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I. Introduction

There is no doubt that the introduction of the cy-
clopentadienyl (cp) ligand has significantly influenced
the fascinating development of the chemistry of the
transition metals, lanthanides, and actinides; since the
beginning of the 1950s a huge number of ¢p compounds
have been synthesized and investigated. Until recently,
on the other hand, the investigation of cyclopentadienyl
chemistry of main-group elements was restricted to
group 4 species and some other isolated examples. This
situation has changed radically during the last decade;
a variety of new cp compounds with main-group ele-
ments has been developed, and the knowledge of the
possible bonding modes in o-bonded (') species as well
as in m-bonded (") complexes! has increased. One of
the most interesting features in n'-cp compounds is the
fluxionality often or usually observed. At present, there
is no other class of fluxional molecules that has been
so intensively studied. The comparison of experimental
results with theoretical calculations turned out to be
especially useful in understanding the basic principles
of the dynamic behavior.

This paper reviews the latest work on the fluxionality
of ¢cp compounds of main-group elements.
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II. Fluxional Compounds of the Type C;HEI
and C;Me.El

A. Introductory Discussion

The fluxionality of compounds of transition metals
and main-group elements with os-bonded (n') cyclo-
pentadienyl rings is caused by concerted sigmatropic
rearrangements. To prepare for the elucidation of the
latest developments in the following sections, a brief
history of important earlier work is useful.

The first fluxional o-cyclopentadienyl compounds
were discovered in 1956 by Piper and Wilkinson;? for
SpeCieS such as (nl‘C5H5)2Hg and (1}5'C5H5)(n1'05H5)-
Fe(CO), they discussed in an undetailed, but essentially
correct, way fast intramolecular 1,2 migrations of the
metal moiety around the cyclopentadienyl ring. The
first observation of a 1,2 hydrogen shift in cyclo-
pentadiene itself and in some of its organic derivatives
was reported in 1963 by Mironov and co-workers;* a
more detailed description of the kinetics and mecha-
nism of these processes was presented in 1964 by Roth.
The 1,2 migration of main-group elements in cp com-
pounds was first discussed by Fritz and Kreiter® in 1965
for silicon-, germanium-, and tin-substituted cyclo-
pentadienes; the important conclusion that a compe-
titive prototropic rearrangement occurs in silicon cy-
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clopentadienyls was presented in 1968 by Ustynyuk and
co-workers.” In 1966 the hypothesis of fluxional be-
havior in Wilkinson’s compounds was substantiated by
Cotton and co-workers,®® who characterized the rear-
rangement pathway by variable-temperature NMR
studies and line-shape analysis. From these and other
investigations it i1s evident that n'-cyclopentadienyl
compounds of main-group elements or transition metals
are all fluxional in qualitatively the same sense.

The use of modern NMR techniques such as varia-
ble-temperature measurement and line-shape analysis
has greatly increased our understanding of fluxionality.
In review articles by Sergeyev and Abel!! in 1973, by
Larrabee!? in 1974, by Cotton!3 in 1975, and by Span-
gler! in 1976 as well as in newer textbooks,1%16 the
difficulties in identifying the pathway by which an atom
migrates around a cyclopentadienyl ring are already
explained in detail. The limitations of those NMR
techniques need to be addressed. The described
methods are applicable only in a rather narrow range
of activation energies for rearrangement. Processes
outside of these energies cannot be determined accu-
rately. From there, cp systems with AE? values lower
than =5 kcal/mol are qualitatively described as “highly
fluxional”; compounds with AE* values higher than =35
kcal/mol must be treated carefully to determine the
rearrangement mechanism.

According to an earlier review,!” average '3C chemical
shifts and 3C-'H coupling constants observed under
fast-exchange conditions for a n'-cyclopentadienyl
compound should differ significantly from those of a
7 complex. But, since then Fischer!” has presented
some counter examples among the main-group element
cyclopentadienyls. Thus, the only NMR technique still
valid for the identification of a ground-state structure
in the fast-exchange limit is the Saunders isotopic
perturbation method.'®* Other methods to define
ground-state structures of highly fluxional molecules
include IR and Raman spectroscopies as well as X-ray
crystal structure analysis.

In all cases discussed in this paper it will be assumed
that the rearrangements in question occur intramolec-
ularly, following a unimolecular, concerted mechanism.
Rearrangements that occur by dissociation-recombi-
nation processes—.e., intermolecular exchange—are
excluded.

Recent developments have shown that drastic dif-
ferences in the fluxional behavior exist among the cp
compounds of main-group elements. These differences
may be ascribed to (i) the nature of the main-group
element, (i1) the other ligands bonded to the main-group
element, and (iii) the substituents on the cyclo-
pentadienyl ring. These factors influence the rate of
prototropic shifts and the proportion of allylic and vi-
nylic isomers present in equilibrium enormously.
Furthermore, they determine specifically the activation
energy for the circumambulatory migration of the rel-
evant main-group element. These phenomena will be
discussed below in detail together with newer results
concerning the mechanism of sigmatropic rearrange-
ments and the stereochemistry at the migrating atom.

B. Influence of Main-Group Elements on the
Isomer Ratio in C;H;El-Type Compounds

In cyclopentedienyl compounds of the type C;H;El
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Figure 2. Schematic energy profiles for sigmatropic rearrange-
ments in C;H;El compounds.

two different sigmatropic processes are possible; these
are portrayed in Figure 1. First, a nondegenerate 1,2
hydrogen shift—corresponding to a 1,5 sigmatropic
rearrangement—may occur, producing isomers with the
element fragment in an allylic (a) or vinylic (b, ¢)
position of the cyclopentadiene system. Second, a de-
generate 1,2 shift of the element fragment may take
place, producing only identical compounds (a) with the
element in an allylic position.

Complete characterization of the dynamic processes
in these compounds, considering both 1,2 H shifts and
1,2 El shifts, is only possible by a rather complicated
kinetic scheme including many rate constants. So far,
only a few systems have been fully analyzed, although
many compounds have been investigated partially in
well-designed experiments.!®® The thermodynamic
data available from these investigations allow us to
differentiate, on a qualitatively scale, three situations
whose energy profiles are displayed in Figure 2 and can
be explained as follows:

Situation I: Due to strong back-bonding from the
vinylic = system into a vacant orbital at the main-group
element, the vinyl isomer is considerably lower in energy
than the allylic isomer. In addition, the activation en-
ergy for the 1,2 element shift is lower than that for the
1,2 hydrogen shift. The above situation is common for
cyclopentadienylboranes and well documented for the
compound C;H;BMe,:!® at —80 °C only the allylic iso-
mer, which is highly fluxional, is present; above —15 °C
apparently irreversible 1,2 H shifts occur to produce the
vinylic isomers, which are the only ones present at am-
bient and at higher temperature. To obtain the allylic
isomer, the temperature must be kept low throughout
the reaction. The other boron compounds collected in
Table 1 have not yet been investigated in detail but
seem to exhibit similar behavior.

Situation II: The allylic and vinylic isomers of cp
compounds have nearly the same energy; for element
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TABLE 1. Fluxional Cyclopentadienylboranes and
Derivatives

dynamic dynamic
compound behavior compound behavior
C,H,BMe,?® I C,H;BCly I
C,H,BE¢,% I C,H,;B(OMe),’ I
. o—\°
C,H,BEt,.py® I s <o:> I
C;H,BEt,NEt,% I A

P I
CsHsB
o

¢Lockmann, B.; Onak, T. J. Org. Chem. 1973, 38, 2552.
®Mikhailov, B. M.; Baryshnikova, T. K.; Bogdanov, V. S. Akad.

Nauk SSSR 1972, 202, 358. °Mikhailov, B. M.; Baryshnikova, T.
K. Izv. Akad. Nauk SSSR, Ser. Khim. 1976, 2399.

