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in a difference Fourier map phased with the W atoms. Almost 
all of the hydrogen atoms on the methyl groups were located in 
a later difference map. The four hydrogen atoms on the allene 
ligand were located in a subsequent difference map. The full- 
matrix least-squares refinement was completed by using aniso- 
tropic thermal parameters on all non-hydrogen atoms and isotropic 
thermal parameters on the hydrogen atoms. 

The final difference Fourier map was essentially featureless 
except for two peaks of 1.5 and 1.2 e/A3 in the immediate vicinity 
of the two tungsten atoms. 
W2(0-t-B~)6(C3H4)2 (2). A suitable crystal was located, 

transferred to the goniostat, and cooled to -155 OC for charac- 
terization and data collection. 

A systematic search of a limited hemisphere of reciprocal space 
located a set of diffraction maxima with symmetry and systematic 
absences corresponding to the unique monoclinic space group 
ml/c. Subsequent solution and refinement of the structure 
confirmed this choice. 

Data were collected in the usual manner using a continuous 
8-28 scan with fixed backgrounds. Data were reduced to a unique 
set of intensities and associated u's in the usual manner. Data 
were corrected for absorption. The structure was solved by a 
combination of direct methods (MULTAN~~) and Fourier techniques. 
All hydrogen atoms were clearly visible in a difference Fourier 
synthesis phased on the non-hydrogen parameters. All hydrogen 
atoms were refined isotropically and non-hydrogen atoms an- 
isotropically in the final cycles. 

A final difference Fourier was featureless, with several peaks 
of intensity 0.8-1.1 e/A3 lying near the metal atoms. 
W,(O-~-BU)~(C~H~)(CO)~ (3). The crystalline sample con- 

sisted of "clumps" of black crystals with poorly defined faces. 
Several attempts were made before a suitable fragment was lo- 
cated. Many of the crystals examined were badly split (or 
twinned), as evidenced by numerous closely grouped peaks. The 

sample was maintained in a dry nitrogen atmosphere by using 
standard techniques employed by the Indiana University Mo- 
lecular Structure Center. 

A systematic search of a limited hemisphere of reciprocal spa- 
located a set of diffraction maxima with symmetry and systematic 
absences corresponding to the unique monoclinic space group 
E,/c. It was apparent that a significant "pseudocell" was present, 
as seen in the intensity distribution. The h01 zone, for example, 
is best described as present for 1 = 4n. Unfortunately, the ex- 
ceptions to the "extinctions" were clearly present, so it was not 
possible to simply reduce the cell. 

Data were collected by using a continuous 19-28 scan with fixed 
backgrounds. Data were reduced to a unique set of intensities 
and associated 6's in the usual manner. T h e  structure was solved 
by a combination of direct methods (MULTAN'IS) and Fourier 
techniques. As expected, two independent molecules are present 
in the unique quadrant. Because of the pseudocell, less than half 
of the unique data were observed. For this reason, no attempt 
was made to refine anisotropically any atoms except the tungsten 
atoms. 

The two molecules are nearly identical, as evidenced by their 
similar metric parameters. 
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The dynamic processes that the zirconocene species (C5H5)2ZrC12 (I) ,  (CsHltBu)2ZrC12 (2), 
(CsHs)2ZrC4H4Me2 (3), and (C5H4Bu)2ZrC4H6 (4) undergo in the solid state have been examined. The 
results of potential energy barrier calculations and packing analyses are discussed in light of the dynamic 
information obtained by 13C magic angle spinning NMR spectroscopy. The potential energy barriers to 
reorientation of the CsH5 ligands in 1 and 3 are estimated, while the C5H:Bu groups in 2 and 4 are found 
to be blocked in their motion. An alternative interpretation of the diene flip, detected in 3 and 4 by the 
NMR experiments, is put forward. 

