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Abstract

Comparative studies of spectroscopic data of indol-3-carboxylates and indazole-3-carboxylates are
reported from theoretical and empirical viewpoints. Structures of indol-3-carboxylates and indazole-3-
carboxylates were modeled; quantum chemical method was employed to investigate the spectroscopic (NMR
and FT-IR) properties of the structures. The results obtained from the theoretical studies were
compared fo empirical results obtained for the spectroscopic properties of these compounds and level of
agreement (or disagreement) between the results for the two studies are reported. The scope of the study
is limited to the modeling, structural, and electronic and spectroscopic analyses of the modeled structures
and comparative analysis of the theoretical data with published experimental data. The absorption
transitions were calculated from the optimized geometry in the ground state (So) using TD-B3LYP/6-316**.
The energy band gaps calculated showed that Naphthalene-1-yl 1-(5-fluoropentyl)-1H-indazole-3-
carboxylate (M5) has the lowest band gap energy, which may have a substantial influence on the
intramolecular charge transfer and bioactivity of the molecule. The C and 'MHNMR chemical shifts
calculated at ab initio and DFT agreed with the experimental data. DFT/6-3116** has the best correlation
with fitting factor 0.9956.Thus the chemical shifts from DFT/6-3116** are very close to the experimental
and can be used in the absence of experimental data. The vibrational frequency analyses by DFT/B3LYP
method are in reasonable agreement with the experimental values.

Keywords: Density functional theory; Frontier molecular orbitals; Spectroscopic properties; Basis sef;
Indazole-3-carboxamide; N-1-methoxycarbonylalkyl group

Introduction

In 2014, Shevyrin and co-workers synthetized cannabimimetic activity which has caused mass
five illicit new psychoactive substances (NPS), also  severe infoxication and deaths (Wilkinson et al.,
known as designer drugs, (cannabinoids) with an 2015).
indazole-3-carboxamide structure bearing an N-1- They recognized two main trends of appearance
methoxycarbonylalkyl group. Shafran et al. (2014) of illegal NPS. Most typical, and simple, is the
reported the experimental identification and empirical synthesis of structural analogues of known
analytical characteristics of these synthetic *Corresponding author:+2348054284452
cannabinoids as compounds containing very high  Email address: aiboldip@gmail.com
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narcotics, while the other route involves study of
the scientific pharmacological literature to reveal
potential structures with the desired effect but
which are unregulated (Ware et al., 2010).

Cannabinoids are the active components of
Cannabis sativa and their derivatives. Cannabis
sativa produces over sixty unique compounds known
as cannabinoids (Shafran, et al., 2014). They exert
palliative effects in cancer patients by preventing
nausea, vomiting and pain and by stimulating
appetite and have been shown to inhibit the growth
of tumour cells in culture and animal models by
modulating key cell-signalling pathways (Naftali et
al., 2013). It is one of the most popular recreational
drugs; worldwide, an estimated 178 million people
aged 15 to 64 years used cannabis at least once in
2012 (Rajal et al., 2015). The characteristics of
carboxylates of the compounds studied in this study
will serve as tools for analytical chemists involved in
identification of the compounds in seizures of illicit
psychoactive compounds.

Cannabinoids are compounds with
tetrahydrocannabinol (THC) like structures and/or
THC-like  pharmacological ~ properties.  Many
compounds with a THC-like structure are present in
cannabis, but not all of them have THC-like
pharmacological properties. In addition, some
natural or synthetic compounds have THC-like
pharmacological properties but not THC-like
structure (Sun et al., 2015).

