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ABSTRACT

The general solution behaviour and the major fragmentation pathways of the anticancer-

active Pt^^ coordination complexes, trans, trans, cis, cw-[PtC10H{N(p-

FC6F4)CH2}2(py)2] (1), trans, cis, c/5-[Pt(OH)2{N(p-FC6F4)CH2}2(py)2] (2), trans, cis,

c/5-[Pt(OH)2{N(p-HC6F4)CH2}2(py)2] (3), trans, trans, cis, c/5-[PtC10H{N(p-

HC6F4)CH2}2(py)2] (4), and trans, trans, cis, cw-[PtOH(OCH3){N(p-HC6F4)CH2}2(py)2]

(5) (py = pyridine) have been deduced by positive-ion tandem-in-time ESI-MS. Overall,

the acquired full-scan, positive-ion ESI-MS spectra of 2, 3, and 5 were characterized by

the presence of relatively low-intensity [M+Na]^ and [M+K]^ mass spectral peaks,

whereas those of 1 and 4 were dominated by extremely intense [M+H]^ peaks.

Complexes 2 and 3 were also noted to form [2M+H]^ and [2M+Na]^ dimeric cations. The

source of Na"^ and K"^ ions is believed to be the sample, the solvent systems used or the

transport line carrying the sample solutions into the ES ion source. Further, the

fragmentation pathway of all complexes studied was found to be almost identical with

concurrent loss of py and H2O molecules, loss of a {N(p-YC6F4)CH2} (Y = F, H) group

and/or concomitant release of the latter group and a py ligand being the most common.

The photochemical degradation behaviour of 1 and 2 was also investigated using either

fluorescent or ultraviolet light and some products of that degradation were positively

identified. Altogether, light irradiation of solutions of both complexes resulted in cation

cationisation, reductive-elimination, ligand-release, ligand-exchange and ligand-addition

reactions. Finally, positive- and negative-ion ESI-MS" spectra of 5'-GMP, guanosine,

inosine and products of their reactions with 1, 2, 3, and 4 were also recorded.





u

On the whole, full-scan ESI-MS spectra of the pure nucleobases revealed the presence of

cationic and anionic species that are highly reflective of both their solution ionic

composition and their propensity to form polymeric clusters. Analyses of mass spectra

acquired from their reaction solutions with the aforementioned platinum complexes

indicated very slow kinetics. However, all complexes investigated formed, to various

degrees, Pt-nucleobase adducts with guanosine and inosine, but not with 5'-GMP. The

products included species having coordination numbers of III, IV, V, and VI, among

which the first-time observed, coordinatively saturated, five-coordinate Pt"-nucleobase

complexes were of most interest. The latter complexes are presumably stabilized by n-

back-donation involving the filled d orbitals of the Pt" centre and the empty p* orbital of

MeCN. All products, whose peaks appeared in fidl-scan ESI-MS spectra, are believed to

represent solution species rather than artifacts of gas-phase processes. Finally, negative-

ion ESI-MS" spectra recorded in reaction solutions of 1 and 4 with guanosine and of the

latter complex with inosine revealed the negative-ion-ESI-MS first-time observed, non-

covalent, nucleoside-chloride adducts, with the source of chloride anion being complexes

1 and 4 themselves. In contrast, no such adducts were observed to form with Na25'-GMP

or its protonated form. Few suggestions are offered for the possible cause(s) behind the

absence of such adduct ions.
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CHAPTER 1

Essentials of ESI-MS

1.1. A Brief Overview

Electrospray (ES) has been known for eighty-six years when Lenard^ estabhshed

the formation of individual charged sohd particles and hquid droplets during the

generation of an aerosol.

Shortly thereafter, Zeleny and coworkers demonstrated the production of a fme

mist of charged droplets by means of a strong electric field. Ever since then, ES has been

utilized in the fields of electrostatic painting, rocket propulsion, fuel atomization, and

drug delivery.

Initial pioneering work on electrospray ionisation (ESI), which involved the

analysis of polystyrene, the protein zein and polyvinylpyroleidone, was carried out by

Malcolm Dole and colleagues, utilizing energy analysis, instead of a mass spectrometer,

for mass determination.

Dole's work was extended and improved in 1984 by the ingenious series of

experiments conducted by Fenn and coworkers, who successfully interfaced an ES ion

source with a quadrupole mass analyzer, having a maximum m/z range of 450 Da.

Following on Dole's creative ideas they also successfully confirmed the capability

of ESI-MS for muhiple charging, for mass spectral analyses of large molecules, including

polyethylene glycol oligomers, proteins and oligonucleotides, and, years later, for the

possibility of performing liquid chromatography-electrospray mass spectrometry (LC-

ESI-MS). Their work essentially marked the inception ofmodem ESI-MS.'^'
^

Less than a year after the initial work of Yamashita





and Fenn, Aleksandrov et al.^ independently coupled an ES ion source to a magnetic-

sector mass filter.

Many intrigued and enthusiastic researchers carried out the subsequent work on

ESI-MS and have contributed a great deal to the present-day understanding of the ESI

mechanism, ESI-MS development and the scope of its applications.

1.2. Features of ESI-MS

Since its introduction, ESI-MS has been gaining a rapidly growing interest not

only by members of the mass-spectrometry community, but also by chemists, biologists

and biochemists for its high ionisation efficiency, for being the most "gentle" ionisation

method available, for its unique ability to multiply charge large molecules, and for its

compatibility with highly efficient separation techniques, let alone the merits of

decreased sample consumption and reduced mass-spectral-acquisition time. The high

ionisation efficiency results in high sensitivity and makes ESI-MS an attractive method

for both qualitative and quantitative analysis.

The remarkable "softness" of the electrospray ionisation process, which stems

from the gradual provision of heat during evaporation of charged droplets at atmospheric

pressure and low temperature, results in the formation of intact gas-phase parent

quasimolecular ions, mainly [M+nH]'"^ (n, m = 1- > 100) even from non-volatile and/or

thermally unstable, small and large, ionic or ionisable molecules, that were before the

advent of ESI-MS extremely difficult, if not impossible, to access. Moreover,

fragmentation of parent quasimolecular ions is minimal regardless of how large and

fragile the parent ion is. This feature also made possible the transfer from solution of

specific and non-specific non-covalently associated





biomolecules directly into the gas phase with preservation of solution structure. Thus

ESI-MS has for the first time made accessible the investigation of protein-protein,

enzyme-substrate and DNA-drug interactions.^' ^' ^

The capability of producing a high number of abundant multiply charged ions has

made ESI-MS the method of choice for the analyses of large molecular-mass molecules

such as proteins, polypeptides, oligonucleosides, oligonucleotides and natural and

synthetic polymers.'^ In addition, extensive multiple charging has made the analysis of

macromolecules possible with mass analyzers having low m/z range such as

quadrupoles. The observed m/z values of macromolecules are often less than 2500 Da.

Furthermore, multiple charging of a macromolecule essentially leads to the

appearance in its ESI mass spectrum of a series of parent peaks that structurally differ

only in the number of adduct ions (H^, Na^, etc.) attached and, consequently, in their

charge state. Since each peak structurally represents the same ion with different number

of charges, independent calculation of molecular mass from all peaks (provided the

charge state is known) will essentially allow for more precise determination of the

molecule's molecular mass than when the latter is being calculated from a single peak.

Although the mass spectra will often look unusually complex, their interpretation is

facilitated by the use of mathematical equations and developed deconvolution

algorithms."

The advantage of being able to transfer ions directly from the liquid phase into the

gas phase, at ambient temperature and atmospheric pressure, has made the interfacing of

ESI-MS with high-resolution separation techniques such as high performance liquid

chromatography (HPLC)'^' '^' "*• '^' '^' '^ and capillary electrophoresis (CE)'^' '^ a powerful

tool in the hands of chemists, biochemists and





mass spectrometrists. This on-line coupling also allows the rapid and economic

characterization of complex mixtures. Further, large proteins sometimes need to be

digested by enzymes or by specific reagents into many simpler compounds, which also

can be segregated by these techniques and subsequently analyzed by ESI-MS.

The ES ion source has been interfaced with a variety of mass analysers, initially

with linear-quadrupole (Q) and magnetic-sector mass filters, and recently with triple

quadrupoles (QQQ), Paul ion trap (PIT),^^' ^^ Fourier transform ion cyclotron resonance

(FTICR) and time-of-flight (TOF) mass analysers.^^'
^^' ^^' ^^

The advantages of high resolving power and exact-mass determination make

magnetic-sector, FTICR, and TOF mass analysers appealing, whereas the capability of

performing tandem-in-time and tandem-in-space mass spectrometric analyses for

structural elucidation favours coupling with ion traps (both PIT and ICRIT) and triple

quadrupoles, respectively.

1.3. The ESI Process

The ESI process could briefly be described as the physical transfer of condensed-

phase ions directly into the gas phase at ambient temperature and atmospheric pressure

into a bath gas. Fig. 1 depicts the components of a Bruker-ES ion source, including the

analyte-solution inlet, the off-axis ES needle, the endplate or counter electrode, the metal

capillary cap, the glass sampling capillary as well as the inlet for the nebulization gas,

which assists the atomization process of charged droplets.

The electrospray-ionisation process itself is initiated by the application of a strong

electric field between the tip of a hypodermic metal needle, through which the analyte

solution is pumped from a microsyringe or a separation





device, and a counter electrode.

Under the influence of the high electric field, solution cations and anions present

at the tip of the needle are separated presumably by an electrophoretic mechanism, which

results in the formation of two layers at the meniscus of the liquid, each having an excess

of like charges.

dtiA fji «£«

Fig. 1 . Schematic of the components of an ES ion source.

Assuming the electrospray needle is held at a high positive voltage, the layer at

the meniscus that is closer to the surface acquires an excess of positively charged ions.

Because of the attraction of the positive ions by the negative-polarity counter electrode,

and the repulsion induced by the ES-needle's positive voltage, destabilization of the

meniscus occurs, resulting in its deformation and the subsequent expansion of the liquid

surface into a cone, which is always referred to as the "Taylor cone". As the high voltage

is further increased a jet (liquid filament) extends





from the highest-unstable point of the cone (cone tip), from which charged droplets

having an excess of positive ions are emitted. The charged droplets are then subjected to

a number of desolvation steps, in which the solvent is evaporated by the action of a

counter flow of a high-purity N2 dry gas (known as the bath or curtain gas), which could

be heated at different temperatures depending on physical and chemical properties of the

analyte and the solvent employed.

As a corollary of continuous evaporation, the droplets become successively

smaller and continuously acquire higher charge density (charge-to-volume ratio) until the

Coulomb repulsion of like charges on the droplets becomes equal to or slightly greater

than the surface tension of the liquid droplet. At this point, which is known as the

Rayleigh limit), offspring (daughter) droplets are emitted from the parent droplets, as

depicted in Fig. 2.

The latter process is often referred to as Coulomb fission or Coulomb explosion.

Repeated evaporation and Coulomb-fission steps lead to the transfer of solution ions into

the gas phase by either of two proposed major mechanisms, the charge-residue

mechanism (CRM), suggested by Dole and coworkers, or the ion-evaporation mechanism

(lEM) promoted by Thomas and Iribame.^^'
^^

In the CRM Coulomb fission continues until individual offspring droplets, each

containing a single analyte ion, a few solvent molecules and one or more charges, are

formed. After evaporation of the last solvent molecule the analyte ion is ready for mass

analysis. In the ion-evaporation model, the required electric field for the cleave-off of

analyte ions directly from the charged droplets is believed to occur before the Rayleigh

limit is reached. Thus, direct desorption of ions from very small charged droplets takes

place as soon as analyte ions acquire enough energy,
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gained from the applied electric field (> 10 V/cm ), to overcome the ion-evaporation

activation-energy barrier.
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Fig. 2. Mechanisms of charged-droplet and ion formation.

The aforementioned mechanisms of ion formation have been, for almost a decade

now, the subject of extensive debate that is still rampant. However, it is now generally

accepted that macro-ions are likely formed by the CRM, whereas small ions are most

probably generated by the lEM.

The gaseous ions, accompanied by molecules of the bath gas and some remaining

solvent molecules, are then drawn toward either an orifice in a planar disk plate or toward

the inlet of a metallized glass or metal capillary (Fig. 3), depending on the design of the

instrument used, by means of a potential difference. Most of the solvent molecules are

removed at this stage.

Ions entrained in the bath gas then exit the orifice and/or the sampling capillary in the

form of a supersonic jet as a result of movement from a region of atmospheric pressure to

one under vacuum. Cooling of the stream of gaseous ions, as a result of this expansion,





may effect condensation of the small portion of remaining solvent molecules on analyte

ions, which will eventually lead to the formation of analyte-solvent adduct ions, in which

one or more solvent molecules are non-covalently attached to the analyte either through

hydrogen bonding or ion-dipole attraction.

Fragmentation zone

ion generation ion transport and focusing ion trap detector

Fig. 3. Schematic of components of the Brul<er ESI ion-trap mass spectrometer.

Analyte ions are then further transported through pressure and electric-potential

gradients provided by a number of vacuum stages and a series of focusing elements,

consisting of skimmers, lenses and perhaps a RF multipole, toward the inlet of a mass

analyser. Again, depending on the geometry and design of the particular instrument, the

number of vacuum stages ranges from one to four. At the final vacuum stage the ions

reaching the mass analyser are almost, but not completely, free of solvent or bath gas

molecules.

A final point that is probably noteworthy to mention in this section is that when the ES

process of charging and/or evaporating liquid droplets is pneumatically assisted by a

concurrent flow of high- velocity gas, the





electrospray technique is termed ionspray (IS); if it is thermally assisted, thermospray

(TS); and if it is laser-assisted, laserspray. This last technique uses a beam of laser light to

radiate the tip of the ES Taylor cone to promote fast evaporation of solvent molecules?^*

^° In addition, when the solution flow rate is within the nL/min range and a very narrow-

diameter ES-needle tip is employed the technique is termed nanospray,

1.4. Electrolytic Reactions in the ES Ion Source

The electrophoretic mechanism and charge balance requirement necessitate the

advent of electrochemical redox reactions, which in positive-ion mode will specifically

be oxidation at the solution-metal interface of the ES needle, and a corresponding

reduction at the counter electrode. The opposite situation occurs in negative-mode ESI.

Blades et al.^' were the first to recognize the ES ion source as a "special" kind of

an electrolytic cell, in that part of the charge is transported in the gas phase as opposed to

solution phase in a "typical" electrolytic cell.

Further studies identified the ES ion source as a controlled-current electrolytic flow cell

(CCEFC), which is characterized by a variable, rather than fixed, reduction potential,

whose value depends on many factors.

On the whole, the variety and extent of electrically-induced redox reactions that

can take place at the electrodes of an ES ion source depend on the applied ES voltage, the

ES ion current, the reduction potential at the needle-solution interface, the nature of

analyte and solvent, the solution volumetric flow rate and the nature of the material of the

ES needle.

One of the common electrolytic reactions in positive-mode ESI is the oxidation of

water, when water is used as the solvent or one of the
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mobile-phase components. The reaction furnishes H^ and thus alters appreciably the near

neutral pH of the original solution. Being a source of H^, the oxidation of water will

inevitably alter the extent of protonation of analyte molecules in positive-ion mode and,

as a result, abundant [M+H]^ peaks will be seen in the ESI-MS spectra.

The corresponding reduction in negative-ion mode will enrich the original

solution in OH" and, thus, the pH will be increased and so will the degree of

deprotonation of analyte molecules.

For the most part, electrolytic reactions occurring at the counter electrode whether

in positive-ion or negative-ion mode are not considered analytically significant since they

will not alter the constituents of the electrosprayed solution. Thus, only reactions taking

place at the ES needle-solution interface are of importance.

Table 1 . Electrolytic reactions in the ES ion source

Electrolytic reaction
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effect on the pH of the original solution entering the ES needle.^^

The material of the ES needle may also be the source of ions resulting from

electrolytic reactions at the ES needle-solution interface. Blades et al."'' provided further

proof for the occurrence of such reactions. Using either a needle tip made out of Zn or

one that was made up of stainless steel, they were able to mass-spectrometrically detect

Zn^^ and Fe^^ ions, respectively.

Another proof was recently obtained from ESI-MS experiments carried out by

Van Berkel,"'^ who successfully demonstrated the negative-ion-mode reduction and

subsequent deposition of metal cations, such as Ag^, Cu"^ and Hg^^, as the metals on the

inner surface of the high-voltage contact of the ES-needle, and the corresponding

oxidation, liberation and subsequent detection of those cations in positive-ion mode.

In sum, electrolytic reactions have not been found to have a deleterious effect on

the nature of analytes in most of the ESI-MS experiments conducted to date, except

perhaps in a few cases when the investigated analytes, such as metal-containing

compounds, are easily oxidized or reduced.

Other fewer cases include the unexpected mass-spectrometric detection of highly

abundant [M+H]"*" (positive-ion mode) or [M-H]' (negative-ion mode) when sampling

high- or low-pH solutions respectively. This observation is what now has become known

as the phenomenon of "wrong-way-round" ionisation.

The electrolytic oxidation (or reduction) of water is thought to be one of the factors

responsible for this seemingly odd behaviour. Other factors were also cited in the current

literature as major contributors to this phenomenon. For more detailed treatment of

electrochemical processes in ESI-MS the reader is referred to the excellent discussion of

the subject by a number of pioneers in ESI-MS
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contained in the Journal of Mass Spectrometry^^ as well as other published articles on the

subject.^^'^^'^^

1.5. Methods of Analyte lonisation

Since ES mostly involves ions that pre-exist in solution; that is, before their

transfer into the gas phase, a discussion of the different types of compounds intended for

mass analysis and the methods of producing ions of non-ionic analytes in their solutions

is worth undertaking. Obviously, ionic compounds, [M^X'], need not be ionized simply

because they exist as such in solution and, therefore, will most likely generate M^ or X"

peaks in their respective ESI mass spectra.

Solvents exhibiting high dielectric constant are typically used for ionic

compounds because of their solvation power and their ability to separate cations from

anions.

Neutral compounds having polar atoms or groups can be ionized by a number of

methods, including protonation (e.g. [M+H]"^), metallation (sometimes termed

cationisation (e.g. [M+K]"^), oxidation, or alternatively by chemical reaction with other

species.

In-solution protonation of such compounds can be brought about by the use of an

aqueous-organic mixed solvent that should be more acidic than the analyte under

question. Weakly acidic organic components, such as acetic acid or formic acid could be

added to the solvent to increase the extent of protonation. Typically, a concentration of 1-

2.5% (v/v) acetic acid or TFA (trifluoroacetic acid) is employed.

Strong mineral acids such as HCl and H2SO4 are not recommended since their

conjugate bases will react with molecules of the



fji-^
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analyte via ligand replacement or anion attachment. This reaction will reduce the number

of analyte cations and will result in the production of a weak analyte ESI response in

positive-mode ESI-MS. For negatiye-mode ESI-MS deprotonation of the polar analyte is

sometimes desirable to produce a strong [M-H]' signal, which can be effected by utilizing

a polar solvent of less acidity than the analyte or alternatively by adding to the solvent a

small percentage of an appropriate base, most commonly NH3.

The attachment of metal ions (metallation) to the analyte can be achieved, for

example, through the addition of low concentrations (-50 |j.M) of alkali metal salts to the

solution of the analyte. This process allows for the observation of [M+Na]^, [M+Li]^, or

[M+ K]^ peaks in the mass spectrum. Mg^"^ and Ca^"^ cations have also been used as

ionisation agents.^^''*^ Alkali metal ions, especially Na^ and K^, are common impurities in

solvents and, therefore, often lead to the formation of [M+Na]^ and [M+K]^ species,

respectively. In fact, reagent-grade solvents contain ca. 10'^M Na"^.

Generally, the presence of oxygen atoms in the molecular structure of the analyte

is a requirement for cationisation and, thus, for compounds incorporating nitrogen or

sulphur atoms alkali metals are not so useful since they form weak bonds to these atoms.

In this case, Ag' or other transition-metal ions can be used.'*'

In the negative-ion mode the corresponding approach is anionisation; that is, the

incorporation of anions into the molecular structure of the analyte. Cole and Zhu

suggested this method for analytes lacking acidic sites, and hence having weak [M-H]"

signals. In particular, the attachment of CI" anions to such compounds by the use of

chlorinated solvents enables the observation of [M+Cl]" adduct ions. The use of chemical

oxidants such as NOBF4 or the incorporation of entities such as ferrocene, which is easily
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oxidized by electrochemical means, can also bring about ionisation of the analyte.''"'

Also, displacement of an anionic ligand by a neutral one will result in the

conversion of a neutral organometalHc and/or coordination complex into its cation, which

can then be directly observed by ESI-MS. Henderson and Evans'*'* lately recommended

this method as a general-ionisation means for transition-metal halide complexes.

Interestingly, this technique was tested in the present study on two chlorohydroxo Pt'^

organoamides through their reactions with pyridine; unfortunately, for those particular

compounds, this method was found to be less effective than protonation.

1.6. Factors Affecting The ESI Response

1.6.1. Solution/Solvent Properties

The choice of solvent is largely dependent on the nature of the analyte, the mode

of analysis, and the physical and chemical properties of the solvent and/or the sample

solution. Hiraoka and Kudaka"*^ gave a fairly large list of what they termed "suitable" and

"not-suitable" solvents for ESI-MS. The former included water, methanol, n-propyl

alcohol, isopropyl alcohol, t-butyl alcohol, acetonitrile, acetone, pyridine,

tetrahydrofuran, aniline, nitromethane, acetic acid, chloroform,

hexamethylphosphorotriamide, N-methylformamide, dichloromethane,

dimethylsulfoxide, 1 ,2-dichloroethane and tetrachloroethane. Unsuitable solvents

comprised benzene, toluene, ligroin, carbon tetrachloride, styrene, carbon disulphide,

formamide, hexane and cyclohexane.

It should be noted, however, that solvents classified as unsuitable in the list could

still be used as components in non-aqueous solvent mixtures. In fact, the same authors

about two years later found that benzene-methanol and
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carbon tetrachloride-methanol mixture solvents (1:1; v/v) gave higher sensitivity in

negative-mode ESI-MS than did neat methanol.''^ The authors also highly recommended

the use of mixtures of nonpolar and polar solvents due to their high solvating power

towards many polar compounds and their formation of very fine charged liquid droplets.

In general, it can be stated that conditions in solution that promote both the formation of

charged droplets and the subsequent ion evaporation should lead to a successful ESI

process.

1.6.1.1. Solubility

Unlike electron-impact mass spectrometry (EI-MS), where volatility of the

analyte is of great importance, probably the most significant solvent property in ESI-MS

is its solvating power. An analyte exhibiting a relatively high solubility in the employed

solvent will generally give a high ESI-MS response since a higher number of solvated

ions will be present in solution and subsequently available in the gas phase. Proper

solubility will also decrease the production of solid charged-particle residues that can

suppress ionic signal.

1.6.1.2. Viscosity

Viscosity will affect ion mobility in solution as well as the size of the charged droplets.

The lower the viscosity the higher the ion mobility and the finer the droplets, and hence

the better the ESI response. Lower viscosity is generally attainable by either using low-

viscosity solvents or operating at high temperature.

1.6.1.3. Surface Tension

The ES onset voltage. Von, is directly
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proportional to the square root of the surface tension (Von oc y'^)."*^ Therefore, when a

solvent of high surface tension is used, a higher Von value is required to produce a stable

electrospray. Particularly in negative-mode, high Von values can cause electric discharge,

which may lead to a decrease in sensitivity and signal instability. In this case, solvents of

lower surface tension (generally non-aqueous solvents), and conditions that effect

reduction of the latter, such as the use of a heated capillary or dry gas, will promote good

stability and sensitivity.

1.6.1.4. Concentration and Conductivity

The ES signal intensity is dependent on the concentration (C) of the analyte, and

since the latter is directly proportional to conductivity, it follows that signal intensity is

also dependent on conductivity (K). The ESI response has a dynamic linear range up to a

concentration of <10'^ M. Higher analyte concentrations (> 10'^ M) result in signal

saturation"*^ and even a small decrease in signal intensity. Hiroaka and Kudaka"*^ stated

that the operational conductivity range, within which a stable ES (cone-jet mode) could

be obtained, is within 10''^ Scm"' < K< 10"^ Scm''. Cole and Zhu"*" reported that the use of

very low-polarity solvents with solutions having a minimum conductivity of 10' Q.' m

caused an improvement of both the ES ion current and the signal stability.

1 .6.1 .5. Vapour Pressure

The vapour pressure of the solvent also affects the ESI response. Solvents of high

vapour pressure (high-volatility and low-boiling point solvents) are normally preferred

since they promote evaporation. However, when the vapour pressure is too high (at

temperatures above the boiling point of the solvent), especially when a heated ion source
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is used, evaporation of solvent prior to reaching the tip of the ES capillary may occur.

