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SUMMARY

The main parts of this thesis describe the determinations
of the structures of derivatives of two alkaloids of the
calabash-curare series, caracurine-II and macusine-A, by
X-ray methods. Another two sections deal with the
determination of the crystal structure of a derivative of
a naturally-occurring sesquiterpenoid lactone, geigerin,
and with that of a monochalogenobenzene derivative,
2=chloro-L-nitroaniline,

A considerable amount of information regarding the
major portion of the chemical structure of caracurine~II
was avallable when the analysis of this structure was
begun, Nothing was known of the crystal structure or of
the absolute position of the atoms in the molecule.
Examinations of crystals of the isomorphous dihalide
derivatives, the dimethochloride and the dimethobromide,
were made but owing to difficulty in ascertaining the
locations of the halide ions the work on these was
abandoned at an early stage. The elucidation of the
structure of caracurine-Il1 resulted from an analysis of
the dimethiocdide derivative,

Similarly, the greater part of the chemical structure
of macusine-hA was known when the X-ray analysis of crystals
of the icdide derivative of this alkaloid was undertaken.

The iodide ion was easily located and the structure was



very readily determined.

In neither the analysis of caracurine-II
dimethiodide ner that of macusine-A iodide was great
accuracy of the molecular parameters attempted,
Consequently, the results have considerable limitations
imposed upon them and the finer details of the molecular
dimensions are obscured,

A structure and partial stereochemistry of geigerin
had been proposed when crystals of bromogeigerin acetate
were received from Professor Barton, The Xeray crystai
analysis of this derivative of geigerin confirmed the
proposed structure. Unfortunately the substitution of
the bromine atom into geigerin acetate did not occur at
the expected position but at a centre which was of
stereochemical interest. The outcome of this was that
the relative stereochemistry of the geigerin molecule a%t
that site at which this substitution had taken place could
not be inferred from the results of the analysis. The
analysis was carried out to a fair degree of accuracy.
Some interesting features which can be correlated with
those observed in other molecules are evident in the
structure. The work on this structure analysis was shared
with Miss J.A. Hamilton who performed,; as far as possibdle,

alternate series of caleculations.



The c¢rystal analysis of 2-chloro-4-~nitroaniline
was undertaken in order to determine the finer details
of the molecule, the gross structure being entirely
known., The results clearly establish that, in the solid
state, the nitro group of the molecule is twisted out of

the plane of the benzene ring by a small amount,
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PART I

Some Kethods of X-ray Crystal

Structure Analysis.




et

$.1 INTRODUCTION,

The Xerays produced when high-speed elecﬁrons hit atoms
have wavelengths of the same order of magnitude as the
distances between atoms, The discovery of this fact,
due to Laue in 1912, opened the way, not only to the
understanding of the nature of X-rays, but alse to the
determination of the exact arfangemeﬁt of the atoms in
a crystal,

Complex and lengthy caleculations are required to
build up an image of the pattern of atoms in a crystal;
In the early days of crystallography only elements and
’simple salts could be tackled with any hope of success.
However, with the accumulation of knowledge, inorganic
structures of ever-increasing complexity were determined,
Among organic compounds progress was at fiést slow but
the pace accelerated as soon as the structures of the
principal fundamental types of molecules = normal paraffin
chain, benzene ring, naphthalene nucleus - were well
established and the structures of such complex substances
as ecarbohydrates, aterols; phthalocyanines, strychnine
and vitamin 5@2 were determined,

.With the advent of the electronic cqmputef the time
required for the caleulations was greatly reduced, with
the result ﬁhﬁt X-ray analysis now plays an increasingly

important part in research and the structures of many



complex naturally-oecurring organic compourids have been
elucidated,



LV

1.2 DIFFRACTION BY A LATTICE.

The simplest kind of three-dimensional pattern is a
set of points, each point located at a lattice point,

The angles of diffraction produced by a erystal depend
only upon the lattice dimensions, Assuming that each
lattice point is the site of an electron, the position of
the electrons can be specified by the ends of vectors p
such that

r = v + vb ¢ wg
where a, b, and ¢ are the primitive translations of the
lattice and u, v, w are integers.

When each electron is located in the path of an Xeray
beam, it is forced into oscillation by the electromagnetic
field of the X-rays impinging on it, and, due to this, the
electron in turn becomes a source of secondary radiation,
It is necessary to consider the phase differences between
the waves scattered in any particular direction in order

to find the total effect of the combination of these

secondary waves,
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In the diagram A.g and A, are two lattice points
separated by a vector distance r, and AQM and AN are
drawn in the incident and diffracted wave front
respectively. A parallel beam of X-rays, of wavelength

X, falling on the lattice in a direction defined by the
vector S, (modulus ?k) is scattered in a direction defined
by the vector g (modulus /).

The path difference between the scattered waves is

AN = AoM = A (2.5 = £.8,) =Ar.S.
where S = 8 = 5,

The scattered waves interfere with each other except when
they happen to be in phase and in order that this condition
is satisfied the path difference must be equal to an
integral number i.e. r.S must be an integer.

. Thus {va + rb + we).S must be integral, Since u,v,
and w change by integral values each of the products

separately must be integral i.e.
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where h, k, £ are integers,

These equations are known as the Laue equations and when
they are sinultaneously satisfied a diffracted beam of
mazimum intensity will be preduced, It was not until
W.lo Bragg (1913) identified the integers h, k and £

with the Miller indices of the lattice planss that use
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eould be made of these equations to interpre® XZ.ray spectra
and to determine the structure of crystals,
Rewriting Laue?s equations as

&/m .8 1

i

é/kousﬁ = ‘i

€/p .8 = 1
then, subtraction of these in pairs gives (&/h - Ejk}ug = 0,
(2/n - 3/2 ). S = 0. This means that the vecter § is
perpendicular to the vector éjh @ Eyk_and to the vector
&/h - £/%, These are vectors in the plane of Miller
indices h k £ {Fig.I). Thus § is perpendicular to this
plane.

Since S is a vector in the direction of the bisector
of the incident and diffracted beam {(Fig II), this
bisector is identified with the normal to the h k £ plane,
This Jjustifies the concept of each diffraction as a

"raflection™ of the rays from lattice planes,
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The spacing d, the perperdicular distance of the plane from
the origin, is the projection of &/h, £/k, or £/ 4 on the

vector S,

i.e. d= &n.s

Isl .
But, from the Laue equations -?‘-/h + 5 =1 and from Fig(II),
S| = 2 sin @
A

so,

d’TE)\IW or A= 2 d sin 8.

This is Bragg's Law,



1.3 THE_ATOMIC SCATTERING FACTOR.

In the above argument, the scattering units were
assumed to be electrons in order that their linear dimensions
could be neglected in comparison with both the space-lattice
dimensions and the wavelsngth of I-rays. Atoms in erystals
cannot, however, be regarded as scattering points as the
diameter of the electron cloud of an atom is of the same
order of size as the distance between the centres of adjacent
atoms, The consequences of this are that phase differences
exist between rays scattered from different points in this
volume and so the intensity of the resultant beam is reduced.

The scattering power of an atom, designated I, is
expresaed in terms of the scattering power of a single, free
electron. For small angles of diffraction the above.
mentioned phase differences are small and the saattered.
amplitude will approach 4 , the atomic number of the ataﬁg
As the angle of diffraction increases the phase differences
become larger and thus the scattered beam becomes weaker.
From this it can be seen that, for a given wavelength, { is
a function of the angle of scattering and of the distributien
of electrons in the atom,

For many atoms the scattering powers have been deduced
from the measured intensities of reflections from crystals
whose struetures are firmly established {James and Brindley,

1937) but it is also possible (Hartree, 1928) %o calculate



o

Hhe values from the electronic structures of the atems and
these calculated values agree very well with &he

experimentél values,



1.4 THERMAL VIBRATIONS.

In the deduction of the theoretical scattering factors
it is assumed that the atoms are at rest, Atoms in crystals
vibrate at ordinary temperatures with frequencies much lower
than those of X-rays; at any one instant some atoms are
displaced from their mean positions in one direction while
those in another part of the crystal are displaced in another
direction, Consequently, diffracted X-rays which would be
exactly in phase if the atoms were at rest are actually not
exactly in phase and the intensity of the diffracted beam is
thus lower than it would be if all the atoms were at rest.

It is a very complex matter to make an accurate allowance
for thermal motion. A fair approximation to this effect on

the intensity of the Xeray reglectiens can be made by using
in®~ O )
AZ

angle, £, is the atomic scatiering factor for atoms at rest,

the factor £ = £, exp (<2 where § is the Bragg

and B, the Debye{19l4) temperature factor, is a constant.

The value of B is given by B = 8771 2 ﬁzg where i° is
the mean square displacement of the atoms from their mean
positions, The use of the above expression for the
scattering factor implies that all the atoms vibrate with
equal amplitudes. This is not strietly true and, in general,
thermal vibrations must be different for every
crystallographically independent atom in a unit eell sinee

they depend on the surroundings of the atom as well as

on its inertia, Another assumption



implied by the expression given above is that the thermal
vibrations have the same magnitudes in all directions of
the crystal. In some crystals this approximates %o the
truth but in organic molecules there are many examples in
which the vibrations are markedly anisotropic,

Both of these effects are usually ignored at the
inception of a structure analysis but allowance can be made

for them dﬁring the refinement stages.



