











































































































internal standard [18] in this study also reflects its absence in biological matrices as well

as its availability for comparison.

Experimental

Chemicals and Reagents

The derivatizing reagent, 4-hydrazino-4-oxobutyl [tris(2,4,6-trimethoxyphenyl)]
phosphonium bromide, (HTMPP), whose structure is shown below, was supplied by
Glaxo Research and Development Ltd (UK). The precursors for the internal standards,
viz. malonaldehyde bis(dimethylacetal) (1,1,3,3-tetramethoxypropane) and 2-methyl-3-
ethoxyprop-2-enal (3-ethoxymethacrolein), were purchased from Aldrich Chemicals.
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All other reagents and solvents were of analytical grade and purchased from
Fisher Scientific and Lancaster Synthesis. The matrix solution used contained 10 mg of

2,5-dinydroxybenzoic acid (DHB) in 1 mL of ethanol.

Internal standards
Aldehydes that were used as an internal standard are benzaldehyde (BzA) and
methyl-malondialdehyde (MMDA). The samples for the MALDI experiments were
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prepared by mixing 20 uL of the HTMPP stock solution (ImM) with 10 pL of the
internal standard solution (ImM) and 10 pL of an MDA solution, whose concentration
was varied from 1mM to 0.015 mM [19]. A calibration curve of analyte and internal
standard intensity ratio against the molarity of the analyte was plotted from the data
acquired and the intercept of the curve was used to determine the limit of detection
(LOD) value. The internal standards were used to measure the level of accuracy and

precision of the MALDI/MS analysis.

Synthesis of internal standards
The 1 mM malondialdehyde standard solution was prepared by acid hydrolysis of
the (bis)acetal in 0.1 M HCI at room temperature for 2 hours as the compound is not

commercially available due to its instability. It was generated as follows [13,20,21]:
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Scheme 1. Formation of MDA from the acid hydrolysis of tetramethoxypropane.

The synthesis and application of MMDA as an internal standard for the
determination of MDA has been documented above. In this study, however, the synthesis
of 1 mM internal standard solutions of MMDA was achieved by adopting the procedure
for the MDA preparation, that is by acid hydrolysis of 3-ethoxymethacrolein in 0.1M
HCI, as outlined in Scheme 2.
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Scheme 2. Formation of MMDA as the internal standard from the hydrolysis of 3-
ethoxymethacrolein

Derivatization protocol

All derivatizations were carried out on the solid phase of a polystyrene-
divinylbenzene (XAD?2) resin with the analyte added to and reacted with the derivatizing
agent pre-loaded onto the resin, so that derivatization and isolation occur concurrently
[22,23]. Aldehydes react with hydrazide reagents in the presence of an acid catalyst to
form a hydrazone linkage [24]. Hence, hydrochloric acid was added to the solution to
obtain a pH value of 2.5. The derivatization mixture, containing HTMPP and MDA in a 3
: 1 molar ratio, was then sonicated for 30 min. in an ultrasonic bath at room temperature.
The derivative was eluted with 200 pL of acetonitrile.

The general reaction of an aldehyde with a Girard type reagent is illustrated in

Scheme: 3 for the reaction of MDA with HTMPP :

H"'l -H0

H
+ / O
TMPP—/—\C—N 4
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Scheme 3. Derivatization of MDA with HTMPP

The acetonitrile solution containing the derivatized compounds was mixed with
an equal volume of the matrix solution or pure ethanol. From these solutions 1 pL

aliquots were transferred to the MALDI sample plate.
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Estimation of the limits of detection (LOD)

The LOD was estimated by preparing a dilution series of the standard MDA
solution and the derivatizing agent mixtures. A 1 pL. volume of the derivative was applied
to the metal target by the dried droplet method. 300 shots were summed over the entire
target spot. The LOD was defined as the molar amount of the analyte in the 1 pL spot that
gave a signal to noise ratio (S/N) of > 3 [12,19]. The LOD value in this work was

determined through the use of internal standards and calibration curves.

Preparation of the biological samples

Two sets of samples were prepared. The first set of 100 pL. of muscle homogenate
obtained from mice was mixed with 100 pL. 1 M HCI and the second with 0.1M HCI and
kept for 2.5 hours with gentle agitation. The homogenate was then centrifuged at 2000g
for 2-3 minutes. The supernatant was decanted into tubes and kept at -20°C until further
use. In this experiment, four samples were prepared from each set by mixing 20 pL of
each sample with 20 pL of HTMPP stock solution ( 1 mM) and 10 pLL. of MMDA internal
standard solution (1 mM). To each mixture 30 pL of the 5 x 10° M HCI catalyst was
added and next the mixture was sonicated at room temperature for 30 mins. The

derivatives formed were eluted with 50 pL of acetonitrile.

MALDI/MS experiments

The analyses were performed on the Micromass TofSpec 2E MALDI instrument,
a time-of-flight mass spectrometer operated in the reflectron mode. Ions were generated
by a pulsed nitrogen laser at 337 nm and accelerated to 20 keV. The pressure in the ion
source was kept at 1 x 10°® Torr. All experiments were carried ouf in a condition where
the deflection high voltage (matrix suppressor) was set at 20 kV and the detector voltage
at 1.5 kV. The individual mass spectra were generated from the average of 200 to 300
laser shots. A polished stainless steel target plate was used for the analyses. Prior to each
set of experiments, the plate was cleaned by soaking it in dichloromethane, followed by

hexane, pure formic acid and deionized water and rinsing with acetonitrile.

28



Results and Discussion

The measurement of low molecular mass compounds by MALDI/MS provides a
powerful tool for the investigation of bioanalytical processes. Problems encountered in
the analysis of such substances may arise from their volatility, interference with matrix
signals or a weak 1onization efficiency. Therefore, a straightforward derivatization with a
quaternary ion that produces a strong enough signal to eliminate the use of a matrix was
investigated. The LOD was estimated and internal standards were applied to measure the
perfornance of the MALDI technique in this analytical procedure. From the data,
calibration curves were constructed for the determination of MDA in biological samples.
The LOD given refers to the molar amount of the analyte in the mixture applied on the

MALDI plate.

MALDI/MS experiments with and without the use of a matrix

Two sets of 12 experiments were performed on a standard mixture of HTMPP and
MDA at a molar ratio of 3:1. One set of experiments used DHB as the matrix while the
other set contained no matrix at all. A total of 300 laser shots were taken per experiment.

Hydrolysis of the acetal may yield three products, namely the dialdehyde, its enol
form and the partially hydrolyzed acetal. Their reaction with HTMPP yields three types
of derivatives, see Scheme 4, as indicated by the presence of characteristic ions in the
MALDI spectra at m/z 687, 669 and 733 respectively. The latter peak is not always
present, compare Figures 1 and 3, but the intensities of all three peaks were summed to
derive the MDA content of the samples.

From Fig. 1 and the results presented in Table 1, it follows that the spectra
obtained in experiments with and without the matrix are closely similar. This implies that

a matrix is not really required in this analytical procedure !
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Scheme 4. Hydrolysis of tetramethoxypropane yields HTMPP derivatives of the partially
hydrolyzed acetal, malondialdehyde and its enol-keto form that forms a cyclic ion.

Solution Ions (m/z) | Abundance | HTMPP : MDA
(average) | (intensity ratio)
HTMPP/ MDA (3:1) 633 5800 1:10
with matrix 669 24900
687 32200
733 None
HTMPP/ MDA (3:1) 633 5950 1:10
without matrix 669 25800
687 33600
733 None

Table 1. The results obtained from experiments with and without matrix. The mixture contains
only the derivatizing agent HTMPP and the products from the hydrolysis of 1,1,3,3-tetramethoxy-
propane. The ion at m/z 633 represents the unreacted HTMPP, while ions at m/z 669, 687, and

733 represent the total MDA.
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Figure 2.1. MALDI spectra produced from an experiment using DHB as the matrix (item A) and

an experiment without any matrix applied (item B).
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Limit of detection

The limit of detection (LOD) and the limit of quantitation (LOQ) were calculated
. from the signal-to-noise ratio of MDA. However, due to the incomplete hydrolysis of the
precursor to MDA and its partial enolization, three derivatives are present in the eluate
upon reaction with HTMPP, namely the malondialdehyde derivative, the cyclic form of
the derivative and the product of incomplete hydrolysis of the acetal, as shown in Scheme
4. The detection limit could therefore not be determined directly from the spectra based
only on the intensity of the signal at m/z 687. The fact that the chemical noise varies
from one experiment to another, possibly due to varying concentrations of environmental
malondialdehyde [25], also requires another method for determining the LOD.

For this purpose, in this project a total of 300 shots was taken per experiment and
the noise level was averaged from 10 experiments. A plot of MDA/internal standard vs.
MDA concentration was constructed setting the noise level as the intercept. The LOD and
the LOQ were then defined as 3 and 10 times the S/N ratios respectively [19]. In the
experiment where benzaldehyde was the internal standard, the LOD for MDA was found
to be 0.0014 nmol/pL. and LOQ at 0.0064 nmol/uL, whereas in the experiment with
methyl malondialdehyde the respective LOD and LOQ were 0.0012 nmol/uL and 0.0055
nmol/pL.

The plots used for the LOD and LOQ determination are shown in Figure 2. The
results of the experiments with MMDA are quite satisfactory. In contrast, those obtained
with benzaldehyde appear to be less reliable as the range of error in the intensity ratios
was found to be quite large, from 7% to 21% even after repeated experiments. A possible

rationale for the deviant behaviour of benzaldehyde is discussed in the next section.
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Figure 2.2 Limit of detection of MDA determined from experiments with BzA (top) and MMDA
(bottom) as the internal standard.
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Application of internal standards for calibration curves
i) The use of benzaldehyde as the internal standard

A dilution series of MDA was added to a standard mixture of HTMPP:BzA at a
constant ratio of 20:10. Scheme 5 shows the ions of the underivatized HTMPP and the

aldehyde derivative formed.

0O N=C\

H
Scheme 5. The derivative of benzaldehyde and the underivatized HTMPP present in the eluate.

