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Abstract: The reactions of N-benzoyl-N¢-(o-cyanoaryl)thioureas
with ethyl bromoacetate under alkaline conditions led to the form-
ation of either fused 2-(alkylsulfanyl)-4-aminopyrimidines or 2-
(benzoylimino)-3-(o-cyanoaryl)thiazolidin-4-ones. The accurate
application of slightly different reaction conditions allowed us to
adjust the balance between the formation of the pyrimidine or thia-
zolidine heterocycles. Atropisomerism in the 3-(o-cyanoaryl)thiaz-
olidin-4-ones was influenced by the size of the o-cyanoaryl ring,
which was investigated by means of NMR measurements and theo-
retical calculations.

Key words: atropisomerism, ring closure, regioselectivity, thiazo-
lidin-4-ones, DFT calculations

2-(Alkylsulfanyl)-substituted 4-aminothieno[2,3-d]pyri-
midines exhibit biological activity, e.g. as ligands for
serotonin receptor subtypes1,2 or modulators of P-glyco-
protein.3 Several 2-(alkylsulfanyl)-4-aminothieno[2,3-
d]pyrimidines are accessible by thermal ring closure of
2-(benzoylthioureido)thiophene-3-carbonitriles effected by
sodium hydroxide in an ethanol–water mixture, followed
by the addition of alkyl halides.4 However, when this one-
pot procedure is applied in the reaction of benzoylthiourea
2b with ethyl bromoacetate as the alkylating agent, a side
product was formed in addition to the expected
thienopyrimidine 3b (Scheme 1, Table 1). As NMR and
IR spectra of the side product revealed an unaffected ni-
trile function, the presence of a benzoyl group, and the
loss of ethanol, an alternative heterocyclization to a 2-im-
inothiazolidin-4-one was assumed. To elucidate which ni-
trogen of the starting thiourea was incorporated into the
five-membered ring, crystals of the side product were sub-
jected to X-ray diffraction analysis, and structure 4b was
determined (Scheme 1).5 The formation of 4b includes
alkylation of the thiourea sulfur prior to acylation of the
nitrogen atom bound to the thiophene ring. In reactions of
unsymmetrical thioureas with a-halo esters, regiocontrol
in the cyclization step was influenced by electronic factors
and by a possible conjugative stabilization of the isothio-
urea imine through a (hetero)aryl substituent and could be
promoted by hydrogen bond interactions.6,7 The finding
that the aryl-substituted, and not the electron-poor, ben-

zoylated nitrogen atom was incorporated into heterocycle
4b is in accordance with literature reports.8–10

Various biological effects of 2-iminothiazolidin-4-ones
have been reported.11–17 FR171113, for example, a 2-
(aroylimino)-3-arylthiazolidin-4-one derivative, is a
thrombin receptor antagonist with potent antiplatelet ac-
tivity.18 Therefore, we generated a small library of both
heterocycles 3 and 4 starting from various thiophenes
1a–f, as well as two anthranilonitrile derivatives 1g,h
(Table 1).

Scheme 1 Formation of 3 and 4; ORTEP diagrams of 3a and 4b5
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Slightly different reaction conditions led to heterocycles 3
and 4 (Scheme 1). The direct addition of ethyl bromoace-
tate, a lowered temperature, an increased amount of etha-
nol, and the reduction of sodium hydroxide suppressed the
formation of 3 in favor of 4. Closely following either pro-
cedure, the target compounds 3 and 4 could be purified by
a single recrystallization step and were obtained in mostly
good yields. Conversion of 2 into 4 did not affect the ni-
trile function, whereas different behavior was obvious for
thiazolidin-4-ones with an unsubstituted imino function in
position 2.19 When such compounds were formed as inter-
mediates, they underwent a pyrimidine cyclization, and
subsequent ethanolysis of the thiazolidin-4-one ring pro-
duced 4-aminopyrimidines of type 3. In this way, Gewald
et al. have prepared fused pyrimidines 3b, 3d, and 3g
from aromatic o-(chloroacetylamino)nitriles.19

The structures of compounds 3 and 4 were confirmed by
1H and 13C NMR spectroscopy. In contrast to the 1H NMR
spectra of thiophene derivatives 4a–f, those of benzoni-
triles 4g,h showed splitting of the thiazolidin-4-one meth-
ylene signal into two doublets with a coupling constant of
18.6 Hz. This could be attributed to hindered rotation

around the N–Caryl bond, thus leading to atropisomer-
ism.20 The diastereotopic nature of the protons gave rise to
geminal coupling in the spectra. Atropisomerism about N-
aryl bonds, e.g. in thiazolidines or thiazolidin-4-ones,
where an ortho substituent of the aryl group accounted for
steric hindrance, was recently reported.21,22 In contrast to
these investigations focusing on the dimension and elec-
tronic properties of that ortho substituent, in our case the
size of the aryl moiety seemed to be crucial for the occur-
rence of atropisomerism. Increasing the aryl size from a
five-membered thiophene to a six-membered benzene
ring led to a reduction of the gap between the o-nitrile
function and the carbonyl and benzoylimino groups of the
adjacent thiazolidin-4-one.23 This is illustrated by com-
parison of the angles q in the crystal structures5 of 4a and
4b (125.9°, 124.2°) with that of 4g (120.1°) as representa-
tives of the two ring sizes (Figure 1). In the three struc-
tures, the benzoylimino groups are almost in plane with
the thiazolidin-4-one system. Compounds 4a, 4b, and 4g
display a Z-configuration about the C=N bonds and an
s-cis conformation about the Nimine–Ccarbonyl bonds. The
nonbonded intramolecular distance between the thiazoli-
din-4-one sulfur and the benzoyl oxygen atoms of 2.61–
2.65 Å indicates a polar interaction between the O and S
atoms.24,25

Figure 1 Thiazolidin-4-ones 4a, 4b, and 4g with the rotation angle
j. The compounds differ with respect to the angle q defining how clo-
se the nitrile is bent towards the thiazolidin-4-one and with respect to
y. The dihedral angle y is defined by the bond vectors connecting the
four atoms C(=O)–N–C(=N)–S of the thiazolidin-4-one moiety.

Next, DFT calculations for which Gaussian0326 was used
were performed to affirm the hypothesis that an internal
rotational barrier between the nitrile group and the carbo-
nyl and acylimino function of the thiazolidin-4-one led to
atropisomers in case of the anthranilonitrile derivatives
4g,h. On the basis of their crystal structures, Z-configured
4a,b,g were used for a relaxed potential energy surface
(PES) scan at BP86/LANL2DZ level, where a 5° stepwise
complete rotation of the dihedral angle j regarding the
C–N bond connecting the cyanoarene and the thiazolidin-
4-one was applied (Figure 2).

