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Abstract

The polymerization of propylene was studied with a series of dinuclear early transition metal zirconocene-late transition
wŽ 5 Y . � X4 Ž . xmetal complexes bridged by phosphido and arsenido moieties of general formula h -C H R Zr m-ERR M CO5 4 2 2 n

Ž X Y Ž . X Y Ž .EsP, RsR sSiMe , R sH, MsMo, ns4 1 ; EsP, RsR sSiMe , R sH, MsNi, ns2 2 ; EsAs,3 3
X Y Ž . X Y Ž .RsR sSiMe , R sH, MsCr, ns4 3 ; EsP, RsH, R s2,4,6-i-Pr C H , R sMe, MsMo, ns4 4 ; EsP,3 3 6 2

X Y Ž ..RsH, R s2,4,6-i-Pr C H , R sMe, MsCr, ns4 5 , as well as with the corresponding monometallic zirconocene3 6 2
wŽ 5 Y . Ž X. x Ž X Y Ž . Xprecursor complexes of the type h -C H R Zr ERR EsP, RsR sSiMe , R sH 6 ; EsP, RsH, R s2,4,6-5 4 2 2 3

Y Ž .. wŽ 5 . Ž X. x Ž X Ž ..i-Pr C H , R sH 7 and h -C H Me Zr ERR Cl EsP, RsH, R s2,4,6-i-Pr C H 8 . The active cationic3 6 2 5 4 2 3 6 2
Ž .species were generated treating the complexes with an excess of methylalumoxane MAO . The catalytic activity was found

to be strongly dependent on temperature and catalystrMAO ratio. q 1998 Elsevier Science B.V.

1. Introduction

Heterobimetallic compounds incorporating
both early and late transition metals are of
current interest due to their relationship to het-
erogeneous Fischer–Tropsch catalysts and, re-
cently, as active catalysts for the Ziegler–Natta

w xpolymerization of ethylene 1 . Most of these
catalysts have low-valent late transition metals
attached directly or through bridging ligands to
a high-valent early transition metal, thereby the

) Corresponding author. Tel.: q972-4-8292680; fax: q972-4-
8233735; e-mail: chmoris@techunix.technion.ac.il

degree of interaction between the metals has
profound effects on the activity of the resulting
catalysts. For example, the term ‘strong metals

Ž .interaction’ SMI has been used to describe the
drastic decrease in the ability of noble metals of
groups 8–10 to chemisorb hydrogen when they

Žw xare supported on titanium oxide 2 and refer-
.ences therein .

Recently, heterometallic complexes have been
the subject of several reviews. Complexes con-
taining both early and late transition metals
often contain bridging ligands that result in
stable compounds in which the two different

Žw xmetals are kept in proximity 3–5 and refer-
.ences therein .

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Recently, advances in earlyrlate bridged
transition metal complexes can be attributed to
the beneficial influence of the early transition
metal supporting ligation on the catalytic prop-
erties of the late transition metal towards or-

Žw x .ganic substrates 6–10 and references therein .
In principle, each metal center in such a binu-
clear compound can undergo reactions charac-
teristic of a mononuclear transition-metal com-
plex. Thus, a high-valent early transition metal
could be active in processes such as alkene
oxidation or metathesis, while an adjacent low-
valent transition metal could undergo oxidative
addition, reductive elimination and insertion.
Likewise, cooperative reactivity could stem from
the possibility for the electron-poor early transi-
tion metal and the electron-rich late transition
metal to create an ideal environment for het-
erolytic bond cleavage of polar substrates. Al-
though many earlyrlate transition metal hetero-
bimetallic complexes have been prepared, few
of them have shown a truly cooperative syner-

w xgetic reactivity with organic substrates 11–13 .
The observed reactivity has been shown to oc-
cur at a single metal center, presumably because
the large distance between the metal centers
does not permit any synergistic effect. The reac-
tivity is normally found at the late transition
metal center due to the coordinative saturation
of the early transition metal center. Neverthe-
less, some cases have been reported in which an
influence of the early transition metal on the
reactivity of the late transition metal center is

