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Modified molybdenum and tungsten
metallocenes and ring-slippage reactlonS'
new compounds and revisited concepts’
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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’oML ». Preferred coordination of '1 -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- sllppage between
the extreme coordlnatlons [Cpg>-Cp')ML 5] and
[CpCp'ML ,)?* é:) Cp, Ind). DFT calcula-
tions reveal thatn — n° 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 CgMH, (Cp = cyclopentadienyl,

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—-CHs mean bond dissociation energy obtained
from CpMo(CHz), by Calado, Dias and Sihes
marked the begmnlng of a long stream of thermo-
chemical data:

The widely used replacement of the cyclopenta-
dienyl ligand (Cp = GHs) by the isoelectronic but
much bulkier and electron-richer pentamethylcy-
clopentadienyl (Cp*=gMes) 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=GH;) provided a most
interesting example when Basolo and co-workers
revealed that it could accelerate some substitution
reactions by a factor up to ¥Orelative to the
analogous Cp-containing compleXesThis so
called ‘indenyl effect’ suggested to us the possibi-

M=Mo, W) were among the first reported lity of enhancing the reactivity of the molybdenum

examples of transition-metal hydrides
carbonyl-free organometallic compourfd3hese

and and tungsten metallocenes in complexes of the type

IndCpMX, and IngMX,, relative to their parent

metallocene complexes generated a wide variety oEp,MX, derivatives. The spectacular outburst of
chemistry and proved very important in establish-catalytic chemistry displayed by bis(indenyl)—
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titanium and -ziranium complexes which origi-
nated from the work of Kaminsky and Brintzinger,

reinforced our hope of modifying molybdenum and
tungsten metallocene reactivity by means of

" Presented at the XIlith FECHEM Conference on OrganometallicSystematic Cp ring replacement. The target mol-
Chemistry, held 29 August — 3 September 1999, Lisbon, Portugal.ecules were then set as those complexes containing
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the following symmetric or differentially substi-
tuted metallocene-like fragments: Gd and
CpCpM [Cp'=Cp, Cp* Ind, Flu(fluorenyl, G

Ha)].
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SYNTHESIS OF Cp’-SUBSTITUTED
METALLOCENE ANALOGUES

In contrastto the Group4 metals,wherestepwise
halide replacementnakesit possibleto introduce
CpandCyp ligandsasin Scheme2, thetetrahalides
of molybdenumandtungsterareknownto produce
the correspondingmetallocenesby reaction with
Cp anions only in the case of the symmetric
complex Cp,WCl,® and relatedansametallocene
derivatives.

We therefore developeda totally independent
routeto the targetCpCpMo(W) complexespased
onthemanipulationof the pentadienesoordinated
to the [CP'M(CO),]* fragment. The general
approachs describedn Scheme3 for preparation
of CpMo complexegR = H) aswell asmixed-ring
Cp(MeCp)Mderivatives.

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

Cp™m’ CpM’(or Cp'M’)

MC|4 D CdMClg
(or CECp’MCl,)

Cp,MCl;

Scheme2
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1> (Mo-CH3) = 166 kJ mol”’

~(i D (W-CH3) = 221 kJ mol™

natedwith HBF,4-Et,O in CH,CI, andtheresulting
mixture treatedwith a cyclopentadiendo give 2.
The positive chargeof the dienecomplex,coupled
with the gain in resonanceenergyuponformation
of the cyclopentadienyCsHs (CsH4R) ring, allows
complex2 to reactwith botha baselike NEt; (H*
abstractionpr anacidlike PnsC* (H™ abstraction)
forming the metallocene complexes 3 and 4,

<

N
Mo CO
O, eo
R J
SHY R=H;3a,M=Mo;3b,M=W
R
sl NEt3
;
OC;M\\>H _ B hv e
oCc ¢ H -Co O~
- RQ CcO
2 +
PhsC 5
HBFEt,0
CHCl2 | CsHy
R v 2+ Co
sy M ~~—
| R% co
Mo
%Ccl e 4;(R=H. Me: M = Mo, W)
1;R=H, Me

Scheme3
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respectlveljll1 ' Complex 3b was alreadyknown
for M =W but it is easierto prepareby this

methodwhich gives virtually quantitativeyields.

