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In this work are described the reactions of the quadruply bonded ditungsten complexes Nas[W, Clg(THF)x]
(1) and [W,Cl4(PMe3)4] (2), which contain the W,** core and have the o2m*3? electronic configura-
tion, as well as of the mononuclear [WCl4(THF);] (3) with alkynes R'C=CH, R2C=CR? (R' =Ph (4), "Bu,
Bu, MesSi, C1oH7 (naphthyl), C;;Hg (biphenyl); RZ=R3=Me, R2=Me, R3*="Pr; R?>=R3=Et; R?>=Ph, R3=Me;
R?=Ph, R®=Et; R?=R3=Ph; R?=R3=Ac0). Complex 1 acts as an efficient single-component initiator for the
homogeneous or heterogeneous high-yield polymerization of monosubstituted alkynes. The reaction is

Ilfz{;vrgzis;ati on very fast in CH,Cl, or heterogeneously and slow in THF. The yield is not significantly affected by the bulk of
Metathesis the alkyl substituents. The reaction is not so efficient with internal alkynes, and is limited to those bearing
Alkynes the less sterically demanding substituents. Polymerization of 4 in THF shows that the reaction comprises
Ditungsten three distinct steps. The first is very fast (t =3 min), with consumption of nearly half of 4 (ca. 42%), produc-

ing Poly(4). The polymer formed is degraded equally fast regenerating 4 (ca. 23%) and oligomeric species
(Mp <1000). Subsequent polymerization is slower and complete within 8 h. Direct evidence for the meta-
thetical mechanism of the polymerization was obtained by the in situ examination of the above reaction
by '"H NMR at various temperatures. In contrast, complex 2 alone or activated with EtAICl; is unreactive

Quadruple bond

towards 4, whereas 3 produces Poly(4) in small yield (20%) and very broad polydispersity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polymerization of alkynes with transition metal complexes has
been studied thoroughly because of the unique physicochemical
properties of the polyacetylenes (conductivity, ferromagnetism,
non-linear optical properties, and permeability) that make them
promising materials for several applications [1-3].

The reaction is catalyzed mainly by different mononuclear tran-
sition metal catalysts based on Ru, Rh, Ir, Ni, Pd, and especially
on Mo and W [4,5]. There is extensive literature for the latter
and several general classes of compounds have been identified.
These include: (i) high-oxidation state metal halides, e.g. MoCls and
W(Clg; (ii) high-oxidation state halides activated by co-catalysts, e.g.
WoClg/SnPhy4, MoCls/SnBuy; (iii) UV-irradiated solutions of metal
carbonyls in a halogenated solvent, e.g. M(CO)g/CCly, M=Mo, W;
(iv) alkylidyne or alkylidene complexes of Mo and W formed in
situ, as in the cases of (i)-(iii), or discreet ones including the well-
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defined Schrock catalysts. Conversely, alkylidynes can be formed
by the metathesis of My complexes containing M2M (n=3) bonds,
and an alkyne’s C=C bond [6].

Although some dinuclear complexes containing M?M multi-
ple bonds (n=2 or 3), e.g. [M,Clg(tht);] (tht = tetrahydrothiophene,
M=Nb, Ta [7], and Mo [8]), and [M>(OR)g] (M =Mo, R=IPr, ‘Bu,
and neopentyl; M=W, R={BuMe,SiO [9,10] are capable of induc-
ing metathesis, cyclotrimerization and polymerization of certain
alkynes, there is very little information on analogous reactions con-
taining MM bonds [11].

The only known examples include: (a) the Moy** complexes
cis-[Moy(-02CMe)y(p-en),(en); [(MeCO, ), -(en) (en = ethylenedi-
amine) and [Moy(w-0,CMe)s(Mey,XCH,CHyXMey)]n (X=N, P)
which catalyze the coupling, oligomerization and metathesis of
internal alkynes (RC=CR/, R and R’ alkyls C;-Cyq or aryl) [12-14];
(b) the heterometallic compounds [Mo,(jL-O2CR), {Al(.-OR')4}2]
(R=Me, ‘Bu, CF3; R'=Ph) or analogous species generated in situ
from the reaction of homo- or heterodinuclear M#M complexes
(M=M'=Mo; M=Mo, M'=W) with various alkoxides or phe-
noxides of aluminum and titanium, which metathesize specific
internal alkynes [15]; and (c) the bicomponent system [Mo;( -
0,CMe)4]/LA (LA=TiCly, SnCly, GeCly, EtAICl,), which was found
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Table 1
Reactions of 1, 2, and 3 with mono- and disubstituted alkynes
Entry Catalyst Monomer Solvent t(h) Yield (%) Cis (%) M, x 10732 My, [My Colour
1 1 4 — 0.1 95 61 8.7 1.2 Red
2 4 THF 8 93 75 35.7 1.7 Red
3 4 toluene 0.1 96 40 41.2 1.5 Red-orange
4 4 CH,Cl, 0.1 97 0 28.2 1.6 Red-orange
5 5 THF 8 92 39 59.1 1.9 Orange
6 5 - 8 96 41 45.8 1.6 Orange
7 6 THF 8 94 42 105 1.5 White
8 7 THF 8 72> 36 229 14 White
9 8 THF 8 97 5 18.2 1.9 Dark purple
10 9 THF 8 94 27 13.8 1.5 Brown
1 10 THF 8 20> N/A - - White
12 11 THF 8 17> N/A 200 14 White
13 12 THF 8 120 N/A - - White
14 13 THF 8 10P N/A 161 2.2 White
15 14 THF 8 <1P N/A = = Pale yellow
16 15 THF 8 -¢ - - - -
17 16 THF 8 -¢ - - - -
18 2 4 CH,Cl, 24 - - - - -
19 3 4 THF 8 200 37 - —d Orange

