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Summary 

Mukaiyama aldol reaction smoothly occurred between bis(triethylsily1 enol ether) and 
dialdehyde in the presence of Lewis acid catalyst to yield polymers that consist of P-hydroxy 
carbonyl repeating units When chirally modified Lewis acid catalyst was used, the optically 
active poly(P-hydroxy ketone)s were obtained by means of the asymmetric aldol 
polymerization 

Introduction 

Mukaiyama aldol reaction is one of the most important C-C bond forming reaction 
[l] .  Various kinds of enol silanes are highly reactive towards aldehyde in the presence 
of Lewis acid to give aldol adduct in quantitative conversion. The same reaction can 
be repeated between bis(eno1 silane) and dialdehyde to give polyaldol, which we term 
aldol polymerization [2]. We have developed aldol polymerization of bis(sily1 ketene 
acetal) and dialdehyde to afford polymers having unique main chain structure of p- 
hydroxy ester [3]. A chirally modified Lewis acid catalyst in the Mukaiyama aldol 
reaction can control the newly created chiral carbons during C-C bond formation [4]. 
Thus asymmetric polymerization by means of repeated Mukaiyama aldol reaction is a 
powerful tool for constructing optically active polymers having configurational chiral 
carbons in their main chain structure [ 5 ] .  In this paper we prepared new monomers of 
bis(sily1 enol ether)s and dialdehydes having furfural structure. Aldol polymerization 
of these monomers was performed with both achiral Lewis acid Yb(OTf), and chiral 
oxazaborolidinone derived form (5')-tryptophan. 

Experimental 

Dialclehycle (la) 

Furhral dimethylacetal 5 (2.8 g, 20 mmol) was dissolved in ether under nitrogen. 11- 

BuLiihexane solution (1.6 M, 12.5 mL, 20 mmol) was added slowly at -78 "C over 30 
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min. After stirring at -78 "C for 1 h, dichlorodimethylsilane (1.29 g, 10 mmol) was 
added to the above solution. The reaction mixture was stirred at -78 "C for 1 h, 
allowed to warm to room temperature, and stirred for 12 h. The reaction mixture was 
quenched with 2N HCl and extracted with ether. The organic phase was washed with 
brine and dried (MgS04). Evaporation of the solvent under reduced pressure gave the 
crude product of the dialdehyde. The crude product was purified by column 
chromatography (hexane/EtOAc 3:l)  to give dialdehyde l a  in 73% yield as a white 
solid; mp 71-72.5 "C. 'H NMR (CDCI3): 6 9.74 (s, 2H), 7.29 (d, J =  3.6 Hz, 2H), 6.92 
(d, J =  3.6 Hz, 2H), 0.69 (s, 6H). I3C NMR (CDC13): 6 178.4, 163.1, 157.3, 123.9, 
120.9, -3.72. IR (KBr): 3104, 2835, 1676, 1262, 815, 758. Anal. Calcd for CI2Hl2O4Si 
(248.31): C 58.04, H 4.87. Found C 57.94, H 4.78. 

Dialdehyde (1 b) 

Yield 75%. Mp 72-74 "C. 'H NMR (CDC13): 6 9.68 (s, 2H), 7.21 (d, J =  3.6 Hz, 2H), 
6.74 (d, J =  3.6 Hz, 2H), 0.73 (s, 4H), 0.31 (s, 12H). 13C NMR (CDC13): 6 178.2, 
167.9, 157.0, 122.3, 121.1, 7.01, 4 . 0 2 .  IR (KBr): 2955, 2893, 1671, 1258, 805, 771. 
Anal. Calcd for C16H2204Si2 (334.51): C 57.45, H 6.63. Found C 57.51, H 6.58. 

Diketone (14) 

4-Bromoacetophenone dimethylacetal (7.0 g, 28.6 mmol) was dissolved in dry THF 
(100 mL) under nitrogen. n-BuLilhexane solution (1.6 M, 18.8 mL, 30 mmol) was 
added slowly at -78 "C over 30 min. After being stirred at -78 "C for 4 h, 1,2- 
bis(chlorodimethylsily1)ethane (3.0 1 g, 14 mmol) was added to the reaction mixture. 
The reaction mixture was then stirred at -78 "C for additional 1 h, allowed to room 
temperature and was stirred for 10 h. The reaction mixture was quenched with IN HC1 
and stirred at room temperature for 2 h. The reaction mixture was then concentrated 
under reduced pressure. The aqueous layer was then extracted with EtOAc. Organic 
layers were combined, washed with brine, dried over MgS04 and concentrated under 
reduced pressure. The crude residue was purified by column chromatography to afford 
a viscous oil (3.75 g, 70%). 'H NMR (CDC13): 6 7.90 (d, J =  8.2 Hz, 4H), 7.58 (d, J =  
8.2 Hz, 4H), 2.60 (s, 6H), 0.64 (s, 4H), 0.27 (s, 12H). I3C NMR (CDC13): 6 198.7, 
146.2, 137.5, 134.1, 127.4, 26.9, 7.84, -3.56. IR (KBr): 2953, 2895, 1677, 1265, 814. 
Anal. Calcd for C22H3002Si2 (382.64): C 69.06, H 7.90. Found: C 68.82, H 7.84. 

