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Abstract:  (5-Methoxy-1H-indol-1-yl)(5-methoxy-1H-indol-
2-yl)methanone (MIMIM) is a bis-indolic derivative that can
be used as a precursor to a variety of melatonin receptor
ligands. In this work, the energetic and spectroscopic
profiles of MIMIM were studied by a combined DFT and
experimental approach. The IR, Raman, UV-Vis, 'H NMR
and B®C NMR spectra were calculated by PBEPBE and
B3LYP methods, and compared with experimental ones.
Results showed good agreement between theoretical
and experimental values. Mulliken population and
natural bond orbital analysis were also performed by
time-dependent DFT approach to evaluate the electronic
properties of the title molecule.
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1 Introduction

Indole is the building block of many natural products with
diverse biological activities, and hence its derivatives have
broad applications in medicinal chemistry [1, 2].

One example is provided by the hormone melatonin
(MT), which displays sleep-inducing, antioxidant, anti-
inflammatory and antitumor activities. MT contains a
5-methoxyindole core and performs its activity through
modulation of G-protein coupling receptors MT, and MT,
[3-5]. Therefore, 5-methoxyindole has been incorporated
in a number of melatoninergic ligands [6-8]. (5-Methoxy-
1H-indol-1-yl)(5-methoxy-1H-indol-2-1)methanone
(MIMIM) is a symmetric bis-5-methoxyindole derivative
that can be harnessed as a potential precursor of
melatoninergic ligands with improved activity and
selectivity.

Density functional theory (DFT) is widely used for
the computation of molecular and chemical properties
such as geometry, energy and harmonic frequencies
[9-11]. Two useful DFT methods are PBEPBE and B3LYP,
which furnish sufficiently accurate results for organic
compounds at relatively low computational cost. In most
cases, both methods provide results that are consistent
with experimental ones [12].

The IR, UV-Vis and NMR spectroscopic profiles as
well as the electronic properties of MIMIM have not
been investigated computationally so far. The aim
of this study was to fully determine the energetic and
spectroscopic profiles of MIMIM using PBEPBE and
B3LYP methods. The results of the current study might
assist the design of new melatoninergic ligands bearing
5-methoxyindole moiety.
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2 Materials and methods

2.1 General

Melting point was recorded on a Gallenkamp melting point
instrument and is uncorrected. The FT-IR spectrum was
recorded on a Perkin-Elmer 180 spectrometer in the range
of 4000-50 cm™, with a spectral resolution of +2 cm™. FT-
Raman spectrum was recorded using the same instrument
equipped with a FRA 106 Raman module (Nd:YAG laser
source operating in the region 4000-100 cm™ at 1.064 um
line width, 200 mW power). Spectra were recorded with
scanning speed of 30 cm™-min~ and spectral width of 2cm.
The frequencies of all sharp bands are accurate to + 1 cm™.

2.2 Synthesis

A suspension of (5-methoxy-2,3-dihydro-1-H-indol-1-yl)
(5-methoxy-1H-indol-2-yl)methanone (0.50 mmol) and
2,3-dichloro-5,6-dicyanobenzo quinone (0.55 mmol) in
ethyl acetate (25 mL) was stirred under reflux for 18 h.
The reaction mixture was concentrated under reduced
pressure and the precipitate collected by filtration.
Column chromatography using silica gel and chloroform/
methanol/ammonia (10/1:0/1) as an eluent furnished
pure MIMIM (m.p. 178-179 °C) in almost quantitative yield.
Spectroscopic data of MIMIM are consistent with those
previously reported [13].

