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ABSTRACT

4-(((3-(tert-Butyl)-(1-phenyl)pyrazol-5-yl)imino)methyl)phenol  (4-OHFPz) was
synthesized and characterized by FT-IR, MS, NMR] simgle-crystal X-ray diffraction.
Optimization of molecular geometry, vibrational dteencies, and chemical shifts were
calculated by using the methods of density funetiotmeory (DFT) with B3LYP and
B3PW91 as functionals and Hartree-Fock with 6-314#(@#p) as basis set using the
GAUSSIAN 09 program package. With the VEDA 4 softeyathe vibrational frequencies
were assigned in terms of the potential energyridigton (PED). The equilibrium
geometries calculated by all methods were compaved X-ray diffraction results,
indicating that the theoretical results matchesl weh the experimental ones. The data
obtained from the vibrational analysis and the wlated NMR are consistent with the

experimental spectra.
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1. Introduction

Schiff bases are an important class of organic camgs with significant biological and
chemical activities. Several Schiff base beatNyeterocyclic groups in their structures
have received much attention in biological procesmeause they have shown a number of
properties like antimicrobial [1], antifungal [2Rntituberculous [3], antitumoral [4],
antiparasitic [5] and antiviral [6] activity. Theglso have been considered as useful

synthetic building blocks in coordination chemidbgcause of their chelating effects [7].

Regarding to our interest in developing new stegurom pyrazole derivatives, the new
Schiff base(4-OHFPz) was synthesized because of imines and pyrazolp@onds have
chemical and biological properties, akdOHFPz will later be coordinated to palladium.
This Pd-Schiff base complex will be evaluated inCCeoupling reactions as well as
potential antifungal and anticancer agents. Thestatystructure, the vibrational and
electronic spectra are reported in this work. Theational frequencies and the geometric
parameters of the compound mentioned in the gratatk were calculated kab initio
(HF) and DFT (B3LYP, B3PW91) methodologies with tlstandard basis set 6-
311G++(d,p). A detailed interpretation of the vilwaal spectrum of the aforementioned
compound was made on the basis of the calculateshipal energy distribution (PED). The
'H and **C NMR spectra were calculated with initio and DFT by the GIAO method
from the optimized geometries, with tetramethyls#ig TMS) as standard and DMSO as
solvent. To calculate the HOMO and LUMO energies tne absorption spectrum, the TD-
SCF (Time-dependent self-consistent field) methoas wised by using the structure

optimized with the basis set 6-311G++ (d, p) intacirile as solvent.
2. Experimental
2.1.  Analytical and physicochemical measurements

Synthesis o#-OHFPz was monitored by thin-layer chromatography (TL&)ng silica gel
plates 60 F254 (Merck), visualization was achiebgdultraviolet (UV) light. Melting
points were determined on a Buichi melting pointaaipfus. Infrared spectra were taken on
a Perkin Elmer FT 2000 series spectrophotometerguiiBr disks. Nuclear magnetic
resonance spectra were recorded on a Bruker Avéb@espectrophotometer operating at
400 MHz for'H and 100.61 MHz fot°C, using DMSOds as solvent and tetramethylsilane



as an internal standard. Chemical shifisgre in ppm, coupling constanty) @re in Hertz
(Hz), and the classical abbreviations are used dscribe the signal multiplicities.
Microanalyses were performed on an Agilent CHN3nelletal analyzer and the values are
within £ 0.4% of the theoretical values. The mass spectwas obtained on a
SHIMADZU-GCMS 2010-DI-2010 spectrometer equippedthwi direct inlet probe
operating at 70 eV. High-resolution mass spectrtiRMIS) was recorded on an Agilent
Technologies Q-TOF 6520 spectrometa electrospray ionization (ESI)The UV-Vis
absorption spectrum o#-OHFPz was obtained in a solution of acetonitrile at room
temperature in the range of 200 to 600 nm with am@tzu UV-Vis 160A

spectrophotometer.

22.  Snthesis

2.2.1. Synthesis of 3-tert-butyl-1-phenyl-1H-pyrazole-5-amine (1)

Compoundl was synthesized by following reported methodoled&9]. Phenylhydrazine
(2.1220 g, 19.62 mmol) and 4,4-dimethyl-3-oxopeatatmile (1.8502 g, 14.78 mmol) were
added into a solution of concentrated hydrochlaead (4 mL) in water (32 mL). The
mixture was heated to 70 °C under constant stirfog 1 h. Then, concentrated
hydrochloric acid (4 mL) was added and the mixtuas further heated for 1 h. The
reaction mixture was cooled in an ice bath and sbéution was neutralized with
ammonium hydroxide, with the formation of a pretape. The solid formed was filtered
under vacuum and washed with water (5 x 50 mL). §theing precursal was obtained in
76.1% vyield as a light brown solid. Anal. Calc. ©13H17N3: C% 72.52, H% 7.96; N%
19.52. Found: C% 72.78, H% 7.65; N% 19.65. IRBf, cm™): v.s NH, 344Q v, NH;
3301,=C-H 3062y, CH; 2962 v, CH32869v C=N 1623,y C=C 1565 cri, &, CH31376

T =C-H 756 0w C=C 698 NMR (DMSO-dg): 5 1.32 (s, 9H) H-5; 3.74 (s, 2H) NH5.51
(s, 1H) H-6; 7.30 (t, 1H) H-11; 7.45 (t, 2H) H-10;54 (d, 2H) H-9 ppm*C NMR
(DMSO-dg): 6 30.0 (C-5); 32.4 (C-4); 90.4 (C-6); 122.1 (C-92419 (C-10); 144.7 (C-8);
144.8 (C-11); 145.4 (C-7); 164.0 (C-3) ppm. Thenaowere numbered according to
(Supp. Inf. S1).



