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ABSTRACT

In this work three different approaches to the study of intermolecular interactions are

shown. The aim is to further the understanding of specific intermolecular interactions

with a view to eventually allowing the prediction and design of crystal structures from

the initial molecular building blocks: crystal engineering. All three approaches make

use of crystal structural information derived from X-ray and/or neutron diffraction

studies.

The three approaches are:

Data base approach. Specifically, the study of occurrence of bi- and tri-furcated
hydrogen bonds in the Crystallographic Structural Database, and the analysis of the
frequency with which they occur and the geometric restrictions of such interactions.
Analysis of a series of compounds, where there are small changes in the molecular
structure as the series progresses. The influence of these changes in the molecular
structure on the crystal structure is considered. The series studied was the 4-amino-
4’-hydroxydiphenylalkanes as well as some of the corresponding 4-amino-4’-
hydroxydiphenylsulphides and -alkylsulphides.

Detailed analysis of individual structures to identify the intermolecular interactions
that are influencing the structure. The compounds analysed in this part were 2,4,6-
tris-(4-chlorophenoxy)-1,3,5-triazene  co-crystallised with  tribromobenzene,
triphenylisocyanurate co-crystallised with trinitrobenzene, 4,4 -dinitrotetraphenyl
methane, 2,3-dichloro-1,4-diethynyl-1,4-dihydroxy-napthalene and, 4,4-diphenyl-
2,5-cyclohexadienone.
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Standards, Abbreviations, and Points of Note:

All hydrogen atom for structures from X-ray data are given at positions derived from X-
ray data, i.e. the hydrogen atoms positions have not been ‘neutron normalised’. The
only exception is in the CSD searches in Part 1 Bi-furcated hydrogen bonds, where the
hydrogen atoms have been ‘neutron normalised’ to prevent inconsistencies between
structures from X-ray and from neutron data, and inconsistencies arising from the

treatment of the hydrogen atom in the structure models.

Unless otherwise stated, all atomic scale distances have been measured in angstroms
(A) all laboratory scale distances (crystal dimensions etc.) measured in millimetres

(mm) and all angles measured in degrees (°).

In diagrams showing thermal ellipsoid plots all thermal ellipsoid have been plotted at
50% probabilities.

CSD = Cambridge Structural Database.
Throughout this work molecules have been referred to as being held together to give the
crystal lattice by only very specific directional interactions, this of-course is an over

simplification that ignores the very important influences of van der Waals forces, non-

bonded interactions, close packing and other effects.
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Chapter 1 : Introduction

1.1 Crystal Engineering

The study of the structure of molecules is of vital importance to chemistry. It helps with
every aspect, from the analysis of reactions and reactions pathways, to the
understanding of the physical properties of the compound. After all, of all the various
pieces of information available on a particular compound, the molecular structure has to

be one of the most fundamental.

In much the same way, in the study of crystalline solids, the crystal structure; the way
the molecules pack into a regular periodic lattice, is of fundamental importance if there
is to be any hope of understanding fully the physical properties of the crystal. It is with
the aim of both understanding and eventually directing and controlling these physical
properties that the field of crystal engineering”” and supramolecular chemistry has

developed.

One aspect of crystal engineering is the use of crystal structures to study, analyse,
characterise and categorise the various forces and interactions that direct, and control,
the way the molecules pack3 . The hope is that a full understanding of these forces and
interactions will give the ability to design crystals with specific structures and therefore
specific physical properties. Unfortunately, other than in a few specific cases, there is

still a long way to go before this aim is achieved.

There are many types of inter-molecular forces that are important in directing the
formation of a crystal structure. Some interactions can be considered as non-directional
forces involving the whole molecule such as shape fitting to achieve a close-packed
arrangement of the molecules, electrostatic interactions, and Van der Waals forces.
Other interactions such as hydrogen bonds, halogen-halogen interactions and n-m
stacking are much more directional interactions and can be considered as non-covalent
intermolecular bonds. It is an optimisation of all the various influences that leads to the
preferential formation of one crystal structure over another. It is in fact amazing that the
optimisation of such a wide range of forces, often acting in opposition to each other, can

lead, so consistently, to a single, reproducible, structure. And that each crystal in itself

19



Introduction

has a nearly perfectly consistent structure across the whole crystal, no errors, or random
defects, just one molecule stacked in a precise orientation to the next. Of course there
are exceptions to this, such as are seen in the cases of polymorphs, disordered and

twinned crystals, but it is these exceptions that fully emphasise this point.

In this work I have been studying the influences on crystal structure of some of the
more directional interactions, mainly of hydrogen bonds of various types, but also n-n

stacking and halogen - halogen interactions.

1.2 Methods of Studying Molecular Interactions

Leaving aside any purely theoretical calculation techniques, there are three main
methods of studying interactions, the first, and perhaps the most obvious, is to carefully
study one structure looking at all the close atom-atom contacts. This is a good way to
identify new and novel interactions. Where a detailed structure has been obtained from
accurate X-ray, or better, neutron data the structure can be used to ‘benchmark’ a

particular interaction.

Another method is to study a series of compounds where just one aspect of the molecule
is changing through the series, thus reducing the variables in the system. For instance a
series of compounds with increasing chain length, substituent group size or nature. This
method is especially useful from a crystal engineering point of view, indicating stable
motifs and areas where the structure prediction might be possible. It can highlight areas
where the understanding of intermolecular interactions is not great enough to allow
prediction, or where an interaction, or a major effect of the interactions, is not being
accounted for in the structure prediction considerations, and more research is needed.
This method is also useful in the understanding of the relative degree of influences of
the interactions. For instance where there are two possible but mutually (or even just
partially) exclusive interactions, which one will be found in the resulting structure?
Such as in the case where there could be a close packed structure, or a structure based
on a hydrogen bond network, but with a less dense structure containing voids, which

structure will be found, or will neither?

The final way is to use a statistical analysis of a large number of crystal structures to
discover trends and pattems“‘5 . This can be very useful in establishing the standard
geometry and the geometric limits of an interaction. The Cambridge Structural

Database® is a useful source for such a search and provides comprehensive search and
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analysis software.

Perhaps slightly paradoxically the last method of statistical analysis is the method used
in Part 1, Part 2 covers the analysis of a series of amino-phenols and the first method of

detailed analysis of interesting structures is covered in Part 3.

The experimental techniques behind these methods are discussed in detail in Chapter 2.

1.3 Hydrogen Bonds

Classically, hydrogen is considered to have a valence of one, i.e. it can only form one
bond. This is logical since a hydrogen atom only has a single electron with which it can
form only one normal covalent bond. However, sometimes a hydrogen atom is
obviously involved in two bonds (or more), the longer and weaker of which are referred
to as a hydrogen bond(s).

D-H...A

A hydrogen bond is an interaction that occurs between an electropositive hydrogen e.g.
a hydrogen bound to an electron withdrawing atom or group (oxygen, nitrogen, etc),
and an electronegative atom such as oxygen, nitrogen or a halogen. In the example
above, there is a covalent bond between atom D (known as the hydrogen donor) and the
hydrogen atom, and the electron pair is located between the hydrogen and atom D. If
atom D is more electronegative than hydrogen then the electron pair is pulled closer to
the atom D leaving the hydrogen nucleus ‘exposed’. Any area of electron density
occurring nearby, e.g. another electronegative atom (in the case above this is atom A,
known as the hydrogen acceptor) which can contribute electron density, for instance
from a lone pair of electrons, which will interact with the electropositive hydrogen

nucleus’?.

d- o+ o-
D-H...A

This is a very simplified explanation of hydrogen bonding, a more detailed explanation
can be found in most standard textbooks on the subject, such as those by G. A. Jeffery,
J.C.Speakman etc. See ref 9,8.
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The first types of hydrogen bond that were identified and accepted as genuine attractive
interactions were the types where both the hydrogen donor and acceptor were strongly
electronegative atoms such as oxygen or nitrogen, i.e. N-H...O. In terms of hydrogen
bond strength these types of hydrogen bonds are strong, usually of the order of —20 to
~100 kJ/mol'®. In this work these types of hydrogen bond are referred to as either

strong or a conventional types of hydrogen bond.

Subsequently, other types of hydrogen bonds have been identified and accepted'"'°,
where the acceptor is some other electronegative atom such as a halogen, or where the
acceptor i1s a more diffuse area of electron density in a group of atoms, for instance, the
7 bond of alkene group or of a phenyl ring. Alternatively, where the hydrogen donor is
not oxygen or nitrogen but some other atom (not even necessarily a very electron

withdrawing one) such as carbon.

Various Types of Hydrogen Bond

N/O—H----=-=--- N/O C—H----=---- N/O
N/O—H----=---- Hal C—H----—---- Hal
N/O—H----=---- H C—H--------- H
N/O——H----==-- C—H----=---

Figure 1.1: Types of hydrogen bond.

Hydrogen bonds are usually identified by analysing the various inter-atomic distances,
obtained from diffraction data. The best identification is an H..A distance that is shorter
than expected i.e. less than the sum of the Van der Waals radii'?. Unfortunately, unless
the X-ray diffraction data are very good, the positions of the hydrogen atoms are only
poorly defined, or not found at all, but generated in the calculated positions. Even when
the hydrogen atom positions can be identified from X-ray data, the position is not the
true position of hydrogen nucleus. X-rays are diffracted by electrons, not the atom

nucleus, thus hydrogen, having only one electron and that electron involved in a bond to
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the donor atom, will be modelled in a position closer to the donor atom than is the true

position of the nucleus.
There are 3 solutions to this problem:

@ Ideally, a neutron diffraction experiment can be undertaken. Neutrons are diffracted
by the atom nucleus and therefore give the true hydrogen position. Also, since the
degree of scattering is not dependent on atomic weight, hydrogen atoms scatter
well and therefore their positions tend to be well defined in a model based on
neutron data. However, neutron experiments can only be run at certain large
dedicated facilities, are expensive, and require large crystals with volumes in the

order of mm?, which can be difficult to grow.

® The D...A distance can be considered instead of the H..A distance. D and A are
usually well defined since they have more electrons than hydrogen. In a hydrogen
bond the D...A distance is less than the sum of the Van der Waals radii of the two

atoms.

© The hydrogen position can be corrected by moving it along the D-H bond vector to
a given standard D-H bond distance, measured from previous neutron experiments
of other systems. This, however, will hide any influence that there has been on the

hydrogen position by the interaction.

The length of the hydrogen bond gives an indication of the strength of the hydrogen
bond; the stronger the interaction, the shorter it is. Hydrogen bonds tend to be linear,
and stronger hydrogen bonds tend to more linear than weak ones. Although the sum of
the Van der Waals radii can be a useful boundary when defining an H...A distance as a
hydrogen bond it can hardly be taken as the definitive limit. As a hydrogen bond gets
weaker it gets longer, but there is no sudden cut off point beyond which there is no
interaction, the interaction just becomes weaker until its effect becomes negligible. In a
practical sense, the limit to which an H...A distance is considered to be an interaction
depends on the question that is being asked.

23



Introduction

1.4 ®-w Interactions

A phenyl ring can be considered as a more electropositive o-bonded carbon atom

framework sandwiched between two electronegative regions of electron density arising

from the = electron density”’m.

_ “ag .. Y v~
7 _electron density <

1

o bonded framework

‘;5 electron densitx ‘ )

Figure 1.2: Schematic of the electron density around a phenyl ring.

Electrostatic considerations and structural studies suggest that there are 3 ways such

groups could pack'*:

® Face to Edge: where an electropositive ring
substituent e.g. H will interact favourably
with the electronegative n density — this is
the same as the C-H...m hydrogen bond

mentioned previously. H

<>

® Face to Face Stacking: Eclipsed rings.

There is direct overlap between the rings. ©

At very short distances this will tend to be @
an unfavourable interaction.

® Face to Face Offset Stacking: The offset @
minimises the =w...m repulsion and \\ )
maximises the c...7 interaction.

Figure 1.3: Types of m-m interaction.
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1.5 Halogen — Halogen Interactions

The nature of halogen...halogen interactions, particularly Cl...Cl interactions, has been
the subject of considerable debate over the past decade. Studies by Desiraju &
Panhasarathyl5 and Pedireddi er al.'® using the Cambridge Structural Database®
indicated the occurrence of two types of interactions, type I and type II. If we denote
the larger of the two C-Cl...Cl angles as 0,, and the smaller as 0,, then Type I
interactions have 0,=0, and Type II have 0; = 180° and 0, = 90°.

Type I Type 11

Figure 1.4: Types of halogen halogen interaction.

The vast majority of Type I examples arise from interactions across a crystallographic
centre of symmetry, however situations having a linear C-Cl...CI-C system, 0,=0,=180°,
are seldom observed. Type II interactions were deemed to arise due to the polarisability
of the halogen, which increases from Cl through Br to I. Calculations of interaction
energies using intermolecular perturbation theory'’ have been carried out for C1...CI by
Price et al.'® and for C-CI...O interactions by Lommerse et al.' Tn broad terms, all of
these authors agree that carbon-bound halogens in a sufficiently electron-withdrawing
environment, will present an anisotropic charge distribution, 8" forward of the halogen
along the C-halogen bond vector (8, = 180°), and & perpendicular to the bond vector
(6, = 90°). In these cases, stabilising interaction energies of up to about 10kJmol™ can
be attained for linear C-Cl...O interactions, about one-half to one-third of the
interaction energy for a strong hydrogen bond'?. These authors also found evidence that

the interactions become stronger for the more readily polarisable halogens, Br and 1.
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Chapter 2 : Techniques

2.1 Crystallography and Diffraction

Crystallography is a technique for the study of molecular structure, at an atomic scale,
of phases of matter that exhibit long range order, i.e. crystalline solids. Within a crystal
the atoms, and the molecules that they constitute, have a regular repetitive arrangement
in the crystal lattice. When an X-ray or neutron beam is directed onto a crystal, it is
diffracted by the atoms giving rise to a diffraction pattern that can be analysed to allow

the identification of the structure that created it.

Incident radiation \

Crystal

Diffracted radiation

Diffraction pattern

Figure 2.1: A schematic of a diffraction experiment.

The definition of diffraction is ‘the interaction of electromagnetic radiation with an
object in space’. When a beam of radiation is passed through a grating where the size of
the holes is of the same order of magnitude as the wavelength, the beam is split. The
difference in path length of the parts of the beam from the different holes in the grating
to a point further on in space lead to constructive and destructive interference, which in

turn leads to a pattern of intensities — the diffraction pattern.
From an observed diffraction pattern it is possible to calculate information on the

grating that caused it. The regular arrangement of atoms in a crystal is, in effect, a 3-D
diffraction grating. The atomic spacing, i.e. the size of the holes in the grating is of the
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same order of magnitude as the wavelength of X-rays and neutron radiation. This is

why these forms of radiation are used to study the diffraction patterns of crystals.

2.2 From the Diffraction Pattern to the Model

The information contained in a diffraction pattern can be considered as consisting of
two parts; the arrangement of the diffraction peaks in space, and the intensities of these
peaks. While neither part is independent of the other, when analysed they give
information on different aspects of the crystal structure; the arrangement of the peaks
gives information on the unit cell of the crystal, while the intensity of the peaks can give

information on the atomic positions within the unit cell.

The Unit Cell

A simple description of diffraction can be reached by considering the crystal in terms of
the crystal lattice. The crystal lattice is a theoretical construction that consists of a
framework of identical repeat units, each repeat unit contains an identical arrangement
of atoms and molecules. The smallest repeat unit of the lattice, the building block from

which the rest of the lattice is made up, is referred to as the unit cell.

%= molecule

/I//
/I //
/I//
/I//

Figure 2.2: 2-D representation of molecules in a lattice.

In 1913 W. L. Bragg derived a law for diffraction by considering the X-ray or neutron

beam to be reflecting off the lattice planes™:
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The intensity of each peak is proportional to the sum of the waves diffracted from
different parts of the crystal. The information on the atomic positions is contained in
the phases of each of these waves. The de-convolution of the peak intensity into the
individual waves, and the phases of these component waves, is a major difficulty known

as the ‘phase problem’.

The data obtained from a diffraction experiment (after indexing and integration) is in
the form of a list of peaks described in terms of the hkl values of the lattice plane that
has diffracted the radiation, and the intensity of that peak (I(hkl)). The measured
intensity I(hkl) can be converted to lF(hkl)|2 (the relative structure factor). F(hkl) can be
converted by Fourier transform’' to the p(xyz) (electron density — real space). But,
although F(hkl) can be converted to |F(hkl)2, F(hkl)|2 cannot be converted to F(hkl)
since V(F(hkl)?) = + F or -F. This is another way of describing the phase problem.

I(hkl) — p |F(hkl)? ¢——— F(hkl)

FT

PvW) — p(xy2)

Figure 2.5: Schematic of the mathematical conversions used on diffraction data.

Because of these problems it is not possible to work directly back from the data, to the
structure that it was generated from. Instead a very approximate solution — the initial or
trial solution — is obtained, then the structure is solved by an iterative refinement
process. The procedure is to take the initial estimate of the electron density distribution
(the initial or trial model), convert p(xyz) to F(hkl) by Fourier transform procedures,
convert F(hkl) to |[F(hkD)[* (the ‘calculated’ structure factors |Fcalc/* or |Fc|?) and
compare with the experimentally derived [F(hkl)|2’s (the ‘observed’ structure factors
[Fobs|> or |Fo*). A small adaptation is then made to the model and the |Fcalc|® re-
compare |F0bs|2 to see if the fit is improved. If the model has improved, the new model
is taken as a starting point, adapted and re-compared. If the model has not improved
then the new model is discarded and a different adaptation of the original model is tried,
this process continues until the model can no longer be improved — the refinement has

converged.
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The initial trial structure is usually found from one of two methods, either Patterson
methods, or from direct methods. The Patterson method uses the Patterson function
P(uvw) to calculate the vector relationship between all the atoms, since these inter-
atomic vectors can be calculated from |F(hkl)|2 the phase problem is not encountered. In
a many atom system this leads to a very complicated solution that is difficult to
interpret. But, if there are just a very small number of heavy elements in the system, the
vector relationships of these can be pulled out from the sea of vectors arising from the
lighter elements. The positions of these heavy elements can be identified, and, since
most of the diffraction is due to these heavy elements this provides a good model to
start the iterative refinement process. This method is not much use for structures
containing only light elements or many elements of similar mass, and for that reason it

has not been used to solve the mainly organic structures studied here.

Direct methods is a much more computationally intensive method. A vast quantity of
possible phase combinations are calculated and used to generate electron density maps.
Given certain assumptions, such as the peaks of electron density must be discrete and
the electron density cannot be negative, etc., most of the phase combinations can be
discarded. The best resulting solution is then used as a starting point for the refinement
of the structure. This method works very well provided there are not too many atoms in
the structure. For structures containing more than 100 non-hydrogen atoms direct
methods may not work, although, with increasing computational power larger and larger

structures are being solved.

For reasons of clarity and conciseness, many of the more detailed aspects of structural
determination have been omitted from the above discussion. There are many books on

the subject, see ref. 22-25 for further information.

2.3 Neutron Diffraction

Much of the above discussion has been based on X-ray diffraction techniques. Apart
from the obvious difference in radiation type, neutron diffraction is very similar, but
there are a few important differences between the two techniques, these are mainly due
to differences in scattering properties between the types of radiation. X-rays are
scattered by electrons, this means that the scattering power of an element is directly
proportional to its atomic number. Neutrons are scattered by the atomic nucleus, and,

although there is a very slight overall increase in scattering power with atomic number,
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it is in not as dramatic as in the case of X-rays and is hidden by the large fluctuations

from element to element and even isotope to isotope.

15 T 1 i I
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b(0H) = -3.78 Atomic number (Z)
b(3H) = 6.67

Figure 2.6: Scattering length for neutron radiation (reproduced from: ‘Single Crystal Neutron
Diffraction From Molecular Materials’, C.C.Wilson®). Red line indicates corresponding
scattering length for X-ray radiation.

The fact that the X-ray scattering power of an element is directly proportional to its
atomic weight is an important factor in the solving of structures using Patterson
methods, and this means that, except in very simple cases, Patterson methods cannot be
used to solve neutron data. Direct methods also cannot be used to solve neutron data,
since, one of the basic criteria for the selecting or discarding of a phase combination is
that the scattering (in X-ray data directly related to the electron density) is always going
to be positive. As can be seen from the graph above (Figure 2.6) in neutron diffraction
not only is there the possibility for negative scattering, but one of the more common and
important elements, hydrogen, scatters negatively. Having said this it is still sometimes
possible to solve neutron data directly using direct methods, however the normal
procedure is to use a model obtained from X-ray data as the initial model and then

refine this structure against the neutron data.

As was mentioned in section 1.3 (hydrogen bonds), a consequence of the fact that, in X-
ray diffraction, the scattering power of an element is proportional to the number of
electrons, is that hydrogen atoms are very hard to identify since they have only one

electron from which to scatter the X-rays. Because of this, it is standard practice, except
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Detectors
There are 2 main types of detector in common use in the laboratory, the point detector
and the area detector:

Point detectors simply record the diffracted radiation at a single point. They measure
each reflection individually. They can give very accurate data but they are relatively
slow, this can give problems if the crystal is sensitive to X-rays and begins to decay
during the experiment. Also, each reflections position in laboratory space must be
known so it can be found and recorded, so, before the data collection can begin, the
position of each expected reflection must be calculated, this requires accurate cell
measurement at the start of the experiment. If the cell is not identified correctly, for
instance in the case of pseudo symmetry, then not all the data needed to solve the

structure will be collected.

An area detector is, effectively, a sophisticated electronic substitute for the photographic
paper used in the original diffraction experiments. The positions and intensities of a
large number of peaks can be measured simultaneously, greatly reducing the data
collection time. The whole of diffraction space can be covered and data collected
regardless of whether a diffraction peak is expected at that point or not, so if the cell
was identified wrongly, the data are available to correct the error, and other effects such
as diffuse scattering can be spotted easily. The area detector reduces the amount of
movement of the crystal needed to bring every spot onto the detector. In effect the y —

circle is not required.

For the experiments discussed in this work three very different types of diffractometer

have been used:

The RIGAKU AFC6S
The RIGAKU 4 circle diffractometer®’ has a point detector. The crystal can be rotated

to almost any given orientation by movement of three different angles:
¢ - rotates the crystal on the goniometer head,
¥ - rotates the goniometer head about a vertical circle,

o - rotates the y circle with respect to the X-ray beam,

which together with 20, the circle that carries the detector and allows the detector to
move relative to the incident X-ray beam, give the four circles of the machine’s name.
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neutron at the detector is directly related to its wavelength. This adds an extra
dimension to the data, each peak is defined in terms of position, intensity and
wavelength as usual, except the wavelength is now a variable giving access to more of
reciprocal space in each frame of data recorded. All SXD experiments were carried out
in collaboration with Dr C.C.Wilson and Dr D.Keen.

Set-up of the experiments
The crystals for X-ray experiments were either mounted on a glass fibre or a hair using
either ‘Araldite’ epoxy resin, or a drop of oil (standard motor oil) frozen solid in the

cold gas stream, to hold the crystal firmly in place.

A suitable crystal was chosen: a suitable crystal i1s a single crystal, one that is not
twinned, cracked or split. This can be checked by rotating the crystal while viewing,
using a microscope, under two, crossed, polarising filters; the crystal should undergo
sharp uniform extinction. In many cases it is possible to solve data from a twinned

crystal, but the results are rarely as good as would be obtained from a single crystal.

The X-ray beam used was collimated to approximately 0.8mm in diameter on both
machines. The crystal had to be in the very centre of the beam where the X-ray
intensity was expected to be uniform, therefore a crystal of less than 0.5 mm in any
dimension was used. If the crystal was too big, it was cut to size using a very sharp

razor blade.

For a neutron experiment the crystal needs to be much larger, in the order of several
mm®. Obtaining crystals of this size is often the limiting factor in a neutron experiment.
The crystals were mounted by attaching them using a small strip of aluminium tape onto

the tip of an aluminium pin.

If possible the crystal should be approximately equal size in all directions, particularly
since the incident X-ray beam undergoes absorption by the crystal, which depends on

the path length in the crystal. This absorption reduces the intensities recorded such

that:?*%
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[=Te™ where: I = intensity of the X-rays recorded
Iy = intensity of incident beam
u = linear absorption coefficient dependent
on the crystal
t = path length of beam through crystal

The error due to absorption can be modelled and the data adjusted to correct for the

effects of X-ray or neutron absorption.

The Cooling systems

Cooling the crystal often leads to improved results since when the atoms are vibrating
less, the atomic positions can be better defined and give rise to higher intensity data.
The cooling system on both X-ray diffractometers was the Oxford Cryosystem Cold N»
gas cooler’®. This uses a stream of cold nitrogen gas flowing over the crystal to cool it.
Using a nitrogen cryostream the crystal can be cooled down to temperatures as low as

90K, however good temperature stability is rarely achieved below 100K.

The cooling system on the neutron diffactometer was a Displex system®'. This uses a
closed cycle refrigerating system to cool, by conduction, the metal pin on which the
crystal is mounted, which means that the crystal is also cooled down to the same
temperature. The pin and crystal are enclosed inside a metal can, under a vacuum. This
can means that centering the crystal can be a problem, and flash cooling is not possible,

however the Displex can cool crystals down to temperatures as low as 9K.

The HELIX cryosystem32 is an attempt to combine the ease of use of the cryostream
with the greater temperature range of the Displex. The HELIX uses a Displex like
refrigerating system to cool a stream of helium gas which then, like the cryostream
system flows over the crystal to cool it. The HELIX can reach temperatures as low as
25K.

In all the experiments described here the data were integrated using the SAINT+ NT
program™, the data prepared using the XPREP program34 the initial trial structure was
determined using the SHELXS-97 (Sheldrik, 1990)* and the refinement carried out
using the SHELXL.-97 (Sheldrick, 1997)*, the molecular graphics were generated using
SHELXTL (Sheldrick, 1998)*.
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2.5 Interpretation of the Results

It is very important to remember that the final structural solution is still only a model.
The accuracy of the model is given by the R1 and wR2 values, which give an indication
of how similar the structure factors calculated from the model (Fc) are to the

experimentally derived structure factors (Fo), more precisely:

R1 =X | |Fo| - [Fc| |/ Z |Fo]
and wR2 = {Z[w(Fo* - Ec)?] / T [w(Fo?)?]} "

It is always important to think about how these values are obtained. For a compound
where most of the X-ray diffraction is arising from a heavy metal atom, which is well
defined in the model, good Rl and wR2 values may be obtained despite the fact the
lighter atoms are only poorly defined. The use of restraints and constraints can help to
force the model to take a more chemically and physically logical form, usually with
very little effect on the accuracy of fit to the experimental data. However, care must
always be taken not to force the model to take some preconceived form that is not

accounted for in the data.

2.6 The Cambridge Structural Database

Of all the various databases of structural information available, the Cambridge
Structural Database® is the most suitable for wide ranging searches of intra and

intermolecular geometry.

The database aims to contain information from of every published structure, the
information is usually obtained from the CIF* file. The current release has well over
245,000 entries. For each entry various levels of information are available, from
publication data, text such as chemical name and formula, cell size, experimental
information, to 2-D structural diagrams and, wherever available, the 3-D

crystallographic model.

A search can be carried out using the ‘Quest’ search program which allows a search or
combination of searches to be carried out on any or all of these levels. For searches
involving numerical output such as intra and inter-atomic distances and angles etc. the
statistical program ‘Vista’ can be used to analyse the data and generate graphics. Very
complicated analyses may require the data to be exported to other packages such as the
SPSS program Sigmaplot™®.
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Chapter 3 : Furcation in Hydrogen
Bonds

3.1 Introduction

An n-furcated hydrogen bond is one where the hydrogen donor or acceptor is
simultaneously involved in more than one hydrogen bond. Such systems are sometimes
referred to as ‘multi-centred hydrogen bonds’ or even ‘chelated hydrogen bonds’. Bi-
furcated hydrogen bond motifs are found in both small molecule crystal structures, and
in protein structures"?, and can be seen to play an important role in both. It has been
suggested that in certain types of structure such as carbohydrates, nucleosides and
nucleotides, where the number of hydrogen bond acceptors exceeds the number of

hydrogen bond donors, up to a quarter of all the hydrogen bonds are bi-furcated'.

Although there are well documented examples of individual cases of crystal structures

in which such systems appear”*’, and even some detailed analysis of specific types of

6,7,8

bi-furcated hydrogen bond motifs™"", there is very little systematic knowledge about

these systems.

Bi-furcation of the donor: Bi-furcation of the acceptor:
. Rn . H_Ru

- L4

R'=—H_ R'
R'isthe H-donor @)  R" “H
R", R™ are the acceptors (A) R'is the H-bond Acceptor (A)
R", R" are the H-Donors(D)

Rm

Figure 3.1 The bi-furcation motif.
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3.2 Bi-Furcated Hydrogen Bonds

Here a survey of n-furcated donor systems found in the Cambridge Structural Database’
has been carried out and a detailed study made of bi-furcation of hydrogen donor
systems where the donor is oxygen or nitrogen. The aim being to try and establish some
of the parameters of the system, from simple frequency of occurrence information, to

detailed geometric parameters.

D——H

D,Al,A2=NorO A,
D is the H-donor
Al and A2 are the acceptors

Figure 3.2: Schematic of a bi-furcated hydrogen bond.

There are many interesting questions that could be asked when trying to establish
patterns and parameters within the data. The main questions that are considered here
are; what are the effects of the different H-donor atoms (i.e. oxygen and nitrogen) on the
frequency of occurrence and the system geometry, and does whether the hydrogen
bonds are intra or inter molecular have an effect on the frequency of occurrence and on

the system geometry.

For the first question the data can be considered in 3 different groups:

a) All the data, i.e. where the H-donor atom is either nitrogen or oxygen.

b) Where the H-donor atom is nitrogen.

¢) Where the H-donor atom oxygen.

To answer the second question the data must be classified into the following systems

depending on whether the various relationship between the hydrogen donor, D, and the

acceptor molecules, A; and A,, are intra molecular or inter molecular:
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Case ) D-A=Inter, D-A,=Inter and A;-A,=Inter ,,"Al
(hydrogen bonds occur between 3 molecules). D H:;
\\Az
CaselIl) | D-A;=Inter, D-A,=Inter and A;-As=Intra ,,"A
(hydrogen bonds occur within and between 2| D H::\
molecules) \\Az
Case III) | D-A,=Intra, D-A,=Inter (hydrogen bonds occur A
within and between 2 molecules) JPiat
D H
\\Az
Case IV) | D-A =Intra, D-A,=Intra (both hydrogen bonds A
occur within 1 molecule) / H::/’
\\Az

Case I, where the donor and both acceptors are all from different molecules, can be
considered as the most general case, since, as far as is possible, there are no pre-
imposed geometric restraints. Case IV is the most restrained case, and it might be
expected that the occurrences and geometry of this case will be very dependent on the

particular molecule type.

3.3 Experimental

Hydrogen bonded systems with a bi-furcated donor were studied. To simplify the
analysis, all systems where the n-furcation is greater than two, i.e. tri-furcated, tetra-

furcated, etc. have been removed from the data sets.

In all cases, the October 1999 release of the Cambridge Structural Database’ (207506

entries) was searched.

The search routine was carried out using the program Quest3D, using non-bonded
contact criteria of H...A distance limit of 2.6A, this is the same limit used in a study on
bi-furcated hydrogen bonds of the type where one bond is intramolecular, that was
carried out as part of a wider study of intramolecular hydrogen bonded motifs by Bilton
et al.'®. This limit was chosen after careful examination of histograms of intra and inter
N/O-H...N/O hydrogen bond distances'®'"®. When this limit was extended the results
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obtained did not alter. Graphs were produced using the CSD program Vista and the
SPSS program SigmaPlot'?.

