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Abstract 

The six-membered ring annulated Cl-bridged ansa-metallocene [(4-cyclopentadienylidene)-4,7,7-trimethyl-4,5,6,7- 
tetrahydroindenyl]zirconium dichloride (6a) was treated with "butadiene-magnesium" to yield the corresponding (s-cis-l"l 4- 
butadiene)ansa-zirconocene complex as a mixture of two diastereoisomers (8a/8a').  Their mutual interconversion was monitored by 
dynamic 1H NMR spectroscopy at high temperatures. The Gibbs activation energy of the thermally induced 8a ~- 8a' (butadiene)metal- 
locene ring topomerization is AGin~v (368 K) = 20.2 + 0.5 kcal mol-  1. This is about 8 kcal mol- 1 higher than observed for the analogous 
((r2,'tr-butadiene)metallocene ring inversion process in the parent bis(cyclopentadienyl)zirconium system. The corresponding (s-cis-"q 4- 
butadiene)ansa-hafnocene complex (9 /9 ' )  was prepared analogously. Its (-qa-butadiene)Hf inversion barrier (AGin~v (268 K) = 14.9 __+ 0.5 
kcal mol -~) is about 7 kcal mol-1 higher than that of the (s-cis-'qa-butadiene)HfCp2 reference. The (s-cis-'qa-butadiene)[7-n-butyi-(4- 
cyclopentadienylidene)4,7-dimethyl-4,5,6,7-tetrahydroindenyl]zirconium complex 8b was characterized by X-ray diffraction. The -q- 
butadiene ligand exhibits only a small C-C bond alternation (1.38(2), 1.36(2) and 1.40(2) A) and a relatively small difference of the 
butadiene Cterminal-Zr (2.324(12) and 2.301(13) ,~) vs. Cinternal--Zr (2.445(13) and 2.422(13) A) bond lengths. This points to an increased 
ax complex character of the rigid ansa-metallocene complex compared with the parent (s-cis-~a-butadiene)zirconocene complex 2a whose 
structure was determined as a reference (2a: butadiene Cterminal-Zr, 2.332(5) and 2.302(5) A; Cinternal-Zr , 2.491(6) and 2.480(5) A). A 
theoretical extended Hiickel theory analysis has revealed that the pronounced increase in the butadiene metallocene topomerization barrier 
on going from the "normal" bent metallocene (D(1)-Zr-D(2), 126.2 °, where D(1) and D(2) denote the centroids of the Cp rings) to the 
strained Cl-bridged ansa-metallocene complex 8 containing a markedly opened bent metallocene wedge (Sb: D(1)-Zr-D(2), 114.7 °) is 
electronic in origin, probably caused by closing the energy gap between the 2a I and b I frontier orbitals. We conclude that the 
stereoelectronic features of the bent metallocenes can be controlled by the application of specific steric constraints. 

Keywords: Ansa-metallocenes; (Butadiene)metallocene complexes; Dynamic behaviour; EHT calculations; Fluxionality 

I. Introduct ion  

In two seminal  papers,  Brintzinger and Bartell [1] 
and Lauher  and Hof fmann  [2] described the essential 
s tereoelectronic propert ies of  the bent  metal locene com-  
plexes nearly two decades ago using molecular  orbital 
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theory. Meanwhi le  Group 4 bent  metal locene com-  
plexes activated by various means,  but especial ly by the 
action of  excess methyla lumoxane ,  have turned out to 
be invaluable homogeneous  Ziegler- type catalysts for 
ct-olefin coupling [3]. In particular, many  variat ions of  
the ansa-metal locenes  introduced by the Brintzinger 
group have essentially contributed to the rapid develop- 
ment  of  Group 4 meta l locene-based homogeneous  
Ziegler- type ct-olefin polymerizat ion [4]. The rigid 
ansa-metal locene f r amework  has al lowed the introduc- 
tion of  high stereocontrol,  brought  about by selective 
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steric shielding of sectors by substituents and annulated 
ring systems [5]; at the same time it has led to very high 
catalyst activities, a feature that is probably at least in 
part due to the special electronic situation at the very 
ansa-metallocene framework [6]. 

Most Group 4 bent metallocene complexes, including 
many ansa-metallocenes, exhibit a backbone that is 
characterized by D(1)-M-D(2) angles of 125 ° or greater 
(D(1) and D(2) denote the centroids of the Cp ring 
systems) [7]. For such a geometric situation the three 
valence orbitals (lal,  b 2 and 2al; see below) that are 
available for bonding of incoming ligands are oriented 
in the Cp-M-Cp bisecting major plane of the molecule 
and have their largest extensions toward the open front 
side of the bent metallocene wedge. There is a substan- 
tial separation from the next-highest unoccupied orbital 
(b 1) that is oriented perpendicularly to this plane. This 
very special molecular orbital situation [1,2] has been 
responsible for a variety of particular coordination prop- 
erties of Group 4 bent metallocene complexes, such as 
the formation of stable mononuclear (s-trans-'q 4- 
butadiene)MCP2 systems (M = Zr or Hf) [8-10]. Also, 
the (s-cis-~ln-butadiene)zirconocenes and (s-cis-'q 4- 
butadiene)hafnocenes are special; they show a very high 
metallacyclopentene character and are best described as 
(~r2,Tr-CaH6)metal complexes [11]. Consequently, the 
activation barrier of their (cr2,'rr-butadiene)metallocene 
envelope inversion process is very l o w  (AGin~v = 12.6 
kcal mo1-1 for 2a (M = Zr) at 253 K, 8.1 kcal mo1-1 
for 3 (M = Hf) at 165 K) [12]: 

We have recently described a novel ansa-metallocene 
system, the [7-alkyl-(4-cyclopentadienylidene)-4,7-di- 
methyl-4,5,6,7-tetrahydroindenyl]MCl: complexes (6 
and 7) (see Scheme 1) that contain an extremely rigid 
bent metallocene backbone. The zirconium and hafnium 
complexes exhibit the lowest D(1)-M-D(2) angles ob- 
served so far (about 115 ° ) and the corresponding very 
active metallocene-methylalumoxane Ziegler-type cata- 
lyst shows a variety of uncommon features [13]. It is 
tempting to speculate that the very low D(1)-M-D(2) 
angles have led to a substantial narrowing of the 2a l /b  ~ 
valence orbital gap in these systems and thus introduced 
a novel electronic component of controlling the ligand 
properties at the front side of the bent metallocene 
wedge. One might expect that the structural and dy- 
namic features of an 'qa-coordinated butadiene ligand 
system would respond very sensitively to such changes 
in the electronic environment and could therefore be 

2a M = Zr, 3 M = H f  

Form 1. 
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Scheme  1. 

suited to monitor even subtle changes in the stereoelec- 
tronic characteristics at the bent metallocene framework 
it is coordinated to. Therefore we have prepared the 
butadiene complexes of several of our new Cl-bridged 
ansa Group 4 metallocenes and compared their struc- 
tural and dynamic features with those of the parent 
(butadiene)MCP2 complexes. 

