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A systematic method for the synthesis of ring-
modified metallocenes of Mo and W was devel-
oped producing a variety of substituted Cp-,
indenyl- and fluorenyl-containing analogues
Cp'2ML 2. Preferred coordination of ZZZZ3-Flu in
the exocyclic fashion was definitely established
on experimental and theoretical grounds. The
redox chemistry and electrochemistry of these
complexes is coupled with ring-slippage between
the extreme coordinations [Cp(ZZZZ3-Cp')ML 2] and
[CpCp'ML 2]

2+; (Cp' = Cp, Ind). DFT calcula-
tions reveal that ZZZZ5! ZZZZ3 Cp' ring slippages are
exothermic for both Cp and Ind rings. A subtle
dependence of ring-slippage on the nature of the
ancillary ligands has been explained with the
help of DFT calculations. Copyright # 2000
John Wiley & Sons, Ltd.
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BACKGROUND AND
INTRODUCTION

The dihydrides Cp2MH2 (Cp = cyclopentadienyl;
M = Mo, W) were among the first reported
examples of transition-metal hydrides and
carbonyl-free organometallic compounds.1 These
metallocene complexes generated a wide variety of
chemistry and proved very important in establish-

ing a number of key reaction steps of organomet-
allic chemistry, some of which are represented in
Scheme 1. However, due to their kinetic and
thermodynamic stability, which results from their
electronic and coordinative saturation, they have
found no use in catalytic reactions. In this respect
they strongly contrast with their Group 4 congeners.
On the other hand, this stability made them useful
precursors for thermochemical studies and the first
Mo–CH3 mean bond dissociation energy obtained
from Cp2Mo(CH3)2 by Calado, Dias and Simo˜es
marked the beginning of a long stream of thermo-
chemical data.5,6

The widely used replacement of the cyclopenta-
dienyl ligand (Cp = C5H5) by the isoelectronic but
much bulkier and electron-richer pentamethylcy-
clopentadienyl (Cp* = C5Me5) made it very clear
that the known reactivity of the Cp-containing
complexes could be modified and eventually tuned
by the use of ‘modified Cp ligands’ with different
steric and electronic properties. In this respect the
indenyl ligand (Ind = C9H7) provided a most
interesting example when Basolo and co-workers
revealed that it could accelerate some substitution
reactions by a factor up to 108 relative to the
analogous Cp-containing complexes.7 This so
called ‘indenyl effect’ suggested to us the possibi-
lity of enhancing the reactivity of the molybdenum
and tungsten metallocenes in complexes of the type
IndCpMX2 and Ind2MX2 relative to their parent
Cp2MX2 derivatives. The spectacular outburst of
catalytic chemistry displayed by bis(indenyl)–
titanium and –ziranium complexes which origi-
nated from the work of Kaminsky and Brintzinger,8

reinforced our hope of modifying molybdenum and
tungsten metallocene reactivity by means of
systematic Cp ring replacement. The target mol-
ecules were then set as those complexes containing
the following symmetric or differentially substi-
tuted metallocene-like fragments: Cp'2M and
CpCp'M [Cp' = Cp, Cp*, Ind, Flu(fluorenyl, C13
H9)].
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SYNTHESIS OF Cp'-SUBSTITUTED
METALLOCENE ANALOGUES

In contrastto the Group4 metals,wherestepwise
halide replacementmakesit possibleto introduce
Cp andCp' ligandsasin Scheme2, thetetrahalides
of molybdenumandtungstenareknownto produce
the correspondingmetallocenesby reaction with
Cp' anions only in the case of the symmetric
complex Cp2WCl2

9 and relatedansa-metallocene
derivatives.10

We thereforedevelopeda totally independent
routeto the targetCpCp'Mo(W) complexes,based
on themanipulationof thepentadienescoordinated
to the [Cp'M(CO)2]

� fragment. The general
approachis describedin Scheme3 for preparation
of Cp2Mo complexes(R = H) aswell asmixed-ring
Cp(MeCp)Mderivatives.