Only organic structures with an R factor < 7.5%, that exhibit no disorder, are not
polymers, that are error free at 0.05A level, have 3-D coordinates, and have chem/cryst
connectivities which match, were accepted. All hydrogen atom positions were

recalculated to give neutron-normalized positions.

For the analysis, the two hydrogen bonds were distinguished from each other by length
and separated into a shorter (S) and a longer (L) bond. Thus the bonds lengths are
tabulated as dLL and dS and the corresponding angles as al. and aS. The distance and the
angle between the two acceptor molecules, A; and A,, are designated d3 and A3
respectively. DP is the perpendicular distance of the hydrogen atom out of the
donor/acceptor plane. In the cases where the hydrogen bonds are intramolecular or the
A, and A; are part of the same molecule, the number of covalent bonds between the

intramolecular link is given by the path length:

- Pathl is the number of covalent bonds between the hydrogen and A, the
acceptor of the longer hydrogen bond.

- Path2 is the number of covalent bonds between the hydrogen and A; the
acceptor of the shorter hydrogen bond.

- Path3 is the number of covalent bonds between A; and A, the two acceptor
atoms.

Path 3

Path 2

Figure 3.3: A scheme to define the angles, distances analysed in the bi-furcated systems.
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3.4 Clusters and Unavoidable Bias Within the CSD

In the following cases (especially in case IV) peaks and clusters in the data are often
seen superimposed on the distribution seen for the general case. Closer analysis often
revealed these clusters to be groups of chemically similar molecules. Certainly, the
parts of the molecules related to the bi-furcated moiety were often identical within a
data cluster. This is an example of the kind of bias that can occur even within as large a
data set as is found in the CSD; where a family of molecules is of particular interest, or
is especially easy to crystallise, and therefore extensively studied, many occurrences
may be found within the database. Alternatively, a family of compounds that is very
hard to make or crystallise may have relatively few entries in the database. It is worth
remembering that the CSD is not a database of all possible compounds but only those
deemed worthy of study or where study has been possible. Thus bias will occur within

the data and needs to be allowed for.
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Chapter 4 : Bi-Furcated Hydrogen
Bonds

4.1 Frequency of Occurrence

A simple way to establish an idea of how important an interaction is, as well as to get a
general feel for the factors that influence the interaction, is to look at the simple statistics

of how often the interaction occurred i.e. the frequency of occurrence. For instance:

Is the donor atom more likely to be oxygen or nitrogen and in what type of situations is

one type of donor found more commonly than the other?

Given that one intra molecular hydrogen bond is found, what is the frequency with

which a second intra molecular hydrogen bond is found from the same hydrogen donor?

The frequencies of occurrence for the different types of bi-furcated hydrogen bonds are
given in the tables below. The data is given as the number of occurrences of each type
(in terms of donor atom and intra- and intermolecular hydrogen bonds) of bi-furcated
hydrogen bonds, and what percentage this is of the total number of hydrogen bonds of
this type found in the database (i.e. the total number of mono and bi-furcated hydrogen
bonds. Tri-furcated systems and above have been excluded). This percentage gives a
better indication of what is the likelihood of a bi-furcated bond forming, given that one

hydrogen bond at least is found.

In the tables below there is one slightly strange artefact of the analysis method used, this
is that the percentage of hydrogen bonds which fit the case III motif (i.e. one intra- and
one intermolecular hydrogen bond) varies depending on whether they are considered in
relation to the total number of intra- or the total number of intermolecular hydrogen
bonds. That is to say, the probability of an intramolecular hydrogen bond being found
given that an intermolecular hydrogen bond has been found is different to the probability
of an intermolecular hydrogen bond being found given that an intramolecular hydrogen
bond has been found.

The results for these questions are given in the following tables:
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type of donor found more commonly than the other.) it can be seen that the identity of
the hydrogen donor atom (within the bounds of this data set) has very little influence on
the frequency of occurrence. Bi-furcated hydrogen bonds are almost equally likely for

systems with an oxygen donor as for those with a nitrogen donor atom.

50



Part I: Bi-furcated Hydrogen Bonds

Chapter 5 : Case I, the General Case

Case I, where the donor (D) and both acceptors (A;, A;) are from different molecules,
can be taken to be the most general case, since, as far as is possible, there are no pre-
imposed geometric restraints such as would be found in an intramolecular case where
two or more of the H-donot/acceptors are constrained by their positions within the same

molecule.

Figure 5.1: Scheme to define angles and distances for the case I motif.

Interestingly, there are very few symmetrically bi-furcated hydrogen bonds. Instead, the
system tends to consist of one shorter and more linear bond (S) and another longer bond
with an angle tending to 120° (L). In Graph 5.1 and later in Graph 5.6 symmetric bonds
would lie on the diagonal line described by the equation x=y. By definition dS is
shorter than dL so all the data points in Graph 5.1 must lie on or above the x=y line.

51






























Part 1: Bi-furcated Hydrogen Bonds

value of A3 (i.e. the closest possible approach of the A; to Aj;) given the path length

restraints of the system.

A
) A.A path length of 1 D—Hz]|_ |
A
I' A
O A..A path length of 2 D—H:i >
g
A
O A..A path length of 3 D——H:
A
A
A..A path length of 4 D—H:
A
A
O A..A path length infinite D—H:
A

Figure 6.3. Increasing AHA and decreasing DHA angles with increasing acceptor-acceptor path length.

Only path lengths of 1 don’t fit this analysis, some lie in the expected position where the
sum of aS and al equals 180-A3 (where A3 is the AHA angle). Others lie on a line
with a gradient in the opposite direction cutting through the rest of the data. These data
points have a sum of aS + aL that gives an range of A3 values all much larger than
should be possible for acceptors constrained to be one bond length apart. One basic
assumption of the acceptor repulsion analysis is that the acceptors lie on either side of
the hydrogen, so if aS is measured clockwise from the D-H bond, aL is measured anti-
clockwise (or vice versa), see Figure 6.4:a). However for an A---A path length of one,
the two acceptors are bound so close together that it is possible for them both to attack
the hydrogen from the same side (see Figure 6.4:b)) this means that for the acceptor
repulsion analysis equations to work, one of the angles, a must be taken to be 360-a’

(where a and a’ is either aS or aL).
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Hydrogen Bonds is an Intramolecular
Hydrogen Bond and the Other is
Intermolecular

There are two ways to analyse this data, either by defining the hydrogen bonds in terms
of length, i.e. dL and dS as has been done for the previous cases, or in terms of intra and
intermolecular hydrogen bonds. The latter method gives the clearest analysis and is
used here. In fact, in over three quarters of the hits the intra hydrogen bond is the longer
one, i.e. dL.

Path 1

Figure 7.1: Scheme to define the angles and distances for the case Il motif.

The number of bonds in path 1 and the corresponding frequency of hits is given in
Table 7.1. An intramolecular bond path length of 4 is by far the most common motif for
this case, perhaps because the geometry of this motif puts the hydrogen and acceptor in
close contact resulting in a stable 5 membered ring. A path length of 5 gives a 6
membered ring. There are very few cases with a intra bond path length of greater than 5
(less that 2% of all examples of this type of system) presumably the steric bulk of
systems with a path length greater than 5 tends to restrict the approach of a second
acceptor.
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Path length | No. where No. where Total cases per
dL=Intra dS=Intra path length

4 3142 514 3656
5 271 517 788
6 23 20 43
7 2 9 11
8 2 1 3

9-12 0 0 0
13 1 0 1
14 0 1 1

Table 7.1: Number of occurrences of different numbers of bonds in the intramolecular path, Path 1.

A path length of 4 gives a system where the possible hydrogen bond length and angles
for the intra hydrogen bond are restricted to a narrow range (intramolecular hydrogen
bond angles of between 80° and 120°). It must be pointed out, however, that a system
such as this is sensitive to the D-H vector direction, that is to say that the practise of
generating the hydrogen in a geometrically sensible, but possibly not physically
accurate, position may have a strong influence on both the angle and distance. What is
interesting to note is that the hydrogen bond length and angles for the intermolecular

hydrogen bond are also restricted to an only slightly broader range.

As has been seen previously, there is a limit to the size of the AHA angle (A3). In this
case A3 is always greater than 70°, in fact there are so few data points with A3 between
70° and 80° that this limit could be taken as 80°, i.e. the sum of aS and al. or alntra and
alnter must be less than 290° (for A3>70°) or 280° (for A3>80°), no data is seen above
this line (see Graph 7.1). This is a closer A---A distance i.e. smaller AHA angle than is
seen for case I and fits the data limits for path lengths of 3 or 4 for case II. Once again
this can be attributed to the fact that two molecules can fit together more easily than

three.
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Porphyrin showing the 5,5,8 path length combination

Figure 8.2: The main contributors to the 4,4,6 and 5,5,8 path length combinations.

The fact that so many of these cases can be attributed to so few, and to such specific,
molecular types, is a drastic example of the cluster and bias within the CSD discussed in

section 3.4.

In systems such as the aza-crown ether and the porphyrin shown above it is clear that
the molecular geometry is controlling the bi-furcated hydrogen bond formation not the

hydrogen bonds influencing the molecular geometry.

There is a tendency for the shorter hydrogen bond to have a longer path length than the
longer hydrogen bond i.e. pathl<path2. In 847 cases the path length of the shorter
hydrogen bond is greater than the path length of the longer hydrogen bond, in 275 the
path lengths are equal and in only 138 cases does the longer path length correspond to
the longer bond. In systems where the path lengths are equal, the two hydrogen bonds

tend towards a more symmetrical system, in terms of both length and angles.
Given these clusters dependence on molecular geometry influences rather than on

hydrogen bond geometry influences, it is reasonable to expect that the plots of hydrogen

bond distances and angles for each bond show the same cluster effects and to be more
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Perhaps the most interesting fact to come out of this study is the degree of bias that can
sometimes be seen in the database. This bias is most important in situations like that
seen in case IV where the constraints of a highly specific and limiting search fragment
fits one or some of the most well studied system in chemistry (peptide chains, porphyrin
and aza-crown ether fragments among others). Add to this the fact that by the very
nature of the system a specific motif is likely to be restricted to only a limited range of
possible angles and distances, the result is the very dramatic clustering of certain
structure types seen in case [V.
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Part 2:

Phenols

Hydrogen Bonding in Amino-

85



Part 2 - Aminophenols

Chapter 11 : Amino-phenols

11.1 Hydroxy and Amino Group Complementarily

Two of the most important groups in hydrogen bond studies are the alcohol and amino
groups. These two groups make an interesting pair to study since, in terms of hydrogen
bond donors and acceptors, they are perfectly complimentary; the hydroxy group has
two lone pairs of electrons to act as hydrogen bond acceptors and one hydrogen atom,
so one possibility for a hydrogen bond donor. In contrast the amino has only one lone

pair, but two hydrogen atoms.

Ritte N ------ Rim Q=a|------
/H 'II
/" Amino Group < Hydroxy Group
2 x Hydrogen donor site 1 x Hydrogen donor site

1 x Hydrogen acceptor site 2 x Hydrogen acceptor site

Figure 11.1: Hydrogen bond acceptor and donor sites of the amino and hydroxy groups.

While neither of these groups can fulfil their full hydrogen bond valence alone, the
complimentary nature of these two groups means that a 1:1 mixture of hydroxy and
amino groups in a crystal system gives the potential for the use of all the donor and
acceptor sites, resulting in a fully saturated system. A comprehensive study of this

complimentary nature for molecular recognition has been made by Ermer and Eling'.

When a fully saturated system occurs both groups are involved in three hydrogen bonds
(as both donors and acceptors) as well as one covalent bond to the rest of the molecule.
In ideal cases this can lead to an infinite net of hydrogen bonds, a hexagonal based sheet
such as shown in Figure 11.2 below. This motif, when considered in three dimensions
with the tetragonal geometry of the hydroxy and amino groups taken into account, is
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the amino and phenol groups prevents the formation of parallel B-As sheets (more

details of this explanation are presented on pages 92-93.).

11.2 The Aminophenol Series

With the aim of further improving the understanding of when and why the B-As sheet
structures are formed, the following series of compounds were synthesised* and the
structures analysed. The series consists of 4-amino-4’-hydroxydiphenylalkane where
alkane chains of up to five CH; groups were studied, see scheme below, the structural
details are given in chapter 2. In addition, for the compounds with chain lengths of one,
two, and three atoms, the corresponding sulphide derivatives were also synthesised and
analysed, (also see scheme below, structural details are given in chapter 3). Attempts to
obtain good structural data for 4-amino-4’-hydroxydiphenylsulphide failed due to
unsolvable twinning of the crystal, however a co-crystal of methylenedianiline and
thiodiphenol did give suitable data for a structural analysis and this had been included in

the analysis instead.

* All the synthetic work was carried out by Mr. Venugopal Vangala, University of Hyderabad, India.
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m-_-_-

R
109CH2
109
CH2 H2C
10
Hzc10
109 Hy
R
' R
Alkane chain with an EVEN Alkane chain with an ODD
numbers of carbon atoms numbers of carbon atoms
Can give a linear link Can't give a linear link
between R groups between R groups

Figure 12.1: The difference in geometry between odd and even alkanes.

The next point of interest from the table is that compounds 3a and Sa have similar
structure motifs, while 1a has a completely different structure. As will be seen in
Section 12.2, all three structures rely on N-H...w hydrogen bonds to supplement the N-
H...O and O-H...N hydrogen bonds.

The two B-As sheet structures 2a and 4a exhibit a structure analogous to the diamond
type lattice. Both have the same space group Pc. However, this is a different space
group to either p-aminophenol or 4-amino-4’-hydroxydiphenyl, compound Oa,
(Orthorhombic Pna2; 8.184(1) 5.262(1) 12.951(2), and Orthorhombic Pna2;, 8.096(1)
5.396(1) 21.217(2) respectively, both data sets recorded at room temperaturel). This
difference might arise from the different molecular shapes, as both p-aminophenol and
0a have a straight link unit and 2a and 4a have a slanted link unit, as shown in Figure
12.2.
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OH OH OH OH

NH,

p-aminophenol

NH,

Oa

NH,
2a NH,

da

Figure 12.2: The molecular shapes of p-aminophenol and compounds 0a, 2a and 3a. The boxes are to
emphasize the changes in molecular shape and are NOT related to the unit cell.

All four of these compounds have similar b and ¢ axes dimensions, this is logical as the
B-As sheet runs in the b-c plane. The length of the a axis increases from p-aminophenol

through to 4a as the length of the link unit increases.

An interesting point is that all the compounds apart from 1a exhibit a similar length ¢
axis ranging from 8.1 to 8.6A. In each of these compounds the molecular spacing (and
therefore the cell dimensions) is governed by a O(H)N hydrogen bonded chain, see
Figure 12.3.
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12.2 The ‘Square Motif’ Structure of 1a and The ‘Stacked
Vees’ Structure of 3a and S5a

The B-As sheet structure of compounds 2a and 4a has been discussed in 11.1, but the

structure of compounds 1a, 3a and 5a, needs some description:

The ‘Square Motif’ Structure of 1a
In this structure only two of the three possible strong N(H)O hydrogen bonds are
formed. The motif formed by these strong hydrogen bonds is a square, linking the

molecules into chains.

I X i
AN S AN PN
\J\/ ~ \\?’\‘5\‘ o1 l\ /l\ %\\V&‘v\y ) '~ s N
(‘ ‘ “ m:’: \N‘i/ ] ’; _______ ( ]/ \3-
Ay VoL ,
=~ \T/\I n er \-/\/& RN SN
\“'\"5&: NS \\A‘ J 1\ *‘*‘i\g )

Figure 12.4: The square motif of hydrogen bonds forming chains of 1a.

The N-H hydrogen donor not used in the above square motif is involved in a hydrogen
bond to the m-electrons of the phenyl ring A (the phenyl ring of the hydroxyphenyl
group). A C-H from an adjacent pheny! ring B (the phenyl ring of the aminophenyl
group) is also involved in a hydrogen bond to these same m-electrons, but to the
opposite face of the phenyl ring A, making a ‘double faced” hydrogen bond. The
phenyl ring B also acts as a hydrogen bond acceptor for a single C-H hydrogen.
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s /B,QL/D/ }_‘\\:\,,==’}%§/;})_

Figure 12.5: The ‘double faced’ hydrogen bond about the phenyl ring A, and the single C-H...n hydrogen
bond to the phenyl ring B.

The ‘double faced’ hydrogen bonds around the phenyl ring A are important in holding

adjacent chains together to form sheets.

Figure 12.6: Hydrogen bonding berwveen adjacent chains.

Adjacent sheets are then bound together by the single C-H...n bond to the phenyl ring
B.
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Figure 12.7: Packing of the sheets of 1a molecules in the crystal, hydrogen bonds to the aromatic rings
are not shown in this diagram.

This structure was determined by neutron diffraction on SXD at ISIS, so accurate

hydrogen positions have been obtained and the geometry of the hydrogen bonds to the

n-electrons in the aromatic rings can be studied in more detail.

Figure 12.8: 1a model from neutron data, showing thermal ellipsoids plotted at 50%, including hydrogen

atoms.

. Distance D...A/A | Distance H.. A§ZX Angle DHA /°
Ni-Hj;...0 2.723(6) 1.77(1) 167.9(9)
O,-H;...N, 2.908(4) 1.989(9) 150.1(9)
N;-Hpp...w 3.33 2.40 156

Co-Hy...m 3.73 2.66 173
Cs-Hs...n 3.54 2.58 148

Table 12.2: Hydrogen bond distances in compound la.
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From the distances and angles listed above it can be seen that, overall, the compound 5a
has shorter and more linear interactions than compound 3a. So while the structure of 3a
appears to be the simpler and more logical structure (and certainly in terms of analysis
is the easier structure to understand!) it is the structure of 5a that is the more stable
structure. Perhaps compound 3a would take a structure closer to that of 5a if it could,

but it has less flexibility due to having a shorter alkane chain.

Figure 12.15: The packing of the sheets in compounds 3a, and 5a.

It can be seen from this in depth structural analysis that although at first sight the
structural packing of these 2 compounds is remarkably similar and utilise very similar
types of hydrogen bond interactions, they are in fact quite different in the way the

interactions are used.
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Chapter 13 : The Effect of Sulphur, the
4-Amino-4’-hydroxydiphenyl Sulphides
and Alkanesulphides

Compounds 1b, 2b, 2¢, and 3b are all sulphur derivatives of the 4-amino-4’-

hydroxydiphenylalkanes, discussed in the previous chapter.

The exchange of a CH; group for a sulphur atom might be expected to have very little
effect on the structure. The sulphur atom is slightly smaller than a CH; group and the
angle at the sulphur is roughly 103°" compared to 109° for the —CH,- group there is also
a difference between the C-C and C-S bond lengths'z, but these differences in geometry
are not great. In none of the alkane structures studied above do any of the CH; linker
groups appear to be directly involved in structural determining interactions. But, as will

be seen, the effect of sulphur is not straightforward.

13.1 Compounds With One Atom Links, 1a and 1b

Because of difficulties in obtaining diffraction quality crystals of 4-amino-4’-
hydroxydiphenylsulphide (crystals appeared to be twined but the twin relationship could
not be resolved). A co-crystal of methylenedianiline and thiodiphenol (1b) was grown

and studied instead.

" Average C-S-C angle taken from CSD search", April 2001 release (233,218 entries), search of only
organics molecules, no disorder, no polymers, and Rfactor < 10%.
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Figure 13.12: The interactions in compound 3b a) O(H)N chains with additional N-H...7t interactions, b)
chains of N-H...O and bi-furcated (C-H),...0 hydrogen bonds, c) both of the previous chains
Sforming sheets of hydrogen bonds, viewed from above with part of each molecule removed for
clarity.

This all begs the question of why, if the similarities are so great, are there three forms

of this structure? If 3b and 5a form structures that are so similar and based on nearly
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- At what point is the alkane chain too long to form a stable B-As sheet structure, and
can the structure be stabilised by the addition of sulphur atoms into the alkane chain

allowing the formation of C-H...S cross links?

- Will the addition of further sulphur atoms into the 3 atom linker series cause a change
from the ‘stacked vees’ structure? And is the order of the atoms in the linker important
i.e does —S-CH;-S- linker molecule have an analogous structure to the ‘stacked vees’
structure of the —S-CH,-CH,- linker (3a and 3b), whereas the —S-S-CH,- linker
molecule contain a 90° torsion angle about the S-S group preventing the ‘stacked vees’
structure forming, or is the effect of the —S-CH,-S- and the —S-S-CH,- linker the same?
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Interesting Structures
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Chapter 15 : Introduction

In this final section the structures of a number of compounds (6-10 in Figure 15.1
overleaf) have been analysed in detail. The aim is to identify and understand which
interactions and molecular features are influencing the structure, and especially to look

for any unusual or novel interactions that may often be overlooked in wider studies.

Compounds 6 and 7 produced crystals of a suitable quality and size for neutron
diffraction experiments to be carried out, so accurate hydrogen positions can be

obtained, and the various hydrogen bond interactions benchmarked.

Compound 10 is especially interesting since it can be crystallised in at least five
different polymorphs. Ongoing work is being undertaken to obtain, identify and

characterise further polymorphs.

All of these compounds have been made as part of wider series for studies into different
aspects of crystal engineering, nanotubes and host-guest matching (6 and 7)'?
polymorphism (10)*, second harmonic generation (6* and 8), and interplay of a weak
and a strong hydrogen bonding group (9)°, however each one is interesting in its own

right and worthy of individual study such as has been carried out here.

Often the structures of these compounds are better understood when taken in a wider
context, so while the crystal structure of only one compound is considered in detail in
each case, comparisons are drawn to other related compounds taken from literature and
the CSD®. This helps the understanding of which features of the structural motif are
robust enough to be structure determining, the relative influence of various substituents
in determining the motif, and the effect of different solvents, guest molecules and co-

crystallents on the structure.
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Chapter 16:

6) 2,4,6-tris-(4-chlorophenoxy)—

1,3,5-triazene and

tribromobenzene.

Chapter 17:

7) Triphenylisocyanurate co-

crystallised with trinitrobenzene.

Chapter 18:
8) 4,4’ -dinitrotetraphenyl

methane.

Chapter 19:
9) 2,3-dichloro-1,4-diethynyl-
1,4-dihydroxy-napthalene.

Chapter 20:
10) 4,4-diphenyl-2,5-

cyclohexadienone.

©NT}/N\© NO; :

H
;O;
Phn  Ph

Figure 15.1: Compounds studied in part 3.
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Chapter 16 : Co-Crystal (6), 2,4,6-tris-(4-
chlorophenoxy)-1,3,5-triazine and

Tribromobenzene

16.1 Introduction

A selection of sym-triaryloxytriazines have been investigated as part of a study to
develop crystal engineering strategies, especially strategies to obtain non-linear optical

4,17

materials™ . It can be seen that sym-triaryloxytriazines can form at least three” different

motifs depending on the nature of the subsistents R; R, and R3 (see Figure 16.1).

Motif 1 and 2 depend on the triazine dimers known as Piedfort units®. When these units
form stacks, with each unit in the stack in a parallel orientation, and the stacks aligning
to give a close packed arrangement, the resulting motif (motif 1) can exhibit non-linear
optical properties. However, when substituents are added in a meta position of the
phenoxy rings the steric bulk of the groups discourages the parallel stacking in favour of

anti-parallel stacking giving motif 2.

Motif 3 is rather different to motifs 1 and 2, the Piedfort unit no longer forms the basis
of the motif, and the crystal structure has a much more open network that is stabilised
by the incorporation of ‘guest’” molecules of the solvent from which the crystal was
grown. It would appear that the important factor in the generation of this motif is the
presence of a halogen atom in the ortho position (R,) allowing the formation of a three-
fold halogen-halogen interaction, and also the lack of any bulky groups in the meta
positions, i.e. R, and R3 are both hydrogen. This would suggest that halogen-halogen

interactions play an important role in this motif.

The trigonal symmetry of triazine molecule is carried over into the crystal structure
motif in all three cases (1-3) resulting in the structures based on trigonal or hexagonal

crystal systems.

" Three motifs are found for small subsistent groups (R) such as H, CHs, Cl, Br. More motifs are found
with bulkier and more flexible groups, see structures in the CSD® for details.
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By
R2\©/ Rs
R O_N_O Can form three* different
’ \,\}r 7\1/ frT]p regenteq by the motifs depending on the
Ri Y oflowing pictogram nature of the groups R| R,

R2 o Rg and R}-
. . : :R1
sym-trlaryloxytrlazmes R
3

Piedfort unit

Motif 3

Can not exhibit NLO properties.
Centro-symmetric hexagonal lattice
Found when:

R;, R; =H and
R;=ClorBr

Motif 1 Motif 2
Can exhibit NLO properties. Can not exhibit NLO properties.
Found when: Found when:
Rl,Rz, R3=H R]=Hﬂnd
Rl = CH3, Rz, R3 =H R2 or R3 = Bl", Cl, or CH3

Figure 16.1: Motifs generated by sym-triaryloxytriazines™' . * see footote on previous page.
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The structure is built up of a simple trigonal based net with adjacent layers of the

structure inverted with relation to each other to give the overall hexagonal structure seen

above.
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Figure 16.4: the trigonal based net of triazines containing tribromobenzenes.

This trigonal net is built up of three-fold CI-Cl interactions, with a short CI...Cl distance
of 3.441(3)/0\ and C-Cl...Cl angles of 165.0(1)° and 105.0(1)°. As discussed in the
introduction, the occurrence of close CI-Cl contacts has been widely studied.
Studies'>" using the CSD® indicate that there are two types of C-Cl...CI-C
interactions, type I where the two C-Cl...Cl angles are equal and the more common
type, type LI, where one of the C-Cl...ClI angles approximately equals 90° and the other
180°. The interaction seen here is of the type I kind. It has been proposed that Type I
interactions are due to the polarisability of the halogen. Carbon-bound halogens in a
sufficiently electron-withdrawing environment will present an anisotropic charge
distribution, 8" forward of the halogen along the C-halogen bond vector, giving rise to
the C-Cl...Cl bond angle of 180°, and & perpendicular to the bond vector, giving rise to
the C-Cl...Cl bond angle of 90°.

The motif 3 structure is dependent on the presence of these CI-Cl interactions, or rather
of halogen-halogen interactions; exchange of the Cl group for a nearly identically sized
methyl group (isomorphous replacement) results in a completely different structure,
namely that of motif 1. However, exchange of the chlorine atoms for bromine atoms,

which can also exhibit halogen-halogen interactions, results in no change of structure®.
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Figure 16.5: The orientation of the tribromobenzene molecule in the triazine net.

It can be seen that the tribromobenzene fits very precisely into the holes created by the
triazine net. Each hydrogen is directed towards a phenyl ring, and each bromine fits
into a hollow in the ring circumference. A side view (Figure 16.6) shows that the
tribromobenzene molecules do not lie in the same plane as the triazine net but about 1A
below this plane, thus, none of the hydrogen or bromine atoms of the tribromobenzene
point directly at the phenyl ring centroids, but instead at a C-C aromatic bond of the ring

instead.
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Figure 10.6: Side view of 2 layers of tribromobenzene molecules in the triazine nets.

In addition to the CI...Cl interactions linking molecules within a net there are C-H...N

hydrogen bonds linking adjacent nets, these can be seen in Figure 16.6 above.
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It 1s also a clear example of the strong structural determining influence that can be
played by halogen-halogen interactions, especially by the strong three-fold CI-Cl
interactions. It is whether or not there is the possibility for these halogen-halogen

contacts to occur, that controls whether motif 3 can form.

Motif 3 is seen to be a very robust motif, occurring regardless of halogen identity, or
guest solvent identity. Unfortunately the motif is not robust enough to allow the solvent
to be removed from the channels without structural degradation'. And finally, from a

purely aesthetic point of view, motif 3 is a very visually pleasing motif.
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Figure 18.4: Helix of 4,4'-dinitrophenyl methane molecules (helix 1), a) viewed perpendicular to helix
axis, b) viewed down axis of helix.

Figure 18.5: Helix of 4,4'-dinitrophenyl methane molecules (helix 2), a) viewed perpendicular to helix
axis, b) viewed down axis of helix.
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The 6-membered rings:

Both the six-membered rings lie in the ab plane, i.e. perpendicular to the c¢ axis. The
first ring is made of C-H...O interactions (Css-H3s...03;). The second ring is generated
by two different C-H...n interactions where m is the two phenyl rings without nitro
groups attached. The ring is formed from an inner ring of Cs3-Hss...mc31-c36) and an

outer I‘il’lg of Cy3-Has.. TUC41-CAG)-

a)

Figure 18.6: Six-membered rings of 4,4'-dinitrophenyl methane molecules a) ring propagated by C-H...OQ
hydrogen bonds b) ring propagated by C-H...m hydrogen bonds.

150



Part3 — Interesting Structures

Overall these interaction motifs fit together to give the packing shown below. With so
many motifs occurring simultaneously it is hard to pick each motif out from the final
packing diagram. The voids or channels that are filled by the solvent water are clearly
seen running parallel to the c axis, a channel at each corner of the cell face, and two
channels in the middle of the cell.
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Figure 18.7: The packing of 4,4 -dinitrotetraphenyl methane in the three dimensional structure.

~ Motif C-H..A | Distance H...A | Distance C...A | Angle CHA/®

o = oa A
Dimer 1| Op...Hyp-Cs) 2.65 3.392(3) 135
Dimer2 | Oy...Hip-Cis 2.62 3.564(3) 175
Helix1 | Op...Hy-Cy 271 3371(4) 127
Helix2 | Oyy...Hys-Cas 2.68 3.33903) 127
Ringl | Op...Has-Cas 2.58 3.318(4) 134
Ring2 | Xla.. .Hyu-Cy 2.87 3.661 141
Ring2 | Xlb...Hyu-Cy 2.90 3.748 149

Table 18.2: Hydrogen bonding interactions in compound 8.
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18.3 Conclusions

Looking at the interactions described above it can been seen that each possible

hydrogen bond acceptor is utilised in the structure.

As was discussed in the introduction the crystals of compound 8, 4,4’-dinitrotetraphenyl
methane, have been found to exhibit non-linear optical properties and therefore must
have a non-centro symmetric symmetry. However, as has been seen, the 4,4’-
dinitrotetraphenyl methane molecule fits the centro-symetric R-3 structure, and it is
only the water molecules that break the centro-symmetric symmetry. It is interesting
that such a small break in the symmetry, that would routinely be described as disorder
in a crystal structure determination, can lead to such an important physical property as
second harmonic generation. This result is especially interesting in view of the
possibilities of crystal engineering such materials; structure prediction is hard enough
without the added complications of solvent inclusion and disorder completely altering

the structure’s physical properties.

It would be interesting to try to grow crystals from a solvent that could fit the three-fold
symmetry of the solvent channels, or alternatively to try and remove the water from
these channels without causing the destruction of the crystal. Would the removal of the
part of the structure that breaks the symmetry, result in the disappearance of the

nonlinear optical properties?

