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ABSTRACT

In this paper, theoretical and experimental studiesvo new Schiff bases were performed.
The €)-2-{[(5-(tert-butyl)-1H-pyrazol-3-yl)imino]lmethyl}phenol §) and €)-2-{[(1-(4-
bromophenyl)-34ert-butyl)-1H-pyrazol-5-ylliminolmethyl}phenol %) compounds were
characterized by spectroscopic techniques, (i.e. NMBR, FT-IR, UV-vis, and single-crystal
X-ray diffraction). The molecular geometry of bottompounds in the ground state,
vibrational frequencies, and chemical shift werkewated by using the functional density
theory method, with B3LYP as functional and 6-31@% basis set, using the GAUSSIAN 09
program package. With the VEDA 4 program, the tibreal frequencies were allocated in
terms of potential energy distribution (PED). hist paper, theoretical and experimental
studies of two new Schiff bases were performed. )e2-{[(5-(tert-butyl)-1H-pyrazol-3-
yhimino]methyl}phenol @) and €)-2-{[(1-(4-bromophenyl)-34ert-butyl)-1H-pyrazol-5-
yllimino]methyl}phenol 6) compounds were characterized by spectroscopmigaes, (i.e.
MS, NMR, FT-IR, UV-vis, and single-crystal X-rayffilaction). The molecular geometry of
both compounds in the ground state, vibrationafescies, and chemical shift were
calculated by using the functional density theomtimd, with B3LYP as functional and 6-



31G** as basis set, using the GAUSSIAN 09 prograrokpge. With the VEDA 4 program,
the vibrational frequencies were allocated in tewhgotential energy distribution (PED).
Molecular stabilities were determined in terms oftrsess and hardness, and the values were
determined from the energies of HOMO and LUMO aisit Remarkably, good agreements
between the calculated IR, NMR and UV-vis spedatra&omparison to those experimental

ones, were found.
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1. INTRODUCTION

Nitrogen containing heterocyclic rings, are the méiameworks of various biologically
active compounds showing a vast variety of appboat in pharmacological and
agrochemical industries. Because of their widesppediential of pharmacological activities,
such as anti-inflammatory [1], antitumor [2], aotiwulsant [3], and antimicrobial [4], the
pyrazole ring and its derivatives are recognizedhia literature as important biologically
active heterocyclic compounds. Additionally, marygzole derivatives have also been used
in catalysis, functional coordination ligands, amdanic light emitting diodes [5-8].

Schiff bases containing azomethine bonds (-N=Ce)uwmually formed via the condensation
reaction of a primary amine with an aldehyde oroket mediated by straightforward
protocols without stringent reaction conditions avater as only by-product [9]. Substituted
Schiff bases witht-conjugation play a vital role in the developmeftnew generation of

electronic and photonic devices due to delocabratif electrons [10].

This study describes the synthesis, characterizaiod computational calculations of two
new Schiff bases H)-2-{[(5-(tert-butyl)-1H-pyrazol-3-yl)imino]jmethyl}phenol ) and E)-
2-{[(1-(4-bromophenyl)-34ert-butyl)-1H-pyrazol-5-yllimino]methyl}phenol %), with the
purpose of studying structural properties by usihg functional density theory (DFT)
together with BALYP and the standard set of bas@$@**. In addition, calculations of the

vibrational frequencies of the optimized geometviese performed to explain the differences



between the solid and gaseous phases of the stoolegdounds. The chemical shifts in their
'H and’*C NMR spectra were calculated, as well as, theggnefrthe molecules to determine
the highest occupied molecular orbitals and lowesiccupied molecular orbitals (HOMO-
LUMO, respectively) in order to calculate their UWA& spectra. Our research group has been
interested in synthesizing aminopyrazoles [11],b® used in the formation of imino-
pyrazoles (i.e. Schiff bases) of biological and gpbgchemical interest. In our previous
investigations, computational studies of the Sclhiffse {E)-[(3-tert-butyl-1-phenyl-H-
pyrazol-5-yl)imino]lmethyl}phenol [12] were performde Now, in this work, we wish to
compare and discuss some physicochemical properties hardness, softness, and
electronegativity between two new synthesized $btiaites.

2. Experimental

2.1. Analytical and physicochemical measurements

All chemicals and solvents used (analytical gradexe purchased from Sigma-Aldrich and
Across, and used without further purification. Tieactions were monitored by thin layer
chromatography (TLC) using silica gel 6@sf/(Merck) alumina plates. The melting points
were determined on a Bichi melting point appardinfsared spectra were taken on a Perkin
Elmer FT 2000 series spectrophotometer using KBksdiThe NMR spectra were recorded
on a Bruker Advance 400 spectrophotometer operatid)0 MHz for'H and at 100 MHz
for °C, using DMSQd; as solvent and tetramethylsilane as internal stahdChemical shifts
(9) are in ppm and the coupling constaniy 4re in Hertz (Hz). The mass spectra were
obtained on a SHIMADZU-GCMS 2010-DI-2010 spectroenetquipped with a direct input
probe operating at 70 eV. The UV-Vis absorptionctigewere obtained in a range of 200-
600 nm using a Shimadzu UV-Vis 160 spectrophotom&teroanalyses were performed on
an Agilent CHNS elemental analyzer.

2.2. Synthesis

2.2.1. Synthesis of aminopyrazole



2.2.1.1. The 5-fert-butyl)-1H-pyrazole-3-amine 1) was obtained following a previously
reported procedure [13]. Thus, in a test tube,xure of 4,4-dimethyl-oxopentanenitrile (1.0
g, 7.9 mmol) and hydrazine monohydrate (0.443 66 8 mol) was placed. The solvent-free
mixture was heated at 130 °C until complete condiompf the starting materials, affording

a white solid in 98% vyield. No further purificatiavas required.

