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ABSTRACT

GAS-PHASE DISSOCIATION PATTERNS
OF ALTIPHATIC HYDROXYCARBOXYLIC ACIDS

Lisa Rabson Advisor:
University of Guelph, 2009 Dr. Wojciech Gabryelski

This thesis is an investigation of the gas-phase dissociation patterns of aliphatic
hydroxycarboxylic acids (HAs). Tandem mass spectrometry analysis, on a quadrupole
ion trap mass spectrometer, along with hydrogen-deuterium exchange studies, were
carried out on linear and branched (2- or 3-) HAs to determine their collision induced
dissociation (CID) patterns. The complexity of the CID behaviour was greater when the
hydroxyl group was positioned on carbon-2, rather than carbon-3. The 3-HAs examined
generated one fragment ion (m/z 59) and higher order fragmentation (MS") on this ion
could not be achieved.

2-HA CID typically resulted in a prominent loss of H,CO, (elemental
composition), and minor losses of H,O and H,. However, methyl branching along the
aliphatic chain can directly inhibit these characteristic CID pathways. MS" analysis of
these product ions (and their fragments) show fragmentation patterns that can be used to
distinguish between isomers, identify methyl branching and indicate the carbon-chain

length of the corresponding 2-HA parent ion.
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CHAPTER 1: INTRODUCTION

1.1 Hydroxycarboxylic acids

1.1.1 General structure of hydroxycarboxylic acids

Hydroxycarboxylic acids (HAs) are a class of organic acids that contain both a
carboxylic group and a hydroxyl group. The HAs examined within this study were 2-
hydroxycarboxylic acids and 3-hydroxycarboxylic acids. Therefore, the hydroxyl group is on

either carbon-2 or carbon-3, respectively (refer to figure 1.1).

(|)H T
R OH R
7~ 7~
C OH R_ | _C OH
a) o! b) R o

Figure 1.1: The general structure of a) 2-hydroxycarboxylic acids and b) 3-
hydroxycarboxylic acids. R= alkyl group or hydrogen.

1.1.2 Industrial uses and natural occurrences of hydroxycarboxylic acids

2-Hydroxypropanoic acid (commonly referred to as lactic acid) is the most widely
occurring HA in the natural environment and the industrial world. ' It is naturally found in
foods and as microbial fermentation byproducts (e.g. yogurt and sauerkraut). Previously, it
had been widely used in leather tanning but its current applications have shifted towards the
pharmaceutical industry (e.g. time-released drugs) and polymer synthesis. Currently, the
worldwide yearly production of lactic acid is 120 000 tons. !

The smallest 2-HA, 2-hydroxyacetic acid (commonly referred to as glycolic acid), is
considered a lucrative compound in the aesthetic industry. In the past decade, it has been

widely used in chemical facial peels, designed to reduce the appearance of wrinkles and fine



lines. > Aside from aesthetics, glycolic acid also has medical benefits in the area of skin
tumor inhibition, for tumors developed from UVB exposures. 34

HAs can also be found in distilled alcohol spirits, ™ such as cognac and whisky, as
they are formed through the fermentation and distillation processes. Profiling these
byproducts is beneficial as it can differentiate between the types, brands and maturation of
the spirits based on mono, di, hydroxy and phenolic acid compositions. * Other uses of HAs,
particulary 2-hydroxycarboxylic acids, are in the formation of silver complexes. " These
silver complexes have been shown to exhibit antibacterial properties '* and are now used in
drug development for tuberculosis. '

HAs can also be found in biological systems. For example, 3-hydroxybutanoate
(deprotonated 3-hydroxybutanoic acid) is classified as one of the three ketone bodies (the
other two being acetoacetate and acetone). '! Ketone bodies are produced through a
biochemical pathway called ketogenesis. Ketogenesis is a catabolic pathway that breaks
down acetyl-CoA into ketone bodies, when acetyl-CoA accumulates in liver cells. "' HAs can
also be found in the form of fatty acids. Hydroxy fatty acids (such as 2-hydroxy fatty acids)

can have a number of functions within biological systems. Their roles can include, but not

limited to, brain mylination '? and mediation of inflammatory responses.

1.1.3 Hydroxycarboxylic acids and the environment

Recently, a study on chlorinated drinking water contaminants discovered the
presence of a number of HAs. " The most abundant compound in the water sample, 2-
hydroxyacetic acid, was observed at high parts per million concentrations. It has been

suggested that HAs are disinfection byproducts (DBP), ' but no experimental evidence



was provided to establish a source of these abundant contaminants. The decomposition
of humic substances in natural water or during disinfection leads to the formation of
polysaccharides and monosaccharides (such as glucose). In tap, natural and waste-water,
two to ten percent of the organic carbon is present as sugars. '3 Ozonation disinfection,
for example, degrades polysaccharides to monosaccharides, and monosaccharides to
ozonation byproducts through advanced oxidations processes involving hydroxyl
radicals. The major ozonation byproduct of glucose is gluconic acid, but glycolic acid (2-
hydroxyacetic acid) is also generated, in a 20:3 ratio (glucose to glycolic acid). 13 Similar
processes may be feasible when drinking water is subjected to other disinfection

processes, such as chlorination.

1. 1.4 Typical analysis of hvdroxycarboxylic acids

GC/MS provides high-resolution separation and mass detection of compounds in a
complex mixture. This technique is also excellent at identifying a variety of compounds as
there are spectral libraries containing a vast number of compounds. ' GC/MS methods for
the analysis of HAs require liquid-liquid extraction from the aqueous mixture to an organic
solvent (such as dichloromethane), solvent evaporation, and derivatization of the nonvolatile
and thermally unstable acids in order to achieve efficient separation and mass detection of the
modified HAs. '’ These analytical steps are time-consuming and labor-intensive. More
importantly, there are additional problems faced when using these analytical steps.

Derivatization of HAs prevents hydrogen bonding by the polar functional groups
therefore increasing their volatility. '’ Unfortunately, it also creates qualitative and

quantitative uncertainty during their analysis if, i) derivatization is incomplete 8 or, ii) the



number of derivatization sites is unknown. '’ Derivatization of HAs typically involves
additional reactions that generate derivatization side-products. This was well documented in
a study implementing methyl or ethyl chloroformate to form O-alkoxycarbonylalkyl esters
(R’OCOO-CHR-COOR’) of HAs. ' The main derivatization product was always
accompanied by a number of side-reaction products. Figure 1.2 shows the structure and yield
of the expected derivatization product of 2-hydroxypropanoic acid (Figure. 1.2a) and the
main side-reaction products: a dimer inter-ester derivative (Figure 1.2b) aﬁd a trimer inter-
ester derivative (Figure 1.2¢). The authors concluded that complete elimination of side-

products with these two reagents did not appear to be possible.

0o o) o) o) o) o)
I | It oW H M ol ool oo
RO—C—0—C—C—OR' R'O—C—O—C-—C—O—(I.‘.—-C—OR‘ R'O—C—O—(I;—C—O—?—C—O—(IJ—-C—OR
CH3 CH;, CHs CHy CH, CH,
(a) 65% (b) 33% () 2%

Figure 1.2: Structures and yield of the derivatization products of lactic acid when derivatized
with methyl or ethyl chloroformate. Figure a) is the major derivative containing one 2-
hydroxypropanoic acid molecule, b) the major side-reaction products (inter-ester derivative)
containing two 2-hydroxypropanoic acid molecules and ¢) the minor side-reaction products
(inter-ester derivative) containing three 2-hydroxypropanoic acid molecules. 19

A relatively successful example of the derivatization of HAs (2-hydroxypropanoic
acid and 3-hydroxybutanoic acid) is esterification with phenyldiazomethane (to form benzyl
ester derivatives), or with N,N’-dicyclohexyl-O-benzylisourea (to form benzyl ester O-

‘benzyl ether derivatives). # These methods were almost quantitative without the formation of
byproducts, provided the reactions occurred at zero degrees Celsius. Unfortunately, poor

separation and tailing peaks were observed in gas chromatogram for these derivatives. 2



1.2 Purpose of the study

The work presented in this study investigated the gas-phase dissociation patterns of
commercially available HAs. The purpose of this study was to establish the general collision
induced dissociation patterns of non-halogenated 2- or 3-hydroxycarboxylic acids. The
patterns established for these organic acids, which contain biologically relevant functional
groups, generated fragmentation profiles that may be used in the future for their identification
- 1In complex mixtures, such as drinking water or distilled spirits. By taking a fragmentation
profile approach over the traditional GC/MS spectral library, identification and/or structural
information can be obtained for these organic acids without facing the analytical problems
described above. In addition, tandem mass spectrometry analysis on these organic acids will

reveal fragmentation patterns capable of distinguishing between isomers.

1.3 Ionization methods used for MS analysis

Successful ionization of HAs is essential for their analysis using mass spectrometry
techniques. The following are two examples of ionization techniques. The first technique
described is electron ionization and it is commonly used for GC/MS analysis. The later
example, electrospray ionization, is the ionization technique used in this current investigation

of HA fragmentation patterns.

1.3.1 Electron lonization (EI)

Electron ionization (EI) is most often used for producing molecular ions from

thermally stable, volatile, nonpolar analytes with molecular weights ranging up to 1000 u.



Molecular ions are generated when electrons (e") are accelerated (70 electron volts (eV)) at
the neutral analyte (M). '® Collisions between the neutral and an electron transfers the energy
to the neutral compound causing one electron to be ejected from the neutral forming a radical
cation species (M™) (refer to figure 1.3 for the ionization reaction). Most molecules have
ionization energies ranging from 7-15 eV and therefore, the excess energy leads to several
consecutive bond cleavages of the M™* ion. '® EI generates highly reproducible mass spectra
and as a result, EI spectral libraries/databases are available and used as a tool for chemical
identification of detected species. !’ In the case of HA derivatives, any excess energy that is
deposited to a molecular ion would lead to its spontancous dissociation, resulting in minimal
or no detection of the molecular ion. ** Although the EI dissociation products could provide
spectral fingerprints, the limitations of GC/MS analysis indicate that this technique is not a

method of choice for the comprehensive characterization of these highly polar compounds.
M + e_(70 eV) . M.+ + 2e-

Figure 1.3: The typical electron ionization reaction of a neutral compound. M = neutral
analyte, M™" = radical cation of the neutral analyte and ¢ = electron. '

1.3.2 Electrospray ionization (ESI)

Electrospray ionization (ESI) is the ideal ionization method for tandem mass
spectrometry analysis of HAs. ESI is capable of generating protonated ((M+H]") or
deprotonated parent ions ([M-H]") from a wide range of analytes that are nonvolatile, 2
thermally unstable and contain polar groups (such as carboxyl groups) with molecular
weights ranging up to 100,000 Da. ?** Unlike electron ionization (EI), ESI is considered
a “soft ionization technique” as gas-phase ions are successfully formed without causing

extensive fragmentation of the parent ion. 2* Therefore, this particular ionization



technique is appropriate for generating deprotonated HAs for tandem mass spectrometry
analysis.

The formation of ions in ESI occurs when the analyte (in a volatile buffer
solution) is pumped (puL/min) to the tip of a metal capillary where a high electrical field
disperses the liquid sample into small charged droplets. > Nitrogen assisted desolvation
facilitates the evaporation of the solvent from the emerging droplets. As the solvent
evaporates, the charge density increases on the surface of the droplets, ultimately leading
to the formation of gas phase ions through one of two previously proposed mechanisms.
In the first, the increased charge density causes the droplets to repeatedly divide into
smaller charged droplets until gas phase ions are liberated (Coulomb fission). ¥’

Alternatively, the increased charge density on the surface of the droplet causes the
coulomb repulsions to increase until they overcome the surface tension of the droplet.
This would result in the release of gas phase ions from the droplet (lon evaporation). *’
Whether gas phase ions are generated through lon evaporation or Coulomb fission is still
debated. Regardless, the gas phase ions that are generated enter the mass analyzer of the

mass spectrometer. 17

1.4 Mass analyzers

There is a variety of mass analyzers available on the market, each with its own
advantageous properties and performance characteristics. Essentially, the mass analyzer is
the part of the mass spectrometer that separates ions, typically by electric forces. 28
Quadrupole mass analyzers will first be discussed because they have been used in a limited

number of studies looking at HA fragmentation. In the latter part of section /.4, the structure



and function of the quadrupole ion trap mass spectrometer (QIT MS) will be summarized.
Because the QIT MS was used in this fragmentation study, its performance capabilities will

be addressed and compared to those of quadfupole mass analyzers.

1.4.1 Quadrupole mass analyzers

Quadrupole mass analyzers are the typical mass analyzers used in GC/MS and
LC/MS instrumentation. They consist of four hyperbolic shaped electrodes that extend in the
z-direction (refer to figure 1.4). *>'¢ Electrodes opposite one another are considered pairs and
these pairs create an electric field by the application of rf (radio frequency) and DC (direct
current) potentials. > When ions (generated in the ionization source) enter the electric field
of the quadrupole, they begin to oscillate in the x, y and z directions. The overall trajectory of
the ion’s oscillation is directly related to its mass to charge ratio (m/z) and the trajectory is

considered to be either stable or unstable. '¢

DETECTOR

Figure 1.4: Structure of the quadrupole mass analyzer. As ions enter the quadrupole they
oscillate in three dimensions. The trajectory of the oscillations may be unstable and the ion is
lost when it collides with an electrode (dashed lines). lons oscillating in a stable trajectory
(solid line) will transmit through the quadrupole and reach the detector. (Modified from **).

Unstable trajectories will result in an overall drift away from the center of the

quadrupole and towards the clectrodes (see figure 1.4). Eventually the ion will collide with



an electrode and thus not reach the detector. '3 Alternatively, stable trajectories will allow
the ion to travel along the z-direction, without an overall drift in the x and y-directions, and
reach the detector (see figure 1.4). Adjusting the DC potential applied to the quadrupole
clectrodes will only allow ions of a single m/z ratio to oscillate at a stable trajectory,
essentially having the quadrupole act as a mass filter. 16 Scanning the DC potential (ramping
the DC and rf magnitude at a constant ratio) allows the quadrupole to- scan the ions it
contains in order of increasing m/z values and thus generate a mass spectrum. '¢
Alternatively, by setting the DC potential to zero the quadrupole will be operating in an rf
only mode. The application of an rf'only mode allows for a wide range of m/z values to have
stable trajectories and transverse the quadrupole. This type of function allows the mass
analyzer to act as an ion guide or collision cell '® (advantages of the rfonly mode will be

discussed below).