It can be seen that the interaction motifs mirror the symmetry elements in the crystal,
with the dimers forming around the inversion centres, the helices about the three-fold
screw axis, and the rings about the three-fold axis with the solvent channels running

down the centre of the rings.
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Chapter 19 : 2,3-dichloro-1,4-diethynyi-
1,4-dihydroxy-napthalene

19.1 Introduction

Compound 9, 2,3-dichloro-1,4-diethynyl-1,4-dihydroxy-napthalene, is a gem-alkynol:
it contains a hydroxyl group and an ethyne group bound to the same carbon. Gem-
alkynols have been proposed for use as crystal engineering building blocks, and used to

>20.21 since they contain two very different hydrogen bonding

study hydrogen bonding
groups, the hydroxyl and the ethyne groups. The interplay of these hydroxyl and ethyne
groups, in terms of hydrogen bonding potential and structure motif determining
features, is of great interest’’. There are four possible hydrogen bond interactions

between two gem-alkynols:

(i) O—H----0 hydroxyl - hydroxyl
(1) C=C—H----0 ethyne - hydroxyl
C
(ii1) O—H----- ||| hydroxyl - ethyne
C
C
(iv) c=c—H----|| ethyne - ethyne
C

Figure 19.1: Possible hydrogen bond interactions between two gem-alkynol groups.

These four interactions are interesting since they are built up of the combination of a
strong and a weaker hydrogen bond donor, and a strong and a weaker hydrogen bond
acceptor. Within a gem-alkynol crystal structure there is the possibility for any one of
these interactions to occur, or for a combination of the interactions, or for the gem-

alkynol to interact with other parts of the molecule rather than another gem-alkynol. A
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study” of the frequency with which each of these interactions occur within the gem-
alkynol structures in the Cambridge Structural Database® shows that while, as might be
expected, the ‘strong — strong’ O-H...O interaction occurs most frequently, all of the
interactions do occur in some cases, and the differences between the frequencies with

which they are found are not great.

Interaction: - No. of structures», | No, of occurrences of
| (refcodes) ;.= | . ~each interaction, .
i |O-H...O 30 46
in | C-H...O 29 35
i | O-H...w 10 15
iv| C-H..m 16 21
None of the above 41
interactions

Table 19.1: Frequencies of occurrence of the four gem-alkynol - gem-alkynol interactions.

It is interesting to note that the ‘strong’ donor — ‘weak’ acceptor interaction, O-H...mx,
occurs less frequently than the ‘weak’ donor — ‘weak’ acceptor interaction, C-H...wm. A

more detailed analysis of the situation is given in Table 19.2 below.

" The CSD® search was carried out on the October 2001 release (245392 entries), using the Conquest 1.3
software package. Hydrogen bond limits of the sum of the van der Waals radii were taken: 2.72A for
H...0 and 3.05 for H...n (C=C centroid)®, hydrogen atom positions were normalised to neutron
distances, and only structures with R factors < 0.1, no errors, and not polymeric were accepted. Data
includes cases with more than one gem-alkynol group per molecule and/or more than one molecule per

asymmetric unit.
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- per crystal'structure

f-interaction: | Interaction type °

Number of struétures

One type

13

i

Y—
oo

111

iv

Two types

1&ii

i & iii

1&1v

11 & 1ii

il & iv

il & iv

Three types

1 & 11 & iii

1&it &iv

1& 111 & 1v

11 & il & iv

All four types

1&11 &1 &iv

WO (O —= || |—lF <2~ &k [

Table 19.2: Frequencies of occurrence of the possible combinations of the four gem-alkynol - gem-

alkynol interactions.

Although the data sample is not really big enough to draw any definite conclusions, a

few patterns can be inferred. Firstly, that interaction (i) is often found in combination

with other interactions, especially with interaction (iv). Interaction (iii) is rarely found.

The preferred combinations are interactions (i) & (iv), interactions (i) & (ii) & (iii), and

all four interactions, however, just interaction (i) or interaction (ii) without any further

gem-alkynol - gem-alkynol interactions is much more likely than any combination of

interactions.
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cit
- Ch2) K ot

Figure 19.2: 2,3-dichloro-1,4-diethynyl-1,4-dihydroxy-napthalene, thermal ellipsoids plotted at 50%
probability.

In 2,3-dichloro-1,4-diethynyl-1,4-dihydroxy-napthalene there are many possible and
competing interactions. Not only are there the four possible gem-alkynol - gem-alkynol
interactions discussed above, there is also the possibility for chlorine — chlorine type
interactions (such as have been discussed in Chapter 16 and which have been shown to
have a strong influence on structure given the right conditions), and the potential for
chlorine atoms and the phenyl ring to act as hydrogen bond acceptors and C-H as
hydrogen bond donors. With such a wealth of interactions to choose from, the

combination of interactions utilised in the crystal structure will be very informative.
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Figure 19.4: Zig-zag sheets of compound 9 showing the various gem-alkynol interactions and the
chlorine - chlorine interaction, a) viewed from above with interactions (i), (ii), and (iii) labelled
in grey, b) side view.

If the two gem-alkynol groups per molecule are considered as consisting of four donor
hydrogen atoms (two hydroxyl and two ethyne hydrogen atoms) and four acceptor
groups (two oxygen atoms and two ethyne bonds), then the three gem-alkynol — gem-
alkynol interactions leave one ethyne donor hydrogen atom, and one ethyne acceptor
group unused. This donor and acceptor do form interactions, but with other groups in

the molecule; a chlorine atom and a phenyl hydrogen respectively.

It is of note that it is the weaker type of donor and the weaker type of acceptor that are
not involved in the gem-alkynol — gem-alkynol interactions that form the sheets. The
gem-alkynol — gem-alkynol interactions are involved in the formation of the sheets only,
and it is the interactions between the gem-alkynol groups and other parts of the

molecule that hold the sheets together, building the three dimensional lattice.
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19.4 Conclusions

This structure is very interesting due to the shear diversity of the intermolecular
interactions. Of the possible hydrogen bond, and halogen — halogen bond, donor and
acceptor groups discussed at the beginning of the chapter, most are utilised in the

structure.

The gem-alkynol — gem-alkynol interactions show a close correlation between the
lengthening of the hydrogen bond and the weakening of the donor and acceptor groups.

There are three interactions running in different directions within the plane of the sheet.
The longest and, therefore, probably the weakest of these interactions is reinforced by
the chlorine — chlorine interactions. In comparison to the interactions within the sheet,

the interactions between two sheets are fewer, longer and less linear.
The combination of gem-alkynol — gem-alkynol interactions found in compound 9

(interactions (i) & (ii) & (iii)) appears to be one of the more common interaction

combinations.

161



Part3 — Interesting Structures

Chapter 20 : 4,4-diphenyl-2,5-
cyciohexadienone

20.1 Introduction

Compound 10, 4,4-diphenyl-2,5-cyclohexadienone is interesting because it exists in
many different structural forms or polymorphs. In fact it appears to form different

polymorphs exceptionally easily.

Polymorphism is a very intriguing phenomenon. It has been suggested by McCrone
(1965) that ‘the number of forms known for a given compound is proportional to the
time spent in research on that compound’®, that said, the discovery of a new
polymorphic system is still of great interest. From a crystal engineering aspect,
polymorphism can be both a help and a hindrance. When trying to understand the
various influences of several inter- and intra-molecular interactions, the existence of a
compound in more than one crystal packing arrangement gives a set of systems where
the only variable is the crystal structure. However, the ultimate aim of crystal
engineering is to predict the crystal structure of a given compound and here the

occurrence of polymorphism makes accurate prediction even harder than it already is.

The polymorphic forms of 4,4-diphenyl-2,5-cyclohexadienone are especially interesting

because at least three polymorphs form concomitantly®*

, that is to say, they form under
completely identical conditions - to the extent of being found in the same re-
crystallisation flask. The first two forms (1 and 2) were identified during routine
analysis, form 3 was obtained when larger crystals were grown under similar, but not
identical, conditions for a neutron experiment (pending). Re-examination of the sample
that was known to contain forms 1 and 2 identified another form (4). Since then
systematic attempts to obtain further polymorphs have been carried out at the University

of Hyderabad, India*, and here in DurhamT, these studies have resulted in the

) Study being carried out by Dr A. Nangia’s laboratory, University of Hyderabad, India.
¥ Study being carried out by Mr. R. Mondal, University of Durham, U K.
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identification of a fifth and probably sixth form (Durham)*, these last two forms are

currently in the process of being characterised fully.

RS 1 Space Solvent of re- M

rm Crystal system | o : Reference -
N |+ group crystallisation . L

1 Monoclinic P2, Hexane/EtOAc 1,3

2 Triclinic P-1 Hexane/EtOAc 1,3

3 Orthorhombic Pbca Hexane/EtOAc/DMC | Current work
4 Triclinic P-1 Hexane/EtOAc 3

5 See footnote

Table 20.1: The different polymorphs of compound 10.

The structure of the third form will be discussed in detail here, and compared to the first

two (characterised) forms.

Al S \
et i
m&/wﬂ%&mm 2

Figure 20.1: 4,4-diphenyl-2,5-cyclohexadienone, form 3, thermal ellipsoids plotted at 50% probability.

4,4-diphenyl-2,5-cyclohexadienone is a deceptively simple molecule consisting of a
quinoid ring with two phenyl groups attached. There is one good hydrogen bond
acceptor in the form of the quinoidal oxygen as well as the less good aromatic phenyl
and quinoid double bond hydrogen bond acceptors. The only hydrogen bond donors are
C-H donor; the phenyl hydrogens, and the slightly more acidic quinoid hydrogens.

' Study being carried out by Mr. R. Mondal, University of Durham, U.K.
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Code ] 10 (form3y -
-Radiation type X-ray
Instrument Smart-CCD’
Instrument type Area detector
Wavelength / A 0.71073
Formula CisH,140,
Formula weight 246.29
Temp /K 100(2)
Crystal system Orthorhombic
Space group Pbca
Colour , Colourless
\vH‘éxlbit 4 Block
Melting Point /°C 124-126
Size / mm | 5 0.55x0.40x0.30
alA 10.7921(6)
b/A 17.475(1)
/A T 27.934(2)
aE=p=y . 90
;jZ v Lo 16
z 2
‘Mu / mm’ , 0.075
éﬂbsorption correction typ Psi-scan
R(int) S F 0.0742
gfkﬁafa?festraints/parameters ¥ 6538/0/371
GooFE | " 1.061
0.0589
, 0.1243
“Denisity (calculated) Mg/m® 1.242
‘Solvent of re-crystallisation | Hexane/EtOAc/DMC

Table 20.2: Crystal data for compound 10, 4,4-diphenyl-2,5-cyclohexadienone, form 3.
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Adjacent sheets are also linked by C-H...n hydrogen bonds, but this time between the

hydrogen of a phenyl ring and one of the double bonds of the quinoid group, to give a

three-dimensional network of hydrogen bonds.

Figure 20.4: Hydrogen bonding within and between two sheets of polymorph 1, viewed edge on to the

sheets.

C-H...A Distance H...A /A | Distance C...A/A |  Angle CHA /°
Cis-Hio...Os 2.692 3.401 132
Cis-Hy1...0 2.682 3.605 164
Cy-Hs. . Tphenyh 2.821 3712 157
Cs-Hs. .. Tiquinoid) 3.000 3.875 154

Table 20.4: Hydrogen bonds occurring in polymorph 1.
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Figure 20.11: The interweaving of two of the sheets shown in Figure 20.10, a) viewed from above and b)
viewed from the side.

The second type of molecule, coloured cyan, forms dimers similar to the yellow-yellow
dimer seen in polymorph 2, although in polymorph 3 the hydrogen bond is from the
hydrogen atoms in the meta position on the phenyl ring, not the para position. A second
C-H...O hydrogen bond from the same oxygen (i.e. again bi-furcated at the oxygen
atom) forms to a purple coloured molecule. The angle between the bi-furcated

hydrogen bonds is 143°.

Figure 20.12: Dimers of the cyan coloured molecule.
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The structure of polymorph 3 also exhibits the same type of ‘double-faced’ C-H...n

hydrogen bonds seen in polymorph 2. The angle between the two hydrogen bonds is
153°.

Figure 20.13. The 'double faced' hydrogen bond in polymorph 3.

When all these elements of the structure of polymorph 3 are put together, the structure is
seen to consist of alternate layers of purple and cyan coloured molecules. The double
sheets of the purple coloured molecules are separated by layers made of the cyan
coloured dimers.
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Figure 20.14: The overall structure of polymorph 3.

D-H...A H..A/A D...A/A DHA /°
Cro-Hio...0, 2.68 3.613(3) 168
Cio-Hio...O 2.46 3.247(2) 140
O 1.58 2.219(2) 121
Co-Ho...0) 2.60 3.531(2) 166
Co-Ho. . Tphens, 2.95 3.482 116
Co e Tphen 2.81 3.646 148

Table 20.6: Hydrogen bonds occurring in polymorph 3.
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20.4 Conclusions

Polymorphism is perhaps encouraged (or at least not hindered) by the fact that there are
ten essentially identical hydrogen atom donors giving the possibility to form hydrogen
bonds in very different directions, as well as four slightly more acidic H-donors also all
pointing in different directions. Add to this the fact that the overall molecular shape is
not designed to fit together in one greatly preferred orientation, and could even be
considered as pseudo-spherical, it is not surprising that there are many similar energy

packing motifs, i.e. many polymorphs.

The hydrogen bond motifs of dimers, C-H...O bonds bi-furcated at the oxygen, and C-
H...n bond are seen in various combinations in all the polymorphs, though not all the
motifs are seen in each polymorph. However, it is the effect of having chemically
identical, but crystallographically different molecules, that allows the variation of
structure polymorphs to be found. The crystallgraphically independent molecules differ
slightly in their molecular geometry, but the main difference is in the crystallographic

environment.
Why does this compound choose to form structures that rely on having molecules on

crystallographically independent sites? Or perhaps that question should be; how do

most crystal structures form with only one crystallographically independent molecule?
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the way in which these synthons can be used, and therefore must result in different

crystal structures.

21.2 Experimental

Structures of 107 pairs of meta/para disubstituted benzenes were obtained from the
Cambridge Structural Database’ (April 2000 release - version 5.19 215403 entries).

Melting points were obtained for both isomers of 43 pairs, and for 19 single isomers
(where the melting point of other isomer is not yet obtained)’. Melting points were
obtained from a variety of sources:

® Cambridge Structural Database data files

®  Acros catalog (1997 edition)

®  Original papers referenced in Cambridge Structural Database hit

o

Other literature on the compound

Of the 43 pairs for which both melting points are known, there are only 2 examples of
cases where the para isomer melts at a lower temperature than the meta isomer. In one
the difference in temperatures AT = -2 (where AT = melting point of the para isomer -
melting point of the meta isomer) with the meta compound undergoing decomposition
rather than melting. The second has a AT = -37, if calculated using the value for
melting point given in the Cambridge Structural Database data files. However the
original paper® lists the melting point of the meta and para compounds the other way
round resulting in a AT = +37. The crystallographic parameters in the paper are also
inverted with the meta isomer cell listed as the para and vice versa. The correct order of

the melting points for this compound is uncertain without further work.

10 pairs of compounds were chosen for further study with the selection made on the
basis of greatest AT. The pair of compounds with AT = -37 (or +37) was also included.

Where there are multiple determinations of the same compound in the Cambridge
Structural Database one structure was chosen, based firstly on which structure the

melting point refers to (in cases where the melting point was obtained from the

) originally 109, 2 structure pairs were rejected, due to not being true meta/para pairs; in one the para
isomer is a salt of the meta isomer (No. 102), in the other the 'meta isomer' is the Me derivative while the
‘para isomer' is the Et derivative (No. 3).

" More recent work carried out with Miss Ashley Smith using the Beilstein Database’ has increased the
numbers of pairs for which both melting points are known to 58 and the total number of known melting
poants to 141 isomers out of a possible total of 214 isomers.
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Cambridge Structural Database) and secondly by the best data and structural refinement.
In the case of 1,4-dihydroxybenzene (3 polymorphs) the 2 polymorphs with well

determined structures were chosen.

The 10 pairs are:

No. Metarefcode Pararefcode AT/°
49 MCBZAC CLBZAPO03 99

46 MNBZACO1 NBZOACO03 97

20 DNBENZI10 DNITBZ02 85

43 LAVBOZ LAVBUF 74

60 NOGKAV HIBCOK 73

37 JICVIAIO JICVEW10 72
45 MAMPOL AMPHOLO1 64

69 RESORA13 HYQUIN, 63

HYQUINOS5

85 TEWXOI TEWWUN 62
106 ZONKAO ZONJOB -37 (+37)

A detailed analysis of the crystal structure was carried out for each of these compounds.
The structures were defined in terms of chains, sheets and 3-D nets constructed from
hydrogen bonds, weak hydrogen bonds and other intermolecular interactions such as
ClL..Cl and m-m interactions. The analysis was carried out using the Cambridge
Structural Database program 'PLUTO' with all hydrogen positions normalized to

standard neutron positions.

From the 10 pairs for which a structural analysis was carried out 2 pairs were chosen for
a more detailed analysis in terms of energy and the thermodynamics of the systems.
One pair with similar packing in the 3-D structure for both the meta and para structures,

and one pair with very different packing were chosen:

similar packing MCBZAC / CLBZAP
different packing MAMPOL / AMPHOLO1

Initially the energy calculations were attempted on the 'different structure' pair
DNBENZI10 / DNITBZ02, however sensible, or even consistent, results for this pair
were not obtained, so the MAMPOL / AMPHOLOL1 pair was chosen instead.
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The concept behind the study is that, for the pair with similar packing, AH; for each
structure would be similar and the difference in melting point dependent on AS¢
(entropic considerations). However if the structures are very different then the
difference in melting point is dependent on AH; (as well as ASy)

Given that Tr= AH;/ AS¢ where Tr = Temperature of fusion
AH; = Enthalpy of fusion
AS¢ = Entropy of fusion

the melting point will increase with increasing AHg

or with decreasing AS¢

AS¢ decreases with increasing freedom of motion in the crystal pre-melting, i.e. if the
entropy increase can be incorporated into the crystal structure, and not result in a

change of state, then AS¢ decreases.

Energy calculations were carried out on all 4 molecules (2 pairs) to determine the
packing energy per molecule and the relative contributions from Van de Waals,
electrostatics, and H-bond interactions.

The calculations were performed using the Cerius® program6 using the following
procedure:

1. The structure was read from Cambridge Structural Database DAT file.

2. The crystal was ‘un-built’ to give a single molecule.

3. The bonds were identified on the diagram as single, double or resonance bonds,
and the structure 'cleaned'.

4. The molecular structure was optimised by a quantum mechanical simulation
using the semi-empirical procedure AM1 in the MOPAC program.

5. The crystal was rebuilt, and any H-bond interactions calculated (H-bond defined
as <2.5A and angles >90°).

6. Open Force Field (OFF) was set up using Dreiding 2.21 force field and the Evald
setting for Van der Waals and Colombic interactions.

7. OFF expression set up.

8. Minimization run using OFF methods.

9. Output recorded and all values divided by the number of molecules per unit cell,
to obtain energies per molecule.

NIPMAT"® crystal packing diagrams were also calculated for the similar and different
packing pairs MCBZAC / CLBZAP and MAMPOL / AMPHOLOl. NIPMAT’
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the assumption that in this case the AHy for each structure would be similar, and the

change in melting point dependent on ASy.

For the case where the structures are quite different (MAMPOL / AMPHOLOL1) the total
energies are also quite different (as would be expected for such different structures).
Also the higher melting point corresponds to the higher total energy value, i.e. the
higher AH; value. While the contribution from ASs is unknown, the change in melting

point can be accounted for (in part) by the change in AHg.

Tr= AH¢/ AS¢
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Synthesis, structure and reactivity of 1-(a-C,a’-halo-o-xylyl)-2-trialkylsilyl-1,2-
dicarboranes.
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Appendix C

Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters
(Azx 103) for 1a. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y zZ U(eq)
O(1) 12754(8) 518(3) 633(4) 10(1)
C(1) 11360(5) 830(2) 1393(3) (1)
C(2) 10112(6) 463(2) 2240(3) 7(1)
C(3) 8633(6) 821(2) 2950(3) 7(1)
C4) 8409(6) 1544(2) 2864(3) 7(1)
C(5) 9693(6) 1901(2) 2039(3) (1)
C(6) 11166(6) 1550(2) 1310(3) 7(1)
C(7) 6759(6) 1922(2) 3592(3) 8(1)
C(8) 6615(5) 1650(2) 5028(3) 5(1)
C©H) 4641(5) 1328(2) 5286(3) 6(1)
C(10) 4514(5) 1080(2) 6620(3) 6(1)
C(11) 6393(5) 1149(2) 7737(3) 6(1)
C(12) 8386(5) 1469(2) 7476(3) 6(1)
C(13) 8488(5) 1712(2) 6148(3) 6(1)
N(1) 6331(4) 869(2) 9071(2) 9(1)
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Table 3. Bond lengths [A] and angles

[°] for 1a.

O(1)-C(1) 1.347(5)
O(1)-H(1) 0.969(15)
C(1)-C(6) 1.388(6)
C(1)-C(2) 1.395(5)
C(2)-C(3) 1.394(5)
C(2)-H(2) 1.060(12)
C@3)-C4) 1.396(6)
C(3)-H(3) 1.078(9)
C4)-C(5) 1.385(5)
C@4)-C(7) 1.497(5)
C(5)-C(6) 1.396(5)
C(5)-H(5) 1.081(14)
C(6)-H(6) 1.080(9)
C(7)-C(8) 1.499(4)
C(7)-H(7A) 1.115(13)
C(7)-H(7B) 1.087(9)
C(8)-C(9) 1.387(5)
C(8)-C(13) 1.394(4)
C(9)-C(10) 1.388(4)
C(9)-H(9) 1.075(9)
C(10)-C(11) 1.396(5)
C(10)-H(10) 1.079(10)
C(11)-C(12) 1.396(5)
C(11)-N(1) 1.403(4)
C(12)-C(13) 1.376(4)
C(12)-H(12) 1.073(8)
C(13)-H(13) 1.070(9)
N(1)-H(1A) 1.009(8)
N(1)-H(1B) 1.001(10)
C(1)-O(1)-H(1) 113.0(7)
O(1)-C(1)-C(6) 117.7(4)
O(1)-C(1)-C(2) 122.9(4)
C(6)-C(1)-C(2) 119.4(3)
C(3)-C(2)-C(1) 119.6(4)
C(3)-C(2)-H(2) 120.4(6)
C(1)-C(2)-H(2) 120.0(6)
C(2)-C(3)-C(4) 121.6(3)

Appendix C

C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(3)-C(4)-C(7)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
C(4)-C(7)-C(8)
C(4)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(4)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-N(1)
C(12)-C(11)-N(1)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13)
C(8)-C(13)-H(13)
C(11)-N(1)-H(1A)
C(11)-N(1)-H(1B)
H(1A)-N(1)-H(1B)

118.4(8)
120.0(7)
118.0(3)
120.8(4)
121.2(3)
121.2(4)
120.6(6)
118.2(6)
120.3(3)
119.5(7)
120.3(7)
115.2(3)
107.5(5)
109.4(6)
110.4(6)
108.8(5)
105.2(10)
117.9(3)
121.6(3)
120.5(3)
121.3(3)
119.3(6)
119.4(6)
120.3(3)
120.5(6)
119.2(6)
118.4(3)
120.9(3)
120.6(3)
120.6(3)
121.0(6)
118.3(6)
121.4(3)
119.6(6)
119.0(6)
116.1(6)
113.0(6)
109.1(9)

Symmetry transformations used

generate equivalent atoms:



Appendix C

Table 4.  Anisotropic displacement parameters (A2x 103) for 1a. The anisotropic
displacement factor exponent takes the form: 2n2[h2 a*2ull 4+ | 4+ 2hka* b* U2

yll U22 U33 U23 ul3 ul2
o(l) 12(2) 8(2) 12(1) 1(2) 8(1) 0(2)
H(1) 20(4) 24(5) 26(4) -2(4) 9(3) -2(4)
C() 6(1) 8(2) 6(1) o) 2(1) 0(1)
C(2) 11(1) 5(1) 7(1) o) 4(1) 0(1)
C(@3) 8(1) 7(2) 8(1) 1(1) 4(1) o(1)
C4) 7(1) 9(2) 5(1) oD 2(1) 1(1)
C(5) 10(1) 4(1) 6(1) 2(1) 3(1) 0(1)
C(6) 9(1) 7(2) 6(1) -1(1) 3(D) -1(1)
H(2) 34(5) 11(4) 31(4) -34) 17(4) 7(4)
H(3) 27(4) 19(5) 27(4) 04) 16(3) -10(4)
H(5) 31(5) 16(5) 33(4) -2(4) 13(4) 6(4)
H(6) 28(4) 20(5) 20(3) 2(4) 13(3) -8(4)
C() 7(1) 10(2) 6(1) -1(1) 2(1) 2(1)
H(7A) 294) 15(4) 25(3) 1(4) 14(3) 04)
H(7B) 16(3) 30(6) 15(2) 4(4) 1(2) 4(4)
C(8) 5(1) 6(1) 4(1) -1(1) 0(1) -1(1)
C9) 5(1) 7(2) 5(1) 1(1) o) -1(1)
C(10) 4(1) 8(2) 7(1) o) 1(1) -1(1)
Cn 6(1) 8(2) 6(1) -3(1) 2(1) -3(1)
C(12) 5(1) 8(2) 6(1) 2(1) 1(1) 0(1)
C(13) 6(1) 5(1) 5(1) 2(1) 1(1) 0(1)
H(9) 15(3) 39(8) 15(2) 3(4) -2(2) -8(4)
H(10) 14(3) 37(6) 21(3) 7(4) 4(2) -7(4)
H(12) 18(3) 36(6) 13(2) 5(4) -7(2) -11(4)
H(13) 9(3) 35(7) 32(4) 16(5) 6(3) -4(3)
N(1) 7(1) 12(1) (1) 2(1) 3(1) 2(1)
H(1A) 16(3) 24(5) 24(3) 9(4) 9(2) 3(4)
H(1B) 26(4) 36(7) 14(2) 3(4) 0(2) -17(5)
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Appendix C

Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Azx
10 3) for 1a.

X y z U(eq)
H(1) 12905(17) 22(7) 806(11) 23(2)
H(2) 10260(20) -86(6) 2316(12) 24(2)
H(@3) 7683(17) 528(6) 3598(10) 23(2)
H(5) 9590(20) 2461(7) 1954(12) 26(2)
H(6) 12169(18) 1836(6) 679(9) 21(2)
H(7A) 7290(18) 2479(6) 3677(10) 22(2)
H(7B) 5043(15) 1921(7) 2937(8) 21(2)
H(9) 3185(15) 1266(7) 4435(9) 24(2)
H(10) 2981(15) 820(7) 6801(9) 24(2)
H(12) 9839(15) 1514(7) 8332(8) 24(2)
H(13) 10031(14) 1955(7) 5967(11) 25(2)
H(1A) 4764(15) 839(7) 9332(10) 21(2)
H(1B) 7425(17) 1104(7) 9854(9) 26(2)
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1b) Methylenedianiline and thiodiphenyl

Appendix C

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 1b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

1b
C25H24N202S
416.52

100(2) K

0.71073 A
Monoclinic
P2(1)/n

a=11.2547(11) A o = 90°.
B = 103.654(5)°.
c=19.9982(17) A y = 90°.

b=10.1129(9) A

2211.8(3) A3

4

1.251 Mg/m3

0.170 mm-!

880

0.50 x 0.15 x 0.05 mm3
1.91 to 27.48°.

-14<=h<=14, -13<=k<=13, -25<=l<=25

15070

5052 [R(int) = 0.1065]

99.7 %

Psi-scan

0.98259 and 0.83120
Full-matrix least-squares on F2
5052/0/295

0.987

R1=0.0571, wR2 =0.1162
R1=0.1215, wR2 = 0.1397
not refined

0.261 and -0.440 e.A-3
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Appendix C

Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(A2x 103) for 1b. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y z U(eq)
o) 6751(2) 189(2) 411(1) 29(1)
C(1) 7280(2) 1265(2) 786(1) 20(1)
C(2) 7656(2) 1113(3) 1496(1) 20(1)
C@3) 8195(2) 2157(3) 1905(1) 20(1)
C4) 8351(2) 3380(2) 1612(1) 19(1)
C(5) 7977(2) 3525(2) 898(1) 19(1)
C(6) 7443(2) 2476(2) 486(1) 19(1)
S(1) 8926(1) 4685(1) 2191(1) 32(1)
C(7) 9471(2) 5856(2) 1682(1) 21(1)
C(8) 10433(2) 5553(3) 1368(1) 26(1)
C©9) 10910(2) 6514(3) 1017(1) 25(1)
C(10) 10475(2) 7809(3) 989(1) 21(1)
C(11) 9510(2) 8115(3) 1283(1) 21(1)
C(12) 9003(2) 7136(2) 1620(1) 22(1)
0(@2) 11009(2) 8723(2) 648(1) 29(1)
N(21) 10446(2) 11321(2) 863(2) 25(1)
C21) 11593(2) 11992(2) 1049(1) 20Q1)
C(22) 12195(3) 12114(3) 1729(1) 29(1)
C(23) 13340(3) 12731(3) 1919(1) 29(1)
C(24) 13905(2) 13231(3) 1429(1) 21(1)
C(25) 13295(3) 13077(3) 741(1) 32(1)
C(26) 12160(3) 12471(3) 548(1) 30(1)
C(20) 15106(2) 13973(3) 1618(1) 24(1)
C@2n 14963(2) 15446(3) 1466(1) 20(1)
C(28) 15691(2) 16109(3) 1105(1) 27(1)
C(29) 15542(2) 17465(3) 964(1) 26(1)
C(30) 14649(2) 18175(3) 1179(1) 21(1)
C(31) 13920(2) 17523(3) 1548(1) 25(1)
C(32) 14074(2) 16182(3) 1686(1) 24(1)
N(22) 14421(2) 19521(2) 979(1) 26(1)
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Table 3. Bond lengths [A] and angles

[°] for 1b.