2.3 Quantum chemical calculations

Gaussian 03 W program was used to perform the entire
quantum chemical calculations at DFT B3LYP and PBEPBE
levels with 6-311++G (d,p) basis set [14]. No imaginary
frequency modes were obtained at the optimized geometry
of the title molecule, so that a true minimum was found
on the potential energy surface. As a result, the unscaled
calculated frequencies, reduced masses, force constants,
infrared intensities, Raman activities and depolarization
ratios were obtained. The calculated harmonic frequencies
were scaled down to improve the calculated values.
Wavenumbers calculated at PBEPBE level were scaled
by 0.9067; wavenumbers calculated at B3LYP level were
scaled by 0.958 (above 1700 cm™) or by 0.983 (below 1700
cm™)[15,16]. After scaling, the deviation from experimental
values was lower than 10 cm™, with few exceptions. The
assignment of calculated normal modes was made based
on the corresponding potential energy distributions

A combined experimental and theoretical study on vibrational and electronic properties... =—— 239

(PEDs). PEDs were computed from vibrational frequencies
using VEDA program [17]. Gaussview program was used
to obtain visual animation and verification of the normal
assignment modes [18].

The UV-Vis absorption spectrum of the molecule was
calculated by time-dependent DFT (TD-DFT) at PBEPBE/6-
311++G (d,p) level of theory. The solvent effect on the
UV-Vis absorption spectrum of the molecule was also
examined by applying the integral equation formalism-
polarized continuum model (IEF-PCM). 'H and “*C NMR
chemical shifts of the title compound in CDCl; were
calculated using the gauge-independent atomic orbital
(GIAO) method. Ethical approval: The conducted research
is not related to either human or animals use.

3 Results and Discussion

3.1 Molecular geometry

Molecular geometry was optimized using PBEPBE method
with the atom numbering shown in Figure 1. By allowing
the relaxation of all parameters, calculations converged
to optimized geometries that correspond to true energy
minima, as revealed by the lack of imaginary frequencies
in the vibrational mode.

3.2 Potential energy scan

Potential energy scan, i.e., the relationship between
potential energy and molecular geometry, is a powerful
approach to understanding molecular properties. The
energy of MIMIM conformers was calculated by the AM1
theory. Two potential energy scans were carried out with
the dihedral angles C15-N11-C10-C8 and C18-C17-023—-
C24, corresponding to the link of the phenyl ring to the

Figure 1: Optimized geometric structure and atom numbering of
MIMIM (C..H. _N_O.). Atom colors: carbon (violet), hydrogen (green),

19 16 273

oxygen (red), nitrogen (blue).
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Figure 2:The potential energy scan of the MIMIM molecule.

amide and the methoxy moieties, respectively. During
scan, all the geometrical parameters were simultaneously
relaxed and varied in steps of 30° from O to 360°. The
potential energy was calculated for 121 conformers and
the curve of potential energy as a function of dihedral
angle is shown in Figure 2. Both DFT methods essentially
provided the same value of global minimum energy (-1068
a.u. for PBEPBE and -1069 a.u. for B3LYP). The most stable
conformer, corresponding to a global minimum energy,
has two methoxy groups lying on the same plane.

The optimized bond lengths and bond angles (°) of
the most stable conformer were calculated using PBEPBE
and B3LYP methods; selected data are listed in Table S1.
The optimized geometrical parameters of MIMIM were
compared with the experimental values of its crystal
structure [19].

The relation between experimental and theoretical
values of bond lengths and bond angles of MIMIM are
described by the following equations (see Figure S1 for a
graphic representation):

dy = 0.39059d,, +0.3648  (R>=0.99313) forbond lengths by PBEPBE method
8= 0214695, +1.00311 (R> =0.96407) forbond angles by PBEPBE method
d, =073235d,, + 037812 (R®=0.99256) forbond lengths by B3LYP method

3., = 1.01124 5, —1.20579 (R* =0.95927) forbond angles by B3LYP method

Good linearity (R? >0.99) was observed between calculated
and experimental values of bond lengths using both
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PBEPBE and B3LYP methods. C-H bond lengths predicted
by B3LYP method are systematically too long: average
C-H bond length in the MIMIM crystal is 0.96 A, whereas
theoretically calculated values are all >1 A. The deviation
from experimental values may arise from low scattering of
hydrogen atoms in the X-ray diffraction experiment. Both
B3LYP and PBEPBE methods predict C-N bond lengths in
the range of experimental values (1.37-1.41, 1.38-1.41 and
1.36-1.41 A, respectively). Good agreement is also observed
between calculated (B3LYP and PBEPBE) and experimental
C-C bond lengths (1.38-1.43, 1.39-1.43 and 1.37-1.42 A).

