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The Reaction between terephthaloyl dichloride and 2-aminopyrazol derivatives give
corresponding  compounds  1,4-phenylenebis(1H-pyrazol-1-yl)methanone (1), 1,4-
phenylenebis(3-methyl-1H-pyrazol-1-yl)methanone (2) and 1,4-phenylenebis(3,5-dimethyl-
1H-pyrazol-1-yl)methanone (3). All compounds are crystalline and their structures were
confirmed by single crystal X-ray diffraction. Detailed DFT calculations for compounds were
also carried out.
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Abstract

The reaction of pyrazole derivatives (pyrazole (Rzjnethylpyrazole (MPz) and 3,5-
dimethylpyrazole (DMPz)) with terephthaloyl dichide (TD) in the presence of &t afforded
the desired products, 1,4-bis(pyrazolylcarbonyl jese L, 1,4-bis(3-
methylpyrazolylcarbonyl)benzen®)(and 1,4-bis(3,5-dimethylpyrazolylcarbonyl)benzésle
Good quality crystals were isolated and diffractdata for single crystal were collected which
revealed that compound$-3 are monoclinic with space group P21/n, C2/c and/&2
respectively. These compounds were obtained asudt k¥ C-N coupling reaction between the
acid chloride and pyrazol derivatives with the imte explore their structure in solution as well
as solid state. Density function theory (DFT) cltons using B3LYP and CAM-B3LYP
functionals with 6-311G(d,p) basis set were perfinio explore geometric and electronic
properties of compounds. The Root Mean Square ERBISE) has also been calculated for the
values of geometric parameters, indicating a gogreement with experimental findings.

Moreover, frontier molecular orbitals (FMOs) andural bond orbitals (NBOs) analyses were



carried out through B3LYP/6-311G(d,p) level of theoThe linear polarizabilityd) values of
nonlinear optical (NLO) analysis were calculatedhwhe same level of theory and basis set as
FMO but under different solvent conditions. Timep@adent Density Functional Theory (TD-
DFT) study of these pyrazole substituted derivativas performed aiming to investigate UV-
Visible behavior. The stability of molecule has beelditionally analyzed by Hirshfeld surface
analysis in addition to NBO analysis. The calcudat#€OMO and LUMO energies from FMO
assisted in calculating global reactivity paranmetéChemical hardness, chemical softness,
electronegativity, EA, IP and electrophilicity). tdeal population analysis (NPA) and Molecular
electrostatic potential (MEP) were also performedobtain insights about the reactivity of
compoundsl-3. Theoretical calculations indicate that these coumgls have considerable low

reactivity and can be used for development of doattbn chemistry under optimum conditions.

Key words: C-N coupling reactions; terephthaloyl dichloridesay diffraction; Time Dependent
Density Functional Theory; FMOs; NBOs.



1. Introduction

There is enormous interest in developing chemistrgicid chlorides and primary or secondary
amines. Primarily the reaction between acid chiodérivatives was carried out with ammonia
at low temperature under various reaction condstiand afterwards the same technique was
extended to saturated and unsaturated homologlie$Hk strategy leads to the formation of
amides which allow for simple and green operatiragedure [2]. Pyrazole derivatives are easily
accessible [3], they possess various active readites, accommodate a variety of functional
groups [4] and act as starting precursors in maagtions [5,6]. The NH function in the 5-
membered ring is of particular importance and ttidia nature of this group led to a number of
products for potential applications such as N-Cptiog reactions for synthesis of carbonyl
derivatives [7,8].

On the other hand, acid chlorides for instanceptateloyl dichloride is an active
ingredient in the synthesis of polymeric materiahas been reported that thiourea derivatives
containing terephthaloyl group are active antimicabagents [9]. On the basis of acid chloride
functional group apara position with respect to each other, this compoisrglitable candidate

to bridge several molecules for a variety of aggilans [10].

Keeping in view a very rich chemistry of pyrazolerigatives and terephthaloyl
dichloride and in continuation to our previous wd8f, Scheme 1, we carried out reactions
between these two with the intent to design muftigee ligands for possible polynuclear
coordination chemistry. The reaction of terephtialdichloride with Pz, MPz and DMPz
afforded compounds-3, respectively. These compounds were isolatedystalitine form from
their respective solutions and their structuressvatermined by single crystal X-ray diffraction.
The compounds were explored theoretically using' B3land CAMB3LYP functionals with 6-
311G(d,p) basis set from data obtained by diffoactanalyses. The Root Mean Square Error
(RMSE) has also been calculated for the geometmi@ameter data which disclosed a good
agreement between experimental and calculatedtstaigparameters. Moreover, FMOs and
NBOs analyses were carried out to DFT method uBBIgYP and CAM-B3LYP functional with
6-311G(d,p) basis set. The linear polarizabiliy ¥alues of nonlinear optical (NLO) analysis
were calculated with the same level of theory bndar different solvent conditions. The
Hirshfeld surface of compounds3 was calculated in order to determine the stabdityhese

derivatives. The calculatedi&mo and Eymo were helpful in determining the global reactivity



parameters such as chemical hardness, softnessrorkgativity, EA (electron affinity), IP
(ionization potential) and electrophilicity. Theabtlity and electronic properties of compounds

1-3 are elaborated on the basis of insights obtaimexligh DFT calculations.
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R = Pyrazolyl, 3-methylpyrazolyl, 3,5-dimethylpyrazolyl