Themolybdenumanalogue3a canalsobe obtained
in high yield but it is temperature-sensit#& and
decomposeatroomtemperaturavith lossof COto

give theknownCp,Mo(CO). This simplesynthesis
showsthatlt is indeedpossibleto obtainthe almost
elusive #°-Cp ligand under very mild conditions
and, as judged from its IR v(CO) stretchlng
frequencies[v(CO) ~ 1955, 1865cm ] is not
extraordinarily electron-rich. In fact the starting
allyl analoguel presentsy(CO) at ca 1946 and
1859cm ™.

Of course,the dicationic complexes4 present
very hlgh v(CO) stretchingfrequencies(~ 2135,
2095cm %), suggesting high degreeof activation
towardsattackfrom nucleophilegstill unexplored)
or substitutionreactions.The latter have indeed
beenshownto yield a variety of productsof the

types Cp(R f) [Cp(RCp)MXL]" and
[CP(RCP)MLy} =" in paraIIeI with the classical
chemistry of the parent metallocenes? The

formation of the carbonyl hydride 5 is the third
pathwayfor reactionof 2 as shownin Scheme3.
This pathwayis dependentn CO dissociatiorfrom
2 followed by migrationof H to the metal. Further
manipulationsof 5 producea variety of Cp,M and
Cp(RCp)M derivativesby known, classicalmetal-
locenechemistrymethods:*
The chemistryin Scheme3 is an advantageous

alternativeto the synthesisof mixed-ringCp(RCp)

Copyright© 2000JohnWiley & Sons,Ltd.

CH;
QC . Mo
CH;
0oC H;3C
CH,
H™ CcH,

Figure 1 StructurelO.

M(IV) complexes,a few examplesof which had
been obtained by Cooper from low-temperature
reactionsof [Cp,MXL]™" or CE RCp)MXZ X=
halide)with RLi(MgX) reagents.’ The attemptgo
extend this method to the very important Cp*
ligand are depictedin Scheme4. The mixed-ring
dication [nCpCp*Mo(CO)j2+ (9) is bestprepared
from 7.1

For stericreasonghe methylenicH atom of the
CsMesH ligand of 6 doesnot reactwith PhC*.
Probablyfor the samereason,deprotonationof 6
with NEt3 doesnot producethe expectedtrihapto
complex Cp*(i7>-Cp)Mo(CQO} but, instead, the
allylic complex CpMo(;°-C4sMesHCH,)(CO),
(10) which bearsan exocyclic methylenegroup
resultingfrom deprotonatioratoneCHj; substituent
(Fig. 1). Thecuriousfactthatthecrystallinesample
analysed by X-ray diffraction happenedto be
enantiomerically pure may be attributed to the
preferentialcrystallizationof this particularenan-
tiomeric form.

The steric problemsposedby the bulky PhC™
electrophile are easily overcome, however, by
usingCl, gasastheelectrophilefor H™ abstraction.
In this way it proved possibleto synthesizethe
symmetrically disubstituted dication [Cp*,Mo
(COY)?" (11) as (Eqn [1]). This reactionis also
applicableto the H™ abstractionsmentionedin
Scheme3. This synthesiof the Cp*,Mo fragment
is much simplerthanthe previouslyreportedone,
which dealtwith rathermore sensitivecompounds
in a nlne step procedurewith very low overall

yield.*®
)

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

Cly

Appl. Organometal Chem.14, 539-548(2000)
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Scheme5

depictedin Scheme3. Insteadof 2, the starting
compound is now the cyclopentadienecation
[INdM(57*-CsHg)(CO)] ™ (12) (128 M =Mo; 12b,
M =W). Light-inducedCO lossfollowed by ring-
to-metalH migrationproducegCp(Ind)MH(CO)J*
(13) andH ™~ abstraction(with eitherPhsC" or Cl,)
producesthe dication [Cp(Ind)M(CO)]*" (14).
The high v(CO) stretchingfrequencies(ca 2125,
2060cm™ 1Y) are, however, lower than those ob-
servedfor the parent{Cp,M(CO),}*" (seeabove).
The deprotonatiorof 12a and 12b givesthe ring-
slipped Cp(;-Ind)M(CO), (15a and 15b, respec-
tively). This is hardly surprising,consideringthe
well-establishedability of the indenyl ring to
undergoring-slippage comparedwith the Cpring.

