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Summary 

Alkyne-containing polymers, obtained by the radical polymerization of 4-substituted 
conjugated enynes (CH,=CH-Cd-R: R- = Ph- and n-Bu-), were subjected to 
polymer reactions through their alkyne moieties. That is, the radical addition of a thiol 
fragment, the hydrosilylation, and reduction via the hydroalumiiiation were carried out 
to give polymers bearing alkenyl sulfide, alkenylsilane, and alkene moieties, 
respectively. 

Introduction 
Previously, we reported the radical polymerization of 4-substituted 1-buten-3-ynes 
giving rise to polymers consisting of specific 1,2-polymerized units (i.e., units having 
alkyne substituents) (Scheme 1) [l-31. The versatile reactivity of the alkyne 
derivatives [4- 101 may permit applications of the alkyne-containing polymers not only 
as the thermosetting resins [ l l ]  but also as reactive precursors affording many 
functional materials. Nevertheless, there are only a few reports on the chemical 
conversions of polymers having alkyne moieties [ 12, 131. We herein describe 
chemical modifications of two kinds of polyenynes (P1 and P2), obtained by the 
radical polymerization of 4-phenyl-1-buten-3-yne (1) and 1-octen-3-yne (2), 
respectively. 

P I  (R= Ph), P2(R= ~ - B u )  

Scheme 1 
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Experimental 
Materials and instruments 
Polymers (P1 and P2) were prepared by the radical polymerization of 1 and 2, 
respectively [ 1-31. Triethylsilane was distilled under N2. Benzene, tetrahydrofuran 
(THF), and toluene were dried over sodium benzophenone ketyl and distilled under 
N2. Other reagents were used as received. 
Nuclear magnetic resonance (NMR) spectra were measured on a JEOL EX-400 
instrument using tetramethylsilane as an internal standard (400 MHz and 100 MHz for 
'H and 13C NMR, respectively). Fourier transform infrared (FT-IR) spectra were 
measured on a JASCO FT1IR-5300 instrument (thin film cast from CHC13). Gel 
permeation chromatography (GPC) measurements were performed on tandem 
columns of Tosoh TSK-gel G2500HXL and G3000HXL or of G4000HXL and 
G5000HXL using THF as an eluent at 30 "C. Polystyrene standards were used for 
calibration. 

Radical addition of dodecanethiol to PI 
A benzene (1 .O mL) solution of P1 (1 3 1 mg, 1 .O mmol unit), dodecanethiol (202 mg, 
1 .O nmol), and 2,2'-azobis(isobutyronitrole) (AIBN, 5 mg, 0.03 mmol) was heated at 
60 'C for 1 day in a degassed sealed tube. The resulting solution was poured into 
methanol and the precipitated product was collected by filtration and dried under 
vacuum to give a polymer in 97% (174 mg). 'H NMR (CDC13) 60.7-4.5 (CH3--, - 
CH2--, -CH-), 5.7-8.0 (C6Hj-, >C=CH-) ppm; I3C NMR (CDC13) 6 14.0-14.3 
(CH-), 22.5-22.7 (CH3CH2-), 26.6-51.2 (-CH2CH---), 28.3-29.6 
(CH;CH2(CH2)1oCH,-), 31.7-31.9 (--CH2S-), 79.6-83.6 (-Cd-Ph), 88.2-96.3 
(-C=C-Ph), 121.5-132.6 (C6Hj-), 134.8-145.0 (>C=C<) ppm; IR 3056, 3023, 
2926, 2853, 2230, 1946, 1878, 1803, 1671, 1599, 1574, 1491, 1443, 1306, 1177, 
1155, 1071, 1030, 910, 843 ,754,735,694 cm-'. 

