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ABSTRACT The diastereoaelectivity of the cyclization step in the cyclopolymerization of 1,bhexadiene 
with homogeneous catalysts based on zirconocene/methylalumoxane system is investigated through the 
analyais of the nonbonded interactions on model catalytic sites analogous to those proposed for a-olefin 
polymerizations. A model which does not include any cyclopentadienyl ring presents a small trans specificity: 
the minimum energy intermediate brings the formation of trans rings and resembles a cyclohexane chair in 
which the growing chain occupies a pseudoequatorial position (trans-chair conformation). The addition of 
two cyclopentadienyl rings to the Zr atom, due to interactions with the growing chain which occupies a 
pseudoaxial position, disfavors the two most stable cis conformations (a cis-chair and a cis-boat). As a 
consequence, the model with two cyclopentadienyl rings shows a higher trans specificity than the Ybarew 
model. In the presence of two pentamethylcyclopentadienyl rings, the steric interactions of the aromatic 
ligands tend to disfavor the trans-chair with respect to a cis-twist conformation and the model becomes 
cis-specific. A good qualitative agreement between the modeling and polymerization results is observed. 

Introduction 

Homogeneous Ziegler-Natta catalysts based on group 
4 metallocenes exhibit remarkable activity and ste- 
reospecificity in the polymerization of a-olefins. Results 
to date have been truly impreesive: both isospecific (site- 
controlled1*2 and chain-end-controlled9 and syndiospe- 
cifiCg polymerizations of l-alkenes have been reported. 

One of the most exciting features of these homogeneous 
catalysts is that the structure of the catalyst precursors 
can be accurately determined and the influence of the 
ligand geometry on the stereospecificity of the polymer- 
ization reactions can be studied in detail. Correlations of 
the polymer microstructure with the structure of the 
catalyst precursor have revealed an extraordinary amount 
of information on the polymerization mechanism and the 
origin of stereodifferentiation for these homogeneous 
polymerization reactions.* To the extent that stereodif- 
ferentiation is related to steric nonbonded interactions in 
the transition state (disregarding for the moment electronic 
effecta and potential agoetic interactions5), conformational 
analysis can provide considerable insight into the origin 
of stereocontrol with these homogeneous polymerization 
reactions. 

Previous studies from our group in Naples have led to 
conformational models to interpret the isospecific po- 
lymerization of a-olefins under enantiomorphic site 
control,B*4 and chain-end control7 with homogeneous 
catalysts. Furthermore, the aspecific behavior of racemic 
ethylenebis(3-methyl- l-indenyl)* and isopropylidene(cy- 
clopentadienyl)(l-indenylP ligands and the hemisotactic 
behavior of isopropylidene(9-fluorenyl)(3-methylcyclo- 
pentadieny1)sJO ligands were readily interpreted in terms 
of conformational models developed in our 1aboratories:hc 

For all these model sites a common mechanism for the 
enantioeelectivity has been suggested, analogous to that 
previously proposed for the traditional heterogeneous 

Ziegler-Natta catalysts,ll and based on the chiral orien- 
tation of the growing chain. 

The basic assumptions about the polymerization mech- 
anism, common to the proposed models, are as follows: 
(i) the mechanism is monometallic, and the active center 
is a transition metal-carbon bond;1p16 (ii) the mechanism 
is in two stages, the coordination of the olefin to the 
catalytic site, followed by the insertion into the metal- 
carbon bond through a cis opening.l3J8J7 

Geometries of coordination of the aromatic ligands, 
similar to those observed in the crystal structures of the 
precursor metallocenes and of cationic zirconocenes, have 
been assumed in our monometallic model catalytic sites. 
In addition to the aromatic ligands of the precursor 
metallocenes, also an incoming monomer molecule and an 
alkyl group (to simulate the growing polymer chain) are 
coordinated to the metal in the modela for the stage 
preceding monomer insertion. 

Calculations of the nonbonded interactions for these 
models have suggested that the coordination of a further 
ligand is sterically unfeasible, and have forced us to assume 
a four-coordinate cationic model for the active site. The 
cationic hypothesis for the active site, proposed as long 
ago as 1961,'s has recently been confimed by the synthesis 
of a wide series of group 4 metallocene cations able to 
polymerize ethylene and propylene without any aluminum 
cocatalyst.19 The finding by Ewen that ethylenebis(1- 
indenyl)ZrC12/methylalumoxane and ethylenebia(1- 
indenyl)ZrCH3+B(CsFa)d- produce isotactic polypropylene 
with the same microstructuraldefecta is the best available 
proof for the cationic nature of the active  specie^.^ 

