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Abstract Herein, we present joint experimental and theoret-
ical studies on newly designed thiophene- or furan-based
oxazole, isoxazole, and isothiazole derivatives. Our synthetic
approach towards the preparation of target compounds is
based on Van Leusen reaction. By following this reaction,
oxazoles (1 and 2) containing the pertinent heterocyclic sys-
tems were obtained from the reaction of suitable furan or
thiophene derivatives with tosylmethyl isocyanide
(TOSMIC). Hereby, three ring systems of furan or thiophene,
linked to the oxazole rings at their 2- and 5-positions (3 and 4),
were also successfully synthesized for the first time. Reaction
of the starting materials containing acetyl groups in their 2-
position with dimethyl acetal and following the treatment by
hydroxylamine hydrochloride, desired isoxazole derivatives
(5 and 6), were obtained. Additionally, isothiazole derivatives
(7 and 8) were prepared by following the similar approach to
the isoxazole synthesis. Whole of these cyclization reactions
occurred with good to excellent yields. Structural analyses of
the synthesized compounds were performed by appropriate
spectroscopic methods (UV-vis, FT-IR, LC-MS, 1H—NMR,
13C.NMR, and elemental analysis). We also carried out theo-
retical studies for identifying the structure-activity relationship
and determining chemical properties of the studied molecules.
For this purpose, we obtained information about structural
properties (bond lengths, bond angles, dihedral angles, and
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dipole moments), band gap energies, and spectroscopic char-
acteristics (UV-vis, FT-IR, "H-NMR, and '>C-NMR) of the
target compounds.

Keywords Oxazole - Isoxazole - Isothiazole - Thiophene -
Furan - DFT

Introduction

Heterocyclic azole compounds exhibit important role in broad
variety of physiological cell processes by the contribution of
their good solubility in water and relatively high thermal sta-
bility with respect to other heteroaromatic systems. In addi-
tion, azoles are acceptable as synthons in the preparation of
natural products, pharmaceuticals, and dyes [1-3]. These
compounds are also used in industrial applications such as
corrosion inhibitor or catalyst for polymerization processes
[4-7]. Moreover, researchers have been using oxazole deriv-
atives especially as an antibiotic and anti-proliferative agent
[8—12]. Among the biological activities of the oxazole nucleus
containing drug intermediates, anti-inflammatory [13, 14], an-
algesic [15, 16], antibacterial [17—19], antifungal [20-22],
anti-tuberculosis [23, 24], muscle relaxant [25], and HIV in-
hibitory [26] properties could also be considered. Besides,
isoxazoles are widely used in various heterocyclic compounds
synthesis and their antibacterial [27-29], antimicrobial
[30-32], anticonvulsant [33-35], anthelmintic [36, 37], and
cholesterol-lowering [38] properties are well-known. Similar
to oxazole and isoxazole derivatives, isothiazole ring contain-
ing compounds show also biological activity [38, 39] and are
used in the treatment of schizophrenia and for instance it could
be found in the structure of ziprasidone [40] and perospirone
[41]. Nowadays, azole derivatives are prepared by using dif-
ferent synthetic approaches [42]. In the scope of this research,

@ Springer


http://orcid.org/0000-0003-0331-4091
http://dx.doi.org/10.1007/s11224-016-0863-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s11224-016-0863-1&domain=pdf

Struct Chem

these above-mentioned facts induced us to synthesize some of
newly oxazole, isoxazole, and isothiazole derivatives (Fig. 1)
possessing a thiophene (or furan) ring systems which contain
a methyl group at their 5-position in order to prevent further
polymerization reactions [43]. As mentioned before, the target
compounds were composed of different ring systems.
Consequently, their synthesis methods also varied.
According to the Van Leusen reaction [44], oxazoles contain-
ing furan or thiophene were obtained in very good yields from
the reaction of suitable starting materials—furan or thiophene
containing an aldehyde group at their 2-position with
TOSMIC [45]. Similarly, the furan or thiophene derivatives
containing two oxazole rings at their 2- and 5-positions were
also synthesized successfully. Reaction of the starting mate-
rials containing acetyl groups in their 2-position with
dimethylacetal, in the presence of N,N-dimethylformamide
and following the treatment by hydroxylamine hydrochloride,
isoxazole derivatives were obtained in good yields.
Isothiazole derivatives were prepared by a similar to isoxazole
synthesis method but consisted of four steps. These molecule
series were also obtained in high yields. Structural analysis of
the synthesized compounds was performed with appropriate
spectroscopic methods.

In this study, we also aimed at identifying structural-
activity relationship, determining some properties and com-
paring the experimental and theoretical properties of the target
compounds. Therefore, the structural, chemical, electronic,
and spectral characteristics of target compounds were investi-
gated with both experimental and theoretical methods.
Synthesis and theoretical studies of target compounds were
performed simultaneously.

Materials and methods
Materials

N,N-Dimethylformamide (DMF) was dried over 4A molecu-
lar sieves (8—12 mesh) and freshly distilled under vacuum just
before use. Anhydrous potassium carbonate and drying agents
(sodium sulfate and magnesium sulfate) were pre-dried and
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Fig. 1 Synthesized oxazole (1, 2, 3, 4), isoxazole (5, 6), and isothiazole
(7, 8) derivatives
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activated in a hot air oven at 150 °C for 2 to 4 h. Super-dry
ethanol was prepared from commercially available absolute
ethanol. For this purpose, absolute ethanol was refluxed for
1 h in the presence of magnesium and catalytic amount of
iodine. After that, the mixture was warmed until the iodine
color totally disappeared. The resulting mixture was distilled
off directly into the receiving flask and was stored over acti-
vated 4A molecular sieves. All of the other solvents used in
this study, dichloromethane (DCM), N,N-dimethylformamide
dimethylacetal (DMFDMA), diethyl ether, chloroform, meth-
anol, ethyl acetate, and hexane, were stored over a suitable
drying agent (usually 4A molecular sieves) under oxygen-
free nitrogen. Reagents and catalyzers used during the exper-
iments, 5-methyl-2-thiophenecarboxaldehyde, 5-methyl-2-
furancarboxaldehyde, thiophene-2,5-dicarboxaldehyde, fu-
ran-2,5-dicarboxaldehyde, TOSMIC, hydroxylamine hydro-
chloride, phosphoryl chloride, sodium sulfide nonahydrate,
and hydroxylamine-o-sulfonic acid (HSA), were used as re-
ceived from Sigma-Aldrich without any further purification
unless otherwise specified.

Instrumentation

The FT-IR spectra were acquired on a Perkin-Elmer Spectrum
100 Series FT-IR spectrometer (Perkin Elmer Co.,
Beaconsfield, Bucks, and UK). Measurements were per-
formed in KBr pellets or in ATR mode using the average of
15 scans. The UV—vis spectra were obtained on a Shimadzu
UV-2550 double beam spectrophotometer (Shimadzu
Corporation, Tokyo, Japan) utilizing quartz cuvettes of 1 cm
path length between the wavelength range of 200 and 800 nm
and all measurements were performed at room temperature.
"H-NMR and '>C-NMR spectra were recorded at room tem-
perature on a Varian-Mercury 400 MHz high performance
digital Fourier Transform (FT)-NMR Spectrometer
(Mercury-400BB) (Varian, Fort Collins, CO, USA) and
CDCl; was utilized as solvent. The "H-NMR chemical shifts
were reported as & values in parts per million (ppm) relative to
tetramethylsilane (TMS, 6: 0) as internal standard. Proton cou-
pling patterns were described as singlet (s), doublet (d), triplet
(t), quartet (q), pentet (p), sextet (h), multiplet (m), and broad
(br). Coupling constants J were given in Hz. The '*C-NMR
chemical shifts were also reported as § values in ppm down-
field from TMS. LC-MS spectra were taken by using a
Waters-2695 Alliance HPLC system (Waters Corporation,
Milford, MA, USA) equipped with DAD detector at 254 nm
was coupled to a Micromass ZQ 2000 electrospray mass spec-
trometer. Elemental analyses were carried out with a
Eurovector EA3000 CHNS elemental analyzer (EuroVector
SpA, Italy) and found to be within a range of £0.4 % of
theoretical values. Thin layer chromatography (TLC) was
used to observe the progress of the experiments. For this pur-
pose, aluminum sheets (Merck, 20 x 20, Silica Gel 60 F254)



Struct Chem

were selected. Purification of the products from common im-
purities—including byproducts, unreacted starting materials,
etc.—was carried out by column chromatography or flash
chromatography techniques. For this purpose, silica gel
(Si0,) (Merck, Silica Gel 60, 0.063—-0.200 mm, 70-230 mesh
ASTM) was used as the column stationary phase.

