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Structures of three substituted arenesulfonamides
from X-ray powder diffraction data using the

differential evolution technique

The structures of three substituted arenesulfonamides have
been solved from laboratory X-ray powder diffraction data,
using a new direct-space structure solution method based on a
differential evolution algorithm, and refined by the Rietveld
method. In 2-toluenesulfonamide, C;HyNO,S (I) (tetragonal
14,/a, Z=16), the molecules are linked by N—H-.-O=S
hydrogen bonds into a three-dimensional framework. In
3-nitrobenzenesulfonamide, CsH¢N,O,S (II) (monoclinic
P2,,Z=2),N—H---O=S hydrogen bonds produce molecular
ladders, which are linked into sheets by C—H.--O=S
hydrogen bonds: the nitro group does not participate in the
hydrogen bonding. Molecules of 4-nitrobenzenesulfonamide,
CsHgN,O,S (III) (monoclinic P2y/n, Z=4), are linked into
sheets by four types of hydrogen bond, N—H-:..-O=S,
N—H- - -O(nitro), C—H---O=S and C—H---O(nitro), and
the sheets are weakly linked by aromatic n---m stacking
interactions.

1. Introduction

Several years ago, we reported the structure solution and
refinement of a number of arenesulfonamides, using X-ray
powder diffraction data collected on a conventional labora-
tory powder diffractometer (Lightfoot et al., 1993). However,
two of the examples studied at that time, 2.4.6-triiso-
propylbenzenesulfonamide, (Me,CH);C¢sH,SO,NH,, and
2-toluenesulfonamide, CH;C¢H,SO,NH, (I), could not be
solved using the data and the algorithms then available. More
recently, we have reported (Tremayne et al., 1999) the struc-
ture of 24,6-triisopropylbenzenesulfonamide, which was
solved and refined using synchrotron data and the Monte
Carlo structure solution method (Harris er al., 1994). For
compound (I), the original data were indexed on a tetragonal
cell, with Z =16 and probable space group I4,/a, but no
solution was possible (Lightfoot et al, 1993). Using a new
direct-space structure solution technique based on differential
evolution, we have now solved this structure using the original
data. Here, we report the results of the solution and refine-
ment, which show that the molecules are linked by
N—H---O=S hydrogen bonds into a very elegant three-
dimensional framework. We have also reanalysed the supra-
molecular aggregation patterns of some arenesulfonamides
and arenesulfonylhydrazines for which the original structure
report did not include H atoms (Lightfoot et al., 1993), and we
compare the supramolecular structure of compound (I) with
those of four other simple arenesulfonamides and arene-
sulfonylhydrazines, all determined from X-ray powder
diffraction data.
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In addition to the structure solution of (I), we have used this
new method to determine the structures of two nitroben-
zenesulfonamides, 3-nitrobenzenesulfonamide (II) and
4-nitrobenzenesulfonamide (IIT) (C4HgN,O,S), also from
conventional laboratory powder data. Introduction of nitro
groups into arenesulfonamides allows for competition
between hard (Braga et al., 1995) hydrogen bonds of types
N—H---O=S and N—H- - -O(nitro). The dominant modes of
supramolecular aggregation in sulfonamides (Vorontsova,
1966; Klug, 1968, 1970; Cotton & Stokely, 1970; Blaschette et
al., 1986; Brink & Mattes, 1986; Lightfoot et al., 1993;
Tremayne et al., 1999) are by means of C(4) chains and R%(8)
rings (Bernstein et al., 1995), while in simple nitroanilines
N—H---O hydrogen bonds can lead to supramolecular
aggregation in one, two or three dimensions (Ploug-Sgrensen
& Andersen, 1986; Tonogaki et al., 1993; Ellena et al., 1999;
Cannon et al., 2001; Ferguson et al., 2001). Hence, the isomeric
nitrobenzenesulfonamides provide a test of the competitive
interplay between the two types of hard hydrogen bond,
possibly augmented by the two alternative soft (Braga et al.,
1995) hydrogen bond types, C—H-.--O=S and
C—H- - -O(nitro).

The structure determination of molecular materials from
powder diffraction data is a rapidly expanding field (Harris &
Tremayne, 1996; Harris et al., 2001), due mostly to the recent
advances in the development of direct-space methods of
structure solution. These approach structure solution by the
generation of trial crystal structures based on the known
molecular connectivity of the material, and assessment of the
fitness of each structure by comparison between the calculated
diffraction pattern for each structure and the experimental
data. Global optimization methods such as Monte Carlo
(Harris et al., 1994; Tremayne et al., 1997, 1999; Tremayne &
Glidewell, 2000), simulated annealing (Andreev et al., 1997,
Andreev & Bruce, 1998; David et al., 1998; Pagola et al., 2000;
Shankland et al., 2001; Nowell et al., 2002) or genetic algo-
rithms (Kariuki et al., 1997; Harris et al., 1998; Shankland et al.,

