and is con--

* The highly stereospecific EtzAlCl-O2 catalyst 
system is referred to hereafter as "low temperature 
Et2AlCl-O2 catalyst system." 
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Figure 4. Dependence of the catalytic activity 
on the aging time: O, yield, aged at - 78°C; O, 
IS, aged at - 78°C; 8, yield, aged at 0°C; e, IS, 
aged at 0°C. 
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Figure 5. Catalytic activity of Et2AlCl-O2 system 
in terms of aging temperature: O, polymer yield; 
I(), IS. Abscissa shows the temperature preserved 
for ten minutes after oxygen bubbling at - 78°C. 

verted into nonstereoregular species soon after 
the temperature was raised. The activity was 
retained at a high value up to about -30°C. 

Jodometric Titration of Et2AlCl-02 System 
The presence of peroxidic substance in the 

Et2AlCI-O2 system was examined by iodometric 
titration under the same oxygen bubbling con
dition as that used in the polymerization ex
periment. The experimental results (Figure 6) 
revealed that the amount of peroxide formed 
in this reaction depended on the extent of 
oxygen bubbling and on the temperature at 
which oxygen was bubbled. The inflection point 
of the sigmoidal curve due to the formation 
of peroxide did correspond to the point at 
which sharp activation by oxygen was observed 
in the Et2AlCl-O2 system (see Figure 2). 
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Figure 6. Formation of peroxide by bubbling 
oxygen into Et2AlCl toluene solution: O, at 
- 78°C; (), at 0°C; Et2A1Cl, 1.53 x 10-4 mol; 
toluene, 15 ml. 
measured by 
Al(OOEt)EtCI. 

The amount of peroxide was 
iodometry and calculated as 

IR Spectroscopy of Organo-aluminums 
IR examination at low temperature supports 

the hypothesis of the existence of an inter
mediately formed substance as being a peroxide 
of Et2AlCl (Figure 7). Very rapid changes in 
the IR spectrum of Et2AlCl were observed soon 
after contacting Et2AlCl with oxygen at - 78°C; 
a characteristic new absorption band appearing 
at 1013 cm-1 was apparently different from that 
of Et2A1Cl and of its stable oxidation product 
EtAl(OEt)Cl. 

Catalytic Behavior of Some Derivatives of Et2A!Cl 
EtAl(OOCMe2Ph)Cl. This compound was 

prepared from Et2A1Cl with cumene hydro
peroxide (CHP) as a model compound of the 
peroxide EtAl(OOEt)Cl, the stereospecifically 
active species suggested in the autoxidation of 
Et2AlCl with oxygen. The model peroxide 
system formed at - 78°C by mixing CHP with 
Et2AlCl at various molar ratios exhibited stereo
specific activity (Figure 8). CHP added even 
in a very small amount converted the inactive 
Et2AlCl to a highly active species. The catalytic 
activity of the model peroxide system showed an 
analogous dependence to that of the Et2AlCl-O2 

system, that is, mixing only at a low tempera
ture resulted in high yield of polymers with 
relatively high IS value and the activity was 
sharply depressed at a mixing temperature 
around -60°C where the active species of 
Et2AICI-O2 system was assumed to be converted 
into an inactive species (Figure 9). The some-

283 



H. HIRATA, T. ARAKI, and H. TANI 

-'\ r, r\l\ 
'\ .,IV; VJ . 
\ , v \_I\,; 
\. ,. 

l,:__ ,::t r\ 0 r\ /, " 
,,, ......... "\ ,.::~::r··: f\ ,,,1 \/'1 ':, ./ i :i / \ 1 / f\ I w l 1 1\ ilr(\ 

\ \ • • I \/ \/ t I 11 \ 
l . : : l • v . 1l n: il \_.,\, 
]\ \ u ,J , (\. ~I\ n: ij \ 

\ \) \' 1 1\ r.1 \ i\ l Al~ \ 
/·\ .... \ 1 / (\ I4 V i i i \ f ft -11 \ /\ 

\ \ f'i / i ·J ]( l J /! f\.1-, I J \ 

\ 1 ) \ / i V \(. \ f iii\!. \ \/ \ 
\ \ f ',/ t' 11 1 A•\· V i.-. v , r, 

a 

t 
i 

I I : •1 r ·1\ I 1·J i v, i' 
• I I • \ I I \ JC i\) ! !\}/ \ 1,, I 

r·, / tt i · 1l \ 1 
1 i \ i . · \ i1 " ~--) 
·1 i V I / \. \ 

\ i '1.(\ ,d 
\j V \j \._/ 

e 

1600 1400 1200 1000 800 600(crn1) 

