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There are two main strategies for the synthesis of
stereoregular polymers. One is the stereospecific or
-selective polymerization reactions of prochiral or race-
mic monomers. The other is the polymerization of opti-
cally active monomers which proceeds with complete re-
tention or inversion of configuration of chiral centers. By
using the latter strategy, we recently reported the syn-
thesis of stereoregular and/or optically active poly(car-
bosilane),’ poly(carbosiloxane),? and poly(siloxane),?
which are the first examples of stereoregular and/or op-
tically active silicon-containing polymers.

Stereospecific or -selective polymerization reactions of
prochiral or racemic organosilicon monomers have been
insufficiently studied probably due to the lack of efficient
asymmetric reactions for prochiral or racemic silicon
compounds. Although several attempts on the synthesis
of stereoregular poly(silane),* poly(carbosiloxane),® poly-
(sily ether),® and poly(siloxane)’ by ring-opening polym-
erization of cyclic organosilicon compounds*®7 and
transition metal catalyzed dehydrogenative polyconden-
sation of prochiral hydrosilane compounds**® % have
been reported, many of them failed to obtain highly
stereoregular polymer. To synthesize highly stereoregu-
lar silicon-containing polymer, it is important to clarify
the nature of the stereo-recognition of propagating chain
end in the course of polymerization.

We have recently shown that cross-dehydrocoupling
reaction of Si*H and Si*OH in the presence of rhodium
catalyst proceeds with retention of configuration at both
silicon chiral centers.? Since, 1,3-dimethyl-1,3-diphenyl-
disiloxanediol 18 consisting of stereoisomers of various
compositions can be easily prepared, our interest is fo-
cused on the stereo-recognition of propagating chain end
in the cross-dehydrocoupling polymerization of 1 with
prochiral methylphenylsilane 2.

EXPERIMENTAL

A typical polymerization procedure is as follows. A so-
lution of meso-1 (100% pure) (0.291g, 1.0 mmol), 2
(0.122 g, 1.0 mol) and triethylamine (0.051 g, 0.5 mmol)
was added to RhCI(PPhs); (0.009 g, 1.0 mol%), and re-

acted at 60C for 12 h under nitrogen atmosphere. The
reaction mixture was filtered on silica gel to remove the
catalyst. Removal of the volatile materials afforded a
crude polymer. After reprecipitation from Et;O into
methanol, the polymer was collected and dried in vacuo
(0.191 g, 47% yield). The polymer was identified as poly-
(methylphenylsiloxane) (PMPS) by 'H, *C, and *Si nu-
clear magnetic resonance (NMR). GPC M,=14000, M,/
M,=1.9;'H NMR (500 MHz, CDCl;) § 0.04, 0.09, and
0.14 (three singlets, 3 H, CH3, corresponding to I, H, and
S, respectively)®®, 7.01—7.18 (br, 2H, phenyl protons),
7.18—7.56 (br, 3H, phenyl protons); 13C NMR (125 MHz,
CDCly) 6§ —0.47 (), —0.38 (H), and —0.29 (S)** (methyl
carbons), 127.43 (S), 127.49 (H), and 127.53 (I) (meta-
phenyl carbons), 127.9 (para-phenyl carbon), 133.3
(ortho-phenyl carbon), 136.7 (S), 136.9 (H), 137.1 (I)
(ipso-phenyl carbons); 22Si NMR (99 MHz, CDCly) & —
33.8 (singlet); IR (neat, cm ™ !) 3071, 3050, 3025, 3004,
2962, 2903, 1592, 1429, 1261, 1125, and 1020.

RESULTS AND DISCUSSION

Cross-dehydrocoupling polymerization reactions of 1
consisting of different stereoisomers (meso/dl-1;(S,S) :
(S,R) . (R,R)=25:50:25, dl rich 1; (S,5) : (S,R) : (R,
R)=35 : 30 : 35, and meso; 100% pure) with 2 were car-
ried out in bulk at 60°C for 12 h. The results are summa-
rized in Table I. Triad tacticity of the resulting PMPS’s
was evaluated by the integral ratio of ipso-carbon peaks
in 13C NMR.3® Calculated triad tacticity was obtained
assuming no stereoselection by propagating chain end in
the polymerization.