1998; Tedesco et al., 2001; Cheung et al., 2002) are then used to
locate the minimum corresponding to the structure solution.
In this paper, we demonstrate the application of a new global
optimization technique based on differential evolution (DE)
to structure solution from powder diffraction data (Seaton &
Tremayne, 2002a). DE is an algorithm based on evolutionary
principles and offers robust searching of minima (Price, 1999)
while remaining a relatively simple method to implement.
As with many systems of interest in supramolecular chem-
istry, these sulfonamide materials are ideal for study using
direct-space structure solution techniques, with the organiza-
tion of molecular building blocks within the crystal structure
being of greatest importance. These methods enable us to
rationalize the structures of materials important in the study
of intermolecular interactions, such as cocrystals (Tremayne &
Glidewell, 2000) or compounds that are part of a systematic
crystallographic study but do not form crystals suitable for
single-crystal diffraction (Aakerdy et al, 2001). Development
of the DE technique has enabled us to extend our study of
sulfonylamino compounds to the structure determination of a
total of seven arenesulfonamides entirely from powder
diffraction data. Apart from our earlier study of compound (I)
(Lightfoot et al., 1993) the only other crystallographic report
on this material confined itself to recording the cell dimen-
sions and space group (Burgeni ef al., 1929): there have been
no previous reports on any of the nitrobenzenesulfonamides.

2. Differential evolution
2.1. Methodology

The direct-space approach to structure solution from
powder diffraction data involves the movement of a collection
of atoms, forming the structural model, around the unit cell to
generate trial crystal structures that are described by a list of
elements: e.g. the position (x, y, z) and orientation (9, ¢, ) of a
molecular model in the unit cell and the conformation of the
molecule defined by variable torsion angles (t; ... t,). Each
trial structure is ranked by crystallographic R,,, (or x%), and a
global optimization procedure is used to explore this Ry,
hypersurface to locate the global minimum or the best struc-
ture solution (that with lowest R,,).

Sequential optimization algorithms such as Monte Carlo or
simulated annealing operate on a single trial structure,
whereas evolutionary algorithms such as DE or genetic algo-
rithms maintain a population of trial structures (or members),
which are mutated and recombined together over a number of
generations. These evolutionary methods differ mainly in the
processes used for mutation and recombination.

DE is a relatively new evolutionary algorithm that was
originally developed to solve the Chebychev polynomial
fitting problem (Storn & Price, 1997) and was subsequently
entered into the first International Contest on Evolutionary
Computation, where it was the highest placed method that did
not use specialized problem information (Chisholm, 1999). For
each member of the DE population, a child is created by
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summation of the weighted differences of randomly selected
members of the population (1):

Trial = Parent + K(Random, — Parent)
+ F(Random, — Random,). D

The term K(Random,; — Parent) was introduced to overcome
the limitations of the initial implementation (Storn & Price,
1997) in cases where the parameters used to define the
problem are correlated. This can be considered as the
recombination step and the term F(Random, — Randomj) as
the mutation. Hence, the parameters K and F can be used to
adjust the level of recombination or mutation for a given run
and change the search dynamic. This performs the recombi-
nation and mutation together in a single step and generates
the new population in a deterministic manner by comparison
of the child with its parent, where the superior of the two is
added to the new population. The whole process is repeated
for a fixed number of generations or until convergence to a
minimum is achieved.

The use of this method of recombination along with the
deterministic method of selection means that DE is a simpler
method to implement than other techniques, such as genetic
algorithms, in which a series of recombination and mutation
steps are performed on randomly selected members of the
population and the new population is probabilistically selected
(Harris et al., 1998). The reduced number of user-defined
parameters in DE (population size N,, maximum number of
generations G,.x, K and F) compared with other evolutionary
methods also means that it is easier to understand the role that
each variable plays in controlling the dynamics of the method
through systematic variation. The selection method used here
results in a population that retains higher diversity for longer
than may be possible for other methods, and hence with
slower convergence a more robust search of the hypersurface
is possible. The generation of children by consideration of the
difference between existing members in the population also
means that the algorithm adapts to the search hypersurface as
time proceeds, with the mutation term continually changing
through the runtime of the program.

2.2. Implementation

The DE method utilizes a population of structures that are
randomly initialized within the limits given for each element
(x, vy, z, 0, ¢, ¥, T1...7,). Each of these elements has an
associated upper and lower bound, which is checked by the
DE algorithm when trial structures are generated. If the value
of any of these elements exceeds the corresponding bounds, it
is reset to a median value between the parent and the
boundary. This procedure allows the incorporation of
geometrical limits (i.e. prior knowledge of areas of molecular
conformation), while enhancing the efficiency of the search
rather than disrupting the natural optimization pathways.

The parameters used to control the DE calculation are
determined by the complexity of the structure, or the number
and associated bounds of the elements used to describe the
problem. Population size, N, is directly related to the number

of elements n by N, =10n. The parameters K and F can
theoretically take any value between 0 and 1. Traditionally, the
level of recombination, K, can take values 0 (which by defi-
nition means mutation only, resulting in a random walk), 0.5 or
1 (Price, 1999), although in this case K is set at 0.99 and not
exactly at 1, reducing the probability of stagnation (Lampinen
& Zelinka, 2000). Our tests have shown optimal convergence
at K = 0.99. The mutation function, F, is used both to disrupt
good members of the population and to introduce new
information to poor members. For optimal searching, a
balance of these two effects is required: small values of F
result in small amounts of disruption and premature conver-
gence, whereas large values interrupt the natural selection
process, and so median values are favoured. These three
parameters are all allocated values at the start of the calcu-
lation, whereas either G, can be defined at the start of the
calculation or the process can be repeated until convergence
has been achieved, i.e. until the mean R,,, of the population is
the same as the R, of the best member (Figs. 1-3).