Only modest linearity (R*> >0.95) was obtained
between calculated and experimental bond angles. Some
experimental values were closer to those calculated by
B3LYP method, others were better predicted by PBEPBE
method (Table S1). Overall, calculated values showed no
significant variation from the experimental ones, except
for two bond angles (C3—C4-N7 and C19-C15-N11).

3.3 Natural bond orbital analysis

Natural bond orbital analysis was performed to elucidate
hyper-conjugation, re-hybridization and delocalization of
electron density within the molecule. Analysis highlighted
the following intramolecular interactions and energetic
contributions: (a) Conjugation of m(C1-Cé6) to m"(C2-C3)
and 1"(C4-C5) (175 and 18.0 kcal/mol, respectively); (b)
Hyper-conjugation of ¢(C1-021) to ¢*(C1-C2), (C1-C6),
(C2-C3) and (C5-C6) (1.40, 1.42, 1.44 and 1.42 kcal/mol,
respectively); (c) Hyper-conjugation of 6(C4—N7) to o"(C2—
C3), (C3-C4), (C4-C5), (N7-C8) and (N7-H28) (1.35, 1.34,
1.33,1.16 and 1.17 kcal/mol, respectively); (d) Delocalization
of the lone pair (LP) of N11 to C10-020 (0.89 kcal/mol); (e)
Delocalization of LP of 020 to C8-C10 and C10-N11 (1.10
and 1.02 kcal/mol, respectively); (f) Delocalization of LP
of 021 to C1-C2, C1-C6, C22-H35 and C22-H36 (1.08, 1.10,
0.93 and 0.92 kcal/mol, respectively); and (g) LP of 023 to
C16-C17, C17-C18 and C24-H38 (1.09, 1.10 and 0.92 kcal/
mol, respectively).

3.4 Mulliken charge distribution

Mulliken population analysis was carried out by PBEPBE
and B3LYP methods to estimate partial atomic charges of
the title molecule (Table 1 and Figure 3). The two methods
provided partially contrasting results, as they predict
charges of opposite sign on most aromatic carbons.
However, according to both methods, most negative
charge is localized on the electronegative oxygen and
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Table 1: Mulliken charges of MIMIM calculated by PBEPBE and B3LYP methods.

Atom Method Atom Method

PBEPBE B3LYP PBEPBE B3LYP
C1 -0.383015 0.343386 021 -0.277666 -0.523292
c2 0.377185 -0.126039 C22 -0.239575 -0.074506
Cc3 -1.358101 -0.099642 023 -0.279348 -0.522449
C4 -1.266532 0.326818 C24 -0.234301 -0.073795
C5 1.199626 -0.043872 H25 0.150876 0.098274
cé -0.189779 -0.190254 H26 0.143373 0.091415
N7 -0.180811 -0.655172 H27 0.135075 0.084764
c8 -0.026662 0.248235 H28 0.318995 0.276166
c9 1.184044 -0.181414 H29 0.151492 0.102970
Cc10 0.370878 0.553055 H30 0.163488 0.126942
N11 0.165175 -0.611850 H31 0.145144 0.092249
C12 -0.507464 -0.095172 H32 0.135309 0.082471
Cc13 0.678419 -0.171802 H33 0.149793 0.095022
Cl4 -0.032899 0.046603 H34 0.174565 0.125112
C15 -1.184843 0.283543 H35 0.169858 0.123376
C16 0.249038 -0.193496 H36 0.165618 0.109501
C17 -0.053206 0.350608 H37 0.166225 0.110487
C18 -0.368188 -0.140234 H38 0.164692 0.109097
C19 0.153927 -0.072157 H39 0.169502 0.122475
020 -0.464709 -0.514981 H40 0.164802 0.109469