The allyl complex1, which is readily available
from M(CO)6 in three high-yield steps,is proto-

natedwith HBF4�Et2O in CH2Cl2 andtheresulting
mixture treatedwith a cyclopentadieneto give 2.
Thepositivechargeof thedienecomplex,coupled
with the gain in resonanceenergyuponformation
of thecyclopentadienylC5H5 (C5H4R) ring, allows
complex2 to reactwith botha baselike NEt3 (H�

abstraction)or anacidlike Ph3C
� (Hÿ abstraction)

forming the metallocene complexes 3 and 4,

Scheme1

Scheme3

MCl4ÿÿ!Cp0M0
Cp0MCl3ÿÿÿÿÿÿÿÿ!Cp0M0�or Cp00M0�

Cp02MCl2
(or Cp0Cp00MCl2)

Scheme2
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respectively11,12 Complex 3b was alreadyknown
for M = W13 but it is easier to prepareby this
methodwhich gives virtually quantitativeyields.
Themolybdenumanalogue3acanalsobeobtained
in high yield but it is temperature-sensitive and
decomposesatroomtemperaturewith lossof COto
give theknownCp2Mo(CO).This simplesynthesis
showsthatit is indeedpossibleto obtainthealmost
elusive Z3-Cp ligand under very mild conditions
and, as judged from its IR n(CO) stretching
frequencies[n(CO) � 1955, 1865cmÿ1] is not
extraordinarily electron-rich. In fact the starting
allyl analogue1 presentsn(CO) at ca 1946 and
1859cmÿ1.

Of course,the dicationic complexes4 present
very high n(CO) stretchingfrequencies(� 2135,
2095cmÿ1), suggestinga high degreeof activation
towardsattackfrom nucleophiles(still unexplored)
or substitutionreactions.The latter have indeed
beenshownto yield a variety of productsof the
types Cp(RCp)MX2, [Cp(RCp)MXL]� and
[Cp(RCp)ML2}

2� in parallel with the classical
chemistry of the parent metallocenes.14 The
formation of the carbonyl hydride 5 is the third
pathwayfor reactionof 2 as shownin Scheme3.
Thispathwayis dependentonCOdissociationfrom
2 followed by migrationof H to themetal.Further
manipulationsof 5 producea variety of Cp2M and
Cp(RCp)Mderivativesby known,classicalmetal-
locenechemistrymethods.14

The chemistryin Scheme3 is an advantageous
alternativeto thesynthesisof mixed-ringCp(RCp)

M(IV) complexes,a few examplesof which had
been obtained by Cooper from low-temperature
reactionsof [Cp2MXL] � or Cp(RCp)MX2 (X =
halide)with RLi(MgX) reagents.15 Theattemptsto
extend this method to the very important Cp*
ligand are depictedin Scheme4. The mixed-ring
dication [CpCp*Mo(CO)2]

2� (9) is best prepared
from 7.11b

For stericreasonsthe methylenicH atomof the
C5Me5H ligand of 6 doesnot react with Ph3C

�.
Probablyfor the samereason,deprotonationof 6
with NEt3 doesnot producethe expectedtrihapto
complex Cp*(Z3-Cp)Mo(CO)2 but, instead, the
allylic complex CpMo(Z3-C4Me4HCH2)(CO)2
(10) which bearsan exocyclic methylenegroup
resultingfrom deprotonationatoneCH3 substituent
(Fig. 1). Thecuriousfact thatthecrystallinesample
analysed by X-ray diffraction happenedto be
enantiomericallypure may be attributed to the
preferentialcrystallizationof this particularenan-
tiomeric form.

The steric problemsposedby the bulky Ph3C
�

electrophile are easily overcome, however, by
usingCl2 gasastheelectrophilefor Hÿ abstraction.
In this way it proved possibleto synthesizethe
symmetrically disubstituted dication [Cp*2Mo
(CO)2]

2� (11) as (Eqn [1]). This reactionis also
applicable to the Hÿ abstractionsmentioned in
Scheme3. This synthesisof theCp*2Mo fragment
is muchsimpler than the previouslyreportedone,
which dealtwith rathermoresensitivecompounds
in a nine-stepprocedurewith very low overall
yield.16

The substitution of one indenyl ring in the
metallocene fragment also follows the routesScheme4

Figure 1 Structure10.
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depictedin Scheme3. Insteadof 2, the starting
compound is now the cyclopentadienecation
[IndM(Z4-C5H6)(CO)2]

� (12) (12a, M = Mo; 12b,
M = W). Light-inducedCO lossfollowed by ring-
to-metalH migrationproduces[Cp(Ind)MH(CO)]�

(13) andHÿ abstraction(with eitherPh3C
� or Cl2)

producesthe dication [Cp(Ind)M(CO)2]
2� (14).

