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Keywords parameter Becke) exchange-correlation hybrid functional at the 6-311G (d, p) level, the
v’ Alkyl nitroindazole, present work have calculated global quantum descriptors (global reactivity indices), local

quantum descriptors (using the Fukui function), electrostatic potential (ESP) maps, IR
spectra frequencies and 1H and 13C NMR (by GIAO method) chemical shifts. Our results
show that the experimental regioselectivities are correctly reproduced by the Fukui
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v’ Reactivity,
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v DFT, function. Indeed, the local nucleophilicity indices predict that the (019, 020) and (O17,
v GIAO, 018) oxygens atoms of Al and A2 reactants, respectively, are more reactive than others.
v ESP, The C10, C10, and C11 carbons, of the CH» alkyl in B1, B2, and B3 reactants, respectively,
v IR. RMN. have higher electrophilicity indices. These oxygen and carbon atoms show that they are the
’ most active sites. The IR frequencies of the organic functions and the NMR chemical shifts
m.mbarki@usms.ma of the 1H proton and 13C carbon are in better agreement with the experimental data.
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1. Introduction

Indazole compounds, as substituted heterocyclic compounds, are well known used in medicinal
organic chemistry [1, 2] and in various medicines [3], as these heterocycles impart a unique physical
and biological properties to organic compounds [4]. Indazole and its derivatives are widely used as
intermediary to synthesize targeted organic compounds; including agrochemicals, dyes, photographic
chemicals and corrosion inhibitors. They are sparingly soluble in water and present antibacterial,
antifungal, antiprotozoal and anthelmintic properties [5, 6, 7]. The indazole core is present in many
molecules having biological activities [8] such as: analgesic, antimycotic, antibiotic, antiulcer and
antitumor [9, 10, 11]. Indazoles are also anti-inflammatory agents, blood pressure regulators and also
useful ligands in coordination chemistry [12]. The indazole cyclic system exercises an important
function in biology, chemistry and pharmaceutical and veterinary products. Thus, the synthesis of
indazole cyclic containing compounds is an important field of scientific research [8].
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In 2015, Assoman Kouakou and his team reported the synthesis and characterization of the following
molecules: Cl: 2-(7-Hydroxyimino-1-methyl-1,7-dihydro-indazol-4-ylidene)-2-(p-tolyl)-acetonitrile,
C2: 2-(7-Hydroxyimino-1-methyl-1,7-dihydro-indazol-4-ylidene)-2-(4-methoxy-phenyl) -acetonitrile,
C3: 2-(4-Chloro-phenyl)-2-(7-Hydroxyimino-1-methyl-1, 7-dihydro-indazol-4-ylidene)- acetonitrile,
C4: 2-(1-Ethyl-7-Hydroxyimino-1,7-dihydro-indazol- 4-ylidene)-2-(4-methoxy-phenyl)- acetonitrile
and CS5: 2-(4-Chloro-phenyl)-2-(1-ethyl-7-hydroxyimino-1,7-dihydro-indazol-4-ylidene)- acetonitrile
[13]. These molecules are synthesized from the following reagents: alkyl nitro indazole (A1: 1-Methyl-
7-nitro-1H-indazole, A2: 1-Ethyl-7-nitro-1H-indazole) and aryl acetonitrile derivatives (B1: 4-methyl-
phenyl-acetonitrile, B2: 4-methoxy-phenyl-acetonitrile and B3: 4-Chloro-phenyl-acetonitrile) in
alkaline medium according to the following equation (Figure 1):
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Figure 1. Nucleophilic substitution reaction between studied alkyl nitroindazole and aryl acetonitrile

