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SUMMARY:: Various optically pure organosilicon compounds were synthesized or
separated on HPLC. Stereoregular silicon-containing polymers, poly(carbosilane)s,
poly(carbosiloxane)s and poly(siloxane)s were synthesized from these compounds
as monomer. Stereochemistry of the elementary reactions to give stereoregular
polymers was elucidated.

Introduction

Increasing interest has been paid in recent years in silicon-containing polymers applicable as
electrical and optical materials, ceramic precursors, etc.”> We synthesized
poly[(methylphenylsilylene)(trimethylene)] by polyaddition via hydrosilylation® of optically
active (R)-allylmethylphenylsilane and quantitatively evaluated the regioselectivity of the
reaction and the tacticity of the polymer.** The optical activity itself, however, is lost in the
resulting pseudo asymmetric polymer.

Optically active (R)-methylphenylpropargylsilane and (1S)-1-(1-naphthyl)-1-phenyl-1-vinyl-
3,3-dimethyl-3-hydro-1,3-disiloxane were synthesized to obtain optically active
poly(carbosilane)® and  poly(carbosiloxane).”  Poly[{(1S)-1-(1-naphthyl)-1-phenyl-3,3-
dimethyldisiloxan-1,3-diyl} ethylene] of well-controlled molecular weight and stereoregularity
was synthesized by ring-opening polymerization.® Synthesis of stereoregular and/or optically

active poly(siloxane)s is also described.*"!

Results and Discussion
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Scheme 1. Syntheses of optically active (R)-4a and (R)-4b.
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(R)-1 can be obtained by optical resolution,"* and whose optical purity was confirmed to be
higher than 99.9 % by HPLC on optically active stationary phase and by 'H NMR.’ The
reaction of (R)-2 with allylmagnesium bromide or propargylmagnesium bromide gave

allylated* or propargylated product.®

P Cf'?* HoOH Ph,
u"- /\lp _excess KOR 3C\ CH, _POVTMDS, 3C\ /0\ /Np

(-)<Menf\CH=CH2 O)\CH =CH, /Sl\o/S CH=CH, C/\/&\Ph

(8)5 (8)-6 )7 )-8

Scheme 2. Synthesis of optically active (S)-7 and (S)-8.

(S)-7 was synthesized from optically pure (S)-5
(>99% de)."* Dilute solution of (S)-7 was added
drop wise to PtDVTMDS in xylene to obtain pure
)8

Polyaddition reactions of (R)-4a and (R)-4b, and

(8)-7 were carried out in the presence of

PtDVTMDS, and (S)-8 was polymerized by ' e

anionic mechanism. The polymerization to give Figure 1. 'H NMR spectra of poly[(R)-
4a] obtained from the optically active
monomer having [oz]D26 = +24.0°. (a)
hydrosilylation. The methyl signals at 0.120, actual spectrum, (b) individual
component plots; Isotactic (solid),
Heterotactic ~ (dashed), Syndiotactic
(D), heterotactic (H), and syndiotactic (S) triad, (dash-dot).

poly[(R)-4a] proceeded through [-selective

0.125, and 0.131 ppm were assigned to isotactic

respectively. The calculated concentration of each
triad starting from monomer with 76.5 % ee
assuming complete retention of Si
stereochemistry is S : H:/=1.0:2.0 : 6.6. The @
actual triad evaluated is 1.0 : 2.0 : 7.0. There was
no racemization in allylation, reduction step to
synthesize (R)-4a and in polymerization. N
In order to keep the configurational optical

©
activity derived from the chiral silicon atom,

polymerization of (R)-4b was studied. Poly[(S)- . e

4b] showed optical activity ([o]p> = -2.74° (c Figure 2. C NMR spectra of (a)

1 -7, (b 1 -71, d
3.43, CHCI;). Poly[(S)-7] is also formed gglzgg-z;]]. ®) polyl(5)-7] o
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predominantly by B-addition (> 99%). The polymer showed optical activity ([a]p®’= +2.2° (¢
1.88, CHCly)) as expected. *C NMR spectra of the Si(CH3), region showed different splitting
patterns depending on the tacticity. Atactic polymer showed three peaks (-0.427, -0.503, and -
0.564 ppm), while optically active polyiner showed mainly two peaks (-0.427 and -0.564
ppm).

