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Abstract: Polymerizations of methyl methacrylate and ethyl methacrylate with combinations of ¢-butyllithium
and several bulky alkylaluminum bisphenoxides were carried out in toluene at -78°C. Methylaluminum
bisphenoxide derivatives gave heterotactic polymers which comprise an alternating sequence of meso and
racemo diads. On the other hand, ethyl or isobutylaluminum bis(2,6-di-t-butylphenoxide) exhibited
syndiotactic-specificity. The effect of structure of bulky aluminum phenoxide on stereospecificity of
polymerization was discussed based on the stereochemical analysis of the polymers.
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Introduction
Bulky organoaluminum reagents such as methylaluminum bis(2,6-di-t-butyl-4-methylphenoxide) (MAD)
and aluminum tris(2,6-diphenylphenoxide) (ATPH) have been recognized as promising Lewis acids in selective
organic synthesis. The unique character of the bulky aluminum reagents is essentially related to the remarkable
ability as a Lewis-acid receptor to recognize oxygen-containing organic molecules and activate certain
functionalities. For example, ATPH facilitates selective 1,4-addition of nucleophiles to o,B-unsaturated carbonyl
substrates due to efficient stabilization of carbonyls by coordination of the aluminum reagent!?, providing the

chemoselectivity, while 1,2-addition occurs predominantly in the absence of the aluminum reagent (1).
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ATPH has also been utilized in exo-sclective Diels-Alder reaction of o,B-unsaturated carbonyl compounds

owing to steric repulsion of coordinating ATPH? (2).
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MAD facilitates the formation of eguatorial alcohol in the alkylation reaction of cyclohexanone derivatives

with methyllithium (MeLi), while the reaction with the nucleophile alone produces predominantly axial alcohol (3)*-°.

OH Me
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Treatment of the equimolar mixture of 2- and 4-methylcyclohexanones and MAD with a nucleophile

gives mainly an equatorial alcohol derived from the less hindered ketone, exhibiting substrate selectivity and

stereoselectivity at the same time®5 (4).
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These examples demonstrate that the bulky aluminum reagents are able to provide stereoselectivity, substrate

selectivity, and chemoselectivity in organic synthesis through coordination to carbonyl groups to activate or
protect the functionalities.

In the field of polymer chemistry, bulky aluminum phenoxides have been used as a Lewis-acid activator in
the polymerizations of polar vinyl monomers such as methacrylates$? and heterocyclic monomers such as lactones®
and oxetane®. The polymerization of methy! methacrylate (MMA) with an aluminum tetraphenylporphyrin
complex is initiated with visible-light irradiation, the following propagation being very slow. When 3
equiv. of a bulky aluminum phenoxide such as MAD with respect to the propagating species are added to
the reaction mixture, a strikingly vigorous reaction takes place with heat evolution to attain 100% conversion
within only 3 seconds®’. The polymerization is termed “high-speed living polymerization”, where the

bulky aluminum phenoxides are assumed to activate the monomer through coordination. More recently,
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Maruoka et. al. claimed that ATPH is a more efficient Lewis acid in this polymerization to give narrower
molecular weight distributions (MWDs)!®. Miyamoto ef al. reported that enamines can initiate the polymerization
of methacrylate in combination with bulky aluminum phenoxides which activate the monomer enough to be
attached by the weak Lewis base!!. _

On the other hand, Ballard et al. reported that an initiator comprising s-butyllithium (z-BuLi) and (2,6-di-
t-butylphenoxy)diisobutylaluminum [i-Bu,Al(ODBP)] gave predominantly syndiotactic PMMA with narrow
MWD in a living manner. They claimed that i-Bu,AI(ODBP) coordinates with the propagating species to
stabilize them and the bulkiness of the phenoxide “screened” the polymer anion from possible side reactions to
afford the living polymerization at ambient temperature'2,

Among living radical polymerizations developed recent years, Sawamoto et al. reported the living
polymerization of MMA with a combination of alkyl halide, ruthenium(II) chloride tris(triphenyphosphine)
complex, and Lewis acids such as methylaluminum bis(2,6-di-r-butylphenoxide) [MeA(ODBP),]'3. In this
system, the Lewis acids are assumed to coordinate to the carbonyl oxygen of terminal monomeric unit of
propagating species to facilitate the reversible homolytic cleavage of carbon-halogen bond.

