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Green Synthesis of a Novel Functionalized
Tetrahydro-1,4-thiazepine and Computational
Studies of Its Tautomeric Structures

M. Bakavoli,"* H. Beyzaei,' M. Rahimizadeh,' and J. Tajabadi’
'Department of Chemistry, School of Sciences, Ferdowsi University
of Mashhad, Mashhad, Iran
"Department of Chemistry, School of Sciences, Islamic Azad University,
Mashhad, Iran

Abstract: Reaction of ethyl-2-cyano-3,3-dimercaptoacrylate dipotassium salt with
2-chloroethylamine hydrochloride in water afforded the novel (4E,6E)-ethyl
5-amino-2,3-dihydro-7-mercapto-1,4-thiazepine-6-carboxylate. The molecular
geometry of the most stable tautomeric structure was investigated with DFT and
AIM at the B3LYP level of theory using the 6-31G** and 6-311+G** basis sets.

Keywords: AIM, DFT, green synthesis, heterocyclization, 1,4-thiazepine

INTRODUCTION

In continuation of our interest in the green synthesis of novel polyfunctio-
nalized 1,4-thiazepines as potential precursors for the synthesis of
biologically important fused 1,4-thiazepines and the exploration of
their tautomeric structures through both theoretical studies and analytical
and spectral analyses, in a previous investigation'!! we studied the reaction
of sodium 2,2-dicyanoethene-1,1-bis(thiolate) with 2-chloroethylamine
hydrochloride in water to prepare the novel (Z)-5-amino-7-thioxo-
2,3,4,7-tetrahydro-1,4-thiazepine-6-carbonitrile (Scheme 1).
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In this article, we report on the synthesis of the new (4E,6E)-ethyl
5-amino-2,3-dihydro-7-mercapto-1,4-thiazepine-6-carboxylate 3b in water
as the solvent, giving an account on its structural elucidation through both
theoretical and spectral studies.

COMPUTATIONAL METHODOLOGY

Density functional theory (DFT) calculations were employed using the
Gaussian 03 software package! with the 6-31G** and 6-3114+G** basis sets,
where the hybrid density functional,”! in combination with the Lee—Yang—
Parr correlation functional (B3LYP),™ was used to optimize the geometri-
cal structures. The same levels of theory were used for frequency analysis to
characterize local energy minima (all real frequencies) and to provide the
frequencies needed in the computation of the thermodynamic functions.
The nature of the bonds in the tautomers was studied using the atoms in
molecules (AIM) theory of Bader'™ by AIM2000 package!® and the AIM
method within the Gaussian program at the B3LYP/6-311+G** level.

RESULTS AND DISCUSSION

Stirring of a mixture of ethyl-2-cyano-3,3-dimercaptoacrylate dipotas-
sium salt 1 and 2-chloroethylamine hydrochloride 2 in water first at
room temperature for 2h and then with heating at 80°C for 6h gave a
solid compound (Scheme 2), which was expected to have tautomeric
structures 3a-3g. The structural assignment of the product was based
on a theoretical investigation as well as analytical and spectral analyses.

Hs._ S
NC SK Cl H,0, rt>80°C | w
— + P N
—N
E0,C  SK NH,el 8B Et0,C
H,N
1 2 3b

Scheme 2.
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The structure of all tautomers optimized at the B3LYP/6-3114+G**
level of theory are presented in Fig. 1 and Table 1.

As can be seen from the calculated Gibbs free energy values listed in
Table 2, the B3LYP method suggests that the tautomer 3b is the most
stable tautomer in the gas phase.

The order of the stability of other tautomers is 3b>3d > 3a > 3c >
3f > 3e>3g at the B3LYP/6-311+G** level of theory. Comparison for
the two basis sets employed shows that splitting the basis set from dou-
ble-¢ to triple-¢ and incorporation of diffuse functions on heavy atoms
have no significant effect on the order of the stability of our tautomers.
The most stable tautomer is 3b by a margin of 3.5kcal mol~! with respect
to 3d, and 3a, 3¢, 3d and 3f have a relative energy between them of less
than 1.9 kcal mol~!. Tautomers 3e and 3g have the larger values, of the
relative energy. With respect to the structures of all the tautomers under
investigation and because of their calculated relative energies, it can be
assumed that in these structures, the C=N exocyclic bond can be taken
as the main reason for the instability of these molecular systems. For

H
\ H

8 s'—c?
S§C7/ \ /
\ 5N
o% _C8 / H

ﬁij ﬁip ﬁj/YW

_O HN _0O HoN
3b 3c 3d
Et/ _0O H,N
3e 3f 39

Figure 1. Various tautomeric structures of the functionalized 1,4-thiazepine
3a-3g including the atom numbering scheme.
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Table 1. Optimized geometry (bond length r, A and bond angle, deg) for all
tautomers 3a-3g

