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ABSTRACT KEYWORDS

The title compound, N'-furan-2ylmethylene-N-[4-(3-methyl-3-phenyl- Crystal structure;
cyclobutyl)-thiazol-2-yl]-Chloro-acetic acid hydrazide (abbreviated as Hartree—Fock; ]
NNCA), has been synthesized and characterized by elemental analysis, thermodynamic properties;
IR, "H and ®C NMR, UV and X-ray single-crystal diffraction. Density func-  ViPrational assugn@gnt and
tion theory (DFT) calculations at the B3LYP/6-31G(d) and 6-31G(d,p) lev- Eﬁ:&fg:;f:g;iﬁ%' ensity
els for optimized geometries and electronic transition spectra have been

performed. in consequence of computing committed for the title com-

pound, the vibrational analysis, molecular electrostatic potential (MEP),

frontier molecular orbitals (FMO), theoretical conformational analyses

combining molecular mechanics and thermodynamic properties at dif-

ferent temperatures have been obtained.

1. Introduction

The molecule which is the subject of this work contains two important functionalities, thiazole
and cyclobutane. Thiazole group is what exists in the well-known sulfa drugs and cyclobu-
tane ring in the most popular anticancer drug, carboplatin. [1] On the other hand, cyclobutane
itself is of no commercial or biological significance, but more complex derivatives are impor-
tant in biology and biotechnology. [2] The substances containing these functional groups are
very important in medicine as effective compounds with a broad range of activities and in
chemistry as starting material in the synthesis of many different chemicals. [1-8] In the light
of the knowledge given above, the compounds containing cyclobutane, thiazole, and hydra-
zone functionalities in one molecule have seen to be important.

In the present work, we perform FT-IR spectroscopy to make complete vibrational assign-
ments of the infrared spectrum of NNCA molecule in the region 4000-400 cm™' through
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Scheme 1. Reaction sequence of synthesis of the title compound.

density functional theory (DFT) by using B3LYP hybrid functional and Hartree-Fock com-
putation of the vibrational spectrum, NMR spectroscopy, and molecular geometry. In addi-
tion to this, HOMO, LUMO, and MEP analyses have been used to elucidate the information
regarding charge transfer within the molecule.

The main aim of this paper is to synthesis, characterize, and find theoretical methods
that would offer a higher certainty of finding molecular structure parameters and vibrational
wavenumbers. As well as a combination of electron correlation effects and basis set deficien-
cies, the calculated IR spectrum is usually higher than the corresponding experimental fre-
quencies. As known, HF method tends to overestimate vibrational frequencies. In DFT, some
correlation effects are taking into account through the effective exchange-correlation poten-
tial. Beckes three parameter exchange functional in combination with the Lee, Yang, and Par
(LYP) correlation functional (B3-LYP) and Becke’s exchange functional in combination with
the LYP correlation functional (BLYP) were the most widely used for molecular calculations
by a fairly large margin. [3,4]

2. Experimental and theoretical methods

2.1. Experimental

2.1.1. General

The melting point was determined using a capillary tube and a digital melting point appara-
tus (Gallenkamp Electrothermal) and is uncorrected. Reactions under microwave irradiation
were performed in a modified domestic microwave oven (OCEAN OPTICS, HR2000CG).
The IR spectrum of the title compound was recorded in the range 3000-400 cm™" with a
MATTSON 1000 FT-IR spectrometer using KBr pellets. The '"H-NMR and *C-NMR spec-
tra were recorded on a Bruker AVANCE III FT-IR spectrometer (400 MHz) using TMS as
an internal standard and chloroform as solvent. All the chemicals and solvents used were of
analytical grade.

2.1.2. Synthesis

A solution of 0.3374 gram (1 mmol)) of N-furan-2-ylmethylene-N'-[4-(3-methyl-3-phenyl-
cyclobutyl)-thiazol-2-yl]-hydrazine was dissolved in 20 mL of dioxane containing 1 mmol
triethylamine. To this solution, 90 uL (1 mmol) of chloroacetyl chloride solution in 20 mL 1,4-
dioxane was added dropwise in 2 hr period at room temperature with stirring. Mixture was
stirred 2 hr more and then neutralized with 5% ueous ammonia (if necessary, but generally
necessary). The compound thus precipitated was filtered, washed with copious water, and
crystallized from ethanol. The reaction path is shown in Scheme 1.

