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Abstract
Despite existing experimental and computational tools to assess the risk, the non-specific chemical modification of pro-

tein thiol groups remains a significant source of false-positive hits, particularly in academic drug discovery. Herein, we

describe the application of a simple NMR method in a systematic study on the reactivity of 5-benzylidenebarbiturates,

5-benzylidenerhodanines, and their related oxo-heterocycles, which have been associated with numerous biological ac-

tivities and have recently gained a reputation as unselective promiscuous binders. Using this method, we confirmed the

reactivity of 5-benzylidenebarbiturates, which are known to easily form Michael adducts with nucleophiles. In contrast,

5-benzylidene five-membered oxo-heterocycles revealed almost insignificant reactivity. We can conclude that the dis-

tinct binding profile of the most controversial compounds, 5-benzylidenerhodanines, is not necessarily related to their

unspecific Michael acceptor reactivity.
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1. Introduction

One of the problems in the early stages of drug dis-
covery is the number of nonspecific, false-positive hits.
Such compounds, which turn out to be dead ends when at-
tempts are made to optimise their activity, are very costly
in terms of time and resources. Thus, it is imperative that
medicinal chemists recognise and eliminate these proble-
matic molecules from further consideration at the earliest
possible stage.1 It appears that nonspecific biological acti-
vity may arise through cross-reactivity between the com-
pound and the target protein. However, for some com-
pounds it is not always obvious that they will be prone to
react with a protein; hence, such compounds can escape
traditional functional group filters designed to capture
problematic molecules.2–4 For example, heterocyclic cores
tend to mask the appearance of Michael acceptor functio-
nality in 5-benzylidenebarbiturates and 5-benzylidenerho-

danines, scaffolds often appearing in the literature in the
compounds with a wide range of biological effects which
recently gained a reputation of being unselective and pro-
miscuous binders.2–6

It is believed that 5-benzylidenerhodanines undergo
facile reaction with nucleophiles via Michael addition to
the exocyclic double bond (Figure 1). Indeed, in the cry-
stal structure of 5-benzylidenerhodanine-based inhibitors
in complex with the HCV RNA polymerase NS5B, a co-
valent bond between the inhibitor and a cysteine residue
in the allosteric binding site has been observed. However,
this inhibition was found to be reversible.7

Furthermore, there are crystal structures of rhodani-
ne-based inhibitors with different enzymes available,
where 5-benzylidenerhodanine fragment does not form
covalent bonds with the target proteins. This was observed
in the co-crystal structures of compounds that were desig-
ned in our lab as inhibitors of the bacterial enzyme MurD
ligase (PDB codes: 2Y1O, 2WJP, and 2Y68).9,10
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Still, rhodanines have been identified as thiol-reacti-
ve compounds through the use of ALARM NMR, an as-
say to detect reactive molecules by NMR.11 A systematic
study on the promiscuity of rhodanines, hydantoins,
thiohydantoins, and thiazolidine-2,4-diones was recently
performed by Mendgen et al..12 These researchers evalua-
ted the Michael acceptor reactivity of the exocyclic doub-
le bond of 14 compounds that showed activity against one
or more enzymes using glutathione as an exemplary bio-
logical nucleophile. In no case was the addition of glutat-
hione detected, which indicated that the electrophilicity of
this exocyclic double bond conjugated to the carbonyl
group is not significant. However, the reactivity of the in-
vestigated compounds on their target proteins could not be
completely excluded because the reactivity of cysteine
sulphur varies depending on the protein environment.12

The reactivity of 5-arylmethylidenebarbituric acids
as Michael acceptors is less questionable. These com-
pounds contain a strongly polarised exocyclic double bond
with a partial positive charge on the methyne carbon atom,
and it is known that they can form Michael adducts with
nucleophiles, such as amines,13–15 thiols,16 and water.17

Recently, Avonto et al. developed an NMR spectros-
copic method18 to identify Michael acceptor sites using
cysteamine.19 With a pKa of 8.3, cysteamine has similar
reactivity as many surface thiols of proteins and is there-
fore a model thiol for a reactivity screen. The method sorts
compounds in a reversible and an irreversible thiol sinks
and predicts their potential ability to modify proteins.
Authors suggested that this rapid NMR spectroscopic test
could be used as a pre-screen for more complex assays for
the prediction of the reactivity of compounds, such as
ALARM NMR spectroscopy, which requires a labelled
protein substrate and 2D NMR spectroscopic measure-
ments,11 the 13C NMR approach,20 UV-based glutathione
trapping experiments21 and kinetic assessment of UV-acti-
ve compounds towards thiols.22

Having identified various 5-benzylidenebarbiturate-23

and 5-benzylidenerhodanine-based compounds9,10,23–26 as
hits in our screening campaigns against enzyme targets in

bacterial peptidoglycan biosynthesis, we decided to per-
form a systematic study on the reactivity of some 5-
benzylidenebarbiturates, 5-benzylidenerhodanines, and
their parent analogue heterocycles (Figure 2) using this
simple and quick NMR spectroscopic method.18

2. Results and Discussion

2. 1. Chemistry
For our study, we have synthesised a series of un-

substituted as well as p-nitro-, p-cyano-, p-hydroxy-, and
p-carboxy- substituted 5-benzylidenebarbiturates, -rhoda-
nines, -hydantoins, -thiohydantoins, and -thiazolidine-
2,4-diones (Figure 2).

The 5-benzylidenebarbiturates 1a-1e were synthesi-
sed via Knoevenagel condensation between the barbituric
acid and different benzaldehydes with heating the rea-
gents in water at 100 °C for 12 h (Scheme 1).17

Figure 1. Reaction of 5-benzylidenerhodanine with nucleophile

(DTT) via Michael addition to the exocyclic double bond.8

Figure 2. Heterocyclic Michael acceptor compounds studied in this

work.

Scheme 1. Reagents and conditions: a) H2O, reflux, 12 h

The 5-benzylidene thiazolidin-4-one-based com-
pounds 2a-2e and 3a-3e were prepared via condensation
between 2-thioxothiazolidine-4-one (rhodanine) or thia-
zolidine-2,4-dione and different benzaldehydes. The pro-
ducts were synthesised under microwave heating at 150
°C for 20 min, and utilizing glacial acetic acid and piperi-
dine as catalysts (Scheme 2). 26

When the same reaction conditions were used for
the synthesis of hydantoin and thiohydantoin derivatives,
the desired products 4a–4e and 5a–5e were not obtained.
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After testing different reaction condition and solvents, the
target compounds were finally obtained when imidazoli-
dine-2,4-dione or 2-thioxoimidazolidine-4-one and sui-
table benzaldehydes were heated under reflux in glacial
acetic acid for 20 h using ammonium acetate as the ca-
talyst (Scheme 3).10

The reduction of 5-(4-nitrobenzylidene) barbituric
acid (1b) to 5-(4-nitrobenzyl) barbituric acid (1f) was per-
formed with sodium borohydride in ethanol as the solvent
at room temperature for 2 h (Scheme 4).27

2. 2. NMR Spectroscopy

To unambiguously assign the spectra and establish
the presence of the vinyl group, heteronuclear correlation
NMR experiments (HSQC and HMBC) were first perfor-
med for all compounds (data not shown). Vinyl protons
exhibit proton chemical shifts between δ6.51 and 8.33
ppm, whereas the respective carbon resonances occur bet-
ween δ105.1 and 129.0 ppm (Supporting Information,
Section 1).

