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3.1. Introduction

Sulfaphenazole4-aminoN-(1-phenyt1H-pyrazol5-yl) benzenesulfonamigéelongs to
well-known antibacterialsulfonamidefamily. Sulfaphenazole and phalloidiare able to
reduce huUIllinduced hypotension Sulfaphenazolebeing an antimicrobiabgent,is a
potent inhibitor of cytochrome P4502@8dprotective against ischemraperfusion (I/R)

injury [163]. Sulfaphenazolés a selective inhibitor of CYP 2(464], the member of the
CYP2C subfamily that is expressed at the highest level in human [hG&167].
Sulfaphenazole shows the inhibitory effects on itiéiVo metabolism of tolbutamide
[168]. Such inhibitory effects on tolbutamide/droxylation have been shown in Vitro
either on human liver microsomgss9] or on recombinant CYP 2d4a70Q.

The crystal structure of sulfaphenazole is reported earlier by H. C. Patel & T. P. Singh
[171]. Sulfaphenazole has segaegroups with donoatoms whichare able to interact with
metal. This ligand has shown tendency to coordinate with the metal ion through
sulfonamido nitrogen and pyrazole nitrogen, even in case of deprotonation of the amino
nitrogen atomThe deprotonation of the NH group e an anionic donor ligand and in
case of sulfaphenazole, the pyrazole ring affords the stereochemical requisites for the
achievement of complexes with a monodentate, chelating or bridging ligand. The chemical
structure of sulfaphenazole is showrFigure 3.1

Literature survey reveals thquite a fewsilver complexes of sulfonamides are worked
out[172-175. Someof them presenbwer activity than free ligandnd othehasshown

higher activity[176-177]. Silver is effective against a broad range of gram negative and
gram positive bacteria, fungi and yefki8]. Silver has the most outstanding properties
among all metals with antimicrobial activity because of its higher toxicity to

microorganisms and lower toxicity to mammalian cgli&9].

HoN

Figure 3.1 Chemical structure of Sulfaphenazole
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Looking towards the importance of the sulfaphenazaléhor has attempted to explore the
synthesis, spectral characterization, antimicrobial studkgay crystal structure
Hirshfeld surface analysignd quantum chemical calculatioof silver complex of
sulfaphenazole. To explore the geometry and stereochemistry of new complex, different
spectral techniques such as IR, UV and NMR are uBee.quantum chemical study of
optimized molecular geometries andulken population are examined. Comprehensive
experimental and theoretical studies have been carried out to obtain complete reliable and
precise structural features of th@olecule The 3D Hirshfeld surface analysis and 2D
fingerprint analysis are performed to study the nature of the interactions and the
guantitative contribution towards the crystal packifg. correlate the structwfenction
relationship the SPZ and its silver complex are tested for microbiological test against gram
positive and gram negative bacteria

3.2. Experimental

3.2.1.Chemicals
Sulfaphenazole is procured from Sigkrich and allthe solvens are purchased from
LobaChemie.The silver nitrate and solvents are reagent grade and used without further

purification.

3.2.2.Synthesis ofSilver Complex of Sulfaphenazole

The Silver complex of Sulfaphenazole is synthesized by the reflux methemlution of
silver nitrate (AgNQ) (0.1689 gm 1mmol) in distilled wateiis added talcoholic (25ml
Methanol) solution of thesulfaphenazole 0(6286gm,2mmol). The mixture is then
refluxed for more than 2 hours. A shiny grey colored vyield is filtered, washed with hot
distilled water and methanol and dried into desiccat@r anhydrous Caglor overnight.

The resultsfor (AgSPZ.2HO) are: Anal. Calcd%): C, 42.84; H, 3.02; N, 12.75 and
found (%): C, 39.49; H, 3.53; N, 12.28.

3.3. Spectroscopic Characterization

3.3.1.Infrared Spectroscopy

The probable assignmenf the bandsased on some general referenfE0-186] for
particular stretching frequencies are tabulate@iahle 3.1 A comparative study of the IR
spectra of the complex with that of the free ligand and those of the complexes of related
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ligand givesinformation regading the binding sites of the ligandhe infrared (IR)

spectra of free sulfaphenazole and its silver complex taken in the regiort@0aon*

using KBr pallet are shown fFigure 3.2andFigure 3.3 respectively.
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Figure 3.2 FTIR spectra ofSPZ
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Figure 3.3FTIR spectra of AQSPZ

Thebandsat 3495, 3394 and 3316m n t he | R of t he §(MHR)e | i @
3s(NH2)  a n dy) ogtijeMrHino groufil 76, 181]. However, these bands are modified in
the IR spectrum of the complex, as a consequence of the interactio& afino group
with the Agwhich is confimed by Xray diffraction dataThe disappearance of band, at
3042cm'in the SPZ, ci&SONHé )sstpetching madg in theospegtia of the
complex reveals the deprotonation of the sulfonamido N aidm.3 ( C= N) stret

vibration mode that occurred at 1631 tim the free ligand, remained absent in the

complex suggested the aralination of Ag with pyrazolaitrogen atom. The peak at 518
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cm’*corresponding to AigN is observed in the complex remains absefitee ligand. The
remaining bands are recorded in close positions both for the ligand and for the complex.
The 9251045cmtband i n t he | iidgNp[iB6l araat Bigher fregubncieso 3 (
(96211071 cm) in the complexthis shifting to higher Equencies is in accordance with

the shortening of thei8l bond length, which has been observed in the crystal structure of

complex.

