CHAPTER 4

SYNTHESIS, IDENTIFICATION AND QUANTIFICATION OF NOVEL
HUMAN LENS METABOLITES

The overall aims of this chapter were to investigate human lenses for the presence of
novel human lens metabolites of Kyn and 30HKyn, and, if present, to quantify their

levels in normal and cataractous human lenses.

4.1 Introduction

The human lens contains a range of UV filter compounds that absorb at ~360 nm. Based on
RP-HPLC analysis of human lens extracts there are still a number of unidentified UV filter
compounds. Due to their specific protective role and possible involvement in ARN cataract
formation it is crucial to understand the types of UV filters and their metabolites present in the

human lens.

Previous studies in our laboratory have shown that 30HKG, Kyn and 30HKyn undergo non-
enzymatic deamination at physiological pH to form o,B-unsaturated carbonyl
compounds.'""” In vivo, deaminated 30HKG (23) undergoes covalent binding (Michael
addition) with thiol nucleophiles (GSH) or reduction by NAD(P)H to give GSH-30OHKG and
AHBG, respectively (Scheme 4.1).**™ In vitro studies have also shown that in the lens
deaminated Kyn (51) readily reacts with GSH to give GSH-Kyn, while deaminated Kyn (51)
and deaminated 30HKyn (52) can also be reduced by NAD(P)H to give 4-(2-aminophenyl)-
4-oxobutanoic acid (AHA) and 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid (AHB),
respectively.''” In the absence of NAD(P)H or GSH, deaminated Kyn, 30HKyn and 30HKG
undergo slow intramolecular Michael addition in vitro to give kynurenine yellow (Kyn
yellow), 3-hydroxykynurenine yellow (30HKyn yellow) and 3-hydroxykunurenine-O-B-D-

glucoside yellow (30HKG yellow), respectively (Scheme 4.1).'"’

Despite the similar structures and reactivities of Kyn and 30HKyn to 30HKG, no previous
studies have examined human lenses for the presence of metabolites derived from deaminated
Kyn or 30HKyn. Therefore, the aims of this chapter were to 1) synthesise the reduced
compounds of Kyn and 30HKyn (AHA and AHB), the GSH adducts, GSH-Kyn and
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glutathionyl-3-hydroxykynurenine (GSH-30HKyn), and the cyclised compounds, Kyn yellow
and 30HKyn yellow, ii) examine normal and cataractous lenses for their presence, and if
present, iii) identify, and iv) quantify them (Part A). An additional aim was to characterise,
synthesise and quantify an unknown lens metabolite seen by RP-HPLC of EtOH lens extracts
(Part B).
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Scheme 4.1: Proposed in vivo degradation pathways of the human lens UV filters Kyn, 30HKyn and 30HKG.

4.2 Results and Discussion

Part A

Synthesis of 4-(2-aminophenyl)-4-oxobutanoic acid (AHA)

The synthesis of AHA was reported after the course of our work, however no spectral data
were provided.”’ Rossi et al.”*’ synthesised AHA in two steps from commercially available
indole-3-propionic acid (53) in an overall yield of 55%. (Scheme 4.2) The first step involved
oxidative opening of the five-membered hetero-ring of the indole nucleus by sodium
periodate to give butyric acid (54). The N-formyl group was subsequently removed by acid
hydrolysis to yield AHA.
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Scheme 4.2: Synthesis of AHA by Rossi et al.*’

For this study, the synthesis of AHA was anticipated to occur via condensation of glyoxylic
acid monohydrate with commercially available 2-nitroacetophenone (55), in a similar manner
to that described in Chapter 2 for the synthesis of the acrylic acid (7), followed by reduction.
The proposed reaction pathway for the synthesis of AHA is given in Scheme 4.3.
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Scheme 4.3: Proposed synthetic pathway towards AHA.

4.2.1 Synthesis of 4-(2-nitrophenyl)-4-oxobut-2-enoic acid (56)
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42.1.1 Method 1 and 2

Following the optimised method of Bianchi et al.*® for the formation of the acrylic acid (7),
as described in Chapter 2, the synthesis of the acrylic acid (56) was attempted. Thus, 2-
nitroacetophenone (55) (mp 23-27°C, bp 159°C) and glyoxylic acid monohydrate (mp 49-
52°C, bp 100°C, 10 mol equivalents) were mixed and melted at 60°C. The reaction
temperature was increased to 110°C and the thick yellow mixture was placed under vacuum
(~20 mBa) for ~13 h. A small scale (~20 mg) condensation reaction was also investigated at
90°C, however it resulted in a significantly longer reaction time (> 24 h). TLC revealed a
brown baseline spot, most likely due to decomposition of glyoxylic acid monohydrate. A
separate incubation of glyoxylic acid under the given reaction conditions confirmed that a

brown baseline material on TLC was originating from glyoxylic acid. Therefore, one separate
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addition (~1 mol equivalent) of this reactant was made after 5 h. In addition, glyoxylic acid
monohydrate boils at 100°C, thus some losses were expected due to evaporation. TLC
revealed formation of the acrylic acid (56) as the major reaction product and a minor
unknown spot below the acrylic acid. Similarly to the acrylic acid (7) (Chapter 2), to isolate
the product, the reaction mixture was initially cooled to RT, dissolved in brine, extracted with
DCM and purified by normal phase column chromatography (Method 1). This resulted in
moderate yields of the desired material (~27%). Therefore, in subsequent experiments the hot
reaction mixture was adsorbed onto normal phase silica, followed by normal phase column

chromatography purification (Method 2). This gave an improved yield of 45%.

For both methods a melting point of 171-172°C (1it.*’® 169-171°C) was obtained, indicating
that the product was obtained in high purity. The '"H NMR spectrum showed a distinct trans-
configuration of the olefinic protons on the side chain with a coupling constant of 16.1 Hz.
ES-MS displayed a molecular ion at m/z 222 (M+H"), consistent with the molecular mass of
221 Da for the acrylic acid (56).

4.2.1.2 Method 3

Following the success of application of microwave chemistry for the synthesis of the acrylic
acid (7) (Chapter 2), 2-nitroacetophenone (55) and glyoxylic acid monohydrate (10 mol
equivalents) were mixed and placed into the cavity of a focused microwave reactor (CEM
Discover) at 110°C. A controlled heating system was employed in conjunction with the rapid
cooling system, maintaining the temperature at 110 £ 1°C. A power of ~50 W was used
during the reaction and the pressure was kept to a minimum (< 5 psi). Approximately 1 mol
equivalent of glyoxylic acid monohydrate was added after 20 and 40 min. After 60 min, TLC
showed the desired product to be the major compound. Additionally, a brown baseline
material originating from the decomposition of glyoxylic acid and a minor unknown spot
below the acrylic acid (56) were observed. The brown viscous reaction mixture was adsorbed
onto normal phase silica and purified by normal phase column chromatography. This gave the
acrylic acid (56) in 54% yield as a white solid. Use of the microwave resulted in an
improvement in reaction time, from 14 h to 60 min, and reaction yields, from 45% to 54%,

when compared to Method 2.
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4.2.2 Synthesis of 4-(2-aminophenyl)-4-oxobutanoic acid (AHA)

0) 0

Zcoon H, COOH

NO, NH,
(56) AHA

42.2.1 Method 1

Reduction of the double bond and the nitro group of the acrylic acid (56) was conducted in
EtOAc with ~0.2% AcOH at ~1 mg/mL under an atmosphere of H; (1 atm) in the presence of
PtO, at RT in the dark. PtO, was chosen as it was readily available at the time of the
synthesis. AcOH was employed to protonate the newly formed amine group and decrease its
ability to undergo Michael addition to form Kyn yellow or a Kyn-like dimer (Scheme 4.4).

