
Jownd of Orguntimetalk C%eniistry, 49 (1973) 287-321 
0 Elsevier Sequoia S.A., Lausanne - Printed in The Netherlands 

287 

CYCLOPENTADIENYL COMPOUNDS OF SILICON, GERMANIU~M, TIN 
AND LEAD 

E.W. ABEL, M.O. DUNSTER and A. WATERS 

Dqartment of Chemiwy, University of Exeter, Exeter EX4 4QD {Great Britain) 

(Received July 6th, 1972) 

CONTENTS 

I. introduction 
II. Methods of preparation 

A. Cyclopentadienyls of Groups IA, HA and HIB as reagents 
B. Cyclopentadienyl Grignards 
C. Tin-amine method 
2). Miscellaneous methods 
E. Preparation from other Group IVB cyclopendatienyl compounds 

III. Physical properties and structures 
A. Infrared, Raman and ultraviolet spectra, and diffraction studies 

1. Divalent derivatives 
2 Tetravalent derivatives 

EL Nuclear magnetic resonance spectra 
1. Divalent derivatives 
2. Tetravalent derivatives 
3. Polymetallated Group IVB cyclopentadienes 

IV. Chemical properties 
A. DivaIent derivatives 
B. Tetravalent derivatives 

1. Stability 
2. Protonic fissions of metal-ring bond 
3. Halide fiions of metal-ring bond 
4. Die&Alder reactions 
5. Formation of metallocene derivatives 
6. Reactions with metal oarbonyls 
7; Miscellaneous reactions 

V. Tabular survey of cyclopenfadienyl, indenyl and fluoreny1 compounds of the Group IW3 
elements 

References 

I_ INTRODUCTION 

287 
288 
288 
288 
289 
290 
290 
291 
291 
291 
292 
295 
295 
295 
303 
303 
303 
304 
304 
304 
305 
306 
308 
310 
312 

312 
319 

Although the first metal derivatives of cyclopentadiene were prepared by Thiele 1* 2 at 
the turn of the century, the current interest in these compounds originates from the inde- 
pendent discoveries of ferrocene by two groups of workers in 195 1 3s 4. Following this 
work and the establishment of the now well-known sandwich structures* 6, cyclopentadienyl 
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No lead compound has been prepared using this method. 
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Althoughthis was the frost method used to prepare a Group IVB cyclopentadiene deri- 
vative 12, the method is now little used, due to several disadvantages. The cyclopentadienyl 
Grignard is not prepared directly, but must be prepared by a displacement reaction be- 
tween cyclopentadiene and an all@ Grignard reagent. High yields in this replacement reac- 
tion are achieved only when the diethyl ether is partially replaced by a higher boiling sol- 
vent such as benzene or toluene. Also it is often necessary to reflux the reaction mixture 
for 12-24 hours to achieve better yields of the desired compound, but even then yields 
are generally less than 50%. The method has been used, however, to prepare a series of 
cyclopentadienyl tin conpounds 13, but only a few silicon and germanium compounds 
have been prepared by this method. 

1-Indenylmagnesium bromide has been used to prepare several indenyl tin compoundsr3, 
and Zindenylmagnesium bromide, prepared from 2&romoindene, has been used to pre- 
pare 24imethylsilylindene, unobtainable by other methods14. 

9-Fluorenylmagnesium bromide is known ~5, but has not been used to prepare fluorenyl 
derivatives of the Group IVl3 metals. 

C. Tin-amine method 

Another preparative route to the tin derivatives was discovered during studies of amino- 
starmanes of the type R,Sn-NR, ’ I62 r7. These compounds react with acidic protons, dis- 
placing free amine: 

R,S n-NR; + HA + R,SnA + R;NH 

(A = OH, OR, SR, Cl, NH,, NHR, NR2, PR,, AsR,, C=CR, C,H,) 

Cyclopentadienyl and indenyl derivatives have been formed by this reaction using 
R3 Sn-NMe2 : 

R,Sn--NMe2 + C,H, + C5 H,SnR, + Me2NH 

R3Sn-NMe2 + CgHg + ind--SnRg + Me2NJ3 

(R = Alkyl or aryl) 

The climethylamine boils off at room temperature to give good yields of the products. 
The g-hydrogen in fluorene has been found to be insufficiently acidic to react with these 

compounds lg. 
This method may be used to prepare derivatives, which have mixed metal substituents 

on the cyclopentadiene ring 18* lg, e.g. C,H, (SiMe3)(SnMe3) prepared from C5H5SiMe3 
and Me3Sn-NMe2_ 
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D. Miscelkneous methods . . 

‘IX&e has been one report of-a cycIopentadie&silane being prepared directly from di- 
cyclopentadiene’. &sing HSiCl, and dicyclopentadiene through a quartz tube at 600°, 
gives C,H,SiCl, in unstated yield*O. 

Also, n-Bu$n(OMe)2 is reported to react directly with indene to give ind2Sn(n-Bu)2 *l. 
C,H, GeEt, has been prepared by dehydrogenation of the corresponding cyclopentane de 
riKltive22. 

E. Preparation from other Group IVB cyclopendatienyi compounds 

in general, Group IVB cyclopentadienyl compounds are reactive species, resulting in 
the cleavage of the metaLcyclopentadiene bond (cf. Section IV). However, compounds 
which have other functional groups present (especially halogen) may react with retention 
of the metal cyclopentadiene bond. Thus, these compounds react with Grignard reagents: 

C,H,SiCl, + 3MeMgBr + C,H,SiMe3 + 3MgBrCl (Ref. 20) 

(C5H5),SnCl + CH+XMgCl + (CsH&Sn-CH=CH2 + MgC1, (Ref. 23) 

C5H5SnC13 + CH2=CHMgCI + C5H5Sn(CH=CH$12 + MgC12 (Ref. 23) 

They also react with alcohols to give alkoxy derivatives: 

C,H,SiMe2Cl + HOEt --, C5H$Me20Et + HCl (Ref. 24) 

In a study of siloxylferrocenes, three similar methods were used to prepare the cyclo- 
pentacllenylsiloxanes25 : 

Me 

I 
-Cl + NaO-Si-Ph + CsH5--Si- 

I 
Me 

-Ph f NaCl 

n+1 

Me Me Me 

I H20 I Me,SiCI I 
CsHs-Si-Cl - C5H5--Si-OH ___+ 

I I 
C5H5-SPOSiMes 

de de de 
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Me Me 

I I 
C5H5-Si-Cl + HOSiFh3 + C, H, -Si-OSiPh3 -+ HCl 

I I 
Me Me 
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The tin-fluorene bond in fluor-SnPh3 is reported to be stable to HCl in benzene%. 
However, one of the phenyl groups is cleaved: 

HCl 

fluor-snPh3 C6H6 
z fluor-Sn(Cl)Ph2 

The silicon-fluorene bond is stable to Br3 and N-bromosuccinimide27 _ Thus various 
brominated fluorene derivatives may be prepared with retention of the silicon-fluorene 
bond e.g. 

flax-SiMe3 
Br21CHCI, 

fluor-SiMe3 
* Er2’cc’4 BreBr 

N-bromosuccinimide 
fluor-SiMe3 

III. PHYSICAL PROPERTIES AND STRUCTURES 

A. infrared, Raman and ultraviolet spectra, and diffraction methods 

1. Divalen t den’va tives 
The infrared spectra of (CgHg)3Sn, (CgH ) Pb and the methylcyclopentadienyl deri- 

vatives have been recorded in various media 23 39,30 9 and shown to be similar to that of 
ferrocene5B 6. The UV spectra, however, showed a band not found in metalcyclopenta- 
dienides or cyclopentadienylmetal derivatives with a ferrocene-type structure 2g _ In addi- 
tion, these compounds have permanent dipole moments: p(Sn) 0.96 + O.lOD;p(Pb) 
1.29 1 0.04D2g. 

