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Summary

The thesis is divided into three parts: the first part is a
brief review of the theory and methods of X-ray crystallography
and the second and third parts contain accounts of seven crystal
structure apalyses in the fields of clathrate and organic chemistry
respe;tively.

Clathrates may be defined as molecular compounds having a
regular cage structure of one component (the host compound), which
physically encloses the other component or components (the guest
compound). The great scientific interest of clathrate compounds
and the widespread occurrence of these and related inclusion
compounds in nature has aroused interest in the structure of these
compounds., In order to determine the structure of the host
molecular framework of the cage of the clathrates formed by
Lhep-hydroxyphenyl-2,2,4-trimethylchroman (Dianin's compound) and
L-p-hydroxyphenyl-2,2,4-trimethylthiachroman and in order to obtain
information concerning the effect of host-guest molecular
interactions on the orientation and conformation of guest molecules
within the cavity of the clathrates formed by Q-E—hydroxyphenyl-
2,2,4=trimethylithiachroman, the analyses presented in Part II were
undertaken,

The analyses establish that the host molecules of the chroman

and thiachroman clathrates are linked together by a network of



hydrogen bonds and van der Waals' forces to form distinct cages,

the cavities of which have an approximate hourglass shape. In
addition it has been possible, by X-ray methods, to define the
orientation, conformation and dimensions of a guest molecule,
2,5,5=trimethylhex~3~yn-2-0l, within the cavity of the clathrate
formed by 4-thydroxyphenyl-2,2,4—trimethylthiéchroman. It is

‘found that the staggered conformation adopted by this conformationally
labile guest molecule within the cavity is imposed upon it by the

van der Waals' surface of the cavitye.

Part III contains the crystal structure analyses of four
compounds, viz., 2,7-dihydro-3,6~di-p~-tolyl-1,%4,5~thiadiazepine-
1,1=-dioxide; 2,4-dimethyl-1,5~benzodiazepinium bromide; 3,7-dibromo~
cycloocta=1,5~diene and dioscorine methobromide which were
undertaken in order to obtain quantitative information concerning
the stereochemistry and conformation of these compounds,.

The structure analyses of 2,7-dihydro-3,6-di-£-tolyl-1,4,5-
‘thiadiazepine=1,1~dioxide and 2,4~dimethyl-1,5-benzodiazepinium
bromide have succeeded in showing that the seven-membered
unsaturated heterocyclic rings adopt a boat and planar conformation
respectively.

It has been known for more than twenty years that allylic
bromination of cycloocta-1,5-diene yields a di-bromide derivative,

Earlier chemical and spectroscopic studies of this derivative did



not lead to a successful structure determination. The molecular
structure of the di~bromide has now been definitely established
as 3,7~-dibromocycloocta~1,5~diene by X-ray analysise. This has
shown that 3,7-dibromocycloocta~1,5-diene adopts a twist-tub
conformation in the solid state.

Although the structure of dioscoriné, an alkaloid isolated
‘from the tubers of Dioscorea hirsuta, Blume and Dioscorea hispida,
Dennst., found in Java and the Philippine islands respectively,
has been established by synthesis, the stereochemistry of the
attachment of the lactone group was not unambiguously established.
The X-ray analysis has succeeded in showing that the structure
consists of an iso-quinuclidine residue to which an unsaturated
8§ - lactone is spiro linked. The results suggest that the
unsaturated & - lactone ring adopts a’flattgned half-boat
conformation, in general agreement with the results obtained for

other saturated & - lactones.,
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PART T

SOME METHODS OF X~-RAY ANALYSIS



1¢1 Introduction

By 1894, a date prior to the discovery of X-rays by Rontgen,
the geometrical theory of crystal structure had been completely
elucidated independently by Fedorow, Schoenflies and Barlow, However
the a priori deduction of three-dimensional models of possible
structures on this basis proved to be a much more difficult problem.

The solution to this problem lay in von Laue's realisation that
if X-radiation had a wavelength comparable in magnitude to the
distance between adjacent atoms in solids, then a crystal would
provide a suitable three-dimensional diffraction grating for X-rays.
The experimental test of von Laue's hypothesis was undertaken by
Friedrich and Knipping. After a number of unsuccessful trials, a
diffraction of the primary beam was observed. Thus a powerful new
tool became available for investigating the structure of matter on
an atomic scale,

This consequence, however, did not follow immediately, nor were
the first results easy to interpret. In particular, ZnS which was
used in the early investigations was assigned a primitive cubic
structure. However, since the ZnS crystal gave only a selection of
the diffracted beams that von Laue expected, he explained this by
ascribing to the atoms a strongly selective scattering power for
X-rays and was thus led to believe in the existence of five

characteristic wavelengths in the radiation.

-



A great advance and simplification was effected when the work
Qas taken up in England by W.H. and W,L. Bragg. The success of
W.L., Bragg's treatment of the problem was based on his introduction
of the idea of reflection of X-rays from crystal planes and his
realisation that in the Laue experiment the X-ray beam was
heterogeneous, consisting of a continuous range of wavelengths. By
means of this interpretation, W.L. Bragg was able to show that the
Laue photographs of NaCl and KCl could be explained by one of the
structures postulated for these compounds before the Laue
experiments by Pope and Barlow. Within a short time the structures
of many simple inorganic substances were determined.

In the field of organic chemistry, however, the progress was
at first slow, due both to the greater difficulty of determining
the electron density distribution from the X-ray intensities and to
the scale of the calculations involved. The discovery of the so
called '"heavy atom'" and "direct methods" of extracting phase
information from the intensities obtained with heavy atom and equal
atom structures respectively and the advent of the electronic
computer have removed these problems to a large extent.

In its present state of development, X-ray crystallography is
now the most powerful method available for the detailed study of

structure and bonding in molecules,



1.2 The Geometry of X-ray Diffraction

Consider a beam of monochromatic X-rays of wavelength A\ to be
incident upon a crystal in a direction defined by the unit vector
%ﬁo (Fige 1.1). The path difference between the wave scattered
at a point A in a direction defined by the unit vector)\g is,
relative té the wave scattered at the origin O in the same

-direction,

OB = AC = Ar.s = )\g_.go =Ar.(s - 5, =>\£._._S_ (1)

where r is the vector position of A relative to the origin and
S=35 = S,e The vector S defines the spatial relationship of the

incident and diffracted beams. From Fig. 1.2 it can be seen that,

if the angle between the incident and diffracted beams is 26, then
S = 2 sin 8/ (2)

The path difference.kg,ﬁ corresponds to a phase difference
of 2mr.S. If the electron density at A in electrons per unit
volume is p(r), then the wave scattered by the electron density in
the volume element dV about A, relative to the wave scattered by a

single electron at the origin is defined, both in amplitude and

phase, by
GA(§_) .—.p(;_‘_)dV.exp 2mir.s (3)
In a crystal with lattice translations a, b and ¢, the

-3



Fig. 1.2



electron densities at the points which lie on the lattice defined

by the vector equation
R=1r+ua + vb + wec (&)

where u, v and w are any three integers, will be identical since
the electron density,o(g) is periodic. The wave scattered in the

direction)\§ from any one of these points, say B, is therefore

G(8) = p(rl)av.exp 2MiR.S

= G,(8).exp 2Mi(ua + vb + we).S (5)
The path difference between the waves is therefore

A(ug + vb + we).8. For the wave scattered by the crystal to have
maximum intensity, the path difference between GA<§) and GB(§)
must be an integral number of wavelengths. This condition is
given by

Mua + vb + we).S = n) ‘ (6)

where n is an integer, for all values of u, v and w. Hence

a.5=h
b.S = k | N ¢))
ce8 =1 |

where h, k and 1 are integers. The equations (7) are known as

the Laue equations.

a.S =nh defines a family of planes normal to a. The

separation between any two adjacent planes is 1/|g|.

i



Similarly b.S = k and ¢.8 = 1 represent families of planes normal
to b and ¢ respectively. Since a, b and ¢ are never parallel, the
Laue equations (7), define three sets of planes whose intersections
form a lattice in the space of §. If the primitive translations
of theylattice are 2*, b* and c*, then the lattice is defined by
the equation
S = ha* + kb* + lc* (8)

From equations (7) and (8), it follows that a* is normal to
b and ¢ and that the projection of a* upon a is 1/|a|. Similar
results follow for b* and c¢c*. The primitive translations of the
lattice defined by (8), which is termed the reciprocal lattice of
the crystal, are related to the primitive translations of the real

space lattice of the crystal by

a* = bxe/V
b* = cxa/V ‘ : , (9)
g = axp/V

where V is the volume of the unit cell in real space.

The Laue equations (7) may be rewritten in the form

By definition, a/h, b/k and ¢/1 are the intercepts on the crystal

axes of the plane with Miller indices (hkl).

-5



From (10), the projections of three points in this plane on to §
are equal. S is therefore normal to the plane and ,§I = 1/dhkl’

where dh is the origin to plane distance. Substituting in

k1
equation (2) for |S| yields

2d sin@= A . (11)

hkl
From Fig. 1.2 it can be seen that s and 5, make equal angles &
‘with the plane which is normal to S. Thus diffraction by a

crystal may be regarded as reflection from the crystal plane with

Miller indices (hkl). This treatment is due to W.L. Bragg (1913).

6=



1.3 The Structure Factor

The wave, G(S), scattered by the entir; contents of one unit

cell is complefely defined by

G(S) =.$P(£)exp 2Mir.S dV (12)
where the integration is taken over the volume of one unit cell.
G(8) is thus the Fourier transform of the electron density
distribution.

If the unit cell contains N atoms, the electron density
function p(r), may be regarded as the sum of N independent atomic
electron densities and the total wave scattered by the unit cell
may be regarded as the sum of the wavés scattered by the N

individual atoms and is therefore

L7

a(s) =‘n:1_ga{)°n(£)exp{2ﬂl(£ . ;n).§}dv (13)
where/oh(z) is the electron density distribution of the nth atom
referred to an origin in the atom. The vector position of the

nth atom with respect to the origin of the unit cell is defined
by

L= X, t¥ otz - ()

- where X X and z, are the atomic coordinates.

The function
+20

£, (8) = .idfi(g)exp 2Mir.S 4dv : (15)



is the Fourier transform of the atomic electron density and is
termed the atomic scattering factor. If the atom is assumed to
be centrosymmetric, the function fn(§_) is real, if the origin of
r has been taken at the centre of symmetry; if /Dn(g'_) is
spherically symmetric and hence a function offr|only, fn(_s_) is a
function of IS] = 2 sin @/\ only (from (2)).

The function fn(_g) defines the wave scattered from a point r
in the atom, relative to that scattered by a single electron.
Phase differences arise between the waves scattered at different
parts of the same atom and are a function only of the scattering
angle., Such phase differences increase with scattering angle and
abcordingly the amplitude of the total wave scattered by the atom,
and hence fn(§), decreases as sin @/\ increases.

Since /On(_r_‘_) is known accurateq.y only for the isolated
hydrogen atom, the scattering factors for other atoms are, in
general, only approximate. Tabulated values of the atomic scattering
factors, calculated on the basis of spherical atomic symmetry are
given in International Tables for X-ray Crystallography,

Volume III, (1962).

Substitution of (15) into (13) gives

YG(_SL) =nE=:a £ (8)exp 2Tir .8 ‘ (16)

The total wave scattered by the crystal has an appreciable

-8-



amplitude only if the Laue equations (7) are simultaneously

satisfied; that is, when
S = ha* + kb* + 1c* | (8)

If the fractional coordinates of the nth atom with respect to the
crystal axes are x» ¥y, and z_ then equation (14) may be rewritten

as

c ' a (17)

=xa+yb+az
n— n

r

Substitution of (17) and (8) into (16) gives
N
DN - x
G(8) = ff (S)exp 2Mi(hx a.a* + kx

*

I

b* + 1x

|
fo

n

x*

1o
lo

* *
+ hyng.g + kynh.g + 1yn

+ hz c.a* + kz c.b* + 1z c.c*)(18)
n—"=— n—"— n-—"-—
From the definition of the reciprocal lattice, it can be shown
that a.a* = 1 and a.b* = a.c* = 0 and similarly for b and c.

Hence it is found that

r «8 = hxn + kyn + lzn (19)

Substitution of (19) into (16) gives the structure factor
expressioh N
G(8) = F(hkl) =n___1fn(hkl)exp am.(hxz1 + ky o+ lzn) (20)
The structure factor, F(hkl), is a special value of the

Fourier transform of the electron density distribution which can

-9~



only be observed when the Laue equations (7) are satisfied, that
.is, when the vector S takes values which result in the total wave
scattered by one unit cell of the crystal having a non-zero
amplitude. The structure factor then describes the amplitude and
phase of the wave scattered by one unit cell and, since all unit
celié must scatter in phase, also describes the amplitude and

" phase of the total wave scattered by the crystal. F(bkl) is, in

general, a complex quantity and may be written

F(hkl) = G(S) = A + iB (21)
where
N .
A =4 fn(hkl)cos 2ﬂ(hxn + ky, + lzn) (22)
and
N .
B =£g%fn(hkl)31n ZTKhxn + ky o+ 1Zn> | , (23)

The modulus of the structure factor, | F(hkl)|, termed the

structure amplitude, and the phase angle, o((hkl), are defined by
IFeL) = (a2 + 32)1/2 o (24)

and |
o (k1) = tan™ 'B/A ‘@5)

If the origin of the unit cell is taken at a centre of

symmetry, then B = O and & (hkl) is restricted to the values

o]

0° or 180°.

=10=



The atomic scattering factor is normally calculated from the
;lectron density of an isolated atom at rest. 1In the crystal,
however, atoms have an appreciable thermal motion at room
temperatures The effect of this thérmal motion is to cause atoms
ﬁhich would scatter in phase to scatter slightly out of phase,
thus reducing the amplitude of the scattered wave. This makes the
"electron density of the atom in the crystal appear to be more
diffuse than that of the isolated atom. To allow for this effect
it is necessary to replace the atomic scattering factor in the’
structure factor expression by the transform of the electron
density of the vibrating atom. If the smearing function, t(x),
gives the probability that the atomic centre is at x, the origin
of x being taken at the maximum of the electron density of the
vibrating atom, then the electron density of the vibrating atom

/°(r) is given by _ ,

L (z) = .S L (t(z-u) du (26)

where/o(g) is the electron density of the atom at rest. /OV(E) is

thus the convolution of @(u) and t(x), and its transform is the

product of the transform of t(x) and the atomic scattering factor.
Waller (1927) and Bloch (1932), showed that for an atom

vibrating in an isotropic harmonic potential, the smearing function,

t(x), is Gaussian and that its transform is given by

-11=



q(8) = exp —2ﬂ2U§2 = exp ~8T°y sinaﬁ/Aa (27)

where U = u2 and (uz)ll/2 is the root mean square amplitude of
vibration,

In general, however, atoms vibrate with different amplitudes
in different directions and the electron density is smeared over
a small anisotropic volume which may be regarded as a triaxial
- ellipsoid. Each non-equivalent atom may then be described by a
different ellipsoid and, in geheral, the ellipsoids will be
differently orientated. The vibration of the atom may then be
described by a symmetrical third order tensor U and the mean

square amplitude of vibration in the direction of the unit vector

1=1,+1,+1

W = 2 2oy .11, | (28)

where U and 1 are referred to the reciprocal lattice axes a*, b*
and ¢*. The transform of the smearing function becomes, for an
atom vibrating with anisotropic motion,

B 2,2 2,2 2,
q(8) = exp 2ﬂ2(U11h a*” + U,k b* + U331 c

lhc*.a* + 2U, hka*.b*) (29)

2

+ 2U,,k1lb*.c* + 2U

23 31

(Cruickshank, 1965).

-12=



1.4 The Fourier Series Representation of the Electron Density

The electron density function, p(r), is a finite, single
valued function which is periodic in three dimensions. It may
therefore be represented by a three dimensional Fourier series.
If u, v and w are integers and x, y and z are fractional

coordinates, then
1+ 0

‘/0(5'_) = p(xyz) = g-\‘zv:z‘; A(uvw)exp =2Ti(ux + vy + wz) (30)

The structure factor F(hkl) is the Fourier transform of the

electron density p(xyz). Therefore
J 17

F(hkl) = VJ;S;SO/O(XyZ)eXp 2Mi(hx + ky + lz)dx.dy.dz (31)

Substituting the Fourier series (30) for p(xyz) in (31) and

rearranging gives

00O
x exp 2Wi(l - w)z dx.dy.dz (32)

+od 1.3 A
F(hkl) = V;; ;SSS A(uvw)exp 2Ti(h - u)x.exp 2TWi(k - v)y
_ -0

The triple integral in (32) is zero unless h = u, k = v and

1 = we Thus
F(hkl) = V.ACuvw) (33)

which on substitution in (30) gives
+0d :

P (xyz) = _’_l_ZZZF(hkl)exp ~2Ti(hx + ky + 1lz) (34)
Vh k 1
-od



Thus the electron density function may be represented by a
three dimensional Fourier series in which the coefficients are
the structure factors scaled by the reciprocal of the unit cell

volume.,

=14~



1.5 The Measurement of Structure Amplitudes

The total energy E(hkl) which is reflected from the crystal
plane with Miller indices (hkl) when a small crystal rotates with
uniform angular velocity about an axis normal to the incident

X~ray beam is given by
E(hkl) = K.L(hkl).p(hkl).|F(hk1)l 2 (35)

‘where K is a constant for the experiment and is given by

3 2 4 -
Io)\ NT4V e : (36)

2 L

w m c

K =

where:-

I 4is the intensity of the incident beamn,

N is the wavelength of the X-radiation,

is the number of unit cells per unit vo;ume;

dV is the volume of thé crystal irradiated,

w is the angular velocity of the crystal,

e 1is the electronic charge,

m is the mass of the electron, and

¢ is the velocity of light.

The Lorentz factor, L(hkl), allows for the varying angular

velocities with which the reciprocal lattice points pass through
the surface of the sphere of reflection and is therefore dépendent

on the experimental conditions used. Since the angular velocity of

-15=-



the planes is dependent on the angle between the incident beam
énd the plane normal to the rotation axis of the crystal, a
rotation factor is normally incorporated in the Lorentz factor.
The correction to be applied in the case of egui-inclination

Weissenberg geometry is given by Tunell (1939) as

L(hkl) = sin 8. (cosou - co520) V2, (sin 26)7 (37)

where 4 is the angle between the incident beam and the plane
normal to the rotation axis of the crystal.

If the X-ray beam incident on the crystal is unpolarised,
the electric vector of the beam will be randomly orientated.
However since the component of the electric vector normal to the
reflecting plane will be reduced by an amount which is
proportional to the reflecting angle &, the partial polarisation
of the diffracted beam produced results in a reduction of its
intensity. The correction for this effect, which is independent

of the experimental conditions, is given by

p(hkl) = (1 + cos2 28)/2 (38)

The energy of the diffracted beam is proportional to its

intensity, I(hkl). Thus from (35)

I(hkl) o< L(hk1).p(hk1l).|F(hk1)l S (39)

The intensity of the diffracted beam may be measured either

16~



from the blackening produced on a photographic film or by the
ﬁumber of quanta detected in the diffracted beam by a radiation
counter. From (39) the structure amplitude | F(hkl)| of a Bragg
reflection with Miller indices (hkl) may be measured
experimentally, on a relative scale. Several methods have been
proposed for placing the structure amplitudes on an absolute
-scale., The absolute scale may be determined by experimental
comparison with a standard reflection from a standard crystal
(Robertson, 1934), Alternatively, it may be deduced from the
decrease in average structure amplitude with scattering angle
(Wilson, 1942) or, at a somewhat later stage in the analysis, by
comparison wi@h the structure factors calculated from a reliable
model of the structure.

Although equations (35) and (39) are strictly applicable
only to ideal microscopic crystals, they are also applicable to
the ideally imperfect macroscopic crystals used in diffraction
experiments. Such crystals have a mosaic structure in which
their lattice contains regions of disregistry, and they behave
like an aggregation of approximately alligned microscopic
crystals rather than a single block of ideal crystal (Darwin,
1914), However, the intensity of the beam diffracted from a
mosaic crystal is affected by physical factors, the most
important of which are absorption, primary extinction and

secondary extinction, and, if neglected, they may lead to

-17-



systematic errors in the structure amplitudes calculated by
equation (39).

Since X-radiation is absorbed by matter, there will be a
reduction in the intensity of the emergent beam in comparison
with that of the incident beam when X-rays travel through a
crystals The relationship between the intensities of the

.incident and emergent beam is given by

=1 e (40)

where IO is the intensity of the incident beam,/pis the lineaf
absorption coefficient of the material and t is the distance the
beam travels through the crystal. Since the path length through a
crystal bounded by morphologically nén-equivalent faces will, in
general, be different for each plane which satisfies the Bragg
reflecting conditions, rigorous correction for absorption is
difficult although approximate correction for the effect is
possible for crystals of spherical or cylindrical shape.

It is a consequence of the geometry of X-ray diffraction that
the beam reflected from a set of crystal planes obeys the Bragg
reflection condition for these planes and may therefore be reflected
again. Such a doubly reflected beam is parallel to the incident
beam and exactly out of phase with it. This effect is known as

primary extinction and results in the beam incident on the lower

18-



layers of the crystal being weaker than the beam incident on the
upper layers. The effect is not, in genefal, a source of major
error in the structure amplitudes obtained for diffraction from
a mosaic crystal.

Secondary extinction arises from the attenuation of the
incident beam, as it penetrates the crystal, by planes which
_satisfy the Bragg reflection condition. The intensity of the
beam incident on a crystal plane is therefore the intensity of
the incident beam less that which has been reflected by any plane
preceding the plane under consideration. The effect is most
pronounced for reflections in which the general level of

intensity is high,



1.6 The Phase Problem

The calculation of the electron density.distribution in a
crystal by means of a Fourier series requires a knowledge of both
the amplitudes and phases of the structure factors F(hkl).
Although the structure amplitudes may be obtained experimentally
by observing the relative intensities of the diffracted beams,
Athere is no known experimental method whereby the relative phase
angles may be determined. This constitutes the phase problem of
X-ray crystallography.

A number of methods of surmounting this préblem have been
devised. Of these the most widely applicable have been the heavy
atom method together with the related method of isomorphous

substitution, and the so called direct methods.

1.6.1 The Patterson Function

The function defined by Patterson (1934; 1935) may be
considered as the self-convolution of the electron density. It

is defined by the expression
1.7

P(luvw) = Vj;deO/D(xyz)./o(x + U,¥ + V,2 + w)dx.dy.dz (41)

where u, v and w are fractional coordinates, If the electron
density expressions derived from equation (34) are substituted

in (41) theﬁ
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1 0

P(uvw) = SOS;S:) ;121

1 Z:E: F(hkl)exp =-2Ti(hx+ky+lz) x
v

htk'l?
o

1=~ +

F(h'k'1")exp -2Ti(h'x+k'y+1l'z)exp =2Mi(htu+k'v+lw)

dx.dy.dz

Je7¢1 gd
= 15;SOSO E:E:EIEIZ:EZ F(hk1)F(h'k'1')exp -2Wi(h+h')x.
v

hk1h'k' ]!
=5

exp -2Ti(k+k')y x exp =2Mi(1+1').exp =2Wi(h'tu+k'v+l'w)

dx.dy.dz : (42)

The triple integral in (42) is zero unless h = =h!, k = ~k' and

1= -1'. Thus
+od
Pluvw) = Q_Z:IZEIF(hkl).F(HEi)exp 2Ti(hu + kv + 1w) (43)

Vhkl
~c0

Since F(hkl) and F(hkI) are complex conjugates

F(hk1). F(RET) = IP(ak1)l @ = |F(ER)I (&)

and the Patterson function may therefore be written

Vh

+o0d
P(uvw) = j_Z:E:E:lF(hkl)laexp 2Ti(hu + kv + 1w) (45)
k1l '

Since the coefficients of the Fourier series are the squares

of the structure amplitudes the Patterson function may always be
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computed as only a knowledge of the structure amplitudes is
'required and these quantities may be obtained from the intensities
of the diffracted beams. From equation (41) it can be seen that
the Patterson function will attain large values only if the vector
defined by (uvw) corresponds to a vector between two peaks in the
electron density distribution; the value of P(uvw) will‘then be
.approximately the product of the electron density values at the
two peaks.

Thus the peaks in the Patterson summation correspond to the
ends of the interatomic vectors with one end at the origin. For
a structure containing N atoms, it can be shown that N(N -~ 1)
distinct peaks should be present in the Patterson function.
Harker (1936) pointed out that the presence of certain elements
of symmetry results in peaks being concentrated on certain lines
and sections through the three dimensional Patterson function.
Unfortunately for structures containing more than a very small
number of atoms, there are a large number of peaks in the vector
map. Overlap occurs and the peaks cannoct, in general, be
resolved.,

However, if a heavy atom is present, it can be located since
it gives rise to high vector peaks which then stand out against
the background of overlapping smaller peaks due to the presence of

lighter atoms in the structure. Thus the coordinates of the heavy
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atom can often be obtained from the vector map by inspection.,
Once the position of the heavy atom is known, the remaining
atoms in the structure can then be located by direct Fourier

methods.

1.6.2 The Heavy Atom Method

The heavy atom method of determining the unknown phase angles
associated with the known structure amplitudes depends on the
presence of an atom or group of atoms of high atomic number
compared with the remainder of the structure. Since the
diffraction of X-radiation is dependent on the electron density
of the atoms, the heavy atom will dominate the diffracted spectra.
Thus the contribution of the heavy atom to the structure factors
will outweigh that of the light atoms.

If the position of the heavy atom can be determined, either
from a consideration of the Patterson function or by space group
symmetry, a phase angle which will approximate to the phase angle
of the complete structure may then be calculated for each structure
amplitude. The electron density distribution may then be
evaluated by summation of the appropriate Fourier series, using
the calculated phase angles and the observed structure amplitudes,
and further features of the molecule may be resolved. It is then

possible to derive the complete molecular structure by an
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iterative process of improving the phase angles by including the
iight atoms in the structure factor calculation and then

evaluating the resultant electron density distribution, The main
disadvantage of this method is that the major part of the structure
amplitude comes from the scattering of the heavy atom and the
accufécy wifh which the positions of the remaining lighter atoms
‘can be fixed is correspondingly lessened.

This difficulty may be minimised in the method of isomorphous
substitution. In this method of phase angle determination at least
one heavy atom derivative isomorphous with the parent compound in
the case of centrosymmetric structures and two heavy atom
derivatives in the case of non-centrosymmetric structures must be
availables Since the replacement of an atom in the parent compound
by a heavier atom will give rise to differences in the intensities
of the diffracted beams, and therefore in the structure
amplitudes of the two isomorphs, the heavy atom need not dominate
the scattering as in the case of the heavy atom method. If the
position of the heavy atom is known, its contribution to the
structure factors can be calculated and the phase angles
associated with the diffracted spectra may be derived. The
resultant refinement may then be carried out on an isomorphous
derivative in which the heavy atom has been replaced by a lighter
dne.' The main disadvantage of the method is in the condition of

strict isomorphism which must be imposed.
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The structural studies of the phthalocyanines by Robertson,
(1935; 1936) and Robertson and Woodward, (1937; 1940) are
classical examples of the successful application of both heavy

atom and isomorphous substitution methods,

1.6.3 Direct Methods

Although the solution of any unknown structure by fhe heavy
atom method or by means of the Patterson function is a direct
solution, the term "direct method" has been restricted by usage
to methods which attempt to obtain phase information from the
measured structure amplitudes.

The first direct method of structure solution was based on
inequality relationships which arise between the structure
amplitudes when the electron density is restricted to positive
values (Harker and Kasper, 1948). Further development of direct
methods was due to Sayre, (1952) who derived equality
relationships between the structure amplitudes.

Karle and Hauptman, (1952; 1953; 1954) formulated a
statistical treatment which can yield information about the phase
angles., They developed mathematical relationships involving

- normalised structure factors defined as

E= 1 .F ' ' (46)
KE3)1/2 |
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where E is the normalised structure factor and'<§§)is the "local
éverage" value of F2. In their "symbolic addition" method, letter
phases are assigned to various large E- values, Phase angle
determination is usually based on the Karle and Hauptmgn z%
relationship which is similar to Sayre's equation. This method
has found wide use in the case of centrosymmetric structures

‘and non-~centrosymmetric structures which contain centrosymmetric

projections, (Karle and Karle, 1968).
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17 Methods of Structure Refinement

In the initial stages of a crystal structure analysis, the
approximate electron density syntheses obtained generally yield
the positions of most atoms in the structure. In the process of
structure refinement some function of the difference between the
observed structure amplitudes and those calculated for the model

.which is being refined is minimised. The usual function

minimised is the residual or R-factor which is defined by
rR=NlIr ) - 1rJ] /BIF 1 (47)

where |Fo| is the observed structure amplitude, lFCI is that
calculated for the model and the summation is over the structure
amplitudes used in the refinement. The value attained by R may

be taken as a measure of the correctness of the proposed model.

1.7¢1 Fourier Refinement Methods

The atomic positions obtained from an approximate electron
density synthesis may be used to compute phases which are closer
to the true values than those on which the original synthesis was
based. It is therefore possible, by preparing successive electron
density syntheses, to calculate continually better approximations
to the true phases. Such a process of refinement is complete when

the phases derived from a synthesis are the same as those used to
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calculate it,

The chief advantage of this method of refinement is that it
can be initiated before all the atoms in the structure have been
located., The main disadvantage of the Fourier method is that the
atomic positions derived from it are affected by termination of
series errdrs. This is due to experimental limitations in that it
-is necessary to truncate the Fourier series used to calculate the
electron density distribution after a finite number of terms.,

Booth (1946) has suggested a method, known as the backshift
correction, for dealing with this effect. In this method two
separate electron density maps are computed using the calculated
and measured structure factors as coefficients in each case.