The dilute conditions were also used to decrease formation of the dimer.
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Scheme 4.4: Proposed pathways leading to i) intra- and ii) intermolecular Michael adducts in the synthesis of
AHA.

Soon after commencement of the reaction, TLC and LC-MS analysis of the yellow solution
revealed formation of AHA as the major product, along with multiple spots (> 3) of higher
polarity. After 22 h, the starting material was consumed. The yellow solution was filtered
through a plug of celite and the solvent removed under vacuum. The crude AHA was partially
purified by a C18 reversed phase Sep-Pak column. Fractions containing AHA were pooled
and after lyophilisation purified by RP-HPLC to afford AHA in 41% yield as an off-white
solid. The formation of multiple compounds, seen both by TLC and LC-MS of the crude
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reaction mixture, accounted for the moderate yield of the desired product. LC-MS analysis of
the crude reaction mixture revealed a small quantity of kynurenic acid (m/z 190 (M+H")).
This compound arises from the oxidation of Kyn yellow in the presence of oxygen or UV

light.""”

Other fractions containing side products were also collected, but upon drying changed
in colour from yellow to brown. This suggested decomposition. In addition, LC-MS showed
formation of additional compounds after drying. Therefore, none of these side products were

identified.

The aromatic region of the '"H NMR spectrum of AHA revealed four adjacent aromatic
resonances. The chemical shifts and coupling patterns of the aromatic protons were similar to
the aromatic protons of Kyn."® Two isolated triplets at & 2.65 and 3.25, consistent with the
CH,-CHj, side chain, were also observed.*?** The ES-MS/MS spectrum (positive mode) of
AHA showed a molecular ion at m/z 194 (M+H") and major fragment ions at m/z 176 and m/z
148, indicative of loss of water and formic acid, respectively. In PBS at pH 7.0, AHA showed

absorption maxima at 254 and 365 nm and maximum fluorescence at Ax 346 and Acp, 480 nm.

4222 Method?2

Due to obtaining only moderate yields of AHA by the method described above, an alternative
hydrogenation method using conditions more likely to fully protonate the amine group once
formed was investigated. Hydrogenation of nitro groups to stable amine hydrochloride salts is
known to occur efficiently with H, and a catalyst in the presence of dilute aqueous HCI. For
example, Moriya et al.**® reported hydrogenation of 6-nitro-D-tryptophan in aqueous HCI and
MeOH under an atmosphere of H, (1 atm) in the presence of Pd/C. This yielded 6-amino-D-
tryptophan hydrochloride salt in 91% yield. Initially a stability trial was performed by
separately suspending the acrylic acid (56) in a solution of dilute HCI (7 mol equivalents) in
~30% aqueous MeOH for 24 h at RT in the dark. TLC and '"H NMR showed that no change
occurred, illustrating that the ClI" and MeOH had not acted as nucleophiles, leaving the double
bond intact. Therefore, a solution of the acrylic acid (56) was treated as above in the presence
of H, (1 atm) and Pd/C at RT in the dark. After 1 h, TLC revealed formation of AHA as the
major product and faint multiple unknown spots of higher and lower polarity. After 3 h, the
starting material was consumed and the yellow solution was filtered through a plug of celite.
The pH was adjusted to ~6 by 1 M NaOH and lyophilised. The yellow solid was purified by
RP-HPLC to afford AHA in 28% yield as an off-white solid. The formation of side products
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at a level similar to the previous method was surprising and suggests that the side products
were not solely due to Michael addition. The identification of the side products was not

conducted.

4223 Method 3

The hydrogenation condition described above was repeated in aqueous HCl (7.5 mol
equivalents) in the absence of MeOH at RT in the dark. The addition of MeOH did not seem
to be necessary as the acrylic acid (56) dissolved within 10 min. After 1 h, TLC analysis
revealed formation of faint multiple spots of similar polarity to that described in Method 2,
along with AHA as the major product. After 1.5 h, TLC showed the complete disappearance
of the starting material, and the yellow solution was worked up and purified, as described in
Method 2, to yield AHA in 34% yield as an off-white solid. As the higher yields of AHA
were obtained using the optimised conditions described in Method 1, this was regarded as the

optimal method.

4.2.3 Synthesis of 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid (AHB)
O
H, COOH

NH,

OH
(7 AHB

In a similar manner to the synthesis of AHA, the synthesis of AHB from the acrylic acid (7)
was investigated. The synthesis of the acrylic acid is described in Chapter 2. It was achieved
in two steps from commercially available 3-hydroxyacetophenone (8) in an overall yield of
~18%. The first step involved nitration of 3-hydroxyacetophenone by copper nitrate and
acetic anhydride in AcOH to yield 3-hydroxy-2-nitroacetophenone (9). 3-Hydroxy-2-
nitroacetophenone was subsequently condensed with glyoxylic acid monohydrate under

microwave conditions to afford the acrylic acid (7).
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4231 Method 1

Following Method 1 for the synthesis of AHA, the acrylic acid (7) was dissolved in EtOAc
and AcOH (~0.2 %) at ~1 mg/mL and hydrogenated under an atmosphere of H, (1 atm) in the
presence of PtO, at RT in the dark. For similar reasons to the AHA synthesis, AcOH was
employed to assist protonation of the amine group and prevent intra- and intermolecular
Michael addition reactions. After 1 and 2 h, TLC and LC-MS analysis of the yellow solution
revealed AHB as the major product. Faint but multiple side products of higher polarity were
also observed. After 3 h, the starting material was completely consumed and the yellow
solution was worked up and purified, as described for AHA, to afford AHB in 47% yield as a
light brown solid. The aromatic region of the 'H NMR spectrum of AHB revealed three
adjacent aromatic resonances at & 7.82, 7.25 and 6.57. Chemical shifts and coupling patterns
202

of the aromatic protons were similar to the aromatic ring of 30HKyn.

at 8 3.26 and 2.66, consistent with the CH,-CH, side chain, were also observed.®*2%? The ES-

Two isolated triplets

MS/MS spectrum (positive mode) of AHB showed a molecular ion at m/z 210 (M+H") with
accompanying fragment ions at m/z 192 due to loss of water and m/z 164 due to loss of formic
acid. In PBS at pH 7.0, AHB showed absorption maxima at 267 and 369 nm and maximum

fluorescence at Aex 346 and Aem 435 nm.