Table 3.1 Characteristic IR bands (cm) of the spectra of Sulfaphenazolél) and Ag-
sulfaphenazole (2xomplex

Assignment (1) (2)
3476
3 (N e 3441
3353 3360
3 ( M) 3315 3318
3 (-H) 3042 -
Sacy 1337 1346
1314 1316
1148 1143
SO, 3sy 1152 1124
i S0 547 553
3 (-\§ 9251045 9621071
3(C=N) 1631
3 (O 681 684
3(phenyl 1592 1596
3 ( Ay - 518

3.3.2. NMR Spectroscopy

The proposed assignmeuit the signalis based on some general references as well as on
data of related complex¢$87-189]. The'H NMR spectrum of the AgSPZ are recorded in
DMSO-d¢® and compared with that digand. *H NMR spectrum provides information
abait the number of different typef protons and also the nature of immediate
environment of each of ther®C NMR spectrumgives the structural information with
regard to different carbon atoms present in the molecule'tTled™*C NMR assignment

of the bands of staphenazole and AgSPZ are tabulaiedable 3.2.'H NMR spectra of
sulfaphenazole and its Agulfaphenazole are sha in Figure 3.4 and Figure 3.5

respectively*C NMR spectra of sulfaphenazole and itsS®y are shown irFigure 3.6
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andFigure 3.7respectively.The chemical shifts are expressed in ppm relative to internal
TMS.
'H NMR Spectrum

Almost all of '"H NMR resonance suffers up field shift. The signals for hydrogen bonded
to aromatic carbon are almost comparable in ligand and in complex. H3 & H5; 6.607 ppm
in SPzZ, 6.572 p-p.035ppm). H{HBIP7B77(ppplin SPZ, 7.213 ppm

in AgSPD I6phi ppm). H15; 7.47 ppm inROISPZ &

ppm). H9 ; 7.55 ppm in SPZ a-0.283ppm)3 Thé mgstp m
noticeable observation is for signal of amide protonifl G = 9 .ré&m&ifabserm m)
in the spectra of coplex, which reveals that the sulfa moiety is deprotonated in the

complex.
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Figure 3.4'H NMR spectra of PZ
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Figure 3.5"H NMR spectra of AgSPZ
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Figure 3.6"°C NMR spectra of SPZ
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Figure 3.7°C NMR spectra of AgSPZ
13C NMR Spectrum

The most noticeablehange is observed for pyraeating signal which assigned to the
atom of C7 bonded to the sulfonamido grou
= 147.49 ppm in the spectra of the complex). Almost af’6fNMR resonance suffer
downward shift. The signal for aromatic carbon from phenyl rings (C12 & C14, C1, and
C8 & C15) suféers almost equal chemical shifie to same environment surrounding
them. Other aromatic carbon C3 & C5 signal at 112.57 ppm in the spectra of SPZ and at
112.04 ppm in the complex.
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Table 3.2NMR shift assignnents of SPZ (1) andAgSPZ (2) in DMSO-ds”

Assignment Ha) HE) Pc@a) Bc@) opu (°H gpu (°¢
N(L)i H 9.8 -
C(1) 128.77 128.36 ---- 4.02

C(2)i HIC(6)H &
C(11) H/C(15)}H
C(3)i H/IC(5)H &
C(12) H/IC(14)}H

7.377 7.213 135.23 137.29 -0.164 2.06

6.607 6.572 112.57 1124 -0.035 -0.17

C(7) —— - 153.14 147.49 -5.65
C(8)H/C(15yH 7.47 729 127.38 127.75 -0.18  0.37
N(4)H, 6.097 5747 - - 035 -

C(9)iH 755 7.317 11257 1124 -0.233 -0.17
C(10) & C(4) — - 1394 140.41 - 1.01

Relative to TMS with DMS@is peak as referencéH, 2.60 ppm2C,43.5 ppm)
Ppti = U(sul foRr@aMms dlef ¢mamil & e))

3.3.3. UVi Vis Absorption Spectroscopy

The electronic spectra &PZ and AQSPZ are recorded in DMSO, showing an intense
lowest charge transfer absorption band in the bW¥gion fFigure 3.8). The absorbance

value of sulfaphenazole (SPZ) and its silver complex are listé@dbite 3.3 Most of the
absorption spectroscopy of the compdirased on the transitianf  n leatrons fo the

" * e x i takedplace in the range of 2d00nm[190-192]. Literature survey reveals

that no dd transition is expected for silver compl¢x90]. SPZ displaysabsorption

maxi ma at about 318 nm, whi cthansiti®. Theesivaron ab
has completely vacant 5d orbital conseque
place by the acceptance of one pair of electron from the donor niabg@nof the ligand.

The same transition is observed for AgSPZ Watspectroscopic terfd92]. The complex

AgSPZ shows an intense absorption peak at 287 nm, exhibit 31 nm blue shift compared to
that of SPZ and c atmansiiem. attri buted to n Y

Table 3.3Absorption data recorded for sulfaphenazole and Agsulfaphenazole

Compound Wavelength (nm) Absorption  Probable Assignment

SPZ 318 3.1747 %
AgSPZ 287 3.0863 n v
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Figure 3.8 UV- Vis spectra for SPZand AgSPZ

3.4. Thermogravimetric Analysis

The thermal behavior of the complex is evaluated by means of thermogravimetric analysis.

The thermal degradation of silver complex of sulfaphenazole is studied for the temperature

range of 34° C to 960 °C in nitrogen atmosphere. The TG curvevensas % mass loss

versus temperatur@-igure 3.9) and the DTG curveas the rate of loss of mass versus

temperaturgshownin Figure 3.10.
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Figure 3.9 TGA curve for AgSPZ
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Figure 3.10 DTG curve for AQSPZ

The compound (AgSPZ.28) is stable up t@40° C. The first stepccurs between 250

to 270° C, correspondt® loss of water molecules. The second step at 340° C corresponds
to a loss of two aniline group of sulfonamide and third stepesponds to loss of pyraeol
phenyl ring occurs within the range of 50800° C.The fourth step occurs at 9%D°
leaving a percentage residuals weight of 50.70% which can be attributedaxideef

silver.