Introduction 
In previous papers' we have shown that the pairwise 

atom-atom potential energy method2 can be fruitfully used 

(1) (a) Braga, D.; Gradella, C.; Grepioni, F. J. Chem. Soc., Dalton 
Trans. 1989, 1721. (b) Braga, D.; Grepioni, F. Polyhedron 1990,1, 53. 
(c) Braga, D.; Grepioni, F.; Johnson, B. F. G.; Lewis, J.; Martinelli, M. 
J.  Chem. Soc., Dalton Trans. 1990, 1847. (d) Aime, 5.; Braga, D.; Go- 
betto, R.; Grepioni, F.; Orlandi, A. Imrg. Chem. 1991,30,951. (e) Braga, 
D.; Grepioni, F. J.  Chem. Soc., Dalton Trans. 1990,3143. (0 Braga, D.; 
Grepioni, F. Inorg. Chem., submitted for publication. (9) Braga, D.; 
Btkrgi, H.-B.; Grepioni, F.; Raselli, A. Acta Crystallogr., submitted for 
publication. 

(2) (a) Kitaigorodrky, A. I. Molecular Crystale and Molecules; Aca- 
demic Press: New York, 1973. (b) Pertain, A. J.; Kitaigorodsky, A. I. The 
Atom-Atom Potential Method; Springer-Verlag: Berlin, 1987. 
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to investigate the occurrence of dynamic processes in 
crystals of neutral organometallic molecules. The method 
affords a clear picture of the control exerted by the crystal 
packing on the reorientational motions that metal-bound 
molecular fragments can undergo in the solid state. A 
(semi)quantitative estimate of the potential energy (pe) 
barriers opposing the reorientational motions can also be 
attained in most cases. The potential energy approach 
becomes particularly useful when complementary infor- 
mation on the dynamic processes can be obtained from 
spectroscopic sources. 13C CP/MAS NMR and 'H wide- 
line experiments or spin-lattice relaxation time measure- 
ments are well-suited for the investigation of solid-state 
reorientational p h e n ~ m e n a . ~  Successful correlations be- 
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tween the results of NMR experiments and potential en- 
ergy barrier calculations have been made, for example, in 
the cases of the cis and trans isomers of (C5H5)2Fe2(C0)4,1a 
of the metallocene species (C5H&M (M = Ni, Fe, Ru)," 

= Cr, M O ) , ' ~  (C6H3Mf?3)Cr(C0)3, and (C6H2Me4)Cr(C0)p1d 
This approach has also been applied to larger polymetallic 
complexes of Ru and 0s.lc In most cases the appreciation 
of the factors controlling the fragment reorientational 
freedom has allowed the establishment of the mechanistic 
features of the dynamic phenomena under investigation. 
Moreover, when the reorientations are low-energy pro- 
cesses, good fits between calculated potential energy 
barriers and the activation energies yielded by the spec- 
troscopic experiments can also be obtained. 

In this paper we extend our studies to the crystalline 
zirconocene complexes (C5H5)zZrC1* (l), ( C J - I , ~ B U ) ~ Z ~ C I ~ ~  
(2), (C5H5)2ZrC4H4Mez6 (3), and (C5H2B~)2ZrC4H67 (4). 
The reason for this choice is 2-fold. 

(i) 13C CP/MAS experimental results for these com- 
plexes have recently become available.6 

(ii) Beside the well-established reorientational freedom 
of the unsubstituted Cp rings, compounds 3 and 4 appear 
to undergo diene flip in the solid state.8 This is a novel 
phenomenon on which our approach to solid-state prob- 
lems can be tested further. The aim is to achieve a better 
understanding of the processes detected by the NMR 
technique and, possibly, to obtain an estimate of the energy 
cost of each dynamic behavior. 

and Of the Sene  COmpleXeS (C&&Cr, (C&)M(CO), (M 
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= ppe - ppemin, where ppemh is the value of the function 
corresponding to the equilibrium ("static") structure of the 
molecule in the lattice. A&,, when discussed, is obtained 
as hE,, = hEintsr + hEinqa. In keeping with the basic 
assumption of the pairwise potential energy method, 
namely that interatomic interactions depend on the dis- 
tances between atomic centers, the H atoms were added 
in calculated positions at 1.08 A. Methyl groups in all 
species were treated as C1 atoms centered on the C(Me) 
positions. This was necessary to take into account the 
almost free rotational motion of the CH3 groups in the 
solid. These procedures had been successfully tested in 
our previous studies of the reorientational motions in 

and (C6H3Me3)Cr(C0)3.1d 
All calculations were carried out with the aid of a slightly 

modified version of the OPEC'O~ computer program. The 
program R O T E N E R ~ O ~  was used to estimate the intrumo- 
lecular barrier to simultaneous reorientation of the C5H6 
ligands in 3. SCHAKALM~~ was used for the graphical rep- 
resentation of the results. 