2.2.2. Synthesis of the title compound 4-OHF Pz

A mixture of the aminopyrazolg (352.46 mg, 1.64 mmol), 4-hydroxybenzaldehyde (200
mg, 1.64 mmol) and glacial acetic acid (5 drops)svetirred for 10 min at room
temperature. After reaction was complete (monitdngdLC), the crude solid formed was
washed with cold water (5x20 mL) and filtered undecuum to dryness, affording
compound4-OHFPz as a beige solid in 97% vyield. Single-crystals@hpound4-OHFPz
suitable for X-ray diffraction were grown by slowaporation of an acetone solution at

room temperature. The synthetic procedure@HFPzis shown in Scheme 1.

Insert Scheme 1.

Anal. Calc. for GoH21N30: C% 75.17, H% 6.52, N% 13.28. Found: C% 75.21, 6163,
N% 13.16. M.p: 155.3 °C. MS (70 eWy¥z (%) 319 M", 83.43), 304M*-15, 100), 262
(M*-57, 3.49), 22M*-93, 5.39), 77123.29), 57 (13.54). IRKBr, cm™): v O-H 3455.98,
v C-H 3124.27 (pyrazole)y C-H 3058.7 (aromatic)y,s—CHs 2962.27,vs—CH; 2865.84,
v —C=N 1618.06'H NMR (DMSO-d): & 1.34 (s, 9H}Bu-H, H-18); 6.48 (s, 1H, H-15);
6.90 (d, 2H3J = 8.39 Hz, H-6); 7.33 (t, 1H) = 7.41 Hz, H-11); 7.50 (t, 2HJ = 7.61 Hz,
H-10); 7.75 (bd, 4H, H-5 and H-9); 8.76 (s, 1H, H-70.28 (bs, 1H, H-1)}*C NMR
(DMSO-dg): & 30.69 (BuC, C-18); 32.66 (C-17); 90.91 (C-15); 116.40 (CH23.86 (C-
9); 126.51 (C-11); 127.61 (C-4); 129.09 (C-10); X31(C-5); 140.00 (C-8); 151.01 (C-14);
161.46 (C-7); 161.69 (C-16); 161.77 (C-1). The etomere numbered according to figure
1.

2.3. X-ray crystal structure determination

Crystal data for4-OHFPz were deposited at CCDC with the reference number
CCDC 1549505. Single-crystal X-ray data fsOHFPz were collected at 143 K on

a Bruker APEX-Il CCD diffractometer using MeK radiation (0.71073 A)
monochromated by graphite. Cell determination aimel fcell parameters were
obtained on all reflections using the Bruker SAINGftware included in APEX2
software suite [10]. Data integration and scaliregswarried out by using the Bruker
SAINT software [11].



The structures were solved by SHELXS-2013 softwarel then refined by
SHELXL-2013 [12], included in WIinGX [13] and OlexX24]. Non-hydrogen atoms
of the molecules were clearly resolved and thdlsrhatrix least-squares refinement
with anisotropic thermal parameters was conductdt. hydrogen atoms were
stereochemically positioned and refined by thengdmodel [12]. Hydrogen atoms
of the water molecules were localized and fixedtfwiiso(H) = 1.5 Ueq) on the
density map. ORTEP diagram was prepared with Diahfmogram [15]. TOPOS
[16], Mercury [17], and Diamond [1pfograms were used in the preparation of the

artwork of the polyhedral and topological repreagaons.

3. Computational study

Molecular optimization, harmonic vibration frequgndNMR and energy studies were
calculated byab-initio computational methods, such as Hartree-Fock (HE)RFT, using
the hybrid of the functional density B3LYP and B38W\vith the basis set 6-311G++(d,p)
and the Gaussian packet 09 [18] without any obsticlgeometry. Theoretical vibrational
spectra of4-OHFPz were interpreted by means of Potential Energy bistions (PED)
using the VEDA 4 program [19] and the percentag@rdaution of the frontier orbitals at

each transition of electronic absorption spectremgiGaussSum software [20].

4. Results and discussion

4.1. Sructural description.

Details of data collection and refinement are sunmad in Table 1. The ORTEP diagram

for 4-OHFPzis shown in Figure 1.
Insert Table 1.
Insert Figure 1.

Compound4-OHFPz crystallized in the monoclinic space group P21lithwne molecule
per asymmetric unit. This compound is formed bgéhgroups around the pyrazole ring: (i)
one phenolamine group, which presents a torsiofedrggween the rings C3-C4-C14-N2=
42.44(3Y; (i), one phenyl group with a torsion angle C123aN2-N3=43.72(3) and



finally, (iii) a tert-butyl | group (Table 1). A general search in theD@database [21] for
similar compounds formed from a three substitutgchgole ring reveals 20 entries of
which 3 hits present a good agreement with theimdtdacompound-OHFPz. VAGYOS
[22] and VIKTAM [23] compounds present a similaraargement around its pyrazole ring,
substituted by a phenolamine, a phenyl andrabutyl groups. These structures present
significatively differences in the tortion anglefstbe substituents (Figure 2), giving to this
compound a particular crystallographic arrangemdite compound MEJRAX [24]
recently reported, is a structural isomerde©OHFPz with a -OH group inorto position.
Unlike the compoun@-OHFPz which present intramolecular O-H---N, the compodénd
OHFPz have this accessible group enable to form interocubde interactions. Differences
in the OH position provokes structural and supramalar changes as will be explained
below.

Insert Figure 2.

In this case, the supramolecular structure is fdrimngethe O-H- - -N interaction between the
phenol group and one nitrogen atom of the pyrarolg with a distance of 2.883(3) A,
forming chains along [010] direction (Figure 3 &@e chains are joined by C-H---O and C-
H- -« interactions with distances 3.612(3) and 3.59&(4Jong [100] and [001] directions,

respectively (Figure 3 b and c).

Insert Figure 3.