1.5 IHE STRUCTURE FACTOR EXPRESSION.

The crystal latbtice deseribed so far consists of
atoms of finite size located with their mean positions
at lattice points, In most erystals, however, a ce?tain
arrangement of atoms exists within each unit cell, Any
one set of atoms in different unit éells can be regarded
as lying upen a laéti@e@ A erystal with ¥ atoms in the
unit cell can be regarded as being based upon N identical
;nterpenetratmng lattices, each of which will obsy the
Laue and Bragg conditions, but the different lattices will,
in general, be out of phase. The intensities of the
scabttered rays will thus depend upen the atomic arrangementd
within the unit eell,

h
jt

The pasaai@n of uha atom situated at the point

js yj and zj are fwractions of the

(xjg Yy zjjg where x
lattice dimensions, can be represented by the vector Zis

. o= 3 - 2.0,

where Lj=%48 + ng v 258
The path difference between the waves scattered by

these atoms and those that would be scattered by a set of

atoms at the points of the lattice that describes the unit

cells is }\?jes Thus the expression for the complets
wave scattered by the j lattice contains a verm &
2w i rjasy where fj is the scabbering factor of the

abom,



]

A term F = Ez: fJ exp 2 ﬂ?i@£3,§,will therefore
33
occur in the expression for a complete wave scattered by

the crystal,

iaeo F

H]

E:f. exp 27ti (x.,.a.8 + ¥v..5.8 + z,.¢.5)
=" 82 ye2

i

E:fg exp 2711 (hxj * kyj + Ezé).
J=1

The quantity F is a function of h, k and £ and is called

the structure factor. It is a complex resultant,

characterised both by an amplitude |F| and a phase constant
&, It can be evaluated by means of the expressions:

IF(hke )] =Aa% + B2

x(hkf ) = tan™ Bys
where A= z::fj cos 2 71 (hxj * kyj +£z3)

FED
i |

and B= ;: fj sin 2 17 {hxj * kyj %223).
This is wvalid for all crystals, whatever their symmetry:
but, whenever there is a centre of symmetry at the origin
there is no need to calculate the sine terms, since in
aggregate they are bound to add up to zero, The resultant
therefore can be obtained by summing the cosine terms alone
and the possible phase angles are thus limited to O or 71
depending upon whether the expression above for A is
positiveAar negative,

The more general form of the structure factor can be
obtained by considering separately each element of volume
of the unit cell, If p (x, v, z) is the electren=density

at the point (x, ¥y, 2) the amount of scattering matter in



the volume element V dx dy dz is p.V dx dy dz and the

structure factor equation is

F(hke ) fff Ve (x,y,z)exp 2 ilbx + ky + £3),
X20 y=o z=0 dx dy dz,
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1,6 FOURIER SERIES

It is wellsknown that a periodic function can be
represented by an- appropriate sum of the cosine and sine
terms known as a Feurier series, Since a erystal is
periodic in three~dimensions its electron-density can

neatly be represented by such a series in the general form

p (x,y,2) = Z Z ZA(pgcig r) exp 2mil(px + qQy + r3)

p, q and r being integers and A{p, g, r) the Fourier
coefficient of the general form.

In order to evaluate this series and so obtain the
electron-density at any point in the erystal it is necessary
$0 calculate the coefficients A(p; q, )

Substituting this series for P {x, v, 2} in the general

e:cpress:‘i,@n for the structure factor gives

F{hk4t) "jffZZZVMPﬂ rlexp 271i{px + qy + rz).

exp 2771 (hx + ky + 223), dx dy da.
On int egmtmga every term is sero except that for which
p=«h, q= <k, and r = - f, which gives

(I )

mmg)sjf VA{BEZ ) dx dy dz.

o o @

Therefore Flhk 4) = VA (B E X).
This shows that the Fourier ceoefficients, A, are directly

related to the corresponding structure factors and

oo o
P {(x,v,3) = ZZZ &1%&&@2, exp -2/l (hx < ky + 22),

hk L= -0



L3

The zero term of the series is a constant

F{ooo) = fff Vop (x,y,2) dx dy dz = 3,
e ©

The Fourier series above is conveniently written

P (x,y,z) ZZZ L-L--—m)! cos [2ﬂhx + 2ky + 2114 2

= t(hkl )
where o {hkt ) represents the phase constant associated -

with the amplitude |F(hk £ )| which can be calculated from

the observed intensities.



1.7 RELATION BETWEEN INTENSITY AND STRUCTURE AMPLITUDE.

The total energy reflected by the volume dV in the
course of a single pass of the crystal through the region

of the Bragg reflection may be written:=

3 NR IA
. (IQ XN° N dv)(e 1,) Lp‘Flz

8 mc

where e = the charge on the electron; m = the mass of the
electron; ¢ = the velocity of light: Io = the intensity of
the inclident radiation; A = the wavelength of the
X~-radiation; N = the number of the unit cells per unit
volume; dV = the volume of the crystal; w = the angular

velocity of the crystal; L = the "Lorentz factor";

i

p = the polarisation factor, 1 &+ cos2 260 : F = the
2

factor representing the resultant scattered by a single

unit cell,

This expression should only hold for minute crystals
but it is found that it is applicable to many comparatively
large crystals, It must be inferred that in such crystals
perfect continuity of the lattice structure is only
maintained over very small regions, and, that some break or
slight change in orientation occurs, The crystal, in fact,
behaves like a mosaic of small blocks,

In all the usual experimental arrangements the X-ray
beam is unpolarised which means that the azimuth of the
electric vector assumes all directions with time, The

effective amplitude of the radiatien after it is reflected



ot
3

at the angle of 2 0 pousists only of componenits of these
agimuths after reflection, This feature has the affect

of reducing the intensity of the Xeray beam by a factor

S c«gsg 286
]

E-]

p, the polarisation factor, which is equal to i

and provides the necessary averaging.

The "Lorentsz factor®™ varies with the type of
photograph., For the equaterial reflections en a normal
rotation phetograph it is sﬁ%ﬁaen Expressions for
rotation photegraphs taken with the beam not normal te the
axis of rotation are given by Tumell (1939) {for equi-
inelination Weissenberg photographs).

In addivion %o these factors of simple geemetriec origin
for which allowange must be made in transforaing the
measured energics of spsctra teo the square of the structure
amplitude there are some further factors which can arise in
a less simple fashion, viz. absorption and extinction,

X-radiation is absorbed by matter. For crystals of
a natural shape completely bathed in the X-ray beam it is
poessible to calculate absorption cerrectlons but the
calculations are laberious. Swmall erystals are generaily
employed in order te eliminate absorption as much as
possible.

In some crystal specimens the region of perfect erystal

structure may be voo large.. In sueh cases, and partilcularly
For the strong X-ray veflecbions, extinction of the ingidsut

it
@
&
=
bty
W
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Xeray beam by reflection from th



important factor. This effeet is called pwrimary extinetion
and it is very difficult to devise any systematbic correction
for it.

Secondary extinction occurs even in good wmssaic crystalé@
It is due to the sercening of the lower blocks of the crystal
by the upper blocks which can reflect away an appreciable
amount of the incident radiation in the case of very strong
refleections, Systematic corrections for this effect can be

applied,



1,8 THE PHASE PROBLEM AND METHODS OF SOLUTION.

It has bsen shown above that the electron-density
of a crystal can be represented by a Fourier series which
requires a knowledge of the values of both |Péhkt )| and
ct{hkZ ). Although the value |F(hk£ )| can be derived
from the measured intensities. no experimental means has
been found for observing the phases, This constitutes the

phase problem in X=-ray crystallegraphy.,

1.8.1., Trial and Error Method.

In order to try to solve a crystal structure by this
method it is necessary to postulate a set of atomic
ﬁarameters that conforms with the space group symmetry,
calculate structure amplitudes én& compare these ¢alculated
values with those observed, Violent disagreements infer
that the postulation is wrong when it is necessary to try
another set of parameters., This procedure is continued
until the correct result is achieved, In order to simplify
the number of possible structures use is made of the
distribution of X-ray intensities, experience gained from
other crystals and chemical and physical properties af_the
compound , It will be noted that this method could require
many calculations before the correct resuli is obtained.

A way of cireumventing these calculations is to make use of
the Fourier transform of a set of atoms. Holes

representing both the atomic positions in the projection
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of a unit and the atom type are punched on a mask, The
diffraction pattern in parallel light « the Fraunhofer
diffraction pattern = represents the required Fourier
transform which can be compared with the corresponding
weighted reciprocal lattice, This permits the test of
various possible trial structures to be pérformed fairly
rapidlyo

Whichever of these methods of comparing the results of
a trial structure with the experimental results is used,
great care has to be taken in their interpretation as a
structure which is nearly correct may be discarded when
slight shifts in the atomic positions would have achieved

suceess,

1.8.2, Vector lMethods.