There are four possible dyads depending on the asymmetric silicon centers: S-S, S-R, R-S, and
R-R. Two methyl carbons in both S-S and R-R dyad are in different environments and
therefore should have different chemical shifts. On the contrary, in S-R (or R-S) dyad, two
methyl groups are in very similar environments, so that their carbon resonance appear at
almost same position. Si(CH3); in poly[rac-7], therefore, would be split into three peaks with
an intensity of 1 : 2 : 1. Poly[(S)-7], containing only the S-S dyad, would show two peaks of
methyl carbons. The obtained optically active poly[(S)-7] showed two distinct peaks of methyl
carbons, indicating the polymer is highly isotactic. In order to avoid cyclic oligomer
formation, ring-opening polymerization of (S)-8 was carried out. Poly[(S)-8] gave nicely split

two singlets.

S)-(9) (R)-(S) ©S)-(R) R)-(R)

: . 00 LD

—q‘o—ﬁi—c“fc“z' = — F'O—?P"—CHz'CHz- - —_ FO—;i—CHz-CHZ— [ —pHO—pr—CHsCHpE=
Cé CH, 5 CH, 05 CH, & CH, 5

CHj Np
Figure 3. Possible dyads of poly[7]. Ph—S:i—CHZ-CHz—S:i——OH
CHs Ph
The attack of a nucleophile could occur on the
CHy
Si(Me); or Si(NpPh) of (S)-8, that would result —giCoH
CHs3
in head-to-tail (H-T), head-to-head (H-H), " olgomer oligomer
PN, | A

and tail-to-tail (T-T) structures in the
propagation step. The two major peaks at -1.2 : ’
and 0.9 ppm in *Si NMR of the initial
product are assigned to the Si(NpPh)OH and - IG
0

! 1 ! | 1 1
-10 -20 -30

SiMe,Ph, respectively. A very small peak at pom

. 29
18.5 ppm is considered to be the Si(Me),OH. Figure 4. “Si NMR spectra of (a) model
compounds by the reaction of 8 and

The integral ratio of SiNpPh)OH and jpitiator of 1 to 1 molar ratio, and (b)
Si(Me),OH is about 92/8. It can be concluded poly[8].




148

that the initiation step using PhLi is highly regioselective, i.e., PhLi predominantly attacked
the silicon atom of Si(Me); rather than the Si(NpPh).

In the spectrum of poly[8], the major signals at -10.7 and 10.4 ppm can be undoubtedly
assigned to the H-T structure. The two peaks at -1.9 and -1.2 ppm of polymer clearly
correspond to the peaks at -1.2 and -0.9 ppm of the initial product, and are therefore assigned
to be the chain end Si(NpPh)OH and the initiating terminal SiMe,Ph, respectively. Because
there is no visible chain end, Si(Me),OH, in poly[8], the propagation step seems to proceed
highly regioselectively to give the Si(NpPh)OH chain end.

The peaks at -8.4 and 8.1 ppm were ascribed to the H-H and T-T structure, respectively.
Consequently, the H-T content of the polymer is calculated to be 98.7 %. The counter cation
of the initiator influences the H-T content of the polymer [ Li* (97.6 %) > Na* (89.4 %) >K*
(79.2 % (at 10 min)].

Interestingly, the calculated integral ratio of racemo and meso dyads (r / m) of poly[rac-8] was
64 /36 , which apparently varied from that of a random sequence distribution (v / m = 50 / 50),
suggesting the rich syndiotacticity of this polymer. When a mixture of (S)-8 and rac-8 was
used, the 7 / m ratio of the resultant poly[8] decreased from 58 / 42 at the early stage to 51 / 49
at the later stage, indicating the faster racemo dyad formation over the meso dyad formation.
The changes of the optical purity of the remaining monomer during the polymerization further
confirmed this tendency.'” It is tentatively considered that the propagating chain ends and the
approaching monomers form diastereomeric intermediates. Differences in the size and
association ability of the counter cation, chirality of chain end, etc. may lead to the different

outcomes of the stereoregulation.

