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The identification, synthesis and evaluation of a series of rhodanine and thiazolidin-2,4-dione derivatives
as selective inhibitors of human arylamine N-acetyltransferase 1 and mouse arylamine N-acetyltransfer-
ase 2 is described. The most potent inhibitors identified have submicromolar activity and inhibit both the
recombinant proteins and human NAT1 in ZR-75 cell lysates in a competitive manner. 1H NMR studies on
purified mouse Nat2 demonstrate that the inhibitors bind within the putative active site of the enzyme.
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1. Introduction

Arylamine N-acetyltransferases (NATs) have been identified as
drug- and carcinogen-metabolising enzymes.1 NAT was initially
identified in the late 1950s as a human enzyme that can inactivate,
by acetylation, the anti-tubercular drug isoniazid2 and, subse-
quently, played an extremely important role in the initial discover-
ies of genetic polymorphism in drug metabolism,3 since the loci
encoding the NAT isozymes are multi-allelic in humans.4,5

NATs are highly conserved throughout the eukaryotic and pro-
karyotic kingdoms6 and occur in humans as two isozymes7,8 hu-
man NAT1 and NAT2. NATs catalyse the transfer of an acetyl
group from the thio ester of Acetyl-CoA (AcCoA) to a variety of
arylamines,9 arylhydroxylamines10 and hydrazines11 (Fig. 1).

This acetylation reaction can lead either to detoxification by
N-acetylation of arylamine xenobiotics, or to bioactivation by
O-acetylation of arylhydroxyamines, by the generation of
arylamine acetoxy products capable of decomposing into ultimate
carcinogens responsible for DNA adduct formation.10,12 Kinetic
studies of NATs suggest a Ping-Pong Bi–Bi mechanism9 and the
crystal structure from Salmonella typhimurium,13 the first NAT
ll rights reserved.

).
crystal structure to be solved, revealed that the active site Cys
residue is part of a catalytic triad, Cys-His-Asp, conserved through-
out the NAT family, including Mycobacterium smegmatis,14

Pseudomonas aeruginosa15 and in human NATs for which the
structures have been determined.16

Human NAT1 and human NAT2 have distinct substrate specific-
ities17 and tissue distribution,18,19 despite their high level of
homology.7,8 On the basis of the C-terminal sequence identity, sub-
strate specificity and expression profile, human NAT1 is ortholo-
gous to mouse Nat2.17,20 Whilst human NAT2 is expressed mainly
in the liver and intestine, which is consistent with the widely be-
lieved view of its role in xenobiotic metabolism, human NAT1
and its homologue mouse Nat2 has a widespread distribution in
adult tissues.7,8,21 It is strongly transcribed in the placenta,21 early
in embryogenesis,22–24 in embryonic development in the develop-
ing neural tube25 and in folate-sensitive cells contributing to the
Figure 1. NATs acetylate a large variety of arylamines.
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neuroendocrine system.26 Endogenous roles relating to AcCoA lipid
homeostasis27 or folate metabolism28 have been proposed for hu-
man NAT1. Mouse Nat2 has been identified in vivo to acetylate
the folate catabolite para-aminobenzoylglutamate (pABAglu).29

Nevertheless, the exact endogenous role for human NAT1 is still
not conclusively identified.

Recent microarray work has confirmed that the human NAT1
gene is one of the 10 most highly overexpressed genes in ER+
breast cancer cells.30 Furthermore, the expression of human
NAT1 was found to be elevated in invasive ductal and lobular
breast carcinomas when compared with normal breast tissue and
a strong association of human NAT1 staining with oestrogen recep-
tor-positive (ER+) tumours was demonstrated.31,32 Also, the active
overexpression of human NAT1 in a normal luminal epithelial-de-
rived cell line demonstrated enhanced growth properties relative
to control cells.31 Moreover, the function of folate in cancer biology
is intricate, with folate supplements used to prevent tumour for-
mation in normal tissues, although these supplements may accel-
erate the growth of established tumours, and antifolate drugs
have some efficacy as cancer treatments.33,34

These results suggest that the complex relationship between
human NAT1 polymorphism and breast cancers and neural tube
development may result from a functional link in vivo between
NAT1 acetylation activity and folate metabolism.29 Moreover, it
has been demonstrated that the intratumoral dysregulation of
xenobiotic-metabolising enzyme expression in breast cancer,
including human NAT1, can explain drug resistance, by altered
drug metabolism and bioavailability.32 Among these drugs, tamox-
ifen, a specific anti-oestrogen compound used to prevent breast
cancer cell division in early stages,35 has also been shown to be
an inhibitor of human NAT1,36,37 as has the chemotherapeutic drug
cisplatin.38 Human NAT1 enzyme activity may also be influenced
by some other drugs or oestrogenic agonists or antagonists.20

As a result of these studies, understanding the role of the hu-
man NAT1 as a new putative ER+ gene and an attractive potential
biomarker in human breast cancer has become crucial. Further-
more, specific activity of human NAT1 in a range of breast cancer
cell lines (MCF-7, T47D ZR-75-1), which have been proven to be
good models for studying molecular pathways in ER+ breast tu-
mours,39 were analysed. Of these cell lines assayed, ZR-75-1 cell ly-
sate has a human NAT1 enzyme activity significantly above the
others, as human NAT1 is highly transcribed.40 In fact, a supple-
mentary activation of human NAT1 P3 promoter rather than the
P1 alternative proximal promoter was observed relative to the
other ER+ breast cancer cell lines tested. Whilst ER positivity
may be a prerequisite for P3 promoter use, the role of oestrogens
in determining which of the alternative human NAT1 promoters
is used is not clear.40 It has also been demonstrated that both hu-
man NAT1 and the oestrogen receptor are down-regulated in tis-
sues in which p53 is mutated.41 Recent inhibition studies on
mouse Nat2, chosen as a model for human NAT1, because of their
homology, showed that it is inhibited by endogenous steroids, and
steroid mimics such as Bisphenol A.20

Breast cancer is the most common cancer in the United King-
dom and worldwide; more than a million women are diagnosed
with breast cancer every year, accounting for a tenth of all new
cancers and 23% of all female cancer cases. Around 430,000 new
cases occur each year in Europe, especially in the most developed
countries.42 Breast cancer is a heterogeneous disease and different
breast cancer subtypes can be identified based on gene expression
profiling. Current breast cancer therapies, based on Selective Estro-
gen Receptor Modulators (SERMs) such as tamoxifen or aromatase
inhibitors, can be unsuccessful due to intrinsic or acquired resis-
tance to these therapies.43 Comparing gene expression profiles of
tumours either responsive or resistant to tamoxifen therapy is a
first step to identify new markers of increased risk or of therapy
failure. After profiling gene expression, identification of some
unexpected overexpressed genes in breast cancer cells have
emerged as new targets for drug discovery. Human NAT1 is one
such protein which has emerged as a new diagnostic marker or
drug target for breast cancer.

Inhibitors of NATs have recently emerged, both mechanism-
based inhibitors,44 which have found applications in the elucidation
of the catalytic mechanism of NATs, and structure-based inhibitors
of prokaryotic NATs.45 The specificity of inhibitors for individual hu-
man NAT isoenzymes needs to be addressed. Therefore, in order to
identify a series of compounds which are specific for human NAT1,
we have carried out a two-stage screening process. Initially we per-
formed a high-throughput screen of our proprietary 5000-member
compound library against a panel of five different pure recombinant
NAT proteins, including mammalian and non-mammalian NAT en-
zymes, identifying both broad spectrum NAT inhibitors and inhibi-
tors with specificity for individual NAT isoforms.45 Hits were
subsequently characterised with NAT proteins only available in
smaller quantities, but which allowed specificity to be determined.
We report on the identification and characterisation of a class of
novel NAT isoenzyme-specific inhibitor.

2. Results and discussion

2.1. Recombinant enzymes for high-throughput screening

The human NAT1 enzyme has been generated in a pure
form46,47 and the substrate specificity profile has been demon-
strated to be very similar to that of hamster NAT217 as well as
mouse Nat2.20 When the initial high-throughput screening was
carried out, up to yields of 4-5 mg/L of purified recombinant hu-
man NAT146,47 and 10-20 mg/L of recombinant hamster Nat217

were available. Smaller quantities of human NAT2, mouse Nat220

rather than mouse NAT2 and mouse NAT1 also were available for
the second phase of more detailed screening of hits from the initial
high-throughput screen.

A series of pure recombinant prokaryotic enzymes have also
been produced in substantial quantities and their individual sub-
strate specificities have been characterized.13–15,48 The stability
and storage conditions of each of the pure recombinant enzymes
has been established and, together with the data on their charac-
terization, provides a good panel for screening and controls for iso-
enzyme specificity.

2.2. Inhibitors identified by high-throughput screening

We screened our library of 5000 drug-like49 small molecules
against a panel of five NAT enzymes from both prokaryotes and
eukaryotes. This library has been designed and selected to cover
a wide range of biological space, to omit any known cytotoxic
agents and to ensure that selected structures are amenable to both
resynthesis and rapid diversification.45

Recombinant NAT enzymes from the following bacteria were
used in the screen: P. aeruginosa,15 M. smegmatis14 and S. typhimu-
rium.13,48 The eukaryotic NATs used were human NAT1 and ham-
ster NAT2.17 The assay method previously described by Brooke
and colleagues was used,11 with some modifications for automa-
tion purposes. In the assay reaction, free coenzyme A is produced,
and this is reacted with Ellman’s reagent [5,50-dithio-bis(2-nitro-
benzoic acid)] to produce 5-thio-2-nitrobenzoic acid, which was
detected spectrophotometrically with a 96-well plate reader.

