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THE ACETANILIDE CRYSTAL STRUCTURES: PACKING AND CONFORMATIONAL
SIMILARITIES

by
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The dependence of crystal structure assembly on molecular changes has been
studied for mono-substituted acylanilides. A library of 255 crystal structures has
been investigated. 217 structures were determined during this project and 38
originated from the CSD. A subset of 64 mono-substituted acetanilides was studied
in detail for crystal structure similarities using the XPac algorithm and
conformational preferences were assessed. Chapter 4 presents the crystal
structures and their structural similarities, whilst Chapter 5 focuses on the
theoretical conformational analysis.

Three amide-amide hydrogen bond geometries and a molecular stack were
frequently observed in the acetanilides. The assembly of these one-dimensional
packing features governs in particular the crystal structures of the para-
substituted acetanilides. The amide-amide hydrogen bonded chains were very
persistent in all the acylanilides. The amide substituent had a larger effect on the
chain geometry than the phenyl substituent.

In the crystal the molecular structures deviate from the expected planar
conformation. Rotation about the amide to phenyl bond of up to 55° in ortho-
tertbutyl acetanilide is observed. Para-substituents affect the rotational barriers,
whilst such correlation was not discernible for meta-substituents. Ortho
substitution frequently produces intramolecular hydrogen bonding outweighing
any other substituent effects. Although the experimental conformations deviate
from the planar geometry they are still within the minimum energy well and
energy penalties are small. These can be easily compensated for by intermolecular

interactions in the crystal.
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PREAMBLE

This thesis is concerned with the understanding of the crystalline solid state of
small organic compounds. Recently the crystal structure assembly of
functionalised organic molecules has attracted considerable interest due to its
importance in the controlled production of pharmaceuticals and other industrially
important materials as well as in the search for solids with utilisable properties.
The study of the solid state behaviour of small organic molecules is also essential
to the areas of intermolecular interactions, crystal engineering and crystal
structure prediction.

The molecular aggregation in a crystal is governed by intermolecular forces of
varying strength and the crystal structure is the result of an overall balance of
these forces. Some crystal structure assemblies can be predicted or designed,
especially when medium-to-strong supramolecular interactions control the
particular form of assembly, overwhelming the competition from the numerous,
but weaker van der Waals forces. However, crystal structure prediction and design
becomes very difficult in cases where medium-to-weak intermolecular
interactions dominate the assembly or where the compound contains several
functional groups competing for intermolecular interaction. In addition
polymorphism, the ability of a compound to crystallise in different solid state
forms, challenges all predictive methods. Unfortunately, most molecules of
pharmaceutical importance fall into this category, and so the possible occurrence
of polymorphic forms and other similarly important systems, are generally
explored via experimental screening methods.

In this work these challenges are addressed with a knowledge-based approach,
whereby real structural data is used to gain a better understanding of the factors
directing the crystal assembly. Ideal systems for this strategy are closely related
compounds with varying small substituents such as F, Cl, Br, I, methyl, ethyl. The
biggest resource for crystal structure data is the Cambridge Structural Database
(CSD), but the data currently available and usable for this purpose are not entirely
satisfactory as most of the database entries originate from individual compound

studies and the CSD thus lacks compound libraries with significant populations.
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Hence a large array of closely related compounds has been synthesised and their
crystal structures determined. The chemical system investigated here is that of the
mono-substituted acylanilides with particular focus on a subset of 64 crystal
structures of mono-substituted acetanilides. This subset was selected from the
much larger compound library of approximately 250 acylanilide crystal structures,
the detailed discussion of which certainly lies beyond the scope of this thesis. For
the study of the supramolecular assemblies of these compounds, crystallographic
and computational methods have been combined thus offering the assessment of
intermolecular interactions and of the influence of molecular structure change on
crystal packing.

This thesis is organised in six major chapters. Chapter 1 covers the relevant and
underlying theory for this work. The mono-substituted acylanilide compound
library is introduced in Chapter 2 together with the nomenclature used to identify
the individual compounds in this work. Chemical applications are also provided in
this chapter. Methods and details of the experimental procedures are summarised
in Chapter 3. Chapter 4 presents the crystal structures of the 64 mono-substituted
acetanilides together with the results from the search for structural similarities
between the individual crystal assemblies. Common packing features are discussed
in detail in this chapter. The molecular structure of the acetanilides forms the focus
of Chapter 5. In this chapter the findings from a computational conformational
analysis are presented and discussed. The structural similarity of the acetanilide
family is put into context of the bigger acylanilide library in Chapter 6 and some
aspects of dealing with such a large array of compounds are mentioned.
Suggestions for future work are also made in this chapter. Finally the major

findings from this work are summarised in the concluding Chapter 7.

XXX



CHAPTER 1

CHAPTER 1: BACKGROUND

1.A. Single Crystal X-ray Crystallography

1.A.1. Crystalline solid state - molecular aggregation

A chemical substance, whether of atomic, ionic or molecular nature, can generally
assume three classical states of matter dependent on ambient conditions (i.e.
pressure and temperature): the vapour, liquid and solid state. In the gaseous phase
molecules are considered as independent mobile entities with large and variable
intermolecular distances occupying an unrestricted volume and there is no or only
little intermolecular interaction. In the liquid state the occupied volume and
molecular mobility is restricted, however there is sufficient movement to permit
fluidity. As the spacing between molecules becomes less variable than in the
vapour state, intermolecular forces become active leading to some longer range
ordering with a degree of orientation and symmetry, but the molecules are not in a
fixed spatial relationship. In the solid phase cohesive forces dominate and the
molecules assume a rigid frame of highly-ordered and closely-packed moieties?!;
this state is also known as the crystalline state. There are a number of other non-
classical states of matter, to which plasma, amorphous or glassy solids, liquid
crystals and superfluids belong, but only the crystalline phase of molecular
substances shall be considered further.

A molecular crystal consists of a periodic array of molecular clusters with long-
range order and symmetry. Molecules within the cluster can take different
orientations but are generally all related by symmetry. For convenience of
describing this periodic assembly in mathematical terms, lattice theory is used. In
lattice theory this array of molecular clusters is referred to a lattice and the
clusters of molecules are represented by identical lattice points. Hence the crystal
structure can be described as a periodic three-dimensional arrangement of similar
lattice points. The lattice can now simply be represented by a single repeat unit,

termed the unit cell. This is shown for a two dimensional lattice in Figurel.1.a.

1
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This repeat unit is constructed of such a number of lattice points that the whole
crystal lattice can be reproduced by infinite translation of the unit cell in all three
dimensions. The shape of a unit cell is that of a parallelepiped defined by the lattice
parameters, i.e. unit cell axes a, b and c, and the unit cell angles «, $ and y (Figure
1.1.b). The unit cell axes should be chosen so that the unit cell represents the
smallest repeat unit for which the axes are parallel to, or coincide with, important

symmetry directions in the lattice?.

. . . . . . ”

(o]

a

(b)
()

Figure 1.1: (a) Two dimensional periodic lattice with repeat unit. (b) A typical unit cell with unit
cell parameters a, b, ¢, o, f and y.

Dependent on the number and location of the lattice points in the unit cell, there
are different types of lattice centring. The smallest possible unit cell will contain
one lattice point in total, i.e. one lattice point at each of the eight corners of the
parallelepiped, each point being shared by eight neighbouring unit cells. Such a
unit cell is called primitive (P). If the crystal structure possesses reflection and/or
rotational symmetry then it might be more convenient to choose a unit cell with
more than one lattice point, so that the cell axes are parallel to or coincide with the
symmetry elements. In these cases the unit cell is referred to as centred. Centring
can occur in different ways. An additional lattice point at the body of the cell yields
body-centred unit cells (I), lattice points at the centres of all faces produce a face-
centered cell (F) and side-centred unit cells contain lattice points at the centres of
opposite pairs of faces (A, B, or C depending on which faces are centred).

Crystal structures are grouped according to the axial system used to describe the
lattice, also called lattice system. The combination of lattice centring and lattice
system then yields 14 unique lattice types, the Bravais lattices displayed in Figure
1.2.
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Crystal Systems Bravais Lattices
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Figure 1.2: The 14 Bravais lattices. Permitted cell centring and axial relationships are included in
the crystal system column.
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The total symmetry of a molecule is described by its molecular point group, which
is defined as the collection of all possible symmetry elements passing through a
common point at the centre of the molecule. In a crystal structure the total
symmetry is described by it space group. Space group symmetry takes into account
not only crystallographic point group symmetry but also translational symmetry.
The following symmetry operations can occur in a three-dimensional periodic
lattice: rotation (both proper and improper), reflection at a mirror plane,
inversion, pure translation as well as the combination of translation and rotation
or reflection, which yields screw axes or glide planes, respectively. In contrast to a
single molecule the symmetry elements in a crystal do not all pass through a
common point, instead they lie either parallel or perpendicular or at some other
special angle3 to each other and occur at regular spacing within the unit cell. They
are identically arranged in every unit cell and they can only be combined in certain
ways, as is the case for an individual molecule. Due to the translational symmetry
of a lattice not all molecular point group symmetry operations are possible, e.g. a
5-fold rotation axis would be incompatible with the periodic nature of a lattice.
This means that for crystal structures there are exactly 230 possible space groups,
but only a few of those are frequently observed in organic molecular crystal
structures. The distribution of these most common space groups, i.e. with a
frequency of occurrence of 21%, is shown overleaf in Figure 1.3.a whilst a list of all
space groups observed in organic crystal structures* is available in Appendix 1-1.
Figure 1.3.b on the other hand displays the space group distribution for the all
structures contained in the Cambridge Crystallographic Database (CSD)> compared
with the distribution shown in Figure 1.3.a.

The most notable differences between the two distributions are found in space
groups P212121 and P21, where the frequency of occurrence in organic structures is
almost doubled, and in space groups P1 and C2/c, which are found more
frequently in non-organic structures. As early as in the 1950s Kitaigorodskii
noticed this phenomenon of crystallisation in preferred space groups and
developed a theory of close packing for molecular crystals. With this theory
Kitaigorodskii was able to compile a list of most probable space groups for organic
crystals taking into account how inherent molecular symmetry is most likely

retained or lost in the crystal®.
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Most frequent space groups in organic crystal structures
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Figure 1.3: (a) Space group distribution in the set of organic structures. (b) Comparison of space
group distribution in the set of organic structures and all structures in the CSD.

In this context it is useful to introduce a few more crystallographic terms with

respect to the unit cell contents.
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Considering a crystal lattice can be composed by pure translation of the unit cell or
a fraction of it for centred cells, this can be further expanded. If a structure exhibits
any additional symmetry elements, other than pure translation, then the atoms
and molecules within a unit cell as well as between unit cells are related by these
symmetry elements. Hence the unique symmetry-independent portion of a
structure is only a fraction of the unit cell dependent on the symmetry elements
present. This unique part of the structure is called the asymmetric unit (ASU). For
a single component crystal structure the number of molecules in the unit cell is
given by its multiplicity, Z. Related to this is the number of molecules in the ASU,
which is expressed by the symbol Z’ and usually equals 1. If a molecule in the unit
cell resides on a point on a symmetry element without any translational
component it is said to occupy a special position as opposed to a general position,
which is any other point in the unit cell. The molecule situated on a special position
must possess the appropriate symmetry. Hence a compound cannot crystallize
with a molecule occupying a special position with higher symmetry than the
inherent molecular symmetry, but a highly symmetrical molecule can either retain
or lose some of its symmetry in the crystal. If a molecule coincides with a special
position the content of the ASU is reduced with Z'<1 reflecting the symmetry-
independent fraction of the molecule, e.g. if a molecule lies on a 2-fold rotation axis
Z’ will be 0.5 as only half of the molecule is unique whilst the other half is related
by symmetry. Z’' can also be greater than 1 if the ASU contains two or more
molecules, that are chemically identical but cannot be related by crystallographic
symmetry. The overall multiplicity, Z, of the unit cell is then lowered or increased
by this fraction expressed by Z’, so that Z = Zo*Z’ where Zo stands for the standard
multiplicity of a unit cell with only general positions occupied.

Returning to the theory of close packing, Kitaigorodskii deduced that for molecules
occupying special positions there is only a limited number of space groups
allowing close packing. Of the space groups mentioned earlier, P21 and P212121 are
only compatible with molecules that have no symmetry or have lost their inherent
symmetry in the crystal. P1 can furthermore accommodate molecules residing on
inversion centres in the crystal whilst molecules with inversion or 2-fold
symmetry are close-packed in space group C2/c, i.e. molecules can occupy special

positions in P1 and C2/c, but not so in P21 and P212121. The deductions made by
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Kitaigorodskii can also be applied to understand why the space group distributions
differ between organic and all crystal structures as noted above. Organic molecules
are generally of irregular shape with little or no molecular symmetry, whereas
ionic or metal-organic compounds are often of higher symmetry. This is reflected
in the number of structures that crystallise with a non-integer number of Z’, which
amounts to approximately 26% of all structures in the CSD. Of these only 10% fall
into the organic structure category as defined previously* amounting to 11% of all
organic structures with molecules residing on special positions (c.f. 31% of all
other structures). This means that a space group such as P21 or P212121 is likely to
be more populated for organic crystal structures compared to non-organic
structures and vice versa for C2/c and P1. Table 1.1 summarises the distribution of

Z’ in the set of organic structures to illustrate this point.

Space Group 7' (Z) Percentage [%]
1(2) 76.93
P2, 2 (4) 20.79
>2 (>4) 2.28
1(4) 92.83
P21212; 2(8) 6.42
>2 (>8) 0.75
0.5 (1) 9.43
1(2) 72.51
_ 1.5 (3) 0.19
P1
2 (4) 15.94
2.5 (5) 0.02
>3 (26) 1.91
0.5 (4) 33.56
1(8) 61.30
1.5 (12) 0.76
C2/c 2 (16) 3.78
2.5 (20) 0.03
>3 (224) 0.57

Table 1.1: Distribution of Z’ in space groups P1, C2/c, P2; and P2:2:2; as
found in organic crystal structures.
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From the table it is apparent that special positions are only occupied in P1 and
C2/c, especially in C2/c where over a third of structures contain a molecule that
lies on a symmetry element. However, it should be kept in mind that the number of
structures in C2/c is small compared to P21, P212121, P1 and P21/c (c.f. Figure 1.3),
demonstrating that the number of structures with symmetrical molecules is a
small proportion of all organic structures.

It is the symmetry and long-range periodic order in a crystal that enables
unambiguous structure determination from X-rays, which will be dealt with

subsequently.
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1.A.2. Crystal Structure Determination

The foundations of X-ray crystallography were laid with von Laue's discovery in
1912 that crystals could diffract X-rays, which not only proved the wave character
of X-rays but also confirmed that crystal structures are periodic three-dimensional
arrays of chemical species. The periodic crystal lattice in a single crystal acts as a
diffraction grating for X-rays since the inter-atomic distances are comparable to
the wavelength of X-rays. Hence exposing a single crystal to X-rays yields an
interference pattern of the diffracted beam. X-rays are scattered by the electrons of
each atom in the crystal and scattered waves will add constructively or
destructively to an overall scattering pattern, which has continuously varying
amplitudes and phases. Varying the angle of incidence of the beam, 6, over a
certain range, such a pattern, i.e. set of reflections, is collected for each crystal. The

geometrical condition for observing a diffraction pattern is given by Bragg’s Law:

(1.1) nA = 2dsinf

where 0 is the Bragg angle, d is the spacing between neighbouring lattice planes in
the crystal and A is the wavelength of the X-ray beam (Figure 1.4). The parameter n
is an integer, but in conventional X-ray diffraction only n = 1 is considered as
higher orders can be converted by dividing d by n to obtain the value of d

corresponding ton = 1.

Incident Beam Diffracted Beam

D\
Q.

Lattice Planes

Figure 1.4: The principle underlying Bragg’s Law.
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The diffraction pattern is also a lattice and is related to the crystal structure via a
reciprocal relationship. If the d-spacings in a crystal (real space) are large then
small spacings will be observed in the reciprocal lattice (reciprocal space) and vice
versa. Mathematically the relationship between the real space lattice vectors a, b, ¢

and the reciprocal lattice vectors a*, b*, c* is expressed by the following series of

equations:

(1.2) a*=b><c p €% c>k=a><b
|4 |4 |4

(1.3) V=a-(bxc)=b-(cxa)=c-(axh)

Combining equations 1.2 and 1.3 yields equation 1.4:

(1.4) a-a*=b-b*=c-c*=1

The diffraction pattern will furthermore have symmetry that is closely related to
the symmetry or the crystal structure producing it. In a diffraction pattern the
positions of the reciprocal lattice points (i.e. observed reflections) are determined
by the pure crystal lattice whilst the intensity of the reciprocal lattice points is
dependent on the type and location of the atoms in the unit cell. This means that
the diffraction pattern contains information about the average’ contents of the unit
cell and by converting reciprocal space into real space the crystal structure
becomes available.

The measurable quantities from a diffraction experiment are the positions and
intensities of the reflections, both will be examined more closely in the following
paragraphs.

The coordinates of each reflection can be uniquely identified with the three Miller
indices h, k and 1, by counting from the centre (position of the undiffracted beam)
along the a* b* and c* axes so that the length of the vector (ha*+kb*+Ic*) yields

the distance of the reflection from the origin via Bragg’s Law:

(1.5) (ha* +kb* +1c¥) = —— - 2510
dhkl )\'

10
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Once the diffraction pattern has been recorded the reflections are harvested and
integrated to yield the reflection intensities, but before these can be used to obtain
a crystal structure the intensities have to be corrected for a number of factors

according to equation 1.6.
(1.6) L = KL(O)P(O)A(B)E(0)d(t)| Fyy I

Some of these factors are entirely geometric corrections, such as the correction for
Lorentz effect L(0), and polarisation effects p(0). Absorption corrections A(0), and
extinction corrections E(0) on the other hand, depend on the chemical content,
crystal size (and quality in the case of extinction) as well as morphology.
Corrections are applied for sample decay with time, d(t), although this is less
frequently a problem with CCD area detectors. The constant k is a scale factor.

In order to “reconstruct” an image of the real crystal structure from the reciprocal
lattice the so-called structure factor, F, is used. F? is proportional to the intensity of
a reflection as shown in equation 1.6. However, the information about the phases
of the diffracted beam is lost and must be obtained indirectly in different ways, this
is known as the phase-problem. Approximations employed in this respect include
Patterson synthesis, direct methods, charge flipping, anomalous dispersion,
isomorphous and molecular replacement®. In chemical crystallography only the
first two techniques are widely used although charge flipping has been rapidly
gaining in popularity over the last few years.

The structure factor, a reciprocal space quantity, and the real-space presentation
of the unit cell contents in form of an electron density distribution (since it is the
electrons that scatter the X-rays) are related via Fourier transforms. There are two
important mathematical relationship between the structure factor and the
contents of a single unit cell, the structure factor equation (equation 1.7) and the

electron density equation (equation 1.8) listed below.

(1.7) F(hkl)=§fj exp[2mi(hx; + ky,; +1z;)]

j=I

11
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There are N atoms in the unit cell and the fractional coordinates of the jth atom are
xj, yj and z;. The atom has a scattering factor f;, which is related to the number of
electrons associated with the atom. F(hkl) is a complex number consisting of
amplitude and phase and it represents a diffracted beam. This Fourier transform
can be used to calculate the expected diffraction pattern for any known structure.

In order to calculate the electron density distribution p at every point (x, y, z) in a
single unit cell from an X-ray diffraction pattern a reverse Fourier transform or

Fourier synthesis according to equation 1.8 is used:

(1.8) p(xyz) =$2F(hkl) exp[-2ni(hx + ky + 1z)]

hkl

where V is the unit cell volume and F(hkl) is defined as for equation 1.7. Whilst
equation 1.8 shows how the electron density can in principal be computed from a
diffraction pattern, in practise this is not directly achievable due to the phase
problem. One method commonly used in chemical crystallography to overcome the
phase problem is to solve crystal structures by direct methods. The name
originates from the principle that the structure factor phases are derived from a
single set of X-ray intensities, which is possible since the amplitude and phase of a
structure factor are not independent of each other, but are linked via the electron
density.

The following summarises the fundamental steps of a structure determination

with direct methods:

(1) The observed amplitudes |Fxu|, obtained from equation 1.6, are normalised and
intensity statistics are derived to aid space group determination.

(2) Phase relationships are generated for sets of three structure factors. These
phase relationships arise from the knowledge that the electron density is non-
negative and consists of a random distribution of discrete atoms.

(3) The structure factors with the strongest normalised amplitudes are identified
for the subsequent phase determination.

(4) Starting phases are assigned, which may be generated randomly or calculated

from an approximate electron density map. This is repeated several times similar

12
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to a Monte Carlo procedure to increase the probability of identifying a suitable
starting phase.

(5) Phase determination and refinement: New phases are iteratively computed
from the starting phases via the tangent formula until the phases converge to
stable values. Again this step is repeated many times as correct phase values are
unlikely to arise from randomly assigned starting phases.

(6) A figure of merit is calculated for each set of phases obtained in the previous
step. This acts as a quality measure of the calculated phase values.

(7) The best phase set identified in step 6 is then used to calculate an initial
electron density map. This map is examined in terms of the expected molecular
content and peaks are assigned atomic types. Sometimes not all atoms can be
found on this first electron density map. In this case phases are calculated from the
known atoms and are used to calculate the next map. This is repeated until the

molecular structure is fully identified.

Once some content of the ASU has been assigned the next phase of a structure
determination commences, the refinement of the structure. Gradually parameters
are introduced to describe the crystal structure, such as atomic positions and
thermal parameters to model the movement the atoms in a molecule undergo with
temperature. These parameters are incorporated in a least-squares fitting

procedure during which the function 1.9 is minimised:

(1.9) D w(lY, |-|Y, )

where Y is usually either |F| or F?, but can also be the intensity I. The subscripts o
and c refer to observed and calculated data, respectively. Whilst the model is
progressing, structure factor amplitudes (Fnx) are calculated for this “known”
structure and then compared with the measured structure factor amplitudes. In
order to assess the quality of the fit, residual factors or R-indices are inspected.
The most commonly used are the weighted R-factor and unweighted R-factor

shown in equations 1.10 and 1.11, respectively.

13
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(1.10) WR:[EW_O-YJ

i o DIEI-IEI

Another aid to assessing the fit of the structural model to the measured data is to

compute a so-called difference map:

(1.12) Ap(x,,2) =§§ju F,|-|E, cos[2a(hx + ky +12)-,]

¢ hkl

Such a difference electron density, Ap, is useful in identifying any atoms after least-
squares refinement, incorrectly placed atoms or wrongly assigned atom types.
Furthermore the difference density map will be relatively featureless once the

model of the crystal structure is finally complete.

14
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1.A.3. Intermolecular Interactions

Molecules in a crystal are kept in a periodic 3-dimensional arrangement by non-
covalent forces arising from intermolecular interactions. As two molecules are
placed in close proximity to each other both attractive and repulsive forces act on
the molecules. Hence a crystal structure is a state at which these intermolecular
forces are at equilibrium. The separation of the molecules corresponds to an
equilibrium distance at which attraction and repulsion are balanced so that overall
the assembly represents an energetic minimum (otherwise the crystal would not
be stable at ambient conditions). Compared with covalent bonding the energetic
gain due to intermolecular interactions is at least one order of magnitude smaller.
However, the total energy of a crystal is a summation of the intermolecular forces
over all molecules in the crystal and hence even weak forces can be significant
contributors to the crystal assembly. A variety of intermolecular interactions have
been recognized to directly affect how molecules pack in a crystal and are
classified into strong and medium to weak interactions®1%. Strong interactions
arise through ionic forces and classical hydrogen bonds, although only the latter is
of relevance to this work. Medium to weak interactions include weakly directional
hydrogen bonding, m-mt interactions and halogen bonding. In particular the strong
intermolecular interactions lead to stable and reproducible structural
arrangements such as hydrogen-bonded chains and can even become determining
for the whole periodic assembly. This was recognised by the early pioneers of
supramolecular chemistry!? and later structural motifs arising from
intermolecular interactions were classified as structural synthons!2. The fields of
crystal engineering and crystal structure prediction make active use of known
structural synthons, e.g. to design framework structures and to inform prediction
procedures, respectively.

Historically intermolecular forces have been ascribed to specific atom-atom
interactions, and although there are disadvantages to this approach?? it is still the
most commonly used. Of all the intermolecular interactions the classical hydrogen
bond has been studied and discussed most extensively in the literature. It is an
interaction of the type X-H:-'Y, where the donor atom X is highly electronegative

(mainly N and O) and removes electron density from the hydrogen atom. This
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generates a positive charge at the hydrogen atom leading to Coulomb attraction to
the electronegative acceptor atom Y. Strong hydrogen bonds are directionally
specific and are the most energetic amongst neutral intermolecular interactions#
as shown in Table 1.2.

Particularly the amide hydrogen bond is of great importance - amide groups are
found in biomolecules, such as peptides and proteins - and its characteristics have
been discussed extensively in the literature!>. Many functional groups contain
donor and/or acceptor atoms capable of forming strong hydrogen bonds. For
molecules with multiple hydrogen bond donors and/or acceptors there are hence

several options for pairing the donors with the acceptors in an intermolecular

interaction.
Distance range Angle range Energy range
Interaction XY [A] X-HY[] [kJ-mol-1]
strong HB 2.5-3.0 165-180 10-6516
weak HB 3.0-4.0 90-180 0.3-2517
-1t ()2 3.5-4.0 n/a 0-2018
-1t (T)b ca 5.0 n/a
-1 (PSS)¢ *34-36/16-1.819 n/a
halogen bond | #2.7 - 3.3 160 - 180 2-3320 / 1-1536

Table 1.2: Geometry and energetic value of intermolecular interactions. The possible m-m dimers
are abbreviated as S for sandwich?, T for T-shape? and PSS for plane slipped stacke. The distance
range for -1 dimers refers to the separation between the centres of mass of the ring systems. The
literature is not entirely conclusive about the geometry and energy range of m-m interactions and
halogen bonds and references are provided for the values listed in the table. * The two value ranges
given correspond to the vertical and horizontal displacement of the benzene ring centroids. #The
range applies to Cl, Br and I.

The question arises whether there is a preference for forming hydrogen bonds
between specific functional group, or in other words, which type of hydrogen bond
is the strongest and most reliable in terms of reproducibility. This issue has
fascinated many researchers, with first attempts at establishing hydrogen bonding
rules being published by Etter?! in 1990. More recently Gilli et al. have studied
hydrogen bonds extensively and have recently introduced the concept of the pK,
slide rule, which uses differences in pKa for hydrogen bond acceptors and donors

to assess the stability of a hydrogen bond?2. Furthermore computer based models
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have been developed ascribing a statistical likelihood?? or propensity?* to
hydrogen bond formation for competing functional groups.

The existence of so-called weak hydrogen bonds is now generally accepted, but
their importance in the formation of a crystal structure has not been fully
elucidated thus far. Weak hydrogen bonds are those of the type C-H---(O, N, 1) or
(O, N)-H-'mt and their geometry is more easily deformed compared with strong
hydrogen bonds (Table 1.2)2526, Energetically weak hydrogen bonds are less
strong than the classical hydrogen bonds, but many organic molecules are C-H
“rich” facilitating several of these contacts, the sum of which may then be
comparable per molecule to the energy gain due to a strong hydrogen bond. There
have been many studies aimed at calculating the energetic gain of weak hydrogen
bonds, but the energies obtained can vary rather dramatically. Scheiner et al.
investigated this problem and concluded that many calculated energies are
unreliable due to poor treatment of weak interactions?’.

Organic compounds frequently contain aromatic rings and the interaction between
neighbouring rings, also called m-m stacking interaction, has been the focus of many
studies?829, This interaction is less directional than hydrogen bonds but it is
believed to influence the three-dimensional structure of biological systems such as
DNA, RNA or proteins and the packing of non-linear optical materials. The
geometry of a m-m assembly is somewhat less well defined than for hydrogen
bonds. The rings can be stacked perfectly parallel (sandwich stacks) or with
different degrees of offset within the stacks (parallel slipped stacks). The T-shaped
arrangement of two phenyl rings is also often considered as m-m interaction,
although this case lies at the borderline and could alternatively be classified as a C-
H--m interaction. Despite the origin of the m-m interaction still being a matter of
debate3?, it has been shown that long-range interactions, particularly dispersion,
are a major source of attraction between benzene rings3l. In order to gain an
energy measure for this kind of interaction benzene has often been used as a
model compound and the energetic contribution has been estimated to lie in the
range of 2 to 20k]-mol-!, whilst energies for the benzene dimer range from 6.7 to
10.0kJ'mol! as derived experimentally32. However, the diversity of stacked m-
systems is much larger given the various possibilities of substitution and the size

of the aromatic system. These issues have been investigated in some studies3334,
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nevertheless the compounds chosen constitute but a small set of aromatic systems.
Hence the above energy should only be considered as an indication that m-m
interactions are of similar strength or slightly less energetically attractive than
weak hydrogen bonds.

A further weak intermolecular interaction is the so-called halogen bond. This
interaction was defined in analogy to a weak hydrogen bond of the type C-X:-Y,
where X is chlorine, bromine or iodine and Y is typically a oxygen or nitrogen. The
role of this interaction is not yet completely understood. On one hand there are
many studies confirming the directionality and predictability of this interaction3>,
whilst on the other hand the energy gain has been computed as being small

compared to other interactions3e.
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1.A.4. Polymorphism

The discovery of polymorphism goes back to Mitscherlich (1822-1823)37, but
extensive interest in this area only started rising in the second half of the last
century. In 1965 McCrone defined the term polymorph as “a solid crystalline phase
of a given compound resulting from the possibility of at least two crystalline
arrangements of the molecules of that compound in the solid state”38, hence
polymorphism can be understood as the phenomenon of a chemical compound
occurring in at least two crystalline phases. Although McCrone’s definition of a
polymorph appears clear at first glance, the literature contains many accounts
discussing shortcomings of this definition and offering alternatives or more
specialised definitions. In the context of the work discussed in this thesis
polymorphic systems are those where more than one crystal structure has been
identified for one chemical substance of the same molecular connectivity.

McCrone also argued that any substance can exhibit polymorphism and that it is a
matter of time and money spent that determines how many polymorphs can be
identified for a given compound. Nowadays it is believed that polymorphism is an
inherent feature of the solid state and that the lack of observed polymorphism may
be due to the transition point being higher than the melting point or influenced by
external conditions not yet explored3® or understood. Despite these conclusions
exhaustive polymorph screens have not been routinely performed except within
the past decade in the pharmaceutical industry and polymorphs are still found by
serendipity in most cases.

Polymorphism is of great importance to the pharmaceutical industry since the
physicochemical properties of polymorphs can be dramatically different. Some of
the main properties affected are processability, solubilities, dissolution rate,
hygroscopicity and stability#?. Polymorphism has been shown to have effects on
bioavailability and toxicity of active pharmaceutical ingredients*42 and hence it is
imperative to gain an understanding of polymorphism and how to control
polymorphic systems. Interestingly the properties of polymorphic forms can be
very different even if the polymorphs share the same synthon, i.e. parts of the
intermolecular interactions are equivalent, which demonstrates that there are

more complex forces acting further complicating structure property relationships.
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Polymorphic systems are nevertheless very useful for comparison studies since
the only variable is packing of identical molecules whereas different compounds
with equivalent crystal packing contain information about the influence of
substituent exchange.

For this work a distinction between polymorphism is made as follows: one type is
concerned with changes in intermolecular assembly, the other with variation in
intramolecular conformation. The former applies if the constituent molecules of
two polymorphic forms remain unchanged geometrically and the polymorphism is
ascribed to a variation of the crystal packing. The change in crystal structure is
then affected by different intermolecular connectivity, i.e. different intermolecular
interactions are established. This could result in a completely revised
intermolecular assembly or partial reorganisation of “building blocks” (e.g.
hydrogen bonded synthons) common to both polymorphs. One example of the
latter is polytypism, which refers to structures with differently packed identical
layers - effectively this is one-dimensional polymorphism.

The other category of polymorphism considered here is that of so-called
conformational polymorphism. In this phenomenon the polymorphic structures
contain different conformers of the same molecule, i.e. the molecule has undergone
alteration of its shape. X-ray crystallographic measurements have demonstrated
over the years that bond lengths and bond angles undergo little variation in crystal
structures enabling the tabulation of standard bond lengths*? and van der Waals
radii**. Torsional angles on the other hand have been found to vary widely, which
lies at the basis of conformational polymorphism. Rotation about at least one
covalent bond in the molecule alters its geometric shape and hence altered close
packing in the crystal is observed. However, it is a matter of debate what defines
truly different conformations: Does a rotation of e.g. 0.1” about one bond constitute
a different conformer or could such a change arise from thermally induced motion?
On the other hand if such small changes occur at multiple rotatable bonds in the
molecule the overall geometry will be significantly changed. The distinction
between individual conformers should hence be based on individual cases.

In terms of conformational polymorphism and its causes the views in the literature

present a chicken and egg situation. It is not clear what affects what: does the
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conformational change occur first and is hence the cause of different packing in the
crystal or do changes in packing cause the molecular geometrical change?

This consideration invites the contemplation of the energies involved in crystal
packing. The measure of the overall cohesion, i.e. intermolecular forces, in a crystal
is the lattice energy, the calculation of which is discussed in more detail at the end
of this chapter. Differences in lattice energies of two polymorphs are generally
small*>46 meaning that the potential energy surface exhibits either a broad and
shallow minimum or that there are several accessible minima of similar energy. It
also implies that the total of all intermolecular forces can be very similar for
different sets of interaction and close contacts.

In conformational polymorphs an additional aspect is the difference in
conformational energy between (a) the observed conformers and (b) the lowest
energy conformation for the molecule. If the latter is non-negligible then it
contributes to the individual lattice energies. Comparing two conformational
polymorphs, the total energy difference is composed of the lattice energy
difference and the conformational energy difference. Again the total energy
differences across conformational polymorphs are found to be small and the
possibility of intramolecular and intermolecular energy compensation has been
investigated*748. These small energy differences are one of the complications
encountered in crystal structure prediction procedures, where frequently many
low energy crystal structures are calculated making it difficult to predict any
particular polymorphic form#°.

As already mentioned above the energetic value of intermolecular interactions lies
in the region of 4 to 15 kcal'mol! for strong hydrogen bonds and in the range of
0.5 to 4 kcal'-mol-! for weak and dispersive interactions, respectively. On the other
hand the energy required to affect rotation about single bonds varies between 1
and 3 kcal'mol! for unrestricted systems but can be as high as 8 kcal-mol! for
hindered systems*8. This means that the inter- and intramolecular changes
associated with conformational polymorphs are on a similar energy scale. Hence
the energy penalty of accommodating an energetically less favourable conformer
in a crystal lattice can be offset by energetically more stable intermolecular
interactions. This energy compensation can thus lead to overall similar lattice

energies between polymorphs. However, not all polymorphs show the same
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energetic behaviour and polymorphs that vary significantly in total energy have
been reported>9.

Besides X-ray crystallography, thermal analysis is a valuable tool in studying
polymorphism and can provide an overview of the thermodynamic relationships
between the different crystalline phases.

The relative stability of polymorphs is sometimes judged based on the crystal
density>l. As a rule of thumb, the denser the crystal the lower its internal energy,
hence the energetically most stable polymorph is the one were efficient packing of
the molecules in the crystal maximizes the density. But there are many exceptions
to this rule; for example the stability of strongly hydrogen bonded systems cannot

be assessed with this simple model.
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1.A.5. Structural Similarity and XPac

The analysis of structural patterns in a systematic manner requires a tool that
enables the comparison of crystal structures and identifies common structural
features. A number of programs have been developed using various procedures>%
amongst which the program XPac is unique in identifying similarity not only for
isostructural compounds, but also for compounds that share 0-, 1-, or 2-
dimensonal structural features such as dimers, rows or layers of molecules,
respectively. The method as implemented in XPac is thoroughly documented in the
literature>3 and hence only the most important steps will be summarised here.

In XPac the description of a crystal structure is independent of its space group and
unit cell information. A representative cluster of molecules is chosen, which
consists of a central kernel molecule and a shell of close neighbours, which, in most
cases are symmetry-generated from the kernel molecule but, where relevant may
include symmetry unrelated molecules if the structure has Z’ >1. The cut-off for the
shell is determined by the sum of van der Waals radii plus t=1.5A using
intermolecular interatomic distances. Each molecule is represented as an ordered
set of points (OSP), for which a number of atoms of the molecule are selected.
When comparing two crystal structures the OSPs for the two different molecules
should reflect a similar arrangement and are then regarded as a corresponding
ordered set of points (COSP). Internal coordinates, comprising distances, angles
and torsion angles, are generated between all the molecules in the individual
clusters of the COSP and by comparing lists of these coordinates, similarity is
established. The criteria for the existence of a similar geometrical arrangement,
called supramolecular construct (SC), are defined by cut-off values applied to the
mean absolute difference, dang, ddnd Or &or, for each pair of lists. In this way XPac
offers a method, which performs the systematic comparison of multiple crystal
structures in a fraction of the time a purely visual inspection would take. In fact a
number of publications are available that report the analysis of whole compound
libraries.

The results from the XPac analysis are visualised with a structural similarity
diagram with construction principles borrowed from set theory and an example

diagram is provided in Figure 1.5. It should be noted that XPac performs pairwise

23



CHAPTER 1 BACKGROUND

comparisons of crystal structures and provides a brief characterisation of any
possible SCs, such as its dimensionality and base vector(s). The existence of such a

construct is then verified via visual

-sunnamy
inspection. Finally this information is - =
0 (=]
manually ‘translated’ into a similarity
diagram by taking into account all
pairwise relationships found with XPac. %
Gelbrich et al have outlined the detailed
rules of constructing such a graph wsc1 () &
diagram in order to describe the |
relationships in a series of closely o
-

related carbamazapines®* and hence

only the very basics of interpreting  Figure 1.5: An example of a structural
such plots will be further summarised similarity diagram.
here. There are four levels of similarity and these are plotted in ascending order, so
that zero-dimensionality is found in the lowest layer at the bottom of the diagram,
three-dimensional SCs are situated at the top and two- and one-dimensional
constructs in the middle section with one-dimensional SCs placed lower than two-
dimensional features. In set theory commonality is expressed as nodes, which are
drawn as circles and boxes in Figure 1.5. Each box at the top level represents a
unique crystal assembly, symbolised by the letters A to E in Figure 1.5, so that
structures with 3D similarity are grouped together in a single box as is shown for
structures C and D in Figure 1.5. Circles at lower levels indicate SCs found in at
least two crystal structures. Nodal dependencies are represented by arrowss> in
Figure 1.5 and express the relationship between the crystal structures and the
constructs. To identify all structures with a certain SC the branches starting at the
respective node are followed in an upward direction and similarly to find all
features present in one or more crystal structures, the connecting lines are traced
in a downward direction.

A comparison involving many crystal structures can potentially yield a
considerable number of SCs. The similarity diagram should then be constructed so
that the crystal structures and SCs are ordered with the least crossing connecting

lines.
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It should also be noted that the orientation of the similarity diagram presented
above is arbitrary and the plot can easily be turned on its side or upside down if a
different style is preferred, as demonstrated in a recent publication>®.

