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Summary

W(NO),(O,CR), - Lewis acid (LA) catalysts (LA = TiGl SnC|, R =
-CH(CH,)(CH,),CH,) induce substituted acetylenefphenyacetylene, propargyl ether,
1,6-heptadiyne, diphetgcetylene) to polymerize or oligomerize. Their catalytic ability
strongly depends on the Lewiacid and solvent. The polymerization reactions of
phenylacetylene always accompany the cycolotrimerization reactions. In the system with
TiCl, in CHCI, the yield of polymer equals t66% at 80% conversion of a monomer.
However, in the system with SnGh benzene, 42% cyclatners arise ab7% conversion
of phenylacetylene. The mechanism of these reactions as well as the structure of the
obtained polymers were determined.

Introduction

Various polyacetylenes with aromatic and related pendaotips have been prepared
and studied (1-11). Phelagetylene isprobably the most often employed to study among
the substituted acetylengd2-23). The mechanism of polymerization of phenylacetylene
and microstructure of its polymers strongly depend on cddlyst, thermal histy of the
polymerization reaction and often on the solvét$,16,23,24). This monomer undergoes
polymerization by diverse mechanisms, also by the metathesis mechéiisi®,24-28).
Metathesis polymerization of substituted acetylenes attracts much interest afical rioet
the preparation of polymers offering useful bggtions.

Alkylidene (carbene) complexes, i.e. the catalysts of the reaction of olefin metathesis,
belong to the moshactive catalysts of polymerization of acetyler(@9). Important effect
on propeties of this type of complexes have ligandsomination through oxygen atoms,
for instancealcoholate$30, 31) or carboxgates(32).

Dinitrosyl alkilidene complexes of mgbdenum and tungsten belong to the mastive
catalysts of olefin metathesi$29, 31-34). They are also verpctive catalysts of
polymerization of acetylenes. Thebave was confirmed in the case of molybdenum
complex (33, 35). Carbene complexes of this type, i.e. M((NOHR)L,(AICI,), (M= Cr,
Mo, W; L - alcoholate or agéoxylate ligands) were obtained in reactions of dinitrosyl.
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complexes of {M(NOYOR)},6 and M(NO)(O,CR), type with RAIC| (31, 32) Here,
coordirated alkilidene ligands have nucphilic character in spite of the low oxidation
state of metals. Thus, they are different carbene complexes than Fischer (low oxidation
states, elecophilic carbene ligands) or &cock (high oxi@tion state, nuctgphilic carbene
ligands) complexes. In the syntheses of these complexes, RAEGIS two roles: it is an
alkylating agent, but first of all it is a Lewis acid, emptying tlerdination sites at metal
in effect of breaking bridgingoonds (in polymeric complexes) or ethte ones(31, 32).
Thus, a similar effect could be caused by another Lewis acids, like those of tyéel
Terminal acetylenes present in such systems could gerferatation of dinitrosyl carbene
(vinylidene) catalysts. These complexé®mdd cotain metals at their low oxidation states,
their stoichiometries, Mo(NQFCRR')L(LA),, are similar to other nitrosyl darne
complexes, but the carbene groupsedeetophilic in character.

No literature data on polymerization of acetylenes by nitroggbdten complexes are
available.

The aim of this stdy was to test theatalytic activity of dinitrosylingsten complexes -
Lewis acid systems in polymerization reactions of phenylacetylene and other substituted
acetylene (diphenylacetylenggropargyl ether and 1,6-heptadiyne), and to define the
mechanism of these reactions, as well of the pmmd that is the eal catalyst, and
determination of the structure of the polymerizapooducts.

Experimental

All experiments were carried outnder argonatmosphere using either Schlenk
techniques or vacuum - line systems. Reagents wenéfied by standardmethods.
Solvents were distilledunder argon using approgte drying agents. Mo(NQ)O,CEH),
was prepared according to the publishedthod (36) The IR gmtra were remrded on a
Nicolet Impact400 sgctrophotoneter. 'H and “C NMR spectra were measured raom
temperature on &Bruker 300 spctrometer. Tetramethysilane (TMS) was used as an
internal or external standard.