The synthesized molecules bearing nitrile function have very important biological activities, such
as: an interesting antiproliferative activity, relatively better inhibitory effects, the most potent cytotoxic
activity against target cells by inducing cell apoptosis and stopping the cell cycle. They can be
considered as promising medicine applied in anticancer medicine development [14]. They have a good
antiproliferative/apoptotic activity that is pharmacologically interesting in humans [13, 15], inhibition
of murine hepatic glucosidase [16] and showed inhibitory biological activity against Aureus [17].
Quantum chemistry, as a discipline integrating the principles of green chemistry, continues to gain the
interest of both researchers and industrialists. Thanks to quantum chemistry, as a branch of theoretical
chemistry, one can direct the experiment in organic chemistry and optimize the operating procedures
of organic chemical synthesis. In fact, describing the electronic behavior of atoms and molecules and
its effect on their ability to react is an application of quantum chemistry. The main objective of this
work is to carry out a quantum and experimental study of the reactivity between molecules of the alkyl
nitroindazole type on the one hand and molecules of the aryl acetonitrile type on the other hand. Such
a study contributes to highlighting the more or less dialectical relationship that exists between
theoretical chemistry and chemical experience. In order to be able to study these molecules, we have
carried out the present work. Quantum chemical calculations shed light on molecular structures, orbital
interactions, electronic and vibrational properties. More precisely, we have used the density functional
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theory (DFT) that is a cost effective and reliable method [18, 19, 20]. This method provides a detailed
information of the chemical descriptor of the molecule [21]. Since DFT was taught by the Hohenberg-
Kohn theorem, it has become the most widely used method in chemistry and physics [22]. The
DFT/B3LYP model presents good results in terms of electronic affinities binding energy and
reasonably good performances before it concerns the vibrational frequencies and the geometrical
structures of organic compounds [18, 19, 21, 23]. In the present work, we are interesting in the study
of the nucleophilic/electrophilic properties of the A1, A2, B1, B2 and B3 reagents and the structural
properties of the (C1, C2, C3, C4 and C5) synthetized molecules. In order to compare the reactivity of
both the reactants and the synthetized molecules, we used the DFT method to calculate the relative
reactivity (in terms of optimization of geometries, energy and density of HOMO and LUMO boundary
molecular orbitals, chemical potential, electronegativity, chemical hardness, global softness, global
electrophile index and global nucleophile index), the regioselectivity of the reactions (by the fukui
function) and the molecular electrostatic potential.

2. Methodology

All calculations have been performed using the GAUSSIAN 09, program based on the B3LYP /
6-311G (d, p) level [24]. The geometry of all structures, the electrostatic potential, the IR frequencies
of the organic functions and the NMR spectra have been optimized at this theoretical level. Thus, the
calculations have been carried out also to determine both global and local quantum descriptors of the
reagents and the spectroscopy of the studied molecules.

2.1 Global quantum descriptors
2.1.1 Chemical hardness 1 and softness S

The hardness of a product is a qualitative indication of its polarization or how its electron cloud
is deformed in an electric field. Hardness has been presented in the literature [25, 26] to refer to the
resistance to deformation by mechanical force. This explains the energy changes associated with the
transition state to the ground state using different descriptors. Softness is the opposite of hardness.
The overall hardness is given by the expression:

M = ELumo — Enomo Eqn. I
The chemical softness is given by the expression:
s=_1 Eqn. II
2xm

2.1.2 Electronegativity y
Electronegativity is the tendency of molecules to capture electrons [27]. In fact, Parr and Yang
attempted to quantify this same descriptor [21]. This is represented by the average of the HOMO and
LUMO energy values. This can be explained by the orbital energy terms at the boundaries.
Y = — (Enomot+ELumo)/2 Eqn. 111

2.1.3 Chemical potential n

The chemical potential (p) represents the affinity of an electron to escape and is expressed as the
first derivative of the total energy with respect to the number of electrons in a molecule [28]. According
to the molecular orbital theory, p is the inverse of the electronegativity value. It is given as follows:

Enomo + Erumo
n=( > ) Eqn. 1V
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2.1.4 Electrophilicity index w

The ability of a substance to accept electrons is quantified by the electrophilicity index (®) [29].
Electron affinity is defined as the ability of a substance to have only one electron from the environment.
This index measures the reduction in energy of a substance due to the flow of electrons between donor
and acceptor.
The electrophilicity index and electron affinity (A) are measured by the following relations:

2
= ;‘—n with A =—E Lumo Eqn. V

2.1.5 Nucleophilic index N
The empirical (relative) nucleophilicity index, considered as a quantity, can be a measure of the
electrophilic power of a system [29]. The empirical nucleophilicity index (Nu) is expressed, based on

the HOMO energies found in the Kohn-Sham scheme, as:

Eqn. VI
N = EHOMO(Nu) - EHOMO(TCE) q

This nucleophilicity scale considers tetracyanoethylene (TCE) as the reference. This choice is
expressed by managing a nucleophilicity scale with only positive values [30], since the value of E
(HOMO (TCE)) is -9.3686 eV.