The vector representation of a crystal structure,
developed by Patterson {1934, 1935) does not attempt to
determine the phases of the structure factors. Instead
of using the structure factors; the squares of the moduli
of the structure factors are used as coefficients; these
quantities are directly related to the observed intensities,

Patterson defined a function

[ [ 3 ]
Plu,v,w} = fof /o(x,,ysz) P (x+u,y+v,22w)dx dy de.
o> & o

in this expression P (x+u, yav, z+w) gives the distribution

about (x,y,2) as a function of the parameters u,v,w and 1%



el

represents a distribution similar to P {x,y.2) bus
displaced from Bhe point (x,y,2) through a distance whose
components are (uzv,w)a This distribution funection is
weighted by the amount of scattering matter in the volume
element at (x,y,z) viz, P {x,y,2) éx dy dz.

If the values for the electron-densities given by the

Vs

Fourier series are substituted in this function then:-

P(u v W) = "V_fffzzz ZZZF(th)exp

o eca W K 2=

{- 2ri {(hx+ky+ 2 21}

x F(htk® £?) exp {«»Zﬂ i(h'x + k% + 4 ’z)}exp

{wzfri (htu + kv =+ )?,?W}}
Adx dy dz.

The right hand side of this equation is zero unless h=h'?,

k=k?® and £ = A", when

P(u,v,w) = == Yoy ) F(hk? ) F(BEZ )

h k 2 = -c0
exp {=2rti (htusk've ,P.*w)}

and, since F{hkf ) and F(BKY ) are complex conjugates

Plu,v,w) = «%ﬁw Z Z Z |F{hk £ )E exp Zfi {hutkve £w)
: h K = -

The Patterson function will be finite only for values of
u, v and w that repyesent vectors Joining two atous. This

function will therefore show a superposition of all the
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interatomic vectors of the erystal, It would perhaps
appear that this expression of the results would solve
the structural problem but the difficulties of the method
are quite considerable,
The number of interatomic vectors for an array of
n atoms is n(nml)/z and in the general case each of these
will give rise to a separabe peak in the distribution
function, The chance of so many peaks being resolved is
extremely small se that large groups of peaks will tend
to coalesce, However, il some of the atoms in the cell
have much greater scattering powsrs than the others, the
vectors between the "heavier™ atoms will stand out and
the information thus gained may lead to a knowledge of the
co~ordinates of these atoms. |
Harker (1936) has shown that provided the crystal has
planes or axes of symmetry (or screw axes or. glide planes)
it is casy to specify on which plane or along which line
of the vector cell the most useful information will be
found, This provides a useful aid in the solution of the

Patterson function,

1,8.3, The Heavy Atom Method,

If a relatively small number of Theavy" atoms are
present in the unit cell their positions can be located,
in general, fairly easily by Patterson methods. The

vectors between light atoms become second order gualities



and only the heavy atom - heawy atom and heavy atom -
light atom vectors are signifieant.
The structure factor for a crystal structure with one

heavy atom in the unit cell may be written

F(hk? ) = fH exp foi(hxﬁ+kyﬁé-£25)+

z;_'f exp 27 1{kx sky + Le,)
where f is the scattering factor of thm heavy atcm whose

parameters are Hygo Vygo By The contributions of the heavy
atoms tend to dominate the phases of the structure factors
except when their contribuvtion is small or zerg. Sim
{1957) has performed calculations on the fraction of
structure factors whose phases should be determined within
specified limits by a selected atom or group of atoms,
Those F{hk! }%s whose phésez can be regarded as being
approximately correct are used to carry out a first Fourier
synthesis which results in a map revealing some, or all, of
the features of the structure. If only some of the light
atoms are located the work generally proceeds by successive
approximations as the pesitions of the light atoms are
revealed and included in the phasing calculations until all
the structural features are revealed. ‘

There are unfortunate consequencies in the use of
this method. The major portion of the structure amplitude
being due to the heavy atom contribution, all information
concerning the positions of the light atoms in the structure

must be derived from the smaller remaining part. To achieve



&

the same accuracy in determination of atomic pgsitiohs as
in a structure containing light atoms alone; it is there-
fore necessary to measure the intensities with much greater
precision, but, on the other hand, the presence of the
heavy atom means a higher absorption coefficient and makes
the measurement of intensities more diffiecult, The
isomorphous substitution method minimises this difficulty
because after the phase determination has been completed
the final analysis can be conducted on the derivative
containing the lighter atom,

The determinations of the structures of the
phthalocyanines, {Robertson,1935, 1936; Robertson and
Woodward, 1937, 1940.) present classiecal cases in the use
of both the heavy atom and isomorphous replacement methods
of strueture determination, |

From the foregoing considerations it can be seen that
if a heavy atom can be inserted at some point in a structure
which does not already contain one then it should be possible

to determine the crystal structure employing this technique.



1.9 METHODS OF REFINEMEHT.

In order tc obtain better agreement between the
cbserved and calculated structure amplitudes and to
approximate the calculated to the true phases it is
necessary to make adjustments to the positional and thermal
parameters of the model of the structure as determined by
the foregoing methods.

1.9.1 Fourisr Synthesis.

The oldest method of refinement is that of successive
Fourier synthesis, The structure factors and phases are
calculated on the basis of the structure medel. The phases
50 obtained are attributed to the observed structure
amplitudes and, from the resulting Fourier synthesis a new
set of improved co-ordinates is obtained, Sugcessive
cycles of phasing calculations followed by Fourier synthesis
are performed, each cycle taking the structure closer te the
correct one,

This method suffers from the serious defect that the
number of terms employed in the Fourier series is limited by
exparimental conditions, particularly by the wave-length used.
This results in an artificial termination of the Fourier
series which, in turn, causes the diffraction ripple irom one
atom to add itself te the peaks of other atoms; the resuitant

disturbance in the psaks is particularly marked on nearsst

P
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ripples of others, The effect is not easy to allew for
directly, but may be estimated for by a method due to
Booth (1945, 19%6). When the process of refinement is
complete, the last Fourier synthesis (calculated using
Fo a8 coefficients) is known to have 1ts peak locations
displaced by unknown amounts due to series-termination
effects, Another Fourler synthesls can be compubed,
employing the same phases but with Fc as ceeffieients,
and it will be subject to substantially the same series-
termination errors, Speeific co-ordinates are inserted
into this F, synthesis and the same co-ordinates should be
‘deduced from it bul on account of the series-termination
errors these two sets are found to differ by A,gjg élyég
Zszjg for atem 1. This error may then be subtracted
from the eo-ordinates of the atom ] a3 derived from the
original F, synthesis, This correction is known as a

_"baekashift“ correction,

1.9.24 Difference Synthesis.

The difference synthesis method of refinement, using
(F,
Booth (1948) and its properties were exploited by Cochran
{1951},

When the proposed model exactly matches the crystal

- Fe) as Fourier coefficients, was first suggested by

structure the difference map is characterised by & flat

.
17

opography whose only features are minor and rendom
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undulations caused by exrors of observation, The
difference synthesis gives a complete picturé of the
disecrepancies between Fo and F’c and the propesed structure
must be modified in such a way as to produce a nsarly
featursless difference map if any such discrepancies exist.
This;method of refinement alsec allows for the seriese
termination errors which are substantially identical in the
proposed and actual structures and therefore will vanish on
subtraction, '

If the calculated co-ordinates (x,, Yes zc} are marked
on the difference Fourier synthesis, the directions of
steepest ascent at these points.give the directions of the
shifts., The magnitude of the shifts (¢ ) can be estimated,
with certain assumpti@ns§ by computatiocn, HNear the zentre of
the atom the electron=density at a distance » from the

eentre is given very closely by

P (r} = P (o) exp mprz where pio) is the maximum

density. This may be re-written P {r) = P {o) (lmp:s?z}
provided r is small: The gradient p obs” Pe is the
gradient of P obs less the gradient of Pes but, at the

peak of p os 1E8 gradient is zero, so that

, ple) =plo) _ 2,
M-f)@bs :”Pc} . fifwmgégs _ At fn‘bw P@bg pr)
ar . dr dr
= 2 P(@) pr

obs
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Therefore,

€ = ¥ o= dipabs’w
dr

}
Le / 2plolp.
obs

The value of P obs 18 given approximately by P obs = z@%@1}3/2
where P is about 5.0, This derivation is independent of

the scale of P obs Since p  enters the derivation enly in
that the gradient at its peak is zero. For this reasen

- the final loeation of each atom should be at or near zerec
gradient of the difference map,

If the atom location happens to occur on a hill or
depression corrections must be applied to the isotropic
thermal parameters. If it appears on a small hill
surrounded by a ring-shaped depressicn then the tempzrature
correction has been oversstimated sinee P obs :»-fyg a®
the peak, but, if it appsars in a depression the reverse is
the case; p @b$‘< P o at the peal,

-+ When the thermal motion is anisotropic the observed
electron distribution is drawn out in the direction of
maximum vibration and narrowed in a direction at right
angles to it glving rise to characteristic saddle points in

the difference Fourier synthesils,

1.9.3. The Methed of Least-Squares.

Hughes {(1941) intreduced the "leastesguares” refinement
of atomic parameters as a supplementary method to that of

Fourier synthesis in the final stages of erystal structure
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analysis, This method introduces a weighting factor %o
the measured coefficients as a function of their
reliability.

