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Abstract

In this study we have combined structural comparisons and the rugosity model to investigate
experimental and predicted crystal structures from previous results of a CSP study on a
group of three rigid, planar small molecules, 2-methyl-, 3-methyl- and 2,3-dimethyl-
benzo[b]thiophene 1,1-dioxide. The results of the crystal structure comparisons provided
some insights on the possibility that pairs of predictions, close in energy, might be related by
potential phase transitions. In particular, we observed that for some pairs of predictions, a
transformation from one type of crystal packing to the other would only require small shifts
between adjacent molecules. This raised the question whether only few of these predictions
can effectively be experimentally isolated. The calculations of the structural rugosity, a
parameter that correlates surface rugosity with ease of crystallization, indicated smooth
surfaces only for few predictions. With the aim to isolate new polymorphs, we performed a
small experimental study, limited to few common solvents and crystallizations from the melt.
Crystallizations from the melt selectively produced single-crystals of new polymorphs for the
3-methyl — and the 2,3-methyl- benzothiophene derivatives. These showed good correlations
with the above calculations, suggesting that the combination of crystal structure analysis

and experimental screening might represent a useful approach in polymorphism screenings.

Introduction

Why don’t we find more polymorphs?® This simple question perfectly summarises the
complexity related to experimental and computational aspects of polymorphism screenings. In
fact, despite the major advancements in this fascinating research topic, polymorphism still
represents a challenging aspect of structural crystallography and crystal engineering.?3

The term polymorphism describes the possibility for a given molecule to adopt more than one

crystal structure, resulting in distinct crystal forms with different chemical and physical
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properties.*° Especially for molecules with industrial and commercial applications, differences
in these properties are critical and might affect the quality and the performance of the final
product, resulting in potential issues in its development, commercialization and storage. %8
Accordingly, experimental and computational methods have been extensively applied to
polymorphism screening, especially in the pharmaceutical field.*° The aim is to predict and
identify any relevant polymorphic form for a given pharmaceutical compound and,
consequently, define the experimental conditions to obtain them. In practice, polymorphism is
a phenomenon influenced by several variables and defining a general protocol is still
challenging for several reasons.?

While some compounds*! seem to be more prone to crystallize in different polymorphic forms,
others? still remain monomorphic. Additionally, some of them are easier to crystallise 1 while
others, in order to be isolated, require specific and, sometimes, complex experimental
conditions. *3 Crystallizations from the melt!*, at high pressure'® or in the presence of specific
additives or impurities*®8 able to promote or prevent the observation of specific polymorphic
forms, might represent a selective route to polymorphic forms otherwise difficult to isolate.
Crystal structure prediction (CSP) methods have, over the last twenty years, progressed
significantly,>?° becoming an important tool in polymorphism screening. For a given
molecule, CSP often provide quite large sets of thermodynamically feasible structures, defining
what is termed the “Crystal Energy Landscape”. However, CSP invariably predicts far more
potential polymorphs than are experimentally found, even when extensive experimental
screenings are made. Reasons for this discrepancy can be various and some of them have been
previously discussed.t313

Polymorphism is the result of a subtle balance between thermodynamic and kinetics factors.
Some polymorphs nucleate or crystallize more rapidly®® than others; some of them can undergo
spontaneous phase transitions to a more stable form.'® Unfortunately, these factors are not taken
into consideration by crystal energy landscapes.

Crystal structure analysis, when combined with complementary characterization techniques,
may represent a further useful tool for polymorph screening.?:-% This approach can be applied
not only to experimental polymorphs, but also to families of predicted structures.

Based upon the theme of the above discussion, we have been exploring the idea that detailed
crystal structure comparisons of predicted and experimental polymorphs, of the kind we have
been using to analyse the structures of derivative families of compounds,?-?5-2° may represent
a further useful tool for polymorph screening. Indeed, the identification in a group of predicted

structures of common and robust supramolecular arrangements, also observed in experimental
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structures of the same compound, might help in discriminating which structure, within the
crystal energy landscape, would seem likely to be experimentally isolated.*® Furthermore, the
identification of high structural similarities in clusters of predicted forms close in energy, might
help in identifying pairs or groups of structures which may transform one into the other, during
the nucleation/crystal growth stages, or by spontaneous solid-solid phase transitions, thus
preventing the observation of some metastable forms. This approach has been previously
applied to identify potential mechanisms for single crystal to single crystal phase transitions.*
The recent development of automated software for structural comparison®!3? allows a fast and
accurate identification of structural similarities even in large families of related crystal
structures.

Another useful tool based on structural features is the structural rugosity.'? This concept,
recently proposed by Cruz-Cabeza and co-workers, is based on the molecular rugosity model
by Bryant, Maloney and Sykes® and correlates kinetic pathways and crystal structure features.
The basic idea is that polymorphs with smooth structural surfaces have lower interfacial
tensions®* and consequently nucleate and grow faster® than polymorphs with rough surfaces
and a higher interfacial tension.