In addition to AHB, a red solid was collected by RP-HPLC in 6% yield as the second major
compound detected at 360 nm. The ES-MS/MS spectrum (positive mode) of the red solid
showed a molecular ion at m/z 206 (M+H"), which is consistent with the molecular mass of
the ring closed and aromatised compound xanthurenic acid. Further fragmentation of the
molecular ion showed fragment ions at m/z 188, m/z 160 and m/z 132. These are consistent
with loss of water and two successive losses of CO, respectively. The spectrum also showed
loss of CO, from the molecular ion to give an ion at m/z 162, which provided further evidence
for the presence of a carboxylic function in the molecule. Using the same conditions, the ES-
MS/MS spectrum (positive mode) of an authentic sample of xanthurenic acid revealed a
molecular ion at m/z 206 (M+H") with accompanying fragment ions at m/z 178 due to CO
loss, m/z 160 due to formic acid loss and m/z 132 due to formic acid and CO loss. This
showed inconsistencies between the fragmentation patterns of the red solid and xanthurenic
acid. Further identification of the red solid was conducted by '"H NMR. The aromatic region
revealed three adjacent aromatic resonances at 6 7.07, 7.0 and 6.82, and one isolated singlet at
d 5.96 with an integration of 1H. The coupling patterns of the aromatic protons were similar

to AHB, while the singlet at 6 5.96 was indicative of a non-aromatic but highly deshielded
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proton. This also agreed with the ES-MS/MS data that the red compound was not xanthurenic
acid. The red solid in PBS (pH 7.0) showed absorbance maxima at 266 and 489 nm, and
maximum fluorescence at Aex 395 and Aenm 520 nm, while xanthurenic acid under the same
conditions showed absorbance maxima at 244 and 344 nm, and maximum fluorescence at Acx
340 and Aep 455 nm. From the physical and spectral data, the unknown product was identified
as the 4-keto tautomer of xanthurenic acid (57) (Scheme 4.5). Support for this comes from the
finding that kynurenic acid can exist as its 4-keto tautomer and that this is the preferred form
in polar solvents.*>* This may explain why only the 4-keto tautomer of xanthurenic acid
(57) was isolated in this study, as only polar solvents were used in either purification (e.g.
aqueous CH3CN) or characterisation (e.g. MeOD). The ES-MS/MS fragmentation pattern of
the 4-keto tautomer of kynurenic acid showed similarities with the 4-keto tautomer of
xanthurenic acid isolated in this study.’****'2*3% The other minor reaction side products

were not identified.

(0]
Keto-enol
COOH OXIdathn tautomerlsm
COOH N COOH N COOH
OH

(52) 3OHKyn yellow Xanthurenic acid 57

Scheme 4.5: Proposed pathways leading to intramolecular Michael adducts in the synthesis of AHB. The
tautomeric forms of xanthurenic acid.

4.2.3.2 Method 2

For similar reasons to those described for the AHA synthesis (Method 3), hydrogenation of
the acrylic acid (7) was investigated in dilute aqueous HCI (7.8 mol equivalents). Initially, a
stability trial was performed by suspending the acrylic acid in dilute HCI for 24 h. TLC and
'H NMR showed that no change occurred. Thus, a mixture of the acrylic acid (7) and aqueous
HCI was placed under an atmosphere of H, (1 atm) in the presence of Pd/C at RT in the dark.
After 10 min, TLC revealed AHB as the major product, with faint but multiple side products
and some starting material. After ~50 min, the acrylic acid (7) was not observed by TLC,
therefore the yellow solution was worked up and purified, as described for AHA (Method 3),
to afford AHB in 38% yield as a light brown solid. The identification of the side products was
not conducted. As the higher yields of AHB were obtained using the conditions described in
Method 1, this was regarded as the best method for the synthesis of AHB.
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4.2.4 Synthesis of glutathionyl-kynurenine (GSH-Kyn) and glutathionyl-3-
hydroxykynurenine (GSH-30OHKyn)

O q COOH
A Gt
H 2
CH, O
COOH 0 &
COOH
NH, — »
NH, NH,

R R
R =H; Kyn R =H; GSH-Kyn
R = OH; 30HKyn R = OH; GSH-30HKyn

In a similar manner to the reported synthesis of GSH-30HKG from 30HKG,*® the synthesis
of GSH-Kyn and GSH-30HKyn from Kyn and 30HKyn, respectively, were conducted under
basic conditions in the presence of GSH. The reaction is known to proceed through
deamination of the amino acid side chain, which is then readily attacked, via Michael
addition, by the thiol group of GSH (Scheme 4.6).'*!'"3*> Thys, Kyn and 30HKyn were
separately dissolved in argon-gassed (~20 min) Na,CO3;-NaHCO; buffer at pH 9.5 in the
presence of 3.6-5 mol equivalents of GSH. The two yellow solutions were incubated at 37°C
in the dark. After 24 h, TLC of each reaction mixture revealed two major compounds, the
GSH adducts and the starting materials. Due to the known ready oxidation of GSH to GSSG,
even in the presence of trace amounts of oxygen, additional GSH (1 mol equivalent) was
added to both reaction mixtures after 24 h and the pH was readjusted to ~9.5 with 1 M NaOH.
After 72 h, in addition to the GSH adducts and the small quantities of the starting materials,
TLC of both of the reactions revealed formation of at least two unknown side products.
Therefore, the yellow solutions were separately acidified to pH 2 by dropwise addition of
25% aqueous HCI and lyophilised. The crude solids were purified by RP-HPLC to afford
diastereomeric mixtures (~1:1) of GSH-Kyn in 51% yield and GSH-30OHKyn in 44% yield,
respectively. Trace quantities of Kyn and 30HKyn were observed by RP-HPLC, however

they were not collected.
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Scheme 4.6: Formation of GSH-Kyn and GSH-30HKyn under basic conditions.

The aromatic region of the 'H NMR spectrum of GSH-Kyn revealed four adjacent aromatic
resonances, while GSH-30HKyn showed three adjacent aromatic resonances. The chemical
shifts and coupling patterns of the GSH-Kyn and GSH-30HKyn aromatic protons were

consistent with the aromatic ring of Kyn'® and 30HKyn,***"*

respectively. The aliphatic side
chains of GSH-Kyn and GSH-30HKyn contained characteristic signals for a CH,-CH moiety
with diastereotopic methylene protons at & ~3.3 and ~3.5 and a methine proton at & ~3.8."®
The distinctive deshielded diastereotopic protons are indicative of covalent attachment of the
cysteine of GSH at C-2 of the Kyn and 30HKyn side chain.'®*® Further analysis of GSH-Kyn
and GSH-30HKyn by COSY, HSQC and HMBC confirmed that the GSH moiety was intact
and chemical shifts and coupling constants agreed with the literature.***** ES-MS/MS
(positive mode) of GSH-Kyn and GSH-30HKyn showed the presence of a molecular ion at
m/z 499 (M+H") and m/z 515 (M+H"), respectively, and fragment ions at m/z 481, m/z 424,
m/z 370 and m/z 192 for GSH-Kyn, and m/z 497, m/z 440, m/z 386 and m/z 208 for GSH-
30HKyn. These are indicative of loss of water, glycine, glutamic acid and GSH, respectively.

