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In the present study, the structural properties of para-halogen benzenesulfonamides, 4-XCgH4SO,NH, (4-
chlorobenzenesulfonamide (I), 4-bromobenzenesulfonamide (II) and 4-fluorobenzenesulfonamide (III))
have been studied extensively utilizing ab initio Hartree-Fock (HF) and density functional theory (DFT)
employing B3LYP exchange correlation. The vibrational frequencies were calculated and scaled values
were compared with experimental values. The complete assignments were performed on the basis of
the total energy distribution (TED) of the vibrational modes, calculated with scaled quantum mechanics
(SQM) method. The effects of the halogen substituent on the characteristic benzenesulfonamides bands
in the spectra are discussed. The 'H and '>C nuclear magnetic resonance (NMR) chemical shifts of the
molecules were calculated using the Gauge-Invariant Atomic Orbital (GIAO) method. Finally, geometric
parameters, vibrational bands and chemical shifts were compared with available experimental data of
the molecules. The fully optimized geometries of the molecules were found to be consistent with the
X-ray crystal structures. The observed and calculated frequencies and chemical shifts were found to be
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in very good agreement.

© 2009 Published by Elsevier B.V.

1. Introduction

Amide, sulfonamide and its derivatives have been the subject of
investigation for many reasons. The amide is an important constit-
uent of many biologically significant compounds. The chemistry of
sulfonamides is of interest as they show distinct physical, chemical
and biological properties. The sulfonamide derivatives are known
for their numerous pharmacological activities, antibacterial, anti-
tumor, insulin-release stimulation and antithyroid properties [1].
In addition, the unsubstituted aromatic/heterocyclic sulfonamides
act as carbonic anhydrase inhibitors [2,3] whereas other types of
derivatives show diuretic activity (high-ceiling diuretics or thiadi-
azine diuretics), hypoglycemic activity and anticancer properties
[4]. Due to their significant pharmacology applications and wide-
spread use in medicine, these compounds have gained attention
in bio-inorganic and metal-based drug chemistry.

Gowda et al. [5] reported Infrared and NMR spectra of 4-chloro-
benzenesulfonamide (I), 4-ClC¢H4SO,NH;, 4-bromobenzenesulf-
onamide (II), 4-BrCgH4SO,NH,, and 4-fluorobenzenesulfonamide
(1IT), 4-FCgH4SO,NH,, and they have also analyzed X-ray crystallo-
graphic structure of these arylsulfonamides [6]. However, no ab
initio Hartree-Fock (HF) and density functional theory (DFT) stud-
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ies have been made on the conformation, vibrational and NMR
spectra of the title compounds yet. The purpose of this work is
the detailed investigation of the substituent effects on the vibra-
tional and NMR spectra of 4-X-C¢H4SO>NH; (X =F, Cl or Br). There-
fore, we have carried out ab initio Hartree-Fock and DFT
calculations with the combined Becke’s three-parameter exchange
functional in combination with the Lee, Yang, and Parr correlation
functional (B3LYP) exchange-correlation energy functions. The
geometric structure, vibrational frequencies, 'H and '3C NMR
chemical shifts of title molecules were studied.

Electronic structure methods, such as HF self consistent field
method and DFT, are used for modeling molecular properties.
DFT calculations are reported to provide excellent vibrational
frequencies of organic compounds if the calculated frequencies
are scaled to compensate for the approximate treatment of elec-
tron correlation, for basis set deficiencies and for the anharmo-
nicity effects [7-12]. In order to take into account correlation
effects, post-HF calculations of organic molecules have been per-
formed using Mpoller-Plesset (MP) perturbation and/or DFT
methods. MP perturbation methods are very time consuming
and hence applicable only to small molecular systems. In this re-
gard, DFT methods are preferred in the study of large organic
molecules, metal complexes, organometallic compounds and for
gauge-including atomic orbital (GIAO) '3C chemical shifts calcu-
lations [13-15].
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2. Quantum chemical calculations

Geometry optimization was started from the X-ray experimen-
tal atomic position [6]. The molecular structure of three molecules
in the ground state (in vacuo) was optimized. The optimized struc-
tural parameters were used in the vibrational frequencies and iso-
tropic chemical shifts calculations. The Hartree-Fock and Becke’s
three-parameter hybrid density functional (B3LYP) [16,17] were
used to calculate harmonic vibrational wavenumbers with the 6-
311++G(d,p) basis set. These values were scaled by corresponding
scaling factors. The scale factors of 0.9051 and 0.9614 were used
for HF and B3LYP with 6-311++G(d,p) basis set, respectively [18].
The total energy distribution (TED) was calculated by using the
SQM program [19] and the fundamental vibrational modes were
characterized by their TED.

For NMR calculations, the title molecules were firstly optimized
at 6-311++G(d,p) level. After optimization, 'H and '*C NMR chem-
ical shifts (6H and 5C) were calculated using the GIAO method in
Dimethylsulfoxide (DMSO) at HF and B3LYP methods with 6-
311++G(d,p) basis set [20].

The theoretical results have enabled us to make the detailed
assignments of spectra of title molecules. All calculations are per-
formed by using GAUSSIAN 03 and GaussView program package
on the personal computer [21].

