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SIMMARY,

. Mith & view to establishing directly the moleeular
eonstitution of the sesquiterpene, /S -caryophyllene, an
x~-ray study has been made of certain of its crystalline

derivatives.

;5-—carxgphxllene dihydroehloride. This is a diecyolic

compound conteining the structure of the parent, /3 -caryo-
phyllene, from which it is obtained by the addition of two
moleculas of HC1. The substance has been found to posseas
the space group P21 with two molecules per asymmetric unit.
Attempts have been made to prepare the corresponding

(A =-caryophyllene dihydrobromide derivative in order to
obtain the structure of the compound directly by mesns of the
isomorphous replacement method. It has not so far been

possible to prepare this derivative.

/A = caryophyllene bromide and chloride.

(b = caryophyllene may be acid ring-closed and
hydrated to form a tricyclic derivative, /5 -caryophyllene
alcohol.  This may be halogenated to yield isomorphous bromo =
and chloro - derivatives without stereochanicai or structural

change.
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ﬁs - oaryophyllene bromide and chloride have g;en
studied by the method of x-ray crystal analysis, and the
structure of the molecule obtained directly by means of the
isomorphd@%"%Qﬁi&bement method. The results confimm fhey’
dﬁfgg{hre recently suggested on the basis of organiec chgﬁioal

degradation evidence:y
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{5 - caryophyllene chloride (> - caryophyllene

In addition, this work in establishing the structure of
the chloride precludes all but the formulation shown for the
parenﬁﬂédmpound--/s-—caryOphyllena. Additional stereochemical

information obtained from the x-ray analysis is as follows:

a) the six-membered ring possesses the trans-hexane skeleton.

b) the seven-membered ring is ecis -, with atoms 5,6,and 12 on
the same side,

¢) the union of the four-membered ring to the seven-membered
. Fing is trens = with the hydrogen atoms on carbons 2 amd .
5 projecting in opposite directions.



GENERAL INTRODUCTION. | | '}’l

The use of x-ray diffraction in solving problemvsl of
struetural chemistry is dependent upon the fact that the
intensities of x-ray reflections from a crystal are directly
related to the positions in space of the atoms or diffracting
centres,. The solution of any particular cerystal structure
depends therefore upon finding a set of atomie positions which
give calculated intensities in good agreemeant with those obBerved,
and this is usually achieved by trial and errtr methods followed
by Fourier refinement (1).

If moleculor constitution is known, the problem resolves
itself into positioning the moleculor units rather than the inde-
pendent atoms, and in this case supplementary geometrical and
physical data can be very helpful in erriving at an intelligent
trial struecture,

One may quote, in this respect, the case of hexamethyl
benzene (2) where a survey of the reflection intensities brought
to light the regular decline in the (col) axial reflection
intensitieas. This indicated that the molecule lay almost perfect-
ly in the basal plane of the unit cell, and this fact, togethsr
with a consideration of the cell dimensions and some high order
reflectioﬁa was sufficient to give the approximate structure.

Another instance of the intelligent use of supplementary/
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supplementary) data to postulate a trial structure is found in
the x-ray investigation of naphthelene and anthracene (3). Both
compounds were monoclinic with the & and b axes almost equal,

and it wag possible to tell from the variations in the C axis

in goiné.frojm naphthalene to anthracene how the long exis of

thé molecules lay. A congideration of the magnetic and optical
aﬁisotiopies of the crystals then provided the additional informe-
tion that the plane of the molecules was at a smaller angle to the
be than to the &€ face of the cell. This enabled the molecule

to be very roughly positioned in- the unit cell, and from this
start subsequent Fourier refinement enabled the exact structure

to be determined.

In & great number of cases, however, lack of & molecular
model precluded analysis by trial and error methods. Olccasionally
the limited information directly obtained from x-ray data was
effective in partly solving unknown structures. The work of
Bernal and Crowfoot (4) showed, for insteance, that the older model
of the sterine molecule was too wide and too short for the unit
cell to accomuodate it, and that the present formulation was more
acceptable., Apart from such exceptions, the method of trial and
orror broke down when presented with complex unknown structures,
end since a large number of important compounds fall into this

class, modern x-ray work tends towards finding new and powerful/
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powerful/ methods of directly attacking a structure from a
purely x-ray point of view and with the minimum of reference to
supplementary data.

TECHNIQES IN DIRECT STRUCTURE ANALYSIS.

Vdé%giﬁgéthods: In a study of crystal structure by means of

x~rays, two kinds of measurement can be applied to the various
diffracted beams. These refer to their position and to their
intensity. The intensity of the x-ray beam enables us to obtein
the square of the important quantity termed the gtructure factor
which is defined as the ratio of the amplitude of the wave received
from a unit cell in a given direction to that which would be receiv-—
ed if the contents of the cell were replaced by a single electiron.
Bragg: (5) first showed that the structure factors or F( hk 1)
values could be used to give the electron demsity at any point in

the unit cell if employed &s the coefficients in the Fourier series:

~® ~® -0
v a b c

Playel =2 EE 2lakd) o5 [bx,ux,1s]... g

Wh&r.’
,KD ( xy.2) = electron density at the point ( x, ¥, 2) ..
F(hk1l)s structure factor referred to the plane (:h k 1)

&) b, and ¢ are the unit cell parameters.
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In the above relationship(fI) the values for F { hk 1) are
complex quantitiee characterised by an amplitude and a phase
constant., The experimentel measurements of intensity, while
defining the amplitudes of the structure factor, can give mo
information regarding these relative phase relationships. _This
provides the limitation of the x-ray method of analysise.

A. L. Patterson (6), however, showed that the Fa( hk1l)
values which are 81l positive and obtained directly from an

x-ray photogreph can be used in a function:

t+ed +od +c0 Fl WKk € “‘[ku. + kv +QW] ----- (1:
H(uuw):-zzz (V cos LTI [ B * 2 T ==
-0 ~od —~od

He showed that A ( u v w) will be large only when thers are

high values of ( x y z) both at ( x, y, z) and at (x + w,

Yy +Vs, z2+ w), Thus a peak in the function A ( u v w) at

( w, v, w } corresponds to an inter-atomic distence in the

crystal defined by the vector whose components ave( W V) 2 W )
The usefulness of the F2 gynthesis is subject to the

inherent limitation of a vector diagram where the vectoras

are all erected from & single point. For simple substances

thi‘s’pi'bbents no difficulty but for more complex structures

interpretation become difficult, especially as the number of/




De
of/ vector peaks increases as the function n (n = 1) where
n is the number of atoms.

To obtain maximum information from an F2 synthesis,
tedious three-dimensional work is required. To shorten the
labour, Harker (7) pointed out that space group symmetry should
specify on which plane or along which direction in vector aspace
most vector information will be found. This reduces the work
to that of a two dimensional or even of a line-aynthesis but
incorporating three-dimensional data. If for instance it is
discovered that all peaks will be found on the g ¢ face of
8 cell it is only neceassary to evaluate the Patterson function

on that face. The function simplifies to:

+od +d) +=D

H(uo\o) 7— Y 7— Fz(LkQ) wn AT Lg_+o+2_] (l 3)

and if all planes having the same h and 1 values are added up

and the sums considered as coefficients we have:

QQ)&Q}“ ji f §Z F'l(kke) cm&T\‘(i»-u»+!lw) (‘ Y

The vector msthod in direct structure analysis has been expanded

by Buerger (8) and employed among others by Beevers and Robertson(9)/
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Robertson (9)/ who have adapted vector-set methods to the
solufion of Patterson synthesis of & more complex nature.
Except in exceptional cases, however, the Patterson method has
so far been most useful when certain simplifying conditions
such as the presence of a heavy atom were operative.

Methods Based on Phase Relationships.

Although a vector map may be difficult to interpret, it
ig still the most explicit method of presenting inbiased reflection
data, Teken in conjunction with the crude picture obtained when
a Fourier synthesis is done on partial or partially correct data,
it may serve to define the structure. Two methods claimed to
yield such data directly from x-ray results without recourse
to any trial structure are those of Harker-Kasper (10} and of
Sayre (11).

Harker~Kasper Inequalities. By applying Schwarz's and Cauchy's
Inequalities to the formulae for calculating F (h k 1) from
reapectively, the density of scattering matter, and the atomiec
positions in a crystal, Harker and Kasper were able to deduce
relations betwsen the magnitudes of aome F(h X l)valuos and the
8signg or phases of others. Gillies (12) applied the method to
the data for oxalic acid obtained by Robertson and Woodward (13)

gnd obtained a substantial number of correct signs.
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Sayre Equalities. Briefly, these are based upon the fact that

if we have an array of resolved, like atoms, squaring the electron
density leaves the distribution unchanged, in that it still
consists of equal atoms in the same position as before. The
relationships meke the same general statement about the structure
factors as do the Harker-Kasper inequalities: namely, that the
phase of F (a + b) is closely related to that of F(a). F(b).
Applied to the data for hydroxy-proline (14), this method gave
Sayre sufficient signs for a recognisable projection of the‘mmlg-
culs,

Cochran (15) and Zachariasen (16) developed similar relat-
ionships, and with them, the latter was able to obtain the structure
of metaboric acid where other methods had failed.

These methods, though still undeveloped, extend great
hopes in the field of complex structure determination although the
Cases so far studied have poasessed intensity distributions which

were favourable.

The Heavy 4tom Technique.

The methods of direct erystal and molecular structure
‘#hlysis, however, which have so far enjoyed most success involve
modifications of the heavy atom technique, Over the past few
years an imposing number of structures has been solved largely

by means of the heavy atom method and making minimum reference to/
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to/ other considerations such as chemical evidence.

The first organic structure to yield to an absolutely
direct analysis by this method was that of the complex
phthalbéfanin moleculs(l7) . Use was made of the fact that
A nickel atom could be located in the phthalocyanin complgx
to form nickel phthalocyanin without radicelly altering the

crystal lattice constants,

a b c A3
Free phthalocyanin  19.9 4 4.7 14,8  122°
Nickel Derivative 19.9 4.7 14.9 122°

It follows that the substances are isomorphs, and we
may assume that the atoms occupy approximately equivalent spatiel
positions. The space group is P2,/a and contains two molecules
per unit cell,. Since there are only two nickel atoms in the
cell, and the only twofold positions in the space group lie at
centres of symmetry, each nickel atom lies on a centre of
symmetry. It thus mekes a positive contribution to each X T8Y
reflection, and inspection of the absolute F values of equivalent
reflections from the isomorphe yields the sign of each reflsction,

The general equation for such cases of isomorphous replacement

is written;

F _F -

r“*-«l$1c1l4ﬁ- M+ ~asiolua

Pﬂ‘ —-—"\7_“- -(!:S)
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where Ni = contribution of heavier atom

gé = contribution of lighter substituent
(in this case, hydrogen)

In this way, 132 out of 152 reflections from the free
phthalocyanin were given signs, and these gave a well rﬂsolv‘d
projection of the molecule,

Por such & beautiful solution of the first structure to
be tackled by this method the conditions were ideal. The ease
of solution of subsequent probleus by this method has depended

upon how far these conditions have been fulfilled.

Conditions.

A) the interchangeable atoms must differ sufficiently
in diffracting power.

B) the two compounds must erystallise in isomorphous
crystala of which the cell dimensiona (and accgrding-
ly the atomic positions) sgree aufficiently.

C) the compounds must yield good Fourier projections
with good atomic resolution

D) the crystal must possess a centre of symmetry, at
least in the projection involved.

E) it must be possible to locate the variable heavy
atom.

The phthalocyanin problem was sgimplified by the fact
thet the heavy atom position was fixed by erystal symmetry, and

was replaceable by hydrogen. This obviated some of the absorption/
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absorption/ defects of the heavy atom technique, to be . -
discussed later. It was fortunate, also, that the projection
(010) which gave best resolution was the one in which no space
group complications oeccur. In either of the other two pro-
jections, the heavy atom is effectively face centred and does

not contribute to reflections where, for instance, h + k is odd,

Thus, in copper tropolone (18) with space group P?l/a the best

projection wag in one such zone and the heavy copper atom phase
determined planes only where h +k is even. A Fourier synthesis
containing these planes only shows the molecule superimposed on
its mirror image, and with complex structures such a situation

is undesirable. |

Heavy Atom in Genersal Position.

When a heavy atom coexists in a structure with lighter
atoms, its vector peaks are usually distinguishable in a vector
diasgram because of their greater height. The advent of the
Patterson method thus enabled a heavy atom to be located in a
structure when its position was not fixed by crystal symmetry,
and by using the information so obtained in relation(}ﬂﬂthe
signs could be obtained as before,

The first exasmple of this extended method is to be
found in the work of Cox and Jeffrey (19) on the x-ray investiga~

tion of glucosamine = H Br and - H Cl. Sufficient sigms wor'/
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were/ obtained by the method of isomorphous replacement to
yield a recognisable projection of the molecule on Fourier
synthesis.,

A rather elegant application of the method was used
by Wiebenga and Krom (20) in obtaining the structure of
d-®& = Br= , CL - and ON - cemphor. It is convenient to
mention, here, a few of the inherent difficulties of the heavy
atom technique and to show how these were overcome in the case
of this compound.

