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Synthesis of magnesium dicyclopentadienide
from metal and cyclopentadiene in THF is
effectively catalyzed by the derivatives of vana-
dium and titanium. The kinetics of the synthesis,
as well as thermodynamic parameters of re-
agents adsorption on the magnesium surface,
have been determined. The process catalyzed by
titanium derivatives is accompanied by the
guantitative hydrogenation of cyclopentadiene
to cyclopentene whereas the catalysis by vana-
dium derivatives leads to hydrogen gas evolu-
tion. A number of reaction intermediates
including Cp,TiCl, Cp,TiH,MgClI, Cp,Ti(cy-
clo-CsH;) and Cp,V, were identified by the
electron spin resonance method. The equilib-
rium constants, enthalpies and entropies of
adsorption of metal halides on the magnesium
surface were calculated. Copyright® 2001 John
Wiley & Sons, Ltd.
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INTRODUCTION

from metal and cyclopentadiene in THF catalyzed
by CpTiCk has been known for quite a long time.

3CpH -+ Mg CpTiCls, THF

CpMg +CsHg (1)

Hydrogen of a cyclopentadiene molecule is not
evolved as a gas during the reaction but is
guantitatively consumed on the hydrogenation of
cyclopentadiene to cyclopentene. Later it was
found that different derivatives of titanium(IV)
including TiCl,, Cp,TiCl, and Ti(OBu), effec-
tively catalyze reaction [1}. The reaction can be
accomplished at moderate conditions (even@)0
and with high yield (up to 95%). It was proven that
the role of titanium compounds is not limited to the
activation of the metal surface. Magnesium acti-
vated by iodine or dibromoethane did not react with
cyclopentadiené.

However, very little information was obtained
about the kinetics and mechanism of the reaction. It
was suggestédhat the low-valent titanium com-
plex [THFTiMg,Cl,]®> (1) participates in the
catalytic cycle, but no evidence was provided for it.

Therefore, studying the kinetics and intermedi-
ates of the reaction is important for optimizing
reaction conditions and understanding its mechan-
ism. Moreover, the catalytic properties of this
system are relevant to other important processes,
such as nitrogen and hydrogen fixation, polymer-
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other important reactions.

In this work we studied the following:

e the effect of catalyst nature (titanium and
vanadium derivatives) on the kinetics, mech-
anism and product yields of the reaction;

e the kinetics of separate steps of the catalytic
process and the thermodynamic characteristics
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of the reagent’sadsorptionon the surfaceof
magnesium.

EXPERIMENTAL

All reactionswere carried out under vacuum or
underanhydrousand oxygen-freeargon. Tetrahy-
drofuran and diglyme were dried over sodium
hydroxideanddistilled oversodium—benzophenen
composition Diethyl etherandbenzeneveredried
over calcium chloride and distilled over sodium
wire.# Cyclopentadienavasdistilled shortly before
the reaction.Magnesiumturningsand magnesium
wire (d=0.5mm, magnesiumcontent >99.9%)
were used without additional treatment of the
surface. Titanium chIorideéIV) was purified by
distillation overcoppermwire.” Thesolutionof TiCl3
in THF was obtainedby reducing TiCl, by 3%
excessof metallic magnesiumin THF and then
usedin situ.

Vanadiumchloride (11l ) wasdissolvedin THF
recrystallizedand then usedas VCl - 3THF® The
concentration®f VCl; and TiCl, in the solutions
were determlnedby the anaIyS|son chIonne and
metals’ Thecomplexl,®> Cp,V® andCp,TiCl° were
synthesizedy known methods.

Thekineticsof Cp,Mg andcyclopentendorma-
tion from CpH and magnesiumin the presenceof
titanium and vanadiumderivativeswas studiedas
follows. To magnesiumurnings,a known quantity
of the titanium or vanadiumcompoundsolutionin
THF was added. The reaction started almost
immediatelywith the color of the reactionmixture
changingfrom yellow via violet to black (in the
caseof TiCly) or from redvia greento black(in the
caseof VCl; andCp,TiCl,). Thenacertainvolume
of cyclopentadiengvasadded During thereaction,
probes of the reaction mixture were taken and
analyzedfor Cp,Mg and cyclopenteneconcentra-
tion.