The spectrum of Figure 3 shows the underivatized HTMPP ion at mass 633 and
the derivatized BzA at mass 721, while derivatized MDA accounts for the signals at m/z
687 and m/z 669. The partially hydrolyzed acetal generated a derivative at m/z 733.

100- 687
633

688

634 721

{ 669

8
'g . 722
g 1 LUy

0

1 | ¢ (

630 640 650 660 670 680 690 700 710 720 730 740

Figure 2.3 MALDI spectra of a mixture containing derivatized MDA (m/z 687 and 669) and BzA
(m/z 721).
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A calibration curve constructed from the MDA/BzA ratio versus the MDA
concentration in Figure 4 produced a linear response from 0.00125 nmol/puL to 0.04
nmol/pl.. The equation for the line was y = 56.412 x - 0.0008, where y is the intensity
ratio and x is the concentration of MDA in nmol/uL. The relative standard deviation of
the slope (RSDjiope) is 12.4 % and R = 0.9419. The range of error in the intensity ratio is
unexpectedly large : from 7 % to 21 %. These unsatisfactory results could be due to the
interference from benzaldehydes released by the resins. This proposal is supported by the
observation that occasionally quite an intense signal was present at m/z 721 in spectra of
mixtures which did not contain BzA. It should further be noted that benzaldehyde is not
structurally close to MDA as compared to MMDA. Hence, a much better results is

expected of MMDA as the internal standard.
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Figure 2.4 The calibration curve for the MDA analysis with BzA as internal standard.
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i) The use of MMDA as the internal standard
Another dilution series of MDA was added to the standard mixture of HTMPP

and MMDA at a ratio of 20:10 in an effort to study the application of MMDA as internal
standard. The MMDA produced from 3-methoxymethacrolein reacted with the HTMPP
reagent to produce derivatives that give rise to signals at mass 701 and at mass 683,

which is the cyclic compound shown in Scheme 6. A typical MALDI spectrum is

presented in Figure 5.

H ~ P_Jf_—\ HCHs 0
QTP CH—C

\\  ——  re—
C ? G m/z 701 N—C H
Ho oy, H H
3 HTMPP
> —_ H
H H &
o S0 P—/_\ N Ne-cn
C==C\ \ / 3
/ m/z 683
H CH3 N= C\H

Scheme 6. Derivatization of MMDA with HTMPP produced compounds at m/z 701 and 683

100633 _
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® ] B34 o, 701
g ! p 687
: .

630 640 650 660 670 680 690 700 710 720 730 740 750

Figure 2.5 MALDI spectra of a mixture containing underivatized HTMPP (m/z 633), derivatized
MDA (m/z 669 & 687), MMDA (m/z 683 & 701) and the remaining acetal (m/z 733).
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MDA/Me-MDA Intensity vs. MDA Concentration

, y = 341.04x + 0.0164
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MDA concentration {(nmoliuL)

Figure 2.6 The calibration curve for the MDA analysis with MMDA as internal standard.

A plot of the MDA/MMDA ratios versus MDA concentration, see Figure 6,
resulted in a linear response from an MDA concentration of 0.0003125 nmol/uL to 0.02
nmol/pL. The equation of the line is y = 341.04 x + 0.0164 with the RSDyqpe value of
1.11 % and R* = 0.9995. The error in the intensity ratio ranges only from 3 % to 9.4 %.

The observations from the performance of benzaldehyde and methyl
malondialdehyde as internal standards in LDI, show that the methyl malondialdehyde is a
highly reliable and accurate internal standard for the analysis of malondialdehyde on the

MALDI

Analysis of “real life” biological samples

All four samples were analyzed in 5-8 experiments and the error of the intensity
ratios ranges from 6 % to 10 %. The MDA concentration in the samples labeled as Q7,
Q43, #43, and #80, was found to be 0.00049 nmol/uL, 0.00028 nmol/pL, below the
background, and 0.00011 nmol/pL respectively, see Table 2. The trend of the results in
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both the 0.1 M HCI and the 1M HCl sets of samples is found to be consistent. It has been
documented that the accurate measurement of MDA content in biological samples
depends on several factors which include the subject’s environment and activities, the
derivatization efficiency and extraction recovery, the mild conditions for sample
processing to minimize lipid oxidation, artifact formation that could alter MDA results
and the release of bound MDA [13,14].

The results obtained so far show the capability of this method to detect the
presence of MDA in “real life” samples but further work is required to confirm the

concentrations determined.

Q7 0.00049 0.00026
Q43 0.00028 0.00005
#48 below below

background |background

#50 0.00011 0.00003

Table 2. Results for the biological samples.

Accuracy and Precision

Analytical methods employed for the determination of drugs and metabolites in
biological matrices such as urine, plasma and serum are essential throughout drug
discovery and development. These data are used to evaluate the bioavailability and
pharmacokinetic parameters of a drug to determine if development of the drug should
continue, hence the methods that produce the data should be accurate.

The Food and Drug Administration (FDA) has adopted certain guidelines for
bioanalytical methods validation to ensure accuracy and precision, sensitivity, selectivity,
recovery and stability. |

A method is first developed that is capable to determine a reliable concentration
of the analyte in the matrix. A calibration curve is then constructed using controlled

analyte mixtures. Quality control samples are prepared similarly in terms of method,
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conditions and internal standard content and used as a reference to the calibration curve

to determine the accuracy and precision of the method.

Method Validation

A calibration curve is created for each analyte in the matrix and in this project, it
was constructed specifically for MDA using a series of controlled MDA solutions. As per
the FDA guidelines [25], the calibration curve should consist of at least six points in
duplicates. The accuracy of each calibration point should be 85-115% except at the lower

limit of quantitation (LLOQ) where accuracy may deviate by + 20%.

Accuracy

The accuracy of a bioanalytical method is defined as the nearness of a mean of the
test results to the true expected value. Accuracy is determined by the analysis of at least
five replicate QC samples at three different concentrations spanning the range of the
calibration curve. The mean calculated concentration should be within 15% of the
intended concentration value except at the LLOQ, where a deviation of up to 20% is
allowed. The percent accuracy is calculated as follows: (Cm/Ci) x 100 (Eqn.1), where
Cm is the mean of the calculated concentrations and Ci is the intended concentration.
Accuracy is generally expressed as a mean of the individual calculated concentrations
such as 105 % accuracy.

The accuracy test was performed on seven concentrations spanning the calibration
curve with five replicate QC samples. Six samples were within the accurate range of 85-
115 % with the lower concentrations, i.e. 0.00125 nmol/uL and 0.000625 nmol/uL. MDA,
being close to the 115 % limit.

Precision

The precision of a bioanalytical method illustrates the nearness of tests results
upon the repeated analysis of identically prepared QC samples. Precision should be
measured using at least five duplicates at each QC concentration. Precision is often
calculated as: SD/Cm x 100 (Eqn. 2), where SD is the standard deviation and Cm is the

mean of the measured concentration. This value can be translated as the relative standard
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deviation of the calculated concentrations (% RSD) or coefficient of variation (CV). The

results of the accuracy and precision test are listed in Table 3.

~0.000825| 12| 125 324
0.00125] 115 149 132
0.00250 94.5 5.48 7.22
0.00500 97.6 2.44 9.07
0.0100 107 7.48 11.8
0.0200 114 138) 328

Table 3. The accuracy and precision of the proposed method.

Conclusion

The newly developed derivitazation reagent HTMPP, in combination with the
solid phase analytical derivatization method allows for the derivatization, isolation and
detection of malondialdehyde, a small volatile and hydrophilic molecule by MALDI/MS.

Furthermore, the use of this derivatizing reagent leads to abundant signals in a
MALDI type analysis without a matrix. The selectivity of this reagent towards carbonyl
containing compounds and its sensitivity in MALDI/MS provides a possibility for the
automation of the solid phase derivatization technique and enables the routine analysis of
malondialdehyde, which is usually present in trace amounts only.

This project also supports the versatility of methyl malondialdehyde as a
structurally compatible alternative internal standard for malondialdehyde determinations
on mass spectrometric instruments, thus minimizing the cost or complications in
synthesizing isotope-labelled compounds for the same purpose. In this project the methyl
malondialdehyde was prepared in a similar manner to that of the malondialdehyde

standard solution.
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Concurrently, this project highlights the need to further investigate the validity of
results in bioanalytical methods in which benzaldehyde, a compound not present in a
biological matrix, is applied as internal standard in the presence of polystyrene
divinylbenzene resins.

In conclusion, the combination of solid phase analytical derivatization, the
lipophilic and selective new derivatizing reagent, the non-matrix application on the
MALDI/MS and the structurally close but easily synthesized and cheaper alternative of
internal standard will make the analyses of malondialdehyde fast and fully automated on

a mass spectrometer.
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Chapter 3

Analysis of diols in aqueous solutions by their oxovanadium (VO™)

complexes using electrospray mass spectrometry

Preamble and summary

The complexation of diols to a metal ion forms the basis of this study where an
oxovanadium (IV) complex of ethylene glycol is used as the reagent to study the
complexation reaction, equilibrium constant, and competition of other diols for
complzxation with the vanadyl ion (VO™). The ultimate goal of this study is to develop a
fast and reliable method to detect and quantify diols and small polyols in aqueous
soluticns and biological samples like blood serum and urine with a minimal clean-up.

The analysis is performed using the combination of positive ion electrospray
mass spectrometry (ES/MS) for quantitation and tandem mass spectrometry (MS/MS) for
structtre confirmation. This study builds on the work described by Suzanne Ackloo in
Chapter 6 of her PhD thesis: Structure analysis of diols and sugars by their oxovanadium
(VO') complexes using electrospray mass spectrometry [1].