The best results from a number of initial DE calculations
can then be used to seed a ‘Mini DE’ to ensure that the true
minimum has been located. A ‘Mini DE’ calculation is
performed like a conventional DE search but includes the best
solution from each initial calculation in an otherwise randomly
initialized population. The incorporation of ‘promising’ solu-
tions in the population encourages rapid convergence on the
solution minima, while the random population retains the
necessary diversity to enable the search to proceed effectively.

3. Experimental
3.1. Materials

Samples of compounds (I)—(III) were purchased from
Aldrich and used directly as received. Both (I) and (II) were
obtained as fine white powders, whereas (III) was a fine
orange powder.

3.2. Data collection

For X-ray powder diffraction data collection, all three
samples were ground and then mounted in a disc between two
layers of transparent tape. Data were collected for (I)—(III) in
disc geometry at room temperature using a BrukerAXS
D5000 powder diffractometer with Ge-monochromated
Cu Ko radiation (A = 1.5405 ;\) and a position-sensitive
detector covering 8° in 20. The data were recorded in the
range 4° < 260 < 55°in 0.01925° steps over a total of 1 h. In the
case of (II), a second data set was recorded in capillary
geometry with the sample loaded into a 0.5 mm capillary to a
depth of approximately 3 cm. Data were collected at room
temperature on a BrukerAXS D5005 powder diffractometer
with Gobel mirrors and a position-sensitive detector with
radial slits covering 8° in 26. Cu K« , radiation (A = 1.5418 A)
was used, and the beam size was 0.6 mm x 1 cm. The data
were collected over the range 10° < 20 < 50° in 0.01943° steps
for a total of 6 h.
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4. Structure solution and refinement

The powder diffraction patterns collected for compounds (I)-
(IIT) were indexed using the CRYSFIRE package (Shirley,
2000) on the basis of the first 20 observable reflections, and a
space group was assigned to each material by consideration of
systematic absences. For each structure, the profile parameters
were refined by the whole-profile-fitting LeBail method in the
program GSAS (Larson & Von Dreele, 1987) to improve the
fit of the lattice and profile parameters. Structure solution was
then performed using the differential evolution method as
previously detailed in §2 and implemented in the program
POSSUM (Seaton & Tremayne, 2002b). The parameters used
in structure solution and refinement of (I)—(III) are summar-
ized in Table 1," and details of the solution process for each
structure are given below.

4.1. 2-Toluenesulfonamide

The structural model of (I) used in the DE calculation
comprised the complete molecule constructed using standard
bond lengths and angles, excluding the amino and methyl H
atoms. Structure solution required variation of the translation
and orientation of the structural model around three mutually
perpendicular axes within the unit cell, with the benzene ring
treated as a rigid body and the sulfonamide group allowed to
rotate freely as shown in Scheme 1. Thus each member of the
population consisted of seven elements, with the initial posi-
tion, orientation and intramolecular geometry of the structural
model chosen arbitrarily and the upper and lower bounds on
the elements set to [0, 1], [0, 360°] and [0, 360°], respectively.
The population size was fixed at 70 members, and the
maximum number of generations for each DE calculation set
to 200.

Four initial DE calculations were carried out, with K = 0.99
and F having values 0.1, 0.2, 0.3 and 0.4; the results of these

0 50 100 150 200 250 300 350 400
Generation

Figure 1

Differential evolution progress plot for the structure solution of (I),

showing the best Ry, (line) and mean R, (open circles) for the initial DE

calculation (generation 0-200) and the Mini DE calculation (generation

200-400).

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BM0052). Services for accessing these data are described
at the back of the journal.

calculations were then used as the seed for a Mini DE (Fig. 1).
This was run with parameters K =0.99 and F=0.3 and
returned a solution significantly better than that obtained
from the initial DE results and clearly distinguishable from the
average random structures generated in the DE calculation
(Table 1). This solution was then successfully refined as
described in §4.4.

4.2. 3-Nitrobenzenesulfonamide

The structural model of (II) used for structure solution also
comprised the complete molecule, constructed using standard
bond lengths and angles but with the amino H atoms excluded.
Movement of the structural model around the unit cell was
carried out as before, with an additional element required to
describe conformational flexibility of the nitro group relative
to the benzene ring (Scheme 1). Thus each member of the
population consisted of eight elements, and the population
size was set at 80 members. The upper and lower bounds on
these elements and the maximum number of generations were
defined as for (I).
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Figure 2

Differential evolution progress plot for the structure solution of (II). Ry,

for initial and Mini DE calculation as depicted in Fig. 1.
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Figure 3
Differential evolution progress plot for the structure solution of (III). Ry,
for initial and Mini DE calculation as depicted in Fig. 1.
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Table 1
Initial lattice parameters, differential evolution structure solution
parameters, final refined parameters, and agreement factors for (I)—(III).

For compound (II), the agreement factors (R, and x%) are for disc data
(structure solution) and for capillary data (refinement).