The Avontos NMR assay conditions were employed
as described in the literature.18 Our compounds were trea-
ted with one equivalent of cysteamine in DMSO-d6. The
1H NMR signal intensity of the vinyl proton was then
measured to estimate the reactivity of the compound. The
treatment of 5-benzylidenebarbiturates with cysteamine
led to the instantaneous formation of Michael adducts (Fi-
gure 3a), as was observed in the 1H NMR spectra through
the disappearance of the vinyl proton signal (Figure 4).

In contrast, 5-benzylidenerhodanines, -thiohydan-
toins, -hydantoins, and -thiazolidine-2,4-diones (Figure
3b) gave only sluggish and incomplete reactions with
cysteamine, which were observable only as a modulation
of the intensity of the vinyl signal in the 1H NMR spectra
(Supporting Information, Section 2 and 4, Table 1). Besi-
des alteration of the vinyl signal, changes in the chemical
shifts and additional signals were observed. To obtain the
exact structural information of the products that were ex-
pected to be Michael adducts, we performed HMBC and
HSQC experiments of the reaction mixture after addition
of cysteamine (Supporting Information, Section 3, Figure
7b and 8b). The spectra revealed the formation of either
the expected cysteamine adduct (Figure 3) only or addi-

Scheme 2. Reagents and conditions: a) EtOH, AcOH, piperidine, 30 W, 18 bar, 150 °C, 20 min.

Scheme 3. Reagents and conditions: a) AcOH, CH3COONH4, reflux, 20 h.

Scheme 4. Reagents and conditions: a) NaBH4, EtOH, rt, 2 h.

Scheme 5. Reagents and conditions: a) diethyl 2,6-dimethyl-1,4-di-

hydro-3,5-pyridinedicarboxylate, silica gel 60, toluene, 100 °C, 24 h.

For the synthesis of the 5-(4-nitrobenzyl)-2-oxo-
thiazolidin-4-one derivative with the reduced exocyclic
double bond (2f), 5-(4-nitrobenzylidene)-2-oxo-thiazoli-
din-4-one (2b) was reduced using diethyl 2,6-dimethyl-
1,4-dihydro-3,5-pyridinedicarboxylate (Hantzsch ester)
and activated silica gel (Scheme 5).25
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tionally, an adduct with the amino group of cysteamine
(Supporting Information, Section 3, Figure 9b). The chan-
ges in the chemical shifts of the aromatic and vinyl pro-
tons in 5-benzylidenerhodanines, -thiohydantoins, -
hydantoins, and -thiazolidine-2, 4-diones can be referred
to the changes in the tautomeric form of five-membered
heterocycles.28

The formation of a Michael adduct and the conse-
quent modulation of the intensity of the vinyl signal was
also dependent on the substitution on the aromatic ring of
the tested compounds. This can be explained by the diffe-
rences in the reactivity of the exocyclic double bond as a
result of the electronic properties of the substituents on
the aromatic ring. It has been demonstrated that the Lewis
acidity and hence the reactivity of 5-arylmethylidenebar-

bituric acids toward Michal addition increase in the pre-
sence of electron-withdrawing substituents. Thus, nitro,
carboxyl, and cyano groups enhance the Lewis acidity of
benzylidene carbon, whereas the electron-donating hy-
droxyl group renders exocyclic doube bond less suscep-
tible to nucleophilic attack.17 Consequently, changes in
spectra were most clear in heterocyclic compounds with
the p-nitro substituent on the aromatic ring, thus we deci-
ded to focus and fully present here results on p-nitro-sub-
stituted 5-benzylidenebarbiturates, -rhodanines, -hydan-
toins, -thiohydantoins, and -thiazolidine-2,4-diones (Tab-
le 1).

To obtain further insight into the role of the exocyc-
lic double bond in the reaction between 5-benzylidene-
substituted heterocycles with cysteamine, 5-benzylidene-

Figure 3. Reactions of heterocyclic derivatives containing an exocyclic double bond, with cysteamine.

a)

b)

Figure 4. 1H NMR spectra of 1b in DMSO-d6 before (A) and 5 minutes after the addition of 1 equivalent of cysteamine (B). The arrow denotes the

NMR signal of the vinyl proton of 1b that disappears during the course of the reaction.

a)

b)
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barbiturate 1b and 5-benzylidenerhodanine 2b were redu-
ced to obtain the corresponding benzyl derivatives 1f and
2f, respectively. As expected, the treatment of 1f and 2f
with one equivalent of cysteamine in DMSO-d6 did not
lead to any changes in the NMR spectra (Supporting In-
formation, Section 2, Figure 6b).

re incubated for 15 min.23 To place the method into pers-
pective, the reaction of cysteamine was also studied on a
longer time scale (after 10 minutes, 30 minutes, 1 hour,
and 24 hours), but no important changes were observed in
the spectra of any of the tested compounds.

Additionally, by using the NMR method developed
by Avonto et al.,18 we analysed compound 6, which con-
tains the 5-benzylidene thiazolidine-2,4-dione moiety (Fi-
gure 5) and was designed as an inhibitor of the bacterial
MurD ligase. The crystal structure of the enzyme-inhibi-
tor complex revealed that the thiazolidine-2,4-dione mo-
iety of 6 (Figure 5) is located in the uracil-binding pocket
in the active site of the enzyme, where it forms hydrogen
bonds, stacking, and hydrophobic interactions with the ac-
tive site residues, but makes no covalent bonds with the
nucleophilic amino acid residues of the protein.24

Table 1. Quantification of the analytes after the addition of cystea-

mine.

Relative amount Relative amount
Analyte of reactant (%) of conjugatea (%)

NMR NMR
1b-cysteamine 0 71.9

2b-cysteamine 76.3 15.2

3b-cysteamine 72.4 15.3

4b-cysteamine 88.1 7.0

5b-cysteamine 94.3 3.2

The relative amounts were quantified 5 minutes after the mixing of

the reactants in the NMR tube. The quantification of the cysteami-

ne conjugates was performed by integrating the signals of adducts

and comparing the values to those from the integrals of the corres-

ponding parent compounds. For statistical reasons, each measure-

ment was repeated three times.
a relative amount of the main adduct with the thiol group of cystea-

mine

We can conclude that 5-benzylidenerhodanines and
similar heterocyclic analogues are not entirely nonreacti-
ve, although the electrophilicity of this Michael-acceptor
system is much less significant compared with that of 5-
benzylidenebarbiturates. Still, it should be emphasised
that a concentration of an enzyme in an enzyme assays is
always much lower than the concentration of the tested
compounds; therefore, even if the Michael addition reac-
tion occurs in a very small extent, it can affect the results
of the test and consequently give a false-positive result.

