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Summary.
The thesis is divided into three parts: the first part

i1s a brief review of the theory and methods of X-ray
crystallography and the second and third parts contain
examples of the applicatlon of the heavy atom method to
structural problems in organic and organo-metallic chemistry
respectively.

The widespread occurrence of 4,4-dimethyl substituted
3-keto-5K ~sterolds and triterpenoids in nature and the
high degree of substitution in ring A of these compounds
has aroused interest in the conformation of ring A. In
order to obtain quantitative information about the effect
of the 1-3 interactlion of the axial methyl groups on the
conformation of ring A, the crystal structure analyses of
3-keto-4,4-dimethyl—5m~-androstane-17‘3—1odoacetate and its
19-nor analogue have been completed and are contained in
part II of thils thesis. The analyses establish that, in
the solld state, ring A adopts a partially flattened chair
conformation in the former case and an undistorted chair
conformation in the latter.

Part III contalns the crystal structure analyses of
three compounds, viz. triphenyl arsenic dihydroxide,
triphenyl arsenlic hydroxychloride and triphenyl arsenic
hydroxybromide. These compounds are produced by eilther

complete or partial hydrolysis of the corresponding



triphenylarsine dihalldes and have been formulated as

Ph As(OH) , Ph As(OH)Cl and Ph As(OH)Br respectively. By
anglogy with o%her compounds cgntaining penta-coordinate
group VB elements, these compounds have been assumed to
adopt a trigonal bipyramidal structure. The crystal structure
analysis of the dihydroxide establishes that, in the solid
state, the compound is, in fact, triphenylarsine oxide
monohydrate. The analyses of the hydroxyhalides establish
that the halogen 1s not bonded to the arsenic atom in either
case gpd that the compounds are more correctly formulated as
71;1 adducts of triphenylarsine oxide and the corresponding
halogen acid. The compositlion of the adducts is maintained

by a very short 0...Halogen hydrogen bond.
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1«1 Introduction.

By the first decade of this cenbtury, classical
crystallography had bszen developed to such a spage that it
was possible to derive the crystal class and the three-
dimensional symmetry of a crystal by examinétion of its
external morphology. Further development of the subject was
made possible by von Laue’s realisation in 1912 that X-
radiation has a wavelength of the same order of magnitude as
the distance between adjacent atoms in solids. A crystal
will therefore diffract X-rays in much the same way as a
diffraction grating diffracts light. The science of
crystallography has now become slmost totally concerned with
interpretation of the diffraction patterns produced when a
crystal is Irradiated with monochromatic X-rays.

Since the angles of diffraction are dependent on the
lattice translations of the crystal and the X-rays are
diffracted by the electrons present in the crystal, it is
now possible to determine, from the diffraction pattern, not
only the symmetry of the crystals, but also the electron-
density distribution and the atomic positions.

The method of X-ray diffraction found immediate success
in the structures of iohic crystals but molecular structures
preoved to be a much more complex prcblem. The major advance

in the study of molecular crystals came with the realisation
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that an atom, or group of atoms, which would dominate the
scattering would reduce the complexity of the problem.

This method, known as the heavy atom method (section 1.6.1),
has been used to great effect in solving complex structures
of many classes of compounds, e.g. stercids, terpenes and
proteins.

The advent of the electronic computer has eased the
burden of calculation which was placed on the crystallcographer
by the size and complexity of the calculations involved in
the Interpretation of the diffraction pattern. In some cases,
with suiltable programming, it has bacome possible toc collect
the diffractlon data and solve the sﬁructure automatically.

Crystallography, in its present state of development,
has become one of the most powerful methods avallable for
detailed study of structure and bonding in molecules and has
been the catalyst for the development of many different flelds

of study.



1.2 Geometry of X-ray Diffraction.

Consider a beam of monochromatic X-rays of wavelength
falling on a crystal, the direction of the incident beam
being defined by the unit vector \s (fig. 1.1). Let the
beam be diffracted in the difectionoof the unit vector As.
The path difference between the waves scattered at a point A
and those scattered in the same directlon at the origin O,
ls then,

0B - AC = Ar.s - Ar.s = Ar.s (1)
o A
where r 1is the vector position of A relative to the origin

and S = s ~ 8 . The vector S defines the spatial

o)
relationship of the lncldent and diffracted beams and it

can be seen (fig. 1.2) that, if the angle between the

incident and diffracted beam 1s 20,
Isl= 2sin /). (2)

The path difference Ag.g corresponds to a phase
difference of 27r.S.

If the electron content of fhe volume element around A
is F)(g)dv, the scattered wave, relative to a wave scattered
'by a single electron at the origin, is defined, both in
amplitﬁde and phase, by .

G (8) = P(r)av.exp2mir.s. (3)
A

-3~



Fig.1.2



In a crystal wlth lattice translatilons a,b and ¢, the
electron-densities at all points B, defined by the vector

egquatcion

R=>r+u + Vvb + wc v (4)

where u;v and w are integers, will be identical because of
the perilodicity of the electron density. The wave scattered

in the direction Ag_from any one of these points 1s therefore

G (8) = fD(g)dV.exp21tiB.§.

B

G (8).exp2mi(ua + vb + wc).S. (5)
A .

The path difference between the waves 1is therefore
A(ua + vb + we).S. For the scattered wave to have maximum
intensity, the path difference must be an integral number

of wavelengths. That 1is
Aua + vb + we).S = n A (6)

where n 1s an integer, for all values of u,v and w. Hence

a.§ =
.S = k (7)
c.8=1

where h,k and 1 are Integers must also hold. The equations

.



(7) are xnown as the Laue Equations.

a.S = h represents a set of plsnes perpendlcular to a,

with mutual separation 1/{a|. Similarly b.S = k and c.S
represent sets of planes normal to b and ¢ respectively.
Since a,b and c are never parallel, the Laue equations (7),
represent three sets of planes which Intersect to form a

lattice, which is known as the reciprocal lattice. If the

primitive translations of the reclprocal lattice are a*,b*

and c*, The reciprocal lattice 1is then defined by

S = ha* + kb* + lc* (8)

From equations (7) and (8), it is apparent that a* is
normal to b and ¢, and that the projection of a* upon a is
1/[@(. Similar results follow for b* and c*. The primitive
translations of the reciprocal lattice are related to those

of the real space lattice by

a* =bxc/V
b* =c¢ X a /V (9)
¥ =axd/NV

where V is the volume of the unitAcell in real space.

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

a/n.s = b/k.S (10)

I
o
™~
—~
n
il



By definition, a/h, b/k and ¢/1 are the intercepts on the
crystal axes of a plane with Miller indices (hkl). Since
the projections of tThree points in the plane on S are equal,
S must be normal to the plane and |S| = 1/d where d

: hk1l hk1l
1s the origin to plane distance. Substituting in (2) for
|s|yields

A=2d4d sin®B. | (1)
hkl
Since § 1s normal to the plane with Milller indices (nkl),

§ and s make equal angles wilth the pliane (fig. 1.2). In
tﬁis manner, diffraction may be regarded as reflection from
the crystal plane with Miller indices (hkl). This treatment
was first derived by W.L.Bragg (1913) and allowed
interpretation of the Laue equations (7) by reducing their

complexity.



1.3 The Structure FachLor.

The wave, G(3), scattered by the entire contents of

one unilt cell 1s completely defined by
G(S) = fp(;-_) exp 21l r.S 4V - (12)

where the integral 1s taken over the volume of one unit cell.
G(§) is the Fourler transform of the electron-density
distribution,

If the unit cell contains N atoms, the vector position

th _
of the n atom 1s defined by

E ==_}_(__ +z + z l (13)
n n n n
where x ,y and z are the atomic coordinates. The total
n n n . th
wave scattered from the n atom with respect to the origin
of the unit cell 1s then

//o(_r;) exp 2i(r + _r-_ ).S av
n

n

= //O(_r_) exp 2ti r.S dV exp 21 r .S. (14)
n n

The total wave scattered by the unit cell may be
regarded as the sum of the waves scattered by the N

individual atoms and i1s therefore

N
G(s) =% flo (r) exp 21 r.8 dV exp 21 r .8. (15)
1 n n



The function

() = j/O (r) exp 21 £.8 4V (16)
n n

is The Fouriler transform of the atomic electron density and

1s known as the atomic scattering factor. If the atom is

assumed to be centrosymmetric, the function f (S) is real, if
the origin of r has been taken at the centre gf symmetry; if
spherical symmetry 1s also assumed for the atom, f)(z) is a
functicn only of r. Therefore f (S) 1s a function gnly of
Is| = 2 sin 8/A (from (2)).

The function f (S) defines the wave scattered from a
point r in the atom? relative to that scattered by a single
electron. The phase differences between the waves arise from
the finite volume occupied by the electronic distribution of
the atom and are a function only of the scattering angle.
Hence as S| tends to zero, f (S) tends to Z, the atomic
number. As the angle of diff?action increases, the phase
differences become larger and the scattered beam becomes
weaker; that 1s the scattering factor becomes less than Z.

Since f)(f) is known accurately only for the hydrogen
atom, the sca?tering factors for otner atoms are, in general,
only approximate. Values for atomic scattering factors,

calculated on the assumption of spherical symmefry for the

atoms, may be found, for example, in International Tables
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for X¥-ray Crystallography, Volume III, (1962).
Substitution of (16) into (15) yields
N
G(S) =>.f (S) exp 2wir . S. (17)
1 n n '
The total wave scattered by the crystal has an

appreciable amplitude only when the Laue equations (7) are

simultaneously satisfied; that 1s, when

S = ha* + kb* + 1lc*. (8)

Equation (13) may be rewritten as

r =xa+yb+zc (18)
n n n n

where x ,y and z are the fractional coordinates, with
_ n n n th
respect to the crystal axes, of the n atom. Substitution

of (18) and (8) into (17) leads to

N
G(S) =2, (8) exp 2mi(hx a.a* + kx a.b* + 1x a.c*
1 n n n n
+ hy b.a* + ky b.b* + ly b.c*
n n n
+ hz c.a* + kz ¢c.b* + 1z c.c¥). (19)
n n n

From the definition of the reciprocal latfice, it can bs
shown that a.a* = 1 and a.b* = a.c* = C. Simllar results

hold for b and c¢. Hence (19) becomes

N
G(S) = F(hkl) = 3¢ (8S) exp 2wi(hx + ky + 1lz ) (2¢)
1n n n n

_9..



Thus the structure factor, F(hkl), is a special value of

the Fourier transfcym of the electron~density distribution
which can only be observed when the Laue equations (7) are
satisfied, that is, when the total wave scattered by one unlt
cell has a non-zero amplitude. The structure factor then
describes the amplitude and phase of thils wave and therefore,
since all unit cells must scatter in phase, of the total

wave scattered by the crystal. F(hkl) is a complex quantity

and may be written

F(hkl) = G(S) = A + 1B (21)
where
N
A= 3,f cos 27t(hx + ky + 1z ) (22)
1T n n n n
and
N
B= 2 f sin 2w(hx + ky + 1z ). (23)
1 n n n n

The modulus of the structure factor, ]F(hkl)}, which 1s
known as the structure amplitude, and the phase angle K (hkl)

are then defined by

2 2 1/2
(A +B) (24)

|F (nx1)]

o
& (hkl) = tan B/ A. (25)

-10-



If the origin of the unit cell is taken at a centre of
symmetry, the Fourler transform of the electron density, and
»therefore the structure factor, is real; that is, B = C and
the phase angle ol (hkl) i1s restricted to Go or 1800.

The atomic scattering factor (16) 41s normally
calculaﬁed for the 1isolated atom at rest, and thermal
vibration therefore has no effect. In the crystal, however,
the effect of thermal vibration of the atoms becomes
important, since it causes atoms which should scatter in
phase to scatter slightly out of phase reducing the
amplitude of the scattered wave. This corresponds to the
electron density of the atom in the crystal appearing to be
more diffuse than that of an isolated atom. Waller (1927)
has shown that the scattering factor for an atom vibrating
isotropically is related to that of the atom at rest by

2 2 ’
f =17 exp(-B sin 8/ \) (26)
T o
where f is the scatltering factor of the atom at rest. B,
the temgerature coefficlent, may be evaluated from heat
capacity data (Debye, 19143 Waller, 1923) and has a value

2
B=8TU | (27)

2
where U = U, the mean square amplitude of vibration of

the atoms.
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The Debye-Waller correction for thermal vibration (26)
assumes that the atoms are vibrating equally in all
directions, that is, that the spherical symmetry of the atom is
maintained. In general, however, atoms vibrate with different
amplitudes in different directions and the electron density
is smeared over a small anisotroplic volume which may be
regarded as a triaxial ellipsold. Each non-equivalent atom
may then be described by a different ellipsold and the
ellipsoids will, 1n general, be differently orientated. The
vibration of the atom may then be described by a symmetric
tensor U, wlth six independent components, such that the

mean square amplitude of vibraticn in the direction of a

I

unit vector 1

1 +1 +1 1is
1 2 3

2 3
u o= 5 U .1.1 (28)
i=1 ij 1 3

Moo

where U and 1 are defined with respect to the reciprocal
axes a*,b* and c¢*. The modified scattering factor for an
atom vibrating with anisotropic motion is then given by
2 2 2 2 2 2 2
£f =1 exp[l-27 (U ha* +U kb* +U 1c*
T o 1 22 33

+ 20 klb*.c* + 2U 1lhc*.a* + 2U hka*.b*)]  (29)
23 31 12

where £ 1s the scattering factor for the atom at rest

Q
(Cruickshank, 1965).

~-12-



1.4 Fourier Series Revresentation of the Electron

Density.

Since the electron density function.FKz) is perilodic in
three dimensions, 1t can be represented by a three-
dimensional Fourier series. If u,v and w are integers and

X, ¥y and z fractional coordinates,

_ +oo
IO(_I:_) = /D(xyz) =3 Y ¥ A(uvw) exp[-2wi(ux + vy + wz)]. (30)
uvw
- 00
The structure factor F(hkl) is the Fourler transform of the

electron density‘kayz). Therefore
17171
F(hkl) = V]‘].[F(xyz)exp 2wi(hx + ky + 1z)dx.dy.dz. (31)
C COC

Substituting for fD(xyz) in (31) and rearranging yields

+%° A Aan :

F(hkl) =V Z:Z:['é‘g.A(uvw)expzﬂti(h - u)x.exp2mi(k - v)y
uvwoGCOCO
-QQ

X exp2 wi(l - w)z.dx.dy.dz. (32)

The triple integral in (32) has a value of zero unless h = u,
k =vand 1 =w., When the conditions h = u etc. are

satisfied, the integral has the value

F(hkl) = V.A(uvw) | (33)

-13-



which gives

2. F(hkl) exp[-2mi(hx + ky + 1z)] (34)
l .

[

on substitution in (3C). Thus the electron-density
distribution 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.

-1l



1.5 Factors Affecting Intensity.

The total energy E(hkl) which is reflected from the
crystal plane with indices hkl when a crystal rotates with
uniform angular velocity about an axils normal to the incident
X~-ray beam 1s given by

o .

E(hkl) = K.L(hk1).p(hk1).|F(nk1)| (35)

whefe K 1is a constant for the experiment. The value of K is

gilven by

K = . (36)

where I 1s the intensity of the incildent beam,
N 1s the number of unit cells per unit volume,
A is the wavelength of the X-radiation,
dVv is the volume of the crystal,
e 1s the electronic charge,
w 1is the angular velocilty,
m 1s the mass of the electron,
¢ 1s the velocity of 1light.

The Lorentz Factor, L(hkl), allows correction for the

varying angular velocities with which the reciprocal lattice

points pass through the surface of the sphere of reflection

-15-



and 1is therefore dependent on the experimental condltions.
Since the angular velocity of the planes 1s dependent on
the angle between the incident beam and 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 equi4inclination Welssenberg

geometry is given by Tunell (1939) as
2 2 -1/2 -1

L(hkl) = sin@.(cos/u - cos ©) .(sin2®) (37)
where‘/u 1s the angle between the incident beam and the plane
normal to the rotation axis c¢f the crystal.

If the X-ray beam incident on the crystal is unpolarised,
the electric vector of the beam will be randomly orientated.
Consideration of the geometrical conditions necessary for
reflection from a plane shows that the component of the
electric vector normal to the reflecting plane will be
reduced by an amount which is proportional to the reflecting
angle ©. This corresponds to a partial polarisation of the
diffracted beam and results in a reduction of 1ts intensity.
The correction for this effect, which is independent of

experimental conditlons, is
p(hkl) = (1 + cos 2€) / 2. (38)

Expression (35) relates the energy of the diffracted

~-16-



beam and the modulus of the structure factor |F(nkl)l .
Since the Intensity of the bsam is proportional to the
energy, (35) may be rewritten

o .

I(nk1l) A K.L(hkl).p(hkl). [F(ni1) . (39)

The intensity of the diffracted beam may be measured
either from the blackening produced on a photographic plate
or by monitoring the diffracted beam with a quantum counter.
The set of structure amplitudes ]F(hkl)l may, therefore, be
measured experimentally but only on a relative scale.
Several methods have been proposed forkplacing the structure
amplitudes on absolute scale; for example, by comparison
with a standard reflection from a standard crystal
(Robertson, 1934), from the decrease in the average structure
amplitude with increasing scattering angle (Wilson, 1942) or
by comparison with the calculated structure amplitudes for
the correct structural model.

In the above discussion some factors of geometric origin
which cause a reduction In the intensity of the diffracted
beam have been considered. The intensity of the diffracted
beam, however, 1s also affected by physical factors which
depend on the nature of the crystalline material under

examlnation. The most Ilmportant of these factors are

absorption, primary extinction and secondary extinction.