Magnesium dicyclopentadienideconcentration
was determined by the acido-basic titration.
Cyclopentenewas analyzedby gas chromatogra-
phy; conditions of analysis: glass column
3000x 5mm with 10% Reoplexon Cellit 545 at
25°C, helium flow rate 60 ml min~*. The quantity
of dihydrogenevolvedfrom reactionmixtureswas
determinedvolumetrically and by gas chromato-
graphy; conditions of analysis: glass column
1000x 5mm with activated charcoal at 30°C,
helium flow rate40ml min—*

The rates of the magnesiumreactions with
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titanium and vanadiumchlorides were measured
by controlling the electric resistance of the
magnesiunwire putin thereactionmixture1° This
methodwasmodifiedfor experimentperformedn
inert atmosphere.

Electron spin resonance(ESR) spectra were
recordedbn a BrukerESR-2000-SRG@pectrometer
with astandardioubleresonatoER-4105-DRwith
a frequencyof 9.5GHz. Diphenylpicrylhydrazyl
was used as a referencefor determiningthe g-
factor. The concentratiorof paramagnetispecies
was estimated by using the THF solution of
Cp,TiCl (0.012moll™Y) as a reference. ESR
measurementsvere performedin the analytical
center of the G. A. RazuvaevOrganometallic
Chemistrylnstitute (Nizhny Novgorod,Russia)by
ProfessoVladimir K. Cherkasov.

RESULTS AND DISCUSSION

It transpired that both titanium and vanadium
complexesin any state of oxidation effectively
catalyzethe formation of magnesiundicyclopen-
tadienidefrom metal and cyclopentadienén THF
at room temperature Diethyl ether, diglyme and
benzenehavebeentried asa solvent,but only the
polymerizationof CpH occurredinsteadof Cp,Mg
synthesis.

Thefollowing catalystswerecomparedn terms
of theCp,Mg yield (relatedto cyclopentadieneand
reactiontime: TiCly, TiCls, Cp,TiCl,, VCIs. The
resultsof the comparisoraregivenin the Table 1.
Theyields andreactiontimesin the caseof TiCl,,
TiClz; and Cp,TiCl, are of the sameorderaseach
otherandcoincidewith previousresults? Thesmall
advantagen the rate of the reactionin the caseof
TiCl, may be explainedby a strongeractivationof
the magnesiunsurfaceby TiCl,. The catalysisby

Table 1 Reactiontimesandyieldsof Cp,Mg relatedto
cyclopentadiendén the Cp,Mg synthesiscatalyzedby
TiCly, TiCls, Cp,TiCl, andVCI3 The catalystconcen-
trations are 0.08mol | %, the starting concentrationsof
CpH are2mol I't; T=303K

Catalyst Yield, (%) Reactiontime, (min)
TiCl, 64 240
TiCl3 63 300
Cp.TiCl, 65 300
VCl; 81 1600
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Figure 1 The formation of Cp,Mg and cyclopenteneduring
the interactionof magnesiunmwith the solution of cyclopenta-
diene(2 mol I’l) in THF, in the presenceof TiCl,, V =20ml;
T =293K; Crici,=0.08mol ™" (1); Crici,=0.06mol ™" (2);
Crici, = 0.04mol 171 (3); W CpMg; A, cyclopentene

vanadium derivatives occurs significantly more

slowly (approximatelyfive times).However,using

vanadiumcompoundsas catalysthas one advan-

tage. Since less cyclopentadiends hydrogenated,
the yield of Cp,Mg relative to CpH is approxi-

mately 20% higher.