The compound library was screened against each enzyme, with
two different substrates, such that for each protein a substrate
with differing Km and Vmax values would be used to cover possible
endogeneous substrates where none was yet identified. The library
was screened at a final concentration of approximately 30 lM



Figure 2. Percentage inhibition of six selected compounds from the secondary
screen (1, 3–5, 7 and 8) along with two inhibitors showing selectivity for
prokaryotic NATs (10 and 11) at 30 lM concentration against the recombinant
mouse Nat2 recombinant human NAT1 and ZR-75 cell lysate with PABA as
substrate.
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against the bacterial NAT enzymes with the substrates 5-aminosal-
icylic acid (5-AS) and isoniazid (INH)11,14,50 and against the mam-
malian enzymes with the substrates 5-AS and p-aminobenzoic
acid (pABA).17

Hit selection was assessed as follows: specific inhibitors of the
eukaryotic NAT proteins were defined as those which inhibited
both human NAT1 and hamster NAT2 (with both substrates) more
than 50% at 30 lM but which did not inhibit any of the prokaryotic
NAT enzymes more than 20% at the same concentration. This was
also coupled with Z-score analysis to compensate for any system-
atic errors related to plate position. The strategy used was designed
to maximise the hit rate, minimising both false-positive and false-
negative results. In this manner, 50 compounds were identified as
active, showing specificity for the eukaryotic NAT proteins, and
were subjected to a secondary screen to allow their prioritisation.

To develop a tool to probe the role of human NAT1 in disease,
compounds with selectivity for human NAT1 over its paralogue,
human NAT2, which is known to have a key role in drug metabo-
lism, were of interest. Similarly, it was desired for the compounds
to be used as tools to probe the role of the orthologous gene prod-
uct in mouse, as an important disease model, and compounds
which were also inhibitors of mouse Nat2 were therefore vital to
investigate. Thus, the 50 compounds identified as selective inhibi-
tors of human NAT1 and hamster NAT2 from the initial screen
were subjected to a secondary screen against a further panel of
NAT enzymes, including pure recombinant enzymes which were
available in smaller quantities. The enzymes for the secondary
screen were human NAT1 (HNAT1), human NAT2 (HNAT2),47

mouse Nat1 (MNat1), mouse Nat2 (MNat2) and two prokaryotic
NATs for comparison, from P. aeruginosa15 (PANAT) and Mycobacte-
rium marinum (MMNAT).51 Selected results are shown in Table 1.
Compounds were selected from the secondary screen for further
study that showed selectivity for HNAT1 and MNat2 over their
orthologues, HNAT2 and MNat1.

Next, the six most active compounds (1, 3–5, 7 and 8) with
selectivity for human NAT1 and mouse Nat2 over their orthologs
were further investigated for their effects on the inhibition of
NAT activity in ZR-75 breast cancer cell lysates using pABA, a hu-
man NAT1-specific substrate. For comparison, two NAT inhibitors
(10 and 11) which specifically inhibited the prokaryotic enzymes
were also included in the assay (Fig. 2). As anticipated, the two pro-
karyote-specific NAT inhibitors did not inhibit either purified re-
combinant mouse Nat2 or human NAT1 or inhibit NAT activity in
ZR-75 cell lysates. Of the six human NAT1/mouse Nat2-selective
inhibitors, only two, compounds 1 and 5 also inhibited NAT activity
in ZR-75 cell lysates. The reduced activity of the remaining com-
Table 1
Selected data from the secondary screen

ID HNAT1 MNat2

Eukaryotic NAT-selective inhibitors 1 98 ± 2 95 ±
2 19 ± 5 55 ±
3 94 ± 3 82 ±
4 93 ± 1 100 ±
5 89 ± 2 91 ±
5a 86 ± 4 104 ±
6 100 ± 2 99 ±
7 99 ± 1 96 ±
8 95 ± 1 62 ±
9 72 ± 36 76 ±

Prokaryotic NAT-selective inhibitors 10 16 ± 6 0 ±
11 10 ± 19 �1 ±
12 �2 ± 4 �7 ±

Percentage inhibition at 30 lM inhibitor versus HNAT1, MNat2, HNAT2, MNat1, MMNA
a Resynthesised sample. N.D., not determined. It was noted that some compounds app

4, 5 and 8, presumably indicating these data were false-positives in the primary screen
mammalian homologues and thus, 1, 3–5, 7 and 8 were pursued.
pounds 3, 4, 7 and 8 compared with their activity when tested with
pure recombinant human Nat1 may be a consequence of increased
binding of these species to other proteins within the lysate, thus
significantly reducing their effective concentration in vitro. Com-
pounds 3, 4, 7 and 8 were therefore not pursued further in this
study.

Compound 5 was initially selected for further studies. Early ef-
forts were therefore directed towards the synthesis and in vitro
evaluation of 5 first to validate its inhibitory activity against hu-
man NAT1 and mouse Nat2, and subsequently to optimise its activ-
ity through the synthesis of a range of structural analogues.

2.3. Validation of rhodanine (5)

The synthesis of (Z)-5-(40-hydroxy-30,50-diiodobenzylidene)-
2-thioxothiazolidin-4-one (5) was carried out according to a
modification of the conditions described by Unangst et al.52 2-Thi-
oxothiazolidin-4-one and 4-hydroxy-3,5-diiodobenzaldehyde
were reacted together in the dark, under an atmosphere of N2 to
give 5 in 94% yield as a single diastereoisomer. The (Z)-configura-
tion within 5 was assigned by analogy to previously reported data
on related species (Scheme 1).53

Having confirmed the activity of the authentic sample of 5
(Table 1), the IC50 values were next determined against human
NAT1 and NAT1 in ZR-75 cell lysate and were determined to be
HNAT2 MNat1 MMNAT PANAT

1 �43 ± 16 �2 ± 6 64 ± 8 8 ± 9
9 53 ± 12 37 ± 8 9 ± 3 18 ± 13
7 �16 ± 14 11 ± 10 �8 ± 4 �2 ± 15
4 �20 ± 14 10 ± 4 80 ± 1 37 ± 7
2 19 ± 13 10 ± 4 89 ± 2 94 ± 1
5 46 ± 2 N.D. 40 ± 2 52 ± 3
8 �23 ± 13 46 ± 3 16 ± 7 1 ± 18
1 �35 ± 9 35 ± 13 �2 ± 18 11 ± 13
4 0 ± 25 6 ± 4 14 ± 7 58 ± 5
5 4 ± 9 29 ± 5 15 ± 4 13 ± 14

6 73 ± 2 51 ± 10 98 ± 1 99 ± 1
15 82 ± 6 53 ± 13 100 ± 0 87 ± 3
10 78 ± 2 56 ± 7 97 ± 3 100 ± 3

T and PANAT using 5-AS as substrate.
eared to be inhibitors of PANAT in this second more discriminating screen including
. However, the main criterion for pursuing a compound was selectivity against the



Scheme 1. Reagents and condition: (i) NH4OAc, Toluene, D, 24 h.
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0.33 ± 0.06 and 0.138 ± 0.039 lM, respectively (Fig. 3, left and mid-
dle panels, respectively). Kinetic analyses were also undertaken,
indicating that 5 is a competitive inhibitor of human NAT1
(Fig. 3, right panel). Given the relatively small size of 5, with a hea-
vy atom count of just 17, the IC50 value of 0.33 ± 0.06 lM against
human NAT1 is a remarkably low value, corresponding to a ligand
efficiency54 of 0.52 kcal mol�1. This is a high value for ligand effi-
ciency, where 0.3 kcal mol�1 is a typical cutoff for progression from
screening to hit-to-lead development of a hit from a fragment
screen.54 This reaffirms the high affinity of 5 for human NAT1,
and indicates that this compound is a suitable starting point for fu-
ture development of potent human NAT1 inhibitors.

To develop a small molecule tool to probe the role of NAT1 in a
cellular context, a series of analogues of 5 were next prepared to
investigate structure–activity relationships (SARs), with the aim
of improving its inhibitory potency.

2.4. SAR analysis

Early structure–activity investigations around compound 5 re-
vealed that NAT inhibitory activity was diminished when the parent
heterocycles, rhodanine, N-amino rhodanine, N-methyl rhodanine
or thiazolidine-2,4-dione were employed. Several series of ana-
logues of 5 were thus prepared varying systematically at the hetero-
cyclic core and the aryl aldehyde condensation partners.
Subsequently the use of aliphatic aldehyde and ketone derived con-
Figure 3. Dose–response curve for 5 versus purified recombinant human NAT1 (top lef
KyplotTM software. The assay of the recombinant enzyme was carried out using the hydr
assay with the ZR-75 cell lysate was carried out using the acetylation of arylamine assa
double reciprocal plot shows rates at inhibitor concentrations of 0 lM (square);0.05 lM
densation products was explored. Condensation was accomplished
in a parallel fashion by refluxing the requisite heterocycle and
aldehyde or ketone in toluene or ethyl acetate in the presence of
ammonium acetate over 3–15 h, affording the corresponding
condensation products in 16 to >99% yield and excellent purity
(Scheme 2).

The condensation products were then evaluated for their inhib-
itory activity at a range of concentrations against the recombinant
human NAT1 promoted acetylation of PABA. The extent of inhibi-
tion was determined by measuring the rate of hydrolysis of acetyl
CoA using 5,50-dithio-bis(2-nitrobenzoic acid), as described above.
IC50 values are depicted in Tables 2–5.

The effect of varying the aryl substituent whilst keeping the
rhodanine core constant was first investigated (Table 2). In most
cases, NAT inhibitory activity was highest with an ortho-substitu-
ent on the aryl ring, with activity diminishing in the corresponding
meta- or para-substituted regioisomers, with the most active ana-
logues identified as ortho- and meta-hydroxy-substituted deriva-
tives 15 (IC50 1.1 lM) and 14 (IC50 0.6 lM).

The most potent derivatives were subsequently screened for
selectivity against mouse Nat2 (using pABA as substrate), PANAT
and MMNAT (using INH as substrate) (Fig. 4). In most cases, the
compounds still showed specificity for the two eukaryotic NATs
tested, with PANAT or MMNAT showing typically less than 40%
inhibition in each case. Several examples showed similar levels
of inhibitory activity against human NAT1 and mouse Nat2, consis-
tent with the previously observed similarities in the substrate
selectivity profiles.17,20 Further SAR studies were therefore con-
ducted on mouse Nat2 as a good model for predicting inhibitory
activity against human NAT1.