Pale yellow crystals. Yield: 84%. M.p.: 87°C (EtOH). IR (KBr, v cm™'): 3121 (-NH-), 2960~
2865 (aliphatics), 1709 (C = O), 1619 (C = N thiazole), 737 (>C-Cl), 620 (C-S). 'H NMR
(CDCl;, TMS, § ppm): 1.58 (s, 3H,~CH3), 2.52-2.61 (m, 4H, -CH,- in cyclobutane ring),
3.81 (quint, j = 9.2 Hz, 1H, >CH- in cyclobutane ring), 4.85 (s, 2H, -CH,-Cl), 6.48-6.49
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Table 1. Crystallographic data for title compound.

Formula CyHy0CIN;0,S
Formula weight 413.91
Temperature (K) 296
Wavelength (A) 0.71073
Crystal system Orthorhombic
Space group P2,2,2,
a(A) 5.8951(10)
b(A) 17.3663 (9)
c(A) 20.253
(%) 90
B©) 90
v (©) 90
V(A3 2073.4 (4)
V4 4
Dy (g/cm?) 1326
F(000) 864
hkl Range —6<h<7
—20<k<20
—24<]<19
Reflections collected 1513
Independent reflections 2114
Rine 0.040
Reflections observed [/>20 (/)] 1489
RI>20()] 0.031
Rw [I>20 ()] 0.068
Goodness-of-fit on indicator 0.82
Structure determination Shelxs-14
Refinement Full matrix
(AG) e (A i) (€/A3) 0.09, —0.12

(dd, j; = 3.7 Hz, j, = 1.8 Hz 1H, in furan), 6.56 (d, j = 3.66 Hz, 1H, in furan ring), 6.88 (s,
1H, = CH-S in thiazole ring), 7.16-7.21 (m, 3H, aromatics), 7.26-7.32 (m, 2H, aromatics),
7.54 (d, j = 1.5 Hz, 1H, aromatics), 8.93 (s, LH, -N = CH-). ?C NMR (CDCl;, TMS, § ppm):
167.77,156.91, 152.38, 149.15, 145.53, 140.28, 128.49, 125.59, 124.93, 115.61, 112.30, 112.06,
43.96, 41.18, 39.01, 30.97, 30.23. Anal. calc. for C,; H,yCIN30,S (413.92); C: 60.94, H: 4.87,
N: 10.15, S: 7.75; found; C: 60.71, H: 5.00, N: 10.34, S: 7.55.

2.1.3. Crystallography

The diffraction data of the title compound were collected at T = 296 K on an STOE diffrac-
tometer with an IPDS(II) image plate detector equipped with a graphite-monochromatic
Mo-Ka radiation (A = 0.71073 A) using an o scan mode in the range of 1.5<0<25°. The
structure was solved by direct methods and refined by full-matrix least-squares on F* with
SHELXL [5] software package. All non-hydrogen atoms were anisotropically refined. The
hydrogen atoms were fixed geometrically at the calculated positions and allowed to ride on
the parent carbon atoms. The final R = 0.031 and Rw = 0.068 (w = 1/[0"*(Fo?) + (0.0812P)?],
where P = (Fo? + 2Fc?*)/3) for 1489 observed reflections with I > 20 (I). The molecular graph-
ics was plotted using SHELXTL. Atomic scattering factors and anomalous dispersion correc-
tions were taken from International Tables for X-ray crystallography. [6] A summary of the
key crystallographic information is given in Table 1.

2.2. Theoretical

The geometry optimizations of the molecules in gas phase were carried out without any sym-
metry restrictions. Ground state structure has been confirmed by frequency analyses. In order
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Table 2. Hydrogen bonding geometry (A, °) for the title compound.

