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Abstract

This thesigeports investigations on the electrospray ionisatiass spectrometric
(ESFMS) behaviour of some metallocene complexes of titanium argbeenum
TheESEMS behaviour of titanocerdichloride(Cp,TiCl2) compoundwhich ishas
shownof interest agn anticancer agemtas investigatedCp;TiCl> was dissolvd
in various solvents argpectravererecordedat various capillary exit voltages from
60 V to 250 V Bis(ethylcyclopentdienyl) dichloridotitanium(IV) was also studied
via ESFMS. Results indicated clearly some main species ljKg»TiH]",
[CpeTi(OCHs)]* and[Cp.Ti(OCHg)2+H]" were observedWhen the capillary exit
voltage was greater than 150 V species contairting Ti centres like
[CuTi2(OCHs)Cll*, [CpuTi2(OCHg)sCl+H]* and [(CpeTi(OCHz)2+H)2+ClI]
disappearedand titanocene(lll) species [GPi(CH3OH)]" was observedvhich
indicated eduction of titanium(lV) during ESMS analysis Larger ions which

contain three or more Ti centres were not observed.

The main focus ofhis thesisvas toinvestigate the chemistry and characterisation

of the organometalti compoundis(cycbpentadieny) thiosalicylatotitanium(IV)
(CpeTi(tsal) tsal= SGH4COy). A further experiment was done to run the spectrum

of a mixed solution ofCpTiCl> and CpeTi(tsal) in CH3OH to investigate the
possibility of the tsal ligand bridgingwo CpTi centres.Characterisation of
CpeTi(tsal) using ESI mass spectrometry in the presence of added alkali metal salts
andthe reactivity of Cpri(tsal) towards soft et#grophilewasalso studied.

At the same time, a new complex bis(ethylcyclopentad)je
thiosalicylatotitanium(IV)((EtCpxTi(tsal)) was synthesisednd studied by ESI
MS. Comparison of the ESMNS spectra o€p.Ti(tsal) with those of (EtCp)Ti(tsal)
was used to confirm the identity of some unknown spetlEsnew complex was
characterised by elemental analysis, melting point, nuclear magestinance

(NMR) and infrared (IR) spectroscopy.

Finally the molybdocenedichloride (Cp2MoCl2) compoundwas studied by ESI
MS. The closely related compound bis(cycbpentadieny)
thiosalicylatonolybdenunglVV) (CpMo(tsal) was synthesised andharacterised

by ESFMS, melting point NMR andIR spectroscopy.essspecies can be observed



in theMo system than in the Ti system. Masgiecies in thdo systencontained a
Cl ligand.
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Chapter 1

Introduction

1.1 Titanocene compounds

Since titanocene dichloride was first reported in 1834there has been growing
interest in the development of the chemistry of titanocene compounds. This is
because titanocene compounds can act as catalysts in organic synthesis and some
of them even as anticdative or antitumor agenfg]. Titanocene dichloride is a
bright red s ol i %\CsHyeTi€lhandt abbeevidted asngiCla ( n
(Figurel.l). It is one of thenost important titanocene compounds used in the world.

Figure 1.1: Chemical structure of titanocene dichloride

CpeTiCl2 was first synthesised by Wilkinson and Birmingham by the reaction of
titanium tetrachloride (TiG) with sodium cyclopentadienide dry tetrahydrofuran
under an argon atmosph¢gg. It can be also prepared by reacting freshly distilled
cyclopentadiene with TiG(Scheme 1.1}4].

2NaC5H5 + T1C14 —_—> (C5H5)2T1C12 + 2NaCl

Scheme 1.1: Two routes for the synthesis of Cp,TiCl:

This compoundhas been characterised by afmmay structure determination which
shows it has a quasetrahedral structurewith 2 chloride ligands and 2
cyclopentadienyl (Cp) ligands around the Ti metal centre. Two planar Cp ligands
are in a bent sandwich configuration coordinated to tti&]Tirhetwo Cp rings are
inclined at an angle of 131° andet CITi-Cl angle is 94.5°The TiCl bond
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distances is 2.36 and distance betweehe central of th€p ring and Ti is D6v
[5]. This kind of structure makesitanocene dichlorideeasily lose the chloride
ligands and behave as aZT@" source. Thus, it can undergo fast hydrolysis in

water even through it has poor water solubility.

CpeTiCl2 wasthe first nonplatinum antitumor agent to be cothsiedin clinical

trials [1]. In vivo, CTiCl2 shows a very pronounced growth inhibition on solid
animal tumours and experimental ascites tumourbidtsgical activity is siperior

to that achieved witlequitoxic doses of cisplatii®]. CpTiCl> shows exceptional
antitumor activity againsting, colon and breast cancgfs It has become the main
representive of the early transition metal antitumor agenisifortunately, in
phase Il clinical trials in patients with breast cancer and metastatic renal cancer, the

efficacy of CpTiCl> was too low to pursui].

However the remarkable activity of GpiCl, against cancer encouraged the
development of other novel titanocene compounds with antitumor activity. Two
famous series of drugse Titanocen& ([1,2-di(cyclopentadienyhl,2-di-(4-N,N-
dimethylaminophenyl)ethanediyl] titaniudichloride) and Titanocen¥€ (bis-[(p-
methoxybenzyl)cyclopentadienyl] titanium(IV) dichlorid@igurel.2).



MeO

Figure 1.2: Chemical structures of Titanocene X (top) and Titanocene Y (bottom)

They displayed cytotoxic and antiproliferatiefects in a variety of tumour cells
and recent studidsaveshown that Titanocene Y had beteffectsagainst renal
and uterinecancer cells than cisplat{i@]. In most casg Titanocene Y has more

potent cytabxic activity than Titanocene Jg8].

In recent yearsnpanyothertitanoceneeompounds have been sgasised and tested

as antitumor agentSome examples are shown in Figure[2]3
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Figure 1.3: Some examples of titanocene compounds having antitumor activity

Due to the instability o€p.TiCl2 in agueous solution, most syntheses of titanocene
compounds are conducted in the absence of \WEgrMost of the novel drugs are
unbridged titanocenanalogues, whicincreass the cytotoxicity{8]. These novel
drugs all have the TiCk moiety, which has the ability to be hyrolysed at
physiological pH[7]. In a new geneation of titanocene antitumor agentbe
substituent methqg-aryl of cyclopentadienes ofitanocene Yis replaced by
ethenylmethoxide or ethemyphenoxid€9]. This changencreases thétanocene
antitumor agens stability andcytotoxic activty on breast cancer cell®]. Some
reportshave shown that titanocene complexieaving lipophilic groups have an
improvedantiproliferative effect on breast cancer c§lg Overall,the mehanism

of action of titanocene compounds involves Th¢V) having very high affinity to
serum protein transferrin (Tf). Two titaniums bound to transferrip TH)i can be
considered to specifically target cancer cells since most cancer cells are Tf receptors
[11].

1.2 Thiosalicylate ligand and metal-thiosalicylate complexes

The thiosalicylae ligand derived from thiosalicylic acid Fjgure 1.4) by

deprotonation of acidic hydrogens, is a hybrid ligand containing a combination of



hard oxygen donor atoms and a soft sulfur donor atom. This combination of donor
atoms allows théhiosalicylate ligadto coordinate to various metal centres to form
metaltthiosalicylate complexeq12]. The abbreviation tsal is used for the

thiosalicylate ligandhereafter.

SH

COOH

Figure 1.4: Chemical structure of thiosalicylic acid

Disregarding the protonation state of thesalicylate ligandthere are 22 various
binding modesKigurel.5) for metailthiosalicylate complexdd 3].
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Figure 1.5: Summary of the binding modes in metal-thiosalicylate complexes
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The coordinatiorthemistry of the thiosalicylate ligand has been recently reviewed
[13]. The next two sections summarise tloerdinationchemistry of thiosalicylate

complexes, with an emphasis on those complexes that have been fully characterised.

1.2.1 Complexes of the thiosalicylate ligand with main-group elements

This section summarises the coordination chemistry of the thiosalicylate ligand
with maingroup elementsDue to the chemical hardness of the grdumetals,
alkali metal cations interact with tsal through the oxygen afaBis A number of
alkali metalthiosalicylate complexes have been prepared and ofakhem are
mixedligand complexes which contain cobalt or zinc etc. Examples include
(NEt)3Nag[{ Co(SGH4COO}) 2].6CH30H, (NEt)Na[Zn(SGH4COO)].H-0 and
(NEt)2Na[Co(SGH4COO)].2H20 [14].

In group 2, beryllium, calcium and strontium thiosalicylate complexes with other
ancillary ligands have been preparduit poorly characterised. The best
characterised is the barium thiosalicylate complex [Ba@HaCOO)R(H20)4]n
(Figurel.6) [15].

Figure 1.6: Part of the X-ray structure of [Ba(HSCsH.COO)2(H20)4].. Colour code:
barium (green); oxygen (red); carbon (grey); sulfur (yellow); hydrogen (white)



In group 13, Al(S@H4CQ)(O'Pr) and Al(SGH4COz)(HSCsH4CO,) were prepared
by the reaction of Al(@r) with thiosalicylic acid[16]. Gallium and indium
thiosalicylate complexes have also been prepared by reactiorf‘odr@hlr?* ions
towards thiosalicylic acid in ethano]17]. Thallium(l) and thallium(lll)

thiosalicylate compounds have also been repgii@d 9]

In group 14, a number of silicon thiosalicylate complexes have been prepared and
characterised, such as PhMeSi§B&C0O,), MeSi(SGH4CO),
[Me2NHCH:SI(SGH4CO;)2] and GH4(SSiMe)(COOSiMe) [20,21] A limited
number of germanium thsalicylate complexes have been reported, with the best
well-known one being EGe(SGH4CO;) [22]. Complexes of the thiosalicylate
ligand with tin have been very extensively studied, mainly on tin in the IV oxidation
state. Examples include (&yH2)[PhsSn(SGH4CO,)] and [MeSn(SGH4CO)]
[23,24] A limited number of lead thiosalicylate complexes have been studied and
no X-ray crystal structures have been reported. The bestkn@Wn one is
[Pb(SGH4CO,)] [25].

In group 15, the arsenic thiosalicylate complex:MesSGH4COOH has been
synthesised and used for cancer chemotherd]. Some other arsenic
thiosalicylate complexes like As(Sd4COOH} and
RNHC(O)GHsAs(SGH4COOHY) (R = H or Me) have been known for many years,
but there ge no reports on Xay structures of these comple)2§6]. A number of
antimony(Ill) and bismuth(lll) thiosalicylate complexes have been repsiece
these metal centres are chemically soft. Examples inclu@&EGH.COOH) and
(NH4)3[Bi(SCsH4COr)3].2H20 [27].

In group 16, Se(SE&E14COOH) (Figure 1.7) has been prepared by reduction of
selenous acid with thiosalicylic acid in methanol and characterisetlidly
performance liquid eromatography(HPLC) [28]. Te(SGH4COOH) has been
prepared from thiosalicylic acid with sodium tellurite and characterised by NMR
spectroscopy29].
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Figure 1.7: Chemical structure of Se(SCsH4sCOOH),

1.2.2 Complexes of the thiosalicylate ligand with transition metals

This section summarises the coordination chemistry of the thiosalicylate ligand
with transition metals, with an emphasis on the-obstacterised and best known
thiosalicylate complexes.

Ti(OPr), and Z(OPY)4 can react with thiosalicylic acid to form M(S€4COy) or
M(SCsH4CO2)2(OPF)2 (M=Ti or Zr) depending on the mole ratid6]. The
titanocene  derivative  Gpi(SCH4CO;) and the related complex
(CsHaMe)2Ti(SCeH4CO,) have also been synthesised and characterised by UV
visible spectroscopy30]. There are no reports on thiosalicylate complexes of
hafnium[13].

An early study of thiosalicylate ligands wianadium investigated the reaction of
VO?* ion with thiosalicylic acid giving a common type VO(&GCO,)L, (L =
other donor ligandg)31]. More recently, reaction of the vanadium(lll) precursor
[VCl3(thf)s] (thf = (CHp)4O) or the vanadium(lV) precursor [VOg% with
thiosalicylic acid has been studied. Their productsQ@l(HSGH4COy)s]% and

[Li 4V20:Cla(SCsH4CO;)4]* were characterised by-dy structure determinations
[32]. There are no reports on thiosalicylate complexes of niobium and tarjie8iim

A limited number of chromium thiosalicylate complexes have been reported, one
known example being [Cr(S84COz)(H2NCH2CH2NH2)2] " [33]. In contrast, ther

have been extensive studies on molybdenum(VI) thiosalicylate complexes.
Examples include (BWNH)2[MoO2(SGH4+CO,),] and the related complex
(EtsNH)2[MoO(NNPh)(SCH4CO)2] [34,35] Some lower oxidation state
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molybdenum(y and molybdenum(l}thiosalicylate complexes have been
synthesised and characterisf®6]. A number of molybdenum thiosalicylate
complexes based on sulfide clusters are also reported, eg
(EtsNH)2[M03S(SGH4CO,)3] [37]. There are no reports on thiosalicglat

complexes ofungster{13].

A colourlessmanganesel)-thiosalicylatecomplex [Mn(SGH4CQ,)2]> has been
characterised. Sonmanganesell) -thiosalicylatecomplex have also been reported,
for example the red complex [Mn(§@€COr).]" [38]. Some organometallic
manganes¢hiosalicylate complexes containing carbonyl ligands haeenb
reported and characteris§®B]. The technetium thiosalicylate chemistry is based
on a metastable nucleaoniser of Te99 which symbolised a@8™Tc. Reduction of
®mTcOs with SnChk and succinic dihydrazide followed by the addition of
phosphine gave the *[Tc(N)(L)(SGH4COz)] [L = {PhP(CH)2}.0 or
{MezP(CH)2}2NMe] [40]. For rhenium, reaction of ReCI(C§)) [Rex(u-
OH)3(CO)],, [ReQx(py)4]Cl or [ReOCkK* with thiosalicylic acid in different
reagents gave a variety of rheniimosalicylate complex€gl1,42]

A range ofiron-thiosalicylate complexes have been synthesised and reported. One
example is the “ Ro {Feg-5@GHQO0HRNO)g, twhich” ¢ o mp |
can be prepared by reaction of {§eBr)2(NO)4] with thiosalicylic acid43]. Iron-

sulfide compounds containingthiosalicylate ligands such as [Fex(u-
S)2(SGH4COy)7]* (Figure 1.8) are also knowi¥4]. Reduction of this complex

wi t h SCs®le)f] gives the reduced specifigex(u-S)2(SCH4CO)2]*. From

this species, iron(ll) bis(thiosalicylate) complfse(SGH4CO;),]* (Figure 1.9)

and tetraferric cluster [FesSs(SCsH4sCQp)2]* were able to be isolated and

characterise{¥5].

Figure 1.8: The X-ray structure of [Fex(pu-S)2(SCsH4CO:),]*. Colour code: iron
(orange); oxygen (red); sulfur (yellow); carbon (grey); hydrogen (white)
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Figure 1.9: The X-ray structure of [Fe(SCsH4CO>),]*. Colour code: iron (orange);
oxygen (red); sulfur (yellow); carbon (grey); hydrogen (white)

A number of different types ofutheniumthiosalicylate complexes have been
synthesised and reported, some showing anticancer activity. One example is
(EuN)[RU3(SGH4COH)2(SCH4CO,)4] [46]. Rutheniumthiosalicylate complex
(EtN)1 sRU(SGH4CO2)a(SCH4COH)2] (OAC)05.3H O  can  react  with
Fe(CHCOCHCOCH); and (EitN)OAc in ethylene glycol to give polymeric
(EuN)2[{ Fe(OCHCH20H)(H20)2{ Rus(SCsH4COz)6} ].2H20.CHeO2 [47].
Reaction of osmium carbonyls such asttiesmium cluster [O£CO)i1o(CH3CN)2]

with  thiosalicylic acid forms the osmiumthiosalicylate complex

[{ OssH(CO)o}2( 18GH4CO,)] [48].

A number ofcobalt(ll) and cobalt(l1Bthiosalicylate complexes have been reported.
One of the besktnown cobalt(ll)thiosalicylate complexes is [C8CsH4CO2)2]n,
which shows antiferromagnetic behavigd®]. Limited numbers of rhodium and
iridium-thiosalicylate complexes have been reported. RecenttgdH4CO,)(n°-
CsMes)]2 (M = Rh, Ir) have been prepared by reaction of [MigHCsMes)]2 with
thiosalicylic acid and BN basg50].

A variety of different types ofnickel(ll), palladium(ll) and platium(ll)-
thiosalicylate complexes have been characterised in early studies.
[Ni(SCsH4COy)(dppe)] has been synthesised by reaction of [Niddpe)] with
thiosalicylic acid in methanol with pyridine ba$&1]. [P{SCH4CO,)(bipy)] was

one of tte first synthesised arwharacterise@latinum(ll)-thiosalicylate complexes
[52]. A number of platinum thiosalicylate complexes containing neutral nitrogen

donor ligands, e.g. pyridine, imidazole, etc have also been synthgs3$ed
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One of the most widely knowncopper(ll}thiosalicylate complexes is
[Cua(HSCsH4sCOOHY(H20)6]** [54]. Copper(ll)thiosalicylatecomplexes can be
stabilised by binding with nitrogetionor ligand$13]. The copper(Fthiosalicylate
complex]Cu(SGsH4COOH)PPh)3] has also been prepared amdracterise{b5].

