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In this study, 5-(diethylamino)-2-((2- (5- (3-methyl-3-phenylcyclobutyl) -6H-1,3,4-thiadiazin-2yl)
hydrazono)methyl)phenol single crystal, which is Schiff base, was synthesized. The synthesized crystal
structure was confirmed by X-ray diffraction, IR, 'H and '*C NMR spectroscopic techniques. The mole-
cules are linked by two intermolecular (C—H---O and N—H---N) and an intramolecular (O—H---N)
hydrogen bonds. It was observed that the title compound can be in two tautomeric structures. The
geometric parameters, 13C-, 'H- NMR and IR spectra and frontier molecular orbitals (FMO) of the title
crystal were optimized using the Gaussian 09 package program with DFT theory, as well as the
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Gajlljssian 09 tautomer structures were compared with the IRC (Intrinsic Reaction Coordinate) analysis method. In
X-ray addition, the lattice energies of two tautomer structures were calculated by Quantum-Espresso pro-
Tautomeric gram using periodic boundary conditions (PBC). All theoretical and experimental studies were executed

PBC on two tautomeric structures. Theoretical calculations were made to compare with experimental results.

Quantum-Espresso

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, proton transfer between atoms in molecules has
been a subject of great interest due to its importance in many
biological and chemical processes. Many theoretical and experi-
mental researches have been conducted to enrich the knowledge
about the potential mechanisms and properties of proton transfer
and tautomeric equilibrium [1—11]. In particular, it is known that
the role played by the solvent is very important [12,13].

The Schiff base compounds have N = C functional group. The
Schiff bases derived from the aromatic compounds containing orto-
hydroxy group are observed that two types of intramolecular
N—H---O or O—H---N hydrogen bonds. Two tautomeric structures
can be formed from the OH group to the N atom or from the NH
group to the O atom by proton transfer. These tautomeric structures
exhibit photochromism and thermochromism properties. The
photochromism features are used for measuring and controlling
the intensity of radiation, as well as for imaging systems and optical
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computers [ 14]. The Schiff base are used as starting materials in the
synthesis of essential drugs such as antibiotics, anti-allergic, anti-
phlogistic and anti-tumor [15—17]. Schiff bases are used as corro-
sion inhibitors due to the C = N group in their structures [18].
Multi-threaded Schiff bases with large number donor atoms exhibit
biological activity with broad spectrum and have a special place in
coordination chemistry due to the binding diversity of transition
metal ions. It was found that their metal complexes increased the
activity of some drugs and their metal chelates stopped tumor
growth [19—-21]. Schiff base complexes obtained from aromatic
amines are used in the field of chemotherapy as oxygen carrier to
various substrates in some chemical reactions [22]. In addition,
Schiff bases synthesized by the condensation of amines with active
carbonyl groups have a wide range of biological activity such as
antifungal, insecticidal, antiviral and herbicidal activities [23].

1,3,4-thiadiazine compounds and derivatives can be obtained by
various methods [24]. These compounds have various biological
activities and are highly effective. In particular, they are widely used
as drug that destroys parasites, fungi, insects and harmful plants
[25]. 3-Substitue tetrahydro-1,3,5-thiadiazin-2-thione derivatives
have anti-protozoan and anti-tuberculosis activity as prodrugs
[26,27].
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The cyclobutane ring with four-carbon enables the molecule to
be in a more stable conformation by puckering. The puckering re-
duces the total tension by decreasing the C—C—C angles that must
be present in planar molecules [28].

The title compound, which is a synthesized novel Schiff base in
the light of biological effects, was confirmed by using IR, 'H, 13C
NMR spectroscopic and X-ray diffraction analysis techniques. Some
theoretical studies have been performed to support experimental
studies.

2. Materials and methods
2.1. X-rays crystal structure determination

Single crystalline data were obtained using Bruker AXS APEX
CCD [29] diffractometer at 296K, using 0.71073 A wavelength
MoKa radiation. The crystal structure was solved by direct methods
using SHELXT-2014 [30] and was refinement by least squares
methods using the SHELXL-2014 [31].