In this paper, we present conformational calculations 
on the diastereoeelective cyclopolymerization of 1,5- 
hexadiene, recently reported by Resconi and Waymouth 
for homogeneous Ziegler-Natta catalysts.2o 

Cyclopolymerization of 1,5-hexadiene was fiit reported 
by Marvel and ceworkers,2l and further investigated by 
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Table I 
Polymerimtion of 1,5.€Ieudiene with Different 

MetallmnoV 
toluene 1 ,S- hexadiene 

metallocene T,,(OC) 7% cia (mL) (mL) 
CPWlS 20 20.0 1 2 
C P 2 W 4  21 21.6 30 10 
Me&iCpzZrClz 20 36.7 6 20 
Cp*ZrCb 17 48.6 30 10 
Mefii(Me4Cp)zZrClz 17 66.6 30 10 
CP*ZZrC12 20 83.7 3 20 

0 MA0 aa cocatalyst, AVZr 1OOO. Percent cia rings determined 
from the ratio of the 1% NMR temnencea at 33.7 and 32.4 ppm 
(ODCB, 100 OC, reference TMS - 0). 

Experimental Section 
All polymerizations werecamidout inaSchlenk tubeequipped 

with a side arm for the nitrogen inlet and a magnetic stirring bar, 
thermoatated with a water bath. 

Toluene (Carlo Erba) was purified by refluxing over Al-i-Bu, 
and subaequent dietillation under nitrogen. l,&He.adiene 
(Fluka, 97%) was dietilled on a Todd fractional distillation 
apparatus, collecting the fraction b o i i  at 59.8-60.2 OC, which 
resulted in a 99.3% pure sample (GO; this fraction waa 
subsequently vacuum-transferred from CaHz and stored under 
nitrogen. Cp&Clz (Aldrich), CpZrCb, Cp*,ZrCL, and Cp*ZrCb 
(Strem) were used as received. Me&Wp&rClPandMepSi(Me4- 
Cp)2ZrClzm were prepared according to known p r d u r e a .  

The experimental polymerization conditions and the percent 
cis rings for the obtained polymers are reported in Table I. 

Models and Calculation Methods 
Cyclopolymeriarrtion Mechanism. Two mechaniems have 

been proposed for the cyclopolymerization of nonconjugated 
dienes. 

The mechanism proposed by Boor" is a concerted onestep 
addition, which in the transition state involvee the coordination 
of both the double bonds. Marvel and Garrison propod a 
stepwise mechanism21 involving a sequential insertion cyclization 
sequence as shown in Scheme I. In light of the obeerved 
dependence of the cis/tram stereoselecti* on reaction con- 
ditione and catalyst structure, the m e d "  of Marvel and 
Garrison ha8 come to be accepted as the moat maonable 
mechanism for them cyclopolymerization react ionn.~ 

In the framework of our catalytic modeb, the mechanhm of 
Marvel and Garrison is the only one that is energettically f d b l e ,  
since, due to the bulkinesa of the aromatic ligaada, them b not 
sufficient spa- for the contemporary coordination of the growing 
chain and of the two double bonds of the monomer molecule. 

In this paper we confine our analyeis to the cyclization sbp  
and, in particular, to a conformational adyeis on the catalytic 
intermediate I (Scheme I), in which the primmy ineertion of one 
double bond has already occurred and the " n d  double bond 
would be r-coordinated to the metal. 

It ia worth noting that in the framework of the assumed 
mechanism the cyclization step is strictly analogous to the 
cyclization of S-hexen-1-yl compounds." 
Model for the Catalytic Intermediates. The basic mod& 

ofthecatalyticintennediateI(5chemeI)co~~inthiepaper 
are zirconium complexes containii three ligands, that is, a o,r- 

Makowaki.22 Using catalpta derived from TiCWAl-i-Bu, 
and TiCWAlE& respectively, both groups reported low 
activities and incomplete cyclization of the diolefin. More 
recently, Chengu reported the cyclopolymerization of 1,6- 
hexadiene using a TiCws/A1Et&l catalyst. l3C NMR 
analysis of the resulting polymer indicated complete 
cyclization and a nearly 1:l ratio of trans and cis cyclo- 
pentane rings in the polymer. 

For this polymer, poly(methy1ene-l,&cyclopentane), 
four microstructurea of maximum order are poseible (Chart 
I).% 

There are two distinct stereochemical events for these 
cyclopolymerizations: olefin insertion and olefin cycliza- 
tion. The enantioselectivity of the olefin insertion de- 
terminea the tacticity of the polymer (the relative ster- 
eod"&y h e e n  the rings), and the d i a a t e d v i t y  
of the cyclization step determines whether cis or trans 
rings are formed. 