At this stage it is worthwhile to explain some of the terminology applied to
describe the different degrees of similarity in this work. The distinct advantage of
the XPac method over other related approaches is the possibility of identifying
reoccurring crystal packing motifs automatically in any dimension and
importantly, without bias towards any kind of intermolecular interactions, hence
the term supramolecular construct is not to be confused with supramolecular
synthons mentioned earlier.

In order to describe these reoccurring features appropriate terms have to be used
that allow easy distinction between SCs with strong intermolecular adhesion and
those without any notable interaction between neighbouring molecules in the SC.
[sostructurality (at various dimensions) and homeostructurality as defined by
Kalman>7 have been used extensively in the literature for describing similar crystal
structure assemblies. Especially the former term has been widely adopted,
although some dispute might be caused when declaring two crystal structures of
different compounds as isostructural, e.g. in cases with an unusually large
variation of cell parameters or molecular dimensions, and sometimes
isostructurality is confused with isomorphism. Hence in this work any of these
terms were avoided and the following descriptions for the varying degrees of
similarity were used instead. A 0D construct is considered as such only if there is
any notable interaction present between two molecules and is then called a
dimer®8. In principle 0D constructs are not only restricted to dimeric
arrangements, e.g. a reoccurring catemer would also present a 0D SC, but 0D
constructs of this kind were not encountered during this work. Compounds with
3D similarity are described as crystal structure analogues or as having analogous
packing. More diversity is present at the 1D and 2D level, where on one hand
features may be caused by strongly interacting moieties, and on the other hand
there are those SCs where aggregation cannot easily be attributed to
intermolecular interactions, and it remains ambiguous whether steric factors or
medium-to-weak interactions or a mixture of both are responsible for a certain

packing mode. The literature contains various different approaches to
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classification of such spatial arrangements. Kalman et al. prefer to define similar
packing in 1 or 2 dimensions as 1D and 2D isostructurality, respectively>?. Pidcock
et al. break down crystal assemblies into molecular boxes and introduce a
numerical notation based on the exposed surface area of aggregates of these
boxes®®. This box model is actually very convenient for describing a molecular
shape. Accordingly the principal dimensions of a molecule are expressed as long,
medium and short or synonymously as length, width and depth, respectively. This
provides an easy reference for the directionality of any SC with respect to the
molecule.

Another approach to classifying spatial arrangements of molecules is that of Etter,
who assigned graph sets to the topology of hydrogen-bonded molecules®!. This
latter method is somewhat more practical than Pidcock’s box aggregate approach
since the graph sets contain information about the nature of the feature, e.g.
whether a chain is present. The box aggregate model on the other hand, is less
intuitive as it requires a cross-reference to the code of a box aggregate or visual
inspection of the feature to gain knowledge of the spatial arrangement of the
molecules within the feature. However, the graph set method is only applicable to
hydrogen-bonded systems, whilst the box aggregate model assesses the spatial
assembly of the molecules irrespective of intermolecular interactions.

For this work a slightly different approach was used since the compounds studied
here can facilitate hydrogen bonding, but XPac assesses similarity purely based on
geometrical arrangements of molecules. In order to easily distinguish between the
reoccurring SCs with and those without strong intermolecular interactions, the
terminology for 1D and 2D constructs was derived as follows. The molecular
arrangement in a construct is described based on the spatial object it represents.
Hence a 1D arrangement of non-interacting molecules is termed a row or stack,
whereas 1D SCs of hydrogen-bonded molecules are described as chains, helices,
tapes or ladders. Table 1.3 summarises the terminology used in this work for
describing common 1D structural motifs. It should be stressed here that this
terminology is solely based on the constructs observed in this study and it may not
be appropriate for systems with a greater variety of structural features or different

intermolecular connectivity.
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From Table 1.3 it can be seen that no distinction is made between SCs propagating
along the length or width of the molecules, but different terms are assigned to the
SCs with the direction of propagation being parallel to the depth of the molecules.
This is because the compounds studied here contain an aromatic ring and the ring
plane vectors coincide with the length and width of the molecule. Hence a SC along
the depth of the molecules could potentially facilitate m-m interactions and such an

arrangement is thus assigned an independent term.

Direction of Propagation Number of HBs Name of 1D SC

Non-interacting molecules

length 0 row
width 0 row
depth 0 stack
Hydrogen-bonded systems
length 1 chain
width 1 chain
depth 1 helix
length 2 tape
width 2 tape
depth 2 ladder

Table 1.3: Terminology used to describe common 1D packing features.

The descriptions in Table 1.3 are by no means novel: chains and rows or ribbons
and tapes are almost interchangeably used in the literature. However, it was felt
that a stricter categorization is required for this work since different connectivity
is implied when considering the geometrical shape of the actual objects.

The same concept was used to derive the terminology for 2D constructs, although
fewer terms are used. A 2D feature with at least two non-parallel hydrogen bonds
is called a net. Those 2D SCs with no or one hydrogen bond are termed layers. 2D
constructs containing only parallel hydrogen bonds are also called layers. In
contrast to 1D similarity, the terms for 2D SCs were assigned irrespective of the
directions of propagation with respect to the molecular dimension. Although it
may at times be more convenient to describe a layer as a stack of chains or a row of
helices for example. It should be pointed out that this terminology was derived

purely for the purpose of this work. As such it should not be considered as a
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complete terminology applicable to the general comparison or description of

crystal structures.
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1.B. Theoretical Calculations

The field of theoretical chemistry deals with problems such as predicting chemical
properties and is relatively young compared with the more traditional subject
areas of inorganic, physical and organic chemistry. One cornerstone of theoretical
chemistry is undoubtedly the derivation of the Schrodinger equation in 192662,
However, the invention of computers and the constant development of hardware
and software were equally essential to the success and accuracy of theoretical
calculations, as we know it today. The vast increase in computing power over the
last 20 years together with the ever decreasing cost for computational resources,
have enabled theoretical chemists to extend quantum mechanics calculations from
atomic or highly symmetric systems to more advanced problems and in doing so
making theoretical methods available to the wider chemistry community.

In the following some of the methods employed for this project will be discussed.
There are two areas of this project that rely on or involve theoretical calculations.
Firstly, the analysis of the conformational freedom of the molecules under
investigation can be achieved through gas phase ab initio calculations. The theory
and some case studies of these calculations are presented in the two subsequent
sections.

Secondly, estimating lattice energies requires some energy calculation in the solid
state. For this a number of 3D periodic algorithms are available, e.g. the ab initio
software package CRYSTALO066, the plane wave pseudopotential package
CASTEP®* or the semi-classical density sums method available in the OPiX suite of
programs®. The latter was found to be most suitable for this project and the

underlying principles will be introduced in the final section of this chapter.

1.B.1. Gas phase calculations - theory of ab initio computations

In its most general form the Schrédinger’s equation specifies how a quantum state

of a physical system changes with time.

(1.13) Y _ frw
at
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Equation 1.13 is the time-dependent version of the Schrédinger equation, but if the
potential energy of a system is independent of time it can be written in its more

commonly known form:
(1.14) HY = E¥

where H is the Hamiltonian operator, ¥ is the wavefunction (eigenfunction) and E
the energy of the system (eigenvalue). Rearranging equation 1.14 enables the

calculation of the energy of a system as:

(115) [wiwde
' - [wwdr
with integration over all space. The Hamiltonian consists of kinetic and potential

energy terms as shown in equation 1.16:

N h Z Z,Z 1
(1.16) H =—?§EV1 -%zvﬁ —ezgz_/‘mezggﬁhezzz_

a Faa a b Tab
where Vie—+—+—

The first two terms in equation 1.16 represent the kinetic energies of the nuclei
and the electrons, respectively (capital letters indicate nuclei and lower case
electrons). The last three terms stand for the attractive potential energy of the
individual nucleus-electron interactions, and the repulsive potential energy of the
nucleus-nucleus and electron-electron interactions, respectively.

Equation 1.14 is the description of a system in a stationary state and chemical
moieties, such as molecules or atoms, can be described by the solution to this
equation. Many approaches to solving the Schrédinger equation have been
developed amongst which ab initio methods, meaning from first principles in
quantum mechanics, have been widely used. At this stage it should be noted that

the Schrodinger equation cannot be solved exactly except for the hydrogen atom;
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for any other chemical system approximations have to be made. The
simplifications made are the Born-Oppenheimer approximation, the LCAO
approximation and the Hartree-Fock independent electron approximation;
furthermore the variation theorem is applied.

The Born-Oppenheimer approximation states that the electron motion is
decoupled from the motion of the nucleus and as a consequence the nuclear and
electronic contributions are separated so that the first term in equation 1.16 is
neglected and the fourth term is considered as a constant contribution. This
treatment ignores relativistic effects and leads to an electronic Hamiltonian and
the electronic Schrodinger equation.

The second approximation in ab initio methods is the linear combination of atomic
orbital (LCAO) approximation. The wavefunction of a polyelectronic system can be
expressed as the product of all one electron molecular wavefunctions, ¢i, as

follows:
(1.17) v=[]o

The LCAO simplification then defines the molecular wavefunctions (or molecular

orbitals) as a linear combination of the known atomic orbital funtions, x;,:
(1.18) 6= D Cu
k

where cix are the expansion coefficients. The atomic orbitals are well described by
the more accurate Slater type functions or by the more commonly used Gaussian
type functions. Equation 1.19 displays the linear combination of Gaussian

functions used to represent atomic orbital functions:

X
(1.19) Xk = Edlk(pl(alk)
-1

Equation 1.19 contains di, the coefficient of the primitive Gaussian function, ¢,

the exponent aux of the Gaussian function and X, the number of functions used in
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the expansion. The expansion coefficients from equation 1.18 are estimated via the

secular equations:

(1.20) Ecik(Hlk —£5,)=0
K

where H is a one-electron Hamiltonian, ¢; is the energy of one particular electron in
orbital I and Si is the so called overlap integral. The secular equations are usually
formulated in a determinantal form. Non-trivial solutions can only be obtained if

the condition in equation 1.21 holds true.
(1.21) det|H, —¢S,|=0

The quality of a wavefunction described in this way can be assessed according to
the variation theorem, which states that the energy calculated from an
approximated wavefunction will always be higher than the true energy. Hence the
better the wavefunction the lower will be the resulting energy. This condition is
applied to the expressions for the energy.

The third approximation is that of the Hartree-Fock independent electron
principle. In this simplification the Fock operator is introduced, fulfilling the

eigenvalue equations:
(1.22) E¢ =0,

The Fock operator is an effective one-electron Hamiltonian and expresses the sum
of three individual contributions to the energy of the system. Firstly, the core term
is the kinetic and potential energy contribution of each electron moving in the field

of the nuclei:

(1 23) I’_\Icore(l)__lvz_ﬁé
. 5 V1

A=1 rlA
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The second term is the Coulomb operator, which corresponds to the average

potential due to an electron in spin orbital ¢;:
(124) J,) = [drg,@~ 4,2
: j SN

And finally the term for the exchange operator, which is required to account for the

Pauli principle and is defined in terms of its effect when acting on the spin orbital

i:
(1.25) K (De,(1) = [ [drg,@14 (2)]¢,<1>
i,

The numbers 1 and 2 indicate where an integral involves the coordinates of a
single or of two electrons, respectively. Combining equations 1.23 to 1.25 then

yields the Fock operator:

(1.26) E =A@+ Y {],m-K,m)}

j=1

The Roothan-Hall equations translate the Hartree-Fock equations 1.22, which if

fully written out are in integro-differential form, into a matrix form:
(1.27) FC =SCE

where F is the Fock matrix, C the coefficient matrix, E the energy matrix containing
the orbital energies and S is the overlap matrix. The process of solving the
Roothan-Hall (and Hartree-Fock) equations is an iterative process (self-consistent
field approach), since values that have to be calculated occur on both sides of the
equations. The above calculations produce a set of one-electron orbital energies ¢,
which are individual sums of the core interaction of one electron and the Coulomb

and exchange interactions of this electron with other electrons in the system. The
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total energy of a system in the ground state with N electrons in N/2 orbitals can

then be estimated from these one-electron energies as shown in equation 1.28:

N/2N/2

(1.28) E=Es,-22(2],,-1<y)

i=1 j=1

Whilst the energy of the ground state so obtained will be as minimal as achievable
with the calculations according to the variation theorem, the Hartree-Fock method
uses one-electron contributions, neglecting electron correlation. More advanced ab
initio methods, such as Mgller-Plesset perturbation theory and coupled cluster
theory, include approximations of electron correlation and are often referred to as
post-Hartree-Fock methods. Another problem of ab initio calculations is cost of
computation, with even small organic molecules requiring very time-consuming
calculations. This has led to the development of approximate methods over the last
century, also known as semi-empirical methods. Some of the most popular and
widely applied approaches nowadays are the MNDO and AM1 methods. They differ
from ab initio methods in the way the electrons of the system are described and
make use of some experimental parameters. The most time-demanding step in ab
initio calculations is the evaluation of the integrals. Semi-empirical methods reduce
the computational cost by neglecting or approximating some of these integrals.
Only the valence electrons are taken into account explicitly whilst the core
electrons become part of the nuclear description. The implementation of
experimental parameters enables semi-empirical methods to yield accurate results
for certain properties as long as the source of parameterisation and the
experiment are related®. Despite all this ab initio techniques remain the closest
approximation to the real system since they use the full Hartree-Fock equations
and the complete Hamiltonian. With ab initio quantum mechanics it is possible to
calculate thermodynamic and structural quantities as well as properties that
depend on the electronic distribution. Even chemical reactions and excited states
can be investigated.

Another approach to the electronic structure of atoms and molecules is Density
Functional Theory (DFT), which has become a popular alternative to ab initio

Hartree-Fock computational methods over the last couple of decades®’. The theory
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is based on the principle that the ground-state energy can be described by using
the electron density p only, which means that the electron density and the energy
of a system are directly connected, making DFT a wave-function-less method.

This concept is much older than one would expect; the basic notion is almost as old
as quantum mechanics and was explored by Thomas, Fermi, Dirac and
Wigner686970 in the late 1920s. In fact methods based on DTF have been
considered useful models in solid-state physics ever since the 1950s. Finally in
1964 the proof for the one-to-one correlation of ground-state energy of an
electronic system and its electron density was delivered by Hohenberg and Kohn”!
and in 1998 Walther Kohn was awarded the Nobel Prize in Chemistry’? (shared
with John A. Pople) for his remarkable work in the field.

What makes DFT so attractive is its sole dependence on the electron density, and
in principle DFT could provide the exact total energy including electron correlation
whereas HF energies are uncorrelated. Unfortunately the exact form of the
functional connecting energy with electron density is not known and hence the aim
of DFT methods is to build functionals that give satisfying approximate results.
According to Hohenberg and Kohn the energy functional (expressed as square

brackets) is calculated as the sum of two terms:
(1.29) E[p(r)]= [V, @)p(r)dr + Flp(r)]

The first term describes the interaction of the electrons with an external potential
Vext(r), such as the Coulomb interaction with the nuclei. The second term in
equation 1.29 contains the contributions from the kinetic energy of the electrons
and any interelectronic interactions. However, F[p(r)] is not known, so that in
1965 Kohn and Sham?”3 developed a formalism where F[p (r)] is split into three

functional terms:

(1.30) Flp(r)] = E[p()]+ E [p(r)]+ Ey[o(r)]

The Exg[p(r)] is defined as the kinetic energy of a system of non-interacting
electrons with the same density p(r) as the real system. The second term in
equation 1.30, Eu[p(r)], refers to the Hartree electrostatic energy calculated from

the classical interaction between two charge densities. The term Exc[p(r)] contains
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contributions from exchange and correlation. Using the Kohn-Sham approach the

ground-state energy of a system with N electrons can be written as:

(1.31) E[p(r)]=21/},.(r)( )1/) (r)dr + = ffp(rl)p(rz) dr,dr, + E, [ p(r)]

Iry ~x],
Ef

p(r)dr

|‘A|

including the electron-nucleus interaction with the last term. Equation 1.31 defines
the exchange-correlation energy functional Exc[p(r)], which is related to the
exchange-correlation energy Vxc by

(132) ch[r]=(m)

op(r)

In the Kohn-Sham approach the density p(r) is taken as the sum of the square

moduli of a set of one-electron orthonormal orbitals as follows:
N 2

(1.33) pr) = >y ()|
i=1

Hence when combined with the variational condition the one-electron Kohn-Sham

equations are obtained:

(1.34) {-V?f-( 3

e

) . f ”(rz)dr Vgl ]}w () = £, (1)

a1 114

The Kohn-Sham equations are solved self-consistently. This means the initial
density is guessed and used in equation 1.34 yielding a set of orbitals that are then
used to calculate an improved density. This process is iterated until convergence is
reached. Finally the total energy is calculated in accordance with equation 1.31.
Basically DFT methods differ from each other in the form of the functional for the

exchange-correlation energy and there are plenty of methods to choose from. They
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range from Local Density Approximations (LDA) via Gradient Corrected Methods
(or GGA for Generalized Gradient Approximation) to Hybrid Methods, such as the
Adiabatic Connection Model (ACM) and the Becke 3 parameter functional (B3). The
last functional is incorporated in the popular B3LYP method, which is an acronym
indicating that the B3 hybrid’4 has been used in combination with the LYP
correlation’>.

The development of new functionals is aimed at improving the quality of the
results of a DFT calculation, but the pathway is not yet clear. So far very different
functionals have delivered results’¢ of comparable significance. The quality of a
DFT given result should thus be assessed using experimental or high-quality wave
mechanics for similar systems. Nevertheless DFT methods provide an alternative
to more time consuming ab initio HF methods due to reduced dimensionality

(computing time at the present grows with Na:2 or Na® using DFT, whereas for HF
the factor is about e™(a =~1)77). Hence DFT also becomes applicable to larger

systems, up to sizes of Nat = 100 - 200.

1.B.2. Conformational Analysis

The methods described in the previous section can be used to calculate properties
of the molecular energy. For small organic molecules, particularly if they are
biologically active, the property of most interest is that of conformation. The
degrees of freedom of a molecule increase with the number of rotatable bonds and
knowledge of the energetically favourable conformations a molecule can adopt is
useful for prediction procedures and the establishment of structure-property
relationships.

A conformational analysis samples the conformational potential energy surface of
a molecule and seeks to relate changes in conformation to energy and differences
in properties. The former is achieved with a conformational search, which is aimed
at identifying the preferred, i.e. lowest energy, conformations of a molecule.
Different conformations are calculated for a molecule and their energy
subsequently minimized, so that the relative energies can be compared against

each other. The starting conformations can be achieved in various ways to which
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systematic search algorithms and random approaches belong. Systematic searches
produce potential energy surface maps by varying the torsion angles under
investigation in a stepwise manner. Initially the rotatable bonds are identified and
the respective torsion angles defined. Then the torsion angle is changed in a fixed
increment and the energy minimized for this conformation. In this way a grid
search of the conformational space is performed and minima on the potential
energy surface become accessible. The smaller the increments the finer the
sampling of the grid, but this dramatically increases the scale of the computations

necessary as does an increase of the number of rotatable bonds, since:

1360
(1.35) Number of conformations = H—

i=1 i

where 6; is the increment chosen for the rotatable bond i. Hence conformational
analysis of highly flexible molecules using ab initio methods is not feasible.
Random approaches on the other hand, generate different conformations as the
name suggests in a random way. In this method conformational space is explored
by either changing the Cartesian coordinates of the constituent atoms or the
relevant torsion angles. The minimised conformation generated in each iteration is
then tested for novelty and only stored if not previously calculated. Whilst a
systematic search is finite, random searches do not have a natural endpoint and
hence the sampling of the potential energy surface may be fragmentary. Only
systematic searches were considered in this work.

The second objective of a conformational analysis is to relate the information
obtained from a conformational search with properties of the molecule. Often a
series of chemical species are examined to assess the influence of a particular
substituent on conformations and rotational energy barriers of the molecule. The
rotational energy can be extracted from the computed potential energy surface
and tested for correlation with substituent descriptors. For example the amide
group has been tested for rotational stability with respect to cis/trans
isomerism787? fueled by its biological relevance. Furthermore conformational
analysis has been employed in the study of polymorphism® and is of great

relevance to medicinal chemistry and drug design®.
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1.B.3. Lattice Energy Calculations

Molecules assemble in a 3-dimensional array due to favourable energetics. One
variable associated in particular with the assembly of molecules in a crystal lattice
is the lattice energy, which is generally defined as the energy released when
gaseous molecules form a solid. Since interactions between molecules are lost as a
solid sample converts to the gaseous phase the lattice energy is also a measure of
the total of the intermolecular forces in a crystal. The calculation of the lattice
energy of a crystal structure can be achieved in a number of ways ranging from
relatively easy methods using empirical force fields to more complex methods
utilising ab initio calculations. For this work the Pixel method by Gavezzotti was
used throughout and hence only this approach will be discussed here further.

The Pixel method or semi-classical density sums (SCDS) method belongs to the so-
called full density models because it incorporates the numerical integration over
the whole molecular electron density (as opposed to more historical atom-centred
approaches). For a full description of the Pixel formulation the reader is referred to
the literature82 . Here only the key points of this method will be summarised.

The all-underlying principle is utilising the electron density of a molecule in a
crystal. The charge density is readily available through the calculation of a
molecular orbital wavefunction and can then be partitioned into pixels. A relatively
large number of pixels are required to fully describe the electron density (overall
the total electron number has to be reproducible). However, the number of pixels
has to be reduced to minimise the computational cost and this is achieved by
creating super-pixels, i.e. cubic cluster of (n x n x n) pixels. The parameter n is
termed the condensation level. Furthermore a cut-off is applied to exclude super-
pixels of negligible charge.

The total lattice energy, of an organic molecular crystal can be split into four parts
according to intermolecular association: the Coulombic, polarisation, dispersion

and repulsion terms as outlined in equation 1.36:

(136) Etot = Ecoul + Epol + Edisp + Erep
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The Coulomb interaction is calculated as the sum over all pixel-pixel, pixel-nucleus
and nucleus-nucleus pairs. For this each pixel is assigned a charge qx, which is

defined as the electron density px in a volume Vx (centered at point x):

(1.37) q, =p,V,

These pixels are associated with atoms in the molecule dependent on pixel-nucleus
distances.

Next the Coulombic interaction between two molecules A and B is considered. In
molecule A the atomic nuclei are located at positions j (=[x, yj, z]) and carry a
charge Z;. Analogously for molecule B the nuclei are positioned at points m (=[xm,
Ym, Zm]) with charge Zm. The associated pixels are found at points k (=[xx, Yk, zk])
with a charge of qx in A and at points i (=[xi, yi, zi]) with a charge of gi in B,

respectively. Hence the total electrostatic potential between A and B is:

|

where R is the separation between the atomic nuclei, the distance between the

(1.38) E g5 = {}‘,q,

Dy }‘,R—f

ik

;m

4 N4
2a.t 2%

m

pixels and the respective distance of each pixel from the nuclei of A and B.
The electrostatic field ¢ exerted by molecule A on molecule B causes polarisation,
a, of the pixels (at point i) in B and vice versa. The linear polarisation energy takes

the form:
1,
(1.39) E ,.=—Ea.g.

The definition of the pixel polarisability makes use of atomic charges and

polarisabilities:

(1.40) o =T ¢
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In order to account for contributions at very short distances a damping function, d;,

is applied:

(1.41) E,. =—%oci(g,.d,.)2 with  d, =exp-

&
(gmax - gi)

Summation over all points i yields the total polarisation energy for the
perturbation of molecule B by molecule A.

The combination of these polarisabilities with an oscillator strength, Eos, enables
the modelling of the dispersion energy. Again, a damping function is introduced to
avoid singularities due to very short inter-pixel distances.

The dispersion energy term is hence formulated as:

(1.42) Eypppp=- E}j Ensf(R )

saL - (R,k) with - J(R)=exp _(Rﬂ_l)

ik

where D is the so called damping threshold distance.
Finally the repulsion energy between two molecules A and B is derived from the

overlap of their electron densities, Sag, as:

(1.43) E epns =K(Sa) with S, = E E[pk (A)pi(B)]V

k,A i,B

At this point it is convenient to examine the repulsive component of the lattice
energy more closely. Electrostatic attractive forces between molecules bring them
into close contact whereas the repulsive forces between the outer electrons of the
molecules counteract the approach. Both attraction and repulsion energies
increase sharply at short intermolecular distances and converge to zero at large
distances. Hence the intermolecular separation observed in a crystal is the
distance at which attractive and repulsive forces balance so that a further
approach of the molecules would result in steeply increased repulsion and further
separation would be accompanied by a significant decrease in attraction. In either

case the total energy will be less favourable than at the equilibrium distance in the
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crystal. In the Pixel algorithm the repulsion and Coulombic energy both depend on
overlap or penetration effects of the electron density envelope®. Hence as the
Coulombic energy increases the repulsion energy will become more destabilising.
Furthermore the calculation of the repulsion energy with the Pixel method is not
ideal for systems in which the interacting electron densities overlap extensively,
such as hydrogen bonded systems. However, this effect is only of particular
concern if second row elements are involved®t. Hence in this work the repulsion
energy will not be extensively discussed.

It should be pointed out that the energy terms above refer to the interaction of two
molecules and that the determination of the total energy of a crystal involves the
summation of these terms over all molecules in the ensemble.

There are four empirical parameters that can be adjusted by the user for Pixel
calculations, namely €max (Epol), D (Edisp), K and y (both Erep). Typical values used by
the program developer can be found in the literatures>.

The total lattice energy computed in this way can then be partitioned into
molecule-molecule contributions making this a useful tool for identifying
significant intermolecular interactions. Particularly in polymorphs where the total
energy difference is small, this method allows the easy recognition of energetic
differences in the intermolecular framework. The suitability of this approach to
calculating the lattice energies of molecular crystals has been thoroughly tested in

the literature8e.
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CHAPTER 2: THE COMPOUND LIBRARY

2.A. Introduction

This project explores how differences in molecular structure affect the solid state
assembly of small organic compounds. Gaining a better understanding of
intermolecular interactions and the balance between electrostatic and steric forces
should offer insight into crystal structure formation and may assist in associating
solid state properties with specific structural features. In order to establish widely
applicable structure property relationships a large proportion of chemical space
has to be considered. Chemical space is vast and complex hence this field is still in
its early stages and variation in solid state structure is not well understood. Recent
studies in this area have been aimed at identifying the pivotal factors in the
relationship between molecular and crystal structure?.

To be able to understand and possibly even predict the variation in the crystal
structures of two different chemical compounds one has to be able to associate the
changes made on the molecule with the changes observed in the crystal packing.
Any deductions formed may only be specific to this one comparison and thus need
to be probed and refined systematically so as to achieve generalization and
applicability to other systems.

A suitable system for such a systematic study comprises a group of closely related
chemical compounds that share a common core structure and only differ in a small
number of substituents. The core should be easy to functionalise to yield as many
similar compounds as possible so that any findings may be quantified. The
exchange of substituents should not drastically vary the overall shape of the
molecule and the introduction of functional groups should be kept to a minimum.
Close packing, which is affected by molecular shape and intermolecular
interaction, should hence be achievable in a similar manner for these similar
molecules whereas differences may be directly linked to the contribution of a

specific substituent.
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The class of compounds forming the basis for this project is the family of mono-
substituted acylanilides in general and mono-substituted acetanilides in particular.
The following sections focus on the chemical structure of the compound library,

nomenclature used in this work and application of some of the library members.
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2.B. The chemical structure and composition of the compound library

The molecular core of the acylanilides shown in Figure 2.1 effectively consists of
two functional parts, providing the following potential interaction sites: the amide

group can facilitate both intra- and intermolecular

H
hydrogen bonding and the aromatic ring provides a
X, - ) , . .
o further site for intermolecular interactions, such as
)J\ -1t stacking. Also shown in Figure 2.1 are the points
X N Y of substitution X and Y, which can occur at either end
X, l of the core molecule and in the case of X the

. o substitution can either be at the ortho, meta or para
Figure 2.1: The acylanilide core

with the positions of substitution, position on the phenyl ring.
X and Y. Only one position X is

substituted at any one time while Variation of the substituent at the amide carbon

the other two positions are

occupied by hydrogen atoms. atom (position Y in Figure 2.1) introduces different
parent compounds, the acylanilides, whereas mono-

substitution at the phenyl ring? forms a subset of compounds for each parent.

Substitution at the amide nitrogen atom was not considered for this project since

this would have eradicated the hydrogen bonding potential of the amide group

also.

The general acylanilide shape can be considered as that of a two-dimensional

object, especially since the aromatic ring and the amide group form a conjugated

system (resonance structures shown in Figure 2.2) and according to hybridization

theory the molecule should be near co-planar.

Such acylanilides are easy to obtain via acylation of the respective substituted

aniline and over the course of twelve months Terry Threlfall kindly produced more

than 400 compounds following the substitution matrix shown in Table 2.1.
H

H
)

|
T~ 7

Figure 2.2: Resonance structures for the amide group as
present in acylanilides. Hydrogen atoms are shown explicitly
for amide nitrogen atoms only.
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Table 2.1 also shows which synthesis yielded crystalline material and where

structure determination from single crystal X-ray diffraction was possible.

X Y H CH3 Csz C3H7 C(Me)3 CF3 OMe OEt NH: Cl
H =3 E e Y ® ® &
p-CF30 g o o g S S & Y &
p-EtO 23 & o ok © © © g
p-MeO EY S S S S o o o
p-Et g ® ® & ® ® ¢
p-iPr Z & g ® ok © ©
p-Bu g o N o EN S g
p-CHs EN S S S S N S ® S
p-F = o o o5 S o 22 o =3
p-Cl & & & & & & @ @ & @
p-Br S S ES ES ES S ES S S @
p-1 & & & & & & ®
p-CF3 & E e e Y & e & & X
p-CN o2 IS S ES & Y S S x
p-NO; =2 S S S S S % N x
p-OH b S g g
p-COOH & $ g S R
p-COOMe & S S %
p-COOEt g & S & g
p-COMe ok & g g
p-NH; &
p-NHCOMe g g
p-0COMe &
p-SO20Me N
p-SO:0Et @/
p-SO2NH: o

X Y H CH3 Csz C3H7 C(Me)3 CF3 OMe OEt NH: Cl
m-MeO © P P P © P N g ©
m-Et g g g g & g g g &
m-CH; g & & % S $ & $ &

m-F S S S S S S S g S %
m-Cl S S S S S S ® % S g
m-Br & & & ® & & ® ® & =3
m-I & E e % Y @ %

m-CF3 23 o ok g © © ¢ % © eg
m-CN 23 & o g & & $ o g

m-NO; 23 & g g & & © ¢ X

m-OH g & o ® g g

m-COOH ok g g

m-COOEt % & & g & S & g
m-COMe % & & & g S g &

m-NH; $1 X

m-NHCOMe X ok

m-0COMe ok ok
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X Y/H CH: CHs CH; C(Me)s CF; OMe OEt NH; Cl

X Y H CH3; C2Hs CsH7 C(Me)3 CF; OMe OEt NH: Cl
0-CH3z ke & & & & & ® 22 22
o-F = & X & & & X X & @
o-Cl X & & & & @ @ S & %
o-Br $ o o o & & ® g & ®
o-I & & X X & & X &
0-CF; & & & & & & & 22 & X
0-CN x ® % % S g ® ® g
0-NO; & ® g % ® ® % g g
o-‘Bu g o ok ok o ok g g

X Y H CH3; C2Hs CsH7 C(Me)3 CF; OMe OEt NH- Cl
2-pyridyl ® $ ok ok ok ¢
3-pyridyl & ¢ B $ % %
4-pyridyl * & e ok % ok %
2-pyrimidyl | o ok ok 2

© = crystal structure determined

% = crystallised, awaiting data collection
§ = not desired reaction product

X = crystal structure determination failed?
g = are crystallising

1'This compound reacted further to yield the doubly acylated product Me:m-NHCOMe.
2Failure due to one of the following: micro-crystalline material, no diffraction observable or
undesired product.

Table 2.1: Matrix used for synthesis of mono-substituted acylanilides. The symbols in each cell
indicate whether synthesis yielded crystalline material and whether structure determination
resulted in the desired product.

The major limiting factor for structure determination was crystallization time, in
this context meaning the time from the initial reaction to occurrence of crystalline
material (For a further discussion of this matter and detailed synthesis c.f. Threlfall
et al.3). In summary, out of 403 reactions, crystalline material was obtained for 333
samples from which 269 crystal structure determinations originated contributing
212 structures to the acylanilides library. So far only six of 333 crystalline samples
have failed to yield a structure due to poor diffraction. 58 samples are still awaiting

data collection. Furthermore 37 crystal structures of undesired products were
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determined and their crystallographic data have been deposited on the eCrystals
archive*. A full list of deposition numbers can be found in Appendix 2-1.

Originally only acetanilides (Y = CH3) were considered, which is reflected in the
near-complete respective column of the compound matrix. The systematic study of
the crystal structures of this sub-family forms the major part of this thesis with
Chapters 4 and 5 discussing the results obtained. However, the investigation was
soon extended to other acylanilides to probe the influence of substitution at the
amide carbon atom on intermolecular hydrogen bonding. Conformational
flexibility was increased by longer alkyl residues (e.g. C3H7), steric hindrance
created by bulkier substituents (e.g. ‘Bu), the electronic character altered (e.g.
OMe) and competing interaction sites introduced (e.g. NHz). Some of the findings
from the systematic analysis of the crystal structures of this extended compound
library are presented in Chapter 6. The selection of substituents X can be divided
into three categories: (1) Rotationally symmetric substituents, (2) rotationally
asymmetric substituents and (3) substituents with hydrogen bonding
functionality. However, a limiting factor for the choice of X was commercial
availability of the mono-substituted aniline. Following the principle of a systematic
series in the more traditional chemical sense, the substituents included alkyl and
alkoxy residues of variable length and branching as well as the halogen atoms
(categories 1 and 2). Also functional groups (e.g. hydroxy, amino, cyano) were
chosen to investigate the competition between hydrogen bonding sites of varying
proximity (category 3). Furthermore the compound matrix for synthesis contains
pyridine and sulfonyl derivatives, which change the functionality of the aromatic
ring significantly. These are part of a separate study not discussed in this work and
are only shown for completeness.

In addition to synthesis, the CSD was searched for crystal structures of any of the
ten acylanilides shown in Table 2.1 yielding a total of 71 structures®. Of these, 33
crystal structures were re-determined at low temperature (120K) during this
project to obtain parameters of increased accuracy, so that 38 structures were
included as found on the CSD (a full list of structures and references can be found
in Appendix 2-2). Tables 2.2 to 2.4 summarise the compound library at the time of
writing as follows: circles refer to newly determined crystal structures, empty

stars represent structures only found on the CSD and filled stars denote re-
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determined structures. Some of the acylanilides were found to be polymorphic and
this is indicated by multiple symbols within one cell. It should be noted here that
the objective of this project was not to screen for polymorphism in any of the
compounds, but multiple crystal structures were simply observed during synthesis
and/or crystallisation or were identified from the literature.

Hence by combining high throughput crystal structure determination and database
mining the acylanilide library contained 255 unique crystal structures at the time
of writing. Of these, 64 crystal structures belong to the acetanilide family, with 44
structures determined during this project (27 newly identified and 17 re-
determined structures, which have been deposited on the eCrystals archive c.f.
Appendix 2-3 for deposition details) and 20 other acetanilide structures only
found on the CSD.

In this way, an extensive wealth of crystallographic data was obtained in a very
short time enabling several structure comparisons: Within each parent series,
variation in crystal packing can be assessed not only for the different types of
phenyl substituents but also for the position of substitution. Furthermore, for a
specific substituent X at position s, crystal structures can be compared across the
set of parents Y. These comparisons form the basis for the final chapter. It is worth
mentioning that the compound library is by no means complete and extension is
possible in many ways as long as the molecular structures remain comparable (i.e.
the chemical nature of the compound is maintained). This matter is discussed in

more detail in subsequent chapters.
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SFg
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Table 2.2: The library of crystal structures of para-substituted acylanilides including the
unsubstituted parent acylanilides. The legend is as follows:
* = found on CSD; @ = new determination; * = redetermination
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META | H:mX | Mem-X | Etm-X | PrmX | 'gym.x | CFaimX | OMe:m-X | OEt:m-x | NHp:m-X
X Y H CHj, CyHg CsH, C(CHg) CF3 OCH4 OC,Hg NH,
Fo|@ O (O] (©) ©) (©) (O] (©)
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Table 2.3: The library of crystal structures of meta-substituted acylanilides. The legend is as
follows:
5’\3 = found on CSD; @ = new determination; * =redetermination
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RTH H:io-X | Me:o-X | Eto-X | PrioX | !'gy.o.x | CF3:0X | OMe:o-X | OEt:o-X | NHp:o-X
. Y H CHg CoHg CaH; | C(CHy) CFy OCH; | OC,Hg NH,
F O O o
o sl |e o0
Br ’.{ " .' ‘.

CH </\ ,\/\ .
3 AR

CFy ‘.

CN

NO,
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O
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Table 2.4: The library of crystal structures of ortho-substituted acylanilides. The legend is as
follows:
71\\\7 = found on CSD; @ = new determination; * = redetermination
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2.C. Nomenclature

With such a variety of compounds the use of a compound identifier that is simple
yet intuitive and fully descriptive of the substitution pattern is vital for quick
unambiguous identification of the chemical in question. Such identifiers were
derived based on Figure 2.1 and have the general syntax Y:s-X, using the chemical
formula or its common abbreviation (e.g. CHz is commonly abbreviated as Me) as
notation for the substituents X and Y, so that the acylanilide parent is specified
first, followed by the position of aryl substitution and then the ring substituent. If
the chemical formula is used for X or Y then the order of elements in this
abbreviation should be such that the element directly bonded to the core molecule
is written first and subsequent elements should be in an order that resembles the

connectivity where possible. The principle is demonstrated in Figure 2.3.

O 0]
(A) VS. §—04<
o0O——
COOMe 0OCOMe
H (0]
N o) H
(B) »,1( \f VS. A N 7~
NHCOMe CONHMe

Figure 2.3: Two examples (A) and (B) of isomeric substituents and their
labels as used in this study.

Finally s indicates the position of substitution on the phenyl ring and can be o, m or
p for ortho-, meta- and para-substitution, respectively. A summary of the parent

acylanilides chosen for this project can be found in Table 2.5.
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Y IUPAC name Name used in study Compound ID
H N-phenylformamide formanilides H
CH3 N-phenylacetamide acetanilides Me
CzHs N-phenylpropanamide propionanilides Et
C3H7 N-phenylbutanamide butyrylanilides Pr
tBu 2,2-dimethyl-N- trimethylacetanilides tBu

phenylpropanamide
CF3 2,2,2-trifluoro-N- trifluoroacetanilides CF3
phenylacetamide
OCHs3 methyl phenylcarbamate methyl phenylcarbamates OMe
0C2Hs ethyl phenylcarbamate ethyl phenylcarbamates OEt
NH: N-phenylurea N-phenylureas NH;
Cl phenylcarbamic chloride phenylcarbamic chlorides Cl

Table 2.5: Summary of parent acylanilides synthesised as part of this study including IUPAC
names and short abbreviations used for the compound identifiers.