2. Results and discussion 

2.1. Synthesis of the (butadiene) Group 4 metallocenes 
and characterization of their dynamic behavior in solu- 
tion 

The fused ligand system of the ansa-metallocenes 
employed in this study were prepared starting from 
2,5-bis(cyclopentadienylidene)hexane (4) [13,14]. The 
bisfulvene was treated with two molar equivalents of 
methyllithium or n-butyllithium respectively to yield 
the required ligand systems as the dilithio derivatives 5. 
Subsequent treatment with zirconium tetrachloride gave 
the metallocene dihalides 6a and 6b; the analogous 
reaction of 5a with hafnium tetrachloride furnished the 
corresponding hafnocene dichloride complex 7 (Scheme 
1). 

Complex 6a was treated with one molar equivalent 
of the oligomeric butadiene dianion equivalent 
"butadiene-magnesium" [15] in ether-pentane at - 7 8  
°C. The mixture was warmed to room temperature and 
worked up. Crystallization from the ether-pentane sol- 
vent mixture yielded the pure (butadiene)metallocene 
complex 8a. 

Because of the asymmetry of the bent metallocene 
framework (symmetry group C 1) the possible formation 
of a total of four diastereomeric (-q4-butadiene)[(4- 
cyclopentadienylidene)-4,7,7-trimethyl-4,5,6,7-tetrahy- 
droindenyl]zirconium complexes can be envisaged, 
namely two (s-trans-'q4-CaH6)metallocene and two (s- 
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- 

M = Zr, R = CH3: 8a/8a'  (1.5 : 1); £XG~v(368 K) = 20.2i-0.5 kcal mo1-1 

M = Zr, R = n-C4H9: 8b/Sb' (1.5 : 1); AG~v(368 K) = 20.3:t--0.5 kcal mol 4 

M = Hf, R = CH3: 9/9' (1.5 : 1); AG~v(268 K) = 14.9-L0.5 kcal mol "~ 

S chem e  2. 

cis-'q4-C4H6)metallocene isomers. In this case, only 
two of these are formed. They both contain the ~14-coor - 
dinated s-cis-butadiene ligand. Formation of the iso- 
meric s-trans complexes was not observed. Even pho- 
tolysis under suitable conditions [8] (HPK 125; Pyrex 
filter; - 7 8  °C; in toluene-ds; followed by 1H NMR 
analysis at low temperature) did not lead to the genera- 
tion of any measurable quantity of the (s-trans-con- 
jugated diene)metallocene isomer. 

Two (s-cis-'qn-butadiene)metallocene complexes 8a 
and 8a' are obtained in a 1.5:1 ratio (Scheme 2). This 
represents the equilibrium ratio at ambient temperature 
(see below). They can easily be distinguished by their 
~H and ~3C NMR spectra, although an absolute assign- 
ment as to which set of signal represents which particu- 
lar geometric isomer is not yet possible. The major 
isomer exhibits seven cyclopentadienyl ~H NMR me- 
thine resonances (in o-xylene-dl0; 600 MHz) at /5= 
6.09, 5.54, 5.47, 5.17, 4.73, 4.54 and 4.36 ppm, whereas 
the corresponding signals of the minor isomer appear at 
/5 = 5.44, 5.32, 5.24, 5.20, 4.70, 4.69 and 4.49 ppm. 
Each isomer exhibits a complex butadiene ~H NMR 
pattern involving spin systems of six independent ~H 
nuclei. The butadiene H anti 1H NMR resonances appear 
in a typical range at negative /5 values (major isomer, 

/5 = -0 .84  and -1 .07  ppm; minor isomer, /5 = -0 .91  
ppm) (Fig. 1), whereas the Hsy n proton signals are at 
/5 = 3.55 and 3.43 ppm (major isomer) and /5 = 3.4 ppm 
(minor isomer). The Hmeso 1H NMR signals of the 
butadiene ligand in the 8a/8a '  isomer system are ob- 
served at around /5 = 4.85 ppm. These chemical shift 
values are quite characteristic of (s-cis-'q4-butadiene) 
Group 4 metallocene complexes. Each of the two (s-cis- 
~4-butadiene)zirconocene isomers 8a and 8a' shows a 
set of three different methyl groups. Their correspond- 
ing 1H NMR resonances are nicely distinguished (/5 = 
0.96, 1.00 and 1.60 ppm (major isomer); 15 = 1.18, 1.39 
and 1.57 ppm (minor isomer)). 

The (s-cis-'qn-butadiene)metallocene isomers 8a and 
8a' equilibrate by inversion of the M ( C a H  6)  envelope 
structural moiety. This process was monitored by tem- 

1 perature dependent H NMR spectroscopy (xylene-dl0 
solvent; 600 MHz) in the temperature range between 
room temperature and 383 K. The pair of methyl group 
singlets at /5= 1.60 and 1.57 ppm (1.5:1 intensity 
ratio) turned out to be suited to determine the activation 
energy of the thermally induced 8a ~ 8a' interconver- 
sion. The analysis of the dynamic NMR spectra was 
carried out by means of a line shape calculation using 
the DNMR5 program package [16]. For the 8a ~ 8a' 
isomerization a Gibbs activation energy AGin* v of 20.2 
_____0.5 kcal mo1-1 at 368 K was obtained by this 
procedure [17]. It should be noted that the AGin~v barrier 
of the (s-cis-'q4-butadiene)[(4-cyclopentadienylidene) - 
4,7,7-trimethyl-4,5,6,7-tetrahydroindenyl]zirconium sys- 
tem (8a/Sa')  is about 8 kcal mo1-1 higher than was 
observed for the (s-cis-'q4-butadiene)ZrCP2 system 2a 
(see above) [11,12]. This enormous increase in the 
butadiene inversion barrier is characteristic of this par- 
ticular ansa-metallocene framework and probably re- 
flects an altered electronic situation brought about by 
enforcing a smaller D(1)-M-D(2) angle (i.e. a wider 
opening of the bent metallocene wedge). 