Fractional atomic coordinates and crystallographic pa- 
rameters for the species under investigation were obtained 
from the Cambridge Crystallographic Data Base or from 
the original structural r e p ~ r t s . ~ - ~  

The results of 13C CP/MAS experiments8 for the species 
discussed herein can be summarized as follows. 

(i) The unsubstituted Cp rings in 1 and 3 have been 
shown to undergo reorientational motion in the solid state 
at 300 K. Only one resonance is observed for the C atoms 
of the Cp rings in 1, while two distinct resonances are 
observed in the spectrum of 3. No estimate of the acti- 
vation energies for these processes has been given. A 
higher rotational barrier for the Cp ring closer to the bu- 
tadiene methyl groups in 3 has been proposed on the basis 
of the T,(13C) values for the two rings. 

(ii) The C5H,tBu ligands in 2 and 4 have been shown to 
be blocked in their motion. For 2, even at T = 360 K, there 
is no indication of chemical exchange; the five signals in 
the high-field region of the 13C NMR spectrum have been 
assigned to the methine and quaternary C atoms, the two 
C5H,tBu ligands being made equivalent by crystallographic 
symmetry. Ten signals are otherwise observed for 4 (in 
spite of the fact that the asymmetric unit contains two 
independent molecules; see below). 

(iii) The most interesting feature of the NMR spectra 
of 4 is the diene flip, which leads to equilibration of the 
central and terminal diene carbons of the C4H6 ligands. 
The activation energy for this process has been estimated 
to be ca. 14 kcal-mol-'. No specific mention of the behavior 
of the C4H4Mez ligand in 3 is given, although it would 
appear that an analogous process is taking place. This is 
in contrast with our results, as will be discussed below. 

&orientational Motion of t he  CsHs Ligands in 1 
and 3. The study of the Cp reorientational motion in 1 
poses an interesting problem because of the presence of 
two independent molecules in the asymmetric unit of the 
triclinic ceL4 This requires an estimate of the reorienta- 
tional barriers for all four independent Cp rings. Since 
each ring experiences a different crystalline environment, 

crystals of (C6Me6)MO(C0)31h and Of (C,&Me4)Cr(CO)3 

Results and  Discussion 
Our methodological approach has been extensively 

tested over a large and diversified range of applications 
and will not be described here. Readers interested in 
details of the computational procedures are directed to 
previous papers on this subject. In particular, refs la,c 
present a detailed discussion about the assumptions (and 
approximations) required when the atom-atom potential 
energy method2 is applied to crystals of neutral transi- 
tion-metal complexes. The coefficients for the calculation 
of the Buckingham function, describing the dependence 
of the packing potential energy (ppe) on the orientation 
of the fragment undergoing reorientation, are taken from 
the literatureD (see also ref 1). Ionic contributions arising 
from bond polarities are not taken into account. The 
intermolecular and intramolecular potential energy bar- 
riers to motion (ainter and hEintra) are calculated as hE 

(3) (a) Fyfe, C. A. Solid State NMR for Chemists; CFC Press: Guelph, 
Ontario, Canada, 1983. (b) Holm, C. H.; Ibers, J. A. J. Chem. Phys. 1969, 
30, 886. (c) Gileon, D. F. R.; Gomez, G.; Butler, I. S.; Fitzpatrick, P. J. 
Can. J. Chem. 1983,61, 737. (d) Butler, I. S.; Fitzpatrick, P. J.; Gilson, 
D. F. R.; Gomez, G.; Shaver, A. Mol. Cryst. Liq. Cryet. 1981, 71, 213. (e) 
Harvey, P. D.; Butler, I. S.; Gileon, D. F. R. Inorg. Chem. 1986,!?5,1009. 
(0 Campbell, A. J.; Cotrell, C. E.; Fyfe, C. A.; Jeffrey, K. R. Inorg. Chem. 
1976,16,1321. (g) Wagner, G. W.; Hanson, B. E. Inorg. Chem. 1987,26, 
2019. (h) Aime, S.; Botta, M.; Gobetto, R.; Orlandi, A. Magn. Reson. 
Chem. ISSO, 28, S62. 