According to this procedure the compound identifier for para-chloro acetanilide is
Me:p-Cl. This can also be applied in a more general manner so that all meta-
substituted trifluoroacetanilides are abbreviated as CFz:m-X, a range of ortho-
methyl acylanilides are denoted as Y:0-Me and if no distinction is made between
the position of substitution on the phenyl ring, e.g. iodo formanilides, then the
generalised syntax H:s-I is used. In cases where more than one crystal structure is
known, the differentiation between polymorphs is made based on differing crystal
systems, e.g. Me:p-Me has a monoclinic and an orthorhombic form, so that the first
letter of the crystal setting is included in parenthesis, e.g. Me:p-Me(m) and Me:p-
Me(0)°. Should the crystal setting be the same for several polymorphic structures,
then a simple integer count indicates the number of varying crystal assemblies, e.g.
Me:p-OCOMe(m1) and Me:p-OCOMe(m2) where the numbering follows the
sequence of occurrence. The pure parent acylanilide, i.e. X=H, is expressed as Y:H
leaving s undefined since all ring positions are occupied by hydrogen only, e.g.

methylcarbamate is abbreviated as OMe:H.
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2.D. Chemical Applications

The library introduced above contains such a large number of chemical
compounds that compiling an exhaustive review of the uses and applications of
each individual one is beyond the scope of this project. This actually raises an
interesting almost philosophical issue regarding the nature of publishing research
data and the way chemical studies are conducted from a crystallographer’s point of
view. Traditionally a chemical investigation’ deals with very few compounds at a
time and focuses on synthesis and characterization, whilst the study is seldom
truly application-driven. This is not because there has been a lack of interest in the
latter, but producing and analysing a ‘new molecule’ is time consuming and
application tests often involve specialized equipment different to synthesis, so that
traditionally the search for a new chemical and the search for a new material are
focus of separate research areas without much overlap. Technical advances over
the past few decades have introduced automation to both the synthetic and
analytical processes so that nowadays chemicals can be studied rapidly® and the
more recent literature demonstrates this trend containing frequently studies of
sets of compounds® rather than isolated cases. On the other hand this increased
output generates the problem of how to publish all this datal®. Furthermore the
challenge of an ever increasing need for new functional material, whether in
environmental science, healthcare or nanotechnology to name but a fewl!l,
requires the ‘modern’ chemist to employ an interdisciplinary approach. Again the
recent literature reflects this development to some extend; it is not sufficient any
longer to publish a crystal structure on its own, but value is added through analysis
of properties, such as electric or magnetic behaviour, in the search for chemicals
with enhanced performance over materials in present use.

However, it is still early days and there is little literature available concentrating
on a whole class of compounds and their relevance as functional material. There
are a few exceptions, e.g. the Merck Index'?, the Dictionary of Substances and their
Effects (DOSE)!?® and various Encyclopedias (such as the Encyclopedia of
Agrochemicals#), but these are specialist reference works mainly aimed at

industrialists and access is seldom granted via library subscriptions.

61



CHAPTER 2 THE COMPOUND LIBRARY

Another aspect comes into consideration here: assuming a sizable set of
compounds was available and that tests for utilizable properties have been
performed, only ‘positive’ results are deemed publishable’>. Unsuccessful attempts
are poorly documented in the public domain, as they are not break-through
findings or not what was set out to achieve, so why waste the time on a write-up?
As the number of chemicals produced (and the amount of experimental data
available) increases ever more rapidly, it has become feasible to mine available
data and search for generally applicable rules. Access to both positive and negative
results is thus paramount if a thorough understanding is to be reached. Only then
can the field of chemoinformatics fully emerge as a powerful areal®. Data
repositories and archives have been designed!” to address this point and current
developments are aimed at ‘stringing’ all this data together to enable
comprehensive searches for chemicals, e.g. ChemSpider!8. A resource that should
not go without mention in this context is Wikipedial®. This web-based, free-
content encyclopedia is compiled by Internet users, whose articles may be
reviewed and changed at any time by anybody. Over just nine years Wikipedia has
grown into a source containing millions of articles in multiple languages. Although
not peer-reviewed as the traditional paper-based literature, Wikipedia relies on
verification of contributions from published sources and the presented material
must contain relevant supporting citations. Articles evolve over time and one has
to be critical of any information within, but nevertheless, Wikipedia is an excellent
resource to find out about the basic chemistry and applications of many
compounds.

The digression above discusses the difficulties encountered whilst reviewing the
literature in search of applications of acylanilides and hence the following section
constitutes a brief summary of the relevance of the phenyl amide core and of the
application fields for a few individual compounds that are extensively described in
the literature.

The phenyl amide core plays an important role in many different areas. Many
biological moieties contain amide bonds??, termed peptide bonds, linking amino
acids together to form polypeptides and proteins. Hence phenyl amides present
good model compounds for these much more complex biological systems2122,

Studying structural phenomena such as hydrogen bonding (HB)?3 and cis-/trans-
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isomerism?* helps in understanding the chemical behaviour of peptides and
proteins?> and stabilization of their secondary structure?é.

The ability to form chains of molecules linked together by an amide bond is also
utilized in the production of rubbers and fibres, for example the synthetic fibre
Kevlar is an aromatic polyphenylamide?’. Other polymers widely used are
polyurethanes, where the units are linked through carbamate bonds?. These
polymers are produced by addition of polyisocyanates. Methyl N-phenyl
carbamates are precursors for the manufacture of polyisocyanates, which are also
employed in pesticide production?°.

Commercially many arylamide modifications are manufactured as pesticides,
fungicides and herbicides, with the so-called chloroacetanilides being among the
most commonly used herbicides in agriculture3?. Further related herbicides widely
used are such containing formanilides3!, acylanilides, carbanilates, carbamates and
phenylureas3233. These industrial herbicides are somewhat more complex
derivatives of the acylanilides studied in this project but as for peptides the library
presented here contains many suitable model compounds for these commercially
important chemicals3435. Acylanilides have also been used in the development of
agrophore models for the discovery of new potential leads as chemical hybridizing
agents (CHAs), which induce male sterility in self-pollinating crops hence allowing
pollination from other sources3®.

Formanilides are another important class of chemicals and they have found wide
applications including the synthesis of biologically active compounds, e.g.
quinolone antibacterials and chemotherapeutic agents3’. They can be further
utilized as precursor of biphenyl aniline derivatives, which have been recognized
for their anti-phlogistic, analgesic, anti-obesity and anti-tumor activity3S.
Formanilides can also be used in the synthesis of poly(imino-1,4-phenylene), a
material employed in electrochemical devices and battery electrodes?’. In addition
compounds containing the N-formyl functional group have been found in extracts
of fragrant flowers, hence being of relevance to the perfume industry, and they
play an important role as Lewis bases*0.

Another major area that makes use of arylamides is the pharmaceutical industry.

The acetamido moiety is one of the most frequently occurring organic substituents
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in drug molecules*! and acylamides are commonly used as protective groups for
amines in synthesis*2.

The most prominent member of the compound library is para-hydroxy acetanilide,
more commonly known as Paracetamol. It belongs to a group of analgesic and
antipyretic acetanilides, which also includes acetanilide [Me:H] and para-ethoxy
acetanilide [Me:p-OEt], introduced on the market as Antifebrin*3 and Phenacetin##,
respectively, and para-bromo acetanilide [Me:p-Br]%. Initially Paracetamol was
disregarded as commercial drug due to adverse side effects, and Antifebrin and
Phenacetin were widely used as pain and fever relief from the end of the 19th
century until the last half of the 20th century*t. However, several decades after the
biological activity of Paracetamol was established it was shown that Paracetamol is
in fact a metabolite of Antifebrin and Phenacetin and much better tolerable by the
human body than its precursors*’. Furthermore it was proven that the initially
observed side effects were spurious findings and subsequently Paracetamol
entered the commercial market whilst Antifebrin and Phenacetin were withdrawn
due to their toxic properties 48. The original patent on Paracetamol has long since
expired and nowadays Paracetamol and many formulations thereof are available
worldwide under a multitude of brand names*’. Another para-substituted
acetanilide that is connected with Paracetamol is para-acetoxyacetanilide [Me:p-
OCOMe], which was developed as a prodrug for Paracetamol®?. Despite the
beneficial effects Paracetamol exhibits a few undesired properties, which are
mainly poor compaction behaviour and bad taste. Para-acetyloxyacetanilide
showed promise and similar bioavailability to Paracetamol and posed a potential
derivatisation to overcome the bad taste problem>!. However, the compound
exhibited polymorphism52 (albeit no phase transitions were detected upon
grinding) and it is not clear whether Me:p-OCOMe ever entered into commercial
production. Incidentally it has been shown that Paracetamol has two polymorphic
forms stable under ambient conditions and one metastable polymorphic form53.
The stable polymorphs are monoclinic [Me:p-OH(m)] and orthorhombic [Me:p-
OH(o)] Paracetamol, respectively, with the monoclinic form being
thermodynamically favoured. The crystal structure of the third form has been
elusive for many years and been focus of many discussions®4, however recent

efforts have concentrated on elucidating the solid state structure>> and
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characterising this third polymorph>®. Of the two kinetically stable polymorphs the
orthorhombic form is the preferred for tableting since the molecules stack in
layers in the crystal and the inherent slip planes enable plastic deformation of the
solid as occurs in tablet formulation®’. This example demonstrates how crystal
structure features can directly affect physical properties of a solid. Paracetamol
finds further application in the manufacture of azo dyes and photographic
materiall2.

Other commercially important acetanilides are the aminoacetanilides [Me:s-NHz],
which occur as intermediates in the production of azo dye products and in
pharmaceutical manufacture!3, and ortho-cyano acetanilide [Me:0-CN], which is
used in pharmaceutical heterocycle synthesis®®, whilst ortho-acetamidobenzoic
acid [Me:0-COOH] has been studied for its triboluminescent and birefringent

properties>°.
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CHAPTER 3: EXPERIMENTAL

This chapter summarises all routine procedures used in the various
crystallographic and theoretical experiments in order to avoid unnecessary
repetition in latter chapters. Deviations from any of these routine procedures are

pointed out where applicable.

3.A. Crystal Structure Determination from Single Crystal X-ray Diffraction

X-ray diffraction data were collected by means of combined phi and omega scans
on a Bruker-Nonius KappaCCD area detector situated at the window of a rotating
anode (Mo-K, radiation, A = 0.710734; graphite monochromated radiation or
10cm confocal mirrors radiation). The structures were solved by direct methods
with SHELXS-971 and refined on F? using SHELXL-97! as implemented in the
WinGX? suite of programs. Anisotropic displacement parameters were assigned to
all non-hydrogen atoms. Hydrogen atoms bonded to carbon atoms were included
at calculated positions and the thermal parameters were constrained to ride on the
atom to which they are bonded. Any other hydrogen atoms (mostly amide
hydrogens) were located on the difference map and the bond distances were
restrained to idealised values. Thermal parameters for those hydrogen atoms were
refined isotropically in the majority of structures, or, if badly behaved, were
refined as riding on the atom to which they are bonded. The data were corrected

for crystal anomalies and absorption effects using SADABS V2.103.
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3.B. Crystal Structure Comparison with XPac

In order to perform an XPac analysis the molecular shape of the various
compounds has to be described adequately and thus an ordered set of
corresponding points (COSP) has to be defined for the library. Given that the
acetanilide compounds discussed in this thesis only vary in one substituent
position, one COSP choice could comprise the whole core, i.e. the acetamido group
together with the phenyl ring giving a total of 10 points. However, there is an
apparent spread of torsion angles between the amide group and the phenyl ring
ranging from near planarity to approximately 80° rotational offset especially in the
ortho acetanilide family of compounds. Such a 10-point COSP would yield a high
consistency index dcon indicating that the described arrangement of points lacks
similarity due to the different torsion angles. At this stage the objectives of the
structure comparison should be considered and incidentally the question asked
whether conformational changes of the backbone are relevant to assessing
common crystal packing features. For this work this is not the case. In order to
accommodate rotational freedom of the phenyl ring, the COSP was constructed so
that the ortho and meta carbon atoms of the phenyl rings were excluded, hence
giving a general COSP of 6 atomic positions for
all acetanilides as shown in Figure 3.1. In crystal
structures with more than one molecule in the
asymmetric unit (ASU) an ordered set of points
(OSP) was defined for each independent

molecule. During the actual XPac analysis the

three  different default cut-off levels,

summarised in Table 3.1, were applied to allow fgjgure 3.1: Standard COSP as used in
the crystal structure comparison of
mono-substituted acetanilides and
acylanilides.

for angular and longitudinal variations across
the series of mono-substituted acetanilides and
acylanilides. The optimum setting was then used in a final crystal structure

comparison cycle.
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Cllt-Off level Sang [O] Sdhd [O] Stor [O]

low 7 13 13
medium 10 18 18
high 12 25 25

Table 3.1: The default cut-off levels as available in
XPac.
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3.C. Theoretical Calculations

All theoretical calculations were performed using the Magellan Cluster provided by
the National Service for Computational Chemistry Software (NSCCS)*. This is a
224-core Silicon Graphics Altix 4700 with 1.6GHz Montecito Itanium2 processors,
896GB memory and 15TB of disk space.

3.C.1. Conformational Analysis

During the course of the study it was found that the dihedral angle between the
aromatic ring and the amide group varied significantly, hence a conformational
analysis was commenced. In order to evaluate the potential energy surface with
regards to the rotation about a (Figure 3.2) theoretical calculations in the gas
phase were performed as subsequently detailed. The molecular geometry as

determined in the crystal structure was used as

starting configuration in all calculations, which |

were performed with the Gaussian 03 suite of Xp H
programs®. The experimental parameters were i
allowed to relax in a geometry optimisation )L
except for the torsion angle a, which was X o T Y
restrained using the AddRedundant option X, H

implemented in g03. The torsion angle a was Figure 3.2: The torsion angle o is

sampled in 36 steps with an incremental step defined as the angle of rotation about
the C-N bond between the aromatic
size of 10°. Smaller increments would have ringsystem and amide group.
increased the computational cost beyond the scope of this project. Geometry
optimisations were set up as multi-stage optimisations, starting with the semi-
empirical method AM1, allowing fast principal adjustment of a to the desired
conformation. In the next step the AM1 optimised geometric parameters were
further optimised switching to ab initio Hartree Fock (HF) methods in order to

increase the accuracy of the calculated parameters. The basis set was gradually

increased from 3/21G to 6/311G and lastly to the highest level of theory used in
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this study 6/311G**. Finally single point energies were computed employing
Density Functional Theory (DFT) at the 6/311G** level to allow for electron
correlation. The Becke three-parameter exchange functional was used in
combination® with the gradient corrected exchange-correlation potential of Lee,
Yang and Paar? (B3LYP).

The choice of basis sets was governed by the availability of basis set parameters
for all elements found in the acylanilides. However iodine is rarely parameterised
in standard basis sets and hence iodoacetanilides could not be included in the

calculations.
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3.C.2. Lattice Energy Calculations

Lattice energies were calculated with Gavezzotti's OPiX suite of programs®
following the Pixel method as described in Chapter 1. The typical workflow for
such a calculation is depicted in Figure 3.3. The modules RETCIF, COOR and MAT2
are essentially file format converters, whereby the initial input is in form of a
crystallographic information file (cif) and the output of MAT2 yields an instruction
file for Gaussian03. The last module, PIXEL, then performs the actual lattice energy

summation.

i YU getar ——>(C oih

\/

'BJ MAT2 .oeh <—i| COOR
>~ gif ilGAUSSlANo3 L »( den

Figure 3.3: A typical workflow for calculation of lattice energies
using the pixel method.

RETCIF is designed to convert cifs in CSD format, but the largest proportion of cifs
used in this study were produced in the format of SHELXL-971, the refinement
software. Hence manual editing was required before the cifs could be processed by
RETCIF. Given the large number of files this step was automated with the Perl®
script prepcif.pl. After conversion of the crystal structure coordinates from cif to
the Gaussian03> input format (steps 1 to 3 in Figure 3.3) the molecular electron
density was then calculated with Gaussian03 (g03). The default level of theory,
second order Mgller Plesset perturbation theory (MP2) with a 6/31G** basis set,

was adopted throughout to compute the valence density (‘cube=frozencore’ option
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in g03). Finally intermolecular energies were calculated by the semi-classical
density sums using the PIXEL module. PIXEL also produced the total lattice energy
as the sum of intermolecular electrostatic, repulsion, polarisation and dispersion
contributions. Default values for all variable parameters were used throughout.
The workflow from steps 1 to 4 in Figure 3.3 was automated with the Perl script
runOPiX.pl and the energy calculation (step 5) was controlled with the Perl script
runpixelc.pl. This latter script initiated lattice energy calculations for those
compounds only, for which the electron density was successfully computed with
g03 in the previous step. A log file was produced highlighting erroneous g03 runs
for further manual inspection. Once all calculations were completed the
intermolecular interaction energy and total lattice energy values (in kJmol1) were
extracted from the Pixel output file using the Perl script getEnergies.pl. All Perl
scripts mentioned previously were designed as part of this project and can be
found in Appendix 3-1.

Lattice energies could not be estimated for iodoacetanilides and Me:p-COOOH
since iodine is not part of the standard basis set used during the molecular
electron density computation and COOOH is not parameterized for the Pixel
summation. Furthermore the algorithm was found unsuitable for structures
containing two independent molecules in the ASU. In these cases problems were
encountered during the summation of the intermolecular interaction energies
leading to gross over-estimation of the energies. This affected the structures
Me:m-Cl, Me:m-Br(m), Me:m-Br(o), Me:p-SFs, Me:p-NOz, Me:p-NMez, Me:p-
OH(02) and Me:p-O'Pr. Lastly, the lattice energy could not be calculated for
Me:m-NO: as this compound crystallises with four independent molecules in the

ASU hence exceeding the Z’ limit of the pixel code.
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CHAPTER 4: STRUCTURAL SYSTEMATICS OF ACETANILIDES

During this project a compound library of 64 crystal structures of mono-
substituted acetanilides was compiled, of which 44 were determined by single
crystal X-ray diffraction. Subsequently all crystal structures in the library were
compared with each other using the XPac algorithm in the search for packing
similarity. In the first part of this chapter some details of the acetanilide crystal
structures are summarised whereas the second part of this chapter focuses on the
results from the crystal structure comparison and their interpretation. It should be
noted that hydrogen atoms were omitted for clarity from most pictures in this
chapter with the exception of hydrogen atoms on HB functional groups. The
molecular connectivity found in the crystal structures is not primarily part of the

discussion in this chapter but is further considered in Chapter 5.

4.A. Crystal structures of 64 mono-substituted acetanilides

The 64 crystal structures in the acetanilide compound library can be divided into 9
ortho-substituted, 12 meta-substituted and 23 para-substituted newly determined
acetanilide crystal structures with the remaining 20 structures harvested from the
CSD. It should be noted here that of the 23 para-substituted acetanilide structures
those of Me:p-Br(m) and Me:p-Br(o) were determined by Chris Frampton (CSF)?!
and the resulting cifs kindly provided for this study. However, during this study
two different crystalline samples of Me:p-Br were produced and their unit cells
were confirmed to match the two structures obtained from CSF.

The reflection data for Me:p-OH(m) were collected at a lower temperature and to
a higher resolution than is the standard laboratory routine. This was done for the
purpose of a charge density study not further mentioned in this work. The known
monoclinic crystal structure was unambiguously confirmed, but in order to ensure

the crystal structures used in the similarity search were generated at comparable
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ambient conditions, one of the Me:p-OH(m) crystal structures available on the
CSD was used here instead.

In addition, the unit cell of a crystalline sample of Me:H was confirmed to be the
same as those already in the CSD. Since there is an abundance of identical crystal
structures on the database for this compound, the crystal structure was not re-
determined and a low temperature structure representative from the CSD used
instead.

As mentioned in the previous chapter, during the crystallisation process
polymorphism was observed for some compounds, which are shown in Tables 2.2
to 2.4 as multiple entries per individual cell. The acetanilides crystallising in two
polymorphic forms are Me:0-Cl, Me:o-Me, Me:m-Br, Me:p-Br, Me:p-Me, and
Me:p-OCOMe. Of these, four structures were previously unknown [Me:o-Me(m),
Me:m-Br(m), Me:p-Br(m) and Me:p-OCOMe(m2)]. Me:p-OH is known to be at
least trimorphic?, but the meta-stable form has been elusive and basis for many
speculations over the years3. Recently, a crystal structure of Me:p-
OH(o02)obtained from powder diffraction data and molecular simulation has been
published*. Although all other structures considered in this work were determined
from single crystals, it was deemed worthwhile to probe the Me:p-OH(02) crystal
assembly for any similarity with the other polymorphs of the compound in
particular and with the acetanilide structures in general. The polymorphic
behaviour of acetanilides is discussed in more detail in the subsequent chapter.

In the following the most relevant crystal structure details for all structures in the
acetanilide library are presented as follows: (I) compound identifier, IUPAC name
and sum formula; (II) the content and labelling scheme of the ASU is shown in a
thermal ellipsoid plot for those structures determined during this project or in a
capped stick representation for the structures from the CSD; (III) unit cell content
in capped stick representation with any disorder and hydrogen atoms omitted for
clarity; (IV) table containing unit cell parameters, unit cell volume, Z and Z’ as well
as the data collection temperature. The graphics were produced using Mercury
Materials® and the IUPAC names were generated with the ADC/IUPAC Name Web
Service available through the Chemical Database Service at Daresbury®. The full

details for all determined crystal structures can be found in Appendix 4-1.
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4.A.1. Ortho-substituted acetanilide crystal structures

Me:o-F CsHsFNO N-(2-fluorophenyl)acetamide

The substituted phenyl ring was found to be disordered over two positions and the disorder

ratio refined to 82:18%. The minor component is shown in faded colours in the thermal ellipsoid

plot on the left.
a [A] b [A] c[A] af] BI1 AN
10.5132(4) 9.4393(3) 15.1635(5) 90 90 90
space group V [A3] Z A T [K]
Pbca 1504.78(9) 8 1 120(2)
Me:o-Cl(m) CsHsCINO N-(2-chlorophenyl)acetamide

Ci

H8 QK b J— C\
N1 —A
3 O
S \
/
_r
a[A] b [A] c[A] a[] BI] vl
4.7468(4) 11.699(1) 14.640(2) 90 95.74(2) 90
space group V [A3] Z A T [K]
P2i/n 808.924 4 1 100
Me:o0-Cl(0) CsHsCINO N-(2-chlorophenyl)acetamide
e
‘QI1 HIN ¢ =
Jco 'Q,\ AN
& v ¥ \
[ X—T b
N f‘/ 1
1 W
- N Y ¢
: 0
a[A] b [A] c[A] a[] BI] vl
10.5174(2)  9.4252(4)  16.2656(6) 90 90 90
space group V [A3] Z A T [K]
Pbca 1612.39(10) 8 1 120(2)
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Me:o-Br CsHsBrNO N-(2-bromophenyl)acetamide
Fooo~ )\
N
~7
L/ A
g g
a [A] b [A] c[A] af] BI1 vIl
4.7808(1) 11.9344(5) 14.6859(5) 90 96.820(2) 90
space group V [A3] Z A T [K]
P2:/n 831.99(5) 4 1 120(2)
Me:o-I CsHsINO N-(2-iodophenyl)acetamide
| X
oL
ge
a [A] b [A] c[A] af] BI1 vIl
4.7969(1) 12.4977(3) 14.6790(3) 90 98.336(1) 90
space group V [A3] Z A T [K]
P2:/n 870.71(3) 4 1 120(2)
Me:o-Me(m) CoH11NO N-(2-methylphenyl)acetamide
X
AN q / \ ‘
0
Lo - / —
a [A] b [A] c[A] af] BI1 vIl
11.1083(6) 4.8283(3) 15.2681(7) 90 99.170(3) 90
space group V [A3] Z A T [K]
P21/n 808.43(8) 4 1 120(2)
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Me:o-Me(o0) CoH11NO N-(2-methylphenyl)acetamide
>
: 7 Ij —
'e
SUR=ad
_<
.=, 0
< e
o<
a [A] b [A] c[A] af] BI1 vIl
8.9608(10)  12.4784(17) 15.012(2) 90 90 90
space group V [A3] Z A T [K]
Pbca 1678.588 8 1 298
Me:o-‘Bu C12H17NO N-(2-tert-butylphenyl)acetamide
\(\ d &@ %
- _‘/, (Nf\, />/_‘
Pk A~ LRSS
D= >
1 1
5 o />f\$(\% %
) AN\ />
AR ov\, b

The unit cell content is shown from two perspectives; a random unit cell orientation (left) and

viewed along the c-axis of the unit cell (right).

a[A] b [A] c[A] a[] BI] vl
16.2982(6)  16.2982(6)  17.0833(6) 90 90 90
space group V [A3] Z A T [K]
14cd 4537.9(3) 16 1 120(2)
Me:o-CF3 CoHs F3NO N-[2-(trifluoromethyl)phenyl]acetamide
& N
a[A] b [A] c[A] a[] BI] vl
47821(4)  134170(16)  13.9793(15) 90 92.527(7) 90
space group V [A3] Z A T [K]
P21/n 896.06(16) 4 1 120(2)
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Me:0-CN CoHsN:0 N-(2-cyanophenyl)acetamide

/

b\«"\« N \\
P A

~N /
A
~ .
\, Vo o /\
a [A] b [A] c[A] af] BI1 vIl
3.8114(4) 11.3360(14)  18.3264(17) 90 90 90
space group V [A3] Z A T [K]
P21212; 791.81(15) 4 1 120(2)

Me:0-NO, CsHsN203 N-(2-nitrophenyl)acetamide

3 2

-N P »,,7,"/'/ - \

a [A] b [A] c[A] af] BI1 vIl
10.5564(4) 4.9758(2) 15.4117(5) 90 97.134(2) 90
space group V [A3] Z A T [K]
P21/n 803.26(5) 4 1 120(2)
Me:0-COMe C10H11NO2 N-(2-acetylphenyl)acetamide

1 10 ~
6/1) Hit o _— X
k. ST
ds L
) a \'—\/\ -

a— N ~

a[A] b [A] c[A] al] BI] v

7.765(7) 8.699(7) 15.805(13) 90 119.35(7) 90
space group V [A3] Z A T [K]
P2,/c 930.558 4 1 298
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Me:0-COOH CoH9oNO3 2-acetamidobenzoic acid
H1 o
Q{O f //%
‘ H2 ) P ~
W\\Cz N1 eﬁ = _«—f///%
) \ i A = A
: Q(\\m1 _,/:? > _,/f) -~
\VC4 o s /f/%jﬁ/
a[A] b [A] c[A] al] B vl
30.014(3) 10.5150(12)  10.5839(12) 90 90 90
space group V [A3] Z A T [K]
Fdd2 3340.249 16 1 100
Me:0o-NHCOMe C10H12N202 N,N'-1,2-phenylenediacetamide

\}’,C?/ )N N,

?m}*g H1&2//§3\02 S @f/( N @
= PRyY
Q v

7 s ¥oN
—\ﬁ&\z{aL (as N
a [A] b [A] c[A] a[] BI v
14.490(1) 9.246(1) 15.928(1) 90 113.051(10) 90
space group V [A3] Z A T [K]
C2/c 1963.565 8 1 173
4.A.2. Meta-substituted acetanilide crystal structures
Me:m-F CsHsFNO N-(3-fluorophenyl)acetamide
.
s P
- T
A
a [A] b [A] c[A] a[] BI v
12.1766(4) 9.5024(3) 12.9638(5) 90 90 90
space group V [A3] Z A T [K]
Pbca 1500.00(8) 8 1 120(2)
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Me:m-Cl CsHsCINO N-(3-chlorophenyl)acetamide
7 HING
N % e I~ {
¢ 1 , U \\2 A \Q\
) A 15
vCI2 H11 4 /L»Lj ~ Q

X 13 !
4 7 ( N A%
1817 13 N Y
M IR cn X

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, except for a difference in the dihedral angle between the plane of the aromatic
ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-glide symmetry.

a [A] b [A] c[A] af] BI1 vIl
4.7667(1) 18.4984(4) 18.6318(4) 90 90 90
space group V [A3] Z A T [K]
P212121 1642.88(6) 8 2 120(2)
Me:m-Br(m) CsHsBrNO N-(3-bromophenyl)acetamide

. w4
A ~
\’Q " e /O\
MV A

. P
1 « 15
- ‘I‘!HN '3 A ,\\
Bri ¢
< 17 11 O/ Ul _\Q\ .
11 o /_

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, except for a difference in the dihedral angle between the plane of the aromatic
ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-2; screw symmetry.

a[A] b [A] c[A] al] BI] v

19.855(2) 5.002(1) 18.336(2) 90 108.655(4) 90
space group V [A3] Z A T [K]
P21/c 1725.4(3) 8 2 120(2)
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Me:m-Br(o) CsHsBrNO N-(3-bromophenyl)acetamide

\.\/\/ N
| Vv 'V;

/:f g /\/'/

\ r ‘\_

AN X

NN L L,
N4 A

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, except for a difference in the dihedral angle between the plane of the aromatic
ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-glide symmetry.

a[A] b [A] c[A] a[] BI] vl
4.7836(6) 18.765(1) 19.379(2) 90 90 90
space group V [A3] Z A T [K]
P212121 1739.541 8 2 299
Me:m-I CsHsINO N-(3-iodophenyl)acetamide
AN N —'\JO\
o or
0 Y
. : /
a[A] b [A] c[A] a[] BI] vl
4.9076(5) 9.7504(8)  18.6116(11) 90 90 90
space group V [A3] Z A T [K]
P2:2:2; 890.58(13) 4 1 120(2)
Me:m-Me CoH11NO N-(3-methylphenyl)acetamide
e X
) - A
a[A] b [A] c[A] a[] BI] v
12.2837(4)  9.4548(4) 7.3046(3) 90 99.932(2) 90
space group V [A3] Z A T [K]
P21/c 835.64(6) 4 1 120(2)
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N-[3-(trifluoromethyl)phenyl]acetamide

Me:m-CF3 CgHs F3N0

The trifluoromethyl group is disordered over two positions and the disorder ratio refined to

94:06%. The orientation of the minor component is shown in faded colours in the thermal

ellipsoid plot on the left.
a [A] b [A] c[A] af] BI1 vl
5.1717(8) 9.7527(13) 17.811(2) 90 90 90
space group V [A3] Z A T [K]
P21212; 898.4(2) 4 1 120(2)

N-(3-cyanophenyl)acetamide

Q | =

Me:m-CN CoH3sN-0

<

a

a [A] b [A] c[A] af] BI1 vl
7.0527(3) 12.7252(6) 9.6648(4) 90 111.315(3) 90
space group V [A3] Z A T [K]
P2¢/n 808.05(6) 4 1 120(2)
Me:m-SFs CsHsFsNOS N-[3-(pentafluoro-I¢-sulfanyl)phenyl]acetamide
4 H1 T
N1
W 3 A )
/\ 2 ‘ 1 “'\/ y
f“’\ _ U\ t pou
F&SI Fi 1) \Q\
N\F2 \
F5 —"
a [A] b [A] c[A] af] BI1 vl
9.8003(11) 17.894(2) 5.9141(7) 90 90 90
space group V [A3] Z A T [K]
P212124 1037.135 4 1 293
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Me:m-NO, CgHgN203

N-(3-nitrophenyl)acetamide

l

22
‘wm

X 23 22
H21N
21 N21
C s

H31N 33
-67

There are 4 crystallographically independent molecules in the ASU, which are of similar

geometry, except for differences in the dihedral angle between the plane of the phenyl and

amide group. In the molecules with N1 and N11 the nitro groups are syn to the amide oxygen

whilst in the molecules containing N21 and N31 the nitro groups are anti to the amide oxygen.

Although conformationally distinct the molecules within the syn and anti pair, respectively, are

related via pseudo-glide symmetry, whereas a pseudo-inversion relates the syn with the anti

molecules. Hydrogen atoms were omitted from the thermal ellipsoid plot for clarity.

a[A] b [A] c[A] a[] BI] v
9.7285(5)  13.3392(7)  12.9849(5) 90 103.791(3) 90
space group V [A3] Z A T [K]
P2, 1636.48(14) 8 2 120(2)
Me:m-OH CsHoNO; N-(3-hydroxyphenyl)acetamide
<< Y
eV
=
a[A] b [A] c[A] a[] BI] vl
10.5129(4) 17.0435(4) 4.0675(1) 90 90 90
space group V [A3] Z A T [K]
Pna2; 728.80(4) 4 1 120(2)
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Me:m-COMe C10H11NO2 N-(3-acetylphenyl)acetamide
A
T A
‘ [ J
S O
7’
=
a[A] b [A] c[A] a[] BI v
5.5061(2) 7.2607(3) 11.4567(5) 103.709(2) 93.064(3) 100.528(3)
space group V [A3] Z A T [K]
P1 435.23(3) 2 1 120(2)
Me:m-COOH CoHoNO3 3-acetamidobenzoic acid
H6 f = >\O/(
\ Cc7 —~_/

IC2

H1 ) ‘

N1 - 4

F;\ Oﬁié \\ < /__J\’\
/{m‘ }/Q{ 7 T g

The methyl substituent attached to the amide group was modelled in two orientations (ratio

unknown).
a [A] b [A] c[A] af] BI v
3.9522(15) 10.699(4) 19.831(7) 90 93.393(8) 90
space group V [A3] Z A T [K]
P2:/n 837.076 4 1 293
Me:m-COOEt C11H13NO3 ethyl 3-acetamidobenzoate
- \
HIN {
1 \/"' “/\“‘/—Q
\ ‘\\/
) _¢
3 L ¢-
a [A] b [A] c[A] af] BI v
5.7366(2) 8.5492(5) 10.6373(6) 93.974(2) 99.351(3) 95.314(3)
space group V [A3] Z A T [K]
PT 510.65(5) 2 1 120(2)
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Me:m-NHCOMe C10H12N202 N,N’-1,3-phenylenediacetamide
-~ g)\
e K o~
a[A] b [A] c[A] a[] BI v
8.9722(6) 6.8630(5) 15.3273(8) 90 90.092(5) 90
space group V [A3] Z A T [K]
P2:/c 943.80(11) 4 1 120(2)
4.A.3. Para-substituted acetanilide crystal structures
Me:H CsHoNO N-phenylacetamide
=
—f ‘\/
O O g
NSNone o
N\
\
a[A] b [A] c[A] a[] BI v
19.509(11) 9.364(8) 7.778(10) 90 90 90
space group V [A3] Z A T [K]
Pbca 1420.903 8 1 113
Me:p-F CsHsFNO N-(4-fluorophenyl)acetamide
1 .0
Hox O
a[A] b [A] c[A] a[] BI v
4.6142(2) 17.0417(9) 9.5621(6) 90 93.378(3) 90
space group V [A3] Z A T [K]
Cc 750.60(7) 4 1 120(2)
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Me:p-Cl CsHsCINO N-(4-chlorophenyl)acetamide
AL
NESEN
’ ~
R

The acetamido group was found to be disordered over two positions and the disorder ratio

refined to 79:21%. The minor component is shown in faded colours in the thermal ellipsoid plot

on the left.
a[A] b [A] c[A] al] BI] v
9.6978(4)  12.3874(4)  6.5757(2) 90 90 90
space group V [A3] Z A T [K]
Pna2, 789.94(5) 4 1 120(2)
Me:p-Br(m) CsHsBrNO N-(4-bromophenyl)acetamide
~
\\/\/\ v
e
L
o 7
\/\/
J Vs
a[A] b [A] c[A] al] BI] v
6.7180(4) 9.4048(5)  12.6994(7) 90 90.867(2) 90
space group V [A3] Z A T [K]
P21/n 802.27(8) 4 1 120(2)

N-(4-bromophenyl)acetamide

p—

5
A
2

A
a[A] b [A] c[A] a[] BI v
9.7734(6)  12.5038(7)  6.7209(4) 90 90 90
space group V [A3] yA A T [K]
Pna2; 821.33(8) 4 1 120(2)
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Me:p-I CsHsINO N-(4-iodophenyl)acetamide
/
[ \Q ) ) |
\ék*/
a[A] b [A] c[A] o[l BI1 vI]
9.5782(3) 10.3047(3) 9.4258(2) 90 109.285(2) 90
space group V [A3] y/ A T [K]
P2:/c 878.13(4) 4 1 120(2)
Me:p-Me(m) CoH11NO N-(4-methylphenyl)acetamide
HIN o ,
© e~

o L
/<3 \ _
S PEor
a [A] b [A] c[A] a[] BI v
11.6779(9) 9.4902(7) 7.4186(6) 90 106.515(5) 90
space group V [A3] Z A T [K]
P2:/c 788.25(11) 4 1 120(2)
Me:p-Me(o0) CoH11NO N-(4-methylphenyl)acetamide
W

ot

a[A] b [A] c[A] a[] Bl v [l

9.899(5) 12.956(6) 6.541(4) 90 90 90
space group V [A3] Z A T [K]
Pna2; 838.893 4 1 293
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Me:p-Et C10H13NO N-(4-ethylphenyl)acetamide

The acetamido group was found to be disordered over two positions and the disorder ratio

refined to 50:50%. The second orientation is shown in faded colours in the thermal ellipsoid plot

on the left.
a [A] b [A] c[A] af] BI1 vIl
4.5852(2) 21.3953(10) 9.4310(4) 90 90.001(3) 90
space group V [A3] Z A T [K]
Ce 925.20(7) 4 1 120(2)
Me:p-iPr C11H1aNO N-(4-isopropylphenyl)acetamide
AT
a [A] b [A] c[A] af] BI1 vIl
14.0052(4) 9.3488(3) 7.8095(2) 90 90.711(2) 90
space group V [A3] Z A T [K]
P2/c 1022.43(5) 4 1 120(2)
Me:p-cPr C11H13NO N-(4-cyclopropylphenyl)acetamide

A \/V
N v
\ I
4 S . s
o <]

a[A] b [A] c[A] al] BI] v

9.557(4) 10.980(3) 9.641(2) 90 106.34(3) 90
space group V [A3] Z A T [K]
P21/c 970.824 4 1 173
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Me:p-‘Bu C12H17NO N-(4-tert-butylphenyl)acetamide
N
: O
Sy .
Dz
a [A] b [A] c[A] af] BI1 vIl
16.4165(6) 9.6159(3) 7.1985(3) 90 97.315(2) 90
space group V [A3] Z A T [K]
P2/c 1127.10(7) 4 1 120(2)

The acetamido group was found to be disordered over two positions and the disorder ratio

refined to 83:17%. The minor component is shown in faded colours in the thermal ellipsoid plot.

a [A] b [A] c[A] af] BI1 vIl
9.6630(3) 9.2888(2) 19.8221(5) 90 90 90
space group V [A3] Z A T [K]
Pbca 1779.19(8) 8 1 120(2)
Me:p-CN CoH3sN:0 N-(4-cyanophenyl)acetamide

The acetamido group was found to be disordered over two positions and the disorder ratio

refined to 50:50%. The second orientation is shown in faded colours in the thermal ellipsoid plot.

a[A] b [A] c[A] a[] BI] vl

3.8456(10)  22.190(5) 9.448(2) 90 90.048(15) 90
space group V [A3] Z A T [K]
Ce 806.2(3) 4 1 120(2)

99



CHAPTER 4

STRUCTURAL SYSTEMATICS OF ACETANILIDES

Me:p-NH, CsH10N:20 N-(4-aminophenyl)acetamide
< c H1N L~
I - ~ L
S~ O\
H2BN AP
) A Py~
H2AN s
a[A] b [A] c[A] a[] BI] v
11.9225(7) 7.2026(2) 17.4291(1) 90 90 90
space group V [A3] Z A T [K]
Pbca 1496.69(13) 8 1 120(2)
Me:p-NMe, C10H14N20 N-[4-