Compound (I) I (IIT)

Crystal data

Chemical formula C;HoNO,S CgHeN,O,S C¢HeN,O,S

Chemical formula weight 171.22 202.20 202.20

Cell setting, space group Tetragonal, Monoclinic, Monoclinic,
14/a P2, P2/n

z 16 2 4

D, (g cm™) 1.423 1.638 1.618

 (mm™?) 3.197 3.452 3.410

F(000) 1440 208 416

Radiation type Cu Koy Cu Koy, Cu Koy

Temperature (K) 273 (2) 273 (2) 273 (2)

Indexing

Initial a (A) 18.954 7.714 8.843

Initial b (A) =a 8.054 13.493

Initial ¢ (A) 9.201 7.036 7.076

Initial B (°) 110.27 100.48

Structure solution

LeBail Ry, 9.00 5.28 5.40

LeBail x 2.70 15.34 2.66

Elements 7 8 8

K 0.99 0.99 0.99

Best F 0.1 0.3 0.4

Average R, 57.00 51.00 40.00

Best Ry, 28.18 22.92 24.54

Mini DE — Ry, 14.40 22.89 17.51

Min Ax (A) 0.10 0.02 0.18

Max Ax (A) 0.49 0.44 0.55

Mean Ax (A) 0.28 0.17 0.34

Refinement

Ryp 9.75 6.25 7.19

R, 7.69 4.66 5.29

RZ 10.78 6.66 16.46

X 3.16 21.42 479

Preferred orientation 1.13 [101]

fraction [and direction]

No. of parameters 56 65 64

No. of restraints 39 47 47

Final a (A) 18.7407 (8) 7.7169 (2) 8.8424 (3)

Final b (/:\) =a 8.0514 (2) 13.4933 (4)

Final ¢ (A) 9.1004 (4) 7.0334 (2) 7.0732 (2)

Final B (°) 110.274 (1) 100.466 (2)

v (A% 3196.2 (3) 409.93 (2) 829.89 (2)

Ten initial DE calculations were carried out with K = 0.99
and F taking the values 0.1, 0.2,..., 1. The best five results
were then used to seed the Mini DE (Fig. 2), run with K = 0.99
and F = 0.3. In this case, the solution returned by the Mini DE
showed little improvement over the structure generated by the
best initial structure solution calculation. Both these solutions
give significantly lower R,,, values than those obtained from
the average random structures generated in the DE calcula-
tion (Table 1).

However, after several cycles of refinement of this structure
it was clear that the molecule had become significantly
distorted. One possible explanation for this distortion is the
presence of preferred orientation in the sample. Preferred
orientation arises when crystallites have a tendency to align

along a certain direction resulting in non-random distribution
of crystallite orientations in the sample, affecting the relative
intensities of given peaks. This is often most severe when the
morphology is strongly anisotropic (e.g. flat plates or long
needles), and the effects were minimized in this case by
packing the sample in a capillary, hence reducing the effect of
the plate-like crystallites. Comparison of the capillary data set
with the initial data recorded using a flat disc confirmed the
presence of a preferred orientation, and hence the capillary
data was used for refinement, although variation of a
preferred orientation parameter was still required along the
[101] direction.

4.3. 4-Nitrobenzenesulfonamide

Structure solution of (IIT) was carried out in a similar way to
that for (II), differing only in the position of the nitro group in
the structural model (Scheme 1), i.e. requiring consideration
of eight elements and a population size of 80. The initial DE
calculations employed similar parameters to those used above,
except that F was limited to the range 0.2-0.6, and the results
of these five runs were used to seed the Mini DE (Fig. 3). This
was run again with K =099 and F=0.3, and returned a
solution significantly better than that obtained from the initial
DE results and clearly distinguishable from the average
random structures generated in the DE calculation (Table 1).
This structure was successfully refined using the disc data set
as described below.

4.4. Rietveld refinement

All three structures were refined using the GSAS program
package (Larson & Von Dreele, 1987). The positions of all
atoms were refined subject to restraints (weighting factor of
0.001 for bond distances and 0.005 for geminal non-bonded
distances) on standard geometry. The amino H atoms in each
structure were placed in positions calculated from the coor-
dinates of the hydrogen-bond donors and acceptors, and the
methyl H atoms in (I) modelled in at the usual geometry and
conformation. For the non-H atoms, isotropic atomic displa-
cement parameters were refined but constrained according to
atom type or environment (i.e. S, amino or nitro N, amide or
nitro O, aromatic or methyl C). The final Rietveld plots for
(I)~(I1T) are shown in Figs. 4, 5 and 6, and the final agreement
factors from refinement are given in Table 1. A comparison
between the molecular positions found in the DE solutions
and the refined crystal structures of (I)-(III) shows how
effectively the DE method locates the solution corresponding
to a global minimum in R,,, in each case. The minimum,
maximum and mean distances (Ax) between pairs of corre-
sponding non-H atoms in these structures are given in Table 1.