Radical addition of dodecanethiol to P2 
Likewise, the reaction of P2 (1 13 mg, 1.1 mmol unit) and the subsequent precipitation 
into methanol-water (v1v = 511) provided a polymer in 88% (214 mg). 'H NMR 

SCH2-), 4.8-5.8 (>C=CH-) ppm; I3C NMR (CDC13) 6 13.3-14.2 (GI3-), 18.3- 
(CDC13) 60.8-1.0 (CH3-), 1.1-1.9 (-CH2-), 2.0-2.4 (-CH-), 2.4-2.8 (- 

18.7 (CH3CH2(CH2)2Cd-), 20.8-23.5 (CH~CH~(CH~)IO--, CH3CH2CH2CH2CS- 
), 26.0-50.1 (-CHlCH-), 27.5-32.0 (CH3CH2(CH2)1oCH2--, --cH2C&--, - 

CH2S-), 79.9-82.0 (-Cd-Bu"), 82.0-83.8 (-CEC---BU"), 130.0-139.4 (>C=C<) 
ppm; IR 2926, 2855, 2733, 2673, 2234, 2033, 1734, 1620, 1464, 1377, 1300, 1262, 
1233, 1157, 1103, 1026,932,860, 804,723 cm-'. 

Hydrosilylation of PI 
To a toluene (1.0 mL) solution of P1 (127 mg, 1.0 mmol unit) were added 
triethylsilane (216 mg, 2.0 mmol) and a THF solution of H2PtC16 (0.05M, 0.02 mL, 
0.001 mmol) and the mixhre was heated at 100 'C for 12 h under N2. The resulting 
solution was then poured into methanol and the precipitated product was collected by 
filtration and dried under vacuum to give a polymer in 92% (153 mg). 'H NMR 

(C~HS-) ppm; C NMR (CDCl3) 6 2.2-3.0 ((CH3CH2)3Si-), 6.6-7.3 (CH3CH2Si- 
(CDC13) 6-0.8-4.5 (CH3-, -CH2--, -CH-), 5.0-5.8 (Ph-C=CH-), 6.2-8.5 

13 

), 24.2-48.5 (-CH2-, -C€-), 80.0-85.2 (-C=C-Ph), 88.5-97.5 (-CEC-Ph), 
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121.3-133.1 (c6Hj-), 137.6-143.2 (>c=c<) ppm; IR 3056, 3021,2953, 2874, 2731, 
2227, 1944, 1878, 1802, 1748, 1597, 1574, 1541, 1491, 1443, 1418, 1377, 1217, 
1179, 1155, 1071, 1007,964,914,887,754, 694 cm-I. 

Hydrosilylation of P2 
Similar to the case of P1, the reaction of P2 (121 mg, 1.1 mmol unit) and the 
subsequent precipitation into methanol-water (v/v = 5/1) gave a polymer in 77% (193 
mg). H NMR (CDC13) 60.4-0.8 (CH3(CH2)3-, (CH3CH2),Si-), 0.8-1 .O 
(CH3CH2CH2-), (CH3CH2)3Si-), 1 .l-1.8 (CH3CH2CH2-), 1.8-2.4 (>C=C-CH2- 
), 2.4-2.8 (-CH-), 5.2-5.8 (>C=CH-) ppm; I3C NMR (CDC13) 6 2.7-6.4 
((CH3CH2)3Si-), 6.7-7.9 (CH3CH2Si-), 13.8-14.2 (CH3CH2CH2-), 22.3-22.9 

(>C=C CH2-), 1 29.7- 1 3 0.3, 1 3 5.8- 1 3 8.0, 1 40.0- 1 42.9, 1 42.9- 149.0 (>C=C<) ppm; 
IR 2955, 2930, 2874, 2731, 1605, 1460, 1418, 1377, 1262, 1236, 1096, 1017, 968, 
804, 720, 673 cm-I. 

1 

(CH3CH,CH,-), 22.9-23.5 (CH;CH2CH2-), 26.7-47.3 (-CH2CH-), 28.5-32.3 

Reduction of PI via hydyoalumination (at 40 "C) 
To a toluene solution (1.0 mL) of P1 (134 mg, 1.0 mmol unit) was added a toluene 
solution of diisobutylaluminium hydride (DIBAL-H) (1 M, 1.5 mL, 1.5 mmol) and the 
mixture was heated at 40 'C for 12 h under N2. The resulting solution was poured into 
a mixture of benzene and water (40 mL each) under N2 and the insoluble part was 
removed by filtration. The organic layer was washed twice with brine, concentrated 
under vacuum, and poured into methanol. The precipitate was collected by filtration 
and dried under vacuum to give a polymer in 92% (122 mg). 'H NMR (CDC13) 60.2- 
4.4 (-CH2--, -CH-), 4.8-5.6 (>C=CH-), 5.6-8.0 (C6Hj-) ppm; I3C NMR 

C=C-Ph), 123.5-150.6 (C6Hj--, >C=C<) ppm; IR 3077, 3056, 3021, 2924, 2853, 
2402, 2226, 1948, 1881, 1806, 1723, 1640, 1597, 1574, 1491, 1445, 1408, 1327, 
1262, 1217, 1179, 1157, 1073, 1028,982,914,799, 758, 673 cm-l. 

