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PREFACE,

This thesis describes researches conducted under the
Supervision of Professor J.M.Robertson in the Chemistry
Department of the University of Glasgow from October, 1957
until October, 1960.

Some of the techniques of X-ray structural determination
relevant to the present studies are enumerated in an
introductory chapter, The following three chapters are
devoted to a description of the known chemistry of
isoclovene and of the X-ray diffraction studies conducted
on the isomorphous hydrobromide and hydrochloride
derivatives of isoclovene which have led to the elucidation
of the latter structure. Some preliminary but as yet
unsuccessful attempts to solve the crystal structure of
photq-irradiated acridizinium bromide are described in
the final chapter.

I wish to acknowledge my thanks to my supervisor,
Professor J.M.Robertson for his encouragement, criticism
and advice. I am also indebted to Dr. G.A.Sim and
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included in this thesis.
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SUMMARY.

Isoclovene, CygHoy, 18 a liquid sesquiterpene of
hitherto virtually unknown constitution. It forms two
-1somorphous hydrohalide derivatives, isoclovene hydro-
chloride and isoclovene hydrobromide, which crystallise
in the monoclinic space group, Pz', with two molecules
~ per unit cell.

An attempt was made initially to carry through a
structural analysis of the hydrobromide derivative using
the heavy atom technique and two dimensional Fourier
methods. Only the (010) electron-density projection,
when calculated on the basis of the heavy atom phases,
gave an unambiguous representation of the molecule, but
the prohibitive length of projection (13.8 R) prevented
any significant resolution being achieved. The (001)
electron-density projection provided a representation
of the molecule and its superimposed mirror image due
to the existence of the well known false symmetry centre
which exists between two phase-determining atoms in the
non-centric projections of space group Pg‘. Purther
spurious symmetry was present in the (100) electron-
density projection because the heavy atom phases could
only be coupled with about one half of the observed terms,

those satisfying the condition k + £ = 2n. Attenmpts to
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correlate these three projections of the molecule on the
basis of tentative trial structures were not successful.

The solution of the structure resulted from the
application of superposition methods to a three dimensional
sharpened Patterson function computed with data derived
from the hydrochloride derivative. A three dimensional
representation of the molecule and its superimposed mirror
image was thereby obtained. This mep was compared with
the essentially analogous distribution given by a triple
Fourier synthesis phased solely on the chlorine atom
phases, The corresponding prominent peaks on both maps
were assumed to indicate the most likely atomic sites.
Thereafter, there existed the interpretational problem
of selecting "true peaks" from their "mirror image'
counterparts, Seven carbon atoms were located and included
with chlorine in the initial phasing calculations. Four
successive triple Fourier syntheses sufficed to reveal the
structure. Two further F, syntheses and twelve successive
least squares cycles reduced the discrepancy over 976
observed terms to 12.5%.

This analysis has led to a determination of the
molecular structure and relative configuration of isoclovene

hydrochloride. From these results the structure of the

parent compound, isoclovene, has been deduced.
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Photo-irradiated acridizinium bromide, CZGNZHZOBP*’
has been obtained in a crystalline form belonging to the
monoclinic space group ng%.with two molecules per unit
cell, The projections of the Patterson function on the
three main zones have been examined but it has not yet
proved possible to derive an entirely satisfactory trial

structure for the most favourahde (100), projection.
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CHAPTER I.

Some Methods of Crystal Structure Analysis.




I. SOME METHODS OF CRYSTAL STRUCTURE ANALYSTIS.

1.1. Introduction:

A crystal is a regular three dimensional array of
atoms and, as von Laue and his collaborators first
demonstrated in 1912, can therefore act as a three
dimensional diffraction grating for X-radiation. The
size and shape of the unit cell as well as information
concerning the possible symmetry elements present can
be deduced from the geometrical distribution of the
diffracted rays ('reflections'). However, the scattered
X-rays differ not only in direction but also in intensity
and phase. The actual intensity of a given diffracted
beam depends principally on the structure factor, which,
besides being dependent on the direction of scattering,
is also a function of the nature and arrangement of
scattering material in the unit cell,

The structure factor can be represented by a complex
nunber, F(hk{), giving both the amplitude, IF(thz)l , and
phase, X (hkf), of the diffracted beam relative to that
of an isolated electron at the origin of co-ordinates
under the same experimental conditions. . From the
observed intensities can be derived values of lF(hkf)lg,
but the associated phase information is necessarily lost

during the registration of the intensities either



photographically or by some other means. As a general
conseguence, no direct pathway exists between the X-ray
intensities and the atomic distribution, and it is the
essentially indirect deduction of the bhases which
constitutes the phase problem - the central difficulty

of X-ray structural analysis.

1l.2. The Structure Factor:

The structure factor, W(hk4), of a crystal plane
with diffraction indices, (hk£), may be expressed in the

form: ‘ N :
F(hktl) = > £y exp 2Tifhx; + ky; + 1z3} R (O
=1 -

where N is the total number of atoms in the unit cell,
(x; yizg) are the atomic co-ordinates expressed as fractions

of the cell edges and f£j is the scattering factor (atomic

th

form factor) for the atom. The term, fj, can be

resolved into two components thus

.2
£, = fg exp (—B,Slne/Ag) Cerereeereaeaaaa(1.2))

fgj'being the atomic form factor calculated theoretically
for the electron distribution of the particular atom at
rest. The exponential term is included to allow for the
fact that thermal vibrations, here assumed to be isotropic,
teﬁd to make the electron distribution more diffuse thereby

decreasing the scattering power of the atom. In equation (1.%

B = 87‘_2 172 0-..--........--(1.5.)

—

where U” 1s related to the mean square displacement of the
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atom in question from its mean position 1n the crystal

lattice,

1l.%. The Fourier Series Representation of the
Electron Density.

Since crystals can be considered as periodic
distributions of scattering material (electrons),
W.H.Bragg (1915) first suggésted that the electron
density,/g(xyzj, could be conveniently expressed in the
form of a triple Fourier Series. It can be shown that

the coefficients of such & series are, in fact, the various

structure factorss

olxyz) =ZthZ(’ Eﬁ—%{—!ﬂ exp -2Tilhx + ky + £z) ... (1.4)

-0 00 ~00

V is the volume of the unit cell.

Because the F(hk{) values are complex gquantities
representing both amplitude and phase it is sometimes more
convenient to write equation (1.4) in the following form:

0 SO0 o "
Pl hk
/o(xyz) :ZthZé’ l ( VI) cos{zﬁ(hx + ky + £z) —o((hk/@)} eo (LLE
—~00 ~00 -0
A(hk?), the phase angle, is given Dby:
-1 B )
d = a ® e 0 00 00 .
(hkf) = tan /a (1.6)
where A =jE:qjcos 2f(hxy + ky; +,fzj), and
J
B = sin 2 X . Ky . A
Zj:fj in 2M(h g+ kv o+ £ j)
are respectively the real and imaginary parts of the

complex number, F(hkg).
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The problem of phase determination is simplified
if the structure is centrosymmetric, since the phase angles
are then restricted to either 0° or 180°, values which can
be signified by ascribing respectively either a positive

or a negative sign to the Fourier coefficients.

OO0 oD 00O
o lxyz) = ZE‘ZE-ZE z F(?kf) cos 2Mhx + ky + £z) ... (1.7)

W.L.Bragg (1929) demonstrated how the computational labour

can be eased by examining a projection of the electron-

density onto an axial plane:

o0 <O
F . R
2lxy) = Z: Z_l..&%lf_g.)_,_ cos {277'(hx+ ky) - o((hko)] ..(1.8)
—_—00 -
A being the area of the (x,y) plane.

l.4. Solution of the Phase Problem.

From a knowledge of the amplitudes and phases of the
diffracted beams 1t should therefore be possible to
determine the distribution of electron-density within the
unit cell. Some of the indirect methods whereby
approximations to the unknown phase angles may be obtained,
and which have particular relevance to the present studies,

will now be outlined.

l.4.1. Trial-and-error Method.

This method can be employed when the chemical structure

is simple and not in doubt. Since the solution of any
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particular crystal structure depends on finding a set

of atomic parameters, which, according to calculation,
gives values for the intensities‘Similar to those observed
experimentally, a molecular model based on the structural
formula can be tested positionally in the unit cell till
there is sufficiently good agreement between calculated
and observed structure amplitudes. Supplementary
physical and geometrical data often help in the derivation
of a satisfactory trial structure. Direct calculation of
a Fourier Series using |Eb| = lEbbs(hkﬂ)‘ values,

i.e. the observed structure amplitudes as coefficients

and the corresponding calculated phases will then give an
approximation to the true electron-density, and the usual
refinement processes may then be followed. TUnfortunately,
where there 1s no rigid trial model because of the
possibility of free rotation of side chains about single
bonds or Where'ring conformations are largely unknown,

this method is of strictly limited utility.

l.4.2. The Patterson Function.

A Fourier synthesis may be performed using not structure

factors but ratheﬁ'tﬂ(hkf)lg values as coefficients whence

the following function can be defined:

P(uvw) = ';L;; iilﬁ‘(hkf)\ @ cos 27(hu + kv + fw) ...(1.9)
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As was shown by A.L.Patterson (19%4) the map of this
function represents, in principle, a superposition of all
possible interatomic vectors in the crystal. The
Patterson method requires that only observed cuantities
be used and, conseguently, the function can always be
computed. Difficulties arise when attempts are made

to interpret the resulting map for the method is subject
to the inherent limitation that all the wvectors arise
from the origin point. Interpretation, therefore,
becomes more difficult the more complex the structure.
If there are N peaks in the real unit cell then N2 peaks
will exist in the cell of the vector distribution -

N of them superposed at the origin and ﬁlﬁ;:_ll related
N(N - 1) 2
2
When only a projection of the Patterson function is

to the remaining by @& centre of symmetry.
cénsidered, extensive overlap of vectors is usually
experienced. Patterson (1935) and ¥ir (1942) nhave
discussed how the resolution of peaks in the Patterson
function may be improved by using a modification function.

It can be appreciated, therefore, that maximum
information will usually be culled from the three dimensicnsl
synthesis, but Harker (1936) demonstrated that with space
groups possessing certaln symmetry operators, e.g. & two-

fold screw axis, certain sections of the three dimensional
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distribution - in this case v = 3 ~ contain useful
information concerning the vectors between equivalent
atoms of the structure.