3. Results and discussion

The title molecules consist of 17 atoms, so they have 45 normal
vibrational modes. According to the theoretical calculations, all
molecules have assumed to posses a planar structure of Cs point
group symmetry. On the assumption of a C; symmetry the num-
bers of vibration modes of the 45 fundamental vibrations of mole-
cules are 25A’ + 20A”. The vibrations of the A’ species are in plane
and those of the A” species are out of plane. All fundamental vibra-
tions are active in both IR and Raman. Optimized ground-state
geometries and vibrational modes, 'H and '>C NMR chemical shifts
for studied molecular structures were obtained by HF and DFT
(B3LYP), and compared with the available experimental crystal
geometry (bond lengths and bond angles), frequencies and NMR
data.

3.1. Molecular geometries

The first task for the computational work was to determine the
optimized geometry of the compounds. The optimized structure of
compounds is shown in Fig. 1(a) with numbering of the atoms and
Fig. 1(b) shows the obtained crystal structure of the compounds [6]
where X can be chlorine, bromine or fluorine. The optimized struc-
ture parameters of 4-chloro, 4-bromo and 4-fluoro-benzenesulfon-
amide (I, II and III) calculated by HF and B3LYP with the 6-
311++G(d,p) basis set are listed in Table 1, in accordance with
the atom numbering scheme given in Fig. 1(a). The available exper-
imental data [6] obtained by the X-ray study for three compounds
are also given in Table 1. However, the N-H bond lengths and bond
angles between H and other two atoms were not given for 4-flu-
orobenzenesulfonamide in X-ray study [6].

From the theoretical values one can find that most of the opti-
mized bond lengths are larger than the experimental values. This
overestimation can be explained that the theoretical calculations
belong to isolated molecule in gaseous phase and the experimental
results belong to molecule in solid state. The changes for bond
length of the C-H bond on substitution, the substituents may be
of the electron withdrawing type (Cl, F, Br, etc.), due to a change
in the charge distribution on the carbon atom of the benzene
ring were explained by many authors [22-25]. The carbon and

a

Fig. 1. (a) The theoretical geometric structure and atoms numbering of the title
compounds. (b) Molecular geometry of compounds with numbering of atoms [6].

Table 1
Comparison of the theoretical and experimental geometric parameters of I, Il and III,
bond lengths in Angstrom (A) and bond angles in degrees (°)

Parameters X-Ray*® 6-311++G(d,p)/B3LYP 6-311++G(d,p)/HF
I 11 11 I 11 11 I 11 11

Bond length

C(1)-(2) 1.381 1.375 1.394 1.392 1.392 1.393 1.384 1.384 1.385
C(1)-(6) 1.382 1379 1.384 1.392 1.392 1.393 1.384 1.384 1.385
C(1)-(11) 1.767 1.768 1.601 1.797 1.798 1.796 1.769 1.770 1.766
C(2)-(3) 1.378 1.373 1.390 1.391 1.392 1.391 1.383 1.384 1.382
C(3)-(4) 1.371 1.373 1.377 1.393 1.393 1.388 1.383 1.384 1.378
C(4)-(5) 1.375 1.376 1372 1393 1.393 1.388 1.383 1.384 1.378
C(4)-(17)° 1.738 1.896 1.359 1.753 1.913 1.350 1.739 1.896 1.321
C(5)-(6) 1.387 1.391 1.379 1.391 1.392 1.391 1.383 1.384 1.382
S(11)-(12) 1430 1.432 1437 1461 1461 1461 1424 1424 1424
S(11)-(13) 1430 1.426 1431 1461 1461 1.461 1424 1.424 1424
S(11)-(14) 1.595 1.599 1.601 1.693 1.692 1.694 1.643 1.643 1.645
Bond angle

C(2)-(1)-(6) 121.1 121.6 123.8 1214 1214 1215 121.0 121.0 121.0
C(2)-(1)-(11) 118.1 120.7 119.2 1193 1193 1193 119.5 119.5 1195
C(6)-(1)-(11) 1209 118.1 1195 1193 1193 1193 1195 1195 1195
C(1)-(2)-(3) 1195 119.0 1194 1194 1194 1194 119.6 119.6 119.7
C(1)-(2)-(7) 1203 1205 - 120.1 120.2 120.1 120.2 120.2 120.1
C(3)-(2)-(7) 1203 1205 - 1205 1205 120.6 120.2 120.2 120.2
C(2)-(3)-(4) 1194 1193 118.0 1192 119.2 1185 119.2 119.2 1185
C(2)-(3)-(8) 1203 1205 - 120.6 1203 121.6 120.6 120.3 121.6
C(4)-(3)-(8) 1203 1205 - 1202 1205 1199 120.2 120.5 119.9
C(3)-(4)-(5) 121.8 121.3 1213 1215 1215 1228 1215 1214 1227
C(3)-(4)-(17)> 118.6 120.0 118.2 1193 1193 118.6 1192 119.3 118.7
C(5)—(4)—(17)b 119.6 1183 1182 1193 1193 1186 119.2 1193 118.7
C(4)-(5)-(6) 119.1 119.0 118.0 119.2 119.2 1185 119.2 1192 1185
C(4)-(5)-(9) 1205 1203 - 1202 1205 1199 1202 120.5 119.9
C(6)-(5)-(9) 1205 1203 - 120.6 1203 121.6 120.6 120.3 121.6
C(1)-(6)-(5) 119.2 1198 1195 1194 1194 1194 119.6 119.6 119.7
C(1)-(6)-(10) 1204 120.1 - 120.1 1202 120.1 1202 120.2 120.1
C(5)-(6)-(10) 1204 120.1 - 120.5 120.5 120.6 120.2 120.2 120.2
C(1)-(11)-(12) 106.7 106.5 107.4 107.5 107.5 107.5 107.6 107.6 107.6
C(1)-(11)-(13) 1079 1083 107.7 107.5 107.5 107.5 107.6 107.6 107.6
C(1)-(11)-(14) 109.2 108.9 109.5 103.5 103.5 103.6 104.7 104.6 104.9
0(12)-(11)-(13) 119.5 119.6 119.0 122.6 122.7 122.6 121.7 121.7 121.7
0(12)-(11)-(14) 106.7 107.0 106.5 107.1 107.1 107.0 107.1 107.1 107.0