The high n(CO) stretchingfrequencies(ca 2125,
2060cmÿ1) are, however, lower than those ob-
servedfor the parent[Cp2M(CO)2}

2� (seeabove).
The deprotonationof 12a and12b gives the ring-
slippedCp(Z3-Ind)M(CO)2 (15a and 15b, respec-
tively). This is hardly surprising,consideringthe
well-establishedability of the indenyl ring to
undergoring-slippage,comparedwith theCp ring.

Following the classicalsubstitutionreactionsof
molybdenumandtungstenmetallocenederivatives
in the�4 oxidation state,14 complexes13 and 14
wereusedasstartingmaterialsfor thesynthesisof a
wide range of complexesof the general types
Cp(Ind)MX2 (X = Cl, Br, I, SPh, Me) [Cp(Ind)
MXL] � (X = Cl, Br, I; L = CO, NCMe, PPh3) and
[Cp(Ind)ML2}

2� [L2 = (NCR)2, (CNR)2, bipyridyl,
(PR3)2, dppel;seebelow].

Still following the pathwayA of Scheme3, it
was possibleto isolate Ind(Z3-Ind)Mo(CO)2 (16a,
M = Mo; 16b, M = W) by simply protonatingthe
starting IndMo(Z3-C3H5)(CO)2 complexes with
HBF4�Et2O in CH2Cl2 and treating the reaction
mixturewith indeneandNEt3. No intermediatelike
2 was isolatedbut the trihapto indenyl complexes
16wereobtainedin moderateyields.11bCompound
16bhadbeenpreparedbeforeby Ustynyuk’sgroup
in a very low yield (1.5%).Although its chemistry
wasneverdevelopedit becameoneof the earliest
structurally characterizedexamples of an Z3-
indenyl ligand. An alternative and improved
synthesisof these bis-indenyl compoundswill,
however,bedescribedbelow.

Althoughrathergeneral,thechemistryof Scheme
3 revealedseverallimitationswhenweattemptedto
substituteotherpentadienylanaloguesfor Cp. The
first limitation wasmetin theattemptedsynthesisof
fluorenyl derivatives.As depicted in Scheme5,
protonationof 17 followed by treatmentwith C5H6
leadsto isolationof thetrivial complex2 insteadof
theexpected(Flu)Mo(Z4-C5H6)(CO)2}

� (18).
Protonation of 17 with HBF4 followed by

additionof 2 equiv of NCMe yields 19, which has
beenisolatedandcharacterized.This fact indicates
that the fluorenering is not directly protonatedby
HBF4. The intramolecularabstractionof H (from
coordinatedC5H6) by the neighbouringfluorenyl
ligand in 18, followed by replacementof fluorene
by excessC5H6, seemsto be the bestexplanation
for the formationof 2. A similar H migrationalso
explains the reaction of Scheme 6 which we

Scheme5

Scheme6

Scheme7

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 539–548(2000)

542 C. C. ROMÃO



performedin order to attemptthe synthesisof the
mixed-ring molybdenoceneof formula [Cp(Z5-
C7H9)Mo(CO)2]

2� but which ended up in the
synthesisof theallylic complex21.

Other attempts to prepare open pentadienyl
derivativesof the dicationic type, by route B of
Scheme3, also failed becauseno reaction took
place between the cations [CpMo(Z4-diene)
(CO)2)]

� (22, 24, 26) andPh3C
� (Scheme7). On

the contrary, their deprotonation gave the
Cp'Mo(Z3-allyl)(CO)2-type derivatives(23, 25 and
27) in very high yields. The chemistry of these
compounds, namely their oxidation, is being
studied.

