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PREFACE,

This thesis describes researches carried out by the author (some of
them in collaboration with others) under the supervision of Professor J. Monteath .
Robertson, F.R.S., in the X-ray Crystallographic Section of the Chemistry
Department of Glasgow University from October 1956 to December, 1959.

It is concerned with the determination of crystal siructures using the
techniques of X-ray crystallography. In it the variety of these techniques is
outlined by their enumeration in the first chapter. The second chapter describes
the successful application of crystallographic methods to the solution of the
structure of limonin, the bitter principle of citrus fruits. Limonin has been
known for some 127 years, and has resisted the efforts of many chemical schools
throughout the world to establish its constitution and configuration by the methods
of classical organic chemistry. It has been described by Professor D.H.R. Barton
as the last remaining major structural problem in classical natural product
chemistry.

The third chapter indicates the efforts to use the same investigating
tools to increase the structural knowledge of a new class of antibiotics called
macrolides. These efforts have not yet led to a definitive conclusion and thus
Chapter (III) must wear the same unsatisfactory character that most incomplete
crystallographic researches possess.

A number of tables summarising results are interpolated in the text
which is supplemented by four dgpendices. The first of these deals with the
computing aids used in the work described; the gsecond is a list of calculated
structural amplitudes and phase-angles for the epi-limonol iodoacetate structure
at its last refinement stage; the third contains all the figures mentioned in
the text; and the fourth shows structwral formulae of major interest to the work
undertaken,

The work on limonin was largely a team effort. The early work thereon
was undertaken by the author and has been published (Arnott & Robertson, 1959).
The two dimensional work was shared with D. lMatson and G.A. Sim and for the
three—dimensional work the team was joined by A.., Davie. All aspects of the
work were intimately shared except for the computations of the a—axis projections
and Harker section which were done by D.W. while the b—axis projections and
attempts to correlate these with FI was largely the author's responsibdility.

A prelzmbnary report of the limonin structure is to appear in
Experientia in February, 1960.




TABLE of CONTENIS

Acknowledgments,

Preface.

Chapter I. The determination of the chemical structure

-Z.-Z.
lhe.
1.3

eJe

1.4.

1.5.
Chapter II,
201.

2.2.
2.3.

of organic molecules by X-ray crystallographic
methods.

Introduction
X=ray scattering and crystal structure
The solution of the phase problem

Direct Methods

Chemical Crystallographic Methods
Trial and Error

Fourier Transforms

Heavy atom method

Isomorphous replacement method
Use of anomalous scattering

. Patterson methods

e refinement of crystal structwres

N~

NeNNNRNNRKN
(ocotoco_(ococo.co

Sekbbi

o o
o o
.

3

1.4.1. The F’o synthesis
1.4.2. The method of Least Squares

References
The structure of limonin

Preamble

The structural problem

The preliminary crystallographic survey
of limonin and its derivatives

1. Introduction

2., Limonin and its solvates

3. Salts of limonin

4. Sults of limonilic acid

5. Haloacetic esters of epi-limonol

2.4, Collection and processing of the experimental data

2.4.1. Collection of intensity data for crystals
of epi-limonol iodoacetate
2.4.2. Estimation and correction of intensities

Page

Nk
HOVOVAOOULIA RNk

N
Lo

N
(¢ ]

16
16
18

18
19
23
23
24



2.5,

l7.
8.

o N

Chapter III.

3.1.
3.2.

3.3.

Appendix I,

II,

IIT,

2.4.3. Determination of film-to—film scaling constants
The determination of the structure of limonin

1. The 2-D investigation

2. The Harker section at y = #
3

4

etle

5
)
5

3. The 3D investigation
. The refinement of the structure

VIRAVIRAVIRAVY

The nature of the limonin structure
Conclusion
References

The preliminary investigation ojf the structure
of the macrolide antibiotics

Introduction

The X-ray crystallographic investigation of the

macrolide antibiotics

3.2.1. Macrolides and macrolide derivatives

3.2.2. Crystal data for pykromycin and neomethymycin
methylene dichloride solvate

3.2.83. Neomethymycin methylene dichloride solvate

References

Computation of Fourier Series

Structure amplitudes and phase-angles for
epi-limonol iodoacetate

Diagrams and Illustrations

Structural Formulae

Page

33

36
39
53

S5
56

59
59

60
60

64
65

72
80

53



CHAPTER l.

The determination of the chemicsl structure of
orqganic molecules by X-ray crystellographic methods.

l.l. Introduction

A|+hough it is not the purpose of this work to meke
a minutely critical assessment of the methods of chemical
structure snslysis, it has been considered desirable to outline
the various approaches available in the X-ray crystsllogrephic
method of structural study which was used in the work later

described.

Structural snalysis in the classical menner is
based on deductions made from o series of chemical resctions
involving the unknown moleculsr species and its dérivofives.
In carbon chemistry in particular, experiments have to be devised
to determine not only the molecular constitution but also to
establish the configuration of the stoms st any ssymmetric centre
which may be present. The information from purely chemicsl
reactions has, in recent years, been increasingly supplemented
by the results of spectroscopic examination in the infrs-red
ond ultre-violet regions and other physical methods.  Such means
of investigation all depend on reloating the chemicsl and physicsl
properties of the unknown substance to those of previously

determined structures. They asre essentially indirect compared



with the methods of studying the sub-microscopic nature of
matter by considering the interactions between matter and
electromagnetic radiation or particle beams. Just as the
scottering of alpho-particles by metal foils led to the
discovery of the general nuclesr structure of stoms, so the
diffraction of X-radiation by crystals has led to the solution
of problems of molecular geometry. It is this second

phenomenon which has been utilised in this work,

l.2. X-ray scattering and crystal structure.

To use the scattering of X-rays by crystals in
structure determination, it is necessory to relate X-ray
diffrection patterns to the atomic arrangements in the crystals.
While the conditions for the production of diffracted beams
are determined solely by the dimensions of the crystal lattice,
the intensities of the beams are controlled by the atomic

arrangement.

The structure factor, F (hkl), of & crystal plane

whose Miller indices are h, k, and | is the result of combining

the waves scottered by the whole contents of the unit cell and
has the form:

F (hkl) =$J; fj. exp ZTTi(hxj + kyj w 12.)  eeeeee 1.1
where (xj, yj, zj) are atomic coordinates and fj is the

scattering factor for the jth atom. This scettering factor

can be resolved into two parts:

fj = f;)exp (-B sin*® /)e) ceeees o2



where f? is the atomic scattering factor which is & function

of the scattering angle,e, and depends on the distribution

of electrons in the atomic species in question. It can be
calculated when the radial electron distribution function

for an stom is known. Atomic scettering fsctors so derived

by several workers have been collected in the Internstionsl
Tables (1935). The modifying exponentisl function in equation
.2 is the temperature factor which tskes account of the effect

of the therms! motions of astoms in the crystal.

Equation l.l implies that all the scettering matter
in & crystal unit cell is concentrated in & number of sphericelly
symmetrical atoms situated at points (xj, Yy zi). It requires
that for each stom the electron distribution function is known
so that the atomic scattering factor cen be calculsted, and
further that some estimate of the tempersture factor should be
aveilable. Therefore it is sometimes more convenient to use &
more general expre55|on for the structure factor:

F(hk1) = (V/abe) J [ [p<x,y,z)exp2n:(hx+ky+nz)dxdydz... 1.3
where p (x, y, z) is +he density (in electronic units) of the
scottering matter st any point (x, y, z) in the unit cell,
is the unit cell volume, a, b, and ¢ the lengths of the unit
cell edges. /F(hkl)/ is simply the ratio of the emplitude of
the radiation scattered in the order (h, k, |) by the contents
of one unit cell to that scattered by a single electron under

the same conditions.

Since a crystal can be considered as a triply

periodic and continuous distribution of electron density it cen
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be represented by a triple Fourier series:
P (xyy,2) =zjgz_ A (pqr) exp 2 TTi (hp+kg+!r) oooa 1.4
It can be shown by combining equations

1.3 and 1.4 Fhaf
plxyz) = N ZIZ F(hkl) exp 2 TTi (hxtky+lz) ..o 1.5

= \I-IZZZ/F(hk()/cos 2TT (hx+ky+lz)-a(hkl) ... 1.6

where &K (hkl) is the phase angle given by
& (hk1) = tan | (B/A) ceer 17
where A and B are respectively the real and imeginary parts

of the complex number F (hkl).

It is in the solution of equstions l.l or |.3 that
the possibility of structure determinstion lies. The
difficulty arises from the fact thet only the moduli of the
Fourier waves can be found from the X-rsy diffracted intensities
which contein no direct information sbout the phases of the

waves.,

l.3. Solution of the phase problem

This section seeks to outline the principal methods
by which the phase problem cen be overcome and the determination
of & crystal structure achieved from intensity data and o

minimum of other information. The heavy atom and Pstterson

techniques which were of greatest use in the later analysis
of limonin will be discussed in grester detail.

1.3.1. Direct Methods. While direct solution of

equations .| is possible only when both the real and imaginery

components of the F (hkl)'s are known, it is generally possible



to solve the equations
/F(hkl)/2 =n#m fn fm exp 2TTi Z h (xn - xm) for
(xn - xm) etc., and from these solutions to determine the
atomic co-ordinstes. Efforts begun by Ott (1927) and Avrami
(1938) to derive general procedures for the solution of such
equations have not been attended by success sufficient to

influence the practice of crystal structure snalysis.

A second direct method depends on the recognition
that the positivity of electron density and similsr items of
direct space information are sufficient to impose severe
limitations on the moduli and phases of structure factors.

Such limitations are of most use in the case of centro-symmetric
electron density distributions where the value of &K (hkl)

cannot be any value between zero and 2 TT, but hes either of

the discrete values O (+) or TT (=), which is equivalent to
signing the structure smplitudes in the manner indiceted.

The mathematical expression of these limitations in the form

of inequality relations between structure factors is particularly
associated with the names of Harker and Kasper (1948) while

Sayre (1952) and Goedkoop (1950) have derived equality relstions,

1.3.2. Chemical crystallographic methods. These

usually involve procedures by which good spproximstions to the
phase angles are derived and then combined with the observed
structure amplitudes to enable an spproximstion to the true
electron density distribution to be calculated (using equation
1.6). From this, new atomic co-ordinates are obtained which

ore used to calculsate better phase-angles and the whole
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procedure reiterated until & complete and accurate structure

is obtained.

|.3.28. The method of 'trisl and error' requires

a foairly extensive prior knowledge of the chemical structure.
This knowledge is utilised in placing atoms and molecules in
plausible positions in the unit cell until sufficiently good
sgreement between calculsated and observed structure amplitudes
allows the methods of Fourier enalyses or lesst squares
refinement to lead to the final accurste representstion of the
structure. This method, requiring so much previous structural
information, is more suited to investigstions whose aim is the
derivetion of accurate interstomic distaences and angles than

to researches whose primary interest is the determination of o

largely unknown structure.