0(13)-(11)-(14) 106.6 106.2 106.5 107.1 107.1 107.0 107.1 107.1 107.0

S(11)-(14)~(15) 111.9 1140 - 1103 1104 1103 1121 1121 112.0
S(11)~(14)~(16) 113.6 116.0 - 1103 1104 1103 112.1 1121 112.0
H(15)-(14)-(16) 119.0 117.0 - 111.8 1120 1118 113.1 1132 113.0

@ Taken from Ref. [6].
b X can be Cl, Bror F.
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hydrogen atoms are bonded with ¢-bond in benzene ring, and the
substitution of halogen reduces the electron density at C atom.
Therefore, the substitution with the CI, Br or F at the C(4) atom
which shares its p electron with the ring leads to some changes
of the bond lengths and bond angles in the aromatic ring.

It is well-known that DFT methods predict bond lengths
which are systematically too long, particularly the C-H and N-
H bond lengths [26]. Since the large deviation from experimental
C-H and N-H bond lengths may arise from the low scattering
factors of hydrogen atoms in the X-ray diffraction experiment
we didn’t include lack of C-H experimental bond lengths. This
overestimation is also verified in our calculation as represented
in Table 1. The experimentally value of C-H bond lengths is
0.93 A [6] while the value in the theoretical result is bigger than
1 A. Likewise the calculated N-H values are bigger than observed
values [6]. The obtained bond lengths of C=C fall in the range
from 1.371 to 1.394 A [6] for three compounds. For benzenesul-
fonamide molecule these bond lengths were found in the range
1.339-1.407 A [27]. B3LYP method predicted these bonds at ca.

1.392 A and HF ca. 1.384 A. Calculated values of C=C with both
B3LYP and HF are longer than experimental bond lengths. As
seen in Table 1, the S-N bonds for three compounds are pre-
dicted longer than according to the other bond lengths. On the
contrary, the computed C-S bond lengths by HF method show
excellent agreement with experimental data [6]. The computa-
tional method, B3LYP, which include electron correlation effects,
overestimate strongly all bond lengths around sulphur, while the
HF approximation reproduces these bond lengths correctly [28-
30]. Similarly, in this study, the S-O bond lengths are predicted
well with experiment using HF method.

Substitution with the halogen atom and SO, leads to some
changes of the bond angles in the aromatic ring. The C(2)-C(1)-
C(6) angle at the position of the SO, substituent and C(3)-C(4)-
C(5) angle at the position of the halogen substituent are bigger
(121.1° and 121.8°, respectively) and the others are smaller than
typical hexagonal angle of 120°. The calculated angles of benzene
ring are more reliable with experimental data than the sulfon-
amide group.

