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Abstract 

Trends in agostic interaction at the metal-carbon bond in early transition metal organometallic 
complexes are discussed in relation to the active species in catalytic oligomerization and polymerization 
of unsaturated hydrocarbons. Experimental results on some new organometallic complexes are com- 
bined with theoretical considerations in the search for new selective and homogeneous organometallic 
catalysts for polymerization and oligomerization. 

Introduction 

Organometallic derivatives of early transition metals such as alkyltitanium 
species have attracted much interest since the discovery of the Ziegler-Natta 
catalyst [l]. However, the high reactivity of such species and their heterogeneous 
nature have made it difficult to obtain basic information on their structure and 
properties. In recent years ligands such as pentamethylcyclopentadienyl (C,Me,) 
or bulky alkoxo ligands have begun to be exploited, so the previous situation has 
changed considerably and many new reactive early transition metal organometallic 
complexes are now known. Some of these, such as Kaminsky’s catalyst systems 
which include oligomeric methylaluminoxane (MAO), have been found to initiate 
olefin polymerization that is highly stereospecific, with for instance a high degree 
of syndiotactic polymerization, and with hitherto unknown precision and activity 
[2]. Thus, bis(cyclopentadienyl)metal species (e.g. cationic Cp,Zr-alkyl) have now 
become well known for their ability to produce polyolefins in high turnover [3]. 
The essential feature for the catalysis can be traced to the cy-agostic interaction 
between metal and alkyl hydrogens. The extent and steric condition of the agostic 
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Table 1 

a- and P-agostic interactions observed in early transition metal complexes 

Complexes u I(M-HI Angle Method Reference 

(A, M-C-R, 
R=HorCB 
(deg) 

a-interaction (R = H) 
Ti(Me)Cl,(dmpe) 
Ti(Me)CI, 
Cp’TifCH 2 Ph), 

Cp2Ti&CH2Xp-CHs)Pt(MeXPMezPh) 
Zr(CH,SiMe&dmpe) 
Cp,Nb(EtXZ-butyne) 
[C,(‘BuXCH,‘Bu),(CH,CMe,C~aCl, 
Cp*,TWCH$Me,), 

p-interaction (R = CO, 
Ti(Et)Cls(dmpe) 
[Cp,Zr(EtXPMeJlf 
Cp,ZrCI(CH,CH,)RuCp(PMe,), 
Cp,ZrBr{C(SiMesI=C(H)Ph) 
[Tp’(CO),W=C(Ph)Me]+ 

2.447(3) 
2.53 
2.32 
2.37 
1.93(S) 
2.48 
2.36(13) 
2.30(8) 
2.597(9) 
2.648(9) 

2.2200) 
2.16 
2.19(2) 
2.19(5) 

93.5(2) neutron 10,ll 
lOl(2) neutron b 12 

X-ray 

5 1.7(27) 

79 
82(4) 
84.4(5) 
87.1(5) 

X-ray 
X-ray 
X-ray 
X-ray 
neutron 

86.3(6) X-ray lo,18 
84.7(5) X-ray 19 
82.5(6) X-ray 20 
88.7(4) X-ray 21 
910) X-ray 22 

13 

14 
15 
16b,c 
17 
8 

’ Cp = q5-CsHs; Cp’ = @‘-CsMe,, dmpe = Me2PCH,CH,PMe,; Tp’ = hydridotris(3,5_dimethyl- 
pyrazolyl)borate. b Gas phase structure. 

interaction have been considered very important for these active and selective 
olefin catalyses. 

Theoretical investigation on the nature of metal-carbon bonding in these early 
transition metal complexes has been one of the targets of recent research in 
organometallic chemistry. 

Nature of early transition metal alkyl bonds 

Recently, specific interactions of various transition metals with (Y- or P-hydro- 
gen atoms of the alkyl group have been observed [4]. Table 1 presents some 
examples from early transition metals, and here cr-agostic interaction in some 
metal-alkyl complexes has been proposed as an important property for catalyti- 
cally active species for olefin polymerization [5]. According to mechanisms pro- 
posed by earlier workers [6,7], during the propagation, a vacant site may be 
available in the catalyst before the alkene is coordinated to a monometallic active 
center. The a-hydrogen interaction gives the catalyst the properties of a resting 
state which readily receives coordination of alkene for successive insertion, while 
P-hydrogen interaction causes P-hydrogen elimination to give olefinic oligomers 
instead of high-molecular-weight polymers. 