1.4.2 Tandem MS with quadrupole mass analyzers

Controlled tandem mass spectrometry can’t be achieved with a single quadrupole
mass analyzer. 2 Figure 1.5a illustrates single stage mass spectrometry where the ions
formed from the ion source (through EI for example) enter the quadrupole. The quadrupole,
operating in the DC scanning mode,- allows the parent ion and its fragments to transverse the
mass analyzer according to increasing m/z values and be detected, generating a mass
spectrum. 28

Only by combining mass analyzers can controlled tandem mass spectrometry can be

achieved. '* A common example is the triple quadrupole (QgQ) mass spectrometer. This

instrument combines three quadrupole mass analyzers. This first quadrupole (Q7) acts a mass



filter where a specific m/z ion can be isolated. '® This isolated ion enters the second
quadrupole (gq) that is operating in the rf only mode. This allows g to act as a collision cell
where the ions are fragmented through collision induced dissociation (CID). ? In this cell,
the selected ions will undefgo collisions with an inert gas (such as helium) and some of the
kinetic energy is transferred to internal energy, resulting in controlled ion fragmentation. »
The remaining parent ions and their fragments then enter the third quadrupole (Q3) that is
operating in the scanning mode. The parent ions and their fragments transverse Q3
(according to increasing m/z values) to the detector and an MS? spectrum is generated '
(see figure 1.5b). This type of operation on a QgQ is called a product ion scan. » This type
of tandem mass spectrometry is referred to as “tandem in space” because the analysis occurs
28,31

in different mass analyzers.

a)
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Figure 1.5: Comparison of a) single-stage mass spectrometry and b) tandem mass
spectrometry with quadrupole mass analyzers. Panel a) depicts a quadrupole MS where
individual ions can’t be isolated and fragmented. Panel b) depicts a QgQ MS where Q1 is
operating as a mass filter to isolate a specific ion based on its m/z, the collision cell is
operating in the rf only mode and Q3 is operating in a full scan mode (DC and rf ramping) to
detect the generated fragments. (Diagram modified from 8,
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The performance of the QgQ, in comparison to the quadrupole ion trap MS (QIT MS)
(discussed below), is relatively similar. Both MS instruments offer unit mass resolution '*>'
(distinguishes between ions with m/z 131 and 132 for example) and comparable mass
accuracy. ! However, within day analytical variations on QgQ instruments range from 10-
15% whereas the variation in QIT instruments is 30%. >* Another advantage of the OgQ over
the QIT is its linear dynamic range: three orders of magnitude (in comparison to two orders

for the QIT *), so it is therefore an ideal instrument for quantitative studies. 31-34

However,
the main disadvantage of QgQ MS is its limited tandem mass spectrometry capabilities. Qg
are only capable of MS” analysis where QIT MS is capable of MS" analysis (where n < 9). ¢
For this reason, the QIT MS is the prefeﬁed MS instrument when distinguishing between

isomeric compounds and establishing fragmentation patterns/profiles. 3% Details

regarding the operation of the QIT MS are presented below.

1.4.3 Quadrupole lon Trap MS

The appropriate choice of mass analyzer is critical for obtaining the desired CID
information. The quadrupole ion trap mass spectrometer (QIT MS) is capable of
performing tandem mass spectrometry experiments through controlled dissociation and
detection of fragment ions. The QIT MS also offers higher order tandem mass
spectrometry (MS") capabilities. ** This means that each dissociation product from MS?
analysis can be investigated further in sequential MS? experiments. The quadrupole ion
trap typically allows for sequential MS® or MS'? analysis, provided the ion population in

the trap remains high enough for ion detection. !7 With these capabilities, the quadrupole
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ion trap is the ideal mass analyzer for characterizing structures of dissociation products

and establishing gas-phase CID patterns of larger HAs.

1.4.3.1 The Theory behind the QIT MS

The ion trap of the QIT MS consists of three electrodes, two end cap electrodes and
one ring electrode (refer to figure 1.6). ¥ The ions enter the trap through the inlet at the
entrance end cap electrode in packets of ions, rather than a continuous beam of ions (as with
the OgQ). The packet of ions is contained within the trap by the application of a radio
frequency (rf) applied to the ring electrode, while both end cap electrodes are grounded. This
is referred to as the frapping potential, which generates a ‘potential well” where the
contained ions oscillate (secular oscillations) in stable trajectories. >’ The oscillation stability
is directly related to the ions’ m/z, frequency of oscillation and amplitude of the rf potential.
Unlike the detection of ions in a QgQ, detection of the trapped ions in a QIT MS is based on
creating unstable oscillating trajectories. Therefore, their detection is achieved by increasing
the rf'amplitude (referred to as rf ramping) causing the ions in the trap to have unstable
oscillations. The instability causes the ions to be ejected from the potential well, exiting the
trap through the exit end cap electrode to the electron multiplier (detector). The ejection of

the ions occurs in ascending order, with respect to their m/z, thus generating an MS scan. 37
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Figure 1.6: Representation of a QIT MS. This illustration shows the entrance end cap
electrode, ring electrode, trapped ions (in the potential well) and exit end cap electrode

(positioned in front of the detector). Diagram modified from 38

1.4.3.2 Isolation and CID with a OIT MS

Isolation of a particular ion in a QIT MS can be achieved once the ions enter the
potential well in the ion trap. An rfpotential is applied to the ring electrode to generate this
potential well and trap the ions. ¥’ Isolation of a desired m/z ion requires the application of a
supplementary voltage (referred to as broadband waveforms) to the end caps. *® The
broadband waveforms contain a wide frequency band with a 1 kHz frequency notch that
corresponds to the oscillation frequency of the desired m/z ion to be isolated. The result of
this notched waveform is the ejection of all ions with a mass to charge ratio different than
that of the desired ion. %’

Once the ion of interest is isolated in the trap, collision induced dissociation (CID)
can be conducted to obtain MS? data. >’ During CID a small alternating current (ac) voltage,
at a frequency corresponding to the frequency of the oscillating target ions, is applied to the

end-cap electrode (referred to as a normalized collision energy (NCE)) to increase the kinetic
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energy of the oscillating target ions. By increasing their kinetic energy, their amplitude of
oscillation and number of activating collisions with the buffer gas (helium) increases.
Successive collisions cause the target ions’ internal energy to increase, leading to their

163740 The fragment ions generated via CID are also confined within the trap

dissociation.
and are detected once they are ejected from the trap, through rf ramping. Detection of the
fragment ions is also in ascending m/z order to generate a MS? spectrum. *” The process of
isolation and CID can be repeated to generate MS" spectra because ion isolation, collision
activation and acquisition of fragment ion spectra are conducted within the same space (the
trap). This is why the QIT MS is termed a “tandem in time” instrument. '® The ability to

carryout MS" functions is advantageous when performing structural elucidation and

fragmentation behaviour studies ** and thus was used in this study.

1.5 Analytical approach

1.5.1 Instrumentation

Eleven of commercially available HAs were analyzed by tandem mass spectrometry
on a Finnigan LCQ”* Ion Trap MS using negative mode ESI. Therefore the ions generated

were deprotonated HAs (hydroxycarboxylates) and are denoted as [M-H] ions.

1.5.2 Compounds studied

The reaction mechanisms of 2-hydroxyacetic acid have been established through the
use of isotopically-labeled compounds (see section /.6.2). Such isotopically-labeled

compounds are not available for larger HAs. Dissociation reactions of 2-hydroxyacetate can
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be applied only to some extent to larger homologues to gain insight into the gas-phase
reactivity. Comprehensive tandem mass spectrometry investigations were conducted on a
group of selected commercially available HAs (see figure 1.7). The tandem mass
spectrometry examination of 2-hydroxypropanoic acid, as well as larger, linear 2-HAs, was
conducted to determine general trends in gas-phase chemistry for this class of comﬁounds.
The linear 2-HAs analyzed range from three to eight carbons in length (see figure 1.7a-d).
Following the investigation of linear 2-HAs, branched 2-HAs were analyzed via
tandem MS analysis in order to determine how branching along the aliphatic chain can affect
the gas-phase chemistryrof 2-HAs. The branched 2-HAs analyzed contain either a four or
five-carbon chain with methyl or dimethyl branching at carbon-2, 3 or 4 (see figure 1.7e-h).
In addition to the studies on linear and branched 2-HAs, selected 3-HAs have been analyzed
to determine the effect of different hydroxyl group positioning. One linear, one methyl
branched and one phenyl branched 3-HAs have been studied to determine their fragmentation

behaviour (figure 1.7i-k).
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Figure 1.7: Structures of the hydroxycarboxylates examined through tandem MS methods.

1.5.3 Complementary hydrogen-deuterium exchange (HDX) studies

The combination of hydrogen-deuterium exchange (HDX) procedures and tandem
mass spectrometry analysis is an excellent source of complementary information regarding
the atoms involved in the neutral mass eliminations. This technique has been widely used 3

for a range of compounds including, but not limited to, biomolecules 41,4

and inorganic
compounds. ** Solution HDX procedures (see section 2.4) were carried out on some of the

compounds presented in figure 1.7 (a, b, ¢, e, g, i-k), followed by tandem mass spectrometry
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to elucidate which hydrogen atoms were involved in the observed neutral eliminations.

Additional information pertaining to the DHX studies is presented in chapter 6.

1.6 Collision induced dissociation of HAs
The studies regarding the fragmentation behaviour of hydroxycarboxylates (HA)
have been limited. Prior to discussing the current literature, the general types of

fragmentation for even electron negative ions will be summarized in brief.

1.6.1 Fragmentation of even electron negative ions

In general, there are four basic fragmentation types for even electron anions. ** Ton
dissociation can be, i) facilitated by an initial proton transfer, ii) homolytic cleavage to form
stable radical anions, iii) formation of an anion complex (with a neutral for example) or iv)
rearrangement reactions prior to a mass loss. These rearrangements may include skeletal
rearrangements or redistribution of the negative charge in unsaturated compounds. “
Fragmentation reactions have been studied on some organic compounds. One well
documented example of characteristic fragmentation is the loss of CO; from
carbo>(ylates.12’45’46 Unlike the carboxylates, HAs™ do not show the loss of CO,. An overview

on the gas-phase reactions of the smallest 2-HA™ (2-hydroxyacetate) will be described first.

1.6.2 MS* CID behaviour of 2-hvdroxyacetate (IM-H] m/z 73)

The gas phase chemistry of 2-hydroxyacetate was extensively studied after it was
detected at high parts per million (ppm) concentrations in drinking water. " This

particular study was carried out on a quadrupole ion trap (QIT) mass spectrometer to
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determine the sequential fragmentation behaviour through tandem MS. *” In addition to
the analysis of 2-hydroxyacetate, the study incorporated tandem MS analysis on
commercially available, isotopically labeled analogues to gain insight and conformation
on the proposed fragmentation pathways. The isotopically labeled analogues included Bc
at carbon-1 and "°C at both carbon atoms. In the same study, another isotopically labeled
analogue used had two deuterium atoms bonded to carbon-2. ¥/

Through tandem MS anaiysis on 2-hydroxyacetate and its isotopically labeled
analogues, it was determined that its major fragmentation pathways were initiated by a
nucleophilic attack on the a-carbon by the negatively charged carboxyl oxygen. Y Asa
result of the nucleophilic attack, all following dissociation reactions occurred through an
alpha-lactone (three-membered ring) intermediate (refer to figure 1.8) leading to the loss
of H, (m/z 73 as the major fragment ion) (figure 1.8a), CO (intense peak at m/z 45)
(figure 1.8b) and H,CO (low intensity peak at m/z 43) (figure 1.8¢). Other low intensity
peaks observed in the MS? spectrum were correlated to the formation of a hydroxyl ion.
However, the hydroxyl ions were not detected at a mass to charge ratio (m/z) of 17.
Instead, they formed non-covalent adducts with a water or methanol molecule that are
introduced (and present) to the ion trap, with either the helium buffer gas or electrospray

48-50

solvents. The complexes of hydroxyl ions were detected at m/z 35 (with water) and

m/z 49 (with methanol) (refer to figure 1.8d). ¥
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Figure 1.8: The MS” CID pathways of 2-hydroxyacetate (m/z 75). A nucleophilic attack
(NA) on the a-carbon forms a-lactone like intermediate that leads to the loss of a) H,
(m/z 73), b) CO (m/z 47), ¢) HyCO (m/z 45) as well as d) the formation of hydroxyl ion
complexes with water (m/z 35) and methanol (m/z 49). Proton transfer (PT) and negative
charge redistributions (CR) involved in the formation of these fragments are indicated in
the corresponding schemes. *’

1.6.3 MS°> CID behaviour of 2-hydroxvacetate

Higher order tandem MS? analysis was carried out on the fragment ions generated

from 2-hydroxyacetate (m/z 75) and its isotopically labeled analogues. Further

dissociation of the m/z 73 ions ([M-H-H,]') revealed the loss of CO (m/z 45) and the

formation of the hydroxyl:water complex (m/z 35) in MS? spectrum. 7 The loss of CO

was initiated by a nucleophilic attack of the negatively charged carboxylic oxygen on the

alpha-carbon and proceeded through an a-lactone-like transition state (Figure 1.9a). The
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formation of the hydroxyl ion and its solvent complex was initiated by the proton transfer
from the beta-carbon to the negatively charged carboxylic oxygen with subsequent

elimination of C,0, (figure 1.9b). 47
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Figure 1.9: The MS® CID pathways for 2-hydroxyacetate fragment ions. The [M-H-H;|
fragment ion (m/z 73) dissociates through a) a nucleophilic attack (NA) (leading to the
loss of CO) or b) initiated through a proton transfer (PT) (leading to the formation of
hydroxyl ion complexes). The MS® CID pathway of the [M-H-COJ fragment (m/z 47) is
initiated via ¢) redistribution of the negative charge (CR) to result in the formation of
hydroxyl ion complexes with a solvent molecule.

The other fragment [M-H-CO]  ions (m/z 47), generated from 2-hydroxyacetate (m/z
75), dissociated in MS> analysis to form only hydroxyl ion complexes with water (m/z 35)
and methanol (m/z 49). The complexes were formed through a simple redistribution of the
negative charge, from the negatively charged oxygen to the oxygen of the leaving group
(refer to figure 1.9¢). 4’

The tandem mass spectrometry study of the smallest 2-HA™ (2-hydroxyacetate) had

identified three different ways to initiate its CID pathways. The predominant initiation is via

nucleophilic attack, whereas redistribution of the negative charge and a proton transfer drive
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some higher order fragmentation pathways. Similar reactions can be expected during

dissociation of larger 2-HAs'.

1.6.4 Previous studies on the loss of 46 mass units from 2-hydroxycarboxylates

There has been a limited number of studies looking at the fragmentation of 2-HAs'. In
these studies, the loss of 46 mass units was the only fragmentation pathway examined. 12.45
This particular pathway was studied using a QgQ MS and it was determined that the loss of
46 was the elimination of H,CO,. Through the use of deuterated analogues, the hydrogen
atoms involved in this elimination were identified as the hydroxyl hydrogen and the.
hydrogen on the B-carbon. A pathway was proposed (presented in figure 1.10) that is
initiated by a proton transfer off the hydroxyl group onto the negatively charged

12,45

hydrogen. Redistribution of the charge releases a formic acid carboanion (m/z 45) that

forms a neutral ion complex with the remaining aldehyde (see figure 1.10). The carboanion is
thought to abstract a proton from the B-carbon. Redistribution of the chargé leads to the

formation of an enolate as the [M-H-H,CO,] product ion. 12,45
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Figure 1.10: The proposed CID pathway for the loss of H,CO; from 2-hydroxycarboxylates
via neutral ion complex. The pathway is initiated with a proton transfer off the hydroxyl
group. The atoms in bold font indicate those involved in the neutral mass loss. R= alkyl
group, PT = proton transfer and CR = negative charge redistribution. '**
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The pathway presented above was based on the presence of a moderately intense m/z
45 peak in the MS? spectrum. 45 Again, the data was obtained using a QgQ MS. There
have been examples in literature where compounds subjected to MS? analysis on different
mass analyzer will generate spectral variation regarding the relative peak intensities and even
observed peaks. 3! It is important to note that the time ions experience in the collision cell of
aQqQis 107 seconds, which is significantly shorter than the time ions are activated in a QIT
MS (107 seconds). *' As one will see throughout chapter 3 the MS? spectra generated on the
QIT MS do not show a peak pertaining to the m/z 45 formic acid carboanion. The spectral
data obtained on the QIT MS also show the presence of a [M-H-18] fragment, which was
absent in the spectra generated on the QgQ. '** These variations will be considered in

chapter 7 when a few selected fragmentation pathways will be proposed.
CHAPTER 2: METHODOLOGY

2.1 HAs chosen for mass and tandem mass spectrometry analysis

The linear 2-HAs examined were 2-hydroxypropanoic acid, 2-hydroxybutanoic acid
and 2-hydroxyhexanoic acid and were purchased from Aldrich (Oakville, ON), whereas 2-
hydroxyoctanoic acid was purchased from Alfa Aesar (Ward Hill, MA, USA). The branched
'2-HAs examined were 2-hydroxy-4-methylpentanoic acid, 2-hydroxy-3?3—dimethylbutanoic
acid, 2-hydroxy-3-methylbutanoic acid, and 2-hydroxy-2-methylbutanoic acid and were
obtained from Aldrich (Oakville, ON). 3-hydroxybutanoic acid, 3-hydroxy-3-methylbutanoic
acid and 3-hydroxy-3-phenylpropanoic acid, were also obtained from Alfa Aesar (Ward Hill,

MA, USA) and used to investigate the CID behaviour of 3-HAs.
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2.2 HA sample preparation

Stock solutions of HAs were ibndividually prepared at a concentration of 10 mM in
HPLC grade H,O. Working solutions of the HAs were prepared at 10 uM by diluting the
stock solutions in a 0.1 mM ammonium acetate buffer solution (90:10 v/v methanol/water).