The theory of errors predicts that if the errors in
the measured Fo s follow the normal or Gaussian law,
then the best atomic parameters are those which would

result in a minimisation of the gquantity
Re y w, (k2) (|F (hkz )| - [F (k2 }| )?
u .

where w, , the weight of a particular term, should be
taken inversely proportional to the équare of the probable
arror of the correspending Foiso 2: denotes a sum over
all independent terms, R depenﬂsumat enly on atomie
co-ordinates but also on the temperature faector, When
the value of R is close to a minimum, systematic
minimisation can be accomplished in the following manner.
The general relation for the computation of sach

structure factor is

Fo = Z;'f? exp 2« & {hxg; + ky, + 2z.),

The variableg ave exponentials in x, v, and 2 and these do
not supply the desired linear equabtions which can, however,
be devised by using the firet btwoe terms in Tayler's series,
In one~dimension these terms give

aff
fxse) = £ {x) 3€§=§;§,§}’

RewEe:
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where ¢ 1is the error whieh, when added to x gives
correct value, In three-dimensions, partisl differentials

are used, The first two terms in Taylor®s Series give

£{xre_, yee , see ) = £2(x,y,2) ve_ 0f(x,v.2) <e_ofn.y.2)
* y % x =jx . Yoy

oe O2x.y,2)
2 03 .
In this, £(x ¢ Cgs T Egp B ez) —> F,
while f£(x,v,3) > F, .

Then A F=F, =F,

N JF oF oF

e AR y ) ¢
A=t éxm éyn | 633
oF oF aF

aﬁdﬁhemf@?egéi‘a}-‘{ém' v e =% ¢ g o=2

a2, xﬁ y&y Zaﬁn
For each cbserved reflection there e}c;,st@ an “gbhservational

equation®™ such as this and the number of these is usually
considerably greater than the numbexr of independent
co-ordinate corrections to be determined. This set of
fobservational equations® must be reduced to a set of
equations called the "normal equations®, The m¥th of
these is formed by multiplving both sides of each eguation

¥
by w Me’a and then adding the q left-hand sides aud the

3
Bty

q vighte-hand sides to produce an squabtion,
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where 2: denotes a sum over all atoms except the 'n'th,
The next "normal equatlon" is formed by multiplying
throughout by Wii%;ﬁﬁ&l before adding, and se on. ‘The
final result is a set of 3N simultaneous equations which
have to be solved for 3N unknowms, €x , €y , €3 .
Successive applications of this procedure lead to atomic
co-ordinates which miniwmise R. |
It has been found in prac?;icé9 however, that if a
large number of equations are used, the off-diagonal terms
of the ™normal eguations” are small and, to a first
appraximation; can be neglected. If so, the sclutions

reduce to

dF,
W(F F ) == ax

T
)

€y =
q 0 X,

{This approximation is not valid if the atoms overlap and
is therefore normally only valid for three-dimensional
refinement.)

The leastesquares refinement method has several

iy
e
]

advantages over those already mentioned., It is fires

the series-termination errors whiech characterise the

fres
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Fourier methods and it is possible to include the
temperature factor (isotropic or anisotropic) and séale
factor in the refinement process,

In the least-squaresprogram written by Dr.J.S.Rollett
each atomic position is evaluated from a 3x3 matrix, The
thermal vibrations are computed from a 6x6 matrix for each
atomic vibration while a 2x2 matrix is solved for the

overall scale factor,




PART 1I

The Structure of Caracurine II:

X-ray Analysis of Caracurine~I1 Dimethiodide.




2,1 INZRODUCTION.

The powerful physiclogical effect - the paralysis of
voluntary muscle = of various types of plant extract known
as curare has stimulated much interest in their chemical
investigation, Since the name curare is 2 gensric term
which embraces many types of arrow-head poison prepared
in South America, the curares have been conveniently
classified (Boehm, 1897) according to the type of container
used to pack the final produet viz. tube- ; pot- and
calabashwcﬁrareo

The barks of "Strychnos toxifera® and other "Strychnos”
species are ugeﬂ in the preparation of calabash-curare
which originates in the northern parts of the South Ameriecan
contvinent aﬁd is considerably more active than either tubs-
or pote curare; Because of their greater physiological
activity the alkalolds of the calabash-curare have been
subjected to exitensive chemical investigation and an
exhaustive survey of work in this field has been published
by Bernauer {1959).

An examination of the quaternary alkaloids of the bark
of “Strychnos toxifera® obtained from British Guiana was
reported by King {1949) who isolated toxiferines I-XII.

Toxiferine-1 e




the calabash- curare series, from Venezuelan “Strychnos
toxifera®™, Some time later, Battersby et al, (1960)
having re-examined the bark of British Guianian "Strychnes
toxifera®, isolated caracurine-II dimethochloride which

- they proved %o be identical with toxiferine-IX.

By 1960, the relationship (shown in TaEle 1) between
the alkaloids caracurine-V (I), caracurine-VII (II),
caracurine VII methochloride (otherwise known as
hemitoxiferine-I or Alkaloid A8), caracurine-II and
toxiferine-I (III) had been firmly established (Battersby
and Hedson, 1960 b)}. The constitution of caracurine-II
was unkneown, altheugh it wés elear that it must closely
resemble those of caracurine-V and toxiferine-I because of
the mildness of the reactions required to convert the latter
two alkaloids into caracurine~Il dimethochloride,

The slucidation of the structure of caracurine-I1 by
X-ray methods has been earried out successfully using the
dimethiodide derivative, crystals of which were kindly
supplied by Dr. A.R. Battersby; and the results establish
structure {IV.) This structure has been independently
confirmed by chemical and nuclear msgnetic resonance studiss
{Battersby, Yeowell et al.,1961, Battersby, Hodson et al.,
1961)

The nomenclabture in the calabash-curare series is
confused . The name caracurine-I11 was assigned when it was

helieved that all calebashe-curare alkaloids were bassd on



CALABASH-CURARE ALKALIODS

TABLE T
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INTERRELATION OF SOME

Caracurine-V¥

Methylate

Caracurine-11

Msthylate

Caracurine-I1
dimethochloride

>  Taxiferine-I <

Caracurine-VII1

Methylate

Caracurine~¥I1

methechloxide

HOAe
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6?9 = Cpq units, In 9956, however, won Philipsborn,
Schimid and Karrer demonstrated that in the group eof
alkaloids possessing high @uraré activity the molecular
formula is based on a 038 - C%e skeleton with two basie
or quaternary nitrogens present in the molecule, In
some reports of work in this field sihce 1956 references
to earacurine-11 methochloride peésist where the
dimethochloride is intended, 1In this thesis the
derivatives of caracurine-Il will be referred to as the

dihalides,

S

e

i



2,2. EXPERIMENTAL,

When this Xeray study was undertaken the molscular
formula of caracurine-~II was given as 638}1@002& 5 but this
was shortly revised to CBSHBSOQN& following a mass
spectrosceopic molecular weight determination {:I-*E@w . = 582]

carried out by Dr. R.I.Reed of Glasgow.

Crystal dats ,
Caracurine=I1 Caracurine-11
dimsthochlioride dimethiodide
Holesular formula G&Gﬁ%czﬁ &;Ciz C&OH%OZH&IZ
Molecular Weight 683.7 866.6
Systenm . Hemoclinie o Orthorhowbie o
2 12.62 + 0.03 A 18.59 + 0,03 A
b 742 +0.02 8 27,44 + 0.0 &
e 21.64 + 0.04 § 7.52 + 0,02 X
B 96° 548 + 300 90° .
U 2012 83 3836 °

dps (flotation in

aquecus ZnCl, soln)

< 1.5 g.fe.c.

10505 g&/@o@o

yA 2 &
doate 1.129 g/e.c. 1,502 g.te.e.
Absent spesctya .
Ok0 when k=2atl hOD when h=2nitl
‘ 00 when k=2mtl
0Ot when zk =2atl
Space group r2, (€2 ) r2,2,2, (%)
#; Absorption
coefficient for -1 =1
X~zays (A=1.542 A) 17.3¢em, 13h.5em,
¥{oo0) 724 1736
Total nupber of
independent observed 2580 1285
shructure amplitudes
> & Uhoavy" atems 648 5832
5™ o2 u3gane® atoms 1782 1783
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Caracuring-1J1 dimp?hﬁbramlde (GIOhIAOQNABrz} MW = 722, 5
is isomorphous with caraecurine-II dimethochloride., The
absorption coefficient for X-rays { k. 1.542 ﬁ}g

P o= 3L.2 em 1., Flooo) = 7963 Z: "heavy" atoms = 2592,
The total number of independent observed structure
amplltudes = 1414,

Rotation, oseillation, Weissenberg and precession
photographs were taken with copperuK (X = 1.542 i) and
molybdenum -K , (X = 0,7107 A) radiationu The cell
dimensions were obtained from rotatlon and precession
photographs,

‘Two space groups of the monoclinic system, P?l and
le/mg satisfy t“he condition that the (OkD reflections will
be absent when k is odd., For thespace group of caracurine-II
dimethochloride to be lejm, since there are only tweo
molecules per unit cell but four equivalent positions; a
further condition, that the molecule of caracurine-II mﬁ&ﬁ
possess a mirror plane, is imposed. Since this molecule is
laevorotary, Bx]gé = =232% in chloroform (Schroeder et al.
1961), and therefore does not fulfil this condition, the
space group of caracurine-II dimethochlaride must be 9210

- The ertherhombic space group, lewl 1» Was determined
uniquely from the systematie halvings.