The space group of all three compounds was P2, and the

lattice parameters were:

Br cl CN
a T4 4 7.3 7.1
b 7.6 7.5 7.4
e 9.1 9.0 9.4
o 94° 93° 94.5°

The compounds are thus isomorphous with the CN compound
departing a little from true isomorphy,

Accurate Absolute F Values

m’

As a molecule becomes larger, the contnbutlonsof tho

various atoms to the structure amplitudes tond to oaneol uch/
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each/ other out and we are left with a small residue, If
we further introduce a heavy atom into the molecule, these
small light atom contributions are swamped by the strong heavy
atom reflections, and in order to reveal the light atoms on
Fourier synthesis, a high numerical accuracy of reflection
estimation is required. These intensities must be further
corrected for absorption which in the case of heavy atom compounds
is high, and methods of correction are never satisfactory.
Wiebenga and Krom used cylindrical crystals in their

experiments in order to make easiest corrections for absorption.
Absolute intensities were obtained by standardisation against
rock salt using & novel two-crystal method which had been tested
with resorecinol (21) and found reliable. Special precamutions
were taken to ensure that all reflections had the same spot size
end by using both coppér and molybdenum radiation, extinction
coefficients for primary and secondary extinction were obtained
and these errors corrected

~ Even with these precautions, the "absolute" intensities
obtained with different crystals varied over a lQ% range but
the average values for the bromide and chloride were good enough
to give a good number of signs in the centrosymmetric (hol ) zone,
Fourier syntheses on the bromide and chloride gava‘almoat identical,

projectiona, on which the atoms were sufficiently well resolved/
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resolved/ to yield the structure,

Fine Structure of the Nolecule.

It has been already obhserved that with a heavy atom
present, intensities are usually badly affected by ahao;ption.
A further complication is that incoherent scatter from the heavy
atom produces a troublesome background which creates considerable
termination of geries errors. These factors operating, the
data obtained from & heavy atom compound can rarely be used to
obtain accurate coordinates, as was obvious in the case of
Br « and Cl1 - camphor when the heavy atom contributions were

subtracted from the reflection intensities.

(ho1) FBr-camph. B F_!r__ Fﬂ]-namph - Fg!
001 + 10 + 17
100 -7 .7
101 - 67 - 58
101 + 46 + 4
002 - 8 - 15

These low order residues should be almost identical for the

two lsomorphs, and the discrepancies show that the various -
corrections have not been entirely successful. Further refine=
ment on the basis of these intensities would, therefore, be

valueless,
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The values were sufficiently close, however, fo{z
averageé to be taken, and thease were accepted as a good N
spproximation to the residue reflect&ona in CN - camphor.

The molecule was oompleted by postulating tho position of tho
Cgé;‘gro;;’;nd its contribution to the various rqflect@gg;ih;ﬁ

was calculated. These calculated values were added to the

residue contributions,

. CN = eamph,
o ~eale. ' . obmy o hn o
001 . + 26 SR nrnis
- 100 - 8 8
101 - 46 45
101 + 26 2
Y - 20 25

98 out §f 112 signs were obtained thus and the Fourier
refined in fhe usual way. The absorption for this light atom
compound was negligible and the coordinates of the atoms
correspondingly more accurate. A longer series was availab;e
because of the light background, and no bad series terminations
occurred,

We have here a case rather different from the

phthaloecyanin one, in which three isomorphous substances occur,



15.

Lattice parsmeters indicate that the method of isomorphous
replacement can best be applied to a particular pair, and

as a result approximate coordinates of the atoms are obtained.
The data ies then spplied with small adjustments to the third
éﬁﬁpouﬁd to give a good trial structure. Here the intensities
are accurate and full, and allow of maximum refinement to give
accurate coordinates.

It is seldom the case thet the heavy atom technigue
adapts itself to fine structure determination as with CN - camphor
and phthalocyanin. Demands are usually only made upon it to
the extent of structure determination where relatively erude
coordinates suffice.

Suitable Heavy Atomg.

The possibility of finding suitable isomorphous
compounds is not perhaps so small as might be feared, Isomorphs
are often found with the substituents - Br, = Cl, - CH},

- se, - S, - O, - CS’ ~ Rby - K., - Ba, - Pb, i sr, ~' Ce.

Also available are the Cs, Rb, K salts of acids and the halo-,
selenic and sulphuric acid selts of bases.

If the walues: of reflections could be obtained aceurate-
ly on an absolute scale, the choice would at all times be
directed towards finding a pair of isomorphs where one of the

replaceable atoms was particularly light. In this way, accurate

intensities could be obtained for the light atom compound and/
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and/ the structure determined accurately. Usually, because

of the small megnitude of the light atom reflections together
with soaling errors, only the signs of the heavy reflections
are obtained with any certainty. If, for instence, we
substitute in equation (IB)a set of accurate date, and get the '

result:

[50] = \6] = +4a
‘then the intensities are + 50 and + 6. If, however, the

"absolute” F values are out by 10% we get:

|45 =16} = +44

The strong reflection must still be positive, but the

sign of the weak reflection is indefinite in this case., ‘When
this occurs, it may be possible should inteneity errors not be
too heavy, to perform a Fourier synthesis on the reflections
for the heavier atom compound and obtain sufficient information
to postulate a structure. The coordinates can then be trans-
ferred to the lighter atom isomorph, and a critical refinement
made,
Structure Determination with & Single Compound.

One of the eruder modifications of the heavy atom
technique is applicable when a compound is available containing

& very heavy atom which can be assumed to phase determine most

reflections. This was done in the solution of the Pt-phthalo-/
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Pt-phthalocyanin (22) problem, where the heavy atom lay on

the origin and contributed to all the planes. When the heavy

atom lies in a general position (or in certain special positions)
it does not econtribute substantially to all.the reflections and
a number of important planes may have to be omitted in a Fourier
synthesis, The method was, however, employed in the solution
of cholesteryl iodide (23) by Carlisle and Crowfoot, and
strychnine hydrogen bromide (24) by Robertson and Beevers.
Further difficulties are connected with the necessary presence
of a very heavy (strongly diffracting and absorbing) constituent.
Accurate intensity measurements are required, and thorough
absorption corrections must be applied. Series termination is
usually serious. A compensating advantage is that there is

no need for absolute intensities,

Mon-centrosymmetric Case,

A final extension of the application of the heavy atom
technique is to the case where the structure has no centre of
symmetry, So it is with all optically active compéunds so far
studied and into this class falls practically the whole field of i
biochemically important substancess It is, of course, trﬁé that
two dimensional projections of non~centrosymmetric crystals will be

centrosymmetric when projected down an axis of even symmetry, In monoclinic/
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monoclinie/ crystals, however, there .is at most only one

such projection and its value may be limited. Thus, in three
dimensional work on non-centred space groups and in two
dimensional work on non-centred projections, it is important
that the heavy atom technique be applicable.

The general formulaCE§@:is 8till valid if we consider
all quantities as vector quentities and consider the phase
“angles, but it should be noted that, practically, unavoidable
discrepancies between corresponding atomic positions in the
two compounds and experimental errors in measuring intenaitiés
will in non-centred compounds cause serious inaccurgciea in
the phase constants.

The method was recently used in the solution of the
isomorphous sulphate and selenate of strychnine pentahydrate(25)
which crystallised in the monoclinic system. As the heavy atom
lay on the symmetry centre of the (010) projection, the applice-
tion of the heavy atom method for this projection followed +the
well known lines developed for the phthalocyenin structure,

For the non-symmetrical (001) projection, the phase angles

with thée exception of their signs, were derived from the eguation:

fn

F - F R - F =P
St.sel. st. sulph. sel. sulphey A

Since the heavy atom is located at the cell origin, the right/
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right/ haﬁd side has a phase angle zero for every reflection.

The phase angles are obtained either trigonometrically or
graphically, but as the diagram shows, the equation is satis-
fied by two vector sets, one above and one below the axis,
A = 0. The magnitude only of the phase angles (V4 S and o'(&
can thus be determined.

If, however, a Fourier synthesis is now done bringing
in each term twice with Ok positive and O negative, the result
is & projection of the molecule together with its mirror image.
The (010) projection, in the case of the strychnine salt, was
uged to identify relevant peaks, and a Fourier done with the

calculated phase angles.

BEstimation of Accuracy.

Several disadvanteges of the heavy atom technique
have been discussed but a further complication lies in the

assessment of accuracy of results. Since the solution of any

particular crystal structure depends upon finding a set of/
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of/ atomic positions, which give calculated intensities
identical with those observed, the criteriom of accuracy has

been tekxer to be the value of the ratio:

-‘5'{’ilrﬁ_-F¢¢sbi _ Z:_'Eﬂ. - (1:0)
Z iFobs-i Zl Fobsl

Irn the case of relatively simple structures containing light
atoms, & value of the ratio lyirg between 0.1 and 0.2 is
genersily tarer to be indicaztive of & correct structure, al-
though the refined work of Jochran or &denine hydrochloride(26)
kas shown thst careful experimerial work and thorough refining
ean reduce tiis ratic to & extirerely amall velue,

@hen & hesvy stoz is iriroduced intc ihe siructure,
however, the velue of the ratio becomes legs of e standard
gukntitly for iwoe resesons.

1l Due to sbsorpiion errors viicr car oxnly be partially
corrected, ithe turesghclid value of ine retio which in the case
of & light stom compourd iz small and fairly eonstant, in the
csse of & heavy stom eompound is relatively large and varisble. '
Tkis threshold value is independent of correctness of strusture
and is & measure of correctness of experimental date.
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2) Due to the fact that the denominator in the expression
(Isb;[ varies in an arbitrary way with the nature of the heavy
atom introduced, the same value of ZA F|in the enumerater
can give widely different values of the ratio. Because of
the large numerical value of‘Z 'F obs.l, a relatively large
value onlL\Fisignifying & poor accuracy may give a low
value of the ratio. Thus, in the early stages of the
investigation of penicillin (27) it was found that the value
for the discrepancy of the rubidium salt was better than that
for the potassium salt although the accuracy was no better,
At one stage in the solution of the structure of A —caryéphy-
llene chloride (loc.cit), coordinates for a trial structure
for the isomorphous bromide with & discrepancy of 21% were
transferred to the chloride, and although the value of
was practically unchanged, the value of the ratio for the
chloride rose to 386.

In general, when the heavy atom is potassium or lighter,
the value of the ratio (I®)] seems to be still significant as a
criterion of correctness of structure with the value lying-

around 0,2

&



- - Discrepancies.
T 28
(| Adenine H Gl( ) 20 24%
( (29)
Two dimensional data { Guanine H Cl 17 24
il 0)
( Geranylamine H 01(3 17 18
{
(
.27
(Sodium benzyl pe_nicilhn( L 224
{
Three dimensional data( -
' 2
%Pota.asium benzyl penicillin 1 19

(

Where the heavy atom is heavier than the range quoted,

the magnitude of the overall discrepancy ceases to be a good
criterion of accuracy and the individual discrepancies between
the calculated and observed intensities areprobably a better
measure of the correctnesgs of the structurs.
Pig.{(¥31)is an extract from the graphical representation of the
observed {full line) and calculated {broken line) F values
for the ( h o 1) planes of strychnine hydrogen bromide{24).
1 begins with the value 0 at the left hand side.

The guantitative estimation of accuracy when dealing with
a heavy atom compound is difficult and most authors merely olaim

o
bond lengths in completed structures to + 0.1A. If one tskes

the final bond lengths quoted by Cochran (27) for adenine H C1/
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Pig. (1 :1)
Graphical comparison of the observed ( full line) and
calculated ( broken line ) F values for the (hoi) planes

of strychnine hydrogen bromide. 1 begins with the wvalue

0 at the left hand side.
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Cl/ as being correct, then the structure previously

subwitted by Broomhead (27) with a discrepancy of 20% and

24%, possessed a mean error in bond length of 0.045 A and

a maximum error of 0,08 ﬁ. Usually in structure determinat~
ion this accuracy is more than sufficient. It is known that
atoms bonded together in an organic molecule have their centres
at distances of the order of 1.5 i apart whereas if there is
no primary valency bond between them, the distances are bf the
order of 2.5 K or more. An accuracy of + 0.5 % in fiiinéh4
an atomic position should therefore be sufficient to detérmine
8 chemicel structure, so that the accﬁracies obtained in heavy

atom analysis are usually sufficient,
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THE CARYOPHYLLENES . 3 2
Caryophyllene, the principal sesquiterpene hydrocarbon

of oil of cloves, has been the subject of numerous investigations

since 1834, and for our knowledge of its chemistry, we are

chiefly indebted to Simonsen (31), Ruzicka and their associates.

