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Unlike vinyl polymers 1, acetylenic polymers 2 pos- 
sess alternating double bonds along the main chain. 
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This structure often endows acetylenic polymers with 
the following characteristics:' (i) conductivity (semi- 
conductivity), (ii) paramagnetism, (iii) migration and 
transfer of energy, (iv) color, and (v) chemical reactivity 
and complex formation ability. Because of these unique 
properties, acetylenic polymers seem promising as 
specialty polymer materials, which might have unique 
and useful functions. 

Vinyl polymers have been extensively investigated 
and are manufactured in large quantities. On the other 
hand, the study on the polymerization of acetylenes has 
been much less developed, mainly due to the low po- 
lymerizability of acetylenes in the presence of conven- 
tional radical and ionic catalysts.' 

Unsubstituted acetylene has been polymerized suc- 
cessfully to a polymer film by use of Ziegler catalysts 
such as a mixture of titanium tetra-n-butoxide and 
triethylaluminum (1:4) [Ti(O-n-B~)~.4Et~All .~ The 
high conductivity of doped polyacetylenes was first 
observed by Shirakawa et al. several years ago: and now 
research on the applications of polyacetylene to such 
uses as polymer batteries and solar cells are in progress 
in many laboratories. 

The polymerization of substituted acetylenes has 
been attempted by various methods: heat, light, ra- 
diation, and radical, ionic or transition-metal cata- 
lysts.la" In most cases, however, the products are not 
high polymers but linear oligomers and/or cyclo- 
trimersIa (eq 1-3). In general, Ziegler catalysts give the 
best results with substituted acetylenes. For example, 
a mixture of iron(II1) acetylacetonate and triethyl- 
aluminum (1:3) [Fe(a~ac)~.3Et~Al] polymerizes prim- 
or sec-alkylacetylenes and phenylacetylene in high 
yields., To the best of our knowledge, however, Ziegler 
catalysts do not yield high polymers from sterically 
hindered acetylenes such as tert-butylacetylene and 
disubstituted acetylenes (R,C=C&). Thus, the study 
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of substituted acetylenes remains chiefly on the syn- 
thesis of high-molecular-weight polymers. 

About a decade ago, we examined various transi- 
tion-metal halides as catalysts for the polymerization 
of phenylacetylene to find eventually that WCls and 
MoC& (group 6 transition metal chlorides) are partic- 
ularly effective.6 Since then we have been concerned 
with the polymerization of substituted acetylenes, es- 
pecially sterically hindered ones, and with the exploi- 
tation of novel catalysts. The present polymerization 
is intimately associated with organometallic chemistry, 
and the polymers formed are finding some interesting 
applications. This Account presents a review of our 
research in the context of the current literature. 

Polymerization of Aromatic Acetylenes 
Phenylacetylene. We demonstrated for the first 

time that WC16 polymerizes phenylacetylene in high 
yield, and MoCl, polymerizes in moderate yield (Table 
I, no. 1, 2).576 The number-average molecular weight 
(MJ of the polymer formed with WC16 was about 
15 OOO, which was the highest among those reported for 
poly(phenylacety1ene) a t  that time. 

Aromatics, halogenated hydrocarbons, and ethers are 
useful polymerization solvents. The reaction proceeds 
faster in less polar media (e.g., CCl, > benzene E tol- 
uene > 1,2-dichloroethane). The polymerization with 
WCl, is significantly accelerated in the presence of 
tetraphenyltin (Ph,Sn) as a cocatalyst (WCl,:Ph4Sn = 

(1) For reviews, see: (a) Simionescu, C. I.; Percec, V. Prog. Polym. Sci. 
1982,8,133. (b) Wegner, G. Angew. Chem., Znt. Ed. Engl. 1981,20,361. 
(c) Chauser, M. G.; Rodionov, Yu. M.; Misin, V. M.; Cherkashin, M. E. 
Ruas. Chem. Rev. (Engl. Trans.) 1976,45,348; Usp. Khim. 1976,45,695. 

(2) Ito, T.; Shirakawa, H.; Ikeda, S. J.  Polym. Sci. Polym. Chem. Ed. 
1974, 12, 11. 

(3) Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; 
Heeger, A. J. J.  Chem. Soc., Chem. Commun. 1977,578. 

(4 )  (a) Ciardelli, F.; Lanzillo, S.; Pieroni, 0. Macromolecules 1974, 7,  
179. (b) Kern, R. J. J. Polym. Sci., Part A 1969, 7,  621. 