In the present investigation, the general thermal behavior of the conmplerms of
degradation mechanism, thermodynamics and kinetic parameters as like change in
enthalpy H, entropy @$ and Gi bboéeGf raeree eervearlgquyat (€ d
graphical method193] and the data are tabulatedTable 3.4 The activationenergy

(Eo), at the different stagess in the range of 4.56117.29kJ/mol for the AgSPZ.2pO
complex. The corresponding entropy value of the activation is in the ranr@e28fto-O0.

25 kJ/ mol . K. The negati ve veadlcomplexisonforet he
ordered. The enthal py of ace€l98teH295&dmol( qpH)
The Gibbbés free energy values are in the 1

The thermal decomposition of silver complex of sulfaphenazole o@dthsDTG curve

maxi ma showing endother mic Peak27a3t=22066 0 gHC
kdmol') and 342°C ( pH = 1 21),8mBile &xdtmeomic peak is observed at 512°C

( opH-1.68 kmah).
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Table 3.4 Thermodynamic and kinetic parameters foAg-sulfaphenazole

DTG (mid T) Ea pH PSS (0 0] €]
Peaks/°C KJ/mol KJ/mol KJ/mol.K KJ/mol
250 117.29 11295 -0.2229 2295
273 29.27 24.66 -0.2368  155.8
342 17.95 12.83 -0.2479  160.78
512 4.56 -1.98 -0.2547  201.57

3.5.Electrical Conductivity M easurement

The electrical conductivitymillimolar solution of sulfaphenazole and its silver complex

in pyridine

ar e

measur ed

at

room

t efnper at

values are given ifable 3.5, The molar conductance values of ligand and that of the

complex range from 1.23.9 and 17.8 31.1 mScritmol™ respectively indicating their

nontelectrolytic nature. In neelectrolytic complexes the anion is bonded to the metal and

therefore it is present within the coordination spbexhile in electrolytic complexes the

anion remains outside the coordination sphdi@-195]. The result indicates that no

anion is present outside the coordination sphere. Tiyele@ molar conductivity value

the case of silver complex of sulfapheolazindicate that complex remain neutral in

solution.

Table 3.5 Electrical conductivity and Molar conductance of Sulfaphenazole and its silver

complex

Concentration Conduct icm})

Molar conductance
(mS cni* mol™)

mM SPZ AgSPZ  SPz AgSPZ

0.01 3.9 31.1 3.9 31.1

0.02 4.9 49.6 2.45 24.8

0.03 5.5 66.2 1.83 22.067

0.04 5.8 80.6 1.45 20.15

0.05 6 88.9 1.2 17.78
Average Molar conductance 2.17 23.18

3.6. X-ray Crystallographic I nvestigation

The synthesizegoowder of silver sulfaphenazole (88Z2) is insoluble in water and in

most of the common solvents but solubleDimethyl sulfoxide, Dimethylformamide

(DMF), Pyridine and 3picoline. A few

red coloed diamond shaped single crystals
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adequate for Xay structure analysis are possible to gfown pyridine solvent by slow
evaporation method. Adnsparent crystal with size (0.55 x 0.25 x ) has been
selected for three dimensionalr®y intensity data collection. The photograph of grown
single crystal from pyridine solvent is shownkigure 3.11. Crystallographic data are
collected on a Bruker Kappa APEHKCCDA4 single crystal diffractometer with graphite
monochromated Mor adi ati on (B=2®BK. 7107 ) at

Figure 3.11 Photograph of grown single crystal

The cell refinement and data reduction aaaried outusing Bruker SAINT[196
programme. The unit cell parameters are refined u@ig reflections in the rangé.8e<

0 <275k u s i n2) scan mode technique, out of these 3850 reflections are unique
reflections having hkl in the rang&6 < h <31,-10 < k < 10 and24d < 22 and 3591
reflections ae treated as observed using I[2c¥l) criterion. The preliminary
crystallographic data are listedTiable 3.6

Table 3.6 Preliminary Crystallographic Data

Chemical name . silver (4aminoN-(1-phenyt1H-pyrazots-
yl)phenylsulfonamido) dihydrate

Chemical formula : Ag(Ci1sH12N4029)-2AH20)

Molecular weight . 456.25amu

Crystal system : Monoclinic

Space group . C2lc

a : 28.55(8)A

b 7.83(2)A

C 18.69(5)A

o 90°

B 126.67(1)°

y :90°

Volume (V) : 3352.82(16A°

V4 8

e |\/|g/m3 . 1.808

g mm* ;136

F(000) ;1832
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3.6.1. Structure Solution and Refinement

Crystal structure of [AgSPZ.2)9] is solved byPattersonmethod with SHELXS97.
SHELXS-97 built in WinGX programme packageused to determine the phases to locate
the atomic positions and SHELXL97 is used for refinement of the data to obtain a precise
model of the structure. The phases obtained from the set are incorporated abegmm&

map. All the non hydrogen atoms are refined anisotropically using SHEZXhy full

matrix least squares procedure agaiR&t The hydrogen atoms are stereochemically
positioned with @H = 0.93A (for aromatic GH) and refined with the riding metl to

their parent atoms with {d(H)= 1.2 Uq (carrier atoms of CH The rest of the
hydrogen atoms are located from difference Fourier map and refined isotropldadly.
Programs PLUTONand ORTERP3 within WinGX are used for molecular graphidhe

value of Ry = 0.@243 and Rijgma = 0.0078 show that the quality of data is satisfactory.
From the pre knowledge of the chemical formula predicted by chemist, the significant
peaks are ipked up. A trial model of the structure is developed and itagapically
refined for few cycles till it reaches to R=0.10. At this stage, all non Hydrogen atom are
refined anisotropically till R = 0.065. All Hydrogen atoms &mated by a mixture of
independent and constrained refinemnadrthis stage. Final R vadus 0.@263for 3591 (1 >

25 (1)) reflections and246 parameters and wR 0.071 whereas R is 0282 and wR =

0.072 for all data. The weightip scheme employed is of they pe w?F& +1/ [ @
(0.0363P3+ 5.1121P] where P = (R? + 2R%)/3 with goodness of fit S = 18D.

