INTRODUCTION

Hydrazones are a class of organic compounds
with the C=N-N structure. This functional group
has been extensively studied and used in
supramolecular chemistry on self-assembled
systems, organic synthesis and medicinal
chemistry, among other (Su & Aprahamian 2014)
These compounds exhibit diverse biological and
pharmacological properties,someofthereported
properties are antimicrobial, anti-inflammatory,
antituberculosis,
antiviral, anticancer, antiplatelet, antimalarial,

analgesic, antifungal,

An Acad Bras Cienc (2023) 95(Suppl. 1): €20220766 DOI 10.1590/0001-3765202320220766
Anais da Academia Brasileira de Ciéncias | Annals of the Brazilian Academy of Sciences
Printed ISSN 0001-3765 | Online ISSN 1678-2690
www.scielo.br/aabc | www.fb.com/aabcjournal

CHEMICAL SCIENCES

Theoretical study of Gibbs free energy and
NMR chemical shifts, of the effect of methyl
substituents on the isomers of (E)-1-(a,B-
Dimethylbenzyliden)-2,2-diphenylhydrazine.

JUAN CARLOS RAMIREZ-GARCIA, RICARDO VAZQUEZ-RAMIREZ, MARIA EUGENIA
PATINO, CARLA AGUIRRE-CABRERA, VLADIMIR CARRANZA & CARMEN MARIA
GONZALEZ ALVAREZ

Abstract: A theoretical analysis of free Gibbs Energy and NMR 'H "C chemical shifts of
the effect of introduce methyl groups on diphenyl rings, to produce different isomers
of (E)-1-(a,B-dimethylbenzylidene)-2,2-diphenylhydrazine, is presented. IR vibrational
frequencies, Mulliken charges, molecular electrostatic potential (MEP), Gibbs free energy
(G) and 1H- and ®C-NMR chemical shifts were obtained by theoretical calculations. In this
analysis it was found that the position of the methyl group affects the values of the 'H-
and “C-NMR chemical shifts and the AG and AH thermodynamic properties of formation
and reaction, these properties vary with the same trend, for the isomers studied. Gibbs
free energy calculations show that the theoretical (E)-1-(3,4-Dimethylbenzylidene)-
2,2-diphenylhydrazine isomer is the most stable, which explains the success of the
experimental synthesis of this compound among the other isomers. For this molecule,
the C of the HC=N group is the most nucleophilic and the H is the least acidic. The
'H-NMR chemical shifts of protons show a strong correlation with the C=N distance. It
was also observed that methyl affects the v(C=N) frequencies, the C=N distance increases
when the inductive effect of the methyl groups is in the structure.
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antiprotozoal, ant trypanosome, and ant
schistosomiasis (Verma et al. 2014, Zaidi et al.
2018). The multiple applications of hydrazones
are due to their stability against hydrolysis, as
well as the diversity of reactions that the C=N-N
group can undergo (Verma et al. 2014) because
the hydrazone structure has a nucleophilic
character (Nigst et al. 2012) with its two of N
classes (imine and amine) that allows its use
in various fields; it also has an imine carbon
that is both electrophilic and nucleophilic in
character; and a configurational isomerism
derived from the intrinsic nature of the CN

anticonvulsant, cardioprotective, anthelmintic,

double bond; and in most cases, an acidic
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N-H proton. These particular features give the
hydrazone group its physical and chemical
properties, as well as playing a crucial role in
determining the sort of hydrazones applications,
vibrational frequencies, NMR chemical shifts,
and thermodynamic functions of isomers
formation. DFT methods have been used to
predict thermochemical properties, the B3LYP/6-
311++G(d,p) method/basis set is a combination
of a hybrid DFT approach and a Gaussian-type
orbital triple basis set (Lee & Sosa 1994) which
incorporates diffuse and polarization functions
approach is a good compromise between
quality of calculated data and computational
speed-up (Becke 1993). Density functional (DFT)
methods are a good alternative to high-cost
calculations (Hamzehloueian 2017) describes
frequencies better they can also show charge
transference in molecules with similar electronic
properties (Balakit et al. 2020) and predict in
good agreement with experimental values which
have been used to predict thermochemical
properties as reported (Curtiss et al. 1997)
report. Employing vibrational frequency
analysis, zero-point energy (ZPE) and thermal
correction were used to obtain thermodynamic
data, such as standard enthalpy, entropy and
Gibbs free energy reaction and formation
changes (Bauerfeldt et al. 2005, Sousa et al.
2013). Thermochemical calculations of different
compounds have been reported, where they
used the B3LYP method to obtain theoretical
enthalpies of substituted hydrazine molecules
(Wilcox et al. 2002, Wilcox & Bauer 2003, Bohn &
Klapotke 2004). Some reports compare data of
vibrational frequencies, 'H and "C NMR chemical
shifts, UV-Vis. spectra with thermodynamic data
of molecules related to hydrazone derivatives
for different purposes, as in (Tanak & Toy 2016)
which compared experimentally and theoretical
data from a Schiff basis to identifying the most
stable conformer for the anticonvulsant agent