D—H---A(A) D—H (A) H---A (A) D---A (A) D—H---A(deg)
C7—H7b ...N1 0.97 276 3.076 149
C15—H15...N1 0.93 210 2754(3) 126
C4—H4...Cg3) 0.98 2.81 3.784(2) 174
C11—H1...Cg(4) 0.93 291 3.62303) 134

Cg(3):01-C16, Cg(4): C9-C14.

to calculate the A,y values in the UV-vis spectra, corresponding to the vertical excitation
energies and oscillator strengths, the DFT method [7,8] was used with functionals and basis
sets in geometry optimizations. Electronic absorption spectra were calculated by DFT method
at the B3LYP/6-31Gs level. In order to obtain the most stable ground-state geometries, the
two different basis sets, 6-31G(d), 6-31G(d,p) with B3LYP [9,10] and HF functionals and
were used.

The geometry of the title compound, together with that of tetramethylsilane (TMS), is fully
optimized. 'H- and "*C-NMR chemical shifts were calculated within the GIAO approach
[11,12] applying the same methods and basis sets as used for geometry optimization. The
'H and "C-NMR chemical shifts were converted to the TMS scale by subtracting the cal-
culated absolute chemical shielding of TMS (§ = ¥ — X, where § is the chemical shift,
is the absolute shielding and X is the absolute shielding of TMS), with values of 32.52 and
199.79 ppm for HF/6-31G(d) and 32.10 and 189.40 ppm for B3LYP/6-31G(d), respectively.
Vibrational frequencies calculated ascertain the structure is stable as no imaginary frequen-
cies were observed. The thermodynamic properties of the title compound at different tem-
peratures were calculated on the basis of vibrational analyses.

All calculations were performed using the GaussView Molecular Visualization program
[13] and Gaussian 03 program package [14] on a personal computer without specifying any
symmetry for the title molecule. The effect of solvent on the theoretical NMR parameters was
included using the default model IEF-PCM (Integral-Equation-Formalism Polarizable Con-
tinuum Model) [15] provided by Gaussian 03. Chloroform (CDCl;), with a dielectric constant
(&) of 4.90 was used as solvent.

3. Results and discussion

3.1. Description of the crystal structure

The displacement ellipsoid plot with numbering scheme for the title compound is shown in
Fig. 1. Fig. 2 depicts a perspective view of the crystal packing in the unit cell. The selected
bond lengths, bond angles, and torsion angles by X-ray diffraction are listed in Table 2 along
with the calculated bond parameters.

The asymmetric unit in the crystal structure contains only one molecule. The molecular
structure of Cy; H,yCIN;0,S, NNCA, consists of a central thiazole ring which is fused to a
cyclobutyl ring with cloro asetic asit hidrazid bonded at the C1 and C2 positions, respectively,
around this fused-ring moiety. The C-S bond lengths of thiazole ring of 1.701(4) and 1.726(2)
Ais longer than 1.694(2) and 1.719(2) A for a similar structure.[16] Literature value for the
puckering of the cyclobutane ring are 23.8(3)°, [17] and 25.74(6)°. [18] The geometry of the
cyclobutane ring is influenced by the steric effect of the different groups. However, when the
bond lengths and angles of the cyclobutane ring in the title compound are compared with
these, it is seen that there are no significant differences. In this paper, the C5/C6/C7 plane
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(b)

Figure 1. (a) ORTEP diagram of Wingx. The thermal ellipsoids are drawn at the 40% probability level. (b) DFT
optimized structure of NNCA of GaussView.

forms a dihedral angle of 20.34(23)° with the C5/C4/C7 plane. This value is smaller than
those in the literatures.

Strong intramolecular C-H---N hydrogen bond interactions (Table 2) exist with C7-
H7b---N1 forming a pseudo-five-membered ring of N(5) graph-set motif. [19] Weak C-H---N
intramolecular contacts with C15-H15 ...N1 forming a second pseudo-six-membered ring of
N(6) graph-set motif [19] also influence crystal packing. [20] There are no hydrogen bond,
- stacking interactions present in the structure of NNCA, which is in contrast to the pres-
ence of such interactions in similar structures reported earlier. [21-24] It is noted that these
structures all crystallize in the monoclinic or triclinic space group while the title compound
here crystallizes in the orthorhombic space group. [25]