Water, methanol, and ammonium acetate were HPLC grade and were purchased from Fisher

Scientific (Nepean, ON).

2.3 Mass spectrometry: Negative mode ESI-QIT-MS"

The tandem mass spectrometry analysis of HAs was carried out on a Finnigan
LCQ*** Ton Trap mass spectrometer. The working solutions (10 pM) were directly
infused to the electrospray ionization source operating in negative ion mode (-4000 V), at
a flow rate of 5 pL./min via syringe pump. The CID MS" spectra were obtained by
isolating each target ion and activating the ion via CID (applying a normalized collision
energy (NCE) voltage to the end-cap electrode). The NCE voltage varied from 19 V to 24
V and was optimized for each investigated HA. The NCE voltages used are given in the
figure captions of reported spectra (throughout chapters 3 and 6). The nitrogen gas (ESI
desolvation gas) and the helium gas (ion trap buffer gas) were obtained from Linde

(Guelph, ON).

2.4 Hydrogen-deuterium exchange (HDX) studies
Three of the linear 2-HAs (2-hydroxypropanoic acid, 2-hydroxybutanoic acid and
2-hydroxyhexanoic acid), two of the branched 2-HAs (2-hydroxy-2-methylbutanoic acid

and 2-hydroxy-3,3-dimethylbutanoic acid) and all three 3-HA compounds were selected
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for HDX. All these compounds have been effectively D-labeled through hydfogen-
deuterium exchange (HDX) in solution containing methanol/deuterated water; a presence
of 0.1 mM ammonium acetate buffer was critical for effective labeling. A simple
labeling procedure of HAs involved diluting 2 puL of 10 mM stock solution (prepared in
HPLC grade H,0) in 1 mL of an exchange-buffer solution (80:20 v/v methanol/D,O
containing 0.1 mM ammonium acetate). The H/D buffer solutions, with total
concentration of HA at 20 uM, were left to exchange for ~20 hours at room temperature,
prior to tandem MS analysis (refer to section 2.3). The D,0 used in the HDX studies was

purchased from Cambridge Isotope Laboratories Inc.(Andover, MA, USA).

CHAPTER 3: MASS SPECTRA OF HYDROXYCARBOXYLATE ANIONS
This chapter displays the mass spectra of 2-HAs". The spectra were generated on a
LCQ Ion Trap MS operating in negative ion mode. The first series of spectra (figure 3.1)
is the MS" analysis of 2-hydroxypropanoate. Panel a is the MS? spectrum and the MS?
spectra is displayed in panels b through d. Following 2-hydroxypropanoate are the MS"
spectra of larger, linear, 2-HAs" (figures 3.2-3.4), again showing the MS? spectra in panel
a and the MS? and MS* spectra in the subsequent panels. The MS" spectra of branched 2-
HAs™ follow the linear compounds and are displayed in figures 3.5-3.8. The 3-HAs" could
-only generate MS? spectra and therefore the spectrum from 3-hydroxybutanoate (panel
a), 3-hydroxy-3-methylbutanoate (panel b) and 3-hydroxy-3-phenylpropanoate (panel ¢)
are all shown in figure 3.9. Within the individual spectra, ions denoted by square brackets
indicate the anion that was selected and fragmented. The round brackets found in the

spectrum indicate the difference in mass between the fragment ions and the ion selected
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for fragmentation. This spectral data was used to construct fragmentation trees for each

HA', which are presented in the following chapter.
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Figure 3.1: The mass spectra generated from MS" analysis of 2- hydroxypropanoate (m/z
89). Panel a is the MS? analy51s of the parent ion ([M-HJ ) b the MS? analysis of the [M-
H-H,]| ion (m/z 87), ¢ the MS? analysis of the [M-H-18] ion (m/z 71) and d the MS?
analysis of the [M-H-46] ion (m/z 43). The spectra were generated on a LCQ Ion Trap
MS, operating in negative ion mode. NCE =24 V.
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Figure 3.2: The mass sgectra generated from MS" analysis of 2-hydroxybutanoate (m/z
103). Panel a is the MS~ analysis of the parent ion ((M-H]), b the MS? analysis of the
[M-H-H,] ion (m/z 101), ¢ the MS? analysis of the [M-H-18] ion (/2 85) and d the MS?
analysis of the [M-H-46] ion (m/z 57). The spectra were generated on a LCQ lon Trap
MS, operating in negative ion mode. NCE =24 V.
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Figure 3.3: The mass spectra generated from MS" analysis of 2-hydroxyhexanoate (m/z
131). Panel a is the MS? analysis of the parent jon (IM-H]"), b the MS? analysis of the
[M-H-H,] ion (m/z 129), ¢ the MS? analysis of the [M-H-18] ion (m/z 113), d the MS>
analysis of the [M-H-46] ion (m/z 85) and e the MS"* analysis of the [M-H-46-2] ion (m/z
83). The spectra were generated on a LCQ Ion Trap MS, operating in negative ion mode.
NCE=24 V.
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Figure 3.4: The mass spectra generated from MS" analysis of 2-hydroxyoctanoate (m/z
159). Panel a is the MS? analysis of the parent ion ({[M-H]), b the MS? analysis of the
[M-H-H,] ion (m/z 157), ¢ the MS? analysis of the [M-H-18] ion (m/z 141), d the MS?
analysis of the [M-H-46] ion (m/z 113), e the MS* analysis of the [M-H-46-2]" ion (m/z
111), f the MS”’ analysis of the [M-H-46-2-2] ion (m/z 109) and g the MS® analysis of the
[M-H-46-2-28] ion (m/z 83). The spectra were generated on a LCQ Ion Trap MS,
operating in negative ion mode. NCE =24 V.

30



b)

c)

relative intensity relative intensity

relative intensity

100—: 1
80 - (-46) )
) MS® 117
60':
: e ol
40 e N UONE
20_‘ 17 le
i (-18) [M-H]
O T I T L 1§ r| T | ¥ T r‘l 1 T I‘I T T T I T T I I T T L I L T ) I
40 60 80 100 120 140 160 180 200
m/z
] (-28)
80 99 Ms® 117, 99
60 [M-H-18]
40 -
1 57 59 |73
20 (42)(-40) [(-26)
O-Il]ITIAIﬁllllllllllli|llII]||‘||||II|I|||||I]I|IIIIlllll‘llll‘
60 80 100 120 140 160
m/z
100
E 71
80 - [M-H-46] 3
. MS” 117, 71
60
40
20
o

llllllllllﬁl llllllll[ll1lIIIll'IIIIIlllllllIIIIIIIIIIIII|III|IIII|

60 80 100 120 140 160 180
m/z

Figure 3.5: The mass spectra generated from MS" analysis of 2-hydroxy-2-
methylbutanoate (m/z 117). Panel a is the MS? analysis of the parent ion ((M-H]"), b the
MS? analysis of the [M-H-18] ion (m/z 99) and ¢ the MS? analysis of the [M-H-46] ion
(m/z 71). The spectra were generated on a LCQ Ion Trap MS, operating in negative ion
mode. NCE =24 V.

31



100 71
>
3 80 (-46) MS® 117
[0}
= 60 CH, o
ﬁ on ||
40 CH c
3 117 e \J:/ NP
% 20 gg 115 ) H
e (-18) (-2)[M-H]
a) 0“|‘|7||I l‘[lI‘TI:“'“IIrIIII‘iI‘I!i‘
40 60 80 100 120 140 160 180 200
m/z
100 71
> 44
s 80 44) Ms® 117, 115
8 go 115
c [M-H-H,J
2 40
-‘i‘i 20
b) O'IIIIII IIII'IIIIIIIIIII'IIII'III
40 60 80 100 120 140 160 180 200
m/z
100 71
> 8 (-28) Ms® 117, 99
é 60
P
g % 99
e [M-H-18]
C) 0 II|Illl_rlllI|lIIIIITII'llflIIITT'IIIITIIIIIIIII‘IIII[IIII'
60 80 100 120 140 160
m/z
100 71
2 80 [M-H-46]
g ] Ms® 117, 71
£ 607
2 40
® 207
d) O-||IIIIIIIII|fllllll"_lllllTl_l'l|IT—I_l_rl|||[mll'llll'lllllllllllllII
60 80 100 120 140 160 180
miz

Figure 3.6: The mass spectra generated from MS" analysis of 2-hydroxy-3-
methylbutanoate (m/z 117). Panel a is the MS? analysis of the parent ion ([M-H]), b the
MS? analysis of the [M-H-Ha]” ion (m/z 115), ¢ the MS® analysis of the [M-H-18] ion
(m/z 99) and d the MS® analysis of the [M-H-46]" jon (m/z 71). The spectra were
generated on a LCQ lon Trap MS, operating in negative ion mode. NCE =24 V.
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Figure 3.7: The mass spectra generated from MS" analysis of 2-hydroxy-3,3-
dimethylbutanoate (m/z 131). Panel a is the MS? analysis of the parent ion ((M-H]"), b the
MS? analysis of the [M-H-H,] ion (m/z 129), ¢ the MS” analysis of the [M-H-28] ion
(m/z 103) and d the MS? analysis of the [M-H-46]" ion (m/z 85). The spectra were
generated on a LCQ Ion Trap MS, operating in negative ion mode. NCE =24 V.
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Figure 3.8: The mass spectra generated from MS" analysis of 2-hydroxy-4-
methylpentanoate (m/z 131). Panel a is the MS? analysis of the parent ion ([M-H]"), b the
MS? analysis of the [M-H-H,] ion (m/z 129), ¢ the MS® analysis of the [M-H-18] ion
(m/z 113) and d the MS? analysis of the [M-H-46] ion (m/z 85). The spectra were
generated on a LCQ Ion Trap MS, operating in negative ion mode. NCE =24 V.
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Figure 3.9: The MS? spectra generated from 3-hydroxycarboxylates. Panel a is the M§?
spectrum of 3-hydroxybutanoate (m/z 103), b the MS? spectrum of 3-hydroxy-3-
methylbutanoate (m/z 117) and ¢ the MS? spectrum of 3-hydroxy-phenylpropanoate (m/z
165). The spectra were generated on a LCQ lon Trap MS, operating in negative ion
mode. NCE=24 V.

35



CHAPTER 4: FRAGMENTATION TREES FOR HYDROXYCARBOXYLATE
ANIONS

Based on the spectral data obtained from the MS" analysis of HAs™ (chapter 3)
fragmentation trees were constructed for each compound. The fragmentation trees are
presented in this chapter starting with the 2-HA" that has the shortest carbon-chain (2-
hydroxypropanoate). The remainder of the 2-HAs" is displayed based on increasing
carbon-chain length (including those containing methyl branching) such that the
fragmentation tree constructed for 2-hydroxyoctanoate (figure 4.8) is the last to be

shown. The fragmentation trees for the 3-HAs" are presented after the 2-HAs" in figure

4.9,
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Figure 4.1: The fragmentation tree constructed from the MS" analysis of 2-
hydroxypropanoate (m/z 89). For each fragment ion generated via CID ([M-H-X]') the
elemental composition is provided as well as the mass to charge ratio (m/z). The asterisks
indicates the formation of a solvent adduct and is discussed in section J3./.4.

36



M Mol oS
C4H503 H2 I
m/z 101 . 0O
[M-H]
m/z 103
H,CO, H,0
[M- H H2 coz]
C,H:0 [M-H-H,CO, | [M-H-H,0T
m/z 57 C;3Hs0 C4H50y
m/z 57 m/z 85

Cco

{M-H-H,O-COJ
m/z 57

Figure 4.2: The fragmentation tree constructed from the MS" analysis of 2-
hydroxybutanoate (#/z 103). For each fragment ion generated via CID ([M-H-X]') the
elemental composition is provided as well as the mass to charge ratio (m/z).
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Figure 4.3: The fragmentation tree constructed from the MS" analysis of 2-hydroxy-2-
methylbutanoate (m/z 117). For each fragment ion generated via CID ([M-H-X]) the
elemental composition is provided as well as the mass to charge ratio (m/z).
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Figure 4.4: The fragmentation tree constructed from the MS™ analysis of 2-hydroxy-3-
methylbutanoate (m/z 117). For each fragment ion generated via CID ([M-H-X]) the

elemental composition is provided as well as the mass to charge ratio (m/z).
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Figure 4.5: The fragmentation tree constructed from the MS" analysis of 2-hydroxy-3,3-
dimethylbutanoate (m/z 131). For each fragment ion, generated via CID ([M-H-XJ"), the
mass to charge ratio (m/z) is provided as well as the elemental composition (if known).

The asterisks indicates the formation of a solvent adduct and is discussed in section
5.1.52.
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Figure 4.6: The fragmentation tree constructed from the MS" analysis of 2-hydroxy-4-
methylpentanoate (m/z 131). For each fragment ion, generated via CID ((M-H-XY), the
mass to charge ratio (m/z) is provided as well as the elemental composition (if known).
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Figure 4.7: The fragmentation tree constructed from the MS" analysis of 2-
hydroxyhexanoate (m/z 131). For each fragment ion, generated via CID ([M-H-X]"), the
mass to charge ratio (m/z) is provided as well as the elemental composition (if known).
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Figure 4.8: The fragmentation tree constructed from the MS" analysis of 2-
hydroxyoctanoate (m/z 159). For each fragment ion, generated via CID ([M-H-X]), the
mass to charge ratio (m/z) is provided as well as the elemental composition (if known).

41



HO o
HO & 0 0. C|:H3 & o) 00
H
\C‘H/ \c‘:/ N NP
CH, ©© CH, 0®
m/z 103 m/iz 117 m/z 165
(-44) (-58) (-106)
[M-H-44]" [M-H-58] [M-H-106]
a) m=z59 . b)) mz59 c) mz59

Figure 4.9: The fragmentation trees constructed from the MS" analysis of 3-
hydroxycarboxylates. For each fragment ion, generated via CID ([M-H-X]"), the mass to
charge ratio (m/z) is provided. Figure a is the fragmentation tree for 3-hydroxybutanoate
(m/z 103), b for 3-hydroxy-3-methylbutanoate (m/z 117) and ¢ 3-hydroxy-3-
phenylpropanoate (m/z 165).

CHAPTER 5: FRAGMENTATION PATTERNS OF

HYDROXYCARBOXYLATES

5.1 MS? fragmentation patterns of hydroxycarboxylates

5.1.1 Overview of the MS° fragmentation patterns of 2-hydroxycarboxylates

The general fragmentation pattern of 2-HAs’ results in the formation of three
distinct characteristic CID product ions. The major CID product in the MS” spectrum is
the [M-H-H,CO»] ion, which is detected at a relative intensity (RI) of 100. The other two
characteristic fragment ions are observed at low spectral intensities (RI ~ 5); they are the
[M-H-H;] and [M-H-H,O] fragment ions. Detection of the [M-H-H,CO,]", [M-H-H,]
and [M-H-H,0] ions in an MS? spectrum of an unknown compound may indicate the

unknown is a 2-HA™. However, it is important to note that through the analysis of these
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linear and branched 2-HAs", alkyl branching on carbon-2 inhibits the elimination of
molecular hydrogen and thus the characteristic [M-H-H,]" ions will be absent from the
MS? spectrum. In addition, if the 2-HA™ has a quaternary carbon in the carbon-3 position
the elimination of water will be inhibited and therefore the [M-H-H,O]" ions will not be
observed in the spectrum. A quaternary carbon at the carbon-3 position will also inhibit
the elimination of H,CO, from the parent ion. Although a [M-H-46] ion was detected
following the fragmentation 2-hydroxy-3,3-dimethylbutanoate, its relative intensity was
only 20 and perhaps in this case, the loss of 46 mass units is not due to H,CO,

elimination.