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

(Haress et al. 2016) in (Arshad 2015) chemical
reactivity indices predict the highest and lowest
activity for four triazine-based hydrazone
derivatives, with the help of the molecular
electrostatic potential (MEP) predicting the
most reactive site for electrophilic attack (Shin
& Jung 2022). Has been reported theoretical
calculations (Benassi et al. 2008) analyzing the
conformational equilibria, finding the most
stable equilibrium structure and explain binding
characteristics. These thermodynamic data were
calculated with vibrational analysis and 'H and
BC NMR chemical shifts in different solvents,
shows a good correlation with experimental
data. Some reports show a trend between
NMR signals with thermodynamic properties of
some conformational isomers, and distinguish
differences between reactants and products
(Eliel 1960, Juaristi & Munoz-Munfiz 2001, Eliel
& Martin 1968, Souza et al. 2018, Krishnan
2019). There are some reports which relate
thermodynamic properties with NMR signals
of core magnetization to the Gibbs free energy
obtained by frequency analysis with electronic
energies, zero-point energy and thermal effects
(Landerville et al. 2010, Ruzsinszky et al. 2003).
These are based on the assumption that the
conformational equilibrium (A «-B) is reached
rapidly on the NMR time-scale, the chemical shift
for a given nucleus is a mol fraction-weighted
average over all the chemical species where
the nucleus is present. Using conformational
equilibria Keq = (8, - 8)/ (8 - &) where
8 is the chemical shift, to obtain free energy
differences with AG® = -RT In Kegr where AG® is
the standard Gibbs free energy. According to
statistical mechanics the Gibbs free energies
depend on degrees of freedom: translational,
electronic, rotational, and vibrational which are
included in the partition function (Atkins et al.
2018). The importance of the partition function
is because contains all the information needed
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to obtain thermodynamic properties of chemical
species, just like the wave function in quantum
mechanics. The total partition function is the
product of the partition functions of individual
modes. The contribution of nuclear energy
to the total energy is negligible, but the total
partition function raises information of the
nuclear contribution. NMR spectroscopy relies
on the fact that the states are not exactly equally
populated, but in the context of statistical
thermodynamics the contribution to the
internal energy and population differences are
negligible (Jeschke 2015, Hanson et al. 2016). The
frequencies calculated with B3LYP/6-311++G(d,p)
are used to calculate the zero-point energies and
other thermal corrections to the total energy;
in the calculations the zero-point energy, is the
zero energy at absolute zero to fit the Gibbs Free
Energy, entropy and enthalpy (Frisch et al. 1996).
Previous reports have experimentally obtained
A20 and A215 among other possible isomers, it
will be interesting to know why was obtained
only A215 isomer and why not others. In this
report, calculations of 'H and "C NMR chemical
shifts, standard enthalpy, entropy and Gibbs free
energy of reaction and formation, at zero point
energy (ZPE) (Ruzsinszky et al. 2003) calculation
with thermal correction are presented. With the
aim of finding why some isomers is obtained
and no others, besides to find a relationship
between the location of the substituents
in the hydrazone isomers of the (E)-1-(a,B-
Dimethylbenzylidene)-2,2-diphenylhydrazines,
with the thermodynamic state functions and the
chemical shifts.

MATERIALS AND METHODS

Molecules studied

Theoretical models of these molecules
were calculated (E)-1-Benzylidene-
2,2-diphenylhydrazine (A20),

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

(E)-1-(2,3-Dimethylbenzylidene)-2,2-
diphenylhydrazine (A211), (E)-1-(2,4-
Dimethylbenzylidene)-2,2-diphenylhydrazine
(A212), (E)-1-(2,5-Dimethylbenzylidene)-
2,2-diphenylhydrazine (A213), (E)-1-(2,6-
Dimethylbenzylidene)-2, 2-diphenylhydrazine
(A214), (E)-1-(3,4-Dimethylbenzylidene)-
2,2-diphenylhydrazine (A215), (E)-1-(3,5-
Dimethylbenzylidene)-2, 2-diphenylhydrazine
(A216) the structures are shown in Figure
1. Molecules A20 and A215 were obtained
experimentally (Mendoza et al. 2012, 2011).