3.2. Vibrational spectra

Experimentally, the FT-IR spectrum of the title compound is shown in Fig. 3. By using
GaussView, [26] molecular visualization program, the vibrational bands assignments have
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Figure 2. Packing diagram of the title compound.
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Figure 3. FT-IR spectrum of the title compound.
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been made. In order to investigate that intermolecular hydrogen bond influences on the vibra-
tional frequencies, we have calculated the theoretical harmonic vibrational spectra of the title
compound by using B3LYP and HF methods with 6-31G(d) and 6-31G(d,p) basis sets. To
facilitate assignment of the observed peaks, we have analyzed vibrational frequencies and
compared our calculation of the title compound with their experimental results and shown
in Table 3. Consequently, the Hartree—Fock calculated results are usually more overestimated
than the corresponding DFT values. [27]

The bands calculated in the measured region 4000-400 cm™! arise from the vibrations of
C-H,C=0,C=N,N-Nstretching, and the internal vibrations, etc. of the title compound. For
the assignments of CH, group frequencies (in chloro acetic acid), four fundamental vibrations
can be associated to CH, groups. One asymmetric stretching, one stretching, one scissoring,
and one wagging vibration mode designated the motion of the methylene group. The CH,
stretching vibration is established at 3080 cm™" and the CH, asymmetric stretching vibration
is established at 3120 cm ™! in the spectra. In the present study various vibrations of CH, group
are summarized in Table 3. In the spectra, the CH; asymmetric stretching vibration is estab-
lished at 3268/3262 and 3246 cm™!, whereas CH; symmetric stretching vibration is estab-
lished at 3198 and 3177 cm ™, for HF/6-31G(d) and 6-31G(d,p) method, the CH; asymmetric
and symmetric stretching vibrations are calculated at 3107-3039 cm ™! and 3107-3035 cm™*
for B3LYP/6-31G(d) and 6-31G(d,p) method, respectively.

In the thiazole, C-C and C-S stretching modes were observed to be 1599 and 620 cm ™ as
experimentally, 1778 and 925/803 cm™! for HF/6-31G(d) level, 1777 and 924 cm ™" for HF/6-
31G(d,p) level, 1587 and 853/737/624 cm™! for B3LYP/6-31G(d) level, 1586 and 852 cm™*
for B3LYP/6-31G(d,p) level.

Other essential characteristic vibrations of the title compound are C = O and C-Cl stretch-
ing modes were observed to be 1619 and 737 cm™! as experimentally. These modes were cal-
culated at 2008 and 885 cm™! for HF/6-31G(d), 2007 and 884 cm™! for HF/6-31G(d,p) level,
1799 and 813 cm™! for B3LYP 6-31G(d) level, 1799 and 812 cm™! for B3LYP/6-31G(d,p)
level. Also, the other levels of calculations can be seen in Table 3.

3.3. NMR spectra

The recent development of methods for quantum mechanical calculations of NMR parame-
ters has guided the study of a wide range of chemical problems. [28,29] These have regarded
mainly the most common NMR-active nuclei usually considered in structural chemistry, such
as’'P, °N, 'H, 70, and *C, and more recently this approach has investigated a number of less
conventional nuclei. GIAO chemical shift calculation, [30] for organic molecules has recently
emerged as one of the most promising new approaches in structure elucidation. In this regard,
we have recently shown that the GIAO calculations of >C c.s. can be very helpful in the valida-
tion of low polarity rigid molecular structures, [31] and for the determination of the relative
configuration of flexible compounds. [32] Also, it has been shown that spin-spin coupling
constant calculations at DFT level may be very useful for the comprehension of the multi-
plicity of the 'H spectra of organic compounds and as a support in the interpretation of the
NMR parameters necessary for extensive conformational analysis. [33-35] Moreover, we have
recently compared different theory models and basis sets in the calculation of *C NMR chem-
ical shifts of natural products in order to suggest a convenient and consistent protocol to be
employed for the reproduction of the experimental **C spectra of organic molecules, by using
different combinations of geometry optimization methods and single point '*C chemical shift
calculations, both using different theory levels and different basis sets.[36]
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Table 4. Theoretical and experimental ®C and 'H isotropic chemical shifts (with respect to TMS all values in
ppm) for the title compound.