064

B3LYP/6-311G(d,p)
04

02

00

ccccc G225 H26 Ha7 Ha3 H29 H30 31 HE2 H3D H34 HOS MO HOT H3B 3D HAD

024

Mulliken charges

04

064

PBEPBE/6-311++G(d,p)

Mulliken charges

Figure 3.Mulliken charge distribution of MIMIM calculated by B3LYP
and PBEPBE methods.

nitrogen atoms; little negative charge is also located on
the methoxy carbons as well as the aromatic carbons C12
and C18. Conversely, positive charge is distributed over
hydrogen atoms (charge = 0.14-0.17 by PBEPBE method
and 0.08-0.28 by B3LYP method).

3.5 Frontier molecular orbital analysis

Analysis of frontier molecular orbitals is crucial to
understand the physicochemical properties of molecules,
because the energy gap between HOMO and LUMO
determines the kinetic stability, chemical reactivity,
optical polarizability and chemical hardness—softness of
the molecule [20][21, 22].

The energy and shape of MIMIM molecular orbitals
HOMO-1, HOMO, LUMO and LUMO+1 was calculated using
B3LYP method (Table 2 and Figure 4). It is clear from Figure
4 that HOMO is delocalized over almost the whole molecule,
whereas LUMO is mainly localized on the rings. The energy
difference between HOMO and LUMO in several solvents
(acetonitrile, chloroform, cyclohexane, DMSO, ethanol and
methanol) varies between 2.55 and 2.60 eV, highlighting a
limited solvent effect on molecular energetic profile.

Chemical hardness and electronegativity of MIMIM
are 1.27-1.30 eV and 3.64-4.05 eV, respectively.

Dipole moment, being related to the charge
distribution within a molecule, determines the intensity of
intermolecular interactions, and is therefore an important
molecular property. The highest values (>4.0 D) of dipole
moment of MIMIM were obtained in highly polar or strong
H-bond donor solvents (acetonitrile, DMSO, ethanol and
methanol), which are able to stabilize MIMIM charge
separation by forming strong intermolecular bonds.
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Table 2: Molecular orbital energies calculated for MIMIM.

DE GRUYTER OPEN

TD-DFT/B3LYP/ Acetonitrile Chloroform Cyclohexane DMSO Ethanol Methanol
6-311++G (d,p)

E,.. (Hartree) -1067.518 -1067.515 -1067.511 -1067.518 -1067.582 -1067.518
Evomo (€V) -5.0361 ~4.9954 -4.9339 -5.0377 -5.3243 -5.0353
N EY) -2.4491 -2.4003 -2.3469 -2.4513 -2.7704 -2.4483
BE, 6 1omo g2y (V) -2.5869 -2.5950 -2.5869 -2.5863 -2.5538 -2.5869
Epomo_s (V) -5.0911 -5.0282 -4.9805 -5.0941 -5.3780 -5.0900
Eoumons (€V) -1.3009 -1.2401 -1.1732 -1.3033 -1.6452 -2.3845
BE 01 10m001 g2 @) -3.7902 -3.7880 -3.8073 -3.7907 -3.7327 -2.7055
Electronegativity x (eV) 3.7426 3.6978 3.6404 3.7445 4.0473 3.7418
Chemical hardness n (eV) 1.2934 1.2975 1.2934 1.2931 1.2769 1.2934
Electrophilicity index ¢ (eV) 0.2235 0.2276 0.2297 0.2232 0.2014 0.2235
Dipole moment (Debye) 4.083 3.6961 3.3098 4.0995 4.5116 4.0756

HOMO -1 =-6.0190

HOMO =-5.9070

HOMO - LUMO = - 3.9505

LUMO = -1.9565

LUMO +1=-0.7388

Figure 4: Molecular orbitals and energies of MIMIM (PBEPBE method).