In this present paper we aim to combine these two tools to investigate a family of predicted
polymorphs and identify which might be amenable to experimental discovery. For this study,
we have used the results of a CSP calculation previously published by Asmadi et al.*® on a
group of three rigid, planar small molecules (see Scheme 1), 2-methyl-, 3-methyl- and 2,3-
dimethyl-benzo[b]thiophene 1,1-dioxide (from now on referred to as 2-Me, 3-Me and 23-Me).
Firstly, we carried out a crystal packing comparison of the first ten most stable predicted
structures of each of the three energy landscapes, using the XPac program.3! The comparison
was also extended to predictions belonging to different landscapes to identify whether the
different position of substitution in the three methyl- benzothiophene derivatives can promote
specific supramolecular arrangements in the solid state.

For each structure of the energy landscape, we then calculated the structural rugosity to see
whether any of the predictions can represents a potential target for experimental screenings.
Finally, considering that only one experimental form of each molecule was known,*”* we

decided to see if any new polymorph could be experimentally isolated.
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Scheme 1 2-methyl-, 3-methyl- and 2,3-dimethyl-benzothiophene-1,1-dioxides (2-Me, 3-Me
and 2,3-Me).

Experimental

Synthesis of 2-Me, 3-Me and 23-Me.

2-Methylbenzo[b]thiophene was prepared from benzo[b]thiophene via lithiation and alkylation
with  methyl iodide.®®  3-Methylbenzo[b]thiophene was prepared from  3-
bromobenzo[b]thiophene*® via bromine / lithium exchange followed by methylation with
methyl iodide. 2,3-Dimethylbenzo[b]thiopene was prepared from diphenylzirconocene and 2-
butyne using the method reported by Buchwald.** The benzothiophenes were oxidised to the
corresponding sulfones using hydrogen peroxide in acetic acid.

Details of the synthesis, purification and characterization of each methyl derivative are

described in Supplementary Information (Section S1).

Fourier Transform Infrared (FT-IR) Spectroscopy
Fourier Transform Infrared (FT-IR) spectra were recorded with a Nicolet FT-IR Golden Gate

Spectrometer (4000-400 cm™) at an instrument resolution of 4 cm™ (32 scans per spectrum).

Thermal Analysis

Differential Scanning Calorimetry (DSC) measurements were performed on a Mettler Toledo
DSCB821e low temperature differential scanning calorimeter fitted with a 34 place autosampler
controlled by Star® Software. The measurements were carried out under spectroscopic grade
nitrogen as a protective and purge gas at atmospheric pressure in standard 40 pL aluminium
crucibles. The instrument was calibrated for temperature accuracy using an indium standard.
Approximately 1-5 mg samples were encapsulated in 40 uL Al-Pans which were hermetically
sealed and heated at three different heating rates (2, 10 and 90 °C / min).

Thermomicroscopy investigations were carried out on a Leica DM2500M optical polarizing
microscope equipped with hot stage apparatus controlled by a Mettler Toledo FP90 central

processor. Samples were heated over the temperature range of 25-200 °C at a constant heating-



cooling rate of 10 °C /min. Microphotographs were recorded with a CCD camera attached to

the Leica DM2500M microscope at 2 s time intervals using Studio Capture software.

Crystallizations

The three synthesised compounds were crystallised from methanol (MeOH), ethanol (EtOH),
n-propanol (PropOH), ethyl acetate (AcOEt), dichloromethane (DCM) and mixtures of
acetonitrile/water (MeCN/H-O 1:1) and methanol/water (MeOH/H20 1:1). Approximately 20-
30 mg of substance was dissolved into the solvent and left to evaporate at room temperature
(see Supporting Information Table S2).

Crystallization from the melt was also carried out, using a Leica DM2500M optical polarizing
microscope equipped with hot stage apparatus controlled by a Mettler Toledo FP90 central
processor. Approximately 2-5 mg of substance were placed on the glass slide with a glass cover
sealed with grease. The sample was then heated until a melting process started and then cooled
down slowly to grow crystals. The heating-cooling process was repeated several times to melt
most of crystals and isolate suitable seeds. At this stage, the cover slide was quickly removed,

the crystal covered with silicon oil and excised with a scalpel.

X-Ray Diffraction Studies

Single crystal diffraction data were recorded on a Nonius KappaCCD diffractometer situated
at the window of a Bruker Nonius FR591 rotating anode generator equipped with a
molybdenum target (A Mo-ko. = 0.71073A) and driven by COLLECT,* and DENZO*
software. Structures were determined using the direct methods procedure in SHELXS 97 and
refined by full-matrix least squares on F? using SHELXL97,*45 (within the Olex24°).