The oil is difficult to fractionate by distillation but has

been shown to contain probably two isomers and possible a third,

all with the formula 015 H24. This thesis embodies work done

to establish the structure of one of them ww- /S-‘caryophyllene -
by direct x-ray crystal analysis of heavy atom derivatives of

the sesquiterpene and of associated compounds, and the follow-
ing is a brief summary of the purely chemical work done on the
same problem,

Prior to 1950, all that had been established about £he
structure of the molecule was that the hydrocarbon was dicyclic
with two double bonds, and that it contained a cyclo-butane
ring with a gem.-dimethyl grouping. The former was readily
established becaube of the facile formation of a dihydrochloride
(32). The mecond fact was not finally established until 1936
when Rydon {33) synthesised norcaryophyllenic acid, an oxidation
fraguent of A -caryophyllene (34). Apart from this, much of
the remaining information wae speculative, and it is merely for
interest that the following chronological survey of the early

argumentas is given.
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1911. Semmler and Mayer (35) first studied the results G
of the mild oxidation of the (5 ~caryophyllene molecule and
isolated various importent frapments. Two of these were the
compounds Gy Hg 03’(a keto acid) and Cj, My, 0, (a diketo
acid) poth conteining one methyl ketone grouping as demon-
strated by the hypobromite reaction. Various smaller frag-
ments were isolated,

1935. On the basis of studies on the ozomolysis products
of /4 ~caryophyllene, Ruzicka (36) postulated structure (2: 1)

for caryophyllene:

LR N NN R X XN J (2:1)

Vi

Blair (37) pointed out that Ruzicka's formulation
did not conform to the latter's postulaté of 1922 that all

sesquiterpenes consisted of a folded farnesol chain:

o

1.

L. .

g ’ .

- L +——-s farnesol skeleton.

~ ala-
-~ ale -

In eddition, it was known that A -caryophyllene acid-—

ring-closed to form tricyclic clovene (38) { ¢ H ), and/
15 24
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and/ that this gave a C15 dicarboxylic acid on oxidation(39).

A formula to fit all qualifications was suggested by Blair as:

=

7

Ramage (40) indicated that Ruzicka's chemical evidence

was in any case not unambiguous and that the following. structure

was also permissible:

N

1936, A positive step was made by Rydon (33) in the synthesis
of norcaryophyllenic acid, one of the oxidation fragments of
/3 =caryophyllene. The existence of the four~-membered ring

and the gem.-dimethyl group was therefore established.

C0.0H

Norecaryophyllenic acid,
CO.0H i

1938. Requoting Blair's objections to formula (2:1) Rydon(41) /



27.
Rydon (41)/ by analogy with thé azulene forming nnqui‘ﬁorpmu

(42) suggested a seven membered ring system:

or XXX (2: 2,

N

This structure would ring-close to give a formulation
for clovene such as would oxidise to a 015 dicarboxylio acid.
The isopropylene side chain of formula (2: 2) was more acceptable
than the isobutylene grouping of structure (2:1).
Bhe existence of a diketonse, C H 0 which Rugzicka
13 22 2
had obtained among the oxidation products of caryophyllene was

expleined by structure (2;2).

1939. Ruzicka (43) published work on dihydrocaryophyllene
which seemed to indicate that /S ~caryophyllene conteained a

mixture of the two forms:

7
(2:1) (2:2) ..

1947. Treibs (44) prepared /5 =caryophyllene monoxide, &/
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8/ orystalline product eminently suited to .stepwise degrade~
tion.  This he postulated ass

B4 P
R
and from further oxidation studies he suggested for caryo-

phyllene the structure:

This was the extent of knowledge in 1949 when the x-ray
investigation was begun. The dihydrochloride of/) -caryophyllene
is widely reported in the literature and is easily prepared,

It had been intended to attempt the preparation of the dihydro-
bromide, and if it were isomorphous, to obtain the structure
directly by the method of isomorphous replacement, The dihydro-
chloride is dicyclic and presumably possesses the /S-caryophyllene
framework. It was not, however, found possible to prepare the
dihydrobromide, and so work was done directly on the chloro-
compound keeping structures (2:1) and (2:2) in mind. The

difficult task of postulating 68 parsmeters in the asymmetrie/
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asymnetric/ unit of the (h o 1) projection was suspended when
a third structure was put forwé.rd by some Czeck workers.

In 1950, Sorm (45) and his co-workers examined the
infra-red spocf.rum of an oﬁidoketone which Treibs had obtained
by oxidiaing his /} ~-caryophyllene monoxide, This had been

postulated as:

0
Sorm found the >C = 0 stretehing frequency to be lower than

for either aliphatic ketones or cyclohexanones, and noted that
an analogous low-frequency shift had been observed in the case
of cyclonones possessing greater than six membered rings (46).
Further infre-red work on fission products of dihydro- /&- caryo-
phyllene oxide seemed to put forward a case for a nine membered
ring for A= caryophyllene. Sorm tentatively suggested the

structure;

or ——

(2:3) (a) (2: 3} (b)

Although Sorm's work is now recognised as being the/
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the/ turning point in the caryophyllene investigetions,

at the time it merely underlined the importance of solving the
caryophyllene problem by direct x-ray methods without reference
to the grossly conflicting chemical evidence. Since this

had not been found possible with the only crystalline heavy
atom derivative of caryophyllene itself, attention was turned
to the closely allied compound, /3 =caryophyllene alcohol,

This tricyclie alcohol, C15 sz OH, does not contain the

simple caryophyllene nucleus, but is one of the most important

cycelisation produects of caryophllene, It was first prepared by
Wallach and Walker (47) by the hydration of caryophyllene, and
is dehydrated with Pé 05 to a mixture of tricyeclie clovene
and isoclovene (48). The structure of the alcohol is thus en
important link between the unknowns, A\ -caryophyllene and clovene.,
(> =caryophyllene alcohol may be halogenated {47) to yield
chloro - , bromo - and iodo- derivatives which are isomorphous
and suitable for direct x-ray analysis by the method of isomor-
phous replacement, The chloride has been shown to be reconve?t—
ible to the‘alcohol (49}, and although the possibility of reversible
stereochemical (or even structural) change must be borne in mind;
it is véry likely that the structure of the alcohol and of itaﬁ‘

A hegvy atom derivativéa are the same.
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The inter-relation of some of these compounds is shown in Table (2:1):

TABLE (2:31)

Unknown dicyelic ou.u nwh

(> -caryophyllene nu.u H,,dicyelic — GPJ

)

-caryophyllene alcohol C H OH . ,
b trieycliec 15 35 , G.&V

c

6n] Jeo
S, \wl omu.wovgwwoba.au..ganoazowwmm.

15 Hog  Clp
dieyelic

] |y

1id P .
so0li oﬁw,ono deriv awm mmu

(isomorphous Br = sand I - derivatives)

:

Cl tricyelic = clovene C, g Hy,
tricyclie

| , @L ,_\@o

U : liquid monochloride
. , (o} . Cl
| , 15 25

Gt e

| |
isoclovene op | o4

tri onaﬁ._.ﬁ

@L o

solid Eogowwoﬂ.am

(also solid monobromide).
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X-ray work was begun én the isomorphous chloro = and
bromo - derivatives of g=caryophyllene alcohol, and in the
mea.ntime Som's discovery had enebled the organio chemisis to
:'reassess their data in the light of the new pos’tulated nine=
membered ring. Their work was put on a sounder footing by
work establishing the relation of the cyclobutane ring to

oxidisable centres in the molecule as follows:

’1250. Dewson and Ramage (50) synthesised stepwise the compound
‘& and showed that it was not identical with caryophyllenic

acid, an oxidation fragment of A -caryophyllene:

cOoH

essnsscece B

cnﬁcooﬂ

1951, Campbell and Rydon (51) synthesised compound b and showed
it to be identical with caryophyllenic acid:

CH coon

0o 0ss 000 b

CooH
In the same year, Barton and Lindsay (52) published work on
Treibs' oxidoketone which, they submitted, confirmed the structure

(2: 3). They were as yet unable to distinguish between forms/
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forms/ (2:3) (&) and (2:3) (b).

This was followed by a paper by Dawson, Ramage and
Wilson (53) which described degradation work on the blue
/5 =-caryophyllene nitrosite (54). Structure (2: 3) was disputed

by these authors who suggested structure (2:4)

(2:4) (a) (2:4) (b) .

/> - caryophyllene X- caryophyllene

Barton, Brown and Lindsay (955) agreed with this formulation and

suggested a structure for B - caryophyllene alcohol.

/3 - caryophyllene alcohol,

o
1952, Dawson, Ramage and jhitehead (56) re-examined the evidence

and put forwardvan amendment to the previous pestulate of Dawson,

Remage and Wilson, as follows:

&

emmasnany

¥ = ceryophyllene /A = caryophyllene
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The school of Barton, Brown and Lindsay(57) did
not accept this conclusion and preferred to retain (2:4) (a)
as the structure of A -caryophyllene. In a summarising article

{58) they have affirmed the following structures:

.
*

oH ce
- caryophyllene fH = :;rygpilyllene A -g;.{yophyllene
weenTo ’ coho oride

/L

rs
P
- RIS & L A & 4
PR i
" :
%
Pl
5 w153
WaE GHhos B fig o
F R A pen B o 52 e b .
- LA RTGR P o RionBsla o v

G Srystads. weltiog o1 V-T00, was o obd

R PP DR S
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The structure of /% -caryophyllene dihydrochloride and

dihydrobromide.
Chemical Synthesis of the Heavy-Atom Compounds.

A quentity of B.D.H. carvophyllene was distilled under
reduced pressure, the fraction boiling between 127-129° C at
15 mm. pressure being taken as reasonably pure{& ~caryophyllene.,

Simensen ( bl ) states that -caryophyllene boils at

129-130° ¢ / 14 mm. Hﬂ
A~ Caryophyllene Dihydrochloride.

This is obtained from /8 -caryophyllene by the addition

of two molecules of hydrogen chloride.
A quantity of A -caryophyllene was dissolved in twice its

o
volume of anhydrous ether and cooled to 0 C. Dry hydrogen

chloride gas was passed in slowly in the cold until absorption was
complete, The ether was removed under rdduced pressure and
a dark red oil remained, This was dissgolved in a minimum of

alcohol at 30-400(} and the solution cooled slowly to -10° c.

Crude A -caryophylbne dihydrochloride was deposited as yellowish

crystals and after repeated crystallisation from aleohol, a yield

of clear, colourless crystals, melting at 69-70°C, was obtained.
Bell and Henderson ( 62.) have shown ‘that a liquid mono-

chloride, yielding clovene on removal of hydrogen chloride is also/
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also/ formed in substantial yield,

‘45 =Caryophyllene Dihydrobromide.
No information regarding this compound eould be found

in the literature. Two methods of preparation were attempted:

I. Pure dry hydrogen bromide gas was prepared according to
the method of Houben ( L3}, Ligquid bromine was dropped into
warm tetralin and the hydrogen bromide gas which was formed by
reduction, was purified of bromide vapour and dried by passage
through U-tubes containing red phosphorus and phosphorus
.éentoxide.

’A quantity of /5 -caryophyllene was dissolved in ether
and the hydrogen bromide gas bubbled through in the cold as
in the preparation of /3 =caryophyllene dihydrochloride.

As in the latter case the ethereal solution changed
colour through red to a deep purple. This is attributed by
Bell ( &%} to the presence of azuleme forming compounds in
the caryophyllene.

The ethereal solution obtained after the passage of the
gas was evaporated and the resultant oil dissolved in alcohol,
No erystals were obtained on cooling., The experiment was
repeated several times, care being taken to exclude water. No

crystalline product was obtained.



The red oil obtained after the evaporation'of the ether
was placed in a desiccator containing caustic soda for several
days until very little smell of hydrogen bromide remained. It
was then dissolved in snhydrous ether and the solution introduced
into an alumina chromatograph column, Development resulted
in a shallow red stationary band at the top and a mobile yellow
band. Purther development and elution resulted in the
collection of the yellow fraction, and the red band was only
eluted by changing the solvent to alcohol.

Two fractions were thereby obtained, which on evaporation

of the solvent yielded:

a) yellow viscous oil.

b) red brown tar.

Each was dissolved in the minimum amount of alcohol and
kept over a period at -ldJC. Fraction b) deposited a minute

amount of yellow crystals which either absorbed water or melted

while microscopic examination was being made.,

Further examination of the fractions was not made.

iI. Semmler { b4} has prepared eudesmene dihydrobromide by

shaking eudesmene with glacial acetic acid saturated with bydrogen

bromide.



38.

A quantity of /b -caryophyllene was placed in a flask
with five times its volume of glacial acetic acid saturated
with pure, dry hydrogen bromide gas, and the mix shaken., A
rise in temperature occurred and the flask was placed in a
cooling mixture until all reaction had ceased. Thereafter,
the flask was shaken mechanically for half an hour and then
left in the cold for a few days. Two liquid layers resulted
but no solid material. The upper leyer containing the
caryophyllene residues was dissolved in alcohol and cooled,
No eorystals were obtained. '

This experiment was repeated, attention being paid to
keeping the temperature low during reaction. No success was
obtained,

Attempts to prepare the hydrobromide were suspended at
this stege. Workers ( &2-) stresses the fact that in the
preparation of /’: ~caryophyllene dihydrochloride large bi-
products of a mono hydrochloride of ciov'ene result, because of
ring closure by the acid. It is felt that hydrogen bromide
would be even more likely than hydrogen chloride to bring this
ring closure about, and form the unwented bipreduct. Any
decomposition of the hydrogen bromide to liberate free bromide
would also rgadily form a dibromo derivative of A «caryophyllene

( &%), These reactions all yield liquid products which/
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which/ probably account in part for the fractions obtained

from the chromatograph.

