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Abstract

The catalytic activity of a series of group VIII transition metal chlorides and acetylides containing different phosphine
ligands: MLy(C=CGCsHs)2 and ML,Cl, (M = Co, Ni, Pd and Pt; L= PPh and PB4), towards polymerization of
p-diethynylbenzenept DEB) is examined. The transition metals exert important effect on the catalytic activity of these com-
plexes. The catalytic activity of these complexes falls in with the following order:@4 > Pd > Pt. The catalytic properties
of group VIII transition metal complexes are related to the electron configuration of metal elements. Cobalt and nickel chlo-
rides and acetylides were found to be novel and efficient initiating systems for the polymerizatidietdfynylbenzene. The
polymerization proceeds at room temperature to give soluble polymers with weight-average molecular weights as high as
2.2 x 10*in yields as high as 85%. The polymer obtained with these catalysts possessesansehtendedt-conjugated
polyene chain structure with the pendent groups-@H4C=CH. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction dled in dry and inert atmosphere. In contrast to early
transition metal system, late transition metal catalysts,
The research and development on organometallic €.g. the halides of nickel, palladium and platinum of-
catalysts for synthesis of polymers is an important ten dimerize, trimerize or oligomerize alkynes [3-5].
and attractive field in polymer science and industry.  Inrecentyears, late transition metal acetylides were
The catalytic systems based on early transition metal found to be effective catalysts for alkynes polymeriza-
complexes are extensively used for the polymerization tion. Russo and co-workers used nickel, palladium
of alkynes. For instance, the halides of molybdenum, and platinum acetylides containing triphenylphos-
tungsten, niobium and tantalum are most widely used phine ligand as catalysts for polymerization of alky-
to polymerize substituted acetylenes such as pheny-nes such as diethynylbiphenyl, ethynylfluorenal,
lacetylene [1,2]. This kind of catalysts are, however, ethynyltrimethylsilane, phenylacetylend¥,N-dimeth-
extremely air- and moisture-sensitive and must be han- ylamino-1-propyneN-benzylpropargylamine arido-
propenylacetylene to give polymers with molecular
"+ Corresponding author. Tek+86-10-62563063: weights of .5'00—}’6)' [6-9]. Kishimotq et al. reported
fax: +86-10-62569564. stereospecific living polymerization of pheny-
E-mail address: zhanxiaowei@sina.com (M. Yang). lacetylenes initiated by rhodium acetylides [10,11].
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To our knowledge, however, there have been no re-

ports concerning systemic study on the effect of tran-
sition metals on catalytic activity of these complexes
towards alkynes polymerization.

We have accomplished polymerization of propar-
gyl alcohol, p-diethynylbenzene ptDEB) and their
derivatives with transition metal acetylide catalysts
to give soluble polymers in high yields [12—-15]. We
found that nickel and palladium acetylides are capa-
ble of polymerizing both non-polar alkynes and polar
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NMR spectrum (CDG, tetramethylsilane as internal
standard) was obtained with a Varian Unity 200 MHz
NMR spectrometer at room temperatutéC NMR
spectrum was recorded in CDLbolution at room
temperature on a Varian Unity 200 MHz NMR spec-
trometer. Elemental analyses were carried out by
a Carlo Erba Model 1106 elemental analyzer. The
weight-average molecular weigh¥i,) and polydis-
persity index #,/Mp) of polymers were measured on
a PL-GPC Model 210 chromatograph at°& using

substituted acetylenes [16]. We discussed the effect THF as eluent and standard polystyrene as reference.

of ligands on catalytic activity of these acetylides
towards the polymerization of alkynes and the poly-
merization mechanism [17-19]. In this work, we
compare catalytic activity of Co, Ni, Pd and Pt chlo-
rides and acetylides containing phosphine ligands
towards polymerization of alkynes, and discuss influ-
ence of electronic structures of late transition metals
on catalytic properties of their complexes.