.3.2b. The method of Fourier trsnsforms requires

a similar intimote preknowledge of molecular structure. The
Fourier transform of an atom or group is & function representing
the amplitude and phase of radistion scattered in a particular
direction by the group. It con be evaluated from & knowledge
of relstive atomic positions in s molecule and used to determine
the position of the atomic group in the crystal unit cell by
béfng orientated with respect to the crystal reciprocsl lattice

until & fit with the observed structure amplitudes is obtained.

l.3.2c. It has been by using the 'heavy astom' technique
(Robertson, 1935, 1936; Robertson snd Woodward, 1937, 1940)
that most of the triumphs of X-ray crystallographic structure

determination have been achieved. In this method initial



approximations to the phsse-sngles are provided by s small
number of atoms of dominant scattering power whose positions
in the unit cell can be determined by Patterson methods.

The assumption is that the phase-angles derived in this way
can be combined with the observed structure amplitudes in o
Fourier synthesis yielding an approximation to the electron
density distribution from which the sites of further atoms
can be obtained. Better approximstions to the phase-angles
con then be celculated and the process continued until the

whole structure is elucidated.

The structure factor for & crystsal with one heavy

atom in the unit cell can be written
F (hkl) =ZfH exp 2TTi (hx, + ky, + lz,)
+ ZI fj exp 2TTi (hxj + kyj. + |zj) eeo 1.8

If the hesvy atom scsttering fsctor, fH, is much greater than
any light atom scettering factor, fj' then the first term will
be grester than the second. It is not necessary that fH 7ij
since the second term is o summation involving a number of
atoms whose contributions may be opposed to one asnother. It
is of interest to consider what relative scattering power is

required by the heavy atom for success in this method to be

assured, The mesn value of +he:£deal intensity is given by
L (hkl) = /F(hkD/? = 2 f oo 1.9 (Wilson, 1949)
If en atomic scattering fector, fn' can be considered to be
proportionsl to the stomic number of the species in question,
oand if it is considered desirable that the scsttering power

of the heavy atom should be at least equal to the collective



s§a+%ering power of +he lighfer atoms, than a lower limiting
case would exist when Z /Z:Z I (Z is atomic number of

jth atom and ZH that of the domlnan+ sca++erer) The fact

that in general the relstive scattering power of & heavy atom
is gre§+er +han that indiceted by its atomic number suggests
that ZH /Z:Z can have values rather less than unity without
impairing +he success of the method. In most of the published
successful structure determinations the ratio has had values of
greater than unity, but in the noteworthy cese of the successfully
solved vitamin Bl2 structure problem (dominant scetterer used
was -Se CN) the ratio had s value of 0.47 indicating that unity

was certainly not the useful lower limit (Crowfoot Hodgkin
et al., 1985},

This method is attractive because of the possibility
it offers for a structurel determination to be effected requiring
no more chemical information then the molecular formuls, I+
is capable of great versatility in its applicetion since it is
but rarely impossible to prepsre a suitable heavy atom derivative
of a structurally unknown or little-known molecule. Particulesr
accidents can destroy this generality of epplicability: In
the case where only one heavy atom is present in the asymmetric
crystal unit of & non-centred molecular asrrangement such as
exists in space group P2' the phase~angles calculated on the
basis of the heavy atom will be those which obtain in a
centrosymmetric cose, and any approximate electron density
function calculated from them will show two superposed arrangements

one of which is spurious. When this occurs (ss in the case
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of cholesteryl iodide = Carlisle & Crowfoot, 1945) considerasble
difficulty in resolving the two images is usually experienced.
Similar additional psuedo-symmetry may be introduced when the
heavy scatterer(s) lie(s) in o special position in the unit
cell, or when, by the chance of it, independent heavy atoms

have co-ordinates simulating additional symmetry.

1.3.2d. In the isomorphous replacement method the

phase of the structure factor is determined by considering the
diffraction patterns of two isomorphous heavy atom derivatives.
It has the advantage over the simple heavy atom method in that
comparison of the intensities from the two structures results
in @ more accurate initisl phase determinations which at least
shortens the refinement process. In addition higher accuracy
can be achieved in the final refinement, since it can be
performed for the lighter molecule of the isomorphous pair
where absorption errors sre smoller and the phase-angles more
sensitive to the contributions of the light stoms. Unfortunately,
in the non-centred case there exists an ambiguity in the
determination of &K (hkl) which may require the structure to be
disentangled from the image of its spurious inversion. In
effect the method is similar to the heavy atom technique since
one of the replaceable atoms requires to be a more dominant
scatterer than the other atoms so that its position can be
determined. However problems can be solved where the electron
content of the replaceable atom is considerably less than that

normally required in the case of the heavy atom method.

l.3.2e. Another method of solving the phase problem
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for non-centric crystals has been described (Pepinsky,

1956a, b and 1957) which utilises the anomalous scattering

of X-radiation by an atom whose absorption edge is near the
value of the wavelength of the radistion employed (see James,
1950).  When this snomalous dispersion occurs the atomic
scattering factor becomes complex, f. = fj + i f,, and the
normal Friedel's law equality,IF (hkl)]=[F (h k D no longer
holds.  Pepinsky (loc. cit.) shows how the differences,

A - /F(hkl)/2 - /F(h k _l)/2 , can be used to solve the phase
problem. The obvious drawback is that the anomalous
scattering must be sufficiently pronounced for, the A 's +to
be measured with ressonable accuracy. The some phenomenon
was used by Bijvoet (1942) in a rather different way. He
first solved a crystal structure by stendard methods ignoring
the fact that /F(hkl)/ # /F(h k T)/ after which psirs of
F (hkl) and F (h kK T) were examined to permit the assignment

of absolute configuration to the molecule in question.

1.3.2f. The Patterson function of an electron

density distribution P (x, y, z) is defined as:
ey,

P (UI VI W) =‘IJ.J£P (X’Y,Z) (X+U’y+V’Z+W) de dy dZ s 00 ‘.'O
It can be represented by the Fourier series

-1 2 .

P (u, v, w) = V¥ %%zl.' /F (hkl/% exp=2TTi(hu+kveliw) oo 111
and has the enormous advantage of being independent of phese.
Patterson (1935) has shown that the summation corresponds to
the totsl of all the interatomic vectors in the crystal
structure. These are extremely numerous for & structure of

eny complexity and it may be impossible to disentangle them



except when prominent maxima representing vectors between

heavy atoms are present.

Harker (1936) first pointed out that the properties
of axes or planes of symmetry in & crystal concentrates
important information in particular sections, the so-called
Harker szctions, of the Patterson function, The commonest
symmetry element available for this purpose is the two-fold

screa—axis (2¥). If two atoms (xl, Y| z{) and (x ’ 22)

2’ V2
occupy sites in the space group P2, (b unique axis), among
the vectors from these atoms will be ones accounting for
maxima in the Patterson function at (2x‘, %, 22|) and

(2x2, 3, 2y2) so that evaluation of the Patterson function
at y = 7 could be expected to show peaks at (2x, 22“) and
(2x2, 222). There can be accidental complications for if,
Yt = y, there will be pesks of type (x, + x2), (zj + 22) on
the level y = %.

A further extension of the Patterson method has
been suggested by Robertson & Beevers (1951) and by Buerger
(1951}, Since the Patterson function can be considered as
a superposifion of the images of the crystsl structure in
each of its component atoms, & plot of the Patterson function
with its origin changed to & known atomic sitein the unit
cell will have maxima at other (unknown) atomic sites. f
a number of such plots can be made with several heavy atoms
in the unit cell as origins, ond from these plots & function

derived whose value at any lattice point is the minimum
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value at the corresponding lattice points in the plots, then
the maxima in this function will have & high probsbility of

representing the remaining astomic sites in the cell.

l.4. The refinement of crystal structures.

The refinement of & crystal structure is the process
by which the best values of the atomic positions in the unit
cell con be determined after fairly accurate co-ordinstes for
the atomic sites have been established. Refinement procedures
are particularly important when the aim of an investigation is
the determination of precise interatomic bond lengths and

angles.

It has been found convenient to express the overoll
agreement between s postulated structure and the experimental
dete in terms of & reliasbility index, R =i\|Fol'—|Fcl | /2 1F 1,
where |Fol and IF.! are respectively the observed end celculated
structure smplitudes. While R is & useful guide in deciding
whether any change in pasrsmeters has produced improved agreement
with the observed data, its value in isolation is no measure
of & structure's acceptability. Plausible bond lengths and
angles and the association of the correct electron density with
each atomic site are more fundemental criteris for sssessing

the validity and asccuracy of @ structure determinastion.

The following sub-sections describe briefly the
two standard methods employed in the refinement of the structure
of epi-limono!l iodoscetate once initial atomic positions had

been established by the early Fourier and Patterson syntheses.



l.4.1. The Fo Synthesis. In this method the

electron density function is eveluated st suitable intervals

(say 1/60 of unit cell edges) using the observed structure

amp litudes and the phase-angles calculated from the spproximstely
determined structure. Points of maximum electron density are
then found by graphical interpolstion or by using the method

of Booth (1948) to calculate the pesk position from values of

the electron density at points near the summit. New phase
angles can be calculated using the newly determined co-ordinates
and the whole process reiterated until no further decline in R

is observed.

There are dissdvantsages inherent in this method.
In the first place a Fourier series is rarely complete in
practice, but is generally terminsted by the experimental
conditions while its coefficients are still appreciable. Booth
(1946) hss suggested that this may be partly corrected by

employing (in sn Fc synthesis) the calculated structure factors

in & Fourier synthesis in which terms omitted in the originasl

Fo synthesis are left out. The co-ordinstes derived from this
new calculation will show deviations from those previously
obtained; these deviations, with signs reversed, are the errors
in the original co-ordinates. A further objection arises in

Fo synthesis because it is difficult to decrease the influence

of the less accurate coefficients on the result.