The experimental protocol developed by Avonto et
al. suggests the dilution of the adduct in DMSO-d6 with
deuterochloroform as a test for the reversibility of the
Michael adduct formation, since in the equilibrium, a
change of the polarity would reverse the reaction, with
reappearance of the olefin resonance lost during the addi-
tion reaction in DMSO-d6. The adduct stability is a critical
determinant for the biological profile of thiol-trapping
agents and a criterion for the potential application of such
agents in medicinal chemistry.29 However, due to the low
solubility of our compounds in the DMSO/chloroform
mixture, we were unable to perform these experiments,
which prevented us from classifying our test compounds
at either reversible or irreversible thiol sinks.

According to our standard experimental protocol,
the spectra of the compounds were measured 5 minutes
after the addition of cysteamine. However, it usually took
longer to complete the enzymatic assay for the assessment
of the activity of our compounds; hence, the mixtures we-

Figure 5: Crystal structure of the thiazolidin-2,4-dione-based inhi-

bitor 6 in the active site of E. coli MurD (PDB ID code: 2Y67) .24

The interactions with the amino acid residues in the active site are

presented as dashed lines.

We confirmed this findings through our NMR expe-
riment where compound 6 gave only a slow and incom-
plete reaction with cysteamine even after the addition of
an excess (5 eq) of cysteamine (Supporting Information,
Figure 5b).

The applied NMR spectroscopic method can be
used as a simple and rapid experimental tool for the asses-
sment of hit compounds for their potential to covalently
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modify protein targets via cysteine thiol group addition to
Michael acceptors-the reactivity can be easily estimated
by the measurement of the 1H NMR signal intensity of the
vinyl proton. Additionally, the method provides important
structural information, particularly if more than one reac-
tive site is present in a molecule. However, the reactivity
of compounds with their target proteins could not be com-
pletely excluded using this method because the reactivity
of cysteine thiol group importantly varies depending on
the protein environment.

3. Conclusion

In summary, we have evaluated the Michael-accep-
tor reactivity of benzylidene-substituted oxo-heterocyclic
compounds, potential Michael acceptors, in the presence
of cysteamine as an exemplary biological nucleophile us-
ing Avonto et al.18 NMR method.

Our findings indicate that although 5-benzylidenerho-
danines and similar heterocyclic compounds are not entirely
nonreactive for addition of cysteamine, their electrophilici-
ties are significantly lower compared to those of 5-benzyli-
denebarbiturates. We have confirmed that compound 6, a
potent thiazolidine-2,4-dione-based MurD inhibitor, does
not act as a Michael acceptor for cysteamine. We can conc-
lude that the distinct binding profile of the most controver-
sial compounds, 5-benzylidenerhodanines, is not necessa-
rily related to their unspecific Michael acceptor reactivity.

4. Experimental Section

4. 1. Chemistry
The chemicals were obtained from Acros, Aldrich

Chemical Co., Apollo Scientific, and Fluka and used
without further purification. The analytical thin-layer
chromatography was performed on silica gel Merck 60
F254 precoated plates (0.25 mm). The flash column chro-
matography was carried out on silica gel 60 (particle si-
ze of 0.040–0.063 mm; Merck, Germany). The melting
points were determined on a Reichert hot stage micros-
cope and are uncorrected. The 1H NMR spectra were re-
corded on a Bruker Avance III 400 MHz spectrometer at
295 K and 400 MHz and are reported in ppm using the
solvent as the internal standard (DMSO-d6 at 2.50 ppm).
The 13C NMR spectra were recorded on a Bruker Avance
III 400 MHz spectrometer at 295 K and 100 MHz and
are reported in ppm using the solvent as the internal
standard (DMSO-d6 at 39.5 ppm). 1H/13C HSQC and
HMBC spectra were recorded on a Bruker Avance III
400 MHz spectrometer at 295 K and 400 MHz and are
reported in ppm using the solvent as the internal stan-
dard (DMSO-d6 at 2.50 ppm). The 1H/15N HMBC spec-
trum was recorded on a Varian DDR2 600 MHz spectro-
meter at 295 K. The mass spectra data were recorded us-

ing a Q-Tof Premier (Waters-Micromass, Manchester,
UK).

General procedure for the preparation of 5-benzylide-
ne barbituric acids 1a–1e.
A suspension of the corresponding benzaldehyde (1.00
mmol) and barbituric acid (128 mg, 1.00 mmol) in water
(20 mL) was refluxed for 10 h. The mixture was then coo-
led to room temperature, and the product was filtered off
and washed with EtOH.

General procedure for the preparation of 5-benzylide-
nerhodanines 2a–2e and 5-benzylidenethiazolidin-4-
one 3a–3e.
To a suspension of rhodanine (2a–2e; 700 mg, 5,26
mmol) or thiazolidine-2,4-dione (3a–3e; 616 mg, 5.26
mmol) and the corresponding benzaldehyde ( 5.78 mmol)
in absolute ethanol (5 mL) in a 10-mL process vial, glacial
acetic acid (25 μL, 0.26 mmol) and piperidine (26 μL,
0.26 mmol) were added. The vial was sealed, placed in a
microwave reactor, and heated at 150 °C for 20 minutes
(maximum power of 30 W). The reaction mixture was
cooled, and the precipitate filtered off and dried.

General procedure for the preparation of 5-benzylide-
ne hydantoins 4a–4e and 5-benzylidene thiohydantoins
5a–5e.
To a stirred suspension of the corresponding benzaldehy-
des (3.33 mmol) and imidazolidine-2,4-dione (500 mg, 5
mmol) or 2-thioxoimidazolidin-4-one (580 mg, 5 mmol)
in glacial acetic acid (5 mL) ammonium acetate (507 mg,
6.6 mmol) was added and the reaction mixture was heated
under reflux for 20 h. The solution was cooled, and the
precipitate was filtered off, washed with water and etha-
nol, and dried.

(Z)-4-((2,5-dioxoimidazolidin-4-ylidene)methyl)ben-
zoic acid (4c). Yield: 52%; yellow solid; m. p. > 300 °C;
IR (KBr) ν = 3155, 1778, 1723, 1656, 1606, 1387, 1266,
1183, 1118, 1104, 1012, 885 cm–1. 1H NMR (DMSO- d6,
400 MHz): δ 13.05 (s, 1H, COOH), 11.37 (s, 1H, NH),
10.73 (s, 1H, NH), 7.93 (d, 2H, J = 8.4 Hz, Ar-H-2,6),
7.73 (d, 2H, J = 8.4 Hz, Ar-H-3,5), 6.46 (s, 1H, CH=C).
13C NMR (DMSO-d6, 100 MHz) δ 166.9, 165.4, , 155.7,
137.3, 129.8, 129.5, 129.4, 129.2, 106.7. MS (ESI) (%) =
231.0 ([M-H]–). HRMS (ESI-): m/z [M-H]– calcd for
C11H7N2O4: 231.0406, found: 231.0409.