The details of intensity data collection along with refinement parameters are listed in
Table 3.7 Hi ghest and | owest el e c6O0r amdhr086l @i s i t y
respectively.The factional coordinates and equivalent isotropic thermal parameters of
nonhydrogen atoms are listed ifable 3.8 and Table 3.9 reports thefractional
coordinates of hydrogen atoms with isotropic thermal parameters. The anisotropic thermal

parameters of nehydrogen atoms are givenTable 3.10
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Table 3.7 Intensity Data Collection and Refinement Parameters

Instrument used . Bruker Kappa APEXI CCD
diffaractometer

Temperature during data collection : 293K

Size of the crystal : 055%x025x020mm

Radiation type . Mo KU

Radiation source . Fine-focus sealed tube

Wavel ength (@) : 0.71073A

Mode of data collection ¥-2d scan mode

d range for data : dnn=180A, aFH27.9°
Total number of measured reflections : 14404

Total number of independent reflectior : 3850

h : -36t0 31
k : -10to 10
I : 241022
Refinement method . Full Matrix Least Square dF|?
Number of parameters . 246
Goodness of fit on |E| : 1.080
Final R indices [ : R=0®63wR=0.01
R indices (all data) : Ry =0.28 wR,=0.072
Largest difference peak and hole . Pinin = -069eA”®

O fnax= 086 €A™
Software used to data collection :  Bruker Kappa Apexl
Software used to cell refinement . Bruker SAINT
Software used teolve the structure . SHELXS 97

Software used to refine the structure : SHELXLI 97
Software used for Molecular Graphics : PLUTON and ORTER
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Table 3.8Fractional co-ordinates of the norhydrogen atoms and equivalent isotropic

displacementparameters (A% with estimatedstandard deviation in parenthese

Ueq:% U1+U 22+U 33

Atom X y z Ueq
Agl 0.1455317) 0.0595%2) 0.183472) 0.0388%7)
Sulfaphenazole
S1 0.0873792) 0.2539(7) 1 0. 0 0 9 0.0262%2)
0O1 0.0419%6) 0.1716(2) 1 0. 0 @9 0.039q4)
02 0.0800%8) 0.43692) 1 0. 0@)8 0.039¢4)
N1 0.146887) 0.21132) 0.082692) 0.02733)
N2 0.238617) 0.34292) 0.18822(2 0.02693)
N3 0.2873%7) 0.402%2) 0.1983%2) 0.02984)
N4 0.0607%8) 1T 0. Qxk 11 0. 3@)1 0.03344)
C1 0.084488) 0.160743) 1 0. 0@)8 0.02534)
C2 0.0851%9) 1 0. QA 671 0. 1@4 0.03214)
C3 0.0776%2) 1 0. Q3071 0. 17)7 0.034q4)
C4 0069238) 0.011x3) 1 0. 2@)5 0.02774)
C5 0.070479) 0.18693) 1 0. 2@7 0.03134)
C6 0.077649) 0.26263) 1 0. 1@4 0.02984)
C7 0.197048) 0.28923) 0.102892) 0.025@4)
Cc8 0.219449) 0.320Z3) 0.056092) 0.03194)
C9 0.2746@9)  0.38993) 0.11767(2 0.032%4)
C10 0.236088) 0.348%3) 0.261932) 0.02684)
Cl1 0.1881@2) 0.4211%3) 0.2515%2) 0.035@5)
C12 0.18703R)  0.43243) 0.324532) 0.046€6)
C13 0.233542) 0.37284) 0.40657(2 0.050@6)
C14 0.2809%Z2) 0.30064) 0.416072) 0.045&6)
C15 0.282879) 0.28693) 0.34437(2 0.03474)
Watermolecule
03 T0.06)8 033194 1 0. 0 27 0.081%9)
04 T0. 023 05753(3) 1 0. X3 ¢ 0.07438)
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Table 3.9 Fractional ceordinates of hydrogen atoms and isotropic displacement parameters

(A%
Atom X y z Uiso
H2 0.0906 1T0. 081 0. 05 0.038
H3 0.0782 1T0.201 0. 18 0.041
H5 0.0665 02552 1 0. 28 0.038
H6 0.0779 0.3809 1T 0. 16 0.036
H8 0.2015 0299 1 0. 00 0.038
H9 0.2996 0.4237 0.1039 0.039
H11 0.157 0.4627 0.1962 0.042
H12 0.1549 0.4799 0.3182 0.056
H13 0.2329 0.3814 0.4556 0.060
H14 0.3121 0.2606 0.4716 0.055
H15 0.3149 0.2375 0.351 0.042
H4A 0.0532(2) T 0. 1671 0. 32 0.038(7)

Water molecule

H3A T 0. Q¥ 04075 1 0. @3 0.091(2
H3B T0.@B 02736) 1 0. @4 0.1050
H4B 7 0. 02 05146) 10.1273) 0.086(3
H4C 0.000(3) 0.5437) 1 0. ®)3 0.132)
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Table 3.10 Anisotropic displacement parameters (A of non-hydrogen atoms with estimated
standard deviation in parentheses