These were similar to the fragmentation pattern observed in the mass spectrum of GSH-

30HKG.%

4.2.5 Synthesis of Kyn yellow and 30HKyn yellow

0
N COOH
H
R
R =H; Kyn R =H; Kyn yellow

R = OH; 30HKyn R = OH; 30HKyn yellow
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4.2.5.1 Method 1

30HKyn yellow has been extracted as a pigment from the wings and bodies of the Ithomid
and Heliconian butterflies.”*” Kyn yellow and 30HKyn yellow have also been previously
synthesised by Tokuyama et al.>****® from Kyn and 30HKyn, respectively, under refluxing
basic conditions. These products arise via intramolecular Michael addition of the ortho amino
group of the aromatic ring onto the activated alkene of deaminated Kyn and 30OHKyn

(Scheme 4.7).'"!

N COOH
H

R
R =H; Kyn yellow
R = OH; 30HKyn yellow

R =H; Kyn
R = OH; 30HKyn

Scheme 4.7: Formation of Kyn yellow and 30HKyn yellow under basic conditions.

Following the method of Tokuyama et al.,**®

Kyn and 30HKyn were separately dissolved in
NaHCO; (~0.5 M) at pH ~9 and refluxed under argon in the dark. The reactions were
conducted under argon to prevent oxidation of the cyclised products to kynurenic acid or
xanthurenic acid for the Kyn and 30HKyn reactions, respectively (Scheme 4.8). The bright
orange solutions gradually faded to a dull orange colour until the starting material was used
up (20 h), as seen by TLC. In addition to the desired products, TLC revealed at least 3 other
products of similar polarity and lower intensity when visualised at 365 nm. Both reactions
were cooled to RT and the pH adjusted to ~14 by dropwise addition of 1 M NaOH. Both basic
solutions were extracted with diethyl ether to remove 2-aminoacetophenone and 3-hydroxy-2-
aminoacetophenone for the Kyn and 30HKyn reactions, respectively. These side products are
reported to be formed due to base catalysed reverse aldol reactions.>*® Not being the desired
products, the organic layers likely to contain 2-aminoacetophenone and 3-hydroxy-2-
aminoacetophenone, as determined by TLC, were discarded. The remaining basic aqueous
layers were acidified to pH 2 via dropwise addition of 10% aqueous HCI and reextracted with
diethyl ether to obtain Kyn yellow and 30HKyn yellow. TLC of the aqueous layers showed
complete extraction of the desired products. The organic layers were washed with water, dried
with MgSO, and evaporated to dryness under reduced pressure. The orange residues were

further purified by RP-HPLC to afford Kyn yellow in 26% yield and 30HKyn yellow in 22%
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yield. In addition to Kyn yellow, only trace amounts of kynurenic acid (m/z 190 (M+H")) and
deaminated Kyn (m/z 192 (M+H")) were observed by LC-MS for the Kyn reaction, while in
addition to 30HKyn yellow, deaminated 30HKyn (m/z 208 (M+H")) in 13% yield and
xanthurenic acid (m/z 206 (M+H")) in trace amounts were isolated from the 30HKyn
reaction. As the reactions were conducted under anaerobic conditions, it is likely that

kynurenic acid and xanthurenic acid were formed during the work up steps.

0] OH
Oxidation N
=
E COOH N COOH
R
R =H; Kyn yellow R = H; Kynurenic acid
R = OH; 30HKyn yellow R = OH; Xanthurenic acid

Scheme 4.8: Oxidation of Kyn yellow and 30HKyn yellow to kynurenic acid and xanthurenic acid,
respectively.

The 'H NMR spectra of Kyn yellow and 30HKyn yellow revealed the presence of four and
three adjacent aromatic protons, respectively. Three additional protons from the methylene (6
2.80-2.93) and methine (5 4.20-4.35) groups were seen in both compounds. ES-MS/MS
(positive mode) of Kyn yellow showed a molecular ion at m/z 192 (M+H") and major
fragment ions at m/z 174 and m/z 146. These are consistent with loss of water and formic acid,
respectively. Using the same conditions, the mass spectrum of 30HKyn yellow revealed a
molecular ion at m/z 208 (M+H"), with accompanying fragment ions at m/z 190, m/z 162 and
m/z 148 due to water, formic acid, and water and formic acid loss, respectively. The spectral

data were in agreement with the literature.*>%*

4.2.5.2 Alternative methods

As Tokuyama et al.’s method**®

resulted in only moderate yields of the desired products and a
number of side materials, including the base-induced cleavage products, 2-
aminoacetophenone and 3-hydroxy-2-aminoacetophenone, for the Kyn and 3OHKyn

reactions, respectively, alternative methods were investigated.

-113 -



CHAPTER 4

4.2.52.1 Method 2

Bunce et al.** have reported the use of iron powder in refluxing glacial AcOH for the
selective reduction of nitroarenes in the presence of an a,p-unsaturated ester and their
subsequent intramolecular Michael addition to give aryl fused nitrogen heterocycles in high
yields (Scheme 4.9). Iron has been found to be an extremely mild reagent that permits
reduction of nitroarenes bearing carbonyl containing group with no reduction or degradation

of the unsaturated side chain.**

R

X \)\/COOEt
X _Fe, AcOH_
1 15°C 30 min
COOEt

NO,
X = CH,, O, NH
R=H, CH,

Scheme 4.9: Ring closure by tandem reduction-Michael addition by Bunce et al.**’

A small scale reaction (20 mg) was therefore trialled on the acrylic acid (7) in refluxing
glacial AcOH and iron powder under argon. After 20 and 45 min, TLC analysis revealed
AHB as the major product and multiple side products of lower intensity to AHB at 365 nm
detection. After 1 h, the starting material was consumed. The reaction mixture was cooled and
filtered to remove the catalyst. The pH of the yellow solution was made basic (pH ~12) to
assist organic solubility of the amine, and extracted with EtOAc. The aqueous layer was
acidified to pH ~2 by 10% aqueous HCI (v/v) and extracted with EtOAc. LC-MS analysis
revealed AHB (m/z 210 (M+H")) as a major reaction product in the acidic extract, while the
basic extract showed multiple unknown side products of similar polarity and absorbance to
those formed by Method 1 in the synthesis of AHB. LC-MS of the remaining aqueous layer
showed complete extraction of the products. The desired cyclised product was not observed,
possibly due to protonation of the amine group under the acidic conditions, although this
seemed not to be an issue in the literature.** Further purification of the products was not

attempted.

4.2.5.2.2 Method 3

It has been reported that selective reduction of nitro groups over double bonds can be

achieved by tin(IT) chloride dihydrate (SnCl,-2H,0).*°>** Thus, it was anticipated that the
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treatment of the acrylic acid (7) with SnCl,-2H,O would selectively reduce the nitro group to
the amine. Subsequent cyclisation in refluxing base (pH ~9) via intramolecular Michael
addition would result in 30HKyn yellow. The proposed two step pathway is given below
(Scheme 4.10).