Recently, some of us have been investigating group 4 
metallmne/methylalumoxane catalysts for the polym- 
erization of l,&hexadiene,m finding that cyclization is 
complete also in the case of these homogeneous catalysts. 

With achiral zirconmnes, the cis/trane selectivity can 
be controlled, leading to the first examples of atactic tram- 
and atactic cis-poly(methylene-l,&cyclopentane)." The 
prevailingly trans polymer is obtained in the presence of 
CpzMeX2 (Cp = cyclopentadienyl; Me = Zr, Hf; X = C1, 
CH& the prevailingly cis polymer is obtained in the 
p " e  of the more sterically hindered Cp2*MeX2 (Cp* 
= pentamethylcuclopentadienyl). 

In thia paper the diestereoselectivity of the cyclization 
step wil l  be investigated through the analyses of the 
nonbonded interactions on model catalytic sitea analogous 
to thoee proposed for the 1-alkene polymerizations. 

In particular, eitea with two Cp rings or with two Cp* 
rings are compared, in order to try to explain the opposite 
diastereoeelectivitiee of the two corresponding systems. 

For a comparison with the results of the modeling, some 
recent polymerization mults for different catalytic com- 
plexes, in similar experimental conditions, are also re- 
ported. 

Scheme I 

I I1 
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for the larger values observed for this parameter in the structure 
of CpzZr (C2H3 (PMea) .sB 

The main internal coordinates that have been varied in our 
calculations (see Figure 1) are defined in analogy with our previous 
papers.6,' The angles a and B have been confiied in the local 
symmetry plane which passes through the Zr atom and relates 
the two Cp or Cp* rings (when eclipsed), and referred to the 
intersection of this plane with the plane containing the Zr atom 
and the centers of the rings (dashed line In Figure 1). In 
particular, the angle a is defined by this axis and the axis 
connecting the metal to the center of the double bond, while the 
angle B is defined by this axis and the metal-carbon bond of the 
growing chain. Other internal coordinates that have been varied 
in our calculations are as follows: the dihedral angle 80 aeeociated 
with rotations of the olefin around the axis connecting the metal 
to the center of the double bond, and the internal rotation angles 
4, 82, 83, 84, and 8.5, associated with rotations around the bonds 
of the hexenyl group. 

While the angles a and B are varied, their sum is forced to 
remain in the range 91-99O experimentally observed for analogous 
organometallic compounds.afl Test calculations have also been 
performed without any constraint for a and 6. For all the 
minimum energy situations the sum of a and B resulta in the 
range QCk106O. Although the results are slightly different from 
the quantitative point of view, the overall trends as well as the 
location of the energy minima are practically unchanged. At eo 
= Oo the olefin is oriented in a way suitable for primary insertion, 
whiie 80 = 180° corresponds to an orientation suitable for 
secondary ineertion. 81 = Oo corresponds to the conformation 
having the first C-C bond of the growing chain eclipwl with 
respect to the axis connecting the metal atom to the center of the 
double bond of the olefin. The torsional potentials for the 
rotations 8, and 81 are not known and therefore are not included. 
While we expect such energy contribution to be small for el, it 
may not be so for 80. For this reason, beaides energy " h a t i o n s  
without any constraint on 80, also minimizations with eo in the 
range -20 to +20°, which is also most suitable for the cyclization, 
have been performed. For the rotations 4,83, and e,, and for the 
rotation 8, standard 3-fold and 2-fold torsional potentials, 
respectively, have been included.41.42 

The bond angles centered on sp3carbon atoms of the monomer 
have been optimized in each calculation: the bending potential 
for the W-C angle has been arbitrarily assumed to be equal 
to the potential for the C-C-C angle." The method of calculation 
of the nonbonded potential energy has been previously deacribeda 
and is not reported here. The results proposed in this paper are 
obtained with the parameters propoeed by Schernga," treating 
the CH2 and CH3 groups as spherical domains. The energy 
parameters for these groups have been set equal to thoee described 
in ref 6c. 

The resulta of the nonbonded energy calculations relative to 
the catalytic intermediate I (Scheme I) depend, of coum, on the 
connectivity of the complex, that is, on the bonds which are 
assumed between the atoms. Possibly, in the transition state of 
the cyclization reaction (insertion 2 in Scheme I) the connectivity 
is intermediate between that of the intermdtea I and 11. Hence, 
for the sake of simplicity, we have performed two seta of 
calculations of nonbonded interadione on the intemediate I, 
with the connectivitiee of the intermediate I, or of the intarmediate 
11. Since the resulta of the calculations are analogous for both 
sets, only the calculations with the connections of intermediate 
I are reported here. 