Although these examples demonstrate the versatile utility of bulky Lewis acids in polymer synthesis, the
examples which illustrate the potential of bulky Lewis acids in the control of selectivity in polymerization have
scarcely been reported.

In 1980's, we found two stereospecific living polymerizations of methacrylate; one is isotactic-specific,
initiated with -butylmagnesium bromide!%!5, and the other syndiotactic-specific, initiated with ¢-BuLi /

trialkylaluminum!6:7,
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More recently, we found heterotactic-specific living polymerization of certain alkyl methacrylates with a
combination of +-BuLi and MeAl(ODBP), in toluene at low temperature!®!% (Scheme 1). Heterotactic polymer
is one kind of stercoregular polymer that comprises an alternating sequence of meso () and racemo (r) diads.
The formation of heterotactic sequence requires two different types of stereoregulation, m- and r-additions, to
occur in an alternate manner. This means that the diad configuration at the propagating chain-end should affect
the stereospecificity drastically; the chain end with m diad (~~~ mM ™) prefers r-addition and that with r diad

( ~~~rM~) prefers m-addition (Scheme 2). This obviously requires a higher-order stereoregulation than those
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for isotactic and syndiotactic polymerizations; for the latters the control of configurational relationship between
neighboring constitutional repeating units is sufficient in principle.

The existence of an excess amount of MeAl(ODBP), over ¢-BulLi is essential for the formation of the
heterotactic polymer. In fact, at the ratio of Al/ Li = 1, where most of the aluminum phenoxide might coordinate
with the propagating species, a syndiotactic polymer forms in low yields'®. The result suggests that the propagating
species is stabilized by the coordination with the bulky aluminum phenoxide, becomes less reactive, and favors
r-addition with the monomer free from the coordination by the aluminum phenoxide. At higher Al/ Liratios,
the excess MeAl(ODBP), may activate the monomer through coordination, and the less reactive propagating
species preferentially add the activated monomer. In this process, the steric interaction between the sterically

crowded active-end (5) and the bulky monomer-MeAl(ODBP), complex (6) might be an important factor for
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the heterotactic propagation. Thus MeAI(ODBP), in this polymerization plays roles of the stabilization of the
propagating species and of the activation of the monomer, thereby providing not only livingness but also the
unique stereospecificity.

The stabilization given by MeAI(ODBP), has been successfully utilized for anionic living polymerization
of a methacrylate monomer (7) having an unprotected phenolic group2’; the polymerization of the monomer (7)
with 7-BuLi / MeAI(ODBP), in toluene gives a polymer with narrow MWD, while -BuLi alone is quenched

with the hydroxyl group of the monomer so that no polymer forms.

GHy
CH2=C'; B
¢=0 Feu 7)
O”CHQCHZCHZ OH
t-Bu

On the other hand, the monomer activation mechanism is used to facilitate monomer-selective
copolymerization. The copolymerization of cthyl methacrylate (EMA) and trimethylsilyl methacrylate (TMSMA)
with #-BuLi / MeAl(ODBP), proceeds in a monomer-selective manner, giving a stereoregular block copolymer
that comprises heterotactic poly(EMA) block and syndiotactic poly(TMSMA) block; the second block is easily

converted to syndiotactic poly(methacrylic acid) block?! (Scheme 3).
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Characteristic feature of the polymerization of alkyl methacrylates with -BuLi / MeAI(ODBP), is that
bulkiness of the alkyl group affects drastically the stercospecificity of the polymerization. Both the primary and
secondary alkyl methacrylates give heterotactic polymers. Heterotactic triad content of PMMA, the simplest

polymethacrylate, was 68%. On the other hand, the content of poly(EMA) prepared under the same conditions
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is 87% and reaches 92% by lowering polymerization temperature to —95°C. In sharp contrast, tertiary alkyl
methacrylates give syndiotactic polymers'8; particularly, TMSMA gives polymers with syndiotactic triad content
of over 96% at —78°C and 98% at -95°C?2, These results imply that the stereospecificity in the polymerization
with #-BuLi / MeAl(ODBP), is very sensitive to steric factors.

Another important factor that affects the stereospecificity of the polymerization should be the structure of
aluminum phenoxide. Inthe present paper, polymerizations of MMA and EMA with ¢-BuLi and several aluminum
phenoxides are reported and the effects of the structure of the aluminum compounds on the stereocontrol in the

polymerization are discussed based on the stereochemical sequence analysis of the obtained polymers.