Data were corrected for absorption effects by means of comparison of equivalent reflections
using the program SADABS.*” Non-hydrogen atoms were refined anisotropically, hydrogen
atoms, were fixed in idealised positions with their displacement parameters riding on the values

of their parent atoms (1.2 Ueq). Single-crystal X-ray diffraction data are reported in Table S3.

XPac analysis

The search for crystal structure similarities was made using the XPac software,! the use of
which is fully described in earlier papers.3**® Calculations were made for the six pairwise
combinations of the molecular sets — (2-Me / 2-Me, 3-Me / 3-Me, 23-Me / 23- Me, 2-Me / 3-
Me, 2-Me / 23-Me and 3-Me / 23-Me) by selecting the most representative



Corresponding_Ordered_Sets of Points (COSPs) for the relevant molecular pairs. These
consist of fragments of connected atoms in common between the set of molecules under
comparison. The software compares the relative orientations and positioning of the COSPs of
the sets of structures, identifying any similar molecular arrangements. These can have 0-D (eg.
dimers or generally small clusters of molecules), 1-D (eg. infinite chains, tapes, rods or stacks
of molecules), 2-D (sheets or slabs) and 3-D (isostructural or isomorphic) arrangements. For
each similarity found, a dissimilarity index is also provided, and this parameter represents the
deviation from perfect geometrical similarity, and so we look for values lower than a pre-set
limit, which we take to confirm a similarity. Details of the COSPs selected for the analysis and
the resulting dissimilarity indexes, corresponding lattice vectors and symmetry codes for 1-D,

2-D and 3-D similarities, are reported in Supporting Information (Tables S4-S9).

Structural Rugosity

Structural rugosity calculations have been carried out using a script developed by the Cruz-
Cabeza’s group, using the CSD Python API.*? This method is based on the molecular rugosity
model by Bryant, Maloney and Sykes, that calculates the degree of interpenetration between
adjacent (hkl) faces (R™Dgeptn) as the distance between the highest atom in a given (hkl) crystal
slice and the average plane between that slice and the adjacent slice. A negative value of the
rugosity parameter indicates interpenetrated layers while positive values indicate a separation
between adjacent layers and, consequently, no interpenetration.

The Python script developed by the Cruz-Cabeza’s group calculates the overall normalized
rugosity (Eﬁ}’epth) as the sum of the rugosities of each hkl face and normalizing them by their
face d-spacing (d®™ " in A) and weighting them by the BFDH morphological importance of

each of the (hkl) faces (W{"™¥'}), as reported in the equation below.*?
= hkl
RY, pon = Z (KD Rc(iept)h /d kD
(hkl}

Polymorphs or, in general, structures with rough (negative }?Q’epth) surfaces are difficult to
crystallize while polymorphs with smoother surfaces (less negative R/, or with R}, ., >

0) are easier to crystallize.



Results and Discussion.

Structural Comparison.

As reported in the previous study by Asmadi et al,*® the known experimental structures of 2-
Me (GAKPEN),*" 3-Me (GAKPIR)*" and 23-Me (GAPMAL) % corresponded to the first,
second and third most stable structures in the respective prediction lists.

We summarise these results in Table 1, where the ten lowest energy predictions optimised with
the hybrid method are reported. The fact that the experimental structures for 3-Me and 23-Me
had energies slightly above the respective global minima posed the question as to whether these
differences in energy just reflect variations inherent to the calculations or that the predicted

lower energy structures could be potential new polymorphs.®

Table 1. Summary of the ten lowest energy predictions optimised with the hybrid method. The experimental
structures for 2-Me (CSD code GAKPEN), 3-Me (CSD code GAKPIR) and 23-Me (CSD code GAPMAL) are
indicated by shading.

2-Me 3-Me 23-Me
Rank AE density  S.G. Rank AE density S.G. Rank AE density S.G.
[kImol?]  [gcm?) [kImol?]  [gecm?] [kdmol?]  [gcm?]

01 0.0000 1.440 P2,/c 01 0.0000 1.441 P2./c 01 0.0000 1.385 Pbca
02 0.4018 1431 Pbca 02 0.3935 1.410 P2,2,2, 02 0.0402 1.378 P2,/c
03 1.0716 1.443 P2,/c 03 0.4856 1.436 Pbcn 03 0.1206 1.393 P-1
04 1.3897 1.433 P2,/c 04 0.6697 1.443 P2./c 04 0.7334 1.382 P2,/c
05 1.5320 1.420 P2,/c 05 1.2306 1.425 P2./c 05 0.7936 1.390 P2,/c
06 2.3692 1.433 P2./c 06 1.2641 1431 P2./c 06 1.2658 1.381 P212:2,
07 2.6957 1.388 P2,/c 07 1.9841 1.410 P2./c 07 1.2658 1.373 P2,/c
08 3.2231 1.397 P2, 08 2.3022 1.406 P2./c 08 1.4768 1.387 P2,/c
09 3.6249 1.420 P2,/c 09 2.6203 1.419 Pbca 09 1.6073 1.376 P2,/c
10 3.6835 1414 P-1 10 2.7208 1.420 P2./c 10 2.0494 1.388 P2,/c