The numerical resulta of our calculations cannot be trusted as 
such. This is especially true for conformations far from the energy 
minima, because of the inaptitude of the energy functions in 
such regions and because of the simplifying assumption of 
constancy (rather than near conetancy) of most internal coor- 
dinates. However, we believe that the trends suggested by our 
results are realistic, in the sense that conformations having low 
energy according to our calculations are not likely to be 
substantially Werent from those of low energy in the catalytic 
system. Furthermare,althoughthenumeridvalueeof theenergy 
differences depend on the exact geometry and on the energy 
parameters adopted in the calculations, no reasonable adjustment 
of these parameters can modify our conclusion. As far as the 
resulta of our calculations are in qualitative, or perhaps semi- 

Figure 1. Schematic drawing of the model comprising two Cp 
rings and an (R)-2-methyl-&hexenyl group, coordinated to a Zr 
atom. The main internal coordinates, varied in the calculations, 
are indicated. The depicted conformation corresponds to the 
cis-chair of Table 111. 

coordinated 6-hexenyl or 2-methyl-6-hexenyl group (the methyl 
group simulates the growing chain P of the intermediate I in 
Scheme I) and two Cp or Cp* rings. 

For the chirality of coordination of the double bonds the R,S 
notation (as defied for double or triple bonds r-bonded to a 
metal atoms and used by us in ref 110) is adopted in this paper 
for the coordination of the 1-alkenes rather than the resi notation 
suggested for specifying heterotopic half-spaces" (used by us in 
refs 6, 7, and 11') or the Re,Si notation for reflection-variant 
units31 (wed by Pfno and ceworkers in ref 32). The reason is 
that, at variance with the R,S notation, the symbol for a given 
enantioface of a 1-alkene molecule changes with the bulkiness 
of the substituent in position 1. 

For the models containing the 2-methyl-5-hexenyl substituent, 
C2 (see Scheme I) is stereogenic. The absolute confiiation of 
thie center can be denoted R or S, and is determined by the 
stereofacial coordination of l,&hexadiene in the insertion step 
of the firet double bond of the diene (insertion step 1). Without 
loss of generality, all the reported calculations refer to the R 
confiiation for C2 as deriving from the insertion of an 
S-coordinated double bond. As implied by the chosen model, 
the diastereoisomeric complexes corresponding to an R or an S 
coordination of the double bond of the 2-methyl-5-hexenyl 
substituent would produce, according to the reaction Scheme I, 
cis or triw cyclopentane rings along the chain, respectively. For 
the sake of immediacy, we will refer hereafter cis or trans the 
complexes which produce in our framework cis or trans cyclo- 
pentane rings, respectively. 

The C-C bond distance has been set equal to 1.40 A for the 
Cp riags,W and equal to 1.42 A for the Cp* rings.38 The bond 
distance C4H3 in the Cp* ligands has been set equal to 1.51 A,B 
while the out-of-plane bending angle y has been aesumed to be 
loo, which is an average value for sterically crowded complexes." 

The distance of the center of the Cp and Cp* rings from the 
Zr atom has been set equal to 2.24 A , W  while the angle defined 
as ring center-metal-ring center has been set equal to 1 2 9 O  for 
theCp&system, and equal to 136O for the Cpl*Zr system, which 
are avereges of some obeerved experimental values.= Strictly 
analogous results have been obtained with this distance set equal 
to 2.22 A, which is an average of the values observed in cationic 
zirconocene complexes.lBe~a~~ 

The distance Z r C l  (chain) has been assumed to be 2.27 A, as 
observed in some u-alkylzirconium complexes.fl Test calculations 
have been performed by aeeuming Z r C 1  equal to 2.24 and 2.26 
A for the systems with the Cp and Cp* rings, respectively, which 
are averages of the values observed in cationic zirconocene 
complexes. 1ec~*~98 

The distance between the metal atom and the olefiic carbon 
atoms (2x45  and M), herd tar  denoted as d, has been set 
equal to 2.30 A, which is 0.03 A bigger than the distance ZrC1, 
tobeconeietentwiththeheousdistan~obeervedin titanium 
complexes.= As deacribed in the following teet calculations have 
been performed with different values for the distanced, to account 
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Figure 2. Map E(B1,B2) for the model comprising a 5-hexenyl 
group coordinated to a Zr atom. The energy curves correspond 
to 10 and 20 kcal/mol. The dashed curve is the locus of points 
with the bond distance C 3 4 4  equal to 1.53 A. 
quantitative, agreement with all the experimental findings, we 
also believe that such calculations can be used in a predictive 
way. 