As a result, this pre-evaporation will lead to reduction in ionisation efficiency and

signal stability. Moreover, plugging of the ES needle and/or sampling capillary due to a

possible deposition of solid analyte particles may also occur.

Cole and Harrata,'*^ using a heated ion source and different solvents at a

temperature beyond 65 °C, found dichloromethane (b.p. 39.75 °C) to give the least stable

signal, and it gave a high ion abundance only at the lowest temperature of any other

solvent used.

Properties of some ESI-MS commonly used solvents that can affect the ESI

process are shown in Table 2.
49

Table 2. Physical properties of commonly used organic solvents.

Solvent

Physical Property
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1.6.1.6. pH

The pH of the analyte solution has sometimes to be adjusted in order to promote

ionisation and this is usually done by the addition of an acid, base or buffer. Depending

on the relative volatility of the additive with respect to the analyte, the concentration of

the hydronium ion in solution rapidly changes during evaporation, and hence aa

appreciable change in pH will also occur.

Moreover, as was previously mentioned electrochemical processes at the solution-

metal interface can also bring about considerable change in pH.

Under certain positive-ion ESI conditions, Van Berkel and his co-workers,^^ using

an ES ion source capable of optically monitoring the pH of the solution exiting the ES

needle, reported a significant decrease by at least 4 pH units as a result of electrochemical

oxidation of water, having an initial pH value of 7.

In addition, pH changes can dramatically alter the structural folding/unfolding

properties of proteins in solution, which will be reflected in the change of charge state of

their ESI-MS-spectral peaks. A number of researchers took advantage of this pH-induced

alteration of conformational properties and successfully used it in the study of protein

conformers.

1.6.1.7. Droplet Size

The density and surface tension of the solvent, the half angle of the Taylor cone,

and the radius of the ES needle are all factors that may affect the size of charged droplets

produced. The finer the droplets are the higher the solvent evaporation rate and the higher

the efficiency of separating cations from anions, leading to high detection sensitivity for

ions present in solution.
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The time required to evaporate a given liquid droplet is proportional to the square of the

droplet radius.^^ The following mathematical equation can be used to predict the relative

droplet size:^'

d^ipQ^ h)
1/3

(1)

where y is the solvent surface tension, p is the density of the solvent, Q is the solution

flow rate, and d is the diameter of the droplet.

1.6.2. Instrumental Factors

Many instrumental factors can influence the efficiency of the ESI process and

sometimes even the nature of ions that can be observed in ESI-MS spectra. Those factors

include the volumetric flow rates of analyte solution, the nebuliser gas and bath gas, the

potential applied to the tip of the ES needle, the potential difference between the focusing

elements downstream, and of particular importance, the potential difference between the

sampling-capillary exit and the first skimmer. Some of those factors will be discussed in

the following paragraphs.

1.6.2.1. Solution Flow Rate

In conventional ESI-MS, where flow rates are typically in the |Lil/min range, the

ES response is concentration-dependent. Thus, increasing the flux of sample (by

increasing the flow rate) has very little, if any, positive effect on the observed analyte

signal. ^^ In contrast, operating at low flow rates should enhance the sample signal, mainly

because lower flow rates lead to a decreased droplet
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size. Hiraoka and Kudaka'*^ using water as a solvent, found that the ES-produced ion

current increased when the sample flow rate was decreased. Moreover, an increase in

droplet size was noticed when the volumetric flow rate was increased.

In general, low volumetric flow rate, along with high-enough solution

conductivity, is a useful way to obtaining a high sensitivity and stable intense ES signal.

On the other hand, too low a flow rate will probably increase the probability of

occurrence of electrochemical redox reactions as low flow rates provide for longer

solution-residence times in the ES needle.

1.6.2.2. ES Voltage

The ES onset potential (Von) required for the formation of the Taylor cone and its

subsequent instability, leading to the emission of charged droplets, is what one needs to

obtain a stable and high-intensity signal. Von can be determined from a modification of a

mathematical equation developed by Smith:
^^

Von « {rcj COS0 / lEof^ \n{4d I n) (2)

12

where re is the outer radius of the ES needle, 8o is the vacuum permitivity (8.8 x 10"

C^/Jm), 6 is the Taylor-cone half angle (49.3°) and d, as in equation (1) ( Section

1.6.1.7.), is the diameter of the droplet. Based on equation (2), for d = 4 x 10' m and Tc
=

1 X 10"^ m, MeOH, MeCN, (CH3)2SO, and H2O have Von values of 2.2, 2.5, 3.0, and 4.0

kV respectively. However, in practice Von was found to exceed the value calculated from

equation (2) by several hundred volts.





21

1.6.2.3. Curtain Gas

The bath gas acts as both an evaporator of solvent molecules as well as a

moderator to maintain both the internal and kinetic energies of the ions at a level

approximately close to the temperature of the bath gas.

It appears that the nature of the bath gas, its pressure, temperature, and flow rate can all

affect the ESI process to different extents. Testing different bath gases, Hiraoka and

Kudaka"*^ reported that N2 gave the most stable ES atomization, while O2 gave a less

stable ES but increased the electric discharge onset potential in both positive- and

negative-ion mode. When 1% SF6 gas was added to either N2 or O2 an increase in the

corona discharge potential was noticed in the positive-ion mode, whilst the use of neat Ar

or He gave only undesirable low corona discharge potentials and no ES response. The

same authors reported that lowering the temperature of the bath gas increased the electric

discharge voltage and resulted in better ES stability.

Moreover, Hiraoka and Kudaka'*^ stated that the temperature of the curtain gas is

not so critical for evaporating the charged liquid droplets, and that a temperature of about

60 °C should be high enough for this purpose at a gas flow rate of a few L/min. The

rationalisation given in this study was that it is the dry-gas relative humidity (rather that

its temperature) that has the higher effect on the lifetime of the liquid droplets.

1.6.2.4. Cone Voltage

The "cone voltage" specifically refers to the potential difference applied between

the sampling-capillary exit (or the sampling orifice) and the first skimmer. This region is

known as the collision region or fragmentation zone (Fig. 3).

It is in this region that the so-called in-source
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collision-induced dissociation (CID), which was first demonstrated by Smith and

coworkers,^'* takes place. In-source CID could easily be brought about by increasing the

value of the cone voltage to accelerate gas-phase solvated ions and force them to collide

with gas and/or remaining solvent molecules after the supersonic jet expansion into the

first vacuum stage of the instrument. The collision process results in the conversion of

kinetic energy, acquired by the ions through acceleration, into internal energy, leading to

destabilization and weakening of chemical bonds and ultimately to fragmentation.

Clustering is usually increased in the collision region due to the strong cooling,

caused by expansion of the supersonic jet, and subsequent condensation of solvent

molecules on the ions of the analyte. As a result of multiple collisions, heating of cluster

ions occurs, followed by removal of solvent molecules from the clusters. In general, the

application of low or moderate cone voltage (25-80 V) is useful in the elimination of

solvent molecules from clusters (declustering), whilst a higher cone voltage essentially

leads to fragmentation of ions. The maximum energy imparted on the ions by this process

is greater than 16 eV.^^

CID is beneficial in structure elucidation as well as in deducing fragmentation

pathways, though its useftilness is limited since the fragment ions produced could

essentially be from all the different ions present. Therefore, unlike resonance-induced

dissociation (RID) in a PIT mass filter, for example, where a certain parent ion can be

easily isolated and subsequently fragmented, in-source CID is essentially a non-selective

process. Detailed discussion of in-source CID and tandem mass spectrometry is found

elsewhere.^^' ^^ Other factors that can affect the response of the ESI process are gas-phase

processes such as ion-molecule or ion-ion reactions.^^' ^^ For more information on

mechanisms, development, basic principles and
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practices of ESI-MS and factors affecting the ESI response, the reader is referred to a

number of reviews from the current literature.^^' ^'' ^^' "• ^' ^^' ^^' ^^' ^*

1.7. The Problem of Corona Discharge

ESI-MS analyses are much less frequently performed in negative-ion mode than

in positive-ion mode. This general trend is largely due to both ES signal instability and'

the low signal intensity observed when the former mode of analysis is used. One of the

significant factors causing this observed decrease in signal stability and intensity could be

attributed to the phenomenon of corona discharge. In this process, electrons emanating

from the high-negative-potential ES needle tip and their acceleration by the applied

electric field causes a breakdown in the gas/air/solvent surrounding environment,

resulting in the ionisation of solvent molecules, which in turn can ionize molecules of the

analyte under study. Consequently, these ion-molecule reactions may produce fragment

ions that can appreciably reduce the signal intensity of the parent molecular ion and give

a number of additional peaks, which will make interpretation of the resulting mass

spectrum an arduous task. Furthermore, the electric discharge prevents the penetration of

the electric field into the solution of analyte, thus hindering the electrophoretic process of

separating anions from cations. Again, the result is signal instability and signal-intensity

reduction.

One way of resolving this problem, at least partially, is to use high-electron-

affinity gases such as S¥e or O2. These gases will act as electron scavengers and, thus,

will decrease the effect of corona discharge, but they will not completely eliminate it.

Another useful way to decrease corona discharge is to add to the analyte solution

a solvent component having high electron affinity.
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This method has the added advantage of having the electron scavenger component

present in the vapour surrounding the ES needle tip, unlike employed gases that may be

unable to effectively penetrate the area surrounding the needle due to the presence of

gaseous solvent molecules.

Solvents or solvent components that may be employed as electron scavengers

include the chlorinated solvents CCI4 and CHCI3, CH2Br2, CeFe, C6H5NO2 and TCNQ

(tetracyanoquinodimethane)

.

A third alternative approach is to use, in combination with the aforementioned

methods, a heated ES sampling capillary, especially when aqueous solvents are

employed.

The relatively high temperature will decrease the surface tension and increase the vapour

pressure of the aqueous analyte solution, permitting operation at higher electric fields

without the occurrence of a corona discharge and effecting higher evaporation efficiency

respectively. •

Ordinarily, for negative-ion analysis, the use of non-aqueous solvents is

recommended in order to obtain a stable and high-intensity signal. Straub et al.^^ in their

negative-mode ESI-MS study of adenosine 5'-monophosphate (AMP) tested a number of

solvents, including methanol, n-propanol, ethanol, 2-methoxethanol, acetone,

tetrahydrofliran, chloroform and acetonitrile.

The authors found that 2-propanol added with O2 was the best solvent to suppress the

electric discharge and to assist the nebulization and desolvation processes, resulting in

increased ionisation efficiency.





25

1.8. Some Applications of ESI-MS

1.8.1. Applications to IVIetal-Containing Compounds

Mass spectrometry by and large has been applied to the analysis of inorganic and

organometallic compounds and coordination complexes for quite a long time, although

reviews on the subject are scarce. However^ the excellent reviews presented by Miller^^'
^*

covered many of the early applications of FAB- and EI-MS to metal-containing

compounds. On the other hand, the number of applications to such compounds involving

ESI-MS is quite large and rapidly increasing.

The reader is advised to consult the references given at the appropriate place in

the following discussion of this section as well as the two highly recommended major

reviews on the subject.'*^'
'^^

Also, the excellent textbook edited by Richard Cole, which is

the only one, thus far, dedicated entirely to ESI-MS in general, is an excellent source of

information. Chapter 1 5 of this textbook is devoted to applications involving inorganic

and organometallic compounds. ^^ What follows will mainly be a brief survey of some of

the literature with respect to applications performed by ESI-MS. The different

applications that will be presented will confirm both the applicability and the usefulness

of ESI-MS as an effective tool for studying metal-containing compounds.

ESI-MS can surely be applied to both ionic and ionisable inorganic,

organometallic and coordination compounds, provided they are soluble and stable in the

solvent system used. The worry expressed by some chemists over the use of such

compounds in ESI-MS is related to "memory effects", which can occur as a result of

metal or metal-complex adsorption on surfaces of the components of the mass

spectrometer, and to the subsequent difficulty encountered in the cleaning of those

components.
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In general, the ESI mass spectra obtained in most cases were found to be highly

reflective of the solution chemistry of the compounds under investigation. A few

exceptions occur in the presence ofmass spectral peaks that are attributable to either gas-

phase ion-molecule reactions or show up as a result of analytically significant

electrochemical redox reactions, especially with compounds having low ionisation

potential.

Canty and Traill studied methanolic solutions of polydentate, nitrogen-

coordinated Pt'^ complexes by ESI-MS and, in almost each case and at low cone

voltages, the intact protonated ions of the complexes were observed. They also generated

daughter ions either by in-source CID or by ms/ms experiments.

Favaro et al.^"* analysed three tetrahydrofuran (THF) solutions of neutral, square-

planar [Pt(Ti^-allylic)] complexes: [PtCl(Ti^-allyl)(PPh3)], [PtBr(ri^-allyl) (PPha)], and

[PtI(ri-^-allyl)(PPh3)], having molecular masses of 532, 576, and 624 respectively, based

on 'H, '^C, ^'P, ^^Cl, ''^Br, '^^I and '^"^Pt. Some interesting results have been obtained in

this study, among which the finding that the resultant three ESI-MS spectra were very

similar and had a number of peaks in common.

Moreover, the only ions that could be directly related to the original structures were

present in all spectra at m/z 497. Conducting ms/ms experiments in an ion-trap mass

filter, the authors concluded that the just aforementioned ions, produced from the three

different complexes, have essentially the same structure since all the resultant ms/ms

spectra were found to be almost identical.

Another interesting feature of the resulting spectra was the total absence of intact

principal ions, neither odd-electron ions nor protonated molecular ions (pseudo or
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quasimolecular ions), which is unusual for ESI-MS spectra. The authors rationalized the

complete lack of intact ionic species as most probably due to either loss of a halide from

a neutral molecule, because of the relatively high value of Von employed (4.5 kV), or loss

of a halogen, or HX, from M^", or MH^, which can take place as a result of collisions in

the fragmentation zone. Another attractive finding was the presence in the spectra of a

series of highly abundant ionic species containing THF solvent molecules. Isolation of

the ion at m/z 497, followed by resonance excitation, resulted in the formation of the ions

[m/z497+THF]^ due to ion-molecule reactions with THF inside the ion trap. Therefore,

Favaro et al.^^ concluded that the high-abundant solvent-containing species were due, at

least partially, to gas-phase ion-THF reactions on the basis that the latter being present in

the ion trap as was mentioned above. Again, isolation followed by fragmentation, this

time of the [m/z497+THF]^ ion, resulted in the concurrent losses of neutral THF and ally!

radical. The result was interpreted as evidence that the [m/z497+THF]^ ion was a real

coordinated complex and not merely a Van der Waals cluster.

The last fascinating feature of the spectra of these three complexes was the

presence of cationic complexes containing two PPhs molecules, whose peak intensities

increased with increased analysis time. Generation of these ionic species by ion-molecule

reactions inside the ion trap was ruled out since ms/ms experiments gave no PPhs

addition product.

The authors argued that these species originated through thermal decomposition

of the intact molecular ions, with possible adsorption on the stainless steel sampling

capillary, followed by the reaction of the resultant PPhs molecule with the appropriate

ions. They verified their hypothesis by undertaking a number of measurements on the
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generation of [Pt(r|''-allyl)(PPh3)2]^ ions at different temperatures.

Thiosalicylate complexes of Ft" have also been studied in the positive-ion mode

and gave excellent ESI-MS spectra and strong protonated principal ions/^ Aggregates of

the type [2M+H]^ and [SM+H]"*^ were also observed in most cases and at relatively low

cone voltages.

At a cone voltage of 80 V a new mass spectral peak was observed to appear, and

it increased in intensity to 59% when the cone voltage was raised to 150 V. This peak

was assigned to [M-COz+H]^, whose presence was explained as due to a decarboxyaltion

reaction that is common for this type of compounds.

Mullen et al. used ESI-MS to investigate C-S bond activation and to compare

the loss of ethene in a series of crown thioether complexes of Re, Tc, Ru and Os. The

resulting spectra showed that ethene loss occurred at a much lower energy (lower cone

voltage) from Tc/Re' (d^) and Tc/Re" (d^) than from analogous Ru/Os" complexes. This

result confirmed the already known solution behaviour of those complexes and supported

the hypothesis that increased C-S activation is caused by an increase in metal 7r-back

donation into the a* orbital of the C-S bond.

ESI-MS was also used in the deduction of reaction mechanisms. For example, in

negative-ion ESI, Takara et al.'^^ were able to observe [RhCp*Mo308(OMe)5]" (Cp* = ri^-

CsMes), the neutral molecule of which is the key intermediate in the formation of the

double-bookshelf-type cluster oxide [nBu4N]2[(RhCp*)2Mo602o(OMe)2] from the

reaction of [RhCp*(|j.-Cl)Cl]2 with four equivalents of [nBu4N]2[Mo207] in methanol.

ESI-MS of inorganic and/or organometallic compounds is not restricted to the

observation of their singly charged ions. Blades and co-workers^^ reported the ESI-MS-





29

detected doubly charged metal-ion ligand clusters, [M(LOn)]^'^, [M = Mg^"*^, Ca^"^, Sr^^,

Ba^^ Mn^^ Fe^^ Co^^ Ni^^ Zn^^; L = H2O, NH3, py, DMSO, DMF].

They found that when n = 0-6, the inner-shell binding energies are in the 60

kcal/mol range. Furthermore, when n < 4, charge reduction was possible. NH3 and

pyridine were found to speed the charge reduction process, whilst DMSO and DMF,

retarded it. With the latter ligands, reduction takes place by the simple transfer of charge:

M^^(DMSO)n = M^(DMSO) n-i + DMSO^

With H2O, charge reduction occurs:

M'^( H20)n = M^(OH)(H20)n-2 + HsO^

The only triply charged species that was observed was the nitrogen-based, six-co-

ordinated Co^"^. Anderson and coworkers^^ characterized twenty-one multiply charged

oxobridged complexes by positive-mode ESI-MS. Those complexes contained binuclear

Fe, Mn, V, and Cr. In most cases the intact cationic complex was observed as the base

peak in the mass spectra, which were completely devoid of fragment ions. Moreover,

clear-cut mass spectral evidence of the complex nuclearity and the oxidation states of the

metal centres as well as the composition of the oxobridges was obtained.

Kohler and Leary studied gas-phase reactions of doubly charged alkaline earth

and transition-M-oligosaccharide and M-acetonitrile complexes by positive-ion ESI-MS,

where M = Co^^, Mn^^, Ca^^, and Sr^^, using low-energy CID.

For the oligosaccharide complexes loss of either a neutral (M = Ca^^, Sr^^), or neutral and

cationic (M = Co^^, Mn^^) dehydrohexose residues were observed, forming a doubly

charged ion. For the acetonitrile complexes, intense signals corresponding to

[M+(NCMe)n]^^ ( n = 1-6) were detected in the low-m/z region of the mass spectra.

Further, ligand-to-metal electron transfer (LMET), or
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collision-gas-to-metal proton transfer through ligands, heterolytic cleavage of ligands or

release of neutral ligands were all observed, depending on the nature of the metal and/or

the collision gas employed.

Triply charged metal-ion-ligand systems, [M(L)n]^'^, where M = Y^^, La^^, Ce^^,

Nd^^, Sm^"", Co^^ and L = DMF, DMSO, were first studied by Blades and colleagues.^'
^

Different salt solutions (10" -10" M) of the metals in methanol were electrosprayed at a

volumetric flow rate of 10 |iL/min and an electrospray voltage of 9 kV in positive-ion

ESI-MS. Generally, the metal salts, under mild conditions, generated triply as well as

doubly charged ions, accompanied by a large number of water and some methanol

solvent molecules.

When higher CID conditions were employed, [M(DMSO)n]^V [M(DMF)n] ^^, with n =

4-8, were detected. Moreover, abundant doubly charged ions, [MX(DMSO)n] , were

noticed, where X is either CI" or NO3' (counter ions from the salt solutions), or CH3CO2',

OH", CH3O" (anionic impurities in the methanolic solvent).

The triply charged metal hydrates, [M(H20)n]"^^, could not be observed for any of the

metals studied.

Kojima and coworkers^^, using both ESI-MS and its laser-spray equivalent,

investigated similar triply charged metal-ion complexes, employing the same metals

studied by Blades et al.^^ in addition to Yb"'^. Sugar ligands such as glucose, sucrose,

raffmose, cyclodextrin, ginsenoside Rbl and hexamethylphosphoramide) were used in

the investigation.

Young and his coworkers^"' used ESI-MS to estimate the thermodynamic stability

constants (logKs) of Li^, Na^, and K^ ion complexes, having crown and lariat crown

ethers as ligands. They verified the applicability of
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this method with known logKs, using either excess crown ether or excess metal ion.

A number of arsenic compounds, including arsenobetaine, arsinocoline, arsenate

and arsenite, were studied by Florentio et al.*'* The positive-ion ESI-MS spectra of the

compounds showed either the parent molecular ion or its protonated form, along with

some fragment and adduct ions. It was noticed that the molecular ion preferentially

resulted from molecules that were already bearing a charge, whilst uncharged molecules

preferentially gave quasi-molecular ions. Odd-electron molecular ions (M") as well as

deprotonated molecular ions ([M-H]") were observed under negative-ion-mode operation.

Employing reversed-phase microbore HPLC coupled with ESI-MS, Pergantis and

coworkers^^ determined the concentration of ten organoarsenicals with high sensitivity

and selectivity, achieved by using a triple quadrupole mass spectrometer, which was

operated in the selected reaction-monitoring mode (SRM). They reported that HPLC-

ESI-MS was a major improvement over other hyphenated techniques such as HPLC-ICP-

MS used for arsenic speciation. An interesting application involving the first ESI-MS

study of products of photo-substitution reactions undergone by Ru" diimine complexes

was conducted by Arakawa et al.^^ Using a flowing photo-reaction cell and a high-

pressure Xe lamp, they detected ligand release and formation of acetonitrile-coordinated

Ru" complex ions created by photo-dissociation of [Ru(2,2'-bipyrazine)3Cl2], [Ru(2,2'-

bipyridine)3X2] ( X = CI', C104') and related complexes, followed by MeCN addition.

The authors also pointed out the possibility of extending this method of on-line detection

to chemical and electrochemical reactions, using a reaction or electrolytic cell

respectively, which would certainly be useful in the monitoring of products of either

laboratory-scale or large-scale chemical reactions.
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Overall, ESI-MS has been used in molecular-mass determinations, identification,

structural elucidation, and qualitative and quantitative elemental analysis and oxidation-

state determination for a variety of metal-containing compounds, and the reader is

encouraged to consult the existing literature for more applications.
^^' ^^' ^^' ^°' ^'' ^^' ^^' ^''' ^^•

96,97,98,99,100,101

1 .8.2. Applications to Organic and Bioorganic Compounds

For relatively a long time, ESI-MS had been the mass-spectrometric technique

that was largely confined to the analysis of organic and large biomolecules.

Therefore, it is not surprising that the number of ESI-MS studies involving such

compounds still far exceeds those dealing with inorganic and metal-containing

compounds. To date, ESI-MS has been applied with enormous success to the molecular-

mass determination of small organic molecules even at the femtomole (10''^ M) level

and, with tandem mass spectrometry, it was possible to obtain useful information

regarding the structure and fragmentation pathways of many molecules. The following

applications are only representative examples, demonstrating investigative studies carried

out by either positive- or negative-ion ESI-MS.

Poon and coworkers'°^ used both modes of ESI-MS with a quadrupole mass filter

in the study of several anticancer drugs and their analogues. The investigated compounds

included tamoxifen, aromatase inhibitors (AG) and thymidylate-synthase inhibitors

(quinazoline antifolates), which all gave singly charged protonated molecular ions in

positive-ion mode, except for the two steroid sulfates, which produced deprotonated

molecular ions in the negative-ion mode. Tandem mass spectrometry on these quasi-

molecular ions revealed that the product ions formed
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provided useful fragmentation patterns that were characteristic for the compounds.

Volmer and Lock'^"' used HPLC/ESI/MS/MS to investigate the antibiotic

ionophores lasalocid, monensin, narasin and sahnomycin, which are produced by various

strains of Streptomyces and are used in veterinary apphcations. A fast short-column LC

method was reported to have resulted in the separation of these ionophores in less than 4

min.

Further, because preliminary results revealed the formation of stable complexes with

various metal cations present as impurities in the employed solvents, the authors had to

convert the ionophores into solely sodiated species by the addition of )aM quantities of

sodium acetate to sample solutions. This method was claimed to have maximized both

sensitivity and specificity in the subsequent MS/MS step. Furthermore, low-energy

fragmentation of the sodiated ions resulted in a number of structure-diagnostic product

ions for all studied ionophores. The determination of salinomycin in cat food samples

was also carried out using HPLC/ESI-MS/MS.

Heller et al.'^"* reported a new procedure for the confirmation of two

aminoglycoside (AG) antibiotics in milk using a novel weak cation-exchange extraction

and ESI-MS/MS. The ESI-MS/MS procedure was validated for the confirmation of both

gentamicin and neomycin at > 30 ng/mL. Replicate samples of control milk, fortified

milk and milk containing residues of each compound were used to demonstrate the

performance of the devised method.

