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Abstract

A coordination insertion mechanism is proposed for the polymerization of alkynes initiated by transition metal acetylides
on the basis of some experimental results. A transition metal acetylide coordinates with an alkyne resulting in the formation
of a penta-coordinated complex, which is a preliminary activation and rate-determining step. The polymeric chain begins
by insertion of themw-coordinated monomer molecule into the metal—carbelbond. For large-bulk monomers such as
p-diethynylbenzene and its derivatives, the insertion is alrmasttype to give richtrans polymers. On the other hand, for
small-bulk monomers such as phenylacetyleignsertion easily occurs to yield cyclotrimers. The propagation of the polymer
chain can be interrupted when tlvebonded monomer transfers its acidic hydrogen to the growing chain. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction rare earth catalysts are inactive towards polymer-
ization of polar alkynes such as propiolic acid and
Polyacetylenes possess alternating double bondspropargyl alcohol (OHP). Although Mog€l could
along the main chain. This structure often endows polymerize not only non-polar alkynes such as
them with the following characteristics: conductivity, t-butylacetylene, but also polar alkynes like propiolic
photoconductivity, optical nonlinear susceptibility, acid, the molecular weights of the polar polymers
magnetic susceptibility, chirality, liquid crystallinity, ~were low (<2000) [9]. In recent years, transition
solvatochromism, self-organization, humidity sensi- metal acetylides were found to be effective catalysts
tivity, photoluminescence and electroluminescence for alkynes polymerization. Russo et al. used nickel,
[1-5]. The polymerization of substituted acetylenes palladium and platinum acetylides containing triph-
was initiated by various catalysts: Ziegler cata- enylphosphine ligand as catalysts for polymerization
lysts [6], rare earth catalysts [7], molybdenum- and of alkynes such as diethynylbiphenyl, ethynylfluo-
tungsten-based catalysts [8]. However, Ziegler and renol, ethynyltrimethylsilane, phenylacetylene (PA),
N,N-dimethylamino-1-propyne N-benzylpropargyla-

—_— mine and isopropenylacetylene to give polymers with
* Corresponding author. Tel86-571-7952444;

fax: +86-571-7952444. molecular weights of 500—fQ10—.1_5]..K.ishimoto anq
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yangmj@cmsce.zju.edu.cn (M. Yang). tion of phenylacetylenes using RHECCsHs)(nbd)-
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[PPhg]2 [16,17]. We have synthesized a series of
nickel and palladium acetylides, and employed these
complexes to initiate polymerization of not only polar

alkynes such as OHP and its esters but also hon-polarElectron donors

alkynes like p-diethynylbenzene ptDEB) and its
derivatives [18-25]. In the present work, we proposed
a coordination insertion polymerization mechanism
for polymerization of alkynes initiated by transition
metal acetylides on the basis of some experimental
results.

2. Experiments

2.1. Materials

Only analytical grade quality chemicals were
used. OHP was distilled under nitrogen at re-
duced pressure. Phenylacetylene (Aldrich) and
diphenylacetylene (Aldrich) were used as pur-
chasedp-DEB [26], HC=CCgH4C=CCgH5 [22] and
Ni(PPh)2(C=CCgH4C=CH), [27] were prepared by
literature methods.

2.2. Measurements
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Table 1
Effect of electron donors op-DEB polymerization initiated by
Ni(PPh)2(C=CCsH4C=CH),2

Yield (%) My x 1074 Mw/Mp,
— 67.7 1.1 1.6
EtOH 77.0 2.7 8.6
NEt3 88.4 2.4 8.2
H,O 54.8 1.4 5.9
Hydroquinone 60.0 1.0 1.6

aCatalyst concentration: [cat]= 0.01 mol/l; monomer con-
centration: [Mp = 1.0mol/l; 1,4-dioxane/toluene= 1 (volume
ratio); 25C; 5h.

b Electron donor/catalyst 5 (mole ratio).

3. Results and discussion

Table 1 shows effect of some electron donors
on p-DEB polymerization initiated by Ni(PRhp
(C=CCgH4C=CH),. It was observed thap-DEB
polymerization could not be suppressed by hydro-
quinone. Moreover, the free radical signal did not ex-
ist at the initial stage of the polymerization confirmed
by ESR measurement. The above results demonstrate
that the polymerization did not proceed by a radical
mechanism [28].