(CDCl3) 6 27.5-53.5 (-CH2--, -CH-), 80.2-84.5 (-C=C-Ph), 90.0-96.3 (- 

Reduction of PI via hydroalumination (at 80 "C) 
The same reaction was also carried out at 80 "C for 12 h using P1 (259 mg, 2.0 mmol 
unit) to give a polymer in 81% (213 mg). 'H NMR (CDC13) 60.2-4.4 (-CH2-, - 
CH-), 4.8-5.6 (>c=cH-), 5.6-8.0 (c6ff-) ppm; I3c NMR (CDC13) 6 25.0-53.2 
(-CH--, -CH-), 119.1-149.0 (C6H5-, >C=C<) ppm; IR 3056, 3023, 2922, 
2855, 2361, 1944, 1885, 1802, 1638, 1599, 1574, 1493, 1445, 1327, 1262, 1217, 
1179, 1155, 1073, 1028,966,914,843,799, 758 cm-'. 

Results and discussion 
Radical addition of dodecanethiol to polyenynes 
Additions of thiols to alkyne derivatives proceed via the radical [8] or the ionic 
mechanism [9] to give alkenyl sulfides and/or bis(alky1mercapto)alkanes whose 
further reactions can give rise to versatile sulfur-containing materials. Thus the radical 
addition of dodecanethiol to the polyenynes (P1 and P2) was carried out to 
demonstrate this possibility. The reaction of the polymers with dodecanethiol (1 equiv 
to the C=C moieties) was carried out at 60 "C for 1 day in a degassed sealed tube 
using AIBN (3 mol%) as a radical source (Scheme 2, Table 1). Consequently, 
polymers having alkenyl sulfide moieties were produced effectively [ 141. Under the 
examined conditions, side reactions that involve the crosslinking did not occur judging 
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from the molecular weight of the polymers obtained after the polymer reaction. The 
unit ratios (dy)  of the polymers obtained from P1 and P2 were determined by their 'H 
NMR spectra. For example, the polymer obtained from P1 exhibits broad peaks for 
aromatic and olefinic protons at 5.7-8.0 ppm and for aliphatic protons in the main 
chain and the dodecyl moieties at 0.7-4.5 ppm in the 'H NMR spectrum (Figure 1). 
On the basis of the peak intensity ratio, the composition of the polymer was estimated 
to be x:y = 23:77. Likewise, the unit ratio of the polymer produced from P2 was 
found be x:y = 64:36. The higher conversion of the alkyne moieties in P2 is probably 
due to the less sterically demanding n-butyl substituent. 

CH3(CH2)11SH (I equiv) 
AIBN (3 mol%) 

benzene, 60 E, 1 d 

R R 

R = Ph (PI), ~ - B u  (P2) 

Scheme 2 

I I /  I , T , , T r r i ~ - ~  

10 8 6 4 2 0 
P Pm 

Figure 1 .  'H NMR spectrum of the polymer obtained by the radical addition of dodecanethiol 
to P1. 

Table 1. Radical addition of dodecanethiol to polyenynes (P1 and P2)" 

Run R (Mn, Mw1MJb Yield (%) M,b MvlM,b xiy 
1 Ph (3500, 1.51) 9gd 3800 1.42 23177 
2 ~ - B u  (16200, 2.37) 17200 2.1 1 64136 

a Reaction conditions polymer (1  0 mmol), dodecanethiol (1 0 mmol), AIBN (3 mol%), 
benzene (1 0 mL), at G O  "C for 1 day Estimated by GPC (polystyrene standards, THF) 

Determined by 'H NMR 
Isolated yield after precipitation into methanol-water (viv = 511) 