Evans et al.'°^ reported quantitative analysis of the widely used plant-growth

regulator chlormequat (2-chloroethyltrimethyammonium ion) by HPLC/ESI-MS using

both an ion trap and a triple quadrupole. The mass filters were found to have similar LOD
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(~1 ng/mL). The use of simplex optimization (particularly variable size simplex) to find

the optimum activation parameters for the ion-trap mass spectrometric analysis was

found to be invaluable. This optimization method resulted in a 100-fold improvement in

product-ion response.

The full-scan ESI mass spectrum of chlormequat was characterized by the

presence of M^ ions at m/z values of 122 and 124, representing the cationic species

containing the "'^Cl and "'^Cl isotopes respectively. Further, under MS/MS conditions,

both M"*"" ions were found to give a product ion at m/z 58 identified as the

dimethyammonium cation, which was used to aid the characterization of chlormequat.

Bell and coworkers '^^ studied some organophosphate esters in both an ion trap

and triple quadrupole mass spectrometers. Their results revealed a difference in the

fragmentation behaviour of methyl esters, which were found to eliminate methanol, and

ethyl and isopropyl esters, which were found to eliminate alkenes. In addition, the use of

partially deuterated dimethyl methylphosphonate was reported to have allowed the

observation of a methyl-group migration from the phosphorous to the oxygen of a P-0

bond.

Lau et al.'°^ used LC/ESI-MS as well as atmospheric-pressure chemical-ionisation

mass spectrometry (APCI-MS) for the quantitative determination of the potent

carcinogen ochratoxin A (OTA), which is known to cause nephropathy in farm animals

and is possibly related to human kidney disease in some countries. This toxin also occurs

naturally in grains, other plant products and animal products. In this study, ochratoxin B

was used as an internal standard, and LOD was found to be within 10-20 pg per injection.

Both ochratoxins were found to form sodiated ions along with protonated molecular ions,

whose fragments were monitored in the multiple-
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reaction-monitoring mode (MRM). In general, ESI-MS was found to provide higher

sensitivity and less fragmentation than APCI-MS, and, therefore, an HPLC/ESI-MS

method for the determination of OTA in Canadian human plasma samples was

developed. The results obtained indicated a widespread occurrence of OTA, which

prompts determination of this natural potent toxin in foods.

Zhan and Fenn carried out exploratory experiments with ESI-MS on fossil

fuels, which included crude oil, jet fuel, gasoline, and coal. Those materials consist

mainly of non-polar compounds and, thus, are unsuitable for characterization by ESI-MS.

However, some of those materials contain high-enough concentrations of ionisable polar

compounds and, thus, are amenable to ESI-MS. The authors used NaBr as an ionisation

agent to form [M+Na]^ and discovered that the distribution of polar compounds in a

certain crude oil was a unique characteristic that could reveal the identity of that crude

oil.

Asbury et al.'°^ analysed twelve chemical warfare degradation products from

liquid samples by high-resolution ES-ion-mobility spectrometry (ES-IM). These polar,

non-volatile hydrolysis products differ only by a methyl group and are quite stable

compounds. They can readily dissolve in water and are unsuitable for GC but amenable

to reversed-phase HPLC. However, they are not ultraviolet absorbing compounds and

thus HPLC does not offer sensitive detectors for their analysis. Most of the compounds

analysed by ESl-IMS produced [M+H]"^ ions and also prominent sodium adducts,

whereas the alcohol-containing species produced [M+H-H20]^ ions. LOD ranged from

low ppb to low ppm. The phosphonic acid mixtures gave [M-H]' ions in negative-ion

mode at low concentration and produced clusters at higher concentrations. A spiked

Palouse-river water sample containing four G-type
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degradation products was also analysed and the products were positively determined.

Ouyang and Vairavamurthy' '^ investigated magnesium adducts (using MgCh as

an ionisation agent) of different types of carboxylated low-molecular-mass organic

compounds, such as alkanoic acids and amino acids. This was probably the first study of

the behaviour of magnesium ion by ESI-MS. The species generated by negative-mode

ESI corresponded to singly charged ions with the general formula [MgnL2n+i]', where L

represents different anions present in solution. Further, monofunctional compounds, such

as propionic acid, formed mainly dinuclear complexes whereas polyftinctional ones

generated mononuclear and polynuclear complexes in addition to dinuclear compounds.

Finally, a mixture of five carboxylic acids (propionic-haptonic) gave five Gaussian-

shaped groups of peaks, each representing ions with a certain molecular formula.

Hsu and Turk studied triacylglycerols (TAG), which are important long-term

fuel-storage molecules, where each molecule consists of three fatty-acid substituents

esterified to a glycerol backbone. Each of the fatty-acid substituents can have varying

chain lengths, degrees of unsaturation and locations of double bonds. These compounds

were studied by ESI-MS using lithiation (achieved by the addition of lithium acetate) as

the method of ionisation.

The compounds yielded abundant [M+Li]"^ ions. Further, low-energy tandem

mass spectrometry on the lithiated ions produced fragment ions that identified the mass

of each fatty-acid group, whereas their relative abundance determined the locations of

these groups on the glycerol backbone.

Using ESI-MS/MS and APCI-MS/MS, the behaviour of eight anabolic steroid

glucuronides was studied by Kuuranne and coworkers"^ under both positive- and

negative-mode conditions.
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The main objective of the study was to elucidate the most suitable ionisation

method to produce intense structure-diagnostic product ions and to examine whether

isomeric steroid glucuronides could be distinguished. It was found that positive-mode

ESI-MS/MS was the most promising method for further development of HPLC/MS

methods for the analysis of this type of compounds. Higher background noise and:

significantly higher flow rates (and thus costly amounts of sample) required by APCI-MS

than ESI-MS excluded the former as a candidate method for further HPLC/MS method

development.

Kashiwagi and coworkers''^ combined pH titration with ESI-MS to investigate

the pH-dependent dissociation and denaturation process of a heterodimeric yeast killer

toxin (SMKT) secreted by halotolerant yeast. It consists of two subunits that non-

covalently associate under acidic conditions, but become dissociated and denatured under

neutral and basic conditions. As was expected the obtained ESI-MS spectra revealed the

presence of molecular ions of the heterodimer below pH 4.6. At this pH, however, the

spectra showed the dissociation of the two subunits. The authors attributed the initiation

of the dissociation process to a deprotonation reaction undergone by a certain carboxyl

group.

Sogbein and colleagues""* investigated the dependence of halomyoglobin (hMb)

on specific solvent conditions. They used time-resolved ESI-MS, a technique that

permitted monitoring of the folding and unfolding kinetics of proteins by acquiring mass

spectra at various times after the reaction was initiated with varying pH values. Changes

in the protein conformation were detected by changes in the charge-state distribution

generated by ESI-MS. The results of this study indicated that hMb unfolds through a

short-lived intermediate only at low pH, whereas no
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intermediate was detected under basic pH conditions.

Sadagopan and Watson^ *^ found that charged derivatives of peptides were useful

in obtaining simpler CID spectra. The tris(trimethoxyphenyl)phosphonium acetyl

(TMPP-Ac) derivatives of peptides were studied by ESI-MS/MS and in-source CID. The

data indicated that fragmentation was likely occurring via charge-remote pathways. They

also showed that results of in-source CID and ms/ms experiments were similar. Also,

fragmentation of these TMPP-Ac-peptides in an ion trap was found to differ depending

on whether a single- or double-charged precursor was isolated and fragmented.

Cunniff and Vouros''^ devised a method that took advantage of non-covalent

adduction by crown ethers (specifically 18-crown-6) to analyse a mixture of proteins and

peptides and that, in essence, performs a separation based on the charge state of the ions.

The spectra showed intense ions corresponding to the formation of 1 : 1 complexes with

the crown ether.

The spacing of the complexed species in the spectrum allowed unambiguous

determination of the charge state of the ions as well as their actual mass. The authors

used constant neutral loss scans to determine the charge state, assign molecular mass,

simplify mass spectra and reduce chemical noise without resort to chromatographic

separations on complex peptide samples.

In addition to the above studies, ESI-MS has successfully been applied to the

determination of fragmentation pathways,"^ characterization of oligonucleotide

metabolism,"^ investigation of in-solution intra-ionic and non-covalent interactions,
'

120, 121. 122 ^^^ ^g^ recently to genotyping.'^"'
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1.9. Conclusions

As was demonstrated by the aforementioned applications, one can easily

recognise ESI-MS as a convenient, highly efficient, and versatile gentle-ionisation

method. ESI-MS alone or usually coupled with high-resolution HPLC and CZE is now

being established as one of the most widely used instrumental techniques for the

qualitative and quantitative determination of a large number and different types of

compounds of both low and high molecular mass.

Because of the "gentle" nature of this powerful analytical tool, the dream of

observing labile, ionic and ionisable large species, which were for a long time " out of

reach" before the advent of ESI-MS, became a reality. Further, the unique ability of the

ESI process to multiply charge different types of macro-molecules has made their

analysis accessible with mass analyzers that have limitedly low m/z range.

Besides its ease of use, ESI-MS, along with the aforementioned separation

techniques, has resulted in a significant reduction in sample consumption and analysis

time and provided markedly lower LOD. The major requirements seem to be the stability

and solubility of the compounds in question in an appropriate solvent as well as the ease

with which analytes can be ionized either in solution by the previously described methods

or inside the ES electrolytic cell.

Many factors related to solvent properties, additives, and instrumental parameters

affect the results obtained by ESI-MS. A solid knowledge of the effects of those factors

on the ESI response allows for better performance, in both positive- and negative-ion

modes.

In-source CID and tandem mass spectrometry (MS") studies can be easily carried

out on ions obtained by the ESI process and, therefore.
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valuable information can be obtained about the structure, bond energies and the

fragmentation pathways of the studied compounds.

In general, ESI-MS is certainly applicable and quite useful for the analyses of

metal-containing compounds, as was demonstrated by the brief examples given in this

chapter and the seemingly endless ones found in the current literature.

ESI-MS is expected to contribute greatly to our current understanding of both in-

solution and gas-phase chemistry of many compounds and will surely contribute

profoundly to many scientific fields, especially to those of pharmaceutical and medicinal

chemistry.

At last, the above introduction is simply an overview of principles, features, practical

aspects and some applications of ESI-MS.

For readers having a general interest in quantitative analyses and/or comparative

studies with other mass spectrometric techniques such as FAB- or FD-MS, a number of

J J 124, 125, 126, 127,128, 129
reviews are recommended.
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CHAPTER 2

Platinum Complexes As Anticancer Drugs

2.1. Overview

The seemingly incessant interest in the antineoplastic properties of platinum

complexes has been for the most part spurred by the remarkable discovery of the

anticancer activity of cis-diaminedichloroplatinum(II), cw-[PtCl2(NH3)2] (cisplatin), by

Rosenberg and coworkers more than thirty-six years ago. This discovery took place while

they were studying the growth behaviour of E. Coli bacteria under the application of an

electric field between two platinum, supposedly inert, electrodes, using NH4CI as an

electrolyte. The unusual observation of filamentous growth, instead of cell division, of

bacteria cells led the team to undertake further experiments that eventually revealed the

in-solution presence of both Pt" and Pt'^ complexes, of which cisplatin was later found

by microbiological studies to be the agent most responsible for the odd observation.
'

The formation of both types of complexes was rationalized as simply the result of action

of the corroding acidic NH4CI electrolyte solution on the platinum electrodes. Subsequent

studies on animal cancers have led to the endorsement of cisplatin for use in humans in

the late 1970s and, since then, it has been one of the most broadly used antineoplastic

agents, either alone or in combination with other drugs.

Still, despite the welcomed success of cisplatin in treating ovarian, testicular, head

and neck, endometrical and cervical cancers, among others, its mild and acute side effects

(nausea, vomiting, loss of high-frequency hearing, renal damage, neurotoxicity,

gastrointestinal damage, etc.), the lack of sensitivity to and the intrinsic and acquired

resistance of cancer cells against cisplatin have all
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limited its therapeutic value and directed the attention of a number of research groups to

undertake much effort in finding new platinum-amine complexes that have a broader

spectrum of anticancer activity, exhibit very low or no toxicity, and can be orally, instead

of intravenously, administered to cancer patients.
'"*'

To date, thousands of analogous compounds have been synthesized and tested,

but, unfortunately, only a small number have been found to be anticancer-active and/or

have the ability to circumvent the resistanc : demonstrated by cancer cells against the

therapeutic action of cisplatin.

2.2. Structure-Activity Relationships (SAR)

The general formula for an active Pt" or Pt'^ compound is [Pt"(X)2(A)2] or

[Pt'^(X)4(A)2], respectively, where X is an anionic ligand and A is an am(m)ine.

The somewhat strict structural requirements for anticancer activity had been

established from extensive studies of a large number of platinum compounds. These

requirements included cis geometry of the non-leaving amine ligands, easy leaving

capability and intermediate binding strength of the anionic ligands (CI" in cisplatin) to Pt,

the f ^e N-H group in the molecular structure of the amines capable of

hydrogen bondmg, and the .
'^ ^ -nlex to form b -^dducts

with deoxyribonucleic acid (DNA). Other requirements i.^^luu. .onable solubility in

aqueous solvents and neutrality of the platinum complex under question.
'^'^

Of course, intermediate binding strength of the anionic ligands to platinum would

facilitate their replacement with either solvent molecules or DNA bases whereas the

requirement of cis geometry and the presence of an amine N-H bond were imposed by

the early observations relating to the inactivity of
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some platinum complexes possessing trans configuration or lacking an N-H amine group,

correspondingly. Some of those requirements, however, have not stood the test of time,

and quite a large number of platinum complexes have nowadays been found to posses

antineoplastic activity, yet violate one or more of such requirements. ''^* ^*^' ^*^* '^^

2.3. Piatinum-DNA Interactions

The chemistry of platinum is tremendously rich and largely dominated by

oxidation states (II) and (IV). When metal-metal bonds are feasible oxidation states (I)

and (III) are possible, whereas when platinum is bound to 7i-acceptor ligands such as PR3

the platinum centre can assume the (0) oxidation state. Complexes, in which platinum

adopts higher oxidation states, e.g. (V) and (VI), are known but scarce. Pt" predominantly

forms tetracoordinate, square-planar, kinetically inert, d^ complexes, whereas complexes

of Pt'^ are much more inert, low-spin, diamagnetic octahedral d^ complexes. Although

binding to 0-donor ligands occurs, Pt" and Pt'^, both considered relatively "soft" Lewis-

acid centres, preferentially bind to N and S besides other relatively "soft" Lewis bases.

Their affinity to N-donor ligands is very well documented. More detailed information on

the solution chemistry of platinum can be found elsewhere.
'''' '''' '''' "''' ''^' ''"' '''' '''' '''

The early appreciation of the significance of cisplatin coordination to DNA has

led many groups to direct their efforts towards unravelling the secrets of platinum-

nucleobase interactions. Indeed, the majority of experimental studies strongly indicate

that DNA of the cancerous cell is the principal biological target, but not the only target.

Binding to extra and intracellular proteins, RNA, and other cell-wall components and

cytoplasmic compounds has also been reported to happen. At any rate, this latter binding

is thought to be responsible for the side effects observed
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upon treatment of patients with cisplatin. On the other hand, coordination to DNA is

believed to result in inhibition ofDNA syntheses, chromosome damage and ultimately in

cell death.
'^^

The preferential site of coordination to the platinum centre is generally accepted

to be the N-7 atom of guanine (G). However, binding to other bases such as adenine (A),

cytidine (C), and their deprotonated forms has also been observed.
'''^' '^° Furthermore, the

intrastrand cross-link between two adjacent guanine bases (GG) was suggested to play a

significant role in the death of the cancerous cell.

The most extensively studied interactions involving platinum complexes with

DNA and DNA-model compounds is that of cisplatin and its direct analogues.'^''
'^^' '^^

Under physiological intracellular conditions (pH 6.4-6.7, [CV] = 4 mM), its reaction with

DNA bases comprises a solvent-assisted sequential replacement of chloride ligands,

preferably by the N-7 atoms of two guanine molecules (see Fig. 33 for detailed

numbering scheme). The main formed species are GG and 5'-AG-3' intrastrand chelates.

It is presumed that cisplatin can survive intact until it reaches its target (DNA) due to

suppression of hydrolysis induced by the high extracellular chloride concentration (104

mM).

Cisplatin and its Pt" analogues are bifunctional and, therefore, the products of

their reactions with nucleobases consist of complexes having two coordinated bases,

unless low temperature, sterically hindered asymmetric amines or a high excess of

platinum complex is used. Since octahedral Pt'^ complexes are by far more kinetically

inert toward substitution than their Pt" counterparts, their reactions with nucleobases are

exceptionally slow. This inertness, nevertheless, is beneficial since it will appreciably

increase the probability of surviving acidic biological
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conditions, which is favourable for oral administration, and will also reduce the chances

of reacting with thiol-containing proteins, which, in turn, will result in reduced toxicity,

better transport and cell accumulation and higher cytotoxicity.

Many studies demonstrated that Pt^^ antitumor-active complexes do not directly

bind to DNA; thus, it was suggested that Pt'^ complexes require reduction to Pt"

compounds, presumably by intracellular reducing agents (glutathione, methionine,

ascorbic acid, etc.) before any binding with DNA can occur.
^^'^

In other words, Pt'^

complexes are assumed to act as prodrugs (inactive forms of drugs) rather than drugs as

does their Pt" analogues. This notion has been emphasized by the additional observation

that Pt'^ compounds do not form bifunctional adducts,'^^ which, as was previously

mentioned, is considered one of the requirements for antitumor activity. However, this

belief has been challenged by a number of studies that either provided evidence for direct

interaction of Pt'^ complexes with nucleobases or demonstrated inactivity of Pt"

compounds, whose Pt'^ analogues were found to be active. '^^' '^^

Substitution reactions of Pt'"^ coordination complexes are catalyzed by the

presence of diminutive quantities of divalent platinum, and, therefore, the rate of such

reactions can be accelerated by the use of catalytic concentrations (ca. ten-fold less than

the concentration of the Pt'^ complex). A large number of platinum-amine complexes

have been reacted with various nucleobases, and the products have been monitored and

characterized by a variety of analytical methods, including the different forms of nuclear

magnetic resonance spectroscopy (NMR), ultraviolet spectrophotometry (UV), circular

dichroism (CD) spectroscopy, fluorescence spectroscopy, atomic absorption spectroscopy

(AA), mass spectrometry, pulse polarography, chromatography, gel and capillary

electrophoresis as well as enzymatic digestion. A few
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selected examples will be given in the following paragraphs.

Kong and Theophanides'^^ have synthesized complexes of the general formula

[Pt"(NH3)2L2]Cl2 (L = guanosine, inosine, or xanthosine) and used '^^Pt-NMR

spectroscopy for their characterization with D2O as a solvent and DSS as an internal

reference. The '^^Pt-'H (H8) coupling of 20-30 Hz provided good evidence for Pt-N

bonding in the complexes. In addition to '^^Pt-NMR, the complexes were characterized

also by ultraviolet spectrophotometry (UV), which showed only a slight shift of the

strong nucleobase bands on complexation, and infrared spectroscopy (IR), which

revealed a shift to lower frequency of ca. 30 cm'' in the bands of the nucleosides (1650-

1750 cm'').

In addition to reactions with nitrate, phosphate and chloride, Frey et al.'^^ have

investigated reactions of carboplatin with 5 '-guanosine monophosphate (5'-GMP) in

aqueous solutions at 310 K, using 'H, '^N, ['H, '^N], and "''P NMR spectroscopy. They

found that the reaction of carboplatin with 5'-GMP was faster than that with phosphate

and chloride, which indicated that direct attack by nucleotides on carboplatin may be an

important step in the mode of action of this platinum anticancer complex.

Bloemink and colleagues'^' studied anticancer-active platinum phosphonato

complexes cis-[Pt(NH3)2(ntmp)] and [Pt(R, S-dach)(ntmp)] (ntmp =

nitrilotris(methylenephosphonic acid), dach = diaminocylohexane) with the

oligonucleotide d(GpG). Results for both complexes, obtained by 'H and ^'P NMR

spectroscopy, revealed formation of chelates, in which the Pt centre is coordinated to the

N-7 atoms of each of the guanosine bases of the oligonucleotide. Rupture of the Pt-P

bond of the bidentate (P-N) ntmp ligand was suggested to occur as the first step in the

reaction mechanism, presumably by direct attack
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of one G base, followed by breakage of the Pt-N bond, release of ntmp and coordination

of a second G base. The cleavage of the Pt-N bond, as emphasized by the authors, is

unusual since N-donor ligands generally act as non-leaving groups. This is one example

that demonstrates violation of the previously mentioned SAR rules.

Kokotos et al.'^^ prepared six platinum complexes, having differently substituted

aminocoumarin as coordinated ligands, and tested them in vitro against Caco-2T cells. Of

those complexes cis-[Pt"Cl2(7-amino-4-trifluromethylcoumarin)2] was found to have the

highest antitumor activity.

Talman et al.'^^ reacted in vitro a number of photosensitive Pt'^-amine complexes

with 9-mythylxanthene, 9-mythylhypoxanthene, and 5'-GMP in the dark at 310 K. They

found that the reactivity of studied complexes is dependent on both the nature of the

anionic ligands and that of the DNA-model base. Of those complexes [Pt'^(R, R-

dach)(ox)Cl2] had the highest reaction rate, whereas [Pt'^(R, R-

dach)(ox)(OC(0)C5Hii)Cl] exhibited intermediate kinetics. [Pt'^(R, R-

dach)(ox)(OC(0)C4H9)2] was found to have the slowest reaction rate. In all of the above

cases, the authors were able to identify correctly Pt'^-nucleobase intermediates.

Choi and coworkers '^^ monitored the reactivity of a series of Pt'^ complexes,

exhibiting variable reduction potentials, with 5'-GMP by the decreased 'H NMR signal at

8.2 ppm (H8 of free 5'-GMP) and the increased signal at ca. 8.6 ppm (H8 of Pt"-bound

5'-GMP). They found that the reactivity of the platinum complexes followed the order of

their reduction potentials, with the complex having the most positive reduction potential

(the most easily reduced) reacted the fastest. In addition, data from *H NMR, UV and

HPLC indicated that the final product is [Pt"(dach)(5'-GMP)(ox5'-GMP)], where ox5'-

GMP is oxidized 5 '-GMP.
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Further, [Pt'^(dach)Cl4] was the only complex which was found to posses a signal

at 9.2 ppm (weak) corresponding to H8 of 5'-GMP bound to Pt''*'. The reaction

mechanism was suggested to comprise an initial substitution of chloride by one 5'-GMP

molecule, followed by reduction of Pt'^ to Pt" and finally a second chloride substitution

by ox5'-GMP. When a small amount of cis-[Pt"(NH3)2Cl2] was added, the formation time

of the aforementioned Pt intermediate was found to shorten, an implication of a Pt"-

mediated substitution reaction.

In a similar study, Ellis et al.*^ investigated the correlation between the reduction

potential and DNA biding properties of a series of Pt'^ complexes with a variety of

anionic axial ligands. The results indicated that the most readily reduced complexes were

the fastest to bind to DNA. In addition, the effect of glutathione as a reducing agent on

the binding properties of those complexes was found to depend on whether the latter was

added before or after incubation with DNA. Moreover, all of the studied complexes were

observed to form monofunctional adducts, which was further verified by molecular

modelling studies.

Galanski and collaborators'^^ reacted [Pt'^(en)(OCOCH3)4] (en =

ethylenediamine) with 5'-GMP at 310 K and demonstrated the formation of Pt'^^-S'-GMP

species by 'H and '^N-ge-HMQC NMR spectroscopy. The release of the acetato ligand

was monitored by the complexation-induced change in the NMR signal of the methyl

protons.

Further, there was no evidence for formation of any Pt" species. The product of the

reaction, [Pt(en)(OCOCH3)3(5'-GMP)], was positively identified by ESI-MS. Addition of

sodium ascorbate (a reducing agent) after eight weeks of incubation revealed reduction of

both the original complex and the formed adduct.
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In addition to the above work a number of studies related to polynuclear

anticancer-active Pt"/Pt'^ and even Pt"' complexes and their interactions with DNA have

also been conducted.'"'
"'^' '"•"'•"'•"»• '"

For more studies involving Pt"/Pt'^-DNA interactions, reactions of platinum

complexes with reducing agents and the influence of the latter on the reactivity of Pt'^

antitumor-active complexes the reader is referred to a number of good reviews. *^^' '^^' '^'**

175, 176, 177, 178

2.4. The Search for Better Anticancer Platinum Complexes

As was previously pointed out the unfortunate limitations of cisplatin motivated

many researchers to design, synthesize, and test new mono and polynuclear platinum

coordination complexes with relation to their anticancer activity.