(5) Masuda, T.; Hasegawa, K.; Higaehimura, T. Macromolecules 1974, 
7, 728. 

(6) Masuda, T.; Sasaki, N.; Higashimura, T. Macromolecules 1975,8, 
717. 
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Table I 
Polymerization of Phenylacetylenea 

no.  catalyst solvent t ime, h polymer yield, % io-%,, 
1 WCl, toluene 1 > 90 10-15 

3 WCl,.Ph,Sn toluene ' I 2 0  - 100 10-15  

5 W(CO),-CC1,-hu CCl, 24 > 90 80-100 

2 MoC1, toluene 1 30-60 6 

4 WCl;Ph,Sn 1,4-dioxane 24 60-90 90-100 

6 Mo( CO ), -CCl, -h u CCl, 24 - 10  1 3  

Polymerized a t  30 'C, [MI, = 1.0 M, [Cat . ]  = 10-20 mM. 

Table I1 
Polymerization of Aromatic Acetylenes 

catalyst activityQ 
polymer WCl,. W(CO),- MoCl,. Mo(CO),- 

monomer WC1, Ph,Sn CCl,-hu MoCl, Ph,Sn CCl,-hu 103ii;inb color 

H H H L 1 HC-CPh 
HC=CpC ,,H, 

0 H 0 0 i C H , e  CPh 
PhC=CPh 

1 ClC=CPh 
BrCECPh 0 0 0 0 

Polymer yield: ( H )  high, (L) low, (0) zero to negligible. 

1:l) (Table I, no. 3).' It was proved that the W(V1) of 
the catalyst is reduced to a W(1V) by Ph4Sn. This 
catalyst system will be denoted by WC&.Ph4Sn in the 
following discussions. 

Poly(phenylacety1enes) with higher molecular weights 
can be obtained by two methods. One is to use solvents 
containing active hydrogens such as 1,4-dioxane, cy- 
clohexene, and tetralin8 (e.g., Table I, no. 4). The active 
hydrogens of these solvents seem to prevent polymer 
degradation proceeding by a radical mechanism and/or 
modify the nature of the active species. Another me- 
thod of enhancing the molecular weight is as follows: 

A catalyst obtained by UV irradiation of W (CO), in 
carbon tetrachloride is capable of polymerizing phe- 
nylacetyleneg (Table I, no. 5) .  The molecular weight 
reaches about 1 X lo5. Mo(CO)~ is much less effective 
and Cr(C0)6 is inactive, though they are also group 6 
transition metal carbonyls. The polymerization using 
W(CO)6 and Mo(CO)~ does not proceed without UV 
irradiation or in a hydrocarbon solvent instead of car- 
bon tetrachloride, which indicates that both UV irra- 
diation and carbon tetrachloride are indispensable to 
the formation of the active species. Hence, this catalyst 
system is designated M(co)6-cc14-hv (M = W, Mo). 
It is noteworthy that the W(CO)6-CC14-hv system me- 
tathesizes olefinslO (vide infra). 

The poly(phenylacety1ene) obtained with the W- 
based catalysts (WC&, WClgPh4Sn, and W(CO),- 
CC14-hv) has a trans-rich structure, whereas a cis-rich 
structure is formed by the corresponding Mo catalysts 
(MoC15, MoC15.Ph4Sn, and Mo(C0),-CCl4-hv)! These 
polymers are amorphous and totally soluble in aromatic 
and halogenated hydrocarbons. On the other hand, 
Fe(aca&3Et3Al, a Ziegler catalyst, produces a crys- 

(7) Masuda, T.; Thieu, K.-Q.; Sasaki, N.; Higashimura, T. Macro- 
molecules 1976, 9, 661. 
(8) Masuda, T.; Takahashi, T.; Yamamoto, K.; Higashimura, T. J. 

Polym. Sci., Polym. Chem. Ed. 1982, 20, 2603. 
(9) (a) Masuda, T.; Kuwane, Y.; Yamamoto, K.; Hqaehimura, T. Po- 

lym. Bull. 1980,2,823. (b) Maeuda, T.; Yamamoto, K.; Higashimura, T. 
Polymer 1982, 23, 1663. 

(10) (a) Krausz,; P.; Gamier, F.; Dubois, J.-E. J. Am. Chem. Soc. 1975, 
97, 437. (b) Agapiou, A.; McNelis, E. J.  Chem. SOC., Chem. Commun. 
1975, 187. 