O OH
e F
COOH  Reduction COOH HO-
_— —_—
NO, NH, g COOH
OH OH OH
@) (52) 30HKyn yellow

Scheme 4.10: Proposed pathway for synthesis of 30HKyn yellow from the acrylic acid (7).

A small scale reaction (30 mg) was trialled on the acrylic acid (7) in EtOAc with SnCl,-2H,0O
at RT under argon in the dark. Almost immediately, TLC revealed formation of AHB with
faint but multiple side products. After 12 h, the starting material was consumed, and the
orange solution was basified to pH ~9 with 0.5 M NaHCO; and extracted with EtOAc. The
aqueous layer was filtered, acidified to pH 2 with 10% aqueous HCI (v/v) and extracted with
EtOAc. The organic layers were washed with cold water and the solvent removed under
reduced pressure. The crude orange residue obtained upon extraction of the acidic aqueous
layer was analysed by LC-MS and showed AHB (m/z 210 (M+H")) as the major product. In
contrast to the literature, this suggests that SnCl,-2H,0 resulted in simultaneous reduction of
the nitro group and the double bond of the acrylic acid (7). Only trace quantities of the
reduced acrylic acid (52) (m/z 208 (M+H")) were observed. The basic organic extract showed
unidentifiable side products. Further purification and characterisation of the products was not

attempted.

As the SnCl,-2H,O (Method 3) conditions resulted in simultaneous reduction of the nitro
group and the double bond, the reduced acrylic acid (52) was not obtained in sufficient
quantities. As a result, the proposed cyclisation of the reduced acrylic acid (52) in base was
not performed. The method of Tokuyama et al.>*® was therefore the method of choice for the

synthesis of Kyn yellow and 30HKyn yellow.
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4.2.6 Identification of the proposed metabolites in human lenses

To determine the presence of the proposed metabolites in human lenses, eight normal human
lenses ranging in age from 24 to 88 and two cataractous lenses of ages 60 and 70 were
examined. Extraction, RP-HPLC and MS analysis of the human lenses were performed by Dr

Peter Hains (Save Sight Institute, Sydney, NSW).

The nuclear and cortical regions were separately treated with 80% EtOH (v/v) to allow
extraction of kynurenine-based metabolites.*>® The first EtOH extraction was performed with

absolute EtOH rather than aqueous EtOH, as lenses are ~60% water.”>*">>

The subsequent
extraction was performed with 80% aqueous EtOH (v/v). RP-HPLC analysis was consistent
with previous studies, showing the presence of the major UV filters 30HKG, AHBG, Kyn,
GSH-30HKG and AHBDG at 360 nm.*> A typical lens profile is shown in Figure 4.1.
30HKyn was not detected in the investigated lenses. This may be due to the instability of
30HKyn under experimental conditions or upon storage, as it is an 0-aminophenol and can
readily oxidise.''*?**** RP-HPLC elution times of the proposed lens metabolites were
determined using synthetic standards. The elution times are indicated in Figure 4.1 (regions 6-
9). In addition, a distinct doublet was eluted at the retention time of ~31 min (peak X, Figure

4.1). The identity and quantification of the compound responsible for this peak is discussed in

Part B of this chapter.
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Figure 4.1: RP-HPLC profile of the UV filter extract from a normal lens nucleus (88 years old). Detection was
at 360 nm in Absorbance units (arbitrary units). 30HKG (1); Kyn (2); GSH-30HKG (3); AHBG (4) and
AHBDG (5). “X” represents an unknown compound shown as a double peak on the RP-HPLC trace. Expected
elution times of AHB and GSH-30HKyn (6), AHA and GSH-Kyn (7), 30HKyn yellow (8) and Kyn yellow (9).
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The extracted UV filters from both the nuclear and cortical sections of each lens were
analysed by RP-HPLC. The major UV filters were quantified by RP-HPLC using standard
curves of the synthetic samples. A standard curve of synthetic 30HKG was used for the
quantification of 30HKG and GSH-30HKG, commercially available Kyn was used for the
quantification of Kyn and synthetic AHBG was used for the quantification of AHBG. Nuclear
and cortical concentrations of 30HKG and AHBG were found to be 0.1-3.6 nmol/mg lens
(dry mass), while Kyn, GSH-30HKG and AHBDG were found in 0-580 pmol/mg lens (dry
mass) (Table 4.1, A and B). A marked decline in the levels of 30HKG, Kyn, AHBG and
AHBDG was noted after the seventh decade of life, whilst the levels of GSH-30HKG were

generally higher after middle age. These findings are consistent with previous studies.”

Table 4.1: Quantification of lens compounds in nuclei of normal and cataractous lenses (A) and cortices of
normal lenses (B). Quantities are given in pmol/mg lens (dry mass).

A
Nucleus Age | 30HKG® AHBG® Kyn® GSH-30HKG® AHBDG® AHA® AHB' GSH-Kyn®
24 3600 692 586 0.00 176,74  4.00  2.67 1.80
27 3630 690 385 50.4 9227 439 597 1.05
42 1840 408 135 39.5 5511 086 1.14 0.63
47 2560 897 261 282 90.98 187 520 4.76
65 2220 527 188 562 79 54 1.83  2.40 28.0
66 658 268 73.1 89.9 36.82 137 0.69 3.09
83 426 720 614 41.1 19.66 0.70  0.00 2.00
88 452 127 14.9 210 13.02 032 063 7.60
60° N/D N/D  N/D N/D N/D 1.83 099 0.11
70°¢ N/D N/D  ND N/D N/D 121 131 0.10
B
Cortex Age | 30HKG® AHBG® Kyn® GSH-30HKG® AHBDG® AHA® AHB' GSH-Kyn®
24 3100 558 317 0.00 5018 224 176 0.34
27 2300 328 226 14.2 5589 139  0.79 0.30
42 1500 365 114 27.5 4321 820  6.04 2.21
47 3850 891 361 56.9 14499  2.82  3.03 1.23
65 1900 407 177 173 70.99 140  2.79 18.4
66 1490 311 80.3 71.7 5324 1.14  1.11 2.36
83 732 147 938 44.8 2313 0.85  0.58 0.52
88 418 90.7  10.8 48.5 12.01 021 037 2.58

* determined by LC-MS

® determined by RP-HPLC
¢ cataractous lenses

N/D, not determined
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The RP-HPLC absorbance traces of both normal and cataractous lenses did not show distinct
peaks for any of the proposed lens metabolites (Figure 4.1). Therefore, the eluents from the
RP-HPLC regions corresponding to the retention times of the synthetic compounds were
collected. The collected fractions were concentrated, analysed by ES-MS/MS, and
subsequently quantified by LC-MS using the standard addition method.*®® The standard
addition method is based on LC-MS analysis of the extract solution followed by analysis of
the spiked extract with a known quantity of a standard. The amount of the measured
compound in the extract is calculated following the procedure: X = Sl / (Is — Ix), where X is
the unknown amount of the measured compound in the extract solution, S is the amount of the
spiked compound in the extract solution, Iy is the signal intensity of the measured compound
in the extract solution and I is the signal intensity of the compound in the spiked extract

solution.