(dimethylamino)phenyl]acetamide

\Té(_m

C7

4 PR

y & )LQ,/L U\:ﬁ\(’ -
: 'I}LA/U (Q/ 3

There are two crystallographically independent molecules in the ASU. The molecules are of

similar geometry, except for a difference in the dihedral angle between the plane of the aromatic

ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-translation.

a[A] b [A] c[A] al] BI] vl

75101(3)  183314(8)  14.9572(7) 90 99.243(2) 90
space group V [A3] Z A T [K]
P2:/n 2032.431 8 2 293
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Me:p-SFs CsHsFsNOS N-[4-(pentafluoro-Ié-sulfanyl)phenyl]acetamide

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, and the difference in the dihedral angle between the plane of the aromatic ring
and the amide group is small compared to other structures in the library with Z’=2. Pseudo
symmetry elements are less apparent in this structure although there are indications of a

pseudo-glide relationship between the two independent molecules.

a [A] b [A] c[A] af] BI1 vIl
23.706(2) 5.2534(4) 15.9163(13) 90 90 90
space group V [A3] Z A T [K]
Pca24 1982.170 8 2 296
Me:p-NO; CsHsN203 N-(4-nitrophenyl)acetamide

“ 16 (H11
Q13 ) N11 ) —
2
%‘2 h ¥ . o
&2 & - b ,

g ==
N\

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, except for a difference in the dihedral angle between the plane of the aromatic

ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-glide symmetry.

a[A] b [A] c[A] a[] BI] vl
3.821(5) 9.726(14) 22.67(3) 92.151(16)  93.359(18)  100.409(16)
space group V [A3] Z A T [K]
PT 826.2(19) 4 2 120(2)
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Me:p-OH(m) CsHoNO, N-(4-hydroxyphenyl)acetamide
L (7 ) U =4
P
Hi WY
WF.P\ [/ \{,
- ' i \

a [A] b [A] c[A] af] BI1 vIl
7.0941(12)  9.2322(11)  11.6196(10) 90 97.821(10) 90
space group V [A3] Z A T [K]

P21/n 753.937 4 1 123

Me:p-OH(o01) CsHoNO, N-(4-hydroxyphenyl)acetamide
| gJ
/\ f\< >‘ A~ N\
NN *

a [A] b [A] c[A] af] BI1 vIl
17.1657(12)  11.7773(11) 7.212(2) 90 90 90
space group V [A3] Z A T [K]

Pbca 1458.018 8 1 123
Me:p-OH(02) CsH9oNO, N-(4-hydroxyphenyl)acetamide

€C28 N
t““\‘gé of\ - X
\ X

\W
H519 \ -
1
Wﬂ'ﬂ L
==
N

There are two crystallographically independent molecules in the ASU. The two molecules are of
similar geometry, except for a difference in the dihedral angle between the plane of the aromatic
ring and the amide group. Although the molecules are conformationally distinct they are related

by pseudo-inversion.

a[A] b [A] c[A] al] BI] v

11.8352 8.5601 14.8199 90 90 90
space group V [A3] Z A T [K]
Pca2, 1051.411 8 2 n/a
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Me:p-OMe CoH11NO: N-(4-methoxyphenyl)acetamide
Wegl
<
3 / /
= /‘O\( N
c -
a [A] b [A] c[A] af] BI1 vIl
9.1172(2) 7.4950(2) 24.6628(5) 90 90 90
space group V [A3] Z A T [K]
Pbca 1685.29(7) 8 1 120(2)
Me:p-OEt C10H13NO N-(4-ethoxyphenyl)acetamide
O)}Q 5
a [A] b [A] c[A] af] BI1 vIl
13.2432(3) 9.5856(3) 7.4783(2) 90 103.345(2) 90
space group V [A3] Z A T [K]
P2/c 923.69(4) 4 1 120(2)
Me:p-OPr C11H15NO N-(4-propoxyphenyl)acetamide
HI5 O\ i ﬂlV/
Ics N1 %& v Q)
s e
/1//‘: \ N\
Q A
]\ A
A7
a [A] b [A] c[A] af] BI1 vIl
11.7776(11) 9.4779(8) 18.8180(18) 90 90 90
space group V [A3] Z A T [K]
Pbcn 2100.595 8 1 93
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Me:p-0iPr C11H15NO N-(4-isopropoxyphenyl)acetamide
\ =~ L
*\»C/‘\/ ORP C( ‘Y\N
: T ) ~
il /\ﬁ
a [A] b [A] c[A] o[] BI1 vI]
9.3010(19) 7.6490(15) 31.394(6) 90 90 90
space group V [A3] Z A T [K]
Pbca 2233.474 8 1 294
Me:p-OBu C12H17NO2 N-(4-butoxyphenyl)acetamide

S

a[A] b [A] c[A] a[] Bl v [l

10.5164(3) 9.8032(3) 10.9034(2) 90 95.691(2) 90
space group V [A3] Z A T [K]
P2/c 1118.54(5) 4 1 120(2)
Me:p-0OCF3 CoH3gF3NO; N-[4-(trifluoromethoxy)phenyl]acetamide

| A~ X AN j/ﬁ__ ‘
)/“\/ A by
AN N

The acetamido group was found to be disordered over two positions and the disorder ratio

refined to 51:49%. The minor component is shown in faded colours in the thermal ellipsoid plot

on the left.
a[A] b [A] c[A] a[] BI v
4.4884(5) 22168(3)  9.5284(13) 90 90.048(7) 90
space group V [A3] Z A T [K]
Ce 948.1(2) 4 1 120(2)
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Me:p-0COMe(m1) C10H11NO3 4-acetamidophenyl acetate
H11 S/
N1 )10 \“95\{ ‘
‘ Yoo A ,
- ‘i\;( , ‘*J -g.
_ >
a [A] b [A] c[A] af] BI v
7.2264(9) 8.0250(18)  16.5902(12) 90 92.052(8) 90
space group V [A3] Z A T [K]
P2i/n 961.480 4 1 293

Me:p-OCOMe(m2) C;0H11NO3 4-acetamidophenyl acetate

T

a [A] b [A] c[A] af] BI1 vIl
13.8770(4) 9.5769(4) 7.4415(3) 90 103.022(2) 90
space group V [A3] Z A T [K]
P2:/c 963.53(6) 4 1 120(2)
Me:p-COMe C10H11NO2 N-(4-acetylphenyl)acetamide

L /,)‘5/4
o

~

The whole molecule was found to be disordered over two positions and the disorder ratio

refined to 57:43%. The minor component is shown in faded colours in the thermal ellipsoid plot.

a[A] b [A] c[A] a[] BI] vl

7.5138(5) 9.3146(7)  12.8999(11) 90 90 90
space group V [A3] Z A T [K]
P2:2:2; 902.84(12) 4 1 120(2)
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Me:p-COOH CoHoNO3 4-acetamidobenzoic acid
N—
.y
S
b ~ -
\»
L
a [A] b [A] c[A] af] BI v
5.0214(3) 6.8411(5) 12.2219(10) 89.465(4) 80.477(4) 79.234(4)
space group V [A3] Z A T [K]
P1 406.67(5) 2 1 120(2)
Me:p-COOMe C10H11NO3 methyl 4-acetamidobenzoate
SR
R
Ft;??
a [A] b [A] c[A] af] BI v
17.5403(5) 13.7630(3) 7.7717(2) 90 101.876(1) 90
space group V [A3] Z A T [K]
C2/c 1835.99(8) 8 1 120(2)
Me:p-COOEt C11H13NO3 ethyl 4-acetamidobenzoate
P~
\ Y \‘/
LA Q
P! -
9, S
a
a [A] b [A] c[A] af] BI v
8.4447(3) 19.2810(12) 7.3108(5) 90 117.051(4) 90
space group V [A3] Z A T [K]
Ce 1060.14(11) 4 1 120(2)
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Me:p-COOOH CoHoNO4 4-acetamidobenzenecarboperoxoic acid

oL
25

<
a [A] b [A] c[A] af] BI1 vIl
5.054(1) 14.747(5) 12.568(3) 90 92.88(2) 90
space group V [A3] Z A T [K]
Cc 935.527 4 1 293
Me:p-CBrCH; C10H10BrNO N-[4-(1-bromovinyl)phenyl]acetamide

Br1 T
\S )/J—/ o
L2 "/:/_/ | |
- J — / !
a[A] b [A] c[A] a[] BI] vl
11.151(6) 9.237(5) 10.142(5) 90 93.393(8) 90
space group V [A3] Z A T [K]
P21/c 1003.216 4 1 293
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4.A.4. Discussion of space group distribution

The 64 crystal structures in the acetanilide library are distributed over 12 space
groups as depicted in Figure 4.1.a. This distribution is further deconvoluted into

the position of substitution on the phenyl ring in Figure 4.1.b.

Space group distribution in Me:s-X

20 39.1
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Figure 4.1: The distribution of space groups as found in all Me:s-X crystal structure (a) and broken
down into the phenyl substitution pattern (b).
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Figure 4.1.b shows that only 3 of the total 12 space groups in the acetanilide
library occur irrespective of the position of substitution s. Two thirds of all
acetanilide structures crystallise in P21/c, Pbca or P212121 and whilst it may be
argued that the library size is not sufficient to detect statistically significant trends,
the spread nevertheless demonstrates that these space groups offer efficient close
packing for many different acetanilides. The variety of space groups is largest in
the para-substituted series, where 9 space groups are found compared with 6 in
the meta as well as in the ortho series, but this may be an artefact of the number of
crystal structures in the individual series.

From Figure 4.1 it can further be seen that the majority of Me:s-X structures
crystallise in space group P21/c, which is the most common space group for solid
state structures as mentioned in Chapter 1. However, for the meta series the trend
is somewhat different with an equal number of structures possessing space groups
P21/c and P212124, clearly dominating over any other space groups. The meta
acetanilides furthermore seem to preferably adopt space groups containing 2
screw elements compared to the ortho and para series. Only two meta structures
break this trend, namely Me:m-COMe and Me:m-COOEt, which crystallise in P1. A
contributing factor to this space group choice may be the hydrogen bonding of
these compounds compared with the other compounds in the series. Strong
hydrogen bonding is possible for all acetanilides due to the amide group in the
core molecule. Amongst the substituents m-X there are seven with additional HB
functionality. Firstly the group of structures where X is a HB acceptor are
considered. In the case of X=CN, NO2, the substituents are not involved in strong
hydrogen bonds and only the amide-amide hydrogen bond prevails as strong

intermolecular interaction as displayed in Figure 4.2.

¢ L4 v ¢ ’
g’ " ) 2 2 B e %
s Y. 2 YooY D ok
TR ) g o€ e L '-”‘ e _Se “Tpe o “pe _'}" Ty '.‘b-.
&t A rOgLar ot A o SRR
F e_0 _» » b g® O""u)'
N M SR A < .
(a) (b)

Figure 4.2: Hydrogen bonded chain involving the amide group only shown for Me:m-CN (a) and
for Me:m-NO: (b). In (b) two chains formed by the individual pairs of syn and anti molecules are
shown on the left and right hand side, respectively. Hydrogen atoms not involved in hydrogen
bonding have been omitted for clarity.
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In the crystal assemblies Me:m-COMe and Me:m-COOEt hydrogen bonded dimers
are formed between pairs of molecules as shown in Figure 4.3. This cyclic dimer
possesses inversion symmetry and
is of the type R(14) in Etter 7Y e o L3 s
notation. Of the two available HB
i el AP
acceptors, only 02 is involved in Py 'M Q}"W
strong HB interactions in these S ¢
structures. (a) (b)

The other group containing HB

. . . Figure 4.3: The cyclic hydrogen bonded dimer is
active substituents X, consists of  ghown for Me:m-COMe (a) and Me:m-COOEt (b).

Me:m-OH, Me:m-COOH and Me:m- The invel.‘sion centre is indicated by the yellow dot
in both dimers.

NHCOMe. In these structures all HB

donors (substituent and amide) engage in strong HB interactions as depicted in

Figure 4.4. Strong intermolecular hydrogen bonds are structural synthons that

persist both in the liquid and solid state, where periodic ordering has to occur in

the crystal.

<2

' . o« § p s
DA Frs L

v v “ o -

(a) (b) (c)

Figure 4.4: The hydrogen bonded contacts are indicated for Me:m-OH (a), Me:m-COOH (b) and
Me:m-NHCOMe (c).

Hence, if considering hydrogen bonded systems, a crystal structure may also be
regarded as an assembly of individual HB synthons. Compounds containing a HB
cyclic dimer may then impose the HB synthon symmetry on their crystal structure.
For Me:m-COMe and Me:m-COOEt this means that the solid state structure is
dominated by the inversion dimer and overall close packing can be achieved
without higher symmetry than found in P1.

Another point worthy of note is that 3 of 6 para-acetanilide crystal structures in Cc

show disorder of the amide group. The two alternative orientations of the amide
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residue are related by a 180° rotation about the amide-phenyl bond. Cc is a polar
space group, i.e. there is no inversion centre and there are no other symmetry
operators present that fix the unit cell origin. This means that the crystal structure
is polarised or in other words that the unit cell has a significant dipole moment as
the molecules and hence their electron densities are aligned in the same direction.
The disorder in Me:p-CN, Me:p-Et and Me:p-OCF3 counteracts this effect since the
directionality of the amide group is inverted for one half of the total structure.

Figure 4.5 compares the overall space group distribution in Me:s-X with all organic

structures as defined in Chapter 1.

Space group distribution Me:s-X versus all organic structures
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Figure 4.5: The most frequent space groups and their distribution in organic crystal structures are
shown in comparison to the 12 space groups observed in Me:s-X.

This chart shows that except for P2;/c the compounds Me:s-X follow a quite
different space group distribution than identified for organic structures in general.
Especially the orthorhombic space groups Pbca, Pna2; and Pca2: as well as the
monoclinic space group Cc occur more frequently whilst the space groups P1 and
P2, are less common in acetanilides than could be expected for crystal structures

of organic molecules.
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With the exception of P1 and Cc this distribution is consistent with the acetanilide
structures exhibiting a preference for 2; screw symmetry combined with either
further 21 screw or glide symmetry. As mentioned above any HB synthons and
their symmetry in the solid state are likely to influence the overall symmetry of the
crystal structure. The hydrogen bonding in this family of compounds is further

discussed in the next section of this chapter.
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4.B. Structural similarity in mono-substituted acetanilides

The search for packing similarity in the family of mono-substituted acetanilides
was facilitated with the program XPac as outlined in Chapters 1 and 3. Firstly the
library of crystal structures was divided into three series according to the
substitution on the phenyl ring. The structures within these series were then
compared with each other using XPac. In a final comparison all structures,
irrespective of the position of substitution, were considered. The number of

comparisons, K, scales with the number of structures, N, according to:
(4.1.) K =[(N*-N)/2]
N is related to the number of components in the ASU, so that each component of

the ASU counts as one structure. Table 4.1 provides a summary of the comparisons

per series and for the whole library.

Series N K
ortho 14 91
meta 21 210
para 38 703

all 73 2628

Table 4.1: Summary of the number of structure components N
and the number of comparisons K for the different sets of
structures.

In the following the results from the XPac analysis of the crystal structures are
presented and discussed. For this particular study the 0D and 1D SCs are labelled
according to their shape and connectivity including primary symmetry operations
of the construct. For example a translational stack is described in shorthand
notation as S1y, where S stands for stack, the numeral 1 refers to the type and the
symmetry operation is given in square brackets as a subscript. The letter used to
describe the shape of the similarity feature is chosen according to the terminology
defined in Chapter 1. A hydrogen bonded chain of type 1 with glide symmetry

would for example be denoted as C1(g and an inversion dimer as D17;.
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4.B.1. Structural Relationships in Me:o-X

The findings from the XPac analysis for the ortho acetanilide series are
summarised in the similarity diagram in Figure 4.6 overleaf. The individual crystal
structures are distinguished via the abbreviated identifier s-X and are listed at the
top of Figure 4.6.

At a first glance there is only a little similarity in this group of crystal structures
with six structures listed on the right hand side of Figure 4.6 having no packing
feature in common with any other structures. However, the remaining 8 crystal
structures contain recurring arrangements of molecules; two groups of analogous
crystal structures and three one-dimensional SCs were identified.

There are two groups of analogous crystal structures: Me:o-Cl(m), Me:o-Br and
Me:o-I form group 1 and Me:o-F and Me:o-Cl(0) form group 2. In the following the
crystal packing of group 1 and 2 is briefly discussed.

The 1D constructs identified in this series are two hydrogen bonded chains of the
same type but with different symmetry, Clg and Clg, and a single row of
molecules, R1[g. These features will be discussed in subsequent sections. The base
vectors of all constructs can be found in Appendix 4-2. The intermolecular
assembly will also be assessed with respect to energetic contributions. The total
lattice energies are provided in Appendix 4-3 so that the pairwise interaction

energies can be put into context of the overall crystal stability.

4.B.1.1 Three-dimensional similarity

The structures of Me:o-Cl(m), Me:o-Br and Me:o-I all have the same 3D packing
mode and crystallise in space group P2;i/n. Me:o-F and Me:0-Cl(0) are also
analogously packed but in the higher symmetry space group Pbca. The unit cell

parameters of the packing analogues are recorded in Table 4.2.
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Structure a[A] b [A] c[A] B 1] V [A3]
Me:o-Cl(m) 4.7468(4) | 11.699(1) | 14.640(2) | 95.74(2) | 808.924
Me:o-Br 4.7808(1) | 11.9344(5) | 14.6859(5) | 96.820(2) | 831.99(5)
Me:o-1 4.7969(1) | 12.4977(3) | 14.6790(3) | 98.336(1) | 870.71(3)
Me:o-F 10.5132(4) | 9.4393(3) | 15.1635(5) 90 1504.78(9)
Me:o-Cl(o) 10.5174(2) | 9.4252(4) | 16.2656(6) 90 1612.39(10)

Table 4.2: Unit cell parameters and cell volume of the ortho acetanilide packing analogues.

[o-‘Bu] [0~CN] [o-NOz] [o-COOH] [o-COMe] [o-NHCOMe]

3D

2D

[O-Me(m)] [o-CF3] [o-Me(o)]

f =y
=
—~
=
-
S
=
~N

1D

Figure 4.6: Structural similarity plot for ortho-substituted acetanilides.
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As expected the parameters are very similar within the groups and the cell volume
increases with size of the substituent. Interestingly Me:0-Cl has the ability to
crystallise in both crystal lattices, whereby the unit cell of the orthorhombic
polymorph of Me:0-Cl is twice the size of the unit cell in the monoclinic form.

The crystal packing in the two groups will be discussed further in the following
using one representative for each group, namely Me:0-Br and Me:o-F,
respectively.

The crystal assembly in Me:o-Br and Me:o-F is dominated by strong hydrogen
bonding between neighbouring amide groups. The HB chains are displayed in

Figure 4.7.

.............. / / e

........ lA/ L
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Figure 4.7: The hydrogen bonded chain is shown for Me:o-Br (left) and for Me:o-F (right). The
disorder in Me:o-F was omitted for clarity.

The chains are of the same type: C;(4) in Etter’s graph set notation. They differ,
however, in their symmetry of propagation. In Me:o-Br the HB chain has only
translational symmetry and this SC can be described as C1jg whereas in Me:o-F
the HB chain has glide symmetry and the SC is hence termed Cl1pg. Both HB
features are discussed in more detail in Section 4.B.1.3. In Me:o-Br neighbouring
chains C1y primarily pack with inversion and 21 screw symmetry. Glide symmetry
is also present in the crystal structure, but the molecular assembly with this
symmetry element has to be seen as less influential on the overall packing.

The close packing of chain Clpg in Me:o-F on the other hand involves
predominantly glide and inversion symmetry with 21 screw symmetry playing a
secondary role. This assessment of the ‘importance’ of the intermolecular
symmetry relationships is based on lattice energy calculations using Gavezzotti’s
Pixel method as described in Chapters 1 and 3. This method not only provides an

estimate of the total lattice energy, but also allows the partitioning of this total sum
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into the contribution from pairwise molecular interactions. However, it should be
kept in mind that the intermolecular energies do not arise due to the symmetry
elements per se, but are of course the result of the geometrical arrangement of the
molecules with respect to each other and the varying regions of charge
concentration and depletion within the molecular electron densities. However the
spatial intermolecular assemblies are easily identified based on their symmetry.

Table 4.3 lists the most significant pairwise interaction energies between
molecules A and B for Me:o-Br and Me:o-F, whereby the numbering of the

molecules was generated by the Pixel calculation routine.

A| B Symmetry B I'a-B Etot Ecoul Epol Eaisp Erep
Me:o-Br
1|11 | x-1,y,z [t] 4.781 -39.8 -37.8 -14.4 -33.5 46
1|37 | 1.5-x,y-%, Y-z [24] 7.038 -20.6 -11 -3.7 -22.6 16.7
1|57 |2x,-y, -z [_1] 6.183 -18.7 -8.9 -3.9 -14.7 8.8
1|53 |1x,-y,-z [_1] 4.287 -14.5 -2.8 -3 -30.8 22.1
1| 2| %xy+%, %z [21] | 7.803 -8.2 08| -21 -15 9.7
1|55|1-x,1-y,-z [_1] 10.59 -3.3 -1.6 -0.5 -4.9 3.8
1|73 | x-Y%, %y, z-% [g] 8.42 -2.8 -0.4 -0.2 -2.4 0.2
Me:o-F
1|66 | %-Xxy-%,z [g] 6.222 -35.9 -48.1 -18.3 -19.4 49.9
141 -x-y,1-z [_1] 3.961 -15.7 -1.7 -2.2 -27.4 15.5
11|48 | x-%,y, 1.5-z [g] 6.518 -13.2 -3.1 -2.1 -18 10
11|27 | -Xy-%,1.5-2 [24] 6.21 -8.7 -2.4 -2 -8.7 4.4
1 8 | -¥2-x,y-%, z [g] 7.999 -8.5 -3.6 -0.8 -8.8 4.7
11|31 | x-%,-%-y, 1-z [24] 7.654 -8.2 -2.4 -2.3 -9.9 6.4
1145 | 1-x,-y,1-z [_1] 10.047 -2 -0.8 -0.8 -6.5 6.1

Table 4.3: Pairwise intermolecular interaction energies between molecules A and B are given in
kJ-mol-! for Me:o-Br and Me:o-F. The distance between the centres of mass, ra-s, is given in A. The
entries in brackets refer to the symmetry element as follows: translation [t], inversion [1], 2:
screw axis [21], glide [g].

Appendix 4-4 contains the corresponding interaction energies of Me:o-Cl(m) and
Me:o-Cl(o).
Figure 4.8 displays the molecules of Me:o-Br and Me:o-F corresponding to the

values in Table 4.3.

120



CHAPTER 4 STRUCTURAL SYSTEMATICS OF ACETANILIDES
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Original: [ (1) Translation: (11) Original: [N (1)
2, Screw: M (37) ) 2y Screw: [ (31) (27)
Inversion: [N (57) (53) (55) Inversion: W (41) (45)
Glide: W (73) Glide: [N (66) NN (48) (8)

Figure 4.8: Partial coordination spheres of Me:o-Br (left) and Me:o-F (right). The molecule
numbering is consistent with Table 4.3.

The red molecule is the reference positioned at x, y, z and all other molecules are
symmetry-generated from this molecule. The interaction energies are estimated
between this reference molecule and its symmetry equivalents.

The values in Table 4.3 reveal that the strongest intermolecular interaction in the
two crystal assemblies arises from the hydrogen bonded chains, C1jg and Clig
with 39.8 kJ'mol! and 35.9 k]-mol-!, respectively. The next strongest interactions
in Me:o-Br are found between molecules related by 21 screw (20.6 k]-mol-1) and
inversion symmetry (18.7 k]-mol1). In comparison the highest energy between
Me:o-Br molecules related by glide symmetry is smaller by one order of
magnitude with 2.8 kJ-mol!, hence this symmetry element is considered as
secondary in the Aufbau principle of the crystal structure in Me:o-Br.

In Me:o-F molecular pairs with inversion (15.7 kJ'moll) and glide symmetry
(13.2 kJ'mol-1) are the strongest contributors to the overall lattice energy after the
HB interaction with glide symmetry. Although they are slightly weaker compared
with the primary interactions in Me:o-Br. It is noticeable that there is a less clear
division with respect to the symmetry of the intermolecular arrangement in
Me:o-F than there is in Me:0o-Br and molecular pairs related via 21 screw

symmetry (8.7 k]'-mol-1) are not very different from arrangements with glide or
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inversion symmetry. Hence the assembly of chain C1g in Me:o-F is not dominated
by specific intermolecular interactions but instead it is achieved through utilising
many energetically similar interactions simultaneously.

Table 4.3 also lists the individual components of the total intermolecular energy as
obtained with the Pixel method. Both HB chains are primarily stabilised by
Coloumb and polarisation forces with energies typical for a N-H--O hydrogen bond
interaction’. Dispersive forces further enhance the intermolecular energy of C1py,
whereas the dispersive energy is only moderate in C1g and this hydrogen bond is
hence slightly less energetic than C1jy by approximately 3 k]-mol-1. The attractive
energies between molecules without intermolecular hydrogen bonding on the
other hand, are mainly dominated by dispersive forces as can be deduced from the
values in Table 4.3. Repulsion is another noticeable factor demonstrating that the
close packing of molecules is associated with an energy loss due to unfavourable
proximity of the molecules and is counterbalanced by attractive forces to yield an
overall stable arrangement.

The energy values calculated for Me:o-Cl(m) (c.f- Appendix 4-4) are very similar to
those of Me:o-Br indicating that the substituent plays a minor role in the assembly
of the molecular core in the crystal lattice. This is further supported by the overall
lattice energies, which are very similar with 99.7 kJ-mol-! and 100.6 kJ-mol! for the
crystal structures of Me:o-Br and Me:o-Cl(m), respectively. The influence of the
substituent is however reflected in the somewhat shorter separation of the
molecular centres of mass between the symmetry related molecules, which can be
ascribed to the smaller van der Waals radius of chlorine. Hence the unit cell of
Me:0-Cl(m) is more condensed, i.e the volume is smaller, than that of Me:o-Br and
the separation of the centres of mass in the hydrogen bond chain in Me:o-Cl(m) is
shorter by 0.032 A compared with Me:o-Br.

The interaction energies of Me:0-Cl(0) (Appendix 4-4) are also very similar to
those of its packing analogue Me:o-F, except for one interaction between the
molecular pair 1-28 in Me:o-Cl(0) which are related by 21 screw symmetry. In this
pair the substituent is directed towards the centre of the neighbouring phenyl ring

similar to the geometry of the T-shaped benzene dimer as shown in Figure 4.9.
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Figure 4.9: The T-shaped dimer with 2; screw symmetry shown for Me:o-F (left) and for
Me:o0-Cl(0) (right). Distances between ring centroids and substituent to centroid are also included.
The disorder in Me:o-F was omitted for clarity.

Whilst in Me:o-F the separation between the ring centroids exceeds the range of -
T interaction, this distance is well within the m-m interaction range in Me:o0-Cl(0)8
leading to the higher dispersive energy for this particular intermolecular
arrangement.

According to the overall lattice energies Me:o-Cl(0) is more stable than Me:o-F
(99.5 k]'moll vs 91.1 kJ'-mol!, respectively), but this should be treated with
caution. The lattice energy of Me:o-F was calculated for the major component only
and the disorder mentioned above, although small in amount, may have some

further stabilising or destabilising effects on the crystal structure.

4.B.1.2. The polymorphs Me:o-CI(m) and Me:o-Cl(0)

The lattice energy difference between the polymorphs Me:o-Cl(m) and Me:o-Cl(0)
is too small to allow the conclusive assignment of the thermodynamic stability.
Although the hydrogen bond is of the same type in both polymorphs the symmetry
of the chain results in quite different geometrical arrangements. The chain Clg is
energetically marginally less favourable than C1pg (AE = 2.8 kJ-mol-1), but this is
compensated for by utilising intermolecular interactions differently, so that the
total lattice energies are comparable within the accuracy of the calculation

method. In fact the discussion of the intermolecular interaction energies in the
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preceding section has demonstrated that different crystal assemblies of the same
molecule can be achieved at no great energetic cost. For example the spatial
arrangement of two molecules can be quite different yet the weak intermolecular
interactions are energetically very similar. Also possible is the tuning of the
intermolecular geometry so as to maximise the interaction energy. In this way
many different possibilities are available for the close packing of a single molecule
and hence the observation of polymorphic forms is not surprising.

At the molecular level the two polymorphs differ slightly in the dihedral angle
between the phenyl ring and the amide group: in Me:o-Cl(m) this angle is 42.65°,
whilst in Me:0-Cl(0) it is 38.23". The role of this dihedral angle is further analysed
in Chapter 5.
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4.B.1.3 Description of 1D SCs

XPac identified three 1D features common to at least two crystal structures as
shown in the structural similarity diagram in Figure 4.6. These are the HB chains
C1g and C1yy, already mentioned in the previous sections, and a row of molecules
related by glide symmetry, R1g. These 1D features are further discussed in the

following sections.

4.B.1.3.a The chain C1;4;

In addition to Me:o-F and Me:0-Cl(0) the hydrogen bonded chain Cljg is also

present in Me:o-Me(0) as shown in Figure 4.10.
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Figure 4.10: The HB chain C1jg is shown for Me:o-Cl(0) (left), Me:o-F (middle) and Me:o-Me(o0)
(right) as viewed perpendicular to the chain (top) and along the hydrogen bond (bottom). The
phenyl ring disorder in Me:o-F is not included.

Due to the glide symmetry the SC assumes the shape of a V. It can be seen in Figure
4.10 that the phenyl ring in Me:o-Me(o0) takes a different orientation and the angle
of the V is more acute in Me:0o-Me(0) compared to Me:o-Cl(0) and Me:o-F. In the
crystal structure of Me:o-Me(0) the methyl group is positioned on the same side of
the molecules as the amide oxygen (syn), whereas the phenyl substituents are
located on the opposite side to the amide oxygen (anti) in Me:o-F and Me:o-Cl(0)
as displayed in Figure 4.11.
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! /

Figure 4.11: Molecular configurations in Me:0-Cl(0) (left), Me:o-F (middle) and Me:o-Me(o0)
(right). The phenyl ring disorder in Me:o-F is shown.

Since the methyl group is bulkier than fluorine or chlorine it could be assumed that
the configurational difference is caused by steric hindrance between the methyl
hydrogen atoms and the amide hydrogen atom and indeed the largest deviation
from molecular planarity occurs in Me:o-Me(0). However, in the polymorph
Me:o-Me(m) the molecules adopt the anti configuration as found in the structures
with smaller substituents X. Furthermore the minor component of the disordered
Me:o-F phenyl ring also assumes the syn configuration. Hence other factors must
be responsible for the variation in configuration.

Table 4.4 contains the hydrogen bond distances and the associated energies for

C1g are recorded in Table 4.5.

Structure rx...o [A] Lnno[] Symmetry
Me:o-F 2.854(1) 171(2) glide
Me:o-Cl(0) 2.882(2) 168(2) glide
Me:o0-Me(o) 2.801 154 glide

Table 4.4: Hydrogen bond distances for SC C1g.

Structure ra-B [A] Etot Ecoul Epol Edisp Erep
Me:o-F 6.222 -35.9 -48.1 -18.3 -19.4 49.9
Me:o-Cl(0) 6.256 -36.7 -46.1 -17.8 -23.4 50.6
Me:o-Me(o) | 4.786 -40.1 -43.4 -17.4 -30.6 51.4

Table 4.5: Intermolecular interaction energies for SC Clig. The energies are given in
kJ-mol-1.
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The hydrogen bond distance in Me:o-Me(0) is the shortest and most energetic in
this trio of structures. Looking at the individual interaction energies it can be seen
that although the Coloumbic term is the smallest in Me:o-Me(0) the overall
interaction energy is enhanced by the dispersive term. This increased dispersion
interaction arises due to the weak interaction between the methyl group and a
neighbouring phenyl ring in C1g. As illustrated in Figure 4.12 the methyl group is
positioned directly over the centre of the phenyl ring and the ring centroid to
methyl carbon distance falls into the range of weak HB interactions (this type of
interaction is often described as CH-'m interaction). This interaction is only
possible for molecules in the syn configuration and at acute angles of Clig. The
particular shape of C1[g in Me:o-Me(0) may hence be the result of maximising the

intermolecular interaction energies.

Figure 4.12: Left: The overlap between phenyl ring and methyl group in Cljg as found in
Me:o-Me(0). Right: The corresponding distance between methyl carbon atom and phenyl
ring centroid is displayed.

The Coloumb energy of Clg is the strongest in Me:o-F which indicates that the
amide hydrogen is the most acidic in this compound, i.e. the charge separation
between amide oxygen and amide hydrogen is the most pronounced. Fluorine is
the strongest electron withdrawing of the three substituents and due to the
conjugated molecular backbone this effect is most likely responsible for the charge

depletion at the amide hydrogen atom.
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4.B.1.3.b The chain C1y

The HB chain C1jy occurs in the crystal structures Me:o-Cl(m), Me:o-Br, Me:o-,
Me:0-CF3 and Me:o-Me(m). The construct is shown in Figure 4.13 for each of the
structures. The construct propagates with the depth of the molecules which
coincides with the shortest unit cell axes (c.f. base vectors in Appendix 4-2 and unit
cell dimensions in Section A of this chapter).

This translational feature is the most commonly observed SC in the series of ortho-
substituted acetanilides and hence presents an intermolecular arrangement

flexible enough to accommodate substituents of varying size and electronegativity.
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Figure 4.13: C1y as it occurs in Me:o-Cl(m) (top left), Me:o-Br (top middle), Me:o-I (top right),

Me:0-CF3 (bottom left) and Me:0-Me(m) (bottom right). Two perspectives as viewed
perpendicular to the hydrogen bond are shown.

The hydrogen bond parameters and the interaction energies are listed in Tables

4.6 and 4.7, respectively.
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Structure rx...o [A] Lnno[] Symmetry
Me:o-Cl(m) 2.863 162 translation
Me:o-Br 2.895(2) 161(2) translation
Me:o-1 2.915(2) 159(2) translation
Me:o-CF3 2.898(2) 165(3) translation
Me:o-Me(m) 2.941(2) 165(2) translation
Table 4.6: Hydrogen bond distances for SC C1py.

Structure Ira-B [A] Etot Ecoul Epol Edisp Erep
Me:o-Cl(m) 4.747 -39.5 -44.2 -17.6 -33.1 55.3
Me:o-Br 4.781 -39.8 -37.8 -14.4 -33.5 46.0
Me:o0-CF3 4.782 -37.3 -40.3 -15.2 -26.5 44.7
Me:o-Me(m) 4.828 -42.3 -43.3 -15.6 -30.3 47.0

Table 4.7: Intermolecular interaction energies for SC C1y. Energies are given in k]-mol-1.

The spatial arrangement of Clyy results in strong Coulombic and polarisation
interactions with energies typical for hydrogen bonded systems. Compared with
C1[g however, the dispersion energy is more favourable. This can be accredited to
the parallel arrangement of the phenyl rings facilitating some interaction involving
the m system. At a first glance the separations between the ring centroids of
neighbouring molecules appears too large for typical organic m-m stacking (c.f
Chapter 1.A.3.) implying that a direct m-1 interaction between the rings is unlikely.

However, inspection of a space filling diagram of a pair of translationally related
HB bonded molecules of Me:o-Br (Figure 4.14) for example, shows that the stack is
off-set so that the substituent is positioned almost perfectly above the centre of a
The
the

neighbouring  phenyl ring.

parameters associated  with
separation of the substituted m-systems
in C1py are recorded in Table 4.8. It can
now be seen that the distances between

the substituents and the neighbouring

rin ntroi re cl h m of
g centroids are close to the sum o Figure 4.14: Space filling diagram of

neighbouring Me:o-Br molecules in C1yy.

the van der Waals radii of the

constituent atoms.
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Structure dring [A] dotser [A] dx...ring [A]
Me:o-Cl(m) 3.476 3.233 3.547
Me:o-Br 3.500 3.257 3.606
Me:o-1 3.527 3.251 3.740
Me:o-CF; 3.974 2.660 4.076/3.224*
Me:o-Me(m) 3.631 3.182 3.629

Table 4.8: dring = distance between neighbouring ring planes in Clpy; dofser = offset of
phenyl ring with respect to neighbouring ring; dx.ing = distance between substituent X
and ring centroid in neighbouring phenyl ring. * The first value refers to the distance
between ring centroid and the CF3 carbon whilst the second value is measured from the F
atom closest to the ring.

This close proximity may thus be responsible for the attractive dispersion between
the hydrogen bonded molecules. Interestingly when comparing the interaction
energy values of C1ljy and Clpg for the polymorphs of Me:o-Cl and Me:o-Me it
transpires that C1py is a slightly more stable arrangement than C1pg. Whilst the
Coulomb, polarisation and dispersion energies are very similar in the case of
Me:o-Me the repulsive energy is higher if Me:o-Me aggregates in C1g - possibly a
penalty for the shorter HB distance in C1[g.

For Me:o-Cl the most pronounced energy difference is found in the dispersive
energy when comparing Cljg with C1pg. This is due to the missing overlap of
substituent and m-system in the C1g arrangement of Me:o-Cl as already discussed
above.

The 1D feature C1jy can actually be extended to a double chain. As shown in the
similarity plot (Figure 4.6) the highest order SC common to the structures
Me:0-Cl(m), Me:o-Br, Me:o-I, Me:0-CFz and Me:o-Me(m) is abbreviated as
2<C1 >(1y. This is the shorthand notation for a double chain with inversion

symmetry between neighbouring chains of the kind C1py. Figure 4.15 shows this

feature for Me:o-Br.
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&/ N
Figure 4.15: 2<C1, >7; as it occurs in Me:o-Br shown as viewed along (left) and perpendicular
to (right) the hydrogen bond. The inversion centres are included as black circles.
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4.B.1.3.c The row R1;4;

The 1D SC R1[g occurs in two structures only, namely Me:o-Me(0) and Me:o-CF3.
The construct as found in these two structures is shown in Figure 4.16.
Neighbouring molecules in this construct are related by glide symmetry and there

is no strong HB interaction present in this row.

N o~

\ x (X
& o o

~ N

Figure 4.16: Construct R1g as it occurs in Me:0-CF3 (left) and Me:o-Me(o) (right).