T,~ I ,~, I,,,, I ,~' ' i'~ ' '1 '~ ,r]sTr~a 

4 . 9 0  4 . 8 0  Dpm 

U ~ r ~ r " ' l  ' ' ' '1 ' ' ~ ' 1  ' : : '  ' ' ' ' !  ' 

3 5 4  3 ,a4 S D r a - 0  8C, - C  9 5  p i ss  

~/!~! ,1~ , 
7 ~ r l , , , ~ l ~  , , 1 1 , , i , 1 , , , , ~ , , , , ~ , , i , i  , , , , 1 1 , 1 , 1 ~ , ,  , i , , L , l , , , ~ i , , , , t ~ , , i , , ~ , ~ , , , , i , , , , i , , r , ]  I ~  ' ' ' 1 ' ' ' ' 1 ' '  ' l ~ L r ' l ' ' l ' l l '  I ~ - ~ - ~  

6 0 5 8  5 6  5 4  5 2  5 0  4 8  4 6  Dl:Sm 1 5 1 3 1 ', ,<s~ 

Fig. 1 . 1 H  N M R  spec t rum (600 MHz)  of  the 8 a - 8 a '  mixture  (in xylene-dl0 at 300  K). 
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Table 1 
A comparison of selected structural data of (s-cis-'q4-conjugated diene)zirconocene complexes 

Compound a Zr-C(1)/C(4) Zr-C(2)/C(3) C(1)-C(2) C(2)-C(3) C(1)-Zr-C(4) Zr-C(1)-C(2) C(1)-C(2)-C(3) D(1)-Zr-D(2) 
(~,) (~,) (.~) (~) (o) (o) (o) (o) 

2b 2.289(4) 2.714(5) 1.473(4) 1.392(2)  79.3(1) 89.7(4) 121.3(1) 123.4 
2c 2.279(2) 2.635(6) 1.465(3) 1.379(4)  82.2(4) 86.6(2) 123.5(2) 125.8 
2d 2.300(3) 2.597(3) 1.451(4) 1.398(4)  80.2(1) 84.4(2) 122.7(3) 123.9 
2e 2.318(2) b 2.574(2) 1.454(3) 1.391(2)  87.3(1) 82.7(2) 128.6(2) 123.2 
2f 2.317(3) 2.550(5) 1.445(2) 1.398(3)  88.7(2) 81.8(1) 129.6(3) 124.4 
2a 2.316(5) b 2.485(6) b 1.403(9) b 1.365(9) 84.8(3) 79.7(3) 129.6(6) 126.2 
8b 2.312(13) b 2.444(13) b 1.39(2) b 1.36(2) 83.3(5) 78.0(8) 126.7(14) 114.7 

a Data for 2a and 8b from this work; data for 2b-2f, from [12]. 
b Averaged values. 

This effect seems to be rather general. It is observed 
at about the same magnitude also with the other two 
(butadiene)ansa-metallocene complexes looked at in this 
study. The reaction of the bisfulvene 4 with n-butyl- 
lithium furnished a single isomer of the ansa-zircono- 
cene dichloride (6b) after purification, namely the iso- 
mer with the n-butyl group at the position C(7) oriented 
cis to the methyl substituent at C(4). Subsequent reac- 
tion of 6b with the "butadiene-magnesium" reagent 
again produced only two (s-cis-@-CaH6)ansa-metallo- 
cene diastereoisomers, that are formed again in an 
approximate 1.5 : 1 ratio under conditions of thermody- 
namic control. Each of the 8b /8b '  isomers again ex- 
hibits seven 1H NMR cyclopentadienyl methine reso- 
nances and a pair of methyl signals. The 1H NMR 
methyl singlets at 6 = 1.61 ppm (major isomer) and 

= 1.58 ppm (minor isomer) were used to follow the 
thermally induced 8b ~ 8b' isomerization by dynamic 
1H NMR spectroscopy and to determine the (s-cis-'q 4- 
butadiene)ansa-zirconocene inversion barrier. A Gibbs 
activation energy AGin~v (368 K) of 20.3 + 0.5 kcal 
mol- 1 was obtained. 

The (butadiene)ansa-hafnocene complex 9 was pre- 
pared analogously. Again, only s-cis-~4-butadiene com- 
plexes were obtained (9 and 9' in a 1.5:1 mixture). 
These hafnium complexes show dynamic ~H NMR 
behavior because of their mutual rearrangement at much 
lower temperatures compared with the 8 /8 '  systems. 
Again, the AGin~v barrier was determined using the 
methyl group resonance coalescence. Line shape analy- 
sis employing the ONMR5 program revealed an activa- 
tion barrier for the 9 ~ 9' rearrangement of AGin* v (268 
K) = 14.9 + 0.5 kcal mo1-1. This value is much smaller 
than was observed for the analogous dynamic process of 
the corresponding ansa-zirconocene complexes (see 
above). However, the respective reference value in the 
case of the hafnium containing complexes is consider- 
ably lower; the AGin~v value of the parent (s-cis-'q 4- 
butadiene)HfCp2 system is only 8.1 kcal mo1-1 [12]. 
Thus introducing the particular ansa-metallocene back- 
bone has increased the (s-cis-butadiene)metallocene in- 

version barrier by about 7 kcal mo1-1, an increase that 
is comparable with that observed upon going from 
(s-cis-'qn-butadiene)ZrCP2 to the (s -c is - 'q  4- 
butadiene)ansa-zirconocene systems 8/8 ' .  