Atom Ull U22 U33 U12 Ul3 U23
Agl 0.031292) 0.0540@2) 0.0313%2) 0.0067Z7) 0.018788) 0.015@7)
Sulfaphenazole
S1 0.01832) 0.03933) 0.01826¢2) 0.003352) 0.0093¢2) -0.000162)
o1 0.0214(7) 0.0675@) 0.02997) -0.0032(7) 0.01616) -0.0036(7)
02 0.0429(9) 0.0390(8) 0.0328(8) 0.01387) 0.0203(7) 0.0024(6)
N1 0.0186(7) 0.0417(9) 0.0168(7) -0.0023(6) 0.0080(6) 0.00146)
N2 0.0202(7) 0.0408(9) 0.0189(7) -0.0033(6) 0.0112(6) -0.0034(6)
N3 0.0213(8) 0.0421(9) 0.0260(8) -0.0054(7) 0.0142(7) -0.0065(7)
N4 0.0273(9) 0.0488(2 0.0248(9) -0.0028(7) 0.0155(8) -0.0065(7)
C1l 0.0173(8) 0.0373@) 0.0161(7) 0.0014(7) 0.0073(6) -0.0002(7)
C2 0.0316(2 0.0381(2 0.0251(9) 0.0049(8) 0.0161(8) 0.00598)
C3 0.0352) 0.03232) 0.03360Q) 0.00138) 0.0200(9) -0.0004(8)
C4 0.0169(8) 0.0411p) 0.02288) -0.0022(7) 0.0106(7) -0.0039(8)
C5 0.0332) 0.04012) 0.0238(9) 0.0014(8) 0.0176(8) 0.0036(8)
C4 0.0292(9) 0.0336Q) 0.0254(9) 0.0006(8) 0.0154(8) 0.00088)
C7 0.019%8) 0.0339(9) 0.0183(8) 0.00087) 0.0096(7) -0.0009(7)
C8 0.0276(9) 0.0480@) 0.0221(9) -0.0038(8) 0.0157(8) -0.0050(8)
C9 0.0263(9) 0.0472@) 0.0292p) -0.0045(8) 0.0194(8) -0.0049(8)
C10 0.0261(9) 0.0341(9) 0.01948) -0.0044(7) 0.0132(7) -0.0037(7)
Cll1 0.03472) 0.042Z2) 0.03312) 0.0019(9) 0.0226R) -0.00039)
Cl2 0.05632) 0.053§2) 0.0500(2 0.00092) 0.04272) -0.0060Q)
C13 0.0275(2 0.044%2) 0.0243(9) -0.0032(9) 0.0109(8) 0.0000 8)
Cl4 0.04622) 0.058Z22) 0.0202(9) -0.0150(2 0.0129@) -0.0006(9)
Cl15 0.0712) 0.0571(2 0.0364(2) -0.0153R) 0.0404(2 -0.010%2)
Water Molecule

03 0.05342) 0.1142) 0.05112) 0.0285(2 0.0179@) -0.0208p)
04 0.0546(2 0.05532) 0.0806(3 0.0187(2 0.02372) 0.00622)

3.6.2. Crystal Structure of Ag(C15H12N40,S).2(H,0)

Silver complex ofsulfaphenazole crystallizes in monoclinic space group C2/c with Z= 8.
The geometry at the silver center is a distorted trigonal array. Each sulfaphenazole
molecule acts as tridentéatligand coordinated to silvervia three donor atoms
(sulfonamido nitrogen N1, pyrazole NBid amino N4). The lattice of [AgSPZ.2Bl,

holds bidimensional network shedt.n 6 O RvieW 6f he molecule indicating atomic
numbering scheme (thermal ellipsoids drawn at 50% probabiligl)les shown in the
Figure 3.12. Figure 3.13 reflects Geometry of the silver complex oflfaphenazole

dihydrate(Ag(C15H12N40,S).2(H20)) which forms a chain.
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Figure 3.12 ORTEP diagram of the title compound showing thermal displacement ellipsoids

are drawn at 50% probability level

Figure 3.13 Geometry of the silver complex of sdaphenazoledihydrate. Hydrogen atoms are
excluded for better clarity.

Molecular Dimension

All the geometrical calculations are performed using PLATON softwdoad length
involving northydrogen atoms, as obtained by Xay data (with estimated standard
deviation in parentheses) and by theoretical calculations at the B3LYP /LAV@yat of
theory are summarized ifable 3.11.Table 3.12is the list of bond length involving
hydrogen atomsTable 3.13presents the bond angle involving non hydrogen atass
obtainedby X-ray data and by theoretical calculation at the B3LYP/LAV2e¥el of
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theory.The bond length and angle of the phenyl ring ofAlk&PZconfirm well to those
found in the free sulfaphenazdlE71]. The distances $N1 of 1.573(15) A and NIC7
of 1.386(2) A are shorter in the Ag (I) complex than those in free lig&fidN1 is of
1.626(9) A for molecule A and that of 1.644(6) A for molecule B andQVlis of
1.401(11) A for molecule A and 1.396 (12) A for molecul§¢lB1]). The maximum and
minimum value of angle around the sulfur atom are foir&1102 (115.8613) end O2
S1i C1 (105.11(11) respectively

Table 3.11Bond length (A) involving non-hydrogen atomswith estimated standard deviation
in parenthesesby X-ray data and that of by B3LYP /LAV2p** level of theory

Bond length X-ray B3LYP Bond length X-ray B3LYP

S1i01 1.453(2) 1.607 C3iC4 1.3963)  1.434
S1i 02 1.458(2) 1.562 C4iC5 1.384(3)  1.384
S1iN1 1.573(2) 1.737 C5iC6 1.387(3)  1.433
siicl 1.7622) 1.853 C6iCl 1.389(3)  1.398
N1i C7 1.386(2) 1.391 CT7iC8 1.380(3)  1.388
N2i N3 1.370(2) 1.360 C8iC9 1.392(3)  1.408
N2i C7 1.367(2) 1.395 C10/C11  1.391(3)  1.407
N2i C10 1.422(2) 1.415 Ci1%icl2  1.385(3)  1.403
N3i C9 1.329(3) 1.330 C12C13  1.379(4)  1.398
N4i C4 1.416(3) 1.340 C13Cl4  1.378(4)  1.397
Cl1iC2 1.3923) 1.399 C14C15  1.379(33)  1.395
C2iCc3 1.383(3) 1.382 C15C10  1.390(3)  1.400

Table 3.12Bond length (A) involving hydrogen atoms by Xray data

Bond length  X-ray Bond length X-ray

N4i H4A 0.80(3) C9iH9 0.93
C2IH2 0.93 ClIH11 0.93
C3IH3 0.93 Cl2 H12 0.93
C5'H5 0.93 C13 H13 0.93
C6i H6 0.93 Cl4 H14 0.93
C8'H8 0.93 C15H15 0.93