In the USA, the only compound that has so far been approved for use in humans

besides cisplatin is carboplatin, [Pt"(NH3)2(l,l-cyclobutanedicarboxylato)], which

possesses less toxicity at higher dosages than cisplatin. This reduced toxicity could be

attributable to the stronger binding to the platinum centre of the 1,1-

cyclobutanedicarboxylato leaving group, compared with that of the chloro ligands of

cisplatin. Another promising antitumor-active platinum compound is oxaliplatin

(BBR3464), or trans-[Pt"(dach)2(ox)] (ox = oxalate), which has been already approved

for human use in France in the treatment of colorectal cancer and has entered phase II

clinical trials in the USA.'^^

Furthermore, Lobaplatin, l,2-diamminomethylcyclobutaneplatinum(II) lactate,

which is a third-generation antitumor-active platinum complex, is currently being used in

China and undergoing clinical evaluation in



'ii>A :.-*. ''^- - r
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Germany. Other compounds, which also showed encouraging anticancer activity

include [Pt"(py)2{NCH2(p-C6F5)}2], the Pt" precursor of some of the Pt'^ organoamides

investigated in this study. Also, [Pt'^Cl2(NH3)(H2NC6Hii)(OCOC3H7)2], cis-

[Pt"(NH3)2(4-mepy)Cl] (4-mepy = 4-methylpyridine), [{trans-

PtCl(NH3)2}2(NH2(CH2)4NH2)] and JM216,[Pt"(acetato)2(NH3)Cl2(cha)] (cha =

cyclohexylamine) were all found to exhibit antineoplastic activity.
'^'' '^^

2.5. Concluding Thoughts

It is imperative to gather and analyze data obtained through extensive

experimental studies about the binding properties and mechanisms of action of antitumor-

active complexes (or any antitumor agent in general) with DNA and/or any extracellular

or intracellular reactant (s). This information is of great value toward the design of novel

drugs with superior anticancer activity and lower toxicity than the currently available

compounds. This noble humanitarian work requires the close cooperation of and the

fruitful exchange of information among chemists, biochemists, biologists, and

pharmacologists, among others, and should be, without any hesitance, generously funded

by both private and governmental enterprises.

The initial and main objective of the current study was the elucidation of the

fragmentation pathways of five coordination complexes belonging to the organoamido

class of Pt'^ cancerostatic agents, using tandem-in-time ESI-MS. As the experimentation

process progressed and partial results were obtained, other goals were also pursued,

which included, among other minor objectives, the establishment of the mode of action of

the aforementioned complexes with DNA.
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The specific aim was to determine whether these anticancer agents would act as drugs or

prodrugs. UnUke drugs, prodrugs are compounds that do not directly react with the DNA

of the cancerous cell. They are rather deliberately designed so that they can be converted

into active forms (drugs) at the putative DNA target. The method of activation depends

on the molecular structure and chemical properties of the prodrugs under study. Chapters

4 and 5 will present and discuss the germane results obtained during this investigative

study.

Finally, the author could not find better words to end this short chapter with than

to say, "The search is still on, the fight against this dreaded killer will continue, and the

hope to find an ultimate cure will not diminish."
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CHAPTERS

Experimental Aspects of the Research

3.1. Acquisition of ESI IVIass Spectra

All ESI-MS spectra in this study were from HPLC-grade quality (EM Science,

Gibbstown, NJ, USA) MeCN, MeOH and IPA (isopropyl alcohol) solvents. Both Single

and mixed-solvent systems were used, with the latter included MeCN/MeOH (10/90;

v/v), MeCN/IPA (10/90; v/v), and MeCN/HzO (60/40; v/v). Due to solubility constraints

distilled and/or deionised water was also used as either a solvent or mobile-phase

component when recording ESI-MS spectra in reaction solutions of some of the Pt^^

organoamides with the nucleobases.

Preparation of platinum sample solutions for the purpose of ESI-MS spectral

acquisition involved dissolving 1.6 x 10'^ g of the platinum complex under investigation

in 1 mL of an appropriate solvent and diluting to 10 mL with the same. 1 mL of the latter

solution was then further diluted to 10 mL, again using the appropriate mobile phase.

This procedure gave sample solutions, having a concentration within the range 20-22

^M. ESI-MS" spectra were acquired using the Brucker Esquire-LC mass spectrometer

(Brucker Daltonics, Germany) equipped with a dual-mode HP ES ion source. Sample

introduction was performed by means of the Cole-Parmer 74900 Series syringe pump

(Cole-Parmer Instrument Company).

The ESI mass spectra of the complex first studied (1) were initially recorded

using different combinations of instrumental parameters for optimization purposes. Once

optimization of experimental conditions was accomplished, and except when performing

in-source CID and MS" experiments, the
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instrumental parameters given in Table 3 below were used for subsequent mass spectral

acquisition procedures of all complexes and their reaction products with nucleobases.

Absolute deuterated acetonitrile (GD3CN) was also used as a mobile phase for the

purposes of distinguishing MeCN-coordinated cationic complexes, for the identification

of solvento complexes generated by fluorescent and/or ultraviolet irradiation and for

resolving superimposed peaks due to sodiated and MeCN-coordinated cations. Use was

also made of CD3CN/D2O (30/70; v/v) mixed solvent as a medium for the reaction of

complex 1 with guanosine to establish both the structural identity of this reaction's

product(s) and the number of deuterium-exchangeable hydrogen atoms in guanosine.

Table 3. Optimized ES instrumental parameters used in the acquisition of positive-mode ESI

mass spectra of all studied complexes and their reactions with the nucleobases.

Parameter Name
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ultraviolet-irradiated solutions of 1 and 2 were obtained in order to investigate the

photochemical behaviour of those complexes.

The coincidentally observed in-solution decomposition of 1 also prompted a

series of experiments involving ESI mass spectral acquisition from -different-mobile-

phase solutions to investigate this behaviour and any related solvent effects.

In-source CID experiments required varying the cone voltage, with all other

parameters kept unchanged, whilst MS" runs prompted the occasional variation of

accumulation time, mass range, trap drive and the amplitude of the resonance-excitation

frequency of the ion-trap mass analyser. The value of this amplitude was varied

depending on the signal intensity and stability towards fragmentation of the trapped

cationic species.

In most cases it was possible to perform up to MS^ sequential experiments.

Negative-ion spectra of the nucleobases and of solutions of their reactions with the

platinum complexes required some variations in cone voltage, trap drive and, sometimes,

mass range.

All spectra were acquired with the standard acquisition method of the instrument

(normal resolution of 0.6 u and scan rate of 13000 m/z/sec). Moreover, the study also

involved in-source collision-induced dissociation (CID), cationisation, MS" procedures

and the use of deuterated MeCN and/or D2O to obtain structural information and

elucidate fragmentation pathways.

In addition, comparisons of experimental and calculated isotope distribution patterns

were also used as an aid to peak assignment.
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3.2. Synthesis of Organoamido Pt'^ Complexes

The platinum (IV) organoamides were kindly provided by Professor Glen B.

Deacon of the Chemistry Department, Monash University, Australia. The samples were

used as received with no further purification. The synthetic procedures for all complexes

were also thoughtfully provided, but, for the sake of succinctness, only one example

related to the preparation of the dihydroxo complexes 2 and 3 is reproduced here: The

appropriate [N,N'-bis(polyfluorophenyl)ethane-l,2-diaminato(2-)]dipyridineplatinum(II)

complex (0.3-0.5 mmol) was dissolved in acetone (20 mL) and an excess of 30%

hydrogen peroxide (0.1-0.4 mmol) was added. The mixture was heated under reflux for

one hour. On completion of the reaction, the volume was partly reduced (5 mL) and

water was added until the solution was just cloudy. The solution was cooled overnight,

and the resulting precipitate was collected by filtration and washed with water and then

with petroleum ether. The products were then recrystallized from warm diethyl ether.

3.3. Reactions of Organoamido Pt'^ Complexes with Nucleobases

Four of the investigated platinum organoamides were reacted with different

nucleobases comprising the nucleotide 5'-GMP and the nucleosides guanosine and

inosine.

Due to the very limited solubility of the platinum organoamides in neat water and that of

the nucleobases in MeCN or MeOH, mixed solvent systems were used as the reaction

media and mobile phases.

The reactions were monitored regularly, as time permitted, by recording ESI-MS

spectra from aliquots (ca. 20 |iM in platinum complex and ca. 80-95 j^M in nucleobase)

of the different reaction solutions.
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Furthermore, after conducting each reaction procedure, the corresponding reaction

solution was kept in a sample vial covered with black tape to prevent complications that

could arise from photochemical reactions, which the platinum complexes under study

were observed and proven to undergo. The various procedures used to carry out those

reactions are summarised in the following sections.

3.3.1. Reaction of 1 with Guanosine

4.0 X 10"'' g of guanosine hydrate (14 )j.mol) and 4.0 x 10 "^
g of 1 (5 jimol) were

dissolved in 20 mL of MeCN/H20 (1:1) mixture solvent, with vigorous stirring at 313 K.

This reaction solution gave a final concentration in 1 of 250 )j,M and in guanosine of 700

|iM (2.8-fold excess). The reaction solution was then filtered, using a syringe-end filter to

remove any solid particles. Because of the already known photosensitivity of all the

platinum organoamides under investigation, the reaction solution was then transferred to

a black-tape-covered sample vial and was subsequently incubated in a temperature-

controlled oil bath at 310 K. This reaction was repeated using 5 mL D2O/CD3CN (30/70,

v/v) mixed-solvent as the reaction medium with the concentrations of both reactants kept

the same as was mentioned above.

3.3.2. Reaction of 1 with 5'-GIVIP

2.0 X 10"^ g of complex 1 (2.5 )imole) and 3.0 x 10"^ g of 5'-GMP (7.4 |Limole)

were dissolved in 15 mL MeOH/HiO (1:1), giving a final concentration of 170 |liM for 1

and 510 ^M for 5'-GMP. The solution was vigorously stirred at 313 K until all reactants

dissolved. Again, after filtration, the solution was placed in a sample vial that was

previously covered with a black tape and incubated at room temperature.
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3.3.3. Reaction of 2 with 5'-GMP

1.0 X 10'^ g of complex 2 (13 |imol) was dissolved in 6 mL of HPLC-grade

MeCN. Then, 4.51 x lO'^g of 5'-GMP (5.5 |amol) was dissolved in 5 mL distilled water.

2.5 mL of each solution were then mixed and the resultant solution subjected to vigorous

stirring at 313 K, giving fmal solution concentrations of 108 |iM in 2 and 550 i^M in 5'-

GMP. After ca. 1 h the solution was filtered and incubated in the dark at room

temperature.

3.3.4 Reaction of 2 with Guanosine

4.51 X 10 g of guanosine hydrate was dissolved in 100 mL of distilled water (1.6

X lO'"' M). 755 \xL of this solution was then added to 3225 |iL of the solution of complex

2, which was previously prepared as outlined in the above section. The resultant solution

gave fmal concentrations of 310 |iM in guanosine and ca. 170 fiM in 2 and was then kept

in the dark at 3 10 K after stirring (ca. 1/2 h) and subsequent filtration.

3.3.5. Reaction of 3 with Guanosine

1.8 X 10"^ g of complex 3 was dissolved in 6 mL HPLC-grade MeCN solvent. 2

mL of this solution was then mixed with 1.4 mL of previously prepared guanosine

solution. The volume was then made up to 5 mL by the addition of 1.6 mL of MeCN/HzO

(1:1) mixed solvent, giving final concentrations of 160 ^M in 3 and 448 \xM in

guanosine. After vigorous stirring at 323 K for 1/2 h, the latter solution was filtered and

incubated in the oil bath at 3 10 K.
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3.3.6. Reaction of 4 with Inosine

1 mL of 3.8 X 10"^ M previously prepared MeCN solution of complex 4 was

mixed with 359 ^L of 4.19 x 10"^ M distilled-water solution of inosine (56.25 mg in 50

mL distilled water). After diluting to a final volume of 5 mL with 3641 |iL of MeCN, the

final solution (75 |iM in 4 and 300 ^M in inosine) was then filtered and incubated in the

dark at room temperature.

3.3.7. Reaction of 4 with guanosine

This reaction was carried out similarly to that with inosine, giving final

concentrations of 190 fiM in 4 and 760 |iM in guanosine. After filtration, the solution

was initially incubated at room temperature for two days, but was then transferred to the

oil bath and kept at 3 1 K.
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CHAPTER 4

ESI -MS of Organoamido Pt^^ Coordination Complexes

4.1. Introduction

In the present study, five organoamido Pt'^ coordination complexes were

investigated mainly by positive-ion ESI-MS. As was previously mentioned (Chapter 2;

Section 2.5), the main objective was to elucidate their fragmentation pathways, which is

of great interest since it can provide useful preliminary information about the in-solution

degradation and chemical-reactivity behaviour of these antitumor agents. The other minor

objective comprised testing the applicability of the relatively new ESI-MS technique to

the mass spectral analyses of coordination complexes in general. The molecular

structures of the five compounds investigated, which vary depending on the nature of the

axial groups and the number of substituted fluorine atoms on the polyfluorophenyl rings

of the amide ligand, are shown in Fig. 4.

To the best of the author's knowledge, the combination of cation attachment with

in-source CID is used here for the first time not only in structural elucidation and

confirmation, but also to increase the intensity of all and/or low-intensity metallated ions

to such a level so that MS" experiments could be carried out on them.

Also, the current study is probably one of the first ESI-MS applications, in which

the photochemical behaviour of coordination complexes is investigated and the use of

deuterated solvents is employed for the purpose of identifying solvento complexes and

other photo-induced products. Further, it is certainly the first study to exploit the power

of using deuterated solvents to resolve overlapping peaks due to ions formed by cation
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attachment and solvent co-ordination.

1: X = CI, Y = F

2:X = 0H,Y=F
3:X = 0H,Y=H
4:X = C1. Y = H
5:X = OCH3,Y = H

1-5

Fig. 4. Molecular structures of [PtCIOH{N(p-FC6F4)CH2}2(py)2] (1 ). [Pt(OH)2{N(p-C6F4)CH2}2(py)2]

(2), [Pt(OH)2{N(p-HC6F4)CH2}2(py)2] (3). and [PtCIOH{N(p-HC6F4)CH2}2(py)2] (4) and
[PtOH(OCH3){N(p-HC6F4)CH2}2(py)2](5).

Both positive- and negative-mode ESI mass spectra were obtained from solutions

of 1 containing low concentrations of ammonia, NH3, and formic acid, H2CO2. The

objective of those experiments was to study the effect of addition of these reagents on

deprotonation and/or protonation reactions of the complex and, in the case of NH3

addition, to further increase the already observed low signal intensity of the [M-H]'

molecular ion in previously acquired ESI mass spectra recorded without NH3 (not

included).

In brief, addition of NH3 did not result in the desired increase in the signal

intensity of [M-H]" in negative-ion mode; instead, surprisingly, it increased the signal

intensity of [M+H]^ in positive mode. This is yet another example of the previously

discussed phenomenon of wrong-way-around ionisation (Chapter 1, Section 1.4); in this

particular case, it is the NH/ cation that is responsible for this observation by donating a
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proton, via an adduct complex, to the intact platinum compound upon desorption from

the charged liquid droplets. In addition, the reduced form of the protonated molecular ion,

[Pt"Cl{N(p-FC6F4)CH2}2(py)2(OH2)]", was also observed to appear in negative-mode

ESI-MS with stronger signal intensity than that of [M-H]'. This reduction is explainable

in terms of the inherent ESI electrolytic action.

Addition of formic acid, however, did result, as expected, in an increased signal

intensity of the protonated parent molecular ion in positive-ion mode and prevented the

latter from generating fragment ions and/or forming decomposition products due to the

highly competitive protonation reaction. This observation may be useful in relation to the

antitumor activity since it provides evidence that the complexes are stable under acidic

conditions, which means that oral administration can be possible with this class of

compounds. However, having cationic complexes will violate the neutrality rule of SAR

for better penetration into cancerous cells. The above results were minor ones and,

therefore, will not be discussed any further.

Finally, calculated isotopic distribution patterns for observed m/z peaks were

obtained and compared with the corresponding experimental ones for the purpose of peak

assigrmient. Initially, those calculations were performed using the web-based Exact Mass

Calculator software program,
'^^

employing the "low-resolution-mode fast

approximation". Later, the in-house software program "Atom" was used for the same

purpose and was found to be more flexible and convenient to use than Exact Mass

Calculator. Peak assignment, however, was based not only on comparison of

experimental and calculated isotopic patterns, but also on CID, MS", and cationisation

experiments as well as on results obtained by the employment of deuterated MeCN. The

cited m/z peaks are those representing the most
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intense ion, containing the most naturally abundant isotopes, in any given cationic

cluster.

The acquired ESI-MS spectra of each complex will be discussed separately. These

will include full-scan mass spectra recorded in freshly prepared sample solutions of all

complexes, those obtained from fluorescent- and/or ultraviolet-exposed solutions of 1 and

2, and those acquired from long-standing solutions of 1. Cationisation, deuteration and

MS" experimental results will be presented next to illustrate the utility of these techniques

in structural elucidation and in solving analytical problems.

4.2. Results and Discussion of ESI Mass Spectra

4.2.1 . [PtCIOH{N(p-FC6F4)CH2}2(py)2] (1 )

4.2.1.1. ESI Mss Spectra of Freshly Prepared Solutions

The ESI mass spectrum of 1 (MW 795.93) acquired from a freshly prepared

HPLC-grade MeCN solution is shown in Fig. 5. The m/z-797 peak, attributed to the

protonated molecular ion, {[Pt'^Cl{N(p-FC6F4)CH2}2(py)2(OH)]+H}^ predominates as

both the most intense ion in the characteristic isotopic cluster and the base peak in the

mass spectrum.

The m/z-835 peak at the high-m/z end is attributed to [M+K]^ due to a

cationisation reaction of the complex with K^ ions present in trace amounts in the

solvent. This assignment was further confirmed, in another set of experiments, by the

increased intensity of this peak after addition of minute quantities of KI to its MeCN

solution.

The m/z-819 peak has its own interesting little story. It was initially assigned to

the sodiated parent molecular ion of 1 (m/z797-
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1+23). However, the presence of another in/z-819 peak in the mass spectrum of the

dihydroxo analogue (2) and the corresponding results obtained from cationisation, use of

CD3CN as a mobile phase, and MS^ experiments have caused some confusion about the

structural identity of this ion since these experiments indicated that it was an adduct ion

containing a coordinated acetonitrile molecule.

Intens."

x10 5;
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of the two above- mentioned solvento cations. ^

The tiny peak at m/z 744 was assigned to the protonated cationic complex

[Pt"{NH(p-FC6F4)CH2}2(py)2]"', the neutral form of which is the Pt" precursor, from

which complex 1 was synthesised. It is not evident, however, whether this Pt" precursor

was present in solution as an impurity or as the result of formation by some other routes.

Among those routes, reductive elimination of hypochlorous acid (HOCl) from the Pt'^

analogue, in-solution or gas-phase ion-molecule reaction, or reduction by an ES

electrochemical process at the ES cathode with subsequent loss of the two axial ligands

could be mentioned.

The reductive-elimination route would have involved trans -^ cis isomerisation of the

Pt^^ complex, in terms of the chloro and hydroxo ligands, as a requirement for reductive

elimination to take place.

In-solution and/or gas-phase ion-molecule reaction is also possible, and collision-induced

dissociation/association experiments revealed the increased signal intensity of this ion as

the cone voltage was increased.

The third route could not be excluded either since many a number of groups reported the

occurrence of similar electrolytic reactions occurring in the ES ion source.

Results of MS"* experiments indicate that m/z 744 does not directly originate from

the protonated molecular ion, m/z 797. This result could be used to argue against

reduction, at least inside the ion trap. However, the m/z-744 ion was found to become the

base peak in ESI mass spectra acquired after prolonged standing of the sample solution,

indicating again that the possibilities of in-solution reduction and/or ion-molecule

reaction are still an option under thermodynamically controlled conditions. In addition,

the signal intensity of this ion was also observed to
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increase after exposing solutions of complex 1 to ultraviolet light.

Thus m/z 744 could have been generated by any or a combination of the aforementioned

routes. As was found by ESI-MS experiments, major peaks at m/z 700, 505 and 469

were found to originate from the protonated molecular ion. Those peaks were attributed

to the cationic complexes [PtCl{N(p-FC6F4)CH2}2(py)]"', [PtCl{N(p-FC6F4)CH2}(py)]\

and [Pt{N(p-FC6F4)CH2}(py-H)]'*", formed by concurrent loss from m/z 797 of pyridine

and water ligands, a {N(p-FC6F4)CH2} group, and a loss from m/z 505 of HCl,

respectively.

The release of HCl from m/z 700 generates the peak at m/z 664. The peak at m/z

523 is an interesting case since it was observed to form by two different routes.

The first route involves concurrent loss from m/z 797 of an {N(p-FC6F4)CH2}

group and a pyridine ligand, whilst the second route involves coordination of H2O to m/z

505. The latter route was observed to occur during the isolation step of m/z 505 while

conducting MS^ experiments.

In general, formation of aquo cationic complexes inside the ion trap was found to

be quite common with this class of compounds. This observation probably reflects the

well-known high sensitivity of organometallic and/or coordination compounds to their

surrounding environment.

Other examples of inside-ion-trap formation of cationic complexes will be given

in the appropriate place of this discussion. This phenomenon has also been observed by

other members of our group while conducting simultaneous ESI-MS studies on organotin

and organogermanium compounds*^'* and has very recently been reported by Guan and

Liesch.'^^

The structural assignment of m/z peaks





66

present in the full-scan mass spectrum of Fig. 5, of those generated by resonance

excitation inside the ion-trap mass filter, and of m/z peaks due to formation of aquo

complexes by ligand addition/substitution inside the ion trap is shown in Table 4.

4.2.1.2. ESI Mass Spectra of Aged Solutions

In-solution decomposition of 1 was initially recognised by the vanishing pale-

yellow colour of its original MeCN/HiO (60/40; v/v) solution, from which an ESI mass

spectrum was previously acquired.

Table 4. Structural assignment of m/z peaks present in ESI-MS" spectra of 1 ,
[PtCIOH{N(p-

FC6F4) CH2}2(py)2]. recorded In MeCN.

m/z Cationic complex

835 {[PtCl(OH){N(p-FC6F4)CH2}2(py)2]+K}^

819 {[PtCl(OH){N(p-FC6F4)CH2}2(py)2]+ Na}*

797 {[PtCl(OH){N(p-FC6F4)CH2}.(py)2]+ H}^

744 [Pt{HN(p-FC6F4)CH2}2(py)2]^

700 [PtCl{N(p-FC6F4)CH2}2(py)]^

681 [PtOH{N(p-FC6F4)CH2}2(py)r

665 [Pt{HN(p-FC6F4)CH2}2(py)r

664 [Pt{N(p-FQF4)CH2}2(py-H)]^

527 [PtOH {N(p-FC6F4)CH2} (py)(NCMe)]'

523 {[PtCl{N(p-FC6F4)CH2}(py)(OH)]+H}^

505 [PtCl{N(p-FC6F4)CH2)(py)]"

486 [PtOH{N(p-FC6F4)CH2}(py)]

469 [Pt{N(p-FC6F4)CH2}(py-H)]\

456 [Pt(HNC6F5)(py)]^

332 [PtOH(py)(NCMe)]^

314/315 [Pt(py-H)(NCMe)]V[Pt(py)(NCMe)]^

291 [PtOH(py)]*

273/274 [PtOH(py-H)]V[PtOH(py)]'

This observation had led to a second mass spectral acquisition, which provided

what was at first thought to be "evidence" for decomposition, since the resultant mass

spectra were found to be remarkably different from each other. However, this finding

turned out to be misleading, and it was soon figured out that the different instrumental

conditions employed in the acquisition of each mass spectrum were the ones responsible
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for the observed difference. Nevertheless, this incident illustrated how strongly a change

in ESI conditions can impact the general appearance of an ESI mass spectrum. Moreover,

this change, which consisted of the appearance of different m/z peaks observed in the

original spectra, was also observed later on even under identical conditions.

It is likely that this effect is related to the ESI mechanism itself and possible

contamination of the micro-syringe, the ES needle, transport line, and/or ion source by

persistent ions due to previous runs of structurally different samples.

Anyway, neglecting the idea of possible sample decomposition, a set of

experiments was started, in which the addition to the sample solution of small quantities

of formic acid and ammonia base was used for the purpose of studying the effect of this

addition on the general appearance of the ESI mass spectrum and, mainly, to increase the

signal intensity of the [M-H]" ion in negative-ion ESI.

This set of experiments was followed by another, this time to study solvent effects

using HPLC-grade MeCN, MeOH, IPA, in addition to the previously used 60/40

MeCN/H20 mixed-solvent mobile phase.