[.4.2. The method of least squares. This last

objection can best be overcome by the method of least squoares
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(Hughes, 1941; Booth, 1947). If the errors in the messured
structure amplitudes follow the normal or Gaussian law, the
best agreement is obtained by minimising the function

R = W (hkD) (/Fy (hk1)/ = /Fg (hkD)/)?
where w (hkl) is & weighting factor inversely proportionsl to
the probable error in Fo (hk!l) and the summation is over all
independent terms which lie within the limiting sphere. The
atomic parsmeters on which Rl depends include quantities like
the temperature factor as well as the atomic paremeters. Each
structure fector supplies one observational equation from
which suitsble linear equations are developed and reduced to
the appropriate number of normal equations which cen be solved
by ordinary methods. Reiteration of the procedure lesds to
parameters which minimise RI. Strict adherence to the
requirement that w (hkl) should depend on an objective estimate
of the standard devistion of the observation is not essential,
since any ressonable weighting system will lead to co-ordinstes
which differ by amounts small compered with the random errors

in the final co-ordinates.

Such & procedure will usually yield the best
agreement between the structure formuleted and the observed
datos but will not necessarily give a better account of the
true structure. This is becosuse the structure proposed will
generally be conceived in terms of spherical stoms with each
atom of +hev$ame species having equal scattering power. These

are circumstances which rarely obtain.
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CHAPTER It

The Structure of Limonin.

2.l. Preamble.

I+ is intended to describe in this chapter the
evolution and successful conclusion of the determination of
the structure of limonin L)f through an X-ray crystallographic

study of the iodo-acetate esfeqkof epi=limonol: the nature of

the structural problem will be outlined and the basic chemical
facts known at the outset of the project enumerated; the
sequence of operations leading to the discovery of the structure
and the progress of its refinement will be described; some
speculations on the biogenetic significance of the limonin

structure solved by X-ray methods will be included.

2.2. The Structurs! Problem.

Limonin is o neutral, alicyclic bitter principle
found in the fruits of citrus species and several other
Rutaceae. It was first isolated by Bernay (1841) end so
named. - A number of subsequently isolated natursl products -

evodin from evodis rutasecarpa (Katmatsu, 1902), dictemnolactone

from dictamnus albus (Thoms, 1923), obakulactone from

phellodendron amurense (Fujits, 1931) - were shown in 1940
(Schichter and Haller), to be identical with limonin and it
is from this date that intensive investigation of the structure

by classical chemical methods commenced.

By the beginning of the present investigation
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limonin had been characterised ss having s moleculsr weight

of 470, molecular formule C Ogr melting point

26 H3O
303-5° C, and possessing optical activity (in acetone

Ld\] ;O'.S = -129°.) Most investigators had assigned four of
the eight oxygen functions to two lactone rings whose
corresponding free carboxy!,groups were determined titrametrically
to have acid strengths (pKa %) of 2.7 and 4.7 in water

(Emerson, 1952). The fifth oxygen function was sited in &

8 - substituted furan ring (Fujite & Hirose, 1954;
Kubotea & Tokoroysma, 1957; Corey et al., 1958) a feature
which served also to sccount for the unsaturation in

limonin. The sixth oxygen function had been chareacterised

as ketonic by the formation of an oxime and & 2:4 -
dinitrophenylhydrazone (Kefford & Chandler, 1951). Exeminotion
of the infre-red spectrum of limonin showed that this carbon
oxygen is attached to a six (or higher) membered ring. This
carbony! group could be reduced to either of two epimeric
limonols; reduction by the Meerwein - Ponndorff method yields
[imonol (Chsndler & Kefford, 1951,) while borohydride or

sodium amalgem reduction gives epi-limonol (Melera et al., 1957;

Fujita & Hirose, 1954, 1956). The last-named method of

reduction is known to produce the more stable of two
configurstions (Barton, 1953) and sccordingly limonol and
epi—limonol were assigned axial and equatorial configuretions
respectively, s situation later confirmed by the X-ray analysis
of epi-limonol iodoacetate. Neither the Zerewitinoff method

of detecting active hydrogen atoms (Koller & Czerny, 1936)

nor the snalysis of the infra-red absorption spectrum of
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limonin ( Rosenfeld & Hoffmann,1951), indicated the presence
of hydroxyl groups and accordingly the two remsining oxygen
functions were considered to exist in two cyclic ethers

(Geissmann & Tulegin, 1946).

The mode of formation of tetrahydrolimonin (in
which saturstion of the furan ring has occurred) end
hexahydrolimoninic acid (where hydrogenolysis of & lactone
ring has also occurred) led to the conclusion that the allyl
oxygen of the lactone was secured allylicly to the furen
ring (I1). The additional oxygen shown (1) pleusibly
explained the abnormal acid strength of hexshydrolimoninic

acid (Melera et. al., 1957).

It could be inferred from the molecular formules
thet the remsinder of the molecular skeleton had to be
bicarbocyclic. A Kuhn-Roth estimstion of the number of
methy | groups present suggested they were three in number,
while a zinc dust distillation of limonin féllowed by
selenium dehydrogenstion had yielded 1:2:5 - trimethyl
nephthalene (Koller & Czerny, 1936).

2.3. The Preliminary Crystallographic Survey of
Limonin and its Derivatives.

2.3.1. Introduction. This section describes the

search for limonin derivatives suitable for use in o
structure determination by the methods of X-ray enslysis and
contains a report of the X-ray crystallogrephic dats obtsined

for some of them (See Table 2.1). The unit cell paraMefers
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for the crystals of each substance named in Table 2.1 were
obtsined by the measurement of zerylayer Buerger precession
camers photographs token with Mo Kg X-radiation(A = 0.7107R).
Thin films of zirconium metal were used to monochromatise the
X=ray beam. The back of the cemers film-holder contsined

two pinholes of known separation by which two pairs of fiducial
spots could be printed on each film in a manner which gave
correcting factors for each set of layer lines to allow for
film shrinkage during processing. Derivation of lattice
parameters from the film dota also involved an instrumentsl
proportionality constant F which was confirmed to be accurately

60 cms. by measurements using a calcite crystel as standard.

2.3.2. Limonin and its solvates. Limonin

crystallises from methanol, ethsnol, acetone, methylene
dichloride, methylene dibromide and bromochloromethan in large
six-sided plates in the orthorhombic system when the hot
concentrated solutions sre allowed to cool, or when the cold
solutions are allowed to concentrate by eveportion. Within
the general description brovided the crystal hsbit varies from
solvent to solvent, incressing molecular weight and involatility
of solvent is accompanied by considerable thickening of the
plates, so thst in the 'case of methylene dibromide solutions

the crystols recovered are tablets, hexagonal in plen and with

bevielled edges.

Three solvates of limonin have been reported:

limonin acetic acid solvate crystallises with a prismatic habit
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from scetic acid solutions of limonin (Geissmann & Tulegin,
1946); limonin crystallises from solutions in methsnol -
methylene chloride in two metastable solvate forms, the
more stable of which Emerson (1948) chsracterised as o

methy lene dichloride solvate, and the less stable as a

hemi — (methylene dichloride) solvate.

Incomplete dats for the optical properties of
limonin has been published by Winchell (1943) and this has
been elaborated by the work of Jones and Palmer (1949) who
examined not only limonin but slso its acetic acid solvate
and the more stable of Emerson's methylene dichloride solvates.
They determined that all three substsnces crystallised in the
orthorhombic system class 6 (etch figures confirmed the
enantiomorphism).  They slso determined the unit cell
parsmeters and space groups for the first two crystsl species
(their results are those shown in psrenthesis in Table 2.1).
Their meagre conclusions on the structure of the limonin
molecule were that it was comparatively flat (the c-axis was
short) and possessed no extensive conjugetion (refractive

indices were low).

The unitcell dimensions and space groups of
limonin and its acetic acid solvate were redetermined (see
Table 2.1) and results obtained in good agreement with those
previously reported. In both cases the only diffraction
conditions were that (hoo), (oko) and (ocol) were present
only for h = 2n, k = 2n, and | = 2n respectively (space

group P2, 2, 2, - Dg). Crystsl densities were obtained by
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measuring pyknometrically the densities of squeous potassium
iodide solutions in which the crystals could be suspended
without either sinking or floating to the surface. These
densities indicated in both ceses & unit cell content of

four formula weights.

The complex nature of & crystallogrephic structure
determination for limonin involving as it would the siting of
at least thirty-four crystallograephicslly independent carbon
and oxygen stoms in the unit cell made it obvious thsat
procedures such as the 'heavy atom! or 'isomorphous replacement’
methods Would have to be utilised if useful image-seeking
functions were to be calculated. Accordingly interest
devolved on the structure of Emerson's methylene dichloride
solvate whose content of two heavy scatterers (the two
chlorine stoms) was deemed to have sufficient scattering
power 22%|= 7.38 21(2722 + 8 Zg) to provide - once their
positions in the unit cell had been determined = sufficiently
good approximations to the correct phase~angles to ol low
Fourier and other imsge-seeking methods to be undertaken with
fair chence of success. Since the reported instability of
Emerson'’s solvete would be s considerable drawback, at the
same time ss Emerson’s experiments were repested & search for
analogous snd, it wss hoped, more stable comp]exes involving

hslogensted methsnes was undertsken.

Considerstion of the X=ray diffraction spectres of
crystsls grown frem solutions of limonin in methanol or in

sny of the pure hslo-methsnes sveilable showed that they were
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invariably unsolvated limonin. However when |limonin was
allowed to crys+a}lise from methsnol - methylene dichloride
solutions, two crystal species could be obtained: on the
surface of the solgfion there developed the characteristic
‘hexaQOAal-shaped pTa+es of pure limonin, while in the body
of the solution there asppeared prismstic lathes of squore
cross-section and invariably of a length at least ten times
their thickness. These latter .crystals repidly became
opaque even in contsct with their mother-liquor, and when

dry and exposed to the sir for s few doys became polycrystalline
psuedomorphs. From no other methanol~halomethane solvent
combination was oany crystal species other than pure limonin
recovered. The lathe-=shsped crystals were sssumed to be

the more stable of Emerson's two solvsetes and the observetion
of Jones and Palmer that they belonged to the orthorhombic
system was confirmed by the determinstion of their unit cell
parameters and space group (see Teble 2.1). The density
corresponded to & unit cell content of four limonin and four
methanol molecules. That the included molecular species

was methsno!l and not methylene dichloride was confirmed by

carbon, hydrogen and halogen enslysis.