2.2 Local quantum descriptors

In order to differentiate the reactive behaviours of atoms within a molecule, we used the parameters
of local reactivity. Among these parameters, we chose the Fukui function since it is the most commonly
used. The local reactivity and regioselectivity of a reaction are explained by the numerical values of
the Fukui function: The active site of nucleophilic attacks is the atom presenting the highest value of
the local electrophilic index ®, while the electrophilic attack site is the atom that present the highest
value of the local nucleophilic index N [31, 32]. In a non-polar reaction between two alternative
reagents, the interaction will take place at the two most favourable active sites.
The Fukui Function, that measures the sensitivity of a system’s chemical potential to an external
perturbation at a particular site, is defined as [33]:

_ ) _ ( on

Since the above derivatives are discontinuous, three different types of Fukui Function have been
defined [33] :

fr (7) = PNt (7) -pn (7), for nucleophilic attack ~ Eqn. VIII
f- (7) = pn (7) - PN-1 (7), for electrophilic attack  Eqn. IX
f (7) = (PN+1 (7) -PN-1 (7))/2, for radical attack Eqn. X

3. Results and Discussion

3.1 Prediction of relative reactivity of reactants and polarity of nucleophilic substitution reactions
To determine the polar character in a reaction, one can use the difference of the global electrophilic

indices of the reagents. Moreover, the present study has been carried out on the nucleophilic

substitution reaction by the DFT method to establish the polar and non-polar character of the reactions

[31]. The calculated values of the global reactivity indices for the reagents (namely: electronic chemical
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potential, global hardness n, global electrophilicity o, global nucleophilicity N and global maximum
charge transfer ANmax) are presented in Tablel.

Table 1. Global reactivity indices of the nucleophilic substitution reaction by the DFT/B3LYP method, for the
alkyl nitroindazole and aryl acetonitrile reagents

Molecule HOMO (eV) LUMO (eV) n(ev) n (eV) w (eV) S (eV) Egap (eV) A (eV) N(eV) ANmax
Al -6 .718944 -2 .82736 -4.773152 3.891584  2.927211  0.128482  3.891584 2.82736 2.649656  1.2265319
A2 -6 .615584 -2.757808 -4.686696 3.857776  2.846862  0.129608  3.857776 2,757808  2.753016  1.2148691
Bl -6.876976 -0.598672 -3.737824 6.278304  1.112667  0.079639  6.278304 0.598672  2.491624  0.5953556
B2 -6.41784 -0.710192 -3.564429 5.706820  1.113155  0.087614  5.707648 0.710192 295076 0.6245911
B3 -7.153882 -1.146208 -4.150045 6.007674  1.433406  0.083226  6.007674 1.146208  2.234718  0.6907906

In the case of the nucleophilic substitution reaction, the values of the electronic potential of the
reactants B1, B2 and B3 of the aryl acetonitrile derivatives are: -3.737824, -3.564429 and -4.150045
eV, respectively. They are higher than the values of the -4.773152 and -4.686696 eV, electronic
potential of the A1 and A2 alkyl nitroindazoles, respectively. These results indicate that electron
transfer will take place from the aryl acetonitrile derivatives to the alkyl nitro indazoles. Moreover, the
values of the global electrophilicity index of the aryl acetonitrile derivatives (1.112667 eV) are lower
than those of the global electrophilicity index of the alkyl nitro indazole (2.927211 eV). It is noticed
that the aryl acetonitrile derivatives (B1, B2 and B3) are considered as nucleophiles while the
alkylnitroindazole (A1, A2) behave as electrophiles. Furthermore, the ANmax index, that represents
the maximum charge ratio (ANmax = - p/n) and that can be acquired by a system from its environment,
has maximum values for alkyl nitroindazole (1.2265319) and minimum values for arylacetonitrile
derivatives (0.5953556). So the electrophilic difference Aw and the difference between the HOMO
energies of arylacetonitrile and LUMO derivatives of alkyl nitroindazole and their energy inverse are
presented in Table 2.