Both maps will be subject to the same termination of series errors
and the atomic coordinates will therefore be similarly affected

in both cases. In the case of the FC synthesis, however, specific
coordinates were used in the calculation and the positions

derived from the map would be unaltered but for the presence of
termination of series errors. The corrected atomic coordinates
may then be derived by subtracting the differences between the
coordinates used to calculate the Fc map and those derived from it
from the coordinates derived from the Fo map.

The properties of the difference synthesis, which is derived

from a Fourier series whose coefficients are (Fo - Fc), have been
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described by Booth (1948a; 1948b) and by Cochran (1951)., The
difference synthesis of a completely refined structure has a flaf
topography in which only random fluctuations in density are
apparent, Errors in atomic coordinates and thermal parameters
may therefore be detected and corrected by the use of difference
syntheses.n The main applications of the difference synthesis in
.structure analysis have been in determining the positions of
hydrogen atoms and in ensuring that the refinement of a structure

is complete.

1¢7.2 Least-squares Refinement

The first application of the least-squares method to crystal
structure analysis was given by Hughes (1941). Thé object of
structure refinement is to minimise some function of the differences
between the observed and calculated structure amplitudes with
respect to the structure parameters. In the least=-squares

procedure the function normally minimised is
2 2
M= LowdIF | - 17 1)% = 2wl (48)

where the summation is over all m independent structure
amplitudes and w is the weight chosen to reflect the accuracy of

the observations. If the standard deviation of Fo(hkl) is o~ (hkl),
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it can be shown that the weight which gives the lowest standard

deviations in the derived parameters is

w(nil) = 1/0-2(hk1) | (49)

Normally only relative weights which depend on some function of
lFol'are uéed.

If PysPyyeee P, are the n parameters whose values are to be
determined from Fc, then the condition that M is a minimum is

given by
’aM/'apj =0 (3 = 142500e4n) (50)

iees LwboIF | /3p; = o (51)
for a trial set of Pj close to the correct v&lues,[&may be

expanded as a function of the parameters by a first order Taylor

series

Mo

A +e) =DNp) - e dIF 1 /3p, (52)

i=1

where e is the required small change in the parameter 1 and p
and e represent the complete set of parameters and changes.

Substitution of (52) in (51) yields the normal equations
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3 »

=5 wachl/epi-’échl/apJ.}ejL: 2 whar 1/6p,  (53)
There are, therefore, n equations in n unknowns which must be
solved for the corrections e; in the individual parameters.

The normal equations may be written in matrix notation as

Ef: .

i=1aij°ei % bj (54)
where

a, = 2o wOIE | o, 01T, | /oD, o (55)
and

bj = % wASIFCI /SPJ-

(56)
The solution of (54) is given by
EE: ,
-1
ei = i=1 (a )ijcbj (57)

where (a-1).. is the inverse matrix of a. ..
1] 1]
Due to the limitation of the expansion ofAas a Taylor
series (52) to two terms, it is necessary to calculate several

cycles of refinement before convergence is obtained. The criterion

generally used to decide when a refinement should be terminated is
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that the ratio of the shift e, of each parameter to its standard
‘deviation should be less than unity. The course of the refinement
may be followed from the residual defined by equation (47) or

from the modified residual
R' = zlwﬁ?/z:wlFo|2 ' (58)

The main disadvantage of the modified residual is that it may be

affected by changes in the weighting scheme.




1.8 The Accuracy of Results

‘ At the conclusion of a crystal structure analysis it may be
necessary to have some assessment of the accuracy with which the
refined parameters have been determined so that useful comparisons
with theoretical predictions and other experimental observations
may Be:madé. The accuracy of the refined barameters may be
‘derived from their estimated standard deviation (o),

The variance G‘z(pi) of the parameter 1 is given by

2 (p,) = (@), Dwh/(n = n) (59)

€1

where m is the number of observations and n is the number of
parameters defining the structure and (a-1)ii is the diagonal
element of the inverse matrix of the normal equations. The
covariance of the parameters Py and Pj is giveh by

cov(pi,pj) = (a~" Z:wﬁg/(m - n)

)ig

=c"2(pi).0‘2(pj).rij (60)

where'ri:j is the correlation coefficient between the parameters, -
The above equations are, however, only valid if the weighting

scheme is appropriate to the data. The standard deviations of

functions of the refined parameters may be estimated from the
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parameter variances an& covariances obtained.from equations (59)
énd (60) by the application of statistical methods.

If x is the value of an experimentally derived quantity
whose standard deviation is s(x), based on n degrees of freedom,
the probability P that x differs significanfly from its theoretical
value P dué to random experimental errors is given by t, where t
"is a random variable distributed in Student's distribution with

n degrees of freedom, and defined by
t =lx = pl/s(x) (61)

When n is large, as is normal in crystal structure analysis, the
distribﬁtién is normal and t = 2.6 for P = 1% and t = 3.3 for
P = 0.1%. If 2.6£t<L 3.3, the difference probably does not arise
from random errors, | .

If the agreement between a set of experimental results and
their expected values is under consideration, the7C2 test may be
applied . If, di is the deviation of the ith member of a set of

n points, then

M

X% =2y a,70" (62)

where O is the average standard deviation in the positional

parameter of the point. The probability that the deviation is due
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to random éxperimental errors can be found from tables of the

7(2 distribution for n-3 degrees of freedom, (Fisher and Yates,

1953).




PART II

CRYSTAL STRUCTURE ANALYSES

oF
CLATHRATES




Introduction

In a clathrate, the molecules of the host component are
linked together so as to leave cages in which one, or more,
molecules of the guest component may be accommodated. Clathrates
can be classified according to the nature of the forces linking
their host molecules; these may be hydrogen bonds as in
'/3- quinol (Palin and Powell, 1947) or van der Waals' forces as
in tri-o-thymotide (Lawton and Powell, 1958). Phenol
(von Stackelberg et al., 1958) and Dianin's and related compounds
(MacNicol et al., 1969; Flippen et al., 1970) are of an
intermediate type using both hydrogen bonds and van der Waals'
forces.,

The first organic clathrate to be discovered was the hydrogen
sulphide included form of quinol by Wohler,‘(1849). Subsequent
investigations showed that quinol formed a series of complexes
with organic-molecqles of moderate dimensions., It is interesting
" to note that Mylius, (1886) concluded that no chemical
combination existed between the components of the complex but
that the guinol molecules were somehow able to lock the guest
bomponent in position.

Early X~-ray investigations of the related inclusion compounds
formed by deoxycholic acid proved inconclusive (Giacomello and

Kratsky,1936; Giacomello, 1943). Although the general orientation
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pf the host molecules forming the cavity was defined, atomic
resolution was not obtained. Subsequent investigations, however,
appear to confirm Kratsky and Giacomello's pfedicted structure
(Damiani et al., 1967).

The true nature of the complexes‘formed by quinol and related
systems was finally established by the classid work of Powell on

‘the clathrates fdérmed by/3~- quinol.




Ghapter 1

The Crystal and Molecular Structure
of
Ethanol Included

L~p-Hydroxyphenyl-2,2,4~trimethylthiachroman



1417 Introduction
Dianin, (1914) found that phenol and mesityl oxide condense

in the presence of hydrogen chloride to form a monohydric phenol

(1).

(1)

It was found that (I) formed crystalline inclusion compounds with
a variety of substances. Dianin noted that the different adducts
of (I) had similar érystalline forms.

In the coursé of investigations into the condensation reactions
of phenols, Baker et al., (1955) re-investigated Dianin's compound.
The correct formula of (I) was established by Baker., In the course
of this work it was found that Diaﬁin's compound formed a greater
variety of crystalline inclusion compounds than any other known.
organic compound, The host-guest ratio of the various adducts was
ghown on analysis to be greater than or equal to 3:1 or 6:1 in

every case,
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On the basis of goniométric and X=-ray studies, Powell and
Wetters, (1955) found that the various adducts have similar
crystalline forms and suggested that they were clathrates.

Several of the adducts were found to have approximately the same
unit cell dimensions which, referred to hexagonal axés, were
gz\fé?.o aﬁd c ~11.1 X. The unit cell contained 18 molecules

‘of (I) and the space group was either R3 or RB. If the space

group is Rg, then any molecule is in one of a group of six-
equivalent positions related by a three-~fold inversion axis, 3.
Powell suggested that thé hydroxy groups should be joined by
hydrogen bonds, thus linking the six equivalent molecules in a
hexagon of side approximately 2.8 X similar to that found in the
/3= quinol (Palin and Powell; 1947) and phenol (von Stackelberg et
al., 1958) clathrates which have the same space group symmetry.

The hexagon of hydrogen bonded hydroxy groups would then form a
waist from which alternéte molecules point up or down so that three
form an upper and three a lower cub—like structure. In the crystal
these groﬁps are directly above one another with their symmetry
axis parallel to the ¢ - axis, thus leaving cavities, within which
guest molecules may be accommodated.

Although the molecular structure of Dianin's compound had

been unambiguously established by synthesis (Baker et al., 1956a),

initial attempts to modify the basic host molecule whilst still
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retaining the clathrating property proved unsuccessful (Baker et
al., 1956b). However MacNicol, (1969) synthesised the thia-

analogue (II) of Dianin's compound.

(11)

The thiachroman (II) formed clathrates with a variety of solvents
which were isomorphous with those formed by Dianin's compound.
Subsequent structural analyses of (I) by Flipéen et al.,
(1970) and of (II) by MacNicol et al.,v(1969) suépeeded in showing
that the structure of Dianin's compound was closely related to

that originally proposed by Powell,
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1.2 Experimental

Crystal Data

Host: A4-p-hydroxyphenyl-2,2,4-trimethylthiachroman
Guest: ethanol

Host :Guest :: 3:1

‘3 018H2005 H 02H6O . F.W. = 299.8

o o ' ‘
Trigonal, a = 27.81 A, ¢ = 10,90 A, (referred to hexagonal axes)

(o}
U = 7299 A° F(000) = 2892 electrons
D= 1.22 gecmso Z = 18 D = 1.227 gocmeo
Space group: R3 (Céi, No. 148)

o -
Linear absorption coefficient (Cu Ke, A = 1.5418 A) = 17 cm.1

The crystals used in thisvanalysis were supplied by
Dr, D,D, MacNicol. They consisted of colourless hexagonal needles
elongated along the c-axis. Unit cell dimensions were obtained
from rotation and Weissenberg photographs (Cu Kdiradiation,
A= 1.5418 X) taken about the g-axis. From the systematically
absent spectra, the space group is either R3 (No. 147) or R3
(No. 148). The centrosymmetric space group (R3) was chosen and
this choice has been justified by the success of the subsequent
analysis.

The intensity data were estimated visually from equatorial

and equi-inclination Weissenberg photographs of the hkiO,...hki9
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reciprocal lattice nets taken with Cu X, radiation. The multiple
film technique of Robertson, (1943) with six films per pack was used.
The observed intensities were reduced to structure amplitudes by
applying the appropriate Lorentz, polarisation and rotation
faétors (Tunell, 1939). 2272 independent structure amplitudes
(Table 1.4) were obtained, which represents 61 % of the data
accessible to Cu K, radiation. No absorption corrections were
applied in the analysis,

The data were initially placed on an approximately absolute
scale by comparison with the first set of calculated structure
factors. The finalvscaleAfactors were determined by least-squares

refinement.
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?.3 Solution and Refinement of the Structyre
In the space group R§, the equivalent positions are:=-

+ (xy ¥y 2)y + (=¥, %=y, 2), + (y-x, =x, 2z);
together with those generated by the R-centred Bravais lattice
given by:-

(% %, %) + (x, ¥y, 2),
(3, %, ) + (-y, -3, 2),
(3, %, %) + (y-x, -x, z).

A heavy atom situated in a general position will therefore

I+ I+

I+

give rise to the following set of vectors:-

+ (2x, 2y, 2z) single weight,
+ (=2y, 2x-2y, 2z) single weight,
+ (2y~-2x, -2x, 2z) single weight,
+ (x-y, %, 22z) double weight,
+ (yy, y-x, 2z) double weight,
+ (=x, =¥, 2z) double weight,
+ (x+y, 2y-x, 0) double weight,
+ (2x-y, x+y, 0) double weight,
+ (x=2y, 2x-y, O) double weight.

Thus in the three-dimensional Patterson summation, there are six
dominant peaks. Three are in general positions and three are on
the Harker section at w = O. Any one of the three peaks on the

Harker section will suffice to determine the x and y coordinates

of the heavy atom, whilst the x, y and z coordinates of the heavy
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atom may be obtained from any one of the three general peaks.

. The asymmetric unit of the three dimensional Patterson function
was calculated and interpreted on the basis of the analytical
functions given. The values obtained for the coordinates of the
sulphur atom were:=-

ATOM X/a Y/b ‘Z/c

s(1) 0.2623 0.0770 0,6511

A set of structure factors, based on the position of the
sulphur atom was calculated, and the calculated phase angles used
in conjunction with the observed structure amplitudes to evaluate
an electron density synthesis. The coordinates of all the
remaining non-hydrogen atoms in the structure were obtained from
this initial electron density synthesis. The different chemical
species present in the structure were differentiated on the basis
of peak height and knowiedge of the chemical structure.

Inclusion of the nineteen atoms (1 oxygen and 18 carbon) in the
structure factor calculation reducéd the residual R from 0.58 with
the heavy atom alone to 0.28., The atomic scattering factors used
in the second structure factor calculation and throughout the
remainder of the analysis were those of Hoerni and Ibers, (1954)
for carbon and oxygen and those of Dawson, (1960) for sulphur. A
second electron density distribution was evaluated using both the

improved phases and observed structure amplitudes. The improved
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coordinates derived from this distribution reduced the residual R
%o 0,249 in the resultant structure factor calculation.
Coordinates derived from a third distribution reduced the residual
furthef to 0.240,

The structure was further refined in eight cycles of
minirisation of the function M = Z:w(lFol - chl)z by the method
.of least-squares. The least-squares program of D.R. Pollard, (1968)
was used in the initial stages of this refinement. Each
reciprocal latticé net was given an individual scale factor and
eacﬁ atom an individual isotropic temperature factor. The
observations were all given unit weight. After three cycles of
full matrix least-squares refiﬁement, the R=-factor was reduced to

0.182. A weighting scheme of the form

W= 1/(pg + 1F ) + pyIF 12)

where Py = 2IFOImin and b, = 2/|Fo|max, which has been recommended
by Cruickshank, (1961) for use with photographic data, was then
applied and a further cycle of least=squares refinement calculated.
The residual R was reduced to 0.178,

The Glasgow S.F.L.S. program (Cruickshank and Smith, 1965)
was then used to continue the refinement. Lingafelter and Donahue,

(1966) have shown that, if the observations are collected up only

one axis, there is insufficient information to permit the refinement
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of individual layer scale factors and anisotropic thermal
ﬁarameters. On thé assumption that the data were on the same
relative scale at the conclusion of the isotropic refinement, it
was therefore decided to refine individual anisotropic thermal
parameters and a single overall scale factor, As a result of
allowing for the anisotropic vibrations of the étoms, a further
four cycles of refinement in which the block diagonal approximation
to the normal matrix was applied produced convergence. The R-factor
over the 2272 independent reflections was reduced to 0.141., The
weighting scheme applied in the last four cycles of refinement was
of the form

w= (1 - exp -p1sin28/X2)/(1 + o IF |+ p31F0|2 + p4|Fo|3)

where p, = 4,0, p, = 0.3, = 0,001 and p, = 0. No shifts greater

P3
than 0.2 in atomic coordinates or thermal parameters were
observed in the final cycle. The course of the refinement is

1
summarised in. Table 1.1. .

The structure factors calculated in the final cycle of least-
squares refinement were used to phase a difference synthesis of
the cavity. This showed a set of disordered peaks at approximately
z = 0,13 and z = 0.26 together with their symmetry related partners
at z = 0.74 and z = 0,87 respectively. This may indicate the

presence of included ethanol molecules in this region of the cavity.

Tables 1.2 and 1.3 respectively contain the final values of
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the fractional atomic coordinates and anisotropic temperature
éactors together with their estimated standard deviations derived
from the inverse of the normal least-squares matrix. The
observed and final calculated structure amplitudes are given in
Table 1.4. Atomic coordinates in Angstroms referred to orthogonal
axes definéd by X' parallel to a*, Y' normal to a* and ¢ and Z
‘parallel to ¢ are given in Table 1.5. Tables 1.6 and 1.7 contain
the covalent bond lengths and interbond angles in the structure
together with their estimated standard deviations., Table 1,8 lists
all intermolecular contacts between the atoms which are less than
4L X and in Table 1.9 the equations of the molecular planes through
certain portibns of the molecule are given, together with the
deviations of certain atoms from these planes. Estimated standard
deviations, where quoted, are in units of the last decimal place
of the quantity to which they refer.

A molecular drawing illustrating the numbering»of the atoms
in the structure is shown in Fig. 1:1. The thiachroman residue
projected‘along a line in the mean plane through S(1), C(4), C(9)
and C(10) is shown in Fig. 1.2. The general packing of the
- molecules in the unit cell, as viewed down the c-axis is illustrated
in Fige 1+3. In Figs. 1.4 and 1.5 the structure is shown projected
on (010) illustrating the cavity. In Fige 1.5 two molecules of

(II), which lie directly above and below the cavity as viewed in

4o



this direction, have been excluded apart from their hydroxyl
oxygen atoms. A section through the van der Waals' surface of the

cavity is shown in Fig. 1.6.
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FIGURE 1.1

A molecular drawing illustrating the numbering of the

non=hydrogen atoms of the host,






A ﬁelecﬁ}érqdiéﬁiﬁg.iiiﬁgiéatingnthe_thiachroman
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FIGURE 1.3
The molecular ‘packing viewed down the c-axis.







FIGURE 1.4

The packing of the molecules as projected on (010).






FIGURE 1.5

The packing of the molecules as projected on (010),
Two molecules of the host, which lie directly above
and below the cavity as viewed in this direction,

have been excluded apart from their hydroxyl oxygen

atoms.






FIGURE 1,6

l

A section through the van der Waals' surface of the

cavity.
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TABLE 1.1

COURSE OF THE ANALYSIS

1« Fourier Refinement

S.F., Cycle No, Atoms Included R
1 s | , 0,58
2 - S+18¢C+ 0 0.283
3 S+18C+ 0 0.249
L S+18C+ 0 0.240

2. Least-squares Refinement

S.F.L.S, ' Comments R
Cycle No.
1 Full matrix, individual isotropic
temperature factors, layer scales,
unit weights : 0.191
2 L 0,183
3 u 0.182
L As above, weighting scheme 1
applied 0,178
5 Block diagonal, individual
anisotropic temperature factors,
weighting scheme 2 applied 0,166
6 " 0.145
7 ‘ " 0.142
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ATOM
5(1)

c(2)

c(3)

c(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)

0(20)

TABLE 1.2

FRACTIONAL COORDINATES

X/a Y/b
0.2624 + 1 0.0771
0.,2205 + 2 041061
0.2590 + 2 0.,1578
0.2854 + 2 0.1503
0.3536 + 2 0.1199
0.3806 + 3 0.0892
043699 + 2 0.0557
0.3%29 + 2 0,053k
0.3050 + 2 0.0836
0.3137 + 2 0.1168
0.,2422 + 2 0.1239
0.2129 + 2 041502
0.1726 + 2 0.1281
0.1608 + 2 0.6792
0.1901 + 2 0,0532
0.2304 + 2 0,0753
0.3293 + 2 0.2103
oQ2037 + 3 041257
0.1700 + 2 0.0631

0.0560

0.7212 + 2

AND E.S.D.S.

[+

[+

I+

|+

|+

[+

|+

I+

I+

72/c
0.6508

045928
045179
0.3978
0.3351

. 0.3511

0.4511
0.5390
0.5267
0. 4241
0.2965
0.2592
0.1664
0.1113
0.1413
0.2347
0.3588
0.7108
0.5256

0.,0201

I+

I+

I+

[+ I+ I+ I+

[+

I+
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TABLE 1.3

' ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM U11 u22 U33 2023 2U31 2u12
s(1) 0.0484 0,0527 0,0410 0,0260 0,0101 0,0501
6 6 9 - 10 9 10

“¢(2)  0.0484% 0.0400 0.,0433 0,0010 0,004%3 0,0429
1N 21 31 36 38 38

c(3) 0.0519 0,0402 0.0404 0,000%3 0,0019 0,0553
25 21 31 35 38 39

c(4) 0.,0409 0.,0311 0,0372 0.0001 0,0039 0,0356
; 20 18 28 31 33 32
c(5) 0,0499 0,0720 0,0521 -0,0100 0,0015 0.0716
27 34 37 51 45 51

c(6) 0.0623 0,0786 0,0439 ~0,0136 -0,0048 0,0888
32 37 36 52 kg 59

c(7) 0.0551 0,0634 0,0585 -0,0243 -0,0276 0,0756
28 30 38 51 L8 4g

c(8) 0.0561 0,0587 0.,0504 0,0034 -0,0131 00,0711
28 28 35 46 46 Lo

c(9) 0.0365 0,0397 0.0394 0,0017 =-0.0082 00,0315
20 21 30 33 34 34

c(10) 0.0404 0,0433 0,0388 -0,0021 -0,0045 0,0445
21 22 28 35 36 37

c(11) 0.0429 0,03%25 0.0317' 0.,0043 -0,0036 00,0339
21 18 26 30 32 32

c(12) 0.6531 0.,0442 00,0408 -0,0060 -0,0116 00,0561
' 25 23 31 37 39 b

C(13)  0.,0542 0.0520 0.0422 0,0030 0,0003 0,0707
26 25 30 40 140 A



c(14) 0.0440 0,0470 0,0379 -0.0105 =0.0130 0,0453

22 PIN 30 37 36 38
c(15) 0.0490 0,0420 0,0408 -0,0056 -0,0013 00,0476
24 22 31 37 38 38
c(16) 0.0447 o0,0405 0,0275 -0.,00%34 0,0018 0,0504
21 20 26 30 22 34
c(17) - 0.,0475 0,0407 0,0460 0,0056 -0,0061 0.0233%
25 24 34 39 41 39
c(18) - 0.,0758 0,0624 0,0446 -0,000%3 0,0162 0,0689
38 32 37 48 53 58
c(19) 0.0400 0,0457 0,0498 -0,0006 0,0002 0,0169
23 24 33 41 41 39

0(20) 0.0592 0,0612 0,0429 =0,0103 -0,0215 0,0669
21 21 23 32 31 36



TABLE 1.4

OBSERVED AND FINAL CALCULATED. STRUCTURE AMPLITUDES
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13603 14048 50,0 T IS ) 2648 30.9 ale 15 1 59,2 16 1) 2 34es 28,7 2 38e7 324¥
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128,5 1272 25,7 546 1 els 17 1 2 1046 2 3304 312
63,0 s1s ) =15 23 ) 2 3.8 2 9203 80,0
2344 1oe -8 26 1 2 182 2 53.9 3242
2504 14l 1 w18 29 | 2 24e8 2 5040 40,7
29,4 017 1 1532 1 2 4Ly 2 2204 2248
(34 617 1t -6 19 1 2 167 2 2003 204}
28,7 917 1 16 22 1 2 128 2 18e6  lbes
a1 1217 .ls 25 1 2 den 2 3443 3347
15,4 1517 1 “ls 28 1 2 2608 2 175 2562
1149 11s 1 16 31 1 2 aler 2 4pe3 4242
25,7 18 1 HIATEE 2w 2 2005 307
23,2 to1s 1 wi?7 21 1 2 100,7 2 71ed 7248
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73,5 120 1 «10 22 1 2 758 2 8.2
943 620 ) 19 25 1 2 2849 2 3849
86,7 12 20 1 .19 28 1 H z 1745
43,3 121 i .19 31 z 2 2402
52,5 1021 1 .20 21 1 2 2 20,9
1745 222 4 =20 24 1 2 2 4201
20,4 822 1 -20 27 | 2 2 2646
13448 122 .21 23 1 2 2 1343
82,9 323 1 e21 26 1 2 2 5.8
28,7 623 1 v22 25 1 2 2 45,1
28,0 124 1 w22 28 1 2 2 1747
13.3 <24 1 .23 27 1 2 2 2840
2641 724 w24 26 1 2 2 5602
3740 225 ) 5 0 2 2 2 3504
2245 026 1 3 0 2 2 z 2140
332,9 326 1 10 2 2 2 15.0
110,0 127 ) 170 2 2 2 2402
41,8 029 1 20 0 2 2 2 10e5
1 28 0 2 2 2 3945
1 29 0 2 2 2 2646
1 31 2 2 2 59.¥
' 6 1 2 2 2 2.2
) 9 1 2 2 2 340t
1 12 1 2 2 2 368
1 15 12 2 2 2348
i 181 2 2 2 5644
' 212 2 2 atez
1 24 12 2 2 1345
1 27 12 H 2 51,0
1 122 2 2 1442
] 202 2 z 40,3
' 72 2 2 2 1845
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1 22 2 2 2 2 2342
1 25 2 2 ] 2 2648
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1 o3 2 2 2 2844
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1 1703 2 2 2 7.1
1 23 3 2 2 2 I3
1 26 3 2 2 2 1208
1 o ¢ 2 2 30 3 15440
1 3 42 2 6 0 2 8245
1 6 4 2 2 s 0 3 87,7
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1 120402 H 15 0 3 10448

1 15 42 2 18 0 3

1 1342 2 21 0 2

1 21 42 2 24 0 2
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1 15 2 2 [
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1 T s 2 2 713
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1 5 6 2 H 223
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t 20 6 2 H 172 3

t 23 6 2 2 232 2
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i 3 2 2 [ BERE]
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1 15 v 2 2 e 3 3

1 16 v 2 2 12 3 23

1 2 7 2 2 1503 3

Il 4 7 2 2 i 3 3

1 Ve 2 2 21 3 3

1 v s 2 2 20 3 3

1 138 2 2 ]

1 6 8 2 2 4 ¢ 3

1 19 8 2 2 T 4 )

1 22 8 2 2 10 4 3

1 2 9 2 2 13 4 3

1 5 9 2 2 19 4 2

1 s 9 2 2 22 4 3

1 o9 2 2 25 4 3

1 14 9 2 2 2 5 2

1 i1 e 2 2 5 5 3

1 010 2 2 s s 3

i 310 2 2 [T

1 510 2 2 14 5 3

1 1210 2 2 iros 2

1 1510 2 2 20 3 3

t 18 10 2 2 21 05 3

1 2110 2 2 o s 3

1 2410 2 2 38 3

1 112 2 6 & 2

1 441 2 2 * & 3

1 T2 2 12 8 3 7240
i 11 2 2 15 6 3 1128




-

NIRRT

W P U SO U LN LU L LY T EL D HBDBL LY LY PU LD LU I UL CIWPL WU UL UUREU TP UL WL UL IWW YL L LAV D BULUUE ULL WY WU LD UL UW PO WY IO WY LUL LN WY OWWww

F ORS F CaLC Ho % L F 0B F CALC "
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3 122 o 5 4 -323 4 2 5 7.0 549 -4 18 5 21, 3.4
3 %10 308 -3 26 4 35 ares 4807 .4 20 5 2443 3043
3 03,2 5 5 4 7o 3 4245 21ew 2142
3 3049 9 5 4 w4 13 4 305 -5 8 5 67T 634V
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H 6 4 515 ¢ P o 7T s wsa 1314
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3 74 6 14 4 5 5 78 5 Te.9  Taes
3 74 a6 17 4 5 s CT 12 S 4pey 4Ty
3 74 .6 20 4 5 5 715 5 10001 9e.9
3 74 623 4 5 5 2721 5 8745 83e2
2 T .6 26 4 5 8 724 5 9ol lees
M 74 NATER 6 5 S8 1L 5 LN[eT 1ises
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3 a4 -7 19 4 6 5 -8 20 5 27,1 2047
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3 9 4 -8 27 4 T s -i0 12 s 2241 25453
3 9 4 -8 30 4 ? s <10 15 5 3041 2847
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3 104 9 20 4 s 5 11 14 5 base 6943
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3 1o 4 -10 13 4 9 s -11 29 5 2041 27.7
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3 124 1z 14 4 s 343 -4 32 s 1745
k) 12 4 =12 17 4 15 2047 -15 16 5 4148
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ATOM

S(1)

c(2) -

c(3)
c(k)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(il)
c(15)
c(16)
c(1?7)
c(18)
c(19)

0(20)

TABLE 1.5

ORTHOGONAL COORDINATES AND E.S.D.S.

Xt
64320
56312
64239
6.874
8,517
9,167
8.910
8.019
74346
7.556
5.833
5.128
4,158
3.873
k.579
5.548
7.932
L,907
4,094

2.920

I+

I+

1+

I+

I+ I+

I+

I+

N e N S RN B N B N R e A T e ) W o) S © A U S V1 B N

n

Y

-1.504

I+

~-0.116
0,787

0.210

I+

"‘1 0582
-2.813

[+

~34595
=31k
-1.917
-1.115

0.078

1.217

1+

14161

-0,034

[+

-1.163
~1.109
1,271
0.664 +
~0.608 =+

'—00128 i

N

o B &= W

(o2 N = N BN 1 N R N  C 1N ) B ) W € ) U

(o) NN

=

74091
6.460
5.643
L,33h
3.652
3.826
4,916
5.873
5739
4,621
34230
2.825
1.813
1.213
14540
24557
54909
7.746
5.728

0.219

I+

I+ I+
FE s e . TR RS RS I N B BN R, B NYe ) W < ) W< AN AN BN

I+ 1+ I+

I+
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c(2)

s(1)

5(1)

5(1)

c(3)

c(3)
c(18)

c(2)

c(3)

c(3)

1

c(3)

c(10)-
c(10)-
c(11)-
c(6) -
c(5) -
c(6) -

S(1)
c(2)
c(2)
c(2)
c(2)
c(2)
c(2)
c(3)
c(4)
c(k4)
Cc(H)
C(4)
C(h)
c(4)
c(5)
c(6)
c(?7)

c(9) .
c(3)
c(18)
c(19)
c(18)
c(19)
0(195
c(4)
c(10)
c(11)
c(17)
c(11)
c(17)
c(17)
c(10)
c(7)
c(8)

INTERBOND ANGLES AND E.