For (CgHg)2Sn, the angle between the C, planes is 45 + 15”, and for (C,Hg)2Pb is ap- 
proximately 55” 31 _ The bonding in these compounds is assumed to be predominantly u 
bonding, with soye additional n bonding between the metal and the cyclopentadienyl 
rings299 30 

Gas phase electron diffraction studies of dicyclopentadienyllead31 show it to have an 
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Fig. 1_ 

angular sandwich structure (Fig. la). ?XMR studies (CJ? Section 1II.B. 1) and the observed 
dipole moment are consistent with this result. Mijssbauer studies on dicyclopentadienylt 
have confirmed the presence of SnIr in this compound32. Further, the “carbenoid” prop- 
erties of the species have been demonstrated. by the formation of a complex with boron 
trifluoride 33. 

(CsH&Sn * BF3 

Two crystalline forms of (C,H&Pb are known 34_ In the ortborhombic form (Fig. lb), 
each lead atom is attached to two bridging cyclopentadienyl groups and one terminal cy- 
clopentadienyl group. The lead to ring bonds are all at approximately 120°, and the poly- 
mer may be considered to arise by the lone pair of electrons on each monomer interacting 
with the cyclopentadienyl ring of another monomer. 

A monochnic form of (C,H&Pb is of unknown structure. 

2. Tetravalenr derivatives 

The first reported infrared spectrum of a cyclopentadienyl-Group IVB compound, that 
for C,H5SiMe3 35, was recorded in conjunction with those of C,H&uPEt3 and ($H&Hg, 
during a study of the nature of the metal-carbon bond present in these compounds. The 
spectra showed little similarity except in so far as they ail possessed a band at 1610-1640 
cm-!, attributable to the carbon-carbon double bond stretching mode (v(C=C)). Fur- 
thermore the ultraviolet spectrum of C,H,Sih4e3 was found to be quite’simiku to that of 
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cyclopentadiene itself, since they both showed absor$tions at &ax = 242 run, characteris- 
tic of conjugated diene system. In contrast, ferrocene and other n-bonded metal cyclo- 
pentadienyh were found to show no intense absorption bands in this region. On the basis 
of these observations, together with the nature of its reaction with maleic anhydride (cf 
Section IV, D), CSH,SiMe3 was assumed to have a u Si-C bond. Similarly, the IR and 
Raman spectra of cyclopentadienylgermanium compounds indicate the presence of a co- 
valent metal-carbon bond36_ 

Although the IR spectra of methylcyclopentadienyllead compounds have been well 
documenteds7, the nature of the metal-carbon bonding was studied using IWR data (cf. 
Section III, B). 

Further evidence to support a a metal-carbon bond description for this type of com- 
pound has been obtained from a study of the IR spectra of cyclopentadienylchlorosilanes, 
which have been interpreted38 in terms of the three isomers Illustrated in Fig. 2. 

The primary product of the reaction between sodium cyclopentadiemde and a chloro- 
silane is a 5(chlorosilyl)cyclopentadiene (I), because, as a result of the equivalence of all 
the carbon atoms in the cyclopentadienide ion, this isomer wiII be formed on the addition 
of the chlorosilane group to any of the carbon atoms of this anion. The interconversion of 

(I), @I) and (III) is P ossible through a series of proton shifts, as has been observed for 
several related substituted cyclopentadienes3g. 

Theoretically, this isomerization is expected to be more rapid for cyclopentadienyl- 
chlorosilane derivatives than for all$ substituted cyclopentadienes, due to the polariza- 
tion of the carbon-hydrogen bond. The transformation (I) + (II) is also favoured energe- 
tically since the chlorosilane group is in conjugation with both of the double bonds of the 
cyclopentadiene ring for the latter isomer. 

The IR spectra of these compounds showed peaks in the regions 2950-2860 cm-r and 
1379-1375 cm-r which are assigned to the stretching and deformation vibrations respec- 
tively of CH2 groups in the cyclopentadiene ring. As expected, the introduction of a chlo- 
rosily1 group into the l-position of the cyclopentadiene ring, caused the frequencies of the 
symmetric and asymmetric vibrations of the double bonds to fall from 1505 and lS9S cm-l 
respectively in cyclopentadiene, to 1498 and 1580 - 1569 cm-l in these compounds. The 
intensity of the bands due to the symmetric vibrations of the double bonds increased as 
the number of polar substituents (Cl, Ph) Increased_ This was explained by the occurrence 
of conjugation between the double bonds of the ring and the chlorosilane group. On this 
evidence, isomer (I) was excluded, and isomer (II) favoured on thermodynamic grounds to 
isomer (III), due to the conjugation effect already mentioned. 

An equilibrium mixture between (II) and (III) and excluding (I), was considered, but 
rejected on the grounds thaf, under gas liquid chromatography, the compounds were prac- 

H H H 

:iCL 

R/l 
R,,SiC&_, 

(I) (II) uI4) 

Fig. 2. 
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tically homogeneous. IWR &dies (cf. Section III, B) on analogous compounds indicate 
that an equilibrium mixture of (I), (II) and (III) is obtained. 

Fritz8 has reviewed the IR spectra of cyclopentadienyhnetal derivatives, and has as- 
signed thq IR active fundamentals in these compounds. From spectroscopic (and chemical) 
evidence, it is known that bonding in metal cyclopentadienyls can be of four different 
types: 
(a) ionic bonding; assumed for those compounds which show essentially the spectrum of 

the C,H,- anion. 
(b)localized u bonding; assumed for those compounds where the ligands stiII have, accord- 

ing to their absorptions, diene character, as in cyclopentadiene itself (Fig. 3a). 
(c) complex bonding; assumed for those compounds which show a ligand spectrum cor- 

responding to local C,, symmetry (Fig. 3b). This group is subdivided into two subsets 
according to whether the ligand is bonded by: (i) a genuine n bond or (ii) a central u 
bond (from the metaI to the centre of the symmetrical CgHg ring). 

There are, of course intermediate stages between the four classes, and a strict classifica- 
tion of some compounds is impossible. 

‘Cyclopentadienyl-Group IVB compounds correspond spectroscopically to cyclopenta- 
diene with one of the methylenic protons substituted by a metal (class (b) above). Accord- 
in&, due to the lower local symmetry, spectra will be observed having a greater number 
of bands compared with those of symmetrically bound cyclopentadienyl ligands. Absorp- 
tion bands always appear in the eight frequency ranges given in Table 1. 

The C-H stretching region in the IR has been used40 as a “fmgerprint” region to a.Uow 
a clear choice to be made between 0 and z bonded cyclopentadiene rings. For the symmet- 
rically bonded ring (Fig. 3b), only two bands are allowed in the C-H stretching region of 
the IR on the basis of local C,, symmetry, corresponding to the totally symnetric A 1 mode 
and the doubly degenerate El mode. On the other hand, five C - H stretching modes are 
expected in the IR for thi: (T bonded species (Fig. 3a) as ail vibrations v&l be IR active. The 
four associated with the oleftic protons would be expected to occur at frequencies greater 
than 3000 cm-;. Thus this region offers a clear and simple choice to be made regarding 
the mode of bonding of the cyclopentadiene ring. As compounds of the type C,H,MMe, 
(M = Si, Ge, Sn, Pb) aII show several absorptions above 3000 cm-l it may be concluded 
that these compounds have a D structure. 

(b) 

Fig. 3. 
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TABLE 1 

TYPICAL INFRARED BANDS FOR “DIENE-C5Hs” LIGANDS 

Frequency No. 
Frequency range Number of 

(cm-‘) bands Inrensi~ Q 

1 1529 - 1610 1 

2 1359 - 1389 1 
3 1029 - 1079 l-2 

4 967 - 1002 l-2 

50 876- 917 l-2 
6 809 - 841 l-3 

7 690 - 750 l-4 

8 610- 620 1 

a The most frequent intensities are underlined. 

B. Nuclear magnetic resonance spectra 

1. Divalent derivatives 
The Nh4R spectra of (C,H,),Sn and (CC,H,),Pb show only one main proton line at 

175 cps and 193 cps, respectively, relative to cyclohexane on the low field side2g. The 
methylcyclopentadienyl derivatives show only two main line:, with intensity ratio2g 4/3. 

These observations are in agreement with the angular sandwich structure proposed for 

these compounds. 

2. Tetravalent derivatives 
Much of the interest shown in Group IVB cyclopentadienyl compounds arises from 

their proton magnetic resonance spectra, many of which show a marked dependence on 
temperature. 