S {&R){iga

The x-ray investigation of the crystal and molecular

structure of the dihydrochloride,

Crystal data.

/4 -ceryophylleme dihydrochloride C15H26012
M, 277.3 mep. 69.5°C
_d,eale. 1.150 d, found 1,152
monoclinic prismatic a=19.98 & @oeb,z

b= 6.16g = 0.00,
c=13.11 % 0.04
{» £100.25 £ 0.25°
 Absemt spectra  (OkO) when k is odd
Space group Cg (P2,) or Cgh (P2y/m) on purely x-ray evidence
The compound is optically active. '
Hence a mirror plane is precluded and the space group is
Cg; (P21)
There are four molecules per unit cell( two per gsymnetric
unit) with no molecular symmetry.
The volume of the unit cell = 1587.9 £ .



EO‘
)
The absorption coefficient for x-rays ( A\ = 1.54 A )

= 48,85 cm -}
75ts]l mumbsr of electrons per unit cell = F (000) = 600

The ‘erystals are colourless and are elongated along the
b-sxis. The (100), {001} end (101) faces are all well developed
in specizens crystaiiised from alcohol.

e o o e, :
Zxoerizenisl,

)
crystal reflection data: copper K, radiation, » = 1.54 A4,

wag employed in all ihe measurements., Rotation, oscillation
ani moving film Yeissenberg photogrephs were used for space group

detemmination and intenel ty records,

sryestal density messurezernts were made by flotation in solutions

-
oveF
o7

ceicium ctloride at 2§° C; a trace of detergent and air
evacuation being used 4o avoii bubbles., S5ix erystals were
smployed mmi four sgreed with d = 1.192 ¢ 0.005. Two resultis

were grogsly low due %5 zir bubble formation,

The calculated value ¢ tre density { 4 mols / unit cell) is 1.150

Measurement of refiection intengities: the multiple film technique
{ Lt ) was used %0 correlate intensities in the effectively
centrosymnetric {h o 1) zone. The intensity range covered

was 1000 to 1 md 186 reflections were observed out of/
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of/ a possible 680,

These were corrected for Lorentz and polarisation
effects and are listed in Teble (3:1) on en approximate absolute
scale, (This was obtained by sceling the F obs. values to

the F calc, values in the trial structure. attempts).

In calculating I values, the curves quoted by James and
Waller factor, exp. ( - B{_S.i.‘l.g 2 ), were used. B was
A

*bye-
~-16
av‘vsa..l.zftg‘%a:.l'cotor,' €xp. |\ - th] Jy were useu. o was taken

as 2,0 x 10-16,
The crystals were not appreciably volatile but were
prone to twinning., Multiple fracture resulted from attempts
at crystal cutting. No good photographs were obtained in either
the (bko) or (okl) zones, although sufficient information was

obtained for space group purposes.

The (hol) intensities were finally obtained with a
cylindrical crystal of cross-section 0,2 mm, No absorption

correction was applied.

Analysis of structure.

Space group P21 has theAgeneral twofold positioh -

N S

[V

Xy ¥y 35 X, 7+ ¥, 2
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and the structure factor F is given by:
A=z2cos2Ww(hx+ 1z +k ) cos2 Ti(ky - k)
. 4 4
- B=2ces2n (hx +1z +k ) gin2 W ( ky«~k)
S 4 4
geter v ' - -
whore F2 = 42+ B2 and el Wl = B

gt e
—

Maximum resolution is to be expected for projection down the
shorter b axis and this projection is effectively centro-
symmetrical: (hol) zone

A =2cos 211 (hx + 1z)

B = ‘Q‘.'.-'Jl:: 0° or 180°

Vector map of (hol) projection,

The F* values obtained directly from the film and
corrected for Lorentz and polarisation were introduced as

" positive coefficients into a Patterson synthesis.

An array of n atoms will yield in a Patterson synthesis
a total number of pesks equal to n (n - 1) (discounting peak
at origin which represents the distance of each atom from
itself). If the array is in addition centro-symmetric,
n peaks occur as single pesks while the rest are paired giving

n (n - 2) doubled sized peaks.
2 .
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Fig. (3:1) represents 'bhe vector map of sixty-eight
atoms of which eight being chlorine have three times the
scattering power of the others. If resolution of each
yeotor peak were perfect;, this would imply that each chlorine
to ehlorine vectorial peak should be nine times as large as
each carbon to carbon pesk, and three times as large as each
carbon to chlorine peak, so that relative heights should
indicate the nature of the vector. Unfortunately, the
necessorily bad resolution of the atoms and probably‘ of the

vector pesks themselves makes identification of the vector peaks

difficult,

As & guide to the interpretation of the Patterson vector
map the following method was used.

In the (hol) zone of the space group P2, , the geometric

structure factor has the form:

S = 2cos 2 T (hx + 1z)
where h and 1 are the indices of the plane we are considering,
and ( x,z) are the coordinates of the atom whose contribution
to the plane we are evaluating. S has its maximum numerical
value for positions (x,%) which lie on the plane or on the

interleaving planes. Accordingly a survey of the (hol) reflections/



Fig. (3:1)
Patterson projection of the (hol) zone of 3-caryophyllene
dihydrochioride.wContour‘scale arbitrary.
Transparent overlay shows the theoretical vector map on
the basis of the postulated chlorine positions listed im
$able(3:2) » Contours are proportional to multiplicity

of peakse
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reflections/ was made and the following small spacing planes

were selected as having well above average intensity:

(h 2 1)
305 .
401

s

206

202

801

803
16, 02

These together with the interleaving planes were traced

on a scale drawing of the (010) projection, and areas of high
linear density were teken to indicate possible chlorine sites.
The result was not unambiguous and several sites were obtained
which were equally probable. Some time was spent in attempting
to relate these to the vector map and eventually four "chlorine"”
positions were chosen as shown in Table(}:Z) The theoretical
_vector map obtgined from these positions is shown in the fransparent

overlay to Fig. (3:1).
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TABLE { 3:2)

. Atom x,(Z) 2V x (deg.). z,(z) " 2Wg (deg. )
L. S | a e
kaga;%sg;'sj‘ 33 9‘29 2535
""6;12 6.49 117 8.41 23
c13 3.50 | 63 4,70 129
014 . 8.16 147 ©3.82 105

Coordinates of four chosen chlorine posgitions
with the:eentre of symmetry as the origin and

with respect to monoclinic axes.

Since the chlorine atoms provide 22.7§ﬁof the diffracting
power of the /3 =caryophyllene dihydrochloride molecule, it
‘had been hoped that the chlorine would phase determine the
majority of the strong reflections., When structure factors
were calculated for the chlorine alone, however, it was found
that a large number of planes with high observed structure factors
gave low calculated values. High order planes which came into
this category were, as before, traced on a plan of the (610)
projection and points of high linear dengity were considered to
indicate centres of gravity of groups of carbon atoms. Eight
such pogitions in the asymmetric unit were detected, and by

assuming a centre of pgravity of an arbitrary two carbons at each/
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each of these positions, structure factors were calculated
and gave a discrepancy of 43} over 156 reflections.

The centre of gravity of these atom pairs had the

coordinates shown in Table(3:3):

| Tahle (3: 3)
Mtom Pair|  x,(A) .2._.2._.5 (deg.) =R g____‘;j*__;_ (deg. )
1 3.00 54 11.69 321
2 5.49 99 10.93 300
3 3.33 60 9.40 258
2 8.16 147 9.83 -120
5 3.16 57 6.01 -
4 8.82 | 159 7-10 195
7 6.33 114 524 | 144
8 3.33 60 P37 1 8]

A double Fourier synthesis was performed using 156
planes whose signs had been obtained in this way. The result

is shown in Fig. (3:2).

Trial structures:z

wWhen the projection shown in Fig.(3:2) was obtained,
several postulates for the structure of A ~caryophyllene were
considered squally valid. Trial structure attempts however

were confined to structures (2:1) and (2:2):

(2:2)
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Fige. (3:2)
Pourier synthesis of 156 reflections in the (hol) zone of
A -caryophyllene dihydrochloride.Signs obtaimed by

calculating strueture factors on the basis of the chlorine

~ 'positions, together with the eight "atom pair" positions

listed in Table (3:3)
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The fact that the asymmetric unit contained two
molecules appeared to oomplicate the problem hopelessly, since
the mutual arrangement.of these molecules and their orientation
in - the asymmetric unit is entirely speculative. No hydrogen
bonding is possible and an examination of the three reflection
zones failed to provide any clue as had been the case for
instance with ascorbic acid ( L¥ ).

A possible reason for the bimolecular as&mmetric unit
presents itself if we consider that the addition of a molecule
of hydrogen chloride to a double bond cen give rise, assuming no

steric hindrance, to a cis- or irans - product. /4 =caryophyllene

is itself optically active so that the two products would not be
wirror images but a species of internal diastereo-isomer. In
general such compounds would be physically distinct and would
give different crystals ( 69 ) but it is conceivable that, with
a compiex molecule, they might be incorporated in the same
erystal structure as & bimolecular asymmetric unit.

If steric hindrance | or any other factor caused only
one species to result from the addition of H Cl, it is still
possible that intermolecular forces and reqﬁirements of good
packing would be better served by an asymmetric unit of two
molecules.

Meny trial structures were attempted on the basis of

structures (2:1) and (2:2) and most discrepancies were over 6(f%.



48,

The best of thése was one of 4&% over 116 planes but a Fourier
synthesis was not satisfactory.

Since the method of trial and error was very laborious
(68 parameters and 186 reflections) and did not appear promising,
atﬁampts were sugpended at this point. It had not been found
possible to prepare the dihydrobromide so attention was now turned
to other compounds where the direct method of structure analysias

could be employed.
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TaBIE (3:1)

Measured values of the structure factor, on an approximately

absolute scale, for /3 =-caryophyllene dihydrochloride,

hol 2 sin 8 Fmeas. hol 2 sin © F meas.
002 0.2h L8 300 Oe2h 11
3 0436 59 1 0.28 37
L OL8 50 2 0636 13
5 0460 1k 3 0.k6 8
6 0.72 11 5 0.67 - 65
8 0496 1 6 0479 8
9 1,08 17 7 0.91 8
102 0426 13 ,10 1.52 25
3 0.38 13 Loo 0431 11
0.L9 13 o1 0435 105
0462 15 2 0.ks2 k3

6  0.73 31 3 051 30
200 0.16 25 I 0,61 27
1 0.21 55 5 0672 8
2 0430 Lo 6 0683 3k
3 O.l1 67 7 O.a9l 20"
L 0.53 52 501 0.L3 8
6 016 2 3 0457 25
7 088 32 7. 098 13
8 0099 21 9 1.20 1n
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hol 2 sin F meas, p_o_l 28113__2 P rﬁé‘.a'sa."'

601 0450 13 90 0.7 30

2 8 1 0473 21
3 L2 2 0a78° 56
. 0.72 31 3 0.83 20
5 0.82 23 5 1.00 8
7 1.03 13 10,00 0..78 30

700 0455 Ls ? 0.85 20
1 0,58 13 3 0.91 36
2 064 8 6 1.15 13
Lo 0.9 17 11,00 086 21
5 0.88 19 1 0.89 8
6 0.97 20 g 0.93 21
7. L.08 21 12,00 0493 37
g

Ly29. 15 1 0496 20
800 0.63 15 3 1,06 23

1 0.65 50 ‘ 5 1.20 30
}3 0477 18 13,02 1.08 11
5 0.9h 1 3 1.13 1
6 1.03 1 1,01 1.12 23
A T A = S
5 1 B 150 L 15
R B SR G
6 71 a bl :

16,06 1.25 15
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hol 2 sin © F meas,
102 0+2l 15
3 0.3 20
N "6,h7 vl
5 0.59 27
6 0.1 17
7 0.83 3k
8 0495 21
200 0.16 25
1 0.18 52
2 0.26 50
3 0,37 Lo
L 0,47 L7
5 8.59 8
6 0.7 65
7 0.83 17
Soo 0+.2h | n
1 0.2k 27
2 0.30 N
3 0.39 21
I 0.L9 50
5 6.6 i
6 0.7 12

307
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é\l

- W

2 sin ©

0483
0.95
1.06
0631
0.31
0436
O3
0.52
0.63
0673
0,84
0439
0lL8
05"
0465
0.86
119
1.321 »

0,47
0.L6.
0,48
0,60

F mease.
A —————————

18

17

11
105
52
53
11
11
20
36
s
17

35
25

7

27
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hol

700

@® 9 Vv &= N [ and

,10

800

CD*QO\\.\)I\)AH

900 -

2 sin @ F meas.
0469 17
0478 32
0,88 2k
0.99 13
1.21 25
0455 L5
0.5k 32
0455 8
0465 | 17
0,7k 17
0492 11

1,02 8
1.22 11
0463 15
0,61 65
0.63 8
0.66 62
0.86 11
0.95 2k
1,05 13
0.71 30
0.69 L8

11,00

12,00

2 sin 8

0470
0473
0.78
0.8k
1.18
1.38

0.78
0.78
0089
1,22
0.86
0.85
1.01
0.93
092
0.9k
0.97
1,21
1.02
1.19

1.26

F meas.

