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RAPID CHARACTERISATION OF QUINAZOLINE DRUG IMPURITIES
USING ELECTROSPRAY MASS SPECTROMETRY-MASS
SPECTROMETRY AND COMPUTATIONAL CHEMISTRY APPROACHES

by Angelika Galezowska

Structural characterisation of impurities from synthetic pathways of drugs is an
important process in pharmaceutical development. Dissociation pathways of the
impurities can vary between different classes of compounds, often resulting in a
challenging and a time-consuming process of data interpretation. A detailed
understanding of the specific structural features of the fragmentation behaviour of
impurity gas-phase ions affords faster characterisation of the unknown sub-
structures. Establishing electrospray ionisation-tandem mass spectrometry (ESI-
MS/MS) fragmentation rules, based on structure specific and common
fragmentation patterns, can improve the process as a screening method in the
R&D of new drugs.

This project is focused on understanding dissociation pathways of protonated
quinazolines using tandem mass spectrometry. Different ionisation techniques and
mass analysers were used to allow comparison studies, which may help to define
characteristic fragmentation processes of protonated quinazolines. It was found

that the choice of mass spectrometer influences the dissociation pathways of



Abstract

protonated quinazolines to some extent, but it is the structure of the molecule that
predominantly controls the fragmentation behaviour.

Additionally, Density Functional Theory (DFT) calculations have been performed
to investigate stabilities of protonated molecules and their product ions to improve
the prediction of MS/MS data. It was found that specific forms of product ions
and their probability of formation correlate to experimental data acquired using
quadrupole-ion trap mass spectrometry (QIT MS) within 10 % difference in
intensity. The approach of DFT-MS/MS may help interpretation of MS/MS data
by indicating the favoured protonation sites and proposing most probable forms of
product ions. It is suggested that the product ion mass spectrum is most probably a
combination of individual product ion mass spectra formed from the
heterogeneous population of singly protonated molecules; i.e. protonation does
not have to occur on the most basic atom in the molecule, but it can be distributed
on a number of most probable sites of protonation. In addition, the position of the
charge does not have to be fixed and may transfer to a different heteroatom in the

molecule prior the fragmentation.

These observations offer the possibility to partially assign structures to isomeric

molecules using MS/MS and improve structural identification of quinazoline ions.
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Chapter 1 Instrumentation of Mass Spectrometry

“Mass spectrometry is the art of measuring atoms and molecules to determine
their molecular weight.”

John Bennett Fenn

Mass spectrometry is an analytical technique based on measuring the mass-to-
charge ratio (m/z units) of analysed compounds. High accuracy mass
measurement helps to deduce the molecular formula of an analyte and the relative
peak abundance provides information regarding the favourability of the ion
formation. The main advantages of mass spectrometry are: high sensitivity, low

detection limit, and diverse applications.

Many different types of mass spectrometers are available today, however all of
them comprise main instrumental parts, including: an inlet, an ionisation source, a
mass analyser, a detector, and a vacuum system, Figure 1.1. The sample can be
introduced to a mass spectrometer by direct insertion probe, infusion, desorption
from a surface of a sample or a matrix, or via an interface that couples the mass
spectrometer to a separation instrument, e.g. a liquid chromatograph. The three
instrumental parts (an ion source, a mass analyser, and a detector) of a mass
spectrometer are under vacuum, unless an atmospheric pressure ionisation source
is used then only two parts are under vacuum (shown by a dashed line

in Figure 1.1).

Vacuum

[mem—————————
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Figure 1.1 Schematic diagram of a mass spectrometer.
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1.1 lon sources

Different ionisation methods are used in mass spectrometry and the choice of the
appropriate method can be determined according to the chemical properties of the
analyte. Thermally stable and volatile compounds can be analysed using an
electron ionisation (EI) source. This is high energetic ionisation process that
requires a gas-phase sample and produces a spectrum with a high degree of
fragmentation of the analyte.! If compounds do not possess these particular
properties then they may be ionised using different types of ion sources. These
energetically lower processes of ionisation, for example atmospheric pressure
ionisation, require a type of sample that is introduced to the mass spectrometer in
either the liquid or the solid phase.™* To correctly establish the most appropriate
method of ionisation (or narrow the list of possible methods), some partial
structural information, such as the functional groups, may be of help.® The ideal
scenario would be the analysis of a compound with a known structure. For
example, a compound soluble in organic solvent substituted with an amine group,
which is an easily ionisable group, could be analysed using an ion source

requiring a liquid-phase type of sample, e.g. positive ion electrospray (ES).

Atmospheric pressure ionisation sources are widely used since they allow the
transfer of a liquid sample to the gas-phase.? This has been rapidly recognised and
applied to mass spectrometers with the liquid chromatography (LC).>* Currently,
many API methods are used, but the most common are: i) electrospray ionisation
(ESI), ii) atmospheric pressure chemical ionisation (APCI), and iii) atmospheric

pressure photoionisation (APPI).2

One of the hypotheses of these studies is focused on understanding whether the
choice of an ionisation technique influences the fragmentation behaviour of small
molecules. It is important to understand the basic differences between the chosen

ionisation methods to understand and interpret correctly the collected data.
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1.1.1 Electrospray lonisation

ESI is widely used ionisation technique in mass spectrometry to analyse
involatile, highly polar and thermally unstable compounds.>® Depending on the
experimental conditions used (e.g. positive/negative ion, spiked solvent), singly
and/or multiply charged gaseous ions are formed through protonation [M + nH]™,
cationisation processes [M + nX]"™, where X is Na’, K* or NH;", and/or
deprotonation [M — nH]"".*® The basic interface of an electrospray ion source of a
mass spectrometer is shown in Figure 1.2. This particular electrospray ion source
comprises a heated capillary, a chamber, where desolvation process takes place,

and a set of skimmers.

Motor Driven

TT=—-<— Syringe

. Heated
|\ Capillary Skimmer
ES Tip | P
| |1 )
Uy / to Mass Analysis
T\ : and Detection
\\
L. l
/ 1 l | | l [
Dry N, toVacuum to Vacuum
Gas Pump 1 Pump 2

Figure 1.2 Schematic representations of one of ESI-MS,” reprinted with a
kind permission from John Wiley & Sons, Ltd.

Essentially, it is an electrochemical process of charging the liquid at atmospheric
pressure, which results in the formation of protonated molecules in the gas-phase,
Figure 1.3.2° In order to achieve this, the ESI source requires a high electric field
applied to the capillary resulting in an accumulation of a charge on the liquid
surface at the exit of the capillary that is followed by the formation of the ions. In
positive ionisation, a high positive potential applied to the capillary causes anions

to move towards the inner wall of the capillary and cations to move away from it,
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to the counter electrode, where a lower potential is applied. Negative ions can be
produced by reversing the polarity of the voltages on the capillary and the counter
electrode.® The accumulation of the ions carrying the same charge at the end of
the capillary results in a liquid tension that causes the solution to form a specific
shape called the ‘Taylor cone’.” The fine stream of the solution at the tip of the
Taylor cone has an increasing number of charges. The excess of charges breaks
the liquid tension by exploding and forming droplets. This results in a decrease of
the density of a charge at the Taylor cone and the process is then repeated.>** A
drying gas, most commonly nitrogen, flows against the charged droplets and
accelerates the desolvation process resulting in the formation of gas-phase ions,

which migrate to a mass analyser.™*
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Figure 1.3 Schematic description of electrochemical process of positive ion
electrospray;’ reprinted with a kind permission from John Wiley & Sons,
Ltd.

Two desolvation theories are most commonly discussed in the literature, Figure
1.4. They both share the same process of: i) production of the charged droplets at
the ES capillary tip, ii) shrinkage of the charged droplets by solvent evaporation
and repeated droplet disintegrations leading to very small highly charged droplets,
and iii) production of gas-phase ions from very small charged droplets.*? The

charge residue model (CRM), proposed by Dole, is based on solvent evaporation
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and coulombic repulsion.’* A very small droplet, formed after many droplet
explosions, can contain only one charged analyte molecule. The evaporation of
the remaining solvent results in formation of the gas-phase ion. The CRM is
believed to be specific for large molecular weight biomolecules.** According to
the theory of the ion evaporation model (IEM), proposed by Iribarne and
Thomson, ions are formed by their direct emission from the droplets with respect
to the theory of Rayleigh instability.'®> Droplets shrink to the size where repulsive
coulombic forces are equal to surface tension forces, i.e. until the charge at the
droplet surface is sufficient for ion evaporation.'® If charges are closer than 10 nm
apart, this results in droplet instability and the direct emission of the ion.”® The
difference between these two models diminishes when the radius (R) of the
droplets is below 10 nm and when R < 1 nm, it become indistinguishable — the
difference between Coulomb fission in the droplet and an ion emission from the
droplet is impossible to prove. Very small droplets, R < 10 nm, evaporate rapidly
within a few microseconds. There is no experimental method to observe this
process and determine whether a Rayleigh fission continues, as expected on the
basis of Dole’s charge residue model theory,™ or direct emission of gas-phase

ions occurs, as predicted by the Iribarne and Thomson theory.™

The formation of ions in ESI is possible in the liquid and gas-phase. Charged
droplets may be formed in a solution, as described above, and during a droplet
desolvation process.** The ions, which interact weakly with the solvent, will

preferentially become the gas-phase ions by ion/molecule reactions.>*?
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Figure 1.4 Schematic representation of a gas-phase ion formation by lon
Evaporation and Charge Residue Models in positive ion electrospray
ionisation.

Electrospray ionisation is widely used in conjunction with separation techniques
and with mass analysers that allow tandem mass spectrometry experiments
(MS/MS), e.g. quadrupole-ion traps. The generation of product ion spectra using
ESI-MS/MS produces detailed information to examine the gas-phase chemistry of
an analyte, elucidate its structure, and compare differences in the fragmentation
pathways of analysed compounds.’® ESI-MS/MS has been used to produce
general fragmentation rules for selected classes of compounds that could be
applied to automated data interpretation software.'” The applications of ESI-MS
are focused among medium and high polarity small to large molecular weight
molecules, such as small organic compounds containing N, S, and/or O atoms,
peptides, oligonucleotides, and others. The disadvantage of the electrospray
technique is a low tolerance for salts (sulphates, phosphates) because they affect
the desolvation process and distract the potential gradient applied between

capillary and the skimmer.'® Thus, preparation of a sample, its purity and
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the choice of a solvent are important to retain good sensitivity.”® ESI protonation
depends on pH and the ionic strength of a liquid phase, which if incorrectly
selected, may cause ion suppression, i.e. a decrease of the analyte signal.*® The
solvent flow rate and concentration of the analyte are also responsible for the

signal quality.”'®

1.1.2 Atmospheric Pressure Chemical lonisation

APCI is an older technique than electrospray ionisation, however it has become
popular in the last two decades, with the development of specific applications for
liquid chromatography-mass spectrometry (LC-MS) methods.” Atmospheric
pressure chemical ionisation is known to analyse low to medium-polar
compounds with molecular weight up to approximately 1500 Da,*** thus is often
used with LC-MS where ESI is not applicable.”! In contrast to ESI, it is a gas-
phase ionisation technique that only forms singly charged species, including:
protonated molecules [M + H]*, deprotonated molecules [M — H]™ or adduct
(mostly with solvent) formation [M + Solvent + H]*, which formation depends on
an experimental conditions (i.e. positive or negative ion).? The schematic diagram

of an APCI source is presented in Figure 1.5.

- —

Ions
— ™ Massanalyser

Sample

E—

T Corona discharge N,

Nebuliser gas electrode

Figure 1.5 Schematic diagram of APCI source; reproduced from de Hoffman
and Stroobant,! p.45, with a kind permission from John Wiley & Sons, Ltd.
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The APCI source contains a heated vaporiser to improve the desolvation process,
and thus improve the droplet formation. However, the efficient and quick heat
transfer may cause thermal degradation of the analyte, therefore the temperature
of the vaporiser needs to be carefully controlled.? lons are transferred to a mass
analyser by the same vacuum interface as in an electrospray ion source, thus
switching between these two ionisation methods can be relatively easy.”
Importantly, the electric field in APCI and APPI (described later) is not as high as
in an ESI source.? The injected solution passes through the nebuliser where it is
converted to a fine cloud of droplets and heated in a vaporisation chamber where
solvent evaporates. After the desolvation process, gas-phase molecules migrate to
the region of the corona discharge electrode where they are ionised and

transferred to the mass analyser.

The ionisation process is initiated by low-energy electrons from a corona
discharge electrode that ionise the gas molecules in a chamber (for example:
nitrogen, oxygen, water or solvent molecules).?? The ionisation process depends
on the gas-phase basicity and proton affinity (PA), i.e. efficacy of proton
extraction or donation, of all molecules in a chamber.??*?* For example, a water
molecule has one of the highest PA values of possible gases present in an APCI
source, thus it captures any free protons. The protonated water molecules act as
secondary reactant ions protonating molecules that are more basic (have a higher

PA). These ion/molecule reactions result in the formation of gas-phase ions.

APCI is commonly used for the quantitative analyses of drugs and biological
samples. In addition, it does not suffer from such extensive ion suppression effects
as ESI, however purity and sample preparation is also essential.? The most
successful systems of APl mass spectrometers comprise a combined ESI/APCI

ion source.?
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1.1.3 Atmospheric Pressure Photoionisation

Photoionisation is a technique developed initially to be used as a detector in gas
chromatography (GC).?* For atmospheric pressure ionisation mass spectrometers,
it was developed to overcome the problem that is the main disadvantage of ESI
and APCI, i.e. a lack of ability to analyse non-polar compounds.® Covey et al.
described APPI as “one of the variants of APCI source”, because APPI was
developed from limitations of the APCI source.” It is an excellent ionisation
technique to analyse compounds regardless of their polarity.?® It can ionise liquid
and gas-phase type molecules and the formed gas-phase ions may comprise of two

+e 26

possible species: a protonated molecule [M + H]* and/or a molecular ion M™.

The process of their formation will be described later.

A schematic description of an APPI source is presented in Figure 1.6. The
similarities of the APPI source to the previously described APCI ion source can
be noted with the main difference of UV lamp replacing a corona discharge

electrode.

The injected sample passes through the heated nebuliser and the desolvation and
ionisation process of the fine droplets takes place in the region of the UV lamp.
The UV radiation produces a stream of photons, which can be absorbed directly
and/or indirectly — through the charge carriers, following the ionisation of the
molecules. The fill gas in an UV lamp is generally a rare gas, mostly krypton,
which has emission energy in the range of 8-12 eV. This range guarantees sample

ionisation, which is mostly achieved by an irradiation of 10 eV.?
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Vaporizer/’

(heater)

Capillary

Figure 1.6 Schematic diagram of APPI source;” reprinted with a kind
permission from ACS.

The mechanism of APPI is a competitive process between the formation of a
molecular ion M** and a protonated molecule [M + H]*.?*®* The photons are
emitted with a higher ionisation energy (IE) than the IE of the target molecule,
therefore the excess energy is absorbed followed by formation of the excited
molecule that emits the electron resulting in the formation of the molecular ion.?
This process is mostly observed when ionising aromatic compounds because of
their large number of free electrons from the conjugated aromatic pairs. The IE
value of the solvent is generally higher (IE > 12 eV) than the energy emitted from
the UV lamp, thus avoiding all possible interferences by ionising the solvent
molecules.? It was found that a small amount of a dopant in the solution, such as
toluene or acetone, aids the preferential formation of protonated molecules. The
dopant is a charge carrier and when ionised it transfers a proton to the analyte
resulting in a formation of a [M + H]*.2* Negative ion APPI is not as widely used
as positive ionisation since the mechanism of anion formation is not fully

understood. However hypotheses include electron capture and a charge exchange

10
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as two main reactions resulting in the formation of anion M~ and deprotonated

molecule [M — H]", respectively.?*

APPI is an ionisation source that can be coupled with LC systems and it has often
been found to be more sensitive than APCI and ESI techniques when a low flow
is applied.?® APPI is applicable to smaller molecular weight molecules than APCI
as it is used to ionise compounds up to approximately 1200 Da. Applications vary
widely from the analyses of mixture samples and individual compounds, such as
clinical samples, pharmaceuticals, lipids, and pesticides.?*?’ Its incorporation into
multiple function ion sources such as APPI/APCI or APPI/ESI increased the ease
and number of experiments that could be performed and easily allows comparison

studies between different ionisation techniques.”*®

1.2 Mass Analysers

Once ions have been formed, they are transferred to a mass analyser where they
are separated according to their mass-to-charge ratios. The selection of mass
analyser depends on the sample type and the information required from the

analysis.

Three features of the mass analyser determine the choice of appropriate mass
analyser for a specific analysis: i) the upper mass limit, ii) the ion transmission,
and iii) the mass resolving power. The first feature describes the mass range of a
mass analyser and the second, the transmission of the ions, is the ratio of ions
formed during the ionisation process to ions transmitted to the detector; higher ion
transmission characterises with a lower signal loss. Resolving power (R) is a
number describing the performance of the mass analyser; it is “a number that
determines the capacity of the instrument to separate ions at different points on
the m/z scale.”, Equation 1.1 and Equation 1.2.22” The mass resolution is the
ability to distinguish and separate two neighbouring signals; a higher mass

resolution means an improved separation of the signals.*

11
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Equation 1.1 R = -, where
Equation 1.2 Am = —2
mp —my

Am — unit mass resolution, m; and m, — m/z ions that require separation.®

Most of the time-of-flight (TOF) mass analysers operate at a constant value of
resolving power R, hence the increasing m/z value increases resolution unit Am.
The mass resolving power of the ion cyclotron resonance (ICR) cell is an inverse
linear function of the m/z value; thus the mass resolving power decreases with an
increase of m/z value.® A quadrupole-ion trap (QIT) has a constant mass

resolution throughout the m/z scale.?

This sub-chapter describes the operation principles of four mass analysers, i.e. the
quadrupole ion trap, the ion cyclotron resonance (ICR) cell, the quadrupole time-
of-flight (QTOF), and the triple quadrupole (QgQ) that were used to perform the
tandem mass spectrometry experiments conducted in this research. Tandem mass
spectrometry or multistage mass spectrometry (MS") is an unequivocal
relationship between precursor and product ions, where a precursor ion is
selected, activated, dissociated, and its fragments analysed.* Tandem-in-time
mass spectrometry is the ability of a mass analyser to perform these operations in
the same place. Tandem-in-space mass spectrometry happens in instruments
where more than one mass analyser in a sequence is required to perform these
processes.>*> MS/MS experiments became a structural elucidation solution to the
widely used soft ionisation techniques, which give little or no structural

information.3!

Differences and similarities between product ion mass spectra acquired using
different mass analysers were compared to understand whether a mass analyser
and choice of ion dissociation technique influence the fragmentation behaviour of
gas-phase ions. Most of the experiments were performed using collision-induced
dissociation (CID); the experiments in the ICR cells were performed using
sustained-off resonance irradiation/CID (SORI/CID) and infrared multiphoton

dissociation (IRMPD). The choice of mass analyser and activation method may

12
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influence the fragmentation behaviour of analysed compounds, therefore the

understanding of their principles is crucial.

1.2.1 Quadrupole lon Trap

The ion trap, often called Paul trap, is a mass analyser where ions are held in a
three-dimensional space defined by metal surfaces.*” In 1984, Stafford and co-
workers modified the mass analyser, invented by Paul and Steinwedel, and
described it as ion trap.**** The QIT comprises the ring and two end-caps
electrodes to which RF and DC potentials are applied forming the quadrupole
field, which affects ions in three-dimensional directions, Figure 1.7.* The RF
potential is applied with a fixed frequency but variable amplitude.?® The ring
electrode has a radius ro and is aligned to the centre of the end-cap electrode,

which is described by a dimension z, Figure 1.7.%

Ton source

Injected ions

End-cap electrode
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Figure 1.7 Schematic quadrupole ion trap mass analyser;*® reprinted with a
kind permission from John Wiley & Sons, Ltd.
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The Finnigan LCQ Classic from Thermo Scientific and LC/MSD XCT trap from
Agilent Technologies are the ion trap mass spectrometers used in these studies.
The process of measuring the ions in the QIT mass spectrometer is as follows.
lons are produced in an external ESI source and are transferred to the mass
analyser through a skimmer and two octapoles that focus the ion beam. The ions
pass through the gating lens, which limits the number of ions that can enter the ion
trap thus minimising the space charge effect.®” This process is called Automatic
Gain Control (AGC) and it ensures that the same amount of ions enter the trap.
(The equivalent process in Agilent Technologies LC/MS XCT Trap is called lon
Charge Control (ICC)). When ions (for example, positive ions) enter the ion trap,
the potential on the first end-cap electrode is at ground or negative." When the
fixed by AGC number of ions have entered the trap, the voltage increases and the
trap closes (the positive potential is applied to the end-cap electrode).®” Following
this injection, ions are stored and analysed according to their masses. In 2002,
Stafford and co-workers showed that trapping process can take a long time; stable
ions were kept in the quadrupole-ion trap for over 15 minutes.®® The aim of QIT
operation is to create stable trajectories for the ions of interest and eject unwanted
ions.?*3* The homogenous field affects the ions and keeps them in a certain
motion that resembles a “roller coaster ride” and a trajectory similar to a number
8.%° The ejection of the ions from the trap is controlled by adjusting the potentials
on the electrodes, hence disturbing stable ion trajectories. The mathematical
analysis using Mathieu equations is helpful to understand and locate areas where
m/z ions have a stable trajectory.”*® The stability diagram, consisting of an

expression of frequencies of various amplitudes, is presented in Figure 1.8.

All ions can be represented on a stability diagram, which allows analysts to
predict whether the ions will be stable and trapped or unstable and ejected.*® The
ion is stable if its trajectory is stable in z, and r, dimensions of the trap, Figure 1.7,
in the region where these stability areas overlap, Figure 1.8. If the ion exceeds
these values its stability is disturbed and its trajectory increases until is ejected
from the ion trap. The Mathieu equations describe the trapping parameters, g,

14
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and a;, as the functions of trapping efficiency of ions injected into the trap,
Equation 1.3 and Equation 1.4."

-0.1 unstable
-0.2

-0.3

-0.4

unstable '
/
0.6 |
\1\
-0.7¢ / N\ ‘a\
0.8 L 5

0 02 04 06 08 10 12 14 q

Figure 1.8 Stability diagram for a quadrupole ion trap;*® reprinted with a
kind permission from John Wiley and Sons, Ltd.

. 8eV
Equatlon 1.3 q, = m
Equation 1.4 a, = — ¢

m(r5+ Zz(z)).Q2

e — electronic charge (1.602 x 10 C), V — amplitude of RF storing potential
applied to the ring electrode, U — amplitude of DC applied to end-cap electrodes,
m — mass, ro and zo — radial and axial dimensions of the ion trap (in LCQ: 0.707

and 0.785 cm, respectively), Q — angular frequency of the RF potential

lons can have stable trajectories only in the a, and g, regions that overlap. One of
the overlapping stability regions go across the a, axis at zero value, which allows
to avoid one variable (a;) from describing a stability of ions trajectories in QIT,
Figure 1.8 and Equation 1.4. The a, and g, variables have a fixed relationship to
V (radio frequency (RF)) and U (direct potential (DC)), respectively. If a DC
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voltage is not applied (a, is zero), the ion trap can work using RF (across g,
values) only. The RF potential, applied to the ring electrode, causes all ions to be
trapped in a selected m/z units range. This means that ions will be stable only at g,
values of the stability diagram. All constant values, i.e. Q, e, z, and r, simplify the
Equation 1.3. The g, value increases with an increase of amplitude V and
decreases with an increase of the mass of the ion. In other words, an increase of
the V value increases the g, value; the ions of higher m/z units are moved to the
edge of the stability diagram and, if the g, value reaches 0.908, they become
unstable and are ejected from the trap, Figure 1.8. The value 0.908 characterises
the point of the lowest m/z ion that can be stored in the trap, called a low-mass
cut-off (LCMO) point in the mass-selective instability mode.? In the LCQ, the g,
value is decreased to 0.83 because of the introduction of an additional RF
potential applied to the end-cap electrodes (half the frequency applied to the ring
electrode), called axial modulation, which is a sub-type of resonance ejection
mode.?*! It helps eject ions successively and perform a selective storage of ions
at certain m/z units values by performing the scanning process from low to high
(and conversely) m/z units values.” Also, by decreasing the g, value at a chosen
point of the stability diagram called an “instability hole”, which excludes a
particular m/z units value from scanning, the resonant ejection can manipulate the
mass range of QIT.*® Hence, the ion selection and ejection can be controlled.
Additionally, the particular selected m/z ion can be moved, by applying the RF
and DC, towards the beginning of the stability diagram and the ion activation

experiment can be performed.

All ions kept in the ion trap have an excess amount of rotational and vibrational
energies, which often caused the ions to spread in the region of the trap. The
excess of these energies is reduced by ion/neutral collisions with a “cooling gas”,
which is most commonly helium (or argon) under relatively high pressure, e.g. 1
mTorr. This helps to focus the ions towards the centre of the ion trap.?**
Stafford and co-workers discovered that the presence of this cooling gas in the ion

trap improves peak shape, and hence increases mass resolution.**?
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As well as being a “cooling gas” and an aid to focus the ions in the centre of the
trap, helium atoms also collide with the ions transferring excess energy to the ions
resulting in their fragmentation. This process is known as collisionally activated
decomposition (CAD) or collision-induced dissociation.** The fragmentation is a
time-dependent process as all operations take place inside the ion trap. Four basic
steps that explain the operation of the ion trap, including: trapping, isolating,
exciting, and ejecting the ions, can be repeated many times for a selected m/z ion.
Louris et al. achieved MS’ stage involving six stages of CID.*> Obviously, the
number of possible MS stages depends on the abundance of the precursor ion and

its fragmentation behaviour.?

One requirement of the CID process is that ions have a high kinetic energy thus
cooling and focusing them in the centre of the trap needs to be accelerated by the
external signal of an AC voltage applied for a short time.**“®*" The process,
known as a resonance excitation, induces multiple collisions of the ions with
helium molecules (up to 10° ion/helium collisions).* Thus, the fragmentation of
the ions and a formation of the product ions is affected by the increase of their
kinetic energy, which is converted in to the internal energy.***’ The degree of the
excitation and thus ion fragmentation, can be controlled by varying the amplitude
of the excitation voltage or the length of time of activation,*® which causes some
limitations to possible experiments. The manual optimisation of the applied
energy resulting in the ion fragmentation was a disadvantage of the experiments.
The solution, proposed by Lopez and co-workers, was to adjust the applied energy
by applying the normalised collision energy during the ion activation process to
the scanned mass range.*® Larger m/z precursor ions require higher collision
energy (CE) for effective fragmentation thus when using the normalised collision
energy the relationship of the particular m/z ion and collision energy applied can

be automatic.
Another limitation that improved automatic MS/MS experiments was focused on

a number of experiments needed to achieve a sufficient number of product ion

spectra from which the structure could be elucidated. Many compounds lose
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a water molecule, which is often the only product ion formed, [M + H — H,0O]"
and is therefore structurally not very informative. Such fragmentation behaviour
requires another stage of CID to generate second generation product ions that
would allow structural characterisation. The problem was solved by substituting
the standard resonance excitation with wideband excitation.”® The standard
resonance excitation used a narrow isolation width for analysis of a precursor ion,
yet opening of the isolation window, i.e. up to 20 m/z units, allows fragmentation
of the [M + H — H,O]" ion with the second stage of CID within one experiment,
Figure 1.9. The first generation product ion spectrum acquired with wideband
excitation mode on resembles a spectrum of two separately performed
experiments with wideband activation off. However, as a wider m/z range needs to
be excited, more energy (higher RF voltage) is required to achieve a sufficient
fragmentation of the precursor ion using wideband excitation. The comparison of
spectra acquired using the wideband excitation mode on and off is often crucial in

mechanistic studies.*®

-H,0
3 lonisolation Q— Standard resonance
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Ton activation
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Figure 1.9 Schematic representation of wideband excitation mode in CID
experiment; reproduced from Lopez et al.** with a kind permission from
John Wiley & Sons, Ltd.

The ability of the QIT to store ions “in-time” rather “in-space” offers unique

advantages for possible experiments.** The QIT is one of the most common mass
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analysers used for structural elucidation studies, because all product ions formed
due to the fragmentation originate from the precursor ion. Papac and Shahrokh
stated that MS based methods in many areas of pharmaceutical industry are
focused on ion trapping methods.® Different applications of QITs are mainly
focused on the identification of metabolites, degradation products and proteomics
studies and most are coupled to ESI. The ion trap covers a medium m/z range (up
to m/z 6000) compared with other mass analysers and with low mass resolution
and accuracy, it still has a very high sensitivity and specificity.?? The low cost of
the QIT mass analyser, its ability to coupled to many ionisation techniques and to
undertake multistage mass spectrometry experiments (MS") in the same analyser,

makes it one of the most successful mass spectrometers.*’

1.2.2 lon Cyclotron Resonance cell

The ion cyclotron resonance cell is the mass analyser of the FT-ICR mass
spectrometer, which was introduced in 1974 by Comisarov and Marshall who
showed that the analysis of a CH4" ion is possible within a resolution of 0.005

mDa using the magnetic field of a 0.32 T magnet.™

The principles of ICR cell operations are based on charged molecules affected by
a magnetic field at a frequency related to the m/z value of the ion.? In other
words, a specific m/z value is calculated from a path of frequency and its
trajectory when affected by the electric and magnetic field.** In a time domain, the
m/z-dependent frequencies are represented as a waveform, which is composed of
many individual frequencies and their amplitudes determine the abundance of the
ions with a specific frequency. The complex waveform is converted to a mass
spectrum by the mathematical Fourier transform function. The high accuracy of
the experiments and a resolving power of the mass analyser results from an

acquired frequency, which is a physical parameter that can be easily measured.?
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Two FT-ICR mass spectrometers were used in this project, i.e. the Apex Ill from
Bruker Daltonics and the Finnigan LTQ FT from Thermo Scientific. The main
differences between the Apex Ill and the Finnigan LTQ FT instruments are as
follows: i) the type of ion activation method — SORI/CID and IRMPD and ii) the
strength of the magnet — 4.7 and 7 T, respectively. Both instruments contain an
atmospheric pressure ion source followed by an ion guide and an actively shielded
magnet with an ICR cell. The Finnigan LTQ FT additionally contains a linear ion
trap (LIT) that operates in a similar way to the LCQ QIT mass analyser although
the extended size of the trap and two detectors on the side of the mass analyser

improves sensitivity of the experiments.

