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Summary 

Polymer-attached CpNbCl,, CpNbCl,, CpNbCl,, Cp,Nb(BH,), CpTaCl,, 
(PhCH,)NbCl, and (PhCH,)TaCl, have been prepared. The reduction products of 
supported niobium and tantalum chlorides are active hydrogenation catalysts for 
olefins and for diphenylacetylene which was hydrogenated to 1,Zdiphenylethane 
through intermediate stilbene. The similar reduction products have also been em- 
ployed in catalytic isomerization of allylbenzene which is converted into a mixture of 
frans- and cis-propenylbenzene. Polymer-attached CpTaCl 4, when treated with 
neopentyllithium, can effect dimerization of ethylene to give 1-butene. 

We have previously demonstrated [l-3] that the attachment of titanocene-, 
zirconocene- and hafnocene-related catalysts to rigid polymers resulted in an in- 
crease in activity for olefin hydrogenation and isomerization which was the result of 
site isolation on the polymer [4]_ The attachment of catalysts to the polymer also 
allows easy separation of catalysts from the reaction products. 

In this work, niobium and tantalum complexes have been attached to poly- 
styrene-divinylbenzene copolymer through cyclopentadienyl and benzyl ligands. 
Their catalytic activities in hydrogenation, olefin isomerization and ethylene dimeri- 
zation have been examined. 

Experimental 

Because of the air and moisture sensitivity of the materials described, standard 
Schlenk-tube techniques were employed. An argon-filled glove-box was used for 
transfers. 

Electron spin resonance (ESR) spectra were obtained by use of a Varian E-4 
spectrometer. NMR spectra were obtained by using Varian T-60 and Varian 

0022-328X/85/$03.30 0 1985 Elsevier Sequoia S.A. 



214 

A56/60D spectrometers. Tetramethylsilane (TMS) was used As reference. Gas 
chromatographic (GLC) analyses were performed by use of an F&M model 810-19 
analytical gas chromatograph and a Varian 1400 analytical gas chromatograph. 
Infrared spectra were recorded by using Perkin-Elmer 457 or 237B spectrophotome- 
ters. Samples were prepared by crushing the polystyrene beads in a ball mill under 
anaerobic conditions and mulling the powder with dry Nujol in a dry glove-box. The 
samples were placed between NaCl plates. 

Materials 

The 20% cross-linked (600 A pore size), macroreticular, polystyrenedivinylben- 
zene, copolymer beads were gifts from the Dow Chemical Company and were 
washed to remove impurities before use. They were washed with 10% HCl, 10% 

NaOH, H,O, a l/l H,O/CH,OH mixture, CH,OH, a l/l CH,OH/CH,Cl, 
mixture, and CH,CI, and benzene as recommended by Pittman [5] and were dried 
in a vacuum. 

Reagent grade tetrahydrofuran (THF), benzene and mesitylene were distilled over 
sodium-benzophenone under argon. Hexane, cyclohexane, pentane and diethyl ether 
were refluxed over lithium aluminum hydride before distillation. Argon; hydrogen, 
carbon monoxide, ethylene and hydrogen chloride were Matheson purified grade. 
Organolithium reagents, I-hexene, allylbenzene, 1,5-cyclooctadiene, cyclohexene, 
and chloromethyl ethyl ether * were obtained from the Aldrich Chemical Company. 
Niobium and tantalum pentachlorides were obtained from Alfa Products, Ventron 
Corp. Chloromethylated and cyclopentadiene-substituted copolymers were prepared 

by the previously published methods [l-3]. 

Analytical methods 

Halide from the chloromethyl groups was removed from the copolymer by use of 
hot pyridine and was determined by the Volhard method [7]. Niobium and tantalum 
contents were determined by digesting the polymer-attached niobium and tantalum 
compounds with a few drops of concentrated sulfuric acid, ashing by use of a 
microburner, heating to 1000°C for 12 h, and weighing as Nb,O, and Ta,O,, 
respectively. Niobium and tantalum complexed chloride was removed by digestion 
of polymer samples in 2 N KOH solution at 80°C for 24 h. Chloride was determined 
by the Volhard method, following acidification of the aqueous supernatant. Some 
elemental analyses were performed by Schwarzkopf Microanalytical Laboratory, 
Woodside, New York. 

