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Abstract: Hydrazonylsulfones such as B-NHNHSO,R and their iminotautomers have been studied
as optical materials and for their biological potential. In this work, a structural study has been carried
out on N-(1,3-benzothiazol-2-yl)-4-(halogenobenzenesulfonyl)-hydrazides (1: X = F, Cl, Br). For
(1: X = F), single-crystal X-ray diffraction, Hirshfeld surface analysis, and PIXEL calculations were
conducted, while in (1: X = Cl) and (1: X = Br), only single-crystal X-ray diffraction studies were
successfully conducted due to the disordering of the solvent. Each compound crystallises with two
independent but similar amino tautomers in the asymmetric units: compound (1: X = F) crystallises
in the monoclinic P21/¢, and the isostructural pair (X: 1 = Cl and Br) crystallises in the tetragonal
P-421c space group. In the most stable motif of the supramolecular arrangement, the molecules
of the asymmetric unit are connected by classical N-H(hydrazinyl)---N(thiazoyl) hydrogen bonds
and several face-to-face, offset 7t---7t interactions. This motif has a very powerful influence on the
crystal structure due to its direct links with the other weaker motifs. Other significant intermolecular
interactions found in the structure include N-H(hydrazonyl)---O(sulfonate) bonds. Analogous
intermolecular interactions were found in similar compounds, leading to the conclusion that those
interactions are the most important instabilizing the solid state of hydrazonylsulfones.

Keywords: hydrazonylsulfones; 1,3-benzothiazol; X-ray; PIXEL calculations; lattice energies

1. Introduction

The 1,3-benzothiazolyl framework is a constituent of several compounds that have been
studied in a range of different areas, with focuses on their pharmacological activities [1-9],
their applications in optical materials [10,11], their functions in liquid crystals [12], and
their potential uses as agents in industrial processes [13]. Although these types of com-
pounds exist naturally, they are rare [14]. Thus, several synthetic methodologies have
been developed over the years in order to obtain them. Of particular interest are the
2-hydrazinyl-1,3-benzothiazole derivatives Bt-NHNH,, I, which can be found also in their
imino form, IA (R = H or alkyl; see Figure 1), and have been studied both in their own
right and as precursors of other related compounds [15-17] such as the hydrazones, Bt-
NHN=CHR;, II, and their imino analogues, ITA [18-20]. A special group of derivatives are
the hydrazonylsulfones, such as Bt-NHNHSO,R, III, and their iminotautomers, IITA (see
Figure 1).They played a significant part in the work of Huenig and co-workers in the late
1950s to early 1970s [21,22] and in several patents submitted by Agfa, essentially because of
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their optical properties [23]. Over subsequent years, patents and articles have reported on
an expanded range of potential applications, namely as ligands for metal extraction [24]
and as optical materials [25], as well as for their possible biological uses, for example as
fibroblast growth factor antagonists [26], as autotaxin inhibitors [27] and as inhibitors of
Wnt antagonist DKK [28] and cytosolic phospholipase A2 [29].
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Figure 1. Chemical structures of selected benzothiazolyl derivatives.

Substituted [N-(1,3-benzothiazol-2-yl)nitrobenzenesulfonyl-hydrazides], Bt-NHNHS-
(0)2CsH4X family of compounds, have been previously obtained by Peretyazhko et al. [30]
using an elaborate synthetic route that consisted of the oxidative cyclization of substituted
1,4-diphenylthiosemicarbazides with potassium ferricyanide in alkaline alcoholic media,
but we recently managed to obtain some of those compounds, e.g., Bt-NHNHS(O),CsHyX,
(1: X=H) [31] 1: X =2, 3-, 4-O,N) [32], Scheme 1, by direct reaction between Bt-NHNH,
and XCgH4SO,Cl, albeit with variable yields. However, when we attempted the corre-
sponding reaction with 4-ICcH,SO,Cl, we obtained the product Bt-N(CgHy-1-4)NH, [33].
The regiochemistry of this last reaction remains unknown, but we hypothesized that a
specific iodo-heteroarene interaction that occurred prior to the reaction between Bt-NHNH,
and 4-IC4H4SO,Cl arranged the reactants to facilitate a reaction involving the non-terminal
nitrogen. When Bt-NHNH); reacts with XCgH4SO,Cl, only the amino tautomers are formed.
Furthermore, only a single regioisiomer was obtained in each of the syntheses. The syn-
thesis of 3-alkylated imine derivatives IIIA almost invariably involves the reaction of the
sulfonyl chloride with a preformed imino precursor [34].

We now wish to report further on reactions between arenesulfonyl chlorides and
Bt-NHNH; and to report on a structural study of three halo derivatives, 4-F-, 4-Cl- and
4-Br-CcH4NHNH-Bt (1: X = F, Cl and Br, respectively), see Scheme 1.
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Scheme 1. Chemical reactions used to obtain the compounds 1: X = H [31]; 1: X = 2-,3-4-O,N [32].

2. Materials and Methods
2.1. Instruments

Melting points were determined on a Buchi (B-545) instrument and are presented
uncorrected. IR spectra were obtained using a Nicolet 6700 FTIR instrument (Waters
Corporation, Milford, MA, USA) by ATR (Attenuated Total Reflectance, Blagnac, France).
NMR spectra were recorded on Bruker Avance 400 and500 spectrometers (Billerica, MA,
USA) in DMSO-dg¢ solution at room temperature. Accurate mass measurements were
determined using a Water Mass Spectrometer Model Xevo G2 QT instrument (Waters
Corporation, Milford, MA, USA).

2.2. General Synthesis

Two synthesis reactions were employed (see Scheme 1).