Although the pharmacology of most of the
cannabinoids is unknown, it is widely accepted that
tetrahydrocannabinol (THC) is the most important,
owing to its high potency and abundance in cannabis.
Medical cannabis (use of cannabis or cannabinoids as
medical therapy to treat disease or alleviate
symptoms) has shown that cannabinoids can be
administered orally, sub-lingually, or topically; they
can be smoked, inhaled, mixed with food, or made
info tea (Sun et al., 2015). They can be taken in
herbal form, extracted naturally from the plant,
gained by isomerization of cannabidiol, or
manufactured synthetically.Prescribed cannabinoids
include dronabinol capsules, nabilone capsules, and
the spray nabiximols (oromucosal) (Elli et al., 2009).
Ono et al., (2015) have reported the successful
applications  of  cannabinoids like  nabilone,
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dronabinol, nabiximols, levonantradol and also
reported is the use of THC for the freatment of
nausea and vomiting due to chemotherapy, either
singly or in combinations (Eisenberg et al., 2014).
However, the spectroscopic methods used in
structural elucidation of these compounds can be
time consuming, cumbersome and complicated.
Improved of computer technology and the
development of efficient computational methods,
has made it possible to make detailed quantum-
chemical calculations on molecular property such as
geometries, charge distributions, thermodynamic
data, vibrational frequency, magnetic resonance
parameters, and reaction pathways (Stern and
Lambert, 2007; Thomas et al., 2014). Among the
computational methods, density functional theory
(DFT) calculations have been found tfo provide
admirable results that are in agreement with
experimental vibrational frequencies of organic
compounds (Semire and Adeoye, 2013). DFT has
been extensively used for the calculations of
chemical shifts for various types of compounds with
good accuracy (Jorge et al., 2012; Lundqvist et al.,
2006) due to the implementation of nuclear
magnetic resonance (NMR) spin-spin coupling
constants within the DFT framework (Belendiuk et
al., 2015). Therefore, this study also investigated
the performance of Hartree Fock and density
functional theory (DFT) methods of calculations in
the analysis of vibrational frequency, charge
distributions, and magnetic resonance parameters
for indol-3- and indazole-3-carboxylate derivatives
of cannabinoids (Table 1) and the calculated results
are correlated to the experimental data. The
application of theoretical tools, makes these tasks
easier and attainable. Especially when the results
obtained from theoretical studies are in good
agreement with the reported empirical data.

Methods
Computational details

The equilibrium geometries of a series of indol-
3-carboxylate and indazole-3-carboxylate
derivatives of cannabinoids consisting of five
molecules were optimized at density functional
theory (DFT) methods. The DFT/B3LYP/6-311G6**
was used to calculate and investigate the unscaled
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vibrational frequency and chemical shifts of the
modeled molecules. The convergence criteria for
the energy calculations and geometry optimizations
used in the density functional methods were default
parameters in the Spartan’ 14 program implemented
on an Intel® Core(TM) i5-5200U CPU @ 2.20GHz,
86 RAM Dell computer. The Exomo and ELumo of the
modeled molecules are related to the ionization
potential (IP) and the electron affinity (EA),
respectively using Koopman's theorem (Pearson,
1986) by the following relationships:
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The electronegativity, x, and the hardness, n, of
the inhibiting molecule are given as (Parr and
Pearson 1983):
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Furthermore, softness is defined as the inverse

of the hardness value (Chirico and Gramatica, 2012):
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The electrophilic index is calculated using
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Results
Modeled and optimized structures.

The conventional names, molecular formula, and
preferable chemical names or synonyms of the

synthetic cannabinoids are presented in Table 1
while the labeled molecular structure (left hand
side) and optimized structures of five synthetic
medical cannabinoids studied are presented as
Figure 1. The molecular formulae of the modeled
compounds: CoHz6FN303, C20H28FN303, C21H22FN3O3,
C22H24FN303 and C22H31N30s3, are represented by
M1, M2, M3, M4 and M5 respectively. In the
modelled compounds there are two indole (M1- M2)
and three indazole (M3 - M5) based groups. Figure 1
clearly shows the structural differences of the two
indoles and the three indazoles. For instance, M1
has linear chain attached to the N- (indole) with
naphthalene to the O of the carboxylate while
phenyl fluoride and quinolin are found in M2. The
implication is that the two compounds are indole-3-
carboxylates but due to structure differences they
are bound fo have different chemical reactivities
and spectrophotometric information. On the hand,
the three indazole (M3 - M5) known as indazole-3-
carboxylates are characterized with two nitrogen
atoms (as against one in the indole-3-carboxylates).
The three molecules also have noticeable structural
differences; M3 has quinolin and phenyl fluoride,
M4 has quinolin and pentyl fluoride and M5 has
naphthalene and phenyl fluoride. These compounds
may have similar application(s) but their chemical
reactivities would be different.