The reagent solution contains the stable [2:1] ethylene glycol : vanadyl ion
complzx as the internal standard to which the analyte is added prior to the electrospray
experiment. The vanadyl complexes formed of interest to this study are: i) the complex
with two ethylene glycol molecules, which is the reference complex, ii) the mixed
complex of ethylene glycol and the analyte, and iii) the complex with two analyte
molecules. The reference complex is used to monitor the efficiency of complexation
competition between ethylene glycol and the analytes, hence the complexation tendency
of other diols to the vanadyl ion. "

The ES mass spectra of the various diols examined produce signals with a high
intens:ty for the mixed and analyte complexes, indicating that effective complexation of

the analytes takes place. The peak intensity ratios of the mixed to the reference complex
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and that of the analytes to the mixed complex are used in tandem to determine the amount
of analyte in an aqueous solution.

The MS/MS experiments can be used to confirm the identity of the diol analyte.
These spectra also show differences between stereo isomers of a given diol. However, not
all diols studied here showed reliable differences within their isomers.

To study the potential interference of molecules with amino groups, the
complexation of oxovanadium to ethanolamine and some diamines was also studied. The
analysis reveals that VO™ is much more selective for complexation with O-containing
than N-containing ligands.

The results of this study indicate that this simple complexation method may be
useful to probe the presence and the structure of unknown diols in aqueous solutions. The

method is shown to have a detection limit of 6 picomol/uL for 1,2-propanediol.

Introduction

Diols have been studied for various reasons. Propylene glycol, for example, is a
valuable solvent that finds many uses in food and consumer products such as vanilla
extracts and a variety of shampoos. It is also used as a nontoxic antifreeze in breweries
and dairy establishments. Ethylene glycol, although widely used in polymer production,
is foxic and can cause severe kidney damage or even death [2]. Methods to detect,
quantify, and monitor the concentration of diols are continuously being improved as
some of these diols are related to our physiological conditions. meso-2,3-Butanediol, 1,2-
propanediol, and d,/-2,3-butanediol, for example, have been associated with alcoholism.
Hence, studies are being performed to establish the relationship between their
concentration in our body and the development of alcoholism [3]. The investigation on
diols has been extended to the study of cis-diol (bio)molecules such as catecholamines
and ribonucleosides, which serve as the diagnostic marker for a variety of metabolic
disorders. In addition to these (bio)molecules, the detection and quantitation of the diol
epoxides formed in the metabolism of polycyclic aromatic hydrocarbons (PAHs) is also

important, as this metabolite is carcinogenic [4].
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Previous studies of vanadyl complexes using electrospray and atmospheric
pressure chemical ionization have shown that protonated neutral complexes [M+H]" are
formed these ionization methods [1]. Based on this observation, and also the boric acid
study for the detection of (stereo)isomeric polyols [5], electrospray ionization is chosen
as the instrument for the study of diol complexation with the vanadyl ion.

By far the greatest portion of information available on the thermodynamics of
coordination is derived from studying competitive processes involving the rivalry of
solvent or ligand for a coordination site. In this Chapter we further explore the possibility
of using competition for complexation to VO™ by other diols against ethylene glycol for
the detection of the diols in solution and the analysis of their structures. The study also
includes the competition between oxygen and nitrogen-containing ligands for
complexation to the oxovanadium ion.

Coordination chemistry involves ligands that are predominately sigma donors
with moderate to weak m-acceptor or n-donor tendencies, bound to a metal ion [6].
Vanadium (V) is a 3d’4s® metal which forms m-bonds with ligands, and it exists in a
variety of oxidation states ranging from + 5 to — 1. However, the predominant oxidation
states of vanadium ions in aqueous solution, are the V(IV) and V(V) ions. VO™ forms
many stable complexes; although in general it is more stable than the vanadate ion, its
stability is enhanced by chelation of ancillary ligands [7,8]. The V(IV)/V(V) redox
reaction is also strongly pH dependent. The oxidation of vanadyl salts is slow in acidic
solution and can be limited by maintaining the pH below 4 [9].

The chemistry of vanadium is dominated by the formation of oxo species, which
have very little tendency to undergo protonation in acidic solution or to interact with
other metal ions [10]. It is generally assumed that V(IV) perchlorate in acidic aqueous
solution exists in the form of [VO(OH,)s]*". The unique feature about this ion is the
multiple bond between V(IV) and one of its oxygens, giving a strong axial symmetry to
the molecule. This results in three types of oxygens coordinated to a positive center from
the four equatorial water molecules and one at the position trans to the yl-oxygen. In a
solvent such as water, the axial and equatorial ligands are readily exchanged with water
molecules, but the water molecule that replaced the ligand in the trans position to the yl-
oxygen usually has a very short residence time of about 10! seconds. The exchange of

equatorial ligands with solvent is fast, with k = 500 sec” compared to k < 20 sec™ for the
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exchange of the yl-oxygen [11]. In the solid state, bis(maltolato)oxovanadium(IV)
abbreviated as VO(ma),, is five-coordinate with a square pyramidal geometry in which
the oxo ligand occupies the axial position, and the two maltol ligands are trans to one
another. However, in a polar solvent such as methanol or water, a solvent molecule binds
at a position primarily cis to the oxo ligand [12]. The intrinsic rate at which this ligand
exchanges with solvent is of fundamental interest from a mechanistic standpoint because
of its close relationship to substitution reaction in aqueous V(IV). These observations
indicate that ligand exchange in VO™ complexes is expected to occur readily under our
experimental conditions, and that oxovanadium complexes containing the solvent as a
ligand, may also be observed.

Theory predicts that as a hard metal ion, oxovanadium (IV) would prefer
coordination of O-donor (bio)molecules, especially those containing a negatively charged
O-donor such as carboxylate, phenolate, phosphate or alcoholate [13]. In solution, the
vanadyl (IV) ion coordinates with the tartrate anion to give various complexes, depending
on the pH of the solution and the relative amounts of vanadyl (IV) and tartrate present
[14]. An important feature in the context of this study is the formation of a vanadyl
complex containing two tetranegative tartrate ions in which all alcoholic and carboxylic
hydrogens are removed. It is also of interest that selective complexation takes place in the
presence of the racemic tartrate.

The complexing ability of sugars involves the deprotonation of their hydroxyl
groups. In neutral or basic solution, the sugars need an additional donor group to anchor
the metal ion at low pH for it to favor the coordination of the hydroxyl groups. The
carboxylate acts as the anchoring group in D-galacturonic acid, hence in VO™
complexation to D-galacturonic acid, VO™ initially binds to the carboxylic group. Once
bound to the ligand, deprotonation of the hydoxyl groups occurs so that VO™ then
coordinates to four of the deprotonated hydroxyls [15]. These observations suggest that
simple sugars are able complex to VO™ without extra donor groups. Micera et al. support
this hypothesis by their finding that VO™ complexes with simple sugars, L, yield-a
structure [VOL4H]" [#] when the molar ratio of sugar to VO™ is 1:1. When the molar
ratio is 2:1, the complex [VO(Ly);H]" is formed. The formation of 2:1 ligand to metal
complex was also observed in the presence of excess ligand in the oxovanadium complex

with maltol [12].
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# Note that the subscript “d’ in Ly refers to a ligand molecule L that has been
deprotonated by the loss of one proton

In various analytical studies of vanadyl complexes, the neutral complexes are
readily protonated in the electrospray positive ionization mode to yield (M+H)" ions,
which is the technique applied in this study. As shown in the study of Suzanne Ackloo
[1], the complexes formed between VO™ and a polyol L are the 1:1 complex of
[VOL4H]" and a 2:1 complex of [VO(L4);H]", whose structures are shown below. These

complexes are referred to as [IM] and [2M] complexes.

H
TH c— " HC—0 _ I— 1
2| O\\"/ 2| O\lll/o |CH2
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| | |
i H ] [ H H |
VOLGH" or IM VO(Ly),H" or 2M

In the context of a study of the interaction of VO with enzymes, Cornman and
co-workers [16] have synthesized and characterized three vanadium (IV)-imidazole
complexes. Their techniques produced results that support the presence of imidazole in
the complexes and the distribution of oxygen and nitrogen donors [17] in the
coordination sphere of the VO™". However, in the study of imidazole mimetic ligands
with amino [18], imino [19] and pyrazolyl functional groups, there was only one
oxovanadium (IV) complex with imidazole coordinated to the metal center, detected [20].
An important observation from Cornman’s study is that in acid medium the ligands are
protonated and replaced by solvent molecules. This prompted us to briefly investigate the
complexation tendency of amines to VO™ in the presence of oxygen-donor ligands.

The bond lengths at the equatorial position of VO™* complexes range from 1.90 to
2.05 A. An O-donor shows a much shorter bond than an N-donor. This reflects the lower
affinity of oxovanadium (IV) to nitrogen donors. Amino groups do not form strong

complexes with VO™ because they form cationic complexes that lack orbitals that can
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form 7 bonds to the “empty” dy, and dy, orbitals of vanadium. The electron-donating
ability of nitrogen may not be the only factor which influences the stability of the
vanadium complexes. As shown by Crans and Boukhobza [21], complex coordination
numbers, steric hindrance of ligands, and solvation also affect the stability of vanadium

complexes.

Experimental

The vanadyl sulfate hydrate used in this experiment was purchased from Sigma-
Aldrich, while the diols and amines were from Aldrich Chemical Co. They were used
without further purification. The formic acid was from Lancaster Synthesis and HPLC
grade water was used throughout the experiment. Names and structures of the compound
are listed in Scheme 1. The solutions of the diols, including the deuterium labeled
ethylene-ds4 glycol (HOCD,CD,0OH), and amines were made at 2.5 x 10> M in water. An
aqueous solution of formic acid at 2.5 x 102 M was used to maintain the pH of the
solution below 4.

The mass spectrometric experiments performed involved positive ion electrospray
(ES) and MS/MS on the Quattro Ultima instrument (Micromass, England), a Z-spray
triple quadrupole instrument. The mass spectra were acquired with the cone voltage set
at 35V, and the capillary at 3.0 kV. The source temperature and desolvation temperature
were set at 80 °C and 200 °C respectively and the multiplier voltage was at 450 V to avoid
saturation of the detector. The collision gas for the MS/MS experiments was Argon at a
gas cell pressure of 2.5 x 10 mBar and a collision energy of 10 eV. However, precursor
ions that yield only very few ions under these conditions were examined at a higher
voltage, 15 eV, and a lower gas cell pressure, 2.5 x 10* mBar. The solution was
introduced into the electrospray instrument through direct infusion at a rate of 20 pL/min.