The hope of basing a structure analysis on Emerson's
solvate was thus thwarted, but since it was thought desirasble
to show thst s complex chemical structure might be solved by
X-ray diffraction methods using no more chemical informstion
than the molecular formula, it was decided to seek halo-acetic

acid complexes analogous with the steble limonin acetic acid
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solvate before considering 'heavy afbm' derivatives involving
functional groups in the unknown structure. No success
attended efforts to crystallise limonin solvetes from either
chloro- or bromo-scetic acid melts, and although any solvent
combination in which acetic acid was present yielded the
acetic acid solvate, no corresponding compounds were obtained

from methenol-haloacetic acid solutions of limonin.

2.3.3. The salts of limonin. There now followed

efforts to prepare suitable derivatives using the chemical
functions known to be present in limonin. The titration
experiments of Emerson (1952) suggested the preparetion of
alkali mets! salts of the potentisl carboxyl groups of

limonin.

Accordingly, methanolic solutions of limonin were
trested with slightly excess the theoretical volume of 6N
sodium and potsssium hydroxide. From the clear reaction
mixtures the salts of limonin could be precipitated as
granules by the addition of excess acetone. I+ was not
found possible to grow single crystsls of these salts whose
concentrated solutions were invarisbly very viscous ond
yielded glass-like solids when the solvent was removed.
Optical examination of @ semple of one of these glasses
showed that it was still isotropic after two years exposure

in the lsboratory.

2.3.4. Salts of limonilic acid. Aqueous

ethanglic solutions of limonilic acid (I1l) were refluxed
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for 24 hours with excess rubidium cerbonate and then allowed
to concentrate by eveporation. Syrops were obtained from
which only crystals of hydrseted rubidium carbonate were

recovered.

2.3.5. Holo-acetic esters of epi=limonol. The

ketonic carbony! function of limonin can be reduced by
borohydride in & stereospecific way yielding epi-limonol
from which s chloroacetic ester con be prepsred by the action
of chloroacetyl chloride. The corresponding iodoacetate can
be prepared by tresting the chloroacetate with potassium
iodide solution but no equivalent resction occurs with
bromide ions nor can the bromoacetate be prepsred directly
becasuse of incidental bromination at other sites in limonin,
Samples of the two halo-acetic esters were provided by
Professor D.H.R. Barton snd both were recrystallised from
aqueous acetone solutions. The crystal habit of the former
is long prismatic needles, and of the latter thin flaky
plates with in the (001) face well developed. The
determination of their unit cell parameters showed that both
belonged to the monoclinic system.  For both the only
diffrection conditions were that (oko) was present only for

k = 2n, hence their space groups were either P2l - Cg or

2
92,/m - C2h'

with the opticsl activity of both substsnces.  The

The latter was rejected as being incompatible

chloroacetate was known to be a mono-hydrate and this wass
confirmed by density messurements which required a unit cell

content of two ester and two water molecules.  The



iodoscetate possessed four molecules in the unit cell i.e.

two in the asymmetric crystal unit.

Choice of the iodoacetate for further intensive
structural investigation wes decided by the following
~argyments: In linear absorption of Mo Ky X-radiation
the chloroacetate had an sdventage by a foctor of six, but
this wes more than offset by the grester phase-determining
power of iodine over chlorine -Zél=(0. |7)ZZ€ ;
Z% = (1.74) Z: Zﬁ. (1t waes unfortunate that the
bromoacetate was not available for, since Zgr = (0.74)z Zi ’
a satisfactory compromise between sbsorption and scattering
requirements would have been achieved; moreover since the
sbsorption edge for bromine is nesr the wavelength of Cu Kg
X-radistion it might have been possible to use the phese-
determining methods available when anomalous dispersion
occurs). In addition the grester unit cell content of the
iodoacetate (two molecules in the asymmetric crystal unit
compared with one in the case of the chloro-derivative)
would require the determination of double the number of
independent atomic positions. This disadventage is more
apparent than real: the two chlorine atoms in the unit cell
of epi~limono! chloroscetate are necessarily related by the
screw axis of space group P2,. In this space group the
origin mey lie anywhere on the screw axis and there would be
no loss of generality if it were chosen to be midway between
the two chlorine atoms. Approximste phase-angles calculated

from the chlorine atom co-ordinates would have values O or TT,
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precisely the situation for & centrosymmetric electron
density distribution. A Fourier synthesis using these
phase-angles would provide an spproximation to the electron
density superposed on its spurious inversion imege. The
problem of unravelling the two images would be the same as
that in the analysis of cholesteryl iodide by Carlisle end
Crowfoot (1945), where extensive use of the chemically
determined structure had to be made. While the problem

of determining the stomic positions for the two molecules
of epi-limonol iodoacetate in the asymmetric crys+a|-uni+
would be initially formidable the final concurrence of the
structures of two chemically identical but crystallographically
distinct molecules would be compelling confirmation of the

validity of the structure announced.

2.4, The collection and processing of the experimental dota.

2.4.1. The collection of intensity data for crystals
of epi-limono!l iodoacetste. The epi-limonol

iodoacetate crystals obtained from aqueous acetone solutions
were thin fragile plates with the (00l) faces well-developed.
Although occasionally forms such as (ll]) were observed, the

plates usually had irregular boundaries.

For the purpose of X-ray photography rectangular
parallelopipeds of dimensions [.0 x 0.2 x 0.02 mms. were cut
from the irregulor crystals so that the two longest sides
were parallel to the optically determined extinction axes.
I'n general it was not possible to predetermine whither the

artificial needle axis so crested was the a or b crystallographic
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axis. This haed to be determined by oscillation photographs
taken about the needle axis (unlike those sbout the s-axis,
b-axis photographs showed m symmetry since b represents the

two-fold screw-axis).

It was observed that the normally stsble iodoscetate
crystals on exposure to X-rays became yellow, then brown, and
finally disintegrated after & few dsys. Once this decomposition
had been initiated it apparently continued even in the absence
of X-radiation. Since however the lifetime of o crystal wes
fsirly long, the only serious disadvantage was the necessity

to cut and correctly orientate s succession of crystsl specimens.

The intensity dete wes recorded using two moving-
film techniques: successive levels about both the & end b

axes were photographed using an equi-inclination Weissenberg

qoniometer, while those about the c-~axis were obtained using

8 Buerger precession goniometer. For the first method o

crystal wss correctly orientsted on goniometer srcsusing the
stationary crystal procedure of Weisz & Cole 1948,  The arcs
bearing crystal were then transferred to a Weissenberg
goniometer of the equi-inclination type where it can be
arranged thot the direct X-ray beam and the diffracted beam
sre equally inclined to the reciprocal lattice layer being
photographed.  The value of the equi-inclination angle (i)
was determinable from the unit cell paresmeters, and from it,
and charts sppropriste to the goniometer in question, the
screen setting necessary to isolate the zone of reflexions

being recorded was obtained and verified by a taking a 5°
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oscillation photograph. Since the film-holder could only
traverse a distance equivalent to some 200° rotation of the
crystal specimen and for upper level s-axis photographs (nkl)
would therefore allow the recording of only (nkl) and (nk T)
or (nkl) and (nk |) reflexions and since for this space |
group IF(nkl) = IF(nkI)! &« 1F(nkD)1 , it was desirable
to arrange that the former set were photographed by adjusting
the starting point for crystal rotation. The intensities were
recorded on & pack of five films to allow correlation of the
strongest and weakest reflexions. At the beginning of the
investigation Cu K, radistion from a Philip's PW 1010 X-ray
generating set run at 30 kilovolts and 12 millismperes was
used, but later all the dats was obtsined using Mo Kg
radiation. In this case the films in the multiple pack were
interleaved with sheets of nickel foil to increase the
absorption of the Mo Kg radistion between successive films to
o degree similar to that for Cu Ky X-rays. In this way
sixteen five-pack film series - (nlkl), n = O...6 and
(h02|), n, =0 ... 8 - were obtained. The remaining film

2

series of type (hkn3), n, =0 ... 2, were obtained using the

versatile precession mefiod (Buerger, 1944) in which
diffraction is coaused to occur by an unususl motion of &
single crystal in & monochramatic X-rsy besm.  The crystal
is supported at the unmoved point of s universal joint and

8 rotional direction of the crystal is csused to take o
precessing motion. In this way the diffraction spectrum is

recorded as an undistorted scaled photograph of the reciprocal




crystal lattice. Apart from the convenience of such an
undistorted picture with its resulting esse of indexing
reflexions, the shspe of the diffraction spots remains
practically constant at all levels and facilitates visual
estimation of intensities. The principal disadvantsages

of the precession method are that in comparison with the
Weissenberg method it is cepsble of furnishing s record of
only a limited part of the reciprocal lattice and that in
photographs of the upper levels the record in the centre

of the film is characteristically missing. These objections
were not of consequence in the present investigation since
such & wealth of intensity data was available from the
Weissenberg series. Moreover there was & particuler
advantage in recording c-axis date by & method which did not
require (as Weissenberg recording of the (hkn3) zones would
have) mounting the fragile, platy crystals on supporting
fibres perpendicular to the plane of the plate, but only
required crystals with the same setting as for the
Weissenberg~recorded series. Precession camera techniques
require that the crystal-to-film distance is maintsined
accurately constant and therefore it is impossible to use
multiple pack series. Instead satisfactory correlstion

of the strong and wesk reflexions is achieved by multiple
exposure series — a series of films with the some record

but different (and known) exposure times.

2.4.2. The estimation and correction of intensities.

The scaling factors for reflexions on different films of
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each of the nineteen series could be predetermined: for
the Weissenberg film series the factors were obtsined from
a plot of the scaling factor ss & function of the equi-
inclination angle (Rossmann 1956) and for the precession

film series they were predetermined by the exposure times

chosen. The intensities of the diffraction spots were estimsted

visually using either the 'standard spot' technique, or by
comparison with a series of calibrated spots. The first
technique involves the choice of a spot of suitsble intensity
on one film of a series as & stendard which immediately
establishes the relative intensities of the corresponding
spots on the other films of the series; using these
reference spots the intensities of the other reflexions

the series can be assigned. In the second technique an
external standard series of spots is prepared by recording

o crystsl reflexion several times but with different exposure
times. It has the adventages that the number of operstions
required to match a reference and unknown reflexion is less
and thet an arithmetic series of calibrated spots cen be
prepared so providing more accurate matching than cen the
geometric series of stondard intensities derived in the

'standard spot' method.

The intensities of the reflexions for each series
were measured twice and by o different opersator on each
occasion using different stendards. The two estimations

were placed on the seme scale and compared. When individual
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estimates differed by more than |5% further independent
~estimations were made when, in general, the required
agreement was obtained. Each reflexion was then assigned
an intensity equal to the arithmetic mean of the two

approximately concurring estimations.