2.2. Synthesis

A mixture of 4-diethylamino salicylaldehyde (1.9325g,
10 mmol) and hydrazinecarbothiohydrazide (1.0615 g, 10 mmol) in
30 mL of ethanol was refluxed for 2 h (TLC). Subsequently, a solu-
tion of a-haloketone (2.2271 g, 10 mmol) in 20 mL of ethanol was
added dropwise at room temperature and mixture was stirred for
3 h (TLC). After made alkaline with an aqueous solution of NH3 (5%)
to modulate pH of the solution to =5, a light yellow precipitate
separated immediately. The precipitate was filtered off, washed
with copious water several times and dried in air and crystallized
from EtOH. Overall yield: 82%, melting point: 476 K. Characteristic
IR bands: 3159cm™! »(N—H), 1637cm™! »(C=N azomethine),
1595cm~! »(C=N thiadiazine), 1134cm~' »(C—0), 715cm™!
»(C—S— thiadiazine). Characteristic 'H NMR shifts (CDCls, 6, ppm):
1.22 (t, j= 7.1 Hz, 6H, —CH3, on ethyl), 1.58 (s, 3H, —CH3), 2.42—2.47
(m, 2H, —CH,—, in cyclobutane), 2.57—2.2.62 (m, 2H, —CHy—, in
cyclobutane), 3.29 (s, 2H, —CH,—S), 3.38—3.44 (q, j=7.4Hz, 4H,
—CHy,—, on ethyl), 3.44—3.54 (quint, j = 7.2 Hz, 1H, *"CH—, in cyclo-
butane), 6.21 (s, 1H, aromatic), 6.25 (s, 1H, aromatic), 7.03 (d,
j=7.8Hz, 1H, aromatic), 7.16—7.22 (m, 3H, aromatics), 7.31-7.37
(m, 2H, aromatics), 8.36 (s, 1H, azomethine), 9.56 (s, 1H, —NH—),
11.50 (s, 1H, —OH). Characteristic *C NMR shifts (CDCls, 6, ppm):
160.93, 159.72, 157.19, 154.03, 151.52, 150.57, 132.55, 128.35, 125.57,
124.59,107.53,103.67, 98.01, 44.53, 38.92, 37.60, 34.38, 30.36, 23.25,
12.71. Scheme 1.
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2.3. Computational details

The crystal structure solvation and refinement calculations were
performed by Olex 2 [32] and molecular schemes by MERCURY
[33]. Theoretical calculations of the tautomer structures were done
by Gaussian 09 software [34] using DFT/B3LYP [35,36] theory and
6-31G (d) [37] basic set for the gas phase. The obtained results were
visualized using the GaussView 5 [38] software. Calculations in the
crystal phase were performed using the Quantum-Espresso 6.2 [39]
package program under periodic boundary conditions. In the cal-
culations, pseudopotential derived from form proposed by Perdew-
Zunger (PZ) [40] containing the Local Density Approach (LDA) were
used.

3. Results and discussion
3.1. Geometrical structure of title compound

In Fig. 1a and b, Fourier maps of two tautomeric structures are
shown. This map shows that the proton excess around the atoms is
red, and the proton deficiency is blue. The proton excess around the
N3 atom is depicted in red color, while the proton deficiency
around the N2 atom is depicted by the blue color (Fig. 1a).
Accordingly, it can be said that the proton attached to the N3 atom
is positioned incorrectly and that the N2 atom must be protonated.
Fig. 1b shows that the proton is correctly positioned. Therefore, it
can be said that the structure of form1 is more stable than fom 2.

The data collection details and refinement process of the crystal
form1 are shown in Table 1 and the diagram of the crystal, which is
drawn with % 20 probability ellipsoids, is showed Fig. 2a and the
optimized molecule obtained by the Gaussian program is given in
Fig. 2b.