The NMR spectra of o-cyclopentadienyl derivatives of tin’IO and Iead37 show only one 
resonance signal for the five protons of the a-cyclopentadienyl ring. By contrast, in the 
spectra of o-cyclopentadienyl compounds of silicon and gerrnanium41~ 42* 43, separate 
signals are given by the saturated and unsaturated protons at approximately 73 and ~7 res- 
pectively. Fritz and Kreiter41p 43, who studied the spectra of these latter two compounds 
over a temperature range of -50” to + 150”, found that with Increasing temperature, the 
signals from the different protons of the cyclopentadiene ring broadened and merged, 
finally coalescing into one sharp singlet at r 4-25. Other spectroscopic and chemical evi- c’ 
dence indicated that in these compounds the cyclopentadienyl ring was bonded to the 
central atom by a localized metal-to-carbon bond, rather than one similar to that found in 
either ferrocene or other rr-cyclopentadienyl compounds. Recentlya, the 13C Nh4R spec- 
tra of cyclopentadienyl compounds of Si, Ge and Sn have been reported. The chemical 
shifts and coupling constants, J (13C-H), were found to differ significantly from those in 
most z-bonded cyclopentadienyl compounds45, and this evidence was used to substantiate 
the o nature of the metal-cyclopentadienyl bond. 



296 EW. ABEL, M-0. DUNSTER, A.- WATERS 

These conpounds were recognised, therefore, to be further examples of a special class of 
compound, in which, due to some mechanism, all of the protons became equivalent with 
respect to the time scale for NMR measurements, cf: n-C5H5Fe(CO)p-C5H5 46. 

Two mechanisms have been proposed to account for this behaviour: metahotropic and 
prototropic rearrangements. 

The metallotropic rearrangement, which has been termed “fluxionai”, “stereo-chemical 
non-rigidity”, or “ring-whizzing”, is ihustrated in Fig. 4. Theoretical consideration has been 
given4’ to the migration of the metal in these compounds. However, the possible trensi- 
tion states48 were discussed on the basis of a planar ring of the molecule in the ground state. 
Recent electron diffraction studies have been shown that the ring is in fact bent in an 
envelope configuration4g~ 50. 

The structural data suggest that the bond distribution is as illustrated in Fig. 5b. 
An alternative mechanism, that of a series of 1,2 and/or 1,3 proton shifts (Fig. 6) has 
been proposedsl on the strength of the isolation of Diels-Alder adducts of both struc- 
tures IV and VI. 

In the case of a proton migration, it is irnpossible47 for a transition complex to be 
formed in which the migrating proton is equidistant from all five carbon atoms, unless the 

k SiMe-, 

Fig. 4. 

1.4 

Si 
\ 

: / 
109" 

.A d- 
H 

!, ” 220 
L ---- 
: 
: 

14A : 

Si 

b 
H 

__._.--- 

.--....__ 

(al 

Fig. 5. Gas phase structure of hfe$SiC5H,. 

(b) 

SiMe, SiMe3 

tm (P) 

Fig. 6; Isomers of Me$iC~H,. 
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carbon-hydrogen bonds are considerably longer than is normal. Thus migration will prob- 

ably take place through the form of a C1HC2 (or C1.HCs) three centre bond, and will 
therefore be a 1,2 migration. 

Further consideration of possible transition states47 has Indicated that the isomeriza- 
tion by proton migration would be slower than that for trimethylsilyl migration, and, in 

fact, a factor of lo6 has been quoted40. 
The interpretation of the variable temperature NMR spectra of C,H,SiMe, in terms of 

both metallotropic and prototropic rearrangements 52 has further been con&-med by the 

work of Davison and Rakita 40. They have suggested that the proton migration, responsible 
for the vinylsilane Diels-Alder product, cannot be sufficiently rapid to account for the 
reversible temperature NMR results. Lifetimes for proton migration in cyclopentadiene and 
alkylcyclopentadienes3g vary from several minutes to a few hours and a comparable value 
would be expected for the trimethylsilyl derivative_ Thus, for cyclopentadienylsilas, 
both metallotropic and prototropic rearrangements occur simultaneously, the intramolec- 
ular rearrangement (Fig. 4), giving rise to the reversible NMR spectrum and the isomeriza- 
tion (Fig. 6) giving structures which do not have temperature-dependent NMR spectra. 
Facile hydrogen migration does not appear to take place in the case of the Ge or Sn com- 
pounds, although additional signals appear in the NMR spectra of samples stored for sever- 
al months at room temperature 38. 

Metal migration is degenerate in the case of monosubstituted cyclopentadienyls. The 
indenyl system, however, enables a natural extension to be made of the concept of fluxio- 
nal behaviourS3. The overall 1,3-shift passes through a short-lived, iso-indenyl derivative 
designated A* below, and therefore migration of the metal in the indenyl derivative may 

be considered to be a quasi degenerate process. The low concentrations of A* may be de- 

tected by trapping with a reactive dienophile such as tetracyanoethylene54 (see Table 2). 

In principle, parameters for metallotropic rearrangements in monosubstituted cyclopen- 
tadienyl derivatives may be compared with the parameters obtained for indenyl systems 
(quasi-degenerate processes), and polymetallated or alkylcyclopentadienes (non-degenerate 
processes). 

In particular, when the parameters for the metallotropic rearrangement of Group IVB 
cyclopentadienyls and indenyls are compareds3, it can be seen that for both of the sys- 
tems, the activation energy increases in the series, Sn, Ge and Si. This process proceeds in 
cyclopentadienyls with an activation energy which is on average 9 kcal-mole-l lower 
than that for the corresponding indenyls (this is consistent with the energy difference be- 
tween the indene and iso-indene structures). In addition, indenyl systems migrate at tem- 
peratures 1 50-180° higher than the-corresponding cyclopentadienyl systems. 

The NMR spectrums2 of C5H5SiMe3 at several temperatures is reproduced in Fig. 7, 
and the corresponding peak assignments are given-in Table 3. These results, which indicate 
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.TAJSLE 2 : : 

Rearrangement 

type 

Kinetic 
pattern 

Potential 

energy 
curve 

Example 

Degenerclte 

Non-degenerate 

Quasi-degenemte 
A=zA*eAw 

[A] E [A"] 

A>>A* 

that, at 20°, an equilibrium mixture contains about 13.5% of the isomers V and VI, have 
also been confirmed by other workers4** 42, 43. Ve ry recently, the compositions of equi- 
librated mixtures of the isomers of C,H,SiMe3 have been determined at various tempera- 
tures in the range 60 - 200° 54a. As t-h e t emperature was increased the equilibrium (Fig. 6) 
was displaced to the right. From these data various thermodynamic functions concerning 
the prototropic shifts have been deduced. The kinetics of the isomeric conversions are 
based purely upon the integration of the lH resonances of the trimethylsilyl groupsof the 
three isomers in the various isomeric mixtures.. We experienced certain difficulty in a com- 
plete separation of the three resonances on a 100 MHz instrument, and found it impossible 
on the 60 MHz instrument on which this work is reported to have been performed! 

High concentrations (> 50%) of the vinylic isomers may be obtained by flow vacuum 
pyrolysis of trimethylsilylcyclopentadiene in the gas phases5. The isomeric mixture 
reverts to the room temperature equilibrium on standing. The reversion, which is clearly 
followed by UV spectroscopy, also appears to be temperature dependent, being much fast- 
er at 40” than at 20”. 

In pure C5H5SiMe3, the signal (b) was first observed by Strohmeier and Lemmon42, 
who explained it on the basis of the inequivalence of one of the three Si-methyl groups. 
Kreiter43. however, .explained signals (b) and (c) by the presence of impurity which neither 
affected the results of a micro-analysis nor was separable by distillation. He showed that, 
in a freshly distilled sample, the intensity of these signals was low, but increased with both 
heat and time. These observations may be rationalised by @ie following explanation. As it’ 
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I 

’ 6543210 

Fig. 7. NMR spectra of cyclopentadienyltrimeth~isilane determined at various temperatures: (1) at 
-30°; (2) at 20“; (3) at 60°; (4) at 120° (From ref. 52). 

