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2.1 Introduction 
The kynurenine pathway is the main metabolic route of tryptophan degradation. 

The key intermediate in this pathway is kynurenine (KYN, 2.1, Scheme 1).  
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Kynurenine aminotransferase (KAT) catalyzes the transformation of KYN to 

kynurenic acid (KYNA). The enzyme is member of the pyridoxal 5’-phosphate 

dependent aminotransferases. At least four isoforms exist, named KAT I-IV. KAT 

II is thought to be the main KYN metabolizing KAT in the human brain. KYNA is 

an antagonist at the strychnine insensitive glycine coagonist site of NMDA 

receptors and a non-competitive antagonist at !7* nicotinic acetylcholine 

receptors. At much higher concentrations, KYNA is an antagonist at all ionotropic 

glutamate receptors. Apart from being metabolized into KYNA, key intermediate 

KYN functions as substrate of kynureninase (KYNase) and kynurenine 3-

hydroxylase (kynurenine mono-oxygenase, KMO), ultimately leading to 

quinolinic acid (QUIN). QUIN is a NMDA receptor agonist and has neurotoxic 

properties. A delicate balance exists between metabolism of KYN into KYNA and 

metabolism into QUIN.1-5  

 

Elevated levels of KYNA in brain have been associated with CNS disorders, most 

importantly schizophrenia6-8 and cognitive dysfunction9. The relationship 

between KYNA levels and these disorders remains unclear. Elevation of KYNA 

levels can be achieved pharmacologically by means of increasing KYN 

availability. Effects have been studied in vivo (e.g. ref10-12). In order to 

pharmacologically decrease KYNA levels, efforts have been made to design KAT 

inhibitors. One of the most urgent challenges in the design of compounds that 

decrease KYNA levels in vivo is the issue of selectivity. A limited number of 

compounds are known that can inhibit KAT. Most known KAT inhibitors are 

equally or even more effective in inhibiting KYNase and KMO. If the latter two 

enzymes are inhibited, increased levels of KYN ultimately result in elevated 

instead of decreased KYNA levels. S-4-(Ethylsulfonyl)-benzoylalanine (S-ESBA, 
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2.2, Scheme 1) has been published as the first KAT II selective inhibitor.13, 14 

The compound shows selectivity for KAT II over KAT I, but is ineffective against 

KYNase and KMO.  

As S-ESBA, most compounds that are known to inhibit KAT are close structural 

KYN analogs. In this study, an attempt was made to introduce conformational 

restriction into structures of inhibitors, using KYN as the template structure. A 

series of bicyclic compounds is presented and their ability to inhibit KAT, KYNase 

and KMO is discussed. 

2.2 Chemistry 

For the design of the structures of this study, the natural substrate KYN (2.1) 

was used as a template. To achieve conformational rigidity, an aliphatic ring 

system was introduced in the structures, as shown in Scheme 2.  
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Several heterocyclic structures were applied in compounds 2.3-2.6. As in S-

ESBA, an ethylsulfonyl substituent was introduced in compound 2.7 to 

investigate effects of this sidechain on selectivity. In compound 2.8, the 

carboxylic acid moiety was replaced by the bioisosteric tetrazole ring.  

 

Compound 2.3 was synthesized by two different methods (Scheme 3). 
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Scheme 3 
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Reagents and conditions: a. glyoxylic acid.H2O, 160oC, 1h; b. MeOH, H2SO4, reflux; c. 
NaOH, dioxane/H2O; d. Zn, AcOH; e. 1. LHMDS, -80oC, 2. ethyl bromoacetate, -80oC to 

r.t.; f. KOH, MeOH/H2O. 

 

For the first method, the carboxylic acid containing side chain was introduced 

into !-tetralone 2.9 by condensation with glyoxylic acid in a Dean-Stark 

apparatus. After condensation, separation of intermediate 2.10 from reagents 

proved time and yield consuming. Simple methyl esterification improved the 

ease of handling of the compound and 2.11 could be purified by column 

chromatography. Methyl ester 2.11 was hydrolyzed and reduced with Zn/AcOH 

by published methods.15  

To circumvent the elaborate purification of intermediate and final product, a 

second method was tested for the synthesis of compound 2.3. In this method, 

the alkyl side chain was introduced after formation of the lithiated enolate from 

!-tetralone. The crude mixture of starting material and product 2.12 was 

directly subjected to hydrolysis. The product could be isolated from the starting 

material by acid/base extraction and was purified by column chromatography. 

Apart from improving the ease of purification, this second method proved to be 

less time consuming and the overall yield was improved. 

 

In compounds 2.4, 2.5 and 2.6 heterocyclic chromanone, thio-chromanone and 

"-methylchromanone systems were applied as the core structures, respectively. 
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Compound 2.4 was synthesized from 2.13 (Scheme 4). This compound was 

obtained in considerable quantities from other studies [data not published]. 

Intermediate 2.14 was obtained by Zn/acetic acid reduction. Hydrolysis afforded 

final product 2.4. 
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Reagents and conditions: a. Zn, AcOH; b. NaOH, H2O/MeOH. 

 

Compounds 2.5 and 2.6 were synthesized from the bicyclic core structures by 

alkylation with LHMDS/ethyl bromoacetate and hydrolysis (Scheme 5). Starting 

material 2.16 was obtained by published methods.16 

 

Scheme 5 
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Reagents and conditions: a. 1. LHMDS, -80oC, 2. ethyl bromoacetate, -80oC to r.t.; b. 

NaOH, H2O/MeOH. 

 

The ethyl-sulfonyl analog 2.7 of 2.3 was synthesized from 3-bromothiophenol 

(2.19) as shown in Scheme 6.  
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Scheme 6 
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Reagents and conditions: a. 1. NaH; 2.ethyliodide, 3h, r.t.; b. 1. t-BuLi, -90oC;2. tri-n-

butyltin chloride, -80oC; c. (Ph3P)2Pd(II)Cl2, DIBAL-H, methyl 4-bromocrotonate, THF; d. 
LiOH, EtOH, H2O; e. Pd/C, MeOH; f. PPA, 100oC; g. 1. LHMDS, -80oC, 2. ethyl 

bromoacetate, -80oC to r.t.; h. m-chloroperbenzoic acid, CH2Cl2; i. LiOH, MeOH. 

 

The bicyclic core structure 2.25 was obtained from 3-bromothiophenol in 6 

steps. In the first step, the sulfur group of 3-bromothiophenol was ethylated.17 

The most challenging steps were the synthesis of unstable stannane 2.21 from 

ethylated 2.20 and subsequent Stille coupling of the stannane and 4-

bromocrotonate.18, 19 DIBAL-H was employed for in situ generation of the active 

Pd(0)-catalyst from bis(triphenylphosphine)palladium(II) chloride during the 

reaction. Hydrolysis, catalytic hydrogenation and ring-closure in polyphosphoric 

acid yielded 2.25.  
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Bicyclic core-structure 2.25 was subjected to enolization with LHMDS and 

alkylation with ethyl bromoacetate. During purification of the alkylated product, 

starting material, as well as some bi-substituted product 2.28 (Scheme 7) were 

isolated.  

 

Scheme 7 
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To ensure minimal formation of 2.28, the reaction was conducted in a rather 

dilute environment. A limited amount of ethyl bromoactetate was added at a low 

temperature. Careful separation of 2.26 and 2.28 at this stage or after 

oxidation in the next step was necessary, to avoid the presence of bi-substituted 

impurity in the final product. 

After successful isolation of mono-substituted product 2.26, the ethylsulfanyl 

side chain was oxidized and the ester was hydrolyzed to obtain ethylsulfonyl 

substituted compound 2.7. 

 

For the synthesis of compound 2.8, the Mannich approach was chosen (Scheme 

8). A Mannich reaction with !-tetralone 2.9 as the starting material, followed by 

alkylation and reaction with KCN yielded 2.31. Reaction with NaN3/NH4Cl in DMF 

afforded tetrazole 2.8. 

 

Scheme 8 
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Reagents and conditions: a. (CH3)2NH.HCl, paraformaldehyde, HCl, EtOH, reflux; b. MeI, 

EtOH, r.t.; c. KCN, HCl, MeOH/H2O, 70oC; d. NaN3, NH4Cl, DMF, 140oC, 19h.   
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(S,R)-ESBA, the racemate of compound 2.2, was synthesized by published 

methods.13 

2.3 Enzyme inhibition 

The final compounds 2.3 - 2.8 and (S,R)-2.2 were tested for their ability to 

inhibit KAT in rat brain homogenate. The compounds were tested for KYNase 

and KMO inhibitory activity in rat liver homogenate. The results are shown in 

Table 1. 

