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Electrospray tandem mass spectrometry is currently widely used in protein sequencing. The
knowledge of the dissociation trends of peptidic molecules allows detailed identification of the
amino acid residues and to a certain extent successful characterisation of unknown peptidic
compounds. The process of protein identification is frequently aided by interpretive Al software
packages that offer fast and simple ways for manipulating the ES-MS/MS data.

Identification of non-peptidic molecules using a similar automated approach is, at the moment, a
challenge. The dissociation pathways of non-peptidic compounds vary for each class of molecules
and general rules have not been established. The ionisation and fragmentation mechanisms taking
place under ES-MS/MS conditions have also not been identified and therefore electron ionisation
rules are often employed by the Al packages in order to overcome this problem. This approach
leads to a very low success rate when it comes to identifying an unknown non-peptidic molecule
from its ES-MS/MS spectrum.

The aim of this investigation was to develop existing interpretive software packages such that
they take account of the specific fragmentation pathways and mechanisms involved in ES-MS/MS.
Sub-libraries of non-peptidic, combinatorial molecules were studied and specific rules for their
dissociation were established. This allowed pattern recognition methods to be used. Throughout
this work, detailed mechanisms and fragmentation pathways together with the sites of ionisation
have been investigated. Incorporation of the findings into an Al software package should enable
the rapid characterisation of the components of combinatorial libraries using ES-MS/MS only.
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Chapter 1

1. Introduction

1a. Overview

The process of drug discovery has evolved over many centuries. Historically, people have turned
to nature to find cures for human diseases and thus the first treatments available were typically
plant or animal product extracts based on water or alcohol.” Organic chemistry, as it is known
today, first appeared towards the end of the 19" Century and the first synthetic drugs, aspirin and
antipyrine, were produc:ed.2 However, drug discovery remained a crude process and depended
entirely on trial-and-error. This picture was only changed through the development of biological
and biochemical approaches, when the advances in these areas finally led to the first steps
towards rational drug design.

In the 1940s the understanding of the immune system resulted in the discovery of the first
antibiotics.? By the 1960s, the knowledge into enzymatic reactions had increased and synthetic
targets were set for the medicinal chemists based on the new information about drug-receptor
interactions. In the 1970s and 1980s, the development of computer science and analytical
techniques such as Nuclear Magnetic Resonance (NMR) spectroscopy and X-ray crystallography
allowed the characterisation of proteins and revealed their function. Drug design became the new
trend in the pharmaceutical industry and efforts were focused on the synthesis of specific
molecules designed to interact with specific enzymes. The decade of the 1990s is characterised
by the advances in molecular biology and gene research as well as the evolution of more powerful
informatics tools. Thousands of new potential biological targets, enzymes and receptors, were
discovered. An opportunity then appeared to increase the number of compounds identified as
biologically active (leads).** High-throughput screening (HTS) methodologies were developed for
the rapid evaluation of biological activity, whilst synthesis became the rate-limiting step in the drug
discovery process.>® Medicinal chemists realised that the classical way of carrying out synthesis
could not cope with the numbers of compounds needed for HTS. As a resulit, the 1990s saw the
development of a new trend in the pharmaceutical industry, combinatorial chemistry.’

The strategy which forms the basis of combinatorial chemistry is extremely simple, namely the
combination of chemical building blocks, potentially in all combinations and variations.® Two main
strategies are currently available: the solid-phase synthesis of libraries resulting in mixtures of
compounds and the parallel synthesis of compounds either on solid-support or in solution,
resulting in a large number of discrete samples.f"9 Combinatorial libraries are synthesised either
with the aim of screening against various biological targets (lead discovery) or with the aim of
improving the structure of an already identified lead so that it would fulfil certain specifications
(lead optimisation). Therefore their size and composition is dictated by their function in the drug
discovery process.'*"

The synthesis of combinatorial libraries of mixtures is usually carried out using the methodology
initiated by Merrifield."*"* A resin is employed as solid support for the compound being
synthesised and completion of reactions is achieved using excess of reagents, which are finally
washed away at the end of each synthetic step.”® Geysen,'® Furka,"” Houghten, "® and Lam'®

applied the information available on solid-phase synthesis and developed a unique method for

11



Chapter 1

coupling reactions in parallel. Peptide libraries were synthesized using the famous Split and Mix
approach.”®'*? (Figure 1) Using this approach, an activated polymeric resin is distributed evenly
into @ number of separate reaction vessels. Each vessel is then exposed to a single, different
amino acid, leading to attachment of the amino acid to the polymeric beads. The contents of the
various reaction vessels are then combined and divided again into the same number of reaction
vessels as initially. Next, the process of amino acid coupling is repeated for each reaction vessel
using a new set of amino acids. The contents of the vessels are combined again into one and then
re-divided into the same number of vessels as before. The process is repeated until the peptide of
the desired length is synthesised. The striking advantage of this method is the composition of the
resulting library that contains a single species on each polymer bead. This type of preparation of
peptides, which relies on successive amino acid couplings, was easily automated. Combinatorial
methodology was subsequently developed through the efficient and rapid synthesis of peptidic
libraries."? Further applications involved the preparation of non-peptidic mixtures and in particular
heterocycles.

Initially, libraries containing thousands of compounds were synthesised but due to problems of
identification of the active compound, the numbers of compounds per library have now decreased.
Currently, preference is given to parallel synthesis of discrete compounds that are easily detected
over the traditional Split and Mix approach. The relative ease of automation of parallel synthesis
led to a great increase in the number of compounds identified as leads that require further

optimisation.>'*

amino acid 1 amino acid 2 amino acid 3 amino acid 4

J J J J

reaction vessel 1 reaction vessel 2 reaction vessel 3 reaction vessel 4

N ¢ mixture A:
resin - amino acid 1
resin - amino acid 2
resin - amino acid 3
resin - amino acid 4

amino acid 5 /an:amd 6 amino acid 7 amino acid 8

reaction vessel 1 reaction vessel 2 reaction vessel 3 reaction vessel 4

\N g e

resin - amino acid 1 - amino acid 5
resin - amino acid 2 - amino acid 5
resin - amino acid 3 - amino acid 5
¢ resin - amino acld 4 - amino acld 5

resin - amino acid 1 - amino acid 6
resin - amino acid 2 - amino acid 6

etc B

Figure 1: The Split and Mix approach in combinatorial chemistry.
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The use of combinatorial chemistry and HTS accelerated the processes of synthesis and
biological testing. On the other hand, analytical characterisation of the combinatorial libraries
became the new bottleneck in drug development.“’13 Structure and purity confirmation for the
library components has to take place in the same manner as for products obtained via traditional
synthesis. However, due to time constraints, the small amounts of compounds synthesised and
the large numbers of samples associated with combinatorial synthesis, analytical characterisation
of libraries by classical methods is rendered impractical and slow. Analytical techniques needed to
become faster and more accurate to keep up with the pace of the new methodologies.

Mass spectrometry (MS) played the leading role in the analysis of combinatorial libraries.?"®
Atmospheric Pressure lonisation (API) became the default ionisation technique with electrospray
(ES) at the forefront. (Section 1b) The technique is fast, sensitive, accurate, capable of
automation and compatible for coupling with other analytical techniques such as high-performance
liquid chromatography (HPLC) and capillary electrophoresis (CE). All these advantages made ES-
MS an ideal method for the analysis of combinatorial libraries. The wide range of applications of
mass spectrometry in combinatorial chemistry is reflected by the large number of relevant
literature published in this area. ¥

The sample is most commonly introduced for MS analysis by using either flow injection analysis
(FIA) or HPLC.* Since analysis speed is the major concern, flow injection analysis is usually
advantageous compared to HPLC. However, in-source discrimination effects, such as signal
suppression, can occur because of the co-elution of bi-products, residual reagents and salts.
Additionally, clear information on sample purity is not always obtained. These drawbacks are
successfully addressed when the sample is introduced by HPLC. A further advantage of HPLC-MS
is the possibility of working simultaneously with one or more types of detector e.g. ultra-violet
detector (UV), Chemiluminescent Nitrogen Detector (CLND) and Evaporative Light Scattering
Detector (ELSD), connected in series or in parallel with the mass spectrometer.

As FIA-MS and HPLC-MS became more pervasive in the analysis of combinatorial libraries,
open access (OA) instrumentation was increasingly used in combinatorial laboratories.?'** %83
For OA-MS complete descriptors of the samples and mass spectrometry analysis methods are
entered into the data system.40 The samples are then queued in an HPLC autosampler and
subsequently injected into the mass spectrometer to automatically produce the corresponding
mass spectra. Automation of data acquisition, processing, interpretation and reporting is possible.
Modules for processing mass spectra data with the aim to characterise the components of
combinatorial libraries were also produced.32 These usually involved a correlation between
measured and predicted mass spectra, providing a rapid means to confirm library products,
identify synthesis errors and estimate overall library integrity.

The subsequent coupling of ES-MS with tandem MS (MS/MS) resulted in a new powerful
method of analysis since it provides information about the molecular weight of compounds as well
as information about their structural components. As a result ES-MS/MS became a key technology
for the characterization of peptidic compounds.‘“'42 It provides a rapid and sensitive means of

determining the amino acid sequence of peptides and offers various advantages over the
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traditional sequencing methods.*** Firstly, it generally works well for the naturally occurring amino
acids as well as for modified or unusual amino acid residues and secondly, it is not necessary for
the peptide of interest to be exhaustively purified. Finally, the process of spectrum acquisition
takes a finite time regardless of the composition of the peptide.

The fragmentation pathway of peptides is well-documented.*“® The protonated molecules
fragment along the peptide backbone and also produce some side chain fragmentation. The three
types of bonds that can fragment along the amino acid backbone are the NH-CH, CH-CO and CO-
NH bonds. (Figure 2) Dissociation of each bond results in a charged and a neutral species, while
the charge can stay on either side of the molecule after fragmentation depending on the chemistry
and the relative proton affinity of the two resulting species."'7 For each amino acid residue six main
fragment ions are possible. As shown in Figure 2, a, b and c ions have the charge retained on the
N-terminal fragment ion and x, y and z ions have the charge retained on the C-terminal fragment
ion. The most common cleavage sites are the CO-NH bonds, which give rise to the b and/or y
ions. The extent of side chain fragmentation detected depends on the type of analyser used in the
mass spectrometer.*’

Xs 3 Zy Xo b Za X A Zy
R, R, R, R,
1 ] 1 i
HN-CH + CO+NH+ CH+ CO+ NH+ CH+ CO +NH +CH - COH
a, bx ¢, a, b:*. Co a, b:‘ Cq

Figure 2: The common types of background ions arising from backbone cleavages of protonated

linear peptides.

Knowledge of the facile cleavage sites of peptides makes interpretation of MS/MS spectra very
efficient. Moreover, the ability to predict the pattern has led to the development of algorithms for
automatic data handling.*® Various computer programs have been developed, that allow rapid
characterisation of unknown peptidic compounds from their electrospray MS/MS spectra.
Unfortunately, the same advances have not also taken place in the field of non-peptidic,
combinatorial compounds. Although the fragmentation pathways of various classes of molecules

4551 their dissociation routes have

have been described under electron ionisation (El) conditions,
not been explored when ES-MS/MS is used. Consequently, existing artificial intelligence (Al)
software packages employ El fragmentation rules to achieve spectra prediction. Though
sometimes helpful, this approach is flawed, mainly because the processes taking place in El
involve the formation of odd electron molecular ions, whilst under ES conditions even electron
species are formed. As a result, the interpretation of MS/MS spectra of non-peptidic, combinatorial
molecules in the pharmaceutical industry is required to be addressed by the highly trained
specialist. This can be time consuming and is not an approach amenable to the requirements of a

high-throughput automated environment.
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The aim of this project is to improve the speed and accuracy of ES-MS/MS spectra interpretation
and prediction for non-peptidic, combinatorial, pharmaceutical compounds. Our goal is to
recognise the functionalities that dominate dissociation under ES-MS/MS conditions and identify
the ionisation mechanisms and dissociation processes that take place. This should allow general
rules to be established and lead to identification of unknown drug molecules from their ES-MS/MS
spectra with the use of improved algorithms. To achieve this we have studied the dissociation
pathways of various classes of drug molecules under ES-MS/MS conditions. A library of 1000
spectra obtained on an ion trap instrument was used.** The common fragment ions and neutral
mass losses for each class were identified. Additional studies were carried out to explore the
ionisation and fragmentation mechanisms taking place when ES-MS/MS is used. As an aid in our
studies, an artificial intelligence (Al) predictive package, Mass Frontier (Thermo Finnigan, San
Jose, CA, USA) has been used. Observation of the limitations of the software, with respect to
fragment ion prediction, allows identification of the areas that require optimisation. The ultimate
aim of this work is the incorporation of these findings into the software package in order to achieve
rapid characterisation of the components of non-peptidic, combinatorial libraries using the ES-
MS/MS technology already available in the combinatorial laboratory.

1b. Instrumentation

Mass spectrometry uses the difference in mass to charge ratio of ionised atoms or molecules in
order to separate them from each other.? Regardless of the type of instrument or the type of
analysis, a mass spectrometer is made up of five separate systems: inlet, ion source, mass
analyser, detector and recorder. (Figure 3) Various technologies have been developed for each of
these fundamental components. The method of choice for analysis depends on the sample under
investigation and the type of analysis required. For the needs of this project, all samples were
analysed on a quadrupole ion trap instrument using electrospray ionisation. In addition, exact
mass measurements were carried out using electrospray Fourier Transform lon Cyclotron
Resonance Mass Spectrometry (ES-FTICRMS).

Ionisation 4
/) b — | Mass Analyser - Detector \
Inlet
EI Magnetic Sector Photomuitiplier Recot
CI Time - of - Flight Electron Multiplier
FAB Quadrupole Micro - Channel Plate
MALDI Ion Trap etc
ES etc
etc

Figure 3: The basic components of any mass spectrometer.

Currently electrospray ionisation is widely applied in the pharmaceutical industry. It is an
atmospheric pressure ionisation technique and it is well suited for the analysis of polar molecules
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ranging from less than 100 Da to more than 70,000 Da in molecular weight.47 During electrospray,
the sample is dissolved in a polar, volatile solvent and pumped through a narrow stainless steel
capillary.>*® A high potential difference of 3 to 5 kV is applied between the tip of the capillary and
a counter electrode. As a consequence of the strong electric field created, the sample emerging
from the tip is dispersed into an aerosol of highly charged droplets, a process that is aided by a
nebulising gas, that is flowing co-axially around the outside of the capillary. This gas usually
nitrogen, helps to direct the spray emerging from the capillary tip towards the mass spectrometer.
(Figure 4) The charged droplets diminish in size by solvent evaporation, assisted by a warm flow
of nitrogen gas known as the drying gas, which passes across the front of the ionisation source. At
a certain point, desolvation is aided by repulsive Coulombic forces overcoming the cohesive forces
of the droplet.*”*° Eventually, charged sample ions, free from solvent are released from the
droplets, some of which pass through a sampling cone into the intermediate vacuum region and
from there through an orifice into the analyser of the mass spectrometer which is held under
vacuum.

The formation of gas phase ions from the small charged droplets is not yet fully understood.*®
Two mechanisms have been proposed. The original idea was that the solvent evaporates and the
droplets break up, until those with only a single analyte ion are created.® Evaporation continues
until a gas phase ion is formed and this process is usually referred to as the charged-residue
model. An alternative mechanism, the ion evaporation model, was later suggested.®' According to
this theory, droplets with a radius less than 10 nm can allow field desorption, i.e. direct emission of
gaseous ion. The charge state of the ion will depend upon the number of charges that are
transferred from the droplet surface to the ion during desorption. The gas phase ion formation
processes are still under debate and while the ion evaporation theory might be the most accepted,
a mechanism related to the charged-residue process may account for the formation of gaseous

protonated macromolecules.®

Counter Skimmer
Electrode Electrodes

Mass Analyser
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>
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Figure 4: Schematic representation of electrospray ionisation.

Electrospray is considered to be one of the softest ionisation techniques available since little
energy is transferred to the molecules other than that required for ionisation. Thus protonated,
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deprotonated or cationised molecules, that undergo very little fragmentation, can be generated
even from highly polar, thermolabile molecules.”” A second advantage of the technique is the ease
of coupling with HPLC or CE. Since electrospray is a solvent-based method, various interfaces
have been developed so that samples can undergo chromatography en route to the ionisation
source. As a result, electrospray became the method of choice for a wide range of applications
and is currently the norm in most open access systems in the pharmaceutical industry.

Nowadays, ion trap mass spectrometers are also extensively used. This is mainly because of
their operating and structural simplicity, sensitivity, high efficiency in performing multiple MS/MS
experiments and their relative low price-performance ratio.®® The quadrupole ion trap functions as
an ion storage device, which confines gaseous ions for a period of time. With the advent of
atmospheric pressure ionisation and its subsequent coupling to the ion trap, the range of
applications of the instrument became enormous.**%

The quadrupole ion trap analyser consists of three hyperbolic electrodes: the ring electrode, the
entrance end cap electrode and the exit end cap electrode, which form a cavity in which it is

possible to store and analyse ions. %%

The end cap electrodes have a small hole in their centres
through which the ions travel. The ring electrode is located halfway between the two end cap
electrodes. (Figure 5) For single stage MS experiments, ions formed in the ion source enter the
cavity of the trap through the entrance end cap electrode, while various voltages are applied to the
electrodes to trap and eject ions according to their different m/z ratios.®® As a result, a three
dimensional (3D) quadrupolar potential field is generated within the trap cavity. Because of this,
the ions entering the trap are confined in a stable oscillating trajectory both in the axial and radial
direction. This trajectory depends on the trapping potential and the m/z ratio of each ion. The ions
fill most of the space of the interior of the trap and have the tendency to increase the radius of their
motion because of the electrostatic repulsion of equally charged particles. In order to avoid ion
loss by collisions with the electrodes the ion motion is dampened with the use of an inert gas.66
The cavity of the trap is filled with helium or argon and collisions between the gas atoms and the
jons result in the latter losing their momentum and move to trajectories closer to the centre of the
trap. As an outcome of repeated collisions the ions become a focused cloud near the trap centre.
This improves mass resolution because all the ions occupy a small space (limited spatial
distribution) and field imperfection is minimal at the centre of the trap. Scanning is accomplished
by altering the electrode system potential to produce instabilities to the ion trajectories and thus
gject the ions in the axial direction. The ions are ejected in order of increasing m/z ratio and

focused by the exit lens into the detector.**°%%

To obtain structural information on a particular ion, MS/MS experiments can be carried out.”®"%7?
Once the ions are stored in the cavity of the trap, the voltages of the electrodes can be changed to
eliminate all but the desired ion in order to carry out MS/MS experiments.®® The radio frequency
(RF) voltage is then adjusted to stabilise the isolated ion (precursor ion) and capture the ions
generated during the MS/MS experiment (product ions). For the purposes of tandem MS, the
internal energy of the isolated ions in the trap is increased by application of a supplemental voltage

to the end cap electrodes to cause dissociating collisions with the inert gas. This is known as
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Collision Induced Dissociation (CID). The analyser is then scanned following the same process as
described for the single MS experiment and a full spectrum of the product ions is produced.

entrance end cap electrode

el ring
\ . electrode

exit end cap electrode

Figure 5: The quadrupole ion trap.

The use of the quadrupole ion trap has enabled highly reproducible MS/MS spectra to be

obtained and has led to the generation of the first searchable MS/MS Iibrary.52 This was achieved

- with the introduction of wideband excitation and normalised collision energy. The ion trap has a
limited product ion mass range and less energy is imparted to the precursor ion than in a
quadrupole instrument. For this reason, the loss of water is often the main dissociation process
observed after fragmentation of the quasi-molecular ion (QMI) by CID. The resulting fragment ions
can then be further dissociated with the use of MS® experiments in order to obtain the required
structural information. A direct approach for obtaining the desired level of dissociation is with the
use of wideband excitation (pseudo-MS®). Using this method, excitation is carried out
automatically to 20 mass units below the selected precursor ion mass, thereby further fragmenting
any [M+H-H,0]" ions formed. This mechanism provides richer product ion mass spectra for
various types of compounds.52 A further property of ion traps is that the effective imported energy
decreases as the mass of the parent ion increases. A linear relationship has been found between
the mass and energy transferred, so that a mass-dependant correction can be automatically
applied to the collision energy to give the so-called “normalised collision energy”. The
developments of wideband excitation and normalised collision energy led to the creation a

searchable MS/MS library by Baumann et al.*

This library was donated to us, courtesy of Thermo
Finnigan, and spectra were used for the purposes of this project.

FTICRMS attracts attention because of its combination of high to ultrahigh mass resolution and
very high mass accuracy and precison.73 All Fourier Transform (FT) MS instruments have four
main components in common.’*"®
1. The magnet.

The magnetic field necessary for the operation of the instrument is provided either by a

permanent magnet, an electromagnet or a super-conducting magnet. Since the performance of
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the instrument increases as the strength of the magnetic field increases, a super-conducting
magnet is most commonly used.

2. The analyser cell.

The cell is the heart of the FTMS, where ions are stored, mass analysed and detected, and it is
situated in the centre of the magnet. Although different cell designs are available, e.g.
cylindrical, orthorhombic etc, its function is best demonstrated by the cubic cell. (Figure 6) Six
plates are arranged in the shape of a cube, oriented in the magnetic field in such a way that
one opposing pair of plates is orthogonal to the direction of the field and two pairs of plates lie
parallel to the field. The plates that are perpendicular to the field are called the trapping plates.
It is common that the trapping plates have small holes that permit electrons or ions to enter all
along the magnetic field lines. The four remaining plates are used for ion excitation and
detection.

Detector Plate

:E Image Current

Z Detetction

Trapping [
Plate

Excitation

Figure 6: Schematic representation of the cubic analyser cell.

3. The ultra-high vacuum system.

The FTICRMS is more sensitive to pressure than other instruments. Long dwell times of ions in
the cell are only possible in a very high vacuum because residual gas from air disturbs the
motion of the ions and shortens the time for analysis and direction. Turbomolecular pumps
provide the vacuum required. In the cases where ES is employed and ionisation takes place
under atmospheric pressure, several pumping stages are required to overcome the enormous
pressure difference from ion introduction to ion detection.

4. The sophisticated data system.

Similar components as those used for FTNMR are employed. These include a frequency
synthesiser, delay pulse generator, broadband RF amplifier, a fast transient digitiser and a
computer to co-ordinate all the electronic devices during the acquisition of data.

In most mass spectrometers the different events happen in different parts of the instrument,
simultaneously and continuously. In the FTICRMS, most functions happen in the cell, at different
times, i.e. sequentially.-'4 The following sequence of events takes place:

1. Quench.
2. lonise.
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3. Excite.
4. Detect.

During the process of quenching, the cell is cleaned of ions from previous experiments. Voltages
are applied on the trapping plates and the ions present are ejected from the cell. When ES is used
as the method of ionisation, the ions are generated in the ion source and RF and electrostatic
voltages are applied in order to transfer the ions in the cell. In the case of other ionisation
techniques, such as El, ions can also be generated inside the cell.”

Once the ions enter the cell, they perform three discrete forms of motion: trapping motion,
cyclotron motion and magnetron motion.”*”” The electric field created between the two trapping
plates forces the ions to undergo simple harmonic oscillation between the two plates along the
axis of the magnetic field (trapping motion). Simultaneously, ions in the analyser cell are also
exposed to the strong magnetic field and undergo a stable cyclic motion in a plane perpendicular
to the magnetic field, the “so-called” cyclotron motion.

The principle of the cyclotron motion can be described as follows.**”*”® An ion of charge z,
moving with velocity v, in a static magnetic field B, is subjected to a force F_ that is proportional to
the magnitude of the charge and the speed of the ion and is perpendicular to the velocity of the

ion.