Thermodynamic Kinetic

meso intermediate racemo intermediate

Figure 5. Stereo-selection of (S)-8.
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Preparation of stereoregular poly(unsymmetrically dialkyl-substituted siloxane)s have been
limited to anionic ring-opening polymerization of cis-1,3,5-trimethyl-1,3,5-triphenyl
Y or cis-1,3,5-trimethyl-1,3,5-tris(3,3,3-trifluoropropyl)cyclotrisiloxane® using
alkali metal silanolate as an initiator.

Optically active (S,S)-1,3-dimethyl-1,3-diphenyldisiloxanediol, (S,S)-9'¢ is considered suitable
as the constitutional units of stereoregular and optically active polysiloxanes.

cyclotrisiloxane

Polycondensation reactions of bis(hydroxysilane) with. bis(aminosilane) usually afford the
polysiloxanes with relatively high molecular weight.'” If the reaction proceeds
stereospefically, stereoregular and optically active polysiloxane would be obtained by
polycondensation of (S,S)-9 with bis(aminosilane)s. Model reaction has proven that the
configuration of asymmetric silicon atom of the silanol (S)-11 is not changed in the
condensation. Polycondensation of (S,5)-9 with bis(dimethylamino)dimethylsilane 10 was
carried out under the similar reaction conditions with the model reaction (Scheme 3).

P, ,CHsHsg ph ch\ CHs —— SCHsHsg yPh ch\ CH;J/
Si ’Si _— &
HO/ \ / \ (HSC)Z'\/RN(CH:Q)Z \ e \C/ ‘\O g
E5 poly[(5,5)-9.10]
Ph, Ot PR CHs Ph,_,CHy PR OHs

i + i /Si Si
N;/S\OH (H;C);NANp Toluene, 100 T8 Np/ \O/ \Np

(-1 rac-12 13

Scheme 3. Synthesis of optically active polysiloxane.

SiPhMe SiMe>

The signals of methyl groups of SiPhMe and SiMe, of
poly[(S,$)-9.10] (M,=170000, M,/Mn=1.1, [o]p>=+3.4)
appeared as nearly singlet peaks at 0.22 and —0.058ppm,

respectively, reflecting the same absolute configuration of

. “ye . .. . . (a)
asymmetric silicon atoms in disiloxane unit, accordingly,

only one combination of (S)-Si*O-SiMe,-OSi*-(S)
stereochemistry. The configuration of silicon atoms of

(S,5)-9 was not affected during the polycondensation, and

poly[(S,S)-9.10] is completely diisotactic and optically ;(b)
pure. Further evidence for the isotacticity of poly[(S,S)- 08 02 01 00 -0d 0 Zom

9.10] is given by the peak of meta-SiPhMe carbon Figure 6. '"H NMR spectra of the

e .13 SiPhMe and SiMe, of (a)
splitting in “C NMR. The peaks at 127.75 and 127.72 diisotactic and  (b) atactic
ppm could be assigned to the carbon signals of meso- and  poly[9.10].

racemic- disiloxane repeating unit, respectively.
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We recently reported the transition metal-catalyzed cross-dehydrocoupling polymerization
reaction of bis(hydro)silane and water, which is a facile method to obtain various polymers

containing  silicon-oxygen bond with relatively high molecular weight under mild

conditions.'®
Ph 'cHgch sh 'CH:, HJQ/’ h, SFHaHG pPh
i St *Si Si
v \ - \OH A e \o i
$9-2 1" "m‘_é PMPS
Ph,". (CH:; HaG,", ;h Ph, /CHaH:aC ;h
—_—
Np/S{OH + HANp Toluene, 60 TC S\ /s\