The heart of the FT-ICR mass spectrometer is a cylindrical cell called a Penning
trap, which traps and stores the selected ions. It is built of three pairs of trapping,
exciting and detecting electrodes, Figure 1.10. Similar to the quadrupole ion trap,
the ICR cell operates using an axial trapping mode, which involves applying a DC
voltage to the trapping plates to control the opening and closing of the cell. The
exciting plates focus on applying the RF potential to increase the kinetic energy of
the ion with a specific frequency whilst the detecting electrodes register the signal
of the ion frequencies. To ensure that ions are kept in the centre of the trap, a
static electric and magnetic field B is applied. The magnetic field and electric
potential affect cyclotron, trapping and magnetron motions of the ions.>

Figure 1.10 Schematic representation of a cylindrical ICR cell with three
pairs of trapping (blue), exciting (green) and detecting (red) electrodes
reprinted with a kind permission from Thermo Scientific.>
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The cyclotron motion is formed from the interaction of the ion velocity and its
direction with a perpendicular direction to the magnetic field axis, Figure 1.10.%
The force, called a Lorenz force, causes ions to travel in circular paths that can be
expressed by cyclotron frequency,®® which depends on the strength of the
magnetic field B and the charge and a mass of the ion z, Equation 1.5. Each m/z
ion has a characteristic cyclotron frequency, f.,* which is proportionally to the
strength of a magnetic field; for a fixed m/z ion, a stronger magnetic field provides
a higher frequency. Consequently, higher values of cyclotron frequencies of
measured m/z ions generate more data points thus the measurements are more

accurate. 22

zB
2mm

Equation 1.5 fe =

f. — cyclotron frequency, z — number of charges, m — mass of the ion, B — strength

of the magnetic field

The radius of the cyclotron motion of the ion depends on its kinetic energy.® The
trapping motion of the ions is affected by the low positive potential (if positive
ions are stored) applied to the trapping plates mounted perpendicular to the
magnetic field direction. A simple harmonic oscillation of ions between plates
characterises the motion. The magnetron motion is affected by the three-
dimensional field formed from an electric potential V and strength of the magnetic
field B. It also depends on the distance between the trapping plates and the
geometry of the ICR cell, which is described with the specific geometry factor

.>2 This motion is independent of the m/z of ions, Equation 1.6.%

aV
ma’B

Equation 1.6 fm =

fm — magnetron frequency, V — electric potential, a — distance between trapping

plates, o — geometry cell factor
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Thus, when the m/z ion absorbs energy when RF potential is applied to the
exciting plates it starts to move according to the described motions. The overall

ion motion is similar to a spiral.*

The detecting plates register the trajectory of
ion motions, described in frequencies.>® As a result, the time-domain frequency
spectrum is formed and it can be easily converted into a mass spectrum. The
cyclotron motion of ions is represented by a signal that, when processed, gives an
image current. This is a unique, non-destructive detection feature of FT MS.>
Unselected m/z ions are expelled from the cell.’ lons are detected in non-
destructive way causing that theirs frequency can be repeatedly measured, which

increases the sensitivity and resolution of the experiment.>

The benefit of using the ICR cell for m/z measurements is the high resolution,
accuracy and dynamic mass range of the experiment.>® The resolution of the LTQ
FT is “100 000 at m/z 400 with a scan repetition rate of 1 second, while acquiring
a mass range from m/z 200 to 2000.”*® The mass range of the FT-ICR mass
spectrometer is up to 4000 m/z units with a 7 T magnet. An ICR mass analyser
offers tandem-in-time mass spectrometry with multiple stages of fragmentation.
The principles of operations are similar to a QIT mass analyser. The tandem mass
spectrometry experiments inside the ICR cell are not advantageous compared with
possible ion activation experiments performed outside the ICR cell, which would
increase the duty cycle and maintain the ultra high vacuum inside the cell.’® In the
Apex 1lI, ion dissociation is achieved by the introduction of a collision gas into
the ICR cell, excitation of the precursor ion to perform SORI/CID followed by the
ejection of the collision gas and an acquisition of the product ion spectrum. The
IRMPD MS/MS experiment in the Finnigan LTQ FT excludes the stage of
introducing and ejecting the gas into the cell; here the CO, laser activates the

selected precursor ion.

For optimum performance of the ICR cell a high vacuum is essential. It must be 2-
3 orders of magnitude higher than the vacuum of low resolution mass analysers
(10° Torr) to avoid interferences (ionised air molecules) and achieve high

21,22

resolution and accuracy. ICR mass analyser applications are focused on the
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investigation of ion/molecule reactions, identification of individual components in
complex samples, impurities and proteins that require confident elemental

formulae determination.

1.2.3 Triple Quadrupole

The triple quadrupole is a tandem mass spectrometer consisting typically of three
quadrupoles, built from stainless steel rods. Each quadrupole is responsible for a
specific role within the mass analyser.?” The first and third quadrupoles are mass
filters and the Q2 is a collision cell where the CID process takes place, Figure
1.11. The 6410 Triple Quad LC/MS from Agilent Technologies was the QqQ

mass analyser used in this project.

In positive ion, the protonated molecules enter the mass analyser through the
octapole, which focuses the ion beam, followed by a set of skimmers. The Q1 and
Q3 within triple quadrupole mass analysers are mass filters operating in RF and
DC potentials and have the ability to select a specific m/z ion.>> The quadratic
electric field is created when the RF and DC voltages are applied to an opposite
pair of rods. As long as RF is higher than DC potential, ions are pushed through
the space between the quadrupole rods.*® The stability of ions is determined by
Mathieu equations that explain the relationship between RF and DC potentials. RF
focuses the ions whilst DC potential supports that process by de-focussing ions
(attracting them to the rods) in one dimension and focussing (repulsing them from

the rods) in the other.>” Unselected ions strike the rods of the mass analyser.

The Q2 (often presented as ‘q’) operates in RF potential only and, in 6410 Triple
Quad LC/MS from Agilent Technologies, is actually a hexapole partially filled
with nitrogen gas that is present in order to cool the ions and collide with them by
multiple ion/neutral collisions.?**® When RF potential is applied to the three pair
of rods, the hexapole keeps the ions focused in the centre line of rods. However,

RF gives an inhomogeneous field, which pushes ions up and down or back
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and forth as in an oscillating electric field.>® The velocities of the ions reduce and
if the RF potential is strong enough, the ions can be deflected to the opposite rods.
This process is called an effective potential or pseudopotential.”® The initial
energy of the ions is transferred into RF oscillations and back as a translation
motion. Consequently, the motions of the ions act as a potential barrier for the
field. RF pushes ions towards the ion guide axis by creation of the harmonic
oscillations frequency, which depends on the mass of the ions, RF frequency and
amplitude. Lack of DC voltage allows to focus the ions in the centre of
a quadrupole field where ion activation experiments are performed.?® The values
of voltage applied to the Q2 must be however different from RF applied to Q3 to
enhance the ion attraction to the last quadrupole where the acquisition of the

product ions takes place.*®

Yost and Enke have described the QqQ mass analyser as “a simple and efficient
approach for selected ion fragmentation.”®* The main advantage of a QqQ mass
analyser is its selectivity and sensitivity based on the use of an efficient low-
energy CID and a high transmission of ions along the ion path.** The QqQ is
a simple to operate, robust mass analyser able to perform many different types of
CID. In contrast to the QIT, it is a tandem-in-space mass spectrometer; the mass
spectrum acquired using a QqQ is mostly a combination of many generations of
product ions therefore it is often found to be less advantageous for structural
elucidation studies. The main applications of the QqQ mass analyser are focused
on quantitation and trace analysis of organic compounds in the fields of food

science, environmental, pharmaceuticals and toxicology studies.®

1.2.4 Quadrupole Time-of-Flight

The first quadrupole-time-of-flight instrument was launched over 15 years ago
and essentially the mass analyser is a hybrid mass analyser consisted of QqQ
where the Q3 was replaced by a TOF analyser.®® The TOF analyser is a beam-type

mass spectrometer®” that detects ions within few microseconds after their
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formation.”® QTOF is a robust mass analyser that combines the strength of both
mass analysers to a level that could not be obtained using either a QqQ or TOF
alone. It is characterised with high sensitivity (from the QqQ), mass resolution
and mass accuracy for precursor and product ions (from the TOF).?* The tandem-
in-space experiments performed on a QTOF are similar to QqQ, Figure 1.11. Not
all type of MS/MS experiments are possible, but they are improved with the
benefit of a high mass accuracy and hence easier identification of gas-phase
ions.”® The comparison of “in-space” CID between QqQ and QTOF may show
key insights of differences and similarities in the fragmentation behaviour of gas-
phase ions.

QTOF has an additional Q-zero ‘Q0’ thus the instrument comprises QO0, Q1, Q2
() followed by a reflecting TOF (mostly orthogonal-acceleration TOF
(0aTOF)).*? In some QTOF instruments, Q0 and Q2 are substituted with
hexapoles;® different QTOF instruments have different sets. Quadrupoles focus
the ions to the axis of the ion guide but hexapoles and octapoles have a more
homogenous field close to the rods thus they are better at keeping the ion beam in

control and away from rods, i.e. better ion transmission.™

In this project analyses were performed using a MicrOTOF-Q from Bruker
Daltonics, which has an additional hexapole Q0. The quadrupole part of the mass
analyser is already explained in the previous sub-chapter. It can scan all ions,
select a chosen m/z units range, isolate a precursor ion and direct it to the Q2
where the ion activation experiment takes place. During the acquisition of a mass
spectrum across the whole m/z range of interest, the QO0, Q1 and Q2 operate in RF
only mode and serve the role of the transmission element whilst the TOF analyser
measures the times of flight of ions, which are converted to m/z units. In an
MS/MS experiment, the ions formed for example in ESI, pass through the set of
funnels and QO, which is responsible for the collisional cooling of ions (allows
better ion transmission) that improves the focus of the ion beam. Q0 and Q2 work
in RF potential only and they provide axial and radial damping of the ions by

ion/molecule collisions with a neutral gas (argon or nitrogen mostly).*® The Q1
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operates as a mass filter and transmits the selected m/z ions. lons are accelerated
to energies between 20 to 200 eV before entering the Q2 where the CID process is
performed. Following the ion decomposition, the product ions are cooled, focused
to a fine ion beam and transferred to a field free region called a modular gap.
Once this extraction region is populated, ions are pushed in the direction of the
TOF through the accelerating columns by an applied pulse of electric field.®® For
example, the positive ions are accelerated from ground to a high negative
potential in TOF. The separation of ions takes place in a field free region of a
TOF tube and the precise time of crossing the chamber is measured. The ions are
accelerated with the same Kkinetic energy that is dependent on the mass and the

velocity of the ions, Equation 1.7.2

mv?

Equation 1.7 Eiin = -

m — mass of the ion, v — velocity of the ion

lon velocity depends upon the inverse square root of m/z unit so the smaller ions
will have higher velocities hence will have shorter time of flight through the TOF

tube, Equation 1.8.

Equation 1.8 v = /ZEkin.
m

The kinetic energy of the ion equals the potential energy of the ion at the starting
point of the flight, Equation 1.9.
Equation 1.9 Ein. = Epor. = 2U

Epot. — potential energy, z — number of charges of the ion, U — local potential at

starting point
The velocity of the ion in the drift tube can be determined from its length and time

of flight, Equation 1.10. Consequently, the mass of the ions can be deduced from

the measured time of the flight of the ion, Equation 1.11.
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l

Equation 1.10 v =

| — length of the tube, t — time of the flight of the ion
. _ 1 m
Equation 1.11 t = NoTi \/;

However, a small difference in the position of each m/z ion in a modular gap will
slightly change the energy, thus the velocities of each ion will cause different time
of flight of ions getting into the detector. An unfocused ion beam of the same m/z
ions causes poor mass resolution. A reflector helps to prevent this problem by
normalising the differences in energy between the same m/z units ions and hence
improve the mass resolution. The same m/z ions but with different velocities will
penetrate the reflector field to different depths enabling the same m/z ions to be
focused into a beam. Additionally, a reflector extends the length of the tube,
which means that a better ion separation is achieved. When ions hit a detector the
precisely measured time is converted to readable value of m/z units by an analog-
to-digital converter (ADC) or a time-to-digital converter (TDC) forming a mass

spectrum.

A QTOF can analyse a large mass range of ions; there is no sharp cut-off point as
in the QIT (explained in details in following sub-chapter); however the wider m/z
range is achieved by extending the length of duty cycles. A high RF potential
causes a loss of smaller m/z ions, but a low value of RF potential results in the
poor focus of heavier ions thus a poor mass resolution. Many QTOF mass
spectrometers are coupled to liquid chromatographs and are mostly used in the
analyses of qualitative and quantitative biological samples where high mass
accuracy and robustness is crucial.®® Additionally, matrix-assisted laser
desorption/ionisation (MALDI) coupled to QTOF expanded biological research to

samples that are unable to ionise from a liquid phase.
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1.3 lon activation processes in tandem mass spectrometry

Three ion activation methods were used to perform MS/MS studies, i.e. CID,
SORI/CID and IRMPD. CID is the most widely used ion activation method in
tandem mass spectrometry.?? The CID-MS/MS experiments performed in this
project are low-energy CID (< 500 eV) therefore only this CID energy-type is
discussed.

The applications of tandem mass spectrometry are countless, including:
ion/molecule reaction and structural elucidation studies, such as sequencing
proteins, identifying metabolites and pharmaceuticals, and characterising sugars
and oligonucleotides.***% |n this project, MS/MS experiments were conducted
to acquire first generation product ion spectra of analysed compounds to compare
differences in their fragmentation behaviour using different ion activation

methods.

1.3.1 Collision-Induced Dissociation

Jennings compared CID with the 50 eV EI process.”® He believed that the
processes are principally identical; the transfer of energy to the compound affects
its fragmentation. In CID, the collision of ions with neutral molecules causes the
conversion of translation energy into internal energy and consequently,
fragmentation of the ions; the process takes 10™ second,?* which is identical to
the time of the electron ionisation process.®® The difference lies in the distribution
of the internal energy and its randomisation resulting in specific fragmentation
behaviour. One example is the number of reaction steps needed to form the
analogous product ions. It is assumed that most CID experiments are two step
processes comprising the activation of the ion by collisions with the gas molecules

and a unimolecular dissociation of the activated ion.*®

Another proposed
mechanism involves a one-step process, called “a stripping mechanism”, which

theoretically should be a very fast process if the time for possible structure
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rearrangement is excluded. The stripping mechanism became difficult to prove as
CID data often involve many structure rearrangement reactions.*® El can form a
product ion due to the loss of a large neutral molecule in one step, but in CID that
product ion can mostly be only formed due to the several smaller losses,®* which,
if overlooked, can often lead to incorrect elucidation of the structure.®® The
internal energy of an activated protonated molecule is composed of an internal
energy of the molecule held before the activation and the energy transferred
during the collision process. Generally, the latter energy is higher than the internal
energy of non-activated ion, however it has a limit described by a centre-of-mass
collision energy, Ecm, Equation 1.12.

Myqs

Equation 1.12 Ecu = Eip , Where

Mgas+ My, g+

Mgas — Mass of a collision gas atom, mpv 1" — mass of the protonated molecule,

and Ej4p — Kinetic energy of the ion

The centre-of-mass collision energy is described for a perfect “head-on” collision,
however many collisions happen at an angle, which broadens the range of the
amount of energy transferred to the ion. Also, the amount of energy being
transferred depends on the mass of the analysed ion; the higher the mass of the ion
the less energy is transferred to it.* Thus, multiple collisions transfer more energy
to the ions, resulting in a higher fragmentation ratio. This process can be
controlled by varying the collision gas pressure; a higher pressure gives the rise to
a higher probability of multiple collisions and higher degrees of fragmentation. In
addition, the degree of fragmentation depends on the number of charges carried by
the ion; the higher the charge state of the ion, the probability to dissociate is
increased, because an increase of electric field increases the kinetic energy of the

ion.?

In 1978, Yost and Enke presented the first tandem mass spectrometer based on the
CID ion activation method.%® The triple quadrupole mass spectrometer, the first
tandem-in-space mass analyser, performs low-energy CID characterised by a

lower number of product ions formed than formed by high-energy CID.3* QqQ-
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CID-MS is one of the most widely used tandem mass spectrometry techniques.
The main advantage of the QqQ mass spectrometer is its ability to perform many
scan types on a particular precursor ion, Figure 1.11.
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Figure 1.11 Schematic description of scan modes available in tandem-in-
space MS on example of QqQ MS.

The product ion scan in in-space CID analyses is used in this project. Here, a
precursor ion (mostly a protonated molecule) is selected, followed by its
activation and fragmentation in the collision cell and finally, the analysis of the
fragment ions. The precursor ion scan is the opposite type of analysis. In this case,
all precursor ions that give a selected product ion are determined. The neutral loss
scan selects a specific loss of m/z units and scans precursor and product ions that
lead to the chosen loss. A selected reaction monitoring type of scan is based on a
selection of a precursor and a product ion therefore, there is actually no scan. The
1

chosen precursor ion is detected only if it fragments to a selected product ion.

The only scan possible in tandem-in-time mass spectrometers is a product ion
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scan, because all operations (precursor-ion isolation, activation, and dissociation
as well as product ion m/z analysis) happen in the same space, but different

times.?

1.3.2 Sustained-Off Resonance Irradiation/Collision-Induced

Dissociation

SORI/CID is a sub-type of CID ion activation method for the FT-ICR mass
spectrometer™ that mainly differs from CID by application of an RF pulse slightly
above or below the resonant frequency value of the precursor ion.®” SORI/CID is
an ion/neutral interaction where ions low of kinetic energy (<10 eV) are activated
by multiple dissociations with helium or argon resulting in the transfer of a small
amount of internal energy to the ion and hence the formation of first generation
fragment ions.** lon translation energy in SORI/CID is smaller, 1-300 eV, than
in CID therefore longer activation times occur. Sustained excitation of ions at the
resonance frequency results in large radii of cyclotron motions causing ions to
undergo multiple acceleration/deceleration cycles as they repeatedly
increase/decrease their orbits before fragmentation.®® lons excited by the off-
resonance frequency RF pulse can be sustained in the ICR cell for up to 1 s
without ejection (especially observed when performing the fragmentation of high-
mass compounds that need a longer RF pulse for the activation stage).”* However,
a long activation time favours the structure rearrangement of ions that often
complicates the mass spectral data interpretation.>**® A magnetic field in FT-ICR
mass spectrometer does not have a focusing property so after some time, an off-
axis displacement of ions known as magnetron radial expansion is reduced by

applying the RF potential pulse, which focuses ions back to the centre of the trap.*

SORI/CID is one of the most commonly used ion activation methods for
investigating the fragmentation of biomolecules in FT-ICR MS™ and
ion/molecule reactions.”” The method is also used to differentiate the bond

dissociation energies.>® One of the disadvantages of SORI/CID is the need for
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a collisional gas, when it is pulsed into the ICR cell it decreases the vacuum and

thus the mass resolving power of the mass analyser.?"%

1.3.3 Infrared Multiphoton Dissociation

IRMPD is a MS/MS technique based on ion/photon interactions using the
monochromatic radiation of a laser that by emitting photons excites the ions
followed by their photodissociation. ®®"> A process of ion activation using photons

is schematically presented in Reaction 1.1.%%%’

Reaction 1.1 [M + H]* + nhv > [M + H]"" — product ions

n — number of absorbed photons, hv — photons energy

In this project experiments were performed using a low-power continuous wave
(CW) infrared gas CO, laser of 10.6 pum wavelength with an output of 10%
photons where each photon has an energy of 0.117 eV.? Thus, the absorption of
just one photon provides enough energy to initiate the dissociation of the ion®*
at the lowest energy decomposition pathway without the need to introduce the
collision gas.>* The amount of energy obtained by ions is controlled by the time
(5-300 ms)?* and amount of laser irradiation (normalised values of the laser
energy). The IRMPD technique requires the absorption of the photon energy by
the ion. All ions, with an ability to absorb a photon, undergo the IRMPD process
and hence it is not a very selective method of activation and often results in the

formation of second generation product ions.**®

The IRMPD activation method often gives complementary information about
fragmentation behaviour to other ion activation techniques.** For example, only
when electron capture dissociation (ECD) and IRMPD are used together they do
give more information about the fragmentation behaviour of glycosylated
peptides.” One of the advantages of IRMPD beyond the CID technique is that the

constant RF voltage can be used in the activation process (CID requires an altered

32



Chapter 1 Instrumentation of Mass Spectrometry

RF voltage). In addition, IRMPD does not need to pulse the gas into the ICR cell
therefore it permits faster fragmentation (faster analysis) and a higher mass
resolution than any multi-collisionally based ion/neutral dissociation method”® yet

it is an expensive technique.?
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Chapter 2 Interpretation of mass spectral data

“...the most important part of learning how to interpret unknown mass spectra is

’

actually to practice interpreting mass spectra.’

Fred W. McLafferty

An interpretation of a mass spectrum gives information related to the chemical
composition and structure of the analysed compound. Understanding the
behaviour of gas-phase ions may help to define the interpretation rules for specific
compounds or classes of compounds. In this project, the behaviour of gas-phase
ions from pharmaceutical impurities and process related intermediates (PRI) was
studied to develop a set of rules, which could help elucidate structures rapidly and
with confidence. This complex task demands a detailed understanding of the
theoretical approaches of gas-phase ion interactions, individual structure
characteristics, and a correct method of data acquisition. Thus, the basics of
interpreting mass spectral data involving differences between functional groups
and atomic properties are discussed. Additionally, a protocol for mass
spectrometry experiments that supports and aids data interpretation is presented.
All compounds were protonated using API ion sources and hence, the precursor
ion was always a protonated molecule, and fragmentation studies were restricted

to the first generation product ion spectra.

2.1 The insights of a mass spectrum

One of the easiest ways to identify an unknown structure is to use mass spectral
databases that contain reference data.”*” McLafferty prepared a table that
contains over 15000 peaks from the fragmentation studies of over 4000
compounds using EI-MS.” The approach of mass spectral data correlation

according to functional groups helped classify compounds and searched for
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possible similar structural data.” Unfortunately, present-day databases, especially
for API-MS techniques, are often strictly confidential and for internal use only.
The number of public database libraries is greatly reduced and the cost of those
that are available is high. Thus, it actually becomes necessary to identify
a structure using the mass spectrum rather than referring to the reference data.
Many possible structures can be deduced from a mass spectrum and additional
information about the sample, e.g. its synthetic route, helps to propose a correct
structure or narrow the list of possible structure hits that fit the mass spectrum.**
The first step of the mass spectral interpretation process involves finding the peak
corresponding to the protonated molecule. The peak’s isotope pattern helps to

estimate the number of specific atoms in a molecule®*®

and specific
characteristics of organic molecules aid structural identification. Two major rules
apply to the characteristics of every organic molecule, including: i) the nitrogen
rule: if a compound contains an odd number of nitrogen atoms, its nominal
molecular mass will be an odd number and ii) the degree of unsaturation (DU),
which defines the number of valence electrons in the ion (odd- or even-electron
ion).%>"®" The abundance of ions in a mass spectrum reflect their stability in the
gas-ion phase® thus, a series of comparable mass spectra indicates similarities and
differences in product ion favourability. Summarising this approach of finding the
peak corresponding to the protonated molecule, the information gained is: i) the
estimated number of carbon atoms and characteristic substituents, ii) the amount
of double bonds and rings within the structure, and iii) an odd or even number of
nitrogen atoms. However, to ensure a correct structure identification and proper
elucidation of mechanistic pathways of protonated compounds analysed using
API-MS, the analysis should include experiments such as: tandem mass
spectrometry, analyses of compounds in standard and deuterated solvent (HDX),
and accurate mass measurement (AMM). The analysis of compounds using soft
ionisation methods does not generally give much structural information, thus
MS/MS experiments are required to resolve this problem by generating product
ions. AMM experiments narrow the list of probable formulae and HDX

experiments indicate the number of exchangeable hydrogen to deuterium atoms,
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which become crucial for proposing the mechanistic pathways of dissociation

reactions.

Many mass spectral data interpretation guides are available, with McLafferty and
Turecek’s “Interpretation of Mass Spectra” being one of the most respected.’® The
“Standard Interpretation Procedure” defines the step-by-step interpretation using
a standard set of rules applied to organic molecules.®®®"® Despite the fact that the
set of rules is written for EI-MS, it also applies to mass spectrometers that form
even-electron ions. Mass spectral data interpretation rules are focused on defining
observations for typical and specific functional groups as well as they need to
account for the different types of mass spectrometers and the type of dissociation
process. The identification of typical functional groups may not necessarily help
a detailed structural characterisation however, identifying the functional group can
often help to partially elucidate structure or narrow the search to specific
scaffolds, e.g. loss of CO; is most likely formed from —COOH hence the structure
may be a carboxylic acid. Recent publications focus on specific fragmentation
behaviour with regards to the characteristic substituents present in the
molecule.®%" However, these rules are often applicable to compounds with one
functional group and they often fail for structural identification where there are
multiple functional groups. Possibly the construction of new rules, focused on
specific classes of compounds, and/or specific mass spectrometers used, may
enhance the rapid characterisation of small molecules. The set of observations
established from interpreting the fragmentation behaviour of quinazolines should
aid the rapid characterisation of quinazoline impurities with an unknown

structure, Chapter 10, page 157.

2.2 Understanding the fragmentation behaviour — a structure view

The fragmentation behaviour of protonated quinazolines is often difficult to
interpret as many of them can fragment differently. The interpretation of mass

spectral data of protonated quinazolines can be improved by finding and
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understanding fragmentation trends and building them into the rules of
interpretation. The fragmentation pathways may be thermodynamically and/or
kinetically driven (Chapter 3, page 55). Essentially, the ion needs an excess of
internal energy in order to fragment.** Many theories and rules have been stated to
help understand the behaviour of small molecules ion in the gas-phase and
elaborate upon the predictive approaches. For EI-MS, the determination of bonds
that may cleave was used to explain fragmentation rates and predict mass spectra
of small molecules (mainly alkenes), which is commonly known as Quasi-
equilibrium theory (QET).®? It uses the excess of energy to determine the possible
bond cleavages. Another theory, known as the Hammond principle, states that
fragmentation of a gas-phase ion is an endothermic process and is driven by the
stabilities of the formed product ions.®® Product ion stability is an important
driving force in ion decomposition reactions and can be enhanced by resonance
and kinetic effects of fragmentation processes.”® However, it was also stated that
charge localisation affects the fragmentation process (“a charge site triggers the
ion fragmentation”) and the presence of atoms with lone pairs of electrons
(electron-donating substituents) induces electron delocalisation (the lone pair are
not strictly fixed on free orbitals).** However, electron-donating substituents, such
as —OCHjs;, —NH,, also increase the number of ions with insufficient internal
energy and hence decrease the degree of fragmentation.?* The joint picture of the
ion stability and charge delocalisation processes helps to understand the
fragmentation behaviour of gas-phase ions. Charge localisation stabilises the ion,
resulting in production of a specific (and the most stable) form of the ion that
affects which site of the molecule induces the fragmentation to the most stable
product ion (not the path, but the stability of the product ion defines this).®
Additionally, the most favoured reaction pathways are also driven by: i) formation
of a new bond — a reaction may lead to a stable ion and ii) the steric factors of the
ion structure, which define broad interactions of electron sharing, resonance and

inductive effects.®
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2.2.1 Protonation site

Molecules may have one, many or no obvious sites of protonation.®® It is
hypothesised that if many sites of protonation are possible, not only one type of
ion is formed, but a population of ions are formed in a gas-phase ion cloud;
different forms having different sites of protonation. In this project, the forms of
ion with different sites of protonation are called: forms of protonated molecule
(FPM) and forms of product ions (FPI).

The choice of protonation site affects the understanding of how the bonds cleave
and predicts which ones will dissociate.®® For example, a hydrocarbon analysed
using EI-MS forms product ions due to the C-H and C-C bond cleavages.
However, when one of the hydrogen atoms is substituted with an amine group, the
most probable protonation site becomes the nitrogen atom. The product ions
formed due to the loss of hydrocarbons would possibly be suppressed by the more
favoured loss of an amine functional group. Thus, the localisation of the most
probable protonation sites by literally placing a charge in the molecule helps the
interpretation of the mass spectra and proposed mechanism pathways. To ensure
that none of the possible species are omitted from investigation, every possible
FPM and FPI is defined. The probability of protonation is defined by the strength
of the hypothetical protonation bond in the gas phase, (H-N, H-S, etc.) and it is
estimated that the highest probability of protonation site is at a nitrogen atom and
the weakest at a chlorine atom — N > S > O > CL.% Consequently, the most
probable site of protonation emerges at the most basic atom and hence, it can be
determined by calculating proton affinities values for each possible FPM.

The discussed rules and observations were mostly based upon initial observations
of an extensive collection of mass spectral data acquired using EI-MS. Can these
observations really apply to ESI-MS studies? Does the ESI process influence the
site of protonation? Smith and co-workers stated that ESI affects the charge
distribution in a molecule and that the charge distribution is structurally

dependent. The most probable sites of protonation in the ion in a solution and
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a gas phase can differ®” in the same way as the geometries of the ion in these two
phases differ.? Thus, the PA values of the specific atoms in the molecule in a
liquid and a gas phase must differ and hence the most probable indicated FPMs
should be different. Additionally it was found that atoms with a high proton
affinity in the gas phase are not always the ones that are protonated.’” The
stability of the ion structure itself, regardless of the presence of the solvent, affects
the PA value, which is called (for a gas-phase ion PA) an “effective proton
affinity”.®” Thus, the choice of the protonation site is also influenced by the
stability of the ion structure. The protonation occurs on a less basic atom in the
molecule if the final FPM is more stable that the FPM protonated on the most

basic site.®

Additionally, the site of protonation can change during the ion activation and
dissociation process, i.e. during the CID process. lon interactions with neutral gas-
phase molecules can cause a charge migration to alternative different sites of
protonation.?®® The change of protonation site can take place according to the
basicity of the atom, stability of the initial ion structure, and stability of the final
protonated form.

2.2.2 Bond fission

The prediction of fragmentation behaviour is essentially the prediction of bond
cleavage. Thus, predicting mass spectral data means understanding which bond in
the molecule is most likely to break. Additionally, it is important to predict, which

fragment will retain the charge and which will be discarded as a neutral loss.*

The relationship of PA and ion structure stability explained above does not just
relate to the protonated molecule. It also explains the fragmentation behaviour of
a molecule. Field’s rule states that the formation of the product ions depends on
the proton affinity of the fragments; the higher PA of one fragment of the

structure enhances its tendency to retain a charge.®* Stevenson’s rule states that, in
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the electron ionisation process, the decision of which fragment retains a charge is
determined by an ionisation potential (IP) (it also known as the ionisation energy
— IE). After the bond is cleaved, a positive charge is retained on the fragment with

the lowest ionisation potential,*

which can also be calculated kinetically.*® The
ionisation energy can only be applied to EI homolytic-bond cleavages, because it
is the energy required to remove the weakest bound electron.”**® Thus, odd-
electron ions can have a higher ionisation potential than even-electron ones and
their product stability, regardless of IP value, also affects the fragmentation.®? The
stability of odd-electron ions increases with a conjugation or resonance of the free

electron,” and hence its stability is structure dependent.

It is even more difficult to rationalise and predict rearrangement reactions. It was
found that the transfer of a hydrogen atom always migrates towards the part of the
molecule that is electron deficient. Odd-electron ions (OE™) are known to be
unstable species, however it was observed that those that have the possibility of
the 6-membered transition state for transferring the hydrogen atom form a more
stable radical cation (thus are observed with a higher ion abundance), Reaction
2.1.%

HQ+ +
— AL, —
%

Reaction 2.1 Scheme of the 1,5-proton-shift reaction towards the part of

molecule with deficient amount of electrons; reprinted with a Kkind

permission of ACS. 8%

One of the ways to determine bond fission is to calculate the bond dissociation
energy. It is more difficult to measure the bond dissociation energy for heterolytic
than a homolytic bond cleavages.”® The Reaction 2.2 presents the reaction
defining the dissociation energy of the bond R-X in the molecule RX during the
electron-ionisation process.** This definition can be applied to homolytic bond

dissociation energies.
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Reaction 2.2 RXgos + € = Rjas + Xgos + 2€

The energies related to the heat of energy of the formed radical cation, Reaction
2.2, are related to the radical cation’s appearance A and ionisation energy IE. The
R-X bond dissociation energy can therefore be represented by the amount of the
formed radical cation and hence, the appearance potential of the R™, Ag™,

Equation 2.1.