The polymerization of meso-1 gave PMPS’s rich in syn-
diotactic triad (rr =18—20%) compared with calculated
value (rr =8%) (entries 5 and 6) when catalyzed by RhCl
(PPhg)s. Contrary to the fact that triad tacticity was al-
most identical to the calculated value in the polymeriza-
tion of meso/dl -1 and d! rich 1 (entries 1—4). This is an
interesting fact indicating that the polymerization of 1
with 2 proceeded with stereo-recognition by propagating
chain end for meso-1, and without stereo-recognition
when meso content in the monomer is less than 50%.
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TableI. Cross-dehydrocoupling Polymerization of 1 with 2

Ph Me
Ph Me Me Ph Phy _Me  Rhcatlyst (1.0 mol%)/Additive (50 mol%) \/
Sisq-Sis * AN 60°C, 12h - A5
HO” O° “OH H H : o n
1 2 PMPS
Entry L Catalyst Additive Yield/%® M.° MM, ¢ triad tacticity mm - mr D rr 4 pentad tacticity ©
© n
4 obsd. ° caled. mmmm . mrmm . mrrm
1 meso/dl® RhCI(PPhy), Et,N 46 6700 11  25.49:26 25:50:25
77777 2 S (—)-Sp 55 11000 , 2.4 26 .45 .29 , B
3 dirich’  RhCI(PPhy), Et,N 49 7200 27  23:47:30 18:50:32
4 rrrrrrrrrrrrr (—)-Sp 60 12000 1.9 23 .46 . 31 7
5  meso’ RhCI(PPh,), Et,N 47 14000 19  32:48:20 42:50: 8 28 1 12 : 60
6 (—)-Sp 35 5400 1.2 26 .49 .25 26 . -1U0: 75
7 RhCI[(S)-BINAP] Et;N 46 8600 2.5 344620
8 (—)-Sp 41 5200 1.7 29 .44 27
9 RhClI(R,R)-DIOP] Et;N 38 12000 3.2 39:43:18
10 (—)-Sp trace 7000 1.2 30:44: 26

? The polymerization reactions were carried out at 60T for 12h. " Isolated yields after reprecipitation into MeOH. ¢ Estimated by GPC
with polystyrene standard (THF as an eluent). 4 Determined by ’C NMR at ipso carbon. °© The error is about +1%. f Calculated triad
tacticity was obatined assuming no stereoselection by propagating chain end. € Calculated from traid tacticity. " (S,8) ! (S,R) : (R,R)=

25:50:25. '(S,9):(S,R):(R,R)=35:30:35. '100% pure.

Rh()CleLs
- RySiH
RySI"OSi Ry + Hp

Figure 1. Tentative reaction mechanism of Rh-catalyzed cross-
dehydrocoupling reaction of R;Si *H with R,Si*OH.

Stress will be put on this point in the discussion.

Polymerization reactions with optically active Rh-
catalysts such as RhCI[(S)-BINAP] and RhCI[(R.R)-
DIOP] gave PMPS’s with triad tacticity [rr=20% (entry
7), and rr=18% (entry 9)] similar to that of PMPS cata-
lyzed by RhCI(PPhy); (entry 5), suggesting no effect of
the optically active Rh-catalyst on stereo-recognition of
propagating chain end. Use of (—)-spartein ((—)Sp) in-
stead of triethylamine (Et3N) as the additive showed
somewhat higher syndiotactic triad (rr=26—27%, en-
tries 6, 8, and 10).