Intensity data were obbtained from eguatorial and
equi-inclinaticn upper layer Weissenberg photographs %ak@ﬂ

from erystals of the dimethochloride and dimethobromide



robated abous the beaxis and frem crystals of the
dimethicdide robtated aboub the e-axis; the multiple-film
technigue {Robertson, 1943) was employed, The intensitles
were estimated wisually by eampa?is@n with a ealibrated
intensity strip and were corrected for Lorentsz, polarisation
ard reotation factors appropriate té the upper layers .
{Tunell, 1939). HNo eorrections for absorption were applied
since small crystals were employed, The warious layers
were placed on the same scale by comparison of the observed
and the calculated structure amplitudes based on the heavy
atom alone, Throughout the refinement the scale was

ad justed by correlation with the calculated structure

amplitudss,
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2,3 STRUCTURE DETERMINATION.

The equivalent positions of the space group 921
{b-axis unique) ave %, y, z and ¥, % + y, . When two
heavy atoms are present in the asymmétric unit these
equivalent positions give rise to heavy atom- heavy atom
vectors in the Patterson funetion at 2xy,% , 251';

22{29 w 9 2223 Ky =Hos J=¥gs By <Bp5 ¢ 3’;29“"’% <+ 3’1“‘3’29

.21 + By wher@/xlﬁylsgl and X5, Vo, By refer to the co-
ordinates of the crystallographically non-equivalent heavy
atons. Whatever the values of these co-ordinates, the
Patterson projection along She 5@axis mst contain three
h@avy atom -~ heavy atom vector peaks in a straight line and
the fourth pesk will be at a2 distance from the erigin sf this
Patterson funetion @crresg@nding teo the projected veetor
distance between the non-equivalent heavy atoms, Thess faets
should provide a useful aid in the interpretation of this
Patterson functien.

The Patterson projection and "sharpened® Patierson
projection along the beaxis of caracurine-II1 dimethochloride
are shown in Figures 1 and 2, respectively., The function
employed for “sharpening® ‘Lhe hh D .4 zone data was
MiS) = (1f§}£@x§ - 2.5 8in %/’ . No unigue solubion

was obbained from thess projecilons for the chlorids ien

2 three-dimensional “sharpened” Pabibay

the section at ¥ = & is shown in

The peaks marked A, B in this Figure were chosen



38 representing the chloride - chloride and chloridef-
chloride' veectors., A Buerger (1951) minimum function
was deduced employing the complete three-dimensional
Patterson vector distribution but it was not possible to
visualise any part of a molecular framework whiech could
correspond %o the sparse distribution of peaks which
resulted, This set of cehloride ion co-ordinates was
therefore assumed to be incorrect.

There appeared to be little hope of obtaining a
satisfactory set of heavy atom co-ordinates for the .
dimethochloride derivative so the investigation was
interrupted at this stage pending the arrival of a supply
of the dimethiocdide derivative from Dr. Battersby. Some
crystals of caracurine-1I dimethiodide were soon recelved
but preliminary investigation of these indicated that
although this sample was iscmorphous with the
dimethochloride the crystals were unsuitable for an Xeray
structure analysis, long expesures giving only few
reflections,

Caracurine-II dimethobromide, prepared in Glasgow from
the dimethochloride, proved to be both isomorphous with the
latter and suitable for further investigation, The
Patterson projection {Figure 4) and "sharpened™ Patterson
projection {Figuvre 5) aleng the beaxis and the three-
dimensional Patterson synthesis were computed, The sections

at V = & of the three~dimensional Patterson function both



"unsharpened™ and "sharpened®™ are shown in Figures 6 and
7, respectively., Again it was difficult to decide which
saet of peaks was that corresponding to the heavy atom -
heavy atom vectors, For various sets of bromide ion
co-ordinates structure factors were calculated for the

h O £ zone only but sufficient confidence could not be
placed in any one set to make continuation of the analysis
appear worthwhile,

A final attempt to locate the heavy atoms was made by
computing the difference Patterson (Kartha and Ramachandran,
1955) projection along the b~axis which makes use of the
.fact that the dimethochloride and dimethobfomide derivatives

are isomorphous. If (|F | <=|F| )% are used as
Br (73 §

coefficients oﬁly the heavy atom = heavy atom vectors should
remain in the Patterson distribution function, It is
necessary tc have the observed structure amplitudes of both
derivatives on an approximately absclute scale before
subtraction and this was achieved by employing the method of
Wilson (1942), The resulting Patterson projection is shown
in Figure 8.,. The peaks in this distribution which were
selected as being representative of the heavy atom - heavy
atom vectors are indicated by C, D, E and F. More accurate
co-ordinates of the bromide ions were obtained by
consultation of the three-dimensional Patterson synthesis of

the dimethobromide derivative and when structure factors
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on projection along the b-axis m‘.’OL
caracurine-I] dimethochloride. Contour
scale arbitrary.

[« §
Fig, 2, "Sharpened" Patterson projection along the
b-axis of caracurine-II dimethochloride.
Contour scale arbitrary.
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Fig. 3. The three-dimensional "sharpened" Patterson function
of caracurine-II dimethochloride; the section at V
= %, A and B denote the vector peaks chosen as
representing the chloride-chloride and chloridet -
chloridet vectors. (Arbitrary contour scale).

=
.
6 |

o N}
Fig. 4. Patterson projection along the b-axis of caracurine-Il

dimethobromide, The contour scale is arbitrary.
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Fig, 5. "Sharpened™ Patterson projection along the b~axis
of caracurine-II dimethobromide. The contour
scale is arbitrary.

L3

- U
o @)

O
oL ; «
Fig, 6, The three-dimensional Patterson function of caracurine-

II dimethobromide; the section at V=3%. The contour
scale is arbitrary.




- Fig, 7. The'sharpened™three-dimensional Patterson function
of caracurine-II dimethobromide; the section at
V=4, The contour scale is arbitrary.

a
Fig. 8., The dlfference, (IF l ~|F 101) , Patterson

projection along the _b.-ax:.s. Cy Dy By and F
denote the heavy atom - heavy atom vectors,
The contour scale is arbitrary.



were calculated on the basis of the bromide ions only, an
isotropic temperature factor of B = 4,0 32 being employed,
the agreement index, R, over all observed structure
amplitudes was 0.570. (The agreement index, R, is given
by R= ) [IFgl ~ (¥ 1|/ Y Ir I ). This result was
promising and the correct set of bromide ion co-ordinates
had probably been deduced, nevertheless, since a fresh
supply of crystals of thé dimethiodide derivative had been
received from Dr. Battersby it was decided not to pursue
this course but to turn attention to the solution of the
structure of caracurine-II using the heavier derivative.
The crystals of caracurine-IIl dimethiodide employed
belonged to the orthorhombic system and therefore were not
isomorphous with those of the other derivatives which had
been subjected to preliminary investigation, Co-ordinates
of the iodidé ions were determined unambiguously from the
three-dimensional Patterson sections at U =3, V = %, W = 3,
shown in Figures 9, 10 and 11, respectivel?; the iodide -
iodide’vectors are designated G,H; J,K; L,Ms The co-

ordinates of the iodide ions were determined to be

X/a Y/b %/¢
I7(24) 0.,0105 -0,0633 0,1957
I°(240) G,1857 0,1812 G.3778

and these were confirmed by consultation of the appropriate

sections of the three-dimensional Patterson function,
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Fig. 10

=
[y
- % Fig, 9

The three-dimensional Patterson function of caracurine-II dimethiodide.

Fig. 9. The seetion at U = %, The iodide~iodide vector peaks sare

designated G and H.
Fig. 10. The section at V = %, The iodide-icdide vector peaks are

marked J and K. )
(The contour scale in both Figures is arbitrary).
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Fig. 11. The three-dimensional Patterson function of
: caracurine-II dimethiodide; the section at
W =4, The iodide-iodide vector peaks are

denoted L and M. Contour scale is arbitrary.



Structure factors calculated using these co-ordinates and

2 had

employing isbtropic temperature factors of B = 4.0 g
an agreement index of R = 0,402 with the observed structure
amplitudes;  The relatively high temperature factor was
used because the data faded out rapidly above sin© = 0.6,

The first three-dimensional Fourier synthesis, based
on theiodide ion phases, resulted in the allocation of

approximate cow-ordinates to thirty-six of the light atoms
= N{1)C{2)C {3 W(4)C(5)C(6)C(7)C(8)C(9)C(10)C(11)C(12),C(13),

C(14)C(15)C(16)C(17)C(22)N (17 )C(21)C (3 IN(LT)C(5%)C(67)C(77),
C(87)C(91)C(107)C(117)C(12%)C(13)C(15°)C(167)C(177)C(2L%),
C(22?) - giving rise to the partial skeleton shown (V).




