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Synthesis and SAR of 4-Aryl-2-hydroxy-4-oxobut-2-enoic Acids and Esters and
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The synthesis and structure—activity relationship of a series of 4-aryl-2-hydroxy-4-oxobut-2-
enoic acids and esters and 2-amino-4-aryl-4-oxobut-2-enoic acids and esters as potent inhibitors
of kynurenine-3-hydroxylase are described. These compounds are the most potent inhibitors
of the kynurenine-3-hydroxylase enzyme so far disclosed. Additionally methyl 4-(3-chlorophe-
nyl)-2-hydroxy-4-oxobut-2-enoate (2d), 4-(3-chlorophenyl)-2-hydroxy-4-oxobut-2-enoic acid (3d),
methyl 4-(3-fluorophenyl)-2-hydroxy-4-oxobut-2-enoate (2f), and 4-(3-fluorophenyl)-2-hydroxy-
4-oxobut-2-enoic acid (3f) prevent the increase in the interferon-y-induced synthesis of quinolinic
acid in primary cultures of cultured human peripheral blood monocyte-derived macrophages.

Introduction

Tryptophan is metabolized in vivo by the kynurenine
pathway to yield kynurenic and quinolinic acids (Figure
1). In vivo, the former species is neuroprotective while
the latter is neurotoxic.® Inhibitors of kynurenine-3-
hydroxylase (KH) are particularly attractive since this
enzyme can effectively control QUIN synthesis under
conditions where the kynurenine pathway has been
activated by cytokines.2® Inhibition of KH has the
ability to increase kynurenic acid (KynA) and decrease
quinolinic acid (QUIN).

Consistent with this hypothesis, anticonvulsant activ-
ity was observed with the KH inhibitor (£)-m-nitroben-
zoylalanine (Figure 2).# The anticonvulsant activity and
KH inhibition were specifically associated with the S-(+)
enantiomer. More recently, a series of benzenesulfona-
mide inhibitors of KH elevated KynA in brain dialy-
sates.> However, the report did not demonstrate inhi-
bition of QUIN formation by these compounds. We now
report our synthesis and evaluation of 4-aryl-2-hydroxy-
4-oxobut-2-enoic esters 2 and acids 3 and 2-amino-4-
aryl-4-oxobut-2-enoic esters 4 and acids 5, inhibitors of
KH, and their inhibition of cellular QUIN synthesis in
cultures of human macrophages.

Chemistry

The compounds described in Tables 1—4 were pre-
pared as shown in Schemes 1 and 2.The methyl 4-aryl-
2-hydroxy-4-oxobut-2-enoates 2 were prepared in mod-
est to good yields by slowly adding the commercially
available acetophenones 1 to a mixture of a freshly
prepared solution of sodium methoxide in methanol and
dimethyl oxalate cooled to 0 °C (Scheme 1). The corre-
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Figure 1. Overview of the kynurenine pathway.

Quinolinic Acid
COOH

sponding acids 3 were obtained by acidic hydrolysis of
the esters 2 using 6 N HCI at room temperature
(Scheme 1). Proton NMR indicates that the acids 3 exist
as a keto:enol mixture in a ratio of 1:9.

The methyl 2-amino-4-aryl-4-oxobut-2-enoates 4 were
synthesized by refluxing the hydroxy compounds 2 in
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Figure 2. (£)-m-Nitrobenzoylalanine and (S)-(+)-m-nitroben-
zoylalanine.

Table 1. Physical and Chemical Data of Methyl
4-Aryl-2-hydroxy-4-oxobut-2-enoates

(0] OH
CO,Me
R )
synth
compd R meth  mp (°C) formula anal.
2a H A 56—57 C11H1004 C,H,N
2b 2-C| A 77—79 C11H9C|O4'0.1H20 C, H, N
2c 2-NO, A 85—88 C11H9oNOg C,H,N
2d 3-Cl A 82—-85 C11HoCIO, C,H,N
2e 3-Br A 100—101 Cy;HyBrO4 C,H,N
2f 3-F A 77-79 C11HgFO4:0.1H,O0 C,H, N
29 4-Cl A 103—105 C3;H¢ClO41.5H,0 C, H, N
2h 4-Br A 105-106 Ci1HyBrO4 C,H,N
2i 4-F A 125 C11HoFO4 C,H,N
2j 4-Me A 76—78 C1oH1,04 C,H,N
2k 2,3-di-Cl A 98—99 C11HsCl,04 C,H,N
21 2,3-di-F A 82—84 C11HgF20,4 C,H,N
2m 3,4—d|—C| A 120—-122 C11H8C|204 C,H,N
2n 3,4-di-F A 107—-108 Cy;HgF204 C,H,N
20 3-Cl4-F A 102—-103 C;1HgCIFO, C,H,N
2p 3-Me,4-Cl A 87—-89 C1,H11CIO, C,H,N
2q 3-NO,,4-Cl A 137-139 C;;HgCINOg C,H,N

benzene with ammonium acetate and acetic acid under
Dean and Stark conditions (Scheme 2). The acids 5 were
obtained as a mixture of E and Z isomers by base
hydrolysis of the ester 4 using 0.5 N KOH in THF
(Scheme 2).