The addition of NE§, EtOH and HO exhibits no

Electron spin resonance (ESR) measurements wereinhibitory effect on the polymerization. On the other

carried out on a JES-FEIXG ESR spectrometer. The
weight-average molecular weigh¥l{,) and polydis-
persity index My /Mp) of polymers were measured on

a PL-GPC Model 210 chromatograph at°@5using
THF as eluent and standard polystyrene as reference

2.3. Polymerization

All procedures for polymerization were carried
out under purified nitrogen atmosphere. A typical
polymerization procedure is as follows: into a 30 ml
well dried ampoule, Ni(PPH2(C=CCgH4C=CH),
(0.04 mmol, 33.3mg), 1,4-dioxane (0.6ml) and
toluene (0.6 ml) were added, shaken to obtain a homo-
geneous solution, and then OHP (1.4 mmol, 0.8 ml)
was added. After the mixture stood at°€@Dfor 48 h,
methanol (2ml) was added to dissolve the resulting
polymer and then precipitated as a brown powder
by the addition of acetone. The polymer was filtered
from the solution, washed with acetone, and dried
under vacum at room temperature for 24 h.

hand, the overall activation energy is high [29], and
not in the range expected of ionic-type polymerization.
So the polymerization shows no cationic or anionic
polymerization characteristics [30,31].

. The catalytic activity of transition metal acetylides

is improved by the addition of electron donors such
as EtOH and NEt The polymers obtained possess
a rich trans conjugated polyene structure [29], indi-
cating the polymerization shows stereospecific char-
acteristics. One can presume that the polymerization
follows a coordination mechanism [32,33].

The phosphine ligands bonded to the metal
atom play an important role on the catalytic prop-
erties of these complexes. The poor -catalytic
activity of Ni(PBw)2(C=CCsH4C=CH), and
Ni(Ph,PCH,CH,PPh)(C=CCsH4C=CH); is related
to the great steric hindrance of 1,2-bis(diphenyl-
phosphino)ethane bridging ligand and of RBu
ligand due to the long chain af-butyl group [24].
The nickel acetylides Ni(PB)(C=CR), contain-
ing small-bulk alkynyl ligands show higher catalytic
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Table 2
Polymerization of alkynes with different steric hindrance by Ni(PRC=CCsH4,C=CH), catalyst
Monomer Temperature’C) Time (h) Yield (%) My x 1074 Mw/Mn
PhG=CPh 60 24 0 - -
HC=CCsH4C=CH 25 3 74.3 14 2.4
HC=CC¢H4C=CCsHs 60 24 63.4 0.9 21

a1,4-Dioxane/toluene- 1 (volume ratio); [M} = 1.0 mol/l; [catp =

activity than those containing large-bulk alkynyl
ligands [24]. Table 2 shows the results of poly-
merization of different alkynes in the presence of
Ni(PPh)2(C=CCgH4C=CH),. The polymerization

activity of p-DEB derivative is lower than that of

p-DEB due to it's greater steric repulsion. Transition
metal acetylides could not initiate the polymerization

0.01 mol/l.

electronic properties of ligands [24,25]. The catalytic
activity of these complexes is dependent on activity of
metal—carbon bonds. Considering the important role
of metal-carbon bond in transition metal acetylides,
one can infer that initiation and propagation reactions
are carried out through inserting of the monomers into
metal—carbormr-bonds with the preliminary activation

of disubstituted acetylenes such as diphenylacety- at the expense af-complex formation.

lene because of the great steric hindrance of internal

The molecular weights and polydisperity index

alkynes. The above results show the steric hindrance (My/Mp) of the polymer decreases with increas-

of the monomers and the ligands of the initiators is
unfavorable to the polymerization. It is inferred that
the coordination of triple bonds in the monomers with
the metal atoms in the catalysts and theomplex
formation is a preliminary activation step necessary to
the catalytic polymerization. The steric repulsion pre-
vents the coordination and thecomplex formation.
Nickel acetylide exhibits much higher catalytic ac-
tivity than nickel chloride [22,24]. On the other hand,
p-DEB polymerization with Ni(PP¥2(C=CCsH4
C=CH); catalyst could not proceed in carbon dioxide
atmosphere [29], which may be owing to that carbon
dioxide could insert into nickel-carbon bond and co-
ordinate with nickel to form a stable complex [34], so
that p-DEB cannot insert into nickel-carbon bond to

ing the monomer concentration, indicating chain
transfer to the monomer probably occurred dur-
ing the polymerization of p-DEB initiated by
Ni(PPh)2(C=CCgH4C=CH), [35].