2.2.1.2 The 1-(4-bromophenyl)-3drt-butyl)-1H-pyrazol-5-amine 4), was prepared, as
described in the literature [14]. To a concentratgdrochloric acid solution (3.8 mL) in
water (33 mL) was added (4-bromophenyl)hydrazing22, 11.41 mmol) and 4,4-dimethyl-
3-oxopentanenitrile (1.85 g, 14.79 mmol). The migtwas heated at 70 °C for 1 h, then,
additional concentrated hydrochloric acid (3.8 mlgs added and the mixture was heated for
one additional hour. After cooling, crushed ice vaasled and the mixture was neutralized
with concentrated ammonium hydroxide. The resultsayd was filtered under reduced
pressure, washed with cold water (3x5 mL). Thetistamprecursor2 was obtained in 86%
yield as a light brown solid. No further purificati was required.

2.2.2.Synthesis of the compourigland5

A mixture of the aminopyrazolel(or 4) (1.44 mmol), 2-hydroxybenzaldehyd2) ((1.44
mmol) and glacial acetic acid (5 drops) was stificedlO0 min at room temperature. After the
reaction was complete (monitored by TLC), the credkd formed was washed with cold
water (5 x 20 mL) and filtered under vacuum to @sg) affording the compoun@sas a
yellow solid in 96% yield an8 as a beige solid in 97% vyield. Single-crystalsahpounds3
and 5, suitable for X-ray diffraction (XRD), were growy slow evaporation of a GBI,
solution at room temperature. The synthetic procegiior compound8 and5 are shown in

Scheme landScheme 2respectively.

Insert Scheme 1.

Insert Scheme 2.
(E)-2-{[(5-(tert-Butyl)-1H-pyrazol-3-yl)imino]methphenol @)
Anal. Cal. for G4H17N30: %C 69.11, %H 7.04, %N 17.25. Found: %C 69.22, %4b8, %N

17.31. M.p. 197-199 °C. MS (70 e¥f)/z(%) 243 M'] (100), 226 M*-17] (92.33), 228 1" -
15] (14.75), 186 MI* -57] (1.40) (see Supp. Inf. S1, S2). IR (KBr, BmvN-H 3140



(pyrazole),v C-H 3085 (pyrazole)y.s —CHs 2957,vs —CH; 2857,v —C=N 1607.*H NMR
(400 MHz, DMSO#dg, & in ppm) 1.31 (s, 9HBuU-H); 6.33 (s, 1H, H-9); 6.97 (m, 2H, H-3 and
H-5); 7.40 (t, 1H3J = 7.49 Hz, H-4); 7.62 (d, 1H) =7.61 Hz, H-6); 9.07 (s, 1H, H-7); 12.61
(bs, 1H, OH); 13.23 (bs, 1H, NH)*C NMR (100 MHz, DMSOdg, & in ppm) 30.3 {BuC);
31.3 (C-11); 92.2 (C-9); 117.0 (C-3); 119.6 (C-5)9.8 (C-8); 132.7 (C-6); 133.3 (C-4);
154.7 (C-10); 156.0 (C-1); 160.7 (C-2); 162.4 (C-IMe atoms were numbered according to
Figure 1 (compound 3) UV-Vis in MeCN, X max nm, (loge): Ay 194 (4.42) ), 217 (4.36),

A3 231 (4.19))4 281 (4.22) )5 307 (4.23))s 338 (4.26).

(E)-2-{[(1-(4-Bromophenyl)-3-(tert-butyl)-1H-pyralz6-yllimino]methyl}phenol )

Anal. Cal. for GgH20N3OBr: %C 60.31, %H 5.06, %N 10.55. Found: %C 60%8] 5.11,
%N 10.68%. M.p: 140-142 °C. MS: (70 eW)/z (%) 399 \+2, 98), 397 k1", 100), 384
(M*-15, 60), 382M*-15, 81), 359 (24), 357 (26) (see Supp. Inf. S3, BRA(KBr, cni®) v C-

H 3119 (pyrazole)y C-H 3054 (aromatic)as—CHs 2955,vs —CH; 2861,v-C=N 1604 ,v-C-
Br 749.'H NMR (400 MHz, DMSO#dg, & in ppm) 1.34 (s, 9HBu-H ); 6.70 (s, 1H, H-9);
6.95 (d, 1H3J = 8.3 Hz, H-3); 7.00 (t, 1HJ = 7.5 Hz, H-5); 7.45 (t, 1HJ = 8.0 Hz, H-4);
7.63 (d, 2HJ = 8.8 Hz, H-16); 7.69 (d, 1H,= 1.6 Hz, H-6); 7.74 (d, 2H = 8.81 Hz, H-17);
9.13 (s, 1H, H-7); 11.60 (bs, 1H, OHYC NMR (100 MHz, DMSQds, & in ppm) 30.6
(tBuC); 32.7 (C-11); 92.0 (C-9); 117.2 (C-3); 120C-§); 120.2 (C-15); 120.3 (C-1); 126.5
(C-16); 132.0 (C-6); 132.4 (C-17); 134.5 (C-4); B36C-18); 149.0 (C-8); 160.1 (C-2); 162.5
(C-10); 163.0 (C-7). The atoms were numbered aaegrb Figure 1 (compound 5) UV-
Vis in MeCN,A max nm, (log): A1 195 (4.79))> 205 (4.92))3 236 (4.62))4 280 (4.21))s
311 (4.23) )6 325 (4.34))7 360 (4.3).

2.3. X-ray crystal structure determination

Crystal data for compound@sand5 were deposited at CCDC with the reference numi@d C
1884085 and 1883927 respectively.

Insert Table 1.