Water molecule

03 H3A 0.97(5) O4i H4B 0.91(6)
O3 H3B 0.89(5) O4i H4AC 0.84(9)
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Table 313 Bond angle (°) involving nonhydrogen atomswith estimated standard deviation
in parenthesesby X-ray data and by that of by BSLYP/LAV2p** levels of theory

Bond angle (°) X-ray B3LYP Bondangle (°) X-ray B3LYP

O1i S1i 02 115.42) 114.7 C4iC5iC6 120.8(2) 121.6
O1i STiN1 106.44) 101.1 C3iC4iC5 119.3(2) 117.9
Ol S1iC1 106.32) 106.6  N4iC4iC3 120.8(2) 117.5
O2i S1iN1 112.2¢) 1159  N4iC4iC5 119.9(2) 124.6
02i S1iC1 105.12) 109.3 N2iC7iC8 106.1(2) 105.2
N1i S1iC1 110.92) 1086 NI1iC7iN2 119.3(2) 122.2
SIIN1i C7 117.9¢) 116.3 NIiC7iC8 134.42) 131.9
N3iN2i C7 111.92) 1122 C7iC8iC9 105.642) 105.5
C7iN2iC10  129.0(2) 128.0 N3iCGiC8 112.1(2) 112.3

N3iN27C10  119.3@) 119.2 N2iC10iCl1 119.6@) 1204
N2iN3iC9 104.2) 104.7 N2iC10iC15 119.6(2) 119.5

S1i C1i C2 119.6¢) 117.6 Cl1iC10iC15  120.7(2) 1201
S1i C1i C6 120.32) 1186 C10iCl11iCl2  119.2(2) 119.4
C2i C1i C6 120.0(2) 123.8 Cl1iC12iC15  120.2(4) 120.5
C1i C2iC3 120.0(2) 118.2 C10iC15iC14  118.9(3) 120.4
C2i C3i C4 120.3(2) 120.9 C13Cl14C15  120.8(2) 120.6
C1i C6i C5 119.6(2) 117.5 C1AC13Cl4  120.1(3) 119.6

Co-ordination Sphere of Ag

The geometry of the silves a distorted trigonal arrayhe coordination spheref Ag(l) is
formed by aryl amine ¥l sulfonamido N and pyrazoléN3 from three symmetry related
ligand molecules. Eactilveris co-ordinatedby N1of a single SPZ ligand. The N3 of this
ligand is boud to adjacent silver in such a widmat chainis formed in the gystal structure

and thesilver is bound to N4&f the preceding SPZ ligand. The lattice of [AgSPZQH

holds bidimensional sheetShe bondlengthinvolving Ag represents a distorted trigonal
configuration but are compatible to thosé (2.242.364 A) reported in other Ag
complexes Table 3.14) [172-175]. The nearlytridentate bonds on silvgresent variable
distances: Agl N1=2.246(16), Agl N4v =2.36419) and Agl N3" =
2.2381(17)A. It clearly suggests that, the Ag N3 (pyrazok nitrogen) and Ag N1
(sulfonamido nitrogen) bond distances (2.238(17) and 2.24@(L@ye almost same but
slightly shorter than the Ag N4 (amino nitrogen) ones @636(19)A), which confims

that the pyraza N atom is able to bind the Ag (I) atom much stronger compared to the
amino N atom which may be due to the increase ohduative charge on the pyragzadl

atom as consequence of the charge adipation throgh the pyraza ring upon the
deprotonation of the sulfonamido group, which is also confirmed by the analysis of

Mullikan charge distribution. The maximum and minimum values of the angle around Ag
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(I) atom are 133.29(6)° (N3 Agl N1) and 107.(6)° (N3" Agl N4

respectively

Table 3.14 Coordination covalent bond surrounding silver

Coordination covalent bond length surrounding silver

Agl N1 2.2464(16)

Agl N3" 2.2381(17) N3 Agl 2.238117)

Agl N4V 2.3624(19) N4 Agl 2.362419)

Coordination covalent bond angle surrounding silver

N1 Agl N4¥  119.46 (6) N3" Agl N1 133.27 (6)

N3" Agl N4Y 107.20 (6)

Symmetrycodes (i) 1x+1/ 2, y+1/ 2, 1z+1/ 2; (

(itv) x, 1y, z+1/ 2.

Molecular Conformation

The equation of few significant leasfuare planes, along with the displacement of the
relevant atoms from the mean planes and the dihedral angle between the different mean
planes are presented Trable 3.15. Molecular conformation, described by féarsional
angles, about significant bondas obtained by Xray data and by quantum chemical
calculation (B3LYP/LAV2p*ievels of theory), aréabulated inTable 3.16. Molecule of

the complex adoptgaucheconformation about theTSl bond with torsioal angle of
71.15 (17)° (92.82° by B3LYP methodandfor free igand the angle is 6f73.7 (8) for
molecule A and 94.0 (8)° for molecule [B71]. Pyrazole ring (N2ZN3-C7-C8-C9) and
both the phenyl rings are effectively planByrazok ring plane (C7-C8C9-N3-N2) is
oriented at 67.543)° to (C1C6) phenyl ringplaneand inclined at 49.323)° to (C10-
C15) phenyl ring plane values in the bracketsreathose of the calculated by B3LYP
method(77¢ b e tpwazaderand (CAC6) ring planeand -65.7¢ betweenpyrazole and
(C10-C15)ring plans.
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Table 3.15 Equation of leastsquare planes along with the displacement of relevant atoms
and the dihedral angle between different planewith standard deviation in parentheses

(1) C1-C2-C3-C4-C5-C6
0.8787(9 x + 0.011312) y + 0.477210) z = 2406(5)