Following the classicalsubstitutionreactionsof
molybdenumandtungstenmetallocenederivatives
in the +4 oxidation state’* complexesl3 and 14
wereusedasstartingmaterialsfor thesynthesiof a
wide range of complexesof the general types
Cp(Ind)MX, (X =ClI, Br, I, SPh, Me) [Cp(Ind)
MXL] " (X =Cl, Br, I; L =CO, NCMe, PPh) and
[Cp(Ind)ML,}?" [L, = (NCR), (CNR),, bipyridyl,
(PRy),, dppel;seebelow].

Still following the pathwayA of Scheme3, it
was possibleto isolate Ind(;7*-Ind)Mo(CO), (163,
M =Mo; 16b, M =W) by simply protonatingthe
starting IndMo(;>-C3Hs)(CO), complexes with
HBF4Et,O in CH.Cl, and treating the reaction
mixturewith indeneandNEt;. No intermediatdike
2 wasisolatedbut the trihapto indenjyl complexes
16 wereobtainedn moderateyields**® Compound
16bhadbeenpreparedeforeby Ustynyuk’sgroup
in avery low yield (1.5%). Althoughits chemistry
wasneverdevelopedt becameone of the earliest
structurally characterized examples of an #°-
indenyl ligand. An alternative and improved
synthesisof these bis-indenyl compoundswiill,
however,be describedbelow.

Copyright© 2000JohnWiley & Sons,Ltd.
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Althoughrathergeneralthechemistryof Scheme
3revealedseveralimitationswhenwe attemptedo
substituteotherpentadienylanaloguedor Cp. The
firstlimitation wasmetin theattemptedynthesiof
fluorenyl derivatives. As depictedin Schemeb5,
protonationof 17 followed by treatmentwith CsHg
leadsto isolationof thetrivial complex2 insteadof
the expected Flu)Mo(;*-CsHg)(CO)} ™ (19).

Protonation of 17 with HBF, followed by
additionof 2 equivof NCMe yields 19, which has
beenisolatedandcharacterizedThis factindicates
that the fluorenering is not directly protonatecby
HBF;. The intramolecularabstractionof H (from
coordinatedCsHg) by the neighbouringfluorenyl
ligandin 18, followed by replacemenbf fluorene
by excessCsHg, seemdto be the bestexplanation
for the formationof 2. A similar H migrationalso
explains the reaction of Scheme6 which we

\ 2+ -H" :\ + _H* a
MOICO 7= Mo O TR oo co
XN Yo % Cco

Scheme7

Appl. Organometal Chem.14, 539-548(2000)
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performedin orderto attemptthe synthesisof the
mixed-ring moI%/bdenoceneof formula [Cp(;°-
C;Hg)Mo(CO)]“" but which ended up in the
synthesiof the allylic 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(;*-diene)
(COR)T (22, 24, 26) andPhsC* (Scheme7). On
the contrary, their deprotonation gave the
CpMo(i*-allyl)(CO),-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 IndMoCl;(CO), (28) with Kind, which
produces Ind(;*-Ind)Mo(CO) (16) in ca. 90%
yield (SchemeB). No Ind,MoCl, 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 ascertairtheir fate.
However, this type of reactivity seemsto be
consistentbecausdreatmentof 28 with NaCp or
LiFlu leadsto IndCpMo(CO} or the novel Ind(i;>-
Flu)Mo(CO), (30) (SchemeB).

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

Copyright© 2000JohnWiley & Sons,Ltd.

Figure 2 Endocyclic(left) andexocyclic(right) coordination
modesof 1>-flu.

overthe endocycliccoordinationmode(Fig. 2) for

n>-fluorenyl was also confirmedby Density Func-
tional Theory(DFT) calculationson 30 andalsoon
the putative dianion [Mn(;>-Flu)(COs)*>.*® The
previousexampleof similar structuresvereeither
too distorted towards the #*-Flu coordination
model® or presentin rather sterically crowded
ansametalloceneanalogues® However, in the
presentcasethereis no doubtaboutthe electronic
preferencdor theexocycliccoordinatiormode.On
the other hand, this also showsthat the fragment
CpMo(CO), hasaremarkablgendencyto stabilize
the trihapto coordination of polyenyl ligands,
giving rise to a vast family of CpMo(CO)(;>-

polyenyl) complexes of which some, bearing
ligands such as 7>-Cp and #°-Flu, are otherwise
very rare.

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

Thechemistrydescribedn the previoussectionled
to two maintypesof productsnamelyCp, M(CO),
and [Cp,M(CO),]*" (where Cp =Cp, Ind Flu),
which arerelatedby the redoxequation[2].