Conditions: 1, 2, or 3 (0.009 mmol), substrate (2.7 mmol)/5.0 mL solvent.
3 By SECin THF at 40°C.
b Same yield after 24 h.
¢ No polymerization.
d Very broad molecular weight distribution.

to induce monosubstituted acetylene (R=Ph, !Bu) cyclotrimeriza-
tion and/or polymerization, depending on the solvent and the LA
used [16]. Lately, bimetallic metal-metal bonded p-alkyne deriva-
tives have brought considerable interest from the point of view
of bonding and potential catalytic activity, with the first exam-
ples usually associated with mr-acceptor (°-CsHs, CO) or r-donor
(OR,NR;)ligands [17-20]. The isolation and structural characteriza-
tion of [Moy(en)s(w-4-MeCgH4C=CH)(j.-0,CMe)](MeCO>)3-(en);
[21] and of [W5(-0,C'Bu)4(-RCCR'),] (R=R’=Me, Et, Ph; R=Me,
R’=Ph)[22], where one or two alkynes are perpendicularly bridging
the M,** bonding axis, has been of vital importance for the iden-
tification of the actual catalytic species responsible for the alkyne
reactions outlined above.

In view of these findings, and since there exist only a few
instances of such complexes supported by halides, e.g. [M,Cly( -
Cl)2(-RCCR)(THF),] (M=Ta, W) deriving from alkyne addition
to the doubly (Ta=Ta) [23,24] and triply (W=W) [25] bonded
precursors, we have previously attempted to isolate analogous
molecules from the reaction of 4 with the quadruply bonded halide
anion [W,Clg]*~ (W%, 02m482), in the form of its sodium salt
Nay[W,Clg(THF)x] (1). Instead, we have found that 1 exhibits high
polymerization activity (polymer yield above 90%) and ca. 75%
cis-stereoselectivity in THF [26]. Indirect evidence concerning the
propagation mechanism has been obtained from the reactions of
1 with norbornene (NBE) and the copolymerization of equimolar
amounts of 4 with NBE. In the first case, poly(cyclopentene-1,3-
divinylene) with 82% cis-selectivity was produced, whereas in the
second one, an almost all-cis high molecular weight copolymer con-
taining cyclopentene-1,3-divinylene units, which is free of longer
sequences of both 4 and NBE units, was produced. This suggests that
the homopolymerization of 4 with 1 also proceeds by the metathe-
sis mechanism and that the 4/NBE copolymer structure is close to
the alternating one.

Herein, we describe the reactions of 1, [W,Cl4(PMe)4] (2), and
[WCIl4(THF),](3) with 4 in more detail, along with efforts to obtain
direct evidence for the metathetical nature of the polymerization
and define better this catalytic system. In addition, the reactivity of
1 with a range of monosubstituted alkynes (R'C=CH, R'="Bu (5),
tBu (6), Me3Si (7), C1oH7 (naphthyl, 8), C;2Hg (biphenyl, 9)) bearing

bulky alkyl substituents including fused aromatic rings, as well as
disubstituted ones (R2C=CR3, R2=R3=Me (10), R2=Me, R3="Pr (11);
R2=R3=Et (12); R2=Ph, R3=Me (13); R2=Ph, R3=Et (14); RZ=R3=Ph
(15); R2=R3=Ac0 (16)), is also reported. The results are summarized
in Table 1.