As can be seen in Figure 4.16 the direction of propagation is along the diagonal
between the length and width of the molecule. The intermolecular energy of this
arrangement is -12.5 kJ-mol-! for Me:o-Me(0) and -11.9 k]-mol! for Me:o-CF3 with
the strongest contribution from dispersive interactions. In comparison with the HB
SCs the feature R1pg results in a low energetic gain. Other intermolecular
arrangements without hydrogen bonding are associated with similar energies as
was analysed in Section 4.B.1.1. Hence R1[g can only be regarded as a minor
packing feature, which is further supported by the low frequency of occurrence of
this SC. It is remarkable however that this geometric arrangement does not appear
to require the same configuration of the molecule. It was already mentioned that
the molecule Me:o-Me(0) assumes a syn configuration between substituent and
amide oxygen. Me:0-CF3 on the other hand exists in the anti configuration. The
molecular shape is only similar in so far as the amide group is twisted out of the
phenyl ring plane considerably in both compounds. The detection of R1[g hence
demonstrates how the XPac analysis is based purely on geometrical criteria. With
respect to the ortho acetanilides R1g) can be seen as a flexible packing feature able

to accommodate different molecular configurations.
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4.B.1.4 Structures without similarity

According to the XPac analysis the crystal structures Me:0-CN, Me:0-NO2,
Me:0-COOH, Me:0-COMe, Me:0-NHCOMe and Me:o-'Bu are unique and do not
share any packing features with other ortho structures. For all these crystal
assemblies except for Me:o-'Bu, the substituent X provides an additional hydrogen
bond acceptor and/or donor affecting the amide hydrogen bonding observed in
the structures discussed thus far. Due to the close proximity of the ortho-
substituent and the amide group, intramolecular interactions are facilitated
providing steric hindrance is minimal. Intramolecular hydrogen bonding is
observed in Me:0-NO2, Me:0-COMe and Me:0-COOH, whereas the hydrogen bond
acceptor is unavailable for intramolecular interaction in Me:0o-CN and Me:o-
NHCOMe due to its shape and size, respectively. In all cases (except for Me:o-'Bu)
the hydrogen bonding between neighbouring core amide groups is interrupted due
to the substituent X. Me:o-NOz and Me:0-COMe contain no additional strong
hydrogen bonding donor for the amido oxygen and weak interactions are utilised
instead. This is reflected in both the total lattice energies, 89.4 k]-mol-l and
80.3 k]'mol-1, respectively, and the pairwise intermolecular interaction energies.
Table 4.9 overleaf lists the interaction energies for the compounds discussed in

this section.
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A| B Symmetry B I'a-B Etot Ecoul Epor Edisp Erep
Me:0-COMe
1129 x1-y, 2z [_1] 3.655 -43.4 -18.1 -5.5 -43.2 23.5
1132 |1-x,1-y,2-z [_1] 4.234 -23.6 -14.2 -6.7 -40.7 38.1
17 | x,-1.5-y, Ya+z [24] 8.260 -11.5 -4.3 -2.0 -10.2 5.0
Me:o-NOz
1 9| xy-1,z [t] 4976 -21.9 -12.9 -4.5 -25.7 21.2
1132 |1-x,2-y,1-z [_1] 6.882 -20.9 -19.1 -6.3 -16.3 20.8
1| 20 | 1.5-x, y-%, Y-z [24] 5.429 -20.0 -12.5 -4.2 -22.8 19.4
1130|1x1-y,1-z [_1] 5.213 -12.9 1.0 -1.5 -21.5 9.0
Me:0-CN
1|53 | x-%,%-y, 1-z [24] 6.705 -32.8 -34.8 -13.3 -16.1 31.4
1 3| -x, y+¥%, Y2-7 [24] 7.269 -21.9 -14.5 -5.1 -16.4 14.0
1|10 | x-1,y,z [t] 3.811 -20.6 -3.1 -5.4 -41.5 29.5
1| 54 | x-%,1.5-y, 1-z [24] 8.550 -14.9 -10.4 -2.5 -8.6 6.7
Me:0-COOH
31 | Ya-x, Ya+y, -3%4+z [g] 8.680 -38.1 -77.3 -39.0 -14.4 92.6
1 4 | Ya-x, Yat+y, Ya+z [g] 7.460 -20.4 -3.1 -3.3 -32.3 18.3
6 | -x, Y-y, Y2+7Z [24] 7.563 -14.5 -7.0 -3.5 -19.7 15.6
Me:0o-NHCOMe
1124 |-x1-y,-z [_1] 5.170 -90.0 -105.5 -39.0 -48.3 101.9
1 5| -x,-y,-z [_1] 5.081 -87.9 -97.6 -38.2 -50.7 98.7
1| 40 | %-x,-Yo+y, Y2-7 [24] 7.732 -21.6 -13.5 -5.3 -17.4 14.6
1 2 | Yo+x, Yo+y, z [C] 8.594 -14.1 -8.1 -2.9 -14.1 11.0

Table 4.9: The strongest intermolecular interaction energies of the unique ortho structures. The
energies are given in kJ-moll. The symbols in square brackets indicate the type of symmetry
operation. [C] stands for C-centring.

In Me:0-COMe there are only two major interactions above 20 kJ-mol?
contributing 43.4 k]-mol-! and 23.6 kJ-mol! as can be seen from Table 4.9. These
two interactions prevail between molecules related by inversion so that the

molecular mean planes face each other as displayed in Figure 4.17.a.
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Figure 4.17: The reference molecule is shown in red; all others are symmetry generated from the
reference molecule. Intermolecular interaction energies are calculated between the reference A
and its symmetry equivalent B c.f Table 4.9. (a) Me:0-COMe: 29 (orange), 32 (yellow). Inversion
centres are indicated as black circles. (b) Me:0-NO2: 9 (white), 32 (yellow), 20 (green).

The intermolecular interaction energies in Me:0-NO2 are more evenly distributed
(cf. Table 4.9) and arise primarily from molecular pairs related by translation,
inversion and 21 screw symmetry as depicted in Figure 4.17.b. The values in Table
4.9 show that these are interactions due to dispersive forces.

In Me:0-CN the substituent CN disrupts the HB interaction between the amide
groups and instead amido-cyano hydrogen bonding occurs as illustrated in Figure
4.18.a. The intermolecular energy of this interaction amounts to 32.8 k]-moll,
which is actually slightly less energetic than the hydrogen bonds C1jy and Clpg.
Apart form this interaction there are two more above 20 k]-moll. The

corresponding molecular pairs are shown in Figure 4.18.b.

() (b)

Figure 4.18: (a) Cyano-amide hydrogen bonding in Me:o-CN. (b) Molecular pairs with strongest
interaction energies c.f Table 4.9. Reference molecule shown in red; other colours refer to
symmetry generated molecule with numbers 10 (white), 53 (green), 3 (light green).
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The substituent COOH contains both a HB donor and acceptor group. The carboxyl
acceptor engages in intramolecular hydrogen bonding with the amide nitrogen,
whereas the carboxyl donor is utilised in intermolecular HB interaction with the
amide oxygen atom of a neighbouring molecule in. The hydrogen bonding found in

Me:0-COOH is displayed in Figure 4.19.a.

Qs ===

() (b)

Figure 4.19: (a) Intra- and intermolecular carboxy-amide hydrogen bonding in Me:0-COOH. (b)
Molecular pair with strongest interaction energy c.f. Table 4.9 Reference molecule shown in red;
molecule in magenta refers to molecule 4 in Table 4.9. Molecule 31 is found in HB in (a).

The carboxyl-amide intermolecular HB has glide symmetry and is associated with
38.1 k]'moll, which is similar to the HB interactions between amide groups.
However, the Coulombic gain is almost doubled in comparison with the chains of
type C1. Otherwise there is only one further intermolecular interaction exceeding
20 kJ-mol-1. The molecular pair is shown in Figure 4.19.b.

In Me:o-NHCOMe hydrogen bonding is established between both amide groups in
a ladder motif. This ladder has inversion symmetry, so that the core amide group
hydrogen bonds to the substituent amide group and vice versa as shown in Figure

4.20.a.

TV LT

() (b)

Figure 4.20: (a) Ladder HB motif in Me:o-NHCOMe. Inversion centres are included as black
circles. (b) Molecular pair with strongest interaction energy c.f. Table 4.9. Reference molecule
shown in red; molecule in green refers to molecule 40 in Table 4.9. Molecules 24 and 5 participate
in HB in (a).
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This ladder motif is the most energetic discussed thus far as can be seen from
Table 4.9. It should be noted that within the ladder the distance between a
molecule and the inversion centres on either side of the molecule is not equivalent
leading to slightly different energy values (87.9 and 90.0 kJ'-mol1) for the HB
interaction of one molecule with the neighbouring molecules on either side of it.
The next strongest intermolecular interaction with 21.6 kJ-mol-! is much less
significant and occurs between molecules related by 2; screw symmetry. The
corresponding pair of molecules is displayed in Figure 4.20.b.

In the crystal structure Me:o-Bu the molecules pack in the tetragonal space group
[41cd - the highest symmetry in the ortho acetanilides. Neighbouring molecules
interact via the amide-amide hydrogen of type C|(4) in Etter notation, but forming

a helix with 4 fold symmetry in this structure (Figure 4.21).

Figure 4.21: HB helix in Me:o-tBu.

The pairwise interaction energy between molecules in this helix amounts to

56.3 kJ'-mol-! (Table 4.10) and is significantly higher than C1jy and C1g).

Structure rx...o [A] Lnno[] Symmetry
2.931(3) 171(3) 44
Mezo-tBu taslA] | Eot | Eow | Epa | Easp | Erep
4.727 -56.3 -51.1 -19.9 -48.3 63.0

Table 4.10: Structural parameters and intermolecular interaction energies for the hydrogen
bond in Me:o-tBu. The energies are given in k]-mol-1.

Both Coulomb and dispersive contributions to this interaction are high. The
substituent tBu is the bulkiest within the series of ortho-acetanilides and the close

proximity to the amide group results in a near perpendicular positioning of the

139



CHAPTER 4 STRUCTURAL SYSTEMATICS OF ACETANILIDES

amide group with respect to the phenyl ring. This means that the molecules are
almost intertwined within the helix so that a larger area of the molecule can
interact than is the case in C1jy and C1(g hence leading to the stronger interaction

energy.
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4.B.2. Structural Relationships in Me:m-X

The structural similarity in the meta acetanilide series is summarised in the
diagram in Figure 4.22 shown overleaf. The structural relationships in the meta
series are a lot more complex and the number of packing features occurring in at
least two crystal structures is much higher than in the ortho acetanilides. XPac
identified four groups of packing analogous, four 2D SCs, five 1D features and three
0D constructs. Only one crystal structure, Me:m-NHCOMe, lacks similarity with
any of the other fourteen meta acetanilides. It should be noted here that the 1D
packing feature C2[g was not identified by XPac during the comparison of the meta
structures, but was added manually to aid the understanding of the 2D assembly
L1. The structural similarity relationships in the meta acetanilide series are
discussed subsequently. Corresponding base vectors are provided in Appendix 4-2.
The total lattice energies can be found in Appendix 4-3 providing a reference for

the importance of the pairwise interaction energies.

4.B.2.1. 3D similarity in Me:m-X

The XPac analysis revealed analogous packing in three pairs and one triplet of
meta acetanilide crystal structures. The unit cell parameters are summarised in
Table 4.11.

The parameters are very similar for the first two groups, but less so for the last two
groups in Table 4.11. It should be noted that the crystal structures of at least one of
the compounds in each of the first three sets of packing analogues are presented in

the literature® and hence will not be discussed in detail here.
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Structure Me:m-1 Me:m-CF3 Me:m-SFs Me:m-Cl | Me:m-Br(o)
a[A] 49076(5) |5.1717(8) |9.8003(11) | 4.7667(1) | 4.7836(6)
b [A] 9.7504(8) | 9.7527(13) | 17.894(2) | 18.4984(4) | 18.765(1)
c[A] 18.6116(11) | 17.811(2) | 5.9141(7) | 18.6318(4) | 19.379(2)
al] 90 90 90 90 90
B[] 90 90 90 90 90
Y[l 90 90 90 90 90
YA 1 1 1 2 2
Space Group P212121 P212121 P212121 P212121 P212121

Table 4.11: Unit cell parameters for the groups of packing analogues in the meta acetanilide series.

Structure Me:m-F Me:m-NO: Me:m-COMe | Me:m-COOEt
a [A] 12.1766(4) 9.7285(5) | 5.5061(2) 5.7366(2)

b [A] 9.5024(3) 13.3392(7) | 7.2607(3) 8.5492(5)

c [A] 12.9638(5) 12.9849(5) | 11.4567(5) 10.6373(6)
o] 90 90 103.709(2) 93.974(2)
BT 90 103.791(3) | 93.064(3) 99.351(3)
Y[l 90 90 100.528(3) 95.314(3)

VA 1 4 1 2

Space Group | Pbca P2 P1 P1

Table 4.11 continued.

Me:m-F crystallises in the orthorhombic space group Pbca whereas Me:m-NO:
crystallises in the monoclinic space group P2:. At a first glance this seems to
exclude 3D similarity, but this discrepancy is compensated for by an increase in Z’
- there are four molecules in the ASU of Me:m-NO2z (Z'=4) compared with Z’=1 in
Me:m-F (cf. Ortep of ASU in Chapter 4.A.). In the ASU of Me:m-NO: there are two
pairs of crystallographically independent molecules interacting via amide-amide
hydrogen bonding. The molecules within each HB pair are related by pseudo-glide
symmetry, whilst the pairs of molecules are related by pseudo-inversion. Space
group P2; is furthermore a subgroup of Pbca and together with the pseudo-
symmetry relationships between the molecules in the ASU, the spatial
arrangement in Me:m-NOz mimics completely the higher symmetry of Me:m-F.
Figure 4.23 shows the unit cell contents of Me:m-F and Me:m-NOz as viewed

parallel to the HB direction. Shown also in the picture is the position of the 2

screw axis common to both structures.
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Figure 4.23: Packing of the molecules within one unit cell of Me:m-F (left) and Me:m-NO; (right).

The packing mechanism seems very robust with respect to the phenyl ring
orientation, since two molecules of the ASU in Me:m-NOz adopt the syn whilst the
other two assume the anti configuration, i.e. the position of substituent X with
respect to the amide oxygen atom. In Me:m-F on the other hand, the molecule is
present in the syn configuration only (c.f. Chapter 4.A.).

The largest differences in unit cell parameters between packing analogues are
found in the last group of structures, Me:m-COMe and Me:m-COOEt. Both
structures crystallise in the triclinic space group P1 with one molecule in the ASU.
The difference in the unit cell parameters can be explained by considering the
molecular shape. The molecule Me:m-COOEt is much longer than Me:m-COMe as
can be seen from the molecular overlay in Figure 4.24, the difference in length
being approximately 2 A. Hence the different unit cell dimensions are associated
with accommodating such differently sized molecules in a highly similar crystal
lattice. In  the  crystal structure
neighbouring molecules of Me:m-COMe

and Me:m-COOEt associate in HB dimers

with inversion symmetry. This dimer D2,

also occurs in Me:m-COOH and will be
Figure 4.24: Molecular overlay of Me:m- discussed further in the following section.
COOEt (red) and Me:m-COMe (grey). ] _ o

The dimer is a closed unit in terms of

hydrogen bonding and no further strong
intermolecular interactions are possible in Me:m-COMe and Me:m-COOEt. Close

packing of these dimers is achieved by translation along the depth of the molecule
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and inversion symmetry along the length and width of the molecules. The packing

is depicted in Figure 4.25 as viewed parallel to the depth of the molecule.
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Figure 4.25: Crystal packing diagrams for Me:m-COMe (left) and Me:m-COOEt (right). The
location of the inversion centres within the unit cell is indicated with the black circles.

The location of the inversion centres are also shown in the packing diagram. The
difference in unit cell dimensions between Me:m-COMe and Me:m-COOEt is

clearly visible in the figure.

4.B.2.2. Hydrogen bonding in Me:m-X and associated SCs

Some of the SCs identified with XPac are combinations of lower dimensionality

SCs, e.g. the 2D layer L1 is obtained by combining the 1D stack S1jy (discussed in

the subsequent section) with the 1D chain C2g. In this respect the 0D SCs D1, ,,

D1pg and D2, are the lowest order SCs and can be seen as fundamental building

blocks that find incorporation in most meta acetanilide crystal structures. The only
structures that do not contain one of these 0D SCs are Me:m-OH and
Me:m-NHCOMe, the latter lacking similarity with any of the other structures
altogether (see Section 4.B.2.5).
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4.B.2.2.a Dimers

D1, | D1ig and D2, are HB dimers of varying intermolecular connectivity. D2,
is an inversion dimer of planar geometry in which the amide group interacts with
the available carbonyl group of the substituent, i.e. a N-H:--O=C HB is formed. The
inversion centre is located in the same plane as the molecular backbone and hence
the molecules within the dimer are placed side-by-side along their width. Figure

4.26 displays the inversion dimer in Me:m-COMe, Me:m-COOEt and Me:m-COOH.
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Figure 4.26: Dimer D25, in Me:m-COOH (left), Me:m-COMe (middle) and Me:m-COOEt (right).

The inversion centre is shown as black circle.

The construct occurs if X contains at least one additional HB acceptor. Hence it is

found in Me:m-COMe, Me:m-COOEt and Me:m-COOH. However, CN, NO2 and OH
also exhibit HB acceptor functionality, but D2, is not observed in the respective
crystal structures. These functional groups are smaller and more electron
withdrawing than COMe, COOEt and COOH and it may hence be concluded that
the formation of D23, is dependent on both the geometrical and electrostatic
characteristics of substituent X.

Constructs D1, ; and D1jg are more frequently observed. D1, | occurs in five
structures, namely in Me:m-Br(m) and Me:m-Me as well as in Me:m-I and its two
packing analogues. D1[g on the other hand is present in the six crystal structures
Me:m-CN, Me:m-F, Me:m-NO;, Me:m-Cl, Me:m-Br(o) and Me:m-Br(m). The
structure of the monoclinic polymorph of Me:m-Br hence contains both dimers

D1, |, and D1jg. The two dimers are of the same connectivity type, i.e. adjacent

amide groups are hydrogen bonded, but they differ in the symmetry relationship
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between the two molecules in the dimer. Due to the 21 screw symmetry in D1, ,
the dimer is a flat object in which the phenyl rings are approximately co-planar
and found on opposite sides of the hydrogen bond. Figure 4.27 shows construct
D1, | from two perspectives as present in the five structures. It can be seen from
the figure that the molecular configuration in Me:m-Me is anti with respect to the
amide oxygen, whereas all other compounds assume the syn configuration. This

shows that the geometrical arrangement in the HB dimers occurs irrespective of

the orientation of the phenyl ring.
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Figure 4.27: Dimer D1, ,in meta acetanilides viewed perpendicular and parallel to the hydrogen

1241
bond. Top row from left to right: Me:m-I, Me:m-CF3 and Me:m-SFs. Bottom: Me:m-Me (left) and
Me:m-Br(m) (right).

Since the molecules in D1[g are related by glide symmetry (and as they reside at
an angle to the mirror plane rather than coinciding with the mirror plane) the
dimer D1[g assumes a wedge or V-shape with varying span. Figure 4.28 depicts the

HB dimer D1g for the six structures it occurs in.
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Figure 4.28: Dimer D1fg in meta acetanilides viewed perpendicular and parallel to the
hydrogen bond. Top row from left to right: Me:m-F and the dimer between the two individual
pairs of molecules in the ASU of Me:m-NO2. Middle row from left to right: Me:m-CN and dimers
for each independent molecule in the ASU of Me:m-Cl. Bottom row from left to right: dimers for
each independent molecule in the ASU of Me:m-Br(o) (left and middle) and Me:m-Br(m)

(right).

The difference in the acuteness of the V-shape is clearly visible. Whilst the

hydrogen bonded molecules form a very wide V in Me:m-CN, Me:m-F and
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Me:m-NOz, the V is much narrower in Me:m-Cl and the two polymorphic forms of
Me:m-Br.
The intermolecular energies associated with the HB dimers are specified in Table

4.1210 and the respective HB parameters are recorded in Table 4.13.

Structure ra-B [A] Etot Ecoul Epol Edisp Erep
D1

Me:m-F 6.201 -55.7 -46.4 -38.2 -20.5 49.4

Me:m-CN 6.334 -53.3 -42.0 -33.6 -22.8 45.1
D1[21]

Me:m-CF; 6.816 -50.4 -39.9 -30.3 -23.6 43.4

Me:m-SF5 7.298 -48.0 -36.7 -24.6 -239 37.3

Me:m-Me 6.545 -52.8 -43.3 -31.2 -22.9 44.6
DZ[I]

Me:m-COOH 6.136 -73.6 -58.1 -36.3 -20.5 45.8

Me:m-COMe 5.704 -77.0 -60.1 -40.9 -31.3 55.4

Me:m-COOEt 5.627 -78.2 -58.2 -40.1 -35.6 55.7

Table 4.12: Intermolecular interaction energies for the HB dimers found in the
meta series. Energies are given in k]-mol-1.

Structure rn...o [A] Ln-n.o[] Symmetry
Me:m-F 2.831(2) 168(2) glide
Me:m-NO:; 2.874(3) 172(4) pseudo-glide

2.887(3) 180(4) pseudo-glide
2.858(3) 175(2) pseudo-glide
2.875(3) 159(3) pseudo-glide
Me:m-CN 2.868(2) 169(2) glide
Me:m-Cl 2.813(2) 167(2) pseudo-glide
2.901(2) 171(2) pseudo-glide
Me:m-Br(o) 2.886 166 pseudo-glide
2.953 169 pseudo-glide
Me:m-Br(m) 2.823(5) 172(5) pseudo-glide
2.892(5) 175(6) pseudo 21 screw
Me:m-I 2.902(10) 174(2) 21 screw
Me:m-CF3 2.907(5) 166(4) 21 sCrew
Me:m-SF5 2.975 170 21 screw
Me:m-Me 2.891(2) 174(2) 21 screw
Me:m-COOH 3.022 173 inversion
Me:m-COMe 2.950(2) 154(2) inversion
Me:m-COOEt 3.031(1) 161(2) inversion

Table 4.13: Hydrogen bond parameters for dimers D1 and D2 present in the meta

series.
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On average the HB distances in dimer D2, are the longest but energetically this
construct is the most stable owing to the fact that there are two hydrogen bonds in
dimer DZg, in contrast to only one HB in the other two dimers. From the
breakdown into individual energies it can also be seen that for D23, the dispersive

term increases with the size of the aliphatic residue in substituent X, i.e. a larger

area is available for dispersive interaction. In terms of energy dimer D1pg is

slightly stronger than D1, ;, which may be related to the HB distance on average

being shorter than in D1, ;. The shortest HB distances occur in the acetanilides

with the strongest electron withdrawing substituents so that a link exists between
molecular structure and intermolecular association. From Table 4.13 another

trend is visible: the meta acetanilides with large “spherical” substituents adopt the
D1, | interaction mode, whereas the meta acetanilides with smaller substituents

arrange in the D1[g motif. Me:m-Br(m) may present the borderline case, where

both dimers coexist.

4.B.2.2.b 1D HB Chains

Dimers D1, ; and D1jg are part of extended infinite chains, which are established
via amide-amide hydrogen bonding. At this stage the energies discussed in the

preceding section need to be put into perspective. The inversion dimer D2, is the

most energetic when it comes to pairwise HB interaction, but since D1}, ; and

D1 find incorporation in infinite chains the overall stability of the crystal is
enhanced by the latter two HB dimers.
In most cases the symmetry of the dimer also prevails throughout the HB chain,

hence the 1D SCs C1;, ; and Clg are formed (c.f. Figure 4.22). The feature C1;, | is

present in Me:m-Me and in the group of analogous structures containing Me:m-I

as shown in Figure 4.29.
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Figure 4.29: HB chain C1[21] in meta acetanilides viewed perpendicular to the hydrogen bond.

Me:m-Me (top left), Me:m-I (top right), Me:m-CF3 (bottom left) and Me:m-SFs (bottom right).

Construct C1g exists in the crystal structures Me:m-CN, Me:m-F and Me:m-NO:

and the construct is displayed in Figure 4.30.

Figure 4.30: HB chain C1g in meta acetanilides viewed perpendicular to the hydrogen bond.
Me:m-CN (top left), Me:m-F (top right). Two chains shown for Me:m-NO: as formed between
pairs of independent molecules in the ASU with the same molecular configuration (bottom).
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The intermolecular interaction energies and HB parameters are identical with

those already discussed for the dimeric fragment so that C1g can be considered as
slightly more energetically stable than C1;, ;.

XPac also identified 1D similarity between the structures containing constructs
C1;, , and C1jg, namely the row R2y. Surprisingly XPac assigned this translational
row of molecules the same base vectors as for the HB chains. Upon closer
inspection it transpired that the similarity is concerned with one side of the HB

chains only. In the chains the phenyl rings of adjacent molecules are positioned on

opposite sides of the hydrogen bond (Figure 4.31).
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Figure 4.31: Row R2[g shown for Me:m-CN (left) and Me:m-I (right) as viewed from the top and
side on, respectively.

Given the symmetry of the chain, every other molecule is obtained by translation
and hence placed on the same side of the chain. The finding of construct R2g thus
indicates the similarity of the individual sides of the amide HB chains, but it also

emphasises the different geometric arrangement of the two sides within the
constructs C1;, ; and Clg. It can thus only be regarded as a minor similarity
[24] g

feature.

The structures Me:m-Cl, Me:m-Br(0) and Me:m-Br(m) also contain infinite amide
HB chains, but the compounds crystallise with two crystallographically
independent molecules in the ASU (Z’=2), which affects the symmetry of the chain.
The molecules in the ASU are conformationally different and are thus related by
pseudo symmetry, i.e. they do not fully satisfy crystallographic symmetry. In
Me:m-Cl and Me:m-Br(0) the molecules in the ASU are related by a pseudo-glide
plane and the characteristic V-shape of D1jg is observed. Within the amide HB
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chain such a pair of molecules is then related to the next pair of molecules via
crystallographic 21 screw symmetry. The symmetry difference is visualised with

different colours in Figure 4.32.a.
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Figure 4.32: (a) Amide-amide hydrogen bonding chain in Me:m-Br(o) with molecules coloured
according to symmetry. (b) HB chain in Me:m-Br(o) as viewed from the top and along the HB,
respectively. Colours indicate pseudo-symmetry relationships.

The independent molecules in the ASU are drawn in the same colour and the green
and white molecules are related by 2; screw symmetry. Although neighbouring
pairs of molecules are generated by a 21 screw axis, the symmetry relationship
between individual adjacent molecules remains as pseudo-glide symmetry
throughout the amide HB chain. The pseudo-symmetry relationships in
Me:m-Br(o) are shown in Figure 4.32.b. The molecules shown in white and grey
symbolise the two components of the ASU, which are related by pseudo-glide
symmetry. As going from white to magenta and grey to purple, molecules are
related by a further pseudo-glide plane.

By contrast in polymorph Me:m-Br(m), the molecules in the ASU are related by a
pseudo 21 screw axis forming the flat unit of D1, ;. In the HB chain neighbouring
pairs of molecules are related by glide symmetry as highlighted with the white and
magenta molecules in Figure 4.33.a. Hence the hydrogen bond symmetry between
adjacent molecules within the HB chain alternates between glide and 21 screw
symmetry (c.f. magenta/purple to white/grey and white to grey in Figure 4.33.b,
respectively). This means in contrast to Me:m-Cl and Me:m-Br(o) both dimers

D1, | and D1jg coexist in the infinite amide HB chain in Me:m-Br(m).
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(@) (b)

Figure 4.33: (a) Amide-amide hydrogen bonding chain in Me:m-Br(m) with molecules coloured
according to symmetry. (b) HB chain in Me:m-Br(m) as viewed from the top and along the HB,
respectively. Colours indicate pseudo-symmetry relationships.

A third HB chain was found upon visual inspection of the crystal structures of
Me:m-COOH and Me:m-OH and it was added to the similarity plot as feature C2g
(Figure 4.22). The connectivity in this HB feature is different to the amide-amide
HB chains discussed thus far since it involves the interaction between a hydroxy
group and the amide carbonyl. The topology of C2[g expressed in Etter’s notation
is C}(8) for Me:m-OH and C}(9) for Me:m-COOH. Strictly speaking the topology is
not identical, but since the interacting atomic groups are very similar and in order
to allow for differences in the substituents the HB interaction was assigned the

same construct descriptor. The chain C2[g propagates with the length of the

molecule (as opposed to the width in SCs C1, ; and Clig) and the interaction

occurs in a head-to-tail arrangement of the molecules as displayed in Figure 4.34.

Figure 4.34: HB chain C2[g as found in Me:m-OH (top) and
Me:m-COOH (bottom).
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Tables 4.14 and 4.15 contain the HB parameters and interaction energies,

respectively.
Structure ro..o [A] Lnno[] Symmetry
Me:m-OH 2.6288(13) | 166(2) glide
Me:m-COOH 2.715 164 glide

Table 4.14: Hydrogen bond parameters for C2[g; in Me:m-OH and Me:m-COOH.

Structure ra-B [A] Etot Ecoul Epol Edisp Erep
Me:m-OH 8.856 -28.3 -68.8 -33.7 -18.1 92.2
Me:m-COOH 10.324 | -64.1 -53.5 -53.6 -9.9 52.9

Table 4.15: Intermolecular interaction energies for C2g in Me:m-OH and Me:m-
COOH. Energies are given in kJ-mol.

The HB length is considerably shorter in Me:m-OH, but its interaction energy is
only approximately 44% of the energy in Me:m-COOH. The largest differences are
found in the repulsion and polarisation energies. The former arises due to the
short HB distance and the latter indicates that the carboxyl moiety is more readily
polarisable than the hydroxy group. Hence the HB arrangement C2pg is only

associated with a moderate energy gain in Me:m-OH.
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4.B.2.3. Other 1D common packing features - the stack S1y

In the series of meta acetanilides there is only one commonly occurring
intermolecular arrangement that does not involve hydrogen bonding, namely the
stack S1y. Although there appears to be a lack of strong intermolecular interaction
this construct is the most frequently observed. It can be found in eight of the
fifteen crystal structures if the arrows are traced from the box S1jy in the reverse
direction. The stack has translational symmetry and affords the packing of the
molecules along their depth coinciding with the shortest unit cell axis. Figure 4.35
displays two perspectives of S1y as present in Me:m-COOH, Me:m-OH,
Me:m-Br(m), Me:m-I and Me:m-Cl. The latter two structures are to be considered
as representative for the two groups of analogous meta structures discussed

previously.

)
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Figure 4.35: Stack S1jg in Me:m-OH, Me:m-COOH, Me:m-Br(m), Me:m-I and Me:m-Cl (moving
clockwise starting in top left corner). Two perspectives are shown: viewed parallel and
perpendicular to the stack direction, respectively.
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[t can be seen from Figure 4.35 that the stack is off-set so that the m-systems hardly
overlap. Instead the amide group is positioned above the phenyl ring in adjacent
pairs of molecules in S1py.

There seems to be no direct correlation between the off-set in the stack and the
type of substituent X. Me:m-COOH constitutes the only exception to this geometry
since the off-set is much smaller in this stack so that the phenyl rings overlap. It
should be mentioned that stack S1y occurs for both molecules in the ASU for the
Z’=2 structures. This packing feature is again independent from the molecular
configuration so that both syn and anti arrangements of substituent and amide
oxygen can be accommodated.

Table 4.16 contains the pairwise energies for this intermolecular geometry.

Structure Ira-B [A] Etot Ecoul Epol Edisp Erep
Me:m-CF3 5.172 -13.1 1.8 -6.9 -28.8 20.8
Me:m-SF5 5914 -12.1 5.2 -3.0 -23.1 8.7
Me:m-OH 4.067 -13.4 -4.0 -6.8 -34.4 31.8
Me:m-COOH | 3.952 -18.2 -4.1 -8.6 -40.2 34.6

Table 4.16: Pair wise interaction energies for S1jy in Me:m-CF3, Me:m-SFs, Me:m-OH and
Me:m-COOH. Energies are given in k]-mol-1.

Although the interaction energies could not be calculated for Me:m-Cl,
Me:m-Br(m) and Me:m-Br(0) since they are Z’ = 2 structures, it can nevertheless
be seen that the stack S1y is much less energetic than any of the HB assemblies as
would be expected. Hence this packing feature can be regarded as a secondary
construct compared with the HB constructs. Interestingly in Me:m-CF3 and
Me:m-SFs the contribution from the Coulomb energy is positive, i.e. repulsive. This
can be attributed to the fact that stacking of the bulky substituent groups CF3 and
SFs above each other is unfavourable. However, the intermolecular interaction is
dominated by dispersive forces due to the overlap of the phenyl ring and the amide
group so that the stacked assembly is energetically stable overall. In fact this
construct is the next strongest in energy after any hydrogen bonding feature and
can in so far be seen as structure directing for these meta acetanilides.

In six of the eight structures mentioned thus far the stack S1py is actually part of a
double stack 2<S1y > ;. In this arrangement two neighbouring stacks S1py are

related by 21 screw symmetry. The double stack is highlighted in the crystal lattice
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of Me:m-Br(m), Me:m-I and Me:m-Cl in Figure 4.36, whereby the latter two are

taken as representatives for the respective groups of analogous structures.

W g4 20 pre

Figure 4.36: The double stack 2<S1j; >}, ; in Me:m-Br(m) (left) Me:m-Cl (middle) and Me:m-I
(right).

4.B.2.4. 2D similarity and the polymorphs of Me:m-Br

Four 2D SCs were revealed during the XPac analysis. All four 2D constructs are
layers of molecules and are hence abbreviated with L and the integer is used to
distinguish between unique layers.

Three of the layers, L1, L2 and L3, contain the 1D stack S1jy or its double stack

2<S1y >, Layer L1 is a combination of S1jy and C2p and occurs in

Me:m-COOH and Me:m-OH as shown in Figure 4.37.
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Figure 4.37: Layer L1 as viewed along the stack direction in the crystal packing (top) and the
single layer rotated by 90° (bottom). Me:m-OH and Me:m-COOH are shown on the left and right
hand side, respectively.
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The two structures only differ in the packing of L1: In Me:m-COOH neighbouring

layers are linked via the HB dimer D27, whereas in Me:m-OH the layers are

connected through hydrogen bonding between the amide and the hydroxyl group.
In this hydrogen bond the amide nitrogen acts as the HB donor and the hydroxyl
oxygen atoms as the HB acceptor. A HB chain approximately propagating with the
depth of the molecule is established and adjacent molecules in this chain are
related by 2; screw symmetry. This difference in packing of L1 is depicted in

Figure 4.38.
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Figure 4.38: Difference in packing of L1 in Me:m-OH (top) and Me:m-COOH (bottom) as viewed
parallel to the stack (left) and along the HB chain C2g (right).

The constructs L2 and L3 represent alternative ways of extending the double stack
2<S81;;>2,1 into two dimensions. Layer L2 occurs in the group of packing
analogues of Me:m-I and in Me:m-Br(m). The 2D assembly is achieved by
combining the double stack with the HB dimer D1, ;. This leads to a row of stacks
wherein adjacent double stacks are linked through hydrogen bonds. Layer L2 is
shown as viewed parallel to the stack in Figure 4.39 for Me:m-Br(m) and Me:m-I.
It is clear from Figure 4.39 how the layer L2 propagates along a unit cell diagonal
in Me:m-I rather than along a unit cell axis as in Me:m-Br(m). As noted in the

discussion of the hydrogen bonding in Me:m-Br(m) above the HB dimer is actually
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Figure 4.39: Layer L2 as viewed parallel to stack direction in Me:m-I (left) and Me:m-Br(m)
(right).

established between the two independent molecules in the ASU and has pseudo 2
screw symmetry.

Layer L3 is also observed in Me:m-I and its analogous structures. In addition the

construct is detected in Me:m-Cl and Me:m-Br(0). This 2D feature also contains

rows of the double stack 2 <S1p; >, 1, but they differ from those in L2. Figure 4.40

depicts the 2D construct L3 as it occurs in Me:m-Br(o) and Me:m-I as

representative for the other analogous structures.
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Figure 4.40: Layer L3 as viewed parallel to stack direction in Me:m-I (left) and Me:m-Br(o)
(right).

The direction of propagation of this row of stacks now coincides with one unit cell
axis in Me:m-I as is the case in Me:m-Br(0). However, in contrast to Me:m-Br(m)
only one of the independent molecules in the ASU of Me:m-Br(o) is involved in the
construct. To illustrate this point the packing of the two polymorphs is shown
again in Figure 4.41 but with the different colours indicating the two types of

molecules in the ASU.
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Figure 4.41: Packing in Me:m-Br(m) (left) and Me:m-Br(o) (right) with colour coding
according to independent components of the ASU.

The combination of Figures 4.40 and 4.41 hence reveals that actually the packing
of one component of the ASU in Me:m-Br(o0) is equivalent to the packing mode of
Me:m-I and its analogues. However, in Me:m-Br(0) this assembly is expanded so
as to accommodate the second component of the ASU. The overall packing of
Me:m-Br(0) and Me:m-Cl can thus be understood as an interlacing of two lattices
of the Me:m-I type. The crystal structure of the polymorph Me:m-Br(m) on the
other hand is built up through alternating layers of one component of the ASU.

Finally, layer L4 is constructed via packing of the HB chain C1g in rows so that the
wedges are placed next to each other (rather than stacked on top of each other).
The construct is displayed in Figure 4.42 for the three structures as viewed along

the HB chain.
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Figure 4.42: Layer L4 in Me:m-F (top left), Me:m-NO: (top right) and Me:m-CN (bottom).
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In this arrangement neighbouring HB chains are related by 21 screw symmetry so
that a corrugated layer occurs. XPac identified L4 in Me:m-F and its packing
analogue Me:m-NO; as well as in Me:m-CN.

The difference between the crystal structure of Me:m-CN and Me:m-F/Me:m-NO:
hence manifests itself in the packing of these layers. In Me:m-CN neighbouring
layers L4 are stacked with 21 screw symmetry whereas in Me:m-F stacking of L4
occurs with glide symmetry and pseudo glide symmetry in Me:m-NO2,
respectively. Hence the alternation of the direction of the HB chains between the

layers varies between the two crystal assemblies.

4.B.2.5. The structure of Me:m-NHCOMe

Me:m-NHCOMe crystallises in an assembly that has no similarity with any of the
other fourteen meta acetanilides. The shape of the molecule is quite different from
the other molecules of the other compounds in the series. One of the amide groups
(N1, C7, 01) is twisted out of the phenyl ring plane by approximately 52° whereas
the ring plane and the amide plane are nearly co-planar in most of the crystal
structures of the other compounds. In comparison the largest deviation is a ca 22°
twist in one of the two molecules in the ASU of Me:m-Br(o0). The second amide
group comprised of N2, C9, 02 (cf. Ortep in Chapter 4.A.) is rotated out of the
phenyl ring plane by approximately 30°. Both amide groups engage in hydrogen
bonding so that the amide group containing N1 interacts with the group of N2 and

vice versa. An inversion HB dimer is established (shown in Figure 4.43), but in

p-e hydrogen bonding direction is perpendicular to the

Q@ contrast to D2, this dimer is not planar. Instead the
%@% phenyl ring plane, which is facilitated through the
B twist of the amide groups. Two further hydrogen

gi) ® bonds are established so that each Me:m-NHCOMe
molecule is involved in four hydrogen bonds. These

Figure 4.43: HB dimer in additional hydrogen bonds point in the opposite
Me:m-NHCOMe. Location of
inversion centre indicated by direction to the dimer HBs and form an infinite helix

black circle. ) . .
with 21 screw symmetry effectively propagating along
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the width of the molecule. This helix is depicted in Figure 4.44.

Figure 4.44: HB helix Me:m-NHCOMe propagating
from left to right. Hanging contacts above and below
the helix indicate direction of HB dimer formation.