 

Table 1 Enzyme inhibitory activity 

IC50 (mM) or % activity from basal at 1 mM Compound 

KAT KYNase KMO 

IC50(KAT)/ 

IC50(KYNase) 

IC50(KAT)/ 

IC50(KMO) 

O

O

OH

2.3  

2.6 ± 0.23 0.40 ± 0.017 0.17 ± 0.02 6.5 15.0 

O

O

O

OH

2.4  

5.5 ± 2.1 1.5 ± 0.19 2.1 ± 0.34 3.6 2.6 

S

O

O

OH

2.5  

1.5 ± 0.30 0.42 ± 0.045 0.74 ± 0.07 3.6 2.0 

O

O

O

OH

2.6  

2.7 ± 0.52 10.9 ± 3.0 3.4 ± 0.78 0.2 0.8 

O

O

OH
S

O O 2.7  

5.2 ± 0.72 n.a.* 2.6 ± 0.37 n.a. 2.0 

O

N N

NH

N

2.8  

1.71 ± 0.16 4.4 ± 0.82 0.24 ± 0.04 0.4 7.2 

O NH2

O

OH
S
OO (S,R)-2.2  

58% 94% 88% n.a. n.a. 

* increased activity, maximum activity not reached; n.a. = not applicable 
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The effects of compounds 2.3, 2.7 and (S,R)-2.2 on enzymatic activities are 

shown in Figure 1.  

 

Figure 1 

a. 

 

b. 

 

c. 

 

Effects of compounds 2.3, 2.7 and (S,R)-
2.2 on activity of (a) KAT, (b) KMO and (c) 

KYNase.   
Legend: ! compound 2.3; " compound 

2.7; ! compound (S, R)-2.2. 

 

 

2.4 Discussion and conclusion 

KYN is a rather flexible molecule and can adopt at least several low-energy 

conformations. The compounds of this study were designed as conformationally 

restricted KYN analogs in the search of KAT selective inhibitors. Introduction of 

conformational rigidity in general can be beneficial for several reasons. 

Presumed that the conformation in which the molecule is locked mimics the 

biologically active conformation, restriction can influence binding affinity in a 

favorable way by lowering the energy barrier between the most favorable 

conformations in free versus bound state. By choosing a conformation that is 

accepted by one target in favor of another target, conformational restriction can 

result in improved selectivity. A third reason for introduction of conformational 

restriction is the change in physicochemical properties of a compound. 

Incorporation of functional groups into larger systems might improve drug-like 

properties, and enhance chemical stability.  
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The compounds described in this study contain a bicyclic homo- or heterogenic 

core structure based on !-tetralone. The benzoyl moiety of KYN is incorporated 

in the aliphatic homo- or heterocycle. Incorporation of the aliphatic ring assures 

that the structure is ‘locked’ in one of the low energy conformations of KYN (see 

Chapter 4).  

Compound 2.3 was designed as the lead compound in the present set of 

molecules. As is known for many PLP-dependent enzymes, the carboxylic acid 

group in the substrate is important for binding to a highly conserved arginine 

residue in the catalytic site of KAT.20 Therefore, this group is conserved in the 

present structures, at the corresponding distance from the benzoylic core of the 

structures. The !-amino group is omitted in the compounds presented in this 

study. The !-amino group of KYN is transaminated to yield the !-keto 

intermediate. After transamination, KYNA is formed by spontaneous 

intramolecular ring closure. Inhibitors lacking the !-amino group would have 

several advantages over their amino-acid equivalents. In the first place, the lack 

of the amino-group ensures, that the possibility of elimination of the inhibitor 

and formation of metabolites by transamination is excluded. Secondly, 

physicochemical properties of the compounds without the amino-moiety are 

more drug-like. Thirdly, initial attempts to incorporate the amino-group into the 

structure proved, that synthesis of bicyclic amino acids is challenging. In 

comparison, synthesis of the present compounds is rather straightforward. 

Moreover, in the bicyclic structures, a center of chirality is added in the "-

position of the bicyclic structure of the ring. A second center of chirality would 

highly complicate separation and purification of isomers.  

Since the aromatic amino group seems not to be critical for inhibition (cf. S-

ESBA), this group was omitted in the current set of structures.  

 

Compounds 2.4 and 2.5 are analogs of 2.3, based on 4-chromanone and 

thiochroman-4-one structures, respectively. These structures were included to 

address effects on inhibitory activity and selectivity of different heterocyclic 

systems. Compound 2.6 was designed to study the effects of a substituent on 

the carbon-atom at the "-position of the bicyclic core. Attempted synthesis of 

amino-acid analog 2.32 of 2.4 yielded !-amino eliminated product in 

considerable yields (Scheme 9).  
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Scheme 9 
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Substitution of the beta position should prevent the formation of a double bond 

by !-amino elimination.  

 

In compound 2.7, an ethylsulfonyl side chain was introduced in the aromatic 

ring, correspondingly to S-ESBA (2.2). It was proposed, that this group in S-

ESBA binds in a cavity within the binding site of human KAT II. This cavity is 

aligned by non-conserved amino acids. Differences in amino acid alignment of 

the cavity may account for different affinities for the enzymes originating from 

different species.14 

Compound 2.8 features bioisosteric replacement of the carboxylic acid by a 

tetrazole ring. Bioisosteric replacements can be applied to optimize drug-like 

properties of compounds without changing the shape of the molecule as ‘seen’ 

by the biological target.21 Functionally feasible bioisosteric replacements of the 

amino-acid group are scarce. In contrast, bioisosteric replacement of carboxylic 

acid moieties is widely applied. One of the most frequently used bioisosteres of 

carboxylic acid moieties is the tetrazole ring. Therefore, as a final modification 

on lead structure 2.3, the carboxylic acid moiety was replaced by the 

bioisosteric tetrazole (2.8). 

 

The current study aims for inhibition of KYNA production in the brain. Therefore, 

KAT inhibitory activity of compounds 2.3 – 2.8 was assessed in brain tissue. For 

this purpose, rat brain tissue homogenate was used. Racemic ESBA ((S,R)-2.2) 

was tested as a reference compound.  

KMO and KYNnase activities in liver are high. If compounds enter the organism 

systemically, peripheral enzymes, including liver enzymes, are encountered in 
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the first instance, rather than the brain enzymes. Inhibition of liver KMO and 

KYNase will result in elevated levels of KYN in the periphery. KYN rapidly enters 

the brain and enhanced availability of the KAT substrate will result in elevated 

levels of KYNA. Therefore, effects of the compounds on KYNase and KMO were 

assayed in rat liver homogenate.  

 

Apparently, ESBA is not as potent in the KAT assay used in this work as it is in 

rat liver homogenate (IC50 = 100 !M)13 or recombinant human KAT (36% of KAT 

II activity at 1 mM)14. Under the present conditions, the brain KAT inhibitory 

activity of (S,R)-ESBA is in the millimolar range. Differences between published 

values and values found in this study can most probably be attributed to 

differences in assay conditions. It is known from literature that in the periphery, 

several aspecific aminotransferases are capable of KYN transamination.22, 23 An 

assay using crude liver homogenate probably addresses these aspecific 

aminotransferases, next to KAT. Moreover, the pure enantiomer S-ESBA was 

published to preferentially inhibit KAT II, and not KAT I. The inhibitory activity 

assayed in this work addresses non-specific KAT inhibition. This is accomplished 

by performing the assay at pH = 8, which is in between the pH optima for KAT I 

and KAT II.22  

 

As can be concluded from the data presented here, the bicyclic structures in this 

study have just limited KAT inhibitory potencies in rat brain, with IC50 values in 

the millimolar range. Apparently, the conformational restriction of the KYN 

analogs applied here is not favorable for enzyme binding. Whether the exact 

cause lies in steric hindrance within the active site or in suboptimal relative 

orientation of functional groups, remains unclear.  

However, some conclusions can be drawn from the present data. The lead 

structure of this set, compound 2.3, inhibits KYNase and KMO at micromolar 

concentrations. Compared to reference compound (S,R)-2.2, the compound has 

selectivity for rat liver KYNase and KMO, rather than for rat brain KAT. This 

means, that in vivo, KYN metabolism in the brain would be upregulated. 

Accordingly, administration of the compound in vivo caused increased levels of 

KYNA in rat brain, as determined by microdialysis [preliminary results, data not 

shown].  