Synthesis of [W(N@MeNQ),](BF,),
To the suspension of W(C0OJ2.0 g, 5.6 mmol) in MeNO(10 mL) the stoicimetric

amount of NOBEwas added. The reaction mixture was stif@d3 h at 60°C. The olive-
green complex was precipitated with hexane, filteo8fd washed with hexane and driéal
vacuo

IR (nujol mulls): v(NO) 1789 vs, 1673 vsy,(NO,) 1557 m;v (BF,) 1091 s cril. ‘H NMR
(CD,CN, 20°C):0 4.42 (s, 12H, €.,) ppm.

Anal.: Calc.for CH NBFOW: C 7.25, H 1.83, N 12.69%. Found: C 7.48, H 1.87, N
12.30%.

Synthesis of W(NGD,CEH), (EH = -CH(CH,)(CH,).CH,)

To W(NO)(MeNO,),](BF)(2 (2.0 g, 3.02 mmol) dissolved in MeN@0 mL) and
MeCN (5 mL), solid Li(QCEH) (0.52 g, 6.04 mmol) was added under vigorous stirring.
The reaction mixture was stirréok 15 min at roonmtemperature. The graebrown
solution was filtereaff and removed under vacuum. The complex wasaes¢dfrom the
remnant with a small aount of CHCI, and precipitated with hexane.

IR (nujol mulls):v(NO) 1752 vs, 1644 vs; (CO) 1532 s cr ‘H NMR (CD,CI,, 20°C):
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& 2.30 (m, 2H; CQCH(CH,)-), 1.45 (s, 4H, CEH(CH,CH)(CH,).), 1.25 (s, br, 12H;
-CH(CH,CH,)- (CH,),-), 0.85 (s, br, 12H; -(C}€H,)(CH,),CH,) ppm.

Anal.: Calc.for C_H.NOW: C 36.22, H 5.70, N 5.28 %. Found: C 36.35, H 5.74, N
4,98%.

Synthesis of (W(NGDELt)EtOH},

To [W(NO),(MeNO,),J(BF,), (2.0 g, 3.02 mmol) dissolved in EtOH (10 mL) at about
0°C, the solution of NaOEt (0.21 g, 6.04 mmol) in EtOH was added at the same
temperature; at the same temperature the reaction mixture was $tirrdd min. The
solution was filteredbff and removed under vacuum. The complex wasaetedfrom the
remnant with a small aount of CHCI, and precipitated with hexane.

IR (nujol mulls): v(NO) 1745 vs, 1627 vsy(OR) 1091 m, 1022 s, 960 w, ¢m'H NMR
(CDCI, 20°C): & 4.45, 4.24 (s, br, 4H; GQ€CH,), 3.69 (q, 2H; CHCH,OH), 1.35 (s,
6H; OCHCH,), 1.20 (t, 3H; ®&,CH,OH) ppm.

Anal.: Calc. for CH,N,OW: C 18.94, H 4.23, N 7.37 %. Found: C 19.16, H 4.56, N
7.67%.

Synthesis of W(NGD,CEH),(MCI,), (M =Ti, Sn; EH = -CH(CH,)(CH,),CH,)

The CHCI, solution of MC] was added to a solution of W(N@,CEH), in CHCI,
in molar ratio 1:2. The yellosbrown pecipitate was filteredff, washed with CECI, and
hexane and drieth vacuo

W(NO)(O,CEH)(TiCl,),

IR (nujol mulls): v(NO) 1771 s, 1659 vsy(CO,) 1553 s cm. 'H NMR (CDCN,
20°C): 2.32 (m, 2H; C@H(CH,)-), 1.56 (s, 4H; CQCH(CH,CH)(CH,),), 1.27 (s, br,
12H; -CH(CHCH,)-(CH,),-), 0.87 (s, br, 12H; -(CI€H,)(CH,),CH,) ppm.