MS analyses and spiking experiments with the authentic synthetic standards confirmed the
presence of the reduced compounds AHA and AHB and the GSH adduct of Kyn, GSH-Kyn.
The intramolecular Michael adducts Kyn yellow and 30HKyn yellow and the GSH adduct of
30HKyn, GSH-30HKyn, were not detected in any of the lenses. This suggests that, if
present, they would be in very low levels (the estimated MS sensitivity was ~50 fmol). Taylor
et al.'”! have investigated decomposition rates of the major UV filters at pH 7.0. They
concluded that the deaminated UV filters cyclise very slowly to the yellow compounds and
were more prone to react with lens components, such as GSH,' Cys, proteins'™'® or
NAD(P)H,*’ than to undergo intramolecular Michael addition. Therefore, the absence of Kyn
yellow and 30HKyn yellow in the investigated lenses was not unexpected. Furthermore,

30HKyn was not detected in the investigated lenses in this study, and as a result it was not

surprising GSH-30HKyn and consequently 30HKyn yellow were undetected.

The concentrations of AHA, AHB and GSH-Kyn were determined using the standard addition
method with the authentic synthetic standards. AHA and AHB were present in both the
nucleus and cortex of all normal human lenses in 0-8.2 pmol/mg lens (dry mass) (Table 4.1, A
and B). Similarly to the lenticular levels of AHBG,” AHA and AHB did not show any clear
age correlation in the first 4 decades, however a steady decrease in AHA and AHB
concentrations was observed after ~40 years of age in both the nucleus and cortex. This is in
accordance with the decline of their metabolic precursors Kyn and 30HKyn (Table 4.1, A and
B).” Interestingly, while AHBG is typically present at 20-40% of the levels of 30HKG in

normal human lenses, AHA was only present at 0.5-2% of the levels of Kyn.** Levels of
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AHB could not be correlated to levels of its precursor since 30HKyn was not detected in the

investigated lenses.

The concentration of GSH-Kyn was found to be low (0.3-28 pmol/mg lens (dry mass)) in both
the nucleus and cortex (Table 4.1, A and B). Even though no clear age-related correlation was
seen for the concentrations of GSH-Kyn, the normal nuclear concentration of GSH-Kyn was
generally higher than in the cortex of the same lens. This was consistent with GSH-30HKG,
which has been shown in this and related studies to generally be present in higher levels in the

39
lens nucleus than cortex.

Due to the mode of cataractous lens removal in extracapsular cataract extraction (the cortex
was not collected), only the nuclear concentrations of AHA, AHB and GSH-Kyn could be
obtained for these lenses. The concentrations were found to be similar to those in the normal

nucleus (Table 4.1, A). GSH-30HKyn, Kyn yellow and 30HKYy yellow were not detected.

4.2.7 Stability of the novel lens metabolites

The finding of the novel lens metabolites in only low pmol levels, particularly the reduced
compound AHA and GSH-Kyn (both derived from Kyn), was surprising, given the much
greater concentrations of AHBG and GSH-30OHKG typically present in lenses relative to their
precursor (30HKG). 30HKG has been shown to deaminate faster (~70% after 7 days) at pH
7.0 than Kyn (~58% after 7 days),'” but the difference was not significant enough to account
for the lower levels of AHA and GSH-Kyn. The stabilities of AHA, AHB and GSH-Kyn were
therefore examined under the extraction conditions (80% aqueous EtOH (v/v), used to recover
the UV filters from the human lenses) and RP-HPLC conditions (H,0/0.01% TFA (v/v), used
to analyse the extracts). The stabilities were also examined under conditions that were aimed

123 and the

39,66,122,123 In

at mimicking the low oxygen®”® and high antioxidant content of younger lenses,
oxygen rich and typically antioxidant depleted environment of older lenses.
addition, the stability of GSH-30HKyn was investigated to confirm if the lack of its precursor
(30HKyn) or stability of GSH-30HKyn may have contributed to its absence from the
investigated lenses. All analyses were conducted in triplicate and the results are presented as

an average + SD.

Initially, the efficiency of the 80% aqueous EtOH extraction process was examined by

separately mixing known quantities (500 pmol/mg protein) of Kyn, 30HKyn, 30HKG AHA,
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AHB, GSH-Kyn and GSH-30HKyn in the presence of bovine lens proteins (BLP), extracting
with 80% EtOH, quantifying the UV filters and their metabolites by RP-HPLC. BLP were
used as a model for human lens proteins, since bovine lenses lack human UV filter
compounds.®® Recovery was 57-79% (Table 4.2). This was lower than the 97% previously
reported for Kyn extracted from normal human lens proteins.*” No other peaks were detected
by RP-HPLC. AHA, AHB, GSH-Kyn and GSH-30HKyn were stable for 24 h in the
extraction solvent and for up to 5 h in the RP-HPLC solvent at 37°C. This confirms that the
low concentrations measured for AHA, AHB and GSH-Kyn, and the lack of detection of
GSH-30HKyn, were representative of the concentrations in the investigated lenses, and not

due to significant loss or breakdown during extraction and analysis of the lens extracts.

Table 4.2: Extraction efficiency of UV filters and their metabolites from BLP. Analyses were performed in
duplicate.

Lens compound Extraction efficiency (%)
Kyn 74.2,74.8
30HKyn 62.4, 64.6
30HKG 59.8, 60.2
AHA 56.2,56.8
AHB 61.7,63.7
GSH-Kyn 72.9,75.3
GSH-30HKyn 77.7, 80.9

To mimic the oxygen rich environment of older lenses, AHA, AHB, GSH-Kyn and GSH-
30HKyn were incubated with chelex-treated phosphate buffered saline (PBS) at pH 7.0, i.e.
physiological pH conditions in the presence of atmospheric oxygen at 37°C. Chelex is an ion
exchange resin, which chelates polyvalent metal ions. It has been added to the buffer to
prevent metal catalysed reactions such as Fenton reactions.”>” AHA proved to be stable under
these conditions for > 200 h (0.42 + 0.04 mM AHA at 0 h and 0.42 + 0.05 mM AHA at 215
h). This suggests that formation of AHA may protect the lens from modification due to its
greater stability compared to its precursor (Kyn).''” By contrast, under the same conditions
the initially colourless AHB incubation mixtures became yellow/tanned over time (Figure
4.2), exhibiting absorbance maxima at 240 and 420 nm, which are characteristic absorption
peaks of xanthommatin-like compounds (Section 1.6.1).27*°*! RP-HPLC analysis of the
AHB incubation solutions revealed steady decomposition of AHB, resulting in its total

disappearance after 7 days of incubation (Figure 4.3).
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Figure 4.2: The colour of solutions of AHB in PBS (pH 7.0) at 37°C at time 0 h (A) and after 200 h (B) under
aerobic conditions.

0.3

AHB (mM)

0 50 100 150 200
Time (h)

Figure 4.3: AHB (0.25 mM) was incubated in PBS (pH 7.0) in the presence of atmospheric oxygen (4), in
oxygen free PBS (pH 7.0) in the presence of BHT (0.1 mM) (A) and in oxygen free PBS (pH 7.0) in the presence
of ascorbic acid (2.0 mM) and BHT (0.1 mM) (B). Aliquots of the reaction mixtures were taken at the indicated
time points and analysed by RP-HPLC. Detection was at 254 nm.