52
17

58
13

30
11
36
13-
21
21
23
37
21
37

2l
15
20

15
15
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hol 2 sin 8 F meas.

— e

ihsoixé;;sjlgg9n.zémv_~1l .
b gpmdedd . oo 1L
5 115 28

15,00 1,17 11

B
e gt pge™t & b o ey g e
L0 BoABLANe MLXbare B

cosoag vwakeh time ihe prodact oo

RE

hol

& I

2 sin 8

1,25
1,23
1,22
1.23
1.29

1.31°

F meas.

15
13

- 15
15
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The structure of /b -caryophyllene chloride and bromide.
28 S e e O s R e e

Synthesis of the heavy-atom compoundg:
This is:a& two stage process via [} -caryophyllene alcohol.

'/S ~carvophyllene alcohol: this was prepared accoraing to

the method of Asatine and Tsukamoto ( 10 ). 4 mixture of 80 mls.
absolute ether and 30 mls. concentrated sulphuric acid were
placed in a flask, and 100 mls. crude B.D.H., caryophyllene was
added dropwise over 1% hours with shaking. The temperature was

-

maintained at less then 10o C. E’he mixture was allowed to stand

for 2 hours at room temperature and then poured over a mixture of
~crushed ice and sodium carbonate. This was left overnight.

The alkaline mixture was steam distilled for 12 hours
during which timg the product came over, first as an oil and then
a8 a waxy solid. The solid was filtered off and pressed dry on
filter paper. The oily fraction consisted of unchang;ed caryo-
phyllene and of clovene.

The yellowish golid materisl was dissolved in alcohol and
cold treated with charcoal. Hvaporation of the filtrate left a
colourless 0il which solidified... This was crystaliised from

acetone and gave 25 g. crude product, melting at:_972°' c.

(m.p. pure (%, =caryophyllene alcohol = 940 c).
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Bromo derivative of /A =ecaryophyvllene alcohol. The method is due

to Deussen ( =11 ). 2.2 g. A -caryophyllene alcohol prepared as
above were dissolved in & minimum of acetic acid and 3.2 g. (1 ml)
of liquid bromine in acetic acid were added. The mixture was
placed under an reflux with a tiny crystal of iodine and boiled
for 3 hours. Hydrogen bromide was evolved and the bromine
colour disappeared. A further addition of 1 ml. of bromine in
acetic acid was made and boiling continued for a further 3 hours.
The mixture was cooled and added to much water. On render-
ing alkaline a brown oil separated which later solidified, This
was filtered off apd washed with water. It was then dissolved
in ether, and dried with an-bhydrous sodium sulphate. Bvaporation
of the ether yielded a brown oil which solidified. The yield
of crude product was 2.5 g. Five successive crystallisations
finally gave a crop of small, colourless crystals melting at
60-61° c.

Chloro derivative of /3 -~caryoohvllene alcohol { 7L},

2.2 g. of /3 -caryophyllene alcohol and 2.1 g. of phos-
phorus pentachloride were placed in a flask which was then closed
with a calecium chloride aspirstor. After 2 houra the mixture
melted and hydrogen chloride wag evolved. When this evolution

ceased the reaction mixture was allowed to stand for several hours/
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hours/ and then the POCl3 was removed by heating under

reduced pressure.

T he solid residue was ground with sodium carbonate
solution and finally washed with water, It was dissolved in
ether, and the mixture dried with sodium sulbhate. The ether
was removed and the solid washed by grinding with 2-3 mls.
alcohol. The solid was filtered, dissolved in alcohol and

charcosl treated. Three crystellisations from alcohol gave

crystals similar to those of the bromide but melting at 62-6F C.

X-ray investigation of the crystal and molecular strueture of

(5 -caryophyllene chloride and (in part) of the isomorphous

/3 =caryophyllene bromide.

eratal data.

/b =caryophyllene bromide 015 Ha5 Br
M, 285.3 m.p. 60-61° cC.
d, cele. 1.292 d, found 1.293

/s =caryophyllene ehloride. C ‘
—=-=earyopiyliene chloride 15 o5 @
M, 240.8 ‘mep. 62-63° ¢
dy, eale. 1.115 d, found 1.135

Both erystals are orthorhombic bisphenoidal.
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a (&) oy e

 bromide 16,41 10,77 8,37
chloride 16,47 1054 - 8.27

these values being correct to * 0.%%

The parameters give ratios of':

bromide 1.533 : 1.000 s 0,782
(1.531) (1.000) (0.778)

chloride 1.563 : 1.000 i 0.787
(1.563) . (1.000) (0.785)

The equivalent values quoted by Groth (713) ‘are bracketted.
Absent spectra in each case:
(h o o) when h is odd, (o k o) when k is odd
(0 0 1) when 1 is odd ‘ »
Space group Di (P24242) with L symmetric unitse
Molecules per unit cell = 4
Volume of unit cell: bromide 1467.1 A7
chloride  1435.6 AJ
Absorption coefficients for x-rays, -A = 1.5k 2
bromide, = 38;6 cn™1
chloride, = 22,2 cm"
Total number of electrons per unit cell:
bromide, F (000) = 600
chloride, F (000) = 528 _ »
The crystals were mostly tebular with the (IOO)V:;fia'.éeiw:;ll
developed, Occasioné.ny, however, the a - axis wasfoundas tﬁe

needle axis of aprismatic rhomb,
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'@erimen‘bal .

Crystél dats wes obtained from rotation, oscillation and mqying

: -]
£ilm photographs using copper Ko radiation, N = 1.54 A.

' o
Densities were obtained with calcium chloride solution at 25 C.,

several crystals being used in each case.
The values weres bromide D25 = 1.293
chloride D__=1.135

Measurement of Intensities.

These were determined visually in each axial zone by
applying the multiple film technique to moving film photographs of

the equatorial layer lines. The reflection data is shown in Table(4:1)

TABLE(4: 1)

Reflections | Total Percentage | Intensity
Zone |[Observed, Possible of Range.
Reflectionas [Total Poss.
h ko] 102 229 45 1000 = 1
Bromide| h o 1| 104 175 60 | 1000 : 1
:
okl 4 116 36 {10031
hk ol 118 229 52 3,300 : 1
Chloridd ho 1 86 175 49 2,500 : 1
okl 64 115 56 1,100 : 1

" In all 232 bromide reflections and 254 chloride reflections were

Observed being 47 and 51% respectively of the 498 possible.
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Volatility.

The crystals of both substances were very volatile and
special teqhmiquéa had to be adopted in order to keep the crystal
set over the several days required to teke the erystal from the
setting to the moving film stages. Coating the crystal with
lacquer or with rubber cement was not a success. Geiatine capsules
containing the crystal mounted in an atmosphere of its vapour were
tried and finally narrow lithium borate tubes were found most
suitable, These containers increased the background scatter
consgiderably, and rather large crystala had to be used to obtain
a reasonable number of reflections, The background effect was
partly overcome ﬁy using ultra fast high contrast Ilford Industrial
@ film in certain cases.

For intensity measurements, crystals were chosen with a
uniform cross section to make the path length bthrough the crystal
as uniform as possible.

The crystal dimensions of the bromide crystals were from
(0.20 - 0.30) x (0.20 = 0,27) mms., and of the ehloride erystals
from (0.20 - 6.45) x (0.20 - 0.60) mms.

In order to detect if absorption errors were serious, a
smaller crystal of the bromide was photographed and its (hk o)
reflections measured. These intensities were very similar to the
previous set. The crystal was dipped in liquid air and rephoto-

graphed, No change in intensities could be detected, and so it/
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it/ was assumed that ektinction errors were negligible,

Note: evidence of extinction was apparent with the chloride
when intensity values of (020) in the (h k o) and (o k 1) zones
were coﬁpéred at a later stage in the refinement, The higher
value was teken as being wmore correct,

Atomic scattering curves.

In initial calculation of intensities, James and Brindley

theoretical curves for chlorine, bromine and carbon were used, each

16

corrected for temperature by inserting a value of B = 2,0 x 10~
{ sin @ )2 )
in the Debye-Waller factor exp. (= B N ) Later, themal

vibration was shown to be above normal, and for the chloride the

16

James and Brindley curve was emended by a factor B = 4.4 x 10”7

The carboh curve finally used was that given by McWeeny { ¥1 ) for

carbon (valence state) and with B = 3.5 x 10~10.

Structure Determination.

The space group of both A -caryophyllene bromide and
chloride has been shown to be P2y 202, and the cell parameters are
sufficiently similar to warrant the aassumption that the atoms of
each compound occupy similar positions in the cell. This indicates
that the method of isomorphous replacement may be applied.

Space Group.,

The space grouprP21 21 21haa no centre of symmetry but/




61,

but/ each axial projection gives the plane group Pba. which ia
centro-gymmetrical, Projecting on (001) for example, we get
centres of symmetry at the points:
(1,0 (£,0) ($,%) (H %) -
~ these coordinates being referred to the origin adopted in the
International Tables (1935).

A diagram of such a projection is shown in Fig. (4:1)(a)
where the post-seript 4 beside a screw axis indicates elevation
of 4 above the plane of the paper. The other horizontal screw
axes are in the plane. A three dimengional diagram showing how
the equivalent positions are related by screw axes is shown in
Fig. (4:1) (b)

The origin of coordinates used in International Tables
is not used in the calculation of structure factors. Simplificat-
ion results if an origin'is chosen to coineide with a zonal
centre. of symmetry in each zone. These origins are not spatially
coincident and those chosen related to the origin shown in

Figs. (4:1)(a) and (b) are as.follows:v

Zone, Coordinstes.
hko 0 %

3
h’o 1 P o %
1

ok X



b bx b

@ N v

¥

(b

E
O
L 4

©

Fige(4:1)

a& projection of the space group P2,2,2,showing relationship of
the screw axks. The postscript I indicates that the adjacent axis
is % of a translation above the plane of the paper. The other
horizontal axes are in the plane.

b) a three dimensional diagram showing the equivalent positions
of the space group., The origin is the general origin which is
equidistant from all nearest screw-axes.It is not a centre of

S, etryo

c) a diagram showing how the zonal origins used in the analysis
are interrelated. The (hko) zone origin is arbitrarily seleected
as the cell origin,
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If we arbitrarily select (4 O %) as the cell origin the zonal

origins become:

Zone. Coordinates.
~"hk o 000
hol 300

okl 0 %'%7

The relationship of these origins is shown in Pig. (4:1)(e).
Since & centre of symmetry is now the origin the two dimensional

structure factors reduce to:

eg.({ h k o) h + k even S

4 cos h 0‘ cos k 03

3

"

h + k odd S 4 sin h.O‘ ein k @

Application of Method of Isomorphous Replacement.

| This method depends upon the fact that in isomorphs the
atoms preserve approximately the same relative positions although
they may be of quite widely differing scattering power.‘ In the
spplication of the method to direct structure analysis it is
usual to have in the two (or more) isomorphs only one atom of
significantly differing diffracting power. If the absolute
intensities of similar reflections in both compounds are known, and
if the replaceable (heavy) atom can be located by space group
requirements or by a vector map, it is usually possible to obtain

the phases of many of the reflections by inspection.
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In the case under éxamina.tion, we may write the structure

factors for any particular plane in the two isomorphs in the form:

Fg, = S.f + Zsi.fl
' i

Foy = S.fgy + ZSi_fi
1

where fB s £ and fi are the atomic scattering factors and
r

Cl

subscript i denotes atoms other then bromine or chlorine.

2_ Si f denotes the contribution of the carbon skeleton to

ach reflection, and because of the isomorphism is assumed éonstant

for each compound,

It follows:

F =~ F = -
Br Cl S (fBr fCZl

which in this centrowsymmetrical case can be dealt with as a

atraightforward equation in which all but the signs of iFBr and hFCl

are known,

i.e. ' l 1" (£ = £ )

Position of Replaceable Heavy Atom.

The position of the heavy atom is not defined by the
space group and was obta&ined by the use of the Patterson vector
method in the case of the bromide. The vector method was not
applied to the chloride where information could not be expeqted to

be accurate when obtained frmm a vector map (Ci,. S =caryophyllene
dihydrochloride).
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Patterson synthesis,

A Patterson synthesis was applied to the (h k o) zone
of the bromide using F2 values obtained directly from the film
and corrected only for Lorentz and polarisation effects. The
resultant two dimensional vector map is shown in Fig. (4:2).

There ars four heavy atoms in the projection and these
will create in & vector map four peaks of double height and
four of single height. Rach asymmetric unit will thus contain
one large and one small peak which are indicated by the letters
D and 3. The single peak is swamped to a large extent by
other vectors.