Results
Polymerization with Combinations of t-BuLi and Several Methylaluminum Bisphenoxides

To examine the effects of the structure of aluminum phenoxides on the polymerization, MMA and EMA
were polymerized in toluene at —78°C with #-BuLi in the presence of several aluminum phenoxides having
t-butyl groups at 2- and 6-positions of the phenoxy groups.

As reported previously!®19, when polymerizations of MMA and EMA were carried out with ¢-BuLi /
MeAl(ODBP),, heterotactic polymers with narrow MWD were obtained (runs 1 and 5). When methylaluminum
bisphenoxides with p-substituents such as p-methyl, p-z-butyl, and p-bromo groups were employed in the
polymerization of MMA, heterotactic-rich PMMA with narrow MWD were also obtained almost quantitatively

(runs 2, 3, and 4). The heterotactic triad (mr) contents were lower than that for the polymer obtained with

Table 1 Polymerization of MMA and EMA with #-BuLi / methylaluminum
bisphenoxide (1 /3 mol / mol) in toluene at ~78°C for 24h?

) Yield Tacticity (%)P WS
Run Monomer p-Substituent Mn

(%) mm mr rr Mn

1d  MMA H 100 11.6 67.8 20.6 11640 1.14

MMA Me 90 137 59.1 27.3 6010 127

3 MMA +Bu 99 147 609 244 6300 1.12
I MMA .. Br .. 100 194 65.1_ 155 6410 _1.10

5d  EMA H 100 7.7 886 3.7 7010 1.07

6 EMA Me 97 6.9 67.5 25.6 6040 1.12

7 EMA -Bu 100 6.2 843 95 8170 1.10

8 EMA Br 100 132 827 4.1 6360 1.08

a Monomer 10mmol, toluene 10ml, :-BuLi 0.2mmol, methylaluminum bisphenoxide 0.6mmol.
b Determined by 'H NMR or 13C NMR. € Determined by GPC. 4 MeAl(ODBP)2 1.0mmol.
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MeAl(ODBP),. The decrease in mr content in runs 2 (p-methyl) and 3 (p-t-butyl) is accompanied by the increase
in mm and r7 contents. In run 4 (p-bromo), however, the mm content increases but the rr content decreases. The
results indicate that these p-substituents of the aluminum bisphenoxide affect the stereospecificity of the
polymerization in different ways.

The effect of p-substituent on tacticity is more remarkable in the case of the polymerization of EMA. The
polymers obtained are all heterotactic and have narrow MWD (runs 5 - 8). The unsubstituted derivative,
MeAl(ODBP),, gives the highest mr content (run 5) as in the case of the polymerization of MMA. It is evident
that in the cases of p-methyl (run 6) and p-z-butyl (run 7) derivatives, the decrease in mr content is accompanicd
by the increase in 7 content. Contrastingly, the introduction of p-bromo group (run 8) gives rise to the increase
in mm content while #» content being unchanged from the case of McAI(ODBP), (run 5). Since the p-methyl
and p-bromo groups are sterically almost identical, the results indicate that the main factor that governs the
change of stereospecificity is not the steric but electronic features of the aluminum bisphenoxides. The most
probable cause is the change in their Lewis acidity; the presence of the electron-withdrawing bromo group at
para position of the aluminum phenoxide may increase the Lewis acidity of the aluminum center while the
electron-donating alkyl groups may decrease it. Therefore, the structural change even at the position away from
the aluminum center affects coordination ability of the aluminum compounds to the propagating chain-ends and
thus alters the stereospecificity in the polymerization.

As described in the Introduction, ~~~ M~ and ~~~ mM ™ anions coexist in the hetcrotactic polymerization,
which should have opposite stercospecificity, i.e., m-addition and r-addition, respectively. Thus it is reasonable
to expect that the effect of the Lewis acidity of the aluminum phenoxides on stereospecificity differs in these two
types of propagating anions. Stereochemical sequence in the main chain of heterotactic poly(EMA) prepared
with +-BuLi/MeAl(ODBP), almost obeys first-order Markovian statistics'®2?3, The conditional probability of

m-addition by r-ended anion (~~~rM~), P, . and that of r-addition by m-ended anion (~~~mM~), P, , were

rim®

determined from the triad values for the poly(EMA)s obtained with several aluminum phenoxides as shown in

Table 2. In the polymerization with MeAl(ODBP), (p-substituent = H), P

rim indicating the

is greater than P

mir >

higher heterotactic selectivity of ~~~ rM ~ than that of ~~~ mM ~. In the polymerization with aluminum

phenoxide having electron-donating p-methyl (run 6) or p-¢-butyl group (run7), P,  decrcases greatly and becomes

rim

smaller than P, ,. On the other hand, in the case of p-bromo derivative (run 8), P, . decreases drastically while

mir m,

P, is the same as that with MeAl(ODBP),. Theratios, P, /P, . and P, /P,,, are shown in the table as the

mir
measure of the heterotactic selectivity of ~~~mM~ and ~~~rM ™~ , respectively, which express the effects of
the p-substituent more evidently.