Introduction of the chromanone bicyclic structure in 2.4, and a methyl group at 

the "-position (2.6) impairs KYNase and KMO inhibition in particular, shifting 

inhibitory preference more towards KAT. The methyl group in the "-position 
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seems to have no negative effects on the compound in terms of KAT inhibition 

and positive effects in terms of preference towards KAT.  

The thiochroman-4-one analog 2.5 shows an interesting shift in inhibitory 

profile. Compared to compound 2.3, KAT inhibition is slightly improved. KYNase 

inhibitory activity is conserved, but the compound inhibits KMO activity less 

effectively. Apparently, introduction of the sulfur containing heterocycle 

improves, although not optimizes the selectivity profile of the compound.  

Bioisosteric replacement of the carboxylic acid group by a tetrazole ring in 2.8 

causes a 10-fold increase in IC50 value of KYNase inhibition, but does not affect 

KMO and KAT inhibition. Therefore, whereas the replacement does not interfere 

in the interaction with KAT or KMO, a difference exists for KYNase between the 

carboxylic acid moiety and the tetrazole replacement. 

  

The most important finding of this study is the effect on inhibitory activities of 

introduction of the ethylsulfonyl side chain (Figure 1). Compound 2.7 shows KAT 

inhibition similar to parent compound 2.3, but inhibition of KMO is strongly 

impaired. KYNase inhibition of 2.3 is converted into apparent activation of the 

enzyme in compound 2.7. The exact nature of apparent activation of KYNase by 

compound 2.7 is unclear. Whereas enzyme inhibition is an abundantly used 

mechanism used for drug design, activation of enzymes is less well studied. 

However, some remarks can be made about enzyme activation. Enzyme 

activators can be divided into endogenous and exogenous substances. In some 

enzymes, the substrate can function as activator (substrate activation). An 

example of a substrate activator was described for butyrylcholinesterase. This 

enzyme is activated by its own substrate at higher substrate concentrations.24 

Exogenous activators are activators that do not occur in the organism naturally, 

but are present after pharmacological treatment or by food intake. 

In terms of mechanism of activation, activators that bind in the substrate 

binding site and activators that bind to a different site can be distinguished. 

Usually, activators that bind in the binding site of the enzymes are considered 

co-factors. In some special cases, the substrate molecule can act either as an 

activator or as a substrate by adoption of two different orientations within the 

binding site.25 Activators that bind to a site distinct from the substrate binding 

site most frequently exert their effect by allosteric means. Butyrylcholinesterase 

can be activated by the non-substrate-activator homocysteine thiolactone. This 

compound binds to an anionic site in the periphery of the enzyme and activates 

the enzyme by allosteric rearrangements.24 In a different example, the 

proagulant/antiagulant thrombin can be activated by a Na+ ion, which induces 
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an allosteric rearrangement from the “slow” form of the enzyme to the “fast” 

form.26 

In some cases, endogenous metabolic pathways are regulated by means of 

enzyme activation. This is exemplified by the regulation of two metabolic 

pathways, which are linked by key intermediate homocysteine. The first pathway 

is the methyl group transfer pathway. In this pathway, a methyl group is 

eliminated from methionine. The methyl group can be used in a wide range of 

biochemichal reactions. As an intermediate in the methyl elimination reaction, S-

adenosylmethionine (SAM) is formed. SAM is further metabolized to 

homocysteine. From homocysteine, methionine can be regenerated by addition 

of a methyl group. This reaction is catalyzed by methionine synthase. The 

enzyme activity of methionine synthase can be inhibited by allosteric 

interactions of SAM. The second pathway functions as an alternative elimination 

pathway for homocysteine. The pathway produces cysteine. The reaction is 

catalyzed by the PLP-dependent key enzyme cystathionine !-synthase. Cysteine 

is metabolized or excreted. In this second pathway, SAM is an allosteric 

activator of cystathionine !-synthase. Consequently, at high homocysteine and 

thus high SAM concentrations, the methyl group transfer pathway is inhibited by 

inhibition of methionine production. Concomitantly, the homocysteine 

elimination pathway is activated. If SAM concentrations are low, neither 

inhibition occurs of methionine production, nor is the elimination pathway 

activated.27 

A fascinating example of so-called asymmetric allosteric activation of PLP-

dependent enzymes is seen in plant threonine synthase. Like KYNase and KAT, 

plant threonine synthase is a functional homodimer. Similar to cystathionine !-

synthase, the enzyme is activated by SAM. The mechanism of activation was 

studied in detail. By binding to an allosteric site, SAM induces a pronounced 

conformational change of the PLP co-enzyme, switching the enzyme to the high-

activity state. The conformational change observed upon binding of SAM is 

asymmetric, activating just one active site. It is suggested, that upon ligand 

binding in the activated site, a conformational change is induced which makes 

the second active site more favorable for substrate binding.28 

One can only speculate about the type of apparent activation of KYNase by 

compound 2.7 observed in this study. The presence of a regulatory non-catalytic 

site in human KYNase has been suggested before.29 The activation observed for 

2.7 might be exerted through this or a similar site. The mechanism of activation 

can occur at different points in the catalytic process. During catalysis, a 

conformational change of the enzyme from the open to the closed stated occurs. 
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Possibly, an activator facilitates the conformational change, or even reduces the 

necessity of a conformational change for catalytic activity. Alternatively, the 

activator might function as a stabilizer of the gem-diolate intermediate state, 

reducing the energy necessary to reach this state. The compound might act in 

the direct vicinity of the active site or at a more distant site of the enzyme.  

Irrespective of the mechanism of KYNase activation by 2.7, the present data 

confirm that indeed, the ethylsulfonyl substituent in S-ESBA (2.2), as well as in 

compound 2.7 is responsible for the enhanced KAT selectivity in these KYN 

analogs. 

 

In conclusion, the conformationally restricted KYN analogs presented here are 

rather weak inhibitors of KAT. Relative preference to inhibit KAT rather than 

KYNase and KMO could be influenced by variation within the core bicyclic 

structure of the molecules. Introduction of an ethylsulfonylic side chain in the 

aromatic part of the bicyclic core enhances selectivity for KAT over KMO 

inhibition, and activates KYNase activity. To study whether the absence of the !-

amino group or the conformational restriction or both structural properties cause 

the weak KAT inhibitory potency, it might be interesting to study KAT inhibition 

of bicyclic !–amino acid analogs on one hand, and activity of the non-restricted 

carboxylic acid analog of KYN on the other hand. 

2.5 Experimental section 

General NMR spectra were taken on a Varian spectrometer, at the frequency as stated in 

the text. Chemical shifts are given in ppm. The splitting patterns are designated as 
follows: s = singlet, d = doublet, t = triplet, m = multiplet, bs = broad singlet. Coupling 

constants are given in hertz (Hz). IR spectra are taken on an ATI-Mattson 
spectrophotometer. GCMS analysis were performed on a Shimadzu GCMS-QP500 system 

equipped an AOC-20i auto injector and a CP-Sil 5 CB column (15 m x 0.25 mm; 0.10 µm 
film thickness). Mass spectra (ESI) were taken on an API 3000 MS/MS system. Accurate 

mass measurements (HRMS) were performed using a flow injection method on a LTQ-
Orbitrap XL mass spectrometer (Thermo Electron, Bremen, Germany) with a resolution of 

60000 at m/z 400. All final compounds had ad least 95% purity, as determined by HPLC. 
Solvents and reagents were obtained from general sources and used as such. THF was 

dried by distillation over Na. 
 

(1-Oxo-3,4-dihydro-1H-naphthalen-2-ylidene)-acetic acid (2.10) 

A mixture of !-tetralone (4.40 g, 30.1 mmol) and glyoxylic acid.H2O (2.96 g, 32.2 mmol) 

was heated using a Dean Stark apparatus in an oil bath preheated to 160 oC for 1 hour. 
The mixture was left to cool to room temperature and triturated with EtOAc. The solid was 

filtered off. The filtrate was washed with 1 N HCl, and extracted with 1 N NaOH. The 
combined alkaline extracts were acidified with 4 N HCl and extracted with EtOAc. The 

combined organic layers were washed with brine, dried (MgSO4), filtered, and the solvent 
was evaporated, yielding 2.77 g of a brown solid. The crude solid was heated in 40 mL 

MeOH, containing 0.4 mL concentrated H2SO4 to yield the methyl ester of 2.10 which was 
purified by column chromatography (silica, Hex/EtOAc). The obtained product 2.11 (1.34 
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g, 6.25 mmol) was hydrolyzed in a solution of NaOH (0.53 g, 13.2 mmol) in water (15 mL) 

and dioxane (35 mL) at room temperature overnight. The dioxane was evaporated. The 
aqueous layer was washed with EtOAc, acidified with 4 N HCl, and extracted with EtOAc. 