3.1.2 The loss of H)CO, from 2-hydroxycarboxylates

In the MS? spectrum of 2-hydroxycarboxylates (top panel of figures 3.1-3.8) the
major fragment ions generated result from the loss of 46 mass units. This mass loss is the
elimination of HéCOz from the parent ions, which is illustrated to the bottom left of the
parent ion in the constructed fragmentation trees (figures 4.1-4.8). The loss of H,CO, is
observed with the greatest spectral intensity (relative intensity of 100) for all the linear
and branched 2-HAs" (top panel of figures 3.1-3.6 and 3.8), with the exception of 2-
hydroxy3,3-dimethylbutanoate (refer to spectrum in figure 3.7a). The 2-hydroxy-3,3-
dimethylbutanoate generates [M-H-46] product ions that are observed with a relative
intensity (RI) of only 20. Therefore, based on the MS? spectrum generated from the
various 2-HAs' (top panel of figures 3.1-3.8), it can be concluded that a quaternary
carbon atom in the carbon-3 position will affect the feasibility of the H,CO, elimination

pathway.
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As previously mentioned in section /.6, the smallest 2-HA™ (2-hydroxyacetate)
was extensively studied on an Ion-Trap mass spectrometer. Results of that study indicate
that the major fragment ion generated was the [M-H-H,] ions. ¥’ Fragmentation of 2-
hydroxyacetate (CH;OHCOO") does not yield [M-H-H,COs] ions and thus it can be
postulated that a 2-HA™ must contain at least a three-carbon chain in order to achieve the

H,CO; elimination.

5.1.3 The loss of H> from 2-hydroxycarboxylates’

The 2-HA" ions undergo H, elimination when fragmented via CID. The loss of
moleqular hydrogen from the [M-H] ions is illustrated to the left of the parent ions in the
fragmentation trees (figure 4.1-4.2, 4.4-4.8). These [M-H-H»| product ions were always
observed with very low spectral intensities (RI of 5 or less) in the MS? spectrum of all the
2-HAs™ examined (top panel of figures 3.1-3.4, 3.6-3.8), with the exception of 2-hydroxy-
2-methylbutanoate (figure 3.5a) in which the peak correlating to the [M-H-H,] product
ions was absent from the MS? spectrum. Based on the MS? spectra obtained from linear
and branched 2-HAs", methyl branching at the a-carbon position inhibits the
fragmentation pathway that eliminates molecular hydrogen from the parent ion.

The 2-hydroxyacetate anions (CH,OHCOO") also generate the [M-H-H,]|
fragments upon CID. 47 Unlike the larger 2-HASs’, the elimination of molecular hydrogen
from the parent ion resulted in the major fragment ions, detected at a RI of 100 in the
corresponding MS? spectrum. 47 Based on this previously established fragmentation
behaviour of 2-hydroxyacetate and the current spectrai data from the larger 2-HAs" it can

be concluded that the elimination of H, does not require more than a two-carbon chain. In
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fact, the H, elimination is favoured for 2-hydroxyacetate because the H,CO, elimination

pathway is unavailable.

3.1.4 The loss of H>O from 2-hydroxycarboxylates

A loss of 18 mass units from the parent ions was observed in the MS? spectrum
for the linear and branched 2-HAs". The 18 mass units corresponds to the loss of H>O and
its elimination is illustrated in the fragmentation trees, to the bottom right of the parent
ions (figure 4.1-4.4, 4.6-4.8). The elimination of water is always detected as a very low
intensity peak (RI ~ 5) in the MS? spectrum of all linear and branched 2-HAs™ (panel a of
figures 3.1-3.6, 3.8), excluding that of 2-hydroxy-3,3-dimethylbutanoate (figure 3.7a). In
compiling the MS? spectral information, a quaternary carbon in the carbon-3 position
inhibits the loss of water from 2-HAs confirming that the hydrogen at carbon-3 is
involved in the water loss.

It has also been established that 2-hydroxyacetate does not eliminate water. 4
Considering the larger 2-HAs" do, it can be concluded that a hydrogen atom on carbon-3
is required in the water loss pathway. Thus, explaining the absence of the [M-H-H,0]

fragment in the MS? spectra of 2-hydroxyacetate and 2-hydroxy-3,3-dimethylbutanoate.

5.1.5 Detection of the m/z 35 fragment in the MS® spectrum of 2-hydroxypropanoate

The MS? spectrum of 2-hydroxypropanoate (figure 3.1a) shows a low intensity
peak (RI <5) at m/z 35 that is not observed in the MS? spectrum of the other linear and
branched 2-HAs". Rather than suggesting the parent ion lost a neutral fragment with a

mass of 54, it is likely that the ion is the hydroxyl-water adduct previously observed for
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2-hydroxyacetate. ¥’ This unique fragmentation pathway is illustrated to the right of the
parent ion (2-hydroxypropanoate m/z 89) in the fragmentation tree of 2-
hydroxypropanoate (refer to figure 4.1). Isolation of the m/z 35 ions for MS? analysis was
attempted; however, the ions were fragile and could not be isolated, thus MS? data could

not be obtained.

516 Unique MS° fragment ions generated from 2-hydroxy-3,3-dimethylbutanoate

2-Hydroxy-3,3-dimethylbutanoate (m/z 131) fragmented, via CID, and generated
two product ions that were not liberated from the other 2-HAs™ examined. It was the only
2-HA’ examined that contained a quaternary carbon atom in the carbon-3 position and
therefore, characteristic product ions were detected in the MS? spectrum (figure 3.7a) and

discussed below.

5.1.6.1 The loss of CO from the parent ion

All other linear and branched 2-HAs™ showed the elimination of H,CO, from the
parent ion to generate the major products. The 2-hydroxy-3,3-dimethylbutanoate ions
resulted in CO elimination to generate the major product ion (m/z 103) which was
detected with a RI of 100 (refer to spectrum in figure 3.7a). This fragmentation pathway
is illustrated directly below the parent ion (m/z 131) in the fragmentation tree for 2-
hydroxy-3,3-dimethylbutanoic acid. Based on the spectral data obtained from MS?
analysis, it can be concluded that a quaternary carbon in the carbon-3 position had a
negative affect on the typical major CID pathway (which is the loss of HCO,) and

dissociated to favour the loss of CO.
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Once the [M-H-CO]J ions are generated from 2-hydroxy-3,3-dimethylbutanoic
acid, CID.reveals only one product ion in the MS? spectrum (figure 3.7¢), detected at m/z
85 (RI 100). This loss of 18 mass units, which at first appears be the elimination of water,
is illustrated directly below the m/z 103 ion in the fragmentation tree (figure 4.5). This
m/z 85 ion ([M-H-CO-18]") may be structurally the same as the m/z 85 ion that was
directly formed from the parent ion ([M-H-46]"). However, as stated earlier the loss of 18
méss units may not necessarily be the loss of water (refer to reasoning in section 5.3.7)
and thus an elemental composition was not assigned to the neutral mass loss.
Unfortunately, the [M-H-CO-18] ions could not be fragmented in MS* analysis due to
insufficient ion detection but their expected MS* spectrum would mirror the MS’

spectrum of [M-H-46], if the precursor ions were structurally the same.

5.1.6.2 The formation of the m/z 117 fragment ion

The final MS? fragment to be discussed is detected at m/z 117 (RI<S) (figure
3.7a). This CID pathway has been added to the fragmentation tree of 2-hydroxy-3,3-
dimethylbutanoate (figure 4.5) to the bottorp right of the parent ion. This low intensity
fragment was 14 mass units smaller than the parent ion. Considering it is not possible to
lose a neutral CH, fragment, it is reasonable to propose the m/z 117 1ons to be solvent
adducts of some fragment ions, much like the formation of the m/z 35 ion (hydroxyl ion-
water complex) from 2-hydroxyacetate and 2-hydroxypropanoate (refer to section 3./.5).
Ton solvent adducts have been documented in a number in MS" studies for both positive

and negative ions, especially with regards to water and methanol adducts. 49,50
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J.1.7 Formation of the m/z 59 product ions in the MS® spectrum of 3-hydroxycarboxylates

Three different 3-HAs™ were examined via tandem mass spectrometry. One linear
(3-hydroxybutanoate (m/z 103)) and two branched compounds (3-hydroxy-3-
methylbutanoate (m/z 117) and 3-hydroxy-3-phenylpropanoate (m/z 165)) were used to '
establish how the general fragmentation patterns of HAs differed when the hydroxyl
group was positioned on carbon-3, rather than carbon-2. In the MS? spectrum of 3-HAs’
(figure 3.9), a single product ion was observed with a relative intensity of 100. These
product ions have a m/z of 59 and they are always generated regardless of branching at
the carbon-3 position. Figure 4.9 displays the fragmentation trees of 3-HAs’, each
containing one CID pathway descending from the parent ions to generate the m/z 59
fragments. There are two possibilities for the elemental composition of these m/z 59 ions.
They may be C,H30,” or C3H,0" and therefore these MS? products were not assigned an
elemental composition in their fragmentation trees.

The formation of the characteristic m/z 59 fragment ions (via CID) may indicate
that an unknown compound is a 3-HA". Unfortunately, by forming only one characteristic
fragment ion (the m/z 59 ion) additional structural information regarding the parent ions
cannot be obtained. Higher order fragmentation (MS?) on the m/z 59 ions was attempted;

however, second-generation fragment ions could not be detected.
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5.2 MS" fragmentation patterns stemming from the [M-H-H,CO;| fragments of 2-

hydroxycarboxylates

5.2.1 MS® of the [M-H-H>CO>] ions derived from 2-hydroxycarboxylates

This section discusses the further fragmentation of the [M-H-46]" major fragment
ions from the 2-HAs", with the exception of that from 2-hydroxy-3,3-dimethylbutanoate
which will discussed separately (see below, section 5.3). The [M-H-H,CO;]  ions from
each of the 2-HAs™ were isolated and further fragmented to generate MS? fragment ions
which are observed in the MS* spectra displayed in figures 3.1d, 3.2d, 3.3d, 3.4d, 3.5¢,
3.6d and 3.7’d. The dissociation pathways originating from the [M-H-H,CO»] 1ons are
illustrated in the fragmentation trees (figures 4.1-4.8) to the right and descending from
the corresponding [M-H-H,CO;] ions. The results of the MS? analysis will be discussed

below.

5.2.1.1 The loss of H from [M-H-H>CQ,] ions

The common neutral mass loss observed from the [M-H-H,CO,] ions was the
elimination of molecular hydrogen. The loss of hydrogen was observed as the primary
product ion from the fragments derived from 2-hydroxypropanoate (RI 15), 2-
hydroxyhexanoate (RI 100) and 2-hydroxyoctanoate (RI 100). Detection of this [M-H-
H,CO,-H;] fragment (m/z 83) was also observed in the MS? spectra of 2-hydroxy-4-
methylpentanoate but at a relative intensity less than 5 (figure 3.8d). The low RI of the
[M-H-H,CO,-H;] ions from 2-hydroxy-4-methylpentanoate will be addressed in section

5.2.1.2.
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The [M-H-H,CO»] ions that were produced from a 2-HA" containing a four-
carbon chain (2-hydr0xybutan0ate, 2-hydroxy-2-methylbutanoate and 2-hydroxy-3-
methylbutanoate) did not show H; elimination, in fact they did not generate any MS?
fragment ions (refer to spectra in figure 3.2d, 3.5¢ and 3.6d respectively). Based on the
spectral information, it appears [M-H-H,CO,] ioné must be generated from 2-HAs' that
contain more than a four-carbon chain to eliminate H,. However, the [M-H-H,CO»] ions
from 2-hydroxypropanoate do not meet that criterion and yet still undergo H; elimination.
Their [M-H-H,CO,-H,] ions are moderately detected at m/z 41 (refer to spectra in figure
3.1d). Considering the RI of the m/z 41 ions was only 15, compared to 100 for the larger
analogous ions, perhaps an alternative H, elimination pathway may have occurred for the
2-hydroxypropanoate [M-H-H,CO;] product ion.

By conducting the MS? analysis on the [M-H-H,CO,] ions, important structural
information was established. If the original parent ion contained at least a five-carbon
chain then MS? analysis on the generated [M-H-H,CO,] ions would show H;
climination. This can be used as a tool for distinguishing between 2-HA" isomers
containing five carbon atoms. If the 2-HA™ does not generate [M-H-H,CO,-H;] ions at
the MS? stage, it can be concluded that the 2-HA" contains a four-carbon chain with
methyl branching on either carbon-2 or carbon-3. If the 2-HA™ does show the formation

of [M-H-H,CO,-H;] ions then the 2-HA™ would be 2-hydroxypentanoate.
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3.2.1.2 Additional product ions generated from the [M-H-H>CO,] ions of 2-hydroxy-4-

methylpentanocic acid

As mentioned in section 5.2.1.1, MS? analysis on the [M-H-H,CO;] ions from 2-
hydroxy-4-methylpentanoate resulted in the elimination of H,. However, the detection of
the [M-H-H,CO,-H;] product ions was low (RI less than 5). In the corresponding MS’
spectrum (figure 3.8d), the major product ions were not from the loss of H; but rather the
loss of methane (RI 100). The linear [M-H-H,CO»] analogues did not undergo methane
elimination (refer to spectra in figure 3.3d and 3.4d), thus the carbon-4 methyl group on
the branched [M-H] ions dictated the favourability between the two corresponding MS?

fragmentation pathways.

3.2.1.3 Additional product ions generated from the [M-H-H,CO>]  ions of 2-

hydroxyoctanoate

The MS’ fragmentation behaviour of the largest 2-HA", 2-hydroxyoctanoate,
showed additional dissociation pathways that were not observed with any of the smaller
analogues. These pathways are illustrated in the fragmentation tree of 2-
hydroxyoctanoate (figure 4.8) to the left of the m/z 113 ion (]M-H-H,CO;]') as well as
below the m/z 113 ion. The pathway to the left of the #n/z 113 ion displays the loss of
H,CO to form the MS? product ion of m/z 83. These m/z 83 ions were detected in the MS?
spectrum (figure 3.4d) with a relative intensity just above zero. Due to their low intensity,
they could not be further isolated and fragmented to generate MS’ data. However, the

formation of these m/z 83 ions are believed to be the result of an initial H, elimination (to
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generate the m/z 111 fragments) followed by a sequential loss of CO. Further explanation
of this sequential loss will be addressed in section 5.2.2.2.

By fragmenting the m/z 113 ions, product ions were detected in the MS? spectrum
at m/z 109 (RI >5) (refer to spectrum iﬁ figure 3.4d). This correlated to the loss of 2H;
and is illustrated in the fragmentation tree of 2-hydroxyoctanoate (figure 4.8) below the
m/z 113 ion, bypassing the m/z 111 pathway. The elimination of 2H; is another example
of a pathway believed to be sequential in neutral fragment eliminations. The initial loss of
H, formed the MS? fragment of m/z 111 where a second elimination of H; results in the

m/z 109 ions. Support of the sequential hydrogen loss will be address in section 5.2.2.1.

5.2.2 MS’ of the [M-H-H,CQ»-H,] ions derived from larger 2-hydroxycarboxylates

The MS* [M-H-H,CO,-H,] product ions generated from 2-hydroxyhexanoate
(m/z 83) and 2-hydroxyoctanoate (m/z 111) were the only [M-H-H,CO,-H,] ions that
could be fragmented to generate an MS* spectrum. The MS* spectrum is displayed in

panel e of figures 3.3 and 3.4 and is discussed below.