In the optimized structures colour codes as
available on the modeled structures to that mean
that the gray balls are carbon (C) atoms, the red
ones represent oxygen (O) atoms, the white balls
denote hydrogen (H) atoms, yellow balls are fluorine
(F) atoms and the blue balls mean nitrogen (N)
atoms.

Table 1: Structures and Chemical Names of Compounds M1 - M5

Compound  Conventional name Molecular structure Chemical name

M1 CBL-Z201 (MNM-Z2Z201)

MaphThalene -1yl 1-(5-
Fluarapentyl 1IH-indale-3-
carbescylare)

M2 QECBL-Bz-FIFUB-PB-22: Quinalin-G-yl 1-(4-fluorobenzyl
MP-27T)) 1H-indele-3-carbaxylate])

M3 QCBL{MN}-Bz-F(FUB- Quinolin-g-yl 1-{5-Fluorapentyl}-
MNPB-22) 1H-indazale-3-carbaxylaTte

Ma QECBL{MNM-2Z201(5-Fluara Quuinslin-g-yl 1-(5-Fluarapentyl -
MNPB-22 IH-indazole-3-carbaxylate

MS CBL(MN)-2201(5-flusra Maphthalen-1-yi 1-(5-
S5B-005) Fluarapentyl)- IH-indazrele-3-

carbexylate
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Figure 1: Labeled optimized structures of the studied cannabinoids at DFT/B3LYP level.
Colour codes for the atoms in the molecules: H=white; O=red; N=blue ball; C=ash; F=Yellow
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Frontier molecular orbitals and global reactivity
descriptors

With reference to the information presented as
Figure 2 and Table 2, the highest occupied
molecular orbital energy (HOMO) and lowest
unoccupied molecular orbital energy (LUMO) are
referred to as the frontier molecular orbitals. The
frontier molecular orbital energies are used to
determine the way a molecule interacts with other
species. The HOMO is the orbital energy that
donates electron, since it is the outermost (highest
energy) orbital containing electrons. The LUMO is
the orbital that accepts electron, since it is the
innermost  (lowest energy) orbital that has
capability of accepting electrons (Raja et al., 2015).
According to the frontier molecular orbital theory,
a transition state is formed due to an interaction
between the frontier orbitals (HOMO and LUMO)
of reactants. The energy of the HOMO is directly
related to the ionization potential (IP) and the
energy of the LUMO is directly related to the
electron affinity (EA). The HOMO-LUMO gap (E,),
i.e. the difference in energy between the HOMO
and LUMO, is also known as the band gap and is also
an important parameter.

Highest energy band gap recorded for M3 is the
highest compared with other molecules. It was
noticed also that M5 has the lowest band gap with
the value (4.11 eV). The band gap (E;) indicates the
stability for the molecule in chemical reactions
(Kumara et al., 2013). The values of the band gap
follows: M3> M2> M4> M1> M5. It can therefore be
predicted that M3 has the highest stability while
M5 has the lowest stability and hence the highest
conductivity. The electric dipole moment is the most

extensively used quantity to describe the polarity
of a molecule (Kumara et al., 2013). It measures the
degree of polarity of a polar covalent bond and can
be defined as the product of charge on the atoms
and the distance between the two bonded atoms.
M2 has the highest value of dipole moment with
6.30 Debye followed by M5 (5.22 Debye). The
results of the dipole moment shows that the degree
of polarity is not centered on the attached moiety,
the reason adducible to this lies in the fact that M2
and M5 has contrasting attachments or moieties.
Chemical potential (y) and chemical hardness (n)
were estimated from the LUMO and HOMO data of
the modeled compounds. These two
parametersmeasure the tendency of an electronto
escape from a particular field (Hazekamp et al.,
2013) and the resistance to modification of the
electronic density respectively (Semire and Adeoye,
2013). The low values of p for M3 (-3.97) and n for
M5 (2.055) indicate that the molecules have more
resistance to donating electron and that their
electronic densities can be easily modifiedcompared
to other modeled molecules. Chemical softness (S)
gives relevant information about the chemical
reactivity of a molecule. High value of softness
relates to high chemical reactivity. From the data
obtained for the chemical softness of the modeled
compounds, M1 (0.235) has the highest S value
followed by M5 (please write the value for M5).