If there is a small number of "heavy atoms" present
in the unit cell then 1t 1s generally possible to locate
them from the vector distribution since their vectors
will be enhanced. The further unravelling of the
Patterson function to reveal the position of the "light

atoms" can often be accomplished by the use of

"superposition methods".

Clastre and Gay (1950),Garrido (1950),Beevers and
Robertson (1950) and McLachlan (1951) independently
showed that vector maps could be solved by a device
commonly called the vector shift method. 1f one of a
pair of duplicate Patterson maps is translated appropriately
with respect'to the other, e.g. if a "heavy atom" vector
peak of one is superposed on the origin peak of the other,
then there is a high probability that the atoms in the
crystal structure are reprecented by the coincidences on
‘both maps. These methods depend on the fact that the
Patterson function can be considered to represcut a
superposition of N displaced, weighted images of the
crystal structure, Simultaneously, Buerger (1950, 1951)

presented hiis image-seeking method based on vector set

theory, which covered similar ground but from a more
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general viewpoiat. He showed that by using some type

of image-seeking function, preferably a minimum function,
an approximation to the electron density can be derived
which is superior to that obtained by using merely vector

shift methods..

1.4.3, In the heavy atom method of phase determination

the positions of the few atoms having dominant scattering
factors can usually be determined by Patterson methods,
and hence their contributions to the various structure
factors can reedily be calculated. The phase. angles so
deduced, when coupled with the appropriate IEb| velues
and incorporated into a Fourier synthesis, yield an
erproximation to the electron-density which will generally
indicate further atomic sites. Better approximations to
the phase angles can then be evaluated and the whole procese
recycled until the complete structure is rcvealed.

The classical example of this technique is the analysis
of platinum phthalocyanine by Robertson and Woodward (1977).
With one neavy atom in the asymmetric unit situated at a
centre of symmetry and with this position taken as origin,
the signs of the structure factors are all positive. One
two-dimensional Fourier synthesis then revealed the entire

structure.
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Depending on the type of crystal structure several
circumstances may arise which can limit the general
applicability of this method of assigning phases.

(a) If the "heavy atom" is located at a special position

£

in the asymﬁetric unit then it may not contribute to
systematic classes of reflections. The best method

of solution is to effect a Fourier synthesis based on

the phase determined reflectlons alone. The resulting
electron-density map will then give an imperfect impressisn
of the true structure in that additional spurious symmetry
will exist. The analysis of copper tropolone by

Robertson (1951) was complicated by such difficulties

in the initial stages.

(b) With non-centrosymmetrical crystals the phase sngles
may vary continuously between 0° and 360°. Additional
complications can arise when the position of the "hecav;-
atom" in the asymmetric unit simulates higher symetry
than that possessed by the space group itself. Such
a situation was encountered by Carlisle and Crowfoot
(1945) in their analysis of cholesteryl iodide. The
two ilodine atoms in the unit cell are related by a pseudo
centre of symmetry. Consequently, a Fourier‘synthesis
calculated solely on the basis oif the iodine phases will

represent a centrosymmetrical electron density distribution,
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namely that of the true structure and its superimposed
mirror image. The whole problem is thereby reduced to
a difficult interpretational one.

It is worthwhile having some index for assessing
the prospects of success using this method of phase
determination. “As a rough gulde, Lipson and Cochran
(195%) suggest that the square of the atomic number of
the '"meavy atom" should be approximately equal to the
sun of the squares of the atomic numbers of the "light
atoms", i.e. Z&&Z =2E'zjz. Although the majority of
successful analyses have been performed when the ratio,
Z&&jyéf;jz , has exceeded unity, several notable successes
have been reported when the value of this ratio has been
less than unity, e.g. the analysis of vitamin Bjo by

Hodgkin et al. (1957).

l.4.4. The isomorphous replacement method offers a still

more powerful approact to direct phase determination in
that the phase of any structure factor is determined by

considering the difference between the contributicus

made to a particular reflection by two isomorphous

heavy atom derivatives. Two main cases can be recognised.
(a) Centrosymmetrical space groups. With a pair of

isomorphous crystals of compounds RXy and RX5, where R

represents the organic part of the molecule and XL the
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replaceable '"mheavy atom", intensity data from these two
crystals when placed on the same basis can enable most
of the signs to be determined thus:

F(RX;) - F(RX3) = AF = (Fxl - Fxg)cos 2m(hx + ky + £3)

eeees (1.10)

The location of the "heavy atom" can be determined from

a Patterson synthesis. Calculation of a Fourier synthesis
phased in this manner should reveal the general outline
of the rest of the molecule. The classical example of
this process is the two dimensional structure analysis
of the phthalocyanines by Robertson (1935, 1936) and
Robertson and Woodward (1937).

(b) Non-centrosymmetrical space groups. In this case
changes in the general structure amplitude are more
difficult to interpret when variable phase angles are
involved., Moreover, with only a palir of isomorphous
crystals available the isomorphous replacement method
does not produce unique values for the phase angles,

there being two possibilities. Such a complication was
encountered by Bokhoven, Schoone and Bijvoet (1951) in
their analysis of strychnine sulphate and strychnine
selenate. A Fourier synthesis computed using both
values for the phase angles results in a centre of

symme try being introduced at the origin. As in the
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investigation of the structure of cholesteryl iodide
(Carlisle and Crowfoot (1945)) this corresponds to a
superposition of the true structure and its inverse,

Hence, the isomorphous replacement method is most
valuable when a centre of symmetry is present, if not
for the structure as a whole, at least for & projection
of the structure. In the latter case, resolution of -
peaks is the important limiting factor.

It may be noted that, in theory, to fix phase angles
experimentally 4 minimum of three isomorphous crystals,
RXiYi, RXiYS’ RXéYi would be required, R representing
the organic part of the molecule, X the site of one type
and Y the site of a second type of "heavy atom". This
technigque of multiple isomorphous replacement has been
recently used with marked success in the analysis of
protein structures by Bragg and Perutz (1954) and Kendrew
and co-workers (Bluhm et al. (1958)).

1.4.5, Direct Methods.

It is possible using amplitude relationships between
structure factors to establish some phases using certain
mathematical relationships (Harker and Kasper (1948)).
These relations depend on the fact that the electron
density is never negative (Pepinsky and MacGillavry (1951),

Karle and Hauptman (1950)). Many more analytical approaches
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have subsecuently been made on the phase problem

(Sayre (1952), Zachariasen (1952) and others) which
suggest that these methods can be of advantage for the
solution of centrosymmetric structures, but that solution
of moderately complex non-centric structures is less

likely unless centrosymmetrical projections are available.

1.5. Refinement of Crystal Structures.

Once the general outline of a structure has been
solved various methods can be used in order to derive
accurate positional and thermal parameters.» Of course,
the final accuracy of any structure determination depends
on the precision with which the structure amplitudes have
been found experimentally.

It has been found convenient to express the ovcrall
agreement between the observed and calculated structure

amplitudes in terms of the reliability index or residual
y

p . ZliFl - |mof
2. Irol

fixpressed as a percentage R is usually called the discry

o]

Although R is a useful guide in deciding whether any
particular change in parameters has produced a better
agreement with the observed data, it is not entirely s

)

ctisrTactory index in that, especially vwhen a "heavy atom!

n
£

is present, serious individual “igerepancies may exist

)]

and yet the overall R value may seem accepitable.
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While a low value of R provides some internal evidence
that the crystal structure so derived is essentially correct
other factors need to be examined. The deduced structure
must be chemically reasonable. The bond lengithe and
bond angles together with the intermoclecular contacts
should be both reasonable and acceptable. Also the
electron—density distribution should not contain regions
of appreciable negative density.

Among the more important methods of refinement umay
be mentioned the Fo synthesis, the differential synthesis
(Booth, 1946), the method of steepest descents (Looth,1947;
Vand, 1948; Qurashi, 1949), the difference synthesis which
has been discussed theoretically-by Booth (1948) and
Cochran (1951) and the method of least squares (Hughes,1941)
The two methods of refinement used in the present studies

will now be described.

1.5.1. The Fo synthesgis.

The Fo synthesis was the first systematic method of
gstructure refinement. The electron-~-density distribution
is calculated using the observed smplitudes, |Fol, and
phases calculated on the basis of the approximate trial
structure. From the resulting mep 1t chould be poacible

to allocate improved co-ordinates to the atomic positions.
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Calculation of structure factors then provides a new,
better set of phase angles and the whole process is
reiterated until there is no further decline in the
R value.

The successive Fourier reflinement of a centro-
symmetrical structuré has converged completely when there
is no change in any of the signs as derived from the
previous step. In a non-centrosymmetrical structure
any change in the co-ordinates necessarily brings about
a change 1in the phases and so the process of Fourier
refinement theoretically never ends. An acceptaple
limit, however, may be reached more culckly by applying
co-ordinate shifts which are hetween one and two times
the indicated wvalues, the exact factor depending on the
space group. This is the "n-shift rule" introduced by
Shoemaker et al. (1950). Truter (1954) has pointed out
that it is only strictly applicable when no one atom
predominately determines the phases.

The electron density distributions derived using
Fo syntheses differ from the true electron density because
the series do not include all terms of appreciable magnitude
and, moreover, the Fourier coeflficients are subject to at
least random errors. Booth (1946) has suggested 2 technioae -

the back-shift method - for the correction of such series
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termination errors. Other inherent limitations in the

Fo synthesls are that some of the measured coefficients
may be more in error than others and that excessive weight
is ascripbed to high order F values. Thesge latter
disadvantages can be overcome if the procedure outlined

in the next section is followed.,

1.5.2.  The Method of Least Squares.

As was shown by B.W. Hughes (1941) the method of
least sguares can be used in structure refinement by
minimising some function of the observed and calculated
structure amplitudes with respect to the structural

parameter-s,s i° The function most commonly used is:-~

R = Zw{lﬁ‘ol -|Fc‘}2
=ZWA§1{£

where Fo and #c¢ have their usual significance, the summation

e o0 e e e (1011;)

being carried out over the set of crystallographicslly
independent planes. A weighting factor, w, is apolied

to allow for the fact that the Fo values are not alLl
measured with the same accuracy. The absolute wvalues of
the weights are unknown, these being dependent on the
reliability of the F values. This being the crse, relative
estimations of the weights are usually madc.

wach structure factor supnlies Oue 0DServatlioual
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equation of the type bbbl ZSS
J-l

cereeaes (La12))
to the least squares matrix. Asﬁgj are the corrections
to be solved for and applied to the values of’fj used in
calculating chl values. If the errors in the positional
parameters are small then these parameters can be refined
by the standard least scuares procedure (Whittaker and
Robinson (1944)) of successive solution of N simultaneous
linear equations in the I unknown parameters (the mormal
equations).