In order to evaluate the energetic behavior of the title
compound, we calculated the excitation energies (E),
absorption wavelengths (A) and oscillator strengths (f)
in acetonitrile, chloroform, cyclohexane, DMSO, ethanol
and methanol (Table 3). Calculations predicted maximum
intensities of electronic transitions at 464, 428, 417, 344
and 327 nm in cyclohexane.

3.6 Molecular electrostatic potential and
total electron density

The molecular electrostatic potential (MEP) map is a
graphic representation of the electrostatic potential
of molecules as a function of their constant electron
density (ED). MEP illustrates the charge distribution of
molecules three-dimensionally in terms of color grading:
red < orange < yellow < green < blue. Red color indicates
negatively charged areas (with a nucleophilic character),
whereas blue color indicates positively charged areas
(electrophilic in nature). The negative regions are usually
associated with lone pair of electrons on electronegative
atoms; positive regions are those having electropositive
atoms such as hydrogen atoms. MEP diagram helps
understand the relationship between molecular structure
and physicochemical properties. MEP and ED of MIMIM
are illustrated in Figure 5. The MEP values of MIMIM are
in the range of +0.0467 to —0.0467 a.u. The most electron-
rich — and hence nucleophilic - regions in the molecule
correspond to the oxygen atoms of the methoxy and
carbonyl groups.

3.7 Vibrational analysis

The maximum number of potentially active (i.e.,
observable) fundamental vibrations of a non-linear
molecule containing N atoms is 3N-6, apart from three
translational and three rotational degrees of freedom.
MIMIM has 40 atoms and therefore 114 normal modes of
vibration.

All vibrations are active in Raman and infrared
absorptions. The detailed vibrational assignment of
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Table 3: Theoretical electronic absorption spectra of MIMIM in
various solvents, calculated by TD-DFT/PBEPBE method. Calculated
parameters are absorption wavelength A (nm), excitation energies E
(eV) and oscillator strengths (f).

Solvent E (eV) A(nm) (f)
Acetonitrile 2.7180 eV 456.2 nm 0.0751
2.8574 eV 433.9 nm 0.0465
3.0011eV 413.1nm 0.1779
3.5891eV 345.4 nm 0.3604
3.7903 eV 327.1nm 0.0021
Chloroform 2.6936 eV 460.3 nm 0.0759
2.8732eV 431.5nm 0.0607
2.9860 eV 415.2 nm 0.1668
3.5895 eV 345.4 nm 0.3759
3.8178 eV 324.8 nm 0.0049
Cyclohexane 2.6692 eV 464.5 nm 0.0718
2.8983 eV 428.1nm 0.0819
2.9724 eV 417.1nm 0.1406
3.6033 eV 344.1nm 0.3808
3.7941eV 326.8 nm 0.0064
DMSO 2.7179 eV 456.2 nm 0.0790
2.8550 eV 434.3 nm 0.0477
2.9990 eV 413.4 nm 0.1821
3.5822 eV 346.1nm 0.3667
3.7889 eV 327.2nm 0.0022
Ethanol 3.4854 eV 355.3 nm 0.0983
3.5339 eV 350.8 nm 0.0582
3.6592 eV 338.8 nm 0.4487
4.0904 eV 303.1nm 0.2781
4.3627 eV 284.2 nm 0.0078
Methanol 2.7178 eV 456.2 nm 0.0742
2.8581eV 433.8 nm 0.0463
3.0015 eV 413.1nm 0.1767
3.5905 eV 345.3 nm 0.3588
3.7908 eV 327.0 nm 0.0021

experimental wavenumbers is based on normal mode
analysis and comparison with theoretically scaled
wavenumbers with PED by B3LYP and PBEPBE methods.
Experimental and simulated (PBEPBE method) infrared
and Raman spectra of MIMIM are shown in Figures
6 and 7, respectively. Simulations by B3LYP method
are reported in Figures S2 and S3. The observed and
scaled theoretical frequencies using PBEPBE and B3LYP
methods with 6-311++G (d,p) basis set along with their
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Figure 5: Molecular electrostatic potential (MEP) map and electron
density (ED) of MIMIM.