O(1)-C(1) 1.375(3)
O(1)-H(1A) 0.84(3)
C(1)-C(2) 1.390(3)
C(1)-C(6) 1.395(3)
C(2)-C(3) 1.385(3)
C(2)-H(2) 0.9500
C(3)-C4) 1.397(3)
C(3)-H(3) 0.9500
C4)-C(5) 1.397(3)
C(4)-S(1) 1.774(3)
C(5)-C(6) 1.391(3)
C(5)-H(5) 0.9500
C(6)-H(6) 0.9500
S(1)-C(7) 1.763(3)
C(7)-C(12) 1.392(4)
C(7)-C(8) 1.407(4)
C(8)-C(9) 1.380(4)
C(8)-H(8) 0.9500
C(9)-C(10) 1.395(4)
C(9)-H(9) 0.9500
C(10)-0(2) 1.368(3)
C(10)-C(11) 1.387(4)
C(11)-C(12) 1.394(4)
C(1D)-H(11) 0.9500
C(12)-H(12) 0.9500
O(2)-H(2A) 0.88(4)
N(21)-C(21) 1.428(3)
N(21)-H(Q21A) 0.87(3)
N(21)-H(21B) 0.86(3)
C(21)-C(22) 1.374(4)
C(21)-C(26) 1.395(4)
C(22)-C(23) 1.401(4)
C(22)-H(22) 0.9500
C(23)-C(24) 1.384(4)

Appendix C

C(23)-H(23)
C(24)-C(25)
C(24)-C(20)
C(25)-C(26)
C(25)-H(25)
C(26)-H(26)
C(20)-C(27)
C(20)-H(20A)
C(20)-H(20B)
C(27)-C(28)
C(27)-C(32)
C(28)-C(29)
C(28)-H(28)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)
C(30)-N(22)
C(31)-C(32)
C(31)-H(31)
C(32)-H(32)
N(22)-H(22A)
N(22)-H(22B)

C(1)-O(1)-H(1A)

O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4H-C(3)
C(5)-C(4)-S(1)
C3)-CH-S(1)
C(6)-C(5)-C(4)

0.9500
1.394(4)
1.514(4)
1.387(4)
0.9500
0.9500
1.521(3)
0.9900
0.9900
1.387(4)
1.398(4)
1.402(4)
0.9500
1.384(4)
0.9500
1.392(4)
1.424(3)
1.386(4)
0.9500
0.9500
0.85(3)
0.88(3)

114(2)
117.2(2)
122.9(2)
119.9(2)
120.2(2)
119.9
119.9
120.6(2)
119.7
119.7
118.9(2)
124.4(2)
116.58(19)
120.7(2)
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C(6)-C(5)-H(5) 119.7 C(23)-C(24)-C(20) 122.5(2)
C(4)-C(5)-H(5) 119.7 C(25)-C(24)-C(20) 120.3(2)
C(5)-C(6)-C(1) 119.7(2) C(26)-C(25)-C(24) 122.1(3)
C(5)-C(6)-H(6) 120.1 C(26)-C(25)-H(25) 119.0
C(1)-C(6)-H(6) 120.1 C(24)-C(25)-H(25) 119.0
C(7)-S(1)-C(4) 104.20(12) C(25)-C(26)-C(21) 120.0(2)
C(12)-C(7)-C(8) 118.5(2) C(25)-C(26)-H(26) 120.0
C(12)-C(7)-S(1) 120.0(2) C(21)-C(26)-H(26) 120.0
C(8)-C(7)-S(1) 121.4(2) C(24)-C(20)-C(27) 112.9(2)
C(9)-C(8)-C(7) 120.4(2) C(24)-C(20)-H(20A) 109.0
C(9)-C(8)-H(8) 119.8 C(27)-C(20)-H(20A) 109.0
C(7)-C(8)-H(8) 119.8 C(24)-C(20)-H(20B) 109.0
C(8)-C(9)-C(10) 120.5(3) C(27)-C(20)-H(20B) 109.0
C(8)-C(9)-H(9) 119.8 H(20A)-C(20)-H(20B) 107.8
C(10)-C(9)-H(9) 119.8 C(28)-C(27)-C(32) 117.4(2)
0(2)-C(10)-C(11) 122.7(2) C(28)-C(27)-C(20) 122.0(2)
0(2)-C(10)-C(9) 117.6(2) C(32)-C(27)-C(20) 120.6(2)
C(11)-C(10)-C9) 119.7(2) C(27)-C(28)-C(29) 121.4(3)
C(10)-C(11)-C(12) 119.9(2) C(27)-C(28)-H(28) 119.3
C(10)-C(11)-H(11) 120.1 C(29)-C(28)-H(28) 119.3
C(12)-C(11)-H(11) 120.1 C(30)-C(29)-C(28) 120.4(3)
C(7)-C(12)-C(11) 120.9(2) C(30)-C(29)-H(29) 119.8
C(7)-C(12)-H(12) 119.5 C(28)-C(29)-H(29) 119.8
C(11)-C(12)-H(12) 119.5 C(29)-C(30)-C(31) 118.7(2)
C(10)-0(2)-H(2A) 113(3) C(29)-C(30)-N(22) 120.3(2)
C(21)-N(21)-H(21A) 111(2) C(31)-C(30)-N(22) 120.8(3)
C(21)-N(21)-H(21B) 110.7(18) C(32)-C(31)-C(30) 120.5(3)
H(21A)-N(21)-H(21B) 114(3) C(32)-C(31)-H@31) 119.7
C(22)-C(21)-C(26) 118.5(2) C(30)-C31)-H@31) 119.7
C(22)-C(21)-N(21) 120.3(3) C(31)-C(32)-C(27) 121.6(3)
C(26)-C(21)-N(21) 121.1(2) C(31)-C(32)-H(32) 119.2
C(21)-C(22)-C(23) 121.0(3) C(27)-C(32)-H32) 119.2
C(21)-C(22)-H(22) 119.5 C(30)-N(22)-H(22A) 112(2)
C(23)-C(22)-H(22) 119.5 C(30)-N(22)-H(22B) 116.1(19)
C(24)-C(23)-C(22) 121.2(2) H(22A)-N(22)-H(22B) 111(3)
C(24)-C(23)-H(23) 1194

C(22)-C(23)-H(23) 1194 Symmetry transformations used to
C(23)-C(24)-C(25) 117.2(2) generate equivalent atoms:
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Table 4.

Appendix C

Anisotropic displacement parameters (A2x 103) for 1b. The anisotropic

displacement factor exponent takes the form: 2m2[h2 a*2Ull 4+ | 4+ 2hka* b* Ul2)

ull U22 U33 U23 ul3 ul2
o) 34(1) 22(1) 28(1) 1(1) 3(D) -9(1)
C) 16(1) 16(1) 29(2) 0(1) 7(1) -1(1)
C(2) 18(1) 17(1) 27(1) 5(1) 7(1) -1(1)
C(3) 15(1) 24(1) 22(1) 5(1) 5(1) 2(1)
C4) 15(1) 22(1) 22(1) -1(1) 6(1) 0(1)
C(5) 18(1) 16(1) 24(1) 3(1) 8(1) -1(1)
C(6) 16(1) 21(1) 21(1) 1(1) 7(1) 1(1)
S(1) 47(1) 25(1) 24(1) -2(1) 10(1) -8(1)
C() 22(1) 19(1) 19(1) -2(1) 2(1) -4(1)
C(8) 23(1) 18(1) 34(2) -1(1) 2(1) 1(1)
C) 20(1) 22(1) 33(2) -5(1) 9(1) -1(1)
C(0) 20(1) 20(1) 24(1) -3(1) 3(1) -2(1)
C{an 21 14(1) 26(1) o(1) 2(1) 1(1)
C(12)  19(D) 25(1) 21(1) -7(1) 5(1) -1(1)
0(2) 32(1) 19(1) 39(1) 2(1) 15(1) -1(D)
N@21) 18(1) 24(1) 32(2) -1(1) 6(1) -3(1D)
C2n  18(h 12(1) 31(2) -3(D) 5(1) -1(1)
C(22) 29(2) 33(2) 26(2) 6(1) 10(1) -8(1)
C23) 312 34(2) 20(1) 8(1) 0(1) -7(1)
C24) 21(D 16(1) 26(1) 2(1) 5(1) 1(1)
C(25) 342 39(2) 24(2) -2(D) 12(1) -12(1)
C6) 312 39(2) 19(1) -5(1) 3(1) -12(1)
C(0) 22(1) 20(1) 30(2) 5(1) 4(1) -2(1)
C@27) 150 23(1) 20(1) 1(1) -1(1) -6(1)
C(28) 22(D) 27(2) 32(2) -1(1) 8(1) I(1)
C(29) 25(2) 25(1) 29(2) 3(1) 12(1) -6(1)
C30) 21(D 20(1) 18(1) -2(1) -1(1) -4(1)
C(31) 24(1) 24(1) 28(2) -3(1) 9(1) -2(1)
C(32) 23(D) 27(2) 24(1) 1(1) 10(1) -6(1)
N(22) 25(1) 20(1) 33(1) -2(h) 7(1) -5(1)
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 10
3) for 1b.

X y z U(eq)
H(1A) 6550(30) 330(30) -13(18) 53(11)
H(2) 7543 289 1701 24
H(3) 8461 2041 2388 24
H(5) 8089 4348 693 22
H(6) 7190 2583 1 23
H(8) 10755 4681 1398 31
H(9) 11540 6292 794 29
H(11) 9195 8990 1254 25
H(12) 8329 7346 1811 26
H(2A) 10780(30) 9540(40) 706(19) 72(13)
H(21A) 10030(30) 11450(30) 1169(16) 48(10)
H(21B) 10060(20) 11530(30) 450(14) 21(8)
H(22) 11829 11775 2075 35
H(23) 13736 12807 2393 35
H(25) 13668 13398 393 38
H(26) 11768 12382 74 36
H(20A) 15673 13594 1358 29
H(20B) 15476 13847 2114 29
H(28) 16304 15635 951 32
H(29) 16057 17899 719 31
H(31) 13313 18000 1707 30
H(32) 13564 15754 1935 29
H(22A) 14070(30) 19940(30) 1251(16) 45(10)
H(22B) 15050(30) 19970(30) 905(15) 34(9)
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Appendix C

2a) 4-amino-4’-hydroxydiphenylethane

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 2a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.32°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

2a

Cl4HISNO

213.27

100(2) K

0.71073 A

Monoclinic

Pc

a=13.682(3) A o =90°.
b=52619(11) A B =107.28(3)°.
c =8.1916(16) A ¥ =90°,
563.1(2) A3

2

1.258 Mg/m3

0.079 mm-1

228

0.50 x 0.35 x 0.10 mm3

1.56 to 30.32°.

-18<=h<=15, -7<=k<=7, -10<=l<=11
6709

2509 [R(int) = 0.0322]

92.1 %

None

Full-matrix least-squares on F2
2509/2/205

1.034

R1 =0.0405, wR2 = 0.1087

R1 =0.0448, wR2 = 0.1137
-0.7(13)

not refined

0.370 and -0.186 e.A-3
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(10\2x 103) for 2a. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y z U(eq)
O(1) 8204(1) 1649(2) 14343(2) 22(1)
C(D) 7180(1) 2022(3) 13471(2) 17(1)
C(2) 6686(1) 4128(3) 13910(2) 19(1)
C@3) 5653(1) 4556(3) 13057(2) 19(1)
C4) 5096(1) 2910(3) 11762(2) 17(1)
C(5) 5610(1) 825(3) 11345(2) 19(1)
C(6) 6637(1) 382(3) 12179(2) 18(1)
C() 3971(1) 3340(3) 10895(2) 19(1)
C(8) 3288(1) 1866(3) 11771(2) 20(1)
C9) 2156(1) 2150(3) 10851(2) 17(1)
C(10) 1580(1) 4136(3) 11234(2) 19(1)
C1n 537(1) 4398(3) 10362(2) 18(1)
C(2) 52(1) 2658(3) 9084(2) 17(1)
C(13) 622(1) 674(3) 8690(2) 19(1)
C(14) 1658(1) 441(3) 9564(2) 19(1)
N(D) -1025(1) 2801(3) 8266(2) 20(1)
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Table 3. Bond lengths [A] and angles

Appendix C

[°] for 2a.

O)-C(1) 1.385(2)
O(1)-H(1) 0.80(3)
C(1)-C(6) 1.396(2)
C(1)-C(2) 1.399(2)
C(2)-C(@3) 1.396(3)
C(2)-H(2) 1.00(2)
C(3)-C@4) 1.405(2)
C(3)-H(3) 0.96(2)
C4)-C(5) 1.400(2)
C4)-C(7) 1.508(2)
C(5)-C(6) 1.387(2)
C(5)-H(5) 1.01(3)
C(6)-H(6) 0.97(2)
C(7)-C(8) 1.5452(19)
C(7)-H(8A) 0.99(3)
C(7)-H(8B) 1.01(2)
C(8)-C(9) 1.516(2)
C(8)-H(7A) 1.00(2)
C(8)-H(7B) 0.97(3)
C(9)-C(10) 1.399(2)
C(9)-C(14) 1.399(2)
C(10)-C(11) 1.400(2)
C(10)-H(10) 0.97(2)
C(11)-C(12) 1.401(2)
C(11)-H(11) 0.99(2)
C(12)-C(13) 1.397(2)
C(12)-N(1) 1.428(2)
C(13)-C(14) 1.390(3)
C(13)-H(13) 0.98(3)
C(14)-H(14) 0.99(3)
N(1)-H(1A) 0.97(3)
N(1)-H(1B) 0.91(2)
C(1)-O(1)-H(1l) 111(2)
O(1)-C(1)-C(6) 122.17(15)

O(D-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C4)-C(7)
C(3)-C4)-C(7N)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
C(4)-C(7)-C(8)
C(4)-C(7)-H(8A)
C(8)-C(7)-H(8A)
C(4)-C(7)-H(8B)
C(8)-C(7)-H(8B)
H(8A)-C(7)-H(8B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(7A)
C(7)-C(8)-H(7A)
C(9)-C(8)-H(7B)
C(7)-C(8)-H(7B)
H(7A)-C(8)-H(7B)
C(10)-C(9)-C(14)
C(10)-C(9)-C(8)
C(14)-C(9)-C(8)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)

118.14(15)
119.68(15)
119.56(15)
120.7(13)
119.7(13)
121.32(16)
120.0(16)
118.7(16)
117.90(15)
121.27(15)
120.80(16)
121.37(16)
121.7(15)
116.9(15)
120.17(15)
120.9(16)
118.9(16)
112.31(12)
111.4(15)
109.4(14)
108.7(14)
105.5(13)
109(2)
112.93(12)
111.6(12)
106.2(12)
110.8(15)
110.2(15)
105(2)
117.92(15)
121.52(15)
120.56(15)
121.05(15)
122.1(15)
116.9(15)
120.13(15)
120.7(14)
119.1(14)
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C(13)-C(12)-C(11)
C(13)-C(12)-N(1)
C(11)-C(12)-N(1)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-C(9)
C(13)-C(14)-H(14)

119.19(15)
120.01(15)
120.68(15)
120.06(15)
119.4(16)
120.5(16)
121.66(16)
119.0(15)

Appendix C

C(9)-C(14)-H(14)
C(12)-N(1)-H(1A)
C(12)-N(1)-H(1B)
H(1A)-N(1)-H(1B)

119.3(15)
108.2(19)
111.6(17)
114(3)

Symmetry

transformations used

generate equivalent atom:

to

Table 4.  Anisotropic displacement parameters (A2x 103) for 2a. The anisotropic
displacement factor exponent takes the form: -272[ h2 a*2ULll 4+ . +2 h k a* b* Ul2]

yll U22 U33 U23 ul3 ul2
Oo(l) 15(1) 24(1) 23(1) -5(1) 1(1) o)
C(1) 16(1) 19(1) 15(1) 3(1) 5(1) 0(1)
C(2) 18(1) 20(1) 16(1) -2(1) 3(1) -2(1)
C@3) 19(1) 17(1) 21(1) o(l) 8(1) 2(1)
C4) 15(1) 20(1) 17(1) 2(1) 4(1) -1(1)
C(5) 18(1) 20(1) 17(1) o) 4(1) 0(1)
C(6) 19(1) 18(1) 17(1) -1(1) 5(1) 0(1)
C(7) 15(1) 23(1) 19(1) 6(1) 4(1) 3(1)
C(8) 16(1) 24(1) 20(1) 3(1) 4(1) o(L)
C9) 16(1) 19(1) 17(1) 3(1) 6(1) 0(1)
C(10) 18(1) 18(1) 19(1) -2(1) 2(1) -2(1)
C(11)  16(1) 19(1) 21(1) o) 5(1) 2(1)
C(12) 15(D) 19(1) 15(1) 1(1) 3(1) -2(1)
C(13) 19(1) 20(1) 19(1) -3(1) 6(1) -1(1)
C(14)  18(1) 20(1) 19(1) -2(1) 6(1) 2(1)
N(1) 14(1) 25(1) 21(1) 0(1) 3(1) 1(1)
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Table 5. Hydrogen coordinates ( x 104) and 1sotropic displacement parameters (A2x

10 3) for 2a.

X y z U(eq)
H(1) 8410(20) 320(50)  14090(40) 31(7)
H(2) 7083(18) 5350(40)  14800(30) 22(6)
H(3) 5317(19) 6040(40)  13320(30) 23(6)
H(5) 5200(20) -330(50)  10400(30) 31(6)
H(6) 6980(20)  -1100(50)  11920(30) 30(6)
H(7A) 3465(16) 2520(40)  12970(30) 20(5)
H(7B) 3482(19) 90(50)  11890(30) 30(6)
H(8A) 3781(19) 2870(40) 9670(30) 27(6)
H(8B) 3811(19) 5190(50)  11000(30) 26(6)
H(10) 1878(19) 5390(40)  12110(30) 26(6)
H(11) 137(19) 5850(40)  10610(30) 34(7)
H(13) 300(20) -530(40) 7770(30) 32(6)
H(14) 2050(20)  -1010(50) 9290(40) 35(7)
H(1A) -1270(20) 4400(50) 8590(40) 46(8)
H(1B) -1180(20) 2570(50) 7120(30) 39(6)
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Appendix C

2b) 4-amino-4’-hydroxydiphenylmethylsulphide

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 2b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 74.96°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

2b
CI3HI3NOS

231.30

100(2) K

1.54178 A

Monoclinic

Pc

a=13.8443) A a = 90°.
b =5.1626(10) A B =107.22(3)°.
c =8.2485(16) A ¥ = 90°.
563.07(19) A3

2

1.364 Mg/m3

0.235 mm-1

244

0.45x 0.15 x 0.05 mm3

3.34 to 74.96°.

-17<=h<=17, -6<=k<=6, -6<=l<=10
3842

1935 [R(int) = 0.0449]

89.4 %

None

Full-matrix least-squares on F2
1935/2/158

1.095

RI =0.0435, wR2 = 0.1170

R1 =0.0497, wR2 = 0.1259
-0.02(3)

0.0069(11)

0.312 and -0.318 ¢.A-3
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Table 2. Atomic coordinates (x 10%4) and equivalent isotropic displacement parameters
(Azx 103) for 2b. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y zZ U(eq)
S(1) 5064(1) 1351(2) 4410(1) 29(1)
N(1) 9998(2) 2184(7) 6593(5) 28(1)
o(l) 784(2) 3402(5) 505(3) 28(1)
C() 1773(3) 2984(7) 1412(5) 22(1)
C(2) 2273(3) 867(7) 1014(5) 24(1)
C(3) 3274(3) 392(7) 1913(5) 25(1)
C4) 3800(3) 2018(7) 3225(5) 23(1)
C(5) 3288(3) 4130(7) 3632(5) 24(1)
C(6) 2287(3) 4636(7) 2737(5) 24(1)
C() 5749(3) 3265(7) 3247(5) 26(1)
C(8) 6862(3) 2931(7) 4119(4) 22(1)
C) 7419(3) 916(7) 3719(5) 25(1)
C(11) 8932(3) 2362(7) 5807(5) 22(1)
C(12) 8387(3) 4365(7) 6239(5) 26(1)
C(10) 8434(3) 623(7) 4541(5) 23(1)
C(13) 7371(3) 4648(7) 5402(5) 24(1)
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Table 3. Bond lengths [A] and angles

°

Appendix C

[°] for 2b.
S(1)-C(4) 1.768(4)
S(1)-C(7) 1.827(4)
N(1)-C(11) 1.429(4)
N(1)-H(1B) 0.92(5)
N(1)-H(1A) 0.85(5)
0(1)-C(1) 1.370(4)
O(1)-H(1) 0.98(7)
C(1)-C(2) 1.384(5)
C(1)-C(6) 1.402(5)
C(2)-C(3) 1.386(5)
C(2)-H(2A) 0.9500
C(3)-C4) 1.392(5)
C(3)-H(3A) 0.9500
C(4)-C(5) 1.394(5)
C(5)-C(6) 1.388(5)
C(5)-H(5A) 0.9500
C(6)-H(6A) 0.9500
C(7)-C(8) 1.504(5)
C(7)-H(7A) 0.9900
C(7)-H(7B) 0.9900
C(8)-C(9) 1.391(5)
C(8)-C(13) 1.400(5)
C(9)-C(10) 1.376(5)
C(9)-H(9A) 0.9500
C(11)-C(12) 1.387(5)
C(11)-C(10) 1.395(5)
C(12)-C(13) 1.379(5)
C(12)-H(12A) 0.9500
C(10)-H(10A) 0.9500
C(13)-H(13A) 0.9500
C(4)-S(1)-C(7) 100.80(17)
C(11)-N(1)-H(1B) 112(3)
C(11)-N(1)-H(1A) 110(3)
H(1B)-N(1)-H(1A) 108(4)

C(1)-0(1)-H(1)
O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(2)-C(3)-C4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(3)-C4)-C(5)
C(3)-C4)-S(1)
C(5)-C(4)-S(1)
C(6)-C(5)-C4)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5A)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6A)
C(1)-C(6)-H(6A)
C(8)-C(7)-S(1)
C(8)-C(7)-H(7A)
S(1)-C(7)-H(7A)
C(8)-C(7)-H(7B)
S(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(12)-C(11)-C(10)
C(12)-C(11)-N(1)
C(10)-C(11)-N(1)
C(13)-C(12)-C(11)

C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)

C(9)-C(10)-C(11)

112(4)
118.9(3)
121.6(3)
119.4(3)
120.2(3)
119.9
119.9
121.2(3)
119.4
119.4
118.2(3)
121.1(3)
120.6(3)
121.2(3)
119.4
119.4
119.7(4)
120.1
120.1
107.7(3)
110.2
110.2
110.2
110.2
108.5
117.5(3)
122.2(3)
120.3(3)
121.5(3)
119.2
119.2
119.1(3)
119.9(3)
120.9(3)
120.2(3)
119.9
119.9
120.3(3)
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C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13A)

Table 4.

119.9
119.9
121.5(4)
119.3

Appendix C

C(8)-C(13)-H(13A)

119.3

Symmetry

transformations

generate equivalent atoms:

used

to

Anisotropic displacement parameters (A2x 103) for 2b. The anisotropic

displacement factor exponent takes the form: —27:2[ h2 a*2Ull + . +2hka* b* U12]

yll U22 U33 Uu23 ul3 Ul2
S(1) 24(1) 32(1) 28(1) 9(1) 5(1) 3(1)
N(1) 28(2) 27(2) 26(2) o) 3(1) 1(1)
o(l) 24(1) 30(1) 26(2) -4(1) 3(1) 2(1)
C() 19(2) 24(2) 21(2) 1(1) 5(1) 0(1)
C@2) 21(2) 26(2) 25(2) -2(2) 7(2) -2(2)
C(@3) 34(2) 24(2) 21(2) 3(2) 16(2) 6(2)
C4) 24(2) 28(2) 20(2) 8(2) 7(2) -1(2)
C(5) 24(2) 24(2) 20(2) 0(2) 2(2) 2(2)
C(6) 28(2) 23(2) 20(2) 0(2) 3(2) -1(2)
C(7) 29(2) 28(2) 20(2) 4(2) 7(2) -3(2)
C(8) 23(2) 23(2) 20(2) 2(1) 5(2) -4(1)
C) 27(2) 22(2) 24(2) -2(1) 4(2) -4(1)
Crny  18(2) 23(2) 22(2) 2(1) 2(1) -3(1)
C(12) 29(2) 23(2) 23(2) -4(2) 0(2) -1(2)
C(10)  26(2) 20(2) 24(2) -2(1) 8(2) 1(1)
C(13) 24(2) 23(2) 23(2) -2(2) 5(2) -1(2)
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Appendix C

Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x
10 3) for 2b.

X y z U(eq)
H(1B) 10170(30) 2480(90) 7740(60) 34(12)
H(1A) 10210(40) 680(100) 6440(60) 42(14)
H(1) 520(50) 4970(140) 880(80) 73(18)
H(2A) 1929 -264 122 28
HBGA) 3608 -1070 1629 30
H(5A) 3631 5242 4537 29
H(6A) 1952 6095 3021 29
H(7A) 5581 2661 2057 31
H(7B) 5560 5115 3244 31
H(9A) 7091 -284 2860 30
H(12A) 8714 5544 7113 32
H(10A) 8797 -770 4244 28
H(13A) 7009 6039 5702 28
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Appendix C

2¢) 4-amino-4’-hydroxydiphenyldisulphide

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 2c.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.32°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2c

CI2HIINOS2

249.34

100(2) K

0.71073 A

Monoclinic

P2(1)/c

a=104321(12) A a = 90°.
b=8.1179(11) A B = 109.633(6)°.
c=14.791(2) A ¥ = 90°.
1179.8(3) A3

4

1.404 Mg/m3

0.428 mm-1

520

0.55 x 0.50 x 0.10 mm3

2.07 to 28.32°.

-12<=h<=13, -7<=k<=10, -19<=I<=19
8343

2926 [R(int) = 0.0278]

99.6 %

Psi-scan

0.90251 and 0.76269

Full-matrix least-squares on F2
2926/0/ 157

1.078

R1 =0.0348, wR2 = 0.0836
R1=0.0417, wR2 = 0.0871

not refined

0.381 and -0.221 e.A-3
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Appendix C

Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(Azx 103) for 2¢. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y Z U(eq)
o(1) 681(1) -5936(1) -1851(1) 27(1)
C() 1004(2) -4928(2) -1068(1) 21(1)
C2) 2213(2) -5240(2) -304(1) 25(1)
C@3) 2566(2) -4276(2) 520(1) 25(1)
C4) 1724(2) -2978(2) 596(1) 22(1)
C(5) 507(2) -2685(2) -162(1) 21(1)
C(6) 149(1) -3641(2) -991(1) 21(1)
S(1) 2155(1) -1739(1) 1653(1) 28(1)
S(2) 2842(1) 410(1) 1242(1) 27(1)
N(1) 8715(1) -411(2) 1572(1) 23(1)
C(11) 7318(2) -264(2) 1485(1) 21(1)
C(12) 6577(2) 1139(2) 1068(1) 23(1)
C(13) 5220(2) 1294(2) 1003(1) 24(1)
C@14) 4592(2) 69(2) 1375(1) 21(1)
C(15) 5337(2) -1320(2) 1808(1) 23(1)
C(16) 6691(2) -1488(2) 1854(1) 23(1)
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Table 3. Bond lengths [A] and angles

Appendix C

(°] for 2c¢.

O()-C(1) 1.3651(19)
O(1)-H(1) 0.85(2)
C(1)-C(6) 1.403(2)
C(1)-C(2) 1.405(2)
C(2)-C(3) 1.390(2)
C(2)-H(2) 0.9500
C(3)-C4) 1.401(2)
C(3)-H(3) 0.9500
C4)-C(5) 1.403(2)
C(4)-S(1) 1.7845(16)
C(5)-C(6) 1.391(2)
C(5)-H(5) 0.9500
C(6)-H(6) 0.9500
S(1)-S(2) 2.0540(6)
S(2)-C(14) 1.7910(15)
N(1)-C(11) 1.4242(19)
N(1)-H(1A) 0.82(2)
N(1)-H(1B) 0.80(2)
C(11)-C(16) 1.398(2)
C(11)-C(12) 1.398(2)
C(12)-C(13) 1.392(2)
C(12)-H(12) 0.9500
C(13)-C(14) 1.401(2)
C(13)-H(13) 0.9500
C(14)-C(15) 1.397(2)
C(15)-C(16) 1.398(2)
C(15)-H(15) 0.9500
C(16)-H(16A) 0.9500
C(1)-O(1)-H(1) 110.8(14)
O(1)-C(1)-C(6) 122.24(13)
O()-C(1)-C(2) 118.26(14)
C(6)-C(1)-C(2) 119.46(14)
C(3)-C(2)-C(1) 120.41(14)

C3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C4)
C(2)-C(3)-HB)
C(4)-C(3)-HQ3)
C3)-CH-CO)
CE3)-C4H)-S(1)
CG)-CH-S(1)
C(6)-C(5)-C(4)
C(6)-C(5)-HE)
C(4)-C(5)-HB)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
C4)-S(1)-S(2)
C(14)-S(2)-S(1)
C(11)-N(1)-H(1A)
C(11)-N(1)-H(1B)
H(1A)-N(1)-H(1B)
C(16)-C(11)-C(12)
C(16)-C(11)-N(1)
C(12)-C(11)-N(1)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-S(2)
C(13)-C(14)-S(2)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(11)

C(15)-C(16)-H(16A)
C(11)-C(16)-H(16A)

119.8
119.8
120.35(14)
119.8
119.8
119.08(14)
120.95(12)
119.94(12)
120.88(14)
119.6
119.6
119.80(13)
120.1
120.1
103.30(5)
106.28(5)
109.7(17)
111.5(15)
112(2)
119.28(14)
120.31(14)
120.34(14)
120.21(14)
119.9
119.9
120.48(14)
119.8
119.8
119.48(14)
124.34(12)
116.17(12)
119.86(14)
120.1
120.1
120.66(14)
119.7
119.7
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Appendix C

Table 4. Anisotropic displacement parameters (A2x 103) for 2¢. The anisotropic
displacement factor exponent takes the form: -2n2[ h2 a*2yll + | 42 hka*b* U12]
Ull U22 U33 U23 yl3 Ul?2
o(l) 26(1) 21(1) 29(1) -1(1) 3(1) 5(1)
C(1) 21(1) L7(1) 26(1) 3(1) 8(1) -2(1)
CQ) 21(1) 21(1) 33(1) 4(1) 7(1) 4(1)
C(3) 18(1) 27(1) 27(1) 7(1) 4(1) 0(1)
C(4) 18(1) 26(1) 23(1) I(1) 8(1) -4(1)
C(5) 18(1) 22(1) 26(1) 3(1) 9(1) 1(1)
C(6) 17(1) 21(1) 25(1) 4(1) 5(1) o)
S(1) 21(1) 43(1) 22(1) -4(1) 9(1) -4(1)
S(2) 19(1) 28(1) 32(1) -8(1) 6(1) 2(1)
N(1) 19(1) 25(1) 25(1) 4(1) 8(1) -1(1)
C(11)  19(1) 23(1) 18(1) -2(1) 5(1) -3(1)
C(12)  26(1) 19(1) 23(1) I(1) 7(1) -4(1)
C(13)  26(1) 20(1) 24(1) (1) 4(1) 2(1)
C(14) 18(1) 24(1) 19(1) -4(1) 4(1) 0(1)
C(15) 2I(1) 25(1) 23(1) 3(1) 7(1) -3(1)
C(1e)  20(1) 22(1) 24(1) 5(1) 5(1) 1(1)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 2c.

X y z U(eq)
H(1) 60(20) -5510(30)  -2322(16) 36(6)
H(2) 2792 6114 -351 30
H(3) 3383 -4499 1034 30
H(5) -80 -1824 -109 26
H(6) -672 -3422 -1503 25
H(1A) 8850(20) 80(30) 1130(17) 48(7)
H(1B) 8940(20)  -1350(30) 1591(14) 28(5)
H(12) 7000 1989 829 28
H(13) 4716 2238 704 29
H(15) 4924 2150 2071 28
H(16A) 7190 -2443 2140 27
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3a) 4-amino-4’-hydroxydiphenylpropane

Appendix C

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 3a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.27°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

3a

CI5HI7TNO

227.30

100(2) K

0.71073 A

Orthorhombic

Pca2(1)

a=23.9370(7) A o =90°.
b=6.2160(2) A B = 90°.
¢ =8.3970(3) A v =90°.
1249.41(7) A3

q

1.208 Mg/m3

0.075 mm-1

488

0.52 x 0.25 x 0.07 mm3

1.70 to 28.27°.

-31<=h<=31, -5<=k<=8, -11<=I<=10
8492

3069 [R(int) = 0.0365]

100.0 %

None

Full-matrix least-squares on F2
3069 /1/223

1.016

R1 =0.0389, wR2 = 0.0856
R1=0.0510, wR2 =0.0918
0.3(15)

not refined

0.205 and -0.159 e.A-3
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Appendix C

Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(AZX 103) for 3a. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y z U(eq)
o(1) 3091(1) 6252(2) 8976(2) 30(1)
C(1) 3602(1) 5501(3) 8474(2) 25(1)
C(2) 3776(1) 3403(3) 8759(2) 26(1)
C3) 4287(1) 2707(3) 8160(2) 25(1)
C4) 4634(1) 4049(3) 7282(2) 23(1)
C(5) 4457(1) 6161(3) 7039(2) 25(1)
C(6) 3942(1) 6890(3) 7620(2) 26(1)
C(7) 5171(1) 3205(3) 6551(2) 27(1)
C(8) 5562(1) 2066(3) 7723(2) 24(1)
C9) 6078(1) 1120(3) 6910(2) 32(1)
C(10) 6451(1) -143(3) 8018(2) 26(1)
C(D 6298(1) -2195(3) 8552(2) 27(1)
C(12) 6636(1) -3346(3) 9589(2) 26(1)
C(13) 7136(1) -2478(3) 10137(2) 24(1)
C(14) 7295(1) -434(3) 9621(2) 26(1)
C(15) 6952(1) 704(3) 8573(2) 28(1)
N(1) 7502(1) -3713(3) 11117(2) 27(1)
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Table 3. Bond lengths [A] and angles

Appendix C

[°] for 3a.