2.2. X-ray crystal structure analyses of the (s-cis-~ 4- 
butadiene) metallocenes 

The (s-cis-~4-conjugated diene) Group 4 metallocene 
complexes exhibit a structural framework that is quite 
different from that of the late transition metal 1,3-diene 
complexes. These early transition metal systems feature 
a pronounced metallacyclopentene character; they are 
best described as of a cr2,'rr structural type. Conse- 
quently, in a series of (2,3-dialkylbutadiene)ZrCp2 and 
(2,3-arylbutadiene)ZrCP2 complexes the Zr-C(1)/C(4) 
bonds are uniformely short (they are in a typical range 
of zirconium to carbon tr bonds) whereas the Zr-  
C(2)/C(3) distances are quite sensitive to the substitu- 
tion pattern at carbon atoms C(2) and C(3) of the 
conjugated diene ligand [11,12]. Substituents that stabi- 
lize the C(2)-C(3) double bond in the tr2,'rr-structured 
metallocene complex will lead to an increased Zr-  
C(2)/C(3) separation in the Zr(conjugated diene) enve- 
lope structure (Table 1). 

For this reason we first had to determine the charac- 
teristic structural parameters of the parent compound 
(s-cis-'qa-butadiene)ZrCp2 (2a) to serve as a reference 
that allowed us to judge whether a decreased D(1)-Zr-  
D(2) angle (as observed in the 6-type complexes) leads 
to a noticeable structural change in the diene-metallo- 

cp2o  cp2o i I cp2o_  
2a 2b 2c 

/ ' " ~ ~  CH3 @ 
C p 2 Z r ~ .  Cp2Zr Cp2Zr 

- -CH 3 
2d 2e 2f [ 

Form 2. 
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Table 2 
Selected bond lengths (,~) and angles (°) for 2a 

Bond lengths 
Zr-C(1) 2.332(5) 
Zr-C(2) 2.491(6) 
Zr-C(10) 2.570(5) 
Zr-C(ll) 2.558(5) 
Zr-C(12) 2.533(5) 
Zr-C(13) 2.526(5) 
Zr-C(14) 2.546(4) 

Bond angles 
Zr-C(1)-C(2) 79.7(3) 
C(1)-C(2)-C(3) 129.6(6) 
C(1)-Zr-C(4) 84.8(3) 

Zr-C(4) 2.302(5) 
Zr-C(3) 2.480(5) 
Zr-C(15) 2.522(5) 
Zr-C(16) 2.525(5) 
Zr-C(17) 2.527(5) 
Zr-C(18) 2.547(5) 
Zr-C(19) 2.522(5) 

Zr-C(4)-C(3) 79.8(3) 
C(4)-C(3)-C(2) 128.1(6) 

cene framework as is expected from an increased 'rr 
character of the butadiene coordination to the early 
transition metal in this special ansa-metallocene envi- 
ronment - -  this is indeed observed: 

Two "qS-cyclopentadienyls and a "qa-butadiene ligand 
are coordinated to the zirconium center in the bent 
metallocene complex 2a. In the crystal the (s-cis-'q 4- 
butadiene)zirconocene molecule deviates slightly from 
C s symmetry. Therefore two slightly different distances 
between zirconium and the terminal butadiene carbon 
atoms are observed; both are just within the range 
expected of zirconium-carbon tr bonds (Zr-C(1), 
2.332(5) .~; Zr-C(4), 2.302(5) .~), although both values 
are rather at the high end of that range [18]. The 
Zr-C(2) and Zr-C(3) distances are 2.491(6) and 
2.480(5) ,~ respectively. Thus the (Zr-C(terminal))- 
(Zr-C(internal)) bond length difference of the 
Zr(butadiene) unit of 2a is smaller than observed from 
all the other substituted (conjugated diene)ZrCP2 com- 
plexes listed in Table 1. Consequently, the C(1)-C(2) 
(1.391(9) ,~,) and C(3)-C(4) (1.416(9) ,~) bonds of 2a 

Fig. 2. A view of the molecular geometry of the (s-cis-ll 4- 
butadiene)zirconocene complex 2a. 

Table 3 
Atomic coordinates and equivalent isotropic displacement parameters 
for 2a, where Ueq is defined as one third of the trace of the 
orthogonalized Uq tensor 

x y z Ueq 
(X10 -4) (X10 -4) (X10 -4) ()<10-3A 2) 

Zr 2473(1) 444(1) 6428(1) 23(1) 
C(1) 1587(6) - 662(7) 4802(5) 55(2) 
C(2) 1331(5) - 1871(8) 5604(6) 61(2) 
C(3) 1039(4) - 1672(8) 6704(6) 55(1) 
C(4) 895(4) - 153(8) 7308(7) 58(2) 
C(10) 1490(5) 3159(6) 5805(5) 46(1) 
C(ll) 2406(5) 3058(6) 5157(5) 51(1) 
C(12) 3307(5) 3236(6) 5917(5) 51(1) 
C(13) 2938(4) 3426(6) 7007(5) 44(1) 
C(14) 1833(4) 3379(6) 6943(4) 41(1) 
C(15) 4472(4) - 133(9) 66111(7) 62(2) 
C(16) 4170(5) 106(8) 7677(6) 60(2) 
C(17) 3500(5) - 1172(9) 7980(6) 61(2) 
C(18) 3408(5) - 2268(7) 7069(7) 66(2) 
C(19) 3987(5) - 1620(10) 6176(6) 67(2) 

are shorter than in the complexes 2b-2f,  although a 
long-short-long carbon-carbon bond length sequence 
is still maintained in 2a (C(2)-C(3), 1.365(9) A). The 
angle of fold of the Z r C 4 H  6 envelope (i.e. the angle 
between the Zr, C(1), C(4) and C(1)-C(4) planes) in 2a 
is 1 1 5 . 2  ° . 

A view of the molecular geometry of the (s-cis-'q 4- 
butadiene)zirconocene complex 2a is given in Fig. 2; 
the selected bond lengths and angles of 2a are listed in 
Table 2, and the atomic coordinates of 2a in Table 3. 

In the crystal, only one of the 8b/Sb' diastereoiso- 
mers is found, namely the diastereoisomer that has the 
butadiene C(2)-C(3) vector oriented toward the disub- 
stituted Cp-ring system. As expected, the n-butyl group 
at the tetrahydroindenyl six-membered ring is arranged 
t rans  to the monosubstituted Cp substituent. A projec- 
tion of the molecular structure of 8b (with unsystematic 
atom numbering scheme) is shown in Fig. 3. 