Synthetic procedures

In this study, we focused on the preparation of new
isothiazole, oxazole, and isoxazole derivatives containing fu-
ran or thiophene units as heterocyclic system. As mentioned
before, we designed our molecules with a blockage unit in
their o-position of the corresponding heteroaromatic ring in
order to prevent further polymerization reactions. Detailed
experimental procedures were schematized and described
below.

Synthesis of oxazole derivatives

In accordance with Van Leusen reaction, the target oxazole
derivatives (1-4) including thiophene or furan ring systems
were prepared by the following method. Method A consists of
one-step ring closure reaction (Scheme 1).

Method A

Into a round bottomed flask fitted with a reflux condenser and
dropping funnel, appropriate starting material (5-methyl-2-
furancarboxaldehyde, 5-methyl-2-thiophenecarboxaldehyde,
furan-2,5-dicarboxaldehyde, or thiophene-2,5-
dicarboxaldehyde) (4.0 mmol) was introduced and the reac-
tion was performed under nitrogen atmosphere and an ice bath
was used in order to maintain the reaction temperature at
around 5 °C. Previously dried K,CO; (8.0 mmol) and meth-
anol (5 mL) were added to the reaction flask with vigorous
stirring. Then, TOSMIC (4.5 mmol) was dissolved in metha-
nol (10 mL) and added slowly to the mixture via the dropping
funnel over a period of 1 h. After completing additions, the
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Scheme 1 Synthetic route to oxazole derivatives (1-4)

reaction mixture was allowed to stir for about 30 min, then the
ice bath was removed and the system was heated in an oil bath
to 70 °C. The reaction was followed by thin layer chromatog-
raphy (TLC) and the experiment was terminated after ~6 h.
The flask was cooled down to the room temperature and
stirred for an extra 10 min following by the addition of
10 mL pure water. The resulting yellowish colored solution
was extracted with dichloromethane (2 x 30 mL). The extracts
were washed with water (3 x 10 mL) and saturated NaCl
solution (3 x 10 mL), respectively. The combined organic
phase was dried over MgSO,. After filtration, dichlorometh-
ane was removed by a rotary evaporator to yield oily products.

5-(5-Methylfuran-2-yl)oxazole (1): (72 %), yellow colored
oily product '>’C-NMR (400 MHz, CDCl3) 5C/ppm: 13.5,
107.6, 108.6, 120.4, 141.6, 144.2, 149.6, 153.2. '"H-NMR
(400 MHz, CDCl;) 6H/ppm: 2.3 (s, 3H, methyl —CH3), 6.1
(m, 1H), 6.5 (d, J = 3.2 Hz, 1H), 7.1 (s, 1H), 7.8 (s, IH). MS
(EI) m/z (%) calcd. for CsH7NO»: 149.15; found: 150.14 (M+,
100) (LC): 5.64 min. (100 % ionization peak). IR (ATR),
Via/em ' 3140 (w, aromatic C-H stretching), 1635 (w,
C=C stretching), 1585 (w, C=N stretching), 1204, 1105,
1082 (m, C-O stretching), 785 (s, C-H bending).

5-(5-Methylthiophene-2-yl)oxazole (2): (yield: 69 %),
bright yellow colored oily product '>*C-NMR (400 MHz,
CDCly) 6C/ppm: 15.2, 120.4, 124.6, 125.9, 127.1, 140.9,
147.1, 149.5. "H-NMR (400 MHz, CDCl;) 5H/ppm: 2.5 (s,
3H, methyl -CH3), 6.7 (m, 1H), 6.5 (p, ] =4.8 Hz, 1H), 7.0 (¢,
J = 3.6 Hz, 2H), 7.8 (s, 1H). MS (EI) m/z (%) calcd. for
CgH/NOS: 165.21; found: 207.14 (M + H + CH;CN),
166.10 M + H) (LC): 5.99 min. (100 % ionization peak). IR
(ATR), Vina/em 'z 3124, 3074 (w, aromatic C-H stretching),
2920, 2857 (w, aliphatic C-H stretching), 1611 (w, aromatic
C=C stretching), 1503 (w, aromatic C=N stretching), 1259 (w,
C-0O stretching), 1090 (m, C-O-C stretching), 796 (s, C-H
bending).

2,5-Bis(oxazol-5-yl)furan (3): (yield: 80 %) bright yellow
colored oily product '>*C-NMR (400 MHz, CDCl3) 5C/ppm:
109.3, 122.3, 143.2, 143.6, 150.2. '"H-NMR (400 MHz,
CDCls) dH/ppm: 6.7 (s, 2H), 7.3 (s, 2H), 7.9 (s, 2H). MS
(EI) m/z (%) calcd. for CoHgN,O5: 202.17; found: 244.45
(M + H + CH5CN), 203.31 (M + H) (LC): 4.22 min. (100 %
ionization peak). IR (ATR), vmax/cmfl: 3101, 2955, 2916,
2849 (m, aromatic C-H stretching), 2916, 2849 (m, aliphatic
C-H stretching), 1516 (w, aromatic C=C stretching), 1456 (w,
C=N stretching), 1203 (w, C-O stretching), 801 (s, C-H
bending).

2,5-Bis(oxazol-5-yl)thiophene (4): (yield: 53 %) yellow-

orange colored oily solid 13C.NMR (400 MHz, CDCly)
0C/ppm: 121.2, 125.1, 129.6, 146.2, 150.1. '"H-NMR
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(400 MHz, CDCly) éH/ppm: 7.2 (s, 2H) 7.3 (s, 2H), 7.8 (s,
2H). MS (EI) m/z (%) calcd. for C;yHgN,O,S: 218.23; found:
260.06 (M + H + CH5CN), 219.06 (M + H) (LC): 4.18 min.
(100 % ionization peak). IR (ATR), Vimax/em ' 3117 (w, aro-
matic C-H stretching), 1659, 1611 (w, aromatic C=C
stretching), 1518, 1491 (w, C=N stretching), 1012 (m, C-O
stretching), 802 (s, C-H bending).

Synthesis of isoxazole derivatives

The target isoxazole derivatives (5 and 6) were obtained by
using Method B. First step of the process consisted of the
reaction of the convenient starting materials with N,N-
dimethylformamide dimethylacetal and the second step in-
cluded the addition of hydroxylamine hydrochloride in the
presence of methyl alcohol (Scheme 2).

Method B

First step Into a 100 mL of round bottom flask equipped with
reflux condenser and dropping funnel; appropriate starting
material (5-methyl-2-furancarboxaldehyde or 5-methyl-2-
thiophenecarboxaldehyde) (5.5 mmol) was added and the re-
action flask was placed into an ice bath. Following the addi-
tion of DMFDMA (5.5 mmol, d: 0.897 g/mL), the color of the
solution turned yellow to orange and then burgundy. The ice
bath was removed after 1 h of vigorous stirring and the mix-
ture was heated in an oil bath to 110 °C. Eight hours later, with
the aid of the one-dimensional TLC analysis, the experiment
was terminated. After then, the system was cooled to room
temperature and the flask was allowed to stand in a salt-ice
bath. The crude products were crystallized from o-xylene.

(E)-3-(Dimethylamino)-1-(5-methylfuran-2-yl)prop-2-en-
1-one (i): (yield: 81 %, m.p: 126-128 °C) dark brown crys-
tals '"H-NMR (400 MHz, CDCl;) SH/ppm: 2.2 (s, 3H, methyl

(0]
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Scheme 2 Synthetic route to isoxazole derivatives (5-6)
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—CHj3), 2.8 (s,3H), 3.1 (s, 3H), 5.6 (d,J=12.4 Hz, 1H), 6.1 (q,
J=2.8Hz 1H), 6.9 (d,J=3.6 Hz, 1H), 7.7 (d, ] = 12.8 Hz,
1H). IR (ATR), Vpa/cm ' 3105 (w, aromatic C-H stretching),
2916, 2287 (w, aliphatic C-H stretching), 1737 (w, C=0
stretching), 1633, 1546 (aromatic C=C stretching), 1263 (s,
C-N stretching), 1068 (s, C-O stretching), 947 (m, =C-H twist-
ing), 779 (s, aromatic C-H bending). Elemental analysis: anal.
calcd. for C;oH;3NO, (179.2): C 67.02 H 7.31 N 7.82; found:
C 66.81 H7.17 N 7.43.

(E)-3-(Dimethylamino)-1-(5-methylthiophene-2-yl)prop-
2-en-1-one (ii): (39 %, m.p: 135 °C) brown crystals 'H-
NMR (400 MHz, CDCls) éH/ppm: 2.4 (d, J = 0.4 Hz, 3H,
methyl -CH3), 2.7 (s, 1H), 3.0 (s, 1H), 5.6 (d, ] = 12 Hz, 1H),
6.7(t,J=3.6Hz, 1H),7.4(d,J=4Hz 1H), 7.6 (d,J = 12 Hz,
1H). IR (ATR), Via/em ': 3128, 3084 (w, aromatic C-H
stretching), 2920, 2256 (w, aliphatic C-H stretching), 1610
(aromatic C=C stretching), 1481 (m, C=N stretching), 1263
(s, C-N stretching, 1068 (s, C-O stretching), 914 (s, =C-H
twisting), 783 (s, aromatic C-H bending). Elemental analysis:
anal. calcd. for C;oH;3NOS (195.3): C 61.50 H 6.71 N 7.17,
found: C 60.97 H 6.15 N 7.01.