Preparation of polymer-attached CpNbCI, 
A sample of 6 g cyclopentadiene substituted copolymer (1.41 mmol Cp/g of 

beads) was treated with a two-fold excess of methyllithium in THF, and the reaction 
mixture was stirred for 2 days under argon. The polymer turned deep purple-red. 
The solution was removed and the beads were washed four times with THF and then 
four times with benzene. The flask was cooled in an ice bath and a 30 ml portion of 
saturated niobium pentachloride solution in benzene was introduced by using a 
syringe. After the reaction mixture was stirred for about 20 minutes, the color of the 

* Caution is advised in chloromethylation and in the handling of chloromethyl ethyl ether because the 
related compound bis(chloromethy1) ether is a carcinogen 161. 
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solution disappeared. The solution was removed and a second 30 ml portion of 
saturated niobium pentachloride solution in benzene was injected. The solution was 
again decolorized after being stirred for half an hour. Several 30 ml portions of 
saturated niobium pentachloride solution were added until the solution was no 
longer decolorized. The solution was removed and the black colored beads were 
washed with benzene in a Soxhlet extractor for 5 days and dried under vacuum. 
Anal. Calcd.: Cl/Nb, 3.00. Found: Nb, 0.941 mmol/g of beads; Cl, 2.913 mmol/g 
of beads; Cl/Nb, 3.10. 

Preparation of polymer-attached Cp, NbCl, 
A sample of 3 g of polymer-attached CpNbCl, (0.941 mm01 Nb/g of beads) was 

treated with large excess of sodium cyclopentadienide solution in THF. The reaction 
mixture was stirred in darkness for 5 days. The solution, which had turned dark 
purple at the end of this period, was removed by using a syringe. The beads were 
washed several times with degas& THF. The brown beads, .with attached niobium 
tetracyclopentadienyl, were suspended in THF and anhydrous hydrogen chloride 
was introduced. The beads turned black and after being washed with THF in a 
Soxhlet extractor for 3 days, they were greyish brown. Anal. Calcd.: Cl/Nb, 2.00. 
Found: Nb, 0.139 mmol/g of beads; Cl, 0.269 mmol/g of beads; Cl/Nb, 1.93. 

Preparation of polymer-attached CpNbCI, and CpTaCI, 
In a typical reaction, 1 g of cyclopentadiene-substituted copolymer beads (1.41 

mm01 Cp/g of beads) was treated with excess n-BuLi in THF for 2 days under 
argon. The excess n-BuLi was removed and the beads were washed with THF, then 
dried under vacuum. The dried beads were suspended in benzene and R,SnCl 
(R = n-Bu, or Me) was added. The reaction mixture was stirred for 3 days. The color 
of beads changed from red to pale yellow. The beads were then washed with benzene 
and dried. Treatment of pale yellow beads in toluene with MCl, (M = Nb, or Ta) 
gave red supported CpNbCl, beads and yellow supported CpTaCl, beads, respec- 
tively. Anal. Calcd. for supported CpNbCl,: Cl/Nb, 4.00. Found: Nb, 0.810 
mmol/g of beads; Cl, 3.081 mmol/g of beads Cl/Nb, 3.80. Anal. Calcd for 
supported CpTaCl 4 : Cl/Ta, 4.00. Found: Ta, 0.792 mmol/g of beads; Cl, 3.052 
mmol/g of beads; Cl/Ta, 3.85. No analysis for Sn was carried out. 

Preparation of polymer-attached (PhCH,)MCl, (M = Nb and Ta) 
Typically, 2 g of chloromethylated polystyrene beads (1.57 mm01 Cl/g of beads) 

were suspended in 10 ml of THF and the reaction flask was cooled in an ice bath. A 
two-fold excess of trimethylstannyllithium in THF, which was prepared by treat- 
ment of a tetrahydrofuran solution of hexamethyldistannane with methyllithium, 
was added slowly. After being stirred at room temperature for 36 h, the solution was 
removed and the beads were washed several times with THF, then dried. The 
polymer-attached benzyltrimethyltin beads were suspended in 20 ml toluene and 
treated with excess TaCl,. After being stirred for 5 days, the beads were washed in a 
Soxhlet extractor with toluene for 3 days. The product, cream beads, was then dried 
under vacuum and gave chloride contents of 3.61 mmol/g of beads and tantalum 
contents of 0.93 mmol/g of beads. 

Preparation of polymer-attached NbCp2(BH,) 
To 2 g of polymer-supported niobocene dichloride (0.139 mm01 Nb/g of beads) 
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was added excess lithium borohydride. 10 ml of degassed THF was injected and the 
reaction mixture was stirred under argon at room temperature for 12 h. The color of 
the beads changed from greyish brown to dark green. Excess lithium borohydride 
was removed by washing the beads several times with THF. The product, which was 
very air and moisture sensitive, was stored in the argon filled glove-box. The IR 
spectrum showed v(B-H) at 2380 cm-‘. No boron or chloride could be detected in 
the beads. 