103.7
107 .4
103.8
111.5
10746
1151

110.8

i+

118.3 +

110.2
1111
104,7
11146
109.9
109.0
120.6
120.9

119.1

2

1 T e N I T~ N N N I — R OY

(o]

TABLE 1.7

c(?7) =
S(1) =
s8(1) -
c(8) -
c(4) -
c(4) -
c(5) -
c(h) -
c(4) -
c(12)-
c(11)-
c(12)-
c(13)-
c(13)~
c(15)-
c(1k4)-

c(11)-

S.D.S.

c(8)

c(9)

c(9)

c(9)
c(10)-
c(10)=-
C(10)~
c(11)-
c(11)=
c(11)=
c(12)-
c(13)-
c(14)-
c(14)-
c(14)-
c(15)=~
Cc(16)=-

c(9)

c(8)

Cc(10)
c(10)
c(5)

c(9)

c(9)

c(12)
c(16)
c(16)
c(13)
c(14)
c(15)
0(20)
0(20)
c(16)
c(15)

121.8
14,5
125,0
120.5
11741
126.0
117.0
118.9
124.3

Co

[+

116.
121.
119.

120,

W U a0 N

121
11841
119.7

121.5

i+

[+

I+

N N T N B e N N |

o}



TABLE 1.8

o}
INTERMOLECULAR CONTACTS BELOW 4 A

0(20)444.0(20) ii  2.96 X C(M4)eees0(20) ii 3.87 X

C(13)....0(20) iv  3.5% C(5)eeeseC(13) vii  3.87
€(15)....C(18)  iii  3.55 C(8)eeeesC(6) vi  3.88
C(14)+...0(20) iv 3.69 C(6)eeeseC(15) vi 3.88
S(1)eeeseC(12) iidi 3,70 C(8)eesesC(7) vi 3.88
C(7)eesesC(16) vi  3.70 C(7)eunnn c(6) vi  3.89
C(5)ee...C(12)  wvii 3,75 c(15)....0(20) ii  3.95
C(6).e...C(13) vii 3.77 C(5)ee.e C(17)  wii 3,96
C(17)e...C(7) v 3.78 C(5)eesesC(11) vii  3.97
C(16)....C(18) iii  3.82 S(M)ewuns c(17) wviii  3.97
C(16)¢...C(17) vii  3.83 C(15)¢...C(17)  vii  3.99
C(6).....C(12)  vii 3.8k 0(18)....0(20) i 3.99
C(7)eunnn c(15) vi  3.87 S(1)ee...C(3)  viii 4,00

Roman numerals refer to the transformations of the fractional

coordinates given in Table 1.2

i X, ¥, 1 + 73 v Fry, Fry-x, §-z;
ii Ve ¥ - X, -Z3 vi §+y - x, 3 - X, ¥+ 2j
iid Yo ¥ = Xy 1 = 23 vii % - x, -y, %-2z;
iv x - ¥, x, -z; viii % - x, 3 -y, 13 - z;

The transformations are applied to the coordinates of the

second atom in each case.



TABLE 1,9

MEAN MOLECULAR PLANES

(A) ATOMS DEFINING PLANES

PLANE NO. ATOMS DEFINING PLANE

1 €(5), C(6) and C(7)

2 S(1), Cc(4), c(9) and C(10)

3 s(1), c(&), c(5), ¢(6), c(?7), ¢(8), c(9)
and C(10)

4 c4), c(11), c(12), ¢c(13), c(14), c(15),

C(16) and 0(20)

(B) PLANE EQUATIONS

PLANE NO. P Q R S RMS D
1 -0,7496 =0,4506 ~0.4849 -7.4421 0,000
2 ~0,7597 =0,4695 =0,4498 -7.,2784% 0,013
3 .-0.7479 -0.4693 =-0,4695 -7.3058 0.029
4 0.6975 0.,2060 =0.,6863 1.8776 0.015

P, Q and R are the direction cosines of the plane normal,
S is the plane to origin distance and RMS D is the root meaﬁ
square deviation of the atoms defining the plane, from the
plane, in Angstroms. The plane equation is then
PX + Q¥ + RZ = 8
where X, Y and Z are coordinates in Angstroms referred to

standard orthogonal axes.



0]
(C) DEVIATIONS FROM PLANES (A)

PLANE NO,
ATOM

5(1)
c(2)
c(3)
c(h)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
¢(19)

0(20)

1

~0.056
0.093
0.000
0,000
0.000
~0.017
0.017

-0.039

2

-0,007
0.392
~0.369
0,008

0.017

-~0.018

1.357

-1.103
1.877

-0, 04l
0.355
~-0.379
0.032
-0.036
0.027
0.022
~0.026
0,018
0.008
1.390
1.573
2.800
3.856
3,704
2.476
-1.,058
-0.312
1.840

5.080

-2.646
-2.630
-1.237
-0,014
1.231
~0,962
0.223
1.312
-1.087
~-0.,009
-0.010
0,011
0.018
-0,016
0,020
04009
14234
-3.634
-3.078

-0.017



(D) DIHEDRAL ANGLES

PLANE A PLANE B / AB
1 2 2.4°
1 3 14
1 L 7346
2 3 1.3
2 b 7145
3 g 72.8



1.4 Discussion

The analysis was undertaken to determine the molecular
structure of the ethanol included clathrate formed by the thia-
analogue of Dianin's compound, 4-Erhydroxyphenyl-2,2,4-trimethyl-
thiachroman in so far as this defines the nature of the cavity
formed by Dianin's compound and related clathrates. The
conformation of the host molecule together with that of
L-p-hydroxyphenyl-2,2,4-trimethylchroman (Dianin's compound) is
discussed in Chapter 3.

The structure makes use of a crystallographic three-~fold
inversion axis. The essential feature of the structure is the
linking of the hydroxy groups of six molecules by a network of
hydrogen bonds such that the oxygen atoms form a distorted
hexagon of radius 2.96 X. Three of the oxygen atoms come from
molecules of one configuration which lie below the hexagon, and
three from molecules of the opposite configuration which lie above
the hexagon.

Two such groups of six molecules are stacked along the c-axis
forming a cage capable of entrapping one or more guest molecules,
The top and bottom of the cage are formed by hexagons of oxygen
atoms which are a unit translation apart in the direction of the
c-axis. Thus the length of the cavity is 10,90 X. The walls of the
cage are formed by six molecules, three of one configuration are

involved in hydrogen bonding at the lower end of the cage and the
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remaining three of the other configuration are involved in hydrogen
bonding at the upper end of the cage. The six molecules comprising
the cage are bound at approximately z = 4 by van der Waals' forces
between the C(19) atoms of the gem~dimethyl groups which point into
- the cavity forming a waist of radius 4.16 K.

By taking into account the van der Waals' volumes of the atoms
comprising the cage, the space available within the cavity may be
ascertained. This has an approximate hourglass shape in which the
waist of approximate diameter 4 K effectivély separates the cavity
into two halves, 6.4 X in width at their point of widest extension.

Since the contents of the cavity will exhibit the symmetry of
the cavity, namely 3 (CBi)’ and since the ethanol molecules do not
possess this symmetry, the ethanol molecules included within the
cavity are triply disordered. Ih addition, the space available
within the cavity at its point of widest extension is considerably
greater than the van der Waals' volume of the ethanol molecule.
Thus the host-guest interaction is small and it is probable that
the two ethanol molecules are not rigidly fixed within the cavity
but have considerable librational motion at room temperature. It is
therefore not possible on this basis to define unambiguously the
relative orientation of the ethanol molecules within the cavity.
However the peaks observed in the difference synthesis of the

cavity suggest that the ethanol molecules are located in the region
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of the cavity having the largest cross-sectional area.
This is in general agreement with the results found by
Flippen, Karle and Karle, (1970) in their analysis of

L~p-hydroxyphenyl-2,2,4~trimethylchroman (Dianin's compound).
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Chapter 2

The Crystal and Molecular Structure
of
2,545~Trimethylhex~3=~yn=2=0l Included

t-p-Hydroxyphenyl-2,2,4~trimethylthiachroman




2,1 Experimental

Crystal Data

Host: L-p-hydroxyphenyl-2,2,4~trimethylthiachroman
Guest: 2,5,5~trimethylhex-3-yn-2-o0l
Host :Guest :: 6:1
6 € gH,008 09H160 F.W., = 307.8

) ) ‘
‘Trigonal, a = 27.91 A, ¢ = 10,99 A, (referred to hexagonal axes)

U = 7412 40 F(000) = 2970 electrons

D = 1.2h4 g.cm73 7 = 18 D = 1.2M1 g.cm?3
m X
Space group: R3 (C;i, No. 148)

o -
Linear absorption coefficient (Cu Kx, A = 1.5418 A) = 17 cm.’l

The crystals used in this analysis were supplied by
Dr., D.D, MacNicol., They consisted of colourless hexagonal needles
elongated along éhe c-axis., Unit cell dimensions were obtained
from rotation and Weissenberg photographs taken about the c-axis
(Cu Ko radiation, A = 1.5418 X). Since the crystals are
isomorphous with the ethanol included clathrate of 41E-hydroxy-
phenyl-2,2,4-trimethylthiachroman, the space group is R3 (No. 148),
The intensity data were estimated visually from equatorial
and equi-inclination Weissenberg photographs of the hkiO,;..hki9
reciprocal lattice nets taken with Cu Ky radiation. The multiple

film technique of Robertson, (1943) was used. The observed
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intensities were reduced to structure amplitudes by applying the
appropriate Lorentz, polarisation and rotation factors (Tunell,
1939). 2387 independent structure amplitudes (Table 2.4) were
obtained, which represents 63 % of the data accessible to Cu K«
radiation. No absorption corrections were applied.

&he data were placed on an approximately absolute scale by

comparison with the first set of calculated structure factors.

The final scale factors were determined by least-squares refinement.




2.2 Solution and Refinement of the Structure

The unit cell parameters of the 2,5,5-trimethylhex-%-yn-2-ol
included clathrate of 4-p-hydroxyphenyl-2,2,4-trimethylthiachroman
do not differ significantly from those of the ethanol included
clathrate of 4-p-hydroxyphenyl-2,2,4-trimethylthiachroman. Thus
the two host molecular structures are strictly isomorphous.

A set of phase angles based on the coordinates of Q-E-hydroxy-
phenyl-2,2,4~trimethylthiachroman from a previous analysis (Table
1.2) were used in conjunction with the observed structure amplitudes
to evaluate an electron density synthesis. The coordinates of the
atoms of the host molecule were obtained from this initial electron
density synthesis. Successive cycles of Fourier refinement
reduced the residual R from 0.277, based on the coordinates of the
host molecule from the ethanol included clathrate, to 0.243, based
on the coordinates of the host molecule from the 2,5,5=trimethyl-
hex~3~yn~2=-0l included clathrate.

The structure was then refined in eleven cycles of least~squares
minimisation of the function M = zlw(lFol - IFcl)a. D.R. Pollard's
least-squares program, (1968) was used in the initial stages of
the refinement., Three positional and one isotropic thermal
parameters for each atom of the host molecule and an individual
scale factor‘for each reciprocal lattice net were refined. Three

consecutive cycles of refinement, in which the observations were
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given unit weights and the full matrix of the normal equations
was evaluated, reduced the R~factor to 0.186.

An electron density and difference synthesis of the_cavity
were calculated using the coordinates of the host molecule obtained
in the final cycle of isotropic least-squares refinement. Both
syntheses revealed three, and only three, independent peaks. Two
were situated along the c-axis and the third was a general peak.
Together with the 3 symmetry of the cavity these peaks give the
unambiguous position of the guest molecule within the cavity.

A further three cycles of isotropic least-squares refinement,
in which the coordinates of the guest molecule were included,
reduced the R-factor to 0,143, The atoms co-linear with the c-axis
were assigned occupation numbers of one thirde. A weighting scheme
of the form

W= 1/ (o + 1T+ p,IF ) S)
where p, = Z'Folmin and p, = 5/|FoimaX was applied and a further
cycle of isotropic least-~squares refinement lowered the R-factor
to 0.139.

On the assumption that the data were now on the same relative
scale, the isotropic thermal parameters of the atoms of the host
and guest molecules were replaced by six anisotropic temperature

factors and individual scale factors by one overall scale factor.,

The atoms co-linear with the c-axis were assigned occupation

v
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numbers equal to one third. Since these atoms are in special
positions with respect to the space group symmetry, the values
taken by their anisotropic temperature factors are restricted.
There are, in consequence, only two independent anisotropic
temperaturg factors (Uij), namely U,, and U33' The restrictions

are that

U11 = U22 = 2U12 and ZU23 = 2U31 = O,

The refinement was continued using the Glasgow S.F.L.S.
program (Cruickshank and Smith, 1965). Convergence was achieved
in a further four cycles of refinement, in which the block diagonal
approximation to the matrix of the normal equations was used. The
R-factor at the conclusion of the refinement was 0.099., The
weighting scheme applied in the last four cycles of refinement was
of the form

. 2a 2 2

w=(1-exp -p,sin G/N)/ (1 + P,IF |+ p3|F0| )

where Py = 5, P, = 0.01 and Py = 0.001, The course of the
refinement is summarised in Table 2.1,

The fractional atomic coordinates and anisotropic temperature
factors of the host and guest molecules together with their
estimated standard deviations are contained in Tables 2.2 and 2.3
respectively. The observed and final calculated structure
amplitudes are given in Table 2.4. Atomic coordinates, in Angstroms,

referred to orthogonal axes defined by X' parallel to a*, Y' normal
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to a* and ¢ and Z parallel to ¢ are given in Table 2.5. Tables
2.6 and 2.7 contain the bond lengths and interbond angles of the
host molecule together with their estimated standard deviations.
The host-host intermolecular contacts below 4 X are given in
Table 2,8, Tables 2.9 and 2.10 contain the bond lengths and
interbond angles of the guest molecule together with their
estimated standard deviations., Table 2.11 contains the host-guest
intermolecular contacts which are less than 4 K. Estimated
standard deviations, where quoted, are in units of the last
decimal place of the quantity to which they refer.

The numbering of the atoms in the host and guest molecules
is illustrated in Fig. 2.1. In Fig. 2.2, the structure is shown
projected on (010), showing the guest molecule (II) within the
cavity. Two molecules of the host (I), which lie directly above
and below the cavity as viewed in this direction, have been
excluded apart from their hydroxyl oxygen atomse. In Fig. 2.3
superimposed Fourier sections at z = 0,275 (full lines) and
z = 0,725 (broken lines), contoured at intervals of approximately
1 e/KB, showing the staggered conformation of (II) are illustrated.
The van der Waals'! contacts of the host and guest, as viewed along
the g-axis,‘is shown in Fig. 2.4, In the section shown at z = 0,275,
the broken lines represent the van der Waals' volumes of the atoms
comprising the cage and the full lines the approximate van der

Waals' volumes of the guest.
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TABLES AND DIAGRAMS -




FIGURE 2.1

The numbering of the non-hydfogen atoms of the host

and guest molecules;




2
Ml
24C
25
H,C~ CH, CH;
26 29 30




FIGURE 2,2

The packing of the host and guést molecules as
projected on‘(OﬁO). Two molecules of the host,
which lie directly above and below the cavity as
viewed in this direction, have been excluded apart

from théir hydroxyl oxygen atoms,







FIGURE 2.3

Superimposed Fourier sections of the cavity at
z = 0.275 (full lines) and z = 0.725 (broken lines),

contouredratyigtervalsvqf‘approximately 1 e/AB.




o
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 FIGURE 2.k

The van der Waals' contacts of the host and guest at
z = 0.275 as viewed along the c-axis., The broken
lines represent the van der Waals' volﬁﬁes of the
atoms comprising the cage and the full lines the

approximate van der Wgals' volumes of the guest,
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TABLE 2,1

COURSE OF THE ANALYSIS

Fourier Refinement

S.F. Cycle No,

1
2

3

Atoms Included
S+18 ¢c+ 0
S+ 18 Cc+ 0

5S+18¢C + 0

Least-squares Refinement

SIF’L.S.
Cycle No.

1

\V)

N oy U W

10

11

Comments

Full matrix, individual isotropic
temperature factors, layer scales,
unit weights; host molecule alone

"

As above, guest molecule included

"

1

As above, weighting scheme 1
applied

Block diagonal, individual
anisotropic temperature factors,

" overall scale factor, weighting

scheme 2 applied

n
n

0.277
04254
0.243

0,207
0.193
0,186
0.157
0.146
0,143

0,139

0.117
0.103
0,100

0.099




ATOM
s(1)
c(2)
c(3)
C(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)

0(20)

TABLE 2,2

FRACTIONAL COORDINATES

X/a
0.2639
0.2237
0.2610
0.2869
0.3528
043798
0.3697
0.3332
043060
0.3153
0.2437

0.2155

- 0,1761

0.1638
0.1909
0,230k
0.3305
0.2068
0.1720

0.1242

I+

I+

I+

I+ I+

{+

I+ I+ I+

[+

N W W N MW W W W

N W

RN W W W

/b
0.0771
0.1069
0.1576
0.1499
0.1178
0,087k
040548

0.0528

" 0.0828

0.,1162
0.1246
0.1510
0.1300
0.0808
0,0534
0,0751
0.2090
01264
0.0632

0.0579

AND E.S.D.S.

Z/c
+ 1 0.,6481 +
+ 2 0.5913 +
+ 2 0.5145 +
£ 2 0.3982 +
+ 3 043360 +
+ b 0.3491 +
+ 3 0.4513 +
+ 3 0.5361 +
+ 2 0.5245 +
+ 2 0.,4207 +
£ 2 0,2956 +
+ 2 0.2562 +
+ 3 0.1654 +
+ 2 0.1087 +
£ 2 0.1439 +
+ 2 0.236h +
+ 3 0.3586 +
+ 3 0.7057 +
+ 3 0.5266 +
+ 2 0.,0197 +

o o 0 U U \n

AN O

= O NN 0 1o\ O\




c(21)
c(22)

c(23)

0.0218
0,0000

0,0000

I+

0.,0578
0.,0000

0,0000

I+

0,2650

0.3127 +

O, 41‘1'26 i

15

14
16




TABLE 2,3

ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM U11 U22 U33 2U23% 2U31 2U12
s{1) 0.0683 0,0735 0.,0346 0,0435 0,0230 0,0681
10 11 10 15 14 17

c(2) 0.0569 0,0548 0,0244 -0,0056 0,0064 0,044k
3h 33 35 46 47 56

c(3) 0.0686 0,0510 0,0228 -0,0145 =0,0055 0.0542
38 32 35 45 ko 58

c(4) 0.0528 0,0491 0,0277 0.,0019 -0,0022 00,0494
- 31 30 33 L 46 51

c(5) 0.0645 0,1036 0.0344 -0,0165 -0,0071 0,1037
Lo 55 Lo 67 57 82

c(6) 0.,0674 0,1094 0,0477 -0.0240 -0,0184 0,1028
Lly 63 48 78 66 89

c(7) 0.0703 0,0916 0.,0635 -0,0328 ~0,0328 0,1032
Lk 53 52 78 71 85

c(8) 0.0793 0,0684% 0.0559 -0,0071 =0.,0359 0,0918
L7 43 47 67 69 78

c(9) 0.0514 0,0502 0,0384 -0,0069 -0,0141 0,0440
32 32 38 47 49 53

c(10) 0.0495 0,0594 0,0272 -0,0061 -0,0116 0,0491
31 35 34 L7 46 54

c(11) 0.0559 0,0512 0,0211 0,0035 0.,0020 0.0569
22 31 32 43 43 51

c(12) 0.0689 0,0556 0.,0378 -0.0065 -0,0068 0,0783
28 35 38 50 54 61

c(13) 0.0702 0.0648 0.0331 0,0021 =0,0015 0,0855
29 38 37 53 53 67




c(14)

c(15)

c(16)

c(17)

c(18)

c(19)

0(20)

c(21)

c(22)

c(23)

0,0571
33

0.,0665
37

0.0622
34

0.0658
4o

0.0957

0.0665
36

0.,0597
36

0.0597
3k

0.0627
4o

0.0810
51

0.0713
12

0.,0842
33

0.0987
85

0.0740
59

0,0836

65

0.0182
32

0,0306
36

0.0229
34

0.0355
41

0.0397
46

0.0399
L2

0.0337
28

0,0995
99

0.,0487
91

0.0472
76

-0,0085
Ly

-0.,0152
51

-0,0098
L6

0.0181
56

~0,0100
69

~-0.0196
60

~0,0143
L5

0.0258
141

0.,0000
0

0.0000
0

-0,0119
45

"'0001 33
51

—O.COT?
46

0.0051
57

0.,0305
7h

0.,0028
57

"'O ) 0423
b3

-Oo 0552
© 194

0.0000
0
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c(6)
c(7)
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c(10)
c(11)
c(12)
c(13)
c(1k)
c(15)
c(16)
c(17)
c(18)
c(19)

0(20)

TABLE 2.5

ORTHOGONAL COORDINATES AND E.S.D.S.

X T 7
6.379 + 2 ~1.531 + 2 74120 +
5.408 + 6 ~0.139 + 6 6,495 +
6.308 + 6 0.757 + 6 5.652 +
6.936 + 5 0.180 + 5 bo37h +
8.528 + 7 -1.637 + 8 3.691 +
9.180 + 7 -2,860 + 9 34835 +
8.936 + 7 ~3.629 + 8 4,957 +
8,054 + 7 -3.175 + 6 5.889 +
7.396 + 5 -1.959 + 6 54762 +
7.621 + 5 ~1.155 + 6 ho621 +
5.891 =+ 5 0,078 + 5 3.248 +
5.209 + 6 1,206 + 6 2.814 +
L,256 + 6 1,171 + 6 1.817 +
3.959 £ 5 -0.030 + 6 1,194 +
4,615 + 6 ~1.173 + 6 1,581 +
5.570 i 6 -1.120 + 5 2.597 +
7,990 + 7 1,220 + 7 3,940 +
4,999 + 8 0.642 + 8 7.752 +
4,158 + 6 -0.637 + 7 5.785 +
3,002 + 5 ~0,118 + 5 0.216 +
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c(21)
c(22)

c(23)

0.527 +
0,000 +

0.000 +
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4,862
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16

15
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S(1)
5(1)
c(2)
c(2)
c(2)
c(3)
C(4)
C(&4)
C(4)
c(5)
c(5)

c(2)

c(9)

- C(3)

c(18)
c(19)
c(h)

c(10)
c(11)
c(17)
c(6)

¢(10)

HOST BOND LENGTHS AND E.S.D.S.

14809
1.749
1.52k
1535
1.522
14536
1.521
1.540
1.543
14393
1.386

1+

I+

I+

[+

|+

1+
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o O Oy

10

o 00 00 O

11

o
A

C(6) ~ c(7)
c(7) - ¢(8)
C(8) =~ ¢(9)
¢c(9) - ¢(10)

c(11)- c(12)
c(11)= C(16)
c(12)- c(13)
c(13)- c(14)
c(14)- ¢(15)
c(14)--0(20)

c(15)- C¢(16)

1.382
1.360
1.389
1413
1.388
1.400
1.380
1.385
1.373
1371
1.396

i+ 1+ I+
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I+ I+
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c(2)

S(1)

s(1)

s5(1)

c(3)

c(3)
c(18)-

c(2)

c(3)

c(3)

c(3)

" C(10)-

€(10)-
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c(6) -
c(5) =~
c(6) -

S(1)
c(2)
c(2)
c(2)
c(2)
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c(4)
c(h)
C(4)
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c(5)
c(6)
c(7)

TABLE 2,7

HOST INTERBOND ANGLES AND E.S.D.S.

c(9)

c(3)
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€(19)
c(18)
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c(h)

c(10)
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c(1?7)
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c(17)
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c(10)
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103.4
109.1

104,6

+

ha

+

110.5 +

108.1 +

114.8
109.3
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112.2
110.,9
105.1
111.5
109.3
107.6
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119.1

1+

|+

|+

I+ .

3
4
5
L
5
5
5
5
5
4
5
4

'~~~ wuwwu

[o]

c(?7) -
5(1) -
s(1) -
c(8) -
C(k) -
c(4) -
c(5) -

c) -

c(k) -
c(12)-
c(11)=
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c(13)~
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c(1h)-

Cc(11)=

c(8)

c(9)

c(9)

c(9)

c(10)~-

c(10)~
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c(11)=
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c(12)=-
c(13)-
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c(14)-
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c(15)~
c(16)-

c(9)
c(8)

¢c(10)

c(10)
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c(12)
c(16)
c(16)
c(13)
c(14)
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0(20)
0(20)
c(16)
c(15)

1224
114.8

125.4 +
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TABLE 2.8

o
HOST - HOST INTERMOLECULAR CONTACTS BELOW 4 A

0(20)....0(20) i 3,08 &  C(8).....c(6)  w 3.8% &
C{13)e...0(20) iii 3,67 C(16)4...C(17) vi 3.85
€(15)....C(18)  ii 3,63 C(7)eerasC(6) v 3.85
C(7)ee...C(16) v 3.72 C(7)eenn c(15) v 3.87
C(5)00rnnC12)  vi 3,73 C(16)....C(18) ii .88
C(6)eee..C(13) vi o 3.7h C(8)sss.aC(7) v 3.90
c(14)....0(20) iii  3.76 C(6).....C(15) v 3.92
S(1).....C(12) il 3.77 c(14)....0(20) i 3.93
C(17)....C(7) iv 3.82 €(15)....0(20) i 3.97
C(6)evunn c(12) vi 3.83 C(15)¢..sC(17)  vi  3.97
C(5)ees..C(13) vi 3,84 S(1)eesssC(3)  vii  3.98

Roman numerals refer to the transformations of the fractional

coordinates given in Table 2.2.

1 ul “

i Ys Yy - X, =z v $4+y-x 3-%, 3+ z;

. "l 1 .

ii Y y = x, 1 = 23 vi §~-x,3-y, %~ 2;
' . 1 .

iii x -y, x, -z; vii $-x -y, 13 - 33

iv 3+y, 5+ 5 -x %-2;

The transformations are applied to the coordinates of the

second atom in each case.




TABLE 2.9

GUEST BOND LENGTHS AND E.S.D.S.

c(21)- C(22) 1,505 + 16 8 c(23)- c(ah) 1.262 + 26 A

c(22)= C(23) 1.427 + 24




TABLE 2.10

GUEST INTERBOND ANGLES AND E.S.D.S. -

c(21)= C(22)~ C(23) 110.3

I+

8° c(22)- ¢(23)= C(24) 180.0 + O

Cc(21)= C(22)= C(27) 108.6 9

I+




TABLE 2,11

HOST = GUEST INTERMOLECULAR CONTACTS BELOW &4 R

C(21)....0(20)  ii  3.53 %2 C(21)....C(19) 1iii 3.68 &
c(21)....0(20) i 3.58 C(21)e...C(14) i 3,70
C(21)+...C(18) iii  3.64 ¢(21)....C(15) i 3.98

Roman numerals refer to the transformations of thé fractional
coordinates given in Table 2.2,
i -~¥y, X = ¥y 2} iii x -y, x4 1 = 23
ii x -y, Xy =23

The transformations are applied to the coordinates of the

second atom in each case.




2.3 Discussion

Previous analyses (Chapter 1), Flippen et al., (1970) leads
to the conclusion that detailed structural information related to
the guest molecule will only be obtained "directly'" when the
following requirements are met:

(i) the molecular symmetry of the guest molecule(s)

A must be compatible with the symmetry of the
cavity, viz., C3i (3);

(ii) the van der Waals! model of the guest molecule
must conform to the approx%mate shape and
volume of the empty cavitye

If criterion (i) is not satisfied the guest molecule will be
disordered within the cavity and if (ii) is not satisfied the
subsequent motion of the guest molecule within the cavity may
render it unresolvable by X-ray methods at room temperature.

The acetylenic guest, 2,5,5-trimethylhex~3-yn-2-ol, was
considered a suitable choice for inclusion and investigation on the
basis of its molecular shape and volume. This has been justified
by the success of the subsequent analysis, which represents the
first unambiguous determination of the orientation, conformation
and dimensions of a guest molecule within the cavity of an organic

clathrate (MacNicol and Wilson, 1971).

Within the cavity, as can be seenfrom Fige 2.2, the guest
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molecule (II) is co-linear with the ¢-axis, the acetylenic unit
fitting neatly into the waist of the cavity, leaving a tetrahedral
unit in each half, Since the molecules comprising the walls of the
cage are related by 3 symmetry, this imposes on the contents of the
cavity 3 symmetry. However the disorder inherent in the tetrahedral
unit may be neglected if a weighted average of the hydroxy and
methyl groups is assumed., It is possible, on this basis, to
distinguish between the staggered and eclipsed conformations of (II)
since only the former would give rise to an electron density
distribution as shown in Fig. 2.3

The conformation of (II) within the cavity is staggered, a
conformation imposed on it by the van.der Waals' surface of the
cavity. Thus the interaction between the tetrahedral unit of the
guest molecule and the host molecules, as shown in Fig,. 2.4, is such
as to attenuate the librational motion of the guest molecule within
the cavity at room temperature., This may be taken as an
illustration of a "lock and key" type interaction in which the
conformation of the guest molecule is governed by the host.