This partial skeleton‘conforms to the structures of
caracurine-V and toxiferine-I with the exception of the
new carbon-carbon bond C(16)-C(16%), the length of which
at this stage, lm77g, indicated that if the sites selected
for.these atoms were correct then such a bond was present
in caracurine-II,

The thirtye-sixz light atoms were included; all as carbon
atoms with B = 3¢OK$ in the second phasing calculations when
the agreement index dropped to 0,328, The remaining oxygén
and carbon atoms, excepting C(18), were located from the
second threcs-dimensional Fourier synthesis calculated
employing the improved phase constants, This Fourier
synthesis alse indicated that the positions which had been
assigned to C{11l) and C(12) were doubtful as these gave rise
to a very odd-shaped ring which, according to the structures
of toxiferine=l and caracurine-V, should be the benzene ring
of an indoline system, These two atoms vere therefore
excluded from the next structure factor and phasing
calculations, ‘

On the basis of peak heights and knoﬁledge of the
structures of other members of this series it was possible
to identify the hetero-atoms and, for the third phasing
calculétions, forty-three light atoms were included as their
appropriate chéﬁical type. The isotropic temperature factors
employed in this calculation were the séme as ﬁhase of the

previous one, wviz. B = 3.0 22 for carbon, nitrogen and oxygen,



O
B = 4.0 A%

for iodide ions; the calculated structure
factors had an agreement index of R = 0.312. Sections
of the third three-dimensional Fourier synthesis were
computed around the positions where peaks correspanding
to the sites of C(11l), C(12) and C(18) were expected to
be located.

From the sections around C(8), C(9), C(10), and C{13)
one peak having electron-density 1,8 e/g3 was in a position
which approximated Eo that expected for C(1L) énd between
this peak and that of C(1l3) a region of positive electron-
density (maximum G.8 e/RB) was present, The maximum of
density (maximum G.8 3/33) was present /¢ the approximate
site of C(1l2) since an atom located in that position would
give rise to a fairly planar sixemembered ring which, in
turn; would cerrespond to the expected benzene nucleus,
The fact that neither of the peaks corresponding to G(11)
or C(12) was well-resolved was not unexpected since they
both lie along the lines joining pairs of iodide ions in
ad jacent unit cells (see Figure 14) and are probably subject
to considerable diffraction effects which not only reduce
their magnitude but shift them from their true position
. and cause them to coalesce.

The Fourier sectionsyareund C(19) and 0{23) showed

the presence of two peaks:



P
&

peak{i) 0.6769  0.3303 0,0432 2,
c{18) {peak(ii) 0.6688 0.3167 002338 ) lggg

1%(247) 0.6850  0.3200 0.6185
distances ‘ angle
C(17)=C(18)  ©(18)=0(23)  C(17)-C(18)-0(23)
1.57 % 2,13 % 81, ,6°
1.71 £ 2,08 R 82,8°

These peaks, (i) and (ii)g vere similarly disposed with
respect to the iodide fon I°(24°) at % ¢+ x, 3 = y, & and
probably resulted, to a large extent, from diffraction
ripples along the direction of z. From the bond lengths
and angles guoted it is apparent that either of these peaks
could have corresponded to the site of G(18) but when the
disposition of C{18%) with vespect to C{19%}, C{20%), C{21%),
and 0{23%} was considered, peak {i) was obviously the
better approximation to the location eof C(18),

Co-ordinates were assigned to the three atoms,C{1l),
C(12), and C(18),and when they were included in the sﬁructure
factor calculations the agreement index dropped to C,301.
The improved phase constants were employed in the A
calculation of a fourth three-dimensional electron-density
distribution in which all the atoms, except hydrogens, were

fairly well resolved,
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2.4 STRUCTURE REFINEMENT.

Employing the same phase constants as for the fourth
three-dimensional F, Fourier synthesis an Fc synthesis was
computed and corrections for series-termination errors
were applied to the co~-ordinates deduced from the Fo
synthesis, It was apparent that the isotropic thermal
parameters of each atom required adjustment and in
particular that those of the iodide ions needed to be
greatly increased, When structure factors were calculated
using the improved co-ordinates and iﬁdividual thermal
parameters the agreement index was reduced to 0.,274.. Two
cycles of further co-ordinate and temperature factor
refinement were carried out by three-dimensional difference
Fourier syntheses and these lowered the agreement index %o
0,249,

In the continuation of the refinement difference
Fourier syntheses were used to assign improved co-ordinates
and isotropic temperature factors to the carbon, nitrogsn
and oxygen atoms while least-squares calculations {Rollett,
1961) gave anisotropic temperature factors for the iodide
ions; two cycles reduced the agreement index to 0,227

At first sight this refinement appearsd o be
progressing smoothly but on closer examination this was not
quite the case, The hk0 zone data were refining very
slowly as over the last two cycles the agreement index of

3326’3

this zone had dropped by only 0,015, from 0.341 to O



=
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The value of 0,326 for this zone was also considerably
higher than those of the upper layers which ranged from
R = 0.176 to R = 0.230 and could not be acecounted for
entirely by the fact that the hk0 zone is centrosymmetric.
During the original visual estimations of the intensities
a conservative allowance for variation in the shapes and
lengths of the reflections had been made and therefore it
was decided that more accurate corrections should be
applied, This was achieved by measuring, with a ruler,
the lengths and widths of each reflection on the top
photograph and multiplying the observed peak in@ensity of
each reflection by the area, When the previous structure
factor calculation was repeated the agreement index for
the amended hkO zone data was 0,240, The same kind of
correction was then applied to the data ef the upper layers
and the overall agreement, index for the "new" data was 0,211,
The two~part refinement was continued for two more cycles
using these data,

One cycie of least-squares adjustment of the pesitional
parameters of the light atoms concluded the refinement,
It was decided that no further refinement would prove useful
as the data are neither of such quantity nor quality te
permit the allocation eof anisetropic thermal parameters to
the light atoms, The course of analysis is provided

diagrammatically in Table IT,



TFABLE LT,

3=D Patterson synthesis

o2
Todide ions (B=4.04 )

1st
lst
2nd

2nd
3rd

3rd
4th

Sth

6th

7th

8th

9th

Structure factor calculaotion R = 0,402
3=D Fourier synthesis (1244 reflections)

Structure foctor calculation _,Z'go’tdz Oﬁgs}

36‘ .Zw?w atcms R = 0,328

d€)7

3D Fourier synihesis (1232 reflections)

[Todide igps
Structure factor caleulation (B = 4,04°)
37 carbon, 4 :
ntirogen, 2 tw:ygerz P
atoms (B = 3,002 JJ#0. 314

§ D Fourier synthesis (1285 reflections)

e...

Structure foctor calculation §szﬁ§nséﬁn of 3 more
aarbon gﬁ%m&z q
(B = 8,04°)J] R = 0,30}
P and F SmD Fourier syniheses

Structure Jactor ca.zczzlaﬁ.m (411 atoms, tndividual
isotropic thermal
porameters) R = 0,274

(Fo = F_) 8D Fourier synthesis
N/

Structure jfoetor colculation R = 0,256

(.F'o = F_) 8<D Fourier synthesis
N
S;;mctww Joctor calculotisn B = 0,249

LS., refinemenit of iodide ions
(anisotropic)
(F =F_) 3-D Fourier synthesis Iight atom
0 ¢ perinement (isotropic)

N
Structure factor caleslation R = 0,233

L.8, ITodide ions {anisotropic)

{F =F, ) 8- Fourier synthesis {isotropie
light atom refinement)

Szmzebur‘e Footer calculation R = 0,227

N




TABLE IT {Conid, )

Improved daia

10th §£m cture factor caicuwlation = 0,211

L,S, Iodide tons (anisotropic)
(Fo ~ F,) 1ight atoms (isoiropic)

11th Structure faotor calewlation R = 0,191

L.S, Iedide tons (anisotropic)
(F, - F,) light atoms (isotropic)

p 4
12th Stracture factor caloulation R = 0,186

L.S, light atoms (isotropic)

13th Structure factor calculation R = 0,181



2.5 RESULES OF ANATYSIS,

The final atomic co«crdinatés and temperéture
parameters are listed in Table III. The standard
devistions of the co-ordinates, Table 1V, were dérived
from the least-squares residuals by application of the

equation:

o Qu ) == “*A /(men)zw (au;

where m is the number of independent observations and n
is the number of parameters to be determined.