Table 2 also includes second-order Markovian parameters estimated from tetrad fractions determined

from methylene carbon NMR signals, which show hexad-level splittings as illustrated in Figure 1. In most cases
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Table 2  Parameters of first-order and second-order Markovian statistics

in heterotactic polymerizations of EMA

First-order parameter Second-order parameter
Run? p-Substituent P P
Punir Prim —mlr Zrim Pumir Prmjr Pmrim Pr/m
Pmim Prir
5 H 0.85 0.92 5.4 12, 0.90 0.86 0.94 0.86
6 Me 0.83 0.57 4.4 1, 0.90 0.88 0.73 0.70
7 +-Bu 0.87 0.82 6.3 4.4 0.90 0.89 0.85 0.93
8 Br 0.76 0.91 3, 10, 0.90 0.73 094  (1.00)®
2 See Table 1.
b Due 10 low content of 77 tetrad, the value could not be estimated at sufficient accuracy.
N : g £
except run 8, the difference in the second < E & £
. . . | I l E | €
diad from the terminal (ante-penultimate £ T = S N
e e e _F 1R
diad) of mM ™ affects the parameters £l A E E N [—‘E——| s f: E g £
only slightly, i.e. P, % P, ,. This FHNN TR £ &
ESEES JgE t &g Eg &E
seems to mean that the first-order @ / E, ; E’_E E Ex E N E E;,/L_/\\i
. { P .

Markovian treatment is adequate.
However, the difference between P, ...
and P, is quite evident for the case of
p-bromo derivative (run 8). This implies
that the ante-penultimate diad configuration
affects the stereoselectivity of ~~~ mM ™,
probably due to stronger penultimate
coordination of p-bromo derivative.
The stereochemical defect in the
heterotactic poly(EMA)s is either
—mm— or —rr—sequence. Inthe 13C
NMR spectra of poly(EMA)s obtained
with p-methyl derivative (Figure 1b),
mrmrr hexad peak is evidently strong,
while in the spectrum of heterotactic
poly(EMA) obtained with p-bromo
derivative, the main defect is —mm-—

as in rmmrm and mmrmr hexads. These
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S
E EI
~
g
-
(©) *
E
E E|
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Figure 1 13C NMR spectra of methylene carbon in heterotactic
poly(EMA)s prepared with t-BuLi / methylaluminum bisphenoxide;

p-substituent (a) —H, (b) —Me, (c) —+Bu and (d) -Br.
* A signal due to chain-end unit.
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reflect the lower heterotactic-selectivity of ~~~rM~ anion formed with
p-methyl derivative and lower heterotactic-selectivity of ~~~mM ™~ anion
formed with p-bromo derivative.

The effects of p-substituent of the aluminum phenoxides are also
observed on the stereoregularity at the initiating chain-ends of the
poly(EMA)s. Stereochemical structures at the chain ends relate to the
initiation reaction and the analysis often provides important information
on the stereospecificity of initiating species. We have reported the 13C
NMR analysis of heterotactic poly(EMA) for the stereoregularity at and
near the initiating chain-end and revealed the stereospecificity of the
dimer and trimer anions?3. Figure 2 shows the 13C NMR spectra of
methyl carbons of ¢-butyl group at the initiating chain-end of the
heterotactic poly(EMA)s obtained with several aluminum phenoxides.
The methyl carbon resonances show splittings due to triad tacticity at
the initiating chain-end as indicated in Figure 2. The assignments were
made by the comparison with the spectra of isotactic and syndiotactic
poly(EMA)s of the same chemical structure?>.