Scheme 1. Compounds obtained by the reaction of acid cti&siwith respective amines to

afford new precursors as a result of N-C bond faiona

2. Material and methods
2.1 General

Reactions were carried out in toluene (dried ovenzbphenone/Na), products were
obtained in reasonable quantity and were storeé@ngerobic conditions for prolonged period of
time. Trimethylamine (EN) was distilled prior to use. Other chemicals sashpyrazole (pz), 3-
methylpyrazole (MPz), 3,5-dimethylpyrazole (DMPz)daterephthaloyl dichloride (TD) were
purchased from Sigma Aldrich and were used withfaudther purification. Melting point of
compounds were uncorrected, measured by BIO-COT ARIMUSMP10, Japan in sealed
capillary tubes. The FT-IR (ATR method, 400-4000%mwere recorded by SHIMADZU model
8400s.*H- and™*C-NMR were recorded on Bruker 300 MHz, in deutetatkloroform at room
temperature. The X-ray diffraction data were atdte for compounds-3, at room temperature
(Bruker kappa APEXII CCD diffractometer, graphitemochromator, Mo-K radiation,A =
0.71073 A). Resolution of structures and theirmefinents were accomplished by SIR97 [11],
SHELXL-97 [12], WinGX [13] and PLATON [14] programs

2.2  Synthesesof 1,4-bis(pyrazolylcarbonyl)benzene (1), 1,4-bis(3-
methylpyrazolylcar bonyl)benzene (2) and 1,4-bis(3,5-dimethylpyrazolylcar bonyl)benzene
©)
1. Following the literature procedure [8], toluendusion of pyrazole (2.30 mL, 28.0
mmol) was prepared followed by addition of trietiyline (4.0 mL, 28.0 mmol). The resulting



solution was allowed to stir for ca. 10 min. Staichetric amount of terephthaloyl dichloride
(3.00 g, 14.0 mmol) in toluene (20 mL) was dropwasieled over a time of 20 min and reaction
contents were left stirring overnight. Precipitatésammonium salt, [ENH]CI were obtained,
washed with copious amount of water and the chtwrof (organic) phase was collected
followed by slow evaporation at room temperaturteAfive days colorless needle-like crystals
appeared, were separated from the mother liquostndture for a single crystal was confirmed
by X-ray diffraction. m.p. = 161-163°C, Yield = 80%{-NMR Jppm) = 8.60 (d, 2H, CH-Pz),
8.24-8.26 (m, 4H, Ph), 7.82 (d, 2H, CH-Pz), 6.582R, CH-Pz);"*C-NMR J&ppm) = 110.6,
127.9, 129.2, 145.5, 134.3, 162.9; FT-IR (ATIRYm") = 1725 (CO), 1564 (CN).

2. Terephthaloyl dichloride (1.500 g, 7.0 mmol), &thylpyrazole, MPz (1.15 mL, 14.0
mmol) and two equivalents of f. Crystals were grown in toluene solution. m.[478-180°C,
Yield = 82%;'H-NMR &ppm) = 8.45 (d, 2H, CH-Pz), 8.23-8.26 (m, 4H, Rh%2 (d, 2H, CH-
pz), 2.36 (s, 6H, Me)**C-NMR Jppm) = 12.0, 109.1, 128.8, 135.0, 137.9, 149.2, 16FT-IR
(ATR) cm?) = 1728 (CO), 1556 (CN).

3. 3,5-dimethylpyrazole (2.30 mL, 28.0 mmol), slightcess of triethylamine (4.50 mL,
> 28 mmol) and terephthaloyl dichloride (3.12 g,.0l4nmol). Crystals of the proposed
compound were grown in its chloroform solution. n¥p184-186°C, Yield = 86%'H-NMR
Appm) = 2.23 (s, 6H, Me), 2.60 (s, 6H, Me), 6.122(d, CH), 7.84-7.91 (m, 4H, PhYC-NMR
Appm) = 13.2, 14.0, 111.0, 129.1, 134.8, 141.5,84%¥65.4; FT-IR (ATR)/cm™) = 1723
(CO), 1560 (CN).

23  Computational studies

Quantum chemical calculations for compoudd3 were carried out with the help of DFT
employing Gaussian 09 program package [15]. TheXBO- data were used to build the
structure of compounds and the geometries weremg®d. The complete geometrical
optimization was carried out without symmetry riesions by applying DFT/B3LYP/6-311G
(d,p) and DFT/CAM-B3LYP/6-311G (d,p) levels of tmgd16]. The frequency analysis based
on DFT/B3LYP/6-311G (d,p) and DFT/CAM-B3LYP/6-311@,p) levels of theory was used
for further confirmation of stability associatedthwioptimized geometries. The NBO analysis
was also accomplished with the help of DFT/B3LYeleof theory at the same basis set [17].
The NLO analysis was performed at B3LYP/6-311G)(tepel of theory. The FMOs, MEP and



the photophysical characteristics of compounds wetermined employing TD-DFT/B3LYP/6-
311G (d,p) level of theory. The Hirshfeld surfacelgsis was conducted from their original
Crystallographic Information Files (CIF). Globalaativity parameters (GRP) were calculated
using the energies of FMOs and their respectivaggngaps with the help of the given
equations, as discussed in the preceding textEPhéelectronic affinity, represented Byin the
equation) and IP (ionization potential, represefed) values were calculated using equations 1
and 2, respectively [18].

I = —Eyomo Equation 1

A=—-Eymo Equation 2

Hardnessy) and electronegativityX) were attained using equations 3 and 4 [19].

I-A .
n=- Equation 3
I+4 .
x=2£ Equation 4

2
The chemical potentiaj4 was calculated as below.

E +E '
u= HOMO2 LUMO Equation 5

The magnitude of electrophilicityd was calculated according Equation 6, which explai
the relation amongst energy variation and maximlaoten transferred [20-22].

u?
w=— Equation 6
2n

For calculating the value of softnegy equation 7 was used.

1 :
o=— Equation 7
2n

All input files were organized with the help of Gauiew 5.0. Avogadro [23], Gauss view
5.0 [24], Gauss Sum [25], Argus Labs [26], Cry&iaplorer [27] and Chemcraft [28] programs.
Moreover, same softwares were employed for theprt¢ation of the output files.