3. Computational study



Theoretical calculations were determined in the glasse and in the approximation of the
isolated molecule. Molecular optimization, harmowitaration frequencies, and energy values
were calculated by using the DFT computational methncorporating the Beck's three-
parameter exchange coupled with B3LYP correlatiorcfional density hybrid with the base
set 6-31G** and the Gaussian packet 09 [15] withaay obstacle to geometry. Nuclear
magnetic resonance calculations were carried oqugmtify the chemical shifts of protons
with the gauge-independent atomic orbital (GIAO)}moe.

The molecular visualization software was used ler\ibration frequencies where they were
analyzed in terms of potential energy distribut{®&tD), using the VEDA 4 program [16],
and the contribution percentage of the border albiin each transition of the electron
absorption spectra was performed by using The Gausgprogram [17]. The frequencies and
bond lengths found in DFT methods provided goodiltescompared to the experimental

values.

4. Results and Discussion

4.1. Structural analysis

Table 2 shows that the parameters of the optimized strestwf compounds and 5
calculated by the DFT/B3LYP method agree well wettperimental data obtained through
XRD. The numbering of the atoms is giverFigure 2. The relation between calculation and
experimental data was obtained by linear functiormiila (see supplementary data, Figure
S5).

Insert Table 2.

For most bond distances and bond angles, the asdculvalues were very close to the
experimental ones and did not present significaatiadions, as observed ihable 2

Significant differences were observed in O-H an#i Monds, which are associated with fact
that, in the solid state the experimental resutts r@lated to molecular packing, where
hydrogen bonds are relevant, while isolated motscuh gas phase are considered for

theoretical calculations (i.e. no hydrogen bondspaesent). Moreover, in the solid state, it is



observed that the presence of a crystal field tegewith the intermolecular interactions
connects the molecules together, giving rise to theance in the binding parameters

between the calculated and experimental values [18]

Insert Figure 1.
Insert Figure 2.

4.2 Supramolecular features

The projection of the molecular structure, gengradllated to atoms and covalent bonds,
towards a level dominated by non-covalent inteoadtishould lead to the use of new rules
governing these structures, their dynamics, transitions and properties of molecular
assemblies. It is therefore interesting to undertaksupramolecular study of compourdds
and5 to find the non-covalent relationships governiaglemolecular structure[19].

4.2.1 Compound

The relatively high directionality and strength lmydrogen bonds can predict, in certain
organic compounds, their orientation and behaviwing the crystalline growth process. This
system has intra-intermolecular hydrogen bondssircrystalline growth. An intramolecular,
relatively strong, O1-H1...N1 hydrogen bond [20] abserved and this allows to
approximately maintaining the planarity of the pblemng with the central segment as shown
in Figure 3.

A relatively strong intermolecular hydrogen bond-NBH...N2 is observed. The N3 atom in
the molecule at (x,y,z) acts as hydrogen bond dtmtive N2 atom of the pyrazole ring in the
molecule at (y+1/4,-x+3/4,-z+7/4). At the same timwo relatively weak intermolecular
hydrogen bonds are observed. The C7-H7 and C9-bi9ogrin the molecule at (x,y,z) act as
hydrogen bond donors to the O1 atom in the moleatley+1/4,+x-1/4,+z-1/4)Table 3.
These interactions permitted to observe an arraagemwith a fascinating architecture,
involving the formation of B4 (81) synthons, facilitating crystalline system\gto in the b
direction 6ee Figure 3.



Insert Figure 3.

The central segment C1-C7-N1-C8 forms a dihedrgleawith the phenol ring of 2.83 (10)
and with the pyrazole ring of 5.78 (£2)

4.2.2 Compound

This system has a relatively strong intramolec@arH1H ... N1 hydrogen bond, similar to
the intramolecular bond presented in the compadBireystem, which enables observing a
planarity between the phenol ring and the centrelGZ-N1-C8 segment. Additionally, a
relatively weak C7-H7...N3 bond is observed. TheHZ7group in the molecule at (x,y,z)
acts as hydrogen bond donor to the N3 atom of tmazple ring in the molecule at (x,-
y+3/2,z+1/2) as shown iRigure 4 (Table 3). The central segment forms dihedral angles with
the phenol and pyrazole ring of 4.36 (A@nd 12.75 (16) respectively. This segment,
additionally, forms a dihedral angle of 58.44°(@)jith the bromophenol ringsée Figure 4
andTable 3.

Insert Figure 4.
4.3 Vibrational assignments

Table 4lists the wave numbers of the bands observederrTiIR spectra of the compounds
3 and 5. The theoretical frequencies and infrared int&sitwere calculated by the
DFT/B3LYP method.

Insert Table 4.

The experimental vibrational FT-IR spectra fdrand 5 (Figure 5) shows the vibration
frequencies due to asymmetric -E$tretching at 2964 chmand symmetrical -Cistretching
at 2861 crit, corresponding tdert-butyl group for compound. For compounds it is
observed the -CHstretching at 2958 cthand symmetrical -Chistretching at 2861 cth
Stretching of the imine group -C=N is observed&t4land 1604 cthfor compound$ and
5, respectively. The N-H absorption band of compo@nis observed at 3143 ¢mThe



characteristic band of the hydroxyl group doesappear in the IR of both compounds; this
finding could be attributed to the formation ofrarholecular hydrogen bonding between the

nitrogen atom of the imine (N1) and the hydrogethefhydroxyl (O1-H) group.

Comparison of the calculated frequencies, B3LYPhwvilie experimental values, reveals
overestimation of the vibration modes calculated ttuthe neglect of the harmonicity in the
real system. Correction of the methods was perfdraeording to Cruzt al [21], Scale
factor for the described method (DFT-B3LYP/6-31GWas 0.960461 . For the assignment
of frequencies, the VEDA 4 program was used.