TABLE 3 

ASSIGNMENT OF PEAKS IN THE NhQZ SPECTRA (FIG. 7) OF C5H5SiMe3 

Peak Chemical shift 

(PPW 
Ass&nment 
(c$ Fig. 6} 

0.02 
3.31 
6.60 
0.20 
2.95 
6.85 

MesSi 
saturated CH 

1 
isomer 

unsaturated CH IV 
MesSi 
saturated CH isomers 
unsaturated CH V, VI 
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is knckvn that S-substituted cyclopentadienes are the lowest boiling isomers56, then on 
distillation the mixture will be enriched with isomer IV. It is probable therefore that 
Kreiter43 observed the slow establishment of-thermodynamic.equilibrium among .the 
isomers IV, V and VI. 

At -30°, the fine structures of the signals (d) and (e) may be resolved45 to give a spec- 
trum typical of an A2B2X system, as expected for a localized structure (IV). As the tem- 
perature is increased, metallotropic rearrangement occurs, until at 120” (Fig. 7), the pro- 
tons of the cyclopentadiene ring become equivalent. 

C,H5GeMe3 shows the same variable temperature behaviour40. The NMR spectra at 
various temperatures are reproduced in Fig. 8. At +93O two peaks are observed at 74.13 
and 9.95 (integrated ratio 5/9) corresponding to the five cyclopentadiene ring protons and 
the nine methyl protons. i4t lower temperatures, the low field resonance first broadens 
and then changes into two signals at ~6.53 and 3.5 (integrated ratio l/4), the latter of 
which corresponds to the AzB2 part of the A2B2X pattern (cf. C5H5SiMe3)_ The slow ex- 
change limit is reached at -57”. 

The variable temperature proton NMR spectra of C5H5SiMe3 4o lvide supra) showtbat 
as the temperature is increased, the upfield portion of the A2Bz pattern for the four ole- 
fmic protons collapses more rapidly than the lowfield portion. The metallotropic rearrange- 

3 4 5 6 7 I- 

lG% 8. The proton mmetic resonance spectra of cyclopentadienylbimethylgermane, (CH&GeC5H5, 
in the xegion 7 3-7 at several temperatures (ref. 40). 
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ment, therefore, cannot be one of dissociation - recombination, which would result in a 
symmetrical collapse of all the protons, and must be a non-dissociative ones7. The presen- 
ce of tin satellites in the fast exchange spectra of the cyclopentadienyl stannanes40 is fur- 
ther evidence for an intramolecular rearrangement. A random rearrangement process 
would also give rise to a symmetrical collapse, hence the process must involve predominant- 
ly 1,2 or 1,3 shifts. 

The saturation transfer technique (INDOR) and other related methods have been uti- 
lized to afford a complete analysis of all of the isomers in trimethylsilylcyclopentadiene. In 
addition, the spectra of CSH$GMe2Cl and C,H,SiCl, have been partially analysed55 58a. 
The main vinylic isomer in the series C,H,SiMe,Cl s-n (rz = 0,1,2 and 3) is the l-substituted 
species, while the 5-substituted isomers are subject to the usual metallotropic rearrange- 
ment. 

As the electronegativity of the substituents attached to the silicon atom increases, the 
equilibrium associated with the prototropic rearrangement is shifted towards the formation 
of the vinylic isomers, whilst the corresponding metal migration rate decreases. 

Isomer content (%) (cf. Fig. 2) B.p. (°Clmm) 

n I II III 

0 (35 59 6) (59/15) 
(50 45 5) W/15) 

1 75 26 3 62/15 
2 79 19 2 54/15 
3 90 9 1 54115 

By exact analogy with the work on sr-C,HsFe(CO),-cr-C,H, 57, it is possible to deter- 
mine how the environment changes for each proton during either 1,2 or 1,3 shifts (Fig. 9). 

M H 
, 

,.*’ 
, 

HA -k- L 
HA 

HB HB 

1,3shitt 

A H B 

H A A 

A - 
1.2 1.3 

shift eShiftH 
0 B A 

e A 6 

Fig. 9. Proton environment changes by 1,2 and 1,3 shifts. 
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in each case all protons, except one, change environment. The difference Lies in the fact 
that for a I,2 shift the unchanged environment is of type B, while for a 1,3 shift it is of 
type A. Thus for a 1,2 shift the A resonance should collapse most rapidly with increasing 
temperature, whereas for a 1,3 shift the B resonance should collapse most rapidly, since 
the averaging depends inversely on the lifetime of a nucleus in a given environment. Thus 
to distinguish between the two mechanisms it is necessary to assign the two parts of the 
A2B2 multiplet in the limiting low temperature spectrum to the correct olefinic protons. 

The criteria which have been used for this assignment are5g : 

(a) comparison of chemical shifts with the analogous iridenyl compounds where the as- 
signment has been rigorously established by deuteration and multiple resonance ex- 
periments60~ 61 

(b) correlation of observed fme structure with that expected from empirical values of 
coupling constants62 

(cc) the relative sensitivities of the two kinds of olefmic protons to the effects of diamag- 
netic anisotropies, e.g. in (CC,H,),MoN063 

(d) the splitting pattern of the l3 
HB protons64. 

C satellites of the lines corresponding to the HA and 

Davison and Rakita40- 61= (j5 have studied cyclopentadienyl and indenyl derivatives of 
Si, Ge and Sn, and employing the first criteria above only, adopted an assignment for the 
A2B2 multiplet in the C,H,MMe, compounds which led to 1,2 shifts. This assignment 
placed the A protons at higher field than the B protons, in contrast to transition metal 
derivatives, where the opposite assignment is put forward (ref. 59 and references cited 
therein). However, Cottone has demonstrated that the relative values for the chemical 
shifts of protons A and B are sensitive to the nature of the group to which the cyclopenta- 
dienyl or indenyl group is attached. Thus Davison and Rakita’s conclusion that 1,2 shifts 
prevail in the non transition-metal derivatives as well as in the transition-metal derivatives 
is entirely credible, although it rests on only one line of indirect argument_ 

Recently, however, Sergeyev, Avramenko and Ustynyuk67* 68, on the basis of a spin 
tickling experiment on C5H5SiMe2Cl, deduced an opposite assignment to Davison and 
Rakita, leading, necessarily to a 1,3 shift mechanism. The HMR spectrum67 of C5HSSiMe2Cl 
is temperature dependent in the same way as C,H,SiMe above. The results of the spin 
tickling experiment 68 have been scrutinised by Cotton5 , and he showed that the experi- 3 

mental results were misinterpreted in the first place, and that they in fact lead to the as- 
signment of the upfield portion of the multiplet to the A protons and hence, as before, 
1,2 shifts predominate. 

As has already been mentioned, C5H5SnMe3 and C5H5PbMe3 show only a single reso- 
nance in their NMR spectra, due to the cyclopentadiene protons, even over a wide range of 
temperatures. Below -6O”, some broadening is observed40 in the case of C5H5SnMe3, but 
at no temperature could separate signals be obtained due to protons in different environ- 
ments. Thus, in these compounds, the barrier to migration of the Me3M (M = Sn or Pb) 
group is so low that even at -BOO, metallotropic rearrangement still occurs. 

It has been reported37y 41 that substitution of a methyl group into the cyclopentadienyl 
ring causes the compound to assume a static configuration. (This assertion has also been 
adopted for the compound MeC5H4Au.PPhs 6g .) Davison and Rakita, however, in their 
systematic study40 of these Group IVB compounds, have shown that this is not the case 
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and in fact the original data were precisely those eXpected for a dynamic o-methylcycl* 
pentidiene group. Methylcyclopentadienyltrimethyl-silane and -germane, show variable 
temperature NMR spectra analogous to the unsubstituted cyclopentadienyl compounds. 
In-the case of the tin compound, broadening of the fast-exchange spectrum occurs at tem- 
peratures below -6O”, but as for C,H$nMe3, no fine structure is observed. The penta- 
methylcyclopentadiene compound of germanium and tin were also studied40, and showed 
the expected fluxional behaviour. These compounds are examples of molecules which 
cannot rearrange by proton migration, and this is further evidence that the variable tem- 
perature NMR spectra are the result of metal migration. 