A breakthroughin the synthesisof bis-indenyl
metalloceneswas achievedwith the unexpected
reactionof IndMoCl3(CO)2 (28) with KInd, which
produces Ind(Z3-Ind)Mo(CO)2 (16) in ca. 90%
yield (Scheme8). No Ind2MoCl2 is obtained.Since
the 1:1 stoichiometryof the reagentsusedcannot
explain both the substitution and reduction ob-
served,we believethat Mo–Cl bondsare cleaved
homolyticallyandtheCl radicalsarebeingtakenup
by the solvent,but we did not ascertaintheir fate.
However, this type of reactivity seems to be
consistentbecausetreatmentof 28 with NaCp or
LiFlu leadsto IndCpMo(CO)2 or thenovel Ind(Z3-
Flu)Mo(CO)2 (30) (Scheme8).

The latter complex is particularly interesting
from the structural point of view becauseit
represents the first clear-cut example of an
exocyclic trihapto coordination of the fluorenyl
ligand (Fig. 2) as revealedby X-ray diffraction
analysis.18 The actualpreferencefor the exocyclic

over theendocycliccoordinationmode(Fig. 2) for
Z3-fluorenyl wasalsoconfirmedby DensityFunc-
tional Theory(DFT) calculationson 30andalsoon
the putative dianion [Mn(Z3-Flu)(CO3]

2ÿ.18 The
previousexamplesof similar structureswereeither
too distorted towards the Z1-Flu coordination
mode,19 or present in rather sterically crowded
ansa-metalloceneanalogues.20 However, in the
presentcasethereis no doubtaboutthe electronic
preferencefor theexocycliccoordinationmode.On
the other hand,this also showsthat the fragment
Cp'Mo(CO)2 hasaremarkabletendencyto stabilize
the trihapto coordination of polyenyl ligands,
giving rise to a vast family of Cp'Mo(CO)2(Z

3-
polyenyl) complexes of which some, bearing
ligands such as Z3-Cp and Z3-Flu, are otherwise
very rare.

EXPLORATORY CHEMISTRY OF THE
CpCp'M(CO)2 COMPLEXES

Thechemistrydescribedin theprevioussectionled
to two maintypesof products,namelyCp2'M(CO)2
and [Cp'2M(CO)2]

2� (where Cp' = Cp, Ind Flu),
which arerelatedby the redoxequation[2].

�Cp02M(CO)2�2�
�2e

.
ÿ2e

�Cp0(�3ÿCp0)M(CO)2� �2�

M � Mo, W; Cp0 � Cp, Ind, Flu

As was also pointed out above, the carbonyl
ligandin thedicationiccomplexesis verylabileand
can be readily substitutedby other ligands. This
accountsfor theeasysolvolysisof [Cp'2M(CO)2]

2�

complexesin NCMe, which proceedsstepwiseto
give [Cp'2M(CO)(NCMe)]2� (31) and [Cp'2M
(NCMe)2]

2� (32). However, the high positive
chargeof [Cp'2M(CO)2]

2� complexesis strongly
reflectedin the reactivity of the Cp' ring ligands,
which undergo facile addition of nucleophiles.

Scheme8

Figure 2 Endocyclic(left) andexocyclic(right) coordination
modesof Z3-flu.
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Scheme9 showsseveralexamplesof theseaddition
reactions.21

Accordingto theDavies–Green–Mingosrules,22

sequential addition of two nucleophilesshould
produce1,2-disubstitutedcyclopentenylwith both
substituentson thesamefaceof thering. However,
this doubleaddition is not feasibleexceptfor the
very small hydride nucleophile.In all other cases
only onenucleophileeither thanhydridecould be
addedasin theexamplesof Scheme9.

Interestingly, in the case of the mixed-ring
dication[CpIndMo(CO)2]

2� additionof phosphines
or phosphitestook placeat the indenyl andnot at
the Cp ring (seeScheme10 below). In practice,
substitutionsat themetalareratherstraightforward
whenthebis-nitrile dications32 areused.Addition
of a drop of N-methylformamidecatalysesthe
substitutionreactionand leadsto high yields of a
varietyof cationiccomplexeswith themetalin the
�4 oxidationstateasdepictedin Scheme10for the
mixed-ring derivativesof the IndCpMo(IV) frag-
ment.