The decomposition of AHB was accompanied by generation of high molecular mass
compounds of 398 Da (Amax 265/295/395), 412 Da (Amax 251/315) and 413 Da (Amax 243/296),
as predominantly less polar peaks, which were probably dimeric aggregates arising from

204,205,211 2 .
],204205:211360362 pogsible structures for these three compounds

oxidation of this 0-aminopheno
are shown in Scheme 4.11 and Scheme 4.12. A proposed mechanism for AHB oxidation via
quinone imine formation and formation of the dimeric oxidation product of molecular mass of
412 Da is shown in Scheme 4.11.2°12936%362 The compound of molecular mass 413 Da could

be formed by a similar mechanism to that for the compound of molecular mass 412 Da, with
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the quinone derived from hydrolysis of the quinone imine. A similar compound is known to

be formed via oxidation of 3-hydroxyanthralinic acid.***>%

R R R R
. H H
NH, CNH i :N\EINHZ
OH 0 OH 0

HOOC COOH

o) o)
R R
N NH
N 2 N NH,
- /—*
0 0 i iOH \/EQ?}
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R= )J\/\
COOH

Scheme 4.11: Proposed mechanism for the oxidation of AHB at pH 7.0 (PBS) under aerobic conditions and
formation of the oxidation product of molecular mass of 412 Da 20"29362
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Scheme 4.12: Proposed decomposition products of AHB at pH 7.0 (PBS) under aerobic conditions.

In order to examine the stability of AHB in an environment resembling a healthy lens, it was
incubated with argon-degassed (5 cycles of freeze-thaw) chelex-treated PBS (pH 7.0) in the
presence of the radical scavenger butylated hydroxytoluene (BHT). BHT is known to act by

donating a hydrogen atom to free radicals, such as HO-, ROO- and to a lesser extent O,",
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thereby preventing oxidation reactions induced by these species.**®¢’

It is structurally related
to the major lipophilic antioxidant oc-‘[ocopherol.%g’369 RP-HPLC analysis of the AHB
incubation solutions revealed similar decomposition (~96% decomposition after 208 h) to the
stability of AHB under the aerobic conditions described above (Figure 4.3). It was therefore
clear that the presence of BHT alone was insufficient to stabilise AHB. This is possibly due to
rapid consumption of BHT by free radicals resulting in the formation of resonance stabilised
phenoxyl radicals (BHT-) that subsequently undergo termination reactions and become
inactive, e.g. BHT- + BHT- — BHT:BHT or BHT- + ROO* — ROO:BHT).**® Similar free

radical scavenging properties have been described for a-tocopherol.*®

Incubation of AHB, as above, with the addition of the potent radical scavenger ascorbic acid,
gave significantly greater stability of AHB. This suggests that BHT and ascorbic acid may act
in concert, i.e. BHT, as the primary antioxidant, gets oxidised to a radical, which can then be
repaired by ascorbic acid via donation of an electron. A similar synergistic interaction has
been reported for ascorbic acid and a-tocopherol.’®® In the presence of these two agents only
~27% of AHB was decomposed after 9 days of incubation (Figure 4.3). The effect of ascorbic
acid alone on AHB stability was not examined in this study. Overall these results suggest that
AHB is likely to be unstable in the oxidising environment of the cataractous lens and that the

degradation of this compound may contribute to lens colouration and ARN cataract formation.

GSH-Kyn decreased in concentration by 60-64% under the incubation conditions in PBS at
pH 7.0, independent of the level of oxygen (Figure 4.4). Similarly to GSH-Kyn, a significant
decrease in GSH-30OHKyn concentration was noted both in the aerobic (74% loss) and
anaerobic conditions (80% loss) (Figure 4.5). The breakdown products were identified by LC-
MS and UV-vis absorbance as the o,f-unsaturated ketones (via elimination of GSH) and
intramolecular Michael adducts, Kyn yellow and 30HKyn yellow. Similar instability of Kyn
and 30HKyn was observed by Taylor et al.'”" The dynamic nature of GSH adduct formation
and breakdown suggests that the GSH adducts may delay binding of deaminated 30HKG
(23), deaminated Kyn (51) and deaminated 30HKyn (52) to lens proteins in younger lenses
that have high levels of GSH (~4.5-6 mM), but to a lesser degree in aged (~1-3 mM) lenses.*’
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Figure 4.4: GSH-Kyn (0.40 mM) was incubated in PBS (pH 7.0) in the presence of atmospheric oxygen or in
oxygen free PBS (pH 7.0) in the presence of ascorbic acid (0.2 mM) and BHT (0.1 mM). Aliquots of the reaction
mixtures were taken at the indicated time points and analysed by RP-HPLC. Detection was at 254 nm. GSH-Kyn
(#); deaminated Kyn (M); Kyn yellow (A).
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Figure 4.5: GSH-30OHKyn (0.10 mM) was incubated in PBS (pH 7.0) in the presence of atmospheric oxygen or
in oxygen free PBS (pH 7.0) in the presence of ascorbic acid (2.0 mM) and BHT (0.1 mM). Aliquots of the
reaction mixtures were taken at the indicated time points and analysed by RP-HPLC. Detection was at 254 nm.
GSH-30HKyn (4); deaminated 30HKyn (M); 30HKyn yellow (A).
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Part B

4.2.8 Identification of cysteinyl-3-hydroxykynurenine-O-f3-D-glucoside (Cys-30HKG)

As shown in Figure 4.1, the RP-HPLC trace of UV filters isolated from an EtOH extract of
human lenses showed an unknown compound that eluted as a double peak at the retention
time of ~31 min (peak X, Figure 4.1). Both peaks were analysed by ES-MS and ES-MS/MS
by Dr Peter Hains (Save Sight Institute, Sydney, NSW). A major molecular ion at m/z 491.13
(M+H"), correlating to a mass of 490.13 Da, was detected. The ES-MS/MS data suggested the
identity of the compound as cysteinyl-3-hydroxykynurenine-O-f-D-glucoside (Cys-30OHKG).
This preliminary identification was from neutral losses of 162 Da (glucose), 109 Da (o-
aminophenol), 98 Da (deaminated 30HKG), 121 Da (Cys) and 18 Da (water). All other major
ions observed in the mass spectrum were accounted for by loss of various combinations of
these fragments. Analysis of both nuclear and cortical lens extracts showed essentially

identical RP-HPLC profiles.