The use of the least souares method is not restricted
to the refinement of atomic co-ordinates. It may be
applied to the adjusfmenf of atomic scale and temperature
factors (Hughes and Lipscomb (1946)), and refinement is
continued until R andZdAz approach constancy. The
parameter shifts - positional, vibrational and scale -
indicated at this stage should only be small fractions of
the corresponding standard deviations.

The relation between the Fourier and least squares
methods of refinement was deduced by Cochran (1248) who
showed that for resolved peaks the co-ordinates found by
the least squares procedure with w =]Zf are the same as
those resulting from a Fourier synthesis when back-shift

corrections for finite series ave applicd,



CHAPTER ITI.

The Chemistry of Isoclovene and Related Compounds,
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IT, THE CHEIMISTRY OF ISOCLOVEND AID RUWLATED COMPOULDS.

2.1. Introduction:

The classical approach to structural elucidation in
the terpene field was by chemical degradation, whereby
small fragments of the original molecule were isolated
for recognition. Difficulties, however, exist in this
series in that these compounds are ligquids which,in some
cases, have very similar physical properties. Purthermore,
the chemical investigation can be complicated due to the
fact that molecular transformations can and do readily
occur in this series (de Mayo (1959)).

These structural investigations have been greatly
aided by the recent use of physical methods. In particular,
I.R., and U.V. spectroscoplic work have been of invaluable
assistance, but are of limited value in that only certain
functional groups are detected by these methods.

Increasing progress in this field has resulted from the
application of X-ray crystallographic methods, which can,
in favourable cases, solve structural problems directly.
Of particular interest is the analysis of longifolene
hydrobromide and hydrochloride by Moffettand Rogers (1953),
since the structure derived by them has still to be

confirmed chemically.
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2.2. 1soclovene and the Caryophyllene
Series of Sesaguiterpenes.,

Isoclovene, CygHoy, is & viscous liguid (b.pt. L30°/12 mm.
belonging to the caryophyllene series of sesquiterpenes.
A-caryophyllene, first isolated by Httling (1834), exhibits
a remarkable variety of skeletsl rearrangements, and whilst
its actual study may be sald to date from the investigations
of Church (1875), it is only comparatively recently that
the nature of its subtle rearrvangements has been understood.
The particular aspect of caryophyllene chemistry relevant
to the present discussion may be iliustrated in the following
chart:-

1
/B -caryophyllene ——> fB-caryophyllene alcohol + clovene
2
hydrocarbon mixture

SN

ligquid hyarocarbon(&) isoclovene, CqgHg,

=

solid 015H2501

Reaction 1, a hydration step effected by using concentrated
sulphuric scid and dry ether at 0°9G., was first performed

by wallach and walker (1892). Henderson, McCrone and
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Robertson (1929) dehydrated AM-caryophyllene alcohol
using phosphorus pentoxide. This is feaction 2 .
They separated the hydrocarbon mixture so ovtained by
distillation under reduced pressure 1lnto & new isomer,
isoclovene, and another hydrocarbon, (A), which they
believed to be clovene because of the similarity in
refractive index, boiling point and density. Lutz
and Reid (1955, 1954) showed that hydrocaroon, (&),
differed trom clovene in specific rotation as well as
in i1ts I.R. spectrum. This new isomer, A, they caliecd
pseudoclovene.

vIt is only in the last decade that 1t has been
possible to deduce the structural formulae of these
compounds. Barton and Lindsey (1951) provided convincing
chemical evidence that 4 -caryophyllene had constitution (I).
Further chemical work by Barton, Bruun and Lindsey (1952)
indicated that /G-AzaryophyLLene alcghol possessed
structure (II) while degradative work by the same group
unequivocably proved that clovene had structure (III),

The X-ray crystallographic analysis of the isomorphous
hydrohalide derivatives of @ -caryophyllene alcohol by
Robertson and Todd (195%, 1955) not only independently
contirmed Barton's chemical work but also gave proof of

the stereochemistry of the halide (IV).
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On the basis of relative electrophilicity and other
considerations, Aebi, Barton and Lindsey (195%) using the
result of Robertson and Todd's X-ray investigation as a
basis werc able to advance a rational presentation of
all the stereochemical reiLationships:

Formula (VII1) was ascribed to pseudoclovene by
Lutz and Reid (19563). No investigations were made by
the Latter on the problem of the structure of isoclovene.
Some initial work has, however, been done by Money (1957).
In the short'time at his disposal Money showed:

(1) that isoclovene possessed a secondary-tertiary
ethylenic Linkage (peaks at 795 cmi'l(s) and
840 cm.”Y(m) in the I.R. spectrum). It can
thérefore be inferred that isoclovene is
tricarbocyclic.

(2) Kuhn-Roth oxidation indicated the presence of
three methyl groups in the molecule.

Little else of any value was deduced from this limited
degradative approach. Nevertheless, from logical
mechanistic considerations and using the dehydration of
clovene as analogy, Money tentatively proposed two possible
structures, (VIIT) and (IX), for isoclovene.

For the seke of comparison, the structure of

isoclovene hydrochloride as established by the subsequent
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X-ray investigations is correctly represented as in (x%).

The structure of isoclovene is therefore represented by (XI).

2.5. The X-ray Crystallographic Approach
to Structure Determination.

While structures (VII1) and (IX) can be considered
as perhaps useful guides for the postulation of trial
structures, any X-ray investigation of a crystalline
derivative of isoclovehe must embody a constitutional as
well as a configurational problem. With a moderately
complex molecule of the sesquiterpene type it is clear
that some phase determining heavy atom technigue is
requiréd although it may be noted in the passing that
Grant's (1957) analysis of hydroxydihydroeremophilons
dispensed with any such aid.

To date, two maln approaches have been employed in
the analysis of terpene derivatives. After the initial
determination of the heavy atqm location in the crystal
structure, the signs for centrosymmetric electron-density
projections have been determined either by comparison of
two isomorpnous compounds as in the analysis of
& -chloro (bromo) camphor by Wiebenga and Krom (1946) and
/3 -caryophyllene chloride (bromide) by Robertson snd Todd
(19565, 1955) or from a single heavy atom derivative as 1in

the case of lanostenyl ilodoacetate (Fridrichsons and
Mathieson (1953)).
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Since Money, on the basis of a mixed melting point
determination, ciaimed that isoclovene hydrobromide and
hydrochioride were isomorphous, it Seemed possiple o
follow the same broad strategy in the present structural
determination.  Access to a2 high speed digital computer
was not possible at the beginning of this research and,
in consequence, an attempt was made initially to carry

through an analysis using two dimensional data.



CHAPTER TII.
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ITI. THE STRUCTURE OF ISOCLOVENH:
Til TWO-DIMENSIONAL ANALYSTS.

3.,1L. The preliminary X-ray crystallographic survey.

Samples of isoclovene hydrochloride and hydrobromide,
crystallised from ethyl acetate by Mr. T. Money, were kindly
supplied by Professor D.H.R. Barton. The colourless
crystals of the former possessed & finely acicular habit,
but the few, initially colourless, crystals of the latter
had all but decomposed into a dark green 0il. A fresh
sample of the hydrobromide derivative was therefore
prepared, the scheme originally adopted by Money being
followed (see Appendix 1). Both derivatives were then
recrystallised from acetone solutions as well formed
prismatic needles which exhibited straight extinction
when examined under the polarising microscope.

The unit cell dimensions were obtained from rotation
photographs calibrated by copper powder lines, oscillation
photographs and equatorial layer-line Weissenberg
photographs. Copper K« radiation (jk=.1.542‘3) was
used throughout. The densities of the crystals were
determined by the flotation method, the media being
aqueous solutions of =zinec chloride.

The relevant crystallographic data for these two

hydrohalide compounds are listed in Table 1. While

the systematic absences in spectra - (OkO) for k = 2n + 1 -
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TABLE 1.

v re——
ey

Crystallographic data for isoclovene hydrochloride

and isoclovene hydrobromide.

isoclovene isoclovene
hydrochloride hydrobromide
molecular formula Cq5Ho5CL 015H25Br
molecular wéight 240.8 285,3
melting point 870 74°
system monoclinic
a (X) 6.35 T 0.01 6.48 T 0.01
b (X) 13.91 * 0.04 13.81 + 0.04
¢ (&) 7.89 £ 0.02 7.96 * 0.01
y: 95, 3° 91,99
unit cell volume(AS) 694 712
molecules per cell 2 2
d (flotation) (g.em.”~%)  1.1m1 1.323
d (ealec.) (g.cm('s) 1.152 1.330
Absorption <CH%71)’ |
()= 1.542 A) 22,9 38.6
Absent Spectra (Ox0) when k = 2n + 1
Space group 022 - Pg, 622 - Pg

F (000) 264 300.
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are characteristic of two space groups, Pg' and PZVh’
the latter is rejected since this space group cannot
possibly accommodate two molecules possessing neither
a plane nor a centre of symmetry. (Isoclovene is
optically active with a specific rotétion

Lx];4 = -56.6°.) The complete molecule is therefore

regarded as the asymmetric unit.

3.2, GChoice of derivative for structure determination.

The isomorphism of isoclovene hydrochloride and
hydrobromide has been confirmed, but, as indicated in
section l.4.4., the isomorphous replacement method in
the case of a non-centric space group such as Pg', where
there is only a single centrosymmetric projection and
that one almost 14 X long, holds no advantage over the
"heavy atom" technigque. Indeed, the latter is to be
preferred since less lgbour is involved and there are
no besetting scaling factor difficulties.

Since the value of the ratio Z&az/Zﬁsz (section 1.4.53.)
is 2.2 in the case of the bromo compound but only .5 for
the chloro derivative, isoclovene hydrobromide, despite
its higher linear absorption coefficient, was selected
as being the more suitable derivative for the initial

two dimensional analysis. Furthermore, due to the
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unstable nature of this compound (life time of a few
days when exposed to air and X-rays), it was preferable

to collect intensity data immediately.

3¢3, Collection of Intensity Data.