Anal.:Calc for C H,N,CI.Ti,W: C 21.20, H 3.34, N 3.09 %. Found: C 21.67, H 3.01, N
2.98%.

W(NO)(O,CEH),(SnC}),

IR (nujol mull): v(NO) 1764 s, 1656 vsy(CO,) 1556 s cril. 'H NMR (in CDCN at
20°C): 2.35 (m, 2H; C@H(CH,)-), 1.57 (s, 4H; CQH(CH,CH)(CH,).-), 1.26 (s, br,
12H; -CH(CHCH,)-(CH,),-), 0.87 (s, br, 12H; -(C}&€H,)(CH,),CH.) ppm.

Anal.:Calc for C H, N,CI.SnW: C 18,29, H 2.88, N 2.67 %. Found: C 18.56, H 3.01, N
2.80%.

Polymerization reaction

A standard polymerizatioprocedure was as follows: to the solution of a complex
in the appropate solvent and the omomer with internal standard the appiats
solution of MC| was added. The mixture was kept in the dark for a sbme, and then
the polymerization reaction was quenched with methanol. Methanol-insojul@ucts
were dried in vacuo, and polymerelds were determined gravimetrically. The samples for
further analyses were stored under argon at -20°C. Monomer conversions were
determined by GC - MS (HP 5890 Il + 5971 A).The weight- and number-average
molecular weights of polymersM, and M _ respectively) were determined by gel-
permeation kromatography (GPC; HPLC - HP 1090 II witBAD-UV/VIS and IR
detector HP7047 A) using toluene as eluent and polystyreadération.
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Results and Discussion

Interaction of dinitrosyltungsten precatalysts with Lewis acids

The new dinitrosyltungsten complexes {W(N@Et),EtOH) and W(NO)O,CEH),
air and moisture sensitive complexes, were synthesized in a similar way as their
molybdenum (37, 38) and chromium (33) analogues. Their EBttsp exhibit twov(NO)
bands typical ofcis{M(NO),}° cores (39-41) and th#d NMR spectra - all the signals of
protons of the coordated ligands (see Experimental Sexji These complexes form the
1:2 adducts with Lewis acids (TiCISnC]). The attack of two Lewis acid molecules
towards the oxygen atoms of the alkoxy and carboxXjgands results in the apperance of
free coordimtion sites on the central atom. Next the sites are succesively occupied by
chlorines of Lewis acids tdorm the W-CI-M (M= Ti, Sn) bridges. The results of the
theoretical calculation of the eleohic structure of carboXgtiodinitrosylmolybdenum
complexes (38) showed that oxygens of carkeiey ligands intrans positions to NO are
most pliant to attack of the Lewis acid molecules.

The W(NO)}(O,CEH)(MCIl), (M = Ti, Sn) adducts were synthesized and
characterized by means of the IR aHINMR spectroscopies (see Experimental Section).

Polymerization of substituted acetylene3MNO)(O,CEH), - Lewis acid catalyst
Effect of catalyst systems

Neither the dinitrosyl ungsten complexes nor their adducts with Lewisd exhibit
catalytic activity in the polymerization reaction of phenyl- and other acetylenes, but
conversion was observed after adoh of a Lewis acid (LA = TiC| SnC|) to solution of
W(NO),(O,CEH), with an excess of terminal acetylenes.

No polymerization occured in the systems based orkakgtinitrosyl complexes, for
example {W(NO)(OEt),EtOH) - PA - MCI, (M = Ti, Sn). The steric efict, easier
formation of a stabledaluct caused lack of catalytic activity in this system.