Theoretical calculations

Molecular geometries of molecules of Figure 1
were optimized with B3LYP/6-311++G(d,p) theory
(Becke 1993) with Gaussian 09 (Frisch et al.
2016). Vibrational frequencies were calculated
in the ground state, the positive values of all
calculated vibrational frequencies indicate
that the optimized molecular structure is
stable, the frequencies computed include well-
known systematic errors (Merrick et al. 2007,
Scott & Radom 1996, Andersson & Uvdal 2005).
Enthalpies of reaction and formation were
calculated using the sum of electronic and
thermal enthalpies from Gaussian output for
the products and reactants, Gibbs free energy
is calculated adding the entropy term (Ochterski
et al. 1995). Thermodynamic properties were
calculated using Zero-point energies and
thermal corrections were calculated at 29815K
based on unscaled frequencies (Ruzsinszky et
al. 2003). For 'H and "C NMR, molecular geometry
of molecules of figure 1, were optimized at
B3LYP/6-311++G(d,p) level in (CD,),CO solvent (e
= 20.7) by IEFPCM (integral equation formalism
polarizable continuum model) (Nguyen 2021).
Chemical shifts were calculated using the
Gauge-Invariant Atomic Orbital (GIAO) method
(Wolinski et al. 1990) using B3LYP/6-311++G(d,p),
over the most stable conformers, similar studies
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Figure 1. Molecules modeled for theoretical calculations (E)-1-Benzylidene-2,2-diphenylhidrazine (A20), (E)-1-
(2,3-Dimethylbenzylidene)-2,2-diphenylhidrazyne (A211), (E)-1-(2,4-Dimethylbenzylidene)-2,2-diphenylhidrazyne
(A212), (E)-1-(2,5-Dimethylbenzylidene)-2,2-diphenylhidrazyne (A213), (E)-1-(2,6-Dimethylbenzylidene)-
2,2-diphenylhidrazyne (A214), (E)-1-(3,4-Dimethylbenzylidene)-2,2-diphenylhidrazyne (A215), (E)-1-(3,5-

Dimethylbenzylidene)-2,2-diphenylhidrazyne (A216).

have been reported (Dege et al. 2022, GOkce et al.
2022). For UV-Vis. computations, the electronic
absorption maximum wavelengths (K ) were
computed using the time-dependent DFT (TD-
DFT) method using B3LYP/6-311++G(d,p) theory
(Cancés et al. 1997, Jacquemin et al. 2008). The
molecular electrostatic potential (MEP) (Murray
& Politzer 2011) for each isomer was calculated
using the optimized molecular geometries
obtained with B3LYP/6-311++G(d,p). To find any
change of the MEP with the changes of methyl
position in one of the phenylhydrazine rings
in the different isomers (Shin & Jung 2022).
Molecular Electrostatic Potential was calculated
and visualized with Spartan™4 suite of programs
(Wavefunction 2014).

RESULTS AND DISCUSSION

Table | shows the calculated thermochemical
data calculated for the molecules, Table Il
shows the 'H and “C NMR chemical shifts for
various atoms of the molecule in Figure 2.
Table Il shows the characteristic IR and UV
| vibrational frequencies. Table IV shows

max

the geometrical distances for the hydrazine
atoms. Figures 3, 4 and 5 show the behavior of
the thermodynamic data and “C and 'H NMR
chemical shifts from Tables | and Il. They were
modeled and optimized using. In table | the
theoretical values of thermodynamic quantities
of reaction and formation: standard enthalpy
and Gibbs free energy and total energies of the
isomers modeled in Figure 1.

Thermodynamic Quantities of Reaction and
Formation

The thermochemical values AH and AG
obtained result from the reaction (E)-1-
Benzylidene-2,2-diphenylhidrazine + CH,-CH,

> (E)-1-(a,B-dimethylbenzylidene)-2,2-
diphenylhidrazine + H,. The formation values
were calculated from AH (C,, H,, N, 298K)
and AeG (C,, H, N, 298K). From the Table |
it is observed that the lowest reaction and
formation AG values, are for the molecules in
Figure 1 (A216) (A,G=10.76 and A,G=-199.15) and
for (A213) (4,G=12.92 Kcal/mol and A,G=-197.38).
The highest AG values are for (A214) (ArG=18.98
and AG= -196.43). The same trend is observed
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Table I. Theoretically calculated values of the thermochemical properties of reaction and formation, standard
enthalpy A H, AH and Gibbs free energy A G, AG, total energies and Zero-Point Vibrational Energies of the modeled
isomers of Figure 1. Enthalpies, Gibbs free energy and ZPVE are in (Kcal/mol) at T=298.15 K and pressure 1 atm, for

each A20 + CH,-CH, - A2IN + H,.