Another way to observe and quantify the supramdéecinteractions is through the
Hirshfeld surface [25] and the finger print ploS]. On the superfice of the Figure 4a, is
possible to observe in red colour, the region quigae to form interactions or hydrogen
acceptor groups. As it was expected, the red regioe mainly targered on the OH, N and
CH groups involved in the intermolecular interanti@he contribution of each interaction
to the formation of the supramolecular structure abtained from the fingerprint plots,

being the most important present in the Figure 4b.

Insert Figure 4.



4.2.  Molecular Geometry

Optimization of the geometry in the ground stateswvwearried out by using the HF,
B3PW91, and B3LYP levels with the basis set 6-31tQGdp). Optimization of the

structures is presented in Figure 5. The geomeasia obtained are given in Table 2,
compared to the experimental data.

Insert Figure 5.

Insert Table 2.

Experimental bond lengths C12-N3, C6-0O1, and N4aNbobserved at 1.277(3), 1.357(2),
and 1.370(2) A, respectively; 1.257, 1.344, and3 & for the HF level; 1.282, 1.357, and
1.346 A for the B3PW91 level; and 1.283, 1.364, ar865 A for the B3LYP level. 14-
OHFPz, the experimental bond C6-0O1 (1.357(2) A) is ddgpsingle bond that is slightly
longer than the calculated values in all methodie @xperimental bond length of C12=N3
(1.277(3) A) is in good agreement with the thecsdtidata of 1.257 A HF, 1.282 A
B3PW91 and 1.283 A B3LYP. This result agrees wikadeported by Wang al., [27].
Experimental bond N4-N5 (1.370(2) A) is a typicaN\single bond [28], consistent with
the theoretical data of 1.345 A HF, 1.346 A B3PWaxig 1.355 A B3LYP. Experimental
bond C14-N3 (1.387(3) A) is longer than C14-N4 6B@) A); this is because the
substituent groups are different [29].

Few differences exist between bond lengths (less €16 A) and calculated angles (less
than 3 degrees). By examining the dihedral andles,differences are more significant
mainly in the rotation of the&ert-butyl group, given that the differences betweenatoens
involved oscillate between 1 and 60°, for exampie, dihedral angle between C30-C29-
C28-N5 has a difference of 60° with respect to rirethods employed by HF, B3PW91,
and B3LYP, which is due to the rotation of tiegt-butyl group with the pyrazole nitrogen.
These results are supported by the structural popgion of the calculated and
experimental molecules (Figure 6). From this supsitpn, it is possible to calculate a

RMSD value, which is a measure of the degree @daagent between the experimental and



calculated models. The obtained values show gooeeatent between experimental and
calculated models with values around 0.1 and 0.3.

Insert Figure 6.

4.3.  Vibrational analysis

Table 3 shows the list of wave numbers of the bari®erved in the FT-IR spectra &f
OHFPz. The theoretical frequencies and intensities ef IR spectra were calculateth
the HF, B3PW91, and B3LYP methods. Usually, scalgdrs are inputs to change the
calculated frequency values. In our calculations, imtroduced different scaling factors,
0.899748 for HF, 0.957562 for B3PW91, and 0.96048 B3LYP.

Insert Table 3.

The experimental FT-IR spectrum is shown in Supp.3$2 and those calculated in Supp.
Inf. S3. Discrepancies between the calculated apéremental vibrational frequencies are
due to two fundamental reasons: first, the expertaldrequencies correspond to the solid
phase of KBr and the calculated frequencies beltnghe gas phase. Second, the
calculation has been made for an isolated moldoutee gas phase and the experimental
values include intermolecular interactions. Thithis reason why a correction of calculated
frequencies is employed using a scaling factorafbHF, B3PW91, and B3LYP methods

[30].

4.3.1. O-H and C-OH Vibrations

The OH group provides two normal vibrationgO-H) andv(C-O) [31]. A free hydroxyl
group gives frequencies in the range of 3450-3700 [32]. The OH-bond vibration is
observed in the experimental IR spectrum at 3456t88 and in the calculated values at
3760.95 crit for HF, 3721.99 cm for B3PW91, 3677.60 cihfor B3LYP. In addition, the
PED analysis shows that this vibration frequencs pure mode with 100% contribution.
Binil et al., [31] reported the vibration of the C-OH bond [&+butyl-1-(4-hydroxyphenyl)-
2-phenyl-3,5-pyrazolydinedione] at 1211 ¢mthis vibration is observed in the



experimental IR at 1241.99 ¢imwhich is consistent with the calculated valuesevbed at
1250.65 crit for HF, 1251.90 cm for B3PW91, and 1239.95 ¢hmfor B3LYP. For
paracetamob(C-O) was reported at 1240 &rf83].

4.3.2. C-H Vibrations

The vibration frequency of the pyrazole C-H bondhserved in the experimental spectrum
at 3124 crit and in the calculated values at 3059'dior HF, 3149 crit for B3PW91 and
3133 cni for B3LYP. The PED for this signal is 99%, whichosvs that the signal was
assigned correctly.

In aromatic molecules, the C-H stretching vibrasi@ppear in the range of 3100-3000"cm
[32]. In our studies, the experimental frequencyaobmatic C-H stretching appears at
3058.7 cnit. These frequencies appear in the calculated vau@932.15 c for HF,
3106.64 crit for B3PW91 and 3029.29 ¢hior B3LYP.

The aliphatic C-H groups appear below 3000cf84]. Asymmetric C-H stretching
vibration of thetert-butyl group was experimentally observed at 2962:2i# and for the
theoretical values at 2924.18 ¢rfHF); 2985.30 cm (B3PW91); 2960.14 cth(B3LYP).
The symmetrical C-H stretching vibration was exmemtally observed at 2865.84 ¢m
and at the theoretical values at 2843.20' ¢MF); 2915.96 cit (B3PW91); 2899.63 cth
(B3LYP).