w xfound 14–16 . Only in a few reactions has
participation of both metals in a reaction with

w xan organic substrate been observed 17–19 .
We report here a comprehensive study in

which a large effect is found for the late transi-
tion moiety on the catalytic activity of the elec-
tron-poor early transition metal in the poly-
merization of propylene, employing a series of
dinuclear earlyrlate phosphido- and arsenido-
bridged zirconocene-late transition metal com-

wŽ 5 Y . �plexes of general formula h -C H R Zr m-5 4 2
X4 Ž . x Ž X YERR M CO EsP, RsR sSiMe , R s2 n 3

Ž . XH, MsMo, ns4 1 ; EsP, RsR sSiMe ,3

Y Ž . XR sH, MsNi, ns2 2 ; EsAs, RsR s
Y Ž .SiMe , R sH, MsCr, ns4 3 ; EsP, Rs3

H, RX s2,4,6-i-Pr C H , RY sMe, MsMo, n3 6 2
Ž . Xs4 4 ; EsP, RsH, R s2,4,6-i-Pr C H ,3 6 2

Y Ž ..R sMe, MsCr, ns4 5 along with a com-
parison to the corresponding monometallic zir-

wŽ 5conocene precursor complexes of the type h -
Y. Ž X. x Ž XC H R Zr ERR EsP, RsR sSiMe ,5 4 2 2 3

Y Ž . XR s H 6 ; E s P, R s H, R s 2,4,6-i-
Y Ž . . Ž 5P r C H , R s H 7 an d h -3 6 2

. Ž X. Ž XC H Me Zr ERR Cl E s P, R s H, R s5 4 2
Ž ..2,4,6-i-Pr C H 8 . For each complex, the3 6 2

active cationic species was obtained by using an
Ž .excess of methylalumoxane MAO .The elec-

tronic effect of the electron-rich late transition
metal moiety on the cationic zirconocene has
been correlated with the observed polymeriza-
tion activity.

In addition, an attempt was made to initiate
the propylene polymerization by employing the
weakly coordinating salt tributylammonium te-

Ž .t r a k i s p e n t a f l u o r o p h e n y l b o r a t e
wŽ . xyw Ž . xqC F B NH n-Bu with complex 1.6 5 4 3

Ž . yHowever, this precatalystr C F B system6 5 4

proved to be inactive as a polymerization cata-
lyst, affording polymerization reactivity only
after the addition of equimolar amounts of

Žw x .AlMe 20–36 and references cited therein .3

2. Results and discussion

The complexes used in this study for the
polymerization of propylene are shown in Fig.
1.

Complexes 1–8 are stable compounds with
no catalytic reactivity towards olefins in the
presence of dihydrogen orrand carbon monox-
ide, due to the electronic and coordinative satu-
ration of both early and late transition metals.
However these complexes can be activated to
give coordinatively unsaturated cationic zir-
conocenes by a strong Lewis acid such as meth-

Ž .ylalumoxane MAO . These activated com-
plexes were found to be active catalysts for the
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Ž .Fig. 1. Early-late heterodinuclear bridged phosphido- and arsenido-complexes and monophosphido- or bis phosphido -zirconocene com-
plexes as efficient precatalysts for the atactic polymerization of propylene.

polymerization of propylene. The heterodinu-
clear complexes 1–5 are excellent examples of
earlyrlate heterobimetallic bridged phos-
phidorarsenido complexes used as catalytic
precursors in polymerization reactions in which
the electron-rich late transition metal influences
the oxophilic electron-poor early transition
metal.

The catalytic polymerization of propylene was
studied with the precatalysts 1–8. Active
cationic catalysts were generated by treating the
corresponding complexes with excess MAO.
Propylene polymerizations were carried out un-
der vigorously anaerobicranhydrous vacuum
line conditions, and reactions were quenched
after m easured tim e intervals w ith
methanolrHCl solutions prior to polymer col-
lection, washing and drying. The polymer mi-
crostructure of the obtained atactic polypropy-

lene was characterized by standard 13C-NMR
w xanalysis 37 .