Some alkyl complexes of actinoids have been found on the basis of X-ray and 
neutron analysis to include a-agostic interactions, e.g. Cp’,Th(CH,CMe,),, where 
one alkyl group has a shortened M-C distance and a remarkably wide Th-Ccu-C/3 
angle (158”) [S]. An EH-MO calculation invoking relativistic Dirac-Fock functions 
for ethyl-lanthanoid and ethyl-actinoid bonds in Cp,M-Et has indicated that 
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Fig. 1. Contour plots of the two frontier orbitals da and dr of [Cp,TMCH,CH,)I+ [9]. 

quasi-relativistic 6d and 5f orbitals were found to be important in a-agostic 
interactions with one of the ethyl groups of Cp,ThEt, [9]. The origin of this 
specific a-agostic interaction may be traced to the shapes “E the metal orbitals. 
Thus, the shape of vacant orbitals in Cp,ThEt+, as shown in Fig. 1, is much more 
diffuse than those of first row transition metals such as in Cp,Fe. It is this 
characteristic shape that is believed to be the basis of the cY-agostic interaction 
being preferred. Since /3-agostic interaction leads to p-hydride elimination which 
terminates the growth of the polymer, favorable cu-agostic interaction is vital for 
formation of polymers of high molecular weight with small polydispersities. Rele- 
vant examples of agostic alkyls are cited in Table 1. The geometric parameters 
indicate the profound influence of the identity of the metal and of the co-ligands. 

The stereoselectivity of the hydrocyclization of 1,Shexadiene catalyzed by 
Cp’,ScH and of the hydrodimerization of 1-hexene catalyzed by zirconocene-MAO 
have been demonstrated by deuterium-label experiments [23,24], and a-agostic 
interaction was invoked as the cause. Thus, we expected that the cationic do 
metallocene complexes of Group 4 metals and isoelectronic neutral lanthanoid 
complexes have unique a-agostic interactions, and these complexes have the 
capability to catalyze the polymerization of olefins. 

The agostic interaction is generally caused by fairly strong electrophilicity at the 
metal. Usually, 14- or 16-electron configuration of the metal is required. The 
catalytically active species of group 3 and 4 metals are cited in Table 2 to illustrate 
this point. It is important that the species [Cp*MR]“+ (n = 0, 1) have 1Celectron 
configurations and are thus ready to accept a 2-electron ligand to become a 

Table 2 

Comparison of active species, [Cp,MRl” +, for olefin insertion 

Metals 

Electron count (active species + olefin) 
Lability or activity (catalytic) 
Counter anion 
Strength of olefin coordination 

Group 3 Group 4 
(n=O) (n = 1) 

14+2 14+2 
+ + 
no yes 
weak medium 

Group 5 
(II = 0) 

16+2 
- 

no 
strong 
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somewhat more stable 16-electron species. On the other hand, Group 5 metal 
species of similar structure would have 16 electrons in the Cp*MR state and 18 
electrons in the Cp,MR(olefin) state. Group 5 metals in the highly unusual 
dicationic [CpzMR]*+ state would have 14 electrons. 

Examples of the presumed active species, Cp,MR(olefin), have already been 
prepared for M = Nb, Ta and have been found to be stable to further attack by 
olefins. A systematic investigation of their reactivity has shown that Cp,NbH(C,H,) 
reacts sluggishly with conjugated dienes or with substituted acetylenes at higher 
temperatures, e.g. 60-80°C [16]. Relevant examples are shown in Scheme 1. 

Kinetic inertness of this type of 18-electron complex is thus well demonstrated. 
When their reaction with more highly rr-acidic acetylenes was examined, elimina- 
tion of ethylene resulted in a still more stable hydrido-acetylene complex, e.g. 
Cp,NbH(PhCZPhI. In these cases, a 20-electron intermediate, Cp,NbH(C,H,)- 
(acetylene), is postulated (similar 20-electron species are suggested for the reac- 
tions of Cp,MoH, [25]). 