Equation 2.1 Dgp_x = Ag+ — IEg+

Dr.x — dissociation energy, IER™ — ionisation energy, Ag"* — appearance energy

However, even for EI-MS reactions, this argument did not agree entirely with
mass spectral results.** It was found that the appearance energy also depends upon
the Kkinetic energy Eyin, and excitation energy (rotational, vibrational, and
electronic energies) E. of the Reaction 2.2 and Equation 2.2.°" Thus, the
dissociation bond energy should also be lowered by the kinetic and excitation

energies of the species in Reaction 2.2.
Equation 2.2 Ap+ = Dp_x + IEg+ + Epyn + E,

Ewin. — Kinetic energy, E. — excitation energy (rotational, vibrational, and

electronic energies)

2.2.3 Specific atoms and functional groups

Extensive studies of EI-MS data have proven that the type of functional groups
present in a molecule drives fragmentation behaviour. It is believed that the

analyses of API-MS/MS data may also show a similar pattern.

For the typical atoms making up an organic molecule, the inductive effect of

withdrawing an electron is the strongest for chlorine and weakest for a hydrogen

42



Chapter 2 Interpretation of mass spectral data

atom — Cl > Br, O, S > | >> N, C, H.® Fluorine is omitted from the estimated
strength order, because it is an exceptionally specific atom affecting fragmentation
for types of bond fission other than inductive cleavage. McLafferty states,
a fluorine atom affects the fragmentation behaviour of the compound in a similar
way to a nitrile group.®® Fluorine-substituted compounds eliminate HF readily, but
a loss of F* is less common;® the C-F is a very strong bond (fluorine is a strong
electron-donating atom, but is characterised with high electronegativity).®® Other
C-halogen bond strength decreases from C-F to the relatively weak C-1 bond.** Its
order is as follows: -F > -OH > -Cl > -NH, > -SCH3 > -SH, -Br > -1.** The C-Cl,
C-Br, and C-I are weak bonds with strong electron-withdrawing characteristics
and hence their homolytic cleavage is common.** Additionally, Br and Cl can
easily be recognised in a mass spectrum because of their characteristic isotope
patterns. The difference in these three halogen bond strengths was presented by
the comparison of three mass spectra showing formation of a radical cation due to
the loss of halogen radical. The chloro-, bromo- and iodo-benzene molecules lose
the halogen radical and form a product ion of 57, 37, and 8 % abundance,
respectively.” Thus atoms, or more specifically the bond strengths binding them
to other atoms, influence the specific fragmentation patterns.** Sometimes subtle
differences in a structure can result in a totally different fragmentation

behaviour.®

Beynon believed that the fragmentation behaviour of every compound is
functional group specific.®® Some functional groups often give characteristic
fragment ions or losses independent of compound substitution, e.g. loss of CO,
from —COOH.® Evaluation of the specific functional group trends in the gas-ion
phase helps to partially elucidate the structure and propose dissociation
mechanism pathways.” This is still the most common way of correlating mass
spectra.®*® The dominative behaviour of the functional group proves that
fragmentation behaviour can be functional group-specific and the influence of
some functional groups can suppress the effect of others.** Product ions of the
compounds analysed using EI-MS, containing groups such as carbonyl, nitro,

nitryle, and/or sulfonyl are more abundant than hydrocarbons or compounds
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1.7 However, it

containing functional groups such as amino, thiol, and/or hydroxy
is risky to rely on the functional group recognition pattern only.** Specific
functional groups do not always influence the mechanistic pathways and a false-
positive functional group recognition may cause the wrong structural
identification.®> Additionally, structures with multiple functional group
substitution show a hierarchy based on the dominative strength of functional

groups.®8!

When considering a compound’s different atoms and functional groups, its
structure can be elucidated by identification of the characteristic ions and/or
losses. Sometimes, even the general ions and/or losses give insights about the
structure; for example: for m/z 91 the list of possible ions is limited to C;H;"
within the error of 30 ppm (almost 2.9 mDa) or a loss of 28 m/z units can be a loss
of CoHs, CO or N,.°° Additionally, the loss itself can also help to understand
structure interactions; e.g. [M + H — 1]"* represents a loss of product ions due to
the loss of H°®. This radical has to come from a labile hydrogen atom or
correspond to a labile substituent. A product ion due to the loss of 15 m/z units,
[M + H — 15]™, indicates specific loss of CH3" radical that has to be bound to a
weak, easily cleavable, bond.®> As well as previous partial structural assignments,
the possible losses should be specified carefully. Neutral losses are not always the
simplest structures, often the losses consist of the concerted, smaller in mass,

losses involving loss rearrangement.

2.2.4 Even-electron rule

One of the most common rules in mass spectral data interpretation is the so-called
“even-electron rule”. This rule was defined from the observation of many EI data.
Its definition is as follows. Odd-electron (OE™) cations (molecular ions or radical
cation product ions) may fragment to give an even-electron product ion (EE") and
a radical loss (RL"®) or a radical cation (OE™) and a neutral loss (NL), Scheme 2.1,

(a) and (b).** Even-electron ions (EE*, protonated molecules or even-electron
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product ions) will usually undergo a NL to form another EE*, Scheme 2.1, (c).
The reaction (d) in Scheme 2.1, which involves the loss of a radical to form an
OE™, “has a much lower probability” because it involves the formation of a
usually less stable free radical loss.”® An even-electron ion is highly dependent on
stability, therefore its dissociation to a stable product ion often demands

rearrangement of a structure and charge-remote fragmentation.”®

(a) OE —=EE' +RL
(b) OE —=OE '+ NL
(c) EE" —EE"+NL

(d) EE" =<%>~OE"+RL

Scheme 2.1 A schematic description of even-electron rule.®®

McLafferty’s observations of gas-phase ion energetics and fragmentation
behaviour were developed from studies originating in 1939.2° The beginning of
World War Il was a time for mass spectrometrists to explore the potential of El-
MS. Delfosse and Bleakney discovered an unexpected formation of even-electron
ions CoHs™ and CH3". They had been unable to explain the formation of these
particular ions and they left readers with the conclusion that: “...the ions with an
even number of electrons are more stable that those with an odd number.”'®
Cummings and Bleakney followed this work and tried to explain the formation of
specific ions.*™ lon formation can be described in terms of three energies, i.e. the
dissociation and ionisation energy of the formed ion, and the kinetic excitational
energy of its product ions. They discovered that the charge of a gas-phase ion was
able to be localised on an oxygen atom. This observation expanded studies of
mechanism rearrangements and the involvement of nonbonding orbitals in
dissociation energy values.'®* Later, it was concluded that a charge localisation;
1) “triggers” the fragmentation resulting in the prediction of preferable modes of
cleavage, ii) indicates bonds in a molecule that are most likely affected by

ionisation, and iii) determines the direction of the fragmentation process.®®
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The hypothesis of even-electron ions being more stable than odd-electron ones,'®
as well as the conclusion that the dissociation energies are important to understand
ion formation and fragmentation process,’® was followed by the analyses of
lactones by Friedman and Long in 1953.1% They concluded that a structure can
rearrange if it results in the formation of product ions with a high stability. Their
experiments confirmed that the formation of a stable even-electron product ion

from a lactone structure could be the result of the ring opening.

Following McLafferty’s conclusions of the types of fragmentation reactions,
Cooks investigated bond formation and discussed how the fragmentation reactions
presented in Scheme 2.1 were energetically favoured.'® He stated that the
reactions (a), (b), and (c) represented in Scheme 2.1, are energetically favoured
processes and, agree with the studies of Friedman and Long,'* reaction (a) does
not usually involve the formation of a bond, but most probably a structural

rearrangement.*®

The observations of ion formation in the gas-phase have become one of the most
common mass spectral interpretation rules despite that the number of exceptions
had already been discovered, i.e. Friedman and Long had observed differences
between fragmentations of lactones.'®® The characteristic reaction types were
finally named the “Even Electron rule” in a paper by Karmi and Madelbaum even
though it only describes a large numbers of violations.'® This demonstrated that
the word “rule” is too strong attempt for the observations discussed and should be

considered with caution.*®

Many software packages still use this rule to evaluate mass spectral data acquired
on instruments other than EI-MS; e.g. Data Analysis™ or Xcalibur™, both have
the choice to limit possible product ions to “even”, “odd” or “both” with respect
to the number of valence electrons. However, the default choice is mostly
configured for “even” product ions only. This restriction, used mostly to aid mass
spectra assignment and limit the number of possible formulae candidates, may

actually cause false-positive interpretation of data.
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Chapter 7, page 105, contains the discussion of the actual use and meaning of the
even-electron rule in present data interpretation models of protonated

quinazolines.

2.3 Computerised methods to help mass spectral data interpretation

Mass spectral data processing, analysis, and interpretation can be time-consuming
processes that require the use of computer-aided methods.'® One of the first
computerised methods for data interpretation was designed to enable the mass
spectrometrist to correctly identify the structure of an unknown analyte.!®®
Software automated structural elucidation has proven to be a challenge involving
a countless number of variables from the knowledge and experience of a mass
spectrometrist. Unfortunately, 40 years ago, computer technology was incapable
of helping structural elucidation from any newly compiled interpretation software.
Scientists however, believed that improvements in PC technology would succeed
in building such software in order to substitute the routine data interpretation tasks
of a mass spectrometrist.'% In the 1970s, the subject of using computerised
methods to aid mass spectral data interpretation of EI-MS was very popular (such
as the use of EIl libraries of National Institute of Standards and Technology
(NIST) Standard Reference Database), however by the 1980s the amount of focus
in this subject area decreased dramatically.'®” Today, the need for computational
help to interpret soft ionisation MS/MS data is even greater than it was a few
decades ago for EI-MS data. Electrospray ionisation (ESI) low energy
fragmentations, e.g. CID MS/MS, although extensively utilised, have only
recently been used to build library databases. However, these databases are still
much smaller than commercially available EI libraries because the interpretation
of ESI-MS/MS spectra of small molecules can be specific for an individual
compound, sub-classes or structurally similar scaffolds. Computerised methods
have been developed to help the mass spectrometrist with mass spectral data

8

interpretation.'® Many computational approaches are available, including
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106 108
d, d,

i) a library search metho il) a pattern recognition metho or iil) new

software to follow the steps of a mass spectral data interpretation.

One of the aims of this project is to aid the characterisation and understanding of
the fragmentation behaviour of gas-phase ions using predictive software,*°®1110
The use of new computational approaches targeted at understanding and
predicting the fragmentation behaviour of gas-phase ions is described (Chapter
8.5, page 137). The recent evolution of a number of different computational

methods that could help to achieve this goal are presented here.

2.3.1 Library searching

Library searching involves the automatic matching of unknown data to reference
data.'®®*® It is one of the computationally least demanding methods for structural
interpretation that only requires a data storage capability and time (of few seconds
or minutes) to search the reference data. Different library searching options were
established, for example instead of comparing a complete mass spectrum only a
few specific ions were chosen. This process saves time by increasing the number
of possible hits but the confidence of finding the correct data set is decreased. The
improvement of this type of library searching is known as compound-type
identification. Many library search files of EI-MS data were grouped according to
their specific functional groups and thus, classes of compounds. The unknown
analyte was compared across specific ions and losses for classes of compounds
and if a class of compounds is positively identified, the detailed searching would
only take place within data for that particular class of compounds. This process
saves even more time as opposed to looking through all possible reference data
and enables the determination of a large part of the structure.'® It was known that
the library would benefit from high-resolution mass spectrometry (HR MS) data
input, which would increase the confidence in matching the correct data, but

would increase the data storage and length of time for a library search.*®
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2.3.2 Pattern recognition

Pattern recognition is a challenging way to elucidate an unknown structure that
gives the best results. The method involves the use of data interpretations of data
from many similar, structurally known compounds to find and highlight a specific
pattern for that particular group of compounds, e.g. compounds containing a
phenyl group. The structurally unknown compounds can be matched against it by
recognising specific product ions and their intensities.'®® In 1973, Ting and Lee
presented a method of pattern recognition for pharmaceutical compounds.**!
Mapping the product ions of known compounds enabled them to decide which
compounds fitted into that group. The pattern recognition studies for many small
molecule organic compounds was stated to give at least 83 % correct structural
assignments.*** However, the high confidence score (i.e. > 83 %) was often
limited to the compounds substituted with carbonyl, methyl, ethyl and S-

containing functional groups.**2

Structurally similar compounds may dissociate giving common patterns with
common product ions or losses. Therefore the identification of the product ions
would not necessarily improve their absolute identification since they may not be
structure specific.'™® The identification of a product ion (or ions) that is (are)
structure specific helps assign a spectrum (spectra) of a particular compound or
class of compounds. The specific functional groups the compound is substituted
with (or class of compounds it belongs to), can indicate specific fragmentation

patterns and therefore, enhance the structural elucidation.

2.3.3 Heuristic methods

Heuristic methods consist of a structure generator, structure fragmenter, and
a correlation of theoretical and experimental data.'®® Structures are generated
using the specific parameters of functional group behaviour in the gas-ion phase

and fragmentation based on “appropriate rules of mass spectral decomposition”.108
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The results and general observations for the fragmentation behaviour of gas-phase
ions are assumed to form rules that ease the process of data interpretation, e.g. the
even-electron rule’ or Stevenson’s rule.” The ‘theoretical’, generated fragment
ions are compared with the real data and the output file presents a list of possible

structure matches.

The DENDRAL project was one of the first projects to focus on the problem of
structural elucidation of unknown molecules using heuristic approaches.*** It
resulted in extensive investigations of the fragmentation behaviour of small
molecules based on analyses using EI-MS. Additionally, the input of the isotope
pattern and HR MS data was used to increase the confidence of data hits.*
A possible empirical formula, suggested from HR MS data, is the starting point
for data interpretation. The data from DENDRAL would be scanned for possible
structures of a given chemical composition and the mass spectrum would be
correlated to fragment ions of possible structures with a given fit of confidence.™*
This project was a pioneer in structural elucidation matching software.!*4!*
Further improvements in computer technology enhanced the capabilities of
structure predictive software for EI mass spectrometry approaches leading to
projects such as CHEMICS and MASSIMO.*®*8 These had similar aims; to
build software that, given a structure, could predict mass spectral data. It was also
understood that building larger databases with the addition of even more rules,
e.g. a rule for isotope patterns, would give higher confidence for matching the
structure to spectra of an unknown compound.***? Finally, expanding databases
with reference data ensured the success of libraries of EI-MS data'®! and the first
publically available program (for peptide sequencing) was built by Biemann and

co-workers in 1966.%?

Mass Frontier™ is a commercially available, universal prediction software
package based on the fundamental rules of fragmentation, such as: characteristic
isotope pattern, the nitrogen rule and the even-electron rule.'?* It is software based
on these rules together with information gathered from similar classes of

compounds into a large database. However, it is known that the fragmentation

50



Chapter 2 Interpretation of mass spectral data

behaviour of some structurally similar compounds can differ, Chapter 2.2.3, page
42.%° Structural elucidation using libraries becomes even more difficult if different
mass analysers or ionisation methods are used. Mass Frontier includes the choice
of ionisation method and the choice of types of bond fission in the search
parameters and therefore the proposed product ions are based on the basic rules of
ion formation and its fragmentation. As previously mentioned, such rules can
often limit the number of possible scores causing false-positive identification.
In addition, one of the main disadvantages of all currently available prediction
software is that they all must be based on the knowledge of prior interpreted,

structurally identified, compounds.**

2.3.4 Computational simulation approaches

In this study, different theoretical approaches were undertaken to attempt to
understand the specific fragmentation behaviour of small molecules. Previous
studies have presented data on the understanding of fragmentation behaviour with
respect to Kinetic and thermodynamic theories, although the majority have
concentrated on the latter.”*"? Moreover, the transition state calculations or
molecular dynamics applied to gas-phase ion reactions often challenge the
understanding of the mechanistic pathways of the fragmentation behaviour,
because they involve a high computing power and advanced knowledge of
physical-organic and computational chemistry, and physics (Chapter 3, page
55).129,130

Computational chemistry methods are based on advanced theoretical knowledge
that requires specific computer skills. Analytical chemists often use the
commercially available computational chemistry software, e.g. Gaussian, Jaguar
or Spartan.”**3 Density functional calculations, based on Density Functional
Theory (DFT), Chapter 3.1.3.3, page 61, are used to help understand the specific
fragmentation behaviour of small molecules.'®® Well-optimised simulations

should improve the knowledge of atom interactions on a molecular level and help
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to understand dissociation patterns of gas-phase ions for small molecules. Most of
the in silico studies of small molecules are performed using B3LYP level of

theorylog 131,132

that is commercially available in most DFT software packages.
Vessecchi’s approach, including the transition state species, presents a coherent
explanation of specific fragmentation mechanisms. The possible marriage of mass
spectrometry with DFT calculations should facilitate the interpretation of the
fragmentation behaviour of small molecules.*® Alex et al. used a DFT-MS/MS
approach to discuss the influence of a change of bond length when molecule has
charge placed at different atoms. Their conclusion is that the site of protonation
influences the elongation or contraction of bonds that may be several bonds away
from it and these bonds could possibly cleave during the fragmentation process.'*?
Thus, their conclusions follow the observations regarding protonation site and
bond fission rules described in Chapter 2.2, page 37. Alcami and co-workers
reviewed in details the bond shorthening/lengthening process, known as the bond-
activation reinforcement rule (BAR rule).® The BAR rule relates to the charge
density of the two possible atoms involved in protonation. In principle, the
comparison of the electronegativity values of the two atoms indicates which one is
more favoured to retain a charge’® and excludes the rationale of measuring the
dissociation energy of bonds that may also be relevant, although are not necessary
length dependent.™®* The bond energies were implemented in a new prediction
model based on ab initio approaches called Fragment iDentificator (FiD).'*®
It involves the analysis of possible single-step and multistep fragmentation

pathways as well as hydrogen rearrangement reactions.

Current computational approaches to build prediction software for small molecule
fragmentation are focused on a deep understanding of the fragmentation
behaviour of gas-phase ions. The establishment of a set of rules, based on
structure specific and common fragmentation behaviour of sub-classes of
compounds, would simplify the structural elucidation process. A combination of
the optimum features from pre-existing models, with specific rules for classes of
compounds may give promising results to build prediction software package

without the need to upload reference data. However, the use of different mass
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analysers and/or ion activation methods can cause method specific fragmentation
behaviour. Whilst there may also be some generic, cross platform rules to
consider, any fragmentation rules established will need to note mass analyser
specific dissociations. Finally, it is important to stress that this could aid, not
substitute the mass spectrometrist in the structural elucidation process by reducing
the length of time spent on repetitive tasks that are a “must” when dealing with
mass spectral interpretation. Hill and Mortishire-Smith’s approach is considered
to be a good example of the “big picture” view of prediction software.’®® The aim
of their model called EPIC (Elucidation of Product lon Connectivity), was
focused on reducing the number of possible product ions by identifying the
precursor ion using high-resolution mass spectrometry and incorporating the

accurate mass measurement into the prediction software.
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allied to mass spectrometry

’

“Computers don’t solve problems, people do. Computers just generate numbers.’

Frank Jensen

Mass spectrometry focuses on the behaviour of gas-phase ions and can be defined
by four stages: ions formation, excitation, fragmentation, and detection. These
stages can be characterised by different interactions, which depend upon the
choice of the ionisation technique, the mass analyser, and the ion dissociation
method.*? Thus, a choice of a mass spectrometer defines the interactions that can
occur and hence may influence gas-phase ion behaviour. For example,
an interactions of ions in ESI-QIT mass spectrometer depend on specific
processes, including: i) ESI; ions can be formed from a solution and a gas phase
and ii) CID, which is based on ion/neutral interactions that specifically in a QIT
are tandem-in-time type of reactions.*? Consequently, understanding the principles
and driving forces of mechanism pathways as well as knowing the structure of the
analyte, may help predict specific gas-phase ion behaviour. These structural
interactions, which are essentially explained by physical-organic properties, are
impossible to predict without experimental or computational approaches.
Physical-organic properties calculated using in silico methods help to obtain key
insights of the gas-phase ions fragmentation behaviour compared to mass spectral
data.

The choice of appropriate calculation models depends on the quality of desired
results, the time needed for experiments, and size of molecules of interest.*” This
brief introduction to computational methods and specific models will help to
understand how crucial is to choose the correct model as well as optimise specific

calculations. The theoretical sub-chapter describes kinetic and thermodynamic
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approaches of useful characteristics of a molecule that can be used to help to
understand the fragmentation behaviour of gas-phase ions.

3.1 Introduction to computational chemistry — choice of a model

The raw results of generated, by computational chemistry models, data are rarely
useful, but they often become crucial to understand the unknown if rationally
interpreted and applied to specific problems.™® Today, computer technology
improves rapidly and hence computational chemistry starts to compete with
a necessity to perform standard laboratory experiments. It is common to choose
projects focused on the benefits of computational methods. The main use of
computational methods allied to the mass spectrometric side of this project is to
investigate the shapes of molecules, their protonation sites and internal energies.
The behaviour of a molecule is described by its total energy, including i) energies,
which determine the reactivity and its stability and ii) dynamical simulations

(kinetic motions), including translation, vibration, and rotation dynamics.*?

In computational chemistry, a molecule, defined as a number of electrons among
nuclei, becomes the centre of attention and a starting point for every calculation.
A negatively charged electron and positively charged nucleus interact resulting in
the formation of measureable potential and a distance between defined particles.
The classical description of the molecule system however omits its changes over
time, i.e. motions (dynamics) of the molecule. Electrons are too small to be
described by classical mechanics (i.e. Newton’s Law) yet they can be defined by
quantum chemistry wave function. The square of the wave function gives the
probability of finding an electron at a given position and a fixed time. However,
the dual function of time-dependent wave function is impossible to solve (neither
position nor time can be exactly measured). Thus, the position of the electron can
be measured by time-independent wave function. Nuclei are much heavier than
electrons and hence, from the electron “point of view” nuclei do not move, which
gives the ability to describe an electron wave function with the fixed position of

anucleus. This way a molecule is described as a number of electron wave
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functions (a potential role) among nuclear wave functions (a fixed position). This
specific molecule separation is known as the Born-Oppenheimer (BO)
approximation, which defines electrons as one homogenous mass, dependent upon
the position of the nucleus (nuclei can be excluded from the calculations).**®®
In other words, all electrons are treated as one mass, which is the “glue” that holds
the nuclei together. The Schrédinger equation is very hard to resolve because of
many interactions that need to be included, such as: interactions of coulombic
repulsion, attractions, and kinetic energies of nuclei and electrons.** Thus, the
BO approximation keeps the nuclei in a fixed position and molecules can be

treated as electronic structures only.

Based on the above description of a molecule, computational techniques
investigate chemical problems including molecular geometry, energies of
molecules, and their chemical reactivity. Three types of methods are defined,
which are: molecular mechanics (MM), quantum mechanics (QM) including: i) ab
initio, ii) semi-empirical (SE), and iii) density functional theory calculations

(DFT), and molecular dynamics.**

MM are rough calculations based on classical mechanics approximations and an
input of real data (in computational chemistry called a parametrisation function)
to indicate possible shapes of the molecules. Ab initio and SE calculate the
molecular wave function (Schroédinger equation), which is hard to measure to
provide a single solution. Semi-empirical calculations additionally involve
a parametrisation function. DFT calculations are based on electron density
calculations and molecular dynamics involve motions of ion into simulations. The
wave functions cannot be solved exactly thus, to apply them practically, all
calculations are based on partial approximations.** In addition, the strict line
between types of methods diminishes with the wide use of hybridised models that

merge the advantages of a few methods into one model.
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3.1.1 Computational cost

Computational simulations cost time and money. Very complicated model sets
that require powerful computers and long simulation time often give the most
accurate results. The choice of a simpler model reduces the amount of simulation

time but also reduces the accuracy.'*

Thus, the trick is to know how to maximise
the accuracy of results yet minimising the investment cost of computer power and
time. The length of time needed for a calculation depends on the choice of
hardware, software, and the structure of the molecule. From a hardware point,
three components affect the computational cost: i) the simulation time, which
depends on a hardware processor and mathematic operations of the model used,
ii) the performance of PC, i.e. memory (more memory shortens the time of
operation consequently improving the computational performance), and iii) the
storage disk (bigger disk stores more data). From the software viewpoint, the
computational cost depends on the choice of individual program performing the
specific calculations, this may be a commercially available software or new
written code.!** The length of time for calculations decreases for smaller
molecules. Each atomic orbital has to be described by the function called
contracted Gaussian-type orbital (CGTO). Larger molecules have more orbitals,
thus the basis set has to contain a larger number of CGTOs. Single-zeta (SZ) is
a minimal basis set using only one CGTO per atomic orbital. Thus, larger basis
sets need to be used for larger molecules to include functions describing their
molecular orbitals. An increase of basis set increases the length of time for
calculations and may be additionally increased when using basis sets containing
polarisation functions.**** A polarisation function allows the valence electrons
be more flexible, which means that they can displace from their original,
theoretical positions.**> One of the most commonly used basis sets is the 6-31G*,
which adds the polarisation function to all atoms and improves the modelling of
valence electrons (increasing the accuracy of measurement).’***® The two
asterisks placed in the name of the basis set, **, mean that the additional orbital is
added to the atom, e.g. a hydrogen atom is 1s whereas in ** function will be
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calculated as p-orbital. Larger basis sets including a polarisation function give
high-accuracy results of 1-2 kcal/mol and better geometry of structures.

It is not possible to estimate computational cost precisely.**® The time complexity
scales differently for different methods. The theoretical, expected time of DFT
calculations scales to N*, where N is the number of orbitals in the calculations,
which is proportional to the number of atoms.** Thus, the calculations depend on
the number of atoms and type of basis set used; i.e. the calculations performed on
a larger molecule mean there are more atoms, thus more orbitals to take into the
account, which demands use of a larger basis set resulting in a longer time of
calculation.**” The size of the structure and amount of heavy atoms (a heavy atom
in computational chemistry is an atom heavier than He) dramatically affects the
simulation time, Scheme 3.1. For example, the time of DFT calculations based on
the same parameters for 10 alkenes from CH,4 to CioHa; in linear conformation
will increase with the increase of number of atoms in the molecule, for non-linear
scaling DFT it increases exponentially (N°), and for linear scaling DFT it

increases proportionally to the number of atoms, Scheme 3.1.

5 10 15 20 25 30
Number of atoms

=®=non-linear scaling DFT  ==linear scaling DFT

Scheme 3.1 Comparison of the length of time for calculations to the number
of atoms in the molecule using linear (squares) and non-linear scaling DFT
(diamonds).
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3.1.2 Molecular Mechanics

Molecular geometries defining a probable shape of the small to medium-sized
molecules are commonly calculated using molecular mechanics. A molecule is
presented by spheres and connecting springs, thus the electronic properties of the
molecule are impossible to calculate.”*” However, the balls and springs are based
on parameters externally estimated (IR spectrum, X-Ray experiments), thus the
method employs a partial parametrisation function. The Merck Molecular Force
Field (MMFF) is a common model of MM for structure calculations and was used
during this project to define the shapes of the molecules.*® MMFF reveals all
possible structure geometries and an inaccurate value of total minimum energy
indicates the conformer stabilities.* The MM approach excludes the effect of
bond breaking, charge, and spin changes that define structural behaviour, but it is
widely available, stable, and very fast model that is applicable to very large
molecules, because these calculations are approximately 1000 times faster than

quantum mechanics, **-1*>14°

3.1.3 Quantum Mechanics

3.1.3.1 Ab initio calculations

Ab initio (from first principle) calculations are based on the behaviour of all
electrons in the molecule thus on the full molecular wave function of the molecule
(on the Schrédinger equation). Consequently, they calculate the energy of the
molecule. The main disadvantage of ab initio calculations is that they are very
slow methods involving huge computational power.***'*° The newest computer
technology allows the performance of ab initio calculations with less time, but
increases the computational costs. The most common ab initio calculations are
Hartree-Fock (HF) calculations applicable to calculate molecule geometries,
thermodynamic properties, bond lengths, and angles. Two types of HF are
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distinguished, i.e. restricted HF (RHF) and unrestricted HF (UHF). RHF treats
molecular orbitals as being occupied by two electrons thus, can be used to analyse
even-electron species only. UHF is more flexible, it treats electrons separately and
hence it can analyse odd-electron compounds. However, the method neglects the
electron correlation thus the calculations are not very accurate.™® One of the first
calculations of gas-phase ions was performed on hydrocarbons using HF
calculations.™ Ab initio calculations of gas-phase ions were a great breakthrough
to estimate structure symmetry and bond lengths that became “more than just a
guess.”™® However a few decades ago, computer technology was not so

developed thus the compromise of computational cost and accuracy was an issue.

3.1.3.2 Semi-empirical calculations

Semi-empirical calculations, “partially-experimental” calculations, are based on
the fundamental physical equation (as ab initio) and experimental values
(parametrisation function).”*® One of the common SE methods is an Austin
method (AML1), which was also used during this project. One of the main
characteristics of this method is the input of hydrogen bonding, four-membered

rings and activation energies into the model.

The SE calculations are slower than MM but faster than ab initio and DFT
calculations, however the loss in accuracy is great. They are widely used to
investigate the geometries of large molecules, such as proteins or nucleic acids,
but they are approximate calculations.* It is expected that SE methods often
underestimate the bond lengths and keep thermodynamic values in errors higher

than 5 kcal/mol.**°

3.1.3.3 Density functional calculations

Density functional calculations are based on electron probability density function
(electron density), which interprets the probability of finding any electron within a
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specified volume.*** Density functional theory is not based on wave function,
but on an electron density, which is observable and measureable using X-ray.
According to the triangle scheme, if electron density is known a structure and its

reactivity can also be understood, Figure 3.1.

DFT  ——— Electron density

Structure = »  Reactivity

Figure 3.1 Schematic description of DFT use, reprinted with a kind
permission from VUB Brussels University Press.'>

The principle of DFT is based on the Hohenberg-Kohn theorem stating that the
electron density determines a ground state electronic energy; in other words: that
any ground state molecule property is a functional of the electron density at the
known position, thus it can be calculated.*?**>* A wave function of an N-electron
system contains 3N coordinates (three energies for each electron: a kinetic energy,
nuclei-electron attraction, and electron-electron repulsion). Thus, an electron
density is a square of the wave function dependent upon its coordinates. The
complexity of the wave function increases with the addition of an electron, but the
electron density will have the same variables regardless of the increasing size.

The exchange-correlation functional (XC) part of DFT is its weak point. The
exchange correlation potential needs to include self-interactions, which are
coulombic interactions of any orbital with itself (the -electron-electron
repulsion).’* It is a relatively small percentage of the total energy of the
molecule, however it is crucial for defining ionisation and atomisation energies.™
It holds the unknown, approximated value and hence some interactions are not
well-presented, e.g. van der Waals interactions, resonance effects, hydrogen bonds
or geometries.**" If the exact exchange-correlation energy were known then it
would provide an exact total energy including electron correlation.**® Today, most

of the new model sets are focused on introducing an additional functional to solve
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the exchange-correlation energies problem. One of the most common levels of
theory is BLYP, which is a hybridised model of Becke’s exchange and Lee, Yan,
and Parr’s correlation functionals.*! Its improvement, a B3LYP, is coupled with

a HF exchange functional,**®

which makes the hybrid functional, together with,
for example 6-31G* basis set, one of the most widely sophisticated calculation

model set for solid-state physics and chemistry applications.**

One of the main advantages of DFT properties, especially for this project, is its
ability to calculate, with high precision and reasonable computational cost, the
energies of odd-electron ions. Calculations of radical cations cannot be performed
using any other methods except the UHF, however the density functional

calculations are more reliable.***

The length of time for density functional calculations is comparable to HF
methods; usually faster than ab initio but slower than SE. Greater accuracies can
be achieved by ab initio calculations, but DFT can handle larger molecules
(generally up to 200 heavy atoms).*****" The technique has improved rapidly; in
1999 the DFT approaches of computing total energy of a “large complexity
molecules with at least ten atoms” was a success.”® Lately, molecules of

a thousand atoms or more can be analysed this way.**®

3.1.4 Molecular dynamics

The last type of calculation method is molecular dynamics, which applies the
function of molecular motions. This type of method can simulate all the motions
during reaction time, for example: a change of the molecule’s conformation and
a formation/cleavage of the bonds. Consequently, they are very expensive
calculations, which are performed only on supercomputers demanding advanced

computational skills.*°
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3.2 Kinetic and thermodynamic approaches of gas-phase ions

The theoretical calculations of gas-phase ions help to understand and predict mass
spectral data. Thermodynamic and Kinetic approaches represent all types of
reactions and can compete with each other.****® A theoretical approach can help to
answer questions about which product/form/species is more favoured as well as
quantify its probability in population studies. Such answers, if correlated with
experimental data, help to define and understand specific fragmentation behaviour

as well as predict behaviour for “unknown” compounds.