Intensity data for the (hkO), (hOf) and (OxA) zones
of isoclovene hydrobromide were recorded photographically
using copper Kx radiation ( A= 1,542 X). The correlation
of strong and weak reflections was achieved using the
multiple film technique (Robertson (1943)) with a pack
of 5 films (Ilford Industrial - G). A film factor of 3.3
was assumed. The integrated intensities finally obtained
were the arithmetic average of three visual estimates each
made with the aid of a different series of calibrated

spots of known relative intensity.

TABLE 2.
ratio of cCross-

numbe r 9f % of strongest to section
Zone reflections total - weskest of

recorded possible intensity specimen
(okf) 123 82 11,000 : 1  .2x2 m.?
(o) 118 81 2,800 :+ 1 .2 x.3mm.?
(nko0) 116 86 4,200 : 1 .4x.56mm.2

The mean intensities were converted into structure

factors (listed in Table 3), after the usual Lorentz and

polarisation corrections had been applied. No corrections

were made for absorption or extinction.
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5.4 Two Dimensional Structure Analysis of Isoclovene
Hydrobromide.

The calculations of Fourier and Patterson syntheses
described in this chapter were carried out using the
Beevers-Lipson strip method with intervals of
120(.216 X) along a, 6°(.230 K) along b, and
6°(.133 %) along c. The computation of structure
factors was performed using a desk calculating machine.
The Thomas-Fermil scattering factors for bromine listed in
Internationale Tabellen (Zweiter Band) (1935) were used,
while the atomic form factors for carbon were those
compiled by Hoerni and Ibers (1954). Empirical
modifying temperature factors of B = 4.4 X?a for bromine
and B = 3.5 ﬂ.z for carbon were used, these being the
values deduced by Robertson and Todd (1955) for the
halogen and carbon atoms respectively in /Z—caryophyllene

chloride.

3.5 The (100) Projection.

As the a axis is the shortest, a projection of the
structure onto the (100) plane would seem to present the
most open view of the molecule. Clearly, the first step
was to find the location of the heavy atom within the
asymmetric unit. This was achieved by computing the

(100) Patterson projection using as Fourier coefficients
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(100) Patterson projection for
isoclovene hydrobromide,
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the sguares of the 123 observed structure amplitudes.

The vector set space group, P of, , (Buerger (1950)) has

p mm, symmetry in this projection and hence the expression
evaluated was:-

POVW) = ) ) |P0k®)|® cos 27 (17 + £W) .... (5.1.)

The resulting Patterson map is depicted in Figure 1,
the function having been evaluated from V =0 to V = %
and from W =0 to W= 3.

Since the positions of the two bromines within the
real unit cell may be designated by co-ordinates (x, y, z)
and (X, + + ¥y, Z) the expected vector between these two
atoms has components V = % and W = 2z7. The largest peak
on the map, other than the origin peak, represents the
bromine - bromine vector. Unfbrtunately, this peak is
not clearly resolved since it overlaps with the corresponding
peak produced by the operation of the symmetry centre at
V=23, W= 3. The following co-ordinates were believed
to represent a reasonable approximation for the peak maximum.

V = .500 W= .468
Hence the co-ordinates of the two bromine atoms in the
unit cell were deduced as being:
Bry (y = .250, =z = .234) Bry, (y = .750, 2z = .766)
In the derivation of these positional parameters, it

should be remembered that space group, Poy, permits an
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arbitrary choice of origin, and it is convenient for
calculation purposes to choose this origin mid-way
between the two bromine atoms.

In calculating structure factors for this projection
the expressions evaluated were:

A =2 cos 87ky cos 2Tz

for k 2n

B =

[av)

sin 297ky cos 27 Xz

A =

2 sin 27ky sin 27 Lz

I

for k 2n + 1

|
AV}

cos 27ky sin 278z eeeo(B.2)

Hence, not only does the bromine atom in the asymmetric
unit have zero contribution to the B part of each structure
factor but also very small contributions to the class of
reflections satisfying the condition k +.£ = 2n + 1.
Therefore, phases (signs in this case) can only with
certainty be ascribed to sbout half the observed structure
amplitudes, the discrepancy over those terms satisfying

the condition k +_€ = 2n being R = 36%.

An electron-density projection on (100) was calculated
using as PFourier coefficients those 68 Fy terms deemed to
be sign-determined by the bromine contributions. For a
projection with plane group symmetry p g the expression

to be evaluated is
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Fig.2. Electron density distribution
projected on (100).

Contours at intervals of le A 2
the one-electron line being dotted.



—-3] -

<~ k=2
/O(Oyz) = %c F(oo) + 2{2{ ’F(OE)J cos(zw’ky —o((ok))+
ZO.Z |F(o.€)| cos 2%?2} + 4{2 Zo:;: IF(';;;H)‘ cos 2M¥z,
' ? co's(zﬁky -d(kf))
w Kk=2nsl }

o
- Zk Zx’_ﬁ'(kml sin 274z sin(27Tky - (kf))
- ee..(3.3)

As signs and not general phase angles are used the
resulting map possesses pseudo mirror planes at y = %
and y = £, while as a consequence of including only those
terms for which k + 4 = 2n, further pseudo mirror planes

are generated at z =% and z = 2.

Pl

Consequently the summation need only be effected for
the range ¥y =.0/6O to 15/6O and z = 15/60 to 45/60'
Thus, the original non-centrosymmetric projection is
transformed into a centred plane group simulating ¢ mm.
symme try. A four-fold ambiguity is thereby introduced
into the electron density projection which is illustrated
in figure 2, Diagram I schematically illustrates the
fact that for every real atom at position 1, spurious

peaks exist at positions 2, 3, 4.
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Fig.3. Second electron density distribution

projected on (100).
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Diagram I.

This added spurious symmetry precludes any resolution
and it is difficult to envisage even how the molecule
may be lying in this projection.

A second Fourier projection on (100) was computed
with 33 additional terms included for which k + £ = 2n + 1.
This helped partially to destroy the mirror planes at
Z =% and z = 2 as is shown in figure 3, but the complexity
of this electron-density map defeated all attempts at

interpretation.

3.6 The (001) Projection.

As the basic symmetry of this projection is the same

as that possessed by the a axis projection , the
computational expressions are analogous to those

described in section 3.5.
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The Patterson projection, shown in figure 4, was
first computed, whence the bromine atom co-ordinates
could be deduced as being:

Bry x=.l75 y=.250
. 750

]

Brg X = .82 y
These results when combined with those deduced from
the (100) projection yield the following co-ordinates
for the positions of the two bromine atoms in the unit
cell:

Br; (175 .250  .234)

Br, (.825 .750 .766)

The bromine atom contributions to the structure
factors for the (hkO) zone were calculated, giving an
. R factor of 34.5%. As previously, the B parts of the
expressions reduce to zero but no further restrictions
are imposed. Signs were allocated to 103 observed
structure amplitudes which were used in the computation
of the (001) electron density projection. The resulting
map is illustrated in figure 5.

As with the (100) projection, pseudo mirror planes
exist at y = £ and y = 3, with a resultant symmetry centre
at x =%, y = 3. The symmetry of the projection is no
longer pg but pmg, and the electron-density map may be
sgid to contain a two-~-fold ambiguity, because for every

real atom at (x,y) a spurious atom appears at (x, 3 - ¥).
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In order to unravel the correct structure, judicious
selection of one peak from two possibilities had to be
made for every light atom in the structure. At this
stage, these attempts to deduce an acceptable trial

structure were not successful.

3.7. The (010) Projection.

From a purely crystallographic aspect, a projection
of the electron-density onto the (010) plane has the
advantage that no spurious symmetry will be introduced
into the resulting map, because all the phases are 0 or TT.

The bromine contributions to the structure factors
were calculated (R = 49%). The electron-density
projection on (010), shown in figure 6, was computed
using 77 terms. Since this projection has plane group

symmetry po the expression used was: -

L(xoy) = %c{ F(00) + 2‘2 P(hO) cos 27hx + 22{3‘(0,0)00821/!&

+ 225 Z[F(hf)cos 27 (hx + £z) + F(hlcos 27 (hx - fz)]}
b ceeeee.(3.4)

As was not unexpected, the prohibitive length of
projection did not permit any apparent resolution of the
molecule to be achieved. No obvious chemical fragments
could be discerned, and although trial and error methods

were attempted no satisfactory interpretation of the

electron density map in terms of plausible structures

was obtained.
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5.8. Attempted Correlation of the
(hk0) and (hO ) Projections.

It appeared, at this stage, that the best hope for
trial-and-error analysis lay in studying two projections
simultaneously, the unambiguous but unresolved (h0f)
projection and the ambiguous (hkO) projection.

Two principal model compounds were systematically
studied, structures (VIII) and (IX), section 2.2.

Scale, ball and wire, models of these molecules were
constructed and shadows of them were thrown by means of
two parallel light beams at right angles onto the
calculated electron density patterns, as in the analysis
of the structure of penicillin by Crowfoot et al. (1949).
Wnen the best fit was obtained the atomic co-ordinates
were recorded on a tracing paper overlay covering the
(001) projection. Structure factor calculations were
performed for a range of reflections in the (hkO) zone.

A wide variety of different conformations and
orientations were tested, and an exhaustive trial of
all possible variants was conducted.

For example, in structure (IX) after normal addition
of hydrogen bromide there are three asymmetric carbon
atoms present in the molecule. There are, therefore,

8 possible isomers, but since enantiomers are not

distinguished by X-ray methods unless under special
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circumstances (Bijvoet (1949)) there are 4 distinct
possibilities to be investigated. These consist of
- essentially 4 different ring forms. Non—Markownikoff
addition of hydrogen bromide to the original double bond,
while having a very small probability, was also
considered. An overall agreement factor for the (hkO)
zone of R = 29.6% was obtained using structure (XII) as
a basis,

For structure (VIII) again considering normal
hydrogen bromide addition there are, in all, 16 stereo-
isomers, of which the 8 distinct (non-enantiomorphous)
possibilities were investigated. A discrepancy of |
R = 26.2% for the (hkO) zone of reflections was obtained
with structure (XIII).

This latter figure appeared promising but the actual
placement of atoms on the electron-density maps involved,
in some cases, distortion of the recognised valency angles.
Furthermore, care was necessary in gauging the importance
to be attached to an R value in a case where the "heavy
atom" was dominant and where some of the "light atoms"
had almost certainly been placed on the correct sites.