k t i o n  of the Minimum Energy Conformations for the 
Intermedi.te I. To sample the likely low-energy conformations, 
we f i t  considered an unsubstituted 5-hexenyl chain on a 
zirconium atom lacking ancillary ligands. The conformation of 
the cyclic olefin adduct can be considered as determined by the 
poeitions of seven pointa, the carbon atom C1, C2, C3, C4, and 
C5, the fictitious atom positioned in the center of the double 
bond, and the Zr atom (see Figure 1). Hence, 15 independent 
variables (3N - 6) have to be used to determine the cycle 
conformation. The 15 independent parameters chosen in our 
analyeis are six bond distances (all the bond distances present 
in the cycle, with the exception of the bond distance C3-C4), the 
five included bond angles, and the four included torsion angles. 
The distance C3-C4, the two bond angles centered on the C3 and 
C4 atom, and the three torsion angles including both the C3 and 
C4 atome are thw defined by the values assumed by the 15 
permeters indicated above. 

The conformational analysis for the location of the minimum 
energy conformations of the coordinated 5-hexenyl group has 
been performed by minimizing the energy with respect to the 
torsional angle 00, in the range -30° to +30°, and by varying the 
anglea B1 and B2 in the range - 1 8 O O  to + 180°, by steps of loo. All 
the energy contributions of the 5-hexenyl cycle have been 
considered during the search. To constrain the bond distance 
C H 4  to reaeonable values, a parabolic energy contribution of 
the type E = 0.5 K(R - R o ) ~  (with K = 100 kcal/mol and RO = 1.53 
A) h~ been added. The resulting energy map E(B1,Bd is plotted 
in Figure 2. 

Energy " h t i o n s ,  with respect to all the variables 
indicated in Figure 1, now f i i  the bond distances C 3 4 4  at 
1.53 A, have been performed starting from several conformations 

E F G H 

Figure 3. Minimum energy conformations of the model com- 
prising an (R)-2-methyl-&hexenyl group coordinated to a Zr atom. 
The cis (A-D) and the trans (E-H) conformations (Table 111) 
correspond to the R and S coordinations of the double bond, 
respectively. 

along the narrow domain of minimum energy of Figure 2. This 
procedure led to the location of only four minium energy 
conformations (whose geometries are reported in Table 111, which 
present an energy in the range of 5 kcal/mol with respect to the 
absolute minimum. 

The geometries of the various minimum energy conformations 
are scarcely dependent on the calculation method (e.g., presence 
of constrainte for a! and 4, or for 60, or different connectivities). 
The energy minium geometries are reported in Table 11, and 
are named according to IUPAC nomenclature for the confor- 
mations of six-membered saturated ring compoundd4 (consid- 
ering the ring being formed by the carbon a tom C 1 4 5  and by 
the metal atom). They approximately correspond to a pseudo- 
chair, two pseudoboat, and a pseudotwist conformation (chair, 
boat-1, boat-2, and twist, respectively, in the following), and the 
most stable conformation is the chair. 

The thus selected conformations represent the starting points 
for all the calculations subsequently performed. 

Results and Discussion 
Conformational Analysis. We have started our 

conformational analysis on the catalytic intermediate I, 
for the cyclization reaction, by ignoring the cyclopenta- 
dienyl rings. 

The values of the most relevant geometrical parameters, 
obtained by energy minimization of the (R)-S-methyl-b 
hexenyl group coordinated to the bare Zr atom are reported 
in Table 111. In this case, since C2 is stereogenic, both 
diastereoisomeric situations with R- and S-coordinated 
olefins have been considered. 

Table I1 
Relevant Dihedral Angles and the Energy for the Located Minimum Energy Conformations of the Model Comprising a 

6-Hesenyl Group Coordinated to a Bare Zr Atom 
oOIlfOl7lUl eo (deg) 81 (deg) 92 (de@ 93 (deg) 94 (deg) 9s (deg) E (kdmol) 

Chair 11.6 54.0 -71.7 67.0 -65.1 149.9 0.0 
boat-1 14.1 58.1 -19.2 -60.1 68.3 84.8 2.1 
boat-2 4.7 35.8 19.9 -83.4 61.3 109.7 3.3 
twiet 30.0 -36.6 73.6 -44.7 -33.7 167.5 3.8 

Table I11 
Relevant Dihedral Angles and the Energy for the Located Minimum Energy Conformations of the Model Comprising an 