Rotamers close to the transition state were identified from
PES scans and subsequently subjected to transition state
optimization at the B3LYP/6-311G** level of theory or
additional PES scans at the B3LYP/6-311G** level, if no
transition state was reached. Frequency calculations were
then carried out for transition states and B3LYP/6-
311G** optimized maxima as well as minima to provide
free energy values for the rotational barriers. Minima ob-

Table 1 Substitution Patterns of the Target Compounds 3 and 4 
with Corresponding Yields

3 Yielda (%) 4 Yielda (%)

3a 58 4a 71

3b 42 4b 63

3c 65 4c 66

3d 48 4d 58

3e 74 4e 72

3f 49 4f 19b

3g 55 4g 70

3h 68 4h 66

a Yields of products after recrystallization.
b Yield after purification by column chromatography.
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tained by DFT optimization closely resembled the crystal
structures with RMSD values lower than 1 Å (Table 2).

Two rotational barriers were observed, at j ∼ 190° and
j ∼ 350°, corresponding to the steric proximity of the cy-
ano and carbonyl group and a clash between the cyano and
imine group, respectively. A minor shift of the rotational
barriers was observed when 4a, 4b, and 4g were com-
pared. This might be attributed to a slight tilt of the thiaz-
olidin-4-one ring, defined by the dihedral angle y. The
combination of the three angles j, q, and y describes the
vicinity of the nitrile and carbonyl/imine moieties, and
thus serves as a measure of how close the functional
groups are to each other (Figure 1).

Compared to 4a and 4b, the corresponding DG‡
rot values

of compound 4g increased significantly (64/59 and 66/67
versus 87/95 kJ/mol). This was mainly attributed to the
decreased q value for 4g (124.2 and 125.9 versus 120.1°),
thus resulting in hindered rotation of 4g. Calculated rota-
tional barriers of 4g were in accordance with literature da-

ta. For 2-(arylimino)-4-methyl-3-(o-substituted phenyl)-
thiazolines, DFT calculations as well as racemization
studies using HPLC on chiral support resulted in DG‡

rot

values between 85 and 122 kJ/mol.21 Enantiomers of
2-(arylimino)thiazolidin-4-ones with an o-tolyl, o-meth-
oxyphenyl, o-chlorophenyl, or a-naphthyl substituent at
position 3 were resolved and subjected to thermal racem-
ization to obtain rotational barriers between 98 and
114 kJ/mol.22

The calculations for 4a, 4b, and 4g were consistent with
the spectroscopic data of the thiazolidin-4-ones. On the
one hand, the five-membered cyanothienyl derivatives
4a–f did not form stable atropisomers at room tempera-
ture, since the larger angle q allowed the substituents to
pass each other. On the other hand, the six-membered cy-
anophenyl derivatives 4g,h with smaller q values had suf-
ficient steric repulsion for hindered rotation and were
axially chiral racemates (Figure 3). Accordingly, 4g,h had
diastereotopic methylene protons in their 1H NMR spec-
tra. NMR experiments showed that rotation in 4a could
not be restricted at lower temperatures down to –40 °C,
and that, vice versa, rotation was not allowed in 4g at
higher temperatures up to 70 °C.

Replacement of one ortho substituent by hydrogen in tri-
o-substituted biaryls mostly results in the loss of axial
chirality.20 We prepared the truncated compounds 5 and 6
(Figure 3). As expected, the ethylene protons of 5 showed
a simple coupling pattern of two triplets (3J = 7.7 Hz).
Diastereotopic protons in the spectrum of 6 were not ob-
served either, and the two methylene groups gave rise to

Table 2 RMSD Values of Optimized Minima and Crystal Structures, as well as Relevant Bond Angles, Internal Rotational Barriers and Cor-
responding Energies of Compounds 4a, 4b, and 4g as Estimated by B3LYP/6-311G** DFT Calculations

Compound RMSD (Å) Bond angles (°) Internal rotational barriers (°, kJ/mol)

q y jcarbonyl DG‡
rot, carbonyl jimine DG‡

rot, imine

4a 0.512 125.9 2.7 198 64 350 59

4b 0.459 124.2 6.0 199 66 350 67

4g 0.438 120.1 1.4 187 87 348 95

Figure 2 Rotational barrier energies (BP86/LANL2DZ) for ro-
tamers of 4a, 4b, and 4g as a function of the dihedral angle j with re-
spect to the C–N bond between the cyanoarene and the thiazolidin-4-
one. The dihedral angle j is defined by the four atoms C(CN)–C–N–
C(=N). The observed energy gap at 320° torsion of compound 4b can
be explained by a flip of the benzoylimino moiety relative to the thia-
zolidin-4-one plane.

Figure 3 The two stereoisomers of 4g, not interconvertible at room
temperature, and the truncated structures 5–8
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two triplets (4J = 1.0 Hz). This can be explained by long-
range coupling through the eclipsing lone pair of the sul-
fur atom.27–32 The long-range coupling in the spectrum of
6 is independent of the presence of the cyano group, since
it was also found for compound 8 (4J = 1.0 Hz).

Thiazolidin-4-ones 6 and 8 were obtained by the reaction
of anthranilonitrile or aniline with thioglycolic acid and
aqueous formaldehyde according to patent literature.33,34

Compound 5 was prepared from N-benzoyl-N¢-(2-cy-
anophenyl)thiourea (2g) and 1,2-dibromoethane in N,N-
dimethylformamide in the presence of sodium acetate at
room temperature. Thiazolidin-4-one derivative 7 could
be synthesized by virtually the same reaction conditions
as those used for 4a–h. In both 5 and 7, the aniline nitro-
gen was incorporated into the five-membered ring. This
could be confirmed by 13C NMR spectroscopy, in partic-
ular when the influence of the (benzoylimino)thiazolidine
substituent on the ipso position in benzene or benzonitrile
was considered.

An alternative method to prepare 2-iminothiazolidin-4-
ones, the treatment of thioureas with haloacetyl ha-
lides,6,12,16 was applied for the conversion of 2g into 4g.
However, the reaction did not proceed uniformly as re-
ported for other N-aroyl-N¢-arylthioureas.16 Klika et al.
have proposed a mechanism for the reaction of N-(anthra-
cen-9-yl)-N¢-ethylthiourea with bromoacetyl bromide in-
volving S-acylation, acetyl migration, and S-alkylation to
produce two isomeric 2-iminothiazolidin-4-ones.6

In summary, we have elaborated optimized reaction con-
ditions for the selective preparation of either fused pyrim-
idines 3 or substituted thiazolidin-4-ones 4. Both products
were obtained from the reaction of N-benzoyl-N¢-(o-cy-
anoaryl)thioureas 2 with ethyl bromoacetate. In view of
the diverse biological activities of thiazolidin-4-ones,
compounds 4 might also be useful for further chemical
transformations of the cyano group to produce bioactive
heterocycles. This will be the subject of future investiga-
tions in our laboratories. Whereas the size of sterically de-
manding substituents has frequently been reported to
influence atropisomerization,20–22 we investigated the less
common influence of ring size by means of NMR mea-
surements and theoretical calculations. In contrast to
(o-cyanothienyl)-substituted thiazolidin-4-ones 4a–f,
(o-cyanophenyl)-substituted derivatives 4g,h cannot
overcome internal rotational barriers at room temperature
and were characterized as axially chiral racemates.