It was felt that the degree of approximation arrived at
did not warrant the immediate application of the Fourier

method of refinement.
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9.9. Pseudo three-dimensional approach.

In an attempt to correlate the three projections
at once and also to try and assist in the breakdown of
the confusing spurious symmetry, a pseudo three-dimensional
approach was suggested by Dr. G.A.Sim. This method was
used by him, but without success, in the analysis of
serine phosphate (personal communication; see also
McCallum et al. (1959)) and is primarily of value in
overcoming difficulties associated with the overlapping
of atoms in projection. This technique entails the
definition of the following function:

/o{min (xyz)} = min{/o(xy),/o(xz),/o(yz)} ee.e(3.5)
There were no serious scaling problems involved since each
zone of reflections had been scaled to the bromine atom
contributions.

A three-dimensional grid was constructed, consisting
of sections from x = /30 to 30/3, each section covering
the limits y = /g0 to 15/g0 and z = O/30 to 30/3(.

By considering the three projections simultaneously a
figure could be allocated for the electron density at

each grid point within the asymmetric unit. The resolution
proved to be very poor. Nevertheless, a search was made

Q .
for peaks at a distance of 1.9 A from the bromine atomn.
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These were marked on separate sheets of tracing paper
and a similar search was made fér peaks 1.5 X away from
and making suitable bond angles with these initially
selected sites. Thereafter, the whole process was
repeated using these new locations.

A survey of the resulting sections revealed that
several plausible five membered rings attached to the
bromine atom could be selected and, indeed, most had
been considered in the trial structures already
investigated. Lack of resolution prevented any other
molecular features from being discovered.

3.10. Appraisal of the Results of
the two-dimensional Analysis.

Although it did not prove possible to interpret
the two-dimensional Fourier syntheses, computation of
the latter did lead to a useful refinement of the
bromine positions.

Bry  (.177, .250, .242)

Also an effort was made at this juncture to
circumvent these space group difficulties. In the
hope that it might crystallise in a form belonging to
a different space group, an attempt was made to prepare
a hydroiodide derivative (Appendix 2), but it proved

too unstable to be isolated as a crystalline product.
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It was at this time, July, 1958, that it became
known that computing facilities would be available by
the end of that year, making it possible to plan a

three-~-dimensional approach to the problem.

I U oy



TABLE 3.

Observed relative structure factors for the
three principal zones of isoclovene hydrobromide.
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TABLE 3.
Isoclovene Hydrobromide.

(Okf) zone. Fo_on a relative scale.
hk £ Fo hke Fb hke Fb hke Fb
020 82 031 187 o7l 127 |0,11,1 |36
040 140 032 59 o072 42 {0,11,2 |19
060 211 033 66 073 50 |0,11,3 |38
080 26 034 41 074 28 (0,11,4 9

0,10,0 | 35 035 71 075 33 (0,11,5 |21
0,12,0 35 036 13 076 7 (0,11,7 9
0,14,0 18 037 55 ot 17 10,11,8 |10
0,16,0 9 038 8 Q79 5
0,12,1 | 9
001 56 041 44 081 24 10,12,2 |22
002 117 042 107 082 51 10,12,3 |10
003 43 043 12 083 32 |0,12,4 | 24
004 34 044 54 084 56 |0,12,6 9
005 8 045 12 085 10
006 28 046 42 086 20 [0,13,1 |24
007 7 047 12 087 12 |0,13,3 |22
008 19 048 15 088 6 |0,13,4 6
009 8 0,13,5 |10
0,13,6 | 5
011 194 051 102 091 69
012 72 052 40 092 18 [(0,14,1 5
013 86 053 105 093 66 |0,14,2 |18
0l4 46 055 41 094 18 10,14,3 8
0lbs 57 0566 22 095 32 10,14,4 |14
0l6 24 057 26 096 10
o1l7 27 058 6 097 11 |0,15,1 |16
018 8 098 7 10,15,2 3
019 8 061 51 0,15,3 |15
062 73 0,10,1) 33 |0,15,4 6
021 50 063 26 0,10,2} 41
022 172 064 52 | 0,10,3 9 [0,16,1 6
023 45 065 18 0,10,4| 19 |0,16,2 |10
024 106 066 22 0,10,6| 13
02b 42 068 9 0,10,8 5 10,17,1 8
026 68 069 B
oa7 17
028 17

- Cont'd -
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TABLE 3. (Cont'd)
ghkoz Zone.
hk¢ Fo hke Fy hke | F, hke | F,
100 74 210 43 410 | 72 640 | 29
200 66 220 | 167 420 | 29 660 | 39
300 [109 230 86 430 | 48 670 | 21
400 55 240 (i 440 | 15 680 | 23
500 24 250 89 450 | 66 690 | 12
600 58 260 52 460 | 37 | 6,10,0 | 13
800 4 270 72 470 |40 | 6,11,0| 4
280 39 480 |16 | 6,12,0 |12
020 82 290 62 490 | 56 ,
040 |154 |2,10,0| 19 |4,10,0| 7 710 | 31
060 227 |2,11,0| 70 |4,11,0 | 38 720 9
080 24 12,12,0 | 17 |4,12,0 |10 730 | 27
0,10,0| 36 |2,13,0| 20 |4,13,0 | 23 750 |19
0,12,0| 36 |2,14,0| 11 |4,14,0| 8 760 9
0,14,0, 18 | 2,15,0 | 17 |4,15,0 | 16 770 | 26
0,16,0| 10 | 2,16,0 7 780 8
2,17,0 9 510 | 46 790 9
110 |149 520 | 52
120 136 310 50 530 | 50 810 9
130 |111 320 | 139 540 | 33 820 |10
140 44 330 12 550 | 37 830 |11
150 (108 340 | 112 560 | 23 840 |12
160 74 350 7 570 | 31
170 94 360 66 580 | 10
180 47 370 37 590 | 32
190 78 380 79 |5,10,0 | 19
1,10,0| 23 390 15 |5,11,0 | 16
1,11,0| 59 |3%,10,0 | 36 |5,12,0| 15
1,12,0| 18 |3,11,0 | 12 |5,13,0 |12
1,13,0| 41 |3,12,0 | 37
1,14,0| 15 | 3,13,0 8 610 | 16
1,15,0| 18 |3,14,0 | 21 620 | 34
1,16,0 7 |3,15,0 | 10 630 | 12
1,17,0| 12 | 3,16,0 9

- Cont'd -
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TABLE 3. (Cont'd)
(n0£) zone.

hke | Fy nke | F, nke | T, nk¢ | F,
100 | 73 201 | 82 306 | 28 602 | 23
200 | 73 202 | 146 307 | 26 603 | 26
%00 | 110 203 | 73 208 | 10 604 | 28
400 | 53 204 5 605 | 14
500 | 24 205 | 34 201 | 99 606 | 10
600 | 53 206 | 34 402 | 58 _
800 3 207 | 29 403 | 85 601 | 10

208 | 12 404 | 20 602 | 32
001 | 54 209 | 15 405 | 22 603 9
002 | 112 _ 406 6 604 | 39
003 | 44 20T |115 407 | 15 606 | 15
004 | 86 202 | 47 N 607 4
005 | 10 203 | 100 40T | 78
006 | 33 20% | 16 40% | 80 701 | 35
007 8 205 | 64 40% | 68 703 | 20
oos | 22 206 | 40 40Z | 10 704 9
009 8 207 | 44 405 | 41 705 | 15

208 | 18 408 | 14
101 | 30 209 5 70L | 26
102 | 106 501 | 12 702 | 16
103 | 54 201 | 20 502 | 20 703 | 14
104 | 43 502 | 72 503 | 26 704 | 13
105 | 65 203 | 76 504 | 17 705 4
106 | 37 204 | 63 505 8
107 | 41 305 | 11 506 | 22 802 | 13
109 | 10 306 | 28 507 | 11 803 9

_ 307 | 14 B _

101 | 53 308 4 501 | 67 802 | 14
102 | 55 _ 502 | 27 803 8
103 | 145 30L |100 505 | 40
104 | 67 302 | 70 504 | 17
105 | 44 303 | 453 505 | 23
106 | 39 30Z | 74 506 | 9
107 | 13 305 | 23 507 8
108 | 11 508 8




CHAPTER IV,

The Three-dimensional Analysis
of Isoclovene Hydrochloride.
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Iv. THE THREE-DIMENSIONAL ANALYSIS
OF ISOCLOVENE HYDROCHLORIDE,

4.1, Introduction.

Although the wvalue of the ratio Z§1/2?52 (section 3.2)
suggests that the chlorine atom would not dominate the
phases of a sufficient number of reflections to permit
it to be used directly as a '"heavy atom" for phase
determination, the chlorine-chlorine vector should still
be easily located in the three-dimensional Patterson
function even without the prior knowledge supplied by
the initial study of the bromo isomorph. The general
plan evolved was to obtain some approximation to the
electron-density by operating on the three-dimensional
Patterson function with the Buerger minimum functilon.

Several reasons exist for the choice of the chloro
derivative rather than the bromo compound. The former
has the lower linear absorption coefficient indicating
that it should be possible to obtain a more accurate
intensity record. Diffraction effects due to the halogen
atom would be less serious. In addition, a better
refinement of the light atoms should be effected becnause
of their greater relative contribution to each structure
factor. This should also accelerate the breakdown of

the inherent pseudosymmetry resulting from the placement
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of the chlorine atoms on the planes y = % and y = 2.
Finally, and perhaps equally important, isoclovene

hydrochloride is the more stable isomorph.

4.2. Collection and Processing of the
Experimental Data.

Photographic records of the intensities supplied
by the following layer lines:
(ox€)... (Bkf), (hkO)... (hk4), (hOL), were obtained
using an equi-inclination Weissenberg goniometer. The
intensities of the X-ray reflections were estimated
visually using the multiple film technique and standard
series of calibrated spots. For the film factor, a
value of 3.3 was assumed, this being modified for upper
layers by an obliguity factor due to Rossmann (1956),
which takes into account the variation of film factor with
angle of incidence. For every gzone each individual
intensity was estimated at least twice using a different
step-wedge before the averaging process was performed.
Crystal specimens cut to the following dimensions

(cross-section x length) were used:

.2x .2 x .4m® for the (nkf) set of series,
.25 x .3 x .2 mme for the (nkm) set and
.4 x .3 x .15 m.> for the (hOf) series.