3.2.2.1 The loss of H; from the [M-H-H,CQ,-H,] ions

The [M-H-H,CO,-H,] fragments from 2-hydroxyhexanoate (m/z 83) and 2-
hydroxyoctanoate (m/z 111) both underwent H, elimination, generating [M-H-H,CO,-H,-
H,]" product ions. These ions (m/z 81 and 109 respectively) were detected in the MS*
spectrum with RI of 100 (panel e of figures 3.3 and 3.4) and illustrated directly below the
[M-H-H>CO;-H;] ions in the corresponding fragmentation trees (figure 4.7 and 4.8).

Based on the spectral data obtained from the various 2-HAs™ examined, H, elimination
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from the [M-H-H,CO,-H;] ions can only occur if the parent ion contains a carbon-chain
of at least six carbon atoms. The absence of the [M-H-H,CO,-H,-H;] ions in the Mms?
spectrum of an unknown 2-HA could indicate the length of the carbon chain to be five.
In brief, the m/z 111 ions from 2-hydroxyoctanoate (the MS* product) were
formed via H; elimination from m/z 113. Considering the m/z 111 ions undergo further
H, elimination to form the m/z 109 ions, it can be postulated that the m/z 109 ions formed
directly from the m/z 113 ions (via loss of 2H,) are structurally the same and formed
through sequential H, eliminations. This is most likely due to the energy applied to
fragment the m/z 113 ions. The normalized collision energy used was 24 V and this
energy appears to be high enough to cause the m/z 111 fragments (in figure 3.4d) to begin

losing another molecule of hydrogen.

3.2.2.2 Additional product ions generated from the [M-H-H,CO»-H,] ions of 2-

hydroxyvoctanoate

In the MS* spectrum of 2-hydroxyoctanoate (figure 3.4e) the [M-H-H,CO,-H,]
ions (m/z 111) eliminated CO to generate m/z 83 ions, detected with a RI of 50. The
pathway illustrating the loss of CO is presented to the left of the m/z 111 ion in the
fragmentation tree of 2-hydroxyoctanoate (figure 4.8).

The preceding MS? fragment with a m/z 113 also generated a m/z 83 fragment ion
via H,CO elimination (refer to parallel pathway above the CO elimination in the
fragmentation tree in figure 4.8). It can be postulated that these two m/z 83 ions are
structurally the same for similar reasons mentioned in section 3.2.2. ] regarding the

sequential loss of 2H; to form the m/z 109 ions. Since the m/z 113 ions lost H; to generate
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the m/z 111 ions, and the m/z 111 ions lose CO to form m/z 83 ions, direct detection of
the m/z 83 ions in the MS? spectrum of the m/z 113 ions (figure 3.4d) implies the
collisional energy applied (NCE 24 V) is high enough to initiate the sequential loss of CO
from the major m/z 111 product ions.

The m/z 83 ions formed, from the fragmentation of the m/z 111 ions, were isolated
and fragmented to generate a MS’ spectrum (refer to figure 3.4g). There was only one ion
detected at m/z 81, having a RI of 100. The loss of H, from the [M-H-H,CO,-H,-H,-COJ
ion is illustrated in the fragmentation tree 2-hydroxyoctanoate (figure 4.85 to the left of
the m/z 83 ion. Additional fragmentation of the m/z 81 ions was attempted but was

unsuccessful.

5.2.3 MS’ of the [M-H-H,CO»-H,-H] ions (m/z 109) derived from 2-hydroxyoctanoate

The MS’ spectrum of the m/z 109 ion showed the formation of four different
product ions (figure 3.4f). None of these product ions could be further fragmented to
generate MS® data, therefore their description and placement on the fragmentation tree
completed the MS" findings, stemming from the [M-H-H,CO,] ions (major MS*
product).

The most intense peak in the MS’ spectrum has a RI of 100 and is detected at m/z
80. This indicates the m/z 109 ion lost 29 mass units, identifying for the first time radical
cleavage reactions. The radical reaction is illustrated on the fragmentation tree (figure

4.8) directly below the m/z 109 ion.
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A small peak was observed in the MS® spectrum (figure 3.4f) just above the base
line at m/z 107. The loss of H; from the m/z 109 fragment is positioned to the bottom
right of the m/z 109 ion in the fragmentation tree (figure 4.8).

The two remaining product ions were moderately detected (RI 15-20) at m/z 81
(loss of CO) and m/z 91 (loss of H,O). Their placement on the fragmentation tree (figure

4.8) is to the left and bottom left of the m/z 109 ion, respectively.

53 MS® fragmentation patterns stemming from the [M-H-46] fragments of 2-

hydroxy-3,3-dimethylbutanoate

5.3.1 The loss of methane from the [M-H-46] ion of 2-hydroxy-3,3-dimethylbutanoate

The MS? spectrum generated from the moderately intense [M-H-46] ions is
displayed in panel d of figure 3.7. The MS? CID product ion was detected with a relative
intensity of 100 at m/z 69, indicating the elimination of methane. The pathway attributed
to loss of methane is illustrated in the fragmentation tree of 2-hydroxy-3,3-
dimethylbutanoate (figure 4.5) directly below the m/z 85 ion. Attempts to further
fragment the m/z 85 ions were unsuccessful and therefore MS* data could not be
obtained.

In briefly recapping the MS® findings of the other branched 2-HAs and the linear
2-HAs', it was evident that 2-HAs" containing a four-carbon chain (regardless of
branching) did not generate MS® fragments from their corresponding [M-H-HgCOz]'
products (refef to spectra in figures 3.2d, 3.5¢ and 3.6d). Considering 2-hydroxy-3.3-

dimethylbutanoate has a four-carbon chain, the [M-H-46] ions should not generate MS?
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fragments, if in fact the [M-H-46] ions are [M-H-H,CO,] ions. Observing the loss of
methane in the MS® spectrum (figure 3.7d) strongly suggests the [M-H-46] ions are not

formed via H,CO, elimination.

5.4 MS’ fragmentation patterns stemming from the [M-H-H,| fragments of 2-

hydroxycarboxylates

As mentioned in section J. /.3, all deprotonated 2-HAs’ eliminate H; to generate
the MS” minor fragment [M-H-H,]", except for 2-hydroxy-2-methylbutanoate. For the
compounds that did generate this minor product ion, their ions were individually isolated
and fragmented to produce MS? spectra (refer to panel b in figures 3.1-3.4 and 3.6-3.8).
The results of the MS® analysis show an elimination of CO, and/or CO and will be
discussed below; however, the results from the [M-H-H,] ion of 2-hydroxy-3,3-

dimethylbutanoate will be discussed separately in section 5.4.3.

3.4.1 The loss of CO- from the [M-H-H>] ions of 2-hydroxycarboxylates

The [M-H-H;] ions that were formed, from 2-HAs™ containing up to five carbons
in their carbon-chain (linear or branched), showed only one product ion in their MS?
spectra. The product ions were formed through CO, elimination and were all detected
with a Rl of 100 (refer to panel b in figures 3.1, 3.2, 3.6 and 3.8). The MS? spectrum
from the [M-H-H;] ions of 2-hydroxyhexanoate (figure 3.3b) showed two product ions;

however, the major product ion generated (RI 100) was also due to the loss of CO,. The
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pathway illustrating the loss of CO, from the [M-H-H;] ions is illustrated in the
fragmentation trees (figure 4.1, 4.2, 4.4, 4.6, 4.7) to the bottom left of the [M-H-H,] ions.
The largest 2-HA™ examined (2-hydroxyoctanoate) did not show a spectral peak
representing [M-H-Hz-Coz]' ions in its MS? spectrum (figure 3.4b). The smallest 2-HA"
(2-hydroxyacetate) has already been studied in detail and MS? analysis on its [M-H-H,]
ions do not produce ions formed via CO, elimination. ¥’ Based on the MS? results of 2-
HAs (containing 2-8 carbon atoms in its carbon chain) it can be concluded that [M-H-H,]"
ions will fragment to lose CO», provided its carbon chain is 3-6 carbons in length.
Whether or not a 2-HA™ with a 7-carbon chain will lose CO; at the MS? stage can only be
determined experimentally; however, once it contains an eight-carbon chain the loss of

CO; does not occur.

3.4.2 The loss of CO from the [M-H-H>] ions of 2-hydroxycarboxylates

In the MS? spectrum of the largest compound, 2-hydroxyoctanoate, the only
fragments generated were detected at m/z 129 (figure 3.4b). This identifies CO
elimination from the [M-H-H;] ions. The second largest compound analyzed was 2-
hydroxyhexanoate whose [M-H-H;] ions also lost CO to generate ions detected at m/z
101; however, they were not the major CID fragments (RI is ~ 20) (refer to figure 3.3b).
The MS? elimination of CO is unique to the larger 2-HAs™ and is illustrated in the
fragmentation trees (figure 4.7, 4.8) directly to the left of the [M-H-H,] ions.

Based on the MS? spectral data, the elimination of CO and CO, from the [M-H-
H»] ions are two competing CID reactions. The favourability of one compared to the

other appears to be governed by the length of the ion’s carbon chain. As stated in section
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5.4.1, the loss of CO; is favoured in [M-H-H,] ions containing up to a six-carbon chain.
However, at a carbon chain of six atoms the elimination of CO begins to proceed and
takes over as the only CID reaction once the carbon chain reaches eight carbons in length.
The loss of CO from a seven-carbon chained [M-H-H,] ion may or may not be
accompanied by the loss of CO,. Analysis on a 2-HA with a seven-carbon chain would be
required to determine the maximum chain length that still all_ows for the loss of CO; to

proceed at the MS? stage.

5.4.3 MS° fragmentation patterns of the [M-H-H>] ions from 2-hydroxy-3,3-

dimethylbutanoate

In the MS? spectrum of 2-hydroxy-3,3-dimethylbutanoate (figure 3.7b) there are
two CID products detected at m/z 101 (RI 100) and m/z 85 (RI 45). The major fragments
(m/z 101) were generated through a loss of CO. The pathway that forms these [M-H-H,-
COJ ions is illustrated in the fragmentation tree (figure 4.5) directly to the left of the m/z
129 ion ([M-H-H;]"). The minor fragments were generated through the loss of 44 mass
units, possibly a CO; elimination, and this pathway is illustrated on the fragmentation
tree (figure 4.5) to the bottom left of the m/z 129 ion.

Based on the MS? fragmentation patterns of the other linear and branched [M-H-
H;] 1ons, the only fragmentation pathway that should be occurring is the loss of CO»
(refer to section 5.4.1 and 5.4.2). The [M-H-H;] ions from 2-hydroxy-3,3-
dimethylbutanoate would have a branched four-carbon chain and therefore, not long
enough to proceed through the CO elimination pathway (requires at least a six-carbon

chain). However, the spectrum shows a predominant loss of CO and a moderate loss of
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44 mass units. Perhaps, in this case the quaternary C-3 carbon atom (in the parent ion) is
adversely affecting the [M-H-H,] ion’s ability to eliminate CO, and by default proceeds
to lose CO. Based on this spectral observation, it appears a hydrogen at carbon-3 is
required for the CO; elimination pathway. The fact that the [M-H-H;-44] MS? product
ions were not detected with the greatest spectral intensity could also indicate that the loss
of 44 is not CO,. Maybe the loss of 44 is the result of a sequential CO loss (28 mass
units) followed by a CH, loss (16 mass units). Unfortunately, the m/z 101 ions could not

be further fragmented to produce MS* data, due inadequate detection.

5.5 MS® fragmentation patterns stemming from the [M-H-H,O] fragments of 2-

hydroxycarboxylates

As mentioned in section 3. 7.4, all 2-HAs eliminated H,O to generate the MS?
minor fragment [M-H-H,OJ’, except for 2-hydroxy-3,3-d'1methy1butan0ate. For the
compounds that generated this minor product ion, their ions were individually isolated
and fragmented to produce MS> spectra (refer to panel ¢ in figures 3.1-3.4, figure 3.5b,
3.6¢ and 3.8c¢). The results of the MS? analysis show an elimination of CO and quite often
the elimination of H,CO. However, the results from the longer [M-H-H;] ions showed
extensive fragmentation and therefore discussed in the later part of this section (3.5.3-
5.5.6). The [M-H-H,0] ion from 2-hydroxy-2-methylbutanoate generated a unique MS>
spectrum and as a result is discussed separately in section 5.5.7. Although attempted, it is
important to note that none of the MS® product ions that were generated produced Ms*

data.
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3.5.1 The loss of CO from the [M-H-H,O] fragments of 2-hydroxycarboxylates

Collision induced dissociation of all [M-H-H,0]  ions, including those generated
from 2-hydroxy-2-methylbutanoate, resulted in CO eliminations. These [M-H-H,O-CO]
product ions were detected as the most intense peak (RI 100) in the MS® spectra
displayed in panel ¢ of figures 3.1-3.4, 3.5b, 3.6¢ (all linear and methyl branched 2-
hydroxybutanoates). The [M-H-H,0-CO]" products, stemming from 2-hydroxy-4-
~ methylpentanoate, were also detected in the MS? spectrum (figure 3.8¢) but at a RI of 50.
The elimination of CO from the [M-H-H,OJ MS? products is illustrated in the
fragmentation trees descending from the [M-H-H,O] ions (figures 4.1-4.4, 4.6-4.8).

This MS? product ion ([M-H-H,0-COJ’) was the only ion detected in the MS?
spectrum of 2-HAs containing a four-carbon chain (excluding that of 2-hydroxy-2-
methylbutanoate, refer to section 5.5.7). Therefore, detection of only the [M-H-H,O-CO]
ions at the MS” stage would strongly suggest the parent ion is a 2-hydroxybutanoate
anion (with/without branching) when analyzing an unknown 2-HA".

Since the MS? spectra of the [M-H-H,0] ions from 2-HAs" containing a four-
carbon chain did not show any additional product ions, it is believed that the [M-H-H,O-
COJ ions are structurally the same as the MS? [M-H-H,CO,] ions. As stated in section
5.2.1.1, the [M-H-H,CO,] ions from 2-HAs" containing a linear or branched four-carbon
chain do not generate product ions upon CID. Therefore, it is possible that the [M-H-

H,CO3] ions are formed through a sequential loss of H,O and CO.
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3.5.2 The loss of H)CO from the [M-H-H,>0] fragments of 2-hydroxycarboxylates

The loss of H,CO from the [M-H-H,0] ions was observed from 2-
hydroxypropanoate and the linear 2-HAs containing at least a six-carbon chain (refer to
spectrum in panel ¢ of figure 3.1, 3.3 and 3.4). Detection of these [M-H-H,O-H,CO] ions
resulted in low spectral intensity peaks at m/z 41 for 2-hydroxypropanoate (RI 15), m/z 83
for 2-hydroxyhexanoate (RI 10) and moderately intense at m/z 111 for 2-
hydroxyoctanoate (RI 25). The elimination of H,CO is illustrated in the fragmentation
trees (figures 4.1, 4.6-4.8) descending from the [M-H-H,O] ion and to the left of the CO
eliminations; however, it is likely the loss of CO is followed by H; elimination to yield
the [M-H-H,0O-H,CO] products.

Referring back to the MS® spectra of the [M-H-H,CO,] ions from 2-
hydroxypropanoate (figure 3.1d), 2-hydroxyhexanoate (figure 3.3d) and 2-
hydroxyoctanoate (figure 3.4d), all three ions showed the elimination of H; to generate
[M-H-H,CO»-Hs] products. It is likely these [M-H-H,CO,-H,]| ions are structurally the
same as [M-H-H,0-H,CO] ions for two reasons. As stated earlier (section 5.3.1), it is
likely that the [M-H-H,CO,] ions are structurally the same as the [M-H-H,O-CO] ions;
therefore, an additional H, elimination could result in [M-H-H,CO,-H;] ions being
structurally the same as [M-H-H,O-H,COJ ions. Secondly, The fact that the [M-H-H,0-
H,CO] ions were not generated from 2-HAs that have a four-carbon chain suggests the
loss of CO is followed by a sequential loss of H, (from the [M-H-H,O]') and that the
structure of [M-H-H,O-H,CO] ions may be the same as [M-H-H,CO,-H;] ions (also not

generated from four-carbon chained 2-HAs").
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3.5.3 The loss of H>O from the [M-H-H,0] fragments of 2-hydroxycarboxylates

A second loss of H,O was observed from the 2-HAs™ containing at least a five-
carbon chain (linear or branched). In the MS® spectrum of 2-hydroxyhexanoate (figure
3.3¢) and 2-hydroxyoctanoate (figure 3.4¢), the [M-H-H,O] ions eliminate H,O to form
[M-H-H,0-H,0] fragments which were detected with RIs between 15 and 20. The
formation of the [M-H-H,0-H,O] ions from 2-hydroxy-4-methylpentanoate was more
favourable in comparison, as their RI was 100 (figure 3.8¢). The elimination of water
from the [M-H-H,0]  ions have been illustrated in the fragmentation trees (figure 4.6-4.8)
directly to the right of the [M-H-H,O} ions.