5. Description of the structures
5.1. Molecular conformations

The molecular dimensions of structures (I)-(11I) are similar
to those obtained from powder refinements of other sulfon-
amides with intramolecular bond lengths and angles showing
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Figure 4
Final observed (black circles), calculated (solid line) and difference (below) X-ray
powder diffraction profile for the final Rietveld refinement of (I). Reflection
positions are also marked.
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Figure 5
X-ray powder diffraction profile for the final Rietveld refinement of (II) (as in
Fig. 4).
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Figure 6
X-ray powder diffraction profile for the final Rietveld refinement of (III) (as in
Fig. 4).
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no unusual features (Figs. 7a-7¢). The conformations
of the sulfonamide and nitro groups [in (IT) and (I11)],
which were allowed to move freely in both solution
and refinement, also show values that are typically
found in similar systems. As expected, the nitro
groups in both (II) and (III) lie approximately in the
plane of the aryl ring [C2—C3—N3—031 =20°, C2—
C3—N3—-032=168" in (II); C3—C4—N4—-041 =
—164°, C3—C4—N4—042 = —3° in (III)]. However,
the conformation of the sulfonamide group differs for
each structure: compound (I) displays the most
common sulfonamide conformation with an S—O
bond (in this case involving O11) approximately
parallel to the aryl ring (C2—C1—S1—011 = —168°,
C2—C1—-S1-012 = —36°, C2—C1—S1—N1 = 78°),
whereas in (III) it is the amide N1 that lies in the
plane of the ring (C2—C1—S1—N1=176°, C2—
C1—-S1-011 = -75°, C2—C1—-S1-012 =41°);
compound (II) illustrates another characteristic
conformation in which the C—S—N plane is
approximately normal to that of the aryl ring
(C2—C1—S1—N1 = —-87°, C2—C1-S81-011 =
154°, C2—C1—-S1—-012 = 31°).

5.2. Supramolecular aggregation

5.2.1. 2-Toluenesulfonamide. In compound (I), the
supramolecular aggregation is determined solely by
two hard hydrogen bonds (Table 2): there are no
intermolecular C—H---O hydrogen bonds and no
aromatic 7. .- stacking interactions. These hard
hydrogen bonds link the molecules into a continuous
three-dimensional framework, which can be analysed
in terms of two primary motifs (generated by each
hydrogen bond in turn) that combine to form a
secondary hydrogen-bond network.

Atom N1 at (x, y, z) acts as hydrogen-bond donor,
via H11, to O11 at (= + y,3 — x, — + z), while N1 at
(= +y,2—x, —1+z) acts as donor to O11 at (} — x,
1 — y, =1 + z) and so on; propagation of this hydrogen
bond produces a C(4) spiral chain running parallel to
the [001] direction and generated by the 4, screw axis
along (4, 1, z) (Fig. 8). Four spiral chains run through
each unit cell, with those along [1,0, —z] and [3, 1, —z]
having the opposite hand to those along (3, 1, z) and
(2, 0, z). The amino N1 also acts as hydrogen-bond
donor, this time via H12, to O12 at (3 —y, ;+x,
% —z), and propagation of this hydrogen bond
produces an R}(16) ring lying around the 4 axis along
(3, 3, z) with centroid (3, 2, 2) (Fig. 9). The four
molecules within this ring are components of four
different C(4) spiral chains, those along (4, 0, —z),

11 2), (3% —2) and (3, 1, z). The linking of the C(4)
chains can alternatively be considered in terms of the
combined effect of the two hydrogen bonds forming a
secondary motif: the molecules at (x, y, z) and (1 — x,
— y, 1 — z) are both linked to those at (=1 + y,3 — x,
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Table 2 .

Intermolecular hydrogen-bond parameters (A,°) for (I)-(III).
D—H---A H--A D---A D—H---A  Motif Direction
Compound (I)

NI—HI1---011'  1.84 291 (2) 178 c@)  [o01]
N1—HI2---012% 2,01 3.04(2) 178 Ril6) -
Compound (IT)

NI—Hl1.--011% 206 307(2) 177 c4)  [010]
N1—HI2.--012%  2.03 3.04(2) 176 c4)  [010]
C4—H4---012" 241 330 (2) 136 o7 [o1]
Compound (IIT)

N1—H11.--011%  2.16 315(1) 179 C(4) [101]
N1—HI2---041"  2.14 315(1) 179 co)  [101]
C2—H2.--041 232 325(2) 141 c6)  [001]
C5—Hs---012% 239 327(2) 135 @)  [o01]

Symmetry codes: (i) =5 +y,3 —x, =+ z; (i) -y, s+ x,§ —z (i) 2 —x, S+ y, 1 — z;
(V) 2—x,3+y, 1—z(v) =1+x,y, =1+ (Vi) 3+x, 3 —y, 1+ 2 (viD) T+x, 3 —y,
=+ zp (viil) x, y, =1 + 25 (ix) x, y, 1 + 2.

H73

H7I

H12
012
(L
" HI1

011

(a)

HIl

HI2

Figure 7

The refined molecular structures of (I)-(III) [(a)-(c), respectively],
showing the conformation of each molecule and the atom-labelling
scheme used in each case.

—i+z)and (3—y, 1+x, 3—2) to give a centrosymmetric
R;(12) ring centred at (3, 3, 1) (Fig. 9), in which the four
components lie in different C(4) chains.

5.2.2. 3-Nitrobenzenesulfonamide. In compound (II), there
are two hard hydrogen bonds of type N—H. - -O==S and a soft
hydrogen bond of type C—H---O=S (Table 2): the nitro
group is not involved in any hydrogen bonding.

The two N—H- - -O=S hydrogen bonds combine to form a
molecular ladder or ribbon. The amino N1 at (x, y, z) acts as
donor, via H11 and H12, respectively, to O11 at (2 — x, —% +,

"t

Figure 8

Stereoview of part of the crystal structure of (I), showing the C(4) spiral
chain along (i, %, z). S atoms are shown as light grey spheres, O as medium
grey, N as black, C as dots and H as open circles; thick dashed lines
represent N—H-.-O=S hydrogen bonds. Only H atoms involved in
hydrogen bonding are shown.