It should be noted that the previous study on vanadyl complexes by S.Z. Ackloo.
[1] used a different instrument : the Quattro LC (Micromass, England). In that study tﬁe
cone voltage was set at 15V and the capillary at 3.2 kV. The high voltage lens was set at
0.2 kV and the multiplier at 650 V. Argon was used as the collision gas at a gas cell

pressure of 2.5 x 10> mBar and a CID voltage of 10 eV. The analyfe solution was
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introduced into the instrument through a Rheodyne 7010 injector equipped with a 20 uL.

injection loop. The mobile phase used throughout the experiment was methanol:water

(1:1).
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Results and Discussion

Complexation of diols

Ethylene glycol (EG) was chosen as the reference diol as it is the simplest
polyhydroxy compound that complexes with VO™,

From the study of ref. [1], it follows that ethylene glycol and 1,2-propanediol
complex easily with VO™, In theory, a solution containing VO™ and an equal amount of
EG, and another polyol (L), will form three type of complexes namely the [2M]
complexes of [VO(EGg),H]", [VO(EG4)LsH]" and [VO(Lq),H]". Should the ES spectrum
show signals for the abovementioned [2M] complexes in a ratio of 1:2:1, then EG and the
polyol are forming VO™ complexes of comparable stability. A much higher intensity of
[VO(Ly).H]" in comparison with [VO(EGq),H]" will indicate the efficient competition of
the polyol against EG for complexation to VO™,

In this experiment the molar ratio used for VO™, EG and the polyol is 1:2:1,
following the work of S.Z. Ackloo on the complexation of diols to boric acid and
oxovanadium [1,5]. The purpose of having excess ethylene glycol in the solution is to
avoid memory effects of residual VO™ that may be adsorbed in the analyte delivery
system.

The standard 2.5 x 10° M solution of VO™ and EG in a 1 : 2 molar ratio was
prepared. The polyol of interest was added to the standard solution to form a mixture of
VO : EG: polyolina 1 : 2 : 1 ratio. The pH of the solution was maintained below 4 by
adding formic acid of 2.5 x 10 M. This was done to prevent the oxidation of Vanadium
(IV) to Vanadium (V) [10] and in anticipation of amines that may interfere with
oxovanadium-polyol complexation should they be present in the analyte solution. This is
based on our preliminary investigation on the complexation of amines to VO™ which
showed that in neutral solution the VO/EG/amine mixture readily forms a greyish brown

precipitate.
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1. Dissociation of the [2M] complex in the reference diol

The ES spectrum of the oxovanadium (IV)-ethylene glycol solution (VO : EG) at
1 : 2 molar ratio is shown in Figure 3-1a. In this spectrum, the peak at m/z 190 belongs
to the [2M] complex of EG. The signal at m/z 174 is proposed to be the mixed complex
of VO™ with EG and formic acid (FA), [VO(EGq)(FA)H]", whereas the peak at m/z 148
represents the VO complex with formic acid and solvent molecules. The ion at m/z 148
is proposed to be [VO(FAg)(H20),]". In the absence of further experimental or
computational evidence, the detailed structure of these complexes remains speculative.

The labeling experiment of (VO : EG), using ethylene glycol-ds (HOCD,CD,0H),
produced the signals shown in Figure 3.1b. This spectrum confirms the presence of two
EG units in the complex at m/z 190 and one in the complex at m/z 174 in the regular

experiment. The peak at m/z 148, as predicted, does not contain ethylene glycol as a

ligand.
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Figure 3.1. a) ES spectrum of VO : EG [1:2] in solution. b) ES spectrum of VO : EG-d, [1:2] in
solution.

In the MS/MS spectrum of Figure 3.2a, the base peak at m/z 172 corresponds to
the loss of water from the [2M] complex. The loss of EG (62 Da) results in the formation
of the [1M] complex with considerable intensity at m/z 128. This [IM] complex could
also be the result of the consecutive losses of water followed by a C;H4O moiety of 44
Da from the [2M] complex. The C,H4O molecule could be lost in the form of ethylene
oxide, acetaldehyde or vinyl alcohol with the latter two having a much lower heat of
formation than ethylene oxide. The peak at m/z 172, corresponding to the loss of H,O, is
more intense than the peak due to the loss of EG at m/z 128. The labeling experiment in
Ackloo’s work [1] revealed that the water lost to form the ion at m/z 172 originates from
the hydroxyl group of the EG. This shows the preference of VO™ to be surrounded by
three electron-donating O-atoms in the ion at m/z 172, whereas in the complex at m/z
128, VO™ is surrounded by only two O-donors from EG. Weak signals observed at m/z
146 and 142 may originate from the losses of a C;H4O molecule from m/z 190 and CH;O
of mass 30 Da from m/z 172. The loss of 30 Da to form the complex ion at m/z 142

could also be in the form of the consecutive losses of H, and C,Hy.
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Figure 3.2. a) MS/MS spectrum (Ar,10eV) of the [2M] complex of EG, (VO(EGy),H") ; b)
MS/MS spectrum of the [2M] complex of EG-d,, (VO(EG¢-ds);H")

The MS/MS spectrum of the ion at m/z 198 in the labeling experiment is shown in
Figure 3.2b. The fragment ions at m/z 180, 150, 148 and 132 confirm the presence of EG
in the complexes formed at m/z 172, m/z 146, m/z 142 and m/z 128 in the experiment
with the unlabelled ion. The ion at m/z 180, loss of 18 Da from the [2M] complex of EG-
ds, reveals that water is lost in the form of H,O and that it involves the hydroxyl group of
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EG. The fragment ions at m/z 150 and m/z 132 contain only one EG-d, unit, confirming
the proposal that the ions at mass 146 and 128 in Figure 3.2a result from the respective
losses of EG and C,H4O from the mixed complex. The ion at m/z 148, a 6 Da increase
and a loss of mass 32 Da from the ion at m/z 180, indicates an ion that contains one EG
group that has lost a CD,0 molecule. Thus, two conclusions can be drawn from these
observations : first, in the spectrum of the unlabelled ion, m/z 142 is formed by loss of
CH,O from the ion at m/z 172 and not via the consecutive losses of H, with C,H;, and
second, the loss of CH,O involves the methylene hydrogens of EG.

Scheme 2 pre’sents a tentative proposal for the formation of the principal product
ions in the spectrum of Figure 3.2a. In this Scheme, the precursor ion A is proposed to
contain a proton bridge between the hydroxyl groups of the ligands. The m/z 172 ion

resulting from the loss of water is represented by structure B.
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2. Dissociation of the mixed vanadyl complex of EG and 1,2-propanediol

A solution containing VO, EG and 1,2-propanediol in a a 1:2:1 molar ratio
produced the ES spectrum of Figure 3.3a. At equilibrium, the [2M] complex of EG (m/z
190), the mixed complex (m/z 204), and the [2M] complex of 1,2-propanediol (m/z 218)
have an intensity ratio of 1: 4 : 8. The [2M] complex of 1,2-propanediol is observed to be
between 7 - 10 times more intense than the EG [2M] complex within minutes after
mixing. Thus, 1,2-propanediol competes effectively with EG in its complexation to
VO™,
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Figure 3.3. a) ES spectrum of VO : EG : 1,2-propanediol [1:2:1] solution. b) MS/MS spectrum of
the mixed complex VO(EG4)LsH" with L = 1,2-propanediol. ¢) MS/MS spectrum of the mixed
complex VO(EGy-dy)LsH™ with L = 1,2-propanediol.

The collision-induced dissociation spectrum of the mixed complex at m/z 204 in
Figure 3.3b shows peaks of comparable intensity at m/z 142, and 128, corresponding to
the loss of EG and 1,2-propanediol, respectively. The peak with the highest intensity, as
observed in the dissociation of the reference diol; corresponds to the loss of water. The
fact that the m/z 146 peak intensity is higher than that of m/z 160 reveals the higher
stability achieved by the mixed complex to lose 58 Da rather than 44 Da to give m/z 160.
The mass 58 neutral (C3H¢O) is proposed to be 1,2-propylene oxide, and the mass 44
neutral (C,H40), ethylene oxide. The ions at m/z 168 and at m/z 156 are proposed to be
the respective losses of H;O and CH,O from the ion at m/z 186.

A labeling experiment using ethylene glycol-ds yields the MS/MS spectrum of
Figure 3.3c. The spectrum shows a mass increase of 4 Da for the fragment ions at m/z
128, 146, 156, 168, 186 in the spectrum of the unlabelled precursor ion, see Figure 3.3a.
This observation confirms the presence of one EG unit in these ions. The presence of the
ion at m/z 132 supports the proposed loss of the 1,2-propanediol moiety in the formation
of the ion at m/z 128, and 1,2-propylene oxide in the formation of the ion at m/z 146. The

ion at m/z 190 corresponds to the loss of H,O from the mixed complex (which occurs
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readily in every diol complex studied in these experiments) in Figure 3.3b. It was noted
by S.Z. Ackloo [1] that the H atoms in the water molecule lost do not stem from the
methylene hydrogen. All water losses observed in this labeling experiment, too, are in the
form of H,O so that the loss of water from the ion at m/z 186 to form m/z 168 may not
have involved the methylene hydrogens of the ethylene glycol moiety of the complex.
The i0as at m/z 142 and m/z 160 do not shift, supporting the proposal that they are
generated from the loss of EG and ethylene oxide respectively. It should be noted that
the signal at m/z 160 in the labeling experiment could also be an increase of 4 Da from
m/z 156 in Figure 3.3b which represents the loss of 30 Da (CH,0) from the ion at m/z
186. If this is correct, then it suggests that the formaldehyde loss to form the ion at m/z
156 in the experiment with the unlabelled precursor ion originates from the propanediol
moiety of the mixed complex.