The combined extracts were washed with brine, dried (MgSO4), filtered, and the solvent 
was evaporated. 1.08 g (18%) of an orange oil was obtained, which was sufficiently pure 

to use in the next reaction step.  
1H NMR (200 MHz, CDCl3) ! 2.88-2.95 (t, 2H, CH2CH2), 3.24-3.32 (m, 2H, CH2CH2), 3.99 

(bs, 1H, COOH), 6.75-6.77 (t, J=1.71 Hz, 1H, C=CH), 7.61-7.29 (m, 2H, ArH), 7.38-7.46 

(m, 1H, ArH), 7.93-7.98 (dd, J=1.22, 7.81 Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 
186.0, 166.6, 147.6, 142.8, 132.6, 130.8, 126.9, 126.7, 125.6, 122.4, 26.9, 25.5 ppm; IR 

(KBr) 2925, 1692, 1671, 1292, 1255, 1206, 750 cm-1. 
 

(1-Oxo-1,2,3,4-tetrahydro-naphthalen-2-yl)-acetic acid (2.3) 

Method A: Preparation of compound 2.3 by reduction of 2.10 with Zn in acetic acid was 

done as described previously.15 
Method B: To a solution of "-tetralone (0.501 g, 3.42 mmol) in 20 mL dry THF, cooled to -

80 oC under N2, a solution of LHMDS (0.907 g, 5.42 mmol) in 10 mL dry THF was added 
dropwise.  The mixture was left to warm up to -20 oC over 1 h. After cooling back to -80 
oC, ethyl bromoacetate (0.38 mL, 3.43 mmol) was added at once. The mixture was left to 
warm up to room temperature and stirred at room temperature overnight. Water was 

added for quenching. The layers were separated, and the aqueous layer was extracted 
with EtOAc. The combined organic layers were washed with brine, dried (MgSO4), filtered, 

and the solvent was evaporated. The crude mixture contained starting material and 
product 2.12 in a ratio of ca. 1:1. The ethyl ester 2.12 was stirred in a solution of KOH 

(0.415 g, 7.40 mmol) in 10 mL H2O and 10 mL MeOH. After 3.75 h, the MeOH was 
evaporated. The aqueous layer was washed with CH2Cl2 and then acidified with 4 N HCl. 

The aqueous layer was extracted with CH2Cl2. The combined extracts were washed with 
brine, dried (MgSO4), filtered, and the solvent was evaporated. The product was purified 

by column chromatography (silica, CH2Cl2/MeOH and EtOAc/Hex). 0.276 g (40%) of an off-
white solid was yielded. 
1H NMR (200 MHz, CDCl3) ! 1.89-2.08 (dq, 1H, CH), 2.22-2.35 (m, 1H, CH), 2.42-2.55 
(m, 1H, CH), 2.92-3.23 (m, 4H, CH2-CH2), 7.23-7.35 (q, 2H, ArH), 7.45-7.53 (dt, 1H, 

ArH), 8.02-8.05 (d, 1H, ArH), 9.40 (bs, 1H, COOH) ppm; 13C NMR (50 MHz, CDCl3) ! 
198.7, 178.3, 144.25, 133.8, 132.2, 129.0, 127.8, 127.0, 44.9, 35.3, 29.5 ppm; MS m/z 

203 (M-H)-, 249 (M+45)-, 407 (2M-H)-; IR (KBr) 2923, 1705, 1689, 1428, 1268, 1237, 
958, 734 cm-1. 

 
(4-Oxo-chroman-3-ylidene)-acetic acid ethyl ester (2.13) 

The compound was obtained in considerable quantities from other studies (data not 
published).  
1H NMR (200 MHz, CDCl3) ! 1.30-1.37 (t, J=7.05 Hz, 3H, CH2CH3), 4.21-4.32 (q, 2H, 
CH2CH3), 5.61-5.62 (d, J=2.35 Hz, 2H, OCH2), 6.90-6.93 (t, 1H, C=CH), 6.98-7.10 (m, 

2H, ArH), 7.48-7.56 (m, 1H, ArH), 7.94-7.98 (dd, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) 
! 180.6, 165.5, 162.0, 144.2, 137.0, 128.2, 124.0, 122.4, 121.3, 118.5, 67.9, 61.5, 14.4 

ppm; IR (KBr) 2986, 1708, 1674, 1602, 1465, 1306, 1241, 1207, 1020, 762 cm-1; GCMS 
m/z 232 (M+). 

 
(4-Oxo-chroman-3-yl)-acetic acid ethyl ester (2.14) 

A mixture of (4-oxo-chroman-3-ylidene)-acetic acid ethyl ester (2.13, 0.383 g, 1.65 
mmol), zinc dust (0.184 g, 2.81 mmol), and acetic acid (10 mL) was heated at 100 oC for 

2.5 h. Then another portion of zinc dust (0.107 g, 1.64 mmol) was added to the mixture. 
The reaction was heated at 100 oC for another 45 minutes, and was then left to cool to 

r.t.. The mixture was filtered over Celite®, the Celite® cake was washed with EtOAc. The 

filtrate was then washed with saturated NaHCO3 solution until the aqueous layer remained 
alkaline (3x). The organic layer was then dried (MgSO4), filterd, and the solvent was 
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evaporated. Column chromatography (silica, Hex/EtOAc 5:1) yielded 0.314g (81 %) of a 

colorless oil. 
1H NMR (200 MHz, CDCl3) ! 1.24-1.31 (t, J=7.05 Hz, 3H, CH3), 2.34-2.47 (q, 1H, CH), 

2.88-2.98 (dd, 1H, CH), 3.25-3.40 (m, 1H, CH), 4.128-4.23 (q, 2H, OCH2CH3), 4.23-4.35 
(t, 1H, CH), 4.58-4.64 (q, 1H, CH), 6.95-7.05 (m, 2H, ArH), 7.43-7.52 (dt, 1H, ArH), 

7.86-7.91 (dd, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 192.8, 171.6, 162.0, 136.2, 
127.6, 121.7, 120.7, 118.1, 70.5, 61.2, 42.7, 30.6, 14.4 ppm; GCMS m/z 234 (M+); IR 

(NaCl) 2981, 1729, 1694, 1605, 1480, 1455, 1324, 1302, 1214, 1177, 1036, 1013, 760 

cm-1. 
 

(4-Oxo-chroman-3-yl)-acetic acid (2.4) 

A mixture of (4-oxo-chroman-3-yl)-acetic acid ethyl ester (2.14, 0.231 g, 0.984 mmol), 

NaOH (81.5 mg, 2.0 mmol), H2O and MeOH was stirred at r.t. for 1h. The methanol was 
then evaporated. H2O was added, and the aqueous layer was washed with CH2Cl2 (3x). 

The aqueous layer was then acidified with 4 N HCl, and extracted with CH2Cl2 (3x). The 
combined extracts were dried (MgSO4), filtered, and the solvent was evaporated. Column 

chromatography (silica, CH2Cl2/MeOH) yielded a white solid (0.206 g, quantitative) 
1H NMR (200 MHz, CDCl3) ! 2.92-3.05 (q, 1H, CH), 3.44-3.55 (dd, J=5.0 Hz, 1H, CH), 

3.77-8.92 (m, 1H, CH), 4.74-4.86 (t, J=11.75 Hz, 1H, CH), 5.07-5.16 (q, J=5.6Hz, 1H, 
CH), 7.46-7.57 (q, 2H, ArH), 7.94-8.03 (dt, 1H, ArH), 8.37-8.41 (dd, J=1.47, 7.93Hz, 1H, 

ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 192.7, 177.3, 162.0, 136.4, 127.7, 121.8, 120.6, 
118.1, 70.3, 42.5, 30.3 ppm; IR (NaCl), 3300-2900, 1720, 1692, 1604, 1479, 1299, 

1216, 752 cm-1; HRMS (M+H)+ m/z obs. 229.1084 calc. 229.1084 (C12H13O1N4). 
 