Z)-4-((5-oxo-2-thioxoimidazolidin-4-ylidene)methyl)
benzoic acid (5c). Yield: 52%; yellow crystals; m. p.
>300 °C ; IR (KBr) ν = 3312, 2985, 2478, 1731, 1694,
1651, 1495, 1377, 1266, 1171, 1114, 1087, 882 cm–1. 1H
NMR (DMSO- d6, 400 MHz): δ 13.03 (s, 1H, COOH),
12.49 (s, 1H, NH), 12.34 (s, 1H, NH), 7.94 (d, 2H, J = 8.4
Hz, Ar-H-2,6), 7.84 (d, 2H, J = 8.4 Hz, Ar-H-3,5), 6.51 (s,
1H, CH=C). 13C NMR (DMSO-d6, 100 MHz) δ 179.6,
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166.8, 165.7, 136.6, 130.5, 130.0, 129.5, 129.1, 109.7.
MS (ESI) (%) = 247.0 ([M-H]–). HRMS (ESI-): m/z 
[M-H]– calcd for C11H7N2O3S: 247.0177, found:
247.0175.

4. 2. NMR Experiments

The compound (0.10 mmol) was dissolved in 
DMSO-d6 (500 μL) in a standard 5-mm NMR tube, and
the spectrum was recorded at 400 MHz. Cysteamine (7.7
mg, 0.10 mmol, 1 mol equiv) was then added, and the 1H
NMR spectrum was recorded 5 min after the addition. A
positive assay was evidenced by the disappearance of a
particular 1H NMR absorption for olefin system of the
substrate. All of the original spectra are presented in the
Supporting Information.

The 1H/15N HMBC spectrum was recorded at 600
MHz 15 min after the addition of cysteamine (7.7 mg,
0.10 mmol) to the tube with compound 1b (26.2 mg, 0.10
mmol) dissolved in DMSO-d6 (500 μL).
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Povzetek
Kljub obstoje~im eksperimentalnim in ra~unalni{kim orodjem za detekcijo la`no pozitivnih zadetkov, ostaja

nespecifi~na kemijska modifikacija tiolnih skupin proteinov pomemben vir la`no pozitivnih spojin. V ~lanku smo

opisali uporabo preproste NMR metode v sistemati~ni {tudiji reaktivnosti 5-benzilidenbarbituratov, 5-benzilidenrodani-

nov, in sorodnih okso-heterociklov, struktur ki so povezane s {tevilnimi biolo{kimi aktivnostmi in so pred kratkim pri-

dobile sloves neselektivnih, promiskuitetnih ligandov. Z uporabo te metode smo potrdili reaktivnost 5-benzilidenbarbi-

turatov za katere je znano, da lahko tvorijo Michaelove adukte z nukleofili. Nasprotno so 5-benziliden pet~lenski okso-

heterocikli izkazali skoraj nepomembno reaktivnost. Zaklju~imo lahko, da profil vezave najbolj spornih spojin, 5-ben-

zilidenrodaninov, ni nujno povezan z njihovo nespecifi~no Michael-akceptorsko reaktivnostjo.
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Section 1. 
1H and 13C chemical shifts of the parent compounds and Michael adducts.
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Figure 1a. Assigned 1H (left) and 13C (right) NMR Spectra of 1b (1), its Michael adduct with the thiol group of cysteamine (2) and its Michael ad-

duct with the amino group of cysteamine (3).
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Figure 2a. Assigned 1H (left) and 13C (right) NMR Spectra of 2b (1), its Michael adduct with the thiol group of cysteamine (2) and its Michael ad-

duct with the amino group of cysteamine (3).

Figure 2a. Assigned 1H (left) and 13C (right) NMR Spectra of 2b (1), its Michael adduct with the thiol group of cysteamine (2) and its Michael ad-

duct with the amino group of cysteamine (3).

Figure 3a. Assigned 1H (left) and 13C (right) NMR Spectra of 3b (1), its Michael adduct with the thiol group of cysteamine (2) and its Michael ad-

duct with the amino group of cysteamine (3).
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Figure 4a. Assigned 1H (left) and 13C (right) NMR Spectra of 4b (1), its Michael adduct with the thiol group of cysteamine (2) and its Michael ad-

duct with the amino group of cysteamine (3).

Figure 5a. Assigned 1H (left) and 13C (right) NMR Spectra of 5b (1), because this compound was almost nonreactive, the Michael adducts could

not be assigned properly.
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Figure 1b. 1H NMR spectra of 2b in DMSO-d6 before (A), 5 minutes after the addition of 1 equivalent of cysteamine (B), and 5 minutes after the

addition of 20 equivalents of cysteamine (C). The arrow notes the NMR signal of the vinyl proton.

Figure 2b. 1H NMR spectra of 3b in DMSO-d6 before (A) and 5 minutes after the addition of 1 equivalent of cysteamine (B). The arrow notes the

NMR signal of the vinyl proton.

Section 2: 
Original NMR spectra.
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Figure 3b. 1H NMR spectra of 4b in DMSO-d6 before (A) and 5 minutes after the addition of 1 equivalent of cysteamine (B). The arrow notes the

NMR signal of the vinyl proton.

Figure 4b. 1H NMR spectra of 5b in DMSO-d6 before (A) and 5 minutes after the addition of 1 equivalent of cysteamine (B). The arrow notes the

NMR signal of the vinyl proton.
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Figure 5b. 1H NMR spectra of compound I in DMSO-d6 before (A) and 5 minutes after the addition of 5 equivalents of cysteamine (B). The arrow

notes the NMR signal of the vinyl proton.

Figure 6b. 1H NMR spectra of 1f in DMSO-d6 before (A) and 5 minutes after the addition of 1 equivalent of cysteamine (B). The arrow notes the

NMR signal of the methylene proton.
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Section 3: 
We confirmed the formation of adducts between 1b and cysteamine with the 1H-13C HMBC NMR, . 1H-13C HSQC

NMR spectra and the 1H-15N HMBC NMR spectra.

Figure 7b. 1H-13C HMBC NMR spectra reveal the formation of Michael adduct between 1b and the thiol group of cysteamine.
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Figure 8b. 1H-13C HSQC NMR spectra reveal the formation of Michael adduct between 1b and the thiol group of cysteamine, 
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Figure 9b. 1H-15N HMBC NMR spectra reveal the formation of Michael adduct between 1b and the amino group of cysteamine.
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Section 4:

Section 5:

Analysis of compounds
5-Benzylidenepyrimidine-2,4,6(1H,3H,5H)-trione (1a).
White crystals; mp 265–268 °C (lit.1 256–258 °C); 1H
NMR (400 MHz, [D6]DMSO, DMSO-d6) δ = 11.40 (s,
1H, NH), 11.25 (s, 1H, NH), 8.29 (s, 1H, CH=C),
8.07–8.09 (m, 2H, Ar-H-2,6), 7.57–7.61 (m, 3H, Ar-H-
3,4,5). 13C NMR (100 MHz, [D6]DMSO, DMSO-d6) δ
163.4, 161.5, 154.6, 150.2, 133.1, 132.6, 132.2, 128.0,
119.1. HRMS (ESI-): m/z [M-H]– calcd for C11H7N2O3:
215.0457, found: 215.0454. 