There @ae a wide range of mononuclear and polynuclear silver complexes
containing the thiosalicylate ligandin account of silver ions showing coordination
numbers of 2 to 4 and silver’s affinity
the most common exampled a mononuclear silver complex containing the
thiosalicylate ligand is [Ag(S&4.COOH)(PPh)s], which can be synthesised by

reaction of [AgCI(PP¥s] or [AgCI(PPh)2]2 with thiosalicylic acid and sodium
hydroxide[56]. [Ag4(SCGH4COr)2(en)h (en = GHa(NH2)2) (Figure 1.10) is one

example of a polynuclear silver complex, prepared by reaction of silver nitrate with

thiosalicylic acid and ethylenediamine (¢87].

Figure 1.10: Part of the X-ray structure of [Ags(SCsH1CO2)2(en)]n. Colour code:
silver (light grey); nitrogen (blue); sulfur (yellow); carbon (grey); oxygen (red)

Silver(l)-thiosalicylatecomplexes have been found to show antibacterial activity
[58].

A number ofgold(l)-thiosalicylatecomplexes have been reported, since gqldés
very strong affinity for S ligands. Thegold(l)-thiosalicylate complex
(PheP)AuSGH4COOH has antifungal and antibacterial actiyg9]. Some gld(l)-
thiosalicylate complexes can be used to generate supramoleculaicligsialline
aggregates[60]. A number of gld(lll)-thiosalicylate complexes otaining
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cycloaurated ligands have been synthesised and summarised in a [@jew
Cycloaurated ligands are used to stabilise the gold(lll) metal centre as it can reduce
the positive charge on the gold atom and make it less prone to reduction, and hence
less oxidising62]. This kind of complex has anticancer actiii§a]. Gold(lll)-
thiosalicylate complexeg$-igure1.11) showaffinity for thiol-based ligands, unlike

platinumanticancer complexes which have affinity for DI\G¥].

X=CH, or NH
R=H or Me

Figure 1.11: Chemical structure of gold(l11) thiosalicylate complexes

[Zn(SGH4CO)] is one of the welcharacterised zinthiosalicylate complexes
synthesised in different ways and characterised by IR spectroscopy and elemental
analysis [65]. A number of zinghiosalicylate complexes with an ancillary
tris(pyrazolyl)borate ligand have also been investigated and refd6@gdThere

are only a few studies on cadmium thiosalicylate complexes.
[Cdx(SCH4COr)2(bipy),] is one of thebestcharacterisedadmiumthiosalicylate
complexes[67]. In contrast to cadmium, there is an extensive chemistry of mercury
with thiosalicylate ligands, since mercury has a strong affinity for thiolate ligands.
Mercury-thiosalicylatecomplexes can be divided into inorganic and organometallic
mercury comple@s. The bestnown example of an inorganic mercury
thiosalicylatecomplexis [Hg(SCGsH4CO:H)2Cl] [25]. EtHgSGH4CO2H is the best

known organomercury containing thiosalicylate complex and it has been used as an

antibacterial agerj68].
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1.3 Electrospray ionisation mass spectrometry

Sincel989 whenFenn introduced ettrospray ionisation (ESI), it has becotine

most widely used soft ionisation technique in biochemical and chemical analysis.
Combined witha mass spectrometer (MS) allows the anlgsis of samples in
solution form[69]. There are twanajor advantagef using a soft ionisation
technique. @e isthat little orno fragmentation occurs during soft ionisatias

very little residual eergy is retained by the analytEherefore this technique is
very useful ininvestigation of large biological molecules, suchpasteins. The
other advantageof this soft ionisation technique ishat weak nonrcovalent

interactionsare preserved in the gas ph§ae).

1.3.1 ESI-MS ionisation mechanism

There are 3 basic components for #88: the ion source, mass analyser and
detector(Figurel.12).

E> E>wt>®®

High vacuum

Figure 1.12: The basic components of the ESI-MS

Generally a dilute analyte solution is injected ititeion source aalow flow rate.
Within theESI source, a very high voltage is applieth®tip of the metal capillary
and is assisted by a nelsithg gas, which breaks tlsample solution into an aerosol
of highly charged electrospray dropldEsaporation of the solveméduceghe size
of the charged dropieand atthe same time increases thairface charge density
(Figurel1.13).
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Figure 1.13: The electrospray ionisation process

Finally, when he charged dropletreacha critical point, ions arejeced into the

gas phase. Then tenitted ions are accelerated into the mass analyser. The mass
analyseris a core component of the EBIS. It canseparate and sothe ions
according to their mass to charge ratid4value).The most commonly used mass
analyse is a quadrupole mass analysEigUre 1.14). In this mass analyser, ions
travel forward in the z direction with the osatlng pattern in the -y plane[71].

The different types of ions have different amplitudes of oscillatinater different

the DC and RF voltageSpecific DC and RF voltages are seimake sureghat
desirable ions travellong the zaxis without hittingthe quadrupole rods, and thus

reachthe detector.

1032919(]

Source

Figure 1.14: Operation of a quadrupole mass analyser

TheTime-of-Flight (TOF) mass analyser is the type of mass spectrometer detector
used in this research. The principle of TOF is: lons are formed in pulses and inserted
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by an applied electric field into the TOF analyser. At this stage, all the ions have
the same kiatic energy and enter the fielicee drift tube Figurel.15 [72]. Since

the ion kinetic energy is 0.5rfwheavier ions have a lower velocity than lighter ions
and reaclthe detector later. The major advantage of a TOF is parallel ion detection.
It can detect all the ions present in the source. The TOF analyser is also more
sensitive compared to quadrupole mass analyser.

o o) o

Q O oo
O > O > O = O © > Detector
<

Source

> |
| < >
Drift region (field-free)

Figure 1.15: Operation of a time-of-flight mass analyser

After the ions pasthroughthe mass analyser, thegach thaletector system. At
this time,the system will measure theilbbundancand display the results on a mass
spectrum. High vacuuns applial to themass analyser and detector system since

the ions in the gas phase are often shnetd and very reactive.

1.3.2 Applications of ESI-MS in coordination and organometallic
chemistry

ESFMS has been widely used in the study of coordination and organometallic
chemistry, and such applications have been reviewed several [i3\&4] In
general, ESMS is used to detect and analysious species in sample solution.

In coordination and organometallic chemistry, 8 can confirm the
stoichiometry of an unknown, newlynthesised compldx5]. In contrast to NMR,

it can be used for paramagnetic samprds.

Like other MS techniques, E®AS can only detect ions. For neutral species further
ionisation is required. The most common process for them to be ionised is to
abstract a proton from the solvent to give a [M*dh. On the other hand, nedtra

species containingCOOH or—OH groups can lose a proton to give a negative ion
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[M-H]". To encourage these ionisation processes, a base (e)golNtth acid (e.qg.

HCOOH) can be added. In some cases, metal ions such Bis’kor Ag" can also

be wused, since some met al ions favour Di
il ons favour Dbindi n{6].ttass df dnanmiodi€ ligdnd ligesan d c e n
halide is another common ionisation mechanism, since a number of coordination

and organometallic complexes conthadide ligandg74].

1.3.3 ESI-MS behaviour of metallocene compounds

An electrochemical reaction occurs during theyeahrough the ESI higholtage
capillary, this reaction can induce an electron flow from or to the metal capillary
and redox reactions of the analyte solvent occurs in the ESI capil@rySince

the coadinated Cp ligand is not protonatable, the-&8 behaviour of metallocene
compounds is strongly dependent on the ancillary ligands present. Ferrocene
(CpeFe) and a selection of analogues{E#BFR, FCCHNMez, FcCHP(O)(OPhy,
FCcCHOH, FcCHP(CHOH),;, FcCHPH; [Fc = (CsHs)Fe(GH4)] have been
analysed by ESMS [77-80]. In the case of [GfFe]BFs neither oxidation nor
protonation are needed, since the metallocene is already charged. However, for
neutral metallocenes during the ionisation process, oxidation and protonation will
compete with each other, depending on the redox potential of theceeted, the
solvent flow rate used by the instrument and the basicity of other ligands. Thus only
the protonated [M+H]ion was observed when ferrocerayhine FCCHNMe; is
analysed by ESMS, due to the high basicity of the NMgroup. In cases of lower
basicity, like the phosphonate Fc@P{O)(OPh), both oxidised [M] and
protonated [M+H] ions can be observed. Osmocene @y and ruthenocene
(CpRu) have also been investigated by 88, where the [CfM]* ion was
observed for those complexf&l]. Molybdocene complexes with cysteine and
glutathione have been characterised by-ESlin positiveion mode; the results
suggestthat CpMoCl.> will coordinate to thiols invivo [82]. Three zirconium
metallocene complexes ¢fyMe,, (MeCp)ZrMe2 and (MeCpiZr(BH4)2 have also

been studied by ESWS [72,83]
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1.3.4 ESI-MS behaviour of Ti compounds

Many Ti compounds have been investigated using-MESI In early studies,
titanium trichloride (TiC4) and titanium tetrachloride (Ti@lwere characterised by
ESFMS, resulting in confirmation of their hydrolysed sped¢&4. The interaction
betweenCp,TiCl2 and methanol has been investigated by-HESlin positive ion
mode. Three methoxide species [TiEpMe)]", [TiCp(OMe)(OH)(OH)]" and
[Ti(OMe)3(OH2)]" have been observed. (Further details of this study are provided
in chapter 2)85]. ESFMS has been used to studyhumber of titanium(Ilj -
diketonate complexes like €fi(acetylacetonate)Fgure 1.16) whichgive the

expected [M] parent cations in positive mode (i.e. due to the oxidation occurring)

[86].
@ CH,

Jo,

=
CHs

Figure 1.16: Chemical structure of Cp,Ti(acetylacetonate)

Recently, ESMS has been used to investigate a series of different Ti clusters. Ti
clusters with 1112 Ti atoms have been observed in the case ejedadolutions
based on titanium tetraisopropoxide (TTIP). Forgallsolutions based on titanium
tetrabuoxide (TTB), clusters containing 401 Ti atoms were identified. Smaller
clusters with 57 Ti atoms were identified for sglel solutions based on titanium
tetraethoxide (TTE). However, a limited number of Ti clusters containing OH
groups were observ¢d87]. A titanium salalen complex has been studied using ESI
MS. The ESI mass spectrum of the salalen ligand (Figure 1.17 a) with titanium
isopropoxidem dichloromethane has shown two major signals which indicate the
species shown in Figure 1.17 b an@8].
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(b)

(©)

Figure 1.17: Chemical structure of salalen ligand and two major titanium salalen
complex species
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ESFMS has also been used for the analysis of the highly moistinsitve metal
alkoxide compound Ti(OEf) The negativeon spectra of Ti(OEf) show four
major species which indicate B[OEt)1(OH):Na], [Tis(OEt)xs(OH)NaJ,
[Tis(OEtko(OH)2Na] and [Tis(OEt)s(OH)sNag] [89].

ESFMS was used in characterising titanium tregtblamine (tea = N(CHCH.0")3)
complexes. The results have shown that the present species include the mono and
bis titanatrane moieties shown in Figure 1.18. Examples include @eaH),
(teaTip(OCHs)." and (teaTi)teakH" [90].

%p

N—Ti=—0
\

C
S
<

Figure 1.18: Chemical structure of mono and bis titanatrane moieties

Recently, ESIMS had been used to investigate the binding preferences of
titanocene to RNA and DNA. Results from competition experiments in combination
with ESFMS demonstrated titanocene generally strong preference for the binding

to phosphate groups adgtt to thymidines in DNA91].



1.4 Scope of investigation

There are few previous reports of B8S investigations orCp;TiCl.. The aimof

this project was thereforeto carry out a detailed investigation d¢he MS
characteristics and reactivitygf the organometallic compousdCp.TiCl> and
CpeTi(tsal) Figure 1.19 using ESIMS. The deep green titanocene derivative
CpeTi(tsal) can be prepared by reaction @ TiCl> with thiosalicylic acid in
benzene or in a watehloroform mixturew i t -byclg@extrin or in an ethanol
chloroform mixture with sodium hydroxide bd82]. Two Cp ligands itCp,Ti(tsal)

are similar to those IICp:TiCl2, which arein a bent sandwich configuration
coordinated to the Ti. Th&iosalicylate ligand binds through the S and carboxylate
Oto the central metal. This compound is a relatively rare example of a stable (to air

and water), chemically hard Ti(IV) centre in combination with a chemically soft

Figure 1.19: Chemical structure of CpTi(tsal)

thiolate ligand.

\{Y

(6]

This project will investigatéhe behaviour o€p;Ti(tsal) in potential reactionsith
a variety of reagents. Theseagentsnclude alkali metal salts arldhHg". This
project will also investigatkgand exchange reactions see the possibility of the
tsal ligand bridging two Gi centres.Finally the closely related compounds
Cp2MoCl2 and CpMo(tsal) were studied by ESMS. Overall, ESIMS will be

utilised as the primary technigue in all the investigatiothe$e chemical reactions
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Chapter 2

An investigation of the ESI-MS behaviour of
szTiClz

2.1 Introduction

2.1.1 The hydrolysis and alcoholysis reactions of Cp,TiCl> in solution

IH NMR spectroscopy has been previously used to investibatenydrolysis
chemistry of CpTiCl2 and has shown tha€p,Ti(OH2)(OH)]* and [Cp(OHy)Ti-
O-Ti(OH2)Cpz]?* are the two major species present in the sol@8h The pH and
chloride concentratiomfluencehydrolysis reactions o€ TiCl> in solution. A

low pHs, one of the chloridiggands is rapidlyhydrolysedand replaced bgn aqua

or hydraido ligand, but hydrolysis of the second chloride ligaakis about 50
min. at 3%C (Figure2.1) [94]. The rate of hydrolysis is expected to increase at low

chloride concentrations and high pH val(@4].

.‘\\\\\\Cl H,0 C N OHz|  H,0 @\ B OH;
~ ; C 5 C Z 2

-H*

Figure 2.1: Hydrolysis of the chloride ligands of Cp,TiCl;

The dihydroxido titanocene species fTHOH)2] undergoes further hydrolysis to
release a free cyclopentadiene and a hydroxido titanium speaese?2.2). The

hydrolysis of the Cp ligands is much slower than that hydrolysis of lthgafds,
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and at low pH values, Cp ligands can be stable over severgdPddyat pH values
above 4, insluble tilaniumoxido species can be observed dudoss of the Cp

ligands and protonatid®5].

@ \ OH HO
\ Ti ‘\\\\\\\ oh O \ \\\\\\\ OH
\OH 2 —> Ti \ +
e <

Figure 2.2: Hydrolysis of a Cp ligand of Cp,Ti(OH).

There are 1possible speciefable 2.1)containing Ti(IV)which can be formed
when hydrolysis ofcp,TiCl2 occursin water[94]. During this research, some of
these species have been observed, but not all of thgdnolysis of CpTiCl2 in
watercontaining organic solves has a general trend which invol¥esnationof
TiV-O*-Ti" bridges[3].

Table 2.1: Summary of 11 possible species that can be formed when hydrolysis of
Cp:TiCl; occurs in water

Mononuclear species Dinudear species Polymeric species
CpeTiCl2 CmTi2Cl20 [(CpTiO)sO2]n
[Cp2Ti(OH2)2)* [CpaTi2(OH,)20]%
[Cp2Ti(OH2)(OH)]* CpsTizCl30O2
[CpTi(OH)(OH)2]* Ti4ClsO4
[Tia(OHz)404)**
Tia(OH)404

2.1.2 Review of the previous ESI-MS investigation of Cp,TiCl»

Solutions of CpriCl.in alcohols have been investigated previously usingNES|

[85]. Previously, research has shown that the alcohols can accelerate the catalytic
action of CpTiCl> and increase its cytotoxicit{4,96] ESFMS in positiveion

mode had been used to investigate the behaviaalations of CpTiCl2in CH:OH

and proved CiCl2in CHsOH accelerated catalytic Mannich reacti¢@8]. Two

major species were found la/z241.07 andn/z209.04 which correspond to the

ions [CpTi(OCHs)+H]" and [CRTIOCHs]* respectively{96]. After 3 weeks of
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aging,the Cp.TiCl> solutions inmethanolandethanol weralsoanalysed by ESI
MS. The result showedo doubly-charged ions and chlorides wexrtesent from all
species. InCH3OH, there were fourmajor methoxide specie®bserved:
[CpeTi(OCH3)]* (m/z  209)  [CpTi(OCH3)(OH)(OH)]* (m/z  179),
[Ti(OCH3)3(OH2)]" (m/z159) and [Ti(OCH)3]* (m/z141). The speciesbserved in
ethanol were similar to those in @BH [85]. The literature reports that methanolic
solutions of CpTiCl> will generate species [OTiH(m/z65) and [CpTiH]* (m/z
179) via ESI[97]. CTiCl2 solutions in acetonitrile with formic acid gives the
[Cp2Ti(O2CH)]" (m/z223) ion via ESI[97].

Thereaction of ethanol witEp,TiCl. hasalsobeen studied bH NMR andHRMS;
the result shows the specigSp,Ti(OCH2CHz)2+H]* can be formed. This result
clearly demonstragethat ethoxyl groups can bind with the Lpmoiety and the

ethanolis not justan inert solvent for th€p, TiCl> complex[98].

2.1.3 Project outline

This research project carried out a much morddpth investigation on solutions
of CpTiClzin alcohols.An ESI sourcecoupled with a high resolution TOF mass
spectrometer was used for investigating the-HKSI benaviour ofthe Cp.TiCl>
complex A suitable solvent is veryrportant for the ESMS studiesjn this case
CpeTiCl2 was dissolved in methanol, ethanol, profdaol and butaril-ol. At the
same time, bis(ethylcyclopentadienyl) titanium(1V) dichloride (EtCig)l> (EtCp

= GsH4CH2CH) (Figure2.3) was also studied by ESIS. Comparison of the ESI
MS spectra o€p.TiCl2 with (EtCp)TiCl. ESFMS speata was used to confirm the

identity of some unknown species.