Bis(sily1 enol ether) monomer (2b) 

To a solution of the diketone 14 (1.1 g, 2.87 mmol), Et3N (0.9 g, 9 mmol) in 
acetonitrile (5 mL) was added chlorotriethylsilane (1.1 mL, 6.6 mmol) at room 
temperature. The reaction mixture was heated to 40 "C and acetonitrile (5 mL) 
solution of NaI (1 .O g, 6.7 mmol) was added. After being stirred at room temperature 
for 4 h the whole mixture was poured into water and quickly extracted with hexane. 
The organic layers were combined, washed with brine, dried over MgS04, and 
concentrated under reduced pressure. The crude residue was subjected to 
chromatography to afford compound 2b as colorless oil (0.91 g, 52%). 'H NMR 

4.43 (d, J =  1.9 Hz, 2H), 1.02 (tr, J =  7.5 Hz, 18H), 0.79 (9, J =  7.5 Hz, 12H), 0.67 (s, 
(CDC13): 6 7.61 (d, J =  8.2 Hz, 4H), 7.42 (d, J =  8.2 Hz, 4H), 4.92 (d, J =  1.9 Hz, 2H), 
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4H), 0.24 (s, 12H). 13C NMR (CDCl3): 156.1, 139.6, 138.2, 133.7, 124.6, 90.6, 8.04, 
7.04, 5.19, -3.39. IR (neat): 2962, 1254, 1097, 1024, 75 I .  Anal. Calcd for C34H5802Si4 
(611.2): C 66.82, H 9.57. Found: C 66.85, H 9.55. 

Aldol polymerization with Yb(OT83 catalyst 

To a solution of Yb(OTQ3 (0.1 mmol) in propionitrile (2 mL) was added a mixture of 
bis(sily1 enol ether) (1 mmol) and dialdehyde (1 mmol) in propionitrile (4 mL) at - 
78 "C. The resulting mixture was stirred at -78 "C for 5 h. After removal of the 
solvent under reduced pressure 2N HCI ( 5  mL) was added to the mixture and stirred at 
room temperature for 3 h. The reaction mixture was then poured into 300 mL of 
MeOH/H20 (2: 1) to precipitate the polymeric product. The white precipitate was 
filtered and dried in vacuo at 40 "C for 8 h. 

Asymmetric polymerization of l a  and 2a 

To a solution of chiral oxazaborolidinone catalyst 18 (0.2 mmol) in propionitrile (2 
mL) was added a mixture of l a  (1 mmol, 248 mg) and 2a (1 mmol, 525 mg) in 
propionitrile (4 mL) at -78 "C. The resulting mixture was stirred at -78 "C for 4 h. 
After removal of the solvent under reduced pressure 2N HCI ( 5  mL) was added to the 
mixture and stirred at room temperature for 3 h. The reaction mixture was then poured 
into 300 mL of MeOH/H20 (2:l) to precipitate the polymeric product 20 (R, = R2= 
SiMe2). The white precipitate was filtered and dried in vacuo at 40 "C for 8 h. Yield 
81%. [aID +25.1 ( c  1.0 THF). M, = 15100, MJM, = 1.52. 'H-NMR(CDC13): 6 7.9 (br, 
2H), 7.6 (br, 2H), 6.6 (br, 2H), 6.3 (br, 2H), 5.4 (br, lH), 3.8 (m, 2H), 3.3-3.7(m, 4H), 
0.6 (br s, 6H), 0.5 (br s, 6H). IR (KBr, cm-'): 3423, 2955, 2903, 1678, 1255, 808. 
Anal. Calcd for (C30H3206Si2)n (544.74)": C 66.15, H 5.92. Found: C 66.08, H 
5.95. 

Preparation of 0-acetylmandelate of aldol adduct 22 

0-acetylmandelate 22 was prepared according to the procedure described in the 
literature [6]. 