5-(4-Nitrobenzylidene)pyrimidine-2,4,6(1H,3H,5H)-
trione (1b). White crystals; mp 289–292 °C (lit.2 290–293
°C); 1H NMR (400 MHz, [D6]DMSO, DMSO-d6) δ =
11.50 (s, 1H, NH), 11.33 (s, 1H, NH), 8.33 (s, 1H,

Table 1. Quantification of the analytes after the addition of cystea-

mine- the table with all compounds and their reactivities.

Relative amount Relative amount
Analyte of reactant (%) of conjugatea (%)

NMR NMR
1a-cysteamine 0 46

1b-cysteamine 0 71.9

1c-cysteamine 0 51.2

1d-cysteamine 0 53.4

1e-cysteamine 0 29.7

2a-cysteamine 92.6 5.5

2b-cysteamine 76.3 15.2

2c-cysteamine 91.7 4.5

2d-cysteamine 79.4 13.8

2e-cysteamine 97.1 1.9

3a-cysteamine 80.6 12.9

3b-cysteamine 72.4 15.3

3c-cysteamine 85.5 8.5

3d-cysteamine 76.3 15.2

3e-cysteamine 93.5 3.7

4a-cysteamine 95.2 3.1

4b-cysteamine 88.1 7.0

4c-cysteamine 95.2 2.8

4d-cysteamine 94.3 4.7

4e-cysteamine 95.2 1.8

5a-cysteamine 94.3 2.7

5b-cysteamine 94.3 3.2

5c-cysteamine 94.3 2.8

5d-cysteamine 94.2 2.9

5e-cysteamine 99 1

The relative amounts were quantified 5 minutes after the mixing of

the reactants in the NMR tube. The quantification of the cysteami-

ne conjugates was performed by integrating the signals of adducts

and comparing the values to those from the integrals of the corres-

ponding parent compounds. For statistical reasons, each measure-

ment was repeated three times. arelative amount of the main adduct

with the thiol group of cysteamine

CH=C), 8.26 (d, 2H, J = 8.8 Hz, Ar-H-3,5), 8.03 (d, 2H, J
= 8.8 Hz, Ar-H-2,6). 13C NMR (100 MHz, [D6]DMSO,
DMSO-d6) δ = 162.6, 161.1, 151.0, 150.2, 148.0, 140.0,
132.2, 122.6, 122.3. HRMS (ESI-): m/z [M-H]– calcd for
C11H6N3O5: 260.0307, found: 260.0304.

4-((2,4,6-Trioxotetrahydropyrimidin-5(6H)-ylide-
ne)methyl)benzoic Acid (1c). White crystals; mp >
300°C (lit.3 >300 °C); 1H NMR (400 MHz, [D6]DMSO,
DMSO-d6) δ = 13.22 (s, 1H, COOH), 11.46 (s, 1H, NH),
11.29 (s, 1H, NH), 8.31 (s, 1H, CH=C), 8.00 (d, 2H, J =
8.4 Hz, Ar-H-2,6), 7.96 (d, 2H, J = 8.4 Hz, Ar-H-3,5). 13C
NMR (100 MHz, [D6]DMSO, DMSO-d6 ) δ = 166.7,
163.0, 161.3, 152.7, 150.2, 137.1, 132.6, 131.9, 128.5,
121.0. HRMS (ESI-): m/z [M-H]– calcd for C12H7N2O5:
259.0355, found: 259.0349. 

4-((2,4,6-Trioxotetrahydropyrimidin-5(6H)-ylide-
ne)methyl)benzonitrile (1d). White crystals; mp > 300 °C
(lit.4 320 °C); 1H NMR (400 MHz, [D6]DMSO, DMSO-d6)
δ = 11.49 (s, 1H, NH), 11.32 (s, 1H, NH), 8.29 (s, 1H,
CH=C), 7,99 (d, 2H, J = 8.4 Hz, Ar-H-2,6), 7.90 (d, 2H, J
= 8.4 Hz, Ar-H-3,5). 13C NMR ( 100 MHz, [D6]DMSO,
DMSO-d6) δ = 162.7, 161.2, 151.6, 150.2, 137.9, 131.9,
131.5, 121.9, 118.5, 112.7. HRMS (ESI-): m/z [M-H]– cal-
cd for C12H6N3O3: 240.0409, found: 240.0412. 

5-(4-Hydroxybenzylidene)pyrimidine-2,4,6(1H,3H,
5H)-trione (1e). White crystals; mp >300 °C (lit.5 >300
°C); 1H NMR (400 MHz, [D6]DMSO, DMSO-d6) δ =
11.26 (s, 1H, NH), 11.14 (s, 1H, NH), 10.81 (s, 1H, OH),
8.33 (d, 2H, J = 8.9 Hz, Ar-H-2,6), 8.21 (s, 1H, CH=C),
6.88 (d, 2H, J = 8.9 Hz, Ar-H-3,5). 13C NMR (100 MHz,
[D6]DMSO, DMSO-d6) δ = 164.1, 163.0, 162.3, 155.4,
150.2, 138.3, 123.7, 115.5, 114.2. HRMS (ESI-): m/z 
[M-H]– calcd for C11H7N2O4: 231.0406, found: 231.0404.

5-(4-nitrobenzyl)pyrimidine-2,4,6(1H,3H,5H)-trione
(1f). To a suspension of compound 1b (261 mg, 1.00
mmol) in ethanol (20 mL), NaBH4 (113 mg, 3.00 mmol)
was added. The reaction mixture was stirred at RT for 2 h.
The ?nal suspension was filtered and washed with ethanol
(20 mL) and dichloromethane to obtain compound 1f (220
mg, 85%) as a yellow solid; mp >300 °C ; IR (KBr) νmax =
2923, 2849, 1601, 1492, 1451, 1371, 1069, 1028, 906,
757, 701, 540 cm–1. 1H NMR (400 MHz, [D6]DMSO,
DMSO-d6 ) δ = 8.91 (s, 2H, NH), 8.04 (d, 2H, J = 8.8 Hz,
Ar-H-3,5), 7.75 (d, 2H, J = 8.8 Hz, Ar-H-2,6), 3.48 (s, 2H,
CH2CH), 3.33 (s, 1H, COCHCO). 13C NMR (100 MHz,
[D6]DMSO, DMSO-d6) δ = 164.6, 154.1, 152.2, 144.9,
129.2, 122.7, 83.5, 29.0. MS (ESI) (%) = 262.0 ([M-H]–).
HRMS (ESI-): m/z [M-H]– calcd for C11H8N3O5:
262.0464, found: 262.0469.