+2e

[CHLM(CO),*" = [CH(*-CPIM(CO),] (2]

—2e
M = Mo, W; Cp' = Cp, Ind, Flu

As was also pointed out above, the carbonyl
ligandin thedicationiccomplexess verylabile and
can be readily substitutedby other ligands. This
accountdor the easysolvolysisof [Cp',M(CO),]*"
complexesin NCMe, which proceedsstepwiseto
give [Cp,M(CO)(NCMe)F" (31) and [Cp,M
(NCMe)]" (32). However, the high positive
chargeof [Cp,M(CO),]*>" complexesis strongly
reflectedin the reactivity of the Cp' ring ligands,
which undergo facile addition of nucleophiles.

Appl. Organometal Chem.14, 539-548(2000)
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Scheme showsseverakexamplef theseaddition
reactions?

Accordingto the Davies—Green—Mings rules??
sequential addition of two nucleophilesshould
producel,2-disubstitutectyclopentenylwith both
substituent®n the samefaceof thering. However,
this double addition is not feasibleexceptfor the
very small hydride nucleophile.In all other cases
only one nucleophileeither than hydride could be
addedasin the examplesof Scheme9.

L = 1/2 dppe, P(OMe);

Alhv

1/2 bipy
1/2 dppe
172 'Buybipy . Mo, >
P(OCH3); - L

'BuCN L/ @
NMF

PMe;y

MeMgCl

Schemel0

Copyright© 2000JohnWiley & Sons,Ltd.

Interestingly, in the case of the mixed-ring
dication[CpIndMo(CO)*" additionof phosphines
or phosphitegook placeat the indenyl and not at
the Cp ring (see Schemel0 below). In practice,
substitutionsat the metalareratherstraightforward
whenthe bis-nitrile dications32 areused Addition
of a drop of N-methylformamide catalysesthe
substitutionreactionand leadsto high yields of a
variety of cationiccomplexeswith the metalin the
+4 oxidationstateasdepictedn SchemelOfor the
mixed-ring derivativesof the IndCpMo(lV) frag-
ment.

The generalsimilarity of this chemistryto that
displayedby the parentmetallocenesin the +4
oxidationstate,e.g.Cp,MX, is striking. Although
on the basis of the ‘indenyl effect’ a general
accelerationof some substitutionreactionsmight
be expectedfor the indenyl-containingcomplexes
we areunableto confirmit in theabsencef kinetic
measurementsQuite on the contrary, the bis-
indenyl complexInd,MoBr, (33) is unexpectedly
unreactivetowards nucleophiles,failing to react
with PhS" andMeMgCl for instanceln the caseof
the parentCp,MoBr, and evenindCpMoB-, such
substitutionreactionstake place quite easily. This
may betheresultof the stericprotectionofferedto
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
presencef TIBF,, asexemplifiedin Eqn[3].

P(OMe) @
3
- R 2 31
V= 6 (OMe)3P \"“)ME&Q
B (OMe);P
33 34

Sincethemolybdenoceneandtungstenocendsn
the +2 oxidation state,with the generalformula
szML (L = PR3, NCR, CNR, CO, C2H4, C2H2,

C@ L= 1/2dppe; PMes;

+ P(OMe)3; CN‘Bu

Mo..,
& W NeMe 1) CpaCo (2 eq) O
Br 2) L (1 or 2 equivalents) O
o
1) CpaCo (2 cq) v @
!: T L=CO

Mo..,
&N

Schemell
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etc.), have an extensiveand importantchemistry,
we decided to attempt the preparationof the
analoguemixed-ring complexesindCpMoL. Such
specieshouldbevery electron-richandreactivein
oxidative additionslike those displayedby their
CpML congener$? The synthesisvas attempted
by meansof thereductivepathwayshathavebeen
tried successfullyin the synthesisof the parent
CpM complexes. However, as summarizedin
Scheme 11, the general result obtained when
[Cp(Ind)MoBr(NCMe)]" wasreducedwith Cp,Co
and the resulting solution was treated with the
Ilgand L wasthe synthesisof the tetracoordinated
Cp(;>-Ind)MoL,, derivativesIn thecasesvherethe
Mo:L ratio was 1:1 the yields were poor but they
rose to almost quantitative when the ratio was
adjustedto L:Mo > 2:1. Even the reduction of
[CpIndMoBr(CO)]" with Cp,Co gave IndCpMo
(CO), (ca40%yield) andnot IndCpMoCO.