In Table 4 are listed some of the data relevant

to this section.



TABLE 4.
Ae Ratio of
Zone (equi- No. of No. of | Film |strongest
inclination |reflections| possible [factor |to weakest
angle) recorded |reflections intensity
Ok L 00 79 150 3.30 | 5,500
14 6° 58° 192 208 3.30 | 4,400
2k L 140 3! 182 292 3.40 | 1,800
3kl 210’20' 142 280 3.54 | 1,350
4l 29° 3! 158 264 3.78 500
5k4 370 18! 124 240 4,153 110
hkO 0° 113 121 3.30 | 8,700
hkl 5° 36! 123 242 3.30 | 6,900
nk2 | 11° 16’ 94 - 238 | 3.36 700
hk3 17° 3! 113 233 3.46 570
hk4 239 1! 70 225 3.53 50
hO£ 0° 95 142 3.30 | 4,500
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4,3, Corredtion and Correlation of Intensities.

The averaged observed intensities were corrected
for the usual Lorentz and polarisation factors as well
as for the Tunell (1939) rotation factor. An " -code"
Programme for Deuce devised by Dr. T.A.Hamor was used
for this purpose. No absorption corrections were made.

There now existed sets of data from different zones
of the reciprocal lattice, each set being on a different
scale, Placing these reflections on the same scale
was achieved by first correlating each series of the
(nk£) group using the appropriate members of the (hkm)
group of series thus:

A value Fy =£Z:lF(nkO)| for each n =0 ... b was
determined from éhe (nkg) series , and, similarly,

Py = 22‘Eth0)| for each h = 0 ... 5 from the (hkO) data.

k
K(nko) = {FZ/Fl} N=h=0...5 were determined and

5 5 Ao,
also Ag = 3. Fo, By, = 2{: B and Sa’= /B
n=0 n=0 o}

Each K(nk0) was a factor suitable for placing each (nk{)
series on the same scale as the (hkO) series.
In the same way, using the (nk€) series with the

(hkl) zone there were determined g,

A,, B, and s;
K(nkl) ='K'(nk1) X'S@@h so that the scaling is
referred to the (hkO) series.
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This procedure was performed with successive
members of the (hkm) group. 5 Factors for each K(nkf)
were obtained. Ideally these should have been equal.
An average scaling factor K = %UZ:KEKZ) was used.

Similarly, scaling factors to place each (hkm) set
of data on the same scale as the (Okf) zone werederived.
These factors K'(hkm) were used to derive factors
K(nkm) consistent with the K(nké) group.

The 1,485 measured reflections were thus placed on
the same relative scale. Where more than one estimate
of a particular F, value was made then these values
were averaged. The 976 independent reflections so
obtained were set onto an approximately absolute scale
by comparing the observed values for the (hkO) zone
with values calculated for that =zone. The latter were
computed on the assumption that there was strict isomorphism
with the trial structure deduced for isoclovene hydrobromide
which gave an R value of 26.2% for the (hkO) zone of
reflections (section 3.8). |

o (F, ) values were evaluated for the 389 structure
amplitudes observed more than once (Lipson and Cochran
(1953), p.286) and the mean standard deviation was found
to be an approximately constant percentage of its

numerical value, 6‘(Fi) Qv.OQIEl.
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4,4, The Three-dimensional Patterson Synthesis.

Sharpening of a Patterson function is a process
whereby greater weight is ascribed to reflections in
the middle and higher ranges of sin@, and less weight
to the low order terms. The modification function used
in the present work, shown in Fig.7, was devised and has
been successfully used by Dr. H.N.Shrivastava (1960) in
his two-dimensional analysis of potassium p-nitrobenzoate.
(To be published.)

The three-dimensional sharpened Patterson function
was evaluated over the repeating volume of a x b/é x %y
at intervals of 8/zg, b/48 and c/50. The function
P(xyz) Was computed using expression (4.1) in sections
perpendicular to the unique b axis.
P(xyz) = —ZZZ{‘F(hkf)l cos2M{(hx+€z) +

|P(nx7)| oos2f(hx—-]?z)} cos 2Mky ....(4.1)

The values of the sharpened function at each point
on the 25 computed sections were recorded on a tracing
paper grid. Contours at specific levels were drawn by

subjective interpolation. The Harker section of this

function is illustrated in Fig.S8. Although the peaks
due to the chlorine-chlorine vectors were easily discerned

they were still unresolved and a reasonable approximation



Fig.7.

Modification function used in
3-dimensional Patterson synthesis.
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Fig.8. Harker section of the three-dimensional
Patterson function.
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for the co-ordinates of the chlorine atom in the
asymmetric unit had to be advanced.

Cl; (.168 .750 .245)
(In this case, a different origin has been selected

from that used in Chapter III.)

4.5. The Buerger Minimum Function.

Patterson sections covering the area of several unit
cells were traced out and duplicated using differently
coloured crayon for specific levels., Since the chlorine-
chlorine vector was the most pronounced peak this was
used as a line image. Now, if the co-ordinates of the
two chlorine atoms in the real cell are (x y z) and
(X, 4 + ¥, ) then the vector produced by them will give
rise to a peak on the Patterson map at (2x, 1, 2z).

Thus, when the chlorine-chlorine vector peak is superposed
on the origin peak, the origin of the resulting minimum
function will be placed mid-way along this displacement.
Thus, when the Patterson section y = O/g , containing the
origin peak is superposed on the Patterson section y = 2%@8
containing the chlorine-chlorine vector peak, this gives
rise to section y = 12/,5 in the minimum function. A
contoured map of this latter function was derived by

superposing, with the appropriate displacement, the two
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transparent contoured Patterson sections, y = 0/4g and
vy = 24/@8' A third transparent sheet was laid on top
and the drawing of contours for the minimum function was
performed using the technique advocated by Buerger (1951).
In an analogous manner Patterson sections y = 1/48 and
V= 25/48 were superposed giving section, y = l1/48, of
the minimum function. Thirteen sections in all were
obtained, y = O/48 coo 12/48'

Now, the minimum function, M, so formed is based on
a pair of atoms related by a symmetry operation other
than a centre, and it is a consequence of vector set
theory, that, if the crystal is non-centrosymmetric,
then a centre of symmetry is added to the symmetry of
the electron-density as approximated to by the minimum
function. In other words, by using a line image of the
above type a "reduced map" is obtained possessing a
pseudo mirror plane at y = % (and y = %). The overall
asymmetric unit, therefore, contains an approximate
representation of the molecule and its superimposed
mirror image with "real" light atoms at (1) x y z
(2) X, + + y, = accompanied by spurious atoms at

(3) xyz (4)x, 3+ -y, z. OFf these, atoms (1) and

(4) and atoms (2) and (3) are related by the pseudo

mirror planes sited at y = 4 and y = 2, so that selection
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of a y co-ordinate for any light atom in the structure
is restricted to choosing between £ + Y and & - Y,

where ¥ = % - y.

4.6, Interpretation of the Minimum Function.

In an attempt to unravel this ambiguity a three-
dimensional model was constructed. A large sheet of
cardboard was taken to represent the (x0z) plane. On
this were marked the x and z co-ordinates of the peaks
in the minimum function unit cell. Holes were bored
at these sites and through these holes were threaded
lengths of string weighted at their lower exXtremities
by pieces of lead. For each (x, z) pair of co-ordinates
there were two possible y co-ordinates, represented by
pieces of plasticine stuck to the string. The whole
arrangement was then supported on a metal framework
thereby giving a three-dimensional representation of
the whole unit cell which incorporated the two screw-
axis related molecules and their mirror images. Attempts
were made to recognise possible ring systems and, although
several plausible but unconnected carbocycllic rings
could be isolated, this approach proved, on the whole,
more confusing than helpful and was abandoned in favour

of an alternative strategy.
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A composite diagram was constructed by projecting
the three-dimensional sections onto the basal, (010),
plane and the two possible y co-ordinates for each pesk
were noted on the diagram. Several unit cell aresas
were drawn out and consideration of the van der Waals
distances enabled the projected region occupied by two
molecules (and their mirror images) to be delineated.
This is shown in Figure 9.

All preconceived notions regarding the possible
molecular structure were ignored, and interpretation was
attempted merely by recognising the restrictions imposed
by adherence to proper bond lengths and angles, An
obvious five membered ring (G, Ch, Ci, Ci, G2 indlcated
in overlay to fig.9) could be picked out on fig.9.

Calculation of three dimensional structure factors
(S.F.z) based on the contributions of the chlorine atom
-and the carbon atoms of this ring gave an R value of 38.8%.
The scattering factors of James and Brindley (1932) for
chlorine and Berghuis et al. (1955) for carbon were used,
while isotropic temperature factors of 4.4 Xéafor chlorine
and 3.5 gzafor carbon were assumed.

Since the R value for the chlorine contributions
alone is 47.4% (S.F.1) it was decided to calculate a

triple Fourier synthesis,/o]q on the bagis of these
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Fig.9. Composite diagram illustrating the projection
of the three-dimensional sections of the
minimum function onto the (010) plane.
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phases calculated in (S.PF.2) in sections perpendicular
to the b axis at intervals of 1/, from y = 0 to y = %,
with intervals of subdivision of l/;y along the entire
lengths of a and c. The map of o1, like all subsequent
maps, was drawn out on tracing paper sheets by subjective
interpolation in the calculated electron-density figure
field. A survey of the 25 sections revealed that all
the peaks other than those used for the phasing calculations
were accompanied by their mirror image peaks. Further,
only C'z of those atoms inserted did not possess a
spherical shape. All 5 carbon atoms rose to peak heights
of about 5 electrons/x5 . Two additional atoms, C's and
057, were included in a structure factor calculation,
(S.F.3), prior to the computation of a further three-
dimensional electron density map, 2. In this map there
were no further sites indicating the position of "reall
carbon atoms, each unincluded peak being accompanied by
a mirror-image peak of equal height. C'z still had an
unacceptable shape.

Since there was no further breakdown in the pseudo-
symmetry, an @b_initio approach was preferred to the
possibility of phasing other Fourier syntheses on the

basis of an alternative five membered and six membered

ring, Retrospective examination indicated that these

rings did, in fact, constitute parts of the true molecular

structure.




Fig.10.
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Composite diagram of triple Fourier series
computed on heavy atom phases,
X marks position of the chlorine atom.