As shown in Fig. 2a, C25H31N50S crystal consist of A (C1A—C6A),
A’'(C1B—C6B) benzene, B(C7/C9—C11) cyclobutane, C(C12—C13/S1/
C14/N1—N2) thiadiazine and D (C16—C21) toluene rings. Each of
these rings is approximately planar and the maximum deviation
values of these rings were found as 0.022, 0.028, 0.127, 0.360 and
0.018 A respectively. Also, the dihedral angles between these rings
are A/B=40.70 (5)°, B/C=45.10 (2)° and C/D=22.91 (12)°. The
puckering angle between C11/C7/C9 and C9/C10/C11 means in the
cyclobutane ring was observed as 25.98 (2)° for form1. This puck-
ering angle value is given in the literature as 24.7 (2)° [41]. In
addition, there is rotational disorder in the benzene ring. X-ray
diffraction and some calculated geometric parameters of form1 and
form?2 are given in Table 2.

X-ray studies were performed on forml. When the X-ray
diffraction results in Table 2 were examined, it was observed that

O
NNCH

Form1

N—N
7N NNCH*@ﬁ
S

Form2

Scheme 1. The synthesis scheme of the tautomer compounds.
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(b)

Fig. 1. Electron density map of (a) form1 (b) form2.
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Table 1

Data collection and refinement values of the crystal form1.
Chemical formula C25H31N50S
M; 449.61
Temperature(K) 293 (2)

Crystal system, space group

a, b, c(A)

Monoclinic, P21/n
13.514(12), 13.343(11), 14.430(13)
103.10 (3)

V (A3) 2534 (4)

Z 4

pca]cg/cm3 1.178

w(mm™1) 0.153

F (000) 960.0

Crystal size (mm) 0.19 x 0.16 x 0.13
Radiation type MoKo

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I > 2ac (I)]
Final R indexes [all data]
Apmaxs Apmin (€ A73)

CCDC

5.798 to 49.998
~16<h<16,-15<k<15, ~17<1<17
52091

4405 [Rint = 0.0547, Rsigma = 0.0284]
4405/85/349

1.090

R1=0.0636, wR2 = 0.1264

R1 = 0.0800, wR2 = 0.1344

0.30, -0.23

1888744

Fig. 2. (a) Experimental (b) Calculated figures of C;sH3;NsOS crystal in form1

structure.

(b)

the double bond N1=C12 and N3=C14 in the thiadiazine ring was
shorter than the N2—C14 single bond length. Experimentally, these
bond lengths were observed as 1.26, 1.29 and 1.37, respectively. The
crystal structure was stabilized by forming the S (6) closed ring
motif with O—H---N type intramolecular hydrogen bond. In addi-
tion, two intermolecular N—H---N and C—H---O classical hydrogen
bonds were determined. The N2 atom (symmetry code: x, y, z), by
acting as a donor, forms a N—H---N hydrogen bond with the N3
atom (symmetry code: 1-x, 1-y, 1-z). These formed hydrogen bonds
generate R%(S) ring motif dimers. The dimers with C (18) chain
motif were formed by the C—H---O type intermolecular hydrogen
bond connecting C4A to O1 atoms (Fig. 3). Symmetry information of
all these interactions is given in Table 3.

3.2. Tautomerizm (IRC)

We have examined two tautomer structures of the title com-
pound by using the theoretical calculations. We have calculated
some structure parameters of the transition state (TS) and two
tautomer structures. The energies of form1, form2 and TS and the
differences between them, activation energies of forward and
reverse reactions are shown in Table 4. The image-frequency of TS
was calculated as 1768i cm~' and the accuracy of TS was also
proved.

While the tautomeric structures transform into each other by
intramolecular proton migration, some changes in the structure
may occur. If we look at Table 5, while the proton transfer was
carried out from form1 to form2, C14—N3 bond length and
C14—N3—N4 bond angle were increased and N2—C14 bond length
and N2—C14—N3 bond angle decreased.