Second step Appropriate compound synthesized from the first
step of Method B (i or ii) (3.9 mmol) was taken into the
reaction flask and it was dissolved in methanol (10 mL).
After stirring the mixture for 10 min in an ice bath, the forma-
tion of dark brown solution was observed. NH,OH.HCI
(0.295 g, 4.2 mmol) was poured into the solution and a color
fading was observed. The ice bath was removed after a period
of 10 min. The reaction was continued at room temperature
and terminated after 24 h. The crude product was purified by
column chromatography (solvent: ethyl acetate) to give the
target compound.

5-(5-Methylfuran-2-yl)isoxazole (5): (yield: 75 %) dark
brown oily solid '>*C-NMR (400 MHz, CDCl;) 5C/ppm:
13.6, 97.2, 108.1, 111.6, 141.6, 150.3, 154.5, 161.3. 'H-
NMR (400 MHz, CDCl3) dH/ppm: 2.2 (s, 3H, methyl —
CHy), 6.2 (m, 1H), 6.4 (d, J =2 Hz, 1H), 6.7 (d, J = 3.2 Hz,
1H), 8.2 (d, J] = 2 Hz, 1H). MS (EI) m/z (%) calcd. for
C3H,NO,: 149.15; found: 150.14 (M + H) (LC): 5.68 min.
(100 % ionization peak). IR (ATR), Vimax/em ' 3158 (w, aro-
matic C-H stretching), 2951, 2846 (w, aliphatic C-H
stretching), 1640 (s, aromatic C=C stretching), 1580,1508 (s,
aromatic C=N stretching), 1286 (m, C-O stretching), 1196 (m,
C-O stretching), 780 (s, C-H bending).

5-(5-Methylthiophene-2-yl)isoxazole (6): (yield: 57 %)
brown oily solid '>*C-NMR (400 MHz, CDCl;) 5C/ppm:
15.3, 97.5, 126.3, 126.7, 127.1, 140.9, 150.6, 164.5. 'H-
NMR (400 MHz, CDCls) dH/ppm: 2.4 (s, 3H, methyl —
CHs), 6.2 (d, J = 1.6 Hz, 1H), 6.7 (t, J = 1.6 Hz, 1H), 7.2 (d,
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J =3.6 Hz, 1H), 8.1 (d, J = 1.6 Hz, 1H). MS (EI) m/z (%)
caled. for CgH/NOS: 165.21; found: 166.09 (M + H) (LC):
5.04 min. (100 % ionization peak). IR (ATR), Vimax/cm
3129, 3084 (w, aromatic C-H stretching), 2920, 2857 (w, ali-
phatic C-H stretching), 1611, 1593 (w, aromatic C=C
stretching), 1481 (m, C=N stretching), 1249 (m, C-O
stretching), 914 (m, N-O stretching), 780 (s, aromatic C-H
bending).

Synthesis of isothiazole derivatives

In isothiazole synthesis, “thio-enamine” derivatives (v and vi)
were synthesized instead of “keto-enamine” (i and ii) ones
which were used as a starting material for the ring closure step
in the formation of isoxazoles (Scheme 2). First step of the
isothiazole synthesis was the synthesis of appropriate “keto-
enamine” derivative as it was in the synthesis of the oxazoles.
Second step was consisted of the transformation of “thio-en-
amine” derivatives, which were prepared at first step, into
corresponding “perchlorate” salts with POCl; and NaClO,.
At the third step, “perchlorate” salt was transformed into ap-
propriate “thio-enamine” derivative with Na,S.9H,O. At the
fourth step, ring closure was completed with the reaction be-
tween hydroxylamine-o-sulfonic acid (HSA) and the “thio-
enamine” derivatives which were obtained at the third step
(Scheme 3). This procedure was entitled as Method C.

Method C

First step Previously synthesized appropriate prop-2-en-1-
one derivatives (i or ii) (6.0 mmol) were dissolved in pre-
distilled dichloromethane (15 mL) solution and added into a
three-neck reaction flask. Then, POCl; (6.0 mmol) was added
dropwise to the mixture with vigorously stirring. After 10 min,
the ice bath was removed and the reaction flask was kept in the
refrigerator for about 15 h. Following step included the

N(CH3), ®
- N(CH;),Cl104
A POCI,/CH,CI, —
| NaClO, ‘ A\
X o ———>
. X [0}
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X =8 (i) X=§ (iv)
Na,S/DMF/H,0
N(CHy),
HSA/EtOH —
Bad MeOH B
X S/N - X S
X=0( X=0 )
X=5@® X =S (vi)

Scheme 3 Synthetic route to isothiazole derivatives (7 and 8).

removal of the solvent by rotary evaporator and the yellow
colored oily residue was obtained. The content was washed
with saturated solution of sodium perchlorate monohydrate
(2.1 g) in water (5 mL) and the resulting solids (dark
yellow-green colored) was vacuum filtered and washed with
ethanol (10 mL).

(E)-3-(Dimethylamino)-1-(5-methylfuran-2-yl)prop-2-en-
1-one, perchlorate salt (iii): (yield: 47 %, m.p > 250 °C)
brown oily solid IR (ATR), Vimax/cm 1 3110 (w, aromatic C-
H stretching), 2874 (w, aliphatic C-H stretching), 1644 (s,
C=S stretching), 1590 (aromatic C=C stretching), 1550,
1426, 1292 (w, C-N stretching), 1188 (s, C-S stretching),
972 (m, =C-H twisting), 814 (s, aromatic C-H bending).

(E)-3-(Dimethylamino)-1-(5-methylthiophen-2-yl)prop-2-
en-1-one, perchlorate salt (iv): (yield: 91.2 %,
m.p > 250 °C) yellow solid IR (ATR), Vima/em 1 3078 (w,
aromatic C-H stretching), 2856 (w, aliphatic C-H stretching),
1642 (m, C=S stretching), 1564 (m, aromatic C=C stretching),
1262 (s, C-N stretching, 1238, 1082 (s, C-O stretching), 812
(s, =C-H twisting).

Second step The corresponding perchlorate salt (iii or iv)
(2.3 mmol) which was prepared in the preceding step was
transferred to a round bottom one-neck flask and the system
was placed into an ice bath. Pre-dried DMF (5 mL) was added
dropwise into the yellow colored mixture. Na,S.9H,O
(2.3 mmol) solution was prepared by the addition of 1-mL
pure water and poured into the reaction flask. Red-orange
viscous solution was stirred for about 2 h at room temperature.
After the dilution with 30 mL of water, the flask content was
stored in the refrigerator overnight. The brick-red-colored pre-
cipitate was observed into the residual mixture and the crude
product was then filtered off under vacuum.

(E)-3-(Dimethylamino)-1-(5-methylfuran-2-yl)prop-2-en-
1-thione (v): (yield: 80 %, m.p: 142 °C) '*C-NMR
(400 MHz, CDCl;) 6C/ppm: 14.2, 38.2, 45.9, 106.6, 110.1,
118.1, 155.5, 157.4, 158.1. "H-NMR (400 MHz, CDCl5) 5H/
ppm: 2.3 (s, 3H), 3.0 (s, 3H), 3.2 (s, 3H), 6.0 (d, J = 2.8 Hz,
1H), 6.6 (d, J = 12 Hz, 1H), 7.2 (s, 1H), 8.3 (d, J = 11.6 Hz,
1H). MS (EI) m/z (%) calcd. for C;oH;53NOS: 195.28; found:
196.10 (M + H) (LC): 4.50 min. (100 % ionization peak). IR
(ATR), Vmax/cmflz 3100 (w, aromatic C-H stretching), 2910
(w, aliphatic C-H stretching) 1598, 1510, 1492 (aromatic C=C
stretching), 1259 (m, C-O stretching), 947 (m, =C-H twisting),
788 (s, aromatic C-H bending). Elemental analysis: anal.
caled. for C;oH;3NOS (195.3): C61.50 H6.71 N 7.17; found:
C 60.86 H 6.47 N 7.08.