Representative examples of these structures are
exemplified in the Experimental Section.

Results and Discussion

The initial targets at the outset of this work were the
2-amino-4-aryl-4-oxobut-2-enoic acids and esters 4 and

Table 2. Physical and Chemical Data of
4-Aryl-2-hydroxy-4-oxobut-2-enoic Acids

0 OH
/J\coﬂH
Sehe

synth

compd R meth  mp (°C) formula anal.
3a H B 148-150 CjoHg04-0.25H,0 C,H,N
3b 2-Cl B 138-139 Cy3oH;ClO4-0.2H,0 C,H, N
3c 2-NO;, B 152-153 C;0H7NO¢0.15H,0 C,H, N
3d 3-Cl B  154-155 Cy3oH;ClO4-0.2H,0 C,H, N
3e 3-Br B 153-154 CjoH;Br0O40.35H,0 C, H, N
3f 3-F B 129—1316 CloH7FO4'O.3H20 C, H, N
3g 4-Cl B  154-157 CyoH;ClO4 C,H,N
3k 2,3-di-Cl B 153—154 C;10HeCI204°0.1H,O0 C, H, N
3m 3,4'd|'C| B 170—-1712 C10H5C|204'0.2H20 C,H,N
3n  3,4-di-F B 154-156 CjoHeF,04:0.1H,0 C,H, N
30 3-Cl,4-F B 163—164 C1oHgCIF04:0.2H,O0 C,H, N
3p  3-Me4-Cl B 149-151 C;;H¢ClO4-0.35H,0 C, H, N
3g 3-NOy4-Cl B  178-180 Cy10HsCINOg C,H,N

a Decomposed.
Table 3. Physical and Chemical Data of Methyl
2-Amino-4-aryl-4-oxobut-2-enoates
O NH,
synth

compd R meth mp (°C) formula anal.
da H C 33-34 C11H11NO3 C,H,N
4b 2-Cl C  126-128 Cy;H1;CINOg C,H,N
4d 3-Cl C 63-64 C11H10CINO3 C,H,N
4e 3-Br C 58—60 CllHloBrNOg} C,H, N
4f 3-F Cc  75-77 C11H10FNO3 C,H,N
4g  4-Cl C  117-119 Cy;H1oCINO3s0.2H,0 C, H, N
4h 4-Br C  121-123 Cj;H;10BrNOs C,H,N
4i 4-F Cc 80 C11H10FNO3 C,H,N
4j 4-Me C 96—97 C12H13NO3 C,H,N
4k 2,3-di-Cl C 80-81 C11HoCI,NO3 C,H,N
4m  3,4-di-Cl C  131-132 Cy3;H¢CI;NO3z-0.1H,O C,H, N
an 3,4-di-F C  107-109 Ci;HgF,NOs3 C,H,N
40 3-Cl4-F C  120-123 Cj;HeCIFNO3 C,H,N
4p 3-Me,4-CIl  C  116—117 C;2H;2CINO; C,H,N

5 (Scheme 2) which were viewed as ‘dehydrobenzoyla-
lanine analogues’ and thus as rational targets based on
the structure of the endogenous ligand for KH, kynure-
nine (Figure 1). However during the synthesis of these
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Table 4. Physical and Chemical Data of
2-Amino-4-aryl-4-oxobut-2-enoic Acids

NH,

= coH
R 2
synth
compd R meth  mp (°C) formula anal.
52 H D  176—177 CyHgNO3 C,H, N
5b 2-Cl D  210-21128 CyoHsCINOs C,H,N
5d 3-Cl D  187-1882 CyoHgCINO; C,H,N
59 4-Cl D  196-197 CyoHsCINO3-0.3H,O0 C,H, N
5i 4-F D 180 C10HgFNO3:0.25H,0 C, H, N
5k 2,3-di-Cl D  220—2212 CyoH;CI:NO3 C,H,N
5m 3,4—d|—CI D 210—-212 C11H7C|2N03'0.1H20 C,H,N
5n 3,4-di-F D  193-1952 CyoH7F;NO3:0.1H,0 C, H, N
50 3-Cl4-F D 188—191 C;oH;CIFNO;3 C,H, N

a Decomposed.