Isolated yield after precipitation into methanol 

Hydvosilylation ofpolyenynes 
The transition metal-catalyzed hydrosilylation of alkynes proceeds under mild 
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conditions and alkenylsilanes, which are useful synthetic precursors of various alkenes 
by subsequent electrophilic substitutions, are produced with high geometrical 
selectivity and regioselectivity [ 15,161, Thus, the hydrosilylation of the polyenynes 
was carried out with H2PtC16 catalyst. Polymers having alkenylsilane moieties were 
obtained by the reaction of P1 or P2 with triethylsilane (2 equiv) in the presence of 
H2PtC16 (0.1 mol%) in toluene at 100 'C for 12 hours (Scheme 3). The hydrosilylation 
of P2 proceeded smoothly to afford a polymer with a quantitative alkenylsilane 
content, while that of P1 did not take place completely (incorporation efficiency; 
33%). The lower efficiency in the case of P1 may be due to the steric bulkiness of the 
substituents that is a major factor in the hydrosilylation of alkynes (i.e., the less 
sterically demanding n-butyl group is more preferable than the phenyl group). The 
addition of the Si-H moieties is supposed to take place in a syn-selective fashion as 
reported for the hydrosilylation of many alkyne derivatives using H2PtC16 [15]. The 
regioselectivity between R(Et3Si)C=CH- and RHC=C(Et3Si)- for P1 (R = Ph) and 
P2 (R = n-Bu) was supposed to be approximately 1010 and 6/4, respectively [ 171. 

Et3SiH (2 equiv) 
H2PtC16 (0.1 mol%) 

toluene, 1 OOLC, 12 h Ph 
Ph Ph 

Mn = 3,400 
MwIMn = 1.49 

Yield 92% 

xly = 33/67 
M ,  = 5,300 G I M ,  = 1.31 

M ,  = 16,200 
&/M, = 2.37 

Yield 77% 
Mn = 17,400 M,IM, = 2.0% 

Scheme 3 

Reduction of polyenynes via hydroaluinination 
Reduction of alkyne moieties in P1 was also performed via the hydroalumination 
using DIBAL-H [18] followed by hydrolysis (Scheme 4, Table 2). For example, the 
reaction of P1 and DIBAL-H (1.5 equiv to the C=C moieties) at 40 "C for 12 hours 
provided a polymer containing a phenyethenyl group by means of the reduction of the 
C=C moieties accompanied by the un-reduced phenyethynyl group (x and z units, 
respectively, Xiz = 70130). Under a little more forced conditions (i.e., at 80 "C), the 
conversion of the C=C moieties took place in a quantitative manner, but a polymer 
was found to be contaminated with a saturated phenylethyl substituted unit (y unit, Xiy 
= 86/14) as a result of dihydroalumination process. In both cases, the polymers were 
found to consist of cis-double bond moieties as expected from the syn-addition of the 
A1-H to the C=C moieties. Attempts to employ P2 for the reduction was not 
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successful and a polymer with poor solubility was obtained probably due to 
crosslinking reactions such as the multiple addition of the alkenyaluminum to the 
alkyne moieties [ 191. The analogous reaction did not occur in the case of P1, judging 
from the molecular weight of the reduced polymers. 

n 1) (i-BuhAIH (1.5 equiv) 

* 2) H20 

toluene, 12 h 

Ph 
M,, = 3,500 

KIM,,  = 1.51 

Scheme 4 

Table 2. Reduction of P1 by hydroalumination with DIBAL-H 

Run Temperature ("C) M b  MJM; Yield (%) X/y/zd 
1 40 2200 1.55 92 70/0/30 
2 80 2600 1.62 81 86/14/0 

Reaction conditions: P1 (1.0 mmol), DIBAL-H (1.5 mmol, 1.0 M in toluene), for 12 hours 
under N2. 
into methanol. Determined by 'H NMR. 

Estimated by GPC (polystyrene standards, THF). Isolated yield after precipitation 

Conclusions 

Alkyne-containing polymers, obtained by the radical polymerization of 4-substituted 
conjugated enynes (CH2=CH-C=C-R: R- = Ph- and n-Bu-), were subjected to 
the chemical modifications of their alkyne moieties. The radical addition of a thiol 
fragment, the hydrosilylation, and the hydroalumination afforded the polymers 
bearing alkenyl sulfide, alkenylsilane, and alkene moieties in the side chain, 
respectively. Since the resulting polymers are not obtainable by the polymerization of 
the corresponding butadiene derivatives, polyenynes are also potentially useful 
prepolymers for the synthesis of 1,2-polybutadiene derivatives. 
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