(Z)-5-benzylidene-2-thioxothiazolidin-4-one(2a).
Yield: 62%; yellow crystals; m. p. 205–209°C (lit.6
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205–206 °C) ; IR (KBr) ν = 3447, 3272, 1708, 1606,
1508, 1406, 1342, 1287, 1223, 1181, 1000, 844 cm–1. 1H
NMR (400 MHz, [D6]DMSO, DMSO-d6): δ = 13.87 (s,
1H, NH), 7.65 (s, 1H, CH=C), 7.59–7.62 (m, 2H, Ar-H-
2,6), 7.48–7.57 (m, 3H, Ar-H-3,4,5). 13C NMR (100 MHz,
[D6]DMSO, DMSO-d6) δ = 195.6, 169.3, 132.9, 131.6,
130.7, 130.4, 129.4, 125.5. MS (ESI) (%) = 222.0 (MH+).
HRMS (ESI-): m/z [M+H]+ calcd for C10H8NOS2:
222.0047, found: 222.0052.

(Z)-5-(4-Nitrobenzylidene)-2-thioxothiazolidin-4-one
(2b). Yield: 75%; brown crystals; m. p. 256–260°C (lit.7

250–252 °C). IR (KBr) ν = 1698, 1588, 1435, 1195,
673,550, 517 cm–1. 1H NMR (400 MHz, [D6]DMSO,
DMSO-d6): δ = 14,02 (s, 1H, NH), 8.34 (d, 2H, J = 8.9
Hz, Ar-H-3,5), 7.86 (d, 2H, J = 8.9 Hz, Ar-H-2,6), 
7.74 (s, 1H, CH=C). 13C NMR (100 MHz, [D6]DMSO,
DMSO-d6) δ = 195.2, 169.1, 147.4, 139.1, 131.3, 129.8,
128.5, 124.3. MS (ESI) (%) = 265.0 ([M-H]– ). HRMS
(ESI-): m/z [M-H]– calcd for C10H5N2O3S2: 264.9742,
found: 264.9739.

(Z)-4-((4-oxo-2-thioxothiazolidin-5-ylidene)methyl)
benzoic acid (2c). Yield: 60%; yellow crystals; m. p.
>300°C (lit.8 307–308 °C); IR (KBr) ν = 3024, 1728,
1690, 1607, 1593, 1475, 1411, 1374, 1290, 1244, 1179,
836 cm–1. 1H NMR (400 MHz, [D6]DMSO, DMSO-d6): δ
= 13.95 (s, 1H, NH), 13.26 (s, 1H, COOH), 8.06 (d, 2H, J
= 8.5 Hz, Ar-H-2,6), 7.71 (d, 2H, J = 8.5 Hz, Ar-H-3,5).
13C NMR (100 MHz, [D6]DMSO, DMSO-d6) δ = 195.3,
169.2, 166.5, 136.8, 131.8, 130.4, 130.0, 129.9, 127.8.
MS (ESI) (%) = 264.0 ([M-H]– ). HRMS (ESI-): m/z [M-
H]– calcd for C11H6NO3S2: 263.9789, found: 263.9783.

(Z)-4-((4-oxo-2-thioxothiazolidin-5-ylidene)methyl)
benzonitrile (2d). Yield: 68%; yellow crystals; m. p.
290–295 °C (lit.9 286 °C); IR (KBr) ν = 3114, 2234,
1714, 1605, 1444, 1282, 1191, 1066, 831 cm–1. 1H NMR
(400 MHz, [D6]DMSO, DMSO-d6): δ = 14.00 (s, 1H,
NH), 7.99 (d, 2H, J = 8.4 Hz, Ar-H-2,6), 7.77 (d, 2H, J =
8.2 Hz, Ar-H-3,5), 7.70 (s, 1H, CH=C). 13C NMR (100
MHz, [D6]DMSO, DMSO-d6) δ = 195.2, 169.2, 137.3,
133.0, 130.7, 129.1, 129.0, 118.3, 112.1. MS (ESI) (%) =
245.0 ([M-H]). HRMS (ESI-): m/z [M-H]– calcd for
C11H5N2OS2: 244.9843, found: 244.9837.

(Z)-5-(4-hydroxybenzylidene)-2-thioxothiazolidin-4-
one (2e). Yield: 39%; yellow crystals; m. p. 280–285 °C
(lit.10 274 °C); IR (KBr) ν = 3368, 3083, 2848, 1687,
1567, 1514, 1435, 1369, 1278, 1221, 1165, 1065, 1014,
829 cm–1. 1H NMR (400 MHz, [D6]DMSO, DMSO-d6): δ
= 13.72 (s, 1H, NH), 10.44 (s, 1H, OH), 7.57 (s, 1H,
CH=C), 7.47 (d, 2H, J = 8.8 Hz, Ar-H-2,6), 6.93 (d, 2H, J
= 8.8 Hz, Ar-H-3,5). 13C NMR (100 MHz, [D6]DMSO,
DMSO-d6) δ = 195.5, 169.4, 160.3, 133.0, 132.4, 123.9,
120.9, 116.5. MS (ESI) (%) = 236.0 ([M-H]–). HRMS

(ESI-): m/z [M-H]– calcd for C10H6NO2S2: 235.9840,
found: 235.9843.

(Z)-5-(4-nitrobenzyl)-2-thioxothiazolidin-4-one (2f). 
Diethyl 2,6-dimetyl-1,4-dihydro-3,5-pyridinedicarboxy-
late (0. 427 g, 1.69 mmol) and silica gel (1.3 g, 1
g/mmol), which was previously activated by heating at
120°C for 5 h, were added to a stirred suspension of 2b
(0.345 g; 1.3 mmol) in toluene (50 mL). The mixture was
heated to 100°C for 24 h under an argon atmosphere in
the dark. The reaction mixture was then cooled and filte-
red. The filter cake was rinsed with ethyl acetate. The
combined filtrate and rinse were evaporated to dryness.
The residue was redissolved in ethylacetate (30 mL) and
washed with 1 M HCl (3 × 30 mL) and brine (30 mL).
The organic phase was dried over Na2SO4 and filtered,
and the solvent was evaporated under reduced pressure.
The crude product was purified by flash column chroma-
tography using dichloromethane/methanol (20:1) as the
eluent. Compound 2f was obtained as a yellow solid
(0.162 g, 47%); m. p. 126–130 °C (lit.11 125–128 °C); IR
(KBr): ν = 2978, 2923, 1724, 1601, 1592, 1559, 1491,
1444, 1371, 1352, 1298, 1223, 1108, 1028, 865, 757,
699, 540 cm–1. 1H NMR (400 MHz, [D6]DMSO, DMSO-
d6): δ = 13.24 (s, 1H, CSNHCO), 8.20 (d, 1H, J = 8.7 Hz,
Ar-H-3,5), 7.54 (d, 1H, J = 8.7 Hz, Ar-H-2,6), 5.12 (dd,
1H, J1 = 8.3 Hz, J2 = 5.3 Hz, SCHCO), 3.52 (dd, 1H, AB
system, 2J = 14.1 Hz, 3J =5.3 Hz, HB from Ar-CH2CH),
3.38 (dd, 1H, AB system, 2J = 14.1 Hz, 3J =8.3 Hz, HA
from Ar-CH2CH). MS (ESI) (%) = 267.0 ([M-H]–).
HRMS (ESI-): m/z [M-H]– calcd for C10H7N2O3S2:
266.9898, found: 266.9891.