(E)-3-(Dimethylamino)-1-(5-methylthiophene-2-yl)prop-
2-en-1-thione (vi): (yield: 74 %, m.p: 152 °C) BC.NMR
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(400 MHz, CDCl3) 6C/ppm: 16.0, 38.1, 45.9, 107.0, 125.7,
126.6, 148.8, 152.2, 157.2. "H-NMR (400 MHz, CDCl5) 5H/
ppm: 2.4 (s, 3H), 3.0 (s, 3H), 3.4 (s, 3H), 6.5 (d, ] = 12 Hz,
1H), 6.7 (d, ] = 2.8 Hz, 1H), 7.4 (s, ] = 4 Hz, 1H), 8.3 (d,
J = 11.6 Hz, 1H). MS (EI) m/z (%) calcd. for C;oH;3NS,:
211.35; found: 212.05 (M + H) (LC): 4.67 min. (100 % ion-
ization peak). IR (ATR), Vima/em 'z 2922, 2850 (w, aliphatic
C-H stretching), 1600, 1481, 1442 (aromatic C=C stretching),
1249 (m, C-O stretching), 814 (m, =C-H twisting), 771 (s,
aromatic C-H bending). Elemental analysis: anal. caled. for
CioH13NS, (211.4): C 56.83 H 6.20 N 6.63; found: C 55.57
H 6.08 N 6.21.

Third step Corresponding starting materials (v or vi)
(1.5 mmol) were dissolved in absolute ethanol (10 mL) and
poured into a two-neck reaction flask fitted with a reflux con-
denser and it was placed into a hot water bath at 60 °C.
Pyridine (3.0 mmol) was added dropwise by stirring to the
red-colored solution over 10 min and the mixture was stirred
for an extra 30 min at same temperature. Following the addi-
tion of HSA (1.5 mmol), the color of the mixture turned to tan
within 2 h. After completion of the reaction, excess of ethanol
was removed under pressure to give a yellow-brown oily
solid.

5-(5-Methylfuran-2-yl)isothiazole (7): (yield: 57 %)
yellow-brown oily solid 13C.NMR (400 MHz, CDCls) §6C/
ppm: 13.6, 108.3, 109.9, 117.5, 144.5, 153.7, 156.0, 157.5.
"H-NMR (400 MHz, CDCl;) §H/ppm: 2.3 (s, 3H), 6.0 (d,
J=12Hz 1H), 6.5(d, J=3.2Hz, 1H), 7.2 (d, J = 1.6 Hz,
1H), 8.3 (d, J = 1.2 Hz, 1H). MS (EI) m/z (%) calcd. for
CgH;NOS: 165.21; found: 166.35 M + H) (LC): 6.02 min.
(100 % ionization peak). IR (ATR), Vimax/em ' 3125 (w, aro-
matic C-H stretching), 2918 (w, aliphatic C-H stretching),
1605, 1555 (aromatic C=C stretching), 1478 (m, C=N
stretching), 1240 (m, C-O stretching), 914 (m, =C-H twisting),
780 (s, aromatic C-H bending).

5-(5-Methylthiophen-2-yl)isothiazole (8): (yield: 62 %)
yellow-brown colored oily solid '*C-NMR (400 MHz,
CDCl3) 6C/ppm: 15.3, 119.4, 126.4, 126.5, 130.2, 142.2,
157.8, 160.1. "H-NMR (400 MHz, CDCl5) §H/ppm: 2.5 (d,
J=12Hz 3H),6.7(d,J=1.2Hz, 1H),7.1 (d,J=3.6 Hz, 1H),
7.2 (s, 1H), 8.3 (d, ] =2 Hz, 1H). MS (EI) m/z (%) calcd. for
CgH,NS,: 181.28; found: 182.10 (M + H) (LC): 5.84 min.
(100 % ionization peak). IR (ATR), Via/em 'z 3078, 3140
(w, aromatic C-H stretching), 2914, 2855 (w, aliphatic C-H
stretching), 1557 (w, aromatic C=C stretching), 1456 (m, C=N
stretching), 812 (s, =C-H twisting), 795 (m, aromatic C-H
bending).
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Theoretical studies

As mentioned before, we aimed at comparing some experi-
mental properties with theoretical values of the target com-
pounds. For these purposes, chemical, electronic and spectral
characteristics of our newly synthesized compounds were in-
vestigated with theoretical methods. All calculations were per-
formed with Gaussian 09 W (Revision D.01) program pack-
age and GaussView 5.0.8 molecular visualization program
[46, 47]. In the first step of the computational studies, the
conformers which had the lowest energy values for each com-
pound were determined by conformational analysis. The
Density Functional Theory (DFT) [48] employed in scan cal-
culations was B3LYP (Becke three-parameter hybrid correla-
tion functional combined with Lee—Yang—Parr correlation
functional) [49, 50] with 6-31G(d,p) basis set [51]. For the
rest of the quantum chemical calculations, we applied similar
methods which are used for this kind of molecules in the
literature [52—54]. For the geometry optimization, target com-
pounds in the ground state are computed by performing
Hartree-Fock (HF) method [55] with the aug-cc-pVDZ basis
set [56], DFT hybrid meta exchange-correlation functional
(M06-2x) [57] at the aug-cc-pVDZ level and B3LYP method
with the 6-31G(d,p), aug-cc-pVDZ, and cc-pVTZ [58] basis
sets. All of these computational studies were performed in the
gas-phase. Structural properties of the molecules (bond
lengths, bond angles, dihedral angles, dipole moments, and
polarizabilities), band gap energies and spectroscopic charac-
teristics (UV-vis, FT-IR, "H-NMR and '*C-NMR) were inves-
tigated and the results were assessed in detail. Following sec-
tions are organized based on these approaches and our out-
comes set light to deeper understanding of the electrical and
structural properties of the azole ring systems.

Structural analysis

A search for stationary points on the multidimensional PESs
for azoles was performed with B3LYP/6-31G(d,p) level of
theory. In order to obtain the different conformations, internal
rotations around the Cs—Cq single bond for the two-ring sys-
tems and the C4—C, and Cs-C,; single bonds for the three-ring
systems were performed, as can be seen in the geometry pre-
sented in Fig. 2, with the atoms numbered. For two-ring sys-
tems, two-dimensional (2D) PESs were obtained by changing
the dihedral angle ¢, from 0 and 360° with the increment of
60° without restriction of symmetry (Fig. 2). The dihedral
angle ¢ is defined by the atoms X;-C5-C4-O;9. A rough
geometry of the likely minimum energy structures could be
guessed with the help of the PES and two local minimums
(corresponding to syn- and anti-conformers) with respect to
the Cs—Cgq single bond as shown in ESIT were obtained on the
PES diagrams for the compounds 1, 2, 5, 6, 7, 8.
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Fig. 2 Numbering atoms olf target molecules for PES scan and
definition of the dihedral angles. For clearance of the manuscript,
illustration was presented here depicted only oxazole derivatives, but
the same approach was used for preparing the scan analysis inputs of
isoxazole and isothiazole derivatives

For the three ring systems, the three-dimensional (3D) po-
tential energy surface of the molecules was obtained by vary-
ing the dihedral angles ¢ and ¢, (see Fig. 2). In this case, the
dihedral angles ¢, and @, rotated from 0° to 360° with the
increment of 60°. The dihedral angles ¢, and ¢, are defined
by the atoms O;;-C¢-C,-X; and X;-Cs5-C;;-O; 5, respectively.
Three possible structures (syn-syn, anti-anti, and syn-anti con-
formers) corresponding to a local minimum for the molecules
3 and 4 were obtained (see ESIT). These possible conformers
were submitted to full geometry optimization using B3LYP/6-
31G(d,p) level to find the most stable conformer. The con-
formers found with DFT were characterized as true minima
on the potential energy surfaces by harmonic frequency anal-
ysis. The positive frequencies allowed us to determine the
global minimum. The global minimum energy was found to
be for the most stable conformer (anti) for each compound.
The energy values for the anti-conformers 1, 2, 3, 4, 5, 6, 7,
and 8 are —514.243, —837.218, —719.806, —1042.78,
—514.209, —837.183, —837.213, and —1160.190 Eh, respec-
tively. On the other hand, the energies of the syn conformers
in which the ring heteroatoms oriented to the same direction
are quite close to the energies of the anti-conformers and the
energy values for syn conformers 1, 2, 3, 4, 5, 6, 7, and 8 are
—514.241, —837.217, —719.801, —1042,78, —514.206,
—837.183,—837.211, and —1160.180 Eh, respectively. It could
be beneficial to underline that maximum energy difference
between syn and anti-conformers are 0.010 Eh (6.28 kcal/
mol). From the conformation analysis results, for each of our
studied compounds, we selected only one conformation which
had the lowest energy value and hence the most stable con-
former (anti) and then, we continued with the lowest ones in
subsequent calculations.