2. Experimental
2.1. General data

Starting materials were purchased from Sigma-Aldrich, except
for decahydronaphthalene (cis and trans mixture of isomers), which
was purchased from Riedel de Haén, and are of the highest available
purities. Complexes 1 [27],2[28] and 3 [29] were prepared accord-
ing to literature procedures and checked for purity. The alkynes
(4-14, 16) were dried by stirring with CaH, under argon, distilled
under vacuum and stored in the dark under argon. Diphenylacety-
lene (15) was purified by sublimation in vacuo and subsequent
elution with hexane through an Al;03 column prior to use. THF
and diethyl ether were distilled over Na/Ph,CO, toluene and hex-
ane over Na, CH,Cl, over CaH,, methanol over sodium methoxide.
Benzaldehyde was purified by distillation under reduced pres-
sure. All solvents were distilled in an inert atmosphere and were
degassed by three freeze—-pump-thaw cycles, with the exception
of methanol, which was degassed by bubbling nitrogen or argon
for 0.5h. All operations were performed under a pure dinitro-
gen or argon atmosphere, using Schlenk techniques on an inert
gas/vacuum manifold or in a drybox (O, H,O<1 ppm). IR spec-
tra were recorded on a PerkinElmer 883 IR spectrometer. The NMR
spectra at room temperature were recorded on a Varian Unity Plus
300 spectrometer and at various temperatures on a Bruker DRX-
400 Avance spectrometer. In all cases, chemical shifts are reported
in ppm relative to the deuterated solvent resonances. GC-MS exper-
iments were performed on a Varian 3400 CX GC coupled to a
Varian Saturn 2000 MS (Column 30 m x 0.25 mmi.d., 0.25 pm, DB5-
MS; injection 1 L, 50:1 split; flow 1 mL/min-He, constant flow;
oven 50°C/hold 3.00 min, 7 °C/min to 150°C, 50 °C/min to 280°C,
280°C/hold 2.12min, 5°C/min to 300°C, 300°C/hold 4.00 min;
injector 280 °C; transfer line 280 °C; MSD scan range 10-600 amu).
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The samples were prepared in hexane and decahydronaphthalene
was used as internal standard for quantitation. Size exclusion chro-
matography (SEC) experiments were carried out with a modular
instrument consisting of a Waters model 600 pump, a Waters model
U6K sample injector, a Waters model 410 differential refractometer
and a set of 4 p.-Styragel columns with a continuous porosity range
of 10-103 A. The columns were housed in an oven thermostatted
at 40 °C. THF was the carrier solvent at a flow rate of 1 mL/min. The
instrument was calibrated with PS standards covering the molecu-
lar weight range of 4000-900,000.

2.2. Catalytic reactions

A typical procedure is described as follows. To the catalyst (1:
7.5 mg, 0.009 mmol; 2: 7.3 mg, 0.009 mmol; 3: 4.2 mg, 0.009 mmol)
5 mL of solvent at —20 °C and the substrate (e.g. 4, 279 mg, 300 .L,
2.7 mmol) were added. The mixture was left to warm to room tem-
perature and react for a given time (see Table 1). The final reaction
mixture was concentrated and treated with excess methanol to
precipitate the polymeric products. The resulting solids were fil-
tered and washed repeatedly with methanol. This procedure was
repeated twice. The products were dried in vacuo.

The reaction with EtAICl, was carried out as follows. To complex
2(7.3 mg,0.009 mmol)in 5.0 mL of CH,Cl, were added EtAICI, (1M
in hexane, 18 L, 0.018 mmol) and 4 (279 mg, 300 wL, 2.7 mmol).
The solution was left to react for 24 h. After addition of methanol
no polymer was precipitated.

2.3. Catalytic reactions in NMR tubes

Complex 1 (7.5 mg, 0.009 mmol) was placed in an NMR tube.
The bottom third of the tube was cooled to —20°C and the catalyst
was dissolved in d8-THF (0.7 mL, also at —20°C). The appropri-
ate amount of the substrate (4, 46.5mg, 50 wL, 0.45 mmol) was
added using a microliter syringe. The NMR tube was transferred
to a cold bath at the same temperature as used to record the low-
temperature NMR spectra.

2.4. Polymer characteristics

The stereochemistry of Poly(4)[30] obtained was determined by
1H and 3C NMR. cis-transoidal Poly(4). 'H NMR (CDCl3), § (ppm):
6.95 (very broad, 3H, m- and p-Hayo), 6.80 (shoulder, 2H, 0-Hayo),
5.84 (broad, 1H,=CH). 3C NMR (CDCl3), § (ppm): 143-139 (m, qua-
ternary carbons), 131.7 (s,=CH), 131-127 (m, o- and m-Cayo), 126.7
(s, m-Caro)- IR (KBr) (cm~1): 1484, 1438, 1387, 1329, 1068, 1024,
910, 884, 801, 754, 692. Colour: red. trans—cisoidal Poly(4). "H NMR
(CDCl3), 8 (ppm): 7.02 (very broad, 6H, Har, and =CH). 13C NMR
(CDCl3), § (ppm): 128 (very broad, Caro and =CH). IR (KBr) (cm~1):
1484, 1438, 1387, 1329, 1068, 1024, 910, 884, 801, 754, 738, 692.
Colour: red-orange. The cis content was calculated according to
the generally accepted equation [31]: %cis = (A x 10%)/(Atot x 16.66),
where A, Aot stand for the area of the vinylic protons at 5.84 ppm
and the sum of the areas of all the signals of the polyene, respec-
tively.