From the thermodynamic point, the change of total free energy reaction (AG)
describes the main characteristic of the reaction favourability, which is also
known as negative gas-phase basicity (GB) value.”® AG depends on change of
heat of formation (AH), change of entropy (AS), and temperature T, Equation 3.1.
The fragmentation of an isolated ion can be measured as a free Gibbs energy. The
temperature inside the mass analyser is unknown. Johnstone stated that ions have
a greater temperature than ambient, but estimated values were not stated.*® The
change of entropy for gas-phase ions is very small, even negligible and hence the
change of a free Gibbs energy depends on a change of heat of formation energy

only. "1 AH js the most useful thermodynamical characteristic of the
molecule'® that is also known as a negative proton affinity (PA).”
Equation 3.1 AG = AH -TAS

AG — free Gibbs energy, AH — change of enthalpy (heat of formation), AS —

change of entropy, T — temperature

A change of entropy connects the thermodynamic and kinetic properties of
areaction; it is proportional to the natural logarithm of a kinetic equilibrium
constant K for a given reaction, Equation 3.2, and hence can describe the kinetic

approach of the reaction pathway.*®2
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Equation 3.2 AS =R In[K]

R — gas constant (8.314 J mol™ K™, K — reaction equilibrium constant

For example, Reaction 3.1, is a proton transfer reaction described by the
equilibrium constant in Equation 3.3, i.e. the ratio of the amount of products,
A and [B + H]", to a starting compounds, B and [A + H]".

Reaction 3.1 [A+H"+Bo>A+[B+H]
. _ [A][B+H]*
Equation 3.3 K = BIATH"

K — kinetic reaction equilibrium constant

Decomposition reactions are more of interest than proton transfer reactions in this
project so kinetic and thermodynamic approaches of understanding the
fragmentation reactions are discussed. In CID, a reaction mechanism is affected
by the structure of a precursor ion, the activation energy for the fragmentation
reaction, as well as a stability of a product ion. The ion activation reactions are
characterised with rapid equilibriums between low-energy barrier species (any
forms with similar energetic values are in equilibrium). Energy input in the CID
process is higher that the isomerisation energy therefore the rearrangement
processes, resulting in a formation of many product ions, intermediate tautomeric
or transition state forms, are common.®® The Boltzmann population distribution
can express the equilibriums of these forms.**3% However, the ion activation
and dissociation process using an IR laser results in a non-Boltzmann population
distribution.” IRMPD, which activates ions quicker than CID and does not need
a collisional gas, was a different ion activation method used in these studies,
which may become fundamental to understand fragmentation behaviour between
different MS/MS data. The dissociation of gas-phase ions depends initially on the
ion activation stage and dissociation reactions, Reaction 3.2, which, from a kinetic

point, is a pressure-dependent process.’?
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M +H]* <—k]_> [M +H|™ ﬁ» Product Ions
Reaction 3.2 ky
[M + H]™* — activated protonated molecule

The change between a protonated molecule [M + H]" and an activated protonated
molecule, [M + H]*" is quick thus, the reaction rates, k; (activation) and k, (de-
activation) must characterise with low-energy barriers. The fragmentation process
represented by a reaction rate ks is believed to be much slower and less probable
than the activation/de-activation process.’? The product ions are formed when the
pressure decreases, however is does not mean that the reaction rate ks becomes
quicker, but that the activation/de-activation processes become slower (in lower
pressure less de-activation processes occur). The activated molecule must possess
energy that is at least equal to an activation energy barrier in order to dissociate.
Thus, it is more probable that the ion will decompose if it possesses higher

amount of the energy.’

Reaction 3.3 presents a typical fragmentation reaction that can be described with
a kinetic rate constant ks (further called kp). Often however, more than one
product ion is formed from a precursor ion. Here, for simplicity of description and
to understand the dissociation behaviour, only one additional product ion is added.

Reaction 3.4 presents a formation of Product 2 with a Kinetic rate constant kp,.

Kpy +
Reaction 3.3 [M + H]t — Py + Loss

Kp, N
Reaction 3.4 [M + H]* — P;" + Loss

The formation of product ions become competitive and depends on: i) their kinetic
rate constants, ke; and Kkpy, ii) the time allowed for the reaction to occur, and
iii) the initial amount of a protonated molecule. In a fixed moment of time, the
amount of protonated molecule is described by its initial amount and the rate

constants of the product ions, Equation 3.4.'%
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—d{{M+H*
S = (kpy + kep, (M + H]')

Equation 3.4
In a case when all of the protonated molecules are fragmented to form product
ions, the products rate constants dictate the decomposition process, Equation 3.5.
The ratio of Product 1 and Product 2 is defined by reaction equilibrium constant

and products Kinetic rate constants.

Equation 3.5 Gl K kry

The Curtin-Hammett principle (CHP) also describes the competitive reactions
when more than one product is formed and it states that the activation energy
barrier affects the favourability of product formation.'®® The Curtin-Hammett
principle is one of the most important mechanistic chemistry theories.*® The CHP
cannot predict the reaction, but if presented with hypothetical reaction pathways,
it can indicate which one is more favoured. It is commonly used in synthetic
reactions but it is also applicable to gas-phase ion reactions.**® Thus, the Curtin-
Hammett principle is used to explain the formation of two product ions formed
from a protonated molecule presented in Reaction 3.3 and Reaction 3.4. The
product energies and their intermediates (for example tautomeric or transition
state forms) are represented on the potential energy diagram, which is used to
determine the minimum energy pathways of ions and decomposition reactions

when competitive reactions occur, Figure 3.2.

The energy diagram shows the energy of ions and their energetical barriers.
Figure 3.2 presents a formation of two products, P1 and P2, formed through their
intermediates, 11 and 12. The intermediates can be in equilibrium, because the
difference in their energy barriers is small, although it is noted that 12 is more
stable than 11. The energy difference between P1 and P2 is bigger that between 11
and 12 thus they cannot be in equilibrium and their formation is competitive; yet
P1 is more stable than P2. The less stable 11 results in the formation of P1 through

a lower transition-state-energy barrier (activation-energy barrier) than the
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transition state of a P2 reaction pathway. According to the Curtin-Hammett
principle, energy barriers distinguish the favourability of product formation.

Thus, the favoured product is P1, which comes from the 11 characterised with the
163

lower energy barrier height despite its lower stability.

=

Potential energy

Reaction coordinate

Figure 3.2 Schematic diagram representing the Curtin-Hammett principle
redrawn with a kind permission of ACS;™ product ratio is determined by
the heights of the energy barriers and not stability of the intermediates.

The energy barriers of two products are often represented as the difference in a
change of energies (if AG is calculated for each, then AAG represents the
difference between these energy barriers). As explained above, the free Gibbs
energy of gas-phase ions depends mostly upon the change of enthalpies, thus a
favoured product ion can be indicated by comparing the enthalpies of discussed
species, i.e. AAH. The calculations of heat of protonation can therefore indicate
which form of protonated species is more favourable. Changes of heat of
formation energies are related to proton affinities, i.e. PA = - AH,® ie. in
agreement with the Curtin-Hammett principle. Thus, the comparison of proton

affinity values can indicate the forms of the most favoured molecule.™*
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3.3 The calculation model used for this project

According to the characteristics of computational methods and available time,
hardware resources, and type of structures, a two-step process was chosen for
calculations in this project. The first part indicates the most stable conformer with
the second part focusing on the most favourable forms of protonated molecules
and product ions.

Hehre stated that the most probable molecule conformer in a ground state is one
represented with least geometrical tension.**> Thus, geometry optimisation studies
for different structure types were calculated using MMFF. They are quick, reliable
calculations for geometry optimisation. The most stable conformer was chosen for
more advanced calculations, which could help distinguish the reaction
mechanisms in a mass spectrometer. Different Kkinetic features and
thermodynamic properties describe the decomposition reactions. Unfortunately,
the kinetic approach of understanding reactions is influenced by changes of
temperature and pressure, which are difficult to measure in the centre of the

collisional cell.

All computational methods calculate the energy of the molecule however, the
choice of the method must be based on specifics of the molecular structure and the
desired result. Here, the aim is to find a model with a balance between an
acceptable computational cost and accuracy for the calculation of
thermodynamical properties of the chosen molecules. The DFT method using

95138 \vas chosen to

B3LYP, the main hybrid model used in chemical applications,
investigate thermochemical properties of the analysed compounds. It can also
calculate the energies of even and odd-electron species. The accuracy levels are
expected to be up to 3 kcal/mol depending on the basis set used. The accuracy of
calculated heats of formation using B3LYP is comparable to many more complex
and expensive, in computational cost, functionals,’®* e.g. TPSSh; (atomic and
molecular proton affinities (PA) correspond to around 1.5 kcal/mol).’®® The

accuracy increases with an increase of basis set until a plateau response where
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a larger basis set does not increase the accuracy but still requires more computer
power and time for calculations.*" Thus, different basis sets were compared and
the structural energetics were calculated using commercially available software
called Spartan.**® The choice of the software was based on the ease of usage and

level of training required to use it.

In this project, DFT is used as an application tool for the computational prediction
of molecule properties. Theoretical approaches are based on the structure of the
molecule. The knowledge of how atoms are connected and what is the lowest
energetic tension and geometry, are important for a correct structural optimisation

and planned calculations.**

However, a comparison of theoretical and
experimental data is problematic. In a mass spectrometer, gas-phase ions are kept
together, in a cloud of ions, that are in equilibrium. Their behaviour is affected by
the specific properties of each method, molecule interactions, temperature, and
pressure. Calculations discard the temperature and pressure dependence and are
mostly performed for a single molecule.*** Thus, the comparison of experimental
and theoretical data is not straightforward. Well-constructed, optimised
calculations that include many possible structure forms and different conditions

improve the comparison of experimental and theoretical data.
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development

Mass spectrometry is one of the most important analytical methods in the
pharmaceutical ~industry.®®'®®  Figure 4.1 presents a flow-scheme of
a pharmaceutical drug research pipeline,*®” which will be described in basics with

the indication where mass spectrometry approaches are used.

DRUG DISCOVERY DRUG DEVELOPMENT
¢ Post-Launch
I > o ) & § S 0s ; unc
Lol & 2 i3S N S activities
5 “g 52 'g’g & 5 5 g" 5 5 (Phase IV clinical trials)
- = ~ o] o
s§ €% |® § |5 &4
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v \—/ v 1
In silico fiters In vitoHTS  Detailed physico-chemical
profiling
LAUNCH

Figure 4.1 A flow scheme of a drug process®® reprinted with a kind
permission from Springer.

4.1 Principles of drug research process

The drug discovery process starts with the choice of a target disease. Finding
alead compound for a target disease is difficult and it is mostly achieved by
screening databases of natural materials, existing drugs, or previously synthesised
compounds.®*1%® Often, the drug discovery, design, and development processes
are based on computational approaches to accelerate the drug-research flow and

increase the confidence of finding the correct target compound.
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In the discovery process, understanding the fundamentals of the disease-drug
interactions helps a combinatorial search to find compounds that may be
biologically active against the target disease, which results in the narrowed list of
possible target compounds.’® A combinatorial search process consequently helps
to correctly select a possible lead compound and synthesise many of its related
sub-structures.*”**71% | C-MS or GC-MS are the two mostly used techniques to

confirm the synthesised products.'”

When structural information is required,
tandem mass spectrometry experiments are used with support of the accurate mass
measurements that aid to propose most probable formula of the compound.'™ The
identified compounds are screened against their biological activity (in vivo and in
vitro studies),®® which improve the time of finding the positively active compound
that can undergo further stages of the discovery process.!”>'® For example, it is
crucial to obtain a drug with good solubility in a solvent that will be adjustable to
human metabolism. Thus, an investigation of physicochemical properties
(ionisation, lipophilicity, and solubility) reduces the number of candidates.'®’
Absorption, Distribution, Metabolism, and Excretion, known as the ADME stage,
follows the determination of physicochemical properties of the target compounds.
This part of the process is often called pharmacokinetics and it involves the fast
characterisation of thousands of synthesised compounds increasing the probability
of the correct choice of a drug compound for the development stage.'™ It is
a difficult and a time-consuming process, and hence well-established high-
throughput methods are required to improve the speed of analyses. Selective and
sensitive methods, such as mass spectrometry, play a pivotal role in this process.*
Mass spectrometers coupled to separation instruments monitor the drugs, their
impurities, and metabolites. Qualitative and quantitative analyses are performed
using mostly QqQ and TOF mass spectrometers. Mass spectrometers with a QIT
mass analyser can often be used to characterise the mechanism pathways of
compounds using multiple stages of tandem mass spectrometry experiment if
necessary. AMM experiments help to identify the possible formulae of drug
impurities and metabolites using a TOF, a FT-ICR or an orbitrap mass

spectrometer.
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The QqQ, TOF, QIT, FT-ICR, and orbitrap mass spectrometers are also used in
the drug development process. Drug development process involves transforming a
compound from a drug candidate to a drug product approved for marketing.”
There are two phases of the drug development process. Phase | evaluates
additional information about the toxicity and pharmacokinetics of a drug, its
impurities and metabolites; usually a drug synthesis is changed from mg to
g scale.® The main objective stays the same: to achieve a very good drug
disposition,'” i.e. adsorption, distribution and elimination, in the human body.
Phase Il is a further stage of pharmacokinetics that essentially proves that the drug
can actually work when produced in the kg scale. Additionally, its novel
biochemistry mechanisms are proposed, as well as the long, difficult process
involving the characterisation of every side impurity and metabolite. The
compound must respond positively to these two phases before it can be transferred
to clinical studies in the development process.>® Mass spectrometry is used here to
identify, characterise, and quantify the compounds, impurities, and metabolites.
A great focus is put into metabolite identification and MS is used here to quantify
and detect drugs and their metabolites in the human body.'”” The structural
elucidation of drug impurities and metabolites is often difficult and consequently
many methods have been proposed to develop a quick solution for the

identification of small molecules. "

This project is focused on identification and evaluation of possible generic and
specific rules of fragmentation behaviour for a rapid characterisation of drug
impurities of protonated quinazolines. Understanding fragmentation behaviour of
drug impurities helps the mass spectrometrist to propose their mechanism
pathways and predict pathways for “unknown’ compounds from the same class of
structures. Bandu and Desaire proposed a STEP (Statistical Test of Equivalent
Pathways) method for the prediction of fragmentation pathways of pharmaceutical
compounds.*” The acquisition is based on two consecutive, product ion spectra
using high and low-energy ion activation methods. The statistical STEP analysis
is used to distinguish first and second generation product ions by calculating the

ratio of product ion peak area. If the STEP ratio is below or equal to one then the
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product ion is defined as the first generation product ion; if the ratio is greater
than one then the product ion is determined as the second generation product ion
(Figure 6.5, page 101). The STEP process helps to speed up the characterisation
of the fragmentation mechanisms of gas-phase ions by saving 50 % of experiment

time.1’®

It needs to be noted that the compounds have to be formulated before the use,
which means that a drug is combined into tablets, injections, or capsules with
other substances.'”® The most crucial characteristics of this process are the
physicochemical properties of the drug candidate. They are therefore determined
right at the beginning of the drug discovery process. This phase of drug
development is expensive and time-consuming mostly because many drugs fail
safety regulations (none of the drugs are completely non-toxic and safe)*® and
hence are discarded from the drug research process.” Therefore, every new drug
candidate is treated as dangerous, to ensure that it meets strict regulatory rights
and safety issues during every stage of drug research. To limit the risks and drug
withdrawal from the market, complex testing is essential. A successful drug is
transferred to clinical trial steps, which are a legal requirement before the drug is
sold.™®® The clinical trials involve four phases. Phase | is focused on a safety
evaluation with a small number of healthy volunteers and phase Il involves
studies on a larger group of healthy volunteers whilst the dosage level of the drug
is defined. If phase Il is positive, it is followed by phase Il of clinical studies,
where a group of patients with the disease is treated and a final decision to move
the drug to a registration point is taken.'”*8" Phase IV is focused on post-
marketing safety monitoring. Here, mass spectrometry together with other
analytical techniques is involved in monitoring and quality control studies.
Additionally, mass spectrometry is an essential technique to investigate and
control counterfeits of drugs already available in the market using quantitative and

qualitative studies.

74



Chapter 4 Mass spectrometry in pharmaceutical development

4.2 Quinazolines — impurities of Cediranib, VVandetanib, and Gefitinib

An impurity is “any component of the new drug product that is not the drug
substance or an excipient in the drug product”.*®? Impurities are characteristic of
the synthetic route of a drug; different synthetic routes may form different
impurities. Many variable synthesis factors affect the formation of an impurity,
including incomplete reactions, over-reactions, side-reactions influenced by
a solvent or impurities from a starting material.*®® Three groups of impurities are
recognised including, organic, inorganic, and residual solvents impurities. Organic
impurities relate to a drug substance, its synthetic pathway, starting materials, and
intermediates. Inorganic impurities include reagents such as heavy metals,
catalysts, and salts that are used in the synthesis process. Residual solvents are the
remaining amounts of a liquid used in the synthesis of a drug substance.'® Most
safety regulations require less than 1-2 % of total organic impurities in a drug

substance®®*

therefore, the synthesis reactions of drugs are developed with an
attention to reduce the amount of impurities.*®* All drug impurities above 0.05 %
of high-dosage daily drugs must be defined by toxicity levels. These levels are
one of the factors involved in safety drug therapy and are determined using
techniques that can be rapidly developed.’®* The strategies for an investigation of
drug impurities may differ between companies, but they all involve the use of

183

separation techniques, MS, and NMR spectroscopy.™° Mass spectrometry is often

used because of its high specificity and sensitivity abilities, which are crucial for

determination of impurities levels.'®

This project is focused on the analyses of synthetic impurities of the anti-cancer
drugs, AZD2171 (Cediranib, Recentin), Scheme 4.2, and The Food and Drug
Administration (FDA) approved and market available drugs: AZD6474
(Vandetanib, Zactima), Scheme 4.3, and AZD1839 (Gefitinib, Iressa), Scheme
4.4, from AstraZeneca. The International Union of Pure and Applied Chemistry
(TUPAC) recognises the nomenclature of quinazoline sub-structures, which the
numbering system starts from the first nitrogen atom in the quinazoline ring,

Scheme 4.1.18°
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Scheme 4.1 Schematic description of the numeric system for the
nomenclature of the quinazoline sub-structures.'®®

Cediranib is an inhibitor of kinase tyrosine enzyme that is crucial in angiogenesis,
which is the formation of new blood vessels in tumours bigger than 1 mm.
Recentin plays an important role in cancer biology, because an inhibition of
kinase tyrosine enzyme in tumours may inhibit formation of the tumour blood
vessels, and hence its growth. Thus, Cediranib was selected for chemotherapies of
various cancer types’® and it was specifically active in patients with

187 and colorectal cancer.'® Unfortunately, Recentin

glioblastomas (brain tumours)
did not aid improvement in the survival of patients and the drug is now withdrawn
from Phase Ill of clinical trials; its biological activity is now being examined

against different types of cancer.'®®

C,/\l/\/\o N

Scheme 4.2 A structure of AZD2171 Cediranib, 4-(4-fluoro-2-methyl-1H-
indol-5-yloxy)-6-methoxy-7-[3-(1-pyrrolidinyl)propoxy]quinazoline,

CosH27FN4O3, MW ono = 450.20672.
Br

Scheme 4.3 A structure of AZD6474 Vandetanib, N-(4-bromo-2-
fluorophenyl)-6-methoxy-7-(1-methylpiperidin-4-ylmethoxy)quinazoline-4-
amine, CyoH24BrFN4O2, MW ono = 474.10667.
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Vandetanib also inhibits the tyrosine kinase enzyme'®® and it was found that it
inhibits the tumour angiogenesis of many solid type tumours except breast cancer
cells.*®® The Food and Drug Administration approved Zactima as an oral, once a
day drug to treat a thyroid cancer that cannot be removed by surgery or when it

has already spread to other parts of the body.'**

o™
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Scheme 4.4 A structure of AZD1839 Gefitinib, N-(3-chloro-2-fluorophenyl)-
7-methoxy-6-(3-morpholin-4-ylpropoxy)quinazoline-4-amine,
C22H24CIFN4O3, MW ono = 446.15210.

Gefitinib, marketed as Iressa also reduces cancer cells growth by an inhibition of
tyrosine kinase enzyme similarly to the two previously described drugs. FDA
approved the drug as an oral tablet to treat “non-small cell lung cancer that has not
responded to traditional treatment”.*>*%® Lung cancer is the most typical cause of

cancer death all over the world.**
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5.1 Mass spectrometry experiments

5.1.1 Materials

Often mass spectral data are classified according to the type of analysed
compounds (pharmaceuticals, peptides, or sugars, etc.) or the functional groups in
the molecule.®? In this project, compounds are classified according to their lead

compound project presented in Chapter 4.2, page 75 (Appendix 1, page 165).

Analyses using a Finnigan LCQ, LC/MS XCT Trap, and Apex Il mass
spectrometers were performed by direct infusion, for Finnigan FT LTQ a sample
solution was injected via the HPLC column, and the remaining mass
spectrometric analyses were based on a loop injection. Stock solutions at 1 mg
mL™ were prepared in MeOH (Table 5.1) for all experiments and stored in the
fridge. Daily working solutions of 1 pg mL™ were prepared for direct infusion.
The sample concentrations for a loop injection and HPLC analysis were varied;
Apex Ill — from 0.2 to 1 pug mL™, MicrOTOF-Q and 6410 Triple Quad LC/MS —
10 pg mL?, and Finnigan FT LTQ — 100 pg mL™. All sample solutions, except
those prepared for Apex Ill, Finnigan FT LTQ, and APPI-QIT MS experiments,
were spiked with a formic acid (MeOH: HCOOH, 99.9: 0.1 %, v/v).
Hydrogen/deuterium exchange (HDX) experiments were performed using an LCQ
Finnigan ESI-QIT mass spectrometer by preparing solutions of 1 pg mL™ in
deuterated methanol and spiking them with the fully deuterated formic acid, Table
5.1. The product ion mass spectra were acquired immediately after a control to
show that all labile hydrogen atoms of the protonated molecule are exchanged to

deuterium atoms.
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Table 5.1 Information about solvents used for mass spectrometric analyses.

Mass spectrometer

Solvent

LCQ Finnigan
ESI-QIT MS (Thermo Scientific)

MeOH, HPLC grade from Fisher
Scientific Ltd., Loughborough, UK
MeOD-4, >99.5 % from Apollo
Scientific Ltd., Stockport, UK

Formic acid, Analytical reagent grade
from Fisher Scientific Ltd.,
Loughborough, UK

Formic acid-D2, >99.0 % from Apollo
Scientific Ltd., Stockport, UK

LC/MS XCT Trap
API-QIT MS (Agilent Technologies)

MeOH, HPLC grade from Fisher
Scientific Ltd., Loughborough, UK
Acetone (APPI dopant), HPLC grade
from Fisher Scientific Ltd,
Loughborough, UK

Apex 11
ESI-FT-ICR MS (Bruker Daltonics)

MeOH, HPLC grade from Fisher
Scientific Ltd., Loughborough, UK

Finnigan FT LTQ
ESI-LIT FT-ICR MS (Thermo Scientific)

Methanol, HPLC grade from Fisher
Scientific Ltd., Loughborough, UK
ACN, E Chromasolv for HPLC, for
UV from Sigma Aldrich, Steinheim,
Germany

Formic acid, Analytical reagent grade
from Fisher Scientific Ltd.,
Loughborough, UK

Water, HPLC grade from Sigma-
Aldrich Chromasolv., St. Louis, USA

MicrOTOF-Q
ESI-QTOF MS (Bruker Daltonics)

Methanol, HPLC grade from Fisher
Scientific Ltd., Loughborough, UK
0.25 mM HCOOH, Solution for HPLC
from Fisher Scientific, Loughborough
Ltd., UK

6410 Triple Quad LC/MS
ESI-QqQ MS (Agilent Technologies)

MeOH, LCMS Chromasolv. from
Fluka Analytical, Sigma-Aldrich,
Steinheim, Germany

0.25 mM HCOOH, Solution for HPLC
from Fisher Scientific, Loughborough
Ltd., UK

The calibrants for accurate mass measurement experiments performed using Apex

1l and MicrOTOF-Q mass spectrometers included erythromycin (>95 %),

gramicidinS hydrochloride from Bacillus hrevis, josamycin, piperazine
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dihydrochloride hydrate, 4-dimethylaminopyridine, terfenadine, diphenhydramine
hydrochloride, oxybutynin chloride and reserpine, which were all purchased from

Sigma Aldrich Company Ltd, USA and used without further purification.

The linear calibration of Finnigan FT LTQ mass spectrometer was performed
using MSCALS5 ProteoMass LTQ/FT-hybrid ESI Pos. calibration mixture
purchased also from Sigma Aldrich Company Ltd, USA.

5.1.2 Methods

The product ion mass spectra of drug impurities and process related intermediates
were acquired using different mass spectrometers, which allowed a cross-platform
comparison of data. The product ion mass spectrum was acquired when the
abundance of the precursor ion was diminished to a minimum (less than 3 %).
Two mass spectra types were acquired for each sample, including: i) the m/z
isolation window to 1 m/z unit to allow a fragmentation of the mono-isotopic ion
only and ii) the isolation of 4, 6, 8, or 10 m/z units to obtain a mass spectrum with
a full isotopic pattern distribution. The isolation width (IW) of 1 m/z unit ensures
that the precursor ion is isolated from possible interference ions and it simplifies
the assignments of the mass shifts when performing HDX experiments. The wider

m/z units window is used for observation of a full isotope pattern of the ions.

5.1.2.1 ESI-QIT MS (Thermo Scientific)

MeOH and MeOD sample solutions were directly infused at a constant flow of

3 uL min. ™.

Nitrogen was used as sheath and auxiliary gas, and helium as
collision gas. The source conditions were as follows: sheath gas 30 arbitrary units,
auxiliary gas 1 arbitrary unit, spray voltage 3.7 kV, capillary temperature 200 °C,
capillary voltage 31 V and tube lens offset 5 V. Normalised collision energy
(NCE) was optimised for each analyte and was varied from 20 % to 60 % to allow

a full dissociation of the precursor ion. Additionally, the spectra were acquired
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using WideBand activation on or off. The averaged product ion spectrum was
composed of 20 scans and it was interpreted using Xcalibur™ software,

version 1.2.

The D-labelling experiments were performed using the analogous procedure.

5.1.2.2 API-QIT MS (Agilent Technologies)

The comparison of product ion spectra using different ionisation techniques, i.e.
ESI, APCI, and APPI, was undertaken to understand whether the ion source
influences the fragmentation behaviour of protonated quinazolines. Samples
solutions were directly infused into the mass spectrometer at the flow of
16 pL min. ™.

The product ion spectra were acquired with the precursor ion abundance adjusted
to minimum value by varying the fragmentation amplitude (analogous value to
NCE of Thermo Scientific) and different m/z units isolation widths. All data were
evaluated using Data Analysis™ for LC/MSD Trap v.3.3 from Bruker Daltonics

Inc., Bremen, Germany.

5.1.2.2.1 ESI-QIT MS

The source conditions were as follow: capillary -4500 V, end plate offset -500 V,
nebuliser 50 psi, dry gas flow 7 L min.™, drying gas temperature 350 °C, skimmer
40V, and capillary exit 158 V.

5.1.2.2.2 APPI-QIT MS

The APPI-QIT MS experiments involved spiking analyte samples with acetone

(MeOH: acetone, 95: 5 %, v/v; Table 5.1) to enhance the formation of protonated
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molecules. The source conditions were as follow: capillary -4200 V, end plate
offset -500 V, nebuliser 60 psi, flow of dry gas 5 L min.™, drying gas temperature
350 °C, vaporiser temperature 400 °C, skimmer 20 V, and capillary exit 110 V.

The UV lamp operations were controlled by APPI Hyper Terminal v. 5.1 software

from Bruker Daltonics Inc., Bremen, Germany.

5.1.2.2.3 APCI-QIT MS

The APCI source conditions were as follows: high-voltage capillary -4200 V,
corona current 4000 pA, endplate offset -500 V, nebuliser 40 psi, dry gas flow 3 L
min.™, drying gas temperature 250 °C, vaporiser temperature 250 °C, lens 2 -60

V, and capillary exit 110 V.

5.1.2.3 ESI-FT-ICR MS

Two FT-ICR mass spectrometers were used in these studies, i.e. an Apex Il with
SORI/CID ion activation method, and a Finnigan FT LTQ with IRMPD. The
comparison of these ion activation techniques may help understand specific

differences in mechanism pathways of protonated quinazolines.

5.1.2.3.1 Apex I

The accurate mass measurements were performed using Apex Il FT-ICR mass
spectrometer with a 4.7 Tesla actively shielded magnet (Bruker Daltonics Inc.,
Bremen, Germany) with the API 1600 control unit. The external Apollo ESI ion
source was used and sample solutions were directly infused at the constant solvent

flow of 3 uL min.™ using a syringe pump.
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Two calibration mixtures for the acquisition of a full mass spectrum were
prepared, one covering the low molecular weight (LMW) and the other for high
molecular weight (HMW) mass range. The m/z units value in brackets represents
the ion observed in a mass spectrum. The LMW calibration mixtures contains:
diphenhydramine (m/z 167.0855, 256.1696), oxybutynin (m/z 358.2377), and
terfenadine (m/z 472.3210). The HMW calibration mixture consisted of
terfenadine (m/z 472.3210), doubly charged gramicidinS (m/z 571.3603),
erythromycin (m/z 734.4685), and josamycin (m/z 828.4740). The accurate mass
measurements MS/MS experiments were calibrated using a quadratic calibration
curve for the product ions of reserpine (m/z 609.2807). The first generation
product ion mass spectrum can contain the following ions: CaHs;N,Og" (m/z
577.25444), Co3HxNOg" (m/z 448.19659), CxH3NOg" (m/z 436.19659),
CHsN203" (m/z 356.18597), Ci3HigNOs™ (m/z 236.12812), CyoH1104" (M/z
195.06519), Cy;H1,NO™ (m/z 174.09314), CgHy10s" (m/z 167.07027), and
CgH110, (m/z 139.07536).

The mass range of experiments was set between 65 and 650 m/z units (80 to 2000
m/z units for analytes with a higher molecular weight than 649 g mol™) and data
were acquired with a 512k FID (free induction decay) size. Nitrogen was used as
a drying gas and argon as a collision gas. Source parameters for a positive ion ESI
MS/MS were as follows: capillary -4.5 kV, spray shield -3.8 kV, capillary exit
80V, drying gas temperature 250 °C, skimmer 1 12 V, and skimmer 2 6 V. ICR
cell parameters were PV1 1.25 V, PV2 1.20 V and excite plate PL3 6 V. The
values of corr sweep (PL4) and ion activation (PL8) attenuations, which are
responsible for the isolation of selected m/z units and its fragmentation, were
varied for each MS/MS experiments to ensure peak isolation from possible
interfering ions and sufficient energy applied for the fragmentation of the isolated
ion. The first generation product ion mass spectra were acquired when the peak
corresponding to the protonated molecule was fully fragmented. The ESI FT-ICR
MS/MS spectra were acquired using Xmass 7.0.8 and were evaluated using Data

Analysis™ 3.4 software from Bruker Daltonics Inc., Bremen, Germany.
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5.1.2.3.2 Finnigan FT LTQ

The Finnigan FT LTQ mass spectrometer was coupled to LC system thus, the
samples were analysed using LC-MS.