Russian workers in a series of NMR studies on Group IV cyclopentadienyl and related 
systems have obtained the lH spectra of trimethylgermylcyclopentadiene and trimethyl- 
stannylcyclopentadiene at 100 MHz over a wide temperature rangea* 53s 58s 67p 68. 

By following the unsymmetrical co” ,qse of the olefm muitiplet, the cycIopentadieny1 
group in the germanium compound has seen conclusively shown to migrate through a 
series of 1,2 shifts. Even at -100” -+ -150° a complete analysis of the tin system was not 
possible, due to the anisotropic effects at these temperatures. 

3. Polymerollaied Group IVB cycloperttadienes 
Recently cyclopentadienes with two and three Group IVB groups attached have been 

synthesised 18t 19. These are summarized below: 

tCH313M” 

~soCdQbWW~l4 is reported, and all structures have been established by hW 
a?d mass spectrometxy 19, To_ Their fluxional behaviour has been studied by both lH and 
13C spectroscopy, and some detailed results have been published70a. 

iv. CHEMICAL PROPERTIES 

A. Divalen t derivatives 

The strnctures of dicyclopentadienyltin and dicyciopentadienyllead have been discussed 
above. These compounds are white air-sensitive solids, and as already mentioned3z, the 
“lone pair” of electrons on tin in (C5H5)2Sn has been utilized in the formation of the 
complex (QH5)2Sn-+BF3 _ 
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I. Stabili@ 1 . 
Like cyclopentadiene, cyclopentadienylchlorosilanes dimerize at room temperature 71. 

Rn 

I 
H Sick+, 

H 

crc 

/ 

-- 
SiC&_, 

I 

.5? 

1. \ 

RI7 

H SiCI-,_, 

(4 tb) A, 

Fig. 10. 

The rate of dimerization increases with the number of electronegative atoms and 
groups on the Si atom, and decreases with the number of election-donating groups. Thus 

a molecular weight corresponding to the dimer of C5H5SiC13 is attained after seven days, 
and for C,H,SiMe2Cl after approximately PO0 days. The dimers are cracked at higher 
temperatures to give the monomer and some polymeric material. 

Cyclopentadienylgermane derivatives appear to be relatively air stable 18, but the tin 
derivatives decompose on standing at room temperature as a result of oxidation and poly- 
merization13. (C5H5)4Sn is sp ontaneously inflammable in air13. 

2. Protonic fissions of metal-ring bonds 
Cyclopentadienyl-, indenyl-, and fluorenyl-tin and -lead derivatives are all easily hydr+ 

lysed by water, to give the metal hydroxide 1% 26, 72s 73 : 

H2O 

CGsMR3 - C5H6 + R,MOH 

1 

Cl062 

(M=Sn,Pb) 

Cyclopentadienylsilane derivatives are stable to water at room temperature (the prepa- 
ration of these compounds involves digestion with water!). However, indenylsilane deriva- 
tives react wi’& H2SO4 or NaOH to give a siloxane74z 

NaOH 
ind-SiMe3 B (Me3Si)20 
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1, l-B& (trirnethylsilyl) indene is partially converted to I-trimethylsilylindene when 
treated with alcoho174. 

The rates of cleavage of various fluorenyl derivatives of Si, Ge and Sn, by aqueous 
ethanol have been measured75, and the results interpreted in terms of steric effects in the 
transition state. The transition state is visuahsed in Fig. 11. In this intermediate, the Si-R 
bonds are at right angles to the HO-Si-C line, and there is thus the possibility of inter- 
ference between the R groups and the fluorenyl group. FIuorSiEt3 is found to be less 
reactive than fluor-SiMe3 by a factor of 103_ It is postulated that this is due to the increased 
steric hindrance of the ethyl groups compared with the methyl groups, rather than the 
small difference in electron release by the methyl and ethyl groups. The steric effects ap- 
pear to be markedly srnaher in the germanium conpounds conpared with the silicon COII;- 

pounds, such that the MesSi- compound is now_ only 2.5 times as reactive as the Me,Ge- 
compound, while wrth the Et3M- compounds, the considerable increase in hindrance with 
the silicon compound causes it to be three times less reactive than its germanium analogue. 

Rates of cleavage for the tin analogues were difficult to measure due to the insolubility 
of the tin compounds in the solvent used. However, approximate rates showed the tin 
compounds to be extremely reactive compared with the silicon compounds, and again it is 

postulated that this is due to the steric effects in the silicon compounds, rather than a re- 
flection of the relative inherent ease of cleavage of the C-Sn bond compared with the 
C-Si bond. 

3. Halide fissions of metal--ring bonds 

la) Ha 

Cyclopentadienyl derivatives of silicon and tin are cleaved by HCl to give the correspond- 
ing metal chlorides: 

C5H5SnR, + HCl + R$SnCl + [CsHe] (Ref. 73) 

C,H,SiH, + HCl --f H,SiCl+ [C,H6] (Ref. 76) 

Similar behaviour is observed for indenyltin derivatives 72. Arylfluorenyl derivatives of 
tin and lead, however, react with HCI, with retention of the metal-tluorene bond26a 72_ 
In these compounds the phenyl groups are cleaved first: 

fluor-PbPhs bezyne ) fluor-PbPh2C1 

l-l 

Fig. ll_ 
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Tetraindenyltin and-tetrafluorenyltin are both reported to be stable to HC172* “. 
(b) Bromine. Bromine reacts with various metal derivatives to give the expected organo- 

metal bromide 13y ‘% ‘* f 

Br2 
e.g. CsHsSnkh3 7 BrSnPhg 

IrLthe case of (C5H5)4Sn, no identifiable products are obtained73. 
(c)Metal halides. Indenylsilane derivatives are cleaved by stank chloride to give the 

corresponding chlorosilane 74: 

SnC14 
ind-SiMe3 -----+ Me,SiCl 

The organotin compound was not isolated. (C5H5)4Sn reacts with SnC14 73, but again 
no identifiable products were isolated. 

4. Diels-Alder reactions 

Cyclopentadienyl derivatives of silicon, germanium and tin all undergo Diels-Alder re- 
actions with dienophiles such as maleic acid, diethyl maleate, disthyl acetylenedicarboxyl- 
ate and N-phenyhualeimide 12, l3~ 36a 55. 7g. 0 n t e _h b asis of this evidence, together with 
spectroscopic evidence, cyclopentadientyl Group lVB derivatives are assumed to have a o 
metal-carbon bond 

The structures of the adducts,obtained between C5H5SiMe3 and acetylenic dienopliiles 
have been determined using NM& techniques80 . Two isomers were obtained, represented 
by structures VII and VIII (Fig. 12). 

l-Trimethylsilylcyclopentadiene, however, would be expected to give the in- and anti- 

7-trimethykilylbicyclo[2.2.l]heptadienes, structures IX and X (Fig. 13). 

R Me,Si 

R = Me+; R’: H. COOEt. COOMe 

Fig. 12. 

MejSi H 

& 

R’ 

/ I 

R 

-m3 (Xl 
Fig. 13. 
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Thermal rearrangement between VII and VIII was shown not to occur, and therefore on 
this basis, the rearrangement involving prototropic shifts (Fig. 6) was proposed. 

At the temperature of the reactions (2000), it was assumed that isomer VI would be 
favoured in the equilibrium between IV and VI. 

Upon treatment of a gas phase thermolysed mixture, which was shown to contain large 
amounts of V and VI, with dimethylacetylene-dicarboxylate, adducts derived from only 
IV and VI were obseIved55. The large trimethylsilyl group at the dieneophile coordination 
position is assumed to prohibit the formation of this adduct, since the rate of reaction is 
likely to be considerably slower than the observed isomerisation to IV. Nevertheless, there 
has been a claim81 of a small amount of an adduct derived from V. 