Table 5. Inhibition of KH by 4-Aryl-2-hydroxy-4-oxobut-2-enoic
Acids and Esters

R¥©/U\/\C02RL

ICs0 (M)

or % inhibn

compd R! RZ at10uM?2
2a H Me  23%
sa H H 0%
2b 2-Cl Me 31%
3b 2-Cl H 33%
2c 2-NO3 Me 1%
3c 2-NO; H 24%
2d 3-Cl Me 1.9
3d 3-Cl H 0.32
2e 3-Br Me 2.1
3e 3-Br H 1.7
2f 3-F Me 1.6
3f 3-F H 0.58
29 4-Cl Me 38%
3g 4-Cl H 3.0
2h 4-Br Me 1.9
2i 4-F Me 22%
2j 4-Me Me 12%
2k 2,3-di-Cl Me 14%
3k 2,3-di-Cl H 33%
21 2,3-di-F  Me 8.1
2m 3,4-di-Cl  Me 1.9
3m 3,4-di-Cl  H 1.4
2n 3,4-di-F Me 3.3
3n 3,4-di-F H 0.12
20 3-Cl,4-F Me 2.6
30 3-Cl4-F H 0.27
2p 3-Me,4-Cl  Me 49
3p 3-Me4-Cl H 1.7
2q 3-NO,4-Cl Me 11.2
3q 3-NO,,4-Cl H 2.0
(£)-m-nicotinylbenzoylalanine 8.0
(S)-(+)-m-nicotinylbenzoylalanine 4.0

a1Csp values are the mean values of at least 2 experiments
performed in duplicate with a variation of <20%.

compounds, proton NMR showed that the intermediate
methyl 4-aryl-2-hydroxy-4-oxobut-2-enoates 2 existed
exclusively, and the corresponding acids 3 mainly, in
their enol tautomeric form (Scheme 1). Thus the struc-
tural similarity of 2 and 3 to 4 and 5 made them equally
attractive candidates.

As can be quickly seen in Tables 5 and 6, the parent
unsubstituted compounds 2a, 3a, 4a, and 5a have little
if any activity against KH at 10 M. Introduction of a
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Table 6. Inhibition of KH by 2-Amino-4-aryl-4-oxobut-2-enoic
Acids and Esters

2
R 2
ICso (uM)
or % inhibin
compd R! RZ  at 10 uM?2
4a H Me 3%
5a H H 17%
4b 2-Cl Me  31%
b 2-Cl H 19%
4d 3-Cl Me 7.9
s5d 3-Cl H 2.4
de 3-Br Me 0%
af 3-F Me 0%
49 4-Cl Me 13%
59 4-Cl H 33%
4h 4-Br Me 0%
4i 4-F Me 1%
5i 4-F H 41%
4j 4-Me Me 4%
4k 2,3-di-Cl  Me 33%
5k 2,3-di-Cl H 32%
4m 3,4-di-Cl  Me 37%
5m 3,4-di-Cl  H 1.0
4n 3,4-di-F  Me 3.6
5n 34-di-F H 1.5
40 3-Cl4-F  Me 4%
50 3-Cl4-F H 0.82
4ap 3-Me,4-Cl Me 0%
(£)-m-nicotinylbenzoylalanine 4.0
(S)-(+)-m-nicotinylbenzoylalanine 8.0

2]Cso values are the mean values of at least 2 experiments
performed in duplicate with a variation of <20%.

single substituent into the ring at the 2-position had
little effect, but 3- or 4-substitution was much more
promising.

In the 4-aryl-2-hydroxy-4-oxobut-2-enoic acids and
esters (Table 5), the introduction of a halogen at the
3-position gave the very potent 4-(3-chlorophenyl)-2-
hydroxy-4-oxobut-2-enoic acid (3d) (I1Csp = 0.32 uM) and
4-(3-fluorophenyl)-2-hydroxy-4-oxobut-2-enoic acid (3f)
(ICs0 = 0.58 uM). The corresponding esters of these two
acids (2d and 2f) had ICsp values of 1.9 and 1.6 uM,
respectively. The possibility that this activity is due to
partial hydrolysis to the active acid during the assay
cannot be completely ruled out. Alternatively, the
increased potency of 2d, as compared with 2f, may have
been due to effects other than inhibition of KH (e.g.
inhibition of IDO). Since IDO was not studied in the
present series, IDO inhibition cannot be excluded. The
corresponding 4-substituted acids were at least an order
of magnitude less potent, e.g. 4-(4-chlorophenyl)-2-
hydroxy-4-oxobut-2-enoic acid (3g): 1Csp = 3.0 uM.