®-1 (R)-16 7

Scheme 4. Synthesis of syndiotactic PMPS
The cross-dehydrocoupling reaction of (S)-11
(>99% ee)'’ with (R)-16 (>99%ee),”° as a model
reaction did not proceed at room temperature. All

the reactions proceeded by heating to 60°C, but the

yield of 17 was not high. The ste:reo-selectivity10 of
reaction  catalyzed by  RhCI(PPhs);  and

(a)

[RhCI(CgH14)2]» were almost identical to that of
[RhCl(cod)]o.  [RhCl(cod)],-catalyzed  reactions
with LiH or EtsN proceeded at room temperature

with 99%, or 96% retention of configuration at

silicon atom, respectively. The Rh-catalyzed cross-

(b)
dehydrocoupling polymerization of optically pure

1 | 1 | L

Il
(5,59 with 14 [(S,5):(S,R):(R R)=84:16:0] was 138 137 136 om

carried out. Diastereomer mixture of meso/dl-9 and Figure 7. 'C NMR spectra of PMPS
mesoldl-14 were also polymerized to prepare atactic  (a) run 1 and (b) run 2 in Table 1.
poly(methylphenylsiloxane) PMPS. The 'H NMR

of methyl group of atactic PMPS showed three singlets at 0.04, 0.09, and 0.14ppm arisen
from triad tacticity. The singlet at 0.09ppm was assigned to the heterotactic triad (H). PMPS
from (S,5)-9 and 14 [(S,5):(S R):(R,R)=84:16:0] also showed three singlet peaks. Since the

model reaction indicated the retention of configuration at silicon atoms of silanol, the PMPS

prepared from (S,S)-9 with 14 can be considered to be rich in syndiotacticity. Namely, the two
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singlets at 0.04 and 0.14ppm are assigned to isotactic (/) and syndiotactic (S) triad,
respectively. Methyl carbon peaks (/=-0.47, H=-0.38, S=-0.29ppm) and meta-carbon peaks
(I=127.53, H=127.49, S=127.43ppm), in particular, ipso-carbon peaks (/=137.1, H=136.9,
S=136.7ppm) showed definite splitting based on the triad tacticity. The triad tacticity of
PMPS prepared from (S,S)-9 and 14 [(S,S):(S,R):(R,R)=84:16:0] in the presence of Et;N was
estimated as S:H:/=60:32:8 and S:H:=38:37:25 in the presence of LiH from the ipso-carbon
peaks. Although the cross-dehydrocoupling polymerization of optically pure (S,S)-9 with 14
[(S,9):(S,R):(R,R)=84:16:0] in the presence of EtsN afforded PMPS rich in syndiotacticity,
some apparent decrease in syndiotacticity of PMPS was noticed compared with the calculated
value (S:H:/=84:10:6) from the model reaction. This is due to the racemization of 14 during

the polymerization.

Table I. Rh-catalyzed cross-dehydrocoupling polymerization of 9 with 14.

a 5 S:H:I"
run 9 14 yield[%] M,x10° MyM, ——————— T4[TC]
calcd. obs.
1 meso/ dl 23 7.7 1.5 25:50:25  31:42:27 -24
2 (SS° (89 23 24 17 8884  60:32:8 22

4solated yields after reprecipitation into methanol based on compound 9. bdetermined by 13C NMR. %S,9 =
100 %. %S,S): (S,R): (RR)=84:16:0

Cross-dehydrocoupling polymerization reactions of 9 consisting of different stereoisomer
compositions (meso/dl; (S,S):(S,R):(R,R)=25:50:25, dl-rich ; (S,5):(S,R):(R,R)=35:30:35, and
meso; 100% pure) with 15 were carried out in the presence of Rh-catalyst and Et;N or (-)-
spartein [(-)-Sp]. In the polymerization of meso/dl-9 and dl-rich-9 catalyzed by RhCI(PPhj)s,
triad tacticity was almost identical with calculated value, which indicated that these

polymerization proceeded without stereo-recognition by propagating chain end when meso