(i) A solution of 2-hydrazinyl-1,3-benzothiazole(1 mmol) and the arenesulfonyl chloride
(1 mmol) in EtOH (20 mL) was refluxed for 1 h. The reaction mixture was washed
with water, then the organic layer was collected, dried over magnesium sulphate, and
rotary evaporated. The residue was recrystallized from an ethanol solution.

(if) To a stirred solution of 2-hydrazinobenzothiazole (1 mmol) in dichloromethane
(12 mL) were sequentially added 2 drops of Et3N and the appropriate arenesulfonyl
chloride (1.20 mmol). The reaction mixture was stirred for 24 h at room temperature
and concentrated under reduced pressure. The residue was purified by column chro-
matography using dichloromethane/methanol (100—95%) as an eluent, resulting
inthe benzothiazolyl derivatives in 40-65% yields.

2.2.1. 2-[2-(4-Fluorobenzenesulfonyl)Hydrazinyl]-1,3-Benzothiazol, (1: X = F)

Prepared using method (ii) from 2-hydrazinyl-1,3-benzothiazole and 4-fluoroben-
zenesulfonyl chloride. m.p. 110-112 °C; yield 60%.

'H NMR (500 MHz, DMSO-dg). § (ppm): 9.40 (1H, s, NH), 8.20 (2H, m, H2' & Hé'),
7.88 (1H,dd, ] =79 & 1.2, H4),7.64 (1H, dd, ] =8.2 & 1.1, H7), 7.48 2H, m, H3' & H5'), 7.37
(1H,ddd, ] =82,73 & 12,H6);7.24 (1H,ddd, ] =7.9,7.3 & 1.1, H5), 5.76 (1H, s, NH).

13C NMR (125 MHz, DMSO-dg): 6: 166.2; 165.2; 156.0; 132.9; 132.0; 132.0; 131.9; 126.0;
123.4;121.4;120.7;116.2; 116.1 ppm.

IR (em~!, KBr): 3330 (N-H); 3060 (Ar-H), 1351 & 1153 (SO,), 1040 (C-F)

HR-MS (ESI): Caled for C13H;gFN3NaO,S," (M* Na*): 246.0091; Found: 246.0086.

2.2.2. 2-[2-(4-Chlorobenzenesulfonyl)Hydrazinyl]-1,3-Benzothiazol, (1: X = Cl)

Prepared via method (i) from 2-hydrazinyl-1,3-benzothiazole and 4-chloroben-
zenesulfonyl chloride. m.p. 172-174 °C; yield 61%.

'H NMR (400 MHz, DMSO-dg). & (ppm): 9.40 (1H, s, NH), 8.14 (2H, d, phenyl),
790 (1H, d, H4), 7.72 (2H, d, phenyl), 7.64 (1H, dd, H?7), 7.37 (1H, m, H6), 7.26 (1H, m, H5),
5.59 (s, 1H).
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13C NMR (100 MHz, DMSO-dg): 5 165.2, 150.9, 139.2, 135.4, 132.1, 130.6, 129.1., 127.6,
127.4,126.0,123.4, 121.5,120.7 ppm.

IR (cm~!, KBr): 3330 (N-H); 3090 (Ar-H), 1366 & 1164 (SO,).

HR-MS (ESI): Caled for C13H;oCIN3NaO,S,* (M* Na*): 361.9795; Found: 361.9812.

2.2.3. 2-[2-(4-Bromobenzenesulfonyl)Hydrazinyl]-1,3-Benzothiazol (1: X = Br)

Prepared via method (i) from 2-hydrazinyl-1,3-benzothiazole and 4-bromoben-
zenesulfonyl chloride. m.p. 172-174 °C; yield 61%.

'H NMR (400 MHz, DMSO-dg). § (ppm): 8.10 (d, 2H), 7.88 (1H, dd, H), 7.72 (d, 2H),
7.64 (1H, dd, H7), 7.33 (1H, m, H6), 7.28 (1H, m, H5), 5.75 (s, 1H).

IR (em~!, KBr): 3330 (N-H); 3090 (Ar-H), 1371 & 1154 (SO,).

HR-MS (ESI): Calcd for C13H719BrN3NaO,5,* (M* Na*): 361.9795; Found: 361.9802.

2.3. X-ray Data Collection and Structure Refinement

All details on data collection, structure determination, and refinement are listed in
Table S1 (Supplementary Materials). The computer programs used were CrystalClear-
SM Expert 3.1 b27 and CrysAlis PRO 1.171.42.51a [35], OSCAIL V6 [36], SHELXT [37],
ShelXle [38] SHELXL2018/1 [39], PLATON [40], and Mercury [41]. Compounds 1: X = Br
and 1: X = Cl exhibited disordered solvent molecules, and SQUEEZE was applied as
implemented in PLATON. The procedure accounts for the contribution of a (heavily)
disordered solvent to the calculated structure factors by back-Fourier transformation of
the continuous density found in a masked region of the difference map. For 1: X = Cl, the
solvent accessible volume was 579 A, with 155 electrons found; for 1: X = Br, the solvent
accessible volume was 568 A, with 172 electrons found. The positions of the actual solvent
molecules could not be resolved.

2.4. Lattice Energy and Intermolecular Interaction Energy Calculations

Lattice energies and intermolecular interaction energies were calculated using PIXEL
code implemented in the CLP package [42,43]. The intermolecular energies were assigned
by distributed charge description after a preliminary evaluation of charge density from
GAUSSIAN at the MP2/6-311G** level of theory (CUBE option).