(4) Pront, K.; Cameron, T. S.; Forder, R. A,; Criitchley, S. R.; Denton, 
B.; Rees, G. V. Acta Crystallogr., Sect. B 1974,830, 2290. 

(6) Howie, R. A.; McQuillan, G. P.; Thompson, D. W.; Lock, G. A. J .  
Organomet. Chem. 1988, 303,213. 

(6) Erker, G.; Engel, K.; KrClger, C.; Chiang, A. Chem. Ber. 1982,115, 
3311. 

(7) Erker, G.; Miihlenbernd, T.; Benn, R.; Rufinaka, A,; Tsay, Y.; 
Kriiger, C. Angew. Chem., Int. Ed. Engl. 1986,24,321. 

(8) Benn, R.; Grondey, H.; Erker, G.; Aul, R.; Reiner, N. Organo- 
metallics 1990, 9, 2493. 

(9) (a) Gavezzotti, A. Nouo. J .  Chim. 1982, 6, 443. (b) Mirsky, K. 
Computing in Cryetallography: Proceedings of the International Sum- 
mer School on Crystallographic Computing; Delft University Press: 
Twente, The Netherlands, 1978 p 169. (c) Gavezzotti, A.; Simonetta, M. 
Chem. Reo. 1981,82,1. 

(10) (a) Gavezzotti, A. OPEC, Organic Packing Potential Energy 
Calculations; University of Milano: Milano, Italy, 1987. See alao: Ga- 
vezzotti, A. J.  Am. Chem. SOC. 1983, 195, 6220. (b) Nardelli, M. RO- 
TENER, a Fortran Routine for Calculating Non-Bonded Potential En- 
ergy; University of Parma: Parma, Italy, 1988. See also: Babarotti, P.; 
Diversi, P.; Ingroseo, G.; Lucherini, A,; Marchetti, F.; Sagramora, L.; 
Adovaeio, V.; Nardelli, M. J. Chem. SOC., Dalton T M M .  1990, 179. 

(11) Keller, E. SCHAKALI, Graphical Representation of Molecular 
Models; University of Freiburg: Freiburg, FRG, 1988. 
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Figure 1. Molecular structure of (C6HS)2ZrC4H4Me~ (3). 

the reorientational barriers are, in principle, not equivalent. 
Indeed, our calculations yield values of ca. 2.6,1.6,1.6, and 
1.5 kcabmol-' for the four independent reorientational 
motions. These low values confirm that the Cp rings in 
1 undergo rotational jumping motion in the solid state a t  
room temperature. We were also able to determine that, 
while intramolecular contributions are usually very small 
in systems such as metallocenes and bis(arenes), where the 
reorienting fragments are parallel and far away, this is not 
the case for the zirconocene complexes. Due to the "bent" 
coordination of the Cp ligands, the intramolecular re- 
pulsions during reorientation are not negligible (from 0.6 
to 1.3 kcal-mol-') and contribute to the determination of 
the total barriers. 

Considering that hE barrier calculations within the 
atom-atom approach tend to give upper limits of the re- 
orientational barriers ("static environment" approxima- 
tion12), it is not surprising that the Cp jumping motions 
in 1 could not be frozen out in the NMR experiment! I t  
is worth recalling, at his stage, that the AE barriers for 1 
are strictly comparable to those observed in crystals of the 
metallocene species (C5H&M (at room temperature: M 
= Ni, 1.5; M = Fe, 2.0; M = Ru, 3.4 kcal*mol-'), in re- 
markable agreement with the potential barrier/activation 
energy values yielded by various spectroscopic techniques." 
The sensitivity of pe barrier calculations to small differ- 
ences in crystalline environment is shown convincingly in 
the case of C ~ ~ - ( C ~ H ~ ) ~ F ~ ~ ( C O ) ~ ,  where the values of the 
potential energy barriers for the motion of the two crys- 
tallographically independent Cp rings (1.9 and 4.2 kcal. 

are in accord with the activation energies obtained 
by spin-lattice relaxation time mesaurements (1.5 and 3.3 
k~al -mol- ' ) .~~  The low reorientational barriers in 1 show 
up in the X-ray diffraction experiment in terms of a high 
rotational disorder of the Cp ligands. 