Solvents and reagents were obtained from Acros (Geel, Belgium),
Fluka (Taufkirchen, Germany), or Sigma (Steinheim, Germany) if
commercially available. 2-Aminothiophene-3-carbonitrile (1a) was
prepared from 1,4-dithiane-2,5-diol and malononitrile following the
conditions reported by Hallas et al.35 Aminothiophenes 1b–f were
obtained by Gewald synthesis starting from appropriate ketones.36

TLC was carried out on Merck aluminum sheets coated with silica
gel 60 F254. Preparative column chromatography was performed on
Merck silica gel 60 (70–230 mesh). Melting points were determined
on a Boëtius melting point apparatus (PHMK, VEB Wägetechnik
Rapido, Radebeul, Germany) and are uncorrected. IR spectra were
obtained on a Bruker Tensor 27 FTIR spectrometer. 1H (500 MHz)

and 13C (125 MHz) NMR spectra were acquired on a Bruker
Avance DRX 500 spectrometer. Chemical shifts are relative to the
solvent peaks used as reference [CDCl3: dH = 7.26, dC = 77.0;
DMSO-d6: dH = 2.49, dC = 39.7]. Temperature-dependent NMR
measurements were performed in CDCl3 for 4a, and in DMSO-d6

for 4g. Elemental analyses were carried out with a Vario EL appa-
ratus.

N-Benzoyl-N¢-(o-cyanoaryl)thioureas 2; General Procedure
BzCl (8.43 g, 6.96 mL, 60.0 mmol) was added dropwise to a stirred
soln of NH4SCN (5.18 g, 68.0 mmol) in anhyd acetone (20 mL) at
0 °C. The mixture was refluxed for 5 min and then cooled to r.t., and
the precipitated NH4Cl was removed by suction filtration. Subse-
quently, the resulting BzNCS soln was cooled (ice) and a soln of the
appropriate (o-aminoaryl)carbonitrile 1 (50.0 mmol) in acetone was
added dropwise. Upon complete addition, the reaction mixture was
allowed to warm to r.t. and stirred for 3 h. The precipitated product
was collected by filtration and washed with acetone (–20 °C,
30 mL). Additional material was obtained by cooling the remaining
soln overnight (8 °C). The material was used without further purifi-
cation.

N-Benzoyl-N¢-(3-cyano-2-thienyl)thiourea (2a)
Pale yellow solid; yield: 11.9 g (83%); mp 199–202 °C; Rf = 0.56
(PE–EtOAc, 2:1).

IR (KBr): 3231, 3114, 2217, 1673 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 7.28 (d, J = 5.7 Hz, 1 H, H-4¢/
5¢), 7.33 (d, J = 5.7 Hz, 1 H, H-4¢/5¢), 7.53–7.57 (m, 2 H, H-3/5),
7.66–7.69 (m, 1 H, H-4), 8.00–8.02 (m, 2 H, H-2/6), 12.26 (br s,
1 H, NH), 14.50 (br s, 1 H, NH).
13C NMR (125 MHz, DMSO-d6): d = 97.10, 114.20, 120.04,
124.64, 128.60, 129.06, 131.65, 133.64, 150.07, 169.51, 176.09.

Anal. Calcd for C13H9N3OS2: C, 54.34; H, 3.16; N, 14.62. Found:
C, 53.80; H, 3.16; N, 14.53.

N-Benzoyl-N¢-(3-cyano-4,5-dimethyl-2-thienyl)thiourea (2b)
Off-white solid; yield: 12.9 g (82%); mp 208–210 °C (Lit.4 208–
210 °C); Rf = 0.59 (toluene–EtOAc, 4:1).

IR (KBr): 3274, 2917, 2217, 1672 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.16 (s, 3 H, CH3), 2.28 (s,
3 H, CH3), 7.53–7.58 (m, 2 H, H-3/5), 7.65–7.71 (m, 1 H, H-4),
7.97–8.03 (m, 2 H, H-2/6), 12.19 (br s, 1 H, NH), 14.40 (br s, 1 H,
NH).
13C NMR (125 MHz, DMSO-d6): d = 12.18, 12.26, 99.13, 114.14,
126.17, 128.60, 128.98, 129.06, 131.68, 133.63, 145.96, 169.57,
175.43.

Anal. Calcd for C15H13N3OS2: C, 57.12; H, 4.15; N, 13.32. Found:
C, 56.50; H, 4.38; N, 12.75.

N-Benzoyl-N¢-(3-cyano-5,6-dihydro-4H-cyclopenta[b]-2-thie-
nyl)thiourea (2c)
Pale yellow solid; yield: 15.3 g (93%); mp 213–214 °C; Rf = 0.71
(toluene–EtOAc, 4:1).

IR (KBr): 2859, 2216, 1670 cm–1.
1H NMR (500 MHz, CDCl3): d = 2.49 (quint, J = 7.3 Hz, 2 H, H-
5¢), 2.90 (tt, J = 7.3, 1.6 Hz, 2 H, H-4¢), 2.95 (tt, J = 7.3, 1.6 Hz,
2 H, H-6¢), 7.56–7.60 (m, 2 H, H-3/5), 7.68–7.72 (m, 1 H, H-4),
7.95–7.80 (m, 2 H, H-2/6), 9.14 (br s, 1 H, NH), 14.20 (br s, 1 H,
NH).
13C NMR (125 MHz, CDCl3): d = 28.08, 28.11, 29.55, 94.42,
113.97, 127.72, 129.30, 130.88, 134.14, 136.32, 141.69, 151.58,
167.08, 173.90.
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Anal. Calcd for C16H13N3OS2: C, 58.69; H, 4.00; N, 12.83. Found:
C, 58.65; H, 4.17; N, 12.74.

N-Benzoyl-N¢-(3-cyano-4,5,6,7-tetrahydro-1-benzo-2-thienyl)-
thiourea (2d)
Yellow solid; yield: 15.9 g (93%); mp 219–220 °C (Lit.4 214–
216 °C); Rf = 0.89 (toluene–EtOAc, 4:1).

IR (KBr): 3289, 2921, 2212, 1670 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.79–1.86 (m, 4 H, H-5¢/6¢),
2.62–2.68 (m, 4 H, H-4¢/7¢), 7.51–7.55 (m, 2 H, H-3/5), 7.63–7.66
(m, 1 H, H-4), 7.90–7.93 (m, 2 H, H-2/6), 9.12 (br s, 1 H, NH),
14.16 (br s, 1 H, NH).
13C NMR (125 MHz, DMSO-d6): d = 22.01, 22.99, 23.86, 24.07,
98.61, 113.71, 127.68, 129.23, 129.75, 130.79, 131.80, 134.07,
146.83, 167.04, 174.02.