2.5. Hirshfeld Surface Analysis and Two-Dimensional Fingerprint (FP) Plots

The Hirshfeld surfaces and two-dimensional fingerprint (FP) plots [44] were generated
using Crystal Explorer 3.1 [45]. The Hirshfeld surfaces were mapped over dnorm and over
electrostatic potential (ESP),which was calculated using Becke88 [46] and LYP [47] for
correlation and exchange potential at the 6-311G(d,p) level, as implemented in Crystal
Explorer 3.1 [45]. The 2D FP plots were derived from the HS analysis.

3. Results
3.1. Molecular Structures

The samples used to determine the X-ray structures were grown from dilute ethanol
solutions at room temperature. Compound (1: X = F) crystallizes in the monoclinic space
group P21/c, with Z = 8, while the isostructural compounds, (1: X = Cl and Br), crystallize
in the tetragonal space P-42;c group with Z = 16. Two similar independent molecules,
Mol 1 and Mol 2, comprise the asymmetric units of each of (1: X = F, Cl and Br). The
molecular structures with the atom-numbering schemes of the two independent molecules
for compounds (1: X = F, Cl and Br) are shown in Figure 2; similar numbering schemes
have been used for the three compounds. Selected bond lengths, geometric parameters for
intramolecular H bonds, and selected dihedral angles are given in Tables 1-3.
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Figure 2. Atom arrangements, numbering schemes and “U” and ‘]” molecular shapes for structures of
(1: X=F Cl and Br).

Table 1. Selected bond lengths Al

Compound Cn2-Nn21 Nn21-Nn22 Nn22-Sn2 Sn2-Cn21
(1: X=F)

Mol A:n=1 1.351(3) 1.393(2) 1.6565(17) 1.7555(19)

Mol B:n=2 1.343(3) 1.391(3) 1.6691(18) 1.750(2)
1: X=C1)

Mol A:n=1 1.350(5) 1.401(4) 1.659(3) 1.749(3)

Mol B:n=2 1.364(6) 1.396(4) 1.645(4) 1.757(2)
(1: X=Br)

Mol A:in=1 1.358(7) 1.396(6) 1.663(4) 1.756(5)

Mol B:n=2 1.356(7) 1.405(7) 1.647(5) 1.776(5)

1 Gtandard bond lengths: C-N =1.45, C=N =1.27; N-N = 1.41; N=N = 1.27 A.
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Table 2. Intramolecular hydrogen bonds (A, ©).

Compound D-H---A D-H H---A D---A D-H---A
(1: X=F) C222-H22A---0221 0.95 2.52 2.900(3) 104
1: X=F) C126-H126---0122 0.95 2.60 2.945(2) 102
1:X=0QD C226-H226.--0222 0.95 2.56 2.922(6) 103
(1: X=Br) C226-H226---0222 0.95 2.56 2.922(6) 103

Table 3. Dihedral angles (°).

Angle between Angle between SO, and

Bt & Ph Planes
Compound
Ph Bt
(1: X=F)
Mol 1 30.93 (8) 40.82 48.36
Mol 2 16.64 (9) 48.96 47.66
1:X=0Q)
Mol 1 30.53 (16) 42.31 46.35
Mol 2 29.21 (18) 50.24 55.26
(1: X=Br)
Mol 1 29.7 (2) 41.64 46.67
Mol 2 28.3 (2) 51.46 56.34

3.2. Intermolecular Interactions

Relevant intermolecular interactions found by PLATON [39] are listed in Supple-
mentary Tables S2-54. Table 4 shows the classic hydrogen bonds, Table 5 the Y-X:--7t
interactions, and Table 6 the geometric parameters related to the 7t---7r interactions.

Table 4. Geometric parameters (A, °), for the intermolecular hydrogen bonds.

Ccpd D-H--A D-H H.-A DA  D-H-A Symmetry Code
N121-H121-.-N23 0.78(3) 2083)  2.835(2) 165(3) %Y,z
N221-H221---N13 0.86(3) 1943)  2.775() 165(3) XY,z
N122-H122---0122 0.85(3) 2153)  2.989(2) 168(2) %, 1/2 —y,1/2+z2
1: X = 4F N222-H222.-.0221 0.99(2) 1882)  2.862(3) 177(2) x1-yl-z
Cl6-H16.--0121 0.95 244 3.360(3) 162 14x1/2—y,—1/2+z2
C24-F24---0121 0.95 2.55 3.315(3) 138 %, 1/2 —y,1/2+z2
C25-H25.--0122 0.95 2.62 3.232(3) 123 %y 14z
N121-H121---N23 0.88 2.00 2.861(5) 166 Y,z
. N122-H122---0122 0.97 211 2.971(4) 147 1/2—y,1/2—x ~1/2+2
L X=4Cl N221-H221---N13 0.88 2.07 2.855(5) 149 %Y,z
C26-H26.--Cl1 0.95 281 3.649(5) 148 /24y, 1/24%,-1/2 42
N121-H121---N23 0.88 2.00 2.864(6) 166 XY,z
1: X = 4-Br N122-H122---0122 0.88 237 2.979(6) 127 3/2-y,3/2—x1/2+z2