Poly(1-hexyne) (Poly(5)) [32]. "TH NMR (CDCl3), § (ppm): 5.92
and 5.81 (broad, 1H, =CH), 2.09 (broad, 2H,=CCH,(CH;),CH3z), 1.35
(broad, 4H, =CCH,(CH,),CHs), 0.93 (broad, 3H, =CCH,(CH, ), CH3).
13C NMR (CDCl3), § (ppm): 139.7 (s, =C"Bu), 127.0 (s, =CH),
31.2 (s, =CCH,(CH,),CH3), 28.2 (s, =CCH,CH,CH,CH3), 23.1 (s,
=CCH,CH,CH,CH3), 14.0 (s, =CCH,CH, CH, CH3). IR (KBr) (cm~1):
1635, 940, 780. Colour: orange. The cis content was calculated as
referenced.

Poly(tert-butylacetylene) (Poly(6)) [33]. 'TH NMR (CDCl3), §
(ppm): 6.19 (cis) and 5.98 (trans) (broad, 1H, =CH), 1.14 (broad, 9H,

CH3). 3C NMR (CDCl3), § (ppm): 144.55 (s, =CCMe3), 125.96 (s,
=CH), 37.11 (s, =CCMe3), 32.47, 31.27 and 30.38 (t, CH3). IR (KBr)
(cm~1): 2960, 1611, 1263, 794. Colour: white. The cis content of the
polymer was calculated from the 'H NMR integrals [34] and accord-
ing to the following equation [33]: %cis=100 x H,/(H, + H, + Hc),
where H,, Hy, and H. stand for the heights of the signals at 31.27,
32.47 and 30.38 ppm, respectively.

Poly(trimethylsilylacetylene) (Poly(7)) [35]. '"H NMR (CDCl3), §
(ppm): 6.70 (cis) and 6.36 (trans) (broad, 1H,=CH), 0.08 (broad, 9H,
Me). 13C NMR (CDCls), § (ppm): 138.80 (C=C), 1.02 (Me). IR (KBr)
(cm~1): 1650-1550, 1257, 820. Colour: white. The cis content was
calculated as for Poly(6) [36].

Poly(naphthylacetylene) (Poly(8)). '"H NMR (CDCl3), § (ppm):
6.50-8.50 (very broad, 7H, Haro ), 6.24 (shoulder, 1H, =CH). 3C NMR
(CDCl3), § (ppm): 137.6 and 132.5 (d, quaternary carbons), 129-121
(very broad, Caro and C=C). IR (KBr) (cm~1): 3039, 2949, 2838, 1635,
1504, 1386, 1331, 1270, 796, 770. Colour: dark purple. The cis con-
tent was calculated as for Poly(4) [37].

Poly((biphenyl)acetylene) (Poly(9)). 'HNMR (CDCl3), § (ppm): 7.3
(very broad, 9H, Haro), 6.1 (broad, 1H, =CH). 13C NMR (CDCl3), §
(ppm): 142-137 (broad, quaternary carbons), 128.8-126.6 (broad,
Caro and C=C). IR (KBr) (cm~1): 3017, 2955, 1596, 1477, 1401, 1259,
803, 760, 725, 692. Colour: brown. The cis content was calculated
as for Poly(4) [37].

All of the above polymers are soluble in CHCl3, CH;,Cl;, and THE.

Poly(2-butyne) (Poly(10)) [38]. 'H NMR (CDCls), § (ppm): 1.58
(broad, 3H, CH3), 1.53 (broad, 3H, CH3). 3C NMR (CDCls), § (ppm):
131.0 (broad, s, C=C) 18.0 (broad, CH3). IR (KBr) (cm~1): 2960, 2901,
2845, 1630, 1435, 1362, 1258, 1086, 1024, 802. Colour: white. Very
sparingly soluble in CHCl3, CH,Cl;, and THF.

Poly(2-hexyne) (Poly(11)) [39]. 'TH NMR (CDCl3), § (ppm): 2.40
(shoulder, 2H, =CCH,CH,CH3), 1.75 (broad, 3H, =CCH3), 1.53
(broad, 3H, =CCH3), 1.43 (broad, 2H, =CCH,CH;CH3), 0.9 (broad,
3H, =CCH,CH,CH3). 3C NMR (CDCl3), § (ppm): 138.0 (broad,
C=C), 130.0 (broad, C=C); 37.0 (broad, =CCH,CH;,CH3); 22.0 (broad,
=CCH,CH;CH3 and =CCH3); 14.0 (broad, s,=CCH,CH, CH3), IR (KBr)
(cm~1): 2952, 2921, 2861, 1628, 1460, 1372, 1257, 1106, 1024, 802.
Colour: white. Soluble in toluene, hexane, and THF.

Poly(3-hexyne) (Poly(12)). 'THNMR (CDCl3), § (ppm): 2.24 (broad,
m, 2H, CH,), 1.11 (broad, 3H, CH3), 0.89 (broad, 3H, CH3). 13C
NMR (CDCl3), § (ppm): 140.0 (broad, C=C), 127.0 (broad, C=C), 26.0
(broad, CHj), 13.0 (broad, CH3). IR (KBr) (cm~1): 2950, 2925, 2864,
1626, 1460, 1371, 1258, 1095, 1020, 800. Colour: white. Very spar-
ingly soluble in CHCl3, CH,Cl,, and THF.