The generalsimilarity of this chemistryto that
displayedby the parent metallocenesin the �4
oxidationstate,e.g.Cp2MX2, is striking. Although
on the basis of the ‘indenyl effect’ a general
accelerationof somesubstitutionreactionsmight
be expectedfor the indenyl-containingcomplexes
weareunableto confirmit in theabsenceof kinetic
measurements.Quite on the contrary, the bis-
indenyl complex Ind2MoBr2 (33) is unexpectedly
unreactivetowards nucleophiles,failing to react
with PhSÿ andMeMgCl for instance.In thecaseof
the parentCp2MoBr2 andevenIndCpMoBr2 such
substitutionreactionstakeplacequite easily.This
maybetheresultof thestericprotectionofferedto
the metal by the indenyl ligands preventing
approachof the nucleophilein nucleophilic sub-
stitution reactions.Substitutionof the bromidesin
33 may, however, be achieved readily in the
presenceof TlBF4, asexemplifiedin Eqn [3].

Sincethemolybdenocenesandtungstenocenesin
the �2 oxidation state,with the generalformula
Cp2ML (L = PR3, NCR, CNR, CO, C2H4, C2H2,

Scheme9

Scheme10 Scheme11
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etc.), havean extensiveand importantchemistry,
we decided to attempt the preparation of the
analoguemixed-ring complexesIndCpMoL. Such
speciesshouldbeveryelectron-rich,andreactivein
oxidative additions like thosedisplayedby their
Cp2ML congeners.23 The synthesiswasattempted
by meansof thereductivepathwaysthathavebeen
tried successfullyin the synthesisof the parent
Cp2M complexes.However, as summarizedin
Scheme 11, the general result obtained when
[Cp(Ind)MoBr(NCMe)]� wasreducedwith Cp2Co
and the resulting solution was treated with the
ligand L wasthe synthesisof the tetracoordinated
Cp(Z3-Ind)MoL2 derivatives.In thecaseswherethe
Mo:L ratio was1:1 the yields werepoor but they
rose to almost quantitative when the ratio was
adjusted to L:Mo � 2:1. Even the reduction of
[CpIndMoBr(CO)]� with Cp2Co gave IndCpMo
(CO)2 (ca 40%yield) andnot IndCpMoCO.

This meansthat the complexesIndCpMoL are
electrophilic and are stabilized by addition of a
secondequivalentof L to give the ring-slipped
compoundsCp(Z3-Ind)MoL2. The only exception,
sofar, wasfoundfor L = CN(tBu), in which casea
mixture of CpIndMo[CN(tBu)] and Cp(Z3-
Ind)Mo[CN(tBu)]2 wasproduced.Thebulkinessof
theCN(tBu) ligandmayexplainthis resultandthe
lower relativestability of the tetracoordinatedbis-
isonitrilecomplex.Undersimilarcircumstancesthe
reductionof thecorresponding[Cp2Mo(NCMe)X]�

complexesproducesthetricoordinatedCp2MoL.24

Therelatedtwo-electron(2e)redoxprocessesof
Eqn [2] also involve hapticity changesand are,
therefore,redox-inducedring-slippagereactions.In
the beginning both complexesin Eqn [2] were
obtainedby independentsyntheticroutes,namely
the pathwaysA andB of Scheme3. However,the
cyclic voltammogram of Cp(Z3-Ind)W(CO)2 in
NCMe showeda single reversibleoxidationwave
correspondingto a 2e process.Since the voltam-
mogramwas found to be identical to that of the
dication[Cp(Ind)W(CO)2]

2� it wasprovedthat the
transformationsin Eqn [2] are electrochemically
feasible,at least in this case.In the caseof the
correspondingmolybdenumcomplex the wave is
irreversiblebecausethe dication is readily solvo-
lysed in NCMe solution. However, we later
establishedthat this reaction is chemically and
electrochemicallyreversiblefor a largenumberof
dications[CpIndMoL2]

2� [L = CO, P(OMe)dppe,
(tBu)bipy, CN(tBu); bipy = bipyridyl] which pro-
ducethe correspondingring-slippedreducedcom-
plexes Cp(Z3-Ind)ML2, many of which were
prepared by independent chemical routes. In

severalcasesthe complexesdisplay two separate
1e waves,suggestingthat the intermediatemono-
cations [CpIndML2]

� may be stable enoughfor
isolation and characterization.25 No analogous
parentGroup6 metalloceneswith the metal in the
formal oxidationstate�3 areknown.