The reaction with a disubstituted acetylene, such as CH,C&CH,, gave 
Cp,NbEt(CH,C%CCH,), whose molecular structure has recently been shown to 
exhibit an interesting a-agostic interaction [161. Combined steric crowding at the 
metal-ethyl site is the cause of the observed a-agostic interaction. When P-hydro- 
gen is induced to interact with the metal, severe steric congestion due to the 
methyl group arises at coordinated 2-butyne. Since ethyl-metal species usually 
prefer /3-agostic interaction, as observed for an ethyl complex of titanium, 
TiCl,Et(dmpe) [10,181, the present observation shows the important tendency of 
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Table 3 

NMR *&C-H) values and structural data of ethylene coordinated to early transition metals 

Complexes Formal ‘ICC-HI M-C c-c Angle Refer- 

oxidation (i=Q (‘Q C-M-C ence 
state (deg) 

CA 
Cp*,Ti(C,H,) 

Cp,Zr(PMe,XC,H,) 

Cp,Nb(HXC,H,) 

Cp,NbEttC,H,) 

Cp,TaMe(C,H,) 

Cp*Ta(C2H,)CI, 

TaCl,(C&XEtXPMes), 
TaCl,(C2H,XCH,‘BuXPMe312 

WClMe(PMe,),(C,H4)2 
WCI,(PMe,),(C,H& 
WMe(PMe&C,HJ2- 

(CIAIMe,CI s _,I 

2 
2 

3 

3 

165 

145 
144 

153 

156 
153 
154.5 
148 
149 

151 
151 

151 
156 
155 
154 

1.337(2) - 
2.160(4) 1.438(5) 38.9(l) 

2.354(3) 1.449(6) 36.0(l) 

2.332(4) 

2.277(9) 1.406(13) 35.6(3) 

2.320(9) 

2.183(10) 1.417(14) 37.7(4) 
2.169(9) 
2.202(10) 1.428(14) 38.4(4) 

2.174(10) 

29 
27 
30 

31 

31 

32 

33 
34 

34 
35 
35 
35 

early transition metals to favor cY-agostic interactions in the sterically crowded 
organometallic environment, which is important for successive insertion of olefin. 

Effects of degree of C-C unsaturation on coordination to early transition metals 

The nature of metal-olefin bonding has been explained in terms of synergic 
a-donation and r-back-donation. As characterization of metal-olefin bonds in 
early transition metal complexes has progressed, the contributions of these compo- 
nents of bonding were found to depend upon the number and levels of d-elec- 
trons. Structural data and NMR studies have revealed the nature of the bonding 
[26]. In particular, bond lengths and angles around the coordinating unsaturation 
together with the NMR ‘J(C-H) values of the =C-H bonds have proved particu- 
larly important. 

As shown in Table 3, the ‘J(C-H) values of C,H, decrease on strong coordina- 
tion to low-valent early transition metals. An approach to sp3 hybridization is 
clearly shown. It was therefore concluded that in some early transition-metal 
complexes a low-valent metal binds olefin so strongly that no polymerization is 
possible. Some ethylene complexes have been regarded to have metallacyclo- 
propane as a canonical form and concerted alkene insertion into strained metalla- 
cyclopropane to form metallacyclopentane has been observed [27,28]. Weaker 
olefin-metal interaction seems to be a requisite for catalytic polymerization where 
specific steric control is necessary for regularity and stereoselectivity. 

Alkene coordinates only weakly to a mononuclear samarium complex. When 
one of the typical Group 3 metals such as Cp*,Sm is allowed to react with 
l-alkenes, their allylic C-H bond is activated giving more stable allyl-type com- 
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Fig. 2. Molecular structure of Cp,Zr(s-truns-1,4-diphenyl-1,3-butadiene) [42al. 

plexes, Cp’,Sm(allyl-R) [361. In the case of stilbene a dinuclear complex 
[Cp*,Sm],Wlbene) is produced [371. On the other hand, thermally stable ethylene 
and 1-alkene complexes of Group 4 and 5 metals have been prepared without 
difficulty (Table 3). 