Thekineticsof thereactionhavebeenstudiedfor
the following systems: TiCl,—~Mg—CpH-THF,
TiClz-Mg—CpH-THF,  (TiMg,Cl>- THF)>~Mg—
CpH-THF,VCl3-Mg—CpH-THF.

Typical kinetic curvesof productsformationin
the presencef titanium andvanadiumderivatives
areshownin Figs1 and2. All thesecurveshavean
S-shapewhich is evidencefor accumulationof
catalytically active intermediatesduring the reac-
tion. The catalysis by titanium derivatives is
accompaniedby the simultaneous quantitative
hydrogenatiorof cyclopentadiendo cyclopentene,
whereasa similar reactioncatalyzedby vanadium
derivativesgivesrise to hydrogengas,the yield of
which depend®n the conditionsof theprocessand
is 85%o0r morerelativeto startingcyclopentadiene.
In this casethe formationof cyclopentenaloesnot
correlate with dicyclopentadienide magnesium
formation (Fig. 2).

The reactionof complex| with cyclopentadiene
in the absenceof magnesiumdid not lead to the
formation of the magnesiundicyclopentadienide.
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Figure 2 The formationof Cp,Mg, hydrogenand cyclopen-
teneduring the interactionof magnesiunwith the soluion of
cyclopentadieng3mol1~%) in THF in the presenceof VCl;
(0.11moll~%); v =20ml; T =293K; (1) Cp,Mg; (2) hydrogen
gas;(3) cyclopentene

However, cyclopentends formed in the solution

with 70% vyield relative to the metal complex.
Signalsof titanium(lll) compoundappearin the

EPR spectrum.Thus, the synthesisof Cp,Mg is a

heterogeneousrocessandcannotbe accomplished
in theabsencef metallicmagnesiumOnthe other

hand,the formationof cyclopenteneanalsooccur

in the solution.

The ESR method was used to identify para-
magneticderivativesof titanium(lll). During the
reaction catalyzed by titanium derivatives the
following signals are consequentlyobservedin
the isotropic spectraof the reaction mixture: (1)
O1= 1.951, ari = 17.2G; (2) 0= 1.978; (3) O3 =
1.970; (4) 94=1.984, (5) g5=1.992. When the
reactionis completedthetriplet of multipletswith
06=1.993,a4, = 7.4G anday, = 0.43G prevailsin
the reactionmixture (Fig. 3).

The first signal probably belongs to TiCls
coordinatedwith MgCl,.** The secondone corre-
sponds to Cp,TiCl.** Signals three and four
(g3=1.970and g, = 1.984) are hard to ascribeto
acertaincompoundthoughtheformermaybelong
to CpTiCl,.** The signalwith gs=1.992 probably
correspondso allylic derivativesof titanocene->*
A numberof allylic compoundf titanocenewere
obtained by reacting the hydride derivative of
titanocene (Cp,TiAIH ) with the corresponding

Appl. OrganometalChem.2001;15: 161-168
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Figure 3 ESR spectraof the reaction mixture during the
synthesi®f magnesiundicyclopentadienidéy the magnesium
oxidation with cyclopentadiene(@moll™Y) in THF in the
presenceof TiCl, (0.08moll™Y); T=295K (a) 25min; (b)

45min; (c) 110min; (d) 250min; (e) 24 h afterthebeginningof

thereaction.

dienes. ESR spectraof these compoundswere
characterizedn detail. Their g-factorsrangefrom

1.9925t0 1.9937.The multiplicity of the signal
dependson the allyl structureand dialkyl-substi-
tutedcompoundsgyive a multiplet with the orderof

hyperfine splitting constant0.2-0.3G.*3 In the
reaction mixture there was only one diene that
potentially could form allylic derivatives—cyclo-
pentadiene Thus, the signal probably belongsto

dicyclopentadienylcylopentenyltitanium formed
in the reaction:

§>i<H>Mgc1+@ - O_@ mgor (2]
@ (@

Unfortunately, it was not possibleto achieve
sufficiently high resolutionof the ESR spectrain