2.1. Catalytic polymerization of propylene pro-
moted by the heterodinuclear complexes 1–5

Several trends are evident in the propylene
polymerization data for the heterodinuclear

Žearlyrlate transition metal complexes 1–5 Ta-
.ble 1 . The catalyst activity is strongly depen-

Ždent on temperature entries 1, 5, 8; 2, 6, 9; 22,
.24, 26 . Thus, raising the temperature from 273

to 303 K for a catalystrMAO ratio of 1:1350
causes an increase in the catalytic activity by a
factor of 2, 3, 12 and 16 for complexes 1, 2, 3,
and 5, respectively. A further temperature in-
crease to 333 K produces a small decrease in

Ž .catalytic activity except for complex 2 . Large
effects have also been observed for the Al:Zr
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Table 1
Activity data for the polymerization of propylene with heterobimetallic complexes 1–5

a,b c dw x Ž . Ž . Ž .Entry Catalyst catal mmol T 8K MAO mmol CatrMAO ratio Activity
y3 41 1 6.38=10 273 6.38 1:1000 3.1=10
y3 42 1 6.38=10 273 8.62 1:1350 3.8=10
y3 43 1 6.38=10 273 17.24 1:2700 6.6=10
y3 54 1 6.38=10 303 4.79 1:750 1.5=10
y3 55 1 6.38=10 303 6.38 1:1000 1.2=10
y3 46 1 6.38=10 303 8.62 1:1350 6.6=10
y3 47 1 6.38=10 303 17.24 1:2700 5.2=10
y3 48 1 6.38=10 333 6.38 1:1000 5.0=10
y3 49 1 6.38=10 333 8.62 1:1350 5.3=10
y3 410 1 6.38=10 333 17.24 1:2700 6.7=10
y3 311 2 7.24=10 273 8.62 1:1350 8.3=10
y3 412 2 7.24=10 303 6.38 1:1000 1.1=10
y3 413 2 7.24=10 303 8.62 1:1350 2.2=10
y3 314 2 7.24=10 303 17.24 1:2700 8.4=10
y3 415 2 7.24=10 333 8.62 1:1350 5.0=10
y3 316 3 6.03=10 273 8.62 1:1350 4.7=10
y3 417 3 6.03=10 303 6.38 1:1000 4.3=10
y3 418 3 6.03=10 303 8.62 1:1350 5.6=10
y3 419 3 6.03=10 303 17.24 1:2700 6.1=10
y3 420 3 6.03=10 333 8.62 1:1350 2.8=10

21 4 5.56=10y3 303 17.24 1:2700 3.2=104

y3 322 5 5.84=10 273 8.62 1:1350 2.6=10
y3 423 5 5.84=10 303 6.38 1:1000 9.3=10
y3 424 5 5.84=10 303 8.62 1:1350 4.2=10
y3 425 5 5.84=10 303 17.24 1:2700 1.2=10
y3 426 5 5.84=10 333 8.62 1:1350 2.8=10

a In 30 ml toluene.
bAtmospheric pressure.
c Ž . y6Methylalumoxane, solvent removed from a 20 wt% solution in toluene Witco at 258Cr10 Torr.
d Ž y1 .Grams total polymerrmol Zr mol l h atm.

Ž .ratio compare entries 1–3, 4–7, 8–10, etc. .
Increasing the Al:Zr ratio results in a small
decrease or a plateau in the catalytic activity.
Hence, in general, the smaller the MAOrcata-
lyst ratio used, the higher the catalytic activity
Ž .limitf1:1000 .