100 auburn to yellow 
1 5 0  auburn t o  orange L L 

0 0 

H H 

5 white 
insol yellow 
2000 (aw) light yellow 

1 5  light yellow 

Maximum molecular weights. 

Table I11 
Polymerization of 1-Chloro-2-phenyla~etylene~ 

Poly- 
mer 

yield, 
catalyst (concn, mM) solvent % 1 0 - 3 z w  

Mo(CO),-CCl,-hv (10)  CCl, 80 2030 
MoCl, ( 2 0 )  toluene 5 
MoCl,,n-Bu,Sn (20)  toluene 9 1  740 
MoCl,.Et,SiH ( 2 0 )  toluene 75  690  
MoCl;Ph,Bi ( 2 0 )  toluene 83 960 

a Polymerized a t  30 OC for  24  h ,  [MI ,  = 1.0 M. 

talline insoluble poly(phenylacety1ene) that possesses 
a practically all-cis structure.l' 

Phenylacetylene Derivatives. The polymeriza- 
bilities of phenylacetylene and its several derivatives 
are shown in Table 11. Similarly to phenylacetylene, 
P-naphthylacetylene is polymerized by all of the six Mo- 
and W-based catalysts.12 In contrast, l-phenyl-l- 
propyne13 and diphenyla~etylene,'~ being disubstituted 
acetylenes, can be polymerized only by WC1,.Ph4Sn. 
Ziegler catalysts polymerize P-naphthyla~etylenel~ but 
not the latter two monomers. 
1-Chloro-2-phenylacetylenegaJ6 and l-bromo-2- 

phenyla~etylene'~ can only be polymerized by Mo-based 
catalysts, probably because of the electron-withdrawing 
properties of the halogen atoms (Table 11). It is of great 
interest that Mo(CO),-CC14-hv yields poly(l-chloro-2- 
phenylaceJylene) with a weight-average molecular 
weightla (M,) of up to two million1& (Table 111). Mixed 

(11) Simionescu, C. I.; Percec, V. J. Polym. Sci., Polym. Symp. 1980, 

(12) Ohtori, T.; Masuda, T.; Higashimura, T. Polym. J .  1979,11,805. 
(13) Sasaki, N.; Masuda, T.; Higashimura, T. Macromolecules 1976, 

9, 664. 
(14) Masuda, T.; Kawai, H.; Ohtori, T.; Higashimura, T. Polym. J. 

1979, 11, 813. 
(15) Simionescu, C. I.; Dumitrescu, S.; Percec, V. Polym. J .  1976, 8, 

139. 
(16) (a) Masuda, T.; Kuwane, Y.; Higashimura, T. J .  Polym. Sci., 

Polym. Chem. Ed. 1982,20, 1043. (b) Masuda, T.; Yamagata, M.; Hi- 
gashimura, T. Macromolecules, in press. 

(17) Yamagata, M.; Masuda, T.; Higashimura, T., J.  Polym. Sci., Po- 
lym. Chem. Ed., in press. 

67, 43. 
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Table IV 
Polymerization of C, Alkynes 

catalyst activitya 
polymer MoC1,. WCl,. Mo(CO),- W(CO),- relative 

monomer MoC1, WC1, Ph,Sn Ph,Sn CCl,-hv CCl,-hv activity 10-~T?,,b color 

L L L H 
L H L H 

H H H H 

H H H H 

c ~ c - c - c - c - c  
C E  c- c-c-c 

I 
m c - c -  c-c 

I 

F c-c-c-c 
I - - - - - - - - - - - - - -  

0 0 :  H H 
0 0 :  L L 

c-c=c-c-c 0 o j  L H 

c- c 3  c- c- c-c 
c- c- c a c - c - c  

I 

Polymer yield: (H) high, (L) low, (0) zero to negligible. 

catalysts of MoC16 with suitable organometallics are also 
effective for the polymerization of 1-chloro-2-phenyl- 
acetylene, while MoC1, alone yields mainly oligomers.leb 

Large differences exist in the maximum molecular 
weight of the polymers of aromatic  acetylene^^^^^-^^ 
(Table 11). The polymers from the disubstituted ace- 
tylenes are white or only slightly colored. The electrical 
conductivities of all these polymers lie in the insulator 
rangelg (a = 10-18-10-14 Sscm-l). The unpaired electron 
density of poly(phenylacety1ene) is 1017-1018 spins-g-' 
and those of poly(1-phenyl-1-propyne) and poly(1- 
chloro-2-phenylacetylene) are practically undetectable 

spins-g-l). These findings contrast with the fact 
that polyacetylene is black, semiconductive (a = 
10+-10" S~cm-l),~ and paramagnetic ( lOI9  spins-g-l).m 
The properties of the polymers of disubstituted acety- 
lenes should be closely related to their highly twisted, 
sterically crowded main chain in which little conjugation 
of the double bonds can be expected. 