Fi=z*v*B (Equation 1)

When the velocity of the ion is perpendicular to the magnetic field, the ion is forced to move in a
circular orbit. The Lorentz force F|_is then directed inward and is counterbalanced by the

centrifugal force F¢ which is directed outward. According to Newton's second iaw:
Fe=(m* VZ)/ r (Equation 2)

where r is the radius of the circular orbit and m is the mass of the ion.

By equating equations 1 and 2 we obtain:
v/r=(B*z)/m (Equation 3)

The angular frequency w of the ion is:

w=v/r=2*mT*f (Equation 4)

where f is the oscillating frequency of the ion.

By substitution of the equation 4 in equation 3 we get:
2*mw*f =(B*z)/ mandfinallyfc =(B*z)/(2* 1T *m) (Equation 5)

The cyclotron frequency f¢ characterises the cyclotron motion of each ion of a certain m/z.
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Trapping motion and cyclotron motion are not coupled, thus it would seem that the magnetic and
electric fields operate on the ions in an independent fashion. However, the combination of the
magnetic field and the electric field together introduce a third fundamental motion of the ions,
called the magnetron motion.”

To understand the magnetron motion, it is necessary to consider the shape of the electric field in
the analyser cell.”*™ A rectangular co-ordinate system can be defined with the z-axis parallel to
the magnetic field and the centre of the cell as the origin. The motion of the ion due to the
magnetic field occurs in the x and y plane, while the trapping potential constrains the ion motion
along the z-axis. (Figure 7a) The electric potential in the cell reaches a maximum at the trapping
plates and has a minimum at the centre of the cell. (Figure 7b) The shape of the trapping potential
provides a restoring force that traps ions along the z-coordinate, but repels ions in the x and y
plane. Essentially the electric field acts to drive ions away from the centre of the analyser cell,
while the magnetic field prevents ions from being accelerated into the walls of the analyser cell.
The electric and magnetic fields combine to produce magnetron motion, a precession of the
guiding centre of the cyclotron motion of an ion around the centre of the cell. (Figure 7c)
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Figures 7a, 7b and 7c: The three fundamental motions of the ion in the analyser cell.

After the ions are formed and trapped in the analyser cell, they only have a small amount of
kinetic energy and the radius of the cyclotron orbit is usually small compared with the dimensions
of the cell. In order to collect a signal it is necessary to excite the ions of a given m/z as a coherent
package to a larger orbital radius by applying a sinusoidal voltage to the excitation pla’(es.74 The
ion spirals outwards when its cyclotron frequency is in resonance with the frequency of the applied
RF electric field. When the kinetic energy of the ion increases, the velocity of the ion increases as
well and therefore, its radius also has to increase in order to maintain the same frequency. If the
RF voltage is applied continuously, the ions that absorb energy will spiral outward until they strike
an excitation or detection plate where they will be neutralised. This feature can be used to remove
mass-selected ions from the analyser cell.” If the field is turned off before the ions strike the cell
plates, they undergo cyclotron motion on the larger radius. (Figure 8) All ions of the same m/z
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ratio are excited coherently, which means that they are grouped as tightly after excitation as they
were initially and undergo cyclotron motion as a packet. As they pass the cell’s electrodes, the
packet attracts electrons first to one and then the other of the two detection plates through the
external circuit that joins them. This alternating current is called image current.” The periodic
cyclotron motion of the ions produces a sinusoidal image signal, which can be amplified, digitised
and stored for processing by a computer. The frequency of the detected sinusoid is equal to the
difference between the cyclotron and the magnetron frequencies of the ions.

lons of many masses can be detected simultaneously with FTICRMS and image current
detection is non-destructive. To accomplish simultaneous detection of many ions, many
frequencies are applied during the excitation event using a rapid frequency sweep.”* This will
cause all ions with cyclotron frequencies in this range to be excited into large cyclotron orbits of
the same radius. The image current that results from ions of several m/z ratios is a composite of
sinusoids of different frequencies and amplitudes. The frequency components of the signal are
obtained by applying a Fourier Transform (FT) to the time domain transient and the FT of any
portion of this transient would show the same group of ions. However, mass resolution improves in
direct proportion to the length of transient that is recorded. The amplitude of the transient signal
decays with time as collisions between the ions and neutrals, in the analyser cell, destroy the
coherence of the ion pocket. Thus FTICRMS works best at ultra-high vacuum, where the collision
frequency is lowest.
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Figure 8: lon excitation and detection in the analyser cell.

The increasing number of articles relating FTICRMS to combinatorial chemistry indicates the
importance of this MS technique for the analysis of complex mixtures.”®® Throughout this project,
FTICRMS is used for carrying out exact mass experiments. Based on the m/z values present in
the spectra, the molecular formula of each fragment ion and its number of double bond
equivalents® can be calculated and this is a valuable tool for fragment ion identification and

structure recognition.

" For any compound CxHyN:On, the number of double bond equivalents is given by the equation:
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1c. Mass Frontier ®'

Mass Frontier is an Al software package that deals primarily with the interpretation and
prediction of mass spectra of small organic molecules. The software features various modules that
can potentially be used towards the automatic identification of non-peptidic, combinatorial
compounds. The five main modules used for data manipulation are as follows.

e The main work platform (Spectra Manager) provides a convenient way for organising and
processing spectra, chemical structures and libraries utilising a user-friendly spreadsheet
format. (Figure 9)

¢ In a similar way, the GC/LC/MS Processor has been designed for users of MS coupled
techniques such as liquid chromatography (LC) MS and gas chromatography (GC) MS.

e The Structure Editor allows chemical structure drawing. It is a simple, full-featured structure
drawing tool that offers the advantage over similar packages of automatic calculation of the
mass of a selected fragment ion and the corresponding mass loss. (Figure 10)

e The Fragments and Mechanisms module is a system for fragment ion identification. Detailed
fragment ions and mechanisms can be generated for the active structure in the Spectra
Manager or the compound drawn in the Structure Editor. In this way, the module can be used
to predict the fragment ions a compound will generate and to interpret the spectrum of a known
compound. (Figure 11)

¢ The Spectra Classifier employs classification methods in order to organise spectra into
different groups. (Figure 12) The primary goal of spectra classification is to find correlation
between the properties of compounds and their mass spectra. Because the physical and
chemical properties and the biological activities of chemical compounds are to a large extent a
function of molecular structure, the results of classification analysis reflect structural features
that are determined by fragment ions appearing in a mass spectrum.® Together with library
search and fragmentation prediction methods, classification provides a powerful tool for
compound identification.

DBE= x-0.5y+0.5z+1. Whole numbers of DBE (e.g. 1,2,3, efc...) indicate that the species under investigation

has an odd number of electrons. Even electron species produce half numbers (e.g. 1.5, 2.5, 3.5, efc...).
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Figure 9: Mass Frontier-Spectra Manager.

Figure 10: Mass Frontier-Structure Editor.
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Figure 12: Mass Frontier-Spectra Classifier and Spectra Projector.

Mass Frontier contains two classification methods: Principal Component Analysis (PCA) and
Neural Networks. These methods are based on different principles. PCA uses multivariate
statistics, while Neural Networks are based on competitive learning. The classification method we
have used for the purposes of this project is PCA.

In multivariate statistics, each spectrum can be considered as a single point in an n-dimensional
space, with the intensities being the coordinates of this point.®' (Figure 13) A dimension (axes) of
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that space represents an m/z ratio of a considered ion. Therefore, the dimensionality is determined
by the highest m/z value in the spectrum. For example, the El spectrum of hydrogen exhibits two
ions, at m/z=1 (2%) and at m/z =2 (100%). This spectrum can be viewed as a point in a two
dimensional space with the coordinates [2,100].%"

miz3
miz 2

¢ <—— Mass Spectrum 1
]

Figure 13: Plot of two mass spectra in a three-dimensional space, based on multivariate

statistics.!

The basic hypothesis of multivariate statistical methods is the assumption that the distance
between points (spectra) in an n-dimensional space is related to a relevant property of the
compounds, which represent those points. If the points are close to form a cluster or a separate
region, we can assume that the compounds that correspond to these points, exhibit common or
similar properties.®' To ensure the results of classification have statistical significance, usually one
or more groups of 10 to 1000 spectra, should be placed in the same dimensional space. Then,
these points (spectra) can be evaluated using multivariate statistical methods like PCA. The
objective of any classification process is to separate the points (spectra) into two or more classes
according to the desired structural or other properties.®'

The central idea of Principal Component Analysis (PCA) is to reduce the dimensionality of a data
set, in which there are a large number of interrelated (i.e. correlated) variables, while retaining as
much as possible of the variation present in the data set.®"®* |n the case of mass spectrometry, the
data set consists of the mass spectra of different compounds. The mass spectra are expressed as
the intensities of individual m/z ratios (i.e. variables). The aim of PCA is to find a new coordinate
system that can be expressed as the linear combination of the original variables (m/z ratios), so
that the major trends in the data are described. (Figure 14) Mathematically, PCA relies upon
eigenvalue/eigenvector decomposition of the covariance or the correlation matrix of the original
variables. PCA decomposes the data matrix X, as the multiplication of two matrices, P, the matrix
of new coordinates of data points and T, the transpositon of the coefficients matrix of the linear
combination of the original variables.®'

X =P * T (Equation 6)
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Generally, it is found that the data can be adequately described using far fewer coordinates,
which are called principal components, than original variables. The first principal component is the
combination of variables that explains the greatest amount of variation. The second principal
component defines the next largest amount of variation and is independent to the first principal
component. There can be as many principle components as there are variables. The process can
be viewed as a rotation of the existing axes to new positions in the space defined by the original
variables. In this new rotation, there is no correlation between the new variables defined by the
rotation. The first new variable contains the maximum amount of variation, the second new
variable contains the maximum amount of variation unexplained by the first and is orthogonal to
the first and so on.®?®* PCA also serves as a data reduction method and a very good visualisation
tool. When the data points are plotted in the new coordinate system, the relationships and clusters
are often more apparent than when the data points are plotted with the original coordinates.®'
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Figure 14: Geometrical interpretation of PCA. The axes of the new coordinate system (principal
components p1 and p2) are created as the linear combination of the original axes.®'

Despite the advanced modules Mass Frontier offers, its success rate with respect to fragment
ion prediction when ES-MS/MS is used is rather low. This is due to certain limitations of the
software that mainly involve the Fragments and Mechanisms module. The software predicts
reaction pathways that are based on general fragmentation and rearrangement rules, originating
from electron ionisation. Compound specific mechanisms that cannot be applied generally are not
included. Additionally, fragment ions can only be generated from bond cleavages since bond
creation is not supported and therefore, ring contractions, cyclisations, skeletal and non-hydrogen
rearrangements, that often occur, are not included in the fragmentation generation module. For
example, although the ion at m/z 149 in an El mass spectrum produced by phthalates is a well-
known impurity ion, it cannot be recognised by Mass Frontier because it is formed via a series of
rearrangements. General rules for the dissociation pathways of non-peptidic compounds have not
yet been established for ES-MS/MS. The primary sites of ionisation and the fragmentation
mechanisms taking place have also not been identified. Therefore the approaches Mass Frontier
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employs for fragment ion generation are not ideal for compounds analysed using ES-MS/MS.
Incorporation of the findings of this project into Mass Frontier should improve the ion prediction
mode. This, in combination with the other modules the software features, should permit use of the

program for rapid characterisation of combinatorial libraries.
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2. The Fragmentation Patterns of Six Groups of Non-Peptidic Compounds

2a. Introduction

If the dissociation of non-peptidic molecules under ES-MS/MS conditions was taking place in a
random manner, i.e. each compound produced compound specific fragment ions only, it would not
be possible to identify which functional groups play an important role in dissociation and
subsequently establish general fragmentation rules. Based on this, the first step in this
investigation was to prove that the formation of fragment ions in ES-MS/MS depends on the
structures of the molecules analysed and therefore show that compounds with common
substructures follow common dissociation pathways.

To demonstrate the existence of fragmentation patterns, the spectra of six groups of non-
peptidic compounds were studied. For each class of compounds, the common fragment ions and
neutral losses were identified. Structures were assigned to the m/z values observed in the spectra
with the aid of Mass Frontier and literature references. In certain cases, additional investigations
were carried out, with respect to the ionisation and dissociation mechanisms taking place for
fragment ion formation.

The results show that the groups of molecules studied follow unique dissociation routes, i.e. a

distinct fragmentation pattern is identified for each class of compounds.

2b. Experimental

Materials

¢ The fragmentation pathways of benzimidazoles, carnitines, amphetamines, pheniramines,
disopyramides and purines were determined using spectra avaitable in the MS/MS library.*

¢ The library of 3-alkylamino-imidazo-[1,2-alazines was synthesised in house® and used without
further purification.

¢ The benzimidazoles used in the d-labelling experiments were purchased from Sigma-Aldrich,
Gillingham, UK.

¢ Methanol, HPLC grade, was purchased from Fisher, Loughborough, UK.

¢ Formic acid, analytical grade 98-100%, was purchased from Sigma-Aldrich, Gillingham, UK.
¢ Deuterated methanol (CH3z0D, 99%) and deuterated acetic acid (CD3COO0D, 99.5%) used for
the d-labelling experiments were purchased from Qmx Laboratories Ltd, Thaxted, UK.

Sample Preparation

e Solutions of all compounds analysed were prepared in methanol and 0.1% formic acid.
Concentration: 10 pg/mL.
¢ For the d-labelling experiments, all compounds were dissoived in deuterated methanol and

0.1% deuterated acetic acid. Concentration: 10 pg/mL.
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Instrumentation and Conditions Used

e All samples were analysed on an LCQ Deca lon Trap (Thermo Finnigan, San Jose, CA, USA)
under standard conditions: Capillary Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas
Flow: 10 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the auxiliary gas and
helium was the collision gas.

MS/MS parameters: Isolation Width: 18, Collision Energy: 35%.

e Exact mass measurements were carried out using an Apex Il FTICRMS (Bruker, Billarica,
MA, USA): Capillary: -4.5 kV, End Plate: -3.8 kV, Capillary Exit: 102 V, Skimmer 1: 8.26 V,
Skimmer 2: 7.64 V, Offset: 1.00, Rf Amplitude: 550.00 Hz, Dry Gas Temperature: 130°C. Nitrogen
was used as the drying gas and argon was used as the collision gas.

MS/MS parameters: corr sweep pulse length: 1000 psec, corr sweep attenuation: 30.0 dB, ejection
safety belt: 3000 Hz, user pulse length: 5000 psec, ion activation pulse length: 250000 usec, ion
activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay length:
3 sec.

e D-labelling experiments were carried out on an LCQ Deca lon Trap (Thermo Finnigan, San
Jose, CA, USA) using the following conditions: Capillary Temperature: 200 °C, Sheath Gas Flow:
5 au, Auxiliary Gas Flow: 20 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the
auxiliary gas and helium was the collision gas.

MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.

2c. Results and Discussion

The Fragmentation Pathway of Carnitines

Spectra of twelve camitines (Appendix 1, Table 1) and ten carnitine butyl esters (Appendix 1,
Table 2) were available in the MS/MS library. The fragmentation pathway of the compounds under
ES-MS/MS conditions was investigated and the main fragment ions produced by the compounds
were identified.

Carnitines produced common fragment ions at m/z 85, m/z 144 and also due to the loss of 59
Da. E.g. the spectrum of propionylcarnitine is shown in Figure 15.
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Figure 15: The ES-MS/MS spectrum of propionylcarnitine.

The loss of 59 Da corresponds to the loss of trimethylamine.®*** (Figure 16, Scheme A)
Additional loss of XCOOH from the molecules leads to the most abundant ion in the spectra, at
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m/z 85. (Figure 16, Scheme B) This ion is produced by most carnitines and is frequently reported

in literature®'%!

, as it is commonly used in Single lon Monitoring (SIM) experiments aimed at the
detection of carnitines at low concentration levels. Both ions at m/z 85 and due to the loss of 59 Da
are stabilised by cyclisation and form lactones.®® The ion at m/z 144 is formed after the loss of

XCOOH, but this time the trimethylamine moiety remains on the molecule.?*"%

(Figure 16,
Scheme C) Finally, carnitines with long alkyl chains (X) produce an additional fragment ion that
corresponds to “COX as shown in Figure 16, Scheme D. The m/z value of this fragment ion

varies depending on the size of the alkyl chain.
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Figure 16: The main fragment ions of carnitines.

Carnitine butyl esters dissociate in a similar manner as the unprotected molecules. Common
fragment ions appear at m/z 85, m/z 140, m/z 141 and m/z 200 and due to the losses of 59 Da and
115 Da. E.g. the spectrum of valerylcarnitine butyl ester is shown in Figure 17.
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Figure 17: The ES-MS/MS spectrum of valerylcamitine butyl| ester.
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The dissociation pattern previously described for carnitines is also maintained for the buty!
protected molecules, but additional fragment ions are observed due to the new functionality
present in the structures. The loss of 59 Da involves loss of the trimethylamine only, (Figure 18,
Scheme A) while the loss of 115 Da corresponds to the loss of the trimethylamine followed by the

loss of butene.¥'+1%

(Figure 18, Scheme B) In a similar fashion, the fragment ion at m/z 141 is
formed after the trimethylamine and XCOOH are lost from the molecules, (Figure 18, Scheme C)
while additional loss of butene results in the formation of the fragment ion at m/z 85. (Figure 18,
Scheme D) The structures of all the ions mentioned above are again stabilised through cyclisation
and lactones are formed.®®* The fragment ion at m/z 200 corresponds to the ion previously
observed for carnitines at m/z 144. it involves loss of XCOOH from the compounds, while the
trimethylamine and the butyl group remain attached. (Figure 18, Scheme E) Finally, the structure
of the fragment ion at m/z 140 was not identified. Although this ion is present in the spectra of
most carnitine butyl esters, its abundance was always less than 10% and its presence was never

reported in literature references.
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Figure 18: The main fragment ions of carnitine butyl esters.

The spectra obtained both for carnitines and their butyl esters clearly indicate that a common

route is followed by all the compounds studied within this group.
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The Fragmentation Pathway of Pheniramines and Disopyramides

The structures of the five compounds studied are shown in Appendix 1, Table 3. All compounds
consist of the substructure of pheniramine with additional substituents attached at various sides of
the molecules. The five compounds dissociate in a common manner and form only one fragment
ion due to cleavage of the tertiary amine, which leads to the loss of the secondary amine
(CH3),NH.

In the case of the three pheniramines, this corresponds to the loss of 45 Da'*'%

(Figure 19,
Scheme A), while for the two disopyramides the loss corresponds to 101 Da. (Figure 19, Scheme
B) Halogen substituents present on the benzene ring of the compounds play no role in
dissociation. Similarly, the addition of the amide group in the structures of the disopyramides
causes no additional fragment ions to be formed. The tertiary amine is the only part of the

molecules that fragments.

Scheme A: loss of 45 Da
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Figure 19: The main fragment ions produced by pheniramines and disopyramides.

The Fragmentation Pathway of Purines

The spectra of nine purines (Appendix 1, Table 4) were available in the MS/MS library. The
structures of caffeine, theophylline, theobromine and 8-chlorotheophylline consist only of the
purine ring system, whilst on the rings of proxyphilline, diprophylline, bamiphylline, etamiphylline
and etophylline additional aliphatic chains are attached. This difference in the structures resuits in
the compounds following markedly different dissociation routes.

The main fragmentation pathway followed by caffeine and its homologues involves loss of part of
the six-member ring of the purine system, as shown in Table 1.%°"'%®""" The m/z value of the

resulting fragment ion and the corresponding neutral loss vary, depending on the substituents on
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the rings. Most compounds produced additional compound specific ions, the majority of which

were of low abundance.

Compound Common Neutral Loss
o R2
Ri, N
| )—r3
0 r|\1 N
1
N N
N I > m/z 138
)\ / loss of CH;NCO
0 T N (loss of 57 Da)
Caffeine

|
o*fr Vi

m/z 124
loss of CH;NCO
(loss of 57 Da)

Theophylline
o)

/
N
Oﬁ\N | N/>
|

Theobromine

m/iz 138
loss of NHCO
(loss of 43 Da)

(o]
\N)tﬂ
[ cl
. e

8-Chlorotheophylline

m/z 158
loss of CHsNCO
(loss of 57 Da)

Table 1: The main fragment ion produced by the four purines with no aliphatic chains in their

structures.

In the cases of proxyphylline, diprophylline, bamiphyliine, etamiphylline and etophylline, the

purine ring system does not fragment. Fragment ions are only formed due to dissociation taking

place on the aliphatic chains. Each compound produced one fragment ion, which was always due

to cleavage of some part of the aliphatic fraction of the structure. £.g. the spectrum of

proxyphylline is shown in Figure 20.
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OH

Figure 20: The ES-MS/MS spectrum of proxyphylline.

The fragment ion at m/z 181, which is observed in the spectra of proxyphylline, diprophylline and

etophylline is formed after the whole aliphatic chain is cleaved. (Figure 21, Scheme A) On the

other hand, in the cases of bamiphylline and etamiphylline, where a tertiary amine is included in

“the chain, dissociation results in cleavage of the tertiary amine only. (Figure 21, Schemes B and

C)
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Figure 21: The main fragment ions observed for purines with aliphatic chains attached.

The dissociation pathways followed by the nine purines provide a clear example of how the

different functionalities in the structures affect fragmentation under ES-MS/MS conditions.

Dissociation for caffeine and its homologues takes place on the ring system and the bonds easiest

to cleave, after protonation, are the ones indicated in Table 1. When aliphatic chains are added to
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the structures, fragmentation takes place on the aliphatic part of the molecules and if an amine
functionality is present, the bond easiest to break, after protonation, is the one next to the amine
group. This example provides an indication of the types of functionalities that dominate
dissociation in ES-MS/MS and shows that if a hierarchy of influence were established, fragment
ion prediction based on molecular structure would be possible.

The Fragmentation Pathway of Benzimidazoles

The structures of a small group of benzimidazoles studied are shown in Appendix 1, Table 5.
The only compound without a carbamate substituent attached on the 2’-position of the
benzimidazole ring is thiabendazole, which has a thiazole ring attached instead. Thiabendazole
produces only one fragment ion at m/z 175 due to the loss of HCN (27 Da) from the thiazole
ring."? (Figure 22) Fragment ions due to dissociation taking place on the benzimidazole rings

were not observed.
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Figure 22: The ES-MS/MS spectrum of thiabendazole.

A single ion due to the loss of 32 Da was observed in the spectra of all other compounds and
corresponds to the loss of CHzOH from the carbamate group.''*'?? E.g. the spectrum of
carbendazim is shown in Figure 23. It appears that for this class of compounds dissociation is
limited to the most labile substituent attached to the benzimidazole rings, whilst the ring structure
is stable and does not fragment.
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Figure 23: The ES-MS/MS spectrum of carbendazim.
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In order to investigate the mechanism leading to the loss of CH3;OH from the benzimidazoles, d-
labelling experiments were carried out on five of the compounds producing this loss®. All the
MS/MS spectra obtained for the fully d-labelled compounds, showed that only one fragment ion
was present, due to the loss of 33 Da corresponding to the loss of CH;OD. Therefore, the H
involved in the loss of CH3OH is an exchangeable hydrogen. This could be either the proton
gained during ionisation or one of the two amine hydrogens present in the structure of the
compounds. The spectrum of carbendazim obtained during the d-labelling experiments
demonstrating the extra 1 Da loss is shown in Figure 24.
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Figure 24: The ES-MS/MS spectrum of d-labelled carbendazim.