3. Resultsand discussion

3.1. General chemistry

Compounddl-3 (Scheme 2, below) were synthesized as per litexgitotocol [7,8] with
the intent to explore their coordination chemistvith certain metal ions. When they were

treated with salts of Pd and Cu, extensive hydielyd the ligand was observed and only



complexes containing pyrazolyl ligands were obtdif29]. This study reveals that such
compounds undergo hydrolysis in the presence ofalmsélt and are converted into

corresponding acids and starting pyrazolyl moieties

J
o
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=

4 Cl 5

Scheme 3: Cu(ll) complexes of 3-methylpyrazole where the fida adopts itself as 5-
methylpyrazole due to H exchange between two ramogtoms for the purpose to minimize

steric bulk near metal ion for efficient connedfvi

Compounddl-3 were synthesized with the intent to explore tleemrdination chemistry.
Treatment of compoun@ with CuC} salt under reflux condition for three hours, affed a
dinuclear copper (Il) comple®, Scheme 3. The formation of the complex was confirrime
some solvents with varying polarity such as EtOHQW and CHCI. Literature survey reveals
that complexd has been synthesized in a different way [6a]. WSemethylpyrazole was treated
with CuCh under identical conditions, compouritl was exclusively obtained [5]. These
reactions with copper (Il) chloride salt did notloal further reactions to explore their
coordination chemistry. The hydrolysis of structiyranalogues compounds was used as a tool
for the synthesis of coordination polymers with IQubn [8a] where as in this study we did not

isolate structurally novel complexes.



3.1.1. Structuredescription of 1,4-phenylenebis(1H-pyrazol-1-yl)methanone, 1

Crystal of suitable dimensions of compoun(shown in Figure 1) were selected and the
data were collected at room temperature. Strucfuaedmeters pertaining to crystal structure
determination and refinements are summarized ineTabThe data indicate that compouhd
is monoclinic with space groug2;/n. The C=0 groups glara position of the phenylene ring
are oriented in drans manner with respect to each other. The pyrazaig the respective
carbonyl moiety are coplanar while both the pyrglzohgs across phenylene are arranged in
the space in @&rans manner. Groups around C4 are arranged in trigotvaainer and angles
around it are collectively equal to 360° 401 —-C4—N1119.1(2),201—-C4—
C5122.2(2) and «N1 — C4 — C5 118.7(18)). The bond lengths around C4 are C4-O1
1.206(2), C4-N1 1.402(2), C4-C5 1.487(3) A (for garison of bond lengths and angles see
Table 2) indicating that electron density is pdistiaelocalized resulting in a comparatively
shorter bond length between C4 and C5 as compardtiet reported structurally related
compound [8a]. All other bond lengths are withie #xpected regions. Pyrazolyl groups of the
molecule are co-planar with respect to each othelewthey are considerably twisted against
the phenylene ring (torsion angle N1C4C5C6 44.8° MhC4C5C7 139.08°). The co-planarity
in compoundLl in solid state is probably attributed to internoollar interactions as shown in
Figure 2. These intermolecular interactions aldtedasecondary interactions are responsible
to arrange molecules in 2D supramolecular fasHs@paration distance between H of C6 and
N2 (H6-N2) is 2.701 A, which is actually separatibetween two parallel layers. The
molecules in a parallel layer are linked throughtltype hydrogen bonding with a distance
of 2.388 A.



Figure 1. Molecular structure of compount], partial numberings are shown and hydrogen
atoms are omitted for clarity reasons. Selectedibengths and angels are summarized in Table

2 also see Table S1 for more details.

Figure 2: Supramolecular 2D arrangements of molecules ofpoamdl, linked together with
the help of non-covalent interactions.
3.1.2. Structure description of 1,4-phenylenebis(3-methyl-1H-pyr azol-1-
yl)methanone, 2

The solid state structure of compoudds depicted in Figure 3, while data pertaining to
its structure refinements and solution are sumradrim Table 1 and important structural
parameters are shown in Table 2. The molecule isoclmic bearing space group C2/c.

geometry and orientation of various groups in th@ecule are very close to each other with



negligible differences. The C4 is’spybridized with trigonal planar geometry. The bdexgths
C4-01 1.210(2), C4-N1 1.393(3) and C4-C2 1.484(3¥rd slightly different from compourid

It is evident that electron density is shifted tosgpyrazolyl group thus making the C4-N1 bond
slightly shorter and C4-O1 bond longer in compariso compoundl. Angles around C4 are
also in support with the trigonal planar geometnO{ — C4 — N1 119.62(19)2 01 — C4 —
C2122.66(19) and £N1 — C4 — C2 117.73(16)°. In the same MePz (methylpyrazol) groups
are coplanar with respect to each other as welligsrespective CO group with slight deviation
of 2.66°. Both the pyrazolyl moieties are twisteghiast phenylene ring (torsion angles N1-C4-
C2-C3 55.51° and N1-C4-C2-C1 128.73°).

In establishing the supramolecular structure of ¢benpound methyl group plays an
important role. One of the H from GHjroup makes an interaction with the CO group with
separation distance of 2.687 A, affording a 2D #ecture as depicted in Figure 4.

Figure 3: Molecular structure of compound, hydrogen atoms and numbering of some
structurally less important atoms are omitted ftarity reasons. Selected bond lengths and
angles are represented in Table 2 and for morésiste Table S2.
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Figure 4: View of 2D supramolecular structure of compowdhanging contacts are deleted for

clarity reasons.

3.1.3. Structure description of 1,4-phenylenebis(3,5-dimethyl-1H-pyrazol-1-
yl)methanone, 3

Solid state structure of compouBdietermined with the help of X-ray diffraction fits single
crystal is given in Figure 5. Its crystal structufinements and solution parameters are
summarized in Table 1 and structural parameter3able 2. The compound is monoclinic
having identical space group as compodn@P2;/c). Carbonyl (C=0) moieties are oriented in
trans manner with respect to each other in a similar a@msn compound& and2. Carbonyl
carbon (C6) is trigonal with angles around #,C7 —C6 —N2119.58,2C7 —C6 —
01120.82and £ N2 — C6 — 01 119.61°. These values are in agreement with trigonal plana
geometry of the C7C6N201 fragment. The bond le@fikO1 1.215, C6-C7 1.499 and C6-N2
1.398 A, indicate that C=0 bond gradually elongafé® C6-N2 bond is least affected and C6-
C7 bond becomes longer. These data indicate tleael#ctron density is delocalized towards
dimethypyrazolyl group along O1-C6-N2 fragment.tire molecule dimethylpyrazolyl groups
are coplanar. The C=0 groups are twisted by 163w887 respect to DMP and by 28° with
respect to the phenylene ring. The DMP and pheeyiegs are mutually twisted by ca. 40°.