Polymerization of Aliphatic Acetylenes 
Since the Mo- and W-based catalysts were found 

effective for aromatic acetylenes, aliphatic acetylenes 
were then polymerized with these catalysts. To know 
the structurereactivity relationship, we employed all 
the seven isomers of aliphatic acetylenes having mo- 
lecular formula C6H10 (referred to as c6 alkynes).21 
Table IV leads to the following conclusions: (i) every 
Mo or W catalyst polymerizes all the terminal alkynes, 
(ii) MoC15.Ph4Sn and WC&.Ph4Sn are sufficiently active 
to polymerize the internal alkynes, and (iii) the relative 
activity of a Mo catalyst to ita W counterpart depends 
upon the monomer but not on ita ligand (i.e., chloride 
or carbonyl). It is to be noted that Ziegler catalysts can 
polymerize neither tert-butylacetylene nor the internal 
alkynes. 

Characteristics regarding the molecular weight and 
properties of the seven C6-alkyne polymes are as fol- 

(18) It is difficult to determine a of a million or above. The &&, 
of a polym-er formed by homogeneous polymerization is usually about 
twice ita M.. 

(19) The insulator, semiconductor, and conductor are defied as those 
that possess specific conductivities ( u )  of <lo*, 104-102, and > lo2 
S-cm:', respectively. 

Polym. Sci., Polym. Lett. Ed. 1979, 17, 263. 

J.  1982, 14, 371. 

(20) For example, see: Snow, A.; Brant, P.; Weber, D.; Yang, N.-L. J. 

(21) Masuda, T.; Kawasaki, M.; Okano, Y.; Higashimura, T. Polym. 

L H W > M o  4 orange 
L H W > M o  10 yellow 

H H Mo E W 20 light 

H H M o >  W 400 white 
yellow 

- - - - - - - - - - - - - - - - 
0 M o >  W 500 white 
0 W > M o  insol white 

I O  
I O  
I O  0 W >> Mo 10 white 
I 

Maximum molecular weights. 

Table V 
Polymerization of tert-Butylacetylene and 2-Hexynea 

polymer 
catalyst (concn, mM) yield, % monomer 

HC=C-t-Bu MoCl, (20)  100 301(@,) 

2-hexyne MoCl,.Ph,Sn ( 3 0 )  88 1120 (M,) 
HCkC-t-Bu WCl, (20)  92 54 ( B n )  

2-hexyne WCl;Ph,Sn (30)  57 200(M,) 
a Polymerized in toluene at 3 0  OC for 24 h, [MI, = 

1.0 M. 

I a2 I 

I I a1 

1 
160 140 120 1W 80 60 LO 20 0 

6 ( p p d  
Figure 1. 13C NMR spectra of two types of poly(tert-butyl- 
acetylenes) prepared under different conditions.22b 

lows.21 Poly(tert-butylacetylene) and poly(2-hexyne) 
have prominently high molecular weights among them 
(Table IV). This indicates that an adequate steric 
hindrance in the monomer is favorable or rather nec- 
essary for the formation of high polymers. Most poly- 
mers from the terminal akynes are colored, whereas 
those from the internal alkynes are white because the 
main chains are considerably twisted. All these poly- 
mers showed very low electrical conductivities ( 
S-cm-l or below). The unpaired electron densities of 
the polymers from tert-butylacetylene and the internal 
alkynes were too low to detect (<1015 spins-g-'). 