Figure 5 shows the calculated (with DFT) and experimenpaictra for compound3.and>5.
Figure S6 (see supplementary data), shows correlation cupeéseen the calculated and
experimental data, where correlation coefficieRR§ € 0.9993 for3, and (R) = 0.9988 for5
indicates that the results of the theoretical méii@vide an excellent fit to the experimental

values.

Insert Figure 5.

4.3.1. N-H Stretching

The N-H stretching band usually appears in the cm' region [22]. In the
experimental IR spectrum of compouBdhis absorption band was observed at 3143.cm
This vibration was also calculated by B3LYP obtaina value of 3530 ct These results
are consistent with those reported in the liteetyr Taniset al.,[23].

4.3.2. O-H and C-OH vibrations

It has been shown that the frequency of the ahsorpibration of the O-H group in the gas
phase is approximately 3657 ¢nf24-25]. The vibration of the OH functionality wamt
observed in the experimental spectra of compowdsd5 due to a widening of the band
[24], attributed to aforementioned intramoleculgditogen bond. The calculated values 3or
and5 are shown at 3029 and 3161 tmespectively. The difference appears as a reftiite

theoretically calculated values that do not constie Coulombian attraction generated by



the imino-nitrogen atom over the phenolic hydrogeat avoids vibration of the bond, which
Is consistent with a strong intramolecular hydrogend reported by Harolet al.,[26]. Binil

et al., [27] reported the vibration of the C-OH bond far-Hutyl-1-(4-hydroxyphenyl)-2-
phenyl-3,5-pyrazolydinedione] at 1211 ¢min this study this vibration is observed in the
experimental IR spectra & and5 at 1213 and 1283 ¢t respectively, agreeing with that
reported by us recent[28].

4.3.3. Aromatic stretching

An aromatic moiety usually is recognized in IR hg presence of C-H vibration-stretching in
the 3100-3000 cth [29] region and these vibrations are not generaffgcted by the ring
substitution [29]. In our study, the experimentaiguency of C-H stretching appears at 3091
cm™ for compound3 and at 3058 cthfor compounds. These frequencies matches with the
calculated values at 3089 ¢rfor 3 and 3081 cr for 5.

4.3.4. tert-Butyl C-H stretching

The stretching vibration of aliphatic C-H bonds eppbelow 3000 cih[30]. The theoretical
spectra show these vibrations at 3003 and 2926 fomcompound3 and at 2983 and 2963
cm® for compounds. These signals are related to the asymmetric smangtrical sp (CH)
vibrations. The C-H stretching frequencies of ti-butyl group in the experimental spectra
were observed at 2964 and 2861 'cfior compound3 and at 2958 and 2861 &nior

compouncb.

4.3.5. C-C Stretching

The C=C vibrations of the aromatic ring are gengraund in the region of 1650 and 1400
cm® [31]. These absorptions bands are observed at 46811567 cil in the experimental
spectra of both compounds while the calculated emlappear at 1550 and 1540 cior
compound3 and5 respectively.

4.3.6. C=N and C-N Vibrations



The strong bands appearing in the region of 16141#04 cril in the experimental spectra
of compounds3 and 5, respectively, are attributed to their C=N bondg#ich are
characteristic absorption bands of Schiff-basevdéries [32]. These bands appear in the

theoretical spectra at 1611 ¢rfor compound and at 1598 cthfor compound.

In general, identification of the C-N vibrationasdifficult task, given that in this region (i.e.
1600-1000 cnt) [33], it can be mixed with other bands (fingensi region); however, C-N
stretching assignments are identified by the appba of the GaussView graphical interface
[34]. The C-N stretching absorbs in the range 82t3266 crit [35]; in the experimental
spectra, this band appeared at 1279 éon compound and at 1381 cthfor compoundb. In
the theoretical spectra the same bands appeadatchd and 1433 ci, respectively.

4.4. NMR studies

The nuclear magnetic resonance (NMR) spectrumeguintly used to analyze each H and C
atom in different chemical environments of the érgompound [36]. DFT Theory level
optimization with the base 6-31G** and GIAO methwedre used to calculate the chemical
shifts of*H and**C NMR [37], of compound8 and5.

The experimental and theoretical chemical shiftétbfand*°C in DMSO4; as solvent are
shown inTable 5, (the atoms were numbered accordingrigure 2). The experimentaiH
and**C spectra of the studied molecueand5 are shown in Supp. Inf. S7, S8 for compound

3 and Supp. Inf. S9, S10 fér respectively.

Insert Table 5.

4.4.1.'H NMR

The experimentalH NMR spectra have good correlation with the thécaé'H NMR. The

correlation coefficient (B found for'H NMR chemical shifts was 0.9983 for compousd
and 0.9966 for compoun8 (Supp. Inf. S11). In the experimentti NMR spectra of
compounds3 and5 appears 8 and 9 signals that integrate for seeerdaad twenty protons,

respectively.



Usually the chemical shifts of aromatic protonsonganic molecules are observed in the
range of 7.00-8.00 ppm. In the experimerttdlNMR spectra, chemical shifts of aromatic
protons appears in the range 6.95-7.61 ppm for comg3 and 6.95-7.73 ppm fd while,
the calculatedH NMR afforded chemical shifts in the range of 72084 ppm for compound
3 and 7.08-8.06 ppm fdb. Thus, both experimental and calculated valueseagvith the
expected common chemical shifts range (i.e. 7.00-Bpm).