(4-Oxo-thiochroman-3-yl)-acetic acid (2.5) 

(4-Oxo-thiochroman-3-yl)-acetic acid ethyl ester (2.17) was synthesized from 

thiochroman-4-one (2.15, 1.00 g, 6.09 mmol) according to method B of synthesis of 
compound 2.3. After addition of ethyl bromoacetate, the mixture was stirred for 4.5 hours 

until workup. The crude mixture contained starting material and product in a ratio of 1:1. 
The crude mixture was purified by column chromatography, yielding 0.79 g of the mixture 

of 2.15 and 2.17. This mixture was hydrolyzed, yielding 0.276 g (20 % overall yield) of 
the purified product as a white solid. 
1H NMR (200 MHz, CDCl3) ! 2.58-2.69 (m, 1H, CH), 2.98-3.19 (2H, CH2), 3.29-3.41 (m, 
2H, CH2), 7.16-7.27 (m, 2H, ArH), 7.35-7.43 (dt, 1H, ArH), 8.07-8.11 (dd, J=1.47, 

7.93Hz, 1H, ArH), 10.31 (bs, 1H, COOH) ppm; 13C NMR (50 MHz, CDCl3) ! 194.5, 177.8, 
142.0, 133.7, 130.5, 130.0, 127.7, 125.3, 44.6, 34.4, 31.1 ppm; IR (KBr) 3115-2871, 

1705, 1679, 1586, 1438, 1422, 1245, 956, 758, 730 cm-1; HRMS (M+H)+ m/z obs. 
223.0416 calc. 223.0423 (C11H11O3S1).  

 
3-Methyl-4-chromanone (2.16) 

Synthesized by published methods.16  
1H NMR (200 MHz, CDCl3) ! 1.19-1.23 (d, J=7.08 Hz, 3H, CH3), 2.80-2.91 (m, 1H, CH), 

4.08-4.20 (t, J=11.23 Hz, 1H, CH), 4.45-4.53 (q, 1H, CH), 6.92-7.04 (m, 2H, ArH), 7.41-
7.50 (m, 1H, ArH), 7.87-7.91 (dd, J=1.71, 7.81 Hz, 1H, ArH) ppm; 13C NMR (50 MHz, 

CDCl3) ! 193.3, 160.2, 134.2, 125.8, 119.8, 119.0, 116.2, 70.7, 39.2, 9.2 ppm; IR (NaCl) 
3070-2875, 1687, 1605, 1474, 1325, 1213, 758 cm-1; GCMS m/z 162 (M). 

 

(3-Methyl-4-oxo-chroman-3-yl)-acetic acid ethyl ester (2.18) 

This compound was synthesized according to method B of synthesis of compound 2.3 
starting from 3-methyl-4-chromanone (2.16, 1.01 g, 6.23 mmol) The product was purified 

by column chromatography (silica, Hex/EtOAc) as a colorless oil (1.306 g, 84 %). 
1H NMR (200 MHz, CDCl3) ! 1.20-1.27 (t, 3H, OCH2CH3), 1.29 (s, 3H, CH3), 2.47-2.83 (dd, 

J=15.86, 56.11Hz, 2H, CH2C(CH3)CH2), 4.06-4.17 (q, 2H, OCH2CH3), 4.21-4.67 (dd, 

J=11.46, 81.09Hz, 2H, CH2C(CH3)CH2), 6.95-7.06 (q, 2H, ArH), 7.43-7.52 (dt, J=1.76Hz, 
1H, ArH), 7.88-7.93 (dd, J=1.77, 7.94Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 
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195.5, 170.8, 161.3, 136.0, 128.1, 121.9, 119.8, 118.0,74.5, 60.9, 44.0, 38.2, 19.3, 14.4 

ppm; GCMS m/z 234 (M-14), 248 (M); IR (NaCl) 2977, 1733, 1691, 1606, 1479, 1308, 
1198, 1035, 761 cm-1. 

 
(3-Methyl-4-oxo-chroman-3-yl)-acetic acid (2.6) 

(3-Methyl-4-oxo-chroman-3-yl)-acetic acid ethyl ester (2.18, 0.412 g, 1.66 mmol) was 
stirred at r.t. in a solution of KOH (0.189 g, 3.38 mmol) in 7 mL water and 7 mL MeOH. 

The reaction was monitored by TLC. The mixture was washed with EtOAc. The aqueous 

layer was acidified with 1N HCl and extracted with EtOAc. The combined aqueous layers 
were washed with brine, dried (MgSO4), filtered, and the solvent was evaporated. 0.258 g 

(71 %) of an off-white solid was yielded. 
1H NMR (200 MHz, CDCl3) ! 1.26 (s, 3H, CH3), 2.45-2.53 (dd, J=1.18, 16.16Hz, 1H, 

CH2C(CH3)CH2), 2.73-2.81 (d, J=16.16Hz, 1H, CH2C(CH3)CH2), 4.13-4.58 (dd, J=11.46, 
78.74Hz, 2H, CH2C(CH3)CH2), 6.89-7.01 (q, 2H, ArH), 7.38-7.47 (dt, J=0.88, 8.23Hz, 1H, 

ArH), 7.81-7.86 (dd, J=1.47, 7.93Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 160.3, 
136.4, 128.2, 122.0, 119.5, 118.0, 74.3, 43.7, 37.9, 19.3 ppm; IR (KBr) IR07123103 

3101, 1705, 1684, 1606, 1478, 1318, 1225, 1144, 1020, 759 cm-1; HRMS (M+H)+ m/z 
obs. 221.0810 calc. 221.0808 (C12H13O4)  

 
1-Bromo-3-ethylsulfanyl-benzene (2.20) 

A mixture of NaH (1.43 g, 35.8 mmol, 60% dispersion in mineral oil, prewashed with 
hexane) in 80 mL dry THF was cooled on an ice-bath. 3-Bromothiophenol (2.19, 4.50 g, 

23.8 mmol) in 10 mL dry THF was added dropwise. The mixture was left to stir at r.t. 
under N2 for 10 minutes. Ethyliodide (2.3 mL, 4.5 g, 28.8 mmol) was added in one portion. 

The mixture was stirred at r.t. for 3 hours. The reaction was quenched by the addition of 
saturated NH4Cl. The layers were separated and the aqueous layer was extracted with 

Et2O. The combined organic layers were washed with brine, dried (MgSO4), filtered, and 
the solvent was evaporated. A yellow oil (5.26 g, quantitative) was obtained.  
1H NMR (200 MHz, CDCl3) ! 1.29-1.36 (t, J=7.3 Hz, 3H, CH3), 2.89-3.00 (q, 2H, CH2), 
7.09-7.31 (m, 3H, ArH), 7.43-7.45 (t, J=1.8 Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) 

! 139.5, 131.1, 130.3, 128.8, 127.3, 123.0, 27.6, 14.4 ppm; 
IR (NaCl) 2972, 2925, 1574, 1556, 1460, 1257, 768, 753, 677 cm-1; GCMS m/z 216 and 

218 (M). 
 

Tributyl-(3-ethylsulfanyl-phenyl)-stannane (2.21) 
A solution of 1-bromo-3-ethylsulfanyl-benzene (2.20, 1.00 g, 4.61 mmol) in dry THF (20 

mL) was cooled to -90oC. tert-Butyl lithium (1.7 M solution in pentane, 5.8 mL, 9.9 mmol) 
was added dropwise, so that the temperature of the mixture did not rise above -85oC. The 

solution was stirred at -90oC for 2 hours. Then, the mixture was left to warm up to -80 oC, 
and tri-n-butyltin chloride (90 %, 1.55 mL, 1.86 g, 5.14 mmol) was added, turning the 

color of the mixture from yellow to white. The mixture was stirred at -75 oC for 1.6 hours, 
and was then left to warm up to r.t.. Water was added for quenching. The layers were 

separated, and the aqueous layer was extracted with Et2O. The combined organic layers 
were washed with brine, dried (MgSO4), filtered, and the solvent was evaporated. The 

crude product was used in the subsequent reaction without further purification. An 
analytical sample was purified by column chromatography (silica, Hex/EtOAc).  
1H NMR (200 MHz, CDCl3) ! 0.85-0.92 (m, 10H, SnBu3), 1.00-1.09 (m,5H, SnBu3), 1.24-
1.41 (m, 11H, SCH2CH3 and SnBu3), 1.46-1.54 (m, 6H, SnBu3), 2.88-2.99 (q, 2H, 

SCH2CH3), 7.25-7.27 (m, 3H, ArH), 7.41 (s, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 
143.09, 137.28, 136.178, 134.11, 129.07, 129.07, 128.50, 29.29, 28.07, 27.58, 14.69, 

13.89, 9.86 ppm; GCMS m/z 424/426/428 (M), 367/369/371 (M-C4H9); IR (NaCl) 2924, 
1562, 1462, 1375, 769, 694 cm-1. 