4.2.9 Synthesis and identification of cysteinyl-3-hydroxykynurenine-O-B-D-glucoside
(Cys-30HKG)

In order to confirm the identity of this unknown compound as Cys-30OHKG, the synthesis of
an authentic standard was conducted. Two synthetic routes were considered. The first route
was by incubating Cys with 30HKG under basic conditions, similar to the synthesis of the
GSH adducts (GSH-30HKG, GSH-Kyn and GSH-30HKyn).*® The second route was based
on cysteination of the double bond of the methyl ester glucoside (11) (Chapter 2), followed by
reduction of the amine group and deprotection of the ester and acetyl moieties (Scheme 4.13).
The first route was based on use of synthetic 30HKG that also had to be used in reasonable
amounts for studies described in Chapter 5 and 6. It was therefore decided to proceed with the
second proposed synthetic pathway. The second route was seen as a good option due to the

high reactivity of the double bond (as seen in Chapter 2 and Part A of Chapter 4).
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Scheme 4.13: Proposed synthetic pathway towards Cys-30HKG.

4.2.9.1 Synthesis of Cys-30HKG - Method 1

4.2.9.1.1 Synthesis of methyl 2-cysteinyl-4-(2-nitro-3-((2,3,4,5-tetra-O-acetyl-p-D-
glucopyranosyl)oxyphenyl)-4-oxobutanoate (59)

OAc

AcO
AcO

OAc OAc
(1) (59)

Following literature procedures for the cysteination of a,B-unsaturated acids, lactones and

esters,”’*>"* 1.2 mol equivalents of Cys was reacted with the methyl ester glucoside (11) in

50% aqueous CH3CN at RT under argon. Clean and rapid cysteination of the methyl ester

glucoside (11) was observed by normal phase TLC. After 30 min, the starting material was

consumed and the white suspension was evaporated to yield the crude Cys adduct (59).

Purification of the Cys adduct (59), to eliminate excess Cys and cystine (Cys is known to

oxidise even in the presence of trace amounts of oxygen® >>'%)
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C18 reversed-phase Sep-Pak column as a rapid elimination of Cys and regeneration of the
starting material occurred.””' " As a result, the crude product was carried through to the next
step without purification. ES-MS/MS (positive mode) of the crude product showed a
molecular ion at m/z 703 (M+H"), as expected for the Cys adduct (59), and fragment ions at
m/z 582 and m/z 373 due to loss of Cys and loss of Glu(OAc)s, respectively. Further
identification by 'H NMR was not conducted.

4.2.9.1.2 Synthesis of methyl 2-cysteinyl-4-(2-amino-3-((2,3,4,5-tetra-O-acetyl-B-D-
glucopyranosyl)oxyphenyl)-4-oxobutanoate (60)

o Cys 0] Cys
OCH;, OCH;
_—
o)
OAc NO, © OAc NH,
0
AcO AcO
OAc OAc
(59) (60)

Initially, hydrogenation of the crude Cys adduct (59) was attempted under an atmosphere of
H, (1 atm) in the presence of Pd/C as a catalyst. TLC and LC-MS analysis revealed more than
five unknown products and no desired product. This was most likely due to the known
poisoning effect of thiol groups and the sulfur atom towards noble metals.”’*>’® Honma et
al.”” reported catalytic reduction of aliphatic nitro Cys derivatives by 1-7 wt % Pt on active
carbon in the presence of formic acid, acetic acid and propionic acid at 30-70°C. Due to the

known instability of the glucose moiety under acidic conditions, this method was not

considered as an option.

Clavier et al.** reported use of sodium dithionite (Na,S,04) in 50% aqueous MeOH for the
reduction of the aromatic nitro group of mercaptoquinoline based compounds (e.g. 5,7-
dinitroquinoline-8-thiol). In addition to being non-toxic and an inexpensive reducing agent,
use of Na,S,0, has been reported to give high yields of the reduced products.’®® Therefore,
the Cys adduct (59) was dissolved in 50% aqueous MeOH at RT under argon. To prevent
decysteination of the Cys adduct, 1 mol equivalent of Cys was added to the reaction
mixture.””'*” Na,S,04 (10 mol equivalents) was added in portions to the white suspension

during the first hour. Due to possible Cys oxidation,’”*"

~0.5 mol equivalents of Cys was
added after 30 and 60 min. Disappearance of the Cys adduct (59) and generation of three new
products was observed by normal phase TLC. After 2 h, the starting material was consumed
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and the white suspension was evaporated. The white solid was dissolved in CH3;CN and
filtered to remove Na,S,04 and excess Cys or cystine. After lyophilisation, the pale yellow
solid was purified by RP-HPLC to afford the reduced Cys adduct (60) in 38% yield as a white
solid. ES-MS/MS (positive mode) showed a molecular ion at m/z 673 (M+H") and fragment
ions at m/z 655, m/z 552 and m/z 325 due to loss of water, loss of Cys and loss of the
OGlu(OAc),, respectively. Further characterisation by 'H NMR and identification of the side

products was not conducted.

4.2.9.1.3 Synthesis of cysteinyl-3-hydroxykynurenine-O-f3-D-glucoside (Cys-30HKG)

0 Cys 0 Cys
OCH, OH
—_—
0 0
OAC NH2 OH NH2
0 0
AcO Q HO Q
AcO HO
OAc OH
(60) Cys-30HKG

Deprotection of the acetyl and ester groups of the reduced Cys adduct (60) was trialled by
using a modified procedure of Manthey et al.*** (Chapter 2) in aqueous NaOH at pH ~12.5

under argon. Cys is known to be prone to elimination,’'*7**">

therefore ~2 mol equivalents of
Cys were added to the reaction mixture in portions over 1.5 h. The progress of the reaction
was monitored by normal and reversed phase TLC. This revealed a complex reaction mixture.
After 2 h, TLC showed complete disappearance of the starting material. The pale yellow
suspension was therefore acidified to pH 6 by 1 M AcOH. LC-MS showed more than six
undesired and unknown products. The desired product was not observed, possibly suggesting
instability of the reduced Cys adduct (60) under the given experimental conditions. As seen
by TLC and LC-MS, control experiments of the nitro Cys adduct (59), under the above
described basic conditions, resulted in formation of multiple products (~5) after 2 h. One of
the medium sized peaks on LC-MS (360 nm) showed a molecular ion at m/z 400 (M+H"),
which is the expected mass for product that had undergone Cys elimination and deprotection
of the ester and acetyl moieties. Other products could not be identified. It was, therefore, not

surprising to observe decomposition of the reduced Cys adduct (60) under the given

conditions.
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4.2.9.2 Synthesis and stability of cysteinyl-4-oxo-4-phenylbutanoic acid (Cys-BAA)

COOH
0 o st
NH,
Zcoon Cys COOH
—_—
BAA Cys-BAA

To further investigate the stability of the Cys adduct (59), a simple model compound,
cysteinyl-4-oxo-4-phenylbutanoic acid (Cys-BAA), was synthesised. A mixture of -
benzoylacrylic acid (BAA) and 1.2 mol equivalents of Cys in 50% aqueous CH3;CN was
stirred at RT in the dark under argon.>’* Clean and rapid cysteination was observed by normal
and reversed phase TLC. After 30 min, TLC showed no starting material and the white
suspension was evaporated to dryness to yield crude Cys-BAA as a white solid. The product
was used without further purification. The aromatic region of the 'H NMR spectrum revealed
five adjacent aromatic resonances with chemical shifts and coupling patterns similar to the
aromatic ring of BAA. The aliphatic side chain contained characteristi