Although the orientation and conformation of the guest
molecule within the cavity and the molecular dimensions of the
co-linear unit within the cavity (C=C : 1.26 X; C=-C=C : 1.43 X)
have been determined, the statistical disorder present does not

allow the accurate dimensions of the tetrahedral unit within the
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cavity to be determined. However a weighted average based on the
o o o)
assumed bond lengths, C=C : 1.54 A; C=0 : 1.43 A, gives 1.52 A

o)
which is concordant with the experimental value of 1.571 A.
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Chapter 3 ‘

The Crystal and Molecular Structure
of

4-p-Hydroxyphenyl-2,2,4~trimethylchroman




3,1 Experimental

Crystal Data

Host: L-p~hydroxyphenyl-2,2,4-trimethylchroman
Guest: -
C, 885005 F.W. = 268.4
0 o
Trigonal, a = 26.9% A, ¢ = 10.94 A, (referred to hexagonal axes)

U = 6872 EB F(000) = 2592 electrons
Dm = 1,16 g.cm'.'3 7z =18 Dx = 1,167 g.cm:3

Space group: R3 (C;i, No. 148)

0 -
Linear absorption coefficient (Cu Kxy, A = 1.5418 4) = 6 cm.1

The crystals used in this analysis were supplied by
Dr, D.D, MacNicol. They consisted of colourless hexagonal needles
elongated along the C-axis. Unit cell dimensions were obtained
from rotation and Weissenberg photographs (Cu K radiation,
A= 1.5418 K) taken about the c-axis. Since the crystals are
isomorphous with the ethanol included clathrate of 4—3—hydroxy—
phenyl-2,2,4-trimethylthiachroman, the space group is R3 (No. 148)
The intensity data were estimated visually from equatorial
and equi-inclination Weissenberg photographs of the hkiO,,.,.hki9
reciprocal lattice nets taken with Cu K, radiation. The multiple
film technique of Robertson, (1943) was used. The observed

intensities were reduced to structure amplitudes by aPP1Yin8 the

-




appropriate Lorentz, polarisation and rotation factors (Tunell,
1939). 2630 independent structure amplitudes (Table 3.4) were
obtained which represents 75 % of the data accessible to Cu K
radiation. No absorption corrections were applied.

The data were initially placed on an approximately absolute
scale by comparison with the first set of calculated structure

factors. The final scale factors were determined by least-squares

refinemente.
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3.2 Solution and Refinement of the Structure

The unit cell parameters and space group symmetry of
L-p-hydroxyphenyl~2,2,k=~trimethylchroman (Dianin's compound) lead
to the conclusion that the structure is isomorphous with the
ethanol included clathrate of 4-p-hydroxyphenyl-2,2,4=trimethyl-
thiachroman.

The coordinates of 4-p-hydroxyphenyl-2,2,4-trimethylthiachroman
from a previous analysis (Table 1.2) were used in conjunction with
the observed structure amplitudes to phase an electron density
synthesis from which the coordinates of the atdms of 4-R-hydroxy—
phenyl-2,2,4=trimethylchroman were obtained. The R-factor was
reduced from an initial value of 0.48 to 0.207 in five successive
cycles of Fourier refinement.

The structure was further refined in eight cycles of least=
squares minimisation of the function M = Z:w(IFJ - IFGI)Z.

D.R., Pollard's least-squares program, (1968) was used in the initial

stages of the refinement. FEach reciprocal lattice net was given an

individual scale factor and each atom an individual isotropic

temperature factor. The observations were all given unit weight.
After three cycles of full matrix least-squares refinement, the
R~factor was reduced to 0.157.

A weighting scheme of the form

2
w=1/(p, + |Fo| + pB'Fol )
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where Py = ZlFolmin and P, = 2/!F0]max, which has been recommended
by Cruickshank, (1961) for use with photographic data, was then
applied and a further cycle of least=-squares refinement calculated.
The residual was reduced to 0,15k,

The Glasgow S.F.L.S, program (Cruickshank and Smith, 1965)
was then used to continue the refinement, Since the observations
were collected up only one axis, there was insufficient information
to refine both anisotropic temperature factors and individual
layer scale factors. Thus individual anisotropic thermal parameters
and a single overall scale factor were refined., As a result of
allowing for the anisotropic vibrations of the atoms, a further
four cycles of least-squares refinement in which the block diagonal
approximation to the normal matrix was applied, reduced the R-factor
to 0,118, The weighting scheme applied in the last four cycles of
refinement was of the form

2
w= (1 - exp -p1sin29/%2)/(1 + pZIFOI + p3|F0| )

where p, = 10, p, = 0.05 and p3 = 0,002, No shifts greater than
0.26" in atomic coordinates or thermal parameters were observed in
the final cycle of refinement. The course of the refinement is

summarised in Table 3.1,
The structure factors calculated in the final cycle of least=~
squares refinement were used to calculate a difference synthesis

of the cavity. No peaks, apart from random fluctuations of electron
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density, were present, indicating the absence of included molecules
from the cavity.

Tables 3.2 and 3.3 contain the final values of the fractional
atomic coordinates and anisotropic temperature factors together
with their standard deviations. The observed and final calculated
structure amplitudes are given in Table 3.4, Atomic coordinates
in Angstroms referred to orthogonal axes defined by X! parallel to
a*, Y!' normal to a* and ¢ and Z parallel to ¢ are given in Table
3.5« Tables 3,6 and 3.7 contain the bond lengths and interbond
angles in the structure together with their estimated standard
deviations. Table 3.8 lists all intermolecular contacts between
the atoms which are less than 4 X. In Table 3.9 the egquations of
the mean molecular planes through portions of the molecule are
given, together with the deviations of certain atoms from these
planes., Estimated standard deviations, where quoted, are in units
of the last decimal place of the quantity to which they refer.

A molecular drawing illustrating the numbering of the atoms
in the structure is shown in.Fig. 3.1. The chroman residue
projected along a line in the mean plane through 0(1), c(4), c(9)
and C(10) is shown in Fig. 3.2. The general packing of the
molecules in the unit cell, as projected on (001) is illustrated
in Fig. 3.3, 1In Figs. 3.4 and 3.5 the structure is shown as viewed

along the normal to the a and ¢ axes, illustrating the cavity.
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In Fig. 3.5 two molecules of the host which.lie directly above
and below the cavity, as viewed in this direction, have been
excluded apart from their hydroxyl oxygen atoms. A section
through the van der Waals' surface of the cavity is shown in

Fige 3.6,
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TABLES AND DIAGRAMS




FIGURE 3.1

A molecular drawing illustrating the numbering of the

non-hydrogen atoms of the host.







FIGURE 3.2
A molecular drawing illustrating the chroman residue
projected along a line i_ri" the_‘r'nevan molecular plane

through 0(1), c(&), C(Q)gén& c(10).







FIGURE 3.3

The molecular packiﬂg/vi:e’w'ed‘ down the c~axis.







FIGUREV§.4-

The packing of the molecules as projected on (010).







FIGURE 3.5

The packing of the molecules as projected on (010).
Two molecules of the host, which lie directly above
and below the cavity as viewed in this direction,

have been excluded apart from their hydroxyl oxygen

atoms,







FIGURE 3,6

A section through the van der Waals' surface of the

cavity.
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TABLE 3,1

COURSE OF THE ANALYSIS

Fourier Refinement

S.F. Cycle No.

Least~squares

1

2 .

3
A
>

S'F'L.S'

Cycle No.

1

Atoms Included

18 C +20

18Cc +20
18 C+20

18 C+20

18 Cc+20

Refinement

Comments

Full matrix, individual isotropic
temperature factors, layer scales,
unit weights

As above, weighting scheme 1
applied '
Block diagonal, individual
anisotropic temperature factors,

overall scale factor, weighting
scheme 2 applied .

Rl

0.48

0.305
0.255
0.212

0.207

00163
0.159
0.157

00154

0.128
0.122
0.119

0.118




ATOM
o(1)
c(2)
c(3)
C(k)
c(5)
c(6)
c(7)
c(8)
c(9)
¢(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)

0(20)

X/a
0.2605

0.2244

0.2597

0.2869
0.3527
0.3770
0.%612
0.3217
0.2971
0.3123
0.2432
0.2150
0.1739
041596
0.1881
0.2287
0.3350
0.2089
0.1716

0.1180

j+

[+

I+

[+

I+

I+

I+

I+

|+

TABLE 3.2

' FRACTIONAL COORDINATES

/b
0,0865
0,1107
0.1648
0.1579
0.1179
0,084k
0.0520
0.0536
0.,0873
0.1200
0.1327
0.1616
0.1395
0.,0875
0.0589
0.0813

0.2179

AND E,8.D.S.

f+

I+

1+

i+

I+

I+

i+

0.1262 +

0,0647
0.,0635

+

+

Z/c
0.6249
0.5937
0.5183
0.4002
04354k
0.3816
0.4885
0.5679
0.5388
0.4321
0.2971
0.2551
0.1647
0.1082
0.1454
0.2368
0.3641
0.7145
0.5294

0.0210

I+

I+ [+

|+

I+ I+

[+

I+

N o N N N N N N AN AN A DG BN B T SR

[+




TABLE 3.3
ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM U111 v22 U33 2U23 2U31 2U12
0(1) 0.0k25 0,0426 0,0286 0.0294 0.0160 0,0539
12 12 16 20 20 20

c(2) 0.0340 0,0294 0,0189 0,0080 0,0069 0.0335
- 14 1% 19 22 23 23

C(3) 0.0351 0.,023% 0,0186 -0.,0049 -0,005% 6.0315
1% 12 19 20 22 21

c(h) 0.,0283 0,0212 0,0251 0.0041 0.,0049 0,0224
1% 11 20 21 21 20

c(5) 0.0354 00,0408 0,0329 -0.0129 -0,0065 0,0474
15 16 23 27 26 26

c(6) 0.0388 0,0492 0,0414% -0,018% -=0,0109 0,0591
16 19 26 31 29 20

c(7) 0.0403 0,03%88 0,0465 -0,0183 -0,0257 0,0537
16 16 26 29 30 28

c(8) 0.040% 0,03%05 0.0376 0,0090 -0.,0139 0.0395
16 14 24 26 28 25

c(9) 0.,0297 0,0270 0,0226 -0,0019 ~0.,0089 0,0280
13 13 20 22 22 21

c(10) 0.0288 0.0265 00,0187 =0,0098 -0,0097 0,0292
12 12 19 21 21 20

c(11) 0.,0301 .0.0246 0.0195 0.,0018 0,0088 0.,0324
13 12 19 20 21 20

c(12) 0.0416 0.0310 0,0210 -0,0024 =0.,0057 0.0475
15 13 20 22 25 24

c(13) 0.0426 0.0377 0,0262 0,0039 -0,0008 0,0562
16 15 21 25 26 27




c(14)

c(15)

c(16)

.c(17)

c(18)

c(19)

0(20)

0.0317
13

0.,0398
15

0.0356
14

15

0.0585

22

0.,0366

0.0465
14

0.0322
13

0.0288
13
0.0280
12

0.,0257
13

0.0486
20

0.,0347
15

0.0485
13

0,0166
19

0,0186
19

0.0206
20

0.0331
23

0.0299
26

0.0361
25

0.0305
17

0.0022.

22

~0,0059
22

21

0.0123%
2k

0.0020
32

0.0046
28

-0,0078
22

-0.,0031
22

-O [} 0060
24

~0.,0053
23

0,0082
26

0.0222
34

0,0034
28

-0.0250
22

0.0326
22

0.0403
23

0.0400
22

0,0200
2k

0.0555
35

0.,0195
26

0.0461
23




TABLE 3.4

OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES
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ATOM

o(1)

c(2) -

c(3)
c(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
¢(15)
c(16)
c(17)
c(18)
VC(19)

0(20)

TABLE 3.5

ORTHOGONAL COORDINATES AND E.S.D.S.

X! T A
6,077 + 3 ~1.179 + 3 6,83k
5.235 + 4 -0,039 + L 6.492
6.059 + L 0.940 + 4 5.667
6.694 + 3 0.388 + 3 4,376
8.227 + & =1.573 + & 3.875
8.796 + L -2.805 + L - 4,173
8.426 + 4 -3.465 + 4 5.342
7.506 + L4 -2.889 + 4 6.210
6.930 + 4 -1.650 + 4 5.892
7.285 + 4 -0.975 + b k.725
5.67h + 3 0,299 + 3 3.249
5.016 + 4 1.456 + 4 24790
L,o58 + L 1.415 + 3 1.801
3,723 + & 0,208 + 4 1,184
4,289 + &4 -0.947 + & 1.590
5.336 + 3 -0.891 + 3 2.589
7.814 + 4 1.359 + 4 3,982
4,874 + 5 0.585 + 5 7.813
4,004 + L -0.,570 = 5 5.789
2.753 + 4 0.120 + 4 0.230

I+ I+ + i+ I+ e
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0(1)

0(1)

-C(2) -

c(2)
c(2)
c(3)
c(4)
c(k)
c(4)
c(5)
c(5)

c(2)
c(9)
c(3)
c(18)
c(19)
c(h)
c(10)
c(11)
c(1?7)
c(6)

c(10)

BOND LENGTHS AND E.S.D.S.
1458 + 58 C(6) - ¢(7)
1.356 + 6 c(7) = c(8)
1.523 + 6 c(8) - ¢(9)
1.505 + 8 c(9) - ¢(10)
1.514 + 6 c(11)= c(12)
1541 + 6 c(11)=~ ¢(16)
1.526 + 5 c(12)- ¢(13)
1.523 + 6 Cc(13)= c(14)
1.535 + 6 c(14)- ¢(15)
1.389 + 6 c(14)- 0(20)
1,403 + 6 0(15)-

TABLE 3.6

c(16) -

1395

1390 +

1,402

1.394
1.408

14377
14396

14394 +

1 .363

1378 +

I+

|+

|+

|+

N N >

(o) W e AN e AN A

>0




c(2)

0(1)

0(1)

0(1)

c(3)

c(3)
C(18)~

c(2)

c(3)
c(3)
c(3)

c(10)=
Cc(10)-
c(11)=
c(6) -
c(5) -
c(6) -

o(1)
c(2)
c(2)
c(2)
c(2)
c(2)
c(2)
c(3)
c(k)
c(k)
c(k4)
c(4)
C(4)
C(4)
c(5)
c(6)
c(7)

€(9)
c(3)
c(18)

€(19)

c(18)
c(19)
c(19)
c(h4)

c(10)
¢c(11)
c(17)
c(11)
c(17)
c(17)
c(10)
c(7)

c(8)

INTERBOND ANGLES AND E.

118.2

I+

10845

1+

104.9 +
109.8

|+

114.5 +

111.0 +

106.8 +
1114 +
106.8 +
112.2

109.9

1+

109.6 +
121.5 +
119.5 4

- 120.3 +

4°

3
L
3
L
I
L
3
L
3
3
3
3
4
5
5
I

TABLE 3,7

c(7) -
0(1) =
0o(1) -
c(8) -
c(h) -
c(k) -
c(5) =~
c(4) -
c(4) -
c(12)-
c(11)-
c(12)-
c(13)=
c(13)=-
c(15)=-
c(14)-

S c(11)-

c(8)

c(9)
c(9)
c(9)

c(10)-
c(10)-
c(10)-
c(11)-
c(11)=
c(11)-
c(12)-
c(13)~
c(1h4)-
c(1k)-
c(1k)-
0(15)f
c(16)~

c(9)
c(8)
c(10)

c(10)

c(5) 

c(9)

c(9)

c(12)
c(16)
c(16)
c(13)
c(14)
c(15)
0(20)
0(20)
c(16)
c(15)

119.7
11441
125.0
120.9
120,2
121.7
118.1
120.4
124,0
115.6
12243
120.7
118.2
122.4
119.4
12044

122.8

i+

1+

I+
R R N N - R N Y

1+

I+

o]



TABLE 3.8
(¢}
INTERMOLECULAR CONTACTS BELOW 4 A

(o]
0(20)....0(20) i1 2,79 & C(15)v0e.C(17) wiii 3,89 A

€(13)....0(20) iv 3.60 C(8)euunn c(6) vii  3.89
0(1).....C(12) diii 3,60 C(6)ess..C(18) ix 3,90
c(14)....0(20) iv 3.61 Cc(16)....C(18) iii 3,90
C(15)....C(18) dii  3.65 C(5)ee...C(18) ix 3,92
c(14)....0(20) ii 3.67 C(7)eenn. c(18) ix  3.92
c(15)....0(20) ii 3,70 C(6)eennn Cc(15) vii  3.93
C(7)even. c(6) vii  3.71 C(8)e....C(7) vii  3.95
C(17)....C(6) vi  3.75 C(8)e....C(18) ix 3496
C(5).....C(12) wviii  3.80 C(7)eeseaC(5) vii 3,97
C(16)....C(17) wviii 3.82 C(10)44+..C(18) ix 3498
'0(6).....0(13) viii  3.83 C(6)eaasn c(12) wviii  3.98
C(5)ee.aaC(13) viii  3.85 C(13)4...C(18) v 3.98
c(12)....c(19) v 3.86 0(1)eveeoC(13) iii  3.99
C(7)euen. C(16) vii 3.86 c(18)....0(20) i 3.99
C(17)....C(7) vi  3.87 C(9)es...C(18) ix 3499
C(3)ee... c(8) ix  3.88

Roman numerals refer to the transformations of the fractional

coordinates given in Table 3.2.



(¥ Y

i X, Yy 1 + 3z vi
ii Yy ¥ = X, ~73 vii & + y
iii Yy ¥ = %y 1T = 33 viii
iv x - ¥, X, -z ix %
vV X =¥, X, 1 = 23

The transformations are applied to

second atom in each case.
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X
VI
1
H

I
ke
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1

T
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TABLE 3.9

MEAN MOLECULAR PLANES

(A) ATOMS DEFINING PLANES

PLANE NO, ATOMS DEFINING PLANE

K c(5), C(6) and C(7)

2 0(1), c(4), ¢(9) and c(10)

3 0(1), c(4), c(5), c(6), c(7), ¢(8), c(9)
and C(10)

b c(4), ¢(11), c(12), c(13), c(14), c(15),

C(16) and 0(20)

(B) PLANE EQUATIONS

PLANE NO. P Q R S RMS D
1 ~0.73%381 ~0.4601 ~0.,4935 ~7,2610 0,000
2 ~0,7587 =0.hkhl -0.4762 -7.3381 0,006
3 -0.7453 -0,4576 -0,4849 -7,2860 0.011
4 0.711%3 0.,1582 =~0.6848 1.8631 0.025

P, Q and R are the direction cosines of the plane normal,
S is the plane to origin distance and RMS D is the root mean
square deviation of the atoms defining the plane, from the
plane, in Angstroms. The plane equation is then
PX + Q¥ + RZ = S
where X, Y and Z are coordinates in Angstroms referred to

standard orthogonal axes.



(¢)

DEVIATION FROM PLANES (K)

PLANE NO.
ATOM

0(1)
c(2)
c(3)
c(h)
c(5)
C(6)

- C(7)

c(8)

¢(9)

c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(1?7)
c(18)
c(19)

0(20)

1

~0.055

-0.017
0,000
0.000
0,000

-0.,015

-0,002
0.000

2

-0,004
0,292
-0.376

0,003

0,007
-0,007

1.353

~0.018
0.254
-0.408
~0,002
-0.005
-0.009
0.002
0.002
0.019
0,011
14345
-1,091
-0,403
1.756
1.528
24741
3.842
3,678
2.461
5,068

~2.,406
-2.592
-1.285
-0,037
1.087
1.092
-0.076
~1.234
-=1.230
-0,071
-0.00k
0.025
0,014
0.007
0.020
0.019
1,184
~3.654
-3,069

-0,043



(D)

DIHEDRAL ANGLES

PLANE A

1

1

1

PLANE B

2

;O W W

/ 4B
1.8°
0.7

7449
1.2

7345

4.3



3,% Discussion

Although the analyses described in Part II of this thesis
were undertaken primarily to determine first the structure of the
clathrates formed by Dianin's compound and its thia~analogue and
secondly the orientation of guest molecules within the cavity of
the élathrate, the results obtained allow something to be said
concerning the relative conformations of the host molecules,
4472-hydroxyphenyl-2,2,4-trimethylchroman and 4-p-hydroxyphenyl-
242,b=trimethylthiachroman.,

The chroman ring of 4-p-hydroxyphenyl-2,2,4-trimethylchroman
adopts a slightly flattened half-chair conformation, the atom C(2)
being displaced approximately 0.15 K less than C(3) from the mean
plane through the chroman residue. This may be compared with the
di-hydroxyflavanone, Obtusifolin, (Hoppe et al., 1971), in which
only the atom adjacent to the oxide group is displaced
significantly from the mean plane through the flavanone residue.

The six~membered heterocyclic ring of Q-E-hydroxyphenyl—
2,2,4~trimethylthiachroman adopts the classical half-chair
conformation in which the atoms on the side opposite to the benzene
ring are normally staggered as in cyclohexene, C(2) and C(3) being
equally displaced on either side of the mean plane through the
thiachroman residue. This compares favourably with the analysis
of 2,2-dimethylthiachromanone-1,1-dioxide (Hoppe et al., 1969;

Preuss et al., 1971) in which one of the two conformations present

-67~



is equivalent to that adopted by the thiachroman ring in

b-p-hydroxyphenyl-2,2,4-trimethylthiachroman.

~68~



PART TIII

CRYSTAL STRUCTURE ANALYSES
OF

ORGANIC COMPOUNDS




Chapter 1

The Crystal and Molecular Structure
of

2,7-Dihydro=3,6~di=p~tolyl~1,4,5-thiadiazepin=-1,1~dioxide



1¢1 Experimental

Crystal Data

2,7-dihydro=3,6~di~p=tolyl-1,4,5~thiadiazepine=1,1-dioxide

C,gH,gN50,8 F.We = 326.4
o] o} o]
Triclinic, & = 9.4k A4, b = 12,32 4, ¢ = 8,21 4,
o = 117.6°%, B = 93.7° & = 104.8°
(o]
U = 799 A3 F(000) = 344 electrons
D = 1.35 g.cm?3 Z =2 D = 1.357 g.cm?3

Space group: PT (C;, No. 2)

o -
Linear absorption coefficient (Cu Kx, A= 1.5418 A) = 19 cm.1

The crystals used in this analysis were supplied by
Professor J.D. Loudon. They consisted of colourless plates. Unit
cell dimensions were obtained from rotation and Weissenberg
photographs (Cu Ky, radiation, A = 1.5418 X) taken about the a, b
and ¢ axes., The space group is either P1 (Noe. 1) or PT (No. 2),
The centrosymmetric space group (PT) was chosen and thi§ choice
has been justified by the success of the subsequent analysis,

The intensity data were estimated visually from equatorial
and equi~inclination Weissenberg photographs of the Okl,...,7kl
reciprocal lattice nets taken with Cu K radiation, The multiple
film technique of Robertson, (1943) was used., The observed

intensities were reduced to structure amplitudes by applying the

=69~



‘appropriate Lorentz, polarisation and rotation factors (Tunell,
19%9). 2555 independent structure ampl%?udes (Table 1.4) were
obtained, which represents 70 % of the data accessible to Cu K
radiation. No absorption corrections were applied to the data.
The data were initially placed on an approximately absolute
scale by comparison with the first set of calculated structure
factors. The final scale factors were determined by least~squares

refinement.

=70~



1.2 Solution and Refinement of the Structure

In the space group P7, the equivalent positions are:-
+ (x, 7y, 2)
Therefore a heavy atom in a general position will give rise to a
single set of vectors:-
+ (2x, 2y, 2z),.

The asymmetric unit of the three~dimensional Patterson
summation was calculated and interpreted. The largest peak
present was chosen as the heavy atom vector. The values obtained
for the coordinates of the sulphur atom were:-

ATOM X/a ¥/b Z/c

5(1) 0.k4249 0.2015 0.1806

A set of structure factors, based on the coordinates of the
sulphur, was calculated and the calculated phase angles used in
conjunction with the observed structure amplitudes to evaluate an
electron density synthesis. The coordinates of all the remaining
non~hydrogen atoms in the structure were obtained from this initial
electron density synthesis. The different chemical species present
in the structure were differentiated on the basis of peak height
and knowledge of the chemical structure. |

Inclusion of the remaining twenty—twb atoms (2 oxygen, 2
nitrogen and 18 carbon) in the structure factor calculation

reduced the residual, R, from 0.57 to 0.277. Two further cycles of

-7~



Fourier refinement reduced the R-factor to 0,200,

The structure was then refined in eight cycles of least=-
squares minimisation of the function M = Z:W(DFOI - IFCI)a.

D.R. Pollard's least-squares program, (1968) was used in the
initial stages of the refinement. The parameteré refined were
three positional and one isotropic thermal parameter for each atom
and an individual scale factor for each reciprocal lattice net,
Three consecutive cycles of refinement, in which the observations
were given unit weight and the full matrix of the normal equations
was evaluated, reduced the residual, R, to 0.157. A weighting
scheme of the form

w=1/(p, +IF | + palFola)
where Py = 2|Fo|min and P, = S/IFOImax was then applied and a
further cycle of least-squares refinement reduced the R-factor to
0.155,

On the assumption that the data were now on the same relative
scale, the isotropic thermal parameters were replaced by six
anisotropic temperature factors and the individual layer scale
factors by one overall scale factor. The refinement was continued
using the Glasgow S.F.L.S. program (Cruickshank and Smith, 1965),
Convergence was achieved in a further four cycles of refinement in
which the block diagonal approximation to the matrix of the normal

equations was used. The R-factor at the conclusion of the analysis
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was 0,722, The weighting scheme used in the.last four cycles of

refinement was of the form
. 2 2 2
= 1 = - ;
w ( exp ~p,sin 8/ )/ (1 + pB,Fo' + pB'Fo' )

where Py = 5, P, = 0.01 and p3 = 0.007 respectively.

.In the final cycle of refinement, the shifts in both positional
and thermal parameters were not significant, being less than one
fifth of the corresponding standard deviations. The atomic
scattering factors used throughout this analysis were those of
Hoerni and Ibers, (1954) for carbon, nitrogen and oxygen and those
- of Dawson, (1960) for sulphur. The course of the analysis is
summarised in Table 1.1,

Tables 1.2 and 1.3 contain the final values of the fractional
atomic coordinates and anisotropic temperature factors together
with their estimated standard deviations. The observed and final
calculated structure amplitudes are listed in Table 1.4, Atomic
coordinates in Angstroms referred to orthogonal axes defined by
X' parallel to a*, Y' normal to a* and ¢ and 2! parallel to ¢ are
given in Table 1.5. Tables 1.6 and 1.7 contain the bond lengths and
interbond angles in tﬁe structure together with their estimated
standard deviations. Table 1.8 lists all intermolecular contacts
~ between atoms which are less than L X. In Table 1.9 the equations

of the mean planes through portions of the molecule are given,

together with the deviations of certain atoms from these planes.,

-73=



Estimated standard deviations, where quoted, are in units of the
last decimal place of the quantity to which they refer.

A molecular drawing illustrating the numbering of the atéms
in the structure is shown in Fig. 1.1. The thiadiazepine residue
projected along a line in the mean planes through C(2), C(3), N(4),
N(5) and C(17); and through N(4), N(5), C(6), C(7) and C(10) is
shown in Figs. 1.2 and 1.3 respectively. The thiadiazepine
residue projected along a line through N(4) and N(5) is shown in
Fig. 1.4. The general packing of the molecules in the unit cell,

as projected on (100), is illustrated in Fige 1.5
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TABLES AND DIAGRAMS



FIGURE 1.1

A molecular drawing illustrating the numbering of the

non-hydrogen atoms of the molecule.







FIGURE 1.2

A molecular drawing 1llustrat1ng the thladlazepn_ne
residue prOJected along a l:_ne in the mean ‘molecular

plane through c(a), 0(3) N(lr), N(5) and 0(17)







 FIGURE 1.3

A molecular drawing illustrating the;‘fhiadiazepine
residue projected‘a‘long,'a line in the méan molecular

plane through N(4), N(5), C(6), C(7).and C(10).







 FIGURE 1.4

A molecular’drawing iiiustrating the thiadiazepine

residue prdjqcteqtaiéng’a linexthrough‘N(4) and N(5).







 FIGURE 1.5

The packing of the -xziéi_ewéule's‘* ‘as fvprojgcfi‘:“ed*dn_ “("IOO‘).