Based on the MS® data obtained from this study, it can be concluded that the
generation of the [M-H-H,O-H,0]  ions requires the parent ions to have a minimum of
five carbons in its carbon chain. In addition, methyl branching in the carbon-four position

appears to increase the favourability of this CID pathway.

5.5.4 The formation of the m/z 58 distonic radical from 2-hydroxycarboxylates

The [M-H-H,0] ions were the only MS> product ions that undergo radical
cleavage via CID. In the MS® spectrum 2-hydroxyhexanoate (figure 3.3¢), 2-
hydroxyoctanoate (figure 3.4¢) and 2-hydroxy-4-methylbutanoate (figure 3.8¢) the [M-H-
H,O0] ions eliminated a neutral radical to generate the m/z 58 distonic radical anions (RI
10-15). The radical reaction forming the m/z 58 ions is illustrated in the fragmentations
trees (figure 4.6-4.8) to the left of the [M-H-H,O] ions.

Based on the spectral data, MS? fragmentation of the [M-H-H,O] ions generated

the m/z 58 distonic radical anions provided the [M-H-H,O} ions have a minimum of a
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five-carbon chain, as this MS® product ion was not formed from 2-HAs containing four

(or less) carbon atoms in its carbon chain (refer to spectra in figure 3.1¢, 3.2¢, 3.5b and

3.6¢).

5.5.5 The formation of the m/z 84 distonic radical from 2-hydroxvcarboxylates

The [M-H-H,O] ions also undergo an alternative radical cleavage reaction via
CID. In the MS? spectrum of 2-hydroxyhexanoate (figure 3.3¢) and Zhydroxyoctanoate
(figure 3.4¢) the [M-H-H,0] ions show the elimination a different neutral radical to
generate m/z 84 distonic radical anions (RI 5 and 15, respectively). The radical reaction
forming the m/z 84 ions is illustrated on the fragmentations trees (figure 4.7 and 4.8) to
the bottom right of the [M-H-H,O] ions.

Based on the spectral data, MS?® fragmentation of the [M-H-H,O] ions will
generate the m/z 84 distonic radical anions provided the [M-H-H,O] ions have a
minimum of a six-carbon chain, as this MS® product ion (m/z 84) is not formed from 2-

HAs’ containing five (or less) carbon atoms in its carbon chain (refer to spectra in figure

3.1¢, 3.2¢, 3.5b, 3.6¢ and 3.8c¢).

5.5.6 The unique loss of 44 mass units from the [M-H-H>O]" fragment ion of 2-hydroxy-4-

methylpentanoate

There is one MS® product ion that was only generated from the [M-H-H,0] ions
of 2-hydroxy-4-methylpentanoate. This product ion has a m/z of 69 (RI 10), therefore
formed through the elimination of 44 mass units (refer to spectra in figure 3.8¢). The

elimination of 44 mass units from the [M-H-H,O] ion (m/z 113) is illustrated on the
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fragmentation tree of 2-hydroxy-4-methylpentanoate (figure 4.6) descending to the left of
the [M-H-H,O] ion.

The loss of 44 could be a CO; elimination; however, that would likely result in an
unstable carboanion (as all oxygen atoms would have been eliminated). Based on the low
spectral intensity of the m/z 69 ion, it is more reasonable to suggest that the [M-H-H,0]
ion loses CO (already addressed in section 35.5.7) followed by a loss of CHy (28 + 16 = 44
mass units). Although the m/z 85 ions ([M-H-H,0-COY) could not be fragmented to
generate MS* fragments (due to insufficient detection), it is likely the elimination of CH,
would have been observed in their MS* spectrum. This is because, as stated in section
5.5.1, the structures of the [M-H-H,0-COJ ions are likely the same as the [M-H-H,CO;|
ions; and the [M-H-H>CO,] ions from 2-hydroxy-4-methylpentanoate readily eliminate

CHy via CID (refer to MS® spectrum in figure 3.8d).

5.5.7 Additional MS® fragmentation unique to the [M-H-H,O] fragment ion of 2-

hyvdroxy-2-methylbutanoate

The [M-H-H,0] fragments from 2-hydroxy-2-methylbutanoate (m/z 99)
generated three distinct MS® fragment ions. The fragments have a m/z of 73 (RI 15), 59
(RI 10) and 57 (RI 8) (refer to spectrum in figure 3.5b). Formation of fhe m/z 73 product
ion is illustrated directly below the [M-H-H»O] ion (m/z 99) in the fragmentation tree
(figure 4.3). The pathway that forms the m/z 59 ions is found descending to the left of the
m/z 99 ion and directly to the left of the m/z 99 ion is the pathway that forms the m/z 57

ions (refer to fragmentation tree in figure 4.3).
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Neutral mass loss assignments were more difficult regarding to the formation of
the m/z 73, 59 and 57 ions. The m/z 73 ion is 26 mass units smaller than the [M-H-H,OJ
ion. This could correlate to a loss of ethyne (C;H,). There is a difference of 40 mass units

between the [M-H-H,O0] ion and its m/z 59 product. This elimination may be the loss of

C3H4 (eyclopropene, HC=C=CH; or HC=C-CHj3) or C,0. The m/z 57 ion has a mass 42

units smaller than the [M-H-H,O] ion. This could be the elimination of C3Hg

(cyclopropane or HyC=CH-CHj3) or HC,0 (H,C=C=0, HC=C-OH or oxirene

(unsaturated three-membered ring)).

There is also the possibility ofa product ion that readily forms bonds with solvent
molecules. Ion solvent adducts have been documented in a number in MS" studies for
both positive and negative ions, especially with regards to water and methanol adducts. e
™ In addition, it has been well documented that a ketene functional group will readily

incorporate solvent molecules into its structure. 25

As a result, solvent adduct formation
cannot be ruled out when looking to explain formation of the m/z 59, 73 and 71 ions from
the [M-H-H,O] ions of 2-hydroxy-2-methylbutanoate (figure 3.5b). For example, if the
[M-H-H,0] ion dissociated to yield MS® products with a m/z 41 then the incorporation of
H,0 (18 mass units) or methanol (32 mass units) via solvent adduct would result in ions
detected at m/z 59 and 73, respectively. Alternatively, the [M-H-H,O] ion may generate
m/z 39 fragments that form water or mlethanol adducts, thus be detected in the MS?
spectrum at m/z 57 and 71. Considering there are a number of possibilities for assigning
the neutral mass eliminations yielding the m/z 73, 59 and 57 product ions, their

assignments within the fragmentation tree remain numerical rather than elemental (figure

43).
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CHAPTER 6: HYDROGEN-DEUTERIUM EXCHANGE (HDX) STUDIES ON

~ HYDROXYCARBOXYLATES

Hydrogen-deuterium exchange (HDX) is a simple way of D-labeling of
compounds containing functional group(s) that can be involved in the process of a prbton
transfer in solution. Neutral hydroxycarboxylic acids (HAs) contain two functional
groups (OH and COOH) that can exchange their protons with protons present in aqueous
solution.® It is important to note that if HAs are dissolved in D,0 (source of D' in
solution) *, OHband COOH groups will participate in HDX. 56 As a result of the HDX
process, HAs will accommodate (to some extent) D-labeled OD and COOD groups in
their structure. Such a conversion of HA to its D-labeled analogue is useful in MS
studies of their dissociation reactions. Although a deuteron from a COOD group is lost
during electrospray ionization, the deuterium of the deuteroxyl group provides additional
information with respect to all fragmentation reactions involving this particular atom.
DO-labeled hydroxycarboxylates are detected at an m/z one unit higher than the
unlabeled species, thus they can be independently examined in tandem mass spectrometry
experiments.

Three of the linear 2-HAs (2-hydroxyacetic acid, 2-hydroxybutanoic acid and 2-
hydroxyhexanoic acid), two of the branched 2-HAs (2-hydroxy-2-methylbutanoic acid
and 2-hydroxy-3,3-dimethylbutanoic acid) and all three 3-HA compounds were selected
for HDX. The mass spectrum from each of the HDX HAs' is displayed in figures 6.1

(linear 2-HAs), 6.3 (branched 2-HAs) and 6.5 (3-HAs). Each spectrum clearly showed
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successful D-labeling as the D-exchanged parent ions (even m/z) generally had greater

relative intensities than those of the non-exchanged HAs™ (odd m/z).
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Figure 6.1: The MS scan of hydrogen-deuterium exchanged linear 2-
hydroxycarboxylates. The MS spectrum of a) 2-hydroxyacetate (m/z 90) b) 2-
hydroxybutanoate (m/z 104) and ¢) 2-hydroxyhexanoate (m/z 132) show the deuterium
atom has replaced a hydrogen within the structure of the parent ion. The ions detected at
m/z 89 (panel a), m/z 103 (panel b) and m/z 131 (panel ¢) are the parent ions that did not
incorporate the deuterium.
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Figure 6.2: The MS? spectrum of HDX linear 2-hydroxycarboxylates. Panel a displays
the MS? spectrum of 2-hydroxyacetate (m/z 90), b the spectrum of 2-hydroxybutanoate
(m/z 104) and ¢ the spectrum of 2-hydroxyhexanoate (m/z 132). The spectra were
generated on a LCQ lon Trap MS, operating in negative ion mode. NCE =24 V.
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Figure 6.3: The MS scan of hydrogen-deuterium exchanged branched 2-
hydroxycarboxylates. The MS spectrum of a) 2-hydroxy-2-methylbutanoate (m/z 118)
and b) 2-hydroxy-3,3-dimethylbutanoate (m/z 132) show the deuterium atom has
replaced a hydrogen within the structure of the parent ion. The ions detected at m/z 117
(panel a), and m/z 131 (panel b) are the parent ions that did not incorporate the
deuterium.

6.1 HDX findings from Deuterium labeled 2-hydroxycarboxylates

‘DO-labeled molecular ions of investigated HAs were analyzed in gas phase by
tandem mass spectrometry, following the hydrogen-deuterium exchange (HDX) of
corresponding HAs in solution. The MS? analysis on the HDX 2-HAs™ was conducted to
gain additional information regarding the fragmentation behaviour that leads to the
formation of the three typical MS? products: [M-H-H,CO,]’, [M-H-H,0O] and [M-H-H,]".
Ion trap isolation and fragmentation of DO-labeled parent [M-H] ions of 2-
hydroxypropanoate (m/z 90), 2-hydroxybutanoate (m/z 104) and 2-hydroxyhexanoate
(m/z 132) showed dissociation products that were detected 3, 19 and 47 units smaller than

the parent ions (figure 6.2). These fragment ions correlate to the loss of HD, HOD and
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HDCO; from the [M-H] ion, respectively. Fragmentation of the DO-labeled 2-hydroxy-

2-methylbutanoate (m/z 118) generated MS* product ions that were 19 and 47 mass units

smaller than the parent ion (figure 6.4a) and DO-labeled 2-hydroxy-3,3-

dimethylbutanoate (m/z 132) produced a product ion 3 mass units smaller (figure 6.4b).

Based on the HDX spectral data, it is clear that the hydroxyl group on the carbon-

2 atom is involved in loss of H,, H,CO, and H,O because the deuterium label was lost in

the form of HD, HDCO; and HOD (refer to spectra in figure 6.2 and 6.4b).
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Figure 6.4: The MS® spectrum of HDX branched 2-hydroxycarboxylates. Panel a
displays the MS? spectrum of 2-hydroxy-2-methylbutanoate (7/z 118) and b the spectrum
of 2-hydroxy-3,3-dimethylbutanoate (m/z 132). The spectra were generated on a LCQ Ion
Trap MS, operating in negative ion mode. NCE =24 V.
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6.2 Evidence of deuterium hydrogen back-exchange

Interestingly, a peak at m/z 103 is detected in the MS? spectrum of 2-deuteroxy-
3,3-dimethylbutanoate (refer to spectra in figure 6.4b). The spectral intensity of this m/z
103 peak is approximately 1/5 of that of the m/z 104 peak. Unlike the HDX studies
conducted for the other 2-hydroxycarboxylates (figures 6.2 and 6.4a), the fragmentation
of 2-deuteroxy-3,3-dimethylbutanoate has generated fragment ions that retain the
deuterium label in a product ion (the [M-H-CO]  fragments at m/z 104). It is likely that
gas-phase interactions of the m/z 104 ions with water molecules, that are present in the
trap, are responsible for the detection of the m/z 103 fragments via deuterium hydrogen
back-exchange. It has been well documented in protein/peptide analysis, that the HDX (in
solution) is accompanied by a significant degree of back-exchange in gas phase.ss’60

Analysis of the HDX peptides, using ESI-MS, has been reported to show deuterium

hydrogen back-exchange levels varying from 10 percent to 50 percent.*®
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Figure 6.5: The MS scan of hydrogen-deuterium exchanged 3-hydroxycarboxylates. The
MS spectrum of a) 3-hydroxybutanoate (m/z 104) b) 3-hydroxy-3-methylbutanoate (m/z
'118) and ¢) 3-hydroxy-3-phenylpropanoate (m/z 166) show the deuterium atom has
replaced a hydrogen within the structure of the parent ion. The ions detected at m/z 103
(panel a), m/z 117 (panel b) and m/z 165 (panel ¢) are the parent ions that did not
incorporate the deuterium.
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166). The spectra were generated on a LCQ Ion Trap MS, operating in negative ion

mode. NCE=24 V.
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6.3 HDX findings from Deuterium labeled 3-hydroxycarboxylaies

The D-labeled 3-hydroxycarboxylates were individually isolated and fragmented
and their MS? spectra are presented in figure 6.6. 3-deuteroxybutanoate (figure 6.6a), 3-
deuteroxy-3-methylbutanoate (figure 6.6b) and 3-deuteroxy-3-phenylpropanoate (figure
6.6¢) all generate a m/z 60 product ion as the major fragment (RI 100). All three D-
labeled parent ions also generated a m/z 59 fragment ion (RI 35-45). Based on the
spectral data of a limited number of 3-HAs, the major CID pathway retains the hydroxyl
hydrogen because the deuterium label remained on the MS? product ions.