Table 2. Difference between the two possible combinations HOMO/LUMO and Aw(eV)

Reactions Reagents X*(eV) Y** (eV) Ao (eV)
1 B1 4.049616 6.120272 -1.814544

2 B2 3.59048 6.008752 -1.814056

3 B3 1.326522 5.572736 -1.493805

4 B2 3.660032 5.905392 -1.733707

5 B3 4.396074 5.469376 -1.413456
ALAZ| Eqn. XI

*X= |Exomo®—ELumo
*xY— |EHOMOA1’ A2 _ELUMOB| Eqn. XII

Table 2 shows that the Y energies are higher than the X energies. In the studied reactions, alkyl
nitroindazole (Al and A2) behaves as electrophile (electron acceptor) while aryl acetonitrile
derivatives (B1, B2 and B3) behaves as nucleophile (electron donors). One can observe that the
electrophilic difference (Aw) varies from -1.81 to -1.49 eV. In fact, all the studied reactions have a non-
polar character thanks to their electrophilic difference values that are less than 1 (Aw<I) [32].
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3.2 Prediction of the regioselectivity of the studied nucleophilic substitution reactions

The local electrophilic and nucleophilic abilities of alkyl nitro indazole and aryl acetonitrile are
calculated thanks to the Fukui function using spin atomic density (Table 3).

Table 3. Local electrophilic ability o and local nucleophilic ability  of reagents A1, A2, B1, B2 and B3

Molecules Atoms N N+1 N-1 f f ot )

Al Cl -0,02654 0,008855 -0,04363 0,035394 0,017088 0,103606 0,045277
C2 0,03884 0,066663 0,025905 0,027823 0,012935 0,081444 0,034273
C3 0,032809 0,104516 0,018793 0,071707 0,014016 0,209902 0,037138
C4 0,021966 0,13567 -0,0194 0,113704 0,041366 0,332836 0,109606
C5 0,040699 0,161274 -0,01276 0,120575 0,053463 0,352948 0,141659
C6 0,064454 0,228524 0,034927 0,16407 0,029527 0,480268 0,078236

N10 -0,16534 -0,09686 -0,18584 0,068479 0,020497 0,200452 0,05431
NI11 0,002421 0,105342 -0,00276 0,102921 0,005179 0,301271 0,013723
C12 0,160424 0,26889 0,127702 0,108466 0,032722 0,317503 0,086702
Cle6 0,02736 0,102907 -0,02546 0,075547 0,052815 0,221142 0,139942
NI18 0,184176 0,196295 0,003385 0,012119 0,180791 0,035475 0,479034
019 -0,19057 -0,14108 -0,46031 0,049487 0,269741 0,144859 0,714721
020 -0,19076 -0,14104 -0,46063 0,049713 0,26987 0,14552 0,715063
A2 Cl -0,02721 0,01159 -0,05941 0,038803 0,032198 0,1104668 0,088642
C2 0,046321 0,074074 0,020099 0,027753 0,026222 0,079009 0,07219
C3 0,025434 0,098839 -0,01484 0,073405 0,040278 0,2089739 0,110886
C4 0,017037 0,140631 -0,04941 0,123594 0,066444 0,3518551 0,182921
C5 0,054031 0,162821 -0,06712 0,10879 0,121153 0,3097101 0,333536
C6 0,072585 0,232335 0,018518 0,15975 0,054067 0,4547862 0,148847

NI10 -0,15265 -0,09299 -0,19642 0,059651 0,04377 0,1698182 0,1205

NI11 0,008275 0,109784 -0,00579 0,101509 0,014061 0,2889821 0,03871
C12 0,104132 0,183304 0,083848 0,079172 0,020284 0,2253918 0,055842

Cl15 0,033285 0,101675 -0,07539 0,06839 0,10867 0,1946969 0,29917
N17 0,226666 0,245001 0,106555 0,018335 0,120111 0,0521972 0,330668

018 -0,2122 -0,17101 -0,37163 0,041184 0,159436 0,1172452 0,43893
019 -0,22353 -0,17315 -0,39324 0,050381 0,16971 0,1434278 0,467214
C20 0,027839 0,077115 0,004238 0,049276 0,023601 0,140282 0,064974

B1 Cl 0,003352 0,126752 -0,18321 0,1234 0,186561 0,137303 0,46484
C2 0,00111 0,132271 -0,0508 0,131161 0,051908 0,145939 0,129335
C3 0,003439 0,128147 -0,16992 0,124708 0,173355 0,138758 0,431935
C4 0,006653 0,121089 -0,18029 0,114436 0,186945 0,127329 0,465797
C5 -0,00856 0,119676 -0,05887 0,128237 0,050312 0,142685 0,125359
C6 -0,00812 0,101804 -0,16911 0,109927 0,160991 0,122312 0,401129
Cl1 0,142463 0,224423 0,084005 0,08196 0,058458 0,145655 0,091194