-17-



Since X-radiation 1s absorbed by matter, there will be
a reduction in the intensity of the emergent beam in
comparison with that of the incldent beam when X-rays travel
through a crystal. The relationshlp between the intensities

of the incident and emergent'beams is given by

~Mt . v
I=1I e H (40)
o '

where I 1is the intensity of the incident beam,/u is the
linear gbsorption coefficient of the material and © 1s the
distance the beam travels through the crystal. Since the
path length through an irregularly shaped érystal will, in
general, be different for each plane which satisfies the
Bragg reflecting conditions, correction for absorption
becomes extremely difficult. The effects of absorptilon,
however, can be greatly reduced by seleption of extremely
small crystals and a sUitable wavelength of X-rays.
Consider a beam of X~rays incident on a crystal plane
which 1s in such an orientation as to saﬁisfy the conditions
of Bragg reflectlion. The reflected beam from this plane
will be directed at suéh an angle as to satisfy the
reflecting conditions for othef members of the stack of

planes and may therefore be reflected back into the incident
direction. Since the incident and the multiply reflected

;18-



beam will be exactly out of phase, the intensity of both the
Incident and the reflected beams will be reduced. This

effect is known as primary extinction.

Secondary extinction arises from attenuation of the

incident beam, as it penetrates the crystal, by planes which
satisfy the reflecting conditlons. The intensity of the bteam
incident on a crystal plane 1s therefore the intensity of

the Incident beam less that which has been reflected by any

prlane preceding the plane under consideration.

-19-



1.6 The Phase Problem.

It has been shown (section 1.4) that the structure

factors F(hkl) are related to the coefficients of the Fourier

®

series which represents the electron-density distribution in
the crystal. The structure factors are complex quantities
which are characterised by an amplitude lF(hklﬂ and a phasc
angle ¢ (hkl). At the present time, methods of observing the
relative intensitiles of the diffracted bheams, which are
related to the structure amplitudes by (39), are well

established but no experimental method of observing the

relative phase angles has been discovered. The science of
X-ray crystallography is therefore concerned primarily with
attempts to determine the phase angles of the diffracted

beams. Thils constitutes what 1s known as the phase problem

in X-ray crystallography and although many ways of overcceming
Vthis problem have been developed, none of them guarantees
success.

The earliest structure solutions were done on a trial-or-
‘error basis in which a structural model was proposed and the
correspending structure amplitudes compared with the observed
valuss. This approach proved valuable for a number of
structures which contained a small number of atoms but the
number of poessible structﬁres for a molecule containing a

large number cf atoms would be astronomical. The number of

D



possibilities may be reduced by constraints imposed by space
group symmetry and conslderatlion of atcomic radii, but the
trial-and-error method would obviously not be practicable for
complex strucrures. For this reason a number of methods of
overcoming the phase problem have been developed and some of

the more important are reviewed below.

1.6.1 The Heavy-Atom Method.

This method of determining the unknown phase angles
assocla®ted with the known structure amplitudes depends on
the presence of an atom or small group of atoms of high atcmic
number compared with the major component of the structure
Iff such a grouping is not present naturally in the moleculie,
it must be incorporated by chemlcal means. Since the
diffraction of X~radiation is dependent on the electron
density cof the atoms, the heavy aton will dominate the
diffracted spectra. Thus the contributiocn of the heavy atcm
to the structure factors will outweigh that of the light
atoms. If the position of the heavy atom can then be
determined, a phase angle, whlch will approximate to the phase
angle of the complete structure, may then be calculated for
each structure amplitude., The electron-density distribution
may then b2 evaluated by summation of the zppropriate Fourler

serles, using the calculated phase angles and Tthe observed

21~



structure amplitudes, and further features of the meolecule

may be revealed. It is then possible to derive the complete
molecular structure by an iterative process of improving the

te

phasge angles by including the light atoms in the structure
factor calculaftion and then evaluating the resultant electron-
density distribution.

The resolution of the electron-density distridbution
derived from a partial knowledge of the structure mzy be
improved by weignting the Fouriler coefficients in a manner
proportional to the probabllity of the phase angle besing
approximately correct. Msthods of welighting the Fourier
coefficients according to these criteria have been devised
for centrcsymmetric structures (Woclfson, 1956) and for non-
centrosymmetric structures (Sim, 1950).

The first direct application of the heavy-atom method
was In the crystal structure analysis of platinum
phthalocyanine (Robertson and Woodward, 194C). The position
- of the heavy atom was ixed by the space group symmeiry and

the first electron-density distribution, based on the phase

[$)

angles derived from the heavy atom position, revealed th
entireAstructure of this very complex molecule.

The major disadvantage of the heavy-~atom method is
contained in the baslc assumption tinat the heavy atom

contribution to the structure factors will be greater than



that of the rest of the molecule. The pogltions of the
lighter atomng are therefore determined from‘the minor
component of the structure factors and for this reason are
less accurate. Degpite the lessened accuracy of the

positional parasmeters, the heavy-atom method is one of tThe

most powerful approaches in structural chemistry.

1.6.2 The Isomorphous Replacement Method.

For this method of phase angle determination to be
applicable,. at least one heavy-atom derivative Ilsomorphous
with the parent compound must be avallable. Since the
replacement of an avtom in the parent compound by a heavler

atom will give rise to differences in the intensities cof the

o

diffracted beams, and therafcre in the structure amplltudes,
of the two isomorphs, the heavy atom need not dcecmlnate the
scattering zs in the case of the heavy-atom method. If the
positicn of the heavy atom is known, 1ts contribution, EH R
to the structure factors can be calculated and the phase

angles .assoclated with the diffracted spectra may be derived,

for a centrosymmetric structure, by solutilion of the vector

equation
F -F =¢ (41)
T o H
where F 1s the structure factor of the heavy-atom iscmorph
T
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and F is That of the parent compound. The structure factors

o)
must be on absolute scsle o pernmit scluftion of the phase
problem by tnis method.

The above relationship was used to graat effect In the
elucldation of the crystal structures of the phthalocyanines.
Two of the many possible isomorphs viz. metal-free
phthalocyanine and nickel phthalocyanine were used (Robertson,
1935; 1936; Robertson and Woodward, 1937).

Non-~centrosymmetric structures may also be solved by
use of the 1isomorphous replacement method bul,. because of the
continuously variable nature of the phase angles, three
isomorphs are requilred, two containing heavy atoms and the
parent compound. The phase angles may then be derived by
grapnical ccmblnation of the three structure factor vectors
(Harker, 1956).

Since the addition of a heavy atom to an organic
molecule may result in marked chenges in the crystal structure
the main limitation of the isomorphous replacement method is
the condition of isomorphism. Crystals containlng molecules
of solvent have been used with great effect in structurs
solubtion by the isomorphous replacement method (Cheung and
Sim, 1966) but in some cases this leads to very unsatisfactory
results (Petersen et al., 1967). Nevertheless, the

isomorphous replacement method ig finding a wide application
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in the fileld of protein crystallography where the addition of
heavy atoms or groups of atoms makes little difference to the

crystal or molecular structure.

1.5.3 The Patterson Function.

The Patterson function (Patterson, 19343 1935) arose
from a consideration of the self-convolution of the electron

density and is_defined by
1 a A
Pluvw) = V[J ff(xyz) (D(x + u,y + v,z + w)dxdydz. (42)
C G O

Substitution of the values for the electron density derived
from equation (34) yields
00
P(uvw) = f{fZ Z 2:2 F(hkl)exp{-21ti(hx+ky+lz)]x
V Ch 1nhk
~oo
F(hk1l)exp[ -2 1 (Ux+Ky+1z) Jexp[ -2 « 1 (Butkv+Iw) ].
- dxdydz. (43)
The triple integral in (43) has non-zero values only when
h = —ﬁ, kK =-kand 1 = —f; therefore
+w hadbatbend [} t ]
1Y 2 LF(hkl) .F(hkl)exp[-2wi(hutkv+lw)].  (44)
Vhkl
- 00

P(uvw) =

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

e 2 .2
F(hkl) .F(nkl) = |F(hk1)l =|F(hk1)] . (45)

and equation (44) becomes
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2
F(hkl)] exp2aci(hu + kv + 1w). (46)
l .

The Patterson function is therefore a Fourler series 1in
which the coefficients are the squares of the structure
amplitudes. Since  these quantitiec can always he derived
from the intensities of the diffracﬁion spectra, the series

can be summed without ambilguity. From (42) 1t can be seen

the vector (uvw) correspcends to a vector bhetween two peaks in
the electron-density disztribution; the value of P(uvw) is then
approximately equal to the product of the electron densitiles
of the two peaks.

The Patterson function therefore yilelds a vector map which
will have pealks at distances from the origin which correspond
to Interatomic vectors. This would appear to be a generai
solution to the phase problem but, for a structure containing
N atoms, 1t can be shown that N(N - 1) distinct peaks should
be presen% in the Patterson function. If these N(N - 1)
peaks were fully resolved , complete interpretation of the
Patterson function would be possible but this is not normally
the case even for reasonably simple mclecules. Overlap of
peéks arising from interaéomic vectors which are almost
parallel obscures detall and complicates Interpretation of

the Patterson function.



The problem 1s somevhat simplified by the use of space
group syrmetry. Harker (1936) pointed cut that certain
symmetry elements gave rise to a concentration of peaxs on
certain plane and line sections of the Patterson functiocn
and that examlnation of these sections might ease
interpretation.

Since the height of a peak In the Patterson function is
proportional to the product of the electron densities at the
ends of the vector (uvw), the presence of a heavy atom which
domilnates the scattering simplifies the interpretaticn. After
the coordinates of the heavy atom have been derilved, the
structure sclution may proceed by the heavy atom method
(section 1.6.1) or, if a non-heavy atom isomorph is

avallable, by the isomorphous replacement method (section

1.6.2).

1.6.4 Direct Methods.

Although the solution of an unknown structure by methods
involving use of heavy atoms or the Patterson functilon may be
regarded as a direct solution of the phase problem, the term

direct method has become restricted,.by usage, te those

methods which attempt to derive the phase angies of the
structure factors without postulating atomic positions.

The first direct method ol structure solubtion was based



on Insquality relatlcenshilps which arise between the structure
amplitudes when the electron density is constrained to being
positive (Harker and Kasper, 1948). Further development of
direct methods was due to Sayre (1952) who derived equallty
relationships between the structure amplitudes. Using thecse
equallty relationships, Karle and Hauﬁtman (1954) Tormulated
a statistical treatment of the structure amplitudes which can
yield information about the phase angles. This method is

known as the symbolic additon method and has proved to be

very powerful for structure solution.

Direct methods have been widely applled in the casge of
centrosymmetric structures where the phase angles ars
constrained by symmeftry bul more recently non-
centrosymmetric structures have been solved, notably by the
symbolic additilon method (for example, the alkalold reserpine,

Karle and Karle, 1968).
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1.7 Methods of Refinemant.

In the initlal stages of a crystal structure analysis,
the correctness or incorreciness of the proposed model is
normally decided by compariscn of Fo and Fc, the observed and
calculated structure amplitudes. The agreement between these
guantitlies 1s expressed as a residual, R, defined by
E “ﬁo, - IFc”

2. |Fol

Refinement of the structural model by systematically

. (47)

L

varying the atomic parameters will therefore lead to a
minimum value cf R.

Since the re?lnemgnf of a structure consists of
improving the atomlc positions, and therefore the calculated
phase angles, solutlon of the structure by use of consecublve
Fourier syntheses willl merge wilth refinement by Fourier

methods. Fourier refinement is therefore important as it

can proceed when the structure is only partially known.

T1eTol Foxrjev Refinement.

The process of Fouriler refinement may be regarded as
beginning when elther a heavy atom or a group of light atoms
has been located in an unknown structure. The atomic
coordinates may be usaed to calculate approximate phase angles

which are used In conjunction with the observed amplitudes t0



evaluate the electron-density distribution by summation

of the approprilate Fouriler series. It may be possible to
identify further molecular features in the electron-density
distribution and inclusion of these In the calculation of the
phase angles will yleld improved values. The process 1is
repeated until the phase angles calculated from the
coordinates derived from the electron—density distribution
show no difference from those used in its calculation.,

In the preliminary stages of refinement by this method
only those reflections for which the phasing is reliable
should be included in the calculations. These reflections
may be seiected by the crystallographer or, alternatively,
the reflections may be weighted according to the reliabllity
of their calculated phase angles (Woolfson, 19563 Sim, 196C).

The electron-density distribution 1s subject to
termination of seriles errors because the Fourier series(34)
is summed over a finite number of terms. Truncation of the
series in this manner results in the peaks in the electron-
density maps being surrounded by diffraction ripples.' Overlap
of these ripples will result in slight displacements of the
derived atomic positions. Booth (1946) proposed a simple

correction, known as the backshift correction, for tnis

efféct. It involves the calculation of two separate Fourier

syntheses using Fo and Fc as coefficients. Both syntheses
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“will be subject to the same terminatlon of series errors. and
the atomic coordinates will therelore be simllarly affected
in both cCases. In the case of ths Fc synthesis,however,
specifiic coordinates were used in the calculation and the
positions derived from the syntheses would be unalitered but
for the presence. of termination of series errcrs. The
corrected atomic coordinates may then be derived by
subtracting the differences between the coordinates used to
calculate the Fc synthesis and those derived from it from
the coordinates derived from the Fo synthesis.

An important development of PFourier refinement is the
use of the difference synthesis (Booth, 1948b; Cochran, 1951)
which arose from the Bunn,s_error synthesis (Bunn, 1949).
The difference synthesis consists of a Fourler synthesis in
which the coefficients are (Fo - Fc). It has the important -
property that the topography of the map is characteristically
flat when the proposed and actual structures match. Error:
in atomic coordinates and thermal parameters may therefore
be detected and corrected by use of the difference synthesis
but 1ts most common use is for locating hydrogen atoms and

for checking that the refinement of a structures is complete.

1.7.2 The Method of Least-sguares.

Since the refinement of a structure consists of
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varying the atomic parameters in some systematic manner so
as to minimise some function of the differences between the
observed and calculated structure amplitudes, the problem is
amenable to solution/by the least-~squares method. The first
application of this method to crystal structure analysis

was in the case of melamine (Hughes, 1941). The function
normally minimised is

M = E: w( |Fol - \Fcl)2 = §:w[§? (48)

nicl
where the summation is carried out over the independent
structure amplitudes and w is a welght chosen to reflect the
accuracy of the observations. Ideally, the appropriate

welghts are given by

2
w =1 /0 (hkl) (49)

2
where & (hkl) is the variance of the observed structure

amplitude. Normally only relativs weights whilch depend on
some function of |Fol are used. The validity of the weighting
scheme may be tested by examining the average wllg wnen the
observations are grouped in any systematic manner; the values
in each group should be approximately the same.

If the parameters p ,p ...p are those whose values are

i 2 n
to be determined from Fc¢ , then the condition that

dM / dp = C must be satisfied for the function M to have a
J



minimum velue. That is
dFel |
ZW N T (5¢)
op
J

For values of p which approximate closely to the correct

J

values, Zx.may be expanded as a first-order Taylor series

) ' Fel
N (p+e) =0 - ﬁe. 0! — (51)
{=1 1 épi

where € 1s the required change in p and p and ¢ represent
i i
the complete set of parameters and changes.

Substituting (51) in (50) yields the normal equations.

5 d|Fe| é\FC\) ) Zw/_\dé‘ml (52)

. . ? €
i=1 |hkl op op J i hkl op
' i J J

n

There are, therefore, n equations in n unknowns which must
be solved for the corrections e to the individual parameters.
i
The ncrmal equations are more conveniently represented,

in matrix form, by

it
o’

(53)

a .€
i ij 1 J

where

_ Z w'élFC\ cé\Fd

13 hkl  dp dp
i

a

(54)



and

N : (55)
J  hkl dp
J

The solution of (53) is given by

i J

-1 ‘
e = E:(a ) b , ' (56)
i

-1 :
where (a ) is the inverse matrix to a .
1 ij

Limitation of the expansion of /\ as a Taylor series (51)
to only two terms enforces the necessity of calculating ceveral
cycles of least-squares refinement belfore convergence 13
reached.

The course of the refinement may be followed by examining

2

the value of Ehvﬁx after each cycle, by checking that the

residual has decreased or by using a modified residual defined

by

R = 2:wZ§ / E:wlFoF (57)

The main disadvantage of the modifiled residual is that it
may be affected by changes in the welghting scheme.

In general the size of the matrix of the normal equations
(53) which must be evaluated to gilve the changes in the

parémeters exceeds the avallable high speed store in all but
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the largest computers. For this reason the bléck-diagonal
approximation, in which the elements of the matrix arising
from correlations between the atoms are ignored, is normally
employed. In some extreme cases, all off-dlagonal elements
of the matrix are ignored. Both approximstions involve an
increase in the number of cycles required to achieve
convergence,

In the structure analyses described in the following
chapters of this thesis, either the full matrix of the
normal equations was used or a chain of 9 X 9 matrices
corresponding to three positional and six anisotropic

thermal parameters was employed.
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1.8 Accuracy of Results.