2 

Fig. 3. A projection of the molecular structure of 8b (with unsystem- 
atic atom numbering scheme). 
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The ansa-metallocene backbone in 8b is much more 
rigid than in most other ansa-metallocene complexes. 
This is evident from the very small D(1)-Zr-D(2) angle 
of 114.7 °, which to our knowledge is in fact the smallest 
D - M - D  angle observed in a bent metallocene complex 
so far [7,13]. The effective opening angle of the bent 
metallocene is somewhat reduced, however, by a tilting 
distortion of the Cp rings towards the metal center. 
Thus the C(4)-C(9)-D(1) angle deviates by 15.1 ° from 
linearity. Similarly, this distortion at the monosubsti- 
tuted Cp-ring systems measures 15.6 ° (i.e. C(4)-C(2)-  
D(2)). The resulting D(1)-Zr and D(2)-Zr distances are 
2.22 and 2.23 A respectively, which is only slightly 
smaller than observed in 2a (see above; 2.26 and 2 . 2 4  
,&). 

The bonds between zirconium and the terminal buta- 
diene carbon atoms are short (Zr-C(31), 2.324(12) ,~; 
Zr-C(34), 2.301(13) ,&). This is about the same metal- 
carbon bond length as in the reference compound 2a. 
However, the bonds of the zirconium to the internal 
butadiene carbon atoms (Zr-C(32), 2.445(13) ,&; Zr- 
C(33), 2.422(13) ,~) are even shorter than in 2a. The 
angle of fold (Zr-C(31)-C(34) vs. C(31)-C(34) planes] 
in 8b is 109.6 °. At the same time the difference between 
the C(31)-C(32) (1.38(2) ,&) and C(34)-C(33) (1.40(2) 
,&) pair of bonds and the central C(32)-C(33) linkage 
(1.36(2) ,&) is further decreased. There is still a slight 
long-short-long bond length sequence, but we notice a 
tendency toward a symmetrical butadiene coordination 
in the sequence 2b ~ 2e ~ 2a ~ 8b. It appears that the 
altered angle between the Cp planes of the ring-an- 
nulated C 1-bridged ansa-metallocene (as expressed by 
its extremely low value of the D(1)-Zr-D(2) angle) has 
helped much to advance another step towards a sym- 
metrical "rr coordination in the (s-cis-'q4-conjugated di- 
ene) Group 4 metallocene series [19]. 

Selected bond lengths and angles of 8b are given in 
Table 4, and the atomic coordinates of 8b in Table 5. 
Details of the X-ray crystal structure analyses of com- 
plexes 2a and 8b are provided in Table 6 [19a]. 

2.3. Extended Hiickel theory calculations 

The purpose of this theoretical study applying ex- 
tended Hiickel theory (EHT) [20a] and modified ex- 
tended Hiickel theory (MEHT) calculations [20b] is to 
trace the electronic effects of butadiene ring inversions 
in Cp2Zr(butadiene) complexes with a narrow-angle 
biscyclopentadienyl geometry such as in 8 and 9 of the 
preceding work. Because of the general orbital situation 
of metallocenes [1,2], it is instructive to examine a 
Walsh diagram for the evolution of their frontier or- 
bitals in dependence of the Cp2M angle a.  For the 
CP2Zr fragment this is represented in Fig. 4. 

The most prominent changes occurring with the nar- 

Table 4 
Selected bond lengths (,~) and angles (o) for $b 

Bond lengths 
Zr-C(31) 
Zr-C(32) 
C(4)-C(5) 
C(4)-C(10) 
C(5)-C(6) 
C(7)-C(8) 
C(8)-C(9) 

Bond angles 
Zr-C(31)-C(32) 
Zr-C(34)-C(33) 
C5-C(4)-C(9) 
C5-C(4)-C(21) 

2.324(12) Zr-C(34) 2.301(13) 
2.445(13) Zr-C(33) 2.422(13) 
1.51(2) C(4)-C(9) 1.53(2) 
1.54(2) C(4)-C(21) 1.54(2) 
1.52(2) C(6)-C(7) 1.55(2) 
1.52(2) C(7)-C(8) 1.52(2) 
1.40(2) 

78.0(8) 
77.6(8) 

109.0(10) 
113.7(11) 

C(9)-C(4)-C(21) 101.1(9) 
C(4)-C(5)-C(6) 116.5(11) 
C(6)-C(7)-C(8) 108.1(11) 
C(8)-C(9)-C(4) 122.2(10) 

C(31)-Zr-C(34) 83.3(5) 
C(31)-C(32)-C(33) 126.7(14) 
C(32)-C(33)-C(34) 129.3(14) 
C(5)-C(4)-C(10) 108.5(11) 
C(9)-C(4)-C(10) 112.9(11) 
C(10)-C(4)-C(21) 111.7(10) 
C(5)-C(6)-C(7) 115.6(11) 
C(7)-C(8)-C(9) 123.3(10) 

rowing of a are seen for the 2a 1 and b I orbitals, which 
increase and decrease respectively their energies. A 
perturbation molecular orbital analysis shows that these 
energy changes are primarily due to overlap changes in 
the respective Zr functions with the Cp ligands. In total 
the Cp rings show weaker interactions with the Zr 
center in the narrow-angle cases. This is expressed in 
the sum of total overlap populations between the Zr 

Table 5 
Atomic coordinates and equivalent isotropic displacement parameters 
for 8b where Ueq is defined as one third of the trace of the 
orthogonalized U 0 tensor 

x y z Ueq 
(Xl0 4) (X10 -4) (Xl0 -4) (Xl0 3~k2) 