Cl4 0,10421 0,115927 0,085447 0,011717 0,018763 0,013037 0,04675
N 15 -0,28134 -0,24326 -0,31914 0,038078 0,037804 0,042368 0,094193

Cl6 0,036763 0,173123 -0,03814 0,13636 0,074907 0,151723 0,18664

B2 Cl 0,003129 0,03324 -0,17881 0,030111 0,181943 0,033518 0,53687
C2 0,005759 0,124064 -0,14472 0,118305 0,150478 0,131692 0,444024

C3 0,011961 0,116426 -0,16568 0,104465 0,177639 0,116286 0,52417
C4 0,007023 0,115626 -0,12655 0,108603 0,133577 0,120892 0,394154
C5 -0,00615 0,106382 -0,0506 0,112529 0,044451 0,125262 0,131164
C10 0,116385 0,201786 0,040005 0,085401 0,07638 0,225379 0,095065
Cl13 0,09072 0,097325 0,072049 0,006605 0,018671 0,007352 0,055094
N14 -0,23508 -0,16831 -0,30562 0,066768 0,070536 0,074323 0,208135
Cl15 0,072754 0,177572 0,026567 0,104818 0,046187 0,116679 0,136287

0Ol16 -0,17287 -0,08991 -0,19772 0,082968 0,024841 0,092356 0,0733
C17 0,106552 0,215879 0,031296 0,109327 0,075256 0,121698 0,222062

B3 Cl 0,012319 0,112766 -0,16286 0,100447 0,175181 0,143981 0,39148
C2 0,014594 0,121659 -0,07542 0,107065 0,090011 0,153468 0,201149
C3 0,019346 0,119608 -0,15483 0,100262 0,174171 0,143716 0,389223
C4 0,015213 0,112868 -0,06688 0,097655 0,082094 0,139979 0,183457
C5 -0,00059 0,105924 -0,08063 0,10651 0,080044 0,152672 0,178876
C10 0,120654 0,202719 0,019689 0,082065 0,100965 0,225628 0,117632
Cl13 0,091106 0,098125 0,073745 0,007019 0,017361 0,010061 0,038797
N14 -0,23124 -0,16602 -0,30381 0,065218 0,072578 0,093484 0,162191
Cl15 0,032641 0,124678 -0,04864 0,092037 0,081278 0,131926 0,181633

Cl16 -0,07405 0,167672 -0,20034 0,241725 0,126289 0,34649 0,28222

The local electrophilicity ® and local nucleophilicity N(«-) are reliable parameters related to the most
favored electrophile-nucleophile interaction for the formation of a chemical bond between two atoms.
The preferred sites for electrophilic attack, in A1 and A2 molecules, are (019, 020) and (017, O18)
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since they have the highest local nucleophilicity index N(»). C10, C10 and C11 carbons of B1, B2 and
B3 molecules are the sensitive sites for nucleophilic attacks since they show the highest values of local
electrophilicity @". These results show that the most favored interaction will take place between (019,
020) and (O17, O18) atoms of A1 and A2 molecules respectively, on the one hand and the C10, C10
and C11 (at the CH> alkyl) atoms of B1, B2 and B3 molecules, respectively, on the other hand. The
obtained information from the condensed Fukui function is in perfect agreement with the
experimentally observed regioselectivity [13].

3.3 Electrostatic potential map (ESP)

The ESP map is very important to determine the information based on the electrophile and
nucleophilic reactivity regions of a molecule. It is explained by distinct colors where blue signifies the
positive (electron-poor) part, green indicates the neutral part and red denotes the negative (electron-
rich) one [34, 35, 36]. Table 4 shows that the ESP maps of the A1 and A2 alkyl nitroindazole molecules
range from -4.316 €2 to +4.316 € au for Al and -4.688 ¢ to +4.688 ¢2 au for A2. We notice that Al
and A2 present a strong negative potential (red color) at the level of the (019, 020) and (O17, O18)
oxygen atoms linked to the nitrogen atom of the aromatic ring and present a weak negative potential
(yellowish color) at the level of the nitrogen atom in the heterocyclic system. The ESP map indicates
that the electron density is centered on the two oxygen atoms (red region), for Al and A2, having the
highest negative potential making them the preferred site for electrophilic attack.