Table 2
Comparison of the calculated and experimental vibrational spectra of 4-chlorobenzenesulfonamide
Mode No HF/6311++G(d,p) B3LYP/6311++G(d,p) Experimental Infrared [5] TED® (%)
Unscaled freq. Scaled freq.? Unscaled freq. Scaled freq.?
1 35 31 19 18 7CCSO (58) + TCCSN (39)
2 81 74 71 69 TCCCS (33) + TCCCCl (17) + THCCS (13)
3 154 139 132 127 tNH, (90) (tHNSC)
4 174 157 154 148 THNSO (50) + 5CCS (38) + 5CCCl (12)
5 214 194 190 183 SCSN (30) + TCCCCl (24) + THCCCI (11) + TCCSO (10)
6 279 252 252 242 VCS (38) + 5CCC (14) + vCCl (10)
7 322 292 295 283 5CCCl (57) + THNSO (26) + 6CSO (17)
8 382 345 337 324 JCSN (28) + TCCCCI (15) + TCCCS (12) + THCCCI (10)
9 415 376 366 352 SNSO (34) + TCSNH (25) + 5CSO (13) + 5CCCl (11)
10 456 413 416 400 453 m (yCC) 7CCCC (55) + TCCCH (24) + TCCCCI (10) + TCCCS (10)
11 493 446 440 423 5CCS (21) + TCSNH (20) + 6CSO (12) + 5CCCl (10)
12 518 469 461 443 TCCSO (23) + tCCCC (15) +80SO (17)
13 527 477 470 452 vCCl (35) + vCS (10) + 5CCC (10)
14 603 546 534 514 TCCCH (28) + TCCSO (23) + tCCCC (13) + vSN (10)
15 639 579 586 563 THNSO (32) + vCCl (14) + vCS (14) + 6CSO(12)
16 686 621 631 607 VSN (31) + THNSO (29) + SHNS (14) + TCSNH (12)
17 712 645 639 614 dCCC (56) + 6CCH (17)
18 819 741 749 720 TCCCC (30) + vCCl (11) + vCS (10)
19 825 747 753 724 7CCCC (25) + 4CCC (11) + vCCl (10)
20 936 847 836 804 746 m (yCH) yCH (68) + tHCCCI (18) + THCCS (14)
21 937 848 837 805 767 s (yCH) yCH(60) + THCCCI (23) + THCCS (13)
22 961 869 849 816 913 w (VSN) VSN (24) + SHNS (10) + THNSO (10) + tHCCCI (10)
23 1081 978 968 930 yCH(80)
24 1105 1000 983 945 yCH(85)
25 1105 1000 1028 988 Trigonal ring breathing §CCC (40) + §CH (24) + vCC(13)
26 1173 1062 1078 1036 VSO, (47) sym. + vCC (32)
27 1185 1072 1090 1048 tNH, (85) + vSO, (12) asym.
28 1199 1085 1097 1055 1010 s (vCCl) VCC (61) + vCCl (20)
29 1202 1088 1127 1083 1157 s (vSO, sym.) VSO, (42) sym. + vCS (15) + vCC (15)
30 1256 1137 1129 1085 1069 s (5CH) 5CH (60) + vCC (31)
31 1271 1150 1199 1153 1089 s (5CH) SCH (75) + vCC (20)
32 1290 1168 1309 1258 vSO; (43) asym. + vCC (28) + 6CH (10)
33 1431 1295 1322 1271 5CH (70) + vCC (20)
34 1463 1324 1329 1278 1329 s (vSO, asym.) SO, (40) asym. + vCC (35)
35 1532 1387 1420 1365 1396 s (vCC) VCC (37) + oCH (34)
36 1643 1487 1506 1448 1474 s (vCC) 5CH (65) + vCC (27)
37 1735 1571 1587 1526 pNH, (89)
38 1753 1586 1614 1551 vCC (80)
39 1773 1605 1616 1553 1583 s (vCC) VCC (70) + 6CH (16)
40 3360 3041 3197 3073 vCH (100) asym
41 3361 3042 3198 3075 vCH (100) asym
42 3375 3055 3209 3085 vCH (100) asym
43 3376 3056 3211 3087 3094 w (vCH sym.) vCH (100) sym
44 3754 3398 3511 3375 3266 s (VNH, sym.) VNH, (100) sym.
45 3864 3498 3618 3478 3353 s (VNH; asym.) vNH, (100) asym.

s, strong; m, medium; w, weak; v, stretching; J, in-plane bending; 7, out-of-plane bending; p, scissoring; 7, torsion; t, twisting.
@ Scale factor of 0.9050 and 0.9614 were used for HF and B3LYP with 6-311++G(d,p) basis set [18].

b Total energy distribution.
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3.2. Vibrational analysis

The fundamental frequencies of I, Il and III as calculated by HF
and DFT (B3LYP) using 6-311++G(d,p) basis set, are given in Tables
2-4. The resulting vibrational frequencies for the optimized geom-
etries, the proposed vibrational assignments and available experi-
mental Infrared frequencies [5] are also given in Tables 2-4.
Vibrational modes are numbered from smallest to largest fre-
quency. In the last columns are given a detailed description of
the normal modes based on the total energy distribution (TED).
The discussions are similar to compounds in general. The calcu-
lated IR and Raman spectra are shown in Fig. 2 for comparative
purposes, where the calculated intensity and activity is plotted
against the harmonic vibrational frequencies. It should be noted
that calculations were made for a free molecule in vacuum, while
experiments were performed for solid samples. Furthermore, the
anharmonicity is neglected in real system for calculated vibrations.
Thus, there are disagreements between calculated and observed
vibrational wavenumbers, as seen in Tables 2-4.

The heteroaromatic structure shows the presence of C-H and
N-H stretching vibrations above 3000 cm~! which is the character-
istic region for ready identification of this structure [31,32]. These
are usual range of appearance for NH,, CHs and ring C-H stretching
vibrations. The investigated molecules have only one NH, group
and hence one symmetric and one asymmetric N-H stretching
vibrations in NH, group are expected. It is stated that the N-H
stretching vibrations occur in the region 3300-3500 cm™! [33].
The asymmetric NH, stretching vibration appears from 3420 to
3500 cm~! and the symmetric NH, stretching is observed in the
range 3340-3420 cm ! [33]. Alvareza assigned two strong bands
in the IR spectrum of the liquid sulfamoil fluoride and sulfamoil
chloride substances at 3418 cm~!, 3312cm™! and 3386 cm™,
3282 cm™! [28,34]. They were assigned to the NH, antisymmetric
and symmetric fundamental stretching modes, respectively. With
reference to these, the vibrational frequencies described by modes
44 and 45 assigned to the N-H symmetric and asymmetric stretch-
ing modes, respectively. As expected these two modes are pure
stretching modes as it is evident from TED column, they are almost