Anal. Calcd for C17H15N3OS2: C, 59.80; H, 4.43; N, 12.31. Found:
C, 59.69; H, 4.62; N, 12.15.

N-Benzoyl-N¢-(3-cyano-4,7-dihydro-5H-thieno[2,3-c]pyran-2-
yl)thiourea (2e)
Pale yellow solid; yield: 16.7 g (97%); mp 218–220 °C; Rf = 0.66
(toluene–EtOAc, 4:1).

IR (KBr): 3312, 2841, 2217, 1672 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.67 (tt, J = 5.7, 1.6 Hz, 2 H,
H-4¢), 3.89 (t, J = 5.7 Hz, 2 H, H-5¢), 4.66 (t, J = 1.6 Hz, 2 H, H-7¢),
7.53–7.57 (m, 2 H, H-3/5), 7.66–7.70 (m, 1 H, H-4), 7.99–8.02 (m,
2 H, H-2/6), 12.25 (br s, 1 H, NH), 14.48 (br s, 1 H, NH).
13C NMR (125 MHz, DMSO-d6): d = 23.90, 63.86, 63.91, 96.85,
113.36, 126.66, 128.60, 129.06, 129.08, 131.64, 133.66, 148.08,
169.60, 175.64.

Anal. Calcd for C16H13N3O2S2: C, 55.96; H, 3.82; N, 12.24. Found:
C, 55.59; H, 3.95; N, 12.09.

N-Benzoyl-N¢-(6-benzyl-3-cyano-4,5,6,7-tetrahydrothieno[2,3-
c]pyridin-2-yl)thiourea (2f)
Off-white solid; yield: 19.3 g (89%); mp 138–140 °C; Rf = 0.56
(PE–EtOAc, 2:1).

IR (KBr): 3287, 2830, 2219, 1668 cm–1.
1H NMR (500 MHz, CDCl3): d = 2.76 (t, J = 5.4 Hz, 2 H, H-4¢),
2.84 (t, J = 5.6 Hz, 2 H, H-5¢), 3.55 (t, J = 1.6 Hz, 2 H, H-7¢), 3.71
(s, 2 H, CH2), 7.25–7.28 (m, 1 H, H-4¢¢), 7.31–7.35 (m, 4 H, H-2¢¢/
3¢¢/5¢¢/6¢¢), 7.51–7.55 (m, 2 H, H-3/5), 7.63–7.66 (m, 1 H, H-4),
7.90–7.93 (m, 2 H, H-2/6), 9.16 (br s, 1 H, NH), 14.23 (br s, 1 H,
NH).
13C NMR (125 MHz, CDCl3): d = 24.07, 49.39, 50.72, 61.69,
98.01, 113.48, 127.21, 127.41, 127.72, 128.44, 129.03, 129.26,
130.36, 130.74, 134.15, 137.69, 147.64, 167.16, 174.07.

Anal. Calcd for C23H20N4OS2: C, 63.86; H, 4.66; N, 12.95. Found:
C, 63.58; H, 4.86; N, 12.67.

N-Benzoyl-N¢-(2-cyanophenyl)thiourea (2g)
White solid; yield: 11.1 g (79%); mp 169–172 °C (Lit.37 172–
173 °C); Rf = 0.64 (toluene–EtOAc, 4:1).

IR (KBr): 3120, 2229, 1675 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 7.48–7.52 (m, 1 H, H-4¢/5¢/6¢),
7.53–7.57 (m, 2 H, H-3/5), 7.65–7.69 (m, 1 H, H-4), 7.74–7.80 (m,
2 H, H-4¢/5¢/6¢), 7.89–7.91 (m, 1 H, H-3¢), 7.99–8.03 (m, 2 H, H-2/
6), 11.85 (br s, 1 H, NH), 12.56 (br s, 1 H, NH).
13C NMR (125 MHz, DMSO-d6): d = 110.64, 116.56, 127.90,
128.64, 128.93, 132.03, 133.24, 133.45, 133.85, 141.32, 168.37,
181.54.

Anal. Calcd for C15H11N3OS: C, 64.04; H, 3.94; N, 14.94. Found:
C, 64.01; H, 4.03; N, 14.72.

N-Benzoyl-N¢-(2-cyano-4,5-dimethoxyphenyl)thiourea (2h)
Yellow solid; yield: 16.4 g (96%); mp 201–204 °C; Rf = 0.55 (tolu-
ene–EtOAc, 4:1).

IR (KBr): 3073, 2229, 1761, 1676 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 3.83 (s, 3 H, CH3), 3.83 (s,
3 H, CH3), 7.40 (s, 1 H, H-3¢/5¢), 7.42 (s, 1 H, H-3¢/5¢), 7.53–7.57
(m, 2 H, H-3/5), 7.65–7.69 (m, 1 H, H-4), 7.98–8.01 (m, 2 H, H-2/
6), 11.83 (br s, 1 H, NH), 12.47 (br s, 1 H, NH).
13C NMR (125 MHz, DMSO-d6): d = 56.28, 56.31, 101.58, 114.38,
116.86, 128.64, 128.89, 132.06, 133.43, 135.90, 147.77, 168.50,
181.57.

Anal. Calcd for C17H15N3O3S: C, 59.81; H, 4.43; N, 12.31. Found:
C, 59.79; H, 4.64; N, 12.18.

4-Aminothieno[2,3-d]pyrimidines and 4-Aminoquinazolines 3; 
General Procedure
The appropriate N-benzoyl-N¢-(o-cyanoaryl)thiourea 2 (3.00 mmol)
was refluxed for 30 min in a mixture of EtOH (3.0 mL) and 1 M
NaOH (7.5 mL). The soln was cooled to r.t. and ethyl bromoacetate
(601 mg, 399 mL, 3.60 mmol) was slowly added. After 1 h, the solid
was removed by suction filtration, washed with H2O (100 mL) and
dried under reduced pressure. Pure material was obtained by recrys-
tallization from EtOH.

Ethyl [(4-Aminothieno[2,3-d]pyrimidin-2-yl)sulfanyl]acetate 
(3a)
Colorless plates; yield: 468 mg (58%); mp 116–117 °C (EtOH);
Rf = 0.45 (PE–EtOAc, 2:1).

IR (KBr): 3388, 3162, 2903, 1735, 1647 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.19 (t, J = 7.1 Hz, 3 H, CH3),
3.95 (s, 2 H, CH2), 4.11 (q, J = 7.1 Hz, 2 H, CH2), 7.37 (d,
J = 6.0 Hz, 1 H, H-5¢/6¢), 7.47 (d, J = 6.0 Hz, 1 H, H-5¢/6¢), 7.57
(br s, 2 H, NH2).
13C NMR (125 MHz, DMSO-d6): d = 14.23, 32.82, 60.88, 113.23,
119.69, 120.69, 158.06, 164.46, 166.89, 169.36.

Anal. Calcd for C10H11N3O2S2: C, 44.59; H, 4.12; N, 15.60. Found:
C, 44.41; H, 4.17; N, 15.47.