Most interestingly, reduction of [Cp2Mo
(CO)2]

2� with Cp2Cogavethering-slippedtrihapto
Cp complex Cp(Z3-Cp)Mo(CO)2 in very high
isolatedyield. However,the similar reactionwith
[Cp2Mo{P(OMe)3]2]

2� gave Cp2MoP(OMe)3. On
the other hand,it is known that Cp2W(CO)13 and
Cp2CrCO26 react with CO to give Cp(Z3-Cp)
M(CO)2 only under very high CO pressure.The
correspondingmolybdenumcomplex could never
bepreparedby thesameprocedure,probablydueto
its thermalinstability.13a,c

ENERGETICS OF THE RING-
SLIPPAGE REACTIONS AT THE
MOLYBDENOCENE FRAGMENT

Fromthe resultsabove,it becomesclearthat ring-
slippagecan be best inducedby meansof redox
processes,evenin the caseof the lessfavourable
andrarely observedZ5-Cp → Z3-Cp ring-slippage.
In fact, DFT calculationsperfomedby Calhorda
andVeirosontheredoxreactionof Eqns[4] and[5]
showthattheenergydifferencebetweentheredox-
induced ring-slippageof the Cp ligand and the
indenyl ligandsis very small.27

�Cp2Mo(CO)2�2� ÿ!
�2e�Cp(�3ÿCp)Mo(CO)2�

�E� ÿ374:07 kcal molÿ1 �4�
�CpIndMo(CO)2�2� ÿ!

�2e�Cp(�3ÿInd)Mo(CO)2�
�E� ÿ380:3 kcal molÿ1 �5�

However,mostof theargumentsrelatedto ring-
slippage reactions involve the association or
dissociationof one2edonorfrom thecoordination
sphereof the ring-containingcomplexratherthan
redoxreactions.

In this context,the kinetic evidenceshowsthat
indenyl undergoesthesehaptotropicchangesmore
readilythanCp.7 Thefact thattherearemanymore
examplesof complexesbearingthe Z3-Ind ligand
than the Z3-Cp ring provides circumstantialevi-
dencein favourof theeasierslippageof theindenyl
ring. However,thereare no valuesfor the energy
differences between these two types of ring-
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slippageswhich mayallow a quantificationof how
‘favourable’ the indenyl slippageis. Besides,the
natureof theaddedor dissociatedligandsandof the
other ancillary ligands present is known to
influence the ring-slippageprocess,as we were
able to showin the recentlyreportedstudyof the
reactionin Eqn [6].28 In this system,the indenyl
slippagecausedby additionof NCMe,which is the
reaction solvent, is strongly dependenton the
nature of the L ligands: it is not observedfor
L = PR3, P(OR)3, CNMe and 1

2 bipy but it is rapid
for L = NCMe, OPPh3, DMF, 1

2 acac. The most
striking exampleof this subtledependencewasthe
fact thatNCMe additiontakesplacefor L = NCMe
but not for L = CNMe. According to the DFT
calculationsperformedfor the model systemwith
NCH andCNH, nitrile additionto thebis-isonitrile
(35, L = CNH) complex is thermodynamically
forbidden (DG °> 0) whereasnitrile addition to
the bis-nitrile (35, L = NCH) complex is thermo-
dynamicallyallowedfor L (DG °< 0).28

This kind of ligand dependenceis likely to be a
generalfeatureof haptotropicshifts and certainly

plays a role in the case of the molybdenocene
system,wherering-slippageof theCpring hasbeen
usedto explaina numberof reactions.4,29

The isolatedproductsof the reactionsof Eqns.
[7] and [8], both performed under the same
conditions,clearly show that CO is favouring Cp
slippagerelativeto P(OMe)3.

�Cp2Mo(CO)2�2� ÿ!
�2e�Cp(�3ÿCp)Mo(CO)2� �7�

�Cp2MofP(OMe)3g2�2� ÿ!
�2e�Cp2MoP(OMe)3�

� P(OMe)3 �8�
In orderto shedsomelight on the energeticsof

the ligand-addition-inducedring-slippagereaction
in the molybdenocenesystem,DFT calculations
wereperformedon the reactionsgiven in Scheme
12.27 In order to simplify the calculationsP(OH)3
wasusedinsteadof P(OMe)3.