Although the structure of the resulting fragment ion due to the loss of CH3OH can be predicted
and the origin of the hydrogens involved in the mechanism is known, a detailed mechanistic
pathway for ion formation cannot be proposed until the primary site of ionisation of the compounds
is identified. In the case of this class of molecules, this is not an easy task. The three tautomeric
structures of the benzimidazoles with the carbamate group attached are shown in Figure 25.
Molecular modelling calculations at a high level of theory are required in order to determine which
of the tautomers exist in the gas phase or whether all of them co-exist. Identification of the primary
sites of ionisation for all the tautomers involved should then follow in order to cover all the
mechanistic possibilities. The conformation of the compounds in the gas phase has to be revealed
before a mechanism can be proposed. Such studies are out of the scope of this project and

therefore this mechanistic pathway was not examined in any more depth.

SO — SO O

Figure 25: The tautomeric structures of benzimidazoles with a carbamate substituent attached on

the 2’-position of the benzimidazole ring.

* Oxfendazole is not commercially available.
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The Fragmentation Pathway of Amphetamines

Fifteen molecules consisting of the amphetamine substructure were available in the MS/MS
library. (Appendix 1, Table 6) Their spectra were studied and the common fragment ions
produced were identified.

Compounds with functional groups attached to the benzene ring and the amine group of
amphetamine follow a common dissociation pathway based on straightforward bond cleavages.
Protonation is known to occur on the amine functionality, as this was previously proven to be the
most basic site of the structure.'® Then the amine is cleaved to produce an ion at m/z 119, when

Rs=H and at appropriate m/z values consistent with the functional groups attached.'**%

(Figure
26, Scheme A) Further loss of CH,=CH, results in a fragment ion at m/z 91 or at higher m/z
values depending again on the degree of substitution on the aromatic ring.'**'?® (Figure 26,
Scheme B) Although some compounds produced additional compound specific ions, the common
dissociation route described above was followed by all molecules studied.

Differences in the fragmentation pathway described are observed when compounds with
hydroxyl or carbonyl substituents on the aliphatic part of the molecules are considered. Additional
dissociation takes place at the hydroxyl and at the carbony! group and a large number of
compound specific fragment ions are formed for each compound. When a hydroxyl substituent is
present on the molecules, the fragment ion previously observed at m/z 119 is shifted at m/z 117.
This is due to an additional loss of H,0 taking place that results in the creation of the double bond.

(Figure 26, Scheme C)
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Figure 26: The main fragment ions produced by amphetamines under ES-MS/MS conditions.
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Overall, a common fragmentation pattern is observed for all amphetamines and a number of
common fragment ions are formed. However, the dissociation routes leading to the formation of
those fragment ions differ depending on the functionalities present in the structures of the
compounds. In addition, identification of the fragmentation pattern can be difficult due to the large
number of individual compound specific ions produced by certain molecules.

The Fragmentation Pathway of 3-Alkylamino-imidazo-[1,2-alazines

The library of 3-akylamino-imidazo-[1,2-a]azines was synthesised in the Combinatorial Centre of
Excellence.® The structures of the individual compounds are shown in Appendix 1, Table 7.
Differences in the structures of the molecules exist with respect to the number of nitrogens and
their position in the rings, as well as the various substituents X. The three core structures and the
different substituents X are shown in Table 2.

Core

Structures

X Groups

Table 2: The structural components of the group of 3-alkylamino-imidazo-[1,2-alazines studied.

Despite the differences in the structures, all compounds fragment in the same manner. Three
common neutral losses were observed of 112 Da, 113 Da and 139 Da. E.g. the spectrum of one of
the 3-akylamino-imidazo-[1,2-a]azines is shown in Figure 27.
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Figure 27: The ES-MS/MS spectrum of 2-(4-methoxyphenyl)-N-(1,1,3,3-tetramethylbutyl)
imidazo[1,2-al-pyridin-3-amine.
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The loss of 112 Da corresponds to the loss of the tetramethylbutyl substituent, leading to the
generation of an even electron species as shown in Figure 28, Scheme A. In a similar manner,
the loss of 113 Da corresponds to the loss of the same substituent but the resulting ion is a radical
cation Figure 28, Scheme B. This fragment ion is not observed for all compounds and its
abundance in the spectra is always low. Finally, further loss of HCN or HNC (27 Da) from the
fragment ion due to the loss of 112 Da results in the third common neutral loss observed for these
compounds, corresponding to 139 Da Figure 28, Scheme C. Fragment ions that did not follow the
general pattern observed for the group (compound specific) were not produced by any of the
compounds in the library. All molecules generated very similar spectra and followed the same

dissociation pathway.
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Figure 28: The main fragment ions produced by the group of 3-alkylamino-imidazo-{1,2-alazines
studied.

2d. Conclusion
The fragmentation pathways of six groups of non-peptidic molecules under ES-MS/MS

conditions were studied and the main fragment ions observed in the spectra were identified. The
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results showed that dissociation under ES-MS/MS conditions is dependant upon the structures of
the compounds and therefore compounds with similar structures follow similar dissociation routes.
This renders identification of the bonds on the molecules likely to be cleaved possible and enables
fragment ion prediction. Additional studies on the dissociation pathways of the various classes of
non-peptidic molecules should provide further information about fragmentation by ES-MS/MS that
in turn could be incorporated into an Al software package to aid the automated interpretation of
data.
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3. The Fragmentation Pattern of an Array of Amino Acids

3a. Introduction
In order to establish that the observations made in Chapter 2 about dissociation in ES-MS/MS

remain valid when large groups of molecules are considered, the fragmentation routes of an array
of amino acids were investigated. This array was chosen based on the facts that amino acids are
often used in combinatorial synthesis, that they are structurally simple molecules and their way of
dissociation has been studied in the past by many research groups, using a range of mass
spectrometric techniques, % %0121

The amino acids studied were divided into two groups of protected and unprotected molecules.
For each group the main fragment ions formed were identified and mechanisms leading to their
formation were investigated using exact mass measurements and d-labelling experiments. The
results obtained were compared with those reported in literature and observations were made
about the fragmentation processes followed by this type of compound under ES-MS/MS

conditions.

3b. Experimental

Materials

¢ The fragmentation pathways of the array of amino acids were determined using spectra
available in the MS/MS library.>

e The amino acids used in the d-labelling experiments were purchased from Sigma-Aldrich,
Gillingham, UK.

o Methanol, HPLC grade, was purchased from Fisher, Loughborough, UK,

e Formic acid, analytical grade 98-100%, was purchased from Sigma-Aldrich, Gillingham, UK.
e Deuterated methanol (CH3;0D, 99%) and deuterated acetic acid (CD3;COQD, 99.5%) used for
the d-labelling experiments were purchased from Qmx Laborataries Ltd, Thaxted, UK.

Sample Preparation
e Solutions of all compounds analysed were prepared in methanol and 0.1% formic acid.

Concentration: 10 ug/mL.
e For the d-labelling experiments, all compounds were dissolved in deuterated methanol and

0.1% deuterated acetic acid. Concentration: 10 pg/mL.

Instrumentation and Conditions Used

e All samples were analysed on an LCQ Deca lon Trap (Thermo Finnigan, San Jose, CA, USA)
under standard conditions: Capillary Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas
Flow: 10 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the auxiliary gas and
helium was the collision gas.

MS/MS parameters: Isolation Width: 18, Collision Energy: 35%.
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e Exact mass measurements were carried out using an Apex lll FTICRMS (Bruker, Billarica,
MA, USA): Capillary: -4.5 kV, End Plate: -3.8 kV, Capillary Exit: 157.85 V, Skimmer 1: 9.42 V,
Skimmer 2: 6.17 V, Offset: 1.12, Rf Amplitude: 550.00 Hz, Dry Gas Temperature: 130°C. Nitrogen
was used as the drying gas and argon was used as the collision gas.

MS/MS parameters: corr sweep pulse length: 1000 psec, corr sweep attenuation: 30.0 dB, ejection
safety belt: 3000 Hz, user pulse length: 5000 psec, ion activation pulse length: 250000 psec, ion
activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay length:
3 sec.

e D-labelling experiments were carried out on an LCQ Deca lon Trap (Thermo Finnigan, San
Jose, CA, USA) using the following conditions: Capillary Temperature: 200 °C, Sheath Gas Flow:
5 au, Auxiliary Gas Flow: 20 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the
auxiliary gas and helium was the collision gas.

MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.

3c. Results and Discussion

An investigation into the ES-MS/MS spectra of forty amino acids (Appendix 2, Table 1) showed
that common neutral losses together with compound specific fragment ions were present.
Compound specific ions were mainly formed due to the various side chains attached on the

compounds,my?’a

while the neutral losses originated from the amino acid core. The main ion
produced by the aliphatic amino acids was due to the loss of 46 Da, literature reports this as
corresponding to the loss of the elements of formic acid, H,, C, 0,.**'*"'%" E.g. the spectrum of
valine is shown in Figure 29. The loss of 46 Da was also observed in the spectra of the aromatic
compounds and this ion was always of high abundance. Additional fragment ions were observed
for the aromatic amino acids due to the loss of 35 Da, corresponding to the losses of NH3 and
HZOQQ‘147 and due to the loss of 63 Da, corresponding to H,CO, followed by the loss of NH;;QQ'147
Finally, the loss of 59 Da was observed and this has not been previously reported in literature. E.g.

the spectrum of 3,4-dihydroxyphenylalanine is shown in Figure 30.
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Figure 29: The ES-MS/MS spectrum of valine.
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Figure 30: The ES-MS/MS spectrum of 3,4-dihydroxyphenylalanine.

Exact mass measurements by FTMS and d-labelling experiments were carried out, in order to

confirm the identity of the neutral losses observed and also investigate the mechanism leading to

the loss of 46 Da. Two aliphatic amino acids, valine and methionine, and two aromatic molecules,

phenylalanine and tyrosine were randomly chosen to be used in these experiments. The results of
the exact mass analysis are summarised in Appendix 2, Table 2. The identities of the neutral
losses as proposed in literature were confirmed. The loss of 59 Da was only observed for tyrosine
and was recognised to be the loss of Co.HsNO. Formation of the resulting fragment ion possibly
involves a rearrangement. Based on the results obtained and with the aid of Mass Frontier,

structures can now be assigned to the ions formed due to the common neutral losses observed for
the amino acids. E.g. the fragment ions formed by tyrosine are shown in Table 3.

Common Neutral Identity of Structure of Resulting
Loss Observed Neutral Loss Fragment lon
= OH
- :
loss of 35 Da H,0 + NH3 o
A +
sz/
loss of 46 Da H,CO,
OH
loss of 59 Da C,HsNO b
OH
loss of 63 Da H,CO, + NH3
OH

Table 3: Structures proposed for the fragment ions observed in the ES-MS/MS spectrum of

tyrosine.
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The mechanism leading to the loss of 46 Da from amino acids has been an area of interest for
many research groups. Milne et af '*° first proposed a dissociation route for aliphatic and aromatic
amino acids under methane Cl conditions. The neutral losses of 35, 46 and 63 Da were reported
and two years later, they were further confirmed by Leclercq and Desiderio.'® The first

mechanism leading to the loss of 46 Da was proposed by Meot-Ner and Field,™

(Figure 31,
Scheme A) i.e. when the amino acids are analysed under isobutane Cl conditions, the loss of
formic acid occurs via an energetically favoured bi-cyclic intermediate, after protonation on the
NH, group. In 1974, Tsang and Harrison'*! proposed a different route that involves the two-step
loss of H,O and CO. (Figure 31, Scheme B) The ionisation methods used were methane and
hydrogen Cl and d-labelling experiments were used to contrast the results previously published by
Meot-Ner and Field. Tsang and Harrison proposed that protonation takes place at various sites of
the structure and intra-molecular transfer of the gained proton can occur before dissociation. In
1988, a third possible fragmentation route was proposed by Kulik and Herma.'*® Based on their
experiments using FAB MS, the mechanism leading to the loss of 46 Da from amino acids can
either be the two-step process suggested by Tsang and Harrison or the one-step loss of rapidly
dissociating dihydroxycarbene. (Figure 31, Scheme C) Protonation is proposed on the amine
group and then the proton is transferred to other sites for dissociation to occur. This fragmentation
route, that involves the loss of a dihydroxycarbene, was also supported by Beranova et a/ " The
latter studied the mechanism in question using both methane CI and FAB MS and they concluded
that different processes could occur under different ionisation conditions. For metastable ions
formed using CI, the loss of H,O followed by CO is the energstically favoured route. On the other
hand, ions formed using CID can dissociate following either the two-step process proposed by
Tsang and Harrison or in one step as dihydroxycarbene. For the elimination of dihydroxycarbene,
protonation is suggested on the carbonyl group.

Various other groups have investigated the same mechanism and depending on the icnisation

method used, the results usually fit one of the proposed routes shown in Figure 31.'32134135.138.139

Additional minor processes were also reported,'**

as well as variations in the original mechanisms
were propc:osed.132 The three main dissociation routes were also investigated using ab initio
calculations.'*'* Evaluation of the energies of the cations formed after protonation on all the
possible functional groups, as well as of the energies of the reaction intermediates leading to the
final fragment ion, allows comparison of the total energy of each pathway and subsequent
identification of the energetically favoured dissociation route. In most cases this was found to be
the mechanism proposed by Tsang and Harrison, i.e. the two step process, whilst the loss of

dihydroxycarbene was identified as a possible secondary process.
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Figure 31: The three main mechanisms leading to the loss of 46 Da, as proposed in

literature, 131133137

The mechanism involved in the loss of 46 Da from amino acids, was studied under ES-MS/MS
conditions by Rogalewicz et al ™*® on a triple quadrupole instrument. D-labelling experiments and
ab initio calculations carried out on all a-amino acids allowed the authors {o postulate a general
mechanism for the loss of 46 Da. The sequential losses of H,O and CO, through protonation on
the amine and further proton transfer to the hydroxyl group, were proposed. {(Figure 32) In order to
determine whether the same data would be obtained using ES-MS/MS on an ion trap instrument,
experiments were carried out on the four amino acids chosen, valine, methionine, phenylalanine

and tyrosine, and the results were compared with those reported in literature.
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Figure 32: The mechanism proposed by Rogalewicz ef a/ 1% for the loss of 46 Da from amino
acids under ES-MS/MS conditions.
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In order to observe fragment ions due to the losses of H,O and NH3, the MS/MS spectra of the
four amino acids were initially recorded on the LCQ ion trap with the wideband excitation function
turned off. The spectra obtained for the compounds are shown in Figure 33. The loss of 46 Da
was present in all spectra, whilst the loss of H,O suggesting a two-step process taking place was
never observed.

Figure 33: The ES-MS/MS spectra obtained for valine, methionine, phenylalanine and tyrosine on
the LCQ ion trap with wideband excitation off.

To identify the origin of the hydrogens involved in the loss of 46 Da, d-labelling experiments were
also carried out using the four compounds. MS/MS on the fully labelled valine, methionine and
tyrosine showed that only exchangeable hydrogens are involved in the loss of H,CO,. These
would be the hydrogen of the hydroxyl group in the acid functionality and one of the hydrogens of
the protonated amine. Phenylalanine produced different results and a mixture of both
exchangeable and non-exchangeable hydrogens appeared to be involved in this loss. (Figure 34)
This result is in contrast with data reported by Rogalewicz ef al, where the loss of exchangeable
hydrogens only is observed from all a-amino acids, including phenylalanine. Repeated d-labelling
experiments for these compounds consistently showed that for phenylalanine both exchangeable
and non-exchangeable hydrogens are involved in the loss of H,COs.
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Figure 34: The ES-MS/MS spectra of valine, methionine, tyrosine and phenylalanine obtained
during d-labelling experiments.

No evidence was found in any of the experiments performed, that the loss of 46 Da is a two-step
process involving the sequential loss of H,O and CO. The loss of H,O was not observed in any of
the MS/MS spectra obtained, even when the settings of the ion trap were optimised to ensure
detection if such loss occurred (wideband excitation function: off). The results collected so far
indicate that amino acids lose 46 Da in a one-step process that could be either the elimination of
formic acid or of dihydroxycarbene. Additional studies carried out on the protected molecules, as
described below, allowed further differentiation between the possible dissociation routes.

The spectra of 35 amino acids with a butyl ester group attached on the acid functionality
(Appendix 2, Table 3) were investigated and the common neutral losses present in the spectra
were identified. The loss of 102 Da resulted in a prominent fragment ion for most compounds, that
corresponds to the loss of butyl formate.*®'%'%'%% The |oss of 56 Da was also often observed and
literature references propose this to be the loss of butene.'® Additional losses of 73, 74 and 91 Da
were present in many spectra, but their appearance has not been reported. Similarly, the loss of
59 Da previously observed for the unprotected amino acids was also encountered. This loss was
identified, using tyrosine, as C,HsNO eliminated from the compound via a rearrangement.
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The spectrum of 3,4-dihydroxyphenylalanine butyl ester, displaying the typical losses produced by
this type of compounds, is shown in Figure 35.

(M+H)": m/z254 | o ¢ 102 Da 1Szioss of 91 Da losé of 59'Da - " J—/
- loss of 73 Da 0
¢ 181 ‘ loss of 56 Da g O
\ / s | HzN
L e
W v

S ..', i i e s e el O R

f 160 170 1E0 190 200 210 220 | OH

Figure 35: The ES-MS/MS spectrum of 3,4-dihydroxyphenylalanine butyl ester.

To confirm the identities of the common neutral losses as those proposed in literature and also
obtain further information about those that have not been reported so far, exact mass
measurement and d-labelling experiments were again carried out using four randomly chosen
protected amino acids. Since the butyl esters of amino acids are not commercially available,
methyl esters were used instead. Threonine methyl ester, methionine methyl ester, phenylalanine
methyl ester and tyrosine methyl ester were employed with the aim to establish their dissociation
routes.

ES-MS/MS spectra were obtained for the four methyl ester amino acids on the LCQ ion trap.
Then, the neutral losses observed were correlated with those in the spectra of the butyl ester
molecules. (Appendix 2, Table 4) The loss of 60 Da was observed in the spectra of all methyl
ester compounds analysed and leads to the formation of the same ion as the loss of 102 Da,
generated by the butyl ester amino acids. This loss of 60 Da should correspond to the loss of
methyl formate.'**'* An equivalent loss to the loss of 56 Da, which is believed to be butene, was
not observed. This was expected since the loss of butene involves the formation of a six-centre
intermediate®®, which cannot take place in the presence of a methyl group. The loss of 32 Da for
the methyl esters, that could correspond to the loss of CH;OH was identified as the equivalent loss
of 74 Da from the butyl esters, while the loss of 49 Da from the methyl esters led to the same ion
as the corresponding loss of 91 Da from the butyl esters. Based on the above observations, further
experiments were carried out using the methyl ester amino acids in order to identify the structures
of the main fragment ions formed.

Initially, threonine methyl ester, methionine methyl ester, phenylalanine methyl ester and
tyrosine methyl ester were analysed by FTMS and the molecular formulae of the fragment ions of
interest were calculated. (Appendix 2, Table 5) Information was obtained about two fragment
ions. The loss of 60 Da was confirmed to be the loss of HCOOCHS3, as reported in literature, and
this implies that the loss of 102 Da present in the spectra of the butyl ester amino acids is the loss
of HCOOCH,CH,CH,CHs. The loss of 49 Da was only observed in the spectrum of tyrosine methyl|
ester and was identified as the loss of CH30H, followed by NH3. The corresponding loss of 91 Da
for the butyl ester protected compounds should be the loss of CH3CH>CH,>CH,0OH and NHs.
Although the loss of 32 Da was not observed when the amino acids were analysed on the
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FTICRMS, information about the resulting fragment ion was gained from d-labelling experiments
carried out on the LCQ bench-top ion trap.

The MS/MS spectra of theonine methyl ester acquired during standard analysis and d-labelling
experiments are shown in Figures 36 and 37. The fragment ion at m/z 102 in the spectrum of the
un-labelled compound was believed to be formed via the loss of CH3OH (32 Da). In the spectrum
of the labelled threonine methyl ester, the ion shows a mass shift to m/z 103 and the
corresponding loss is equivalent to 35 Da. This eliminates the possibility of the fragment ion being
due to the loss of methanol from the methyl ester group, because from the fully labelled compound
this loss should correspond to either 32 or 33 Da, depending on the type of hydrogen involved.
Using a different interpretation, the ion at m/z 102 could be a water-adduct of the fragment ion at
m/z 84, also present in the spectrum of threonine methyl ester. The two ions are 18 mass units
apart. An in-depth investigation into the formation of adducts of fragment ions with solvents, in the
ion trap, is described in Chapter 4. The existence of adducts in the spectra of a library of
sulphonamides is proven and all evidence indicates that certain fragment ions of amino acids can
also be explained in the same manner. The low abundance of m/z 84 in the spectrum of threonine
methyl ester (Figure 36) does not allow further experiments to be carried out in order to support
this theory, but all m/z values observed appear to confirm it.
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Figure 36: The ES-MS/MS spectrum of threonine methyl ester.
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Figure 37: The ES-MS/MS spectrum of fully labelled threonine methyl ester.

Exact mass analysis by FTMS revealed that the fragment ion at m/z 84 is formed due to the loss
of CH3OH and H,0. This means that the equivalent ion in the spectra of the butyl ester compound
would be formed due to the loss of CH;CH,CH,CH,OH and H,0 and would appear in the spectra
due to the loss of 92 Da. The intensity of this ion in the spectrum of threonine buty! ester (Figure
38) is low, but its corresponding adduct with water, expected to appear due to the loss of 74 Da, is
observed at high abundance. The loss of 74 Da has already been identified as a common neutral
loss formed by protected amino acids and it is mainly observed in the spectra of compounds with
functionalities in their side chains that can induce the loss of H,0, e.g. hydroxyl groups. The
fragment ion due to the common loss of 73 Da can also be explained in the same manner. It
appears to be an adduct with water of the fragment ion due to the loss of 91 Da, previously
identified as the loss of CH;CH,CH>CH>OH and NHs.
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Figure 38: The ES-MS/MS spectrum of threonine butyl ester.
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Using all the data collected by exact mass analysis and d-labelling experiments for the

identification of the fragment ions produced by the methyl ester and the butyl ester amino acids,

structures can now be assigned to most of the m/z values observed in the spectra. E.g. the

fragment ions generated by tyrosine methyl ester and tyrosine butyl ester are shown in Table 4.

Neutral Loss

Observed for

Neutral Loss
Observed for

Identity of
Neutral Loss for

Identity of

Neutral Loss

Structure of

Resulting

Tyrosine Tyrosine for Tyrosine
Tyrosine Butyl Ester Fragment lon
Butyl Ester Methyl Ester Butyl Ester
oH
O
loss of 56 Da — CH,CHCH,CHj5 — HN+ ==
N\ /
OH
loss of 59 Da — C,HsNO —_ \/\/0—2
OH
H>0 adduct with the loss
loss of 73 Da — of 91 Da —
o="
CH3CH2CHQCH20H + =
loss of 91 Da | loss of 49 Da CHsOH + NH;
NH5
OH
N
loss of 102 Da | loss of 60 Da HCOOCH,CH,CH,CH, HCOOCH, 2 /—@
OH

Table 4: Structures proposed for the fragment ions observed in the spectra of tyrosine methyl

ester and tyrosine butyl ester.

To obtain information about the mechanism leading, according to literature, to the formation of

alkyl formates from protected amino acids, d-labelling experiments were carried out using the four

amino acid methyl esters available. Similar results to those obtained when d-labelling was carried

out on the unprotected molecules were observed. The ES-MS/MS spectra of fully labelled

threonine methyl ester, methionine methyl ester and tyrosine methyl ester showed that the

hydrogen required for the formation of the formate is an exchangeable one. (Figure 39)

Conversely, phenylalanine methy! ester produced a mixture of results and both exchangeable and

non-exchangeable hydrogens appeared to be involved in the mechanism. This observation is

consistent with the data previously obtained for phenylalanine. The behaviour of this molecule

differs from that of the other amino acids, even from that of the structurally similar tyrosine. The
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effect of the extra hydroxyl group in the structures requires investigation in order to try to explain
these results.