Molecule | D G(Kcal/mol) DH D,G
A211 16.46 13.34 -196.54
A212 13.54 10.97 -198.37
A213 12.92 1125 -197.38
A214 18.98 14.65 -196.43
A215 1315 9.64 -200.62
A216 10.76 918 -199.15

DH E (Hartree) | ZPVE (Kcal/mol)
179.38 -921.98702 221.864
177.00 -921.99065 221.636
17719 -921.99038 221627
180.69 -921.98516 222.249
175.68 -921.99271 221774
175.22 -921.99329 221344

Table II. 'H NMR and "C chemical shifts of the atoms in Figure 2, for molecules A211, A212, A213, A214, A215, A216
theoretical obtained using (CD,),CO and the B3LYP/6-311+G(d,p) GIAO method and A215 (Mendoza et al. 2011) and

A20 (Mendoza et al. 2012) experimental.

Molecules = C, (ppm) C, C,
A20 145.5 143.2 137.8
A20 exp 1437 136.3 135.2
A2M 154.6 1409 1361
A212 1541 1381 135.4
A213 1541 140.0 1355
A214 154.2 136.9 139.6
A215 154.2 141.5 1381
A215 exp 143.83 136.72 136.56
A216 1541 142.7 138.7

for AH and AH the lowest values for A213 and
A216, the highest value is for A214 the molecule
with the highest repulsion between methyl
groups. Likewise, the total Hartree energy of
each molecule shows a similar behavior to the
thermodynamic properties, with lower values
for A213 and A216, higher value for A214. From
Table I it is observed that each molecule has
unique values of energy and thermochemical
quantities, the Gibbs free energy AG decreases
when methyl is at a and B moves away when

141

19.7

19.0

21.0

20.6

18.81

219

c, H, H, H,

- 6.82 6.08 -

- 736 728 -
225 725 61 19
213 7.08 7.0 17
214 7.06 6.0 21
289 7.59 61 24
209 6.78 6.0 2.0
1891 735 710 223
217 6.74 6.0 21

the electrostatic repulsion between the methyl
groups is reduced, and AG increases when the
repulsion between the methyl groups increases
when they are approached. This indicated a
less stability of A214 which can be reflected in
a most difficult molecule to obtain. Total energy
of each isomer reveal A216 is the most stable,
and the ZPVE likewise the lowest value is for
isomer A216. The highest values for total energy
and ZPVE are for isomer A214.
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Figure 2. Molecule (E)-1-(3,4- Dimethylbenzylidene)-
2,2-diphenylhidrazyne (215) where is shown carbon
and hydrogen atoms for theoretical calculations of
NMR chemical shifts.

C NMR chemical shifts.

To simplify the reading, Figure 2 shows the
labeling of hydrogen and carbon atoms in the
A215 isomer, where the carbon atom (C)) and the
hydrogen atom (H,) are in the H-C=N-N hydrazone
functional group. In addition are analyzed
BC-NMR chemical shifts over these C atoms

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

(C, C, C, C, C,. In principle, these are more
affected by the induced magnetic field than the
further away hydrogen (H,, H,) atoms. From Table
I and Table Il it is observed the thermodynamic
values to be related to 'H and ®C NMR chemical
shifts at H,, H, and C, of the structure in Figure
2. H, is on one of the dimethylbenzylidene
methyls meanwhile H,, C, are on the hydrazone
functional group H-C=N-N. The "C NMR chemical
shift of C, shows the lowest values for A212 and
A213, the highest value is for A214. Comparison
of the behavior of thermodynamic properties
and chemical shift of H,, H, and "C NMR protons
of C, from Table Il is presented in Figure 3, Figure
4 and Figure 5, which behave similarly with
thermodynamic properties A G, AG, AH and AH.
Data calculated in this work and experimental
PC NMR data of C=N in hydrazones are compared.
They have been reported (Gordon et al. 1984),
where chemical shift values varying between
135-139 ppm depending on the substituents are
presented. The phenylhydrazones in (Patorski
et al. 2013) presented data for "C NMR in the

Table IIL. IR signals using the B3LYP method (Becke 1993, Alecu et al. 2010) with 6-311++G(d,p) were obtained for
the molecules in Figure 1. Experimental, uncorrected vibrational frequencies of A215 (Mendoza et al. 2011) and A20

(Mendoza et al. 2012) values in cm™.