According to the conformational analysis and full geome-
try optimization results, for all of our cases, we observed that
heteroatoms (oxygen or sulfur) that situated in oxazole,
isothiazole, or isoxazole systems are in the opposite side to
the other ring’s heteroatoms—oxygen for the furan ring and
sulfur for the thiophene ring—as expected. In other words,
dihedral angle between those two heterocyclic rings is 180°.
Similar results are observed for our three-ring systems con-
taining oxazole derivatives (3 and 4). The ring’s heteroatoms
are oriented again towards different side and each dihedral

angle between the two rings system is 180°. The calculated
dihedral angles showed that all of the studied azole derivatives
possessed a planar structure due to the stabilizing effects of the
delocalization of non-bonding p electrons of oxygen, nitro-
gen, and sulfur atoms. That means the unpaired p electrons
of the heteroatoms participate in the 7t-conjugation increased
the stability of the ring systems. After determining the most
stable conformers of the target compounds, the optimized ge-
ometries were recomputed with different calculation ap-
proaches in order to compare the accuracy of the calculations.
Unless otherwise indicated, the results which were calculated
with B3LYP/cc-pVTZ level of theory will be discussed in the
following sections. The optimized structures for the global
minimum are given in Fig. 3.

Bond length calculations Our literature search revealed that
our target compounds are not present in any published com-
putational or experimental studies. Therefore, we tried to com-
pare our computational results with similar unsubstituted
single-ring compounds (furan, thiophene, oxazole, isoxazole,
or isothiazole). In order to make the comparison, we wanted to
find the most appropriate method and basis set which calculate
the bond lengths closest to the experimental bond lengths for
unsubstituted five membered rings. Our results show that the
B3LYP method with cc-pVTZ basis set is the most appropri-
ate for calculation of the bond lengths for unsubstituted five-
membered rings. Experimental and calculated bond lengths of
some comparable heterocyclic compounds (Table 1) and our
calculated bond lengths for the studied oxazole, isoxazole, and
isothiazole derivatives are given in Tables 2 and 3, respective-
ly. The calculated bond lengths of unsubstituted heterocyclic
rings are in line with the experimental data.

As can be seen from Tables 2 and 3, the computed C-C
bond lengths of the target compounds are in the range of
1.411-1.426 A. The calculated C-C bond lengths for the cor-
responding unsubstituted five-membered heterocyclic rings
are between 1.419 and 1.432 A (Table 1). The C-C bond
lengths between the ring’s carbons that connect to the different
rings are a little larger than that of ring’s C-C bond lengths,
which are between 1.430 and 1.444 A. Due to the presence of
conjugation between the two different ring systems, all these
bonds have average C-C single and C=C double bond lengths,
as expected. Moreover, the calculated C=C bond lengths of
the molecules vary from 1.359 to 1.377 A and similarly, cal-
culated values of their primitive homologs are between 1.349
and 1.366 A. The calculated C—C and C=C bond lengths of
the studied compounds are in line with calculated values of
thiophene, furan, oxazole, isoxazole, and isothiazole ring
systems.

Generally, the C—N bond lengths are a bit shorter than the
C—C bond lengths. The C-N and C=N bond lengths of the
oxazole ring in two or three ring systems are calculated as
about 1.384 and 1.287 A, respectively. Furthermore, the
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Fig. 3 The most stable conformers of target compounds

calculated values of the C-N and C=N bond lengths in
unsubstituted oxazole ring are found 1.389 and 1.288 A.
The C=N bond lengths of unsubstituted isoxazole and
isothiazole rings are calculated about 1.306 and 1.314 A, re-
spectively. These values are in line with the calculated values
(1.305 and 1.314 A) for unsubstituted isoxazole and
isothiazole rings, respectively.

The C-O bond lengths are slightly shorter than the C-N
bond lengths. The calculated C-O bond lengths are between
1.349 and 1.376 A, and the calculated data for the correspond-
ing unsubstituted derivatives are between 1.361 and 1.368 A.
The C-S bond lengths for thiophene and isothiazole in the
studied molecules are between 1.738 and 1.749 A and 1.735
and 1.738 A, respectively, and their corresponding
unsubstituted analogs’ values are 1.726 and 1.713 A. The
computed N-O bond lengths of isoxazole derivatives are ap-
proximately 1.400 A and the corresponding values for
unsubstituted analogs are 1.397 A. The calculated N-S bond
lengths of isothiazole are approximately 1.666 A and the cal-
culations show that the bond lengths for the unsubstituted

@ Springer

derivatives are about 1.664 A. DFT calculation results
[B3LYP/cc-pVTZ] are in good agreement with the experi-
mental values for the unsubstituted heterocyclic rings
(Table 1). Moreover, the calculated bond lengths of the studied
azoles are also in line with the calculated values of the corre-
sponding unsubstituted rings. However, there are very small
differences between the bond lengths of the substituted and
unsubstituted molecules. This is due to larger conjugation of
two or three ring systems, which have different heteroatoms
compared to a single ring system and also to their electroneg-
ativity characters.

Dipole moment and polarizability calculations Since our
compounds’ dipole moments and polarizabilities are not
known yet, we wanted to see how these properties of this sort
of ring systems change. It is also wanted to investigate the
effects of calculation methods and the basis set on the electric
properties. For these purposes, we studied the structure-dipole
moment and polarization relationship for azoles. Dipole mo-
ment () and polarizability (&) are, without doubt, among the
most fundamental electrical properties. Therefore, calculation
of these values with various theoretical models will provide a
good basis for understanding the reliability of the calculation
of the electronic states [65-67]. The electric dipole moments
(p) and the mean polarizabilities (&) of target compounds can
be calculated by finite field method using different methods/
basis sets. In order to calculate the electric dipole moments
and the polarizabilities of the compounds, the origin of the
Cartesian coordinate system (x, y, z) = (0, 0, 0) was chosen
at the center of mass of the molecules. The total dipole mo-
ment , the mean polarizability @, and their x, y, z coordinates
in components are defined below.
Dipole moment formula [68] is

RV R R

In the equation below, « is a second rank tensor property
called the dipole polarizability and mean polarizability formu-
la [69] is

& = (ot + Oty + oczz)/3

The calculated dipole moments and polarizabilities depend
on a basis set and calculation method. Therefore, it is apparent
that a large basis set and correlation is needed to get at
reliable values. Since there is no information about the
computational or experimental dipole moments and polar-
izabilities of the studied molecules in the literature, calcu-
lated dipole moments of the target compounds were again
compared to their unsubstituted analogs. The calculated
and experimental dipole moments of unsubstituted hetero-
cyclic compounds (furan, thiophene, oxazole, isoxazole,
or isothiazole) are given in Table 4 and their dipole
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Table 1

cc-pVTZ for the unsubstituted heterocyclic compounds (A)

Bond lengths determined by X-Ray and calculated by B3LYP/

Bond Thiophene™® Furan™ Oxazole® Isoxazole® Isothia-

type zole’

C-C 1.423 1.431 - 1.425 1397  Exp.
1.424 1.432 - 1.420 1.419  Cale.

C=C 1.370 1.361 1.353 1.356 1.380  Exp.
1.363 1.355 1.349 1.354 1366  Calc.

C-N - - 1.395 - - Exp.
- - 1.389 - - Cale.

C=N - - 1.292 1.309 1316  Exp.
- - 1.288 1.305 1314 Calc.

C-O0 - 1.362 1370 - - Exp.
- 1.361 1.368 - - Calc.

C-S 1.714 - - - 1.715  Exp.
1.726 - - - 1.713  Calc.

C-H 1.079 1.076 1.075 1.075 1.076  Exp.
1.080 1.076 1.075 1.076 1.077  Cale.

N-S - - - - 1.661  Exp.
- - - - 1.664  Calc.

N-O - - - 1.399 - Exp.
- - - 1.397 - Cale.

 Reference [59]
® Reference [60]
¢ Reference [61]
9 Reference [62]
¢Reference [63]
MReference [64]

moments are in the following order:

Isoxazole > isothiazole > oxazole > furan > thiophene

Table 2 Calculated bond lengths
for oxazole derivatives (1-4) (A)

However, the calculated mean polarizabilities for
unsubstituted derivatives are varied as thiophene, isothiazole,
furan, isoxazole, and oxazole in descendent order. The results
calculated by B3LYP/cc-pVTZ level of theory are in good
agreement with available experimental dipole moments and
polarizabilities for the unsubstituted derivatives.

The permanent dipole moments for the studied azoles are
calculated with three different methods using three basis sets
and the results are given in Table 5. The calculated data shows
that dipole moment values of furan derivatives except
oxazoles (1, 2) are higher than thiophene derivatives. By the
guidance of Table 5, we could see that the calculated dipole
moment values of the studied molecules are varied as
isothiazole, isoxazole, and oxazole in descendent order, re-
spectively. This result is in good agreement with previously
given results for the unsubstituted derivatives. Calculations
with different basis sets (6-31G(d,p), aug-cc-pVDZ, and cc-
pVTZ) for the studied compounds give very similar results.
Our result also shows that basis set effects are relatively lower
but the electron correlation effects are dominant. For instance,
the result obtained from DFT (B3LYP, MO6-2x) calculations
gives different values in comparison to HF method. The di-
pole moments calculated with HF/aug-cc-pVDZ level of the-
ory for oxazole derivatives are underestimated whereas for
isoxazole derivatives are overestimated.