During the course of the latter set of experiments the sample, again, was found to

decompose in all solvents used, although to a varying extent, as evidenced by the

observed change in the mass spectral appearance over time and from one acquisition to

another. However, because optimization of instrumental parameters was still an ongoing

process at the time, slightly different ESI conditions were used to collect the

corresponding spectra.

Therefore, to eliminate the effect of varying conditions, another set of experiments was

carried out using identical instrumental parameters to those used in the acquisition of the





68

original spectra. This set of experiments is discussed in the following paragraphs.

Fig. 6(a) shows the first mass spectrum recorded in 60/40 (v/v) MeCN/HiO. The

protonated molecular ion, m/z 797, along with a relatively large number of major

fragments at rounded m/z values of 726, 699, 681, 535, 497 and 456 are apparent. After

recording of this mass spectrum, the sample solution was left under normal lab

temperature and light conditions.

Using identical instrumental parameters, the spectrum of Fig. 6(b) was obtained

after several days from the same sample solution. The remarkable difference between this

mass spectrum and that of Fig. 6(a) is obvious. Structural assignment of peaks present in

both mass spectra is presented in Table 5.

As could be noted from this table, a number of cationic solvento-complexes, having one

MeCN solvent molecule as a coordinated ligand, were formed. This is illustrated by the

presence of m/z peaks at 758, 556, 534, and 477. These cationic solvento complexes are

presumably due to the known "aging effect" induced by prolonged standing of the sample

solution.
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Fig. 6. First (a) and second (b) mass spectra of 1 acquired at different times from the same
60/40 MeCN/HaO solution using identical ES conditions.
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The mass spectrum shown in Fig. 7(a) was the first to be obtained from a 10/90

MeCN/MeOH solution. It clearly showed the predominance of the protonated parent

molecular ion, along with some low-intensity fragment ions at m/z values of 869, 744,

700, 572, 534, 498, 411, 346 and 80. The m/z-80 peak (not shown) is attributed to

protonated pyridine.

Table 5. Structural assignment of m/z peaks due to products of in-solution degradation of 1

.

m/z Cationic complex

758

718

691

556

534

511

497

493

477

412

456

369

351

333

[PtCl(OH2){N(p-FC6F4)CH2}2(py)(NCMe)]"

[PtC10H(CH2NC6F5)2(py)]'

[PtCl{N(p-FC6F4)(CH2)2NH}(py)3]"

[PtOH{N(p-FC6F4)(CH2)2NH}(py)(NCMe)]"

[PtCl{ H2N(p-FC6F4)}(py)(NCMe)]"

[PtCl {H2N(p-FC6F4)(py)(OH2)]"

[Pt{HN(p-FC6F4)}(py)(NCMe)]"

[PtCl{H2N(p-FC6F4)}(py)]"

[PtOH {N(p-FC6F4)(CH2)2NH } 2 (NCMe)]^

[Pt{H2N(CH2)2NH}(py)2]"

[Pt{HN(p-FQF4)}(py)r

[PtCl(py)(0H2)(NCMe)]'

[PtCl(py)(NCMe)]*

rPt{NH2(CH2)2NH}(py)r

ABund
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concentration in this solution.

The ESI mass spectrum of Fig. 7(b), acquired after protracted standing of the

same sample solution (7days), shows the predominance of the protonated,

tetracoordinate, Pt" synthetic precursor ion (m/z 744). The intact molecular ion and other

ions, previously observed in the mass spectrum of Fig. 7(a) appear with much lower ion

signal. Thus, the mass spectrum of Fig. 7(b) confirmed the initial suspicions, providing

evidence for in-solution decomposition.

When MeCN/IPA was used as both a solvent and mobile phase, the same

aforementioned ionic species showed up as is depicted in Fig. 8(a); namely, cationic

species at m/z 797, 744, 700, and 411 (not shown), with [M + H]"^ predominating as the

base peak. The second mass spectrum (Fig. 8(b)), obtained after 9 days from the same

sample solution, showed newly formed peaks at m/z values of 858, 820, and 706 along

with other low-intensity peaks and the m/z-744 ion.

The m/z-858 ion is due to [PtCl{N(p-FC6F4)CH2}2(py)3 T, presumably formed by

ligand-substitution involving replacement of water in the protonated molecular ion (m/z

797) by a pyridine ligand. The m/z-820 peak is attributed to the solvate [PtCl{N(p-

FC6F4)CH2}2(py)2(NCMe)]^ while m/z 706 is assigned to [Pt{NH(p-

FC6F4)CH2}2(py)(NCMe)]^ M/z 778 is assigned to [PtCl{N(p-FC6F4)CH2}2(py)2]^

Fig. 9(a) depicts the first ESI mass spectrum of 1 recorded in absolute MeCN. It

largely resembles the first-time-acquired mass spectra of Figs. 6 and 7. Once again, the

protonated molecular ion appeared as the base peak, along with m/z 835, 744, 700, 594,

534, 505, and 379. The peak at m/z 832 was also found to show up at different m/z

values; for example, m/z 831, which might have been due to loss of a proton radical from

m/z 832. The most intense peak in the above cluster
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had also appeared at m/z 834 and 835. This last finding is now believed to be most likely

due to overlap of peaks belonging to structurally different ionic species but having the

same and/or very close m/z ratios. As was previously mentioned, the m/z-835 ion, now

the most intense ion in the cluster, was attributed to [M+K]"*^.

The mass spectrum of Fig. 9(b), acquired nine days later from the same sample

solution, still showed the intact [M+H]^, appearing as the base peak. Further, this mass

spectrum clearly shows that [M+H] is thermodynamically more stable in absolute MeCN

than in the mixed solvent systems with high concentration ofMeOH, IPA and/or water.

Atiund.

100
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This observation may be explained in terms of the higher basicity of MeCN

compared with that of MeOH and IPA. Although traces of water are present in all of

those solvents, unless properly dried, the latter two possess more acidic hydrogen atoms

and, therefore, acid-catalyzed hydrolysis with subsequent formation of different ionic

compounds could occur more readily and proceed to a greater extent in these solvents

than in MeCN. Alternatively, or in combination, this behaviour could also be explained in

terms of less solvation of chloride ion in MeCN compared to that in other solvents. This

would hinder or appreciably slow down chloride hydrolysis and subsequent degradation

reactions. Of course, when water is present at high concentration decomposition through

hydrolysis is expected to be a competitive degradation pathway. The presence of other

peaks, which were not observed in the mass spectrum of Fig. 9(a), was also noticed; for

example, the previously mentioned m/z-706 ion.

The decreased signal intensity of this MeCN solvate in the mass spectra recorded

in the MeOH-containing solution, compared to that recorded in IPA may be attributed to

the different parametric conditions employed in the acquisition of spectra recorded in

different-mobile-phase solutions.

It was found from CID experiments (Fig. 10) that when the value of the cone voltage was

increased the intensity of the m/z-706 ion was also increased at the expense of that of m/z

665, and vice versa.

The signal intensity of m/z 665 was also found to increase at the expense of that of m/z

744 as the cone voltage was raised from 120 V to 160 V, which suggested that m/z 665 is

produced via loss from m/z 744 of a pyridine ligand (744-79). Indeed, this was later on

verified to be the case by ESI-MS'' experiments performed on the m/z-744 ion. It was

also observed in these last experiments that a further
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increase in the gas-phase molar fraction of m/z 80 was unexpectedly accompanied by a

decrease in the molar fraction of m/z 665 and a corresponding increase in that ofm/z 744.

This finding is consistent with a gas-phase, ligand addition reaction of pyridine to m/z

665 to generate m/z 744. The peak at m/z 790 could not at first be easily explained. The

skewed isotopic distribution pattern of this ion, due to superimposition of peaks having

very close m/z ratios prevented definitive identification by comparison of experimental

and calculated isotope patterns. However, MS" data revealed that this ion was generated

from m/z 831 by loss of 41 u (u), which most likely Corresponds to release of a

coordinated MeCN molecule. Further, m/z 790 was also found to form from m/z 869

through loss of a pyridine ligand

Intensity Vs Cone Voltage

40 50 60 80 100 120 140 160 180 200 250
Cone Voltage

. Fig. 10. Plot of signal intensity versus cone voltage graphed using in-source CID experimental

results of complex 1 obtained from ESI mass spectra recorded in 60/40 MeCN/H20.

Moreover, ESI-MS^ results on m/z 790 indicate the presence in the molecular

structure of this ion of one chloride and one pyridine ligands and are consistent with the

assigned structural formula {[Pt(Cl)2{N(p-FC6F4)CH2}2(py)(OH)]+ K}^ The major peak
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at m/z 752 is attributed to the solvate {[Pt(Cl)2{N(p-FC6F4)CH2}2(NCMe)(OH)]+ K}*

generated by loss from m/z 831 of a pyridine molecule and/or by coordination of a

MeCN molecule to m/z 711, which, in turn, was found to form by loss of a pyridine

ligand from m/z 790, as indicated by MS^ experiments on the latter ion.

4.2.1.3. ESI Mass Spectra of light-Irradiated Solutions

Ultraviolet light was shone on acetonitrile solutions of complex 1 for 3, 7, 10, 13,

and 16-min duration. The 3-min exposure to ultraviolet light resulted in the increased

signal intensity of m/z peaks that prior to irradiation could barely be seen in the mass

spectrum acquired without ultraviolet light; namely, m/z 758, 744, 718, 665 and 681.

New peaks also appeared at m/z values of 534, 493, and 455.

With 7-min exposure the signal intensity of m/z 700 and m/z 505 had noticeably

increased, along with that of the previously observed peaks in the mass spectrum of Fig.

9(a). Further, newly formed peaks showed up at m/z 736, 683, 627, 642, 521 and 482.

After a 10-min-long irradiation time the mass spectrum showed a further increase

in the signal intensity of already observed ions as well as the appearance of newly formed

ones at m/z 787, 774, 706, 638, 644, 563 and 472.

The 1 3-min exposure resulted in further increase in the signal intensity of all

already observed m/z peaks. Finally, no further change in the appearance of the ESI mass

spectrum was observed after 16 minutes of continuous irradiation.

Fig. 11 depicts ESI mass spectra acquired before and after 1 3-min total time of

exposure to ultraviolet light. The m/z-534 peak was previously observed and assigned to

the solvento complex [PtCl{NH2(p-FC6F4)}(py)(NCMe)]^ (Table 5). It is worth

mentioning that this peak was first attributed to
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[PtCl{N(p-FC6F4)(CH2)2NH}(py)]^, whose calculated isotopic distribution pattern

surprisingly gave an excellent agreement with the experimental one. However, ESI-MS^

experiments revealed the presence of a coordinated MeCN molecule.

Further, the most intense peak in the m/z-534 cluster was noted to sometimes

appear at m/z 535. This observation is most likely due to peak overlap and, thus, it is

possible that peaks due to [PtCl{N(p-FC6F4)(CH2)2NH}(py)]"' and [PtCl{H2N(p-

FC6F4)}(py)(NCMe)]^, are superimposed on one another, with the latter having the major

contribution. This finding illustrates the usefulness of sequential mass spectrometry for

the identification of ionic species.

tens.

3.0

46jfife fc23ff1

A-v^

itens.

105

450 500 550 600 650 700 750 809i/z

493.08 534.04

350 400 450 500 550 600 650 700 750 80Cm/z

Fig. 11. Full-scan ESI mass spectra of 1 obtained (left) without ultraviolet radiation and

(right) with 13-min ultraviolet radiation, both recorded in absolute MeCN.

On the other hand, despite the usefulness of comparing calculated and experimental

isotopic distribution pattems, relying solely on this single approach may lead to either

erroneous or incomplete peak assignments.

In general, ultraviolet irradiation has
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resulted in reductive elimination (RE), ligand-release, ligand-substitution and ligand-

addition reactions, with the latter type of reaction involving coordination of water that

was either present in the solvent as an impurity or liberated from the Pt centre after

protonation of the hydroxo ligand. Table 6 shows peak assignment of m/z peaks present

in the ESI-MS spectra of Fig. 11, and chemical equations 1-7 in scheme 1 give some

examples of those reactions. ESI-MS spectra of 1, after exposure of its MeCN solution to

fluorescent light for approximately 1 h, 2 h, and 3 h were also obtained (Figs. 12(a), (b)

and (c)).

The increased signal intensity of the m/z-534 ion with respect to that present in

the mass spectrum obtained without exposure to fluorescent light (Fig. 5) is apparent in

the ESI mass spectrum of Fig. 12(a).

Table 6. Structural assignment of m/z peaks due to fluorescent- and/or ultraviolet-

generated products of complex 1 recorded in absolute MeCN.

m/z Cationic complex

787 [Pt{N(p-FC6F4)CH2}2(py)(NCMe)3]"

774 {[PtCl{N(p-FC6F4)CH2}2(py)(OH)(OH2)]+ K}^

744 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(py)2]'

736 [PtCl{N(p-FC6F4)CH2}2(py)(OH2)2]"

718 [PtCl{N(p-FQF4)CH2}2(py)(OH2)]^

706 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(py){NCMe)]"

665 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(py)]^

661 [PtCl{N(p-FC6F4)(CH2)}2(NCMe)]^

644 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(OH,) (NCMe)]^

638 [PtCl{N(p-FC6F4)CH2}2}(OH2)]'

627 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(NCMe)]"

534 [PtCl{H2N(p-FC6F4)}(py)(NCMe)]'

52! [PtC10H{N(p-FC6F4)CH2}(py)]^

5 1

1

[PtCl {H2N(p-FC6F4)}(py)(OH2)]"

493 [PtCl{H2N(p-FC6F4)}(py)]^

482 [Pt{N(p-FC6F4)CHCH2}(py)]'

477 [PtOH{N(p-FC6F4)(CH2)2NH}(NCMe)]^

414 [PtOH(py)(NCMe)3]^

456 [Pt{HN(p-FC6F4)}(py)]^

Also, note the presence of low-intensity peaks that were not seen in the spectra recorded

in the ultraviolet-light exposed solution: m/z 681,
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661, 521 and 486. The m/z-521 ion is thought to form by coordination to m/z 486 of a

chloride radical. The presence of one chloride in the molecular structure of m/z 521 is

evidenced by its isotopic distribution pattem.

[PtCl{N(p-C6F4)CH2}2(py)2(OH2)]" —J^ [PtCl{N(p-C6F4)CH2}2(py)]' 1

m/z 797 -(Py + OH,) ^,^-jqq

[PtC lOH {N(p- C6F4)CH2}2(py)2] ^^^ [Pt^H N(p-C6F4)CH2}2(py)2]" 2

^^' ^^
m/z 744

[PtCl{N(p-C6F4)CH2}2(py)2(OH2)]^ hv
^ ^pjc l{N(p-C6F4)CH2}2(py)(OH 2)2]' 3

m/z 797 -py + H 2O

[Pt{H N(p-C6F4)CH2}2(py)] ^ ^—
m/z 665

"^"20

m/z 736

[Pt{H N(p-C6F4)CH2}2(py)(H 20]^ 4

m/z 683

hv
[Pt{HN(p-C6F4)CH2}2(py)]^ 5

m/z 665

[Pt{HN(p-C6F4)CH2}2(py)2]

m/z 744 -py

[PtCl{H2N(p-C6F4}(py)(NCCH 3)]^
^^

> [PtC l{H2N(p-C6F4}(py)(OH 2)]^ 6

m/z 534 -CH3CN+H2O m/z 5 1

1

[PtC 1 {N( p-C 6F4)CH 2 } 2(py)]

"

''''

*

m/z 700 -{N(p-C6F4)CH2}

[PtCl{N(p-C6F4)CH2}(py)]' 7

m/z 505

Scheme 1. Uv-induced chemical reactions of 1 and its fragment ions observed in MeCN.
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Fig. 12. Full-scan ESI-MS spectra of 1 after exposure of its MeCN solution to fluorescent light

for(a)1h. (b)2hand{c)3h.
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It can be concluded that the major photochemical reaction products of 1,

[PtCl{H2N(p-FC6F4)}(py)(NCMe)]^(m/z 534) and [Pt{HN(p-FC6F4)}(py)]' (m/z 456)

generated by either fluorescent or ultraviolet radiation are the same cationic species in

both cases. The difference lies in the energy imparted on the complex by the different

types of radiation, which, of course, is higher in the case of ultraviolet light. This

difference is reflected in the higher product yield, as indicted by their relative signal

intensity, and the shorter exposure time when ultraviolet light was employed.

4.2.2. [Pt(OH)2{N(p-FC6F4)CH2}2(py)2] (2)

4.2.2.1 . ESI Mass Spectra of A Freshly Prepared Solution

Unlike the full-scan mass spectmm of its chlorohydroxo analogue (1), the ESI-

MS spectrum of 2 (MW 777.48) depicted in Fig. 13 shows a very low-intensity peak for

the protonated molecular ion (m/z 778) and is characterized by the presence of two

predominant peaks at m/z 681 and 486.

Further, a number of relatively low-intensity peaks at m/z ratios of 819, 744, 722,

545, and 468 were also observable. As will be discussed later, it is believed that the m/z-

819 peak present in the ESI mass spectrum of Fig. 13 belongs to the solvento adduct

complex [PtOH{N(p-FC6F4)CH2}2 (py)2(OH2)]^-NCMe. The m/z-722, 681, 544, and 527

peaks were found to originate from m/z 819, as was revealed by MS^ experiments on the

latter ion. Thus, m/z 722, 544 and 527 were attributed to MeCN-coordinated cationic

complexes.

The base peak at m/z 68 1 was related to the original structure of the protonated

molecular ion (m/z 778) by concomitant loss of a water molecule and a pyridine ligand.

Further, it was found to also originate from m/z 819
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through loss of acetonitrile, pyridine and water ligands. ESI-MS^ experiments on m/z 681

revealed that this ion was responsible for the formation of m/z 486, 468, and 456.

Intens.-
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abstraction by the latter atom and subsequent release of formaldehyde.

Scheme 3 depicts this attack to be directed at the positively charged nitrogen atom

as the first step, followed by proton abstraction by the alkyl anion, migration of the

methyl group, p-elimination and finally expulsion of NO^. Since the mechanism of

scheme 3 would result in the formation of a neutral complex rather than a cationic

compound and since it would involve more steps than the first it is likely that the first

mechanism is operative. The same loss of 30 u was observed to occur firom ions of

similar structural arrangements (e.g. 544) and is, thus, believed to proceed by the same

manner.

In addition, formation of an aquo cationic complex inside the ion trap, m/z 504

(m/z486+H20), was observed to occur during ESI-MS^ experiments on m/z 486.

M

rib I"
^ N^^ Pt

—

H
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N Pt— py
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Scheme 2. Proposed mechanism of possible formaldehyde loss from the m/z-486 ion.
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Scheme 3. Proposed mechanism of possible NO release from the m/z-486 ion.
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This ion, as is the case with similarly formed ionic species, could not have been

generated otherwise since the isolation process of the ion trap should have ejected all ions

other than m/z 486, except for possible ion overlap within the m/z-isolation width (m/z =

4.0) used.

Thus, m/z 504 was attributed to {[PtOH{N(p-C6F5 )CH2}(py)(0H)]+H}^. This peak is

also present in the full-scan mass spectrum and its formation could be the result of both

liquid-phase and gas-phase ion-molecule reactions as well as fragmentation of the

protonated molecular ion (through loss of a {N(p-FC6F4)CH2} group and a pyridine

ligand).

Table 7 shows peak assignment of the previously mentioned cationic species in

full-scan ESI and MS" mass spectra recorded in MeCN. The mass spectrum of 2 recorded

in absolute MeOH is shown in Fig. 14.

Table 7. Structural assignment of m/z peaks present in ESI-MS" spectra of 2, acquired from

neat MeCN solution.

m/z Cationic complex

1555 [2M + H]*

819 [PtOH{N(p-FC6F4)CH2}2(py)2(OH2)]^ (NCMe)

778 [PtOH{N(p-FC6F4)CH2}2(py)2(OH2)]'

722 [PtOH{N(p-FC6F4)CH2}2(py)(NCMe)]^

681 [PtOH{N(p-FC6F4)CH2}2(py)r

544 [Pt(0H)2 {N(p-FC6F4)CH2} (py)(NCMe)]*

527 [Pt(OH){N(p-FQF4)CH2}(py)(NCMe)]"

504* [PtOH {N(p-FC6F4)CH2 } (pyXOHi)]"

486 [PtOH{N(p-FC6F4)CH2}(py)]"

468 [Pt(py-H) {N(p-FC6F4)CH2)]"

456 [Pt{HN(p-FC6F4}(py)]'

* Cationic complexes observed to also form inside the ion trap by coordination of H2O to the

appropriate ion.
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The first remark is that this spectrum contains no peaks at m/z 819, 722, 643, and

544/545, which were observed in the mass spectrum of Fig. 13 (p. 76). This observation

is consistent with the conclusion that these ions are MeCN-containing cationic

compounds.
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Fig. 14. Full-scan ESI-MS spectrum of 2 recorded in a freshly prepared absolute MeOH
solution.

Moreover, there are peaks present that were not seen in the mass spectrum of Fig.

13; namely, m/z 816, 726, 695, 647, 629, 542, and 526. The second remark is there is an

increase in the signal intensity of m/z 744, 665, and 586 (all believed to have been

formed by protonation at one nitrogen of the amidato ligand), compared to that found in

the mass spectrum recorded in MeCN (Fig. 13).

This observation is attributed to the more acidic nature of MeOH, in which the

equilibrium of the protonation reaction of those species is expected to shift more to the

right than in MeCN.
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The third remark is that the m/z-800 peak, which possessed very low signal

intensity in the mass spectrum of Fig. 13, shows up now with increased intensity. This

peak, as will be mentioned later on, was found to be the result of cationisation by Na"^ of

the molecular ion (m/z778-l+23) and is responsible for the generation of m/z 642, 721,

and 526, as evidenced by its ESI-MS^ spectrum. The m/z-816 ion was attributed to

[M+K]^, and it was found from ESI-MS^ experiments that it generated the peaks present

at m/z 542 and other fragments.

Table 8. Structural assignment of m/z peaks present in Fig. 18 and in other ESI-MS" spectra

(not reproduced) of 2 obtained from an absolute MeOH solution.

M/z Cationic complex

8T6 {[PtOH(OH){N(p-FC6F4)CH2}2(py)2]+K}"

800 {[PtOH(OH){N(p-FC6F4)CH2}2(py)2]+Na}"

695 [PtOCH3{N(p-FC6F4)CH2}2(py)]'

647 [PtOCH3 {N(p-FQF4)CH2}2(py)]'

616 [PtOCH3{N(p-FC6F4)CH2}2)]"

542 {[PtOH{N(p-FC6F4)CH2}(OH)(py)]+K}"

526 {[PtOH(OH){N(p-C6F5)CH2}(py)]+Na}"

500 [PtOCH3{N(p-FC6F4)CH2}(py)]'

42 1 [PtOCH3 {N(p-FC6F4)CH2} ]"

The observed increase in the relative signal intensity of m/z 800 and the presence

of m/z 816 suggest that MeOH contains higher concentrations of Na^ and K^ ions than

MeCN. Also, the observed increase in the relative intensity of both these peaks in mass

spectra obtained after addition of minute quantities of NaCl and KI supports the

conclusion that these ions are products of cationisation reactions. Finally, Table 8 lists

structural assignment of m/z peaks observed in the ESI-MS spectrum of Fig. 14.
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4.2.2.2. ESI Mass Spectrum of An Ultraviolet-irradiated Solution

The photochemical behaviour of 2 was also investigated, and the first set of

experiments involved acquisition of mass spectra after an acetonitrile sample solution

was irradiated by ultraviolet light for 3, 7 and 10 min.

The 3-min exposure to ultraviolet light resulted in no alteration in the general

appearance of the obtained mass spectrum. However, the mass spectrum acquired after a

7-min exposure to the same revealed a remarkable and surprising change.

In addition to the increased Signal intensity of peaks already observed in the original mass

spectrum (without ultraviolet-light exposure), newly generated peaks were noticed, the

most surprising of which was the peak at m/z 797, with an isotopic distribution pattern

that supports the presence of a chloride ligand. This ion, as we should recall, is the

protonated molecular ion of the chlorohydroxo complex (1).

500 550 600 650 700 750 800 m/z 500 550 600 650 700 750 800 m/z

Fig. 15. Full-scan ESI mass spectra of 2 (left) without ultraviolet radiation and (right) with 7-min

ultraviolet radiation recorded in MeCN.
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A 10-min exposure time to ultraviolet light caused further increase in the signal

intensity of m/z 797 and that of m/z peaks at the high m/z region.

The presence of m/z 797 was puzzling and was at first explained in terms of uv-

induced ligand-exchange reaction with chloride anion, which was assumed to be present

as a contaminant in the sample itself This conclusion was assisted by the observation of

the existence of a minor m/z-797 peak in the positive-ion FAB mass spectrum (not

shown) of this dihydroxo complex. Nevertheless, the subsequently acquired negative-ion

mode FAB spectrum provided no evidence for the presence of chloride in the sample.