Table 3
Comparison of the calculated and experimental vibrational spectra of 4-Bromobenzenesulfonamide
Mode No HF/6311++G(d,p) B3LYP/6311++G(d,p) Experimental Infrared [5] TED® (%)
Unscaled freq. Scaled freq.? Unscaled freq. Scaled freq.?
1 36 33 27 26 7CCSO (55) + TCCSN (40)
2 71 65 63 60 7CCCS (30) + TCCCBr (22) + THCCS (11)
3 147 133 125 120 tNH, (90) (tHNSC)
4 166 150 139 133 7HNSO (53) + 6CCS (37) + SCCBr (10)
5 202 183 180 173 SCSN (29) + TCCCBr (22) + THCCBr (11) + 7OSCC (10)
6 231 209 209 201 VCBr (25) + vCS (24) + 5CCC (13)
7 290 263 263 253 JCCBr (56) + THNSO (27) + 6CSO (15)
8 373 337 329 317 5CSN (30) + TCCCBr (13) + tCCCS (12) + THCCBr (10)
9 412 373 363 349 SNSO (33) + TCSNH (32) + 5CSO (17) + tCCSN (10)
10 453 410 406 391 VCBr (40) + vCS (25) + THNSO (10)
11 453 410 416 400 419 m (yCC) 7CCCC (55) + TCCCH (24) + tCCCBr (10) + TCCCS (10)
12 491 445 438 421 SCCS (20) + TCSNH (20) + SOSN (13) + 6CSO (12)
13 521 472 457 439 7CCSO (27) + TCCCC (15) + TCCCH (15) + 60SO (14)
14 595 539 528 508 TCCCH (25) + TCCSO (22) + TCCCC (15) + vSN (10)
15 630 570 572 550 518 s (vCBr) TCSNH (35) +6CSO(15) + vCBr (10)
16 685 620 627 603 THNSO (30) + vSN (29) + SHNS (15) + TCSNH (12)
17 707 639 637 612 5CCC (52) + 6CCH (22)
18 804 727 735 707 SCCC (30) + vCS (15) + vCBr (13) + 6CCBr (10)
19 820 742 745 717 7CCCC (55) + tCCCH (15)
20 933 845 835 803 742 s (yCH) yCH (69) + THCCBr (19) + THCCS (12)
21 938 849 839 807 819 s (yCH) yCH (68) + THCCBr (18) + THCCS (14)
22 960 869 848 815 910 s (vSN) VSN (45) + THNSO (17) + SHNS (12)
23 1085 982 973 935 yCH(80)
24 1101 997 988 950 yCH(82)
25 1105 1000 1024 984 Trigonal ring breathing §CCC (53) + §CH(20) + vCC (10)
26 1163 1053 1076 1034 VCC (64) + vSO5 (23) sym.
27 1172 1061 1080 1038 VCC (35) + vSO; (25) sym. + 5CH (20)
28 1195 1082 1089 1047 tNH, (85) + vSO, (11) asym.
29 1202 1088 1126 1083 1147 s (vSO, sym.) VS0, (44) sym. + vCS (15) + vCC (15)
30 1255 1136 1129 1085 1011 s (5CH) 5CH (59) + vCC (32)
31 1269 1149 1202 1155 1092 s (5CH) SCH (71) + vCC (19)
32 1294 1171 1308 1258 VSO, (40) asym. + vCC (40) + oCH (10)
33 1433 1297 1323 1272 SCH (71) + vCC (22)
34 1464 1325 1328 1277 1328 s (vSO, asym.) VS0, (48) asym. + vCC (30)
35 1529 1384 1416 1361 1390 s (vCC) vCC (36) + 6CH (34)
36 1639 1484 1502 1444 1469 s (vCC) 5CH (67) + vCC (26)
37 1735 1570 1586 1525 pNH, (89)
38 1749 1583 1609 1547 vCC (80) + 6CH (15)
39 1769 1601 1610 1548 1575 s (vCC) vCC (79)
40 3360 3041 3197 3073 vCH (100) asym
41 3361 3042 3198 3074 vCH (100) asym
42 3375 3055 3209 3085 vCH (100) asym
43 3376 3056 3210 3086 3021 w (vCH sym.) vCH (100) sym
44 3754 3397 3510 3374 3240 s (VNH, sym.) VNH, (100) sym.
45 3864 3498 3617 3478 3330 s (vNH, asym.) vNH; (100) asym.

s, strong; m, medium; w, weak; v, stretching; ¢, in-plane bending; 7, out-of-plane bending; p, scissoring; t, torsion; t, twisting.
@ Scale factor of 0.9050 and 0.9614 were used for HF and B3LYP with 6-311++G(d,p) basis set [18].