O(1)-C(1) 1.3756(19)
O(1)-H(1) 0.91(2)
C(1)-C(6) 1.387(2)
C(1)-C(2) 1.390(2)
C(2)-C(3) 1.390(2)
C(2)-H(2) 0.943(19)
C(3)-C(4) 1.390(2)
C(3)-H(3) 0.93(2)
C(4)-C(5) 1.396(2)
C4)-C(7) 1.516(2)
C(5)-C(6) 1.399(2)
C(5)-H(5) 0.95(2)
C(6)-H(6) 0.960(18)
C(7)-C(8) 1.532(2)
C(7)-H(7A) 0.97(2)
C(7)-H(7B) 0.98(2)
C(8)-C(9) 1.529(2)
C(8)-H(8A) 0.95(2)
C(8)-H(8B) 0.99(2)
C(9)-C(10) 1.510(2)
C(9)-H(9A) 0.98(2)
C(9)-H(9B) 0.99(3)
C(10)-C(15) 1.391(2)
C(10)-C(11) 1.400(2)
C(11)-C(12) 1.387(2)
C(11)-H(11) 0.942(19)
C(12)-C(13) 1.393(2)
C(12)-H(12) 0.96(2)
C(13)-C(14) 1.395(2)
C(13)-N(1) 1.425(2)
C(14)-C(15) 1.395(3)
C(14)-H(14) 0.96(2)
C(15)-H(15) 0.95(2)
N(1)-H(1A) 0.85(2)

N(1)-H(1B)

C(1)-O(1)-H(1)
O(1)-C(1)-C(6)
O(1)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C4)-C(3)-C(2)
C4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-C(7)
C(5)-C(4)-C(7)
C4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
C(4)-C(7)-C(8)
C(4)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(4)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)

0.90(2)

112.4(14)
118.05(15)
122.21(15)
119.72(15)
119.59(16)
119.6(11)
120.8(11)
122.12(16)
120.4(13)
117.4(13)
117.34(15)
120.95(15)
121.64(15)
121.47(15)
118.0(12)
120.5(12)
119.73(15)
120.2(11)
120.0(11)
114.63(14)
109.0(13)
109.5(13)
108.2(13)
109.3(12)
105.9(18)
112.60(14)
110.3(11)
110.0(12)
112.0(12)
108.4(12)
103.2(16)
113.74(14)
110.1(13)
109.2(13)
111.4(14)
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C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(15)-C(10)-C(11)
C(15)-C(10)-C(9)

C(11)-C(10)-C(9)

C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-N(1)

Table 4.

107.0(14)
105(2)
117.58(15)
121.31(16)
121.10(16)
121.27(15)
120.2(12)
118.4(12)
120.61(16)
119.8(11)
119.4(11)
118.91(15)
120.72(16)

Appendix C

C(14)-C(13)-N(1)

C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(10)-C(15)-C(14)
C(10)-C(15)-H(15)
C(14)-C(15)-H(15)
C(13)-N(1)-H(1A)
C(13)-N(1)-H(1B)

H(1A)-N(1)-H(1B)

120.21(15)
119.92(16)
120.1(13)
120.0(13)
121.72(16)
119.6(11)
118.7(11)
111.8(16)
111.3(12)
113(2)

Symmetry

transformations used to

generate equivalent atoms:

Anisotropic displacement parameters (A2x 103) for 3a. The anisotropic

displacement factor exponent takes the form: 2m2[ h2 a*2ull + | + 2 hka* b* U2

yll U22 U33 U23 ul3 ul2
o(1) 23(1) 31(1) 38(1) -2(1) 2(1) 4(1)
C(1) 21(1) 28(1) 24(1) -5(1) -4(1) o(l)
C(2) 23(1) 27(1) 29(1) -1(1) 0(1) -2(1)
C(@3) 24(1) 21(1) 30(1) o) 1(1) o(l)
C4) 21(1) 27(1) 21(1) -1(1) -2(1) I(1)
C(5) 26(1) 28(1) 22(1) o) -5(1) -3(1)
C(6) 29(1) 21(1) 28(1) -2(1) -8(1) 3(1)
C() 24(1) 33(1) 23(1) 3(1) 3(1) 4(1)
C(8) 23(1) 29(1) 21(1) 0(1) 1(1) 1I(D)
C) 29(1) 43(1) 23(1) 4(1) 4(1) 8(1)
C(10) 24(1) 34(1) 21(1) 1(1) 5(1) 5(1)
Crn 19 37(1) 25(1) -2(1) 2(1) -4(1)
C(12) 241 27(1) 25(1) 3(1) 4(1) -4(1)
C(13)  22(1) 30(1) 21(1) -1(1) 4(1) 2(1)
C(14) 21(1) 29(1) 29(1) o) 0(1) -4(1)
C(15)  28(1) 25(1) 30(1) 2(1) 6(1) -1(1)
N(1) 23(1) 33(1) 25(1) 6(1) -1(1) -2(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 3a.

X y z Uleq)
H(1) 2923(9) 5350(40) 9670(30) 40(6)
H(2) 3551(8) 2440(30) 9340(20) 26(5)
H(3) 4383(8) 1270(30) 8330(30) 35(5)
H(5) 4698(8) 7110(30) 6480(20) 27(5)
H(6) 3824(8) 8340(30) 7420(20) 27(5)
H(7A) 5367(9) 4390(40) 6050(30) 41(6)
H(7B) 5072(9) 2210(30) 5690(30) 35(5)
H(8A) 5670(8) 3030(30) 8550(20) 29(5)
H(8B) 5345(8) 960(30) 8300(20) 37(6)
H(9A) 6290(9) 2280(40) 6400(30) 47(6)
H(9B) 5943(10) 220(40) 6020(30) 54(7)
H(11) 5949(8) -2750(30) 8240(20) 32(5)
H(12) 6513(8) -4720(30) 9990(20) 28(5)
H(14) 7643(9) 170(30) 9960(30) 36(6)
H(15) 7066(7) 2090(30) 8240(20) 28(5)
H(1A) 7706(9) -2920(40)  11690(30) 46(7)
H(1B) 7314(8) -4710(30)  11670(20) 29(5)
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Appendix C

3b) 4-amino-4’-hydroxyphenylethylsulphide

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 3b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

3b
CI4HISNOS
245.33

100(2) K
0.71073 A
Monoclinic

Pc

a=12.6341(9) A o = 90°,
B =90.351(3)".
c=8.5671(5) A ¥ =90°.

b =5.8636(4) A

634.65(7) A3

2

1.284 Mg/m3

0.238 mm-1

260

0.35 x 0.25 x 0.20 mm?3
1.61 to 30.08°.

-17<=h<=17, -6<=k<=7, -11<=l<=11

4751

3138 [R(int) = 0.0256]
92.6 %

Psi-scan

0.93286 and 0.88891

Full-matrix least-squares on F2
3138/2/166

1.055

R1=0.0322, wR2 =0.0822
R1=0.0337, wR2 = 0.0835
0.04(6)

not refined

0.304 and -0.177 e.A-3
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Appendix C

Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A2x 103) for 3b. U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.

X y z U(eq)
Oo(1) 8085(1) 7481(2) 1880(2) 24(1)
C() 7044(1) 7568(3) 2291(2) 19(1)
C(2) 6345(1) 9240(3) 1732(2) 20(1)
C@3) 5301(1) 9265(3) 2265(2) 21(1)
C4) 4946(1) 7645(3) 3339(2) 18(1)
C(5) 5650(1) 5968(3) 3871(2) 22(1)
C(6) 6691(1) 5930(3) 3354(2) 23(1)
S(1) 3635(1) 7765(1) 4081(1) 19(1)
C() 2959(1) 5733(4) 2813(2) 28(1)
C(8) 1893(1) 5115(3) 3513(2) 22(1)
C9) 1192(1) 3671(3) 2470(2) 16(1)
C(10) 200(1) 4484(3) 1989(2) 17(1)
C(n -465(1) 3211(3) 1018(2) 17(1)
C(12) -142(1) 1062(3) 489(2) 16(1)
C(13) 839(1) 201(3) 974(2) 16(1)
C(14) 1496(1) 1493(3) 1954(2) 17(1)
N(1) -844(1) -267(3) -449(2) 19(1)
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Appendix C

Table 3. Bond lengths [A] and angles O(1)-C(1)-C(6) 117.01(15)
[°] for 3b. O(D)-C(1)-C(2) 122.96(15)
C(6)-C(1)-C(2) 120.01(16)
Oo(1)-C(1) 1.365(2) C(3)-C(2)-C(1) 119.28(15)
O(1)-H(1) 0.85(3) C(3)-C(2)-H(2A) 1204
C(1)-C(6) 1.399(2) C(1)-C(2)-H(2A) 1204
C(1)-C(2) 1.402(2) C(2)-C(3)-C4) 121.02(15)
C(2)-C(3) 1.398(2) C(2)-C(3)-H(3A) 119.5
C(2)-H(2A) 0.9500 C(4)-C(3)-H(BA) 119.5
C(3)-C4) 1.398(2) C(3)-C(4)-C(5) 118.98(16)
C(3)-H(3A) 0.9500 C(3)-C(4)-S(1) 120.79(13)
C4)-C(5) 1.401(2) C(5)-C(4)-S(1) 120.18(13)
C(4)-S(1) 1.7787(17) C(6)-C(5)-C4) 120.56(15)
C(5)-C(6) 1.390(2) C(6)-C(5)-H(5A) 119.7
C(5)-H(5A) 0.9500 C(4)-C(5)-H(5A) 119.7
C(6)-H(6A) 0.9500 C(5)-C(6)-C(1) 120.14(16)
S(D)-C(7) 1.8218(18) C(5)-C(6)-H(6A) 119.9
C(7)-C(8) 1.521(2) C(1)-C(6)-H(6A) 119.9
C(7)-H(7A) 0.9900 C(4)-S(1)-C(7) 101.26(8)
C(7)-H(7B) 0.9900 C(8)-C(7)-S(1) 109.47(12)
C(8)-C(9) 1.514(2) C(8)-C(7)-H(7A) 109.8
C(8)-H(8A) 0.9900 S(1)-C(7)-H(7A) 109.8
C(8)-H(8B) 0.9900 C(8)-C(7)-H(7B) 109.8
C(9)-C(10) 1.400(2) S(1)-C(7)-H(7B) 109.8
C(9)-C(14) 1.405(2) H(7A)-C(7)-H(7B) 108.2
C(10)-C(11) 1.395(2) C(9)-C(8)-C(7) 114.62(13)
C(10)-H(10A) 0.9500 C(9)-C(8)-H(8A) 108.6
C(11)-C(12) 1.401(2) C(7)-C(8)-H(8A) 108.6
C(11)-H(11A) 0.9500 C(9)-C(8)-H(8B) 108.6
C(12)-C(13) 1.400(2) C(7)-C(8)-H(8B) 108.6
C(12)-N(1) 1.425(2) H(8A)-C(8)-H(8B) 107.6
C(13)-C(14) 1.400(2) C(10)-C(9)-C(14) 117.58(14)
C(13)-H(13A) 0.9500 C(10)-C(9)-C(8) 120.17(14)
C(14)-H(14A) 0.9500 C(14)-C(9)-C(8) 122.25(15)
N(1)-H(1A) 0.82(3) C(11)-C(10)-C(9) 121.82(14)
N(1)-H(1B) 0.90(3) C(11)-C(10)-H(10A) 119.1
C(9)-C(10)-H(10A) 119.1
C(1)-O(1)-H(1) 111(2) C(10)-C(11)-C(12) 119.96(15)
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C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(13)-C(12)-C(11)
C(13)-C(12)-N(1)
C(11)-C(12)-N(1)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(13)-C(14)-C(9)

120.0
120.0
119.15(14)
121.16(14)
119.56(14)
120.23(14)
119.9
119.9
121.23(14)

Appendix C

C(13)-C(14)-H(14A)
C(9)-C(14)-H(14A)
C(12)-N(1)-H(1A)
C(12)-N(1)-H(1B)
H(1A)-N(1)-H(1B)

119.4
1194
111.0(16)
114.7(16)
105(2)

Symmetry

transformations

generate equivalent atoms:

used

to

Table 4.  Anisotropic displacement parameters (A2x 103) for 3b. The anisotropic
displacement factor exponent takes the form: -272[ h2 a*2Ull 4+ . + 2 hk a* b* Ul2]

yll U22 U33 U23 ul3 ul2
o 15(1) 26(1) 30(1) 4(1) 4(1) 2(1)
C(1) 16(1) 19(1) 21(1) -2(1) 1(1) -1(1)
C(2) 16(1) 21(1) 24(1) 5(1) 2(1) 1(1)
C@3) 16(1) 25(1) 22(1) 4(1) o) 3(1)
Cc4) 13(1) 23(1) 19(1) -1(1) -1(1) -3(1)
C(5) 21(1) 23(1) 23(1) 6(1) 1(1) -3(1)
C(6) 17(1) 21(1) 32(1) 5(1) o) 2(1)
S(1) 13(1) 25(1) 18(1) -4(1) 1(1) -4(1)
C() 15(1) 42(1) 26(1) -16(1) 6(1) -11(1)
C(8) 20(1) 29(1) 16(1) -5(1) 2(1) -8(1)
C9) 16(1) 19(1) 12(1) -1(1) 2(1) -5(1)
C(10)  19(1) 15(1) 18(1) -1(1) 4(1) -1(1)
C(n  1e(n 19(1) 17(1) 2(1) 2(1) 1(1)
Cc(12y 17(D) 17(1) 13(1) 0(1) 2(1) -2(1)
C(13)  18(1) 15(1) 16(1) -1(1) 3(1) 0(1)
C(14) 14D 20(1) 16(1) 3(1) 2(1) 2(1)
N(1) 18(1) 24(1) 17(1) -5(1) -1(1) -1(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x
10 3) for 3b.

X y z U(eq)
H(1) 8200(30) 8350(60) 1110(40) 53(8)
H(2A) 6578 10343 998 24
H(3A) 4827 10401 1893 25
H(5A) 5415 4848 4591 26
H(6A) 7164 4788 3724 28
H(7A) 2852 6411 1765 33
H(7B) 3395 4342 2697 33
H(8A) 2018 4282 4503 26
H(8B) 1512 6540 3769 26
H(10A) -26 5944 2334 21
H(11A) -1135 3801 716 20
H(13A) 1061 -1266 637 19
H(14A) 2159 887 2277 20
H(1A) -1145(18) 530(40) -1110(30) 24(6)
H(1B) -531(19) -1380(40) -1000(30) 31(6)
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4a) 4-amino-4’-hydroxydiphenylbutane

Appendix C

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 4a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.54°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

4a

CI6HI9N O

241.32

105(2) K

0.71073 A

Monoclinic

Pc

a=157888(16) A a = 90°.
b = 5.2088(6) A B =100.912(5)°.
¢ =8.3399(8) A v =90°.
673.48(12) A3

2

1.190 Mg/m3

0.074 mm-1

260

0.40 x 0.20 x 0.20 mm3

2.63 to 27.54°.

-20<=h<=19, -6<=k<=5, -10<=1<=10
4048

2816 [R(int) = 0.0546]

99.7 %

None

Full-matrix least-squares on F2
28167217176

1.026

R1 =0.0429, wR2 = 0.0960

R1 =0.0626, wR2 = 0.1081
0.1(19)

not refined

0.200 and -0.174 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(f\zx 103) for 4a. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y Z U(eq)
N(1) 2503(1) 2901(4) 3233(3) 26(1)
o) 11862(1) 1551(4) 6492(2) 27(1)
C(1) 10995(2) 1973(4) 6491(3) 21(1)
C©2) 10517(2) 375(5) 7323(3) 22(1)
C@3) 9651(2) 872(5) 7282(3) 23(1)
C4) 9237(2) 2981(5) 6438(3) 22(1)
C(5) 9729(2) 4571(5) 5609(3) 25(1)
C(6) 10598(2) 4083(5) 5633(3) 23(1)
C( 8283(2) 3513(5) 6368(3) 26(1)
C(8) 7692(2) 2196(5) 4925(4) 24(1)
C9) 6740(2) 2944(5) 4784(4) 25(1)
C(10) 6150(2) 1658(5) 3316(4) 26(1)
C(11) 3419(2) 2711(5) 3312(3) 20(1)
C(12) 3883(2) 704(5) 4189(3) 24(1)
C(13) 4753(2) 415(5) 4168(3) 23(1)
C(14) 5193(2) 2069(4) 3296(3) 22(1)
C(15) 4727(2) 4080(5) 2429(3) 23(1)
C(16) 3844(2) 4408(4) 2439(3) 23(1)
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Q

Table 3. Bond lengths [A] and angles C(13)-H(13) 0.9500
[°] for 4a. C(14)-C(15) 1.400(4)
C(15)-C(16) 1.407(4)
C(15)-H(15) 0.9500
N(1)-C(11) 1.439(3) C(16)-H(16) 0.9500
N(1)-H(1A) 0.98(3)
N(1)-H(1B) 0.91(2) C(11)-N(1)-H(1A) 110.8(17)
O(1)-C(1) 1.385(3) C(11)-N(1)-H(1B) 111.7(16)
O(1)-H(1) 0.85(5) H(1A)-N(1)-H(1B) 114(2)
C(1)-C(6) 1.394(3) C(1)-O(1)-H(1) 105(3)
C()-C(2) 1.395(4) O(1)-C(1)-C(6) 118.3(2)
C(2)-CQ3) 1.386(4) O(1)-C(1)-C(2) 122.2(2)
C(2)-H(2) 0.9500 C(6)-C(1)-C(2) 119.5(2)
C(3)-C(4) 1.398(3) C(3)-C(2)-C(1) 120.1(2)
C(3)-H(3) 0.9500 C(3)-C(2)-H(2) 120.0
C(4)-C(5) 1.405(4) C(1)-C(2)-H(2) 120.0
C4)-C(7) 1.521(4) C(2)-C(3)-C(4) 121.6(2)
C(5)-C(6) 1.391(4) C(2)-C(3)-H(3) 119.2
C(5)-H(5) 0.9500 C(4)-C(3)-H?) 119.2
C(6)-H(6) 0.9500 C(3)-C(4)-C(5) 117.5(2)
C(7)-C(8) 1.538(4) C(3)-C(4)-C(7) 121.8(2)
C(7)-H(7A) 0.9900 C(5)-C(4)-C(7) 120.7(2)
C(7)-H(7B) 0.9900 C(6)-C(5)-C(4) 121.4(3)
C(8)-C(9) 1.535(2) C(6)-C(5)-H(5) 119.3
C(8)-H(8A) 0.9900 C(4)-C(5)-H(5) 119.3
C(8)-H(8B) 0.9900 C(5)-C(6)-C(1) 119.93)
C(9)-C(10) 1.544(4) C(5)-C(6)-H(6) 120.0
C(9)-H(9A) 0.9900 C(1)-C(6)-H(6) 120.0
C(9)-H(9B) 0.9900 C4)-C(7)-C(8) 113.5Q2)
C(10)-C(14) 1.523(4) C(4)-C(7)-H(7A) 108.9
C(10)-H(10A) 0.9900 C(8)-C(7)-H(7A) 108.9
C(10)-H(10B) 0.9900 C(4)-C(7)-H(7B) 108.9
C(11)-C(16) 1.395(4) C(8)-C(7)-H(7B) 108.9
C(11)-C(12) 1.400(3) H(7A)-C(7)-H(7B) 107.7
C(12)-C(13) 1.385(4) C(9)-C(8)-C(7) 112.80(18)
C(12)-H(12) 0.9500 C(9)-C(8)-H(8A) 109.0
C(13)-C(14) 1.396(4) C(7)-C(8)-H(8A) 109.0
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C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(14)-C(10)-C(9)
C(14)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(14)-C(10)-H(10B)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(16)-C(11)-C(12)
C(16)-C(11)-N(1)
C(12)-C(11)-N(1)
C(13)-C(12)-C(11)

109.0
109.0
107.8
112.70(18)
109.1
109.1
109.1
109.1
107.8
113.4(2)
108.9
108.9
108.9
108.9
107.7
119.4(2)
120.7(2)
119.8(2)
119.8(2)

Appendix C

C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-C(10)
C(15)-C(14)-C(10)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(11)-C(16)-C(15)
C(11)-C(16)-H(16)
C(15)-C(16)-H(16)

120.1
120.1
122.2(2)
118.9
118.9
117.8(2)
119.9(2)
122.3(3)
120.9(2)
119.6
119.6
120.1(2)
120.0
120.0

Symmetry transformations

generate equivalent atoms:

used

to
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Table 4. Anisotropic displacement parameters (A2x 103) for 4a. The anisotropic
displacement factor exponent takes the form: 2n2[h2 a*20ll + .. +2hka*b* UL2]

yll U22 U33 U23 ul3 ul2
N(1) 15(1) 33(1) 29(1) 1(1) 4(1) 1(1)
o) 18(1) 32(1) 32(1) 4(1) 5(1) -1(1)
C(1) 17(1) 26(1) 19(1) -3(D 0(1) 1(1)
CQ2) 22(1) 23(1) 19(1) 4(1) 2(1) -1(1)
C@3) 20(1) 26(1) 25(2) 1(1) 6(1) -2(1)
C4) 17(1) 27(1) 20(2) -5(1) 1(1) o)
C(5) 25(2) 25(1) 22(1) -2(1) 1(1) 3(1)
C(6) 23(1) 25(1) 20(1) 0(1) 5(1) -3(1)
C(7) 21(1) 31(1) 25(2) -6(1) 4(1) 4(1)
C(8) 20(1) 26(1) 25(2) -1(1) 4(1) 2(1)
Cc) 17(1) 31(1) 25(2) 0(1) 4(1) 1(1)
C(10) 17(1) 34(1) 27(2) -4(1) 3(1) 1(1)
C(r1y 16l 25(1) 19(1) -5(1) 4(1) -4(1)
C(12)  23(1) 24(1) 23(1) 2(1) 4(1) -1(1)
C(13) 21(1) 26(1) 19(1) 2(1) -1(1) 3(1)
C(14) 18(1) 26(1) 22(2) -6(1) 2(1) o)
C(15) 24Q1) 24(1) 22(1) -1(1) 4(1) -4(1)
C(le)  18(1) 25(1) 25(1) -2(1) 1(1) 3(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x
10 3) for 4a.

X y z U(eq)
H(1A) 2283(18) 4540(60) 2760(30) 28(7)
H(1B) 2358(16) 2570(50) 4210(30) 34(7)
H(1) 11980(30) 110(90) 6970(60) 99(16)
H(2) 10785 -1056 7919 26
H(3) 9330 -248 7841 28
H(5) 9464 6011 5019 30
H(6) 10919 5186 5066 27
H(7A) 8185 5389 6287 31
H(7B) 8123 2920 7399 31
H(8A) 7883 2665 3900 28
H(8B) 7748 312 5059 28
H(©A) 6685 4831 4672 29
H(9B) 6545 2445 5801 29
H(10A) 6291 2353 2294 32
H(10B) 6270 -208 3342 32
H(12) 3602 -455 4796 28
H(13) 5060 -956 4768 27
H(15) 5011 5238 1827 28
H(16) 3536 5786 1851 27
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Sa) 4-amino-4’hydroxydiphenylpentane

Appendix C

Synthesis: Venugopal Vangala, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 5a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.55°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

5a

Cl7H2INO

255.35

100(2) K

0.71073 A

Monoclinic

Pc

a=14.9554(9) A a=90°.
b=11.2370(8) A B =90.893(3)°.
c =8.6841(6) A ¥ = 90°.
1459.22(17) A3

4

1.162 Mg/m3

0.071 mm-1

552

0.60 x 0.55 x 0.30 mm3

2.27 to 27.55°.

-19<=h<=19, -11<=k<=14, -11<=l<=11
9991

5476 [R(int) = 0.0215]

99.6 %

Psi-scan

0.99477 and 0.89622

Full-matrix least-squares on F2
5476 /2 /367

1.033

R1 =0.0355, wR2 = 0.0885
R1=0.0418, wR2 = 0.0938
-0.2(11)

not refined

0.252 and -0.160 ¢.A-3
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Appendix C

Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(A2x 103) for 5a. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y z Uleq)
O(1) 18714(1) 6720(1) 636(2) 38(1)
C(1) 17914(1) 6397(2) -47(2) 30(1)
C(2) 17506(1) 5312(2) 257(2) 29(1)
C@3) 16713(1) 5019(2) -500(2) 30(1)
C4) 16299(1) 5791(2) -1547(2) 30(1)
C(5) 16721(1) 6871(2) -1837(2) 37(1)
C(6) 17522(1) 7174(2) -1107(2) 36(1)
C() 15441(1) 5428(2) -2362(2) 35(1)
C(8) 14582(1) 5618(2) -1442(2) 31(1)
C©®) 14380(1) 6928(2) -1123(2) 28(1)
C(10) 13428(1) 7113(2) -545(2) 27(1)
C(11) 13162(1) 8426(2) -443(2) 26(1)
C(12) 12212(1) 8621(1) 90(2) 24(1)
C(13) 11499(1) 7944(2) -504(2) 28(1)
C(14) 10630(1) 8094(2) 28(2) 29(1)
C(15) 10452(1) 8917(1) 1171(2) 26(1)
C(16) 11146(1) 9633(2) 1735(2) 29(1)
C(17) 12011(1) 9476(1) 1189(2) 28(1)
N(1) 9560(1) 9069(1) 1715(2) 32(1)
o2ln) 28910(1) 1044(1) 181(2) 37(1)
C(21) 28013(1) 1060(2) -189(2) 29(1)
C(22) 27414(1) 219(2) 371(2) 31(1)
C(23) 26524(1) 257(2) -101(2) 33(1)
C(24) 262006(1) 1121(2) -1127(2) 29(1)
C(25) 26814(1) 1964(2) -1646(2) 33(1)
C(206) 27703(1) 1945(2) -1177(2) 33(1)
C@27) 25235(1) 1162(2) -1624(2) 35(1)
C(28) 24639(1) 1813(2) -486(2) 30(1)
C(29) 23683(1) 1956(2) -1076(2) 33(1)
C(30) 23051(1) 2622(2) -14(2) 28(1)
C@31) 22137(1) 2800(2) -177(2) 44(1)
C(32) 21444(1) 3419(2) 188(2) 30(1)
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C(33) 20646(1) 2855(2) 556(2) 31(L)
C(34) 20000(1) 3415(2) 1428(2) 29(1)
C(35) 20143(1) 4564(2) 1972(2) 26(1)
C(36) 20930(1) 5153(2) 1584(2) 29(1)
C(@37) 21568(1) 4583(2) 715(2) 31(1)
N(21) 19474(1) 5186(2) 2814(2) 34(1)
Table 3. Bond lengths [/0\] and angles C(11)-C(12) 1.517(2)
[°] for Sa. C(11)-H(11A) 0.9900
C(11)-H(11B) 0.9900
Oo(D)-C(1) 1.375(2) C(12)-C(17) 1.390(2)
O(1)-H(1) 0.85(3) C(12)-C(13) 1.402(2)
C(1)-C(2) 1.391(2) C(13)-C(14) 1.395(2)
C(1)-C(6) 1.392(3) C(13)-H(13) 0.9500
C(2)-C(3) 1.386(3) C(14)-C(15) 1.386(2)
C(2)-H(2) 0.9500 C(14)-H(14) 0.9500
C(3)-C4) 1.396(3) C(15)-C(16) 1.395(2)
C(@3)-H(3) 0.9500 C(15)-N(1) 1.432(2)
C4)-C(5) 1.392(3) C(16)-C(17) 1.397(2)
C4)-C(7) 1.512(3) C(16)-H(16) 0.9500
C(5)-C(6) 1.388(3) C(17)-H(17) 0.9500
C(5)-H(5) 0.9500 N(1)-H(1B) 0.92(3)
C(6)-H(6) 0.9500 N(1)-H(1A) 0.90(3)
C(7)-C(8) 1.539(3) O21)-C21) 1.374(2)
C(7)-H(7A) 0.9900 O(21)-H(21) 0.89(3)
C(7)-H(7B) 0.9900 C(21)-C(206) 1.389(3)
C(8)-C(9) 1.529(2) C(21)-C(22) 1.395(2)
C(8)-H(8A) 0.9900 C(22)-C(23) 1.388(3)
C(8)-H(8B) 0.9900 C(22)-H(22) 0.9500
C(9)-C(10) 1.530(2) C(23)-C(24) 1.396(3)
C(9)-H(9A) 0.9900 C(23)-H(23) 0.9500
C(9)-H(9B) 0.9900 C(24)-C(25) 1.393(3)
C(10)-C(11) 1.532(2) C(24)-C(27) 1.509(2)
C(10)-H(10A) 0.9900 C(25)-C(26) 1.385(3)
C(10)-H(10B) 0.9900 C(25)-H(25) 0.9500
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C(26)-H(26)
C27)-C(28)
C(27)-H(27A)
C(27)-H(27B)
C(28)-C(29)
C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)
C(29)-H(29A)
C(29)-H(29B)
C(30)-C(31)
C(30)-H(30A)
C(30)-H(30B)
C(31)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)
C(35)-C(36)
C(35)-N(21)
C(36)-C(37)
C(36)-H(36)
C(37)-H(37)
N(21)-H(21A)
N(21)-H(21B)

C(1)-0(1)-H(1)
O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)

0.9500
1.527(2)
0.9900
0.9900
1.520(2)
0.9900
0.9900
1.527(2)
0.9900
0.9900
1.523(3)
0.9900
0.9900
1.512(3)
0.9900
0.9900
1.392(3)
1.397(3)
1.388(3)
0.9500
1.390(2)
0.9500
1.397(2)
1.430(2)
1.383(3)
0.9500
0.9500
0.90(3)
0.86(3)

111.9(19)
122.08(16)
118.31(17)
119.58(17)
119.57(16)
120.2
120.2
121.91(17)

Appendix C

C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(B3)-C4)-C(7)
C(6)-C(5)-C4)
C(6)-C(5)-H(5)
C(4)-C(5)-HB)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
C4)-C(7)-C(®)

C4)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C4)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)

C(9)-C(8)-C(7)

C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)

C(8)-C(9)-C(10)

C(8)-C(9)-H(9A)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11A)

119.0
119.0
117.50(17)
122.36(17)
120.11(17)
121.47(17)
119.3
119.3
119.96(17)
120.0
120.0
115.39(15)
108.4
108.4
108.4
108.4
107.5
113.38(15)
108.9
108.9
108.9
108.9
107.7
112.19(14)
109.2
109.2
109.2
109.2
107.9
113.20(14)
108.9
108.9
108.9
108.9
107.8
113.73(13)
108.8
108.8
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C(12)-C(11)-H(L1B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(17)-C(12)-C(13)
C(17)-C(12)-C(11)
C(13)-C(12)-C(11)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-N(1)
C(16)-C(15)-N(1)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(12)-C(17)-C(16)
C(12)-C(17)-H(17)
C(16)-C(17)-H(17)
C(15)-N(1)-H(1B)
C(15)-N(1)-H(1A)
H(1B)-N(1)-H(1A)
C21D)-021)-H21)
0(21)-C(21)-C(26)
0(21)-C(21)-C(22)
C(26)-C(21)-C(22)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(24)-C(23)
C(25)-C(24)-C(27)
C(23)-C(24)-C(27)
C(26)-C(25)-C(24)

108.8
108.8
107.7
117.18(16)
121.48(15)
121.34(15)
121.29(16)
119.4
1194
120.51(15)
119.7
119.7
119.11(16)
120.41(15)
120.41(16)
119.70(15)
120.1
120.1
122.09(15)
119.0
119.0
111.5(16)
113.1(17)
110(2)
109.6(19)
117.94(16)
122.66(16)
119.40(17)
119.65(16)
120.2
120.2
121.68(17)
119.2
119.2
117.51(17)
121.14(17)
121.33(17)
121.57(17)
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C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-C(21)
C(25)-C(26)-H(26)
C(21)-C(26)-H(26)
C(24)-C(27)-C(28)
C(24)-C(27)-H(27A)
C(28)-C(27)-H(27A)
C(24)-C(27)-H(27B)
C(28)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28A)
C(27)-C(28)-H(28A)
C(29)-C(28)-H(28B)
C(27)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(28)-C(29)-H(29B)
C(30)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30A)
C(29)-C(30)-H(30A)
C(31)-C(30)-H(30B)
C(29)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31A)
C(30)-C(31)-H(31A)
C(32)-C(31)-H(31B)
C(30)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(33)-C(32)-C(37)
C(33)-C(32)-C(31)
C(37)-C(32)-C(31)

119.2
119.2
120.14(17)
119.9
119.9
113.48(15)
108.9
108.9
108.9
108.9
107.7
112.82(14)
109.0
109.0
109.0
109.0
107.8
115.87(14)
108.3
108.3
108.3
108.3
107.4
111.20(15)
109.4
109.4
109.4
109.4
108.0
115.96(16)
108.3
108.3
108.3
108.3
107.4
117.40(17)
121.04(18)
121.55(19)
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C(34)-C(33)-C(32) 121.72(17) C(35)-C(36)-H(36) 119.9
C(34)-C(33)-H(33) 119.1 C(36)-C(37)-C(32) 121.57(17)
C(32)-C(33)-H(33) 119.1 C(36)-C(37)-H(37) 119.2
C(33)-C(34)-C(35) 120.14(17) C(32)-C(37)-H@37) 119.2
C(33)-C(34)-H(34) 119.9 C(35)-N(21)-H(21A) 111.1(16)
C(35)-C(34)-H(34) 119.9 C(35)-N(21)-H(21B) 105.0(18)
C(34)-C(35)-C(36) 118.89(16) H(21A)-N(21)-H(21B) 110(2)
C(34)-C(35)-N(21) 121.56(16)

C(36)-C(35)-N(21) 119.37(16) Symmetry transformations used to
C(37)-C(36)-C(35) 120.24(16) generate equivalent atoms:
C(37)-C(36)-H(36) 119.9
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Table 4.