_ The intensity for an X~ray reflexion corrected
for extinction, absorption, geometrical factors (Tunell
1939) and the effects of polarisation of the X-ray beam
is proportional to the square of the structural amplitude
for the crystal plane in question. The X-radiation (Mo Kd)
and ;fysfal dimensions had been chosen so as to minimise
asbsorption and this effect and that of extinction were
assumed to be negligible and no corrections were made for
them, The polarisstion correcting factor 2 (I + c03220)-I
is nbrmally combined with the geometrical correcting factor
which also varies from relfexion to reflexion, and depends
on the relative time during which the conditions for
reflexion remain satisfied. I+ is consequently inversely
proportional to the velocity of passing through these
conditions i.e. (for Weissenberg-recorded reflexions)

1

where is the sngle made by the reflecting crystal plane

. . -1 2
inversely proportional to (sin8) = (cos e = cos

and the reflected besm, and e is the equi-inclination
angle (Tunell, loc. cit.) Waser's analysis (1951 &, b)
of the motion of the precession goniometer revesled that
its velocity was dependent on the actusl position in space

of the precessing crystsllogrsphic axis. The values of
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the correcting function (polarisation facfér included)
for 0.05 reciprocal lattice unit intervals of &  have
been represented by contours on charts published by
Grenville-Wells and Abrahams (1951). The charts are
transpsrent and when the one appropriste to the level
being considered is superposed on a scaled replica of the
corresponding reciprocsl net it is possible by visual
interpolation to read off the correcting factor to be

applied to each reflexion.

Esch measured intensity of each plan's reflexion
was corrected to give a relative value for the squeare of
the structural smplitude from which the structural amplitude

itself was derived.

2.4.3. Determination of film-to-film scaling

constants. There now existed experimental values of some
three thoussnd independent structure amp [ itudes (IFOI'S)

derived from the moving film series (nj ki), ny = 0 ... 6,
(h n2|), n.=0,,,8, (hkn3), n, =0

2 3 e e o
the sets of data from each series were on different scales

2. In general

and the problem was to place the observed results on o
uniform, if arbitrary, scale. The procedure adopted
Ynvolved the choice of the (Okl) series as the arbitrery
standard.  The (h n, ) series were then correlated using
the sppropriste members of the (n; kl) group in this wise:
L IF (O n, 1y 1 for esch n, = 0 ... 8 was determined
from the G n, 1) series and ZI F (Okl) 1 for each

k =0 ... 8 from the (0kl) series data, the summations

including for each k = n, only those IFl's common to the

2
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(Ok1) and (h ny I) zones. Every K (0O n, 1) =

ZIF (Okl) 1 / 21F (0 n, 1) 1 k=n2=0... 8 wes determined
and was & factor suitable for placing the IFI's derived from
the (h N, |) series on the same scale as those from the (Ok 1)

serles. There was also determined R (0) -%; EF IF (oki) 1 /
ii 5; IF (O n, 1) 1 Repetition of this procedure using

+he (h n,
determined K (nI n, 1) = 3 IF (nI kIl /2 IF (n, n, 1)1

k = n, = O... 8 and R (nl) =§. ; IF (nl kl)l/Zz; IF (nlnzl)

and K (nl n, ) = R (0). K (nI n, 1) / R (nl), so theat agsin

the K's relsted the dats to the (Okl) standard. In this way

) sets of IFl's and successive (n, kl) sets

seven (n; = 0 ... 6) scaling factors K (n n, |) were obteined
for esch n, = O ... 8and K (h n, ) = ;E. K (nI n, ) wes

chosen as the scaling foctor for each (h n, ) set.

Similarly scaling factors to place each (nI kl) set
of dats on the some scale as the (hol) set were derived.
uy -
These factors K (n, kl) were used to derive fectors K (n‘ ki)

—t —- -
= K (nl kl) / K' (Okl) consistent with the K (h n, [) group.

The c-axis dats (h k n3) was similarly correlated
with the rest, using (h nz‘l) data. More direct scaling
using (nlkl) dote wos not undertsken becsuse of the greater

quantity of (h n, I) dste svailable.

I+ was then possible to plsce every structural
amplitude determined on the same scole and to average the

values obtsined from more than one series.

I+ is certain thet the values of K obtsined are no
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more than good spproximations to the best values which could

be derived by minimising the 'residusal' E =Z|.71l (KiJij - K. J_,

2
i)

where K. is the scaling constsnt for the i-th film and J;;

is the sum of all reflexions on film i common to film j and
J,,®0. An equivalent result could be obtsined by refining
the constents using the equations K, K'J'iji/ :% J“.2

!
where the primed K s are the initial values and the new

values /are normalised sfter esch cycle by division by some

K, - sey K (Okl) . (Dickerson, 1959).

The procedure described by Dickerson where the
ratio of the sums of the intensities of all corresponding
reflexions were used implicitly emphesised the contributions
of the strong reflexions in contrast to that described by
Krsut (1958) where use of the aversge velues of the ratios
of the intensities of corresponding reflexions gave greater
weight to the weak reflexions. In the present work, using
the ratio of the sums of structure amplitudes introduced
an effective weight of:I -2 to Dickerson's method and

thereby gsve satisfactory weight to all reflexions,

I+ was not considered necessary to improve the
values of the E's at that stage since it was expected that
more satisfoctory scaling could eventually be carried out
by relating the structure amplitudes for each zone to those
calculated wHen the structure reached an advanced stage of

refinement.

2.5. The determination of the structure of limonin.
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At various stages in the long process of recording,
estimating and correcting the intensity data the observed
structure amplitudes available were used in assaults on
the structural problem.  The informstion gleaned using
first the incomplete detas and finally the complete

experimental dets is described jpn this section.

2.5.1. The two-dimensional investigation. At an

early stage structural smplitudes derived from intensities

for the (hol) and (ok!l) zones were available.  With the
squares of the (hol) structure amplitudes as coefficients

a Patterson Fourier series was computed to give the

projection of the atomic vector distribution perpendicular

to the screw axis of the crystal. No sharpening modifications
of the Patterson function were made and the vector distribution
(fig. 2.1) was used to assign x = & z = co-ordinates to the

two iodine atoms in the crystsl asymmetric unit. Using

these co-ordinstes structure factors for the (hol) zone

were calculated assuming & mean temperature factor of 4.

Since the b - (screw) axis projection of the electron density
distribution is centréd the phase-angles for the (hol) zone

are either zero or TT snd the great relative scattering power
of iodine atoms would result in some 80% of the phase-angles
calculsted being correct. The calculsted phase-angles were
combined with the observed structure amplitudes in a Fourier
calculation of & substantially correct electron density
distribution projected on (0l10).  Fig. 2.3s. shows such s
distribution subsequently calculsted using Mo K ~ derived

dets, & temperature factor of 4.94 and phase-angles from



more accurate iodine co-ordina’res6 This projection
perpendicular to an axis some 12 A long did not (ss indeed

it was not expected to) revesl any structural features,
although & useful refinement of the iodine satom co-ordinates
resulted. Fig. 2.3b shows the later~determined atomic
positions projected on (0l0) and it is noteworthy that carbon

atoms, 6, 9, 16, 28, 29, 3', lél, 22I, 28I and oxygen stoms

2, 7, 8, 2, 7l are well resolved in Fig. 2.3a and csrbons

17, 23, l3l, 20I and oxygens 5 and 3I partially so.

In @ similar fashion the (100) Pstterson vector
distribution yielded y - and z - co-ordinates for the iodine
stoms (Fig. 2.2). Phase-angles calculated from these
co-ordinates were used in a Fourier synthesis of the (100)
electron density distribution, The non-centred nature of
this projection mesnt that the phase-sngles could possess
any value between zero and 2 TT so that the (100) projection
is inherently less sccurate than the (010). JAs Fig. 2.4
shows this non-centred projection down o |6 A axis is
relatively featureless and its only utility was another

refinement of the iodine stom co-ordinates,

2.5.2. The Harker Section st y = 7. When s crystal

has & twofold screw axis (b), vectors between symmetry-relsted

stoms fall on section y = 7 of the Patterson function. Such
a section is known as the Harker section (Herker, 1936). When
reflexion data for levels (ny kl), ny = 0,1, (h n, 1),

n, = 0 ... 7, and (hko) had been collected and processed,
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computstion of the Harker section st y = 3, P (x 5 z) =
VSIS (-N% 1F (hkl) 12 cos 2 TT (hx + 12), wos undertsken
to provide more accurste co-ordinates for the iodine atom
positions.  Some 2,000 coefficients ( IF (hkl) I's) were
included in the series. To reduce the negative regions
F2(OOO) was arbitrarily assigned a value of 400. The
symmetry of the vector distribution required only half of it
to be computed and it wes found convenient to calculate its
value at intervals of &/30 in the s-oxis direction and c/30
in the c~axis direction. When the Harker pesks had been
located the value of the function in the region containing
the peaks was recomputed ot intervals of /60 of the unit
cell edge in both axial directions, and accurate co-ordinates
for the pesks determined by graphical interpolation. Fig.
2.58 shows the Harker peaks, representing vectors between
iodine stoms in the unit cell reloted by the screw-sxis, ond
a psuedo-Harker pesk, representing s vector between non-
symmetry-related iodine atoms whose y - co-ordinstes differ by
Y. Fig. 2.6. shows section y = % of the later-celculated
Patterson function and reveals thst the inclusion of & further
1,000 /F/2 terms has resulted in & decline in the prominence
of the psuedo-Hasrker pesk. From the work described in sub-
sections 2.5.1 and 2 the co-ordinstes in Table 2.2 were
assigned to the two independent iodine stoms and were not
varied in the subsequent snalysis until a late stage of the
refinement of the structure.

Table 2.2. Co-ordinates of iodine atoms

X y z
l ' 0.0617 0.0367 0.0292

| 0.1333 0.0367 0.3658
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2.5.3. The three~dimensional investigstion.