TABLE 1.1

COURSE OF THE ANALYSIS

1 Fourier Refinement

S.F. Cycle No. Atoms Included R
1 I | 0.57
2 - S+18C+2N+20 0.277
3 ‘ S+18C+2N+20 0,204

L S+18C+2N+20 0.200

2., Least-squares Refinement

S.,F.L.S,. . Comments R
Cycle No.
1 Full matrix, individual isotropic
temperature factors, layer scales,
unit weights 0,161
2 " 0.158
3 ] 0.157
4 As above, weighting scheme 1
applied 0.155
5 Block diagonal, individual

anisotropic temperature factors,
overall scale factor, weighting

scheme 2 applied 0.128
6 " 0.124
7 ‘ " 0.123

8 " 0.122



ATOM
S(1)
_c(2)
c(3)
N(4)
N(5)
c(6)
c(7)
0(8)
0(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)

c(16) -

c(17)
c(18)
€(19)

c(20)

TABLE 1.2

FRACTIONAL COORDINATES

X/a Y/b
0.4255 + 2 0.2022
0,2465 + 8 0.1239
0.,1979 + 8  =0,0179
0.1499 + 7 ~0,0583%
0.1349 + 7 0.0287
0.,2545 + 8 0.1140
0.4045 + 9 0.1257
0.5355 + 7 0.1666
O.4426 + 7 0.3365
0.2377 + 8 0.2015
0.0992 + 8 0.1784
0.0818 + 9 0,2579
0,2015 + 8 0.3623
0.3365 + 9 0.3864
0.3557 + 9 0.3075
0.1849 + 11 0.4hh8
0.2112 + 8  =0.1128
0.2846 + 8  -0.0765
0.2972 + 9 -0.1683
0.2374 + 9 -0.2986

AND E.S.D.S.

I+ I+ 1+

|+ I+ [+ [+
[e)Y [ 2NN ~J U = o (o) NN U U \n

1+

I+

I+ I+
N N

I+

~N 3

z/c
1.1802
1.1998
1.0561
0,8811
0.8252
0.8408
0.9289
1.2548
1.2502
0.7671
0.6619
0.5902
0.6233
0.7284
0,8013
0.5371
11144
1.2938
1.3416

I+ i+

[+

[+

I+

I+

i+

1.2123 +

x© 0 OO O o0 O o oo W0 \Y]

-
(@]

11

11



c(21)
c(22)

c(23)

0.1653 + 11
0.1506 + 9
0.2461 + 12

~-0.3350

 ~0.2452

-0.3987 +

1+

1.0%29 +
+ 14

1.2661

11



TABLE 1.3

ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM U11 U22 U33 2U23 2U31 2U12
5(1) 0.0326 0.,0327 0.0450 0.0%363 0.0011 0,008%4
10 6 7 11 12 11
‘c(2)  0.0371 0,0341 0.0461 0.0312 0.0231 0.,0272
45 26 30 L6 52 48
c(3) 0.0296 0,03%346 0.0444 0,0418 0,0189 0.,0211
1 25 29 45 b7 45
N(L4) 0.0418 0.,0378 0,0467 0,048%3 0.,0010 0.0165
38 24 27 43 45 43
N(5) 0.,0407 0.0375 0,0488 0.0505 -0,0021 0.0148
38 2k 27 43 46 43
C(6) 0.0295 0,0346 0,0432 0.0402 0,0181 0.0240
4 25 28 45 47 s
c(?7) 0.0481 0.0458 0.0500 0.0588 0.0315 0.0373
51 31 33 55 58 57
0(8) 0.0553 0.0637 0,0578 0.0638 =0.0123 0.0164
4o 31 29 51 49 51
0(9) 0.0665 0,0272 0,0670 0,0265 0,0151 0,0062
L 20 31 i1 52 L1

c(10) 0.0353 0.0355 0.0443 0,0425 0,0108 0,0207

L3 26 29 Lo 49 L7
c(11) 0.0360 0,0517 0,0528 0,0640 0.0247 0.0306
by 3k 3k 58 56 56
c(iz) 0.0422 0.0542 0,0488 0,060k 0,0269 0,0394
49 35 33 57 57 60

c(13) 0.0432 0.,0365 0.0425 0.0379 0.0183 ©0.0358
46 27 29 L6 52 51



c(14)

c(15)

c(16)

c(17)

c(18)

c(19)

c(20)

c(21)

c(22)

c(23)

0.0821
72

0.0397
31

0.0437
32

0.0489
35

0.,03%66
26

0.0483
32

0.0638
10

3h

0,0430
33

0.0394
29

0.,0700
k9

0.0705
il

0.0681

0.,0618
L

0.,0425
28

0.0458
31

040534
36

0.0605
37

0.0552
38

0.0457
32

0,0874
58

0.0618
62

0.0649
63

0.0692
65

0.0422
b5

0,0504

53

0.0746
65

0.0771
62

0,0542
59

0.0421
50

0.1234
96

0,001
66

-0,0146
65

0.0196
73

0,0281
48

0.0127
51

0.0118
57

0.0326
61

0.,0172
70

0.0013
58

0.0373
96

0.0112
55

0.0046
55

70

0.0237
b7

0,0191
52

0.,0216
61

0.0368
59

0.0387
66

0.0207
56

0.0553
90



TABLE 1.4

OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES




W K L F QRS F CaLC WOk L ¢ 0BS F
0Bs F carc MoK L Foobs Focalc WX L FoOBS b oCaLC WK L F OBS F o CaLC WK L F oBS F ALl
2 56,2 3442 LS ANT) 5.8 5.5 1e15 .
5 T 307 3.8 1o : f.: f:: [ T BT Y {25 a4 401 4ed 2015 7 140 Ges
2 [ L] 83 8a7 1ol b [ i 8ea 8.7 2.1 8 840 5.8
c c=10 10 1es 1e? 1 -2 s : s -; 1 Je7 3.8 2.2 8 a2 3.9
< 2211 10 245 ENY 1 <3 & : - 1 249 2,5 2.3 8 4.0 ENY )
° L 3.0 1 et s ' -2 i 1e7 Len 2.4 8 100 Ous
o 2 1604 1.5 4 1 8.2 1 9t 8.2 225 & 15sZ  12e6
o 3 2945 1es 6 L9 -2 ' 1608 2.6 8 2.8 2.
o . 1841 A : 10 ': 1 LR 2.7 8 Tez 5.3
0 N 5.3 {8 6 Y ! 3.2 iR
9 2 el 19 b Lo 945 299 8 3
° ) Tlen 1-10 & R ' des 2-11 8 6e2
¢ 9 Tell & - 1 e 2vl2 8 5.l
' 10 1el2 8 to2-3 ! 603 2e14 8 48
! " 1-13 & 1 3-: 1 1.9 1.2 9 5.0
1 12 1e16 & H ! HH L B
1 1 I=1% & L6 -3 ) I-5 2 -, : 92
H H Voo U7 a3 1 I HIIME
' : = bia ! i i
- . - P
: : 1 -; : 110 =3 1 31 2% 9 007
| ; 1~ 4 [EERER] 1 242 2010 ¢ 303
) 1=t 113 =3 1 3et 211 9 150
\ : 1er o7 RV ' 5.6 2412 9 sed
1 N 1 3 [ ' 2.9 2012 9 5e2
' \ e a [ERERY 2 2.0 2610 47
2 T b2 - ? 0 a1t 2 -7 10 nes
2 T=il 7 R 2 o an 2 -8 10 209
§ 3 1=12 7 1 4 4 2 o 23.0 2 «% 10 Qe7
: . 1-13 7 I 5 -4 2 0 Ted 2 1 9 422
H 5 1=14 7 1 6 =4 2 0 1083 2 2 " a1l
2 3 1-18 7 17 - 2 0,5 2 3 0 288
’ 1o 19 -4 2 o s 2 4 0 4303
5 & 1 -l 8 110 -4 2. 7 1401 2 5 0 112
: e -2 » L1y - 2411 0 Tey 2 8 0 2009
s 1 1 =3 8 112 -4 2e o Tl 2 7?0 Te¥
2 1-5 0 114 -4 2. o 12 2 8 0 2402
H 3 tes 8 1 6.5 H 1o 2 9 0 s
4 ¢ t-7 8 Vb s 2 1127 210 0 ser
? 5 1 -8 8 1 2.5 2 11549 211 0 600
H 4 1 -9 0 [ 2 [BERET) 2 1 sl
3 v 1=10 @ 1 4 =5 2 1 bed 2 2 ! Yed
N 13 =il 8 15 -5 2 1 158 2 3 1 1901
3 9 1-12 8 o6 -5 2 1 2247 2 4 1 ira
3 2 1*13 B 17 <5 2 1 18.8 2 5 40e1
1 3 1-14 8 [ 2 1 23.8 2 6 1 440
3 4 1.2 09 19 -8 2 [T 207 802
2 s 1-3 9 110 -5 2- 1 &3 2 8 1 ey
2 © [T 111 -5 2- L 15 209 740
3 ! 15 9 112 5 2.12 1 2.0 210 1 Tea
3 2 a6 9 1te -5 2213 1 3w 211 103
2 3 1.7 0 Vo0 - 2- 1 €5 251 2 aer
2 4 1.8 % [ 2 2t 2 2 2 e
K 5 1.9 9 12 - 2 2 2.2 203 2 4
2 © tr10 9 I 2 2 4 2 4 2 tiee
4 i 111 9 14 -b 2 2 1744 2 5 2 28
4 3 1e12 9 15 -6 2 2 o7 2 6 2 lsee
4 4 1 =510 17«6 2 2 155 27 2 743
N ! 1 =610 18 -8 2 2 aeae 2 8 2 42
4 2 1 =7 30 [ 2 2 1lee 209 2 Seb
‘ 1 -8 10 110 .6 2 2 1ead 210 2 534
N 1 =910 [ 2 2 ks 21 3 1e0
& t e 112 =8 2 20.3 2 2 3 S5e8
. 120 113 -6 2 10.0 2 3 1 204
‘ 130 [ 2 ETY 2 4 3 207
4 140 117 2 241 2 5 3 701
N 150 1oz et 3 1e3 2 6 23 7ol
4 1 6 © 1 3 =7 3 J4e3 2 7 3 beb
M 17 @ 1 4.7 3 2642 2 8 3 5e7
4 180 15 e 3 6en 21 4 9.7
M 190 1oe 7 3 Tt 2 2 4 703
H 110 0© 17 -7 3 384 2 03 4 8e0
M e o8-t 3 1% 20 4 e
5 112 0 I 3 25.0 2 05 4 1403
: [ 110 .7 R 2 6 4 3.8
s 12 17 3 tes 2 7 & 3.3
5 13 112 .7 1 9.9 22 s sed
s s 1014 a7 2 se4 2 3 5 sel
5 [ 10 -e k) 2.7 2 4 5 4l
5 R 11 e 3 39 2 5 5 28
K s 12 -8 3 5.9 2 & 5 Y
5 19 1 3-8 3 543 2 1 s 102
s 1101 [ L) €« 1dez 2 2 8 1e7
s [T 16 =8 4 1hes 2 3 s se5
¢ 11z 107 -8 4 1% 2 5 & 5.4
- 112 18 s 4 2149 2 17 2e1
6 T 2 1 9 -8 4 153 2 2 7 e
& Va2 110 -8 ) 1748 2 317 341
. 18 2 1 -2 PR 2 2 0 -1 Sies
3 16 2 112 =8 4 Tl 2 1 8545
3 T2 113 -8 . b9 2 2. 1503
N e 2 11 .o « 14e2 2 2. 4.2
- v 2 11 -9 . a0y Z 6l 27ed
5 1o 2 14 -9 4 7.7 2 5. 1704
& P2 105 =° “ 543 2 8 a1 143
6 [ ] vo6 =" . 19 2 7 A 288 -
& 12 3 17 =9 4 8.0 2 8.l bed
- ] 18 e 5 1207 2 9 -1 193
M IBERE] 110 -9 5 1040 211 .l 2.3
M Vs 3 [T [T 212 -1 30
ki 1 & 2 112 =% s 1440 213 -1 2.0
i 17 Loaeid 5 187 2 ¢ .2 1aed
> e Lo se10 5 30 2 1z dee
7 P9 3 1 8=12 s 16e2 2 22 30e4
- TR i 7e10 5 1.8 2 3.z 132
M I 1 8-19 s 1be3 2 4.2 2343
M 12 4 1 910 5 l4es 2 05 a2 192
7 v a 1o19e13 5 3.2 2 6 22 1842
4 144 [T s 4o 2 7.2 0.0
7 T 12 .l s Za1 2 8.2
7 )7 a IR 5 75 210 -2
) I8 e 1 oa4 el s 2.3 21 a2
" Los (LI 5 2e7 212 -2
» RIS 1oes t ® ) 213 .2
) L3 s [ o 11e7 2 0 .3
. L4 s [T 6 s 2 13
" bos . P -t b 15es 2 2.3
" NS tath ol no20.cC 2 1.3
k3 IR Y 1-t1 -1 » 30 2 4.
. e 1otz -t 2L 2 5.
" e [P “ 24y 2 6
» s s et ~ e PRI
" Il Lo [ n beb ERL I
» P2 - [ N 53 2 9
) Los Pon . " r.2 210 2y
. Lo Do et - Len 211
N . PR . 5en 212 .1
s v w2 . 213
- - L. © ews 240
° [ [ M 2.7 2 0 -a
° [ ] Vel e N 31 21 e
2 s Lo = coa2en 207 -
" 1oE .l [N ? Tl 2} a4
3 Vsl Lo T R
n - o o
; Lo . I P
2 [E G . : o 2T
a S [P T am zon
2 REIN Pnnoan Lonu R
15 : : ) ! N “ . RS




F CalLC
F calc W K L F gBs
F < W Kk L F OBS F CalC MoK L FOBSFC " v
X L F OBS F CALC MoK L b oQBS F Cay e R,
Wox L F ORS F CALC " Lo e ; . s
R T R O R H ool
- . : : :
2 14 =4 I.Y':: ERET I 1842 2043 ; : : :;.’ 120 im0 .: i :.? : !
2 a5 2402 35 1 135 )5.4 7zt o : : i
21 616 E O N 1Y 10z s e ol B i ¥
H 2‘ -:* 2040 I .7 4944 3401 M o0 o : .Z :z o 3:‘ Yy
A inez 3.9 1 9.8 9.3 113 e n : b y
2 -5 12,4 310 1 6.0 5.4 LA e i 3 g
2 5 =5 LI 3«11 1 Tled 1.5 : b 2 W g -5 b i H o
H :-: 6.7 J-12 1 10e8 [ e 2 : :e 3 i i i
: Z P46 3-13 1 Je7 743 8 I 103 3 it :
2 8 -5 20,6 I-14 1 Oup P B 1nn 3 5 i
T Lk 3 0 2 4.7 ; H ¢S 13 e 3 H
I s 312 se7 RSP e 3 ¥
212 -5 1.3 3.2 2 1845 ‘ o 3 : S 8
AN . 0 3 4 e ‘3 q
1e? 3 -3 2 16 14 2. (I :
Pl Sk 3 -4 2 1445 A 4 mii pa ]
H e 1t,a T -5 2 3643 17 e i o i
N b2 3 -6 2 243 N e 1hn ot ]
2 5 -6 Sed 1.8 2 1647 13 b4 R ot i
- 17,0 3% 2 15.7 R 23 e 3
HEE 7.8 3-11 2 a0 SR el : e
P 4.0 .13 2 5.2 16 i3 ; H
I 2.6 J.14 2 248 i e e i P
N 3.0 115 2 2.8 N s R s '
i e Tes 30 3 14a7 R o E %
. 7 3.4 3 - 3 2845 14 o - .v e
2 0 4 3.7 3.2 3 :.5 3 T 3 : ;
4 10,6 3.3 3 17.: 10 Hee L :J
4.7 2.3 3 .4 3 13'] H 3L i ¥
FI s 3.5 3 . 3 3 -6 - a1 ‘
2 s 13,0 3 -6 3 1Ses 32 1nl o ‘ :
2 e T, 941 3.7 3 10.3 I e i : :
HI > 3,8 3 -9 3 1341 33 10 i :
2 o, L 310 3 2.5 3 R : : :
210 o 3.3 .11 2 6ol 3 St 3 ¥
20l - 4t J-12 3 Jes 3 10 Ya : :
S 2,7 .14 3 39 R - B i
2 14 .7 300 3l 3 2aa 12 e ‘ e
20 ant 3004 12 20 e 5 3
20 n 602 3 - 4 T 3 g ‘ .
2 2. 10,4 12 4 178 HE: oo : 5
HIPE 3.4 3 -3 4 10 3 1o ; :
HEM 7.8 J -4 4 1041 . R ‘ : :
2 6 8 Ten 3 -5 4 Tes - 2hl : : :
2 7 ': 245 3 -6 4 LI} N e : 3
I Ted 31 4 238 F un : ‘
2 5 «h 5.0 3.8 4 Ilea H s : :
2 10 -8 2,5 3 -9 4 £ in i : :
H -: 3.9 3-10 4 1703 H 1hl : :
- fe2 I-lt 4 4.8 F a7 / ‘
HA Tel 312 4 17.7 I 355 ‘ ‘
HE le2 .13 4 3.7 35 1o z
2 2 7e0 XY 1en 33 Jan J :
H 5.2 Jels & Bus 3 3 ; ‘
H 2.2 3 ¢ 5 2.0 M s : ‘
H 4:h T -l 5 Ses H =S 0 :
HE 6.2 1 w2 5 le8 [ s : ?
2 7 49 3.3 5 198 38 Lo e :
2 0 b0 3.4 5 s 3 P : :
P s 5 104 310 R :
. “
2 2.7 5 2442 i e ] :
2 20 5 129 ' e : ‘
: 1.0 5 1440 H <z e J ‘
; 0.9 5 1343 [ Pt : :
: 3.3 5 ETR ) 33 oo : ‘
2 1.2 5 sel i L : A
: I.d s 3.9 3. s ° !
; 2 s 2.2 3 =N i :
H 161l L) 407 3 s ; ‘
H a7 & 6ot M s : ‘
: 9.1 L) 2.1 FE foe : :
B 0.3 6 1l K = : ‘
: l‘(\ L) 13.0 3l foen ; ‘
H IB‘Y & 3301 31 s i :
: '1 6 3343 HE 4-i0 ! ; .
H 13-‘ 6 lea 3 e ! ‘
2 |'| - 10.5 3 2 iz : :
I 6 17 12 i : 1
s 6 o7 33 g : :
13,2 6 LI} 3 s ‘-l : : :
Jl:u . :-; 3 6 : '2 2 ; :
6 . s k ‘
Rk 7 3. i 13 l ‘
2ale ;o3 B S g ‘
7 . M -
12k 71340 ; |l| e ; :
. T 3.5 32 e : :
. 7 s 3 o ; ‘
R T R i , ‘
21,4 7 3.9 F M : :
. v 2. : RS : A
17,5 M e g : S ; ‘
20,0 v s 3 T i :
:3.4 7 1e9 3. ¢o2 ; i :
".b L 3.7 3 e ; ] :
A‘h " 7.3 310 1. ; ; :
o & 6.3 3 o ; :
3. » 1245 312 s ; ‘
5'1 L] 241 F ‘o ; : ‘
e Aol 3 i3 5 :
. 4 .
1349 .o T e : :
o A 5ue 22 e : ‘
. A 243 3 n ‘ ‘! ‘
204 P : P H ‘
o " T3 3 Lo !
684 L] 3 & i : :
Ten A oun HG : 5
. 2 4ea HEN ! -i : ; :
Fo84 9 3.1 1 - : J s :
l'y 9 245 310 o : ; : :
IJ'n ° 5.2 3 4o : ; ﬂ
12-I a2 3 i 3 5 n
5:5 o o e : s
Ll ° U:# 32 o : z: :
7.4 2.2 HN i ¥ s ]
% 4en < i ‘
£ : 1047 3 ; P : i !
4eb ez 3 e : ; |
3.7 S 18] 310 e ; £ ¥ et
145 « 85 3 s ; £ ) i
‘.A : i H e H 5 =6 | 19e% 217
g : i i e : 5 =7 Tael 33
el o 3.0 3t e ; £ i b
E [ ;o HSE 7 5410 1 3.8 q.n
i | b ;i it ; 5=1) 1 el 3.0
2246 ] 20e2 k) : F : L o L
g | ;i ’ E i Se13 1 3.2 3.2
i i HE Pt 12 sele 1 PYE B
e ‘ ‘5:0 20 4-13 = < 5 0 7 840 LR
1he2 : Tet 3 I: “h : P ¥ J'l
243 [T 32 PP ] I ":
Ret 1 et i [ . ; =5 i i
3 ' Ter 3 i ;
2 2 20.n 3. o
2 : i 347 a1 11e2 1043
Z:': ¢ Je2




PP AN AN e s r AL UL ULLNNNNNNRNN - —— e~ GO0 0BOO00C00IIIBIIBABABAI NI AN ANV AIY SC GO OOOCOECON OO NANNATNNNVANA NN NE 2 A bs bk dho bt b hd UUUVOUUBUULULULNN NRNNNNRNNN

RN AU U1 O U A A R YR SR Y U A U G U U U R G U1 ST U UV A A AR L A e

F OBS F CALC

z
=
-

F 0BS F CALC

13 F
" 3 o¥s £ CaLc ¥ K L F 085S F CALC MoK L F o0BS FoCALL L T
3.5 049 5 6. 9¢9 849 i
It OO SN B SO 4 L4 (3] 9 s a3 a5 50 T 8 1 9l Ten
I 64 H H 6 4 bed w4 T9 8.7 T 7T 1 8.3 a0
. . s - 2,3 203 5 I 6 3
15is 180 s e Ty s H e 6 o5 w4 6ad 742 7T 1 2 1800 l4e¥
2,0 2. 510 .1 4 . . e 309 58 12
. . - 2 402 s 13 6 8 209 2.8 73 2
1202 121 5 0.2 293 2% s 8.0 6 1 FHO 40 ;2
2z 2 O S S T B 0+? o 2 696 2z 32 108 2
2.2 2.2 3 2e2  be8 bt s 49 62 .
b -l o5 T4 640 18 2
Pl e s s 0s8 I 62225 30 29 7 13
It L S S 4 It 6 5 623 a8 9 9.4 7 22
5 - 18 047 s 48
6 b & wd 5 Je4 4.3 7 3
R H 1004 67 P N IR
- .7 7 4 Te3 61 6 w6 o5 2. 2,0 7 05 3
: 13 -; 1707 1649 L 134 6 2 6 =8 =8 1-: |:o 71 e
9 - Teo 741 5 506 6 3 6 <l =6 247 les 72 4
510 e2 241 2.1 s 44 ] 6 a2 °
2 = 52 3. 7 3 4
511 .2 Je? 3.8 s 292 6 1 6 =3 =6 Be7 %l 718
5 0 =3 2.1 2848 s 08 6 2 & -4 <b 8e9 .8 7 ) oWl
IR SAL 603 4 I} 6 =5 «6 208 2,9 v 2
: g -; Jf': Jg.z : g 6 4 6 =6 ot 108 107 7
' M N 6 1 6 -1 -7 5.0 40 T 4
5 4.3 1007 9.7 s [ 6 2 P D S-S v s
5 5.3 3.2 2.8 s 0 6 3 RS A Y] el 76
5 6 ) 44 0 6 1 b =5 w7 4 a7 T 7
: ; 3 :'; : 6 1 6 =l -a 38 1.7 78
- . 6 2 6 =2 a8 247 2.9 T 0
5 9«3 8.7 0 6 3 744 0 8oy %eb y o2
510 03 1l 1 6 4 795 0 10ud 13,0 7 3
5 0 =4 118 1 6 5 T .6 O 247 2+2 7T 5
; ;-: ;-: : [ 7 =7 0 16e2 4ot T 6
- . & 7 7 =6 0 118 1046 T7
5 ) w4 11e9 ] 6 8 7 -9 O 2.5 1.2 T 0
5 4.4 30 1 6 9 Tel0 0 beB 4sP 79
R 1 s 0 7ol 0 67 5e7 7 0
T =4 LYY 1 & 2 Tel2 © 42 3.5 7Tl
5 B -4 1204 1 6 3 7-13 O 4ed ETL) 7 2
5 9 a4 10.8 ] 6 4 T oo 1 13¢5 1042 7 3
510 -4 168 1 6 6 LTI 9e7 743 r .
501 =4 34 ' s 7 T2 1 aZel 1045 7 s
512 <4 0.y 1 6 8 793 1 13es 161 78
5 0.5 2.4 2 6 9 7o Tel 147 [
5 1 =5 2743 2 6 10 T -5 3.5 345 1T 8
5 2.5  21.s 2 6 o Tes 1 4wy a7 70
5 3 «5 Bt 2 6 1 7 -8 | 3.8 3.8 71
5 4 5 1542 2 6 2 7 % | 1669 1645 T 2
5 5 5 208 2 s 3 7-10 1 1047 T 3
5 6 5 8e3 2 6 4 Talt L .9 T 4
5 7T 45 87 2 6 5 7-12 1 4w 75
5 8.5 2.4 2 6 6 70 2 13 T s
5 9 <5 le? 2 & 7 T el 2 b5 T 8
5 10 <5 led 2 s 9 7 -2 2 13.8 T 9
5 H =5 42 2 610 7.3 2 3l 7 0
512 w5 4as 2 611 T a4 2 i2.s 71
5 0«4 242 2 6 0 78 2 deb 7 2z
5 1«8 843 2 ' 7 .6 2 .0 7 ;
5 2.6 129 3 6 2 Ter 2 148 7
S 3 =t Ta0 3 & 2 7T -8 2 8.5 7 6
5 4.8 1040 3 ] T 2 2l 7
5 5 =6 Te5 a LIS Tel0 2 2.7 r 8
5 b =b 4o 3 & 7 Tell 2 lea T 9
5 7 8 4us 3 6 Telz 2 se4 7 10
5 8«8 103 3 6 9 7.13 2 1s2 7 0
5 9 =6 409 3 610 Teld 2 4B 7T
5 10 <6 843 3 611 7 0 1 1345 T ;
5 11 =6 4ot 3 6 0 7 -1 3 1049 7
512 <6 2.2 1 s 2 7.2 1 10,5 74
5 1 7 8 3 & 3 7 31 3 13.7 v s
HEE A 1 3 6 4 743 e T
5 3.7 8 2 s 5 7.5 1 T 7 8
5 4.7 4o a 6 6 ? -6 3 3.3 LA
HEM A 3 6 7 7.7 3 il 710
5.6 a7 |58 4 6 8 7 a8 3 o 7 0
s aer  8a ‘. 6 9 7.9 3 1248 LI
5 9.7 4u7 . 6 10 7410 3 Y. v 3
511 =7 b7 4 6 11 7«11 3 3.0 7 4
- 4 6 0 7a12 3 12.7 75
H :’_: ::f M S 7513 a0 T 6
5 2.8 5.3 4 6 2 Tal4 3 tes 7
s 3-8 l:a e & 3 T 0 4 4.9 70
5 4 -8 Sed 4 6 5 T .l 4 14ey k4 :
s - 4 . 6 & 7 2 4 81 T
HE - ‘ 67 754 ke I
s 728 13 M s 8 Tas 4 9.0 12
5 5.8 2.8 ‘. 610 7. 4 120 73
- . 5 6 0 T .7 4 1241 7T 4
';' I; ht4 :‘3 H P 728 & 19.3 (]
FEEIN o s s 2 7 -0 4 12.5 v 7
5 09 20y 5 ] Talp 246 78
- . s & a4 Tel2 4 5.3 7 -2
i3 : a: Wiy 7
5 39 243 5 6 b 7ol 4 1e? 7 -4
N 13 5 6 7 vo s 402 7 .5
5 5 .9 8.0 5 6 8 TS 2.6 7 -e
S 5 a9 134 5 [ 728 7.0 7 -7
5 7 a0 Oee 5 6 10 7.3 5 129 7 .8
s ale an H P Tee 5 s 7 -9
[ T s 6 2 745 5 13.6 7e10
5 -] 1 18.7 ] 6 3 7 -6 5 244 Tell
sz isie . ] Ter s a2 7-12
5 =3 =1 27 6 6 5 7 .8 & 9.5 7 -l
E S B 6 [ MO M
- . s 7 7-10 S 4 T -
$.51 1 ¢ .. e s an 7
5.7 .1 9 3 6 A4 7
-8 - . 3 6 1 N -
¢4 : :.: N P Tel 6 4 7 .7
it B4 » s 31 T2 8 b 7 -8
& 6 4 T .3 & 1149 7 .9
S-11 «} N T et 8 201 7410
- - 3.3 & s 5
: 1 : 3 . 6 o o5 & B2 Tels
Sl o & o 7 M 1e3 M
5 -2 +2 109 7 6 2 LR R I M
5 ‘l :2 9:5 v & w2 7410 & 4.3 T
g 1 6 -4 7.1 & 241 ’
S -4 =2 1040 6 -5 .12 s E ’
5 =5 =2 Sel 7 b - 7413 8 Ton 7
5«6 <2 1le8 7 o o7 Te1s 6 247 v
5 -7 -2 246 ? 6 -9 7.3 7 2.8 1
5 -8 -2 i3l voe T y
6210 - .
5 =9 =2 3.8 4 Pt v es 7 1.5 ’
5+10 =2 5.0 ? ol I 1el k3
7 - -
5-11 =2 S5e2 4 o -1 7 s v ses 7
5.12 w2 3.7 ; b -2 7.9 T 2.0 12
5 .l <3 EITS 6 -3 .13 T 3.0 v
5 .2 <3 40 e a1 T 5.7 k4
5 =2 =3 l4s0 A vz T EI v
LICTRES ST IYY 2 .1y 7 0.0 ’
5 -6 <2 700 M 7.7 m Lea ’
5 -7 =3 3.7 i 7 .9 A 202 7
5 .8 <3 Tea 13 7.10 A 2.0 7
5 -9 <3 40 e T 10 21 £
5.10 =3 a5 4 7 2 0 19 7
Sell *3 19 . T3 0 1l ?
5.2 .4 42 ° 75 0 57 7
5 -3 o4 8.7 o 7 6 0 1eb ’
5 -4 o4 3.0 Q LI 8.3 ’
5 -5 a4 2.8 e v s o0 [ i
5 -7 4 303 ° 711 18.s ’
5 -8 4 e o 72 3 12
5-10 =4 2.5 o T3 1 33 i
5 -1 =5 10.] ° 7 4 3 6.0 ’
5 42 45 1240 "' vos 64




ATOM

5(1)

c2)

c(3)
N(4)

N(5)
c(6)

c(7)
0(8)
0(9)

c(1o)

c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)

c(20)

TABLE 1.5

ORTHOGONAL COORDINATES AND E.S.D.S.