The symmetrical deformations [35] of the methyl ups appear in the 1380 + 20 tm
region. For4-OHFPz the symmetrical deformation of the methyl groupsobserved
experimentally at 1357.71 ¢hfor the theoretical values are observed at 139dr6" for
HF, 1338.57 cifl for B3PW91, and 1335.04 chior B3LYP.

The substitution patterns of the aromatic rings lsandentified by flexing out of the plane
of the C-H bond in the range of 900-675tf82]. The characteristic vibrations péra-
substituted aromatic rings have been observed @88 in the experimental IR, 863.75
cm™* for HF, 857.01 ci for B3PW91, and 859.61 chfor B3LYP.

4.3.3. C-C Vibrations

Generally, bands C=C have varying intensities ardhaserved at 1650-1430 ¢ri86]. In
our studies, experimental aromatic C=C stretchiiyations were observed at 1527.42,



1500.42, and 1448.35 ¢infor the calculated values, these appear at 1610%11.58, and
1421.60 crit for HF; 1589.91, 1546.58, and 1425.24 cfor B3PW91; 1577.07, 1568.43,
and 1430.13 cthfor B3LYP, the experimental data agree with theotietical values.

4.3.4. C=Nand N=N Vibrations

The most characteristic band of the Schiff basevadtves is a vibration of the C=N bond
in the 1500-1700 cthregion [37]. In our studies, this vibration is ebged experimentally
at 1618.06 cil, which is congruent with that reported by Wamal., [27]. The theoretical
values calculated for the C=N bond are observei@p.53 crit for HF, 1633.25 ci for
B3PW91, and 1603.01 chfor B3LYP.

All imine compounds exhibit N-C stretching in th@0D-1350 crit region [37]. In the

experimental IR is observed a band at 1141.71, aaich is attributed to N-C stretching
The calculated values show 1196.66 'clor HF, 1147.89 cr for B3PW91, and 1196.73
cm™ for B3LYP. Temelet al., [38] reported N-C stretching at 1184 tiior the Schiff base
(E)-2-nitro-4-[(phenyl-imino)methylphenol], which eonsistent with our results.

The experimental N-N stretching band of the pyrazoig was observed at 1141 tnand
were calculated at 1196.66 ¢nfor HF, 1147.89 ci for B3PW91, and 1196.73 for
B3LYP. For N-N stretching vibration, the result® an good agreement with the similar

compounds [39,40].

To see the similarity between experimental andréteal values, frequencies were plotted
in correlation graphs. As shown in Supp. Inf. S% value of Ris very close to 1.00,
therefore, it can be stated that little variatiosts in the results and the behavior of the

experimental vibrations can be corroborated by leothputational methods.

In the correlation graphs, the vibration of the toyyl group was not taken into account
because it presents a high deviation between theriexental values and the theoretical
values. The difference between these values aas@sresult of the calculations which not
consider the interaction generated between thegatr atom of the pyrazole ring on the

phenol group, generating a relatively strong insleoular hydrogen bond.



4.4, NMR studies

The chemical shifts ofH and**C NMR were calculated withb initio and DFT through
the GIAO method [41,42] from the optimized geometriwith tetramethylsilane (TMS) as
standard and DMSO as solvent. The experimental thedretical'H and **C chemical
shifts in DMSOés solution are collected in Table 4 (the atoms wemabered according to
Figure 5). The experimentdi and**C NMR spectra of the studied molecule are shown in
Supp. Inf. S5 and Supp. Inf. S6 respectively. Toeatation coefficient (B of 'H NMR
chemical shifts is 0.9926 for HF, 0.9950 for B3PW&1d 0.9924 for B3LYP (Supp. Inf.
S7), and (R of *C NMR chemical shifts is 0.9959 for HF, 0.9981 ®8PW91 and
0.9974 for B3LYP (Supp. Inf. S8).

Insert Table 4.

4.41. *HNRM

Experimental and calculated chemical shiftsdédHFPz are presented in Table 4. In the
'H NMR spectrum of the title compound appears 8 aligythat integrate for twenty one
protons. The NMR chemical shifts of aromatic pretai organic molecules are usually
observed in the range of 7.00-8.00 ppm, in the meatal'H NMR spectrum, chemical
shifts in aromatic protons were observed betwe@rafd 7.75 ppm, while those calculated
were obtained between 6.55 and 8.26 ppm (HF); &®#8.58 ppm (B3PW91); 6.90 and
8.39 ppm (B3LYP). The values calculated are higimel have different values compared to
the experimental value; this may be due to thectffeof the DMSO solvent. It was
observed that the highest deviation in the expertalechemical shift from the values
calculated QexrOmed Was 6.22 ppm (H-2) with HF. The differences vilie B3PW91 level
were 5.31 ppm (H-2) and 5.41 ppm (H-2) for B3LYFisT can be attributed to the
overestimated paramagnetic contribution in the RBIculations (B3PW91 and B3LYP)
[43], given that having a higher level of theoryttbe describes the electronegativity effect
and the low field displacement of said atom, otheewit happens wittab initio (HF)
calculation, because having a lower level of thedpes not take into account the

electronegativity effect.



4.4.2. CNRM

Fourteen signals for eighteen carbon atoms arencdmben the experimentd’C NMR
spectrum of4-OHFPz The aromatic carbons give signals in the oveddpareas of the
spectrum with chemical shift values from 100 to J&g@n [44,45]. Similarly, chemical
shifts were observed in the values calculated betwib1.52 and 104.09 ppm (HF), 161.74
and 115.13 ppm (B3PW91), 167.25 and 119.04 ppm Y®3L Due to the effect of an
electron-withdrawing group, the chemical shift wide at low field, therefore, it was
observed that the deviations of the chemical degrteents calculated respect to the
experimental ones in the C-6 and C-B5. ey carbons were 7.25 ppm (HF), 0.03 ppm
(B3PW91) and 5.48 ppm (B3LYP) for C-6, due to thectonegativity property of the
oxygen atom. Deviations for the C-15 atom were 4t for HF, 1.39 ppm for B3PW91
and 6.62 ppm for B3LYP due to the electronegatiyitgperty of the nitrogen atom. In
general, the experimental results'd#fand**C NMR with the level DFT / 6-311G++ (d, p)

represent a better approximation to the data obgezxperimentally.