The azomethyne protons appear at 9.07 and 9.12 ippthe experimental spectra of
compounds3 and5, respectively, which is consistent with this tydgrotons in Schiff bases
(HC=N) [40-41]. These signals are observed in Heotetical spectra at 8.94 and 8.90 ppm
for compounds and5 respectively, in a very good agreement betweeh $toidies. At 13.23
and 11.61 ppm appears broad singlets in the expatahspectra of compoun@sand5,
respectively, assigned to protons of the -OH fuomality. In the theoretical spectra these
signals appears at 13.45 and 12.45 ppm, respact®Ratticularly, in compoun8 there is a
good correlation between the experimental and #imai values. However, an appreciable
discrepancy is observed in compoufid the N-H proton appear at 12.61 ppm in the
experimental and 9.42 ppm in theoretical NMRhis finding could be associated with a
major solvent effect (i.e. the polar DMSOQO) in corapd 3 compared with compound 5 due

the presence of two protic N-H and O-H hydrogemresto

4.4.2.7%C NMR

Taking into account that tHéC NMR chemical shifts interval for analogous ardmatganic
molecules is usually >100 ppm [38-39], the accuraetween calculated and experimental
spectra ensures reliable interpretation of speobyms parameters [38]. In consequence, our
(R? of calculated™C NMR chemical shifts was 0.9991 for compoubicind 0.9907 for
compound5 (Supp. Inf. S12). Twelve signals for fourteen carlatoms and sixteen signals
for twenty carbon atoms are observed in the exparial’*C NMR spectra for compounds
and5 respectively. The aromatic carbons give signathénoverlapped areas of the spectrum
with chemical shift values from 100 to 150 ppm [43imilarly, chemical shifts were
observed in the values calculated between 102 g for compoun@ and 102 to 148 for

compoundb, while the chemical shifts in the experimentalues were observed between 117



to 160 ppm for compoun8and 117 to 162 ppm for compoubdThe carbon atom signal of
the azomethine functionality is observed at 162248 162.49 ppm in the experimental
spectra of compoundsand5, respectively, consistent with that reported i literature [37],

whereas the theoretical calculations showed thgsals at 145.80 and 147.73 ppm.

In general, the experimental results ®f and *C NMR with the level DFT/6-31G**

represent a good approximation to the data obsexxpeerimentally.

4.5. Electronic properties

The electronic absorption spectra of compou3dand 5 were measured in acetonitrile
solution and were compared with the calculated tspeat time dependent DFT (TD-DFT)

calculations based on the optimized molecular sirecas shown ifigure 6.

The theoretical calculations for compoudigredicts an electronic transition of 3.699 eV with
an oscillator strength of = 0.480 at 335 nm, showing good agreement withntkeasured
experimental data (338 nm) is assigned tonther* transition within the -C=N azomethine
group [43-46]. The calculations also predicted tetesc transitions at 291 nm (4.260 eV),
which is equivalent to experimental absorption ban#93 nm. In compourtsithe theoretical
calculations predicted an electronic transitiorB&99 eV with an oscillator strength pf=
0.496 at 364 nm, showing good agreement with thasomed experimental data (360 nm) is

assigned to the—r* transition within the -C=N azomethine group [48}4

Insert Figure 6.
In the UV-Vis spectra of compoundsand5, The remaining three absorption bands at
193/195, 216/205, and 231/236 nm for compoudi8s respectively, are assigneditesn *
transitions associated to the aromatic rings (mteaand OH-phenyl) [28].

Insert Table 5.

4.6. Molecular electrostatic potential (MEP)

The molecular electrostatic potential (MEP) was estigated through DFT-B3LYP

theoretical calculations at the 6-31G** level. TMEP mapping is very useful in the



investigation of the molecular structures with thghysicochemical property relationships
[47-50]. The color scheme for the MEP surfaceas: (partially negative charge or electron
rich); blue (partially positive charge or electrdeficient); yellow (slightly electron rich
region); and light blue (slightly electron deficienegion), respectively. The potential
increases in the order of red < orange < yelloweeqg < blue [50]. As shown in the MEP of
the title molecule 5 (Figure 7), regions with négatpotential are on the electronegative
atoms (nitrogen atom of the pyrazole moiety andgexyatom of the hydroxyl group that
offer on its surface a potential of -30.073 and 822 Kcal/mol respectivelly). Positive region
was found on the hydrogen atom of the imine gradffgring a potential of 24.538 Kcal/mol
on its surface, indicating that this site may mi&ly be involved in nucleophilic processes.
From the MEP, it can be inferred that these comgswan be used as ligands in palladium or
platinum complexes, which can be coordinated thnaihg N-3 in compoun8 and N-18 in

compound and not by the azomethyne C=N moieties.

Insert Figure 7.

4.8. Global reactivity descriptor

Increased LUMO energy level and decreased HOMOggnlewel results in higher HOMO-
LUMO gap. Higher HOMO-LUMO gap corresponds to higkaetic stability, thus, lower
chemical reactivity [45-47]. That is, a small intar between HOMO-LUMO implies low
kinetic stability and high chemical reactivity, iass energetically favorable to add electrons
to a LUMO and to extract electrons from a HOMO. THOMO-LUMO energy of the
compound3 is 4.15 eV and the HOMO-LUMO energy of the compbdnis 3.92 eV, as
shown inFigure 8, whereby it can be inferred that compouhthas higher stability while
compound5 has higher reactivity. Among many others, the gyeadifference between
HOMO and LUMO has been used to predict the actiaitgl intramolecular charge transfer in

organic molecules with conjugatedonds [51-52].

Insert Figure 8.
The quantum chemical properties led us to know howind the energy states of the
molecules. Chemical bonds are a source of enerdytt®m movement of molecules in the
space is kinetic energy. The vibrations and rotatiof molecules is another source of

chemical energy along with the chemical reactiomjctv is a rearrangement of atoms.



Density functional theory has been successful iaviging insights into the chemical
reactivity and selectivity in terms of global paeters, like electronegativity, hardness, and

softness [53].