Catalytic hydrogenation of olefins and diphenyiacetylene 

The polymer-attached catalysts were weighed into a 100 ml round-bottomed flask 
with a side arm. The beads were suspended in 5 ml n-hexane and treated with 3 ml 
of 2.0 M n-butyllithium in n-hexane for 2 days. The excess of n-butyllithium was 
removed and the beads were washed with n-hexane several times. The 8.5 ml hexane 
was injected into the flask and 1.5 ml 1-hexene was added. The reaction mixture was 
stirred at a constant stirring rate, while the temperature was maintained at 25°C. 
The rate of hydrogen uptake was measured by using a 100 ml gas buret. 

For the hydrogenation of diphenylacetylene, the catalyst was suspended in 5 ml 
toluene, then 0.267 g (1.5 mmol) of diphenylacetylene in 5 ml toluene was added into 
the flask. The rate of hydrogen uptake was measured at 100°C and at normal 
atmospheric pressure. A small amount of reaction mixture was drawn out periodi- 
cally and then chromatographed by GLC on a 8 ft. x l/8 in. 15% SE-30/Chro- 
mosorb P column. 

Catalytic isomerization of allylbenzene and 1,5-cyclooctadiene 

The reduction of polymer-attached niobium and tantalum chloride beads with 
excess n-butyllithium in hexane was carried out under hydrogen at room tempera- 
ture for 2 days. The excess of n-butyllithium was removed and the beads were 
washed with hexane several times and dried under vacuum. Allylbenzene or 1,5- 
cyclooctadiene was then added and stirred under argon at 145°C. A small amount of 
reaction mixture was drawn out periodically and chromatographed by GLC on a 8 
ft. X l/8 in. 15% SE-30/Chromosorb P column. The relative amounts of allylben- 
zene, cis-propenylbenzene and trans-propenylbenzene were measured by integration. 
The relative amounts of 1,3-, 1,4- and 1,5-cyclooctadiene were measured by GLC 
integration and NMR integration. 

Ethylene dimerization catalyzed by polymer-attached tantalum complexes 

Typically, 0.50 g polymer-attached CpTaCl, beads (0.792 mmol/g of beads) was 
placed into a pressure bottle and suspended in 15 ml pentane. Two equivalents of 
neopentyllithium in pentane (0.80 mmol) was added slowly. The beads changed from 
yellow to brown. After being stirred for 2 days, the brown beads were washed several 
times with pentane. The brown beads were then suspended in 15 ml pentane. The 
pressure bottle was pressurized with 60 psi ethylene and the reaction mixture was 
stirred for 2 h. The brown color of the beads lightens to pale yellow. The solvent and 
ethylene were removed and the beads were dried under vacuum. After being stirred 
at 100°C under 80 psi of ethylene for 24 h; the gas sample was analyzed on a 20 
ft. x l/8 in. Durapak column. 

When the pale yellow beads suspended in ether were treated with 90 psi of CO for 
30 h, a supported dicarbonyl complex was formed. The IR spectrum shows two CO 
stretching bands at 2020 and 1940 cm-‘. 
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Results and discussion 

Preparation of polymer-attached CpNbCl, 

It has been our initial intention to prepare the polymer-attached CpNbCl, by 
treating cyclopentadienide substituted copolymer with NbCl,. Instead of CpNbCl,, 
polymer-attached CpNbCl, is formed. The formation of supported CpNbCl, is not 
unexpected since the cyclopentadienide ion is a good reducing agent. During its 
reaction with NbCl,, polymer-attached CpNbCl, is formed by reduction of Nb” to 
Nb’“. 

The polymer-attached CpNbCl, has been confirmed by metal and chloride 
analyses, which gave a Cl/Nb ratio of 3.1. Brubaker and Kilmer have presented a 
computer simulated ESR spectrum of this compound [8]. Comparison of the 
experimental spectrum with the simulated one indicates that the two match very 
well. 

Polymer-attached Cp, NbCI, 

Polymer-attached Cp,NbCl 2 was prepared by converting the corresponding 
CpNbCl, to Cp,Nb with excess NaCp solution in THF, and then by treating the 
supported Cp,Nb with a saturated solution of dry hydrogen chloride in THF [9,10]. 
The resin bound Cp,NbCl, is confirmed by metal and chloride analyses. ESR 
spectrum of the supported Cp,NbCl, is very similar to the frozen glass spectrum of 
the homogeneous Cp,NbCl z [ 111 and the computer simulated one [8]. 