2. Experiments

2.1. Materials

Only analytical grade quality chemicals were used.
Diethyl amine was dried over Catand distilled under
N2 atmosphere prior to use. Diethyl ether was freshly
distilled from sodium benzophenone ketyl under nitro-
gen prior to use. Other solvents were dried with activa-
ted alumina. The alkyng-DEB [20] and the chlorides
such as Co(PRCl, [21], Co(PB4)2Cly [22],
Ni(PPhs)2Cl> [23], Ni(PBug)2Cl> [24], Pd(PPh)2Cl»
[25], Pd(PBu).Cly [26], Pt(PPR),Cl, [25] and
Pt(PBw)2Cl, [27] were prepared by literature meth-
ods or modifying reported procedures. The Ni, Pd
and Pt acetylides, i.e. Ni(PBh(C=CPh) [28],
Ni(PBuz)2(C=CPh) [29], Pd(PPB)2(C=CPh} [30],
Pd(PBu)2(C=CPh} [31], Pt(PPR)2(C=CPh) [32]
and Pt(PBy)2(C=CPh} [33] were prepared by liter-
ature methods or modifying reported procedures.

2.2. Measurements

Melting points were determined on a Yanaco
MP-500 melting point apparatus. FT-IR spectra
were taken on a Perkin-Elmer System 2000 FT-IR
spectrometer with Nujol mulls or KBr pelletsH

2.3. Catalyst synthesis

2.3.1. Co(PPh3)2(C=CPh),

A solution of Co(PPE)2Cl> (1 mmol, 654 mg) in
absolute diethyl ether (20 ml) was added dropwise to a
solution of KCG=CPh (2 mmol, 280 mg) in liquid am-
monia (20 ml), which was stirred for 10 h. After addi-
tion of NH4Cl (400 mg) and evaporation of NjH,O
(20ml) was added. A greenish-yellow solid formed
at the interface. This solid can be recrystallized from
methanol-acetone but with partial decomposition, and
the isolated product (416 mg, 53%) contains traces of
free phosphines: mp (decomposition), 265 FT-IR
(Nujol mull, cm1): 2089 (s, G=C); 695 (s, GHs);

538 (w, C—Co). Anal. Calcd. for CafgHsoP2: C,
79.48; H, 5.13. Found: C, 78.54; H, 5.37%.

2.3.2. Co(PBu3)2(C=CPh);

A solution of Co(PByg)2Clz (1 mmol, 534 mg) in
absolute diethyl ether (20 ml) was added dropwise to a
solution of KC=CPh (2 mmol, 280 mg) in liquid am-
monia (20 ml), which was stirred for 24 h. After addi-
tion of NH4Cl (400 mg) and evaporation of NjiH,O
(20 ml) was added. A greenish-yellow solid formed
at the interface. This solid can be recrystallized from
n-hexane to yield greenish-yellow crystals (293 mg,
44%): mp, 8T C. FT-IR (Nujol mull, cnm1): 2098 (s,
C=C); 693 (s, GHs); 568 (w, C—Co). Anal. Calcd.
for CoCygHe4P2: C, 72.16; H, 9.69. Found: C, 71.66;
H, 9.96%.

2.4. Polymerization

A typical polymerization procedure is as follows:
378 mg (3mmol) of sublimedp-DEB and 24 mg
(0.03mmol) of Co(PP$)2(C=CPh) were dissolved
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Table 1
Comparison of catalytic activity of PR¥tontaining transition metal chlorides towards {#EB polymerizatiof
Complex Temperature’C) Time (h) Yield (%) My x 1074 Mw/Mn
Co(PPhR),Cl; 25 3 0 — _
Ni(PPhg)2Cl2 25 6 81.2 1.5 1.8
Pd(PPB),Cl» 50 24 86.0 2.6 3.2
Pt(PPh),Cl, 60 24 0 — —

aConditions: [cat} = 0.01mol1; [M]g = 1.0mol I=1; HNEt/toluene= 1 (v/v).

in 1,4-dioxane (1.25ml) and toluene (1.25 ml) mixed
solvents. Under purified nitrogen atmosphere, the
polymerization proceeded at 26 for 3h. The re-
sulting polymer was precipitated by the addition of
methanol (100 ml), filtered from the solution, washed
with CH3OH, and dried in vacuum at room tempera-
ture for 24 h to give orange powder. Other polymer-
izations were carried out analogously.