This behavior is opposite to that normally
exhibited by early transition metal metallocene

Ž ..complexes such as for complex 8 vide infra ,
but is similar to the behavior observed for ben-

w xzamidinate cationic zirconium complexes 38 ,
Ž .bis amido titanium and zirconium complexes

w x Ž .39 , bis phosphido -zirconocene complexes
Ž ..such as 6 and 7 vide infra , or heterodinuclear

earlyrlate transition metal complexes in the
w xpolymerization of ethylene 1 . This behavior

can be simply rationalized by the effect of the
cocatalyst concentration on the catalysis of vari-

ous possible elimination routes, alkyl transfer
pathways and other deactivation processes
w x26,27,40–42 .

On increasing the donor interaction of the
late transition metal towards the oxophilic cen-
ter, lower catalytic reactivity towards the olefin
was obtained. The increased electron density at
the Zr atom due to the late transition metal
Ž 10. Ž 0.M d ´Zr d donor interactions can be seen

in the 1H-NMR Cp signals, which are shifted to
higher fields on going from the monometallic
zirconocenes to the heterobimetallic complexes
Ž .Table 2 . Noteworthy to point out that the
NMR chemical shifts for the complexes have
been measured by dissolving the different com-

Ž .plexes in the same solvent C D to avoid6 6

coordinative solvent effects. Moreover, no ma-
jor differences are found in the structure of the
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Table 2
1 Ž .aH-NMR data of compounds 1–8 region of the cyclopentadienyl protons only

Compound drppm Ref.
3� Ž . 4 Ž . Ž . w xCp Zr P SiMe 6 6.03 t 10H , J s1.0 Hz 432 3 2 2 PH

� Ž . 4 Ž . Ž . Ž . w xCp Zr m-P SiMe Mo CO 1 5.35 s 10H 442 3 2 2 4
� Ž . 4 Ž . Ž . Ž . w xCp Zr m-P SiMe Ni CO 2 5.43 s 10H 12 3 2 2 2
� Ž . 4 Ž . Ž . Ž . w xCp Zr m-As SiMe Cr CO 3 5.36 s 10H 442 3 2 2 4
X Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xrac-Cp Zr m-PHTipp Mo CO 4 4.75 br 2H , 4.99 br 2H , 5.10 m 2H , 5.29 m 2H 462 2 4
X Ž . Ž . Ž . Ž . Ž . Ž . w xrac-Cp Zr m-PHTipp Cr CO 5 4.77 br 2H , 5.07 br 4H , 5.32 m 2H 462 2 4
Ž . Ž . Ž . w xCp Zr PHTipp 7 5.57 s 10H 462 2

X Ž . Ž . Ž . Ž . Ž . Ž . w xCp ZrCl PHTipp 8 5.25 br 2H , 5.38 br 2H , 5.74 m 2H , 5.99 m 2H 452

a SolventsC D .6 6

different bridged complexes and monomeric
complexes allowing us to compare the differ-
ence in electron density around the metal center
as observed by the cyclopentadienyl ligands.

In addition, the electronic effect imparted by
the late-transition metal on the early component
is also clearly shown by comparing the CO

Ž .stretching bands in the IR spectrum Table 3 .
In comparing the frequency of the carbonyl
moieties after addition of MAO with the reactiv-
ity of complexes 1, 2 and 3, the molybdenum
moiety of complex 1 is more electronegative
Ž .red shift than that of the chromium moiety of
3, indicating a weaker donor interaction with
the oxophilic center, resulting in a more reactive
complex. The electronic effect of the late transi-
tion moiety on complex 2, lies between those of
complexes 1 and 3. Furthermore, for complexes

Table 3
Ž y1 .CO stretching bands cm for the bridged catalysts

Catalyst Before MAO addition After MAO addition

1 1942.8 1874.5
1995.1 1909.7
2000.9 2000.4
2011.4

2 1954.3 1943.2
1990.1 1989.7

Ž .3 1852.3 1988.5 broad
1865.9
1882.0
1976.2

4 1881.7 1859.9
Ž .1897.1 1876.3 shoulder

1991.4 1941.8
5 1883.5 1858.4

1895.9 1873.5
1987.4 1940.6

4 and 5, no major differences are observed for
the bridging phosphido ligands containing Tipp
moieties, as can be observed in the IR spectrum
Ž . ŽTable 3 and in the catalytic activity data Ta-

.ble 1 . Although polycarbonyl CO frequencies
are not directly proportional to the strength of
the CO bond but may also depend on the geom-
etry of the molecule, in our case the orthogonal-
ity among the carbonyls will display their elec-
tronic effect through the metal center as corrob-
orated by the NMR data.