The 1100 Agilent liquid chromatograph consisted of a quaternary pump, diode
array detector, 1100 autosampler, and Hypersil Gold column (C18 95 pm, 50 x
2.1 mm) from Thermo Fisher Scientific. The solvent A was a 0.05 % aqueous
solution of formic acid and solvent B was acetonitrile (Table 5.1) with a gradient
elution starting from 5 % A in 0 min. to 90 % in 9.5 min. and 0 % in 10 min. at a
flow rate 1 mL min.. The autosampler was used to inject 5 pL of sample

solutions.

The Finnigan FT LTQ FT-ICR mass spectrometer with a 7 Tesla actively shielded
magnet was used to perform the IRMPD experiments. The mass spectrometer was
linearly calibrated to the MSCALS calibration mixture (details in chapter 5.1.1,
page 79). The ion source conditions were as follow: spray voltage 4 kV, capillary
voltage 44 V, tube lens 120 V, capillary temperature 275 °C, sheath gas (N,) flow
rate 60 arbitrary units, auxiliary gas (N,) flow rate 3 arbitrary units, and sweep gas
(N2) flow rate 6 arbitrary units. The LIT ion optics conditions include multipole
00 offset -3 V, lens 0 voltage -4 V, multipole 0 offset -5.75, Lens 1 voltage -10 V,
gate lens voltage -66 V, multipole 1 offset -6.5 V, multipole RF amplitude 400
Vpp, and front lens -6.5 V. The FT ion optics conditions were as follow: FT
multipole 1 offset -25 V, FT intermultipole lens -55 V, FT multipole 2 offset -43
V, FT intermultipole lens 2 -85 V, FT multipole 3 offset -56 V, FT multipole 1
amplitude 408, and FT multipole 2 and 3 amplitude 500.

From all available drug impurities, only 18 were chosen for IRMPD experiments,
including: 1839013, 2171003, 2171005, 2171006, 2171007, 2171008, 2171017,
2171023, 6474008, 6474011, 6474012, 6474013, 6474014, 6474015, 6474024,
6474032, 6474034, and 8931006, Appendix 1, page 165.
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The IRMPD experiments were performed using the CO, fan-cooled laser Synrad
Firestar v-series (Chapter 1.3.3, page 32). The protonated molecules of the
analytes were exposed with 60, 70 and 80 % of a laser power (100 % flashes
energy of photons of 5 kHz) with a 50 msec. of the irradiation time. Compounds
2171008, 6474011, 6474012, 6474013, 6474014, 6474024, 6474032, and
6474034 were additionally analysed using an increased value of the laser power
(80, 90, and 100 %) and the time of irradiation of 150 msec. that allowed
a sufficient fragmentation of protonated molecules and the observation of the

product ion mass spectra.

5.1.2.4 ESI-QTOF MS

The accurate mass measurement analyses were also performed using micrOTOF-
Q mass spectrometer. The positive ion electrospray mass spectra were acquired
using the internal enhanced quadratic calibration curve containing: piperazine
(m/z 87.0917), 4-dimethylaminopyridine (m/z 123.0917), diphenhydramine
(m/z 256.1696, 167.0855), oxybutynin (m/z  358.2377), terfenadine
(m/z 472.3210), reserpine (m/z 609.2807) and erythromycin (m/z 734.4685).

The samples were injected by loop injection of 5 pL at a flow rate of 2 mL min.™
of 96 % MeOH and 4 % of 25 mM HCOOH, Table 5.1. The ion source conditions
were following: end plate offset -500 V, capillary -4500 V, and drying gas
temperature 200 °C. Transfer conditions: funnel RF1 150 V,,, funnel RF2 100
Vo, ISCID (in-source CID) energy 10 eV, and a hexapole RF 60 V. All mass
spectral data were acquired using varied values of the ion activation energy
between 10 and 48 eV. The variation of collision energies values allows the
observation of the fragmentation stages during the in-space CID experiments of
analysed compounds, observation of more favoured product ions, and acquisition
of mass spectra with a full decomposition of the precursor ion. Data can be
compared with the in-space CID data acquired using ESI-QqQ mass spectrometer.
All ESI-QTOF MS data were evaluated using Data Analysis™ v. 4.0 SP1

software from Bruker Daltonics Inc., Bremen, Germany.
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5.1.2.5 ESI-QqQ MS

The sample solutions were introduced into the Agilent 6410 Triple Quad LC/MS
via the loop injection of 3 L. The isocratic flow at 1 mL min.™ of 60 % of MeOH
and 40 % of 0.1 % aqueous solution of HCOOH was delivered using an Agilent
G1312B binary HPLC pump. The profile MS data were acquired for 20 msec.
scanning the mass range from 50 to 600 m/z units using varying collision energy
values (from 5 to 40 V). The ion optic conditions were as follow: fragmentor 60
V, skimmer 15 V, octapole 600 V, octapole DC 5 V. The quadrupole 1 conditions
included DC 3 V and a positive filter DC 2 V. Collision cell conditions were
following: cell RF 400 V, cell DC 0 V, cell enhance 1 V, cell exit -8 V. The
quadrupole 3 MS2 DC was -12 V, and pre-filter DC2 -44 V. Data were evaluated
using MassHunter Workstation Software Qualitative analysis v. B.02.00 from
Agilent Technologies, Inc., Palo Alto, USA.

5.2 Computational methods

5.2.1 Mass Frontier™ 6.0

Product ions of first generation product ion mass spectra of three positional
isomers, i.e. 2171003, 2171005, and 2171006, were compared to predicted
product ions using Mass Frontier™ 6.0.

A maximum of six-step dissociation reaction of protonated molecules was used to
limit the product ions generated by Mass Frontier™. The Mass Frontier data can
be compared to experimental mass spectral data acquired using different types of

mass spectrometers.
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5.2.2 Spartan ’02, *08, and *10

Three versions of Spartan software were used during the studies. Compounds
2171003, 2171005, 2171006, 6471011, 6474012, 6474013, 6474014, and
6474015 were studied, (Appendix 1, page 165). The compound 2171003 was
chosen as a model structure for the validation of the simulation model.

A two-step simulation process was chosen, (Chapter 3.3, page 69), for
calculations of the geometry conformers and the internal energies of species with
varied sites of protonation. The first part evaluates possible conformers and
indicates the most stable molecule’s geometry using MMFF calculations. The
second part focuses on the most favourable forms of protonated molecules and
product ions by calculations of energies of protonation for different tautomeric
species with a varied position of the proton. Single point energies were calculated
using B3LYP/6-31G* for CHNO-atom-containing structures (for most molecules
in Spartan’02) and cc-pVTZ (using Spartan’10) for halogen-containing
molecules.® The halogen-substituted compounds demand a more advanced
functionals and basis set to ensure the high-accuracy of calculations and hence the
protonation energies of 6474011 were calculated using B3LYP/cc-pVTZ starting
from the lowest, chosen geometry conformer. The calculations start from the
AM1 geometry for most molecules except 6474011, 6474012, 6474013, and
6474014 compounds that were set to start from a lowest MMFF conformer. The
Spartan’10 version and upgraded computer allowed to perform computationally
more demanding calculations (B3LYP/cc-pVTZ//MMFF) than using Spratan’02
installed on old PC (B3LYP/6-31G*//AM1). Spartan’08 was used to calculate the
geometries and protonation energies of compounds from 2171013 to 2171023
analogously to the model B3LYP/6-31G*//AM1 model using in Spartan’02.
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Chapter 6 Typical  fragmentation = mechanisms  of
protonated quinazolines substituted with non-aromatic

functional groups

Quinazolines, also known as benzypyrimidines, have previously been extensively
investigated using EI-MS.®® The characteristic fragmentation of quinazoline ions
forms a product ion due to the loss of HCN, which opens the quinazoline ring and
is followed by a loss of H* and CO, or HCN and CO, Scheme 6.1. Porter
confirmed the successive loss of HCN in quinazoline ion structures that favours
a CO loss in the quinazolinones (with a carbonyl group at position 4 of the ring),

Scheme 6.2.1%
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Scheme 6.1 Characteristic fragmentation pathway scheme of quinazoline
compounds; page 590.%

Studies involving an investigation of mechanistic pathways of protonated
quinazolines using soft ionisation methods have not been found in published
literature. For example, the use of ESI with tandem mass spectrometry is
unexpected to result in a cleavage of the aromatic ring bonds of the quinazoline

ring. A soft ionisation technique such as ESI does not transfer sufficient amount
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Chapter 6 Typical fragmentation mechanisms of protonated quinazolines

of energy to break an aromatic bond. If the structure is substituted with functional
groups, the possible product ions and losses are expected to come from these
functional groups.®® Even a small structural change may affect the fragmentation
pathway dramatically.®® The product ions formed from saturated functional groups
of protonated quinazolines should dominate the fragmentation pathways since the
saturated bonds are weaker than aromatic bonds.

o 1" ol
NH

Cro — CLp
N CcO

m/z 145 m/z118

Scheme 6.2 A scheme of typical fragmentation behaviour of quinazolinone
using EI-MS showing the preferred loss of a CO; page 740.%%

It was found that 39 protonated quinazolines substituted with non-aromatic
functional groups (e.g. piperidin- (e.g. 6474001), morpholin- (e.g. 6474010), and
pyrrolidin- (e.g. 2171001) form product ions or losses specific for these functional
groups (Appendix 1, page 165). The typical fragmentation behaviour of these
compounds was observed for 35 of the 39 compounds studied. The formed
product ions and/or losses from these 35 protonated quinazolines are not specific
for the quinazoline ions themselves, but are specific for the specific functional
group that the quinazoline sub-structures are substituted with. The representative
examples of the 35 sub-structures (separated into groups and described below)
show that the impurities substituted with a heterocyclic ring cannot always be
distinguished from each other, but may help to identify the particular, non-

aromatic functional group.
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6.1 Fragmentation pathways of protonated 6-(3-morpholinpropoxy)-

and 3-pyrrolidin-1-yl-propoxy-substituted quinazolines

Compounds with a 3-morpholinpropoxy- substituent at position 6 in the
quinazoline ring (13 compounds studied) form only the product ion at 128 m/z

units, Figure 6.1.

The only product ion formed in mass spectrum is called the prominent ion.®® The
protonated molecule that forms only one product ion must generally favour only
one dissociation pathway.® McLafferty states that the formation of the prominent
ion is caused by the presence of one, very labile, bond present in the precursor ion
compared with the rest of the bonds in the ion and/or the prominent ion must be

the most stable product ion hence most favoured to be formed.®

128 H*
=3 CHuNO' i
*: |[M+H-303]" o™ HN/Q\F
03 LN ~_O SV
e HiCogy N/)
23 6474010
53 [M + H]* m/z 431

L T T T T T T T T T L e L e L e s
120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
120

Figure 6.1 Positive ion electrospray first generation product ion mass
spectrum of morpholinpropoxy-substituted quinazolines in MeOH; an
example displays a mass spectrum of protonated molecule of 6474010, IW =
1 m/z unit.

Different substituents on the structure, such as a methoxy- group and/or halogen
atoms, do not affect the fragmentation behaviour of these ions. Hence, the large,
non-aromatic functional groups may have a stronger influence on the

fragmentation behaviour of protonated quinazolines than methoxy- group or
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halogen atoms. The morpholinpropoxy- substituent dominates the fragmentation
of protonated quinazolines and it often forms the most preferable product ion, m/z
128. The proposed mechanism of the formation of the prominent ion indicates that
the protonated molecule undergoes the inductive cleavage” of the C-O bond
followed by the formation of a carbocation, Scheme 6.3. One of the reasons why
the m/z 128 is the prominent ion may result from the charge stabilisation at the
oxygen and nitrogen atoms in the morpholin ring (possibly via formation of the
new ring), which is most likely the most dominant functional group in the
structure, Scheme 6.3. HDX experiments may help to explain the actual
dissociation pathway of m/z 128. If, in D-labelling experiment, the mass-to-charge
of the product ion is shifted to the 129 m/z units value, it would indicate that a
deuterium atom is involved in the formation of the base peak. If the product ion at
128 m/z units is formed when HDX experiment is performed, then the ion must be
a carbocation that does not involve the labile hydrogen atom. The first generation
product ion mass spectrum acquired in MeOD displays a formation of m/z 128
(Appendix 2, Figure A.2.1). Hence, all the deuterium atoms must be retained in
the loss part of the molecule and the product ion does not contain any
exchangeable hydrogen atoms, which supports formation of a carbocation that
may stabilise the charge on oxygen and/or nitrogen atom, Scheme 6.3.

O
Cg rrr % Cha

>N
H:Co N C,H,,NO"
HN F m/z 128
HO F
Clélzilzli‘lFENiOZm B 0/\ o
MR e ST
CISHI 1F2N302

Loss of 303 m/z units

Scheme 6.3 The proposed mechanism pathway of the formation m/z 128 ion
for compounds substituted with morpholinpropoxy- group; an example
displays the fragmentation mechanism of the protonated molecule of
6474010.

92



Chapter 6 Typical fragmentation mechanisms of protonated quinazolines

The same fragmentation mechanism has been observed for 13 studied protonated
quinazolines hence it may be expected that different protonated quinazolines
substituted with a 3-morpholinpropoxy- functional group may also form the

product ion at 128 m/z units via a charge-directed fragmentation, Scheme 6.3.

In addition, the density functional calculations have been used to compute the
most thermodynamically stable forms of the compound 6474010, (detailed
approach explained in Chapter 8.5, page 137). The calculations indicate five
forms of the protonated molecule of 6474010, Scheme 6.4. The mechanism
displayed in Scheme 6.3 represents the form of the protonated molecule of
6474010 with a charge at the oxygen atom in carbon 6 of the quinazoline ring
(Scheme 6.4, a). Two forms of the protonated molecule, b) and c), in Scheme 6.4
represent tautomeric forms of the molecule with the charge placed at the oxygen
in the morpholin ring. However, if these forms of the protonated 6474010 ion
would exist, the exchangeable proton must be transferred to the quinazoline part
of the molecule followed by the hydrogen rearrangement,’® Scheme 6.5, which is
believed to be an energetically demanding and hence unlike fragmentation

mechanism of m/z 128 formation.
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Scheme 6.4 Five forms of the protonated molecule of 6474010 indicated by
DFT calculations; the percentage values are equivalent to the probability of
the forms formation. (A detailed approach of the use of DFT to indicate and
qguantify the forms is explained in Chapter 8, page 121).
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Scheme 6.5 The proposed mechanism for the formation of m/z 128 involving
a charge migration and a hydrogen rearrangement from forms b) and c) of
the protonated molecule of 6474010 displayed in Scheme 6.4.

The forms d) and e) are the species protonated on one of the nitrogen atoms in the
quinazoline ring. These two forms of protonated molecule may be also involved
in formation of the product ion at 128 m/z units, but they must involve a transfer
of the charge to the oxygen atom at the 6 carbon of the quinazoline ring. This
process would therefore agree with a hypothesis of a charge being mobile in the

protonated molecule, which is discussed in chapter 9.2, page 150.

Similarly, a 3-pyrrolidin-1-yl-propoxy- group gives a typical mass spectrum with
only one product ion formed, i.e. m/z 112 (six compounds studied). A first
generation product ion mass spectrum of the lead compound Cediranib (2171001)
is presented in Figure 6.2. The m/z 112 ion is most probably formed via inductive
cleavage, similarly to the mechanism of m/z 128 formation displayed in Scheme
6.3. It is also believed that different (not studied) compounds substituted with

a pyrrolidinpropoxy- functional group will form an ion at 112 m/z units.

94



Chapter 6 Typical fragmentation mechanisms of protonated quinazolines

100 112 b H*
C7H14N+ N
[M + H - 339]" o VN

N
<<:::7J/A\\v//\\() NCJ
2171001
[M + H]"m/z 451

©
o

o]
S
o bvv v b

o
(=}

~
o

Relative Abundance
B o
o o
| |

= N w
o o o o
| 1 1

[ AR AR RN AR MR R T LAMAR A RaRM T T T T e LN hadad nasad Lndad aand T
100 150 200 250 300 350 400 450 500
m/z

Figure 6.2 Positive ion electrospray first generation product ion mass
spectrum of pyrrolidinpropoxy-substituted quinazolines in MeOH; an
example displays a mass spectrum of protonated molecule of 2171001, IW =1
m/z unit.

6.2 Fragmentation pathways of protonated piperidin-4-yl-methoxy-

substituted quinazolines

Different fragmentation patterns have been observed in the first generation
product ion mass spectra of protonated quinazolines substituted with piperidin-4-
yl-methoxy- group. The differences are mostly noted between compounds
substituted with methyl, tert-butyl, and tert-butoxycarbonyl groups to the
piperidin-4-yl-methoxy- functional group and hence these protonated quinazolines

were divided into smaller groups discussed below.

For example, four of the quinazolines substituted with a methyl-
piperidinmethoxy- group (i.e. 6474001, 6474016, 6474017, and 6474018) result
in the formation of only one product ion using ESI CID-MS/MS approaches,
Scheme 6.6. The most probable mechanistic pathway involves bond cleavage via
an inductive cleavage, following protonation on the oxygen atom at carbon 7 in
the quinazoline ring, Scheme 6.6, which may result in a possible stabilisation of

the charge on the nitrogen atom.
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Scheme 6.6 A proposed mechanism for the formation m/z 112 for compounds
substituted with methylpiperidinmethoxy- group; an example displays the
fragmentation mechanism of the protonated molecule of 6474001.

Consequently, an unknown compound that forms a base peak at 112 m/z units is

likely be a non-aromatic functional group with at least one heteroatom.

All  protonated  quinazolines  substituted  with  tert-butoxycarbonyl-
piperidinmethoxy- functional group (nine compounds studied, e.g. 6474004) form
a product ion due to the elimination of the loss of 56 m/z units, Figure 6.3. The
formation of this loss, which has been identified as C4Hs, is most probably formed
from the tert-butyl substituent via a hydrogen transfer. The loss of 56 m/z units
does not improve a structural identification of the unknown quinazoline ion,
Scheme 6.7, nevertheless, it reveals that a 4-carbon-atom alkane is most probably

a part of the structure.
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Figure 6.3 Positive ion electrospray first generation product ion mass
spectrum of tert-butoxycarbonyl-piperidinmethoxy-substituted quinazolines
in MeOH; an example displays a mass spectrum of protonated molecule of
6474004, IW = 8 m/z units.
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Scheme 6.7 A proposed mechanism for the formation of the product ion due
to the loss of tert-butyl substituent of compound substituted with tert-
butoxycarbonyl-piperidinmethoxy- functional group, an example displays the
fragmentation mechanism of the protonated molecule of 6474004,

Interestingly, different fragmentation behaviour has been observed for compound
6474007. In its structure, a tert-butyl functional group is attached directly to a
piperidinmethoxy- group (the ester group is missing), which causes a change in
the formed product ions, Figure 6.4. The loss of the tert-butyl functional group
(56 m/z units) is not preferred, but still formed, Figure 6.4. The favoured loss
corresponds to a loss of all non-aromatic substituents followed by formation of the
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ion containing the quinazoline ring, Scheme 6.8. From the previous example,
Figure 6.3 and Scheme 6.7, the expected base peak would be formed due to the
loss of 56 m/z units therefore it is unexpected that different fragmentation

mechanisms are favoured in dissociation of protonated 6474007.
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Figure 6.4 Positive ion electrospray first generation product ion mass
spectrum of the tert-butylpiperidinmethoxy-substituted quinazoline of
6474007 in MeOH; IW = 6 m/z units.

It is proposed that the hydrogen-transfer mechanism results in formation of a base
peak at 364 m/z units, Scheme 6.8. The mechanism of the formation of the ion at
364 m/z units should be supported by HDX experiments. If the mechanism in
Scheme 6.8 is correct, then exchangeable hydrogen atoms should remain in the
product ion containing the quinazoline ring and the loss of 153 m/z units must be
of constant m/z value. The HD exchange experiment supports that the loss does
not contain active hydrogen atoms (Appendix 2, Figure A.2.2) hence the
formation of the loss must involve the non-labile hydrogen transfer, which

confirms the mechanism proposed in Scheme 6.8.
The product ion m/z 154 is more likely a loss of the non-aromatic functional group

at position 7 in the quinazoline ring (analogous mechanism pathway as displayed
in Scheme 6.3 and Scheme 6.6), Figure 6.4.
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Scheme 6.8 A proposed mechanism for the formation m/z 364 of the
compound substituted with methylpiperidinmethoxy- functional group, an
example displays the fragmentation mechanism of the protonated molecule of
6474007.

In addition, the ions m/z 364 and 154 are ions that are formed from the part of the
structure at oxygen atom in 7 carbon of the quinazoline ring. Product ion at 154
m/z units is probably formed due to an inductive cleavage if the oxygen atom
holds the proton (analogous mechanism to Scheme 6.3) and m/z 364 is formed if
the charge is at the different site of protonation, Scheme 6.8. It is proposed that
the ion at 364 m/z units is formed due to the charge-remote fragmentation
(Scheme 6.8) resulting in formation of a more stable product ion (base peak) than
product ion m/z 154, which is the most probably formed due to the charge-
directed fragmentation, Figure 6.4. Therefore, these two product ions may
compete to retain the charge. Stevenson’s rule states that the fragment with a
lower ionisation energy is more likely to retain a charge,?® which also relates to
proton affinities values of protonated species; the fragment with a higher proton
affinity is more likely to retain the charge. Hence the proton affinity of parts of the
structure containing i) the quinazoline ring and ii) the saturated ring, must have
similar values therefore both parts of the molecule can retain the charge and
compete for it to form the product ions at 154 and/or 364 m/z units. The m/z 364 is
however, a more favoured species than m/z 154, and hence the fragment of the
molecule with the quinazoline ring must prefer (100: 60 of relative abundance) to

retain a charge than a tert-butylpiperidinmethoxy- functional group. Therefore,
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m/z 364 must have higher proton affinity to attract the proton than the saturated
functional group, (Chapter 2.2.2, page 40).

6.3 Summary of the effect of saturated functional groups on the

fragmentation pathways of protonated quinazolines

It was found that the fragmentation pathways of protonated quinazolines can be
dominated by the presence of the saturated functional group, which results in
formation of the typical product ions or losses. Compounds with piperidine
substituents such as =N-C-tert-butyl (e.g. 6474007) and =N-COO-C-tert-butyl
(e.g. 6474004) fragment irrespective of the position of the charge (a charge-
remote fragmentation). Compounds substituted with piperidin=N-CH3; (e.g.
6474001), morpholinpropoxy- (e.g. 6474010), and pyrrolidinpropoxy- (e.g.
2171001) functional groups favour the charge-directed fragmentation with the site
of protonation placed at the oxygen atom (Scheme 6.3 and Scheme 6.5). Their PA
values of the saturated rings must be higher than the PA values of the quinazoline
part of the molecule, therefore the charge remains at the saturated functional
groups resulting in formation of the non-aromatic ions, e.g. m/z 112 or 128.

The influence of a non-aromatic substituent on the fragmentation behaviour of
protonated quinazolines can be compared to the influence of the saturated ring on
fragmentation mechanisms of protonated quinolines, Figure 6.5. Two structurally
similar quinoline compounds were studied by Bandu and Desaire using a LCQ
Advantage QIT mass spectrometer (the ion source and full experimental
conditions were not published).!” It is hypothesised that the bi-cyclic aromatic
ring with one nitrogen atom may have similar fragmentation behaviour to a
quinazoline ring in the gas-phase. The non-aromatic substituents at the position 7
and 6 of a quinoline ring in compound A and B, respectively, are believed to
retain the charge and hence lose the quinoline ring as a neutral, Figure 6.5.
However, the presence of a carboxylic group may influence the fragmentation

behaviour of the protonated quinolines towards a different mechanistic path.
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Bandu and Desaire proposed that a loss of water and CO, came from the
carboxylic substituent, Figure 6.5. The C-N bond (of the non-aromatic substituent
on position 7 or 6 in compound A or B, respectively) is stronger than C-O
therefore the carboxylic group needs less energy than the C-N bond to cleave.
Hence, the loss containing the oxygen atom is preferred in the fragmentation of

protonated quinolines that the loss containing the nitrogen atom.
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Figure 6.5 Product ion spectra of A) ciprofloxacin and B) ofloxacin acquired
using LCQ Advantage QIT mass spectrometer;'’® reprinted with a kind
permission of RSC.

The product ion mass spectrum of protonated molecule of compound A favours
the loss of CO,, which is achieved by a charge-remote fragmentation of
the —COOH group. The formation of a product ion due to the loss of water is also
formed from a carboxylic functional group. The product ion m/z 314, must
involve an additional proton to allow loss of water, hence it must be formed due to

a charge-directed fragmentation. This proves that a loss of water and CO; are
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competitive processes involving the same —COOH group, but are different types
of fragmentation: charge-remote (loss of CO,) and charge-directed (loss of H,0).
Hence, different forms of precursor ion need to be formed to allow formation of
these two product ions. The product ion mass spectrum of protonated molecule of
compound B is a proof of concept that a carboxylic group has a dominant
influence on the fragmentation behaviour of these two protonated quinolines,
Figure 6.5. A charge-remote loss of CO, is more favoured than a charge-directed
loss of water and hence the favourability of the formation of the product ions
depends on the different site of protonation. It is hypothesised that the multiple
functional group influence (non-aromatic, carboxylic) may be similar also for

protonated quinazoline sub-structures.

Hence, the influence of the functional groups could be placed in the order of their
strength and effect on the fragmentation pathways of classes of compounds. It is
probable that the —COOH may also dominate the decomposition of protonated
quinazolines however, the quinazolines substituted with a carboxylic functional
group were not studied. Up to now, the functional groups that have the strongest
influence on the fragmentation behaviour of protonated quinazolines are the non-
aromatic rings with at least one heteroatom. The presence of —OBn or —OMe has
not been found to affect the fragmentation pathways of protonated quinazolines
substituted with saturated functional groups more dominant.

In addition, similar fragmentation behaviour of protonated quinazolines
substituted with saturated rings was observed when in-space CID experiments
were performed using ESI-QTOF and ESI-QqQ mass spectrometers (excluding
second generation product ions), for example Figure 6.6, Figure 6.7, Figure 6.8,

and Figure 6.9.
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Figure 6.6 Positive ion product ion mass spectrum of 2171001 in MeOH
acquired using ESI-QTOF mass spectrometer at 28 eV; IW =1 m/z unit.
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Figure 6.7 Positive ion product ion mass spectrum of 6474007 in MeOH
acquired using ESI-QTOF mass spectrometer at 38 eV; IW =1 m/z unit.
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Figure 6.8 Positive ion product ion mass spectrum of 2171001 in MeOH
acquired using ESI-QqQ mass spectrometer at 25 eV.
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Figure 6.9 Positive ion product ion mass spectrum of 6474007 in MeOH
acquired using ESI-QqQ mass spectrometer at 60 eV.

The described typical fragmentation behaviours of protonated quinazolines
substituted with a large non-aromatic ring with at least one heteroatom have the
similar influence on the mechanism pathways of protonated quinazolines
regardless of what type of CID experiment is performed. Hence, the
fragmentation behaviour of protonated quinazolines substituted with a saturated
ring is structure dependent, and rules for the rapid characterisation of protonated
quinazolines substituted with non-aromatic groups may be established regardless
of which CID type is used.
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mechanisms of protonated quinazolines

The gas-phase ion dissociation of protonated quinazolines was investigated using
different mass spectrometers. The comparison of first generation product ion mass
spectra may bring to light a pattern of specific fragmentation behaviour of gas-
phase quinazoline ions. Evaluation and recognition of the specific fragmentation
behaviour for protonated quinazolines can result in a list of general and specific
m/z ions and losses, which aids the interpretation of mass spectral data of different

impurities containing a quinazoline ring.

As previously described in the theoretical chapters, fragmentation behaviour can
be structure specific. During fragmentation, quinazoline ions often undergo the
homolytic cleavages resulting in formation of odd-electron ions (OE**). The OE™
ions become a general feature of the fragmentation behaviour of protonated
quinazolines although they may be treated as specific species formed if a mass
spectrum of a quinazoline ion is compared to a mass spectrum of an ion from
different class of compounds. This chapter focuses on the unusual odd-electron
fragmentation behaviour of protonated quinazolines, which ironically becomes
usual for quinazoline gas-phase ions. It is hypothesised that the specific odd-
electron ions may help to distinguish quinazoline sub-structures and partially

identify structures of unknown compounds.

The homolytic bond fission of protonated quinazolines commonly disregards the
accepted even-electron rule (chapter 2.2.4, page 44).” This chapter describes
examples of quinazoline ion fragmentation behaviour and discusses whether the
even-electron fragmentation rule helps data interpretation of quinazolines. The
chosen examples describe the specific behaviour of protonated quinazolines using
CID MS/MS experiments. To follow the specific fragmentation behaviour of
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these compounds, the examples are presented according to the pairs of functional
groups with which they are substituted.

7.1 The influences of methoxy- and hydroxy- functional groups on

fragmentation mechanisms of protonated quinazolines

Nine quinazoline impurities from analysed drugs with -OCH3 and —OH functional
groups at position 6 and 7 of a quinazoline ring were studied. Compound 2171008
is one of six impurities that are substituted with hydroxy- and methoxy- functional
groups at the 7 and 6 position of the quinazoline ring respectively (Appendix 1,
page 165). It is probable that a mass spectrometrist could predict which product
ions may be formed by engaging knowledge based on previous interpretations of
the mass spectral data and principles of physical-organic chemistry. Thus, by
looking at the structure itself (in Figure 7.1), a mass spectrometrist may expect the
compounds substituted with —OMe and —OH, e.g. 2171008, to possibly form a
product ion due to the loss of water (loss of 18 m/z units) and/or methanol (loss of
32 m/z units). A hydroxyl group induces a higher probability of the protonation at
the oxygen atom, which can result in a common loss of water.****%" Similarly,
protonation at the oxygen atom that bonds the methyl group to the quinazoline

ring would afford a loss of methanol.

Figure 7.1 presents a first generation product ion spectrum of 2171008 acquired
using an ESI-QIT mass spectrometer. The most favoured species formed — the
base peak — is a radical cation and it is mostly the only product ion observed in
2171008 product ion mass spectrum (excluding product ions that abundance is
lower than 3 %). The observed loss of 15 m/z units (the methyl radical, CH3")
disagrees with the even-electron rule, which states that such fragmentation should
not take place as it is energetically less favourable.”® A radical cation or a radical
loss is not stable enough to allow this type of reaction to happen. The observed
radical cation however, must have a high internal stability and a preference to be

formed compared with the expected even-electron species. The radical cation at
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178 m/z units must have a higher stability due to the large number of possible
resonance forms that it can take; many resonance forms are formed due to the
conjugation of the free electron with free electron pairs of the aromatic rings.
Scheme 7.1 presents an example of two possible forms of the conjugation of the
free electron within the aromatic system of quinazoline rings. It is hypothesised
that one of the most stable forms may involve a free electron stabilisation between
the oxygen atoms at position 6-(-methoxy-) and 7-(hydroxy-) of the ring.
However, many different resonance forms are possible, which additionally

enhance the stability of the radical cation.
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Figure 7.1 Positive ion electrospray first generation product ion mass
spectrum of 2171008 in MeOH; IW =1 m/z unit.

C9H8N203

CeHN,O5 " m/z 178
[M + H]" m/z 193

Scheme 7.1 An example of the mechanism resulting in the formation of two
resonance forms of the radical cation, m/z 178 of 2171008; (many resonance
forms are possible).