Tentative reaction mechanism for Rh-catalyzed cross-
dehydrocoupling reaction of RgSi*H with RySi*OH in
the presence of an amine is proposed in Figure 1 consid-
ering the generally accepted Wilkinson catalyst reaction
mechanism. The mechanism involves the oxidative addi-
tion of Si*H to Rh (I) to form Rh (III) intermediate A,
followed by the coordination of Si* OH to give intermedi-
ate B. Attack of Rh—H bond on silanol hydrogen gives
hydrogen molecules, and following reductive elimination
gives R3Si* 0Si*R;. It was reported that configuration of
silicon atom of Si*OH is completely retained, and there
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is some racemization of Si*H chiral center depending on
the reaction conditions, although the stereochemistry of
Si*H in oxidative addition is basically retention of con-
figuration.?® Tilley proposed a two step o-bond meth-
athesis reaction mechanism for the condensation of two
PhSiH; molecules catalyzed by zirconocene or hafnocene
with evolution of hydrogen gas.’

Figure 2 illustrates the possible stereo-sequence for-
mation in the polymerization to give PMPS. The configu-
ration of SiH terminal is determined in the reaction with
Si*OH terminal to give mm or mr triad Si*H terminal.
Since prochiral silicon atom of 2 is attacked twice by two
chiral Si*OH terminals when being incorporated into
the polymer chain, stereochemistry of silicon atom de-
rived from 2 is affected twice by the reaction with two
Si*OH of propagating chain end from 1 to give five con-
secutive silicon chiral centers. Accordingly, stereoregu-
larity of PMPS obtained from meso-1 and 2 should be
discussed based on the pentad tacticity.

Population in percentage of possible pentad sequences
mmmm, mrmm, and mrrm were estimated from the
data of triad tacticity for entries 5 and 6 in Table I.
When x, y, and z are defined as the population of
mmmm, mrmm, and mrrm, respectively, the population
of isotactic triad (mm), heterotactic triad (mr), and syn-
diotactic triad (rr) can be calculated by [mm]=x+y/3,
[mr]=2y/3+22/3, and {rr]=z/3. Only mrrm pentad
among the possible three pentad sequences can afford
the syndiotactic triad rr. For the polymer obtained in the
presence of EtzN (Table I, entry 5, mm . mr . rr=32.
48 : 20), the population of mrrm pentad, namely, z, is
calculated as 60% by using the equation of [rr] =20%=2z/
3. The population of mmrm, y, is calculated as 12% from
2=60% and [mr]=48%=2y/3+22z/3. As a result, the
population of mmmm pentad, x, is calculated as 28%.

Similarly, the population of pentad tacticity for entry
6 in Table I (mm : mr . rr=26 . 49 : 25) was calculated
as mmmm =26, mrmm = —1(~0), and mrrm =75 % in
the presence of (—)-Sp.

Since the concentration of mrrm pentad is higher than

981



M. OsHret al.

Mg.Ph Mg ph
o S0 %" 0 Me Ph MgPhMg PhMePh Mg P pentad tacticity
S USic SiL_SiSiC mmmm
~— 0" "o 0" o~ (trlad tactlcﬂy)
Me=;-"h Mg,PhMg’Ph m m m m 3mm
Si SIS T
~0 (o] (0] H

m m
mm-3

pentad tacticity

agnugpn Py e mpore Mo Ne PoePie gl pented
X 5. &+ Y S Si.§i, JSi___Si_ _Si___si___Si, _ -
Ho > ~0” " NoH H H HO™" 0" "0~ e o) e} o} O~ (triad tacticity
meso-1 2 m m r m m mmand 2mr
Me Ph Me Ph PhMe
=r 4 4
,S!\O,SI\O/SI\H
m T Me Ph Me PhPhMeMePh Mg Ph  pentad tacticity
mr-3 A4 :S" E A mrm
Me Ph Me Ph — ’S'\O/S"o’ '\O/S'*O’S"Ow triad tacticity
?S'i Er m r r m ( rrand 2mr)
HO™ 0™ O
m