Bond 3a 3b 3c 3d 3e 3f 3g

r(S1C2) 1.836 1.857  1.851 1.856 1.836  1.861 1.840
r(C2C3) 1.531 1.526  1.533  1.521 1.519  1.523 1.515
r(C3N4) 1.457  1.447 1.451 1.453 1.473 1.446  1.468
r(N4C5) 1.364  1.280 1386  1.273 1.400  1.279 1.405
r(C5C6) 1414  1.510 1508 1.542  1.538  1.508 1.513
r(C6C7) 1.458 1.370 1.361 1.528 1.527  1.423 1.411
r(C7S1) 1.854  1.789  1.795 1.740 1.743 1.782 1.785
r(C7S8) 1.639  1.754  1.757 1.650 1.644  1.701 1.698
r(C6C9) 1.482 1475 1.481 1.539  1.538 1.406 1412
r(C9011) 1.206  1.222 1.221 1.202  1.206  1.298 1.299
r(C9012) 1.384 1352 1.341 1.344  1.338  1.328 1.317
r(C5N10) 1.364  1.381 1.277 1379 1276 1382  1.279
£ (S1C2C3) 110.0  113.7 1144 1178 115.1 1147 1153
£/ (C2C3N4) 114.1 111.7 1149 1118 1152 110.8 114.8
£L(C3N4C5) 126.5 1182 123.0 1204 1253 117.8 124.6
£ (N4C5C6) 123.1 1254 1162 1276  119.1 125.8 120.5
£ (C5C6CT7) 1199  119.1 1200 116.7 116.8  121.2  123.9
£L(C6CTS1) 1147 1225 121.2  125.1 122.3 1212 118.1
L (C7S1C2) 97.5 103.9  102.8 112.5  107.2  107.1 100.6
£ (S1C78S8) 118.2 1092 1103  116.1 117.4 1132 1149
£L(C6CTS8) 127.0 1283 1284  118.7 1202 1253 127.0
£L(C7C6C9) 117.1 122.6 1229 112.3 1132 121.1 120.6
£ (C5C6C9) 1229 1183 117.0  111.5  111.6  117.6 1148

/(C6C5N10) 124.1 115.5 117.3 113.0 115.4 115.3 114.9
£/ (N4C5N10) 112.8 119.0 126.5 119.3 124.9 118.7 124.0
£(C6CI9011) 126.0 126.8 125.9 126.6 126.3 125.9 125.1
£(C6C9012) 114.0 111.9 111.8 108.9 109.4 118.2 118.7
£(011C9012) 119.9 121.3 122.3 124.5 124.2 115.9 116.1

example, consider the structures 3f and 3g. The AIM analyses shows that
these two tautomers have an intramolecular hydrogen bonding O-H...S
with the same strength (the values of the electron density, p, in H...S
critical point for 3f and 3g are of the order of 0.06849*" and 0.06282%")
(Fig. 2).

Moreover, there is a repulsive interaction between N10...012 in
tautomer 3f, whereas such an interaction in tautomer 3g does not exist.
On the other hand, the dihedral angle, SSC7C6C9 in these tautomers
are in the order of —9.1° and 14.0° respectively, which indicates the
presence of the same resonance in both tautomers (see bond lengths in
Table 1 and values of p in Table 3).
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Table 2. Relative energies (kcal mol™!) before (AE,) and after (AE g zpve) the
zero-point vibrational energy correction as well as relative Gibbs free energies
(kcal mol™") of various tautomers 3a—-3g

Parameter Basis set  3a 3b 3c 3d 3¢ 3f 3g

AE; 6-31G** 1.95 0(—1368.410340) 530 2.45 4.88 3.56 13.07
6-311+G** 2.23 0 (—1368.612725) 4.89 2.46 521 4.41 13.42
AE g zpyr) 6-31G* 4.14 0(—1368.209737) 5.23 4.29 7.12 4.11 14.07
6-311+G** 4.48 0 (—1368.413486) 4.90 4.36 7.57 5.12 14.68
AG 6-31G** 4.05 0(—1368.252401) 5.09 3.40 6.56 4.33 14.13
6-311+G** 4.39 0(—1368.456374) 4.87 3.53 7.14 5.41 14.86

“The values in parentheses are Ey and Gy in Hartree.

In view of this argument, the considerable energy difference within
these tautomers (9.5 kcal mol™') can be accounted for by the presence of
the exocyclic C=N bond in 3g tautomer, which brings about the relative
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Figure 2. Position of the bond critical points in all tautomers 3a-3g.
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Table 3. Values of the electron density at some bond critical points for the
3a-3g tautomers calculated at the B3LYP/6-311+g** level of theory