Ethyl [(4-Amino-5,6-dimethylthieno[2,3-d]pyrimidin-2-yl)sul-
fanyl]acetate (3b)
Colorless plates; yield: 375 mg (42%); mp 149–151 °C (EtOH)
(Lit.19 148–151 °C); Rf = 0.17 (toluene–EtOAc, 4:1).

IR (KBr): 3506, 3298, 3140, 2978, 1733, 1644 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.18 (t, J = 7.1 Hz, 3 H, CH3),
2.33 (s, 3 H, CH3), 2.35 (s, 3 H, CH3), 3.93 (s, 2 H, CH2), 4.10 (q,
J = 7.1 Hz, 2 H, CH2), 6.98 (br s, 2 H, NH2).
13C NMR (125 MHz, DMSO-d6): d = 12.95, 13.89, 14.25, 32.75,
60.88, 113.49, 124.82, 126.23, 157.91, 162.97, 165.40, 169.38.

Anal. Calcd for C12H15N3O2S2: C, 48.46; H, 5.08; N, 14.13. Found:
C, 47.97; H, 5.22; N, 13.84.

Ethyl [(4-Amino-6,7-dihydro-5H-cyclopenta[4,5]thieno[2,3-
d]pyrimidin-2-yl)sulfanyl]acetate (3c)
Colorless plates; yield: 599 mg (65%); mp 180–182 °C (EtOH);
Rf = 0.19 (toluene–EtOAc, 4:1).

IR (KBr): 3490, 3290, 3119, 2906, 1734, 1641 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.18 (t, J = 7.1 Hz, 3 H, CH3),
2.34–2.39 (m, 2 H, H-6¢), 2.85–2.89 (m, 2 H, H-5¢/7¢), 2.96–2.99
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(m, 2 H, H-5¢/7¢), 3.94 (s, 2 H, CH2), 4.10 (q, J = 7.1 Hz, 2 H, CH2),
6.96 (br s, 2 H, NH2).
13C NMR (125 MHz, DMSO-d6): d = 14.25, 27.34, 28.81, 29.11,
32.81, 60.90, 109.55, 134.63, 136.02, 157.39, 163.09, 169.38,
171.42.

Anal. Calcd for C13H15N3O2S2: C, 50.46; H, 4.89; N, 13.58. Found:
C, 50.20; H, 4.94; N, 13.44.

Ethyl [(4-Amino-5,6,7,8-tetrahydrobenzothieno[2,3-d]pyrimi-
din-2-yl)sulfanyl]acetate (3d)
White needles; yield: 468 mg (48%); mp 139–140 °C (EtOH) (Lit.19

138–141 °C); Rf = 0.22 (toluene–EtOAc, 4:1).

IR (KBr): 3511, 3296, 3130, 2930, 1740, 1632 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.18 (t, J = 7.1 Hz, 3 H, CH3),
1.75–1.79 (m, 4 H, H-6¢/7¢), 2.69–2.70 (m, 2 H, H-5¢/8¢), 2.83–2.84
(m, 2 H, H-5¢/8¢), 3.93 (s, 2 H, CH2), 4.10 (q, J = 7.1 Hz, 2 H, CH2),
6.86 (br s, 2 H, NH2).
13C NMR (125 MHz, DMSO-d6): d = 14.26, 22.06, 22.37, 24.83,
32.76, 60.88, 112.45, 126.96, 129.48, 157.76, 163.09, 166.09,
169.37.

Anal. Calcd for C14H17N3O2S2: C, 51.99; H, 5.30; N, 12.99. Found:
C, 51.69; H, 5.57; N, 12.59.

Ethyl [(4-Amino-5,8-dihydro-6H-pyrano[4¢,3¢:4,5]thieno[2,3-
d]pyrimidin-2-yl)sulfanyl]acetate (3e)
Colorless blocks; yield: 726 mg (74%); mp 192–193 °C (EtOH);
Rf = 0.40 (toluene–EtOAc, 4:1).

IR (KBr): 3489, 3294, 3161, 2968, 1727, 1631 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.18 (t, J = 7.1 Hz, 3 H, CH3),
2.95 (tt, J = 5.5, 1.9 Hz, 2 H, H-5¢), 3.91 (t, J = 5.5 Hz, 2 H, H-6¢),
3.95 (s, 2 H, CH2), 4.10 (q, J = 7.1 Hz, 2 H, CH2), 4.71 (t,
J = 1.9 Hz, 2 H, H-8¢), 6.97 (br s, 2 H, NH2).
13C NMR (125 MHz, DMSO-d6): d = 14.25, 26.02, 32.80, 60.90,
63.94, 64.58, 111.89, 124.86, 127.23, 157.81, 163.60, 166.60,
169.32.

Anal. Calcd for C13H15N3O3S2: C, 47.98; H, 4.65; N, 12.91. Found:
C, 47.89; H, 4.64; N, 12.86.

Ethyl [(4-Amino-7-benzyl-5,6,7,8-tetrahydropyrido-
[4¢,3¢:4,5]thieno[2,3-d]pyrimidin-2-yl)sulfanyl]acetate (3f)
Yellow needles; yield: 611 mg (49%); mp 143–144 °C (EtOH);
Rf = 0.24 (toluene–EtOAc, 4:1).

IR (KBr): 3501, 3283, 3107, 2911, 1741, 1634 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.19 (t, J = 7.1 Hz, 3 H, CH3),
2.77 (t, J = 5.7 Hz, 2 H, H-5¢/6¢), 2.94 (t, J = 5.7 Hz, 2 H, H-5¢/6¢),
3.60 (s, 2 H, H-8¢), 3.70 (s, 2 H, CH2), 3.96 (s, 2 H, CH2), 4.11 (q,
J = 7.1 Hz, 2 H, CH2), 6.94 (br s, 2 H, NH2), 7.26–7.30 (m, 1 H, H-
4¢¢), 7.33–7.38 (m, 4 H, H-2¢¢/3¢¢/5¢¢/6¢¢).
13C NMR (125 MHz, DMSO-d6): d = 14.25, 25.65, 32.78, 48.97,
51.39, 60.75, 60.89, 111.95, 125.61, 127.11, 127.23, 128.40,
128.94, 138.29, 157.80, 163.44, 166.43, 169.33.

Anal. Calcd for C20H22N4O2S2: C, 57.95; H, 5.35; N, 13.52. Found:
C, 57.70; H, 5.56; N, 13.35.

Ethyl [(4-Aminoquinazolin-2-yl)sulfanyl]acetate (3g)
White needles; yield: 438 mg (55%); mp 153–154 °C (EtOH) (Lit.19

151–152 °C); Rf = 0.88 (EtOAc).