Table 1. Effect of catalyst systems on polymerization of phenylacetylene (PA)*

Complex Lewis acid Conv. Yield (%) M.c
(LA) (%) Linear oligomer’”  Cyclotrimers "
MO(N O)z(OzCEH)z TlCl4 4 1 3 1000
SnCl, 32 9 225 750
W(NO)(O,CEH), TiCl, 80 56 24 1900
SnCl, 20 5 15 800

*Reaction conditions: solvent CH,Cl,; concentration of complex [M] = 0.25 mmol;
[LAY/[M] = 2; [PA)/[M] = 50, 24 h; room temperature. "Methanol insoluble part. “Weight-
average molecular weight of methanol insoluble products.

Table 1 shows the effect of catalytic systems (metal complex and Lewis acid) on
polymerization of phenylacetylene (PA) examined in M(MOCEH), (M=Mo, W) based
systems. The onomer conversion (80%) and polymeaeld (56%) are the highest for the
tungsten complex and TiChs Lewis acid. The weight-average molecular weights, )
of product insoluble itTmethanol obtained in this system is also the highest; however, its
value is not very large (1.9X30 Low molecular weight of pgphenyacetylene can be
caused by kinetic effects as well as by possible degradatduced by the polymerization
catalyst. Considerably lower monomer conversion (20%) with th&atively high yield of
cyclotrimers(15%) was otained for the metal system with SnClSuch a relatively high
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yield of cyclotrimers was also observed in the system ofybaginum with SnGCl
(conversion 32%; ield of cyclotrimers22.5%). However, the dependence of monomer
conversion and igld of insoluble methangbroducts on the Lewiacid in the molbdenum
systems is different than that observed in thegsten syem. In the case of mgbdenum
complex this difference can be caused by the stronger tendency to form stable adducts.

The effect of solvent

Activities of the tested systemsratgly depend on the alppd solvent. The effect of
solvent on conversion of phdagetylene, selectivity, yield of polymer and its molecular
weight was examined with W(N@D,CEH), - MCI, (M = Ti, Sn) in benzene,
chlorobenzene, toluene and €M and the results are shown in Table 2. Activity of the
system with SnCl in polymerization of other substituted acetylenés6-hexadiyne,
propargyl ether) was also the gaift of our investi@tions (Table 2).

Table 2. Effect of the solvent on polymerization of phenylacetylene (PA) examined with
W(NO),(0,CEH), - Lewis acid (LA) systems®

LA Solvent  Monomer Conv. Yield (%) M, MJ/M,
(%)  polymer® cyclotrimers

TiCls CeHs PA 31 11 20 10950 6.96

SnCly CeHs PA 57 15 42 720 145

TiCly, CeHsCl PA 20 10 10 28200 1.69

SnCly C¢HsCl PA 47 32 15 1060 1.50

TiCly; C¢HsCH; PA 0

SnCly, CeHsCH; PA 30 20 10 760 1.65

TiCly; CH;Cl; PA 80 56 24 1900 499

SnCly CHCl, PA 20 5 15 800 1.56

SnCl, CeHsCl  PE° 21 20¢

SnCly C¢HsCl 1,6-HD° 20 10?

*Reaction conditions: concentration of complex [W] = 0.25 mmol; [LA)J/[W] = 2;
[monomer]/[W] = 50; 24 h; room temperature. "Methanol insoluble part. “Propargyl ether.
“Insoluble in organic solvents. °1,6-Heptadiyne.