The concept of hardness/softness is related tordhetivity of the molecules and it is a
property that measures the extent of chemical ikegcto which the addition of a charge
stabilizes the system. The chemical potential glewia global reactivity index and is related
to charge transfer from a system of higher chempmdéntial to one of lower chemical
potential. Electronegativity is the power to attratectrons and it is related directly to all
above properties mentioned. All these properties @efined as follows [54-55]. The
electrophilicity index is a measure of decreastial energy during electron sharing [56].
The ionization potential (IP) and electron affin{figA) can be calculated from the HOMO
and the LUMO energies using Koopmans' approximatidmere IP = - HOMO and EA = -
LUMO: the chemical potential andy are defined as [54]:

IP + EA
—H =Y = )

The larger the HOMO-LUMO energy gap, the harder iedecule will be [57]. Chemical

hardness can be calculated as follows:

_IP—EA
=7

Global softness is the inverse of global hardng8k [

=

Parr et al, [55] introduced the global electrophilicity indgw), which measures the
propensity of a species to accept electrons. It lmancalculated by using the electronic

chemical potential (1) and chemical hardnegs (



Molecules with a large HOMO-LUMO energy gap ardezhl‘hard” and those with a small
HOMO-LUMO energy gap are called “soft”. Frontierbdgals (HOMO — LUMO) of the
compounds3 and5 were calculated by using B3LYP/6-31G**. The harskwes softness of
the title compounds are compared in order to oldanetter knowledge of the effect of the
substituents on their pyrazole rings. The HOMO-LUMfDergy gap, electronegativity,
electrophilicity index, and chemical hardness aoftiness values of compoun8sand5 are
listed inTable 7.

Insert Table 7.

Compound3 has 2.08 hardness, being harder than comp&u(id96), so it has a lower
electronegativity, indicating that the moleculeetatively hard so it tends to undergo changes
or reactions easily [54]. A molecule with a smadiritier orbital gap is more polarizable and
is generally associated with a high chemical redagtilow kinetic stability and is also termed
as a soft molecule [59]. Compoubdavith a smaller energy gap, with respect to compdgjnd
is considered a soft molecule. The electrophiligitgex @) is a measure of the energy
stabilization that occurs when the system acqureadditional charge from the environment.
Compound3, have a great chemical hardness, so its electr@phindex will be low. As
expected, 4-bromo phenyl moiety Bincreases the electronegativity of this compound,

contributing to lower hardness and higher electilapty index.

5. Conclusion

Two new pyrazolic Schiff-base3 and 5, were synthesized and characterized by different
spectroscopic and analytical techniques, such alRFiH NMR, *C NMR, DEPT 135, 2D
NMR (HSQC, HMBC), UV-Vis, MS and single-crystal Xy diffraction. The compound@
crystallized in the space group 141/a, while, itglagous5 crystallized in the space group
P2/c. The obtained data via X-ray diffraction and gatational calculations indicated a
good correlation between experimental and the@letiata.

In order to predict the reactive sites for elechibp and nucleophilic attacks in both
molecules, MEP’s were calculated in the optimizeoingetries.

The reactivity descriptors showed that compognsd softer than compourgl showing that

compoundb tends to make changes or react more easily.
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TABLES

Table 1.Crystallographic data and refinement parametersdmpounds$ and5




Table 2.0Optimized and experimental geometries of compo@asd5 in the ground state

Compound 3 Compound 5
Parameter< Experimental DFT/B3LYP 6- Parameter< Experimental DFT/B3LYP 6-
(X-ray) 31G**(A") (X-ray) 31G**(A")
Bond Lengths (A)
N(5)-N(4) 1.352 1.347(6) C(34)-0(44) 1.343 1.341(2)
C(13)-0(18) 1.349 1.338(11) C(34)-C(22) 1.396 1(292%
C(13)-C(12) 1.391 1.404(13) C(22)-C(35) 1.394 1471}
C(12)-C(11) 1.377 1.388(11) C(35)-C(36) 1.379 1(835
(0C(11)-C(10) 1.375 1.404(29) C(36)-C(39) 1.373 0n@1)
C(10)-C(9) 1.379 1.386(7) C(39)-C(38) 1.342 1.383(4
C(7)-N(6) 1.283 1.293(10) C(22)-C(21) 1.444 1.434(0
C(3)-N(4) 1.335 1.337(2) N(21)-C(20) 1.275 1.299(23
C(3)-C(2) 1.404 1.426(22) N(5)-N(6) 1.374 1.359(15)
C(1)-N(5) 1.349 1.367(18) C(2)-N(6) 1.322 1.336(14)
C(1)-C(19) 1.512 1.516(4) C(2)-C(1) 1.414 1.411(3)
C1(9)-C(25) 1.507 1.547(40) C(3)-N(5) 1.345 1.3M(3
C(19)-C(26) 1.550 1.547(3) C(5)-N(24) 1.430 1.42)(1
C(19)-C(24) 1.514 1.539(25) C(31)-C(24) 1.356 1(33Y
H(23)-0(18) 0.876 0.999 C(31)-C(30) 1.388 1.394(6)
H(21)-N(5) 0.894 1.007 C(30)-C(28) 1.368 1.392(24)
C(28)-C(26) 1.352 1.394(42)
C(2)-C(7) 1.510 1.522(12)
C(7)-C(10) 1.540 1.545(5)
C(7)-C(8) 1.546 1.539(7)
C(7)-C(9) 1.515 1.545(30)

Linear function formula

R2
Bond angles (°)
0(18)-C(13)- C(8)

120.90

y=0.8333x+0.248;

0.9824

122.11

D

R

Lineanétion formula

C(22)-C(34)-O(44) 22142

y=0.9081x+0.1441
0.9382 |

122.15




C(12)-C(13)-0(18) 119.11
C(11)-C(12)-C(13) 120.09
C(10)-C(11)-C(12) 120.61

C(11)-C(10)-C(9)  119.85
C(2)-C(3)-N(4) 111.43
C(1)-N(5)-N(4) 112.70

C(19)-C(1)-N(B)  122.21
C(25)-C(19)-C(1)  108.75
C(26)-C(19)-C(1)  109.63
C(24)-C(19)-C(1)  109.30
H(23)-0(18 )-C(13) 107.45
H(21)-N(5)-N@4)  118.99