b Total energy distribution.
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Table 4
Comparison of the calculated and experimental vibrational spectra of 4-Fluorobenzenesulfonamide
Mode No HF/6311++G(d,p) B3LYP/6311++G(d,p) Experimental Infrared [5] TED® (%)
Unscaled freq. Scaled freq.? Unscaled freq. Scaled freq.?
1 31 28 27 26 7CCSO (56) + TCCSN (40)
2 99 89 86 83 TCCCS (37) + THCCS (15) + TCCCF (10)
3 149 135 131 126 tNH; (93) (THNSC)
4 190 172 170 163 5CCS (55) + THNSO (45)
5 241 218 214 206 SCSN (34) + TCCCF (20) + tCCCC (10) + THCCF (10)
6 308 279 277 266 vCS (45) + 6CCC (14)
7 388 351 344 331 THNSO (44) + 5CSO (30) + NSO (15) + 6CCF (11)
8 407 369 360 346 JCSN (23) + TCCCF (28) + TCCCS (11) + 60SO (10)
9 445 402 396 381 JCCF (34) + 6NSO (24) + TCCSN (13) + TCSNH (12)
10 463 419 423 407 485 m (yCC) 7CCCC (55) + TCCCH (24) + TCCCS (10) + TCCCF (10)
11 504 456 455 438 SCCF (30) +6CCS (18)+ tCSNH (11) +6CSO (10)
12 540 489 472 454 7CCSO (18) +60SO (14) + vSN (10)
13 580 525 527 506 THNSO (30) + TCCCH (10)
14 616 558 545 524 TCCCH (24) + TCCSO (19) + vSN (10) + TCCCC (10)
15 678 614 631 606 THNSO (27) + vSN (21) + 6SNH (18) + THNSC (13)
16 689 624 641 616 5CCC (52) + 6CCH (18) + vCC (10)
17 736 666 642 618 vCS (25) + 6CCC (15) + VNS (11) + vCF (10) + 6CCF (10)
18 800 724 724 696 TCCCC (54) + TCCCH (15) + TCCSO (10)
19 896 811 825 793 vCC (20) + vCF (18) + VNS (15) + 5CCC (10)
20 924 837 828 796 815 m (yCH) yCH (68) + THCCF (19) + THCCS (13)
21 949 859 852 819 841 s (yCH) yCH (60) + THCCF (15)
22 962 870 855 822 914 s (vSN) vSN (30) + THNSO (10) + THCCF (10) + HNS (10)
23 1071 969 957 921 yCH (80)
24 1103 998 981 943 yCH (85)
25 1104 999 1029 989 1013 m (6CH) Trigonal ring breathing 6CCC (34) + 6CH (32) + vCC (27)
26 1172 1060 1075 1034 vSO; (49) sym. + vCC (25)
27 1191 1078 1091 1049 tNH, (85) + vSO, (11) asym.
28 1203 1089 1119 1076 1092 s (6CH) SCH (65) + vCC (28)
29 1251 1132 1124 1081 1150 s (vSO, sym.) vSO; (44) sym. + vCS (17) + vCC (17)
30 1270 1150 1177 1131 dCH (75) + vCC (10)
31 1284 1162 1246 1198 1238 s (vCF) VCF (48) + vCC (21) + 5CH (10)
32 1371 1241 1308 1258 SCH (43) + vSO, (40) asym.
33 1425 1290 1323 1268 SCH (44) + vSO; (35) asym. + vCC (14)
34 1462 1323 1328 1289 1332 s (vSO asym.) vCC (77) +vSO, (13) asym.
35 1545 1398 1416 1376 1409 m (vCC) vCC (39) + 6CH (32)
36 1664 1506 1502 1463 1494 s (vCC) dCH (60) + vCC (28)
37 1735 1571 1586 1526 pNH, (89)
38 1774 1606 1609 1567 vCC (72) + 6CH (15)
39 1786 1617 1610 1571 1587 s (vCC) vCC (78)
40 3359 3040 3197 3074 3075 w (vCH sym.) vCH (100) asym
41 3361 3042 3198 3076 vCH (100) asym
42 3375 3055 3209 3086 vCH (100) asym
43 3376 3056 3210 3087 vCH (100) sym
44 3753 3397 3510 3374 3261 s (VNH; sym.) VNH; (100) sym.
45 3863 3497 3617 3477 3361 s (vNH; asym.) vNH, (100) asym.

s, strong; m, medium; w, weak; v, stretching; J, in-plane bending; 7, out-of-plane bending; p, scissoring; 7, torsion; t, twisting.
@ Scale factor of 0.9050 and 0.9614 were used for HF and B3LYP with 6-311++G(d,p) basis set [18].

b Total energy distribution.

contributing 100%. The corresponding symmetric mode occurs in
the experiment at 3266, 3240 and 3261 cm™! and asymmetric
mode at 3353, 3330 and 3361 cm™! for I, I and III. Other vibrations,
the in-plane NH, deformation falls from 1580 to 1650 cm ™. There-
fore, the frequency No. 37 identified with NH; scissoring. This va-
lue deviates negatively by ca. 10cm™! (for HF) from expected
characteristic value. Likewise, the twisting vibration (mode 3) is
also in good agreement with literature values [28,34-37].

For all the aromatic compounds the carbon-hydrogen stretch-
ing vibrations are observed in the region 3000-3100cm™!
[31,32,38]. Accordingly, in this range there is one observed vibra-
tion, which is 3094, 3021 and 3075 cm™! for molecules of I, II
and III, respectively [5]. In the present study, the four adjacent
hydrogen atoms left around the ring the para-halogen benzene sul-
fonamide give rise four C-H stretching modes (40-43), four C-H in
plane bending (30-33) and four C-H out-of-plane bending (20, 21,
23, 24) vibrations which corresponds to modes of C(2)-H(7), C(3)-
H(8), C(5)-H(9), and C(6)-H(10) units. In our calculations, C-H
stretching vibrations are predicted in the range 3073-3087 cm™!