IR (KBr): 3406, 3173, 2973, 1735, 1646 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.19 (t, J = 7.0 Hz, 3 H, CH3),
3.98 (s, 2 H, CH2), 4.11 (q, J = 7.0 Hz, 2 H, CH2), 7.36 (ddd,
J = 8.2, 6.9, 1.3 Hz, 1 H, H-6¢), 7.45 (dd, J = 8.2, 1.3 Hz, 1 H, H-8¢),

7.69 (ddd, J = 7.9, 7.1, 1.6 Hz, 1 H, H-7¢), 7.85 (br s, 2 H, NH2),
8.13 (dd, J = 8.2, 1.6 Hz, 1 H, H-5¢).
13C NMR (125 MHz, DMSO-d6): d = 14.26, 32.79, 60.86, 112.70,
123.92, 124.55, 126.09, 133.41, 150.04, 161.34, 165.58, 169.54.

Anal. Calcd for C12H13N3O2S: C, 54.74; H, 4.98; N, 15.96. Found:
C, 54.45; H, 5.10; N, 15.54.

Ethyl [(4-Amino-6,7-dimethoxyquinazolin-2-yl)sulfanyl]ace-
tate (3h)
White needles; yield: 659 mg (68%); mp 178–181 °C (EtOH);
Rf = 0.27 (toluene–EtOAc, 4:1).

IR (KBr): 3108, 2888, 1725, 1661 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.20 (t, J = 7.0 Hz, 3 H, CH3),
3.01 (s, 3 H, CH3), 3.86 (s, 3 H, CH3), 3.97 (s, 2 H, CH2), 4.12 (q,
J = 7.0 Hz, 2 H, CH2), 6.87 (s, 1 H, H-5¢/8¢), 7.51 (br s, 2 H, NH2),
7.52 (s, 1 H, H-5¢/8¢).
13C NMR (125 MHz, DMSO-d6): d = 14.25, 32.65, 55.76, 56.09,
60.81, 103.34, 105.87, 106.01, 147.13, 147.56, 154.49, 160.32,
163.25, 169.66.

Anal. Calcd for  C14H17N3O4S: C, 52.00; H, 5.30; N, 12.99. Found:
C, 52.14; H, 5.30; N, 13.00.

N-[3-(o-Cyanoaryl)-4-oxo-1,3-thiazolidin-2-ylidene]benz-
amides 4; General Procedure
The appropriate N-benzoyl-N¢-(o-cyanoaryl)thiourea 2 (1.00 mmol)
was dissolved in a mixture of EtOH (3.0 mL) and 1 M NaOH
(1.5 mL). The soln was heated to 50 °C and ethyl bromoacetate
(200 mg, 133 mL, 1.20 mmol) was added within 1 min. If turbidity
was observed, a few drops of 1 M NaOH were added to prevent pre-
cipitation. After heating at 50 °C for 1 h, the mixture was cooled to
r.t. and H2O (5 mL) was added, and the precipitate was removed by
suction filtration, washed with H2O (50 mL), and dried in vacuo.
Pure material was obtained by recrystallization from EtOH.

N-[3-(3-Cyano-2-thienyl)-4-oxo-1,3-thiazolidin-2-ylidene]-
benzamide (4a)
White needles; yield: 245 mg (71%); mp 191–192 °C (EtOH);
Rf = 0.40 (PE–EtOAc, 2:1).

Material for X-ray crystallography was recrystallized from EtOAc.

IR (KBr): 3111, 2970, 2234, 1755, 1648 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 4.29 (s, 2 H, H-5¢), 7.46–7.51
(m, 2 H, H-3/5), 7.59–7.63 (m, 2 H, H-4/4¢¢/5¢¢), 7.93–7.96 (m, 2 H,
H-2/6), 7.99 (d, J = 5.7 Hz, 1 H, H-4¢¢/5¢¢).
13C NMR (125 MHz, DMSO-d6): d = 33.58, 109.71, 113.25,
127.15, 128.86, 129.52, 129.77, 133.71, 134.61, 143.04, 171.48,
172.66, 176.12.

Anal. Calcd for C15H9N3O2S2·H2O: C, 52.16; H, 3.21; N, 12.17.
Found: C, 52.25; H, 3.25; N, 12.18.

N-[3-(3-Cyano-4,5-dimethyl-2-thienyl)-4-oxo-1,3-thiazolidin-2-
ylidene]benzamide (4b)
Pale yellow plates; yield: 223 mg (63%); mp 218–221 °C (EtOH);
Rf = 0.62 (toluene–EtOAc, 4:1).

IR (KBr): 2230, 1751, 1649 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.26 (s, 3 H, CH3), 2.45 (s,
3 H, CH3), 4.27 (s, 2 H, H-5¢), 7.48–7.52 (m, 2 H, H-3/5), 7.60–7.62
(m, 1 H, H-4), 7.96–7.98 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 12.56, 13.24, 33.44, 111.67,
113.24, 128.89, 129.57, 132.05, 133.68, 134.60, 136.16, 138.21,
171.49, 172.41, 176.25.

Anal. Calcd for C17H13N3O2S2: C, 57.45; H, 3.69; N, 11.82. Found:
C, 57.02; H, 3.92; N, 11.53.
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N-[3-(3-Cyano-5,6-dihydro-4H-cyclopenta[b]-2-thienyl)-4-oxo-
1,3-thiazolidin-2-ylidene]benzamide (4c)
Colorless needles; yield: 243 mg (66%); mp 175–176 °C (EtOH);
Rf = 0.49 (PE–EtOAc, 2:1).

IR (KBr): 2934, 2224, 1746, 1654 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.40–2.47 (m, 2 H, H-5¢¢),
2.87–2.92 (m, 2 H, H-4¢¢/6¢¢), 3.01–3.06 (m, 2 H, H-4¢¢/6¢¢), 4.27 (s,
2 H, H-5¢), 7.48–7.51 (m, 2 H, H-3/5), 7.60–7.62 (m, 1 H, H-4),
7.96–7.99 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 27.37, 27.82, 30.04, 33.43,
105.62, 113.08, 128.87, 129.58, 133.68, 134.57, 143.32, 143.39,
144.16, 171.56, 172.43, 176.28.

Anal. Calcd for C18H13N3O2S2: C, 58.84; H, 3.57; N, 11.44. Found:
C, 58.87; H, 3.60; N, 10.97.

N-[3-(3-Cyano-4,5,6,7-tetrahydro-1-benzo-2-thienyl)-4-oxo-
1,3-thiazolidin-2-ylidene]benzamide (4d)
Colorless plates; yield: 223 mg (58%); mp 194–197 °C (EtOH);
Rf = 0.76 (toluene–EtOAc, 4:1).

IR (KBr): 2934, 2227, 1754, 1642 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 1.82–1.86 (m, 4 H, H-5¢¢/6¢¢),
2.65–2.69 (m, 2 H, H-4¢¢/7¢¢), 2.80–2.84 (m, 2 H, H-4¢¢/7¢¢), 4.27 (s,
2 H, H-5¢), 7.48–7.52 (m, 2 H, H-3/5), 7.60–7.64 (m, 1 H, H-4),
7.97–7.99 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 21.54, 22.46, 23.88, 24.35,
33.43, 109.84, 112.77, 128.88, 129.60, 133.67, 133.98, 134.56,
138.61, 139.28, 171.43, 172.17, 176.27.