Scheme 3 represents a tentative proposal for the neutral losses leading to the

formation of ions at m/z 150 and 160 in the labeling experiment.
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3. Dissociations in the vanadyl complexes with stereoisomeric 2,3-butanediols

Figure 3.4 presents the ES mass spectra of solutions containing (2R,3R)-(-)-2,3-
butanediol and its isomer meso-2,3-butanediol as the analyte. Generally, the intensity of
the [2M] complex of the isomers is more than twice the intensity of the [2M] complex of
EG. The full scan mass spectra also show the difference in the intensity ratios of the
peaks corresponding to the {2M] complex with (2R,3R)-(-)-2,3- butanediol, m/z 246, to the
[2M] complex with EG, m/z 190, which is about 3.5 times larger than that observed for
the meso isomer. This, too, has been observed in S.Z. Ackloo’s work [1]. The intensity
ratio of the [2M] complex of EG, the mixed complex and the [2M] complex of the
(2R3R)-diol is 1 : 4 : 14, while for the VO : EG : meso-diol system the corresponding
ratio is 1 : 2 : 3. From these intensity ratios and the spectra shown in Figure 3.4a and b, it
follows that (2R,3R)-(-)-2,3-butanediol competes more effectively with EG for

complexation to VO™ than its meso-isomer.
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Figure 3.4. a) ES spectrum of VO:EG:2R,3R-(-)-butanediol [1:2:1] solution. b) ES spectrum of
VO:EG:meso-2,3-butanediol [1:2:1] solution.

However, the MS/MS spectra of the mixed complexes of the isomers at m/z 218,
taken at a collision energy of 10eV, do not show any appreciable difference except that
meso-2,3-butanediol shows a stronger daughter ion intensity in general, as observed for
the ions at m/z 200, 182, and 156 of Figure 3.5.

S. Z. Ackloo has repbrted the presence of a weak peak at m/z 188 in the MS/MS
spectrum of the isomers, but to a higher extent in the meso isomer [1]. In this study, this
ion was observed in both isomers but with a much lower intensity, as shown in the
spectra of Figure 3.5. The ion at m/z 188 is the result of a formaldehyde loss from the
mixed complex.

Another MS/MS experiment was performed at higher collision energy, 15 eV, to
study the differences between these two isomers. As seen in Figure 3.6, there is no
distinctive fragmentation belonging to any of the isomers. However, beside the presence
of new ions in both spectra, the intensity of m/z 140 and 170 is higher in (2R,3R)~(-)-2,3-
butanecliol. A consistency observed in the MS/MS spectra acquired at the two collision
energies, however, is the fact that meso-2,3-butanediol yields more intense peaks at both

m/z 146 and m/z 182.
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Figure 3.5. a) MS/MS spectrum of the mixed complex of VO : EG : 2R,3R-(-)-butanediol [1:2:1]
solution. b) MS/MS spectrum of the mixed complex of VO : EG : meso-2,3-butanediol [1:2:1}]

solution. MS/MS spectra acquired with Ar at a collision energy of 10eV.

The peak at m/z 146 represents loss of 72 Da, which could be 2,3-butylene oxide

(C4HgO). The peak at m/z 200 is proposed to be the result of a water loss from the mixed

complex and the ion at m/z 182 corresponds to the loss of water from the primary product
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ion at m/z 200. The ions at m/z 156 and m/z 128 are formed by the loss of EG and

butanediol, respectively.
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Figure 3.6. a) MS/MS spectrum of the mixed complex of VO : EG : 2R,3R-(-)-butanediol [1:2:1]
solution. b) MS/MS spectrum of the mixed complex of VO : EG : meso-2,3-butanediol [1:2:1]
solution. MS/MS acquired with Ar at a collision energy of 15¢V.
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Figure 3.7. MS/MS spectrum of the mixed complex of VO : EG-d, : 2R,3R-(-)-butanediol [1:2:1]
solution at a collision energy of 10eV.

A MS/MS experiment on VO : EG-d4 : 2R,3R-(-)-2,3-butanediol confirms the
presence of EG in the ions at m/z 128, 146, 156, 182, 200 and 218 in the experiment with
the unlabelled ion. This observation supports the proposal on ions formed at these
masses. The ion at m/z 156 was proposed to be the [IM] complex of butanediol but the
labeling experiment shows the formation of an ion at m/z 156 and another at m/z 160
which indicates that the peak at m/z 156 in the “unlabelled” experiment, could represent
two ions. As the ion at m/z 160 in Figure 3.7 contains an EG unit, the ion at mass 156 in
the “unlabelled” experiment could also be the result of a C,;H4O loss from the ion at m/z
200. Should this be the case, then the C,H4;O molecule lost comes from the butanediol
moiety of the complex. As for m/z 182, the labeling experiment shows that the water
molecule lost does not involve the methylene hydrogens of the EG moiety.

In conclusion, the acyclic vicinal diols studied appear to compete efficiently with
ethylene glycol for complex formation with VO™ Further, 2R,3R-(-)-2,3-butanediol
competes more effectively against ethylene glycol than its meso isomer. MS/MS
experiments on the mixed complexes at m/z 218 at collision energies of both 10 eV and

15 eV, reveal that the meso-isomer yields ions at m/z 146 and m/z 182 with a
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considerably higher intensity.. This characteristic could possibly be used to differentiate

the meso-diol from its 2R, 3R-isomer.

4. Vanadyl complexes with cyclic vicinal diols: the cis- and trans- isomers of

cyclopentanediol and cyclohexanediol

Both cyclic diols readily form a [2M] complex with VO' suggesting an efficient
competition against ethylene glycol for complexation to VO'™. As observed in the acyclic
vicinal diols, the isomers of the cyclic diols also show a different intensity ratio for the
[2M] complex of the diol relative to the [2M] complex of EG.

In 1,2-cyclopentanediol, the intensity ratio for the peaks corresponding to the
[2M] complex with the cis- isomer, relative to that formed with EG, is 7 times greater
than that observed with the trans- isomer. Ackloo et. al. reported a ratio of 9 times greater
in the cis isomer than the trans isomer [1]. The intensity ratio at equilibrium between the
[2M] EG complex, the mixed complex, and the [2M] pentanediol complex is 1 : 4 :18 for
the cis :somer and 1 : 4 : 2.5 for the trans isomer.

The MS/MS spectra of the mixed complexes with the cis- and trans isomers at
m/z 230 are shown in Figure 3.8. The experiments were performed at a collision energy
of 15 eV as the precursor ions did not show much dissociation at 10 eV. The general
observation of these spectra is the formation of minor peaks at 2 Da lower than some of
the main peaks. These peaks could be the result of the consecutive losses of H,.

There are no major differences between the spectra of the 1,2-cyclopentanediol
isomers, except that the peaks formed by loss of H; are of a higher intensity in the trans-
isomer. This observation is also documented in the study of Ackloo [1]. The H; loss in
the trans isomer was rationalized as the way to accommodate a more favourable bonding
orientation for the hydroxyl groups on the 1,2-cyclopentanediol with VO™, It was also
proposed that H, loss does not contribute to the peaks observed in the spectrum of the cis

isomer [ 1]. Further experiment should be carried out to confirm this proposal.
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Figure 3.8. a) MS/MS spectrum of the mixed complex of a cis-1,2-cyclopentanediol [1:2:1]
solution. b) MS/MS spectrum of the mixed complex of a trans-1,2-cyclopentanediol [1:2:1]
solution MS/MS spectra acquired with Ar at a collision energy of 15 eV.
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The ions at m/z 168 and m/z 128 are proposed to originate from the respective
losses of EG and 1,2-cyclopentanediol from the mixed complex at m/z 230. The high
intensity of the ion at m/z 168 indicates, as in the 2,3-butanediols, that the loss of EG is
preferrzd to the loss of the 1,2-cyclopentanediol moiety of the mixed complex. The ion at
m/z 212 is proposed to be generated by loss of water, while the ion at m/z 146 represents
loss of CsHgO from the mixed complex. The peaks at m/z 200 and m/z 182 correspond to
the loss of CH,O from the ions at m/z 230 and m/z 212, respectively. The respective
losses of water from the ions at m/z 212, m/z 168, and m/z 128 lead to the formation of
the ions at m/z 194, m/z 150 and m/z 110.

The experiment conducted with ethylene glycol-ds produced the MS/MS
spectrum of Figure 3.9. The spectrum of the trans-isomer shows that the H, losses are
from the cyclopentanediol moiety of the complex as there are no D, losses observed. The
spectruim also confirms the presence of EG in the ions at m/z 128, 146, 194, 212 and 230.
It supports the proposal that the ion at m/z 146 results from a cyclopentene epoxide

(CsHgO) elimination from the mixed complex.
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Figure 3.9. MS/MS spectrum of the mixed complex VO(EG4-ds)L;H® with L = trans-1,2-
cyclopentanediol. MS/MS spectrum acquired with Ar at a collision energy of 15¢V.
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The ion at m/z 184 in the labeling experiment, a 2 Da increase, indicates that the
formaldehyde lost to form the m/z 182 ion in Figure 3.8, comes from the EG moiety of
the ion at m/z 212. The ion at m/z 200, on the other hand, does not shift in the labeling
experiment. The observed losses of 30 Da in the regular experiment and 34 Da in the
labeling experiment to form this ion, suggests that it is generated by the consecutive
losses of H, and C;H,, and not the loss of formaldehyde. It also indicates that the C,H,4
lost comes from the EG moiety of the mixed complex.

As observed with the cyclopentanediols, cis-1,2-cyclohexanediol competes more
effectively against ethylene glycol than its trans isomer for complex formation with
VO™. Unlike 1,2-cyclopentanediol, however, the intensity ratio of the [2M] complex of
the analyte to that of the EG in the cis-isomer is not significantly higher than that of the
trans-isomer. The intensity ratio for peaks corresponding to the [2M] complex formed
with the cis-isomer, relative to that formed with EG, is only about 2 times greater than the
ratio observed with the trans-isomer.