Figure 7. Changes in IR absorption spectra of Et2AICI-02 system: a, 
Et2AICI (pure); b, very soon after; c, 12 min after; d, 25 min after 
contact with oxygen; e, EtAl(OEt)Cl. Arrows show the newly appeared 
band (1013 cm-1) due to contact with oxygen. The band is absent in 
both Et2AICI and EtAl(OEt)Cl. 

what lower IS value observed in the EtAl
(OOCMe2Ph)Cl system than in the Et2AICI-02 
system would represent the lesser suitability of 
the calalyst structure for stereoregulation; e.g., 
weakly associated bridged-structure of the former 
catalyst. 

again (see Figure 3), because Et2AICI would be 
ultimately oxidized to (EtO)zAICI at a high 
rate at the temperature range in question. 

EtAl(OEt)Cl. EtAl(OEt)CI was active in itself 
(Table II) exhibiting a lower activity and poorer 
stereoregulating function than did the Et2AlCl-
02 catalyst system. In addition, the existence 
of some interaction between Et2AICI and 
EtAl(OEt)Cl depresses the catalyst activity of 
the latter (Figure 10). 

(EtO) 2AlCl. The fact that this compound 
was inactive (Table II) provides a reasonable 
interpretation for the experimental observation 
that Et2AICI, once activated by oxygen at an 
ambient temperature, soon becomes inactive 
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Figure 8. Polymerization catalysed by Et2AICI
CHP system; 0, yield; (), IS; Et2AlCI, 1.53 x 10-4 

mol; toluene, 15 ml; IBVE, 7.63 x 10-3 mol; poly
merization temp, - 78°C; time, 24 hr; mixing of 
Et2AICI with CHP, -78°C. 
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Figure 9. Dependence of polymerization catalysed 
by Et2AICI-CHP system mixed at different 
temperatures: O, polymer yield; (), IS; CHP/ 
Et2AICI, 0.7. 

Effect of Carbon Dioxide 
The addition of carbon dioxide to Et2AlCl 

under various conditions had virtually no 
cocatalytic effect (Figure 11). In this respect, 
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Figure 10. The catalytic behaviour of Et2AICl
EtAl(OEt)Cl system: O, polymer yield; (), IS; 
EtAl(OEt)Cl, 1.53 x 10-4 mol; toluene, 15 ml; IBVE, 
7.63 x 10-3 mol; polymerization temp, -78°C; time, 
24hr. 

carbon dioxide is sharply contrasted to oxygen. 
This result seems quite natural in view of the 
known fact that carbon dioxide cannot be in
serted in the Al-Et bond of Et2A1Cl. 15 How
ever, the catalytic behavior of the Et2AlCl-O2 
system varies significantly in the presence of 
carbon dioxide. The activation of the Et2AlCl 
with oxygen was apparently inhibited or retarded 
by pretreating it with carbon dioxide (Figure 11). 
Another interesting effect of carbon dioxide is 
the stabilization of the activity in the Et2AlCl-
02 catalyst system by pretreating Et2AICl with 
a small amount of carbon dioxide (Figure 12). 

EtAl(OCOEt)Cl prepared by the equimolar 
reaction between Et2AlCl and propionic acid 
showed a fairly high stereospecific activity for 
the polymerization of IBVE independent of the 
bubbling of oxygen (Figure 13). This result 
provides new information that a series of such 

Table II. Polymerization catalysed by ethoxides• 

Catalyst Concn, IBVE, mol mol %/monomer 

Al(OEt)2CI 2.0 7 .63 X 10-3 

EtAl(OEt)Cl 0.5 II 

II 1.0 II 

II 2.0 II 

II 5.0 II 

II 10.0 II 

II 4.8 11.46 X 10-3 

a Polymerization in 15 ml toluene, at - 78°C for 24 hr. 
b Polymerization period, 48 hr. 
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Yield, % 

0.0 
6.6 

17.3 
35.3 
94.9 
64.4 
65.5b 

IS,% 

32 
59 
43 
51 

Exptl technique 

N2 atmospheric 
II 

II 

II 

II 

II 

High vacuum 
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Figure 11. Effect of CO2 added to Et2AlCl-O2 
catalyst system: O, CO2 bubbling for 60 sec 
(100 ml/min) at room temperature prior to oxygen 
bubbling; (), without CO2; Et2AlCl, 1.53 x 10-4 

mol; toluene, 15 ml; IBVE, 7.63 x 10-3 mol; poly
merization temp, - 78°C; time, 24 hr. Oxygen 
bubbling was carried out at - 78°C at a flow 
rate of 100 ml/min. 
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Figure 12. Activity change of Et2AlCl-O2 system 
in the presence or absence of CO2: O, CO2 
bubbling for 3 sec (100 ml/min, CO2/Et2AlCl= 1.4) 
at room temperature prior to oxygen bubbling; 
O, no CO2. Oxygen and CO2 bubblings were 
carried out at a flow rate of 100 ml/min_ 

types of compound can be stereospecifically 
active in the apparently homogeneous system. 