The relative intensities of four peaks provides the » / m ratio of the
first diad, as determined from the ratio [r~+ rm] / [mm + mr], and the
m / rratio at the second diad following the first » diad, as estimated from
the triad ratio of  m / r r. The results of the analysis are shown in Table

3. In all the cases, the first diads are predominantly r.

(b)

()

(d)

ppm’
T

31.1 31.0 30.9
Figure 2 Expanded spectra of
methyl carbon NMR signals of t-butyl
group at the initiating chain-end of
heterotactic poly(EMA)s obtained
with four different methylaluminum
phenoxides; p-substituent (a) ~H, (b)
-Me, (¢) —t-Bu and (d) -Br.

Table 3 Stereoselectivities of dimer and trimer

However, the second diad after the first #-diad strongly
depends on the kind of aluminum phenoxide used; as

compared with the case of MeAI(ODBP), (p-substituent

anions in heterotactic EMA polymerization
estimated from the first (# / m) and the second diads
(rm / rr) at the initiating chain-end

Firstdiad Second diad

=H), r m/ r rincreases for the case of p-bromo derivative  Rypa p-Substituent
/m rm [rr

and decreases for the cases of p-methyl and p-¢-butyl

_— . . . 5 H 92/ 8 72/28
derivatives. The results are consistent with those obtained 6 Me 93/ 7 46/54
from the main-chain sequence analysis; that is, 7 +-Bu 85/15 68732
heterotactic selectivity of ~~~rA~ anion as represented 8 Br 91/9 85/15
byP,,,,/ P, is in the order of p-Br > p-H >p-t-Bu>p-Me.  # See Table .

A similar analysis for ~~~mM ™ anion was difficult due to the low content of mm triad at the initiating chain-end.

15271
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Polymerization with Combinations of t-BuLi and Alkylaluminum Bis(2,6-di-t-butylphenoxide)

Ethyl- and isobutylaluminum bis(2,6-di-¢-butylphenoxide)s were prepared and used for the polymerizations
of MMA and EMA with 7-Buli in toluene at —78°C. The results are shown in Table 4 together with those with
MeAl(ODBP),. The replacement of methyl group in MeAI(ODBP), with ethyl or isobutyl group drastically
alters the stereospecificity in the polymerization from heterotactic to syndiotactic. On the other hand, the living
character is retained as evidenced by narrow MWD of the polymers obtained. This result indicates that the
change in steric structure around the aluminum center drastically affects the stereospecificities of the propagating
anions. Furthermore, the yields decreased in the polymerizations using i-BuAl(ODBP), (runs 10 and 12),

suggesting that the bulkiness around the aluminum center hinders propagation reaction.

Table 4  Polymerization of MMA and EMA with -BuLi / alkylaluminum
bis(2,6-di-s-butylphenoxide) (1 /5 mol / mol) in toluene at ~78°C for 24h2

Yield Tacticity (%)b o MwC
Run Monomer Alkyl group Mn€

(%) mm mr rr Mn

MMA Me 100 11.6 67.8 20.6 11640 1.14

9 MMA Et 82 0.0 109 89.1 4450 1.10

o MMA L iBe 20 00 162 838 1920 1.38

5 EMA H 100 7.7 88.6 3.7 7010 1.07

11 EMA Et 100 0.0 81 919 6490 1.09
12 EMA i-Bu 30 03 175 822 4990 1.14

2 Monomer 10mmol, alkylaluminum bis(2,6-di-t-butylphenoxide) 1.0mmol, ¢-BuLi 0.2mmol,
toluene 10m!. b Determined by 1H NMR or 13C NMR. © Determined by GPC.

As described in the Introduction, we have proposed that in the heterotactic polymerization, MeAl(ODBP),
coordinates with the propagating species to stabilize them [¢f. structure (5)], and the excess of MeAl(ODBP),
coordinates to the monomers to activate them [cf. structure (6)]. In the process that the monomer coordinated
with MeAl(ODBP), reacts with the propagating species, there is a possibility that MeAI(ODBP), stays at the
newly formed chain-end unit and the MeAI(ODBP), having coordinated to the propagating end is kept coordinated
to the newly formed penultimate unit after the addition of the monomer (Scheme 4). If this is the case, an
exchange between MeAl(ODBP), molecule coordinating to the propagating species and that to the monomers
should take place. Based on the finding that MeAl(ODBP), and EtAl(ODBP), exhibit quite different
stereospecificity (cf; Table 4), the following two-step polymerizations were examined to investigate the possibility
of the exchange (Table 5), where the tacticity of the obtained polymer should be diagnostic of the occurrence cf
the exchange.