The effect of varying the heterocyclic core was next explored
(Table 3). Incorporation of an N-methyl substituent (27) was ob-
served to lead to a decrease in NAT inhibitory activity, whereas
an N-amino substituent was observed to lead to a slight increase
in activity. The thiazolidine-2,4-dione-derived species 29 showed
a 2-fold reduction in activity.
t panel) and ZR-75 cell lysate (bottom left panel). IC50 values were calculated with
olysis of acetyl CoA assay in the presence of PABA as substrate (75 lM), whilst the
y in the presence of PABA as substrate (75 lM). (Right panel) Kinetic analysis of 5:

(diamond) and 0.1 lM (triangle).



Scheme 2. Reagents and conditions: (i) NH4OAc, toluene or ethyl acetate, reflux, 3–15 h.

Table 2
Varying the aryl substituent

S
NH

O

S
R4

R3

R2

13-26

Compound R2 R3 R4 IC50 (lM)

13 H H OH 16.9
14 H OH H 0.6
15 OH H H 1.1
16 H H OMe >30
17 H OMe H >30
18 OMe H H 17.6
19 H H Me >30
20 H Me H 17.0
21 Me H H 3.9
22 H H F 12.9
23 H H Cl 4.7
24 H Cl Cl 3.4
25 H H Ph 8.1
26 H H H 13.0

IC50 values determined versus human NAT1 using PABA substrate.

Table 3
Varying the heterocyclic core

S
N

O

X
HO

I

I

R1

5, 27-29

Compound X R1 IC50 (lM)

5 S H 1.8
27 S Me 7.6
28 S NH2 1.1
29 O H 3.6
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Structure–activity relationships were further probed in a com-
binatorial fashion, by varying both the aryl substitution and het-
erocyclic core simultaneously (Table 4). Consistent with earlier
observations (Table 3), in most examples the inclusion of either
an N-methyl or N-amino substituent was either observed to
decrease NAT inhibitory activity compared to the parent
compound or to have no significant effect. Interestingly, for the
methoxy-substituted derivatives 34–36, the inclusion of an
N-methyl substituent was observed to reverse the trend observed
in the corresponding N-unsubstituted series 16–18: the most ac-
tive N-unsubstituted derivative possessing an ortho-substituent
(18, IC50 17.6 lM) and the most active N-methyl derivative
possessing a para-substituent (34, IC50 1.0 lM). This may indicate
a potential alternative binding mode for the N-methyl-substituted
species.

Finally, the effect of incorporating fused aromatic or aliphatic
groups on NAT inhibitory activity was assessed, along with the ef-
fect of including tetrasubstituted olefins (Table 5). The incorpora-
tion of a tetrasubstituted olefin moiety (64 and 65) was observed
to diminish dramatically NAT inhibitory activity, as did the inclu-
sion of a 1-naphthyl substituent (56 and 57). However, whilst a
benzyl substituent (58 and 59) was not tolerated, those analogues
containing a non-branched alkyl substituent (60–63) retained their
activity. Moreover, a marked dependence of the inhibitory activity
on alkyl chain length was observed, the optimal substituent being
n-hexyl (61, IC50 1.3 lM, Fig. 5).

2.5. Confirmation of binding mode of 5 within mouse Nat2

The full assignment of the 1H NMR spectrum for mouse Nat2
has yet to be completed. However, 1H–15N HSQC experiments of
15N-labelled mouse Nat2, and comparison of the spectra of mouse



Table 4
Varying both the aryl substituent and heterocyclic substituent

S
N

O

S
R4

R3

R1

R2

30 -52

Compound R1 R2 R3 R4 IC50 (lM)

30 Me H H OH 14.0
31 NH2 H H OH 10.1
32 Me OH H H 20.1
33 NH2 OH H H 5.1
34 Me H H OMe 1.0
35 Me H OMe H 13.6
36 Me OMe H H >30
37 Me H H Me >30
38 Me H Me H >30
39 Me Me H H 4.4
40 Me H H F 20.7
41 H H F H 6.7
42 Me H F H 7.3
43 H F H H >30
44 Me F H H 11.8
45 Me H H Cl 9.4
46 NH2 H H Cl 5.7
47 H H H Br >30
48 Me H H Ph 5.5
49 H Ph H H 16.5
50 Me Ph H H 10.1
51 NH2 Ph H H 0.3
52 Me H H H >30

IC50 values determined versus mouse Nat2 using PABA as substrate.

Table 5
Varying both the aryl substituent and heterocyclic substituent

R5

S
N

O

X

R1

R6

53-65

Compound R1 R5 R6 X IC50 (lM)

53 H 2-Naphthyl H S 26.9
54 Me 2-Naphthyl H S 4.7
55 H 2-Naphthyl H O >30
56 H 1-Naphthyl H S >30
57 Me 1-Naphthyl H S >30
58 H Benzyl H S 24.2
59 Me Benzyl H S >30
60 H n-Butyl H S 7.7
61 H n-Hexyl H S 1.3
62 H n-Octyl H S 6.8
63 H n-Decyl H S 10.2
64 H Ph Me S 25.0
65 Me Ph Me S >30

IC50 values determined versus mouse Nat2 using PABA as substrate.
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Nat2 and other NAT isoforms led to the identification of four peaks
in the 10- to 13-ppm region of the 1H NMR spectrum; two of these
peaks arise from the side-chain indole HN of Trp67 and Trp132 and
two from histidine side-chain imidazole HN. NMR experiments
with 15N-labeled proteins showed that these four peaks are con-
served between different NAT isoenzymes consistent with their
location within the active site.20
The compounds studied here are only moderately soluble in
aqueous solution and concentrated stock solutions for titrations
must be prepared in DMSO. Separately, control studies have been
performed to show that the protein tolerates up to 5% DMSO with-
out loss of activity or significant shifts within the NMR spectrum.
Upon addition of 0.2–1.0 equiv of 5 to the mouse Nat2 solution,
the four characteristic peaks in the 10- to 13-ppm region decrease
in intensity and a new set of peaks appear. Upon addition of
1.5 equiv of 5, the four signals corresponding to unbound mouse
Nat2 have disappeared completely, indicating saturation of the
mouse Nat2-binding site with the compound (Fig. 6). This behav-
iour is characteristic of slow chemical exchange on the NMR time-
scale and is consistent with high-affinity binding of 5 to mouse
Nat2. These observations are in contrast to the steroid derivatives
previously reported as weak inhibitors of mouse Nat2 which
showed gradual changes in chemical shift of these peaks with
increasing inhibitor concentration, behaviour consistent with fast
chemical exchange between bound and unbound states on the
NMR timescale.20 These observations are consistent with the high-
er inhibitory activity of 5 compared to the steroids, and could sug-
gest either a relatively slow rate of exchange between bound and
unbound states, or that the inhibitor is binding irreversibly (cova-
lently) to the enzyme.

All of the four NMR signals in the 10- to 13-ppm region, previ-
ously assigned as being located within the active site of mouse
Nat2, experience chemical shift perturbations upon inhibitor bind-
ing.20 These data therefore support the kinetic studies, which re-
vealed 5 to be a competitive inhibitor of mouse Nat2, and
suggest that 5 binds directly to the active site.

2.6. In silico modelling

To probe the preferred binding mode of the NAT inhibitors iden-
tified to the protein, in silico docking studies were undertaken
using the deposited crystal structure of human NAT1 (2PQT).16

Simulated annealing was performed using AutoDock 4.55 The dock-
ing solutions were very similar to results obtained using Gold
(CCDC, v3.0.1)56 and employing a homology model of human
NAT1 previously generated from several existing structures of
NAT isoforms.17 The lowest energy conformations for the most po-
tent inhibitors showed similar binding modes (Fig. 7 shows com-
pound 15 as a representative example, docked into the crystal
structure of human NAT1). The aryl substituent is predicted to ex-
tend into a hydrophobic pocket, with contact residues around the
groove being Val93, Phe125, Val216 and Phe287, providing a possible
explanation for the preference for lipophilic substituents. Stabilisa-
tion also appears to be provided by two bonding interactions be-
tween Arg127 and both the carbonyl and 20-hydroxy substituent
of rhodanine 15. Further stabilisation occurs through an additional
hydrogen-bonding interaction between the 20-hydroxy substituent
of rhodanine 15 and the hydroxyl group of Thr289. The additional
hydrogen bonding may provide a partial explanation for the rela-
tively high potency of 20-hydroxyl-substituted rhodanine 15 over
its 40-hydroxyl-substituted rhodanine counterpart (13), for exam-
ple. However, other factors must also be involved as non-hydrogen
bonding substituents in the ortho position were also observed to
give rise to enhanced potency over their para-substituted counter-
parts in some cases. Comparison of the binding mode of the inhib-
itors with human NAT1 compared to substrates such as 5AS, and
the crystal structure of human NAT1 modified with bromoacetan-
ilide,16 reveals the inhibitor docking site to be partially overlapping
with the 5AS and the a-substituted acetanilide moiety within the
NAT1 crystal structure. The inhibitors would therefore be antici-
pated to block substrate binding, suggesting a competitive mode
of inhibition of these compounds, consistent with the enzyme ki-
netic (Fig. 3) and the 1H NMR studies (Fig. 6).



Figure 4. Structural analogues of 5. Mean inhibition at 30 lM against MNat2 and HNAT1. MNat2 was screened using hydrolysis of AcCoA assay; HNAT1 was screened by
acetylation of arylamine assay.

Figure 5. IC50 values determined for four alkyl-substituted rhodanines: 60
(R5 = butyl); 61 (R5 = hexyl); 62 (R5 = octyl) and 63 (R5 = decyl).