Figure 39: Spectra obtained for the methyl ester protected amino acids during d-labelling
experiments.

The studies carried out on both the protected and the unprotected amino acids indicate that a
common mechanism leads to the losses of 46, 60 and 102 Da. Based on this, the various
mechanistic theories available in literature were tested against the results obtained for the six
amino acids that produced consistent results in the d-labelling experiments, with the aim of
identifying a suitable mechanism.

According to Meot-Ner and Field, the formation of formic acid occurs via a doubly cyclic
intermediate. In this intermediate, the hydrogen of the hydroxyl group in the amino acid core
becomes the hydrogen attached to the carbonyl carbon of formic acid. The hydroxyl group
becomes a carbonyl and the carbonyl of the amino acid becomes the hydroxyl group. (Figure 40)
This mechanism fits the data obtained for the unprotected amino acids but not for the protected
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compounds. When a butyl ester or a methyl ester group is attached to the hydroxyl group of the
amino acids, the intermediate proposed by Meot-Ner and Field would not be formed, since the
hydrogen of the hydroxyl group would not be available. The mechanism could not occur for
protected compounds and the loss of alkyl formate would not be observed. However, the losses of
60 Da and 102 Da are present in most of the spectra of the protected amino acids.

5 OH g R H- | /R
| / - HN==C
H—C—C o e T
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. i H ] HCOOH
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H—-N|+—-—H
H

Figure 40: Application of the mechanism proposed by Meot-Ner to protected amino acids.

The mechanisms proposed by Tsang and Harrison and later on by Rolalewicz et al, that involve
the sequential losses of H,O and CO, can also be eliminated. There is no indication in the ES-
MS/MS spectra of amino acids that the loss of H,O occurs. Such loss would be easily detected in
a quadrupole ion trap. However, the loss of 18 Da was only present in the spectrum of threonine
methyl ester and it is known from literature to originate from the side chain of this amino
acid."®"135138 protonation on amino acids is also known from literature to occur on the NH,
group. 3313140148199 £ o1 the mechanism proposed by the two research groups to take place, intra-
molecular transfer of a hydrogen from the site of protonation to the hydroxyl group is required.
(Figure 41) Such transfer would be possible for unprotected amino acids and would lead to the
loss of H,O. For protected molecules the oxygen ceases to be basic enough to attract the proton
that would lead to the corresponding loss."® Therefore, the first step of the mechanism would not
take place.
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Figure 41: Application of the mechanism proposed by Tsang and Harrison and Rogalewicz et al to

protected amino acids.

Finally, the mechanism proposed by Kulik and Herma and later by Beranova et al, that involves
the elimination of dihydroxycarbene could potentially take place both for the unprotected and
protected compounds. (Figure 42) However, the neutral fragments formed from the protected
amino acids are not alkyl formates as reported in literature, but carbenes. This contradicts the

published data of various research groups that support the generation of alkyl formates without

reservation.
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Figure 42: Application of the mechanism proposed by Kulik and Herma and Beranova et al to

protected amino acids.
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Based on the experimental data gathered during the investigation of amino acids and after the
comparison with the mechanisms reported in literature for the formation of the main fragment ion
for this set of compounds, a new mechanism can now be proposed Ieading to the loss of formic
acid from amino acids and to the loss of alkyl formates from the protected molecules. (Figure 43)
The mechanism can be applied to most compounds producing those losses, although possible
additional fragmentation processes also take place that would justify the d-labelling experiments.
In order to postulate a final mechanism for all amino acids, mechanistic studies using larger

numbers of compounds are necessary.
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Figure 43: The mechanisms proposed for the loss of formic acid and butyl formate from amino

acids and butyl ester amino acids respectively.

3d. Conclusion

The fragmentation pathway of an array of amino acids was investigated and it was established
that all compounds produced the same neutral losses due to the amino acid core, as well as
compound specific fragment ions due to the side chains attached on the amino acid core. A
fragmentation pattern was established and it was proven to be followed by all molecules. These
results suggest that fragmentation patterns can be identified for large numbers of compounds and
are not limited to small groups only.

Valuable information about the ionisation and disscciation processes taking place in ES-MS/MS
was gained through the studies into the mechanisms leading to the formation of the main fragment
ion for this class of molecules. Mechanisms adapted from other ionisation techniques, e.g. El, Cl,
FAB, cannot necessarily be directly applied to those observed in the dissociation processes

following electrospray ionisation. This is demonstrated by the variation of literature reported
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mechanisms for the same dissociation process of the loss of 46 Da. This point is important for the
improvement of fragment ion prediction modes in software packages because it further
emphasises the current flawed approach of existing Al programmes.

For the amino acid array, the mechanism leading to the loss of 46 Da from unprotected amino
acids, as well as the losses of 60 Da and 102 Da from methy! ester and butyl esters, respectively,
were investigated. A common dissociation route for all types of compounds was proposed.
However, extensive studies on larger number of amino acids are required to confirm the

suggested dissociation route and ensure its applicability to all the types of amino acid molecules.

57



Chapter 4

4. The Fragmentation Pattern of a Combinatorial Library

4a. Introduction

The investigation into the fragmentation patterns of non-peptidic molecules was extended from
small groups to an array of monomers and finally to a combinatorial library. A library of
sulphonamides was studied and the common fragment ions and neutral losses generated by the
different components were identified. Exact mass measurements, MS? and d-labelling
experiments, as well as ab initio calculations, were employed in order to reveal the mechanisms
leading to the formation of the main fragment ions. A clear fragmentation pathway was eventually
identified for all the compounds in the library.

4b. Experimental

Materials

e Spectra of the sulphonamides were either available in the MS/MS Iibrary52 or the compounds
were synthesised in house and were analysed without further purification.

o Methanol, HPLC grade, was purchased from Fisher, Loughborough, UK.

o Acetonitrile, HPLC grade, was purchased from Fisher, Loughborough, UK.

e Formic acid, analytical grade 98-100%, was purchased from Sigma-Aldrich, Gillingham, UK.

o Deuterated methanol (CH3;0D, 99%) and deuterated acetic acid (CD;COOD, 99.5%), used for
the d-labelling experiments, were purchased from Qmx Laboratories Ltd, Thaxted, UK.

Sample Preparation

¢ Solutions of all compounds analysed were prepared in methano! and 0.1% formic acid.
Concentration: 10 ug/mL.

e For the studies carried out into the formation of adducts of fragment ions with solvents,
solutions of sulphamerazine, sulphamethazine and sulphadiazine (Appendix 3, Figure 1) were

prepared in acetonitrile with 0.1% formic acid. Concentration: 10 ug/mL.

¢ For the d-abelling experiments, all compounds under study were dissolved in deuterated

methanol and 0.1% deuterated acetic acid. Concentration: 10 ug/mL.

Instrumentation and Conditions Used:

e All samples were analysed on an LCQ Deca lon Trap (Thermo Finnigan, San Jose, CA, USA)
under standard conditions: Capillary Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas
Flow: 10 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the auxiliary gas and
helium was the collision gas.

MS/MS parameters: Isolation Width: 1, Callision Energy: 35%.

o FExact mass measurements were carried out using an Apex lll FTICRMS (Bruker, Billarica,
MA, USA): Capillary: -4.5 kV, End Plate: -3.8 kV, Capillary Exit: 102 V, Skimmer 1: 8.26 V,
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Skimmer 2: 7.64 V, Offset: 1.00, Rf Amplitude: 550.00 Hz, Dry Gas Temperature: 130°C. Nitrogen
was used as the drying gas and argon was used as the collision gas.

MS/MS parameters: corr sweep pulse length: 1000 usec, corr sweep attenuation: 30.0 dB, ejection
safety belt: 3000 Hz, user pulse length: 5000 psec, ion activation pulse length: 250000 usec, ion
activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay length:
3 sec.

MS/MS/MS parameters: corr sweep pulse length: 500 usec, corr sweep attenuation: 30.0 dB,
ejection safety belt: 0 Hz, user pulse length: 5000 usec, ion activation pulse length: 250000 usec,
ion activation attenuation: 49.5 dB, frequency offset from activation mass; -500 Hz, user delay
length: 6 sec.

e D-labelling experiments were carried out on an LCQ Deca lon Trap (Thermo Finnigan, San
Jose, CA, USA) using the following conditions: Capillary Temperature: 200 °C, Sheath Gas Flow:
5 au, Auxiliary Gas Flow: 20 au, Source Voltage: 4.5 kV. Nitrogen was used as the sheath and the
auxiliary gas and helium was the collision gas.

MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.

e Sulphamerazine, sulphamethazine and sulphadiazine were analysed on a TSQ Quantum
Triple Quadrupole (Thermo Finnigan, San Jose, CA, USA) using the following conditions: Capillary
Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas Flow: 10 au, Source Voltage: 4.5 kV.
Nitrogen was used as the sheath and the auxiliary gas, as well as the collision gas.

MS/MS parameters: Collision Energy: 30%.

Ab initioc Calculations

Molecular modelling calculations were carried out on a “model” sulphonamide. N-(5-methyl-2-
pyridinyl)-benzenesulphonamide was used for this purpose. (Appendix 3, Figure 2) The lowest
energy conformers of the molecule in the gas phase were identified using semi-empirical AM1
calculations. The lowest energy conformers of all the possible protonated forms were also
identified in the same way. Geometry optimisation for all chosen conformers was carried out at the
B3LYP/ 6-31G* density functional level.

4c. Results and Discussions

The library of sulphonamides was divided into five sub-groups based on the substituents
attached on the benzene ring of the molecules. (Figure 44) The fragmentation pathway of each
sub-group was investigated separately and observations were made about the role the various
functionalities attached on the benzene ring play in the mechanisms leading to the main fragment
ions. The fragmentation patterns produced by all sub-groups were eventually compared and a

common dissociation route was established.
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Figure 44: The core structures of the five main sub-groups of the sulphonamide library.

The Fragmentation Pathway of Amino-Sulphonamides

The structures of the amino-sulphonamides studied are shown in Appendix 3, Table 1. All
molecules followed a common dissociation route. Common fragment ions were formed at m/z 156,
m/z 108 and m/z 92, together with neutral losses due to 66, 75, 93 and 155 Da. E.g. the ES-
MS/MS spectrum of 4-amino-N-(5-methyl-2-pyridinyl)-benzenesulphonamide is shown in Figure
45.
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Figure 45: The ES-MS/MS spectrum of 4-amino-N-(5-methyl-2-pyridinyl)-benzenesulphonamide.

Analysis of the compounds by FTICRMS allowed calculation of the elemental composition for
most of the m/z values present in the spectra. These, together with Mass Frontier and literature

S0.113.1224511%  \vere used to assign structures to the

reports available for this class of molecules
common fragment ions observed. (Table 5) The ion at m/z 156 is known to be formed due to
cleavage of the sulphonamide bond. Further loss of SO, leads to the ion at m/z 92, whilst m/z 108
is known to be formed via a rearrangement. Complimentary ions to m/z 156 and m/z 92 were
observed due to the losses of 155 Da and 93 Da respectively, while the loss of 66 Da suggests the

loss of H,SO,, this requiring a complex rearrangement to take place.
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Molecular
Fragment ion Proposed Structure
Formula
0
m/z 156 CeHaNO,S" sz—Qﬁ‘
- (o,
miz 108 CeHeNO' Hjiz@zo
miz 92 = H2N4©+
loss of 66 Da loss of H,SO, Further investigation required.
loss of 93 Da loss of CgH7N X-NH,-SO,"
loss of 155 Da loss of CgHsNO,S X-NH;"

Table 5: Structures proposed for the common fragment ions and neutral losses produced by the

amino-sulphonamides.

The ion due to the loss of 75 Da was reported in literature as an adduct of the fragment ion due

to the loss of 93 Da, with water.'®'82"'® |n order to confirm this, studies were carried out on three

amino-sulphonamides, sulphamerazine, sulphadiazine and sulphamethazine, for which the loss of

75 Da resulted in a prominent fragment ion in their ES-MS/MS spectra. The three compounds

were initially analysed on the LCQ ion trap and pairs of fragment ions, either 18 or 32 Da apart,

were identified. (Figures 46, 47 and 48) The m/z values indicated that, a large number of ions

present in the spectra of the three compounds could be explained as solvent adducts of some of

the common fragment ions produced by all the amino-sulphonamides.

Updated

e

(M+H)": m/z 251

N

Figure 47: The ES-MS/MS spectrum of sulphadiazine, acquired on the LCQ ion trap.
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iz 204: miz 186 (loss of 93 Da)+18-m/z 186+ Hzo i
o miz21s: m/z186+32=mlz186+ CHSOH ; '

:.‘"('M%H)”‘: miz279 |

Figure 48: The ES-MS/MS spectrum of sulphamethazine, acquired on the LCQ ion trap.

In order to identify the fragment ions of interest as highlighted in the spectra shown in Figures
46, 47 and 48, the three amino-sulphonamides were analysed by FTMS and the exact masses of

the ions under investigation were obtained. The molecular formulae calculated for each fragment
ion pair revealed the formation of H,O adducts. (Table 6) Adducts due to the presence of
methanol were not observed.

Fragment lon and Fragment lon and b
onclusion
Compound Molecular Formula Molecular Formula
: m/z 186 m/z 204 m/z 204=
sulfamethazine o ”
CsHsN30zS C5H10N3O3S m/z 186 + HQO
m/z 156 m/z 174 m/z 174=
sulfamerazine 3 .
CeHsN10zS 05H3N103S m/z 156 + H20
m/z 172 m/z 190 m/z 190=
CsHgN30,S” CsHgN303S* m/z 172 + H,0
e m/z 156 mi/z 174 m/z 174=
sulfadiazine 4 s
CaH6N102S CeHsNy 038 m/z 156 + Hzo

Table 6: Summary of the results of the exact mass analysis carried out on sulphamerazine,

sulphadiazine and sulphamethazine.

Further confirmation of the existence of solvent adducts was obtained from the analysis of the
three amino-sulphonamides on a triple quadrupole instrument. The ES-MS/MS spectra acquired
are shown in Figures 49, 50 and 51. The compound specific ions present in the LCQ spectra were

not observed. This is in agreement with the fact that the set-up of the triple quadrupole instrument

does not allow for solvent adduct formation in the analyser. The generation of adducts of fragment

ions with H,O and CH3OH is valid for the ion trap and is limited to this type of instrument only. This

is due to the design of the trap that allows neutral solvent molecules to remain inside the trap

cavity after quenching.
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HN (M+H)": m/z 265
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Figure 49: The ES-MS/MS spectrum of sulphamerazine, acquired on the TSQ triple quadrupole.

Figure 51: The ES-MS/MS spectrum of sulphamethazine, acquired on the TSQ triple quadrupole.

A further investigation was carried out with the aim to determine the origin of the H,O and
CHsOH molecules resulting in the formation of adducts. These could either come from the solvents
used for sample preparation or from any residual solvent molecules remaining in the interior of the
trap, after the trap was quenched. To differentiate between the two possibilities, two sets of
samples of sulphamerazine, sulphadiazine and sulphamethazine, prepared separately in
acetonitrile and formic acid and in methanol and formic acid, were analysed on the LCQ. The three
sets of data acquired are shown in Appendix 3, Figures 3, 4 and 5. CH;OH adducts were not
formed when the compounds were dissolved in acetonitrile. On the other hand, fragment ion pairs,
32 mass units apart, re-appeared in the spectra when the methanol samples were analysed. This
suggests that the H,O and CH3;OH molecules that form solvent adducts with the common fragment
ions produced by the amino-sulphonamides, originate from the solvents used to make up the
samples and not from the interior of the ion trap.
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Once all the common fragment ions present in the spectra of the amino-sulphonamides were
identified, studies were carried out aiming to determine the mechanisms taking place, resulting in
their formation. MS> experiments were carried out on 4-amino-N-(5-methyl-2-pyridinyl)-
benzenesulphonamide, in order to obtain information about its major dissociation routes. The
same experiments were also carried out on a methyl and a non-substituted benzenesulphonamide
with the same substituent X, so that the effect of the various functionalities of the benzene ring
could be determined. The results obtained for the methyl and the non-substituted compounds are
discussed in the following sections of this chapter.

The three main fragment ions of 4-amino-N-(5-methyl-2-pyridinyl)-benzenesulphonamide were
dissociated. (Table 7) The losses of NH; and CH»" were observed following dissociation of the ion
formed due to the loss of H,SO,, indicating that the substituents of the benzene ring and on the
pyridine ring of the ion were cleaved. Fragmentation of the ion at m/z 156 resulted in the formation
of the known ions at m/z 92 and m/z 108, thus proving that these ions are formed after the
sulphonamide bond is broken. Loss of SO, leads to the ion at m/z 92, while a rearrangement
leading to the loss of SO occurs in the case of m/z 108. Finally, the ion X-NH-SO,", due to the loss
of 93 Da was also dissociated and two fragment ions were observed at m/z 92 and m/z 107. Both

structures are related to the methylated pyridine ring.

Sulphonamide MS/MS fragment ions MS® fragment ions
9 —
HZNO%—H’@ loss of H,SO, loss of NH; and CH3®
fe) N
B
Pz
v | O L,
0”™%0 CeHeN' CeH7N,*
loss of 93 Da m/z 92 miz 107
i .
o OF O O
o}
m/z 156 CeHeN CeHsNO™
m/z 92 m/z 108

Table 7: Summary of the results of the MS® experiments carried out on 4-amino-N-{5-methyl-2-

pyridinyl)-benzenesulphonamide.

The MS? experiments carried out revealed that the rearrangement resulting in the formation of
the ion at m/z 108, takes place after the sulphonamide bond is fragmented. Additionally, after the
loss of H,S0,, the two rings, pyridine and benzene, re-join via the NH group, while the
functionalities attached to them remain free and are subsequently cleaved. The origin of the
hydrogens lost in H,SO, was then determined using d-labelling experiments. The ES-MS/MS
spectrum of the fully labelled 4-amino-N-(5-methyl-2-pyridinyl)-benzenesulphonamide is shown in
Figure 52. Only the loss of 68 Da, corresponding to D,SO, was observed, which shows that

exchangeable hydrogens are involved in the loss of H,SO.,.
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Figure 52: The ES-MS/MS spectrum of the fully labelled 4-amino-N-(5-methyl-2-pyridinyl)-

benzenesulphonamide.

Based on the studies carried out on the sub-group of the amino-sulphonamides and with the aid

of publications available in literature,

50,194-196

mechanistic routes can now be proposed for the

formation of some of the main fragment ions produced by this group under ES-MS/MS conditions.

(Figure 53)

m/z 156

HaN:

loss of 66 Da

. ‘@

RN

O=—=un—0

Figure 53: Mechanisms proposed for the formation of some of the common fragment ions of the

amino-sulphonamides.
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The Fragmentation Pathway of Acetylated Amino-Sulphonamides

The acetylated molecules (Appendix 3, Table 2) also followed the same pattern as the one
determined for the amino-sulphonamides, but this time the common fragment ions appeared at
higher m/z values due to the presence of the acetyl group. E.g. the spectrum of N-[4-[[5-methyl-2-
pyridinyl)amino)sulphonyl]phenyl]-acetamide is shown in Figure 54. The ion at m/z 198 is formed
due to cleavage of the sulphonamide bond, while further loss of SO, results in an ion at m/z 134.
The ion at m/z 108, formed via a rearrangement and the ion due to the loss of H,SO, (66 Da) were
observed in the same way as in the spectra of the amino-sulphonamides. Finally, the loss of 197
Da, that leads to the complimentary ion of m/z 198, X-NH5", also took place.

S e B T Y o B S S Oy — T m—

el s i sl lies s e [ossiofiBE DAl ve i ] =
‘(-‘?5-' - loss 0f 197 Da ‘ s - M S PR

i | ey mizaos |
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Figure 54: The ES-MS/MS spectrum of N-[4-[[5-methyl-2-pyridinyl)amino)sulphonyl]phenyl]-

acetamide.

Analysis of the acetylated sulphonamides by FTMS allowed calculation of the molecular
formulae of most fragment ions present in the spectra. With the aid of Mass Frontier and literature
reports available for the acetylated compounds, '8%871%0

of the m/z values observed. (Table 8)

structures were assigned to the majority

Fragment lon Molecular Formula Proposed Structure

(0]

(0]
miz 198 CsHeNO5S* J(”O&

1l

O
m/z 134 b /4 _@
N +
H
+
m/z 108 — HQN:<:>ZO

H +
N —N—
loss of 66 Da loss of H,SO, Y C fu
o)

loss of 197 Da loss of CgH;NO3S X-NH3"

[e)

Table 8: Structures proposed for the main fragment ions and neutral losses produced by the

acetylated amino-sulphonamides.

66



Chapter 4

Due to the similarities in the fragmentation pathways of the amino-sulphonamides and the
corresponding acetylated molecules, mechanistic studies were not carried out for the acetylated
compounds. The mechanisms resulting in the formation of the main fragment ions of the amino-
sulphonamides appear to remain valid, when an acetyl group is also present in the structure.

The Fragmentation Pathway of Methyl-Sulphonamides

The spectra of thirteen sulphonamides with a methyl group attached on the benzene ring
(Appendix 3, Table 3) were investigated. It was established, that the compounds followed a
similar dissociation pattern to that previously established for the amino-group. Common fragment
ions for the methyl-sulphonamides appeared at m/z 155, m/z 109 and at m/z 91, while neutral
losses of 66, 67, 92 and 155 Da were also observed. E.g. the spectrum of 4-N-(5-methyl-2-
pyridinyl)-benzenesulphonamide is shown in Figure 55.

b i @ vlossionbb Da i s
| lossof155Da ;',;”15‘5 i | o
el o ossateriDa o e e s )
B llossof 154 Da | S Gt : Pl
9|1 ; S J e (M+H)": m/z 263
OB e e ek k|

Figure 55: The ES-MS/MS spectrum of 4-methyl-N-(5-methyl-2-pyridinyl)-benzenesulphonamide.

Analysis of the molecules by FTMS allowed calculation of the molecular formulae and the
number of double bond equivalents of all the fragment ions observed. Then, with the aid of Mass
Frontier structures were assigned to the fragment ions in the spectra. (Table 9) The ion at m/z 155
was shown to be the one generated after the sulphonamide bond was cleaved, whilst the
additional loss of SO, resulted in the ion at m/z 91. The loss of H,SO, (66 Da) was present in most
spectra and the loss of 92 Da resulted in the formation of the known fragment ion X-NH-SO,", also
observed for the amino-sulphonamides. The fragment ion, X-NHs", was present in the spectra of
the amino-sulphonamides due to the loss of 155 Da. For the methyl-sulphonamides, the same ion,
X-NHj3", is formed due to the loss of 154 Da and when the substituent X is a methylated pyridine
ring, as in the case of a few of the compounds studied, the ion appears at m/z 109. The loss of
155 Da also occurs but the fragment ion obtained is a radical cation corresponding to X-NH,™. In a
similar manner, the loss of 67 Da, observed in the spectra of the methyl-sulphonamides was

shown to be the loss of H;SO5".
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Fragment lon | Molecular Formula Proposed Structure
i
m/z 155 C/H,0,8" —@—ls*
0
m/z 91 —_— —©+
loss of 668 Da loss of H,SO, Further investigation required.
loss of 67 Da loss of H3S0," Further investigation required.
loss of 92 Da loss of C/Hg X-NH-S0,"
loss of 155 Da loss of C7H;0,8° X-NH,"™
loss of 154 Da X-NH-"
(m/z 109) loss of C;Hg02S 3

Table 9: Structures proposed for the common fragment ions and neutral losses produced by the

methyl-sulphonamides.