Appendix C

Anisotropic displacement parameters (A2x 103) for 5a. The anisotropic

displacement factor exponent takes the form: 272 h2 a*20ll + . 4 2hka*b*x Ul2]

yll U22 33 U23 ul3 ul2
o(1) 24(1) 36(1) 52(1) -1(1) -1(1) -3(1)
C(1) 22(1) 31(D) 36(1) -6(1) 6(1) 4(1)
C(2) 24(1) 32(1) 32(1) 3(1) 4(1) 4(1)
C@3) 25(1) 32(1) 33(1) -1(1) 6(1) 0(1)
C4) 26(1) 37(1) 27(1) -6(1) 3(1) 5(1)
C(5) 41(1) 32(1) 36(1) o) 0(1) 9(1)
C(6) 35(1) 28(1) 44(1) 1(1) 5(1) 0(1)
C() 31(1) 41(1) 33(1) -8(1) -3(1) 7(1)
C(8) 27(1) 36(1) 31(1) -1(1) -4(1) 3(1)
C) 24(1) 33(1) 27(1) 3(1) o) 3(1)
C(10)  23(1) 31(D) 26(1) 2(1) 0(1) 1(1)
C(11)  23(1) 30(1) 26(1) 2(1) -1(1) -1(1)
C(12)  23(1) 25(1) 24(1) 3(1) -3(1) o)
Cc@13) 27(1) 28(1) 28(1) -4(1) -2(1) -1(1)
C(14)  23(1) 30(1) 34(1) -3(1) -4(1) -4(1)
C(15) 22(1) 26(1) 30(1) 5(1) -1(1) 2(1)
C(6)  28(1) 25(1) 33(1) -6(1) -5(1) 4(1)
C(17)y  23(1) 25(1) 34(1) -1(1) -7(1) -1(1)
N(1) 23(1) 34(1) 40(1) -3(1) 1(1) 2(1)
O@21) 22(1) 33(1) 56(1) 6(1) 0(1) -3(1)
C2l)y 22(1) 27(1) 38(1) -3(1) 4(1) 2(1)
C(22) 24(1) 29(1) 40(1) 6(1) o) 2(1)
C(23) 24(1) 35(1) 40(1) 4(1) 3(1) -2(1)
C(24) 24(1) 34(1) 30(1) -6(1) 2(1) 8(1)
C(25) 35(D) 30(1) 34(1) 3(1) 5(1) 9(1)
C(26)  32(1) 25(1) 44(1) 4(1) 9(1) 1(1)
C(27) 28(1) 47(1) 31(1) -8(1) -2(1) 9(1)
C(28)  23(D) 38(1) 29(1) -4(1) -2(1) 7(1)
C(29) 27(1) 42(1) 29(1) -5(1) -5(1) 10(1)
C(30) 23(hH 34(1) 29(1) -1(1) -3(1) 5(1)
C@31) 31 64(1) 36(1) -14(1) -10(1) 19(1)
C@32) 25(D) 40(1) 26(1) -5(1) -6(1) 8(1)
C@33) 31D 26(1) 35(1) -2(1) -11(1) 3(1)
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C(34)
C(35)
C(36)
C(37)
N21)

25(1)
22(1)
27(1)
21(1)
27(1)

32(1)
34(1)
29(1)
39(1)
47(1)

Appendix C

29(1) 5(1)
21(1) 2(1)
30(1) 23(1)
34(1) 0(1)
28(1) “6(1)

-3(D
-1(1)
-2(1)
1(1)
5(1)

-5(1)
-1(1)
-4(1)
-5(1)
-3(D)

Table 5. Hydrogen coordinates ( x 104) and 1sotropic displacement parameters (A2x

10 3) for 5a.

X y z U(eq)
H(1) 18880(19) 6220(20) 1320(30) 59(8)
H(2) 17769 4775 978 35
H(3) 16444 4270 299 36
H(5) 16456 7411 -2551 44
H(6) 17801 7912 -1330 43
H(7A) 15484 4574 2634 42
H(7B) 15388 5882 -3336 42
H(8A) 14072 5265 -2022 37
H(8B) 14639 5190 -449 37
H(9A) 14459 7392 -2080 34
H(9B) 14811 7232 343 34
H(10A) 13378 6746 486 32
H(10B) 13004 6698 -1248 32
H(11A) 13578 8835 280 31
H(11B) 13229 8797 -1469 31
H(13) 11609 7371 -1283 33
H(14) 10157 7628 -398 35
H(16) 11029 10224 2487 35
H(17) 12478 9970 1581 33
H(1B) 9215(18) 8400(20) 1530(30) 51(7)
H(1A) 9542(17) 9270(20) 2720(30) 44(6)
H(21) 29030(19) 430(20) 790(30) 56(8)
H(22) 27615 -377 1072 37
H(23) 26120 -320 284 39
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H(25)
H(26)
H(27A)
H(27B)
H(28A)
H(28B)
H(29A)
H(29B)
H(30A)
H(30B)
H(31A)
H(31B)
H(33)
H(34)
H(36)
H(37)
H(21A)
H(21B)

26614
28102
25012
25187
24635
24895
23432
23697
22982
23312
22218
21900
20542
19459
21027
22103
19722(17)
19140(20)

Appendix C

2565
2540
338
1562
1366
2610
1154
2380
2166
3406
3268
2011
2067
3012
5948
4992
5620(20)
4640(20)

-2339
-1531
-1753
-2638
496
-274
-1274
-2074
952
252
-1731
-1082
201
1653
1917
471
3580(30)
3190(30)

40
40
42
42
36
36
39
39
34
34
53
53
37
35
35
38
45(6)
55(8)
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Appendix C

6x) 2,4,6-tris-(4-chlorophenoxy)-1,3,5-triazene and tribromobenzene

Synthesis: J. Ramakoteswara Rao, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 6x.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.45°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

6x

C27 H15 Br3 CI3 N3 03

775.50

150(2) K

0.71073 A

Hexagonal

P6(3)

a=15250(2) A a= 90°.
b=15.250(2) A B=90°.

c =6.8149(14) A v = 120°.

1372.6(4) A3

2

1.876 Mg/m3

4,737 mm-1

756

0.35x 0.27 x 0.27 mm3
1.54 to 30.45°.

-20<=h<=20, -21<=k<=21, -9<=l<=9

17004

2568 [R(int) = 0.0301]
94.1 %

Multiscan

0.379004 and 0.298932

Full-matrix least-squares on F2
2568/1/122

1.037

R1=0.0267, wR2 = 0.0623
R1=0.0328, wR2 = 0.0642
0.015(8)

not refined

0.400 and -0.899 e.A-3
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(Azx 103) for 6x. U(eq) is defined as one third of the trace of the orthogonalized UlJ

fensor.

X y z Uleq)
CI(1) 2825(1) 5176(1) 6511(1) 26(1)
c() 3389(1) 4420(1) 6510(4) 20(1)
CQ) 3961(2) 4458(2) 8120(3) 22(1)
C@3) 4430(2) 3869(2) 8123(3) 22(1)
C4) 4299(1) 3262(1) 6503(4) 18(1)
C(5) 3720(1) 3215(1) 4900(4) 22(1)
C(6) 3256(1) 3808(1) 4893(4) 23(1)
o(1) 4704(1) 2604(1) 6491(2) 19(1)
C) 5716(1) 3010(1) 6516(3) 17(1)
N(1) 5996(1) 2304(1) 6523(3) 18(1)
Br(1) 7809(1) 9894(1) 10068(1) 47(1)
C(8) 9085(2) 9957(2)  10167(5) 29(1)
C(9) 9956(2) 10900(2) 10164(5) 29(1)
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Table 3. Bond lengths [A] and angles

[°] for 6x.

CI(1)-C(1) 1.7501(18)
C(D)-C(2) 1.385(3)
C(1)-C(6) 1.392(3)
C(2)-C(3) 1.399(3)
C(2)-H(2) 0.9300
C(3)-C4) 1.390(3)
C(3)-H(3) 0.9300
C(4)-C(5) 1.384(3)
C4)-0(1) 1.416(2)
C(5)-C(6) 1.399(3)
C(5)-H(5) 0.9300
C(6)-H(6) 0.9300
O(1)-C(7) 1.346(2)
C(7)-N(1)#1 1.320(2)
C(7)-N(1) 1.343(2)
N(1)-C(7)#2 1.320(2)
Br(1)-C(8) 1.901(2)
C(8)-C(9)#3 1.386(3)
C(8)-C(9) 1.387(3)
C(9)-C(8)#4 1.386(3)
C(9)-H(9) 0.9300
C(2)-C(1)-C(6) 122.22(17)
C(2)-C(1)-C1(1) 118.61(17)
C(6)-C(1)-CI(1) 119.17(16)
C(1)-C(2)-C(3) 119.16(19)
C(1)-C(2)-H(2) 1204
C(3)-C(2)-H(2) 120.4
C(4)-C(3)-C(2) 118.50(19)
C(4)-C(3)-H(3) 120.8
C(2)-C(3)-H(3) 120.8
C(5)-C(4)-C(3) 122.45(17)
C(5)-C(4)-0(1) 116.85(18)
C(3)-C(4)-0(l) 120.56(19)

Appendix C

C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
C(7)-O(1)-C4)
N(1#1-C(7)-N(1)
N(1)#1-C(7)-0(1)
N(1)-C(7)-0(1)
C(7#2-N(1)-C(7)
C(9)#3-C(8)-C(9)
C(9)#3-C(8)-Br(1)
C(9)-C(8)-Br(1)
C(8)#4-C(9)-C(8)
C(8)#4-C(9)-H(9)
C(8)-C(9)-H(9)

119.0(2)
120.5
120.5
118.7(2)
120.7
120.7
118.67(13)
127.70(16)
119.79(15)
112.50(14)
112.29(16)
123.1(2)
118.31(16)
118.55(16)
116.9(2)
1215
121.5

Symmetry transformations used to

generate equivalent atoms:

#1 -x+y+1,-x+1,z
#2 -y+1,x-y,2

#3 -y+2,x-y+1,z
#4 -x+y+1,-x+2,2
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Table 4. Anisotropic displacement parameters (AZx 103) for 6x. The anisotropic

Appendix C

displacement factor exponent takes the form: 2n2[h2 a*x20ll + | 4 2hka*b* U2 ]

ull 22 U33 23 ul3 Ul2
Cll)  28(1) 26(1) 31(1) 0(1) 0(1) 19(1)
c)  17(D) 18(1) 27(1) 2(1) 2(1) 10(1)
c@  22(1) 21(1) 24(1) 23(1) -1(1) 10(1)
c(3)  19(1) 23(1) 24(1) 0(1) 3(1) 11(1)
C@  13(1) 15(1) 25(1) 1(1) 3(1) 6(1)
ciB)  22() 20(1) 24(1) 3(1) 2(1) 12(1)
ce)  22(1) 26(1) 26(1) 0(1) 3(1) 15(1)
o)  14(1) 16(1) 29(1) “1(1) 2(1) 8(1)
c  15(1) 18(1) 16(1) 0(1) -1(1) 7(1)
N(1)  16(1) 16(1) 21(1) 0(1) 1(1) 8(1)
Br(l)  37(1) 72(1) 42(1) “1(1) 0(1) 35(1)
C@®)  29(1) 40(1) 20(1) 0(1) 1(1) 19(1)
CO)  40(1) 32(1) 18(1) 0(1) 1(1) 19(1)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 6x.

X y Z U(eq)
H(2) 4033 4869 9186 30(7)
HQ3) 4820 3884 9185 24(6)
H(5) 3641 2796 3842 26
H(6) 2866 3793 3830 23(6)
H(9) 9927 11495 10160 47(8)
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Appendix C

6n) 2,4,6-tris-(4-chlorophenoxy)-1,3,5-triazene and tribromobenzene

Synthesis: J. Ramakoteswara Rao, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 6.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 16.92°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

on

C27 H15 Br3 CI3 N3 O3

771.00

100(5) K

0.5-5.0 A

Hexagonal

P6(3)

a=15.166(6) A a = 90°.
b =15.166(6) A B = 90°.

c=6.743(2) A y = 120°.

1343(1) A3

2

1.906 Mg/m3

1.080, at 1 Angstrom mm-1
43.57

6.0 x 1.5 x 1.0 mm3

1.42 to 16.92°.

0<=h<=30, 0<=k<=30, O<=l<=15
30681

3102 [R(int) = 0.071]

49.9 %

Empirical

0.91 and 0.30

Full-matrix least-squares on F2
3102/17/163

1.230

R1=10.0834, wR2 =0.2121
R1=10.0834, wR2 =0.2121
0.560

3.229 and -3.980 e.A-3

249



Appendix C

Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(Azx 103) for 6n. U(eq) is defined as one third of the trace of the orthogonalized Ulj

tensor.

X y z U(eq)
CI(1) 7182(1) 4823(1) 3485(4) 13(1)
C(1) 6620(2) 5579(2) 3485(6) 11(1)
C(2) 6032(2) 5536(2) 1864(4) 12(1)
C@3) 5574(2) 6132(2) 1865(4) 12(1)
C(4) 5703(1) 6746(2) 3491(5) 9(1)
C(5) 6292(2) 6793(2) 5107(4) 11(1)
C(6) 6756(2) 6198(2) 5114(4) 12(1)
(1) 5298(2) 7398(2) 3508(7) 10(1)
C(7) 4289(1) 6995(2) 3479(5) 8(1)
N(1) 4004(1) 7698(1) 3469(4) 9(1)
Br(1) 2209(3) 124(4) -57(7) 25(1)
C(8) 928(3) 49(3) -148(4) 16(1)
C(9) 52(3) -898(3) -150(5) 17(1)
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Appendix C

Table 3. Bond lengths [A] and angles C(4)-C(5)-C(6) 119.3(2)

[°] for 6. C(4)-C(5)-H(5) 119.4(5)
C(6)-C(5)-H(5) 121.3(5)

CI(1)-C(1) 1.737(2) C(1)-C(6)-C(5) 118.8(2)

C(1)-C(2) 1.392(4) C(1)-C(6)-H(6) 119.6(5)

C(1)-C(6) 1.392(4) C(5)-C(6)-H(6) 121.6(6)

C(2)-C(3) 1.388(3) C(7)-0(1)-C(4) 119.0(2)

C(2)-H(2) 1.080(8) N(#1-C(7)-0O(1) 119.64(19)

C(3)-C4) 1.388(4) N(D#1-C(7)-N(1) 127.38(17)

C(3)-H(3) 1.083(8) O(1)-C(7)-N(1) 112.98(18)

C4)-C(5) 1.388(4) C(7#2-N(1)-C(7) 112.61(17)

C4)-0(1) 1.400(3) C(9)-C(8)-C(9#3 122.3(3)

C(5)-C(6) 1.395(3) C(9)-C(8)-Br(1) 119.1(3)

C(5)-H(5) 1.089(8) C(9)#3-C(8)-Br(1) 118.6(3)

C(6)-H(6) 1.085(9) C(8)-C(9)-C(8)#4 117.7(3)

O(1)-C(7) 1.334(3) C(8)-C(9)-H(9) 121.1(7)

C(7)-N(1)#1 1.320(2) C(8)#4-C(9)-H(9) 121.2(7)

C(7)-N(1) 1.335(2)

N(D)-C(7)#2 1.320(2) Symmetry transformations used to

Br(1)-C(8) 1.890(5) generate equivalent atoms:

C(8)-C(9) 1.386(5) #1 -x+y,-x+1,z

C(8)-C(9)#3 1.389(5) #2 -y+1,x-y+1,z

C(9)-C(8)#4 1.389(5) #3 -y,X-y,Z

C(9)-H(9) 1.083(9) #4 -X+y,-X,z

C(2)-C(1)-C(6) 121.8(2)

C(2)-C(1)-CI(1) [18.9(2)

C(6)-C(1)-Cl(1) 119.3(2)

C(3)-C(2)-C(1) 119.1(2)

C(3)-C(2)-H(2) 121.0(6)

C(1)-C(2)-H(2) 119.8(6)

C(4)-C(3)-C(2) 119.3(3)

C(4)-C(3)-H(3) 120.0(5)

C(2)-C(3)-H(3) 120.7(6)

C(3)-C(4)-C(5) 121.7(2)

C(3)-C(4)-0(1) 121.1(3)

C(5)-C(4)-0(1) 117.1(3)
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Anisotropic displacement parameters (A2x 103) for 6x. The anisotropic

displacement factor exponent takes the form: 2n2[h2 a*2ull 4 | 42 hka*b* UI2]

yll U22 U33 U23 ul3 ul2
CI(1) 15(1) 13(1) 15(1) 0(1) 0(1) 10(1)
C(1) 10(1) 12(1) 12(1) -1(1) 0(1) 7(1)
C(2) 12(1) 12(1) 13(1) -4(1) -2(1) 7(1)
C(3) 11(1) 12(1) 13(1) -2(1) -3(1) 7(1)
C4) 7(1) 8(1) 12(1) o) 1(1) 4(1)
C(5) 12(1) 13(1) L1(1) -3(1) -3(1) 8(1)
C(6) 15(1) 15(1) L1(1) -3(1) -4(1) 11(1)
o) 6(1) 9(1) 16(1) -1(1) -1(1) 3(1)
C(7) 7(1) 8(1) 10(1) 0(1) 0(1) 4(1)
N(1) 8(1) 8(1) 13(1) -1(1) 0(1) 4(1)
Br(1) 21(1) 40(2) 22(1) -1(2) -1(1) 21(1)
C(8) 19(1) 23(1) 9(1) 1(1) (1) 13(1)
C9) 21(1) 19(1) 11(1) 0(1) 0(1) 11(1)
H(2) 34(3) 33(3) 26(3) -15(3) -7(3) 21(3)
H(3) 37(4) 43(4) 23(3) -8(3) -13(3) 27(4)
H(6) 34(4) 41(4) 25(3) -6(3) -11(3) 26(3)
H(5) 40(4) 35(4) 23(3) -12(3) -11(3) 26(3)
H(9) 41(4) 32(4) 44(5) -2(4) -1(4) 25(4)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 6x.

X y z Uleq)
H(2) 5946(7) 5050(7) 621(14) 29(2)
H3) 5116(8) 6117(8) 620(14) 31(2)
H(6) 7213(8) 6203(8) 6358(14) 30(2)
H(5) 6375(8) 7286(8) 6353(14) 30(2)
H(9) 92(9) -1591(8) -160(20) 36(2)
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Appendix C

7x) Triphenylisocyanurate, trinitrobenzene and benzene

Synthesis: Praveen K. Thallapally, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 7x.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.33°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Tx

C30 H21 N6 09
609.53

100(2) K
0.71073 A
Triclinic

P-1
a=11.3825(3) A
b=11.5495(3) A
c=12.5513(3) A
1378.27(6) A3

2

1.469 Mg/m3
0.111 mm-!

630

1.2x 0.6 x 0.25 mm3
1.89 to 30.33°.
-15<=h<=16, -16<=k<=13, -17<=l<=17
11166

7227 [R(int) = 0.0327]

87.1 %

None

a = 69.866(1)°.
B =63.497(1)°.
v = 86.397(1)°.

Full-matrix least-squares on F2
722770/ 406

1.034

R1=0.0392, wR2 =0.1001

R1 =0.0460, wR2 = 0.1066
not refined

0.355 and -0.258 e.A-3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A2x 103) for 7x. U(eq) is defined as one third of the trace of the orthogonalized Ul

tensor.

X y Z U(eq)
00) 6615(1) 2112(1) 4176(1) 23(1)
C(10) 6872(1) 2036(1) 5036(1) 18(1)
N(10) 8160(1) 2109(1) 4869(1) 18(1)
C(11) 9194(1) 2261(1) 3598(1) 19(1)
C(12) 9528(1) 3431(1) 2664(1) 25(1)
C(13) 10424(1) 3563(1) 1413(1) 30(1)
C(14) 10974(1) 2536(1) 1127(1) 31(1)
C(15) 10656(1) 1377(1) 2088(1) 29(1)
C(16) 9758(1) 1228(1) 3338(1) 23(1)
0(20) 9638(1) 1874(1) 5679(1) 23(1)
C(20) 8509(1) 1947(1) 5837(1) 18(1)
N(20) 7460(1) 1902(1) 6998(1) 19(1)
C21n) 7766(1) 1817(1) 8029(1) 19(1)
C(22) 8569(1) 2780(1) 7880(1) 22(1)
C(23) 8861(1) 2688(1) 8871(1) 26(1)
C(24) 8364(1) 1653(1) 9982(1) 28(1)
C(25) 7549(1) 702(1) 10122(1) 27(1)
C(26) 7240(1) 783(1) 9142(1) 23(1)
0(30) 5253(1) 1820(1) 8286(1) 27(1)
C(30) 6130(1) 1857(1) 7268(1) 20(1)
N(@30) 5888(1) 1855(1) 6267(1) 18(1)
C@3l) 4527(1) 1668(1) 6520(1) 18(1)
C(32) 3637(1) 2476(1) 6956(1) 24(1)
C(33) 2320(1) 2263(1) 7236(1) 26(1)
C(34) 1901(1) 1259(1) 7070(1) 25(1)
C(395) 2803(1) 458(1) 6629(1) 23(1)
C(36) 4118(1) 658(1) 6357(1) 20(1)
N(1) 2425(1) 4552(1) 4782(1) 35(1)
o) 1253(1) 4302(1) 5155(1) 52(1)
0(2) 2892(1) 5321(1) 5009(1) 48(1)
C) 3366(1) 3891(1) 3993(1) 25(1)
C(2) 2888(1) 2873(1) 3896(1) 24(1)
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N(2)
0(3)
)
C@3)
C(4)
N(@3)
00)
0(6)
C(5)
C(6)
C(1X)
C(2X)
C(3X)

3391(1)
2318(1)
4134(1)
3828(1)
5162(1)
6966(1)
7720(1)
7292(1)
5558(1)
4689(1)
6363(1)
5553(1)
4188(1)

Appendix C

1238(1)
663(1)
958(1)

2328(1)

2754(1)

4257(1)

3745(1)

5164(1)

3764(1)

4344(1)

5075(1)

4108(1)

4034(1)

2960(1)
3784(1)
2038(1)
3100(1)
2413(1)
1868(1)
1159(1)
2013(1)
2578(1)
3366(1)
-713(1)
-543(1)

169(1)

23(1)
32(1)
31(1)
20(1)
19(1)
21(1)
26(1)
30(1)
20(1)
25(1)
27(1)
28(1)
27(1)
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Table 3. Bond lengths [A] and angles

[°] for 7x.

Appendix C

0(10)-C(10)
C(10)-N(10)
C(10)-N(30)
N(10)-C(20)
N(10)-C(11)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
0(20)-C(20)
C(20)-N(20)
N(20)-C(30)
N(20)-C(21)
C(21)-C(26)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
0(30)-C(30)
C(30)-N(30)
N(30)-C(31)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
N(1)-O(1)

N(1)-0(2)

N(1)-C(1)

C(1)-C(6)

1.2132(14)
1.3886(14)
1.3953(13)
1.3904(14)
1.4552(13)
1.3861(16)
1.3873(16)
1.3973(17)
1.388(2)

1.392(2)

1.3931(16)
1.2123(13)
1.3986(13)
1.3960(14)
1.4548(14)
1.3894(16)
1.3920(16)
1.3942(16)
1.3877(19)
1.3963(19)
1.3942(17)
1.2075(14)
1.4025(14)
1.4508(13)
1.3908(15)
1.3915(15)
1.3951(16)
1.3927(18)
1.3933(17)
1.3940(15)
1.2172(17)
1.2332(17)
1.4773(15)
1.3853(17)

C(D)-C(2)
C(2)-C(3)
N(2)-0(3)
N(2)-04)
N(2)-C(3)
C(3)-C(4)
C4)-C(5)
N(3)-0(5)
N(3)-O(6)
N(@3)-C(5)
C(5)-C(6)
C(1X)-C(2X)
C(1X)-C(3X)#1
C(2X)-C(3X)
C3X)-C(1X)#1

0(10)-C(10)-N(10)
0(10)-C(10)-N(30)
N(10)-C(10)-N(30)
C(10)-N(10)-C(20)
C(10)-N(10)-C(11)
C(20)-N(10)-C(11)
C(12)-C(11)-C(16)
C(12)-C(11)-N(10)
C(16)-C(11)-N(10)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(11)-C(16)-C(15)
0(20)-C(20)-N(10)
0(20)-C(20)-N(20)
N(10)-C(20)-N(20)
C(30)-N(20)-C(20)
C(30)-N(20)-C(21)
C(20)-N(20)-C(21)
C(26)-C(21)-C(22)

1.3894(17)
1.3902(16)
1.2263(13)
1.2286(14)
1.4741(15)
1.3877(15)
1.3853(16)
1.2227(13)
1.2291(13)
1.4759(14)
1.3807(16)
1.3893(19)
1.3938(19)
1.3939(18)
1.3938(19)

122.46(10)
122.02(10)
115.51(9)
124.79(9)
115.98(9)
119.01(9)
122.03(10)
118.41(10)
119.45(10)
118.82(12)
120.01(12)
120.17(11)
120.47(12)
118.45(11)
122.58(10)
122.64(10)
114.77(9)
124.85(9)
117.27(9)
117.75(9)
121.64(10)
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C(26)-C(21)-N(20)
C(22)-C(21)-N(20)
C(21)-C(22)-C(23)
C(24)-C(23)-C(22)
C(23)-C(24)-C(25)
C(26)-C(25)-C(24)
C(21)-C(26)-C(25)
0(30)-C(30)-N(20)
0(30)-C(30)-N(30)
N(20)-C(30)-N(30)
C(10)-N(30)-C(30)
C(10)-N(30)-C(31)
C(30)-N(30)-C(31)
C(32)-C(31)-C(36)
C(32)-C(31)-N(30)
C(36)-C(31)-N(30)
C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(31)-C(36)-C(35)
O(1)-N(1)-0(2)
O(1)-N(1)-C(1)
0(2)-N(1)-C(1)
C(6)-C(1)-C(2)
C(6)-C(1)-N(1)
C(2)-C(1)-N(1)
C(1)-C(2)-C(3)
0(3)-N(2)-0(4)
0O(3)-N(2)-C(3)
0O(4)-N(2)-C(3)
C(4)-C(3)-C(2)
C4)-C(3)-N(2)
C(2)-C(3)-N(2)
C(5)-C(4)-C(3)
0(5)-N(3)-0(6)
0(5)-N(3)-C(5)
0(6)-N(3)-C(5)

119.24(10)
119.12(10)
118.73(11)
120.50(11)
120.05(11)
120.15(12)
118.93(11)
122.75(10)
122.44(10)
114.81(9)

124.23(9)

117.75(9)

118.02(9)

120.70(10)
119.84(10)
119.43(10)
119.31(11)
120.50(11)
119.65(11)
120.24(11)
119.59(10)
124.93(12)
117.84(12)
117.23(12)
123.54(11)
117.38(11)
119.07(11)
115.64(10)
124.59(11)
117.58(10)
117.82(10)
124.00(11)
117.47(10)
118.53(10)
116.58(10)
124.71(10)
117.48(9)

117.80(10)

Appendix C

C(6)-C(5)-C(4)
C(6)-C(5)-N(3)
C(4)-C(5)-N(3)
C(5)-C(6)-C(1)

C2X)-C(1X)-C3X)#1

C(1X)-C(2X)-C(3X)

C(1X)#1-C(3X)-C(2X)

122.94(11)
118.21(10)
118.84(10)
117.26(11)
120.02(11)
119.99(12)
119.99(12)

Symmetry transformations used to

generate equivalent atoms:

#1 -x+1,-y+1,-z
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Table 4.