As described above, tert-butylacetylene and 2-hexyne 
form very high polymers. Examples of their polymer- 
ization are shown in Table V. tert-Butylacetylene can 
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be polymerized by both MoC15 and WCb; the former 
is more active.22 The geometric structure of poly- 
(tert-butylacetylene) can be evaluated by 13C NMR 
spectroscopy (Figure 1). Poly(tert-butylacetylene) 
obtained with MoC15 in oxygen-containing solvents 
(anisole, acetophenone, etc.) generally possesses the 
all-cis structure. It is important that the geometric 
structure can be regulated by such a judicious choice 
of polymerization conditions. 2-Hexyne is polymerized 
by MoC15.Ph4Sn and WClgPh4Sn, the former catalyst 
giving a very high polymer.23 Higher 2-alkynes (2- 
heptyne to 2-decyne) are similarly polymerized. On the 
other hand, the polymerization of symmetrical di- 
alkylacetylenes (3-hexyne, 4-octyne, and 5-decyne) is 
more effectively catalyzed by WCl6.Ph4Sn than 
MoC15-Ph4Sn to produce insoluble polymers.24 

Relationship to Olefin Metathesis and 
Polymerization Mechanism 

The olefin metathesis reaction expressed by eq 4 
proceeds best in the presence of W- and Mo-based 
catalysts.25 It is now generally accepted that metal 

2Rl-C=C-R2 Ri-C=C-Ri + R2--C=C-R2 
(4) 

carbenes (3) and metallacyclobutanes (4) mediate this 
reaction as shown in eq 5. If a cycloolefin is used for 

8' 
Rt-C-M C M  

I I  - lI..*.Il (5 )  
Rt-C=M 

R!-C=C--R2 R t - C - C - R Z  
- 

1 1  
Rt  R z  

3 ( M :  W , M o )  4 

this reaction, a polymer is formed26 (eq 6; called me- 
tathesis polymerization). The same reaction mechanism 
is assumed (eq 7). 

m c y c  

I 1  i 0 0 u 
m C - M  e WC ' ( 7 )  m C = M  

I I -  .* - 

For the following reasons, it is inferred that metal 
carbenes mediate the Mo- and W-catalyzed polymeri- 
zation of acetylenes as well as olefin metathesis: (i) 
identical catalysts (e.g., WC16*Ph4Sn,7v27 W(CO)6- 
CC14-hv9Jo) effect both olefin metathesis (including 
metathesis polymerization) and polymerization of ace- 
tylenes, (ii) isolated metal carbenes [Ph(CH,O)C=W- 
(COIF, and Ph2C=W(CO),] can induce not only olefin 
metathesis% but also polymerization of acetylenes,29 and 

(22) (a) Masuda, T.; Okano, Y.; Kuwane, Y.; Higashimura, T. Polym. 
J. 1980,12,907. (b) Okano, Y.; Masuda, T.; Higashimura, T. Ibid. 1982, 
14, 477. 

(23) Higashimura, T.; Deng Y.-X.; Masuda, T. Macromolecules 1982, 
15, 234. 

(24) Masuda, T.; Kuwane, Y.; Higashimura, T. Polym. J. 1981,13,301. 
(25) For reviews, see: (a) Grubbs, R. H. h o g .  Inorg. Chem. 1978,24, 

1. (b) Katz, T. J. Adu. Organomet. Chem. 1977, 16, 283. 
(26) For reviews, see: (a) Haines, R. J.; Keigh, G. J. Chem. SOC. Reu. 

1976,4,155. (b) Dall'hta, C. Rubber Chem. Technol. 1974,47,511. (c) 
Calderon, N. J. Macromol. Sci., Rev. Macromol. Chem. 1972, 8, 105. 

(27) Hein, P. R. J.  Polym. Sci., Polym. Chem. Ed. 1973, 11, 163. 
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(iii) the presence of tungsten dichlorocarbene in the 
w(co)6-cc14-hv system has been proved by the trap- 
ping method.30 It is possible and interesting to regard 
acetylenes as extreme members of cycloolefins, that is, 
two-membered rings in which the carbon chain con- 
necting the two sp2 carbons is replaced with a carbon- 
carbon single bond. 

According to the discussion above, the following 
propagation reaction involving metal carbenes (3) and 
metallacyclobutenes (5) can be depicted for the present 
polymerization: 

c+c 
-c t i  wC=.M -C-M C G C  II II (8) 

c-c I I -  : -  
C E C  c=c 
3 5 

We proposed this mechanism on the basis of the 
analogy between polymerization of acetylenes and olefin 
metathesisS6 Katz and Lee later supported it by po- 
lymerizing acetylenes with isolated metal carbenes.B If 
the metal-carbene mechanism is valid, then the prop- 
agation process involves cleavage of both a-bonds of the 
acetylenic monomer, and therefore the polymer struc- 
ture should, in a strict sence, be expressed by =(C- 
C=), and not by -(C=C-),. On the other hand, 
insertion of the monomer to alkenylmetals (6), that is, 
simple opening of one a-bond of the monomer, has been 
postulated as propagation reaction in the acetylene 
polymerization by Ziegler catalysts (eq 9).31 Thus there 

(9) 

are still many ambiguous aspects to be solved about 
polymerization mechanism. 