The mean polarizability (G) values of the studied com-
pounds are calculated by using different methods and basis
sets and the corresponding results are given in Table 6. The
mean polarizability values of thiophene derivatives are higher
than that of the furan derivatives and the polarities of the three-
ring systems are higher than the two ring systems, as expected.
According to obtained results, polarizability order for the stud-
ied azoles is similar to their corresponding unsubstituted de-
rivatives and the order is

Bond 1 2 3 4
type
Furan Oxazole Thiophene  Oxazole Furan Oxazole Thiophene  Oxazole
moiety  moiety moiety moiety moiety  moiety moiety moiety
C-C 1.426 - 1.419 - 1.420 - 1.411 -
C-C* 1432 1.437 1.430 1.435
Cc=C 1.359 1.361 1.365 1.362 1.366 1.361 1.373 1.363
1363 1370
C-N - 1.385 - 1.385 - 1.384 - 1.383
C=N - 1.287 - 1.287 - 1.287 - 1.288
C-O0 1.368 1.372 - 1.376 1.366 1.372 - 1.375
1.358 1.356 1.357 1.356
C-S - - 1.741 - - - 1.743 -
1.745
C-H 1.075 1.076 1.079 1.076 1.075 1.075 1.079 1.076

#C-C bond lengths between the ring’s carbons that connect to the different rings
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Table 3  Calculated bond lengths for isoxazole and isothiazole derivatives (5-8) (A)
Bond 5 6 7 8
type
Furan Isoxazole Thiophene Isoxazole Furan Isothiazole Thiophene Isothiazole
moiety moiety moiety moiety moiety moiety moiety moiety
Cc-C 1.424 1414 1.416 1414 1.424 1414 1416 1414
C-C* 1434 1.440 1.436 1.444
C=C 1.361 1.365 1.366 1.366 1.361 1.376 1.366 1.377
1.363 1.370 1.365 1.371
C=N - 1.306 - 1.306 - 1.314 - 1314
C-0 1.365 1.349 - 1.351 1.364 - - -
1.369 1.373
C-S - - 1.739 - - 1.735 1.738 1.739
1.744 1.749
C-H 1.079 1.076 1.081 1.079 1.076 1.078 1.081 1.079
N-O - 1.401 - 1.399 - - - -
N-S - - - - - 1.667 - 1.666

#C-C bond lengths between the ring’s carbons that connect to the different rings

Isothiazole > isoxazole~oxazole

However, the observed polarizability order for the studied
compounds is different from their dipole moment order. The
observed results could be explained by the interaction be-
tween atomic contributions, distance-dependent charge sepa-
ration between heteroatoms, and number of resonance struc-
tures. The larger distance between charges should lead to a
larger dipole moment of the compounds. Therefore, polariz-
ability values of isothiazole compounds are higher than other
compounds. On the other hand, the polarizability values ob-
tained by different method and basis set are different. This
means that basis set and electron correlation effects are impor-
tant in calculation of the polarizabilities of the azoles. As can

Table 4 Permanent dipole moment p (Debye) and average
polarizabilities (&) of unsubstituted heterocyclic compounds

Molecule  p a
DFT Experiment DFT  Experiment
Thiophene 0.52 0.533 + 0.0005* 72.65 60.6°, 65.2 = 2.1% 66.1°,
64.9 + 0.6'
Furan 0.61 0.661 +0.006° 53.65 49.1 +2.2¢
Oxazole 151 1.50° 48.44
Isoxazole 2.94 2.90? 49.20
Isothiazole 2.34 2.44 +0.2° 68.38

#Reference [70]
b Reference [71]
¢ Reference [72]
dReference [73]
¢ Reference [74]
fReference [75]
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be seen from Table 6, HF/aug-cc-pVDZ level gives smaller
values for the polarizabilities, while B3LYP/cc-pVTZ level
gives higher values.

Spectroscopic analysis

Computational and experimental UV-vis spectra The ab-
sorption spectrum is related to the molecular structure, and the
relationship between the maximum absorption and the molec-
ular structure is important in explaining the molecular proper-
ties. The time-dependent DFT (TD-DFT) is one of the most
widely used methods in quantum chemistry because of its
accuracy and relatively small computing time [76]. The meth-
od is able to detect accurate absorption wavelength and the
calculated value corresponds to the vertical electronic transi-
tions computed on the ground state geometry. Thus, we
attempted to determine the maximum absorption peaks
(Amax) in the ultraviolet and visible (UV-vis) spectra of the
studied compounds and then, we compared to our experimen-
tal and computational results.

Table 5 Dipole moments (i, in Debye)

Entry HF/aug- MO06-2x/aug- B3LYP/6— B3LYP/aug- B3LYP/
cc-pVDZ  ccpVDZ 31 G(d,p) cc-pVDZ cc-pVTZ
1 2.541 2.675 2.679 2.815 2.680
2 2.584 2.520 2.485 2.667 2.787
3 1.016 2.962 2.891 2.982 2.887
4 1.056 2.448 2.395 2.408 2354
5 4.054 3.805 3.844 3.986 3.855
6 4343 3.654 3.612 3.815 3.678
7 4.022 3.747 3.930 3.973 3.778
8 4154 3.655 3.789 3.870 3.677
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Table 6 Calculated mean polarizability (@, in hartree)

Entry HF/aug-  MO06-2x/ B3LYP/6—~  B3LYP/ B3LYP/
ce- aug- 31 aug- cc-
pVDZ cc-pVDZ G(d,p) cc-pVDZ  pVTZ

1 10528 111.80 97.50 118.36 168.057
2 120.56 127.69 111.64 134.51 192.487
3 14357 153.16 139.03 166.48 259.717
4 159.17 171.06 156.47 185.68 300.356
5 10548 111.86 98.09 118.47 168.617
6 120.61 127.25 111.91 123.80 192.804
7 120.80 127.88 112.39 135.21 186.810
8 133.96 143.19 126.34 151.18 211.973

Calculations of A, for the target molecules in the gas
phases are carried out with TD-DFT (B3LYP/6-31G(d,p))
method by using the same functions and basis sets, which
were used in the geometry optimization. TD-HF method is
also used in order to observe the variations between the com-
putational methods. For the TD-DFT calculations, the
Conductor-like Polarizable Continuum Model (CPCM) [77]
is also used to take care of the solvent effects and CPCM-TD-
B3LYP with 6-31G(d,p), 6-311++G(d,p), and cc-pVTZ basis
sets in methanol solution is applied to the azole derivatives.
On the basis of the fully optimized ground-state structure of
the target compounds, vertical excitation energies, oscillator
strength, and absorption wavelengths are obtained both in gas
phase and methanol solution. The absorption spectra are sim-
ulated using GABEDIT program. The excited states are inter-
polated by a Lorentzian convolution with the full-width at
half-maximum of 0.15 eV. The experimental and calculated
Amax Values are given in Table 7 and their UV spectra are given
in ESIY.

The observed and the calculated spectra of the azoles are
between 290 and 319 nm and 291 and 361 nm, respectively,

Table 7  Calculated vs. experimental UV absorption values (Ayax, NM)

and azoles exhibit single absorption band in methanol. This
result indicates that the excitations correspond to the electron
transitions from the HOMO energy level to LUMO energy
level and the excitations correspond to the 7—7t* transitions.
Our results show that the A, values of the sulfur-containing
derivatives (thiophene, isothiazole) shift to longer wave-
lengths relative to the corresponding values of the oxygen-
containing derivatives (furan, oxazole, isoxazole). Moreover,
the theoretical UV—Vis. spectra of the azoles in methanol are
similar to those of gas phase with one band, but the lowest
energy electronic transitions shift to a longer wavelength by
approximately 10 nm because of the solvent effects.