The radical cation is formed against the even-electron rule since a “radical loss is

forbidden”.?** Some research groups observed that most compounds substituted
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with a methyl or a methoxy- functional group lose CH3" instead of the expected
loss of methanol.*®®'*® The thermochemical understanding of formation of the
OE™ product ion (loss of methyl radical) instead of the EE* (loss of methanol)
using computational studies showed similar values of energy for the two
calculated species (the error of calculations was larger than the energy difference
between OE™ and EE*).'® Thus theoretically, the stability of even-electron and
odd-electron species is indistinguishable, but higher activation energies relates to
the formation of radical cation species.*® Yet, the stability of the product ion,

whichever species it is, controls the fragmentation.”®

The remaining five compounds with the same position of the —OH and —OCHj3
also favour formation of a base peak due to the loss of the methyl radical, i.e.
6474012 (Figure 7.7), 2171002 (Appendix 2, Figure A.2.3), 6474013 (Appendix
2, Figure A.2.4), 6474014 (Appendix 2, Figure A.2.5), and 6474027 (Appendix 2,
Figure A.2.6). Similarly, sub-structures containing the different position of these
functional groups also favour the loss of the methyl radical, i.e. 6474024
(Appendix 2, Figure A.2.7) and 8931006 (Appendix 2, Figure A.2.8). The
fragmentation behaviour of the remaining compound, i.e. 6474011 also favours
the loss of the methyl radical, but in a concerted process with loss of HF and CO;

its specific fragmentation is described in Chapter 9.1, page 145.

The formation of the base peak due to the loss of a methyl radical takes place
despite the presence of different substituents, such as an indole ring or halogens,
for protonated quinazolines with hydroxy- and methoxy- functional groups at
position 6 and 7 of the quinazoline ring. These observations lead to a possible
hypothesis that it is not only characteristic functional groups that influence the
fragmentation behaviour (Chapter 2.2.3, page 42), but pairs of the specific
substituents at the fixed positions on the quinazoline ring affecting the

fragmentation behaviour of protonated quinazolines.
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7.2 The influences of methoxy- and benzyloxy- functional groups on

fragmentation mechanisms of protonated quinazolines

Protonated quinazolines substituted with -OCH3 and —OCH- groups at the 6 and
7 position of the quinazoline ring form a specific pattern of characteristic ions and
losses. The assumption is that an analyst could propose formation of an even-
electron product ion C;H;" and/or loss of methanol with regards to these

substituents.

The formation of the ion at 91 m/z units is the most favoured ion in all compounds
substituted with a benzyl functional group® and the position of the benzyl ring
influences the fragmentation behaviour.” It is proposed that the most possible
mechanism of m/z 91 formation is due to the inductive cleavage of the

neighbouring bond, Scheme 7.2.

o]
.0 CH,*
HsC NH 2
o N o}
HO N/) C,H;" m/z 91

C16H14NZOS
[M+H]"m/z283  Loss of 192 m/z units

Scheme 7.2 A proposed mechanism for the formation of the m/z 91 ion
in 2171003 compound.

However, it was found that formation of two product ions (m/z 91 and
[M+H-91]") is favoured for compounds with -OMe and —OBn functional
groups at the position 6, 7, and 8 of the quinazoline ring (10 impurities studied).
There is a competitive process between the formation of C;H;" (m/z 91) and
a product ion due to the loss of 91 m/z units (C;H;"). For example, compounds
2171003 (Figure 7.2) favours formation of the m/z 91 ion, but compounds
2171023 (Figure 7.3), 2171005 (Figure 7.4) and 6474015 (Appendix 2, Figure
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A.2.9) form the OE™ base peak due to the loss of a benzyl radical, m/z 192
[M +H- C7H7.]+..
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O
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Figure 7.2 Positive ion electrospray first generation product ion mass
spectrum of 2171003 in MeOH, IW = 1 m/z unit.
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Figure 7.3 Positive ion electrospray first generation product ion mass
spectrum of 2171023 in MeOH, IW =1 m/z unit.
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Figure 7.4 Positive ion electrospray first generation product ion mass
spectrum of 2171005 in MeOH, IW =1 m/z unit.

Similarly to the presented resonance forms in Scheme 7.1, the stability of the
radical cations of the quinazolines substituted with —OBn and —OMe functional
groups can be explained by formation of many resonance forms. The radical
cation must have a higher stability, thus it is preferentially formed over the
hypothetical even-electron product ion. The formation of the odd-electron product
ion results from a homolytic cleavage of the C-O bond and can take place

independently from the position of the charge.

Many CHNO-containing quinazolines form odd-electron product ions. In these
studies, more than half of all the analysed protonated quinazolines (18 of 23
compounds without non-aromatic ring substituents) form one or more odd-
electron product ions. However, only a minority of the compounds are prominent
ions,® e.g. 2171005, 2171008.
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7.3 The specific pair of ions — the influence of the benzyloxy-
functional group on fragmentation mechanisms of protonated

quinazolines

Interestingly, the lower abundant product ion due to the loss of 92 m/z units
always accompanies the radical cation [M + H — 91]"*, Figure 7.4. The abundance
of the product ion [M + H — 92]" varies from 5 to 70 % for the compounds
studied. The AMM experiments confirm that the even-electron species has an
analogous formula to the radical cation with less than one hydrogen atom, i.e.
CoHgN,03™ and CgH;N,O5" at 192.0528 and 191.0456 m/z units, respectively.
Such specific pairs of ions were also observed for protonated quinazolines
substituted with —OCH3; and —OH, however not protonated quinazolines that form
a base peak due to the loss of methyl radical form a product ion due to the loss of
methane. The accompanied pair of OE™ and (-1 m/z unit) EE* may be specific for

the loss of a benzyl radical and toluene for quinazoline ions.

The formation of the even-electron product ion due to the loss of C;Hg (toluene)
involves loss of the additional hydrogen atom. The possible mechanisms may
involve the hydrogen atom from the molecule (Scheme 7.3) or the hydrogen atom
that protonates the molecule (Scheme 7.4). The mechanism in Scheme 7.3
presents the formation of the m/z 191 through a charge-remote fragmentation by
involving a hydrogen transfer from the methoxy- group followed by the formation
of the new ring. Scheme 7.4 displays the mechanism that involves the additional
proton at the oxygen atom followed by a transfer of one of the hydrogen atoms
from the methyl group to the oxygen atom that is involved in the formation of the

ring.
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CHj3
C16H14N203 Loss of C7H8 C9H7N203+
[M + H]" m/z 283 92 m/z units m/z 191

Scheme 7.3 The suggested mechanism of charge-remote fragmentation
resulting in the formation of m/z 191 due to the loss of toluene for compound
2171005.
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Scheme 7.4 The suggested mechanism of a charge-directed fragmentation
resulting in the formation of m/z 191 due to the loss of toluene for compound
2171005.

Two mechanisms are theoretically possible. The first mechanism involves a labile
proton and its presence can consequently differentiate the two proposed
mechanisms with the use of HDX experiments. The D-labelling experiment
should distinguish the mechanisms in Scheme 7.3 and Scheme 7.4 as the proposed
losses would involve a loss of C;Hg and C;H-D, respectively and hence formation
of a product ion at 193 and 192 m/z units. Thus, the analogous mass spectrum of
protonated 2171005 was acquired in a deuterated solvent, Figure 7.5. It is

observed that the product ions due to the loss of 92 and 93 m/z units are formed.

The two proposed mechanisms in Scheme 7.3 and Scheme 7.4 are therefore
correct, but the product ion formed due to the loss of 92 m/z units has a higher
abundance. As already stated, the abundance of the ion in a mass spectrum reflects
its stability.®® Thus, a charge-remote mechanism proposed in Scheme 7.3 is more
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favoured than formation of the product ion due to the charge-directed mechanism.
The charge-remote type of fragmentation has higher activation energy than a
charge-directed mechanism.*® Thus, the mechanism pathway presented in
Scheme 7.3 is energetically more demanding than the decomposition reaction
presented in Scheme 7.4, but forms a more stable species, which agrees with the
Curtin-Hammett principle (Chapter 3.2, page 64) regarding the decomposition

pathways of gas-phase ions."***%°

194[M + D — C;H,T"

o N 193 [M + D —C;Hg]" or
CH3 oy+e
C16H13DN,0; [M+D - CrHeD]

[M + D]* m/z 285

M + D - C;H,D]*
[ 77]192

80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280
m/z

Figure 7.5 Positive ion electrospray first generation product ion mass
spectrum of 2171005 in MeOD, IW = 1 m/z unit.

In addition, the density functional calculation may indicate the most stable forms
of the protonated 2171005 molecule (Chapter 8.5, page 137), which can support
or discard the proposed mechanisms. Calculations performed to find the most
favoured site of protonation indicated four forms of protonated molecule of
2171005 as the most thermodynamically stable, Scheme 7.5. The scheme displays
four structures of 2171005 with the percentage values indicating FPMs with the
protonation site place on nitrogen and carbonyl oxygen atoms. The FPMs with the
protonation on the oxygen at position 6 or 7 of the quinazoline ring are not
indicated, hence this supports the theory that the formation of the product ion at
191 m/z units involve a charge-remote fragmentation, Scheme 7.3.
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Scheme 7.5 The most thermodynamically favoured forms of protonated
molecule of 2171005 in the gas-phase; the percentage values correspond to
the probability of species formation, a full description of the DFT use to
indicate the percentage values is described in Chapter 8.5, page 137.

7.4 The fragmentation behaviour of the halogen-substituted

quinazolines — formation of radical and bi-radical cations

A different phenomenon was observed when analysing compounds substituted
with one or more halogen atoms. Figure 7.6 presents a first generation product ion
spectrum of a compound 6474032 substituted with two hydroxy functional groups
at position 6 and 7 of the quinazoline ring, but containing the phenyl group
substituted with halogen atoms at the 4 carbon of the ring. Hydroxyl groups do
not influence the fragmentation behaviour of the compound; the mechanism
pathways are affected by the specific fragmentation pattern of halogen atoms.
A product ion at 320 m/z units with 20% abundance is formed due to the specific
loss of 20 m/z units (a loss of HF). The loss of HF in all F-substituted compounds
is expected to be of a low favourability if another substituent (e.g. Br atom) is
present in one of the neighbouring positions.2® Here however, bromine atom
substitution does not suppress the formation of a product ion formed due to the
loss of HF. Product ions at 271, and 270 m/z units are formed due to the loss of
the bromine radical (loss of 79 m/z units) and HBr (loss of 80 m/z units),
respectively. The product ion at 251 m/z units is formed due to a concerted loss of
HF and Br®. Halogen atoms highly influence the fragmentation behaviour of
aromatic ions (Chapter 2.2.3, page 42). The substitution of an aromatic compound
with a halogen atom reduces the structure ionisation energy and proton affinity. 2
Thus, the structure preferentially loses the halogen atom as a radical to form
amore stable ion (with a higher PA value).** The observed radical cations,
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m/z 271 and 251, formed due to the loss of Br®, and Br* and HF respectively, are

therefore expected.
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Figure 7.6 Positive ion electrospray first generation product ion mass
spectrum of 6474032 in MeOH, IW =1 m/z unit.

The product ion at 252 m/z units is formed due to the loss of 98 m/z units, which
corresponds to the loss of two radicals, Br® and F°. The loss of two radicals gives
an even-electron product ion. This poses the question is the loss of two radicals to
form an even-electron product (or a bi-radical) ion an exception to the even-

electron rule?

Theoretically, the fragmentation path of a protonated molecule can be driven by
the stability and energetics of the product ion and the formed loss.'® In this case
the loss of two radicals is energetically less demanding and could result in the
formation of the m/z 252 ion, Figure 7.6. The ion could be: i) a product ion with
an additional, new electron pair or ii) a product ion with two free electrons that are
separately conjugated to aromatic rings of quinazoline ion. They would then be
oo

defined as: i) an even-electron ion, EE” or ii) a bi-radical product ion, EE

[M + H—98]", respectively.
It was observed that a halogen substitution induces a cascade of odd-electron

fragmentation in many structurally similar compounds to 6474032 (seven

impurities studied). They involve a loss of one or two radicals to form an OE™
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or EE'/ EE™*. Extensive studies of radical cations and bi-radical cations by
Kenttamaa and co-workers have shown that, using CID as an ion activation
method, dibromo-substituted compounds form radical and bi-radical product ions
due to the loss of one and two Br° radicals.*** Multi-iodine-substituted
aromatics readily cleave the carbon-iodine bonds to form iodine radicals (I°*) and

radical and bi-radical cation product ions.?**%%"

Compounds substituted with halogen atoms give recognisable isotope pattern and
form characteristic losses that can be readily observed. Mass spectral data of
protonated quinazolines substituted with halogen atoms become difficult to
interpret for compounds additionally substituted with a methoxy- group, i.e.
6474012. The loss of a methyl radical has already been described as dominant in
the fragmentation behaviour of protonated quinazolines (chapter 7.1, page 106).
The protonated quinazolines that are substituted with halogen atoms and
additionally contain a methoxy- group present an enhanced cascade of odd-
electron fragmentations, which increases the complexity of mass spectral data
interpretation, Figure 7.7. The base peak of 6474012 in the CID-MS/MS mass
spectrum is an odd-electron product ion formed due to the loss of the methyl

radical.

A loss of CH3' is also involved in the formation of product ions m/z 329, 301, 273,
and 250. If all the product ions formed due to the involvement of a methoxy-
substituent, i.e. m/z 349, 329, 301, 273, and 250, in Figure 7.7 were eliminated
from the spectrum then it would result in a highly similar spectrum to that shown
in Figure 7.6 for 6474032. This comparison shows that a methoxy- group and
halogen atoms influence the fragmentation pathway of protonated quinazolines

and are responsible for the odd-electron fragmentation cascades.
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Figure 7.7 Positive ion electrospray first generation product ion mass
spectrum of 6474012 in MeOH, IW = 1 m/z unit.

7.5 Use of the even-electron rule for the interpretation of mass spectra

of quinazolines

A substitution of quinazolines with methoxy-, benzyloxy- groups, and/or halogen
atoms, results in the formation of at least one product ion due to the loss of
aradical, cascade of radical losses and/or formation of bi-radicals/even-electron
product ions. The use of the even-electron rule to interpret mass spectral data
would therefore be problematic for the quinazoline class of compounds using ESI-
CID mass spectrometry and, when followed without care, could give misleading
results or no information towards identifying the structure. Many scientists agree
that the even-electron rule should not be treated as a rule but as a guideline
only.***?% Some classes of compounds are known to disagree with the rule and
extensively form odd-electron product ions. Strongly oxidisable compounds such
as hydrocarbons and polycyclic aromatic hydrocarbons, preserve a strong ability
to stabilise the unpaired radical, which is the reason why these compounds can
fragment against the even-electron rule.?® However, such ability in a quinazoline

class of compounds is unknown.
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Perhaps, the observations that resulted in the formation of the even-electron rule
were over-interpreted. The original statement was focused on even-electron
product ions being possibly more stable than odd-electron ions for propane and
propylene formation when using EI-MS.*® Thus, the observations of specific
mechanism pathways were formed for analyses using electron ionisation, which
forms molecular ions, not protonated molecules.” It did not state that odd-
electron species are “forbidden to be formed”, as is currently regarded by the

even-electron rule definition.

There is a suggestion to modify the original even-electron rule schemes (Scheme
2.1, page 45) concerning the reaction types that decompose from the protonated
molecule especially for the interpretation of the protonated quinazolines, Scheme
7.6. The Scheme 7.6 represents the observed dissociation reactions of gas-phase
quinazoline ions (Chapter 6, page 89 and Chapter 7, page 105). It is possible that
reactions a, b, and c¢ in Scheme 7.6 can additionally eliminate a loss of one or
more neutral molecules. To ensure that all reaction types are possible in
fragmentation pathways using ESI-MS/MS, software packages that aid mass
spectrometrists in data interpretation should be set up for the choice of “both”
with regards to the number-of-valence-electrons in the product ions. This process

will result in a higher probability of correct data interpretation.

(a) [M+H]" — EE"+NL
(b) [M+H]" — EE" +RL+RL
() [M+H]" — OE" +RL

Scheme 7.6 Schematic description of types of reactions that should be allowed
when interpreting mass spectra of protonated quinazolines acquired using
ESI-CID MS/MS.
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Chapter 8 An investigation of the fragmentation
mechanisms of protonated positional isomers of
quinazolines; an example of a predictive mass

spectrometry approach using DFT-MS/MS

This chapter focuses on the analyses of the fragmentation behaviour of protonated
positional isomers of quinazolines, i.e. 2171003, 2171005, and 2171006, using
different ion activation methods, including CID, SORI/CID, and IRMPD.
In addition, the comparison of the first generation product ion mass spectra of
three protonated positional isomers using ESI, APPI, and APCI is described.
These comparison studies should help to confirm or discard the possibility of
building a set of rules for the rapid characterisation of protonated quinazolines
independent of the type of mass spectrometer used. An attempt to predict which
product ions can be formed from protonated quinazolines using Mass Frontier™

and DFT approaches is also discussed.

8.1 The fragmentation mechanisms of protonated positional isomers
of quinazolines using ESI CID-QIT MS/MS

The positive ion electrospray CID product ion mass spectra of three protonated
impurities, i.e. 2171003, 2171005, 2171006, of Cediranib (AZD2171) were
acquired using an LCQ Classic QIT mass spectrometer. It was found that the
change of the position of methoxy- or benzyloxy- functional groups between
carbons 6, 7, and 8 in the quinazoline ring has a profound influence on ESI-CID
MS/MS fragmentation pathways of protonated molecules. The product ion mass
spectra of protonated positional isomers may differ significantly.?° The
electrospray mass spectra would not distinguish between these three protonated
positional isomers; i.e. the three mass spectra would show a peak corresponding to

the protonated molecule at m/z 283. Figure 8.1 displays first generation product
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ion mass spectra of three protonated positional isomers acquired using CID
MS/MS.
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Figure 8.1 Positive ion electrospray first generation CID product ion mass
spectra of: (a) 2171003, (b) 2171005, and (c) 2171006 in MeOH; IW =1 m/z
unit.

Protonated 2171003 favours even-electron fragmentation and results in the
formation of the ion at m/z 91, (C;H;", data confirmed by AMM), Figure 8.1 a).
The same product ion is the base peak for protonated 2171006, Figure 8.1 c).
However, 2171003 forms more product ions in the higher m/z units range due to
the losses of CO, CH3OH or concerted loss of CO and CH3;OH from the
protonated molecule, i.e. m/z 255, 251, 223, respectively. Apart from the base
peak, the protonated compound 2171006 forms only one additional product ion
due to the loss of benzene. These even-electron losses agree with the even-

electron rule, Chapter 2.2.4, page 44.

Conversely, the fragmentation pattern of 2171005 does not show such similarities;
it favours odd-electron dissociation. (The m/z 91 ion is present but only at less
than 3 % abundance.) The base peak (m/z 192) has been confirmed as a radical

cation product ion formed due to the loss of benzyl radical (C;H;"), which does
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not agree with the even-electron rule, (analogous mechanism pathway is displayed
in Scheme 7.1, page 107). The same radical cation product ion is observed in the
product ion mass spectrum of compound 2171003, however with a lower relative
abundance. (The formation of the ion [M + H — 91]™ and [M + H — 92]" has
already been discussed in Chapter 7.3, page 112.) Product ions due to smaller m/z
units losses from the precursor ion of 2171005 are not observed. The benzyloxy-
substituent is involved in two mechanisms: i) formation of the ion at 91 m/z units
and ii) formation of a radical cation product ion (192 m/z units). The formation of
one or both of these ions could be considered as a structurally competitive process
as it requires the same part of the structure, i.e. the benzyloxy- group, but result in
a different dissociation mechanism followed by formation of different product

ion.

8.2 Comparison of first generation product ion mass spectra acquired

using different types of mass spectrometers

This sub-chapter presents product ion mass spectra acquired using different in-
time and in-space tandem mass spectrometers. The previous example shows that
the fragmentation pathways of protonated quinazolines can be structurally
dependent. The examples below are used to discuss whether the use of different
ion activation methods may or may not affect the fragmentation pathways of

protonated quinazolines.
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8.2.1 Comparison of fragmentation pathways of protonated positional
isomers of quinazolines using in-time tandem mass spectrometry

experiments

8.2.1.1 Use of SORI/CID to investigate the fragmentation behaviour of protonated

positional isomers of quinazolines

Figure 8.2 displays first generation product ion mass spectra of the three
protonated positional isomers acquired using SORI/CID as an ion activation
method. The base peaks of these three mass spectra are the same as when

protonated molecules were analysed using CID MS/MS experiments, Figure 8.1.
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Figure 8.2 Positive ion electrospray first generation SORI/CID product ion
mass spectra of: (a) 2171003, (b) 2171005, and (c) 2171006 in MeOH; IW =1
m/z unit.
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The formation of the C;H;" product ion from protonated 2171005 is more
favoured using SORI/CID than when CID was used as the ion activation method.
Thus, the favourability of forming the same species using CID and SORI/CID
may be different and/or may relate to different experimental conditions.
SORI/CID does not result in formation of any product ions in the higher m/z mass
range (m/z 200-283) due to smaller losses, such as CO or MeOH, e.g. m/z 255 or
251, Figure 8.2, a). These losses often include structure rearrangement (e.g. ring
opening), and therefore may not be favoured. Rearrangement reactions depend on
the length of the RF pulse time during activation in SORI/CID processes. The
mass spectra presented in Figure 8.2 were acquired using the RF pulse for 250
msec. and an activation time longer than 1 second may cause structure
rearrangements.?* Therefore, the lack of the smaller losses that involve structure
rearrangements, e.g. an opening of the quinazoline ring, would not be preferred
when SORI/CID, in these particular experimental conditions, is used as the ion

activation method.

If either CID or SORI/CID was used, the formation of the radical cation at
192 m/z units in protonated 2171005 is favoured. Nevertheless, the formation of
the odd-electron product ion in protonated 2171003 differs between the two types
of CID used, Figure 8.1, a) and Figure 8.2, a). The formation of the OE™* ion from
position 6 in the quinazoline ring (i.e. 2171005) is more stable than when —OBn is
substituted at position 7 in the quinazoline ring (i.e. 2171003, 2171006).

The main differences between CID and SORI/CID include: i) the use of a
different collision gas (helium and argon, respectively) and ii) the use of different
pressures during experiments (10° in QIT and 10° Torr in the ICR cell,
respectively). The use of different gas and pressure affect changes in experiments,
and hence may affect the fragmentation behaviour of the protonated quinazolines.
The use of a different collision gas changes the amount of internal energy that the
precursor ion receives before its decomposition (Equation 1.12, page 29). The
precursor ion dissociates only if it possesses more internal energy than the

energetic barrier of the dissociation reaction.’® In addition, the pressure affects the
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kinetic rate of the dissociation reaction; lower pressure increases the kinetic rate
of the decomposition reaction, but the internal energy of the precursor ions must
still exceed the energy barriers so that dissociation processes can take place
(Reaction 3.2, page 65). Thus, observed differences between formed product ions
other than the base peaks may originate from the different experimental
conditions used in the CID and SORI/CID methods. Nevertheless, the most
favoured product ions support the theory that the use of CID or SORI/CID does

not affect the fragmentation behaviour of protonated quinazolines.

8.2.1.2 Use of IRMPD to investigate the fragmentation behaviour of protonated

positional isomers of quinazolines

In addition, the fragmentation behaviour of three protonated positional isomers of
quinazolines was studied using IRMPD MS/MS, Figure 8.3. The main difference
affecting the possible fragmentation behaviour of protonated molecules using
IRMPD compared to CID or SORI/CID is the lack of the collision gas. The
ion/photon interactions in IRMPD may affect the mechanism pathways of
protonated molecules of the positional isomers differently to the ion/neutral
interactions, because of lack of the collision gas during ion activation process,
(Chapter 1.3.3, page 32).%

Figure 8.3 displays the first generation product ion mass spectra of 2171003,
2171005, and 2171006. The main difference between these IRMPD mass spectra
to previously discussed SORI/CID and CID mass spectra is that the even-electron
product ion at 191 m/z units is formed in preference to the OE™ at 192 m/z units in
protonated 2171003 and 2171005, Figure 8.3, a) and b). Thus, the even-electron
ions may be favoured in the decomposition pathways of the analysed protonated
positional isomers. The formation of the C;H;" reflects a similar pattern to the
mass spectra acquired using SORI/CID, Figure 8.3, a) and c), but m/z 91 has
a higher abundance (is more favoured) in IRMPD than in the SORI/CID mass
spectrum of protonated 2171005.
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Figure 8.3 Positive ion electrospray first generation IRMPD product ion
mass spectra of: (a) 2171003, (b) 2171005, and (c) 2171006 in MeOH with 80,
70, and 80 % of the laser power for 50 msec., respectively; IW =1 m/z unit.

Contrary to previously presented first generation product ion mass spectra of
protonated 2171003, 2171005, and 2171006 acquired using CID and SORI/CID,
the IRMPD product ion mass spectra show an additional product ion that is not
observed in previous mass spectra, i.e. m/z 163 from protonated 2171005. The
AMM experiments confirm that the product ion at 163.0502 m/z units is
CgH;N,0," formed due to the loss of CgHgO. The loss of 120 m/z units (CgHgO)
as a first generation product ion may be a concerted loss; the loss of one large
neutral of 120 Da must involve opening of the quinazoline ring and possible
rearrangement reactions, which are energetically less favoured than an elimination
of the few smaller m/z losses. It is proposed that the m/z 163 can be formed due to
the concerted loss of i) C;Hg and CO and/or ii) C;H;* and HCO®. Additionally, the

IRMPD process can often cause formation of second generation product ions.*

The first possibility i.e. a concerted loss of two, even-electron losses, has already
been partially discussed in chapter 7 (Scheme 7.3, page 113 and Scheme 7.4, page
113). It was concluded that two mechanism pathways might form the product ion
due to the loss of 92 m/z units. The formation of m/z 163 may undergo a different
mechanism than initiated from a loss of 92 m/z units, but for the simplicity of
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following the mechanistic paths, it is assumed that the same two mechanisms are
taking place when performing IRMPD experiments (Scheme 7.3, page 113 and
Scheme 7.4, page 113). The concerted losses should be presented by one reaction
step (i.e. using one arrow), however to ease the display of the mechanism
pathways, the reactions has been broken into many steps. Scheme 8.1 and Scheme
8.2 present mechanism pathways of the formation of the product ion at 163 m/z
units from the two most probable mechanisms that form the m/z 191 as previously
discussed (Scheme 7.3, page 113 and Scheme 7.4, page 113). The loss of CO may
come from the carbonyl group in the quinazoline ring in both cases, Scheme 8.1
and Scheme 8.2.

. o " T
( e} i O N
L Qe — C0r

Loss of CO
CH,4 28 m/z units

C16H14N205 Loss of C;Hg  CoH7N,05" m/z 191 CyH,N,0," m/z 163
[M + H]" m/z 283 92 m/z units

Scheme 8.1 Proposed mechanism of m/z 163 formation from protonated
molecule of 2171005 via a charge-remote and even-electron type
fragmentation.
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[M + H]" m/z 283 92 m/z units

H o)

\

Scheme 8.2 Proposed mechanism of m/z 163 formation from protonated
molecule of 2171005 via a charge-directed and even-electron type
fragmentation.

The formation of the m/z 163 is also possible via a loss of two radicals, Scheme
8.3. The odd-electron fragmentation involves the opening of the quinazoline ring

to eliminate CHQO®, to form the 5-membered ring and a carbocation. The site of
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the protonation of the radical cation is indicated by DFT calculations as one of the
favoured ones for this product ion (a full discussion of use of DFT approach is in
sub-chapter 8.5, page 137).
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COlgo . I i
0 NH H”O NH H/o"') NH
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HsC N
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Scheme 8.3 Proposed mechanism of m/z 163 formation from protonated
molecule of 2171005 via a charge-remote and odd-electron type
fragmentation.

8.2.2 Comparison of fragmentation pathways of the protonated

positional isomers using in-space tandem mass spectrometry

Figure 8.4 presents the product ion mass spectra of the protonated quinazolines
acquired using a QTOF mass spectrometer. In the mass spectrum a), the m/z 91
and the pair of ions, m/z 191 and 192, are formed in a similar way to the mass
spectra of 2171003 acquired using in-time MS/MS, Chapter 8.2.1, page 124. The
m/z 91 is a base peak of protonated 2171003 and 2171006, Figure 8.4, a) and c),
but it is the least favoured ion formed in 2171005. The 2171003 compound almost
equally favours formation of the product ion at 191 m/z units, which is also

formed in the mass spectrum for 2171005, Figure 8.4, a) and b). Thus, in-space
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CID performed using QTOF mass analyser favours formation of the EE™ (m/z
191) over the OE™ (m/z 192) or odd-electron product ions readily dissociate to
even-electron product ion via a loss of H*. The additional ions, i.e. m/z 178, 163,
and 146 are most likely second generation product ions, because they are not

formed when lower collisional energy values were applied.
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Figure 8.4 Comparison of the positive ion electrospray product ion mass
spectra of 2171003, 2171005, and 2171006 in MeOH acquired at 28 eV of
cone voltage using ESI-QTOF mass spectrometer; tables of the product ions
formulae are available in Appendix 2, Table A.2.1, Table A.2.2, and Table
A.2.3.

In contrast to the ESI-QTOF data, the ESI-QqQ MS/MS data show that the
fragmentation behaviour of protonated 2171003 is almost identical to 2171006
protonated molecule, Figure 8.5, a) and c). Protonated molecule of 2171003 does
not favour formation of the even-electron ion at 191 m/z units, nor formation of
the radical cation (m/z 192) when using QIT MS/MS. Similarly to product ion
mass spectra acquired using QTOF mass spectrometer, the radical cation at
192 m/z units may formed, but it may be unstable enough to rapidly eliminate the
hydrogen radical and form the even-electron ion at 191 m/z units, Figure 8.5, b).
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Figure 8.5 Comparison the positive ion electrospray product ion mass spectra
of 2171003, 2171005, and 2171006 in MeOH acquired at 40, 40 and 20 eV of
cone voltage, respectively, using ESI-QQQ mass spectrometer.

The cross platform differences are not fully understood although it is possible that
the individual instrumental conditions affect the fragmentation behaviour of

protonated quinazolines.

The fragmentation behaviour of the protonated positional isomers using different
types of mass analysers differs in formation of low in abundance product ions and
in the formation of the even-electron and odd-electron product ions, i.e. m/z 192
and 191, respectively. The formation of even-electron product ion at m/z 91 is the
same for three protonated positional isomers irrespective of the ion activation
technique used. In-time CID and SORI/CID experiments produce similar product
ion mass spectra and the lack of low in abundance product ions in SORI-CID
mass spectra compared to in-time CID mass spectra most possibly come from
different experimental conditions, collision gas, and pressure inside the mass
analyser. IRMPD and in-space CID experiments favour the formation of even-
electron product ion at 191 m/z units, which might be readily formed from odd-
electron product ion following the loss of H®. The mass spectra of protonated
positional isomers acquired using in-space CID and IRMPD are very similar

except low abundance product ions formed that may be second generation product
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ions; their formation most probably depends on the amount of collision energy
applied.

Summarising, the mass spectrometer type comparison experiments support the
hypothesis that the fragmentation behaviour of protonated quinazolines depends
on the mass spectrometer set up and experimental conditions, but not on the type
of mass spectrometer nor ion activation used. The common trends of formation of
most abundant product ions can be observed and apply into the rules for rapid

characterisation of protonated quinazolines.