Table 9. Structural assignment of m/z peaks due to uv-light-generated products

obtained from a MeCN solution of 2. [Pt(OH)2{N(p-FC6F4)CH2}2(py)2].

m/z Cationic complex

856
{
[PtClOH {N(p-FC6F4)CH2 } 2(py)2]+H }^-HzONCMe

845 [Pt{N(p-FC6F4)CH2}2(OH)(py)(NCMe)2r-2NCMe

838 {[PtC10H{N(p-FC6F4)CH2}2(py)2]+H}^-NCMe

797 {[PtC10H{N(p-FC6F4)CH2}2(py)2]+H}"

767 [Pt {N(p-FC6F4)CH2 }2(OH2)(NCMe)3]"NCMe

759 [PtCl{N(p-FC6F4)CH2}2(py)(OH2)(NCMe)]^

723 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(py)(OH)(NCMe)]"

718 [PtC10H{N(p-FC6F4)CH2}2(py)r

686 [Pt{(p-FC6F4)NH(CH2)2N(p-FC6F4)}(OH2)(NCMe)2]"

644 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(OH2)(NCMe)]"

627 [Pt{HN(p-FC6F4)(CH2)2N(p-FC6F4)}(NCNH3)r

574 [PtOH{N(p-FC6F4)(CH2)2NH}2(py))OH2)(NCMe)]"

556 [PtOH{N(p-FC6F4)(CH2)2NH}2(py)(NCMe)]^

536 [PtOH{N(p-FC6F4)(CH2)2NH}(OH2)(NCMe)2]^

518 [PtOH{N(p-FC5F4)(CH2)2NH}(NCMe)2]^

477 [PtOH{N(p-FC6F4)(CH2)2NH}(NCMe)]^

373 [Pt{NH2(CH2)2NH}(py)2]^

335 [Pt{NH2(CH2)2NH}(py)]"

Further, contamination (probably due to previous sample runs of 1 was also

excluded based on further experiments.

Thus the source of chloride could not be definitively
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determined. The UV cell used may also be the source of chloride, but this assumption

was not investigated. The ESI-MS spectra obtained without ultraviolet radiation and with

7-min exposure to the same are depicted in Fig. 15.

Overall, ultraviolet light irradiation of the acetonitrile solution of this complex

resulted, as with its chlorohydroxo analogue, in ligand-release, reductive-elimination,

ligand-addition and ligand-substitution reactions. Structural assignment to m/z peaks

present in Fig. 15 is presented in Table 9.

4.2.3. [Pt(OH)2{N(p-HC6F4)CH2}2 (py)2] (3)

The title complex (MW 741.50) is the tetrafluorophenyl analogue of 2. Its full-

scan ESI mass spectrum recorded in absolute MeOH is shown in Fig. 16. As anticipated,

the fragmentation behaviour of this compound was found to be very similar to that of 2.
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Fig. 16. Full-scan ESI mass spectrum of 3. [P(OH)2{N(p-FC6F4)CH2}2(py)2] in MeOH.

Thus, m/z peaks corresponding to ionic species formed by the same type of

neutral loss from their corresponding protonated
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molecular ions were all found to be present in the mass spectrum of this compound. For

example, the m/z-645 ion is the analogue of m/z-700 and m/z-681 ions observed

respectively in the mass spectra of complexes 1 and 2.

Those ions are formed by concomitant loss of pyridine and H2O from their

corresponding pseudomolecular ions. Other examples are shown in Table 10.

This result was useful in confirming the fragmentation pattern of this class of

compounds and in verifying the correctness of previous peak assignments. Furthermore,

since the photochemical behaviour of the complexes was found to be similar, no further

experiments in this regard were performed.

Table 10. Structural assignment of m/z peaks present in ESI-MS" spectra of [Pt(0H)2{N(p-

HC6F3)CH2}2(py)2] and their analogues.

m/z Cationic complex Analogous m/z ions

780® {[Pt(OH){N(p-HC6F4)CH2}2(OH)(py)2]+K}" 835 and 816

764® { [PtOH {N(p-HC6F4)CH2} 2(OH)(py)2]+Na}

"

800

742 {[Pt(OH){N(p-HC6F4)CH2}2(OH)(py)2]+H}^ 797 and 778

708 [Pt{NH(p-HC6F4)CH2}2(py)2]' 744

645 [Pt(OH){N(p-HC6F4)CH2}2(py)]^ 700 and 681

629 [Pt{NH(p-HC6F4)CH2}2(py)r 665

550 [Pt{NH(p-HC6F4)CH2}2]" 586

468 [Pt(OH){N(p-HC6F4)CH2}(py)r 486

438 [Pt{N(p-HC6F4)NH}(py)]^ 456

450 [Pt{N(p-HC6F4)CH2}(py-H)]^ 468

389 [PtOH{N(p-HC6F4)CH2}]" NO*

*N0 = Not Observed. ® Very tiny m/z peaks.

4.2.4. [PtCIOH{N(p-HC6F4)CH2}2 (py)2J (4)

Fig. 17 and Table 11 respectively show the mass spectrum recorded in MeCN

solution of 4 (MW 759.95) and peak assignments. As in the case of its pentafluorophenyl

analogue (1), an intense peak for the protonated molecular ion appears as the base peak at
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m/z761.

Once again, the same type of ligand loss was noted. Thus, loss of a water

molecule and a pyridine ligand generates the ion at m/z 664. Loss of a {N(p-HC6F4)CH2}

group plus a pyridine ligand and a water molecule generates the ion at m/z 487.

Surprisingly, no MeCN-coordinated cationic complexes were observed to form.

This result could be explained as due to the freshness of the sample solution used.

Therefore, as this solution ages, it is expected that new m/z peaks due to such cationic

solvento complexes will appear in future recordings of mass spectra in the same sample

solution.
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Fig. 17. Full-scan ESI mass spectrum of 4, [PtCI(OH){N(p-HC6F4)CH2}2 (py)2].

recorded in absolute MeCN.
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Table 1 1 . Structural assignment of m/z peaks present in ESI-MS" spectra of

[PtCIOH{N(p-HC6F4)CH2}2(py)2 ] (4).

M/z Cationic complex

^83 {[PtCl{N(p-HC6F4)CH2}2(OH)(py)2]+Na}"
~

779* {[PtCl{N(p-HC6F4)CH2}2(OH)(py)2]+H}"-OH2

76

1

[PtCl {N(p-HC6F4)CH2} 2(OH2)(py)2]"

708 [Pt{HN(p-HC6F4)CH2}2(py)2]*

682* {[PtCl{N(p-HC6F4)CH2}2(py) (OH)]+H}"

664 [PtCl{N(p-HC6F4)CH2}2(py)]"

629 [Pt{HN(p-HC6F4)CH2}2(py)]'

550 [Pt{HN(p-HC6F4)CH2}2r

5 1

6

[PtCl {N(p-HC6F4)(CH2)2NH} (py)]^

• 505* [Pt{N(p-HC6F4)CH2}(py)(OH2)]*

487 [PtCl{N(p-HC6F4)CH2}(py)]"

479 [Pt{N(p-HC6F4)(CH2)2N}(py)]"

468* [PtOH {N(p-HC6F4)CH2 } (py)]"

452 [Pt{HN(p-HC6F4)CH2}(py)]"

* Cationic complexes observed to also form inside the ion trap.

4.2.5. [Pt(OH)(OCH3){N(p-HC6F4)CH2}2(py)2] (5)

The mass spectrum of 5 (MW 755.53) is shown in Fig. 18. Again, the same

fragmentation pattern, as that of the previously mentioned complexes, was observed. This

complex, like the above dihydroxo complexes (2 and 3), did not yield an intense,

protonated molecular ion. This was at first puzzling, but then it was discovered, as will be

commented on in Chapter 5, that compounds 2, 3, and 5 form hydroxo-linked dimeric

species.

Since the instrumental conditions were optimized for the observation of

protonated monomeric molecular ions, those dimeric species were either not observed or

observed with very low intensity in their respective mass spectra. It was also noted that

the signal intensity of the sodiated dimer was higher than that of the protonated form. The

greater tendency of the dihydroxo complexes, as well as complex 5, to form polymeric

species may well explain the lack of their monomeric protonated molecular ions in their

spectra. Complex 2 was later on also observed to behave
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in the same manner. Ions observed in the spectra of complex 5 are shown in Table 12.

Table 12. Structural assignment of m/z peaks present in ESI-MS" spectra of [PtOH(OCH3){N(p-
HC6F4)CH2}2(py)2](5).

m/z

1533

1511

794

778

708

629

550

645

479

468

452

Cationic complex

[2M + Na]^

[2M + H]^

{[Pt(OCH3){N(p-HC6F4)CH2}2(OH)(py)2]+K}*

{[Pt(OCH3){N(p-HC6F4)CH2}2(OH)(py)2]+Na}"

[Pt{HN(p-HQF4)CH2}2(py)2]'

[Pt{HN(p-HC6F4)CH2}2(py)]"

[Pt{N(p-HC6F4)CH2}2r

[Pt(OH){N(p-HC6F4)CH2}2(py)]"

[Pt{N(p-HC6F4)(CH2)2N}(py)]"

[PtOH{N(p-HC6F4)CH2}(py)r

[Pt{HN(p-HC6F4)CH2}(py)]"

Fig. 18. Positive-ion ESI mass spectrum of [PtOH(OCH3){N(p-HC6F4)CH2}2}(py)2] (5).

4.3. Results and Discussion of MS", Metailation and Deuteration

Experiments

The ESI-MS" technique was found to be an indispensable tool in the realm of

structural elucidation; however, due to the presence of a large number of cationic species
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and the minuscule amounts of samples available, MS" experiments were impossible to

carry out on each, and every, ion present.

Nevertheless, all major ions and quite a large number of relatively minor ones were

analysed by MS". Sometimes, the MS" tool was impossible to use, especially on ionic

species having either very low signal intensity or very high kinetic stability towards

fragmentation, despite the attempted optimization of the different related instrumental

parameters. Further, MS^ experiments were possible in only few cases.

In addition, particularly when organometallic and/or coordination complexes are

under study, some compounds, including those investigated here, are very sensitive to

their environment and, thus, can give rise to complications that cannot simply be

overcome by the tandem-in-time MS" technique alone.

An example of such complications is the ion-trap isolation and subsequent

resonance excitation of structurally different ions having equal charge and m/z ratio,

which would result in the acquisition of mass spectra containing m/z peaks due to

fragment ions generated from all trapped cationic species.

This, of course, would make correct mass-spectral interpretation and peak assignment

laborious and quite difficult and, if not impossible.

Another example is the uncertainty that could arise regarding the source of a

certain neutral loss from a certain ionic species. That is, the problem of determining

whether this loss was the result of ligand release or ligand fragmentation. Further,

formation and subsequent excitation of aquo and/or solvento cationic complexes inside

the ion trap can yield fragment ions, which cause the appearance of additional peaks in

the ESI-MS" spectra.
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Other mass-spectral peaks can also appear as a result of space charge and non-linear

fields in the ion trap itself. Such peaks have been termed "ghost" peaks.
*^^

Some problems related to the aforementioned complications, however, were

solved by a combination of MS", CID, cationisation, and deuteration techniques as well

as by a careful study of the isotopic distribution patterns of ions under investigation.

4.3.1. Cation-Attachment Experiments

Sodiation, potassiation, and lithiation experiments were performed, using minute

quantities of NaCl, KI and LiCl, respectively. In fact, in one case a first-time-used

combination of cationisation and CID techniques was employed.

Sodiation was used to confirm the structural identity of the sodiated molecular ion

(m/z 800) of 2. Therefore, upon addition of NaCl with subsequent mass spectral

acquisition, a slight increase in the relative intensity of m/z 800 was observed (Fig. 19

(left)). A further increase in this signal intensity was observed as the cone voltage was

raised to 80 V and, when the latter reached a value of 100 V, the m/z-800 peak became

the base peak in the ESI mass spectrum, as is shown in Fig. 19 (right).

The second example involves the employment of cationisation reaction by K

ions to confirm the structural identity of m/z 816 assigned to the potassiated molecular

ion, [PtOH{N(p-FC6F4)CH2}2(py)2(OHK)]^ of 2. Again, the addition of tiny quantities of

Kl was observed to increase the relative signal intensity of m/z 816 (Fig. 20), confirming

its assigned molecular structure.

Finally, as a verification that the m/z-797 peak is indeed due to the protonated

parent molecular ion of 1, LiCl was used as the lithiation agent to record the ESI mass

spectrum depicted in Fig. 21.
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Fig. 19. Positive-ion ESI mass spectra of 2 recorded (left) after addition of NaCI and (right)

subsequent to increasing the cone voltage to 100 V.
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Fig. 20. Positive-ion ESI-MS spectrum of 2 recorded after addition of Kl.
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Fig. 21 . Positive-ion ESI-MS spectrum of 1 recorded after addition of LiCI.

As could clearly be seen, this ESI mass spectrum shows a newly formed peak at

m/z ratio six units higher (m/z 803) than that of the protonated molecular ion. Obviously,

this peak was formed by cationisation reaction with Li^ and thus was assigned to

{[PtCl{N(p-FC6F4)CH2}2(py)2(OH)]+Li}^

The other obvious lithiation product is m/z 529, which is believed to be due to the

lithiated form of m/z 523, which was formed by either coordination of H2O to the m/z-

505 fragment of the protonated molecular ion (m/z 797) or by loss from the latter of a

{N(p-FC6F4)CH2} group plus a pyridine ligand.

The m/z-607 peak could be assigned to the lithiated form of the m/z-602

fragment, formed from m/z 797 by release of {N(p-FC6F4)CH2}, whilst m/z 685 is due to

{[PtCl{N(p-FC6F4)CH2}(OH)(NCMe)]+Li}'"(m/z679-l+7), being both a lithiation and

solvent-coordination product. Thus, those experiments not only helped confirm the

structural identity of m/z 797, 800, and 816 and
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resulted in the identification of newly formed cationised products, but also increased the

low relative signal intensity of the latter two peaks so that ESI-MS° experiments could be

carried out on them, which further verified their peak assignment.

The above experiments were additionally useful in elucidating the molecular structure of

firagment ions generated from m/z 800 and 816 present in both full-scan and MS" mass

spectra. Moreover, the addition of the above-mentioned salts was observed to increase the

relative intensity of all present peaks, presumably due to the increased conductivity

imparted on the sample solution.

4.3.2. ESI-MS" and Deuteration Experiments

Although it was almost certain that m/z 797 was due to the protonated parent ion

of 1, the repeated observation in its MS^ mass spectrum of a low-intensity peak formed

by loss of 41 u, raised some doubts not only regarding the structural identity of m/z 797,

but also concerning that of ions containing coordinated acetonitrile. Furthermore, the

exact same neutral loss was found to also occur in ESI-MS" experiments on the

dihydroxo analogue (2) recorded even in MeOH solutions.

This finding necessitated the use of deuterated solvents to clarify this ambiguity.

Thus, full-scan ESI and MS" spectra of 1 and 2 were recorded in CD3CN in order to

distinguish between MeCN-containing cationic species and those formed by ligand

fragmentation and/or as a result of ion-trap isolation and subsequent resonance excitation

of more than one structurally different ions having identical or almost equal m/z ratio.

The success of these experiments has also encouraged the use of CD3CN for the purpose

of structural identification of photochemically generated products. Moreover, this

technique was found to be of immense use in the
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resolution of overlapping peaks generated by fragmentation of cationised and MeCN-

containing cationic complexes. Since the number of performed experiments is quite large,

only selected examples, which are thought to be of value in illustrating the merits of the

previously mentioned techniques, are presented.

Thus, we start off with ESI-MS" experiments on the m/z-819 ion, which appeared

in the ESI mass spectra of both complexes 1 and 2. Fig. 22 depicts those spectra, obtained

from an acetonitrile solution of 2. As can be seen from Fig. 22(a), the m/z-819 ion

fragments by loss of 97, 138, 176, and 274 u, due respectively to the typical concurrent

loss of pyridine and water ligands to give the cationic species at m/z 722, loss of the latter

ligands plus a MeCN molecule to give m/z 681, release of two pyridine ligands plus

water to yield m/z 643, and, finally, to loss of a {HN(p-C6F4)CH2} group plus a pyridine

ligand to form m/z 544.

The m/z-722 ion. Fig. 22(b), mainly fragments by loss of the remaining second

{N(p-C6F4)CH2} group (195 u) to yield m/z 527, or to a much lesser extent by loss of a

pyridine ligand to generate m/z 643. The m/z-527 ion (Fig. 22 (d)), initially fragments by

the release of a MeCN molecule to give the peak at m/z 486, which, as was mentioned

when discussing the full-scan mass spectrum of 2, was observed to also form from m/z

681 by loss of a {N(p-C6F4)CH2} group.

The m/z 527-ion, however, mainly loses the latter group to give m/z 332, which,

in turn, releases the coordinated MeCN ligand to yield m/z 291 as shown in Fig. 22(e).

Loss of an OH radical plus a {N(p-C6F4)CH2} group, and a pyridine ligand gives m/z

315, and m/z 448 respectively.

The m/z-360 ion is probably generated by loss from m/z 527 of a C6F5 group (167

u) attached to the amide ligand. The m/z 350 is
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another example of formation of aquo complexes inside the ion trap, and is formed by

coordination of a water molecule to the m/z-332 ion.

The m/z-304 peak could not be easily explained and might have been formed by

rearrangement followed by p-elimination of a {HN{p-FC6F4)} group with concomitant

loss of an MeCN molecule to give [Pt(CH20)(py)]^.

The m/z-544 ion, as depicted in Fig. 22(c) initially releases an OH radical (17 u)

to yield m/z 527. It also loses a {N(p-C6F4)CH2} group to give m/z 349, the latter group

plus H2O to give m/z 331, and an OH radical plus a pyridine ligand to yield m/z 448.

"!!io»
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The m/z-456 ion is believed to have been generated from m/z 486, as was

explained earlier by schemes 2 and 3. The peaks at m/z 504 and 367 are yet other

examples of inside-ion-trap formation of aquo complexes through coordination of H2O to

the ions presented by the peaks at m/z 486 and m/z 349 respectively.

Overall, evidence of the presence of an acetonitrile molecule in the structure of

m/z 819 was provided by the observed direct loss of 41 u from m/z 527 and m/z 332 to

yield m/z 486 and m/z 291. Even though it was almost certain that m/z 819 of 2 belongs

to an acetonitrile-containing adduct ion, the observed loss of 41 u from m/z 797 of 1 as

well as from other ions, whose peaks were observed in mass spectra recorded even in

absolute MeOH, raised some serious doubts concerning this assignment. Furthermore, the

existence of a peak at m/z 819 in the ESI-MS spectrum of the chlorohydroxo analogue

(1) has complicated the matter even further. Thus the use of CD3CN was hoped to solve

this problem.

When an ESI-MS spectrum (Fig. 23) was collected from a CD3CN solution, m/z

peaks due to fragments of m/z 819 (722, 643, 527, and 448) were all noted to shift by 3

m/z units higher (725, 646, 530, and 451). This finding beautifully confirmed the

structural assignments of these fragment ions and provided direct evidence that m/z 819

of complex 2 is indeed an acetonitrile adduct cation.

Further, fragments of the sodiated molecular ion at m/z 800 (m/z 526, 642, etc.)

that were before believed to overlap with the aforementioned solvento cationic

complexes now showed up as clearly resolved peaks. Therefore, the use of CD3CN not

only confirmed the identity of m/z 819 and its MeCN solvento fragment ions, but also

resolved their overlap with peaks due to fragments of the sodiated m/z 800 (m/z 526 and

642).
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The m/z-706 peak had also shifted by 3 m/z units higher to give m/z 709, thus

confirming its previous assignment as an acetonitrile cationic complex.

One would probably question the structural identity of the m/z-800 peak and ask

how one knows it was the same peak previously observed and proved by cationisation to

belong to the sodiated molecular ion of 2. The answer is given in Fig. 24, which depicts

results of ESI-MS^ experiments on the m/z-800 ion present in both MeOH and CD3CN

solutions of 2. As can be seen from this figure, the two mass spectra are remarkably

identical; therefore, the m/z-800 peak in both mass spectra must belong to the exact same

cationic complex, which, of course, is the sodiated molecular ion of 2.
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Fig. 23. Positive-ion ESI-MS spectrum of 2 recorded in CD3CN, showing m/z peaks containing

coordinated MeCN (m/z 722. 706, 643, 544, 527, and 448) shifting by 3 m/z units (725, 709, 646,

547, 530, and 451). It also shows resolved peaks that are due to fragment ions of m/z 800 (642

and 526).
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Fig. 24. Positive-ion ESI-MS^ spectra of m/z 800 recorded in (left) CD3CN and (right) in IVIeOH.

The unusually high signal intensity of m/z 800 in the mass spectrum of Fig. 23 is

believed to be due to the relatively high concentration of Na"^ ions in CD3CN. To further

verify the structural identity of m/z 819 of 2 and its fragment ions, ESI-MS^ experiments

on m/z 646, 547 and 530 (corresponding to deuterated m/z 643, 544 and 527) were

carried out.

As illustrated in Fig. 25, ESI-MS^ spectra of m/z 547 and 530 are also remarkably

identical to the corresponding mass spectra of their counterparts (m/z 544 and 527)

shown in Fig. 22, except for the now observed neutral loss of 44 u, instead of 41 (to give

m/z 486 in the case of m/z 530/527). Also note the 3-m/z-ratio shift of all generated

MeCN-containing fragment ions (e.g. m/z 335 and 333 in mass spectra of m/z 530 and

547 respectively).

The ESI-MS^ spectrum of m/z 646 also showed a neutral loss of 44 u to generate

m/z 602. However, due to the low intensity of the corresponding m/z 643 when ESI-MS"

experiments were being conducted on m/z 819 in MeCN, its MS^ spectrum could not be
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obtained and is, therefore, not available for comparison.

'~»
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Thus, absolute CD3CN was used to record the mass spectrum of 1, which is shown in Fig.

26.

Since absolute acetonitrile is believed to contain higher Na^ concentration than

MeCN, the now observed increase in the signal intensity of m/z 819 (Fig. 26), compared

to that observed when MeCN was used (Fig. 5), can be taken as the first indication that

m/z 819 represents the sodiated molecular ion of complex 1.

The other obvious indication is the fact that no shift by 3 m/z units higher was

observed, which tells us that m/z 819 of 1 must not belong to an acetonitrile-coordinated

cationic complex.

The third clue was provided by the observed difference in the general appearance of ESI-

MS'^ spectra performed on the m/z-819 ion of both 1 and 2. Those of m/z 819 of 1 are

depicted in Fig. 27. Therefore, even though m/z 722, 643, 545, and 527 are observable,

neither a direct neutral loss of 41 u was observed nor the previously observed peaks at

m/z ratios of 681 and 486 were seen in this mass spectrum.

Moreover, the m/z-66 1 peak, which appeared as an almost unobservable peak in the mass

spectrum of Fig. 22(a), now shows up as a much more intense peak. New peaks, not

observed in the m/z-819 ESI-MS^ spectrum of Fig. 22(a), also appear in the mass

spectrum of Fig. 27 with high intensity; namely, m/z 509 and m/z 491.

Comparing the m/z-544/545 ESI-MS^ spectra in both figures (Fig. 22 and Fig.

27), one can note the mutual presence of m/z 527 and 448, but not that of m/z 509, 504,

491, and 486. Moreover, the m/z-527 peak appeared with much higher signal intensity in

the mass spectrum of Fig. 22(d) than it did in that of Fig. 27.

Analysing the fragmentation of m/z-545 in the mass spectrum of Fig. 27, one can see that

this ion loses 36 u to yield m/z 509.
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which may be explained by loss of HCl plus the commonly lost {N(p-FC6F4)CH2} group.

The release of the latter group from m/z 661 generates the quite intense m/z-466 ion,

which in turn either captures an H2O molecule inside the ion trap to form m/z 484, or

loses HCl to form m/z 430.

The observed increase in the signal intensity of m/z 819 of Fig. 26, the lack

therein of a 3-m/z unit shift, the absence of m/z 681, 504, and 486, the presence of much

more intense and/or new peaks at m/z 661, 509, and 491, the low intensity of m/z 722 and

527, the absence of direct or indirect loss of MeCN, the indication of an HCl loss, along

with the observed difference in the experimental distribution patterns (Fig. 28), all

suggest that these peaks belong to different cationic species. Moreover, the ~ 3:1 ratio of

m/z 819:m/z 821 (Fig. 28(left)) clearly indicates the presence of chloride in the structure

of m/z 819 present in the mass spectrum of complex 1.

The reasonable agreement, between the calculated (not reproduced) and the experimental

(Fig. 28) distribution pattems, also reinforces the conclusion that the m/z-819 peaks

belong to structurally different cations.