The interplay of the helical and dimer arrangement results in a HB net parallel to
the bc plane.
The resulting overall structure is layered as shown in Figure 4.45 and

neighbouring nets are related by 21 screw symmetry.
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Figure 4.45: Packing of HB nets in Me:m-NHCOMe.
HB contacts are drawn in red.
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4.B.3. Structural Relationships in Me:p-X

The structural similarity in the para-acetanilides as determined with XPac is
summarised in the diagram in Figure 4.46 overleaf. Remarkably, out of 35 crystal
structures only two, namely Me:p-OCOMe(m1) and Me:p-COOMe are unique and
share no SC with any of the other structures in the set. Four para acetanilides
crystallise in polymorphic forms. The monoclinic and orthorhombic structures of
Me:p-Me have already been reported in the literature. Also Me:p-Br(o) was
previously determined, whilst CSF provided the new monoclinic form,
Me:p-Br(m). In the case of Me:p-OCOMe the literature indicates that three
polymorphs were observed during manufacture, but only the polymorph
Me:p-OCOMe(m1) was characterised crystallographically!l. During this study a
different crystal structure Me:p-OCOMe(m2) was obtained also in the monoclinic
crystal setting. Finally, the polymorphs of paracetamol, Me:p-OH, have been the
focus of man studies and hence the crystal structures of the thermodynamic
monoclinic polymorph, Me:p-OH(m), and the kinetic orthorhombic polymorph,
Me:p-OH(01), are well known. The crystal structure of a third metastable
polymorph has been elusive for a long time. Recently a structure solution derived
from powder diffraction and theoretical calculations was reported!?. The structure
Me:p-OH(02) is in the orthorhombic setting and contains two molecules in the
ASU (Z'=2). Given the importance of paracetamol, this structure although not
derived from single crystal X-ray diffraction was also included in the XPac analysis
of the para acetanilides.

The similarity between the crystal structures of the para acetanilides can be
classified into six groups of analogous structures, five 2D constructs and seven 1D
common features in accordance with Figure 4.46.

The para series exhibits greater structural variety than the ortho and meta
acetanilides, but it should be noted that there are more than twice as many crystal
structures in the para series as in the ortho and meta sets. The number of
constructs in the para series does not scale with the library size however, and the
structural similarity in this series is not as complex as one would expect for this

size of library!3.
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At this stage it should be noted that the structural similarity plot experienced the
longest development phase and even though the number of structures has steadily
risen the structural relationships have been surprisingly robust and few in
number.

The similarity plots of the initial set of 13 structures and the plot of a set of 24 para
acetanilide structures is shown for comparison in Appendix 4-5. Whilst the
similarity in the original concerned 7 constructs (5 1D and 2 2D), addition of 11
para acetanilide structures resulted in further 4 constructs (1 and 3 additional 1D
and 2D constructs respectively). Upon reaching the current library size of 35 para
acetanilide crystal structures only one new 1D SC was identified. This shows two
aspects of this work. On one hand a presented structural similarity plot is never
finished. As the crystal structures of new compounds or polymorphic
modifications are obtained these structures need to be added to the structural
comparison and hence the derivation of a similarity plot can be a seen as a working
process. On the other hand the findings of this work demonstrate that the
structural relationships in the series of para substituted acetanilides are very
robust and similar packing arrangements are found in the crystal structures of
quite different compounds. The packing features obtained through the XPac
analysis are discussed in more detail in the following sections. Thereby the Aufbau
principle of the para acetanilide crystal structures will be explained from the
“bottom up”, i.e. starting with the 1D features, it will be shown how most crystal
structures can be perceived as alternative assemblies of these 1D constructs.
Corresponding base vectors can be found in Appendix 4-2. The total lattice
energies are recorded in Appendix 4-3 for the assessment of the importance of the

pairwise interaction energies on the crystal stability.

4.B.3.1. 1D Similarity

The seven 1D SCs in the para acetanilides can be divided into constructs with

hydrogen bonding and those without. The chains C1 and C2 belong to the former
group whilst the features S1pg, Sljand R3[g are constructs without strong

intermolecular interactions between adjacent molecules.
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4.B.3.1.a SCs without strong intermolecular interaction: S1;,
S1, and R3y

The constructs S1jg and $1j, are offset stacks of molecules which propagate with

the depth of the molecules. Sl[t] was already discovered in the meta acetanilides.
As can be seen from Figure 4.46 this is quite a common packing motif with thirteen
occurrences corresponding to eight unique crystal structures in the para set.
Furthermore it should be recalled that Sl[t] was the most commonly observed SC
in the meta series, hence this feature deserves a closer inspection. Considering the
molecular dimensions of the acetanilides it can be concluded that the general
shape of the molecule is that of a 2D object (c.f. Figure 4.47) where the depth of the

molecule is much smaller than the other dimensions.

Y

Figure 4.47: General shape of para-acetanilides shown
parallel to the depth, length and width of Me:m-Me(o0).

Assembling such objects into infinite 1D features with crystallographic symmetry
can be achieved in a number of ways. For example, rows of the molecules could be
constructed propagating with the length or width or a linear combination of the
two dimensions. Molecular stacks could also be formed, which is especially a
common form of intermolecular assembly for aromatic systems (c.f Chapter
1.A.3.). A stack of this type will yield the smallest exposed molecular surface
compared with rows. Allen et al. have demonstrated with their box model that an
arrangement that minimises this surface is preferred over large exposed molecular
surfaces#. Furthermore as was seen in Section A.3. of Chapter 1 stacks involving -

systems are generally offset rather than parallel. After these considerations the
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detection of the molecular stacks can be easily rationalised. Neighbouring

molecules in Sl and S1, are related by translation and inversion, respectively.

S1 can be found in the following crystal structures: Me:p-X with X = F, Cl,
Br(m), Br(o), OCF3, Me(0), Et, CN, NO2, NMez, COOH, COOEt and COOOH. This

makes the translational stack one of the most commonly occurring constructs in

the series of para acetanilide structures. S1g; on the other hand, is only observed

in three structures: Me:p-I, Me:p-‘Pr and Me:OH(m). Figure 4.48 displays the two
stacks for Me:p-Br(m) and Me:p-I.

(a) (b) (©
Figure 4.48: (a) S1p; stack in Me:p-Br(m). (b) Stacking of
Me:p-CF3 molecules. (c) SC S17; as found in Me:p-I.
Also shown in Figure 4.48 is a third molecular stack as it is found in Me:p-CFs.
However, this stack possesses glide symmetry and no further para acetanilide

structure contains this type of stack hence it is not listed in the similarity plot.

Table 4.17 lists the offsets of stack S1p.

Structure dring [A] dofrset [A] dx...ring [A]
Me:p-F 3.428 3.088 3.464 / 3.4432
Me:p-Cl 3.402 5.628 3.655Y
Me:p-Br(m) 3.634 5.650 3.728b)
Me:p-Br(o) 3.436 5.776 3.554b)
Me:p-Me(o) 3.427 5.571 3.566b)
Me:p-Et 3.439 3.032 3.505/3.435%
Me:p-CN 3.464 1.671 n/a
Me:p-NO; 3.405 1.232 n/a
Me:p-NMe; 3.373 6.710 n/a
Me:p-OCFs3 3.552 2.743 3.522 /3.5319
Me:p-COOH 3.163 6.066 3.792p)
Me:p-COOEt 3.261 7.790 n/a
Me:p-COOOH 3.527 3.590 3.545 / 3.5999

Table 4.17: d.ing = distance between neighbouring ring planes in S1jg; dotset =
offset of phenyl ring with respect to neighbouring ring; dx.ring = distance
between substituent X and ring centroid in neighbouring phenyl ring. 2 Distance
between ring centroid and substituent X / neighbouring amide nitrogen atom. b)
Distance between ring centroid and acetamide methyl carbon atom. ¢ Distance
between ring centroid and O3 / amide carbon atom.
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The largest offset occurs in Me:p-COOEt followed by Me:p-NMe:. In these
structures the phenyl rings do not overlap nor are the substituents in close enough
proximity to the phenyl ring for any interaction with the m-system. The next group
has offsets ranging from 5.571 to 6.066 A. In these structures there is some overlap
between the phenyl ring and the adjacent acetamido methyl group with the
separation being smaller than the sum of the van der Waals radii of the constituent

atoms (3.77 A). This indicates that there may be some C-H-m interaction present
in the stacks S1p; in the compounds Me:p-X with X = Cl, Br, Me(0) and COOH.

Smaller offsets ranging between 2.743 and 3.590 A occur in Me:p-F, Me:p-Et,
Me:p-OCF3 and Me:p-COOOH. In these structures the m-system is enclosed by the
substituent X on one side and by an adjacent amide group on the other side.
However the distance between the ring centroid and the respective enclosing
atoms is slightly greater than the respective sum of the van der Waals radii of the
constituent atoms. This might be the result of the balance between possible
interactions on both sides of the phenyl ring and any steric hindrance associated
with smaller intermolecular separation. Lastly the smallest offsets occur in Me:p-
CN and Me:p-NO2 where the shift of the phenyl rings with respect to each other is
so small it does not permit any overlap with substituents or the amide residue of

the molecule. This arrangement comes closest to a parallel assembly of the phenyl

rings in the stack S1p.
The inversion symmetry of stack S1j; results in an overlap of amide group with

the neighbouring phenyl ring. The distances between the ring centroid and the
amide nitrogen atom increase in the order: Me:p-OH(m) (3.318 A), Me:p-I
(3.380 A), Me:p-Pr (3.545 A) and are close to the sum of the van der Waals radii
(3.32 A) of the constituent atoms. Given the inversion symmetry both phenyl ring
and amide group of one molecule are involved in the overlap described above.

The respective pairwise interaction energies are recorded in Table 4.18. The

intermolecular energies reveal that stack S1j; is associated with a much greater

energy gain than Sl[t]. Presumably the antiparallel overlap of the molecules within

the stack presents a favourable geometry for maximising the dispersive forces

between the molecules.
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Structure ra-B [A] Etot Ecoul Epol Edisp Erep
S1py
Me:p-F 4.614 -15.7 -0.7 -3.2 -27.8 16.0
Me:p-Cl 6.528 -12.4 -2.3 -2.4 -21.8 14.1
Me:p-Br(m) | 6718 | -136 |38 3.2 217 | 151
Me:p-Br(o) | 6721 | -123 | 44 3.5 247 | 202
Me:p-Me(o) | 6541 |-143 |88 4.9 255 | 25.0
Me:p-Et 4.585 -21.5 -4.7 -5.7 -40.2 29.1
Me:p-CN 3.846 -13.7 4.6 -5.5 -42.9 30.1
Me:p-OCF; 4.489 -16.1 -1.8 -3.4 -30.8 16.3
Me:p-COOH 6.841 -15.9 -4.2 -2.6 -20.0 10.9
Me:p-COOEt 8.445 -21.2 -10.7 -4.9 -25.8 20.1
S]‘[I]
Me:p-OH(m) 3.493 -31.5 -14.6 -6.3 -39.8 29.2
Me:p-<Pr 4.546 -31.4 -8.4 -3.9 -36.3 17.2

Table 4.18: Intermolecular interaction energies for the two stacks. Energies are given in
kJ-mol-1.

The interaction energies of stack S1py vary from -12.3 to -21.5 kJ'mol! and fall into

the energy range expected for interactions involving the m-system as acceptori®.
All interactions in the stack are of dispersive nature as the values in Table 4.18
show. It should be noted that ‘double overlap’ of the phenyl ring with both
substituent and amide group does not result in significant energy stabilisation
overall, although the dispersive energies are enhanced in these cases (c.f. Table
4.17 an 4.18). Interestingly, although there is no direct molecular overlap between
the stacked molecules in Me:p-COOE?t, the overall energy is one of the highest of
the stacks S1yy.

Construct R3py is a simple row of molecules propagating along the length of the

molecule and with translational symmetry only. This structural feature is present
in the twelve crystal assemblies Me:p-X where X = F, OCF3, Me(m), Et, 'Pr, ‘Bu,
CN, OEt, OBu, COMe, CzH:Br and 0COMe(m2). Figure 4.49 depicts the construct

in two orientations for Me:p-Me(m).
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i St St

Figure 4.49: R3[y as found in Me:p-
Me(m). Top: View parallel to the depth of
the molecule. Bottom: View parallel to the
width of the molecule.

The frequency of occurrence demonstrates that R3py can be regarded as another

robust motif for the intermolecular aggregation of the para acetanilide molecules.

Table 4.19 contains the pairwise intermolecular energies.

Structure ras [A] Etot Ecoul Epol Edisp Erep
Me:p-Me(m) 11.678 | -2.3 -0.4 0.3 55 3.9
Me:p-OEt 13.622 | -3.0 -1.2 -0.4 -5.7 4.4
Me:p-OBu 15.881 | -2.8 -1.0 -0.3 -4.3 2.7
Me:p-CBrCH; 12.812 | -5.2 -2.2 -0.6 -6.0 3.6
Me:p-0COMe(m2) | 13.877 | -1.7 0.5 -0.2 -4.0 2.1
Me:p-COMe 12.900 | 0.5 2.3 -0.5 -4.1 2.9
Me:p-F 10.978 | -2.8 -2.0 -0.6 -3.7 3.5
Me:p-Et 12.718 | -1.9 -0.2 -0.4 -3.9 2.5
Me:p-CN 12.505 | -8.1 -6.6 -1.7 -3.5 3.7
Me:p-OCF; 12972 | -3.2 -2.3 -0.3 -3.2 2.6

Table 4.19: Intermolecular interaction energies for the row R3[yg. Energies are given in
kJ-mol-1.

From the energy values it can be deduced that the molecules in R3py are too far

apart for there to be any significant intermolecular interaction. In fact the closest

coordination spheres of Me:p-Pr and Me:p-tBu do not include the molecules in

R34 so that intermolecular energies could not be obtained in these cases. This

demonstrates that construct R3y is established on purely geometrical grounds

and hence cannot be structure determining for the para acetanilide crystal
structures. Instead it may be the result of the interplay of other more energetically
favourable intermolecular assemblies confirming the similar geometrical

arrangement of the molecules in the crystal.
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In summary, the stacks Sl[t] as well as the row R3[t] are to be considered as

secondary packing motifs compared with any hydrogen bonded features since the
intermolecular energies are of weak strength. Instead they arise because of the
close balance of weak and dispersive forces. However, the reoccurrence of certain
motifs across a range of structures implies that these arrangements are not

entirely random but constitute some form of packing preference due to efficient
space filling. The interaction energies of S1y, on the other hand are more in the
range of hydrogen bond interactions and may play a greater role in directing the

crystal assembly. This stack is only observed in three structures though and hence

the combination of other geometrical intermolecular assemblies offer alternatives

that are energetically as favourable as stack S1j;.
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4.B.3.1.b Hydrogen bonded features: C1yy, C1/g;, C1(, | and €2y

The hydrogen bonded chains Cly, Clpy, Clp ; were already detected as

constructs in the ortho and meta series, although only two of the three chains were
observed at the time in the individual series. These HB chains occur frequently in
the para series and facilitate amide-amide hydrogen bonding. In terms of HB
connectivity the chains are of the same type but of different geometry due to
inherent symmetry. In line with this view, the geometry of one chain can be
transformed into another via rotation of the constituent molecules about the HB

chain.
The chain Cly is the least common of the HB chains of type 1 with only two

occurrences in Me:p-COOH and Me:p-SFs. Neighbouring molecules in the chain
are related by translational symmetry only. In order to facilitate the HB interaction
in this intermolecular assembly the molecular backbone is twisted, so that the
phenyl ring plane does not coincide with the mean plane of the amide group.
Furthermore in Me:p-COOH the substituent engages in the well known hydrogen

bond dimer between carboxylic acid groups. This dimer links neighbouring chains

C1y into an overall ladder motif (Figure 4.50).

The chains Clpy and C1p, | are very common

) Q~' P and each SC occurs in 12 para acetanilide
\‘ A\ structures. Neighbouring molecules within
~ \DNC :\ - \__ Cl are related by glide symmetry leading to

the wedge-like (or V) shape already mentioned

~ L\\\’_ \_/— Y in the discussion of the structural similarity of

the ortho and meta series. C1j; j possesses 21

screw symmetry along the HB direction. Hence
Figure 4.50: Hydrogen bonding in . ) ) )
Me:p-COOH: chain Cly and inversion Chains with varying degrees of corrugation are

carboxylicacid dimer. formed. Figure 4.51 displays an example for
each of the HB chains C1 as viewed along and

perpendicular to the direction of propagation of the feature.
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Figure 4.51: The three HB motifs of type C1 as viewed from the top (top), side-on (middle) and
along the HB (bottom). C1jy shown for Me:p-COOH (left), C1jg in Me:p-F (middle) and C1y, jas

found in Me:p-Me(m) (right).

Figures 4.52 to 4.54 display the chains Cly, C1j; | and Clpg, respectively, as

they occur in the unique structures of the para acetanilides. In the figures the

viewing direction is along the hydrogen bond (i.e. into the plane of the paper).
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Me:p-SFs Me:p-COOH

Figure 4.52: The chain C1py as it occurs in the crystal packing of Me:p-COOH and Me:p-SFs. The
HB chain is highlighted in brown for each component of the ASU and viewed parallel to the HB

direction.
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Figure 4.53: The chain C1p, ; as it occurs in the packing of the unique structures Me:p-Br(m),
Me:H, Me:p-Me(m), Me:p-COMe and Me:p-OCOMe(m2). Viewed along the HB direction.
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Figure 4.54: The chain C1g as it occurs in the packing of the unique structures Me:p-X with X = F,
NO3, Br(o0), CF3, OPr, I. Viewed along the hydrogen bond.

In contrast to Cl[t] the geometry of the intermolecular hydrogen bonding between

the molecules in chains Clig and Clp;; does not impose any conformational

restraints on the molecular backbone. However, inspection of the molecular

conformation indicates some correlation between the molecular structure and the

geometry of the C1 hydrogen bonding.

The molecular variable found to differ between the HB chains is the dihedral angle

0 between the phenyl ring and amide group mean planes. Table 4.20 contains the

angular data as well as the hydrogen bond parameters for the three chains Cl[t],

Clpg and Clpp ).
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Structure 0[] rn...o [A] Zn-n.o[]
Clpy
Me:p-SFs 35.596/37.133 3.082/3.092 159/155
Me:p-COOH 39.255 2.949(3) 176(3)
Clig
Me:p-F 3.322 2.799(2) 171(2)
Me:p-Cl 3.761 2.834(2) 172
Me:p-Br(o) 5.22 2.864(3) 162(2)
Me:p-1 16.282 2.866(2) 171(3)
Me:p-CF; 7.45 2.841(4) 162
Me:p-OCF; 5312 2.862(9) 157
Me:p-Me(o) 5.662 2.903 174
Me:p-Et 5.019 2.868(4) 153
Me:p-<Pr 9.531 2.907 173
Me:p-CN 6.195 2.829(18) 156
Me:p-NO; 3.791/12.896 | 2.958(9)/2936(9) | 170/171
Me:p-OPr 10.265 2.799 161
Clp,
Me:H 16.142 2914 171
Me:p-Br(m) 18.998 2.879(2) 173(2)
Me:p-Me(m) 16.616 2.904(2) 174(2)
Me:p-iPr 14.074 2.881(1) 173(1)
Me:p-tBu 22.576 2.840(2) 171(2)
Me:p-OMe 17.813 2.854(1) 177(1)
Me:p-OEt 27.68 2.922(1) 175(1)
Me:p-0iPr 19.677 2.869 175
Me:p-0Bu 25.52 3.000(1) 166(1)
Me:p-0COMe(m2) | 10.149 2.846(2) 173(2)
Me:p-COMe 15.535 2.919(7) 175
Me:p-CBrCH; 19.651 2.984 176

Table 4.20: Dihedral angles and HB parameters for the para acetanilides containing the HB
chains C1.

Plotting the distance between the HB donor and acceptor versus the dihedral angle
0 (Figure 4.55) does not result in a strong correlation, but trends in the data are

clearly discernible. The plot in Figure 4.55 shows that the largest dihedral angles

(6 > 30°) are observed in chain Cly together with the longest hydrogen bonds.
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Dihedral angle vs. HB distance in Me:p-X
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Figure 4.55: Dihedral angle plotted against the HB distance in para acetanilides. Colour coding
according to HB chain motif.

A medium range of dihedral angles (12 < 8 < 30°) and HB lengths is found in C1p; ;
whilst the smallest dihedral angles (0 < 6 < 12°) and shortest hydrogen bonds
occur in Clg. With respect to the dihedral angle there is one “outlier”: the
molecule Me:p-1 has a dihedral angle of approximately 16° which lies in the
medium range, but the HB chain geometry is that of Cl[g]. One of the two
independent molecules of the ASU in Me:p-NOz has a dihedral angle of ca 12° and
lies hence at the borderline. Furthermore there is a much less clear correlation
between the HB distances and the HB chain geometry. Values between 2.84 and
2.96 A are observed both in Clpg and C1p;j. Hence the plot in Figure 4.55 can
only be regarded as indicator of trends rather than the confirmation of definite
correlation. However, the observation of these trends prompted the analysis of the
conformational freedom of the acetanilide molecules, which is discussed in
Chapter 5.

Energetically the HB chains are quite similar as the intermolecular interaction
energies in Table 4.21 reveal. The highest energy was calculated for Clyy and the

dispersive energy indicates that the close proximity of neighbouring aromatic
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systems in Me:p-COOH is energetically favourable. This is caused by the chain

geometry and was also observed in the construct Cl[t] present in the ortho series.

Structure ras [A] Etot Ecoul Epol Eaisp Erep
Clpy
Me:p-COOH |5.021 |-425 [-403 [-13.2 [-286 [395
Cl
Me:p-F 5640 | -316 -47.3 -18.9 -18.4 53.1
Me:p-Cl 5349 | -349 -43.5 -16.4 -19.7 44.7
Me:p-Br(o) 5348 | -34.9 -41.9 -14.8 -19.5 41.4
Me:p-CF; 6.551 |-315 -41.4 -15.9 -16.8 42.6
Me:p-OCF; 7.088 | -31.0 -39.9 -15.0 -17.9 41.9
Me:p-Me(o) 5696 | -34.1 -39.3 -14.0 -18.4 37.6
Me:p-Et 7354 | -325 -40.6 -15.1 -17.5 40.7
Me:p-<Pr 6.449 |-353 -39.2 -14.2 -19.4 37.5
Me:p-OPr 8.287 |-30.8 -47.4 -18.3 -18.2 53.1
Me:p-CN 6.478 | -275 -27.7 -11.1 -18.0 29.3
Clp,
Me:H 5798 | -36.6 -41.3 -15.4 -22.9 43.0
Me:p-Br(m) 5961 |-334 -44.1 -18.3 -25.0 53.9
Me:p-Me(m) 6917 |-36.1 -41.1 -15.1 -20.6 40.7
Me:p-iPr 8.706 | -36.8 -45.5 -16.6 -21.7 47.1
Me:p-‘Bu 9.223 | -33.8 -44.3 -17.4 -20.8 48.7
Me:p-OMe 7.187 | -37.6 -47.1 -18.1 -23.1 50.7
Me:p-OEt 8.474 |-37.2 -39.8 -13.9 -17.2 33.7
Me:p-OiPr 9.151 | -35.8 -44.8 -17.7 -20.8 47.5
Me:p-OBu 10418 | -36.4 -34.0 -11.6 -18.2 27.5
Me:p-COMe 7.693 | -38.7 -29.6 -9.6 -19.1 19.6
Me:p-0COMe(m2) | 8280 | -35.4 -46.0 -17.8 -21.1 49.5
Me:p-CBrCH; 7351 | -38.2 -37.6 -13.5 -21.0 33.9

Table 4.21: Intermolecular interaction energies for the HB chains of type C1. Energies are
given in kJ-molL
However, it should be kept in mind that it was only possible to compute the
interaction energy for one para compound with Cly; hence it would be

advantageous to base any interpretation concerning the stability of the three

chains on this one calculated value. The hydrogen bond energies in Clig and
C1[, ; are very similar and there is only a very weak indication that chain C1 j is

the slightly more stable arrangement of the two C1 chains, but again this should

not be over-interpreted.
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One further HB feature was identified by the XPac analysis: C2py, which occurs in

two para acetanilide structures, namely in Me:p-COOOH and in the meta-stable
paracetamol polymorph Me:p-OH(02). In this construct hydrogen bonding is
established between the substituent and the amide group in a head-to-tail

interaction as displayed in Figure 4.56.

VeaNeaNeaS

Figure 4.56: The chain C2; as formed by Me:p-COOOH (top) and Me:p-OH(02) (bottom).

It can be seen that the amide oxygen atom acts as the HB acceptor with the

substituent OH group assuming the role of HB donor. The associated graph sets are
Ci(11) and Cj(9) for Me:p-COOOH and Me:p-OH(02) with the substituents

causing the difference in the pattern degree (i.e. repeat length of the chain). Both
independent molecules in the ASU of Me:p-OH(02) form separate chains C2p.

Actually a SC of the same type has already been discussed in the meta series,
namely construct C2[g. These two HB features are of the same type, i.e. they
involve the same HB acceptor and donor groups, but they differ in their geometry
and hence symmetry: one has translational symmetry whereas the other is
consistent with glide symmetry. However, they can be transformed into one
another by rotation of the molecules about the hydrogen bond and are hence
assigned the same type.

Analysing the occurrence of all HB SCs it can be deducted that hydrogen bonding
between amide groups is an important energetic interaction. This interaction is
robust even if stronger HB acceptors than the amide group are introduced at the

para position on the phenyl ring. It is noteworthy that big acceptor groups, such as
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COOMe and COOEt prevent the type C1 hydrogen bonding acting as HB acceptor
instead of the amide group. However, as seen from the polymorphs Me:p-
OCOMe(m1) and Me:p-OCOMe(m2) bulky substituents with HB acceptor
functionality can also be accommodated in hydrogen bonds of type C1. The
presence of alternative hydrogen bond donors on the other hand disrupts the

amide-amide hydrogen bond in every instance except for Me:p-COOH.

4.B.3.2. 2D assemblies

Of the five 2D constructs identified with XPac only the net N1 cannot be obtained

via a combination of lower dimensionality features. The layers L5 and L6 contain
the amide-amide hydrogen bond C1j; jwhereas Clpg is part of the layers L7 and
L4. In fact all four 2D layers can be considered as 2D assemblies of the 1D HB
chains C1j; ; and Clg and will be discussed as such. It should be noted that L4 is

also present in the meta series.

4.B.3.2.a Layered packing of C1p; ;

The layers L5 and L6 present two alternatives for the close packing of the HB chain

C1[; 1. On one hand the chains assemble along their depth (Figure 4.57) whereby

neighbouring chains are related by glide symmetry in L5.
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Figure 4.57: The layer L5 in Me:H and Me:p-Me(m). Layer L6 is also shown in Me:p-
Me(m).
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On the other hand layer L6 is constructed by combining C1j; jwith the row R3p;.

This means the chains are translated along their width as displayed in Figure 4.58.
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Figure 4.58: The composition of layer L6 (top) and L6 in the structures of Me:p-OCOMe(m2)
and Me:p-COMe.

Each layer occurs in seven crystal structures. In the case of L5 these seven
structures can be classified into two groups of packing analogues. These essentially
differ in the assembly of L5 into the 3D crystal structures. In Me:H and its
analogues neighbouring layers are related by glide symmetry whilst in the
structures of the Me:p-Me(m) type the layer is simply translated in the third
dimension. The crystal structures containing L6 on the other hand resemble three
individual structure types. Me:p-Me(m) and its packing analogues belong to one of
them as well. In fact both layers L5 and L6 coexist in Me:p-Me(m) and its crystal

structure analogues producing the overall 3D assembly (c.f Figure 4.57). In
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Me:p-COMe the layers L6 are stacked with 2; symmetry, whilst in the crystal
structures of Me:p-'Bu adjacent layers L6 are related by inversion symmetry.

Interestingly the layers are observed in a wide variety of para acetanilides with the
substituents ranging from hydrogen in the unsubstituted acetanilide parent

compound to acetoxy in Me:p-OCOMe(m2).

4.2.3.2.b The lavers L4 and L7

The assembly of Clpg is comparable to that of C1j; ;. In L4 the wedge-shaped

chains Clp, are arranged with 2; screw symmetry between adjacent chains

forming a corrugated layer as shown in Figure 4.59.
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Figure 4.59: The layer L4 in Me:p-I and Me:p-OPr.

The layer L7 is a combination of Clpy and S1y;. The 2D feature is depicted in

Figure 4.60. In this way the wedges are stacked on top of each other. L4 was only
detected in three para acetanilide structures, whereas L7 was found in eight
crystal structures. The packing of layer L4 is achieved through translation in Me:p-
I and Me:p-°Pr, whereas adjacent layers L4 are related by 21 screw symmetry in
Me:p-OPr.

The assembly of layer L7 in a 3D crystal structure is afforded through glide
symmetry in Me:p-F and its packing analogues. In the structures of the type of
Me:p-Cl neighbouring layers L7 are related by 21 screw symmetry and in

Me:p-NO2 the layers pack with inversion symmetry.
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Figure 4.60: The composition of L7: C1g and S1y (far left). The layer L7 in Me:p-Br (top left),
Me:p-F (top right) and Me:p-NO; (bottom).

As for L5 and L6 the layers L4 and L7 exist in a variety of para acetanilide
structures. However, as can be seen from the similarity plot the halo acetanilides
and generally those compounds with smaller substituents seem to preferentially

assemble in layers L4 and L7 than in the layers L5 and L6.
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4.B.3.2.c The net N1

The final 2D SC identified with XPac is the net N1. This feature was found in
Me:p-OH(01), Me:p-NH:z and Me:p-OH(02). The nets are slightly corrugated and
are constructed through hydrogen bonding along the length and width of the
acetanilide molecule. The nets are depicted in Figure 4.61 for the three structures.
Within the net every molecule is involved in four hydrogen bonds with
neighbouring molecules as can be seen from Figure 4.61. Both the amide group
and the substituent act as HB donor as well as acceptor. In Me:p-NH: this means

that one of the amino hydrogen atoms is not involved in the HB within the net.
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Me:p-OH(01) Me:p-NH:
N N ~ X N A A A A N
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N ~ ~ ~ ~ A ,\ N . A
/ / /
A~ ~ ~ ~ ~ ~ A~ ~ o~ ~
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Me:p-OH(02): A Me:p-OH(02): B

Figure 4.61: The HB net N1 in Me:p-OH(01), Me:p-NH: and Me:p-OH(02). Viewed from top
and side-on. Me:p-OH(02): A/B refers to the two independent molecules A and B in the ASU.
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However this atom engages in a long hydrogen bond of approximately 3.28A with
the amide oxygen in an adjacent net. Hence all HB donors are saturated. Since the
lone pair of the amino nitrogen lies outside the plane of the amino hydrogen
atoms, the corrugation of N1 is strongest in Me:p-NHz. It should be noted that the
structure of the meta-stable Me:p-OH(02) contains two independent molecules in
the ASU and each component of the ASU assembles in a separate net N1.

The hydrogen bonding along the width of the molecules has glide symmetry in all
three structures. Neighbouring molecules in the head-to-tail HB chains however,
are related by glide symmetry in Me:p-OH(01) and Me:p-NH and by translation in
Me:p-OH(02), respectively. This difference arises since the orientation of the
molecules with respect to the unit cell axis is different in Me:p-OH(02) compared
with the other two structures. Hence one of the N1 base vectors equates to a
double unit cell axis in Me:p-OH(02). The three structures differ in the packing of
the nets as demonstrated in Figure 4.62 overleaf.

The reference net is shown in green and layers related by translation are drawn in
the same colour. In Me:p-OH(01) and Me:p-NH: neighbouring nets are related via
glide planes perpendicular to the net plane. The hydrogen bonding between
adjacent nets in Me:p-NHz results in a shift of the nets with respect to each other
differing from that in Me:p-OH(01). Stacking of N1 in Me:p-OH(02) is achieved by

an increase in Z’ so that pair of nets are generated.
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Figure 4.62: Packing of HB net N1 in Me:p-OH(01), Me:p-NH; and Me:p-OH(02). Viewed
from top and side-on. Layers related by translation are shown in same colour. Me:p-OH(02):
A/B refers to the two independent molecules A and B in the ASU.

Adjacent pairs of this kind are then related by glide symmetry. The arrangement of

the pairs of nets due to Z’ = 2 is illustrated in Figure 4.63.
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Figure 4.63: Packing of N1 due to Z’ = 2 in Me:p-OH(02). The independent components of the
ASU are coloured green and blue, respectively.
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4.B.3.3. Packing in 3D

In the para acetanilide library there are six groups of crystal structure packing
analogues. Two groups comprise two structures: Me:p-‘Bu and Me:p-OCOMe(m2)
form group 1, whereas Me:p-I and Me:p-Pr belong to group 2. Groups 3 and 4
contain three crystal structures each, namely Me:H, Me:p-OMe, Me:p-OPr and
Me:p-Cl, Me:p-Br(o), Me:p-Me(0), respectively. The four structures Me:p-F,
Me:p-Et, Me:p-CN and Me:p-OCF3 form group 5 and group 6 contains the five
structures of Me:p-Me(m), Me:p-iPr, Me:p-OEt, Me:p-OBu and Me:p-CBrCHz:.
The corresponding unit cell parameters are listed in Table 4.22. From the table is
can be seen that the unit cells are very similar for groups 2 and 4, whereas in the
other groups at least one unit cell parameter deviates from similarity quite
significantly. This can be rationalised when considering the substituents in the
respective structures. The substituents in groups 2 and 4 are comparable in size
whilst in the other groups very different substituents are found both in terms of
their shape and size.

For example the acetanilides with O'Pr and OMe crystallise in the same crystal
structure as the unsubstituted parent compound Me:H and the longest cell axis
varies by approximately 12 A. In this case 3D similarity was established through
combination, since 12 A exceeds the XPac detection limits. The XPac analysis
confirmed packing analogy in Me:H and Me:p-OMe as well as in Me:p-O'Pr and
Me:p-OMe, but only detected 2D similarity between Me:H and Me:p-OiPr.
However, from the combination of these results it must follow that Me:H and
Me:p-OiPr are also packing analogues, which was confirmed by visual inspection
of the crystal structures. The unit cell packing diagrams in Figure 5.64 reveal the
origin of the large difference in the unit cell dimension.

The distance between neighbouring stacks of the HB chain C1p; j is increased in

Me:p-0'Pr to accommodate the iso-propoxy substituent.
The unit cell parameter variation is not as pronounced in groups 1, 5 and 6, which

can be seen as the result of the different substituent sizes and shapes.
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Structure a[A] b [A] c[4] BI] Space
Group
Group 1
Me:p-tBu 16.417(1) | 9.616(1) 7.199(1) | 97.32(1) P2,/
Me:p-0COMe(m2) | 13.877(1) | 9.577(1) 7.442(1) | 103.02(1) !
Group 2
Me:p-1 9578(1) | 10.305(1) | 9.426(1) | 10929(1) | p, /o
Me:p-<Pr 9.557(4) | 10.980(3) | 9.641(2) | 106.34(3) !
Group 3
Me:H 19.509(11) | 9.364(8) | 7.778(10) 90
Me:p-OMe 9.117(1) 7.495(1) | 24.663(1) 90 Pbca
Me:p-0iPr 9.301(2) 7.649(2) | 31.394(6) 90
Group 4
Me:p-Cl 9.698(1) | 12.387(1) | 6.576(1) 90
Me:p-Br(o) 9.773(1) | 12.504(1) | 6.721(1) 90 Pna2;
Me:p-Me(o) 9.899(5) | 12.956(6) | 6.541(4) 90
Group 5
Me:p-F 4.614(1) | 17.042(1) | 9.562(1) | 93.38(1)
Me:p-Et 4585(1) | 21.395(1) | 9.431(1) | 90.00(1) Ce
Me:p-CN 3.846(1) | 22.190(5) | 9.448(2) | 90.05(2)
Me:p-OCFs3 4.488(1) 22.168(3) 9.528(1) 90.05(1)
Group 6
Me:p-Me(m) 11.678(1) | 9.490(1) 7.419(1) | 106.52(1)
Me:p-iPr 14.005(1) | 9.349(1) 7.810(1) | 90.71(1)
Me:p-OEt 13.243(1) | 9.586(1) 7.478(1) | 103.35(1) P21/c
Me:p-OBu 10.516(1) | 9.803(1) | 10.903(1) | 95.69(1)
Me:p-CBrCH; 11.151(6) | 9.237(5) | 10.142(5) | 93.39(1)
Table 4.22: Unit cell parameters for packing analogues in the para acetanilide series.
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Figure 4.64: Unit cell content if Me:H (left) and Me:p-OiPr (right) as viewed along the HB

direction.
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It should be noted that none of the groups of packing analogues contain a para
acetanilide with a HB donor substituent. Also not many compounds with
substituents with HB acceptor functionality are found in the groups. Instead the
packing analogues mainly contain alkyl-, halo- and alkoxy-substituents, showing
that the variety of crystal structures is to some extend dependent on the
intermolecular hydrogen bond network that can be established. Of course unique
crystal structures can also be found for acetanilides with substituents without HB
functionality as is the case for Me:p-Br(m) and Me:p-CF3, but compared with the
number of structures crystallising as packing analogues such occurrences are rare.
Overall it is remarkable that 19 para acetanilides crystallise in only 6 unique
crystal structures, especially given the variety of substituents - who would expect
bromoethylene is comparable with a methyl group! The underlying principle
however is that the packing of the para acetanilides occurs in a certain robust way
that goes unmodified by a large number of quite different substituents. By seeing
the crystal structure as an assembly of the lower dimensionality SCs rather than
individual molecules, it can be understood that the possibilities of close packing of
these features is more limited than the assembly of separate molecules. Most para
acetanilides contain one of the HB chains C1, for which packing in two dimensions
is restricted to two to three options. As these layers then assemble in a 3D crystal
structure, again the number of possibilities for close packing is limited to a
maximum of three options. Hence it appears that for the para acetanilides with
substituents without HB donor functionality it is not so much the kind of
substituent that determines the overall crystal structure but rather the
possibilities of closely packing the 1D building blocks formed through amide-
amide hydrogen bonds.

4.B.4. The influence of the position of substitution

The final XPac comparison of all 64 acetanilide crystal structures was aimed at
elucidating what influence the position of substitution s has on the packing
behaviour of these types of compounds. The findings from this systematic search

are summarised in the structural similarity plot in Figure 4.65 overleaf.
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In this plot the similarity diagrams of all three series are combined. For clarity one
SC was omitted: R2jyq present in the meta series was not included in the plot (c.f.
Figure 4.22). The colour coding of the arrows in the structural similarity plot in
Figure 4.65 was introduced so that constructs common to structures in different
series can be identified at a glance. To derive the SCs a structure contains, the
arrows should be traced from tail to head. If arriving at a SC box, which only has
arrowheads aimed at it, then this forms the terminal point of this particular path.
In total XPac identified 43 unique crystal structure assemblies or types amongst
which are 12 groups of packing analogues. Approximately one third of the
acetanilides crystal structures belong to one of these twelve groups. But between
the ortho-, meta- and para-series 3D similarity was only observed once: Me:m-Me
was found to crystallise in the same structure type as Me:p-Me(m).

Furthermore the XPac analysis reveals that the similarity between the ortho-,
meta- and para-series is largely restricted to the HB chains C1yy, Clg and C1p, p,

which occur in a total of 41 acetanilide structures. Indeed the ortho series has no
further SCs in common with any of the structures in the meta and para
acetanilides. The amide-amide hydrogen bonding certainly plays a major role in
the assembly of all acetanilides irrespective of the position of substitution.
Including the dimers of type D1 and the helical HB chain in Me:o-'Bu a total of 46
acetanilide structures — more than two thirds of the whole family - are based on
amide-amide hydrogen bonding. The remaining 18 structures correspond to
acetanilide modifications in which the substituent X has HB donor or acceptor
functionality.