Figure 9

Projection on the (001) plane of the crystal structure of (I) showing the
R}(16) and R}(12) rings linking the C(4) chains into a single three-
dimensional framework. Atoms and bonds are depicted as in Fig. 8.
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1 —z)andto Ol2at (2 —x,%+y,1 — z), so forming a pair of
C3(6) chains running parallel to the [010] direction and
generated by the 2, screw axis along (1, y, 3). These chains act
as the uprights of the molecular ladder, while the N—S bonds
act as the rungs, with R2(8) rings between these rungs (Fig. 10).
While the R%(8) ring motif is typical of sulfonamide aggrega-
tion, the paired C3(6) chain motif is unusual, although this
motif can be deconstructed into a pair of criss-cross C(4)
chains comprising the atom sequences H11—N1—-S1—011
and HI2—N1—-S1—-012.

There are no aromatic 7m---m stacking interactions in
compound (II), but there is a single C—H- - -O==S hydrogen
bond that links the [010] ladders into a (101) sheet. Atom C4
at (x, y, z) is a component of the ladder along (1, y, 1) and it
acts as hydrogen-bond donor to sulfonamide O12 at (—1 + x,
y, —1 + z), which is a component of the ladder along (0, y, —1):
similarly, C4 at (2 — x,1 + y, 1 — z), which is also a component
of the (1, y, 1) ladder, acts as donor to O12 at (3 —x, 3+,

Figure 10
Part of the crystal structure of (II) showing the molecular ladder along
[010] formed by the hard hydrogen bonds. Atoms and bonds are depicted
as in Fig. 8.

2 — z), which lies in the ladder along (2, y, 1.5). The C—H- - -O
hydrogen bonds thus generate a pair of antiparallel C(7)
chains along [101] (Fig. 11), and the combination of these
chains with the [010] ladders generates the (101) bilayer.

5.2.3. 4-Nitrobenzenesulfonamide. The supramolecular
structure of compound (III) is dominated by two N—H.--O
hydrogen bonds (Table 2), one each of types N—H---O=S
and N—H- - -O(nitro), in contrast to the hydrogen-bonding
behaviour of compound (II), in which there is no participation
of the nitro group in either the hard or the soft hydrogen
bonds. These link the molecules into square (4, 4) nets (Batten
& Robson, 1998) that can be analysed in terms of two one-
dimensional chain-forming motifs.

The amino N1 at (x, y, z) acts as hydrogen-bond donor, via
H11, to sulfonamide O11 at (}+x, 3 — y, 1+ z), while N1 at
(A+x,3—y,1+2) in turn acts as donor to O11 at (1 +x, y,
1 + z). This hydrogen bond produces the C(4) chain motif so
characteristic of sulfonamides: the chain runs parallel to the
[101] direction and is generated by the n-glide plane at y = 3.
N1 at (x, y, z) also acts as donor, this time via H12, to nitro
O41at (3 +x,3 — y, =1 + 2), and propagation of this hydrogen

e

—&

Figure 11

Part of the crystal structure of (II) showing the C(7) chain along [101]
formed by the soft hydrogen bonds. Atoms and bonds are depicted as in
Fig. 8.
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Figure 12

Stereoview of part of the crystal structure of (IIT) showing the formation of a (010) sheet of R}(24)
rings generated by the hard hydrogen bonds. Atoms and bonds are depicted as in Fig. 8.

bond produces a C(9) chain along the [101] direction, gener-
ated by the same glide plane as the [101] chain. The combi-
nation of the two chain motifs generates a (010) sheet in the
form of a (4, 4) net built from a single type of R}(24) ring
(Fig. 12).

The sheet formation is reinforced by two C—H---O
hydrogen bonds, one each of the types C—H---O=S and
C—H- - -O(nitro), with aryl C as the donor in each case
(Table 2). Atoms C2 and CS5 in the molecule at (x, y, z) act as
hydrogen-bond donors to nitro O41 at (x, y, —1 + z) and
sulfonamide O12 at (x, y, 1 + z), respectively. Thus, although
both sulfonamide O atoms act as hydrogen-bond acceptors,
one each from N and C, the nitro O41 atom acts as a double

Figure 13

Part of the crystal structure of (I11I) showing the formation of a [001] chain
of rings generated by the soft hydrogen bonds. Atoms and bonds are
depicted as in Fig. 8, except that all H atoms are shown.

A\ acceptor (again from N and C), while

042 is not involved in the hydrogen
bonding. The two soft hydrogen bonds
together generate by translation a
C(6)C(6)[R3(10)] chain of rings
(Bernstein et al., 1995) running parallel
to the [001] direction (Fig. 13).

There are two (010) sheets passing
through each unit cell, one in the
domain 0.42 < y < 1.08 and the other in
" the domain —0.08 < y < 0.58, with each
sheet linked to two neighbouring
sheets by weak aromatic - - -7 stacking
interactions. The aryl rings of the
molecules at (x,y, z) and (1 — x,2 — y,
2 — z) are parallel with an interplanar
spacing of ~3.59 A and a centroid offset of ~1.76 A (Fig. 14):
these two molecules lie in the domains 0.42 <y < 1.08 and
0.92 <y < 1.58, respectively. There is a similar stacking inter-
action between the aryl ring in the molecule at (5 + x, % -y,
1+z), also in the domain 042 <y <1.08, and that in the
molecule at (3 —x, =3+, 3 — z), which lies in the domain
—0.08 < y < 0.58. Hence, each (010) sheet is linked to the two
adjacent sheets.