CHj3

\ -Gl

Ti \
@v

Figure 2.3: Chemical structure of (EtCp).TiCl»



2.2 Experimental

The chemicals, solvents and instruments used during this research are listed in
sectiors2.2.1 and 2.2.2

2.2.1 Chemicals and solvents

Powdered bis(cyclopeadienyl}itanium(lV) dichloridewas obtained from Ralph

N. Emanuel Ltd, Alperton, Middlesex, Ukand bis(ethylcyclopentadigl)
titanium(lV) dichloride waspurchased fronAlfa Aesar.Univar grademethanol

used was distilled. thano| propanl-ol and butarl-ol usedwere oflaboratory
reagent gradéeuterated methanol used was of greater than 99.8 atom % D grade
from SigmaAldrich.

2.2.2 ESI-MS instrumentation

In this researchESIFMS data were collected using a Bruker MicrOTOF mass
spectrometeiMass spectra were collect in positiveion mode, and low range and
wide range methods were usétie parameters of these two methods are shown in
Table 2.2.

Table 2.2: Operating conditions of the ESI-MS in positive ion mode

Acquisition parameter Low rangemethod Wide range method
Scan start 50m/z 500m/z
Scan end 800m/z 1500 m/z

End plate offset -500 V -500V
Capillary 4500 V 4500 V
Capillaryexit 60-250 V 60-250 V
Nebuliser pressure 0.4 Bar 0.4 Bar
Dry gas flow rate 4.0 L/min 4.0 L/min
Dry temperature 180°C 180°C
Skimme 1 20-80 V 20-80 V
Skimmer 2 225V 245V
Hexapole 1 -25.5V -25.5V
Hexapole RF 80 Vpp 600 Vpp
Lens 1 transfer 49 us 63 s
Lens 1 pre pulse 5us 11ps
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In this casethe capillary exit voltage was varied from 60 to @%/. The capillary
exitvoltage should be approximately three times higher than the skimmer 1 voltage.
Table 2.3 shows a full summary cdpillary exit andskimmer 1 voltages used for

this researchUsing a highercapillary exit voltage typicdly produces more

fragmentation.

Table 2.3: Summary of capillary exit and skimmer 1 voltages used

Capillary Exit Voltage Skimmer 1 Voltage
60 20
100 30
150 50
180 60
210 70
250 80

The instrumenbased software micrOTOFcontrol was used to collect data which

were further analysed using software mM@€y.

2.2.3 Experimental procedure

Theinstrument was calibrated prior to use with calibration soly@®02 mol
sodium formate)Typically a tiny amount (i.e. 0.1 mg) of analyte was dilutedao
1.5 mL with the solent in a plastic Eppendorf tube and then centrifuged to remove

any irsoluble matter before analysis.

During the investigation ahtensity of CpTi(OR)]"ion in various alcohols where
exact by 2 mg o€CpTiCl2 in 1 mL of various alcohols and spectra reded at a

capillary exit voltage of 150 V.

In this research no visible insoluble material was present in any of the sample
solutions. Samples were injected into the spectrometer via a syringe pump with a
flow rate of 180u L / h Before .each operatiofyHsOH was used to flush the

instrument system fapproximatey half an hour to reduce contamination.
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2.3 Results and discussion

2.3.1 Isotope pattern of titanium and the effect of additional chlorine

There are Stable isotopes for naturally occurring titanidfTi, 4"Ti, 48T, 4°Ti and

50T, “8Ti is the dominant isotope with 73.72% natural abundance. The atomic mass,
natural abundance and the relative intensities of each Ti isotope amargivable

2.4.

Table 2.4: Naturally-occurring isotopes of titanium

Isotope Atomic Mass AbI:r?(ljuarscl;e% *MS%
46T 4595 8.25 11.2
AT 46.95 744 10.1
48T 47.95 73.72 1000
49T 48.95 541 7.3
50T 49.94 5.18 7.0

*relative abundances are normatis

A set of peaks containing different isotopes but with the same chemical formula is
known as the isotope pattern. The isotope pattern is a result of the relative
abundance of the isotopes and their masses. Figure 2.4 showsedtnetical
titanium isotope pattern with 5 isotope peaks &fdat m/z47.95 with the highest

intensity.
~ 120
2=
- 47.9479
90
60
30+
45.9526 46.9520 48.9478 49.9447
ol AN A AN\

45].5 46I.0 46.5 47I.0 47|.5 4é.0 48|.5 49I.0 45.5 56.0
m/z

Figure 2.4: Titanium isotope pattern
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In this particular studychlorineis the other element having morathone isotope
in any significant abundanc&Cl and3'Cl. Table 2.5 giveshe details of these

isotopes.

Table 2.5: Naturally-occurring isotopes of chlorine

: Natural * NSO
Isotope Atomic Mass Abundance% MS%
35l 3497 75.78 1000
3Cl 36.97 24.22 32.0

*relative abundances are normatlis

In the mass spectrum, these two isotopes are observed as two peaks separated by
m/z2 and with a relative intensity ratio of 3:1. Based on this characteristic, any ion
with a single chlorine atom will have a distinctive isotope pattern. One example is
the Cp.TiCl" ion atm/z213. Figure 2.5 (A) shows the calculated isotope pattern of
Cp:TiCI" and (B) is the experimental isotope pattern of T@pl* ion from CpTiCl:
dissolved in CHOH.

212.9951
(A)
214.9924
213.9969
210.9997  211.9994 \ /’\ 215 9944
NN N N
210.5 211.5 212.5 213.5 214.5 215.5 216.5
m/z
213.0585
(B)
215.0557
214.0607
2111022  212.0732 -
216.0584
21'0.5 o 21'1 5 21'2.5 2153.5 2121.5 21'5.5 21'6.5
m/=

Figure 2.5: Cp.TiCI* ion isotope pattern. (A) Calculated isotope pattern of Cp,TiCl*
(B) Experimental isotope pattern of Cp,TiCl*

27



If an ioncontainstwo chlorine atomsthere will be 3 major peaks in the molecular
ion region with 2m/zunits gaps between them and their peak heights ratio will be
9:6:1. The presenceof chlorine in any THcontaining ions is therefore easily
determined by its distinctiveffect on the isotope pattern.

2.3.2 Analysis of a freshly-prepared solution of Cp,TiClz in methanol
with low and wide range method
Positiveion ESEMS spectra for CgriCl. in methanol solution using the low range

method (Table 2), recorded at a range of capillary exit voltages, are given in Figure

2.6.

3 [Cp,Ti(OCH,)]" [(Cp,Ti(OCH,),H"),+Cl'] *
E
< 904
Cp,TiH*
60
[Cp,Ti(OCH,),+H]*
30+
L i T L I B e (a)
| Al L - (b)
(c)

150 200 250 300 350 400 450 500 550 600
m/z

Figure 2.6: Positive-ion ESI mass spectra of a freshly-prepared solution of Cp,TiCl,
in methanol with low range method at capillary exit voltages of (a) 60 V, (b) 100 V,
(c) 180 V and (d) 250 V

The results show that there &ane main group®f ions, one group of speciesmaiz
200-300 and the other group of species only observed at low capillary exit voltages
(60 and 100 V, Figure 2.6a and b respectivelym&a400-550. As the capillary

exit voltage increasetheintensity of thdow m/zrange speciesncreassand high

m/zrange speciedecrease.
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To investigate larger Ti clusters which contain three or more Ti required the use of
the wide range method. In this research, the wide range method has a maximum at
m/z1500.Positiveion ESEMS spectra for CpTICl2 in methanol solution with the

wide range method, recorded at a range of capillary exit voltages, are given in

Figure 2.7.

[Cp.TiCIT*

r.int. (%)

90 I [Cp2Ti(OCHg))

[(Cp,Ti(OCH3),+H"),+CI] *

60

30

—~ (@

] ‘ ©
M.LWM&WMwu—M.Lhm @
300 600 900 1200 1500
m/z

Figure 2.7: Positive-ion ESI mass spectra of a freshly-prepared solution of Cp,TiCl,
in methanol with wide range method at capillary exit voltages of (a) 60 V, (b) 100 V,
(c) 180 V, and (d) 250 V

The resultant spectra show all the species are concentratednzé®0. A low
intensity ion atn/z1400 was observed when employing a 100 V or higher capillary
exit voltages, but this ion does not contain WMost of these species were also
observed with the low range method and low range method refers to a Inited
range. The singlerystal Xray dructure of the trinuclear [GpizO(OCHb)e](l3)
complex has been reportgd]. This complex wasynthesisedy reaction of
CpeTil2 with methano[3]. The ion [CpTisO(OCH)e] " at expectedn/z541.07was

not observed in the spectra@f,TiCl. in methanalbut it was observed dag the
investigation of the reactivity o€pTi(tsal) towards soft electrophileSéction
3.3.5).
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Positiveion ESI mass smptra of a freshlypreparedsolution of Cp.TiCl2 in

methanokcquiredwith thelow range method aapillary exit voltages of 90 ¥nd

120 V are shown in Figure 2.8 and Figure Z/8e majorspecies alow m/zrange
confining one titanium centrare [Cp2TiH]* (M/z179.09, [Cp2Ti(OCHz3)]* (m/z
209.19, [Cp:TiCI]" (m/z 213.06) and [Cp2Ti(OCHa)+H]* (m/z 241.19. Their

correspondingpecies can also observediguterated methandbéction2.3.11).

The insert to Figure 2.8 shows isotope pattern comparison of the experimentally

observedm/z 179 (Figure 2.8A) andthe calculatedn/z 179 (Figure 2.8B)for
CpTiH*. The experimentally observeth/z 209 is shown in Figure 2.8C while
calculatedmn/z209was shown in Figure 2.8for CpTi(OCHs)*. In Figure 2.9, e
insert in this figure is an isotope pattern comparisoiiAgfthe experimentally
observedm/z 213 and (B) the cdculated m/z 213 for CpTiCl". (C) the
experimentally observedm/z 241 and (D) the calculatedm/z 241 for

[Cp2Ti(OCHg)2+H]*.
209.1060 179.0877 209.1060
(A) (C) |
| \
‘ — | 20040
177.0914 178.0907| 180 207.1086 208.1081
| || 2110007
P4 0 o B L LN |7 212.0853
1790340 209.0446
(B) (D) ‘
180.0360
177.0387 178.0384 1810323 207.04032080400(| 210G
A ‘ 212.0454
179.0877 IW
Jodasd |LLI N S S S S S Y SS— M
200 250 300 350 400 450
m/z

Figure 2.8: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp-TiCl; in methanol with low range method at a capillary exit voltage of 90 V. The
insert in this figure is an isotope pattern comparison of A the experimentally
observed m/z179 ion and B the calculated m/z179 ion for Cp,TiH*. C shows the
experimentally observed m/z209 ion and D shows the calculated m/z209 ion for

szTi(OCH3)+
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Figure 2.9: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp:TiCl: in methanol with low range method at a capillary exit voltage of 120 V.
The insert in this figure is an isotope pattern comparison of A the experimentally
observed m/z213 ion and B the calculated m/z213 ion for Cp;TiCl*. C shows the
experimentally observed m/z241 ion and D shows the calculated m/z241 ion for

[szTi(OCH3)2+H]+

In Figure 2.9, as the other major iofCp.Ti(OCHz)]" was atm/z 209 the
experimentally observeah/z211 peak in (A) was much higher than the calculated
m/z211 peak in (B).

2.3.3 Beta-hydride elimination

[Cp2TiH] " is one of he majorspecies atow m/zrangecontining one titanium

centre, this ion is proposed to be formed3dyydride elimination (Figure 2.10).
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Figure 2.10: Formation of [Cp,TiH]* from [Cp.Ti(OCHs)]* species by& -hydride
elimination

Beta elimination is the major decomposition pathway for alkyl groups which have
a hydrogen on thp-carbon. The characteristic of this eliminatisrcleavage 06
bonda nd f or madnd. dhe mastffamaus type®Elimination is3-hydride
elimination. This reaction converts an alkyl group bonded to a metal centre into an
alkene and metddonded hydride, which involves the formation of arHWond
andrtbond (Figure 2.11)100].

Ln(TM
( o L,—M
o ™~
.
B \q ]
L,—M

('(\Ooc . Ln_/M\O
H— i H {

Figure 2.11: g-hydride elimination

2.3.4 Reduction reaction during ESI-MS analysis

The complex isotope pattern at/z209/210 at a capillary exit voltage of 150 V,

that appeared was initially thought to be from 2 overlapping Ti species (Figure
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2.12C). In fact,reduction oftitanocen@V) during ESI-MS analysis has been
observed during this research. As the capillary exit voltage is increased, the relative
intensity of titanocen@ll) species increases. In this case, at low capillary exit
voltages thditanocen@V) speciegCp.Ti(OCHz)]* was obsered atm/z209, but

as the capillary exit voltage was increased, the intensity of an overlapEagd0

peak increased~(gure2.12). At a high capillary exit voltage (250 V, Figure 2.12d),
complete reduction occurs and tm#&210 ion is proposed to hleetitanocendll)
specieg§Cp2Ti(CHsOH)]".

209.1024
(a) 60 V
2071061  208.1058 | 210.1044
211.0982 545 0gas
A A 1 A A :
206 207 208 209 210 211 212 213
209.1077
(b) 120 V
210.1059
208.1101
207.1106 211.1022
/k A /\ 212.0732
8 € IN
206 207 208 209 210 211 212 213
209 1083
() 150 V 210.0907
212.0745
206 207 208 209 210 211 212 213
210.0815
(d) 250 V
211.0831
209.0866
208.0849 2120791
206 207 208 209 210 211 212 213

Figure 2.12: Positive-ion ESI mass spectrum of m/z209 and 210 peaks of a freshly-
prepared solution of Cp,TiCl, in methanol with low range method at different
capillary exit voltages
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Titanocen@ll) complexes are usually highly oxygesnsitive and can be easily
prepared by stirring thitanocen@V) precursor and zinc or manganese dust. The
applications otitanocen€lll) complexes in the field of organic synthesis had been
investigated and essentially pCl as a powerful tool in organic synthefl91].

CpTi(CO). is another importartttanocenecompkex in a lower oxidation state.

This reductionreaction also occurs for other metal complexes at high voltages

during ESIMS analysis. One example is the reduction of a copper(ll) chloride
solution; at high voltages the bare Tan has been observed. Another example is

InClz in methanol at high voltages where reduction t6 Has been observed.
Reduction of metal ions such as mercury(ll) and iron(lll) also occur readily in ESI

MS [72]. Also even for lanthanide ions, where the trivalent state dominates the
aqueous chemistry of these iprthe L ions can be obtained under highly
fragmenting conditions. This has been described ifitdraturea s * bar e met al
mode[102].

2.3.5 An investigation of dinuclear species observed in the ESI mass

spectra of a freshly-prepared solution of Cp2TiCl. in methanol

The majorspecies ahigh m/zcontaining two titanium centsavere only observed
at low capillary exit voltages, ie[CpsTi2CI(OCHs)2]" (m/z 453.18,
[CpaTi2(OCHs)3(OH)+H]* (m/z 467.2), [CmuTi2(OCHs)s+H]" (m/z 481.24),
[CpaTi2CI(OCHs)s+H]* (M/z485.19) and(Cp2Ti(OCHsz)2+H*)2+CI* (M/z517.23).
Unfortunatelyjust based orESI mass spectrunfOCHs+H]* and [CHOH]" ions
can’t be dnifustiativeggspectsir is shown in Figure 2.13.
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Figure 2.13: Part of the positive-ion ESI mass spectrum of a freshly-prepared
solution of Cp,TiCl, in methanol at mass range 440 to 530 m/zat a capillary exit
voltage of 60 V

Dinuclear CpTi-X-TiCp2 species have been synthesised previously. One example
is [CpeTi(u-SeTICpy]; this labile complex was synthesised as an intermediate in
the reaction of [Cgi(N'Bu)(py)] with an excess of MeSH or.8l [103]. The
bimetallic titanocene alkoxide species LigPh)(u-
OCHC(CHs).CH20)(Ph)TiCp has also been reported, formed by the reaction of
CpTiPhe with 2,2dimethylpropanel,3-diol [104]. The Xray crystallgraphic
structure determination of the okwidged titanium(lll) complex [Cai]2( D)

has been reportdd05]. This complex can be formed by the reaction of lCwith

N20 [106].

2.3.6 An investigation of the effects of the capillary exit voltage to the

peak relative intensity

The relative intensity ofmajor species in lown/zrange for a freshiprepaed
solution of CpTiCl2 in CHsOH varies with thecapillary exitvoltage. Figure 2.14

shows the relationship between relative intensity and capillary exit voltage.
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Figure 2.14: Relative intensity vs capillary exit voltage of major species in low m/z
range for a freshly-prepared solution of Cp,TiCl, in CH;OH

This result shows thags capillary exit voltage increases, the relative intensity of
[Cp2TiH]", [Cp2Ti(OCHz3)]" and [Cp.TiCl]* increases but that of
[Cp2Ti(OCHz)2+H]* decreases.

The relative intensities of these higlizspecies also varies with tleapillary exit
voltage. Figure 2.15 shows the relationship between relative intensity and capillary

exit voltage for major species at higtizrange.
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Figure 2.15: Relative intensity vs capillary exit voltage of major species in high m/z
range for a freshly-prepared solution of Cp,TiCl, in CH;OH

This figure shows thatas the capillary exit voltage increases, riglative intensity
of [(CpTi(OCHg)2+H™)2+CI]* will rapidly decrease. Theelative intensityof other
major species at higi/zrange is almost constant.

