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Summary 

Clear-cut temperature dependences of line shapes and line intensities in 
NMR spectra recorded for tris(trimethylsilyl)cyclopentadiene (I) and for the 
deuterated analogue (II) demonstrate that metallotropic and prototropic intra- 
molecular rearrangements occur in these compounds. Four possible migration 
routes for metallotropic rearrangements in compounds I and II have been con- 
sidered. It has been shown that temperature dependences of PMR and 
13C-{1H) NMR spectra for I and II and a Diels-Alder reaction of I with acetyl- 
enedicarboxylic ester may be explained only in terms of four successive 1,2 
shifts of the metal. 

A detailed description of dynamic processes in tris(trimethylsilyl)cyclo- 
pentadiene has been made on the basis of total line shape studies carried out 
for ‘H-_C*H) NMR spectra of II under exchange conditions_ These spectra avoid 
complications from spin-coupling effects. 

The effect of introduction of organometallic groups in the cyclopentadienyl 
ring on the metallotropic rearrangement is discussed. An attempt is made to ex- 
tend the concept of relative migratory ability of metals so as to include cyclo- 
pentadienyl ligands. 

Introduction 

h’-Cyclopentadienyl compounds of transition and non-transition metals are 
good models for the study of carbon-carbon metallotropic rearrangements. In 
recent years a joint attack has been made successfully on degenerate metallo- 
tropic rearrangements occurring in monometallated cyclopentadienes [ 1,2]. 

* Reported at the 6th International Conference on Organometallic Chemistry. Amherst. 
Massachusetts. U.S.A., August 1973. 
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For example, orbital symmetry conservation was verified in all cases, and it was 
established that the rearrangements proceed via successive 1,2-shifts of the 
organometallic groups (1,5-sigmatropic rearrangements). Theoretical calculations 
[3,4] showed that the rearrangements were governed essentially by 0-7~ conjuga- 
tion of the metal-carbon bond with the cyclopentadienyl ring diene system. 
This effect is also reflected in the ionisation potentials of metallated cyclopenta- 
dienes, which are lower than that of the unsubstituted compound [5], while the 
Diels-Alder reactivity of the latter is greater [ 61. 

‘The second substituent introduced in the cyclopentadienyl ring eliminates 
degeneration and the rearrangement becomes the proper carbon-carbon 
fautomeric equilibrium, involving a number of isomers. A detailed description 
of processes of this kind has never been reported, probably owing to the com- 
plexity of unravelling temperature dependent NMR spectra of dimetallated 
cyclopentadienes. Preliminary results, however, have been obtained [7-91. It was 
shown that, as with monometallated compounds, the most stable isomer is that 
with substituents on position 5 of the ring. Nevertheless, the question as to what 
is the mechanism and how large are the energy parameters so far awaits answer. 

This paper deals with an extensive study of intramolecular rearrangements 
in tris(trimethylsilyl)cyclopentadiene (I). New data on the mechanism, the kinet- 
ic and thermodynamic characteristics have been obtained, and the effect of 
introduction of Si(CH& groups on the rate of metallotropic rearrangement is 
discussed. 

PMR, ‘H- {*H} NMR, and 13C NMR spectra of tris(trimethylsilyl)cyclopenta- 
diene at low temperatures 

A PMR spectrum of tris(trimethylsilyl)cyclopentadiene (I) recorded at 
-11°C is shown in Fig. la. At high field, the signals of the protons of six methyl 
groups attached to silicons in position 5 and of three methyls at position 2 of 
the ring appear. Olefin proton signals (H,, H, and H4; an AMX pattern) lie at 
lower fields. The intensity ratio for 2,5,5-tris(trimethylsilyl)cyclopentadiene 
(la) is 18/9/1/1/l. 

Assignment of ring protons in the spectrum is easy (Table 1) and is based 
on the data obtained earlier for cyclopentadiene [lo], monometallated [ 111 and 
dimetallated [7,8] cyclopentadienes. Like in compounds of the type 
C,H,M(CH,), and C,H,M’(CH,),M(CH,), (M, M’ = Si, Ge, Sn), the olefin H3 
signal lies downfield from the H, and H4 signals, while the spin-spin couplings 
associated with the Ia ring protons differ insignificantly from those known for 
dimetallated cyclopentadienes. The H3-H4 coupiing in the compound is, how- 
ever, ca. 0.6 Hz lower than that in monometallated cyclopentadienes. 

A PMR spectrum of the residual protons of a mixture of 2,5,5-tris(tri- 
methylsilyl)cyclopentadienes-d2 (II) containing deuterium atoms in the posi- 
tions 1,3, or 1,4, or 3,4 of the ring was measured at -11°C under deuterium 
decoupling conditions_ It contains three singlets at low field. The absence of 
multiplicity is due to low probability of two H atoms occurring in a molecule 
of II. The deuterium isotope effect on the proton chemical shifts is low and 
comparable with the instrumental error (see Table 1). The spectrum is charac- 
teristic in that the H1 intensity is lower than that of H, or H,. However, the 
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Fig. 1.100.1 MHz PMR spectra of tris(trimethylsiIyl)cyclopentadiene (I): (a) at the temperature of 
stereochemical rigidity; (b) at various temperatures. 

TABLE 1 

PMR DATA FOR 2,5,5_TRIS(TRIMETHYLSILYL)CYCLOPENTADIENE (Ia) AND 2.5.5-TRIS(TRI- 
METHYLSILYL)CYCLOPENTADIENE-d2 (Ha)= 

Compound Chemical shifts Spin-spin couplings. ‘1 Solvent 
(6. pm-d J(Ht-Hj) (HZ) (” C) 

HI H3 H4 CHg CH; HI-H3 HI-H4 H3-H4 

Ia 6.62 6.74 6.46 0.15 -0.07 1.41 2.22 4.44 -11 
1.79d 

cs?_ 
6.63 6.57 6.57 0.00 0.00 J(H3.4-HI) = 171 neat 

Ha 6.63 6.74 6.46 0.16 -0.08 - - - -10 csz 
6.63 6.56 6.56 0.00 0.00 - - - 172 decalin 

o Chemical shifts are accurate to 0.01 ppm, spin-spin coupling to 0.05 Hz. b For MesSi on S-position in 
the ring. ’ For Me3Si on 5-position in the ring. d JWg,4--Hi) = CJWl--H3) - J(HI-H&l/2. 
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Fig_ 2. ~xp&mentd 1H- {*H)NMR spectra of tris(trimethylsilyl)cyclopentadiene-d2 <II) (left) and the 

calculated (right) pattern at various temperatures. 

intensity ratio of 0.6/1/l at this temperature is levelled at higher temperatures. 
This will be discussed in more detail below. 

Figure 3a shows the 13C- {‘H) NMR spectrum of I at room temperature_ 
The assignment of carbon signals is based on (i) selective saturation of protons 
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