At the conclusion of the refinement of a crystal
structure, the agreement between the observed and calculated
structure amplitudes becomes of minor importance. Interest
now turns to the structure of the molecule and detailed
consideraticn of 1ts geometry. It 1s therefore necessary to
have some assessment of the accuracy with which the atomic
positions have been defermined so that useiul comparisons
with theoretical predictions and other experimental
observations may be made. The most convenlent way of
expressing the accuracy of the atomlc positions is by
deriving their estimated standard deviations (o). When

welghts appropriate to the structure factor data have been

2

applied in the least-squares refinement, the variance o (p )
i

of a parameter p 1is glven by

i
2 - 2
o (p) = (a )iizwlk/(m-n) (58)
i

where m 1s the number of observations, n is the number of
parémeters defining the structure and (a-]) is the diagonal
element of the inverse matrix of the normaiiequations. Since
(a-1)l. is evaluated in the course of the least-squares
refin;;ent, the standard deviatlions are easily derived. The

covariance of the parameters p and p may also be estimated as

i J
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| 2
cov(p ,p ) = (a ) 2w /(m - n)
A R

2 2
= 0 (p). 0 (p)er (59)
i J i .
where r . is the correlation coefficient between the two
parametégs. By application of statistical methods and use
of equations (58) and (59) it is possible to derive the
estimated standard deviations of the individual measurements.
In order %o decide whether an observed value X which
has a standard deviation s, based on h degrees of freedom,
differs significantly from a theoretical value p, 1t is
necessary to apply a statistical significance test defined by
t = (x - p) / s. (60)
o]
This is a random variable having a Student distribution with
n degrees of freedom., When n is large, as is normally the
case in X-ray crystallography, the distribution is normal
and t = 2.6 or 3.3 respectively for the 1%,or O.l%,significance
levelg (Fisher and Yates, 1953). If 2.6 < t < 3.3, the
difference probably does not arise from randgm errors. The
relevant equation for two experimentally observed values 1s
2 2 1/2
t =(1 -1 )/(s +s) (61)
1 2 1 2

where 1 and 1 are the individual measurements and s and s
1 2 , . 1 2
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are their respective standard deviations (Cruickshank and
Robertson, 1953).
If the agreement between a set of measurements and their

expected values is under consideration,(for example, the

2
planarity or non-planarity of a molecular feature), the 7(
th
distribution may be used. If d 1s the deviation of the 1
i
member of a set of n atoms, then
2 n 2 2 -
X =Y 4 /o (62)
i=1 i

where < 1$ the average standard deviatioh in the positional
parameters of the n atoms. The probabilitylthat the deviation
is due to random errors may then be found ffom tables of the
7@2 distribution for n - 3 dégrees of freedom (Fisher and
Yates, 1953). |

-38-




PART II

CRYSTAL STRUCTURE ANALYSES
OF
ANDROSTANE DERIVATIVES




Inticodu_ctionn

The conformation of ring A in 3-keto-U4,4-dimethyl-5c -
steroilds (I), which has been the subject of some controversy
in the literature (Allinger et al., 1962, Lehn et al., 1962),
is of interest because of the high degree of substitution in
ring A which leads to a large number of sterilc Interactions;

and the wildespread occurrence of such compounds in nature.

t
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In the chair conformation (fig. 2a) 1t is evident from an
examination of molecular models that the most important
conformation determining interaction 1s that between the
axial methyl groups at C(4) and C(i1C). The enthalpy for

such an interaction, 3.7 kecal./mole (Allinger and Miller,
1961), is greater than that required for chair— boat
transformation of cyclohexanone (2.8 kcal./mole,

Allinger and Blatter, 1961). The classical boat conformaticn

(rig. 2b), on the other hand, suffers from a bowsprit
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interaction between the carbonyl group and the c(1C) methyl
group in additlion to the increased interaction between one

of the C(4) methyl groups and the hydrogen atoms of the

C(6) methylene group.

Me Me .

(a) chair | (b) classical boat

(c) skewed boat (d) flattened chair

Figure 2.
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The lack of agreement between the predicted and
observed Cotton effect in the optical rotatory dispersion
curves for 3-keto-4,4-dimethyl-5d ~steroids (Djerassi,.1960)
has been rationalised by the assumption of a skewed boat
conformation (fig. 2c) for ring A (Holker and Whalley, 1961) .

From dipole moment studies of 3-keto-4,4-dimethyl-5c -
sterolds and triterpenoids, Lehn, Levisalles and Ourisson
(1962) concluded that, in solution, a mixture of conférmers,
comprising 7C %,chair and 30 z,boat conformations, 1s present.
They could not, however, exclude the possibllity of a single
conformation with any certainty. A systematic study of
dipole moments has also been carried out by‘Allinger and
Da Rooge (1962) and their interpretation of the results is
in favour of a flattened chair conformation (fig. 2d) in
which the interactilon between the axial methyl groups at C(4)
and C(1C) has been reduced by rotation about the C(4)-C(5)
bond. The net effect of such a rotation is to move C(3)
towards the plane of the atoms C(1),C(2),C(4) and C(5), but
the rotation would be insufficient to cause chair—»boat
transformation. Such a flattened chair conformation for
ring ‘A can also explain the apparently anomalous optical
rotatory dispersion cﬁrves (Allinger and Da Rooge, 1962).

Comparison of the solid state and solution infra-red

spectra of 3-keto-4,4-dimethyl-5c ~steroids and triterpenocids

B




has also led Allinger and Da Rooge (1962) to propose ﬁhat
the same (flattened chair) conformation is adopted bj ring
A in both phases.

To obtain quantitative information about the
conformation of ring A in 3-keto-4,4-dimethyl-5« ~steroids,.
the crystal structure analyses of 3-keto-4,4-dimethyl-5« -
androstane—17p -lodoacetate and its 19-nor‘analogue have
been completed. Moiecular geometry calculations establlsh
that , in the solid state, ring A adopts a partially
flattened chair conformation in the former case and an

undistorted'chair'conformation in the latter.
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CHAPTER 1
The crystal and molecular structure
of
3-keto-4,4-dimethyl-5c| ~androstane-1 7(3 -iodoa.éeta‘ce .




1.1 Experimental.

Crystal Data

3-keto~u,4—dimethyl~50£-androstane—??ﬁ.-iodoacetate.

C H 0I, F.W. = 486.04,
23 35 3 '

0 o
Orthorhombic, a = 14.96 + 2 A, b = 19.53 + 2 A, ¢ = T.47 +

+
W
RS
8

03
U=12183 4, F(COC) = 1CCC electrons,

D =1.50C gmecm., Z =14, D = 1.48 gm.cm.,
m X

L _
Space group, P22 2 (D , No. 19).

: 111 2
o -1
Linear absorption coefficient (Mo K« , A = C.7167 A) = 16 cm.
The crystals used in this analysis were supplied by
Professor W.B. Whalley. They consisted of colourless needles
elongated along the ¢ axls. The cell dimensions were found
from Weilssenberg photographs of the hkC reciprocal lattice
o)
net using Cu K& radiation ( A = 1.5418 A) and from
precession photographs of the hCl and hkC reciprocal lattice
0
nets taken with Mo Ko radiation ( A = 0.7107 A). The space
group was uniquely determined as P2 2 2 (D ) from the
_ 111 2
systematically absent spectra,
Three~dimensional intensity data were collected using

a Hilger and Watts Y-190 linear diffractometer (see appendix I)|

The crystal was rotated about its c-axis and the intensities

from the reciprocal lattice nets hkC-~-hk7 obtained using Mo K
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radiation; allowance was made for background radlation
using halanced strontium oxide / zirconium oxide Ross filters
(Ross, 1926). A one minute oscillation of 3Owas employed
and each reflection measured a minimum of twice with each
filter. The maximum reflecting angle permitted was © = 30.

The measurements made on the diffractometer were
processed using a suite of programs (Sime, 1965) which
corrected- the intensities for background radiation before
reducing them to structure amplitudes by application of the
appropriate Lorentz, polarisation and rotation factors
(Tunell, 1939). No absorption correction was applied as the
erystal was almost transparent to Mo K o radiation (/L= 16cm:1).
A total of 289 independent structure amplitudes were
obtained, which represents 85 %,of the data which would bes
availlable to Cu Kl radiation.

The structure amplitudes were placed on approximately
absolute scale by ensuring that kZlFo\ = Z\Fc\ in the first

structure faetor calculation. The final scale was determined

by the least-squares refinement.

Sl



1.2 Solution of the Structure.

The Harker sections of the three-dimensilonal Patterson
function were calculated and examination showed the presence
of only one major peak on each'sectioh (figure 1.1),
corresponding to the lodine-liodine vectors ariéing from
lodine atoms related by the two-fold screw axes. The
coordinates of theselpeaks were derived using the
interpolation formulae of Booth (1948a) and led to the
fractional coordinates of the lodine atom (C.291, -C.C5C,
C.299).

The phase angles calculated with these ccordinates were
used in.conjunction with the observed structure amplitudes
to evaluate the first electron-density distribution which
revealed the entire structure. The cocrdinates of the
twenty-seven non-hydrogen atoms (i.e. 1 lodine, 23 carbon
and 3 oxygen atoms) were used to calqulate a second set of
structure factors for which the residual R (= ZhFo( - (Fc(l/illFo\)
was 0.265 over all independent structure amplitudes. The
different chemlcal species present in the structure were
differentiated on the basis of peak helght and knowledge of
the chemical structure. The atomic scattering factors used
in the second structure factor calculation (and throughout
the remainder of the analysils) were those of Hoerni and Ibers

(1954)'for carbon and oxygen and those of Thomas and Umeda
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(1957) for iodine. A second electron-density distribution
was evaluated using the improved phases and the observed
structure amplitudes. The improved coordinates derived
from this distribution reduced the residual to C.257 in

the next structure factor calculation.

1.3 Least-squares Refinement.

The atomic parameters were refined in eight cycles of
least-squares minimisation of the function M = pw( [Fdl - ‘Fc\)%
The block-~dlagonal approximation to the normal maftrix was
employed throughout the refinement. As no significant
deterioration of the crystal was observed in the course of
the data collection, only one overall scale factor was
refined.

In the first two cycles, three positional and an
isotropic thermal parameter were varied for each atomj all
observations were gilven unit welght. These cycles reduced
the résidual R from C.257 to C.209. A weighting scheme of

the form
2
w=1/1[p + |Fol + pleo!]
. 1 > .

where p = 2 |Fol and p = 2/lFol , which has been:
1 min 2 max _
recommended by Crulckshank (1961), was then applied and a

further two cycles of least-squares refinement calculated.
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The residual was reduced to C.19C but examination of a
bivariate analysis of <wll2> by magnitude of [Fo] and
sinEEQ/)\Qindicated that the weighting scheme was unsuitable:
there was a significant increase in <w1§2> with Increasing
singg/)?. The weighting scheme was altered to one of the

form
' 2 2
w = k[exp-(A + B|Fo|l + CiFol + D/s + E/s + Fs)]

where k is an arbltrary scale factor and s = sineg/ >\2.
The coefficients in the expression were determined by the
least-squares method using a program written by Dr. D.R.
McGregor (1967). The final values were A = 2.55, B = 3.85
X 10-2, C = ~4,34 x 10-4, D = 8,35 X 10-3, E=-7.15 X 10-
and F = -3.,72 X 1(;“1 which gave rise to a welghting scheme
in which different batches of <w;ﬁ?> bylFo(and sinzg//\2
did not differ by more than 15 o/o.

The refinement converged in a further four cycles of
calculation in which three positional and six anisotrople
thermal parameters were refined for each atom. The residual
was reduced to C.142 and no shifts of greater than .2 o
in coordinates or thermal parameters were observed in the
final cycle. The course of the refinement is summarised

in table 1.1.

The structure factors calculated using the atomic



parameters from the final cycle of reflnement were used o
phase electron-density and difference syntheses. The electroﬁ
~density synthesis is shown by means of a superimposed contour
diagram in Tigure 1.2 whilch also explains the numbering

system adopted for the molecule. The estimated standard
deviation of the electron density, calculated using the
approximate formula of Cruilckshank (1949), was C.24 e/z3 and
no peaks of greater than three tlmes this value were found

in the difference synthesis so the refinement was regarded

as being complete. A'low order difference map, calculated
using those planes for which sin 9,/)\ < 0.35, showed diffuse
positive regilons in some of the expected hydrogen positicns
 but 1t was not possible to determine the coordinates with

any accuracy. No allowance was therefore made for the
hydrogen contribution to the scattering in the analysils.

The atomic coordinates (fractional and in Kngstroms
referred to the crystal axes)vand the anisotropic thermal
parameters of the structural model are given in tables 1.2,
1.6 and 1.3 respectively. The observed and final calculated
structure amplitudes are given 1n table 1.4; an analysis of
the structure factor data as a function of layer line index
and magnitude ofIFolis contained in table 1.5. PBEond lengths

and angles are given in tables 1.7 and 1.5; some

intramolecular and all intermolecular distances legs than
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4,0 Xngstroms are contained in tables 1.9 and 1.10C |
respectively. Devlations of atoms from selected mean planes
through portions of the molecular framework are glven in
table 1.11. _

Estimated standard deyiations, where»quotéd, are in

units of the last decimal placé of the quantity to which
they refer.




TABLES AND DIAGRAMS



Figure 1.1

Harker sections at u =1/2, v = 1/2 and w = 1/2.

Contours are at arbltrary levels.
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Flgure 1.3

The molecular packing as viewed down c.






TABLE 1.1
COURSE OF ANALYSIS
(I) Fouriler refinement.
Atoms included in structure

factor calculation

1 Todine only
2 I+23C+ 30
3 I+23C+ 30

(II) Least-squares refinement.

Cycles Final R Final R'
1 -2 0.269 0.050
3-5 0.178 0.031
6 -9 C.142 0.028

*(a) Block-dlagonal, Ui , unit weights.
SO

(b) As above, weighting scheme 1 applied.

0.453
0.265
0.259

(e) All atoms anisotropic, welghting scheme 2 applied.



TABLE 1.2
FRACTIONAL COORDINATES AND E.S.D.S.

ATOM X/a ¥/ zZ/c
c(1) C.8372 + 14 0.1861 + 10 -0.0151 + 31
c(2) C.9025 + 17 0.2462 + 13 ~-C.C245 + 41
- ¢(3) 6.9253 + 16 0.2615 + 15 ~0.2085 + 44
c(u) ©.8513 + 14 C.2689 + 8 -0.3532 + 28
c(5) C.7840 + 12 0.2055 + 8 -0.3324 + 28
C(6) 0.7063 + 16 0.2082 + 11 -0.4533 + 33
c(7) C.6576 + 13 C.1402 + 10 -C.4561 + 31
G(B)  ©.6281 £ 12 0.1194 % 9 -0.2598 # 29
c(9) 0.7059 + 13 0.1195 + 10 -0.136C + 26
c(10) C.7537 + 14 ©.1905 + 10 -0.1338 + 31
c(11)  ©.6789 + 15 0.0933 + 9 0.0529 + 27
c(i2) 0.6345 + 14 C.C220 + 11 C.C458 + 28
c(13) C.5547 + 13 0.0235 i 9 -0.C802 + 33
c(14) 0.5879 + 11 Cc.C439 + 9 -0.2656 + 29
c(15) ©.5096 + 17  0.0286 + 11 -0.3951 + 4C
C(16) C.4763 + 21 -C.CU50 + 16 -C.3163 + 39
c(17) 0.5182 + 11 -0.,0495 + 9 -0.1306 + 27
c(18) C.4T7T76 + 14 0.C657 + 9 C.0002 + 37
C(19)  ©.6897 + 17 C.2476 + 11 —0.0561'i 31
c(20) C.8107 + 17 C.34C8 + 13 -C.3323 + 37



c(21)
c(22)
c(23)
I(1)
o(1)
0(2)
0(3)

0.8888
C.4629
6.3795
C.2875
1.0C35
0.5364
C.4446

*

I+ I+ I+ 1+ I+

I+

19
18
15

1
13
10
12

0.2640
-0.C975
-C.1322
-0.0533

C.2696
-0.0962
-0.0732

I+ 1+ 1+ 1+ I+ i+

I+

13
14
12

-C.5393 + 41
C.1464 + 52
35
3
32
30
28

¢.2317
C.3043
-0.2577
0.2112

I+ 1+ I+

1+

"0.01 15

I+



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

ATOM
c(1)

c(2)
Cc(3)
c(4)
c(5)
c(6)
c(7)
C(8)
c(9)
c(1c)
c(11)
c(12)

c(13)

Ul1

0.CL86
166

| C.0651

142
C.C532
124

0.C616
114

0.0325
76

C.0525
113
C.0L67
12
C.C373
84
C.Cc402
90
C.C563
112
C.C627
119
C.cL98
107
c.chys
97

TABLE 1.3

uz22

C.cu88
95

C.CH52
125
C.C976
175
0.C312
71
C.CU34
78
0.0555
1ch
C.Cch62
91

O ¢ 0487
87
C.C619
1c2
C.C5CH
96
0.Ch21
0.C7C9
119

C.0384
82

U33
0.C520
128
C.CT719
174
0.0762
183
0.CLCH
112

C.CU88
114

0.0649
146

C.Co17
127

C.C491
125
C.C331
1CC

0.C479
125

¢.0327
12
0.0299
1C9
C.0680
147

2uz3

C.C182
188
250

C.C172
335

0.CC52
145

C.C259
16C

C.C117
2056
C.C151
180
"OOOCSO
166
0.C1CT
163
0.0231
182
C.COT7T
152

0.0316
186

C.0134
188

2U31

C.CO75
228

-0.0221
3c8
0.06289
37

C.0320
213

-C.0002
216

-C.C283
268

"O . 0030
216

C.0058
104

~-G.0C90
196

0.0440
221

-0.0CC53
206
C.C1C7
207
C.C320
233

2U12

-0.C063
166

-C.C188
228

"O 00377
246

-6.0228
148

-C.C128
138
C.C17L
195
C.C146
160
-C.C275
151
-0.C38C
177
C.CC09
174

"O ° 0286
169
C.0227
197
C.C067
154



c(ik)
c(15)
c(16)
c(17)
c(18)

c(19)

c(20) -

- ¢(21)
c(22)
c(23)
I(1)
o(1)
0(2)

0(3)

C.0340
78
C.C671
138
6.0989
200
C.0301
75
C.C555
113

0.C724
149

0.0652
138

0.0779
166

C.C666
146

6.C533
110

©.0C688
9
0.0669
95

0.0537
82

. GC.CO614

96

C.CH69 -

87

0.0541

110
6.C958
184
¢.0383
T4
¢.C368
85

G.C543
1¢4

C.0796
144

0.0716
146

C.0729
146

0.0669
121
¢.c898
1C
0.0810
1C6
0.0796
1C0

C.Co14
120

C.0536
121

¢.C839
178

C.C583
157

C.0532
114

0.0822
164

C.C4T6
134

0.0584
150

C.0T45

189 -

0.1167
261
0.0622
152
C.1014
14

0.0927
141

C.0850
127

0.C780
125

6.0082
176
C.CC93
~2he
"‘OQO] ]5
333
~6.0107
168
6.C1C9
199
-000109
195

C.Co84
252

-0.027C
274
0.C639
349

C.C174
226

-0.0139
23

0.0198
214

C.CC69
214

C.0132
209

0.CC25
19C

"O o0380
306

‘O 00346
339

C.C379
174

0.0372
262
C.CU69
257
G.CC89
290
C.Chhh
330
C.C371
370

C.0313
251

C.C226

23
¢.C230
219
-C.0044
211
c.G1c2
211

-O 00071';
142

-00055]
212

-0.0138
33C

"0 ° 0026
135
0.0426
165
-C.CCC5
203
-0.0220
233

"Oe0578
261

0.C310
246

"0 ° 022“’)""
201
C.CCCH
18

-0 0020}
177
0.026C
153

-0.,0219
18¢
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TABLE 1.5
(A) ANALYSIS OF STRUCTURE FACTOR DATA AS A FUNCTION OF
LAYER LINE INDEX. ALL FIGURES ARE ON ABSOLUTE SCALE.