C1 -0.0112) C4 -0.0152)
c2 0.00§3) C5 0.010(3)
C3 0.007(2) C6 0.003(3

(2) N2-N3-C7-C8-C9
-0.322611) x + 091845) y - 0.2292(11) z =0.28§8)

N2 0.0142) c8 0.001(2)
N3 -0.0(2) C9 -0.005(2)
C7 -0.007(2)

(3) C10-C11-C12-C13-C14-C15
0.381310) x + 0.89835) y + 0218511) z =4.7635)

C10 0.00L(2) C13 0.0@(3)
Cl1 0.0@(3) Cl14 0.00L(3)
C12 -0.0043) C15 -0.0(2)
Dihedral angle( égtween LSQ planes
Planes X-ray B3LYP
C1-C2-C3-C4-C5C6 & N2-N3-C7-C8-C9 67.5113) ¢ 77 ¢

N2-N3-C7-C8-C9 & C10C11-C12C13C14C15 49.32(13 e 65.7¢

Table 316 Few torsional angles (°) as obtained by Xray data with estimated standard
deviation in parenthesesand by B3LYP method

Atom X-ray B3LYP Atom X-ray B3LYP
O STIN1i C7 1173.8(2) -155.2 NIiSLCLiC6 1120.3(2) -163.63
CLiSIIN1i C7 71.15(2) 92.& SIINII C7I N2 141.39(2) 105.53

3.6.3.Hydrogen Bonding and Molecular Racking

Analysis of the hydrogen bonding pattern of the title compound shows the preserice of O
H---O and NH---O intermolecular hydrogen bond interactiand weak but significantiC
HAAA " AAA” i nt ertheostrueteras Treerintra and eteraaeculao n s
hydrogen bond interactions are summarizet@iahle 3.17.
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Table 3.17 Intramolecular and Intermolecular interactions with symmetry code

Hydrogen bond geometry

DiH--A H--A A D--A A " DiH--A°
O3 H3A-- 02 (i) 1.90(5) 2.844(4) 173(4)
O4i H4B---03 (i) 2.03(5) 2.952(5) 165(4)
O4i HAC---O2 (ii) 2.04(7) 2.861(4) 149(7)
O3 H3B:-O1 (ii) 2.16(6) 2.888(4) 145(5)
N4i H4A. - OA4(iii) 2.12(3) 2.914(3) 176(4)
i ntermol ecul ar inter
Cg()--Cg(d)  Cg(l)--Cg(IA o b 2  Cg(l)--PA
Cg(2)-Cg(2)(iv) 3.560 1.29 13.08 13.08 3.4 (2
X-H--- i ntermolecul ar intei
Xi H)--Cg (J) d(HiCg)A d(XiCg)A XiH. .. o2e H--PA
C9 H9:--Cg(2)(v) 2.94 3.720(3) 142 8.64 2904

Cg(2) represents the centroid of the phenyl ring C8)
Symmetry code (i) x, vy, z; (ii)-X,1-y,-z; (iii) X,-y,-1/2+z; (iv)-X,y,-1/2-z; (V)
1/2-x,1/2-y,-z

Both the water molecules contribute significantly in supramolecular aggregation. In the
crystal packing, water oxygen O3 acts as donor via H3A to amido oxygen O2 at X, vy, z
such that OFH3A.--02 = 2.844(47 with” O3 H3A---0O2 = 173(4)° tiacts as donor to

O1 amido oxygen étx, 1-y, -z via H3B where OBH3B---O1 = 2.888(4A with” O3
H3B---O1 = 145(5)°. Further twwater oxygen atoms are interconnected whewater
oxygen O3 acts as an acceptor to water oxygen O4 such the@84-03 =2.952(5)A

with ” O4i H4B---O3 = 165(4)°. Water oxygen O4 interlinks amido oxygen O2 of the
molecule ai X, 1-y, -z such that OdH4C---02 = 2.861(4 with” O4i H4C---02= 149(7

°, thus utilizing all the donor and acceptor capabilitfswater molecules In the

molecular packing as seen on ac plane, water molecule assembly interconnected by
hydrogen bond forming {8)[197]graph set motif arranged themselves parallel to [001]

direction which forms a column of water in between two molecular cljgigsre 3.14).
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Figure 3.14 A part of molecular packing diagram showing OBH3B:-O1 and O4 H4C--02
intermolecular interactions along with C4 H4--02, O3 H3A---02 andO4i H4B-- O3
intramolecular interactions
One N H--O interaction is alsformed betweemerminal amino nitrogen (N4) and one of
the symmetry related water oxygen (O4) such M@tH4A--O4 = 2.914(34 with” N4i
H4A.--Ql = 176(4)°atx,-y,-1/2+zThe mol ecul ar packing--'i s fu
interaction and CH--- interactions and depicted kgure 3.15. The carbon atom C9 via
H9 connected to the centroid Cg(2) of phenyl ring-@3) at symmetry related molecule
(1/2-x, 1/2y, -Z). Ther ar est f ace t-0 fianctee rqoderied lmeiveshSe )
the centroids of the two symmetry related phenyl rif@4-C6) at -x, vy, -1/2-z with their
centroids separated By560(15)A.

Figure 3.15 A part of molecular packingd i s p | a-y and GiH-"-- i nteractioc
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3.7.Ab 1 initio and DFT Calculations

Density Functional theory (B3LYP) method has been used to calculate all quantum
chemical calculation performed using JAGUAR utility from Schrodinger software
package.The optimization geometry, Mulliken Charge Distributiaipole moment and
HOMO-LUMO calculation have beencarried out using B3LYP method with
LAV2p** basis set.