Appendix C

Anisotropic displacement parameters (A2x 103) for 7x. The anisotropic

displacement factor exponent takes the form: -2n2[ h2 a*2ULl + . 4+ 2 hk a* b* U12]

yll U22 U33 U23 ul3 ul2
Oo(10)  20(1) 30(1) 19(1) -8(1) -9(1) 3(1)
C(10) 16(1) 18(1) 18(1) -6(1) -6(1) 2(1)
N(10)  14(1) 20(1) 16(1) -7(1) -5(1) 2(1)
C(11) 14D 25(1) 17(1) -9(1) -6(1) o)
C(12)  21(1) 26(1) 23(1) -6(1) -7(1) 0(1)
C(13)  23(1) 37(1) 21(1) -2(1) -7(1) -6(1)
C(14) 19(1) 50(1) 20(1) -14(1) -3(1) -5(1)
C(15)  20(D) 39(1) 29(1) -20(1) -6(1) 3(1)
C(e6) 19(1) 25(1) 24(1) -11(1) -7(1) 2(1)
0(20) 16(1) 32(1) 23(1) -13(1) -8(1) 3(1)
C20) 17(1) 18(1) 19(1) -8(1) -7(1) 1(1)
N20) 16(1) 24(1) 18(1) -10(1) -7(1) 2(1)
C(21) 16(1) 25(1) 19(1) -13(1) -7(1) 4(1)
CQ22) 18(1) 26(1) 23(1) -13(1) -7(1) 3(1)
C(23) 20(D) 34(1) 30(1) -20(1) -11(1) 4(1)
C(24) 28(D) 39(1) 26(1) -20(1) -15(1) 9(1)
C(25) 29(1) 31(1) 20(1) -10(1) -10(1) 5(1)
C(26) 22(1) 25(1) 22(1) -12(1) -8(1) 2(1)
030y  18(D) 41(1) 24(1) -19(1) -7(1) 4(1)
C(30) 17(1) 23(1) 21(1) -10(1) -7(1) 1(1)
N(30) 13(D) 23(1) 19(1) -9(1) -6(1) 1(1)
C@3l1) 14(1) 21(1) 18(1) -6(1) -6(1) I(1)
C(32) 18(1) 22(1) 30(1) -11(1) -8(1) 2(1)
C(33) 17(D) 28(1) 31(1) -12(1) -9(1) 5(1)
C34) 17(D) 32(1) 25(1) -8(1) -10(1) 0(1)
C@35) 23(D) 27(1) 23(1) -9(1) -11(D) -2(1)
C36) 20(1) 23(1) 19(1) -9(1) -9(1) 3(1)
N(1) 32(1) 21(1) 31(1) -8(1) 2(1) 2(1)
o(l) 28(1) 42(1) 62(1) -24(1) 4(1) 5(1)
0(2) 49(1) 30(1) 48(1) -24(1) 1(1) 0(1)
C) 25(1) 20(1) 22(1) -7(1) -3(1) 3(1)
C(2) 21(1) 20(1) 21(1) -2(1) -6(1) 1(1)
N(2) 24(1) 20(1) 24(1) -5(1) -13(1) o(1)

B
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0Q@3) 27(1) 29(1) 34(1) -7(1) -9(1) -8(1)
0o4) 33(1) 30(1) 32(1) -16(1) -11(1) 0(1)
C@3) 22(1) 17(1) 19(1) -3(D) -10(1) 0(1)
C4) 21(1) 18(1) 17(1) -5(1) -9(1) 3(1)
N(@3) 21(1) 21(1) 21(1) -6(1) -9(1) 0(1)
05) 22(1) 31(1) 23(1) -12(1) -7(1) 2(1)
0(6) 28(1) 25(1) 38(1) -14(1) -13(1) -2(1)
C(5) 20(1) 19(1) 17(1) -3(1) -7(1) 0(1)
C(6) 27(1) 18(1) 23(1) -7(1) -6(1) -1(1)
C(1X) 2I(1) 36(1) 22(1) -6(1) -10(1) 6(1)
C2X) 311) 32(1) 25(1) -12(1) -17(1) 11(1)
C(3X) 28(1) 29(1) 26(1) -5(1) -16(1) I(1)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x
10 3) for 7x.

X y z U(eq)
H(12) 9154 4130 2869 30
H(13) 10657 4356 759 36
H(14) 11569 2624 274 37
H(15) 11055 682 1891 35
H(16) 9536 439 3996 27
H(22) 8911 3486 7118 26
H(23) 9406 3338 8785 31
H(24) 8577 1592 10648 33
H(25) 7204 -3 10885 33
H(26) 6680 142 9235 28
H(32) 3922 3165 7062 28
H(33) 1706 2806 7542 32
H(34) 1004 1121 7257 30
H(35) 2520 226 6513 28
H(36) 4730 108 6062 24
H(2) 1978 2570 4343 28
H(4) 5774 2373 1859 22
H(6) 4986 5026 3475 30
H(1X) 7292 5127 -1201 41
H(2X) 5929 3499 912 33
H(3X) 3634 3375 282 41
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7n) Triphenylisocyanurate, trinitrobenzene and benzene

Synthesis: Praveen K. Thallapally, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 7.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta/lambda range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 12.02°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

N

C30 H21 N6 09
609.00

25(1)K

0.5-5.0 A
Triclinic

P-1
a=11.320(4) A
b=11.558(5) A
c=124555) A
1364.8(9) A3

2

1.482 Mg/m3
1.230, at 1 Angstrom mm-1

45.80

2.0x2.0x 1.0 mm3

0.088 to 0.90%A.

0<=h<=18, -19<=k<=19, -17<=1<=20
20712

6069 [R(int) = 0.066]

45.9 %

Empirical

0.90 and 0.65

Full-matrix least-squares on F2

6069 /0 / 595

1.057

R1=0.0799, wR2 = 0.2013

R1 =0.0799, wR2 = 0.2013

0.160

1.900 and -1.993 e.A-3

a = 70.48(2)°.
B = 63.43(3)°.
v = 86.93(3)°.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for 7x. Ul(eq) is defined as one third of the trace of the orthogonalized Ul

tensor.

X y z U(eq)
0O(10) 6612(3) 2110(3) 4180(3) 14(1)
C(0) 6864(3) 2036(2) 5037(2) 8(1)
N(10) 8156(2) 2103(2) 4867(2) 8(1)
C(11) 9185(3) 2260(2) 3603(2) 8(1)
C(12) 9521(3) 3422(3) 2667(3) 15(1)
C(13) 10412(4) 3556(4) 1416(3) 22(1)
C(14) 10976(4) 2532(4) 1123(3) 24(1)
C(15) 10661(3) 1377(4) 2084(3) 21(1)
C(16) 9761(3) 1229(3) 3340(3) 13(1)
0(20) 9617(3) 1871(3) 5681(3) 13(1)
C(20) 8501(3) 1942(2) 5838(2) 8(1)
N(20) 7453(2) 1897(2) 7000(2) 9(1)
C(21) 7760(3) 1815(2) 8025(2) 10(1)
C(22) 8563(3) 2777(3) 7878(3) 12(1)
C(23) 8858(3) 2689(3) 8873(3) 16(1)
C(24) 8363(4) 1650(4) 9987(3) 21(1)
C(25) 7540(4) 698(3) 10124(3) 18(1)
C(26) 7236(3) 790(3) 9137(3) 13(1)
0(30) 5266(3) 1817(4) 8278(3) 17(1)
C(30) 6130(3) 1856(3) 7264(2) 9(1)
N(30) 5889(2) 1852(2) 6268(2) 9(1)
C@31) 4529(3) 1670(2) 6520(2) 8(1)
C(32) 3651(3) 2480(3) 6951(3) 14(1)
C(33) 2333(3) 2264(3) 7240(3) 17(1)
C(34) 1905(3) 1256(3) 7070(3) 15(1)
C(@335) 2799(3) 453(3) 6632(3) 13(1)
C(36) 4115(3) 658(3) 6359(3) 10(1)
N(1) 2423(3) 4554(2) 4775(3) 29(1)
O(1) 1261(6) 4297(6) 5162(7) 50(2)
0(2) 2886(7) 5321(5) 5004(6) 43(2)
C(1) 3364(3) 3898(2) 3988(3) 16(1)
C(2) 2888(3) 2875(3) 3898(3) 15(1)
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N(2)
0(3)
oC)
C@3)
C4)
N@3)
O(5)
O(6)
Co)
C(6)
C(1X)
C(2X)
C(3X)

3399(2)
2341(5)
4138(5)
3832(3)
5164(3)
6959(2)
7709(4)
7288(4)
5562(3)
4690(3)
6369(3)
5555(4)
4190(4)

Appendix C

1240(2)
667(4)
957(4)

2325(2)

2755(2)

4256(2)

3759(4)

5162(4)

3765(2)

4345(3)

5080(4)

4109(3)

4033(3)

2962(2)
3776(4)
2046(4)
3102(2)
2412(2)
1872(2)
1157(3)
2013(4)
2576(2)
3365(3)
-718(3)
-547(3)

175(3)

14(1)
24(1)
25(1)
10(1)

(1)
13(1)
18(1)
23(1)

9(1)
17(1)
20(1)
21(1)
20(1)
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Table 3. Bond lengths [A] and angles C(31D-C(32) 1.383(4)
[°] for 7n. C(31)-C(36) 1.390(4)

C(32)-C(33) 1.384(4)
0(10)-C(10) 1.199(4) C(32)-H(32) 1.085(8)
C(10)-N(30) 1.382(3) C(33)-C(34) 1.399(5)
C(10)-N(10) 1.383(3) C(33)-H(33) 1.087(9)
N(10)-C(20) 1.383(3) C(34)-C(35) 1.388(5)
N(10)-C(11) 1.435(3) C(34)-H(34) 1.083(8)
C(11)-C(12) 1.386(4) C(35)-C(36) 1.386(4)
C(11)-C(16) 1.392(4) C(35)-H(35) 1.077(8)
C(12)-C(13) 1.384(4) C(36)-H(36) 1.071(7)
C(12)-H(12) 1.077(9) N(1)-0(1) 1.196(8)
C(13)-C(14) 1.393(6) N(1)-0(2) 1.222(7)
C(13)-H(13) 1.082(10) N(1)-C(1) 1.464(4)
C(14)-C(15) 1.394(6) C(1)-C(6) 1.377(5)
C(14)-H(14) 1.075(8) C(1)-C(2) 1.383(4)
C(15)-C(16) 1.389(4) C(2)-C(3) 1.389(4)
C(15)-H(15) 1.089(10) C(2)-H(2) 1.076(9)
C(16)-H(16) 1.087(8) N(2)-0(3) 1.204(4)
0(20)-C(20) 1.192(4) N(2)-0(4) 1.215(5)
C(20)-N(20) 1.387(3) N(2)-C(3) 1.460(3)
N(20)-C(30) 1.382(3) C(3)-C4) 1.377(4)
N(20)-C(21) 1.440(3) C4)-C(5) 1.380(4)
C(21)-C(26) 1.385(4) C(4)-H#4) 1.086(7)
C(21)-C(22) 1.385(4) N(3)-0(5) 1.207(4)
C(22)-C(23) 1.393(4) N(3)-0O(6) 1.220(4)
C(22)-H(22) 1.081(8) N@3)-C(5) 1.454(3)
C(23)-C(24) 1.394(5) C(5)-C(6) 1.376(4)
C(23)-H(23) 1.081(9) C(6)-H(6) 1.072(8)
C(24)-C(25) 1.396(5) C(1X)-C(3X)#1 1.384(5)
C(24)-H(24) 1.082(8) C(1X)-C(2X) 1.389(6)
C(25)-C(26) 1.388(4) C(1X)-H(1X) 1.066(10)
C(25)-H(25) 1.075(10) C(2X)-C(3X) 1.386(6)
C(26)-H(206) 1.089(8) C(2X)-H(2X) 1.084(9)
0(30)-C(30) 1.189(4) C(3X)-C(1X)#1 1.384(5)
C(30)-N(30) 1.386(3) C(3X)-H(3X) 1.067(10)
N(@30)-C(31) 1.439(3)
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0(10)-C(10)-N(30)
0(10)-C(10)-N(10)
N(30)-C(10)-N(10)
C(20)-N(10)-C(10)
C(20)-N(10)-C(11)
C(10)-N(10)-C(11)
C(12)-C(11)-C(16)
C(12)-C(11)-N(10)
C(16)-C(11)-N(10)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-H(16)
C(11)-C(16)-H(16)
0(20)-C(20)-N(10)
0(20)-C(20)-N(20)
N(10)-C(20)-N(20)
C(30)-N(20)-C(20)
C(30)-N(20)-C(21)
C(20)-N(20)-C(21)
C(26)-C(21)-C(22)
C(26)-C(21)-N(20)
C(22)-C(21)-N(20)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)

Appendix C

122.5(3) C(24)-C(23)-H(23)
122.2(3) C(23)-C(24)-C(25)
115.2(2) C(23)-C(24)-H(24)
124.55(19) C(25)-C(24)-H(24)
119.1(2) C(26)-C(25)-C(24)
116.2(2) C(26)-C(25)-H(25)
122.2(2) C(24)-C(25)-H(25)
118.8(2) C(21)-C(26)-C(25)
119.0(2) C(21)-C(26)-H(26)
119.1(3) C(25)-C(26)-H(26)
120.6(5) 0(30)-C(30)-N(20)
120.3(5) 0(30)-C(30)-N(30)
119.8(3) N(20)-C(30)-N(30)
120.0(7) C(10)-N(30)-C(30)
120.2(7) C(10)-N(30)-C(31)
120.4(3) C(30)-N(30)-C(31)
120.2(8) C(32)-C(31)-C(36)
119.4(8) C(32)-C(31)-N(30)
120.3(3) C(36)-C(31)-N(30)
119.5(7) C(31)-C(32)-C(33)
120.1(7) C(31)-C(32)-H(32)
118.2(3) C(33)-C(32)-H(32)
120.8(5) C(32)-C(33)-C(34)
121.0(5) C(32)-C(33)-H(33)
122.5(3) C(34)-C(33)-H(33)
122.6(3) C(35)-C(34)-C(33)
114.9(2) C(35)-C(34)-H(34)
124.7(2) C(33)-C(34)-H(34)
117.65(19) C(36)-C(35)-C(34)
117.6(2) C(36)-C(35)-H(35)
121.6(3) C(34)-C(35)-H(35)
119.6(2) C(35)-C(36)-C(31)
118.9(2) C(35)-C(36)-H(36)
118.5(3) C(31)-C(36)-H(36)
120.3(5) O(1)-N(1)-0(2)

121.2(5) O(1)-N(1)-C(1)

120.6(3) 0(2)-N(1)-C(1)

118.7(6) C(6)-C(1)-C(2)

120.7(6)
120.0(3)
120.5(7)
119.5(7)
119.5(3)
119.2(7)
121.3(6)
119.8(3)
120.9(5)
119.3(5)
122.2(3)
122.8(3)
115.1(2)
124.5(2)
117.4(2)

118.05(19)

121.1(2)
119.8(2)
119.1(2)
119.1(3)
120.7(6)
120.0(6)
120.3(3)
118.8(6)
120.9(6)
119.9(3)
120.5(6)
119.5(6)
119.8(3)
118.4(6)
121.7(6)
119.7(3)
119.2(5)
121.1(5)
124.5(4)
118.2(4)
117.3(4)
123.2(3)
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C(6)-C(1)-N(1)
C(2)-C(1)-N(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H?2)
C(3)-C(2)-H(2)
0O(3)-N(2)-0(4)
0(3)-N(2)-C(3)
0(4)-N(2)-C(3)
C(4)-C(3)-C(2)
C(4)-C(3)-N(2)
C(2)-C(3)-N(2)
C(3)-C4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
0(5)-N(3)-0(6)
O(5)-N(3)-C(5)
0(6)-N(3)-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-N(3)
C(4)-C(5)-N(3)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)
C3X)#1-C(1X)-C(2X)
CEX)#1-C(1X)-H(1X)
C(2X)-C(1X)-H(1X)
C(3X)-C(2X)-C(1X)
C(3X)-C(2X)-H(2X)
C(1X)-C(2X)-H(2X)
C(1X)#1-C(3X)-C(2X)
C(1X)#1-C(3X)-H(3X)
C(2X)-C(3X)-H(3X)

117.6(3)
119.1(3)
115.9(3)
122.7(5)
121.4(5)
124.03)
117.9(3)
118.1(3)
123.8(3)
117.4(2)
118.8(3)
116.7(2)
122.5(4)
120.8(5)
124.4(3)
117.5(2)
118.0(3)
122.8(3)
118.2(2)
119.0(2)
117.5(3)
121.6(6)
120.9(6)
119.8(3)
121.1(8)
119.1(7)
119.5(3)
119.5(8)
121.0(8)
120.7(3)
120.6(8)
118.7(8)

Appendix C

Symmetry transformations used

generate equivalent atoms:

#1 -x+1,-y+1,-z

to
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Table 4.

Appendix C

Anisotropic displacement parameters (A2x 103) for 7n. The anisotropic

displacement factor exponent takes the form: 2n2[h2 a*2Ull + . 4 2hka*b*Ul2]

yll U22 U33 U23 ul3 ul2
Oo(10)  12(1) 21(2) 7(1) -3(1) -5(1) 4(1)
C(10) 8(1) 9(1) 7(1) -2(1) -4(1) 1(1)
N(10) 6(1) 9(1) 7(1) -3(1) -2(1) 1(1)
Cn 7(1) 9(1) 7(1) -3(1) -2(1) 2(1)
C(12)  14(1) 13(1) 10(1) 1(1) -2(1) -1(1)
C(13)  19(1) 27(2) 9(1) 2(1) -2(1) -5(1)
C(14)  19(1) 38(2) 7(1) -8(1) 2(1) -7(1)
cs) 17 30(2) 15(1) -16(1) -1(1) 2(1)
C(e6) 13(1) 12(1) 13(1) -7(1) -3(1) 3(1)
0(20) 4(1) 24(2) 12(1) -8(1) -3(1) 3(D)
C(20) 7(1) 11(1) 8(1) -4(1) -3(1) 1(1)
N(20) (1) 14(1) 8(1) -6(1) -3(1) 1(1)
C(@21) 9(1) 12(1) 8(1) -4(1) -3(1) 1(1)
C(22)  10(L) 14(1) 15(1) -8(1) -5(1) 1(1)
C(23) 17(1) 21(1) 18(1) -13(1) -9(1) 3(1)
C(24) 28(2) 27(2) 17(1) -14(1) -14(1) 7(1)
C(25) 28(2) 18(1) 10(1) -6(1) -8(1) 4(1)
C(26) 17(1) 13(1) 10(1) -5(1) -6(1) 4(1)
0@30) 9(1) 32(2) 14(1) -16(1) -3(1) 4(1)
C@30) 7(1) 14(1) 8(1) -8(1) -3(1) 2(1)
N(30) 8(1) 11(1) 9(1) -5(1) -3(1) I(1)
C@3l) 7(1) 7(1) 9(1) -3(1) -3(1) I(1)
C(32) 8(1) 12(1) 23(1) -9(1) -6(1) 3(1)
C(33) 9(1) 17(1) 26(1) -11(1) -6(1) 6(1)
C(34) 10D 17(1) 19(1) -5(1) -8(1) 2(1)
C(@3s5)  13(D) 16(1) 14(1) -6(1) -9(1) -1(1)
C36) 10(1) 12(1) 12(1) -6(1) -7(1) 2(1)
N(1) 35(1) 8(1) 22(1) -5(1) 6(1) 5(1)
Oo(l) 32(3) 30(2) 57(4) -25(3) 11(2) 6(2)
02) 49(3) 23(2) 38(3) -21(2) 5(2) 1(2)
C) 18(1) 4(1) 13(1) -2(1) I(1) 1(1)
C(2) 14(1) 9(1) 13(1) -1(1) -2(1) 2(1)
N(2) 19(1) 8(1) 15(1) -2(1) -9(1) 01)
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03) 2512 17(2) 24(2) -4(1) -6(2) 9(1)
o4)  33(2) 17(2) 23(2) 11(1) -8(2) 4(2)
C3)  14(1) 5(1) 9(1) 1(1) -5(1) 1(1)
c@  12(1) 6(1) 7(1) “1(1) -4(1) 2(1)
N@G3)  16(1) (1) 11(1) 2(1) -5(1) 2(1)
o)  15(1) 212) 14(1) 7(1) 2(1) 2(1)
0®6)  24(2) 15(1) 28(2) -10(1) 9(2) 3(1)
ci)  12(1) 5(1) 8(1) -1(1) _4(1) 0(1)
c®6) 211 8(1) 13(1) 4(1) “1(1) 2(1)
C(IX) 18(1) 25(2) 16(1) 6(1) 9(1) 8(1)
C2X) 31(Q2) 19(1) 17(1) -8(1) “14(1) 12(1)
C3X) 25(2) 18(1) 19(1) 3(1) “13(1) 1(1)
H@4)  28(3) 17(2) 26(3) 13(2) 7(2) 5(2)
H(36) 28(3) 28(3) 41(4) 26(3) “18(3) 16(3)
H©6)  53(5) 203) 35(4) “14(3) _8(3) -7(3)
H2)  2503) 32(4) 32(3) -9(3) 3(3) “1(3)
H(16) 43(4) 14(2) 29(3) 2(2) 5(3) 6(3)
H(35)  37(4) 34(4) 47(4) -25(3) 24(4) 2(3)
H(26) 37(4) 23(3) 27(3) 3(2) “15(3) -8(3)
H(22) 38(4) 23(3) 27(3) 0(2) _16(3) -8(3)
H33)  31(4) 38(4) 66(6) 32(4) 17(4) 19(3)
H(13)  48(5) 42(5) 23(3) 10(3) -4(3) _3(4)
H(23) 42(4) 36(4) 40(4) “193) -23(4) “1(3)
H34)  223) 42(4) 51(5) 20(4) 22(3) 5(3)
H(24)  65(6) 53(5) 31(4) -19(4) 34(4) 6(5)
H(25) 68(7) 40(4) 22(3) -6(3) 22(4) 4(4)
H(32) 32(4) 29(4) 67(6) -33(4) “18(4) 5(3)
H(12)  46(5) 17(3) 35(4) 3(3) -7(3) 14(3)
H(15)  40(5) 52(6) 45(5) 37(5) _4(4) 11(4)
H2X)  78(8) 40(5) 54(6) -36(5) -37(6) 33(5)
H(14)  46(5) 62(6) 17(3) -18(3) 0(3) -3(4)
H3X)  60(6) 34(4) 56(6) 9(4) -38(5) _7(4)
H(1X) 25(4) 56(6) 41(4) “15(4) -9(3) 14(4)
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 10
3) for Tn.

X y z Uleq)
H(4) 5884(7) 2313(6) 1791(7) 24(1)
H(36) 4797(8) 35(7) 6018(8) 28(1)
H(6) 5019(10) 5133(7) 3473(8) 38(2)
H(2) 1851(8) 2525(8) 4398(8) 34(2)
H(16) 9496(9) 328(6) 4092(8) 35(2)
H(35) 2496(9) -343(8) 6510(9) 34(2)
H(26) 6591(9) 47(7) 9248(7) 30(2)
H(22) 8960(9) 3569(7) 7002(7) 30(2)
H(33) 1640(9) 2886(10) 7610(12) 43(2)
H(13) 10670(11) 4453(10) 671(8) 48(3)
H(23) 9482(10) 3440(8) 8761(9) 36(2)
H(34) 873(8) 1103(9) 7292(10) 35(2)
H(24) 8595(12) 1583(10)  10759(9) 43(2)
H(25) 7119(13) -96(10)  10986(8) 44(2)
H(32) 3966(9) 3232(8) 7137(11) 40(2)
H(12) 9053(10) 4200(7) 2901(9) 39(2)
H(15) 11101(10) 579(11) 1849(10) 47(2)
H(2X) 5973(14) 3399(10) -954(11) 50(3)
H(14) 11665(11) 2629(11) 153(8) 46(2)
H(3X) 3578(13) 3280(9) 302(11) 47(2)
H(1X) 7418(9) 5127(11)  -1265(10) 44(2)
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8) 4,4’-dinitrotetraphenylmethane

Appendix C

Synthesis: Basavoju Srinivas, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 8.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

8

C25 H19.08 N2 04.54
420.18

30(2) K

0.71073 A
Rhombohedral

R-3

a=20.759(3) A a = 90°.
b =20.759(3) A B =90°.
c=25.142(5) A v = 120°.

9383(3) A3

18

1.338 Mg/m3

0.093 mm-1

3950

0.30 x 0.26 x 0.20 mm3
2.41 to 27.50°.

-26<=h<=24, -26<=k<=26, -20<=1<=31

19194

4654 [R(int) = 0.0604]

97.2 %

None

Full-matrix least-squares on F2
4654 /6 /300

1.044

R1=0.0618, wR2 =0.1397
R1=0.1018, wR2 =0.1636
not refined

0.945 and -0.828 e.A-3
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(A2x 103) for 8. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y z U(eq)
C(1) 5182(1) 5613(1) -1934(1) 21(1)
N(1) 3799(1) 4661(1) 138(1) 32(1)
0(12) 3650(1) 5078(1) 390(1) 41(1)
O(1) 3663(1) 4044(1) 299(1) 39(1)
C(11) 4850(1) 5382(1) -1368(1) 22(1)
C(12) 4755(2) 5869(2) -1037(1) 37(1)
C(13) 4405(2) 5636(2) -545(1) 42(1)
C(14) 4158(2) 4907(2) -387(1) 28(1)
C(15) 4230(1) 4405(1) -709(1) 23(1)
C(16) 4565(1) 4647(1) -1201(1) 22(1)
N(2) 7561(1) 8635(1) -2261(1) 32(1)
0(22) 7600(1) 8931(1) -2696(1) 46(1)
0(21) 8019(1) 8941(1) -1902(1) 40(1)
C(21) 5762(1) 6449(1) -1994(1) 21(1)
C(22) 6290(2) 6833(1) -1596(1) 27(1)
C(23) 6875(2) 7551(1) -1681(1) 27(1)
C(24) 6934(2) 7884(1) -2171(1) 24(1)
C(25) 6424(2) 7522(1) -2575(1) 25(1)
C(26) 5841(1) 6806(1) -2482(1) 23(1)
C31) 5653(1) 5247(1) -2084(1) 22(1)
C(32) 6074(1) 5148(1) -1690(1) 25(1)
C(33) 6549(1) 4885(2) -1814(1) 30(1)
C(34) 6617(2) 4710(2) -2336(1) 33(1)
C(35) 6212(2) 4813(2) -2733(1) 31(1)
C(36) 5742(1) 5092(1) -2609(1) 25(1)
C41) 4487(1) 5370(1) -2285(1) 21(1)
C42) 4163(2) 5822(2) -2317(1) 27(1)
C(43) 3509(2) 5593(2) -2601(1) 30(1)
C(44) 3154(1) 4910(2) -2853(1) 28(1)
C(45) 3457(1) 4446(2) -2812(1) 25(1)
C(406) 4115(1) 4674(1) -2529(1) 22(1)
o) 3333 6667 -171(2) 32(2)
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0(2) 9632(3) -2054(2) 11(2)
Table 3. Bond lengths [A] and angles Cd1)-C42) 1.404(4)
[°] for 8. C(42)-C43) 1.391(4)
C(43)-C(44) 1.381(4)
C(1)-C@41) 1.544(3) C(44)-C(45) 1.394(4)
C()-C2DH) 1.548(3) C(45)-C(46) 1.397(3)
C()-C(11) 1.549(3) 0(2)-02)#1 1.160(9)
C(1)-C31) 1.555(3) 0(2)-02)#2 1.160(9)
N(1)-0(12) 1.232(3)
N(1)-O(11) 1.235(3) C@1)-C(1)-C2D) 112.7(2)
N(1)-C(14) 1.474(3) Cén-C(1)-can 102.99(19)
C(11)-C(16) 1.397(3) C21D)-C(1)-C(11) 114.3(2)
C(11)-C(12) 1.398(4) CH1)-C(1)-C(31) 114.5(2)
C(12)-C(13) 1.392(4) C(21)-C(1)-C31) 101.45(19)
C(13)-C(14) 1.389(4) C(1D)-C(1)-C31 111.3(2)
C(14)-C(15) 1.386(4) O(12)-N(1)-0(11) 123.5(2)
C(15)-C(16) 1.384(4) O(12)-N(1)-C(14) 118.6(2)
N(2)-0(21) 1.231(3) O(11)-N(1)-C(14) 117.9(2)
N(2)-0(22) 1.237(3) C(16)-C(11)-C(12) 118.4(2)
N(2)-C(24) 1.465(3) C(16)-C(11)-C(1) 119.6(2)
C(21)-C(26) 1.400(3) C(12)-C(11)-C(1) 121.7(2)
C(21)-C(22) 1.401(4) C(13)-C(12)-C(11) 120.9(3)
C(22)-C(23) 1.390(4) C(14)-C(13)-C(12) 118.6(3)
C(23)-C(24) 1.389(4) C(15)-C(14)-C(13) 122.0(2)
C(24)-C(25) 1.384(4) C(15)-C(14)-N(1) 119.2(2)
C(25)-C(26) 1.389(4) C(13)-C(14)-N(1) 118.8(3)
C(31)-C(36) 1.393(4) C(16)-C(15)-C(14) 118.3(2)
C(31)-C(32) 1.401(4) C(15)-C(16)-C(11) 121.7(2)
C(32)-C(33) 1.381(4) O(21)-N(2)-0(22) 123.3(2)
C(33)-C(34) 1.388(4) 0(21)-N(2)-C(24) 118.8(2)
C(34)-C(35) 1.390(4) 0(22)-N(2)-C(24) 117.9(2)
C(35)-C(36) 1.398(4) C(26)-C(21)-C(22) 118.2(2)
C(41)-C(46) 1.394(4) C(26)-C(21)-C(1) 119.9(2)
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C(22)-C(21)-C(1)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-N(2)
C(23)-C(24)-N(2)
C(24)-C(25)-C(26)
C(25)-C(26)-C(21)
C(36)-C(31)-C(32)
C(36)-C(31)-C(1)
C(32)-C(31)-C(1)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(31)-C(36)-C(35)
C(46)-C(41)-C(42)
C(46)-C(41)-C(1)
C(42)-C(41)-C(1)
C(43)-C(42)-C(41)
C(44)-C(43)-C(42)
C(43)-C(44)-C(45)
C(44)-C(45)-C(46)
C(41)-C(46)-C(45)
O(2)#1-0(2)-0(2)#2

121.1(2)
121.002)
118.8(2)
121.9(2)
119.7(2)
118.4(2)
118.5(2)
121.5(2)
118.2(2)
122.0(2)
119.4(2)
121.4(3)
120.2(3)
119.4(3)
120.4(3)
120.5(2)
117.7(2)
122.2(2)
119.8(2)
120.9(2)
121.0(2)
118.9(2)
120.3(2)
121.2(2)

60.000(2)

Appendix C

Symmetry transformations

generate equivalent atoms:

#1 -x+y+1,-x+2,2  #2 -y+2 x-y+1,z

used

to
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Appendix C

Anisotropic displacement parameters (A2x 103) for 8. The anisotropic

displacement factor exponent takes the form: 2r2[h2 a*2Ull + | +2hka*b*Ul2]

yll U22 U33 U23 yl3 ul2
C(1) 26(1) 19(1) 17(1) 0(1) -1(1) 10(1)
N(1) 30(1) 30(1) 21(1) 2(1) -2(1) 2(1)
O(12)  50(1) 38(1) 22(1) -5(1) 7(1) 13(1)
O(11) 43(1) 32(1) 28(1) 10(1) 4(1) 9(1)
can 271 20(1) 17(1) 0(1) -3(1) 10(1)
C(12) 58(2) 17(1) 25(2) 2(1) 10(1) 10(1)
C(13) 60(2) 24(1) 26(2) -3(1) 11(1) 10(1)
C(14)  29(1) 25(1) 18(1) I(1) -1(1) 5(1)
C{s)y 211 21(1) 25(1) 4(1) -4(1) 8(D)
Cc(e6)  22(1) 20(1) 23(1) -1(1) -3(1) 10(1)
N(2) 39(1) 21(1) 29(1) 1(1) -2(1) 9(1)
0(22) 65(2) 26(1) 26(1) 7(1) -2(1) 6(1)
021) 45(1) 23(1) 37(1) 1(1) -13(1) 5(1)
C(21)  26(1) 19(1) 20(1) 1(1) 1(1) 11(1)
C(22) 37(2) 21(1) 20(1) 2(1) -4(1) 12(1)
C(23) 36(2) 18(1) 24(1) -3(D) -8(1) 11(1)
Cc4) 2901 17(1) 25(1) 0(1) 2(1) 10(1)
C(25) 32(1) 23(1) 20(1) 2(1) 1(1) 15(1)
C(26) 26(1) 24(1) 20(1) 0(1) -2(1) 12(1)
C(31) 20(1) 15(1) 25(1) 1(1) 1(1) 4(1)
C(32) 21(1) 22(1) 26(1) 4(1) 0(1) 5(1)
C(33) 19(1) 29(1) 38(2) 12(1) 1(1) 9(1)
C(34) 24(1) 30(2) 45(2) 7(1) 8(1) 15(1)
C(35) 25(1) 30(2) 32(2) -2(1) 5(1) 11(1)
C@36) 21(1) 23(1) 27(1) 0(1) -1(1) 9(1)
c@l)  22(1) 25(1) 14(1) 4(1) 2(1) 11(1)
C42) 29(1) 23(1) 27(1) 3(1) 3(1) 12(1)
C@43) 29(1) 34(2) 33(2) 9(1) 5(1) 20(1)
C@44) 22(1) 35(2) 26(1) 8(1) 3(1) 13(1)
C45)  25(1) 30(1) 16(1) 2(1) 4(1) 12(1)
C6)  25(1) 26(1) 17(1) 2(1) 1(1) 14(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 8.
X y z U(eq)

H(12) 4931 6367 -1149 45
H(13) 4338 5967 -323 50
H(15) 4053 3908 -596 28
H(16) 4602 4304 -1431 26
H(22) 6248 6598 -1263 32
H(23) 7229 7810 -1408 33
H(25) 6473 7758 -2908 29
H(26) 5488 6553 -2755 28
H@32) 6031 5265 -1331 31
H(33) 6830 4824 -1541 36
H(34) 6938 4522 -2421 39
H(35) 6256 4693 -3091 37
H(36) 5480 5177 -2885 30
H®42) 4393 6290 -2142 32
H(43) 3303 5910 -2622 36
H(44) 2711 4760 -3051 33
H®45) 3215 3971 -2978 30
H(46) 4313 4350 -2502 26
H(1A) 3333 6667 238(8) o(1n)
H(1B) 3300(40) 6210(20) -290(20) 0(19)
H(2A) 9820(30) 9630(30)  -2392(15) 0(18)
H(2B) 10000 10000 -1793(10) 12(12)
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9) 2,3-dichlore-1,4-diethynyl-1,4-dihydrexy-napthalene
Synthesis: Rahul Banerjee, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 9.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

9
C14 H8 C12 02

279.10

120(2) K

0.71073 A

Monoclinic

P2(1)/c

a=7.4454(5) A o = 90°.
b=23.3125(17) A B =110.578(3)°.
¢ =7.5606(5) A ¥ =90°.
1228.57(15) A3

4

1.509 Mg/m3

0.517 mm-1

568

0.45 x 0.35 x 0.20 mm3

1.75 to 27.48°.