There are several short ranged intermolecularaat®mns in compoun@, both Oxygen

atoms of the carbonyl groups interact with CH of PNtlistance 2.619 A), H of one molecule



also interact with p-electrons of DMP (distance92.88). The CH protons of neighboring
molecules also interact with each other, stabifjzimo molecules at a distance of 2.821 A. These

interactions afford a 3D supramolecular structdrtne compound.

Table 1: Crystal structure determination and refinemefftsompoundsl-3.

Compound Names 1 2 3
Chemical Formula GH1oN4O; Ci16H14N4O2 CigH18N4O,
Mr 266.26 294.31 322.36
Crystal System Monoclinic Monoclinic Monoclinic
Space group P2:/n C2/c P2i/c
Temperature(K) 296 296 296

a(A) 3.9007(4) 3.9718(5) 4.1278(3)

b (A) 11.0403(13)  15.299(3) 14.7281(12)
c (A) 14.955(2) 12.0601(18) 13.1635(9)
L) 96.407(9) 95.800(5) 94.682(4)
V(A®) 640.02(13) 729.08(19)

Z 2 2 2

Radiatio type Mo/Ka Mo/Ka Mo/Ka

u (mm) 0.10 0.09 0.09
Crystal size 0.39x0.20x0.15 0.35x0.15x0.14 0.423%0.18
Reflections measured 5614 6712 6660
Independent Reflections 1527 1738 1815
Observed Reflection [| >®1)] 894 943 1439

Rint 0.041 0.047 0.032
(SIO/N) max(A™) 0.659 0.660 0.649
R[F?>20(F?)] 0.058 0.050 0.044
wWR(F) 0.139 0.132 0.126

S 1.02 1.01 1.06

No. of Reflections/parameters 1527/91 1738/101 51811

APrmax APmin (€A2) 0.13, -0.16 0.14, -0.21 0.24, -0.22




Table 2: Summarized structural parameters of compour8isbond length (A) and bond angles

).

Compound 1 Compound 2 Compound 3
Bond lengths
C4-01 1.206(2) C4-01 1.210(2) C6-01 1.215(17)
C4-N1 1.402(2) C4-N1 1.393(3) C6-N2 1.398(18)
C4-C5 1.487(3) C4-C2 1.484(3) C6-C7 1.499(19)
Bond angles
01-C4-N1  119.1(2) 01-C4-N1 119.62(19) 0O1-C6-N2 61013)

01-C4-C5  122.2.(2) 01-C4-C2 122.66(19) 01-C6-C7 .82(13)
C5-C4-N1  118.7(18)  N1-C4-C2 117.73(16) N2-C6-C7 9.58(12)

Figure 5: Molecular structure confirmed by X-ray diffraati@f compound, hydrogen atoms
are omitted for clarity, partial numbering is showar summarized structural features (bond
lengths and angles) see Table 2, for more de@sTable S3.
3.1.4. Molecular geometric parameters
The geometry of compounds3 was optimized by using two different level of thies
i.e., B3LYP and CAM-B3LYP with same basis set &&16G (d,p). The obtained parameters are
tabulated in detail in Table S1-S3 (Supplementafgrimation) and graphical representation of

molecular geometric parameters is presented inr€$gd, Figure S1 and S2, respectively.



Considering bond lengths, the experimental andutatied (DFT (B3LYP)) values, the
identical value was found to be 1.498 A for (C6-@Ap (C18-C19) in compour®l The least
deviated values were found to be 0.002 A for (C3;Q98-C9), (N13-C19) and (C18-C19) In
0.002 A for (O1-C7) and (012-C18) thand 0.001 A for (C14-N22) i8. However, the most
deviated values were 0.024 A for (C2-C3)1in0.026 A for (N2-C7) and (N13-C18) ihand
0.018 A for (C3-C4) and (C15-C16) 8Figure 6 and Figures S1, S2, respectively).

While considering bond lengths, comparing the XRid the DFT (CAM-B3LYP) values,
the least deviated values were found to be 0.06& £C4-C10) and (N14-C20) ih, 0.001 A for
(N2-C8) and (N13-C19) i@ and 0.001 A for (C1-C2), (C7-C8), (C7-C9), (C13-1€19-C20)
and (C19-C21) ir8. However, the most deviated values were 0.024 rA(@i-C2) and (C11-
C12) in1, 0.019 A for (N2-N3), (N2-C7), (N13-N14) and (NL38) in2 and 0.022 A for (N10-
N11) and (N22-N23) in compourgl

When considering bond angles, comparing the expgeriah and the DFT calculated
(B3LYP) values, the identical values were found {@2-C3-C9) and (C12-N13-C19) in
compoundl, (N3-C10-C9) and (N14-C21-C20) & and (C8-C7-C9) and (C20-C19-C21) in
compound3. The least deviated values were found to be ®@i(€2-C1-C8), (C5-C4-C10),
(C5-C6-C17), (C7-C16-015), (C12-C11-C18) and (OI1BHC20) in compound, 0.1° for (N3-
C10-C11), (C9-C10-C11), (N14-C21-C22) and (C20-C2R) in2 and 0.1° for (C3-C4-N11),
(C7-C8-C21), (C7-C9-C20), (C8-C21-C19), (C9-C20-aAd (C15-C16-N23) iB. However,
the most deviated values were 2.8° for (C1-C8-Gw) @11-C18-N14) irl, 2.8° for (C6-C5-
C7) and (C17-C16-C18) i2 and 1.1° for (C1-C2-C3), (C2-N10-N11), (C13-C14-CHnd
(C14-N22-N23) ir3.