Information about the dissociation routes leading to the main fragment ions observed in the

spectra of this group of compounds was gained using MS® experiments. The prominent ions in the
spectrum of 4-methy|-N-(5-methyl-2-pyridinyl)-benzenesulphonamide were dissociated and similar

results, as in the case of the amino-sulphonamide, were obtained. {Table 10) Dissociation of the
fragment ion due to the loss of H,SQO, produced the losses of CH, and CH3". Again, the functional
groups attached to the benzene ring and the pyridine ring appeared to be cleaved. The ions
generated from m/z 155, were present at m/z 91, due to further loss of SO,, and at m/z 109,

because of a rearrangement following the cleavage of the sulphonamide bond. Finally,

dissociation of the radical cation X-NH," resulted in an even-electron species at m/z 107. The

same ion was previously observed in the case of the amino-sulphonamide studied.

Sulphonamide MS/MS fragment ions MS® fragment ions
o —
o
H,C LN / loss of H,SO, loss of CH4 and CH3®
NN N
| NG = §H2
NHz +
CsH7N,
loss of 155 Da m/z 107
iR +
b | O O
6]
m/z 155 CE;H7+ C7Hgo+
m/z 91 m/z 109

Table 10: Summary of the results of the MS?® experiments carried out on 4-methyl-N-(5-methyl-2-

pyridinyl)-benzenesulphonamide.
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The MS® experiments showed that after H,SO, is lost from the compounds, the two-ring system
reconnects in the same manner as for the amino-sulphonamides, via the NH group. In that way,
the substituents on the pyridine ring and on the benzene ring remain free to be cleaved. In the
case of the amino-sulphonamide, a rearrangement, that occurs after the sulphonamide bond is
fragmented, results in the formation of the ion at m/z 108. For the methyl-sulphonamides a
rearrangement also takes place and a fragment ion at m/z 109 is formed. Finally, it appears that
the ion at m/z 107, due to the methylated pyridine ring, can be formed both from the even electron
species X-NH-SO,", present in the spectra of the amino sulphonamides and from the radical cation
X-NH," observed for the methyl compounds.

The origin of the hydrogens lost in H,SO,was once more investigated using d-labelling
experiments and the ES-MS/MS spectrum obtained for the fully labelled 4-methyl-N-(5-methyl-2-
pyridinyl)-benzenesulphonamide is shown in Figure 56. The previously observed loss of 66 Da for
the un-labelled compound is now shifted to 68 Da, indicating the loss of exchangeable hydrogens
only. This result is in agreement with the d-labelling results produced by the amino-sulphonamide.
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Figure 56: The ES-MS/MS spectrum of the fully labelled 4-methyl-N-(5-methyl-2-pyridinyl)-

benzenesulphonamide.

The mechanisms proposed for the generation of some of the fragment ions for methyl-
sulphonamides are shown in Figure 57.
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Figure 57: Mechanisms proposed for the formation of some of the common fragment ions of the
methyl-sulphonamides.

The Fragmentation Pathway of Non-Substituted Benzenesulphonamides

A group of sulphonamides with no substituents on the benzene ring of the molecules (Appendix
3, Table 4) was investigated. It was observed that all compounds followed a dissociation pathway
that closely resembles the fragmentation route established for the methyl-sulphonamides. lons
appeared at m/z 141, due to cleavage of the sulphonamide bond, and at m/z 77, due to the
subsequent loss of SO,. The losses of 66 and 67 Da known to correspond to H,SO, and H3SO,’
were also observed. Finally, the loss of 141 Da, that results in the formation of the radical cation
X-NH,"* was present in most spectra at high abundance. E.g. the spectrum of N-(5-methyl-2-
pyridinyl)-benzenesulphonamide is shown in Figure 58.

108
. {loss of 141 Da Sletoy S | S i
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Figure 58: The ES-MS/MS spectrum of N-(5-methyl-2-pyridinyl)-benzenesulphonamide.
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Confirmation of the structures proposed for the fragment ions in the spectra of the non-
substituted benzenesulphonamides was obtained again by exact mass analysis by FTMS.
Molecular formulae and the number of double bond equivalents were calculated for most of the
m/z values observed in the spectra of these compounds and the structures assigned to the related
fragment ions are shown in Table 11.

Fragmentlon | Molecular Formula Proposed Structure
f
miz 141 CeHs0,S" @-ﬁ*
o]
miz 77 — ©+
loss of 66 Da loss of HS0, Further investigation required.
loss of 67 Da loss of HsSO,' Further investigation required.
loss of 141 Da loss of CgH50,S" X-NH,"™

Table 11: Structures proposed for the common fragment ions and neutral losses produced by the

non-substituted benzenesulphonamides.

N-(5-methyl-2-pyridinyl)-benzenesulphonamide was used as the model compound in order to
study the fragmentation processes occurring for this type of sulphonamides and compare the
results with those previously obtained for the amino and the methyl sub-groups. The main
fragment ions produced by N-(5-methyl-2-pyridinyl)-benzenesulphonamide were dissociated using
Ms® experiments. The ion due to the loss of H,SO, after dissaciation produced the additional
losses of H* and CH3". This once more confirmed that only the substituents on the benzene ring
and on the pyridine ring of the ion are cleaved. The radical cation, X-NH,"™ led to the generation of
the ion at m/z 107, previously observed for both the amino and the methyl-sulphonamides. Finally,
the ion due to cleavage of the sulphonamide bond, at m/z 141, was of low abundance in the
MS/MS spectrum acquired on the FTICRMS and useful mMs?® spectra were not abserved. (Table
12)

The MS? experiments carried out on N-(5-methyl-2-pyridinyl)-benzenesulphonamide confirmed
the observations previously made for the amino and the methyl-sulphonamides. The structure of
the ion due to the loss of H,SO, involves reconnection of the benzene ring and the pyridine ring
via the NH group. The same ion appears to be formed by all types of sulphonamides. In addition,
the fragment ion at m/z 107, that corresponds to the methylated pyridine ring, is formed after
dissociation of both even electron species such as the X-NH-SO," present in the spectra of the
amino-sulphonamides and of radical cations such as the X-NH,™ observed for the methyl and non-

benzene substituted molecules.
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Sulphonamide MS/MS fragment ions MS® fragment ions
9 —
@‘ﬁ”ﬂ G0t loss of H,SO, loss of H* and CHs’
0 N
I SN N
N +
i, . NH,
H/No"
loss of 141 Da iz 107

Table 12: Summary of the results of the mMs?® experiments carried out on N-(5-methyl-2-pyridinyl)-

benzenesulphonamide.

The hydrogens involved in the loss of H,SO, were identified for the amino and the methyl-

sulphonamides to be exchangeable Hs. This was also confirmed for the non-substituted molecules

and the ES-MS/MS spectrum of the fully labelled N-(5-methyl-2-pyridinyl)-benzenesulphonamide is

shown in Figure 59. The loss of 68 Da that corresponds to D,SO, results to one of the main

fragment ions observed. According to the results of the d-labelling experiments carried out on the

three sulphonamides, the hydrogens involved in the loss of H,SO, from the methyl and the non-

substituted benzenesulphonamides are the hydrogen of the NH group and the proton gained

during ionisation. In the case of the amino-sulphonamides, the hydrogens could also originate from

the NH, group attached on the benzene ring.
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Figure 59: The ES-MS/MS spectrum of the fully labelled N-(5-methyl-2-pyridinyl)-

benzenesulphonamide.
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Based on all the experiments carried out in the non-substituted sulphonamides, mechanisms can

be proposed leading to the formation of the some of the main fragment ions observed for this

group. (Figure 60)
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Figure 60: Mechanisms proposed for the formation of some of the common fragment ions of the

non-substituted benzenesulphonamides.

The Fragmentation Pathway of a Group of Various Sulphonamides

The final sub-group of sulphonamides investigated, consisted of five compounds with various
substituents attached on the benzene ring. (Appendix 3, Table 5) The ES-MS/MS spectra of the
compounds were studied and it was established that the group followed a dissociation pathway

similar to that identified for the methyl and the non-substituted benzene sulphonamides. Fragment

ions were again observed due to cleavage of the sulphonamide bond, due to the losses of 66 and

67 Da and also corresponding to X-NH,"™. The m/z values in the spectra varied, depending on the

substituents X and Y attached on the molecules. E.g. the spectrum of 4-trifluoromethyl-N-2-

pyridinylbenzenesulphonamide is shown in Figure 61.
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Figure 61: The ES-MS/MS spectrum of 4-fluoro-N-2-pyridinyl-benzenesulphonamide.
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Exact mass analysis by FTMS was carried out on all the fragment ions generated by the five
molecules and elemental compositions were assigned to the m/z values present in the spectra. In
accordance with the results obtained, the structures proposed for the fragment ions of this sub-
group are shown in Table 13.

Fragment lon Molecular Formula Proposed Structure

cleavage of the

. o]
. various M
sulphonamide bond Y ﬁ

o)

radical cation due to X various X-NH,"*

loss of 66 Da loss of H,SO, Further investigation required.

loss of 67 Da loss of H;SO," Further investigation required.

Table 13: Structures proposed for the main fragment ions and neutral losses produced by the five

sulphonamides studied with various groups attached on the benzene ring.

It was shown that the five compounds followed the dissociation pathway previously established
for the methyl and the non-substituted benzene sulphonamides. Hence the mechanisms proposed
for the formation of fragment ions for those two sub-groups were expected to be maintained in the
case of this group of molecules. For this reason, additional mechanistic studies were not carried
out for this group.

4d. Molecular Modelling Calculations

The potential of ab initio calculations with respect to fragment ion prediction was explored using
a “‘model” sulphonamide. N-(5-methyl-2-pyridinyl)-benzenesulphonamide was used with the aim to
study the effects of protonation in the structure and to determine whether the sites most likely to be
cleaved can be predicted. The energetically favoured conformers of the neutral sulphonamide and
all its possible protonated forms were identified and optimised. Protonation was proposed on the
SO, group (OH" benzenesulphonamide), on the NH group of the sulphonamide bond (NH,"
benzenesulphonamide) and on the nitrogen of the pyridine ring (ring NH" benzenesulphonamide).
The results of the calculations carried out are summarised in Appendix 3, Figure 6.

Comparison between the energies of the protonated molecules shows that the OH* and the ring
NH" protonated compounds are more stable than the NH," benzenesulphonamide. In addition, the
structure of the neutral compound does not change significantly, with respect to the length of the
major bonds, after protonation takes place on the SO, group or on the pyridine ring. On the other
hand, the addition of a proton to the sulphonamide bond causes important alterations to the initial
neutral structure. The sulphonamide bond elongates significantly and becomes the easiest bond to

break. This is in agreement with the fragment ions observed in the ES-MS/MS spectra, where it
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was proven that many ions were formed after the sulphonamide bond was cleaved. It, therefore,
appears that the NH," benzenesulphonamide can be a starting point for dissociation in ES-MS/MS.

The structure of the neutral molecule and of the cations resulting after protonation is not planar,
but the angle created between the benzene ring and the sulphonamide bond is close to 100°. This
indicates that the molecule would dissociate to form fragment ions with a more planar structure
that would be energetically favoured. This could be the reason why the loss of H,SO, is a major
fragmentation process. To confirm this and also obtain further information about the driving forces
leading to the dissociation of sulphonamides under ES-MS/MS conditions, additional calculations
and comparisons need to be carried out for the neutral molecule, the protonated forms and the
resulting fragment ions. These would provide reasons behind fragment ion formation and would
also reveal the favoured site for ionisation. Additional potential protonation sites would have to be
considered in the case of the amino-sulphonamides and for any compounds with electronegative
groups on the substituent Y.

The calculations described above, however, require a high level of theory and interpretation of
the results can only be addressed by the highly experienced expert in the field of molecular
modelling. Here, only the potential of ab initio calculations is demonstrated and the observations
made were extensively discussed with molecular modeliers to confirm their validity. Further use of
this technique by experts could be a great advantage for the improvement of mass spectra

interpretive packages.

4e. Conclusion

The fragmentation pathway of a library of sulphonamides was investigated. It was observed that
all sub-groups of the library followed a common dissociation route and a fragmentation pattern was
established. This proves that fragmentation patterns can be identified for large combinatorial
libraries and are not limited to small groups of molecules only.

Structures were assigned to most of the fragment ions observed and some of the mechanisms
taking place for fragment ion formation were explored. In the same way, as it was previously
observed in the case of the amino acids, mechanisms could be postulated for the entire group and
were not limited to certain molecules only. The presence of radical cations under ES-MS/MS
conditions was reported. This widens the range of possible dissociation routes that are known to
take place when ES-MS/MS is used. The formation of solvent adducts of fragment ions in the ion
trap was also confirmed. Incorporation of this feature into Al software packages should prevent
misinterpretation of fragment ions and together with an option for radical cation formation should
improve the fragment ion prediction mode.

Finally, ab initio studies carried out on a “model” sulphonamide showed that the behaviour of
molecules under ES-MS/MS conditions can be predicted. Important observations were made with
respect to the sites of ionisation and the effects of protonation to the initial structure of the neutral
molecule. The bonds more likely to be cleaved were identified and the results were in agreement

with the fragment ions observed in the ES-MS/MS spectra. It appears that, molecular modelling
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can find enormous applications in the field of mass spectrometry and could become a powerful
tool for fragment ion prediction.
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5. Identification of Unknown Non-Peptidic Molecules From Their ES-MS/MS Spectra:
Automated Approach and Limitations

5a. Introduction

The studies carried out so far, have shown that different classes of non-peptidic molecules follow
distinct dissociation pathways when analysed by ES-MS/MS. This was proven to be the case for
small groups of molecules, {Chapter 2) arrays of monomers, as demonstrated by the amino acids,
(Chapter 3) and combinatorial libraries such as sulphonamides. (Chapter 4)

These findings were not surprising, since the common fragment ions produced by the different
classes of drug molecules were often reported in literature for their use in detection and
quantification studies carried out on the corresponding compounds. However, the proof that
fragmentation in ES-MS/MS is structure dependant was a critical step in moving towards an
improved, automated system that is capable of reliably handling the data interpretation.

The patterns observed are now further used to identify an unknown molecule from its MS/MS
spectrum, in two stages: initially its substructure is identified from the general pattern and then in
more detail, the functionalities present in its structure are recognised. The first step, carried out for
substructure identification can also be automated using pattern recognition methods available from
multivariate statistics. The two-step method developed for structure identification of unknowns and

its limitations are discussed below.

5b. Experimental

Materials

¢ The fragmentation pathways of the ergopeptine alkaloids and the aflatoxins were determined
using spectra available in the MS/MS libraryA52

e The library of sulphonylureas was purchased from Qmx Laboratories Ltd, Thaxted, UK.

e The group of sulphonamides was synthesised in house and used without further purification.
e Methanol, HPLC grade, was purchased from Fisher, Loughborough, UK.

e Formic acid, analytical grade 98-100%, was purchased from Sigma-Aldrich, Gillingham, UK.

Sample Preparation

e Solutions of all compounds analysed were prepared in methanol and 0.1% formic acid.

Concentration: 10 ug/mL.

Instrumentation and Conditions Used

e ES-MS/MS spectra for the sulphonylureas and the sulphonamides were obtained from an LCQ
Deca lon Trap (Thermo Finnigan, San Jose, CA, USA) under standard conditions: Capillary
Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas Flow: 10 au, Source Voltage: 4.5 kV.
Nitrogen was used as the sheath and the auxiliary gas and helium was the collision gas.

MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.
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e The MS® experiments on the group of sulphonamides were carried out using an Apex |l|
FTICRMS (Bruker, Billarica, MA, USA): Capillary: -4.5 kV, End Plate: -3.8 kV, Capillary Exit: 102
V, Skimmer 1: 8.26 V, Skimmer 2: 7.64 V, Offset: 1.00, Rf Amplitude: 550.00 Hz, Dry Gas
Temperature: 130°C. Nitrogen was used as the drying gas and argon was used as the collision
gas.

MS/MS parameters: corr sweep pulse length: 1000 psec, corr sweep attenuation: 30.0 dB, ejection
safety belt: 3000 Hz, user pulse length: 5000 usec, ion activation pulse length: 250000 psec, ion
activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay length:
3 sec.

MS/MS/MS parameters: corr sweep pulse length: 500 psec, corr sweep attenuation: 30.0 dB,
ejection safety belt: 0 Hz, user pulse length: 5000 psec, ion activation pulse length: 250000 usec,
ion activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay

length: 6 sec.

5c. Results and Discussion

As described in Chapters 2, 3 and 4, approximately 200 spectra of different libraries of
compounds were studied. It was observed that each of the libraries produced specific fragment
ions and neutral mass losses, depending on the functional groups present in the structures of the
molecules. The fragmentation patterns established for each class of molecule can subsequently
be used to identify an unknown, providing it belongs to one of these classes of compounds. This
can be done in two steps.

In first instance, the class of compound can be identified from the general pattern of specific ions
observed in its respective MS/MS spectrum. E.g. loss of 66 Da and ions at m/z 156, 108 and 92
are indicative of an amino-sulphonamide. For carnitines representative fragment ions at m/z 85
and 144 together with loss of 59 Da are observed. Similarly characteristic ions are observed for
the other sub-groups studied.

Once the substructure of the unknown has been revealed, identification of the functionalities
present in the structure can be achieved using the specific m/z values present in the spectrum.
E.g., the components of the library of suiphonamides can be identified by combining the
information provided by the fragment ions observed in the spectra. (Table 14) Fragment ions
present at m/z 156 and m/z 92, suggest there is an amino functionality attached to the benzene
ring. If the fragment ions observed, appear at m/z 155 and m/z 91 instead, then the functional
group attached to the aromatic ring is a methyl group. Similarly, fragment ions at m/z 141 and m/z
77, correspond to no substituent present on the benzene ring. Information about the substituent Y
can be obtained from the ion due to the loss of 155 Da. In the case of an amino-sulphonamide this
corresponds to the charged substituent. If Y is a pyridine ring, the fragment ion due to the loss of
155 Da is observed at m/z 95. Similarly, a methylated pyridine shows the analogous ion at m/z
109. If Y is a thiazole ring then the corresponding fragment ion appears at mfz 101. Combination
of the information obtained from all the fragment ions in the spectra of each molecule results in

identification of the individual compounds and aids characterisation of the library.
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Table 14: Identification of the functionalities present in the structure of an unknown sulphonamide

based on the m/z values observed in its spectrum.

The process of substructure identification, which is the first step of the method developed, can
be automated using Al software packages like Mass Frontier. Classification methods such as PCA
{Section 1c) are employed in order to achieve automatic pattern recognition. £.g. Figure 62
displays the projection of the ES-MS/MS spectra of the three largest sets of compounds available
for this study, the amino acids, the sulphonamides and the carnitines, that have been classified
using PCA. Based on the three coordinate system shown, three clusters are separated in space.
The three different groups can be distinguished based on their ES-MS/MS spectra only. This
projection is a clear demonstration of the close relationship between the structures of molecules
and the fragment ions formed under ES-MS/MS conditions. Identification of the library of an
unknown can be achieved following insertion of its spectrum into the projection plane. The position
of the new spectrum on the projection plane is indicative of the substructure of the molecule in
question. Classification by PCA or by other classification methods, such as Neural Networks,
which are available in the latest version of Mass Frontier, can be applied to large numbers of

libraries consisting of many compounds.197
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Figure 62: Classification of three groups of compounds using PCA.

Based on the two-step method developed for the identification of unknowns using ES-MS/MS,
recognition of the functionalities present in the structures of the compounds is achieved using the
m/z values present in their spectra. This approach does not currently allow identification between
isomeric molecules. The spectra of three isomeric sulphonamides are shown in Figure 63. The
only difference in the structures of the three compounds is the position of the methyl group on the
pyridine ring. The spectra produced by the three molecules are very similar and the same
predominant m/z values are observed in all of them. Using the method developed, the compounds
would be successfully identified as benzenesulphonamides with a methylated pyridine ring
attached, but the position of the methyl group on the pyridine ring could not be determined.

In literature, successful differentiation between isomers is reported using compound specific ions
and the differences in the abundances of the main fragment ions observed.'®*'%'%® The use of
MS? experiments in order to achieve differentiation was also reported.'” Correlation between the
structure of the precursor ion and the abundances of the fragment ions requires an in-depth study
on each set of compounds and it is not within the scope of this investigation. MS® experiments
were carried out on the three sulphonamides in order to determine whether differentiation between
them could be achieved. The fragment ion at m/z 108 corresponding to the methylated pyridine
was isolated for each compound and dissociated. The results are summarised in Table 15. The
same MS? fragment ions were obtained for all sulphonamides and therefore the experiments did
not aid in distinguishing between the isomers. The process of complete structure elucidation with
respect to isomeric compounds analysed by ES-MS/MS using CID remains a challenge.
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Figure 63: The ES-MS/MS spectra of three isomeric sulphonamides.

Fragment lon Molecular MS® E ‘)
ragment lons
Isolated Formula .
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il CeHsN2"™
L o CoHN'™ CsHeN'
NH,
| \/N Ll miz 107 m/z 81 m/z 80
+eo
NHZ e CGH7N2+ C5H7N+. CsH6N+

Table 15: Summary of results of the MS? experiments carried out on the isomeric sulphonamides.

A further limitation of the method developed for the identification of unknowns is that the types of
compounds that can be currently identified in two steps are limited to combinatorial molecules
only. The method cannot be applied to fused ring systems, e.g. aflatoxins, where identification of
the structures of the fragment ions is very complex. The dissociation patterns of two groups of
compounds consisting of fused ring systems were investigated and although a common
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dissociation route was observed for all compounds within each group, only general observations
could be made about the sites of dissociation. ldentification of the structures of the fragment ions
produced was not possible without stable isotope experiments.

The core structure of ergopeptine alkaloids is shown in Figure 64 and the individual structures of
all the compounds studied are shown in Appendix 4, Table 1. Dissociation for these molecules

mainly occurs around the amide bong'#%%®

and the non-aromatic heterocycles. General
observations were made with respect to the roles of the X, Y and R groups in dissociation under

ES-MS/MS conditions.

X

1

—CH,CgHg, —~CH,CH(CHs)2, —CH(CH3),
R= —CH3, —CH(CH3)2

Y=H, Br
The bond in the position indicated by the red

circle can be either a double or a single bond.

Figure 64: The core structure of the ergopeptine alkaloids studied.

The MS/MS spectra of this library are shown in Appendix 4, Figure 1. The first comparison
carried out involved ergocryptine, ergocornine and ergocristine, whose structures differ only with
respect to the substituent X. The spectra produced by the three molecules are very similar and the
same m/z values are observed for all of them. This indicates that the substituent X is cleaved
during dissociation and that the non-aromatic heterocyclic part of the molecules is the major site,
where fragmentation occurs.?® Comparison between ergotamine and ergocristine reveals that the
substituent R remains on most of the fragment ions formed. Predominant ions 28 mass units apart,
as well as at the same m/z values are present in the two spectra. Comparison between
ergocryptine and bromocryptine showed that the Y group is not cleaved during dissociation. This
time, fragment ions 78 mass units apart are observed in the two spectra due to the presence of the
bromine atom in the bromocryptine structure. This confirms that the aromatic part of the molecules
remains intact when fragment ions are formed.?® Finally the spectra of ergocristine and
ergocornine were compared with those of dihydroergocristine and dihydroergocornine. The
spectra of the two dihydro compounds are very similar, but significantly different from those of the
other two compounds containing the double bond. Comparison of the high mass regions showed
that common fragment ions are present, but at m/z values that are two mass units apart, because
of the bond difference in the structures.”” Common fragment ions were not observed in the low
mass region. The most abundant ion in the spectra of dihydroergocristine and dihydroergocornine
appears at m/z 270 and corresponds to the protonated aromatic substructure. The same ion is
also present at m/z 268 in the spectra of ergocornine and ergocristine, as well as in the spectra of

ergotamine and ergocryptine, but its intensity is lower. For these molecules the most abundant
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fragment ion appears at m/z 305 possibly after a rearrangement has occurred. The presence or
the absence of the double bond at the indicated position in the core structure (Figure 64) affects
the dissociation route of the molecules significantly and causes considerable changes in the
resulting spectra.