TABLE 2. Fluxional Cyclopentadienylsilanes

dynamic dynamic
compound behavior compound behavior

C:H;SiH "% II CsH;SiMe,- II
C;H;SiH,Cl® I (1-piperidyl)!
C;H;SiHCl® II (CsH;sSiMe,),0! II
C;H;SiMe,>=2 II [CsH5(SiMey0)]s- II
C5H5SiMe20123 I SiM6205H5l
C;H;SiMeCl,* II C;H;SiMe,0SiMe,Ph™ II
C5H5SiEt3""' I C5H5SiMe2(OSiMe2)2Ph’" I
CsH;SiEt,Cl* II CsH;SiMe,(0SiMe,),Ph™ II
C;H;SiEtCly* II C;H;SiMe,0OSiMe;™ II
C:H,;SiPrCl) II CsH;SiMe,0OSiMe,- II
C;H;Si(i-Pr)Cly" II (CeH3Cly)™
C;H;SiBuCly" II CsH;SiMe,0SiPh,™ II
CsH;Si(i-Bu)Cly" II CsH;SiMe,0SiMe,CI™ II
C;H;Si(CH=CH,)- II C;sH;SiMe,(08iMe,),C1™ II

Cly# C;H;Si(OEt) 5 II
CsH;SiPhCl,* II CsH;Si(OBu)s® II
CsH;SiMe,H" II C;H;SiMe(OEt)y II
CsH;SiMe,- II CsH;SiMe,OEt! I

(CH,CH=CH,) C;H,8iCl 2 I
C:H;SiEt,H* II C;H;SiFy* II
C;H;SiMePhCl* II (CsHy)oSiH b II
Cs;H;SiMe,- II (CsH3)SiMeyo? II

(CH,SiMey)? (CsHp),SiHCI II
(CsH;SiMey),CH,? II (CsH;),SiH? II

¢Hagen, A. P.; Russo, P. J. J. Organomet. Chem. 1973, 51, 125.
®Bonny, A.; Stobart, S. R. J. Chem. Soc., Dalton Trans. 1980, 224.
¢Kisin, A. V.; Korenevsky, V. A.; Sergeyev, N. M.; Ustynyuk, Yu. A. J.
Organomet. Chem. 1972, 42, 47. ¢Ashe, A. J., III J. Am. Chem. Soc.
1970, 92, 1233. ¢Mc Lean, S.; Reed, G. W. B. Can. J. Chem. 1970, 48,
3110. fAvramenko, G. J.; Sergeyev, N. M.; Ustynyuk, Yu. A. J. Orga-
nomet. Chem. 1972, 37, 89. 2Sergeyev, N. M.; Avramenko, G. J.; Us-
tynyuk, Yu. A. J. Organomet. Chem. 1970, 22, 63. *Shologon, L. M.;
Romantsevich, M. K.; Kul'kova, 8. V. Zh. Obshch. Khim. 1967, 37,
2315. ‘Shologon, L. M.; Romantsevich, M. K. Ah. Obshch. Khim. 1966,
36, 1846. ‘Maksimova, L. N.; Koshutin, V. J.; Smironov, V. A. Zh.
Obshch. Khim. 1973, 43, 1198. *Nametkin, N. S.; Chernysheva, T. L;
Babare, L. V. Zh. Obshch. Khim. 1964, 34, 2258. ‘Schaaf, R. L.; Kan, P.
T.; Lenk, C. T. J. Org. Chem. 1960, 26, 1790. ™Schaaf, R. L.; Kan, P.
T.; Lenk, C. T.; Deck, E. P. J. Org. Chem. 1960, 25, 1986. *Olson, M.
M.; Christenson, R. M.; U.S. Patent 2957901, 1960; Chem. Abstr. 1961,
55, 18628. °Frisch, K. C. J. Am. Chem. Soc. 1953, 75, 6050. P Martin,
R. W. U.S. Patent 2667501, 1954; Chem. Abstr. 1955, 49, 2493.
4Kumada, M.; Tsunemi, H.; Iwasaki, S. J. Organomet. Chem. 1967, 10,
111. "Koshutin, V. J.; Maksimova, L. N.; Emyashev, V. J.; Smironov,
V. A. Zh. Obshch. Khim. 1976, 46, 146.

fragments with electron-acceptor properties the vinylic
isomers may be energetically preferred. The activation
energies for the degenerate and nondegenerate shifts
are also very similar, though in most cases the rate for
the 1,2 H shift is lower than for the El shift. As a
consequence, a mixture of isomers is present, and the
two sigmatropic processes may be observed simulta-
neously in the usual temperature range. This situation
is typical for all cyclopentadienylsilanes (see Table 2)
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TABLE 3. Fluxional Cyclopentadienylgermanes

dynamic dynamic

compound behavior compound behavior
C;H;GeH,b8? I C;H;GePhy? I
(CsHpy),GeH,® II  (CsHy),GeMe, > II
CsH;GeH,Me? II CsH;Ge(OMe),* II
C,H;GeMey?* 11 CsH,Ge(OCH,CH,);N* I
C;H;GeMe,Et/ II C;H;GeMeCl,* II
C5H5G6Et373'f II C5H5GeEtCIf II
C;H;sGeBu,™ I CsH;GeCly* Il

%Hagen, A. P.; Russo, P. J. Inorg. Nucl. Chem. Lett. 1970, 6,
507. ®Stobart, S. R. J. Organomet. Chem, 1971, 33, C11. ¢Lesbre,
M.: Mazerolles, P.; Manuel, G. C.R. Hebd. Seances Acad. Sci.
1962, 255, 544, ¢Seyferth, D.; Hoffmann, H, P.; Burton, R.; Hell-
ing, J. F. Inorg. Chem. 1962, 1, 227. ¢Kocheskov, K. A.; Zemlyan-
ski, N. N,; Shriro, V. S.; Ustynyuk, Yu. A. Izv. Akad. Nauk SSSR,
Ser. Khim. 1976, 2407. Mironov, V. F.; Gar, T. K.; Leites, L. A.
Izv. Akad. Nauk SSSR, Otd. Khim. Nauk 1962, 1387,

TABLE 4. Equilibrated Isomer Ratios in
Cyclopentadienylsilanes C;H;SiMe, .Cl,

@—swea-,mx = .—SiMea-xCI, + @

SiMeg-,Cly
x ratio (a:b,c) x ratio (a:b,c)
0 90:10 2 50:50
1 79:21 3 35:65

TABLE 5. Cyclopentadienylphosphanes and Derivatives

dynamic dynamic
compound behavior compound behavior
C4H;PF,?5% Il (CsHj;),PSPh? 1/11
(C;H;),PF?% II (CsHy),PMe,*I-® 1/11
C;H;P(OBu)y® I/1I C;H;PPh,-Fe(CO) ¢ I/11
CgH;PPh,’ I/11 C;H;PCL,-W(CO);* II
C;H;PSPh,’ I/1I (C5H;),PBr-W(CO),¥ II
C;H;POPh,® I/1I C;H;PPhCLW(CO),¥ II

¢Kabachnik, M. J.; Tsvetkov, E. N. Zh. Obshch. Khim. 1960, 30,
322. ®Mathey, F.; Lampin, J. P. Tetrahedron 1975, 31, 2685.
¢Mathey, F.; Lampin, J. P. J. Organomet. Chem. 1977, 128, 297.

and has been described in detail for the compound
CsHE,SiMeg.zO_ZZ

The influence of ligand effects on the isomer ratio is
best documented by a series of cyclopentadienylsilanes
of the type C;H;SiMe;_,Cl.: The relative abundance
of vinylic isomers increases with an increase in the
number of chlorine ligands and /or in temperature® (see
Table 4). Presumably, situation II is also typical for
cyclopentadienylgermanes (see Table 3), but so far,
detailed investigations have not been performed. In the
germanium compounds C;H;GeCl; and CsH;Ge(OMe)s
the relative abundance of vinylic isomers in the equi-
librium is very small,?* compared to the abundance in
the silicon compounds.

Situation II can also be anticipated for most of the
cyclopentadienyl compounds of phosphorus (see Table
5), although they have not yet been investigated in
detail, partly due to their pronounced thermal insta-
bility. Both allylic and vinylic structures have been
assigned. Fluxionality due to PR, migration has been
found for C;H;PF, and (C;H;),PF.?%? A prototropic
rearrangement at ambient temperature has been proved
only for the complex C;H;P(C¢H;z;)CIW(CO);.2” The
behavior of those compounds where only vinylic
structures have been observed is on the borderline be-
tween situations I and II. In any case, allylic structures
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TABLE 6. Cyclopentadienylarsanes and Derivatives

dynamic dynamic

compound behavior compound behavior
CsH;AsMe, I (CsHy)sAs® II/11I
CzH;As(t-Bu),% I/II C;H;AsMe,-Cr(C0O),%® II
C;H;AsMeC1%# II C;H;AsMe,W(CO),;* II
C;H,AsF,?® III C;H;As(t-Bu)»W(CO);®  I/II
CyH,AsCl,?® III CyH,AsMe,*1- 2 Il
C;H;AsBr,?® I C;H;As(t-Bu),Me*I" % I/1II

¢Deubzer, B.; Elian, M.; Fischer, E. O.; Fritz, H. P. Chem. Ber.
1970, 103, 799.