The double peaks occur at positions {0.1333, 0.5000)
and (0.5000, 0.0633), the coordinates expressed as fractions of
the a and b axes. If a centre of symmetry is taken as the origin
of coordinates, equivalent points in this projection of the space

group occur at positions:

(xy) F-exdt+3) GF+xni-y (x7y)

and the vectors between atoms not related by the centre of symmetry
give peaks at the positions:
(Iz = 2X, %‘) and (’%‘a ‘E b 2¥)

Solution of the vector set gives four sets of coordinates

which are equivalent points in the projection. Any oné of these/




Fig.(4:2)
Asymmetric unit of the Patterson projection of the (hko) zome of
A ~caryophyllene bromide. The: double peak formed by the super-position
of two equivalent vectors about ’cﬁe effective centre of symmetry in
the projection‘is lettered D, and the single peak indicating & unique

vector 1s lettered S.
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these/ may be taken as reference atom and the position

(6.3167, 0.2183) was arbitrarily selected.

Similar syntheses were applied to the (h o 1) and

{0 k 1) data and the resultant coordinates of the reference atom

are given in Table(4:2)

TABLE! 4: 2 )

*®fe JLb.; zfe

img Coord-s;s‘epara‘bely “ - V‘Coords. mutually referred
“-3. referred to zone origin to cell origin
hkol 0.3167 0.2183 ——m—mmd 0.3167 ' 0.2183 |-
hol{ 0.0633 —— %‘o.0400 E e | 0. 0400
okl - 0.0317 2—0.2083 0.,2183(0.0417
0.2183[0.0409

Absolute values of‘FBrl and‘FC

By using the multiple film technique we are able merely to

interrelate the 7 values i.e. we are able to measure‘F .k Br*and

Br

‘ FCl' k Cllwhere %r and kCl are unknown sgcaling factors.

Before the method of isomorphous replacement can be used, the

absolute values oleBrI and‘FCl‘ must be obtained and this can be

done (to a greater or less degree) in several ways.
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1) The best method ( It ) is probably by measuring the intensity
of the reflection by means of an ionisation spectrometer or
Geiger coqnter, and relafing this to the crystal and to the
incident beam. This method, hoﬁever, requires an eléborate
experimental technique which was not available.in the present
instance.
2) By making use of the two crystal \Weissenberg goniometer (7S ),
it is pogsible to move the crystal under exaﬁnaﬁon and a standard
crystal alternately in and out of the x-ray beam. The two cfystals
are carefully weighed and in the case of the standard crystal,
the integrated intensities of the various reflections can be
calculated in absolute units. This is interrelated to the unknown
reflections which cam then be put on an absolute scale.
3) Approximately absolute reflections may be obtained by using
any of the modifications of Wilson's (76) method. The accuracy
of these methods is not particularly good.
4) Methoda may be used depending upon special circumstances.
For instance:
a) if by inspection, pairs of plenes can be detected
where one or other reflection is negligible, or
abgent, then the absolute intensity of the remaining
reflectivor'x cgh be obtained directly: »

oL - = nof
e.ge Fy ~0=5 (£, -f, )

b) the relative scaling faetgr for the two series can be/
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be/ obtained if large planes can be picked out where the halogen

contribution is zero or nagiigible.
F
Then Zl pr| - X

Z(?GI | o

In the case of the /4 wcaryophyllene halidea, & method
suggested by J. C. Spea.kman‘was used. This method is based to
a certain extent on the .ilson method, but its validity is mainly

derived from experience in other cases.

For isomorphs containing a heavy atom we assume that

ZIFEE = fBr vhere fm-,cl are average atomie
s scattering factors

2fal  fa over the range of
This ratio . fgr: is found to be usually vr,athegu;esa, than .
fa

the ratio of at, no, Br. = 2.06 and is obtained empirically

g-tg m-t Clh

from other data.

c of (h refloctions of ¥romide and ¢ d

It is agsumed that Zng ‘ = 2.06 Wham[FBl‘l' md'FCll are
Zl%l‘ gbsolute structure factors,
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. 1 '
The ratio ____2'5'81_[ = z_lFﬂ‘ kBr ( Flhal = observed )
# | '
Zl Cll Zchl\ kCZL stmetor factor |

was evaluated for all planes where the halogen waa thought to
be phase determining as here the spproximations are more

liable to be justified. 32 planes were used.

Z(Flar! = 1.55 =Z|Far|‘ "B =2.06 k
Z (Flcll | lecﬂ o wa

whence kBr

= 0.75
koy

Further we have:

zﬂ; - Z_‘_%i_‘ =5 (£, ~¢

13 ).
kBr kCl :

or . .
1665  ——- 1073 x 0.75 = 1066
Kpr Kor

esssssssceses Substituting measured values.
The R.H.S. was obtained from a knowledge of the heavy atom
position and by using James and Brindley scattering curves,

«16
B=2.0x10

: - PR RS LT
The bromine and chlorine atoms were assumed to have the

same eoordinates.

Whence kBr = 0,81

k01 = 1,08
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As a check:
Six planes were observed in the bromide series which:
were @bsent in the chloride series. Using method 4(a):

Ky = 0_‘89
It was not posaible to calculate k61 in a similar manner,

Resul‘t;: the values were taken to be:

( kg, = 0.8 .

{ ky = Lld -

Iio;t_g_:_ the scaling was not as straightforward as the above
scheme seems to indicate. The value of the ratio ZWBr\ was
at first obtained empirically from Binnie's results on hexa~
methylene diamine dihydrochloride and dihydrobromide (™7) and

found to be 2.16 instead of less than 2.06 as had been anticipated.
In addition, in evaluating Z‘F‘ér‘ for the /L -caryophyllene

>l

halides, too many planes with a high carbon contribution were
included end the ratio found to be 1,70 instead of 1,55. This

resulted in values of kp ~ and k ,, about 104 differemt from

C1

those quoted above. This possible variation in the mealing/
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scaling factors caused the writer to be eonservative in fixing
certain signs. It has been assumed at this stage that the bromine
and chlorine atoms are in identical positions but this may not

be so. Th a, . -
us, small values of § (fBr fcl) may not be

correct and cannot be used to fix signs. The possible 1.%
variation in the scaling factor required that the important plane
(400) be omitted at this stage. Other planea which have been
square bracketted were also omitted for sundry reasons.

In all, 80 bromine reflections were given signs as vshown
in Table(4:3)and used to perform a two .dimenaiono.l Fourier synthesis.

The result is shown in Fig. (4:3).
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Pig.(4:3)
Prelimipary Fourier synthesis of 80 refleetions inm the (hko) zome of
[5 —caryophylleme bromide. Signs: were obfained by the method of

isomorphous: replacement as shown in Table (4:3).



TALE ( 4:3)
| | | Brom. | Ohlor.
bk lFBrl' Pl ;'Br %i;gn s;cg: F;gi.;bon F;git;bon
| c1 :
calc.
0,2 el 13! &3 + st g7 +165
4 67 110 4; + + -3 - 19
6 a4 16 | 18 - - - 15 -5
8 3 (23| 0o /7 |/ | /
1,1 15 009 6 (-) - - 4 - 4 .
2 85 k 67 | 24 - - -41 | - 47
3 13 16 | 15 L+ + + 7 | +5
4 30 | 5 3; % * - - 36 - 32
5 34 }'12‘ 19 - - -3 0
6 89 .48 | 40 - - -15 | - 22
8 45 1 12 3; + + - 9 - 9
9 32 15 | 12 - - -12 - 7
1,10 28 5 | 22 - - +9 | +10
2, 0 2 R F - - -3 |-
1 59 0 4; + / - 34 - 43
2 21 | 32 s R -% -6
3 105 (6313 |- |- l-37 |-
4 o | a2 | 3 - - -3 | -2
5 169%; ) - -1 {-23
6 25 Lo tn + /i 6 -7
7 28 15 5 - - P 20 |-12




2.

hk | !FBI.‘ X \'ﬁdﬂ Fgpt Sign | Sign b grg:;bon g'l.%:z‘:.:on
-my | Br | Bl | oy | only
calc. ‘

2,9 25 | 15 5 - - - 16 - 11

351 87 | 69 1; + + + 64 + 58

2 36 | 26 ; + + + 22 + 20

3 104 | 68 33 - - - 47 -44

4 35 | 20 13 - - - 14 -1

5 60 | 22 42 + + - 9 - 6

6 14 0 1; * / - 8 - 9 ’

7 so | 11 37 - - + 11 + 13

8 o7 | / / / /

9 38 | 11 2; + + - 8 - 8
»10 13 7 f[ (+) | + + 1 + 2
4,0 95 | 76 7 / / / /

1 131 | 60 64 - - - 18 - 11

2 521 5 6 /7 / /

3 121 | 56 4; + + 37 + 24

5 2 14| 26 |/ VY / /

7 22 8 f] + + + 11 + 4

9 13 | 12 6 |/ / / /.

55 1 40 | 39 n |/ / / /:

2 % | 59 1; + + + 56 + 50

3 51 20 25 + + + 4 + 1

4 24 | 38 18 + + + % s |
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Brom,

bk ‘FB A \%1\ B E‘g.gn S;.ga F Carbon ghé:iéon
=B | B | o | oY only
calc.

55 |49 |o | Bl -1 - |49 + 3
6 32 12 25 + + 0 - 1
7 67 33 3;, + + + 15 + 12
8 41 {20 § 16| - - 1 .14 - 9
9 25 [0} 24 - | / | +15 +17

»11 11 0 1; («){ / - 15 - 15

6,0 121 163 4; + + + 38 4+ 29
1 g2 | 43 3; + + | +24 +19
2 56 f11 43 | & | = +16 + 18
3 29 0 27 - |/ + 15 +18
4 45 10 .2; ¥ + | -1 -

5 35 8 1; + + + 11 - 2

751 29 |23 5171/ / /
2 90 :64 20 | - - - 56 - 50
3 @a {30 6|~ | - =2 - 26
4 50 20 32 + + - 5 - 1
6 42 |8 | 34 |- | = | +16 +15
7 |3 jea | Th- -~ }-19 -19
8 42 110 2; + | + - 17 -'10

,10 13 [0 Bl s tea + 20

8,0 | 81 ;28 M je - |+ 4 } +6
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F cﬂi

Bk | % Fy.| Sien | sien m;bon ghé:;hon
. Fop | By | omly only
cale,

+
8,2 8 | 27; 45 + 9 - 3
3 14 | 161 B / / / /
4 157 | 174 30 - o -3 .2
6 | 32 | 12 12 + 10 + 3
10 | 11| 12y § / / / /
9,2 41 25¢ 1; + + + 14 + 16
3 14 0f 14 - / |+ 9 + 9
5 | 44 22 1; + + + 14 + 10
6 55 | 31 22 + + 1 +13 + 14
8 18 0f 2 - / i+ 19 + 15
10 |11 |00 1; b+) i / =15 415
10,0 39 |1 2:; + | + o -» 3
1 67 26 37 - - e 6 - 2
2 {47 22 19 - e 1215 -9
3 32 folay |+ [/ i - 19
s 127 1ois 1+ 1/ tas -9
1,5 13 iylx |« e fen + 3
4 12 {o0 ; /1 / 25 v
5 34 9 26 - “ [+10 + 9
i 6 125 9.3 1/ i/ / /
Y I 13 | 25 - + (-1 - 4
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RN ¢ LR SR R T T

‘ Brom, Chlor,
bk | |Fg Feal| Fee Sign | Sien | F.Carbon | F Carbon
calc, '
11,9 61 7 19 - + + 18 + 21
+
3 35 | 10f 271} - - + 9 + 8
-+
5 39 14 16 +. + + 14 + 4
13,2 24 114] 9| . - - 10 - 8
3 21 12§ 13 0 -)f - 0 - 3
5 18 0f 22 | « / n 17
7 24 12§ 16 | - - + 4 o
14,0 {35 |12} 27 | - - + 11 + 7
1 30 15 12 | = - - 10 - 7
i
2 30 (11} 24 | & + - 11 - 6
5 27 jiua}f 5 |- - (=18 -1
154 faa telig i - 14+ 8 + 4
+ A
6 20 19 !/ / / /
8 13 ( ) + ;-& 16 + 18
16,2 130 {10 - i+ o4 + 4
;4 n o /  }-13 - 14
5
:
Bl
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The bromide was chosen for preliminary work because
the signs of this series of reflections are more likely to be
correct. It is interesting to note for instance that only planes
{020) and (540) are not phase determin:ed by the bromine contri-
bution.

Scaling of the { h o 1) reflections of the bromide end chloride.