(R)-2-Methyl-bhexenyl Chup Coordinated to a Bare Zr Atom 
COnfOrIlKl eo (d-1 81 (dq) 81 (deg) 8s (de@ 04 (deg) 8s (deg) E (kcaVmol) E*" ( k d m o l )  

&chair 
&boat-1 
cia-boat2 
&twist 
trmr-chair 
tranr-boat-1 
tranr-boat-2 
tranr-twiet 

11.8 
14.6 
4.0 

30.8 
-13.1 
-16.7 
-3.2 

-41.0 

64.9 
58.1 
36.6 

-36.5 
-62.9 
-58.2 
-36.0 
47.3 

-70.6 66.4 
-19.4 -60.9 

19.7 -84.4 
76.4 -47.8 
71.7 -68.8 
22.2 67.4 

-17.4 78.9 
-74.4 37.0 

-63.2 
69.6 
61.3 

-32.3 
66.7 

-69.4 
-45.9 
42.3 

147.7 
86.0 

110.8 
156.3 

-149.1 
-83.1 

-114.8 
-153.0 

1.1 
2.2 
2.8 
2.7 
0.0 
2.8 
6.0 
3.3 

1.1 
2.2 
2.8 
3.1 
0.0 
2.8 
6.1 
6.4 

a Energy computed with 90 reatridad in the range -2OO to +20°. 
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Table IV 
Relevant Dihedral Angles and the Energy for the Lwated Minimum Energy Conformations of the Model Comprising Two Cp 

Rings and an (R)-2-Methyl-&hexenyl G~OUD Coordillpted to a Zr Atom 

conformn eo (deg) el (deg) 82 (de@ 8s (de@ 84 (de@ 0s (deg) E (kcalh") Eo Ckca/mol) ~ 

cis-chair 17.0 38.8 -54.9 61.6 -74.2 156.5 5.1 5.1 
cis-boat-1 convereed to boat2 
cis-boat-2 5.9 17.0 41.9 -85.7 
cis-twist 21.9 -24.9 71.5 -55.8 
trans-chair -14.9 -49.0 68.6 -68.8 
trans-boat-1 -25.5 -52.8 22.7 52.0 
trans-boat-2 -6.3 -30.9 -21.1 74.7 
trans-twist -21.4 22.1 -63.8 46.9 
a Energy computed with 00 restricted in the range -20° to +20°. 

A B 

ds Irms 

tww Chat 

Figure 4. Minimum energy conformations of the model com- 
prising two Cp rings and an (R)-2-methyl-&hexenyl group 
coordinated to a Zr atom. The cis-twist (A) and the tram-chair 
(B) conformations (Table IV) correspond to the R and S 
coordinations of the double bond, respectively. 

The energy minimum geometries reported in Table I11 
are sketched in parts A-D and &H of Figure 3 for the R 
and S coordinations of the (R)-2-methyl-6-hexenyl group 
(corresponding to cis and trans cyclizations), respectively. 
The most stable conformation is the trans-chair (Figure 
3E), which brings the methyl group which simulates in 
the model the growing chain, in a pseudoequatorial 
position. As far as the cis conformations are concerned 
the most stable are the cis-chair and the cis-boat-1. 

The energetically favorable coordination of the metal 
atom with a C H 6  ?r bond leading to a transition state 
resembling a cyclohexane chair, in which a substituent 
preferentially occupies a pseudoequatorial p i t i o n ,  has 
also recently been found by ab initio and molecular 
mechanics calculations, for substituted bhexen-l-yllith- 
iums. The model accounts for the corresponding stere- 
oselectivity of cyclizations4 and in particular for the trans 
specificity of cyclization of the 2-methyl-substituted 
hexenyl ligand. 

The addition of cyclopentadienyl substituents to the 
metal center results in a number of changes in the energies 
of the various conformations. The values of the most 
relevant geometrical parameters, obtained by energy 
minimization of the (R)-2-methyl-6-hexenyl group coor- 
dinafed to the Zr atom in the presence of two Cp rings, 
are reported in Table IV, for both theR and S coordinations 
of the double bond. The energy minimum geometzies for 
cis and trans cyclization, reported in TableIV, are sketehed 
in parts A and B of Figure 4, respectively. 