2.3.7 An investigation of the effects of the time to the peak intensity

The intensity of major species also changes witte. In this case, solutions of
CpeTiCl2in CHsOH were left 8 hours and spectra were recorded every two hours
from time zero, using a capillary exit voltage of 60Rigure 2.16 shows how the
major species [Cp2Ti(OCHga)]*, [Cp2Ti(OCHg)2+H]* and
[(Cp2Ti(OCHs)2+H")2+CI) change in absolute intensity over this period of time.
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Figure 2.16: Intensity vs time for some major species

Theresult shows that all the intensity of major species decreasediméhwith a
significant decrease in the first 2 hours. After 2 hol@g,Ti(OCHs)]" and
[Cp2Ti(OCHgz)2+H] " ions became relatively stable but the intensity of the larger ion
[(CpTi(OCHs)2+H")2+ClI]" is still decreasing.

2.3.8 Analysis of a freshly-prepared solution of (EtCp).TiClz in

methanol with low range method

Themajor species containing Cp groups observed in posaiv&S| mass spectra

of CpeTiCl2 were confirmed by running the spectrum(BfCp)TiCl. in methanol
solution. Massshifted corresponding spec&sould be seen in the ESI mass spectra
of (EtCp}TiClif the assignments are correct. Figure 2.17 shows mass spectra of
CpeTiCl2 and(EtCp)TiCl. with low range method atcapillary exit voltage D60

V. The spectra have a similar appearance with two groups of species, one group at
lower m/zvalues and the other group at high@evalues. All the major speci@s
CpTiCl2 massspectra can also obseriacESI mass spectra (EtCpyTiCl», with

the latter massshifted in (EtCpyTiCl> massspectra. At lowem/zvalues, major
species shift byn/z56 i.e. Cp and EtCp differ by 28 mass units se &l (EtCp)

differ by two times 28 mass units, i.e. 56 mass units. For examp}&i[OEHs)]"
(m/z209.10)and [(EtCp)Ti(OCHs)]" (m/z265.10); the intensity of this ion was
larger for the EtCp compoundt higherm/zvaluesmajor species increase in mass

by 112 units as they contain four Cp groups, sucli@G®Ti(OCHz)+H")+CI]*
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(M/z2517.23) and ((EtCp)2Ti(OCHs)2+H")2+CI* (m/z 629.23), but this time the

intensity of this ion is smaller for the EtCp compound.
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Figure 2.17: ESI mass spectra of (EtCp).TiCl, (Top) and Cp,TiCl, (Bottom) with
low range method at a capillary exit voltage of 60 V

Different capillary exit voltages were also used to record the spectra of
(EtCp)TiCl2. Table 2.6 summarises all the corresponding species which were

observed atarious voltages
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Table 2.6: Summary of corresponding species formed by Cp,TiCl, and (EtCp).TiCl.

Cp2TiClz species m/z (EtCp)2TiClzspecies m/z
1 Ti [Cp:Ti(OCH3)]* 209.04 [(EtCpYTi(OCHs)] * 265.11
[Cp:Ti(OCHs)(OH)H]* | 227.06 | [(EtCp)Ti(OCHs)(OH)H]* | 283.12
[CpTi(OCHgz)2H]* 241.07 [(EtCpYTi(OCHs) H]* 297.13
[CpTICI(OCH3)H]* | 245.02| [(EtCp)TiCI(OCH3)H]* | 301.08
[Cp:TiCl2H]* 248.97 [(EtCpRTiCl2H]* 305.03
[Cp:TiCI]* 213.00 [(EtCp)TiCI]* 269.06
[Cp:Ti(OH)] * 195.03 [(EtCpYTi(OH)] * 251.09
[CpeTi(OH)zH]* 213.04 [(EtCpYTi(OH)2H]* 269.10
2 Ti [CuTi2(OCHs)aH]* 481.13 | [(EtCphTiz(OCHs)4H]* 593.26
[CuTi2(OCHs)3]* 449.11 [(EtCphTi2(OCHg)s]* 561.23
[CuTi2(OCHe)sCIH]* | 485.08 | [(EtCpyTi(OCHs)sCIH]* | 597.21
[CuTi2(OCHe).Cll* | 453.06| [(EtCphTi(OCHs).Cl]* | 565.18
[CuTi2(OCHs)CloH]* | 489.04 | [(EtCpyuTi(OCHs).ClH]* | 601.16
[CuTi2(OCHs)2(OH)] ¥ | 435.09 | [(EtCphTiz(OCHs)2(OH)]* | 547.22
[CuTi2(OCHg)2(OH)H] ™ | 453.10 | [(EtCpuTiz(OCHg)2(OH)H]* | 565.23

2.3.9 Analysis of solutions of Cp>TiCl> in other alcohols using ESI-MS

The analysis othe spectra of GJiCl> dissolved in other alcohols, namaty

ethanol,propanl-ol and butafil-ol solutioncan also help to confirm the identity

of some species and exploteetbehaviour in larger chain alcohols. Spectra of

CpeTiCl2 in various alcohols at@apillaryexit voltage of 60 V are shown in Figure

2.18. For example, one major species observed in methanolOpas(DCHs)]*

(m/z 209.10); when the spectrum was recorded in ethanol as the solvent, the

analogous speciesCpTi(OCH2CH3)]* was observed atm/z 223.10. The
corresponding species [&Jp(OR)]" can also be observed propanl-ol at m/z
237.05 and ibutarr1-ol atm/z251.07
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Figure 2.18: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.TiCl; in (A) methanol, (B) ethanol, (C) propan-1-ol and (D) butan-1-ol at a
capillary exit voltage of 60 V

All the major species observed atapillary exit voltagef 60 V with low and wide
range methods in various alcoh@se summariseth Table 2.7. Some of these
species are not present in ffrepanl-ol and butarl-ol solutions, possibly due to

the greater sterisize of these larger alcohols.
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Table 2.7: Summary of corresponding species of Cp,TiCl; in various alcohols at a
capillary exit voltage of 60 V with low and wide range methods. ( ---- not observed)

Species Methanol | Ethanol| Propanl-ol | Butanl-ol
(m/2) (m/2) (m/2) (m/2)
[CRTiI(OR)]* 20907 223.10 237.05 25107
[CRTi(OR)OH+H]" 227.08 | 241.11
[CRTi(OR)2+H]* 241.10 | 269.14 297.11 32515
[CRTiI(OR)CI+H]* 245.05 | 259.08 273.03 287.05
[CpeTiClo+ROH+H] 281.03 | 295.06 309.01 323.04
[CpTi2(ORXCI* 453.13 | 48117 509.15 537.15
[CuTi2(OR)Cl2)* 457.38 471.10 485.03 499.05
[CpsTi2(ORYOH)Cl+H]* 475.07 | 489.10 503.04 517.07
[CpsTi2(ORRCI+H]* 485.13 | 527.20
[CpaTi2(ORYCl+H]* 489.10 | 517.14 545.02
[(CpeTi(OR)2+H)2+CI] 517.17 | 573.26 629.25

The ntensitiesof different ions change when the alcohol is changed. Solutions of
CpeTiCl2 in various alcoholsrethanaol ethanol,propanl-ol andbutarrl-ol) at
concentration of 2 mg mt.at acapillary exit voltage of 150 Wvere analysed on

same day, intensity ofCjp,Ti(OR)]*ion in various alcoholare given in Table 2.8

The result shown th€p, Ti(OR)]*ion has highest intensity in GAH at capillary

exit voltage of 150 V with low range method and athanolits intensity will
decreased by a half. Intensities of this ionpnopanl-ol also dropped by half
compared to it irethanol The literature reports that butanols are much less volatile
than ethano]107] andvolatility could affect ion productiofil08], therefore vy

the lowest intensities ibutan1-ol.

Table 2.8: Intensity of Cp,Ti(OR)" in various alcohols at a capillary exit voltage of
50 V with low range method

Methanol| Ethanol | Proparl-ol | Butanl-ol
[CpeTi(OR)]* (M/z209) | (M/z223 | (M/z237) | (m/z25)
Intensity(counts per secopd 1.76x16 | 9.18x13 | 4.68x10 | 2.79x1d
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2.3.10 Analysis of freshly-prepared solutions of Cp.TiCl. and
(EthylCp).TiCl2 in a non-protic solvent using ESI-MS

The mass spetraof fresHy-preparedsolutions of CpTiCl, and (EtCp)TICl2 in a
nonprotic solvent were also investigated during this research. Acetonitrile was
used as the neprotic solvent because it is a coordinating solvent but without
alkoxide groups to complicate the spectmsifve-ion ESImass spetra offresHy-
prepared solutions of GpiCl. and (EtCp)TiCl. in acetonitrilewith low range

method at capillary exit voltage of 60 V are shown in Figure 2.19 and Figure 2.20

respectively.
322.0191
[Cp,TiCl,*NCMe+CH;OH+H]*
[Cp,Ti(OH)NCMe]* [Cp,Ti(CI)NCMe]*
236.0199 253.9835
1l ll . Laxll lll lL palatos 11' l Ll s .l llthu llu it “.l.!l ilAL L : Lia
240 270 300 330

m/z

Figure 2.19: Positive-ion ESI mass spectrum of Cp,TiCl; in acetonitrile at a
capillary exit voltage of 60 V with low range method
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Figure 2.20: Positive-ion ESI mass spectrum of (EtCp).TiCl, in acetonitrile at a
capillary exit voltage of 60 V with low range method. m/z353.10 ion does not contain
Ti

The resultsindicate that acetonitrile can easily react wi@p:TiCl. and
(EtCpxTiCl>. Referring to Section 2.3.1, the result clearly shtivas some isotope
pattern of Cicontaining ions had been observed. For instance, the ion
[Cp2Ti(CI)NCMe]" atm/z253.98in Figure 2.19, the isotope pattermafiz253.98
andm/z 255.98 that represent the M and M+2 in a 3:1 ratio which indicates the
presene of one ClI atom. Masshifted corresponding species
[(EtCp)XTi(CI)NCMe]" at m/z310.05in Figure 2.2lso observed in the ESI mass
spectra of EtCp)TiCl. in acetonitrile In Figure 2.20a high intensity ion ain/z

353.10 was observed and this ion doescontain Ti.

The [CpTi(CI)NCMe]* complex has been previously characterised by aayX
structure determination which shows the Ti atom and acetonitrile ligand are nearly
collinear and the Ti atoraxhibits a distorted tetrahedral coordinat[@09]. The
crystal and molecular structure of Ti(lll) complex ETENCMe);]" has also been
established. The coordination geometry of the Ti atom is pseudotetrahedral from an
X-ray structure determinatiofll0]. The other example of cationic Ti(lll)

acetonitrilecomplex is [CpTi(NCMe)(THF)]*, which has been ehacterised by X
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ray crystallography, this complex adopts a pseudotetrahedral structure similar to

[Cp2Ti(NCMe);]* and the acetonitrile ligand is nearly ling¢at 1].

2.3.11 Analysis of a freshly-prepared solution of Cp,TiCl; in deuterated
methanol using ESI-MS

The analysis aothe spectra of GfiiCl. dissolved in deuterated methanol ({CID)
was also investigated to confirm the identity of some species. Spé&@mTiCl>

in CDsOD at acapillaryexit voltage of 90 V are given in Figure 2.21a.
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Figure 2.21: Positive-ion ESI mass spectra of Cp,TiCl; a) in CD;OD b) in CH3;OH at
a capillary exit voltage of 90 V with low range method
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All the major specied themass spectraf CpTiCl> in CHsOH can also observed
in mass spectraf CpTiCl2 in CDsOD and with the latter masshifted inCDsOD
massspectra. The species withCHs group will shift bym/z3 i.e.-OCHz and-
OCD:s differ by 3 mass unitd=or examplepne major species observed in $CHH
was CpTi(OCHz)™ (m/z209.11); when the spectrum was recorded in@D as
the solvent, the analogous specigsTi(OCD3)" was observed at the expectatk
212.14

Table 2.9 summarises all the corresponding species which were observed in
CHzOH and CROD.

Table 2.9: Summary of corresponding species of Cp,TiCl; in CH3;0H and CD;0OD at
a capillary exit voltage of 90 V with low range method

Cp2TiCl2in CH3OH m/z Cp2TiCl2in CD3OD m/z
[Cp:TiH]* 179.09 [Cp:TiD]* 180.11
[Cp:Ti(OCHg)]* 209.11 [CpeTi(OCD3)]* 212.14
[CpeTi(OCHz)2+H]* 241.14 [CpTi(OCDz3)+D]* 248.20
[CpsTi2Cl(OCHg)2]* 453.18 [CpsTiCI(OCDs)2]* 459.22
[CpsTi2Cl(OCHg)z+H]* 485.20 [CpsTi2Cl(OCD3)3+D]" 495.29
[(Cp2Ti(OCHg)2+(H))2+CI" | 517.23 | [(Cp2Ti(OCDs)2+D")2+CI" | 531.35

At a capillary exitvoltageof 180 V, a nevspeciesatm/z211was observed (Figure
2.22B). Compared to the specifSpTi(OCDs)]* (m/z 212) observed at low

voltages, this species has decreased tyzunit.

46



(A) 212.1439
|

209 210 211 212 213 214 215 216
m/z

211.1026
(B)

f\
A ﬁ A\ j \\ J‘A\\ A A,

209 210 211 212 213 214 215 216
m/z

Figure 2.22: Positive-ion ESI mass spectra of m/z212 and 211 peaks of a freshly-
prepared solution of Cp.TiCl; in CD;OD at a capillary exit voltage of (A) 150 V and
(B) 180 V with low range method

Since inCHz0H, the speciefCpTi(OCHz)]* atm/z209is observed at a capillary
exit voltage of 150 V whiclkorresponds to thepecie§Cp,Ti(OCDs)]" atm/z212
in CDsOD. As the capillary exit voltage increased to 18@itdnocen@ll) species
[Cp2Ti(CHsOH)]" atm/z210 was proposed to be observed (Se&i8m). However,
them/zunit increased by 1 as tlapillary exit voltage increasd€gigure 2.23).
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Figure 2.23: Positive-ion ESI mass spectrum of m/z209 and 210 peaks of a freshly-
prepared solution of Cp.TiCl; in CH3;OH at capillary exit voltages of (A) 150 V and
(B) 180 V with low range method

Another possible explanation is the ioma&z210 in CHOH could be a superoxo
complex CpTiO2" and the ioratm/z211 inCDsOD is a protonated peroxo species
(Isotope pattern comparison provided by Ryland Forffieker) (Figure 2.24). The
source of Hions could be frommesidualwater in the instrument (e.g. drying gas).
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Figure 2.24: Positive-ion ESI mass spectrum of Cp,TiCl, in CDs;OD at a capillary

exit voltage of 180 V with low range method. The insert shows an isotope pattern

comparison of the experimentally and the calculated protonated peroxo species at
m/z 211
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The source of oxygen in the protonated peroxo species could be from the nitrogen
generator. There would be oxygen in the nitrogen feed for theMSSirom the
nitrogen generator. The nitrogen generator unit used during this research has the
practical oxygen ranges from about 2.5% to 5%.

There are no reports on gperoxy) species, but a similar complex
(CsMe4'Pr)TiO; has beesynthesised ancharacterised by the NMR spectroscopy
and Xray diffraction and confirms the sidma hapticity of he peroxide ligand
[112].

Overdl, compared tdhe ESI mass spectra 6f:TiCl2 in CHsOH at low capillary
exit voltage , massshifted correspondingpeciesan be observeith the ESI mass
spectra o TiCl2 in CD30D, but the presence af/z211 inCH3OH andm/z210

in CD30OD ata capillary exit voltage of 180 ,Mooks likeCp,TiCl2 in CHsOH and
CDsOD behave differently at higbapillary exit voltage. The further experiment
was done to run the spectrumQpeTiCl.in CH:OH with 1 drop of dilute hydrogen
peroxide, but the peroxy species was not observed atdpilary exitvoltages.

2.4 Discussion

The positiveion ESIMS spectra forCpTiCl> and (EtCpkTiCl> in methanol,
ethanol, propaii-ol or butanl-ol, recorded at a range chpillary exit voltages,
have identified some major species containing one or tweeilire, but these
speciexontaining two Ti centiedisappeareavhen the capillary exit voltage was
greater than 150 M.arger Ti clustersvhich contain three or more Tentres were

not observedThe presence of Bpeciesontaining OH groups indicated that rapid
hydrolysisof the CpTiCl> occurred and ORjroups indicateclcoholysis of the
CpeTiCl2 occurred.The hydrolysis of the Cp ligands is much slower than that
hydrolysis of the Cl ligands.

To confirm the identity of some species observed in the mass speCpald€l>
in methanol,various alcoholsdeuterated methanol arf@tCp)TiCl> have been
used Most of corresponding species can be observVed. relative intensity of
major species can be influenced by tiapillary exit voltageand aging of the
sample in the solvenReduction otitanium(IV) during ESIMS analysis was also
observed when the capillary exit voltage was greater than 150 V andevitaive
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suggestion is that protonated peroxo species is formed at a lugpillary exit

voltage.
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Chapter 3

An investigation of the ESI-MS behaviour of
szTi(SC6H4C02)

3.1 Introduction

3.1.1 Review of the previous investigation of Cp,Ti(tsal)

Bis(cyclopentadienyl) thiosalicylatotitanium(lV) is the organotitanium compound
with the formula CpTi(SCeH4CO2), commonly abbreviated a€p.Ti(tsal).
CpeTi(tsal) exists as a deep green coloured solid and has been characterised by
NMR and IR spectroscopig¢82]. CpeTi(tsal) has been previously synthesised by
reaction & CpTiCl.> with thiosalicylic acid in benzene and with anhydrous
ammonia gas as bagecheme 3.1]113].

szTlClz + HSC6H4COOH + 2NH3 e szTl(SC6H4COO) + 2NH4C1

Scheme 3.1: Formation of Cp,Ti(tsal) from Cp,TiCl, and thiosalicylic acid

CpeTi(tsal) can be also synthesised by reaction ofT@H> with thiosalicylic acid
in a waterchloroform mixturew i t -¢yclo@extrin[13].