Firstly, we used the XPac software® to compare the predicted structures (comparison 2-
Me_01-10 /2- Me_01-10, 3-Me_01-10 /3-Me_01-10 and 23-Me_01-10 / 23-Me_01-10) with
the aim to identify any potential robust and recurring molecular arrangement within each set of
predictions. We then extended the comparison to predictions belonging to different sets
(comparisons 2- Me_01-10/ 3- Me_01-10, 2-Me_01-10/23-Me_01-10 and 3-Me_01-10/ 23-
Me_01-10), to identify whether the different position of substitution promotes differences in
the crystal packing. The matrix reported in Fig. 1 summarizes the results of the six
comparisons. These are indicated by the use of different colours for the different similarities in
Figure 1. Details and descriptions of 1-D, 2-D and 3-D similarities are reported in

Supplementary Information (see Tables S4-S9). 0-D similarities, such as dimers or in general



Figure 1. Structural comparison in 2-Me 01-10, 3- Me 01-10 and 23-Me 01-10. 1-D, 2-D and 3-D similarities are indicated in light-blue, yellow and red.
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oligomeric molecular arrangements, have been omitted from the analysis since not relevant for
the discussion.

Of particular interest is the different distribution of the structural similarities within the six
comparisons. Table 2 shows the number of different structural similarities for each comparison.

Table 2. Distribution of the structural similarities for the crystal structure comparison.

Comparisons 1-D 2-D 3-D total
2-Me_01-10/ 2-Me_01-10 3 3 0 6
3-Me_01-10/ 3-Me_01-10 11 1 0 12
23-Me_01-10/23-Me_01-10 19 7 0 26
2-Me_01-10 / 3-Me_01-10 17 2 0 19
2-Me_01-10 / 23-Me_01-10 28 7 2 37
3-Me_01-10/ 23-Me_01-10 32 3 0 35

Table 2 lists the distribution of 1-D, 2-D and 3-D similarities for each set of comparison.

In general, calculation involving the family of predictions of the 23-Me derivative show a larger
number of similarities. This is particularly evident in the case of comparisons 2-Me_01-10/23-
Me_01-10 and 3-Me_01-10 / 23-Me_01-10, where the high number of structural similarities
most likely reflect the fact that 23-Me has common molecular shapes with both 2-Me and 3-
Me compounds.

Interestingly, the comparison 2-Me_01-10/ 23-Me_01-10 shows the highest level of similarity,
featuring two 3-D similarities, seven 2-D similarities and several 1-D similarities. This is
consistent with the results of the in-silico seeding by Asmadi et al *® which showed that only
the 23-Me molecule could be packed in the known crystal structures of the 2-Me, resulting in
a crystal structure within the list of ten most stable predictions.

We then analysed in detail the structural relationships, focusing, in particular, on the 2-D and
3-D similarities. The results are summarised in the relationship diagram in Figure 2, where we
also included the most relevant 1-D similarities (see below). Apart the two 3-D similarities
which relate the pairs 2-Me_01 / 23-Me_02 and 2-Me_10 / 23-Me_03, we also identified a
total of nine 2-D similarities (A-1) involving all the predictions. These are also represented in
Figure 3. In particular, similarities A-B relate pairs of structures within the family of
predictions of 2-Me (2-Me_05/2-Me_08, 2-Me_04/2-Me_09 respectively), similarity F relates
the pair 3-Me_02/3-Me_04, while the remaining similarities (C, D, E, G, H and 1) are
distributed within the three families.



2-Me 3-Me 23-Me

02 03 04 05 06 07 08 09 10 0103 04 05 06 07 08 09 10 01 0204 05 06 07 08 09 10
o ® ¢ ¢ ¢ 0 0 0 ® ® & ¢ ¢ ¢ ¢ ¢ 0 0 ® 0.0 © & ¢ ¢ 0 0 o
3-D
3-D
A
D E o H I
F 2-D
B
c
S,
1-D
S,

Figure.2. Structural relationships diagram for the three set of predicted structures for 2-Me (left), 3-Me (centre)
and for 23-Me (right). 3-D similarities are indicated as red, 2-D similarities as yellow. Crystal structure predictions
are placed on the top and, within each set, reported in order of stability from left to right. Experimental structures
are indicated by a circle (1,2 and 3 respectively). Dashed connecting lines are used to indicate which structure is
involved for a given similarity.