3.7.1.Geometry Optimization Calculations

The optimized geometr parametes obtained from B3LYR/AV2p** calculation are
listed in Table 311 and Table 3.13. Comparison betweetihe experimental bond length
and theoretical bond length indicated that all optimized bond Iergehslightly larger
than the experimental value. This is the case because the experimental data are collected in
the solid phasesubjected to the internexuar forces like CiH--- a@ii--O
interactions whereas the computational theoretical data corresptmdthe isolated
molecule in gas phasfgl98. The correlation coefficient and root mean square error
(RMSE) for molecular geometry (bond length and bandle) have been calculated and
the results are depicted graphicallyrigure 3.16. The highest bond length difference is
0.163A for the S1i N1 bond, wherasthe biggest bond angle deviation occurred in@fie

S1i N1 angle5.26°. The root mean square error and correlation coefficient value for bond
length are 0.0649 and 0.962 respectively, while for bond angle, root mean square error

and correlation coefficient are 2.134° and 0.902 respectively.
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Figure 3.16 Graphical representation of correlation between experimental vesus theoretical
(a) bond length and (b) bond angle
3.7.2.Mulliken Charge Distributions

The atomic chargegalues have been obtained by the Mulliken populatianalysis which
helpsto predict whether a particular atom will take part in hydrogen bond interactions or
not. The Mulliken charge distribution calculated using B3LYP method aAtki2p**

level aretabulated inTable 3.18 and graphically as shown Figure 3.17. It is noted tlat

all oxygen and nitrogen atoms have negative charge and all hydrogen atoms have positive
charge. Theulfonamidooxygen @ atom has more negative chafg@.77133 than other
oxygen atoms, whereas the hydrogen atmym water moleculdd3B has more positive
charge than the other hydrogen atoms. The result sggipestthe oxygen atoms are
electron acceptor and charge transfer takes place from H to Gufbeamidonitrogen

atom N1 has more negative chalg@.8682)againstamino and pyrzole nitrogen atom

The carbon atoms C6, C3 and C11 are more positive than the other carbon atoms due to

electronrdonating substitution at that position.

Mulliken Charge Distribution
15 -
1 -
@@
)
@ o0s
-]
Q
0
k_J—1_I
el Atom
a1

EN2 EN3 ECl0 WC4 HC9 EC11 EC12 EN4 HC13 EQ4 O3

EC15 ECl14 WEHI3 WH9 EH4 EH2 WH4A WHS5 EH? WH3 EHIN
EH15 EH14 WEHI2 WH3A WH3B WH4AC WH4B WApgl WSl 402 uC1

01 HC2 LNl Bl LCT HC8 LC3 LCS

Figure 3.17 Graph sheet of Mulliken atomic charge (e) by B3LYP method
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Table 3.18Mulliken charges (e) for atoms calculated by B3LYP method

Atom Charge Atom Charge Atom Charge Atom Charge
N2 -0.33481 C15 -0.11731 H11 0.18865 02 -0.77133
N3 -0.26695 C14 -0.07649 H15 0.11571 C1 -0.30064
Cl10 0.24941 H13 0.14453 H14 0.11339 O1 -0.74906
C4 0.16777 H9 0.10235 H12 0.12268 C2 -0.03679
C9 0.07446 HA4 0.17205 H3A 0.30388 N1 -0.8682
Cl1 -0.19782 H8 0.09354 H3B 0.35469 C6 -0.03699
Cl2 -0.09794 H4A 0.2309 H4C 0.31923 C7 0.51374
N4 -0.44216 H5 0.12543 H4B 0.31507 C8 -0.19574
C13 -0.11477 H2 0.15971 Agl 0.53177 C3 -0.07983
04 -0.653 H3 0.13249 S1 1.55208 C5 -0.1087
03 -0.635

3.7.3. HOMO and LUMO A nalysis

Analysis of the wave function indicates that the electron absorption corresponds to the
transition from the ground state to the first exited state and is mainly described by electron
excitation from the highest occupied molecular orbital (HOMO) to thedbweoccupied
molecular orbital (LUMO). The HOMO and its orbital play the role of electron donors,
and the LUMO and its orbital play the role of electron acceptors. HOMO and LUMO
energieshave been calculatatsingB3LYP/ LAV2p** method. The HOMO and LUMO

plot is shown inFigure 3.18. It is shown that HOMGs delocalized on the pyrazole and

b S N b group whereas,LUMO is also delocalized orsilver. The calculated energy
value of HOMO is-5.7342 eV and LUMO is2.5162eV. The energy gap of HOMO
LUMO (-3.21802 eV)explains the charge transfer interaction within the molecihe.

high value of dipole moments (8.2808 Debye) suggests the reactivity and attraction for the

interaction with other system.
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Figure 3.18 The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the molecule

3.8. Hirshfeld Surface Analysis and 2D Fingerprint Plot

Hirshfeld surfacesare mapped with different properties e.g. deor shape index,
curvedness. Thengm region mapped ove0.632(red)- 1.391 (bluef while the shape

index region and curvedness region vary frdn®00 to +1.00R and-4.000 to +0.40R
respectively.The molecular Hirshfeld surfas€d..m, shape index and curvednessg a
shown in Figure 3.19. The dom surface is used for identification of very close
intermolecular interactions. Thedh surface Figure 3.19(a)) reveas the close contacts

of hydrogen bond donors and acceptors, but other close contacts are also eviggpt. In d
surfaces, the large red circular depressions are the indicators of hydrogen bonding contacts
whereas other visible spots are due toHHcontacs. The presence of red spots on the
dnorm Surface indicate the presence afH3-O and N H-- O interactions. Inspection of the
shape index indicates the presence ofCHnteraction between the molecular paifbie

shape index is most sensitive to vepptle changes in surface shape, the red triangles on
them (above the plane of the molecule) represent concave regions indicating atoms
"é stacked molecule above them, and the blue triangles represent convex regions
indicating the ring atoms of these mollE=uinside these surfac@Sgure 3.19(b)). In the

case of the present compound, the red triangles@®-C i nt er mol ecul ar
indicated by the Awingso i n-DfingegprintpopThe | e f
curvedness isthe measume nt of Ahow much shapeo. The |

bl ue outline on curvedness surface refers
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