N221-H221---N13 0.88 2.10 2.868(6) 145 XY,z
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Table 5. Geometric parameters (A, ©) for the Y-X---7 interactions *.
Y-
Cpd Y-X:---7t X:--Cg(m) Xperp X---Cg(m) Y---Cg(m) Symmetry Code
C17-H17---Cgl 2.84 2.77 132 3.542(3) x1/2—y,—1/2+z
1: X =4-F C124-F124---Cg6 3.7122(16) 3.684 76.07(10) 3.632(3) XY,z
C224-F224.--Cg2 3.853(2) 3.622 71.24(13) 3.542(3) XY,z
1 X = 4Cl C17-H17---Cgl 2.83 2.72 131 3.526(4) 1/2 -y, 1/2 —x,1/2+z
AT C124-CI1---Cgb 3.718(2) 3.471 131 3.632(3) XY,z
1 X = 4B C17-H17---Cgl 2.79 2.72 135 3.526(4) 1/2—x,1/2—y,1/2+z
FAE AT C124-Brl---Cgb 3.824(2) 3.556 66.37(16) 3.522(6) X,z
* See figure in the table for number of the Cg’s.
Table 6. Geometric parameters (A, °) for the 7---7 interactions *.
Cpd Cg(D)---Cg(]) Cg---Cg o4 Cglperp Cglperp Sym Code Slippage
Cg2---Cg7 3.9448(15) 9.35(12) 3.4387(10) 3.5588(10) XY,z 1.702
Cg3---Cgb 3.9711(11) 7.95(9) 3.3440(8) 3.5291(8) XY,z 1.852
1 X = AF Cg3---Cgb 4.0113(12) 8.15(10) 3.3376(8) 3.6097(8) X,z 1.749
AT Cg6---Cg7 3.9447(15) 9.35(12) 3.3387(10) 3.4387(10) XY,z 1.933
Cg5---Cg7 3.6345(12) 16.76(10) 3.4741(8) 3.5748(9) xy l+z 0.656
Cg7---Cgb 3.9187(12) 16.53(11) 3.5720(9) 3.1023(9) xy —1+z 2.394
Cg2---Cg7 3.818(2) 3.0(2) 3.4291(16) 3.3890(19) XY,z 1.758
1 X = 4C] Cg3---Cgb 3.900(2) 0.3(2) 3.4217(17) 3.4267(16) XY,z 1.863
AT Cg3---Cgb 3.893(3) 1.5(2) 3.4059(17) 3.4530(19) X,z 1.798
Cg5---Cg7 3.831(8) 29.3(2) 3.4471(16) 3.8135(19) Xy, —1+z
Cg2---Cg7 3.788(3) 2.3(3) 3.410(2) 3.378(2) XY,z 1.713
Cg3---Cgb 3.947(3) 1.9(3) 3.419(2) 3.438(2) X,z 1.938
1: X = 4-Br Cg3---Cgb 3.909(3) 3.1(3) 3.399(2) 3.498(2) XY,z 1.744
Cg5---Cg7 3.797(3) 28.5(3) 3.385(2) 3.780(2) xyl+z
Cg7---Cg2 3.788(3) 2.3(3) 3.378(2) 3.410(2) X,z 1.649

* See figure in the table for number of the Cg’s.

3.3. Hirshfeld Surface Analyses and Fingerprint Plots

Hirshfeld surface analysis has been carried out on compound (1: X = F). Figure 3
illustrates views of the surfaces mapped over dnorm; the red spots in each of the views
correspond to atom---atom close contacts between the reference molecule at x, y, z with
its partner molecule in the motif, as defined in the motif list in Table 7 in Section 4.1. The
overall FP plots, and the individual atom---atom contacts, which were obtained by partial
analysis of the FP plots, are given in Figure 4a,b.
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Motif IVa

Motif ITIb

Motif ITTa
@ (b)
Motif IVb W/
Motif VIIa Motif VIIb
© (d)

Figure 3. Hirshfeld surface mapped over dnorm for (1: X = F) showing red areas that indicate short
contacts. (a) Motifs I and II, showing the N221-H221---N13 and the N222-H222..-0221 contacts,
respectively. (b) The chain made by Motifs III, /III},, showing the N122-H122..-O122 interactions.
(c) The chain in Motifs IV, /IV}, highlighting the 7t5---n7 interaction and (d) Motifs VII,/VII, with
the C16-H16---O121 interaction. Refer to Table 4 for geometrical parameters and Table 7 for details of
the molecular motifs.

Table 7. List of motifs for compound (1: X = F) and their details.

. Interactions Distance (A): Motif
Motif Symmetry Code (Close Contacts) Angle (°) Form Etor
N121-H121---N23 2.08(3); 165(3)
N221-H221---N13 1.94(3); 165(3)
C124-F124---76 3.7122(16); 76.07(10)
Mot 1 CoLFRL  SSRQTA) g
Mol 1---Mol 2 X, Y,z e ) (15) RZ,(8)dimer —120.5
Asymmetric unit 7375 3:9711(11) Figure 6
y 3716 4.0113(12)
753 3.9710(11)
7673 4.0112(12)
6717 3.9447(15)
Motif IT C1u1 s N222-H222.--0221 1.88(2); 177(2) Symmlgﬁn(%;hmer: 914
Mol 2---Mol 2 ! Yr 0221---H222-N222 ’ ! 2 ’
Figure 7a
Motifs III, /1T, x,05—1,05+z N122-H122.--0122 2.15(3); 168(2) C(4) chain s
Mol 1---Mol 1 x, 05—y, -05+z C17-H17---7(1) 2.84;132 Figure 7b ’
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Table 7. Cont.
. Interactions Distance (A): Motif
Motif Symmetry Code (Close Contacts) Angle (°) Form Etor
Motifs IV, /IV, Xy l+z 7577 3.6345(12) Chain _239
Mol 2---Mol 2 xy —1+z 716 3.9187(12) Figure 7c ’
Motifs V,/Vy, Pair of acyclic
Mol 1---Mol 2 1-x1-y2-z F124.--H27 2.68 dimers —-215
Mol 2---Mol 1 Figure 7d
Motif VI acyclic dimer
Mol 2---Mol 2 1-x1-y2-z C27---H27 2.96 Figure 7d -17.1
Motifs VII, /VIIy 1+x05—y, —05+z Cl6-H1e6---O121 2 44: 162 C(10) chain 162
Mol 1---Mol 1 —1+x05—-y, —05+z 0121---H16-C16 R Figure 7e ’
. Pair of H-H
Motif VIIT Yy 1tz H25---H15 2.20 contacted dimers —12.7
Mol 1---Mol 2 xyl+z .
Figure 7f
Motifs IX, /IXp Two pairs of
Mol 1---Mol 2 ";Cof - 2605'5:22 C24-H24---0121 2.55;138 acyclic dimers ~11.9
Mol 2--- Mol 1 e Figure 7b
L]0k L.|de [da
2.8 de :
2.6
2.4 d
2.2 o
2.0 0, o
1.8 d | HC/CH w 178% " ELHHLF LR
1.6
ds Jdi .Ids
1.4 6
1.2 : *
1.0 wi}
0.8
0.6
Cj" " HLNINLH 7.4% d| | HH Z5.8% d fee 5.2% d
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Figure 4. (a).Finger print plots for 1: X = 4-F, Mol 1. (b) Finger print plots for 1: X = 4-F, Mol 2.
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3.4. Calculated Energies for (1: X = 4-F)