Figure 6. Partial 1H NMR spectrum of varying equivalents of 5 bound to eq of
mouse Nat2 protein; mouse Nat2 at 25.97 mg/mL (Section 3.2) was buffer
exchanged into 10 mM Tris at pH 7.0 and 1 mM DTT;it was diluted to 12 mg/mL.
Each sample contained mouse Nat2 (600 lL) and D2O (30 lL) with increasing
concentrations of inhibitor. (600 MHz, 5% DMSO-d6 in D2O).
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2.7. Cell-based toxicity studies

To be useable as a small-molecule tool to probe the role of hu-
man NAT1 or mouse Nat2 in a cellular context, the inhibitors
needed to be non-toxic to cells. The most active inhibitors of
mouse Nat2 5, 14, 15, 28, 33 and 51 were therefore assessed for
their effects on mouse macrophage (Table 6). With the exception
of 5, the original hit compound which showed >80% cell death rel-
ative to the control, none of the inhibitors showed significant tox-
icity at the same concentration. This preliminary data suggests that
these inhibitors could become useful tools to dissect the role of the
human NAT1 and mouse Nat2 enzymes in cells.

3. Conclusions

The identification, synthesis and evaluation of a series of rhoda-
nine and thiazolidin-2,4-dione derivatives as selective inhibitors of
human arylamine N-acetyltransferase 1 and mouse arylamine
N-acetyltransferase 2 is described. The most potent inhibitors
identified have submicromolar activity and inhibit both the
recombinant proteins and human NAT1 in ZR-75 cell lysates in a
competitive manner. 1H NMR studies on purified mouse Nat2 dem-
onstrate that the inhibitors bind within the putative active site of
the enzyme. These tools will enable a clearer definition of the
enzyme active site and may be used for further enzymological
characterisation. Furthermore it is anticipated that they will enable
investigations towards understanding the in vivo role of human
NAT1 and mouse Nat2.



Table 6
Toxicity data for 5, 16, 17, 30, 35 and 54 at 10 lg/mL on mouse macrophage

Toxicitya

DMSO –
5 ++
14 –
15 –
28 –
33 –
51 –

a ++, >80%; –, <80% cell death.

Figure 7. (Left) Binding of 15 with human NAT1: 15 is displayed in stick format;NAT1 is shown in ribbon format with the catalytic triad (Cys68, His107 and Asp122)
displayed in stick format; (right) detail of active site region for 15 with human NAT1 showing two bonding interactions with Arg 127 and a hydrophobic pocket.
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4. Experimental

4.1. Biology

4.1.1. Protein production
The recombinant NAT enzymes used in the primary screen were

prepared as previously described, and are as follows: NATs from P.
aeruginosa (PANAT),15 S. typhimurium (STNAT),48 and M. smegmatis
(MSNAT),14 NAT2 from Syrian hamsters,17 and human NAT1.17 The
recombinant NAT enzymes used for the secondary screen were also
prepared as previously described, and are as follows: NATs from P.
aeruginosa (PANAT)15 and M. marinum (MMNAT),50 human NAT1,
human NAT2, mouse Nat1 and mouse Nat2.20

The concentrations of solutions containing purified proteins
were determined spectrophotometrically by measuring absor-
bances at 280 nm using calculated extinction coefficients (e) for
each enzyme. The purified NATs were stored in aliquots in 20 mM
Tris–HCl (pH 8.0), 5 mM dithiothreitol, 5% glycerol, at �80 �C.

4.1.2. Enzymic assays
Two complementary assay methods were employed through-

out: acetylation of arylamines or hydrolysis of AcCoA.

4.1.2.1. Acetylation of arylamines assay. The rates of aryl-
amine acetylation by NATs were determined colorimetrically as
previously described.48 Each assay contained enzyme (in the cell
lysate or recombinant enzyme as indicated), arylamine substrate
(variable concentrations) and AcCoA (400 lM) in a total volume
of 100 lL in assay buffer [20 mM Tris–HCl (pH 8.0), 1 mM DTT).
Initially the enzyme and substrate mixtures were pre-incubated
at 25 �C for 5 min and AcCoA was added to start the reaction.
The reaction was quenched using 20% (w/v) trichloroacetic acid
(TCA, 100 lL) at different time intervals. The stopped reaction
was centrifuged (16,000g, 10 min) to pellet the precipitated pro-
teins. The stopped reaction mixture (200 lL) was added to 5%
(w/v) 4-(N,N-dimethylamino)benzaldehyde in 9:1 acetoni-
trile:water (800 lL) to develop the colour. The absorption at
450 nm was measured with a Hitachi U-2001 UV/vis spectropho-
tometer, with the amount of residual substrate in the reaction
determined by comparison with a standard curve.

4.1.2.2. Hydrolysis of AcCoA. The rate of production of free
thiol Coenzyme A by NATs in the presence of arylamine substrates
and AcCoA was determined using Ellman’s reagent, 5,50-dithio-
bis(2-nitrobenzoic acid) [DTNB] as previously described.11 The
substrate (500 lM) and purified recombinant NAT were pre-incu-
bated at 25 �C for 5 min in 96-well flat-bottomed polystyrene
plates (Costar�, Corning Inc.) in 20 mM Tris–HCl (pH 8.0). AcCoA
(400 lM) was added to start the reaction in a final volume of
100 lL. The reaction was quenched with the addition of 25 lL of
guanidine–HCl solution [6.4 M guanidine–HCl, 0.1 M Tris–HCl, pH
7.3] containing 5 mM DTNB. The absorbance at 405 nm was mea-
sured on a plate-reader (Sunrise, Tecan). Assay buffer was used
to replace substrate, AcCoA or NAT for control reactions. The
amount of CoA produced in the assay was determined through
comparison with a standard curve.

4.1.2.3. Primary screening assays. A previously described
assay method determining the rate of hydrolysis of AcCoA11 was
adapted for use with a Beckman–Coulter Biomek 2000 liquid-han-
dling robot, and used to identify inhibitors of the NAT-catalyzed
acetylation of acetyl-acceptor substrates. To determine the appro-
priate assay time for each enzyme, preliminary manual assays
were performed in which the assay time was varied, with a final
concentration of acetylCoA of 400 lM and a final concentration
of acetyl acceptor substrate of 500 lM. For each enzyme/substrate
combination, an assay time was chosen which was both within the
initial linear section on a graph of product concentration versus
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time, and which gave absorbance readings between 0.3 and 0.8
absorbance units above time-zero measurements.

After the final addition of DTNB/guanidine stop reagent, the three
replicate plates from each assay were transferred manually to the
Tecan Sunrise plate reader, and the absorbances at 405 nm were
measured. Once measured, the data were transferred to a custom
spreadsheet (Microsoft Excel). The mean percentage inhibition and
standard deviation across the replicate plates were automatically
calculated, to highlight any anomalous data as early as possible, so
that assays could be repeated if required. Data from each assay set
were saved in separate files for subsequent data mining.

4.1.2.4. Data mining and hit-selection criteria. Raw data
were mined by using custom-written scripts (Visual Basic) and
saved in a single spreadsheet (Excel) for further analysis.
Custom-written scripts were used to calculate the percentage inhi-
bition, normal Z-score, improved Z-score and outlier and extreme
outlier status for each data point as described elsewhere.45 All
custom-written scripts are available upon request.

4.1.2.5. Secondary assays. Following on from the primary
screen of 5016 compounds, secondary assays were performed on
the 223 hits from the initial screen. These 223 compounds
comprised a subset of all of the compounds identified as hits
(Table 2), and were chosen based on current projects in the
authors’ laboratory. Amongst the 223 compounds tested in the
secondary screen were inhibitors specific for eukaryotic NATs, pro-
karyotic NATs and individual NAT enzymes (Table 2). The second-
ary assays were performed exactly as described for the primary
assays, except for the pipetting sequence: the robot program was
adjusted so that no multi-pipetting steps were present, to avoid
systematic errors present in the primary screen (see below). The
percentage inhibition scores in the secondary screen were used,
as the median-based methods were not suitable, due to the high
proportion of expected hits in the smaller secondary screen.

4.1.3. Protein NMR spectroscopy
ID 1H NMR spectra for mouse Nat2 were collected at 20 �C using

a jump-return sequence. This sequence enabled the observation of
HN peaks arising from the imidazole side-chain of histidine which
exchange to a significant extent with H2O. Spectra were recorded
using a sweep width of 12,500 Hz on a 600-MHz NMR spectrome-
ter comprising an Oxford Instruments magnet, a triple-resonance
gradient probe and a GE/Omega data acquisition system. Mouse
Nat2 was used at a concentration of 10 mg/mL in the buffer de-
scribed above, using 95% H2O/10% D2O. The titration of mouse
Nat2 with compound 17 was performed by the stepwise addition
of small volumes (5–20 lL) of a concentrated solution of 17
(10 mM in DMSO-d6) to the mouse Nat2 solution in the NMR tube.
The highest concentration of DMSO-d6 in the sample used was 5%.
DMSO alone had no effect on the NMR spectrum of mouse Nat2 at
concentrations up to 5%.

4.1.4. Molecular modelling
For the homology model, the protein file was prepared in pdb

format by using the AddH tool within the Chimera molecular mod-
eling package.57 The a-substituted acetanilide moiety was re-
moved from Cys68 of the deposited structure of human NAT1
(2PQT)16 prior to docking being performed. Docking was per-
formed with AutoDock 455 or Gold.56 Ligand structures were drawn
in ChemDraw (Cambridgesoft) and then converted to 3-dimen-
sional structures in Chem3D. The molecules were energy-mini-
mized with the MM2 force field and saved in sdf format for
docking. The active site of the protein was defined by the Sc atom
of Cys68 with an automatic cavity-detection radius of 20 Å. The
docking solutions were ranked with the Autodock or Gold algo-
rithms. Lowest-energy docking solutions were merged with the
protein structure and saved in the pdb format, prior to visualisa-
tion with Chem3D (Cambridgesoft) or Aesop13,58 as previously
described.