ZIFol  ZlIFel YA N R Z&/N

1

c 9564 8991 1322 337 ©.1382 3.92
1 9952 9685 115¢ 352  0.1156  3.27
2 8566 8744 974 349 0.1137  2.79
3 7059 7201 1627 347  0.1455 2,96
4 4536 4125 687 234 ©.1514  2.93
5 03355 3229 565 243  0.1684 2,32
6 1466 1448 4o2 144 ©.2745  2.79
7 794 645 285 83 ©.3584  3.43

ALL 45292  4Lc68 6412 2089  C.1416  3.07

(B) ANALYSIS OF STRUCTURE FACTOR DATA BY MAGNITUDE OF Fo.

¢ --13 7634 7172 2793 1c21  ©.3659 2.7h4
13 - 25 SUTels! 8952 1681 523  0.1786  3.21
25 - 50 11611 11689 987 337 0.085¢ 2.92
50 - 75 7061 6974 439 1206 ©.0622  3.66
75 - 1cC 373¢C 3659 157 43  c.cb22  3.66
1CC - 25¢ 5846 | 5620 353 45 ©.0605  T7.86

H

!



N

TABLE 1.

a—————r

ORTHOGONAL COORDINATES AND E.S.D.S.

ATOM X Y Z

c(1) 12,525 + 21 3.635 + 19 ~0.112 + 24
c(2) 13.501 + 26 4.808 + 26 ~0.183 + 31

c(3)  13.843 t 25 5.108 + 29 -1.558 + 33

c(h) 12,735 + 21 5.252 + 16 -2.638 + 21

c(s) 11,728 + 18 h,ci4 + 16 -2.483 + 21

c(6) 1C.567 + 23 4,067 + 21 -3.387 + 25

c(7) 9.838 + 2¢ 2,738 + 19 -3.407 + 23

c(8) 9.396 + 18 2.333 & 18 =1.941 + 22

c(9) 1C.560 + 19 2.334 + 19 -1.016 + 20

c(ic) 11.275 + 22 3.720 + 20 -0.999 + 23

c(11)  10.156 + 22 1.822 + 18 0.395 + 20

c(12) 9.492 + 21 C.h30 + 22 C.342 + 21

c(13) 8.299 + 2C 0.458 + 18 -0.599 + 25

C(14) 8.795 + 17 0.858 + 18 -1.984 + 22
c(15) 7.623 + 25 0.547 + 22 -2.951 + 3¢

c(16) 7.126 + 32 -0.878 + 31 -2.362 + 29
€(17) 7.752 + 16 -0.968 + 17 -0.975 + 2C
c(18) 7.145 i 21 1.282 + 18{ 0.CC1 + 27
Cc(19) 10.318 + 25 4,835 + 21 -0.419 + 23
c(20) 12.128 + 25 6.655 + 26 -2.483 + 27



c(21)
c(22)
c(23)
1(1)
o(1)
0(2)
0(3)

13.297 + 29
6.925 + 27
5.678
4,300

15.013
8.024
6.652

22

I+

2
19
16
18

i+ I+

I+

s

5.157
-1.903
-2.582
-1,042

5.265
-1.879
-1.430

=+ I+ I+ 1+ 1+ I+

1+

26
27
23

18

17
20

-4.029
1.093
1.731
2.273

-1.925
1.578

-0.086

I+ I+ I+ 1+ I+ I+

I+

31
39
26

24
22
21



TABLE 1.7
BOND LENGTHS AND E.S.D.S.

C(1) - c(2) 1.528 + 33 A C(1C) - C(19) 1.579 + 31 A
Cc(1) - Cc(16) 1.534 + 31 c(11) - c(12) 1.543 + 29

c(2) - C(3) 1.448 + 44 c(12) - c(13) 1.520
(

+ 30
C(3) - C(4) 1.554 +36  C(13) - C(14) 1.524 + 32
C(4) - c(5) 1.6c3 +32  C(13) - ¢c(17) 1.572 + 25
C(4) - c(20) 1.537 + 31 c(14) - c(15) 1.551 + 33
C(4) - c(21) 1.503 + 37 c(15) - c(16) 1.620 + 39
C(5) -~ c(6) 1.472 + 30 c(16) - c(17) 1.524 + 36
C(5) - €(16) 1.579 + 30 c(18) - c(13) 1.540 + 29
C(6) - c(7) 1.515 +29  C(22) - c(23) 1.556 + 37
c(7) - €(8) 1.585 + 31  0(1) - €(3) 1.237 + 32
C(8) - c(9) 1.487 + 28 0(2) -c(22) 1.201 + 34
C(8) - c(14) 1.593 + 25 0(3) =~ c(17) 1.488 + 26
C(9) - Cc(10) 1.560 + 28° 0(3) - C(22) 1.300 + 42
C(9) - c(11) 1.555 + 28 I(1) - c(23) 2.136 + 23



TABLE 1.8

INTERBOND ANGLES AND E.S.D.S.

c(2) =c(1)~-c(10)
c(1) -c(2)-c(3)
c(2) -C(3)-c(4)
c(2) -c(3)-0(1)
c(4) -c(3)-0(1)
c(3) -c(4)-c(5)
c(3) -c(4)-c(20)
c(3) -c(4)-c(21)
c(5) -C(4)-c(20)
c(5) -c(4)-c(21)

c(2c)-Cc(4)-c(21)
c(4) -c(5)-c(6)

c(4) -c(5)-c(1c)
c(6) -c(5)-c(1c)
c(5) -Cc(6)-c(7)
c(6) -c(7)-c(8)
c(7) -c(8)-c(9)

116
116

120

i22.
117.
108.
107.

111
116

107.

.8+19
. 7+23
JTH+21

1426
1+27
0+16
2+18

.8+20
5+17
1C6.

C+17
L+18

L1416
.5+16
.9+16
L9417
.2+18
.9+15

-c(14)
-c(14)
-C(10)

c(7)
c(9)

-C(8)
-c(8)
c(8) -c(9)
c(8) -c(9)
c(1¢)-c(9)
c(1) -c(16)-c(5)
c(1) -c(ic)-c(9)
c(1) -c(1c)-c(19)
c(5) -c(1c)~c(9)
c(5) -c(1c)-c(19)
c(9) -c(1c)-c(19)
c(9) -c(11)-c(12)

c(11)-
c(12)-c(13)-C(14)
c(12)-c(13)-c(17)

-c(11)
-c(11)

o]
C(
(
C(

c¢(12)-c(13)-c(18)

c(14)-c(13)-c(17)

12)-c(13) .

18.5+16

108.2+15

111
111

113

1C8.
1C9.
168.
- 1C6.
12,
JTHIT

110

112,

11C
18

113.
11C.
ar.

.5+16
<1416
JT+16

17
3+16
TH7
T+16
8+16

2+16

LC+17
.2+16

8+15
9+19
7+16



c(14)-C(13)-C(18)
c(17)-c(13)-c(18)
c(8) ~c(14)-c(13)
c(8) -c(14)-c(15)
c(13)-Cc(14)-C(15)
c(14)-c(15)-C(16)
c(15)-c(16)-C(17)
c(13)-c(17)-C(16)

117.3417
108.5+15
1C9.9+16
119.2+16
105.5+16
100.54+2C
104.8+21
167.9+18

c(13)-c(17)-0(3)
c(16)~c(17)-0(3)
c(23)-c(22)-0(2)
¢(23)-c(22)-0(3)
0(2) -c(22)-0(3)
c(22)-c(23)-1(1)
c(17)-0(3) -~Cc(22)

113.3+16
1C5.0417
125.2430
111.2+23
123.4+28
107.8+15
120.0+19



(A)

(B)

(C)

TABLE 1.9
INTRAMOLECULAR NON-BONDED DISTANCES

1-4 TRANSANNULAR DISTANCES.

C(1)...C(4) 3.01 X C(7)...C(10)

C(1)y...c{11) 3.03 c(7)...c(15)
c(2)...c(5) 3.01 c(8)...c(12)
c(3)...c(16) 2.97 ¢(9)...C(13)

C(5)...C(8) 2.93
C(6)...C(9) 2.94

c(11)...c(1k)
c(15)...c(17)

1-4 DISTANCES INVOLVING METHYL GROUPS.

c(18)...C(8) 3.15 Z c(19)...C(8)

c(18)...c(11) 3.08 c(19)...c(11)
c(18)...C(15) 3.08 c(20)...C(2)
c(18)...C(16) 3.20 ¢(20) ...C(6)
C(19)...C(2) 3.19 c(20)...C(10)
c(19)...C(4) 3.31 c(21)...C(6)

c(19)...c(6) 3.08
1-3 METHYL - METHYL DISTANCE.

¢(19)...c(20) 3.29 A

2.97
3.15
2.97
2.97
2.91
2.49

3.07
3.13
3.25
3.29
3.4C
3.01

o
A

= O



s et

INTERMOLECULAR DISTANCES LESS THAN 4.C A.

o
‘20 A C 3)-0:0C 22) ii

o(1)....C(23) i1 3 ( ( 3.

0(2) ees.C(1) iil 3.29 0(2)e...C(16) i 3.78
0(2)....6(3) 111 3.33 c(11)...C(7) i 3.79
0(1)....0(2) i1 3.45 0(2)....C(4) 111 3.8¢C
0(2)¢...C(5) 1ii 3.45 C(3)e...C{(18) 1iv 3.80
0(1)....C(22) 11 3.47 o(2)....C(10) 111 3.82
c(19)...C(23) wvii 3.53 0(2)....C{15) i 3.83
0(1)e...C(7) v 3.601 c(2)....C(18) iv 3.85
0(2)....C(2) ii1 3.65 ¢(3)....C(23) 11 3.89
C(2)ees.C(21) i 3.65 0(2)....C(21) 1ii 3.94
0(1)....C(19) 1iv 3.66 c(1)....C(21) i 3.94
0(1)....C(6) v 3.75 c(6)....C(23) vi 3.96
0(1)....c(18) iv 3.77 c(2¢)...c(18) iv 3.97

The Roman numerals indicate the transformations
which must be applied to the atomic coordinates glven

in Table 1.2.

1 X, Vs 1 - 2
i1 3/2 - x, -y, 1/2 + z.
111 3/2 - x, -y, =1/2 + z.
v -1/2 +x, 1/2 -y, - z.
v 1/2 +x, 1/2 -y, 1 - z.
vi 1 -x, 1/2+y, 1/2 - z.
vit 1 -x, 1/2+y, -1/2 - z.

The transformations are applied to the coordinates

of the second atom.



TABLE 1.11
MEAN MOLECULAR PLANES

' 0
(A) DEVIATIONS FROM MEAN PLANES (IN ANGSTROMS)
Plane 1 defined by atoms C(1),C(2),C(3),C(4),c(5),c(10).

c(1)  c.215 c(4)  -0.189
c(2) -C.185 €(5)  c.220
c(3) C.176 c(ic) -c.237
Plane 2 defined by atoms C(1),C(2),C(4),C(5).
C(3) C.517 c(10) -C.642
Plane 3 defined by atoms C(5),C{(6),C(7),C(8),c(9),Cc(1C).
c(5) C.276 c(8) -0.226
c(6) -0.251 c(9) C.253
c(7) c.214 S c(10)  -6.260

Plane 4 defined by atoms C(6),C(7),C(9),C(1C).

c(5) 0.716 c(8) -0.671
Plane 5 defined by'atoms c(8),c(9),c(11),c(12),C(13),C(14).
c(8) ~C.258 | - c(12) C.237
S c(9)  ©.226 | c(13) -6.279
c(11) -0.212 ‘ c(14) c.284
Plane 6 defined by atoms C(8),C(11),C(12),C(14).
c(9)  0.667 c(13)  -0.737

Plane 7 defined by atoms C(15),C(16),C(17).
c(13)  -6.339 c(14) o.b427



Plane 8 defined by atoms C(2),C(4),c(6),c(8),c(1¢),c(11),C(13).

c(2)
c(4)
c(6)
c(8)

Plane 9 defined by atoms C(1),C(3),¢(5),¢(7),c(9),¢(12) ,¢(14).
c(1)

c(3)
c(5)
c(7)

C.C50
C.152
—00053

~C. 041

-0.115
0.182
-0.067
- _0.047

(B) PLANE EQUATIONS

Plane No,

1

O 00 N o8 Ui = W

P
C.524C

0.7118

c.6484
C.8384
©.6889
0.8634
©.8C59
C.6059
C.6288

Q
-0.795C
~0.6170C
-C.TCC6
~C 4410
-C.6381
-0.3688
~-C.4433
-0.712C
-C.6977

c(10)
c(11)
c(13)

c(9)
c(12)
c(14)

R
-~0.3056
-C.3356
-C.2980
~0.3203
-0.3439
-C. 3441
-C.3924
-C.355C
—073433

-C.224
-0.046
0.153

"00132
' 6.0C58
0.120

S
3.4922
6.707C
5.2621
8.1415
5.9C91
7.9401
7.C591
4.7615
5.4927

RMS D
0.265
0.003
c.246
.09
C.251
.02C

C.124
c.112

P,Qand R are direction cosines of the plane normal,

S is the plane to origin distance and RMS D 1s the root

mean square deviation in Angstroms, of the atoms defining

the plane from the plane.



The plane equation 1s then
PX+ QY + RZ = S
where X,Y and Z are the atomilc coordinates in Angstroms

referred to the crystal axes.



1.4 Discussion.

The most intercesting feature in the structure of
3—keto~4,4—dimethyl-5ﬁ\~androstane~17# -iodoacetate (II)
is the effect of the 1-3 diaxial transannular interaction
of the methyl groups C(19) and C(2¢) on the conformation
of ring A. The deviations of the ring 4 atoms {C(1),C(2),
C(3),C(4),C(5) and C(1¢)) from the mean plane through them
(plane 1, table 1.11) are alternately positive and negative,
characteristic of the chair form of cyclohexanone,
permltting rejection, at least In the solid state, of a
boat conformation for this type of compound (Holker and
Vhalley, 1961). The individual deviztions of the atoms
from the plane (table 1.11), which range from C.18 K'to
C.24 X, are smaller than the value of C.26 X expected for
an undistorted cyclohexanone system and indicate a
flattening of the ring.

Klyne and Prelog (196C) have shown that the conformaticn
of a six-membered ring is characterised by six valency
angles and six torsional (or Newmann) engles. [The torsicnal
angle ;5(]~2-3—4) denotes the angle between the plane defined
by C(1),0(2) and C(3) and the plane defined by C(2),C(3) and
C(4) (fig. 3), and is represented by 2-3 1n the following
tables. ]

The observed values of the torsicnal angles (table A)



Figure 3.

are all smaller than the standard values, confirming that
ring A has been flattened. The maximum difference between
the observed and standard values Qf the torsional angles 1is
9.9 in the case of @ (3-4-5-10) and must be due to the
steric repulsion between the axial methyl groups (C(19) and
C(2¢)) causing a rotation about the c(4)-c(5) bond. This
rotation forces C(3) towards the plane of C(1),C(2),C(4)
and C(5) in addition to reducing the torsional angle

b (3-4-5-10).(r1g. &) e

H ¢(20)
N
H c(e)
s
y ¢




Table A.

Torsional angles in ring A Valence angles in ring A
Angle Observed Standard* | Angle Observed Standard*
1-2 ~50.80 —55.80 2-1-1C 116.80 113.30
2-3 +48.5 +52.3 1-2-3 1160.7 112.7
3-4 -47.0 -52.6 2-3-4 126.7 120.0
4-5 +46.6 +56.5 3-4-5 168.6  112.7
1C-5 -50.8 ~55.1 4-5-1C 111.4 113.1
1C-1 +52.6 +54.9 5-10-1 168.7 1C6.4

* The standard values are weighted average values of the
torsional angles and valence angles of ring A in substitutad
cyclopentano-perhydrophenanthrene molecﬁles in which there
is no apparent deformation of ring A (Geise, Altona and

Romers, 1967).