The mean total energy for the lattice, Eiot, per molecule obtained using PIXEL [42,43],
was —189.3 k].mol ! distributed as follows: —140.5,—69.8,—184.9, and 205.9 kJ.mol~! for
Ec, Epol, Edisp, and Erep, respectively. The calculations allowed the identification of the nine
molecular pairs (motifs I to IX) (see Table 7) that were considered the most significant, i.e.,
those with —FEy.t values greater than 10 kJ.mol~!. The graphic representation of Figure 5
shows how the total energies for each motif are distributed.

Motif 1Xa/IXb
Motif VIII
Motif Vlla/VIib -
Motif VI 1
Motifs Va/Vb
Motif IVa/IVb
Motif Illa/1llb
Motif 11 4

Motif | 4

-400 -300 -200 -100 0 100 200 300

Energy (kJ.mol™)
Figure 5. E ., Epol Eaisp and Erep, for the lattice motifs I-IX found in 1: X =4-F

Other details provided in Table 7 include the symmetry operations, intermolecular
interactions, geometric parameters, and forms of the motif, i.e., chain or dimer (acyclic
or cyclic). Individual motifs involve two molecules; thus, the energy per mol is a half of
the motif’s energy. Furthermore, in a chain of motifs, the reference molecule at x, y, z is
common to two motifs, motif ZA and motif ZB, each of equal energy. The listing of motifs
for each compound in Table 7 is given in decreasing order of —E; values. The motifs can
be viewed in Figures 6 and 7af.

(b)

Figure 6. Compound (1: X = F): Motif I. Two representations of motif I, (a) a dimer formed from
Mol 1 and Mol 2 in the asymmetric unit, (b) one formed by N121-H121---N23 and N221-H221---N13
hydrogen bonds and C124-F124---m6 and C224-F124---m2 interactions, and one with a series of
face-to-face, offset 7---m interactions [for ring numbers, see Tables 5-7].
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(e) ()

Figure 7. (a) Motif II (colours: blue & yellow; (b) Motifs III, & III}, (chain: red, green, & red); motifs
IX; & IXy, (red & blue and yellow & green); (c) Motifs IV, & IV}, (chain: colours yellow, blue, &
yellow); Motifs VII, & VII}, (colours red, green, & red); motifs I: (colours: green and blue at x, y, z
and red & yellow). (d) Motifs V, & Vy, (colour: green & yellow, and red & blue)and motif VI (yellow
& blue); (e) Motifs VII, & VII}, (colours red, green, & red); (f) Motifs VIII, & VIII}, (green & yellow
and red & blue). Motifs I (green & blue, at x, y, z and red & yellow).
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4. Discussion
4.1. Molecular Structures

All the hydrazide molecules are in the amino tautomer form, with Cx2-Nx2 bonds
distances ranging from 1.343(3) to 1.364(6); see Table 4), suggesting a delocalization of the
electronic cloud within the C-NH-NH-S-linker. Similar results are apparent from other
already published structures with the same linker [48-50].

Some molecules exhibit intramolecular C-H:--O hydrogen bonds, which are drawn
as dashed lines in Figure 2. In those H bonds, the oxygen atom of the sulphonyl acts as
an acceptor for the H atom of the Ph ring, forming a S5 ring (see Table 5 for geometric
parameters). Views looking down the best planes through both the benzothiazol and
phenyl groups show in all cases a conformation between “U”- and “]”-shaped structures
(see Figure 2). The interplanar angles between the benzothiazol and phenyl groups are close
to 30° for all molecules except Mol 2 of compound (1: X = F), which contains a considerably
smaller angle of 16.6°.

This and other parameters, which are listed in Table 6, illustrate the small differ-
ences between the two independent molecules for each compound, as well as differences
amongthe three compounds, with the exception of Mol 2 of (1: X = F). Differences in the
conformations of the molecules in (1: X = F, Cl and Br) can be assessed by torsion angles:
thereare 10° differences in the torsional C22-N221-N222-522 angles in Mol 2 of (1: X = F)
compared with those in Mol2 of (1: X = Cl and Br), and there are also differencesin the
interplanar angle between the Ph and Bt rings: 17° for Mol 2 of (1: X = F) compared to ca
30° for (1: X = Cl and Br). This difference could be attributed to the different sizes of the
halogen units.