Experimental FTIR
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Figure 6: Experimental and simulated (PBEPBE) FT-IR spectra of
MIMIM.

PEDs are listed in Table S3. Generally, PBEPBE was more
accurate than B3LYP in the prediction of IR and Raman
wavenumbers.
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Figure 7: Experimental and simulated (PBEPBE) FR-Raman spectra of
MIMIM.

3.7.1 C-H vibrations

MIMIM gave rise to C-H stretching, C—H in-plane and C-H
out-of-plane bending vibrations. Aromatic compounds
commonly exhibit multiple weak bands in the region of
3100-3000 cm'due to aromatic C—H stretching vibrations
which are not appreciably affected by the nature of
substituents [22]. MIMIM exhibited one C-H stretching
vibration mode at 3074 cm™ in its FT-IR spectrum. The
symmetric and asymmetric stretching vibrations of the
methoxy group generally occur at 2840-2820 and 2970-
2920 cm™, respectively [23], whereas asymmetric bending
vibrations usually occur at 1460 cm™ [24]. The methoxy
C-H vibrations of the title compound were observed at
3000 and 2833 cm™ in the FT-IR and FT-Raman spectra,
respectively, and had either weak or medium intensity. The
calculated modes are pure stretching modes, as proved
by their 100-91% PED contributions. The measured
experimental intensities also support this behavior.

C-H in-plane bending vibrations were observed in
the expected region of 1000-1300 cm™ [25], specifically at
1265, 1175 and 1146 cm™in the Raman spectrum and at 1155
cm?in the IR spectrum. Most vibrations appeared with
very strong intensities.

C—H out-of-plane bending vibrations, which normally
appear in the region of 900-675 cm™, were observed at 640,
612 and 419 cm™in the Raman spectrum and identified as
pure modes according to PED values.

DE GRUYTER OPEN

3.7.2 Ring vibrations

All ring vibrations gave rise to spectral bands of medium
or high intensity and were calculated as mixed modes
based on their PED contributions.

Aromatic C-C stretching vibrations were observed in
the expected range (1400-1600 cm™ [26], [27]) at 1606 and
1586 cm™ in the IR spectrum and at 1461, 1441, 1435 and
1381 in the Raman spectrum. Calculated values were in
excellent agreement with experimental ones.

The infrared band at 948 cm™ and the Raman bands at
938, 874, and 838 cm! were assigned to a combination of
C-C-Cin-plane bending, C-Cstretching, and C-Hin-plane
bending vibrations. The IR bands at 280 and 203 cm™ were
assigned to C—C-C out-of-plane bending vibrations.

3.7.3 C-N vibrations

C-N stretching bands are usually difficult to identify
because their position varies considerably depending on
the nature of the nitrogen-containing functional group.
Significantly different wavenumbers have been observed
for the C—N stretching band of aromatic amines (1382-1266
cm™, [28]), pyridines (for instance 1569 and 1469 cm™ for
2-formylpyridine, [29]) and indole derivatives (around 1307
cm™, [30, 31]). In the case of MIMIM, IR bands observed at
1365, 1335 and 1265 cm™ can be assigned to C—N stretching
vibrations based on calculated values (1370, 1336 and 1269
cm™). PED values of these modes suggest they are not pure
modes, as it is usually the case for C-N stretching bands.