The proton transfer process is shown in Fig. 4. The energy dif-
ference between form1 and formz2 is calculated as —62.4 kj/mol and
the form1 is more stable than the form2. Relative energy of TS
according to the form1 was calculated as 183.91 kj/mol and the
reaction energy of the reverse barrier was calculated as 121.52 kj/
mol in Table 4. AH (standard enthalpy chance) and AG (free energy
change) positive results indicate that the reactions processes (For-
m1<Form2) are endothermic and non-spontaneous at room
temperature [42]. According to all these results, it can be said that
the form1 is more stable than the form2 and is closer to the
structure determined by X-ray.

Table 2

Experimental and calculated geometric parameters of two tautomeric structures.
Bond lengths (A) Experimental (Form1) Experimental (Form2) DFT (Form1) DFT (Form2)
C1A—C2A 1.39(2) 1.39(2) 1.40 1.40
C21-01 1.36 (3) 1.362 (3) 1.35 135
C2A—C3A 1.40 (2) 1.40 (2) 1.40 1.40
C3A—C4A 1.37 (2) 1.37(2) 1.40 1.40
C4A—C5A 1.38(2) 1.37(2) 1.40 1.40
C14—-N3 1.29 (3) 1.284 (3) 1.29 137
C12—-N1 1.26 (4) 1.264 (4) 1.28 1.29
C14—N2 1.37 (3) 1.375 (3) 1.40 1.30
C14-S1 1.74 (3) 1.741 (3) 1.77 1.78
C13-S1 1.81(3) 1.804 (3) 1.84 1.84
N1-N2 1.40 (3) 1.405 (3) 1.39 139
N3—-N4 1.40 (3) 1.391 (3) 1.38 1.36
N5-C19 137 (3) 1.371 (3) 1.38 1.38
N5—-C22 1.472 (3) 1.473 (3) 1.46 1.46
N5—-C24 1.452 (4) 1.454 (4) 1.46 1.46
Bond Angles (°)
C1A—C2A—-C3A 122.35(3) 123 (1) 121.01 121.04
C3A—C4A—C5A 120.19 (3) 120 (1) 119.44 119.43

(continued on next page)
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Bond lengths (A)

Experimental (Form1) Experimental (Form2) DFT (Form1) DFT (Form2)
C4A—C5A—C6A 118.70 (3) 120 (1) 120.19 120.21
C7—-C11-C10 90.25 (2) 90.2 (2) 89.34 89.44
N1-N2-C14 124.86 (3) 123.8 (2) 123.90 120.31
C13-S1-C14 97.32 (3) 97.3 (2) 96.08 92.15
C16—C21-01 121.04 (3) 121.1 (2) 121.77 122.16
N5—-C24—-C25 113.62 (3) 113.7 (3) 113.97 113.88
Torsion angles (°)
C15—C16—C21-01 —49(2) —4.0(4) 0.13 0.39
C16—C15—N4—-N3 -174.14 (3) -174.2 (2) 179.25 -179.59
b Table 5
Variation of bond lengths and angles after proton transfer process.
Bond lengths(A) Form1 Form2
N2—-C14 139 1.30
C14—-N3 1.29 137
Bond angles(°)
C14—-N3—-N4 116.94 126.07
N2—-C14—-N3 115.70 108.18
>1j,
. /I {
%
/ﬁ
). 8 .
= A _ 121.52 kj/mol
% N . 3¢ ¥
“.‘}’ ..a."‘o“. y
9 s ol
R 3 “ JT 4 j‘a‘d
.
/\
I
|
= /
] g \
E [
3 -y I
] [ 3
e i
Fig. 3. Packing of crystal form1 with hydrogen bonds. @ / |
- ./' '\i
@ . .
2l 0 NPER -62.4 kj/mol
- 2> . 2 N \ ‘2 o X 2
Table 3 ) 2 g :','o“ % ‘J::“ " 32, i 0000 25
Hydrogen Bond geometry for crystal form1 (A, °). x #7389 * % ., ,‘ Bo% 5 9% R
s *eones, L e e g .97
D-H..A D-H H..A D..A D-H..A Form2 Teesesestsnsectsnsnnsesasasaes
Forml
01-H1--N4 0.91 (4) 1.86 (4) 2.658 (4) 146 (4)
N2-H2--N3' 0.93 (3) 2.08 (3) 3.011 (4) 175 (2)
C4A—H4A---01" 0.93 2.59 3.455 (11) 155
C13-H13A---Cg (4) m 0.97 2.92 3.335(5) 107 Fig. 4. Potential energy diagram for form1 and form2 structures.
C13-H13B---Cg (4) i 0.97 293 3335 (5) 106
C6A—HBA- - -Cg (4)" 0.93 2.90 3.770 (10) 156