Most of the predictions are related by the five similarities C, D, E, F and G. Similarities D, E
and G, relate the lowest energy structures of each set of predictions (2-Me_01, 2-Me_02, 3-
Me_01, 23-Me_01 and 23-Me_02). Interestingly, the majority of the similarities contain the
two 1-D stacking arrangements S1 and S2 (see Figure 2 and 3). S1 is part of the 2-D similarities
D, E and G and consists of a 1-D face-to-face stack of molecules (Figure 3 b) connected to
each other by =...7 contacts that, in the case of the 3-Me and 23-Me structures, are supported
by C-H...O interactions, involving methyl groups. This is differently assembled in similarities
D and E and G, forming a zig-zag arrangement in the case of D and E a linear arrangement in
the case of G (Figure 3 a).

The stacking arrangement S2 (Figure 3) is only observed as part of the similarities C and I, that
mostly involve structures belonging to the family of 23-Me predictions and few predictions of
the 2-Me derivative. The stacking arrangement S2 differs to S1 for the different orientation of

the molecules along the direction of stacking (Figure 3).
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Figure 3. 2-D similarities A-l. Hydrogens and methyl groups have been removed for clarity

Like the previous case, molecules are connected to each other via =...7w, and, in the case of
structures of the 23-Me derivatives, by weak C-H...O interactions involving the methyl group
in position 3.

Figure 4 shows the three energy landscapes for the set of predictions. The plot also reports the
distribution of the two stacking arrangements S1 and S2 within the set of predictions.
Interestingly, the two types of stacking relate most of the predictions and, most importantly,
stack S1 represents a common feature among most of the lowest energy predictions (see Figure
4).
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Figure 4. Energy landscape for 2-Me, 3-Me and 23-Me. Structures containing the stacking S1 and S2 are
indicated by () and (X) respectively. The experimental structures for 2-Me (CSD code GAKPEN), 3-Me (CSD

code GAKPIR) and 23-Me (CSD code GAPMAL) are labelled as “Exp”.

The analysis of crystal packing similarities can provide some insight on the possibility that two
polymorphs can be related by a potential phase transition. However, it is important to note that
this is only a qualitative approach. In fact, unless experimental evidences suggest a phase
transition, the identification of a possible route of transformation between two or more
polymorphs does not necessarily mean that this will occur.

The comparison of the three families of predictions for 2-Me, 3-Me and 23-Me reveals some
interesting features. In general, apart the case of the pairs 2-Me06/2-Me10 and 3-Me02/3-Me04
(related by similarities C and F, see Figure S9 and S10 in Supplementary Information), for the
majority of predictions related by 2-D similarities, it is possible to identify a potential route of
transformation between pairs of structures (see Supplementary Information, section S4). In the
case of predictions 2-Me08/2-Me05, the transformation would involve rotations and tilting of
molecules (Figure S7in Supplementary Information) and perhaps this would be too complex to
be plausible. In other cases, transformations between pairs of predictions only require a small
relative shift between adjacent molecules (see Figures 5 and figures S8 and S11 in

Supplementary Information).
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This can be easily observed for the pair 2-Me_01/2-Me_02 and 23-Me_01/23-Me_02 (Figure
5 aand b), related by the similarity D, where small shift of the relative position of adjacent 2-
D arrangements can ideally convert one structure into the other.

Considering the small differences in the calculated lattice energies, we believe that for each
pair, most likely only one of the predicted polymorphs would be isolated experimentally. A
similar consideration can be made for the predictions related by the similarity I (see Figure S11
in Supplementary Information), where, again, small shifts and energy differences open the

question whether all the pairs of predicted structures can be experimentally isolated.

cfa cfg Cﬁ? Céfv 050 Cézév ﬁfp d;«’& d;P C;P Cgﬁ&fp

PO

P 3P

£:30: 5 TR =

¥

— - - ¥ & ; =
R 3 S . = __J;_*— * % i 3 !
~§3— § ; +§: g & o it
B B XIB 13- Sl =gw 4 i
=P s = —-1— —Hi=p 21— T
! 2-Me02 2-Me01 23-Me02 23-Me01

(a)

(b)

Figure 5. Crystal packing comparison for predictions showing the common similarity D. (a) 2-Me01, 2-Me02 (b)
23-Me01 and 23-Me02; The packing instances are represented along two perpendicular directions, the molecules
are colour coded according to the different orientation along the stacking directions. Each instance of the similarity
D is represented by grey dotted lines. Relative shifts of the 2-D arrangements along the stacking direction are
indicated by vertical arrows. These identify hypothetical phase transitions between the structures compared.