This meansthat the complexesindCpMoL are
electrophilic and are stabilized by addition of a
secondequwalentof L to give the ring-slipped
compound<Cp(;>-Ind)MoL,. The only exception,
sofar, wasfoundfor L = CN(tBu), in which casea
mixture of CpIndMo[CN(tBu)] and Cp(;*-
Ind)Mo[CN(tBu)], wasproducedThebulkinessof
the CN(tBu) ligand may explainthis resultandthe
lower relative stability of the tetracoordinatedbis-
isonitrilecomplex.UndersimiIarcircumstancethe
reductionof thecorrespondingCp,Mo(NCMe) J
complexegproduceghetricoordinatedCp,MoL.

Therelatedtwo-electron(2e) redoxprocessesf
Eqgn [2] also involve hapticity changesand are,
therefore redox-induceding-slippagereactionsin
the beginning both complexesin Eqn [2] were
obtainedby independensyntheticroutes,namely
the pathwaysA andB of Scheme3 However,the
cyclic voltammogram of Cp(;*Ind)W(CO), in
NCMe showeda single reversibleoxidation wave
correspondingo a 2e process.Since the voltam-
mogramwas found to be identical to that of the
dication[Cp(Ind)W(COY]*" it wasprovedthatthe
transformationsn Eqn [2] are electrochemically
feasible,at leastin this case.In the caseof the
correspondingmolybdenumcomplex the wave is
irreversiblebecausehe dication is readily solvo-
lysed in NCMe solution. However, we later
establishedthat this reaction is chemically and
electrochem|caIIyeverS|bIefor a large numberof
dications[CpIndMoL,]?" [L = CO, P(OMe)dppe,
(tBu)bipy, CN(tBu); bipy = bipyridyl] which pro-
ducethe correspondlnglng slippedreducedcom-
plexes Cp(>-Ind)ML,, many of which were
prepared by independentchemical routes. In

Copyright© 2000JohnWiley & Sons,Ltd.

severalcasesthe complexesdisplay two separate
le waves,suggestinghat the intermediatemono-
cations [CplndMLZ]+ may be stable enoughfor
isolation and characterizatio®®> No analogous
parentGroup6 metallocenesvith the metalin the
formal oxidationstate+3 areknown.

Most interestingly, reduction of [Cp,Mo
(COY)*" with CpZCo gavethering-slippedtrihapto
Cp complex Cp(>-Cp)Mo(CO) in very high
isolatedyield. However,the similar reactionwith
[CpMo{P(OMe)]]** gave Cp,MoP(OMe). On
the other hand, it is known that Cp,W(CO)"” and
Cp.CrCO*® react with CO to give Cp(;*-Cp)
M(CO), only undervery high CO pressureThe
correspondingnolybdenumcomplex could never
bepreparedaythesameprocedureprobablydueto
its thermalinstability **

ENERGETICS OF THE RING-
SLIPPAGE REACTIONS AT THE
MOLYBDENOCENE FRAGMENT

Fromtheresultsabove,it becomeslearthatring-

slippagecan be bestinducedby meansof redox
processesevenin the caseof the lessfavourable
andrarely observed;>-Cp - #°-Cp ring-slippage.
In fact, DFT calculationsperfomedby Calhorda
andVeirosontheredoxreactionof Eqns[4] and[5]

showthatthe energydifferencebetweerthe redox-
induced ring-slippage of the Cp ligand and the
indenyl ligandsis very small?’

[CRMO(COYJ* “Z[Cp(*- Cp)Mo(CO))]
AE = —374.07 kcal mol™* 4]

[CpIndMo(COYJ%" 25[Cp@—Ind)Mo(COY)]
AE = —3803 kcal mol™* 5]

However,mostof the argumentgelatedto ring-
slippage reactions involve the association or
dissociationof one2e donorfrom the coordination
sphereof the ring-containingcomplexratherthan
redoxreactions.