Anal. Calcd for C19H15N3O2S2: C, 59.82; H, 3.96; N, 11.02. Found:
C, 59.92; H, 4.18; N, 10.82.

N-[3-(3-Cyano-4,7-dihydro-5H-thieno[2,3-c]pyran-2-yl)-4-oxo-
1,3-thiazolidin-2-ylidene]benzamide (4e)
Colorless needles; yield: 277 mg (72%); mp 181–182 °C (EtOH);
Rf = 0.42 (toluene–EtOAc, 4:1).

IR (KBr): 2926, 2230, 1756, 1645 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.75–2.83 (m, 2 H, H-4¢¢),
3.98 (t, J = 5.4 Hz, 2 H, H-5¢¢), 4.28 (s, 2 H, H-5¢), 4.81 (t,
J = 1.6 Hz, 2 H, H-7¢¢), 7.48–7.52 (m, 2 H, H-3/5), 7.61–7.63 (m,
1 H, H-4), 7.97–8.00 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 24.28, 33.50, 63.87, 64.30,
109.88, 112.41, 128.88, 129.61, 131.78, 133.68, 134.55, 136.26,
140.61, 171.40, 172.31, 176.24.

Anal. Calcd for C18H13N3O3S2: C, 56.38; H, 3.42; N, 10.96. Found:
C, 56.30; H, 3.66; N, 10.70.

N-[3-(6-Benzyl-3-cyano-4,5,6,7-tetrahydrothieno[2,3-c]pyri-
din-2-yl)-4-oxo-1,3-thiazolidin-2-ylidene]benzamide (4f)
The compound was purified by column chromatography (silica gel,
PE–EtOAc, 2:1).

Orange solid; yield: 105 mg (19%); mp 86–89 °C; Rf = 0.40
(toluene–EtOAc, 4:1).

IR (KBr): 2924, 2228, 1756, 1646 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 2.73–2.89 (m, 4 H, H-4¢¢/5¢¢),
3.69–3.81 (m, 4 H, H-7¢¢, CH2), 4.27 (s, 2 H, H-5¢), 7.26–7.30 (m,
1 H, H-4¢¢¢), 7.33–7.38 (m, 4 H, H-2¢¢¢/3¢¢¢/5¢¢¢/6¢¢¢), 7.48–7.51 (m,
2 H, H-3/5), 7.60–7.63 (m, 1 H, H-4), 7.97–8.00 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 23.84, 33.48, 48.62, 50.71,
60.45, 109.41, 112.58, 127.36, 128.47, 128.87, 129.00, 129.60,
132.59, 133.68, 134.57, 136.09, 137.88, 140.17, 171.42, 172.26,
176.26.

Anal. Calcd for C25H20N4O2S2·EtOAc: C, 62.12; H, 5.03; N, 9.99.
Found: C, 62.02; H, 5.19; N, 9.69.

N-[3-(2-Cyanophenyl)-4-oxo-1,3-thiazolidin-2-ylidene]benz-
amide (4g)
Yellow plates; yield: 226 mg (70%); mp 196–198 °C (EtOH);
Rf = 0.51 (toluene–EtOAc, 4:1).

IR (KBr): 2240, 1758, 1632 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 4.26 (d, J = 18.6 Hz, 1 H, H-
5¢), 4.42 (d, J = 18.6 Hz, 1 H, H-5¢), 7.40–7.46 (m, 2 H, H-3/5),
7.55–7.59 (m, 1 H, H-4), 7.76–7.79 (m, 2 H, H-4¢¢/6¢¢), 7.80–7.83
(m, 2 H, H-2/6), 7.95–7.99 (m, 1 H, H-5¢¢), 8.12–8.15 (m, 1 H,  H-
3¢¢).
13C NMR (125 MHz, DMSO-d6): d = 33.75, 111.84, 115.80,
128.79, 129.35, 130.26, 130.52, 133.58, 133.74, 134.67, 134.75,
137.50, 172.34, 173.03, 176.11.

Anal. Calcd for C17H11N3O2S: C, 63.54; H, 3.45; N, 13.08. Found:
C, 63.27; H, 3.41; N, 12.90.

N-[3-(2-Cyano-4,5-dimethoxyphenyl)-4-oxo-1,3-thiazolidin-2-
ylidene]benzamide (4h)
Orange cubes; yield: 251 mg (66%); mp 216–218 °C (EtOH);
Rf = 0.29 (toluene–EtOAc, 4:1).

IR (KBr): 2940, 2225, 1755, 1642 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 4.22 (d, J = 18.6 Hz, 1 H, H-
5¢), 4.40 (d, J = 18.6 Hz, 1 H, H-5¢), 7.41 (s, 1 H, H-3¢¢/6¢¢), 7.44–
7.47 (m, 2 H, H-3/5), 7.57–7.59 (m, 1 H, H-4), 7.65 (s, 1 H, H-3¢¢/
6¢¢), 7.86–7.89 (m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 33.50, 56.50, 103.21, 113.11,
114.78, 116.17, 128.81, 129.42, 131.95, 133.54, 134.76, 149.38,
153.10, 172.37, 172.93, 176.27.

Anal. Calcd for C19H15N3O4S: C, 59.83; H, 3.96; N, 11.02. Found:
C, 59.81; H, 3.98; N, 11.63.

N-[3-(2-Cyanophenyl)-1,3-thiazolidin-2-ylidene]benzamide (5)
A mixture of N-benzoyl-N¢-(2-cyanophenyl)thiourea (2g; 281 mg,
1.00 mmol) and NaOAc (197 mg, 2.40 mmol) in DMF (10 mL) was
treated dropwise with 1,2-dibromoethane (225 mg, 103 mL,
1.20 mmol). The mixture was stirred overnight at r.t. A precipitate
was removed by filtration and the filtrate was evaporated in vacuo.
The crude material was purified by column chromatography (silica
gel, toluene–EtOAc, 4:1).

White solid; yield: 85 mg (28%); mp 130–132 °C; Rf = 0.28
(toluene–EtOAc, 4:1).

IR (KBr): 3059, 2231, 1617 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 3.43 (t, J = 7.7 Hz, 2 H, H-5¢),
4.19 (t, J = 7.7 Hz, 2 H, H-4¢), 7.36–7.40 (m, 2 H, H-3/5), 7.47–
7.51 (m, 1 H, H-4), 7.59–7.63 (m, 1 H, H-4¢¢), 7.72 (dd, J = 8.2,
1.0 Hz, 1 H, H-6¢¢), 7.84–7.89 (m, 3 H, H-2/6/5¢¢), 8.02–8.05 (dd,
J = 7.9, 1.6 Hz, 1 H, H-3¢¢).
13C NMR (125 MHz, DMSO-d6): d = 27.66, 51.76, 111.44, 116.66,
127.13, 128.35, 128.58, 129.09, 132.36, 133.71, 134.58, 136.03,
142.75, 172.38, 174.45.