In order to test the accuracy of the experimental and calcu-
lated absorption spectra for the azole derivatives, we com-
pared our theoretical results with the experimental absorption
spectra of the unsubstituted heterocyclic compounds. The ex-
perimental A, values for the unsubstituted furan, thiophene,
oxazole, isoxazole, and isothiazole rings are 207, 237, 205,
215, and 245 nm, respectively, in methanol [78, 79]. It is well
known that the substituents attached to the carbon atoms (C-2
or C-5 positions) of furan and thiophene rings affect the exci-
tation energy. Because of the increasing effect on the —elec-
tron density of the electron—donor substituents on C-2 or C-5
of furan or thiophene, the transition energies from HOMO to
LUMO become lower and as a result of this, A, becomes
longer. Therefore, it could be concluded that A, values of
the two ring systems are significantly increased compared to
the single ring derivatives. When the second ring system is
attached to C-5 position of furan or thiophene ring (3 and 4),
the molecules become larger, the conjugation increases, and
the absorption bands shift to longer wavelengths. The calcu-
lated absorption bands of the molecules, except 3 and 4, are in
line with their experimental values. A,,,,x values of the mole-
cules (3 and 4) calculated by B3LYP with 6-31G(d,p), 6-
311++G(d,p), and cc-pVTZ basis sets in methanol are greater
than their experimental values. There are 16, 22; 29, 36; and

Gas Phase Methanol
Entry TD-HF/aug- TD-MO062x/ TD-B3LYP/ TD-B3LYP/6- TD-B3LYP/ TD-B3LYP/ TD-B3LYP/6- TD-B3LYP/ Experimental
cc-pVDZ aug-cc-pVDZ  6-31G(d,p) 311++G** cc-pVTZ 6-31G(d,p) 311++G** cc-pVTZ
1 266.11 269.7 276.99 279.84 280.86 293.43 291.19 291.12 290.00
2 281.53 285.55 291.6 295.38 297.35 302.31 303.58 305.10 301.00
3 305.39 309.73 325.62 324.73 329.52 324.34 337.02 341.33 308.00
4 326.31 331.18 345.76 344.25 350.27 341.81 354.99 360.99 319.00
5 265.93 270.24 276.15 278.9 280.2 296.16 295.6 292.69 292.00
6 279.06 284.02 290.29 292.13 294.38 295.56 303.9 303.09 298.00
7 284.63 292.78 299.66 302.39 303.59 312.77 320.31 317.73 308.00
8 295.45 302.78 309.54 303.35 313.21 319 317.87 323.88 310.00
R? 0.90834 0.9437 0.8963 0.8723 0.8984 0913 0.8935 0.9028

@ Springer



Struct Chem

Table 8 Calculated band gap

energies (AEgap = ELUMO- Gas Methanol
EHOMO, in eV)
Entry HF/aug-cc-  MO06-2x/aug- B3LYP/aug- B3LYP/cc-  TD-B3LYP/ TD-B3LYP/
pVDZ cc-pVDZ cc-pVDZ pVTZ cc-pVTZ cc-pVTZ
1 8.663 6.792 4.501 4.609 4.415 (39-40)  4.259 (39-40)
2 8.866 6.526 4.303 4413 4.167 (4344)  4.064 (43-44)
3 8.477 6.106 3.866 3.949 3.763 (52-53)  3.632 (52-53)
4 8.676 5.804 3.654 3.742 3.534 (56-57)  3.435 (56-57)
5 8.993 6.850 4.509 4.605 4.425 (39-40)  4.236 (39-40)
6 9.154 6.620 4352 4.455 4212 (4344)  4.091 (43-44)
7 8.971 6.439 4.205 4315 4.084 (4344)  3.902 (43-44)
8 9.372 6.380 4.122 4.241 3.959 (47-48)  3.828 (47-48)

33, 42 nm differences between calculated and experimental
absorption bands of the molecules (3 and 4), respectively. The
6-31G(d,p) basis set gives better results than the other two
basis sets.

In order to consider the effect of calculation methods on
absorption spectra, the calculated absorption wavelengths are
plotted against the experimental values. As can be seen from
the Table 7, the correlation coefficients (R?) for the calcula-
tions with different methods in gas phase are between 0.87
and 0.94 and the corresponding value in methanol is almost
0.90. This close agreement between calculated and experi-
mental values indicated that TD-B3LYP with 6-31G(d,p) ba-
sis set gives satisfactory result for understanding the absorp-
tion spectra of azoles.

In molecular interaction perspective, the Highest Occupied
Molecular Orbital (Egomo) and the Lowest Unoccupied
Molecular Orbital (E; ymo) interacts with each other and they
are accepted as the most significant energy levels [80, 81]. For
our cases, the HOMO and LUMO energies and their energy
difference (AE = E; ymo-Ernomo) of the studied molecules are
determined and the band gap energies are summarized in
Table 8. It is well known that the energy of HOMO is related
to the ionization potential whereas the energy of LUMO is
related to the electron affinity. The energy gap reflects the
chemical activity of molecules. In addition, the band gap is
considered as a measure of the charge transfer and it is accept-
ed as a relevant parameter in determining the molecular elec-
trical transport property and the reactivity. If the energy gap
between HOMO and LUMO decreases, then it will be easier
to excite the electrons, which occupied the HOMO energy
level. If the energy level of LUMO is low, it will be easier
for LUMO to accept electrons, which excited from the
HOMO energy level. As can be seen from the corresponding
table, the computed results vary depending on the calculation
method and basis set as expected.

The theoretical studies show that the band gaps are very
similar for all optimized molecules and the values in gas phase
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are between 3.5 and 4.4 eV. However, the band gap values of
isothiazole derivatives are found to be slightly lower than the
other two systems. Additionally, for all derivatives, the band gap
values vary from thiophene to furan ascending order. On the
other hand, for the systems including two oxazole rings (3, 4),
in which the conjugated system becomes larger with the inclu-
sion of second oxazole ring, the conjugation in the molecules
increases and their band gaps decreases. The band gaps of two
oxazole containing derivatives are dropped ~0.6 eV contrast to
their two ring derivatives.

Computational and experimental FT-IR spectra In this
part, the calculated harmonic vibrations of the target
compounds are discussed and the results are compared
with experimental FT-IR spectra. The harmonic vibra-
tional wavenumbers and the absolute intensities are cal-
culated by HF and DFT methods for the corresponding
optimized geometries. There are 48 fundamental modes
of vibrations associated with two-ring system and 57 for
the three ring systems. Instead of discussing all individ-
ual modes, the most characteristic peaks are selected
and the following explanations are made according to
them. The scaled (scale factor: 0.965) [82, 83] funda-
mental vibrational wavenumbers of the target com-
pounds are calculated with B3LYP/cc-pVTZ approach
in gas phase and the results are given in Table 9. The
frequencies calculated by DFT are smaller than the fre-
quencies calculated by HF method due to electron cor-
relation in density functional theory to a certain extent
makes the frequency values smaller in comparison with
the HF approach (see ESIY).

The presence of one or more heteroaromatic rings in a molecule
are normally determined from the C-H and C=C ring vibrations. In
this kind of organic compounds, the C-H IR stretching vibrations
normally occur at 3100-3000 cm ' [84]. The result calculated by
B3LYP/cc-pVTZ shows that the vibrational wavenumbers in
range of 3063-3167 cm " are assigned to aromatic C-H stretching
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modes for the molecules 1-8. The corresponding experimental
values for the same molecules are between 2849 and 3158 cm .
The difference between the experimental and calculated vibration-
al wavenumbers could be attributed to the fact that the experimen-
tal results are taken in solvent phase while the theoretical results are
obtained in gas phase. Another reason is harmonic approach used
for calculations while, experimentally, many modes have highly
anharmonic character.

The ring stretching vibrations of the heteroaromatic compounds
are also extremely important. In several resources, highly charac-
teristic peaks, which are observed for the aromatic compounds, are
given in details [84]. In accordance with this information, carbon-
carbon ring stretching vibrations occur in the region of 1430—
1640 cm . The experimental C=C stretching vibrations for the
molecules 1-8 are observed in the range of 1516-1659 cm ' and
the calculated ring stretching vibrations (between 1520 and
1619 cm ") are in line with the experimental data.

It is well known that the C=N stretching vibration bands are
generally observed in the range 1566-1672 cm ™. The experimen-
tally observed peaks between 1456 and 1585 cm ™ and the calcu-
lated bands between 1456 and 1508 cm ' in FT-IR spectrum are
identified as C=N vibrations of heterocyclic rings. Additionally, for
the target compounds, the calculated C-N stretching modes are
observed between 1359 and 1249 cm . The corresponding exper-
imental values are observed as a medium band at 1373 cm ™" and
very strong band at 1250 cm ™' in FT-IR. Moreover, the C-O-C
stretching vibrations generally occur in the range of 1050—
1253 cm . The experimental C-O stretching vibrations are mea-
sured in the range of 988-1286 cm ™' for molecules 1-8, respec-
tively. The corresponding calculated vibrations are between 966
and 1241 cm™".

The C-S symmetric and asymmetric vibrations of thiophene for
molecules 2, 4, and 6 are calculated at 650, 651, and 680 cm ',
respectively, and the C-S symmetric vibrations of isothiazole for
compounds 7 and 8 are calculated at 663 and 647 cm ', respec-
tively. The experimental C-S stretching vibrations of thiophene
ring are observed at 673, 637; 665, 638, and 683 cm ! and the
C-S-N stretching vibrations for the isothiazole ring are also ob-
served at 750 and 748 cm ™' for molecules 7 and 8, respectively.
The calculated frequencies at 719 and 721 cm ™" are assigned to C-
S-N stretching vibrations for thiophene and isothiazole rings, re-
spectively. N-O ring stretching vibrations are observed in the range
of 868-916 cm ' and the corresponding calculated values are
between 864 and 914 cm .