Figure 2. Possible stereo-sequences of PMPS in the polymerization of meso-1 with 2.
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Figure 3. Plausible mechanism of stereo-recognition of propagating chain end in polymerization of meso-1 with 2.

the calculated one, mr triad Si*H (mr-3) terminal seems
to be preferentially formed as the propagating chain end
in the initial coupling of 2 with Si*OH terminal as
shown in Figure 2. Coupling between this mr-3 terminal
and Si*OH terminal with same configuration gives
mrrm pentad as the major stereo-sequence. The mmmm
pentad is formed by the coupling of mm triad Si*H (mm-
3) terminal, as the minor chain end, with Si*OH termi-
nal with opposite configuration. Coupling between mm
or mr triad Si*H and Si*OH with same or opposite con-
figuration gives mrmm pentad in low concentration in
the presence of Et3N.

Stereo-recognition of propagating chain end in the po-
lymerization of meso-1 with 2 is interpreted based on the
reaction mechanism proposed in Figure 1 (Figure 3). The
oxidative addition of preferentially formed mr triad Si*-
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H chain end, mr-3, affords intermediate mr-4, to which
Si*OH chain end with same configuration with Si*H
terminal of mr-3 preferentially coordinates to give inter-
mediate 5a. Formation of 5a may be favored by the ab-
sence of steric hindrance between substituents on the Si’
or Si? and Si? atoms in the polymer chain in the coordi-
nation step, alternatively, the reductive elimination
from 5a may be favored to produce mrrm pentad. Coor-
dination of Si*OH chain end with opposite configuration
to mr-3 seems less favorable because of the steric inter-
action resulting in the formation of mrmm pentad as the
minor sequence.

Reaction of mm-4 with Si*OH with opposite configu-
ration to that of Si*H of mm-3 seems favored to produce
mmmm pentad over mrmm pentad, which is produced
by the reaction of mm-3 with Si*OH with same configu-

Polym. J., Vol. 32, No. 11, 2000



Stereo-Recognition in Cross-Dehydrocoupling Polymerization

ration.

In other words, Si*H propagating chain end preferen-
tially reacts with Si?OH chain end with opposite con-
figuration of the penultimate Si? of mr-8 or mm-3 to pro-
duce mrrm or mmmm pentad over mrmm pentad re-
gardless of whether the SiH chain end is (S)- or (R)-
configuration. Thus, existence of m diad derived from
meso-1 seems the most important factor for the stereo-
recognition in the polymerization. On the contrary, r
diad derived from di-1 does not exhibit any stereo-
recognition resulting in triad tacticity in accordance
with the calculated value.

The difference in stereo-selection between the reac-
tions in the presence of EtzN and (—)-Sp (entries 5 and 6
in Table I) may be due to the existence or non-existence
of racemization of Si*H terminal of mr-8 or mm-3 in the
reversible oxidative addition step to form mr-4 or mm-
4.%2 The role of bulky (—)-Sp is considered to suppress
the racemization of mr-4 or mm-4 by the existence at the
apical position of rhodium center. The effect of the mo-
lecular weight of the polymer on stereo-recognition in
the polymerization of meso-1 with 2 was considered not
significant (entries 5—10 in Table I). Thus, polymeriza-
tion of meso-1 with 2 was found to proceed with thprefer-
entially formation of mrrm pentad sequence.

In conclusion, we observed stereo-recognition by ter-
minal disiloxane silanol with m diad in Rh-catalyzed
cross-dehydrocoupling polymerization of meso-1,3-dime-
thyl-1,3-diphenylsiloxanediol 1 with methylphenylsilane
2 in the presence of triethylamine or (—)-Sp. 756% mrrm
pentad of PMPS was obtained, when (—)-Sp was used as
the additive. Further study on the synthesis of highly
stereoregular poly(siloxane) by polymerization of pro-
chiral or racemic silicon monomers is now in progress.
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