TABLE 7. Fluxional Cyclopentadienylstannanes

dynamic dynamic

compound behavior compound behavior
C;H;SnMe 72 III (C;Hj;)38nMe,® III
C5H5SnEt36'f I1I (C5H5)2SnEt26'62-f III
C:;H;SnBu,%® III (CsH;),SnBu,® III
C;H.SnMe,CI%2 III (CsHj),SnPh,? III
C;H;SnMeCl ¢ III (CsH3)oSnMeCl¢ III
C;H;Sn(CH=CH,)Cl,# III (CsH;),SnEtCl¢ 111
C;H;SnPhCl,¢ III (CsH5)3SnClé3% I
C;H SnEt,CI¢ 111 (CsH;)3:SnPh® I
C;H;SnPh,Cl¢ III (CsH3)sSnMe®? III
C;H;SnCl¢# III (CsHj;)SnCH=CH,** III
CsH;Sn(0,CR) ¢ III (C;H;),Sn4.63% I

¢Kisin, A. V.; Korenevsky, V. A,; Sergeyev, N. M.; Ustynyuk, Yu. A.
J. Organomet. Chem. 1972, 34, 93. ®Jones, K.; Lappert, M. F. J. Or-
ganomet. Chem. 1968, 3, 295. ¢Cotton, F. A.; Musco, A.; Yagupsky, G.
J. Am. Chem. Soc. 1967, 89, 6136. ¢Kolosova, D. D.; Zemlyanskii, N.
N.; Azizov, A. A,; Ustynyuk, Yu. A.; Barminova, N. P.; Kocheshkov, K.
A. Dokl. Akad. Nauk. SSSR 1974, 218, 117. ¢Kocheskov, K. A.; Zem-
lyanskii, N. N.; Kolosova, N. D.; Azizov, A. A.; Subbstin, O. A.; Ustyn-
yuk, Yu. A. Izv. Akad. Nauk. SSSR, Ser. Khim. 1974. /Katsumare, T.
Nippon Kagaku Zashi 1962, 83, 727, Chem. Abstr. 1963, 59, 5184.
¢Ramsden, H. E. U.S. Patent 2873 287, 1959; Chem. Abstr. 1959, 53,
13108.

TABLE 8. Fluoxional Cyclopentadienylplumbanes

dynamic dynamic
compound behavior compound behavior
(CsHj),Pb? 111 (CsH;);PbMe,™ III
C,H,PbPh,% 111 CsH;PbEt,™ 11
(CsH;),PbPh,% I (CsH,),PbEt,™ III
C,H,PbMe,"” 11

must serve as intermediates along pathways using cp
transfer. Situation II is typical also for most of the
cyclopentadienyl compounds of arsenic (see Table 6).
Vinylic isomers have been detected at ambient tem-
perature to a small extent for the cyclopentadienyl-
arsanes C;H;AsMe, and C;H;AsMeCl? and exclusively
for the di-tert-butylarsino-substituted cyclo-
pentadienes,? which once more are on the borderline
between situations I and II.

Situation III: The energies of the allylic and vinylic
isomers are similar to those described in situation II,
but in contrast a very low activation energy exists for
the 1,2 El shift in comparison to that for the 1,2 H shift.
As a consequence, only the highly fluxional allylic iso-
mers can be observed under normal conditions; the H
shift will become important only at higher tempera-
tures, if at all. This is the typical situation for the
majority of cp compounds of the heavier elements in
main groups 3-5, as documented in Tables 7-10. »!
ground-state structures can be assumed for all of these
compounds and have been proved by X-ray crystal-
lography in the case of C;H;AlMe,,% C;H;GaMe,,!
(CsH;);3Ga,*? [(CsH;5),GaOEL],, % (CsHg)sIn, (CsHs),-
Sn,* C,H,PbPh;,% and (CsH;),Sb."

Jutzi
TABLE 9. Cyclopentadienylstibanes, -bismutanes, and
Derivatives
dynamic dynamic
compound behavior compound behavior
C;H;SbMe,"3# II1 C;H;Sb(t-Bu)»W(CO),* III
C;H;Sb(t-Bu),® 111 C;H;SbMe,*T-2° III
C;H;SbCL,™ 111 (CsHj5)sSbb¥7 III
C;H;SbMe,Cr(CO);® III C,;H;BiMe,* II1

C.H,SbMe,W(C0),® I

¢Krommes, P.; Lorberth, J. J. Organomet. Chem. 1975, 88, 329.
®Deubzer, B.; Elian, M.; Fischer, E. O.; Fritz, H. P. Chem. Ber. 1979,
103, 799.

TABLE 10. Cyclobentadienyl Compounds of Aluminum,
Gallium, Indium, and Thallium

dynamic dynamic

compound behavior compound behavior
C;H;AlMe, 17 III C;H;GaEty® III
CsH,AlEt,® III [(CsHs),GaOEL),® III
CsH,Al(t-Bu)y III (CsHj)3Ga®2 III
C;H,AIEt,-OEt,’ 11 C,H;InEt,’ 11
(CsHj),AIMe® III (CsHj)3In® 111
C;H;GaMe,3! I C,H:TIMe,? I

¢Knoll, B. R.; Naegele, W. J. Chem. Soc., Chem. Commun. 1969,
246. ®Stadelhofer, J.; Weidlein, J.; Haaland, A. J. Organomet.
Chem. 1975, 84, C1; 1976, 116, 55. ° Krommes, P.; Lorberth, J. J.
Organomet. Chem. 1975, 88, 329. 9Lee, A. A. J. Chem. Soc. A
1970, 2157,

The main conclusion to be drawn from this chapter
is that both the main-group element itself and its sub-
stituents have a drastic influence on the isomer ratio
of cyclopentadienyl compounds and, correspondingly,
on the rate of 1,2 hydrogen and 1,2 element shifts.

C. Fluxional Behavior owing to Element
Migration

1. Mechanisms: Stereochemistry at the Migrating
Atom

The intramolecular dynamics in many cyclo-
pentadienyl compounds have become clear with the
help of modern variable-temperature NMR techniques.
Asymmetric collapse of olefinic signals (*H, 13C) during
coalescence rules out a random migration, but the in-
ference of 1,2 or 1,3 shifts remained far from simple due
to the uncertainty of the assignment of signals to atoms
in 1/4 or 2/3 position® of the cyclopentadiene sytem.
It is now very probable that 1,2 shifts indeed occur:
clear evidence stems from different NMR criteria under
slow-exchange conditions.>151638 As mentioned already,
NMR data allow no conclusion to be drawn when—even
at low temperatures—only averaged signals (fast-ex-
change limit) are observed.

For a detailed mechanistic discussion it is necessary
to know the stereochemistry at the migrating center.
The symmetry-allowed 1,5 sigmatropic rearrangements
(1,2 shifts) in n'-cyclopentadienyl compounds can only
occur suprafacially.®® Because the frontier orbitals in
a cp fragment are degenerate, these migrations can in
principle take place either with retention or with in-
version of configuration at the migrating center. Which
stereochemistry will be more favorable depends on the
element and on the substituents.

In an important contribution, Stobart and co-work-
ers’® demonstrated experimentally that in cyclo-
pentadienylsilanes, -germanes, and -stannanes the 1,5
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sigmatropic rearrangements occur with retention of
configuration at the group 4 element. For the chiral
compounds of the type C;H;EIR(i-Pr)(Ph) (El = Si, Ge,
Sn) 'H and 3C NMR spectra show magnetically non-
equivalent methyl resonances for the prochiral isopropyl
substituent; this anisochronicity is temperature invar-
iant, thus establishing the retention of configuration at
the migrating center. Hence, by qualitative MO argu-
ments, transition-state geometry A is much more fa-
vorable than geometry B. This agrees with an MNDO
calculation.!

. -0.420
\" \ 0.318 R R\
R
! AY
@ @ -o. oso @ o.m
-0.087 -0.138 -0.320 0.149
Cc D

Interesting theoretical arguments have recently been
elaborated by Schoeller*?# concerning the stereochem-
istry at the migrating atom in cyclopentadienyl com-
pounds of the group 5 elements (N, P, As, Sb). Ac-
cording to energy-optimized MNDO calculations, the
1,5 sigmatropic process in cyclopentadienylphosphanes
can occur either with retention (geometry C) or with
inversion (geometry D) of configuration at phosphorus,
depending on the ligands within the PR, fragment;
electropositive ligands R favor inversion, whereas
electronegative ligands promote retention. The stere-
ochemistry in these rearrangements is also influenced
by electron-withdrawing or -donating substituents at-
tached to the cyclopentadienyl ring. According to
MNDO calculations,*® the cyclopentadienyl unit in
Cs;H;PH, is differently polarized in the transition state
for retention and inversion processes, as portrayed in
C and D (R = H). This results in various substituent
effects on the magnitude of the energy difference be-
tween the two transition-state geometries. Given the
same ligands, the tendency to favor retention over in-
version of configuration has been found to increase with
increasing principal quantum number of the group 5
element, i.e. in order N < P < As < Sb.4243 On the
other hand, in the sigmatropic rearrangements in cy-
clopentadienylboranes inversion over retention at the
boron atom is clearly favored.* Unfortunately, all these
predictions could not yet be substantiated experimen-
tally.