For the 2-amino-4-aryl-4-oxobut-2-enoic acids and
esters (Table 6), 3- or 4-halogenated analogues gave
relatively inactive compounds with the exception of
2-amino-4-(3-chlorophenyl)-4-oxobut-2-enoic acid (5d)
(ICs0 = 2.4 uM) and methyl 2-amino-4-(3-chlorophenyl)-
4-oxobut-2-enoate (4d) (ICso = 7.9 uM).

The introduction of a second substituent into the
phenyl ring showed that 3,4-dihalogenated analogues
were preferred in both the 2-hydroxy series (Table 5)
and the 2-amino series (Table 6). In the case of the
2-hydroxy series, 4-(3,4-difluorophenyl)-2-hydroxy-4-
oxobut-2-enoic acid (3n) (ICsp = 0.12 uM) and 4-(3-
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Figure 3. Inhibition of QUIN formation in human macroph-
ages.

chloro-4-fluorophenyl)-2-hydroxy-4-oxobut-2-enoic acid
(30) (ICs0 = 0.27 uM) are the most potent inhibitors of
KH reported so far. In the 2-amino series, 3,4-dihalo-
genated analogues were considerably more potent than
the corresponding monohalogenated analogues. The
most potent of this type is the 3,4-chloro compound 5m
(ICs0 = 1.0 uM) and the 3,4-difluoro compound 50 (ICsg
= 0.82 uM).

The ability of selected compounds to inhibit QUIN
production was performed using macrophage cultures
stimulated with interferon-y as a model for QUIN
formation in inflammatory disease. Normally QUIN
levels are very low, but following activation of the type-2
interferon receptor, significant quantities of QUIN are
produced. The present study measured QUIN synthesis
(and its inhibition) directly from the conversion of [2H]-
tryptophan to [2H]JQUIN by intact cells. The data in
Figure 3 reveal unexpected differences between the
3-chlorophenyl and 3-fluorophenyl matched ester/acid
pairs 2d,3d and 2f,3f, respectively. The most potent
inhibitor, on intact cells, was 2d (ICsp = 6 nM). The
corresponding acid 3d was 4-fold less potent (24 nM).
In contrast, the acid 3f inhibited cellular QUIN produc-
tion with an I1Csp = 40 nM, while its ester 2f was ~150-
fold less potent (5600 nM). Such differences would not
be expected if the esters were simply prodrugs for the
acids and most likely reveal differences in binding to
the substrate site of KH. Additionally, 2d might be
expected to have improved brain penetration as the
ester compared to the corresponding acid 3d. The high
potency of 2d may reflect the fact that hydrolysis of the
ester may occur intracellularly and the active acid 3d
is retained within the cell. The lipophilicity and potency
of 2d make it an ideal candidate for neuroinflammatory
diseases in which QUIN is pathogenic.

Experimental Section

Biological Assays. KH was isolated from rat liver as the
P2 mitochondrial pellet, resuspended in 0.32 M sucrose, and
used as the enzyme source. The assay of KH was based on
the release of SHOH from 3-[*H]-L-kynurenine® and was
performed at 37 °C under conditions of linearity with time and
enzyme protein at Ky, concentrations of substrate at 5 con-
centrations of inhibitor. K; values were calculated from second-
ary plots of Ky/[l] or estimated using the Chang—Prussoff
equation where

K; = 1Cg/(1 + [SI/K,,)

Drysdale et al.

Human peripheral blood monocytes were isolated using
Ficoll gradients and differentiated into macrophages by ex-
posure for 1 week to granulocyte—macrophage colony-stimu-
lating factor’ before being exposed to the human interferon-y
(100 U/mL). The compounds were added immediately after the
IFN-y as was [?H]tryptophan and the samples were incubated
for an additional 24 h at which time aliquots of the media were
analyzed by gas chromatography/mass spectrometry for [?H]-
QUIN.”8

Chemistry. Melting points were taken on either an Elec-
trothermal or Gallenkamp digital melting point apparatus and
are uncorrected. Proton NMR spectra were recorded on a
Brucker AC200 spectrometer; chemical shifts were recorded
in parts per million (ppm) downfield from tetramethylsilane.
Elemental analyses were obtained using a Carlo Erba 1106
elemental analyzer. Anhydrous solvents were used directly as
purchased from Aldrich Chemical Co. Ltd., Gillingham, En-
gland.