 



KAT inhibitors: Conformationally restricted carboxylic acids 

 71 

4-(3-Ethylsulfanyl-phenyl)-but-2-enoic acid methyl ester (2.22) 

To a solution of bis(triphenylphosphine)palladium(II) chloride (23.4 mg, 0.032 mmol) in 
10 mL dry THF, stirring under N2 at r.t., DIBAL-H (1.7 M solution in toluene, 0.05 mL) was 

added. The mixture was stirred for 20 minutes. Then, a solution of the crude tributyl-(3-
ethylsulfanyl-phenyl)-stannane (2.21, 4.61 mmol), and methyl 4-bromocrotonate (85%, 

0.64 mL, 4.61 mmol) in 5 mL dry THF was added. The mixture was heated at reflux for 4 
hours. The mixture was then left to cool to r.t.. Water was added and EtOAc. The layers 

were separated, and the aqueous layer was extracted with EtOAc. The combined organic 

layers were washed with brine, dried (MgSO4), filtered, and the solvent was evaporated. 
The product was purified by column chromatography (silica, EtOAc:Hex 10:1), yielding an 

oil (0.45 g, 41 %).  
1H NMR (200 MHz, CDCl3) ! 1.27-1.35 (t, J=7.34 Hz, 3H, CH3CH2S) 2.88-2.99 (q, 2H, 

J=7.34 Hz, CH3CH2S), 3.46-3.50 (dd, J=1.17, 6.76 Hz, 2H, ArCH2), 3.72 (s, 3H, OCH3), 
5.77-5.87 (dt, J=1.47, 1.76, 15.57 Hz, 1H, CH), 6.95-7.26 (m, 5H, ArH and CH) ppm; 13C 

NMR (50 MHz, CDCl3) ! 167.0, 147.4, 138.58, 137.44, 129.40, 129.36, 127.3, 126.5, 
122.40, 51.7, 38.5, 27.7, 14.6 ppm; IR (NaCl) 2950, 1724, 1656, 1434, 1274, 1201, 

1036, 981, 781, 691 cm-1; GCMS m/z 236 (M) 
 

4-(3-Ethylsulfanyl-phenyl)-but-2-enoic acid (2.23) 

4-(3-Ethylsulfanyl-phenyl)-but-2-enoic acid methyl ester (2.22, 0.45 g, 1.89 mmol) was 

dissolved in ethanol (10 mL). Lithiumhydroxide (0.22 g, 9.0 mmol) was added, followed by 
10 mL water. The reaction was stirred at r.t. overnight. Then, the EtOH was evaporated, 

and the aqueous layer was washed with Et2O. The aqeous layer was acidified with 4 N HCl 
and extracted with Et2O. The combined acidic extracts were washed with brine, dried 

(MgSO4), filtered, and the solvent was evaporated. The crude product was used in the next 
reaction step without further purification. An analytical sample was purified by column 

chromatography (silica, CH2Cl2), yielding an off-white solid.  
1H NMR (200 MHz, CDCl3) ! 1.28-1.35 (t, J=7.3 Hz, 3H, CH3), 2.89-3.00 (1, 2H, CH2CH3), 

3.28-3.32 (dd, J=6.8 Hz, ArCH2), 6.20-6.52 (m, 2H, CH=CH), 7.14-7.26 (m, 3H, ArH), 
7.33 (s, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 177.6, 137.5, 137.2, 133.7, 129.21, 

128.5, 127.2, 124.1, 121.8, 38.2, 27.9, 14.6 ppm; IR (NaCl) 3015, 1694, 1415, 1285, 
1216, 1172, 967, 776, 689 cm-1; MS m/z 177 (M-45)-, 221 (M-H)-, 267 (M+46 (formeate)-

H)-, 443 (2M-H)-. 
 

4-(3-Ethylsulfanyl-phenyl)-butyric acid (2.24) 

A mixutre of 4-(3-ethylsulfanyl-phenyl)-but-2-enoic acid (2.23, 1.28 g, 5.74 mmol) and 

10% Pd/C (1.00 g) in methanol (50 mL) was reacted in a Parr apparatus at 4 bar 
overnight. The reaction was filtered over Celite®, and the solvent of the filtrate was 

evaporated. Water and saturated aqueous NaHCO3 were added, and the aqueous layer was 
extracted with EtOAc. The combined organic layers were washed with brine, dried 

(MgSO4), filtered, and the solvent was evaporated, yielding 1.1 g of a red oil. The aqueous 
layer was acidified with 4 N HCl, and extracted with EtOAc. The combined organic extracts 

of the acidic extraction were washed with brine, dried (MgSO4), filtered, and the solvent 
was evaporated. 0.106 g of a brown oil was obtained. TLC, GCMS and IR showed that the 

product was mainly present in the extracts of the alkaline layer as the methyl ester. IR 
(NaCl) 2949, 1740, 1591, 1435, 1261, 1206, 783, 700 cm-1; GCMS m/z 238 (M of the 

methyl ester). 
The crude product (methyl ester) was dissolved in methanol (10 mL). LiOH (0.38 g, 15.8 

mmol) was added, and H2O (10 mL). The mixture was stirred at r.t. overnight. The 
methanol was the evaporated in vacuo, and the remaining aqueous layer was washed with 

Et2O. The aqueous layer was then acidified with 4 N HCl, and extracted with Et2O. The 
combined organic extracts were washed with brine, dried (MgSO4), filtered, and the 

solvent was evaporated, yielding 0.794 g (62 %) of an off-white solid. A sample was 

purified for analysis (column chromatography, silica, CH2Cl2). 
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1H NMR (200 MHz, CDCl3) ! 1.28-1.35 (t, J=7.35 Hz, 2H, CH3), 1.89-2.03 (m, 2H, CH2), 

2.34-2.42 (t, 2H, CH2), 2.61-2.68 (t, 2H, CH2), 2.89-3.00 (q, 2H, CH2) 6.97-7.01 (m, 1H, 
ArH), 7.15-7.26 (m, 3H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 179.6, 142.1, 136.9, 

129.2, 129.1, 126.8, 126.3, 35.1, 33.5, 27.8, 26.3, 14.6 ppm; IR (KBr) 2925, 1710, 1590, 
1444, 1340, 1211, 924, 771 cm-1; MS m/z 223.2 (M-H)-, 269 (M+46(formeate)-H)-, 447 

(2M-H)-. 
 

6-Ethylsulfanyl-3,4-dihydro-2H-naphthalen-1-one (2.25) 

Polyphosphoric acid (10 g) was preheated to 100 oC. 4-(3-Ethylsulfanyl-phenyl)-butyric 
acid (2.24, 0.716 g, 3.19 mmol) was added. The mixture was stirred at 100 oC for 1 h. Ice 

was added. The resulting brown slurry was poured into water, and extracted with EtOAc. 
The combined organic layers were washed with brine, dried (MgSO4), filtered, and the 

solvent was evaporated. The product was purified by column chromatography (silica, 
Hex/EtOAc 15:1). 0.536 g (81 %) of the product was isolated as a yellow oil. 
1H NMR (200 MHz, CDCl3) ! 1.33-1.40 (t, J=7.3 Hz, 3H, CH3), 2.04-2.17 (m, 2H, CH2), 
2.58-2.65 (t, 2H, CH2), 2.87-2.93 (t, 2H, CH2), 2.95-3.03 (q, 2H, CH2CH3), 7.08 (s, 1H, 

ArH), 7.12-7.17 (dd, J=8.23, 1H, ArH), 7.90-7.94 (d, J=8.23, 1H, ArH) ppm; 13C NMR (50 
MHz, CDCl3) ! 197.9, 154.2, 145.1, 129.8, 127.9, 126.0, 124.7, 39.2, 30.0, 26.1, 23.4, 

14.2 ppm; IR (NaCl) 2929, 1678, 1587, 1346, 1282, 1188, 1096, 853, 819 cm-1; GCMS 
m/z 206 (M). 