Structural Rugosity.
We applied the structural rugosity model*? to the ELSs of the three methyl derivatives 2Me,

3Me and 23Me previously published by Asmadi and co-workers.*® The values of R}, can
range from negative values (rough polymorphs), indicating interpenetration of adjacent crystal
slices, and positive values (smooth polymorphs), indicating a separation between adjacent
slices. For example, a polymorph with a E{}’epth value of -0.2 has a larger structural rugosity
than a polymorph with a Eé"epth value of -0.05 that, consequently, is smoother. The principle
behind the model proposed by Cruz-Cabeza and co-workers (see experimental section for more
details), is that polymorphs with rough surfaces have high interfacial tensions®* and are difficult
to crystallise, while polymorphs with smooth surfaces have lower interfacial tensions®* and
nucleate and grow more easily.*® In their work, they suggested that predictions with smoothest

surfaces and lying within a crystal rugosity cut-off limit of 0.20 from the smoothest polymorph,
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might represent realizable forms.'? This cut-off limit was obtained by calculating the
normalized structural rugosity (Ré"epth) on approximately 5500 polymorphs from the CSD. The
results showed that about 98% of the polymorphs analyzed have a rugosity value within 0.2
units of rugosity from the smoothest polymorph.We calculated the normalized structural
rugosity (ll?{j}’epth)12 for the three set of predictions. The results of the calculations are shown in
Figure 6, were the relative lattice energy (AE) of each prediction is reported versus I?Q’epth. In
all the cases, the values lye within the cut-off limit of 0.2, suggesting that all these predictions
can in principle be experimentally isolated.

In the case of the 2-Me derivative, the values of R}, are all very similar. The only exception
is represented by prediction 2-Me10 that is the smoothest structure. Interestingly, as discussed
earlier, this prediction is isostructural with the known experimental structure for the 23-Me
derivative (CSD code GAPMAL). In the case of the other two set of predictions, the R}, is
distributed over a slightly broader range of values, but still below the suggested 0.2 cut-off
limit. For the 3-Me derivative, predictions 3-Me05 and 3-Me06 are the smoothest, while
prediction 3-Me02, that corresponds to the experimental structure (CSD code GAKPIR), is
amongst the roughest forms. Interestingly, prediction 3-Me01, shows the best combination of
AE/ R}, values, being the most stable and among the smoothest forms.

Differently to the previous cases, in the set of predictions of the 23-Me derivative, the
smoothest form is represented by 23-Me03, that corresponds to the known experimental
structure (CSD code GAPMAL), while the lower energy predictions 23-Me01 and 23-Me02,

are amongst the roughest structures.
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Figure 6. Relative lattice energy (AE) versus normalized average crystal rugosity (Egepm) for 2-Me, 3-Me and

23-Me. The experimental structures for 2-Me (CSD code GAKPEN), 3-Me (CSD code GAKPIR) and 2, 3-Me
(CSD code GAPMAL) are circled in red, while the smoothest predictions are circled in light-blue.

Experimental Study.

The three methyl derivatives of benzo[b]thiophene 1,1-dioxide 2-Me, 3-Me and 23-Me have
been synthesized according to the procedures described in the experimental section (see S1 in
Supplementary Information). Unfortunately, these could only be produced in small amounts
(see Supplementary Information). In the case of the 2-Me compound, the product of the
synthesis consisted of good quality crystals. We first determined the crystal structure by
single-crystal X-ray diffraction, obtaining the same structure previously reported in the
literature (CSD code GAKPEN). A similar preliminary characterization was not possible for
3-Me and 23-Me, whose products from the synthesis were in the form of a fine powder.
Considering that the synthesis was not straightforward and for each derivative it required
different steps, we decided to characterize the three starting materials obtained from the
synthesis by differential scanning calorimetry (DSC) and Hot-Stage Microscopy (HSM),

with the aim to identify any possible evidence of polymorphism for the three derivatives.

For each compound we performed a heating ramp in the temperature range 0-200 °C at
10°C/min. The three samples were then let to cool down to approximately 20°C to recrystallise
and a second heating ramp at the same experimental conditions was performed. The results are

showed in Figure 7 a-c.
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Figure 8. Differential Scanning Calorimetry (DSC) range 0-200 °C at 10°C/min. a) 2-Me; b) 3-Meg; ¢)
23-Me. For each sample two separate measurements were made. Enlargements of the overlap regions
are also shown in each case.

In the case of the 2-Me derivative, the results only showed a single endothermic peak,
consistent with a melting process occurring in the range 110-111 °C (peak temperature 111.4
+ 0.6°C; onset temperature 109.7+ 0.5°C). This behaviour was confirmed also by HSM, that
showed a simple melting process occurring in the range 109-111 °C.

The 3-Me and the 23-Me derivatives showed some interesting results.