Symmetry codes: (i) 1-x,1-y,1-z; (ii) 1/2-x, 1/2 + y, 1/2-z (iii) —1/2 + x,1/2-y,-1/
2 +z; (iv) x, y,-1+z.

3.3. Periodic boundary calculations (PBC)

In the solid phase calculations, the coordinates of the atom 252
in the unit cell of the two tautomeric crystals (Figs. 5a and 6a) were
used. In order to model the computational system, the change in
total energy against changing plane-wave cutoff energies (Ecyt)
value was examined. As shown in Figs. 5b and 6b, E¢ can be

neglected after the 30 Ry value. Therefore, after the 30 Ry value, all
the Eqy: make the total energy minimum. The plane-wave cutoff
energies and cutoff electronic charge density were used as 80 and
160 Ry for all calculations. The k-points values were determined to
be 2 x 2 x 2 and used in all calculations. The convergence criterion
for energy was chosen as 10~ Ry between two successive itera-
tions. The atom coordinates of the two tautomeric structures were
optimized using the vc-relax option of the Quantum-espresso
program. Table 6 shows the experimental and calculated crystal
parameters.

The lattice energies of the tautomeric structures were calculated

Table 4

Energies of the form1 and form2 of the title compound in hartrees, and energy differences, activation energies, and thermodynamic parameters in k] mol ',
Form1 Form2 AE Ea(f) Ea(r) AH205(f) AGzos(f) TAS295(f) AHz95(T) AG20g(T) TAS305(T)
—1718.4219 —1718.3981 -62.4 183.91 121.52 173.22 171.41 1.81 138.78 139.68 —-0.90

AE = Eform1-Eform2, Ea(f) = forward activation energy, E,(r) = reverse activation energy.
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Fig. 5. (a) Representation of the atoms in the unit cell (b) energies profile of form1.
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Fig. 6. (a) Representation of the atoms in the unit cell (b) energies profile of form2.

Table 6
Experimental and optimized unit cell parameters of form1 and form2.
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Form1

Form2

Experimental

Space group P21[n

QE-VC-Relax/DFT

Space group P21/n

SEaCC group lelll

a=13.514(12) A
b=13.343 (11) A
c=14.430(13) A
o =90°
$=103.10 (3)°
Y =90°

Z=4
V=2534(4) A3

a=12.654A

b=12.849A

c=14.148A
o =90°
B=101.89°
v =90°
Z=4
V=2251A°

a=12611A
b=12.800A
c=14.184A
o =90°
f=101.96°
Yy =90°
Z=4
V=2240A°
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Fig. 7. (a) Experimental (b) Theoretical IR spectra of form1 and form2 structures.

using the scf option as —2887.05935080 for form1l
and —2886.50624009 Ry for form2. This calculation shows that the
structure of form1 is more stable.

3.4. Spectroscopic studies

The IR spectrum measured in the range 4000—400 cm ™! is given
in Fig. 7a. Tautomeric structures have symmetric C1 symmetry
containing 63 atoms in symmetric unit and 186 fundamental vi-
bration frequencies. Theoretical calculations were made for the
dimer structures of the form1 and form2. The calculated spectra of
form1 and form2 structures are shown in Fig. 7b. Each frequency
value is multiplied by the scale value of 0.9613 [43].