In this context, the kinetic evidenceshowsthat
indenyl undergoeshesehaptotroplcchangesmore
readilythanCp.” Thefactthattherearemanymore
examplesof complexesbearingthe n-Ind ligand
than the #3-Cp ring provides circumstantialevi-
dencein favourof the easierslippageof theindenyl
ring. However,thereare no valuesfor the energy
differences between these two types of ring-

Appl. Organometal Chem.14, 539-548(2000)
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slippagesvhich may allow a quantificationof how
‘favourable’ the indenyl slippageis. Besides,the
natureof theaddedor dissociatedigandsandof the
other ancillary ligands present is known to
influence the ring-slippage process,as we were
ableto showin the recently reportedstudy of the
reactionin Eqn [6].2% In this system,the indenyl
slippagecauseddy additionof NCMe, whichis the
reaction solvent, is strongly dependenton the
nature of the L ligands: it is not observedfor
L =PR;, P(OR)%, CNMe and: bipy butit is rapid
for L =NCMe, OPPh, DMF, : acac. The most
striking exampleof this subtledependencwasthe
factthatNCMe additiontakesplacefor L = NCMe
but not for L =CNMe. According to the DFT
calculationsperformedfor the model systemwith
NCH andCNH, nitrile additionto the bis-isonitrile
(35, L =CNH) complex is thermodynamicajl
forbidden (AG ° > 0) whereasnitrile addition to
the bis-nitrile (35, L = NCH) complex is thermo-
dynamicallyallowedfor L (AG° < 0).28

OC“;M':'—”L L\I\ldtco
oc” L

L~ ~Co
NCMe

NCMe

CHCl,
M=Mo, W

This kind of ligand dependencés likely to bea
generalfeatureof haptotropicshifts and certainly

o o &%
OC—M + —_— oC—NMo
& oc”
AE; = -42.2 kcal mol”!
0OC—M co &>
—MQ + —_— oC
= oc

M
AEy = -26.7 keal mol”!

|
(H0)3P/‘M

(HO);P

P(OH);

AE3=-49.6 kcal mol”!

>
(HO)‘;P Mo + P(OH)B (HO) P-]\I/[
[597 3
(H0)3P/
AEy = -24.4kcal mol™
Schemel2

Copyright© 2000JohnWiley & Sons,Ltd.

plays a role in the case of the molybdenocene
systemwherering-slippageof theCpran%hasbeen
usedto explaina numberof reactions’

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

[Cp,Mo(COYJ? 2 (Cp(*~Cp)Mo(CO)Y)  [7]

[Cp,Mo{P(OMe}},]** 25[Cp,MoP(OMe}]
+ P(OMe), 8]

In orderto shedsomelight on the energeticof
the ligand-additioninducedring-slippagereaction
in the molybdenocenesystem,DFT calculations
were performedon the reactionsgiven in Scheme
1227 In orderto simplify the calculationsP(OH);
wasusedinsteadof P(OMe).

From the calculatedreaction enthalpiesa few
conclusions may be drawn. The first is the
confirmation of the well-known fact that indenyl
slippageis more favourablethan cyclopentadienyl
slippage. This is reflectedin the more negative
reactionenthalpiesof the reactionsAE; and AEz
(Schemel2) comparedwith AE, and AE, respec-
tively. The secondand muchlessobviousconclu-
sion is that all the testedring-slippagereactions,
bothfor Ind andCp, areexothermic.Theyprobably
do not occur more often becausethey are
entropically disfavouredassociationreactions. A
third conclusion concernsthe influence of the
ancillary ligands on the energeticsof the ring-
slippage. A comparison between the reaction
enthalpiesAE, and AE, showsthat CO favours
the slippageof the Cp ligand andshortenghe gap
betweertheenergieof the Cpandind slippagesin
contrasttheweakerr-acceptoP(OH) widensthis
gapandclearly favoursthe slippageof theindenyl
ring relativeto the Cp.

Another interesting result of the theoretical
calculationson the ring-slippagedepictedin Eqn
[6] isthestrongsuggestiothatNCMe justtrapsthe

Mt NCH C— it NCH
OC'¢™ ' NCH oc 4 K NCH oc’ | YNCH
oc’ NCH NCH NCH
37 38 39
Schemel3
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electronically unsaturated;®-indenyl species38,

which is in a rapld pre-equilibriumwith the 18-
electronstartlngn -indenyl species37, asdepicted
in Schemel3. Indeed,optimization of the energy
and structureof a numberof specieformed upgn
lengtheningof the Mo—NCH bondtrans to the -

Ind ligand in the final complex 39 shows an
increasen energyandinvolvesa slight closing of
the anglesbetweenthe CO and L ligandson the
equatorial plane, while retaining the »*-Ind co-
ordinationevenattheessentiallynon-bondingMio—
NCH distanceof 3.67A.