8.3 Comparison of first generation product ion mass spectra of
protonated positional isomers acquired using different ionisation

techniques

Similar discussion was undertaken when the product ion mass spectra of
protonated quinazolines were acquired using different ionisation techniques, i.e.
ESI, APCI and APPI. It is discussed whether the choice of the ionisation
technique may or may not affect, to some extent, the fragmentation mechanisms

of protonated positional isomers.

It is generally accepted that an APCI product ion mass spectrum mostly reveals

the same product ions as when using ESI,?*?"2

although ESI is expected to be
gentler ionisation technique than APCI.%*2 The product ion mass spectra acquired
using APCI are similar to ESI product ion mass spectra, because the
fragmentation mechanisms depend on the structure of the analyte than on the ion
source used.?™® It was found that the positive ion APCI first generation product ion
mass spectra of three protonated positional isomers, i.e. 2171003, 2171005, and
2171006, are similar to ESI product ion mass spectra shown in Figure 8.1. The ion
at 91 m/z units is base peak of 2171003 and 2171006, but the protonated
compound 2171005 favours the formation of odd-electron product ion at 192 m/z

units.
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The APPI data often differ from an ESI mass spectrum.?” The APPI process is
more Kinetically than thermodynamically driven and it is also based on the
interactions of the dopant and the analyte (a higher PA of an analyte will attract a
proton from a dopant more easily).”” The formation of the product ions using
APPI as an ionisation technique should therefore reveal the ions where formation
is driven Kinetically. The first generation product ion mass spectra of three
protonated isomers acquired using APPI are presented in Figure 8.6. Their
analyses support the theory that APPI data often differ from ESI or APCI data.?’
The product ion at 91 m/z units is favoured in APPI first generation product ion
mass spectra regardless of the position of the —OBn group, whereas in ESI first
generation product ion mass spectra, the position of the benzyloxy- group affects
the fragmentation mechanisms, Figure 8.1. It is hypothesised that if the m/z 91 is
formed from each studied protonated positional isomer, it may be a product ion,
which formation is driven by the kinetic processes; the base peak may not be the

most stable species formed, but it may be the product ion formed first.

Conversely, the electrospray process is strongly endothermic, because the ions in
the solution interact with solvent molecules, which form a solvent sphere around
the analyte ion.'? The energy required to transfer, for example, a Na* from a liquid
to a gas phase is -AGjiqgas = 98 kcal/mol (-AHjig—gas = 106 kcal/mol). The
reverse value of Gibbs energy means that the process is favoured in the direction
from the gas phase to the liquid phase and hence to allow the desolvation process,
the energy is required.'”> The amount of this energy is higher than cleavage of the
C-C bond, which supports the theory that an electrospray desolvation process is
agradually thermal, soft ionisation technique,”® and can often be
thermodynamically driven.
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Figure 8.6 Positive ion APPI first generation product ion mass spectra of:
a) 2171003, b) 2171005, and c) 2171006 in MeOH; fragmentation amplitude
1.1, IW = 0.5 m/z unit.

8.4 Prediction of the fragmentation pathways of protonated

quinazolines using Mass Frontier™

The protonated quinazolines were also theoretically studied using the mass
spectral predictive software Mass Frontier™. The software is commonly used to
predict possible product ions, which helps to characterise the mechanistic
pathways of protonated molecules using tandem mass spectrometry approaches. It
is hypothesised that the use of Mass Frontier™ can help in rapid characterisation
of product ion mass spectra of three positional isomers and therefore its use can be

expanded to characterise mass spectral data of whole class of quinazolines.

Mass Frontier™ has been used to predict product ions of protonated 2171003.

The software indicated 14 product ions that can be formed from protonated
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2171003, including m/z 267, 256, 255, 251, 241, 240, 228, 213, 205, 177, 175,
145, 107, and 91. The product ions were compared to experimentally formed first
generation product ions displayed in product ion mass spectra acquired using ESI-
QIT mass spectrometer, Figure 8.1, a). Only four theoretical product ions have
actually been formed in positive ion electrospray product ion mass spectra of
protonated 2171003; i.e. m/z 255, [M + H — COJ"; 251, [M + H — MeOH]"; 205,
[M + H — CgHg]"; and 91, C/H-".

It is proposed that the protonated 2171003 may lose CO by the elimination of the
carbonyl group, Scheme 8.4 and C¢Hs by the hydrogen transfer and formation of
the new ring, Scheme 8.5. Oppose to these two remote-control fragmentation
pathways, the formation of m/z 251 and 91 is believed to result from a charge-

directed process, Scheme 8.6 and Scheme 8.7.
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Scheme 8.4 Proposed mechanism of m/z 255 formation from protonated
molecule of 2171003 via a charge-remote type of fragmentation.
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Scheme 8.5 Proposed mechanism of m/z 205 formation from protonated
molecule of 2171003 via a charge-remote type of fragmentation.
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Scheme 8.6 Proposed mechanism of m/z 251 formation from protonated
molecule of 2171003 via a charge-directed type of fragmentation.
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Scheme 8.7 Proposed mechanism of m/z 91 formation from protonated
molecule of 2171003 via a charge-directed type of fragmentation.

The mechanism pathways of the product ions proposed by the software differ
from ones proposed in this study (excluding m/z 251, Scheme 8.6). The proposed
theoretical mechanisms involve a charge placed on one of the aromatic carbon
atoms followed by the opening of the quinazoline ring. The only mechanism
proposed by Mass Frontier™ that involves a location of the proton on the
heteroatom and hence agrees with proposed mechanism is displayed in Scheme
8.6. Remaining mechanisms most probably involve the advance structure
rearrangements and ring openings, which are not believed to occur in ESI-CID

MS/MS experiments, because they require high-energy activation processes.

No odd-electron product ions have been predicted from the theoretical simulations
using Mass Frontier™ hence inclusion of the possibility for odd-electron
dissociation types when simulating product ions using ESI MS/MS rules in Mass

Frontier™ (e.g. loss of benzyl radical as shown in this study) would improve
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automated interpretation of protonated quinazolines using prediction software.
The theoretical prediction of product ions formed from the protonated 2171003,
although based on observations from thousands of reference data, may help to
partially interpret the mass spectra excluding formation of odd-electron product

ions.

8.5 Predictive approach of specific product ions formation from

protonated quinazolines using DFT-MS/MS

The possibility of understanding and recognising the fragmentation patterns of
protonated quinazolines may help to build a new approach to predict the
formation of specific product ions. The DFT B3LYP/6-31G*//AM1 method was
used to help explain the specific fragmentation behaviour of the protonated

positional isomers (details of experimental part are in Chapter 5.2.2, page 88).

It is hypothesised that different sites of protonation can influence the

fragmentation pathway of protonated molecules,**®"#°

so the comparison of
calculated protonation energies for all possible forms of protonated molecules
may help to select the most thermodynamically stable forms of protonated
molecule. The enthalpies of protonation of a precursor ion, m/z 283, for three
positional isomers were calculated. Table 8.1 presents the total minimum energy
values for each site of protonation and a tautomeric form of 2171003 (analogous
tables for 2171005 and 2171006 are in Appendix 2, Table A.2.4 and Table A.2.5
2, respectively). The protonated molecule can have more than one protonation site
and tautomeric form (Chapter 2.2.1, page 39) and in particular, the quinazoline
can have three tautomeric sites. Additionally, 2171003, 2171005, and 2171006
have five most probable sites of protonation, which give 15 possible forms of
protonated molecule for each compound. These calculations do not represent all
possible forms of protonated molecule (FPMs) but the forms of the protonated
molecule that are thermodynamically stable; the calculations performed do not

indicate any FPMs that can be formed via Kinetic processes.
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Table 8.1 List of total minimum energy values for each tautomeric form of

2171003 with different site of protonation.

S|te of (I:H3 10 _| H* CH, fe) _‘H+ (.FH3 OH4| H
protonation NH 6 N SN
A2 J 4
©/\O N @/\O N ©/\o N
3 1 H
2171003 Energy of protonation [Hartree]*

N1 -953.676525 -953.59462 -953.676537
N2 -953.612554 -953.676525 -953.660138
01 -953.657118 -953.676539 -953.579139
02 -953.629316 -953.606059 -953.614109
03 -953.631951 -953.616188 -953.617019

* _ 1 Hartree is 27.211 eV or 627.51 kcal/mol.*®

The hypothesis of this approach is as follows. Individual forms of the protonated

molecule may dissociate to form specific, analogous FPIs. The most
thermodynamically stable forms of product ions can be selected and compared to
the indicated FPMs. This comparison may illustrate how the fragmentation
mechanisms progress, which may indicate which FPMs fragment to which FPlIs.
Consequently, the proposed mechanisms of the formation of each product ion can
be defined, narrowing the number of possible dissociation mechanisms.
Moreover, the population studies of the hypothetical protonated molecules and the

product ions could quantify (in the percentage values) the stable forms.

According to the Boltzmann distribution of ion energies, the probability of the
forms of protonated molecules and ions can be quantified.”** The Boltzmann
distribution theory represents the theoretical approach of quantifying the ions,
which are in equilibrium, according to their internal energies in the quadrupole-
ion trap.?*>?!® Consequently, the Boltzmann distribution theory has been applied
to calculate the most stable forms of protonated molecule and forms of product
ion (FPIs), which can be compared to the experimental data acquired using a QIT
mass spectrometer. In this study the AHp Of all 15 possible species were

calculated according to the Boltzmann population distribution equation,**
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Equation 8.1, and all protonated molecule and product ion forms of 2171003,
in normalised populations (percentages), are presented in Table 8.2 and Table 8.3.
(Tables of all forms of protonated molecule and product ion of 2171005 and
2171006 are presented in Appendix 2, Table A.2.6-Table A.2.9).

Ne_Ei/kT
Zi e_Ei/kT

Equation 8.1 N; =

Nion — number of molecules in the sample of N molecules, k — Boltzmann constant

(1.381 x 102 J K™), Eion— energy of the ion, T — temperature (273.15 K)

Table 8.2 Energies of forms of protonated molecule of 2171003 converted into
their population probability displayed in percentage values.

2171003 Site of Energy Rel. Rel. Occupation
protonation [Hartree] Energy | Occupancy %
cH, To T N1 -953.676525 | 1.40E-05 | 0.985032721 24.8
ZZ N/)NHZ N2 -953.612554 |10.063985| 1.17E-30 0.0
©A3 1 o1 -953.657118 |0.019421| 8.22E-10 0.0
02 -953.629316 | 0.047223| 8.10E-23 0.0
03 -953.631951 |0.044588 | 1.38E-21 0.0
cHy o I N1 -953.59462 |0.081919| 4.76E-39 0.0
Z:@f:ﬁl N2 -953.676525 | 1.40E-05 | 0.985032721 24.8
©/\ " o1 -953.676539 0 1 25.2
02 -953.606059 | 0.07048 | 1.07E-33 0.0
03 -953.616188 |0.060351| 5.85E-29 0.0
CHs oH | N1 -953.676537 | 2.00E-06 | 0.997847973 25.2
o N\/)N N2 -953.660138 |0.016401| 2.13E-08 0.0
©A 01 -953.579139| 0.0974 | 2.72E-46 0.0
02 -953.614109 | 0.06243 | 6.23E-30 0.0
03 -953.617019 | 0.05952 | 1.43E-28 0.0

The calculations performed on positional isomers indicate four favoured forms of
the protonated molecules for compounds 2171003 (Table 8.2), four for 2171005
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(Appendix 2, Table A.2.6), and three for 2171006 (Appendix 2, Table A.2.7). A
detailed explanation of compound 2171003 will be used to explain the population
distribution. The schemes representing the distribution mapping of compounds
2171005 and 2171006 are displayed in Appendix 2, Scheme A.2.1, and Scheme
A22.

Table 8.3 Energies of forms of product ion at m/z 192 of 2171003 converted
into their population probability percentage values.

[M+H-91]" Site of Energy Rel. Rel. Occupation
2171003 protonation [Hartree] Energy | Occupancy %
CHy o —‘ H* N1 -682.675626 0 1 44.3
NH N2 -682.611141 | 0.064485| 6.81E-31 0.0
© N o1 -682.649498 | 0.026128 | 5.98E-13 0.0
02 -682.609508 | 0.066118 | 1.17E-31 0.0
03 -682.674359 | 0.001267 | 2.55E-01 11.3
CHy OT H* N1 -682.594149 | 0.081477 | 7.66E-39 0.0
© |N N2 -682.675625 | 1.00E-06 | 0.99892341 44.2
o H) o1 -682.669683 | 0.005943 | 0.00165884 0.1
02 -682.593937 | 0.081689 | 6.10E-39 0.0
03 -682.654787 | 0.020839 | 1.78E-10 0.0
oMy on | H* N1 -682.669688 | 0.005938 | 0.0016678 0.1
© N N2 -682.649487 | 0.026139 | 5.91E-13 0.0
© N/) 01 -682.569077 | 0.106549 | 1.43E-50 0.0
02 -682.604762 | 0.070864 | 7.06E-34 0.0
03 -682.657977 | 0.017649 | 5.54E-09 0.0

The population studies indicated four FPMs for protonated 2171003 (a, b, ¢, and
d) and five forms of product ion at 192 m/z units (a’, b’, ¢’, d’, and ¢’, Table 8.3)
as the most thermodynamically stable, Scheme 8.8. The four indicated forms of
protonated molecule are estimated to be of an equal formation of ca. 25% each.

The first two forms of FPI, i.e. a’ and b’, have the highest probability of
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Chapter 8 Fragmentation mechanisms of protonated positional isomers

formation, estimated at more than 40%. It is also observed that ¢’ and d” analogue
FPIs are theoretically less favourable, i.e. 0.1 %, but one additional FPI — ¢’ — has

a thermodynamically probable formation of 11.3%, Table 8.3, Scheme 8.8.

a 24.83 % 24.83 % ¢ 25.15% d  2520%

CHs CHa CHg H\lo+
J@ﬁ J@é* J@ﬁ“ °J©ﬁ“
oY oY

-CH;
Loss of 91 m/z units

ﬂ' 44.3 % b 442% ¢ 01% d' 01% e 113% \

9H3 o CHs

CH3
|
° NH O S N
J ) NH
* e} N+ .
o] Ho+

Scheme 8.8. Schematic population distribution (% values) of most
thermodynamically favourable forms of protonated molecule (FPM, top row)
and forms of product ion (FPI, bottom row, m/z 192) of 2171003 indicated
from heats of formation calculated by single point energies B3LYP/6-
31G*/IAML.

The analogous e’ FPI, which does not have an analogous form of protonated
molecule (e, in the upper row), has also been indicated in the theoretical
calculations of compound 2171005 (Appendix 2, Table A.2.8) and 2171006
(Appendix 2, Table A.2.9). The probability of formation of the equivalent e’ form
of the product ion for 2171005 and 2171006 is 96.5 % and 1.1 %, respectively,
Appendix 2, Scheme A.2.1, and Scheme A.2.2.

Summarising, the normalised intensities of the radical cations at 192 m/z units for

2171003, 2171005, and 2171006 in first generation product ion mass spectra are
16, 89, and 0 % respectively, Figure 8.1. Population studied for the specific forms
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of the radical cation indicate a probability of formation of 11.3, 96.5, and 1.1 %
for 2171003, 2171005, and 2171006, respectively. The theoretical and
experimental data shows a good correlation, which means that the calculations

support the MS/MS data for formation of the radical cation at 192 m/z units.

The hypothetical analogous form (form e) of the protonated molecule would
support the suggestion of a simple homolytic cleavage due to the loss of 91 m/z
units. However, in a scheme such as this, the additional e’ form of the product ion
must be formed from one of thermodynamically indicated a, b, ¢, or d forms of the
protonated molecule. Therefore, the mechanistic pathway resulting in formation
of the ¢’ form has to be more complex than just a simple odd-electron
dissociation. It must involve the charge migration to the oxygen atom where the
elimination of the benzyl radical has occurred. A movement of a charge to the
cleaved bond seems to be thermodynamically favoured and agrees with
experimental data. Depending on the possible mechanism of this process, a
movement of a hydrogen atom to a different site of protonation is known as a
mobile proton, which is discussed in more detail in Chapter 9, page 145.2"7 It is
interesting, that one of the most stable and favourable forms of radical cation
species of the three positional isomers has been indicated as a protonated species
with the charge on the radical oxygen atom. It is unlikely that a mass
spectrometrist would immediately propose the structure of discussed form of
product ion before experimental and theoretical analyses. The interpretation of
CID mass spectral data involves consideration of many rules and observations that
can be an aid as well as a hindrance during structural elucidation studies, e.g.

even-electron rule.

8.6 Summary

Comparison of the first generation product ion mass spectra of the protonated
positional isomers shows that the product ions may differ (but mostly in

abundance) when different ion activation methods and types of mass spectrometer
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have been used. The fragmentation mechanisms of protonated quinazolines are
mostly structurally dependent. One of the main differences is the formation of
even-electron and odd-electron ions. The even-electron product ion is
preferentially formed when IRMPD or in-space CID is used as the ion activation
method and the formation of the odd-electron product ion is favoured when
analyses are performed using in-time CID and SORI/CID experiments. Except
that, the rules for rapid characterisation of protonated quinazolines could be
established for general use regardless of what type of mass spectrometer is used

rather than be mass spectrometer specific.

The choice of the ionisation method may influence the fragmentation behaviour of
the compounds. The use of the APPI as the ionisation method, affects the first
generation product ion mass spectra despite the position of the specific functional
groups. Nevertheless, the use of ESI or APCI have shown no major difference in
product ion mass spectra of protonated quinazolines hence these two ionisation
technique do not influence the fragmentation behaviour of protonated positional

isomers.

The specific product ion, i.e. radical cation formed due to the loss of benzyl
radical was used as an example for the use of DFT-MS/MS approach. It was
found that the intensities of formed radical cations can be predicted using DFT
and their correlation to the experimental data is within 10 % error in abundance. It
is believed that DFT-MS/MS could form an important role in a predictive science
approach to the interpretation of tandem MS data, although further studies are

necessary.

143



144



Chapter 9 The benefit of the use of hydrogen/deuterium
exchange and accurate mass measurement experiments to
characterise fragmentation behaviour of protonated

guinazolines

This chapter describes the example of the use of H/D exchange and accurate mass
measurement experiments to enhance the confidence in elucidating the structures
of protonated quinazolines. It also discusses whether the proton in protonated
quinazolines can be mobile; the hypothesis is initiated from the results and
discussion section in Chapter 7 (page 105) and Chapter 8 (page 121) as well as the
theoretical calculations in Chapter 8.5 (page 137).

9.1 Complementary analyses of HDX and AMM in structural

elucidation studies of protonated quinazolines

To ensure a correct MS/MS spectra assignment, H/D exchange and AMM
experiments are often necessary. They are crucial to guard against data
misinterpretation, because the HDX experiments narrow the number of possible
species formed by the mass shift in the mass spectrum resulted from the exchange
of labile hydrogen atoms to deuterium atoms as well as AMM experiments define
the formulae of product ions formed. The measurements of the number of
exchangeable hydrogen atoms in the gas-phase ions become a useful technique to
support structure elucidation studies.***#®??! Many HDX experiments for ESI
MS studies involve the preparation of a sample solution in a deuterated solvent?'
or a replacement of the drying gas with ND3.%*® These two methods were found
efficient to fully exchange labile hydrogen atoms to deuterium atoms in small
molecules.® Yet, the HDX and AMM add extra time to the process of mass

spectral interpretation. This sub-chapter presents the example of how easily
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Chapter 9 The use of HDX and AMM experiments

a product ion can be misidentified when studying the fragmentation behaviour of
protonated quinazolines.

The first generation product ion mass spectrum of protonated 6474008 (see Figure
9.1, a) was acquired using the LCQ Finnigan mass spectrometer. The product ion
at m/z 363 is base peak of the 6474008 product ion mass spectrum; it contains one
bromine atom and it is formed due to the loss of 91 m/z units, which is the most
probably the loss of a benzyl radical, Figure 9.1, b). (The isolation width of the
mass spectrum acquired in deuterated environment was narrowed to 1 m/z unit to
simplify the assignment of deuterated product ion. This procedure was performed
for all HDX presented experiments.) The D-labelling experiments should support
whether the proposed product ion [M + H — C;H;°]™ is formed. If the loss of 91
m/z units is constant when H/D exchange experiment is performed, then the loss
of 91 m/z units does not contain any labile hydrogen atoms and hence the product
ion must contain two exchangeable hydrogen atoms. Figure 9.1 c), displays the
first generation product ion mass spectrum of deuterated 6474008 in mass range
of m/z 360-370 and it confirms that the loss does not contain exchangeable
hydrogen atoms thus it can be a loss of benzyl radical. (The loss of the benzyl
radical in protonated quinazolines has already been discussed in Chapter 7.2, page
109 and Chapter 7.3, page 112). The protonated 6474008 also forms a product ion
due to the loss of 92 m/z units, which supports the pattern recognition for the
—OBn group in quinazoline ions. Accurate mass measurement experiment is
a further experiment that can support the evidence that the ion at 363 m/z units is
formed due to the loss of benzyl radical. The tandem mass spectrometry
experiments performed using a FT-ICR mass spectrometer indicate that the most
probable formula for the measured m/z 363.0017 is C15H1:BrFN3O,™ (theoretical
m/z 363.0013 with error of -0.34 mDa (-0.9 ppm)) due to the loss of C;H;". The
ion at 363 m/z units is most likely formed due to the homolytic cleavage of the C-
O bond at carbon 7 in the quinazoline ring (analogous mechanism to Scheme 7.1,
page 107).
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Figure 9.1 Positive ion electrospray first generation product ion mass spectra
of protonated 6474008: a) IW = 6 m/z units in MeOH, b) IW = 1 m/z units in
MeOH, and c¢) IW =1 m/z unit in MeOD.

Interestingly, it was found that protonated quinazolines that are not substituted
with —OBn may also form the product ion due to the loss of 91 m/z units (three
examples studied), Figure 9.2, a). The first generation product ion mass spectrum
of protonated 6474012 presents that the m/z 273 also contains one Br atom as
protonated 6474008 (Figure 9.1, a), and forms the base peak due to the loss of 91
m/z units, Figure 9.2, b), but the loss of 92 m/z units is absent. The D-labelling
experiment could be used to confirm whether the benzyl radical loss take place or
not. The loss of C;H-" does not contain exchangeable hydrogen atoms therefore all
deuterium atoms must remain in the product ion. 6474012 has three exchangeable
hydrogen atoms from which, during HDX experiments, two remain in the product
ion (m/z 275), but one is eliminated within the loss of 92 m/z units, Figure 9.1, c).
Hence, the loss of 91 m/z units in 6474012 must be a different species than a loss
of the benzyl radical in 6474008.

Because the structure of 6474012 is known, it can be observed that it does not

contain the benzyl group to eliminate benzyl radical easily. However, if the

structure of the protonated molecule of 6474012 would be unknown then it could
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be assumed that the molecule most likely contains the benzyloxy- substituent,
which would cause a false-positive partial identification of the structure.
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Figure 9.2 First generation electrospray product ion mass spectra of
protonated 6474012: a) IW = 6 m/z units in MeOH, b) IW = 1 m/z units in
MeOH, and c¢) IW =1 m/z unit in MeOD.

The accurate mass measurement experiment supports the theory that a different
species is formed. The most probable product ion at 272.9841 m/z units is
C12HgBrNs™ (theoretical m/z 272.9896, error of -1.12 mDa (-4.1 ppm)) due to the
loss of C3H4FO,". The loss C3H4FO,* as one molecule is rarely possible, because it
would involve many structure rearrangements and the opening of the quinazoline
rings. It is more probable that the loss of 91 m/z units is a concerted loss of CH3’,
HF, and two molecules of CO via a charge-remote fragmentation involving the
formation of a new ring, Scheme 9.1. (The represented fragmentation happens as
one reaction, but for the ease of understanding and following it, the fragmentation

mechanism was broken to many steps.)
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Scheme 9.1 Proposed mechanism pathway of formation of the m/z 273 from
protonated molecule of 6474012; the loss of 91 m/z units is represented in
separate reaction steps but the losses are eliminated together.

Comparison of the product ion mass spectra of protonated molecules of 6474008
and 6474012 show how easy the false-positive identification of the structure or its
part can be possible. Protonated quinazolines fragment differently and although
the benzyl radical is a characteristic loss, it may still cause an incorrect structural
identification. The isobaric losses C7H;" and CH3®, HF, CO, and CO could cause a
wrong characterisation of the structure if studies omit H/D exchange and/or
accurate mass measurement experiments. HDX experiments are not commonly
performed, but they are very crucial to support mechanistic pathways®?* and they
can mark differences between formed product ions, but only if compounds contain
different amounts of the exchangeable hydrogen atoms.**?? HDX may indicate
whether the loss of 91 m/z units is coming from the benzyloxy- functional group
or not. In addition, the use of accurate mass measurement experiments supports

the proposed formulae.
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9.2 Understanding intramolecular hydrogen-deuterium exchange in
protonated quinazolines: the hydrogen scrambling effect and the

mobile proton model

Most of the protonated quinazolines substituted with the benzyloxy- group at
carbon 7 of the quinazoline ring form the product ion at 91 m/z units. The C;H;"
may rearrange to the tropylium ion and different types of H/D exchange
experiments can support the theory that the tropylium ion may be formed.* The
studies of formation of tropylium ion from C;H;" have been mostly performed
using EI MS hence it is not proven that tropylium ion can be formed when using
ESI MS/MS. However, it is believed that the rearrangement of C;H;" to the
tropylium ion can only take place when the carbon and hydrogen atoms bond

energies are similar.**

Moreover, similar values of the bond energies often result
in the scrambling of the atoms. The process, when all (or some) hydrogen atoms
in the specific substituent do not have a fixed position in the ion, (in this study,
e.g. a benzyloxy- group in 2171003), is called the hydrogen scrambling effect

99,146

(or partial hydrogen scrambling) and it is only possible when the C-H bond

can be broken and re-formed continuously, Scheme 9.2.

/ /

Scheme 9.2 Theoretical illustration of intramolecular hydrogen transfer
known as hydrogen scrambling shown on the example of a benzyl
substituent.

One of the most useful techniques to recognise the hydrogen transfer is the
deuterium labelling experiment. The HDX experiments proven that the hydrogen
scrambling effect happens in aromatic, heterocyclic, and methyl substituted

ions. 3499107146223 1 aqdition, the hydrogen scrambling is different for each
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benzyl-substituted ions,* which may mean that the presence of different atoms
affects the rates of rearrangement and the fragmentation reactions that become
competitive.”® Moreover, the hard labelling of the aromatic substituent with 13-C

had proven the scrambling effect in many ions.®

The first generation product ion mass spectrum of protonated 2171003 (see Figure
9.3) was acquired in MeOD (Figure 9.4 displays analogous mass spectrum but
acquired in MeOH). The base peak of product ion mass spectrum of protonated
molecule of 2171003 is m/z 91, Figure 8.1 a), page 122. The m/z 92 contains a
deuterium atom therefore during the fragmentation of deuterated molecule, it must
rearrange to transfer the deuterium atom to the benzyloxy- substituent. The
transfer of the H/D atoms within the —OBn and -OMe supports the theory that the
m/z 91 in protonated 2171003 undergoes H scrambling or a structure
rearrangement, which is believed to result in the formation of a tropylium ion
(studied performed using El MS).%
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Figure 9.3 Positive ion electrospray first generation product ion mass
spectrum of 2171003 in MeOD; IW = 1 m/z unit, m/z range 85-95.

151



Chapter 9 The use of HDX and AMM experiments

=
o
s}

(|:H3 o —I H* 91

CH,*
O s
2171003

[M + H]* m/z 283

Relative Abundance
[}
o

prrc e b b b b b b b b 1|

m/z

Figure 9.4 Positive ion electrospray first generation product ion mass
spectrum of 2171003 in MeOH; IW =1 m/z unit, m/z range 85-95.

All protonated quinazolines that form m/z 91, also form a product ion at 92 m/z
units when D-labelling experiments are performed. Therefore, the m/z 91 in
protonated quinazolines partially rearranges, which proves that hydrogen atoms
do not have a fixed position in a benzyloxy- functional group causing the one
intramolecular hydrogen transfer, which could be called a partial hydrogen
scrambling effect.®*??* The deuterium atom most probably charges the oxygen
atom at carbon 7 of the quinazoline ring resulting in an exchange of deuterium

with hydrogen atom of the =CH, or benzyl group, Reaction 9.1.

o o
.0 CHD*
HoC™ ND HsC J‘D S
— H. o+ -
D'_?\) o* N/) o N 0
©)\D Hyc™© ND
+
o @ CHD mz9
C16H13DNy0; :
[M + D]* m/z 285 Loss of 193 m/z units

Reaction 9.1 Proposed mechanism of formation m/z 92 involving the
intramolecular hydrogen/deuterium transfer in protonated 2171003 prior to
fragmentation.
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Similarly to the benzyloxy- substituent, the presence of methoxy- group supports
the hydrogen scrambling effect in protonated quinazolines. The characteristic loss
of 15 m/z units (mass spectrum acquired from the sample dissolved in methanol)
is often accompanied with the peak corresponding to the loss of 16 m/z units,
CH,D°®, when H/D exchange experiments are performed, Figure 9.5 (Figure 9.6

displays the analogous mass spectrum but acquired in MeOH).
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Figure 9.5 Positive ion electrospray first generation product ion mass
spectrum of 2171008 in MeOD; IW = 1 m/z unit, m/z range 176-200.
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Figure 9.6 Positive ion electrospray first generation product ion mass
spectrum of 2171008 in MeOH; IW = 1 m/z unit, m/z range 176-200.
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The analyses of quinoline ions showed that the hydrogen scrambling effect also

84,146 therefore it could be

involves all hydrogen atoms in the quinoline ring,
expected that the hydrogen atoms in the quinazoline ring may not have a fixed
position in the molecule, either. Compound 2171003 has two exchangeable
hydrogen atoms and the transfer of two deuterium atoms into the —OBn group
happened to approximately 5 % of formed product ion, m/z 93, Figure 9.3. One of
the labile hydrogen atoms is the result of the hydrogen scrambling in the
protonated quinazoline and the other hydrogen atom protonates the molecule and
migrates to the benzyloxy- functional group to form a product ion at m/z 93. The
charge may be positioned on the carbon atom of the methyl group, however it is
more probable that it would be placed on one of the heteroatoms in the molecule.
Therefore, the charge would have to be transferred to allow the intramolecular
H/D exchange within the hydrogen atom from the methyl group. The charge
migration from its initial position before the fragmentation is known as the mobile

proton model. %2422

Compounds with multiple sites of protonation may add the proton to all of the
sites, however some of them are more basic and hence they will be preferable sites
for the protonation.””* The protonation at the most basic site results in formation
of the most stable ion.®® It was found that just before fragmentation, the site of
protonation changes, because of the decreasing kinetic energy of ions, changes of
internal energy, geometry, and formation of different transition states of the ion.??
In addition, the transfer of the protonation site mostly happens when low-energy
dissociation methods are used, such as low-energy CID (as in these studies). The
low-energy CID causes the dissociation of the ions mostly via a charge-directed
fragmentation  (the  high-energy  CID  favours a  charge-remote

fragmentation).?!" 22728

If it is true that the types of fragmentation depend upon the type of the ion
dissociation method, in experiments performed using low-energy CID, the
protonated molecules must transfer the proton readily between different sites of

protonation resulting in “a heterogeneous population of structures”.?t"?2°2%0 The
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population of different protonated forms depends on the internal energy and the
proton affinities of the different protonation sites of the ions.?® This hypothesis
supports the approach presented in Chapter 8.5 (page 137), where populations of
different forms of protonated molecules and product ions are identified. In
addition, it helps to explain why the product ion at m/z 93 [C;HsD,"] in 2171003
can be actually formed, Figure 9.3.