First, EMA was polymerized with z-BuLi / MeAl(ODBP), at the ratio = 1, where all of the aluminurn

compound is expected to coordinate to propagating anions. After 1 hour, two times EtAI(ODBP), as much as
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Scheme 4
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Table 5 Polymerization of EMA with -BuLi and two kinds of aluminum
phenoxide in toluene at -78°C for 24hr?

Ry, Alminm Al Time Yield Tacticity @ we
un . -
phenoxide L ™ O mmomr rr OO Mn
13 MeAIODBP), 1 1 42 - - - . .
jq MeAlODBPR Lo 1oy 08 257 7135 620 11
EtAIODBP);  +2  +23 ) ) 36 6
MeAlODBP); 1 1
15 100 7.0 74.6 18.4 7340 1.14

MeAI(ODBP)y +2  +23

2 Monomer 10mmol, ¢-BuLi 0.2mmol, toluene 10ml. P Determined by 13C NMR.
€ Determined by GPC.

t-BuLi was added to the polymerization mixture and the reaction was continued for further 23 hours. The yield
for the first 1 hour was very low (run 13) because of the absence of activated monomers, and thus most of the
polymer obtained in this two-step polymerization (run 14) should form after the second aluminum phenoxide,
EtAI(ODBP),, was added. If the exchange of the aluminum compounds does not occur and the stereospecificity
of polymerization is controlled by MeAl(ODBP), which coordinates to the propagating anion, the resulting
polymer should be heterotactic. On the other hand, if the exchange occurs and EtAI(ODBP),, which coordinates
to the monomer, stays at the chain end as shown in Scheme 4 and controls the stereospecificity, the polymerization
should give a syndiotactic polymer.

The obtained polymer is syndiotactic, although the syndiotactic triad content is lower than that of the
polymer obtained by the polymerization with ¢-BuLi / EtAI(ODBP), (¢f. Table 4, run 11). This results suggest
the occurrence of the exchange of the aluminum compounds during the propagation process. When MeAl(ODBP),
was added in the second stage, the resulting polymer was heterotactic (run 15), though the heterotacticity was

slightly lower than that of the polymer obtained by the usual polymerization (run 5 in Table 1).
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Discussion

When the polymerization with #-BuLi / MeAl(ODBP), is carried out at the Al/Li ratio = 1, a syndiotactic
polymer forms in low yield'319. The result suggests the formation of syndiotactic-specific species with low
activity, which may be stabilized through the coordination by the bulky aluminum phenoxide as suggested by
Ballard et al. for the polymerization of MMA with t-BuLi/ i-Bu,Al(ODBP)! 1 Ifall the MeAIl(ODBP), coordinates
to the propagating chain-end, there exists no excess MeAl(ODBP), in the polymerization system. Under these
conditions where most of the incoming monomers are free from the coordination by MeAl(ODBP),, the
syndiotactic polymer is formed probably due to the intrinsic syndiotactic-specific nature of the propagating
species coordinated with MeAl(ODBP), as in the cases of other aluminum-assisted methacrylate
polymerizations!216,17.24-29,

Heterotactic poly(EMA)s with narrow MWD are obtained in high yields at Al/Li22, where excess
MecAI(ODBP), existing in the polymerization system may activate the monomer through coordination’. As
depicted in Scheme 4, the less reactive propagating species, stabilized through the coordination by MeAl(ODBP),,
should react preferentially with the activated monomer carrying the bulky MeAI(ODBP),. The mechanism
implies the possibility that two aluminum phenoxides coordinate at the terminal and penultimate units.

In order to explain the different stercospecificity of ~~~mM ™~ and ~~~ rM ~ anions, we assume that the
difference in the terminal diad configuration affects the stability of the coordination of the aluminum phenoxide
to the penultimate unit. Based on this assumption, we have proposed the structure models of the two types of
propagating species; ~~~mM ~ anion coordinates one aluminum phenoxide at the terminal unit, and ~~~rM~
anion bears two phenoxides at the terminal unit and the penultimate ester group>®. The models explain tae
higher stability and higher stercospecificity of ~~— rM ~ anion than ~~~mM~ anion?*30. The r-selectivity of
~~—~mM~ anion seems consistent with syndiotactic-specific nature of the species formed at #-BuL.i/ MeAIl(ODBF),
= 1, which should carry one MeA{ODBP),. The m-selectivity of ~— rM ~ anion can be explained as follows.