Atom Experimental (CDCI;) Calculated chemical shift (ppm)
HF 6-31G(d) 6-31G(d,p) B3LYP 6-31G(d) 6-31G(d,p)
a 167.54 163.27 167.55 148.12 152.77
Q 155.04 145.21 145.53 146.17 150.92
a m.82 105.22 108.74 98.06 101.47
c4 30.74 25.64 29.02 16.48 19.74
(&) 43,68 33.99 3714 229 25.47
c6 38.78 31.83 35.68 30.22 34.46
@) 43.68 33.99 3715 23.91 26.5
c8 29.97 27.85 30.85 731 9.41
(@) 148.93 148.98 1537 143.51 148.54
(@] 124.70 121.68 12536 108.59 112.04
(@] 128.25 12523 129.12 11.83 1n5.4
12 12535 12118 125 107.27 110.81
3 128.25 125.23 129.13 m.4 114.98
C14 115.34 121.67 125.35 109.92 11335
Ci15 140.07 137.23 140.86 1281 131.64
Cl6 152.14 139.32 143.96 135 140
c17 115.34 115.03 118.58 104.35 107.83
18 112.52 104.56 108.45 97.52 101.29
Cc19 145.28 139.16 142.77 133.87 137.42
Q20 156.69 164.78 168.95 157.2 161.6
(@] 40.96 4317 46.68 36.54 39.66
H3 6.88 6.1 7.06 2.87 3.95
H4 3.81 31 3.81 0.29 0.97
H5x% 252 222 292 0.95 0.29
H7x 2.61 222 2.92 0.88 023
H8x 1.58 9.04 179 3.20 2.60
H10 7.6 725 8.07 4.45 539
HN 7.54 7.48 8.29 4.69 5.62
H12 7.21 7.36 8.17 4.62 5.55
H13 732 7.48 8.29 4.86 58
H14 7.26 7.25 8.07 4.65 5.6
H15 8.93 9.59 105 6.7 7.85
H17 6.48 521 6.13 179 2.82
H18 6.49 6 6.96 312 418
H19 6.56 74 8.23 4.65 5.71
H21x 4.85 419 4.99 134 2.08
*: Average.

GIAO C and 'H chemical shift calculations have been carried out using the HF and
B3LYP methods with 6-31G(d) and 6-31G(d,p) basis sets for the optimized geometry. The
results of these calculations are tabulated in Table 4. DFT methods treat the electronic energy
as a function of the electron density of all electrons simultaneously and thus include electron
correlation effect. The experimental and calculated '"H NMR and *C NMR chemical shifts
are compared in Table 4 (the atom numbering is in line with Fig. 1).

Since experimental 'H chemical shift values were not available for individual hydrogen,
we have presented the average values for CH, and CH; hydrogen atoms. We have calculated
'H chemical shift values (with respect to TMS) of 9.04-2.22 ppm and 8.29-1.79 ppm (HF/6-
31G(d) and HF/6-31G(d,p)), and 6.7-0.29 ppm and 7.85-0.23 ppm (B3LYP/6-31G(d) and
B3LYP/6-31G(d,p)); however, the experimental results were observed to be 8.93-1.58 ppm,
these values are shown in Table 4 and so the accuracy ensures reliable interpretation of spec-
troscopic parameters. Also, the difference is related to bond lengths in the between hydrogen
and other atoms. The -CH2- signals of the cyclobutane are observed at 2.52 and 2.61 ppm.
The C-H signals belonging to furan ring are shielded at 6.48, 6.49, and 6.56 ppm. However,
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the C-H signals of phenyl adjacent to the cyclobutane are deshielded at 7.16-7.54 ppm. The
singlet signal of the methyl group is observed at 1.58 ppm.

The experimental 1*C spectra data also support the structure of the compound. >C-NMR
spectra of the thiazole compound show the signals at 156.91 and 149.15 ppm due to C atoms
next to sulfur atom. These signals have been calculated as 163.27-105.22 ppm and 167.55-
108.74 ppm for HF levels, 148.12-98.06 ppm and 152.77-101.47 ppm for B3LYP levels. While
the C atoms of methylene group belonging to the cyclobutane ring are observed at 41.18 and
39.01 ppm, methine C atom appeared at 30.23 ppm. The signal at 30.97 ppm is related to the
last C atom of the cyclobutane ring.