Using a "Mercury' electronic digital computer
through the agency of Dr. 0.S. Mills (Manchester University),
structure fectors (SFI) were calculated, on the basis of the
iodine co-ordinates in Table 2.2, for those planes for which
structural amplitudes had been determined from the observed
data. The reliability index, R = IIFOI - |Fc| 1 / IFCI,
(lFof and IFC | are respectively the observed and coalculated
structure amplitudes, the former being on the same scole as
the latter) was found to have the low value of 0.35 in keeping
both with the non-centrosymmetric space group and the dominance
of the fodine stoms as X-ray scatterers. The phase-angle
approximstions from SF| and the 2,950 observed structure
amp litudes (| Fol's ) weighted according to the methodd Sim
(1959) were used to calculate the corresponding three-dimensionsl|
approximation of the electron-density distribution (F1). The
weighting of the structural amplitudes permitted the inclusion
st this early stage of all the structural smplitude date
rather than merely s part as is normally the cose with other
more subjective sssessments of the reliability of phase-angle
information. The symmetry element in the space group of
epi-limonol iodoacetate required that the electron-density
function was computed for only half the unit cell volume and
in that volume the function was evaluated at intervels of 1/48
of the cell edge in all three princips!l directions. A master

3rid with these intervals on & scale of 2 cms to the Angstrom
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was constructed on psper for sections of the unit cell
perpendicular to the screw axis and from this master copies
were made. The calculated values for the electron density
were inserted at the appropriste grid-point on the correct
section sheet. Over each section thus prepared, & perspex
sheet was placed and on this s contoured representsation of
the electron density was drawn in wax pencil. The perspex
sheets were then stacked and the resulting model examined

for recognisable molecular features. In Fl the ifodine

atoms sppeared in the same sites ascribed to them by the
previous work but were surrounded by successive shells of
negative electron density. In addition, the number of
prominent maxime which might correspond to the positions of
the carbon and oxygen atoms in the molecule was some three
times greater than the number of atoms being sought, and no
srrangements of the maxime into chemically sccepteble features
were apparent, At this stoge it was feared that diffraction
effects introduced by the dominant scatters (the iodine atoms)
and the possible additional false symmetry resulting from the
similarity of the iodine atoms' y-co-ordinates were responsible
for the obscurity of Fl, and that solution of the molecular

structure problem would be unusually difficult.

Two projects to help to unravel Fl were then
undertaken. Since the (010) projection of the electron
density distribution was centred, phase-angles for the (ho I)

zone could only teke values of zero or TT in contrast to the
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variable values between zero and 2 TT allowed by a non-centric
distribution such as occurs in the three-dimensional case, and
since the relative scattering power of the iodine atoms was so
great, more than half of the phase-angles assigned to the (hol)
zone by considering only iodine contributions would be correct,
while half the remainder would be correct by chance. I+

could therefore be claimed that the projected electron density
distribution shown in Fig. 2.3s was inherently more correct
than the three-dimensional distribution even if it was less
directly useful because of the impossibility of its resolution.
For these reasons it wss considered that maxima in Fl which
corresponded to maxims in the projection were more likely to
represent true atomic sites than those which did not, and it
was hoped that inclusion of the former in & phase-angle
calculation would give phasing sccurate enough to produce
successful interpretotion of further Fourier syntheses.  Some
40 stomic positions were chosen by comparing Fl end the
projection, and several structure factor calculations for the
(hol) zone, made using the sets of co-ordinates in different
groups of twenty. (The calculations, like sll subsequent ones,
were made on the Glasgow University DEUCE computer). In no
cese did the agreement index (R), which for this zone was 0.48

when only iodine parameters were used, fall below 0.43.

The further possibilities of this procedure were
not explored since other lines of attack were showing more
signs of success, but retrospective examination showed that
somewhat more than half of the positions chosen corresponded

to real atomic siteses
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The second method of attack involved the
computation of the three-dimensional sharpened Patterson
function and the laborious operation of transferring the
origin to each of the iodine atoms in turn, and then the
derivation from the resulting vector distributions of a
minimum function (see Sub-Section 1.3.2f). The minimum

function derived (P ) possessed a number of maxima of

min
the same order as the number of unknown atomic positions,

At this time it was discovered that a subtle
programming error in the Manchester computstion of Fl had
introduced the large number of spurious meximes, end a
corrected Fourier synthesis (F2) of the electron density
distribution revealed an arrangement of maxims readily
associated with & plausible chemical partiel structure.

The asccurate concurrence of the majority of the maxime in
Pmnin and F2 sllowed the confident assignment of co-ordinates
to some fifty eight atoms. The co-ordinates were chosen

by visusl interpolation from the contours on a perspex sheet
representation of F2 and consequently hed an accurscy no
greater than 0.0l of s cell edge.  These co-ordinates were
included, with the original iodine co-ordinates, in & structure
factor calculation (SF2) where an arbitrary mean temperature
foctor (B) of 4.94 was used, ond all the light atoms were
assumed to be carbons. Unsatisfactory scaling of the

meant that no value for R was obtasined but the phase-angles,
which are independent of such considerations were included
with the (unweighted) observed structure smplitudes in & new

Fourier synthesis (F3), from which co-ordinates for all the
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light atoms were obtsined. The co-ordinates obtained by
visual interpolation were included in & structure factor
calculation (B = 4,94) where it was found that R = 0,26,

A further structure factor calculation (SF3) using more
accurate co-ordinastes obtsined by the method of Booth (1948)
but excluding the contribution of Cl7 and the atoms of the
furen ring sttached to it gave R = 0.24, The excluded stoms
were so trested becsuse imperfect resolution made confident
allocation of asccurate co-ordinates difficult. The relsative
heights of the maxims in F3 allowed use of the correct form
factors for all the atoms included in the calculation except
09 which was still tresated as a carbon; 03 and 03'did not
enjoy greater peak height in F3 but were required to be oxygens

by the chemical evidence (privete communicetion from D.H.R. Barton).

2.5.4., The refinement of the structure. The

reluctence to define 09 as an oxygen rether than & carbon stom
and the exclusion of six atoms from our calculations was not
due to any ignorance of their kind and position but resulted
from o desire to assume only thaet which was certain and not
merely that which was highly probable. Therefore it can be
said that, st this stage, the structure of epi-limonol

(see Fig. 2.7) and hence of limonin was established snd thet
the succeeding operations were required only to improve the

agreement of the observed dats with the structure assigned,

The phase-angles from SF3 were included in o new
Fourier series (F4) and the refined co—ordinates of the light

dtoms determined by Booth's method. I+ was considered
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necessary to represent the electron-density function by

contours only in the region of the six atoms which had
still to be sassigned accurate co-ordinastes. Considerstion
of F4 still did not allow these co-ordinates to be chosen

accurately.

I+ was now hoped to asccelerate the structural
refinement by the method of Least Squares (HugHes 1941;
Booth 1947) in the form provided by s standard N.P.L., DEUCE
programme. This progremme furnishes structure factors (for
the co~ordinates provided), the shifts to be applied to
stomic co-ordinates, and the optimum anisotropic tempersture
parameters. Unfortunstely it was designed only to accept
problems involving 64 stoms, and Ol, 2, 3, 4, 5, 6, 7, 8, 9
were excluded in addition to Cl7 and its sttached furen ring.
Even then it was not found possible to solve the normsl
equations from some of the sets of datae and never possible to
solve any for the iodine porameters. R was not eveluated
but new co-ordinates were derived for 62 light atoms and it
was decided to resume refinement by the previous 'Fo’synfhesis'
method.  The later trend of the refinement mokes it most
doubtful that utilisation of the least squares progromme was

wise at this stage.

The new co-ordinates provided by the least squares
colculations, the original iodine co-ordinates and the F4
co-ordinates for Ol, ..., 9 were used to calculate structure
factors (SF5). B was given o value of 4.66 and R was found

to be 0.22. Fourier series (F5) using the phase-angles from




TABLE A,

Relationship between co—ordinates
listed in Tuble 2.3 and atoms in

Fig, {EZ etc.,

For unlisted atoms the identity operation (x, y, z) has

to be assumed.

Atom Operation
c 38 I~x, # + y=1, ==z
4 X, N 2= 1
19 l=x, g-ﬁ Y 1=z
21 l=x, 5 + Yy, I= 2
28 X, Ys 2= 1
29 I-x, # + =1, -z
01 X, Y z- 1
2 lex, £ ¢ y=1, =
3 I~x, § +y I- z
S d=x, 5 + Yy 1= 2z
I! 12, Yy, ¥ 1
c 1 l-x, g + y=1, 1= 2
2! I, g + y =1, 1I- =
N Rexy, g+ y=l, lI=- 2
4! =Xy B+ Y=l, 1= 2

c 5!
6!
i
or

10!
19!
28!
20t
So!
381!
32!

o 1!
2
gt
4!
5

Operation
+y=1, I=u
+ y - 1, 1-:
Y, 4
+y=1, I=
+y-1, Il
Ys 2
+y-1, I=
+* y-l, 1"‘
Y £
Ys '
Y £
+y-1, Iz
+y=-1, I=
+y-1, Iz
Y, £

1uz
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Peak Heights
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(SF5) allowed co-ordinates to be sllotted to all atoms in-
the two molecules in the asymmetric crystal unit. At and
from this stage shifts in the iodine co-ordinastes were also
determined. 09' was confirmed to be an oxygen astom but it

was not certain that the newly introduced 09 was so.

The whole procedure was reiterated in SFé
(B = 4.66, R = 0.198) and F6, followed by SF7 (B = 4.94,
R = 0.197) and F7 which confirmed 09 as an oxygen atom.

The progress of the refinement is outlined in Table 2.3.

I+ is hoped that in the interval since this was
written final refinement by the elimination of series
termination errors by an Fc synthesis (Booth 1946, 1947b),
by improvement of the temperature factor(s) used, and perhaps
by more satisfactory correlstion of the original s¢s of

intensity dats, will have been achieved.

2.6. The nature of the structure.

The investigation just described revealed limonin
to be & highly oxygenated triterpenoid compound with. the
functionsl groupé previously reported. The complete
stereochemistry was determined and is displayed in | and
Fig. 2.8. I+ was possible to define not merely the positions
of all the atoms in the two independent molecules in the
~ asymmetric crystal unit, but also to describe the atomic
species of each atom by considering relstive peak heights

in the successive Fourier syntheses.



At the point where the X-ray work wss able to
provide o definitive solution to the constitutional and
stereochemical problem, partial structure (I1V) had been
ﬁnambiguously established by the more classical methods
of orgenic enalysis (D.H.R., Barton, private communication
1959). Since that time, Professor Barton and his associates
have been able to rationalise the great mass of chemical
experimental dets on limonin by using the structure described

sbove. (Arrigoni et. al., 1959).