Features of Mo- and W-Based Catalysts and 
Polymers Formed Therewith 

Scheme I compares Mo- and W-based catalysts with 
Ziegler catalysts and polymers from sterically hindered 
acetylenes with polyacetylene. 

The Mo and W catalysts exploited by us are classified 
as follows: (i) MoC15, WC16, (ii) MoC15.Ph4Sn, WC16. 

w C = C - M  + C=C ImnrC=C-C=C-M 

6 (M: Ti, etc.) 

(28) (a) Katz, T. J.; Acton, N. Tetrahedron Lett. 1976,4251. (b) Katz, 

(29) Katz, T. J.; Lee, S. J. J. Am. Chem. Soc. 1980, 102, 422. 
(30) Gamier, F.; Krausz, P.; Rudler, H. J. Organomet. Chem. 1980, 

186, 77. 
(31) (a) Ikeda, S.; Tamaki, A. J. Polym. Sci., Part B 1966,4,605. (b) 

Ikeda, S.; Tamaki, A. IUPAC International Symposium on Macromo- 
lecular Chemistry Tokyo-Kyoto, 1966, Abstr. 1-124. 

T. J.; Lee, S. J.; Acton, N. Tetrahedron Lett. 1976, 4247. 
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Ph4Sn, and (iii) MO(CO)6-CCl4-hv, W(CO)~-CC~~-~V.  
The first group is active enough toward monosubsti- 
tuted acetylenes. Trace amounts of water and alcohols 
accelerate the polymerization$12 these may be essential 
for the formation of “a spectator oxo Cata- 
lysts of the second type polymerize not only monosub- 
stituted but disubstituted acetylenes as well. Organo- 
metallics other than Ph4Sn such as n-Bu4Sn, Et3SiH, 
and Ph4Bi are also useful as cocatalysts.leb These co- 
catalysts are considered to alkylate and reduce the 
transition metals to form active catalyst sites. The third 
type of catalysts yield high polymers, though most di- 
substituted acetylenes cannot be polymerized and the 
solvent is usually restricted to carbon tetrachloride. A 
tendency is observed as to the difference between Mo 
and W catalysts: Acetylenes having electron-with- 
drawing groups (l-chlor0-2-phenylacetylene~~ and pro- 
piolic acid33) are polymerized solely by Mo catalysts 
while those with electron-donating groups ((tri- 
methylsilyl)acetyleneN and ethoxyacetylene=) only by 
W catalysts. 

When comparison is made with Ziegler catalysts, one 
of the most important characteristics of Mo and W 
catalysts is that they can produce high polymers from 
sterically hindered acetylenes such as tert-butyl- 
acetylene and several disubstituted acetylenes. These 
catalysts, however, do not appear to be very active for 
the unsubstituted a ~ e t y l e n e . ~ ~  Consequently it is 
concluded that Mo and W catalysts are especially useful 
for the polymerization of sterically hindered acetylenes, 
wheras Ziegler catalysts like Ti (0-n-B~)~.4Et~Al  are 
useful for acetylene polymerization. Another interesting 
point is that Mo and W catalysts can polymerize some 
heteroatom-containing acetylenes (e.g., propiolic acid33 
and propargyl alcohoP7) toward which Ziegler catalysts 
are inactive. 

As seen in Scheme I, the polymers from tert-butyl- 
acetylene and several disubstituted acetylenes strikingly 
differ in property from polyacetylene. These unique 
properties originate from the presence of substituent(s) 
and the main chains being out of plane thereby. Among 
the properties, high oxidative stability and high solu- 
bility are two important ones that polyacetylene does 
not possess. The high stability is due to that unpaired 
electrons, which will cause polymer oxidation and 
degradation, do not exist on the main chain. These 
polymers dissolve completely in organic solvents such 
as toluene, and tough films can readily be prepared by 
casting polymer solution. 
Reactions and Applications of Polymers 

Reactions of the polymers from substituted acety- 
lenes can afford new polymers. Eq and llN dem- 
onstrate that the main chain of such polymers is re- 
active enough, leading new polymers (conversions do 

(32) Rappe, A. K.; Goddard 111, W. A. J. Am. Chem. SOC. 1982,104, 
448. 