This suggeststhat the transition state for the
forward addition reactionpresentsa 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
ascertairthe validity of this mechanistianodel.

CONCLUSIONS AND PROSPECTS

The work described reveals a well-structured
family of substitutedmetallocenesearingcyclo-
pentadienylanaloguesThe chemistryand proper-
tiesof thesecompoundseedto be exploredfurther
but already provide the basis for an improved
understandingof the synthesis, structure and
energeticanvolved in the ring-slippageprocesses
of cyclopentadienylindenyl andfluorenylligands.
In this respect, DFT calculations have been
extremelyhelpful for the predictionandinterpreta-
tion of manyresults.

From the experimental and theoretical data
gathered,we suggestthat one should be able to
prepareother complexesbeanngthe ring-slipped
n>-Cp ligand by using #°>-Cp —#°-Cp redox-
mduced slippages,at low temperature,starting
from 5>-Cp complexes bearing CO ancillary
ligands. The wide variety of available
[CPM(CO) " complexesshould provide ample
groundfor testingthis prediction.Two suchstudies,
by Cooperon the reductionof (MeCp)Mn(CO);30
and Sweigart on the reduction of CpFe(CO)**
which gave contradictory evidence for redox-
inducedring-slippaggpositivefor Mn andnegative
for Fe), are alreadyimportantcontributionsto the

Copyright© 2000JohnWiley & Sons,Ltd.

understandingof the subtle factors that seem
decisivein thesestructuraltransformations.

A large amountof the chemistry and electro-
chemistryof the modified metallocenecomplexes
of molybdenum and tungsten remains to be
explored. Currently under way is the study of
Cp M(lll) derivatives of the [Cp,MLJ]" type,
which areimportantspeciedfor the understanding
of the structural changesundergoneduring the
redox-inducechaptotropicrearrangementand are
totally unknownfor their parentCp,ML ,, metallo-
cenes.

Acknowledgements The unfolding of this project to its
presentstagehas beena very pleasanttask which has been
made possible by the enthusiasmand hard work of many
friends. From the early expeimental tests by Cristina de
Azevedo and Domitilia Moreno, the bulk of it was finally
shapedby the Ph.D Thesis of Isabel Gon@lves and Carla
Gamelasand the post-doctoralwork of Beatriz Royo. The
friendly and open collaborationof many colleagueshas also
playeda major role in the growth of a projectthat becamea
sharedventure.In thisrespect ammostindebtedo the prompt
contributions of the crystallographersEberhardtHerdtweck,
Victor Felix and Michael Drew, and the theoreticalcontribu-
tions of Maria JoseCalhordaand Luis Veiros which became
essentialtools for the unravelling of many potentialsof this
chemistry. For their dedicatedand competentengagement,
warm thanksare given to the undergraduatetudentsMiguel
Pessanhand Jo@ Almeida as well as the techniciansJo@
PauloLopesandZaraTavares.

Financial supportfor project costsand studentgrantsfrom
the already-extinctJNICT and the presentFundaé@o paraa
Ciénciae Tecndogia (PraxisXXl) aswell asfrom ITQB'’s own
resourcess alsoacknowledged.

REFERENCES

1. Green MLH, McClaverty JA, Pratt L, Wilkinson G. J.
Chem.Soc.1961;4854.

2. GreenMLH, KnowlesPJ.J. Chem.Soc.A 1971;1508.

3. GreenMLH, CooperNJ. J. Chem.Soc.,Chem.Commun.
1974;761.

4. GreenMLH, EphritikineM. J. Chem.Soc.,ChemCommun.
1976;926.

5. CaladoJCG,Dias AR, SimtesJAM. J. Chem.Soc.,Chem.
Communl1978;737.

6. (a) Dias AR, Simtes JAM. Polyhedron1988; 7: 1531;
6. (b) SimtesJAM, BeauchamplL. Chem.Rev.1990;90:

629.

7. RerekME, JiL-N, BasoloF. J. Chem.Soc.ChemCommun.
1983;1208.

8. (a) SinnH, KaminskyW. Adv.OrganometChem1980;18:
99; (b) BrintzingerHH, FischerD, MiilhauptR, RiegerB,
WaymouthR. Angew.Chem.|nt. Ed.Engl.1995;34: 1652;

Appl. Organometal Chem.14, 539-548(2000)



548

C.C.ROMAO

11.

12.

13.

14.

15.