The polymerization reaction of phenylacetylene was never selective in the systems
tested. It was always accompanied by cyclotrimerization @actThe most eéctive
catalyst polymerization is the system with Ti@h CHCI,. Despite of the relatively high
polarity of this solvent (14,24), the monomer conversion is 80%; iklel pf the polymer
is 56%, and that of cyclotners is24%. However, the mecular weight of that polymer
is not very high. Nevertiess, M , and M of the polymers for TiCl system in CELCI,
and other solvents always exceed those obtained with,.Sfiké highest weight-average
molecular weight 1, = 2.8x10) was that of polymer formed in PhCI. In the system with
TiCl,, conversion of phengcetylene depends on the solvent as follows:GLH(80%) >
CH, (31%) > CH.Cl (20%) >> CH.CH, (0%). The decrease of polymerselg and
increase of their molecular weightdM() are in the same row of solvents abowe.
Inactivity of TiCl, system in toluene isndoubtedly caused by the irdetion of TiC| with
a solvent. This interaction annihilates its agidpeties.

The methanol insolubl@roducts formed in the ssn with SnC| are linear oligomers
(weight-average molecular weight®0 - 800) and cyclamers. The solvent used decides
which of the reactionproducts Wl be predominant. Oligomers prevaifover 60%
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conversion of monomer) in chlorobenzene and toluene,lewhn benzene and
dichloromethane the are maproducts [I75% conversion of monomer) are cycioters.
Here the increase of conversion degree of plaeeyylene depending on the solvent was
observed in the order: B, (57%) > GH.Cl (47%) > GH,CH, (30%) > CHCI, (20%).

Propargyl ether and 1,6-heptadiyne also polyreer in the system with Sn(Cl
However, the yield of obtained polymers insoluble in amganic solvent was 20% (21%
conversion of propargyl ether) and 10% (20% conversion of 1,6-heptadiyne). In the case
of 1,6-heptadiyne, except the polymer, a mixture of light oligomers was also formed.

The systemsunder investigtion are not very active. Aomg the catalysts of
phenylacetylene polymerization based on different types of complexes gbarolm and
tungsten they can bégeed in thegroup of thecatalysts of relatively low activit{24).

Diphenylacetylene PA) does notundergo the polymezation reaction in these binary
systems but after addition of MC(M is for instance SnQ)l to solution of the precursor
complex with phenylacetylene ([W]: [PA] = 1:1 or 1:2) and next an excess of
diphenylacetylene itsonversion was observed (Table 3). Such ternaryesys (complex-
PA-LA) also catalyze RMP ofnorbornene (Table 3).

Table 3. Polymerization of diphenylacetylene (DPA) and ROMP? of norbornene (NB) by
W(NO),(0,CEH), - PA - LA system®

LA Solvent [WI/[PAYLA Monomer Yield of polymer [%] % cis®
SnCl, CeH;Cl 1/-/2 DPA 0

SnCl,  CgHsCl 1/1/2 DPA 15¢

SnCl, CsHsCH; 1/-/2 NB 0

TiCly CH.CI, 1/-/2 NB 0

SnCl, C¢HsCH; 1/1/2 NB 12 73.1
TiCly CH,Cl, 1/2/2 NB 25 79.6

*Characterized by IR (42) and °C NMR (42, 43) spectra. "Reaction conditions:
concentration of complex [W] = 0.25 mmol; [LA}/[W] = 2; [monomer]}/[W] = 50; 24 h;
room temperature. “Calculated from >C NMR spectra(42). “Insoluble in organic solvents.

Reaction mechanism and structure of polymers

Masuda (24) proposed amechanism of polymerizationby metal carbene) and
cyclotrimerization (by metallacyclopentadiene) of acetylendsr sysems with metal
chloride - based catalyst. When the catalysts are metal carbenes, cyclic triméenac
only through thecis-cisoidal - induced backbiting and/or intramolecular reacti@%®), and
the polymerizaton reaction exhibits a mechanism similar to that of polymerization of
cycloolefins (14, 19, 24-28). As it follows from Tables 1 and 2, in théesysunder
investigation  phenylacetylene undergoes cycloimerizaton, oligomeization  or
polymerization; which reaction prevails depends on the complex, the Lewis acid and the
solvent.