Insight into the structure of »? transition states passed
during sigmatropic rearrangements has been given by
le Noble and co-workers,® who have measured the
volumes ¢f activation for degenerate and nondegenerate
processes in some cyclopentadienyl systems. In every
case investigated the activation volumes were negative,
as evidenced by the pressure-induced enhancements of
rates. For the hydrogen migration in 5-(trimethyl-
silyl)eyclopentadiene the activation volume is -26.5
cm?®/mol at 30 °C; this observation requires consider-
able charge separation in the transition state E. The

- 0
oo Ne
(CH3)38i
E F G

trimethylsilyl group in the same molecule migrates with
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TABLE 11. Activation Energies for 1,2 Element Shifts in
Some Cyclopentadienyl-Element Compounds

compound  E,, kcal/mol  compound E,, kcal/mol
H,C:CMe,  >40° H,C;AsMe, 15.0 £ 0.3
H;C;SiMe, 18.0 £ 1° H;C;SbMe, 8.5 + 14
H,C;GeMe; 92+ 1>  MeC:NMe, =25°
H;C;SnMe, 7.8 %1 Me;C;PMe, 23.0 £ 0.5%
Me;C;CMe;  >40° Me;CsAsMe, 17.1 £ 0.4¢
Me,C,SiMe;  15.3 £ 0.2° Me;CsShMe,  11.3 % 1.4°
Me5C5GeM63 114 £ 1.3¢

Me5C5SnM63 <5¢

¢Estimated value. °Kisin, A. V.; Korenevsky, V. A.; Sergeyev,
N. M,; Ustynyuk, Yu. A. J. Organomet. Chem. 1972, 34, 93. ¢Jutzi,
P.; Hielscher, B.; Saleske, H., unpublished results. ¢Jutzi, P.;
Kuhn, M. J. Organomet. Chem. 1979, 173, 221, ¢Boche, G., un-
published results.

an activation volume of -12.5 cm?®/mol at 68 °C ac-
cording to a minor degree of charge separation, probably
in the opposite sense, as indicated in F. Finally, in
5-formylcyclopentadiene (activation volume —4 ¢cm3/mol
at —4 °C) there is no evidence for charge separation; the
transition state G has been formulated as a radical pair.

It can be concluded from these experiments that in
sigmatropic rearrangements of cp compounds various
transition states can be passed ranging from highly
dipolar ones to those that are completely dissociated
into radical pairs.

2. Influence of the Main-Group Element on the
Migration Rates

As mentioned already, cyclopentadiene systems with
main-group elements in allylic positions can undergo
1,5 sigmatropic rearrangements of the corresponding
element fragments (see Figure 1). The rates for these
migrations vary over a wide range, as it has been dem-
onstrated by investigation of cyclopentadienyl and
various substituted cyclopentadienyl compounds mainly
of elements in main groups 3-5. The comparatively
high thermal stability of the pentamethylcyclo-
pentadienyl compounds makes them most suitable for
the study of element migration. Furthermore, nonde-
generate methyl migrations, which can complicate the
analysis of element migration processes, are not ob-
served in the usual NMR temperature range.

Providing the substituents are the same, the heavier
elements in each main-group exhibit lower activation
barriers for migration. This has been demonstrated
qualitatively in many cases'®!® and in a more quanti-
tative fashion in the series CsH;ElMe;, C;Me;ElMe; (El
= C, Si, Ge, Sn) and CsHE,ElMeZ, CsMesElMEZ (El =N
P, As, Sb). The relevenat activation energies are sum-
marized in Table 11.

Cyclopentadienyl compounds of the heavier atoms in
the main groups 3-5 (Al, Ga, In, Te, Sn, Pb, Sb, Bi) are
generally so highly fluxional that it is impossible to
ascertain the mechanism for the rearrangements with
low-temperature NMR; estimated activation energies
are lower than 5 kcal/mol. In analogy with the dynamic
behavior of the lighter elements, a 1,2 shift can be an-
ticipated, but other mechanisms are also possible be-
cause for the heavier atoms the n!, #%, and »® structures
are very close in energy*® and might represent ground
or transition states in rearrangement processes.

Several theoretical calculations have been published
that explain the experimentally observed fluxionality
of cyclopentadienyl compounds and the differences in
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activation energies caused by variation of the main-
group element. A priori, the rates for sigmatropic re-
arrangements are determined by the relative differences
between n! ground states (represented by H) and »°
transition states (represented by I and J).

El CEl -
El 0
: 0 é
H I J

The bond strength between the cyclopentadienyl
carbon atom and the main-group element decreases in
the ground-state structures H going to the heavier
congeners in the periodic system, whereas it increases
in the transition-state structures I and J in the same
direction due to better overlap. The result is an overall
lowering of the relevant activation energies for the
heavier homologues.

Ground- and transition-state energies have been
calculated by different methods including qualitative
arguments based on symmetry and overlap—supported
by extended Hiuckel calculations—and on CNDO/2,
MINDQ/2, and ab initio molecular orbital calcula-
tions.*2#4647 Hoffmann and co-workers have consid-
ered the passage of a fragment El [El = H*, CH,*,
SiH,*, GeH;*, SnH;*, CH,?* (serving as a model for
BR,;" and AIR,™)] across the face of a C;H;™ ring moving
in a plane parallel to the ring at a distance d where
sizable interaction between the frontier orbitals of the
fragment El and the 7 system can be anticipated.* The
various sites along the transit line in these “haptotropic
shifts” have been labeled as 1n, 27, 3%, and 57 (see K)

In 3n 5q 29
e A T

in contrast with the true geometrically relaxed »* states.
These considerations show that the energies for the
haptotropic shifts depend strongly on the nature of the
fragment El. In the case of El = H*, CH;*, and SiH;",
the calculated 1n — 2y differences, which can be related
to the activation energy for the 1,5 sigmatropic shift,
have been found to be qualitatively correct; CNDO/2
and MINDO/2 calculations, which allow all geometrical
parameters to vary, order the activation energies more
correctly.*” The consideration of correlation effects
would lead to an even better fit between observed and
calculated activation energies.®

Hoffmann and co-workers have postulated in their
calculations an »? ground state for cyclopentadienyl-
boranes and -alanes. In contrast, Schoeller argues for
an n! structure in the ground state of cyclo-
pentadienylboranes from the results of energy-optim-
ized MNDO calculations.** Experimentally, »! struc-
tures have been established for some (pentamethyl-
cyclopentadienyl)boranes of the type Me;C;BR, (R =
NMe,, OEt, SEt, F) by their 'H and 3C NMR data*®5°
and for (Me;C;),BF by an X-ray diffraction study.®

An interesting correlation of ionization potentials
with fluxional behavior has been published.®"% o-7
hyperconjugation of the relevant H;C5s—El bond (El =
H, SiMe,, GeMe;, SnMe;, CH,, SiH,, GeHg, SiF;, PFy)

Jutzi

with the ring diene system in the ground-state struc-
tures of cyclopentadienyl compounds appears to be an
important factor in controlling the rates of sigmatropic
rearrangements. The degree of o—= hyperconjugation
can be estimated from the photoelectron spectra.

3. Substituent Effects on the Migration Rate

a. Substituents at the Migrating Center. Recent
investigations have clarified a sometimes surprisingly
large influence of the further substituents at the rele-
vant main-group element on the rate of sigmatropic
rearrangements. Systematic investigations have been
done with cp compounds of the elements boron, carbon,
silicon, germanium, phosphorus, and arsenic. The most
pronounced substituent effects have been observed in
pentamethylcyclopentadienyl phosphorus compounds.
The activation energies for sigmatropic processes lie
within the region of <5 and =35 kcal/mol (see Table
12); i.e., the structures of the relevant molecules have
to be classified within a range from highly fluxional to
rigid.

It is evident from the activation data in Table 12 that
the dynamic behavior of cyclopentadienyl phosphorus
compounds depends on the coordination number at
phosphorus. Whereas molecules with coordination
number 2 [i.e., 1-(pentamethylcyclopentadienyl)-2,2-
bis(trimethylsilyl)-1-phosphaethene® and bis(penta-
methylcyclopentadienyl)diphosphene®®] are highly
fluxional, those with coordination number 4 (phos-
phonium salts, phosphane sulfides and selenides, and
pentacarbonyl metal phosphane complexes with cyclo-
pentadienyl®’ or pentamethylcyclopentadienyl® ligands)
are rigid on the NMR time scale.?75

Surprisingly large differences in fluxionality are found
in phosphorus compounds with coordination number
3. From the activation data for the latter species the
following trends have been observed:*” (1) Elongation
of the carbon skeleton in alkyl substituents leads to
higher activation energies. (2) Substitution of an alkyl
or aryl group by a halogen atom leads to lower activa-
tion energies. (3) Among compounds containing pseu-
do-halogen and halogen substituents, a decrease of E
values is observed in the following order: CN ~ F >
Cl > Br; similar effects are observed when the sub-
stituents contain elements of main group 6 (O, S); (4)
Fixing oxygen-, sulfur-, or nitrogen-containing sub-
stituents in a five-membered ring system leads to com-
parably lower activation energies. Finally, the high E,
value for the 1,2 PH, shift in the (pentamethylcyclo-
pentadienyl)phosphane is remarkable.