45.  Electronic properties

The time-dependent density functional theory (TDFpnethod is used to calculate the
UV-Vis spectrum. In addition, electron-absorptigrestra were calculated using the Time-
Dependent Self-Consistent Field (TD-SCF) methodusing the optimized structure with

the base set 6-311G++(d,p) in acetonitrile asesulv

Insert Figure 7.

The experimental UV-Vis spectrum fdrOHFPz (See Figure 7) shows four absorption
bands at 197 nne (= 74700 L mof cmi') 234 nm ¢ = 44683 L mof cmi?), 298 nm £ =
36640 L mof cm*) and 334 nmg(= 46518 L mof cmi?) in CH;CN. The absortion bands
at 197, 234 and 298 nm are assigned tat * transition associated to the aromatic rings
(pyrazole and phenyl) and the band at 334 nm ig@esg tor = * transition within the
C=N azomethine group [32].

Insert Table 5.

The experimental UV-Vis spectrum shows four différgossible transitions, with a

maximum absorption at 334, 298, 234 and 197 nmpeaiely. From the calculated values



(See Table 5), three transitions appear at 25231.,95, and 219.45 nm for HF; 353.02,
321.21, and 292.77 nm for B3PW91; and 355.15, &46d 293.57 nm for B3LYP in the
gas phase. The oscillator strength for the respedtieoretical transitions are 0.7915,
0.0164, and 0.0106 for HF; 0.8065, 0.1054, and8Dior B3PW91; and 0.8050, 0.1019,
and 0.0983 for B3LYP.

(A) The band observed at 334 nm was compared téhéaretical data 258.32 nm (HF),
353.02 nm (B3PW91) and 355.15 nm (B3LYP). The gfterof the oscillator for the
theoretical values were 0.7915 (HF), 0.8065 (B3P\&1id 0.8050 (B3LYP). The band
was classified as a possible HOM® LUMO transitionwith a contribution percentage of
96%.

(B) The band observed at 298 nm was compared tthdwretical data 221.95 nm (HF),
321.21 nm (B3PW91) and 324.53 nm (B3LYP). The gfterof the oscillator for the
theoretical values were 0.0164 (HF), 0.1054 (B3P\&id 0.1019 (B3LYP). The band
was classified as a possible HOMGO-4 LUMO transitionwith a contribution percentage
of 96%.

(C) The band observed at 234 nm was compared tthdweetical data 219.45 nm (HF),
292.77 nm (B3PW91) and 293.57 nm (B3LYP). The t#oait strength for the theoretical
values were 0.0106 (HF), 0.1080 (B3PW91) and 0.832YP). The band was classified
as a possible HOMO-2> LUMO transition with a contribution percentage6@s.

The frontier molecular orbitals HOMO and LUMO playey role in the study of electrical
and optical properties. The highest occupied mddecorbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) can determimmavithe molecule interacts with other
species [46]. The HOMO represents the ability toale an electron, and the LUMO to
accept an electron [47]. The difference in energg trontier orbital allows characterizing
the chemical reactivity and stability of the mollectA molecule with a small difference in
the orbital energy is generally more reactive [48]at is, a small interval between HOMO-
LUMO implies low kinetic stability and high chemiceeactivity, as it is energetically

favorable to add electrons to a high LUMO and taaet electrons from a low HOMO.

Among many other uses, the energy difference betw#@MO and LUMO has been used



to predict the activity and intramolecular chargansfer in organic molecules with
conjugatedt bonds [49,50].

Insert Figure 8.

From Fig. 8a, 8b, and 8c, it can be seen that HOM®@venly distributed in the central
segment and on the phenol and pyrazole rings; \wketdJMO (Figure 8b, 8c) is
distributed similarly to HOMO, except that its dibution is partial in the pyrazole ring.
The HOMO-1 is distributed over the pyrazole andmyheings and partially over thiert-
butyl group (Figure 8a, 8b, 8c). The LUMO+1 showsirecrease in the distribution on the
phenol and phenyl rings. This orbital also showsma#ial distribution on the pyrazole ring
and a null distribution in théert-butyl group. The LUMO and LUMO+1 (8a) show null
distribution throughout the molecule, which agresith the pyrazole electron donor

capacity.

4.6. Molecular eectrostatic potential (MEP)

The molecular electrostatic potential (MEP) wasestigated through HF and DFT
theoretical calculations at the 6-311G++ (d,p) lefde MEP is related to the electronic
density and it is a very useful descriptor in ustkanding sites for electrophilic attack and
nucleophilic reactions, as well as hydrogen bondmegractions, also it provides a visual
method to understand the relative polarity of thdemule [51]. The different values of the
electrostatic potential at the surface are repteseby different colors; red represents
regions of highest electronegative electrostatitemital; blue represents regions of the
most positive electrostatic potential; and greepreasents a region of zero potential.
Potential decreases in the red > orange > yellogreen > blue order [52]. Negative
regions are usually associated with the lone phelectronegative atoms [53]. As seen
from the MEP of the title molecule (Figure 9) folt eethods, regions with negative
potential are over the electronegative atoms (oxygem of the hydroxy group and
nitrogen atom of the pyrazole). Thus, it can baljted that a metal would preferentially
attack4-OHFPz at the N-5 position.

Insert Figure 9.