On the other hand, considering bond angles, comgpahe actual experimental and the
DFT calculated (CAM-B3LYP) values, identical datare obtained for (C5-C6-C17), (C7-C16-
015) and (C16-015-C17) ihand (C3-C4-N11), (C5-C4-N11), (C15-C16-N23) and {€C16-
N23) in 3. The least deviated values were found to be @4 {G@2-C1-C8), (C2-C3-C9), (C12-
C11-C18) and (C12-N13-C19) ih 0.1° for (N3-C10-C9), (C9-C10-C11), (N14-C21-C20\d
(C20-C21-C22) ir2 and 0.1° for (C3-C4-C5), (C4-N10-N11), (C7-C9-C2@8-21-C19), (C15-
C16-C17) and (C16-N23-N22) & However, the most deviated values were 2.8° @i-C8-



C4) and (C11-C18-N14) it, 2.7° for (C6-C5-C7) and (C17-C16-C18)2rand 1.2° for (C2-
N10-N11) and (C14-N22-N23) i&

The comparative analysis reveals that calculatew! lamngles and bond lengths are higher
than SC-XRD values as reflected in Tables S1-S3Faguares 6, S1, S2. However, in few cases
the DFT values of bond angles and bond lengths w#rerwise i.e., smaller than the XRD
values. The disagreement between DFT and experingmdings is predominantly because of

the medium effect (solid state and solution phase).
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Figure 6: Comparative representation of Experimental andutaied bond lengths (A) and bond
angles (°) for compountl

For a fair comparison between the experimental BRT@ study regarding optimization,
error was further calculated with the help of equrat 8-10;

. |EXP-DFT| _
Mean Absolute Deviation (MAD) = - Equation 8

Where, n is the total number of bond length or bangdle values considered, t is number
of bond length or bond angle values, “EXP” is tkpeximental based bond length or bond angle
value and “DFT” is the calculated bond length ontb@angle value.

The mean absolute deviation (MAD) can be definedhassum of absolute differences
between the experimental and calculated study-besleés divided by the total number of bond

length or bond angle values taken.



P ,(EXP—DFT)? |
Mean Square Error (MSE)= - Equation 9

Mean square error is usually utilized error metiigpenalizes huge errors due to squaring

larger numbers consisting of a largest impact aspewed to squaring smaller numbers.

P, (EXP~DFT)? |
Root Mean Square Error (RMSE) - Equation 10

The root mean square error (RMSE) can be calculatdgeking the square root of MSE. It
is the most commonly used error metric and had kepgrcially considered for compourids.

The RMSE approach is considered to be the most @mymused in structural
calculations, so, the RMSE approach has also baé@pted for our investigated systems as given
in Table 3.

Table 3: Calculated standard error values for compoungds

1 2 3

CAM- CAM- CAM-

Level of Theory B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP
RMSE for bond

Iengths 0.0154 0.012 0.0146 0.0112 0.00855 0.00845
RMSE for bond

angles 1.2295 1.266 1.516 1.5362 0.5472 0.5629

The error calculations in terms of root mean sqearer gave an accurate comparison of
both the level of theories being applied, B3LYP &WM-B3LYP. Both the level of theories

were in good agreement to one another.

3.1.5. Hirshfeld Surface Analysis
Moreover, to explore intermolecular interactiong;sHfeld surface analysis fdr, 2 and3
was performed [30-32]. The configuration of Hirddfeurface for complete molecule hf2 and
3 is shown in Figure 7. In Hirshfeld surface pldrosgest interactions are indicated by red
colour, intermediate interactions are indicated White colour and almost negligible
intermolecular interactions are indicated by bluoor (shown in online version). Overall

interactions of compountlare given in Figure 8.



The intermolecular interactions can also be explowth the utilization of two-
dimensional fingerprint plots, which can be decosgubto quantify the individual contributions
of each intermolecular interaction involve in th&usture. The overall two-dimensional
fingerprint plots are shown in Figure 8 (compounand Figure S3 and S4 (compouhdnd3,
respectively) [33-35]. These figures show the patrdetermolecular contributions for various
interatomic contacts to the Hirshfeld surface araicentage contributions of an atom in
Hirshfeld surface with all other atoms present iblgtshe surface to specify its role in crystal
packing.

Figure 7: Hirshfeld surfaces mapped ovek@in the range from -0.2799 to 1.2890 a.u., 0.0079
to 1.3088 a.u. and -0.0748 to 1.1368 a.u. for cam@sl, 2 and 3 (left to right). 1 a.u. of
electron density = 6.748 €A
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Figure 8: Two-dimensional fingerprint plots for compouhd

Theoretical findings regarding crystal packing @impoundsl-3, show that the HH
contacts appear to be the major contributor and guemntified as 38.3, 46.8 and 55.4%,
respectively. The role of hydrogen atoms is verycial in the overall stabilization of structure
for these compounds and the percent contributiomteymolecular contacts is quite high. The
smallest contribution towards intermolecular intti@ns was observed for oxygen atom of C=0

group, its role in crystal packing was found as 0.2 and 0%, respectively [36].

3.1.6. Natural Bond Orbital (NBO) Analysis
NBO analysis provides insights into intra- and iftelecular interactions in filled and
virtual orbitals. Evaluation of the donor—accepioteractions within the NBO analysis was
administered with the help of second-order Fockimn§®7]. For each donor (i) and acceptor (j),
the stabilization energ¥® associated with the delocalizatiorji was assessed according to

literature protocol, as given in equation 11 [38].

2
E@ = qiﬂ Equation 11
& — &
WhereF(i.j) is the diagonal ang and ¢; are the off-diagonal NBO Fock matrix elements

and qis the donor orbital occupancy [39].




For finding out intra- and inter-molecular bondiagd interaction among existing bonds,
natural bond orbital (NBOs) analysis is an efficitrdl and it additionally provides a convenient
basis for investigating conjugative interactionscbarge transfer in molecular systems [40,41].
The NBOs analyses were carried out 168, the obtained data are given in supplementary file
(Table S4-S6, respectively). Selected values gneesented in Table 4, and optimized structures
with complete numbering scheme are shown in Fi§&&7.