4.1.5. Cell-based toxicity studies
Mouse macrophages were cultured in 25 cm2 tissue culture bot-

tles in RPMI/10% foetal calf serum in an atmosphere of 5% CO2 at
37 �C. Cells were incubated in fresh medium for 24 h before addi-
tion of the inhibitor at a final concentration of 10 lg/mL by addi-
tion of 10 lL of stock solution in DMSO. A control containing
DMSO only was used. The medium was removed after 72 h and
the cells were detached from the container wall by adding 4 mL
of LE (Lydocine EDTA). The solution of LE was centrifuged
(900 rpm, 5 min) and the cell pellet was resuspended in fresh med-
ia by adding 100 lL to 100 lL of a 0.1% solution of Typan Blue. Live
cells excluded Trypan Blue and dead cells are shown as a distinc-
tive blue colour under a microscope. The numbers of dead cells
were calculated microscopically using a haemocytometer. The
dead cells were counted and compared with the positive control
and at least 200 cells were counted in these separate estimates.

4.2. Chemistry

4.2.1. General experimental procedures
All reactions involving moisture-sensitive reagents were carried

out under a nitrogen or argon atmosphere using standard vacuum
line techniques and glassware that was flame-dried and cooled un-
der nitrogen or argon before use. Solvents were dried according to
the procedure outlined by Grubbs and co-workers.59 Water was
purified by an Elix� UV-10 system. All other solvents were used
as supplied (analytical or HPLC grade) without prior purification.
Organic layers were dried over MgSO4 or Na2SO4 as stated. Thin
layer chromatography was performed on aluminium plates coated
with 60 F254 silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq KMnO4 or 10% ethanolic phosphomolybdic acid. Col-
umn chromatography was performed on Kieselgel 60 silica. Ele-
mental analyses were recorded by the microanalysis service of
the Inorganic Chemistry Laboratory, University of Oxford, UK.
Melting points were recorded on a Gallenkamp Hot Stage appara-
tus and are uncorrected. IR spectra were recorded on either a Per-
kin-Elmer Paragon 1000 FT-IR spectrometer or a Bruker Tensor 27
FT-IR spectrometer as either a thin film on NaCl plates (film) or a
KBr disc (KBr), as stated. Selected characteristic peaks are reported
in cm�1. Nuclear magnetic resonance (NMR) spectra were recorded
on Bruker DPX 400 (1H: 400 MHz and 13C: 100.6 MHz), AMX 500
(1H: 500 MHz and 13C: 125.3 MHz), Bruker DPX 250 (1H:
250 MHz) or Varian 200 (1H: 200 MHz) spectrometers in the deu-
terated solvent stated. All chemical shifts (d) are quoted in ppm
and coupling constants (J) in Hz. The field was locked by external
referencing to the relevant deuteron resonance. Residual signals
from the solvents were used as an internal reference. 13C multiplic-
ities were assigned using a DEPT sequence. Low-resolution mass
spectra were recorded on either a VG MassLab 20-250 or a Micro-
mass Platform 1 spectrometer. Accurate mass measurements were
run on either a Bruker MicroTOF and were internally calibrated
with polyalanine in positive and negative modes, or a Micromass
GCT instrument fitted with a Scientific Glass Instruments BPX5 col-
umn (15 m � 0.25 mm) using amyl acetate as a lock mass.

4.2.2. Representative procedures
4.2.2.1. Representative procedure 1: formation of 2-thioxo-
thiazolidine-4-one using toluene. The requisite carbonyl
compound (1 equiv), 2-thioxothiazolidine-4-one 38 (1 equiv) and
NH4OAc (1 equiv) were refluxed in toluene for 12 h at 110 �C.
The suspension was cooled and filtered, and the residual solid
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was washed with hot MeOH to yield the crude product, which was
purified by recrystallisation in DMSO/H2O.

4.2.2.2. Representative procedure 2: formation of 2-thioxo-
thiazolidine-4-one using ethyl acetate. The requisite car-
bonyl compound (1 equiv) heterocycle (1 equiv) in ethyl acetate
with Et3N (1 equiv) and AcOH (1 equiv) were refluxed at 85 �C
for 3 h. The solution was cooled and heptane was added until a sus-
pension formed, the suspension was then filtered and washed with
heptane to yield the product, which was either purified by recrys-
tallisation in DMSO/H2O or column chromatography on silica.

4.2.3. (Z)-5-(30,50-Diiodo-40-hydroxybenzylidene)-2-
thioxothiazolidine-4-one (5)

3,5-Diiodo-4-hydroxybenzaldehyde (2.00 g, 5.3 mmol), 2-thi-
oxothiazolidine-4-one (0.71 g, 5.3 mmol) and NH4OAc (0.41 g,
5.3 mmol) in toluene (3 mL) were refluxed in the dark, under N2

for 24 h. The suspension was cooled and filtered, and the residual
solid was washed with hot MeOH to yield the crude product which
was purified by recrystallisation with DMSO/H2O to give 5 (2.45 g,
94%) as an orange solid; mp 282–284 �C (dec); {lit.52 mp >285 �C};
1H NMR (400 MHz, DMSO-d6): d = 7.50 (1H, s, C@CH) and 7.94 (2H,
s, ArH).

4.2.4. (Z)-5-(40-Hydroxybenzylidene)-2-thioxothiazolidin-4-one
(13)

Following representative procedure 1: 4-hydroxybenzaldehyde
(4.00 g, 32.0 mmol), 2-thioxothiazolidine-4-one (3.00 g, 22.5 mmol)
and NH4OAc (1.73 g, 22.5 mmol) in toluene (12 mL) gave 13
(2.45 g, 90%) as an orange solid; mp 279–280 �C (dec); {lit.60 mp
287–290 �C}; 1H NMR (400 MHz, DMSO-d6): d = 6.93 (2H, d, J = 8.7,
ArH), 7.47 (2H, d, J = 8.7, ArH), 7.56 (1H, s, C@CH) and 10.44 (1H, br
s, NH).

4.2.5. (Z)-5-(30-Hydroxybenzylidene)-2-thioxothiazolidin-4-one
(14)

Following representative procedure 1: 3-hydroxybenzaldehyde
(0.237 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) and NH4OAc (0.077 g 1.00 mmol) in toluene (10 mL)
gave 14 (0.192 g, 81%) as a brown solid; mp 237–239 �C; {lit.61

mp 240–245 �C}; 1H NMR (400 MHz, DMSO-d6): d = 6.87–6.91
(1H, m, ArH), 6.97 (1H, m, ArH), 7.05 (1H, d, J = 7.8, ArH), 7.32–
7.36 (1H, m, ArH), 7.54 (1H, s, C@CH) and 9.86 (1H, s, NH).

4.2.6. (Z)-5-(20-Hydroxybenzylidene)-2-thioxothiazolidin-4-one
(15)

Following representative procedure 1: 2-hydroxybenzaldehyde
(0.237 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00 mmol)
and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave 15 (0.038 g,
16%) as an orange solid; mp 224–225 �C; {lit.53 mp 224–225 �C}; 1H
NMR (200 MHz, DMSO-d6): d = 6.90–7.04 (2H, m, ArH), 7.31–7.42
(2H, m, ArH), 7.86 (1H, s, C@CH) and 10.69 (1H, s, NH).

4.2.7. (Z)-5-(40-Methoxybenzylidene)-2-thioxothiazolidin-4-one
(16)

Following representative procedure 1: 4-methoxybenzaldehyde
(0.251 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
16 (0.174 g, 69%) as an orange solid; mp 225–227 �C; {lit.60 mp
233–235 �C}; 1H NMR (400 MHz, DMSO-d6): d = 3.82 (3H, s, OCH3),
7.09 (2H, d, J = 3.4, ArH), 7.45 (1H, s, C@CH) and 7.53 (2H, d, J 3.4, ArH).

4.2.8. (Z)-5-(30-Methoxybenzylidene)-2-thioxothiazolidin-4-one
(17)

Following representative procedure 1: 3-methoxybenzaldehyde
(0.251 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
17 (0.196 g, 78%) as an orange solid; mp 224–225 �C; {lit.61 mp
225–227 �C}; 1H NMR (400 MHz, DMSO-d6): d = 3.81 (3H, s,
OCH3), 7.07 (1H, dd, J = 8.2, 1.7, ArH), 7.15 (1H, s, ArH), 7.16 (1H,
dd, J = 8.2, 1.7, ArH), 7.43–7.46 (1H, m, ArH) and 7.59 (1H, s, C@CH).

4.2.9. (Z)-5-(20-Methoxybenzylidene)-2-thioxothiazolidin-4-one
(18)

Following representative procedure 1: 2-methoxybenzaldehyde
(0.251 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
18 (0.174 g, 69%) as an orange solid; mp 205–206 �C; {lit.62 mp
198–200 �C}; 1H NMR (400 MHz, DMSO-d6): d = 3.90 (3H, s,
OCH3), 7.10 (1H, m, ArH), 7.16 (1H, m, ArH), 7.39 (1H, m, ArH),
7.50 (1H, m, ArH) and 7.79 (1H, s, C@CH).

4.2.10. (Z)-5-(40-Methylbenzylidene)-2-thioxothiazolidin-4-one
(19)

Following representative procedure 1: 4-methylbenzaldehyde (0.235
g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00 mmol) and
NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave 19 (0.156 g,
66%) as an orange solid; mp 219–220 �C {lit.63 mp 219–220 �C}; 1H
NMR (400 MHz, DMSO-d6): d = 2.36 (3H, s, ArCH3), 7.36 (2H, d, J = 8.2,
ArH), 7.50 (2H, d, J = 8.2, ArH) and 7.61 (1H, s, C@CH).

4.2.11. (Z)-5-(30-Methylbenzylidene)-2-thioxothiazolidin-4-one
(20)

Following representative procedure 1: 2-methylbenzaldehyde
(0.235 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
20 (0.178 g, 65%) as an orange solid; mp 180–181 �C; {lit.63 mp
182–185 �C}; 1H NMR (200 MHz, DMSO-d6): d = 2.38 (3H, s, ArCH3),
7.34 (1H, s, ArH), 7.39–7.57 (3H, m, ArH) and 7.78 (1H, s, C@CH).