General observations were also made on the dissociation pathways of a group of aflatoxins.
(Appendix 4, Table 2) Again, structure assignment of all the fragment ions in the spectra was not
possible unless stable isotope experiments were undertaken. Studies carried out using Mass

Frontier predictions and literature references®®2'*

resulted in the following comments to be made.

The spectra of the aflatoxins studied are shown Appendix 4, Figure 2. All aflatoxins produce the
loss of 28 Da that corresponds to the loss of CO, possibly from the cumarin part of the
structures.”® In the case of aflatoxins B1 and B2 additional fragment ions were formed due to the
losses of 29 Da, as CHO, from the difuran ringszoe and 56 Da. In the spectra of aflatoxin G1 and
G2 prominent fragment ions are observed due to the losses of 86 Da and 46 Da, due to
dissociation taking place at more than one site of the structures. The fragmentation of the
compounds is significantly affected by the double bond on the furan ring.” An increased number
of fragment ions are observed in the spectra of aflatoxins B2 and G2 compared to those of B1 and
G1, especially in the case of aflatoxin G2. The type of rings present on the cumarin part of the
molecules does not affect the dissociation. Fragment ions 16 mass units apart are observed in the
spectra of aflatoxins B1 and G1, as well as B2 and G2. This is a further indication that dissociation
occurs mainly on the difuran rings rather than in the cumarin substructure.

The investigation carried out on the two sets of compounds consisting of fused ring systems
showed that the two-step method developed for the identification of unknowns using ES-MS/MS is
better suited for studies carried out on non-peptidic, combinatorial compounds. Although the
groups of aflatoxins and ergopeptine alkaloids followed a common dissociation pattern
respectively, the complexity of their ES-MS/MS spectra renders identification of the fragment ions
difficult and application of the method developed for recognition of unknowns impossible. The
Fragments and Mechanisms module in Mass Frontier generates an enormous number of possible
fragment ions for these types of molecules and uses complex reaction schemes to predict their
formation, as shown in Figure 65. This results in isotope labelling experiments being necessary for
confirmation of the structures. The process of identification of this type of unknown compounds is

currently not amenable to automation using Al predictive packages.
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Figure 65: Example of the types of fragment ions and mechanisms generated by Mass Frontier to
interpret the spectra of fused ring systems.

The last drawback of the method developed for the identification of unknowns from their ES-
MS/MS spectra is the fact that fragmentation patterns can only be established from libraries, i.e.
small structural variation between the compounds within a group is necessary for the formation of
common fragment ions. This is demonstrated by comparison of two structurally similar sets of
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compounds, the sulphonamides and the sulphonylureas, whose core structures are shown in
Figure 66. The fragmentation pattern followed by the sulphonamides has been extensively studied
and it was shown that the dominant site for dissociation in ES-MS/MS was the sulphonamide
bond. (Chapter 4) Although sulphonylureas also contain a sulphonyl moiety in their structures,
their dissociation pathway differs from that of the sulphonamides.

i by
Y—@—ﬁ~u—x Yy s B N x
¢!

I
O O

sulphonamide
sulphonylurea

Figure 66: The core structures of sulphonamides and sulphonylureas.

The sulphonylureas used for this investigation are shown in Appendix 4, Table 3. A common
fragmentation pattern is followed by all compounds. Fragment ions are observed due to cleavages
around the amide bond and the m/z values observed in the spectra vary depending on the
substituents X and Y.?'>?? The loss of CH;OH or CHsCH,OH also occurs from any compounds
with the corresponding ester substituents attached on the aromatic rings. E.g. the spectrum of
metsulphuron methyl is shown in Figure 67.
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Figure 67: The ES-MS/MS spectrum of metsulphuron methyl.

The amide bond in the structure of sulphonylureas is the dominant functionality under ES-
MS/MS conditions. Although some of the compounds produced additional compound specific ions,
possibly due to the other functional groups present in the structures, these are usually of low
abundance. Fragment ion prediction based on knowledge that cleavages occur around the amide
bond results in identification of an estimated 80% of the fragment ions produced by this class of
molecules. lons common with the sulphonamide library were not observed. The difference in the
structures of the two groups is significant enough that, under ES-MS/MS conditions different
fragmentation routes are observed.
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5d. Conclusion

The fragmentation patterns established for the different groups of molecules using ES-MS/MS
were applied to demonstrate that identification of an unknown from its ES-MS/MS spectrum is
possible. The pattern of the fragment ions present in the spectrum indicates the class of the
unknown, whilst the m/z values of each fragment ion can reveal the functional groups present in its
structure. Classification methods currently available in Al predictive software packages enable
automation of the process of class identification. Although the method described was developed
using a small data set and limitations are known to exist, the results obtained suggest that this
strategy has great merit and potential to aid high-throughput data interpretation.
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6. Comparison of the Fragmentation Patterns Observed for Three Sets of Compounds on
Different Trap Instruments

6a. Introduction

Throughout this investigation, the ES-MS/MS spectra used for the determination of the
fragmentation patterns of various classes of non-peptidic molecules were always acquired on an
LCQ Deca ion trap. The distinct dissociation routes established for each group led to the
development of a method for the identification of unknowns based on the MS/MS spectra only. To
ensure the wide applicability of the new strategy, it was important to determine that the
compounds followed the same fragmentation routes under ES-MS/MS conditions on all trap
systems regardless of the manufacturer. To prove this, three sets of molecules, whose
fragmentation patterns were previously identified, were analysed on three trap systems other than

the LCQ and the spectra acquired were compared.

6b. Experimental

Materials

e The library of sulphonylureas (Appendix 5, Table 1) was purchased from Qmx Laboratories
Ltd, Thaxted, UK.

o The group of sulphonamides (Appendix 5, Table 2) was synthesised in house and used
without further purification.

e The group of benzimidazoles (Appendix 5, Table 3) was purchased from Sigma-Aldrich,
Gillingham, UK.

» Methanol, HPLC grade, was purchased from Fisher, Loughborough, UK.

o Formic acid, analytical grade 98-100%, was purchased from Sigma-Aldrich, Gillingham, UK.

Sample Preparation

o Solutions of all compounds analysed were prepared in methanol and 0.1% formic acid.

Concentration: 10 pg/mL.

Instrumentation and Conditions Used

ES-MS/MS analysis of the three sets of molecules was carried out using the following instruments:
e LCQ Deca lon Trap (Thermo Finnigan, San Jose, CA, USA)

Capillary Temperature: 200 °C, Sheath Gas Flow: 35 au, Auxiliary Gas Flow: 10 au, Source
Voltage: 4.5 kV. Nitrogen was used as the sheath and the auxiliary gas and helium was the
collision gas.

MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.

o Esquire 3000 Plus lon Trap (Bruker, Billarica, MA, USA)

Dry Temperature: 325 °C, Nebulizer: 25.00 psi, Dry Gas: 8 L/min, Capillary: 4 kV. Nitrogen was

used as the sheath and the auxiliary gas and helium was the collision gas.
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MS/MS parameters: Isolation Width: 1, Collision Energy: 35%.
o Apex |l FTICRMS (Bruker, Billarica, MA, USA)
Capillary: -4.5 kV, End Plate: -3.8 kV, Capillary Exit: 102 V, Skimmer 1: 8.26 V, Skimmer 2: 7.64 V,
Offset: 1.00, Rf Amplitude: 550.00 Hz, Dry Gas Temperature: 130°C. Nitrogen was used as the
drying gas and argon was used as the collision gas.
MS/MS parameters: corr sweep pulse length: 1000 usec, corr sweep attenuation: 30.0 dB, ejection
safety belt: 3000 Hz, user pulse length: 5000 psec, ion activation pulse length: 250000 usec, ion
activation attenuation: 49.5 dB, frequency offset from activation mass: -500 Hz, user delay length:
3 sec.
e Q TRAP Linear Trap (MDS Sciex, Concord, ON, Canada)
lon Spray Voltage: 5.5 kV, Curtain Gas: 20 psi, Gas 1: 10 psi, Declustering Potential: 40 V,
Collision Energy: 20 eV. Nitrogen was used as the ion spray gas and the collision gas. Data were
acquired using three scan modes:
a. Product lon Scan Mode: the instrument is used as a triple quadrupole MS, equivalent to
the API 2000 (MDS Sciex, Concord, ON, Canada).
b. Enhanced Product lon Scan Mode: the instrument operates as a linear trap and trapping
of the ions takes place in Q3.
c. Enhanced Product lon Scan Mode with Q0 Trap On: the instrument operates as a linear
trap with ion trapping occurring both in Q0 and Q3.
6c. Theory of Operation of the Linear Trap *%***

The linear trap instrumentation is based on the triple quadrupole mass spectrometer. (Figure 68)
Sample ions, generated in the ionisation source, travel through a curtain gas, via an orifice into the
QO chamber. The QO chamber consists of a skimmer and a set of quadrupole rods (QO0) that can
be used for ion accumulation and as an ion guide. During experiments, trapping can take place in
QO in order to increase the concentration of the ions and enhance the sensitivity of the instrument.
Confinement of the ions is achieved with the application of RF voltages to the quadrupole rods and
the lens (IQ1) placed just after them. From QO the ions are then directed into the analyser
chamber.

In the analyser chamber, the role of the first quadrupole (Q1) depends upon the types of
experiments carried out. For single MS experiments, Q1 acts as an ion guide only and transmits
ions to Q2 and Q3. During tandem MS experiments, Q1 is used for the selection of the precursor
ion of interest. RF and direct current (DC) voltages are applied to the rods in order to allow only
the ion of the desired m/z value to pass through the quadrupole. The isolated precursor ion enters
then the collision cell, Q2, which is an enclosed linear quadrupole rod array, filled with nitrogen gas
used for Collision Induced Dissociation (CID). The ion can enter and exit the cell through small
orifices in the centre of the lenses Q1 and IQ2, which are situated approximately 2 mm from the
Q2 rods. For single MS experiments, Q2 is used in the same manner as Q1, for the transmission
of the ions to Q3. For MS/MS, the collision cell is the area, where the fragmentation of the ions

occurs. The fragment ions formed by CID or the ions guided through the different components of
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the instrument during single MS experiments, finally enter the third quadrupole Q3, which is used
as the linear trap.

orifice
curtain plate gimmer

gas
\] \

Figure 68: Schematic representation of the linear trap.

Trapping in the linear trap is achieved using the Q3 quadrupole rods and the lenses IQ3 and exit
lens. (Figure 69) When RF voltages are applied on the rods, the ions become trapped in the radial
direction. In addition, the application of alternating current (AC) to the lenses causes axial trapping
of the ions to take place. As a result, the ions oscillate in the radial and axial directions and
because the frequency of the axial motion is much higher than the frequency of the radial one,
they eventually arrange themselves in a linear string. The ions finally exit Q3 via a grid placed in
the centre of the exit lens, they pass through a final lens and are detected with the use of an

electron multiplier.

RADIAL TRAPPING

AXIAL

1Q3 LEN EXIT LENS

RADIAL TRAPPING

Figure 69: Axial and radial trapping of the ions in the linear trap.
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6d. Results and Discussion

ES-MS/MS spectra were obtained for the sulphonamides, sulphonylureas and benzimidazoles
on each of the trap instruments. The main fragment ions and neutral losses formed in every
instrument for each group were identified and the spectra were compared with those obtained on
the LCQ.

There were no significant differences in the results from the LCQ and the Esquire. The same
prominent fragment ions were observed and the same fragmentation patterns were established
using either trap. This was also the case for the FTICRMS data. Differences in the three sets of
spectra were only observed with respect to the abundances of the fragment ions. Generally,
fragment ions of low intensity formed in the LCQ did not appear in the Esquire and the FTMS
under the conditions used. Variations as such were expected, since the conditions employed for
analysis on each instrument were not optimised for each set of molecules. Figures 1, 2 and 3 in
Appendix 5 provide an example of the type of spectra obtained on the trap instruments discussed,
for the three groups of compounds.

Three sets of data were also obtained from the Q Trap for each class of molecules. MS/MS
spectra were acquired using the instrument as a triple quadrupole, as a linear trap and finally as a
linear trap with concurrent trapping at Q0 and Q3 for enhanced sensitivity of the system. An initial
comparison was carried out between the spectra obtained using the three different scan modes.
The triple quadrupole fragmentation patterns were maintained when the system was used as a
linear trap, but sharper ion profiles and better mass accuracy than on the triple quadrupole
analyser were observed. Trapping in QO to increase the ion concentration, did not cause
significant changes in the spectra. The ES-MS/MS spectra acquired for a methyl-sulphonamide
using the three different scan modes performed on the Q Trap are shown in Figure 70.

A final comparison was carried out between the fragmentation patterns established for the three
groups of compounds on the linear trap and those observed on the conventional trap instruments.
The main difference detected was the fact, that more fragment ions were present in the spectra
obtained from the linear trap. This is due to two reasons. |n the linear trap, the triple quadrupole
fragmentation patterns are maintained. This involves the ions undergoing multiple collisions, which
means that as soon as they are formed, are reactivated by collision with the neutral gas molecules
and can fragment further, resulting in additional fragment ions to be formed.” In the spherical trap
only the isolated precursor ion is excited using the appropriate voltages and fragmented. The
product ions are usually too cool to fragment further. In addition, in conventional quadrupole traps
only ions with a mass of 70% below the precursor ion can be stabilised in the trap and
subsequently detected. As a result, spectra with many fragment ions, especially in the low mass
region, where obtained for the three sets of molecules studied only from the linear trap. This does
not imply that the fragmentation patterns previously established on the conventional traps were
completely changed. The same fragment ions and neutral mass losses as before were observed,
but new fragment ions also appeared. E.g. the spectra of some of the compounds analysed on the
LCQ and the Q Trap, with concurrent trapping in Q3 and QO, are shown in Appendix 5, Figures
4,5 and 6.
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Figure 70: The ES-MS/MS spectra of a methyl-sulphonamide obtained on the Q Trap using three

different scan modes.

The presence of additional fragment ions in the spectra acquired on the linear trap can be an
advantage when ES-MS/MS is used with the aim of structure elucidation. As described in Chapter
5, classification using PCA can be applied for automatic identification of the class of an unknown
compound. According to PCA, the position of a spectrum in the n-dimensional space depends
upon the m/z values present in the spectrum and their intensities. A spectrum becomes better
defined, when the number of co-ordinates specifying its place increases, i.e. the number of
fragment ions increases. Spectra from the various classes of compounds acquired on the linear
trap, when classified by PCA should result in the formation of well-spaced clusters. This would
assist in efficient substructure identification of unknowns and could overcome problems sometimes
encountered with spectra obtained from conventional traps, containing only a few fragment ions.
The drawback of large numbers of fragment ions is the time that must be invested for fragment ion
identification and structure assignment. Pattern recognition can become difficult due to the

increased complexity of the spectra.

6e. Conclusion

It was proven that the ES-MS/MS fragmentation patterns established for the various classes of
non-peptidic compounds on the Thermo Finnigan LCQ ion trap are reproducible in most trap
instruments regardless of their design. This implies that the two-step method developed for the
identification of unknowns from their ES-MS/MS spectra can be widely applied to spectra acquired
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on most trap systems. Spectra obtained from the linear trap can also be used for the identification
of unknowns but the process of establishing an initial dissociation pathway can be time-

consuming, due to the increased number of fragment ions observed.
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7. Conclusion and Further Applications

During the investigation into the dissociation processes of non-peptidic molecules under ES-
MS/MS conditions, a total of approximately 300 spectra were studied. A distinct dissociation
pathway was identified for each different class and it was shown that fragmentation by ES-MS/MS
is indeed structure dependant. An additional observation was that certain functional groups have a
greater influence on the fragmentation processes, allowing a hierarchy of influence to be
determined. Based on this, the following statements can be made:

» Molecules with aliphatic substituents usually fragment by straightforward bond cleavage,
while cyclic compounds favour rearrangements.

o Functionalisation of aliphatic chains, e.g. the addition of hydroxyl or carbonyl substituents,
results in fragmentation via rearrangement processes.

¢ Amines and in particular quaternary amines are easily cleaved and when present in the
structure the corresponding loss is often observed.

¢ When molecules contain amino acid functionalities, the loss of 46 Da is usually observed.
When the acid functionality is protected, the protected group is cleaved first, followed by
the loss of the acid group.

e The presence of the sulphone and the cyano moieties in the structure causes
rearrangements to occur.

» Heterocycles are usually unstable and many fragment ions are formed due to
fragmentation taking place at the heterocyclic ring. In contrast to this, aromatic rings are
very stable and remain intact under ES-MS/MS conditions.

e The presence of substituents on aromatic rings such as hydroxyl groups and halogens
does not appear to have any influence on the dissociation of the molecules.

¢ Hydrogen rearrangements generally involve only exchangeable hydrogens.

These observations show that non-peptidic molecules follow general trends when analysed by ES-
MS/MS and therefore fast spectral prediction and interpretation is possible.

General trends were also observed with respect to the mechanisms that take place for the
formation of fragment ions. The studies carried out on various groups showed that mechanisms
can be postulated for classes of molecules and that they are not compound specific. The
mechanisms leading to the formation of fragment ions for different types of compounds under El

conditions have been explored*®®'

and are already used by Al packages for fragment ion
prediction. Similar studies can now be carried out for the mechanisms involved in ES-MS/MS. The
identified mechanistic routes can eventually be applied towards fragment ion generation for non-
peptidic molecules by applications, such as Mass Frontier.

The success rate of fragment ion prediction could be further increased, if data obtained from ab
initio calculations were employed. The studies carried out on the library of sulphonamides showed
that, molecular modelling can assist in recognising the driving forces that iead to dissociation. The
primary sites of ionisation can be identified. Then the differences in bond lengths before and after
protonation can reveal the sites of the molecules more likely to be cleaved. Steric effects resulting

in the elimination of fractions of the compounds can also be explored. The combination of
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molecular modelling applications with software packages that are used for mass spectra
interpretation will result in a powerful tool that will aid the fragment ion prediction under ES-MS/MS
conditions.

The key in improving software packages like Mass Frontier is to combine expertise in the areas
of mass spectrometry, artificial intelligence and molecular modelling. The potential for
improvement has been demonstrated and a method for the identification of unknowns has been
developed. Incorporation of the information gained regarding the dominant functionalities in ES-
MS/MS, the fragmentation patterns established and the mechanisms involved in fragment ion
formation should improve the fragment ion prediction modes of the Al packages. With the input
from experts in Al systems, algorithms leading to automation of both steps of the method
developed could be produced. Also more powerful pattern recognition technigues, such as Neural
Networks, could be explored. Such improvements would allow application of the new strategy
towards the classification of corporate libraries from pharmaceutical companies. These would
provide an enormous range of chemical structures to be processed in minimum time, allowing
identification of any type of unknown. Eventually, automated interpretation of ES-MS/MS spectra
of non-peptidic molecules will become possible and the automatic characterisation of the
components of non-peptidic, pharmaceutical, combinatorial libraries using ES-MS/MS could
eventually become a routine application.

This new strategy for structure characterisation is not limited to the field of combinatorial
chemistry only, but could also be applied for the identification of drug metabolites. The efficacy of a
drug, the duration of its action and its toxicity are critically dependant upon the drug’s metabolic
pathway in the body. The study of drug metabolism plays a key role in the drug discovery process
and structure elucidation of metabolites provides vital information that guides selection and drug
optimisation of drug candidates.?"** Typically, metabolism tends to be an alteration to the drug
molecule that results in a more polar chemical structure and the difference between the parent
drug and the metabolite is usually one functional group. E.g. the known metabolites of one of the
sulphonamides studied, sulphadiazine, are shown in Figure 7138

Detection and identification of metabolites is routinely carried out using LC-MS/MS and the
general methodology is shown schematically in Figure 72. A full scan mass spectrum displays all
masses detected over the desired mass range. The ions of interest are then dissociated to give
the MS/MS spectrum and structural information about the compounds detected in the simple MS
experiment is obtained from the resulting fragment ions. The fragment ions of a metabolite should
either resemble those of the original parent drug or differ by the mass of the metabolic
modification. The type of modification can be elucidated using the mass differences in the
fragment ions observed. Additional information can be obtained using precursor ion scans. In this
case, a characteristic product ion is specified and all precursor ions that dissociate {o form this
product ion are monitored. In this manner, all possible metabolites that might produce the same
ion can be identified. Finally, neutral loss scans can also be carried out. These are similar to the

precursor ion scans, except that a characteristic neutral mass loss is selected rather than a
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product ion. Certain metabolites, such as sulphates, give characteristic neutral losses when
. d 35,234-236

fragmented and therefore detection becomes easier when this type of scan is employe
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Figure 71: The known metabolites of sulphadiazine.
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Figure 72: General strategy for the use of MS/MS for the detection and
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95

identification of



Chapter 7

Data interpretation is usually the largest bottleneck in metabolite identification.?® Physical
handling of the MS/MS spectra by expert analysts is required for the same reasons as in the case
of MS/MS spectra from combinatorial libraries. Existing software packages perform certain
functions that accelerate spectra processing, such as isotope cluster analysis for Ci or Br
containing compounds, but complete spectra interpretation and structure assignment of
metabolites is not possible when ES-MS/MS is used. Software packages that can reduce operator
workload by using a series of criteria to analyse data and report apparent metabolites will
significantly improve throughput in metabolite identification. Evolution of existing programmes can
be achieved using the findings of this investigation in the same way as proposed for the
combinatorial libraries. By applying general trends for the dissociation of molecules under ES-
MS/MS, together with an automated strategy for structure elucidation of unknowns, the
metabolites of drugs will be identified efficiently and in a short amount of time. This approach will
accelerate the process of metabolite identification and will make it amenable to the high-
throughput needs of the drug discovery process, in the same way as for non-peptidic combinatorial

compounds.
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Appendix 1

2-Acetyloxy-N, N, N-trimethyl-ethanaminium

(o]
AN
/N\ OH
OH

3-Carboxy-2-hydroxy-N, N, N-trimethyl-1-
propanaminium

(Acetylcholine) (Camitine)
RMM: 146 RMM: 162
C7H1eNO," C7H1sNOs"

(0] (o]
RN OH N OH
(@] 0

2-Acetyloxy-3-carboxy-N,N,N-trimethyl-1-
propanaminium

3-Carboxy-N,N, N-trimethyl-
2-[(1-oxopentyl)oxyl-1-propanaminium

(Acetylcarnitine) (Valerylcarnitine)
RMM: 2041 RMM: 246
CgH1gNO4 C12H24NO4"

0 O
AN N\ +
N N
VAN OH RN OH
O\”/\‘/ O
O o]

3-Carboxy-N,N,N-trimethyl-(3-methy}-1-oxobutoxy)-
1-propanaminium
(isovalerylcarnitine)
RMM: 246
C12H24NO4*

3-Carboxy-N,N, N-trimethyl-
2-(2-methyl-1-oxobutoxy)-1-propanaminium
(2-Methylbutyrylcarnitine)
RMM: 246
C12H24NO4"

(o]
s
N oH
R
O

3-Carboxy-N, N, N-trimethyl-
2-(1-oxobutoxy)-1-propanaminium

O

\ﬁ/\/%
VAN OH
N

0
3-Carboxy-N, N, N-trimethyl-
2-[(1-oxoundecyl)oxy]-1-propanaminium

(Butyrylcarnitine) (Undecylcarnitine)
RMM: 232 RMM: 330+
C11H22NO4"* C18H3sNO4
1) (0]
4 AN +/\/_<
N N
VRN OH VRN OH
O\[(\/V\ O\”/\
O )