Copyright© 2001JohnWiley & Sons,Ltd.

orderto observea hyperfinesplitting on Cp-protons
clearly. Finally, the parameterof the last signal
correspond to the dihydride complex
Cp.TiH,MgCl.*41°

The fact that dicyclopentadienylcylopentenylti-
taniumwasnotpreparativel;obtainedsimilartothe
derivativesof otherdienes? may be explainedby
equilibrium[2]. Thesignalof theallylic compound
is observedonly with excessof CpH. As CpH is
consumedn thereaction,equilibrium[2] is shifted
backwards. Similar results were obtained for
different types of dienes'® In the caseof cyclo-
pentadienethe allylic derivative existsonly as a
transientspeciesvhenexcessiveCpH is presentlt
is worthwhile noting that when the reactionwas
performed with excess of cyclopentadienein
comparisonwith magnesiummetal, the signal of
the allylic compoundwas observedevena week
after the completion of the reaction and no
dihydride signalappearedn the spectra.

ESR-monitorecexperimentsvith Cp,TiCl, asa
catalystgavethe samesignalsexceptfor the first
one(g; =1.951,ar; = 17.2G) which is typical for
inorganic derivativesof titanium(lll). This is the
evidencefor the similarity of the catalysismechan-
ism, which doesnot dependon the form of the
startingtitanium compound.

The quantitative measuremenof the titaniu-
m(lll) compoundsconcentrationduring the reac-
tion revealedthat their averagetotal concentration
duringthe synthesiof Cp,Mg is about55% of the
total titanium content. For example,60 min after
the beginning of the reaction (Ccpy=2moll %,
Crici, =0.08mol Ifl) the concentratiorof Cp,TiCl
was found to be around0.03mol |+ whereasthe
concentrationof Cp%Ti(cycIo-C5H7) was approxi-
mately 0.015moll~". The dynamicsof Cp,TiCl
and Cp,Ti(cyclo-CsH;) concentrationduring the
reactionis shownin theFig. 4. It turnedoutthatthe
highestconcentratiorof Cp,TiCl is observedong
before the rate of Cp,Mg formation reachesits
maximum, whereasthe concentrationof Cp,Ti
(cyclo-GH;) follows the rate of the products
formation. This fact leadsto the conclusionthat
Cp,Ti(cyclo-CsH;) may be an active intermediate
of the process. The concentration of the
Cp,TiH.MgCI at the end of the reactionreaches
0.035mol I ™.

Kinetic data, as well as the results of ESR
measurementsyere the groundfor someconclu-
sions about the mechanismof the reaction. A
numberof the dicyclopentadienyltitaniunderiva-
tives found in the reaction mixture could be
evidencefor titanoceneparticipationin the cata-
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Figure 4 Change®f theconcentratiorof Cp,TiCsH; (1) and
Cp,TiCl (2) duringthesynthesiof Cp,Mg andcyclopentendy
the oxidation of magnesiumwith CpH (2 mol 1~ in the THF
solutionin the presencef TiCl, (0.08mol | ~%); T = 295K.

lysis. The formation of titanoceneoccursvia the

reductionof Cp,TiCl, by the metallic magnesium.

In the case when TiCl, is used as a catalyst,
Cp.TiCl is formedin thereactionmixture andthen
also reducedto titanocene.The origination of
Cp,TiCl in the reaction mixture was not investi-
gatedin thepresentvork, buttherearetwo possible
ways in which it could be formed. One is the
reactionof TiCls with Cp,Mg.*® However,it is not
clear how Cp,Mg could originatein the reaction
mixture before the formation of the catalytically
active particles.It was proventhat Cp,Mg cannot
be formed by the direct reaction of CpH with
magnesiumin the absenceof a catalystor by a
homogeneouseactionof CpH with I. Thus,it is
possible that Cp,Mg forms as a result of the
interactionof low-valenttitanium complexeswith
cyclopentadien®n the magnesiunsurface.
Titanocengyossesseso-calledcarbenoid’prop-
erties,the mostimportantbeingthe ability to insert
into labile C—H bonds’’ Whennoactivebondsare
present in the system, the titanium atom of
titanoceneinsertsinto the C—H bond of its own
Cp-ring, e.g. forming fulvalen compounds/=*°
Permethyltitanocengvas obtainedby the decom-
position of a correspondingdinitrogen complex.
However,evenin this relatively stablecompound,
titanium atom insertsinto the C—H bond of a
methyl groupwith a consequentlecompositiorf°