Loading in the polymer-attached CpNbCl, is 0.94 mm01 Nb/g of beads, but in 
subsequent Cp,NbCl, substituted polymer, it has decreased to 0.14 mmol Nb/g of 
beads. The large decrease in loading can be explained by the q5-C,H,/n’-C,H, 
exchange mechanism reported earlier [ 121. 

Preparation of polymer-attached CpMCI, (M = Nb and Ta) 
The complexes CpMCl, (M = Nb and Ta) were prepared recently from the 

reaction of MCI, with CpSnR, (R = CH, or n-Bu) or MgCp, [13,14]. The attach- 
ment of CpMCl, species to the polymer is illustrated by Scheme 1. 

Treatment of the cyclopentadiene-substituted copolymer beads with n-butyl- 
lithium followed by the addition of R,SnCl (R = Me or n-Bu) gave pale yellow 
polymer-attached CpSnR, beads. Then the direct reaction of supported CpSnR, 
with MCl, gave supported CpMCl, beads. These species were confirmed by the 
comparison of their colors with unattached species and by elemental analyses. 

a 0 (I > MCI, 
) 

(2) R3SnCI 
(M =Nb,Ta) 

(R=Me,n-Bul 

SCHEME 1. Preparation of polymer-attached CpMCl, (M = Nb, Ta). 

I , I 

CL 
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Preparation of polymer-attached (vi-PhCH,)MCI, (A4 = Nb and Ta) 
Transition metal complexes attached to polymers by means of phosphine, nitro- 

gen of g-bonded ligands have been studied extensively. However, polymers where 
the transition metal complex is attached to the matrix by a carbon-to-metal u-bond 
have rarely been studied [lS--191. Pittman and co-workers [l&-18] found the use of 
metal carbonyl anions provided convenient routes to incorporate transition metal 
carbonyl moieties into polymers. In this research, polymer-bound q’-benzyl-niobium 
and -tantalum chlorides have been prepared by treating polymer-bound $-benzylal- 
kyltins with anhydrous niobium and tantalum pentachlorides respectively. Polymer- 
bound vi-benzyltrimethyltin can be prepared in good yield by treating chloromethyl- 
ated polystyrene beads with trimethylstannyllithium which was prepared by treat- 
ment of a tetrahydrofuran solution of hexamethyldistannane with methyllithium 
1201. The proposed reaction may be illustrated in Scheme 2. This method provides 
convenient routes for attaching transition metal halides to polymers through a 
$-benzyl ligand. 

Me3 SnLi 

THF 

MCI5 

(M=Nb,Ta) 

CH2 

$1 

7t-42 

Sll 
Me’ 1 ‘-Me 

Me 

SCHEME 2. Preparation of Polymer-Attached ($-PhCH2)MCl, (M = Nb and Ta) 

Catalytic activities of polymer-attached niobium and tantalum complexes 

The unsaturated metalloeene and transition metal hydrides are recognized as 
important intermediates and catalysts in a variety of reactions including olefin 
hydrogenation, isome~ation, etc. Niobium hydrides have been reported to react 
with olefins [21,22]. 

We have also previously demonstrated [1,2] that polymer-attached titanocene, 
zirconocene and hafnocene are excellent catalysts for olefin hydrogenation and 
isornerization. 

Therefore, it is not unexpected that the reduced species of polymer-attached 
niobium and tantalum chlorides can serve as catalysts for hydrogenation and 
isomerization of unsaturated organic compounds. 

Hydrogenation of oiefins and diphenylacetylene 
Studies on hydrogenation of olefins with the reduced species of the polymer-at- 

tached niobium and tantalum chlorides show that they are much poorer hydrogena- 
tion catalysts than titanium analogs {4]. The rates of hydrogen uptake at room 
temperature for 1-hexene and cyclohexene catalyzed by the reduced polymer-at- 
tached CpNbCl, are only 1.49 ml and 1.11 ml/mm-mmol of Nb metal, respectively. 
Other reduced polymer-attached niobium and tantalum chlorides do not show any 
appreciable amounts of hydrogen uptake in the hydrogenation of 1-hexene at 1 atrn 
of H, and 25°C. 
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However, the reduction products of these beads are active catalysts for the 
hydrogenation of diphenylacetylene at 100°C and at 1 atm of H,. For example, 
diphenylacetylene (1.5 mmol) was completely hydrogenated to give l,Zdiphenyl- 
ethane via rrans-stilbene as an intermediate within 23 h, when 0.63 g of reduced 
supported CpTaCl, beads (0.79 mm01 Ta/g of beads) was used. The reduced 
polymer-attached CpNbCl, beads were much less reactive and brought the hydro- 
genation to an extent of 20% under the same conditions. The hydrogenations 
catalyzed by reduction products of polymer-bound q’-benzyl-niobium and -tantalum 
chlorides were not examined in detail in this case. 