The electrophilicity index (w) of the molecules
calculated showed that M2 has the lowest value
(2.745) and it is an indication that it has the lowest
capability to accept electron (Semire and Adeoye,
2013) compared to other modeled compounds.

Table 2: Global Reactivity Descriptors of the Cannabinoids

Compounds HOMO LUMO Es DM n T 5 w
M1 -5.92 -1.66 4 26 314 2130 3.?:9'3' 0,235 3.370
Mz -5.80 -1.26 4 54 &.30 2270 3.5-3'3' 0.220 2.745
M3 -6.24 -1.68 4 58 2.04 2.290 3.9-?{? 0.218 3441
M -6,14 -161 453 3.39 2265 3.8-?5 0221 3.315
M5 -5.79 -1.68 411 522 2055 3.?-35 0.243 3394
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Figure 2: Frontier molecular orbital overlays of the molecules (M1 - M5).
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Chemical Shifts

Nuclear magnetic resonance (NMR) permits the
observation of specific quantum mechanical
property of the atomic nucleus. The optimized
structures of the studied molecules at DFT method
with 6-3116* basis set were used to calculate
chemical shift for the molecules and the data
obtained are presented as Tables 3 - 7. Correlation
diagram (graph) Figure 3 were used to interpret the
data comparison. From these Tables and Figures, it
was observed that 3C and 'H NMR calculated using
DFT were in good agreement with the experimental
(Shafran et al., 2014). It was also observed from
the tables that the values of 3CNMR obtained are
relatively above 100 ppm which is a typical chemical
shift for aromatics (Stare et al, 2004). These data
can be attributed to the fact that the carbon nuclei
are affected by electronegativity of m- donors. The
effect of this is that the chemical shift of the
carbon atom increases as the m-donors become
more electronegative. For instance in the case of
M1 some of the highest chemical shifts of *C are
152.973 (C8c), 166.792 (M1) and 171.926 ppm (M4b)
for B3LYP/6-311G*, it can be deduced that the
presence ofnitrogen, oxygen and fluorine attached
to these carbon atoms pulls a great
electronegativity effect on them, therefore (M4b)
experienced more de-shielding effect than all other
carbon atoms due to higher electronegativity effect
of fluorine. For M1 (*HNMR values for carbon
atoms), the empirical data were in good agreement
with the theoretical. The observed variations (as
observed that the empirical data were higher than
the theoretical) can be attributed to the facts that
the compounds are not in the same medium
(theoretical calculations were performed in gas
phase) and the effect of hyperfine structures upon
which the theoretical calculations were carried out.
All these bring about the difference in the quantity
of the data obtained for the empirical and
theoretical studies. For the 3C values, comparison
between the experimental and theoretical chemical
shifts (°C) of the studied compounds was explained
with graph (Figure 3) based on the available data
presented as Table 3. For M2, the 'THNMR and C
values were calculated and comparison was drawn
with experimental using correlation diagram (Figure
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3). Also the experimental chemical shifts are
compared with the theoretical calculated values
using ab initio and DFT methods as listed in Table 4.
Table 5 provide the data for M3 'HNMR values for
Cla, C2c, Cébc, C7c and C8c are calculated at DFT,
experimental data and comparison between the
experimental and theoretical chemical shifts (*3C)
of the studied compound presented as Figure 3.
Similarly, as explained above, for M4, the THNMR
and 3CNMR values for C2a, C4a, C6ba, C7a and C8a
are calculated using DFT/B3LYP  method.
Comparison between the experimental and
theoretical chemical shifts (*3C) is presented in
Figure 3. Also the experimental chemical shifts are
compared with the theoretical calculated values
using DFT/B3LYP methods as shown in Table 5. For
M5, the THNMR 3C-NMR values for C4, Clb, C2b,
C3b and C4b were calculated using the quantum
mechanical method and  correlation  with
experimental is shown in Figure 3. It was observed
from the graph thatM4 has the best chemical shift
correlation values (0.9956) for DFT/B3LVYP.