Displacement of C(2C) by such a mechanism is also
apparent in (1) the reductiocn of the distance of C(3) from
the plane C(1),C(2),c(4) and C(5) (plane 2, table 1.11) to
C.51 X compared with the value of C.73 K in an undistorted
system (Sim, 1965), (ii) the increase in the C(19)...C(2C)
non-bonded distance from the normal transannular distance
of 2,52 ﬁ to 3.29 X, (11i) the increase in the intramolecular
distances C(2¢)...C(2) and c(2C)...C(1C) (3.25 X and 3.4C X
respectively compared with 3.C z.in an undistorted

cyclohexanone system) and (iv) the increase in the torsional
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angle ?5(0(1)—3-M—21) from Goin an undistorted system
involving a trigonal carbon atom (Gelse, Altona and Romers,
1967) to 17.1 Oin this system. The value of 3.29 K for the
separation of the axial methyl groups éompares with.the
values of 3.28 X in 8F{-methyltesterone—17ﬁ - monobromo-
acetate (Koyama et al., 1967) and 3.31 X in the p-bromo-
phenacyl ester of iabdanolic acid (ngmer, Ferguson and
Melville, 1968). |

Increased interaction between the C(20) methyl group
and the C(6) methylene group of ring B is relleved by
distortion of the C(5)-C(4)-C(2¢) bond angle to 116.50 SO
that the non-bonded distance C(20).,;C(6) is increased to
3.29 A |

The bond angles at C(1C) show no significant deviations
from tetrahedral but the increase in the angle'C(5)~C(10)~C(19)
(112.70) is possibly caused by slight displacement of C(19)
which could arise because of the mutual repulsion between
the axial methyl groups C(19) and C(2C). Such a displacement,
however, would be expected to be small because ol the
increased interaction between the C(19) methyl group and
the C(11) methylene group in ring C.

Ring B adopts the normal chair conformation with the

atoms alternately above and below the mean plane through

them (plane 3, table”1.11). The root mean square deviation
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of the atoms comprising ring
from the least-squares plane
'compares favourably with the
idealised chailr conformation

angles and valence angleg in

Table

B (i.e. C(5) to c(10) inclusive)
through the ring (C.25 X)
value of .26 X for the

of cyclohexane. The torsional

ring B are contained in table B.

B.

e

Torsional angles in rinzg B

Valence angles in ring B

Angle QObserved Standard

Angle Observed Standard

9-1C —58,,6O ~56.9O
10-5 +6C.6 +58.0
5-6 -61.6 ~57.2
6-7 +56.8 +53.4
7-8 -54.5 -51.9
8-9 +56.8 +54.6

o o]
16-9-8 111.5 112.5

9-16-5  166.7  1C7.2
16-5-6  116.9  112.2
5-6-7  116.9  111.3
6-7-8  116.2  113.1

7-8-9  110.9 116.8

No significant deviations from the standard values of these

angles (Geise, Altona and Romers, 1967) are found suggesting

that conformatlional transmission effects arising from the

distortion of ring A are minimal.

The observed and standard values for the torsional and

valence angles present in ring C are contained in table C.

The most marked difference between the observed and standard

valence angles is in the angle C(8)-C(14)-C(13) (observed

o o )
1€9.9 , standard 113.8 ). The valence angles used to derive
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Table C.

Torsional angles in ring C Valence angles in ring C
Angle Observed Standard Angle Observed Standard
11-12 -55.5O -55.09 11-12-13 110.00 110.20
11-9 +55.06 +53.7 9-11-12 112.2 111.1
9-8 -56.4 -52.8 8-9-11 111.1 111.6
8-14 +62.,2 +56.7 9-8-14 1¢8.2 1¢8.9
14-13 -63.2 -59.2 8-14-13 169.9 113.8
13-12  +59.6 +55.6 12-13-14 108.2 109.5

o o
the standard angle, range from 116.8 to 113.4 and the

deviations of these angles from tetrahedral have been
attributed to the strain associlated with the trans-
coupling of a five- and six-membered ring (Geise and Romers,
1966; Geise, Romers and Rutten, 19663 High and Kraut, 1966).
In the case of 3-keto-4,4—dimethyl—5cx-androstahe-17ﬁ5-
iodoacetate, however, the strain of trans-cocupling the rings
(C and D) is manifested in distortions of the external
angles at the ring Jjunction,(C(12)-C(13)-C(17) 113.80,
C(8)-c(14)-c(15) 119.20) rather than the internal angles ]
of ring C (C(12)-C(13)-C(14) 108.20, c(8)-c(14)-c(13) 109.9 ).
Since a small increase in valency angle in a cyclic system
leads to a relatively la:ge decrease 1in torsional angle,

the observed and standard values for the torsional angles
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at the ring Jjunctlon are in poor agreement (see table C).
Ring D adopts a half-chair conformation (Hendrickson,
1961) with C(13) and C(14) displaced by -G.3k z and +C,43 z
respectively from the plane defined by C(15),C(16) and C(17)
(plane 7, table 1.11). The valence angles in ring D (table
1.8) aré all smaller thah tetrahedral and reflect the strain
inherent in five-membered rings. The greatest deviation is
found in the angle C(14)-C(13)-C(17) (97.70). Similar values
for this angle are found in 4-bromo-estradiol (98.50)
(Norton, Kartha and Lu, 1964), 4-bromo—9F5,1Cok-pregna—4,6-
diene-3,2C~dione (98.30) (Romers, Heykoop, Hesper and Geise,
1966), and androsterone (99.20) (High and Kraut, 1966).
The contraction of this angle may be attributed to the strain
of trans-coupling rings C and D, the full substitution at
C(13) and steric repulsion between the f%—methyl group at
C(13) and the ﬁ—substituent at ¢(17).

The perhydrophenanthrene skeleton of the molecule is
slightly convex towards the ﬁa—side. This effect is noticed
in the deviations of the atoms from the mean plane through
the B -atoms (c(e),c'(u),0(6),0(8),0(10),0(11) and C(13))
(plane 8, table 1.11) and the corresponding plane through
the & ~atoms (C(1),C(3),C(5),C(7),C(9),€(12) and c(14)),
(plane 9, table 1.11). The deviations are summarised in

figure 5; the atoms at both ends of the molecule are below
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thelr respective planes (denoted by positive distances),
whllst The atoms in the middle of the molecule are above

‘thelr respective planes (denoted by negative distances).

Figure 5.

The bending is caused by steric interactions between
the ﬁ-methyl groups at C(10) and C(13) and the axial
hydrogen atoms at C(8) and C(11) and leads to compression

" of the axlal hydrogen atoms on the & -side of the molecule.
The separation of the hydrogen atoms on the A -side of the
molecule (approximately 2.9 X), however, is such that there
Will be little resistance to their compression.

Table D contains the average values for the different
types of bonds found in the substituted cyclopentano-
perhydrophenanthrene system present in the molecule. No

significant deviations from these average values are found

in the individual bond lengths (cf. table 1.8) supporting
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the conclusion that the steric overcrowding in the molecule
has been relleved by bond angle deformation and not by bond

length deformation.,

Table D.

0
Average bond lengths (in Angstroms)

type No. Mean Value Literature*
C 3-C 3 22  1.546 + 0.03¢  1.537 + 0.6C5
sp sp .
C 3-¢C 2 2 1.501 + G.C4C  1.51C + G.C05
sSp sp '
C 2=0 1 1.237 + €.032  1.215 + 0.CC5
Sp '

* Sutton (1965).

The bond lengths and valency angles in the iodoacetoxy
group (tables 1.7 and 1.8) compare favourably with the |
accepted mean values (Sutton, 1965). |

The packing of the molecules in the unit cell, as
projected down the c-axis is shown in figure 1.3. The
intermolecular distances (table 1.1C) all fall within the
range regarded as normal for van der Waals conbacts gnd no
short intermolecular distances are observed. This result
indicates that the cohformational distortions discussed
above arise from intramolecular forces and not from crystal-

packing forces.
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The Crystal and Molecular Structure
, . ~of
3-keto-4,4-dimethyl-19-nor-5& -androstane-1 7P -iodoacetate.




2,1 Experimental,

The crystals used in this analysis were supplied by
Professcor W.B.Whalley. They consisted of colourless needles
elongated along the c-axis. Unit cell dimensions were
obtained from rotation and Welssenberg photographs (Cu K«
radiation, A= 1.5418 Z) taken about the c-axils, and from
precessilon photographs of the hCl and Ckl reciprccal lattice
nets (Mo K« radiation, A= C.T71C7 X). The space group was
determined uniquely from the systematically absent spectra.

Crystal Data.

3-keto"4,4-dimethyl~19—nor-5m.—androstane-]ﬂ@ ~lodoacetate.

C H 0OI, F.W. = 472.4,
22 33 3
0 o o
Orthorhombic, a = 11,32 + 2 A, b = 25.42 + 3 A, ¢ = 7.55 + 2 A
03 -3
U = 2173 A, P(ccC) = 968 electrons, Dm = 1.44 gm.cm.4 s
-3
Z=1U4, Dx = 1.444 gm.cm. , Space Group P2 2 2 (D2 ,No, 19).
111
-1
Linear absorption coefficient (Cu Kg) = 119.5 cm.1
(Mo Kgp ) = 15.6 cm.

2.2 Data Collection (by diffractometer).

The intensity data were collected using a Hilger and
Watts Y-19C linear diffractometer (see Appendix I). The
crystal was rotated about its c-axis and the intensities
from the reciprocal lattice nets hkC-5 obtained using Mo K«

‘radiation. Recause of marked deterioration of the crystal
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on. prolonged exposure to X-radiation, two crystals were
used for the data collection. The reciprocal lattice nets
hkC,1,2 were collected from the first crystal using a one
ninute oscillabion cyele of 3 . Technical difficulbies
enforced the use of a half-minute scanning cycle in the
collection of subsequent layers from the second crystal.
Balanced strontium oxide / zirconium oxide Ross filters
(Ross, 1926) were used to monochromate the molybdenum
radiation, and each reflectlon was measured twice with each
filter. The maxlmum reflecting angle was €= 300.

The intensity data were reduced to structure amplitudes
by applying Lorentz, polarisation and rotation factors
(Tunell, 1939) appropriate to a small mosaic crystal. No
'absorption correction was applied. A total of 1776
independent structure amplitudes were obtained, which
represents 89 % of the data which would be available to
Cu Ko radiation.

The structure amplitudes were placed on approximately
absolute scale by ensuring that k2. |Fol = Z|Fe| for each
reciprocal lattice net in the first structure factor

calculations. The final scale was determined by the least-

squares refinement.
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2.3 Structure Solution.

The Harker sections at u = 1/2, v = 1/2 and w = 1/2

were calculated and are shown in figure 2.1. The coordinates

of the peaks marked A, B and C which correspond to the
vectors arising from the lodine atoms related by the two-
fold screw axes were derived by the method of Booth (1948a)
énd gave the fractional coordinates of the iodine atom
(-0.250, -0.099, ©.192). The apparent discrepancies in the
heights of peaks B and C are explained by the proximity of
the x-coordinate to C.25 which causes the peaks related by
the mirror planes at u = 1/2 and v = 1/2 to coalesce.
Approximate phase angles, based on the scattering of

the heavy atom only, were used in conjunction with the
observed structure amplitudes (modified by the weighting
function proposed by Sim (196C)) to calculéte the electron-
density distribution. Interpretation of the resultant
distribution was somewhat complicated by the presence of
Pseudo—symmetry in the form of mirror planes parailel to
(1cc) at x = 1/4 and B/ﬁ.

| Consideration of known chemical features ol the

molecule permitted selection of three probable atomic sites

nin the side chain of ring D, but the bulk of the molecule

was obscured by the pseudo-symmetry. Gradually, by

successive rounds of structure factor and electron-density
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calculations, 1t was possible to derive coordinates for the
twenty-six non-hydrogen atoms in the siructure. The

solution of the structure is summarised in the followihg

table:
Atoms included in the structure R
factor calculation
1 Iodine only C.U84
2 I+20+1C O.444
3 I+20+11C ‘ C.hcC
4 I+20+14C 0.396
-5 I+30+19¢C G.376
6 I+30+2C ¢.331
7 ;Backshift cofrection* C.303

* Booth, (1946).

Individual chemical types were identifiled by
qonsideration of the known chemical structure and assigned
the corresponding atomic scattering factors (carbon and
-QXYéen, Hoerni and Ibers, 19543 iodine, Thomas and Umeda,
1957).. During the structure solution an overall U of

o2 iso
0.05 A was assumed.
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2.4 Least-squares Refinement.

The atomic parameters of the structural model were
refined by the method of least-squares. Three cycles 6f
minimisation of the function M = ¥ w(|Fo| - ]Fc])z, in which
three posiltional and an isotroplc thermal parameter for each
atom were varied, reduced the residual R to C.242. The
full matrix of the normal equations was evaluated in each
cycle; unit weights were applied to the observations and
individual layer scale faétors were refined. The parameter
shifts calculated in the third cycle were not significant
in comparison with the estimated standard deviations but
the poor agreement between the 6bserved'and calculated
structure amplitudes suggested the presence of serious errors.
Bond lengths and angles were calculated and showed marked
differences from the expected values; as much as C.3 X in
some cases. These differences were attributed to systematic
errors In the data. |

Two main sources of error were revealed by a detalled
analysis of the structure factor data, viz. the extremely
low counting rates obtained on the diffractometer
(approximately 6C % of the reflections had count rates of
less than 15 counts per minute) and the marked decomposition

of the crystal on prolonged exposure to X-radiation.

In an attempt to overcome these errors the data were
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recollected using photographic techniques. This overcomes
the problem of decomposition by giving a time-averaged
value for each intensity in a particular reciprocal lattice
net. The problem of weak reflecting power of the crystal

may be overcome by increasing the duration of the exposure.

2.5 Collection of Photographic Data.

The crystals were rotated about their needle (c) axis
and the hkGC-5 reciprocal lattice nets recorded by means of
equatorial and equi-inclination VWelssenberg photographs
using Cu K& radiation. The multiple film technique
(Robertson, 1943) and the interfilm scale factors of
Rossman (1956) were used to achieve correlation of the
strong and weak reflections. ‘The intensities were estimated
visually by comparison with a calibrated stép-wedge. A
total of five crystals were used for the collection of the
intensity data.

The intensities were réduced to structure amplitudes
by applying Lorentz, polarisation and rotation factors
(Tunell, 1939) appropriate to a small mosaic crystal. No
absorption correction was applied. A total of 852
indépendent- structure amplitudes (table 2.2) were obtained

which represents 43 % of the data avallable to Cu K&
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radiation.

The observed structure amplitudes were placed cn
approximately absolute scale by.ensuring that k & |Fdl = T |Fel
in the first structure factor calculation. The final scale

factor was determined by the‘least-squares refinement.

2.6 Refinement of the Photographic Data.

The structure was refined in four cycles of least~
squares minimisation of the function M = 2, w( [Fo| - ch[? .
Three positional and an isotropic thermal parameter were
refined for each atom; individual layer scale factors were
also refined. The full matrix of the normal equations was
evaluated in each cycle. The weighting scheme was of the

form
' 2
w=1/1[p + |Fo| +p2\Fo\ ]
1

where p = 1.4¢ and p = ¢.C37 (Cruickshank, 1961). No
shifts ln coordinateseor thermal parameters were greater
than C.25¢ in the fourth cycle of least-sQuares refinement.
The agreement index wasvreduced from C.176 to €.122 in
the four cycles of l1lsotropic refinement.

The structure factors calculated with the final

molecular parameters were used to phase electron-density

and difference syntheses. The electron-density synthesls
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is shown by means ol a superimposed contour diagram on (C10)
In figure 2.2 which also explains the numbering system
adoptedf

The difference map shcowed a complex region of positive
and negative density in the region of the iodine atom and
thls was tentatively ascribed to uncorrected anisotropic
thermal motion. As the standard deviation of the electron
density, calculated using the approximate formula of
Cruickshank (1949), was C.3 6/23, no attempt was made to
locate the hydrogen atoms in the difference synthesis.

- The atomlc parameters are contained in table 2.1.
Table 2.2 contailns the observed'and calculated structure
amplitudes and table 2.3 an analysis of the structure factor
data by layer line index and magnitude of iFoI. Atomic
coordinates (in gngstroms) with respect to the crystal axes
are given in table 2.4; tables 2;5'and 2.6 contain bond
lengths and interbond angles respectively. The more
important interatomic non-bonded distances are given in
tables 2.7 (intramolecular) and 2.8 (intermolecular).
Deviations of atoms from selected mean planes through
portions of the molecule are given in table 2.9. Estimated
standard deviations, where quoted, are in units of the last

decimal place of the quantity to which they refer.
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TABLES AND DIAGRAMS



Flgure 2.1
Harker sections at u =1/2, v = 1/2 and w = 1/2.

Contours are at arbltrary levels.
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Flgure 2.2

Final electron-density distribution shown by means

of superimposed contour sections parallel to (C10).
03
Contours are at intervals of 1 e/A except around

o3
the iodine atom where they are at intervals of 7 e/A .






Figure 2.3
The molecular packing as projected on (CC1).







TABLE 2.1

FRACTIONAL COCRDINATES AND ISOTROPIC
TEMPERATURE FACTORS WITH E.S.D.S.

ATOM X/a Y/b 7/c Uiso
I(1)  -0.2567 0. 0987 0.1952 0.0934
3 1 5 8

o(1) C.7218 0.2178 6.5070 0.1069
ol 12 ! 48 160

0(2) -0.0595 -C.0145 C.4625 C.C874
23 11 42 * 88

0(3) -0.0818 C.0144 0.1921 0.0579
18 8 35 61

c(1) 0.4305 C.1857 C.5473 C.Chh44
25 11 49 : 81

c(2) 0.5088 0.2333 0.5693 0,07k
32 15 63 114

C(3) C.627C 0.2251 - 6.4519 0.C612
30 13 56 ol

C(4) 0.5822 0.2171 . .6.2629 0.0582
o7 13 - 5b 97

c(5) C.1931 C.1746 0.2281 0.0552
28 13 53 88

c(6) C. U603 C.1693 ¢.0269 0.C571
28 13 52 92

c(7) C.3824 c.1218 0.CC0T 0. 0494
25 12 52 8¢

c(8) C.2782 6.1297  0.1191 0.0543
726 12 5C 92

C(9) C.3165 0.1328 0.3251 0.0465

26 11 48 78



c(1¢) C.4ceh C.1795 C.3524 0.0L97

26 12 49 86
c(11) 0.2128 0.1286 0.4431 ¢.0695
30 | 14 58 1¢9
c(12) 0.1322 0.0827 C.4146 C.O4T74
26 11 51 - 83
c(13) - CL.C95C C.C769 C.2168 C.C475
26 12 51 82
C(14) C.20C8 0.0770 0.0974 C.C546
28 13 51 91
c(15) 6.1583 0.C606  -G.C870 0.0631
36 13 57 101
c(16) 6.C657 0.0193 -0.0398 C.C7C1
30 16 58 1¢8
c(17) C.Chch 0.C199 C.1689 0.c868
36 17 : 68 124
c(18) 0.0068 C.1207 C.1683 0.0733
32 14 60 108
C(20) 0.5555 0.2722 = 0.1974 0.0T48
31 14 63 118
c(21) 0.6950 0.2085 0.1553 0.0819
34 16 66 112
Cc(e2) -0.1148 -0.C0T7 C.3340 0.0724
34 13 65 116
c(23)  -0.2426 ~0.02U6 0.3287 0.C748

33 14 56 1C1



TABLE 2.2
FINAL OBSERVED AND CALCULATED STRUCTURE AMPLITUDES.
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TABLE 2.3

(A) ANALYSIS OF STRUCTURE FACTOR DATA AS A FUNCTION OF

LAYER LINE INDEX. ALL FIGURES ARE ON ABSOLUTE SCALE.