Similar trends have been found for the few known
cyclopentadienyl arsenic compounds;? activation en-
ergies for these molecules are collected in Table 13.

The experimental data for the dynamic behavior in
cyclopentadienyl phosphorus compounds can be ex-
plained by somewhat sophisticated theoretical argu-
ments. A priori, a change of energy barriers depends
on the stabilization or destabilization of transition and
ground states. In cyclopentadienyl phosphorus com-
pounds these states can be described by the frontier
orbital interaction of the corresponding phoshorus
fragment with a cyclopentadienyl unit. The sigmatropic
rearrangements in some relevant cyclopentadienyl
compounds with trivalent phosphorus have been ana-
lyzed on the basis of differential frontier orbital theory
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TABLE 12. Activation Energies for 1,2 Element Shifts in Pentamethylcyclopentadienyl Compounds of Phosphorus

compound E,, keal/mol compound E,, kcal/mol
Me;C;P=C(SiMe;), <8.0 £ 1%% Me;C;P(CN), 16.4 % 0.3%7
Me;C;P=PC;Me; <gass
Me;C;P(OMe), 21,2 + 0.4%
Me;C;PMe, 23.0 £ 0.5%7
Me;CsP(SMe), 17.5 £ 1.3%7
57
MescsPG 27.4.% 1.2
Me;C;P(NMe,), 19.0 £ 1.2%7
Me 16.4 £ 1,197
v . .
CsP
MesCe el
Bu-t 21.3 £ 1.7 e PP] 16.3 + 1.6%7
MegCgP ests
e5Cs \c| \O
Me;C;P(Ph), 24.3 + 1.0 3 15.2 £ 0.5%7
MesCsP ]
s
MesCsP(CoFs)s 17.2 £ 3.2%7 ,“M*’} 6.2 + 0.6%7
Me sCgP
\NMe
P 13.4 % 2.9%7 ° 12.3 £+ 0.857
MescsP\CI Me5C5P‘0
Me;C;PH, 31.3 £ 1.8%
Me;C;PMe;*T" >35¢9,%
Me;C;PF, 16.7 £ 0.757 Me;C:P(S)R, >35%:56
Me;C;PCl, 12.0 £ 1.6%7 Me;C;PR,-Cr(CO); >3558
Me5C5PBr2 52 % 3.157
¢ Estimated value.
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Figure 3. Interaction diagram for the formation of 2 structures from the frontier orbitals of a pentamethylcyclopentadlenyl unit

and of EIR, fragments (El = B, P).

using EH and energy-optimized MNDO calculations.*?
The substituent effects on the frontier orbitals of the
n? transition state will be considered first. They are
illustrated in Figure 3 for the case of retention of con-
figuration at phosphorus. It is important to note that
PR, fragments possess a frontier orbital system analo-

gous to that of carbene anion radicals. The predomi-
nant orbital interaction occurs between the p orbital at
the sp>-hybridized phosphorus in the pseudoallylic PR,
fragment with one component (a’ within C, symmetry)
of the degenerate cp set. The overlap of the ¢ orbital
at phosphorus with the relevant cp set is less favorable.
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TABLE 13. Activation Energies for 1,2 Element Shifts in
Cyclopentadienyl Compounds of Arsenic

EA! EA!
compound kcal/mol compound keal/mol
H,CsAsMe, 150 + 0.3% H,CsAsMe,'T- >19%

H,C;As(Me)Cl 12.1 % 0.3% H;C;AsMeyCr(CO);  >19%
H,C,AsCl, <708

¢ Kstimated value.

E

—CH
- ! o -~ Cp—P=)-N CHs
. X
b /
! \ CHj
] i
! !
! !
! I
i )
lI I\
S t’ Nt - CP—.P,——N(CH-;)Z
N(CH3),

Figure 4. Schematic energy profiles for the 1,2 shift in CpPNR,
systems.

Replacement of the hydrogens in PH, by other groups,
especially by those bearing lone pairs (i.e. Hal, OH, SH,
NH,), changes the energy of the relevant p orbital and,
therefore, has great influence on the energy of the
transition state. If the ligands R belong to the same row
in the periodic table, the energy of the SOMO (single-
occupied molecular orbital) decreases with increasing
atomic number, i.e. in the order R = NH, > OH > F
or R = PH, > SH > C1.%® These changes in frontier
orbital energy coupled with those in frontier orbital
overlap determine the relevant energies of the transition
states.

Let us now consider substituent effects on the
ground-state energies of ¢cpPR,; compounds. In the
ground state the phosphorus atom is hybridized as usual
(~p®. As a consequence, mesomeric effects in the PR,
unit cannot influence ground-state energies signifi-
cantly, while lone-pair interactions within a PR, unit
can. In compounds with alkoxy, thioalkoxy, or alkyl-
amino ligands there is a tendency to minimize repulsion
between the lone pairs at phosphorus and at the het-
eroatoms. There is much more repulsion when the lone
pairs are forced into a nearly parallel orientation, which
occurs when the ligands are part of a five-membered
ring, as illustrated in Figure 4. The destabilization of
the ground states reduces the overall energy barriers
for migration (see Table 3). This explanation is best
confirmed by comparison of the E, values in cpPR,
compounds with R = (NMe,), and NMeCH,CH,;MeN.

The low activation energies observed for the sigma-
tropic rearrangements in cp compounds with divalent
phosphorus can be explained by a pronounced stabili-
zation of the n? transition state, caused by interaction
of the cp = system with the =* orbital at phosphorus.
No marked stabilization of the relevant transition states
can be expected for cp compounds with tetravalent
phosphorus. Consequently, cp-substituted phospho-
nium salts, phosphane sulfides, and phosphanes bound
to a transition metal possess high activation energies
for rearrangements; rigid structures have been found

Jutzi
TABLE 14. Activation Energies for 1,2 Element Shifts in
Cyclopentadienyl Compounds of Carbon, Silicon, and
Germanium

E,, E,,
compound kcal/mol compound kcal/mol

Me;C:CH, 40° H;CsGeMe, <11%#
Me;C;COCl 200 H;C;Ge(OMe); ~10%
Me;C;COMe 18%0 H;C:Ge(OCH,CH,);N 10.7%#
MesC;COR-AICl;  5-18% H;C;GeCly4 11.9%
Me;C;COOEt-AICl; 185 Me;C;SiMey 15.3 £ 0.28
Me;C,CHO 13.8 £ 0.3% Me;CsSiMe,Cl 13.8 £ 1.2%
H;C;SiH, 13.6 = 0.1%2¢ MeyCsSiMeCly 13.5 + 0.5%
HCsSiH,Cl 12.9 £ 0.1%2¢ Me;CsSiCly 13.1 £ 119
H;C;SiHCl, 18.5 + 0.152¢ Me;Cs;GeMe,Cl 14.7 & 1,08
H5C§SiM63 15.2%¢ Mer,Cf,GeMegF 15.2 +£ 128
H;C5SiMe,Cl 15.5%38 Me;C;GeMe,l 13.8 £ 0,788
H5C5SiMeC].2 15.9%« Mef,Cf,GeMegOMe 15.7 £ 1.5%
H;C;SiCly 16.3%« Me;C;GeMe,SMe 14.9 + 1.4%8

¢Estimated value from C;H,Me;: Mc Lean, S.; Findlay, D. M. Can.
J. Chem. 1970, 48, 3107. *Kohl, F. X.; Jutzi, P., unpublished results.
¢ AQgt.

for these compounds. However, fluxional structures
have been observed in cp compounds of the congeners
in the same bonding situation,?® presumably due to
comparable weaker E]-C ¢ bonds in the ground-state
structures and less steric hindrance in the »? transition
states.

Pronounced substituent effects on the rate of sig-
matropic rearrangements have been observed in pen-
tamethylcyclopentadienyl carbon compounds; activa-
tion parameters are summarized in Table 14. A high
activation energy can be estimated for the shift of a
methyl group, but caution has to be exercised in as-
suming a concerted process.”® According to Table 14
an sp>hybridized carbon fragment migrates signifi-
cantly faster than a sp® carbon fragment. This has been
explained by qualitative MO arguments for C;H;CHO.
The frontier orbital interactions in an 5? transition state
for the migration of a formyl group are portrayed in L
and M, indicating a stabilizing effect in M by electron

H & -
0
Hal AP AP R__-CAICls
'8| .c“ ¢
L M
N

delocalization.®® This situation is comparable to that
in cp compounds with divalent phosphorus due to the
isolobal relationship between —C(H)=0 and —P=X
fragments. For the Me;CsCOR adducts with aluminum
trichloride, it was suggested that a bicyclo[3.1.0]hexenyl
zwitterion N likewise might be a high-energy interme-
diate in the migration, so that the observed rear-
rangements would not be truly sigmatropic.®!