4.2.12. (Z)-5-(20-Methylbenzylidene)-2-thioxothiazolidin-4-one
(21)

Following representative procedure 1: 2-methylbenzaldehyde
(0.235 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
21 (0.178 g, 75%) as an orange solid; mp 195–199 �C {lit.63 mp
196 �C}; 1H NMR (400 MHz, DMSO-d6): d = 2.42 (3H, s, ArCH3),
7.10–7.54 (4H, m, ArH) and 7.73 (1H, s, C@CH).

4.2.13. (Z)-5-(40-Fluorobenzylidene)-2-thioxothiazolidin-4-one
(22)

Following representative procedure 1: 4-fluorobenzaldehyde
(0.251 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
22 (0.142 g, 59%) as an orange solid; mp 226–227 �C {lit.63 mp
226–227 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.32–7.44 (2H,
m, ArH) and 7.62–7.70 (3H, m, ArH and C@CH).

4.2.14. (Z)-5-(40-Chlorobenzylidene)-2-thioxothiazolidin-4-one
(23)

Following representative procedure 1: 4-chlorobenzaldehyde
(0.256 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL) gave
23 (0.172 g, 67%) as an orange solid; mp 228–229 �C; {lit.60 mp
227–230 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.56–7.68 (5H,
m, ArH and C@CH).

4.2.15. (Z)-5-(30,40-Dichlorobenzylidene)-2-thioxothiazolidin-4-
one (24)

Following representative procedure 1: 3,4-dichlorobenzaldehyde
(0.175 g, 1.00 mmol), 2-thioxothiazolidine-4-one (0.133 g,
1.00 mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL)
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gave 24 (0.192 g, 67%) as a pure yellow solid; mp 231–233 �C;
{lit.63 mp 231–232 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.53
(1H, d, J = 8.4, ArH), 7.63 (1H, s, ArH), 7.80 (1H, d, J = 8.4, ArH)
and 7.91 (1H, s, C@CH).

4.2.16. (Z)-5-(40-Biphenylmethylene)-2-thioxothiazolidin-4-one
(25)

Following representative procedure 1: 4-phenylbenzaldehyde
(0.297 g, 1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00
mmol) and NH4OAc (0.077 g, 1.00 mmol) in toluene (10 mL)
gave 25 (0.138 g, 46%) as a red solid; mp 236–237 �C; {lit.64

mp 239–240 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.44 (2H,
d, J = 7.6, ArH), 7.51 (1H, m, ArH), 7.69 (1H, s, C@CH), 7.71
(2H, m, ArH), 7.76 (2H, d, J = 7.6, ArH) and 7.87 (2H, d, J = 8.4,
ArH).

4.2.17. (Z)-5-Benzylidene-2-thioxothiazolidin-4-one (26)
Following representative procedure 1: benzaldehyde (102 lL,

1.00 mmol), 2-thioxothiazolidin-4-one (0.133 g, 1.00 mmol) and
NH4OAc (0.077 g, 1.00 mmol), in toluene (10 mL) gave 26
(0.181 g, 82%) as a yellow solid; mp 203–205 �C; {lit.60 mp 209–
211 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.47–7.84 (6H, m, ArH
and C@CH).

4.2.18. (Z)-5-(40-Hydroxy-30,50-diiodobenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (27)

Following representative procedure 2: 4-hydroxy-3,5-diiodo-
benzaldehyde (0.373 g, 1.00 mmol) and 3-methyl-2-thioxothiaz-
olidin-4-one (0.147 g, 1.00 mmol) gave 27 (0.2 g 40%) as an
orange solid; mp 200–201 �C; IR (KBr): mmax/cm�1 3438 (O–H)
1700 (C@O) and 1597 (C@S); 1H NMR (400 MHz, DMSO-d6):
d = 3.39 (3H, s, NCH3), 7.68 (1H, s, C@CH), 7.99 (2H, s, ArH) and
9.92 (1H, br s, OH); 13C NMR (100 MHz, DMSO-d6): d = 38.0, 85.7,
129.0, 129.2, 132.7, 139.6, 166.4, 168.4 and 193.9; LRMS (ESI�):
m/z 502 ([M�H]�, 100%); HRMS (ESI�): calcd for C11H6I2NO2S2

[M�H]� 501.7929, found 501.7943.

4.2.19. (Z)-3-Amino-5-(40-hydroxy-30,5’-diiodobenzylidene)-2-
thioxo-thiazolidin-4-one (28)

Following representative procedure 2: 4-hydroxy-3,5-diiodo-
benzaldehyde (0.373 g, 1.00 mmol) and 3-amino-2-thioxothiazoli-
din-4-one (0.148 g, 1.00 mmol) gave 28 (0.486 g, 96%) as an orange
solid; mp 194–195 �C; IR (KBr): mmax/cm�1 = 3438 (O–H), 1695
(C@O) and 1575 (C@S); 1H NMR (400 MHz, DMSO-d6): d = 5.93
(2H, br s, NH2), 7.67 (1H, s, C@CH), 7.97 (2H, s, ArH) and 8.67
(1H, br s, OH); 13C NMR (100 MHz, DMSO-d6): d = 87.3, 125.5,
128.6, 131.0, 141.8, 163.7, 169.4 and 193.1; LRMS (ESI�): m/z 502
([M�H]�, 100%); HRMS (ESI�): calcd for C10H5I2N2O2S2 [M�H]�

502.7882, found 502.7886.

4.2.20. (Z)-5-(40-Hydroxy-30,50-diiodobenzylidene)thiazolidine-
2,4-dione (29)

Following representative procedure 2: 4-hydroxy-3,5-diiodo-
benzaldehyde (0.373 g, 1.00 mmol) and thiazolidin-2,4-dione
(0.116 g, 1.00 mmol) gave 29 (0.218 g, 46%) as an orange solid;
mp 282–283 �C; {lit.65 mp >285 �C); 1H NMR (400 MHz, DMSO-
d6): d = 7.69 (1H, s, C@CH), 7.98 (2H, s, ArH) and 9.17 (1H, br s, NH).

4.2.21. (Z)-5-(40-Hydroxybenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (30)

Following representative procedure 2: 4-hydroxybenzaldehyde
(0.122 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 30 (0.1 g 40%) as an orange solid; mp
194–195 �C; 1H NMR (400 MHz, DMSO-d6): d = 3.38 (3H, s,
NCH3), 6.93 (2H, d, J = 8.7, ArH), 7.47 (2H, d, J = 8.7, ArH), 7.56
(1H, s, C@CH) and 9.67 (1H, br s, OH).
4.2.22. (Z)-3-Amino-5-(40-hydroxybenzylidene)-2-
thioxothiazolidin-4-one (31)

Following representative procedure 2: 4-hydroxybenzaldehyde
(0.122 g, 1.00 mmol) and 3-amino-2-thioxothiazolidin-4-one
(0.148 g, 1.00 mmol), gave 31 (0.19 g; 75%) as an orange solid;
mp 190–191 �C; IR (KBr): mmax/cm�1 = 3404 (OAH), 1703 (C@O)
and 1582 (C@S); 1H NMR (400 MHz, DMSO-d6): d = 5.94 (2H, s,
NH2), 6.92 (2H, d, J = 7.7, ArH), 7.11 (2H, d, J = 7.7, ArH), 7.76 (1H,
s, C@CH), 9.91 (1H, br s, OH); 13C NMR (50 MHz, DMSO-d6):
d = 115.3–158.0 (8 � C), 167.6 and 194.4; LRMS (ESI�): m/z 251
([M�H]�, 100%); HRMS (ESI�): calcd for C10H7N2O2S2 [M�H]�

250.9949, found 250.9943.

4.2.23. (Z)-5-(20-Hydroxybenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (32)

Following representative procedure 2: 2-hydroxybenzaldehyde
(0. 122 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 32 (0.158 g, 63%) as an orange solid;
mp 144–145 �C; 1H NMR (200 MHz, DMSO-d6): d = 3.32 (3H, s,
NCH3), 6.91–7.03 (2H, m, ArH), 7.30–7.42 (2H, m, ArH), 8.01 (1H,
s, C@CH) and 10.76 (1H, br s, OH).

4.2.24. (Z)-3-Amino-5-(20-hydroxybenzylidene)-2-
thioxothiazolidin-4-one (33)

Following representative procedure 2: 2-hydroxybenzaldehyde
(0.122 g, 1.00 mmol) and 3-amino-2-thioxothiazolidin-4-one
(0.148 g, 1.00 mmol) gave 33 (0.194 g, 77%) as an orange solid;
mp 198–200 �C; 1H NMR (400 MHz, DMSO-d6): d = 5.94 (2 H, s,
NH2), 6.92–7.36 (4H, m, ArH), 7.78 (1H, s, C@CH) and 10.11 (1H,
br s, OH).

4.2.25. (Z)-5-(40-Methoxybenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (34)

Following representative procedure 2: 4-methoxybenzaldehyde
(0.136 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 34 (0.214 g, 81%) as an orange solid;
mp 175–176 �C; {lit.66 mp 181 �C}; dH (400 MHz, DMSO-d6) 3.39
(3H, s, NCH3), 3.82 (3H, s, OCH3), 7.09 (2H, d, J = 3.4, ArH), 7.45
(1H, s, C@CH) and 7.53 (2H, d, J = 3.4, ArH).

4.2.26. (Z)-5-(30-Methoxybenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (35)

Following representative procedure 2: 3-methoxybenzaldehyde
(0.136 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 35 (0.210 g, 79%) as an orange solid;
mp 139–141 �C; {lit.67 mp 140–142 �C}; 1H NMR (200 MHz,
DMSO-d6): d = 3.40 (3H, s, NCH3), 3.82 (3H, s, OCH3), 7.10 (1H,
dd, J = 7.8, 2.0, ArH), 7.15–7.26 (2H, m, ArH), 7.48 (1H, s, ArH)
and 7.80 (1H, s, C@CH).