Molecules v(C—H)asym v(C—H)sym
A20 3166.87 316719

A20 exp
A211 3188.33 3169.27
A212 3188.44 3168.40
A213 3188.52 3169.54
A214 3188.83 3169.38
A215 3188.25 3168.07

A215 exp 3033.00 2933.00
A216 3188.55 3168.63

v(C=N) v(CN—N) UVA__ (nm)
1573.53 1214.79 348.34
1586, 1490 34013
1638.47 - 1607.83 1231.33 348.34
1632.68 - 1592.62 1246.08 362.65
1632.39 - 1600.61 1231.72 359.48
1637.72 - 1596.29 1245.68 358.81
1637.43 - 1596.70 1237.00 359.87
1588, 1490 1221.00 341.24
1625.84 - 1613.21 1234.63 356.78
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range of 139.28 - 145.28 ppm. (Neuvonen et al.
2003) reported “C signal for C=N at 125.78 MHz,
which is shielded with increasing electron
density on carbon, in the range of 135.8 - 1404
ppm for molecules similar to this report. It
has been reported (Oncii-Can et al. 2017) have
reported the synthesis and characterization of
hydrazones exhibiting *C NMR signals at 75 MHz
shift for C=N around 13719 ppm, 137.55, 137.56.43
etc., depending on the substituents. It has been
reported (Meléndrez-Luévano et al. 2013) report
the molecule (E)-1-(2,4-dinitrobenzylidene)-2,2-
diphenylhydrazine, with shift at 135.02 ppm "C
NMR (400 MHz, (CD,),CO) for C=N. In reference
(Mendoza et al. 2012) the shift for C=N is 135.72
ppm at 400 MHz in (CD,),CO, for molecule A20 in
Figure 1.In (Mendoza et al. 2011) the experimental
molecule A215 in Figure 1, shows “C NMR signal
at 400 MHz in (CD,),CO, at 13518 ppm. From
experimental data it is observed in (Meléndrez-
Luévano et al. 2013) that the C=N signal is at
high fields, assuming that C is shielded due
to the inductive effect of the NO, groups of the
benzylidene, so that C, has less nucleophilic

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

character. In (Gomes et al. 2019, Arsenyev et
al. 2016) the reported molecules have "C NMR
signals for C=N at high fields, due to the methyl
groups in the benzylidene, indicating that the
carbon atom has more charge density and less
nucleophilic character. Figure 2 shows the C
atoms in the A215 molecule generating "C NMR
signals; experimental NMR chemical shifts of C7
(A215) are from (Mendoza et al. 2011), theoretical
calculations are shown in Table Il for A211, A212,
A213, A214, A215 and A216. The molecule with
the most unprotected C in C=N, theoretically
calculated is A214, since its signal is presented
at low fields, assuming it has higher electron
density so the C7 carbon atom in C=N has less
nucleophilic character. The most nucleophilic
character in C=N is for A212, which is more
shielded. It seems that resonance and inductive
effects are responsible for the protection. The
experimental molecule A215 has "C NMR 13518
ppm at the high field than A215 theoretically
calculated (138.079 ppm), some authors use a
scale factor of 0.96 (Pierens 2014).

Table IV. Bond distances and Mulliken charges of the C and H atoms of the imine group of Figure 2. Mulliken charge
number of electron. Distances in A. For experimental A215 (Mendoza et al. 2011) and A20 (Mendoza et al. 2012), and

theoretical calculated.

Molecules N=C (A) N-N (A)
A20 1.28 1.3572
A20 exp 1.279 1.3689
A211 1.287714 1.35822
A212 1.28797 1.35262
A213 1.28779 1.35814
A214 1.29033 1.36186
A215 1.28581 1.35956
A215 exp. 1.2773 1.3765
A216 1.28589 1.35873

Mulliken charge | Mulliken charge

H-CN C H,

1.09 -0154 ---

0.93 --- ---
1.08700 -0.324 -0.015
1.08773 -0.438 0.016
1.08770 -0.361 0.032
1.08629 -0.462 -0.034
1.09117 -0.167 0.101
0.9300 --- ---
1.09105 -0.197 0130

An Acad Bras Cienc (2023) 95(Suppl. 1) €20220766 7 | 16



JUAN CARLOS RAMIREZ-GARCIA et al. EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