That borohydride reduction of limonin had indeed
yielded the equetorially configursted epimeric |imonol was
confirmed. The ring junctions A/A shows cis, A /B trans,
B/C trans and C/D trans fusion, while the angular methyl
groups (C 18 and C 30) have axial conformations. In the
decalin part of the molecular skeleton rings B and C have

*chair' and 'bost' conformstions respectively.

Biogenetically limonin is a bicarbocyclic
triterpenoid related to euphol (V) Berton et sl. 1954, 1955;
Arrigoni et al., 1954) from which the four stoms terminating
the methyl-isohepteny! sidechain have been removed and the
remainder converted into a furan ring. Ring A has been
oxidstively clesved between C 3 and C 4 and the C 3 carbonyl
thus formed oxidatively cyclised on to C 19 = there are
twin precedents for this C 3 - C 4 biogenetic cleavage in o
triterpenoid skeleton in the recently revealed structures
of demmarenolic acid (VI) and nycanthic acid (VII)

(Arrigoni etc. al., 1959, Whitham, 1959). The limonin
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structure would further require s Baeyer-Villiger oxidative
clesvage of a ring D |6 - ketone, followed by recyclisation

to give the ring D lactone; one methyl group would require

to migrafe'from C 14 to C 8. Since oxidation of
dihydrobutyrospermo!l (VII1) by chromic acid yields o

7 - ketone (IX) (Lawrie et al., 1956), it is not inconceivable
that further oxidation and Bseyer~Villiger resction would
yield successively the |6 - ketone, the epoxidised ketone,

and finally an epoxy-lactone of the same partial structure

as limonin - see (X) - (XII).

The numbering convention for the atoms in |imonin
follows from these biogenetic hypotheses. Where it hass been
necessary to distinguish atoms of the two molecules in the

ssymmetric crystal unit primed numbers have been used.

2.7, Conclusion.

N

Thus the 127 years old problem of the structure of
limonin has been solved, and in the process it has been shown

that & 70 - atom structural problem (two chemical molecules

were concerned, hydrogens were ignored) can be successfully
elucidated by the methods of X-ray snalysis, using no more
chemical information than a moleculsar formuls, and the
knowledge that an alcoholic hydroxyl function could be produced

in each molecule. It can probably be asserted that this later

informetion would have been unnecessary, ond the crystallographic
problem no more difficult in essence, had the crystallogrephically]

suitable solvates which were sought been avasilable. :
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CHAPTER III,

The preliminary investigation of the
structure of the macrolide antibiotics.

3.1. Introduction

The term macrolide encompasses a group of
therspeuticelly and biogenetically importent antibiotics
characterised by a lsctone moiety of large ring size:-,
Methymycin (XI11) wss the first antibiotic of this class
for which & complete structure could be presented (Donin
et al., 1954; Djerassi et al., 19568, b, c, d). Methymycin
is produced in & fermentstion process by a S+rép+omyces
strain (Djersssi et al., 1956s), and from the mother-liquors

after its removal the isomeric neomethymycin (X1V) cen be

isolated. The determinstion of the constitution of this
second macrolide has been described by Djerassi (1957,

1958a, b). A further isomer pykromycin also produced by a

Streptomyces strain cen, on the basis of reported degradations,
(Anliker, 19578, b; Brockmann 1957), only have structure
(X111) (Epimeric at C = 3 with methymycin) or (XV). Other
antibiotics in this series whose structures have been
determined include magnamycin (XVI) (Woodward [957) and
erythromycin (XVI1) (Wiley, 1957).

The structural elucidation of the sntibiotics
of this group is not only of intrinsic interest but as the
number of secure structure determinations increases, the

statistical velidity of the biogenetic speculstions of
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Woodward (1957) and Birch (1957) is enhanced, Further
observations of biogenetic significance csn be made by

the sssignation of absolute configuration to the asymmetric
centres in these macrolides snd some progress towards this
end has been reported (Djersssi, 1958b).

3.2. The X-ray crystallograsphic fnvesfigafion
of the macrolide antibiotics.

X-ray work in this field has been undertaken
with the threefold objective of resolving the constitutional
embiguity in pykromycin, of establishing the configurstion
‘at each asymmetric centre in methymycin, neome+hyhycin, snd

pykromycin, and of defining the conformation of these

macrocyclic structures.

3.2.1. Macrolides and macrolide derivetives. The

three macrolides nsmed sbove are isomeric and have molecular
for@ula QZﬁmy 07 Semples of each were aveilable, that of
neomethymycin in the form of its methylene dichloride solvate.
Each macrolide contsins the smino-sugasr group, of desosamine,
and for methymycin and neomethymycin the aglycones (sugsr-free
residues) methynolide snd neomethynolide were also available.
It was felt that the successful achievement of structure
determination in this field would lie, as with limonin, in

the investigation of suitsble heavy otom derivatives.
Neomethymycin methylene dichloride solvate was one such
derivative and it was decided to undertake s crystallographic
study of this compound simultaneously with attempts to prepare

others of o similar nsture.
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The chloracetic esters of the aglycones and a
quaternary methiodide of pykromycin have been made but it
has not yet been found possible to grow single crystals of
them suitable for X-ray diffraction studies. In addition
the neomethymycin methylene dichloride solvate has been
desolvated by hesting to 100°C at 5 mm pressure for 24 hours.
Crystallisation of the neomethymycin so obtained from
chloroform and carbon tetrachloride solutions has yielded

solvates which are at present being investigated.

3.2.2. Crystallographic data for pykromycin and

neomethymycin methylene dichloride solvate, Pykromycin and

the methylene dichloride solvate of neomethymycin both
crystallise from methylene dichloride in the orthorhombic

system, the former with a prismatic habit and the latter in

six-sided ploates.

Zero-layer precession camers photographs taken
with Mo Ky X-radistion yielded the unit cell parameters
shown in Table 3.1. In both cases the sole diffraction

conditions were thst (hoo), (oko), and (ocol) were present

I

only for h, k, | even so that the space group was P2
4
02. Crystal densities were determined in the usual way

and showed that for both substances the unit cell contained

four molecular formuls weights.

3.2.3. Neomethymycin methylene dichloride solvate.

Further study of this solvete is being undertaken st the same

time &s other derivetives are being prepsred and examined.

In neomethymycin methylene dichloride solvate the
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TABLE 3.1,

Crystallographic data for neomethymycin and pykromycin.

Neomethymycin methylene Pykromycin
dichloride solvate

Molecular formula c 2f 4311107.0!! 2(.'1 P c 2‘5}{ 4'31V07
. 0o : .
 a(4) 12.42 % 0.02 11.26 2 0.02

b (4) 20.92 % 0,02 25.71 £ 0.02
c (4) 11.57 £ 0.02 10.48 X 0.02
7 (43) 3008.8 3036.6
/ ¢ ¢
D, (gm. en.”%) 1.19 1.01
- D (gm. em.™%) 1.22 1,08
Molecular weight 554.4 469.5
$ace group P2,22 -’1324' | p222 -0f

17171 2
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scattering power of the chlorine atoms is by no means

2
dominant, Z(ZZI /2 Z, . 0.4 ; so that & further
purpose was added to our investigation, viz., the possible
demonstration of the success of a structural determination

where the 'heavy' atom was rather less dominant than usual.

Multiple exposure series for five levels (0 ... 4)
along the c~axis and for the (hol) zone were obtsined using
the precession camera. Multiple pack series for five levels
along the a-axis were obtsined using an equi-inclination
Weissenberg goniometer. Mo Ky rediation was used in each
case. The intensities of the reflections were estimated
by comparison with s series of calibrated spots. The
estimations were done in duplicate using different standards,
and such wes the quality of the reflexions recorded that for
the Weissenberg series the discrepancy between successive
estimations never exceeded 12% and for the precession series
they did not exceed 8%. The experimental data was processed
and correlated in the manner described for the epi-Ilimonol
iodoacetate datas yielding & group of some |,700 independent
structural amplitudes. This number is rather less than
might have been expected and is apparently coused by the
rather large tempersature foctor which results in & rapid
diminution of intensity of the reflections as the scattering

angle is incressed.

Projections of the Patterson vector distribution
down all three principal crystallographic axes were computed

on DEUCE both with and without sharpening modificetion. A
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sharpened three~dimensional Patterson distribution has also
been computed using all the dats. The three Harker sections
of this last function i.e. at x = %, y = 7 and z = ¥ are
shown in Figs. 3.1, 3.2, and 3.3. As these figures show,
the chlorine-chlorine vectors are not sufficiently dominsnt
for the maxima due to them to be immedistely identified. At
present the maxima of the Patterson functions (both two - and
three - dimensionsal) are being investigated intensively in an
attempt to determine the positions of the two chlorine atoms
in the asymmetric crysts!l unit. Use is being made of the
fact that the ClI - Cl distance in methylene dichloride is
known.,  When the chlorine positions have been determined it
is hoped to proceed to a structure elucidation by routes

sfmilar to those described in Chapter !,
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APPENDIX 1.

The computstion of Fourier series.

l. Introduction

Two of the sims of X-ray crystesllographic structural

studies viz., structure determination for large and complex molecules!

which have defied the classical methods of structural attsck, and
the structure determinstion of simpler molecules more rapidly and
efficiently than by the ordinary techniques, require the aid of
devices to reduce the labour and time invol;ed in computation.
These are rendered lengthy by the great wealth of dsts involved or

by complexity of the calculus of the procedures or both.

The collection and estimation of intensities will
normslly be followed by their correction and scaling and by the
determinstion of structural amplitudes. Potterson Fourier series
mey then be eveluated snd strudural festures established. This
will ususlly be succeeded by many structure factor cslculations
and Fourier syntheses involving the evalustion of many - termed
Fourier series at many points in space (in the study of epi-limonol"

i
)

iodoacetate some 3,000 terms were included and the function

i

evaluated at 49 x 49 x 25 points) and perhaps least squares

refinement cycles. ’ i

The recent introduction of a DEUCE genersl purpose ;
digital computer in Glasgow has considerably expedited computation
leaving the collection and estimation of intensities as the
'slow stage' in structure snaslysis. Input and output on DEUCE

ore in the form of punched cards, and it is now possible by means




66.

of standsrd progrsms to proceed with the succession of correction
and correlation of experimental datas; and its use in verious
celculstions sfter one initial punching of dete cerds besring the
index snd intensity of each reflexion. Only & relatively smsll
nugmber of further parameters hsve to be punched end introduced

during the subsequent snalysis.

Since it was only at & lete stege of the enelysis of
epi-limono! iodoacetate thet high speed digitel computer services
were available, all the initial calculetions hed to be effected
with only the aid of desk celculators. The evslustion of Fourier
series was therefore one of the main preoccupations and was the
motive for outlining the aid given by other devices in this

sppendix.