16.
. NesmeyanoWN, UstynyukNA, Makaroval. G, Andrianov

17

TogniA, HaltermarRL (eds).MetallocenesVol. 2, Wiley—
VCH: Weinheim,1998.

. Perssa C, AnderssorC. Organometallics1993;12: 2370.
. LabellaL, Chernegd, GreenMLH. J. OrganometChem.

1995;485: C18.

(a) AscensalR,de AzevedoCG, Gon@lves|S, Herdtweck
E, MorenoDS,Roma CC.Organometallics994;13; 429;

(b) AscensalR,de AzevedoCG, Gon@lves|S, Herdtweck
E, MorenoDS, Pessanhd, Roma CC. Organometallics
1995;14: 3901.

GonglveslS, Roma CC.J. OrganometChem.1995;486

155.

(a) Wong KLT, BrintzingerHH. J. Am.Chem.Soc.1975;
97: 5143;(b) HuttnerG, BrintzingerHH, Bell LG, Friedrich
P, BejenkeV, Neugebaueb. J. OrganometChem.1978;
145 329; (c) Bell LG, Brintzinger HH. J. Organomet.
Chem.1977;135 173.

Kirtley SW.In Comprehensiv®rganometallicChemistry
Vol. 3, Wilkinson G, Stone FGA, Abel EW (eds).
Pergamon:Oxford, 1982; 1195-1203;(b) Morris MJ. In

ComprehensiveOrganometallic Chemistry I, Vol. 5,

Wilkinson G, Stone FGA, Abel EW (eds). Pergamon:
Oxford, 1995;442-450;(c) Royo P, RyanE. In Metallo-

cenesVol. 1, Togni A, HaltermanRL (eds).Wiley—VCH:

Weinheim,1998;321.

(a) McNally JP,GlueckD, CooperNJ. J. Am.Chem.Soc.
1988;110 4838;(b) McNally JP,CooperNJ.J. Am.Chem.
S0c.1989;111 4500;(c) ForschneC, CooperNJ.J. Am.

Chem.So0c.1989;111 7420.

ParkinG, BercawJE. Polyhedron1988;7: 2053.

VG, StruchkovYuT, AndraeS.J. OrganometChem.1978;
159 189.

Copyright© 2000JohnWiley & Sons,Ltd.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

CalhordaMJ, Gongalves IS, Herdtweck E, Roma CC,
RoyoB, Veiros LF. Orgarometallics1999;18: 3956.
Andell O, GoddardR, Holle S, Jolly PW, Krtiger C, Tsay
YH. Polyhalron 1989;8: 203.

(a) DiamondGM, GreenMLH, Mountford P, PophanNA,
ChernegaAN. J. Chem.Soc.,ChemCommun.1994;103;
(b) BochmannM, LancasterSJ, HursthouseMB, Mazid
M. Organometallics1993;12: 4718.

de AzevedoCG, CalhordaMJ, CarrondoMAAF, de CT,
DiasAR, DuarteMT, Galvao AM, GamelasCA, Gon@lves
IS, PiedadeFM, Rom& CC. J. Organomet.Chem.1997;
544 257.

DaviesSG, GreenMLH, MingosDMP. Tetrahedrornl978;
34: 3047.

de Azevedo CG, Carrondo MAAF, de CT, Dias AR,
Martins AM, PiedadeMFM, Roma CC. J. Organomet.
Chem.1993;445 125.

Martins AM, CalhordaMJ, Roma CC, Vélkl C, Kiprof P,
Filippou AC. J. OrganometChem.1992;423 367.
Gamelas CA, Herdtweck E, Lopes JP, Roma CC.
Organometallics1999;18: 506.

vanRaaijEU, BrintzingerHH. J. OrganometChem.1988;
356 315.

CalhordaMJ, GamelasCA, Roma CC, VeirosLF. Eur. J.
Inorg. Chem.2000;331.

CalhordaMJ, GamelasCA, Gonalves|S, HerdtweckE,
Rom& CC, Veiros LF. Organometallics1998;17: 2597.
GreenMLH, HughesAK. J. Chem.Soc.,Dalton Trans.
1992;527.

Lee S, CooperNJ.J. Am.Chem.So0c.1991;113 716.
PevearKA, BanaszakMM, CarpenterGB, Rieger AL,
RiegerPH, SweigartDA. Organometallics1995;14: 512.

Appl. Organometal Chem.14, 539-548(2000)