(Z)-5-benzylidenethiazolidine-2,4-dione (3a). Yield:
50%; yellow crystals; m. p. 245–250°C (lit.12 245–247
°C); IR (KBr) ν = 3028, 1697, 1594, 1492, 1332, 1297,
1212, 1165, 1020, 919, 812 cm–1. 1H NMR (400 MHz,
[D6]DMSO, DMSO-d6): δ = 12.64 (s, 1H, NH), 7.81 (s,
1H, CH=C), 7.59–7.62 (m, 2H, Ar-H-2,6), 7.52–7.56 (m,
2H, Ar-H-3,5), 7.47-7.51 (m, 1H, Ar-H-4). 13C NMR (100
MHz, [D6]DMSO, DMSO-d6) δ = 167.9, 167.3, 133.0,
131.7,130.4, 130.0, 129.3, 123.5. MS (ESI) (%) = 204.0
([M-H]–). HRMS (ESI-): m/z [M-H]– calcd for
C10H6NO2S: 204.0119, found: 204.0114.

(Z)-5-(4-nitrobenzylidene)thiazolidine-2,4-dione (3b).
Yield: 34%; yellow crystals; m. p. 272–276 °C (lit.12

267–270 °C); IR (KBr) ν = 3257, 1716, 1608, 1951,
1508, 1412, 1310, 1212, 1137, 1106, 1008, 919, 843
cm–1. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ
12.83 (s, 1H, NH), 8.35 (d, 2H, J = 8.8 Hz, Ar-H-3,5),
7.91 (s, 1H, CH=C), 7.87 (d, 2H, J = 8.8 Hz, Ar-H-2,6).
13C NMR (DMSO-d6, 100 MHz, DMSO-d6) δ 167.4,
166.9, 147.4, 139,3, 130.9, 129,0, 127.9, 124.2. MS (ESI)
(%) = 249.0 ([M-H]–). HRMS (ESI-): m/z [M-H]– calcd
for C10H5N2O4S: 248.9970, found: 248.9964. 
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(Z)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzoic
acid (3c). Yield: 23%; yellow solid; m. p. > 300°C; IR
(KBr) ν = 3423, 3053, 1687, 1611, 1568, 1422, 1323,
1289, 1162, 1126, 1010, 908, 852, 773, 698, 660, 611,
518, 480. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ
13.22 (s, 1H, COOH), 12.74 (s, 1H, NH), 8.06 (d, 2H, J =
8.3 Hz, Ar-H-2,6), 7.84 (s, 1H, CH=C), 7.72 (d, 2H, 
J = 8.3 Hz, Ar-H-3,5). 13C NMR (DMSO-d6, 100 MHz,
DMSO-d6) δ 167.7, 167.2, 166.6, 137.0, 131.6, 130.3,
130.0, 126.0. MS (ESI) (%) = 248.0 ([M-H]–,). HRMS
(ESI-): m/z [M-H]– calcd for C11H6NO4S: 248.0018,
found: 248.0014.

(Z)-4-((2,4-dioxothiazolidin-5-ylidene)methyl)benzo-
nitrile (3d). Yield: 37%; yellow crystals; m. p.
256–260°C; IR (KBr) ν = 3154, 3069, 2775, 2234, 1755,
1714, 1694, 1605, 1557, 1501, 1412, 1346, 1316, 1211,
1147, 970, 924, 834 cm–1. 1H NMR (DMSO- d6, 400
MHz, DMSO-d6): δ 12.79 (s, 1H, NH), 7.99 (d, 2H, J =
8.3 Hz, Ar-H-2,6, 7.86 (s, 1H, CH=C), 7.78 (d, 2H, J = 8.3
Hz, Ar-H-3,5). 13C NMR (DMSO-d6, 100 MHz, DMSO-
d6) δ 167.4, 167.0, 137.5, 133.0, 130.4, 129.6, 127.2,
118.4, 112.0. MS (ESI) (%) = 229.0 ([M-H]–,). HRMS
(ESI-): m/z [M-H]– calcd for C11H5N2O2S: 229.0072,
found: 229.0076.

(Z)-5-(4-hydroxybenzylidene)thiazolidine-2,4-dione
(3e). Yield: 44%; yellow solid; m. p. >300°C (lit.12

310–312 °C); IR (KBr) ν = 3405, 2997, 1677, 1572, 1509,
1339, 1279, 1211, 1154, 1022, 900, 826 cm–1. 1H NMR
(DMSO- d6, 400 MHz, DMSO-d6): δ 12.47(s, 1H, NH),
10.32 (s, 1H, OH), 7.70 (s, 1H, CH=C), 7.46 (d, 2H, J =
8.7 Hz, Ar-H-2,6), 6.92 (d, 2H, J = 8.7 Hz, Ar-H-3,5). 13C
NMR (DMSO-d6, 100 MHz, DMSO-d6) δ 168.1, 167.5,
159.8, 132.4, 132.3, 123.9, 118.9, 116.3. MS (ESI) (%) =
220.0 ([M-H]–,). HRMS (ESI-): m/z [M-H]– calcd for
C10H6NO3S: 220.0068, found: 220.0066.

(Z)-5-benzylideneimidazolidine-2,4-dione (4a). Yield:
57%; brown solid; m. p. 220–223°C (lit.13 220–224 °C);
IR (KBr) ν = 3526, 3452, 3208, 2757, 1714, 1656, 1454,
1381, 1256, 1197, 1098, 1009, 880 cm–1. 1H NMR 
(DMSO- d6, 400 MHz, DMSO-d6): δ 11.27 (s, 1H, NH),
10.56 (s, 1H, NH), 7.61–7.63 (m, 2H, Ar-H–2,6),
7.39–7.42 (m, 2H, Ar-H-3,5), 7.31–7.35 (m, 1H, Ar-H-4),
6.42 (s, 1H, CH=C). 13C NMR (DMSO-d6, 100 MHz,
DMSO-d6) δ 165.5, 155.7, 132.9, 129.3, 128.7, 128.3,
127.9, 108.2. MS (ESI) (%) = 189.0 (MH+,). HRMS
(ESI+): m/z [M+H]+ calcd for C10H9N2O2: 189.0664,
found: 189.0665.