The thiosalicylate in Cfi(tsal) acts as a bidentate ligand and forms a puckered
six-membered ring with the titanium atom as shown by theay structure
determination (Figure 3.1]92]. The coordination geometry of the Ti atom is
pseudotetrahedral and the distances between the Ti and two Cp rings are different;
presumablyrom Ti to thecentoid of the Cp rings ar2.0707v and 2.062% [114].

This complex exhibits a 3D framework constructed through weak interactions,
which are four intermoular GH ...m i nt eracti ons and t wo
hydrogen bonds (C1B 1 3 ...02 &i8d...S(P3).
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Figure 3.1: Molecular structure of Cp;Ti(tsal)

The electron ionisatiormass spectrum of this compound wagported in 1969

[113]. The metakontaining ion peaks are summarised @ble 3.1.

Table 3.1: Metal-containing ions recorded in the mass spectrum of Cp,Ti(tsal)

lons m/z Relative intensity
(%)
C17H140-STi* 330 79
CieH1sSTi 285 27
C11HeSTi* 221 100
CoH/STi* 195 9
CioH1oTi™" 178 35
CsHsSTi* 145 10.3
CsHsTi* 113 8

Theelectron ionisatioomassspectrum ofCp;Ti(tsal) gave a molecular ion peak at
m/z330 which showed the compoutalbe monomeric witla closed ring structure

[113]. The proposedragmentation patterior CpeTi(tsal) is shown in Figure 3.2.
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Figure 3.2: The proposed fragmentation pattern for Cp,Ti(tsal)

3.1.2 Project outline

Titanium is normally considered to be a chemically very hard metaledd:its].
Because the high polarisability of the chalcogen atoms, thiolate is generally soft
[116], so it is interesting tha@p.Ti(tsal) is a rare example which contains aSTi
bond and its very stable and can even be made in Waitef]. This research project
carried out a much more-otepth investigation intthe EStMS behaviour othe
CpeTi(tsal) complex At the same timea new complexis(ethylcyclopentadienyl)
thiosalicylatotitanium(IVYEtCp)yTi(tsal) (EtCp = GH4CH.CHs) (Figure3.3) was
synthesisednd also studied by E®1S. Comparison of the ESMS spectra of
CpeTi(tsal) with those of(EtCp)Ti(tsal) was used to confirm the identitf some
unknown speciesThe further experiment was done to run the spectrurihef
mixed solution oCpTiCl> andCp,Ti(tsal) inCH3OH, to investigate the possibyit
of the tsal ligand bridging wCpTi centresCharacterisation of Gpi(tsal) using
ESI mass spectrometry in the presence of added alkali metarsdilt® reactivity

of CpeTi(tsal) towards soft electrophilésvealso been studied.
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Figure 3.3: Chemical structure of (EtCp).Ti(tsal)

3.2 Experimental

The chemicals, solvents and instrumemsgd during this research are listed in
sectiors 3.2.1 t0 3.2.4.

3.2.1 Chemicals and solvents

Powdered bis(cyclopeadienyl}itanium(lV) dichloridewas obtained from Ralph
N. Emanuel Ltd, Alperton, Middlesex, Ukand bis(ethylcyclopentadigyl)
titanium(lV) dichlaide waspurchased fronAlfa Aesar,alkali metal saltsLiCl,
KCI, RbCland CsClI werall purchasedrom Ajax Finectem. NaCl was purchased
from Dominion Salt Limited. PhHgCI was purchasiedm BDH. FcHgCIl was
synthesied according to the literature methidd.8]. Univar grademethanolused
was distilled. Ehanolused was ofaboratory reagent gradBichloromethane was
obtained fromMerck KGaA Petroleum spirits and toluengere purchasetfom
Ajax Fineclem with analytical reagent grade.

3.2.2 ESI-MS instrumentation
As described for the ESQWS investigation ofCp:TiClz (Section 2.2.2)ESFMS
instrumentation was the same as in grsviouschapter.

3.2.3 NMR instrumentation

H NMR spectroscopy was performed on the University of Waikato School of
Sciences Bruker AVIII (400) NMR spectrometer running Topspin 3.5 pl 7 software.
The spectrometer was fitted with a 5 mm ATMA BBI probe operating at 300 MHz
for 'H spectroscopy and spectrareeecorded usindeuterated chlorofordCDCls)

as the solvent.
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3.2.4 Melting point and IR instrumentation

Melting point was recorded using Buchi-B60 Melting Point instrumentiR
spectrum was recordéathe 4000400cn™ regionas KBr discs on a Perkin Elmer

Spectrum 100 FIR spectrometer.
3.2.5 Experimental procedures

3.2.5.1 Synthesis of Cgri(tsal)

CpeTi(tsal) was synthesised by a modification of literature methd8p CpTiCl>
(1094 mg, 4.39 mmoBnd thiosalicylic acid680 mg, 4.41 mmol) werguspended
in ethanok30 mL) in a 50 mL round bottom flask with a magnetic stirrer, resulting
in ared suspension. KOHI®3mg, 8.79 mmol) wasdded and the red suspension
quickly chamed into a deep green supension. The mixture was stmrddhours,
then dowed to evaporate to dryness. The solid residue wiiaaed with60 mL

of a 1:1 mixture of toluene an@H:Cl,, the resulting deep greesolution was
filtered to remove KCJ| washed successively with @El> (10 mL) and the filtrate
evaporated to dryness in a fumehood. dék green residueasrecrystallised by
dissolving inCH-Cl> (30 mL)followed by addition ofpetroleum spiritg50 mL).
The solid was filtered offyashed with 10 mlof petroleim spirits, and ded under
vacuum to giveadark greenalmost blackmicrocrystallineCp,Ti(tsal) solid (yield

ca. 770 mg, 53%P2].

3.2.5.2 Synthesisf (EtCp)Ti(tsal)

Equimolar amounts ofEtCppTiCl> (100 mg, 0.328 mmol) and thiosalicylic acid
(50.5 mg, 0.328 mmol) were suspendedthano(30 mL)in a 50 mL round bottom
flask with a magnetic stirrer, resulting imred suspensiorKOH (36.8mg, 0.656
mmol) wasadded and the red suspensigmickly chamed into a deep green
suspension. The mixture was stirred 4 hours, then llbbwed to evaporate to
dryness. The solid wagteacted with60 mLof a 1:1 mixture of toluene ar€H>Cl>.
The resulting deep green solution was filtei@demove KC, washed successively
with 10 mL of CH2Cl2, and then the solvent evaporated in a fumetoauvefinal
dark greersolid (yield ca. 70 mg, 55%Melting pointof (EtCp}Ti(tsal) 115118
°C.
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3.2.5.3 Investigation of thepossibility of the tsal ligand bridging twoCp:Ti

centres

Equimolar amounts o€p.TiCl> (18.9 mg, 0.076 mmol) and €¥i(tsal) (25 mg,

0.076 mmol) were dissolved dichloromethang25 mL)in a 50 mL round bottom

flask with a magnetic stirregind stirred for24 hours, giving a clear deep green
solution. The solution was diluted with methanol and then analysed by pasitive
ESFMS. The same experimental procedure was performed but using pure methanol

as the solvent.

3.2.5.4 Characterisation of CpyTi(tsal) using ESI mass spectrometry in the
presence of added alkali metal salt

CpeTi(tsal) (10 mg, 0.030 mmol) was dissolved10 mL of CH:OH in a 25mL
glass vial and shakegentlyfor about one minute. lkali metal chloride MCK10
mg) (M= Li, Na, K, Rb, Cs)espectivey wereaddedinto the CpTi(tsal) CHzOH
solution. Thenseveral drops of watevere addedo helpdissolve alkali metal
chloride.The resulting deep green solutions &erspectivelyanalysedy positive
ion ESEMS.

3.2.5.5 Investigation of the reactivity of Cfi(tsal) towards soft electrophiles

Equimolar amounts d€p.Ti(tsal) (5 mg, 0.015 mmol) and PhHgCI (4.7 mg, 0.015
mmol) were suspended CHzOH (20 mL)in a 50 mL round bottom flask with a
magnetic stirreand stirred for 2 hours. The resulting brown [piate was filtered
and therextracted with60 mL of a 1:1 mixture of toluene andH.Cl, and then
analysed by ESMS.

3.3 Results and discussion

3.3.1 An investigation of the ESI-MS behaviour of Cp,Ti(tsal)

3.3.1.1 Analysisof a freshlyprepared solution of Cgi(tsal) in methanol with

low range method

The positiveion ESEMS spectrum for Cgri(tsal) in methanol solution using the
low range method, recorded a capillary exit voltage of 150,Vs given in Figure
3.4.
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Figure 3.4: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp:Ti(tsal) in methanol with low range method at a capillary exit voltage of 150 V

The results show that speciesrdz100-300do not contain the tsal group and these
species were also observed in spectum of Cp,TiCl. in methanol solution using
the low range methodection2.3.2). At m/z300-800, all the major species contain
the tsal group. An ion aih/z331.06is assignea@s[CpTi(tsal)+H]" (calculatedn/z
331.03)(Figure 3.5).
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Figure 3.5: An isotope pattern comparison for [Cp.Ti(tsal)+H]* (a) experimental
(m/z331.06) and (b) calculated (m/z331.03)

Table 3.2 summarises all theajor species contain the tsal growpich were

observed at aapillary exit voltage of 150 V with low method.

Table 3.2: Summary of species containing the tsal group observed at a capillary exit
voltage of 150 V in a freshly-prepared solution of Cp,Ti(tsal) in methanol with low
range method

Species Experimenta{lm/2 | Calculatedm/2
[Cp2Ti(tsal)+H]* 331.06 331.03
[Cp:Ti(tsal)+Nd* 353.09 353.01

[Cp:Ti(tsal)+CpTi(OCH)2] 505.15 505.0¢
[CpeTi(tsal)+CpTi(OCH:)]* 539.18 539.06
[2(CpeTi(tsal))+Ng* 683.17 683.03

The psitive-ion ESFMS spectrum for Cgri(tsal) in methanol solution using the
low range method, recordatia capillary exit voltage of 180, @re given in Figure
3.6.
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Figure 3.6: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp:Ti(tsal) in methanol with low range method at a capillary exit voltage of 180 V

The resultshows that the intensities of speciegrdr 100-300 increased as the

capillary exit voltage increased. All the major species containing the tsal group were

also observedt acapillary exit voltage of 150 V, but thamtensities decreased as

the capillaty exit voltage increased’able 3.3 summarises all tmeajor species

containing the tsal grouphich were observed atcapillary exit voltage of 180 V

with low method.
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Table 3.3: Summary of species containing the tsal group observed at a capillary exit
voltage of 180 V in a freshly-prepared solution of Cp,Ti(tsal) in methanol with low
range method

Species Experimenta{lm/2 | Calculatedm/2
[CpaTi(tsal)+H]* 331.11 331.03
[CpaTi(tsal)+Ng* 353.09 353.01

[Cp:Ti(tsal)+CpTi(OCH)2] 505.17 505.0¢
[Cp2Ti(tsal)+CpTi(OCH:)]* 539.18 539.06
[2(CpeTi(tsal))+Ng* 683.18 683.03

The positiveion ESFMS spectum for CpyTi(tsal) in methanol solution using the
low range method, recordatia capillary exit voltage of 220, @re given in Figure
3.7.

[Cp,Ti(OH)I*
- : 195.08
250000+
200000-
] [Cp,TIO, ]
] 210.08
150000
1 00000-: [Cp,Ti(tsal)+Na]*
i 353.10
50000 [Cp,Ti(tsaly+H]*
] 331.11

100 200 300 400 500 600 700 800
m/z
Figure 3.7: Positive-ion ESI mass spectrum of a freshly-prepared solution of

Cp:Ti(tsal) in methanol with low range method at a capillary exit voltage of 220 V

The results show that only two major species contain the tsal group;
[CpeTi(tsal)+H]" and [CpTi(tsal)+Na]* were observedat m/z 331.11 andm/z
353.10 at theapillary exit voltage of 220 V.
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Overall, & the capillary exit voltagmcreass, theintensity of thelow m/zrange

speciesncreass and highm/zrange specieghich contain the tsal grougecrease.

3.3.1.2 Analysis of a freshlyprepared solution of Cgli(tsal) in methanol with
widerange method

In this research, the wide rangethmd has a maximum at/z1500.Positiveion

ESFMS spectra for Cgrli(tsal) in methanol solution using the wide range method,

recordedat a capillary exit voltage of 100, dre given in Figure 3.8

[Cp,Ti(tsal)+Cp, Ti(OCH,)]*

e 539.00
9.0e+05 [Cp,Ti(tsal)+CpTi(OCH,),J*
504.98| (cp,Ti(tsal)+Cp,Ti(OCH,),+H]*
571.02
6.0e+05+
[2(Cp,Ti(tsal))+H]*
660.97
626.95
[Tp,Ti(tsal)+CpTi(OCH)(tsal)+H]*
3.0e+05+
[2(Cp,Ti(tsal))+Cp,Ti(OCHs)(OH)+H]*
1012.94
J l 887.00 [3(Cp,Ti(tsal))+Na]*
lALl l. JQL.; LLLL Y .
300 600 900 1200 1500

m/z

Figure 3.8: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp.Ti(tsal) in methanol with wide range method at a capillary exit voltage of 100 V

The result shows that some of these species were also observed with the low range
method. Some new sges like [2(Cp:Ti(tsal))+CpTi(OCHs)(OH)+H]" (m/z
887.00) and3(Cp.Ti(tsal))+Nd* (m/z 1012.94)were observed when using the
wide range methodl'able 3.4 summarises all timeajor species contain the tsal

groupwhich were observed atcapillary exit volage of 100 V with wide method.
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Table 3.4: Summary of species containing the tsal group observed at a capillary exit
voltage of 100 V of a freshly-prepared solution of Cp,Ti(tsal) in methanol with wide
range method

Species Experimenta(lm/2 | Calculatedm/2
[Cp:Ti(tsal)+CpTi(OCH)2] 504.98 505.0¢
[CpeTi(tsal)+CpTi(OCH3)]* 539.00 539.06

[Cp2Ti(tsal)+CpTi(OCHs)2+H]* 571.02 571.09
[CpeTi(tsal)+CpTi(OCH)(tsal)+H] 626.95 627.03
[2(CpeTi(tsal))+H]* 660.97 661.05
[2(Cp:Ti(tsal))+CpTi(OCHs)(OH)+H]" 887.00 887.10
[3(CpzTi(tsal))+Na] 1012.94 1013.05

Positiveion ESFMS spectrun for CpeTi(tsal) in methanol solution using the wide

range method, recordad a capillary exit voltage of 180, @re given in Figure 3.9.

[Cp,Ti(tsal)+CpTi(OCH,),]*

p= ] 504.98 )
© 400000 539Focgzﬁ(tsal)+0p2'l'|(OCH3)]

350000
300000

2500001
] [2(Cp,Ti(tsal))+Na]*

200000‘; [CpTi(tsal)+CpTi(tsal)]* 682.95
TS0 _: _594493é§g%1;(tsal)+Cp(OCH3)T|(tsaI)+H]*
] < | [2(Cp,Ti(tsal))+Cp,Ti(OCH3)]*
100000- 8688
50000
300 600 900 1200 1500

m/z

Figure 3.9: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp-Ti(tsal) in methanol with wide range method at a capillary exit voltage of 180 V

The results she that [Cp:Ti(tsal)+CpTi(OCH),]* (m/z 504.98) and

[Cp:Ti(tsal)+CpTi(OCHs)]" (m/z539.00) were also observed with the low range

method. Some new species lik§Cp,Ti(tsal)+CpTi(tsal)] (m/z 594.93),

[2(CpeTi(tsal))+Na] (m/z682.95) and2(Cp:Ti(tsal))+CpTi(OCHs)]" (m/z868.88)
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were observed when using higher voltagable 3.5 summarises all theajor

species that contain the tsal graupich were observed atcapillary exit voltage
of 180 V with wide method.

Table 3.5: Summary of species containing the tsal group observed at a capillary exit
voltage of 180 V of a freshly-prepared solution of Cp,Ti(tsal) in methanol with wide
range method

Species Experimenta{lm/2 | Calculatedm/2
[Cp:Ti(tsal)+CpTi(OCH),]* 504.98 505.0¢
[Cp:Ti(tsal)+CpTi(OCH3)]* 539.00 539.06

[Cp:Ti(tsal)+CpTi(tsal)] 594.93 595.00
[CpeTi(tsal)+CpTi(OCH)(tsal)+H] 626.95 627.03
[2(CpeTi(tsal))+NaJ 682.95 683.03
[2(Cp:Ti(tsal))+CpTi(OCHa3)]* 868.88 869.09

The psitive-ion ESEMS spectrum for Cgri(tsal) in methanol solution using the

wide range method, recordatla capillary exit voltage of 240,V6 given in Figure
3.10.

[Cp,Ti(tsal)+Cp,Ti(OCH,)*
538.89

a.i.

900004
Cp,Ti(tsal)+CpTi(tsal)]*
600004 [SSi.gSSa )+CpTi(tsal)]
30000
300 600 900 1200 1500

m/z

Figure 3.10: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp-Ti(tsal) in methanol with wide range method at a capillary exit voltage of 240 V
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The result shows that[Cp.Ti(tsal)+CpTi(OCHz)]* (m/z 538.89) and
[Cp:Ti(tsal)+CpTi(tsal)[ (m/z594.93) were also observed at low capillary exit
voltages.As for the low range methoeyhenthe capillary exit voltage increase
theintensity of the major species with higiizwill decrease.