Table II. Cross-dehydrocoupling polymerization of 9 with 15.%

tiad tacticity mm:mr ard

run 9 Catalyst Additive  Yield (%)®  M.S  My/M°
obsd calcd

1 mesold! : (S,S):(S,R):(R,R)=25:50:25 RhCI(PPh3)3 EtsN 46 6700 1.1 25:49:26  25:50:25
2 -)>-Sp 55 11000 2.4 26:45:29

3 dhrich: (S,5):(SR)(R.R)=35:30:35 RhCI(PPhs)s EtsN 49 7200 27 23:47:30 18:50:32
4 (-)-Sp 60 12000 1.9 23:46: 31

5  meso: 100% pure RhCI(PPhs) EtsN 47 14000 1.9 32:48:20 42:50:8
6 (-)-Sp 35 5400 1.2 26:48:26

7 RhCI[(S)-BINAP] EtsN 46 8600 25 34:46:20

8 (-)-Sp 41 5200 1.7 29:44: 27

9 RhCI[(R,R)-DIOP] EtsN 38 12000 32  39:43:18
10 (-)-Sp trace 7000 1.2 30:44 :26

2 The polymerization reactions were carried out at 60TC for 12hr. ® solated yields after reprecipitation into MeOH. ©Estimated by GPC with
polystyrene standard (THF as an eluent). ¢ Determined by '3C NMR at jpso carbon.
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content is less than 50%. Interestingly, polymerization of meso-9 with 15 gave PMPS rich in
syndiotactic triad (S=20%) compared with the calculated value (S=8%). Use of the (-)-Sp as
the additive showed somewhat higher syndiotactic triad (r7=26-27%). Possible pentad stereo-
sequences of PMPS from meso-9 with 15 are shown. Since the polymerization afforded
PMPS rich in syndiotacticity, Si-OH propagating chain end with m diad stereo-sequence
seems preferentially react with prochiral SiH, to give Si-H propagating chain end with mr
triad sequence. The formed Si-H propagating chain end with mr triad sequence reacts with
mes0-9 to produce Si-OH propagating end with mrrm pentad stereo-sequence (D), almost
selectively. On the other hand, Si-H end with mm triad, the minor stereo-sequence, reacts with
Si-OH to produce mmmm pentad (A). Polymerization with (-)-Sp forms only sequence (A)
and (D) without any other stereo-sequences. The difference in stereo-selection between Et;N
and (-)-Sp may be due to the existence or non-existence of racemization of Si-H propagating

chain end in the polymerization.**

MgPh Mg Ph Mg Ph Mg Ph Mg Ph
nsa“on s ! s; Z f sequence (A)
. No” SN o7 \ o /S\DH triad tacticity
Mgpn Mg R)—(S m R7S) 3mm
Mg Pn M_e;h M; Ph 5\(5{ )
/Sk Ko /SK &
R)_ S) s) ”&a,,b Mp Pn Mg,Ph Mg}’h P Me Pb Me
/ s -.SI sequence (B)
/ \ N / (P KOH triad tacticity

(R)—(S s) -E(R) mmand 2mr

Mg Pn Mg,Pn Pr\ /Me«\
ti f Si-|
S.\ /s\ + H/ \H racemization of Si-H

HO’

M, F'h Mg Ph Ph Me Ph Me Ph Me
(R S) % 9/p I‘S ¢ D,e bl sequence (C)
o nsB\‘° S\ /S\ o N /sk /8\0,.1 mad tacnclty
Mg ph Mpph Pp Mo g gn Mg fn (R)_(s) R, SR o 2mr
A
S\ /S\ /SK ’00'10,7 @{g o
8¢

R)— . a/,o M; Ph Mg,Ph Pp,MeMe Ph Mg; sequence (D)

S\ /SK /S\ /SKO/ KOH triad tacticity

(R)— . (R) (R) ) (S) rrand 2mr

Figure 8. Pentad sequence of PMPS.
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