Methods 4(a) and (b) were used for scaling purposes.
Nine relatively large planes were present in the bromide series

and absent in the chloride series.

hol (hol)
101 605
103 607
304 10,05
403 15,01

The equation for isomorphous replacement reduces to:

Fgrp = S (fp = £33 )

Scaling factor kpp = :E:[Flgr! = 1.14
2" )
To obtain the ratio kg

ka1

Seven planes were observed when the halogen contribution

7

calculated low and could be negleetgd.‘ B

(hol) ( hol) B

206 B e
400 . 606 o . E E G A e F
402 11,05 :

12,02
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Then kBr = Z- ‘ F;a;d_
k1 2 (%)
when kbl

kBr = 1.14

= 0.87

1.31

The result of applying these factors to the observed
reflections gave two series of "absolute" values, from which signs
were given to 73 bromide reflections as in the ( h k o) zone,

As before, several important omissions had to be made but tﬁb'result
of a Fourier synthesis is shown in Fig. (4:4).

It was observed at this stage that the (h O 0) axial series
which is common to both zZones did not have the same values in sach
zone. The large plane (200) was found, in fact, to have been
given different signs by the isomorphous method in each zone (allow-

ing for the I phase change by the change of origins). The
.2

majority of the planes, however, had been inserted. in the Fourier
with sigms those of the bromine contribution and so were likely in
the main to be correct.

Various attempts were made to obtain more accurate scaling
factors but it was obvious that these could not pe obtained by any

of the easier methods to betier than within 3 ljﬁ

Analygis of the preliminary {( 0 0 1) end (010) projectiona.

It was realised at this stage that the method used to/



Fige(L:k)

Preliminary Pourier Synthesis of 73 reflections im the (hol) zone of

{S-—caryophyllene bromide, Signs obitained by a crude application of

the method of isomorphous replacement but effectively determined by

the bromine contribution.
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to/ obtain absolute F values had not been sufficiently rigorous,
Before embarking upon the laborious experimental work necesgsary

to obtain the precise data which was obviously necessary for the
‘isomoxphous replacement method to be applied completely, it was
decided to further examine the two projections of the unit cell

so far obtained,although they were known to be very crude.

The sole feature of the (% -caryophyllene molecule

which had been definitely established by this date was the four
membered ring with the gem-dimethyl grouping. This was thought

to be recognised at this early stage as shown ( Figs. (4:3) and
(4:4)) end the problem now resolved itself into fitting the rest

of the molecule into the Fourier pesks. Some time was spent with
& useful method to fit unknown molecules into direct Fourier data.

The method consists of arranging the maps in space as the sides

of a model of the unit cell. Parallel light is projected flown

the axes in such a way that a sphere placed inside the parallelpiped
throws shadows on the Fourier maps. The sphere§ which are intended
to represent atoms, are positioned so that their shadows coincide
with meximes on all projections. In this way, a three dimensional
model of the molecule can be built up.

Since & Fourier synthesis of the (o k 1) zone data of the

bromide gave practically no resolution, only the ( 0 0 1) and (01 0)
projections were used. Starting from the four membered rihg as an

origin, & model was built up with spheres, stepwise, employing bond/
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bond/ lengths and bond angles of the correct order. Several
attempts were made and discrepancies calculated without any
promising result, An unfortunate feature of the presence of the
heavy atom at this stage was the fact that the discrepancy on
the basis of the bromine alone,which made up 23 of the total
scattering matter, was only 29%. Practioally any atructure was

found to give & discrepancy only slightly higher than this:

Sharpened Fourier Syntheses.

It had been obvious early on from the relative sizes
and areas of the various Fourier péaks, that in both principal
p?ojections meny atoms were badly resolved. It has been suggested
( 2% ) that better resclution may be achieved by considering the
atoms as point atoms and performing a Fourier synthesis on the
geometric structure factors alone. These are obtained by dividing
the observed F values by the atomic scattering factor for the
particular value of 2 sin 8,

In the last two columns of Table(4:3)are listed the
structure factors for the carbon residue without the heavy atom.
The values were obtained by subtracting the calculated heavy atom
contribution from the observed F value, and for the two isomorphs
the resides agree fairly well. These values, whers not incongruous,
were averaged and divided by the appropriate atomic acattefing

factor (£) obtained from the standard diffraction curve. The/
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The/ subtraction of the heavy atom contribution to the structure

factor creates reflections previously absent, thus:

Far & Ftcarb. = .0

= = F

Fcarb = Br.

Vhere the heavy atom was found to give a considerable

R.)

contribution to &n absent plane, a value equal to = ( Fbr C1

+
2
wag taken to represent the carbon eontribution;,L?his is obviously
a very crude aspproximation, but it is better than omitting a

value altogether and the sign will be correct. Altogether,

107 reflections were obtained with.their sign and employed in a
two=dimensional "sharpened" Fourier synthesis. The result is shown
in Fig. (4:9).

Little extra resolution wag obtained from this synthesis
which was, however, strongly reminiscent of the ( 0 0 1) project-
ion already obtasined, It did provide stronger evidence that the
four membered ring had been located by the partial resolution of
a further carbon atom (arrowed). The creation of such a huge
trough at the site of the previous bromine position seemed to
indicate a radical error in the diffraction curve which had been'
used for bromine.. It was,however, decided to await a better series
of absolute F values before formulating more accurate scattering

curves,



Fig.(4:5)

Asymmetric: unit of a "sharpened" Fourier synthesis of the (hko) zone -

reflections off)-caryophyllene bromide. F values were obtaimed

carbon
by subtracting the bromine contributioms from the F values, and these
were comverted to geometric structure factors by dividing by the

appropriate £ value for carbom. These walues were introduced into the

Fourier synthesis.
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Trial structure attempts.

The three possible structures for A -caryophyllene alcohol

"based on the three possibilities for /b — caryophyllene are shown

below
| acid > ¢ A
0
(2:1) %2 oH
>
' oH
(2:2)
? 7i¢t
(2:3) oH

It will be seen that each of these postulates :;:‘or the
alcohol possesses, as well as the four membered ring of the parent,
& six membered grouping as shown, It was conjectureolthat, if this
could be found in the projections, Figs. (4:3) and (4:4), sufficient
data would be known to bring in extra terms and locate the remaining
three carbon positions by means of a Fourier synthesis. Various

models of the alternative structures were made and it became apparent/
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_apparent/ that the hexane nucleus would be very badly resolved
in the (0 0 1) zone if the four membered ring 6rienta‘tion were
adhered to.

From this to choosing pesks F, G, and H as the hexane
nucleus viewed endwise was a short step, and one which was to prove

the turning po'int in the ‘analysis

’ 'lF'

c H

/
With the structure (2:2) in mind, carbons were roughly -
positioned as follows {these could only be very sketchily placed
in the {0 1 0) projection but it was felt that in substance they

were correct).

Gem.-dimethyl groups attached to cyclo-butane ring -~ 4, B
Two resolved atoms of ecyclo~butane ring '« Gy D

Two remaining atoms of cyclo-butane ring plus a

possible other atom - H
Three doublets of end-on hexane nucleus - F, G, H
Single carbon atom - J
Single carbon atom - K

Atom K was put in with reluctsnce and could not :be ip’gellio
gently accounted for with any of the models because of i’tg rgn;oteneaa

from and peculiar angle to the hexane ring. An unusually large/
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large/ pesk in the (0 1 0) projection with the same a - coordinate
however, seemed to substantiste it, and on this account it was
introduced,

On the basis of these carbon positions, a discrepancy
wﬁs calculated for eleven planes not so far included in any Fourier
on the ( hk o) zone data. The value of the ratio was 60% with
(420} and (510) caleulating very small, but (400) calculating high
and negative. Introduced into the projection Fig. (4:3) it sub-
stantially "cleaned up" irregularities. Peak K however was severely
reduced in size, and by using Bragg-Lipson charts ( 1q ) for plenes
(510) and (420}, it became obvious that if (510) were introduced
positively and {420) negatively, peak K would almost disappear where-
as that a G would be substantially increased.

By switching the methyl group to this new position G, the
discrepancy over the eleven planes previously alluded to fell from
6Q% to 36%, and it was possible to give signs to a further seven
planes, These were introduced into the last Fourier on the (h k o)
zone data and the resultant electron density map is shown in Fig.(4:6)
The lower electron density contours have been omitted to meke the
picture clearer and the bromine atom contour intervals are reduced
by ten.

Atoms were roughtly spotted as shown by the dots amd a
series of F values were calculated up to an index of ten along each

reciprocal axis (89 reflections). The value of the discrepancy/



Fige(4:6) |
(001) projectiom of thep-caryophyllene bromide molecule, Atoms

roughly spotted as shown gave a diserepsmey of 21% over 89 refleetions.
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discrepancy/ between calculated and observed values was found to
be 21%. Using the same coordinates for the light at.oma and
positioning a chtorine atom in place of the bromine atom a discrep-
ancy was calculated over a similar range of intensgities for the

chlcride, The value of the enumerator in the expression

ZLF obg, = F ca.lc.‘
Z F obs.

the bromide but due 1o the increased size of the denominator, the

was almot identical with that cbtained for

value of the discrepancy was 38%
Ag it was obvious that the process of refinement could
be better folliowed with the chloride, attention was now directed

1o that compound.

/> —carvophyllene chloride.

Using 91 terms whose signs had been obtained by using
coordinates obtained from Fig. (4:6), a Fourier synthesis of the
(h x o) reflections of the chloﬁde was performed. Disappointing
features were the small height of pesk G where three atoms had been
anticipated, and the presence cf 2z substantial two electron irregul-
arity. In any event, the treatment of this zone seemed to be as
far advanced as resolution would allow and preliminary work on the

(h 0 1) zone bad indiéated that here the resolution might be better.

{h o 1) zone of (4 —-caryoohyllene chleride.

Work on the (h k o) zones of the bromide and chloride was

sufficiently aivanced to warrant the assumption that the ( h 0 0)/
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(h 0 0)/ reflections had been brought to an approximatély absolute
scale by scaliﬁg Z‘F obs‘ toZ‘E‘ calc‘ It was decided ‘t.o ‘rer-
attempt obtaining signs by the method of isomorphous replacement
by scaling the (h o 1) reflections to the absolute axial reflect-

ions obtained from the (h k o) zone, Thus if Z‘F:::z\ is the

sum of the axial reflections on an sholute scale from the (h k o)
zone, then the scaling factor k to bring each observed (h o 1)

h . h k o
reflection to an absolute scale is given byz- Fe° 1 ——-z ¥
_ hoo hoo

where z- IFh N l‘is the sum of the observed axial reflections in the
hoo

{h o 1) zons.

As a check, the same scaling factors were calculated
using the statistical method previously employed to obtain the data
for Fouriers (4:3) and (4:4) (Henceforth designated by the correspond
ing Pig, humber).

The ratio of the average structure factors FBr was

Fa

taken to be 1.96 on the basis of the data now to hand for the
(h k o) zone. The results were widely different from those obtaineci

by axial scaling.

e d

Statistical metho kBr k o1
1,12 0.90

Axial scaling 0.94 0,62

The latter valueg were taken to be more probable.



Table(ﬁ:d)gives:a éelaction of reflections whose signs
wers now obtained by comparing the absolute values of the
bromide and chloride; Although yielding more signs than the
initial attempt on which Fourier (4:4) was baaed;“it was noted
that all the terms which had been included in the latter had been

inserted with the correct sign.

TABLE(4:4

S
BOL | {Fgrl |l By || P~ | Siem | Siem
oy Fpr FC].

co2 70 13
4 66 32

102 3B 9
51 19 6

+

60

+

29

13

+
12 * +

+
7. 2,19 5 - | -

g +
202 125 | 83 38 + +
3, 8 : 48 29 - | -

; +
4 33 13 1 + +
5 | 45 9 30 - | -
7 36 13 21 - -

+
301 41 17 24 + +
2} 6 | 3 | il
6 | 38 8 3 -] -
9. m . 7 |5 - -



" TABLE(4:4) (contd.)

= r '
bol | |Fp ]l Py ! B~
: - Fa

e in— e s

=

401 B 50
5 | 8 33

7 33 6

9l 1 7
5'o 1 60 26
2 | 47 18

3| % 135

4 | 57 |18

6| 3 in
602 y 32
3 70 i 42
701 | 74 | 3R
3 62 24

4| 38 24 !
6| B3 | 8 |
8 | 12 9

802 53 | 10
4 |- 43 { 20
901 5 | 10
3 34 10

ik

LTI I TR =Y T R I I B B R R




hol

For | By} Fyr o sien | sigm
7 Fpr Fc1
c1
905 29 14 9 - -
+
9 11 8 ! + +
S
10,01 21 9 i 8 + +
e 1 ro
3 35 P12 19 + »
11,01 % 17 13 - -
+
2 34 10 17 + +
. : +
1201 21 . 6 9 * +
B +
3 29 8. |22 + *
+*
7 23 7 20 + +
+
13,02 37 20 13 « +
. _ + | ’
3 26 9 9 + e
+
6 23 10 18 S *
+
14,01 16 11 5 * +
‘ T :
16,02 29 13 21 P
. 5
1701 28 14 19 + +
19,02 12 8 7. - -
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In all Pourier refinement work where a comparatively
complex structure is involved, care must be taken to avoid
mahapulating the signs of the terms in order to "force" a pre-
arranged structure into the projection which is not correct.