3. Results and discussion

Late transition metals exhibit significant influence
on catalytic activity of their chlorides containing
phosphine ligands towards theDEB polymeriza-
tion. Table 1 lists the results for the polymerization of
p-DEB in HNEb/toluene mixed solvents initiated by
group VIII transition metal chlorides containing PPh
ligands. Co(PP4)2Cl, can not polymerizep-DEB
because this complex is decomposed by HN&t
room temperature. Ni(PRBJ»Cl, polymerizesp-DEB
efficiently; the polymer yield reaches 81% when the
polymerization is carried out at room temperature.
The weight-average molecular weight and polydis-
persity index of the polymer are8 x 10* and 1.8,
respectively. The polymerization with Pd(P4CI,
catalyst does not occur at 26, while the yield at

50°C is as high as 86% antl,, of the polymer
reaches B x 10°. Pt(PPR),Cly is completely inef-
fective at 60°C. Thus, the order of catalytic activity
of these complexes is as follows: Ni(PHCly >
Pd(PPR)2Cly > Pt(PPR),Cls.

Table 2 further compares the catalytic activity
of these late transition metal chlorides containing
PBu ligands. In contrast to the cobalt chloride
with triphenylphosphine ligand, the cobalt chloride
with tributylphosphine ligand, i.e. Co(PB)Cl2
can efficiently initiate thep-DEB polymerization
even at room temperature to give soluble poly-
mers in 73% vyield with aM, of 1.2 x 10%
Butyl belongs to the electron-donating group, while
phenyl is the electron-withdrawing group. Thus,
PBuw; shows greater basicity and-related donat-
ing ability than PP}, increasing the electron cloud
density of nickel-phosphorus bond and then in-
creasing the stability of the complex. Therefore,
Co(PBw)2Clo is more stable than Co(PBBCI; in
HNEt,. Ni(PBw)2Clo can not initiate thep-DEB
polymerization at 25C, while the yield and molec-
ular weight of the polymer obtained at 50 are
comparable (yield 51%\,, 1.6 x 10%). On the other
hand, Pd(PBg)>Cl, and Pt(PBuy)2Cl, exhibit no
catalytic activity towards the alkyne polymerization
under tested conditions. Thus, the catalytic activity

Table 2

Comparison of catalytic activity of PBecontaining transition metal chlorides towards f#®EB polymerizatioft

Complex Temperature’C) Time (h) Yield (%) My x 1074 Mw/Mp
Co(PB&),Cly 25 10 73.1 1.2 2.3
Ni(PBug)2Cl> 50 24 51.2 1.6 25
Pd(PB),Cl, 60 24 0 - -
Pt(PBw),Cl» 60 24 0 - -

aConditions: [cat} = 0.01mol1; [M]g = 1.0mol I=1; HNEt/toluene= 1 (v/v).
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Table 3

Comparison of catalytic activity of PR¥tontaining transition metal acetylides towards ftRBEB polymerizatioft

Complex Solvent TemperaturéQ) Time (h) Yield (%) My x 1074 Mw/Mp
Co(PPh)2(C=CCsHs)2 dioxane/toluene 25 3 82.0 2.0 2.2
Ni(PPh)2(C=CCsHs)2 dioxane/toluene 25 3 71.5 1.7 2.3
Pd(PPh)2(C=CCsHs)2 pyridine 60 18 75.7 1.5 2.9
Pt(PPh),(C=CCsHs)2 pyridine 60 24 0 - -

aConditions: [cai} = 0.01 molL; [M]o = 1.0mol I"1; dioxane/toluenel (v/v).

of PBus-containing transition metal chlorides follows
the sequence: Co(PBiCl, > Ni(PBws)2Cly >
Pd(PBw)2Clo and Pt(PBy)2Cl>.