 
(6-Ethylsulfanyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2-yl) acetic acid ethyl ester 

(2.26) 

A solution of 6-ethylsulfanyl-3,4-dihydro-2H-naphthalen-1-one (2.25, 0.407 g, 1.97 

mmol) in THF (20 mL) was cooled to -80 oC under N2. LHMDS (0.497 g, 2.97 mmol) in THF 
(10 mL) was added dropwise. The mixture was stirred for 1h. The temperature was left to 

raise to -20 oC. Then, the mixture was cooled to -80 oC, and ethyl bromoacetate (0.22 mL, 
0.33 g, 1.97 mmol) was added to the solution at once. The mixture was left to warm up to 

-60 oC over 1 hour, and then was left to warm to room temperature. Water was added to 
quench the reaction. The layers were separated, and the aqueous layer was extracted with 

EtOAc. The combined organic layers were washed with brine, dried (MgSO4), filtered, and 
the solvent was evaporated. The mixture of starting material and product was separated 

by column chromatography (silica, Hex/EtOAc 10:1). 0.249 g (43 %) of the product was 
obtained as a colorless oil. 0.151 g (37 %) of the starting material 2.25 was recovered, 

along with 19 mg (2.5 %) of the disubstituted product 2.28.  
1H NMR (200 MHz, CDCl3) ! 1.24-1.31 (t, J=7.1 Hz, 3H, CH2CH3), 1.33-1.40 (t, J=7.3 Hz, 

3H, CH2CH3), 1.89-2.04 (dt, 1H, CH), 2.16-2.29 (m, 1H, CH), 2.33-2.46 (q, 1H, CH), 2.63-
3.07 (m, 6H, CH2), 4.12-4.23 (q, OCH2CH3), 7.06 (s, 1H, ArH), 7.12-7.17 (dd, 1H, ArH), 

7.89-7.93 (d, J=8.23 Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 197.8, 172.8, 145.3, 
144.6, 129.3, 128.1, 126.0, 124.8, 60.8, 44.8, 35.4, 29.5, 29.4, 26.1, 14.5, 14.2 ppm; IR 

(NaCl) 2928, 1729, 1678, 1588, 1177, 1029, 956, 826 cm-1; GCMS m/z 292 (M) 
 

Spectral data of (2-ethoxycarbonylmethyl-6-ethylsulfanyl-1-oxo-1,2,3,4-tetrahydro-
naphthalen-2-yl) acetic acid ethyl ester (2.28): 
1H NMR (200 MHz, CDCl3) ! 1.18-1.25 (t, 6H, OCH2CH3), 1.33-1.41 (t, J=7.35 Hz, 3H, 
SCH2CH3), 2.31-2.37 (t, J=6.47 Hz, 2H, CH2), 2.57-2.65 (d, J=15.86 Hz, 2H, CH2), 2.88-

3.06 (m, 6H, CH2), 4.05-4.16 (q, 4H, OCH2CH3), 7.06 (s, 1H, ArH), 7.13-7.18 (dd, J=1.76, 
8.52 Hz, 1H, ArH), 7.92-7.96 (d, J=8.23Hz , 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) 

!198.4, 171.1, 145.4, 143.4, 128.9, 128.4, 125.9, 125.0, 60.8, 45.9, 39.6, 30.2, 26.1, 
25.4, 14.4, 14.2 ppm; GCMS m/z 378 (M); IR (NaCl) 2978, 1728, 1678, 1587, 1223, 

1176, 1100, 1030, 955 cm-1. 
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(6-Ethanesulfonyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2yl) acetic acid ethyl 

ester (2.27)  

A solution of (6-ethylsulfanyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2-yl) acetic acid ethyl 

ester (2.26, 0.221 g, 0.756 mmol) in CH2Cl2 (4 mL) was stirred at 0oC. m-
Chloroperbenzoic acid (70-75 %, 0.37 g, 1.6 mmol) in CH2Cl2 (4 mL) was added dropwise, 

giving a white precipitate. The mixture was stirred for 1.5 h. NaHCO3 (aq) was added, and 
CH2Cl2 to dissolve the precipitate. The layers were separated, and the aqueous layer was 

extracted with CH2Cl2. The combined organic layers were washed with brine, dried 

(MgSO4), filtered, and the solvent was evaporated. The product was purified by column 
chromatography (silica, Hex/EtOAc). Yield: 0.231 g (94 %) colorless oil. 
1H NMR (200 MHz, CDCl3) ! 1.233-1.31 (dt, 6H, OCH2CH3 and SCH2CH3), 1.92-2.15 (m, 
1H, CH), 2.23-2.36 (m, 1H, CH), 2.44-2.55 (q, 1H, CH), 2.90-3.20 (m, 6H, CH), 4.11-4.22 

(q, 2H, OCH2CH3), 7.78-7.81 (s and d, 2H, ArH), 8.15-8.20 (d, J=8.82Hz, 1H, ArH) ppm; 
13C NMR (50 MHz, CDCl3) ! 197.5, 172.3, 145.1, 142.6, 136.0, 129.0, 128.8, 126.3, 61.0, 

50.7, 45.0, 35.1, 29.5, 28.9, 14.43, 7.6 ppm; GCMS m/z 324 (M); IR (KBr) 2928, 1722, 
1689, 1408, 1302, 1200, 1141, 730 cm-1. 

 
(6-Ethanesulfonyl-1-oxo-1,2,3,4-tetrahydro-naphthalen-2yl)-acetic acid (2.7) 

A mixture of (6-ethanesulfonyl-1-oxo-1,2,3,4-tetrahydronaphthalen-2yl) acetic acid ethyl 
ester (2.27, 0.210 g, 0.647 mmol), lithium hydroxide (63.4 mg, 2.65 mmol), H2O (7.5 

mL) and MeOH (7.5 mL) was stirred at r.t.. After 2.25 h, the MeOH was evaporated. The 
aqueous layer was washed with CH2Cl2 (3x), and acidified with 4 N HCl. The acidic layer 

was extracted with CH2Cl. The combined extracts were washed with brine, dried (MgSO4), 
filtered, and the solvent was evaporated. The crude product was purified by column 

chromatography (silica, CH2Cl2/MeOH). A white solid was obtained (0.158 g, 83 %). 
1H NMR (200 MHz, CD3OD) ! 1.183-1.256 (t, J=7.35 Hz, 3H, CH3), 1.95-2.16 (m, 1H, CH), 

2.23-2.36 (m, 1H, CH), 2.48-2.60 (dd, J=6.17, 16.74 Hz, 1H, CH), 2.81-2.92 (dd, J=5.88, 
16.75 Hz, 1H, CH), 3.00-3.32 (m, 6H, CH and solvent residual peak), 7.80-7.84 (d, 

J=8.23 Hz, 1H, ArH), 7.88 (s, 1H, ArH), 8.12-8.16 (d, J=8.22Hz, 1H, ArH) ppm; 13C NMR 
(50 MHz, CD3OD) ! 145.8, 142.6, 135.9, 128.9, 128.0, 125.8, 49.8, 44.8, 34.4, 28.9, 

28.6, 6.3 ppm; IR (KBr) 2959, 1705, 1685, 1319, 1301, 1136, 960, 779, 735 cm-1; MS 
295 (M-H)-, 341 (M+46(formeate)-H)-, 591 (2M-H)-; HRMS (M+H)+ m/z obs. 297.0792 

calc/ 297.0791 (C14H17O5S). 
 

(1-Oxo-1,2,3,4-tetrahydronaphthalen-2-yl)-acetonitrile (2.31) 

A mixture of "-tetralone (2.9, 5.00 g, 34.2 mmol), dimethylamine.HCl (8.30 g, 102 

mmol), paraformaldehyde (4.17 g, 139 mmol) and 0.5 mL 37 % HCl in 35 mL ethanol was 
heated at reflux for 5 hours. The solvent was evaporated. The residue was converted to 

the free base by addition of NaOH (1 N aq) and extraction with CH2Cl2. The extract was 
dried (MgSO4), filtered, and the solvent was evaporated. The crude Mannich base 2.29 

was stirred with 3.4 mL (7.8 g, 54.0 mmol) iodomethane in 100 mL ethanol at room 
temperature overnight. The solvent was evaporated. The crude product 2.30 was 

dissolved in 50 mL methanol and 25 mL water and added to a solution of KCN (11.25 g, 
172.8 mmol) in 80 mL methanol and 10 mL water, preheated to 70 oC. After 10 minutes, 

concentrated HCl was added to neutral pH. After 1.5 hours, another portion of KCN (4.00 
g, 61.4 mmol) was added. HCl was added to acidify the solution. After 20 minutes no 

starting material was left (TLC). The mixture was left to cool to r.t. and the solvent was 
evaporated. Water was added, and the aqueous layer was extracted with CH2Cl2 (3x). The 

combined organic layers were washed with brine and the solvent was evaporated. The 
residue was dried by azeotropic distillation with ethanol. The crude product was purified by 

column chromatography (silica, Hex/EtOAc). 2.28 g (34 % overall yield) of an off-white 
solid was obtained. 
1H NMR (200 MHz, CDCl3) ! 1.93-2.15 (m, 1H, CH), 2.42-2.67 (m, 2H, CH), 2.79-2.94 (m, 

1H, CH), 2.99-3.16 (m, 3H, CH), 7.25-7.36 (q, 2H, ArH), 7.47-7.55 (dt, J=1.47 Hz, 1H, 
ArH), 8.00-8.04 (dd, J=1.17, 7.64 Hz, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 196.3, 
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144.0, 134.3, 131.7, 129.2, 127.9, 127.2, 118.9, 44.7, 29.1, 28.9, 18.7 ppm; GCMS m/z 

185 (M); IR (NaCl) 2933, 2247, 1678, 1599, 1454, 1238, 947, 743 cm-1. 
 