140.00 - -150.00
139.00 —
o -160.00
138.00
137.00
-170.00
136.00
"7\__———'(,; O _o
£ 135.00 O -180.00 E
g Tl e
134.00 O. ........... -O O §
O -190.00
133.00
132.00 .\.—— —y—
-200.00
131.00
130.00 -210.00
A211 A212 A213 A214 A215 A216
Molecules

Figure 3. Comparison of the behavior of *C NMR chemical shifts for C, of figure 2 (solid line empty circles), with
thermodynamic properties Gibbs free energy of formation AG (solid line black circles) and Gibbs free energy of
reaction A G (dashed line empty circles) for (E)-1-(a,B-Dimethylbenzylidene)-2,2-diphenylhidrazyne isomers of
Figure 1.
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Figure 4. Comparison of 'H NMR chemical shift behavior for the H, of Figure 2 (solid line of empty circles),
thermodynamic properties Gibbs free energy of formation DG (solid line of black circles) and Gibbs free energy of
reaction A G (dashed line of empty circles) for (E)-1-( a,B-Dimethylbenzylidene)-2,2-diphenylhydrazyne isomers of
Figure 1.
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Figure 5. Comparison of the behavior of 'H NMR chemical shifts for H, of figure 2 (solid line empty circles),
thermodynamic properties Gibbs free energy of formation AG (solid line black circles) and Gibbs free energy of
reaction A G (dashed line empty circles) for (E)-1-(a,B-Dimethylbenzylidene)-2,2-diphenylhidrazyne isomers of

Figure 1.
'H NMR chemical shifts

Likewise, data calculated here and reported
experimental data of 'H NMR signals for the
H, proton of HC=N in Figure 2 are compared.
Some reports such as (Flores-Alamo et al. 2014)
show a shift of 7.60 ppm, at 400 MHz using
(CD,),CO, for HC=N in the molecule of (E)-1-(2-
nitrobenzylidene)-2,2-diphenylhydrazine. Also
(Higgs et al. 2019) reported 'H NMR for HC=N at
8.81-8. 64 ppm, at 400 MHz using D,0 for N,N,N-
trimethyl-2-oxo-2-(2-(quinolin-8-ylmethylene)
hydrazinyl)ethane-1-aminium, for the
2-(2-(2-hydroxybenzylidene)hydrazinyl)-N,N,N-
trimethyl-2-oxoethane-1-aminium molecule, a
signal from 812 to 7.95. It is observed that the
signal of the proton in the second molecule is
located in high fields, which means that the
proton is protected and has little acidic character,
according to the substituents in the molecules.

In (Toledano-Magana et al. 2015) has reported
new compounds and characterized them using
'H NMR signals at 400 MHz in (CD,),CO of some
hydrazones such as (E)-1-(2-Nitrobenzylidene)-
2-phenylhydrazine, 8.23 ppm (s, 1H, C=N), for
(E)-1-(3-nitrobenzylidene)-2-phenylhydrazine,
7.85 (s, 1H, C=N), (E)-1-(4-nitrobenzylidene)-
2-phenylhydrazine 7.94 (s, 1H, C= N) and 8.63
ppm for (E)-1-(2,4-dinitrobenzylidene)-2-
phenylhydrazine. From the chemical shifts, it
is observed that the signals at low fields are
8.63 and 8.23, indicating that these protons are
poorly shielded. The signals at high fields are
794 and 7.85 ppm, indicating that the proton
at 7.85 is shielded with little acidic character.
Figure 2 and Table Il show the H atoms whose
NMR proton signals are theoretically calculated
in molecules A211, A212, A213, A214, A214, A215
and A216 the experimental chemical shifts for
A215 were reported in (Mendoza et al. 2011). From
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the calculated chemical shifts it is observed that
A216 has the most shielded H, proton (6.74 ppm).
The most unshielded proton is A214 (7.59 ppm),
which could be considered the most acidic
proton. The experimental signal of A215 at 7.37
ppm, is at high fields and the theoretical value of
A215 6.78 ppm. The experimental value at A215 of
the methyl H, proton of methylbenzylidene is in
low fields, the H of diphenylhydrazine H,, H, are
in high fields and H of H-C=N in low fields, which
means that the H, has less acidic character in
the molecule. The same trend is observed for
the theoretically calculated molecules. These
data indicate a trend of experimental molecules
that is repeated in the theoretical data.