Table V lists the observed and calculated structure
factors, both rounded off as integers, and the values of
the phase constants, @ . The final agreement index aver
1285 observed structure amplitudes is 0.181., Of the 265
unobserved structure amplitudes also listed in this Table
thsré are 232 for which i? | is less than 1% ]F | whs

[F,i is the minimum observable value of the structure.
amplitude in question,

B The final three-dimensional electron-density
distribution over one molscule, calculated from the
observed structure amplitudes and the phase constanfs of
Table ¥, is shown in Figuve 12 by means of superimposed
contour sechtions drawn pavallel to {001). The atomie
arrangement ecvresponding te this and to the abaolute

4 eve . g < : FO8A
configuration as defined for ssrychnine by Peerdemen (1956}



is shown in Figure 13. It will be noted that in Figure
12 the peaks corresponding to the atoms C{11), c{12), c(18),
and C(22) have the lowest electron-density, The reasons
for this have been discussed for C(11), C{12), and C(15) in
section 2.3. The relatively low electron-density of C(22)
is undoubtedly caused by similar effects viz. diffraction
ripples from I (24) along the direction of z. It was
fortuitous that in the early stages of the structure
determination ﬁhe peak corresponding to this atom was not
so badly femeved from its true location nor sufficiently
reduced in density to make interpretation difficult. A
few other small peaks were present in the final Fourier
synthesis but these are omitted from Figure 12 as they were
spurious being diffraction effects of the iodide ionms,

The interatomic bond lengths are listed in Table VI
while the interbond angles are given in Table VII, The
standard deviation ¢ (AB) of a bond between atoms (A)

and (B) is given by the formula
o (AB) = {6’2(A) +o'2(B)} 2

where ¢ (A) and ¢ (B) are the standard deviations of the
positions of the atoms (A) and (Bi9
2(a) = %Eﬁ“g(xﬁ) AR NI
The standard deviation, ¢ {P ) in radians, for an angle

formed at (B) between the bonds AB and BC is given by the



formula

2
2 = S (A 2 1 _2cos8 1
c2p) = £4A o*(s)[...z,..‘.e.q_s_“,,_?,]

AB AB.BC BC

BC .

The average estimated standard deviatlon for a
carbon-carbon single bond is 0,10 X and for a typieal
tetrahedral angle is 5°, '

Some of the more important intramolecular non-bonded
contaets are given in Table VIII ‘

The packing of the molecules as viewed along the
c-axis is shown in Figure 14. The shorter intermolecular

contacts are listed in Table IX.






Fig, 13.

The atomic arrangement corresponding to Fig. 12.



Fig., 14. The molecular arrangement as viewed along the c-axis.
The broken lines denote the shorter Nt.... I” distances.



2,6 DISCUSSION OF RESULTS,

The molecule of caracurine-II has a compact three-
dimensional structure consisting of 14 rings fused
together and as a whole it exhibits almost exact two-fold
symmetry,

The bond lengths and interbond angles resulting from
this analysis are not sufficiently precise to permit a
discussion of apparent differences between chemically
equivalent bonds. Table X lists the average bond lengths
according to their type., A comparison of these with the
accepted values, also listed in this Table, shows no
significant differences, A similar conclusion applies to
the bond angles. The average bond angle in the benzene
ring; 1200; about tetrahedral carbon atoms, 1100, about
N (4), 1067 N(1), 112%; and 0(23), 112°, are not
significantly different from the expected values.

Calculations of the best planes through several sets
of atoms were carried out employing the method of Schomaker
et al, (1959); the fesults are sunmarised in Table XI.

The following discussion of the molecular conformation
refers to one half of the molecule only but it applies
equally well té the other half and the quoted deviations
from the planes have been averaged over both,

The atoms N{1)C(2)C(7)C(8)C(9)C(10)C{1L)C{LI2), and {13}
of the indoline system are coplanar within the.limi%$ of the

standard deviations, The cycloheXane ring, B, is cis



fused to ring B and is in a "half-chair® conformation,
the atoms C(2)C{7)C(3)C(15)C(16), being coplanar while
C(14) is displaced by 0,93 K from the plane, With
respect to this cyclohexane ring N(1), C(6), C(17) are
equatorial whereas N*(4), C(20), C(16'), and C(8) are
axial.

The piperidine ring is in the "boat" conformation,

C(3), 8¥(4), ¢(15), and C(R0) are coplanar whereas c{14) is
0,57 2 and C{21) is 0.72 E from the best plane through
these four atoms and on the samé side of it; C(5) is axial

with respect to this ring,
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In the Tive-membered ving, C, the atoms C(3), N (&),
C(5), and C(7) are approximately coplanar while C(6) is
displaced 0,61 E from the best plane through these four
atoms. The atoms of ring G exhibit the same feature,
N(1)Cc(2)C(16)¢{167), being approximately eopianar énd the
fifth atom,C(177), is 0,59 E from the plane., These results
are in agreewent with the expected "envelope" confar&ati@n
of saturated five-membered rings,

With respect to the double bond, C{19)-C{20), of the
seven-membered ring, F, the atoms C(18) and C(15) are cis,
In this ring 0{23) is 0.39 g from the best plane through
6(15)0(18)0(19)0(2030(21) while C(16) and C(17) are 1,30 A
and 1.50 ﬁ respectively, frem this plane and on the same
side of it,

The equations of the best planes through the atoms of

the indcline ring systems are:

for AB 0.0824 X=0,3171Y + 0,9450Z + 0.5381 =
for A'B®  Q,704L7 X+0.37457 = 0:.60232 = 7,833 =0

“and these planes are mutually inclined at 589,

There is considerable strain involwved in the central
rings G and G¢ of caracurine-II when it assumes this
conformation and some idea of the factors effecting this
strain ean be ebbained from the construction of a molecular

model on the basis of standard bond lengths and angles.

The conformation adopted by bthis model differs quite



markedly from that deseribed above, The piperidine ring
assumes a distorted "boat” conformation while, in the
cyclohexane ring, C(2)C(3)C(7)C(14), and C(16) are
approximately coplanar and C(15) is out of the plane

defined by these atoms, The.approximate values of some

of the intramolecular‘nonwbonded contacts of this model

are given in Table XII. Of these; the distances
C{lh).o.oC(15%), C(1h)o...C(1h"), C(15)....C({15%) are much
too short since the hydrogen atoms of C(14) and C(15%) lie
along the same line,as do those of C(14%) and C(15). In
order to reduce these interactions both halves of the
molecule are rotated away from each other about the
C(16)~C{16*') bond as axis. This rotation may be accompanied
.by mutual repulsion of these halves which would cause
increases in the angles C{15)<C{(16)-C{16%) and C(157)-
C(16%)-C(16) but because of the low accuracy of this analysis
it is not possible to say whether this dees occur. By
performing this rotation the remainder of the molgcule
assumes approximately its true conformation and all
intramolecular non-bonded distances become normal,

It is of interest to note that duriﬂg the mass
spectroscopic studies of Dr.R.I.Reed the caracurine-Il1
molecule readily split into two parts of equal molecular
weights thus giving physical evidence of the strain

involwvwed in the ceuntyral ring system,
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The molecular packing as wviewed along the c-axis is
shown in Figure 14 and the intermolecular distances less
than 4.0 g are listed in Table IX, The shortest
carbon....iodide ion contacts of 3,66, 3.37, 3,89 and
3.96 X can be Gaken as normal and compare faveurably with
the values 3,81, 3,99 g reported for (+) des-{oxymethylene)
=lycoctonine hydricdide monohydrate (Przybylska, 1961a) and
3,81 & for Nemethylgelsemicine hydriodide (Przybylska, 1962).

The N'....I” distsnces of less than 5 ﬁ are quoted in
Table IX and shown in Figure 14 by the broken lines. The
shortest of these, 4.42 and 4.58 g are comparable with the
values found in Nemethylgelsewicine hydriodide, 4,39 29
morphine hydriodidég L .38 E, (Mackay and Hodgkin, 1955) and
macusine~A icdide, (this thesis p.73 ); 4 .52 go

The two iodide ions of the asymmetric unit are in
different environments and the co-ordination of each appears
tc account for the anisotropic thermal motion {see Table III}.
The electrostatic attractions between I™(24) and the three
qQuaternary nitrogens at distances less than 5 ﬁ are
concentrated in the y- and z- directions. Consequently
the temperature factors of this ion in these directions are
relatively smaller than that in the x-direction, I (24°)
has only one quaternary nitrogen in close proximity and
the electrostatie attraction lies mainly in the x- and z-~
directions, As a result of this the temperature factor in

the y.direction is relatively greater than in the x- and #=



directions, Sinee this iodide ion has electrostatie
attraction to one side only with respect to the x-direction,
the relative reduetion in this direction is not so great as
in the case of I7(24). The thermal parameters of both
iodide ions are rather large, This effect is possibly
correlated with the lack of intensity data above moderate
values of sin O and may be indicative of some disorder in
the crystal.

In the highly active toxiferine-I and d-tubocurarine
the distance between the two quaternary centres has been
estimated as being approximately 14 g {Battersby and
Hodson; 1960¢) , Caracurine<I] possesses relatively low
curarising activity and in view of this the distance of
8.5 g between these centres in this molecule is interesting.,

An unfortunate consequence of the fact that
caracurine-IJ dimethiodide was not isomorphous with the other
dihalides is that no direct use of the isomorpheus'
replacement method was possible, It is hoped, however, that
in the near future the analysis of the dimethochloride and

dimethobromide derivatives will be resumed at the point

B

indicated in section 2,3 at which it was presumed that th

. o s s
correct bromide ion eco-ordinates had bsen deduced. If this

-

analysis is suecessful the refinement of the structure wilk

be carried out using the dimethochloride data and  much
- e gy 2 oorn £ ¥

more accurate posibional parameters will be obtainable which,

2 . . ~ o7 4ol e
in turn, should permit a more accurate estimation of how the



strain is distributed throughout the caracurine-II

molecule and the central ring system in particular.