X
3.796
2.199
1.766
1.337
1,204
2.270
3,609
bo777
3.949
2.121
0.885
0.730
1.7938
3.003
3,174
1,650
1.884
24539
2.652

2.118

I+ I+ I+

I+

I+

I+

x©® 0 o oo oo N N O 0o N (S N ) S BN | o

-
o

oo oo ~J N

¥
0,920
0.608
-0.795
-1,090
-0,095
0.475
0.149
0.198
2.335
1.481
1.648
2.568
34,3546
3,200
2.281
4,297
-1.871
-1.,697
-2.736
~3.979

I+

I+

|+

[+

[+

[+

|+

|+

I+

1+

|+

[+

I+

A 0 2 o0\ O N0 O U1 O O

[ N e AN |

~J

7
8.282
8.997
8.656
7.478
6.532
6.101
6.667
9.032
8.113
5.007
4,358
3,326
24930
3457k
4,612
14761
9.669

104891

11.799

11.517

I+

I+

I+

i+

N
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c(21)
c(22)

c(23)

1,474 + 10

1,344 + 8

2,196 + 11

-k.157 + 7
=3.133 + 7
~5.098 + 9

10,295
9.380

124525

I+ I+

1+



s(1) -
5(1) -
S(1) -
5(1) -
c(2) -
c(3) -
c(3) -

N(4) -

N(5) -
c(6) ~
c(6) -
c(10)~

c(10)=

c(2)
c(?7)
0(8)
0(9)
c(3)
N(4)
c(17)
N(5)
c(6)
c(?7)
c(10)
c(11)

c(15)

TABLE 1.6

BOND LENGTHS AND E,S

1977 + 7 A
1799 + 7
1.431 + 6
1434 + 5
1,507 + 8
1,288 + 8
1.482 + 8
1.379 + 8
.28k s 9
1.490 + 10
1,494 + 8
1.406 + 10
1.380 + 10

c(11)-
c(12)=
c(13)~
c(13)=
c(14)-
c(17)-
c(17)=
c(18)-
¢(19)-
c(20)-
c(20)-

c(21)=

.D.S.

c(12)
c(13)
c(1k)
c(16)
c(15)
c(18)
c(22)
c(19)
c(20)
c(21)
c(23)

c(22)

1391

1379 +
1.374 i
10514 i

1397

16397
1.403 +

14385 +

1.381
14393
1.508
14380

I+

I+

10 &
10
11
10

11

10
1M
11
11

10



c(2)
c(a)
c(2)
c(7)
c(7)
0(8)
-8(1)
c(2)
c(2)
N(4)
c(3)
N(4)
N(5)
N(5)
c(7)
s(1)
c(6)
c(6)

S(1) -
S(1) =
S(1) -
s(1) -
s(1) -
s(1) -
c(2) -
c(3) -
c(3) -
c(3) -
N(4) -
N(5) -
c(6) -
c(6) -
c(6) -
c(7) -
c(10)-

c(10)-

c(?7)
0(8)
0(9)
0(8)
0(9)
0(9)
c(3)
N(4)
c(17)
c(17)
N(5)
c(6)
c(?7)
c(10)
c(10)
c(6)
c(11)

c(15)

INTERBOND

10141 +

108.5

108.5 +

109.0 +

109.2
119.1
109.3
12141
119.9
119.0
119.7
118,0
1214
1175

12141

109.9 +

- 120.4

121.6 +

ki

|+

[+

s

ANGLES AND E.

TABLE 1.7

5.D.S.

c(10)-
c(11)-
c(12)-
c(13)~
c(13)-
c(13)~
c(1l)-
c(15)-
c(17)-
c(17)=
c(17)=
c(18)-
c(19)~-
c(20)-
c(20)-
c(20)=-
c(21)-

c(22)-

c(15)
c(12)
c(13)
c(14)
c(16)
c(16)
c(15)
c(14)
c(18)
c(22)
c(22)
c(19)
c(20)
c(21)
c(23)
c(23)
c(22)

c(21)

121.2

1+

120.0
119.0
120.0 +
120.

121,

o N\

120.
123.
118.8

o
I+

118.2
12142

120.6

I+

118.2

|+

120.7

121.,0

I+

122.,0

119.7 +

N ~J ~ ~

(o)
(o)

AN O O O O O NN NN NN oy N W



TABLE 1.8

o
INTERMOLECULAR CONTACTS BELOW 4 A

C(2)essaeC(13) i1 3.50 A C(13)....C(21) i 3.81 4
C(2)ee...C(12) ii 3.53 - 0(9).....C(13) il 3.85
N(5).....C(12) iv. 3.54 C(2)e....C(16) ii 3486
C(16)....C(23) iii 3.55 0(9)vv...C(14) 41 3.89
0(9)euvnen c(16) ii  3.55 | C(2)ueesaC(1h) ii 3489
N(4).v..aC(12) v 3.63 C(2)eunen C(11)  ii  3.95
N(5)..... c(11) iv 3.73 c(18)....C(10)  4i 3,96
C(16)....C(21) i 3.75 c(16)....C(22) i 3.99

c(11)....C(11) iv  3.77

Roman numerals refer to the transformations of the fractional
coordinates given in Table 1.2.
iox, 1+ 7, 2y ddd X 14§, -1 + 23
ii x, ¥y 1 + 23 iv  =x, =Yy 1 -z
The transformations are applied to the coordinates of the

second atom in each case.



TABLE 1.9

MEAN MOLECULAR PLANES

(A) ATOMS DEFINING PLANES
PLANE NO.  ATOMS DEFINING PLANE

1 c(6), c(10), c(11), c(12), c(13),
c(14), c(15) and C(16)

2 c(3), c(17), c(18), ¢(19), c(20),
c(21), C(22) and C(23)

3 c(2), ¢(3), N(4), N(5) and C(17)

L - N(k), N(5), C(6), C(7) anda C(10)

(B)  PLANE EQUATIONS

PLANE NO. p Q R 8 RMS D
1 0.2673 =0,7021 =0,6600 =3,7837 0,024
2 0.8654 =0.2812 =~0.4147 =1,8470 0,013
3 0.9291 =0,1988 =0,3119 =0.8901 0,011
4 0.1233 =-0.7086 =0.6948 ~4,2871 0,023

P, Q and R are the direction cosines of the plane normal,
S is the plane to origin distance and RMS D is the root mean
square deviation of the atoms defining the plane, from the
plane, in Angstroms. The plane equation is then
PX + Q¥ + RZ = S
where X, Y and Z are coordinates in Angstroms referred to

standard orthogonal axes.



(o]
(C) DEVIATIONS FROM PLANES (A)

PLANE NO, 1 2 3 L
ATOM

$(1) - - 14651  =1.651
c(2) - -0,159 0,006 =2.123%
c(3) - 0,002 =0,011 =0.946
N(4) ~0,029 0.202 0,017 0,028
N(5) -0.139 0.200 =0,010 =0,035
c(6) 0,031 - 1,002  ~0.008
c(7) 04244 - 2.134  =0,006
0(8) - - 2.472 ~1,540
0(9) - - 1565 =2.517
c(10) 0,006 - 1.005 0.021
c(11) -0.013 - 0,025 04201
c(12) -0.019 - 0.020 0.247
c(13) -0,019 - 0.981 0.102
c(14) ~0,019 - 1,929  =0,093
c(15) -0.013 - 1,947  =0.142
c(16) 0,046 - 1,020 0,223
c(17) - -0,013 =0,003 =-0.873
c(18) : - -0,002 0,190  =1,764
c(19) - 0,011 0,218  =1.645

c(20) - 0,016 0,058 ~0.634



(D)

c(21)
c(22)

c(23)

DIHEDRAL ANGLES

PLANE A
1

1

PLANE B

= & W W

0.015
~0,007

~0.021

0,124
-00164
0,038

[/ AB
45 ,4°
53.6
8.5
8.k
5346
61.8

0,262
0.155
~-0.532



163 Discussion

The analysis was undertaken to determine the molecuiar
dimensions and conformation of the heterocyclic unsaturated seven-
membered ring in 2,7-dihydro~3,6=di-p~tolyl-1,4,5~thiadiazepine~

1,1~dioxide shown below (Loudon and Young, 1963).

S

o’/// '\\\\o
(1)

The two para tolyl rings areltrigonally bonded to the central
ring. The average value of the C-C bond distances within these
rings is 1.389 + 0,010 X which does not differ significantly from
the generally accepted value (14395 X) given in the literature.

The average deviation of the atoms comprising the para tolyl groups
from the meah planes through the rings is 0.024 K in each case.
The C(13)-C(16) and C(20)-C(23) distances of 1.508 and 1.51%4 2

respectively may be compared with the other C > - C 3 distances
sp 5P
' ' o
within the central ring (1.490 and 1.507 A) and with the value

. o
given in the literature, 1.510 A (Sutton, 1965).
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The N(4)-N(5) bond length of 1.379 X agrees closely with the
N-N single bond distance of 1.383 K which has been found previously
in a system where the nitrogen atoms in turn form double bonds with
the adjacent carbon atoms (Bak et al,., 1956)., However the C=N
double bond distances of 1.284 and 1.288 X are considerably shorter
than'the values (1.302 ~ 1.327 X) previously reported for such
distances (Trefonas et al., 1966; 1970).

The bond lengths and angles of the sulphone group are given
in Tables i and ii together with representive values taken from

the literature for comparison.

Table 41

(Bond Lengths)

Type Mean Value Literature® Literatureb
o o o
S5=0 1.432 + 0,006 A 1.432 + 0,005 A 1445 + 0,016 A
5~C. 1,788 + 0.007 1.765 + 0,006 1,778 + 0,017
Table ii

(Interbond Angles)

- ) . b
Type Mean Value Literature™ Literature
C-8-0 108.8 + 0.3° 107.7 + 0.3° 108.8 + 0.8°
0-8-0 11941 + Ok 120, 4 + O.L 1179 + 0.8
a Sime and Abrahams, (1960); b Sands, (1963)
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As in other sulphones, the bond arrangement within the sulphone
is not that of a regular tetrahedron., The 0~S~0 bond angle is
significantly greater than 109.50, whereas the C-=S-0 and C=3=C
angles in the present structure, as in other cases, are significantly
less than tetrahedral. The deviations of the bond angles from the
ideal tetrahedral value of 109.50 may be attributed to the d-orbital
contributions from sulphur (Moffitt, 1950).

There has been a considerable amount of discussion in the
literature on the length of the carbon-sulphur single bond in a
variety of substances. The C=S boqd length of approximately 1.78 X
in this and in other comparable sulphones is significantly less
than the standard single bond length of 1.82 X (Abrahams, 1956).

The S~0 bond length in this, as in other sulphones, appears
to be very close to 1,43 X, the standard S=0 double bond distance,
The very short S-0 bonds characteristic of these compounds may be
indicative of T - bonding involving the 3d orbitals of sulphur
(Moffitt, 1950). |

Of the two possible conformations in which the C=N double
bonds are (a) eclipsed, the envelope conformation and (b) skewed
with respect to each other, the boat conformation, the relatively
rigid conformation (b) adopted by the seven-membered heterocyclic

ring and shown in Figs. 1.2, 1.3 and 1.4 respectively may be such

as to minimise the repulsion between the adjacent C=N double bonds,
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. This effect may be such as to oﬁtweigh that due to conjugation
between the adjacent C=N double bonds which would occur if
conformation (a) were adopted., However a survey of carbocyclic
seven-membered rings in sesquiterpenes indicates that the ring
conformation is greatly dependent on the molecular environment
(Mathieson, 1967). The dihedral angle of approximately 62° between
the planes through C(2), C(3), N(4), N(5) and C(17) and through
N(4), N(5), C(6), C(7) and C(10) is considerably greater than that
found in 3,7-bis(p-iodophenyl)-4,5,6-triphenyl~4H~-1,2~diazepine
(Trefonas ef al., 1970) which however contains an additional double
bond within the seven-membered heterocyclic ring. Evidence from
n.m.r. studies suggests that 2,7-dihydro-3,6-di-p-tolyl=-1,4,5-
thiadiazepine-1.1-dioxide (I) adopts a similar conformation in

solution to that observed in the solid state (D.D. MacNicol, 1965).
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Chapter 2

The Crystal and Molecular Structure
of

2,4=Dimethyl~1,5~benzodiazepinium Bromide




 2.1 Introduction

In the course of investigations into the condensation of
1,3-diketones with substituted diamines, by the method of Thiele
and Steimmig, (1907), Lloyd et al., (1965) prepared a series of
related benzodiazepines. Although the 3H-1,5-benzodiazepine bases
have been shown to have the dianil type of structure (Finar, 1958;
Barltrop et al., 1959), the mono-acid salts have intense purple
colours indicating that a tautomeric shift to structure (I) has
taken place during or after protonation. Thus a conjugated system,
involving both rings, and given by the canonical formulae (I = Iv)

may be present.

H CH3 _ H CH3
N i
o - \\

/ -
- +/
N 7
H CH3 CHz

(1) (11)
H CH

% CHB N 3
4+ T \

/
- +/
N N

. H

H cH3 CH3

(1T1) -79- (V)



Since the cation (I) has 12 T - electrons, it does not
satisfy the requirements of Huckel's (4n + 2) rule and thus will
not possess any marked aromatic character. The present analysis
was undertaken in order to confirm the preceding postulations
regarding the structure of 2,4-dimethyl=-1,5-benzodiazepinium

bromide.
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"2e¢2 Experimental

Crystal Data

2yb4~dimethyl-1,5-benzodiazepinium bromide

C11H13BrN2 F.W, = 253.,2

o o] o
Orthorhombic, a = 19.62 4, b = 6,96 4, ¢ = 19.08 A

(o]
U = 2605 A° F(000) = 102k electrons

D = 1.28 g.cm?3 Z =8 D = 1.291 gecmTo
Space group: Pbca (D;g, No. 61)

o -
Linear absorption coefficient (Cu Kx, A = 1.5418 A) = 45 cus

The crystals used in this analysis were supplied by
Dr. D. Lloyd. They consisted of purple needles elongated along
the b~axis., Unit cell dimensions were obtained from rotation and
Weissenberg photographs (Cu K« radiation, A = 1,5418 E) taken about
the b-axis. From the systematically absent spectra, the space
group was uniquely determined as Pbca (No. 61).

The intensity data were estimated visually from equatorial
and equi-inclination Weissenberg photographs of the hOl,...,h61
reciprocal lattice nets taken with Cu K radiation. The multiple
film technique of Robertson, (1943) was used. The observed
intensities were reduced to structure amplitudes by applying the
appropriate Lorentz, polarisation and rotation factors (Tunell,

1939). 1505 independent structure amplitudes (Table 2.4) were
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" obtained, which represents 51 % of the data accessible to Cu K

radiation. No absorption corrections were applied to the data.
The data were initially placed on an approximately absolute

scale by comparison with the first set of calculated structure

factors. The final scale factors were determined by least-squares

refinement.,
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" 2.3 Solution and Refinement of the Structure

In the space group Pbca, the equivalent positions are:-
+ (x, ¥, z), X (%'*'Xy -y, -z), + (=x, Y, 3-z), x (3-x, -y, 2+z).
A heavy atom situated in a general position will therefore give

rise to the following sets of vectors:-

| + (2x, 2y, 22) single weight,
| + (2x, -2y, =22) single weight,
+ (-2x, 2y, =-2z) single weight,
+ (=2x, -2y, 2z) single weight,
+ (% P2y, 22) * double weight,
+ (F, %+2y, -27) double weight,
+ (2x, %, 2+2z) double weight,
+ (-2x,'%g‘%+22)  double weight,
+ (F+2x, 2y, %) double Weight,
+ (%+2x,’-2y, %) double weight,
+ (%, 0, %+2z) quadruple weight,
+ (3+2x, %, 0) quadruple weight,
+ (0, Z+2y, %) quadruple weight.

Thus in the three-dimensional Patterson summation, there are nine
dominant peaks. Six peaks are on the Harker sections at u = 3,

4 and w = 4 respectively and three are on the Harker lines at

v =3

u

n

2, v=0;v=% w=0and w= %, u = O respectively.
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The positions of the independent Harker. peaks can thus be

summarised as:=

Section Two~fold Peaks Four-fold Peaks

u = '% x ('%7 %+2y, 2z) b (%s 0, %"’22')
il (32'1 '12"+EY1 ~22)

v =3 + (2x, %, 3+2z) ,‘_"_'(LEL"'EXQ %, 0)
+ (=2x, %, %+2z)

w o= ':2]' + (%*2}:, 2, %) sl (0, .%"'23” %)

bl (F+2x, -2y, %)

The peaks from any two Harker sections or all three Harker lines
will suffice to determine the x, y and z coordinates of the heavy
atom,.

The'asymmetric units of the three Harker sections of the
threé-dimensional Patterson function were calculated and
interpreted on the basis of the analytical functions given. The
values obtained for the coordinates of the bromide ion were:=-

ATOM X/a ¥/b z/c

Br(1) 0.0950 0.1684 0.2247

A set of structure factors, based on the coordinates of the
bromide ion, was calculated and the calculated phase angles used in
conjunction with the observed structure amplitudes to evaluate an
electron density synthesis. The coordinates of the remaining atoms
in the structure were obtained from this initial electron density

synthesis. The different chemical species present in the structure
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were differentiated on the basis of their peak height and a
knowledge of the chemical structure. Inclusion of the remaining
thirteen atoms (11 carbon and 2 nitrogen) in the structure factor
calculation reduced the R~factor from 0.41, based on the bromide
ion alone, to 0.274%, Two further cycles of Fourier refinement
reduced thé R-factor to 0,227,

The structure was then refined in seven cyclés of least~squares
minimisation of the function M:=2:vMIFOI —IFCI)2. D.,R. Pollard's
least~-squares program, (1968) was used in the initial stages of the
refinement. Each reciprocal lattice net was given an individual
scale factor and each atom a single isotropic temperature factor.
The observations were all given unit weight. After three cycles of
full matrix refinement the R-factor was reduced to 0.178. A
weighting scheme of the form

2
w = 'I/(p,l + IFOI + pZIFOl )

where P, = 2'Folmin and p, = 2/|Folmax, which has been recommended
by Cruickshank, (1961) for use with photographic data, was then

applied and a further cycle of least~squares refinement calculated.

The R-factor was reduced to 0.174.

The Glasgow S.F.L.S. program (Cruickshank and Smith, 1965) was
then used to continue the refinement. On the assumption that the

data were on the same relative scale at the conclusion of the

isotropic refinement, individual anisotropic thermal parameters
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and a single overall scale factor were refined. A further three
cycles of refinement in which the block diagonal approximation to
the normal matrix was applied produced convergence, The R-factor
was reduced to 0.143. The weighting scheme applied in the last

three cycles of refinement was of the form
w= (1 =exp -p sin%ﬂ/%?)/(1 + p,IF | + p |F 12)
1 2 7o 370

where p, = L, P, = 0.3 and Pz = 0.001,

In the final cycle of refinement, the shifts in positional
and thermal parameters were not significant being less than one
quarter of the corresponding standard deviations. The atomic
scattering factors used throughout this analysis were those of
Hoerni and Ibers, (1954) for carbon and nitrogen and those of
Freeman and Watson, (1961) for bromine., The course of the analysis

is summarised in Table 2.7.

Tables 2.2 and 2.3 contain the final values of the fractional
atomic coordinates and anisotropic thermal parameters. The
observed and final calculated structure amplitudes are given in
Table 2.4, Atomic coordinates in Angstroms referred to orthogonal
axes defined by X parallel to a*, Y normal to a* and ¢ and Z
parallel to ¢ are given in Table 2.5. Tables 2.6 and 2.7 contain
the.bond lengths and interbond angles in the structure. Table 2.8
lists intermolecular contacts between atoms which are less than

4 K, In Table 2.9 the equations of the mean planes through portions
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"of the molecule are given together with the deviations of certain
atoms from these planes. Estimated standard deviations, where
quoted, are in units of the last decimal place of the quantity to
which they refer,

A molecular drawing illustrating the numbering of the atoms
in the structure is shown in Fig. 2.1. The packing of the molecules

in the unit cell, as viewed down the b-axis, is shown in Fig. 2.2.
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FIGURE 2,1

A molecular drawing illustrating the numbering of the

non-hydrégen atoms in the structures.







FIGURE 2,2
The molecﬁla‘rfijpécking Vieweddown’vthe E-axis.
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TABLE 2.1

COURSE OF THE ANALYSIS

Fourier Refinement

S.F. Cycle No,.

1
2
3
L
Least-squares
S-F.L.S.
Cycle No.
1
2
3
A
5
6

- Atoms Included
Br
Br + 1M C+ 2N
Br+ 1M C+20N

Br + 11 C + 2 N-

Refinement

Comments

Full matrix, individual isotropic
temperature factors, layers scales,
unit weights

n

As above, weighting scheme 1
applied

Block diagonal, individual
anisotropic temperature factors,
overall scale factor, weighting
scheme 2 applied ‘

0.41
0.274
0.238

0.227

0.186
00180

0.178

0.174

0.155
O.1L,-l+
0.143



ATOM
Br(1)
N(2)
c(3)
C(h)
c(5)
N(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)

TABLE 2.2

FRACTIONAL COORDINATES

X/a /b
0.0950 + 1 0.1701
0.2310 + 6 0.1504
0.2915 + 7 041515
0.3537 + 8 0.1511
0,3706 + 7 041505
0.3302 + 6 0.1435
0,2315 + 7 0. 1414
0.,1611 + 8 0.1426
0.1180 + 8 0.1397
0.14k2 + 8 0.1456
0.2119 + 7 0.1510
0.2578 + 7 0.1498
0.2912 + 9 0.1570
0.4488 + 9 01411

AND E,S.D.S.

I+ I+

1+

[+

I+ I+ 1+ I+

I+

18
21
25
21
19
23
28
29
27
21
23
27
35

z/c
0.2245
043347
043047
043367
0.4069
0. 4604
0.5324
0.5433
0.4874
0.4218
0.4063
0. 4642
0.2257
04264

i+

I+ i+

1+

|+

1+

0] ~J (o)) o oo o\

o O N o \O

11



TABLE 2,3
ANTSOTROPIC TEMPERATURE FACTORS AND E.5.D.8.

ATOM U11 - U222 U%3 2U23 2U3%1 2U12
Br(1) 0.0712 0.0616 0,0587 0.0007 =0,0037 -0,0026
8 10 7 15 1 16

‘N(2)  0.0590 0.0389 0,0446 -0,0063 0,0064 0,0212
65 66 Lo 100 89 110

c(3) 0.0651 0.0324 0,0389 0.0079 0,0257 0,0096
70 75 54 111 101 136

c(4) 0.0545 0.,0482 0,0591 0.0006 0,0163 0,0094
70 9k 75 140 123 144

c(5) 0,0587 0,0258 0,0627 0.0146 -0,0013 =0,0017
74 76 69 133 113 132

N(6) 0.,0569 0,0388 0,0492 0,003%2 -0,0052 0,0096
59 726 53 104 89 114

c(?) 0.0640 0,0352 0,0450 ~0,0087 0,0230 =0,0111
75 87 57 115 101 126

c(8) 0.0710 0.,0671 0,0548 0.0035 0.0514% 0,0118
82 117 73 154 129 174

c(9) 0.0426 0.0826 0,0682 -0.0250 0,0308 0,0070
59 122 79 172 120 148

c(10) 0.0546 0,0555 0.0613 0,0014 0,0206 00,0194
70 101 7k 140 126 149

c(11) 0.0520 0.,0327 0.,0555 -0.0014 0.0227 0.0016
62 76 62 124 105 129

c(12) 0.0523 0.0323 0.0473 0,0071 0.,0018 0,0174
60 77 56 115 99 129

c(1 0.,0742 0,0693 0.,0473 0,0091 0.0173 -0,0276
(13) 783 107 65 154 129 168

c(1h) 0.,0554 0.,0914 0,0883 -0,0014 0,0031 -0,0147
83 149 116 213 157 191



TABLE 2.4

OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES




=
-

5060033332323 32033 3332000000000 00 0aT00d0TT AR L AR L ere AL arsanrr ARNNNNNNNNNRNNNNNNNNNNOOOD GO

000 BCC0000000000E000000CE0N0 300000000 CA0000N00u000CUO00A000000AN00NA0000BE000000C00C0N000ER00E000C000000NA002000C000000C00B000

F ORS F Cant W X L F DBS F CALC H K L F 0BS F CaLC W .k L F 08S WK L F OBS F CALC WK L F oS F CALC
89,3 8047 ID 0 b4 4502 4ded 21 b a4 12 112 2 2 1 30es 268 13 2 8 5006 3943
0.8 T8 11014 28,9 (709 22 L WLz e 122 % 14es 21.4 1502 8 1103 9.
;:‘3 :.’," 12014 dees 3ae 24 | 15 112 32,2 13 2 1 2207 22,0 7 2 8 9.8 2.2
w0riz 7aer de oe 13 ey L 1o b1z 14 102 1 st 39 208 deed 1.2
N ° o * 18112 1248 15 2 8.7 145 L 2 9 118e9 12646
° s s 112 a2a 1o 2 1 8209 342 2 2 % 2845
H 618 21 112 0.1 17 21 6:0 Tee 12 9 7207
7108 Lo11a 270 182 1 1008 8ee 4«2 9 19.0
H s 13 2 113 2. 19 2 1 9.3 110 5 2 9 1843
9 1 5 4 113 19.0 0 2 23.7 2442 6 2 @ 2347
° s 5 111 4 22 2 1 135 1403 T 2 9 T3
9 21 s 6 113 11,7 0 02 2 687 89t B2 9 68
0 131 T L a7 2 2 2 4003 3ms 9 2 9 ase7
° s 9 113 6,0 302 2 3ees 3745 W0 2 9 1748
° s 1113 29,7 47 2 6049 57,8 1102 9 1940
Q bos 15113 |38 5 2 2 aes 709 12 2 9 3mes
M Ios 17 113 L 5 2 2 Bees  BleS 13 2 9 s3er
o s 19 113 S.1 T2 2 1943 177 14 2 % 28ed
9 s Iobla adee a2 2 502 31 15 2 9 2349
N s 2114 8447 9 2 2 370 295 17 2 9 31
Q 1 e EREET 5.7 1002 2 86,3 7047 19 2 9 2ea2
o [ 4L le 25,7 V22 2 2605 2402 0 210 bed
° [ S5 114 ndeo 132 2 18.0 2208 210 5203
o 16 6 114 47,7 e 2 2 5i6 1148 2 210 149
° 16 8 114 27,0 L6 2 2 36es 314D 3 210 578
° Los 9 4 407 172 2 403 6e2 5 210 179
o 1 s 1o 1 14 12,6 s 2 2 402 a8l T 210 40+3
° [ 111 1e 37,8 20 2 2 1040 1345 ez 10 2.
o (I 12 114 2408 22 2 2 be2 8.7 10 210 94
] [ 14 11 16,3 O 2 3 749 873 11 210 9ab
o 1 6 15 114 14,4 23 7040 73413 12 210 9+8
o [ 17114 104 2 2 3 34w 4l 13 210 2201
° Iy 18114 4 32 3 [o0en 8745 15 2 10 1944
a 1s 118 28,5 5 2 3 %) 0.7 17 210 10.9
o [y ’ 2 115 43, T 2 3 43.0 52,2 19 210 11.0
0 1 e 3115 8. 9 2 3 263 3045 1211 80.4
0 1 IR T R 9t 1002 3 13401 11409 3 241 105
Q Y 5 15 46,5 12 2 3 bled S440 a2 1 2040
0 1 s 6 115 15,6 13 2 2 73.2 5741 5 21 et
4 1 6 7 L5 7.2 a4 2 2 41e8 2649 6 211 1847
o [ 8 145 30.9 le 2 3 58.2 313 T2l 798
0 (S 10145 8,7 17203 1.3 50 2 o2 743
° [ o115 25, 2002 3 1ses 157 9 211 scel
o 17 12 115 8,5 22 2 1 8.9 B jO Z 1 s0sl
0 [ 4 14 115 10,8 0 2 4 Y87 8942 112 11 555
o [ 18115 5.6 V24 315 0 13201 10ek
o 17 o1l 34,5 2 2 4 28.0 2144 14 211 1244
0 7 2 116 6.1 3 2 4 575 6947 15 211 2540
o 17 3 116 20,0 4 2 4 4043 469 17 201 14vdt
o [ 416 26,0 b2 4 59,0 836 19 213 22.8
o 17 5 1 06 40,4 T o2 4 5245 3941 6 212 19.8
) 17 o116 sl.s 9 2 4 415 2943 1 212  40e2
0 [ 10118 Sed 10 2 4 2 2142 g0
° Yo7 oy le 3l 1202 4 3 232 a3
o [ 12 1 1s 11.5 13 2 4 6 212 bel
c 17 13 11 5.5 14 2 4 7 212 4602
[ 1o 141 te 2405 162 4 9 212 0.2
v [ 151 le 13 BEEERY 10 242 98
1 i 17 0 ds sl 19 2 4 o212 7.9
i 18 1818 15,5 20 2 4 12212 a7
t 18 2 117ty 125 13 212 21a2
\ [ ¢ AT 2t [ 14212 doe?
1 18 8 117 35,8 4 2 5 15 212 <ol
1 1 12 147 120 6 2 5 16 212 92
1 18 17 11 445 T 2 5 vz 2 8e2
1 e 2 1 s 45,0 82 5 19z 1z 99
1 [ 3 118 15,7 e 2 5 N2 13 9e0
1 18 TR IR LI TP w2 s 1213 2.0
1 [ 5 11s  i0.e oz s 2 213 2702
3 [ &bl 12,3 122 5 3213 309
' 1oe 7 148 16,5 132 s « 213 2048
H 1 noala o 4z.8 142 s 5 213 189
i 18 9 118 e Is 2 5 6 213 3.0
I P9 10 s 10,5 18 2 5 T 212 49.0
| 19 no1is 1o 17205 9 2131 559
| [ iz 118 2244 v 2 s 10213 383
H e te 118 17 20 2 s 1213 128
h Vs te 118 4 23 2 5 120211 1.
M 2 149 26,0 ez 6 13 213 o248
' HE e T L2 s 1+ 213 9l
| [ s o1 d9 8 2 2 8 15 211 10.8
i Vo9 4se 34,2 7oL T LR W6 212 1.8
Ve e Tes 8 )19 1447 42 0h 17213 12e7
H L 9 43,5  3b.U e 119 1led 5 2 6 1o 213 Be9
: 19 be%  15.8 2 120 33.8 6 2 b 20 213 504
\ 19 et 15,3 4120 250 I 60 214 lees
i 19 37.9 29,4 5 120 5.5 9 2 6 12 14 lee8
1 ry 993 9.9 s 120 17,6 In 2 6 2 214 1849
N Ls eez 11ad s 120 27,8 o2 s 3 244 2902
118 9eas 91w 12120 10,7 172 6 4214 2202
H 110 399 4042 e 1200 01,9 112 s 6 214 2244
y 110 96:0 88,3 TR 14 2 6 7204 23es
1 L 10 52e4 5040 o or2t 12 Is 2 8 9 2 14 Jped
110 1507 sea 6 121 “3 ino2 s 102 14 187
i 110 5800 52,9 [N N] 172 s 12214 s
. . beb
| 110 6bsl 5747 212 4 oz e 16 1
. .- 112z 9 1o 2 s 192 14 63
i VI 3¢ 7 12z 2007 2 2 s a 2% 4.8
H 110 2140 17,8 4 122 171 rozo7 25 tie4
H 110 21y 1940 5 122 8.9 2 27 2205 1ias
i 111 60 4eu 6 122 8. 327 3 215 573
: 1l lea T3 s o122 1242 707 e 215 a7
: L1l does 13 o 1 22 45 5 2 7 s 218 9.9
L 11 42e% 303 212 9.2 A o207 6 215 180
i 1Ll 4800 53,9 123 3.7 r o2 7215 163
; tiona e S nis R
. 12 3 " .
i i h f;:: e 2 1z 8 TR 10215 219
2001 2647 2 2 ¢ 3713 27 1215 2ies
' TR 0 b 2 8nu o2t 13 215 ses
: 101 2350 les! 3 2 0 12.° A 16 § 1: 1149
1rr 8.3 2241 102 2 sl i 7 19 1 rez
! T 7.7 I 12 2 0 19,4 ozt 0 216  4ae)
: (RNt ot LY 4 2 0 Seo ino2 7 126 138
H s I3 16 2 134 227 3 248 213
' HEFI 29 20 2 O 1541 o2 7 246 2103
H HR LA M 22 2 0 iz PO B PR T
H 11z 35. o R 2 2 » T 2 lA 1Ces
! [T I I 32 0 £ 20e 502
! 1z e s s o2 “ 2ok 7 216 10w
I bazo110.3 38 s 21 P joo2 e 15l
' Va2 A0e2 dv s . : .
L e 2 1 .2 " 17 1e 9
A Lz 232 2% 520 IR 19 208 s
1 Lz e 4l PR e 2 = it 21 808
} a2 ”‘; f:'f s o2 1 L T S T 0 217 e0er
H ! :: ey s 1o 2 1 o2 A 1T beb 1217 400




N\
m

oo~

§60 o & n=

RNy PO N

N

o

www

NS ==

O ma—an

21

WA W aN
555 Yo m=
wonorww whS .h o3

N

(ST
NN Y

e

sols
T
23.0

9.
2%,

77.3
3*0.4

as*13
*2.3
*3.4
37.2

17,7

er.»