Table 4 also shows the ESP maps of the aryl acetonitrile molecules (B1, B2 and B3). These ESP maps
have the following values: [-5.987 e to +5.987 e2 au] for B1, [-5.816 €% to +5.816 e au] for B2, and
[-4.931 e?to +4.931 e2au] for B3. We notice that B1, B2 and B3 show a strong negative potential (red
color) on the nitrogen atom of the (CN) group nitrile, a neutral potential (green color) on the stable
aromatic ring system and a positive one (blue region) around the hydrogen atoms of CHz. This last
region presents an electron deficiency (i.e. nucleophilic reactivity) that makes this region a suitable site
for intermolecular hydrogen bonding (nucleophilic attack).

Thus the ESP map indicates that the most electron-poor region (blue region) is centered on CHz in B1,
B2 and B3 reagents. The CH; (in aryl acetonitrile) carbon atom has the highest positive potential
making it the site favoring the nucleophilic attack.

3.4 Theoretical IR frequencies of the OH and CN functions of the molecules (C1, C2, C3,C4 & C5)
IR spectroscopy has been widely used and as a standard tool for the structural characterization of
molecular systems [37, 38]. We have studied the frequencies of organic functions existing in the Cl1,
C2, C3, C4 and C5 synthetized molecules, in order to predict their most stable forms as well as all their
possible conformations. This study has been carried out using the B3LYP /6-311G (d, p) theory.
In the 2180-3410 cm™ area in the experimental IR spectra, we determine have the frequencies of the
OH and CN functions of the synthetized molecules (Table 5). In the present study, the stretching
frequencies of the OH and CN functions for the C1 molecule were observed: a fine peak of high
intensity for the OH function and a less intense peak for the CN function with frequencies, respectively,
of 3420 cm! and 2178 cm™! which are close to the experimental frequencies and have differences of
0,005 cm™! and 0,002 cm!, respectively. The same is observed for all the five synthetized molecules
with negligible differences in terms of frequencies. We notice that the experimental frequencies of the
infrared spectrum of the five synthesized molecules are similar to the theoretical ones.
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Table 4. Electrostatic potential surface of the molecules: Al: 1-Methyl-7-nitro-1H-indazole, A2: 1-Ethyl-7-
nitro-1H-indazole, B1: 4-methyl-phenyl-acetonitrile, B2: 4-methoxy-phenyl-acetonitrile and B3: 4-Chloro-
phenyl acetonitrile

Molecul Optimized structure Electrostatic potential
e
Al

A2

B1

B2

B3
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Table 5. Experimental and calculated IR frequencies of C1, C2, C3, C4 and C5 molecules

Molecule Optimized structure Function IR (cm™)
Experimental Calculated
C1 OH 3425 3420
5.5,
"33
v g @ R
s"‘ @9
 0a® CN 2180 2178
,.‘ @ )
-
o® 7
<@
C2 OH 3430 3425
@
2 -2 : 2
e 9 .59
@ @7 »
? : 3, Peved, CN 2204 2200
e 9 2
o 7
C3 OH 3444 3440
} 3
. o€ E .
¢ o Y% e CN 2190 2185
‘, ‘,’ @ [
® °
C4 OH 3450 3448
‘e,
@ 9
| 9“'4",,3,&;
"’{} .‘g", 9% CN 2196 2194
o3 o °
M)
Cs OH 3410 3408

g L 2 *‘,‘/‘?/J fe, CN 2182 2180

3.5 Theoretical 1H and 13C NMR chemical shifts of the synthetized molecules

Theoretical calculations of the proton (1H) and carbon (13C) NMR spectra have been performed
by the B3LYP /6-311G (d, p) method, whose chemical shifts were calculated by the GIAO (gauge
independent atomic orbitals) method, which is the most reliable and recommended by invoking the
optimization of the geometry of the molecule [36]. The results show that the NMR range, of chemical
shift of the C1, C2, C3, C4 and C5 synthetized molecules, is generally higher than 15 ppm for 13C and
lower than 12 ppm for 1H (Table 6).
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Table 6. Chemical shifts & (ppm) obtained by the GIAO method of the synthesized molecules (C1, C2, C3, C4
and C5) and experimental (Exp.*) NMR