4.2. Crystal Structures

Among the intermolecular interactions found by PLATON [40] for the three com-
pounds are N-H---N, N-H:--O, C-H---O, C-H---F, C-H:--Cl, and C-H---Br hydrogen bonds,
as well as face-to-face, offset 7t---7t, C-H---7t, and C—X:--7t (X = F, Cl and Br) interactions. In
contrast to (1: X = O;N) compounds [32], SO2.--7 interactions are not present, although
N-H---O (sulfone) and C-H---O (sulfone) hydrogen bonds are present.

4.2.1. Supramolecular Motifs and Lattice Energies for 1: X = 4-F

The combination of the analysis of the HS (plotted by dnorm) with the information
given by PLATON concerning the geometry of classic hydrogen bonds, the Y-X:--7t inter-
actions, and the 7t---7t interactions allows the identification of the relevant intermolecular
interactions that form the crystal structure. The normalized contact distance, dnorm, a sym-
metric function of distances to the surface from nuclei inside, d;, and outside, d,, relative
to the appropriate van der Waals radius, when plotted on the Hirshfeld surface, allows
important regions for close contacts to be identified: dnorm is shown in red in regions where
the contacts are closer than the sum of van der Waals radius, thus corroborating the results
obtained for the interactions in PLATON and helping in the identification of lattice motifs.
Derived from the Hirshfeld surface, the 2D-fingerprint plots give a visual summary of
the frequency of each combination of d. and d; across the surface of a molecule. In the
partial fingerprint plots are the identification and quantification of specific intermolecular
interactions. The PIXEL calculations allow the selection of those motifs that contribute the
most, in terms of energy, to the stabilization of the lattice. All of this combined information
is given in Table 7 and will be used in the discussion.

Intermolecular Contactsin1: X =F

All N and O atoms of Moll and Mol?2 are involved in H bonds, with the exception
of 0222 of Mol2. As expected, the slight differences in the conformations of the two
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independent molecules, Mol 1 and Mol 2, result in differences in the specific percentage
of atom---atom contacts. The FP analysis reveals that there are some differences in the
frequency of close contacts between the two molecules: the C---H and O---H contacts are
more common in Moll, while Mol2 has a higher percentage of C---H and C---C contacts (see
Figure 4a,b). The percentage of H---H contacts isca.25%, a value lower than that expected
for organic molecules.

The PIXEL calculations provided a more extensive structural study and showed that
there are several molecule pairs/motifs with —Eo less than 10.0 kJ.mol~!. The interactions
on which the structural motifs are based were confirmed on the HS; Figure 3a—d shows
that the HS allowed the identification of motifs I, II, and IV and the pairs associated with
motifs IIT and VII, where the strong N---H and O---H H bonds can be identified by the
intense red spots.

1: X = F Motifs

Motif I is composed of the two molecules in the asymmetric unit and is by far the
most significant motif (Figure 6). The contacts between Mol 1 and Mol 2 involve N-
H(hydrazinyl)---N(thiazolyl) hydrogen bonds, C-H(phenyl)---m(phenyl) interactions, and
face-to-face, off-set 7t---7t interactions (see Tables 4-7). Motif I is in the form of an dimer
containing a R22(8) ring formed from N121-H121---N23 and N221-H221---N13 classical hy-
drogen bonds. The combination of the different intermolecular contacts produces a strong
motif with a total energy of —120.5 k].mol~!. That energy is made up of the component
terms Ecoul, Epol, and Egisp, which have values of —141.8, —72.9, and —96.7 k], respectively
(see Figure 5),and those negative values are offset by the Eye, value of 190.9 k] mol 1. The
strong classical N-H---N hydrogen bonds contribute greatly to the high values of the Ecy
and E,,] components, and the 7 interactions contribute greatly to the Egjsp value. Thus,
in spite of the presence of several 7t---7 interactions, the H---NH bonds account for most
of the total stabilization energy of the lattice. As indicated in a recent report on the iso-
meric derivatives B-NHNHSO,CsH4NO; -0,-m and -p [32], the most important motifs
in each compound have R22(8) dimeric arrangements similar to that now reported here.
For the motifs I of the nitro derivatives, classical N-H(hydrazinyl)---N(thiazolyl) hydrogen
bonds, and face-to-face, off set 7---7 interactions were also generally present. Compared to
(1:X = F), the motifs I of the nitro derivatives had higher —Ejot values (142-164 k] mol 1)

Motifs II-IX have much lower energies than motif I, for example the range of —Eiot
values for motifs II-IX, are 11.9 to 91.4 k].mol ~!, while the ranges of the component energies,
—Ecoul, —Epor and —Egjsp are 2.1-89.8, 2.2-42.6 and 12.5-59.6 kJ.mol 1, respectively (see
Figure 3) Of interest, each of the motifs II to IX bridge motif I via contacts with either or
both the molecules in motif I, and, as such, they extend the aggregation of motif I from a
dimer to layers and infinite columns.