Copyright© 2001JohnWiley & Sons,Ltd.

Eventhe C—H bondof the phenylgroupattached
to theCpring is activetowardslow-valenttitanium

compounds:” However,whenthe systemcontains
otheractivecompoundsthey canalsointeractwith

the titanium center.Cyclopentadieneontainsthe

most active C—H bond among hydrocarbons.
Thus, the insertion of the ‘carbenoid’ titanium

atomin the acid C—H bondandconsequentrans-
metallation gives rise to Cp,Mg and hydride

derivativeof titanoceng Eqns[3] and[4]).

g Y. 90
© o ©

w0

@«

The latterformstheallylic derivativeasaresult
of the reaction with cyclopentadiene(Eqgn [2]).
Finally, cyclopentenes formed and titanoceneis
releasedackin the reactionmixture (Eqn[6]).

%

CpoTiH +HMgCl - — @/7\H

@, @ Y
I/H\ MgCl + i — 27T + +HMgCI 6
ST 5 O

Sincetitanoceneis a highly unstablecompound
andcannotbedetectedlirectly, moreevidencewvas
neededin order to confirm the participation of
metallocenesn the catalyticcycle.

Unlike titanocene,vanadocenes a relatively
stablecompound.Thus, it can be detectedin the
reactionmixture by using, e.g., the ESR method.
Indeed, in the case of catalysis by vanadium
derivativesthe EPR signal correspondindgo Cp,V
(g7=2.003, ay =23G) was identified in the
anisotropic spectrum of the reaction mixture.
Cp,V arisesin the reactionmixture approximately
90min after the beginningof the reactionand its
gquantity remainsapproximatelystablethroughout

— Cp, Mg + 2Cp,TiH [4]

N
/" 18l
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the reaction. The reasonfor a high vyield of
dihydrogenin this systemis that hydride deriva-
tives of vanadocenare less stablethan those of
titanocene’? which leadsto their fast decomposi-
tion andhydrogenevolution. The hydrogenatiorof
small amountsof cyclopentadien¢o cyclopentene
occursprobably as a result of a side process—
reaction of the low-valent vanadium complex
analogousto | with cyclopentadieneln order to
prove this proposalvanadoceneavasintroducedin
the mixture of cyclopentadieneTHF and magne-
sium excesslindeed,in 72h 1 mol of Cp,Mg and
1 mol of dihydrogenper 2 mol of cyclopentadiene
wereformed, while cyclopentenavasnot foundin
thereactionmixture. Thus,theimportantfeatureof
the catalysisby vanadiumcompoundss a higher
yield of Cp,Mg with respecto cyclopentadienand
the absencef the hydrogenatiomprocess.

Separatgrocessstageswere studied:the oxida-
tion of magnesiumby titanium(1V), titanium(lll)
andvanadium(lll) chloridesin THF aswell asthe
interaction of magnesium, with the system
(TiMgCl,- THF),—cyclopentadiene-AF. The de-
pendencie®f the metal oxidationrate by TiClz as
well asby VCI5 ontheir concentrationsorrespond
to the Langmuir isotherm(Figs 5 and 6) and the
reaction can be described by the Langmuir—
Hinshelwoodschemé®?

Ox+ S =2 Ox(S,) )

vx105 g emZ min!