As already observed for the 13C c.s., also for the GIAO 'H calculations, HF methods show
a very good agreement with the experimental results, and they usually perform better than
the DFT methods (Table 4).

3.4. Theoretical structures

In DFT calculation, hybrid functionals are also used, the Becke’s three-parameter functional
(B3), [37] which defines the exchange functional as the linear combination of Hartree-Fock,
local and gradient-corrected exchange terms. The B3 hybrid functional was used in combi-
nation with the correlation functionals of Lee, Yang, and Parr. [38] The optimized parameters
(bond lengths, bond angles, and dihedral angles) of the title compound were obtained using
the B3LYP/6-31G(d) and 6-31G(d,p) method. The results are listed in Table 5 and compared
with the experimental data for the title compound. It is well known that DFT-optimized bond
lengths are usually longer and more accurate than HF, due to the inclusion of electron corre-
lation. But, according to our calculations, the HF method correlates well for the bond length
compared with the other method (Table 5). Although the largest difference between experi-
mental and calculated bond lengths is about 0.051 A for HF and 0.043 A for B3LYP, the root
mean square error (RMSE) is found to be about 0.068 A for HF and 0.21 A for B3LYP, indicat-
ing that the bond lengths obtained by the HF method show the strongest correlation with the
experimental values. The same trend was also observed for bond angles. However, this time,
both the largest difference and the RMSE for the bond angles obtained by the HF (6-31G(d)
basis set) method are smaller than those determined by B3LYP.

A global comparison was performed by superimposing the molecular skeletons obtained
from X-ray diffraction and the theoretical calculations atom by atom (Fig. 4), obtaining RMSE
values of 0.373, 0.368, and 0.396, 0.394 A for A (for B3LYP) and B (for HF), respectively.
According to this result, the smallest RMSE value is obtained for molecule A and the geometry
obtained from this molecule coincides better with the crystalline structure than molecule B.

3.5. Conformational analysis

The energy based conformational searching techniques, concerning the level of calculation
utilized to establish conformation and following this to evaluate energies and other proper-
ties as a function of conformation, is a considerable computational request and is still an active
area of research. One of the reasonable alternatives, when the property of interest is energy,
is the following: full conformational search using molecular mechanics followed by geome-
try optimization using semiempirical model for selected conformers and finally single-point
calculation using ab initio models for selected conformers.[39] Starting molecules were built
from structural fragments using standard geometry. Before conformation search, we obtained
stable molecules by performing geometry optimization with the semiempirical AM1, [40]
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Table 5. Selected optimized and experimental geometries parameters of the title compound in ground
state.

Parameters Experimental Calculated

HF 6-31G(d) 6-31G(d,p) DFT/B3LYP 6-31G(d) 6-31G(d,p)
Bond lengths (A)
N2-N3 1.400(3) 1371 1.371 1.383 1383
C15-N3 1.266(3) 1.258 1.258 1.289 1.290
N2-C1 1.412(3) 1.400 1.400 1.410 1.409
Q-N1 1.385(3) 1382 1382 1383 1383
a-51 1.701(3) 1.731 1.730 1.739 1.739
a-s1 1.726(2) 1.747 1.746 1.769 1.769
C20-02 1.201(3) 1.186 1.186 1214 1214
Q1-ch 1.765(3) 1.774 1.774 1.795 1.795
C4-C5 1.548(3) 1.547 1.547 1.558 1.558
C5-C6 1.545(4) 1.553 1.553 1.563 1.563
c6-C7 1.555(3) 1.553 1.553 1.563 1.563
c4-c7 1.536(4) 1.547 1.547 1.558 1.558
Q-G 1.348(4) 1.337 1.337 1.363 1363
01-C19 1.390(4) 1339 1.339 1.357 1.357
01-C16 1.346(4) 1.346 1.346 1.371 1.370
RMSE® 0.068 0.068 0.21 0.21
Max. difference? 0.051 0.051 0.043 0.043
Bond angles (°)
ch-c21-C20 111.0(2) 111.383 11.410 111.080 111139
02-C20-C21 124.6(3) 123.572 123.586 124.025 124.048
02-C20-N2 121.0(3) 121.383 121.355 121.297 121.279
C1-N2-N3 125.6(2) 126.321 126.306 127.116 127.081
C1-N1-Q2 111.4(2) 112.156 112.152 111.884 11.877
C1-51-aG3 87.94(14) 87.945 89.470 87.710 87.729
C4-C5-C6 89.7(2) 89.502 89.494 89.678 89.679
C4-C6-C7 89.8(2) 89.502 89.494 89.677 89.679
RMSE? 0.566 0.780 0.61 0.64
Max. difference? 1.028 153 1.516 1.481
Torsiyon angles (°)
N1-C1-N2-N3 -3.9(4) 0.029 0.025 0.038 —0.008
C1-N2-C20-02 9.3(4) 0.003 —0.002 —0.014 0.001
Cl1-C21-C20-02 —4.8(4) 0.007 —0.048 0.01 —0.004
N2-C1-N1-C2 —176.8(2) —179.996 —179.991 —179.994 179.997
N3-N2-C1-51 178.2(2) —179.969 —179.970 —179.957 179.990