3.3.1.3 Analysis ofa freshly-prepared solution of CgTi(tsal) in ethanol using
ESI-MS

The analysis athe spectra of Gii(tsal) dissolved irethanol solutiorcan also help

to confirm the identity of some species and explore the behaviour in larger chain
alcohols. Spectra o€p.Ti(tsal) in ethanol at variousapillary exit voltages are
shown in Figure 3.11. For example, one major species observed in methanol was
[CpeTi(tsal+Cp:Ti(OCHsg)]" (m/z 539.12); when the spectrum was recorded in
ethanol as the solvent, the analogous spe€ipd[(tsal+CpTi(OCH.CHs)]" was
obseved atm/z553.18.

[CP2THOCHCH)" (i oCH,CH)(tsal)*

;\3 [Cp,TIO,]"
= [Cp,TIOH)* |||+ [CpTitsa+H*
= 90 [Cp,Ti(tsal)+Cp,Ti(OCH,CH,)J*
[Cp,Ti(tsal)+CpTi{OCH,CH,),]*
60- [Cp.Ti(tsal)+Na]* [Cp,Ti(tsal)+Cp,Ti(OCH,CH,)(OH)+H]*

[Cp,Ti(tsal)+Cp,Ti(OCH,CHj3),+H]*

[2(Cp,Titsal)+Hi

30 l [2(Cp}Ti(tsal))+Na]*
| .Al J m - Jlﬂ | — lﬁ ) ‘L:_* (@
i Lo ‘ A Li#s‘maxa& ol bt ol l - -~ (b)

|
"'"“l"'"I""l'v"‘l""l""‘l"”l(C)
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m/z

Figure 3.11: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp-Ti(tsal) in ethanol with low range method at capillary exit voltages of (a) 100 V,
(b) 180 V and (c) 240 V

All the corresponding major species observed at vadapslaryexit voltages with

low method in methanol and ethamoé summariseith Table 3.6.
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Table 3.6: Summary of corresponding species of Cp,Ti(tsal) in methanol and
ethanol at a capillary exit voltage of 100 V with low range method

Species Methanol(m/2 Ethanol (/2
[Cp:Ti(OR)]* 20907 223.10
[Cp:Ti(tsal)+CpTi(OR2]* 505.09 533.17
[Cp:Ti(tsal+Cp:Ti(OR)]* 539.12 553.18
[Cp:Ti(tsal)+CpTi(OR)(OH)+H] 557.13 571.19
[Cp:Ti(tsal)+CpTi(OR)+H]* 571.15 599.23

3.3.2 An investigation of the ESI-MS behaviour of (EtCp).Ti(tsal)

3.3.2.1 Introduction

(EtCp)Ti(tsal) is a new compound that has never been synthesised before. During
this research,(EtCp)Ti(tsal) was synthesised using the same method for
CpeTi(tsal). Experimental procedusehave been described in section 3.2.5.2. This
new complex was characterised by elemental analysisMSSmelting pointH

NMR and Infrared (IR) spectroscopy.

Elemental analysis were completed in duplicate by the University of Otago
Chemistry Department Microanalytical Laboratory. Found: C, 62.93% and H,
5.88%. (EtCp)Ti(tsal) requires C, 65.29% and H, 5.74%he percentage
compositions obtained in the elemenaalalyses of this complex did not match
those required within experimental error limits 1%. This inconsistency may have
been due to unreacte(EtCp)TiCl> in the finial product. The presence of
(EtCp)TiCl2> was confirmed in the proton NMR spectrum. Intéigrashowed the
ratio of (EtCppTiCl. : (EtCpyTi(tsal) wasapproximatey 1:4. The calculated
percentages of carbon (BEtCphTiCl. and(EtCp)Ti(tsal) are 55.12% and 65.29%
respectively but if 20% of (EtCpTiCl. is presentin the final product
(EtCp)Ti(tsal), the calculated carbopercentageshould be(55.12%%20%) +
(65.29%80%) = 63.26% Likewise,the percentages of hydrogen(EtCpyTiCl>
and(EtCp)Ti(tsal) are 5.95% and 5.74%, buthire is20% of(EtCp)TiCl. in the

final product (EtCpTi(tsd), the calculated percentages dfydrogen in
(EtCp)Ti(tsal) should be (5.9%%x20%) + (5.74%<80%) = 5.78%. The calculated

C, 63.26% and H5.78%now compare well with experimental results 62.93%
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and H, 5.88%, confirming 20% of starting mate¢(&iCp»TiCl. in the final product
(EtCp)Ti(tsal).

The 'H NMR spectrum for(EtCp)Ti(tsal) is shown in Figure 3.12, showed ten
discernible chemical environments. The doublet of doublets at 8.4 ppm and 7.5 ppm
were assigned to the benzene ring pretdose to theS and O. The other two
protons on the benzene ring were assigned at 7.4 ppm and 7.2 ppm as the triplets.
The protons on the Cp rings were assigned at 6.2 ppma@HCH groups from
(EtCp)Ti(tsal) were assigned at 2.5 ppm and 1.1 ppm. The correct cdeshitt

for these protons in starting materf&tCp)TiCl. were also observedhe signal

at 6.4 ppm was assigned as the protons on the Cp rings of contaf&t@g}iTiClo.

CHz2 and CH groups from(EtCp}TiCl. were assigned at 2.8 ppm and 1.2 ppm. The
ratio of (EtCp)TiClz integration toEtCp)Ti(tsal) integration was 1:4.

[rel]

1H (%0 degres pulse)

r—

o Y N

’2

2.0220
7.4123

1.0000

T T T T T T
8 ] 4 2 [ppm]

Figure 3.12: *H NMR spectrum for (EtCp).Ti(tsal)

IR spectroscopy shows that strobgnds observed at 1624 and 1293'cane

attributed to the C=0 and-O stretching vibrations which are characteristic
absorptions of the COO gro{ip19]. The GH stretching frequency at 29¢@n? is

indicative of the yclopentadienyl ring and 14281 dueto GC st ret<chi ng o
bond further confirm the presence of the Cp grfii®,120] The weakandsat

1600-1300cm? region that characterises the benzene[1i24].
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3.3.2.2 Analysis of a freshlyprepared solution of (EtCpJi(tsal) in methanol

with low range method

The major species containinGp groups observed in positien ESI mass
spectrum ofCp.Ti(tsal) were confirmed by running the spectrum(BfCp)yTi(tsal)

in methanol solution. Masshifted corresponding specigsould be seen in the ESI
mass spectrum ¢EtCpyTi(tsal)if the assignments are correct. Figure 3.13 shows
mass spectra @pTi(tsal)and(EtCp)Ti(tsal) with low range method atcapillary

exit voltage of 100 V.

[(EtCp),Ti(OCH3)]*
265.12
RS [(EtCp),Ti(tsal)+(EtCp),TI(OCH5),+H]*
& 683.24
251.10 [(EtCp),Ti(tsal)+(EtCp),TI(OCH,)(OH)+H]*
[(EtCp),Ti(tsal)+(EtCp),Ti(OCH3)]*
[(EtCp),Ti(tsal)+(EtCp)Ti(OCH,),(OH)+Na]* ehai59
[(EtCp),Ti(tsal))+H]* . V654 24
387.11 62926 l
T l - I‘ Jﬂ* T l T = T - T Ll T L T
100 200 300 400 500 600 700 800

m/z

[CPTI(OCH:)]"
209.07

[Cp.Ti(tsal))+H]*

[CpaTi(tsal)+Cp,Ti(OCH3)]*
331.06 530 12

[Cp,Ti(tsal)+Cp,Ti(OCH),+H]*
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m/z

Figure 3.13: ESI mass spectra of (EtCp).Ti(tsal) (Top) and Cp.Ti(tsal) (Bottom)
with low range method at a capillary exit voltage of 100 V

Some analoguesof the major specietn CpeTi(tsal) massspectra can alsbe
observedin ESI mass spectra ¢EtCp)Ti(tsal), with the latter masshifted in
(EtCp)Ti(tsal) massspectra. For exampleCpTi(tsal)+H]" (m/z 331.06)and
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[(EtCp)Ti(tsal)+H]* (m/z387.11); the intensity of this ion was larger for the Cp
compound At higherm/zvalues,major species increase in mass by 112 units as
they contain four Cp groups, such[@g,Ti(tsal+Cp.Ti(OCH3)2+H]" (m/z571.15)

and [(ECp):Ti(tsaly(EtCp)2Ti(OCHa)+H]" (m/z683.24).

Different capillary exit voltages were also used to record the spectra of
(EtCp)Ti(tsal). As thecapillary exit voltage increased to 180 V, a weak peak at
m/z 305.00 was observed arabsigned to the [(EY)2TiCl>+H]* ion which
confirmedimpurity in the sample ofEtCp)Ti(tsal). Table 3.7 summarises all the

corresponding species which were observaabus voltages

Table 3.7: Summary of corresponding species formed by Cp,TiCl, and (EtCp).TiCl.

Cp:2Ti(tsal) species m/z (EtCp)2Ti(tsal) species m/z

1Ti [CRTi(OH)] * 195.05 [(EtCp)Ti(OH)] * 251.10

[CpTi(OCHg)]* 209.07 [(EtCp)Ti(OCH3)]* 265.12

[CpeTi(tsal)+H] " 331.06 [(EtCp2Ti(tsah)+H]" 387.11

2 Ti [CpeTi(tsal)+H]* 481.13 [(EtCpuTi2(OCHz)4H]* 593.26
[Cp2Ti(tsal)+ [(EtCp}Ti(tsal)+

CpTi(OCHs)2]* 505.09 (EtCp)Ti(OCHz)2]* >89.16
[CpeTi(tsal)+ [(EtCp)Ti(tsal)+

CpTi(OCH)]* 539.12 (EtCpTi(OCHs)]* 651.21
[CpaTi(tsal)+ [(EtCp)Ti(tsal)+

CpTI(OCH)(OH)+H* | 22713 | (EtcpyTi(OCHs)OH)+H] | 86922
[Cp2Ti(tsal)+ [(EtCp)Ti(tsal)+

CpTi(OCHa)+H]* | 2215 | (EtCppTi(OCH)+H]r | 88324

3.3.3 Investigation of the possibility of the tsal ligand bridging two
Cp-Ti centres

Positiveion ESEMS spectra for Cgri(tsal) in methanol solution using the low
range method, recordeat a capillary exit voltage of 150,\8hows thespecies
[Cp.Ti(tsal)+CpTi(OCH)2]" at m/z 505.15. This suggests a dinuclear species,
because one of the Ti cent{€pTi(OCH)2]" is not coordinativiy saturated, as it

is in CpyTi(tsal). Therefore mixtures d@pTi(tsal)and CpTiCl2 were investigated,
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by reactingCpTi(tsal) with CTiCl> in a 1:1 molar ratio and analysing the
resulting reaction mixture by ESA1S. Experimental procedusearedescribed in
section 3.2.5.3. One possibility for the tsal ligand bridging tweTCpentres is

shown in Figure 3.14.

X=ClI, OH or OCH3

Figure 3.14: A possible structure of the ion formed by reaction of Cp,Ti(tsal) with
Cp:TiCl; to form the tsal ligand bridging two Cp,Ti centres

In thepositiveion ESFMS spectum for the mixture ofCp.Ti(tsal) with CpTiCl>
using dichloromethane as solvent and then diluted with methesredrdedat a
capillary exit voltage of 150 V with low range meth@gure 3.15)a very weak

ion at m/z543.14 was assigned to ti@p,Ti(tsal)CpTiCl* ion (calculatedm/z
543.02) The isotope pattern of this ion is significantly different than others due to

thepresence of Cl isotopé€Bigure 3.16).
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[Cp,Ti(tsal)+H]*

P 331.11
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120000+

90000+
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Figure 3.15: Positive-ion ESI mass spectrum (low range method) of a freshly-
prepared solution of Cp,Ti(tsal) with Cp,TiCl; in dichloromethane and diluted with
methanol at a capillary exit voltage of 150 V.
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Figure 3.16: An isotope pattern comparison for Cp,Ti(tsal)Cp.TiCI* (a)
experimental (m/z543.14) and (b) calculated (m/z543.02)

Whenthe solventwaschanged to methanol, €f(tsal)Cp:Ti(OH)* (m/z525.14)
and CpyTi(tsal)CpTi(OCHz)" (m/z539.16 ions were observedt a capillary exit
voltage of 150 V using the low range method. The intensity of
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Cp:Ti(tsal)Cp:Ti(OCHa)* ion was much higar than theCp,Ti(tsal)CpTi(OH)" ion
(Figure 3.17).

[Cp2TI(OCH3)]*
209.09

8 .
1.8e+06-
1 [Cp,TiH]*
1 179.07
1.5e+06
: [Cp,Ti(tsal)+H]*
1.26+06- 331.11
9.0e+05-
6.0e+05-
1 [Cp,Ti(tsal)Cp,Ti(OCHs)]*
1 539.16
3.0e+05-
1 l [Cp,Ti(tsal)Cp,Ti(OH)]*
0.0e+00 leQL . s —

100 200 300 400 500 600 700 800
m/z

Figure 3.17: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp:Ti(tsal) with Cp,TiCl, in methanol with low range method at a capillary exit
voltage of 150 V

Figure 3.18 (a) shows the experimental isotope patterndfi@al)CpTi(OCHa)*
and (b) is the calculated isotope pattern of lisal)CpTi(OCHs)™.
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Figure 3.18: An isotope pattern comparison for Cp,Ti(tsal)Cp,Ti(OCH3)* (a)
experimental (m/z539.16) and (b) calculated (m/z539.06)

Comparing Figure 3.15 and 3.17, when udglinthloromethane as the solvent, the

ESI mass spectrumisunc h ¢ |

eaner

a nrdultitdde ef Bydrdlysis s h o w

or solvolysisspeciesWhen methanol is used as a solvent, more species can be

observed.

3.34

presence of added alkali metal salts

Investigation of Cp.Ti(tsal) using ESI mass spectrometry in the

Alkali metalcationscanpromote the formation of aggregabas from a wide range

of neutral molecules in MS. For example, in the presenatkali metal cations,

the selfaggregation of the nucleobases and nucleosides has been studied by the
ESFMS [122,123] Therefore, it is significant to investigate the BM$% spectrum

of CpeTi(tsal) in the presence of alkali metal salExperimental procedusehave

been desibed in section 3.2.5.4.
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3.3.4.1 Investigationof CpeTi(tsal) using ESI mass spectrometry in the presence

of LiCl

Figure3.19 compares ESWIS spectra ofCpyTi(tsal) in the presence and absence
of LiCl. The LiCl ionisation aid is clearly very effective at forming lithiated ions

in the spectrum.

[Cp,TI(OH)I* 1Cp,Ti(CHAOH)I*
195.08) Dyt oo

(a) ; 1.2e+06
| [cp.THY
9.0e+05 179.0
1 [Cp,Ti(tsal)+H]*
] 331.07 , .
6.0e+05 [Cp,Ti(tsal)+CpTi(OCHs),]
| [CpyTi(tsal)+Na]*505 10 [Cp,Ti(tsal)+Cp,Ti(OCH,)]*
3.0e+05- 353.05 1539.12
_1<1J..ull‘ ks In il ‘ALALIxilA i. i l. '
100 200 300 400 500 600 700 800
m/z
[(szTl(tsaI))+L|]* [2(Cp2Ti(tsa|))+Ll]+
(b) ‘= 2-1e+06+ 337.11 667.19
1.8e+06-|
1.5e+06
1.2e+06
9.0e+05
6.0e+05~:
3.0e+05 l
] . TN J l : ; : A ;
100 200 300 400 500 600 700 800

m/z

Figure 3.19: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.Ti(tsal) without (a) and with LiCl (b) in methanol using low range method at a
capillary exit voltage of 180 V

Positiveion ESImassspectra for Cgri(tsal) with LiCl in methanol solution using
the wide range method, recordadcapillary exit voltages of 60 V, 90 V and 180
V, and using the low range method, recorded capillary exit voltage of 180 V,

are given in Figure 3.20.
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Figure 3.20: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp-Ti(tsal) with LiCl in methanol with wide range method at capillary exit voltages
of (a) 60 V, (b) 90 V and (c) 180 V. Low range method at capillary exit voltage of (d)

180 V

The results show thdhe [(Cp:Ti(tsal))+Li] " (m/z337.11) ion was observett a
capillary exit voltage of 180 V with low range method. The larger ions
[2(CpeTi(tsal)+Li] * and[3(Cp:Ti(tsal))+Li] " can be observed using wide range
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method. The intensity of [2Cp.Ti(tsal)+Li]"™ ion increased and

[3(Cp:Ti(tsal)+Li] " ion decreased as tkapillary exit voltage increased.

3.3.4.2 Investigation ofCp,Ti(tsal) using ESI mass spectrometry in the presence
of NaCland KCl

Positiveion ESIMS spectra for Cgri(tsal) with NaCl and KCI in methanol
solution using the vde range method, recordatia capillary exit voltages of 60 V

and 180 V are given in Figure 3.21.

The results show théte [(Cp:Ti(tsal))+Na]" ion was observedt lowcapillary exit
voltages with low intensities. The larger ions QpfTi(tsal)+NaJ",
[3(CpeTi(tsal)+Na]" and[4(Cp:Ti(tsal)+Na]" can be observedt acapillary exit
voltage of 60 Musing wide range method. As tbapillary exit voltage increased to
180 V, only [2Cp:Ti(tsal))+Na]" ion can be observed.

In the case of KCkhe [(Cp:Ti(tsd))+K] " ion was observedt variouscapillary exit
voltages with low intensities. The larger ion@@%¢Ti(tsal))+K]* was the major ion

at variouscapillary exit voltages with relatively high intensities. The larger ions
[3(CpeTi(tsal)+K]* (m/z1029.02) ad [4(Cp.Ti(tsal)+K]* (m/z1359.03) can be
observed at a capillary exit voltage of 60 V and they will disappear atamlhary

exit voltages.