118.66
120.34
121.03
119.05
111.37
114.22
122.41
109.69
109.70
109.60
107.41
118.35

C(35)-C(22)-C(34) 1750
C(36)-C(35)-C(22) 2158
C(35)-C(36)-C(39) 1858
C(36)-C(39)-C(38) 223
C(21)-C(22)-C(34)  1202.
N(20)-C(21)-C(22) 1.
C(2)-N(6)-N(5) 105.49
C(1)-C(2)-N(6) 110.8
C(31)-C(24)-N(5) ¥
C(24)-C(31)-C(30) 022
C(31)-C(30)-C(28118.83
C(30)-C(28)-C(26) 189

C(7)-C(2)-N(6) 120.63
C(10)-C(7)-C(2)  110.16
C(8)-C(7)-C(2) 109.11

118.81
121.37
119.10
121.05
121.60
122.43
105.93
110.96
121.51
119.97
119.53
120.94
119.78
109.06
110.37

@The atom numbering scheme of the molecular stradtugiven inFigure 2.

® Deviation from experimental and calculated data.



Compound D-H...A D-H H...A D...A D...H...A
Compound3 O1-H1H-N1 0.87(3) 1.78(3) 2.5734(18)  150.0(3)
N3-H31-N2' 0.89(2) 1.98(2) 2.8671(18) 171.3(18)
C7-H7-01'  1.01(2) 2.38(2) 3.3710(2) 167.2(16)
C9-H9-01"  0.95 2.39 3.3020(2) 161.0
Compound 5 O1-H1H-N1  0.85(3) 1.90(3) 2.6455(19) 145.0(3)
C7-H7-N3"  1.01(2) 2.73(2) 3.5020(2)  133.4(15)

Table 3.Hydrogen-bond geometry (R).

Code symmetry: (i) y+1/4.-x+3/4.-z+7/4; (i) -y+14#k-1/4.+z-1/4; (iii) X.-y+3/2.z+1/2.

Table 4. Assignments of vibrational wavelengths by VEDA {9 for compounds and

5.
Compound 3 Compound 5

Assignments Experimental DFT/B3LYP Assignments Experimental DFT/B3LYP

Frec  %PELC Frec  %PELC
vNH 3143 3530 100 |- - - -
vOH - 3029 98 |vOH - 3161 98
VC-Haromatic 3091 3089 99 | vC-Haromatic 3058 3081 84
VC-Hpyrazol 3085 3081 99 | vC-Hpyrazole 3118 3150 99
Va:CH3 2964 3003 98 |vaCHjs 2958 2983 99
V:CHjs 2861 2925 98 |vCHjs 2861 2963 97
vC=N 1614 1611 73 |vC=N 1604 1598 17
VC-Cqromatic 1571 1550 44 | vC-Cyromatic 1567 1540 57
O0CHs; 1363 1360 63 |0CH; 1498 1458 69
vC-OH 1288 1291 32 |dH-0O-C 1398 1392 34
oH-O-C 1213 1222 27 |vC-OH 1282 1283 30

v. stretching®. bending; s. symmetric; as. asymmetric. Potekitmargy Distribution (PED).



Table 5. NMR theoretical shifts {Theo.) and experimentabExp.) for compound3,
tautomer of compoun8and compouné.

Compound 3 Compound 5
Atom*® Exp. DFT Atom*® Exp. DFT
H-26 1.31 1.3C H-11 1.34 1.37
H-27 1.31 1.3€ H-12 1.34 1.3C
H-28 1.31 1.3¢€ H-13 1.34 1.3z
H-29 1.31 1.4¢ H-14 1.34 1.3¢
H-30 1.31 1.4% H-15 1.34 1.37
H-31 1.31 1.62 H-16 1.34 1.6¢
H-32 1.31 1.62 H-17 1.34 1.6¢
H-33 1.31 1.7¢ H-18 1.34 1.8¢
H-34 1.31 1.7% H-19 1.34 1.9¢€
H-2C 6.3¢ 6.6¢€ H-4 6.7C 6.6¢
H-17 6.9t 7.07 H-40 6.9t 7.0¢
H-15 6.97 7.1¢ H-41 7.0C 7.2
H-16 7.4(C 7.65 H-42 7.4 7.64
H-14 7.61 7.64 H-32 7.62 7.6€
H-22 9.07 8.9 H-29 7.62 7.72
H-21 12.61 9.47 H-37 7.7C 7.7%
H-23 13.2¢ 13.4¢ H-33 7.7% 7.8<
- - - H-27 7.7% 8.0¢
- - - H-23 9.1 8.9(
- - - H-45 11.61 12.4¢
fb:]’lfgrn y=0.9014x+0.4573 fb;]rg;rn y=1.0042x+0.1617
R2=0.9983 R2=0.9946
formula formula
C-24 30.3¢ 18.81 C-8 30.61 18.91
C-25 30.3¢ 21.21 C-10 30.61 22.1¢
C-26 30.3¢ 21.21 C-9 30.61 22.31
C-19 31.3( 24.6¢ C-7 32.7¢ 26.6¢
Cc-2 92.21 77.6( C-1 92.01 80.5¢
C-12 117.0: 102.5( C-38 117.1¢ 102.6¢
C-10 119.6: 104.0¢ C-36 120.1: 104.9:
C-8 119.7: 106.2¢ C-22 120.1¢ 106.1¢
C-9 132.7: 119.3¢ C-28 120.3: 124.8¢
C-11 133.3¢ 118.6¢ C-2& 126.4¢ 110.1¢
C-1 154.6¢ 139.5¢ C-31 126.4¢ 111.0¢
C-3 156.0: 141.7: C-35 132.0( 120.5¢
C-13 160.6( 147.0: C-26 132.3¢ 117.2¢
C-7 162.4: 145.8( C-30 132.3¢ 118.3¢
- - - C-39 134.4¢ 120.2¢
- - - C-24 138.5¢ 125.8:
- - - C-3 148.9¢ 134.1°
- - - C-34 160.0° 147.0(
- - - C-2 162.4¢ 148.4¢