The presence of m/z 722, 643 and 527 in the mass spectra of Fig. 27 could be due to

overlap of peaks belonging to the two structurally different m/z-819 ions; namely the

sodiated molecular ion of 1 and the cationic solvento complex derived from 2.

Peak overlap, due to the presence of additional ions having close m/z ratios such

as m/z 820, [PtCl{N(p-FC6F4)CH2}2(py)2(NCMe)]^ (Fig. 5) and the m/z-818 adduct ion,

[PtOH{N(p-C6F4)CH2}2(OHNa)(py)2]- (OH2), is possible but otherwise insignificant.

Finally, the use of deuterated MeCN as a mobile phase proved to be of great value in the

identification of acetonitrile solvento complexes, whether formed by in-solution or gas-
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phase reactions or produced by fluorescent and/or ultraviolet radiation.

xVfi

' I o I* f
810 81S S20 825 830 m/z 810 815 820 825

Fig. 28. Experimental distribution pattern of m/z 819 of 1 (left) and 2 (right).

Although this identification might seem trivial, since solvento complexes are not

that important in themselves, knowledge of the pathways of their formation from these

anticancer agents is indeed of great interest. This knowledge allows for the investigation

of the feasibility of photosynthesis of entirely new complexes and/or of new antitumor

drugs or pro-drugs, particularly those that are more potent against cancerous cells, have

less side effects and little or no acquired resistance. It could also furnish invaluable

information regarding, for example, the mode of action of already known anticancer

agents with DNA and other molecules or ions inside the body. This information could

then be utilised towards either modification of existing drugs and/or synthesis of novel,

better ones. Another useful aspect is the possibility of using a combination of anticancer

agents and light radiation to enhance intracellular reactivity.

ESI-MS spectra recorded in ultraviolet-irradiated CD3CN solutions of 1 and 2

were obtained using identical instrumental parameters to those employed in the

acquisition of the corresponding mass spectra
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from MeCN. For the sake of comparison, mass spectra recorded in ultraviolet-irradiated

MeCN and CD3CN solutions of 1 are depicted in Fig. 29. The obvious difference,

between the mass spectra of Figs. 29(a) and (b), is the usual 3-m/z shift of m/z 534 in

MeCN to m/z 537 in the deuterated solvent. This finding confirmed the previously

assigned structure of m/z 534 as an acetonitrile-coordinated cationic complex, and not

one produced by hgand fragmentation from the protonated molecular ion. It also

provided evidence that m/z-51 1 ion was not directly produced from m/z 534, but, rather,

was a result of gas-phase (inside the ion trap) Ugand-addition reaction. Other m/z peaks

could also be positively identified as solvento complexes such as m/z 627, 706, 411 and

448, which also shifted to m/z 630, 709, 414 and 451 respectively. The m/z-702 ion was

found by ESI-MS^ experiments to generate m/z 665 by loss of 37 u (probably due to "'^Cl)

and, thus, is not a solvento complex.

Finally, as a supportive evidence, ESI-MS^ spectra of CDsCN-coordinated species

turned out to be identical to those acquired for the corresponding MeCN-coordinated

ones. Two examples are depicted in Fig. 30, showing ESI-MS^ spectra of nv'z 534 and

m/z 627 and their matching CDsCN-containing forms, m/z 537 and m/z 630 respectively.

The analogous situation with complex 2 is more complicated because of extensive

peak overiap. When the CD3CN solution of complex 2 was exposed to ultraviolet light

for 3 minutes, the corresponding mass spectrum (Fig. 31) still showed the resolved peaks

(m/z 526/530 and 642/646), but instead of the m/z-725 peak (deuterated m/z 722), m/z

726 became the most intense peak in the cluster. This may be explained as due to

deuterated m/z 723, believed to form by photo-induced addition ofMeCN and OH radical

to m/z 665. Yet, when the mass spectrum was recorded in 7-min irradiated CD3CN
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solution, m/z 727 was noted to become the most intense peak in that cluster.

350 400 450 500 550 600 650 700 750 SOOnVz

Fig. 29. Positive-ion ESI-MS spectra of 1 recorded in (a) MeCN and (b) CD3CN after 13- and

7-min exposure to UV light, respectively.

L±J
32S 3S0 375 400 423 490 475 900 525

li i
300 350 4S0 500
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r i 1
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z

Fig. 30. ESI-MS^ spectra of MeCN-containing m/z 534 and 627 (left column), and their

CDaCN-containgng analogues, m/z 537 and 630 (right column).

This peak could also be explained as due to a ligand-
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addition reaction involving coordination ofH2O to m/z 709 (deuterated m/z 706).

IJUJ hit. t-.tmOU ,w;J,l..

450 500 550 600 650 700 750 800 m/z 450 500 550 600 650 700 750 800 m/2

Fig. 31 . ESI-MS spectra of 2 recorded in 3- and 7-min uv-irradiated MeCN (left column) and
CD3CN (right column) solutions.

The presence of trace amounts of water is expected even in absolute CD3CN (also

in the ESI ion source, as air moisture, or as adsorbed molecules on the inner walls of the

transport tubing), and is evidenced by the presence of the MeCN-coordinated m/z 527,

which became of appreciable signal intensity.

The other interesting observation is the 3-m/z-ratio shift of m/z 819 to m/z 822,

which could barely be observed when no ultraviolet light was used, probably because of

its diminished intensity due to the predominance of the intense m/z-800 peak and the

presence of the adjacent m/z-816 peak. Overall, peaks that were noted to shift by 3-m/z
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units higher included m/z 819, 723, 722, 706, 644, 643, 544, 527, 448 and 411.

Peak overlap is extensive and thus identification of every peak in this mass

spectrum could prove to be a formidable task. Nevertheless, the use of CD3CN was

indeed invaluable. Further, the interchange of the most intense peak in any given cluster

is a phenomenon that has often been observed.

One may explain this last observation in terms of ES signal instability, but this

explanation does not provide an answer as to why certain clusters do not display such

phenomenon while others do. Therefore, it is likely that peak overlap is at least partly

responsible. Finally, the loss of 41 u from the protonated molecular ion (m/z 797) of 1

could be explained by ligand fragmentation, but one could say that it was more likely the

result of release of a coordinated MeCN from another structurally different, lower-

intensity m/z 797 or one having similar m/z ratio (e.g. [PtCl{N(p-

FC6F4)CH2}2(py)(OHK)(NCMe)]^), which was simultaneously trapped and fragmented

alongside the protonated molecular ion.

This conclusion was suggested by the fact that m/z 797 became the base peak

when minute quantity of KI was added to the decomposed MeCN solution with

concurrent diminished signal intensity of m/z 790, 778, and 752. The same loss of 41 u

observed in absolute MeOH is believed to be due to MeCN-coordinated species, as was

proved by ESI-MS" and the use of CD3CN. The cause for the appearance of such peaks

could again be related to possible contamination of the ion source and/or the transport

line by MeCN, which apparently, based on the above results, have a relatively large

affinity for the Ft centre.
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4.3.3. Comments on In-source CID Experiments

In-source collision dissociation was also used on complexes 1 and 2 to elucidate

fragmentation pathways. Only one example will be explained here to illustrate its use.

Fig. 32 depicts mass spectra recorded during CID experiments, in which the cone voltage

was varied from 30 V to the maximum available value of 327 V. As it can be seen from

this figure, increasing the cone voltage from 30 V to 60 V effected visible fragmentation.

mux.
>10«
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When the latter reached 90 V, m/z 486, which is known from MS" experiments to

form from m/z 681 and m/z 527, became of appreciable relative signal intensity at the

expense of the absolute intensity of m/z 681 and 527. Some of the m/z peaks at the lower

end of the mass spectrum (m/z 360, 332, 291, 273, etc.) are due to fragment ions of the

solvates m/z 544/545 and m/z 527.

The high-intensity, m/z-406 peak is believed to be due to [PtOH(py)2(OH2)2]^

formed by reduction of the Pt^^ centre, loss of the entire amide ligand from the protonated

molecular ion (m/z 778) and a subsequent coordination of H2O.

In sum, fragmentation continues to produce lower-m/z peaks until the cone

voltage reaches a maximum value of 327 V, where one can clearly see the presence of a

predominant peak at m/z 1 95 due to the bare Ft' cation, which first appeared, though with

low intensity, at a cone voltage of 180 V. This observation illustrates the usefulness of

ESI-MS for elemental analysis.

Finally, for one to be able to correctly interpret in-source CID spectra, the CID

technique should be used subsequently to ESI-MS" experiments, unless, of course, the

analyte under investigation yields readily identifiable mass spectral peaks.

4.4. Conclusions

All of the five platinum complexes studied were found to fragment by loss of the

same type of ligand. Scheme 4 summarise the general, major fragmentation pathway of

those complexes.

As was proved by ESI-MS" results, coupled with the use of CD3CN as a

solvent/mobile phase, a number of MeCN-coordinated cationic complexes were

definitely found to exist in MeCN-containing solutions
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of 1 and 2, with or without fluorescent and/or ultraviolet radiation.

The relatively high affinity observed ofMeCN for Pt" could be explained in terms

of the Hard Soft Acid Base (HSAB) principle, absence of steric hindrance, as indicated

by the small-sized, needle-shaped MeCN molecule, and the 7i-acceptor ability of MeCN

in stabilizing electron-rich metal centres.

[PtX {N(p-YC6F4)CH2
} 2(OH2)(py)2]^

(py + OH2)

l:m/z797
2:m/z778
3:m/z742
4:m/z761
5: m/z 756

[PtX{N(p-YC6F4)CH2}2(py)]''

{N(p-YC6F4)CH2}

1: m/z 505
2: m/z 486
3: m/z 468
4: m/z 487
5: m/z 482

l:m/z 700
2: m/z 681
3: m/z 645
4: m/z 664
5: m/z 659

-HX

[Pt{N(p-YC6F4)CH2}2(py-H)r

1,2: m/z 664, 663

3, 4, 5: m/z 627, 628, 627

-{N(p-C6F4)CH2}

[Pt{N(p-YC6F4)CH2}(py-H)r

1,2: m/z 469, 468
3,4, 5: m/z 450,451,450

(py+{N(p-YC6F4)CH2})

[PtX {N(p-YC6F4)CH2 } (0H2)(py)]^

l:m/z 523
2: m/z 504
3: m/z 486
4: m/z 505
5: m/z 500

-HX

[PtOH{N(p-YC6F4)CH2}2(py)f

1,2: m/z 487, 486
3,4, 5: m/z 468, 469,468

-py

[Pt{N(p-YC6F4)CH2}]^

1,2: m/z 408, 407

3,4, 5: m/z 389, 390, 389

Scheme 4. Major fragmentation pathways of the five Pt"^ organoamido complexes. The m/z

values depicted refer to the most intense m/z peak in the corresponding ion cluster (1: X = CI, Y =

F; 2: X = OH. Y = F; 3: X = OH. Y = H; 4: X = CI, Y = H; 5: X = OCH3, Y = H ).

On the other hand. no MeCN-coordinated
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solvates were found to exist in the acetonitrile solution of 4. This is likely due to

decreased concentration of these species in the freshly prepared solution due to the

known kinetic inertness of Pt'^ complexes towards ligand-substitution reactions.

The mass spectra obtained were also found to contain overlapping peaks that

belong to at least two structurally different ionic species, possessing very close m/z ratio;

for example, m/z 819, m/z 526/527 and m/z 642/643/644/645, among others.

The techniques of tandem mass spectrometry (MS"), cation attachment, and

deuteration were invaluable in resolving problems associated with peak overlap and in

identifying the cationic species responsible for the appearance of those peaks.

The metallation technique was also exploited in increasing the relative intensity of

all peaks and/or low-intensity peaks due to cationisation reactions so that MS"

experiments could be carried out on them. This method was indeed found to be very

useful for the low-intensity peaks formed by metallation. The increase in the relative

signal intensity of all peaks present upon addition of a salt such as NaCl is mainly due to

increased conductivity of the solution.

Combining the technique of cationisation with that of CID, which, to the best of

the author's knowledge, has not been utilised by any other workers thus far, proved

useful. Using this combination of techniques required very minute quantities of salt to

effect results that could only be obtained, without CID, by the addition of larger amounts

of salt and/or buffer solutions, which may cause plugging of the ES needle and/or the

transport line through salt deposition. For example, the addition of a tiny single crystal of

NaCl to the MeCN solution of 2 combined with raising the cone voltage from 30 V to 50

V effected a 33% increase in the relative intensity of the sodiated molecular ion, m/z 800.

Ultraviolet and/or fluorescent irradiation of
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sample solutions of 1 and 2 was found to promote cationisation, ligand-release, ligand-

substitution, ligand-addition and reductive-elimination reactions. These reactions could

be the result of either low-energy d-d transitions (ligand-field, LF) or high-energy ligand-

to-metal (LMCT) and/or metal-to-ligand (MLCT) charge-transfer transitions. The

possibility of ligand-to-ligand charge transfer (LLT) may also be considered.
'^^

The low-energy d-d transitions would most likely predominate when fluorescent-

light is used, whilst the higher-energy charge transfer transitions should occur with

ultraviolet radiation.

.

In brief, MLCT will make the now electron-deficient metal centre susceptible to

nucleophilic attack, and subsequent ligand addition or substitution, and/or reductive

elimination will take place.

On the other hand, LMCT will cause electrophilic addition or substitution and

largely depends on the ease of oxidation of coordinated ligands and/or the ease of

reduction of the metal centre.

The reader is referred to a number of good textbooks and reviews on the

188 189 190 191
photochemistry of inorganic, organometallic and coordmation complexes. • • - -

192, 193, 194, 195, 196, 197, 198, 199, 200

In-solution decomposition of 1 was observed to occur in solutions of all the

mobile phases used even when these solutions are kept under cold, dark conditions.

However, this process seems to be kinetically a very slow one.
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CHAPTERS

ESI -MS of Nucleobases and their Interactions with
Organoamido Pt^^ Complexes

5.1. Prelude

As was mentioned in Chapter 3 the Pt^^ compounds under study were prepared

and kindly provided by Professor Glen Deacon of Monash University, Australia, who and

his coworkers have been synthesizing this unusual class of Pt" and Pt'^ antitumor agents

r -i. 1 *• 201 '202, 203
for quite a long time. ' '

Those complexes are unusual in three aspects, (i) they have four coordinated

nitrogen atoms to the Pt^^ centre, (ii) they have no N-H group(s) capable of hydrogen

bonding, presumably with the oxygen atom on C6 of the DNA nucleobases and (iii) they

possess a nitrogen-containing leaving group (the amido ligand). All of those traits

contravene the previously mentioned fundamental SAR rules (Chapter 2, Section 2.2).

The bidentate amidato ligand is most probably acting as the leaving group in the reactions

of those complexes with nucleobases and probably also with thiol-containing molecules.

To investigate their possibility of binding to DNA in a manner comparable to

cisplatin, Bloemink et al.'^^'^ studied the reactions of two antitumor-active Pt" analogues,

[Pt"{N(p-ZC6F4)CH2}2(py)2] (Z = H, F) with small guanosine-containing

(oligo)nucleotides; namely 5'-GMP (disodium salt) and d(GpG). Data obtained from 'H,

'^F, and ^'P NMR spectroscopies led to the conclusion that the dication [Pt(py)2]
"^ moiety

coordinates to the N-7 atom of the G-base, analogously to cisplatin, with release of the

amide ligand. Evidence for ligand release was provided by 'H NMR chemical shifts,

confirming the presence of free protonated amide ligand.
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Thus, the end products were cw-[Pt"(py)2(oxGMP)2]. Differences in the

conformation of the ribose moieties, which were suggested by the authors to have a role

in the activity of the platinum complexes in cisplatin-resistant tumor cell lines, were

observed for the GN7, GN7 adduct.

The above platinum complexes^^ show in vitro anticancer properties against a

variety of cancerous cell lines: L1210 and P388 mouse leukemia, and the cisplatin-

resistant lines, HT29 and BE human colon carcinoma. Moreover, in 2h pulse testing the

complexes showed better response to L 12 10 than cisplatin and enhanced in vivo activity

agains^ 'eukemia.

In a .

^
published article, Hambley et al.^^^ reviewed the preparation, crystal

structure, and reduction-activity relationship of similar Pt'^ complexes, having anionic

polyfluorophenyl ligands.

5.2. ESI-MS Spectra of Nucleobases

Three nucleobases have been characterized by positive- and negative-ion ESI-

MS; 1 'eotide 5'-GMP (disodium sah; MW 407.19), and the nucleosides

guancime (MW 283.24) and inosine (MW 268.23). The molecular structures, along with

the conventional numbering system, of those three nucleobases are shown in Fig. 33.

The acquired ESI-MS spectra were obtained from MeCN/H20 (1/i , v/v) solutions

of the compounds under very mild conditions (cone voltage = 30 V, Von = 4 kV) and at a

volumetric solution flow rate of 5 |iL/min. They were obtained mainly for the sake of

comparison with those acquired from solutions of their reactions with some of the Pt

organoamido complexes. Nevertheless, it was thought useful to also analyse and discuss

those spectra to gain some idea about the solution
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chemistry of those nucleobases.

Fig. 33. Molecular structures of 5'-GMP, guanosine and Inosine.

Furthermore, this spectral analysis may prove of value in relation to the reactions of those

nucleobases with the organoamido platinum complexes under investigation. This line of

thinking turned out to be indeed beneficial as will be described later on when discussing

the mass spectra of the reaction solutions.

To the best of the author's knowledge, ESI-MS spectra of those particular

nucleobases are not yet available in the current literature. Results and discussions of mass

spectral analysis of those spectra are presented in the following sections.

5.2.1. ESI-MS Spectra of 5'-GMP

The positive- and negative-ion ESI-MS spectra, acquired from an aqueous

solution of the disodium salt of 5'-GMP, are respectively shown in Figs. 34 and 35. The

mass spectrum acquired under positive-ion ESI conditions revealed three distinctive



u



118

groups of peaks.

The first group contained mass spectral peaks for the singly charged protonated

molecular ion, [M+H]^ (m/z 408), the sodiated molecular ion, [M+Na]"" (m/z 430), a

singly charged cationic species assigned as [M-H+2Na]"' (m/z 452, low intensity) and the

triply charged trimer, [3M-H+4Na]-^"^, at m/z 437.

Intens.

x105

500

Fig. 34. Positive-ion ESI-MS spectrum of 5'-GMP, recorded in MeCN/HsO.

The second group of peaks is more interesting than the first. It contained doubly

charged cations, which were all trimeric species, starting with the doubly protonated

trimer, [3M+2H]^^ (m/z 611) followed by four adjacent peaks that successively differed

by one additional Na^ ion. Thus, they were ascribed to [3M+H+Na]^^ (m/z 623),

[3M+2Na]^^ (m/z 634), [3M-H+3Na]^^ (m/z 645), and [3M-2H+4Na]^^ (m/z 656).

The third group also comprised doubly charged ions, except they were all

tetramers with the doubly protonated ion [4M+2H]^^
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(m/z 815) starting the sequence. Therefore, the ions in this series were attributed to

[4M+H+Na]2^ (m/z 826), [4M+2Na]^^ (m/z 837), [4M-H+3Na]^^ (m/z 848), and [4M-

2H+4Na] (m/z 859). These polymeric species are presumably aggregates of monomers

held together by hydrogen bonds.

300 400 500 600 700 800 900 m/z

Fig. 35. Negative-ion ESI-MS spectrum of 5'-GMP, recorded in MeCN/H20.

The negative-ion mass spectrum of Fig. 35 contained a predominant peak at m/z

362, corresponding to the singly protonated dianion of 5'-GMP. In addition, a peak at

m/z 282, presumably representing a fragment ion (singly charged anionic guanosine)

generated by loss of HPO3 appeared as the second-most intense peak in the mass

spectrum.

In addition, [M-Na]' (m/z 384), and the anionic dimer, [2M-4Na+3H]" at m/z 725

are also observable, though both have low signal
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intensity. Also present are other tiny peaks at m/z values of 747, 769, 791, and 813,

which are easily assigned to [2M-3Na+2H]", [2M-2Na+H]", [2M-Na]*, and [2M-H]",

respectively.

5.2.2. ESI-MS Spectra of Guanosine

Guanosine yielded both positive- and negative-ion ESI-MS spectra that are highly

representative of its ions in solution. The mass spectrum obtained under positive-ion

mode is shown in Fig. 36.

The major peaks in this mass spectrum included [M+H]"^ (base peak, m/z 284),

[M+Na]"" (m/z 306), [M+K]^ (m/z 322), [2M+H]'^ (m/z 567), [2M+Na]^ (m/z 589) and

the corresponding trimers, [3M+H]'^ (m/z 850) and [3M+Na]^ (m/z 872). The peak at m/z

605 represents [2M+K]^. Other low-intensity m/z peaks are also present in the spectrum,

but these are ascribed to contaminants from previous runs of 5'-GMP.

Intens.
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Fig. 36. Positive-ion ESI-MS spectrum of guanosine, recorded in MeCN/H20 (1/1 ; v/v).
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The negative-ion mass spectrum (Fig. 37) showed four intense peaks in addition

to a low-intensity peak at the high end of the m/z scale. All, except for the first peak, are

attributable to singly charged polymeric species. Thus, aside from the deprotonated

molecular ion, [M-H]" (m/z 282), they are the dimer, [2M-H]', (m/z 565), the trimer,

[3M-H]" (m/z 848), the tetramer, [4M-H]" (m/z 1131), and finally the pentamer, [5M-H]'

(m/z 1414).

Intens.'

xlO'*

8-
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sodiated molecular ion being the base peak. The corresponding singly charged dimeric

species, [2M+H]'^, [2M+Na]'^, and [2M+K]'^ clearly show up at m/z 537, 559 and 575

respectively. Other lower-intensity peaks are also present, with some peaks representing

contaminants related to the disodium salt of 5'-GMP.

The negative-ion spectrum (Fig. 39) also revealed the presence of polymeric

anionic species. Aside from the deprotonated molecular ion at m/z 267, the deprotonated

dimer, trimer, and the tiny peak of the tetramer appear at m/z 535, 803, and 1071

respectively. Other m/z peaks of much lower signal intensity included [2M+Na-2H]' (m/z

557), [3M+Na-2H] • (m/z 825), and [4M+Na-2H] * (m/z 1093).

Intens.-
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Fig. 38. Positive-ion ESI-IVIS spectrum of inosine recorded in MeCN/H20.
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The ESI-MS spectra obtained from the solution reaction of this complex are shown in

Fig. 40, with the product ion, assigned as [Pt"OH(NCMe)(py)2(Guo)]"^ (Guo = uncharged

guanosine), appearing at m/z 694.

Table 13. Observations and experimental conditions of the reactions of Pt'^ organoamides
with the three nucleobases.

Complex No.
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molecule, to give the suggested reactant ion at m/z 411.

Table 14. Structural assignments for products observed in reactions of the Pt*^

organoamides with guanosine and inosine.

Reaction
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or undergoes guanosine-ligand fragmentation (loss of the sugar moiety, 132 u) to

generate m/z 483, which, in turn, loses MeCN plus H2O to give m/z 424.

(a)
[PtOH(py)2(NCMe)]*

12 days

[PtOH(py)2{NCMe)(Guo)]*

Ma sn

j^i?i.,M t" , La» . 1. CuL t'i, \.. 'fi r
300 400 500 600

XX.
700 goo

(b) 53 days

1««J7»
iiL,iAi..>AJL....ili

•19

JiM*.mUkuJiX
ua 9ta

,U>.M^i ,.t^
300 400 SOO 600 700 800 900 1000 1100 m/z

Fig. 40. Positive-ion ESI-MS spectra acquired from the reaction solution of 1 with

guanosine after 12 days (a) and 53 days (b) of incubation at 310 K.

Fig. 41. Positive-ion ESI-IVIS spectrum of the proposed five-coordinate product

ion, [PtOH(py)2(NCMe)(Guo)]*, of the reaction of complex 1 with guanosine.
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The m/z-483 cation also loses a pyridine ligand to generate a peak at m/z 404. The

observation of typical guanosine-ligand fragmentation is an indirect evidence for the

presence of coordinated guanosine in the molecular structure of the proposed product.

ESI-MS"* spectra of the reactant ion show the concurrent loss of MeCN and H2O

molecules to produce the ion at m/z 352 or release of a pyridine molecule to give m/z

332, which in turn loses an acetonitrile ligand to give m/z 291. Loss of H2O from the

latter gives a peak at m/z 273, corresponding to [Pt"(py-H)]^.

Complex 4 formed products with both guanosine and inosine, though their peaks

were of very low intensity even after 46 and 45 days, respectively, of incubation.

Acquisition of ESI-MS^ spectra of those products was possible only after optimization of

instrumental parameters and, for the reaction with guanosine, additional irradiation with

visible light, using a tungsten-filament lamp, was necessary.