NMR (3) NMR (3)
Molecule Optimized structure 1H Exp.* Calculate 13C Exp* Calculated
d

c1 (s, 3H, CHz) 239 220 (CHy) 214 21
(s, 3H, NCHs) 404 401 (NCH3) 404 40

(s, 1H, H-3) 640 620 (©) 108.3 108

3 3 (d, 1H, J=10.2 Hz) 721 7.10 (©) 1159 1146

¥ 1 ° 9 (m, 4H) 7.34 733 (CH) 1183 117.9
940 @ (d,1H, J = 10.2 Hz) 742 720 (©) 119.3 119

A S (s, 1H, OH) 1272 12.60 (QCH) 1293 129.1

. 9 3 (CH) 1299 129.4

9 5,y (CH) 1302 130

.9 g (©) 131.6 1312

@ T, ©) 1342 133.2

‘0 j’ (CH) 135.3 135

Y ©) 139.1 139.4

(©) 1402 140

(©) 1433 1424

2 (s, 3H, CH30), 383 3.90 (NCH3) 407 40
(s, 3H, NCH3), 404 415 (CH:0) 558 55

(s,1H, H-3), 647 620 (©) 108.3 107
° (d, 2H, J = 8.7Hz), 709 695 (QCH) 1155 116.01

> 3 (d, 1H, J=9.9 Hz), 720 720 (©) 1159 116.

, 9@ @ (d, 1H, J=9.9 Hz), 740 741 (CH) 1182 119.5

? e ‘3 a%9° . (d, 2H, J=8.7 Hz), 743 744 (©) 119.5 120

9 P adad (s, 1H, OH); 12.82  12.60 (©) 126.3 125

2,9, 97 0%, (CH) 130.0 129

o 9 (QCH) 1310 130

.0 ° (©) 134.0 133

(CH) 1352 136

©) 138.8 139.5

(©) 1433 140.1

(©) 160.8 160.1

C3 (s, 3H, NCH3), 404 401 (NCH3) 405 40.1
(s, 1H), 642 649 (©) 108.0 107

(d, 1H, J=9.9 Hz), 722 7.10 (©) 115.8 116

e 7.44 (d, 1H, J= 9.9 Hz) 744 720 (CH) 1182 119

&€ . & (d, 2H, J = 8.4 Hz) 749 7.40 (©) 118.6 1182

".,, o 6 o -e¥ e (d, 2H, J = 8.4 Hz), 757 750 (©) 119.1 119.5
¢ e ¢ 6. & (s, 1H, OH) 1294 1295 (CH) 1300 1312
¢ 0. € @ QCH) 1303 1314

¢ @ ¢ © (QCH) 1315 132.1

® s (©) 131.5 132.0

e (CH) 1350 1349

©) 1382 139.1

(©) 143.0 141.1

c4 (t, 3H, CHs, J= 7.2 Hz), 125 140 (CHy) 154 15.2
(s, 3H, CH;0), 383 3.95 (NCHz) 475 49.50

(q,3H, NCH2, J = 7.2 Hz), 446 430 (CH:0) 559 57.10

N (s, 1H, H-3), 648 65 (©) 108.5 108.3

® (d,2H, J = 8.7 Hz), 707 698 (QCH) 1155 1152

e, 9 . s 2 (d, 1H, J=9.9 Hz), 721 720 (©) 116.0 116.8

; A o (m, 3H), 739 745 (©) 1182 1174

*{) Q.9 9.9, (s, 1H, OH); 12.82  12.90 (©) 119.5 120.1
JSe 9 I 9 (©) 126.3 1255

-9 (CH) 1299 128.6

A (2CH)  131.0 130.9

(©) 1332 1344

(CH) 1354 136.4
©) 138.9 139.95

(©) 143.0 141.5

(©) 160.8 158.1

cs (t,3H, CHs, J=7.2 Hz), 137 175 (CHy) 157 15.4
" (q, 3H, NCH», 1 =7.2 Hz) 448 450 (NCHz) 480 48.1

@ (s, 1H) 648 620 (©) 108.6 104

® ‘* (d, 1H, J=9.9 Hz), 720 7.10 (©) 116.0 115
Ty é o (d,1H, J=9.9 Hz), 741 430 (CH) 1183 117.1

2 0 4 ‘»%e (d, 2H, J = 8.4 Hz), 746 743 ©) 118.7 120.0
oo @ @ «,,e,e, (d, 2H,J = 8.4 Hz) 758 756 (©) 119.3 120.5
4 o 9 (s, 1H, OH); 12.88 1295 (CH) 1299 128.5

"

9 : QCH) 1305 129.1

(CH) 1313 1314

(©) 1317 131.5

(CH) 1352 1344

©) 137.8 1382

(©) 1432 142.5

This result ensures a good precision for the interpretation of the spectroscopic parameters. The
experimental and calculated 1H and 13C NMR chemical shifts of the C1, C2, C3, C4 and C5
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synthetized molecules, are given in table 6. According to these results, the calculated chemical shifts
are in accord with the experimental data. As shown in table 6, we plotted the curves of experimental
chemical shifts versus those calculated (Figure 2).