The fact that a m/z 59 product ion was detected in all three spectra suggests there
is an alternative fragmentation pathway (minor in comparison) in which the hydroxyl
hydrogen is lost from the anion to generate m/z 59 fragments. Another possibility for the
detection of the m/z 59 ions is deuterium back-exchange of the m/z 60 products. While in
the gas-phase, interactions of the m/z 60 ions with water molecules present in the trap
may be résponsible for the removal of the deuterium label to result in the detection of the
m/z 59 fragments, much like the m/z 103 ions detected in the MS® spectrum of 2-
deuteroxy-3,3-dimethylbutanoate (refer to section 6.2). Unfortunateiy, the HDX studies
did not provide enough evidence to identify the structure or composition of the m/z 59
fragments; however, a structure and CID will be proposed for these products in the
following chapter (Proposed structures of fragment ions generated from

hydroxycarboxylates).
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CHAPTER 7: PROPOSED STRUCTURES OF FRAGMENT I0ONS GENERATED

FROM HYDROXYCARBOXYLATES

Structures for many of the MS? fragments and some of the MS® fragments can be
proposed. The spectral data, already displayed in chapter 3, gives important structural
information regarding the atoms involved in the neutral mass elimination. Additional
information regarding the neutral mass losses was obtained by conducting hydrogen-
deuterium exchange (HDX) studies on the various 2-hydroxycarboxylates (previously
presented). The information obtained from the HDX studies will be addressed throughout
this chapter as it pertains to individual CID pathways. In addition to the HDX data, the
available literature will be used to propose the various structures as well as construct
possible fragmentation pathways that yield these product ions. It is important to note that
the literature regarding the CID behaviour of hydroxycarboxylates is limited, thus many
of the MS" ions detected in the MS" spectra will not be addressed throughout this chapter.
The MS? product ions that will be discussed are the [M-H-H,CO,|", [M-H-H,0]” and [M-
H-H;] ions (7.1, 7.2 and 7.4) from 2-HAs and the m/z 59 ions from 3-HAs (7.5). The [M-
H-H>CO,-H;]', and [M-H-H,CO,-CH,4] ions will be the only MS? products described
below (section 7.3).

Prior to discussing the structure of the individual ions, the various classes of
fragmentation processes will be revisited. Even electron organic anions will fragment by
(1) reactions that are initiated by a proton transfer, (ii) rearrangement reactions including
nucleophilic attack, charge and skeletal rearrangements, (iii) homolytic cleavage to form

a stable radical anion and (iv) initial formation of an anion complex (such as with an
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neutral molecule) which may be followed elimination reactions. ** While proposing the
particular CID pathways, these four classes will be considered along with reported

literature to propose the most feasible reactions that generate the MS" products.

7.1 Proposed origins of the H,O elimination from 2-HAs

The first pathway to be discussed is the elirﬁination of water to yield the minor
[M-H-H,O] products. This is because the elimination of water will be incorporated into
the proposed CID pathway that generates the major MS? fragments, [M-H-H,CO,],
which is discussed in section 7.2.

Based on the spectral data presented in chapter 3, all 2-HAs" eliminated water
with the exception of 2-hydroxy-3,3-dimethylbutanoate (figure 3.7a), therefore the
hydrogen atom on the B-carbon is involved in the loss of water. The other hydrogen
atom, the hydroxyl hydrogen, was established through HDX studies and previously
proposed in the literature. '3 ¢1-62

The oxygen atom involved is believed to be from the carboxyl group, according to
Kerwin et al. They were looking at the fragmentation behaviour of 2-OH fatty acids and
proposed the hydroxyl hydrogen is transferred to the carboxyl group. Following the
transfer, they speculated that the loss of water must have occurred through a hydroxyl
ion-neutral complex without providing a reaction mechanism. '* Although Kerwin ef al,
have proposed the carboxyl oxygen, computational studies on small 2-HAs suggest the

hydroxyl oxygen atom involved instead. ®"*® Taking this into consideration, a CID

pathway can be proposed involving the hydroxyl group and the B-hydrogen (see below).
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7.1.1 Proposed CID pathway and structure of the [M-H-H,O] fragment ion from 2-HAs

The water elimination is likely initiated by a nucleophilic attack on the a-carbon
(see Scheme 1). As the oxygen-carbon bond forms, the hydroxyl group will form a bond
with the B-hydrogen. The result would be the elimination of water and formation of an
a-lactone intermediate anion. Redistribution of the negative charge will open the three-

member ring forming a more stable alk-2-enoate product.

Ry
OH I
H Ll R> H20 R4 ! R fe) R4 C O
e vl 2 N N
R c @ V c c
4 N A e |_7 |
| (na| R; AN Rz 0
R *©0 2(70 ©
[M-H] o—lactone [M-H-H,0]
intermediate ion alk-2-en-1-oate

Scheme 1: Proposed water loss pathway for 2-hydroxycarboxylates. The atoms in bold
font indicate those that comprise the mass elimination. Arrows indicate the movement of
the electron density. NA = nucleophilic attack, CR = negative charge redistribution. R; =
alkyl group (linear or branched) and R» = H or CHa.

The reaction outlined in scheme 1 is supported with literature. Initiation via

nucleophilic attack ** on the a-carbon has already been described with regards to CID

pathways of 2-hydroxyacetate. *’ The o-lactone intermediate anion is also supported

through computational means "¢

and applied to the fragmentation of 2-
hydroxyacetate.*’” Scheme 1 is supported with the spectral data (presented in chapter 3) as
it can account for the absence of the [M-H-H,0]  fragment from 2-hydroxy-3,3-

dimethylbutanoate (figure 3.7a).
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7.2 Proposed origin of the HCO, elimination from 2-HAs

In order to propose a structure for the [M-H-H,CO,] fragments the atoms
involved in the mass loss must be first identified. Based on the HDX data (chapter 6) it
was established that the hydroxyl hydrogen in involved in the loss of HyCO,. The spectral
data in chapter 3 has established that the hydrogen atom on the a-carbon is not involved
in the loss of H,CO, as the [M-H-H,CO;] . fragment was generated from 2-hydroxy-2-
methylbutanoate (figure 3.5a). Instead, it is likely the other hydrogen atom involved is on
the B-carbon, despite the moderately intense [M-H-46] ion observed in the MS? spectrum
of 2-hydroxy-3,3-dimethylbutanoate (figure 3.7a). The probable carbon source is carbon-
1 and the oxygen source includes the hydroxyl oxygen and one carboxyl oxygen.

There have been a limited number of studies on the fragmentation of 2-HAs/2-
hydroxy fatty acids, to which they attribute the loss of 46 to an elimination of H,COs. 63-
65 However, the origins of this fragment typically are not addressed. There are a few
publications that look into the atoms involved in the H,CO; loss and they also propose
the hydroxyl hydrogen, B-hydrogen and carbon-1. However, they suggested the oxygen

atoms involved are both from the carboxyl group. '**

A separate study on 2-OH fatty
acids proposed that the hydroxyl oxygen and one carboxyl oxygen comprise the H,CO;
climination yet does not propose a CID pathway. "> Taking this into consideration, a

feasible CID pathway can be proposed involving the hydroxyl group, B-hydrogen,

carbon-1 and one carboxyl oxygen (see scheme 3).
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 7.2.1 The proposed CID pathway that generates the [M-H-H,CO,] ions

Before proposing the mechanism for the loss of H,COa, it is important to explain
the CID pathway already proposed by Bandu et al. and Bialecki ef al. (presented in
scheme 2 '* 5y and why it is not in agreement with the spectral data displayed in chapter
3. The authors of both publications examined various 2-HAs" using a triple quadrupole
mass spectrometer. Based on the MS? spectrum generated, they propose the elimination
of H,CO; is carried out according to the reaction outlined in scheme 2. A proton transfer
from the hydroxyl group onto the carboxyl group initiates the heterolytic process.
Redistribution of the charge releases a formic acid carboanion (m/z 45), which forms an
ion-neutral Qomplex with the remaining aldehyde. The m/z 45 ion then abstracts a proton
off the B-carbon to form a resonance stable enolate (scheme 2). '**5 Support for their
proposed reaction is based on the detection of an m/z 45 ion (RI 20-50) in the

corresponding MS? spectrum.

AH=Pr &) } ;)H Ry
o o)1 Ry (\@C | 2
i l/RZ © H /R2 CR f/%H \\O e /C\ 20
R1\(|:/C\C/O — R1\(|:/CL>C/OH _CR R2/C\C¢o _A, R; Q{T
|l | 2l | R,
R2 (o] R2 (o] L R2
[M-HJ formic acid anion/ R,
aldehyde complex |
R C_ O
"ScZ N
I
Rz .
[M-H-H,CO,}

alk-1-en-1-olate

Scheme 2: The proposed CID reaction eliminating H,CO, from 2-HAs" via formic acid
anion (m/z 45)/aldehyde complex. '*** The atoms in bold font indicate those that
comprise the mass elimination. Arrows indicate the movement of the electron density. PT
= proton transfer, CR = negative charge redistribution. Ry = alkyl group (linear or
branched) and R; = H or CHj.
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Unlike the MS? spectrum generated in the Bandu ef al. and Bialecki et al. studies,
1245 the m/z 45 ion was absent in the MS? spectrum obtained in this study (refer to Figure
3.1a-3.6a and 3.8a). As a result, a feasible CID pathway is outlined in scheme 3 that
incorporates a two-step elimination of water, followed by a loss of CO. The CID pathway
is initiated by a nucleophilic attack on the a-carbon. A water molecule is lost by the o.-
hydroxyl group bonding to a B-hydrogen, which generates an a-lactone intermediate (just
like in scheme 1). Redistribution to the negative charge, to carbon-1, allows for the

elimination of CO to form the same resonance stable enolate (scheme 3) as the product

ion in scheme 2.

R, R,
R1\g:ﬁ'|\ O _A "0 |/\c// R R (I: f\% o R, (I: o
C/ NeZ N7 X Ay N2 NG
VS, L L
[M-HJ a—lactone carboanion [M-H-H,CO,J
intermediate ion intermediate alk-1-en-1-olate

Scheme 3: The proposed CID pathway that eliminates H,CO; via nucleophilic attack.
The loss of water and CO generate a resonance stable alk-1-en-1-olate without forming
an m/z 45 intermediate ion. The atoms in bold font indicate those that comprise the mass
elimination. Arrows indicate the movement of the electron density. NA = nucleophilic
attack, CR = negative charge redistribution. R; = alkyl group (linear or branched) and R,
=H or CH,.

The reaction outlined in scheme 3 is supported with literature. Initiation via
nucleophilic attack * on the a-carbon has already been described with regards to CID
pathways of 2-hydroxyacetate. *’ Elimination of CO from the a-lactone intermediate
anion, following the loss of water, is also supported through computational means. 61,62

In addition, the carboanion intermediate that resulted from opening the three-member

ring has already been proposed to lose CO in the fragmentation study of 2-

80



hydroxyacetate. 47 Regardless, the reaction mechanisms illustrated in Scheme 2 and 3
both suggest the final product to be an alk-1-en-1-olate and that the [M-H-46] fragment
from 2-hydroxy-3,3-dimethylbutanoate (figure 3.7a) is not [M-H-H,CO,] because the [3-

carbon does not have the required 3-hydrogen atom.

7.3 Proposed origin of H elimination from the [M-H-H,CO,] fragment ions from 2-HAs

Based on the CID pathways proposed in scheme 2 and scheme 3, it is likely that
the [M-H-H,CO,] ions are alk-1-en-1-olates. This is further supported through literature
as enolates readily lose H; via CID. 44,6668 | pelieve the origin of the H, comes from the
hydrogen atoms on carbon-3 and carbon-4 as this would increase the conjugation of the
[M-H-H,CO,-H;] product ions, thus increase their stability. % In the past,
cycloalkenolates have been analyzed through tandem mass spectrometry their elimination
of Hj is believed to come from their 3,4-positions. 66,68 A5 a result, a pathway can be

proposed for the loss of H, from the alk-1-en-1-olates (see below scheme 4).

7.3.1 The proposed CID pathway and structure of the [M-H-H,CO,-H,] ions

The literature regarding the loss of H; from cycloalk-1-en-1-olates does not show
a reaction mechanism, just a final cycloalk-1,3-dien-1-olate ion as the fragment. 66,68 The
.proposed reaction mechanism in scheme 4 accounts for the 3,4-positioning loss of H, via
redistribution of the negative charge towards carbon-3. This would result in a concerted
loss of H, followed by charge redistribution back to the terminal oxygen atom. The final
product would be a conjugated alk-1,3-dien-1-olate as the [M-H-H,CO,-H;] MS?

product ions.
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Scheme 4: The proposed CID pathway eliminating H, from the [M-H-H,CO;] ions via
negative charge redistribution. The loss of H, generates a stable conjugated alk-1,3-dien-
1-olate. The atoms in bold font indicate those that comprise the mass elimination. Arrows
indicate the movement of the electron density. CR = negative charge redistribution. R; =
alkyl group or H and R; = H or CH,.

The alk-1-en-1-olate ions, from 2-hydroxybutanoates (linear or branched), would
not have a carbon-4 and thus could not eliminate H, from the 3,4-positions. Perhaps this
is why the [M-H-H,CO»-H,] ions are not generated at the MS? stage (refer to spectra in
figure 3.2d, 3.5¢ and 3.6d). However, the alk-1-en-1-olate ions from 2-
hydroxypropanoate do not have a third or fourth carbon yet still show the [M-H-H,CO,-
H,] ions in the MS? spectrum (figure 3.1d). Based on this spectral observation, an
alternative pathway must be occurring for the [M-H-H,CO;] ions of 2-

hydroxypropanoate to achieve the loss of hydrogen that is not feasible for the analogous

2-hydroxybutanoate fragments (linear or branched).

7.3.2 Proposed origin of the CH, elimination from [M-H-H,CO,] fragment ions formed

via MS® analysis of 2-hvdroxy-4-methyvlpentanoate

The [M-H-H,CO,] ion from 2-hydroxy-4-methylpentanoate is believed to be 3-
methylbut-1-en-1-olate based on the product ions formed in scheme 2 and scheme 3. |
believe the origin of the CH4 comes from the methyl group on carbon-3 and the hydrogen
‘atom carbon-4. This would increase the conjugation of the [M-H-H,CO,-CH4] product

ions, thus increase their stability. ® In the past, 3-methylcycloalkenolates have been
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analyzed through tandem mass spectrometry their elimination of CHy is believed to come

66, 68

from their 3,4-positions. As aresult, a pathway can be proposed for the loss of CH,

from the 3-methylbut-1-en-1-olate (see below scheme 5).

7.3.3 The proposed CID pathway and structure of the [M-H-H,CO,-CH,] ions

The literature regarding the loss of CH, from a 3-methylcycloalk-1-en-1-olate
does not show a reaction mechanism, just a linear cycloalk-l,3-dien-1-olate ion as the
product ion. %% The proposed reaction mechanism in scheme 4 (H; elimination) has
been applied to the 3-methylbut-1-en-1-olate ion; however, the reaction mechanism was
modified to incorporate the loss of the 3-methyl group via negative charge redistribution
(see scheme 5). This would result in a concerted loss of CH, followed by charge
redistribution back to the terminal oxygen atom. The final product would be a conjugated

linear alk-1,3-dien-1-olate as the [M-H-H,CO,-CH4]” MS? product ions.

HC CH 1 M H H H
~—\ | 4 | 2 | 3 | |
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I | |
Ry H qu H R, H
[M-H-H,CO, [M-H-H,CO,-H, |
alk-1-en-1-olate alk-1,3-dien-1-olate

Scheme 5: The proposed CID pathway eliminating CH4 from the [M-H-H,CO;] ions via
negative charge redistribution. The loss of CHy4 generates a stable conjugated alk-1,3-
dien-1-olate. The atoms in bold font indicate those that comprise the mass elimination.
Arrows indicate the movement of the electron density. CR = negative charge
redistribution. R; = alkyl group or H.

7.4 The proposed origin of the H, elimination from 2-HAs

Based on the spectral data presented in chapter 3, all 2-hydroxycarboxylates

eliminated molecular hydrogen with the exception of 2-hydroxy-2-methylbutanoate
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(figure 3.5a), therefore the hydrogen atom on the a-carbon is involved in the loss of Hy.
The other hydrogen atom, the hydroxyl hydrogen, was established through HDX studies
as the analogous HD loss was observed (refer to spectrum in figure 6.2 and 6.4b).
Previous studies on 2-hydroxyacetate *’ and dihydroxycarboxylates have observed the
loss of H; and also propose the origin of hydrogen to be the hydroxyl hydrogen and the

hydrogen atom bonded to the carbon bearing the hydroxyl group. 77!

As aresult, a
CID pathway can be proposed for the loss of H; incorporating both hydrogen atoms (see

scheme 6 below).