When ~~ rM ~ anion, bearing two bulky aluminum phenoxides, adds the monomer coordinated with the

CHy  CHy CHa CHa (Iz/ CHs
M—CHZ-Q—CHZ-('Z—CHZ-C\\ M»—CHZ-(ID—CHZ—?—CHZ—C\\ |

(|;=O (|:=O c-0O —“"""-Plsl—— (l;zo CHa (|;_.o ~ i Al—

OR OR OR OR OR

L p-d —,d

warmM - wnrr M-



Stereospecificity of methacrylate polymerization 15275

phenoxide, which can be regarded as a temporarily bulky monomer, the situation is similar to the polymerization
of exceedingly bulky triarylmethyl methacrylates such as triphenylmethyl methacrylate, which undergoes in an
isotactic-specific manner regardless of polymerization conditions?!. The result of two-step polymerization (run
14), where EtAI(ODBP), was added to the polymerization mixture formed with #-BuLi / MeAl(ODBP), = 1,
suggests the exchange between the aluminum phenoxide coordinated to the propagating species and that to the
monomer during the propagation. The exchange can occur through the mechanism shown in Scheme 4.

Starting from ~~~mAM ~ anion, which carries one aluminum phenoxide and favors r-addition, the addition
of a monomer carrying MeAl(ODBP), gives an intermediate species bearing two aluminum phenoxides,

~~~rM~ [A] (Scheme 5), which favors m-addition:

Scheme 5
CHy  CHg CHa CHa
J""—CHg'q—CHz'?—CHz‘C\\ | + CH2=C\
9:0 ?:O C—0 ~mmmAl— ?:OnmumnAl—
OR OR OR | OR l
Ly
- CHs CH, ¢ CHa -
-addit \ 1 | / addition
M., JW_CHZ-C‘;—CHZ-?_CHQ_?_CHTC\\ (rrr—|)._
C|=O ?:0 CHa (i‘,—o “umun A |l—
OR OR OR |
Lyl ,
wnrr M= [A]

When the aluminum phenoxide of lower Lewis acidity such as p-methyl derivative is used, the coordination

to the penultimate unit becomes weaker and the ~— M~ [A] tends to release the phenoxide at the penultimate

unit and become the species having one aluminum phenoxide, ~~—~ M~ [B] (Scheme 6). The released phenoxide
Scheme 6
RO\~ QR
ol ™ T o $=0 o
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(l:zo CH3 Cl:—o “nmmn Ajl— (E:O CH3 (I>—O —mmm Al—
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L, L,
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may coordinate with the monomer, and be involved again in the process depicted in Scheme 5.

The structure of ~~~ ¥M ~ anion [B] is similar to ~~~ mM ~ anion and expected to exhibit r-selectivity.
This explains the lower P,,, values for the polymerization with p-methyl and p-t-butyl derivatives (cf. Tablz 2,
runs 6 and 7).

We postulate that ~~~ mM ~ anion has one aluminum phenoxide. As depicted in Scheme 4, however,
immediately after it is formed from ~~~ M~ anion, the aluminum phenoxide having coordinated to the ~~~rM~
anion may stay at the newly formed penultimate monomer unit to generate ~~~ mM~ [A] shown in Scheme 7.
The Lewis acidity of the aluminum phenoxide is again the key that determines whether the phenoxide coordinated
the penultimate unit is released before or kept until the monomer addition takes place. In the case of MeAI(ODBP),
the phenoxide at the penultimate unit is expected to be removed easily to form ~~— mM ~ [B] as depicted in

Scheme 7, which exhibits r-selectivity to form mr sequence.

Scheme 7
OR OR

ANR/4 | i

?=O ? /CH3 ?=O ?=o ,CH3 —_—
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CH3 CH3 ?—O —nnin A | — CH3 CH3 ?——o o A]—
[ OR | ‘ [ OR l )

wrmM - [A] wmM - (B

If an aluminum phenoxide with higher Lewis acidity such as p-bromo derivative is used, it tends to stay at the
penultimate unit ( ~~~mAM ~ [A]) and makes the specics m-selective as in the case of ~~~rM~ [A] (¢f. Scheme
5). Thus P, value for the polymerization with p-bromo derivative is smaller than other cases (cf. Table 2).

In the cases of EtAl(ODBP), and i-BuAl(ODBP),, the coordination to the penultimate unit may be sterically
unfavorable, leading to the formation of syndiotactic-specific species like ~~~ M~ [B] (Scheme 6).

As a whole, the results obtained in this work suggest that the control of the coordination of the aluminum
phenoxide to the penultimate unit is the key to the stereospecificity of the polymerization. Since an increase or
a decrease of Lewis acidity affects the degree of stereospecificity of ~~~mM ™~ and ~—-rM ™~ anions in opposite
ways, it seems difficult to increase heterotacticity of the polymer by changing the Lewis acidity of the aluminum