The results of polymerization of different alkynes
in the presence of Ni(PBp(C=CCszH4C=CH), are
listed in Table 3. PA and OHP show high reaction
activity in 1,4-dioxane/toluene at 6Q, and the reac-
tions are in some cases instantaneous and explosive.
Although the polymerization systems exhibit high re-
action activity, the yields and molecular weights of the
linear polymers are low, and the cyclotrimers were ob-
tained, which is similar to the literatures [36,37]. On
the other hand, polymerization ptDEB produces a
linear polymer in a high yield.

propagate. So it is presumed that nickel-carbon bond According to the results and discussion above,
is a key factor to catalysis. The alkynyl ligands bonded the following polymerization mechanism (Scheme 1)
to the palladium atom exert an influence on the cat- can be depicted for the polymerization of alkynes
alytic activity of these complexes, which is related to initiated by transition metal acetylides. A transition

Table 3

Comparison of polymerization gi-DEB, PA and OHP initiated by Ni(PRr(C=CCsH4C=CH),?

Monomer [caty (mol/l) [M]o (molfl) Temperature°C) Time (h) Yield (%) My x 1073 Mw/Mp
p-DEB 0.01 1.0 25 3 74.3 14.0 2.4
PA 0.02 3.0 60 64 14.8 4.3 14
OHP 0.02 7.0 60 48 8.3 5.4 1.6

2In 1,4-dioxane/toluene- 1 (volume ratio).
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Scheme 1. Polymerization mechanism of alkynes by transition metal acetylide catalysts.;PPBB) PhPCH,CH,PPh; L: C=CR,
Cl; M: Ni, Pd.

metal acetylide coordinates with an alkyne resulting in the reaction sequence is probably the formation
in formation of a penta-coordinated complex. The of the penta-coordinated complex [39]. The poly-
complex involvesm-complex formation between the meric chain begins by insertion of thecoordinated
triple bond and theo, orbital of the metal atom, the  monomer molecule into the metal—carhe#oond. For
z-axis goes through the center of the triple bond, and large-bulk monomers such @sDEB and its deriva-
the alkyne molecule lies roughly parallel to the plane tives, the insertion almost isanstype to give rich

of the complex [38]. The slow rate-determining step trans polymers since the steric repulsion from the R
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Scheme 2. Cyclomerization mechanism of alkynes by transition metal acetylide catalysts.

group is unfavorable tais insertion. The growth of 4. Conclusions

the chain is interrupted when thebonded monomer

transfers its acidic hydrogen to the propagating chain, The polymerization of alkynes initiated by transi-
regenerating the starting complex. For small-bulk tion metal acetylides follows a coordination insertion
monomers such as PAijs insertion could occur to  mechanism. Polymers can be formed by the insertion
yield cyclotrimers as shown in Scheme 2. of monomers into metal-carbom-bonds with the
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preliminary activation at the expense efcomplex
formation, which may be rate-determining step. Steric
hindrance exerts a significant influenceasor trans
insertion, resulting in cyclotrimerization or linear
polymerization, respectively. The propagation of the
polymer chain can be interrupted when tiidoonded
monomer transfers its acidic hydrogen to the growing
chain.

Acknowledgements

We gratefully acknowledge financial support by
National Natural Science Foundation of China.

References

[1] J.C.W. Chien, Polyacetylene, Academic Press, New York,
1984.

[2] E. Yashima, K. Maeda, Y. Okamoto, Nature 399 (1999)
449,

[3] K. Akagi, G. Piao, S. Kaneko, K. Sakamaki, H. Shirakawa,
M. Kyotani, Science 282 (1998) 1683.

[4] X.W. Zhan, M.J. Yang, Z.Q. Lei, Y. Li, Y.Q. Liu, G. Yu,
D.B. Zhu, Adv. Mater. 12 (2000) 51.

[5] E. Yashima, T. Matsushima, Y. Okamoto, J. Am. Chem. Soc.
117 (1995) 11596.

[6] C.I. Simionescu, V. Percec, Prog. Polym. Sci. 8 (1982) 133.

[7] MJ. Yang, X.W. Zhan, J. Zhao, Z.Q. Shen, J. Polym. Sci.
Part A: Polym. Chem. 33 (1995) 1873.