To discuss the effect of late transition metals on
catalytic properties of complexes, we further exam-
ine the p-DEB polymerization in the presence of
Co, Ni, Pd and Pt acetylides containing phosphine
ligands. Table 3 presents the results for RBEB
polymerization initiated by these acetylides contain-
ing triphenylphosphine ligand. The polymerization
initiated by cobalt and nickel acetylides with BPh
ligand can proceed in 1,4-dioxane/toluene at@50
give high yields (>70%) and high molecular weights
(My > 1.7 x 10%). Palladium and platinum acetylides
with PPh ligand can not polymerizp-DEB at 25°C.
Pd(PPR)2(C=CCgHs)2 polymerizesp-DEB in pyri-
dine at 60°C to afford polymers in 76% yield withlyy
of 1.5 x 104, while Pt(PPR)>(C=CCsHs)> shows no
catalytic activity under the same conditions. Clearly,
the catalytic activity of PPhcontaining transition
metal acetylides decreases in the following order:
Co(PPh)2(C=CCgHs), and Ni(PPR)2(C=CCgHs)>
>Pd(PPB)2(C=CC¢Hs)2 > Pt(PPR)2(C=CCg¢Hs)>.

Table 4 further compares the catalytic activity of
these late transition metal acetylides containing £Bu
ligands. Co(PBg)2(C=CCsHs)2 can efficiently initi-
ate thep-DEB polymerization in DMSO even at room
temperature to give soluble polymers in a high yield

up to 85% with a highvl,, up to 22 x 10*. Thep-DEB
polymerization initiated by Ni(PB)2(C=CCsH5s)2
in DMSO can not proceed at room temperature, but
can efficiently at 60C and the yield andM,, of the
polymers approach 90% andé2x 10%, respectively.
In contrast to Co and Ni acetylides with PBligand,
Pd(PBu)2(C=CCsHs)> and Pt(PBg)2(C=CCsHs)
show no activity towards the-DEB polymerization
in pyridine at 60°C. Therefore, the catalytic activ-
ity of PBug-containing transition metal acetylides
follows this order: Co(PBg)2(C=CCsHs)2 >
Ni(PBug)2(C=CCsHs)2 > Pd(PBu)2(C=CC¢Hs)2
and Pt(PBy)2(C=CCsHs)2.

The polymerization of ethynylfluorenol, ethynyltri-
methylsilane, phenylacetylene aNebenzylpropargy-
lamine initiated by platinum acetylides containing
PPh ligand proceeded only at high temperature
(>80°C) for a long reaction time (100 h) to produce
polymers with low molecular weights<1500) in low
yields (0-75%) [3,7,9,34], which also gives the evi-
dence that platinum complexes exhibit very low cat-
alytic activity. On the other hand, polymerization of
phenylacetylene in the presence of rhodium acetylide
containing PP# ligand proceeded rapidly at room
temperature, resulting in formation of stereospecific
polyphenylacetylene with a high molecular weight
(Mn = 14,900) and a narrow molecular weight distri-
bution My/M, = 1.15) in a high yield (97%) [11],

Table 4

Comparison of catalytic activity of PBecontaining transition metal acetylides towards fRBEB polymerizatiod

Complex Solvent TemperaturéQ) Time (h) Yield (%) My x 1074 Mw/Mn
Co(PBuw)2(C=CCsHs)2 DMSO 25 9 84.7 2.2 24
Ni(PBug)2(C=CCsHs)2 DMSO 60 9 90.4 2.6 2.6
Pd(PBuy)2(C=CGCsHs)2 pyridine 60 48 0 - -
Pt(PBuw)2(C=CCgHs)2 pyridine 60 48 0 - -

aConditions: [ca} = 0.01 molI-L; [M]¢ = 1.0mol -1,
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indicating rhodium complex possesses higher activity
than palladium and nickel complexes.