(33) Masuda, T.; Kawai, M.; Higashimura, T. Polymer 1982,23,744. 
(34) Okano, Y.; Masuda, T.; Higashimura, T. Polymn. Prepr., Jpn. 

1982, 31(6), 1189; J. Polym. Sci., Polym. Chem. Ed., in press. 
(35) Masuda, T.; Kawasaki, M.; Higashimura, T., unpublished data. 
(36) (a) Voronkov, M. G.; Pukhnarevich, V. B.; Sushchinskaya, S. P.; 

Annenkova, V. Z.; Annenkova, V. M.; Andreeva, N. J. J. Polym. Sci., 
Polym. Chem. Ed. 1980, 18, 53. (b) Aldissi, M.; Linaya, C.; Sledz, J.; 
Schue, F.; Gird, L.; Fabre, J. M.; Rolland, M. Polymer 1982, 23, 243. 

(37) Kiyashkina, Z. S.; Pomogailo, A. D.; Kuzayev, A. I.; Lagodzin- 
skaya, G. V.; Dyachkovskii, F. S. J. Polym. Sci., Polym. Symp. 1980,68, 
13. 

(38) Masuda, T.; Ohtori, T.; Higashimura, T. Polym. J. 1979,11,849. 
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Figure 2. Gas permeability and selectivity of typical polymers 
and those from substituted acetylenes (25 “C). 

not necessarily reach 100%). Acetylenic polymers with 
hydrophilic groups are rather difficult to prepare di- 
rectly by the polymerization using Mo and W catalysts 
but can be obtained by reactions of side group(s) of 
polymers (e.g., eq 1239). 

1 BH,.THF 
- + C H = C +  - t - C H - C H - $ - & - C H = C ; 7 / 3  

I (10) 
OH Ph Ph 

I H202’oH- 

Ph 

+CH=C+ * f C H = C H ‘ - n / Z C H = C ‘ , n 1 2  (11) 
I -Me,SiCI 

SiMe3 
I 
SI  Me3 

+cx=c+ - k c x = c t  Br-  (12) 
L t C H 2 + B ‘  G C H Z  %N+Ets 

( X  = H, Br) 
Polymer degradation is a reaction in which the main 

change is molecular weight decrease. Among the film- 
forming polymers in our work, poly($-alkynes) readily 
undergoes degradation (A&: from lo5 to lo3) upon ir- 
radiation with y-rays in air to become soluble in polar 
solvents like acetone.40 Resists, which are defined as 
film-forming materials whose solubilities change by 
irradiation with UV light, electron beams, or X-rays, 
play an important role in the manufacture of large-scale 
integrated circuits?l It may be possible to utilize our 
polymes as “positive-working” resists. 

Though most polymers of substituted acetylenes are 
electrical insulators, doping with appropriate electron 
acceptors enhances their conductivity (e.g., eq 1342 and 
1443). Since the conductivity of poly(phenylacety1ene) 

fCH=C);r 12 doping = s.~,,,-’ (13) C = 1 0 - 4 s . c m - l  (14) 

appreciably increases even in the presence of certain 
gases (CO, C02, SO2, etc.), it has been investigated 
whether the polymer can apply to a low-cost early- 

AsFs doping 
Ph 1 

= 10-’5-10-1* ~ . ~ ~ - 1  

(39) Kawasaki, M.; Masuda, T.; Higashimura, T. Polym. J. 1983, 15, 
767. 

(40) Higashimura, T.; Masuda, T.; Yamaoka, H.; Matauyama, T.; 
Hay&, K. Abstracts of the 47th Vemal Meeting of the Chemical Society 
of Japan, 1983, 1377; Polym. Prepr., Jpn. 1983, 32(4), 422. 

(41) For a review, see: Steppan, H.; Buhr, G.; Vollmann, H. Angew. 
Chem. hat. Ed. Engl. 1982,21,445. 

(42) Cukor, P.; Krugler, J. I.; Rubner, M. F. Mukromol. Chem. 1981, 
182, 165. 