C-21

162.98 | 147.7:

fb:]r:;?)rn y=0.9535x-8.1405
formula R?=0.9991

y=0.9554x-7.0467
R2=0.9900

@ The atom numbering scheme of the molecular stredtugiven inFigure 2.




Table 6. Experimental and theoretical electronic absorptanelengths and important contributions for conmus3 and5.

Compound 3 Compound 5
Exp. DFT/B3LYP EXp. DFT/B3LYP
Important Important
A A E f cor?tributions A A R f corF:tributions
33¢€ 33k 3.69¢ 0.48( H- L (92%) 36C 364 3.39¢ 0.49¢ H - L (96%)
H-1-L (6%) H-2- L (2%)
32t 31k 3.€28 0.215 H-2- L (92%)
H-L (2%)
29: 291 4.26( 0.48: H-1-L (87%)
H-2- L (3%)
H- L (6%)
H- L+1 (4%)
27¢ 276 4.48: 0.07¢ H-6-L (13%)
H-4- L (10%)
H-3- L (40%)
H-L+1 (16%)
H-8- L (7%)
H-5-L (8%)
231 222 5.57¢ 0.09¢ H-4- L (31%) 23¢€ 24& 5.057 0.39¢ H-6 - L (10%)
H- L+1 (48%) H-5-L (19%)
H-1-L+1 (4%) H-1- L+1 (52%)
H-1- L+2 (4%) H-8- L (4%)
H-1- L+3 (7%) H-L+1 (3%)
H - L+3 (5%)
21¢€ 202 6.09¢ 0.22¢ H-1-L+1 (49%) | 20¢ 207 5.98¢ 0.18: H-4 - L+1 (14%)
H - L+3 (39%) H-2- L+3 (26%)
H-8- L (2%) H - L+5 (42%)
H - L+1 (5%) H-5- L+2 (2%)
H-4- 1L+2 (5%)
19z 18C 6.873 0.25¢ H-8- L (24%) 19t 185 6.70z2 0.16¢ H-12- L (17%)

H-2 L+2 (58%)

H-8 L+2 (129%)




H-4- L+1 (2%) H-3- L+2 (16%)
H-1- L+2 (7%) H-14- L (7%)
H-13- L (2%)
H-11- L (4%)
H-9- L+1 (3%)
H-4- L+2 (8%)
H-2_ L+5 (3%)
H-1- L+5 (5%)
H-1-L+6 (4%)
H - L+6 (5%)

A: wavelengths (nm)f: oscillator strength; E: excitation energy (eV).



Table 7. HOMO - LUMO energies and calculated global cheiniparameters of
compounds and5 calculated via B3LYP/6-31G ** method.

Parameters Compound 3 Compound 5
Enowmo -6.24 -6.27
ELumo -2.08 -2.35
AE 4.15 3.92
Electronegativity () 4.16 431
Chemical hardness ) 2.08 1.96
Global softnesq o) 0.48 0.51

electrophilicity index () 4.16 4.74




FIGURES

Q
S
o \L'P“7 €9 D10 ";\/0102
C4 ' & \ / \\:7,//011\9 ¥e
(=) 2 et -
Jcs \gf;;—O N1 €8 “"\(N; ofb(m
\Ao\1“ N2
Compound 3
] L S
ce |
es = ! .co \::11 2 O
e [ \
TN\ e

:._-::4\ e Icz \ \ = N ) O12 '

- CA5 Ve
o1 c20
c16 | / ©19
m—C18
+ e l
i) Bri
Compound 5

Figure 1. Molecular structure of compoun8sand5 obtained by X-ray diffraction.

Compound 3



Compound 5

Figure 2. DFT-B3LYP optimized structure and numbering ofrasafor compound8 and
5.



Figure 3. Partial packing diagram of compouBa&howing the two dimensional sheet
network of molecules in the bc plane. The formatbdwhich is governed by the
occurrence of hydrogen bonds, forming edge-fus&g, B81) rings parallel to (100).
Hydrogen bonds are predicted with dashed lines.



Figure 4. Partial packing diagram of compouB&howing the two dimensional sheet
network of molecules in the bc plane. Los enlateehidrogeno promueven la formacion
de cadenas de moléculas a lo largo de c. Hydrogedsbare predicted with dashed lines.
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Figure5. Experimental and calculated IR spectra of compe@rahd5. The red line
shows the theoretical spectra DFT/B3LYP and thelbliae shows the experimental
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Figure 6. Comparison of experimental (black line) and thgoaé (red line) UV-vis spectra
for compounds$ and5.
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Figure7. Electrostatic potential surface for compouf@scompound3 and(b) compound
5, DFT/B3LYP level.
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Figure 8. The HOMOs and LUMOs surfaces and energy valuegdpcompound3 and
(b) compoundb.
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SCHEMES

Scheme 1. Synthesis of the compound 3

Scheme 2. Synthesis of the compound 5

Br



HIGHLIGHTS
* Two novel molecules were synthesized.

» Chemical caculations of the obtained compounds were performed with the method
DFT.

* MEPand NBO analysis of the new molecules were studied.

» TheDFT theoretical results were compared with the experimental results.