Although no metal–metal bond is found in
the solid state structures of the earlyrlate transi-

w xtion metal complexes 44 , extended Huckel¨
molecular orbital calculations performed on the

wŽ 5 . Žm odel com plexes h -C H Zr m -5 5 2
. X x Ž X Ž . Ž .PH M L M L sPt PH , Rh h-indenyl ,2 2 n n 3 2

Ž . Ž . .Pt Me PCH , Mo CO indicate the pres-2 2 2 4

ence of MX
´Zr donor acceptor bonds that

become weaker in the series Pt)Rh)Ni)
Mo. Interestingly, our results are in close agree-
ment with the theoretically expected reactivity

w xorder Mo)CrfNi 47 .

2.2. Catalytic polymerization of propylene pro-
moted by the monometallic complexes 6–8

It is interesting to compare the propylene
polymerization results of the heterodinuclear
complexes 1–5 with the corresponding mononu-
clear precursor complexes 6 and 7 and the

Žzirconocene monophosphido complex 8 Table
.4 . A similar trend is observed for the bisphos-

phido zirconocene complexes 6 and 7, with
regards to the catalystrMAO ratio and tempera-
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Table 4
Activity data for the polymerization of propylene with complexes 6–8

a,b c dw x Ž . Ž . Ž .Entry Catalyst catal mmol T 8K MAO mmol CatrMAO ratio Activity
y3 51 6 8.68=10 303 6.38 1:1000 1.8=10
y3 42 6 8.68=10 303 8.62 1:1350 7.1=10
y3 43 6 8.68=10 303 17.24 1:2700 6.2=10
y3 44 6 8.68=10 333 8.62 1:1350 4.2=10
y3 45 7 7.22=10 273 17.24 1:2700 3.3=10
y3 46 7 7.22=10 303 6.38 1:1000 4.2=10
y3 47 7 7.22=10 303 8.62 1:1350 5.2=10
y3 48 7 7.22=10 303 17.24 1:2700 3.8=10
y3 49 7 7.22=10 333 8.62 1:1350 6.2=10
y3 510 8 7.91=10 273 8.62 1:1350 1.1=10
y3 511 8 7.91=10 303 6.38 1:1000 1.2 x10
y3 512 8 7.91=10 303 8.62 1:1350 1.7=10
y3 513 8 7.91=10 303 17.24 1:2700 2.2=10

a In 30 ml toluene.
bAtmospheric pressure.
c Ž . y6Methylalumoxane, solvent removed from a 20 wt% solution in toluene Witco at 258Cr10 Torr.
d Ž y1 .Grams total polymerrmol Zr mol l h atm.

ture, as compared with the heterodinuclear com-
plexes or similar bisamido Group IV complexes
w x39 . For the monochloro phosphido methylcy-
clopentadienyl zirconium complex 8, the cat-
alytic polymerization activity towards propylene
was found to be the highest as compared to the
other mono and bimetallic zirconocene com-
plexes 1–7. In addition, the catalytic behavior
exhibited by complex 8, with regard to the
catalystrcocatalyst ratio and temperature ef-

w xfects, is similar to that observed for Cp ZrCl2 2

or other zirconocene complexes.
In all the reactions, the polymer microstruc-

ture was characterized in solution by 1H and
13C-NMR spectroscopy according to standard

w xprotocols 37 . The end group analysis, which
provides important insight into the chain trans-
fer processes occurring in the polymerization,
shows a vinylidenern-propyl end groups for all

the obtained polymers, suggesting that b-hydro-
gen elimination is the most important pathway
for chain termination.