The component values of the energies in motifs II and III, while not as large as those
in motif I, are still significant (see Figure 5).These significant component values arise
despite differences in the types of contacts linking the motifs: motif II, a symmetrical
dimer with a R22(8) ring, is formed from a pair of N222-H222(hydrazinyl)---O221(sulfone)
classical hydrogen bonds (see Figure 7a), is composed of two Mol 2 units, while in mo-
tifs III, and III}, (Figure 7b), the Mol 1 chain is linked by a combination of a classical
N122-H122---O122(sulfone) hydrogen bond and a C17-H17---7i(thienyl) interaction. The
—Ecou and —Ep,| values for motif IT are large, at 89.8 and 42.6 kJ.mol~!, respectively, and
those for motif III are approximately half these values, at —41.6 and 18.9 k].mol ! (see
Figure 5).These values are as expected for motifs with the classical hydrogen-bonded con-
tacts they possess. However, the —Eg;s, value for motif I is rather large, at 59.6 kJ.mol~1,
considering there are no 7-type interactions linking the molecules in the motif. As men-
tioned above, and as shown in Figure 7, motifs II to IX are all linked, albeit in different
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ways, to motif I molecules, and so electron delocalisation could arise between motif I and
motif II. This delocalisation could account for the Eg;sp, in the molecular pair. In a similar
way, motifs III/III,, also present a relatively high value for —Eg;sp, (49.8 kJ.mol~1), which
appears high for C17-H17---mi(thienyl) interactions, leading to the possibility that, beyond
this 7 interaction, significant delocalisation involving connections to motif I contribute to
the Edisp-

The remaining motifs, IV to IX, have —E;y values less than 25 kJ.mol~!, and all
have -Egjsp components as the largest contributor to —Eyot: this pattern holds regardless of
whether or not there are face-to face, offset 7t-- -7t interactions, as in motifs IV, and IV}, (and
thus as anticipated) or just C-H:--O hydrogen bonds (as in motifs VII,/VII, and IX, /IXy,
and thus not as expected), or indeed whether the closest contacts between the molecule
pairs in the motif simply involve atoms at the limit of, or indeed outside, the contact radii
sum (as in motifs V,/Vy, VI and VIII). Again, electronic delocalisation is here considered
to occur to some extent between these motifs and motif I.

4.2.2. Intermolecular Interactions in (1: X = Cl) and (1: X = Br)

Those compounds form an isostructural pair. As said before, the X-ray data collected
for (1: X =Cl) and (1: X = Br) made the structural determination of the molecules possible,
but the presence of disordered solvent (water) molecules that could not be positioned
accurately (but that certainly do interact with the main molecules) make both HS analysis
and PIXEL analysis impossible. Thus, only PLATON analysis was conducted, and the
information thus obtained on the intermolecular interactions in the (1: X =Cl) and (1: X = Br)
is given in Tables 4-6. Comparison of the intermolecular interactions found in (1: X = F)
with those identified in (1: X = Cl) and (1: X = Br) allowed identification of related molecule
pairs in the three compounds. However, without knowledge of the energies of these
molecule pairs in (1:X = Cl) and (1: X = Br), their importance and ranking in terms of energy
values cannot be obtained. Comparisons of the intermolecular interactions in (1: X = F),
with those identified in (1: X = Cl) and (1: X = Br) indicate the following(see Table S4
for details):

e the motifs of type I in (1: X = F), with N121-H121---N23 and N221-H221.--N13
hydrogen bonds, C124-X---7t6 interactions, and face-to-face offset 7---7r interactions,
have equivalents in (1: X = Cl and Br),

e the motifs of type IIl in (1: X = F), with N122-H122---0122 hydrogen bonds and
C17-H17---n(1), have equivalents in (1: X = Cl and Br),

e the motifs of type IV in (1: X = F), with face-to-face, offset 7.7t interactions have
equivalents in (1: X = Cl and Br),

e the interactions present in the weaker, lower-energy motifs, IV to IX, in (1: X = F),
were not identified by PLATON in (1: X = Cl and Br),

e the equivalent of motif IT in (1: X = F) is not present in (1: X = Cl and Br). The links be-
tween the molecules in motif IT in (1: X = F) are a pair of N222-H222..-0221 hydrogen
bonds, while in (1: X = CI and Br), the N222-H222 atoms, while not confirmed, are
apparently hydrogen bonded to disordered water molecules residing in voids in the
crystal structure.

However, there is one type of m-interaction specific to the (1: X = Cl and Br) pair: this
interaction involves C26-H26---X1 hydrogen bonds that link molecules into acyclic dimers:
Figure 8 shows several of these links, along with their contacts with motif I. We do not
think that these C26-H26---X1 hydrogen bonds will provide the substantial energy needed
to overcome the loss arising from the absence of any N222-H222 interaction in (1: X = Cl or
Br). The packing diagrams for (1: X = Cl), in Figure 9a,b are similar to that obtained for
(1: X = Br).
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H26

Figure 8. The C25-H26---Brl interactions in (1: X = Br). A similar interaction is present in (1: X = Cl).

(a) (b)

Figure 9. Packing of molecules of compound (1: X = Cl); (a) a view of the packing looking down the ¢

axis; atoms in Mol 1 and Mol 2 are drawn in green and blue, respectively; atoms drawn in red are
involved in the N122-H122---0122 hydrogen bonds; (b) a more detailed view of the 4-fold symmetric
arrangement, encompassing four H222 sites, again looking down the c axis. Four H222 hydrogens
are oriented into the void, which forms on the removal of disordered solvent (water) molecules.