The 3-Me sample shows two endothermic peaks at 143.7 + 0.3 (onset 142.1+ 0.1°C) and 146.3
+ 0.4 °C (onset 145.7+ 0.5°C), as reported in Figure 8 b (top curve). These, during the second
heating process, become a single peak at 146.4 + 0.3 °C (onset 145.8+ 0.1°C), as shown in

Figure 7 b (bottom curve).
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Like in the case of 3-Me, during the first heating process 23-Me shows two endothermic peaks
occurring at 149.3 £ 0.3 °C and 152.7 + 0.2 °C respectively (onset 147.2 £ 0.3 °C and 151.2 +
0.4 °C respectively). After recrystallization by cooling the melt (bottom curve Figure 7 c), the
DSC analysis only shows a single peak at 152.8 + 0.4 °C (onset 150.7+ 0.8°C).

The HSM analysis for 3-Me and 23-Me (see Figure S2 and S3 in Supplementary Information)
showed a thermal event followed by melting process consistent with those measured by DSC.
However, in some cases we also observed changes in the polarization colors prior the two
endothermic events, suggesting that the thermal behavior of 3-Me and 23-Me could be more
complex.

The results of DSC and HSM suggested that the 3-Me and 23-Me derivatives might exist as
two or more polymorphic forms. No evidence of polymorphism has been observed for the 2-
Me derivative. The analysis also suggested that the higher melting forms for both, the 3-Me
and 23-Me derivatives can be easily crystallized by slow cooling the melt. This method only
requires a small amount of sample and often results in the isolation of metastable forms, as
previously reported for the cases of nifepidine,*® aspirin'* and griseofulvin®, to cite some
examples.

We crystallized the three derivatives by slow evaporation, using a limited selection of solvents
(see Table S2 in Supplementary Information). In all cases, these produced crystals suitable for
single-crystal X-ray diffraction. The results of the determination of the unit cell parameters for
these samples were consistent with the experimental known forms, 33 GAKPEN, GAKPIR
and GAPMAL. We then analyzed these samples by DSC, obtaining the same behavior
described in Figure 8, suggesting that also in the case of 3-Me and 23-Me the products from
synthesis corresponded to the phases previously reported in the literature (from now labeled as
3-Me a and 23-Me a).

In order to identify the higher melting forms observed by DSC (Figure 8), we crystallized 3-
Me and 23-Me from the melt, using a microscope equipped with a hot-stage. These produces
good quality crystals (see Figure S4 ¢ and d in Supplementary Information), allowing the
structural determination of the higher melting forms (from now labelled as 3-Me 3 and 23-Me
B). As expected, crystallization from the melt of the 2-Me compound uniquely produced the

known form previously published by Declercq and co-workers.%

17



3-Me S.
The new polymorph 3-Me  crystallized in monoclinic crystal system (space group P2i/c a =
7.2483(3), b = 8.0417(4), ¢ = 14.1246(7), p = 92.028(3), V = 822.79(7)). The structure shows

a two-fold disorder consisting of two different orientations of the benzothiophene ring in a ratio
approximately of 51-49% (Figure 8).

(a) (b)

Figure 8. Disorder and crystal packing of 3-Mef, viewed down the a axis of the unit cell.

The disordered molecules develop along the direction a of the unit cell, forming stacking
arrangements (Figure 9 a) analogous to the arrangement S2 described above for the set of
predictions. These are connected via weak C-H...O interactions (H...O distances are in the
range 2.5 - 2.6 A) to adjacent stacks along the remaining two directions of the packing (Figure
9b).




Figure 9. Crystal structure of 3-Mep. (a)Stacking S2 for 3-Mep, (b) crystal packing of 3-Mef viewed down the

a direction. Intermolecular interactions are indicated by black dashed lines.

23-Me 6.
The new form 23-Me B crystallised in monoclinic crystal system (space group C2/c a =
11.3081(3), b =10.9999(2), c = 16.1373(5), p = 106.099(2), V = 1928.57(9)). A representation

of the crystal packing viewed down the c direction is shown in Figure 10.

Figure 10. Crystal packing of 23-Me 3, viewed down the c direction.

Interestingly, also in this structure we identified a stacking arrangement developing along the

shortest axis which correspond to the similarity S2 (Figure 11).
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Figure 11. Stacking S2 observed in 23-Me

In this case the adjacent molecules show a higher slippage probably due to the different shape
of the molecule for presence of the second methyl group.

We compared the new polymorphs 3-Me 3 and 23-Me 3 with the set of predictions previously
published. For the case of 3-Me, in order to apply the XPac procedure, we separated the two
components of the disorder, generating two crystal structures (Figure 12), one for each
component of the disorder (A and B). The structural comparison of A and B with the ten
predictions for 3-Me, produced a match with predictions 3-Me05 and 3-Me06. Interestingly,
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these two predictions corresponded to the those with the smoothest normalized structural

rugosity (Rj.p:x) (see Figure 6).