Table 4: Representative values of NBOs analysed f@and3

Entry | Type j (Acceptor) Type E(2°? E()-E@)°[au] F(;j)°[aul]
(Donor)

C1-C3 T C5-N14 " 26.92 0.28 0.080
C16-C18 T C20-N29 " 26.92 0.28 0.080
C5-N14 T C1-C3 " 12.03 0.34 0.059
C20-N29 T C16-C18 " 12.03 0.34 0.059

1 C18-C20 d C16-H17 a* 5.39 1.12 0.069

C3-C5 d C1-H2 0" 5.39 1.12 0.069

C5-N14 0 C7-N13 0" 5.03 1.21 0.071

N13 LP(1) C7-015 * 37.49 0.29 0.099

N28 LP(1) C22-030 * 37.49 0.29 0.099

N14 LP(1) C3-C5 a* 5.39 0.93 0.064

C10-C12 N3-C14 * 27.21 20.29 0.082
C28-C30 T N21-C32 * 27.21 0.29 0.082

C6-C7 T C22-C24 * 21.19 0.28 0.069

5 C6-C7 T 01-C9 " 18.20 0.26 0.065

N3-C14 0 C10-C12 a" 11.50 0.34 0.058

C30-C32 0 C28-H29 0" 5.27 1.11 0.069

N2 LP(1) 01-C9 " 38.76 0.29 0.100

N21 LP(1) C30-C32 9" 6.06 0.92 0.067

Cc6C8 T C5N19 " 28.25 0.29 0.083
C27C29 T C26-N40 " 28.25 0.29 0.083

3 C35C38 T C14C15 " 21.19 0.28 0.069
C9H12 5} C8N20 a* 7.64 0.93 0.076
C30H33 0 C29N41 0" 7.64 0.93 0.076



C6-C8 0 C1-C5 Q" 5.12 1.13 0.068

N20 LP(1) C13021 9*  38.45 0.28 0.099
N41 LP(1) C34042 7t 38.45 0.28 0.099
N19 LP(1) C5-C6 9*  5.91 0.93 0.067

3@ represents “energy of hyper conjugative interactgabilization energy in kcal/mol)”.
PEnergy difference betweérandj NBOs.
°F(i;j) is the Fock matrix element betweieand;.

The probable transition consisting of enormous iktation energies such asi(Cl-
C3)—n*(C5-C14) andi(C16-C18)>n*(C20-N29) contain 26.92 kcal/mol each for compotind
1(C10-C12)»n*(N3-C14) and n(C28-C30}»n*(N21-C32) has an energy value of 27.21
kcal/mol each for compound and =n(C6-C8)-n*(C5-N19) andn(C27-C29}->n*(C26-N40)
each with 28.25 kcal/mol focompound3. Other important transitions in these compounds
pointing towards conjugation system amC5-N14)}-n*(C1-C3) andn(C20-N29}»n*(C16-
C18) in compound, n(C6-C7)->n*(C22-C24) andrn(C6-C7)->n*(O1-C9) in compound® and
1(C35-C38)»n*(C14-C15) in compound with stabilization energy values 12.03, 21.19 and
18.20 kcal/mol, respectively and 21.19 kcal/mol &rHowever, transitions such a$C1-
C3)—-n*(C5-C14), =n(C1l0-C12)»>n*(N3-C14) and =n(C6-C8)-n*(C5-N19) demonstrated
highest stabilization energies of 26.92, 27.21 28@5 kcal/mol, respectively in compountd8
(see supporting information Table S4-S6). Amongecallculated stabilization energies, these
values were the leading one. The calculation ofrg@neorresponds ta—z* interactions is
important to know about the existence of conjugatis well as charge transfer phenomenon in
compounds. Electronic transitions i.e(C20-N29}»n*(C16-C18), n(C6-C7)-»n*(01-C9) and
1(C35-C38)»n*(C14-C15) consisting of 12.03, 18.20 and 21.19l/keal are associated with
least energy irl-3, respectively. The interaction between the electtonor-acceptor moieties
lead to least energies. In contrasttten* the c—o* transitions are associated with very weak
donor @)-acceptor ¢*) interactions energies. Thes(C18-C20}»c*(C16-C17), o(C3-
C5)—0*(C1-H2) transitions contained 5.39 kcal/mol eacttompound., 6(N3-C14)-c*(C10-
C12) contained 11.50 kcal/mol & and o(C9-H12)-6*(C8-N20) ando(C30-H33)-c*(C29-
N41) contained 7.64 kcal/mol each3nshowing higher stabilization energies amongsalc*
interactions. The(C5-N14)-c*(C7-C13) transition associated with 5.03 kcal/reakrgy inl,
0(C30-C32)»c*(C28-H29) with 5.27 kcal/mol energy i# and ¢(C6-C8)-»c*(C1-C5) with
5.12 kcal/mol in compoun8were with least stabilization energy values (Table



Interactions correspond to resonance were alsongdsén compound4-3, for example,
LP1(N13)>n*(C7-015), LP1(N28)>n*(C22-030), LP1(N2)}>n*(O1-C9), LP1(N20}>
1*(C13-021) and LP1(N4B»n*(C34-042) produced 37.49, 37.49, 38.76, 38.45 3Bd15
kcal/mol in1-3 andwere the highest values. While LP1(N44g*(C3-C5), LP1(N21}»c*(C30-
C32) and LP1(N19»c*(C5-C6) produced 5.39, 6.06 and 5.91 kcal/mol \whexhibited least

electron donating interactions energie448, respectively.

3.1.7. UV-Visible Analysis

The time dependent TD-DFT with B3LYP/6-311G (d,ppaCAM-B3LYP/6-311G (d,p)
levels of theory were used for theoretical calcafet of UV-Visible spectral analysis. The
outcomes of UV spectrum @&f3 are represented in Tables S7 and S8.