Isomerization of allylbenzene 

It has been known that homogeneous NbCp,Cl, reacts with BuLi to form 
NbCp,HCl [22]; this monohydride complex might be a potential catalyst for 
hydrogenation, isomerization, etc. Polymer-supported NbCp,Cl 2 has been treated 
with BuLi to give black beads; Nb and Cl analyses of which yielded a Cl/Nb ratio 
of 1.05. This result clearly indicated that one of the chloride ligands remained 
bonded to the metal center. Nb-H stretching could scarcely be observed in the IR 
spectrum because the very broad peak due to the copolymer at 1600 cm-’ might 
have covered the V(Nb-H). Nevertheless, it is not unreasonable to expect that the 
reaction between polymer-supported NbCp,Cl, and BuLi has formed the same 
product as in the homogeneous case, i.e., the polymer-supported NbCp,HCl. 

Polymer-supported NbCp, HCl has been employed for isomerization of allylben- 
zene, it is found that 0.18 g (0.14 mm01 Nb/g beads) can effect 90% isomerization of 
4 ml allylbenzene (80% trans-propenylbenzene and 10% cis-propenylbenzene) in 15 h 
at 145°C. 

Isomerization of allylbenzene with reduced polymer-attached CpNbCl 3, CpTaCl,, 
(PhCH,) NbCl, and (PhCH,)TaCl, has also been attempted. A 0.2 g sample of 
reduced polymer-attached CpNbCl, (0.94 mm01 Nb/g of beads) was found to effect 
a total of 7.4% isomerization of 4 ml allylbenzene, 5.4% to trans-propenylbenzene 
and 2% to cis-propenylbenzene on 15 h at 145OC. Comparison of reactions with 
supported CpNbCl, and CpTaCl, shows that 0.25 g of polymer-attached CpTaCl, 
(0.21 mm01 Ta/g of beads), when reduced, can effect about 97% isomerization of 4 
ml of allylbenzene in 4 h, while approximately the same amount of supported 
CpNbCl, can only effect about 15% isomerization. The reduction products of 
polymer-attached qr-benzyl-niobium and -tantalum chlorides are also active catalysts 
for isomerization of allylbenzene and their activities are as good as those of 
supported CpNbCl 4 and CpTaCl 4. 

Polymer-attached Cp,Nb(BH,) was prepared by treating resin bound Cp,NbCl, 
with LiBH, in THF. Addition of triethylamine to the borohydride derivative yielded 
yellow beads, whose IR spectrum showed a sharp peak at 1665 cm-’ not present in 
that of the supported niobocene borohydride. This sharp peak might be attributed to 
the Nb-H stretching. The yellow beads were suspected to be the polymer-attached 
niobocene monohydride, i.e., Cp,NbH. When the supported niobocene monohy- 
dride was used for the catalytic isomerization of allylbenzene, 0.2 g of catalyst (0.14 
mm01 Nb/g of beads) could effect about 10% isomerization of 4 ml of allylbenzene 
in 15 h at 145°C. In another experiment, polymer-attached Cp,Nb(BH,) was 
treated with triethylamine under an atmosphere of carbon monoxide, no formation 
of supported Cp,NbH(CO) or Cp,Nb(CO), was observed. 
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Ethylene dimerization catalyzed by polymer-attached tantalum complexes 
S&rock and co-workers [23,24] reported that a neopentylidene complex, 

CpTa(CHCMe,)Cl 2, reacts with ethylene to give a tantalo-cyclopentane complex 
which could be an intermediate in selective dimerization of ethylene to give l-butene. 
The dimerization of ethylene catalyzed by polymer-attached CpTaCl, has been 
attempted. Treatment of polymer-attached CpTaCl, with two equivalents of 
neopentyllithium in pentane gave brown beads which might be a supported neopen- 
tylidene complex of tantalum. The brown beads can effect dimerization of ethylene 
at 80 psig pressure and 100°C to give l-butene with a turnover number of 18 
mmol/h-mmol of Ta metal. A. carbonyl complex, possibly a supported 
CpTaCl,(CO), (Y(CO) 2040 and 1960 cm-‘) [23], was formed when the brown 
beads were treated with 60 psig of ethylene and then treated with 90 psig of carbon 
monoxide. 
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