Poly(1-phenyl-1-propyne) (Poly(13)) [40]. 'TH NMR (CDCls),
8 (ppm): 6.95 (broad, 5H, Hay), 1.54 (broad, 3H, CHs). 13C
NMR(CDCl3), § (ppm): 140.0 (broad, C=C), 133.0 (broad, Caro ), 128.0
(broad, C=C), 21.0 (broad, CHs). IR (KBr) (cm~1): 3070, 3040, 3010,
2930, 2850, 1593, 1486, 1435, 1365, 765, 695. Colour: white. Soluble
in CHCl3, CH,Cl,, THF, and toluene.

Poly(1-phenyl-1-butyne) (Poly(14)). "TH NMR (CDCl3), § (ppm):
7.00 (broad, 5H, Haro ), 2.40 (broad, 2H, CH3), 1.86 (broad, 2H, CHj),
1.25 (broad, 3H, CH3), 0.89 (broad, 3H, CH3). IR (KBr) (cm~1): 2945,
2926, 2845, 1767, 1735, 1712, 1630, 1486, 1435, 1260, 1100, 800,
695. Colour: pale yellow. Soluble in CHCI3, CH;Cl,, and THF.

Quantitative information by NMR on the geometric structure of
polymers from disubstituted alkynes is, as far as we know, unavail-
able [5].

3. Results and discussion
Within the family of the quadruply bonded bimetallic d*-d*

complexes those of tungsten are the most reactive towards oxida-
tion and oxidative addition reactions. This sensitivity of the W4w
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Fig. 1. Polymerization of 4 (279 mg, 300 wL, 0.45 mmol) with 1 (7.5 mg, 0.009 mmol) in 5.0 mL THF (a) time-M, plot; (b) time-consumption of 4 plot. The first sample was
taken at —5°C and the rest at time intervals while the reaction was warming slowly to room temperature.

bond has been responsible for the difficulties in isolating 1 and the
slow development of the W,** chemistry in general [11].

Complex 1 is soluble and stable below 0°C in THF, but, above
this temperature, decomposes to an insoluble grey material of com-
position “WCly” and NaCl. Thus, the alkynes were added to THF
solutions of 1 at —20°C. In the case of 4, the blue colour of the solu-
tion gradually changes at —5 °C to light brown and subsequently to
red brown at room temperature, providing Poly(4) in high yield
(93%) and 75% cis-stereoselectivity (Table 1, entry 2). The poly-
merization is multistage and proceeds in three sequential steps
(Fig. 1). The first is fast (¢t=3 min) with nearly half (ca. 42%) of 4
consumed producing Poly(4) (My ~ 6400, Fig. 1b). This is followed
by fast degradation (t=6min) of the polymer to form 4 (~23%)
and oligomers (M, < 1000). Subsequent polymerization is slow and
complete after 8 h. These results are reproducible when the same
or a different catalyst batch is used.

In dichloromethane, the reaction is very fast and complete
within ca. 6 min, producing the trans-isomer (entry 4), as evidenced
by the lack of the 5.84 ppm peak in the '"H NMR spectrum and the
738 cm~! band in the IR spectrum. Small peaks at §=4.6-6.2 ppm
in the TH NMR spectrum indicate the presence of cyclohexadi-
ene units in the polymer chain [41]. Heterogeneously (addition
of neat 4 to solid 1 (caution: highly exothermic) or to a suspen-
sion of 1 in toluene) the polymerization proceeds fast affording, in
both cases, Poly(4) of cis-stereochemistry (entries 1 and 3). Con-
trol experiments using “WCl,” resulting from the decomposition
of 1 show no catalytic activity towards the polymerization of this
substrate. Under the same conditions, complex 2 alone or activated
with EtAICl, (2/EtAICly: 1/2, 1/4, 1/9, CH,Cl,) is inactive, whereas
the mononuclear complex 3 produces Poly(4) in small yield (20%)
and very broad distribution (M, ~20,000-100,000).

The rest of the monosubstituted alkynes react with 1 in a simi-
lar manner. The bulk of the alkyl-substituent does not significantly
affect the yield of the reaction, except in the case of Poly(7) (72%,
entry 8). The yield of this reaction is not increased after 24 h. All
polymers obtained are soluble in organic solvents (CH,Cl,, CHCl3,
THF), and have number average molecular weight (M, ) and polydis-
persity index (My /My ) ranging from 8700 to 105,000 and 1.2-1.9,
respectively (entries 1-10).

Disubstituted alkynes are polymerized less efficiently. The reac-
tion is limited to those bearing the less sterically demanding R
ligands (entries 11-14), with the yield decreasing by increasing the
alkyne’s bulk. The polymers are white, except for Poly(14), which is
pale yellow. The symmetrical ones, Poly(10),(12), are very sparingly
soluble in CH,Cl,, CHCl3, THF, whereas the rest are soluble.

All polymers have been characterized from their IR, 'H and 13C
NMR spectra and by correlation with literature data, when avail-
able, as referenced.