3.7.4 C=0 and C-0 vibrations

C=0 stretching is one of the strongest IR bands and
usually appears in the range of 1680-1640 cm™ [32].
MIMIM IR spectrum shows a very strong band at 1636 cm™
corresponding to C=0 stretching vibration. The C-C=0
in-plane bending deformation appears at 1079 cm™ in the
Raman spectrum with medium intensity, in agreement
with the calculated value (1078 cm™, PED = 43%).
C-Ostretching vibrations are observed at 1522and 1486
cm™ in the IR spectrum (calculated at 1458 and 1441 cm,
respectively) [33]. The experimental in-plane C-0O bending
vibration occurred at 803 cm™ in the Raman spectrum. The
PED values are consistent with the calculated vibrations.



DE GRUYTER OPEN

A combined experimental and theoretical study on vibrational and electronic properties... =—— 245

Table 4: Experimental and theoretical C and 'H NMR chemical shifts of MIMIM in CDCL,.

Atom Experimental Theoretical Atom Experimental Theoretical
PBEPBE/6-311G++ (d,p) PBEPBE/6-311G++ (d,p)

c1 154.90 159.61 H25 7.03 6.73

2 113.40 112.06 H26 7.37 7.19

3 109.60 108.30 H27 7.07 6.74

C4 131.60 133.54 H28 9.70 8.49

s 130.80 13144 H29 7.08 6.98

c6 102.40 98.40 H30 7.90 7.55

cs8 132.50 133.07 H31 6.63 6.43

9 108.90 108.87 H32 7.09 7.02

C10 160.80 160.92 H33 6.99 6.59

12 127.60 127.17 H34 8.37 8.24

c13 103.70 99.60 H35 3.85 3.76

C14 129.20 130.69 H36 3.85 3.76

C15 127.80 127.80 H37 3.85 3.76

16 117.70 118.58 H38 3.87 4.12

c17 156.70 157.65 H39 3.87 4.12

c18 113.00 112.05 H40 3.87 4.12

19 116.90 116.37

€22 55.70 55.67

C24 55.70 55.43

3.8 NMR analysis experimental and simulated IR and Raman spectra are

'H and C NMR chemical shifts of MIMIM were calculated

and compared with experimental ones (Table 4).
Experimental and theoretical chemical shift values were
in good agreement, with a maximum discrepancy of 4.7
ppm for C1 in BC NMR spectrum and 1.21 ppm for H28 in
'H NMR spectrum.

In 'H NMR spectrum, the most deshielded protons
are those belonging to the methoxy groups, due to the
electron-withdrawing effect of the oxygen atom. The
aromatic ring protons were experimentally observed in
the range of 6.99-8.37 ppm, with a substantial overlap to
the predicted range (6.59-8.24 ppm).

In *C NMR spectrum, aromatic carbons were observed
in the expected range (100-160 ppm) in two regions:
102-117 ppm (C2, C3, C6, C16, C18 and C19) and 127-156 ppm
(C1, C4, C5, C14, C15 and C17). Aromatic carbons attached
to oxygen (C1 and C17) were the most deshielded, whereas
carbons adjacent to nitrogen (C4, C8, C12 and C15) were
the most shielded.

4 Conclusions

The energetic and spectroscopic profiles of MIMIM
were evaluated using PBEPBE and B3LYP methods. The

in good fit using the PBEPBE method. The energies of
the four molecular orbitals were calculated using the
B3LYP method. The molecular electrostatic potential
map provided an insight into the electronic molecular
properties. MIMIM displayed highest dipole moments
in highly polar or H-donor solvents such as acetonitrile
or ethanol, respectively. There is a good agreement
between the observed and calculated values of 'H and
BC NMR chemical shifts using PBEPBE method. The
characterization of spectroscopic and energetic properties
of MIMIM can assist the development of new melatonin
receptor ligands with increased potency and selectivity.

Supplementary material: Figures S1-S3 and Tables S1-S3
are provided as supplementary materials.
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