Zr 6927(1)  1902(1) 1802(1) 29(1) 
C(1) 7506(10) 4204(14) 1085(6) 37(3) 
C(2) 8280(11) 4285(17) 1677(6) 42(3) 
C(3) 8856(9) 2710(15) 1780(5) 36(3) 
C(4) 8566(11) -289(16) 1215(6) 41(3) 
C(5) 8185(14) -850(17) 529(6) 63(4) 
C(6) 7120(15) 13(21) 126(7) 82(6) 
C(7) 7125(10) 2018(19) 134(5) 47(3) 
C(71) 7892(12) 2611(15)  -277(5) 44(3) 
C(72) 8018(11) 4542(17)  -360(6) 47(3) 
C(73) 8769(12) 4954(19)  -801(6) 58(4) 
C(74) 8855(13) 6892(20)  -903(7) 66(4) 
C(8) 7618(9) 2605(15) 810(5) 34(3) 
C(9) 8454(9) 1677(14) 1249(5) 29(3) 
C(10) 9788(11) -925(17) 1490(7) 59(4) 
C(11) 5919(11) 2722(27)  -138(7) 95(7) 
C(21) 7768(10) -885(14) 1618(6) 33(3) 
C(22) 8051(10) -664(14) 2281(6) 37(3) 
C(23) 7050(11) -862(14) 2482(6) 40(3) 
C(24) 6179(12) -1135(16) 1969(7) 52(4) 
C(25) 6616(11) - 1129(15) 1431(6) 43(3) 
C(31) 5001(11) 2520(17) 1460(8) 61(4) 
C(32) 5444(12) 4079(19) 1721(8) 58(4) 
C(33) 6211(13) 4316(18) 2289(8) 58(4) 
C(34) 6743(11) 3089(20) 2736(6) 56(4) 
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Table 6 
Details of the X-ray structure analyses of 2a and 8b 

a (,~) 12.405(2) 12.182(2) 

b (,~) 7.952(2) 7.748(1) 

c (,~) 11.734(3) 21.831(6) 
/3 (°) 92.55(2) 104.81(2) 
V (~3) 1156.3(5) 1992.1(7) 
Space group P 2 1 / c  (No. 14) P 2 1 / c  (No. 14) 
Z 4 4 
F(000) (e le chime) 560 864 
/x (cm -1 ) 9.1 5.5 
diffractometer CAD4 CAD4 

A (A) 0.71073 0.71073 
0max (o) 26.3 22.5 
data collected 2465 2755 
data unique 2343 2610 
data observed >~ 2or(1) 2062 1698 
refined parameters 136 229 
R(I >~ 2o"(1)) 0.046 0.060 
wR2(l >1 2o'(1)) 0.132 0.156 
Goodness of fit 1.061 1.031 

Programs used: SHELX-86, SrIELX-93 and SCHAKAL-92. 

center and the Ccp atoms (e,g. overlap population 
~(Zr-fcp)|24o----- 1.865; 2~(Zr-Ccp)lt0O = 1.709). In the 
narrow-angle region b~ becomes of such low energy 
that it can now be considered to be part of the valence- 
type orbitals of a Cp2Zr fragment. Such a narrow-angle 
fragment therefore possesses four instead of three fron- 
tier orbitals [1,2]. This is expected to have a noticeable 
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Fig. 4. Orbital correlation diagram of a CP2Zr fragment. Variation of 
the Cpcentroid-Zr-CPcentroid angle e~. 

influence on the orbital interactions with many types of 
moiety also with a butadiene ligand. 

The ring inversion processes were modelled by com- 
puting the conversion of the cr2,'rr-CP2Zr(butadiene) 
structure A(tx) [21] into the Cp2Zr(butadiene) molecule 
B(ot), which has a flat zirconapentene geometry and 
marks the transition state: 

~ Z ~ -  ~ Z r ~  

A(a) B(a) 

Form 3. 

For these calculations the MEHT method [20b] was 
used. Two distinct situations have been chosen with 

= 110 ° and 124 °. A(124 °) represents the geometry of 
the reference Cp2Zr(butadiene) molecule, whose struc- 
ture has been determined by an X-ray diffraction study 
(see above). The molecule with ct = 110 ° is thought to 
mimic the narrow angle situation of molecules 8 and 9. 
Multidimensional energy surfaces were therefore estab- 
lished for the interconversions of A( l l0  °) and A(124 °) 
and of B( l l0  °) and B(124°). In these calculations the 
structures of the respective CP2Zr fragments, all C - H  
distances and the sp 2 geometry at the f i n  t a t o m s  were 
kept fixed. The Zr-C, all C-C distances, the bond 
angles and the dihedral angles of the Zr-bound C atoms 
were allowed to relax. 

In this way reaction paths for the A ( c t ) ~  B(o~) 
processes were obtained, which led to the computed 
activation energies given in Table 7. In good agreement 
with the experimental data (12.6 kcal mol-l  for 2a and 
20.2 kcal mol-1 for 8a/8a ' )  the narrow-angle molecule 
A( l l0  °) shows a significantly higher inversion barrier 
than A(124 °) given by the total energy difference of 
B( a )-A( ot ). A possible reason for this can be derived 
from the overlap populations of Table 7. An analysis of 
the sum of the total overlap populations for all (Zr- 
C)butadien e bonds first of all reveals stronger butadiene 
binding for A( l l0  °) and B(ll0°), which apparently 
occurs at least to some extent on the expense of the 
Zr-Cp bond strength in these molecules (the narrow-an- 
gle CP2Zr fragments showed weaker Cp binding vide 
infra). The higher inversion barrier for the narrow-angle 

Table 7 
Calculated butadiene inversion and overlap population data of 
CP2Zr(butadiene) 2a, the complexes A(a)  and the transition states 
B(~) 

A E~alc Total overlap population 

(°) (kcalmo1-1) CtermofA CintofA CtermofB CintofB 

124 10.9 0.428 0.078 0.618 -0.014 
110 18.4 0.387 0.130 0.633 -0.011 
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Fig. 5. Generalized CACAO orbital representation [la] for the composition of the HOMO in A ( a )  molecules from the orbitals of a butadiene unit 
and a CP2Zr fragment. 

molecule cannot, however, be directly related to this 
circumstance. The decisive fact in this respect is that the 
C~,t atoms of the butadiene moiety are bound more 
strongly to the Zr center in A( l l0  °) than in A(124°). 
Their release is more hindered in A( l l0  °) when the 
molecules travel towards the transition states B(a). 

An orbital analysis shows that the highest occupied 
molecular orbitals (HOMOs) of the A(a)  species (Fig. 
5) play a crucial role in the Z r - C i n  t interactions. 