The difficulty of establishing the mechanism of rapid catalytic
polymerization reactions, especially in the absence of isolation
of yield-related active intermediates and/or when the concen-
trations of the catalytically active species are too small to be
detected, is well documented. This task becomes even more com-
plicated in bimetallic catalysis, since a variety of potentially active
species may be formed, such as: (i) end-on or p-alkyne adducts,
as encountered in [Cp,M,(CO)4] [42-44] and [M3(OR)g] [45,46]
(M =Mo, W); (ii) metal-metal bonded p.-alkylidynes deriving from
the alkynes C=C cleavage via addition across a MM bond, e.g.
[W>(0SitBus )4(-CH)(-CPh)] [47]; (iii) C-C coupled products,
e.g. [W(0'Pr)g(-C4Mey)(m2-MeCCMe)] [48]; (iv) mononuclear
alkyne adducts or alkylidynes from scission or metathesis, e.g.
[(‘Bu0)3W=CR] (R=Me, Et, "Pr etc) [49-52]; (v) reactive metal
carbenes, such as {“Cl,_,M"=C=C(R)Cl} or {“Cl,_,M"=CHC(R)Cl, }
(M=W) through sequences involving initial alkyne insertion to a
M-Cl bond to form a metal-alkenyl {“Cl,,_4M"—CH=C(R)CI} fol-
lowed by HCl loss or ligand (chloride) transfer to the (3-position,
respectively [53].

With regard to the mechanism of alkyne polymerization, two
different pathways are established: alkyne insertion and alkyne
metathesis. The intermediates formed are metallacyclic species,
alkylidene or alkylidyne complexes, o-vinyl complexes and metal
acetylides. It has been demonstrated that Rh-based catalysis pro-
ceeds via the former mechanism, which has been proposed for Ni
and Pd derivatives as well [54-56], whereas the polymerization via
metathesis is operative for Mo- and W-based catalysts.

Our attempts to isolate intermediates from the reaction of 1 with
4 in THF (1/4: 1/1-4) always led to formation of small amounts of
cyclotrimers, unidentified oligomers (as evidenced by '"H NMR) and
of a very sensitive green solid, which upon slight exposure to air
instantly decomposes to blue products insoluble in most common
organic solvents. Increasing the amount of 4 just enhances the rate
of the polymerization. Despite numerous efforts, we could not crys-
tallize it or satisfactorily characterize it. Specimens of this reaction
taken at time intervals after addition of methanol were exam-
ined by GC-MS and do not reveal formation of a-chlorostyrene
(PhCIC=CH,) or Cl-containing dimers of 4, thus excluding coordi-
nated 4 insertion into a W—Cl bond to form an alkenyl-tungsten
compound [57].

In order to obtain direct evidence about the metathetical nature
of this reaction, we have monitored the polymerization of 4 in situ
by "H NMR at low temperature (Fig. 2). The substrate was added
to a solution of 1 in d®-THF at —20°C. The spectrum remained
unchanged at temperatures below —5°C. At that temperature, a
roll of small peaks, which fall within the region of well-known
W-carbene complexes [58-60], or “W5(w-RC=CH)” alkynes [25],
appeared at § =10.5-13.5 ppm. While the reaction was allowed to
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T'=20°C. =98 min

(d) 7'=10°C, r= 80 min

(c) T=0°C, 1= 59 min

(b) T'=-5°C, =37 min

(a) T=-10°C. { =0 min
e e e e e e e

ppm 13.00 12.50 12.00 11.50 11.00

Fig. 2. '"H NMR spectra (carbene region) of the reaction of 1 (7.5 mg, 0.009 mmol)
with 4 (46.5mg, 50 pL, 0.45mmol) in d®-THF at various temperatures and time
intervals, as indicated.

continue, their intensity increased. After 80 min the intensity of
some (6=11.6, 11.2 and 10.8 ppm) decreased, whereas the intensity
of the restincreased and parallel formation of Poly(4) was observed.
As the polymerization proceeded, these peaks acquired maximum
intensity and Poly(4) formation increased. The 13C NMR spectrum
of this solution did not show any resonances in the W-carbene
region, presumably because of the small concentration of these
species actually involved in the process. Termination of the reac-
tion with benzaldehyde (PhCHO, 1/PhCHO: 1/10, T=25°C) caused
slow disappearance of these peaks. Addition of 10 caused also
their immediate disappearance and parallel formation of Poly(10)
sequences. The small solubility of 1in CD,Cl; did not allow monitor-
ing the events at low temperatures, but at room temperature similar
peaks were observed and the same results as above were obtained,
except that upon addition of the end-capping reagent (PhCHO) the
relevant peaks immediately disappeared. These observations are
consistent with the involvement of several active “Wy-carbene”
(x=1 or 2) propagating centers and are compatible with the multi-
stage polymerization of 4 in THF.