Much less dramatic substituent effects have been
observed for cyclopentadienyl compounds of the group
4 elements silicon and germanium, although this class
of compounds has been studied extensively. The ac-
tivation energies for some relevant cyclopentadienyl and
pentamethylecyclopentadienyl silicon and germanium
compounds are summarized in Table 14. The substi-
tution of hydrogen by halogen atoms in cyclo-
pentadienylsilanes lowers the corresponding activation
energy only to a small extent (~2 kcal/mol?3#%); the
same is true for the substitution of halogen atoms by
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TABLE 15. Activation Energies for the 1,2 Boron Shift in
Some Pentamethylcyclopentadienyl Boron Compounds

E,, AG st AH*, ASY,

compound keal/mol  keal/mol kecal/mol cal/deg-mol
Me;Cs;BMe, <5
Me;C;BCl, <5
Me;C;BBr, <5
Me;C;BI, <5
Me;C;BF, 128+20 114 12.2 2.8 £0.9
Me;C:B(OMe), 13305 144 12.7 -5.7 £ 2.8
0
MescsBl\ j 14.5 £ 0.6 10.9 13.9 10.0 £ 1.4
0
Me;C;B(SEt), 6.4 0.7 10.2 5.8 -14.8 £ 2.8
,Sj 6909 1L3 63  -16.6 + L1
MescSB\
Me;CsB(NMe,), 206+ 1.2  17.2 20.0 9.5 + 0.3
M 281+21 2Ll 22.5 50 % 1.3
Mescsa\ ]

NMe
Me;C;BCly-py >25
Me;C;Bl.2pyt >25

methyl groups,” but in pentamethylcyclopentadienyl
compounds the sequence is reversed.’® Similar weak
substituent effects have been measured for cyclo-
pentadienyl- and (pentamethylcyclopentadienyl)ger-
manes, 48

An explanation for these observations in silicon and
germanium chemistry can be given in terms of the
bonding in the relevant ground and transition states.
Mesomeric effects—mainly responsible for differences
in the dynamic behavior of ¢cp compounds with groups
3 and 5 elements—cannot occur in compounds with
tetracoordinated or higher coordinated group 4 ele-
ments. Hence, a pronounced ligand influence on the
speed of sigmatropic rearrangements is not expected.

Rather drastic substituent effects are found in a series
of pentamethylcyclopentadienyl boron compounds.%5
The measured activation energies for sigmatropic re-
arrangements are collected in Table 15. The migration
rates can be correlated with the Lewis acidity of the
relevant boron atom; e.g., rapid migrations are observed
for the dichloro and the dimethyl boron compounds and
rather low rates for the amino-substituted boranes.
Finally, no dynamic behavior is found for some pyridine
adducts of pentamethylcyclopentadienyl boron species.
Differential frontier orbital calculations agree with ex-
periment.** The predominant orbital interactions be-
tween a BR, and a C;Me; fragment in the »? transition
state are illustrated in Figure 3. Mesomeric ligand
effects in a pseudoallylic BR, fragment can be trans-
ferred into the cp unit and, therefore, markedly influ-
ence relevant transition-state energies.

b. Substituents at the Cyclopentadienyl Ring.
So far only the influence of the main-group element
itself and of the substituents at these main-group ele-
ments on the rate of sigmatropic rearrangements has
been discussed. Experimental data and calculations
show, however, that the substituents at the cyclo-
pentadienyl ring also have an interesting influence.

Two different situations have to be discussed. In the
first case, all five hydrogens in the cyclopentadienyl
system are substituted by other atoms or groups of
atoms; in the second case, substitution only takes place
at certain ring positions.

As an example of the first situation, it has been shown
experimentally that an increase in activation energy of
about 2 kcal /mol takes place on going from the cyclo-
pentadienyl to the pentamethylcyclopentadienyl system
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TABLE 16. Activation Enthalpies (kecal/mol) for R’;C;BR,
Systems, Determined by Energy-Optimized MNDO
Calculations

R/

R H Me F Cl
H 18.0 18.5 18.7 25.8
F 33.6 318 37.5 38.8
OH 36.3 30.5 39.8 39.4
NH, 37.8 30.6 40.7 39.8
SH 28.3 18.7 32.1 3L.5

TABLE 17. Activation Enthalpies (kcal/mol) for R’;C,PR,
Systems, Determined by Energy-Optimized MNDO
Calculations

R/

R H Me SiH, cl F
H 40.7 39.7 40.0 756 478
F 406 376 400 393
OH 38.1 32.8 32.5 334 339
NH, 348 274 26.9 254 260

in a comparable series of compounds (see Table 12).
The ground and transition states of sigmatropic rear-
rangements may be differently influenced by substitu-
ent effects, so that whether these processes are accel-
erated or decelerated depends on the circumstances.
Schoeller has calculated the activation enthalpies for
a variety of substituted cyclopentadienylboranes and
-phosphanes,*?* replacing the hydrogens at the cp ring
by alkyl or silyl groups or by halogen atoms. The results
of these calculations are portrayed in Tables 16 and 17.
In cyclopentadienylboranes, electron-withdrawing sub-
stituents (e.g., F and Cl) in the cyclopentadienyl unit
raise and electron-donating substituents (e.g., CHj)
lower the overall reaction enthalpies. In cyclo-
pentadienylphosphanes no comparable trends can be
discerned. This can be understood by inspection of the
interaction of the relevant frontier orbitals in both
systems. These theoretical predictions will be difficult
to be substantiated experimentally.

Of the second situation there are some examples in
the literature that document the influence of the sub-
stitution of one or two hydrogen atoms in the cyclo-
pentadienyl unit. These situations will be discussed in
the following sections (IV, V).

D. Steric Constraints

In sigmatropic rearrangements of cyclopentadienyl
and pentamethylcyclopentadienyl compounds, the
steric repulsion of bulky ligands perturbs the higher
coordinated transition states more than the ground
states. Although this implies higher activation en-
thalpies and—even more characteristically—higher
negative activation entropies, conclusive experimental
verification has been rare. Ustynyuk and co-workers?
attributed the highly negative activation entropy of
-36.2 eu to the steric effect of the triethoxyamine ligand
in the germatrane H;C;Ge(OCH,CH,);N, where the
germanium in the transition state is six-coordinated.

On the other hand, steric repulsion can occasionally
raise the ground-state energies as well. This was doc-
umented, for example, by the distorted bond angles
seen by X-ray diffraction in several pentamethylcyclo-
pentadienyl silicon compounds.’*% If the ground and
transition states are raised by about the same amount,
no pronounced changes in the activation data are to be
expected.
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TABLE 18. C;H,REl-Type Compounds (R Nonmigrating)

CH,MeBEt,* CH,MeGeH, (CsH,Me),PbMe,™

C;H MeBEt,-py® C;H,MeGeMe,™ C;H MePbEt,"

CH,MeBCL* (CsHMe),Ge®™  (C4H,Me),PbELt,”

C:H,MeSiH, C,H,MeSnMe, C,H,MePF,?

C:H,MeSiMe,™ C:H,MeSnMe-i- (CsH,Me),PF2
PrPh™

CsH,MeSiMe,0SiMe;Pht  C;H,(CPhy)SnMe;™  C;H,MeAsMeCI™
C;H,MeSiMe,Cl? (C;H Me)Sn*701 C;H,MeAsMe,®
C.H,(CPhy)SiMe;™ C,HMePbMe;,®  C.H,MeSbMe,™

¢Campbell, C. H.; Green, M. L. H. J. Chem. Soc. A 1971, 3282.
®Schaaf, R. L.; Kan, P. T.; Lenk, C. T.; Deck, E. P. J. Org. Chem. 1960,
25, 1986.

Steric effects must be responsible for the unusual
fluxional behavior of some cyclopentadienylarsanes.9%
Thus, the compounds with two tert-butyl groups at the
arsenic atoms are the only ones that exist exclusively
as rigid vinylic isomers, whereas the other cyclo-
pentadienylarsanes mainly consist of fluxional allylic
isomers, as documented in Table 6. In the first case,
steric constraints lead to higher activation energies for
the arsenic shift and, therefore, favor prototropic re-
arrangements leading to vinylic isomers, as already
described in Chapter IIB.

II1. Cyclopentadlenyl Compounds of the Type
CM RE!l [R Nonmigrating]

Dynamic processes in compounds of the type
Cs;H,REI include degenerate and nondegenerate El
shifts as well as nondegenerate H shifts, as documented
in Figure 5.