ZlFo|  zFc) sa N R Z8/N

1

© TCOU 6834 929 176 ©.131C  5.28
1 7231 768 894 153  0.1236 5.8
2 721¢ 7071 759 197  0.1¢52  3.85
3 5266 5133 675 157 0.1282 4.3
4 2ok2 2851 384 86 0.1307  h4.47
5 1986 1941 2b1 83 ©.1212  2.90
ALL 31729 3091¢ 3882 852  G.1224 4,56

(B) ANALYSIS OF STRUCTURE FACTOR DATA BY MAGNITUDE OF Fo.

C - 13 891 886 29 8C  0.3365 3.68
13 - 25 5382 5041 977 29¢  ©.1815  3.37
25 - 50 10144 9875 1169 294 0.1152  3.97
56 - 75 6200 6147 570 104 0.C919 5.48
75 - 150 7816 7674 718 77  0.6919  9.33
156 - 306 1297 1287 154 7 0.1189 22.02



ATOM
(1)
o(1)
0(2)
0(3)
c(1)
c(2)
c(3)
c(L)

c(5)
| c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
C(14)
- ¢(15)
c(16)

TABLE 2.4

ORTHOGONAL COORDINATES AND E.S.D.S.

X Y

-2.906 + 3 ~-2.5¢8 + 3
8.171 + 27 5.536 + 31
-C.674 + 26 -0.369 + 27
-C.925 + 2C 0.367 + 20
4.873 + 28 h.721 + 28
5.76C + 36 5.93C + 39
7.C98 + 34 5.723 + 3k
6.591 + 31 5.52C + 33
5.582 + 32 . L4.438 + 32
5.210 + 31 h.3c3 + 33
4.329 + 29 3.097 + 32
3.149 + 29 | 3.297 + 31
3.582 + 29 3.376 + 27
4,535 + 30 4.565 + 30
2.4¢9 + 34 3.269 + 37
1.496 + 3C 2.102 + 29
1.075 + 29 1.955 + 3G
2.273 + 32 1.958 + 32
1.792 + 34 1.541 + 33
+ 40

C.744 + 35 C.492

1.474
3.828
3.492
1.451
4,132
4,298
3.412
1.985
1.722
0.203
0.CC6

¢.899

2,454

2.661
3.346
3.130
1.637
C.736
-C.657
-C.30T

L B B C o S T T S o RO O O (O (A s
W Ww w W = = 4= =W n w W
(0¢] O = 3 Oy OO WO \O C - w 0 N N [e) NN U]

1+

(V)

I+ 1+
EOoE W W W s W
O

1+



c(17)
c(18)
c(2¢)
c(21)
c(22)
c(23)

C.U46C +
C.0T7 + 36
6.288 + 35
7.868 + 38
-1.299 + 38

1+

-2.746 + 37

0.5C5 + 42
3.C67 + 37
6.919 + 36
5.3C1 + 4¢
-0.196 + 34
~C.626 + 36

1.275 + 51
1.271 + 45
1.49C + 48
1.173 + 50C
2.522 + 49
2.482 + 42



TABLE 2.5

BOND LENGTHS AND E.S.D.S.

c(1) - c(2) 1.51 + 5 A C(9) -C(11) 1.48 +54

(

c(1) - c(16) 1.52+5  C(11)- C(12) 1.56 + 5
c(2) - c(3) 1.62 + 5 C(12)- €(13) 1.56 + 5
c(3) - C(4) 1.53+6  ©C(13)- C(14) 1.50 + 5
c(3) - 0(1) 1.7 +5 c(13)-¢c(17) 1.62 + 5
c(4) - c(21) 1.51 £ 5 c(13)- c(18) 1.54 + 5
c(4) - c(ec) 1.53 +5 c(14)- c(15) 1.53 5
c(4) - ¢(5) 1.5C + 5 c(15)~ C(16) 1.53 + 5
c(5) - c(6) 1.50 + 5 c(16)- C(17) 1.60 £ 7
C(5) - G(16) 1.56 +5  ©(22)- ¢(23) 1.51 %5
c(6) - ¢(7) 1.51+5 0(3) -c(e2) 1.27£5
c(7) - c(8) 149 +5 0(3) -c(i7) 1405
c(8) - c(9) 1.62+5 0(2) -cC(22) 1.17+5
c(8) - ¢c(14) 1.61 + 4 1(1) - C(23) 2.14 + 4
C(9) - c(1¢) 1.54 + 4



TABLE 2.6

INTERBOND ANGLES AND E.S.D.S.

c(2) -c(1)-c(1c)
c(1) -c(2)-c(3)
c(2) -c(3)-c(4)
c(z2) -c(3)-0(1)
c(4) -c(3)-0(1)
C(3) -c(4)-c(5)
C(3) -c(&)-c(21)
c(3) -c(4)-c(2c)
c(5) -c(4)-c(21)
c(5) -c(4)-c(2c)
Cc(20)-c(4)-c(21)
c(4) -c(5)-c(6)
c(4) ~c(5)-c(1c)
c(6) -c(5)-c(1c)
c(5) ~c(6)-c(7)
¢(6) -c(7)-c(8)
c(7) -c(8)-c(9)

109 + 3

169 + 3

115 + 3
123 + 4
125
118
1ch
104
118
111
98
113
108
118

106

N B N S & o S E S B o PO B PR B

112

w w w w wWw W w W W w Ww w

7) -C(8
9) -c(8
-C(9) -c(10)

OO

)
-C(9) -c(11)
-C
-Cc(10) -

Q
—
(&
S~
C)

)
)

5) -c(10)-
) -C(11)-
1

O

(
(
(

—
no
vvvvvvvvv
O

(
o
c

13)-C(18)
c( 13)-c(18)
c(8) -c(14)-c(13)

-C(
) -
)-
)-
c(12)-Cc(13)~
)-C(13)-
14) -
7)-C(

165 + 3
107 + 3
169 + 3
111 + 3
118 +
119 +
110 +
167 +
17 +
112 +
111 +
14 +
11C +
1CC +
112 + 3
110 + 3
112 + 3



c(8) -c(14)-c(15)
c(13)-C(14)-c(15)
c(14)-c(15)-c(16)
c(15)-c(16)-c(17)
c(13)-c(17)~-c(16)
c(13)-C(17)-0(3)

119 + 3
107
101

\O

(0 WNe oY
I+ I+ 1+ 1+ 1+
w

w W

C(16)-c(17)-0(3)
C(23)-c(22)-0(2)
c(23)-c(22)-0(3)
0(2) -c(22)-0(3)
C(22)-c(23)-1(1)
c(17)-0(3) -c(22)

167 + 3
12C + &
113 + 4
128 + 4
11C + 2
116 + 3



TABLE 2.7

NTRAMOLECULAR NON-BONDED DISTANCES

(A) 1-4 TRANSANNULAR DISTANCES.

C(1)...C(4) 2.86‘2 C(7)...C(10) 3.04 X
c(1)...c{11) 2.97 C(7)...C(15)  3.05
c(2)...c(5) 2.98  ¢(8)...c(12) 3.c2
c(3)...c(1c) 2.91 c(9)...c(13)  3.cC
c(5)...C(8) 2.81 C(11)...c(14) 2.92

(

c(6)...C(9) 2.93 c(15)...c(17) 2.57

(B) 1-4 DISTANCES INVOLVING METHYL GROUPS.

c(18)...c(8) 3.1C 2 c(ec)...Cc(2) 3.02 X
C(18)...c{(11) 3.11 c(20)...C(6) 3.1
c(18)...c(15) 3.C0 c(2c)...c(1C) 3.16
c(18)...c(16) 3.09 c(e1)...c(6)  3.c0



TABLE 2.8

0
INTERMOLECULAR DISTANCES LESS THAN 4.0 A

o0(1)...I(1) i1 3.37 X c(1)...c(7) i 3.83 i
0(2)...C(7) ii 3.40 c(2)...C(6) i 3.86
c(23)...0(3) 111 3.he c(3)...c(11) v 3.92
0(1)...C(1) v 3.43 c(21)...C(18) 1iv 3.92
0(1)...C(10) v 3.47 0(1)...C(11) v 3.93
0(1)...C(2) v 3.53 0(2)...I(1) 111 3.96
C(1)...C(6) i 3.66 C(3)...I(1) i1 3.98
0(2)...C(23) iii  3.69 c(23)...C(23) 1ii 3.98
c(23)...c(16) 1ii 3.79 c(11)...c(75) i 3.99

c(12)...C(15) i 3.82
The Roman numerals indicate the transformations
which must be applied to the atomic coordinates given

in Table 2.1,

i X, Y 1 + z.
i1 1/2 - x, -y, 1/2+ 2
i1 -1/2 - x, -y, 1/2 + z.
iv /2 +x, /2 -y, - Z.

v 1/2 +x, 1/2 -y, 1 - zZ.
The transformations are applied to the second atom

in each case.



TABLE 2.9
MEAN MOLECULAR PLANES

O
(A) DEVIATIONS FROM MEAN PLANES (IN ANGSTROMS).

Plane 1 defined by atoms C(1),C(2),C(3),c(4),c(5),c(10).

c(1) -0.257 c(4) 0.203
c(2) C.292 c(5) -0.155
c(3) -0C.264 c(ic)  ©.181
Plane 2 defined by atoms C(1),C(2),c(4),c(5).
c(3) ~C.734 c(10)  ©.560
Plane 3 defined by atoms C(5),C(6),c(7),C(8),Cc(9),c(1¢).
c(s) -0.21C c(8) C.285
c(6) 0.225 c(9)  -0.237
c(7) -0.274 c(1c) .c.210

Plane 4 defined by atoms C(6),C(7),C(9),c(1C).

c(5) -c.602 c(8) 0.725
Plane 5 defined by atoms C(8),C(9),C(11),C(12),C(13),C(14).
c(8) G.258 c(12) -0.178
c(9) -C.224 c(13) c.232
c(1c)  ©.191 c(1s)  -0.279
Plane 6 defined by atoms C(8),C(11),C(12),C(14).
c(9) -0.649 c(13) ¢.656
Plane 7 defined by atoms C(14),C(15),¢(16),c(17).
c(14) -c.c37 Cooc(i7) C.C37
c(15) ©.c58 c(13)  ©.693

c(16) -c.c58



(B) PLANE EQUATIONS

Plane No. P Q R S RMS D
1 -G 4701 0.8374  -0.2788 C.7681  ©.231
2 -0.6993  0.6385 -C.3214  -1.6722  ©.050
3 -0.5116  ©.8265 -0.2349 C.6179  C.2h2
4 C.CC11 C.9987 -0.0510 3.1734  ©.0T7
5 -0.5715 C.798¢  -0.1910 Cc.4017  C.230
6 -G, 7694 0.5857  -0.2549  ~C.7553  0.036
7 -0.6598 C.T486  -C.06LE  ~0C.CHLB  ©.CU9

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 ( in Angstroms) of
the atoms defining the plane from the plane.
The plane equation is then
PX + QY + RZ. = S
where X,Y and Z are the atomic coordinates in Angstroms

referred to the crystal axes.



atoms and selected groups of them. The root mean square
deviation of the six atoms from the plane defined by C(1),
c(2),C(3),6(4),C(5) and C(1¢) (plane 1, table 1.9) is 0.23X
which 1s In good agreement wlth the value of ¢.227 X for ring
A in androsterone (Norton and Ohrt, 1964). The atoms are
alternately above and below the plane which is characteristic
of the chalr conformation. Further evidence for the chair'
conformation is found in the large displacements of C(3) and
c(1c) (c.73 X above and C.56 X below respectively) from the
plane defined by C(1),C(2),C(4) and C(5) (plane 2, table 2.9).

The adoption of a chalr conformation for ring A in this
compound permits rejection of the proposal 5f a skewed boat
conformation for ring A in 3-keto-U4,4-dimethyl-19-nor-5K -
steroids, made by Holker and Whalley (1961). [It should be
noted that Holker and Whalley (1961) carried out their
investigations in the liquild phase and this investigatlon
has been in the solid state. The conformations in the two
states may be different, but evidence from infra-red
spectroscopy (Allinger and Da Rooge, 1962) suggests the
same conformation for this type of molecule in both solid
phase and sclution.]

Rings B and C display the normal chair conformation
of cyclonexane. The deviations of the atoms from the mean
Planes through the respective rings (table 2.9) are alternately

Positive and negative which is characteristic of’ the chair

-68-



conformation. The root mean square deviations of the atoms
0

from these planes are: ring B, C.24 Z and ring C, C.23 A,
which compare fevourably with the values of ¢.233 X found

in androstercne (Norton and Ohrt, 1964), ©.25 X in 4-bromo-
estradiol (Worton,Kartha and Lu, 1954) and 0.25 X in 3-keto-
b,4-dimethyl-5 & ~androstane-178 -iodoacetate (Part II;
Chapter 1 of this thesis).

Ring D adopts an envelope conformation with C(13)
displaced C.69 2 from the plane of C(14),C(15),C(16) and
c(17) (plane 7, table 2.9). The envelope conformation with
Cc(13) displaced is in agreement with the conformation of
minimum energy calculated by Brutcher and Bauer {1962) fox
the cyclopentane ring in 17ﬁ3-substituted steroids.

The packing of ﬁhe molecules in the unit cell as
projected on (CC1) is shown in figure 2.3. No short
intermolecular distances are found (table 2.8) and the

crystals appear to be held together only by van der Waals

forces,



PART III

CRYSTAL STRUCTURE ANALYSES
OF
ORGANO-ARSENIC COMPOUNDS



Introduction.

Like most compounds of group VB elements with halogens,
triaryl arsenic dihalides R AsX are hydrolyticallykunétable.
The hydrolysis has generallg begn regarded as occurring in
two stages, corresponding to the replacement of one or both
halogens by a hydroxyl group. (Goddard, 193¢). Corresponding
to the seriles of arsines and arsenic dihalldes, there is
therefore a series of hydrolysis products generally
referred to in the literature as the hydroxyhalides R As(OH)Hal

and the dihydroxides R As(OH) . >

By analogy with tge strugtures of other compounds
containing penta-coordinate group VB elements, the hydrolysils
products have been assumed to have ftrigonal bipyramidal
structures in which the most electronegative substituents
occupy the apilcal positions. Recent examination of the
infra-red spectra and conductance properties of these
compounds, however, suggests that they do not form a
regular series in the structural sense (Harris and Inglis,
1967). It has been suggested by several authors (Jensen,
1943 ; Harris and Inglis, 1967) that the compound usually
recognised as the dihydroxide is, in fact, the monohydrated
triarylarsine oxide (R AsO.H O) whereas the. conductance
broperties of the triagyl argenic bydroxyhalides are more

in keeping with a penta-coordinate arsenic aton (assumed

-70-



to be a trigonal bipyramid). Failure to locate an absorption
which could be attributed to the arsenic-halogen stretching
frequenpy In the Infra-red spectra of the hydroxyhalides,
however, has cast grave doubts on the validity of the
trigonal bipyramidal structure (Harris and Inglis, 1967).

In order to obtain conclusive information about the structures
of these compounds and to examine the bonding systems present,
the crystal structure analyses of triphenylarsenic
dihydroxide , triphenyl arsenic hydroxychloride and
triphenyl arsenlc hydroxybromide have been completed. The
analysis of the dihydroxide confirms the suggestlion that

these compounds are indeed the friarylarsine oxide
monohydrates}in the solid state whilst the analyses of the
hydroxychloride and hydroxybromide establish that the arsenic
atom 1s tetrahedrally coordinated and that the compounds

are more correctly regarded as 1:1 adducts of trilphenylarsine

oxlde and the corresponding halogen acid.

-71-



Chapter 1.
The Crystal and Molecular Structure

of

Triphenylarsine Oxide Monohydrate.



1.1 Experimental.

The crystals used 1In this analysis were supplied
by Dr. G.S5. Harrls and consisted of large colourless plates.
Unit cell dimensions were derived from oscillation and
zero=-layer Weissenberg photographs (Cu K« radiation,
A = 1.5&18 X) with the crystal rotating about its a-axis,
and from precession photcgraphs of the hCl reciprocal
lattice net (Mo Kx radiation, A = C.71C7 2). The space
group was determined uniquely from the systematic absences
as P2 /c (C5 , No. 14).

1 2h

Crystal Data.