The reactivity of 1 differs distinctly from that of the archetypal
high-valent chloride WClg (as unicomponent initiator) in terms of
reactivity, monomer to catalyst ratio, yield, stereoselectivity and
molecular weight in the polymerization of 4, and resembles more
the binary systems WClg/SnPhy, Sn"Buy or ROH as per reactiv-
ity, polymer yield and molecular weight. Also, it differs from the
unicomponent chloride catalysts MCls (M =Nb, Ta), [MoCls(tht)s],
and [M;Clg(tht);] (M=Nb, Ta, Mo), which promote exclusively
cyclotrimerization of 4 [4,5].

Further work to establish whether mono- or bimetallic catalysis
isin act, as well as to define the precise identity of the active species
is in progress.

4. Conclusions

Complex 1 is a highly efficient unicomponent initiator for the
polymerization of a range of monosubstituted acetylenes. The reac-
tion is very fast in CH,Cl, and slower in THF. Internal acetylenes are
polymerized less effectively with the yield of the reaction decreas-
ing by increasing the steric bulk of the alkyl substituents.

The polymerization of 4 in THF is multistage and consists of: (i)
initial fast polymerization yielding Poly(4); (ii) equally fast degra-
dation of the polymer formed regenerating 4 and oligomers; (iii)
subsequent slower polymerization responsible for the polymer
finally obtained. Direct evidence that a metathetical mechanism is
in operation has been obtained from the in situ examination of this
reaction by '"H NMR at temperatures ranging from —15 to 25°C, and
the observation of several propagating alkylidene active centers.

Acknowledgements

The project is co-funded by the European Social Fund and
National Resources (EPEAEK II) PYTHAGORAS. We thank Assoc.
Prof. Emmanuel Mikros at the Faculty of Pharmacy of the National
and Kapodistrian University of Athens for obtaining the low-
temperature NMR spectra and helpful discussions.

References

[1] H.G. Kiess (Ed.), Conjugated Conducting Polymers, Springer-Verlag, Berlin,
1992

[2] LV. Krivoshei, M. Skoroboatov, Polyacetylene and Polyarylenes: Synthesis and
Conducting Properties, Gordon and Breach Science, New York, 1991.
[3] P.N.Prasad, D.J. Williams, Introduction in Nonlinear Optical Effects in Molecules
and Polymers, Wiley-Interscience, New York, 1991, p. 132.
[4] T. Masuda, T. Higashimura, Adv. Polym. Sci. 81 (1986) 121.
[5] T. Masuda, J. Polym. Sci., Part A: Polym. Chem. 45 (2007) 165.
[6] R.R.Schrock, Adv. Synth. Catal. 349 (2007) 41.
[7] EA. Cotton, W.T. Hall, K.J. Cann, EJ. Karol, Macromolecules 14 (1981) 233.
[8] P.M. Boorman, M. Wang, M. Parvez, ]. Chem. Soc., Dalton Trans. (1996) 4533.
[9] M.H. Chisholm, K. Folting, ]J.C. Huffman, L.P. Rothwell, ]. Am. Chem. Soc. 104
(1982) 4389.
[10] M.H. Chisholm, C.M. Cook, ].C. Huffman, W.E. Streib, J. Chem. Soc., Dalton Trans.
(1991) 929.
[11] EA. Cotton, C.A. Murillo, R.A. Walton, Multiple Bonds between Metal Atoms,
3rd ed., Springer, New York, 2005.
[12] M.C. Kerby, B.W. Eichhorn, U.S. Patent 4916222 (1990); Chem. Abstr. 133 (1990)
90360.
[13] M.C. Kerby, B.W. Eichhorn, U.S. Patent 4965381 (1990); Chem. Abstr. 114 (1990)
151429.
[14] B.W. Eichhorn, M.C. Kerby, R.C. Haushalter, K.P.C. Vollhardt, Inorg. Chem. 29
(1990) 723.
[15] S.P. Diefenbach, U.S. Patent 4704377 (1997); Chem. Abstr. 108 (1987) 96627.
[16] R. Matusiak, A. Keller, J. Mol. Catal. A: Chem. 195 (2003) 29.
[17] R.S. Dickson, PJ. Fraser, Adv. Organomet. Chem. 12 (1974) 323.
[18] K.J. Ahmed, M.H. Chisholm, K. Folting, ].C. Huffman, Organometallics 5 (1986)
2171.
[19] W.E. Buhro, M.H. Chisholm, Adv. Organomet. Chem. 27 (1987) 311.
[20] M.J. Winter, Adv. Organomet. Chem. 29 (1989) 101.
[21] M.C. Kerby, B.W. Eichhorn, L. Doviken, K.P.C. Vollhardt, Inorg. Chem. 30 (1991)
156.
[22] MJ. Byrnes, M.H. Chisholm, J. Gallucci, PJ. Wilson, Organometallics 21 (2002)
2240.
[23] EA. Cotton, W.T. Hall, Inorg. Chem. 19 (1980) 2352.
[24] EA. Cotton, W.T. Hall, ]. Am. Chem. Soc. 101 (1979) 5094.
[25] S.G. Bott, D.L. Clark, M.LH. Green, P. Mountford, ]J. Chem. Soc., Dalton Trans.
(1991) 471.
[26] K. Mertis, S. Arbilias, D. Argyris, N. Psaroudakis, J. Vohlidal, O. Lavastre, P.H.
Dixneuf, Collect. Czech. Chem. Commun. 68 (2003) 1094.
[27] R.R. Schrock, L.G. Sturgeoff, P.R. Sharp, Inorg. Chem. 22 (1983) 2801.
[28] P.R. Sharp, R.R. Schrock, ]. Am. Chem. Soc. 102 (1980) 1430.
[29] C. Persson, C. Andersson, Inorg. Chim. Acta 203 (1993) 235.
[30] M. Marigo, N. Marsich, E. Farnetti, J. Mol. Catal. A: Chem. 187 (2002) 169.
[31] M. Tabata, T. Sone, Y. Sadahiro, Macromol. Chem. Phys. 200 (1999) 265.
[32] A. Petit, S. Moulay, T. Aouak, Eur. Polym. J. 35 (1999) 953.
[33] T.Masuda, H.Izumikawa, Y. Misumi, T. Higashimura, Macromolecules 29 (1996)
1167.
[34] T. Szymaiiska-Buzar, I. Czelu$niak, ]. Mol. Catal. A: Chem. 160 (2000) 133.
[35] Y. Okano, T. Masuda, T. Higashimura, J. Polym. Sci.: Polym. Chem. 22 (1984)
1603.
[36] H.Izumikawa, T. Masuda, T. Higashimura, Polym. Bull. 27 (1991) 193.
[37] E. Yashima, S. Huang, T. Matsushima, Y. Okamoto, Macromolecules 28 (1995)
4184.
[38] TJ.Katz, SJ. Lee, J. Am. Chem. Soc. 102 (1980) 422.
[39] T. Higashimura, Y.X. Deng, T. Masuda, Macromolecules 15 (1982) 234.
[40] N. Sasaki, T. Masuda, T. Higashimura, Macromolecules 9 (1976) 664.
[41] C.I Simionescu, V. Percec, ]. Polym. Sci.: Polym. Chem. 18 (1980) 147.
[42] RJ. Klingler, W. Butler, M.D. Curtis, ]. Am. Chem. Soc. 97 (1975) 3535.