4.3. Related Compounds

The substituted N-(1,3-benzothiazol-2-yl)-benzenesulfonylhydrazides(1) both those
studied here, (1: X = F, Cl and Br) and those previously reported (1: X = H) [31] and
(1: X = O2N) [32], have Egisp, Ecow and Epg values that make strong contributions to
the overall stability of the compounds. These values arise from each compound’s sets
of face-to-face, offset 7-- -7t interactions involving the Bt and phenyl aromatic groups and
strong classical hydrogen bonds. In the discussion that follows, in Mol 1 and Mol 2, the
hydrazinylnitrogens bonded to the benzothiazolyl groups are numbered N121 and N221,
those bonded to the sulfone sulphur atoms are N122 and N222, and the thienyl nitrogens
in the benzothiazolyl ring are N13 and N23.
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The hydrazinyl NH units, N121-H121 and N221-H221, invariably form hydrogen
bonds with the thienyl nitrogens, N13 and N23, in all the compounds of typel studied so
far. The thienyl nitrogens, N122 and N222, are more flexible in making connections to any
potential acceptor, such as nitro and sulfonyl oxygens. Thus, in (1: X = H), which contains
a substituent, H, possessing no acceptor properties, N122-H122(hydrazinyl)---O(sulfonyl)
and N222-H222(hydrazinyl)---O(sulfonyl) hydrogen bonds are formed, as the sulfonyl
oxygens are the only available strong acceptors; weaker C-H-:-O(sulfonyl) hydrogen bonds
are also present.

For compounds (1: X = 2-O;N, 3-O;N, and 4-O;N), different situations pertain due
to the nitro-group oxygens being strong competitors with the sulfonyl oxygens as accep-
tors. Furthermore, the positions of the nitro groups in the phenyl ring are important.
The location of the nitro group in (1: X = 2-O;N) allows the formation of intramolecu-
lar N122-H122(hydrazinyl)---O(nitro) and N222-H222(hydrazinyl)---O(nitro) hydrogen
bonds, rather than intermolecular ones; the sulfonyl oxygens are involved only in weaker
C-H---O bonds. In compounds (1: X = 3-O;N) and (1: X = 4-O;N), in whichthe nitro
groups are more remote from the hydrazinyl NH units, the N122-H122(hydrazinyl) and
N222-H222(hydrazinyl) now form intermolecular hydrogen bonds with the nitro oxygen
atoms, O13 and O23, respectively. Again, the sulfonyl oxygens are here relegated to forming
weaker C—H:--O hydrogen bonds. For the well-ordered compound (1: X = F), formations of
both N122-H122(hydrazinyl)---O122(sulfonyl), and N222-H222(hydrazinyl)---O221(sulfonyl)
are clearly confirmed. These interactions involve two Mol 1 and two Mol 2 molecules,
respectively. The disorder in (1: X = Cl and Br) prevented the performance of studies to
confirm the identity of connections to the N222-H222(hydrazinyl) unit. However, the
formations of the N122-H122(hydrazinyl)---O122(sulfonyl) hydrogen bonds in (1: X = Cl
and Br were securely established and again were shown to involve two Mol 1 molecules.

As shown by PIXEL calculations for compound (1: X = F),the energy contributions
gained from the N221-H221(hydrazinyl) and N222-H222(hydrazinyl) contacts are consid-
erable, and the loss of one such interaction would have serious energy consequences if it
were not fully compensated. The C26-H26---X1 (X = Cl and Br) hydrogen bonds found
in (1: X = Cl and Br) but absent from (1: X = F) are not expected to make sufficiently
strong contributions. On looking at the packing diagram for (1: X = Cl) (see Figure 9),
there are no alternative acceptors, including nearby aromatic groups, to form contacts. NB:
as(1: X =Cl) and (1: X = Br) are isostructural, a similar situation pertains for the bromo
analogue, which is not thus shown. Thus, we surmise that in Mol 2 in both (1: X = CI)
and (1: X = Br), the N222-H222 (hydrazinyl) units is likely to make contacts with the dis-
ordered water molecules within the void and thereby result in the formation of potential
N222-H222(hydrazinyl)---O(aqua) hydrogen bonds.

5. Conclusions

The dominance of the dimers formed from the two independent molecules in all
three compounds is an important finding. While disorder prevented Hirshfeld and PIXEL
analyses of the chloro and bromo structures and consequently prevented the collection of
information on the molecular pairs, the PLATON analyses strongly indicate that there are
generally similar intermolecular interactions within the dimers of all three compounds,
with very strong and common intra-motif N-H(hydrazinyl)---N(thiazolyl) hydrogen bonds
and sets of face-to-face 7---7t interactions. Such findings have been found for three isomer
nitro derivatives and the parent compound, BINHNHSO,Ph. For all these compounds, the
importance of these dimeric sub-structures is further emphasized bytheir linkage in other
interactions to form higher aggregates.

Two inconsistent findings have been found in these structural studies of the BINHN-
HHHSO,Ar compound family: (i) the reaction between BtINHNH; and XCgH4SO,Cl, for
X = 4-1 produces the isomeric product, BINHN(SO,CsH4I)NHj, in contrast to all other
reactions, which lead to products BINHNHSO,C¢Hy X, and (ii) the lack of a ordered acceptor
for the N222-H222(hydrazonyl) fragment in the isostructural chloro and bromo structures
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(e.g., sulfonate oxygen), as was found in the fluoro case. For (i), a pre-reaction iodo/phenyl
interaction was initially indicated, but the possibility of a steric effect from the iodo group
remains, and for (ii), the sizes of the chloro and bromo groups are considered possible
factors. While allowing the more stabilizing combination of -H(hydrazinyl) ---N(thiazolyl)
hydrogen bonds and face-to-face 7t---7t interactions to occur, steric effects prevent the less
significant single N222-H222(hydrazonyl) ---O(sulfonate) hydrogen bonds from forming.
Further studies are planned to investigate steric effects and pre-reaction interactions of
other substituent groups.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst14040330/s1, Table S1: Crystal data for compounds; Table S2: Selected
Torsion angles (°). Table S3: Geometric parameters (A, °) for the 7t---7 interactions. Table S4: Assumed
molecular pairs formed from intermolecular interactions in compounds (1: X = Cl and Br) on
comparisons with confirmed interactions in (1: X = F).
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