Dotted contours indicate peaks with heights

Sle 273 vut {2e R—g. Full contours
indicate peaks with heights 9 eA °.
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4.7. Objective Approsch to Structure Elucidation.

This entailed computation of the three dimensional
o synthesis, Fl1, using 885 terms based solely on the
chlorine atom phases, The result, shown in Fig.lO as
a composite diagram, is essentially analogous to the
minimum function "reduced map" only the weighting system
may be said to differ and the maxima, as expected, were
less well resolved and more spurious peaks existed., As
an aid in rejecting suspected spurious peaks the centro-
symmetric (hO£) projection was computed on the basis of
the chlorine signs (Fig.ll). As a.result of comparing
the (010) projection and FL several peaks in the latter
could be labelled as dubious.

The composite diagrams of FL and the "reduced map"
of the minimum function, M, were then carefully
scrutinised and the correspondences were recorded on
a separate sheet of tracing paper. The criteria of
greatest peak height and best approach to spherical shape
were then used in selecting the most prominent corresponding
peaks as representing the most likely atomle sites.

Of course, for each peak there still existed two possible
y co-ordinates. From the spatial distribution of the

selected peaks it appeared that the molecule d4id not

straddle the pseudo mirror planes, a feature which aided

in the ultimate solution of the problem.



o
IIIIIIIIJ'_‘

Fig.1l. Electron density projection on (010).
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Two lines of approach were then instituted.
1) Attempts were made to discover how, all peaks considered,
these plausible sites could be linked together while
paying proper attention to bond length and bond angle
restrictions. It was possible in this way to deduce
a partial structure incorporating the following atoms:
C1 Cy Cg Oz Gy G5 Cg Oy Og O3 G135 Co5
(Fig.9 and Fig.12)

Calculation of structure factors for the 976
observed terms gave an R factor of 38.8%, a value equal
to that obtained with the originally considered five
membered ring and chlorine. Since this previous work
had shown that the incorporation of recognissble chemical
features into the phasing calculations tended to retard
rather than accelerate progress it was considered preferable
to adopt the most objective approach available.

2) The 5 most prominent peaks on both M and Fl, viz.

C4qs Cys Cgs Cyg» Cg (Fig.9 and Fig.12) were selected as
being the most likely locations for carbon atoms. From
a consideration of the dimensions of possible molecular
models and from the disposition of these peaks it seemed
evident that they were, K sited entirely on the same side

of the mirror plane at y = 4. It was also possible to
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select two further atoms, 08 and 012’ which though
slightly less prominent could possibly be bonded to
members of the originally selected set.

These 7 carbon atoms plus the chlorine atom were
the basis for the phasing calculations used for triple
Fourier synthesis, F2. Examination of this map revealed
that the inserted carbon atoms had peak heights of
 between 5 and 6 electrons/xzs and were all of acceptable
shape. There was virtually no trace of thelr mirror
image peaks. The next highesf group of peaks, having
peak heights of between 1 and 2 electrons/jOA5 and
accompanied by their mirror images, was then examined
in the light of this shape-height criterion.

For the next cycle of structure factor calculations,
four additional carbon atoms seemed worthy of inclusion.
The value taken for the y co-ordinate depended on the
slight difference in péak height between the "real" and
the "spurious" peak, e€.g. the atoms chosen had the
following peak heights (mirror image peak height in

brackets): 03 -
c 1.7 electrons/A  (unspecified due to

3 proximity to mirror plane)
Cy; 1.5 eleétrons/ﬂ5 (1.1 electrons/is)
Cry 1.2 " "(1.0 " ")
C' 1.5 1t " (1.0 3] L] )

13
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Atom 09 was excluded from this cycle because there was
a corresponding mirror image peak 1.1 electrons/ﬁ5 in
height. There was also another reason for omitting
this peak (vide seq.).

A survey of the results at this stage seemed to
indicate that the presence of a six and a five membered
ring was well-nigh certain. Speculation regarding the
nature of the third ring was now restricted to the
belief that ring closure must be effected beyond the
line z = 0 (PFig.9). If the remaining ring were six
membered then possible bond lengths would be of the
order of 1.8 X, a value much greater than that expected,
viz. 1.54 K; a seven membered ring seemed distinctly
possible if an atom were located at the mirror image
position to Cg. To test this latter hypothesis, Cg
was omitted from the next cycle.

Hence 10 carbon atoms were involved in the phasing
calculations preceding the evaluation of F3. A survey
of the resulting map showed that the following atoms

should be included in the next cycle.

03 03
Oy 1.1 electrons/A (.9 electrons/A )
" ! —
Cy 1.7 " "o(1.9 =0C14)
. 1 T R—
c 1.9 " voo(1.7 Cy)
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In F2 and ¥3 it was observed that a spurious
cylinder of electron density rising to two electrons/z5
existed on section y = 12/48. The main axis of this
cylinder was along the line z = L and ran for the
entire length of x. A similar effect has been observed
by Pitt (1952) in his refinement of the penicillin
structure, and is probably a diffraction effect.

Another interesting feature in F3 is that Cp, (which was
not included in the next cycle) had a mirror image peak
1.2 e/ﬁfSin height while the true peak only rose to

1.0 e/ﬁ}{ Rossmann and Lipscomb (1958) have reported
a similar observation.

The results at this stage seemed to indicate that
a seven membered ring was present but the positions of
the methyl groups were still uncertain.

Two further Fourier syntheses F4 and F5 sufficed to
indicate the complete molecular structure. The course
of the structure determination is illustrated in Table b.

From F5 accurate co-ordinates for all the carbon
atoms and the chlorine atom were obtained by Booth's
(1942) method of interpolating in a figure field. A
further triple Fourier series, F6, was computed using

the phases calculated from these new parameters.



Figure 12.

Fig.l2. Numbering of the atoms in the
molecule of isoclovene hydrochloride.
The drawing illustrates the process of selection
of the atomic positions. Atoms shaded according to
the stages at which they were accepted into the

structure factor calculations (see Table 5.).
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TABLE 5.

ineludea in ?%?fgo%g) R usgg'igfﬁé;;??sr goourier
S. F, calculations - Synthesis.

c1 Cl |47.4% 885 L
(c1) + 7C O |40.2% 614 F2
(Cl + 7C - Cg)+4aC 38. 7% e F3
(C1 +#10C + Cg k20, @ [33.8% 788 F4
(Cl +13C) + 2C @ |[27.9% 882 i3
Pull complement 23,4% 976 6
Full complement 976 4

20.4%
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In the resulting map there were no other significant
peaks save the spurious cylinder of height 1.7 electrons/ig.
There were no large negative regions in the electron
density.

To the new co-ordinates calculated from F6, the
"n shift" rule of Shoemeker et al. (1950) with n = 1.6
was applied. A structure factor calculation showed

that R had dropped to 23.4%

4.8, Refinement of the Structure.

4.,8.1. To synthesis.

The refinement of the crystal structure of isoclovene
hydrochloride was conducted by performing a further
structure factor calculation - three dimensional Fo
synthesis cycle. The mean shift in carbon atom
co~ordinates at this stage, ¥, was .03 i; maximum
shift = .08 K.

Calculation of bond lengths gave a mean carbon-
carbon distance of 1.55 & (maximum 1.68 X., minimum 1.40 (.13.)
and a carbon-chlorine distance of 1.84 K.

The contoured sections of F7 were redrawn on
perspex sheets which were stacked above each other with
perspex spacers inserted between them so as to maintain

the proper interval between the sections. Examination
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of this electron-density distribﬁtion showed that fhe
packing of the two molecules in the unit cell was
acceptable,

The atomic}co—ordinates derived from F7 are listed

in Table 6.

4.8.2., Least Souares Refinement.

Further refinement of the structure was accomplished
by the iterative least sguares procedure, using the
programme devised for Deuce by Dr. J.S8.Rollett. This
programme, which neglects the off—diagonal'térms in the
matrix of normal equations, refines both the individual
atomic positional parameters and anisotropic temperature
factors as well as the scale factor.

The atomic parameters listed in Table 6 were used
as input data for the first cycle. The weighting system

employed was as follows:

e Imol Il , Jwm=1
e |ml > Il dwo= B /g

F min|

where |E%| =8
The atomic form factors used were those of Berghuis
et al. (1955) for carbon and James and Brindley (1932)

for chlorine.

Tor the initial 4 cycles of refinement only the atomic
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TABLE 6.

Fractional Atomic Co-ordinates derived from F7.

X/a y/.b Z/c
Oy - .04751 - .05405 . 16430
Co - .13716 - .11055 .00345
Cy - . 20159 - .20990 . 06859
Cy -~ .11476 - 21069 . 25588
Cy - .11470 ~ .09577 . 31960
Cq - .34904 - .07884 .37042
Cr - .38980 .02765 . 57621
Cq - .33446 .08702 . 21147
Cy - .49373 .08977 .05149
C10 .49885 - 03170 - .03590
Cq13 - .30046 - .06432 - .12593
Cyq - .131653 .05190 .18714
Gy - .20675 - .20082 . 36760
Cra .03479 - .09363 . 493153
C15 - .32686 .19653 . 26026

Cl .16188 - .256000 . 24886
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positional parameters were refined, the empirical
isotropic temperature factors of B = 4.4 32 for
chlorine and B = 3.5 22 for carbon and the scale
factor being kept constant. Throughout the least
squares refinement process, the course of which is
shown in Table 7, only 3 shifts were applied to the
calculated corrections at each stage.

Over the next 4 cycles the full data available
were used and the éalculated anisotropic temperature
factors and the scale factor were allowed to wvary.

In the succeeding 2 cycles the hydrogen atom contri-
butions to the structure factors were included, the
hydrogen scattering curve of McWeeny (1952) being used.
The hydrogen atom parameters were not refined.

The hydrogen atom positional parameters were
roughly determined by casting shadows of a scale model
onto the basal (hO£) plane, assuming a carbon-hydrogen
bond length of 1.056 K. Of the 25 hydrogen atoms in
the molecule, 16 are fixed in space by the geometry of
the molecular skeleton; the 9 others belonging to the
3 methyl groups were placed in their favoured conformations
- staggered with respect to the substituents on the

adjacent carbon atoms. Thus two co-ordinates, x and 2z,
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Course of Least Saquares Refinement.