The MS/MS spectra of the mixed complexes of the isomers are different, as seen
in Figure 3.10. The MS/MS experiments were performed on the mixed complexes at m/z
244 at a collision energy of 15 eV. The main difference between the spectra is that the
cis-isomer forms an ion at m/z 214 which is absent in the spectrum of the trans-isomer.
This observation was also documented by Ackloo [1]. The ion at m/z 214 is proposed to
be generated by loss of CH,0O from the mixed complex. Secondly, apart from the ions at
m/z 182 and m/z 200, which correspond to the respective losses of EG and C;H4O from
the mixed complex, all other ions are formed with a much higher intensity in the trans-
isomer. The enhanced intensity of the m/z 182 ion in the cis-isomer indicates the
preference of the mixed complex with the cis-isomer to lose EG rather than the 1,2-
cyclohexanediol moiety for stability. Thus, the C,H4O lost to form the ion at m/z 200
could also be from the EG moiety of the complex.

The ions at m/z 226 and m/z 208 correspond to water losses from the mixed
complex and m/z 226 respectively. The ion at m/z 128 is generated by the loss of 1,2-
cyclohexanediol, while the ion at m/z 146 could represent the loss of cyclohexene
epoxide (C¢H;oO) from the mixed complex. All these ions are of higher intensity in the
trans-isomer indicating the preference of the trans-isomer to lose the 1,2-cyclohexanediol

moiety. Loss of water from the ion at m/z 208 could account for the ion at m/z 190.
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The m/z 164 ion could be generated by loss of 44 Da from the m/z 208 ion, or
else by loss of 62 Da from m/z 226. These losses could be in the form of C,H;0 and EG,
respectively. The peak at m/z 81, which represents the 1,2-cyclohexene ion, also displays

a much higher intensity in the spectrum of the trans-isomer.
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Figure 3.10. a) MS/MS spectrum of the mixed complex of a cis-1,2-cyclohexanediol [1:2:1]
solution. b) MS/MS spectrum of the mixed complex of a trans-1,2-cyclohexanediol [1:2:1]
solution. MS/MS spectra acquired with Ar at a collision energy of 15 eV.
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Figure 3.11 MS/MS spectrum of the mixed complex of VO(EGy-d,)LsH" with L = trans-1,2-
cyclohexanediol. MS/MS spectrum acquired with Ar at a collision energy of 15eV.

The EG-d,4 labeling experiment performed on the mixed complex with trans-1,2-
cyclohexanediol produced the spectrum of Figure 3.11. The ions at m/z 81, m/z 164, and
m/z 182, do not shift, which supports the proposal that they contain only the 1,2-
cyclohexanediol moiety. However, further labeling experiments would be required to
determine whether the neutral lost to form the ion at m/z 164 is in the form of ethylene
oxide or ethylene glycol.

The spectrum also confirms the presence of the EG unit in the ions at m/z 128,
146, 190, 208, 226 and 244 in the spectrum of the unlabelled precursor ion. This
observation supports the proposed composition of the complexes formed at these masses.
It also indicates that if water was lost from m/z 208 to form m/z 190, then it must have
involved the hydrogen of the 1,2-cyclohexanediol moiety.

The complexes formed with the cyclohexanediols produced more characteristic
MS/MS spectra than the cyclopentanediols. The trans-isomer of the 1,2-cyclohexanediol
in general, dissociates more readily than the cis-form as witnessed by the higher intensity
of the product ions in its MS/MS spectrum. The formation of higher intensity ions at m/z
146 and m/z 128 in the trans-isomer reflects the stability achieved by losing the

cyclohexanediol moiety. The cis-isomer, on the other hand, loses EG more readily to
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form the ion at m/z 182, highlighting the stability of the oxovanadium complexation with
a cis-1,2-cyclohexanediol ligand as opposed to the trans form. The obvious difference
between the cis- and the trans-isomer is the formation of the m/z 214 ion in the cis-
isomer.

The only difference observed between the cyclopentanediols are the H; losses in
the trans-isomer. However, without further experiments, it is difficult to propose that the

losses observed in the cis-isomer of the cyclopentanediols are not related to Hj.

5. Disaccharides

S.Z.Ackloo’s study on sugars [1] showed that melibiose, a galactose/glucose
disaccharide, contains a pair of hydroxyl groups in the cis-orientation on the galactose
residuc. Another pair of hydroxyl groups on the glucose residue, though not in the cis
orientation, is capable of mutarotation, which results in an effective complexation with
VO'. Gentiobiose, like trehalose, is a glucose disaccharide. However, gentiobiose
undergoes effective complexation to VO™ because it has a pair of hydroxyl groups that
is capable of mutarotation.

An experiment was performed on a disaccharide, trehalose, for a comparison with
the results obtained with the diols. Trehalose is a glucose disaccharide with an a-1,1-O-
glycosidic linkage and glucose sugars have all their hydroxyl groups in the trans
orientetion. Trehalose, as opposed to gentiobiose, does not have hydroxyl groups that can
undergo mutarotation. Therefore, it is expected to compete less efficiently with ethylene

glycol for complexation to oxovanadium.
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Figure 3.12 . a) ES spectrum of a VO : EG : trehalose [1:2:1] solution. b) ES spectrum of a VO :
EG-d, trehalose [1:2:1] solution

Figure 3.12a shows the ES spectrum produced for the VO : EG : trehalose
solution in 1 : 2 : 1 molar ratio. The intensity of the [2M] EG complex at m/z 190 is
relatively high compared to that of the mixed complex at m/z 470. The formation of the
[2M] trehalose complex at m/z 750 is too minimal that the signal of this ion is seldom

seen in the spectra of this solution. It was also observed that the intensity for the
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oxovanadium-trehalose complex at m/z 408 is present in the ES spectrum and is always
higher than that of the mixed complex. This indicates the higher tendency for sugars to
form a [IM] complex with oxovanadium than to form the mixed complex in solution.
This observation is further confirmed by the ES spectrum of the labeling experiment with
ethylenz glycol-d4 in Figure 3.12b. The shift of 8 Da and 4 Da is observed only in the
ions at m/z 190 and m/z 470 respectively. The results indicate that trehalose competes
less efficiently with ethylene glycol for complexation to VO™,
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Figure 3.13. MS/MS spectrum of the mixed complex of VO : EG : trehalose (top) ; MS/MS
spectrum of the mixed complex of VO : EG-d,: trehalose (bottom). MS/MS spectra acquired with
Ar at a collision energy of 15 eV.
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The MS/MS spectrum in Figure 3.13a shows that the mixed complex readily loses
EG to form a stable ion at m/z 408. The analyte complex at m/z 408 dissociates further
by the loss of H,O and C4H3O4 to form the respective ions at m/z 390 and m/z 288. It has
been reported [22] that the losses of 60 Da (C;H40;), 90 Da (C4H;00;) and 120 Da
(C4H;g0,) are characteristic of the O-glycosidic linkage type. The '*O-labelling studies of
Leary et al. suggest that the C4HgO4 loss involves the O-atom at C; and that its
fragmentation pathway involves both C; and C,. The complexation behaviour of
trehalose with oxovanadium is also in line with the observations on the diol isomers
discussed above in that a trans orientation of the hydroxyl groups is less favourable for

complexation.
Complexation competition between amines and diols

1. Ethanolamine (H,NCH,CH,OH)

An acidified aqueous solution with a 1 : 2 : 1 molar ratio of VO, EG and
ethanolamine produced the spectrum of Figure 3.14 (top). In theory, an effective
competition of ethanolamine against ethylene glycol for complexation to oxovanadium,
will result in the formation of ethanolamine [2M] and mixed complex ions, at m/z 188
and 189 respectively. These signals are not observed. It is seen that the spectrum is
dominated by peaks at m/z 190, 174 and 148, which belong to the [2M] complex of EG
and the associated oxovanadium-solvent molecule complexes. This is confirmed by the
MS/MS spectra of these ions and the results of a labeling experiment using ethylene
glycol-d;, see the bottom spectrum of Figure 3.14. Ethanolamine clearly does not
complex to VO™ in the presence of ethylene glycol in acidic solution, but instead forms a

protonated ion producing a weak signal at m/z 62.
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Figure 3.14 ES spectra of VO : EG : ethanolamine [1:2:1] (top) and VO : EG-d,: ethanolamine

[1:2:1] (bottom).

2.

Ethylenediamine (HNCH,CH,NH)

The strong signals in the ES spectrum of the VO : EG : ethylenediamine solution

of a 1:2:1 molar ratio, correspond to the oxovanadium(IV)-ethylene glycol complex ions

at m/z 190 and m/z 174, see Figure 3.15a. The m/z 148 ion represents the oxovanadium-

formic acid-water complex discussed in the previous section. This interpretation is
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supported by the results of an EG-d4 labeling experiment, whose MS/MS spectrum
confirms the presence of EG in the former two ions.

Ions for the mixed complex and the [2M] ethylenediamine complex, at m/z 188
and m/z 186 respectively, are not observed. A weak signal for the protonated diamine is
produced at m/z 61, as seen in Figure 3.15b. Ethylenediamine obviously does not form a

stable complex with VO™ in the presence of ethylene glycol.
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Figure 3.15 ES spectra of VO:EG:ethylenediamine [1:2:1](top) and VO:EG-d,: ethylenediamine
[1:2:1] (bottom).
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3. N,N’-Dimethylethylenediamine (CH;NHCH,CH,NHCHj3)

The complexation tendency of a secondary amine to VO™ was also investigated
using 1 2.5 x 10° M solution of dimethylethylenediamine.. This amine does not form a
compl:zx with oxovanadium (IV)-ethylene glycol either. It is seen that the amine has a
high tendency to form protonated ions rather than that it forms complexes with VO™ in

the acidic solution.
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Figure 3.16 ES spectra of VO:EG:dimethylethylenediamine [1:2:1] (top) and of VO:EG-ds:
dimethylethylenediamine [1:2:1] (bottom).
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A comparison of the ES spectra presented in Figures 3.16a and b shows that the
ions at m/z 115, 89 and 58 do not contain EG. The spectra also show that
dimethylethylenediamine, as opposed to the other amines investigated, forms a strong ion
at m/z 115 whose structure and origin is not known. Other ions present are the protonated
diamine, CH,HNCH,CH,NH,CH;*, and CH,CH,NH,CH;", at m/z 89 and m/z 58
respectively.