[8] T. Masuda, H. Higashimura, Acc. Chem. Res. 17 (1984) 51.

[9] T. Masuda, M. Kawai, T. Higashimura, Polymer 23 (1982)
744.

[10] M.V. Russo, A. Furlani, P. Altamura, I.
Polzonetti, Polymer 38 (1997) 3677.

[11] M.V. Russo, A. Furlani, M. Cuccu, G. Polzonetti, Polymer
37 (1996) 1715.

[12] A. Bolasco, F. Chimenti, A. Frezza, A. Furlani, G. Infante, E.
Muraglia, G. Ortaggi, G. Polzonetti, M.V. Russo, G. Sleiter,
Polymer 33 (1992) 3049.

[13] M.V. Russo, G. lucci, G. Polzonetti, A. Furlani, Polymer 33
(1992) 4401.

Fratoddi, G.

X. Zhan, M. Yang/Journal of Molecular Catalysis A: Chemical 169 (2001) 57-62

[14] A. Furlani, M.V. Russo, Appl. Organomet. Chem. 4 (1990)
319.

[15] A. Furlani, R. Paolesse, M.V. Russo, Polymer 28 (1987) 1221.

[16] Y. Kishimoto, T. Miyatake, T. lkariya, R. Noyori,
Macromolecules 29 (1996) 5054.

[17] Y. Kishimoto, P. Eckerle, T. Miyatake, T. Ikariya, R. Noyori,
J. Am. Chem. Soc. 116 (1994) 12131.

[18] M.J. Yang, H.M. Sun, Acta Polym. Sinica (2000) 161.

[19] M.J. Yang, Y. Li, X.W. Zhan, M.F. Ling, J. Appl. Polym.
Sci. 74 (1999) 2010.

[20] M.J. Yang, M. Zheng, A. Furlani, M.V. Russo, J. Polym. Sci.
Part A: Polym. Chem. 32 (1994) 2709.

[21] X.W. Zhan, M.J. Yang, H.M. Sun,
Commun. in press.

[22] X.W. Zhan, M.J. Yang, Macromol. Rapid Commun. 21 (2000)
1263.

[23] X.W. Zhan, M.J. Yang, H.M. Sun, Catal. Lett. 70 (2000) 79.

[24] X.W. Zhan, M.J. Yang, J. Mol. Catal. A: Chem., in press.

[25] X.W. Zhan, M.J. Yang, H.M. Sun, J. Mol. Catal. A: Chem.,
in press.

[26] A.S. Hay, J. Org. Chem. 25 (1960) 637.

[27] R. Nast, A. Beyer, J. Organomet. Chem. 204 (1981) 267.

[28] G.C. Eastmond, in: H.F. Mark, N.G. Gaylord, N.M. Bikales
(Eds.), Encyclopedia of Polymer Science and Technology,
Vol. 7, Free-radical Polymerization, Wiley-Interscience, New
York, 1967, pp. 361-431.

[29] X.W. Zhan, M.J. Yang, Chinese J. Polym Sci, in press.

[30] P.H. Plesch, The Chemistry of Cationic Polymerizations,
Pergamon Press, New York, 1963.

[31] M. Morton, Anionic Polymerization, Academic Press, New
York, 1983.

[32] 3. Boor Jr., Ziegler-Natta Catalysts & Polymerization,
Academic Press, New York, 1979.

[33] A.D. Jenkins, A. Ledwith, Reactivity, Mechanism and
Structure in Polymer Chemistry, Wiley, New York, 1974.

[34] V.A. Zakharov, G.D. Bukatov, N.B. Chumaevshii, Yu.l.
Yermakov, React. Kinet. Catal. Lett. 1 (1974) 247.

[35] X.W. Zhan, X.Z. Xu, M.J. Yang, S.Y. Lu, Acta Polym. Sinica
(1998) 709.

[36] A. Furlani, M.V. Russo, P. Bicev, Gazz. Chim. Ital. 107 (1977)
517.

[37] P. Bicev, A. Furlani, M.V. Russo, Gazz. Chim. Ital. 110 (1980)
25.

[38] L.S. Meriwether, M.F. Leto, E.C. Colthup, G.W. Kennerly, J.
Org. Chem. 27 (1962) 3930.

[39] J.H. Nelson, H.B. Jonassen, Coord. Chem. Rev. 6 (1971) 27.

Macromol. Rapid