5.2.4. Other sulfonamides and sulfonylhydrazines. The
supramolecular structure reported here for the simple
sulfonamide (I), (where we use ‘simple’ to denote the absence
of any other potential hydrogen-bonding substituents in the
aryl ring), may usefully be compared with those of other
simple sulfonamides and sulfonylhydrazines, also deduced
from X-ray powder diffraction data. Table 3 compares the
N—H-: - -O hydrogen bonds and gives details of the resulting
unitary and secondary hydrogen-bond networks, which are
present in a number of simple sulfonamides and sulfonyl-
hydrazines.

a e o -

’*}’Y‘\ Y, Y\ Y Y‘\
T N Sl RN
D SV S N
LA A
AL ALK

-~ ~ “
Figure 14

Part of the crystal structure of (III) showing three hydrogen-bonded
sheets linked by aromatic stacking interactions (the - - -7 interactions
are not shown). Atoms and bonds are depicted as in Fig. 8.
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Table 3
Hydrogen-bond distances (A), motifs and networks for selected simple sulfonamides and
sulfonylhydrazines.

Atom labelling in hydrazines follows that in Lightfoot et al. (1993):

H1

ArS0, —— NI
N2 H2
H3
[Direction] Secondary
or network
Compound D—H---A D---A Motif (plane) and (plane)
0-CH;C4H,SO,NH, N1—H11-- ‘Ollfv 291 (2) C(4) [001]
N1—HI12..-012" 3.04 (2) Ri(16) - Ri(12)
p-CH;CoH,SONH, ¥ N—HI---O1" 2.87 (1) C(4) [101]
N—H2..-02" 299 (1)  C4) [101] Ri(14) (010)
(Me,CH);CsH,SO,NH,# N—HI---02" 2.77 (1) C(4) [010]
N—H2...01" 292(1)  R8) (100) RS(20) (100)
C¢HsSO,NHNH, N2—H2.---01 291 (2) S(5) -
N1—HL..-01" 314 (1)  C4) [010] RY(14) (100)
N2—H3...02"" 3.15(1) C(5) [001] R}(18) (100)
p-CH;CeH,SO,NHNH,t  N2—H2.--O1% 313(1)  C(5) [010]
N1—H1.--02* 313 (1) C(4) [010] R3(9) (100)
N2—H3---01¢ 2.87 (1) C(5) [010] R3(11) (100)

comment further on three examples
(Table 3) originally reported some years
ago (Lightfoot et al, 1993). In that
original study, no H atoms were located
or included in the structural models, and
hydrogen-bonding  schemes  were
deduced from consideration of non-
bonded intra- and intermolecular
contacts involving potential hydrogen-
bond donors and acceptors. We have
now taken the coordinates of the non-H
atoms from that study and, using simple
model-building techniques, incorpo-
rated the H atoms at the most plausible
sites, as judged by consideration both of
intramolecular bond lengths and angles
and of the intermolecular contacts.
Supramolecular analysis of the resulting
systems using PLATON (Spek, 2002)
allows an analysis and description of the
molecular aggregation and packing that
is much more detailed than was possible
originally (Lightfoot et al., 1993).

In p-CH;C¢H,SO,NH,, which crys-
tallizes in space group P2,/n, the amino
N acts as hydrogen-bond donor via H1

1

Symmetry codes: (i) =3+ y,3 —x, =3 + z; (i) 2 — y, L+ x, 3 — z; (iii) —L+x, L —y, L+ z; (iv) L+, =y, L+ 2 (v) —x,
3+¥3 =5 (i) —x 1 =y 1=z (Vi) 2 —x, =5+ y,3 — 23 (viil) X, 5 — y, =3+ 2 () %, 1+, 25(x) 3 — x5+ ¥, 3 — 25 (xi)
2 \

3—x,3+y,3—2z 1 Lightfoot er al. (1993). % Tremayne et al. (1999).

The hydrogen-bonded supramolecular structure of
(Me,CH);C4H,SO,NH, has recently been described and
analysed in detail (Tremayne er al, 1999), and here we

Figure 15

View of the crystal structure of p-toluenesulfonamide showing the C(4)
chains linked together to form a hydrogen-bonded sheet of R}(14) rings
in the (010) plane. Atoms and bonds are depicted as in Fig. 8.