In these HOMOs, 'rr 1 and ~3 of the butadiene ligand 
are mixed together, so that the orbital coefficients at the 
Cterm a toms decrease, while those at the Cin t a toms 
increase, evolving the olefinic 7r bond of the cr27r 
bonded butadiene moiety. The Zr participation in the 
HOMO consists of la 1 and bl contributions of the 
Cp2 Zr fragment, both of which orbital characters are in 
binding interaction to the Ci, t atoms. The zirconium b 1 

orbital even points quite in the direction of the Ci, , 
lobes, thus reaching considerable overlap. In this man- 
ner the HOMOs of the A(a)  molecules contribute to the 
binding between the Zr center and the Cin t a toms  (Fig. 
5). Owing to the lower energy position of b~ in the 
narrow-angle CP2Zr fragments the HOMO of A( l l0  °) 
contains more b l orbital character, from which the 
stronger Zr-butadiene interaction then mainly results. 

2.4. Conclusions 

Opening of the bent metallocene wedge indeed leads 
to a marked change in the stereoelectronic properties of 
the central Group 4 transition metal center. In the 

six-membered ring annulated C~-bridged ansa-metallo- 
cenes of the type discussed in this paper (6-9) the angle 
between the Cp planes is increased (and consequently 
the D(1)-M-D(2) angle decreased) by the steric re- 
quirements of the underlying fused hydrocarbon back- 
bone. This results in a closing of the energy gap be- 
tween the 2a I and b l valence orbitals. The now substan- 
tially different spatial arrangement of orbitals available 
for bonding of added rr ligands leads to markedly 
altered chemical characteristics of the Group 4 ansa- 
metallocene complexes having such a strained back- 
bone. These specific changes in the electronic properties 
mean that the early transition metal center appears to 
behave as if it had moved slightly to the right in the 
periodic table. This slightly increased "late transition 
metal character" of zirconium or hafnium in these 
complexes can be nicely monitored by attaching the 
butadiene ligand. Structurally, the (s-cis-~q 4- 
butadiene)zirconium complex (Sb) has a noticeably in- 
creased ,rr complex character compared with the refer- 
ence structures of the parent bis(cyclopentadienyl)M 
systems. This description is strongly supported by the 
dynamic behavior of these complexes in solution. Both 
the C x-bridged ansa-zirconocene and ansa-hafnocene 
butadiene systems have their "metallacyclopentene" 
inversion barrier increased by about 7-8 kcal mo1-1. 
This is a large effect that demonstrates how severely the 
electronic properties of the bent metallocene structure 
have been altered by changing the relative spatial ar- 
rangement of its Cp-ring systems. It is to be expected 
that reactions other than the butadiene metallocene 
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topomerization will prove similarly sensitive to the 
electronic changes brought about by changing the spa- 
tial arrangement of Cp-ring systems within the bent 
metallocene structures. This would then potentially pro- 
vide an additional means of controlling the reactivity 
and selectivity patterns of stoichiometric reagents as 
well as catalyst systems derived from the Group 4 
metallocenes. 

3. Experimental section 

3.1. General remarks 

All reactions involving organometallic compounds 
were carried out in an inert atmosphere (argon) using 
Schlenk-type glassware or in a glove-box. All solvents 
were dried and distilled under argon prior to use. Instru- 
ments used for physical characterization of the products 
included a Bruker AC 200 P NMR spectrometer, a 
Bruker ARX 300 NMR spectrometer, a Varian Unity 
Plus 600 NMR spectrometer, and a Nicolet 5 DXC 
Fourier transform IR spectrometer. Melting points were 
obtained by differential scanning calorimetry (DuPont 
910); elemental analyses were determined on a Foss- 
Heraeus CHN-Rapid elemental analyzer. The metal- 
locene dihalides 6a, 6b and 7 were prepared as previ- 
ously described [13]. The butadiene-magnesium reagent 
was prepared according to a literature procedure [9,15]. 
(Butadiene)zirconocene was prepared by the published 
method [11] and crystallized from toluene at - 1 8  °C. 

3.2. Preparation of (s-cis-rl4-butadiene)[(4-cyclo - 
pentadienylidene)-4, 7, 7-trimethyl-4, 5, 6, 7-tetr ahydroin- 
denyl]zirconium (8a / 8a') 

The dry reagents 6a (0.90 g, 2.38 mmol) and 
(butadiene-magnesium). 2THF (0.62 g, 2.79 mmol) 
(THF = tetrahydrofuran) were mixed and cooled to - 78 
°C. 50 ml of a 1 : 1 mixture of ether:pentane was added 
dropwise with stirring. The mixture was allowed to 
warm to room temperature over night. A precipitate was 
removed by filtration and the clear red filtrate was kept 
at 0 °C for crystallization. The crystals of the 
(butadiene)zirconium complex 8a/8a '  were collected 
by filtration (yield, 0.85 g (96%); melting point (m.p.), 
154 °C (decomposition); two diastereomers A and B in 
a 1 : 1.5 ratio). H NMR (xylene-dl0,600 MHz): 6 6.09 
(B), 5.54 (B), 5.47 (B), 5.44 (A), 5.32 (A), 5.24 (A), 
5.20 (A), 5.17 (B), 4.73 (B), 4.70 (A), 4.69 (A), 4.54 
(B), 4.49 (A), 4.36 (B, m, each 1H, cyclopentadienyl 
CH), 4.85 (A + B, m, butadiene H . . . .  ), 3.55, 3.43 (m, 
1H each, B, butadiene Hsr,), 3.40 (m, 2H, A, butadiene 
Hsyn) , 2.12, 2.06, 1.93, 1.52, 1.40 (m, indenyl CH 2 of 
A and B), 1.60, 1.00, 0.96 (s, each 3H, CH 3 of B), 
1.57, 1.37, 1.18 (s, each 3H, CH 3 of m), -0.84,  - 1.07 

(m, 1H each, B, butadiene nanti), -0 .89 (m, 2H, A, 
butadiene Hanti) ppm. 13C NMR (benzene-d6, 150.9 
MHz, mixture of isomers): 8 131.3, 122.5, 117.1,112.4, 
105.9 (quart. C, Cp, one signal under solvent), 112.6, 
112.3, 111.6, 110.5, 110.4, 110.3, 106.5, 104.2, 103.5, 
101.8, 101.0, 99.9, 99.7, 99.5, 99.2, 93.7, 92.2, 87.8 
(CH, Cp and butadiene), 53.8, 52.9, 51.4, 51.0 (CH 2, 
butadiene), 37.6, 37.3, 32.9, 32.6 (CH2, indenyl), 36.1, 
36.0, 31.8, 31.1 (quart. C, indenyl C(4), C(7)), 34.6, 
34.4, 29.9, 28.5, 27.9, 27.6 (CH 3) ppm. IR (KBr): ~, 
3092, 2958, 2916, 1495, 1452, 1099, 1072, 1046, 1024, 
860, 851, 812, 790, 770, 740, 731 cm -1. Anal. Found: 
C, 67.44; H, 7.06. C21H26Zr ( M =  369.7) Calc.: C, 
68.23; H, 7.09%. 