Triphenylarsine oxide monohydrate, [C H AsO.H 0].
18 15 2
F.W. = 34C.1,
‘ o) o] o)
11.14 + 2 A, b =16.65+3 A, ¢c = 11.41 +2 4,

Il

Monoclinic, a
o
B =13C.7 + 0.5 .
o
U=16C8 A , F(CCC) = 696 electrons

-3 -3
Dm = 1.39 gm.cm. , Z =4, Dx = 1.4C gm.cm. ,

i

5
Space Group P2 /c (C , No. 1i4).
1 2h
~1
Linear absorption coefficient = 31.4 cm. (Cu Ko radiation).
The intensity data were estimated visually from equi-

inclination Weissenberg photographs of the Ck1-9kl reclprocal

lattice nets taken with Cu Ko, radiastion. The multiple
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film technique (Robertson, 1943) aﬁd interfilm scale factors
of Rossman (1956) were used. The observed intensitiles were
reduced to structure amplitudes by applyinz the appropriate
Lorentz, polarisation and rotatilon factors (Tuhell, 1939),
yielding a total of 2187 independent structure amplitudes
(table 1.5) which represents-6C %,of the data available to
Cu K« radiation. No absorption correction was applied .
The data were initially placed on approximately
absolute scale by comparison with the calculated structure
factors. The final scale factor was determined by the

least-squares refinement.
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1.2 Soluticon and Refinement of the Structure.

In the space group P2 /c, the equivalent positions

are 1

+(x,y,2), +(x, 1/2 -y, 1/2 + z).
A heavy atom situated in a general position will therefore
give rise to the following vectors:

2x, 2y, 2z, (single weizht vector)..

¢, /2 + 2y, 1/2, (double weight vector).

2x, 1/2, 1/2 + 2z, (double weight vector).

Thus, In the three-dimensional Patterson function, three
dominant peaks would be expected; viz. one peak in a general
position, orie peak on the Harkef section at v = 1/2 and one
peak on the Harker line at u =G, w = 1/2.

The asymmetric unit of the Harker section (shown in
figure 1.1) and the Harker line were calculated and
Interpretation, using the analytical expressions given above,
led to the following coordinates for the heavy atom;

0.250, C.144, C.CCO.

When these coordilnates are substituted in the structure
factor expression for P2 /c, it becomes apparent that the
heavy atom willl have no ;ontribution to those planes for
which (h + k + 1) is odd. This indicates that the heavy atom

pbsitions approximate to a higher symmetry than that of the

true space group.
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A set of structure factors, based on the heavy atom
positlon, were calculated and the calculated phase angles
used in conjunétion with the observed amplitudes to evaluate
an electron-density synthesis. The observed amplitudes were
welghted using the method proposed by Woolfson (1956) which
will give zero weight to those planes for which the heavy
atom makes no contribution. The higher symmetry of the
heavy atom arrangement was manifested in the presence of
a diad-axis at (1/4, C , ) and an inversion centre at
(1/4, 1/4, 1/4) superimposed on the symmetry elements of
the true space group. It was possible, however, to recognise
the pnenyl groups whilch were knéwn to te present in the
structure. Arbltrary selection of one set of phenyl
groups over the corresponding pseudo-set was showm, by
consideration of the structure factor expression, to result
only in a consistent inversion of the phase angles of the
structure factors. After selection of the first benzene
ring, it was possible to eliminate the pseudo-rings on the
basis of inordinate steric overcrowding of the molecule and
impossibly short intermclecular contacts.

Coordinates were derived from the electron-density
synthesis for two of the three phenyl groups present in the
molecule using a peak searching program written by Dr. D.R.

1

McGregor (1967). Inclusion of the thirteen atoms (i arsenic
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and 12 carbon) in the structure factor calculation reduced
the agreement index R from C.64 with the heavy atom only to
C.36. A second electron-density distribution was calculated
using the improved phase angles and the modified values of
|Fol (Woolfson, 1956), and showed no pseudd-symmetry. It
was posslble To derive the cqordinates of ninsteen of the
twenty-~one atoms present in the structure from this map
using the peak-searching program (McGregor, 1967). The
process was repeated until all the atoms were located and

is summarised in table 1.1 part A.

The structure was refined in eight cycles of minimisation
of the function Zw( |Fo|l - {Fc\)2 by the method of least-
squares. D.R. Pollard’s least-squares program (1968) was
used in the initial stages. Each reciprocal lattice net was
given an individual scale factor and each atom a single
isotropic'temperature factor. The observations were all
given unit welght. After four cycles of full-matrix
refinement, the R-factor was reduced to C.15C.

The Glasgow SFLS program (Cruickshank and Smith, 1965)
was then used to continue the refinement. Lingafelter and
Donohue (1966) have shown that, if the observations are
collected up only dne axis, there is insufficient information
to permit the refinement of individual layer scale factors

and anisotropic thermal parameters. On the assumnption that
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the data were on the same relative scale at the conclusion
of the i1sotropic refinement, it was therefore decided to
refine anisofropic thermal parameters and a single overall
scale factor. Consequently least-squares totals were
accunulated in the fifth cycle to pvermit calculation of the
anlisotropic thermal parameters for all atoms. As a result
of allowing for the anisotroplc vibrations of the atoms, R
fell from G.145 in cycle five to C.127 in cycle six (the
block-dlagonal approximation to the matrix of the normal
equations was used in these cycles).

Using the structure factors calculated in cycle six
a low order (Fo - Fc) map was calculated using only those
planes for which sin 8 /X < ¢.36. 1In this map it was
possible to locate the hydrogen atoms bonded to the phenyl
groups but it was not possible to lccate the hydrogen atoms
of the molecule of water of crystallisation present in the
structure. The aromatic hydrogen atoms were therefore
included in the structure factor calculation in calculated
_positions but were not refined.

A further two cycles of refinement in which the block-
dlagonal approximation to thebnormal matrix was used produced
convergence. The R-factor over the 2187 independent
reflections was reduced to C.114.

The weighting scheme applied in the last three cycles

-77-



of refinement was of the form

2 3
w=1/[5.16 + \Fo\ + ¢.c131\Fo\ + c.ccc2{Fol ]

Cruickshank (1961). Fyam_natlon of a bivariate analysis of
Eh:[l by magnitude of |Fo| and sin 9/)\Eshowed a reasonably
flat distribution for the aveérage values of wlﬁ~?

The structure factors calculated in the final cycle of
least—équares refinement were used to phase electron-density
and difference syntheses. The electron-density synthesis is
shovn by means of a composite contour diagram in figure 1.2
which alsc explains the numbering system adopted for the
molecule. The standard deviation of the electron density,
calculated using the approximate formula of Cruickshank (1949),
was C.2 e/?\3 and in terms of this no significant features
appeared in the difference map indicating that the refinement
was complete.

The atomic scattering factors used throughout the
analysis were those of Hoernli and Ibers (1954) for carbon
and oxygen; Freeman and Watson (1961) for arsenic ; Stewart,
Davidson and Simpson (1965) for hydrogen.

The atomic parameters are presented in tables 1.2
(fractional coordinates), 1.3(anisotropic thermal parameters)

and 1.4'(aésumed hydrogen parameters). The observed and

calculated structure factors, at the conclusion of the
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refinement, are containsd in table 1.5 and an analysis of
the structure factor data by layer l1line index and magniltude
of ‘Fol in table 1.6. Atomlc coordinates in Engstroms
referred to orthogonal axes defined by X' parallel to a*,

Y parallel to b and Z' parallel to ¢ are given in table 1.7
for the heavier atoms present in the structure. Tables 1.8,
1.9, 1.1C, 1.11 and 1.12 contain bond lengths, interbond
angles, intramolecular distances, intermolecular distances
and mean planes through portions of the molecule resgpectively.
Estimated standard deviations, where quoted, are in units of
the last decimal place of the quantity to which they refer.

The packing of the molecules in the unit cell as viewed

down the b-axis 1s shown in figure 1.3.
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TABLES AND DIAGRAMS



Figure 1.1

Harker section at v = 1/2, contours at arbltrary

levels.






Figure 1.2

Composite electron-density dilagram, projected on (C10).
o3
Contours are at intervals of 1 e/A except around the
o3
arsenic atom which 1s contoured at intervals of 5 e/A .






Figure 1.3

The packing of the molecules as projected down b.
Molecules in the upper half of the cell are drawn
with bolder lines; hydrogen-bonding 1s shown by

means of broken lines.






TABLE 1.1

COURSE OF ANALYSIS
(A) Fourier Refinement
Atoms included in structure R

factor calculation.

1 As only C.64

2 As + 12 C ~ 0.364
3 As +16 C+20 0.320
4 As + 18 C + 20 C.299

(B) Least-squares refinement.

Cycles Final R Final R’ *
1 -4 0.150 - (a)
5 0.145 - (p)

6 0.127 0.030 (e)
7-9 O.114 0.021 (a)

* (a) Full-matrix, isotropic, layer scales, unit weights.
(b) As above, welghting scheme applied.
(¢) Block-dlagonal, anisotroplc, one scale factor.

(d) As above, hydrogen atoms included but not refined.



TABLE 1.2

FRACTIONAL COORDINATES

ATOM X/a Y/b
As(1) C.2588 + 1 0.1448
0(1) 0.3678 + 8 0.0770
o(2) 0.6898 + 9 0.0583
c(1) 0.1927 + 12 C.1081
c(2) C.307C + 14 C.C84C
c(3) 0.2649 + 20 C.0557
c(4) C.1053 + 21 C.C55C
c(5) -C.0067 + 22 C.CT782
c(6) C.0369 + 16 0.1059
c(7) 0.374C + 10 C.2424
c(8) C.4855 + 12 0.2632
Cc(9) 0.5733 + 14 G.3343
c(1c)  0.5421 + 14 ¢.3793
c(11) C.4308 + 15 0.3601
c(12) C.3426 + 15 0.2898
c(13) 0.0772 + 11 0.1677
c(14) 0.0427 + 13 0.1175
c(15) -C.0917 + 20 0.1356
c(16) -0.1942 + 16 0.1964
C(17)  -0.1554 + 17 0.2446
C(18) -0.0258 + 13 C.2321

AND E.S.D.S.

N L e B e S F o T S o B R RO C o PO B S B Fo B

1+

-

~N W C VW N NN 000 N9 N O o W W Ww ooowvwowum F

Z/c
0.0114
0.0139
0.1595
0.1213
C.2684
0.3533
C.2823
C.1366
0.0522
0.1C9C
0.1001
0.1745
C.2531
0.2597
0.1879

-0C.1944
-C.3118
-0.4626
~0.4943
-0.3784
-0.2292

R B PN B £ SN S O S S B S P PO P SO PO B 1S

I+

11
14
15
17
21
17

11
13
12
13
13
1
11
15
14
20
14



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

ATOM
As(1)

o(1)
0(2)
c(1)
c(2)
c(3)
c(4)
c(5)
c(6)
c(7)
c(8)
c(9)

c(10)

U1

C.0511
6
0.0584
38
0.0671
b1
0.CT11
58

0.0803
73

C.1374
123

0.1636
145

0.1494
137

©.0853
80
C.C493
45

0.C565
52

0.0706
65

0.0775
70

TABLE 1.3

uz22

0.0588
5

0.0T741
46

0.0671
48

C.O457
48
0.0938
88

0.1012
165

C.0865
ol

C.0918
99

C.C919
88
C.C490
4e
C.0C673
61
0.CT49
69

C.0684
65

U33

C.0488
5

C.0B41T
b

C.C867
51

C.C667
52

0.0701
6

C.0715
75

C.1166
110

C.1517
142

0.1078
93

0.0U34
39

0.0663
56

0.0764
66

0.0606
57

2U23
0.0CC1C
8
"0.0]60
71

-C.C314
7

-G . 0060
78

0.0043
118

"0 00052
141

‘000512
155

‘0.0001
182

G.C550
144

"O 00033
64
0.0031
88

0.0195
103

0.0015
92

2U31

0.C595
9

C.C999
75

C.CTTY
80
0.0993
99

0.0894
123

0.1100
167

0.2218
233

0.2483
261

0. 1461
156

0.C537
73

0.C839
97

0.0972
117

C.OT40
110

2u12
0.C197
8
0.0357
67
-C.C018
70

-0.0C11
82

"O 00356
129

-C.0838
185

-C.0902
184

-0.0084
184

0.0370
134
C.0038
69

0.011C
88

-C.0091
104

-0.CC69
105



c(11)
c(12)
c(13)
c(iu)
c(15)
c(16)
c(17)

c(18)

0.0991
81
0.0958
7
0.0483
ko
C.C729
65
C.1201
107
0.0734
72

0.0899
89

C.0688
65

0.0C554
59

C.C634
61

0.C757
64
C.oTh7
69
01190

112

0.126C
120

C.1086
112

0.0756
74

C.CT49
62
0.0876
71

0.0631
54

C.0540
52

0C.C688
70
GC.0652
69
GC.1361
125
C.0894
76

-0 QOOL‘G
95

"0 [ 0329
1c2

0.0273
9C

6.0023
90

"'0001 94
138

0.0713
138

0.1418
196

0.0446
17

C.1228
128

0.1483
135

C.C692
90

0.C655
102
C.1089
155

C.C317
114

O.1417
188

C.1039
123

-0.0022
104

"000127
1C9
C.CC10
86

"'O 00355
104

-0.11C7
177

-O 00628
151

0.0751
163

C.o442
108



TABLE 1.4

ASSUMED FRACTIONAL COORDINATES AND TEMPERATURE FACTORS
OF HYDROGEN ATOMS

ATOM X/a Y/b Z/c Uiso
H(2) C.430 0.C84 0.319 0.05060
H(3) 0.355 C.037 C.473 C.C500
H(4) 0.0T77 C.036 C.352 0.0500
H(5) -0.135 C.OT4 C.084 0.C500
H(6) ~-0.055 0.125 -0.070 0.C5C0
H(8) C.508 0.225 G.0C37 C.C500
H(9) 0.663 0.353 C.167 0.C500
H(10) 0.613 C.433 0.314 0.0500
H(11) C.409 C.400 C.320 0.0500
H(12) 0.255 c.271 C.197 0.C5C0
H(14) 0.12C C.067 -0.284 0.05C0
H(15) -0.117 Ce.1C1 ~-0.559 0.05C0
H(16) -C.306 0.204 -C.610 0.0500
H(17) -0.231 0.297 -0.409 0.C500
H(18) -C.C01 0.271 -0.138 0.0500

The hydrogen atoms are numbered to correspond

to the carbon atom to which they are bonded.



TABLE 1.5
FINAL OBSERVED AND CALCULATED STRUCTURE AMPLITUDES.
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TABLE 1.6

(A) ANALYSIS OF STRUCTURE FACTOR DATA AS A FUNCTION OF

(B)

LAYER LINE INDEX. ALL FIGURES ARE ON ABSOLUTE SCALE.
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4910
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3674
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2514
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41035

ANALYSIS OF STRUCTURE
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10692
12363
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8493
10241
12236
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FACTOR
1331
1219
1091
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N
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267
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253
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224
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204
196
147

2187

DATA BY MAGNITUDE

1072
612
359
136

8

R
C.1067
©.1278
C.1089
0.1156
C.1127
©.C991
C.1069
0.1157
0.1256
0.1205
0.1137

O.1484
O.1141
0.0883
C.1113
0.1359



TABLE 1.
ORTHOGONAL COORDINATES AND E.S.D.S.

i 1

ATOM X Y vA
As(1) 2,185 + 1 2416 + 1 -1.752 + 1
o(1) 3.105 + 7 1.282 + 7 -2.515 + 7
0(2) 5.823 + 8 Cc.971 + 8 -3.194 + 9
c(1) 1.627 + 10 1.799 + 9 ~0.017 + 9
c(2) 2,591 + 12 1.399 + 13 0.831 + 13
c(3) 2.236 + 17 0.928 + 15 2.105 + 16
c(u) 0.889 + 18 C.915 + 14 2.456 + 13
c(5) -0.056 + 18 1.301 + 15 1.607 + 16
c(6) C.312 + 13 1,763 + 14 0.327 + 13
c(7) 3.157 + 8 4,036 + 8 -1.475 + 9
c(8) 4,099 + 10 4,382 + 10 -2.387 + 10
c(9) 4.84C + 12 5.566 + 12 -2.176 + 12
c(10) 4,576 + 1 6.316 + 12 -1.052 + 12
c(11) 3.637 + 13 5.995 + 10 ~0.169 + 11
c(12) 2.893 + 12 4.825 + 11 -0.346 + 10
c(13) C.652 + 9 2.792 + 11 -2,78¢ + 11
c(14) 0.361 + 11 1.956 + 12 -3.868 + 11
c(15) ~C.TT4 + 17 2.257 + 16 -4.,612 + 14
C(16) -1.639 + 13 3.271 + 17 -4,228 + 17
c(17) -1.312 + 14 4,072 + 16 -3.188 + 18
c(18) ~0.218 + 1 3.865 + 12 -2.427 + 13



As(1)
As(1)
As(1)
As(1)
c(1)
c(2)
c(3)
C(4)
c(5)
c(6)
c(7)

c(1)
c(7)
c(13)
0(1)
c(2)
c(3)
C(4)
c(5)
c(6)
c(1)
c(8)

TABLE 1.8

1.922+ 9
1.914+ 8
1.885+10
1.644+ 7
1.345+16
1.404+20
1.393+24
1.328+23
1.410421
1.360+17
1.356+13

BOND LENGTHS AND E.S.D.S.

c(9)

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

c(1k)
c(15)
C(16)
c(17)
c(18)
c(13)

1.412+415
1.377+17
1.329+17
1.398+16
1.4c2+13
1.403+16
1.390+20
1.387+22
1.353+24
1.348+19
1.425+16



TABLE 1.9

INTEREOND ANGLES AND E.S.D.S.

0(1)-As(1)-C(1)
0(1)-As(1)-c(7)

0(1)-as(1)-c(13)

C(1)-As(1)-C(7)

C(7)-As(1)-C(13)
C(1)=-As(1)=-C(13)

As(1)~-
As(1)-
c(2)-
c(1)-
c(2)-
c(3)-
c(4)-
c(1)-
As(1)-

c(1)-c(2)
c(1)-c(6)
Cc(1)-Cc(6)
c(2)-c(3)
c(3)-c(4)
c(4)-c(5)
c(5)-c(6)
c(6)-c(5)
c(7)-c(8)

11
111

1C9.
T+ 4
O+ 4
ST+ 4

1C6
108
1c8

17.
.2+ 8

121
121

119.
U414
JTHI4

118
121

119.
119.
118.