Further, there are two ways that an unsymmetrical dienophile, RCECR’, may add at the 
2 and 5 positions of VI. With the Me,Si group at position 3, it would be expected that the 
steric interaction with R or R’ would favour the addition of the smaller of the two groups 
at position 2. The experimental results are in complete agreement with this prediction as 
structure VII, in which the two Me,Si groups are in the 2,5 positions, is found to pre- 
dominate over VIII, for the products obtained with the unsymmetrical acetylenes. 

Cycloaddition reactions of his-metallated systems with dienophiles, such as dimethyl- 
acetylenedicarboxylate andiV-phenylmaleimide yield interesting products, in that at room 
temperature overall 1,3-metallotropic shifts appear to occur82. 

MejSi H 

(Me3Si),C,H4 * 

-A 

P 

/ c 
NyPh 

/ 
MG+.i 

i 
0 
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~Steric hindrance-to the:ap~roaching dienophile due to t&o bulky -metalgrou@ in the 5 po- 
sition of the cyclopentadiene ring is presumably responsible for these shifts. It ha ileen 
stated that the .following equihirium exists in his-metallated cyclopentadienes. 

‘SiMe. 

5. ~orkah~on of metailocene derivah-VeS 
Metahocene derivatives containing R3M @I = Group IVB metal) groups may be ob- 

tained by two general methods: 
(1) reaction of Group IVB organo-halide with a metdated derivative of a metallocene. 
Examples will not be considered further as they do not directly involve a cyclopentadienyl 
Group IVB derivative. 
(2) reaction of a metal halide with metallated cyclopentaciienyl Group NB derivative. 

Thus, 1, 1’.bis(trhuet.hylsilyl)ferrocene is obtained from the reaction of FeC12 and the 
lithium salt of C5H5SiMe3 83_ 

Various silicon-substituted ferrocenes with hydrolyzable functional groups have been 
prepared24* 74, e.g. 

Me 

I 
CSH,Si-OEt 

(1) n- BuLi 

T-Ipt 

I 
Me 

(2)FeC’2 =- & TOEt 

Me 

Two disiianyl-substituted ferrocenes have been reporteda: 

.. TSiMe2--SiMes 

Fe 

TSiMez-SiMes 

&- SiMe2-SiMe, 

1 Bo’th &ombounds are cleaved by extremely dilute alcoholic HCi to give products-correspond- 
kg to cleavage of the Si-Si bond, as well as ferrocene, resuhing from the cleavage of the 

: 

~- 
-. : : 

-1’. . . 
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!&-ring bond. Under the same conditions, cyclopeBtadienylpentamethyldisilane is recovered 
unchanged. Therefore this-cleavage of the Si-Si bond adjacent to a ferrocenyl group is ex- 
plained by stabilization of the transition state, resulting from overlap of filled d-orbitals of 
iron with the electron deficient p-orbitals of silicon: 

z ~siMe20R .Me3SiOR *H2 
Fe 

An interesting derivative is formed, together with polymeric material, when FeC12 
reacts with the monolithium salt of (C5H&SiMe2 85 : 

A ferrocene derivative, containing the SiCH2Si grouping has been prepared from C5H5Si 
(Me)2CH2SiMe3 g8 _ 

(1) n- BuLi 

~Si(Me12CH$SiM% 

C5HSSi(Me12CH2SiMe3 (2) FeCl2 

SXMe)2CH$iMe3 

Attempts to prepare 

Tsy 

d&JCH2 
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in rn. analogous way, from bis(cyclopentadienyldimethylsilyl)~ethane, were unsuccessfui. 
Triphenyle;ermyl-substituted ferrocenes have also been prepared from C5H$ePh3 and 

FeC!lz”:_ .- 

Several titanocene derivatives have been prepared from cyclopentadienylsilanes87~ 88, 
e.g. : 

(ref. 74) 

6. Reactions with metal carbonyls 
The reaction of cyclopentadienyl Group IVB derivatives with transition metal carbonyls 

may be classified into three types: 
Type 1 (oxidative addition): In #his case, the cyclopentadienyl compound adds oxida- 

tively to a single transition metal centregg. 

LM’ -i- Me3 M-C,H, + L’M’ 
\ 
Cs% 

M = Si, Ge, Sn. M’ = tr.vlsition metal. L, L’L” ligands attached to M’ e.g.: 
(MeCN)3W(CO)3 + Me$nC,H, + n-CsH5 (CO),W-SnMe, 
Type 2 (oxidative cleavage): In this case, the Me3M and C5H5 fragments become at- 

tached to different metal sitesgo. 

J.&‘-ML + Me3M-C,H, L’M’-C5 Hs + L”M’-MMe3 

e.g. Mnz (CO),0 + Me$n-C& --i n-C5H5Mn(CO), + Me$%+Mn(CO)s 

c0,(c0), + Me3Sn-C5H5 + I~-C,H,CO(CO)~ + Me3Sn-Co(CO)4 

The reactions of the iron carbonyls are more complex. With Fez (CO)g, the primary 
reaction path appears to be: 

Fe, (CO)9 + 2Me3Sn - C,Hs + (MegSn)2Fe(C0)4 + (+H&Fe + 5CO 

One important product decomposition route is 

2@4e3Sn)ZFe(C0)4 + [Nle2SnFe(C0)J 2 + 2MeqSn 

- 
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Type 3: In this case, the integrity of the Group IVR molecule is maintained. This be- 
haviour is particularly characteristic of CSHSSiMe3 p1 

LM’ + Me3 M-C5 Hs + n-Me3MC5 H,+-M’L’ 

e.g. Rez(CO)lo + 2MesSiCsHs + 2(n_Me,SiCsHJRe(CO)s + 4C0 + Hz 

The corresponding reaction with dimanganese decacarbonyl, however, takes two pathspl : 
one in which the silicon-ring bond remains intact: 

Mn2 (CO)l~ + 2Me3SiC5H5 2(n-Me3SiC5Hq)Mn(CO)3 + 4C0 + Ha 

and the other in which silicon-ring fusion takes place: 

Mnz(CO)IO + Me3SiC5H5 + Me,SiMn(CO), + (n-C5H5)Mn(C0)3 + 2C0 

Why manganese carbonyl should be unique in causing such a fusion reaction under these 
conditions is not clear at this time. 

In the case of the metal carbonyl halides, ring-metal fission invariably takes placepl* p2. 

Me3MC5H5 + M’(C0)5Br + (n-C5H5)M’(C0)3 + MegMBr + X0 

(M = Si, Sn; M’ = Mn, Re) 

Methylcyclopentadienyl, indenyl and fluorenyl derivatives of tin react similarlyg2. 

CH3CSH4SnMe3 + M’(C0)5Br 

(M’ = Mn, Re) 

ind-SnlvIe3 + M’(C0)5 Br + (Ir-CgH7)M’(C0)3 

@I’ = Mn, Re) 

fh0r--SW3 + Mn(C015Br -+ 

This work has been extended to compounds which have both silicon and tin groups on 
the cyclopentadienyl ringp3. In these cases exclusive cleavage of the organotin group oc- 
CUTS. 

C5H4(SiMe3)(SnMe3) + Mn(CO)5Br + (n-Me3SiC5H,)Mn(CO)3 + Me+Br 

The following compounds react similarlyp3 : C,H, [Si(Me2)SiMe3](SnMe3), 
CsH4(CH2SiMe3)(SnMe3) and Me$3i(C5H&Me3)2_ 
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Z Miscellaneous reactions 
Silylcyqlopentadiene reacts with trimethylamine at room temperature to give 

H3Si-Nh4e276. 

Me3N 
H3Si-C5H5 B H3 StNMe, 

The reaction between C5H5SnPh3 and n-BuLi does not give the expected lithium cyclo- 
pentadienide derivative, but instead gives Ph4Sn13_ 

The cyclopentadienyl ring in C5HSGeEt3 is reduced using Raney nickel as a catalyst to 
the corresponding cyclopentane derivative%. 

CSH&eEt3 
H2 

Raney nickel ’ CSHgGeEt3 

The indenyl ring in silylindenes is similarly reduced74. 