@ RMSE and maximum differences between the bond lengths and angles computed by the theoretical methods and those
obtained from X-ray diffraction.

method. In the case of conformational analyses NNCA, we chose a 10° grid step for all single
bonds between nonterminal, non-hydrogen atoms. The particular role played by the ¢ tor-
sional angle in the characterization of the backbone structure of NNCA deserves a detailed
study, namely by mapping the potential energy profile around these coordinate. [41] Taking
NNCA as the starting structure, successive rotations about ¢ using a 10° scanning step were
performed. The resulting potential energy profile is depicted in Fig. 5. Firstly, the minimum
energy occurs at ¢ = 120°. Two other minima at ¢ = 100° and ¢ = 110° with energies of ca.
0.15037 a.u. above the first were also observed.

As it was already mentioned above, we are not aware of any experimental or theoretical
study performed on NNCA in the gas phase to be compared with our results. Consequently,
most stable conformer predicted by our AM1 theoretical calculations.

3.6. Molecular electrostatic potential

Molecular recognition and the converse concept of specificity, [42] are explained in mech-
anistic and reductionistic terms by a stereoelectronic complementarity between the binding
molecule and the receptor. [43] The intermolecular forces that contribute to both affinity and
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Figure 4. Atom-by-atom superimposition of the structures calculated (red) [A = B3LYP, B = HF] over the
X-ray structure (black) for the title compound. Hydrogen atoms omitted for clarity.

specificity can be schematically classified as hydrophobic and electrostatic ones. Thus, MEPs
are of particular value because they permit visualization and assessment of the capacity of a
molecule to interact electrostatically with a binding site. MEPs can be interpreted in terms of
a stereoelectronic pharmacophore condensing all available information on the electrostatic
forces underlying affinity and specificity.

To predict reactive sites for electrophilic attack for NNCA, MEP was calculated at the
B3LYP/6-31G(d) optimized geometry. The negative (red) regions of MEP were related to
electrophilic reactivity and the positive (blue) ones to nucleophilic reactivity shown in Fig. 6.
The MEPs exhibit three clear minimum values (deep red zones) in the vicinity of Chloro-
acetic acid group and furan ring.
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Figure 5. Molecular energy profile of the optimized counterpart of the title compound versus selected
degrees of torsional freedom.
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Figure 6. Molecular electrostatic potential map calculated at B3LYP/6-31G(d) level.

3.7. Electronic absorption spectra

Based on the optimized geometry at the B3LYP/6-31G* level, electronic absorption spec-
tra were calculated by using DFT method at the B3LYP/6-31G* level. The calculations indi-
cate that the compound has 112 occupied molecular orbitals (MOs). An electronic system
with a larger HOMO-LUMO gap should be less reactive than one having a smaller gap.
[44] The HOMO-LUMO gap value of the molecule is [If the electron correlations had not
been included, the energy difference HOMO-LUMO would be nearly 10 eV], 4.237 eV for
B3LYP/6-31G* level.