A related construct occurs in some para- and meta-structures; the layer L4 is
present in Me:p-I, Me:p-Pr. Me:p-CN as well as in Me:m-CN, Me:m-F and
Me:m-NOz, respectively. None of the other 2D constructs was identified outside

the individual series. Instead a new 2D SC was found by XPac, which is constructed

by combining chain C1j; 1 with stack S1py as shown in Figure 4.66. This layer L8

was detected in Me:p-Br(m) and Me:m-CF3 and its packing analogues.
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Figure 4.66: The layer L8 composed of chain Cly, | and stack S1pg (far left). The layer in
Me:p-Br(m) and Me:m-CF3.

The most prominent and only other single SC observed in both meta and para
acetanilides is the translational stack S1jy occurring in 21 structures in total. In the
preceding sections the stack was analysed in terms of the pairwise interaction
energy and it was shown that this molecular aggregate is mainly based on weak
intermolecular interactions. However, as supported by the frequency of
occurrence this particular arrangement of molecules must present a preferred
geometry for the assembly of the acetanilides. It was also discussed in previous
sections that the major energy gain arises from intermolecular hydrogen bonding
especially with respect to the amide-amide HB chains of type C1. Hence it can be
concluded that the primary driving force for the aggregation of acetanilide
molecules in the crystal is that of involving the amide group in hydrogen bonding.
The close packing of the phenyl ring in a stacked system is preferred but this
packing motif is secondary to the hydrogen bonding and in many cases the stack
S1|y seems incompatible with the amide-amide HB chains as the similarity plot
(Figure 4.65) shows.

Overall the establishment of the amide-amide HB chains seems to be little
dependent on the position of substitution on the phenyl ring, although the crystal
structures of the ortho series are affected by any intramolecular interactions
between the amide group and the substituent X. The stacking of the acetanilides

along their depth only seems to prevail in the crystal structures of the meta- and

196



CHAPTER 4 STRUCTURAL SYSTEMATICS OF ACETANILIDES

para-substituted compounds. However, it should be noted that the dihedral angle
between the mean planes of the phenyl ring and amide group is very large in the
ortho-acetanilide structures containing C1py. Hence neighbouring phenyl rings are
already ‘stacked’ within the chain excluding the possibility for a purely

translational stack such as S1yy.
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CHAPTER S

CHAPTER 5: CONFORMATIONAL ANALYSIS OF MONO-
SUBSTITUTED ACETANILIDES

5.A. Introduction

In the previous chapter the variations in the crystal structures of 64 mono-
substituted acetanilides Me:s-X were analysed. In doing so the influence of the
type of substituent X and the position of substitution s on intermolecular
interactions and the crystal assembly was probed. In this chapter the molecular
structure is examined more closely; in particular the influence of X and s on the
conformational preferences of the molecule in the solid state is investigated.

The acetanilide shape is mainly defined by the core of the molecule. The aromatic
system and the amide group are planar moieties and together they form a
conjugated system. Hence in principle the acetanilide core is expected to assume a
flat shape, with the depth of the molecule being much smaller than its width and
length. However, rotation about the bond linking the amide group and the phenyl
ring is possible and depends on the bond strength, which can vary due to

conjugation. This bond Cyn—Nam is shown in Figure 5.1 along with the torsion angle

.
H
Xp H
0
X o T)L Y
X, H

Figure 5.1: The torsion angle alpha.

Further variation to this basic shape is introduced with the substituent X at
position s.

When the compound library was initially designed the following was assumed:
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a) due to conjugation the acetanilides should be generally flat,

b) most of the substituents X are small and rotationally symmetric or
pseudosymmetric so that the depth of the molecule should be least affected
by the introduction of X,

c) the larger and rotationally asymmetric substituents X are expected to
coincide with the phenyl ring plane due to conjugation with the m-system,

d) a should be unaffected by para- and meta-substitution as the substituents
are too far removed from the amide group and the respective molecule
should thus remain planar,

e) bulky ortho-substituents should cause a twist about the Cph—Nam bond
because of steric hindrance.

As for the first point, it was seen in Chapter 4 that most of the acetanilides do not
assume a planar configuration in the crystal structure at all. For some acetanilides
conformational polymorphism was observed where o appeared to be the only
molecular variable. Furthermore some correlation between a and the three amide-
amide hydrogen bonding motifs was noticed for the para acetanilides. These
observations prompted the further study of the molecular conformation of the
acetanilides with respect to the substitution pattern. The conformational freedom
of the acetanilides was thus assessed by computation of the potential energy
surface (PES) for the rotation about a in 10° increments. These calculations were
preformed in the gas phase as outlined in Chapter 3. The PES was computed for a
complete, i.e. 360° rotation about a, to probe for inequality of the two sides of the
molecule with respect to the phenyl ring plane rather than assuming the molecule
to be symmetrical with respect to the phenyl ring plane. The values calculated in
this way are all listed in Appendix 5-1. In the subsequent sections the results of the
theoretical conformational analysis (CA) are presented and discussed. The PES of
the acetanilides Me:s-NHCOMe will not be

H H
considered in the discussion since the | |

N N
distinction between substituent and core \[( \”/
moiety is not possible in this molecule 0 0
resulting in two indistinguishable torsion

angles. This is demonstrated in Figure 5.2  pjgure 5.2: The two equivalent

using Me:m-NHCOMe as example. The PES torsions in Me:m-NHCOMe.
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would hence have to be calculated as a 2-dimensional map with both Cph-Nam
bonds as variables, but such a map is then no longer directly comparable to those

compounds with only one rotatable Cpn-Nam bond.

5.B. Conformational analysis of ortho-substituted acetanilides

Maps of the PES estimated for the ortho-substituted acetanilides are shown in
Figures 5.3 to 5.6. Figure 5.3 displays the PES maps for the halogenated ortho
acetanilides whilst Figure 5.4 shows the maps for X = Me, CF3 and 'Bu, i.e. for
bulkier and HB inactive groups. Figure 5.5 depicts the plots of the PES for the
substituents with HB acceptor functionality, i.e. X = CN, NO2 and COMe, and Figure
5.6 contains the PES for the substituent with HB donor functionality, i.e. X = COOH.

PES for Me:o-X with X = F, Cl, Br
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Figure 5.3: Potential energy surfaces for the rotation about the torsion angle a for Me:o-F,
Me:o-Cl, Me:o-Br.
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PES for Me:o-X with X = Me, CF;,'Bu
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Figure 5.4: Potential energy surfaces for the rotation about the torsion angle o for Me:o-Me,
Me:0-CF3, Me:o-'Bu.
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Figure 5.5: Potential energy surfaces for the rotation about the torsion angle o for Me:o-CN,
Me:0-NO2, Me:o-COMe.
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PES for Me:o-X with X = COOH
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Figure 5.6: Potential energy surface for the rotation about the torsion angle o for Me:0-COOH.

The maps demonstrate that the PES is symmetrical with respect to a =180° and
the conclusion can thus be drawn that both sides of the phenyl ring plane and
hence the molecule are equivalent. Hence only the area 0 < a < 180° will be further
considered.

The shape of the PES is quite similar for all ortho-substituted acetanilides. The
global minimum occurs at a torsion angle of a=180° This conformation
corresponds to a fully planar molecule where the amide oxygen is positioned anti
to the ortho-substituent. The calculations also show that the conformation of
a = 0° i.e. the planar syn arrangement of X and amide oxygen, is energetically least

favourable for the ortho acetanilides. These two different configurations are
displayed in Figure 5.7.

CHy CH,
)\ H )\ H
o N o N
H X X H
H H H H
H H

anti syn

Figure 5.7: The anti and syn configurations as obtained by
180° rotation about a.
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In addition to the global minimum at a = 180° the PES exhibits shoulders or even
small local minima in the regions 40° < a < 100° and 260° < a < 320° although these
are energetically far removed from the global minima.

The relative energies at the global minimum are listed in Table 5.1. These energies

vary from -66.175 k]-mol-! to -33.976 k]-mol-1.

. The PES of Me:o-Me and Me:o-F
Molecule Otheo [ '] Etheo [K]- mol-1]
hibit the shall inim

MeoF 180 13853 & ibit the shallowest minima
Me:o-Cl 180 -61.185 | whilst the minima of Me:o-Br
Me:o-Br 180 -66.175
Me:0-CF; 170 59515 | and Me:o-COOH are the deepest
Me:o-Me 180 (60%) -33.976 (-25.745*) | of the ortho acetanilides. In fact
Me:o-‘Bu 170 -57.844 o _
Me:0-CN 180 51324 the minimum energies are
Me:0-NO; 180 -59.145 | similar to within 10 kJ-mol-! for
Me:o-COMe 180 -61.027
Me:0-COOH 180 -64.746 | all substituents except for X = F,

Me and CN. The geometry of the

Table 5.1: Torsion angles ameo and energies Eweo at the
global minimum are listed for the ortho series. *Local
minimum values.

substituent CN is unfavourable
for intramolecular hydrogen
bonding compared with the other substituents with HB acceptor functionality
explaining the higher (less stable) minimum energy. The substituents Me and F on
the other hand are not regarded as HB partners and hence their energies are the
least stable. The size of the methyl group may impose steric hindrance hence
resulting in the lowest energy of all ortho acetanilides. Interestingly both Cl and Br
are stabilising substituents indicating the existence of a halogen bond as detailed
in Chapter 1.A.3. This concept if supported since the conformational energies of
Me:o-Cl and Me:o-Br are very similar to the energies of the molecules with
classical strong intramolecular hydrogen bonds such as Me:0-COOH, Me:o-COMe
and Me:0-NO:. Furthermore the global minimum energy of Me:o-CF3 also falls into
this range and is comparable to that of Me:0-NO2. This may be ascribed to the size
and electrostatic nature of the substituent CFs.

In contrast to the other ortho acetanilides, the PES of Me:o-Me contains two
pronounced local minima at a=60" and a=300°, which are approximately
8 k]'mol-! higher in energy than the global minimum at a = 180°. This shows that
for Me:o-Me a non-planar conformation is associated with a relatively small

energy penalty compared with the other ortho acetanilides making the
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observation of two different conformers likely. This behaviour can be understood
as a consequence of the size of the substituent.

The torsions angles found in the crystal structures of the ortho acetanilides are
recorded in Table 5.2 together with the deviation of the solid state torsion angles
from a =180°. The table also contains the difference between the energy at the
global minimum and at the experimental value of a. Since experimental energies
are not available the energy of the experimental conformer was estimated from the
PES, whereby the theoretical value of a closest to the experimental torsion angle

was chosen and the corresponding energy used in the energy difference

estimation.

Structure Qexp [ | Act(|@theo —exp|) ['] AE(Eexp-Etheo) [K]-mol-1]
Me:o-F 145.85 34.15 3.540
Me:o-Cl(m) 138.56 41.44 5.766
Me:o-Cl(o) 143.75 36.25 5.766
Me:o-Br 138.47 41.53 5.842
Me:o-CF3 128.22 41.78 5.440
Me:o-Me(m) 129.63 50.37 6.721
Me:o-Me(o) 65.92 114.08 (5.92%) 8.574 (0.343%)
Me:o-tBu 114.79 55.21 7.941
Me:o-CN 142.39 37.61 6.530
Me:o0-NO; 151.83 28.17 4.377
Me:o-COMe 164.75 15.25 2.053
Me:o-COOH 174.02 5.98 0.406

Table 5.2: aeqp = experimental torsion angle; Aa = absolute difference between aeyp and
theoretical optimum torsion angle awmeo; AE = difference between energy of dexp and dineo;
*local minimum value.

Table 5.2 shows that all the experimental values of a deviate from the theoretical
optimal angle of 180°. It should be emphasised here that the theoretical PES was
calculated for the isolated molecule with optimised geometry in the gas phase. Any
intermolecular effects that arise from the crystal assembly are neglected in such
computations. Hence the deviation of experimental solid state torsion angles from
the theoretical values demonstrates that the molecular conformation is affected by
the forces acting in the crystal. In the ortho-acetanilides intramolecular hydrogen
bonding between the substituent and the amide group is expected to favour a
planar molecular conformation over non-planar arrangements. Indeed the smallest

deviation from the gas phase optimum conformation occurs in Me:o-COOH with a
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difference of 5.98° followed by Me:0o-COMe with a deviation of 15.25°. In the gas
phase these differences in torsion angles are associated with less than 2 kJ-mol-! in
energy. This energy difference is comparable with the free energy available to a
molecule at room temperature! and is thus negligible. The largest deviation from
a =180° occurs in Me:o-Me(0) with 114.08°, but even this substantial change in a
would only result in an increase in energy by 8.57 k]'mol! over the optimum
conformation in the gas phase. Furthermore the torsion angle in Me:o-Me(o0) lies
within 6° and 0.343 kJ'mol! of the local minimum at a =60°. The experimental
observation of conformational polymorphism is thus in line with the PES, which
predicts the likelihood of two alternative conformations for the compound. As was
shown in Chapter 4.B. the intermolecular forces acting in a crystal can certainly
compensate for such an energy penalty hence conformationally less energetic
molecules can still be incorporated in a stable crystal structure.

Regarding the acetanilides without intramolecular hydrogen bonding the
experimentally observed conformations can be directly linked to intermolecular
interactions in the crystal. For example the torsion angle in Me:o-CN amounts to
142.39° allowing for intermolecular hydrogen bonding with the amide group of a
neighbouring molecule. If a were 180° hydrogen bonding would not be possible
due to steric hindrance. This applies to all the ortho-acetanilides without
intramolecular hydrogen bonding and accounts for the deviations of the

experimental torsion angles from the theoretical optimum conformation.
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5.C. Conformational analysis of meta-substituted acetanilides

The conformational analysis for the meta acetanilides yielded the PES maps
displayed in Figures 5.8 to 5.11 according to the following grouping:
« halogenated meta acetanilides, i.e. X = F, Cl, Br - Figure 5.8
+ bulkier, HB inactive substituents, i.e. X = Me, CF3, SF5 = Figure 5.9
« substituents with HB acceptor functionality, i.e. X = CN, NO2, COMe,
COOEt - Figure 5.10
+ substituents with HB donor functionality, i.e. X = OH, COOH -
Figure 5.11
As for the ortho acetanilides the PES maps of the meta compounds have mirror
symmetry with respect to 180° and hence only the region between 0 and 180° will

be discussed further.

PES for Me:m-X with X = F, Cl, Br
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Figure 5.8: Potential energy surfaces for the rotation about the torsion angle o for Me:m-F,
Me:m-Cl, Me:m-Br.
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PES for Me:m-X with X = Me, CF_;, SF2
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Figure 5.9: Potential energy surfaces for the rotation about the torsion angle a for Me:m-Me,
Me:m-CF3, Me:m-SFs.
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Figure 5.10: Potential energy surfaces for the rotation about the torsion angle a for Me:m-CN,
Me:m-NO2, Me:xm-COMe, Me:m-COOEt.
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Figure 5.11: Potential energy surfaces for the rotation about the torsion angle o for Me:m-OH,

Me:m-COOH.

In contrast to the PES of the ortho series the curves exhibit minima at a = 0° and
a=180° as well as a maximum at a=90° or o =80°. These maxima constitute
rotational barriers between the energetic minimum conformations, and their

relative energies vary between approximately 15 and 22 k]-mol-1. A listing of the

relative energy values at the minima and maxima is provided in Table 5.3.

Molecule Otheo, min | (theo, max Etheo,min Etheo,max AEtheo(Emax'Emin)
Me:m-F 0(180) 90 0(-0.701) 21.710 | 21.710 (21.009)
Me:m-Cl 180 (0) 90 -0.578 (0) 20.412 20.990 (20.412)
Me:m-Br 180 (0) 90 -0.844 (0) 20.000 | 20.844 (20.000)
Me:m-CF3 180 (0) 90 -2.005 (0) 19.447 | 21.452(19.447)
Me:m-SF5 180 (0) 90 -1.963 (0) 19.704 | 21.667 (19.704)
Me:m-Me 0(180) 90 0 (-0.335) 19.268 19.268 (18.934)
Me:m-CN 180 (0) 90 -1.800 (0) 20464 | 22.264 (20.464)
Me:m-NO: 180 (0) 90 -4.344 (0) 18.736 | 23.080 (18.736)
Me:m-OH 180 (0) 90 -0.842 (0) 19.619 | 20.460 (19.619)
Me:m-COMe 180 (0) 80 -8.178 (0) 15.311 | 23.489 (15.311)
Me:m-COOH 180 (0) 80 -6.309 (0) 15.928 | 22.237 (15.928)
Me:m-COOEt 180 (0) 80 -6.950 (0) 14.913 21.863 (14.913)

Table 5.3: Otheomin/Ctheomax = torsion angle at theoretical global minimum/maximum;

Etheo,min/Etheomax = energies at theoretical global minimum/maximum; AEwe, = rotational barrier
between global minimum and maximum. Values in parenthesis refer to local minima. Energies
and angles are given in kJ-mol-! and °, respectively.
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From the values in the table it can be seen that global minimum occurs at a = 180°
and the local minimum at o = 0° for all compounds except for Me:m-F and Me:m-
Me. The global and local minimum is found at a = 0° and o = 180°, respectively, for
these two compounds. However, overall the energy between the global and local
minimum conformations differs by less than 10 k]-mol-1. As was discussed for the
ortho series, the conformers of a = 180" and a = 0" correspond to the planar anti
and syn configurations between the meta-substituent and the amide oxygen atom.
Table 5.3 also contains the heights of the rotational barriers for the transition from
the global to the local minimum and vice versa. The barriers are all similar within
approximately 4 and 6 k]-mol! for the former and latter case, respectively. The
difference between the energy maximum and minimum values represents the
penalty associated with the least favourable conformation, which is found at
90° for all meta acetanilides. In comparison with the ortho series these values are
approximately three times smaller meaning the optimum conformations of the
meta acetanilides are less stable overall than the ortho acetanilides. This can be
ascribed to the stabilising effect of intramolecular interactions between the ortho
substituents and the amide group. The meta substituents on the other hand are too
far removed from the amide group for any intramolecular interactions to take
effect on the overall energy of the molecule.

However, from Figures 5.8 to 5.11 it can be seen that the minimum at o =180°
becomes increasingly deeper than the minimum at o =0°as the substituents
increase in size or become more electron withdrawing. This effect is strongest for
Me:m-COMe where the energy difference between the conformations a = 180° and
a=0" is 8.18 k]'mol! followed by Me:m-COOEt (6.95k]-mol-l), Me:m-COOH
(6.31 kJ'mol') and Me:m-NO2 (4.34 k]-mol1). For the other structures this energy
difference amounts to less than 2 kJ'mol-l. It should be mentioned that the
substituents COMe, COOEt and COOH are oriented so that the HB acceptor atom is
closest to the amide hydrogen atom in the optimised structures as shown in Figure
5.12. These results indicate that there is some long-range influence of the meta
substituent on the torsion angle o, which causes energetic non-equivalence of the

anti and syn configurations in the gas phase.
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L4 4

Figure 5.12: The meta substituent orientation is shown for
COMe (left), COOEt (middle) and COOH (right).

This influence is most pronounced if the substituent contains an “exposed” oxygen
atom such as in a carbonyl group or in the nitro substituent and is probably
electrostatic in nature. The origin of this effect may lie in the optimisation of the
charge distribution over the molecule so as to minimise the molecular dipole.

The torsion angles measured in the crystal structures of the meta series are listed

in Table 5.4.

Structure Oexp [] Aa(|Atheo —exp|) [] AE(Eexp-Etheo) [K]J-mol-1]
Me:m-F 15.03 15.03 (164.97) 1.173 (0.473)
Me:m-CI: A 19.04 160.96 (19.04) 1.542 (0.964)
Me:m-Cl: B 339.64 159.64 (20.36) 1.544 (0.966)
Me:m-Br(m): A 3.3 176.7 (3.3) 0.844 (0.000)
Me:m-Br(m): B 14.65 165.35 (14.65) 0.913 (0.069)
Me:m-Br(o): A 21.49 158.51 (21.49) 1.894 (1.050)
Me:m-Br(o): B 337.83 157.83 (22.17) 1.894 (1.050)
Me:m-CF; 10.27 169.73 (10.27) 2.055 (0.051)
Me:m-SFs 14.56 165.44 (14.56) 2.102 (0.138)
Me:m-Me 165.87 165.87 (14.13) 0.622 (0.287)
Me:m-CN 11.15 168.85 (11.15) 1.875 (0.075)
Me:m-NO;: A 10.55 169.45 (10.55) 4.409 (0.065)
Me:m-NO: B 356.45 176.45 (3.55) 4.278 (-0.066)
Me:m-NO;: C 171.61 8.39 (171.61) 0.238 (-4.106)
Me:m-NO;: D 181.23 1.23 (178.77) 0.000 (-4.344)
Me:m-COMe 168.76 11.24 (168.76) 0.081 (-8.097)
Me:m-COOEt 169.24 10.76 (169.24) 0.055 (-6.895)
Me:m-OH 172.22 7.78 (172.22) 0.066 (-0.775)
Me:m-COOH 172.96 7.04 (172.96) 0.064 (-6.246)

Table 5.4: e = experimental torsion angle; Aa = absolute difference between ey and
theoretical optimum torsion angle awmeo; AE = difference between energy of dexp and aimeo. Values
in parenthesis correspond to local minima. The notation “: A” indicates the number of molecules
in the ASU.
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As can be seen from the table, the molecules in the solid state almost all assume
the syn configuration - according to the theoretical calculations the less favourable
conformation compared to the anti arrangement. However, all experimental
torsion angles are within 25° of one of the two calculated minimum conformations
and the difference to the closest energy minimum does not exceed 1 kJ-mol-1.

Hence the meta molecules assume a more planar conformation in the solid state
than in the ortho-series. The reason for this may be the greater distance between
the substituent and the amide group so that any steric effects are reduced in the
meta series. Interestingly the molecules in Me:m-COMe, Me:m-COOEt and Me:m-
COOH assume the theoretical energetically more stable anti configuration also in
the crystal assembly. Me:m-NO: crystallises with four molecules in the ASU, two of
which are in the syn and two in the anti configuration (c.f. picture of ASU in Chapter
4.A.). This Z'=4 structure is reproducible and efforts to produce a Z’=1 structure
have so far been fruitless. Hence Me:m-NO2 may present a case of a ‘frustrated’
molecule for which the mixture of the two configurations is the most stable solid
state arrangement. This case also demonstrates that both configurations can
coexist rather than exclude each other, e.g. due to orientation preferences
occurring during synthesis. Hence for the other meta acetanilides it may be
concluded that the intermolecular assembly in the crystal determines which
configuration is incorporated in the solid state structure. It could of course be also
argued that the gas phase calculations show that the anti and syn conformers are
energetically very similar and hence polymorphism may be likely for these
compounds. Although a polymorph screen was not the objective of this study,
Me:m-Br was found to be at least dimorphic with both polymorphs being 7’=2
structures. However, in both crystal structures both molecules in the ASU assume

the syn configuration.
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5.D. Conformational analysis of para-substituted acetanilides

The PES maps of the para acetanilides are displayed in Figures 5.13 to 5.18 using
the grouping as outlined in Table 5.5. Due to the large number of compounds two

styles were chosen to show similarities and differences more clearly.

X Figure
H, Me, Et, iPr, <Pr, tBu 5.13
F, Cl, Br, I, CF3, SFs 5.14
CN, NOy, OCF3, OCOMe 5.15
NHz, NMe; 5.16
COMe, COOMe, COOEt, COOH, COOOH, CBrCH; 5.17
OH, OMe, OEt, OPr, O'Pr, OBu 5.18

Table 5.5: Listing of the Figures 5.12 to 5.17 containing the PES for the para
acetanilides.

PES-1 of Me:p-X with X = H, Me, Et, Pr, *Pr, 'Bu

PES-2 of Me:p-X with X = H, Me, Et, 'Pr, *Pr, '‘Bu
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Figure 5.13: Electrostatic potential energy surfaces for the rotation about the torsion angle o for

Me:p-H, Me:p-Me, Me:p-Et, Me:p-iPr, Me:p-<Pr, Me:p-'Bu. The ordering in the graph on the right
hand side is in ascending energy at the maximum.

PES-1 of Me:p-X with X =F, Cl, Br, CFy, SFg

PES-2 of Me:p-X with X =F, Cl, Br, CFy, SFg
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Figure 5.14: Electrostatic potential energy surfaces for the rotation about the torsion angle o for
Me:p-F, Me:p-Cl, Me:p-Br, Me:p-CF3, Me:p-SFs. The ordering in the graph on the right hand side
is in ascending energy at the maximum.
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PES-1 of Me:p-X with X = CN NO_ OCF_ OCOMe PES-2 of Me:p-X with X = CN, NO_,, OCF_3 OCOMe
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Figure 5.15: Electrostatic potential energy surfaces for the rotation about the torsion angle o for
Me:p-CN, Me:p-NO;, Me:p-OCF3, Me:p-OCOMe. The ordering in the graph on the right hand side
is in ascending energy at the maximum.
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Figure 5.16: Electrostatic potential energy surfaces for the rotation about the torsion angle o for
Me:p-NHz, Me:p-NMe:.

PES-1 of Me:p-X with X = COMe, COOMe, COOEt, PES-2 of Me:p-X with X = COMe, COOMe, COOEt
COOH, COOOH, CBrCH, COOH, COOOH, CBrCH
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Figure 5.17: Electrostatic potential energy surfaces for the rotation about the torsion angle o for
Me:p-COMe, Me:p-COOMe, Me:p-COOEt, Me:p-COOH, Me:p-COOOH and Me:p-CBrCH.
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PES-1 of Me:p-X with X = OH, OMe, OEt, OPr, PES-2 of Me:p-X with X = OH, OMe, OEt, OPr,
O'Pr, OBu +p-OH O'Pr, OBu
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Figure 5.18: Electrostatic potential energy surfaces for the rotation about the torsion angle o for
Me:p-OH, Me:p-OMe, Me:p-OEt, Me:p-OPr, Me:p-0iPr and Me:p-OBu.

Again the surfaces have mirror symmetry with respect to a = 180°. For most para
acetanilides the curves between a=180° and a=0" are also symmetrical with
respect to a =90" and the conformations of a =180° and a = 0" are energetically
equivalent. This means that no distinction can be made between a syn and anti
configuration as was the case in the ortho and meta series. The calculations
confirm this for the compounds shown in Figures 5.13, 5.14, 5.15 and 5.16. The
substituents of these compounds can be broadly classified as alkane, amino or
halogen derivatives. In addition Me:p-CN, Me:p-NOz and Me:p-OCOMe also fall
into this category. These substituents are either rotationally symmetric or their
conformation is consistent with the mirror symmetry of the phenyl ring (the
mirror plane being perpendicular to the ring plane) so that the sides of the phenyl
ring are equivalent. For example, in Me:p-OCOMe the substituent mean plane lies
perpendicular to the phenyl ring mean plane hence coinciding with the mirror
plane of the aromatic system as illustrated in Figure 5.19.

The PES maps of the remaining para acetanilides exhibit energy differences
between the a = 180° and o = 0° conformers (c.f. Figure 5.17 and 5.18). It is notable
that this applies to all compounds with
alkoxy substituents and carbonyl?
derivatives as well as Me:p-OH and
Me:p-CBrCH:. For these compounds the
molecular structure is slightly more

Figure 5.19: Molecular conformation of

Me:p-OCOMe. The mirror plane dissecting the stable if o =180" Inspection of the
phenyl ring and substituent is shown in green.

optimised structures shows that this

arrangement can be interpreted as an anti configuration and arises since the
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mirror symmetry of the phenyl ring is broken due to the substituent. In the
compounds with X = COMe, COOMe, COOEt, COOH and COOOH the amide oxygen
is positioned on the opposite side of the molecule in relation to the substituent
carbonyl oxygen (anti). In the para alkoxy acetanilides and Me:p-OH the amide
oxygen resides in the anti position to the lone pairs of the substituent oxygen atom.
Figure 5.20 displays the a=0" and a=180" conformers for Me:p-OMe and

Me:p-OMe to illustrate the difference in configuration.

anti syn anti syn

Figure 5.20: The anti (a=180°) and syn («=0") configurations are shown pair wise for Me:p-
OMe (left) and Me:p-COMe (right).

It should be mentioned that the substituent mean plane is coplanar with the
phenyl ring in these eleven structures. The situation is similar for Me:p-CBrCHz,
although in this structure the substituent mean plane is rotated out of the phenyl
ring plane by approximately 48° so that the bromine atom is located above the ring
as shown in Figure 5.21.

Overall the PES curves of the para

series are similar to those of the meta

acetanilides. They exhibit minima in

Figure 5.21: The torsion angle between
substituent and phenyl ring is shown for

well as maxima at o« =90°. However, Me:p-CBrCH:.

the regions of a=0" and a=180" as

the global minimum is often found at
a=10° or a = 170°, respectively, which is most pronounced in the curves of Me:p-
NH: and Me:p-NMe: (Figure 5.16). Table 5.6 contains the relative energies of the

minimum regions and the maxima of the PES curves.
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Molecule Utheo,min Otheo,max Etheo,min Etheo,max AEtheo(Emax'Emin)
Me:H 10 (170) 90 -0.204 (-0.171) 19.664 | 19.868 (19.834)
Me:p-F 10 (170) 90 -0.295 (-0.270) 17.325| 17.621(17.596)
Me:p-Cl 10 (170) 90 -0.069 (-0.043) 19.912 | 19.981 (19.955)
Me:p-Br 0(10) 90 0.000 (0.010) 20.553 | 20.553(20.543)
Me:p-CF3 0(180) 90 0.000 (0.034) 23.197 | 23.197 (23.164)
Me:p-SFs 0(180) 90 0.000 (0.029) 25.253 | 25.253(25.224)
Me:p-OCF;3 0(180) 90 0.000 (0.001) 20.379 | 20.379 (20.377)
Me:p-Me 10 (170) 90 -0.295 (-0.275) 18.061 | 18.356 (18.336)
Me:p-Et 10 (170) 90 -0.222 (-0.188) 18.471 | 18.692 (18.658)
Me:p-iPr 10 (170) 90 -0.251 (-0.170) 18.725 | 18.976 (18.895)
Me:p-<Pr 10 (170) 90 -0.323 (-0.291) 18.115 | 18.438 (18.406)
Me:p-‘Bu 170 (10) 90 -0.163 (-0.230) 18.380 | 18.543 (18.610)
Me:p-CN 180 (0) 90 -0.005 (0.000) 25.071 | 25.076 (25.071)
Me:p-NO; 180 (0) 90 -0.013 (0.000) 26.524 | 26.537 (26.524)
Me:p-NH; 10 (170) 90 -5.195 (-5.143) 8.374 | 13.569(13.517)
Me:p-NMe; 10 (170) 90 -1.077 (-1.064) 12.442 | 13.519(13.506)
Me:p-OH 170 (180) 90 -2.168 (-1.626) 13.489 | 15.657 (15.115)
Me:p-OMe 170 (180) 90 -1.634 (-1.121) 13.825 | 15.459 (14.946)
Me:p-OEt 170 (180) 90 -1.691 (-1.138) 13.803 | 15.494 (14.941)
Me:p-OPr 170 (180) 90 -1.901 (-1.387) 14.035 | 15.936 (15.422)
Me:p-OPr 170 (180) 90 -1.112 (-0.628) 20.592 | 21.705(21.220)
Me:p-OBu 170 (180) 90 -1.642 (-1.005) 13.956 | 15.598 (14.961)
Me:p-O0COMe 0(180) 90 0.000 (0.046) 19.481 | 19.481 (19.435)
Me:p-COMe 180 (170) 90 -2.086 (-1.927) 23.228 | 25.314 (25.155)
Me:p-COOH 180 (170) 90 -0.684 (-0.516) 24.154 | 24.839 (24.670)
Me:p-COOMe 180 (170) 90 -0.886 (-0.729) 23.302 | 24.189 (24.031)
Me:p-COOEt 180 (170) 90 -0.732 (-0.521) 23.753 | 24.484 (24.273)
Me:p-COOOH 180 (170) 90 -0.793 (-0.472) 25.373 | 26.166 (25.845)
Me:p-CBrCH; 180 (170) 90 -1.155 (-0.900) 20.808 | 21.963 (21.709)

Table 5.6: Othecomin/Otheomax = torsion angle at theoretical global minimum/maximum;

Etheomin/Etheomax = energies at theoretical global minimum/maximum; AEwe, = rotational barrier
between global minimum and maximum. Values in parenthesis refer to local minima. Energies and
angles are given in k]-mol! and °, respectively.

It can be seen that for 16 compounds the o = 10° or a = 170° is energetically more
favourable than a = 0" or a = 180°, which constitutes the global minimum for 10
compounds. However, the energy differences are very small with generally less
than 1KkJ-mol!l. The greatest variation occurs in the amino derivatives with
5.14 kJ'-moll (Me:p-NH:z) followed by 1.08kJ'moll (Me:p-NMez). In these
particular cases the amino nitrogen assumes a trigonal planar configuration at
a=0° and o =180" whereas the amino group geometry can be described as a
capped trigonal pyramid with the lone pair in the apical position in all other

optimised conformers. Given the energy difference in the PES it must be concluded
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that the planar geometry is energetically unfavourable over the pyramidal
configuration. Such variation in geometry was not observed for any of the other
structures, except for Me:p-OiPr at a=90°. In the optimised structure the
substituent assumes as different geometry relative to the phenyl ring as illustrated

in Figure 5.22 causing a sharp spike in energy at the maximum (c.f. Figure 5.18).

o=150°

-

Figure 5.22: The change in the substituent position with respect to the phenyl ring
as going to the 90° conformer observed in Me:p-OiPr is shown. The phenyl ring
mean plane is included in green. Hydrogen atoms were omitted for clarity.

The slight preference of the a=10" or a=170" conformers suggests the
conjugation of amide group and phenyl ring of the molecular backbone causes
energetic strain in the fully planar geometry. However it should be emphasised
that the energies involved concern only a fraction of 1 kJ-mol-! and are hence even
less indicative of any substituent effects compared with the meta and ortho series.

The maximum energy values range from 8.37Kk]-mol! (Me:p-NHz) to
26.52 kJ'mol-l (Me:p-NOz). The rotational barriers (Table 5.6) for the transition
from the global to the local minimum closely match those for the reverse transition
with the largest differences occurring for the acetanilides with alkoxy or carbonyl
derivatives as already mentioned above. Compared with the meta series the
rotational barriers vary over a wider range indicating that the level of conjugation
between phenyl ring and amide group depends on the nature of the para
substituent. The substituent influences the electron distribution in the phenyl m-
system and hence the conjugation of the whole molecular backbone via inductive

and mesomeric effects. The Hammett constants have been devised as measures of
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these effects in order to relate reaction rates with substituent properties3. Figure
5.23 displays the plot of the theoretical rotational barriers versus the Hammett

constants of the para substituents*.

Me:p-X: Rotational barriers vs Hammett constants
30

.

| ¢’ 90
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Figure 5.23: The relative rotational barriers are plotted versus the Hammett constants for the
para-substituted acetanilides.

It can be seen that the two quantities are positively correlated, hence the more
electron withdrawing the substituent the higher the rotational barrier. This in turn
means that the bond between the amide group and the phenyl ring becomes less
rotationally flexible.

Table 5.7 lists the values of the torsion angles observed in the crystal structures.
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Structure 0 Olexp Aa(|atheo ~exp|) | AE(Eexp-Etheo)
Me:p-Cl 3.761 | 175.74/178.22 165('57.‘;2/%?;22) (00.3)462%(.)6(316253
Me:p-Br(m) 18.998 164.34 (11564‘.‘-334‘§ (11‘-019%9)
Me:p-CFs 7.45 | 173.11/179.41 173('2;/;/709';; 1) (09-1 14704;6(.)(')%304;
Me:p-SFs: A 35.596 142.68 (134723625; (55.994754;
Me:p-SFs: B 37.113 146.35 (13‘*3§-6355; (3%.225355)
Me:p-OCF; 5312 | 174.92/175.28 174(';%/; /15'% (09-007891/6%%00 1)
Me:p-Me(m) 16.616 163.51 1 (563.459 1) ( 5.113555)
Me:p-Et 5019 | 1737517388 | O (;57/ ;/633.5-% (0%003;)%%%30‘;
Me:p-tBu 22.576 154.77 (14145?-7273; ( ;.98(?36)
Me:p-CN 6.195 | 1744217710 | (1, 43}?% 2.3)0) (0%25/%%%%(;
Me:p-NO;: A 3.791 169.18 (16199-1%2) ( 8.336725)
Me:p-NO:: B 12.896 178.91 (1781.(-3012 (-0(.)601%(;
Me:p-0COMe(m1) | 14.394 168.31 (1161§-63() 1) ( 8-78;%1)
Me:p-0COMe(m2) | 10.149 164.55 (11%‘.*4555; ( 11 .7872;

Table 5.7: 6 = dihedral angle between phenyl ring and amide group mean planes; dexp =
experimental torsion angle; Aa = absolute difference between aexy and theoretical optimum
torsion angle ameo; AE = difference between energy of dexp and oimeo. Values in parenthesis
correspond to local minima. The notation “: A” indicates the number of molecules in the ASU.
Energies and angles are given in k]-mol! and °, respectively.
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Structure (] Olexp Ad(|Qtheo —exp|) AE (Eexp-Etheo)
Me:p-NH; 34.689 146.67 (12336,3637) (;.33495
Me:p-NMe: A 5.766 136.48 ééé;‘;; (4‘%-1 1452 ?
Me:p-NMe:: B 44.691 173.70 1(633.-770(; ( 53)010%
Me:p-OH(m) 20.487 158.85 (2111.-1155; ( 01 fsog(;
Me:p-OH(01) 16.729 165.99 (141.}6011) (_09-5%()1(;
Me:p-OH(02): A | 36.051 149.82 (320(.’-1185; (2%666%3
Me:p-OH(02): B | 25.243 154.21 (21;’-7792 (2%666%;
Me:p-OMe 17.813 160.68 (19%322) (01‘-5034£
Me:p-OEt 27.68 152.55 (2177.4‘25; (22.65051‘;
Me:p-OPr 10.265 168.77 (111.2235; (_09-5()1%(;
Me:p-0:Pr 19.677 161.18 (18%822) (01‘.509894;
Me:p-OBu 25.52 155.79 (214‘.*-2211) ( 8.39263(;
Me:p-COMe 15.535 | 164.21/174.39 (155.-779% 53691) (11.'342%33/{)(.)610509)
Me:p-COOH 39.255 142.82 (2377.'11;; (55?-672819)
Me:p-COOMe 9.821 170.84 (0?5146) (&1{3
Me:p-COOEt 14.138 165.07 (fﬁ ( 35010§
Me:p-COOOH 4.002 176.97 (63.(-3073; (-0(.)3;2%(;
Me:p-CBrCH; 19.651 160.92 (19?6%5; (01-;3127()4;

Table 5.7 continued.

It should be noted that the distinction between the o = 0° and a = 180° conformers
is not possible for the compounds with rotationally symmetric substituents. The
atoms chosen to define the torsion angle are displayed in Figure 5.24 and hence
the values are closer to 180° than to 0° in a. In order to gain a better picture of the
distortion from planarity the dihedral angle 8 between the mean planes of the

phenyl ring and the amide group is recorded in Table 5.7 also.
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From the values in the table it can be seen that most experimental torsion angles

correspond to the PES minima of the isolated molecule and lie within 20° of this

minimum energy. Since these are close to a=0" or o =180° it can be concluded

that most para-acetanilides assume a near planar conformation in the solid state.