The moet stable conformation is again the trans-chair 
(Figure 4B), while the cis-boat-1 does not repreeent 
anymore a stable minimum, in fact, the energy minimi- 
zation using as starting point this conformation brings to 
the minimum cis-boat-2; also the conformation cis-chair 
is strongly disfavored by the presence of the Cp rings. On 
the other hand, the conformations which lees interact with 
the Cp rings are the cis-twist and cis-boat-2, and the first 
one (Figure 4A) becomes of minimum energy for the cis 
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33.7 125.2 2.3 2.3 

-21.6 155.9 2.0 2.0 
70.3 -151.3 0.0 0.0 

-69.8 -76.0 4.9 5.2 
-39.7 -117.6 5.6 5.6 
26.3 -157.3 5.0 5.0 
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& Inr* 

tw# chdr 

Figure S. Minimum energy conformations of the model com- 
prising two Cp+ rings and an (R)-2-methyl-bhexenyl group 
coordinated to a Zr atom. The cis-twist (A) and the trane-chair 
(B) conformations (Table V) correspond to the R and S 
coordinations of the double bond, respectively. 

lrmwbd 

cyclization. This is, of course, due to the fact that the 
cis-chairandthecis-boat.ldormationsbringthem&yl 
subatituent(eimulatingthegrowingchain) inapeeudoaxial 
position. The overall effect is an incrsaee of the tram 
specificity of the model, in the p m w m  of Cp group, in 
qualitative agreement with the experimental regult0.m 

The addition of Cp* ligands to the tramition-metal 
center dramatically limita the number of allowed confor- 
mations for the hexenyl ring. The values of the most 
relevant geometrical parametere, obtained by energy 
" h a t i o n  of the (R)-2-methyl-bhexenyl group coor- 
dinated to a Zr atom in the presence of two Cp* are 
reported in Table V, for both the R and S coordinatione 
of the double bond. Only two conformations now pregent 
reaeonable low-energy values: the trans-chair and the cis- 
twist, whoeegeometrieeareske~edinF~e6. However, 
the most stable conformation is now the cis-twist (Figure 
SA), which has minimum interactions with the Cp* rings. 
The larger interactions of the tram-chair conformation 
with the Cp* ringa are also indicated by the larger 
deviations observed for the dihedral anglee (compare for 
instance the valum of 00 and 81 in Tables 111-V, or the 
sketches of Figures 3E, 4B, and SB). Thus, according to 
our model, in the presence of the Cp* @ a cis closure 
of the ring is slightly favored with respectto atram clmure, 
again in qualitative agreeunent with the experimental 
results.20 

In order to verify the influence of the main geometrical 
parameters which have been kept fixed during the above 
calculations, some test calculations have been performed 
by varying the distance d as well as the anglee 0 and y. 

These calculations are only aimed to show that the 
previous general conclusioae are not modified by reaeon- 
able adjustments of the assumed geometrical parametere. 

The energy differences between the minimum energy 
cis and trans intermediates E& - E-, as a function of 
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Table V 
Relevant Dihedral Angles and the Energy for the Loccrted Minimum Energy Conformationr of the Model Compriring Two 

Cp* Bingo and an (R)-2-Methyl-bhexenyI Group Coordinated to a Zr Atom 
COIlf0m 80 (deg) 81 (deg) 82 (deg) 8s (de@ 84 (deg) 86 (de@ E (kcaVmol) Ea ( k 4 m o l )  

Cie-chair  28.1 6.3 -21.5 50.4 -84.2 
cis-boat1 conversed to twist 

162.9 8.0 9.7 

cis-boat2 converged to twist 
&-twist 18.0 -11.9 64.6 -69.9 1.4 
t r t l IWChai r  -26.6 -30.2 57.3 -70.3 83.3 
trans-boabl converged to boat-2 
trans-boat-2 -16.9 -6.6 -43.7 73.2 -25.6 
trans-twist 
a Energy computed with 80 restricted in the range -2OO to +20°, 

? 

- .  c 

250 2.36 2*D 

d 6) 
Figure 6. Energy difference between the cis and the trans 
m i n i u m  energy conformations aa a function of the Zr-CB and 
2 4 6  distance d, for the model with a bare Zr atom or with two 
Cp or two Cp* ringe. Continuous lines correspond to results 
without constraints on 00; dashed lines correspond to results with 
-200 < eo < +200. 

the distance Zr-CB and Zr-C6 of the olefinic carbon atoms, 
d, are reported in Fi e 6, with the distance Zr-Cl (chain) 
set equal to 2.27 T6" Continuous lines correspond to 
minimizations without constraints on 0, while dashed lines 
correspond to minimizations with 80 in the range -2OO to 
+20°, which is most suitable for the cyclization. 