G. Floros et al. / Journal of Molecular Catalysis A: Chemical 289 (2008) 76-81 81

[43] W.L Bailey Jr., M.H. Chisholm, F.A. Cotton, L.A. Rankel, ]. Am. Chem. Soc. 100
(1978) 5764.

[44] R.E. Gerlach, D.N. Duffy, M.D. Curtis, Organometallics 2 (1983) 1172.

[45] M.H. Chisholm, K. Folting, D.M. Hoffman, ].C. Huffman, J. Am. Chem. Soc. 106
(1984) 6794.

[46] M.H. Chisholm, B.K. Conroy, D.L. Clark, J.C. Huffman, Polyhedron 7 (1988)
903.

[47] RLM. Chamberlin, D.C. Rosenfeld, PT. Wolczanski, E.M. Lobkovsky,
Organometallics 21 (2002) 2724.

[48] M.H. Chisholm, D.M. Hoffman, ].C. Huffman, J. Am. Chem. Soc. 106 (1984) 6806.

[49] R.R. Schrock, M.L. Listemann, L.G. Sturgeoff, J. Am. Chem. Soc. 104 (1982) 4291.

[50] M.L. Listemann, R.R. Schrock, Organometallics 4 (1985) 74.

[51] J.H. Wengrovius, J. Sancho, R.R. Schrock, J. Am. Chem. Soc. 103 (1981) 3932.

[52] J. Sancho, R.R. Schrock, J. Mol. Catal. 15 (1982) 75.

[53] K. Weiss, R. Goller, J. Mol. Catal. 36 (1986) 39.

[54] R. Wang, F. Bélanger-Gariépy, D. Zargarian, Organometallics 18 (1999) 5548.

[55] X.Zhan, M. Yang, J. Mol. Catal. A: Chem. 169 (2001) 27.

[56] X.Zhan, M. Yang, H. Sun, J. Mol. Catal. A: Chem. 169 (2001) 63.

[57] K.L.Makovetsky, L.I. Gorbacheva, LY. Ostrovskaya, A.l. Golberg, A.Il. Mikaya, A.A.
Zakharian, M.P. Filatova, ]. Mol. Catal. 76 (1992) 65.

[58] KJ. Ivin, Olefin Metathesis, Academic Press, London, 1983.

[59] J. Kress, J.A. Osborn, RM.E. Greene, KJ. Ivin, ]J. Rooney, ]J. Chem. Soc., Chem.
Commun. (1985) 874.

[60] V. Percec, J. Kiinzler, Polym. Bull. 25 (1991) 483.



	Catalytic polymerization of alkynes with the quadruply bonded octachloroditungsten anion
	Introduction
	Experimental
	General data
	Catalytic reactions
	Catalytic reactions in NMR tubes
	Polymer characteristics

	Results and discussion
	Conclusions
	Acknowledgements
	References