The aliphatic C-H stretching vibrations normally occur at
31002850 cm " and the C-H stretching vibrations of the methyl
group connected aromatic rings are observed in the region of
2951-2849 cm. Our calculated wavenumbers in the range of
3013-2920 cm " are assigned as C-H stretching of CHs.

Computational and experimental '"H-NMR and *C-NMR

analysis In this section, we focused on the calculation of
'"H and '3C chemical shifts of our studied molecules and
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by using their relevant experimentally determined shifts,
we aimed to determine the best fitting computational
method. As mentioned before, our experimental 'H and
'3C magnetic resonance spectra are recorded in CDCl,
solution and the calculated 'H and '’C NMR chemical
shifts of the target compounds are obtained by the
gauge-independent atomic orbital (GIAO) [85, 86] ap-
proach with B3LYP/6-31G(d,p) level of theory, which
has precedent for NMR shielding tensor calculation espe-
cially in the case of reasonably larger molecules [85, 87].
It is well known that B3LYP method is strongly influ-
enced by the basis set. Therefore, in order to assess the
accuracy of the selected basis set, we also utilized a
Dunning’s correlation consistent basis set, cc-pVTZ with
B3LYP which demands more computational efforts than
6-31G(d,p). For this purpose, first of all, the shielding of
tetramethylsilane (TMS), which is used as a general stan-
dard, are calculated by using the selected calculation
method and basis set. Then, the chemical shifting of the
target molecules is calculated by using the same level of
theory on fully optimized geometries. The extraction of
the two evaluated values (Orys — Ocalc) gave the desired
chemical shifts of the molecules. The calculated 'H and
13C isotropic chemical shielding of TMS at the B3LYP/6-
31G(d,p) level in gas phase are 31.62 and 192.98 ppm,
respectively. In the case of B3LYP/cc-pVTZ, the corre-
sponding 'H and '*C isotropic chemical shielding values
of TMS are calculated as 31.745 and 184.455 ppm. The
experimental values for 'H isotropic chemical shift and
13C isotropic chemical shift for TMS are 30.84 and
188.1 ppm, respectively. The calculated values of 'H
and '>C chemical shifts by B3LYP/6-3G(d,p) and
B3LYP/cc-pVTZ methods in the gas phase together with
experimental values are given in Table 10.

The aromatic protons of five-membered heterocyclic rings are
normally observed in the range of 6-8 ppm; the methyl protons
of these cyclic compounds give peaks between 2 and 2.5 ppm.
Our measured and calculated corresponding protons are within the
limits given above. The maximum deviation between the calculat-
ed and experimental values is 0.4 ppm, thus it is concluded that 'H
NMR chemical shifts calculated by using DFT method are in good
agreement with the experimental values. The same trend is ob-
served for the 1°C NMR, but the maximum deviation (£1.1) is
higher than '"H NMR chemical shifts. In order to evaluate the
accuracy of the theoretical methods used in NMR calculations,
we analyzed statistically the correlation between calculated and
experimental chemical shifts. The correlations including both pro-
ton and carbon NMR results are given in ESIf. The correlations
expressed by R” between measured and calculated NMR param-
eters are obtained (y = ax + b, a values close to 0.5 and R values
close to 1 for each studied compound. The correlation coefficients
evaluated for each compounds are higher than 0.90 except for 4.
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Table 10  Experimental and calculated (a) "H-NMR chemical shifts (ppm) and (b) 13C-NMR chemical shifts (ppm) of target molecules

1 2 3 4 5 6 7 8
23 25 6.7 72 23 24 23 25  Exp.
a 23 2.6 6.8 73 23 24 23 25 Cal®
24 2.6 6.9 7.4 24 2.6 24 26  cal®
6.1 6.5 73 73 6.2 6.2 6.0 67  Exp.
b 62 6.4 7.5 75 63 6.2 6.2 67  Cal®
a) 6.2 6.7 7.5 7.4 63 6.8 6.2 67  cal®
6.5 6.7 7.9 7.8 6.7 72 6.5 71 Exp.
¢ 67 6.8 7.7 7.7 7.0 72 6.7 71 Cal®
4y p A 6.7 72 7.7 77 7.1 7.6 6.8 72 cal®
& \ 7 \ NN \ b 7.1 7.0 - - 6.4 6.7 7.2 7.2 Exp.
¢ >o X a \LO X - N d 74 6.9 - - 6.4 6.7 72 72 Cal.*
X=0 (1) ¢ X=0@3) O\/c 7.3 7.3 - - 6.4 6.2 7.3 7.2 Cal?
X=S (2 X=S 4) 7.8 7.8 - - 8.2 8.1 8.3 8.3 Exp.
N . d <y e 76 7.9 - - 8.1 8.1 8.3 83  Cal®
b
J N2 TN/ 7.6 7.6 8.2 8.1 8.3 83  Cal
~0 X a Nog o a 0.992 0998 0907 0871 0995 1000 0998 100  R*®
0.994 0923 0923 0871 0994 0926 0998 100 R

X=0 (5) X=0(
X=S (6) X=S (8)

b) 1 2 3 4 5 6 7 8
135 152 1093 1212 136 153 136 153 Exp.
a_ 152 152 1069 1195 152 181 _ 152 90 __ Cal'
g 4 b 2 a 151 177 1133 1284 152 179 _ 151 _ 178 Cal’
17 \ e/ T N Ve b 1495 147.0 1223 1251 1503 1400 1537 1422 Exp.
h . I e x 2 b 1417 1509 1202 120.1 1444 1446 1483 1364 _ Cal'
Y X7p 2 4—0 <l 1590 1527 127.8 1280 1614 1558  160.l _ 1546 _ Cal’
X=0q) X=00) o—4 107.6 1204 1432 129.6 _ 108.1 _ 1263 109.9 1264 _ Exp.
X=$ @) X-5 ¢ 1058 1146 1407 1407 1070 1215 1089 1118 Cal'
113.1 1303 1513 1544 1137 1311 1138 1309 _ Cal’
hg 4. g d 108.6 1246 1502 150.L 1116 1267 1175 1265 _ Exp.
VA YA d_ 1065 1206 142.6 1437 1094 121.6 1117 _ 112.l _ Cal'
NL N 112.1 1272 1542 1541 1162 1309 1156 _ 130. _ Cal’
of X7y a fooXy 1532 149.5 _ 143.6__ 1462 _ 1545 1506 156.0 __157.8 __ Exp.
NP e 1478 1519 1408 142.8 1493 1464 1505 1413 _ Cal'
X=s (6) X=0( 1515 1419 1520 1412 1516 1412 1541 1459 _ Cal’
=S (©) X=S (8 1416 127.1 - = 1613 1645 1575 160.l __ Exp.
f 1399 1334 = - 157.0 1599 157.6 1532 Cal."
1521 155.1 - - 1694 1725 1667 1719 _ Cal”
1204 1259 = - 972 975 1083 1194 Exp.
g 1186 1223 = - 949 951 _ 107.1 _ 102.8 _ Cal.®
1259 1264 = - 992 998 1194 1302 Cal’
1442 140.9 = - 1416 127.1 1445 1302 Exp.
h 1413 1448 - - 140.0 1334 142.6  128.7 _ Cal®
1531 153.2 - - 1545 1547 1617 1617 _ Cal’
0.999 0991 __ 09860718 __0.999 0991 __0.995 0984 R
0.993 0989 0989 0409 0991 _ 0952 0984 0935 R

#B3LYP/6-31G(d,p) method
> B3LYP/cc-pVTZ method

Therefore, it can also be concluded that the GIAO method and
B3LYP/6-31G(d,p) level of theory is sufficient to estimate 'H and
3C NMR chemical shifts values for our corresponding furan and
thiophene derivatives.

Conclusions

Our present work represents joint experimental and theoretical
studies of newly designed thiophene- or furan-based oxazole,
isoxazole, and isothiazole derivatives. A convenient and effi-
cient method is reported in order to synthesize azole

derivatives with good to excellent yields. In a general point
of view, it could be concluded that the obtained experimental
results from this research are compatible with theoretical re-
sults. The results of the calculations done by DFT (B3LYP/cc-
pVTZ) method for the bond lengths, bond angles, dipole mo-
ments, and polarizabilities are in line with their unsubstituted
analogs. The calculated band gap values for all molecules are
in a logical trend. Furthermore, spectral analyses of the target
molecules are performed with consecutive experimental and
theoretical calculations. Theoretical UV, IR, and NMR spec-
tral analyses are done by different methods and basis sets. Due
to the compatibility of the calculated and experimental results,

@ Springer



Struct Chem

B3LYP method with 6-31G(d,p) basis set could be accepted as
an appropriate method for the azole derivatives for under-
standing the corresponding spectral properties.
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