4
C(TICK*10Z mol I

Figure 5 Thedependencefthemagnesiunoxidationrateon
the TiCl; concentrationin the THF solution T=303K (1);
T=293K (2); T=283K (3).
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Figure 6 Thedependencefthemagnesiunoxidationrateon
the VCl; concentrationn THF. T=303K (1); T =293K (2);
T=283K (3).

Lt S——L(S) (8)

Ox(S1) + L(S) ¥ Products (9)
where Kox and K_ are adsorption equilibrium
constant®f the oxidizer andsubstratecorrespond-
ingly; K is therateconstanbf the surfacereaction;
S, andS; areadsorptioncenters.

The realizationof this mechanismis also con-
firmedby thefactthatthe shapeof thereactionrate
plottedvsthe concentratiorof the oxidizerremains
unchangedwhen the solvent concentration is
varied.

As the surfaceconcentratiorof both reagentss
expressedy the Langmuirisotherm therateof the
processcorrespondso Eqn[10]

S SKoxKLCoxCL
(1—|— KoxCox) * (1 + KLCL)

W =K (10)

Equation[10] canbe linearizedin the coordinates
1W-1/C:

1_1( (S S S 1)
W k \KoxCoxKLCL  KoxCox K.CL

(11)
wherek=Kk'S;S,.

Appl. OrganometalChem.2001;15: 161-168
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Table 2 Equilibrium constantsgenthalpiesand entro-
pies of adsorptionof reagentsduring the oxidation of
magnesiunby metalhalidesin THF solution

_Hads Sa(is
Reagent T(K) Kags (kJmol™) (@mol 1KY
VCl3 283 4.7
293 35 26+4.0 —-8+8.0
303 2.2
TiCls 283  16.9
293 16.1 5.0+1.0 6.0£1.0
303 14.7
(11) canbe expresseds
1 1 1/ 1 1 1 N 1/ 1 1
W Kox k \KLCL Cox k\K.CL
(12)

If onedenoteg1/Kox)(L/K)[(L/K C.) + 1] asAand
(I/K)[(L/KLCL) + 1] asB, thenKpx = B/A.

Given the experimental dependenciesV =
f(Cmci,) at different temperaturespy using the
linear regressionjt was possibleto calculatethe
values of equilibrium constants,enthalpiesand
entropiesof adsorptionof metal halides(Table 2).
As the dependencyf thereactionrateon the THF
concentratiorwas nearlylinear (no saturationwas
observed)the equilibrium constantwas very low
andcould not be calculatedwith acceptablerror.

High equilibrium constantsof adsorption to-
gether with low absolute values of adsorption
enthalpiesare probablythe evidenceof chemisorp-
tion of oxidizerson the metallic surface.Chemi-
sorptionmay lead to a significantdeformationor
complete dissociation of the original molecule
which increaseghe observedenthalpyof adsorp-
tion. In thecaseof vanadiunthedeformationof the
V—CI bond is significantly less than that of the
Ti—Cl bondwhich is indicatedby lower valuesof
adsorptionenthalpies.

CONCLUSIONS

1. Metallocenederivativesof titanium and vana-
dium actively participatein the catalytic synthesis
of Cp,Mg from magnesiumandcyclopentadiené

THF solution. The hydrogenationof cyclopenta-

Copyright© 2001JohnWiley & Sons,Ltd.

diene occurs via the formation of hydridic and
allylic metallocenalerivatives.

2. The reactioncatalyzedby vanadiumderiva-
tives is generally slower than that catalyzedby
titanium compoundsOwing to a lower stability of
vanadocenaydridederivativesthesynthesisn the
presenceof vanadiumderivativesis not accom-
paniedby the hydrogenatiorof cyclopentadiend¢o
cyclopentenaandgivesa higheryield of Cp,Mg.

3. Thereactionof magnesiunwith titaniumand
vanadiumchlorideswas treatedaccordingto the
Langmuir—Hinshelwoodscheme.Thermodynamic
parameter®f adsorptionwere calculated.
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