For the WNO)YO,CR), - MCI, systems wepropose the followingmechanism of
oligomerizaton, polymeization and cyclotrimerization of phenylacetylene and other
terminal acetylenes (i.epropargyl ether and 1,6-heptadiyne). Theaation of catalyst
precursor complexes with Lewis acids causes that foewdoation sites are reached in
trans positions towards NO ligands (34, 38). In the presence of pdwatylene or another
terminal acetylene in the reaction system, abrcdinates to the metatorming vinylidene
complex (44, 45) and further polynieation proceeds by metal carbene mechanism. The
trimerization mechanism of phenylacetylene is backbitinggropagting carbenes in ais-
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cisoidal grown chain to form triphenylbenzene datives. When the free oordimtion
sites are blocketby, for instance, chlorines of the Lewagids, inactive @ducts are formed
and reaction is terminated. Theoute of reaction in the case of phenylacetylene
(polymeization or/and cyclotrimerizain) dependsmainly on the Lewis acid and on the
solvent.

The abovemechanism can bproven by'H NMR spectrum of the W(NQO2CEH), -

SnCl, - PA ([WJ/[Sn)/[PA]=1/2/1) system, as well as tests of activity of ternary systems
W(NO),(O,CEH), - PA - LA ([WJ/[PA)/[LA]=1/1 or 2/2) in polymerization reactions of
diphenylacetylene and®MP ofnorbornene (Table 3).

'H NMR investigations of the W(NQI,CEH)-SnCl-PA ([WJ/[Sn])/[PA]=1/2/1)
system in CLCI, did not allow to identify the vinylidene complexes, because of their fast
reaction with phenylacetylene (even at the concentration ratio of reagents [W]/[PA]=1/1).
Therefore, this ggctrum exhibit the proton resonances of polyphexsstylene, § = 7. 10 -

7.30 ppm) and signals at 12.20, 12.80 ppm.cglpof H, protons of vinyl alkylidene
complexes of tungsten (46). a@lytic activity of the W(NQJO,CEH)-SnCl-PA
(JW]/[Sn]/[PA]=1/2/1) system in the polymerization reaction of diphenylacetylene, in
particular of FOMP of norbornene (Table 3) proves that carbene complexes are formed in
this system.

Values of the chemical shift of pglhenyacetylene proton resonances (7.10 - 7.30
ppm) in spectra of these systems indicate tlanscisoidal structure (15, 16) of the
polymers formed. These spectra show also weak signdds82t 6,70 and 6.80 ppm due to
proton resonances of anall anmount of polymer withcis-transoidal structure (15, 16) and
weak signals ab = 7.60 - 7.80 ppm, due to the protons of triphenylbenzene (16, 23). The
structure of all the obtained gmhenyacetylenes was determined by tit¢ NMR and IR
spectroscopies (14-16, 19, 23). We identified these polyphesiylenes asranscisoidal
ones. The'H NMR spectra of all the obtained pphenyacetylenes show also weak
signals of proton resonances of polymer with thetransoidal structure, and in addition
weak and broad sitgts atd = 3.5 - 4.0 ppm. These broad dgtg ®rrespond to the
methynicproton signal arising from the 1,3- and or 1,4-cyclohexadiene structlée23).

When the polymerization mechanism can be described byptbpagtion through
metal carbenes and cyclometallabutene intermediates, the polymer structure is determined
by two mechanisms: (i) isomerization prior to ttheuble bond fanation - resulting ircis-
transoidal isomer otranscisoidal isomer depending on the mode of cyclometallabutene
opening (17, 18, 20, 23, 47), (i) tmeal isomerization aftedouble bond fanation -
resulting in the cis to trans isomerization and cyclohexadiene sequences. The obtained
results suggest that thimechanism decides on the microstructure of polyfenylacetylene
formed in W(NO)(O,CEH), - Lewis acid systems. The cyclohexadiene structure can
undergo further rearraegnent leading to chain scission and aromatizapooducts (17,

18, 20, 23, 47).
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