The crystallographic symmetry in 3 (a mirror plane 
bisecting the C5H5 rings and passing through the middle 
of the butadiene ligand) makes the two unsubstituted C!H5 
rings experience different environments in the lattice. 
Furthermore, one of the C5H6 ligands (Cpl in Figure 1) is 
in close proximity to the methyl substituents on the diene. 
Hence, both intramolecular and intermolecular constraints 
can be expected to affect the reorientational motion of the 
two C6H5 ligands in different manners. This is in agree- 
ment with the 13C CP/MAS results (although the differ- 
ence in T1(13C) values between the two C5 rings has been 
attributed to the motion of the methyl substituents). As 
a matter of fact, both hEhh and ah, appear to be higher 

(12) Gavezzotti, A.;onetta, M. Acta Crystallogr., Sect. A 1976,32, 
997. 

0.0 16.0 32.0 48.0 64.0 cpq 80.0 

Figure 2. Topographic map for the combined rotations of the 
two independent CbHS ligands in 3. Relative intramolecular 
potential energy levels ( AE, kcal-mol-') are drawn at 2 kcabmol-' 
steps, the minimum being set at 0 for the original orientations 
of the two fragments. 

for Cpl  than for Cp2 (2.1, 1.6 versus 0.8,O.g kcal-mol-'), 
resulting in quite different AE, barriers (3.7 versus 1.7 
kcal-mol-'). 

At this stage, one may object that this reorientational 
model implicitly assumes that one ligand remains "static" 
during reorientation of the other one. In order to check 
the effect on the intramolecular barrier of a simultaneous 
reorientation of the two ligands, AEk, was calculated for 
a complete reorientation of one ligand a t  each rotational 
step of the second one. As shown in Figure 2, when Cpl  
is midway (e.g. ca. 36O from its original position) the in- 
tramolecular reorientational barrier for Cp2 increases to 
about 4.1 kcal-mol-'. In conclusion, the two ligands are 
not truly independent in their motion; rather, asynchro- 
nous rotational jumps (one ligand is in the state of jump, 
while the other is in a minimum) appear to facilitate the 
motion. Similar observations can be made for the reori- 
entational motions in 1. 

Motion of the (C,HZBu) Ligands in 2 and 4. In 
agreement with the spectroscopic findings, reorientation 
of the bulky C5HZBu ligands in 2 appears to be forbidden 
by the upsurge of extremely high potential energy barriers 
(>50 kcal-mol-'). As expected, the shape of this ligand is 
such that the fragment is tightly locked in place by the 
surrounding molecules in the crystal lattice. The potential 
energy well, however, is rather flat (AE C 15 kcal-mol-' 
within the angular range f40°), suggesting that the ligand 
can undergo some large-amplitude swinging motion. 
Identical behavior is shown by the C5HZBu ligands in 4. 

Diene Flip in 3 and 4. Far more interesting is the 
phenomenon of diene topomerization in the solid state, 
evidenced by the NMR experiment in the case of 4. In- 
sights into such a dynamic process can be obtained by 
comparing the values of both inter- and intramolecular 
potential energies corresponding to the equilibrium 
structure (that "observed" in the crystal) with those cor- 
responding to the alternative orientation of the diene lig- 
and after diene flip. This motion (as in the case of 3 below) 
can be "simulated" by allowing a 180° reorientation of the 
diene fragment around an axis passing approximately 
through the Zr atom and the center of mass of the C4 
fragment. This procedure affords a crude estimate of the 
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Figure 3. The two independent molecules present in the asym- 
metric unit of (C5H2Bu)2ZrC4& (4), showing how the two diene 
ligands face each other in the lattice. 

Chart I 

” 

L 
AHinm(Ainv,B~nv) 72.1 MindAinwBotJ 10.9 
AHintra(A~r,v&v) 0.4 AHbtra(Ainv3od 0.4 
AHt.JA,nv&) 72.5 M W ( A I ~ , ~ , B ~ ~ )  11.3 

AH(A,,B,) = ppe(A,,B,) - p p e ( A o d o d  (kcal-mol-’) 

difference in potential energy (AK) between the two al- 
ternative orientations of the fragment in the lattice. I t  
should be stressed that the AH values bear no relationship 
to the potential energy barriers (AE) discussed so far; 
rather, they represent the enthalpy difference between the 
two different topomers in the solid state. 