-9<=h<=9, -29<=k<=30, -9<=I<=9
8666

2815 [R(int) = 0.0318]

99.9 %

None

Full-matrix least-squares on F2
2815/0/179

1.062

R1 =0.0301, wR2 = 0.0739

R1 =0.0335, wR2 = 0.0759

not refined

0.358 and -0.257 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(Azx 103) for 9. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y z U(eq)
C(1) 7996(2) 3938(1) 10060(2) 14(1)
C(Q2) 9258(2) 4204(1) 9306(2) 18(1)
C(3) 11078(2) 4368(1) 10475(2) 20(1)
C(4) 11655(2) 4275(1) 12416(2) 21(1)
C(5) 10427(2) 4008(1) 13170(2) 19(1)
C(6) 8591(2) 3833(1) 11994(2) 15(1)
(7 7338(2) 3528(1) 12916(2) 14(1)
o(1) 7075(2) 3921(1) 14260(2) 18(1)
C(11) 8345(2) 2999(1) 13878(2) 17(1)
C(12) 9187(2) 2584(1) 14651(2) 22(1)
C(8) 5393(2) 3359(1) 11492(2) 14(1)
CI(1) 2504(1) 3303(1) 8156(1) 17(1)
C(9) 4778(2) 3486(1) 9660(2) 14(1)
Cl(2) 3979(1) 2986(1) 12486(1) 20(1)
C(10) 5987(2) 3791(1) 8693(2) 15(1)
0(2) 6099(2) 3432(1) 7174(2) 18(1)
C(13) 4999(2) 4326(1) 7799(2) 17(1)
C(14) 4233(2) 4765(1) 7175(2) 23(1)
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Table 3. Bond lengths [A] and angles

Appendix C

[°] for 9.

C(1)-C(6) 1.393(2)
C(1)-C(2) 1.403(2)
C(1)-C(10) 1.528(2)
C(2)-C(3) 1.386(2)
C(2)-H(2A) 0.9500
C(3)-C(4) 1.393(2)
C(3)-H(3A) 0.9500
C(4)-C(5) 1.383(2)
C(4)-H(4A) 0.9500
C(5)-C(6) 1.404(2)
C(5)-H(5A) 0.9500
C(6)-C(7) 1.5229(19)
C(7)-0(1) 1.4321(17)
C(7)-C(11) 1.492(2)
C(7)-C(8) 1.522(2)
O(1)-H(1) 0.75(2)
C(11)-C(12) 1.189(2)
C(12)-H(12) 0.93(2)
C(8)-C(9) 1.330(2)
C(8)-CI(2) 1.7276(14)
CI(1)-C(9) 1.7292(15)
C(9)-C(10) 1.521(2)
C(10)-0(2) 1.4474(17)
C(10)-C(13) 1.485(2)
0(2)-H(2) 0.80(2)
C(13)-C(14) 1.185(2)
C(14)-H(14) 0.95(2)
C(6)-C(1)-C(2) 119.53(14)
C(6)-C(1)-C(10) 123.02(13)
C(2)-C(1)-C(10) 117.43(13)
C(3)-C(2)-C(1) 120.47(14)
C(3)-C(2)-H(2A) 119.8
C(1)-C(2)-H(2A) 119.8

C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C3)-C4H-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
O(1)-C(7)-C(11)
O(1)-C(7)-C(8)
C(11)-C(7)-C(8)
O(1)-C(7)-C(6)
C(11)-C(7)-C(6)
C(8)-C(7)-C(6)
C(7)-O(1)-H(1)
C(12)-C(11)-C(7)

C(11)-C(12)-H(12)

C(9)-C(8)-C(7)
C(9)-C(8)-Cl(2)
C(7)-C(8)-Cl(2)
C(8)-C(9)-C(10)
C(8)-C(9)-CI(1)
C(10)-C(9)-CI(1)
0(2)-C(10)-C(13)
0(2)-C(10)-C(9)
C(13)-C(10)-C(9)
0(2)-C(10)-C(1)
C(13)-C(10)-C(1)
C(9)-C(10)-C(1)
C(10)-0(2)-H(2)

C(14)-C(13)-C(10)
C(13)-C(14)-H(14)

119.95(14)
120.0
120.0
119.98(14)
120.0
120.0
120.50(14)
119.7
119.7
119.54(13)
122.88(13)
117.58(13)
110.70(12)
109.50(12)
108.77(12)
106.54(12)
108.96(12)
112.37(12)
108.3(17)
178.48(16)
178.6(14)
124.93(13)
121.75(12)
113.31(10)
124.04(13)
121.90(11)
114.05(10)
106.39(12)
108.68(12)
109.24(12)
110.50(12)
109.28(12)
112.56(12)
108.3(15)
176.64(16)
178.6(14)
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Anisotropic displacement parameters (A2x 103) for 9. The anisotropic
displacement factor exponent takes the form: —27t2[ h2 a*¥2ull 4+ | +2hka*b* Ul2 ]

yll U22 U33 U23 ul3 Ul2
C() 15(1) 12(1) 15(1) -1(1) 6(1) 1(1)
C®2) 22(1) 16(1) 18(1) o) 10(1) 1(1)
C@3) 19(1) 17(1) 26(1) 1(1) 12(1) -1(1)
C@) 16(1) 20(1) 25(1) -1(1) 5(1) -3(1)
C(5) 18(1) 21(1) 17(1) 1(1) 3(1) -1(1)
C(6) 16(1) 13(1) 16(1) o 6(1) 0(1)
C() 16(1) 14(1) 12(1) o(D) 4(1) 0(1)
Oo(1) 26(1) 16(1) 15(1) -1(1) 10(1) -2(1)
C(11D) 16(1) 19(1) 15(1) -2(1) 5(1) -4(1)
C(12)  20(1) 18(1) 23(1) 2(1) 2(1) 0(l)
C(8) 15(1) 13(1) 17(1) 1(1) 8(1) -1(1)
CK1) 15(1) 18(1) 17(1) -1(1) 2(1) -1(1)
c9) 14(1) 13(1) 16(1) -2(1) 4(1) o)
Cl(2) 18(1) 23(1) 20(1) 6(1) 7(1) -4(1)
C(10) 18(1) 14(1) 12(1) o(l) 5(1) 0(1)
0®2) 25(1) 15(1) 13(1) 2(1) 8(1) 1(1)
C(13) 18(1) 18(1) 14(1) -1(1) 4(1) -2(1)
C(14) 24D 19(1) 23(1) 3(D 6(1) o(1)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 9.

X y z U(eq)
H(2A) 8863 4272 7985 21
H(3A) 11932 4543 9954 24
H(4A) 12891 4395 13222 25
H(5A) 10829 3943 14493 23
H(1) 6680(30) 3757(10)  14900(30) 32(6)
H(12) 9870(30) 2260(10)  15240(30) 37(6)
H(2) 6600(30) 3137(10) 7620(30) 25(5)
H(14) 3650(30) 5120(10) 6680(30) 39(6)
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10) 4,4-diphenyl-2,5-cyclohexadienone
Synthesis: V.S.Senthil Kumar, University of Hyderabad, India.

Table 1. Crystal data and structure refinement for 10.

Identification code 10

Empirical formula C18H14 0

Formula weight 246.29

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=10.7921(6) A o =90°.
b=17.4749(12) A B =90°
¢ =27.9344(19) A v =90°.

Volume 5268.2(6) A3

Z 16

Density (calculated) 1.242 Mg/m3

Absorption coefficient 0.075 mm-1

F(000) 2080

Crystal size 0.55 x 0.40 x 0.30 mm3

Theta range for data collection 1.46 to 28.28°.

Index ranges -13<=h<=14, -16<=k<=23, -37<=1<=37

Reflections collected 37963

Independent reflections 6538 [R(int) = 0.0742]

Completeness to theta = 28.28° 100.0 %

Absorption correction Psi-scan

Max. and min. transmission 0.98281 and 0.89816

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6538/0/371

Goodness-of-fit on F2 1.061

Final R indices [I>2sigma(I)] R1=0.0589, wR2 =0.1243

R indices (all data) R1=0.0855, wR2 =0.1360

Largest diff. peak and hole 0.349 and -0.259 e.A-3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters
(A2x 103) for 10. U(eq) is defined as one third of the trace of the orthogonalized UlJ

tensor.

X y z Ueq)
o(1) 6715(1) 2963(1) 1660(1) 31(1)
C(1) 5688(2) 2676(1) 1734(1) 22(1)
C(2) 5089(2) 2166(1) 1383(1) 21(1)
C(3) 4015(2) 1815(1) 1477(1) 19(1)
C4) 3289(2) 1923(1) 1936(1) 17(1)
C(5) 3903(2) 2496(1) 2267(1) 19(1)
C(6) 4998(2) 2822(1) 2180(1) 22(1)
C(7) 3240(2) 1168(1) 2228(1) 19(1)
C(8) 2405(2) 1086(1) 2608(1) 24(1)
C(9) 2407(2) 422(1) 2888(1) 27(1)
C(10) 3253(2) -161(1) 2797(1) 28(1)
C(11) 4092(2) -76(1) 2424(1) 29(1)
C(12) 4084(2) 581(1) 2140(1) 23(1)
C(13) 1989(2) 2218(1) 1786(1) 18(1)
C(14) 999(2) 1715(1) 1704(1) 22(1)
C(15) -150(2) 1998(1) 1557(1) 25(1)
C(16) -325(2) 2780(1) 1488(1) 26(1)
C(17) 664(2) 3279(1) 1557(1) 24(1)
C(18) 1812(2) 2998(1) 1705(1) 21(1)
0(2) 5694(1) 51(1) 1060(1) 29(1)
C(21) 6166(2) 463(1) 753(1) 20(1)
C(22) 5427(2) 809(1) 364(1) 20(1)
C(23) 5945(2) 1225(1) 17(1) 19(1)
C(24) 7313(2) 1422(1) “7(1) 17(1)
C(25) 8016(2) 1085(1) 414(1) 20(1)
C(26) 7506(2) 644(1) 751(1) 21(1)
C(27) 7929(2) 1089(1) -464(1) 18(1)
C(28) 7303(2) 583(1) -764(1) 20(1)
C(29) 7900(2) 266(1) -1161(1) 24(1)
C(30) 9128(2) 446(1) -1258(1) 26(1)
C@31) 9760(2) 953(1) -960(1) 25(1)
C(32) 9166(2) 1277(1) -568(1) 23(1)
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C(33) 7364(2) 2310(1) -6(1) 18(1)
C(34) 6956(2) 2711(1) -409(1) 21(1)
C(35) 6884(2) 3507(1) -402(1) 23(1)
C(36) 7231(2) 3910(1) 8(1) 24(1)
C@37) 7655(2) 3516(1) 407(1) 24(1)
C(@38) 7710(2) 2716(1) 402(1) 22(1)
Table 3. Bond lengths [A] and angles C(13)-C(14) 1.402(3)
[°] for 10. C(14)-C(15) 1.396(3)
C(14)-H(14) 0.9500
o()-C(1) 1.234(2) C(15)-C(16) 1.393(3)
C(1)-C(6) 1.474(3) C(15)-H(15) 0.9500
C(1)-C(2) 1.474(3) C(16)-C(17) 1.392(3)
C(2)-C(3) 1.337(3) C(16)-H(16) 0.9500
C(2)-H(2) 0.9500 C(17)-C(18) 1.395(3)
C(3)-C4) 1.516(2) C(17)-H(17) 0.9500
C(3)-H(3) 0.9500 C(18)-H(18) 0.9500
C4)-C(5) 1.515(2) 0(2)-C(21) 1.231(2)
C4)-C(7) 1.551(2) C(21)-C(22) 1.477(3)
C4)-C(13) 1.552(2) C(21)-C(26) 1.480(3)
C(5)-C(6) 1.335(3) C(22)-C(23) 1.335(3)
C(5)-H(5) 0.9500 C(22)-H(22) 0.9500
C(6)-H(6) 0.9500 C(23)-C(24) 1.517(2)
C(7)-C(12) 1.394(3) C(23)-H(23) 0.9500
C(7)-C(8) 1.401(3) C(24)-C(25) 1.519(2)
C(8)-C(9) 1.399(3) C(24)-C(27) 1.551(2)
C(8)-H(8) 0.9500 C(24)-C(33) 1.552(2)
C(9)-C(10) 1.392(3) C(25)-C(26) 1.335(3)
C(9)-H(9) 0.9500 C(25)-H(25) 0.9500
C(10)-C(11) 1.387(3) C(26)-H(26) 0.9500
C(10)-H(10) 0.9500 C(27)-C(28) 1.395(2)
C(11)-C(12) 1.395(3) C(27)-C32) 1.405(3)
C(11)-H(1) 0.9500 C(28)-C(29) 1.397(3)
C(12)-H(12) 0.9500 C(28)-H(28) 0.9500
C(13)-C(18) 1.396(3) C(29)-C(30) 1.390(3)
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C(29)-H(29)
C(30)-C(31)
C(30)-H(30)
C(31)-C(32)
C(31)-H(31)
C(32)-H(32)
C(33)-C(38)
C(33)-C(34)
C(34)-C(35)
C(34)-H(34)
C(35)-C(36)
C(35)-H(35)
C(36)-C(37)
C(36)-H(36)
C(37)-C(38)
C(37)-H(37)
C(38)-H(38)

O(1)-C(1)-C(6)
O(1)-C(1)-C(2)
C(6)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(3)-C(4)-C(7)
C(5)-C(4)-C(13)
C(3)-C(4)-C(13)
C(7)-C(4)-C(13)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C4)-C(5)-H(5)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)

0.9500
1.394(3)
0.9500
1.389(3)
0.9500
0.9500
1.395(3)
1.397(3)
1.394(3)
0.9500
1.395(3)
0.9500
1.388(3)
0.9500
1.399(3)
0.9500
0.9500

121.65(18)
121.86(18)
116.49(16)
121.76(17)
119.1
119.1
123.90(16)
118.0
118.0
111.82(15)
104.93(14)
110.85(14)
109.92(14)
106.25(14)
113.19(14)
124.00(17)
118.0
118.0
121.80(17)
119.1

Appendix C

C(1)-C(6)-H(6)
C(12)-C(7)-C(8)
C(12)-C(7)-C(4)
C(8)-C(7)-C(4)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(7)-C(12)-C(11)
C(7)-C(12)-H(12)
C(11)-C(12)-H(12)
C(18)-C(13)-C(14)
C(18)-C(13)-C(4)
C(14)-C(13)-C(4)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(13)
C(17)-C(18)-H(18)
C(13)-C(18)-H(18)
0(2)-C(21)-C(22)

119.1
118.56(17)
120.83(16)
120.44(16)
120.50(18)
119.7
119.7
120.38(18)
119.8
119.8
119.18(18)
120.4
120.4
120.65(18)
119.7
119.7
120.70(18)
119.6
119.6
118.71(17)
119.49(16)
121.71(16)
120.24(18)
119.9
119.9
120.54(18)
119.7
119.7
119.44(18)
120.3
120.3
120.11(18)
119.9
119.9
120.93(18)
119.5
119.5
121.98(17)
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0(2)-C(21)-C(26)

C(22)-C(21)-C(26)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-C(27)
C(25)-C(24)-C(27)
C(23)-C(24)-C(33)
C(25)-C(24)-C(33)
C(27)-C(24)-C(33)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-C(21)
C(25)-C(26)-H(26)
C(21)-C(26)-H(26)
C(28)-C(27)-C(32)
C(28)-C(27)-C(24)
C(32)-C(27)-C(24)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
C(30)-C(29)-C(28)
C(30)-C(29)-H(29)
C(28)-C(29)-H(29)
C(29)-C(30)-C(31)

122.09(18)
115.94(16)
122.06(17)
119.0
119.0
124.35(17)
117.8
117.8
111.31(15)
111.66(14)
106.00(14)
105.17(14)
111.65(14)
111.18(14)
124.30(17)
117.9
117.9
121.93(17)
119.0
119.0
118.91(17)
121.65(16)
119.40(16)
120.40(17)
119.8
119.8
120.33(18)
119.8
119.8
119.58(18)
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C(29)-C(30)-H(30)
C(31)-C(30)-H(30)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(27)
C(31)-C(32)-H(32)
C(27)-C(32)-H(32)
C(38)-C(33)-C(34)
C(38)-C(33)-C(24)
C(34)-C(33)-C(24)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34)
C(33)-C(34)-H(34)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35)
C(36)-C(35)-H(35)
C(37)-C(36)-C(35)
C(37)-C(36)-H(36)
C(35)-C(36)-H(36)
C(36)-C(37)-C(38)
C(36)-C(37)-H(37)
C(38)-C(37)-H(37)
C(33)-C(38)-C(37)
C(33)-C(38)-H(38)
C(37)-C(38)-H(38)

120.2
120.2
120.33(18)
119.8
119.8
120.44(17)
119.8
119.8
119.16(16)
121.34(16)
119.28(16)
120.46(17)
119.8
119.8
120.07(18)
120.0
120.0
119.81(17)
120.1
120.1
120.08(18)
120.0
120.0
120.39(17)
119.8
119.8

Symmetry transformations used

generate equivalent atoms:
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Table 4.

Appendix C

Anisotropic displacement parameters (AZx 103) for 10. The anisotropic

displacement factor exponent takes the form: 2n2[h2 a*2Ull + . 4 2hka* b* UlZ]

ull U22 U33 U23 ul3 ul2
ol) 21 34(1) 39(1) 1(1) 1(1) -6(1)
ca)  16(1) 19(1) 29(1) 3(1) 23(1) 3(1)
c@)  21(1) 23(1) 18(1) 1(1) 3(1) 4(1)
ca3)  22(D) 16(1) 18(1) 2(1) 3(1) 2(1)
c@)  18(1) 16(1) 17(1) _1(1) 0(1) 1(1)
c() 2201 18(1) 17(1) -1(1) 2(1) 4(1)
c6)  23(1) 19(1) 23(1) 2(1) 27(1) 1(1)
C() 201 18(1) 18(1) 0(1) -4(1) “1(1)
Cc@)  22(1) 27(1) 22(1) 2(1) 2(1) 41)
CO)  24(1) 34(1) 22(1) 6(1) 0(1) -3(1)
C(10)  30(1) 26(1) 28(1) 7(1) -4(1) 2(1)
c1)  32(1) 24(1) 30(1) 2(1) -1(1) 8(1)
C(12)  23(1) 24(1) 24(1) 1(1) 1(1) 2(1)
C(13)  17(1) 23(1) 15(1) 1(1) 2(1) 1(1)
C(14)  23(1) 23(1) 20(1) 3(1) 1(D) -1(1)
C(15)  19(1) 35(1) 21(1) -4(1) -1(1) -5(1)
C(16)  19(1) 40(1) 17(1) 0(1) 0(1) 7(1)
c(17)  26(1) 26(1) 19(1) 3(1) 1(1) 5(1)
C(18)  23(1) 21(1) 20(1) 0(1) 1(1) -1(1)
02)  34(1) 27(1) 25(1) 4(1) 3(1) -8(1)
C@l)  26(1) 15(1) 19(1) -5(1) 3(1) 3(1)
C(22)  18(1) 18(1) 23(1) 4(1) 1(1) 2(1)
C(23)  19(1) 17(1) 21(1) -3(1) -3(1) 1(1)
C@4)  19(1) 15(1) 18(1) 0(1) -1(1) -1(1)
C@25)  17(1) 18(1) 23(1) -4(1) 2(1) 0(1)
CR6)  23(1) 18(1) 21(1) 1(1) -4(1) 2(1)
Cc@7) 211 15(1) 19(1) 2(1) 2(1) 2(1)
C(28) 22(1) 16(1) 23(1) 2(1) -1(1) 3(1)
C(29)  33(1) 17(1) 22(1) 1(1) 2(1) 2(1)
C(30)  34(1) 21(1) 22(1) -1(1) 4(1) 5(1)
C@3l)y  22(1) 24(1) 28(1) 3(1) 3(1) 1(1)
C(32)  22(1) 23(1) 23(1) 2(1) -4(1) 23(1)
C33)  16(1) 16(1) 22(1) -2(1) 2(1) “1(1)

284



C(34)
C@35)
C(36)
C@37)
C(38)

24(1)
25(1)
26(1)
27(1)
22(1)

19(1)
20(1)
16(1)
22(1)
24(1)

Appendix C

19(1)
22(1)
28(1)
24(1)
20(1)

-3(1)
4(1)
0(L)
-6(1)
2(1)

(D)
4(1)
(1)
2(1)
-1(1)

0(1)
1(D)
-2(1)
-4(D)
-3(D)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x

10 3) for 10.

X y z U(eq)
H(®) 5476 2085 1082 29(6)
H@3) 3688 1478 1242 25(5)
H(5) 3482 2632 2553 21(5)
H(6) 5343 3158 2412 31(6)
H(8) 1833 1485 2677 29(6)
H(9) 1827 369 3142 31(6)
H(10) 3257 -611 2987 40(7)
H(11l) 4678 -470 2362 39(7)
H(12) 4659 628 1885 24(5)
H(14) 1110 1181 1748 30(6)
H(15) -819 1654 1505 27(6)
H(16) -1112 2971 1393 32(6)
H(17) 557 3812 1505 37(6)
H(18) 2482 3343 1751 26(6)
H(22) 4555 734 361 15(5)
H(23) 5423 1410 -231 19(5)
H(@25) 8876 1195 439 19(5)
H(26) 8018 440 996 25(5)
H(28) 6464 454 -699 22(5)
H(29) 7464 =75 -1366 23(5)
H(@30) 9535 226 -1526 32(6)
H@31) 10600 1077 -1025 21(5)
H(@32) 9600 1627 -369 24(5)
H(34) 6725 2439 -690 23(5)
H(35) 6598 3776 -676 30(6)
H(36) 7177 4453 14 29(6)
H@37) 7908 3790 684 20(5)
H(38) 7986 2449 678 25(6)
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Appendix D

Appendix D: Conferences and Courses

Attended

Meeting, Conferences and Courses:

Date

12" November 1997

15" November 1997

5% — 8™ April 1998

9™ April 1998 (last day only)
13"™ May 1998

18" Nov.1998

7™ —14™ April 1999

1223 May 1999

Title

BCA Autumn Meeting, University of Bristol.
‘Disorder, Twinning and Incommensurate Structures.’

Scottish Protein Structure Group, University of Edinburgh.

BCA Spring Meeting, University of St Andrews.
Presented Poster - A Study of the Crystal Structure and
Hydrogen Bonding Patterns of Nhmpa and Dicarba-Closo-

Dodecarborane.

RSC Meeting, Durham

MSI (Life Sciences), MSI Cambridge

BCA Autumn Meeting, ISIS, Didcot.

‘Neutrons for Structural Chemistry.’

BCA School, University of Durham.

‘Seventh Intensive Course in X-Ray Structural Analysis.’

Crystal Engineering school, Erice, Sicily.

‘Crystal Engineering: From Molecules and Crystals to
Materials.’

Presented Poster - C-H...® Mediated Host-Guest Interactions

in Organic Adducts.
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4™ _ 13™ August 1999

17" November 1999

27™ Febuary — 6™ April 2000

6™ — 9™ April 2000
11" -12™ May 2000

15" November 2000

28" March 2001

7" — 10™ April 2001

23" May — 3™ June 2001

14™ November 2001

Appendix D

IUCr Congress, Glasgow.
Presented Poster - Unusual C-H...n Hydrogen Bonding.

BCA Autumn Meeting, University of Manchester.
‘Molecular Geometry using Methods Complementary to

Crystallography’

Hercules Course, Grenoble, France.

Higher European Research Course for Users of Large
Experimental Systems, 10" session, Neutron and Synchrotron
Radiation for Physics and Chemistry of Condensed Matter.’
Presented Poster - A neutron diffraction study of the 1:1
complex of 2,4,6-tris-(4-chlorophenoxy)-1,3,5-triazine with

tribromobenzene.
10 years of Hercules meeting, Grenoble, France.
Metallo-Organic Workshop, CCDC, Cambridge.

BCA Autumn Meeting, Glaxo Smith-Kline, Harlow.
‘Computational Methods’

CCDC Student Day, CCDC, Cambridge.
Presented Talk - Bifurcation of Hydrogen Bonds in Organic
Molecules.

BCA Spring Meeting, Reading
Presented Poster - Bifurcation of Hydrogen Bonds in Organic

Molecules.

Crystal Engineering School, Erice, Sicily.
‘Strength from Weakness.’
Presented Poster - Bifurcation of Hydrogen Bonds in Organic

Molecules.

BCA Autumn Meeting, University of Aston, Birmingham.
‘Mesomolecular Crystallography’
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Departmental Seminars:

Date
8" October 1997

15™ October 1997
22" October 1997

23" QOctober 1997

27"™ October 1997
20™ November 1997
26" November 1997
3" December 1997

8™ January 1998

21% January 1998
4" February 1998
24™ February 1998
18™ March 1998
20" March 1998
20™ March 1998
15" May 1998

9™ October 1998

9" October 1998
21% October 1998
26™ October 1998
4™ November 1998
12™ November 1998

20™ January 1999

Title
Advances in Control Of Architecture for
Polyamides

Studying Catalysts in Action

Organoplatinum Chemistry and Catalysis

New Tetrathiafulvalene Derivatives in Molecular,
Supramolecular and Macromolecular Chemistry

Silyl Complexes of Rutheium and Osminum
Polynuclear Metal Complexes
A Random Walk in Polymer Science

Steroid-based frameworks for Supramolecular
Chemistry

Control of Structure and Dimensionality in mixed
organic-inorganic solids

Aspects of Metal and Carbon Based Chemistry
Classical and Non-Classical Fullerenes
Synthesis and folding of Proteins

Negative thermal expansion

Chemical Information Hidden in Charge Density
Buster Program

Recrystallisation using gel methods

Carboranes exploitation of their unusual geometry
and reactivities

Carboranes, exploitation of there unusual
geometry and reactivities.

Dynamic Electrochemistry: Small is beautiful.

Reactions of the Highly electrophilic Boranes
HB(C¢Fs); and B(CgFs)3 with Zirconium and
Tantalum based metallocenes.

Computational adventures in d and f element
chemistry.

From Macrocycles to Metallo-Supramolecular
Chemistry.

Luminescence of Large Molecules: From
Conducting Polymers to Coral Reefs

Speaker
Prof. E. Atkins

Dr. RM.Ormerod

Prof. R.J.
Puddephatt

Prof. M.R.Bryce

Prof. W.Roper

Dr. L Spiccia

Prof. R.W.Richards
Prof. A.P.Davis

Tan Williams

Prof. D.Cardin
Prof. P.Fowler
Prof. R.Ramage
Dr. J.Evans

Dr. Paul Popelier
Dr. Pietro Roversi
Dr. M. Leech
Prof. M.F.
Hawthorn

Prof. M.F.
Hawthorne

Prof. P.Unwin
Dr. W. Peirs

Dr. N.
Kaltscoyannis
Prof. S.Loeb

Dr. A.Jones
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27" January 1999 NMR Characterisation of multi-phase fluid Prof. K.J.Packer
transport in porous solids

10" March 1999 Designing model magnetic materials Dr. A. Harrison

12" October 1999 Chocolate for the Next Millennium Dr. S. Beckett

20™ October 1999 Aspects of Complexation and Supramolecular Prof. S. Lincoln
Chemistry

3" November 1999  The Strengths of C-C and C-H bonds in Organic ~ Prof. D. W. Smith
and Organometallic Molecules: Empirical, Semi-
empirical and Ab Initio Calculations

24"™ November 1999 Atomic and Molecular Control of Inorganic and ~ Prof. T. Jones
Organic Semiconductor Thin Films

26" November 1999 Fast Screening of Polymorphs Dr. C. Lehmann

12" January 2000 Atom Transfer Polymerisation — What is the Prof. D. Haddleton
Hype All About?

24 February 2000 Protons in Motion? Neutron Diffraction Studies  Dr. C. C. Wilson
of Hydrogen Atoms in Organic Crystal Structures

16™ February 2000  Asymmetric Synthesis Using Planar Chiral TT-  Prof. Kocienski
Allyl Cationic Complexes

11™ October 2000  Recent Developments on Organic LED Dr. V. Christou
Technology: Organolanthanide Phosphors

8" November 2000  Cosmic: an unusual, DNA-Based Language for Dr. J.P.L. Cox
communicating with aliens and other intelligent
lifeforms

22" November 2000 Synthesis of Novel Dendrimers and Hyper Dr. W. Hayes
Branched Polymers

2™ May 2001 Escapades with Arenes and Transition Metals: Prof. R. Perutz
From Lasers Spectroscopy to Synthetic
Applications

21* February 2001  Liquid Crystals of all Shapes and Sizes Prof. R. Richardson

28™ February 2001  Modelling Meso and Molecular Scale Interactions Prof. A. Balazs
in Polymer Systems

14™ March 2001 Probing Structural Disorder with Diffuse Neutron Dr. D. Keen
Scattering

6™ June 2001 The Melting Point Temperature Alternation of n- Prof. R. Boese
Alkenes and Derivatives
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