The theoretical results presented in Table S7 tah@acompoundl gives absorbance at
274 and 297 nm with oscillator strengths 0.454 and 0.135, respectively. The same data for
compound? was observed as 283 and 295 nm wi#h0.303 and 0.191, respectively. Similarly,
3 gave 278 and 291 nm withvalues 0.317 and 0.175, respectively. The afodesecitations of
1-3 are allowed transitions however, the known prokibiransitions are 289 and 294 10288
and 295 for2 and 290 and 304 nm f@& because they were founwith zero magnitude of

oscillator strengths.

Tabulated data for compoundis3 (Table S8) reveal that compouh@xhibits wavelength
250 and 234 nm with associatedalues 0.539 and 0.115, compouhdives values at 251 and
266 nm withf 0.681 and 0.097 in the same way and two valuesa2d7264 nm with = 0.673
and 0.091 were observed for compouhdThe aforesaid excitations are allowed transitions
however, prohibited transitions are those with viewgth frequency of 235 and 268 ,(237 and
268 @) and 244 and 26B) because they possessed zero magnitude of oscgtaengths.

The calculated data represented in Tables S7 ande®8 based on B3LYP and CAM-
B3LYP, respectively. These give an easy understandi comparison that B3LYP calculations
ended up with higher wavelengths and lower osoitlatrengths while reverse was observed for
CAM-B3LYP.

3.1.8. Vibrational Analysis
As it is discussed that the DFT studies were cadraet with the intent to have a clear

understanding of vibrational modes and stabilityosénce of imaginary frequency) for



compoundsl, 2 and3 at B3LYP/6-311G(d,p) level of theory under solvéee conditions (gas
phase). The number of atomsiin2 and3 are 30, 36 and 42, respectively with symmetry poin
group G. Their FT-IR spectra are given in Figures S8-S%0pflementary Information), the
peaks observed corresponding to stretching fregeenaof all-important bonds are within

expected regions.

3.1.9. Natural Population Analysis (NPA)

The Mulliken atomic charges of compount8 were determined with Time Dependent
DFT (TD-DFT) at B3LYP level of theory with basist#311G (d,p) as presented in Figure 9
and Figures S11 and S12. Atomic charge transfoomagrocess normally takes place in
reactions and the electrostatic potential on eslesnrface has to be calculated through theory
[42]. The bonding capacity and molecular confirrmatare predicted on the basis of electronic
charges of respective atoms. The data pertainifdulbken population [43] reveal that unequal
distribution of electron density over the benzeme ris because of the presence of more
electronegative atoms O and N in compouded Our concern is to describe the electron
distribution over the crystal and to explore thactesity of the figured charges in the quantum
chemical approach [43].
Moreover, Mulliken population examination displaffsat there is no discrepancy in charge
distribution over H-atoms. The positive chargesrokeatoms are because of the negative
charges of carbon atoms. The oxygen and nitrogemsatpresent in entitled compounds
containing high negative charges and they enfoleegg negative charge on some carbon atoms

because of resonance process.
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Figure9: Natural population analysis of compouhdee Figures S11 and S12 for compouhds
and3.

3.1.10. Frontier Molecular Orbitals (FMOs)

The FMOs hold a significant place in the opticatl aslectric properties and are used in
interpreting the chemical stability of species BIH- The energy gap of FMOs is an appreciated
parameter to get knowledge concerning the dynatalilgy and chemical reactivity of species.

The HOMO/LUMO energies were obtained such as -7-3®&1eV, -7.24/-2.46eV and -
6.93/-2.24eV respectively fod, 2 and3. A chemical system contains a greater energyreifiee
between HOMO and LUMO orbitals might be less re@ctas compared to that one which
contains a smaller gap. For compoufd® and3, the calculated HOMO-LUMO energy gap was
4.75, 4.79 and 4.68V respectively, indicating that the compoudidhas more reactivity thah
and2.

Table5: Frontier molecular orbitals energy calculateddompoundd-3, units ineV.

Compounds 1 2 3
MO(s) Energy AE Energy AE Energy AE
HOMO -7.36 -7.24 -6.93
4.75 4.79 4.69
LUMO -2.61 -2.46 -2.24
HOMO-1 -7.39 -7.26 -6.94
5.93 5.96 5.85
LUMO+1 -1.46 -1.30 -1.09

HOMO-2 -7.46 6.83 -7.32 6.79 -7.12 6.69




LUMO+2 -0.63 -0.53 -0.43

HOMO-3 -7.59 -7.36 -7.17
7.11 7.04 6.94

LUMO+3 -0.48 -0.32 -0.23

HOMO: Highest Occupied Molecular Orbital and LUMEGawest Unoccupied Molecular Orbital

HOMO (1) LUMO (1)

HOMO (2) 7 LUMO (2)

HOMO (3) LUMO (3)
Figure 10: FMOs of compounds-3.
The electron density in HOMO of compouhds dispersed on the 1,4-bisk{dpyrazol-1-
yl)methyl)benzene fragment which is almost the whstfucture except the carbonyl groups, in
the same way compoun@ffers 1,4-bis((H-pyrazol-1-yl)methyl)benzene fragment to take up

the electron density which is also almost the wrsilecture except the carbonyl groups and



methyl groups. However, it is different in caseBpin which the electron density is dispersed on

the 5-methyl-H-pyrazole fragment which is a minor portion of 8teucture (Figure 11).

3.1.11. Global Reactivity Parameters (GRPs)
The GRPs such ds(lonization potential)A (electron affinity),X (electronegativity)y
(global hardness), (chemical potential)p (global electrophilicity) and (global softness) were
calculated using the FMOs energies for entitled monmds [50]. These chemical quantities can

be seen in Table 6.