4.7. Global reactivity descriptors

The energy difference between HOMO and LUMO is mmpartant chemical stability
index. A small HOMO-LUMO gap automatically meansatinexcitation energies to the
manifold of excited states and a large HOMO-LUMQ ganplies high stability with
respect to chemical reaction [54]. The HOMO and L@QMnergies, energy gapg),
ionization potential (IP), electron affinity (EApbsolute electronegativityx), absolute
hardnessr{), absolute softness), chemical potentialy), and electrophilicity indexc)
for 4-OHFPz have been calculated at HF, B3PW91 and B3LYP/@3H#1(d,p) basis set
(Figure 8) and the results are given the Table 6.

Insert Table 6.

According to Koopmans' theorem [55] ionization pat& (IP) and electron affinity (EA)
can be expressed through HOMO and LUMO orbital gieer lonization potential (IP) = -
Enowmo, Electron affinity (EA) = -Eumo.

The electronegativityy|), defined by Mulliken [56] as the average of (#d (EA):

_IP+EA
2

X

The hardness of a molecule is related to the gapdes the HOMO and LUMO orbitals.
The larger the HOMO-LUMO energy gap the harderrtiedecule will be [57]. Chemical
hardness can be calculated as follows:

_IP—EA
="

Global softness is the inverse of global hardng8k |

Q
I
S|



The electron affinity in combination with ionizatioenergy can also yield chemical
potential (1) defined by Parr and Pearson [59] as the charsiiterof molecule

electronegativity:

_ —(IP + EA)
-——

Parret al.,[60] have introduced the global electrophilicibdex ) which measures the
propensity of a species to accept electrons. It marcalculated by using the electronic

chemical potential() and chemical hardness){

The smalln value is an indicator of the dominance of the tetecdonating group in the
molecular systemu is known by an opposite behavior to thayp&o the high value of this

parameter is also an indicator of electron donougs [61].

The frontier orbital energy gaps{&uo-ELumo) of 4-OHFPz are found to be 9.3789 eV for
HF, 3.9257 eV for BA3PW91 and 3.9103 eV for B3LYPtire gas phase. The global
softness of the molecule is 0.2132 eV for HF, 0466Y for B3PW91 and 0.5114 eV for
B3LYP whereas hardness is 4.6894 eV for HF, 1.9828or B3PW91 and 1.9551 eV for
B3LYP which indicate the molecule is relatively taso it tends to undergo changes or
reactions easily. Considering, the chemical hasin@darge HOMO-LUMO gap means a
hard molecule and small HOMO-LUMO gap means a safiecule. One can also relate
the stability of the molecule to hardness, whichangethat the molecule the smallest
HOMO-LUMO gap means it is more reactive [62]. GAUSS 09 [18] has been used to

construct the shapes of frontier molecular orhitals



4.8. Non Linear optical (NLO) property study by computational method

Quantum chemical calculations have been shown taseéul in the explanation of the
relationship between the electronic structure af Hystems and its nonlinear optical
properties [63]. Urea is one of the prototypicallecales used in the study of the NLO
properties of molecular systems. Therefore it leenbused frequently as a threshold value
for comparative purposes [64]. The calculationshef total molecular dipole moment){
linear polarizability &) and first-order hyperpolarizability 5\ were calculated by
DFT/B3LYP method with 6-311G++ (d,p) basis setsiggbaussian 09 program package.

Insert Table 7.

The total molecular dipole moment 4fOHFPz from B3LYP with 6-311G++(d,p) basis
set is collected in Table 7. The total moleculgmoté moment of-OHFPz from this basis
set is 3.0992D, which is 1,726 times higher thavhlue of ureau(= 1.3732 D). Similarly
the first order hyperpolarizability af-OHFPz is 3.8298 x 18° esu which is 3.458 times
higher than the value of ureg<0.372 x 1G° esu). Our title molecule with higher dipole
moment and hyperpolarizability value than urea shtiat the molecule has large NLO
optical property. As seen in Table [,,, component is dominated, having a certain

dominant component means that there is a signifidaarge transfer in this direction.

5. Conclusion

4-((3-(tert-Butyl)-(1-phenyl)pyrazole-5-yl)imino)methyl)phenol  (4-OHFPz) was
synthesized and characterized through differetiriigeies, like'H NMR, **C NMR, DEPT
135, 2D NMR (HSQC, HMBC), FT-IR, UV-Vis, MS and gile-crystal X-ray diffraction.
Vibration frequencies were calculated by using e and DFT methods (B3LYP and
B3PW91) with 6-311G++(d,p) as the basis set. flttemolecule was crystallized in the
monoclinic space group P21/n with one moleculegsymmetric unit. The data obtained
via X-ray diffraction and computational calculatiomglicate that good correlation exists
among these data. To predict the reactive siteslémtrophilic and nucleophilic attack for
the4-OHFPz molecule, the MEP at the optimized geometry wasutated.
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TABLES.

Table 1. Crystallographic data and refinement parameterg-OHFPz

Compound 4-OHFPz
Emp. Formula CooH2:N30
FW (g/mol) 319.¢
Temp. (K) 29¢

A (A) 0.7107:
Crystal systen Monoclinic
Space Grouf P21/r
Unit cell
a(A) 11.530(3
b (A) 12.717(4
c (A 12.327(3
a(%) 90
B(°) 103.890(5
(%) 90
Volume (A% 1754.5(8
Z 4
p calcd (mg/n®) 1.20¢
Abs.Coeff (mn™) 0.07¢
F(000; 68C
0 range () 2.17t027.1

Reflections collected 27019 / 386
Unique [R(int)] [0.0604

Completeness(%) 99
Data / restraints 3866 /0 /
/ parameters 22¢
Gof on F* 1.02¢
R1 [|>20(IH 0.057¢
WR2[I>26(l)] 0.141(




Table 2.0Optimized and experimental geometriegléddHFPz in the ground state.