Preparation of 0-acetylmandelate of chiral polymer 23 

To a solution of chiral polymer (100 mg) (R)-0-acetylmandelic acid (100 mg, 0.5 
mmol) and dimethylaminopyridine (10 mg) in CH2C12 (2 mL) was added a solution of 
1,3-dicyclohexylcarbodiimide (100 mg, 0.48 mmol) at -10 "C. After being stirred at 
room temperature for 12 h precipitated urea was filtered and the solvent was 
evaporated. The residue was dissolved in CHzClz and the remained urea was filtered 
again and the solvent was evaporated. The solid obtained was dissolved in THF and 
poured into MeOH/H20 (1 : 1) to precipitate the polymer. After filtration the polymer 
was dried in vacuo at 40 "C for 4 h. The optical purity of the chiral polymer was 
determined by the ratio of the diastereomeric aromatic protons. 23 (R1 = R2 = %Me2): 
'H-NMR (CDCl3): 6 7.9 (R,R) + 7.7 (R,S) (4H), 7.6-7.3 (14H), 6.6 (2H), 6.3 (2H), 6.2 
(2H), 5.8 (2H), 3.7-3.3 (4H), 2.1 (6H), 0.6-0.2 (12H). 
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Results and Discussion 

Preparation of monomers 

We have prepared dialdehydes (1) and bis(sily1 enol ether)s (2, 3) as monomers for 
asymmetric aldol polymerization. Chiral polymers can be synthesized by means of 
repeated asymmetric aldol reaction between these monomers. Dialdehydes 1 were 
prepared by coupling of 2-lithiated furfural dimethylacetal and chlorosilanes (Scheme 
2). We have also prepared bis(sily1 enol ether) monomers 2 (Scheme 3). Protected 
bromoacetophenone 9 was lithiated and coupled with 0.5 equiv of 
dichlorodimethylsilane to form bisacetal 11. Deprotection of the acetal followed by 
silyl enol ether formation gave bis(triethylsily1 enol ether) 2a. Another monomer 2b 
was prepared from 1,2-bis(chlorodimethyIsilyl)ethane. These monomers are stable 
enough to be purified by usual silica gel chromatography. 

OSiEt, OSiEt, 

O * d 0  H R \  "a,& % 
l a :  R = SiMes 2a: R = SiMez OSiEt3 

Scheme 1. Monomers for asymmetric aldol polymerization 

1 b: R = SiMe2CHzCH2SiMe2 2b: R = SiMezCHzCHzSiMez 3 

OMe BuLi 

W O M e Z  Liw''' CH(OMe), w: TsOH,MeOH 
5 6 4 

Me2SiC12 t m::l 2NHCVTHF - O a  w: 
S! H S! M e 0  

Me/ Me Me/ Me 

l a  
7 

2N HCVTHF, 
m S i M e 2 C I  

CIMe2Si 
6 

I b  

Scheme 2. Preparation of dialdehyde monomer 1 
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Me0 OMe Me0 OMe OSiEt3 

Me/ Me Me/ Me Me’ Me 

11 12 2a 

CIMezSi 

14 
0 

OSiEt3 13 

OSiEt3 2b 

Scheme 3. Preparation of bis(sily1 enol ether) monomer 2 

Aldol polymerization of dialdehyde and bis(sily1 enol ether) 

Mukaiyama aldol reaction of furfural 4 and triethylsilylenol ether 15 was performed 
using achiral Lewis acid catalyst. We found that Yb(OTf)3 was efficient catalyst for 
the reaction to give the corresponding aldol adduct 16 in high yield (Scheme 4). 
Quantitative reaction system without any side product can be applied to polymer 
synthesis. Repetition of such reaction between bifunctional monomers efficiently 
affords polymers. First, we used Yb(OTq3 for aldol polymerization of dialdehyde and 
bis(sily1 enol ether). When 10 mol % of Yb(OT& was added to the CH2C12 solution 
of 1 and 2, aldol reaction was repeated to give the polymer 17 which has unique main 
chain structure of P-hydroxy ketone (Scheme 5). Polymers isolated by precipitation in 
MeOH/H20 showed the molecular weights in the range of 5800 to 13400 (Table 1). 