Only 3 of the 11 possible isomers, namely a—c, are
expected to be fluxional at ambient temperature due
to sigmatropic El shifts. The other isomers d-1 with the
El group in vinylic position should be rigid; H shifts are
expected only at higher temperature. In more detail,
the equilibrium isomer contribution (a:b:c) as well as
the rate of interconversion must be considered.

The C;H,RE] compounds known so far with group
3-5 elements are collected in Table 18. In principle,
the rules elaborated for C;H;El compounds (Chapter
IT) can be applied also for the C;H,MeEl compounds.

Boryl and alkyl ligands strongly prefer the vinylic
positions of a cyclopentadiene skeleton. Therefore, in
methylcyclopentadienyl boron compounds some isomers
a priori can be excluded or should be observable only
at rather high temperatures. Grundke and Paetzold®®
have shown that in (methylcyclopentadienyl)diethyl-
borane and its pyridine complex only the isomers d and
g are present at ambient temperature. Similar obser-

Figure 5. Sigmatropic rearrangements in C;H,REI compounds.
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Figure 6. Isomer ratios in the rearrangement processes of some
(methylcyclopentadienyl)germanes.

vations have been made for (methylcyclo-
pentadienyl)dihaloboranes.®’

In well-designed experiments Stobart and co-workers
have investigated some (methylcyclopentadienyl)si-
lanes, -germanes, and -stannanes.’8886%71 Steric re-
quirements of the substituents R in the EIR; group
together with the size of El will control the equilibria
and the activation energies in the rearrangement pro-
cesses.

As expected, all tin and lead compounds of the type
C;H MeEIR; are highly fluxional. Due to the rapidity
of the R4El shifts no conspicuous spectral changes occur
within an accessible temperature range. Fast nonde-
generate rearrangements involving predominance of the
nongeminal isomers of type ¢ have been discussed,
leading to an AA’XX’ type 'H NMR spectrum for the
cp protons, 89707278

{Methylcyclopentadienyl)germanium compounds ex-
hibit the full range of dynamic behavior in a convenient
temperature range. A detailed analysis®®72 documents
interesting steric effects on the isomer ratio in these
rearrangements. In the compound CsH,MeGeHs;,
nearly equal amounts of the isomers ¢ and b have been
found, whereas in C;H,MeGeMe; and—even more in
(CsH Me),Ge—the nongeminal isomer ¢ predominates
(see Figure 6). Steric constraints grow in the direction
GeH; < GeMe; < Ge(C;H,Me); and seem to be re-
sponsible for the preference of isomer ¢. In all three
cases the exchange processes have been discussed in
terms of vanishingly small equilibrium concentrations
for the geminal isomer a. Furthermore, hydrogen mi-
gration is not facile, although additional signals appear
in the NMR spectra of samples stored for several
months at room temperature.

The fluxional behavior of (triphenylmethyl)cyclo-
pentadienyltrimethylsilane and -stannane has been in-
vestigated by Klaui and Werner.”* Contrary to the
methyl ligand the triphenylmethyl ligand prevents the
nondegenerate rearrangements ¢ = b = a, presumably
due to steric constraints. The exchange mechanism in
these compounds corresponds to the degenerate process
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¢ = ¢. The migratory aptitude for the trimethylsilyl
and -stannyl group is as expected. For the silicon
compound prototropic rearrangements have been ob-
served at rather high temperature.

Only a few methylcyclopentadienyl compounds with
group 5 elements are reported in the literature. The
dynamic behavior of (methylcyclopentadienyl)di-
fluorophosphane? and -dimethylarsane™ is comparable
to that of the trimethylgermyl species; that of the di-
methylstibino compound™ corresponds to the tri-
methylstannyl species.

IV. Cyclopentadienyl Compounds of the Type
CsH (El),

In this and the following chapters the structures
(isomer ratios) and fluxional behavior of polymetalated
cyclopentadienes are described.

In compounds of the type C;H (El),, seven isomers
can be formed by sigmatropic rearrangements of hy-
drogen or of the El fragment if both elements are
identical, as depicted in Figure 7; with different ele-
ments 10 isomers are in principle possible. The
C;H,(El); compounds known so far are collected in
Table 19. Considering the differing migratory apti-
tudes of El fragments and the differing preference of
vinylic positions, the most probable isomers for these
cp compounds can be predicted. Typical situations will
now be discussed in more detail.

Diboryleyclopentadienes C;H,(BR,), (R = F, Cl, Br,
I, NMe,, Me) and the pyridine adducts C;H,(BRopy),
(R = Cl, Br) all exist only as the vinylic isomer e; they
are rigid in the usual temperature range. Isomers with
allylic boron ligands that rearrange by rapid hydrogen
shifts must have been passed during synthesis by cp
transfer.”” The situation in boryl and silyl substituted
cyclopentadienes C;H,(BR,)SiMe,®’ is much more
complicated. In all isomers present, the boryl group is
found in vinylic position, whereas the trimethylsilyl
group may occupy a vinylic or an allylic position. The
latter compounds are fluxional due to sigmatropic shifts
of the Me;Si group.

The fluxionality of the group 4 compounds C;H,
(ElMe;), (El = Si, Ge, Sn) has been intensively studied
by the group of Ustynyuk.

The 'H and 3C NMR spectra of C;H,(SiMe;),’® re-
corded at —30 to +220 °C indicate a mixture of the
isomers a, ¢, d and e, in the ratio 132:3.6:2.2:1 at —-30 °C.
Isomer c¢ exhibits a degenerate metallotropic rear-
rangement that proceeds via the 1,2 shift of the allylic
Me;Si group [E, = 14.5 = 1.8 kcal/mol]. The inter-
conversion of a and ¢ proceeds via two successive 1,2

E

RO2

Figure 7. Sigmatropic rearrangements in CsH,(El), compounds.

Chemical Reviews, 1986, Vol. 86, No. 6 993

EI ] EI
El \ / \
EI@<
7 Y4
I 1 :@—4

El El

TABLE 19. Main Isomers (30 °C) of C;H,(El),-Type
Compounds

isomer ref isomer ref
BR2 77 SiMe3 84
SiMez0Me
BR, ! Me /Me 84, 92
R=F.Cl,Br.I, NMez. Me s
= LD
BR2 *py 77 si
Me Me
BRz2-py SiMes 79
R=CI.Br
R GeMej
i : 67 GeMes 79, 80
SiMe3 ©<
GeMeg
SiMe3 GeMeg 79, 82
BR2=BClz, BBra, BOEb),, @< ’
BCIMe, BBrMe, B(NMe2), SnMeg
E><SiM°3 78 SiMes 89
SiMes E: :SnMea
©<SiMea 79 SnMe3 79, 80
SiR3 SnMe3
SiR3=SiMesCl, SiMeCl3
Me Me 81
SiMes 92 q\sn/\p
SiMez-f-Bu Me—Sn Sn-—Me
/

iMe3 87 Me Me

SnMeg 29

24

PMez

L

AsMe;
SiMes 29 SiMes 75

L
Q

AsMez SbMez
SnMeg 29
As(f-Bu), 29 ©<
SiMeg SbMez

shifts of the Me;Si group with the isomer b as a high-
energy intermediate [E (a—c) = 18.6 kcal/mol; E,-
{c—a) = 15.8 kcal/mol]. Above 120 °C hydrogen mi-
gration has been observed including the isomers c-e[E,
(e—>c) = 21 kcal/mol].

The NMR spectra of CsH,(GeMes); and C;H,-
(SnMe;), have been recorded in the range —130 to +190
°C.%% A nondegenerate rearrangement a = ¢ has been
found to occur in both compounds. The equilibrium
lies well toward the 5,5 isomer, especially in the tin
compound, where the existence of the isomer ¢ could
only be proved chemically (metalation with an amino-
stannane).
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Typical for the above compounds are AA'BB’-type
'H NMR spectra that can represent (1) rigid isomers
of type a, (2) a highly fluxional mixture of isomers a =
¢ with a high content of a in the equilibrium, and (3)
a highly fluxional mixture with greater concentrations
of ¢; in the latter case the AA’BB’-type spectrum is
shifted to higher field and the methyl signal of the
ElMe; group moves gradually downfield with increasing
temperature due to the vinylic EIMe; character in c.

The presence of the geminal isomer has been shown
for the tin compound C;H,(SnMe;), also by a crystal
structure analysis.?! The cyclopentadiene ring has been
found to be planar; the tin—carbon (cp) bond length is
in the expected range (2.18 A).

A complicated intramolecular dynamic process, pre-
sumably based on 1,5 sigmatropic rearrangements, has
been discussed for the highly fluxional trimer
[C;H,SnMe,]3,%? mainly existing as the 5,5 isomer (see
Table 19). In contrast, a much less fluxional dimer has
been found for the corresponding silicon species
[C;H,SiMe,], existing as a mixture of the isomers O and
P in solution; the isomer O has been investigated by
X-ray crystallography® and is the only one present in
the solid state.