It is apparent that, independently of the calculation 
method and parameters, the system with the Cp rings is 
the most trans favoring, and the system with the Cp* rings 
is the most cis favoring, while the bare system is inter- 
mediate and slightly trans favoring. Strictly analogous 
results have been obtained with the Zr-Cl distance set 
equal to 2.24 or 2.26 A, for the systems with the Cp or Cp* 
rings, respectively (average of the values observed in 
cationic zirconocene complexes).% 

Figure 7A reports the energy difference between the 
minimum energy cis and trans intermediates Ech - E,,, 
as a function of the ring center-metal-ring center angle 
4 in the ranges of &So around the values assumed in the 
previously reported calculations. It is apparent that, 
according to the calculations, the model with two Cp is 
always trans specific, while the model with two Cp* is 
always cis specific. 

Figure 7B reports the Ect - E,, as a function of the 
outsf-plane bending angle y and of the hydrogens (methyl 
groups) of the Cp (Cp*) rings in the range 0 - 4 O  for the 
Cp&r system and in the range f 4 O  around the assumed 
value of loo for the Cpz*Zr system. The f i e  shows that 
for the system with the Cp* rings the value assumed by 
this angle largely modifiea the numerical value of the energy 
differencee (and hence the selectivity of the model). 
However, again, the model with two Cp rings is always 
trans-specific, while the model with two Cp* rings is always 
cis-specific. 

converged to boat-2 

143.3 0.0 0.0 
-155.0 0.1 1.8 

-125.0 6.9 6.9 

3 t  A 

0 

-1 

. . . . . . , , . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . , . , . . . . . . . . . . 
L i -=--. 

B :F- 1 

Figure 7. Energy difference between the cis and the trans 
minimum energy conformations aa a function of the ring center- 
metal-ring center angle $ (A) and of the out-of-phe bending 
angle of the cyclopentadienyl substituents y (B) for the model 
with two Cp or two Cp* rings. Continuous lines correspond to 
results without constraints on 80; dashed lines correspond to 
results with -20° < < +20°. 

Experimental Results. A series of experimental 
investigations were carried out to compare the trends 
predicted from the calculations. These results are pre- 
sented in Table I for a variety of cyclopentadienyl 
derivatives. The experimentally observed trends are 
generally in good agreement with the selectivities predicted 
from the theoretical model. 

The Cp derivatives exhibit a trans selectivity and the 
Cp* derivatives a cis selectivity. The monocyclopenta- 
dienyl derivatives are intermediate in behavior; the 
CpZrCl3 precursor shows almost the same trans selectivity 
as that of Cp2ZrCl2 whereas the Cp*ZrC& precursor shows 
almost no selectivity. 
A simplistic application of the model to interpret 

possible changes in selectivity when a Mefii< group 
bridges the two aromatic ligands fails in the case of the 
Cp derivatives. The calculations presented in Figure 7 
would predict that, for the Cp derivatives, the trans 
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selectivity should increase aa the Cp-M-Cp angle 4 
decreases. Incontrast, the CpzZrClaprecursor (4 = 130°)37f 
shows a higher trans selectivity than the MezSiCpzZrClz 
precursor (4 = 125').& In this case, the increased rigidity 
imparted by the silicon bridge may not be adequately 
accounted for in a simple extrapolation of the present 
model. Nevertheless, for the Cp* derivatives, the exper- 
imental selectivities are in agreement with the calculations 
as the Me2Si(Me&p)nZrCl2 precureor (possibly t$ = 125') 
exhibits a lower cis selectivity than the Cp*zZrCl:! precursor 
(4 = 135' for Cp*zZrCH$3i(CH3)336a). 
Conclusions 

The above analyses, based on the nonbonded interac- 
tions in model sites for the cyclization step of the 1,5- 
hexadiene cyclopolymerization (intermediate I of Scheme 
I), indicate the presence of several minimum energy 
conformations. In particular, the analysis with the (R)- 
2-methyl-5-hexenyl group on a bare metal atom suggests 
that the trans-chair conformation, that is, the intermediate 
resembling a cyclohexane chair in which the substituent 
(growing chain) occupies a pseudoequatorial position, is 
slightly favored. The presence of Cp rings tends to disfavor 
the most stable cis conformations, that is, the cis-chair 
and the cis-boat-1 conformations (in which the polymeryl 
group occupies a pseudoaxial position), and as a conse- 
quence tends to increase the trans specificity with respect 
to the "bare" model. In the presence of the Cp* rings the 
steric interactions of the ligands tend to disfavor the trans- 
chair with respect to the cis-twist conformation which 
becomes the most stable. As a consequence the model 
becomes cis-specific. 

These results are in a qualitative agreement with the 
available experimental results. 
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