(B3LYP), which are in agreement with experimental assignment
[5]. They are very pure modes since their TED contribution are
100%. The C-H in-plane bending frequencies appear in the range
of 1000-1300cm~! and C-H out-of-plane bending vibration in
the range 750-1000 cm~! in the aromatic compounds. The vibra-
tions (30-33) are assigned the in plane C-H bending even though
found to be contaminated by other stretching vibrations. The cal-
culated four vibrations (modes 20, 21, 23 and 24 in Table 2) as-
signed out-of-plane C-H bending. The TED for both the in-plane
and out-of-plane bending vibrations suggests that these are mixed
modes. In general the aromatic C-H vibrations (stretching, in-plane
and out-of-plane bending) calculated theoretically are in good
agreement with experimentally accepted values [31,32,38-40].
The change in the frequencies of these deformations from the val-
ues in benzene is almost determined exclusively by the relative po-
sition of the substituents and is almost independent of their nature
[41].

Empirical assignments of vibrational modes for peaks in the fin-
gerprint region are difficult. In the wavenumber region of 600-



M. Karabacak et al. /Journal of Molecular Structure 919 (2009) 26-33 31

IR Spectrum Raman Spectrum
4-Chlorobenzenesulfonamide
1.2 = .
HF 12 HE
1.0 o] 1.0
‘ ]
B 081 <:> i:lo 2 08
w =
5 06 = 06
E =3
= 04 < 04
02 0.2
0o LU Ll oo AL L ow.l .
B3LYP
1.0 B3LYP 10
2z 08 = 08
= £
5 06 % 0.6
= 04 A < 04
02 f i'd 0.2
W I WU o L LAy
4000 3500 3000 2500 2000 1500 1000 500 O 4000 3500 3000 2500 2000 1500 1000 500 0O
Frequency (cm™) Frequency (cm™)
4-Bromobenzenesulfonamide
12 1.2
1.0 o HF 1.0 HF
= 08 a_©_$=o _ 08
E 0.6 NH, % 0.6 }
= 04 N < 04 ‘
02 } 0.2 J L J
I
0.0 M LU-JJ\_J 1J1JL' ‘Jl 1 0.0 I AL jl i
B3LYP
10 10 B3LYP
2 03 ‘ z 08
72} -
§ 0.6 g 0.6
= 04 < 04
02 0.2 Jl
0.0 A 0.0 JLI L\ 1 H AA
4000 3500 3000 2500 2000 1500 1000 500 0O 4000 3500 3000 2500 2000 1500 1000 500 0
Frequency (cm™) Frequency (em™)
4-Fluorobenzenesulfonamide
12 HF 12 HF
1.0 1.0
-
208 " = 08
; 0.6 Z 06
S 04 | <04l |
0.2 1 ] J U ‘ 02 m |
0o UL MM L W .
1.0 B3LYP 1.0 B3LYP
= 08 > 08
& £
ﬁ 0.6 5 0.6
E 04 < 04 |
02 A L [ 0.2 A
0.0 U\ J(-\.J' "1. \J” L 0.0 A JL i L4
4000 3500 3000 2300 2000 1500 1000 500 O 4000 3500 3000 2500 2000 1500 1000 500 0
Frequency (cm™) Frequency(cm™)

Fig. 2. Comparison of calculated frequencies in cm™', normalized IR intensities and Raman activities at each level of theory considered for I, Il and III. These theoretical
spectrum were obtained by using HF and DFT (B3LYP) methods with 6-311++G(d,p) basis set.

1660 cm™!, the spectrum observed in the experiments closely tails. The ring carbon-carbon stretching vibrations occur in the re-
resembles the calculated spectrum, except for differences in de- gion 1400-1650 cm™! in benzene derivates. Varsanyi observed five
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bands, 1625-1590, 1590-1575, 1540-1470, 1465-1430 and 1380-
1280 cm™', in this region [38]. Here, the vibrations (modes 35, 36
and 39) have been assigned to C=C bond stretching vibration.
Gowda et al. [5] observed C=C stretching vibration at 1583, 1575
and 1587 cm™! for I, I and III. The theoretically calculated CCC
out-of-plane bending modes have been found to be consistent with
the recorded spectral values. According to TED results, mode 25
was assigned as trigonal ring breathing for I, Il and Il molecules.

The symmetric and asymmetric SO, stretching vibrations occur
in the region 1125-1150 and 1295-1330 cm™! [40]. The intense
signals appearing at 1418cm™! and 1217cm™! (IR) and
1414 cm~! and 1228 cm™! (Ra) can be attributed to the SO, anti-
symmetric and symmetric stretching fundamental modes for sulfa-
moil fluoride substance [28]. For molecules of I, II and III
asymmetric S=0 stretching vibrations were recorded at 1329,
1328 and 1332 cm™! and the symmetric S=0 vibrations at 1157,
1147 and 1150 cm™! [5]. The calculated frequencies for asymmet-
ric vibrations with HF method give good agreement with observed
values (1324, 1325 and 1323 cm~!) while DFT method estimates
lower than the typical values given in experimental study. These
results indicate that the HF calculations approximate the observed
frequencies much better than the B3LYP results for S=0 stretching
vibrations. For compounds I and III vibration No. 12 and for com-
pound II vibration No. 13 are assigned O=S=0 bending modes.