Despite the mobile proton effect, the structure prior to its fragmentation, can
rearrange, which would additionally result in a partial hydrogen scrambling effect.
There is no possibility to distinguish, which deuterium atom in the protonated
molecule of 2171003 is involved in the formation of product ion at m/z 92, Figure
9.3. It may be an effect of the internal hydrogen transfer as well as the mobile

proton effect.

Consequently, the analyses using low-energy CID in MeOD can result in
formation of product ions with the shifted mass-to-charge ratios, which means that
hydrogen atoms lose the fixed, positional identity.””* In other words, the
compounds with active (labile) hydrogen atoms result in a randomisation of the
position of every hydrogen atom followed by an equilibrium of all possible
species formed before the fragmentation, which, in H/D exchange, is visible by
formation of different +1, +2, etc. m/z units product ions.?*® So, although the HDX

221

helps to essentially understand gas-phase ion chemistry*= and it is a powerful

220

technique to distinguish isomeric structures (Chapter 9.1, page 145),” it is often

not beneficial; it enhances the complexity of mass spectral data interpretation and

therefore needs to be supported by other experiments,®%

e.g. accurate mass
measurement.”® Thus, the interpretation of the mechanistic pathways of

protonated molecules where the hydrogen atoms have a fixed position is easier.**
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9.3 Summary

The isobaric losses of 91 m/z units between quinazoline ions are possible and the
addition of HDX and AMM experiments to a standard MS/MS experiment
improves structural elucidation studies and confidence of mass spectral data
assignment. However, the hydrogen atoms of protonated quinazolines can be
labile, which results in the hydrogen scrambling (methyl and benzyl group) and
mobile proton effects. These effects often improve understanding of the
fragmentation behaviour of protonated quinazolines, although may often add

complexity to the mass spectral data evaluation.

The mobile proton model theory supports the discussion of performed calculations
in Chapter 8.5, page 137. The forms of the radical cation that correlate to the
experimental data must be formed due to the charge transfer prior to
fragmentation, Scheme 8.8.
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Chapter 10 Characteristic  interpretation rules for
positive ion first generation product ion mass spectra of

protonated quinazolines

This chapter presents the summary of observations concerning specific and typical
MS/MS fragmentation patterns of protonated quinazolines. The “Standard

9965

Interpretation Procedure” should be used as a basis to help interpret the first

generation product ion mass spectral data of protonated quinazolines.

Quinazolines substituted with different functional groups on carbon 4, 6, 7, and 8
of the quinazoline ring were studied, therefore the summarised observations may
not be applicable to the protonated quinazolines with same functional group on
different carbon of the quinazoline ring. It should be noted that the presented rules
may not be valid for 100 %; they present the most expected product ions and

losses of first generation product ion mass spectra of protonated quinazolines.

It was found when using CID MS/MS that odd-electron product ions are
commonly formed from most of the protonated quinazolines. Further, these
fragmentation mechanisms are predominantly influenced by the specific
functional groups. The descending order of strength of influence of the different
functional groups on the fragmentation behaviour of protonated quinazolines is:
non-aromatic groups (morpholine, pyrrolidine, piperidine groups) > halogen
atoms (Br, F) > -OBn > —-OMe > —OH. Interestingly, no specific product ions or
losses have been formed from the indole group substituted on the 4 carbon in the
quinazoline ring. The indole group may not influence the fragmentation behaviour
of protonated quinazolines in a strong way as above functional groups displayed

in the descending order.

1. If the product ion formed in the first generation product ion mass spectrum

of unknown protonated quinazoline is m/z 128 or 112, the quinazoline ion
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may be formed from a non-aromatic group with at least one heteroatom, (a
heteroatom improves the probability to retain the charge). It was found
that protonated 7-non-aromatic-quinazolines including a morpholine ring
form a base peak at m/z 128 (C;H14sNO™) and the protonated quinazolines
substituted with pyrrolidine and piperidine rings form base peaks at m/z
112 (C;H4N"), Chapter 6, page 89.

. The product ion [M + H — 56]" suggests that the protonated quinazoline
contains a tert-butyl group that is eliminated in a form of C4Hg, Chapter 6,
page 89.

. The loss of 15 m/z units indicates the loss of methyl radical, which is
probably formed from the methoxy- group in the protonated quinazoline.
6(or 7)-methoxy-quinazoline ions form the product ion (often base peak),
[M + H —15]™, due to the loss of methyl radical, Chapter 7, page 105.

Halogen atoms strongly affect the MS/MS fragmentation of protonated
quinazolines (although not as strongly as the non-aromatic groups; see the
strength order above). The specific losses that indicate the involvement of
a halogen atom in the fragmentation mechanisms of protonated

quinazolines are:

1) even-electron losses: loss of 80 m/z units (HBr) and loss of 20 m/z units
(HF),

ii) odd-electron radical losses: loss of 79 m/z units (Br®), loss of 63 m/z
units (CHz*, HF, and CO), loss of 91 m/z units (CH3*, HF, CO, and CO),
iii) bi-radical losses: loss of 98 m/z units (F* and Br®); loss of 114 m/z

units, (CHs®, HF, and Br®).
All of these characteristic losses can be observed in one product ion mass

spectrum if the protonated quinazoline contains a Br, F or —-OMe group,
(Chapter 7, page 105).

158



Chapter 10 Characteristic interpretation rules

5. The observed product ion at 91 m/z units, [M + H — 91°]"*, or [M + H —
92]" immediately suggests that the protonated quinazoline contains the
benzyloxy- group. 6 (or 7)-benzyloxy-quinazolines often form three
product ions i.e. C;H;", product ion due to the loss of benzyl radical,
C;H;", which is often accompanied with the product ion formed due to the

loss of toluene, C;Hg, Chapter 7, page 105.

A notable exception to this is the isobaric loss of 91 m/z units that can be
i) C;H;" or ii) CH3®, HF, CO, and CO, Chapter 9, page 145. Obviously, the
interpretation of fragmentation behaviour of structurally known protonated
quinazolines is easier than an interpretation of mass spectrum of
structurally unknown species. For example, the information whether the
protonated quinazoline is or is not substituted with a benzyloxy- group
would require to perform necessary experiments to support the
identification of the loss. The HDX and/or AMM experiments are crucial
to ensure a rapid identification of two isobaric losses of 91 m/z units, but
HD exchange characterises with a lower cost of experiment than accurate
mass measurement. It was observed that when loss of 91 m/z units is
accompanied with the loss of 92 m/z units the loss of 91 m/z units is the
odd-electron loss of C7H;* and the loss of 92 m/z units is the even-electron
loss that may be formed readily from odd-electron product ion by the
elimination of H*. The loss of C;H-" can be confirmed by HDX experiment
as no mass shift in the loss would be observed. The shift of mass-to-charge
ratio to the loss of 92 m/z units indicates that the loss must contain one
active hydrogen atom; the loss of CH3®, HF, CO, and CO in D-labelling
experiment involves a loss of DF (or CH,D®). This loss is often
accompanied with product ions due to the loss of 63 (CH3®, HF, CO), and
15 (CHs") m/z units, which additionally supports the identification of the
isobaric loss. However, the observations based on HDX experiments may
not be applicable to all protonated quinazolines as they depend on the site
of protonation, which possibly may involve different types of
fragmentation mechanism. It should be noted that HDX experiments may
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be more complex for identification of quinazoline product ions. It was
found that the hydrogen atoms of the methyl and benzyl groups of the
protonated quinazolines may not have a fixed position hence the partial H-
scrambling effect is common, which results in formation of additional
product ions as mass-to-charge ratios are shifted to +1 and/or +2 m/z units,
Chapter 9, page 145.

The use of different ion activation methods, i.e. CID, SORI/CID, and IRMPD
should not affect the formation of the base peak of the protonated quinazolines,
but the other product ions may differ in abundance and (less observed) in m/z
units value. The first generation CID product ion mass spectra of protonated
quinazolines may contain many product ions formed due to small m/z units losses
(i.e. losses up to 70 m/z units). Whereas first generation SORI/CID and IRMPD
product ion mass spectra of protonated quinazolines often have fewer product

ions.

The product ions formed due to the odd-electron fragmentation processes, such as
radical cations and bi-radicals, are often observed when using SORI/CID and in-
time CID as ion activation methods, and the even-electron fragmentation type
dissociations are less common (excluding quinazolines substituted with non-
aromatic groups). On the contrary, the even-electron product ions are more
common in first generation product ion mass spectra acquired using IRMPD and
in-space CID than in in-time tandem mass spectrometry experiments, Chapter 8,

page 121.
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This study has presented analyses of protonated quinazolines using tandem mass
spectrometry approaches. The fragmentation mechanisms of the protonated
quinazolines are structurally dependent and the investigated functional groups can
be placed in the descending order of strength of influence on the fragmentation
behaviour of protonated quinazolines, i.e. non-aromatic groups (morpholine,

pyrrolidine, piperidine groups) > halogen atoms (Br, F) > -OBn > -OMe > —OH.

Protonated non-aromatic quinazolines revealed formation of typical even-electron
product ions and/or losses, which agrees with the even-electron rule. Odd-electron
processes, which result in the formation of radical cations or bi-radicals, were
found to dominate the fragmentation pathways of the majority of protonated
quinazoline (without a non-aromatic substituent) and hence disagree with the
even-electron rule. The odd-electron base peak was often formed from protonated
CHNO quinazolines and a specific cascade of radical losses, which caused
formation of radical cations and bi-radicals, was common for protonated

quinazolines substituted with halogen atoms.

The H/D exchange and accurate mass measurement experiments have proven to
be crucial in structural elucidation studies of protonated quinazolines to
distinguish isobaric losses (i.e. loss of 91 m/z units can be a loss of C;H;" or CH3",
HF, CO, and CO). The AMM and H/D exchange experiments help to narrow a
number of possible formulae and possible dissociation mechanisms of protonated
quinazolines. In addition, the D-labelling experiments have supported the theory
that hydrogen atoms in methyl and benzyl group of protonated quinazolines do
not have a fixed position and can undergo partial hydrogen scrambling effect.

The fragmentation behaviour of three protonated positional isomers of
quinazolines analysed using ESI-CID MS/MS has been compared to the mass
spectral data of the positional isomers acquired using different ion sources (i.e.
ESI, APCI, and APPI) and mass analysers (i.e. ICR cell, QqQ, and QTOF). It was

161



Concluding remarks

found that the choice of the mass analyser and the ion source may affect the
abundances of product ions although further studies, on larger amount of

COI’ﬂpOUI’]dS, are necessary.

DFT calculations have been used to calculate enthalpies of protonation of all
possible forms of protonated molecule and product ion for the protonated
positional isomers, which resulted in a possibility to predict the protonation sites
and identify as well as quantify in percentage values the most thermodynamically
stable forms of the protonated molecules and product ions. Protonated
quinazolines can have many protonation sites resulting in formation of
heterogeneous population of forms of protonated molecule and product ion, e.g.
compound 2171003 has four thermodynamically stable forms of protonated
molecule, Scheme 8.8, page 141. However, the dissociation process may cause
transfer of the proton and formation of the form of the product ion with a different
protonation site than forms of the protonated molecule. For example, m/z 192
formed from protonated 2171003 has additional form of product ion, e’, which
must involve a transfer of a proton from one of the forms of protonated molecule
(a, b, c, or d), Scheme 8.8, page 141. The transfer of the proton to a different
heteroatom prior the fragmentation agrees with the mobile proton model. Thus,
protonated quinazolines form a heterogeneous population of forms of protonated
molecules initially, but the proton can be mobile and it can transfer to different

sites prior the fragmentation.

In addition, the quantified, theoretical percentage probability values of formation
of specific forms of product ions have been compared to the experimental
abundances of the radical cation product ions of the positional isomers. It was
found that the correlation of product ion intensity to theoretical percentage values
is within 10 % error in abundance, which gives a promising approach to predict
intensities of product ions formed in tandem mass spectrometry experiments as
well as it helps to define specific dissociation pathways of protonated
quinazolines. Consequently, the link between mass spectrometry and density

functional calculations allows better understanding of dissociation mechanisms of
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protonated quinazolines and can aid MS/MS data prediction and structural

elucidation of possibly other classes of small molecules.

As for the future aspect of these studies, the combination of rule-based software
with a DFT approach may efficiently advance predictive science forward and help
to understand the fragmentation behaviour of protonated gas-phase molecules.
However, utilisation of HDX and AMM experiments is just as important as
understanding physical-organic properties of molecules in a gas phase. If both
approaches were used then they could be built into computational rule-based DFT

software for structural elucidation.
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Appendices

Appendix 1

The first appendix presents structures of analysed compounds with their trivial AZ
name. The seven digits represent the numeric code to identify the compounds that
are placed in Table A.1.1 in ascending order. First four digits define the project
code of the lead compound the impurity comes from, i.e. Cediranib 2171,
Vandetanib 6474, and Gefitinib 1839. The last three digits complement the code
numbers to the unique compound code. The accurate mass measurement and

double bond equivalents (DBE) values of protonated molecules help to support

the proposed mechanism pathways and structural forms of the product ions.

Table A.1.1 List of analysed compounds from AstraZeneca.

H+
o |

NH

mo AL

HO

hydroxyone — 1839006

5 Cl 2 F analogue — 1839011

Gefitinib/CRUDE — 1839001 CoHgN,O;
CasHatCIFN,O; [M + H]" m/z 193.0608
[M + H]* m/z 447.1594 DBE =65
DBE =115
H* le}
SN =
O. sy © © NH
) HaCo J
HSC\O N/) (o) N

Quinazolone analogue — 1839012

Amino an — 1839013
ClnggchN402
[M + H]" m/z 377.1175
DBE =10.5

CaH24CIFN,O;4 C16+H21N304
[M + H]* m/z 447.1594 [M + H]" m/z 320.1605
DBE =115 DBE=75
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@l/\/\o
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C25H27FN403
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H* H*
H —| (0] <|
0/@ ot Hoe™© NH
e © L F o) N/)
HO N/) ©)
Indole Phenol — 2171002 BQ —2171003
C18H14FN3O3 C16H14N203
[M + H]" m/z 340.1092 [M + H]* m/z 283.1077
DBE =125 DBE =10.5
o 1" o 17
(0] F o) N/)

HaC™

©/\o N\/)N

BQ indole — 2171004

CH,

BQ isomer — 2171005

C16H14N203
M+ Fi 2 4501561 [+ HI' miz 283,107
DBE = 16 5 DBE =10.5
o T H* o H*
NH HO NH
©/\o N/) o) N/)
o\CH3

8-methoxy BQ — 2171006

oy

6-hydroxy — 2171007

C16H14N2O3 ClileNZOS
[M + H]" m/z 283.1077 [M + H]" m/z 269.0921
DBE =105 DBE =105
o 17 o 1%
0

ch’ojdLNH
HO N/)

7-hydroxy — 2171008

O/\o N/)NH

CMQN -2171011

CﬂH8N203 Ci16H20N203
[M+ HI" m/z 193.0608 [M + H]" m/z 289.1547
DBE =6.5 DBE=75
o ol S
O.
HaC” :@\)J\N/\/\N KL
@1/\/\0 N/) Q o
Hac’o SN
N,O-dialkyl — 2171015 _
CysHauN.Os 0,0-dialkyl — 2171016
[M + H]" m/z 415.2704 C23H34N4O;5
DBE =85 [M + H]" m/z 415.2704
DBE =85
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H* H*
.
CI—| ON
(0]
HsC” SN l
J
Hie© SnF
chlorobenzyline — 2171017 (Yo v
C16H13CIN,O, n-alkyl — 2171018
[M + H]* m/z 301.0738 CarHaoFNOs
DBE =105 [M + H]* m/z 562.3188
DBE = 14.5
H* H*
o | ]

C/\‘/\/\O =

quinazolone — 2171021

O-dimer — 2171022

C16H21N3O3
[M + H]" m/z 304.1656 CaaHaaFNsO,
DBE=75 [M + H]" m/z 596.2668
DBE =19.5
H* —
HSC\OT Brj 4
H3C/O \)N HN/Q/
©ﬂo N Hsc/O L, I

Methoxy BQ — 2171023

Q/\o N/)
H C’N

Cler16NZO3 ’
[M+ [H):'|3Emi21209;.1234 Vandetanib/Crude — 6474001
' C22H24BrFN402
[M + H]" m/z 475.1139
DBE=115
H* H*
o | B |
o yo
H3C’O sy F |
[0 N
ng O/\o NJ
o T e
(0] (o] N
BDC (Boc deriv crude) — 6474002 1 T
CaH30BrFN,O, o1
[M + H]* m/z 561.1507
DBE=125

1 alkyl BDC — 6474003a
C37H4gBrFN506
[M + H]* m/z 758.2923
DBE =145
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Br_l H* Br_l H*
HN” i HN ]
ch’o \)N HaC’O \)N F
o N ) Nig
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C2H2,BrEN,O;
Des flugzr:HigSN;ngOO“ [M + H]" m/z 489.0932
] DBE =12.
[M + H]" m/z 543.1601 °
DBE =12.5
Br—| " Br—| "
Y ney
HsC \/J‘ Hye ™ \)N F
o N 4
o, A g
H3C>Cr

Hs

T butyl — 6474007

oy

Des bromo MA — 6474014
Ci5H1,FN30,
[M + H]" m/z 286.0986
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HO N
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8 benzyl — 6474016
CyoH30BrFN,O,
[M + H]* m/z 565.1609
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Appendix 2
This appendix consists of first generation product ion mass spectra that support
the results and discussion chapters. Figures are ordered from the first to the last

R&D chapter to annotate which chapter they belong to.

Supplementary information to Chapter 6, page 89
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Figure A.2.1 Positive ion electrospray first generation product ion mass
spectrum of 6474010 in MeOD, IW = 1 m/z unit.
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Figure A.2.2 Positive ion electrospray first generation product ion mass
spectrum of 6474007 in MeOD, IW =1 m/z unit.
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Supplementary information to Chapter 7, page 105
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Figure A.2.3 Positive ion electrospray first generation product ion of 2171002
in MeOH, IW =1 m/z unit; loss of 15 m/z units (loss of CH3").
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Figure A.2.4 Positive ion electrospray first generation product ion mass
spectrum of 6474013 in MeOH, IW = 1 m/z unit; loss of 15 and 16 m/z units

(loss of CH3® and CHy, respectively).
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Figure A.2.5 Positive ion electrospray first generation product ion mass
spectrum of 6474014 in MeOH, IW = 1 m/z unit; loss of 15 and 16 m/z units is

a loss of CH3®* and CHy, respectively.
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Figure A.2.6 Positive ion electrospray first generation product ion of 6474027
in MeOH, IW =1 m/z unit; loss of 15 m/z units is a loss of CH5".
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Figure A.2.7 Positive ion electrospray first generation product ion mass
spectrum of 6474024 in MeOH, IW = 1 m/z unit; loss of 15 m/z units is a loss
of CHg..
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Figure A.2.8 Positive ion electrospray first generation product ion mass
spectrum of 8931006 in MeOH, IW = 1 m/z unit; loss of 15 m/z units is a loss
of CH3..
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Figure A.2.9 Positive ion electrospray first generation product ion mass
spectrum of 6474015 in MeOH, IW = 1 m/z unit; loss of 15 is a loss of CH3’,

respectively.

Supplementary information to Chapter 8, page 121

Table A.2.1 List of the first generation product ions of compound 2171003,
ESI-QTOF MS at 28 eV.

m/z m/z Formula Error Error DBE | EE'/OE*™
measured [ppm] [mDa] ion
192.0513 192.0529 | CgHgN,O5"™ 8.5 1.64 7.0 OE™
191.0457 191.0451 | CgH;N,O5" 3.0 0.58 7.5 EE"
178.0373 178.0373 | CgHgN,O5"™ 0.1 0.02 7.0 OE*
163.0504 163.0502 | CgH/N,0,"™ 14 0.23 6.5 EE'/EE™
146.0480 146.0475 | CgHgN,O™ 3.8 0.55 7.0 OE™

91.0558 91.0542 C/H;" 17.0 1.55 4.5 EE"
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Table A.2.2 List of the first generation product ions of compound 2171005,
ESI-QTOF MS at 28 eV.

m/z m/z Formula Error Error DBE | EE'/OE™
measured [ppm] [mDa] ion
192.0523 192.0529 | CgHgN,O5" 3.4 0.66 7.0 OE™
191.0454 191.0451 | CgH/N,O5" 1.5 0.28 7.5 EE’
178.0374 178.0373 | CgHgN,O5" 04 0.07 7.0 OE™
163.0506 163.0502 | CgH,N,0O," 2.2 0.35 6.5 EE*
146.0479 146.0475 | CgHgN,O™ 2.8 0.4 7.0 OE™
91.0560 91.0542 CH;" 19.6 1.78 4.5 EE"

Table A.2.3 List of the first generation product ions of compound 2171006,
ESI-QTOF MS at 28 eV.

m/z m/z Formula Error Error DBE | EE'/OE™
measured [ppm] [mDa] ion
191.0456 191.0451 | CgH;N,O5" 2.3 0.44 7.5 EE"
174.0428 174.0424 | CqHgN,O,"™ 2.3 0.40 8.0 OE™
163.0504 163.0502 | CgH;N,O," 1.5 0.24 6.5 EE’
146.0486 146.0475 | CgHgN,O™ 1.7 1.13 7.0 OE™
145.0409 | 145.0396 | CgHsN,O 8.6 1.24 75 EE’
91.0557 91.0542 CH; 16.0 1.46 4.5 EE’
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Table A.2.4 List of total minimum energy values for each tautomeric form of
2171005 and each site of protonation.

Site of 10 " o 1™ on ™
protonation @o : H)NHZ @vo :@ﬁﬁ“ ©\/O \)N
30 N" o N 0 N
CHs 1 CH, H CHs
2171005 Total minimum energy [Hartree]*

N1 -953.672691 -953.595271 -953.673377
N2 -953.610661 -953.677288 -953.656869
01 -953.661898 -953.67537 -953.577935
02 -953.635125 -953.621623 -953.618853
03 -953.626957 -953.605315 -953.611676

Table A.2.5 List of total minimum energy values for each tautomeric form of
2171006 and each site of protonation.

Site of 10 W o ™ on ™
protonation ©w20 : JL )NHZ @VOI:fLJN @wo N )N
30 N" o N 0 N
CHs 1 CH, H CHs
2171005 Total minimum energy [Hartree]*

N1 -953.672691 -953.595271 -953.673377
N2 -953.610661 -953.677288 -953.656869
o1 -953.661898 -953.67537 -953.577935
02 -953.635125 -953.621623 -953.618853
03 -953.626957 -953.605315 -953.611676

* — Unit of energy 1 Hartree corresponds to twice the ionisation energy of H atom
1 Hartree is 27.211 eV or 627.51 kcal/mol.*®
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Table A.2.6 Energies of forms of protonated molecule of 2171005 converted
into their population probability displayed in percentage values.

2171005 Site of Energy Rel. Rel. occupation
protonation|  [Hartree] Energy | Occupancy %
©V 10 ] H* N1 -953.672691 |0.004597 | 0.0070709 0.6
%0 /NHz N2 -953.610661 |0.066627 | 6.78E-32 0.0
i cé)Hs ';l o1 -953.661898 | 0.01539 | 6.32E-08 0.0
02 -953.635125 |0.042163| 1.89E-20 0.0
03 -953.626957 |0.050331| 2.85E-24 0.0
@ o | H” N1 -953.595271 |0.082017| 4.28E-39 0.0
OD\)LJN N2 | 953677288 | O 1 87.1
(¢) N
CHy : o1 -953.67537 |0.001918 | 0.1266893 11.0
02 -953.621623 | 0.055665| 9.11E-27 0.0
03 -953.605315 |0.071973| 2.14E-34 0.0
@\/ OH ] H* N1 -953.673377 [0.003911| 0.0148045 1.3
© \/)N N2 -953.656869 |0.020419| 2.80E-10 0.0
gHs " o1 -953.577935 |0.099353| 3.32E-47 0.0
02 -953.618853 |0.058435| 4.61E-28 0.0
03 -953.611676 |0.065612| 2.02E-31 0.0
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Table A.2.7 Energies of forms of protonated molecule of 2171006 converted
into their population probability displayed in percentage values.

2171006 Site of Energy Rel. Rel. Occupation
protonation|  [Hartree] Energy | Occupancy %
ToTH N1 -953.678148 0 1 48.7
é/@\)Nsz N2 -953.603147 (0.075001| 8.20E-36 0.0
EjAH;«C/Oa 1 o1 -953.648191 |0.029957| 9.68E-15 0.0
02 -953.625807 [0.052341| 3.27E-25 0.0
03 -953.63116 |0.046988| 1.04E-22 0.0
o | H* N1 -953.599653 |0.078495| 1.90E-37 0.0
) /©\):ﬂ N2 -953.678148 0 1 487
©/\H30/o H o1 -953.675418 | 0.00273 | 0.05282971 2.6
02 -953.605467 |0.072681| 9.98E-35 0.0
03 -953.59879 |0.079358| 7.51E-38 0.0
on | N1 -953.666336 (0.011812| 2.98E-06 0.0
@ N2 -953.653186 |0.024962| 2.10E-12 0.0
@AZC,O " o1 -953.567953 |0.110195| 2.82E-52 0.0
02 -953.620214 |0.057934| 7.90E-28 0.0
03 -953.607627 |0.070521| 1.02E-33 0.0
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Table A.2.8 Energies of forms of product ion at m/z 192 of 2171005 converted
into their population probability percentage values.

[M+H-91]" Site of Energy Rel. Rel. Occupation
2171005 protonation [Hartree] Energy | Occupancy %

o H* N1 -682.672551 | 0.005927 | 0.001687676 0.16
o NH N2 -682.608719 | 0.069759 | 2.32E-33 0.00
(Cl):H N/) o1 -682.659742 | 0.018736 | 1.72E-09 0.00
’ 02 -682.678478 0 1.00E+00 96.66
03 -682.628383 | 0.050095| 3.67E-24 0.00
o] H* N1 -682.590206 | 0.088272 | 5.08E-42 0.00
' OI:EBN N2 -682.675244 | 0.003234 | 0.03069742 2.97
E’Hs I 0o1 -682.672509 | 0.005969 | 0.001613025 0.16
02 -682.664259 | 0.014219 | 2.23E-07 0.00
03 -682.604045 | 0.074433| 1.51E-35 0.00
. on ] H N1 -682.671476 | 0.007002 | 0.000530143 0.05
© \)N N2 -682.6547 |0.023778 | 7.52E-12 0.00
o, N o1 682574816 | 0103662 | 3.21E-49 |  0.00
02 -682.656511 | 0.021967 | 5.29E-11 0.00
03 -682.613744 | 0.064734 | 5.21E-31 0.00
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Table A.2.9 Energies of forms of product ion at m/z 192 of 2171006 converted
into their population probability percentage values.

[M+H-91]" Site of Energy Rel. Rel. Occupation
2171006 protonation [Hartree] Energy | Occupancy %

o " N1 -682.67668 0 1.00E+00 46.7
: O/Q\)N:NH N2 -682.602826 | 0.073854 | 2.82E-35 0.0
Hic™” o1 -682.647445 | 0.029235 2.11E-14 0.0
02 -682.673191 | 0.003489 | 2.33E-02 1.1
03 -682.62021 | 0.05647 | 3.83E-27 0.0
0] H* N1 -682.59666 | 0.08002 3.68E-38 0.0
o NJN N2 -682.676625 | 5.50E-05 | 0.942476304 44.0
HaC " 01 -682.675062 | 0.001618 | 1.75E-01 8.2
02 -682.215285 | 0.461395 | 1.43E-216 0.0
03 -682.592174 | 0.084506 | 2.93E-40 0.0
oH | H* N1 -682.652164 | 0.024516 | 3.40E-12 0.0
) /@\)j N2 -682.652164 | 0.024516 | 3.40E-12 0.0
230/0 " 01 -682.575333 | 0.101347 | 3.88E-48 0.0
02 -682.667619 | 0.009061 | 5.77E-05 0.0
03 -682.593038 | 0.083642 7.44E-40 0.0

183



Appendix 2

©\/ i ©\/
° ©V ©V
AR )
CHjz H CH3 CH3
0.6 % 87.1 % 110% 1.3%

-G/
Loss of 91 m/z units

/ o OH o o \
% o o SNOH NH
b J J
o 'T‘: o ) o N* % N
H CHj CH3

CHsy

0.16 % 297 % 0.16 % 0.05 % 96.66 %

Scheme A.2.1 Schematic population distribution (% values) of most
thermodynamically favourable forms of protonated molecule (FPM, top row)
and forms of product ion (FPI, bottom row, m/z 192) of 2171005 indicated
from heats of formation calculated by single point energies B3LYP/6-
31G*/IAML.

NH N+
P2
ORGP y
: O
\ 48.7 % 48.7 % 2.6 %

- C7H7'
Loss of 91 m/z units

O+
J A o

CH, H HsC

46.7 % 44.0 % 8.2 % 1.1%

Scheme A.2.2 Schematic population distribution (% values) of most
thermodynamically favourable forms of protonated molecule (FPM, top row)
and forms of product ion (FPI, bottom row, m/z 192) of 2171006 indicated
from heats of formation calculated by single point energies B3LYP/6-
31G*//AML.
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Appendix 3
List of research presentations; * — the presenting author

G. J. Langley*, A. Galezowska, M. W. Harrison “Structural Elucidation of
Quinazolines — a Radical Change of Approach” 59™ ASMS Conference on Mass
Spectrometry and Allied Topics, 5"-9™ June 2011, Denver, USA

A. Galezowska*, M. W. Harrison and G. J. Langley “Good Mass Spectra
Interpretation Practise: Complement Analyses of HDX and AMM to ensure
correct structure elucidation.” Data to Knowledge: The creation, management and
application of complex data sets, AstraZeneca, Alderley Park Conference Centre,
29" - 30™ March 2011, Alderley Park, UK

A. Galezowska*, M. W. Harrison, G. J. Langley ‘“Approaches towards
understanding the specific dissociations of quinazolines using MS/MS and density
functional theory (DFT) calculations” 14" PhD Review Meeting, 23"-24"
November 2010, AstraZeneca, Macclesfield, UK

A. Galezowska*, M. W. Harrison, G. J. Langley ‘“Approaches towards
understanding the specific dissociations of quinazolines using MS/MS and density
functional theory (DFT) calculations” 31% BMSS Annual Meeting 2010, 5"-8"
September 2010, Cardiff, UK

A. Galezowska, M. W. Harrison, G. J. Langley “Investigation of fragmentation
patterns of quinazolines. A useful tool for structural characterisation in
Pharmaceutical Development”, AZtech 12 (2), 2010, 101-102

A. Galezowska*, M. W. Harrison, G. J. Langley “The odds are in your favour: an
investigation of the unusual fragmentations of quinazolines using ESI-CID QIT-
MS and DFT calculations” 58" ASMS Conference on Mass Spectrometry and
Allied Topics, 23-27" May 2010, Salt Lake City, USA
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A. Galezowska*, M. W. Harrison, G. J. Langley “Fragmentation of quinazolines
using ESI-CID MS/MS: Unusual formation of radical cation product ions”,
Structure2010, 24™-25" February 2010, Hinckley, UK

A. Galezowska*, M. W. Harrison, G. J. Langley “Fragmentation of quinazolines
using ESI-CID MS/MS: Unusual formation of radical cation product ions”,
LCMS Meeting, 14™-17" December 2009, Cambridge, UK

A. Galezowska*, M. W. Harrison, G. J. Langley “Investigations of the
fragmentation of novel compounds from the synthetic pathway of AstraZeneca
compounds to facilitate rapid characterisation using ESI-QIT MS” 57" ASMS
Conference on Mass Spectrometry and Allied Topics, 31% May- 4™ June 2009,
Philadelphia, USA
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