Me Me Me Me 0.871

0.580
SiHs S'Ha
| I
C[ D g @ <5
-0.029 -0.027 -0.077 -0.022
R
Me Me
O P

The substitution of one of the hydrogen atoms in a
cyclopentadienyl unit by another main-group fragment
importantly influences the migration rates of sigma-
tropic rearrangements. This is documented in the lit-
erature by some interesting examples. The degenerate
migration ¢ = ¢ (see Figure 7) of a trimethylsilyl group
is retarded by a further trimethylsilyl ligand in the
3-position of the cyclopentadiene system.”® However,
it is accelerated by a trimethylsilyl or by a boryl ligand
in the 2- and/or 4-position; %" activation energies for
the Me;Si shift drastically decrease in the ligand order
Me,Si > B(OEt), > BCIMe > BCl,.5" These effects can
be understood from charge density data for the ground
and the transition state in cyclopentadienylsilane,™ as
portrayed in Q and R. In the transition state, negative
charge is accumulated in positions 2 and 4 of the cp
ring. Consequently, the introduction of electron-ac-
ceptor substituents at position 2 and/or 4 should sta-
bilize the transition state and accelerate the rear-
rangements. Just this effect results from the intro-
duction of a trimethylsilyl or a boryl group, which acts
as electron acceptors.

The effect of hydrogen substitution on the 1,2 hy-
drogen shift has also been studied in few examples. A
methyl group in the allylic position has been found to
accelerate the 1,2 H shift,® whereas a halogen sub-
stituent slows down this rearrangement.%

V. Cyclopentadlenyl Compounds of the Type
CH(El);

All compounds of the type CsHg(El); so far known in
the literature possess at least two El fragments with

Jutzi
TABLE 20. Main Isomers (30 °C) of C;H;(El);- and
CsH,(El),-Type Compounds
isomer ref isomer ref
R2B_ SiMes 87 MezP, SiMe3 87
SiMe3 SiMe3
R=Cl.Br, OEt, NMe, SiMe3 87
Me3Si SiMes 89 P \©<
\©< SiMes .
SiMeg Me 3Si SbMe; 87
Me3Si SiMe3 82, 88
t>< iMe3
SnMes Me3Si SiMes 89, 90
Me3Si GeMeg 82, 88 m
\©< Me3Si SiMeg
SnMej Me3Sn SnMes 82 88
MeaSi SnMes 82, 88 j@<
\©< Me3sSn SnMe3
SnMes RMeP SiMes 87
MegSn SnMe j@<
s 82 MegSi SiMes
SnMes R=Me, Cl

group 4 elements. The most stable isomers at ambient
temperature are collected in Table 20. Their structure
can be predicted by using the fact that the preference
for the allylic over the vinylic position grows in the
direction R,B < R,P < MeySi < MesGe < MesSn <
Me,Sh. Thus, the compounds C;H;(SiMe;),BR,*" and
C;H;(SiMe;),PR,* exist mainly as the isomer with a
vinylic BR, or PR, group. In the compounds C;Hg-
(Me3Si)(Me;Ge)(Me;Sn)3#88 and C;H;(SiMe;),SbMe,™
a Me;Si group is bonded to a vinylic carbon atom. For
steric reasons those vinylic positions not adjacent to the
allylic ones are preferred in the most stable isomers.

Detailed investigations of the dynamic behavior of
these compounds are scarce. Temperature-dependent
'H NMR spectra have been described for the compound
Cs;H3(Me;Si),BBr,.%” At -10 °C mainly the isomer S is
present. With increasing temperature more of the
isomers T and U are observed in a rapidly equilibrating
system due to 1,2 migration of one of the allylic Me;Si
groups.

BraB SiMes BrB
= SiMe; —
SiMes
S SiMes
T
BraB
SiMes

MegsSi

u

Similar observations have been made for the com-
pound C;H;(SiMe;);.8® Clearcut temperature depen-
dence of line shapes and line intensities in the 'H and
13C NMR spectra of this cp compound demonstrate that
metallotropic and at higher temperatures also proto-
tropic rearrangements do occur. A series of successive
1,2 shifts of the MesSi group is most probable, including
the isomers V and W.

The process V = V has been considered as quasi-
degenerate;® the content of isomer W in the equili-
brated mixture is low at ambient temperature. [Mea-
sured values for activation energies: V=W, 17.8 £ 0.3
kcal/mol; W = V, 14.1 £ 0.3; W = W, 12.3 = 0.3].
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Me3Si SiMes MesSi

3 SiMe =

SiMe3
v SiMes
w
MegSi MegSi
— .

D‘SiMs ~ Me38i>©'S|Mea

Me3Si Vv
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Concerning the activation energies for the tri-
methylsilyl shift in the compounds CsH;(Me;Si),BBr,
and Cy;H3(Me,Si),, it is important to note that the BBr,
group stabilizes the »® transition state more than a
Me;Si group, thus accelerating the rearrangement T =
U in comparison to W = W,

The dynamic processes in the compounds C;H;-
(Me3Sn); and C;Hs(Me;Si)(MesSn), have been followed
also by 11%Sn NMR spectroscopy.?? In C;H;(Me;Sn)s
two distinct resonances for the Me;Sn groups in the
vinylic and allylic positions (compare with V) of the
cyclopentadiene have been observed at ~80 °C due to
a nearly rigid structure on the '%Sn NMR time scale.
At ambient temperature an average signal indicates fast
quasi-degenerate metallotropic rearrangements. In
principle, the averaged chemical shift cannot be tem-
perature dependent. However, if the process is non-
degenerate, the chemical shift must exhibit strong de-
pendence upon temperature, reflecting a displacement
of the fast metallotropic equilibrium. This has been
demonstrated for C;Hs(Me;Si)(MesSn),. The observed
change in chemical shift corresponds to a greater por-
tion of the isomer Y with a vinylic Me3Sn group in the
equilibrium X = Y.

Me3Si SnMes Me3Sn
\©< = MeasiQ—SnMea
SnMes v

X

Finally, fast metallotropic rearrangements of the
Me,Sh group already at ambient temperature have been
found for the compound Cz;H;(Me;Si),SbMe,.87

An interesting example for the complexity of sigma-
tropic rearrangements in polymetalated cp compounds
has been presented by Becker.® Reaction of antimony
trichloride with sodium cyclopentadienide in tetra-
hydrofuran as solvent leads to Na(C,HgO);[Sb(C;-
Hj)(CzH;)] whose surprising structure (see Z) has been

Sb ﬁ
?CSESE ‘Sb/%

<3

-

proved by an X-ray diffraction analysis. At about 60
°C fast degenerate rearrangements take place in this
compound, leading to four equivalent C;Hjs units, as

z
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demonstrated by the appearance of only one doublet
and one triplet in the ratio 2:1 in the 'H NMR spec-
trum.

VI. Cyclopentadienyl Compounds of the Type
CHAEI),

Up to now, only four members of this class of com-
pounds are known in the literature (see Table 20). The
silyl compound C H,(SiMe,), exists in form of the
2,3,5,5 isomer and is nonfluxional in the normal tem-
perature range.* For the tin compound CsHy(SnMej),,
an averaged 1'®Sn NMR signal has been observed at 20
°C, thus indicating fast sigmatropic rearrangements of
Me;Sn groups.® The mixed-substituted compounds
CsH,(SiMe,);PMe, and C;H,(SiMeg);P(Me)Cl both are
nonfluxional at room temperature and exist mainly in
the form of the isomers with the PR, and a Me;Si group
in vinylic and two Me;Si groups in allylic positions.®”
Isomers with allylic PR, groups must have been formed
first during synthesis; they rearrange in a complicated
sequence of MesSi shifts to the final products.

VII. Concluding Remarks

In this paper I have attempted to cover the recent
literature relevant to the fluxionality of cyclo-
pentadienyl and various substituted cyclopentadienyl
compounds of main-group elements.

It should now be apparent that several factors influ-
ence the dynamics of this class of compounds. Proto-
tropic shifts favor isomers with the EIR, group in allylic
or vinylic position; their ratio as well as the rate of
interconversion clearly depends on the nature of the
fragment EIR,. Furthermore, in most of the compounds
described here the EIR, fragment migrates. The rate
depends drastically on the main-group element itself,
on the substituents at this element, and also on the
substituents at the cyclopentadienyl system. The mi-
grations are characterized as 1,5 sigmatropic rear-
rangements, which can proceed either with retention
or with inversion of configuration, depending on the
circumstances.

Our understanding of the dynamic effects in x!-
cyclopentadienyl compounds of main-group elements
can be used as a basis for experimental and theoretical
studies of circumambulatory rearrangements of main-
group fragments also in other systems from the litera-
ture, where proton migrations have already been ob-
served.*?
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main-group elements discussed in this review would be
numbered 13-15, respectively.
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