Since the proton belonging to the O—H group was used in the
intra-molecular bond, this peak was not experimentally observed.
This value, which is expected to be peak at the frequency between

3550 and 3200 cm™' [44], is calculated as 3278 for form1 and
3186 cm~! for form2. In the literature, these frequency was defined
as 3436 cm ™! [45]. Experimentally, the proton peak belonging to
the N—H group was observed at a frequency of 3159 cm~". This
value is calculated as 3151 for form1 and 2957 cm™ ' for form2 and
compares well with the value reported previously [3260 cm™, 45].
Experimentally, the CS (thiadiazine), CO, C=N (thiadiazine) and
C=N (azomethine) vibration frequencies were observed as 715,
1134, 1595 and 1637 cm ™, respectively which have been calculated
as 714, 1123, 1600 and 1600 cm™! for the form1, as 714, 1126, 1599
and 1653 cm™! for the form2.

The 'H and 3C NMR spectra (Fig. 8a) were recorded on a Varian-
Gemini 400 MHz spectrometer. To determine the NMR chemical
shift values of the molecules, GIAO [46,47] method was used and
TMS was taken as reference. The 'H and 3C NMR chemical shift
values calculated for the TMS by selecting the chloroform (CDC13)
solvent are found as 32.16 and 189.39 ppm, respectively. Theoret-
ical calculations were performed using dimer structures.

When the >C NMR spectrum (Fig. 8b) was examined, the
chemical shifts of C14 and C21 atoms were observed as 159.72 and
160.93 ppm due to neighbor electronegative atoms (N, S and O
atoms). These two chemical shift values were calculated as 153.93
and 153.59 ppm for form1, 146.62 and 152.30 ppm for form?2. In the
TH NMR spectrum, while the hydrogen group of the hydroxy group
was experimentally observed at 11.50 ppm, this peak was calcu-
lated as 9.72 for form1 and 9.27 ppm for form2. Experimentally, the
proton peak of the azomethine group was observed at 8.36 ppm
and was calculated as 8.02 for form1 and 7.8 ppm for form2. While
the frequency of NH group was measured as 9.56 ppm, the peak
was calculated 10.92 for form1 and 11.69 ppm for form2. These
results of IR and NMR calculation have shown that the structure of
form1 was more consistent with the experimental results.

3.5. Frontier molecular orbitals

The orbitals called HOMO and LUMO are the most important
energy levels in molecular system. These orbitals determine elec-
tron donating affinity and electron withdrawing affinity. The en-
ergy difference between these two orbitals has an important role in
determining the molecular electrical transport properties. There-
fore, it is largely responsible for determining chemical stability and
spectroscopic properties of molecules [48]. In addition, it was
stated that the biological activity of the large HOMO energy value
was higher in the study previously studied [40,41]. The HOMO and
LUMO energy values were —4.61 and —0.97 eV for form1, respec-
tively, while —4.57 and —1.01eV for form2. As shown in Fig. 9,
HOMO and LUMO localized orbitals on thiadiazine, azomethine and
toluene groups of dimer molecules. When AE = E;ymo-Eqomo en-
ergy intervals of the tautomeric structures were examined, it was
calculated 3.64 for form1 structure and 3.56eV for form2. As a
result, it can be said that the structure of form1 has a more stable
structure due to the energy difference is larger [41].

4. Conclusions

In this study, the structure of 5-(diethylamino)-2-((2-(5-(3-
methyl-3-phenylcyclobutyl)-6H-1,3,4-thiadiazin-2yl)hydrazono)
methyl)phenol compound is synthesized and characterized by X-
ray diffraction, IR and NMR spectroscopic methods. In the experi-
mental and theoretical studies, form1 structure was found to be
more stable than form2. In the light of all the results, it was seen
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Fig. 8. (a) 'H and (b) '3C experimental spectra of form1 structure.
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Fig. 9. Molecular orbital surfaces and energy levels for the HOMO and LUMO of (a) form1 and (b) form2 structures.

that experimental and theoretical calculations were compatible.
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