The compound exhibits absorption peaks in the UV-visible region. All experiments and
theoretical calculations acquire two absorption bands. The absorption peaks are observed
at 281.9 and 249.2 nm for the title compound. It can be seem that these peaks equal to n-
* and w-7* transitions. Additionally, in the experiments, the wavelength belonging to the
HOMO-LUMO transition, and thus the maximum wavelength, is found at 281.9 nm (n-7*),
but in the calculations, it is at about 292.6 nm (;r-7*) for B3LYP/6-31G* level. Dependent
upon the optimized structures, molecular orbital coefficient analyses point out that the elec-
tronic absorption spectra aforementioned are mainly assigned to the n-7* and 7-7* electron
transitions. Some frontier molecular orbital surfaces of the title compound obtained at the
B3LYP/6-31G* method are shown in Fig. 7, from which we can see that the electronic tran-
sitions mainly take place among the groups, which are corresponding to the intermolecular
n-* and 7 - * electron transitions.

3.8. Thermodynamic properties

On the basis of statistically thermodynamic and vibrational analysis at the B3LYP/6-31G*
level, the standard thermodynamic functions of heat capacity ( Cg,m)> entropy ( $°) and
enthalpy ( H°) were obtained and listed in Table 6. The scale factor for the frequencies is
0.9613. As observed from Table 6, all the values of ngm, §° ,and HY increase when increasing
the temperature from 100.0 to 500.0 K, which is attributed to the enhancement of molecular
vibration as the temperature increases.
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Figure 7. Molecular orbital surfaces and energy levels given in parentheses for the HOMO—1, HOMO, LUMO
and LUMO-1 of the title compound computed at B3LYP/6—31G(d) level. The positive phase is red, and the
negative phase is green.

The correlation linear equations between these thermodynamic properties and tempera-
tures T are as below:

C

om0 = 44.9694 — 0.0271T + 4.68836 x 107*T* (R =0, 91799)

S0 =135, 1078 — 0,21735T — 8, 5755 x 107*T* (R =0, 8015)

H,o =7,86456 — 0, 06335T + 2, 63064 x 10°*T? (R =0, 96012)

These equations could be used for further studies on the title compound. For example,
when the title compound will be used as a reactant to take part in a new reaction, these stan-
dard thermodynamic functions can be applied as referenced thermodynamic values to calcu-
late the changes of entropies (ASr), enthalpies (AHr), and Gibbs free energies (AGry) of the
reaction.

Table 6. Thermodynamic properties of the title compound at different temperatures at the B3LYP/6-31G(d)
level

T(K) Cpm” (calmol LK ™) S, (cal.mol~'K™) AH,,° (kcal.mol~'-
100.00 41403 110.936 2.7566
200.00 69.766 149.587 8.4946
300.00 77.910 142.210 12.6249
400.00 99.177 168.222 217181

500.00 153.797 250.207 43.3891
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4. Conclusions

The title compound, N'-furan-2ylmethylene-N-[4-(3-methyl-3-phenyl-cyclobutyl)-thiazol-
2-yl]-chloro-acetic acid hydrazide, has been synthesized and characterized. X-ray single-
crystal structure has been also obtained. DFT/B3LYP and HF calculations at the 6-31G(d)
and 6-31G(d,p) levels show that the optimized geometries can closely resemble the molec-
ular structure. Computed and experimental geometric parameters, vibrational frequencies,
"H NMR and "C chemical shift values of the title compound were compared in order to test
the different theoretical approaches (HE, DFT/B3LYP) reported here. More commonly, how-
ever, the IR and NMR spectra are used in conjunction with other forms of spectroscopy and
chemical analysis to determine the structures of complicated molecules. The geometry of the
solid state structure is subject to intermolecular forces, such as van der Waals interactions
and crystal packing forces. Molecular orbital coefficient analysis suggests that the electronic
spectra are assigned to the 7 — 7 * and n— 7 * electronic transitions. The calculated MEP map
agrees well with the solid-state interactions. Thermodynamic properties at different tempera-
tures have been calculated and the correlations between these thermodynamic properties and
temperatures T are also obtained.
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