In the last few years, it has been found that
the active catalyst for the polymerization of
a-olefins contains a cationic metal–alkyl moiety
Žw x .48 and references therein . Rapid additional
insertions of the a-olefin monomers into this
cationic complex affords the final polymer. In
our case, the cationic methyl zirconocene com-

Ž Ž ..plexes Eq. 1 are formed by the metathesis
reaction of the MAO cocatalyst, which breaks
the weak early transition metal–phosphido bond
Ž y1.64 kcal mol , as is found similarly for MAO
with these heterobinuclear complexes in the

w xpolymerization of ethylene 1 , for AlMe with3
w Ž . x w xCp ZrClP SiMe 43 and for methylalu-2 3 2

Ž .moxane with bis amido -Group-IV metallocene
w xcomplexes 39 .
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The reactions of these and other binuclear
complexes with other a-olefins, silanes and
characterization of the active species is cur-
rently being investigated.

3. Experimental

All manipulations of air-sensitive materials
were performed with the rigorous exclusion of
oxygen and moisture in flamed Schlenk-type
glassware on a dual manifold Schlenk line, or

Ž y5 .interfaced to a high vacuum 10 Torr line, or
in a nitrogen-filled ‘vacuum atmospheres’ glove

Žbox with a medium capacity recirculator 1–2
.ppm O . Argon, ethylene and nitrogen were2

purified by passage through a MnO oxygen-re-
˚moval column and a Davison 4 A molecular

Ž .sieve column. Ether solvents THF-d8 were
distilled under argon from sodium benzo-

Žphenone ketyl. Hydrocarbon solvents toluene-
.d8, benzene-d6 were distilled under nitrogen

from NarK alloy. All solvents for vacuum line
manipulations were stored in vacuo over NarK

w xalloy in resealable bulbs 49 . NMR spectra
were recorded on Bruker DRX 400, Bruker AM
200 and Bruker AM 400 spectrometers. 1H-
NMR and 13C-NMR chemical shifts are refer-
enced to internal solvent resonances and are
reported relative to tetramethylsilane. The NMR
experiments were conducted in teflon valve-

Ž .sealed tubes J. Young after vacuum transfer of
the liquids on a high-vacuum line. The IR spec-
tra were recorded as a KBr mull on a Zeiss
Specord M80 in the range 300–4000 cmy1 or
on a Nicolet 400 FTIR spectrometer with NarK
dried nujol in an air-free container.

w x w x w x w xCompounds 1 44 , 2 1 , 3 44 , 4 45 , 5
w x w x w x45 , 6 43 , and 8 46 were prepared according
to literature procedures; compound 7 was pre-
pared according to the synthesis of CpX

2
Ž . w xZr PHTipp 46 .2

3.1. Propylene polymerization experiments

These experiments were conducted in a 100
ml flamed round-bottom reaction flask attached

to a high-vacuum line. In a typical experiment 5
Ž y3 .mg 6.38=10 mmol of the precatalyst 1 and

Ž .370 mg of MAO Zr:Als1:1000 were charged
into the flask containing a magnetic stir bar.
The reaction vessel was connected to a high-
vacuum line, pumped down and back-filled three
times, the flask re-evacuated, and a measured

Ž .quantity of toluene 30 ml was vacuum trans-
ferred into the reaction flask from NarK. After
temperature equilibration, the gaseous propy-
lene was admitted to the vessel through a gas
purification column. The gas pressure was con-
tinuously maintained at 1.0 atm with a mercury
manometer. Rapid stirring of the solution was
initiated and after a measured time interval the
polymerization was quenched by injecting a
mixture of methanol–HCl. The resulting oil was
removed from the vessel, washed three times
with toluene and then the combined organic
phases were dried over MgCl for several hours.2

After filtration, the organic solvent was re-
moved under vacuum and the remaining color-
less, viscous oil was dried under vacuum.
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