3.3. Preparation of (s-cis- r~ 4-butadiene)[7-n-butyl-(4 - 
cyclopentadienylidene)-4, 7-dimethyl-4, 5, 6, 7-tetrahydro- 
indenyl]zirconium (Sb / 8b') 

Analogous to the above-described treatment, 1.0 g 
(2.33 mmol) of 6b with 0.62 g (2.80 mmol) of 
(butadiene-magnesium). 2THF gave 0.9 g (94%) of a 
mixture of 8b/8b'  in a 1:1.5 diastereoisomer ratio 
(m.p. 202 °C). The crystals obtained from ether:pen- 
tane (1:1) were suitable for the X-ray crystal structure 
analysis (see Table 6 for details). ~H NMR (xylene-dl0; 
600 MHz, mixture of both isomers A and B): 8 6.13, 
5.54, 5.48, 5.35, 5.25, 5.21 (double intensity), 4.75, 
4.72, 4.70, 4.55, 4.47, 4.36 (m, 1H each, cyclopentadi- 
enyl of A + B, 1H under C4H 6 multiplet), 5.9 (br.m, 
butadiene H . . . . .  A + B), 3.56 and 3.39 (m, 1H each, 
butadiene Hsy n of the major isomer B), 3.43 (m, 2H, 
butadiene Hsy n of A), 2.1-1.9, 1.7-1.4 (several m, 
indenyl CH2), 1.40-1.05 (several m, n-butyl CH2), 
0.88 (m, n-butyl-CH 3 of A), 0.82 (m, n-butyl-CH 3 of 
B), 1.61 and 0.95 (s, each 1H, CH 3 of B), 1.58 and 1.33 
(s, each 3H, CH 3 of A), -0.81 and -1.05 (m, each 
1H, butadiene Hanti of B), -0 .89 (m, 2H, butadiene 
H~nti of A) ppm. Anal. Found: C, 68.98; H, 8.04. 
C24H32Zr (M = 411.7) Calc.: C, 70.01; H, 7.83%. 

3.4. Reaction of [(4-cyclopentadienylidene)-4,7,7-tri- 
methyl-4,5,6, 7-tetrahydroindenyl] hafnium dichloride 
with " butadiene-magnesium " 

The ansa-metallocene dichloride 7 (0.31 g, 0.66 
mmol) was mixed with 0.22 g (0.99 mmol) of the 
butadiene-magnesium reagent. At - 7 8  °C, pre-cooled 
toluene (40 ml) was added dropwise with stirring. The 
mixture was warmed to ambient temperature and stirred 
for 18 h. A precipitate was removed by filtration and 
the solvent removed from the clear filtrate in vacuo to 
give 300 mg (99%) of the 9 /9 '  mixture (1 : 1.5) (m.p., 
134 °C). lH NMR (toluene-d8; 600 MHz, 223 K, sev- 
eral signals of the isomers A and B are overlapping): 8 
5.87, 5.51, 5.28, 5.24, 5.10, 5.01 (double intensity), 
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Table 8 
Parameters used in the EHT [20a] and MEHT [20b] calculations 

Element Orbital Hii (eV) ¢1 ~:2 C~ C2 

H l s  - 13.6 1.30 
C 2s -21.4 1.625 

2p - 11.4 1.625 
Zr 4d - 12.1 3 . 8 3 5  1.505 0.6211 

5s - 10.1 1.776 
5p -6.86 1.817 

0.5796 

Table 9 
MEHT optimized bond distances of the zirconapentene moiety in 
A( l l0  °) A(124°), B(l l0 °) and B(124 °) 

Zr-Cterm Zr -Ci .  t Cterm -Cint Cint- f in  t 
(X) (X) (X) (M 

A(110 °) 2.26 2.42 1.60 1.51 
A(124 °) 2.23 2.57 1.61 1.51 
B(l l0 °) 2.11 2.96 1.75 1.48 
B(124 °) 2.13 3.00 1.74 1.48 

4.91, 4.67 (double  intensity),  4.63, 4.40, 4.37, 4.31 (m, 
cyclopentadienyl ) ,  5 . 0 - 4 . 9  (m, 2H, butadiene  H . . . .  ), 

3.41 and 3.24 (m, each 1H, butadiene  Hsy n of  the major  
i somer  B), 3.32 (m, 2H, butadiene  Hsy n of  A),  2 . 1 - 1 . 2  
(several  m, indenyl  CH2),  1.47, 0.94, 0.92 (s, each 3H, 
CH 3 o f  B), 1.44, 1.31, 1.14 (s, each 3H, CH 3 of  A),  
- 1 . 0 7  and - 1 . 1 9  (m, 2H, butadiene  nanti  of  B), 
- 1.06 (m, 2H, butadiene  nanti  of  A)  ppm. 

3.5. Extended Hiickel calculations 

The parameters used in the EHT [20a] and MEHT 
[20b] calculation were taken from earlier work [21] and 
are given in Table 8. 

The calculations of the butadiene inversions were 
performed with fixed Cp2Zr structural backbones. The 
(C-C)ocp, (C-H)c p and the (Zr-Cp)centroid distances were 
1.45 A, 1.04 A and 2.02 A respectively. Within the 
zirconapentene unit the Cmt sp 2 geometry and all C-H 
bond lengths (1.03 .~) were kept fixed. All other geo- 
metrical degrees of freedom such as the Zr-C, C,erm- 
Cint, Cint-Cint bond lengths and the bond and dihedral 
angles at Cterm were optimized at each point of the 
energy surfaces. 

Optimized bond distances of A(110°), A(124°), 
B(110 °) and B(124 °) are given in Table 9. 
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