7.4.1 The proposed CID pathway and structure of the [M-H-H,] ions

Previous studies on dihydroxycarboxylates have led the authors to propose the

64,70, 7 however, if this were the case then the

loss of H; to occur via homolytic cleavage;
spectra presented in chapter 3 would show peaks correlating to [M-H-He]" ions along
with the [M-H-H,] ions. The [M-H-He] radical anions were not observed in the

corresponding MS? spectrum and thus an alternative CID pathway has been proposed

(scheme 6).
2
Pro ey ;
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Scheme 6: The proposed CID pathway eliminating H, from 2-hydroxycarboxylates via
nucleophilic attack. The elimination of H, generates 2-oxoalkanoates as the [M-H-H;]
products. The atoms in bold font indicate those that comprise the mass elimination.
Arrows indicate the movement of the electron density. NA = nucleophilic attack, CR =
negative charge redistribution. R = alkyl group (linear or branched).
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The proposed elimination of H; from 2-hydroxycarboxylates (scheme 6) is
initiated by a nucleophilic attack on the a-carbon. This would cause the a-carbon-
hydrogen bond to break and form a bond with the hydrogen atom on the hydroxyl group.
The concerted loss of H, would form an a-lactone intermediate ion. Redistribution of the
negative charge opens the three-member ring to yield 2-oxoalkanoates as the [M-H-H;]
fragments (scheme 6). This pathway is supported with computational calculations

61, 62

(regarding the a-lactone intermediate) and has already been applied to the formation

of the [M-H-H,]  ions from 2-hydroxyacetate. *’

7.5 Proposed elemental composition of the m/z 59 fragment ions generated from 3-HAs

The possible elemental compositions for the m/z 59 product ions, from 3-
hydroxycarboxylates, are either C,H30;™ or C3H;0". Based on the MS? spectra presented
in chapter 3 (figure 3.9) it is clear that a hydrogen on carbon-3 is not involved in the
formation of the m/z 59 ion since 3-hydroxy-3-methylbutanoate generated this fragment
(refer to spectrum in figure 3.9b). In addition, the MS? spectrum from 3-hydroxy-
phenylpropanoate has determined a carbon-4 atom is not required to generate the m/z 59
ions (figure 3.9¢) as it only has a three-carbon chain. It was determined through HDX
studies that the hydroxy hydrogen is incorporated in to the m/z 59 ion as the D-labeled
parent ions generated m/z 60 fragments (refer to figure 6.6). As stated earlier in section
6.3, deuterium back-exchange of the m/z 60 ions is suspected (accounting for the m/z 59
ions) and therefore the hydroxyl hydrogen/deuterium would be bonded to an oxygen

atom.
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The m/z 59 ions have been observed in the MS? spectrum of complex 3-hydroxy
acids (multiple functional groups and aromatic rings) 727 and suspected to be acetate
(C2H30y). Unfortunately, CID pathways yielding the acetate ion were not proposed.
Therefore, a CID pathway has been proposed for the 3-HAs that result in m/z 59 ions
with the elemental composition of C,H30;" (see scheme 8). The pathway will form the
product ion comprised of the hydroxyl hydrogen, both hydrogen atoms on carbon-2,

carbon-2 and the carboxyl moiety.

_ 7.5.1 Possible fragmentation pathways that lead o the formation of the m/z 59 ions

The CID pathway that forms the m/z 59 ions, from 3-hydroxycarboxylates, is
illustrated in scheme 8 and resembles the McLafferty rearrangement. The McLafferty
rearrangement has typically been described with radical cations ™76 but has been
proposed for even electron cations as well (metal cationized esters). 7’ In a McLafferty
rearrangement, the y-hydrogen (hydrogen atom bonded to the atom in the y position) is
transferred through a six-membered cyclic transition state onto a formerly unsaturated
group. This is followed by subsequent bond cleavage between the atoms in the o and 3-
positions. "® An example of the McLafferty rearrangement is presented in scheme 7 using
radical cations of carbonyl systems. Once the hydrogen is transferred to the carbonyl
group (y-hydrogen rearrangement), electron redistribution results in the loss of an alkene
via homolytic cleavage of the a,B-bond (scheme 7). A similar even electron reaction can

be applied to the 3-hydroxycarboxylates to account for the formation of the m/z 59

products (see scheme 8).
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Scheme 7: An example of the McLafferty rearrangement using carbonyl radical cations.
The arrows indicate the movement of one electron. The Greek symbols indicate the
atom’s position with respect to carbon-1. >
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Scheme 8: The proposed McLafferty-type rearrangement of 3-hydroxycarboxylates that
generates the m/z 59 fragments. The Greek symbols indicate the atom’s position with
respect to carbon-1. The atoms in bold font indicate those that comprise the m/z 59 ion.
Arrows indicate the movement of the electron density. PT = proton transfer, CR =
negative charge redistribution. R = alkyl group, phenyl group or hydrogen atom.

The proposed CID pathway that forms the m/z 59 fragments (scheme 8) is
initiated with a proton transfer off the hydroxyl group. Subsequent redistribution of the
negative charge will eliminate a neutral ketone/aldehyde to generate resonance stable 1-

hydroxyethenolate (m/z 59). The initial proton transfer in scheme 8 is analogous to the y-

hydrogen rearrangement in McLafferty reactions. The elimination of a ketone/aldehyde
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(scheme 8) is achieved through heterolytic cleavage of the a,-bond, whereas the
comparable cleavage of this bond in the McLafferty reaction (scheme 7) is homolytic.
This reaction complies with MS? spectra presented in figure 3.9 (chapter 3) as it can
account for the detection of the m/z 59 ions regardless of branching on carbon-3. This
reaction also accounts for the m/z 59 ions in the HDX MS? spectra because the product
ion (1-hydroxyethenolate) could undergo deuterium back-exchange of 1-deuteroxy
group. Additional support to this CID pathway comes from a previous proposal of this
McLafferty-type dissociation pathway towards 3-aminocarboxylates, some amino acids

and 3-hydroxybutanoate. *

CHAPTER 8: CONCLUSIONS AND FUTURE WORK

By conducting controlled CID experiments, using negative mode ESI-QIT-MS, a
better understanding of the gas phase dissociation chemistry of aliphatic HAs™ was
obtained. This knowledge allowed for fragmentation profiles to be ascertained for both 2-
and 3-HAs". There is a distinct difference in the fragmentation behaviour between HAs
depending on location of the hydroxyl group (carbon-2 versus carbon-3). Regardless of
methyl branching or a phenyl group on carbon-3, fragmentation of 3-HAs" result in the
formation of a single fragment ion with a m/z 59. Incorporation of the HDX studies on 3-
HAs has show the fragment ions retain the deuterium label, to yield m/z 60 fragments (RI
100). However, HDX studies also suggest the deuterium is bonded to an oxygen atom as

the spectra shows (in figure 6.6) evidence of deuterium back-exchange, revealing a less
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intense m/z 59 peak. This indicates these m/z 59 ions are likely 1-hydroxyethenolates,
based on the proposed fragmentation pathway illustrated in scheme 8.

The gas phase chemistry of 2-HAs™ is more complex than 3-HAs™ and their
spectral complexity increases as the length of the aliphatic chain increases. The general
CID behaviour has been established, at the MS stage, for 2-HAs". With the exception of
2-hydroxyacetate, fragmentation of 2-HAs results in the formation of [M-H-H,CO:],
[M-H-H,0] and [M-H-H;] fragments when using a QIT for the tandem MS analysis.

The major fragment generated from 2-HAs™ was the [M-H-H,CO.] ion. By
incorporating HDX studies the hydroxyl hydrogen was identified as one of the hydrogen
atoms involved in this mass loss. Literature identified the other hydrogen as that on the B-
carbon. ** The results in this current study agree, however a moderately intense [M-H-
46] ion was observed in the MS? spectrum of 2-hydroxy-3,3-dimethylbutanoate (refer to
figure 3.7a). This study was unable to identify the composition of this mass elimination
and therefore, tandem MS analysis on an isotopically labeled analogue of this 3,3-
dimethyl 2-HA" (which are not commercially available) would need to be conducted. For
example, oxygen isotopes (180) in the carboxyl moiety as well as the hydroxy moiety
would be able to establish whether or not two oxygen atoms are involved in this mass
loss. If the loss of 46 is the loss of H,CO,, then the 130 labeled compound would show a
peak correlating to a [M-H-50] ion in the MS? spectrum. As speculated earlier, the loss of
46 mass units may be the sequential loss of CO followed by a concerted loss of CH4 and
H,. ’By tandem MS analysis on an '*0 labeled species, the MS* spectrum would show a
moderately intense peak correlating to [M-H-48] ions, instead of the presumptive [M-H-

50] ions. Similarly, if the six carbon atoms in 2-hydroxy-3,3-dimethylbutanoate were
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carbon isotopes (*C) the loss of 47 mass units would determine the loss to be HoCO»,
whereas the loss of 48 would identify CO followed by a concerted CH, and H; as the
neutral elimination. Excluding the [M-H-46] ion from the 3,3-dimethyl 2-HA", a feasible
structure has been proposed for the [M-H-H,CO,] ions. Although the pathway to which
it is formed has yet to be concluded (scheme 2 vs. scheme 3), it is likely these ions are
alk-1-en-1-olates.

The other two peaks typically observed in the MS? spectrum of 2-HAs" correlate
to the [M-H-H,0] and [M-H-H;] ions, both of which are observed with low spectral
intensities (RI<S5). In both cases, the complimentary HDX studies identified the hydroxyl
hydrogen as part of the mass elimination. The second hydrogen in the loss of Hj is that on
the a-carbon, which was determined with the analysis of 2-hydroxy-2-methylbutanoate
(see figure 3.5a). Methyl branching at carbon-2 inhibited H, elimination, thus identifying
the carbon-2 hydrogen as part of this mass loss. The structure of the [M-H-H,] fragment
would be a 2-oxoalkanoate if the pathway proposed in scheme 6 is correct.

The second hydrogen comprising the water loss was determined to be one on
carbon-3. This was established through the analysis of 2-hydroxy-3,3-dimethylbutanoate
as its MS? spectrum (figure 3.7a) does not show a peak correlating to the [M-H-H,OF
ion. It is likely the hydroxyl oxygen accounts for the oxygen atom in the water loss;
however, the current study could not conclude its involvement. Again, tandem MS
analysis on an %0 analogue (either located in the hydroxyl moiety or the carboxyl group)
can determine which oxygen atom is involved. Provided the CID pathway illustrated in

scheme 1 is correct, the structure of the [M-H-H,O] fragments are alk-2-en-1-oates.
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When looking to identify unknown compounds, tandem mass spectrometry at the
MS? stage can provide clues to assist with structural elucidation. Based on the results of
this current fragmentation study, observation of the three characteristic fragment ions
(intense [M-H-H,CO,]", minor [M-H-H,O] and [M-H-H,]") in the MS? spectrum would
strongly suggest the unknown to be a 2-HA". The MS? stage can also establish methyl
branching to a degree, as branching at particular carbon atoms will result in the absence
of one of these characteristic fragments. Unfortunately, some isomers could not be
distinguished from one another (such as 2-hydroxyhexanoate and 2-hydroxy-4-
methylpentanoate) with MS? analysis.

This current study is an excellent example of how the QIT MS is the preferred
mass analyzer to use when looking at fragmentation profiles. By conducting higher order
tandem mass spectrometry, 2-HA" isomers can be distinguished from one another whén
MS? analysis alone could not. The MS? analysis of the [M-H-H,CO,]  ions is one
example that can establish whether the carbon chain (of the parent 2-HA") is four carbons
in length or greater. If the 2-HA™ has a carbon chain at least five carbons in length, their
[M-H-H;CO;] ions will show a prominent loss of Hj in their corresponding Mms?
spectrum. However, if the parent 2-HA’ ion has only a four carbon-chain then the
corresponding MS? spectrum will not show the [M-H-H,CO,-H,] products, or any other
product ions (figure 3.2a and 3.6a). This finding would allow 2-hydroxypentanoate to be
distinguished from a methyl branched 2-hydroxybutanoate.

Another example deals with 2-hydroxyhexanoate and 2-hydroxy-4-
methylpentanoate. Their corresponding MS? spectra look identical (see figure 3.3a and

3.8a); however, it is the variations in their Ms? spectra that allow them to be
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distinguished from one another. As mentioned, a predominant loss of H, occurs when
fragmenting the [M-H-H,CO,] ions. However, this corresponding fragment was detected
with low spectral intensity in the MS® spectrum of 2-hydroxy-4-methylpentanoate.
Instead, a favourable loss of methane was observed (figure 3.8d). Therefore, if an
unknown 2-HA™ has methyl branching at the carbon-4 position, the branching can be
identified because the MS? spectrum will reveal a prominent loss of methane instead of
H,.

One last example of how MS? analysis can offer structural information of
unknown 2-HAs" is by fragmenting the [M-H-H,O] ions. Typically, upon CID, there is a
predominant CO elimination but extensive fragmentation accompanies the loss of CO for
the ions containing more than a four-carbon chain. Also, by looking at the radical
reactions that are observed in the MS? spectrum, ions with at least six carbons in their
carbon chain can be distinguished from ions with a five-carbon chain. The former
generates two distonic radical anions (at m/z 58 and 84, see figure 3.3¢ and 3.4¢) and the
later only generates one (the m/z 58 ion, see figure 3.8¢).

The current study has illustrated how analysis of a class of compounds on QIT
MS is not only capable of identifying fragmentation trends but identifying CID pathways
that can be used to distinguish between isomeric compounds. The current study limited
its analysis to aliphatic saturated 2-HAs and 3-HAs. This study did not include
halogenated HAs. Future work could be cor;ducted in the same manor to determine how
halide substituants may change the general fragmentation behaviour of these organic
acids. Although one of the 3-HAs studied (3-hydroxy-3-phenylpropanoic acid) contained

an aromatic substituant, none of the 2-HAs studied did. The addition of an aromatic
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group to the 2-HAs would most likely result in extensive MS" analysis as it would
stabilize the MS" fragments formed (providing the aromatic group was not eliminated as
a neutral). However, without experimental data this can only be speculated. This study
also omitted 2-HAs containing more than one hydroxyl and carboxylic group, thus the
variations in CID patterns remain to be explored.

By understanding the gas phase chemistry of HAs, and their fragment ions, the
knowledge can be applied to other ESI-MS? studies to help identify non-target HAs. The
information gained in this study could be used as a basic profile that can be expanded up
on following detailed comprehensive analyses of other HAs and similar compounds (that
may contain halides, phenyl or additional carboxyl/hydroxyl groups). Expanding the CID
profiles would be beneficial as it would generate a structural elucidation tool that can be
used for identification purposes.

Since hydroxycarboxylic acids (HAs) were found to be abundant contaminants in
drinking water, ' future research into developing an LC/MS/MS method for the
quantification of target HAs (such as 2-hydroxyacetic acid) and the identification of other
non-target HAs in water samples (through the use of fragmentation profiles) should be
explored. A combination of an efficient liquid separation technique with mass
spectrometry detection would be required for such analysis due to the high complexity of
water samples. Ideally, this method would use nano-flow capillary ultra-high
performance liquid chromatography (UPLC), nanospray ionization (nESI), and a high
resolution mass analyzer such as the quadrupole-time-of-flight-mass spectrometry (Q-

TOF-MS). '® Once a UPLC-nESI-Q-TOF MS method is established and optimized (using
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commercially available standards) water samples can then be analyzed with this LC-
MS/MS system.

Although 2-hydroxyacetic acid and other non-halogenated HAs are not currently
considered contaminants of concern, "> future water research may change this
perspective. 2-hydroxyacetic acid was found to be present at high ppm concentration, in
a sample of Canadian chlorinated drinking water. " Establishing the source of
contamination may be significant as they are thought to be disinfection byproducts.
Development of such a method could be applied to a range of water samples (pre and
post-disinfection, and even source water) to determine the abundance of HA
contamination in Ontario; correlations between HA concentrations and the content of
natural organic matter in drinking water; as well as correlations between water

disinfection regimes and HA contamination.
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