From the calculatedreaction enthalpiesa few
conclusions may be drawn. The first is the
confirmationof the well-known fact that indenyl
slippageis morefavourablethancyclopentadienyl
slippage.This is reflected in the more negative
reactionenthalpiesof the reactionsDE1 andDE3
(Scheme12) comparedwith DE2 andDE4 respec-
tively. The secondandmuch lessobviousconclu-
sion is that all the testedring-slippagereactions,
bothfor Ind andCp,areexothermic.Theyprobably
do not occur more often because they are
entropically disfavouredassociationreactions.A
third conclusion concerns the influence of the
ancillary ligands on the energeticsof the ring-
slippage. A comparison between the reaction
enthalpiesDE2 and DE4 shows that CO favours
the slippageof the Cp ligand andshortensthe gap
betweentheenergiesof theCpandInd slippages.In
contrast,theweakerp-acceptorP(OH)3 widensthis
gapandclearly favourstheslippageof the indenyl
ring relativeto theCp.

Another interesting result of the theoretical
calculationson the ring-slippagedepictedin Eqn
[6] is thestrongsuggestionthatNCMejusttrapsthe

Scheme12 Scheme13
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electronically unsaturatedZ3-indenyl species38,
which is in a rapid pre-equilibriumwith the 18-
electronstartingZ5-indenylspecies37, asdepicted
in Scheme13. Indeed,optimizationof the energy
andstructureof a numberof speciesformedupon
lengtheningof the Mo–NCH bond trans to the Z3-
Ind ligand in the final complex 39 shows an
increasein energyandinvolvesa slight closingof
the anglesbetweenthe CO and L ligandson the
equatorial plane, while retaining the Z3-Ind co-
ordinationevenat theessentiallynon-bondingMo–
NCH distanceof 3.67Å.

This suggeststhat the transition state for the
forward additionreactionpresentsa geometryand
coordinationsphererathersimilar to thoseof 38. In
his original report on the indenyl effect, Basolo
consideredthis type of mechanismas entirely
consistentwith his kinetic data and, therefore,a
plausible alternative to what becamethe more
widely acceptedmechanisticinterpretationof the
indenyl effect which considers a bimolecular
associative pathway. Kinetic investigations of
reaction[6] are at presentunderway in order to
ascertainthevalidity of this mechanisticmodel.

CONCLUSIONS AND PROSPECTS

The work described reveals a well-structured
family of substitutedmetallocenesbearingcyclo-
pentadienylanalogues.The chemistryandproper-
tiesof thesecompoundsneedto beexploredfurther
but already provide the basis for an improved
understandingof the synthesis, structure and
energeticsinvolved in the ring-slippageprocesses
of cyclopentadienyl,indenylandfluorenyl ligands.
In this respect, DFT calculations have been
extremelyhelpful for thepredictionandinterpreta-
tion of manyresults.

From the experimental and theoretical data
gathered,we suggestthat one should be able to
prepareother complexesbearingthe ring-slipped
Z3-Cp ligand by using Z5-Cp →Z3-Cp redox-
induced slippages,at low temperature,starting
from Z5-Cp complexes bearing CO ancillary
ligands. The wide variety of available
[CpM(CO)n]

x� complexesshould provide ample
groundfor testingthisprediction.Two suchstudies,
by Cooperon the reductionof (MeCp)Mn(CO)3

30

and Sweigart on the reduction of CpFe(CO)3
31

which gave contradictory evidence for redox-
inducedring-slippage(positivefor Mn andnegative
for Fe), arealreadyimportantcontributionsto the

understandingof the subtle factors that seem
decisivein thesestructuraltransformations.

A large amount of the chemistry and electro-
chemistryof the modified metallocenecomplexes
of molybdenum and tungsten remains to be
explored. Currently under way is the study of
Cp'2M(III) derivatives of the [Cp'2ML2]

� type,
which are importantspeciesfor the understanding
of the structural changesundergoneduring the
redox-inducedhaptotropicrearrangementsandare
totally unknownfor their parentCp2MLn metallo-
cenes.
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