phenoxide. So far the highest heterotacticity is obtained with MeAl(ODBP),, which is in a good balance of
Lewis acidity. However, it is noteworthy that we could change the stereospecificity of particular types of
propagating anions, ~~~mM~ and ~~rM ™, by proper sclection of Lewis acidity as well as steric factors of the

aluminum phenoxide.
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The lower heterotactic-specificity of ~—mM™ anion is still the problem to be solved for attaining higher
heterotacticity. The key process may be smooth and selective removal of the aluminum phenoxide coordinated
to the penultimate unit of ~~~ mM ~. For this purpose, we are now investigating the effects of some ester
compounds which competitively coordinates with the aluminum phenoxide to remove it from the polymer chain-

end®2, The results will be reported elsewhere.

Experimental

Materials

MMA and EMA were purified by fractional distillation under reduced nitrogen pressure, dried over calcium
dihydride and vacuum-distilled just before use. Toluene and heptane were purified in the usual manners, mixed
with a small amount of #-BuLi, and distilled under high vacuum. Benzene was distilled, and dried over sodium.

2,6-Di-t-butylphenol, obtained commercially, was fractionally distilled, dried over Molecular Sieves (MS)
4A, and used as a toluene solution. 2,6-Di-t-butyl-4-methylphenol, 2,4,6-tri-t-butylphenol, and 4-bromo-2,6-di-
t-butylphenol were recrystallized from heptane, dried over MS 4A, and used as toluene solutions.

t-BuLi in pentane (Aldrich Co. Ltd.) was used as a heptane solution. The concentration was determined by
titration with butan-2-0133, Trimethylaluminum, triethylaluminum, and triisobutylaluminum (Nippon Aluminum

Alkyls) were used as toluene solutions.

Preparation of alkylaluminum bisphenoxide®*

A solution of substituted phenol (2,6-di-t-butylphenol, 2,6-di-t-butyl-4-methylphenbl, 2,4,6-tri-t-
butylphenol, or 4-bromo-2,6-di-t-butylphenol) in toluene (2 equiv.) was added slowly to a toluene solution of
trialkylaluminum (1 equiv.) at 0°C. The resulting mixture was stirred at room temperature for 20h and used for
the polymerization reaction without further purification. MeAl(ODBP), was recrystallized in the following
procedure. The solvent was removed under vacuum to leave a yellowish solid. The product was recrystallized
three times by dissolving it in hot heptane and cooling to —78°C. After most of heptane was removed by a
syringe and the residual heptane was evaporated under vacuum to dryness, the solid residue was dissolved in

toluene and used for the polymerization reactions.

Polymerization

All the polymerization were carried out in a glass ampoule filled with dried nitrogen passed through M3
4A cooled at —78°C. A heptane solution of -BuLi was added to an aluminum phenoxide in toluene at —78°C.
The polymerization reaction was initiated by adding the monomer slowly to this mixture at —78°C. The reaction
was terminated by adding methanol containing HCI at the polymerization temperature. The reaction mixture

was concentrated to dryness under reduced pressure, and the residue was dissolved in benzene. Insoluble materials
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were removed by centrifugation, and the polymer was recovered from the solution by freeze-drying and cried

under vacuum.

Measurements

Tacticities of PMMAs were determined from a-methyl hydrogen signals in '"H NMR spectra measured in
CDCl, at 55°C on a JEOL JNM GX270 spectrometer operated at 270MHz. Tacticities of poly(EMA)s were
determined from carbonyl carbon signals in '3C NMR spectra measured in nitrobenzene-ds at 110°C or CDCl,
at 55°C on a Varian Unity Inova 500 spectrometer operated at 125MHz. Molecular weight and its distributicn of
the polymers were determined by gel permeation chromatography (GPC) using a JASCO 880-PU chromatograph
equipped with Shodex GPC columns KF-80M (30cm x 0.8cm) and KF-802.5 (30cm x 0.8cm) using tetrahydrofuran

as an eluent at 40°C. The GPC chromatogram was calibrated against standard polystyrene samples.
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