4.2.27. (Z)-5-(20-Methoxybenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (36)

Following representative procedure 2: 2-methoxybenzaldehyde
(0.136 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol), gave 36 (0.224 g, 85%) as an orange solid;
mp 180–181 �C; {lit.67 mp 188–190 �C}; 1H NMR (200 MHz,
DMSO-d6): d = 3.40 (3H, s, NCH3), 3.92 (3H, s, OCH3), 6.99–7.61
(4H, m, ArH) and 7.95 (1H, s, C@CH).

4.2.28. (Z)-3-Methyl-5-(40-methylbenzylidene)-2-
thioxothiazolidin-4-one (37)

Following representative procedure 2: 4-methylbenzaldehyde
(0.120 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 37 (0.164 g, 66%) as an orange solid;
mp 168–169 �C; {lit.63 mp 169.5–170 �C}; 1H NMR (400 MHz,
DMSO-d6): d = 2.37 (3H, s, ArCH3), 3.42 (3H, s, NCH3), 7.38
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(2H, d, J = 6.8, ArH), 7.55 (2H, d, J = 6.8, ArH) and 7.79 (1H, s,
C@CH).

4.2.29. (Z)-3-Methyl-5-(30-methylbenzylidene)-2-
thioxothiazolidin-4-one (38)

Following representative procedure 2: 3-methylbenzaldehyde
(0.120 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol), gave 38 (0.183 g, 74%) as an orange solid;
mp 162–164 �C; {lit.63 mp 164–167 �C}; 1H NMR (200 MHz,
DMSO-d6): d = 2.38 (3H, s, ArCH3), 3.42 (3H, s, NCH3), 7.34 (1H, s,
ArH), 7.39–7.57 (3H, m, ArH) and 7.78 (1H, s, C@CH).

4.2.30. (Z)-3-Methyl-5-(20-methylbenzylidene)-2-
thioxothiazolidin-4-one (39)

Following representative procedure 2: 2-methylbenzaldehyde
(0.120 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 39 (0.196 g, 79%) as an orange solid;
mp 148–149 �C; IR (KBr): mmax/cm�1 1715 (C@O) and 1604
(C@S); 1H NMR (500 MHz, DMSO-d6): d = 2.43 (3H, s, ArCH3), 3.41
(3H, s, NCH3), 7.33–7.47 (4H, m, ArH) and 7.91 (1H, s, C@CH); 13C
NMR (126 MHz, DMSO-d6): d = 19.5, 31.3, 123.4–133.2 (7 � C),
139.3, 166.8 and 194.2; LRMS (ESI�): m/z 248 ([M�H]�, 100%);
HRMS (ESI�): calcd for C12H11NNaOS2 [M+Na]+ 272.0180, found
272.0174.

4.2.31. (Z)-5-(40-Fluorobenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (40)

Following representative procedure 2: 4-fluorobenzaldehyde
(0.124 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 40 (0.162 g, 64%) as an orange solid;
mp 184–185 �C; IR (KBr): mmax/cm�1 = 1711 (C@O) and 1593
(C@S); 1H NMR (400 MHz, DMSO-d6): d = 3.33 (3H, s, NCH3),
7.26–7.54 (2H, m, ArH), 7.64–7.81 (2H, m, ArH) and 7.84 (1H, s,
C@CH); 13C NMR (50 MHz, DMSO-d6): d = 31.6, 117.3, 132.0,
133.5, 133.7, 139.2, 166.2, 166.8 and 192.9; LRMS (ESI+): m/z 253
([M+H]+, 100%); HRMS (ESI+): calcd for C11H9FNOS2 [M+H]+

254.0110, found 254.0103.

4.2.32. (Z)-5-(30-Fluorobenzylidene)-2-thioxothiazolidin-4-one
(41)

Following representative procedure 2: 3-fluorobenzaldehyde
(0.124 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 41 (0.124 g, 52%) as an orange solid; mp 201–
202 �C; {lit.63 mp 201 �C}; 1H NMR (400 MHz, DMSO-d6):
d = 7.39–7.59 (4H, m, ArH) and 7.83 (1H, s, C@CH).

4.2.33. (Z)-5-(30-Fluorobenzylidene)-3-methyl-2-thioxothia-
zolidin-4-one (42)

Following representative procedure 2: 3-fluorobenzaldehyde
(0.124 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 42 (0.176 g, 70%) as an orange solid;
mp 163–164 �C; IR (KBr): mmax/cm�1 = 1710 (C@O) and 1602
(C@S); 1H NMR (400 MHz, DMSO-d6): d = 3.42 (3H, s, NCH3),
7.35–7.65 (4H, m, ArH) and 7.83 (1H, s, C@CH); 13C NMR
(50 MHz, DMSO-d6): d = 32.6, 118.3, 133.6–133.8 (5 � C), 139.5,
169.1, 165.8 and 196.9; LRMS (FI+): m/z 253 ([M]+, 100%); HRMS
(FI+): calcd for C11H8FNOS2 [M]+ 253.0031, found 253.0036.

4.2.34. (Z)-5-(20-Fluorobenzylidene)-2-thioxothiazolidin-4-one
(43)

Following representative procedure 2: 2-fluorobenzaldehyde
(0.124 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 43 (0.113 g, 47%) as an orange solid; mp 201–
203 �C; {lit.63 mp 201–203 �C}; 1H NMR (400 MHz, DMSO-d6):
d = 7.31–7.40 (2H, m, ArH), 7.48 (1H, s, C@CH) and 7.49–7.56
(2H, m, ArH).
4.2.35. (Z)-5-(20-Fluorobenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (44)

Following representative procedure 2: 2-fluorobenzaldehyde
(0.124 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 44 (0.207 g, 82%) as an orange solid;
mp 171–173 �C; C11H8FNOS2 requires C 52.2, H 3.2, N 5.5%, found:
C 52.0, H 3.1, N 5.6%; IR (KBr): mmax/cm�1 = 1709 (C@O) and 1603
(C@S); 1H NMR (400 MHz, DMSO-d6): d = 3.56 (3H, s, NCH3),
7.44–7.64 (2H, m, ArH), 7.65–7.82 (2H, m, ArH) and 7.93 (1H, s,
C@CH); 13C NMR (125 MHz, DMSO-d6): d = 31.3, 116.3, 120.8,
123.5, 125.4, 125.7, 129.6, 133.3, 133.4, 166.9 and 193.5; LRMS
(FI+): m/z 253 ([M]+, 100%); HRMS (FI+): calcd for C11H8FNOS2

[M]+ 253.0031, found 253.0037.

4.2.36. (Z)-5-(40-Chlorobenzylidene)-3-methyl-2-
thioxothiazolidin-4-one (45)

Following representative procedure 2: 4-chlorobenzaldehyde
(0.140 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 45 (0.259 g, 96%) as an orange solid;
mp 192–195 �C; {lit.63 mp 198–200 �C}; 1H NMR (200 MHz,
DMSO-d6): d = 3.40 (3H, s, NCH3), 7.09–7.81 (4H, m, ArH) and
7.83 (1H, s, C@CH).

4.2.37. (Z)-3-Amino-5-(40-chlorobenzylidene)-2-thioxothia-
zolidin-4-one (46)

Following representative procedure 2: 4-chlorobenzaldehyde
(0.140 g, 1.00 mmol) and 3-amino-2-thioxothiazolidin-4-one
(0.148 g, 1.00 mmol) gave 46 (0.208 g, 82%) as an orange solid;
mp 210–211 �C; 1H NMR (400 MHz, DMSO-d6): d = 5.94 (2H, br s,
NH2), 7.21–7.78 (4H, m, ArH) and 7.85 (1H, s, C@CH).67

4.2.38. (Z)-5-(40-Bromobenzylidene)-2-thioxothiazolidin-4-one
(47)

Following representative procedure 2: 4-bromobenzaldehyde
(0.184 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 47 (0.195 g, 65%) as an orange solid; mp 238–
239 �C; {lit.68 mp 231 �C}; 1H NMR (200 MHz, DMSO-d6): d = 7.59
(2H, d, J = 5.2, ArH), 7.75 (1H, s, C@CH) and 7.81 (2H, d, J = 5.2, ArH).

4.2.39. (Z)-5-(40-Biphenylmethylene)-3-methyl-2-thioxothia-
zolidin-4-one (48)

Following representative procedure 2: 4-phenylbenzaldehyde
(0.182 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 48 (0.208 g, 67%) as an orange solid;
mp 144–145 �C; IR (KBr): mmax/cm�1 = 1711 (C@O) and 1591
(C@S); 1H NMR (200 MHz, DMSO-d6): d = 3.37 (3H, s, NCH3),
7.17–7.70 (10H, m, ArH and C@CH); 13C NMR (126 MHz, DMSO-
d6): d = 30.8, 121.3–133.4 (12 � C), 138.6, 142.2, 167.0 and 193.4;
LRMS (FI+): m/z 311 ([M]+, 100%); HRMS (FI+): calcd for C17H13NOS2

[M]+ 311.0439, found 311.0432.

4.2.40. (Z)-5-(Biphenyl-20-ylmethylene)-2-thioxothiazolidin-4-
one (49)

Following representative procedure 2: 2-phenylbenzaldehyde
(0.182 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 49 (0.152 g, 51%) as an orange solid; mp 242–
243 �C; {lit.69 mp 243–244 �C}; 1H NMR (200 MHz, DMSO-d6):
d = 6.86–8.06 (10H, m, ArH and C@CH).

4.2.41. (Z)-5-(Biphenyl-20-ylmethylene)-3-methyl-2-
thioxothiazolidin-4-one (50)

Following representative procedure 2: 2-phenylbenzaldehyde
(0.182 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 50 (0.243 g, 78%) as an orange solid;
mp 150–151 �C; IR (KBr): mmax/cm�1 = 1709 (C@O) and 1585
(C@S); 1H NMR (400 MHz, DMSO-d6): d = 3.37 (3H, s, NCH3),
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7.26–7.40 (2H, m, ArH), 7.43–7.55 (5H, m, ArH), 7.57–7.95 (3H, m,
ArH and C@CH); 13C NMR (100 MHz, DMSO-d6): d = 30.9, 120.2–
135.0 (12 � C), 139.3, 143.4, 172.5 and 191.7; LRMS (FI+): m/z
311 ([M]+, 100%); HRMS (FI+): calcd for C17H13NOS2 [M]+

311.0439, found 311.0436.