Table 3.Assignments of vibrational wavelengths by VEDA {9 for 4-OHFPz

6-311++G(d.p)

Assignments Experimental HF DFT B3PW91 DFT B3LYP
%(PED) | Frequency | Intensity | %(PED)| Frequency Intensity | %(PED) | Frequency Intensity
VOH 3455.9¢ 100 3760.9! 140.3¢ 100 3692.3! 113.8( 10C 3677.6( 109.7¢
vC26-H27 3124.2° 99 3059.1« 1.2¢ 99 3149.9° 0.27 10C 3133.0: 0.3¢
VCHRing 3058.7 96 3032.1! 32.7¢ 96 3106.6- 22.3¢ 97 3029.2¢ 25.0¢
vasCH3 2964.: 97 29241 100.3¢ 94 2985.3( 96.2¢ 95 2960.1- 104.6¢
VsCH3 2865.8: 96 2843.2( 64.8¢ 96 2915.9¢ 35.67 aC 2899.6: 39.9¢
vC12-N3 1618.0¢ 50 1682.5 478.5¢ 67 1633.2! 221.0¢ 65 1603.0: 279.6(
vC6-C7 1527.4: 30 1610.5! 260.7¢ 47 1589.9: 243.1: 56 1577.0° 122.01
vC15-C44 1500.4: 15 1511.5¢ 198.2¢ 44 1546.5¢ 184.8¢ 64 1568.4: 164.1:
vC7-C9 1448.3! 32 1421.6( 76.6¢ 37 1425.2: 70.0¢ 13 1430.1: 56.1:
OCH3 1363.7: 53 1394.6( 74.3¢ 50 1338.5° 19.27 76 1335.0¢ 12.3(
0H2-01-C6 1272.8! 42 1295.6¢ 7.04 21 1277.9( 8.6t 11 1309.1: 14.3¢
vO1-C6 1241.9¢ 60 1250.6! 184.5¢ 58 1251.9( 231.81 4C 1239.9! 239.7"
VN4-N5 1141.7: 23 1196.6t¢ 15.3¢ 39 1147.8¢ 40.31] 25 1196.7: 50.0%
0C14-N4-N5 1018.2¢ 14 1083.1: 31.9¢ 21 1037.6¢ 10.22 27 1037.4: 19.2¢
TH8-C7-C9-H10 991.2¢ 78 989.7: 6.97 83 965.8¢ 21.2¢ 56 963.3¢ 27.9¢
dH8-C7-C9 838.9: 17 863.7¢ 63.6¢ 17 857.0: 16.11 15 859.6: 14.6¢
TH8-C7-C9-C11 804.2: 87 818.71 12.8i 84 792.5¢ 10.81 64 807.7¢ 12.7¢
0H17-C16-C18 754.01 36 674.¢0 32.6¢ 38 676.0¢ 28.3¢ 31 678.0¢ 34.9¢
TH2-01-C6-C7 688.8t 62 692.8( 3.3¢ 64 697.2: 3.1t 5C 522.4¢ 5.9t
OH17-C16-C15 592.0° 26 611.8: 20.5] 59 601.8" 29.2¢ 43 608.9: 24.8¢
OH8-C7-C6 511.07 43 510.8¢ 3.82 23 534.1¢ 21.3¢ 11 537.7¢ 20.7:
0H2-01-C6 472.5( 33 466.8¢ 1.8¢ 23 479.2( 3.0t 19 481.2° 3.6¢




TH17-C16-C18-H19 443.5] 81 457.8" 0.44 32 476.3¢ 6.97 37 476.6: 6.3¢
O0H2-01-C6 - 27 367.8¢ 0.14 20 364.7¢ 11.7¢ 26 390.8: 1.61
v, stretching; 8, bending; T, torsion; s, symmetric; as, asymmetric. Potenti@lnergy Distribution (PED).




Table 4.NMR theoretical §Theo) and experimentalExp) shifts for4-OHFPz

DFT/6-311++G (d,p)
HF |B3PW91|B3LYP

Atom | Experimental

2-H 10.28 4.06 497 | 4.87
13-H 8.76 8.55 8.99 | 8.86
10-H 7.75 8.26 8.58 | 8.39
25-H 7.75 7.76 7.93 | 7.75
45-H 7.75 7.69 8.28 | 8.14
17-H 7.75 7.15 8.01 | 7.81
43-H 7.48 7.48 7.92 | 7.76
19-H 7.48 7.33 7.88 | 7.72
21-H 7.31 7.28 7.76 | 7.58
23-H 6.90 6.83 7.34 | 7.19
8-H 6.90 6.55 7.04 | 6.90
27-H 6.48 5.58 6.59 | 6.43
39-H 1.34 1.05 1.27 | 1.16
41-H 1.34 0.99 1.89 | 1.77
36-H 1.34 0.98 1.59 | 147
32-H 1.34 0.97 1.20 | 1.09
37-H 1.34 0.67 1.21 | 110
31-H 1.34 0.65 1.22 | 111
35-H 1.34 0.58 1.59 | 147
33-H 1.34 0.55 1.82 | 1.66
40-H 1.34 0.47 1.27 | 1.17

6-C 161.77 154.5p 161.74 | 167.25
28-C 161.69 158.38 163.36 | 169.21
12-C 161.46 159.18 158.65 | 162.19
14-C 151.01 147.71 150.46 | 156.28
15-C 140.00 135.09 141.39 | 146.62
24-C 131.49 133.44 136.67 | 140.83
9-C 131.49 127.44 129.38 | 133.30
42-C 129.09 122.7y 129.59 | 133.54
D
b
3
b
/
p

18-C 129.09 121.80 128.61 | 132.56
11-C 127.61 116.65 129.40 | 134.75
20-C 126.51 119.28 126.85 | 130.91
16-C 123.86 119.06 126.01 | 130.13
44-C 123.86 118.37 124.04 | 128.26
22-C 116.40 104.46 115.13 | 119.04
7-C 116.40 104.09 115.46 | 119.34
26-C 90.91 76.21| 89.76 | 92.0




29-C 32.66 18.29| 3245 | 37.73
30-C 30.69 16.86| 28.04 | 31.68
34-C 30.69 16.19| 24.32 | 28.09
38-C 30.69 12.75| 27.98 | 31.67




Table 5. Experimental and theoretical electronic absorptianelengths and important contributidos4-OHFPz

EXxp.