Table 3: Empirical and Theoretical Chemical
Shifts for using B3LYP/6-311  Method.

M1 H (Expi) H (DFT) 13¢ (Exph) B¢ (DFT)
1 N/A N/A 162 4 166,792
2 as7 7.959 1362 140,667
3 N/A N/A 1052 113,898
) N/A N/A 1266 135,810
4 a.08 8.479 1209 127,859
5 7.12-732 7.373 1221 126,863
& 1.17-7.32 7.276 1230 127287
7 T1.64-7.72 6,997 115 113,373
7 N/A N/A 1363 142,131
Ia 56 5.252 49 54 446
1b N/A N/A 133.2 139.372
2b&b  T742-749 7.119 1297 131,954
b5b 717732 £.957 1156 120,388
4b N/A N/A 1a17 171,926
Ic N/A N/A 1472 153,156
2c 164-7.72 7.703 122 1275

ic 7.94 7.746 1259 130,742
4c T1.64-7.72 7.832 1221 129,091
Bc N/A N/A 129.2 134,704
fic 845 a2 1367 139.959
7c 758 7.38 1265 124,888
ac 884 8,985 1505 152,973
9c N/A N/A 1412 148,542

Note: N/A= not applicable.
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Table 4: Empirical and Theoretical Chemical Table 6: Empirical and Theoretical Chemical
Shifts For M2 Using B3LYP/6-3116** Methods. Shifts Of M4 Using B3LYP/6-3116** Methods.

14 13g M4 I (M) I (DFT} 30 Emﬁ 5 [DFT}

M2 H (Expt)  (DFT) (Expt) 3¢ (DFT) 1 N/ A N/A 160.4 166,068
1 /A N/A 1625 165,898 3 N/A M/ A 133.0 14147
Z 8.6 7.94 1369 136572 3 N/A N/A 123.3 131711
:, E‘; i E’; : ig; Ei“;‘s 4 8.17 8,559 1213 126,828
p 507 8 61 1206 128,132 5 7.35-7.43 7.404 1236 126,876
5 7.25-7.31 7.443 1221 126,946 6 7.52-7.58 7.507 126, 130454
6 7.31-7.36 7.435 1228 127 505 7 7.94 7.318 111.0 111.049
7 7.72 7.228 113 111,643 7 N/A N/A 1406 148,068
7' N/A N/A 1366 144,21 la N/A N/A 1468 158,594
la N/A N/A 1464 154,166 2a 7.78 7.734 1219 126,496
2a 745 7415 1189 124,563 3a 7.67-7.74 7.723 1265 130,598
3a 7hR2-TH3 7.685 126 4 129623 4a 7.99 7788 176.3 129.025
4a 8.03 7.78 128 128,803 5a N/A N/A 1292 134,583
DM, e Eomm e s owe ome wmm
7a 752-7.63 7.613 1265 130,138 7 78 7344 1222 124,827
8a 752-763  7.608 126.6 129,605 8a 8.87 8.068 150.7 153,038
9 7.90-7.94 8.352 1212 12671 %0 N/A N/A 1406 147.827
10a N/A N/A 1258 133,284 Ib 4.64 4.369 49.2 52,269
1b 434-4.42 4187 483 48549 2b 1,98 2158 290 35,412
2b 191 1.951 291 37.425 3b 14 1.452 221 28,834
3b 14 1435 22 27649 4b 162-178 1525 293 36,232
4b 163-178 1564 293 36,319 236  ond

Bhb 4.34-4 42 4502 837 86,337 Bh 448 4517 434 86,988

Note: N/A= not applicable. Note: N/A= not applicable.