151 Synthetized 1H NMR C1 200 - Synthetized 13C NMR C1
10 - 150 -
100 -
5 = = -
v =1,0014x - 0,1362 50 - ¥ o0y 02
R? = 0,9994 )
0 . . . O T T T 1
0 5 10 15 0 50 100 150 200
15 - ) 200 -
Synthetized TH NMR €2 Synthetized 13C NMR C2
150 -
10
100 -
5 - _
y=0,9686x + 0,167 50 - y= 0,929_88)( -0,3284
R? = 0,9984 R? =(,9987
0 . . . O T T T 1
0 c 10 1s 0 50 100 150 200
15 - . 200 - .
Synthetized 1H NMR C3 Synthetized 13C NMR C3
150 -
10 -
100 -
5 .
y = 1,0039x - 0,097 20 - y = 1,0061x - 0,5836
R:= 0,9986 R? =0,9989
0 T T 1 O T T T 1
0 5 10 15 0 50 100 150 200
15 200 1 Synthetized 13C NMR C4
Synthetized 1TH NMR C4 ynthetize
150 -
10 -
100 -
5 .
y = 0,9968x + 0,0407 50+ y = 0,9863x + 1,5392
R? = 0,999 R? = 0,9992
0 ' ! ! O T T T ’ 1
0 > 10 15 0 50 100 150 200
15 1 150
Synthetized 1H NMR C5 1
10 4 100 4 Synthetized 13C NM®C5
5 - 50 -
v =0,9764x + 0,153 Y s
R?=0,997 ’
O . . ) O T T T 1
0 5 10 15 0 50 100 150 200

Figure2. Correlation between the experimental and calculated 1H and 13C NMR chemical shifts of the Cl1,
C2, C3, C4 and C5 synthetized molecules
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Regarding 1H NMR shifts, the analysis of the linear regression shows a slope equal to 1.001, 0.969,
1.004, 0.997 and 0.976, respectively with the C1, C2, C3, C4 and C5 synthetized molecules. Regarding
13C NMR shifts, the analysis of the linear regression shows a slope equal to 1.000, 0.999, 1.006, 0.986
and 0.9998, respectively with the C1, C2, C3, C4 and C5 synthetized molecules.

The 1H NMR analysis has shown the linearity between calculated and experimental values. The
regression coefficient is R?>=0.999, 0.998, 0.999, 0.999 and 0.997 respectively to the C1, C2, C3, C4
and C5 synthetized molecules. The 13C NMR analysis has, also, shown the linearity between
calculated and experimental values. The regression coefficient is R?>=0.9999, 0.999, 0.999, 0.999 and
0.998 respectively to the C1, C2, C3, C4 and C5 synthetized molecules. One can observes a
concordance between the experimental 1H and 13C NMR results of chemical shifts on the one hand
and those theoretically determined on the other hand, using the GIAO method (Figure 2).

Conclusion

The regioselectivities of electrophilic-nucleophilic reactions have been studied using the local
nucleophilic and electrophilic indices. Our results show that the experimental regioselectivities are
correctly reproduced by the Fukui function. Indeed, the local nucleophilicity index predicts that two
oxygen atoms in each alkyl nitroindazole reactant are more reactive. A defined carbon from each of
the three aryl acetonitrile reactants has the highest electrophilic index. Thus, the present work has been
able to highlight the most active sites. These results are consistent with those obtained using the
electrostatic potential maps.
The spectroscopic results in terms of 1H and 13C NMR chemical shifts and IR frequencies of the CN
and OH functions in the molecules synthetized by the reaction between alkyl nitroindazole and aryl
acetonitrile, obtained by calculations are in agreement with the experimental results.
Thus the DFT method is able to guide and optimize the synthesis in organic chemistry thanks to its
prediction of the reactivity of molecules both in terms of local and global descriptors and in terms of
spectroscopic characteristics such as the chemical displacement and frequencies of organic functions.
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