2-(2H-Tetrazol-5-ylmethyl)-3,4-dihydrox-2H-naphthalen-1-one (2.8) 
A mixture of (1-oxo-1,2,3,4-tetrahydronaphthalen-2-yl)-acetonitrile (2.31, 5.38 mmol), 

NaN3 (1.41 g, 21.7 mmol) and NH4Cl (0.404 g, 7.56 mmol) in 10 mL DMF was heated at 
140 oC under N2 for 19 hours. The reaction was left to cool to room temperature. The 

insolubles were filtered off, and the residue was washed with EtOAc. The filtrate was 

concentrated in vacuo. The resulting cake was taken up into water, 0.5 N HCl and EtOAc. 
The layers were separated and the aqueous layer was extracted with EtOAc. The combined 

organic layers were washed with brine, dried (MgSO4), filtered, and the solvent was 
evaporated. The crude product was purified by column chromatography (silica, 

CH2Cl2/MeOH) and subsequent recrystallization from EtOAc/Hex. The product was yielded 
as grey (1st crop, 0.2356 g) and green (2nd crop, 0.2626 g) needles (total yield: 0.4979 g, 

41%). 
1H NMR (200 MHz, CDCl3) ! 1.89-2.11 (dq, 1H, CH), 2.32-2.42 (m, 1H, CH), 2.96-3.24 

(m, 3H, CH), 3.33-3.56 (m, 2H, CH), 7.22-7.33 (q, 2H, ArH), 7.47-7.54 (dt, 1H, ArH), 
7.97-8.01 (d, J=7.64, 1H, ArH) ppm; 13C NMR (50 MHz, CDCl3) ! 200.7, 155.0, 144.6, 

134.6, 132.0, 129.2, 127.8, 127.1, 47.0, 30.0, 29.4, 24.9 ppm; MS m/z 229 (M+H)+, 251 
(M+Na)+, 457 (2M+H)+, 479 (2M+Na)+; IR (KBr) 3001-2464, 1474, 1598, 1550, 1454, 

1428, 1233, 1048, 949, 738 cm-1; HRMS (M+H)+ m/z obs. 229.1084 calc. 229.1084 
(C12H13O1N4).  

 
Kynurenine aminotransferase activity in rat brain homogenate 

KAT inhibitory activity was determined in rat brain tissue homogenate as described 
previously, with modifications.22, 30 Rat brain (male Wistar rats, whole brain) was 

homogenized in a 5 mM Tris-acetate buffer at pH 8.0, containing 50 µM pyridoxal 5’- 
phosphate and 10 mM 2-mercaptoethanol (10 % w/v). The homogenate was dialyzed 

against this buffer for 24 hours at 4 oC (12 mL homogenate / 2.5 L buffer). Enzyme 
activity was tested in an assay consisting of 200 µL of dialyzed tissue homogenate, 150 

mM Tris acetate buffer, pH 8.0, 70 µM pyridoxal 5’-phosphate, 1 mM pyruvate, 10 µM L-
kynurenine and the inhibitor in a final volume of 250 µL (all concentrations final). The 

mixture was incubated at 37 oC for 2 h. The reaction was terminated by addition of 100 µL 
7% perchloric acid. The mixture was centrifuged for 15 minutes at 14000 rpm, 4oC. 

Kynurenic acid concentrations were determined in the supernatant by HPLC (SupelcosilTM 
HPLC column, 15 cm x 3 mm, 3 µm). The mobile phase consisted of a buffer containing 

15% methanol, 10 g/L Na2HPO4.2H2O, 150 mg/L EDTA and 0.17 % (v/v) THF, adjusted to 
pH 5.27 with phosphoric acid. The product was detected fluorimetrically at an extinction of 

344 nm and emission of 398 nm. Each concentration of inhibitor was assayed in triplo. The 
KYNA concentration in each sample was determined in triplo. 

 
Kynureninase activity in liver tissue homogenate 

Kynureninase activity was determined in rat liver tissue homogenate as described 
previously, with modifications.31, 32 Liver tissue was homogenated in a buffer (10 % w/v) 

consisting of 20 mM Tris-acetate pH 8.0, 0.5 mM 2-mercaptoethanol, and 50 µM pyridoxal 
5’-phosphate. The homogenate was centrifuged at 14000 rpm for 30 minutes at 4oC. The 

supernatant was dialyzed against the buffer as described above (12 mL supernatant/2.5 L 
buffer) for 24 hours at 4oC. Enzyme activity was determined using 100 µL of the dialyzed 

tissue, 50 µL of a solution consisting of 400 mM Tris-HCl buffer pH 8.0, 200 µM pyridoxal 
5’-phosphate and 40 µM L-kynurenine (final concentration 10 µM), and 50 µL inhibitor at 

varying concentrations. The mixture was incubated at 37 oC for 30 minutes. The reaction 
was terminated by mixing with 100 µL 7% perchloric acid. The samples were centrifuged 

at 14000 rpm for 15 minutes at 4oC. Anthranilic acid concentrations in the supernatant 

were measured by HPLC.  
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The supernatant was applied to a SupelcosilTM HPLC column (15 cm, 4.6 or 3 mm ID, 3 µm 

particle size). The mobile phase consisted of a buffer containing 26 % methanol, 10 g/L 
Na2HPO4.2H2O, 150 mg/L EDTA and 0.17 % (v/v) THF, adjusted to pH 5.27 with 

phosphoric acid. The product was detected fluorimetrically at an extinction of 313 nm and 
emission of 420 nm. Each concentration of inhibitor was assayed in triplo. The anthranilic 

acid concentration in each sample was determined in triplo. 
 

Kynurenine 3-hydroxylase activity in liver tissue homogenate 

Kynurenine 3-hydroxylase activity was determined in rat liver tissue homogenate as 
described previously, with modifications.31 The tissue was homogenized in icecold 0.32 M 

sucrose  solution (1 g tissue /8 mL sucrose solution). The homogenate was centrifuged at 
11000 rpm, 4 oC, 30 min. The supternatant was taken off, and the residue was 

resuspended in sucrose solution (1 mL 0.32 M sucrose /residue of 1 mL homogenate). The 
tissue was centrifuged (11000 rpm, 4oC, 30 min). This washing procedure was repeated 

twice. The resulting tissue was resuspended in 0.14 M KCl, 20 mM potassium phosphate 
buffer at pH 7.0.  

Enzyme activity was measured using 75 µL of the tissue homogenate, 100 µL of a 100 mM 
potassium phosphate buffer pH 7.5, containing 1 mM NADPH, 4 mM MgCl2, and 20 µM L-

kynurenine (final concentration 10 µM), and 25 µL of a solution of the inhibitor at varying 
concentrations. The mixture was incubated at 37 oC for 30 minutes. The reaction was 

terminated by the addition of 100 µL 7% perchloric acid. The samples were centrifuged 
(14000 rpm, 15 minutes, 4oC). The concentrations of 3-hydroxykynurenine in the 

supernatant were determined by HPLC. The supernatant was applied to a SupelcosilTM 
HPLC column (15cm, 4.6 or 3 mm ID, 3 µm particle size). The mobile phase consisted of a 

solution of 100 mg EDTA, 150 mg heptane sulphonic acid, 5.9 mL phosphoric acid, 9.0 mL 
triethylamine and 20 mL acetonitrile in 950 mL H2O (adapted from ref33). Each 

concentration of inhibitor was assayed in triplo. The 3-hydroxykynurenine concentration in 
each sample was determined in triplo. 
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