A AB B
Figure 12. Crystal packing of the two components of the disorder A and B

In the case of 23-Me, the comparison of 23- Me 3 with the ten predictions only resulted in 1-
D and 2-D similarities. We decided then to search for this new polymorph among the initial
list of non-optimized structures generated by Asmadi and co-workers.®® The results of the
comparison shows that 23-Me  corresponds to rank 96, which was in the original paper not
selected for optimization in view of the very high energy. After optimization, this prediction
dropped to rank number 16. The normalized structural rugosity of the new polymorph was then
calculated and compared with those obtained for the ten predictions for the 23-Me compound
(Figure 13).

3.00
2.50
= 200
S
£ .
—
2 150
4 * .
1.00 * &
L
0.50 M
0.00 @ * *
0.00 0.05 0.10 0.15 0.20
RNdepth
€ Rank 1-10
O Experimental
O 23-Mep

20



Figure 13. Relative lattice energy (AE) versus normalized average crystal rugosity (E,’i"epth) for 23-Me. The

experimental structures 23-Me (CSD code GAPMAL) and the new polymorph 23-Mep are circled in red and
light-blue.

Conclusions.

In this study, we have analyzed the energy landscapes of three substituted methyl derivatives
of the target compound benzo[b]thiophene 1,1-dioxide, by using crystal structure comparisons
and the structural rugosity model. Our results suggest that this approach might be very useful
to identify which putative structure might be amenable to experimental discovery.

The results of the crystal structure comparisons of the ten lowest energy predictions provided
useful information on the presence of some robust molecular arrangements, particularly 1-D
and 2-D motifs. We observed that in the majority of the structures, molecules are stacked to
form two types of 1-D arrangements, named as S1 and S2. This was not the case of the 2-Me
derivative, in which these two arrangements have been observed only in few predictions,
including the one corresponding to the known experimental structure (2-Me01).

The analysis also allowed us observe that, for some pair of predictions, the transformation from
one type of crystal packing to the other, would only require simple relative shifts of adjacent
2-D arrangements. Considering the small differences in the calculated lattice energies, we
cannot exclude that these polymorphs, in a hypothetical crystallization experiment, would
convert one into the other at nucleation/crystal growth stage or by proper solid-solid phase
transitions. This raised the question whether only few of these predictions can effectively be
experimentally isolated.

The application of the normalized structural rugosity, a parameter that, as described earlier,
correlates structural surface rugosity and ease of crystallization, produced further insights on
the search for new polymorphs. The results show that, for each ELS, the ten predictions lye
within 0.2 units of rugosity from the smoothest polymorph. In this respect, they would all
represent isolatable polymorphs. However, it is interesting to note that in most of the cases,
there seems to be a correlation between the smoothest prediction of each ELS and the
possibility to effectively isolate the corresponding experimental structure. This is particularly
evident in the case of 3-Me and 23-Me, where the newly discovered polymorphs 3-Me 3 and
23-Me B and the known polymorph 23-Me o are all among the smoothest predictions.
Furthermore, in the case of the 2-Me derivative, the only known experimental structure
represent the most stable prediction and, together with prediction 2-Me10 (isomorphous with

the known experimental structure GAPMAL), among the smoothest.
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The experimental screening, limited to few common solvents and crystallizations from the
melt, produced the evidence of a polymorphic behavior only in the case of 3-methyl and the
23-dimethyl derivatives. Crystallizations from the melt proved to be a simple and selective way
to experimentally isolate the two new polymorphs 3-Me (3 and 23-Me 3, while crystallizations
from solvents always produced the already known experimental structures. In particular, the
new polymorph 3-Me B showed two-fold disorder. A crystal structure comparison of the
structures generated selecting each of the two possible components of the disorder, with the
ten lowest energy predictions for the 3-Me derivative showed a match with predictions 3-Me05
and 3-Me06.

In the case of the 23-Me derivative, the comparison of new polymorphs 23-Me 8 with the
predictions did not produce any relevant similarity, however, a search of this new polymorph
among the non-optimized structures generated by Asmadi and co-workers.*® produced a match
with rank 96. After optimization, this prediction dropped to rank number 16. Interestingly,
when we calculated the structural rugosity parameter for this new polymorph it showed a
smooth value, very similar to that measured for the known structure (GAPMAL®®).

Although, as pointed out by Cruz-Cabeza and co-workers, this model is not infallible,*? we
believe it certainly represent a valuable approach, especially if combined with all the other

tools available for polymorphism screening.
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Combining structural rugosity and crystal packing comparison: A route to more
polymorphs?
Riccardo Montis***, Michael B Hursthouse®, John Kendrick®, Jason Howe® and Richard J.

Whitby®.
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In this study structural comparisons and the rugosity model are combined to investigate

experimental and predicted crystal structures of three rigid and planar small molecules: 2-
methyl-, 3-methyl- and 2,3-dimethyl-benzo[b]thiophene 1,1-dioxide. The results suggest that
this approach might help in rationalizing which predicted crystal structure may be accessible

by experiments.
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