Overall, the spectra become much simpler compared to the spectra without NaCl
and KCl added.
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Figure 3.21: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.Ti(tsal) with NaCl in methanol with wide range method at capillary exit voltages
of (a) 60 V and (b) 180 V. Cp.Ti(tsal) with KCI in methanol with wide range method

at capillary exit voltages of (c) 60 V and (d) 180 V
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3.3.4.3 Investigation ofCp.Ti(tsal) using ESI mass spgrometry in the presence
of RbCl andCsClI

Positiveion ESFMS spectra for Cgri(tsal) with RbCl and CsCl in methanol
solution using the wide range method, recoratea capillary exit voltages of 60 V

and 180 V are given in Figure 3.22.
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Figure 3.22: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp:Ti(tsal) with RbCI in methanol with wide range method at capillary exit voltages
of (a) 60 V and (b) 180 V. Cp.Ti(tsal) with CsCl in methanol with wide range
method at capillary exit voltages of (c) 60 V and (d) 180 V

77



The resilts show thathe [(Cp:Ti(tsal))+Rb]" ion was observedt variouscapillary

exit voltages and it will become a major ion as the voltage increased. The larger ion
[2(CpeTi(tsal)+Rb]" was the major iorat acapillary exit voltage of 60 V. The
largest [4Cp:Ti(tsal))+Rb]" (m/z1404.95) ion can be observed at a capillary exit
voltage of 60 V and it will disappear at higapillary exitvoltages. As theapillary

exit voltage increased to 180 V, onlyCfgTi(tsal)+Rb]" (m/z 414.91) and
[2(CpeTi(tsal)+Rb]" (m/z 744.92) ions can be observed.

In the case of CsClthe results show thathe only [Cp:Ti(tsal)+Cs]" and

[2(Cp.Ti(tsal)+Cs]J" ions were observedt variouscapillary exit voltages. As the
capillary exit voltageincreased, the larger ion RgTi(tsal))+Cs] intensities

decreased andnly [(Cp:Ti(tsal))+Cs]" (m/z 462.92) ion can be observed a

capillary exit voltage of 180 V.

3.3.4.4 Summaryof CpeTi(tsal) using ESI mass spectrometry in the presence of

added alkali metal salts

The formation of aggregate iomsth alkali metal cationsvas observed during this
research. In the case of NaCl, KCI and RbClI, the larger[#(@p.Ti(tsal))+Na]*

(m/z 1343.04),[4(CpeTi(tsal))+K]* (m/z 1359.03)and [4(Cp.Ti(tsal))+Rb]" (m/z
1404.95) ions were observed atapillary «it voltage of 60 V with wide range
method. [4Cp.Ti(tsal))+Li]* was not observed because it is hard to aggregate
around small Liion. For Cs the charge density is very low therefore there will be
lesselectrostatic attractiofor CpeTi(tsal) compared tother alkali metal cations
like Na', where charge density is high&he large ions likg3(Cp.Ti(tsal))+Cs]

or [4(Cp:Ti(tsal))+CsJ" were also not observed in the CsCl case

3.3.5 Investigation of the reactivity of Cp.Ti(tsal) towards soft

electrophiles

The eactivity of CpeTi(tsal) was investigatetbwards soft electrophilesEvhich
would be expected to W@ an affinity for the sulfur[124]. A preliminary
investigation in this area used PhH@rom readily available PhHgCIj125].
Reaction products weredentified by positive ion ESMS. Experimental

procedurs are describechisection 3.2.5.5zigure 3.23 shows th@ositiveion ESFH
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MS spectum for CpeTi(tsal) reacted with one mole equivalent BhHQCI in

methanol solution using the low range method at a capillary exit voltage of 150 V.

[Cp,Ti(tsaly+H]*
i~ ¥ 331.05
1.8e+06
1.5e+06
1.2e+06
9.0e+05 [Cp.TiH]* [2%8%25(0(3“)3]'
179.05
6.0e+05
3.0e+05+
1 [CP,TI(PhHGSCH,COO)J*
609.06

3
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m/z

Figure 3.23: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp.Ti(tsal) with PhHgCI in methanol with low range method at a capillary exit

voltage of 150 V

The [CpTi(PhHgSGH4COO)]" ion was observeat a range of capillary exit
voltages At a capillary exit voltage of 150 \an ion atn/z609.06 was assigned as

[Cp2Ti(PhHgSCGsH4COO)]" (calculatedn/z609.03 (Figure 3.24).

609.06

B
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Figure 3.24: An isotope pattern comparison for [Cp,Ti(PhHgSCsH4COO)]* (a)
experimental (m/z609.06) at a capillary exit voltage of 150 V and (b) calculated (m/z

609.03)
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Two proposed structures tfe[Cp2Ti(PhHgSCsH4COO)]" ion are showin Figure
3.25.

/ /O_‘
\/

Figure 3.25: The proposed structures of [Cp,Ti(PhHgSCsH1COO)]* from the
reaction of CpTi(tsal) with one mole equivalent of PhHgCI

In (a) thethiosalicylateligand is O,Gchelating and the S is uncoordinated but in
(b) the PhH{g cation has coordinated to the chelating tsal ligand, which is S,0

chelated to Ti, as in the starting complex.

The intansity of the]Cp,Ti(PhHgSCH4COO)]" ion can be afficted by the capillary
exit voltage; as thecapillary exit voltage increasethe intensity ratio of
[Cp2Ti(PhHgSGH4COO)]' ion peak to the base peak (the highest peak in the
spectrum e.gn/z541.10 [CpTisO(OCH:)s] " at 60 V,m/z209.06 [CRTi(OCHs)]*

at 90 V, m/z 335.05 [CpTi2O(OCHs)s]* at 120 V and 150 V andh/z 210.03
[Cp2Ti(CH3OH)]* at 180 V)increass. (The ion atn/z335.05 is proposed to have
the formula [CpTi2O(OCHs)s]*. m/z541.10 [CpTisO(OCHs)e]* ion is equivalent

to the [CpsTizO(OCH)el(13) complexsee Section 2.3)2Figure 3.26shows the
relationship between this relative intensity and capillary exit voltage of
[Cp2Ti(PhHESGH4COO)]" ion.
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Figure 3.26: Relative Intensity vs capillary exit voltages of
[Cp2Ti(PhHGSCsH4COO)]" species

3.4 Discussion

The psitive-ion ESKMS spectra foCp,Ti(tsal) in methanol, recorded at a range
of capillary exit voltages, have identified some major species containing one or two
Ti centres. Larger Ti clusters which contain three Ticentres like
[2(Cp:Ti(tsal))+CpTi(OCHz)]" was observed using the wide range method.

The psitive-ion ESIMS spectra foCp.Ti(tsal) in ethanol andEtCp)Ti(tsal) in
methanol have been useconfirm the identity of some species observed in the
mass spectra d@peTi(tsal) in methanolMost of the corresponding species were
observedThe relative intensity of major species can be influenced bgapidary

exit voltage

During this researclthe possibility of the tsal ligand bridging two £jp centres
was also investigate@p,Ti(tsal)Cp.Ti(OH)" and Cp:Ti(tsal)Cp.Ti(OCHz)" ions
were observed in thép:Ti(tsal) andCpTiCl2 mixtureat a capillary exit voltage of
150 Vin methanolsolution using the low range methadl.very weak ion atm/z
543.14 assigned to thepTi(tsal)CpTiCl™ ion wasobserved in this mixturat a
capillary exit voltage of 150 Msingdichloromethaneas solvent and diluted in

methanol with the low range method.
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Theinvestigation opresence of added alkali metal salt€mTi(tsal) in methanol
shown the formation of aggregate ions with alkali metal cations. The literature
recorded tha& higher ionsoncentration must appear in soluthenthe alkali
metal salt addition increased the system ionic strefidtf]. The results are in
agreement with these literature results. The larger [diGp.Ti(tsal))+Na]’,
[4(CpeTi(tsal)+K]* and[4(Cp:Ti(tsal)+Rb]" were observed during this research.
The large ion§4(Cp.Ti(tsal))+Cs]" and[4(Cp.Ti(tsal))+Li] “were not observed due

to the low charge density of the@sn, and the small size of Li

In an investigation o€p.Ti(tsal) towards soft electrophiles &hich usedPhHg
(from PhHgCI),the expected species [€A(PhHgSGH4COO)* was observed.
The intasity of [Cp.Ti(PhHgSGH4COO)]" ion can be affected by the capillary
exit voltage. As thecapillary exit voltage increase the intensity of
[Cp2Ti(PhHgSCGsH4COO)T speciesncreass.
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Chapter 4

An investigation of the ESI-MS behaviour of
Cp:MoCl; and Cp:Mo(tsal)

4.1 Introduction

4.1.1 Review of the previous investigation of molybdocene dichloride

Molybdocene dichloride was first reported by Green and Cooper in[1984 it

is an organomolybdenum compound, which belongs to the class of metallocene
dihalides CpMX:> (Cp = cyclopentadienyl, M = Ti, Mo, Nb, V and X = halide)
[128]. This compound contains two chloride ligands and tyaoordinated
cyclopentadienyl ligands bound to the central molybdenum(lV) in a pseudo
tetrahedral environmeliEigure4.1) [127].

=4
<

Figure 4.1: Chemical structure of molybdocene dichloride

_.cl
g

The hydrolysis chemistrgf CpMoCl> has been studied and fidtaracterisetyy
Marks and Toney in 198829]. CeMoCl2 has poor solubility in organic solvents
and watef127]. The rate of hydrolysis of both Cl and Cp ligands has been studied.
The hydrolysis of the Cp rings negligible. Darkred [CpMo(OH)(OH,)]" and
[Cp2Mo(OHy)2]?* cations are formed during the hydrolygi8). Figure 4.2 shows

the halide hydrolysis chemistry of e\poClo.
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Figure 4.2: Hydrolysis chemistry of Cp.MoCl,

Like CpeTiCl2, CMoCl2 can act as an antitumor agent against a variety of human
tumors and has less toxic effects tleggaplatin, but its coordination chemistry and
mechanism of antitumor actions are significadifferent from CpTiCl>[130,131]

The studies of GMoCl> have emerged only in the last decade]lt.contrast to
Cp.TiCly, the biochemical and chemical properties obNI@Cl> have not been
studied in detai[127]. Binding studies between @yoCl> and oligonucleotides
and calfthymus DNA has been initially invesi gat ed by Mar ks’
pur sued bandMednrddes grnogpyls2). >P NMR spectroscopy showed
that the terminaphosphates of DNA will bind to Gplo?* [132]. Research has
proved that the interactions of &poCl> with DNA is not directly relaté to
anticancer activity82]. The mechnism of action of GMoClzis still unclear and
has not been confirmed by any studiE33].

4.1.2 Project outline

This research project carried out a much morddpth investigation on solutions
of CeMoCl.in alcohols An ESIsourcecoupled with a high resolution TOF mass
spectrometer was used for investigating the-ESI behaviour ofthe CpxMoCl>

complex A suitable solvent is very important fibre ESIMS studies; in this study
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CpMoCl> was dissolved in methanoAt the same time, bisyclopentadienyl)
thiosalicylatanolybdenum(lV)CpMo(tsal) (Figure4.3) wassynthesise@ndalso
studied by ESMS.

S
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o
o]

Figure 4.3: Chemical structure of Cp,Mo(tsal)

4.2 Experimental

The chemicals, solvents and instruments used during this research are listed in
sectiors 4.2.1 t0 4.2.4.

4.2.1 Chemicals and solvents

Powdered bis(cyclopeadienylmolybdenunilVV) dichloride and liquid pyridine
were obtained from Aldrich Chemical compaiifiosalicylic acidwaspurchased
from Sigma. Univar gradenethanolused was distilledDichloromethane was
obtained fromMerck KGaA

4.2.2 ESI-MS instrumentation

ESEMS instrumentatiomnvas as described for the E®E investigation ofCp.TiCl2
(Section 2.2.2).

4.2.3 NMR instrumentation

NMR instrumentationwas as described for the EMIS investigation of
CpeTi(SCsH4COy) (Section 3.2.3).

4.2.4 Melting point and IR instrumentations

Melting point and IR instrumentatioa were as described for the ESMS
investigation ofCpTi(SCsH4COy) (Section 3.2.4).
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4.2.5 Experimental procedures

4.2.5.1 Synthesis ofcp2Mq(tsal)

Cp2MoCl2 (50 mg, 0.168 mmol) anthiosalicylic acid(25.9 mg, 0.168 mmol) were
suspended in methanol (50 mL) with 3 drops of pyridine and 2 mL of distilled water
in a 50 mL round bottom flask with a magnetic stirrer, resulting ioravn
suspensionThe mixture was stirred for Bours, then llowed to evaporate to
dryness. Thelark green residueasrecrystallised by dissolving i@H2Cl2 (5 mL)
andfiltered into a small vialthrough a Pasteur pipette containing a small plug of
cotton wool The smakr vial wasplaced into a larger vial. Ether was added to the
outer vial. Which was then capped and stored in the dark for 2tdayse final

dark brown solid (ield ca. 46 mg, 72%Melting pointof CpoMo(tsal) 155158°C.

4.3 Results and discussion

4.3.1 An investigation of the ESI-MS behaviour of Cp2MoCl:

4.3.1.1 Analysisof a freshlyprepared solution of CgMoCl. in methanol with
low range method

The positiveion ESEMS spectrun for CpMoCl2 in methanol solution using the
low range method, recorded a capillaryexit voltage of 90 Vis given in Figure
4.4.

[Cp,MoCI]*
263.00

© 550000
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450000
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350000
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150000
100000
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[Cp,MoCl,+Cp,Mo(OH),+H]*

596.98 [Cp,MoCl,+CpMo(OCHs ), +HI*
585.06
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Figure 4.4: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2MoCl; in methanol with low range method at a capillary exit voltage of 90 V

86



The results show that there &ne main group®f ions, one group of speciesnatz
250-300 and the other group of speciesmatz550-600. The majorspecies atow
m/zrangecontining onemolybdenuntentreare[Cp.MoClI]" (m/z263.00) (Figure
4.5) andCp2Mo(OCHg)CI+H]" (m/z294.99 (Figure 4.6). lon ain/z294.99 can be

also assigned 4€p>MoCI(CHsOH)]*, becaus@rotonatiorwill be on oxygen.
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261.00
260.00 262 00 265.00

257.00 259.00
258.03 J J J\\ 266.00 267-00
N ' ; A~ ) 268.00
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(B)
260.95
259.95 261.95 264.95

256.95
258.95

263.95

266.95
257.96 265.96
& ) N N\ 267.95
258 261 264 267

m/z=

Figure 4.5: An isotope pattern comparison for [Cp.MoClI]* (A) experimental (m/z
263.00) and (B) calculated (m/z262.95)
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Figure 4.6: An isotope pattern comparison for [Cp.Mo(OCH?3)CI+H]* (A)
experimental (m/z294.99) and (B) calculated (m/z294.98)

At high m/zregiontwo molybdenum centre species were observed/ab56.98
and m/z585.06 are assigned §p2MoClo+CpMo(OH)+H]* (Figure 4.7) and
[Cp2MOoCl+CpMo(OCHg)2+H] ™ (Figure 4.8).

556.98
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552.92
551.92 - 234 92
54892 990.92 566.92
i 549.92}\ ] \ L ﬂ 565.92
sa9 552 555 s58 561 s6a 567

m/=

Figure 4.7: An isotope pattern comparison for [Cp.MoCl;+Cp:Mo(OH),+H]* (A)
experimental (m/z556.98) and (B) calculated (m/z556.92)
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Figure 4.8: An isotope pattern comparison for [Cp:MoCl,+Cp.Mo(OCHzs).+H]* (A)
experimental (m/z585.06) and (B) calculated (m/z584.95)

Table 4.1 summarises all theajor speciesvhich were observed atcapillary exit
voltage of 90 V with low method.

Table 4.1: Summary of species observed at a capillary exit voltage of 90 Vin a
freshly-prepared solution of Cp2MoCl. in methanol with low range method

Species Experimenta{lm/2 | Calculatedm/2
[Cp2MoCI]* 263.00 262.95
[Cp2Mo(OCHg)Cl+H]* 295.00 294.98
[Cp2MOCl+CpeMo(OH)+H]* 556.98 556.92
[Cp2MOCl+CpMo(OCHs)+H]* 58506 584.95

The positiveion ESEMS spectum for CpMoCl2 in methanol solution using the
low range method, recorded a capillary exit voltage of 150,Vs given in Figure
4.9.
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Figure 4.9: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2MoCl; in methanol with low range method at a capillary exit voltage of 150 V

The result shows thas the capillary exit voltage increaséheintersity of thelow
m/zrange speciegscreassand highm/zrange speciedecreaselwo molybdenum
centre species alsisappearedlhe majorspecies alow m/zrangecontining one
molybdenumcentreare [Cp2MoH]* (m/z 229.03) (Figure 4.10and [Cp2MoCI]*
(m/z263.00).
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Figure 4.10: An isotope pattern comparison for [CpMoH]* (A) experimental (m/z
229.03) and (B) calculated (m/z228.99)

[Cp2MOoH]* is one of he major species atlow m/z range confaining one
molybdenumcentre, this ion is proposed to be formedlyydride elimination

(Figure 4.11) which is same as the formatio{@p.TiH]".

Cp\ ] Cp K\\

) M /Mo\/o\C e
i ‘\/l Cp Hoo |
H

Figure 4.11: Formation of [Cp.MoH]* from [Cp.Mo(OCHp3)]* species bya -hydride
elimination
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4.3.1.2 Analysis of a freshlyprepared solution of CgMoCl; in methanol with

widerange method

To investigate larger Mo clusters which contain three or more Mo required the use
of the wide range method. In thissearch, the wide range method has a maximum
atm/z1500.Thepositiveion ESEMS spectrum for CgMoClz in methanol solution
using the wide range method, recor@e capillary exit voltage of 90,\Vs given

in Figure 4.12.