HF

DFT

B3LYP

B3PWO1

Important
contributions

f

Important
contributions

f

Important
contributions

197

234

219

5.6497

0.010p

H-7- L+6 (4%)
H-7- L+8 (4%)
H-6- L+6 (7%)
H-6- L+7 (3%)
H-6-. L+8 (8%)
H-3- L+6 (9%)
H-3 L+7 (5%)
H-3_ L+8 (9%)

293

4.2233

0.0983

H-7 - LUMO (3%)
H-5- LUMO (23%)
3 H-3- LUMO (3%)
H-2- LUMO (62%)

292

4.2348

0.101(¢

H-7 - LUMO (3%)
H-5- LUMO (22%)
H-3- LUMO (3%)
H-2- LUMO (63%)
H-1- LUMO (2%)
H - LUMO (2%)

298

221

5.5867

0.0164

H-4-, L+6 (9%)
H-4- L+7 (5%)
H-4_ L+8 (10)
H-4 L+13 (2%)
H-3 L+17 (2%)
H-3 L+18 (7%)
H_ L+15 (4%)
H_ L+16 (3%)
H - L+17 (10%)
H_ L+18 (16%)

324

3.8204

0.1019 H-1-LUMO (97%)

321

3.8599

0.1054

H-1- LUMO (96%)

334

25¢

4.799°

0.791¢

H - L+6 (28%)
H - L+7 (14%)
H- L+8 (28)
H - L+10 (3%)
H - L+13 (4%)

35¢

3.492(

0.805(

HOMO - LUMO
(96%)

358

3.512:

0.806¢

HOMO - LUMO
(96%)

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




Table 6.HOMO - LUMO energies and calculated global reattiparameters of-
OHFPz calculatedvia HF, B3PW91 and B3LYP/6-311G++ (d, p) method.

Parameters HF B3PW91 B3LYP
Enomo -8.3498 -6.0738 -6.0279
ELumo 1.0291 -2.1481 -2.1176
AEnomo- ELumo 9.3789 3.9257 3.9103
Electronegativity ) 3.6603 4.1109 4.0727
Chemical hardnessg) 4.6894 1.9628 1.9551
Global softnessal) 0.2132 0.5094 0.5114
Electrophilicity index () 1.4285 4.3049 4.2419
Chemical potentialy) -3.6603 -4.1109 -4.0727




Table 7. The molecular electric dipole momagn{Debye), polarizability: (x10**esu) and
hyperpolarizabilityp (x10 *esu) values o4-OHFPz

Property |  B3LYP/6-311++G (d,p)

Hx 0

Ry 0

i 3.0992
Wtot 3.0992
Olyx 25.7419
thy -1.6969
tyy 45,6701
Oxz 5.3488
oz -0.6306
02z 62.1581
Otot 44,5234
Bocc -3.3430
By 10.3270
Beyy 0.5894
Buyy 0.3024
Boc 10.2058
By 10.6550
Byyz 2.8205
B 1.0736
Byzz -2.7453
Brzs -0.5719

Btot 3.8298




FIGURES.

Figure 1. ORTEP diagram showing 50% probability tsOHFPz.

—— 4-OHFPz — VAGYOS — VIKTAM —— MEJRAX

Figure 2. Superposition of-OHFPz and previously reported compounds.



Figure 3. a) Formation of the chains along [010], b) junetad the chains by C-H % -
interaction in the plane (110). c) C-H--- O intémacalong [001] direction to form the 3D
supramolecular crystal packing d) view along [16@éction for the compoundtOHFPz.

b)

28

— OQ*H+H-0=6.7

— N*H+H:*N=7.6

— C+*H+H-C=25.1
H---H=57.9

Figure 4. a)d.orm Hirshfeld surface and b) finger print plot for tbempound-OHFPz.



c) B3LYP

Figure5. Optimized structures e--OHFPz (a) HF, (b) B3PW91, (c) B3LYP.

RMSD = 0.2952 RMSD = 0.1713 RMSD = 0.1656

—— Experimental HF — B3LYP — B3PWO1

Figure 6. Superposition of the experimental structure meashyesingle-crystal X-ray
diffraction and calculated structuresOHFPz.



— Experimental
—HF
——B3LYP

— B3PWI1

Absorbance (A.U.)

T T T T T T T T T T
200 250 300 350 400 450
Wavelenght (nm)

Figure 7. Comparison of experimental and theoretical UV-\isdra o4-OHFPz. (a)
experimental; (b) HF; (c) BAPW91 and (d) B3LYP.
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Figure 8. Pictures of occupied and unoccupied MOs obtaingd)dtF, (b) B3PW91 and
(c) B3LYP for compound-OHFPz.
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Figure9. Electrostatic potential surface for compoyr@HFPz (a) HF, (b) B3PW91 and
(c) B3LYP.



SCHEMES.

(0) H
H,N N\N N Acetlf~t Acid HO\©\¢N N\N
\ \W
OH

Scheme 1. Synthesis of compound 4-OHFPz.



HIGHLIGHTS

* A novel molecule was synthesized.

» X-ray diffraction, FT-IR and NMR were applied to solve molecular structure.

» TheDFT theoretica results were compared with the experimenta results.

» Polarizability and first hyperpolarizability of the compound were cal cul ated.

* TheDFT calculations of the compound, MEP and global reactivity descriptors were
also examined.