At 913,910 and 914 cm™! in the IR spectra for molecules of I, II
and III, respectively, the S-N stretching fundamental mode can be
observed. For the sulfamoil fluoride and sulfamoil chloride mole-
cules, this vibration is assigned at 964, 966cm~' and 921,
920cm™! in the IR and Raman spectra, respectively [28,34].
According to TED results, mode 22 was assigned as the S-N
stretching for I, II and IIL

Mooney assigned vibrations of C-X group (X =Cl, Br and I) in
the frequency range of 1129-480 cm™' [42,43]. The theoretical
wavenumbers of C-Cl stretching vibration are coupled with other
group vibrations. Ring—Cl modes are partially C-ClI stretching and
bending modes that have been reported in a frequency range of
200-800 cm~! [38]. Here, C-Cl stretching vibration is presented
mode 28 be contaminated by C-H in-plane bending. The heavier
mass of bromine obviously makes the C-Br stretching mode to ap-
pear at longer wavelength region (200-480 cm™!) as reported by
Varsanyi [38]. The theoretically calculated value of 410 cm™!
(DFT) is good agreement with this range. The C-F stretching is ob-
served in the region 1100-1350 cm™! [33,44]. This vibration was
also observed at 1238 cm™! by Gowda et al. [5]. Sundaraganesan
et al. [45] observed two strong bands at 1279 and 1331 cm™! in
FT-IR and at 1280 and 1332 cm™! in FT-Raman were assigned to
C-F stretching mode for 2,3-difluoro phenol molecule. In the pres-
ent investigation we assigned the band at 1198 cm~' (DFT) due to
C-F stretching mode (mode 31). According to the calculated TED,
our calculations show that there is no pure (C-halogen atom) band
in this range. The remainder of the observed and calculated fre-
quencies accounted in Tables 2-4.

Table 5

3.3. NMR spectra

Initially, molecular structures of the mentioned compounds
were optimized. Then, gauge-including atomic orbital (GIAO) '3C
and 'H chemical shift calculations of the compounds were made
by using HF and B3LYP method in conjunction with 6-
311++G(d,p) basis set. The GIAO [46,47] method is one of the most
common approaches for calculating nuclear magnetic shielding
tensors. For the same basis set size GIAO method is often more
accurate than those calculated with other approaches [48]. The
NMR spectra calculations were performed by Gaussian 03 [21] pro-
gram package. Dimethylsulfoxide (DMSO) was used as a solvent.

Relative chemical shifts were estimated by using the corre-
sponding TMS shielding calculated in advance at the same theoret-
ical level as the reference. 13C and 'H isotropic magnetic shielding
(IMS) of any X carbon (or hydrogen) atom was made according to
the value 3C IMS of TMS: CS, = IMStys — IMS,. Besides X-ray crys-
tallography, NMR spectroscopy can provide the required structural
data for the investigated compounds [5,6]. Theoretical and experi-
mental chemical shifts [5] of I, Il and IIl in 'H and '3C NMR spectra
are gathered in Table 5. 'H atom is the smallest of all atoms and
mostly localized on periphery of molecules; therefore their chem-
ical shifts would be more susceptible to intermolecular interac-
tions in the aqueous solutions as compared to that for other
heavier atoms. Taking into account that the range of '*C NMR
chemical shifts for a typical organic molecule usually is
>100 ppm [49,50], the accuracy ensures reliable interpretation of
spectroscopic parameters. In the present paper, >C NMR chemical
shifts in the ring for the title compound are >100 ppm, as they
would be expected (in Table 5). The C(4) atom which bonded to
halogen shows calculated '>C chemical shifts that are too high.
Fluorine atom has also more electronegative property than bro-
mine and chlorine atom. Therefore, the chemical shifts value of
the C(4) atom which bonded to fluorine is the highest. As seen in
Table 5, the calculated chemical shifts for 'H are more sensitive
to that of '3C. Isotropic 'H chemical shifts for three molecules cal-
culated by means of B3LYP method and '3C shifts by means of HF
method are closer to experimental data.

4. Conclusion

In the present study, the molecular structure, vibrational fre-
quencies, proton and carbon GIAO NMR shielding of 4-chloro-
benzenesulphonamide (I), 4-bromobenzenesulphonamide (II) and
4-fluorobenzenesulphonamide (III) have been studied using HF
and DFT (B3LYP) calculations with the 6-311++G(d,p) basis set.
On the basis of the calculated and experimental results; assign-
ment of the fundamental vibrational frequencies were examined.
The available experimental results were compared with theoretical
data. Theoretical 13C and 'H chemical shift values (with respect to
TMS) were reported and compared with experimental data, show-
ing a very good agreement both for '3C and 'H.

Theoretical and experimental 'H and '3C isotropic chemical shifts (with respect to TMS, all values in ppm) for I, Il and III

Atom 4-Chlorobenzenesulfonamide (I) 4-Bromobenzenesulfonamide (1) 4-Fluorobenzenesulfonamide (III)

Exp.? HF B3LYP Exp.? HF B3LYP Exp.? HF B3LYP
H(7), H(10) 7.83 8.29 8.17 7.80 8.27 8.07 7.90 8.14 8.00
H(8), H(9) 7.45 7.87 7.80 7.67 7.94 7.98 7.14 7.10 7.13
(1) 142 135.6 151.7 139.6 136.6 151.6 139.7 132.3 1494
C(2), C(6) 127.6 126.2 1323 1284 125.7 131.6 128.8 129.2 133.7
C(3), C(5) 128.9 123.9 1345 132.2 127.3 138.0 115.9 108.8 119.9
C(4) 137.8 142.3 153.2 127.3 140.2 152.6 166.1 161.5 1743

@ Taken from Ref.[5]. The atoms are numbered as in Fig. 1(a).
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