Bond 3a 3b 3c 3d 3e 3f 3g

S1-C2 0.17151 0.16464 0.16674 0.16620 0.17334 0.16389 0.17132
C2-C3  0.24407 0.24327 0.24199 0.24525 0.24813 0.24457 0.25114
C3-N4  0.25562 0.27349 0.26387 0.26874 0.25238 0.27414 0.25541
N4-C5  0.31902 0.38348 0.30322 0.38772 0.29812 0.38503  0.29550
C5-C6  0.29432 0.25246 0.25509 0.23776 0.23921 0.25238 0.25047
C6o-C7  0.27245 0.31576 0.32117 0.24164 0.24150 0.28837 0.29492
C7-S1 0.16779 0.18776 0.18588 0.20416 0.20492 0.19039 0.19103
C7-S8 0.22968 0.19914 0.19786 0.22477 0.22662 0.21158 0.21185
C6o-C9  0.26355 0.26912 0.26767 0.24196 0.24261 0.30021 0.29808
C9-0O11 0.41941 0.40398 0.40445 0.42116 0.41726 0.33996 0.33793
C9-012 0.27751 0.29879 0.30570 0.30352 0.30782 0.31411 0.32227
C5-N10 0.32302 0.31062 0.38802 0.31069 0.38829 0.30906 0.38653

instability for this tautomer compared to tautomer 3f. Such a comparison
can be conducted for other tautomers like 3b, 3¢, 3d, and 3e. Therefore,
the stability of tautomer 3b compared to other tautomers can be
rationalized by the absence of the exocyclic C=N bond and also by the
presence of the intramolecular hydrogen bonding S-H. . .O in the molecule
(Fig. 2).

The 'H NMR spectrum of the product in CDCl; exhibited three
triplets at & 1.30, 3.38, and 4.01 ppm attributed to the CHj, S-CH,,
and N-CH, protons respectively and one quartet at & 4.20ppm
assignable to the O-CH, protons. Two broad signals at 6 9.02 and
9.17 ppm resembling SH and NH, groups were removed on deutera-
tion. IR spectrum of the product, which was taken on KBr disk,
showed two different absorption bands at 3245cm™' and 2594 cm™!
assignable to NH, and SH groups and a band at 1663cm ™! belonging
to C=0 group.

CONCLUSIONS

On the basis of theoretical investigation and spectral analysis, the
reaction of 1 with 2 in water as the solvent gave exclusively the novel
(4E,6E)-ethyl 5-amino-2,3-dihydro-7-mercapto-1,4-thiazepine-6-carbox-
ylate 3b as the most stable tautomer in the solid phase, which
constitutes a potential precursor for the synthesis of various fused
1,4-thiazepines.
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EXPERIMENTAL
Materials

All the reactions were carried out without any special precautions in an
atmosphere of air. Chemicals were purchased from Merck and used as
received. The melting point was recorded on an Electrothermal type
9100 melting-point apparatus. The 'H NMR spectrum was recorded on
a Bruker AC 100 spectrometer. Chemical shifts are reported in parts per
million (ppm) downfield from tetramethylsilane (TMS) as internal stan-
dard. The infrared (IR) spectrum was obtained on a 4300 Shimadzu spec-
trometer, and only noteworthy absorptions are listed. The mass spectrum
was observed on a Varian Mat CH-7 at 70 ev. Elemental analysis (C, H, N,
S) was performed on a Thermo Finnigan Flash EA microanalyzer.

Ethyl-2-cyano-3,3-dimercaptoacrylate  dipotassium salt 1 was
prepared according to the literature method.!”!

IR (KBr) 1320, 1020, 930cm™'; (lit.”! IR (KBr) 1314, 1027,
925cm™'). Anal. caled. for CsHsK,NO,S, (265.44): C, 27.15; H, 1.90;
N, 5.28; S, 24.16. Found: C, 27.34; H, 1.79; N, 5.12; S, 23.93.

(4E,6E)-Ethyl 5-Amino-2,3-dihydro-7-mercapto-1,4-thiazepine-
6-carboxylate (3b)

A solution of 2 (100 mmol, 11.6 g) in water (100 ml) was added dropwise
to a stirred solution of 1 (100 mmol, 26.5 g) in water (100 ml). Then,
the mixture was stirred for 2h at room temperature before it was heated
at 80°C for 6 h. The reaction mixture was cooled to room temperature;
the solid was filtered off, washed with water, and recrystallized from
ethanol-water (1:1) as yellow needles to give 9.6 g (41%) of 3b.

Mp 132°C; IR (KBr) 3245, 2594, 1663cm !; 'H NMR
(CDCl3,100 MHz) 6: 1.30 (t, J=7.1Hz, 3H, CH3y), 3.38 (t, J=7.5Hz,
2H, S-CH,), 4.01 (t, J=7.5Hz, 2H, N-CH,), 4.20 (q, J=7.1Hz, 2H,
0O-CH,), 9.02 (s, 1H, SH), 9.17 (s, 2H, NH,); mass (70 eV) 232m/z. Anal.
caled. for CgH52N,0,S, (232.32): C, 41.36; H, 5.21; N, 12.06; S, 27.60.
Found: C, 41.48; H, 5.33; N, 11.84; S, 27.42.
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