20.5
511.3

I

« 06

30.9
11.0

5.2
ft.3

i

10.5
10.4
10.0'
45.0

0.4

0.0
70.3

9.4
511.0
10.0

00.4
12.6
92.0
37.6
1179
23.3

33.5
37.9

ft.0
lit
00.2
lilt
7.2
307
s

3®.4
‘m
29.f
176,
39.5
*2.3
ilia
»e
lilt
14.5
7.5
27.s
*5»2
37.3
5*.5

cme

14.6
0.3

ft.7

14 ft

a?

1021

04,1t
1.3
T
291
23.2
0.7
30.0
19.9
19.0
9.0
3.0
41.3
12.3
17,3
50.0
13.7
44.7
37,0
3*9
72.6
17.9
01*2
37,5

215

w o+

10
16

N

wo

7 0»S

342
20.5

53.5
16.2
95.3
34.3
27.0
18.3
37.6
109
35.7
37.3
59.5
34.4

7.2
fi*.0
31.9
54.6

379
vt
43.3
12*7
15.3
32*6
00.3
32.C
39.0
0.6
201
748

432
417
19.2
29.6
329
321
29.T
223
38.0
34.9
20.0
07.7
2ft.4
27.0
23.9
25-7
35

0J.2
02.2
231

6,0
20.7
56,r
29,6
09.0
27,6
24.9
06,4
55.7
10.7
40.5
13.1
547
il
75,5
35.0
52.4
77,7
27,0
3.0
32.0
335
12.2
222
19,0
14.2
23.4
220
9,4
37.t
v
42
40,0
17,*
divi
14.3
12,3

295
31.0
Ift.4
14.2
30°0
2;%2
313
27.4

13.3
127
14,0
20.9
20.4
14.5

Ji:J
17
fift.5
1.9
ic
27,0
15.7
39.

9.1

1.5

N
©23
oho

oo
wwo

Sa

6.0
6

1S:?

[RRNTEN
NERIN
Noww

li:s

33.%

61.2
50.6
42.3

_N_.
8o o
Sk

S
o32%
SENEN

N

u




TABLE 2,5

ORTHOGONAL COORDINATES AND E.S.D.S.

ATOM X Y Z

Br(1) 1.865 + 2 1.18% + 2 h.o84 + 2
N(2) 4,532 + 12 1,046 + 13 6.387 + 11
c(3) 5.719 + 14 1,054 + 15 5.815 + 12
C(h) 6.940 + 15 1,051 + 18 6.425 + 15
c(5) 7.273 + 1k 1,047 + 15 7.765 + 15
N(6) 6.480 + 12 0.998 + 13 8.785 + 11
c(7) Losh2 + 14 0,984 + 16 10,160 + 13
c(8) 3.161 + 17 0,992 + 20 10.368 + 16
c(9) 2.316 + 15 0.973 + 20 9.301 + 17
c(10) 2.830 + 15 1,013 + 19 8,048 + 15
c(11) 4,159 + 14 1.051 + 15 7.754% + 14
c(12) 5.059 + 13 1.042 + 16 8.858 + 12
c(13) 5.715 + 17 1.092 + 19 4,206 + 15

21

i+

c(14) 8.805 + 18 0,981 + 24 8.137



N(2)
N(2)
c(3)
c(3)
c(4)
c(5)
c(5)

c(3)
c(11)
C(4)
c(13)
c(5)
N(6)
C(14)

TABLE 2,6

BOND LENGTHS AND E.S

1,318 + 18 &
1417 + 17
1.364 + 21
1509 + 19
1.381 + 21
1,293 + 18

1.578 + 23

|+

N(6)

c(7)

c(7)
c(8) =~
c(9) =
c(10)=-

Cc(11)=

.DIS.

c(12)
c(8)
c(12)
c(9)
c(10)
c(11)

c(12)

Teh2h + 18 X
1,397 + 22
Te402 + 18
1.362 + 23
Te355 + 22

1.362 + 20

142k + 19



c(3)
N(2)
N(2)
c(&)
c(3)
C(k)
C(4)
N(6)
c(5)
c(8)

N(2)
c(3)
c(3)
c(3)
C(4)
c(5)
c(5)
c(5)
N(6)
c(?7)

c(11)
c(4)
c(13)
c(13)
c(5)
N(6)
c(14)
c(1h)

c(12)

¢c(12)

TABLE 2.7

INTERBOND ANGLES AND
131.0 + 12°  ¢(7) -
127.7 + 12 c(8) -
115.6 + 12 €(9) =
116.8 + 13 N(2) -
130,5 + 14 N(2) -
128.2 + 14 c(10)-
17.6 + 14 N(6) -
14,1 + 13 N(6) =
130.6 + 12 c(7) -
120.2 + 13

E,

S.D.S.

c(3) -
c(9) -
c(10)=-
c(11)-
c(11)-
c(11)¥
c(12)-
c(12)-

c(12)=

c(9)

C(10)
c(11)
c(10)
c(12)
c(12)
c(7)

c(11)

c(11)

119.8 +
119.3 +
124,8 +

117.8

125.6 +

116.7

126.2 +

119.2 +

14°
14

14

x 15

12

£ 13
1144 +

11

11

12



€(10)....¢(5)
c(12)....C(12)
C(5)eeens c(10)
N(2)eesesC(3)
C(7)eeeeaC(7)
N(2)eusa N(2)
C(3)ee...N(2)
N(6)es...C(10)
C(10) ¢4+ N(6)
C(9)se.. N (6)
C(7)ees.aC(12)
N(6)...
N(6).....C(9)

c(12)....C(11)

..C(11)

C(11)e...C(12)
C(9)0000'C(5)
C(11)e...N(6)

C(12)e...C(7)

c(11)....C(11)

C(10)es..C(4)

TABLE 2.8

o
INTERMOLECULAR CONTACTS BELOW 4 A

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

ii

3,47 2
3449
3,54
3455
3455
3456
3456
3.58
3461
3464
3.67
3467
3469
3469
3471
3e7k
3477
3.78
3.79
3.80

c(13)....C(13)
.C(3)
c(11)....¢(5)
N(6)....
N(2)esss C(H)

C(3)euus
.C(12)

Ch)euans N(2)
C(4)euessC(10)
C(5)eesssC(9)
C(9)esee C(4)
N(2)ee.saC(11)
c(14)....c(10)
C(14)....C(9)
0(1{)....N(2)
Br(1)....C(8)
C(7)es...N(6)
C(12)....5(6)
C(11)4ue.C(H)
C(&)eenssC(11)
N(6).ess.C(7)

C(10)s...C(14)

ii
ii
ii
ii
ii
ii
ii
ii
ii
ii
ii
ii
ii
iii
ii
ii

ii

2,84 X
3,84
3.84
3485
3.85
3.86
3487
3.88
3489
3.90
3.90
3.90
3491
392
3492
3492
394
3.94
3495
3,96



C(8)evaesN(6) ii 3,82 K 0(14)....6(14) i
N(6)eeeoeC(8) ii 3,83 C(11)vs..C(3) ii
C(5)eee..C(11) il 3,83 C(3)euesC(11) ii

Roman numerals refer to the transformations of the

coordinates given in Table 2.2.

i 1 = x, -y, 1 = z; dii x, ¥ - y,~% + 23
. s a a .
1L 7 = Xy=7 + ¥, z3

The transformations are applied to the coordinates

second atom in each case,.

o
3497 A
3498
3499

fractional

of the



(A)

(B)

MEAN

TABLE 2.9

MOLECULAR PLANES

ATOMS DEFINING PLANES

PLANE NO,
A
2

3

ATOMS
c(7),
c(7),
N(2),
c(11)
N(2),
c(3),
N(2),
c(13)
N(2),

c(9),

PLANE EQUATIONS

PLANE NO.
1

2

NN O W

p
0.,0072
0,017
0,0046

-0,0032
-0,0092
-0,0099

~0,0016

DEFINING PLANE
C(8), €(9) and C(10)

c(8), c(9); c(10), C(11) and c(12)
N(6), c(7), C(8), c(9), c(10),

and C(12)

c(3), c(k), ¢(11) and c(13)

c(k), c(5), N(6) and C(14)

c(3), c(&), c(5), N(6), C(11), Cc(12),
and C(14)

c(3), c(4), c(5), w(6), c(7), c(8),

¢(10), ¢(11), c(12), €(13) and C(14)

Q R S RMS D
-0,9999 =0.0130 =1,0901 0,011
-0.9996 =0.0214 =1.,1396 0,012
-0.9998 -0.0170 =1.1410 0,018
-0.9999 -0,0138 =1,1609 0,009
-0,9998 -0.,0177 =1.2219 0,017
-0.9998 ~0.0142 =1,2018 0,016

~0,9998 =0.,0183 =1.1767 0.019



P, Q and R are the direction cosines of.the plane normal,
S is the plane to origin distance and RMS D is the root mean
square deviation of the atoms defining the plane, from the
plane, in Angstroms. The plane equation is then
PX + QY + RZ = §
where X, Y and 7z are coordinates in Angstroms referred to

standard orthogonal axes,

o
(C) DEVIATIONS FROM PLANES (A)

PLANE NO, 1 2 3 b 5 6 7
ATOM

Br(1) - - - - - - -
N(2) -0,007 0,035 0,007 0,012 0,021 0,020 0,007
c(3) 0,001 0,060 0.015 0.008 0,012 0,009 0,007
c(4) 0,005 0,070 0,013 =0,001 =0,007 ~0,009 -0,003
c(5) 0.006 0,052 -0,004 =0,016 =0,029 =0,027 =0,024
N(6) 0.024 0,065 0,024 0,021 0,009 0,015 0,008
c(?7) 0.007 0,017 0.006 0,023 0,017 0,029 0,000
c(8) -0,014 -0.019 ~0,013 0,016 0,018 0.031 -0,010
c(9) 0,014 0,009 0,022 0,054 0,065 0,075 0,031
c(10) -0.007 0,004 0,005 0,028 0,041 0,047 0,012
c(11) -0,03%2 -0,005 -0,022 =0,010 -0,004 -0,000 -0,023
c(12) -0.0%1 =0,005 ~0,028 -0.020 -0.023 -0.,016 -0.035
c(13) -0.017 0,054 0,002 -0,009 0,001 -0,008 -0,003

c(14) 0.066 0,136 0,062 0,039 0,015 0.018 0,033



2.4 Discussion

The bond distances and angles obtained in the analysis of
2,4~dimethyl=1,5-benzodiazepinium bromide suggest that the
description of the structure in terms of the superposition of the
four equivalent resonance forms (I - IV) is essentially corfect.

The average of the six C-~C distances within the benzene ring
is 1.384‘1 0.020 X, in reasonable agreement with that reported for
crystalline benzene, 1.392 + 0,004 Z (Cox et al., 1958) and gaseous
benzene, 1.397 + 0,001 X (Stoicheff, 1954),

The C=N bonds within the seven membered ring fall into two
groups. The C(3)-N(2) and C(5)=N(6) bond lengths of 1.32 + 0,02 X
and 1.29 + 0.02 X respectively are shorter than the aromatic C-N
distance of approximately 1.34 - 1.35 X found in pyridine, pyrazine
and related compounds. These rather short C~N bond lengths suggest
contributions to the total structure from conjugation effects of
the type (I « IV). The C(11)=N(2) and C(12)-N(6) bonds, which are
adjacent to the benzene ring, are each 142 + 0,02 X in length; not
as short as the C(3)=N(2) and C(5)-N(6) bonds, although considerably
shorter than the single bond value of 1.46 = 1.50 X found in
hexamethylene~diamine (Brown, 1966) and in jamine (Karle and Karle,
1966), The C-N bond length of 1.42 X is in close agreement with
the values (1.42 + 0.02 2 and 1.419 + 0,008 X) found for comparable

bonds in the related molecules, 7-chloro-5-(2,4-dichlorophenyl)-k,5~
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‘dihydro=-1,4-dimethyl~3H~1,k4-benzodiazepin-2-one (Karle and Karle,
1967) and 3,5-dihydro-3-methyl-l,1-benzothiazepin-2(1H)=one=lb=oxide
(Thomas et al., 1969) respectively,

The shape of the seven-membered ring in the cation is similar
to that found in 1-methylamino-?-methylimino-1,3,5~cycloheptatriene
(Goldstein and Trueblood, 1967) with significant parallel trends
in the averages of chemically equivalent bond angles within the
seven-membered ring, The six atoms of the benzene ring are
approximately planar (mean déviation, 0.01 X) as are the atoms
comprising the seven membered ring (mean deviation, 0.02 K). These
two rigid groups of atoms impose co-planarity on all the atoms in
the molecule., The atoms comprising the molecule are indeed planar
(mean deviation, 0.02 X). The deviations of the atoms C(5), C(9),
c(11), ¢(12) and C(14) from this plane may be real, but in any event

are small,
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Chapter 3

The Crystal and Molecular Structure

| of

syn=3,7-Dibromo=-cis,cis~cycloocta=1,5~diene



3.1 Introduction

During the course of investigations into the synthesis of
hydrocarbons isomeric with octa-1,7-diyne, (Zabkiewicz, 1965)
attempts were made to prepare certain dibromocyclooctadiene
derivatives by the allylic bromination of cycloocta-1,5-diene with
N—brémosuccinimide. The oil obtained, on being chromatographed
over alumina, yielded a solid (C8H1OBr2) in the later fractions.

The structure (I) proposed by Cope et al., (1950) for the oil
obtained from an identical reaction was based on the characterisation
of its i.r. and u.v. spectra. However it appears that structure (I)
cannot be applied to this compound since attempts to prepare (I) by
allylic bromination of cycloocta-1,3-diene proved unsuccessful
(Cope and Estes, 1950).

On the basis of a direct spectral comparison (i.r., u.v. and
n.m.r.) between cycloocta-1,3~diene, 5~bromocycloocta~1,3~diene
and the solid dibromocyclooctadiene, Zabkiewicz, (1965) was led to
propose structure (II) for the dibromide. However the results of
spin decoupling experiments on the compound (08H1OBr2) isolated
from the allylic bromination of cycloocta-1,5-diene are somewhat at
variance with structure (II), (MacNicol, 1969).

In order to resolve the ambiguities concerning the structure

of the compound C8H1OBr2’ the present analysis was undertaken. This

has shown that the correct formulation of the structure obtained by
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allylic bromination of cycloocta-1,5~diene is 3,7-dibromocycloocta~

1,5=diene (III).
Br

Br ' Br

Br

Br Br

(1) : (11) | (111)
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. %42 Experimental

Crystal Data

syn-3,/-dibromo~cis,cis~cycloocta-1,5~diene

08H103r2 F.W, = 266.0

Orthorhombic, a = 19,64 X, b = 19.36 K, c = 4,78 X

o]
U = 1818 A3 F(000) 1024 electrons

1t

Dm = 1-94 gocm:3 Z = 8 DX = 1.9]"’4 g.cm:3
Space group: Fdd2 (C;i, No, 43)

[e] -
Linear absorption coefficient (Cu Ky, A= 1.5418 A) = 120 om |

The crystals used in this analysis were supplied by
Dr. J.A, Zabkiewicz. They consisted of colourless needles
elongated along the c-axis. Unit cell dimensions were obtained
from rotation and Weissehberg photographs (Cu K« radiation,

A= 1.5418 X) taken about the c-axis. The spaceﬁwas uniquely
determined from the systematic absences in the diffracted spectra
as Fdd2 (No. 43).

The intensity data were estimated visually from equatorial
and equi-inclination Weissenberg photographs of the hkO, ¢ s o o hkht
reciprocal lattice nets taken with Cu Kradiation. The multiple
film technique of Robertson, (1943) was used. The observed
intensities were reduced to structure amplitudes by applying the

appropriate Lorentz, polarisation and rotation factors (Tunell,
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1939). 470 independent structure amplitudes (Table 3.4) were
obtained, which represents 45 % of the data accessible to Cu K
radiation. HNo absorption corrections were applied in the analysis.
The data were initially placed on an approximately absolute
scalg by comparison with the first set of calculated structure
factors. The final scale factors were determined by least-squares

refinement.



3,3 Solution and Refinement of the Structure

From the observed density and unit cell volume, the number of
molecules present within the unit cell is eight. Since there are,
however, sixteen equivalent positions in the space group Fdd2, the
asymmetric unit of the structure is represented by one half
molecule, The molecule therefore occupies a special position
within the unit cell in which the two=fold axis of the molecule is
co=incident with that due to the space group symmetry.

In the space group Fdd2, the equivalent positions are:-

(x, ¥, Z), (~x, =¥, z), (%'X’ JLF*':)"’ %‘*Z)«) Gﬁxs %"’)ﬁ %*Z);
together with those generated by the F-centred Bravais lattice
given by:=

(x, 3+y, 3+z), (-x, -y, 3+2), (F-x, Z+Yy +z)y (3%, 3=V, 7+2);
(F+x, v, 2+2), (F-x, -¥, +z), (3-x, Yy 32D, (3+xy =¥, 2+2);

<32'+Xs %"’3’3 z), (%'Xs %"Ys z), (‘LBT"‘X3 %*3'1 T"I"'Z)y ('?T'*'Xa %“"y, Tz )
A heavy atom situated in a general position will therefore

give rise to the following set of vectors:-

+ (2x, -2y, 0) single weight,
+ (=2x, -2y, 0) single weight,
+ (F+2x, %, ) single weight,
+ (F=2x%, Z, ) single weight,
+ (%, #2y, %) single weight,
+ (3, +=2y, %) single weight,
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Thus in the three-dimensional Patterson summation there are six
dominant peaks. Two are on the Harker section at w = O and four
are on the Harker lines at v=7, w=Z2andu=4, w=42
respectively. Therefore any peak from the Harker section, or any
two peaks from each of the Harker lines will suffice to determine
the x and y coordinates of the heavy atom.

The asymmetric unit of the three-dimensional Patterson function
was calculated and interpreted on the basis of the analytical
functions given. The values obtained for the coordinates of the
bromine atom were:-

ATOM X/a Y/b Z/c

Br(1) 0.2331 0,0708 0,0000

A set of structure factors, based on the coordinates of the
bromine atom was calculated, and the calculated phase angles used
in conjunction with the observed structure amplitudes to evaluate
an electron density synthesis. The coordinates of the remaining
non-hydrogen atoms in the structure were obtained from this initial
electron density synthesis. Inclusion of the remaining four carbon
atoms in the structure factor calculation reduced the R-factor from
0.33 based on bromine alone to 0,271. A further cycle of Fourier
refinement reduced the R-factor to 0.267.

The structure was then refined in ten cycles of least-squares

P
minimisation of the function M = 2w(IF | = |F])% D.R. Pollard's
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least-squares program, (1968) was used in the initial stages of the
refinement. Eachreciprocal lattice net was given an individual
scale factor and each atom an individual isotropic temperature
factor. The observations were all given unit weight., After three
cycles of full matrix refinement the R-factor was reduced to 0.191.
A weighting scheme of the form

W = ']/(p,1 + lFol + pZ’FOlZ)

where Py = 2|17 |

ol min 204 P, = 5/'F0|maX was then applied and a

further cycle of least=-squares refinement reduced the R=factor to
0.186.

The Glasgow S.F.L.S. program (Cruickshank and Smith, 1965) was
then used to continue the refinement. On the assumption that the
data were on the same relative scale, an anisotropic thermal
parameter for the bromine atom and individual isotropic thermal
parameters for the carbon atoms were refined together with an
overall scale factor. As a result of allowing for the anisotropic
vibration of the bromine atom, a further two cycles of refinement
in which the block diagonal approximation to the normal matrix was
applied reduced the R-factor to 0.142. Individual anisotropic
thermal parameters were then assigned to all the atoms in the
structure and a further four cycles of least-squares refinement

reduced the R-factor to 0,112. The weighting scheme applied in the

last six cycles of least-squares refinement was of the form
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w = (1 - exp -pqsinze/kz)/(1 + pZIFO! + p3|F0|2)

where P, = 5, P, = 0,01 and = 0,001,

P3

No shifts greater than 0.20~ in atomic coordinates or thermal
parameters were observed in the final cycle of refinement. The
course of the refinement is summarised in Table 3.1.

Tables 3.2 and 3.3 contain the final values of the fractional
atomic coordinates and anisotropic temperature factors together with
their estimated standard deviations. The observed and final
calculated structure amplitudes are given in Table 3.4, Atomié
coordinates in Angstroms referred to orthogonal axes defined by X
parallel to a*, Y normal to a* and ¢ and Z parallel to ¢ are given
in Table 3.5, Tables 2,6 and 3.7 contain the bond lengths and
interbond angles in the structure fogether with their estimated
standard deviations. Table 3.8 lists the intermolecular contacts
between the atoms which are less than 4 X. In Table 3.9 the
equations of certain mean molecular planes through portions of the
molecule are given, together with the deviations of certain atoms
from these planes, Estimated standard deviations, where quoted, are
in units of the last decimal place of the quantity to which they
refer,

A moleculér drawing illustrating the numbering of the atoms in

the structure is shown in Fige 3.1. A view of the molecule

projected along a line in the mean planes through C(3), C(4), C(5)
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"and C(7); and through C(2), C(8), C(9) and C(10) is shown in

Figse 3.2 and 3.3 respectively., A view of the molecule projected
along a line through the mid-points between C{2) and C(3) and

C(7) and C(8) respectively is illustrated in Fig. 3.4. The general
packing of the molecules in the unit cell, as projected on (001) is

shown in Fig. 3.5,
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TABLES AND DIAGRAMS



FIGURE 3.1

A molecular drawing illustrating the numbering of the

non-hydrogen atoms of the molecule.,






FIGURE 3.2

A drawing illustrating the molecule projected along
a line in the mean molecular plane through C(3),

C(4), c(5) and C(7).






FIGURE 3.3

A drawing illustrating the molecule projected along
a line in the mean molecular plane through C(2),

Cc(8), €(9) and C(10).







FIGURE 3.4

AAdrawing illustrating the molecule projected along
a line through the mid~points between C(2) and C(3)

and C(7) and C(8) respectively.







FIGURE 3.5

The molecular packing viewed down the c-axis.







2,

TABLE 3,1
COURSE OF THE ANALYSIS

Fourier Refinement

S.F., Cycle No.

1
2
3
Least—squares
S.F.L.S.
Cycle No.
1
2
3
L
5
6
7
8
9

10

Atoms Included
Br
Br + 4 C

Br + 4 ¢

Refinement

Comments

Full matrix, individual isotropic
temperature factors, layer scales,
unit weights

As above, weighting scheme 1
applied

Block diagonal, Br anisotropicj
4 ¢ isotropic, overall scale
factor, weighting scheme 2 applied

"

As above, individual anisotropic
temperature factors

n

0.33
0.271

0,267

0,207
0.192

0.191

0,186

0.148

0.142

0.126
0,117

0,113

0.112



TABLE 3.2

FRACTIONAL COORDINATES AND E.S.D.S.

ATOM X/a Y/b z/c

Br(1) 0.23%39 + 1 0.0719 + 1 1,0000 + O
c(2) 0.2254 + 10 0.1557 + 10 0.7717 + 59
c(3) 0,1836 + 10 0.2096 + 10 049209 + 45

c(l) 0.1666 + 10 0.2691 + 12 0,74l + 73
c(5) 0.,2045 + 11 0.3263 + 10 0.6776 + 49



ATOM

Br(1)

c(2)
c(3)

c(4)

c(5)”

U11

0.0858
12

0.0677
8l

0.0614
78

0.0629
82

0.0722
102

TABLE 3.3

ve2

0.0697
10

0,0607

0.0701
86

0.0836
107

0.0606
88

0.04183 0.0195

0.0428 0.,0205

0.,0544 -0,0206

0.0545 -0,0017

ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

2031 2U12

0.0669 0,0034 0,0011 0,0003%

27 17

-0,0061 =0,0055
192 132

-0,0217 -0,0307
157 149

-0,0364 0,004k
224 162

-Oo 0323 -Oo 0034
184 151



TABLE 3.4

OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES
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F ooBs +

500,7
15,5
73,7
9.9
ALY}
12,9
18,1
14,2
249,4
6.5
66,1
13,4

caLc

50245
156,7
718
12,1
35,9
24,0
15108
99.0
275,42
RIS
68,1
23,1
164,9
43,9
LY
109
41,4
9.1
149,31
169,7
6204

273,0
85,7
145,4
18,1
52,4

1241
10,7

17349
15,4
4149
3,5

136, 4

LT

ERES

397
27,4
2841

FogBs

5048
12244
2748
286
77
3043
12142
80s2
13945
Tiaer
5148
517
40e9
54,0
14.3
LPEL]
14806
13142
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2343
5704
5240
5745

1040
1242
9943
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4607
7645
11red
48,0
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5346
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4943
15145
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1.8
6749
Jeal
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7004
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43,5
101,86
2140
17,y
1041
17,6
12545
Taen
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9346
69,4
39.>
35,41
3642
1247
98,3
169,06
12743
85,3
8.0
42.8
5343
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6.9
743

102,71
37,8
49,2
72,8

19747
45,3
1006
20,1
404>
7.
an,2

153,71
2348
S84

49,3

16,3
3340

17,
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3442
2848
43,2
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25,4

7045
45,5
1a,7



ATOM
Br(1)
-c(2)
c(3)
c(4)
c(5)

TABLE 3.5

ORTHOGONAL COORDINATES AND E.S.D.S.