DISCUSSION 

These results revealed that the catalytic 
activity of Et2AlCl in the stereospecific poly
merization of IBVE is not as simple as has been 
suggested but is rather more complex. Although 
the full scheme of the reaction between catalyst 
activity and active-inactive entities cannot be 
drawn, a brief feature of the relation is now 
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Figure 13. Polymerization catalysed by Et· 
Al(OCOEt)Cl with or without oxygen system: 
O, yield, without oxygen; (), IS, without oxygen; 
•, yield, with oxygen bubbling for 30 sec; (!), 
IS, with oxygen bubbling for 30 sec; toluene, 15 
ml; IBVE, 7.63 x 10-3 mol; polymerization temp, 
- 78°C; time, 24 hr. 

disclosed: Et2AlCl alone-inactive; Et2A1Cl+ 
H 2O (at - 78°C, very small amount)-highly 
active without stereoregulation; Et2AlCl+O2 

(under particular condition)-active with stereo
regulation; EtAl(OEt)Cl-fairly active with some 
stereoregulation; (EtO)2AlCl-inactive; Et2A1Cl+ 
CO2-inactive. 

Referred to the stereoregular active entity, 
oxygen was found to make a significant contri
bution. To interpret the catalytic behaviors of 
the Et2AlCl-O2 system, the oxidation processes 
of Et2A1Cl must be considered. For the autox
idation of organometallic compounds, it has 
been reported14 that various kinds of materials 
are formed depending on the character of the 
metal-carbon bond. In general, autoxidation 
of the metal-alkyl compounds proceeds through 
the following scheme to the ultimate formation 
of the alcoholate. 15 

R R 
I 02 I 

R-M-R-M-O2 -

R R R-0 
I I 02 I 

R-O-O-M - R-O-M - R-O-M 
I t 

The oxygen complex is well known to date 
in the case of transition metals, 16 but not clearly 
identified for aluminum or boron. 17 •18 Peroxide, 
ROOM, was identified for lithium and magne-
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sium at very low temperatures, and for the 
more electropositive metals, e.g., zinc and 
cadmium, the peroxides are more stable and 
can be handled safely14 even at 0°C. Knowledge 
of the autoxidation of organo-aluminum com
pounds is still lacking, but such reaction inter
mediates, especially of peroxide, are also likely 
for alkyl-borons19 and -aluminum compounds. 20 

The most important finding of this study is 
that the correlation of stereoregular activity 
with the existence of a peroxidic substance in 
the catalyst system is fairly satisfactory, indicat
ing that the concentration of the active species 
is proportional to that of the peroxide which 
is stable only at low temperatures. Further 
oxidation proceeds with increases in the amount 
of oxygen or elevation of the contact tempera
ture to give EtAl(OEt)Cl and (EtOhAlCl, 
successively. The catalytic behavior of Et2AlCl
O2 varies almost correspondingly to the form
ation of such oxidation products. 

Some additional factors affecting the catalytic 
behavior of the Et2AICl-O2 system are found 
to be due to the existence of carbon dioxide, 
unreacted Et2A1Cl or IBVE. For example, 
Et2AlCl depresses the activity of EtAl(OEt)Cl 
probably as a result of mutual interaction, and 
carbon dioxide stabilizes Et2AlCl and Et2AlCl
O2. * The monomer exhibits a similar stabiliza
tion effect to that of the carbon dioxide but to 
a lesser extent.** A series of experiments along 
the same lines showed that strongly Lewis-basic 
compounds such as quinoline completely in
hibited the activation process by oxygen. 

The stabilizing effects of carbon dioxide can 
be interpreted as the result of the competitive 
coordination toward Et2A1Cl by the oxygen 
molecule, and of the inhibition of the intra
molecular rearrangement of active species in 
Et2AlCl-O2 into less active - oxides by the 
coordinated carbon dioxide. The Et2AlCl-O2 

system can be compared with the n-BuMgBr-O2 

catalyst system reported by Bruce and Farren, 21 

"' The action of carbon dioxide also produced 
behavior similar to that due to oxygen in the 
activation of commercial grade Et2AlCl. 