4.2.42. (Z)-3-Amino-5-(biphenyl-20-ylmethylene)-2-
thioxothiazolidin-4-one (51)

Following representative procedure 2: 2-phenylbenzaldehyde
(0.182 g, 1.00 mmol) and 3-amino-2-thioxothiazolidin-4-one
(0.148 g, 1.00 mmol) gave 51 (0.213 g, 68%) as an orange solid;
mp 168–169 �C; 1H NMR (400 MHz, DMSO-d6): d = 5.36 (2H, s
NH2), 7.26–7.40 (2H, m, ArH), 7.43–7.55 (5H, m, ArH) and 7.55–
7.68 (3H, m, ArH and C@CH).

4.2.43. (Z)-5-Benzylidene-3-methyl-2-thioxothiazolidin-4-one
(52)

Following representative procedure 2: benzaldehyde (0.106 g,
1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one (0.147 g,
1.00 mmol) gave 52 (0.219 g, 93%) as an orange solid; mp 170–
172 �C; {lit.70 mp 179–181 �C}; 1H NMR (400 MHz, DMSO-d6):
d = 3.41 (3H, s, NCH3), 7.41–7.61 (3 H, m, ArH), 7.66 (2H, d,
J = 7.3, ArH) and 7.84 (1H, s, C@CH).

4.2.44. (Z)-5-(Naphthalen-20-ylmethylene)-2-thioxothiazolidin-
4-one (53)

Following representative procedure 2: 2-naphthaldehyde (0.156 g,
1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g, 1.00 mmol)
gave 53 (0.134 g, 50%) as an orange solid; mp 269–270 �C; {lit.71

mp 269–270 �C}; 1H NMR (400 MHz, DMSO-d6): d = 7.42–8.31 (8H,
m, ArH and C@CH).

4.2.45. (Z)-3-Methyl-5-(naphthalen-20-ylmethylene)-2-
thioxothiazolidin-4-one (54)

Following representative procedure 2: 2-naphthaldehyde
(0.156 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 54 (0.104 g, 37%) as an orange solid;
mp 242–244 �C; {lit.72 mp 242–243 �C}; 1H NMR (400 MHz,
DMSO-d6): d = 3.44 (3H, s, NCH3) and 7.57–8.29 (8H, m, ArH and
C@CH).

4.2.46. (Z)-5-(Naphthalen-20-ylmethylene)thiazolidine-2,4-
dione (55)

Following representative procedure 2: 2-naphthaldehyde
(0.156 g, 1.00 mmol) and thiazolidin-2,4-dione (0.117 g,
1.00 mmol) gave 55 (0.134 g, 53%) as an orange solid; mp 250–
251 �C; 1H NMR (400 MHz, DMSO-d6): d = 7.62 (1H, m, ArH), 7.70
(1H, d, J = 8.7, ArH), 7.95 (1H, s, C@CH), 7.98 (1H, d, J = 7.6, ArH),
8.02–8.09 (3H, m, ArH) and 8.20 (1H, s, ArH).

4.2.47. (Z)-5-(Naphthalen-10-ylmethylene)-2-thioxothiazolidin-
4-one (56)

Following representative procedure 2: 1-naphthaldehyde
(0.156 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 56 as an orange solid (0.270 g, 100%); mp 229–
232 �C; {lit.71 mp 224–225 �C}; 1H NMR (400 MHz, DMSO-d6):
d = 7.37–8.44 (8H, m, ArH and C@CH) and 10.41 (1H, s, NH).

4.2.48. (Z)-3-Methyl-5-(naphthalen-10-ylmethylene)-2-
thioxothiazolidin-4-one (57)

Following representative procedure 2: 1-naphthaldehyde
(0.156 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 57 (0.116 g, 41%) as an orange solid;
mp 146–148 �C; {lit.72 mp 141–142 �C}; 1H NMR (400 MHz,
DMSO-d6): d = 3.65 (3H, s, NCH3), 7.17–8.54 (8H, m, ArH and
C@CH) and 9.95 (1H, s, NH).
4.2.49. (Z)-5-(20-Phenylethylidene)-2-thioxothiazolidin-4-one
(58)

Following representative procedure 2: phenylacetaldehyde
(0.146 g, 1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g,
1.00 mmol) gave 58 (0.176 g, 75%) as an orange solid; mp 293–
294 �C; IR (KBr): mmax/cm�1 = 1698 (C@O) and 1579 (C@S); 1H
NMR (400 MHz, DMSO-d6): d =3.35 (2H, m, CH2Ar), 6.15 (1H, m,
C@CH), 7.06–7.23 (3H, m, ArH) and 7.58 (2H, d, J = 8.6, ArH); 13C
NMR (100 MHz, DMSO-d6): d = 30.3, 113.0–162.6 (8 � C), 167.9
and 192.2; LRMS (FI+): m/z 235 ([M]+, 100%); HRMS (FI+): calcd
for C11H9NOS2 [M]+ 235.0126, found 235.0129.

4.2.50. (Z)-3-Methyl-5-(20-phenylethylidene)-2-
thioxothiazolidin-4-one (59)

Following representative procedure 2: phenylacetaldehyde
(0.146 g, 1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one
(0.147 g, 1.00 mmol) gave 59 (0.265 g, 95%) as an orange solid;
mp 208–209 �C; IR (KBr): mmax/cm�1 = 1702 (C@O) and 1587
(C@S); 1H NMR (500 MHz, DMSO-d6): d = 3.38 (3H, s, NCH3),
3.48–3.53 (2H, m, CH2Ar), 7.23–7.78 (6H, m, ArH and C@CH); 13C
NMR (125 MHz, DMSO-d6): d = 29.0, 31.3, 111.5–163.2 (6 � C),
166.9 and 193.4; LRMS (ESI+): 272 ([M+Na]+, 100%); HRMS
(ESI+): calcd for C12H11NNaOS2 [M+Na]+ 272.0180, found
272.0168.

4.2.51. (Z)-5-Butylidene-2-thioxothiazolidin-4-one (60)
Following representative procedure 2: n-butyraldehyde (90 lL,

1.00 mmol) was distilled and added to 2-thioxothiazolidin-4-one
(0.133 g, 1.00 mmol) gave 60 (0.026 g, 15%) as a yellow oil after
aqueous work up; 1H NMR (400 MHz, DMSO-d6): d = 0.97–0.99
(3H, m, CH3), 1.53–1.55 (2H, m, CH2CH3), 2.56–2.58 (2H, m,
C@CHCH2) and 6.29–6.31 (1H, m, C@CH).

4.2.52. (Z)-5-Hexylidene-2-thioxothiazolidin-4-one (61)
Following representative procedure 2: n-hexanal (122 lL,

1.00 mmol) was distilled and added to 2-thioxothiazolidin-4-one
(0.133 g, 1.00 mmol) gave 61 (0.04 g, 19%) as a yellow oil; 1H
NMR (400 MHz, DMSO-d6): d = 0.97–0.99 (3H, m, CH3), 1.24–1.74
(6H, m, ACH2A), 2.65–2.68 (2H, m, C@CHCH2) and 6.31–6.33 (1H,
m, C@CH).

4.2.53. (Z)-5-Octylidene-2-thioxothiazolidin-4-one (62)
Following representative procedure 2: n-octanal (156 lL,

1.00 mmol) was distilled and added to 2-thioxothiazolidin-4-one
(0.133 g, 1.00 mmol) gave 62 (0.0267 g, 11%) as a yellow oil; 1H
NMR (400 MHz, DMSO-d6): d = 0.95–0.98 (3H, m, CH3), 1.39–1.70
(10H, m, -CH2-), 2.66–2.71 (2H, m, C@CHCH2) and 6.35–6.39 (1H,
m, C@CH).

4.2.54. (Z)-5-Decylidene-2-thioxothiazolidin-4-one (63)
Following representative procedure 2: n-decanal (188 lL,

1.00 mmol) was distilled and added to 2-thioxothiazolidin-4-
one (0.133 g, 1.00 mmol) gave 63 (0.065 g, 24%) as a yellow so-
lid; mp 74–76 �C; {lit.63 mp 76–76.5 �C}; 1H NMR (400 MHz,
DMSO-d6): d = 0.92–0.95 (3H, m, CH3), 1.32–1.70 (14H, m,
ACH2A), 2.66–2.71 (2H, m, C@CCHCH2) and 6.36–6.42 (1H, m,
C@CH).

4.2.55. (Z)-5-(10-Phenylethylidene)-2-thioxothiazolidin-4-one
(64)

Following representative procedure 2: acetophenone (0.120 g,
1.00 mmol) and 2-thioxothiazolidin-4-one (0.133 g, 1.00 mmol)
gave 64 (0.265 g, 95%) as an orange solid; mp 207–209 �C;
{lit.63 mp 165–166 �C}; 1H NMR (400 MHz, DMSO-d6): d = 2.58
(3H, s, C@CCH3), 7.39–7.73 (3H, m, ArH) and 7.90–8.04 (2H, m,
ArH).
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4.2.56. (Z)-3-Methyl-5-(10-phenylethylidene)-2-thioxothia-
zolidin-4-one (65)

Following representative procedure 2: acetophenone (0.120 g,
1.00 mmol) and 3-methyl-2-thioxothiazolidin-4-one (0.147 g,
1.00 mmol) gave 65 (0.218 g, 88%) as an orange solid; mp 169–
170 �C; 1H NMR (200 MHz, DMSO-d6): d = 2.58 (3H, s, ArCH3),
3.32 (3H, s, NCH3), 7.39–7.73 (3H, m, ArH) and 7.88–8.03 (2H, m,
ArH and C@CH).
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