Interestingly, although all complexes were found to give the same solution-

degradation product ion at m/z 411, it appears that product formation proceeded in an

identical manner only for the chlorohydroxo complexes (1 and 4) with guanosine and of 1

with inosine. This product formation most likely involves both loss of the amido ligand

and solvolysis of the chloride anion, as outlined in scheme 5. This mechanism is

supported by a strong indication provided by negative-ion ESI-MS for the presence of

free amidato ligand(s).

The corresponding spectra (not shown) clearly showed fairly intense peaks,

presumably corresponding to the two structurally different, protonated, dianionic amidato

ligands, {(p-YC6F4)NH(CH2)2N(p-YC6F4)}' at m/z values of 391 ( Y = F, (1)) and 355 (Y

= H, (4)), respectively. The signal intensity of these peaks was noted to increase with

prolonged incubation time, implying continuous release





of those ligands as the reaction proceeded.

{N(p-YC6F4)CH2}2 CI,

OH

F\A^F + reduction of Pt'^ to Pt
IV ,^ oJI

F^f^F
Y

1:Y=F:4:Y = H
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Scheme 5. Mechanisms of product formation for reactions of 1 and 4 with guanosine and of 4
with inosine.

In fact, m/z 391 was found to become the base peak in the negative-ion spectrum

of 2 recorded in its reaction solution after 55 days of incubation. This outcome also

confirms the already known behaviour that the amido ligands are acting as the leaving

groups in the reactions of the complexes under investigation.

On the other hand, the reaction of the dihydroxo complex (3) with guanosine

produced a structurally different, six-coordinate Pt" major product, containing two

coordinated MeCN ligands. This finding surprisingly implies solvolysis of one pyridine

ligand by MeCN, followed by the addition of another MeCN molecule, then protonation

to give the reactant ion at m/z 391, whose signal was fairly strong in the mass spectrum

(not shown), and finally the addition of guanosine, as shown in scheme 6.

Another surprising result is that the major reaction products of 1 and 4 with both

guanosine and inosine (m/z 694 and m/z 679) are almost QQX\.?i\v\^five-coordinate species

based on both tandem mass spectrometry grounds and
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the apparent square-planar geometry of the Pt" reactant ion (m/z 411), which, as we know

from inorganic chemistry, should undergo substitution reactions most likely by an

associative mechanism in which a coordinatively saturated, trigonal-bipyramidal (TBP),

five-coordinate intermediate is formed.^^^'
^^'^' ^^^^ ^09. 210. 21

1

OH

-{N(p-YC8F4)CH2}2 HO U
O HO^ ^nQ

Py + NCMe HO^ ..
N<

:pt<."

+ reduction of Pt'^ to Pt"

H

OH

^uo.
^r...... ....-•O

MeCN' NCMe

OH 2

M/z 674

-•-guanosine

..-O
MeCN Pt

NCMe
OH 2

M/Z 391

,/^NCMe

+ NCMe

OH /=
.nD

i- *- MeCN '''^^

+ H*
I

^NCMe
HO

Scheme 6. Mechanism of product formation for the reaction of 3 with guanosine.

Few five-coordinate, mononuclear Pt" complexes are recognized,
'^^'^'^'^'^''^''*'^'^'

^'*^ and the majority of such stable, coordinatively saturated complexes are of the type

[PtX(Y)(N-N)(olefm)] (X = CI, CH(C02Me)2, Y = Me, hydrocarbyl, N-N = bidentate

nitrogen ligand),^'^ in which both the strong 71-acceptor alkene and the bidentate nitrogen

donor play a central role in stabilizing the five-coordinate geometry.'^ '

^' ^'^' ^^^' ^^'' '^^^

Therefore, the aforementioned products are assumed to be stabilized by metal-to-

ligand 71-back-donation, which is most likely to exert its highest effect when the involved

ligand is in the trigonal plane of the TBP complex.

The ligand acting as the TC-acceptor is assumed to be acetonitrile rather than

pyridine, which also possesses 71-acceptor
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properties,^^^ for two reasons, (i) Tc-bonded nitriles are known to exist^^^'
^^^ and (ii)

acetonitrile and benzonitrile, in complexes of Fe, Ru and Os, have been found to possess

better 7t-acid capability than pyridine.^^^

Whether those cationic species (m/z 694 and m/z 679) are ground-state end-

products or actual intermediates is a matter that has to be determined by further work.

Nevertheless, there is a mass-spectral indication that those products are possibly

reaction intermediates rather than end-products. This indication relates to the facile loss

of the coordinated niicleobase (Fig. 41) from both products, which barely occurs when

their different four-coordinate fragment ions are subjected to resonance excitation inside

the ion trap mass filter (spectra not reproduced). This observation indicates that the Pt-

nucleobase bonds in the proposed intermediates are weaker than those in the square-

planar fragment species such as the ion at m/z-615, which was found by an ESI-MS

experiment to suffer guanosine-ligand fragmentation instead of guanosine release.

If the hypothesis of intermediacy is correct, the Pt-nucleobase complexes formed

will be expected to undergo a further dissociative reaction, presumably governed by the

kinetic trans effect, to yield square-planar, four-coordinate, 16-electron new complexes,

which, in turn, will eventually be seen as mass-spectral peaks in future ESI mass spectra

of this reaction solution.

The observation of five-coordinate platinum species can be taken as a strong

indication of an associative mechanism under progress. Further, with respect to reactions

of Pt" complexes, this finding indicates that ESI-MS can undoubtedly furnish invaluable

information about unknown trans-divQCting capabilities of a large number of ligands. This

information will further enhance our knowledge of those reactions and enlarge the
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already compiled, but somewhat short, trans-effQct series. To add to the excitement, the

whole outcome will also signify that those end-products/intermediates will be the first

Jive-coordinate platinum-nucleobase complexes ever observed. Moreover, this result may

add new members to the few 7i-bonded Pt-nitrile family of complexes. ^''*' ^^^

Further, it is expected from the fragmentation pattern illustrated by the mass

spectrum of Fig. 41 that the end-product, assuming the intermediacy postulate is correct,

of that reaction will probably be the four-coordinate cationic complex at m/z 615,

[PtOH(NCMe)(py)(Guo)]'^, whose peak had increased in relative intensity after 53 days

of incubation (Fig. 40(b). However, to be able to conclude that those products are indeed

five-coordinate species, it is vital to exclude two other possibilities.

First, the product complexes may be six-coordinate, octahedral species if the

nucleobases are acting as bidentate ligands (Scheme 7; A). While this mode of bonding is

observed in reactions of Pd and Pt complexes with inosine, it, however, is unlikely for

227
guanosine since it has rarely been observed.

Second, the products could as well be four coordinate species if we take into

account the feasible hydrolysis reaction of coordinated acetonitrile to form an

acetamidato complex (Scheme 7; B).

This reaction could proceed by a nucleophilic attack of OH" (from the water

component of the reaction medium) on the now more electrophilic (because of

coordination to Pt") a-carbon of MeCN to form monomeric or amido-bridged dimeric

complexes, especially in high-pH or aged solutions. ' ' '

The last option may be validated through, for example, increasing the pH of the

reaction solution and observing any subsequent changes in the relative intensities of the
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products' peaks. On the other hand, it is difficuU to distmguish between complex B and

the corresponding five-coordinate species (scheme 5) by using CD3CN as a reaction

medium or mobile phase smce both complexes have the same m/z ratio and, therefore,

will show identical m/z-ratio shifts with CD3CN.

HQ ChtOH

^—( Me

X/^ I N
N

OH

CI^OH

N-^y—N" Nc
!_/ [] PtH^

"'

Me^% H
O B

\J

Scheme 7. Possible coordination modes in the molecular structures of the major reaction

products of complexes 1 and 4 with guanosine and of 4 with inosine.

Another method is to monitor the reaction of any of the two complexes with

acetamide in an aqueous solution other than MeCN/H20 at high pH, observe any possible

formation of product(s), and act accordingly. However, structure B could easily be

eliminated on mass spectrometry grounds alone since individual losses of H2O and

MeCN were observed in ESI-MS" spectra of both the product and reactant ions.

Further, the structural identity of both m/z 411 and m/z 694 was confirmed by

positive-ion ESI-MS" experiments involving the use of 30/70 (v/v) D2O/CD3CN as a

reaction medium and neat CD3CN as a mobile phase. The resultant spectra, after two

days of incubation, revealed an m/z shift of 4 u (to give m/z 415), verifying both the

presence of MeCN and OH ligands in the structure of the m/z-411 ion as well as the

abstraction of a proton by OD from pyridine (loss of
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ODH) upon fragmentation. Losses of CD3CN, (ODH+py) and/or (CDsCN+py) were also

observed to occur from m/z 415 to give m/z 371, 317, and 292 respectively. The product

ion at m/z 694 was here represented by m/z 699, implying an m/z shift of 5 units (i.e., 3

m/z-shift units due to CD3CN, 1 to OD and another 1 m/z-unit shift due to deuterated

guanosine).

Evidence for H/D exchange of only one proton on guanosine was provided by the

negative-ion mass spectrum (not shown), recorded in the same D2O/CD3CN reaction

solution. This spectrum clearly showed a m/z-ratio shift of only one unit for [M-H]' of

guanosine (m/z 283) and its monomeric chloride-adduct ion ([M+Cl]"; m/z 319) and two-

unit m/z-ratio shift for [2M-H]" (m/z 567) and the corresponding chloride-adduct dimer

([2M+C1]'; m/z 603). The chloride-attached ions will be discussed in the next section.

The positive-ion ESI-MS spectrum (Fig. 42) of the deuterated product ion (m/z

699) unambiguously established the presence of MeCN, OH and guanosine in the

molecular structure of the corresponding non-deuterated m/z-694 product ion (c.f Fig.

41).

Nevertheless, despite the strong evidence provided by ESI-MS" for five-coordinate

geometry of the m/z-694 and m/z-679 product ions, it is highly recommended that ftirther

work, using other characterization methods such as NMR or x-ray crystallography, be

carried out in order to eliminate the low probability of structure B and unambiguously

confirm the actual geometry.

Although ESI-MS" has been used to determine the coordination number of some

inorganic coordination complexes using ion-molecule reactions inside an ion trap^^^'
^^^,

mass spectrometry, in general, is not well suited for this particular purpose. In addition,

for our group, the use of this method will mean that
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physical modifications to our existing ion-trap mass filter have to be made first before

any such reactions can be conducted.

In addition to the Pt-nucleobase products previously discussed, Table 14 depicts

other product complexes having coordination numbers of 3, 4, 5, and 6. It is particularly

interesting to note that all 5-coordinate products contain at least one MeCN ligand, and so

do those with a coordination number of 3. The former observation reinforces the

reasoning that the five-coordinate species are likely stabilized by 7t-bonded MeCN

ligand(s).

Intens."

1000

800

600

400

200-

300 350 400 700 m/z

Fig. 42. Positive-ion ESI-MS^ spectrum of the deuterated reaction product of 1 with guanosine,

showing formation of [PtOD(py)2(NCCD3)(Guo-D)]* (m/z 699) when CD3CN/D2O was used as

the reaction medium and CD3CN as the mobile phase.

The three-coordinate complexes will probably have an identical geometry as that

reported by Bland et al.^^^ and thus, they might have the acetonitrile ligand coordinated

in a side-on fashion (i.e. a n- bonded MeCN).
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Coordination number 6, which is assumed by the m/z-674 cationic product, is, generally

speaking, not uncommon for Pt" compounds, but is presumably so for six-coordinate Pi^-

nucleobase complexes. .

It is also worth noting that aW five-coordinate species observed in all of the ESI-

MS spectra of the platinum complexes under investigation contain either pyridine

(36.4%) or acetonitrile (63.6%) or both as coordinated ligands.

Finally, given the generally known robustness of both Pt" and Pt^^ complexes, the

very mild ESI conditions employed and the fairly long time it took to observe any

product formation, it can be assumed that all product ions structurally represent solution

complexes, rather than gas-phase compounds generated by induced collisions with the

bath gas or by ion-molecule/ion-ion reactions.

5.4. Unexpected Dimerization and Anion Attachment

ESI-MS spectra recorded in reaction solutions of some of the Pt^^ organoamides

with nucleobases also revealed some other results. For example, a positive-ion ESI-MS

spectrum, obtained from the reaction solution of 2 ([Pt(OH)2{N(p-FC6F4)CH2}2(py)2])

with guanosine, showed the first-time appearance of a very low-intensity peak at m/z

1577, corresponding to the sodiated dimer (Fig. 43(a). It was possible, through

optimization of instrumental conditions, to significantly increase the relative intensity of

this peak (Fig. 43(b)), although at the expense of the overall absolute signal intensity.

The presence of the sodiated and potassiated monomers of this complex (Fig. 13)

and that of the newly observed sodiated dimer may well explain the puzzling absence of

the protonated monomeric ion in the previously recorded full-scan ESI-MS spectra of the

same.
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Fig. 43. Positive-ion ESI-MS spectra showing the sodiated dimer of 2 at m/z 1577 recorded (a)

before and (b) after optimization of instrunnentai parameters.

This finding gives strong indication that a similar type of behaviour is also

exhibited by 4 and 5, whose ESI mass spectra lacked protonated molecular-ion peaks as

well. Furthermore, this absence also points out that, for those complexes, the dimeric

cationised parent ions are more stable that the monomeric protonated ones.

Another stimulating result was first obtained from the negative-ion ESI-MS

spectra recorded in the reaction solutions of 1 ([PtC10H{N(p-FC6F4)CH2}2(py)2]) and 2

([PtC10H{N(p-HFC6F4)CH2}2(py)2]) with guanosine. As could be seen in the ESI-MS

spectrum of the corresponding reaction solution of 1 (Fig. 44), this result unexpectedly

relates to the attachment of chloride anions to uncharged guanosine molecules, producing

relatively quite abundant peaks at m/z values of 318 and 601 respectively assigned to

[M+Cl]' and [2M+C1]' chloride adducts of this nucleoside.
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Fig. 44, Negative-ion ESI-I\/1S spectrum of 1 recorded in its l\/!eCN/H20 (1:1) reaction solution

with guanosine, showing monomeric and dimeric guanosine-chloride adduct ions at m/z 318 and
601.

The above peak assignments were further asserted by ESI-MS experiments on

both m/z-318 and m/z-601 ions (Fig. 45 (a) and (b)).

Thus, upon resonance excitation inside the ion trap, the adduct ion at m/z 318

undergoes loss of HCl to produce the deprotonated molecular ion of guanosine ([M-H]';

m/z 282). The dimeric adduct anion behaves identically and, thus, it also loses HCl to

give the deprotonated dimeric molecular ion ([2M-H]'; m/z 565). A neutral loss of a

guanosine molecule from the dimeric adduct ion generates the corresponding monomer

([M+Cl]"; m/z 318), which again loses HCl to give the deprotonated monomer ([M-H]";

m/z 282).

ESI-MS spectra recorded in the reaction solution of 4 with inosine also revealed

formation of monomeric and dimeric inosine-chloride adduct ions; i.e., [M+Cl]" (m/z

303) and [2M+C1]' (m/z 571), but their peaks were of much lower relative intensities than

those generated by chloride attachment to guanosine.
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Fig. 45. Negative-ion ESI-MS spectra of the chloride-adduct ions at (a) m/z 318 and (b) m/z

601.

Of course, one may still want to rationalize the loss of 36 u as due to simultaneous

neutral loss of two H2O molecules and, therefore, may attribute m/z 318 and m/z 601 to

water-adduct ions. However, the measured ~ 3/1 ^^Cl/^^Cl natural isotopic ratio rebuts the

above rationalization and strongly demonstrates that those peaks represent chloride-ion

adducts.

Although the source of chloride anions may not be obvious at a first glance, little

brainstorming will reveal that it is complexes 1 and 4 themselves, as both have

coordinated chloro ligands that may be released into solution via solvolysis.

Further, despite the presence of the same adduct peaks in the negative-ion ESI-MS

spectra recorded in reaction solutions of complexes 2 and 3, these peaks are of such low

intensity that they could safely be regarded as a result of adulteration of the ES ion

source, or the transport tubing, by chloride anions. This contamination could have been a

corollary of previous runs of solutions of 1 and 4, which
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were often carried out on the same day as those of 2 and 3.

In addition, the high relative abundance of the chloride-adduct peaks in the

spectrum of Fig. 44 (p. 131) indicates that attachment of anions could effectively be used

as a method of ionisation in negative-ion ESI-MS not only for compounds producing

weak [M-H]' signals, as was suggested by Cole and Zhu,"*^ but also for those which can

produce strong such signals, as was the case with guanosine and inosine. It may also be

stated that the source of chloride does not necessarily have to be the typical chlorinated

solvents or the frequently used halide-salt additives such as Ph4PCl.

Even though the presence of the aforementioned chloride-adduct ions was

unequivocally verified, there were no m/z peaks representing chloride-adduct ions in

negative-ion spectra recorded in the reaction solution of 1 with 5'-GMP. Though a

number of explanations will be given in the following paragraphs, the decisive reason

behind the absence of such peaks is still to be determined by ftirther work.

First, the presence of excess disodium salt of 5'-GMP in the reaction solution may

mean that the Na"^ ions of the nucleotide salt may have scavenged the released chloride

ions through precipitation of NaCl.

Second, based on results of the possibly only study on chloride attachment to

sugars in negative-ion APCI-MS carried out by Kato and Numajiri,^^"* the site of chloride

attachment in the nucleobases under study may be speculated to be the hydrogen(s) of

one or more of the hydroxy groups on the sugar moieties.

Therefore, since the only structural difference of significance between 5'-GMP and the

other two nucleobases is the phosphomonoester group present only in 5'-GMP, it may be

postulated that the hydrogen of this group (assuming protonation of at least one terminal

oxygen atom on P) was unable to provide an
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appropriate site for strong hydrogen bonding with the chloride anion. In other words, the

resulting chloride-adduct species, if any, were not stable enough to be observed in the gas

phase. This last premise, if valid, will also suggest that the site of chloride attachment

will specifically be the hydrogen of the hydroxy of the CH2OH group on C4' of

guanosine and/or inosine, since all of the three nucleobases investigated have other OH

groups in their molecular structures that could otherwise be the site(s) of anion

attachment.

Third, the fact that the polar MeOH solvent was used as the reaction medium may

mean that it has won the competition over 5'-GMP of hydrogen bonding with chloride

ions. Nonetheless, no spectral evidence for the presence of methanol-chloride-adduct ions

was found.

Generally, there are fewer reports on anion attachment in negative-ion ESI-MS"*^'

^^^' ^^^ than in the corresponding CI- or APCI-MS.^^^' ^^^' ^^^ To the best of the author's

knowledge, the above finding, at least in negative-ion ESI-MS, constitutes the first report

on anion attachment to mono-nucleosides as well as on metal-halide coordination

complexes as the source of chloride implementing that attachment.

5.5. Reflective Remarks

It is apparent from ESI mass spectra of the three nucleobases investigated that

they all exhibit a tendency to form clusters (dimers, trimers, etc.). This clustering was

observed to augment with increasing concentration of the electrosprayed solutions of

those compounds, as was attested by the observed increase in the signal intensities of the

polymeric cationic species.

These nucleobases also possess the ability to
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attach hard cations (Na^ and K^ and anions (CI'), presumably both in solution and as a

result of charging by the ESI process. It is also apparent from Table 13 that the platinum

complexes studied are very inert toward substitution, and, thus, their reaction with the

nucleobases may take an incredibly long time.

Consequently, factors affecting those reactions will include the competing

clustering and cationisation/anionisation reactions of the nucleobases (with Na"^, K^, and

CI") and the inherent inertness of those third-row, low-spin, high-field-stabilisation-

energy Pt^^ complexes. Other examples of competing reactions should include those of

the different platinum solution-degradation products of the original complexes with the

nucleobases. However, it is still not easily explainable that no obvious products were

seen from reactions with 5'-GMP, in contrast to results obtained by Bloemink et al.,'^^^

with the exception that the latter observations were related to Ft" analogues as starting

materials, which are expected to react much more faster than the Pt'^ counterparts.

The lack of m/z peaks representing 5'-GMP-chloride adduct ions and/or amidato

ligands, the extremely low intensity of the reactant ion (m/z 411), and the remaining

presence of the protonated molecular ion of 1 clearly indicate that no reaction of

significance has taken place with 5'-GMP.

Those findings may also imply that the presence of the disodium salt of 5'-GMP

somehow had to a large extent suppressed both the solvolysis reaction of the chloro

ligand of 1 and the release of the amidato ligands from 1 and 2. In addition, those

observations suggest that other factors may also have a say in determining the speed of

those reactions such as, for example, the bulkiness of both the incoming nucleophiles and

the coordinated ligands on the platinum centre. The steric hindrance will block access to

the electrophilic platinum ion in both cases.
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Other issues may also play a role. In particular, the variation in the nature of the

trans axial ligands in the organoamido Pt^^ complexes would be expected, based on

previous work by a number of groups, to favour enhanced reactivity of the most easily

reduced platinum species.

Although access to a device capable of measuring reduction potentials, such as a

cyclic voltammeter, is unavailable, qualitative predictions could still be made regarding

the ease of reduction of the currently studied platinum compounds.

Thus, complexes, which possess chloride anions as axial ligands (1 and 4), will be

expected to be the most readily reduced, whilst those with hydroxo axial groups (2 and 3)

will be the most difficult to undergo reduction. Complex 5, which exhibits a methoxide

and hydroxide anionic axial ligands will likely show intermediate tendency to reduction.

The above predictions are consonant with the finding of the present work that, among the

five Pt'^ organoamides, those containing chloride ligands were the fastest to react.

Finally, it is beneficial to further study and monitor these reactions, using longer

reaction times than those employed in the current research work. Methods that may

increase the rate of these reactions, such as the addition of catalytic amounts of a Pt

complex and/or a reducing agent (e.g. reduced glutathione), or the use of visible,

fluorescent and/or ultraviolet photolysis, are also highly recommended.

It is hoped that other characterization techniques such as NMR, IR, X-ray

crystallography, among others, will confirm the results of the present study and reveal

other interesting information about the authentic structures of the products.
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CHAPTERS

Final Outlook

It has clearly been illustrated by the present study as a whole that ESI combined

with tandem-in-time mass spectrometry provided by the operational features of the ion-

trap mass analyser^^'
^'*°' ^"^^

is an intensely powerful technique that could be used

effectively and efficiently to analyse a variety of molecules.

In contrast to the belief of some chemists, ESI-MS is at least as much applicable

to the analysis of inorganic coordination complexes as it is to organic and biological

compounds.

The powerful techniques of in-source collision-induced dissociation and tandem-

in-time mass spectrometry are indispensable tools in the dominion of structure

elucidation. Moreover, the proper use of isotopically labelled analytes, solvents and/or

mobile phases is also beneficial, particularly when ratification of results, resolution of

superimposed peaks or determination of the number of isotopically exchangeable

atoms/molecules is needed.

It has also been demonstrated that both positive- and negative-ion ESI-MS could

effectively be used to monitor chemical reactions and elucidate their mechanisms.

For example, the observed increase in signal intensity with reaction time of m/z peaks

belonging to nucleobase-chloride adducts in the negative-ion mass spectra of 1 and 4

suggests that the intensity change could be utilized in the determination of the rate of

solvolysis of the chloro ligand. The value of this partial rate, in turn, might be used in

subsequent calculations of the overall rate of reaction in future kinetic studies, for

example.
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A similar argument can be made regarding the observed change in signal intensity of

what is believed to be m/z peaks representing free diaminato ligands (m/z 391, 355).

In the latter case, fortunately, the variation in signal intensity could be exploited to

monitor the progress of reactions of all complexes under examination with nucleobases or

any other reactant, not just of the chlorohydroxo ones.

It is also apparent that the Pt'^ organoamides studied should act as prodrugs rather

than drugs and, thus, they should undergo chemical reduction to Pt" complexes before

they can interact with the DNA bases.

Moreover, the resulting mass spectra of those reactions could yield extremely

important information that could be utilised to enhance our current knowledge of

chemical reactions in general and of the biological activities and mechanisms of the

exceptionally important anticancer agents in particular.

This information could, in turn, be used to ease the suffering of many patients, enhance

their quality of life and hopefully yield an ultimate cure to this deadly disease.

Another result that has clearly emerged from this work is that as the requirements

of stability and solubility are important for analytes intended for ESI-MS studies, it is

also as equally, if not more, important for the individual conducting those studies to

possess adequate knowledge about the solution and gas-phase chemistry of those

analytes. This knowledge is extremely essential for correct interpretation of ESI-MS

experimental results.

At last, the author hopes that the work at hand has contributed effectively to better

understanding and use of the superb technique of ESI-MS, the chemistry of platinum in

general and that of platinum-antitumor agents and their interactions with DNA bases in

particular.
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The author also apologises for any inadvertent mistakes the reader may have

encountered while reading this thesis, "To err is human. To forgive is divine."
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APPENDIX

Large-scale, Full-scan ESI-MS Spectra
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