3-Carboxy-N,N, N-trimethyl-2-
[(1-oxcheptyloxy)l-1-propanaminium
(Heptanoylcarnitine)
RMM: 274
C14H2sNO4"

3-Carboxy-N,N, N-trimethyl-2-
[(1-oxopropoxy)]-1-propanaminium
(Propionylcarnitine)
RMM: 218
C1oH20NO4"
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(0]
\ + /\'/—< 0
2N OH N
(0] VAR OH
(o]
O
(o]
3-Carboxy-N, N, N-trimethyl- 3-Carboxy-N, N, N-trimethyl-2-
2-[(1-oxo-2-propylpentyl)oxy]-1-propanaminium [(1-oxohexyl)oxy]-1-propanaminium
(Valpropylcarnitine) (Hexanoylcarnitine)
RMM: 288 RMM: 260
Ci5H3oNO4" Ci3H26NO4"

Table 1: The structures of the carnitines studied.
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0]
\N/Y_JJ\O/\/\

7 F
OH

4-Butoxy-2-hydroxy-N, N, N-trimethyl-
4-0x0-1-butaniminium
(Carnitine butyl ester)

4-Butoxy-N, N, N-trimethyl-2-(1-oxopropoxy)-
4-ox0-1-butaniminium
(Propionylcarnitine butyl ester)

RMM: 146 RMM: 274
C7H1gNO," C14H2sNO4”
N ’ P
NY%OM \N 0/\/\\
/N VAN

4-Butoxy-N, N, N-trimethyl-2-(3-methyl-1-
oxobutoxy)-4-oxo-1-butaniminium
(Isovalerylcarnitine butyl ester)

O\”/\/\/\
o]
4-Butoxy-N,N, N-trimethyl-2-[(1-oxoheptyloxy)]-4-
oxo-1-butaniminium
(Heptanoyicarnitine butyl ester)

RMM: 302+ RMM: 330
C1sH32NO4 C1gH3sNO4”
0o o
NP4
N O/\/\ \N O/\/\
SN LN
0 O\[(\/
0 o}

4-Butoxy-N, N, N-trimethy!-2-[(1-oxopentyl)oxy}-4-
oxo-1-butaniminium
(Valerylcarnitine butyl ester)
RMM; 302
C1gHa2NO4"

4-Butoxy-N, N, N-trimethyl-2-(1-oxobutoxy)-
4-oxo0-1-butaniminium
(Butyrylcamnitine butyl ester)

4-Butoxy-N, N, N-trimethyl-2-[2-methy!-1-
oxobutoxyl-4-oxo-1-butaniminium
(2-Methylbutyrylcamitine butyl ester)

RMM: 288
C1sHaoNO4"
(0]
N
N/\K_40/\/\
SN\

4-Butoxy-N, N, N-trimethyl-2-[(1-oxoundecyl)oxy]-
4-oxo-1-butaniminium
(Undecylcarnitine butyl ester)

RMM: 302 RMM: 386
C1gH32NO4" C22HasNO4"
O (@]
N
/ +\ / +\
o O
O
0

4-Butoxy-N, N, N-trimethyl-2-[(1-oxohexyl)oxy]-4-
oxo-1-butaniminium
(Hexanoylcarnitine butyl ester)
RMM: 316
C17HasNO4"

4-Butoxy-N, N, N-trimethyl-2-[(1-ox0-2-
propylpentyl)oxy-4-oxo-1-butaniminium
(Valpropylcarnitine butyl ester)
RMM: 344
CigHasNO4"

Table 2: The structures of the carnitine butyl esters studied.
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7

N,N-Dimethyl-»phenyl-2-pyridinepropanamine
(Pheniramine)

Br
N
7 N\
7(4-Bromophenyl)-N, N-dimethyl-2-
pyridinepropanamine
(Brompheniramine)

RMM: 240 RMM: 318
CisH20N2 C1sH1gN2Br
—N
NH,
Cl < s;
N (@]
N
AN
7\ — N
_ =

y(4-Chlorophenyl)-N, N-dimethyl-2-
pyridinepropanamine

o-[2-Bis(1-methylethyl)amino]ethyl}-o-phenyl-2-
pyridineacetamide

(Chlorpheniramine) (Disopyramide)
RMM: 274 RMM: 339
C1sH1gN2Cl Ca1H29N30

Ci

NH,

[e]
N7

PPN

=

a-[2-Bis(1-methylethyl)amino]ethyl]-a-(4-
chlorophenyl)-2-pyridineacetamide
{p-Chlorodisopyramide)
RMM: 373
Co1H28N3OCI

Table 3: The structures of the pheniramines and disopyramides studied.
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3,7-Dihydro-1,3,7-trimethyi- 1H-purine-2,6-dione

Ny y
LA
0 N

|

3,7-Dihydro-1,3-dimethyl-1H-purine-2,6-dione

(Caffeine) (Aminophylline)
RMM: 194 RMM: 180
CghH10N4O2 C7HsN4O2

0O

o]
N y
)\ | />—c:|
o T N
8-Chloro-3,7-dihydro-1,3-dimethyl-1H-purine-2,6-
dione
(8-Chlorotheophylline)

RMM: 214
C7H7N4O>Cli

/
HN N
A A
N N
|
3,7-Dihydro-3,7-dimethyl-1H-purine-2,6-dione
(Theobromine)

RMM: 180
Cy7HsN4O2

O

OH
0 f«
~ N N
o T N
3,7-Dihydro-7-(2-hydroxypropyl)-1,3-dimethyl-1H-
purine-2,6-dione
(Proxyphylline)

RMM: 238
C10H14N403

OH
f //L
OH
\N N
A2
o) IT N
7-(2,3-Dihydroxypropyl)-3,7-dihydro-1,3-dimethyl-
1H-purine-2,6-dione
(Diprophylline)

RMM: 254
C10H14N4O4

OH
/\///
N

O /J
\N N
AL
o) T N
7-[2-Ethyl(2-hydroxyethyl) aminolethyl]-3,7-
dihydro-1,3-dimethyl-8-(phenylmethyl)-1H-purine-
2,6-dione
(Bamiphylline)

RMM: 385
C20H27N503

/\NJ

q /
\N N
A
o) T N
7-[2-Diethylamino]ethyl]-3,7-dinydro-1,3-dimethyl-
1H-purine-2,6-dione
(Etamiphylline)

RMM: 279
C13H21N502

OH
0 H
\N N
o) T N
3,7-Dihydro-7-(2-hydroxyethyl)-1,3-dimethyl-1H-
purine-2,6-dione
(Etophylline)

RMM: 224
CaH10N403

Table 4: The structures of the purines studied.
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b

1H-Benzimidazol-2-yl-carbamic acid
methyl ester
(Carbendazim)
RMM: 191
CgHoN3O2

H —0
o

N

N0 N/ H

(5-Propoxy-1H-benzimidazol-2-yl)-carbamic acid
methyl ester
(Oxibendazole)
RMM: 249
C12H15N303

el n

[(6-Phenylthio)-1H-benzimidazol-2-yl)-carbamic
acid methyl ester
(Fenbendazole)
RMM: 299
C15H13N302S

b O
i =0
O

N

O
(5-Benzoyl-1H-benzimidazol-2-yl)-carbamic acid

methyl ester
(Mebendazole)

RMM: 295
C1sH13N303

oWesSa

(5-Phenylsulphinyl-1H-benzimidazol-2-yl)-
carbamic acid methyl ester
(Oxfendazole)

RMM: 315
C15H13N30s8

H —0
N >:O
JPws!
\/\S N

(5-Propylthio-1H-benzimidazol-2-yl)-carbamic
acid methyl ester
(Albendazole)

RMM: 265
C12H15N30,8

N s
L]
N N
2-(4-Thiazolyl)-1H-benzimidazole
(Thiabendazole)

RMM: 201
C1oH7NsS

Table 5: The structures of the benzimidazoles studied.
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: »—NH,

a-Methyl-benzeneethanamine
(Amphetamine)
RMM: 135
CoH13N

o

N-a-Dimethyl-benzeneethanamine
(Methamphetamine)
RMM: 149
C1pH1sN

: ?—NHZ
o}

2-Amino-1-phenyl-1-propanone
(Cathinone)
RMM: 149
CgH41NO

: ?—NHZ
OH

a-(1-Aminoethyl)-benzenemethanol
(Phenylpropanolamine)
RMM: 151
CgH43NO

NH,
HO

4-(2-Aminopropyl)-phenol
(Paredrine)
RMM: 151
CgH43NO

N-_.
:: 2 : H
O__

2-Methoxy-N, a-dimethyl-benzeneethanamine
(Methoxyphenamine)
RMM: 179
C11H17NO

—0
NH,
OH
o__

a-(1-Aminoethyl)-2,5-dimethoxy-
benzenemethanol
(Methoxamine)
RMM: 211
C11H17NO3

F W
F

N-Ethyl-a-methyl-3-(trifluoromethyl)-
benzeneethanamine
(Fenfluramine)

RMM: 231
C1aH1eNF3

O
N
\
OH

a-[(1-Dimethylamino)ethyl]-benzenemethanoi
(N-Methyl-Pseudoephedrine)
RMM: 179
C11Hi7NO

N-a-Dimethyl-N-2-propynyl-benzeneethanamine
(Deprenyl)
RMM: 187
Cy3HizN

o

N-a-Dimethyl-N-(phenylmethyl)-
benzeneethanamine

[Methyl(1-methyl-2-phenylethyl)amino]-

(Benzphetamine) acetonitrile
RMM: 267 RMM: 188
Cq7H24N CiaH16N2
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2-(Diethylamino)-1-phenyl-1-propanone N-a-Dimethyl-1,3-benzodioxole-5-ethanamine
(Diethylpropion) (MDMA)
RMM: 205 RMM: 193
Cq3H19NO C11H1sNO2

a-Methyl-1,3-benzodioxole-5-ethanamine
(MDA)
RMM: 179
C1oH13NO2

Table 6: The structures of the amphetamines studied.
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H
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2-(4-Methoxyphenyl)-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-al-pyridin-3-amine

2-Phenyl-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a]-pyrazin-3-amine

p=4

RMM: 351 RMM; 322
C22H29N30 C20H25N4
H
A {3
S

/N\ A

N-(1,1,3,3-Tetramethylbutyl)-2-(2-
thienyl)imidazo[1,2-a]-pyridin-3-amine
RMM: 327
C1gH25N3S

-0
X \N 0]

4-{3-[(1,1,3,3-Tetramethylbutyl)
aminolimidazo[1,2-a}-pyridin-2-yl}-benzoate
RMM: 379
Ca3HagN30O,

N
N oy
2-(4-Methoxyphenyl)-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a]-pyrazin-3-amine
RMM: 352
Ca1H28N4O

5

0

Z N
\ S

2-(2-Phenylethyl)-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a]-pyridin-3-amine
RMM: 349
CasH31N3

2-Phenyl-N-(1,1,3, 3-tetramethyl
butyl)imidazo[1,2-a]-pyridin-3-amine
RMM: 321
Ca1H27N3

@
S s
2-(2-Phenylethyl)-N-~(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a]-pyrimidin-3-amine
RMM; 350
Ca2H3pN4

H
N
G

N-(1,1,3,3-Tetramethylbutyl)-2-(2-
thienyl)imidazo[1,2-a}-pyrimidin-3-amine
RMM: 328
C1gH24N4S

4-{3-{(1,1,3,3-Tetramethylbutyl) amino]
imidazo[1,2-a]-pyrimidin-2-yl}benzoate
RMM: 380
C22H28N4O>
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2-(4-Methoxyphenyl)-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a}-pyrimidin-3-amine
RMM: 352
C21H28N4O

H
N

N-(1,1,3,3-Tetramethylbutyl)-2-(2-
thienyl)imidazo[1,2-a]-pyrazin-3-amine
RMM: 328
C18H2aN4028

g &

2-(2-Phenylethyl)-N-(1,1,3,3-tetramethyl
butyl)imidazo[1,2-a]-pyrazin-3-amine
RMM: 350
CaoHzoN4

Table 7: The structures of the 3-alkylamino-imidazo-[1,2-a]azines studied.
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0 OH OH
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HN
OH H.N HzN
o) ? NH,
2-Aminoadipic acid Norleucine a-Hydroxylysine
RMM: 161 RMM: 131 RMM: 162
CsH11NO4 CsH13NO2 CeH14N203
OH OH
OH 0
(@ Jams 0
> \ H.N
HN H,N :
Norvaline Isoleucine Leucine
RMM: 117 RMM: 131 RMM: 131
CsH11NO2 CeH13NO2 CgH13NO2
OH OH OH
G e S N
H,N H,N H,N OH
Threonine Valine Homoserine
RMM: 119 RMM: 117 RMM: 119
C4HoNO3 CsH{1NO; C4HgNO3
OH OH OH
) ’ O:g_\‘
H,N H,N OH H,N s
NH, o \
Lysine Asparagine Methionine
RMM: 146 RMM: 133 RMM: 149
CgH14N20> C4H7NO4 CsH{{NO,8
OH
O
OH OH :g_\_
o o H,N S NH,
o]
P
H,N H,N S OH
2
OH \ o
Glutamic acid Methionine sulphoxide Cystathionine
RMM:. 147 RMM: 165 RMM: 222
CsHgNO4 CsH14{NO3S C7H14N204S
OH
OH OH 0
o 0 y N
(0]
I N
H,N ﬁ—
0] OH
Methionine sulphone Proline 4-Hydroxyproline
RMM: 181 RMM: 115 RMM: 131
CsH1{NO4S CsHoNO2 CsHgNO3
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\N OH
3-Methoxytyrosine 0
3,4-Dihydroproline (3-O-Methyldopa) Mimosine
RMM: 113 RMM: 211 RMM: 198
CsH7NO2 C10H13NO4 MF: CgH1oN204
OH
)
OH
OH o) OH H N —
9] HN
H,N s
/
H,N = OH
Phenylglycine B-2-Thienyl-serine 5-Hydroxytryptophan
RMM: 151 RMM: 187 RMM: 220
CgHgNO> C7HgNO3S C11H12N203
OH
OH

H

3 O
@Z)/L

N

O
O/@)/L

OH
o
H,N
OH
OH

H
Phenylalanine Tyrosine 3,4-Dihydroxyphenylalanine
RMM: 165 RMM: 181 RMM: 197
CoH11NO> CgH11NO3 CoH11NO4
OH OH
O o OH
O
H,N H,N 0
N —N
\O_ H
F OH
p-Flurophenylalanine 3-Nitrotyrosine N-Methylphenylalanine
RMM: 183 RMM: 226 RMM: 179
CoH10FNO» CsH1gN20s C1oH13NO2
OH OH
0= o OH
O OH
%[}‘i H,N HN
Y OH
N-Acetylphenylalanine a-Methyl-m-tyrosine SBPhenylserine
RMM: 207 RMM: 195 RMM: 181
C11H13NO3 C1oH13NO3 CgH11NO3
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OH
OH © OH
o]
H,N — ©
H,N fo) HN H,N / H
N+
~ e
b N)
p-Nitrophenylalanine Tryptophan Histidine
RMM: 210 RMM: 204 RMM: 155
CaH10N204 C11H12N20O» CsHsN30O,
OH
O
OH
HN H 0 oH
o / ) °
N/ H,N
2 H,N
H,N NH, Cl
Homocarnosine p-Aminophenylalanine p-Chlorophenylalanine
RMM: 240 RMM: 180 RMM: 199
C10H16N4O3 CgH12N202 CoH1oCINO>
OH
o
H,N
7 N
m-Tyrosine
RMM: 181
CoH11NO3
Table 1: The structures of the unprotected amino acids studied.
Common Neutral ] .
Loss as identified by FTMS Error
Losses Observed
loss of HsNO =
loss of 35 Da H,0 and NH; 0.02 ppm
(observed for tyrosine)
Methionine: 0.4 ppm
loss of H,CO )
loss of 46 Da 2 Phenylalanine: 0.3 ppm
(observed for all compounds) )
Tyrosine: 0.2 ppm
C,oHsN
loss of 59 Da 2HsNO 0.5 ppm
(observed for tyrosine)
loss of CHsNO, = .
o5 o 63 D s Phenylanine: 0.3 ppm
0SS 0 a
HACOzand NH; Tyrosine: 0.6 ppm
(observed for tyrosine and phenylalanine)

Table 2: Summary of the exact mass analysis results for the unprotected amino acids.
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o o—/_/
_

Norleucine butyl ester
RMM: 187
C1oH21NO>

o
o

Norvaline butyl ester
RMM: 173
CoH1gNO;

o)

e

el

N-Acetylaspartic acid
dibutyl ester
RMM: 287
C14H25NOs

o—/—/
Oi\_
HN SH

Homocysteine butyl ester
RMM: 191
CgH17NO;S

H

o~/—/
o]
LN NH
N
NH

2

Arginine butyl ester
RMM: 230
C1oH22N4O2

o-/—/
o)
o)
H,N
NH,

Glutamine butyl ester
RMM: 202
CgH18N20Os

0 O‘/J
S0

o
H,N SH 2
Aspartic acid dibutyl ester Cysteine butyl ester Lysine butyl ester
RMM: 245 RMM: 177 RMM: 202
C12H23NO4 CrH1sNO-S Ci1oH22N20,

Y

OJ_/
O
H,N
NH

o) Oﬂ
H:g—\_{z
—\_\

e
.

o—/_/
H,N

H,N
Glutamic acid dibutyl ester Glycine butyl ester Threonine butyl ester
RMM: 259 RMM: 131 RMM: 175
C13H25NO4 CeH13NO2 CgH17NO3
JJ OJJ
0] o]
0
O g
o HN S—
1l
—N o}
H,N H Methionine sulphone
Valine butyl ester Sarcosine butyl ester butyl ester
RMM: 173 RMM: 145 RMM: 237
CoH19NO> C7H1sNO; CgoH1gNO4S
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el

HN

o
N
a~-Aminiadipic acid
dibutyl ester

o—/_/
O:S—L
HN OH

Homoserine butyl ester

Wt
i
H,N s\

Methionine butyl ester

RMM: 273 RMM: 175 RMM: 205
C14H27NO4 CgH17NO3 CoH1sNO,S
J_J o_/J ‘/_/
0 o 0
0] @] OH
H,N
H,N H,N
Isoleucine butyl ester Leucine butyl ester Serine butyl ester
RMM: 187 RMM: 187 RMM: 161
C10H21NO2 C10H21NO> C7H15NO3

oo_/_/
pS

Proline butyl ester
RMM: 171
CgH47NO>

Of/
o;ﬁ_}
H
H_N N
2 /
>

Histidine butyl ester
RMM: 211
Ci1oH17N302

Wt
O

Phenylglycine butyl ester
RMM: 207
C12H17NO2

o O—/—/
S

o—/J
o)
H,N
OH

o—/J
0
H,N
F

p-Fluorophenylalanine

Phenylalanine butyl ester Tyrosine buty! ester butyl ester
RMM: 221 RMM: 237 RMM: 239
Ci3H1gNO2 C13H1sNO3 C13H1sFNO2

0 o) O—/—/
O o) o
N H g H
o]
OH N-Methylphenylalanine N-Acetylphenylalanine
3-Nitrotyrosine butyl ester butyl ester butyl ester
RMM: 282 RMM: 235 RMM: 263
C43H18N20s C14H21NO, C15H21NO3
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ht

H,N
OH

a-Methyl-m-tyrosine
butyl ester
RMM: 251
C14H21NO3

o—/_/
o)
H,N
OH
OH

3,4-Dihydroxyphenylalanine

butyl ester
RMM: 253
C13H1gNO4

et

o OH

HN

3-Phenylserine buty! ester
RMM: 237
C13H1eNO3

\

o

b

0

OH
N-Acetyltyrosine butyl ester
RMM: 279
C15H21NO4

ad
0]
lr:ll

Tryptophan butyl ester
RMM: 260
C15H20N20,

Table 3: The structures of the protected amino acids studied.
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Amino Acid

m/z Value in

Spectrum

Corresponding
Neutral Loss

M

miz 116 loss of 18 Da

Threonine m/z 102 loss of 32 Da

methy! ester m/z 84 loss of 50 Da
m/z 74 loss of 60 Da

m/z 120 loss of 56 Da

Threonine m/z 102 loss of 74 Da

butyl ester m/z 84 loss of 92 Da

m/z 74 loss of 102 Da

Methionine miz 147 loss of 17 Da
methyl ester m/z 104 loss of 60 Da
Methionine m/z 150 loss of 56 Da
butyl ester m/z 104 loss of 102 Da

—

. m/z 164 loss of 17 Da
Phenylalanine
m/z 131 loss of 48 Da
methyl ester
m/z 120 loss of 60 Da
m/z 166 loss of 56 Da
Phenylalanine
m/z 149 loss of 73Da
buty! ester
m/z 120 loss of 102 Da

. m/z 179 loss of 17 Da
Tyrosine
m/z 147 loss of 49 Da
methyl ester
mfz 136 loss of 60 Da
m/z 179 loss of 56 Da
) m/z 182 loss of 59 Da
Tyrosine
m/z 165 loss of 73 Da
butyl ester
miz 147 loss of 91 Da
m/z 136 loss of 102 Da

Equivalent Losses in the
Spectra of the Methyl Ester
and Butyl Ester Protected
Amino Acids

loss of 32 Da = loss of 74 Da
loss of 50 Da = loss of 92 Da
loss of 60 Da = loss of 102 Da

loss of 60 Da = loss of 102 Da

loss of 60 Da = loss of 102 Da

loss of 49 Da = loss of 91 Da
loss of 60 Da = loss of 102 Da

Table 4: Correlation between the spectra of the butyl ester and the methyl! ester amino acids.

113



Appendix 2

Common Neutral

Loss as identified by FTMS Error
Losses Observed
loss of CH;ON =
loss of 49 Da CH3OH + NH; 0.5 ppm
(observed for tyrosine m.e)
Threonine methyl ester: 0.4ppm

loss of CoH40, = HCOOCH; Methionine methyl ester: 0.3 ppm

loss of 60 Da

(observed for all compounds)

Phenylalanine methyl ester: 0.4 ppm
Tyrosine methyl ester: 0.3 ppm

Table 5: Summary of the exact mass analysis results for the methyl ester amino acids.