Vibrational Spectra and bond distances

Seeking to validate the theoretical calculations
of the vibrational spectra, the data obtained are
compared with previously reported experimental
data. Table Il reports the experimental IR
frequencies of A20 (Mendoza et al. 2012) A215
(Mendoza et al. 2011) and also shows the
theoretical values of A20, A211, A212, A213, A214,
A215 and A216. In Table IV are reported C=N,
N-N, H-CN distances of molecules of Figure
1. Some authors such as (Tosi et al. 1988),
reported experimental results of IR spectra of
benzaldehyde methyl (phenyl) hydrazone, the
normal mode of stretching vibration for (C
= N) appears at 1555 to 1570 cm”, depending
on the substituents. The C=N bond distance
is 1.29 A and H-CN, 112 (Arsenyev et al. 2016)
reported experimental IR signals of 4,6-di-t-
butyl-3-((diphenylhydrazono)methyl) benzene-
1,2-diol, where the band (C=N) is observed at
1593 - 1600 cm™ a C=N distance of 1.29 A and
an H-CN distance of 0.97 A. Data for another
similar structure, 4-{2-[(pyren-1-yl) methylidene]
hydrazinyl}benzonitrile, reported by (Ghosh et
al. 2017), show experimental IR signals for (C=N)
at 1610 cm™ a C=N distance of 1.27 A and an

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

H-CN distance of 0.93 A. (Mendoza et al. 2012)
reported for the signal of (E)-1-benzylidene-
2,2-diphenylhydrazine v(C=N) at 1586-1490
cm” a distance of 1.279 A and H-CN 0.93 A.
(Mendoza et al. 2011) presented experimental IR
signals for (E)-1-(3,4-Dimethylbenzylidene)-2,2-
diphenylhydrazine, a hydrazine with two methyl
groups where the influence of substituents on
the experimental values is observed, for v(C=
N) 1588, 1490 cm™ and C=N distance of 1.2773
A and H-CN distance of 0.93 A. (Mendoza et al.
2012) reported experimental IR signals for (E)-1-
(2,4-dinitrobenzylidene)-2,2-diphenylhydrazine,
v(C-H) 3119 c¢cm™ and v(C=N) 1600 cm™, C=N
distance of 1.288 A and H-CN distance of 0.93 A.
It is observed that for experimental molecules
in (Jacquemin et al. 2008, Mendoza et al. 2011,
Meléndrez-Luévano et al. 2013) the IR signal for
v(C=N) is related to the distance, indicating a
variation in the character of the double bond.
The C=N distance increases when the inductive
effect of methyl groups is in the structure,
and the effect increases when NO, groups are
present. In (Tosi et al. 1988, Ghosh et al. 2017) the
H-CN distance varies, making H acidic. As the IR
signal increases, the theoretically calculated H-C
distance increases. For the molecules in Table
IV, it is observed that the position of the methyl
groups changes the IR signal of the v(C=N) group.

Theoretical and Experimental Structural
Parameters

Comparing the structural parameters,
theoretically calculated and some experimental
distances, it is observed that the C=N distance
varies by changing the character of the double
bond, the hydrogen in H-CN becoming more
acidic as the bond distance increases. For
example, in the molecule (A214), the two methyl
groups have an inductive effect that lengthens
the C=N bond distance and makes the hydrogen
in H-CN less acidic. The shorter C=N distance
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belongs to the molecule (A215) and the larger
H-CN distance. Table IV shows the experimental
distance values of (Mendoza et al. 2011) (A215)
N=C (1.2773 A) and N-N (1.3765 A). The theoretical
values for the same molecule are N=C (1.28581
A) and N-N (1.35956 A). Several hydrazine
molecules (Mendoza et al. 2011, Meléndrez-
Luévano et al. 2013, Jasinski et al. 2012, Toledano-
Magafa et al. 2014, Ji et al. 2010) have been
reported with similar C=N (1.266 to 1.288) and
N-N (from 1.3534 to 1.4103) distances. The C=N
distance increases as the negative charge of C
on the C=N imine becomes larger. The distance
in a double bond is related to the electronic
localization (Nigst et al. 2012), which causes C
to have a larger negative atomic charge, and
C increases its nucleophilicity. The position of
the methyl groups on (A213) causes the imine
carbon to have a higher partial negative charge,
and hydrazine with 3,4-dimethylbenzylidene
(A214) produces the lowest negative charge
on the C imine. The inductive effect causes
the C imine to acquire a negative charge when
methyl is on the benzylidene near C. Thus,
the C of C=N varies its reactivity to increase
the nucleophilic character as the distance
increases. The N-N region of the molecule
shows no clear trend in geometry or reactivity,
despite the effect (Nigst et al. 2012), where
methylation increases the nucleophilicity of the
imine carbon atom. In Table Ill, the experimental
UV values reported in references (Mendoza
et al. 2012) A__ =340.13 nm for the molecule
(E)-1-Benzylidene-2,2-diphenylhydrazine
and (Mendoza et al. 2011) A _ =341.24 nm for
the molecule (3,4-Dimethylbenzylidene)-
2,2-diphenylhydrazine and UV A = 443.36
nm for (E)-1-(2,4-dinitrobenzylidene)-2,2-
diphenylhydrazine (Meléndrez-Luévano et
al. 2013), suggest that the latter molecule is
more reactive. Theoretical UV A__ wavelengths
(Bharanidharan et al. 2017, Torje et al. 2012)