to Ol at (—3+x,1—y, =1+ z) and via
H2 to (—3+x,1—y, 1+2), s0 giving a
pair of C(4) chains running parallel to
the [101] and [101] directions, respec-
tively. The combination of these chains
generates a (010) sheet built from a single type of R§(14) ring
(Fig. 15): two such sheets, related to one another by the
centres of inversion run through each unit cell, generated by
n-glide planes at y = 1 and y = 3. In each sheet there is a central
polar layer comprising the sulfonamide units, with aromatic
rings pendent from both faces: there are, however, no n- - -
stacking interactions between aromatic units in adjacent
layers. The overall supramolecular architecture of p-
CH;C¢H,SO,NH, is thus rather similar to the sandwich
structure of (Me,CH);C¢H,SO,NH, (Tremayne et al., 1999).
The sulfonylhydrazine PhSO,NHNH,, which crystallizes in
P2,/c, contains an intramolecular S(5) motif, leaving two
N—H bonds, one at each N, available for intermolecular
aggregation (Table 3). N1 acts as hydrogen-bond donor to O1
at (2 —x, —3+y, 3—2z), so forming a C(4) chain running
parallel to [010] and generated by the 2; screw axis along
(1, y,2): at the same time, N2 acts as hydrogen-bond donor to
02 at (x, % — y, =} + 2), forming a C(5) chain running parallel
to [001] and generated by the c-glide plane at y = . Two chains
of each type run through each unit cell and their combined
effect is the formation of a (100) sheet built from R}(14) and
R}(18) rings alternating in checkerboard fashion (Fig. 16).
Once again, the individual sheet exhibits a sandwich structure
with a polar core layer in between layers of aromatic groups;
as in the structure of p-CH;C¢H,SO,NH,, there are no
aromatic - - -7 stacking interactions between adjacent sheets.
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The supramolecular structure of p-CH;CsH,;SO,NHNH,
(space group P2,/n) again takes the form of sandwich-type
sheets with a polar central layer, but the hydrogen bonding
within each sheet is more complex than in the previous
examples, since all of the N—H bonds are involved in inter-
molecular aggregation. Atoms N1 and N2 at (x, y, z) act as
hydrogen-bond donors, respectively, to O2 at (3 —x, 3+,
I—z)and to Ol at (3 —x, 3+ y,3 — z), so forming C(4) and
C(5) chains, both running parallel to [010] and generated by
the 2, screw axes along (3, y, 1) and (2, y, 3). The combination
of these two motifs is sufficient to generate a (100) sheet, but
this sheet is reinforced by a third hydrogen bond. N2 at
(x, y, z) acts as donor, via H2, to Ol at (x, 1 + y, z), so
generating by translation a second C(5) motif parallel to [010].
The combination of these three chain motifs generates a sheet
containing two distinct ring motifs, of R2(9) and R3(11) types,
arranged in strips parallel to [010] (Fig. 17).

6. Concluding comments

In an earlier report (Lightfoot et al, 1993) of the structure
determination of a number of arenesulfonamides and arene-
sulfonylhydrazines using conventional laboratory-quality
X-ray powder diffraction data, we also described unsuccessful
attempts at structure solution both for compound (I) and for
(Me,CH);C4¢H,SO,NH,, and we remarked that success in
these cases might be achievable in the future with improved
instrumental resolution (e.g. using synchrotron radiation) and/
or by the application of improved structure solution software.
In both these cases, successful structure solution required the
development of a new generation of such software: the

Figure 16

View of the crystal structure of benzenesulfonylhydrazine showing the
formation of a (100) sheet of alternating R}(14) and R}(18) rings linking
the C(4) and C(5) chains. Atoms and bonds are depicted as in Fig. 8, and
intramolecular hydrogen bonds are not shown.

structure solution for (Me,CH);C¢H,SO,NH, was achieved
(Tremayne et al., 1999) using the Monte Carlo method with a
data set collected using synchrotron radiation, and the struc-
ture solution for (I) reported here has been achieved using
diffraction data collected some ten years ago, but solved using
a new direct-space method based on the DE algorithm.
Although not previously reported, earlier attempts at the
structure solution of both (II) and (III) had also been
unsuccessful.

We have demonstrated that powder diffraction data alone
can be used to elucidate the structures and rationalize the
hydrogen-bonding networks of a set of compounds that form a
systematic crystallographic study of intermolecular inter-
actions. Over the years, we have used a range of structure
solution techniques in this study, including traditional direct
methods, the maximum entropy and likelihood method, and
more recently, direct-space methods based on Monte Carlo
and DE algorithms. However, it is clear that it is the devel-
opment of these direct-space methods that has played a major
role in the successful structure determination of the majority
of these compounds.

In this paper, we have also demonstrated the application of
a new global optimization technique to structure solution from
powder diffraction data. The DE method offers the robust
searching of minima, typical of evolutionary algorithms, while

e g

Figure 17

View of the crystal structure of p-toluenesulfonylhydrazine showing the
combination of C(4) and C(5) chains forming a network of R%(9) and
R3(11) rings in a slightly puckered continuous (100) sheet. Atoms and
bonds are depicted as in Fig. 8.
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being relatively simple to implement. We have found the DE
method to be fast and reliable, with the power of the method
being illustrated by the fact that the entire structure deter-
mination process for each structure presented here (including
data collection and Rietveld refinement with all calculations
performed on a desktop PC) was carried out ‘in-house’ within
one working day. The DE calculation can be fully controlled
with only four parameters, and the use of bounds associated
with each structure element means that the incorporation of
geometrical structure limits is straightforward. In the structure
solution calculations of (I)—(III) (and in unpublished tests on
known crystal structures), the DE control parameters were
either defined according to the complexity of the structural
problem (i.e. for Gax and N,), or a number of calculations
performed over a range of parameter values (i.e. for K and F).
Our results show that the optimum structure solution is
obtained from a limited range of K and F values, and they
indicate that similar structural problems may be solved using a
predefined set of control parameters without the need for
multiple calculations.

MT is grateful to the Royal Society for the award of a
University Research Fellowship: CCS thanks GlaxoSmith-
Kline (UK) and the University of Birmingham for financial
support.
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