Let us focus our attention on the relative positions of 
the two independent molecules present in the asymmetric 
unit of 4 (see Figure 3). These two molecules appear to 
be almost face-to-face in the lattice, offering each other 
the C4Hs ligands. This is a relevant observation for the 
understanding of the diene-flip process. The resulta of our 
calculations are summarized in Chart I. 

On the basis of our findings, it  is possible to conclude 
that the molecular organization in crystals of 4 does not 
prohibit the flip of the diene ligands, gioen that  the two 
ligands do not move simultaneously. It is also clear that 
the process does not lead to an alternative, energetically 
equivalent, position of the diene ligand in the solid state. 
Moreover, the values of AHbt(&,Bob) and AH&4,,b,Bh,) 
(11.7 and 13.2 kcal-mol-’, respectively) are found to be only 
slightly lower than the activation energy (14 kcal-mol-’) 
estimated on the basis of the NMR experiment, indicating 

Braga et al. 

Figure 4. Section of the crystal packing of 3 parallel to the ab 
plane. The space-fiiing outline shows the molecular interlocking 
pattern. 

that the reverse process (the diene returning to its 
“ground-state” orientation) requires much less energy. 
Therefore, the process detected by the NMR experiment 
should be better described as a rapid clicking motion, with 
very little residence time in the second orientation. This 
is in agreement with the fact that the solid-state structure 
of 4 does not show positional disorder for the diene atoms 
over two sites. It may well be that, as the temperature is 
increased, the second potential minimum also would be- 
come populated and would be observed in the diffraction 
experiment. A similar situation is known to occur in solid 
monoclinic s ~ 1 f u r . l ~ ~  In this case, it  was possible to 
“follow” the progressive increase in population (and de- 
population) of an alternative molecular orientation, from 
the almost completely ordered structure (at 100 K) to the 
50% disordered one (at room temperature), as the tem- 
perature was varied. 

Another example of exchange between nondegenerate 
structures in the solid state is shown by the Cope rear- 
rangements of solid semib~ l lva l enes .~~~  

It  is not clear from the NMR results discussed in ref 8 
whether a similar phenomenon is taking place in crystals 
of 3. We have evidence from our packing analysis that a 
similar flip would be a high-energy process a t  room tem- 
perature. There is, however, a number of aspects of the 
molecular organization in the lattice of 3 which deserve 
attention. Figure 4 shows a section of the crystal packing 
of 3 parallel to the ab plane. The space-filling outline 
shows the molecular interlocking pattern. The diene 
groups adopt a chevronlike distribution along the a axis. 
I t  is easy to appreciate that the topomerization of a single 
molecule is prevented by the energetically expensive pro- 
cess of the methyl groups “pushing past” the neighboring 
ones. Hence, a to-and-fro process of the kind discussed 
above for 4 does not appear to be feasible. The energy cost 
does, however, decrease (though not as much as to actually 
permit topomerization at room temperature) if this motion 
is accompanied by a similar motion of the neighboring 

(13) (a) Goldsmith, L. M.; Stroue, C. E. J .  Am. Chem. SOC. 1977,99, 
7580. (b) Lyerla, J. R.; Yannoni, C. S.; Fyfe, C .  A. Acc. Chem. Res. 1982, 
15, 208. 
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Chart I1 
/ / / 

I 

5 
2 
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I 

Yi  
2 '  
I 

\ \ 

molecules (a sort of clicking wave which propagates along 
the a axis as shown in Chart IP'). This observation may 
be taken as indicating that a substantial lattice modifi- 
cation, perhaps an order-disorder phase transition above 
300 K, is necessary to allow diene topomerization in 3. 

The occurrence of order-disorder phase transitions 
seems to be a general feature of crystals made of struc- 
turally nonrigid neutral organometallic molecules. Besides 
those known to occur for ferrocene," transitions to plastic 
phases have been observed, for instance, in crystalline 
f~rmylferrocene'~ and a~etylferrocene'~ and in (C4H4S)- 
Cr(C0)3,1e while the onset of reorientational motion of the 

(14) Daniel, M. F.; Leadbetter, A. J.; Mazid, M. A. J .  Chem. SOC., 

(15) Sato, K.; Katada, M.; Sano, H.; Konno, M. Bull. Chem. SOC. Jpn. 