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

are presented for the molecules in Figure 1.
Although all molecules are isoelectronic and
vary only in the position of the dimethyl groups
on the benzylidene, all UV A__ are different.
This indicates that the n -> 1t * transition varies
with energy, this signal occurs around 350 nm
(Jacquemin et al. 2008). It is assumed that A212
has the highest feasibility to react globally and
A211 the lowest, among the modeled molecules.
The UV A value for the experimental and
modeled A215 molecule deviates by 5.5 %
(Weishaar et al. 2003).

Electrostatic Potential and Dipole Moment

Figure 6 shows the theoretically calculated
molecular electrostatic potential (Shin & Jung
2022) and dipole moment vector for (E)-1-(a,
B-Dimethylbenzylidene)-2,2-diphenylhydrazine
molecules likewise, the Mulliken charges (e) of
each atom of each molecule were calculated.
The Mulliken charges of the H atom of the
HC=N-N group are reported in Table IV, because
itis the atom that changes with the value of the
electrostatic potential, there was used Mulliken
charges and MEP analyses to find reactive sites
in the modeled isomers (Rameshkumar & Santhi
2018). The values obtained are compared with
the various previous theoretical calculations of
the electrostatic potential, such as (Murray et al.
1990, Shin & Jung 2022) who has obtained MEP to
study hydrazine and derivatives to correlate with
binding forces, or (Monasterios et al. 2006) who
used MEP to correlate with antibacterial activity.
The MEP reflects at any point the electron
density and also the contributions of all nuclei
and electrons in the molecule (Murray & Politzer
2011). The calculated electrostatic potential of
the molecules in Figure 1 shows positive regions
on the H, atom in Figure 2, the Mulliken charges
are in Table IV for H, are -0.015 for A211, 0.016
for A212, 0.32 for A213, -0.034 for A214, 0101 for
A215 and 0130 for A216. It is observed in Figure
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A211

6, that the electrostatic potential varies as the
methyl groups change position, also regions of
positive and negative potential are observed
through which attractive interactions can occur,
and a significant positive region is found at the
H, in A214 molecules, which also coincide with
the lowest Mulliken charge, as used previously
(Santamaria et al. 1998).

CONCLUSIONS

Fromthetheoreticallycalculatedthermochemical
data AG AH AG AH of Table I, it was possible
to identify the most stable conformers. The
molecule (E)-1-(2,6-dimethylbenzylidene)-
2,2-diphenylhydrazine (A214) has the highest
values as well as the total energy, likewise the
values of 'H and "C chemical shifts for H, and
C, of the hydrazine group H-C=NN (Table 1)
and C=N distance obtained computationally

EFFECT OF METHYL SUBSTITUENTS ON HYDRAZINE

Figure 6. Molecular electrostatic
potential for (E)-1-(a,B-
Dimethylbenzylidene)-2,2-
diphenylhidrazyne isomers. Red
areas represent negative regions
(-50 KJ/mol), blue represent
positive regions (50 KJ/mol).

A216

(Table 1V), this implies it is the most difficult
molecule to obtain theoretically. From Table |
it is observed that the enthalpy and Gibbs free
energy of formation increase when the methyl
groups are neighbors of the hydrazine group
and the values decrease as the methyls move
away from C=N. From the "C NMR data it was
observed that the chemical shift for C, has
the most nucleophilic C character of C=N for
A214. From the "H NMR the protected protons
are observed and used to predict possible
reactivity properties, the chemical shifts of H,
and C, and the thermochemical properties such
as Gibbs free energy and Enthalpy, present the
same trend in the molecules studied. From the
IR data it was observed the position of v(C=N)
and the experimental distances to be related.
It is possible to relate the IR data to the double
bond character of C=N. The Mulliken charge and
H, MEP of the molecules also agree with the
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trends of the thermodynamic properties, the “C,
'H chemical shift.
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