Table 6: Global reactivity parameters\() of entitled derivativeg, 2 and3

Compounds I A X n U [0} c
1 8.71 1.2¢ 4.9¢ 3.7¢ -4.9¢ 3.21 0.1z
2 6.9¢ 2.2¢ 4.59 2.3¢ -4.5¢ 4.4¢ 0.21
3 8.8t 1.35 5.0¢ 3.7¢4 -5.0¢ 3.4¢ 0.1:

In broad context, the electron donating and acogpitapability of molecules is
distinguished with the help of ionization potentéad electron affinity values, respectively. The
ionization potential values df3 were established to be much greater than theitreleaffinity
values. The chemically hardness values were foarmet3.75, 2.34 and 3.8Y for 1, 2 and 3
respectively. However, the chemically softness eslwere found to be 0.13, 0.21 and (e¥3
for 1, 2 and 3 respectively. These results indicate that investi compounds have low

reactivity and show a good agreement with NBO a@eX®D findings.

3.1.12. Density of States (DOS)

The DOS of compounds-3 were determined by the Gauss Sum software andethats
obtained therefrom are shown in Figure S13. The B@E&trum provides enough informations
in relation to the population analysis per orbitala certain energy range (energy range of the
spectrum is 0 to -2@V). The CO groups and pyrazole rings are major dartrs in high
energy range of -8 to -1€/, which is the highest contribution and has sulteteimfluence on
nonlinear optical properties of the material. Thea@rvation obtained are in close agreement with

FMOs analysis where the maximum electron densispisad over pyrazole substituents [51].



3.1.13. Non-Linear Optical Properties (NLO)

Electronic properties are accountable for the gtieof optical response which rely on the
linear and nonlinear responses (polarizabilityaynd hyper polarizabilitie andy etc.) [52,54].
For the estimation of non-linear optical propertésl-3, these linear and nonlinear responses
have to be evaluated. The><values were calculated by the set of theory asrdeed above.
The average polarizability values B3 accompanied by their major contributing tensorghiee
different ways, with no solvent effect, with eth&amd acetonitrile as solvent. However, our
compounds are centrosymmetric, so, first hyper rizahbilities () values could not be
calculated.

Table 7: Dipole polarizabilities and major contributing sems (a.u.) of compounds3.

Solvent Polarizability 1 2 3

Ao 304.516 339.12 356.079
None ay 182.685 214.15 248.925
azn 81.649 102.03 125.964

ot 189.616 218.43 243.656
o 371.086 413.62 431.296
Ethanol ay 259.379 298.55 341.882
az 104.785 132.22 166.574

ot 245.083 281.46 313.251
i 372.296 415.061 432.780
Acetonitrile ay 261.429 300.767 344.313
az 105.579 133.278 168.009

iotal 246.434 283.036 315.034

The data pertaining to the average><wvalues and their tensors are represented in Table
The dipole polarizabilities values obtained were9.686, 218.43 and 243.656 a.u. for
compoundsl-3, respectively. Where the compouBdexhibited higher value than the other
members of th& and2. The HOMO/LUMO energy gap influences the molecylalarizability
and has an inverse relationship with linear podnilty. The compounds with small energy gap
endorse large linear polarizabilities. CompouBdvas found with smaller energy gap as
compared tdl and2 (Table 5).Subsequently, it shows more linear polarizabiliyues (Table
7).

3.1.14. Molecular Electrostatic Potential (MEP)
The 3D plot of total electron density is also adlleolecular electrostatic potential (MEP).

The MEP is descriptor for elucidation of non-covalénteractions (NCIs) in molecules. The



MEP, a plot of electrostatic potential and constaldctron density surface, is taken for
foreseeing sites and relative reactivity towaragstebphilic or nucleophilic attack, in studies of
biological recognition, interactions between honoo-heterosynthons and in correlation and
prediction of scope of macroscopic properties. Tbler code is sorted from deep red to deep
blue, where blue indicates a nominal concentrabioalectrons and high density of electrons is
shown by red color in the figure. The charge cbution can be systematic in decreasing order
as, red > orange > yellow >green > blue.

It further elaborates that negative zones (redyatidw) are supposed to be favorite sites
for electrophilic attack and the positive zonesiédlcan possibly allow nucleophilic attack. The
Figure S14 indicates a negative potential restchower O and N atoms, whereas positive region

is located around H atoms fibr2 and3.

4. Conclusion

Reaction between terethaloyl dichloride and pymazdérivatives afford corresponding
products as a result of N-C coupling. The compltead lengths as well as bond angles are in
close agreement with SC-XRD data. The error calicuia of RMSE revealed that both CAM-
B3LYP and B3LYP functionals are in good agreemeith wespect to each other. The NBOs
analysis indicate that molecules are involved i pinocess of intra-molecular charge transfer.
The Hirshfeld surface analysis of the compounds pstp higher molecular stability.
Furthermore, NBOs based hyper conjugative intevactvalues were found with greater
magnitude which endorses the same molecular gtalfgict. For compounds 1,2 and 3, the
calculated HOMO-LUMO energy gap was 4.75, 4.79 &9 eV, respectively, indicating that
the compound 3 is more reactivity than 1 and 2. Gdred gap o€Eompound3 is slightly smaller
than compound$ and2 the smaller value is because of electron-donability of the attached
methyl groups. The global reactivity parameterseheen calculated using the energies of
FMOs. The chemical hardness valuesl<f were found greater as compared to their softness
values which indicated that the investigated compsuhave low reactivity and show a good
agreement with NBOs and SC-XRD finding. Mutual camgon of compound$-3, indicates

that compound has highesto> values. The effect of solvent on the dipole pakbilities of



compounds was determined and the higher averagezaiilities <> values ofl-3 were found
in acetonitrile than ethanol and free solvent cbods.
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Research Highlights

2-Methylpyrazole, and its 3-methyl and 3,5-dimethyl-substitited derivatives react with
terephthal oyl dichloride through N-C coupling reaction.

The resultant compounds are crystalline in nature and their X-ray Diffraction data
were collected.

Experimental data were reproduced theoretically by B3LYP and CAM-B3LYP of
DFT with 6-311G(d,p) basis set.

Theoretical data arein close agreement with the experimental findings.
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