L.59% +
L,h25 +
3.605 +
3.271

4.615 +

2

19

20

+ 19

22

+
no

14393 %
3,015 + 20

ko059 + 20

I+

5.212 + 24

6.318 + 19

L,780
3.689
L ko2
}.558
34239

I+

i+

28
22
35
23



Br(1)-

c(2)

-c(2)

c(3)
- c()

c(2)
c(3)
c(10)
C(4)
c(5)

BOND LENGTHS AND E.S.

1.963 + 23 A

1.507
14491
1.467
1371

TABLE 3.6

* 30
* 29
+ 35

+ 30

c(5) -

Br(6)-
c(?7) -
c(8) -
c(9) -

D'S.

c(7) 1.491 +
C(7)  1.963 +
C(8) 1.507 +
c(9) 1.467 +

C(10) 1.371

29 A
23
30
35
31



Br(1)-

Br(1)-

c(3)
c(2)
c(3)
c(4)

c(2)
c(2)
c(2)
c(3)
C(h4)
c(5)

c(3)
c(10)
c(10)
c(4)
c(5)
c(7)

INTERBOND

110.9
106.4
118.9
11343
130.2

128.3

[+

TABLE 3.7

ANGLES AND E.

17

13

17
21
20

21

o)

c(5) -
c(5) -
Br(6)-
c(7) -
c(8) -

c(2) -

5.D.S.

c(?7)
c(?7)

c(?7)
c(8)

c(9)

c(10)=~

Br(6)
c(8)
c(8)
c(9)
c(10)

c(9)

1064 + 13
118.9 + 17
11049 + 17
11343 + 21
130,2 + 20

128.3 + 21



TABLE 3,8

INTERMOLECULAR CONTACTS BELOW 4 K

. 0 o
Br(1)ee..Br(1) iv 3,72 A Br(1)....C(5) v 3.98 A
Br(1)ee..C(4) ii  3.92 Br(1)....C(4) i 4,00

Br(1)e...C(4) il 3.95

Roman numerals refer to the transformations of the fractional

coordinates given in Table 3.2.

i % + X, % - Y + Z3 iv % - Xy =¥ % + Z3

a1
I
ii % - Xy =5 + ¥, % + Z3 v % - X, % - ¥y 1+ 23

a1
e
iii - X, % + ¥, ~F + 2}



(C) DEVIATIONS FROM PLANES (3)

PLANE NO, 1 2
ATOM

Br(1) 1344  «1,705
c(2) 16374 0,001
cF5) 0.001 0,238
c(4) -0,00% 14583
c(5) 0.003 2,084
Br(6) 21,705 1,34k
c(?7) -0.001 137k
c(8) 0.238 0,001
¢(9) 1,583 =0.003

(D) DIHEDRAL ANGLES
PLANE A PLANE B [ AB



3,4 Discussion

Six crystal structure analyses of cycloocta=1,5=-diene metal
complexes have been reported; viz., di=-m-chloro~bis~(triphenyl~
phosphite)-(cycloocta-1,5~diene)-di~rhodium(l),‘Coetzer and Gafner,
(1970), cycloocta=-1,5-diene-rhodium(I) chloride, Ibers and Snyder,
(1962), cycloocta~1,5-diene~copper(I) chloride, Baird and
van den Hende, (1963), cycloocta-1,5-diene-duroguinone-nickel(0),
Glick and Dahl, (1965), bis-cycloocta=1,5-diene-nickel(0), Dierks
and Dietrich, (1965) and w-cyclooctenyl-F-cycloocta=1,5~-diene~
cobalt (0), Koda et al., (1971). 1In all six cases, the cyclooctadiene
molecule occurs in the boat or tub conformation with idealised
symmetry mm2 rather than the alternative chair form with idealised
symmetry 2/m. In each case, both double bonds are T~ bonded to a
transition metal atom and since this is only possible in the boat
form, these results do not apply, mutatis mutandis, to the
conformation of the uncomplexed diene.

Roberts, (1950) has shown from dipole moment measurements that
1,6-dichlorocycloocta=1,5-diene exists predominantly in the boat
form and, more recently, an electron diffraction study of gaseous

cycloocta=~1,5-diene (Hedberg and Hedberg, 1964) has shown that the

boat form predominates. On the other hand, dibenzocycloocta=-1,5-

diene is reported to possess the chair conformation in the

1
crystalline state (Baker et al., 1945), However the H n.m.r.
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spectrum of 1,2:5,6-dibenzocycloocta~1,5-dien~3-one is more readily
reconciled with a twist-tub than a chair conformation (Davies and
Graham, 1968).

In the present analysis the conformation adopted by the
347~dibromocycloocta~1,5~diene molecule is that of a twist-tub with
a diﬁedral angle of approximately 740 between the mean molecular
planes containing the olefinic double bonds. The observed
preference for the tub and twist~tub conformations in the complexed
and uncomplexed dienes respectively may indicate that an
energetically inexpensive pseudo-rotation, which would interconvert
mirror image twist-tubs, is possible.

Although the analysis was undertaken to determine the
stereochemistry and conformation of the dibromide obtained by
Zabkiewicz, the results ébtained‘éllow something to be said
concerning the geometry of the cycloocta=-1,5~diene ring. The
distinctive structural feature common to all cycloocta-1,5-dienes
sfudied, except where the magnitude of errors does not support such
conclusions, is that HC=CH-CH, angles adjacent to the double bond
are considerably and consistently larger than those normally
encountered in other unsaturated molecules. Examination of the
angles given in Table ii indicates that the average values of the
adjacent HC=CH-CH, and non-adjacent HC-CH,-CH, angles in free
cycloocta-1,5~diene are in good agreement with those found in

3,7~dibromocycloocta~1,5~diene.
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The two approximately equal single bonds adjacent to the
olefinic bond (1.47 + 0.04 X, 1.49 + 0.03 X) have an average value
of 1.48 K which is in reasonable agreement with the average value of
1.502 X found in free cycloocta=1,5~diene., The value of 1.51 X
for the single bond non-adjacent to the C=C double bond, is shorter
than that found in the other analysis although, in view of the errors
present, this is probably not significant. The olefinic bond length
of 1.37 + 0.03 ﬁ is in reasonable agreement with that found in
cycloocta=1,5~diene, viz.,1.34 X.

Thé bond lengths and interbond angles of the cycloocta-1,5-diene
ring are given in Tables i and ii respectively, together with

representative values taken from the literature for comparison.

Table 1

(Bond Lengths)

Type* cycloocta=1,5~-diene** 3,7=dibromocycloocta~1,5-diene
o) o

C4=C, 1.3%1 A 1,37 £ 0.05 A

- 1.47 + OQOL{'
C,~Cg | +

1. 02 (av.

C.=C 7 1.14'9 st 0.03

2""3 |

- 1.51 + 0.03
C3=Cy, 1,554 L4
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Table ii

(Interbond Angles)

Type* cycloocta~1,5~-diene** 3,7=-dibromocycloocta=-1,5-diene
-C._ - )
G1 02 C3 . 128.3 + 2.1
- 127.8” (av.)
CI+"C5"'C6 130.2 i 2.0
C..2--(13-CL+ 118.9 + 1.7
116.8 (av,.)
C,=~C, =C, . .
5=C),=Cs 113¢3 + 241

* The subscripted chemical designations are related to the

crystallographic notation as follows:=

o c(h) c c(7) C c(9) C c(2)

1

it
i
i
1

5
c(8) C6

7
c(10) Cg

3

c, c(5) Cy, c(3)

1
i
1
i

**  Hedberg and Hedberg, (1964)
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Chapter &

The Crystal and Molecular Structure
of

Dioscorine Methobromide




4,1 Introduction

The alkaloid, dioscorine, was first isolated by Boorsma,
(1894) from the tubers of Dioscorea hirsuta, Blume, found in Java.
The alkaloid was obtained in a crystalline condition by Schutte,
(1897) who also prepared several crystalline salts., In 1937, Leyva
and Gutierrez isolated an alkaloid from the tubers of Dioscorea
hispida, Dennst., found in the Philippine islands, which was
ultimately shown to be identical with dioscorine (Pinder, 1951).

On the basis of extensive degradative studies by Pinder and

co-workers, (1952 - 1963) the structure shown below was finally

postulated for the alkaloid,

CH3

\

N

(1)
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'In 1964, a synthesis of dioscorine by Page and Pinder gave a

product identical in all respects with the natural alkaloid.
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4,2 FExperimental

Crystal Data

dioscorine methobromide

G, H, ,BrNO, FJW. = 316,2
[o]
Monoclinic, a = 9477 Ay, b = 9.71 &, ¢ = 16,4k &,
/3 = 106,6°
(o]
U = 1494 A2 F(000) = 656 electrons
D = T.43 g.cm:3 Z =4 D, = 1,406 gocms”

Space group: C2 (Cg, No. 5)

o -
Linear absorption coefficient (Cu Kuy A = 1.5418 4) = 41 cm.1

The crystals used in this analysis were supplied by
Professor A.R., Pinder. They consisted of colourless plates. Unit
cell dimensions were obtained from rotation and Weissenberg
photographs (Cu K radiation, A = 1.5418 X) taken about the b-axis.
The systematic absences present in the diffracted spectra are
characteristic of the space groups C2 (No., 5), Cm (No. 8) and
c2/m (No., 12). Since the compound is optically active, the space
group is C2 (No. 5).

The intensity data were estimated visually from equatorial and
equi-inclination Weissenberg photographs of the hOl,...,h81
reciprocal lattice nets, taken with Cu K  radiation. The multiple

film technique of Robertson, (1943) was useds The observed
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intensities were reduced to structure amplitﬁdes by applying the
appropriate Lorentz, polarisation and rotation factors (Tunell,
1939)., 1481 independent structure amplitudes (Table 4.4) were
obtained, which represents 43 % of the data accessible to Cu K «
radiation. No absorption corrections were applied in this analysise
The data were initially placed on an approximately absoclute
scale by comparison with the first set of calculated structure
factors. The final scale factors were determined by least-squares

refinement.
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4,2 Solution and Refinement of the Structure

In the space group C2 the equivalent positions are:~

(xy v, 2)y (=%, ¥, =2);
together with those generated by the C-centred Bravais lattice
and given by:-

(%+Xs %*Y9 Z), (%‘X, %+y, ~Z)e
A heavy atom situated in a general position will therefore give
rise to a single vector set:-

+ (2x, 0, 2z),

on the Harker section at v = O.

The asymmetric unit of the three~dimensional Patterson function
was calculated and interpreted. The largest peak present on the
Harker section at v = O was chosen as the heavy atom vector. The
values obtained for the coordinates of the bromide ion were:~

ATOM X/a Y/b 7/c

Br(1) 0.2827 0.,5000 0.1310

A set of structure factors, based on the coordinates of the
bromide ion was calculated, and the calculated phase angles used

in conjunction with the observed structure amplitudes to evaluate

an electron density synthesis. The coordinates of all the remaining

non-hydrogen atoms in the structure were obtained from this initial

electron density synthesis. The different chemical species present

in the structure were differentiated on the basis of peak height and
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>knowledge of the chemical structure. Inclusion of the remaining
seventeen atoms (2 oxygen, 1 nitrogen and 14 carbon) in the
subsequent structure factor calculation reduced the R-factor from
0.46, based on the bromide ion alone, to 0.356., A further cycle
of Fourier refinement reduced the R-factor to 0.3%4,

The structure was then refined in ten cycles of least-squares
minimisation of the function M = Z:w(IFJ - lFCI)Z. D.R. Pollard's
least~squares program, (1968) was used in the initial stages of the
refinement., Three positional and one isotropic thermal parame%ers
for each atom and an individual scale factor for each reciprocal
lattice net were refined., Four consecutive cycles of refinement, in
which the observations were given unit weights and the full matrix
of the normal equations was evaluated, reduced the R-factor to 0.220.
A weighting scheme of the form

w=1/(o, + 1T} + p,IF | %)
where p, = 2|F ) . and p, = 2/IFO|max was then applied and a further
cycle of least-squares refinement reduced the R-factor to 0.203.

On the assumption that the data were now on the same relative
scale, the isotropic temperature factors were replaced by six
anisotropic temperature factors and the individual layer scale

factors by one overall scale factor. The refinement was continued

using the Glasgow S.F.L.S. program (Cruickshank and Smith, 1965).

Convergence was achieved in a further four cycles of refinement in
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which the block diagonal approximation to the matrix of the normal
equations was used. The R-factor at the conclusion of the analysis
was 0.165, The weighting scheme which was applied in the last four
cycles of refinement was of the form

w = (1 ~ exp -pqsinZQ/AZ)/(1 + p2|F0| + p3|FO|2)
where py = 5, Py, = 0,01 and p3 = 0,001 respectively.

In the final cycle of refinement the shifts in both positional
and thermal parameters were less than one third of the corresponding
standard deviations. The course of the analysis is summarised in
Table 4.1,

Tables 4,2 and 4.3 contain the final values of the fractional
atomic coordinates and anisotropic temperature factors together with
their estimated standard deviations. The observed and final
calculated structure amplitudes are given in Table 4.4, Atomic
coordinates in Angstroms referred to orthogonal axes defined by X!
parallel to a*, Y normal to a* and ¢ and 2! parallel to ¢ are given
in Table 4.5. Tables 4.6 and 4.7 contain the bond lengths and

interbond angles in the structure together with their estimated

standard deviations. Table 4.8 lists all intermolecular contacts

0 .
between atoms which are less than 4 A, In Table 4,9 the equations
of the mean planes through portions of the molecule are given,

together with the deviations of certain atoms from these planes.

Estimated standard deviations, where quoted, are in units of the
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"last decimal place of the quantity to which they refer.

A molecular drawing illustrating the numbering of the atoms in
the structure is shown in Fig. 4.7. The lactone ring projected
along a line in the mean plane through 0(2), 0(3), Cc(11), C(12)
and C(1%) is shown in Fig., 4.,2. The general packing of the
moleéules in the unit cell, as projected on (010) is shown in

Fig. 4030
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"last decimal place of the quantity to which they refer.

A molecular drawing illustrating the numbering of the atoms in
the structure is shown in Fig. 4.1. The lactone ring projected
along a line in the mean plane through 0(2), 0(3), c(11), C(12)
and C(13) is shown in Fig. 4.2. The general packing of the
moleéules in the unit cell, as projected on (010).15 shown in

Figo 4030
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PABLES AND DIAGRAMS




FIGURE 4,1

A molecular drawing illustrating the numbering of the

non-hydrogen atoms in the structure.






FIGURE 4.2

A molecular drawing illusﬁrating the lactone ring
prrojected along a line in the mean molecular plane

through 0(2), 0(3), C(11), ¢(12) and c(13).







FIGURE 4,3 |

The packing of the molecules as projected on (010).






T
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TABLE 4,1

COURSE OF THE ANALYSIS

Fourier Refinement

S.F. Cycle No,

1
2
3
Least-squares
S.F.L.S,
Cycle No,
1
2
3
4
5
6
7
8
9

10

Atoms Included
Br
Br + 14 C + N + 20

Br + 14 C+ N+20

Refinement

Comments

Full matrix, individual isotropic
temperature factors, layer scales,
unit weights

1t

As above, weighting scheme 1
applied

Block diagonal, individual
anisotropic temperature factors,
overall scale factor, weighting

scheme 2 applied

0.46
0,356
04334

0,257
0,234
0.224

0.220

0,206

0,203

0,178
0.168
0.166
0,165



ATOM

Br(1)

0(2) |

0(3)
N(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
C(13)
c(14)
C(15)
C(16)
c(17)
c(18)

TABLE 4.2

FRACTIONAL COORDINATES

X/a ¥/b
0,284 + 2 0.5121
0.5332 + 17 0.0754
0.7290 + 19 0.1211
0.2426 + 18 0,0307
0,1889 + 22 0,0345
0.3036 + 22 0.,0007
0.3851 + 24  =0.1200
0.4426 + 16 -0,1290

103991 + 21 0.0159
0.4663 + 21 0.,1222
0.4157 + 18 0,1363
0.6294 + 19 0.1745
0.,6078 + 17 0¢3123
0.4697 + 18 0.3608
0.3614 + 25 0,2673
0.4461 + 23 0.5302
0.1933 + 46 041453
0.1672 + 18 -0,1057

AND E.S.D.S.

|+

I+ I+ 1+ I+ 1+ 1+ 1+

I+

18
26
19
50
35
49
22
33
27
29
24
32
23
28
28
46
25

72/ c
0.1309
0.3887
0.4903

0.1519 +

0.2243
0.3089
043029
0,2294
0,1806
0.2397
0.3254
O.L374
Ol.k240
0,383k
063399
043754
0,0885

0.1002 +

x
+

+

=
X
x
X

“+

+ [+ 1+ 1+ 1+ 1+

1+

10
10
15
11

12
10
14
16
13
13
13
12
14
12
25
11



ATOM

Br(1)

.0(2)

0(3)

N(4)

c(5)

c(6)

c(7)

c(8)

c(9)

c(10)

c(11)

c(12)

c(13)

U111

0.0777
11

0.,0829
38

0.0760
92

0.0880
89

0.0543
90

0,084
102

0.0637
109

0.0465
69

0.0752
99

0.0523
87

0.0477
76

82

0.0356
69

TABLE 4,3

U22

0.0854
16

0.0509
88

0.1279
174

0.0032
85

0.1498
322

0.0643
o

0.2045
368

0,064
117

0.0534
132

0.0696
169

0,0746
155

0.0515
143

0.,0864
196

U33

0.0744
11

0.0586
68

0.0573
7k

0.0703
73

113

0.0541
(&

0.0352
75

0.0449
67

0.0907
117

0.0949
136

0.0725
101

0.0756
107

0.0641
95

2U23

0.0009
29

-0,0050
122

~0,0059
177

0.0048
123

-0,0260
351

0.0007
220

0.0213
259

0,002k
137
0.0609
274

223

0.,0485
203

-0,0015
174

0.0085
220

2031

0.0121
17

-0,0260
125

-0.0011
127

0.0095
127

0,0156
159

0,0235
140

0.0045
143

0,0077
108

0,0474
171

0.0322
171

0.0098
136

-0.,0048
143

0.0306
127

ANTISOTROPIC TEMPERATURE FACTORS AND E.5.D.8,

2U12

-0.0017
29

0.,0025
139

0.0504
199

0.0172
137

0.,0153%
298

0.,0017
256

0,0269
335

0.0048
140

"Oo 0343
255

169

0.0118
165

0.,0043
153

0.0174
179



c(14)

c(15)

c(16)

c(17)

c(18)

0.0537
80

0.,0806
121

0,088k
109

0.1349
255

0.0443
74

0.0537
135

0,0642
153

0.0375
142

0.0811
233

0.0780
147

0,0589
85

0,0645
103

0.,0663
92

0.1048
211

0.0012 0,0153
153 128

0.0074 -0,0149
189 17%

0.0463 0,03%79
196 158

0,0409 0.0177
375 365

0.0586 -0,0334 -0,0015

86

167 127

0.0321
150

0.0183
215

0.,01953
211

-0,0202
Lo2

-0.,0245
154



- TABLE bk

OBSERVED AND FINAL CALCULATED. STRUCTURE AMPLITUDES




Pe

Fo

Pe

Fo

Fe

Fo

H

Fo

Fo

K L Fo Pe
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ATOM
Br(1)
0(2)
0(3)
N(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)

c(12)

Cc(13).

C(14)
c(15)
c(16)
c(17)
c(18)

TABLE 4,5

ORTHOGONAL COORDINATES AND E.S.D.S.

X
2.663
k.992
64825
2,271
1.769
2.842
3.605
Ly 14k
3737
4,365
3.892
5.893
5.690
4,397
3.383
b o177
1.810

I+

[+

I+

I+

|+

I+

I+

[+

I+

i+

1.566 +

16
18
17
21
21
23
15
20
20
17
18
16
17
2
21
43
17

ko973
0,732

1.176 +

0.299

04335 +
0.007 +

~10166 i

14253

0,154 +

14186 +

14323
1.695
3,033
3.503
2.596
5.148
1e411

-1.026

1+

i+

I+

I+

17
26
18
48
34
by
22
32
26
27
23
31
22
27
27
45
2h

71
14359 +
4,902 +
6.025 +
1.819 +
3,160

1+

4,229 +

3903

I+

2,536 +
1.854 +
2.639
4,188

]+

I+

543k +
5.273
4,991
be579
4,926 +

I+ I+

I+

00916 i

1.180 +

2
16
17
17
24
18
20
16
22
26
22
23
20
19
25
20
42
19



0(2)
0(2)
.0(3)
N(4)
N(4)
N(4)
N(4)
c(3)
c(6)
c(6)

c(11)
c(12)
c(12)
c(5)
c(9)
c(17)
c(18)
c(6)
c(7)
c(11)

TABLE 4.6

BOND LENGTHS AND E.S
1.438 + 26 & ¢(7) -
1.422 + 27 c(8) -
1.219 + 28 c(9) -
1,432 + 29 c(10)=-
1,473 + 26 c(11)=-
1,505 + 47 c(12)=
1.631 + 29 c(13)-
1.551 + 32 c(14)-
1,436 + 51 c(14)-
1.684 + 38

.D'St

c(8)

c(9)

c(10)
c(11)
c(15)
c(13)
C(14)
c(15)
c(16)

1472 +
1.615 +
Toh4h1 +
1.625 +

1,425 +

1,363 +

1.405 +
1.422 +

1,661 +



c(11)

c(5)

c(5)

c(5)

c(9)

c(9)

c(17)~
N(4) -
c(5) -
c(5) -
c(7) -
c(6) -
c(7) -
N(4) -
N(4) -
C(8) -

0(2)
N(4)
N(4)
N(4)
N(4)
N(4)
w(h)
c(5)
c(6)
c(6)
c(6)
c(7)
c(8)
c(9)
c(9)
c(9)

c(12)
c(9)
c(17)
c(18)
c(17)
c(18)
c(18)
c(6)
c(7)
c(11)
c(11)
c(8)
c(9)
c(8)
c(10)

c(10)

1131
109.2
115.8
103.7
11341
1111
1034
1134

11246

1044 +

10745
117.0
104 .4
110.3
11241

10645

INTERBOND

[+

+
+

+

+
+

+

I+

I+

18°

16

26
21
23
17
21
18
23
2k
19
27
22

19

TABLE 4,7

ANGLES AND E,S.D.S.
€(9) - ¢c(10)=~
0(2) - ¢c(11)=-
0(2) - ¢c(11)-
0(2) - ¢(11)-
c(6) -~ c(11)=
c(6) = c(11);
c(10)- ¢(11)~
0(2) - c(12)=
0(2) - ¢c(12)~-
0(3) - c(12)-
c(12)- ¢(13)-
c(13)~ c(1h)-
c(13)- c(14)=-
c(15)- C(14)-
c(11)=~ €(15)=

21
18

c(11)
c(6)

c(10)
c(15)
c(10)
c(15)
c(15)
0(3)

c(13)
c(13)
C(14)
c(15)
c(16)
c(16)
c(14)

116.9 +
98.2 +

10245

1+

120.3

1+

98,0

1+

118.0 +
116.1 +
112.2 +
121.8 +
126.0 +
119.3 +
120.1 +

1175

[+

121.8 +

11343 +

19
18
15
20
16
17
21
21
18
22
20
22
19
18

20



TABLE 4.8

o
INTERMOLECULAR CONTACTS BELOW L4 A

0(3)e0s0sC(16) v 33k A 0 c(12)....0018)  iii 3.81 &
C(16)44..0(3) vii  3.42 Br(1)....C(5) iv  3.82
0(3)eesesC(15) iii 3,46 C(13)ees.C(15) dii 3,83
0(13)..;.0(14) iii 3.49 C(13)....C(7) iv. 3.85
C(13)....0(3) vii 3,50 C(18)....Br(1) i 3.87
C(13)....C(6) iv 3,56 0(2)eeens 0(2)  iii  3.89
C(7)ee.esC(16) i 3.59 c(16)....c(5) iv. 3.89
0(3)ese..C(6)  iii 3,60 Br(1)....C(17)  vi  3.90
c(12)....C(12) iii  3.69 C(12)s...C(13) idii  3.92
0(2)ssesa0(3) iii  3.69 C(18)4...C(18) ii  3.92
0(3)ee...C(11) iii  3.69  €(16).,..C(16) 1iii  3.93
C(13)....C(13) idii  3.70 C(16)....C(6) iv 3496
C(14).ovaC(id)  didi 3.71 C(8)sssseBr(1) i 3.97
C(12).,..C(15) dii  3.75 0(3)eeeesC(1l) ddii 3.97
0(2)s....C(12)  dddi 3.77 C(th)eea 0(3) vii 3499

C(12)....C(16) v 3.79

Roman numerals refer to the transformations of the fractional

coordinates given in Table 4.2.



i x, =1 + ¥, Z3 v %+X, "%*’y’ Z3

ii -X, ¥ -z vi F-x, %+, -z
iii 1 - x, yo 1 =25 vii 1% -x, % +y, 1 - z;
s 1 1 .

1V 5 t+ X, T+ ¥y VA

The transformations are applied to the coordinates of the

second atom in each case.



TABLE 4,9

MEAN MOLECULAR PLANES

(A) ATOMS DEFINING PLANES

PLANE NO,

A

wm W

ATOMS
N(4),
c(6),
c(6),

0(2),

c(12),

(B) PLANE EQUATIONS

PLANE NO.

1

v W

P
-0,1432
-0,8411
-0,7482

0.5296

0.3032

DEFINING PLANE

C(5), €(6) and C(9)

c(7), C(8) and C(9)

c(9), €(10) and C(11)

0(3), ¢(11), ¢c(12) and C(13)

Cc(13), C(14), €(15) and C(16)

Q R S RMS D
-0.9852  ~0,0938 -0.8352 0,037
-0.4258 =~0.3335 =-3.8168 0,016

0.6125 ~=0.2551 =3.1897 0.018
-0,0220 =~0.8479 =1,5231 0,004

0,0195 =0.9527 =3.3126 0,0k

P, Q and R are the direction cosines of the plane normal,

S is the plane to origin distance and RMS D is the root mean

square deviation of the atoms defining the plane, from the

plane, in Angstroms.

The plane equation is then

PX + QY + RZ = 8

where X, Y and % are coordinates in Angstroms referred to

standard orthogonal axes.



[e]
-(C) DEVIATIONS FROM PLANES (A)

PLANE NO,
ATOM

Br(1)
0(2)
0(3)
N(4)
c(5)
c(6)
c(?)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(1b)
c(15)
c(16)
c(17)
c(18)

1

0,045
-0,045
0,025
1,101
1.238
-0,026
-1,206

-1.418

2

1,173
14133
0.013
-0,021
0,019
-0,010
-1.240

-1.417

14209
1.266
~0,012
=-1.217
~1.325
0,015
~0,023

0,020

-0,005

0,003

14571
0400k
~0,001
~0.001
~0.457
-0.625

=0.555

0,170

~04335

2.145
0.528
-0,045
0.073
-0,041
0,027

-0,014



(D) DIHEDRAL ANGLES

PLANE A PLANE B / AB
1 2 55.2°
1 3 61.8
1 4 88.6
1 5 88.5
2 3 63.0
2 b 81.2
2 5 86.9
3 L 7849
3 5 88.4-
L 5 k.5



4,4 Discussion

Although the main structural features of the alkaloid have
been determined, the stereochemistry of the attachment of the lactone
group was not unambiguously established (Page and Pinder, 1964),

The X~-ray analysis of the methobromide derivative of dioscorine was
undef&aken to confirm the structure assigned and to establish clearly
the relative configuration of the lactone ring linkage.

The limited accuracy achieved in this analysis precludes
discussion of the individual bond lengths, valence angles and the
effects that small changes in these features would have on the
molecular geometry. The agreement between the observed and final
calculated structure amplitudes (Table 4.4), however, indicates
that the gross molecular structure is correct and that limited
information concerning the conformation of the lactone ring may be
derived,

Dioscorine consists of an iso-quiﬁuclidine residue to which an
unsaturated & -~ lactone is spiro linked., The individual values of
the bond lengths and valence angles obtained for the molecule do not
differ significantly from accepted values apart from the angles at
C(11), where it would be expected that bond deformation would occur
to reduce the strain in this region of the molecule due to the spiro
linkage. The angles at C(11) fall into two categories; those less
than the tetrahedral angle, 0(2)-C(11)-C(6) (98%), 0(2)-c(11)-c(10)

(103°) and C(6)-C(11)=C(10) (98°) and those greater than the

-111=-



“tetrahedral angle, 0(2)-C(11)-C(15) (120°), C(6)-C(11)-C(15) (118°)
and C(10)=C(11)~C(15) (116°),

The lactone ring adopts a flattened half-boat conformation in
which caerbon atoms C(14) and C(15) of the lactone ring are displaced
to the same side of the plane containing the lactone group. Atoms
0(2), 0(5); C(11), C(12) and C(13) are strictly planar. The
deviations of the atoms from the best plane through these atoms are
all less than 0,005 X and the average estimated standard deviations
of the positional parameters of these atoms is 0.02 K. Atoms C(14),
C(15) and C(16) are out of the best plane through these atoms by
0.46, 0,63 and 0.56 K respectively, on the same side of C(11) as
c(6).

Mathieson, (1963) has shown that a planar constraint on four
atoms of a six-membered ring can lead to either a half-boat or a
half-chair conformation and in the case of a lactone group, it has
been inferred that this constraint imposes a half-boat conformation
on the six-membered ring, However Cheung et al., (1965) have
suggested that § - lactones adopt the half-chair conformation if
free to do so and that the half-boat conformation only arises in
response to special circumstances. In the present case, the
inclusion of a second vnlanar group within the six-membered ring
precludes the half-chair conformation from consideration on steric

grounds.,

-112=-
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