29



Atomic co-ordinotes and temperature reciors.

(origin o

co=ordinetes as in “Internctiopnel Tables” Vol

3

L/

Y

0, 3486
00 "3@5?6 .5.
0,4817
0, 5488
0, 5474
0, 4856
0, 4291
0, 3518
0,3138
0,2425
. 2068
Qw =’23 56
0. 3128
Qe‘: 4637
(}:;, e@.z ‘izé?
0, 4683
O, 8235
C. 8302
0, 5882
0. 6068
0, 5477
0, 5771
0.5167
0, 4785
0,4i75
0, 4466
0; 3839
0, 3261
0. 8589
0, 4305
0,4872
0, 5148
0, 56898
0, 5822
0. 5638
0, 5035
0,4777

Yy

9@ 3635!‘?
0. 3785
0,4650
0, 4854
0,4488
0,4428
0.4293
0, 4380
0, 4834
0.4813
0,4431
G, 3852
0, 3883
0, 4440
0. 3674
03,3149
0,3284
D, 2798
0. 402 F
0.457%
0, 5248
0,2968
0. 85633
0,2738
0,2668
00,2319
Q. 2884
0. 2208
0. 1880
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0, 1712
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LT adaoh

0, 2753
0., 811¢6
0,22085
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00,4158
0, 3707
0,34132
D, 0281
02,0338
0, 3452
0,2067
0. 03855
0, 1588
2, 1028
00,1628
0, 2673
0, 0846
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0, 2478
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TABLE 1YY (conid)

Atom 2{”’ ﬁ/.ﬁ :‘%ffﬁ, Bs
¢c(15%) Q, 41588 0, 3322 w0, 1898 2.8
c(i6?) 0, 4088 0, 3172 0, 0454 8.1
c(17%) 0. 3452 0. 3500 0,0823 5.4
c(18°) 0, 8823 0, 3771 «0,1714 2.9
c(19%) 0, 2967 0, 3991 =0, 2898 5,2
c(20°) 0, 3580 0, 3066 0, 26486 3,7
c(a1e) 0, 3529 0. 2713 =0, 3870 3,4
c(22r) 0,3910 0,1826 -0, 4271 3,7
o(23r) 0, 8281 0, 3878 =0, 0320 404
I(24v) 0, 1849 0, 17858 =0, 6185 +

tAnigotrepic tempercivre factors obicined from the leasi-
squares refinement o the ioedide ion porameters ore glvem
below, These are the values of by J in the eguoations

. 2 Zan 32 2yp h AP
exp (B 80 TO/)\2) o oo (b))} by K dhgg £ by ShE thy Tl 4Dy GRE)

parameters.

P13

by Doz Bgg  Bys  Bag
I (2¢) 1089 282 3170 =27 31 ~112
I (247) 887 502 3229 =20 73 129

Equivalent anisotropic thermal parameters
along the directions of the crystal-axes in the Jorm
exp P11 sin” 0 /22)-

Bay Bog Bys
I (24) 10,4 5.9 5.0

I (24%) 8,3 10,5 5,1



TABLE IV,

Stendard deviations of the final

144
atomic co-ordinotes (A)

o (z)

0, 051
0, 086
0. 073
0. 056
0,074
Q, 072
0, 065
0,085
0,082
0,073
0. 080
Oo 084
0, 078
0,073
0, 065
C. 069
0, 087
0, 074
0,074
0,072
0. 074
0. 088
0, 044
0, 008
0, 055
0. 069
0, 067
0. 059
0, 07¢
0, G686
0, 073
0,084
0. 081
0, 072
0. 064
0, 068
Oc. {}82
0,073
C. 058
0, 064
0, 082
O, 064

g (ul

0. 049
0, 060
0, 067
0, 052
0. 070
0. 068
0,081
0., 067
0,073
0, 065
0,083
0. 078
0. 068
0,075
0. 058
0, 066
0, 064

Q, 070

0,070
0, 068
0, 068
0, 083
0, 041
0. 007
0, 051
0,083
0. 062
0, 053
0, 069
0. 065
0. 066
0, 056
0,077
0,085
0, 082
0, 064
0, 070
0. 0638
0. 057
0, 086
0, 080
0,062

g (=)

0, 058
0,078
0,079
0, 081
0,079
0,074
0, 069
0,075
0. 080
Oo 078
0.090
0,097
0, 079
0. 084
0. 064
0,077
0. 077
0, 080
0, 080
0, 085
0, 084
0,103
0,050
0,007
0, 059
0,076
0, 078
0, 067
0, 090
0,074
0, 081
0. 066
Q. 092
0,075
0. 069
0,075
OQ 08.2
0, 084
0, 068
0. 070
0,083
0; 071




PABLE IV (Contd),

-4¢)]

0,075
0,063
0. 064

0,068

0,047
0. 008

gfz)

0, 098
0,073
0, 078
0,074
0,053
0,008




TABLE V., Measured and calculated values of the structure factors.
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carbon ( sp”) 6

Carbon (sp>) ~
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¥ (1) ¢
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= N (1) 2

Carbon (3p3) - 0 4
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PART III

The Structure of Macusine-A:

X~ray Analysis of Macusine-A Iodide,




3.1 INTRODUCTION,

During their researches on the total alkaloid content
of the bark of British Guianian "Strychnos toxifera™ Schomb.,
Battersby et al. (1960) isolated, in small quantity, three
new quaternary alkaleids, hemltoxiferine=I, macusine-A and
macusine~B, The latter two alkaloids were named after
the Macusi tribe of Indians who are reported (MacIntyre,
194,7) to have carried out the first investigations on
"Strychnos toxifera, The isolation of hemitoxiferine-1 had
been briefly recorded earlier (Battersby and Hodson, 1958)
and its structure and stereochemistry had been discussed in
a later report (Battersby and Hodson, 1960a) but the
structures of the macusines were unknown,

From the infraved and ultraviclet spectra (Battersby
et al°; 1960) it was apparent that macusine=A and =B were
closely related, Both were found to have ultraviolet
spectra characteristic of 2,3 =« disﬁbstituted indoles; the
infrared spectrum of macusiﬁewﬂ showed the presence of
hydroxyl, imino and ester groups whereas that of macusine-B
showed the presence of hydroxyl amd imino groups but no
ester group, '

Chemical studies conducted by Battersby and Yeowell
(1961) established the censtitution of macusine-B (I} and
these workers determined its absolute configuration, with
the exception of the configuration of the ethylidene system,

by independent correlation with ajmaline (II) and






sarpagine (III) for both of which the relative and sbsolute
stersochemistry were known (Bartlett, Schlittler et al,,
1960, Bartlett, Sklar and Taylor, 1960, Bartlett et al.,
1962), Having this knowledge of the constitution of
macusine-B several plausible structures could be postulated
for macusine=A from biosynthetic considerations., Since
macusine~A had been isélated in smaller yield than macusine-B
only limited researches could be carried out to confirm which
of the possibilities was correct and so Dr. A.R.Battersby
provided crystals of the iodide derivative for an X-ray
crystal structure determination,

The results of the X-ray investigation establish the
structure {(IV) for macusine=A and chemical studies whieh
alone do not establish it {(Battersby, Hodson and Yeowell,
1961) are fully consistent with this constitution. The
absolute stereochemistry of macusine-A has been determined
by correlation with macusine-B (Battersby, 1962) and is

represented by (IV).



€

3.2 EXPERIMENTAL .

Crystal data: Maeusineop iodide, 022H27ﬁ20319

M= 4944, mop, 27h°C(decomp,)s Orthorhombic,
a =13,82 3 0,03, b=9,064% 0,03, ¢=17.43 + 0.04 K.
U = 2182 33 Dobs,(flotation in aqueous ZnCl, solution)

= 1,503 goce.™  Z = 4. D_ = 1.505 g.ce™l,  Absent

spectra; hOQ when h = 2ne¢l, OkO when k = 2n+l, 00£ when
A = 2n+l, Space group P2,2,2, (Q?)u Absorption
coefficlent for Xerays { A\ = 1.5i2 g); Bo= 119.6 em“la
Total number of electrons per unit cell = Flooo) = 1096,
Total number of irndependent observed structure amplitudes
= 1145, zfz “heavy" atomss 2916; Z £2 "1ight™ atoms
= 1096,

Rotationg oscillation and moving-film photographic
methods were used and copper-K, ( A= 1.542 E) radiation
employed, The cell dimensions were determined from
rotation and equatorial layer line Weissenberg photographs
and the space group was determined uniquely from the
systematic halvings., Intensity data were obtained from
equatorial and equi=inclination upper-layer multiple-film
Weissenberg photographs taken from crystals rotated about
the needle axis {a-crystal axis), The intensities were
estimated wisually and corrected for Lorents, pelarisation
and the rotation factors appropriate to the upper layers

31, T J
{Tunell, 9939), The variocus layers (Ckf - 8kZ |} were

3]
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placed on the same scale by comparison of ZBF’OE anéZtiB
based on the iodide ion alone and adjusted throughout the
refinement to ensure that LlFOI = ZIFCI 0
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