Being a weak base, the tendency of an amine to become protonated increases in
an acidic solution. As discussed in the Introduction, the first step in the vanadyl ion
complexation is the déprotonation of the ligand. This is quite difficult to achieve with an
amine in an acidic solution. Hence, the absence of complexation by amines in this study
could be due to both incompetitiveness with the oxygen-donating ligand, and the
requirement of a relatively high pH. In this context it is worth noting that the numerous
complexation studies of amines to metal ions have all been performed in a basic

environment.
The equilibrium constant of oxovanadium(IV)-ethylene glycol complexes with diols

As mentioned above, the complexation of a diol to oxovanadium (IV)-ethylene
glycol in aqueous solution yields two species, namely the mixed complex, and the [2M]
complex of the diol. An experiment to determine the equilibrium constant (formation
constant) of the diol’s complexation reaction to VO*" was carried out in acidic solution at
room temperature. The pH was kept below 4 to minimize the oxidation of the vanadyl
ion. The intensity of the signals for the [2M] complex of EG (VO(EGq),H"), the mixed
complex, (VOEG4LgH"), and the [2M] complex of the diol, (VO(Ld),H"), was measured
four minutes after mixing and then every two minutes for about an hour. It was found that
equilibrium is reached almost immediately. The equilibrium constant for the formation of

the mixed complex K;:

VOEGy),H' + L ——— VOEGYLH + EG 1
k, = |VOEGLHTIED
[VOEG,H][L]
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And K for the formation of the [2M] complex of the diol :
VO(EG)LH™ + L — VO(Ly),H" + EG 2

kK, = lvouyHllEd
[ vOEGHLH[L]

The overall equilibrium constant K¢, for the complexation was then determined from the
K; and K; values measured from the curve of intensity ratio of the complexes as a
function of time:

Keq = K1 xK, 3

1. 1,2- Propanediol
The intensity ratio of the complexes was calculated four minutes after 1,2-
propanediol was added to the reagent mixture. The intensities were recorded every 2

minutes for 40 to 50 minutes.

Equilibrium constant for oxovanadium-ethylene glycol complex reaction with 1,2-propanediol
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Figure 3.17. The formation constant K; for the mixed complex at m/z 204 and K, for the [2M]
complex of 1,2-propanediol at m/z 218 as a function of time.
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From the plot of K; and K; versus time in Figure 3.17, it can be concluded that
the equilibrium for the complexation reaction is reached almost immediately. The K,
value for the formation of the mixed complex VOEG4L4H" for 1,2-propanediol is 3.84
with an error £ 0.39, while the K; value is 2.19 + 0.06. The range of error in the K;
measurement is between 5 to 14 %, while it is only 0.5 to 7 % in K.

The equilibrium constant (K.y) value of 8.40 + 0.21 is high, indicating the
preference of the overall reaction for the complexation with 1,2-propanediol. This
supports our previous discussion on 1,2-propanediol’s efficient competition against
ethylene glycol for complexation to the oxovanadium (IV) ion. The relative standard

deviation of the K4 in this experiment is 2.5%.

2. 2R,3R-(-)-2,3-Butanediol
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Figure 3.18. The formation constant K, for the mixed complex at m/z 218 and K, for the [2M]
complex of 2R,3R-(-)-2,3-butanediol at m/z 246 as a function of the reaction time.
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In this compound, the formation constant K, for the mixed complex from the
reference complex, and K; for the formation of the [2M] complex of 2R3R-(-)-2,3-
butanediol from the mixed complex, are comparable. K; is 3.87 while the K, value is
3.60 with the error in the measurement of the values ranging only from 0.4 % to 7.3 %.
Analogously to 1,2-propanediol, the 2,3-butanediol also has a large K¢q value, 13.95 +
0.38, which indicates that the position of the equilibrium lies more towards the formation
of the '2M] complex of the 2,3-butanediol. This result also supports the observation that
the 2,5-butanediol competes effectively against ethylene glycol for complexation to

vOo™.

3. cis-1,2-Cyclopentanediol

cis-1,2-Cyclopentanediol’s K; value of 4.48 + 0.15 is slightly higher than its K,
value of 3.94. The range of errors in the value of K; and K, measured using this method
is relatively small, between 1 % to 7 %.

Equilibrium constant of oxovanadium-ethylene glycol complex reaction with cis 1.2-
cyclopentanediol
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Figure 3.19. The formation constant K, for the mixed complex at m/z 230 and K, for the [2M]
complex of cis-1,2-cyclopentanediol at m/z 270 as a function of the reaction time.
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The value of K¢ 1s 17.63 £ 0.4 for this compound. In line with the 1,2-
propanediol and 2,3-butanediol experiments, the K¢, value of this cyclic diol also
indicates that the formation of the oxovanadium (IV) complex VOLd,H", is favored over

that with ethylene glycol. The RSD of the K, determined is 2.4'%.

4. cis-1,2-Cyclohexanediol and trans-1,2-cyclohexanediol

The experiment to determine the formation constant was performed on both the
cis- and trans- isomers of 1,2-cyclohexanediol. The graph in Figure 3.20 shows that the
measured K; and K, values in the ‘cis’ isomer are 5.10 and 3.90 respectively, while the
values in the ‘trans’ isomer are lower, with a K; value of 4.76 and a K, value of 2.26 as

derived from from the graph of Figure 3.21.

Equilibrium constant of oxovanadium-ethylene glycol complex reaction with cis 1.2-
cyclohexanediol
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Figure 3.20. The formation constant K, for the mixed complex at m/z 244 and K, for the [2M]
complex of cis-1,2-cyclohexanediol at m/z 298 as a function of time.
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Equilibrium constant of oxovanadium-ethylene glycol complex reaction with trans-1.2-

cyclohexanediol
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Figure 3.21. The formation constant K1 for the mixed complex at m/z 244 and K2 for the [2M]

T T T T T T T T T T T

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
time (mins)

complex of trans-1,2-cyclohexanediol at m/z 298 as a function of time.

The high K., value of the ‘cis’ isomer at 19.94 + 0.58 as compared to the Keq of
the ‘trans’ isomer at 10.74 + 0.25 confirms the earlier observation that the ‘cis’ isomer

competes more efficiently with ethylene glycol to form a complex with oxovanadium

(IV). The RSD for the Kq values determined for the two isomers were below 3 %.
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Estimate of the limit of detection

A series of VO:EG reagent solutions was prepared to monitor the strength of the
VO(EGg);H" complex signal as a function of the concentration. The bottom spectrum of
Figure 3.21 is that of the reagent at the standard concentration of 2.5 x 10” M, which is
the concentration used throughout this study. This spectrum serves as a comparison to
study the relative intensity of VO(EGq),H" complex ion at lower concentrations.

It is seen from the top spectrum of Figure 3.22 that at a 2.5 x 10° M
concentration, the VO(EGq);H" complex signal at m/z 190 lies within the chemical
background noise. Thus, this concentration is too low for a meaningful analysis.

The middle spectrum of Figure 3.22 refers to a 2.5 x 10* M reagent solution. The
signal intensity of the ion at m/z 190 is still sufficiently strong at this concentration so
that the reagent can be reliably applied to detect a diol present at a low concentration in
an aqueous solution. However, an experiment at this concentration with 1,2-propanediol
added at a 0.1 : 1 diol to reagent ratio, produced inconsistent intensity ratios for the
complexes of interest. This follows from the measured intensity ratios, which are not in
agreement with the calibration curves shown in Figure 3.26. This point is further
illustrated by the difference in the ratios observed in the spectra of Figure 3.23. These
spectra both refer to VO:EG:1,2-propanediol solutions of a diol to reagent molar ratio of
0.1 : 1. The top spectrum represents a 2.5 x 10* M VO:EG concentration, while the
bottom spectrum was obtained with the standard reagent concentration of 2.5 x 10 M. It
is seen that for the same mol ratio, the VOEG4L4H" to the VO(EGy),H" intensity ratio
measured for the ions at m/z 204 and m/z 190, is higher in the diluted solution than that
observed with the standard solution.

The inconsistency in the intensity ratios could be due to interference from the
background chemical noise ions having the same mass to charge ratio as those of the
mixed complex and the 1,2-propanediol [2M] complex. Chemical backgrounds intensities
are usually inconsistent, thus affect the accuracy of measurements at such a low

concentration of diol.
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Figure 3.22. Partial ES spectra of the VO:EG reagent as a function of its concentration : top
spectrum : 2.5 x 10" M; middle : 2.5 x 10 M; bottom : 2.5 x 10> M. :
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Figure 3.23. Partial ES spectra showing the complex ions VO(EGy),H', VO(EGy)L;H" and
VO(Ly):H' at a 1,2-propanediol to reagent ratio of 0.1 : 1 and a VO : EG concentration of 2.5 x
10 M (top spectrum) and 2.5 x 10” M (bottom spectrum).

At the 2.5 x 10™ M reagent concentration, the lowest quantity of 1,2-propanediol
that produced intensity ratios of the complexes of interest consistent with the calibration
curves, corresponds to a diol to reagent mol ratio of 0.2 : 1. This solution produced the
spectrum of Figure 3.24 ; the ratio of the mixed complex at m/z 204 to the reference
complex at m/z 190, and the [2M] complex of 1,2-propanediol at m/z 218 to the mixed
complex, produced mean values of 0.6 and 0.3, respectively. This scenario is taken to
estimate the detection limit of 1,2-propanediol. It represents a diol concentration of 1.25 x

10" mol per 20 pL injection and translates into a practical detection limit of 6

picomol/pL.
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Figure 3.24. Partial ES spectrum showing the complex ions VO(EGy),H" , VO(EG¢)L¢H" and
VO(Ly):H" at a VO : EG concentration of 2.5 x 10* M and a mol ratio of 1,2-propanediol to
reagent of 0.2 : 1.