Table 5: Empirical And Theoretical Chemical Table 7: Empirical And Theoretical Chemical
Shifts For M3 Using B3LYP/6-3116** Methods Shifts For M5 Using B3LYP/6-3116** Methods

1 1 13 13 Ye

M3 H (Expt) H (DFT) C Expt) ¢ (DFT) M5 H (Expt) 'H (DFT) 3¢ (HF)  (DFT)
1 N/A N/A 160.8 166,334 1 M/A MA 162 413 165008
3 N/A N/A 1342 140,581 3 N/A N/A 140,943 141727
¥ N/A N/A 1278 132,803 3 N/A N/A 123,958 131,558
4 818 a541 1219 128721 4 8.18 8,793 131,494 128,879
5 7.16-7.25 7.384 124 127.192 5 7.39-7.45 7.518 111,928 127,545
& 7 16-7.25 7432 1242 130,549 & 7.52-7.65 7569 135,694 130,929

. 7 N/A N/A 145 656 145,051
/ N/A N/A 141 146.083 la M/A M A 145,938 154 821
la 5.89 5.507 526 57.581 Za 7.52-7.65 9159 123674 118,43
1b N/A N/A 1332 139.193 3a 7.52-7,65 7.621 130.126 130,309
2bkb 7.54-759 7561 1304 134,404 45 8.03-8.08 7497 129573 128,394
3b5b 7.37-748 6,956 1141 120,09 Ba MN/A N/A 140,942 139,937
4h MN/A MN/A 162.3 172174 ta 7.89-7.98 788 131,926 131,744
1c /A /A 147.2 159,035 7a 7.92-7.65 7624 131,275 130,333
2c 777 7762 122.3 126,582 8a 7.52-7.65 7,705 130,128 129,435
3 797-802 7761 1269 130721 o [oeres ppsy R
4r T67-7.74 7.835 1227 129129 b 466 4372 46.é08 51.524
5c N/A N/A 129.7 134,676 2b 199 2.489 30,702 33,727
ic 7.61 7.378 127 124918 4k 162-1.78 1641 30,891 36,084
ac 8.84 8,946 151,2 152 384 436 and
9c N/A N/A 141 147,639 5b 448 4,496 74813 86,735

Note: N/A= not applicable. Note: N/A= not applicable.
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Figure 3: Graphs showing the correlation between empirical and theoretical chemical shifts for

molecules using DFT/6-3116**

Vibrational Frequencies

One of the methods used in organic chemistry to
identify functional groups of organic compounds and
also to distinguish molecular conformers as well as
isomers is vibrational spectroscopy. In order to
obtain the spectroscopic signature of the study
molecules frequency calculation analysis was
performed and vibrational frequencies are
calculated using B3LYP/6-3116**.The vibrational
frequencies calculated at B3LYP/6-3116** level for
the five molecules are shown in Tables 7, 8 and 9.
All the theoretical calculation are compared to the
experimental values by Shafran, et al 2015. These
tables present a good ftendency to easy comparison
between the experimental and calculated vibrational
frequencies. One of the methods used in organic
chemistry to identify functional groups of organic
compounds and also to distinguish molecular
conformers as well as isomers is vibrational
spectroscopy. In order to obtain the spectroscopic
signature of the study molecules frequency
calculation analysis was performed and vibrational

40

frequencies are calculated using B3LYP/6-
3116**.The vibrational frequencies calculated at
B3LYP/6-3116** level for the five molecules are
presented as Tables 4.8 - 4.10. All the theoretical
calculation are compared to the experimental values
by Shafran et al, .These tables present a good
tfendency to easy comparison between the
experimental and calculated vibrational frequencies.