CH,
0 N
H
H

X

Figure 5.24: The atoms
defining the experimental

torsion angle.

However, a few structures do not follow this trend. The
biggest deviations from planarity occur in Me:p-SFs,
Me:p-NHz, in one of the two molecules in the ASU of
Me:p-NMe: and Me:p-OH(02) as well as in Me:p-COOH
with the associated dihedral angles of 35.60°/37.11°,
34.69°, 44.70°, 36.05° and 39.26°, respectively.
Accordingly the relative energy difference to the
minimum conformer is largest for these structures (c.f.

Table 5.7). This deviation from the optimum

conformation cannot be related to any inductive or mesomeric effects and is hence

most likely a consequence of intermolecular forces acting in the crystal structure.

Table 5.8 summarises the configuration of the substituent with respect to the

amide oxygen atom for the acetanilides with substituents that are not rotationally

symmetric. The calculations show that the ] ]
Structure Configuration
nti configuration is the more stable than
anti configuration 1 Me:p-OH(m) oy
the syn arrangement, however, the largest | Me:p-OH(01) syn
. o Me:p-OH(02) syn/syn
energy difference between a=0° and Me:p-OMe oy
o =180° only amounts to 2.08 k]'mol-! for | Me:p-OEt anti
Me:p-OPr syn
Me:p-COMe. In the solid state structures [ pe.p-0iPr anti
both configurations occur with similar |Me:p-OBu antt
Me:p-COMe syn
frequency. Hence the intermolecular forces | Me:p-cOOH anti
in the crystal are sufficient to accommodate Me:p-COOMe a”t’_
Me:p-COOEt anti
the incorporation of the less stable | Me:p-COOOH syn
Me:p-CBrCH; anti

conformer and the energetic difference
between the anti and syn configurations are
not sufficient to achieve a preference in the

molecular structure in the crystal.

Table 5.8: Listing of the configuration
between substituent and amide group.

224



CHAPTER 5 CONFORMATIONAL ANALYSIS OF MONO-SUBSTUTUTED ACETANILIDES

5.E. Conformational differences in polymorphic forms

It was noted during this study that some of the polymorphs encountered differed
in their molecular conformation with respect to the torsion angle a. Table 5.9
summarises the observed torsion angles for all polymorphs encountered during
this study. Also collated are the differences in torsion angles and the equivalent

theoretical energies.

Structure Aexp ['] Adexp [T *AE [kJ-mol™]*
Me:o-Cl(m) 138.56 |5.19
Me:o-Cl(o) 143.75 | *0*
Me:o-Me(m) 129.63 | 63.71
Me:o-Me(o) 65.92 *1.853%*
Me:m-Br(m): A 3.30 11.35 18.19 25.47
Me:m-Br(m): B 14.65 *0.069* | *¥1.050* | *1.050* | 6.84 36.82
Me:m-Br(o): A 21.49 43.66 *0.981* | *0.981*
Me:m-Br(o): B 337.83 | *0*
Me:p-Br(m) 164.34 | 10.29
Me:p-Br(o) 174.63 | *1.059*
Me:p-Me(m) 163.51 | 10.13
Me:p-Me(o) 173.64 | *1.135*
Me:p-OH(m) 158.85 | 7.14 9.03 4.64
Me:p-OH(o1) 165.99 | *1.000* | *1.607* | *1.607* | 16.17 11.78
Me:p-OH(02): A 149.82 | 4.39 *2.607* | *2.607*
Me:p-OH(02): B 154.21 | *0*
Me:p-O0COMe(m1) | 168.31 | 3.76
Me:p-0COMe(m2) | 164.55 | *0.983*

Table 5.9: aexp = experimental torsion angles; Aaexp, = difference in torsion angles between
polymorphs; AE = theoretical energy difference between polymorph conformations. The
energy values are enclosed by asterisks. The notation “: A” refers to the independent
molecules in the ASU if Z’ > 1.

As the conformational analysis described in the preceding three sections of this
chapter has shown the associated energy differences in Table 5.9 are small.
Although changes in a are observed between the polymorphs, almost all
conformations remain within the energy well of the global minimum on the PES as
was confirmed in the previous sections. Only in the case of Me:o-Me the two
conformations present in the monoclinic and orthorhombic crystal structure,
respectively, correspond to different energy minima on the PES. The torsion angles

of the molecules in Me:p-Me(m) and Me:p-Me(0) hence differ by over 60° - the
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largest variation in the torsion angles compared with the other compounds. The
next largest difference in torsion angles is actually found between the independent
molecules in the ASU of Me:m-Br(o) and between the conformations in Me:m-
Br(o) and those in its polymorph, which is also a Z’=2 structure. However, the
energy differences are again small and all observed torsions are close to the
theoretical global minimum. A brief comment regarding the unusually large values
of a =337.83" in Me:m-Br(0): B (i.e. the second molecule in the ASU). Usually the
conformers of a=0"and o =360" are indistinguishable and in crystal structures
with an inversion centre or mirror plane only the values of a=0" to 180° are
unique>. However, the crystal structure Me:m-Br(o) do not contain any such
symmetry element causing a relation between the torsion angle and the direction
of rotation about a. Hence with the phenyl ring mean plane as reference then in
one molecule of the ASU in Me:m-Br(o) the amide group is located above the
plane and in the other molecule it is positioned below the plane as demonstrated

in Figure 5.25.

@-

Figure 5.25: Two perspectives of the overlay of the two independent molecules in
the ASU.

In Me:m-Br(m) on the other hand, due to the presence of an inversion centre such
distinction is not possible. Nevertheless the two conformers in the ASU of Me:m-
Br(o) only correspond to the approximately 22° deviation from the theoretical
global minimum value, the fluctuation simply occurs on either side of the minimum
within the same energy well.

In terms of the polymorphism observed the conformational analysis has revealed
that the energy differences between the polymorphic forms are small. They are of
an order that is comparable with the weakest intermolecular interactions and
hence the different conformers of the same compound can easily be incorporated

into different crystal structures.
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5.F. References

1 The energy available at room temperature is obtained as RT = 2.436 k]J-mol-! for
T =293K.

2 The substituent is connected to the phenyl ring via the carbon atom of the
carbonyl group.

3 C. Hansch, A. Leo, R. W. Taft, Chemical Reviews, 91, 165-195 (1991).

4+ Hammett constants could not be found for X = CBrCHz and COOOH.

5> This means the molecules are symmetric with respect to o= 180" hence

350°=10° or 330° = 30° and so forth.
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CHAPTER 6: THE BIGGER PICTURE

As already mentioned in Chapter 2, the study of the acetanilide crystal structures
forms part of a bigger project. Since the systematic analysis of the structural
similarities in the acetanilides revealed that certain constructs appeared to be very
robust and predominant, the compound library was soon extended to include
other types of acylanilides. By changing the substituent on the amide group the
influence of the substituent on the ‘other end’ of the core molecule could be
assessed. As the synthesis and crystal structure matrices introduced in Chapter 2
show, this approach produced a great wealth of compounds and crystallographic
data. The detailed discussion of the structural similarities in this extended
compound library goes beyond the scope of this work, but a few aspects will be
briefly highlighted in the following sections. They do not only concern structural
similarity in the sense as it was discussed in Chapter 4 for the acetanilides.
Undertaking such a big study has also enabled the observation of trends in
crystallisation behaviour and correlation between crystallographic phenomena
and the type of acylanilide. The size of the compound library has furthermore
attracted interest within the crystallographic community and a few collaborations
have since been started. A summary of these will also be provided in this chapter.
Overall this chapter is intended as an overview of the variety of research topics
that a systematic study of this size provides and summarises further developments
and future work associated with this project. The associated crystallographic data

will be made publicly available through the eCrystals archive in due course.
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6.A. Structural similarity in para-bromo acylanilides, Y:p-Br

The inclusion of different residues on the amide side of the molecule allows the
comparison of crystal structures along the rows of the compound matrices
introduced in Chapter 2. Such a comparison then provides information about the
influence the type of acylanilide has on the crystal packing. As an example, one
complete row is chosen corresponding to the series of para-bromo acylanilides
Y:p-Br, where Y= H, Me, Et, Pr, 'Bu, CF3, OMe, OEt, NH:. The resulting structural
similarity plot is shown in Figure 6.1. For this particular comparison a COSP of the
following 5 atoms was chosen: the amide group nitrogen, carbon and oxygen

atoms as well as carbon 1 and 4 (para) of the phenyl ring.

[OMc:p-Br] [Me:p-Br[m]] [Mc:p-Br(o)J [Cngp—Br] [Et:p-Br] [H:p-Br] [OEt:p-Br] [ ‘Bu:p-Br ] [Pr:p-Br] [Nszp»BrJ

2D;
£ (et &0
1D

Figure 6.1: Structural similarity plot for ten para-bromo acylanilide crystal structures.

As XPac confirmed, only SCs familiar from the acetanilide series are observed in
this small set. All compounds exhibit amide-amide hydrogen bonding in one of the
common three HB geometries: C1y, C1;, | or Clpg. The former two chains each
occur in two structures only, whereas Clpg is present in the remaining 6

structures. This construct can clearly form irrespective of the type of acylanilide.
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The “longest” amide substituent however, is accommodated in the translational
chain C1py. In this case the geometry of chain C1y places the alkyl chains of Pr:p-
Br alongside each other whilst separating them from the phenyl rings resulting in
a flat chain. The close packing of these planar objects is more easily achievable
than the V-shape typical of the glide symmetry in Cljg. Figures 6.2 to 6.4 display

the C1 chains as they occur in the para-bromo acylanilides.

L X

N

2
s8¢ pPp

Figure 6.2: Chain C1jy in Pr:p-Br (left) and NH2:p-Br (right).

It is noteworthy that the hydrogen bonding of para-bromo phenylurea, NHz:p-Br,
can be classified as the chain Clpy, but it can be seen from Figure 6.2 that this
hydrogen bond is bifurcated. Given the additional hydrogen bonding opportunities
the NH; group provides, the phenyl ureas form a separate class within the
acylanilides. Nevertheless the geometry of this particular hydrogen bond is

consistent with the translational chain C1py.

B 2 2
SR

Figure 6.3: Chain C1[21l in OMe:p-Br (left) and Me:p-Br(m) (right). The

viewing direction is perpendicular (top) and parallel (bottom) to the HB
direction.

232



CHAPTER 6 THE BIGGER PICTURE
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H:p-Br
Me:p-Br(o) Et:p-Br

e \ LK
N N

OEt:p-Br CFs:p-Br tBu:p-Br

Figure 6.4: Chain Cljg in Y:p-Br. Two perspectives are shown in each case: viewed perpendicular
(top) and parallel (bottom) to the HB direction.

Figure 6.4 clearly shows the varying span of the V-shape characteristic for the HB
chain C1pg with the widest V occurring in H:p-Br. The only other 1D construct
identified in this subset is the translational stack S1py, which was found in CF3:p-
Br and the two polymorphs of Me:p-Br. Again this feature has already been

discussed in Chapter 4.B. Figure 6.5 shows the stack for the three structures.
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CFs:p-Br

Me:p-Br(m)

Me:p-Br(o)

Figure 6.5: Stack S1jy in CF3:p-Br, Me:p-Br(m) and Me:p-Br(o) each shown
as viewed side on (left) and along the stack direction (right).

The combination of stack S1fy and C1g produces the 2D layer L7, which was also
found in the para acetanilide series. Here it is observed in CF3:p-Br and Me:p-

Br(o) and the layer is depicted for the former compound in Figure 6.6.
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Figure 6.6: Layer L7 in the crystal structures of CFs:p-Br
highlighted in red.

o

Finally, XPac identified layer L4* as common to CF3:p-Br and Et:p-Br. The layer is
highlighted in the packing diagrams in Figure 6.7 for both structures. This layer is

closely related to layer L4 introduced in Chapter 4 hence the similar identifier.

N e N\ \/\\ //;//\

SHARNT G aEN ON
‘\\?‘7:;‘:/%\\\%//;35\\ 13{;/ \\ // N
/ “ WO
NN NN

Figure 6.7: Layer L4* in the crystal structures of CF3:p-Br (left) and Et:p-Br (right) highlighted in
red.

Recalling from the previous discussion, layer L4 contains the HB chain C1g and
neighbouring chains are related by 21 screw symmetry. In contrast to layer L4 the
spacing between neighbouring HB chains is widened in layer L4*. Hence adjacent

layers L4* are more interwoven than in the structures containing L4.
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6.B. Persistence of HB motifs C1jy, C1, ; and Clg in the acylanilides

The predominance of the three HB chains C1py, C1, ; and Clpg in the acetanilide

library raised the question on how robust and transferrable these chains are to
exchanging the amide substituent. Also of interest was to probe which end of the
molecule has the greater influence on the HB geometry - the phenyl or amide end.
For this reason the crystal structures were assessed on the presence of the three
HB chains. This was done immediately after the basic crystal structure was

established. The results of this search are summarised in Figures 6.8 to 6.10.

ORTHO H:o-X Me:o-X Et:o-X Pr.o-X | 'gy.o-x | CF3:0-X | OMe:o-X | OEt:o-X | NHj:o-X
Y H CHy CoHg C3Hy C(CHp) CFy OCHg OC,Hg NH,
X
%
F Ozp| &= &=

Oxo s
& Pty
S
o%o o

o

Br

o
o« | |db
&=
25

akalkdkk:
§

CHy @—_g;© Ak
CF3 @_‘3‘_@ h—

§
%[~

CN @x@

NO,

COOH

COMe

NHCOY

OH

" do

Figure 6.8: Summary of occurrence of HB chains C1 in ortho acylanilides. Colour coding is as
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Figure 6.9: Summary of occurrence of HB chains C1 in meta acylanilides. Colour coding is as

follows: brown - C1pg, yellow - C1[21]' red - Clg. Starred entries in NH2:m-X column indicate

that HB chain is part of more complex HB network. Two coloured starred entries elsewhere
symbolise a mixture of HB chain motifs due to Z’ > 1.
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The symbols used in the figures show the basic geometry of the chains C1 and are

colour encoded according to the structural similarity plots, i.e. C1jg is shown in

brown, Clpg symbols are drawn in red and C1;, ; are highlighted in yellow. The

entries in the columns of NHz:s-X are starred since the chains of type C1 are part
of a more complex HB network. Furthermore in the meta diagram some entries are
combinations of the different geometries and colours (further highlighted with a
star). These refer to structures with Z’ = 2. Due to pseudosymmetry the HB chains
in these structures are formed of dimers with the respective geometry and
symmetry. For comparison the cases of Me:m-Br(m) and Me:m-Br(o) were
discussed in Chapter 4.B.

From Figures 6.8 to 6.10 it can be seen that the distribution of the three HB chain
motifs in the ortho acylanilides differs quite significantly from the meta and para
compounds. The amide-amide HB observed most in the ortho acylanilides is the

translational chain Clpy, followed by Clig and then C1, . In chain Clpy the

intermolecular interaction is enhanced due to the overlap of substituent and
adjacent phenyl ring as was shown in the discussion of the ortho acetanilides in
Chapter 4.B. This favourable geometry is of course directly linked to the position of
substitution on the phenyl ring explaining the increased occurrence of C1jy in the
ortho acylanilides. In these compounds the position of substitution seems to be the
primary driving force for the formation of the HB motif. There is little indication
that the type of phenyl substituent X has any major effect on the HB geometry.
However there are two groups of acylanilides in which the amide substituent
breaks the HB geometry pattern. In the ortho trimethylacetanilides (pivalomides)
'Bu:0-X, the amide-amide hydrogen bonding geometry is almost exclusively that of

chain C1;, ;. In this series the substituent on the amide group appears to have a
directing effect on the HB geometry. If incorporated in chain C1py the tert-butyl
groups would cause steric clashes between neighbouring molecules. Instead, in the
21 screw symmetry chain C1;, ; C-H-m interactions are facilitated between the
amide substituent 'Bu and the adjacent phenyl ring, hence enhancing the
intermolecular association in C1, |. The ortho phenylureas NHz:0-X, form the

other group in which there is a clear preference of a different HB chain geometry

than that of C1y. In the ortho phenylureas the HB chain C1jg is mainly observed.
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An explanation of this behaviour is not so readily available however. The urea
moiety is engaged in a more complex intermolecular hydrogen bonding network
due to the additional HB donors in the molecule. Hence a direct comparison with
the other acylanilides and their hydrogen bonding is not appropriate. It is however
interesting that the familiar HB chain geometries are also observed as part of the
more complex hydrogen bonding of these compounds. The same applies to the
meta and para phenylureas.

In the other meta and para acylanilides the prevailing HB motif is that of chain
Clig. The V-shape geometry of this chain is clearly compatible with most
compounds irrespective of the substitution on the phenyl ring and on the amide
group. Especially the trimethylacetanilides ‘Bu:m-X and 'Bu:p-X as well as the
propionanilides Et:m-X and Et:p-X form the HB chain C1ig in almost all instances.

Outside of the acetanilides Me:m-X and Me:p-X the HB chain C1,, is little
observed. Only in the methylcarbamates OMe:m-X and OMe:p-X can chain C1, ,

be regarded as a common feature, but there is no clear pattern of occurrence with
respect to the phenyl substituent X and its inductive or mesomeric effects. Such
relationships are not really discernible for any of the acylanilide families. The para
acetanilides Me:p-X are perhaps the only exception. But even in this set the
structural data only provides an indication that compounds with electron

withdrawing substituents X mainly form the HB chain C1fg, whereas chain C1, | is

established in compounds with electron donating substituents X. There are
exceptions and the polymorphic forms of Me:p-Br and Me:p-Me clearly thwart
this rule of thumb. Hence the ‘correlation’ can only be understood as an indication
of tendencies. Furthermore there are still plenty of gaps in the matrices in Figure
6.9 and 6.10, which need filling in before any definite rules can be established or
discarded.

A brief comment regarding the formanilides H:s-X: the respective columns in
Figures 6.8 to 6.10 are sparsely populated despite many more crystal structures
having been determined for this compound family. The distinct lack of the three
HB chains of type C1 arises since the formanilides frequently crystallise with the
amide group in the cis configuration. In those cases the intermolecular hydrogen
bonding does not yield infinite chains but often catemeric rings are formed. Hence

the formanilides present another independent group in terms of their structural
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similarities and comparison with the other acylanilides is dependent on the amide

group configuration.
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6.C. Hydrogen bond propensities in the acylanilides

When probing the acylanilides for the presence of the HB chains of type C1 it was
noticed that phenyl substituents X with HB donor functionality disrupt the amide-
amide hydrogen bonding in almost every instance. The only exception to this
behaviour was observed when X = COOH, in which case complementary hydrogen
bonding was found. In Me:p-COOH, Pr:p-COOH and CF3:p-COOH the amide
groups interact in the HB chain C1ljy and the carboxylic acid groups form an
inversion HB dimmer. In this way neighbouring chains C1py are linked through the
dimer and an overall ladder motif results.

On the other hand compounds containing substituents X with HB acceptor ability
were often found to maintain the amide-amide hydrogen bond. One particularly
interesting case is that of the polymorphic forms Me:p-OCOMe(m1) and Me:p-
OCOMe(m2). In the former crystal structure the HB network is based on amide-

acetyl interactions whilst in the latter the HB chain C1;, | persists.

Hence the question arises what the ‘competing power’ of these substituents is and
how the amide-amide hydrogen bond can be ranked in comparison with the
substituent-amide hydrogen bonding. For these reasons a collaboration was
started with Peter Galek from the Cambridge Crystallographic Data Centre. This
collaboration is aimed at calculating the HB propensity for the acylanilides with
additional HB donor and acceptor groups using the predictive algorithm developed
by Galek et al’. For these calculations the CSD was harvested for structures with
similar chemical functionality as the acylanilides under investigation. This target
set was subsequently analysed for the presence of intermolecular hydrogen
bonding providing the parameters for the HB propensity models. Finally these
models were applied to predict the likelihood of hydrogen bonding between the
various HB functional groups in the acylanilides.

The preliminary results for two acylanilides are briefly presented here.
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6.C.1. HB propensity in Paracetamol

The groups competing for hydrogen bonding in Paracetamol, Me:p-OH, are the
amide group of the molecular backbone and the substituent hydroxyl group. In the
crystal structures of the polymorphs hydrogen bonding was only observed
between the hydroxy and amido groups, but in principle hydrogen bonding is also
possible involving only amide or hydroxy groups. The propensity for all these
combinations was estimated by Peter Galek with his predictive method. Table 6.1

summarises the results from these calculations.

HB donor HB acceptor i1 +/-kl [ Me:p-OH(m) | Me:p-OH(01)
N of amide 0 of amide 0.971 0.085 x x

0 of hydroxy 0 of amide 0.937 | 0.038 v v
N of amide O of hydroxy 0.428 0.103 v v

O of hydroxy O of hydroxy 0.247 0.027 x x

Table 6.1: Hydrogen bonding propensities for two polymorphs of paracetamol.

The predictions rank the amide-amide hydrogen bond as the most probable HB
interaction in Paracetamol, yet this hydrogen bond is not observed in any of the
known crystal structures of Me:p-OH. Instead the hydroxyl group acts as the HB
donor for the amide oxygen and as HB acceptor for the amide nitrogen as shown in

Figure 6.11.
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Figure 6.11: HB network in the paracetamol polymorphs shown for Me:p-OH(m) on the left and
Me:p-OH(01)on the right hand side.

The first of these interactions is also highly probable according to the predictions

but the propensity of the second interaction is ranked much lower. Further work
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in this respect should be aimed at understanding why the highly likely amide-

amide hydrogen bond is not observed in these structures.
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6.C.2. Hydrogen propensity in the polymorphs of Me:p-OCOMe

The second case is also concerned with a member from the para acetanilide series.
In the case of Me:p-OCOMe the acetyl and amide groups are potential hydrogen
bonding partners and the propensity for all possible interactions was estimated by

Peter Galek. Table 6.2 lists the results from this prediction.

HB donor | HB acceptor T +/- Me:p- Me:p-
0COMe(m1) 0COMe(m2)

N of amide O ofamide | 0.793 [ 0.082 x v

N of amide O ofacetyl | 0.262 | 0.146 v x

N of amide 0 of acetyl 0.032 | 0.183 x x

Table 6.2: Hydrogen bonding propensities for Me:p-OCOMe(m1) and Me:p-OCOMe(m2).

As for Paracetamol, the amide-amide hydrogen bond is estimated as the most
probable amongst the possible interactions. In fact its propensity is much higher
than any of the other interactions. Two polymorphic crystal structures are known
of Me:p-OCOMe. The structure of Me:p-OCOMe(m1) has been published
previously and it exhibits the less probable HB interaction between the amide
nitrogen HB donor and the carbonyl oxygen HB acceptor of the acetyl group.
During this work the second polymorph Me:p-OCOMe(m2) was discovered and in
this structure hydrogen bonding is established between the amide groups only
forming the chain C1;, ;. According to the propensity predictions this interaction is
the more probable and hence the discovery of the polymorph is not very
surprising. However, calculation of the intermolecular interaction energies reveals
that the amide-amide hydrogen bond is slightly less stable at -35.4 kJ-mol-! than
the amide-acetyl HB interaction with -37.7 kJ-mol-.

The alternative HB connectivity is shown in Figure 6.12 for both polymorphs.
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Figure 6.12: Hydrogen bonding in Me:p-OCOMe(m1) (left) and Me:p-
0COMe(m2) (right).

A third polymorphic form has been alluded to in the literature but no crystal
structure is known to date?. Further investigations concerning this compound

should be aimed at analysing the thermodynamic characteristic of the polymorphs.
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6.D. Crystallisation trends of the acylanilides

The samples for this work were all synthesised from the respective aniline in an
acylation reaction and then crystallised mainly from ethanol. The syntheses and
crystallisations were all performed by Terry Threlfall over the course of one year.
Given the size of acylanilide compound library this was a truly gargantuan effort.
However, as a ‘side product’ of the sample preparation it was possible to observe
certain trends in the crystallisation behaviour of the different compounds. These
observations are summarised in a recent publication by Threlfall et al® and the
reader is referred to this paper for a more thorough discussion of the findings.
Here the key trends are only summarised briefly. During this project it became
apparent that there is some correlation between crystallisation time and the type
of acylanilide produced. Crystallisation time in this context is to be understood as
the time it took for the first visible crystals to appear. A distinction could be made
based on the position of substitution s on the phenyl ring as well as based on the
type of acylanilide, i.e. the amide substituent Y. It was found that the ease of
crystallisation decreased as going from para to meta with the ortho acylanilides
having intermediate crystallisation times. In terms of the type of acylanilide it was
observed that the crystallisation time increased with decreasing spherical
character of the residue Y. In other words, as the conformational flexibility of the
amide substituent Y increased the crystals took longer to form. This is reflected to
some extend in the compound matrices presented in Chapter 2. In fact some of the
butyrylanilides Pr:s-X and ethylcarbamates OEt:s-X are still crystallising.

The nature of the phenyl substituent X appeared to have less of an impact on the
crystallisation time. However, it was noticed that crystallistion slowed down if X
has hydrogen bond functionality.

It should be mentioned that this study was not aimed at investigating the
crystallisation behaviour in the slightest and hence no appropriate experiments
were performed to confirm any relation between the conformational freedom of
the acylanilide and the crystallisation time. Future efforts will be directed at
monitoring the onset of crystallisation and measuring half-zone widths to get

accurate values for any correlation studies.
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6.E. Other crystallographic phenomena

During the data collection process a number of crystallographic phenomena were
observed, which can be linked to the type of acylanilides under investigation. For
example the crystal hardness was noticed to reduce as the flexibility of the amide
substituent Y increased. This goes in line with the crystallisation trends mentioned
in the previous section. Generally the single crystals of the butyrylanilides and
ethylcarbamates were found to be much softer than those of the acet-,
trimethylacet- and trifluoroacetanilides. Also the crystals could not be cut easily
but instead splaying was observed. In some cases liquid crystalline phases were
observed under the polarizing microscope where cutting of the crystal had been
attempted. Furthermore some of the crystal structures of these acylanilides were
modulated. Figure 6.13 displays a precession image clearly showing the

modulation in the compound Pr:p-Cl.

Figure 6.13: Precession image of the modulated crystal structure of Pr:p-Cl. The
content of the ASU is also shown.

This shows that the crystal structures of these compounds are not only slow to
form, but they contain irregularities to the periodic assembly and their stability is

low.
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Twinning was often encountered for the carbamates and formanilides indicating

packing problems in these compounds. Figure 6.14 shows a typical precession

image of a twinned sample.
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Figure 6.14: Precession image of a twinned sample.

The formanilides in particular produced several structures with more than one
independent molecule in the ASU. This increase in Z' was frequently accompanied
by cis/trans isomerism of the amide group in the formanilides meaning that both

isomers were found in the crystal. The propionanilides also produced several Z’ = 2

structures. Here the molecules in the ASU differed in the conformation of the
amide substituent as shown in Figure 6.15 overleaf.
Lastly, disorder was observed in several structures, but particularly those
compounds containing a fluorinated phenyl ring or those crystallising in space
group Cc appeared prone to disorder of the phenyl ring or amide group,
respectively. A precession image containing diffuse scattering indicative of the
disorder in the crystal is displayed for Me:p-Cl in Figure 6.16 also overleaf.
As was the case for the crystallisation trends, these observations were a side
product of the project and the sheer number of crystal structure determinations.
Future work would be concerned with both crystallographic and thermodynamic

experiments to probe the link between the type of compound and irregularities in

the crystal structure.
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Figure 6.15: Two examples of Z' = 2 structures. ASU shown for Et:m-I (left) and H:p-CF3
(right). Difference in amide chain conformation in Et:m-I shown as molecular overlap in green
and blue (bottom left).

Figure 6.16: Precession image containing diffuse scattering and the corresponding
disordered structure of Me:p-Cl (disordered part drawn with dashed bonds).
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6.F. Future work

A few possibilities for further work on the acylanilides have been mentioned in the
preceding sections, but this list can be easily extended. Again, it is the size and
diversity of the compound library that lends itself to and inspires a variety of
different studies. In the following a few suggestions for future work are briefly
summarised.

1) Future work will be concerned with the structural similarity of the
acylanilides other than the acetanilide series. Crystal structure comparisons need
to be carried out not only for each individual acylanilide family but also across the
series as was demonstrated in Section A of this chapter.

2) Gaps in the compound matrix remain to be filled in. Some of the reactions
failed to solidify or yield the desired compound. In other cases samples were
produced as amorphous or powder material. Efforts should be directed at
producing single crystals by modifying the synthesis step and the crystallisation
process.

3) The compound library can still be extended to include other substituents
X on the phenyl ring or Y on the amide group. This should be done systematically
so that the understanding of the influence of the respective substituents on the
crystal packing and on hydrogen bonding behaviour can be increased.

4) Polymorphism has been observed in several acylanilides albeit only by
serendipity. The results from the analysis of the amide-amide hydrogen bonding
and the HB propensity calculations suggest that polymorphism may be much more
widely spread in these compounds and a polymorph screen should be performed.
Furthermore existing samples of polymorphs should be used for phase transition
tests and thermal analysis.

5) The robustness of crystal structure types with respect to substitution
could be assessed with crystal structure predictions. Such work could also aid the
search for polymorphs. For example there have been indications that para-chloro
acetanilide may exist in two polymorphic modifications in analogy to para-bromo
and para-methyl acetanilide. However, so far all attempts at finding a monoclinic
polymorph have been unsuccessful. A full crystal structure prediction would

produce a lattice energy landscape on which potential polymorphic forms are
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identifiable. Such alternative crystal structures can then be compared with already
known structure types from the acetanilide set to probe for similarities.
Furthermore the energy landscape would provide an indication as to the likelihood
of observing such a polymorph under standard conditions.

6) The influence the substituent X has on the conjugation between the
phenyl ring and the amide group is not yet well understood. Analysis of the
electronic structure may elucidate how the electron density is distributed across
the molecule, which in turn may provide more information on the conformational
preferences of the acylanilides. The electron density can be determined with high
resolution single crystal X-ray diffraction and charge density data sets have been

collected for a number of acylanilides and currently await processing.

Of course this list is by no means exhaustive and many more studies could be
devised for the acylanilides. However, they offer a good starting point for the more
detailed study of structural similarities and any correlation of molecular and

crystal structure.
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CHAPTER 7: SUMMARY & CONCLUSIONS

This work was aimed at gaining a better understanding of the Aufbau principle of
crystal structures of molecular compounds. For this reason a large array of closely
related mono-substituted acylanilides was synthesized and the corresponding
crystal structures determined. To date the compound library comprises 255
crystal structures, of which 215 were obtained during the course of this project
(the rest being harvested from the CSD). The influence of the molecular
substitution pattern on the crystal assembly was studied in detail for a subset of 64
mono-substituted acetanilides. Of these 27 new crystal structures were presented
as part of this thesis. The crystallographic data for these and any redetermined
structures have been made publicly available on the eCrystals archive.

The study of the acetanilides entailed crystal structure comparisons to establish
structural similarity relationships. The XPac algorithm was used for the
identification of common packing patterns. According to the position of
substitution on the phenyl ring the acetanilide family can be further divided into
three series: ortho, meta and para, populated with 14, 15 and 35 structures,
respectively. Similarity searches were performed for each individual set as well as
for the whole family of acetanilides. Lattice energy calculations were used to assess
the stability of the 1D common packing features. Furthermore the energy
calculations provided insight into the importance of these features in the crystal
assembly.

The structural similarity search revealed that acetanilides without additional HB
functionality form amide-amide HB chains of three geometries. Their interaction
energy is in the expected range of the classical strong hydrogen bond and they
account for approximately one quarter to one third of the total lattice energy. The
translational chain C1jy is found most frequently in the ortho acetanilides, where
intermolecular adhesion is enhanced due to substituent-m interaction. This chain

does not occur in the meta series and was only detected in two instances in the
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para acetanilides. Instead the chains C1[; ; and Clpg persist in these two series.

Amongst the para acetanilides a trend is discernible for certain substituents to
prefer one of these two chains. Small, spherical or highly electron withdrawing
substituents seem to align towards the HB chain with glide symmetry (Clg),
whereas acetanilides with alkane and alkoxy substituents seem to preferentially

adopt the 21 screw symmetry chain Cl1p, ;. There are exceptions to this rule, in

particular Me:p-Br and Me:p-Me are able to form both chains resulting in
polymorphic modifications. The energy differences between the two chains were
too small to allow a conclusive assignment of the more stable arrangement.

The robustness of these three amide-amide HB chains was put to test by
introducing substituents with additional HB functionality. It was found that HB
donors disrupt the amide hydrogen bonding in every instance, except for p-COOH,
which engages in a carboxylic acid HB dimer interaction. Interestingly HB
propensity calculations estimate that amide-amide hydrogen bonding should still
be the most probable interaction even if competing HB donors are present in the
structure.

On the other hand HB acceptors had different effects on the intermolecular
hydrogen bonding. Especially small HB acceptors did not seem to affect the
interaction between the amide groups. Interestingly the polymorphs of
Me:p-OCOMe contain the two alternative HB interactions possible for the

compound: the amide-amide HB chain Cl1j; ; is observed in Me:p-OCOMe(m2)

whilst amide-acetoxy hydrogen bonding is present in Me:p-OCOMe(m1).
Although HB propensity calculations predict a higher likelihood for the amide-
amide interaction, lattice energy calculations assign a slightly higher energy gain to
the amide-acetoxy hydrogen bond. However, the differences are small, making the
observation of polymorphism understandable.

In addition to the amide-amide hydrogen bonds another construct was observed
for many meta and para acetanilides - the translational stack S1py. This
geometrical arrangement is driven by the assembly of the aromatic part of the
molecule. The frequency of occurrence of this feature demonstrates that the
stacked packing of m-systems is an important factor in the crystal assembly. Energy
calculations rank this geometrical arrangement as a secondary packing feature,

with interaction energies worth approximately one third of that of the amide
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hydrogen bonds. However, it was also noted that, in particular, the combination of
stack S1jg and the HB chain C1, ; appears as unfavourable. This may be due to

the molecular conformation of the phenyl ring in the HB chain, where the twisted
conformation may be incompatible with face-to-face stacking of the phenyl rings.

During the similarity search in the para-acetanilide series, indications of a
correlation of molecular conformation with the amide-amide HB chain geometry
became apparent. Hence for compounds with dihedral angles greater than 30° the
translational chain C1jg was the preferred geometry, whilst the compounds with
dihedral angles smaller than 12° were found to adopt the glide symmetry chain

Clpg. The 21 screw symmetry chain Clp; ; was observed for those compounds

with intermediate dihedral angles. In order to assess conformational preferences, a
theoretical conformational analysis was performed for the acetanilides. The results
showed rotational barriers could only be related to mesomeric and inductive
substituent effects for the para series. Intramolecular hydrogen bonding in the
ortho series leads to a significant stabilization of the molecular conformation in
comparison with the meta and para series. Generally the theoretical calculations
predicted a planar conformation as the most energetically stable for all three
series. In the ortho and meta series this corresponds to the anti geometry of the
substituent with respect to the amide oxygen atom (i.e. a = 180°). This distinction
is not directly transferrable to the para series due to the mirror symmetry of the
phenyl ring. In the case of para amino acetanilide, the theoretical calculations
showed that the energy penalty associated with a slight deviation from planarity is
off-set by relaxation of the substituent into its preferred geometry. For compounds
with alkoxy substituents it was found that the conformations corresponding to
a=0"and a=180° are not equivalent as for the rest of the para acetanilides.
Instead the calculations show that the configuration in which the lone pairs of the
amide and substituent oxygen are positioned on opposite sides of the molecule
(anti) is energetically more stable.

In the crystal structures the acetanilide molecules were found to be non-planar
throughout. Deviations from planarity were largest in those ortho acetanilides
where intramolecular hydrogen bonding was not possible. Whilst the largest
torsion angle in Me:o-Bu can be ascribed to steric effects of the substituent, the

distortion in the other ortho compounds is stabilised by intermolecular
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interactions in the crystal. Experimentally, both syn and anti configurations were
found in the meta acetanilides, but this variation could not be correlated with any
substituent effects. Again, the molecules are non-planar in the crystal and it is
proposed that the molecular conformation is affected by the intermolecular
assembly and results from the maximisation of intermolecular interactions.

The molecular conformation of the para acetanilides was found to deviate the least
from planarity, although large torsion angles were observed in a few compounds.
The correlation of Hammett constants with the rotational barriers indicates that
the conjugation throughout the whole molecular backbone is most effective in
these compounds, i.e. the mesomeric and inductive properties of the para
substituent influence the conformation at the other end of the molecule. For the
para alkoxy derivatives the experimental configurations vary between syn and anti
without a clear link to any substituent effects. Again it is concluded that
intermolecular interactions may have some influence on the molecular
conformation in the crystal.

Although the experimental torsion angles were found to deviate from the
theoretical optimum, they could still be considered as located within the energy
wells calculated. Energy differences between the conformations in the crystal
structures and the theoretical minima turned out to be negligible or small. Hence it
can be concluded that the overall stability of the crystal is not dominated by
molecular conformation. The computation of the pairwise interaction energies has
shown that the intermolecular assembly can easily compensate for any energy
penalties associated with molecular conformation. The conformational analysis
has in so far not provided deeper insight into the correlation of molecular
structure with hydrogen bonding features. However, the theoretical results and
the comparison with experimental findings indicate conformational flexibility of
the acetanilides and indicate that polymorphism may be much more widely spread
in this family of compounds than so far observed.

Overall this study has shown that the crystal structures of the mono-substituted
acetanilides are dominated by intermolecular hydrogen bonding. In the structures
where amide-amide hydrogen bonding persist, the crystal structure can be
understood as the 3D assembly of these one-dimensional features, which limits the

structural diversity considerably. Hence many acetanilides with seemingly very
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different substituents are found to assume analogous packing. The three amide-
amide HB chain geometries are in principle interconvertible through rotation of
adjacent molecules about the hydrogen bond. Whether this conversion is possible
in the solid state or only in the liquid phase, is a question that remains to be
addressed in the future. Some of the polymorphic systems could certainly be used
for such an investigation since they prove that one compound can assume
alternative HB chain geometries.

Whilst the amide-amide HB chains can be understood as primary packing features,
the off-set stacks are considered as secondary constructs. In contrast to the HB
chains, the stack geometry constitutes efficient packing of differently shaped
molecules. If the molecular conformation is favourable, the stacked geometry is
combined with the HB chains, but the energetic gain of the stack can be achieved
by alternative intermolecular arrangements.

The importance of the amide-amide HB chains for the assembly of anilide
derivates has become even clearer when considering the whole library of mono-
substituted acylanilides. Again all three geometries are present in most
compounds, but it was found that the type of acylanilide has a greater effect on the
HB geometry than the phenyl ring substituents. The V-shaped HB chain Clig is
observed in most structures showing that this feature provides efficient packing
for many varied molecular shapes.

So far this study has but scratched the surface of the packing behaviour of the
mono-substituted acylanilides. Whilst the identification of clear preferences for
intermolecular association and the limited structural diversity is encouraging, the
structural similarity search needs to be extended to the full compound library in
order to obtain a better understanding of the role of the molecular structure in the
crystal assembly. With such a wealth of samples and crystallographic data a large
variety of investigations and experiments can be derived for the future exploration

of these compounds.
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