H2 
ind-SiMe3 Raney nicke{ C9H$3Me3 

Recentlyg5 it has been reported that C5H5Sih3e3 reacts with dixnethylsulphoxide with 
cleavage of the silicon-cyclopentadiene bond to give hexamethyldisiloxane and cycle 
pentadienylidenedimethylsulphurane. The NMR spectrum of a mixture of C5HSSiMe3 and 
dimethylsulphoxide has been interpreted52 - 111 terms of polarized complexes and partially 
dissociated molecules of the type: 

‘+SiMc , 3 , ~-.-2..*-- cr H - O[ 0 SiMe3.nMe2S0 l 1 

V. TABULAR SURVEY OF CYCLOPENTAJXENYL, INDENYL. AND FLUORENYL COMPOUNDS OF 

THE GROUP IVB ELEMENTS 

Tple preparative method, yield, melting point or boiling point and any physical data con- 
tained in the reference are detailed in the tabular survey under the appropriate compound. 

The synthetic methods are as described in Section II: 
A, Group IA, IIA and IIIB metal cyclopentadienyl method. 
B, Cyclopentadienyl Grignard method 
C, Metal amine method. 
D, Direct method. 
E, Preparation from other Group IVB cyclopentadienyl compounds. 
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Compound 
Synthetic Yield B. p- i?fn?ml 
method f%) mp- PC) Data References 

CSH,SiHs 
MeC5H5SiH3 

C5H&iiMe3 

CSHSSi(Me)&HZSiMe3 

C5H4 WMe312 

MeC5H5SiMe3 
(CSH&SiMe2 

(GH&Me&CH~ 
C5H,SiEt2H 
CSHSSizMeS 
C&SiMe2 (1-piperidyl) 

(CSH&Me&O 
C~HS (SiMezO)3Et 
C&5 (SMe20)&Me-,C5HS 
CsH&Me20SiMe21% 

C~H&M~ (OSiMe2)2Ph 
C5H&iMe2 (OSiMe2)3Ph 
CSH&Me20SiMea 
C5H5SiMe20SiMe&~H3C12 
CSH$iMeZOSiPhl 
MeC5H&iiMe2OSiMe+$h 
CSHSSiCi3 

C5H.$MeClZ 

C5H5SiEtC12 

A 
A 
A 

A 
A 
A 

A 
A 
A 
A 
B 

E 

B 
A 
A 
A 
B 

B 
A 
B 
E 
E 
E 
E 
E 

E 
E 
E 
E 
E 
E 

A 

A 
D 

A 

A 
A 
B 
A 

89 59-61 
99 t-144 to -148) 
40 43-44119 

15 138-140 
71 32112 
73 41-43/16 

45 43-u/19 
_ 138-140 

56 
51 
60 

40 

50 

65 
82 
53 
82 
49 
80 

76 
61 
66 
46 
57 
79 
58 

58-5916 
44.5jO.2 
4513 
54-56116 
73125 

84-8610.4 
74125 
86122 
56-60/0.3 
65/0X 
70-72JO.5 
89-94/0.2 
83-8610.03 

107-11210.04 
116-144/0.09 
82-83121 
102/0.03 
156-159/0.05 
82-85/O-16 
46-4814 

56 58110 
25 72130 

73 47-4918 

55 
51/10 
36-SO/3 

64 76-78110 

I%= 
IR, NMR 

n%tk4608 
nf$ 1.4622 

IR, W 
IR, NMR 
NMR 
l%-z NMR 

nffl.4610 

IR,R 
n$f 1.4780 

IR, NMR 

IR 

n2’ 1.4920 
B d o 1.1622 

IR 

n20 1.4982 
B d 1.1530 

76 
76 
45,52 

96 
41 
51 
35 
40 
42 
44 

12,97 
20 

98 
18 
19 
40 

12,97 
98 
99 
84 
24 
24 
24 
24 
25 
25 
25 

25 
25 
25 
25 
38,100 

101 
20 

38,100 

67,68 
25 
12 
38,100 

IR 

[con timed on next page) 
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Corn&wad 
JLnthetic Yield B.P. (V/mm) 
method @I mP* PC1 lkta References. 

C5H5SiFIQ 

c*H~siMQcl 

MeC5H&iMe&l 
C5H5SiEt2Q 

2-ind-SiMeg 

CgH6 (S=e& ” 

CgH6 (=fe& b 
3-Me-ind-SiMe3 

ind,SiM+ 

A 

A 

_ 
A 

A 
A 

A 
B 

A 
A 

A 

A 
A 
A 
A 
A 
A 

A 
E 
E 
A 

A 

B 

A 

A 

A 
A 

A 

70 13%136/6 

55 83JO.5 

37 63--6518 

60 
30-3511 
S4-56114 

69 

71 
62 

37-4017 
80-83jO.7 

7%90120 
78-80117 

60 74-75123 

57 
40 
41 
16 
58 

86 
86 
55 

62--8213-4 
62-lOO/lS- 
39-40/11 
40-4316 
4010.4 
94-9512 

103lO.4 
40-45/0.8 
34-38j2.5 
8714 

55 8714 

43 72-7410.8 

17 106,‘3 

_ 11613.5 

60 (68-69) 
53 76/l 

24 155/4 

n 
B 

O 1.5666 
d 1.2266 
IR 

ng 1.6822 
IR 
IR 

IR 
IR 
?z=o 

d B 

1.5070 

1.1710 
IR 

IR 
_ 

_ 

n h 0 1.4875 
d o 0.9986 
IR 
n P 1.4970 

d ’ 1.0139 

IR 

-2 - 
n o 1.4804 
n 
n i_ 

o 1.4840 
1.4539 

$X-::~;: 

n x 5 5 1.5404 

n 
h 

o 1.5423 
d 0.9450 
n$$’ 1.5476 
Nh57 
n 

@ 
o 1.5307 

d 0 0.9300 
ng 1.5284 

rzff 1.5310 

38,100 

101 
38 
38 
38 
38 
38,100 

101 
38,100 

25 
12,97 
25 
38,100 

38 
38,100 

25 
25 
102 
103 
102 
104 

104 
24 
24 
61,105 

74 

14 

74 

14 

14 
14 

74 

a Mixture of 1, l- and 1,3&omers. b 1.2-Isomer. 
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Gbmpound 
Synthetic Yield B.p. &Ymm) 
method (%I ?w. PC) lkta References 

ind=siEtg A 49 121/3 

CgHg (=t312 

incl-SiM~Ph A 78 112io.2 
ind-SiMeCI2 A 74 9213 
in&SiMe&i A 64 92/3 

ind2SIMeCl 
iud-Si(O-n-Bu)Mez 

A 
A 

11 
49 

17912 
11313 

ind-Si(Cbn-Bu)a Me 

ffuor-SiMcj 

fluor$SMe2 
(9-Brfluor)&Mec 
C13I-b (SiMe3h 

9-Mefiuor-Me:, 
Y-Br-fhmr-Meg 
g-Cl-fluor-Me3 
2-Br-fluor-Me3 
2, %Br&Iuor-Me3 
fluor-SiEtg 

A 

A 

A 
A 
A 
A 
E 
E 
E 

: 
E 
E 
E 
E 

27 

54 

60 
74 
3 

17 
84 

;: 
27 
23 
46 
60 

17oi3 

130f1.5 

(9715) 
(96-97) 
(178-179) 
(220-230) 
(110) 
(109-110) 
(118) 
(134.5) 
(1221 
(116.5) 
(14% 
167-S/1.2 

n 
b 
Q I.5420 

d 0.9500 

NMR 
d20 1.2010 
n 

P 
o 1.5525 

d ’ 1.0760 
dzo 1 1310 
n 

b 
o 1:5165 

d 0.9640 
n 

P 
lSCJ15 

d o 0.9760 

rz'D" 1.5960 

74 

74 

14 
74 
74 

74 
74 

74 

;; 
28 
27 
27 
27 
106 

4:: 
27 
27 
27 
75 

GERMANIUM 

Compound 
Synthetic Yield l3.p. PC/mm) 
method (%I ma PC1 Data References 

C5H5GeMe3 A - 

A 30 
A - 

A 21 
A - 
A 61 
B 31 

48/13.5 

44/10.5 
58-59/10 

98/10.5 
7412.1 
.130/14 
71-1314 

ng 1.4805 
NMR, IR 
=c Nhm 
Gas phase 
electron 
diffraction 

_ 
nf$ 1.5605 
NMR, IR 

NMR, IR 

n p 1.5490 
d o 1.1629 
IRR 

40 

44 

107 
18 
40 

18 
40 
14 
36 
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&w?=J~ 

SynihetiL. Yield B.p. pc/mlnj 
tiethod @j w. PC) Dnta References 

C,H&kEts -A _ lOSf16 n 
h 
0 1.5029 94 

d o 1.0740 
B 67 59-6014 n 

ii 
1.5005 36 

d 1.0773 
IR, R 

CSH&eMezEt B 23 31--3214 

IIs: man 
n 

B 
o 1.4942 

d ’ 1.0115 

A 109/0.4 

CsH&e~3 

in&GeMe~ 

A (176-177) 