(16) Calvarin, G.; Berar, J. F.; Weigel, D.; Azokpota, C.; Pommier, C. 

Faraday Trans. 2 1981, 77,1837. 

1984,57,2361. 

J.  Solid State Chem. 1978,25, 219. 

arene fragments has been invoked to explain the behavior 
observed by 'H spin-lattice NMR spectroscopy in crys- 
talline (1,2,3-C6H3Me3)Cr(CO)3 and (1,2,4,5-c&Me4)Cr- 

Along this line of thinking, one may wish to speculate 
on the possibility of "predicting" the occurrence of phase 
transitions (or other lattice modifications) from a knowl- 
edge of the molecular assembly in the lattice and of the 
internal degrees of freedom of the molecules under in- 
vestigation. I t  seems that crystals containing structurally 
nonrigid organometallic molecules are very likely to un- 
dergo intermolecular rearrangements as a function of the 
temperature. An increase in temperature (and the con- 
sequence loss of lattice cohesion) will tend to increase the 
motional freedom of the molecular fragments, particularly 
along low-energy intramolecular rearrangement pathways, 
up to a point beyond which the intramolecular modifica- 
tion will be able to "propagate" through the lattice, be- 
coming an intermolecular rearrangement. The intermo- 
lecular pathways for processes of this kind can be seen as 
the result of the combination of lattice periodicity with 
intramolecular rearrangement pathways. On these prem- 
ises, it should be clear that any hypothesis on solid-state 
intermolecular rearrangements and phase transition 
mechanisms must be based on an exact knowledge of the 
molecular organization in the crystal. 

( CO)g.ld 

(17) This simple model also necessitates that the molecules rotate 
slightly around their centers of mass in order to decreaee the repulsive 
interactions between the methyl groups and the Cp ligands of next- 
neighboring molecules. 

Synthesis, Structure, and Fluxional Behavior of 4-Sila-, 
4-Germa-, and 

4-Stanna-3a,4,4a,8-tetrahydro-4,4,8,8-tetramethyl-s-indacenes 

Ilya E. Nifant'ev,' Vasily L. Yarnykh, Maxim V. Borzov, Boris A. Mazurchik, 
Vadim I .  Mstyslavsky, Vitaliy A. Roznyatovsky, and Yuri A. Ustynyuk" 

Department of Chemistry, Moscow State Univers@, Moscow 119899, USSR 
Received March 19. 199 1 

4-Elementa-3a,4,4a,8-tetrahydro-4,4,8,&tenes were obtained as a result of interaction 
of dilithiated dicyclopentadienyldimethylmethane with dichlorodimethylsilane, -germane, and -stannane, 
and their 'H and 13C NMR spectra were studied in detail. Tin and germanium derivatives in solution were 
found to be equilibrium mixtures of syn and anti isomers with respect to the mutual orientation of their 
allylic hydrogens at C(3a) and C(4a). The interconversion of these isomers occurs because of the elem- 
entotropic rearrangements. The mechanism of the processes was ascertained by use of 2D ACCORDION 
experiments, and the kinetic parameters were determined by means of complete line-shape analyses of 
the dynamic NMR spectra. Prototropic rearrangements were observed for 4-sila-3a,4,4a,8-tetrahydro- 
4,4,8,8- tetramethyl-s-indacene. 

Introduction 
TWyclopentadienyl derivatives of the group IVA ele- 

ments (Si, Ge, Sn, and Pb) are so-called fluxional com- 
pounds owing to the rapid intramolecular [1,5]-sigmatropic 
migration of the organometallic group over the cyclo- 
pentadienyl ring. Numerous experiments have been car- 
ried out to study such rearrangements.' These compounds 
including polymetalated cyclopentadienes have attracted 
recently the attention of synthetic chemists as the initial 

(1) Jutzi, P. Chem. Reo. 1986,86,983. 

0276-7333/91/2310-3139$02.50/0 

Scheme I 

E = SI: C e  X = CH,. CMe,, SiMe, 

materials for the syntheses of various transition-metal 
derivatives of substituted cyclopentadienes.a Compounds 
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