L.S.cycle Data used Remarks R ZmA2
\
1 X, ¥ % variable | 18.9%
60% of empirical B,
2 available constant 16.4%
observed data [|{((3.5 for carbon
3 } 4.4 for chlorine)| 15.3%
4 80% of 16.7%
available
observed data
N
5 15.6% 259
6 X, ¥, % By la.6% | 221
ariable o
7 vart 13.7% | 209
8 Full data 13.3% | 194
9 H atom contri- 13.0% | 191
butions included
10 in S.F.'s but 12.9% 185
not varied -
11 12.6% | 179
12 12.5% | 179

S wa® is the quantity minimised in the least

squares process where w = a weight and A= llebl - IEb
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TABLE 8.

Table of zonal scaling factors.

reotonE) Za SR EZR
ok .4 .8978 136.88 1033.99 1033.,99
1k<€ . 9542 214,90 2002.47 2002. 39
ke . 9481 180.81 1595,569 1595,658
3k . 9443 157.99 1232.91 1232.88
4k € «9220 117.00 1019.80 1019,.,8%
bk .8908 107.23 633,63 633,63
6k ¢ .9829 48,90 186,06 186,06
Tkl .8327 16.58 71.28 71.28

Overall scaling factor
which had been used = .93656
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for each hydrogen atom were obtained. The third
co-ordinate was deduced by calculation.

No allowance was made for unobserved reflections
in any of the cycles undertaken. Over the initial
10 cycles the discrepancy, R, fell from 20.4% to 12.9%.
Although the overall scaling factor appeared'to be
satisfactory, individual zonal discrepancies between
2 k|fo| and 2 |Fe| existed (see Table 8). After
correction of these scaling errors two further least
squares cycles were undertaken. The almost constant
value of R andIZi w[;? in the final 2 cycles indicated
that the refinement process within the scope of the
present data and following the present mode of
refinement was now complete. Tfurther, examination of
the co-ordinate shifts, ( £3§L = .002 K), of the last
cycle and the corresponding standard deviations of
these co-ordinates, (o §i = .05 &), revealed that the
former were not significant.

A final three-dimensional Fo synthesls, F8, has
been evaluated using the phases obtained from the 12th
cycle of least sguares. Fig.13 represents a composite
diagram of the molecule, obtained by selecting that
section of the three-dimensional map nearest to each

atomic centre and projecting the contours onto the

/



Fig.13. Part of the electron density distribution, F8,
represented by superimposed contours showing
the molecule in the asymmetric unit.



Fig.14. Arrangement of the atoms in (010) projection.
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Arrangement of the atoms

Fig.15. in (001) projection.
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basal (010) plane. The spurious cylinder of electron
density on section y = 12/, still existed but barely
rose above 1 electron/.clz.3 in height.

Fig.1l4 illustrates the structure projected onto
the (010) plane, while fig. 15 shows the arrangement of
the atoms in the (001l) projection. In Appendix 3 are
listed values for observed and calculated structure

factors.

4.9, Co-ordinates and Molecular Dimensions.

The fractional atomic co-ordinates and the aniso-
tropic thermal parameters resulting from the 1l2th least
sguares cycle are listed in Tables 9 and 10 respectively.
Table 11 gives the final average parameter shifts.

The standard deviations in the positional co-ordinates,
listed in Table 12, were calculated directly from the

least sguares output using a standard procedure, viz.
;’

2

2
O"(X/a) = ( ZWA )
m - S)Zw( 24 )
. 9%/ (4.2)

where m is the number of observational equations, and

S is the number of independent parameters to be determined.

The overall positional standard deviation 1is

o (z) ={1/5 (=) + () 4 o (2) )}5
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TABLE 9.

Final fractional atomic co-ordinates.

Atom X/ Y/v Z/s
Cl - 04395 - 04699 . L7230
02 - 12750 - .10549 .00741
Cx - .20270 - .20452 07624
04 - .11367 - .21104 . 26955
05 - .11790 - 10477 . 32671
Cg =~ 35160 -~ 08061 . 36708
C7 - 39717 02740 « 37046
08 - 33162 .08694 21312
09 - 49471 07338 .05631
Cio « 49607 - 02741 - .04019
Cll - .29800 - 05780 - .11928
012 - .10692 .06067 . 17435
015 - 22076 - 28933 . 36594
014 .02283 - .08780 .48870
015 - .33449 .19599 . 26328

Cl .16498 - .256120 . 24992




Hydrogen Atom Co-ordinates.,

Atom No.| X%/, /o 2/
16 -. 348 ~-. 228 -.018
17 -.2562 ~-.154 -.130
18 +.362 -. 077 -.073
19 -.438 -.049 +.001
20 -.140 -.001 +.269
21 -.030 -.069 -.058
22 « 391 .100 -.025
23 «536 .087 -.099
24 -.352 .067 -. 244
25 -.153 . 049 «109
26 .116 .164 -.013
27 .022 . 226 .105
28 -.448 . 295 -.133
29 -.530 441 .058
30 -.288 . 449 .067
31 -.345 492 -.113
32 . 665 .150 241
33 .526 . 333 .218
54 .800 « 345 . 208
35 636 . 347 752
36 .841 . 350 .639
37 .838 <A97 724
38 .881 .560 .926
30 .970 .586 .862
40 .132 .492 .945
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TABLE 10.

Final anisotropic temperature factors.

Atom A1 Bee s /23 51 g

.03260 .00692 ,02221 .00429 01739 . 00534

Cop  .04286 .00970 .02613  .00020  .03058  .00634
C; .03936 .00641 .02788 - ,00104 - .00105  ,00085
C, .04056 .00624 .02548 - ,00092 - .00067  .00022
Cs  .03037 .00749 .02209 .00033  .009%6  .010926
Cg .01995 .01070 .02540  ,00821  .003l2 - .00364
.04065 .00881 .02472  .00067  ,00932  .0071l4
Cg .04161 .00687 .02891 ~- ,00068  .0l984 - .00206
c .03329 .00920 .0%094  .00474  .00181 - .00725
Cig -03871 .00846 .02246 - .00481 =~ .00496  .00020
Cy7 .04376 .00988 02185 .00403 - .00539 - ,00313
C,s .03310 .00674 .02549 - .00108 - .00986 - .00250
C1z .05135 .00857 .03294  .00952 - .01010 - .00358
C;, .03419 .01016 .02672  .00063 =- .01193 - .00166

Cig .06149 .00839 .03842 - .00267 .00599 - .00189
. 00427 .00488 .00761

Cl .03413 ,00869 .03468

Thermal parameters of the carbon and chlorine atoms

as determined from the anisotropic diagonal least squares

analysis, cycle 12,
(A0 4 BookBh fgg B obk 4/ /% b)

= e}@ _(Bllhz + e

T =

Hence /411 = 1,4427 B11 etec.
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TABLE 11.

Parameter Shifts indicated by
anisotropic diagonal least squares anglysis.

Final
Average shift average shift
Cycle 1 Cycle 12
o)
Ax (&) .0718 .oogv
Ay (A) .0396 .0019

Az (A) L0474 .0024
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TABLE 12,

Standard Deviations in the positional co-ordinates.

atom o (x) & o(y) A  o(z) X o(r) 1"
Cy .0116 .0116 .0118 .0234
Co .0123 .0129 .0147 .0266
Cx .0131 .0140 L0127 .0266
C, .0131 0129 .0133 .0262
Gy L0111 L0117 .0123 .0234
Cq 0102 .0126 .0154 .0258
C,, .0133 .0131 .0143 L0272
Cq .0121 .0129 .0130 .0254
Cy .0126 L0136  ,0146 - .0272
C10 .0133 .0120 .0139 L0262
Cqq .0140 .0133 0152 .0284
Co L0115 .0125 .0130 .0248
Cy1 53 .0148 .0157 .0149 .0302
Cia L0132 .0154 .0153 .0294
Ci5 .0161 .0166 .0163 .0326
C1 .0029 .0037 .0048 .0078

*Factor of 2 included to allow for
non-centrosymmetry.
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TABLE 13,
Molecular dimensions: the bond lengths within a

molecule of isoclovene hydrochloride together
with the corresponding standard deviations.

Bond Bond length (&)
C; - Cg 1.600 £ ,036
C, - Cg 1.547 £ ,033
€1 - Cio 1.550 T .034
Co - Cg 1.563 T 038

+
Cz - C, 1.527 + .037
Cy = Cj 1.570 ¥ .035
‘ +
Cy =~ Cyg 1.550 T .040
Cs - Cgq 1.568 ¥ .035
Cg - Cyp 1.531 t ,038
Cg - Ci9 1.518 T .036
Cg - C15 1.568 t .041
Cy - Cip 1.590 t .038
5 . + 027
Cy - C1 1.860 *+ ‘_J
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TABLE 14,
Molecular dimensions: the valence angles within

the molecule of isoclovene hydrochloride together
with the corresponding standard deviations.

Co - 01 - Cs 105.790 £ 1,99
Co - C] - C12 113,99 + 1,90
Cs - C1L - Cyo 115.1° £ 1,90
¢, - Co - O 105.2° * 2.0°
CpL - Cg - G171 119.2° % 2.1°
Cg - Co - C37  112.1° * 2.1°
Co - Cz - O 105.9° £ 2.1°
Cz - C4 - Cs 104.5° * 2.0°
Cg - 04 - C13 113,50 t 2. 20
Cg - Cg4 - C1 106.9° * 1.8°
Cs - C4 - C1 109.2° * 1.6°
Cs5 - C4 - Cyg  117.7° * 2.2°
C13- Cgq - C1 104.7° + 1.8°
C1 - C5 - C4 102.4° + 1.9°
C; - C5 - Cg 111.8° % 1.9°
¢, - G5 - Gy, 112.6° + 2.0°
€y - O - O1q4  113.8° % 2.0°
Cg - C5 - Cqa 108.5° + 2.0°
Cs - Cg - Cn 113.30 £ 2,1°
¢y - G, - Cg 116.7° & 2.2°
- Cont'd -
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TABLE 14. (Cont'd)

C11-
Ciro-

108.6° + 2,1°
107,99 + 2,20
113.5° + 2,1°
107,20+ 2,1°
107.8°% 2,20
118.8° * 2.1°
114.,9° % 2, 2°
115,69 + 2,2°

118.7° % 2,1°
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These calculated values have been increased by a
factor of 2 to allow for non-centrosymmetry
(Cruickshank (1950)).

The bond lengths and bond angles within 