** When oxygen was bubbled in the presence of 
the monomer, the amount required for obtaining 
effective catalyst activity was much higher than 
that in the absence of the monomer. 
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though the stereospecificity of the latter catalytic 
system is not unambiguous. The difference in 
the catalytic activities between n-BuMgBr-CO2 

and Et2AlCl-CO2 system was remarkable. The 
higher cocatalytic activity of carbon dioxide in 
the Grignard reagent was shown to exist by 
the same authors, whereas the cocatalytic activity 
of carbon dioxide in the case of Et2AlCl was 
not observed. This difference is presumably 
due to the difference in the reactivity of carbon 
dioxide toward these organo-metallics as shown 
below 

co., 
J, -

Et2AICl+CO2 ---+ Et2AlCl EtCO2AlEtCl 

CO2 

L 
BuMgBr+CO2 ---+ BuMgBr---+ BuCO2MgBr 

The fact that the reaction product obtained 
from Et2A1Cl and propionic acid was a highly 
active catalyst suggests that at least one of the 
constituents involving EtCO2AlEtCl is cataly
tically active. The active catalyst species in 
BuMgBr-CO2 system can also be related with 
BuCO2MgBr in a specific manner. 21 On this 
basis, it must be a general feature of structures 
involving metal carbonates in the catalyst that 
they are effective catalytically for IBVE poly
merization. 

A wide variety of studies made until now 
have indicated that IBVE is one of the mono
mers polymerizable solely by a cationic mech
anism. When the propagation reaction proceeds 
by an anionic mechanism, a condition in which 
the lone-pair electrons on the ether oxygen 
atom do not migrate toward the ir-electrons on 
the carbon-carbon double bond must be re
alized. Such a condition may be possible if 
the coordination of the lone-pair electrons with 
a metal in a catalyst is well established during 
the propagation reaction, and alternatively if 
conjugation of the lone-pair electrons with 
vinylic ir-electrons are inhibited by some steric 
requirement in the C=C-O bond. For the 
free-radical initiation analogous requirements are 
necessary. These specific states related to elec
tronic or steric requirement is unlikely in the 
systems reported in this paper. Therefore, at 
the present stage, it seems safe to assume that 
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the cationic mechanism is predominant in the 
polymerization of IBVE by Et2A1Cl-02 catalyst 
systems. 

The reason why the peroxidic state is so 
effective for stereospecific polymerization of the 
monomer is not clear at the present stage. It 
should be noted that the M-0-0 bond in the 
peroxide group is highly cleavable in a low
energy process. For example a very small 
amount of water,* if present, is enough to assist 
the polarization of the bond. The resultant 
weakly protonic acid will contribute to the 
initiation of the polymerization and the counter 
anion may subsidiarily participate in the stereo
regulation. 

R 
I H 2o 

Cl-AI-0-0-R'------+ 

R R 
I + _ I 

Cl-Al-0 ---0 -R------... Cl-Al-O+ROH 

OH----I-i+ jJ~---
H+ 

As has been indicated, isotactic propagation 
of this monomer occurs rather easily in a 
homogeneous condition without any special 
requirement for the structure of the counter 
anion. 22 Judged from the melting point (ll0°C) 
and IR spectrum of this polymer, the tacticity 
does not greatly exceed** that of isotactic 
polymers obtained by the usual stereospecific 
homogeneous catalysts. This fact suggests that 
the stereoregulating ability of the counter anion 
(above) itself is not a predominant factor as in 
other catalyst systems. 

On the other hand, a decrease in the amount 
of atactic polymer in the authors' case indicates 

* Even using the experimental techniques of this 
paper, absolutely dry systems cannot be guaranteed. 
Water can therefore be a prime candidate for the 
initiating reagent. The next candidate is R + derived 
from the reaction RClAIO+-> R++ClAl=O, but it 
is difficult to explain the stereoregulating function. 
Heterolytic fission at Al-0 bond of peroxide 
yielding Al+ and ROO- seems less probable in view 
of the bond strength, rather than H- abstraction 
from the monomer. 

** With the heterogeneous catalyst, Vandenberg23 

obtained a polymer with very high isotacticity. 
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that a weak Lewis acid containing an oxygen 
atom with high polarizability will be an effec
tive stereospecific catalyst requiring an extremely 
small amount of cocatalyst. A larger amount 
of the cocatalyst frequently causes side reactions 
disturbing the sterically regular propagation. 
Stronger Lewis acids such as Et2AIC1 or EtAICl2 

tend to give atactic polymers when water is 
added as a cocatalyst. As EtAICl2 is a very 
strong Lewis acid, it requires24 a much smaller 
amount of water to yield an atactic polymer 
at a high rate. A weak Lewis acid with low 
polarizability ordinally requires a larger amount 
of cocatalyst. 
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