C-H Vibration

The heteroatomic structure shows that the
presence of C-H stretching vibration is in the
region 3100-3000cm™ which is the characteristic
region for the ready identification of C-H vibration
(Kumara et al., 2013). The calculated bands are
3262-3143, 3262-3113, 3221-3145, 3220-3146 and
3260-3160 cm? for M1, M2, M3, M4 and M5
respectively at DFT/6-3116**. The empirical bands
observed at 3122.5, 3132, 2924.1, 3065.1 and 3062
cm? for M1, M2, M3, M4 and M5 are assigned to C-
H stretching vibration. The aromatic C-H in-plane
bending vibration occur in the region 1300-1000cm
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! the bands are sharp but have weak to medium
intensities. The C-H in-plane bending vibration
computed at 1162-1049cm™ shows good agreement
with FT-IR band at 1174.7 for M1. The bands
observed at 989.5-750.3 experimentally are
assigned to C-H out of plane bending for the study
molecules. This also shows good agreement with the
theoretically studied values.

C-C Vibration

The ring strefching vibrations are very
prominent as the double bond is in conjugation with
the ring in the vibrational spectra of benzene and
its derivatives. The bands were observed
experimentally at 1376.8, 1461.1, 1441.1, 1398.3 and
1386.2cm™ M1 - M5 respectively. The theoretically
computed values at 1466, 1492-1440, 1433, 1421
and 1388cm™ respectively shows a good agreement
with the experimental data.

C=0 vibration

The carbonyl group is important and its
characteristic frequency has been extensively used
to study a wide range of compounds. If a compound
contains a carbonyl group, the absorption caused by
C=0 stretching is generally, the strongest present
(Hassan, 2010). The C=0O stretching frequency
appears strongly in the infrared spectrum in the
range 1600-1850cm™. The experimental vibrational
frequencies were 1722, 1707.2, 1723.2, 1731.2 and
1730cm™ for M1 - M5 respectively, DFT calculation
give C=0 stretching mode at 1801, 1790, 1797, 1795
and 1768 cm’!

C-N and C=N Vibrations

The medium to weak bands for the C-N linkages
in amines appear in the region 1200-1020cm™. The
ring C=C and C=N stretching vibration occur in the
region 1615-1573cm™ and 1520-1465 cm™ . The C-N
stretching vibration is observed in the region
1378.6, 1461.1, 14111, 14147 and 1386.2cm™ for M1
- M5 respectively. DFT calculation gives the
stretching vibrations at 1405, 1492-1440, 1408,
1418 and 1388cm? M1 - M5 respectively. C=N
stretching vibration is observed at 1508.6, 1510.1,
1467.4 and 1466.5 cm™ for M1, M3, M4 and M5.
DFT calculation give C=N stretching at 1508, 1665-
1506, 1452 and 1466cm™. In general, the C=N
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vibrations computed by B3LYP/6-3116** show good
agreement with empirically observed data.

C-F, C-0O and N-N Vibrations

The C-F vibrations give generally strong bands in
the region 1000-1400 cm™ Although these bands are
not observed experimentally but DFT calculations
gave C-F vibrations at 1261, 1060, 1260, 1058 and
1089cm™ for M1 - M5 respectively. The bands
observed at 1314.4, 1313.7 and 1105.2cm™ for M3,
M4 and M5 experimentally are attributed to N-N
stretching vibrations of the molecules. The
theoretical calculations by B3LYP method has
provisions for the vibrations at 1327,1313 and
1113cm™ for M3, M4 and M5 exactly corresponding
with experimental findings. The C-O stretching of
the aromatic ring in IR spectrum is characterized
by the frequency around 1270-1230cm™. The
experimental vibrational frequency is observed at
1240.6, 1201.9, 1162.7 and 1223.6 cm™ for M1, M2,
M4 and M5. The theoretical frequency around 1267,
1220, 1245 and 1224 respectively, corresponds
satisfactorily with the experimental data. In
addition, the spectra of the experimental and
simulated IR frequencies using DFT/6-3116** are
presented as Figure 4

Table 8: Selected Theoretical (B3LYP/6-3116**) and
Empirical Vibrational Frequencies for Molecule M1