[Cp,MoCI]*
= 262.96
(0] 4
7.0e+05
6.0e+05-
5.0e+05
4.0e+05-
] [Cp,Mo(OCH;)CI+H]*
3.0e+05 294.95
2.0e+051
] [Cp,MoCl,+Cp,MoCIT*
] 558.91
1.0e+05 7 hCpQMoCI2+Cp2Mo(OCH3)Z+H]*
. 584-97
4 |AMAA —p— - = =T i T T
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m/z

Figure 4.12: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2MoCl; in methanol with wide range method at a capillary exit voltage of 90 V

The result shows that some of these species were also observed with thiede
method. One new specifBpoMoClo+CpMoCI]" (m/z558.91)(Figure 4.13) was

observed when using the wide range method.
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Figure 4.13: An isotope pattern comparison for [Cp.MoCl,+Cp,MoCI]* (A)
experimental (m/z558.91) and (B) calculated (m/z558.87)

Table 4.2 summarises all theajor speciesvhich were observed atcapillary exit
voltage of 90 V with wide method.

Table 4.2: Summary of species observed at a capillary exit voltage of 90 Vin a
freshly-prepared solution of Cp.MoCl; in methanol with wide range method

Species Experimenta{m/2 | Calculatedm/2
[CpMoCI]* 262.96 262.95
[Cp2Mo(OCHs)Cl+H]* 294.% 294.98
[Cp2MoClo+CpMoCl]* 558.91 558.87
[Cp2MOCla+CpMo(OCHg)2+H]* 584.97 584.95

The positiveion ESFMS spectrum for CgMoCl. in methanol solution using the
wide range method, recordatla capillary exit voltage of 150,V given in Figure
4.14.
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Figure 4.14: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2MoCl; in methanol with wide range method at a capillary exit voltage of 150 V

Same as using the low range method, only two speciesolvseeved amn/z228.99
andm/z262.95 whichare assigned 4€p.MoH]* and[Cp2MoClI]*. Compare with
Figure 4.12, where Maospecies were seen, barger Mo clustersvhich contain
three or more Maeentres were not observed using the wide range method.

4.3.2 An investigation of the ESI-MS behaviour of Cp.Mo(tsal)

4.3.2.1 Introduction

CpMo(tsal) is a new compound that has never been synthesised before. During this
research, CfMo(tsal) was synthesised by the reaction ©fMoCl> with
thiosalicylic acid and then recrystallised byhe vapour diffusion method.
Experimental procedusehave been described in section 4.2.5.1. This new complex
was characterised by ESIS, melting point,’H NMR and Infrared (IR)

spectroscopy.

The 'H NMR spectrum foiCpMo(tsal) is shown in Figure 4.1F5he doublet of
doublets at 7.90 ppm and 7.33 ppm were assigned to the benzene ring @os®n

to the S and O. The other two protons on the benzene ring were assigned at 7.11
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ppm and 7.06 ppm as the triplets. The protons on the Cp rings were assiyd8d at

ppm.
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Figure 4.15: *H NMR spectrum for Cp,Mo(tsal)

Strong bands observed at 1584 and 1377 ame attributed to the C=0 and@
stretching vibrations which are characteristic absorptions of the @@dp[119].
The GH stretching frequency at 31@m* is indicative of the yclopentadienyl
ring and 142&mldueto GC st r e t -bond further corffirmiihe presence of

the Cp groug119,120]
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4.3.2.2 Analysis of afreshly-prepared solution of CgMo(tsal) in methanol with

low rangemethod

Thepositiveion ESFMS spectrum for CgMo(tsal) in methanol solution using the
low range method, recorded a capillary exit voltage &0 V, is given in Figure
4.16.

[Cp,Mo(tsal)+H]*
a ] 381.03
3000004
2500004
200000+
1500004
1 00000_: [2(Cp,Mo(tsal))+H]*
1 757.08
50000
[ [ e ST (SN .
100 200 300 400 500 600 700 800

m/z
Figure 4.16: Positive-ion ESI mass spectrum of a freshly-prepared solution of

Cp2Mo(tsal) in methanol with low range method at a capillary exit voltage of 90 V

The mass spectrum contains two main peaks, with the base peak of the spectrum at
m/z381.03 assigned 4€p-Mo(tsal)+H* (Figure 4.17). The second peaknafz
757.08 isassigned aR2(Cp:Mo(tsal))+H™ (Figure 4.18).
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Figure 4.17: An isotope pattern comparison for [Cp.Mo(tsal)+H]* (A) experimental
(m/z381.03) and (B) calculated (m/z380.99)
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Figure 4.18: An isotope pattern comparison for [2(Cp.Mo(tsal))+H]* (A)
experimental (m/z757.08) and (B) calculated (m/z756.96)
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Thepositiveion ESEMS spectrum for CgMo(tsal) in methanol solution using the
low range method, recorded a capillary exit voltage of 150,V given in Figure
4.19.

[Cp,Mo(tsal)+H]*
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Figure 4.19: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2Mo(tsal) in methanol with low range method at a capillary exit voltage of 150 V

As the capillary exit voltage increased to 150 V, sipeciesn the highm/zregion
disappeared. As for the logapillary exit voltagethe base peak of the spectrum at
m/z381.04 is assigned §€pMo(tsal)+H* A grouping of low intensity species
were obsergd at lowm/zregion. Of the two lower intensity ions, thanatz245.02
was identified as [CiMo(OH)]* (Figure 4.20). The other ion at/z262.99 was
identified as [CpMo(OH)>+H]" (Figure 4.21).
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Figure 4.20: An isotope pattern comparison for [Cp.Mo(OH)]* (A) experimental
(m/z245.02) and (B) calculated (m/z244.99)
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Figure 4.21: An isotope pattern comparison for [Cp.Mo(OH).+H]" (A) experimental
(m/z262.99) and (B) calculated (m/z263.00)
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4.3.2.3 Analysis of afreshly-prepared solution of CgMo(tsal) in methanol with

widerange method

Thepositiveion ESFMS spectrum for CgMo(tsal) in methanol solution using the
wide range methodgecordedat a capillary exit voltage of 90,\¥s given in Figure
4.22.
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o . 380.99
® 4000004
350000
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Figure 4.22: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2Mo(tsal) in methanol with wide range method at a capillary exit voltage of 90 V

Same as the low range method, two major ions were observedsarghed as
[Cp2Mo(tsal)+H™ (m/z380.99 and[2(Cp:Mo(tsal))+H* (m/z756.99. An ion of
low intensity at m/z 638.95 is assigned aRCp.Mo(tsal)+CpMo(OH)+H]*
(calculatedn/z638.98) (Figure 4.23).
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Figure 4.23: An isotope pattern comparison for [Cp.Mo(tsal)+Cp.Mo(OH)+H]* (A)
experimental (m/z638.95) and (B) calculated (m/z638.98)

Thepositiveion ESEMS spectrum for CgMo(tsal) in methanol solution using the
wide range method, recordatla capillary exit voltage of 150,V given in Figure
4.24.

.— 7.0e+05+ [Cp,Mo(tsal)+H]*
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Figure 4.24: Positive-ion ESI mass spectrum of a freshly-prepared solution of
Cp2Mo(tsal) in methanol with wide range method at a capillary exit voltage of 150 V
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Same as using the low range method, onlyrvegorspecies werebserved am/z
244,98 and m/z 380.99 which are assigned as[Cp:Mo(OH)]* and
[Cp2Mo(tsal)+H™. Larger Mo clustersvhich contain three or more Mecentres

were not observed using the wide range method.

4.3.3 Comparison of Cp-TiClo/Cp.Ti(tsal) systems with
Cp2MoCl,/Cp2Mo(tsal) systems

4.3.3.1 Comparison of theESI-MS spectra of Cgl'iCl> with those of CpMoCl»
Thepositiveion ESIMS spectra folCpTiCl. andCpMoCl2 in methanol solution

using the low range method, recordgd capillary exit voltage of 90 &e shown
in Figure 4.25.
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Figure 4.25: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.TiCl; (A) and Cp.MoCl; (B) in methanol with low range method at a capillary
exit voltage of 90 V
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The results show that there are two main groups offmmsoth mass spectrane
group of species ah/z150-300 and the other group of species were observed at
m/z400-600. Interestingly, the major species were observed in reaction 6iCTp

with methanol at lowm/z range without Cl group, but all the majspecies in
CpMoCl2> mass spectrum contain a Cl ligand. At higfe range, one CI ligand
observed for each major species inTi@1> mass spectrum, but in eMoCl> mass
spectrum each major species with two Cl ligands. This result ind&latsolysis

of the CpTiCl2 is easier thaalcoholysis ofCp2MoCl.. Another reason Mo is softer
than Ti, therefore Mo will have more affinity for slightly softer CI than slightly
harder O.
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Figure 4.26: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.TiCl; (A) and Cp.MoCl; (B) in methanol with low range method at a capillary
exit voltage of 150 V
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As the capillary eit voltage increased to 150 V, both spectra just contain two main
peaks and all the spesi at highm/zrange disappeared (Figure 4.26). Their base
peaks as for the low capillary exit voltagenmdz209.11 assigned as &J(OCHz)*

and atm/z263.00 assigned as @poCl*. Also CpTiH™ ion is more significant at
this voltage than GiMoH" ion.

4.3.3.2 Comparison of CpTi(tsal) system wittCpMo(tsal) system

The 'H NMR and IR spectra of Gpi(tsal) have been reported in theerature
[92,113] *H NMR spectrum o€p.Ti(tsal) inCDCl; showsresonance the range

7.22 ppm8.42 ppm forprotons on the benzene rinken protons on the Cp rings
wereassigned at 6.48 ppid2]. In CpMo(tsal) case, the chemical #hiange is
between 7.00 ppm and 7.90 ppm for the protons on the benzene ring and protons

on the Cp rings were assigned at 5.48 ppm.

The IR spectrunof CpeTi(tsal) showed absorption bands for Cp rings at 3050
cmt (C-H stretch), 145%mt (C-C streth), 1015 crit (C-H bending in plane) and
825 cm! (C-H bending out of plane). The strong carbonyl absorption band of the
thiosalicylate ligand is observed at 1600 “trfi13]. All the corresponding
absorption bands also observed fopl@p(tsal); a strong band at 158a is from

the carbonyl group of the thiosalicylate ligand. The bands at 3187@iH stretch),
1428 cmt (C-C stretch), 1035 crh(C-H bending in plane) and 833 ¢n{C-H

bending out of plane) are attributed to Cp rings.

The positiveion ESIMS spectra forCpeTi(tsal) and CpMo(tsal) in methanol
solution using the low range methadcordedat a capillary exit voltage of 90 V

are shown in Figure 4.27.
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Figure 4.27: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp:Ti(tsal) (A) and Cp;Mo(tsal) (B) in methanol with low range method at a
capillary exit voltage of 90 V

Theresults show that GMo(tsal) ESIMS spectrum much simpler than the ESI
MS spectrum of Cfi(tsal) at capillary exit voltage of 90 V. A lot of species
containing two Ti centres can be observed@ESI mass spectruof CpeTi(tsal),
but in theESI mass spectrumf CpMo(tsal) only [M+H]" and [2M+H] ions are
observed, with [M+H] ion as the base peak for both spectra.
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The positiveion ESIMS spectra forCpeTi(tsal) and CpMo(tsal) in methanol
solution using the low range method, recorded capillary exit voltage of 150 V

are shown in Figure 4.28.
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Figure 4.28: Positive-ion ESI mass spectra of a freshly-prepared solution of
Cp.Ti(tsal) (A) and Cp,Mo(tsal) (B) in methanol with low range method at a
capillary exit voltage of 150 V

As for the low capillary exit voltage, more species can be observed &5tivS
spectrun for Cp.Ti(tsal), the base peak is still the [M+¥Hpn. The larger ion
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[2M+H]" was absent from both spectrBhe majorspecies atow m/z range
containing OH groupsin both spectraindicated that rapichydrolysis of the
CpeTi(tsal) and CpMo(tsal)occurred.

4.4 Discussion

During this researcta new complexXCpMo(tsal) wassynthesisedby the reaction
of Cp2MoCl> with thiosalicylic acidand then recrystallised ltlge vapour diffusion
method. This complex washaracterised by EQWS, melting point!H NMR and

IR spectroscopy.

The positive-ion ESEMS spectra fortCpMoCl> and Cp2Mo(tsal) in methanol,
recorded at a range oépillary exit voltages, have identified some major species
containing one or two Moentres. Larger Mo clustersvhich contain three or more

Mo centres were not observed using the wide range method.

In methanol at various capillary exit voltagde ESFMS spectra o€p,TiCl> were
compared to those ofpMoCl,. This comparisorshowed that most species
observed irCpxMoCl> ESFMS spectra contained a Cl ligand. This resmitscate
that hydrolysis of th&l ligands inCpMoCl; is harder than that in thépTiCl>
and thealcoholysis of theCp,TiCl. is easier than thalcoholysis ofCp,MoCla.
Reduction ofmolybdenun(lV) was not observed when increased capillary exit

voltage.

A comparisonof the'H NMR and IR spectraof Cp;Ti(tsal) and Cp:Mo(tsal)
showedcorrespondingchemical shift and absorption bands. Comparing¥SI
behaviour of those two complexes, the results show that thdViIESipectra of
CpMo(tsal) are much simpler than that of ZTiftsal). Using the same capillary
exit voltage, more species can be observed in theVESSspectra of Cii(tsal)
which possibly means Gpi(tsal) undergoes a range of reactions and formation of

adducts compared with ejo(tsal) or CpTi(tsal) is less pure.
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Chapter 5

Conclusions and recommendations for further

work

Some metallocene complexes of titanium armytsdenumwere investigated by
ESFMS during this researciMass spectra of these complexes were collected in
positiveion mode witha range otapillary exit voltages and low range and wide
range methods were uséd this research Ti and Mo systems were investigated. In
the future investigationof some other ntallocene complexes lik€pZrCl,,
CpeHfCl2 and CpVCl2 can be doné more comparisons

Various alcohols were used as solventsniestigate the ESVIS behaviour of
CpeTiClz and (EtCp)TiClz. The results ofCp,TiCl, in methanolshowed some
major species like CpTiH", [CpTi(OCHg)]*, [CpTi(OCHz)2+H]" and
[(Cp2Ti(OCHs)2+H")2+CI]* containing one or two Téentres. When the capillary
exit voltage was greater than 150 tfiese species containing two Ti cestiike
[(Cp2Ti(OCHs)2+H")2+CIT, [CpsTi2(OCHg)4H], [CpsTi2(OCHs)CI],
[CpsTi2(OCHs)2(OH)]" and [CpuTi2(OCHs)2(OH)H]* disappeared Larger Ti
clusterswhich contain three or more €entres were not observeduring ESIMS
analysis,reduction oftitanium(lV) was observed when the capillary exit voltage
was greater than 150 V. This was confirmed by titenocene(lll) species
[Cp2Ti(CH3OH)]" observed

In the wsitive-ion ESEMS spectraof CpeTi(tsal), larger Ti clustersvhich contain

two Ti centres like [Cp2Ti(tsal)+CpTi(OCH)2]*, [Cp:Ti(tsal)+CpTi(OCH3)]* and
[2(CpeTi(tsal))+Nd™ were observed using the wide range methbde new
complex (EtCpjTi(tsal) was also synthesisedand characterisedby ESIMS,
elemental analysis, melting pointd NMR and IR The presence of starting
material(EtCp)TiCl, was confirmed in théH NMR and IRspectraln the future
thesynthesi®of this complex would need to be repeated with less amount of starting
material (EtCp)TiClz, which increases the molar ratio of thiosalicylic acid to
(EtCp)TiCly, or by stirring he mixture longer to make sure a pure final product is

obtained without the starting materidomeanaloguesf the major speciem
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CpeTi(tsal) mass spectra can alsdbe observedin ESI mass spectra of
(EtCp)Ti(tsal).

CpeTi(tsal)Cp:Ti(OH)", Cp:Ti(tsal)CpTi(OCH3)" and Cp:Ti(tsal)Cp.TiCl" ions
were observed during the investigation @& gossibility of the tsal ligand bridging
two CpTi centres.The expected species [€fi(PhHgSCGH4COO)]" was also
observed during the investigation @pTi(tsal) <$ehaviourtowardsthe soft
electrophilePhHg from PhHQCI. [CpTi(PhHgSGH4COO)[" ion should be a
promisingtarget for future synthesis investigatiarsd subsequerharacterisation
by NMR and IR etc.

The formation of aggregate ions with alkali metal aasi were observed when
investigated of presence of added alkali metal salBpi®i(tsal). Large Cs cluster
[4(CpeTi(tsal)+Cs]" was not observed possibly because thé i@s has a low

charge density.

Theclosely related compous€p:MoCl> andCpMo(tsal)were alsaharacterised
by ESFMS. Comparing ESMS behaviour of Ti systemand that oMo systems,
the results showed that less species were observed in Mo spectra and most of them
contained a CI ligand. Reduction was not observed in the Mo systene Mah
system,the new complexCp:Mo(tsal) was synthesisedlt is of future interest to
determine the crystal structure of complex2l@p(tsal). Biological testing of
complex CpMo(tsal) has not yet been carried out. Therefdetermination of

CpMo ( t samticapcersactivityvould be of interest in the future.

In thisresearchall the data were collecteding positive ion ESMS mode, in the
future negative ion ESVIS mode can be used tovestigatethe reactivity of
CpeTi(tsal) towards added fluoride ions to explore relative binding affinities of the

Cp-Ti centre for tsal versus F donor ligands.

Further investigation could investigate some ligands similéndsalicylate ligand
and how they react with GpiCl>. There aresimilarities between thiosulfate and
thiosalicylate in that both are S/O chelating ligands. The reactivity ofiCp
towards thiosulfate can be investigated in the future research.
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