114



Appendix 3

Appendix 3
9 N=— ]Cf N=—
H,N S N
2 _Qﬁ %\ Y I H—<\ />
N o) N
sulphamerazine sulphadiazine
(1? N=—
H,N ﬁ —<\ p
N
sulphamethazine
Figure 1: The structures of sulphamerazine, sulphadiazine and sulphamethazine.

n=0

QB_M‘Q—

N-(5-methyl-2-pyridinyl)-benzenesulphonamide

Figure 2: The structure of the “model” sulphonamide used to carry out ab initio calculations.
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o

UJ

Ot

4-Amino-N-2-pyridinyl-benzenesulphonamide
(Sulphapyridine)
RMM: 249
C11H11N302S;

‘l?
H,N Is

4-Amino—l\l—(5-methyl-3-isoxazoyl)-
benzenesulphonamide
(Sulphamethoxazone)
RMM: 253
C10H11N3058

Wee
HQN@ﬁ-uJ\L /
o) N

4-Amino-N-2-quinoxalinyl-benzenesulphonamide
(Sulphaquinoxaline)
RMM: 300
C14H12N4058

4-Amino-N-2-thiazolyl- benzenesulphonamide

(Sulphathiazole)
RMM: 255
CgHgN30,S,

O_
O N:<
7 N1
A A
0O
0

4-Amino-N-(2,6-dimethoxy-4-pyrimidinyl)-
benzenesulphonamide
(Sulphadimethoxine)
RMM: 310

9 N=N_
O

4-Amino-N-(6-methoxy-3-pyridazinyl)-
benzenesulphonamide
(Sulphamethoxypyridazine)
RMM: 280
C11H12N4O3S

n=0

C12H14N4O48
N=—
|

H2N—©“ —fd‘—<\ /
'e) N

4-Amino-N-{4-methyl-2-pyrimidinyl)-
benzenesulphonamide
(Sulphamerazine)

O

I N=—

t—ﬁw<\ /

o) N

(V)]

e

4-Amino-N-(4,6-dimethyl-2-pyrimidinyl)-
benzenesulphonamide
(Sulphamethazine)

RMM: 264 RMM: 278
C11H12N4O28 C12H14N4O5S
@] O —
7, -
i i \ /

4-Amino-N-phenyl- benzenesulphonamlde
(Sulphabenzene)
RMM: 248
C12H11NO2S

4-Amino-N-(5- methyl -2- pyndlnyl)
benzenesulphonamide
RMM: 263
C12H13N30,8

9 —
H2N—< :%ﬁ—”Q
o) N

4-Amino-N-(6-methyl-2-pyridinyl)-
benzenesulphonamide
RMM: 263
C12H13N30,8

w1

4-Amino-N-(3-methyl-2-pyridinyl)-
benzenesulphonamide
RMM: 263
C12H13N30,8
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o -
I o)
H,N ﬁ—H % Br I
o) N H,N ﬁ—-NH2
4-Amino-N-(5-bromo-2-pyridinyl)- o
benzenesulphonamide 4-Amino-benzenesulphonamide
(5-Bromosulphapyridine) (Sulphanilamide)
RMM: 327 RMM: 172
C11H10N3O,SBr CeHsN202S

o
N S
‘@‘g ”‘%)\ 0 N=
N R

4-Amino-N-(3,4-dimethyl-5-isoxazoyl)- o)
benzenesulphonamide 4-Amino-N-2-pyrimidinyl- benzenesulphonamide
(Sulphisoxazole) (Sulphadiazine)
RMM: 267 RMM: 250
C11H13N4O3S C10H10N402S

i 9 NH

H,N S N——< )\ H,N .’9:,—N:<N!:
o} 2

l I
4-Amino-N-(aminoiminomethyl)-

0]
I

4»Amino-N-(5-methyI-1 ,3,4-thiadiazol-2-yl)-
benzenesulphonamide benzenesulphonamide
(Sulphamethizole) (Sulphaguanidine)
RMM: 270 RMM: 214
CaH10N402S, C7H10N4O,S

Table 1: The structures of the amino sulphonamides studied

(M+H)": m/z 265

45

(M+H)": m/z 265

Figure 3: ES-MS/MS spectra obtained on the LCQ ion trap for samples of sulphamerazine
prepared in acetonitrile and methanol.

117




Appendix 3

Figure 4: ES-MS/MS spectra obtained on the LCQ ion trap for samples of sulphadiazine prepared
in acetonitrile and methanol.

Figure 5: ES-MS/MS spectra obtained on the LCQ ion trap for samples of sulphamethazine
prepared in acetonitrile and methanol.
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OO0 | OO

N-[4-[[(5-Methyl-2- pyndanyl)amino]sulphonyl]

N-{4-[(2-Pyridinylaminc)sulphonyl]
phenyl}-acetamide phenyl]-acetamide
RMM: 291 RMM: 305
C13H13N30,8 C14H15N205S

O =
FrOTR | O

N-[4-[[(5- Methyl-1,3,4-th|adlazol-2-

N-[4-[[(6-Methyl-2-pyridinyl)amino]suiphonyl]
phenyl}-acetamide yl)amino]sulphonyl]phenyl}-acetamide
RMM: 305 RMM: 305
C14H15N303S C11H12N40382

O:(/’:O

!
T OO

N-14-[1(5- Bromo—2-pyndmyl)amino)sulphonyl]

N-[4-[[(2,6-Dimethoxy-pirimidinyl)amino}
sulphonyl]phenyll-acetamide phenyl]-acetamide
RMM: 352 RMM: 369
C1aH16N4OsS C13H12NzO3SBr

Table 2: The structures of the acetylated amino-sulphonamides studied.
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(D:O

O~ | O

4-Methyl-N-(5-methyl-2-pyridinyl)-

N-(5-Chloro-2-pyridinyl)-4-methyl-
benzenesulphonamide benzenesulphonamide
RMM: 282 RMM: 262
C12H11N202SClI C13H14N2028
O 0O
II H
S S
l Ii
4-Methyl-N—(4-methyl-2-pynd|nyl)- 4-MethyI-N-(3-methyI-2-pyrldmyl)—
benzenesulphonamide benzenesulphonamide
RMM: 262 RMM: 262
C13H1aN2028 C13H14N20,.8

O N=— o}

I 1 S
{ }ﬁ N4 /> — H—H%\I

0 N o) N

4-Methyl-N-(5-methyl-1,3,4-thiadiazol-2-

4-Methyl-N-2-pyrimidinyl-
benzenesulphonamide yh-benzenesulphonamide
RMM: 249 RMM: 269
C14H11N3O2S C1oH11N3028;

| |
ﬁ N= Q =
: O

4-Methyl-N—4-pyridinyI-

4-Methyl-N-(3-amino-2- pyndlnyl)-
benzenesulphonamide benzenesulphonamide
RMM: 263 RMM: 248
C12H13N30-8 C12H12N20.S

C/):O

= @ =<1

4-Methyl-N-(1,3,4-thiadiazol-2-yl)-

O

N—2-benzothsazolyl-4-methyl-
benzenesulphonamide benzenesulphonamide
RMM: 304 RMM: 255
C14H12N202S; CoHgN30,S>

O —N o —
il 1
Oty | O

N-(5-Bromo-2-pyridinyl)-4-methyl-

4-Methyl-N-pyrazinyl-
benzenesulphonamide benzenesulphonamide
RMM: 249 RMM: 326
C11H11N3028 C12H11N20,SBr

Table 3: The structures of the methyl-sulphonamides studied
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7 N\ 1
o) N

N-(5-Chloro-2-pyridinyl)-

9 e
Ot )

N-(5- Methyl-2-pyridinyl)—
benzenesulphonamide

benzenesulphonamide
RMM: 268 RMM; 248
C11HgN20O,S8Cl C12H12N20,8
o) Q —
I
S—N
B ©_ll H N/
o) N

N-(4-Methyt-2-pyridinyl)-
benzenesulphonamide
RMM: 248
C12H12N2 028

N-(3-Methyl-2-pyridinyl)-
benzenesulphonamide
RMM: 248
C12H12N20-8

O

N-2-Pyrimidinyl- benzenesulphonamide
RMM: 235 RMM: 255
C1oHsN302S CgHgN305S;

N-(5-Methyl-1,3,4-thiadiazol-2-yl)-
benzenesulphonamide

Ot

N—2-benzoth|azolyl-4-benzenesulphonamide
RMM: 290
C13H10N20,S,

Q =N
< :}—S—N—( )
IH N Y,
N-Pyrazinyl-benzenesulphonamide

RMM:. 235
C10HoN30,8

@‘9 B
S—N \
i HQ

N-(6-Methyl-2-pyridiny)-
benzenesulphonamide
RMM: 248

C12H12N2028

Table 4: The structures of the non-substituted benzenesulphonamides studied
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(n:O

4-Tnﬂuoromethy! -N-2-pyridinyl-
benzenesulphonamide 4-Fluoro-N-2- pyndmyl-benzenesulphonamide
RMM: 302 RMM: 252
C11HgN2O,8F

C12HgN2O,SF
0]
HO 0 S
Q s N S—N— ]
F s—N— | H I H
M H \N © 0 N
0 4-Ox0-4-[[4-[(2-
thiazolylamino)sulphonyljphenyllamino}-

4-Fluoromethyl-N-2-thiazolyl-
butanoic acid

benzenesulphonamide
RMM: 258 RMM: 355
CoH7N20,82F C13H13N305S;

F 9 S
= HYsn< ]
F o} N

4-Trifluoromethyl-N-2-thiazolyl-
benzenesulphonamide
RMM: 308
C1gH7N2028,F 3

Table 5: The structures of the five sulphonamides studied with various substituents attached on
the benzene ring.
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Neutral benzenesulphonamide
E=-1122.58332 au = -704421.03 Kcal/mol

C-S bond: 1.798 A
S-N bond: 1.699 A
N-C bond: 1.417 A
S=0 bond: 1.461 A

C-S-N angle: 106.7°

OH’ benzenesulphonamide
E=-1122.96986 au = -704663.6 Kcal/mol

C-S bond: 1.769 A
S-N bond: 1.767 A
N-C bond: 1.375 A
S=0 bond: 1.454 A
S=0 bond: 1.471 A
O-H bond: 1.825 A

C-S-N angle: 101.6°

NH," benzenesulphonamide
E=-1122.93872 au = -704644.05 Kcal/mol

C-S bond: 1.760 A
S-N bond: 2.058 A
N-C bond: 1.451 A
S=0 bond: 1.450 A

C-S-N angle: 102.52°

Ring NH' benzenesulphonamide
E=-1122.96979 au = -704663.5 Kcal/mol

C-S bond: 1.770 A
S-N bond: 1.767 A
N-C bond: 1.375 A
S=0 bond: 1.454 A
S=0 bond: 1.471 A

C-S-N angle: 101.6°

Figure 6: Summary of the results of the ab initio calculations carried out on N-(5-methyl-2-

pyridinyl)-benzenesulphonamide.
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12’-Hydroxy-2'-methyl-5-(phenyimethyl)-
(5 @)~ ergotaman-3',6’,18-trione

o OH
o\*/(N?
N
H N
o)
0

3

|
CH

12’-Hydroxy-2’-(1-methylethyi)-5'-
(phenylmethyl)-(5 )-ergotaman-3',6’,18-trione

2-Bromo-12’-hydroxy-2’-(1-methylethyl)-5-(2-
methylpropyl)-(5’ a)-ergotaman-3’,6°,18-trione

(Ergotamine) (Ergocristine)
RMM: 581 RMM: 609
C33H35N505 C35H39N505
OH
MV N i O\W
H N o N N .
© o

[
CH,

12’-Hydroxy-2’-(1-methylethyl)-5-(2-methylpropyl)-
(5'a)-ergotaman-3’,6’,18-trione

12’-Hydroxy-2’,5-bis(1-methylethyl)-ergotaman-
(5'x)-3',6’,18-trione
(Ergocornine)

(Bromocryptine) (Ergocryptine)
RMM: 653 RMM: 575
Cs2H40Ns0sBr Cs2H41NsOs
OH
OH
0]
© N o\f/([\?
N N
H N H N
o o}
O [?] O
4 Y/, CH,

H
9,10-Dihydro-12’-hydroxy-2’,5-bis(1-methylethyl)-
(5’ a,10x)-ergotaman-3’,6’,18-trione
(Dihydroergocormine)

9,10-Dihydro-12’-hydroxy-2'-(1-methylethyl)-5'-
(phenylmethyl)-(5’a,10a)-ergotaman-3',6°,18-
trione
(Dihydroergocristine)
RMM: 611
Cs5H41NsOs

RMM: 561 RMM: 563
C31H3gNs0s C31H41NsOs
o OH
O N
N
H N
(o]
I\Ij (o]
CH,
\ Y,
H

Table 1: The structures of the library of ergopeptine alkaloids studied.
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ids studied.

ine alkalo

The ES-MS/MS spectra of the library of ergopept

Figure 1

125



Appendix 4

2,3,6a,9a-Tetrahydro-4-methoxy-cyclopenta
[clfurol3’,2":4,5]furo[2,3-h]{1]benzopyran-1,11-

2,3,6a,8,9,9a-Hexahydro-4-methoxy-cyclopenta
[clfuro{3’,2”:4,5]furo[2,3-h][1]benzopyran-1,11-

dione dione
(Aflatoxin B1) (Aflatoxin B2)
RMM: 312 RMM: 314
C17H120s C47H140s
o) 0 ﬁ {O!
O/\H/\O
o 0 o)

3,4,7a,10a-Tetrahydro-5-methoxy-1H,12H-furo
[3’,2":4,5]furo[2,3-h]pyrano(3,4-c][1]benzopyran-
1,12-dione
(Aflatoxin G1)
RMM: 328
C17H1407

I

3,4,7a,9,10,10a-Hexahydro-5-methoxy-1H,12H-
furo [3’,2:4,5]furo[2,3-h]pyrano[3,4-c]benzopyran-
1,12-dione
(Aflatoxin G2)
RMM: 330
Ci7H1607

Table 2: The structures of the four aflatoxins studied.
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Figure 2: The ES-MS/MS spectra of the four aflatoxins studied.
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O
n N R
RN n\
\W \”/O s
N._ 2N O
Y o
I (e}
@]

~
3-[[[[(4-Methoxy-6-methyl-1,3,5-triazin-2-
yhaminoe]carbonyl]lamino]sulphonyl}-2-
thiophenecarboxylic acid methyl ester
(Thiphensulphuron methyl)

N._ N

T ?

0

2-[{[[(4-Methoxy-6-methyl-1,3,5-triazin-2-

yl)amino]carbonyl]amino]sulphonyl]-2-benzoic acid
methyl ester

(Metsulphuron methyl)

RMM: 387 RMM: 381
C12H13Ns06S2 C14H15N506S
o)
0 Ne N N-8
H H I \( S T R
No N N_ﬁ NI N ©O ©
W \ﬂ/ 0 Y 0
NN © cl
b 0
o)

~
2-Chloro-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-
ylyamino]carbonyl]-benzenesulphonamide
(Chlorsulphuron)

Cl
2-(2-Chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl]- benzenesulphonamide
(Triasulphuron)

RMM: 357 RMM: 401
C12H12N504SCl C14H16N505SCl
(¢}
N N R-s
- o] 0
\ﬁ Ny | H O OH O
= F \j/ Y no| o
b LT olo
0 F =
F

N-[[(4-Methoxy-6-methyl-1,3,5-triazin-2-
yl)amino]carbonyl]-2-(3,3,3-trifluoropropyl)-
benzenesulphonamide
(Prosulphuron)

/O
N-(4,6-Dimethoxy-2-pyrimidinyl)-3-methyl-2,4-
dithia-3,5-diazahexan-6-amide-2,2,4,4-tetraoxide
(Amidosulphuron)

RMM: 419 RMM: 369
C15H16N504SF3 CgH15Ns07S2
o \
| 2 N <|) N N R-d N\|
H H - -
O AN AT g hasth
[ O 8 N 0 o
=N 0 o=s=0
5 K O |
- 5-[[{[(4,6-Dimethoxy-2-pyrimidiny)amino]

N-([(4,6-Dimethoxy-2-pyrimidinyl)amino]carbonyl}-
3-(ethylsulphonyl)-2-pyridinesulphonamide
(Rimsuiphuron)
RMM: 431

carbonyllamino]sulphonyl}-1-methyl-1H-pyrazole-4-
carboxylic acid ethyl ester
(Pyrazosulphuron ethyl)
RMM: 414

Cy4H17Ns07S2

C14H18NsO7S
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b MR
N I
|Y\ﬂ/o o o
=N o} I

0

2-[[[[[(4,6-Dimethoxy-2-pyrimidinyl)amino]
carbonyllamino]sulphonyllmethyl}-benzoic acid

O \N\
Cl N H H—g \ ﬁl
~ I
’ \r \[( i
=N (0] o
o]
(0]

2-[[[[{(4-Chloro-6-methoxy-2-pyrimidinyl)
amino]carbonyl]amino]sulphonyl]benzoic acid

methyl ester ethyl ester
(Bensulfuron methyl) (Chlorimuron ethyl)
RMM: 410 RMM: 414
C16H18N4O7S C15H15N406SCI
@]
T b n M-S
Y HoH o - \j/ \ﬂ/ I
O Ny AN N—8 l W40
U T o e
= o) O
F @]
F _O P he /

2-[[[[[(4,6-Bis(difluoromethoxy)-2-pyrimidinyl]
amino]carbonyl]lamino]sulphonyl]-benzoic acid
methyl ester
(Primisulphuron methyl)
RMM: 468
C15H12N4O7SF 4

F
2-[{[[[(4-(dimethylamino)-6-(2,2,2-
trifluoroethoxy)-1,3,5-triazin-2-yl]

amino]carbonyllamino]sulphonyl]-3-methyl-
benzoic acid methyl ester
(Triflusulphuron methyl)
RMM: 492
C17H19NsQsSF3

W
O

N-[(Butylamino)carbonyl-4-methyl-
benzenesulphonamide
(Tolbutamide)

RMM: 270
C12H18N203S

Table 3: Structures of the library of sulphonylureas studied.
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NYN
0
3-[[[[(4-Methoxy-6-methyl-1,3,5-triazin-2-
yl)amino]carbonyllamino}sulphonyl]-2-
thiophenecarboxylic acid methyl ester
(Thiphensulphuron methyl)
RMM: 387
C12H13N506S,

—0

N._2N
Y 0o
/O
2-[[[[(4-Methoxy-6-methyl-1,3,5-triazin-2-
yl)amino]carbonyllamino]sulphonyl]-2-benzoic acid
methyl ester
(Metsulphuron methyl)
RMM: 381
C14H15NsO68

NYN
/O
2-Chloro-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-
ylhlamino]carbonyi]-benzenesulphonamide
(Chlorsulphuron)

RMM: 357
C12H12Ns504SClI

Cl

2-(2-Chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5-
triazin-2-yl)amino]carbonyl}- benzenesulphonamide
(Triasulphuron)
RMM: 401
C14H16NsO5SCl

w Kol
Y Y I
N\(N (o} r
/O F

F

N-[[(4-Methoxy-6-methyl-1,3,5-triazin-2-
yl)amino]carbonyl]-2-(3,3,3-trifluoropropyl)-
benzenesulphonamide

Q O

T

N il I
N O

/O
N-(4,6-Dimethoxy-2-pyrimidinyl)-3-methyl-2,4-
dithia-3,5-diazahexan-6-amide-2,2,4,4-tetraoxide
(Amidosulphuron)

3-(ethylsulphonyl)-2-pyridinesulphonamide
(Rimsulphuron)
RMM: 431

(Prosulphuron)
RMM: 419 RMM: 369
C45H1eNsO4SF3 CoH1sNs07S;
o N
| 2 N b n ML
H H 1l - -
O NGNS et
‘ \( \ﬂ/ ¢] N 0 0
2N O o=s=0
5 O |
- 5-[[[[(4,6-Dimethoxy-2-pyrimidinyl)amino]

N-[[(4,6-Dimethoxy-2-pyrimidinyl)amino]carbonyl}-

carbonyllamino]sulphonyl}-1-methyl-1H-pyrazole-4-
carboxylic acid ethyl ester
(Pyrazosulphuron ethyl)
RMM: 414
C14H1sNsO7S

C14H17NsO7S2
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2-[[[{[(4,6-Dimethoxy-2-pyrimidinyl)amino}
carbonyl]amino]sulphonyllmethyl]-benzoic acid

\
(@]
N a
N If \
| YT o}
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2-[[[[(4-Chloro-6-methoxy-2-pyrimidinyl)
amino]carbonyllamino]sulphonyllbenzoic acid

methyl ester ethyl ester
(Bensulfuron methyl) (Chlorimuron ethyl)
RMM:; 410 RMM: 414
C16H18N4O7S C15H15N406SClI
l (o]
o R R
he H o H -~ SO
o] N\ N N—-ISr N o O
| NN = o
=N (0] 0o . o
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2-[[[[[(4,6-Bis(difluoromethoxy)-2-pyrimidinyl]
amino]carbonyl]lamino]sulphonyl]-benzoic acid
methyl ester
(Primisulphuron methyl)
RMM: 468
C15H12N4O78F4

2-[[[[[(4-(dimethylamino)-6-(2,2,2-
trifluoroethoxy)-1,3,5-triazin-2-yl]
amino]carbonyllamino]sulphonyl]-3-methyl-
benzoic acid methyl ester
(Triflusulphuron methyl)
RMM: 492
C17H19NeOsSF3

Table 1: The structures of the sulphonylureas analysed.
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N-(5-Chloro-2-pyridinyl)-4-methyl-
benzenesulphonamide
RMM: 282
C12H11N202SClI

7\
O M=N
— )-8
IOI

4-Methyl-N-(5-methyl-2-pyridinyl)-
benzenesulphonamide
RMM: 262
C13H1aN20,8

7\

H

I
)
(6]

4-Amino-N-(5-methyl-2-pyridinyl)-
benzenesulphonamide

4-Amino-N-(6-methyl-2-pyridinyl)-
benzenesulphonamide
RMM: 263

Iy

N-(3-Methyi-2-pyridinyl)-benzenesulphonamide

RMM: 263
C12H13N30,8 C12H13N30,8
7\ Y
F o] ——
0 N F+©7Q—NH
S—NH F Icl>

4-Trifluoromethyl-N-2-pyridinyl-
benzenesulphonamide

[@mi7)

!

O

N-[4-[[(5-Methyl-1,3,4-thiadiazol-2-yl) amino]
sulphonyllphenyl]-acetamide

RMM: 248 RMM: 302
C12H12N2028 C412HgN202SF
A X
S
i &
—NH 0 =N

4-Methyl-N-pyrazinyl-benzenesulphonamide

N-(5-Chloro-2-pyridinyl)-benzenesulphonamide
RMM: 268
C11HgN20O2SCl

RMM; 312 RMM: 249
C11H12N40382 C11H11N302S
Br
ol 7\
7\ g )
o] —N ]S|— H

O

N-(5-Bromo-2-pyridinyl)-4-methyl-
benzenesulphonamide
RMM: 326
C12H11NonSBI’

Table 2: The structures of the sulphonamides analysed.
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1H-Benzimidazol-2-yl-carbamic acid
methyl ester

H —Q
N, =0
~N
~o L

(5-Propoxy-1H-benzimidazol-2-yl)-carbamic acid
methyl ester

(Carbendazim) (Oxibendazole)
RMM: 191 RMM: 249
CoHoN3O» C12H15N303
—0
H
—0 N =0
H
N L
JOus O
N H
S O

[(5-Phenytthio)-1H-benzimidazol-2-yl)-carbamic
acid methyl ester
(Fenbendazole)

RMM: 299
C15H13N30,5

(5-Benzoyl-1H-benzimidazol-2-yl}-carbamic acid
methyl ester
(Mebendazole)
RMM: 295
C16H13N303

O3

2-(4-Thiazolyl)-1H-benzimidazole
(Thiabendazole)
RMM: 201
C1oH7N3S

H —0
@[ 7N
\/\S N

(5-Propylthio-1H-benzimidazol-2-yl)-carbamic
acid methyl ester
(Albendazole)

RMM: 265
C12H15N30,8

Table 3: The structures of the benzimidazoles analysed.
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Figure 1: ES-MS/MS spectra obtained for a methyl-sulphonamide from the
two conventional bench-top ion traps and the FTMS.
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Figure 2: ES-MS/MS spectra obtained for albendazole from the two conventional bench-top ion
traps and the FTMS.
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Figure 3: ES-MS/MS spectra obtained for thiphensulphuron methyl from the two conventional

bench-top ion traps and the FTMS.
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Figure 4: Comparison between the ES-MS/MS spectra obtained for a methyl-sulphonamide on a

conventional, spherical, quadrupole ion trap and the linear ion trap.
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Figure 5: Comparison between the ES-MS/MS spectra obtained for albendazole on a

conventional, spherical, quadrupole ion trap and the linear ion trap.
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Figure 6: Comparison between the ES-MS/MS spectra obtained for thiphensulphuron methyl on a

conventional, spherical, quadrupole ion trap and the linear ion trap.
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