In contrast to the low-valent transition metal complexes, organolanthanoids and 
-actinoids in oxidation states of + 2 to + 4 (sodof” configuration) bind acetylenes 
only weakly. Acetylene complexes of samarium and ytterbium, [Cp*,Sm],(PhW- 
CXPh) [38] and Cp*,Yb(MeC=CMe) (15e species) [39] have been prepared and 
the acetylene-samarium bonding in Cp,Sm(HC=CH) has been analyzed by the 
EH-MO method [40]. The results indicated only weak bonding interaction with a 
slight change in the structure of acetylene by coordination. Absence of d-electrons 
from the orbital interaction is the most likely reason for the weakness. 

Conjugated dienes generally coordinate more strongly to transition metals, 
particularly in the case of the low-valent early transition metals [41]. In some cases, 
the mode of their coordination is unique, i.e. the s-trans and metallacyclopentene 
types are frequently found as shown below and in Figs. 2 and 3 [42 *,43]. A slight 
difference in the bonding characteristics, e.g. from zirconium to hafnium, is 
amplified to result in the change of diene coordination mode. 

Ph \ 
Cp,Zr/- \ \ 

Ph 
Ph Cp,Hf 

3 Ph ’ 

s-trans s-cis or metallacyclopentene 

Some examples of stereospecific polymerization of olefns and acetylenes by new 
organometallic complexes of early transition metals 

To follow up these theoretical and physical investigations, we have studied the 
catalytic effects of mono- or bis-Cp derivatives of various early transition metals on 
ethylene, butadiene, and substituted acetylenes at 30-60°C. Ethylene was found to 
polymerize under the influence of CpNbCl, in the presence of MAO at 0°C [441. 

Regarding 1,3-dienes, complexes such as Cp,Zr(diene), CpNb(diene), or 
[CpNbCl(diene)l, were found to be catalytically active for dimerization or polymer- 

* Reference number with asterisk indicates a note in the list of references. 
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Fig. 3. Molecular structure of Cp,HK s-cis-1,CdiphenyL1,3-butadiene) [42b,431. 

ization [41,45]. CpNb(butadiene), polymerizes butadiene to 1,4-truns polymers at 
60°C in toluene. [CpNbCNisoprene)], catalyzes head-to-tail dimerization (85% 
selectivity) of isoprene at 60°C. These Nb-diene complexes also promote cy- 
clotrimerization of 1-alkynes. Bulky cyclopentadienyl ligands such as C,Me, pro- 
mote selectivity in dimerization of isoprene. Thus, Cp’TiCNdiene) activated with 
RMgX catalyzes head-to-tail coupling of isoprene in 99% selectivity at 60°C in 
benzene-THF [46]. These diene catalysts utilize selective C-C bond forming 
reactions at the monocyclopentadienyl-metal active sites where the two diene 
ligands are coupled through specific v3-ally1 intermediates. 

Ethylene polymerization CM,,, > 106) is also catalyzed by bulky phenoxides of Ti 
and Zr when mixed with an excess of MAO [40]. In the case of phenoxide 
complexes of Nb”, and WV’, efficient polymerization of t-butylacetylene was 
observed when activated with EtMgBr at 0-30°C to give high-molecular-weight 
polymers (M, = 105-lo61 with narrow PDI [47]. TiCl,(2,6-dimethylphenoxo) acti- 
vated by t-BuMgCl catalytically cyclotrimerizes 1-butyne and linearly dimerizes 
1-hexene at 60°C. Bis(pentamethylcyclopentadieny1) derivatives of lanthanoids are 
known for their activity in ethylene polymerization [48]. We have examined block 
co-polymerization of ethylene and MMA with a new binuclear complex, 
Cp*,Yb(p-C,H,)AlEt, [49]. The initial addition of ethylene was followed by 
addition of MMA in the presence of the above catalyst to give the co-polymer with 
syndiotactic PMMA chain [16c,50]. “Living” homopolymerization of MMA is also 
possible [16c,51]. 

We have demonstrated the importance of systematic research on the 
organometallic active species in the area of early transition metals and have 
suggested some future courses for such research. 

R_c~C_H “CpNb(diene); 

“CpM(diene)” 

Scheme 2 
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