Calibration curves for the quantitative analysis of diols

A series of reagent solutions at a concentration of 2.5 x 10° M was prepared to
which a diol was added in a range of concentrations. This series of mixtures was used to
record the change in intensity ratio of the diol complexes to the reagent complex. The
diol to reagent mol ratio ranged from 0.1 : 1 to 6 : 1 and represents a diol concentration of
5 x 10”7 mol up to 3 x 10> mol per 20 pL injection (0.25 pmol/pL to 1.5 pmol/uL). The
intensity ratios of the [2M] complex of the diol to the mixed complex, and that of the
mixed complex to the [2M] complex of EG, were calculated and the graphs of intensity

ratios versus mol ratios were constructed.
The graphs for 1,2-propanediol, meso-2,3-butanediol, cis-1,2-cyclopentanediol
and cis-1,2-cyclohexanediol, are presented in Figure 3.25. These graphs show an

exponential increase in the intensity of the [2M] complex of the diols when the diols are

present beyond the 1:1 mol ratio to the reagent.
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Calibration curve for oxovanadium-ethyie glycol complex reaction with cis-1,2-
cyclopentanediol
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Figure 3.25 Plots of the intensity ratios of the mixed complex to the reagent complex and the diol
[2M] complex to the mixed complex versus the diol to reagent mol ratio.
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The graphs of Fig. 3.25 provide a useful tool for a preliminary analysis of the diol
content of a given solution. At high diol concentrations the intensity of the reagent
complex is reduced to such an extent that background chemical noise may make the
quantitative analysis unreliable. If this is the case for a given sample, the value derived
from the graph can be used as a guide to dilute or concentrate the unknown diol solution
so that the measured ratios fall within the calibrated range of concentrations. The
calibration curves for the diols are shown below.

It was found that the signal intensity of the [2M] complex of EG is reliably above
the noise level only up to a diol : reagent mol ratio of 2 : 1 in almost all of the diols used
in the calibration curve experiment. This represents a concentration of 0.025 pumol per 20
uL injection. The calibration curves of the diols were then constructed based on the
concentration range that gives rise to a consistent and reliable signal intensity ratio of the
[2M] complex of EG, the mixed complex and the [2M] complex of the diol up to a diol :

reagent mol ratio of 2 : 1.

1. The calibration curve forl,2-propanediol

Calibration curve for oxovanadium-ethylene glycol complex reaction with 1.2-propanediol
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Figure 3.26. Calibration curve for 1,2-propanediol : [218/204] - diol [2M] complex to mixed
complex, [204/190] - mixed complex to EG [2M] complex.
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The calibration curve constructed for 1,2-propanediol is based on the intensity
ratio o the mixed complex at m/z 204 to the [2M] complex of EG at m/z 190, and the
[2M] complex of 1,2-propanediol at m/z 218 to the mixed complex. These two ratios
yield two lines with the equations y = 0.7943 x> +2.1235 x + 0.2568 for 204:190 and y=
0.2808 x>+ 0.6111 x + 0.1971 for 218:204 as shown in Figure 3.26, with R = 0.9943 and
R =0.996 respectively. The range of error in the measured ratios varied only from 1 % to
6 %. These two intensity ratios can concurrently be used to calculate the concentration of

1,2-prcpanediol present in the unknown solution.
2. The calibration curve for meso-2,3-butanediol

Calibration curve for oxovanadium-ethyle glycol complex reaction with meso-2,3-butanediol
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Figure 3.27. Calibration curve for meso-2,3-butanediol: [246/218] - diol [2M] complex to mixed
complex, [218/190] - mixed complex to EG [2M] complex.

The calibration curves for meso-2,3-butanediol were constructed based on the
intensity ratios of the [2M] complex of EG, the mixed complex and the [2M] complex of

the meso-2,3-butanediol, against the diol to reagent mol ratio, following the procedure for
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1,2-propanediol. The mixed complex and the reagent complex ratio (218:190) yields a
line with an equation of y = -1.117 x* + 4.1182 x + 0.1267 with R = 0.9974, while the
[2M] complex : mixed complex ratio (246:218) yields the calibration curve at y = 0.4653
x? + 1.1308 x + 0.1225 of R = 0.9978. The errors in the intensity ratios for both curves

range from 1 % to 5 %. The curves are shown in Figure 3.27.

3. Calibration curves for cis-1,2-cyclopentanediol and cis-1,2- cyclohexanediol

The calibration curves for the cis-isomer of the cyclic diols were also prepared up
to a diol to reagent molar ratio of 2 : 1. For cis-1,2-cyclopentanediol, the intensity ratio of
the mixed complex at m/z 230 to the reagent,(230:190), produced a line with an equation
of y = 0.6347 x> + 0.5177 x + 0.2118. The [2M] complex of cis-1,2-cyclopentanediol to
the mixed complex (270:230) produced the curve at y = 0.3984 x2 +0.0363 x + 0.311, as
shown in Figure 3.28a.

a)

Calibration curve for oxovanadium-ethyle glycol complex reaction with cis-1,2-
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b)

Calibration curve for oxovanadium-ethylene glycol complex reaction with cis-1,2-
cyclohexanediol
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Figure 3.28 a) Calibration curve for cis-1,2-cyclopentanediol : [270/230] - diol [2M] complex to
mixed complex, [230/190] - mixed complex to EG [2M] complex; b) Calibration curve for cis-
1,2-cyclohexanediol: [298/244] - diol {2M] complex to mixed complex, [244/190] - mixed
complex to EG [2M] complex.

The two calibration curves for the cyclopentanediol have acceptable regression
values of 0.998 and 0.9917 respectively. However, the range of errors for this diol is
quite large (between 1 % to 13 % of the mean).

On the other hand, cis-1,2-cyclohexanediol produced data with a better precision -
comperable to that of 1,2-propanediol and meso-2,3-butanediol, see above — as reflected
by an RSD value of 0 to 8 %. The intensity ratio of the mixed complex to the reagent
(244:190), and the [2M] cis-1,2-cyclohexanediol complex to the mixed complex
(298:244), yield calibration curves of y = 0.4339 x* + 3.42 x + 0.1938 and y = -0.2946 x°
+2.4037 x + 0.0084 respectively, as shown in Figure 3.28b.
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Conclusions

The ease of diol complex formation and the extent of their competition with
ethylene glycol for complexation to oxovanadium can be assesed by the relative intensity
of the [2M] complex of the diols and the [2M] complex of EG, and the value of their
formation constants, when a measured quantity of the diols is added to an aqueous
solution of a preformed ethylene glycol/oxovanadium (IV) complex..

An ES/MS experiment is capable of differentiating the isomers by the intensity
ratios of the [2M] complex of the EG, the mixed complex, and the [2M] complex of the
diols. However, the MS/MS experiment provides more characteristic spectra of the
isomers and should be used in combination with the ES spectra for the identification of
the diols in solution.

The MS/MS experiments on the cyclic diols show that the trans-isomer
characteristically loses the diol moiety of the complex, while the cis-isomer generates
high intensity ions corresponding to the formation of the oxovanadium-diol complexes.
This reflects the stability achieved for the cis-isomer by the formation of oxovanadium-
diol complexes rather than complexation to EG, and vice versa for the trans isomer. The
cis-isomer of the cyclohexanediols produced a distinctive peak at m/z 214,which
corresponds to the loss of a formaldehyde. The cyclopentanediols, on the other hand, are
not as easily differentiated by their MS/MS spectra. However, loss of H; is observed to
be more prominent for the trans-isomer.

The difference between the meso-2,3- and (2R,3R)-(-)-2,3-butanediols is the
tendency of the meso-isomer to consistently form fragments ions of higher intensity than
its optically active counterpart, at m/z 146 and m/z 180. This is observed at collision
voltages of 10 eV and 15 eV.

The sugar trehalose whose hydroxyl groups are in the trans position, as shown in
S.Z.Ackloo’s work [1], does not compete efficiently with ethylene glycol for
complexation to oxovanadium, and the MS/MS spectrum shows that the dissociation of
the mixed complex occurs mainly by the loss of water and a neutral of mass 120 Da.

The formation constants obtained for the complexation reaction of the diols to

oxovanadium support the proposal that the diols compete effectively with ethylene glycol
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for complexation to oxovanadium. Amines, however, do not form any complex with
oxovanadium in the presence of ethylene glycol. This implies that amines and other
nitrogen bases in biological matrices will not interfere with the analysis of polyols.
It is not possible to reliably differentiate the isomers of 2,3-butanediol and 1,2-
cyclopentanediol because the CID spectra of the complexes are virtually the same.
Finally, it should be noted that the use of the oxovanadium complex with ethylene
glycol-d4 may provide a fast and reliable alternative method for the analysis of ethylene

glycol in blood or urine samples [23].
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SUMMARY

Mass spectrometry is one of the most sensitive and widely applied
instrumental techniques in analytical chemistry. In this thesis, the focus is on the
application of two soft ionization techniques, namely electrospray and matrix-
assisted laser desorption, to study small biomolecules.

Chapter 2 describes the application of a newly synthesized reagent, 4-
hydrazino-4-oxobutyl tris(2,4,6-trimethoxyphenyl) phosphonium bromide for the
derivatization of malondialdehyde using the solid phase analytical derivatization
technique. The specific and in situ derivatization shortens the sample preparation
time and minimizes interference. The reagent also produces a strong signal in the
MALDI, with or without the application of a matrix. The elimination of the
matrix further minimizes interference and provides an opportunity for the
development of a fully automated methodology for the analysis of
malondialdehyde.

The complexation of diols to oxovanadium ion is used as the basis to
study the complexation competition between diols in Chapter 3, where the
oxcovanadium (IV) complex of ethylene glycol is used as the reagent. The aim of
the study is to develop a fast and reliable method for the detection and
quantitation of diols in aqueous solutions and in biological samples. The analysis
is performed using the electrospray ionization technique. Tandem mass
spectrometry is used to obtained the structural information and as a confirmation
of he complexes formed. The MS/MS spectra may also provide additional
information on the differences between the isomers of the diols studied.

The results of the studies promise fast and highly reliable methods for the
study of aldehydes as a measure of oxidative stress, and the detection of diols in
aqueous solutions or biological samples. These development positively contribute

to analytical and biomedical research.
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