A 7210.8 
86,94 
61 ng 1.5605 

NMR 
n 

B 
o 1.5589 

d 1.1230 
_ 

iUd-G?Ei~ 

inc%GePhj 

ind,Cel%, 
indr;Ge 
fluorCeMeg 

A _ 16114 94 

A 
A 

A 
A 

(126) 
_ (144-145) 
_ (196-198) 
73 147-15012.2 

(92) 
64 170/l 

165/0.5 

94 
94 

94 
75 

75 
94 

fluorGkEt3 A 
A 

fkJ01-GePh3 A (214) 94 

TIN 

Compound 
Synthetic Yield B-p. PC/mm) 
method /%I mp. PCj Dnta References 

C5H5SnMe3 A 85/10 
A 5412.9 

108 
40 

C 50 56--60/l 

MeCSH&nMe3 A 5012.3 

16,17 
44 

40 

Me5C&Me3 
c$i‘$ (SnMe312 
(C$I&Snhle2 
(CsH&SnMe 

(C$W&n 

nf$’ 1.5189 
NMR, IR 

13C NMR 

$f 1.5283 
NMR, IR 
NMR, IR 

13C NMR 

9212 40 

44 
85/0.001 108 
115/0.001 108 

53 (81-82) 41 

67 (76-77) 73. 

108 
42 (71-73) 13 
82 - 41 

C~H&lEt3 A - 65/0.001 NMR 108 

A - 92-93.514 n$$ I.5192 73,109. 

(MeWLd4Sn 

NMR 
_ 

NMR 
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Compound 
Synthetic Yield BP. P&w 
merhod (%I mP* PC) Dzra References 

(C5H&SnCL 
(CsH&Sn(CH=CH2) 

GHs) SnC13 
CsHSSnCIZ (CH=CHz) 
ind-SnMe3 

3-Me-ind-SnMe3 

1,2-Me+nd-SnMe3 
2-Br-iid-Snbfea 
ind-S&t3 
ind-Sn(nBu)3 

indzSn(nBu)z 
ind-SnPh3 

ind2SnPh2 

iud-Sn(Me)pPh 

iIld&l 
fluor-SnMe~ 

fiuor-SnEtg 

fluor-SnPh3 

2-MezN-fluor-SnPh3 
fluopSnPh2 

fhxor3SnFh 

A 
A 
A 
C 
A 
A 

A 
A 
B 
B 
C 
A 
A 

A 
B 
A 
B 

A 
A 
A 

A 

A 
A 
A 
A 

_ 
58 

67 
_ 
- 

72 

7@ 

70 

40 

53 
72 
34 
s 

30 

_ 

46 
74 

30 

47 
_ 

44 

90/0.001 
121-123/2.5 
90/0.001 
13410.8 
105/0.001 
150/0.001 

- 

(120) 
(130-131) 
(130-131) 

(129) 
_ 

(106) 
(290dec.j 
(105-106) 

(641653 

64/O. 15 

(129) 
74fO.01 
74.s75/0.1 

69/0.17 

9s97/0.1 
loo-102/0.15 

s 

(128-129) 

(129-130) 

(129) 
(116-117) 
(108-110) 
10?[0.06 

(215) 

15lfO.15 

(129-130) 

(126-130) 
(15s-151) 

<179) 
(262dec.) 

NMR 
nfj’ 1.5890 

ng 1.5047 

NMR 
s 

n&-s941 

r+f 1.5817 

I$- 1.5752 

?zg- 1.6242 

mm 

_ 

r~ff I.6229 

108 
73 
108 
17 
108 
108 
108 

110 
13 
111 
16,17 

108 
109 

110 
13 

108 
13 

23 
23 
23 

23 
61 

105 
16 
18 
14 

14 
14 
73 
112,113, 
114 

20 
72,77. 

13 
16,17 
72 
13 
14 

72,77 
18,7S 
75 

72,77 

78 
72,77 
72 
72 

(continued on next page) 
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Compmmd 

fluor-Sn (CyClOpixltyl)~ 
fluor&Ql(cyclopentyl~ 
fluor,sn(cyclopentyl) 
fh!or-Sn(cyclohexyl~3 
fhsor2Sn-@yclohexyl)~~ 

flnor3Sn-@yclohexyl) 
iIbor-Sn(naphthy03 
tior&n (naphthyl)p 

fluor&(naphthyl) 
fluor-Sn (Ph)pCI 
fluor2SnF%Q 
(fluor)&n 

(CSH&& 

(MeC&4)2Sn 

(C5H4) (S*e& 

(C5H3)(Sfie3)3 
(C&2)ISn(Me3)14 

Synrhetic Yield B.P. PC/mm) 
metlmd I%1 mP. Pa Data Refmences 

A 44 (95-97) 78 
A. 57 (217-220) - 78 
A 83 (214-220) - 78 
A 78 (133-136) - 78 
A 76 (235-240) - 78 
A 

-0 

ii 

(247-249) - 78 

A (243-245) - 78 

A 80 (288-292dec.) - 78 
A 68 (291-293dec.) - 78 
A - (140-141) - 72 

A - (143) _ 72 
A 41 (3 10dec.) 72 

2 
(210) 77 

50 (104-105) - IR, W 
NhlR 10.11 
gas phase 28,29 
electron 30,31 
diffraction 

c^ SO/i 
IR, NMR 29 

90 19 
C 86 8013 19 
C 60 122/l 19 

(60-61) 

LEAD 

Compound 
Synthetic Yield B.P. (%/mm) 
m&IOd 1%) m-P. PC, Data References 

CSH5Pbhfe3 
MeCSH4PbMe3 
(C$-I&PbMez 

(MeC&&pbMe2 
C5H$‘bEt3 

MeC&PbEt3 

(C,H,)#=t2 

(MGdW2~Et2 
ind-Pbl’hg 
indqPbPh2 
fluor-PbPh3 
fluot#bPh~ 
fluor-Pb(ph)2cL 

(CsH&fi 

(hf+$4)2~ 

A - 18,37 
A km IR 37 
A - NMR: IR 37 
A - NMR, IR 37 
A - NMR 37 

A - - NMR, IR 37 

A - NMR, 1R 37 
A - NIUR, IR 37 
A 75 (122) 26 
A - (107-110) : 26 
A 75 (118-120) - 26 
A 30 (138-140) - 26 
E - (> 16Odec.) - 26 

A 25 (132-135) IR, W 
NMR 10,ll 
Gas phase 28,29 
electron 30,31 
diffraction 

A - IR, NMR 79 



CYCLOPENTADIENYL COMPOUNDS OF Si Ge, Sn AND Pb 319 

MIXED 

Compound 
Synthetic Yield B-p. PC/mm) 
method I% m-P- PC, Data References 

WE4 tStie3) tSnMe3) C 

C&4 [SiMe$ZMe3] SnMe3 C 

CsH4 (CHzSiMe3) SoMe C 

Me$Si(CsH4SnMes)2 C 

NesSi)&Hs (SnMes) C 

(CsHs)SJMe3 tSnMeg)Z C 

(CsH4) (GeMes) (SoMea) C 

(C#W(SMed (GeMe3)(SnMe3) c 

60 4510.02 
22 42jl.O 
58 go/o.1 
26 7210.2 

64 
80 
84 
77 

10214 
84/3 
8213 
68/i 

18 
19 
18 
18 

18 

6 
19 
19 
19 
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