DFT Empirical Assignment
3264-3143 31225 viCH
3264-3143 29299 viiH
3079,3045 28467 CH:
1801 17220 =0
1658-1524 15336 C=C
1508, 1503 15086 =M
1466 14641 =M
1405 13786 C-M +C-C
1267,1108,976 1240.6 -0
1261 12269 C-F
1162-1045 11747 Tch
1162-1049 11495 mCH
1162-1049 1087 .4 meH
1162-1045 10654 mCH
993-859 Q&9.7 gt
843-803 8161 glH
ToE, 757 7522 gCH,
1261 - C-F
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Table 9: Selected Theoretical (B3LYP/6-3116**) and Empirical Vibrational Frequencies for Molecules
M2 and M3

M2 M3
OFT Experimental Assignment DFT Experimental Assignment
3262-3113 3132.2 vCH 3269-3160 3062.0 vCH
3262-3113 3060.4 vCH 3111-3009 2957.6 vCH2
3092-3011 29615 vCH2 1768 1738.8 c=0
1790 1707.2 Cc=0 1449 1466.5 C=N
1674-1551 15319 c=C 1388 1386.2 c-C
1492-1440 14611 C=C + CH2+C-N 1224 1223.6 c-0
1220,1197,978 1201 c-0 1141 1152.1 (o[0]
1105,1088 1139.1 c-0 1113 1105.2 N-N +C-O +CH
1105,1088 1091.0 c-0 990-915 985.8 oCH
982-798 969.7 oCH: 788,768 789.9 oCH
982-798 868.1 oCH2 788,768 767.9 aCH
1060,1080 C-C+C-F 1089,1049 C-F+C-C

Table 10: Some Selected Theoretical (B3LYP/6-3116**) and Experimental Vibrational Frequencies For
Molecules M3 and M4.

DFT EMx:errm'ml Assignment | DFT * Experimental Assignment

3221-3145 £924.1 CH 3d20=-3146 3065.1 CH

3117, 3066 28528 CH:z 3220-3146 2942 CH

1797 17232 =0 3112-3007 28624 £H:

1665-1508 1510.85 £=M 1795 17312 =0

1497 1467 .2 CH:z 1452 14670 £=N

1433,1421,1408 14111 C-L+E-N 1418,1423 14147 C-N o+ £=C

1388 1384 C-L+ C-N 1350 1389.3 [

1327 1314 M-I 1318 1313.7 M-M

1221 1220 CH + C-M 1266,1245 12452 £-0

1178 1162 £o-0 1213 12034 co-o

1125 1120 C=C+CH 1181 11741 C=C+ C-0+ CH

1002 11008 C=C + C-C +| 1127 may CO+M-M + C=C
CH

987-919 885 5 acH 1089 1086.1 M-M + CH

B&3,830, 828,806,802, 760, 744  Bl181 acH 590,080, 553,915 9758 acH

B63 B30 828, 806,802 760,744 7910 acH T67, 762, 757 7769 aGH

B63,B30,828,806,B02 760,744 7792 acH 767,762, 757 THT 2 acH
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Figure 4: IR spectra for M1-M5; (a) Simulated (DFT/6-3116**) and (b) Experimenta

Conclusion

In this work, computational approach has been
used to study the spectroscopic properties of
synthetic five cannabinoids at DFT/B3LYP/6-
3116** and the theoretical results obtained
compare favourably with the empirical data earlier
reported. The electronic properties, global
reactivity indices and spectroscopic properties of
the molecules were studied. The energy band gaps
calculated showed that Naphthalene-1-yl 1-(5-
fluoropentyl)-1H-indazole-3-carboxylate (M5) has
the lowest band gap energy indicating its
substantial influence on the intramolecular charge
transfer. The vibrational frequency analyses by
DFT/B3LYP method are in reasonable agreement
with the experimental values. The 3C and 'HNMR
chemical shifts calculated at DFT agreed with the

experimental data. DFT/6-3116** has the best
correlation with fitting factor 0.9956.Thus the
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chemical shifts from DFT/6-3116** are accurate
and can be used in the absence of experimental
data. The frequencies, MOs and Amwx of the
compounds were also evaluated from DF T method.
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