(Z)-5-(4-nitrobenzylidene)imidazolidine-2,4-dione
(4b). Yield: 45%; yellow solid; m. p. >300°C (lit.13 mp
>335 °C); IR (KBr) ν = 3330, 3195, 3031, 2436, 1744.
1664, 1592, 1504, 1392, 1341, 1248, 1199, 1089, 1008,
876 cm–1. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ

11.45 (s, 1H, NH), 10.94 (s, 1H, NH), 8.21 (d, 2H, J = 8.9
Hz, Ar-H-3,5), 7.87 (d, 2H, J = 8.9 Hz, Ar-H-2,6), 6.51 (s,
1H, CH=C). 13C NMR (DMSO-d6, 100 MHz, DMSO-d6)
δ 165.2, 155.7, 146.1, 139.9, 130.7, 130.0, 123.6, 105.1.
MS (ESI) (%) = 232.0 [M-H]–,). HRMS (ESI-): m/z 
[M-H]– calcd for C10H6N3O4: 232.0358, found: 232.0354.

(Z)-4-((2,5-dioxoimidazolidin-4-ylidene)methyl)ben-
zonitrile (4d). Yield: 54%; yellow solid; m. p. > 300 °C
(lit.13 > 250 °C); IR (KBr) ν = 3194, 3150, 3043, 2762,
2222, 1717, 1665, 1376, 1287, 1260, 1096, 1018, 877
cm–1. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ
11.33 (s, 1H, NH), 10.89 (s, 1H, NH), 7.85 (d, 2H, J = 8.4
Hz, Ar-H-2,6), 7.79 (d, 2H, J = 8.4 Hz, Ar-H-3,5), 6.45
(s, 1H, CH=C), 13C NMR (DMSO-d6, 100 MHz, DMSO-
d6) δ 165.2, 155.7, 137.7, 132.3, 130.2, 129.7, 118.7,
109.9, 105.8. MS (ESI) (%) = 214.0 (MH+). HRMS
(ESI): m/z [M-H]– calcd for C11H6N3O2: 212.0460, found:
212.0456.

(Z)-5-(4-hydroxybenzylidene)imidazolidine-2,4-dione
(4e). Yield: 48%; yellow solid; m. p. >300°C (lit.13

311–314 °C); IR (KBr) ν = 3347, 3170, 3057, 2740, 1751,
1709, 1657, 1586, 1515, 1367, 1270, 1223, 1019, 881
cm–1. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ
11.13 (s, 1H, NH), 10.34(s, 1H, OH), 9.88 (s, 1H, NH),
7.48 (d, 2H, J = 8.7 Hz, Ar-H-2,6), 6.79 (d, 2H, J= 8.7 Hz,
Ar-H-3,5), 6.35 (s, 1H, CH=C). 13C NMR (DMSO-d6, 100
MHz, DMSO-d6) δ 165.6, 158.0, 155.6, 131.2, 125.3,
123.8, 115.7, 109.3. MS (ESI) (%) = 203.0 ([M-H]–).
HRMS (ESI-): m/z [M-H]– calcd for C10H7N2O3:
203.0457, found: 203.0454.

(Z)-5-benzylidene-2-thioxoimidazolidin-4-one (5a).
Yield: 57%; white crystals; m. p. 267–270°C (lit.14

272–274°C); IR (KBr) ν = 3232, 1723, 1642, 1477, 1342,
1249, 1186, 1172, 1091, 924 cm–1. 1H NMR (DMSO- d6,
400 MHz, DMSO-d6): δ 12.40 (s, 1H, NH), 12.17 (s, 1H,
NH), 7.73–7.76 (m, 2H, Ar-H-2,6), 7.37–7.45 (m, 3H, 
Ar-H-3,4,5), 6.49 (s, 1H, CH=C). 13C NMR (DMSO-d6,
100 MHz, DMSO-d6) δ 166.9, 165.4, 155.7, 137.3, 129.8,
129.5, 129.2, 106.7, MS (ESI) (%) = 203.0 ([M-H]–).
HRMS (ESI-): m/z [M-H]– calcd for C10H7N2OS:
203.0279, found: 203.0276.

(Z)-5-(4-nitrobenzylidene)-2-thioxoimidazolidin-4-one
(5b). Yield: 45%; yellow crystals; m. p. >300°C (lit.15

294°C); IR (KBr) ν = 3204, 3004, 1743, 1654, 1517,
1480, 1334, 1175, 1084, 967 cm–1. 1H NMR (DMSO- d6,
400 MHz, DMSO-d6): δ 12.58 (s, 1H, NH), 12.43 (s, 1H,
NH), 8.23 (d, 2H, J = 8.6 Hz, Ar-H-3,5), 7.97 (d, 2H, J =
8.6 Hz, Ar-H-2,6), 6.57 (s, 1H, CH=C). 13C NMR (DM-
SO-d6, 100 MHz, DMSO-d6) δ 180.0, 165.6, 146.6, 139.1,
130.8, 130.2, 123.6, 107.9. MS (ESI) (%) = 250.0 (MH+,).
HRMS (ESI-): m/z [M-H]– calcd for C10H6N3O3S:
248.0130 found: 248.0123.
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(Z)-4-((5-oxo-2-thioxoimidazolidin-4-ylidene)methyl)
benzonitrile (5d). Yield: 54%; yellow crystals; m. p.
>300°C; IR (KBr) ν = 3224, 3009, 2235, 1731, 1651,
1509, 1494, 1364, 1342, 1251, 1183, 1093, 973, 873
cm–1. 1H NMR (DMSO- d6, 400 MHz, DMSO-d6): δ
12.52 (s, 1H, NH), 12.36 (s, 1H, NH), 7.91 (d, 2H, J = 
8.6 Hz, Ar-H-2,6), 7.86 (d, 2H, J = 8.6 Hz, Ar-H-3,5),
6.52 (s, 1H, CH=C). 13C NMR (DMSO-d6, 100 MHz,
DMSO-d6) δ 179.9, 165.6, 137.1, 132.4, 130.5, 129.8,
118.7, 110.7, 108.7. MS (ESI) (%) = 230.0 (MH+).
HRMS (ESI-): m/z [M-H]– calcd for C11H6N3OS:
228.0232, found: 228.0229.

(Z)-5-(4-hydroxybenzylidene)-2-thioxoimidazolidin-4-
one (5e). Yield: 50%; yellow crystals; m. p. >300°C; IR
(KBr) ν = 3322, 3169, 1719, 1649, 1603, 1585, 1500,
1367, 1253, 1174, 967 cm–1. 1H NMR (DMSO- d6, 400
MHz, DMSO-d6): δ 12.27(s, 1H, NH), 11.99(s, 1H, NH),
10.07(s, 1H, OH), 7.64 (d, 2H, J = 8.8 Hz, Ar-H-2,6), 6.81
(d, 2H, J = 8.8 Hz, Ar-H-3,5), 6.43 (s, 1H, CH=C). 13C
NMR (DMSO-d6, 100 MHz, DMSO-d6) δ 178.2, 165.8,
159.0, 132.4, 125.1, 123.3, 115.8, 112.9. MS (ESI) (%) =
221.0 (MH+). HRMS (ESI-): m/z [M-H]– calcd for
C10H7N2O2S: 219.0228, found: 219.0230.
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