Anal. Calcd for C17H13N3OS: C, 66.43; H, 4.26; N, 13.67. Found:
C, 66.23; H, 4.19; N, 13.65.

2-(4-Oxo-1,3-thiazolidin-3-yl)benzonitrile (6)
Compound 6 was prepared by a method according to Brouwer
et al.:33 an aq formaldehyde soln (37 wt%, 4.5 mL) was added drop-
wise to a soln of anthranilonitrile (5.91 g, 50.0 mmol) and thiogly-
colic acid (4.61 g, 3.48 mL, 50.0 mmol) in EtOH (15 mL). After
stirring for 4 h at r.t., the mixture was poured into ice water (75 mL).
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Precipitated 2-[(2-cyanophenylamino)methylsulfanyl]acetic acid
(9.85 g, 44.3 mmol) was recovered by suction filtration, washed
with H2O (100 mL), and dried under reduced pressure. It was then
redissolved in p-xylene (60 mL) and refluxed for 6 h using a water
trap. The resulting soln was filtered and the solvent was removed
under reduced pressure. Recrystallization from EtOH afforded 6.

White needles; yield: 3.47 g (43%, 2 steps); mp 124–126 °C (EtOH)
(Lit.33 120–122 °C); Rf = 0.21 (toluene–EtOAc, 4:1).

IR (KBr): 2233, 1683 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 3.73 (t, J = 1.0 Hz, 2 H, H-5¢),
4.85 (t, J = 1.0 Hz, 2 H, H-2¢), 7.53–7.57 (m, 1 H, H-5), 7.62 (dd,
J = 8.2, 1.0 Hz, 1 H, H-3), 7.78–7.82 (m, 1 H, H-4), 7.93 (dd,
J = 7.9, 1.6 Hz, 1 H, H-6).
13C NMR (125 MHz, DMSO-d6): d = 31.70, 48.86, 111.12, 116.41,
127.52, 128.62, 133.80, 134.50, 141.11, 170.98.

Anal. Calcd for C10H8N2OS: C, 58.80; H, 3.95; N, 13.72. Found: C,
58.92; H, 3.97; N, 13.73.

N-(4-Oxo-3-phenyl-1,3-thiazolidin-2-ylidene)benzamide (7)
N-Benzoyl-N¢-phenylthiourea38 (256 mg, 1.00 mmol) was dis-
solved in a mixture of EtOH (5.0 mL) and 1 M NaOH (1.5 mL). The
soln was heated to 50 °C and ethyl bromoacetate (200 mg, 133 mL,
1.20 mmol) was added within 1 min. After heating at 50 °C for 1 h,
the mixture was cooled to r.t., H2O (8 mL) was added, and the pre-
cipitate was removed by suction filtration, washed with H2O
(50 mL), and dried in vacuo. Recrystallization from EtOAc afford-
ed 7.

Colorless needles; yield: 255 mg (86%); mp 221–222 °C (EtOAc)
(Lit.8 224 °C); Rf = 0.54 (PE–EtOAc, 2:1).

IR (KBr): 2968, 1733, 1637 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 4.16 (s, 2 H, H-5¢), 7.40–7.45
(m, 4 H, H-3/5/2¢/6¢), 7.49–7.59 (m, 4 H, H-4/3¢/4¢/5¢), 7.83–7.86
(m, 2 H, H-2/6).
13C NMR (125 MHz, DMSO-d6): d = 33.57, 128.32, 128.67,
129.01, 129.08, 129.36, 133.30, 135.07, 135.39, 173.04, 173.88,
176.24.

Anal. Calcd for C16H12N2O2S: C, 64.85; H, 4.08; N, 9.45. Found: C,
64.56; H, 4.04; N, 9.41.

3-Phenyl-1,3-thiazolidin-4-one (8)
Compound 8 was prepared by a procedure of Kay et al.:34 thiogly-
colic acid (5.68 g, 4.29 mL, 61.7 mmol) was added within 1 min to
a soln of aniline (5.75 g, 5.62 mL, 61.7 mmol) in toluene (120 mL).
After 10 min, the soln was treated dropwise with an aq formalde-
hyde soln (37 wt%, 4.8 mL), and addition of PTSA·H2O (10 mg,
53 mmol) followed. The mixture was refluxed for 4 h using a water
trap. After the mixture had cooled to r.t. and been washed with sat.
aq NaHCO3 (2 × 50 mL), the solvent was removed under reduced
pressure. The crude product was purified by column chromatogra-
phy (silica gel, toluene–EtOAc, 4:1).

White solid; yield: 6.01 g (54%); mp 110–112 °C (EtOH) (Lit.39

110–114 °C, Lit.33 116–119 °C); Rf = 0.35 (PE–EtOAc, 4:1).

IR (KBr): 3058, 1677 cm–1.
1H NMR (500 MHz, DMSO-d6): d = 3.70 (t, J = 1.0 Hz, 2 H, H-2/
5), 4.89 (t, J = 1.0 Hz, 2 H, H-2/5), 7.21–7.25 (m, 1 H, H-4¢), 7.38–
7.42 (m, 2 H, H-3¢/5¢), 7.48–7.52 (m, 2 H, H-2¢/6¢).
13C NMR (125 MHz, DMSO-d6): d = 32.66, 48.71, 122.57, 125.84,
128.94, 139.05, 170.40.

Anal. Calcd for C9H9NOS: C, 60.31; H, 5.06; N, 7.81. Found: C,
60.25; H, 5.36; N, 7.86.

DFT Calculations
3D coordinates of compounds 4a,b,g were retrieved from their cor-
responding crystal structures. Relaxed potential energy surface
(PES) scans were carried out applying a 5° (BP86/LANL2DZ) step-
wise rotation around the C–N bond connecting the cyanoarene and
the thiazolidin-4-one. Transition state optimization was done at the
B3LYP/6-311G** level of theory. If no transition state was reached
(carbonyl and imine barrier in case of 4a, carbonyl barrier in case of
4b), additional PES scans at the B3LYP/6-311G** level were car-
ried out, providing 1° and subsequent 0.1° stepwise rotations in
close range to rotational barriers discovered at BP86/LANL2DZ
level. Coordinates and corresponding energies of each optimized
step were extracted using a custom PERL script,40 and submitted to
transition state optimization. All transition states were pre-opti-
mized at the BP86/LANL2DZ level before final geometries were
obtained using the DFT hybrid B3LYP/6-311G**. All B3LYP/6-
311G** maxima, as well as transition state optimizations, were ac-
companied by frequency calculations to ensure maxima or first-or-
der saddle point identification and to retrieve free energy values. All
measurements, e.g. bond angles and dihedrals, and RMSD calcula-
tions were performed using PyMOL.41
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