Method A. Methyl 2-Hydroxy-4-oxo-4-phenylbut-2-
enoate (2a). To a freshly prepared solution of sodium meth-
oxide made by dissolving sodium (1.42 g, 61.7 mmol) in dry
methanol (30 mL) under a nitrogen atmosphere was added
dimethyl oxalate (7.16 g, 60.6 mmol) at room temperature. This
solution was cooled to 0 °C and acetophenone (7.20 g, 7.07 mL,
60.6 mmol) added dropwise. The reaction was allowed to warm
to room temperature overnight and diluted with diethyl ether
(50 mL) and the resulting solid filtered off. This solid was
stirred in water (200 mL) for 0.5 h and the solution filtered
and made to pH 4 using acetic acid. After cooling to 0 °C for
1 h the resulting white solid was filtered off, washed with
water, and dried in a vacuum desiccator over P,Os to yield
the desired ester 2a (5.13 g, 38%): mp 56—57 °C; NMR
(DMSO-dg) 6 3.88 (3H, s), 7.10 (1H, s), 7.55—7.77 (3H, m),
8.05—8.12 (2H, m).

Methyl 4-(3,4-Difluorophenyl)-2-hydroxy-4-oxobut-2-
enoate (2n). Method as for 2a except using 3,4-difluoroac-
etophenone to yield the desired ester 2n (8.22 g, 56%): mp
107-108 °C; NMR (CDCls) ¢ 3.97 (3H, s), 7.00 (1H, s), 7.23—
7.37 (1H, m), 7.73-7.91 (2H, m).

Method B. 2-Hydroxy-4-oxo-4-phenylbut-2-enoic Acid
(3a). Methyl 2-hydroxy-4-oxo-4-phenylbut-2-enoate (2a) (200
mg, 0.970 mmol) was stirred in 6 N HCI (20 mL) for 4 h at
room temperature. After this time the mixture was basified
with 10 N NaOH and washed with dichloromethane (20 mL).
The aqueous layer was filtered, cooled on ice, and acidified
with 6 N HCI. The resulting solid was filtered off, washed with
water, and dried in a vacuum desiccator over P,Os to yield
the desired acid 3a (100 mg, 54%): mp 148—-150 °C; NMR
(DMSO-dg) 6 4.55 (0.1H, s, keto form), 7.09 (0.9H, s, enol form),
7.52—7.77 (3H, m), 7.94—7.99 (0.2H, m, keto form), 8.02—8.11
(1.8H, m, enol form).

Method C. Methyl 2-Amino-4-(3,4-difluorophenyl)-4-
oxobut-2-enoate (4n). To methyl 4-(3,4-difluorophenyl)-2-
hydroxy-4-oxobut-2-enoate (2n) (4.55 g, 18.8 mmol) and am-
monium acetate (1.70 g, 22 mmol) in benzene (50 mL) was
added glacial acetic acid (1.70 mL, 29.7 mmol) and the mixture
refluxed under Dean and Stark conditions for 12 h. After
cooling to room temperature the mixture was washed with
saturated sodium hydrogen carbonate solution (100 mL) and
the organic layer dried (MgSO4) and concentrated in vacuo.
The resulting solid was recrystallized from dichloromethane
and hexane to yield the desired product 4n as orange crystals
(3.325 g, 74%): mp 107—109 °C; NMR (CDCls) 6 3.96 (3H, s),
6.10 (2H, br's), 6.55 (1H, s), 7.16—7.30 (1H, m), 7.67—7.86 (2H,
m).

Method D. 2-Amino-4-(3,4-difluorophenyl)-4-oxobut-2-
enoic Acid (5n). Methyl 2-amino-4-(3,4-difluorophenyl)-4-
oxobut-2-enoate (4n) (500 mg, 2.07 mmol) was dissolved in
anhydrous THF (10 mL) under an atmosphere of nitrogen and
cooled to 0 °C. To this was added a solution of 0.5 N KOH
(4.67 mL, 2.34 mmol) dropwise and the mixture allowed to stir
at ambient temperature overnight. The reaction mixture was
concentrated in vacuo and the residue partitioned between
water and ethyl acetate. The aqueous layer was cooled on ice
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and acidified with 2 N HCI. After chilling at 4 °C for 2 h the
resulting precipitate was filtered off, washed with water, and
dried in a vacuum desiccator over P,Os to yield the desired
acid 5n. Recrystallization from acetone/hexane gave yellow
crystals (294 mg, 62%): mp 193—195 °C; NMR (DMSO-dg) 6
6.40 (0.8H, s, isomer 1), 7.08 (0.2H, s, isomer 2), 7.44—8.21
(5H, m).
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