OH 0 

15 rac-16 

94% 

Scheme 4. Mukaiyama aldol reaction of furfural and triethylsilyl enol ether 
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1 +  2-* Yb(OTf), >+*yJJ--j R1 

R2 
n CH2C12 

17 

Scheme 5. Aldol polymerization of bisfurfural and bis(sily1 enol ether) 

Table 1 Aldol polymerization of dialdehyde and bis(sily1 enol ether) in the presence of 
J W m 3  

M: Polymer 
yield (%)a 

Entry Monomer 

1 l a  2a 79 8600 1.32 
2 l a  2b 89 1 1400 2.08 
3 l a  3 77 7400 1.20 
4 l b  2a 85 13400 1.28 
5c l b  2a 30 8500 1.29 
6 l b  2b 87 7300 1.64 
7 l b  3 73 5800 1.15 

a isolated yield of the polymer precipitated in MeOH/H20; values measured by SEC, 
calibrated with polystyrene standards; Sc(OTQ3 was used in stead of Yb(OTf)), 

Asymmetric aldol reaction of furjural a i d  silyl eiiol ether 

Chiral oxazaborolidinones are known to be  effective catalyst for Mukaiyama aldol 
reaction [7].  W e  have tested the asymmetric reaction between furfural and triethylsilyl 
enol ether using the chiral oxazaborolidinone 18 originally developed by Yamamoto 
[7].  The reaction smoothly occurred to give the 

corresponding 6). Bis(sily1 enol aldol ether) adduct 3 also 16 reacted with 78% with ee 2 (Scheme equiv of QIf+ 
furfural under the same reaction condition to yield ? 

Ts” -TCF3 19. High reactivity of furfural and silyl enol ether 
using 18 prompted us to apply the reaction to 
asymmetric polymerization. 

i a  CF3 

Chiral oxazaborolidinone catalyst 

4 + 15 18 * *  
0 (R)-16 \ 

OH 
91%,78%ee OSiEt, 

2 4  + 

0 OH 19 3 OSiEt3 
90%, dl:meso=13:1, 84% ee 

Scheme 6. Asymmetric aldol reaction of furfural and 7 
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Asymmetric nldol polymerization 

When chiral oxazaborolidinone catalyst 18 was added to a dichloromethane solution 
of dialdehyde l a  and its equimolar amount of bis(sily1 enol ether) 2a, aldol reaction 
occurred between monomers to give the polymer of Mn=15100. The produced 
polymer showed optical activity based on the main chain configurational chirality. 
Molar rotation values are shown in Table 2. 

18 
1 + 2  * * * 

CH2C12 
20 

Scheme 7. Asymmetric aldol polymerization of 1 and 2 

In order to estimate the optical purity of the obtained chiral polymer we have tried 
polymer degradation reaction in terms of the cleavage of main chain Si-C bonds. 
However, all attempts tested have failed and only complex mixture was obtained. 

P h V O A c  Ph V O A C  
OH 0 

OAc DCC,DMAP+ oAo 0 + wph 0 + PhXC02H CH2C12 wPh 
21 0 rac-16 

(R,R)-22 (R, S)-22 

Scheme 8. Chiral derivatization with enantiopure (R)-0-acetylmandelic acid 

On the other hand, when racemic mixture of the model aldol product was modified 
with (R)-0-acetylmandelic acid (21), peaks of 'H NMR spectra are clearly split in its 
aromatic region. Then we have modified the chiral polymer with 21. After the chiral 
derivatization with 21, we could recognize the peaks (7.9 and 7.7 ppm) corresponding 
to (R,R) and (R,S) configuration respectively in 'H NMR spectra. By using 'H NMR 
data of the 0-acetylmandelated polymer 23 we determined the optical purity of the 
chiral polymers. From the 'H NMR data RIS ratio of main chain stereogenic centers in 
the chiral polymers was determined and shown in Table 2. These results indicate that 
asymmetric aldol polymerization of bis(sily1 enol ether) and dialdehyde occurred in 
stereoselective manner to give optically active polymer. 

PhYOAc PhyoAc 

23 

Scheme 9. Preparation of (R)-0-acetylmandelate of chiral polymer 
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Table 2. Asymmetric aldol polymerization 

2 l a  2b 84 10100 1.53 +18.2 +159.0 85:15 
3 l a  3 87 5400 1.34 +108.1 +371.5 88:12 
4 l b  2a 87 15300 1.80 +19.0 +156.3 83:17 
5 l b  2b 91 14600 1.63 +25.1 +220.9 85:15 
6 l b  3 7s 7400 1.61 +131.2 +730.1 85:15 

'isolated yield of the polymer precipitated in MeOWH20; values measured by SEC, calibrated 
with polystyrene standards; ' c  1.0, THF; determined by 'H NMR 

In conclusion, we  have prepared bis(triethylsily1 enol ether)s 2 and dialdehydes 1 as 
monomers for aldol polymerization. Yb(OTQ3 was found to be  an efficient catalyst for 
the aldol polymerization. Chiral oxazaborolidinone 18 also catalyzed the same 
polymerization to  afford the optically active polymers having main chain 
configurational chirality. W e  have determined the optical purity of the chiral polymers 
by means of  'H NMR measurement after the chiral derivatization with enantiopure 0- 
acetylmandelic acid. 
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