2. The evaluation of Fourier series.

2.l. The nature of the function to be evalusted.

Fhe most genersl fozm for the Fourier series in three dimensions
is f (x, y, z) = Igigii F(hkl) exp=2TTi (hx + ky +lz). In
genersl the Fourier coefficients are complex
F (hkl) = A (hkl) + i B (hkl)

The determination of the electron density distribution () in e
orystal is somewhat simplified by the fact thet the function -

P (x, y, z) = l/VZgZ F(hk!) exp=2TTi (hx + ky +lz) ... (1)
ts resl and therefore

F (hkl)
i.e. A (hkl)

FA{hkT o
Af(h k1) and B (hkl) = =B (h k [)

Equetion (1) cen also be simplified where the symmetry properties
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of the space group of & crystal introduce relationships emong
" classes of coefficients., For instance, in space group Pm, unique
axis b, the elecfrogodensify is given by
Nplx, vy, 2) /4 -)%Ziccc (hk1) ccc + SCS (hk!) scs +
SCC (hkl) scc + CCS (hkl) ccs

where CCC (hkl) etc. sre respectively |

A (hkl) + A (R k1) 1

? - A (hkl) + A (h k) ‘
B (hkl) = B (h klI)
5 B (hkl) « B (h kl)

and ccs etc. are (cos 2 TT hx cos 2 TT ky sin 2 TT Iz) etc.
\JfD(X: yr z) / 4 = ? C (x y k) cos 2 TT ky

M3

= O

M3

=

oo
[ F= o CClx, 1k) cos 2 TT Iz +

3

= 0

CS (x, kl) sin 2 7T lz{] cos 2TT ky

_M8

. %{"i{? CCC (hkl) cos 2 TT hx *
=0

o?o SCC (hkl) sin 2 TT hx] cos 2 TT |z +
h= |

o0 o0
%lgihgo CCS(hkl)cos 2 TT hx +hi=-|SCS(hkl)sin 21'Thx)] sin 27T |z}.(2)

This expansion hss shown that the three-dimensional Fourier series
can be reduced to & succession of simple operations involving only

one~dimensional cosine and sine series, tsking, in this case, the

summations over h first, then over |, and finally over k. Greater
efficiency in the calculations is achieved by use of the symmetry

properties of these cosine and sine series.
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In celculating the electron density or the complete
asymmetric unit (X =0 to 1, Y=01to%, Z=0 to I) in the
space group Pm the following sequence of operations might be
fol lowed.

a) The determination from A (hkl) etc. of the values
of the Fourier coefficients like CCC (hkl)

b) The separation of the coefficients CCC (hkl) etc.
into groups with index h even and h odd

c) The evalustion for X = O to 4 st some interval of

the eight summations |ike

oo
Z_ CCC (hkl) coo 2 TT hx, h even
h=o0

CCC (hkl) cos 2 TT hx, h odd

T M3

. d) Appropriate combination of these odd and even summstions
to obtain CC (x, k!) and CS (x, kl) for X = 0 to |
e) Division of these new functions into groups with | even
odd and the evaluation of the for z = 0 to %

four summations |ike I CC (x, kl) coo 2 TT Iz
=0

f) Combination of the new summations to give C (xz, k)
for Z =0 to | and all X

g) Evelustion for Y = 0 to 4+ and all x end all z of

E;o C (xy, k) cos 2 TT ky , k even

EE C (xz, k) cos 2 TT ky, k odd
=0

——
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h) Combination of these results to give Vp(x,y,z) / 4
for all X, all Z, and Y = 0 to 3.

2.2.1. The Beevers-Lipson strip method of computation.
This device was first produced by Lipson & Beevers (1936) and its
newer version was introduced by Beevers (1952). Values of the
functions C cos 2 TT n h x and C sin 2 Tl n h x are printed on

two sets of strips, each strip carrying the values of the

function for s particular valve of the amplitude C and order h
and all values of n. The newer strips have x = 1/120 and
n=0... 30 with odd values on back of the strip and even values
on the front. The functions sre tabulated to the nearest whole
number and C has values ranging from Z1to 2 100 ot unit intervals

and thence to : 900 st intervals of & hundred.

For computation the strips for the sppropriste C and
h are selected from & box and the arguments summed for esch nx
using & desk adding machine. For work in |/60ths it is only

necessary to use the even values of n printed on the front of the

strips.

An sccuracy of the order of 0.2% can be obtsined
using the strips although this may be incressed especially when
large values of the amplitude C occur since two strips require to

be used and the rounding-off errors may be combined.

2.2.2. The use of Robertson's Fourier Synthesiser (RUFUS)

A digital computer designed for Fourier synthesis has been
described by Robertson (1954, 1955). 1+ is & mechanical anslogue
of the strip method in which suitable gesr reatios sre employed to

generste the sine and cosine functions, the outputs being recorded
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by printing revolution counters. Backlash errors are rendered
unimportant by the fect thet only complete revolutions of the
output shafts are counted and the gear ratios chosen to produce

an error less than 5 x |0 -8 % i.e. five-figure sccuracy.

The intervals chosen in the machine avasilable in the
Chemistry Depsrtment at Glasgow University were at 6° (1/60ths).
A row of generators for each term corresponded to s set of
Beevers-Lipson strips. The necessary smplitude C for esch row
. cen be applied by effecting C revolutions to the appropriate
‘inpuf shaft. A particuler input shaft is engaged by & simple
level and the power provided by & reversing electric motor

capable of operating at high speeds so thst a coefficient may be

set in a few seconds.

2.2.3. The use of the DEUCE electronic digital computer.

Much use was made of & Fourier synthesis program provided by the
National Physical Laboratory. The dats used sre separated cards
bearing index and the real (A) and imaginary (B) part of

Fo (or Fc' or Fo - Fc, or IFOI2). The data is indexed so that
the number of different h velues is lesst, and the number of k
velues. next lowest. The dete cards (punched in decimal) were
used as input behind s binary converter progremme whose variables
included a) the combination of indices hkl which should be tested
to determine the class of each reflexion, i.e. the trigonometrical
functions for each reflexion, b) the contribution of A and B to
the series for each class of reflexion (the possible contributions
ere any or all of Accc, - Acss, - Ascs, - Assc, Bscc, Bcesc,

3ccs, -~ Bsss), c) an indication of whether reflexions with k< o

and/or | € o were included, d) the volume (V) of the unit cell, and
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e) a suitsble scaling factor (K). The binary output obtained
by use of the converter progremme is placed behind o

tsection card' which gives the limiting velues of x, y, z for
the region required and the intervals in each direction between
successive summetion points. This pack read into the computer
behind the main Fourier programme. The output cards contain
eight decimally punched function values for constent y end eight
equally spaced values of x. The computation of Fo syntheses
for limonin in which some 3,000 terms were involved took sbout
 fifteen hours when the intervals of summstion were |/48ths in

all directions and where summation covered half the unit cell.
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APPEND X .

\

In this appendix appears s comparison of the
structural amplitudes for epi-limonol iodoacetate calculated
using the last set of co-ordinates in Teble 2.3 with those
which were observed experimentslly. The phase-sngle for each
reflexion is given implicitly by the values of cos &  and
sin &. At this stage of the refinement the reliability index
was 0.19 - 0,20.




F(calc), F(meas) ad phase-anples.
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. F(calc), F(meas) ad phase-anQles.

iodoacetate

Eyi-limjonol
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F(meas) ad phase-angles.

iodoacetate F(calc),

Epi-limonol
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Ffmeas) ad phase-anales.

iodoacetate : F(calc),

Epi-limonol
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F(meas) ad phase-anales.

iodoacetate : F(calc),

Epi-linvonol
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FCmeas) and phase-anples.

F(calc),

iodoacetate

Epi-limjonol
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APPENDIX i,

Diagrems and Illustrations.




P — . . A

1 i‘ {1lustrations of the structure of epi-limonol iodoacetate ’
It should be emphasised that the structure |
depicted in Figs 2.3b, 2.7, 2.8 is what it was conceived to %
be st the earliest stages of our knowledge. |
As soon as it was possible to assign positions to the
atoms, & working model of the asymmetric crystsl unit and
its contents was created by erecting, on a cork base, balls
on wires showing the disposition of the atoms. Fig. 2.8.
is & view of this model at the beginning of the refinement,
By using this model as a template for Fig. 2.3b., two
errors were perpetuated
(i) C 32 was wrongly assumed to be bounded to the
iodine atom appearing in .b-axis projection et
x = 0,93781, z = 1,02719 instead of (correctly) ;
to its symmetry anslogue at x = 1.06219,
y = 0.4595], z « 0.9728l.

‘ (i) 2 (€2, x (@), 3 (C1) were given the wrong
‘f, S\Sn.
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Fig. 2.1, Patterson vector distribution project‘eai
on (010) with the iodine-iodine vectors
ghouwn bearing a cross.
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Figure 2.2.

(100) progjection of the Patterson vector
distribution for epi-limonol iodoacetate,
The iodine~iodine vectors are shown by crosses.



. The (010) Fourier projection of the electron
density distribution for epi-limonol iodoacetate
calculated with phase—angles derived jfrom iodine
co-ordinates alone. The zero contour is dotted.
(See also Fig. 2.3b).
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(100). Fourier projection of the electron density
distribution for epi-limonol iodoacetate calculated
using phase-angles derived from the iodine co-ordinates

alone.

Fig., 2.4,



Fig, 2.5b,

Fig. 2.5a. A Harker section at y = % for epi-limonol iodoacetate.

Fig, 2.5b. This key shows the true Harker iodine peaks (circles)
and the psuedo-Harker iodine peak (shaded circle).



Fig. 2.6.

The Harker section at y = 2 for epi-limonol
todoacetate. This is a section of the final
three~dimensional Fatterson vector distribution
calculated using all the 3,000 experimental /F/'s



Fig. 2,7,

The two molecules of epi-limonol iodoacetate in the
asymmetric crystal unit shown by means of superposed
contours.
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Figure 2.8. Model of the two molecules of epi-limonol iodoacetate
in the asymmetric crystal unit showing the relative
dispositions and conformation of each molecule.

(The molecule depicted on the right is described by
the primed co-ordinates in Table 2.3.)
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Fig. 8.2. The Harker section at y = #
of the three dimensional
Patterson vector distribution
of neomethymycin methylene
dichloride solvate.
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PPENDIX _ IV.

Structural Formulse.
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