3+ 4
5+ 4

9+ 4

1+ 8

JTHI0

h+12

3+16
4+13
1+ 7

As(1)
c(8) -
c(7) -
c(8) -
c(9) -
c(10)-
c(7) -

As(1) -

As(1) -
C(14)-
c(13)-
c(14)-
c(15)-
c(16)-
c(13)-

c(7) -c(12)
c(7) -c(12)
c(8) -c(9)
c(9) -C
c(10)-

(1¢)
c(11)
c(11)-c(12)

c(12)-c(11

c(13)-c(14

(

c(13)-c(18
c(i4)-c(15
c(15)-C(16)
c(16)-c(17)
c(17)-c(18)
c(18)-c(17)

)
)
c(13)-c(18)
)
)

119.

121

118

123.
119.
118.
118,
120,
12C.
17.
.3+13
119.
122,
118.

121

9+ 7

-9+ 9
118.

5+ 9

.6+10

1411
6+10
2+10
1+ 8
9+ 8
9+10
1411

6+14
6+14
1+12



TABLE 1.10

INTRAMOLECULAR DISTANCES (IN ANGSTROMS).

As...C(2) 2.80 0(1)...C(6) 4,01
As...C(6) 2.87 0(1)...C(12) 4.16
As...C(8) 2.82 0(1)...C(18) 4,21
As...C(14) 2.88 C(1)eeaC(7) 3.08
As...C(12) 2.88 C(1)...C(13) 3.09
As...C(18) 2.89 C(7)e.C(13) 3.09
0(1)...C(1) 2.94 C(6)...C(12) 4,06
0(1)...C(7) 2.95 C(6)...C(18) 3.50
0(1)...C(13) 2.89 c(12)...C(18) 3.87

HYDROGEN BOND DISTANCES
0(1)...0(2) 2.819 + 10
0(1)...0(2)* 2.784 + 10

0(2)* refers to the coordinates given in table 1.2

transformed through an inversion centre.,



TABLE 1,11

o
INTERMOLECULAR DISTANCES LESS THAN 3.8 A.

C(5)eeeesC(17) 111
C(4)eeaaasC(1l) \'
C(3)eee.-C(9) 111
0(2) eeessC(15) i
C(11).e..0(1) 111
C(5)eeess0(2) 11
C(5)eseseC(18) 111
C(3)ee...C(10) 111
C(5) eeeeasC(6) v
C(6) eeeesC(6) v

3.33
3.44
3.49
3.53
3.56
3.56
3.57
3.62
3.63
3.64

C(9)eesseC(16)
C(12)e0e..C(14)
C(9)eeeesC(17)
C(6)eees.C(17)
C(14)....0(2)
c(11)....0(2)
C(8).....C(16)
C(3)eesesC(8)
C(2) eessaC(9)
C(l4)ueo.C(18)

i
iii
iv
ii1
vi
111

ii1
111
il1

3.67
3.68
3.69
3.69
3.70
3.71
3.72
3.75
3.77
3.80

Roman numerals refer to the followlng transformations

of the fractional coordinates given in table 1.2.

1 1 + x,

Y 1 + z.

Y Z.

x) 1/2 - Y, 1/2 + Ze

1ii

iv 1 + x,
v -X,

vl 1 - X,

1/2 -y, 1/2 + z.

=Y ~Ze

=Y =-Z.

The transformations are applied to the coordinates of

the second atom in each case.



TABLE 1,12
MEAN MOLECULAR PLANES

(A) Atoms defining planes.

PLANE 1 C(1) TO C(6).

PLANE 2 C(7) TO c(12).
PLANE 3 C(13) TO c(18).
PLANE 4 0(1), As(1), c(1).
PLANE 5 0(1), As(1), ¢(7).
PLANE 6 0(1), As(1), c(13).

(B) Plane equations.

Plane No. P Q R S RMS D
1 -0.0724  -0.9318 -0.3557 -1.7841  0.C06
2 -0.6816 0.5182 -C.5167 C.7067  ©.C06
3 0.5179 C.6136  -C.596C 3.7¢57 ©,.C18
4 -C.8239 -0.3974 -C.4041 -2,0506 -
5 -0.318C 0.3404  -0.8849 1.6753 -
6 0.4977 0.7265 -0.4739 3.6685 -

P,Q and R are direction cosines of the plane normal,

S 1s the origin to plane distance and RMS D the root mean

square deviation of the atoms defining the plane, from the

plane (in Angstroms). The plane equation is then

PX' + QY + RZ'= S

where xL Y and Z'are the atomic coordinates in Angstroms

referred to orthogonal axes defined by X'parallel to a*,

Y parallel to b, and Z'parallel to c.



(C) Deviations from mean molecular planes (in Angstroms).

Plane 1 Plane 2 Plane 3

1 =0 1=6 1=12
C(1 + 1) -0 .CC5 -C.004 0.CCC
c(2 + 1) -0.001 C.003 -0.013
C(3 + 1) 0.008 0.003 C.028
c(4 + 1) -0.0C9 -0.,009 -0.029
c(5 + 1) 0.003 0.008 0.015
C(6 + 1) 0.0CH -0.002 -0.001

(D) Dihedral angles. v
Plane A Plane B [/ _AB

1 4 55.0
2 5 31.8

3 6 9.6



1.3 Discussion,.

The crystal structure analysis establishes that the
compound produced by complete hydrolysis of triphenyl
arsenic dihallides, which has been generally regardéd as
triphenyl arsenic dihydroxide [Ph As(OH) ] is more correctly
formulated as triphenylarsine ozige monoﬁydrate [Ph AsO.H 0O].

The arsenic is tetrahedrally coordinated but tge :
expected C symmetry of the molecule 1s destroyed by the
unequal roggtions of the phenyl groups. The phenyl groups
are planar within experimental error (table 1.12) and are
inclined at 55 , 32 and 1G  respectively to the planes
defined by 0(1),4s,C(1 + 1) where 1 = C, 6 and 12 (table
1.12). Since the intermolecular distances (table 1.11)
involving carbon atoms are in the range regarded as being
normal for van der Waals contacts, the orientations of the

phenyl groups may be ascribed to crystal packing forces.

The average C 2.- C 2 (aromatic) bond length of

o sSp Sp
1.38 + C.02 A and the average bond angle at a trigonal
o .

carbon atom of 12C.C + 1.2 are in accord with the standard
values quoted by Sutton (1965). No significant deviations
from the means are found in the individual valuss (tables
1.8 and 1.9).

The arsenic-oxygen bond length found in this analysis

o
is 1.644 + ¢.CCT7 A which compares favourably with the values
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of 1.646 + C.CCH X found in haidingerite [CaH.(AsO )H O]
(Calleri and Ferraris, 1967) and 1.649 + C.C16 X iﬁ tﬁe
1:1 adduct of N-methyl quinolone and arsenic acid (Currie
and Speakman, 1968).

The bonding may be considered as arising from the
formation of four ¢ bonds using the sp3 hybrid orbitals of
the afsenic atom. The arsénic-oxygen bond length 1is then
shortened by overlap between the filled oxygen pw orbitals
and the vacant arsenic dT orbitals. A similar explanation
of the bonding in analogous phosphorus and sulphur compounds
has been proposed by Cruickshank (1961).

The average arsenic-carbon bond length is 1.9C7 + 0.CC9Y 2
which does not compare with the value of 1,966 + 0.C21 K
found in arsenobenzene (Hedberg, Hughes and Waser, 1961) and
the mean value of 1.96 + 0.C1 X reported by Sutton (1965).
Using the criteria of Cruickshank and Robertson (1953), these
bond distances are signifilcantly different at the 0.1 % level.
The arsenic-carbon distance, however, compares favourably
with the values of 1.897 + C.CC9 i in tetraphenylarsonium
3-fluoro-1,1,4,5,5-pentacyano-2-azapentadienide (Palenik,
1966), 1.9C + ©.01 X in [(C H ) As]+[BrIBr]- (McEwan, 1965)

- 654 -
o + -
and 1.91 + C.C1 A in [(C6H )’As] [RuClA(HED)g} .HgD (Hopkins,
Zalkin, Templeton and Adamson, 1966). The shortening of

the arsenic-carbon bond lengths in these lonic compounds
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is attributed to a formal charge effect arising from the
positive charge on the arsenic atom., A similar shortening
mechanism may be envisaged in triphenylarsine oxilde
monohydrate. The polar nature of the arsenic-oxygen bond
will leave the arsenic with a partial positive charge which
might léad to slight bond shortening. Evidence for the

polar nature of the arsenic-oxygen bond is found in the
relatively high dipole moments in benzene solution of both
the anhydrous and monohydrated triphenylarsine oxides (5.51 D.
and 5.81 D, respectively ; Jensen, 1943).

The molecules in the unit cell are held together by a
hydrogen~bonding system around the crystalldgraphic centres
of symmetry. FEach triphenylarsine oxide molecule forms a
hydrogen bond with two water molecules, forming what may be
regarded as centrosymmetric dimers (see figure 1.3). The
O...H...0 distances are 2.81 X and 2.78 X which agree with
values found for O...H...0 distances in various crystalline
hydrates (e.g. Baur, 1965). The hydrogen bonding may
therefore be regarded as arising from interaction between
the positive ends of the water dipole and the negative end

of the arsenic~oxygen dipole.
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Chapter 2.
The Crystal and Molecular Sftructure

of

Triphenyl Arsenic Hydroxychloride.



2.1 Introduction.

The crystal structure analyses of triphenyl arsenic
hydroxychloride and triphenyl arsenic hydroxybromide will
be described in this chapter and in the succeeding chapter
brespectively. These compounds are produced by partial
hydrolysis of triphenylarsine dichloride and dibromide
respectively and have generally bzsen regarded as having
trigonal bipyramidal structures in whilch the arcenic atom
is penta-coordinate. The solutlon of their crystal structures
establishes conclusilvely that, in the solid state, the
structures consist of tetrahedrally coordinated arsenic atoms
which are hydrogen bonded through oxygen to the halogen.
Although the compounds do not form an isomorphous series
the envirorments of the arsenic atoms are so similar that
the crystal and molecular structures of the two compounds
will be discussed together at the end of the succeeding

chapter (i.e. Part III, Chapter 3, section 3.4).



2.2 Experimentsl.

Crystal Data.

Triphenyl arsenic hydroxychloride

C H AsOC1, F.W = 358.7.
18 16

o
Monoclinic, a = 17.38 + 3 A, b= 11.44 + 2 A, ¢ = 17.21 + 3 4,
0

li

B=10c 28+ 30
(o]
U = 3365 A , F(cCo) = 1456 electrons.

-3 -3
Dm = 1.44 gm,ems , Z =8, Dx = 1.416 gm.cm. ,

Space Group P2 /¢ (C , No. 14),
1 2h
Linear absorption coefficient (Mo Ky ) = 23.3 cm.m1

The crystals used in this analysis consisted of thin
colourless plates and.were supplied by Dr. G.S. Harris.

Unit cell dimensions were derilved from oscillation and zero-
layer Weissenberg photographs taken about the b-axis with

Cu KK radiation ( A = 1.5418 X) and from precession
photographs of the Ckl reciprocal lattice net (Mo Ke radiation,
A = C.TICT A).

Intensity data were collected using a Hilger and Watts
Y-19C linear diffractometer ( Appendix I). The crystal was
rotated about 1ts b-axis and the hC1l~hi1Cl reciprocal lattice
nets explored using Mo K& radiation. A one minute

o

oscillation cycle of 3 was employed for each reflection;

compensation for background radiation was achieved by means
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of balanced strontium oxide / zirconium oxide filters (Ross,
1926), Fach reflection was measuvred twice with each filter.
The maxlimum reflecting angle allowed was 0 = 300.

Since the random background count was of the order of
15 counts per minute, all reflections with count rates of
less than 2C counts/minute were excluded from the analysis.
The remaining 2420 reflections (table 2.4), which represents
33 % of the copper sphere, were reduced to structure
amplitudes by application of the appropriate Lorentz,
polarisation and rotation factors (Tunell, 1939). No
correction for absorption was applied.

‘The data were initially placed on approximately
absolute scale by comparison with the calculated structure
factors. The final scale was determined by fhe least-

squares refinement.
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2.3 Solution of the Structure.

Triphenyl arsenic hydroxychloride crystallises in the
monoclinlc system, space group P2 / c, with eight molecules
rer unit.ceil, l.e. two molecules]per asymmetric unit. In
the preliminary examination of the vector set which may be
derivedvfor the heavy atoms present in the structure, only
those vectors which would arise between the arsenlc atoms
were consldered. This reduced the complexity of the problem
by reducing the number of heavy atoms from four to two per
asymmetric unit with a consequent reduction in the number
of possible vectors.

Two types of arsenic-arsenlc vectors méy be recognilsed;
those due to atoms in symmefry related positions and those
~due to non-symmetry related atoms arising frocm the presence
of two arsenic atoms per asymmetrlic unit. The former vectors
may be derived by linear comblnations of the coordilnates of
the equivalent positions and will have the following
coordinates:

2x , 2y , 2z (single weight)
1 i 1

c, 1/2 + 2yi, 1/2  (double weight)

2xi, /2 , 1/2 + 221' (double weight)

where the subscript 1 refers to either As(1) or As(2).
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The non-symmetry related vectors were derived by
graphlcal ccnstruction of the Patterson diagram for two
atoms per asymmetric unit In a monoclinic cell, space group
P2 /c. Reduction of the resultant vector set by the reduced
sy;metry of the Patterscn space group indicated that four
double weight vectors should be present in the asymmetric

unit of the Patterson function. The coordilnates of these

vectors are:

(x -x),(y ~y), (2 -2)

1 2 1 2 1 2
(x +x), (y +vy), (z +2)
1 2 1 2 1 2
(x -x), (W/e+y +y), (W/2+2 - 2z)
1 2 1 2 1 2
(x +x), (/e+y -y), (W /2+2 +2)
1 2 1 2 1 2

The asymmetric unit of the three~dimensional Patterson
function was calculated. An empirical sharpening function
which Increased the magniltudes of the F coefficlents as

sin 8/\ increased was applied.

Examination of the Harker line at u C, w = 1/2 showed
the presence. of only one major peak at v = C instead of the
expected two peaks of comparable helight. The peak height
corresponded to the estimated value for an elght-fold

arsenic-arsenic vector and was interpreted in terms of both

arsenic atoms in the asymmetric unit having a fractional
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y~-coordinate of C.25.

Substitution of the value y = 0.25 in the analytilcal
expressions given abvove for bothithe symmetry and non-
symmetry related vectors indicates that all peaks due to
arsenic-arsenic vectors will be concentrated on the sections
of the three-dimensional Patterson function at v = 1/2 and
v = C.

The Harker section at v = 1/2 (figure 2.1) contains a
total of six majJor peaks, four of which correspond to double
welght arsenic-arsenic vectors (peaks A, B, C and D) and
two which correspond to four-fold arsenic-arsenic vectors
(peaks E and F). The section at v = G contained three ma jor
non-origin peaks: the eight-fold peak on the Harker line and
two four-fold arsenic-arsenic vectors. The Increase 1n
welghts of the rotation peak and the vectors from non-
symmetry related atoms is dus to coalescence of two peaks
across the mirror planes at v = ¢, 1/2.

Derivation cf the atomic coordinates for both arsenic
atoms by application of the above analytical expressions led
to the possibility of two solutions both of which satisfled
the vector set, viz. peaks A and D as rotation peaks, peaks
B and C as corresponding Harker peaks and vice versa.

In order to differentiate between these solutions an

attempt was made to locate the vector set arising from the

~-88-



chlorine atoms present in the structure. However, no
sclution could be found. It was therefore decided to
calculate electron-density distributions based on the two
solutilons for the coordinates of the arsenic atoms.

Posltion 1 Peaks A and D as rotation peaks.

As(1) C.CT49 C.250 C.C935
As(2) c.41c8 C.25C C.C596
Examination of the structure factor expression for

P2 /c shows that-atoms naving a y-coordinate of C.25 have nc
co;tribution to those planes with 1 # 2n. For thils reason
all planes for which 1 # 2n were removed from the analysis
in the initial stages; Structure factors were then calculated
over the reduced data and were used to phase an electron-
denslty synthesis. The resultant map was somewhat complicated
by a pseudo-mirror plane at v = 1/4 but one possible chlorine
could be located. 1Inclusion of the suspected chlorine atom
in the structure factor calculation over all the data reduced
the R-factor from .68 to C.52. The improved phasing of the
second electron-density map allowed location of a second
possible chlorine site and showed areas of incompletely
resolved electron density which could be interpreted in terms
of benzene rings attached to the arsenic atoms. A third
cycle of Fourier refinement, however, yielded noc improved

resolution. Further attempts to improve the phasing using
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this solution of the Patterson function were therefore
suspended in order to explore the poasitilities of the
second solution.

Position 2 Peaks B and C as rotation peaks.

As(1) C.C875 0.250 0.190C
As(2) C.h2u3 C.250 C.1515
An electron-density synthesis was calculated based on

the phases of the arsenic and the observed structure
amplitudes which were modified by the method of Woolfson
(1956). The distribution showed regions of positive
electron density which could be interpreted in terms of
phenyl groups bonded to the arsenic atoms. ‘The poor phasing
of the map, however, obscured the positicns of the chlorine
atoms. A second cycle of Fourier refinement was calculated
based on the phases derived from the arsenic atoms and one
phenyl group. Examination of the resultant map showed
tentatlve positions for the chlorine atoms and poorly
resolved phenyl groups. It was then realised that the x
and z coordinates of the proposed chlorine atoms were very
similar to those cf the arsenlc atoms. For this reason, the
chlorine-chlorine vectors arising from atoms related by the
two-fold screw axes would superpose on the arsenic-arsenic
vector arising in the same manner, but the vectors between

atoms related by the inversion centres would not superpose.
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