The catalytic activity of group VIII transition metal
chlorides and acetylides towards polymerization of
p-DEB is related to the electron configuration of the
corresponding metal atoms. The catalytic activity of
these complexes decreases with increasing the elec-
tron shell layers of the corresponding metal elements.
For transition metals in the same period of the pe-
riodic table, the catalytic activity of the complexes
decreases with increasing the electron numbers in the
outer shell of the metal elements. Moreover, the activ-
ity of transition metal complexes may be related to the
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Fig. 2. 'H NMR spectrum of PDEB.

first ionization potential of the corresponding metal
elements. The ionization potentials of Ni, Co, Pd and

Pt are 7.63, 7.88, 8.33 and 9.00 eV, respectively. The 1603 cni* (vc=c), confirming formation of extended

catalytic activity of these transition metal complexes
towards thep-DEB polymerization decreases in the
following order: Co> Ni > Pd > Pt. Thus, except
for Co, the greater ionization potential the metal ele-
ment, the lower activity the corresponding complex.

Poly(p-diethynylbenzene) (PDEB) prepared is an
orange powder. It is soluble in THF, CHClnd
toluene. The elemental analysis values of PDEB
obtained with Co(PBg)2(C=CCsHs), catalyst are
consistent with the theoretical ones. Anal. Calcd. for
(C10H6)n: C, 95.24; H, 4.76. Found: C, 94.65; H,
4.91%.

The IR spectrum of PDEB obtained with Co(PHu
(C=CGCgH5s)2 catalyst is given in Fig. 1. The IR

w-conjugated system, but still shows the presence of
a ve=c band at 2106 cm! and avc=c_y band at
3293 cntl, indicating the presence of a great number
of triple bonds in the polymer. Moreover, absorptions
characteristic oftrans structure (1250, 1018, 970,
910cnt?) [35,36] were observed for PDEB, while
ones ofcis structure (1380, 870, 740 cth) [35,36]

are very weak or absent. Thus, it is evident that PDEB
has a richtrans structure.

The richirans extended w-conjugated polyene
chain structure with the pendent groups BCsH4
C=CH is further confirmed by'!H NMR (Fig. 2)
and3C NMR spectra (Fig. 3). The strong and broad
signal from 7.0 to 8.0 ppm can be assigned to aro-

spectrum shows the characteristic absorption band atmatic protons. The peaks at 2.8-3.3ppm are due to

8 /Y’
hf‘

8 S
b=} i
E -"IVM
(7]
c
©
=

3800 3000 2000 1500 1000 500

Wavenumber (cm-1)

Fig. 1. IR spectrum of PDEB.

the protons of the pendent ethynyl groups. It is worth
noticing that the signal at 5.82 ppm, assignectito
polyenic protons [37], is absent, and that the signal

J}\w .

I Il ) h r rt 3 Iy rt A st

Ay

20 ppm

140 120 100 80 60 40

Fig. 3.13C NMR spectrum of PDEB.
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Fig. 4. The chemical structure of PDEB.

at 6.85 ppm, assigned toans polyenic protons [37]
is comparatively strong. The ratio of olefinic and
aromatic protons to ethynylic protons is nearly equal
to 8:1, so more than one triple bond per monomer is
opened during the polymerization, because the the-
oretical ratio should be 5:1 if only one acetylenic
group per monomer molecule participated in the
polymerization. The peak at 127 ppm is attributed to
CH group oftrans vinylene units in analogy with
poly(phenylacetylene) [38]. The carbon signals from
the ethynyl groups are at 83 and 79 ppm.

Therefore, the IR'H and!3C NMR spectra support
the expected structure of PDEB shown in Fig. 4.

Although the type of catalysts affects the yields and
molecular weights of the polymers, the chemical struc-
ture of the polymers remains unchanged by varying
the transition metals and phosphine ligands of the cat-
alysts.

4. Conclusions

Group Vlll transition metal chlorides and acetylides
containing phosphine ligands are novel and efficient
initiating systems for th@-DEB polymerization. The
polymerization of p-DEB initiated by these com-
plexes proceeds under mild conditions to give soluble
polymers with high molecular weights in high yields.
The transition metals exert important effect on the
catalytic activity of the complexes, but hardly affect
the structure of the polymers. The catalytic activity
of these complexes falls in with the following order:
Co > Ni > Pd > Pt. The catalytic properties of
group VIII transition metal complexes are related to
the electron configuration of metal elements. PDEB
obtained with these catalysts possesses atrais
extendedm-conjugated polyene chain structure with
the pendent groups @CgH4C=CH.
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