(43) Kang, E. T.; Bhatt, A. P.; Villaroel, E.; Anderson, W. A.; Ehrlich, 
P. J. Polym. Sci., Polym. Lett. Ed. 1982,20, 143. 
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warning fie-detection system.44 Poly(phenylacety1ene) 
absorbs lights of long wavelength to exhibit a photo- 
conductive property.45 

Membranes for oxygen enrichment have recently 
been the subject of intensive research.46 Poly(di- 
methylsiloxane) is famous for its highest permeability 
coefficient [P; cm3( STP).cm/ (cm2.s*cmHg)] to oxygen 
among those of the polymers so far examined (Po, = 6.0 
X Po,/PN, = 1.9). We found that some of the 
present polymers exhibited fairly high p e r m e a b i l i t i e ~ ~ ~ ~ ~  
(see Figure 2). Quite interestingly, poly[ 1-(tri- 
methylsily1)-l-propyne], which was prepared with 
halides of niobium (Nb) and tantalum (Ta) as catalysts, 
showed a value about 10 times larger than that of 
poly(dimethylsi1oxane) (Po, = (61 X 10-8)-(83 X 
Pq2/PN, = 1.7).48 The high gas permeability of poly- 
(dimethylsiloxane) has been attributed mainly to the 
large free volume resulting from the flexible backbone. 
Findings with the present polymers must be explained 
in other terms since the polymers are considerably rigid. 

(44) (a) Senturia, S. 0. NASA [Contract Rep.] CR 1976, NASA-CR- 
134764. (b) Byrd, N. D.; Sheratte, M. B. Ibid. 1976, NASA-CR-134885. 

(45) Kang, E. T.; Ehrlich, P.; Bhatt, A. P.; Anderson, W. A. Appl. Phys 
Lett.,  in press. 

(46) For reviews, see: (a) Lonsdale, H. K. J. Membr. Sei. 1982,10,81. 
(b) Pusch, W.; Walch, A. Angew. Chem., Int. Ed. Engl. 1982,21,660. (c) 
Strathmann, H. J. Membr. Sci. 1981, 9, 121. 

(47) Higashimura, T.; Masuda, T.; Okada, M. Polym. Bull. 1983, 10, 
114. _ _  .. 

(48) Masuda, T.; Isobe, E.; Higashimura, T.; Takada, K. J .  Am. Chem. 
SOC. 1983,105, 7473. 

Concluding Remarks 
In this account the effectiveness of Mo- and W-based 

catalysts for the polymerization of substituted acety- 
lenes has been examined. We claim that the present 
polymerization is, following olefin metathesis and me- 
tathesis polymerization, the third important reaction 
mediated by W and Mo carbenes. 

Recently it has been found that disubstituted acety- 
lenes are polymerized by organo-Nb(II1) and -Ta(III)49 
and by halides of Nb(V) and Ta(V).48i50 It is worth 
noting that the latter catalysts afford poly(l-phenyl-1- 
p r ~ p y n e ) ~ ~  and poly[l-(trimethylsilyl)-l-propyne]48 
whose molecular weights reach about one million. It 
is reported that acetylenes are polymerized by lan- 
thanide-containing catalysts as well.51 Thus the study 
on the polymerization of acetylenes will further ad- 
vance, promoted by the exploitation of novel catalysts. 

Only a few studies have been performed on the ap- 
plication of polymers from substituted acetylenes. We 
expect that useful functions will be developed. 

W e  are grateful to Professor John K. Stille a t  Colorado Sta te  
Universi ty  who urged us  t o  wri te  this  Account .  
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Commun. 1982, 1297. 
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Polym. Lett. Ed. 1982, 20, 411. (b) Shen, Z.-Q.; Farona, M. F. Polym. 
Bull. 1983, 10, 8. 
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Cyclopropane is conspicuous among alicyclic com- 
pounds by its similarity to olefins in its physical and 
chemical pr0perties.l Thus, three-membered carbo- 
cycles are known to effectively conjugate with unsatu- 
rated groups, are susceptible to attack by electrophiles, 
and are capable of undergoing nucleophilic ring opening 
when the ring is activated with strongly electron-with- 
drawing groups.'V2 In addition, the lability of cyclo- 
propanes to homolytic ring cleavages' and the high 
ability of cyclopropyl groups to stabilize adjacent 
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electron-deficient centers3 have been well-documented. 
These multifaceted features confer various interesting 
aspects on the chemistry of cyclopropyl derivatives. 
Among such reactions that are characteristic to cyclo- 
propyl derivatives, ring-opening cycloadditions with 
unsaturated compounds are of particular interest, since 
odd-membered ring compounds can be prepared from 
two fragments in a single operation. 

In the structural and geometrical isomerizations of 
cyclopropanes, trimethylene biradicals are commonly 
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