The first Fourier synthesis of the ( h k o) zone data of the
chloride gave & projection which possessed (as observed on p.-§4)
& large two- éiectron irregularity which could have been the residue
of an atom forced out of existence by wrong tem signs. Work

on the (h k o) zone had so far been largely based on positioning
the four and six membered ring systems but it was conceivable that
those hypothesges were quite wrong.

With the facts in mind it was decided to experiment on
the (h 0 1) zone with as little refercnce to the {h k o) zone as
possible in order to see if the result would bear out any conclusions
so far reached with reference to the {0 OAl) projection. Use was
made of:

1) the scaling factors obtained by using (h k o) axial absolute
values.

2} the fact that (400) was negative in zone (h k o) and if
ingerted thus into an (h o 1) synthesis would diemiss
peak K together with other maxime elong the dotted
line in Fig. (4:4).

With the latter proviso in mind, atoms were very'roﬁghly

spotted as shown by dots in Fig, (4:4) and structure factorq/
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factors/ calculated for a few important planes whose sign had

not been determined by the method of isomorphous replacement,

kol G.S.F.* Féarb %F.Qalc.F.oba. K Sign
006 | 1.36 10 12l 9
200 [10.30 57 §1oo 94 +
206 |10.1 14 16 31 +
303 | 7.9 21 10 | 25 | -
305 | 2.4 4 8 n oo+
400 1.7 BB Y T
402 | 7.4 24 7z ol .
404 | 8.2 | 16 16 : 25 ‘ +
406 | 8.7 ; 12 ; Z | 14 -
505 | 3.2 ’ 5 . 2 12 | e

601 | 8.4 § 24 13 24 +

| 5

® G.S.F, = geometric structure factor.

The additional 9 pianes whose signs were thus obtained
were teken in conjunction with data obtained by the direct isomor-
phous replacement method and introduced into a two dimensional
Fourier synthesis., This is shown in Fig. (4:7). Taken in

conjunction with Fig. (4:6) there did not seem to be any further/



3
o | 2
Illlllllllllllllll_LLl A.
Fig.(4:7)

Direct Fourier synthesis of (hol) data forA -caryophylleme chloridé.

~ Signs obtaimed: &) by the method of isomorphous replacement (Table 4:4)
_ | b) for doubtful planes and those with a low heavy

atom contribution, by spotting rough centres from the crude (010)

projection already directly obtained. Cf. Fige(L:h)
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further/ doubt about tﬁe structure of the molecule.
Note; It must be noted that Fig, (4:6) is the {0 0 1) project~
ion of the bromide molecule and Fig. {4: 7) the {0 1 Ojproject-
ion of the chloride molecules. A {0 Q0 1) projection of the chloride
molscule was available (Cf. p §4 ) but was very similar to that
of the bromide and has not been reproduced here. An important
difference lay in the shape of the central hexane peak G which had
not the well defined bulge shown by the bromide. Thus when more
precise centres were picked from the two projections, the methyl
group was given a wrong position leading - £0 the difficulties
met with and discussed later,

The molecule is apparently as shown in the diagram by lines
joining atomic centres. It is not completely contained by the
area shown, ”ha.ving a methyl group projecting outside. The equivalent
methyl group from snother molecule related to the one shown by a
centre of symmetry is projecting into the area of projection as
shown by a dotted line, The centres obtained enabled a further 11
planes to be given signs and these terms were superimposed on Fourier
(4:7). This addition gave a more precise version of the (0 1 0)
projection but it was obvious that maximum resolution of the atoms
had at this stage been reached. Only afew very small terms remained

to be ingerted, and it did not appear probable that many of the more/
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more/ important terms would change sign by refinement.

(o k 1) zone of R =caryophyllene chioride.

Since the (h k o) and (h o 1) projections so far
obtained appeared to be in almost the final form, it was obvious
that resolution would not allow precise spotting of atomie eentres.

Before going on to obtain these by mesns of (P, - F. ) syntheses,

a brief reference was made to the badly resolved {1 O 0O) project~
ion to find if any information could be obtained with regpect to
coordinates.

Using akial values obtained from the other zones as a
method of scaling, the isomorphous replacement method was applied
to the {0 k 1) zone of the bromide and chloride., Two dimensional
Fourier -syntheses were done on each compound but at this crude
stage no information was obtained. A preliminary set of (b,c)
coordinates obtained from the (h k o) and (h o 1) zones was used
¥0 calculate structure factors for a further 34 planes.in the
(o k 1) zone of the chloride. The discrepancy over these planes
was 3% . On introducing them into a Fourier synthesis, however,
spurious peakes appeared at centres of symmetry showing that a
substantial number of signs were wrong. It was decided to Jleave
this zone until fuller information was available from the principal
zones. |

Refinement by (F, - F;, ) Syntheses.
Better atomic scatteringe curves:

Before refining the (h k o) and (h o 1) zones by means/
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means/ of (Fo - F, ) syntheses, it was essential to obtain

truer scattering curves for the atoms. PFig. (4:5), for instamce,

had indicated that the value of B = 2.0 x 1016

in the Debyewi#aller
temperature factor might have been selected at too small a value,
A better value was now obtained for the chlorine atom as followas:
From each (h k o) reflection ("absolute") was subtracted
the calculated carbon contribution based on the diffraction curve
already used (B = 2.0 x 10~ 16). The residual structure factor
repregsented the chlorine contribution. Neglecting the reflections
where 2 ain © was less than 0.50 i.e.those most liable to hydrogen.

and extinction errors, the reflections were divided up into groups

according to sin © with about 15 values per group. If F, is the

value of aparticular structure factor, then the scattering factor

fr is given by £, = Fr

@

The mes velue of the scattering factor in any one of the

reflection groups is thus given by the relation:

£ = F1+ Fz‘l';.-*?r ooo"’FL
(‘ﬁ-‘l' Gz "’oo."l‘Grooo ""%

where there are n re_flec’t.ioné in the grou;i.

In a particular excited state, the scattering factor £y |

of an atom is related to the James and Brindley value f_ by the/
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the/ relationships. - -

i, Thesz
« B. gin> @
fc = fe ' b‘-
Thus, log fc
* T
o = - B
gin? 0
rr

Graphically the mean value of B was obtained as 4.4 x 10'16

With thls value, & new scattering curve was dram up
for chlorine and the F values for the reflections rescaled, This
ensbled an empirical curve to be drawn up for carbon., It was
decided to employ purely empirical curves for carbon until the last
iefinmt in coordinates had been made, a fresh empirical curve

being drswn up after each (F, - P, ) synthesis,

Difference Pourier Syntheses.

The {?o -7, } synthesis was used by “rowfoot and others

in the penicillin investigation anl treated fully by Coehram(§e).
The method is valuable in that it corrects for termination of

series errors and helps to position atoms which are badly resolved.
{Pitfalls, bowever, occur here as will be shown later)., The method

is pre-eminently suited to the case where a heavy atom or groups of/
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of/ light atoms oecur in a prejection of a mo.lecule. These
iarge diffracting centres stabilise the signs of the terms and
make the féfinemen‘l'; a matter of adjusting magnitudes rather than
signs.

Briefiy, in any series of structure factor calculations
based on a particular set of atomic coordinates, the discrepancies
between calculated eand observed intensities indicate the extent
of errors in the ocoordinates. Theoretically, a Fourier synthesis

of all the algebraic discrepanciass between F o and Fc should

indicate the directions in which &atoms should be moved in order to
minimise the discrepancy. |

The direction of shift in such a sfynthesis is along the
stéepeat ascent and the magnitude of shift can be derived in the one
dimensional case as follows:

The electron density distribution of an atom is approximately

Gaussian and may be shown by the function:

/’oz/)ﬂ'g-

where /)o is the electron density at x from the centre where the

peak~- density is /J,..,

This may be written: lo = /)m(l - ax? 4+ a% x4 .i...............).

2!

=(1- ax2 ) gince a is small and for small values

of x eliminates terms containing its powers.
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Thus we may write: .. . e s Rsive ot on

X

o =/)M>~ ex2 where ¢ = (/3“-'&).

and the electron distribution is paraboliece

Suppose the origin to be removed along the x axis a

distance O\ . The resultant electron distribution ( /’,c, ) is gi.ven,

related to the first origin, by the function:
' 2
=~ ¢ ( x+4A)
Le T n

, - cx2
Since/’o‘{:pn

,'rhus/)o-ﬂ‘._=-,o£ + 2% +2c.0x + oc.A2

= 2c,0.x if O is emall

Whence d(Ag = /Ad) = 2c.,. O
dx

end D = a(p,:p.)/
dx 2c,

If The value of d(/e =) can be measured and the value of
. dx

conatent ¢ is known, then D can be calculated.

Where /), and /3& define the electron distribution of an/
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an/ assemblage of atoms in projection or in three dimensions, end
where (g is the true distribution and /7 the chosen distribution
(approximately: correct), it may be shown that the above reasoning
still holds. |

The constent ¢ is a function involving temperature and

is best found by experiment,

2

Po= P = ox

=t -cm vwheren= x

Hence glﬁﬂ_ = - c,
A~ '
‘The best resolved carbon in the (0 1 0) projection of the

2

chloride was chosen, and with the centre as origin the radius x -°
of the various contours was measured. |
By graphing the value of the contour against the square
of its radius, a value for ¢ was obtained. of 0.62. This was later
smended to 0.7
2c_= 1.4

From the (Fo - P c) synthesis the direction of maximum

gradient is measured at the site of each atom., This gives the
direction of shift to minimise the discrepancy. The value of

4} is measured as nearly as possible at the site and the magnie

tude of the shift is given by 4/ /
dx

2¢ (= 1.4)

- e
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Fig. (4:8) represents a typical (Fo - F, ) synthesis in the

(h 0o 1) zone, The contours are at intervals of 0.3&. Negative

contours are broken

Refinement of the (h o 1
uging successive (F, - F, ) syntheses.

Operations were carried out in the following sequence °

“Z‘Fo\ was scaled toZ‘Fc‘ and the values {F, — F,; ) introduced

algebraically into a two dimensional Fourier asynthesis.

2). From the resultant mep, _d/ was evaluated for each atom and
dx

shiftas calculated.
3). Structure factors were evaluated on the basis of the new

- coordinates and Z(FA scaled to the new value of Z (Fcl
4) Using the values for F, 80 obtained,an empirical curve for

carbon was derived.
5).= Better values of atomic scattering factors were thus obtained

and used to calculate Pc values.

These were then used 1o recommence the sequence,

Note; in doing these (Fo - F 4 )} syntheses, a certain amount of

judgment was exercised in introducing the temms. Those where the .

difference between (F, = F, ) was suspected of being due to

absorption etc. were omitted from the syntheses.



/
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Fig.(4:8)
Secomd (F,- F,) synthesis in the (hol) zone. Conteurs at intervals
of 0.3¢ o Kega.ﬁve contours broken. The direction and magmitude of

ecalculated shifts are indicated.
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From the best Fourier projection of the (h o 1) zone,

carbon centres were spotted. F, values were calculated and the

value of the discrepancy over all the planes was 29.%. An

(Fo - P ) synthesis was done, snd analysis of the results indicated
atomic shifts of the order of 0.1 ?&, ranging from zero to 0.23 i .
The discrepancy using the new coordinates was 23%, falling to 20.4

with a fresh empirical curve for carbon.

A second (F, - F; ) synthesis was performed and indicated

) o
shifts of the order of 0,07 A, ranging from zero to 0.13 A ., Values

of F, were not calculated at this stage.

Refinement of the (h k o} zone of -caryophyllene chloride b

(F, = F ) syntheses.

The positions of the atoms in the (o0 o 1) projection were
not so easy to spot as in the (0O 1 0). Taking the & coordinate from
the (6 1 0) projection as being & good first approximation in the
(0 0 1), the b coordinates were arrived at with the aid of a model.,

F, values were calculated and the discrepancy was found to

be 31%. The first (P, « F, ) synthesis in this zone indicated

0
atomic shifts of the order of 0.1 A and reduced the discrepancy to

24.% . Using a hetter scattering curve for carbon this was further

reduced to 22,#. A second (F, - F. ) synthesis indicating shifts

o
of about 0,06 A was performed to giwe a further set of coordinates.



100.

Synthesis of zonal coordinates.

Bach zone, apart from the crude imitial positioning of - -
atoms, has been separately analysed by the (F, « .Fy ) synthesis -
method. The & coordinates which should be identical in both zones

are shown in Table(4:5)

TABLE ‘4: j.[

7 a (2) - a (Z)
Atom | hko |hol Atom |hko ‘hol
1 5.01 5405 9 6.60 6.63
2 3.58 3.58 10 | 6.13 6.17
3 |24 |238 | 11 [s5..a | s5.98(s
4 1.52 1.48 12 | 5.60 553
5 |2.76 2,80 g 1.3 | 1.83
6 1314 | 3.0 4 o.82 | 0.70] =
7 |4.34 | a.29 4t | 0.36 0.49 | »
8 5.67 [ 5472 L |
; . i {

Theée are in good agreement except for the atoms asterisked.
Atoms 411 and 41 have assotiated with them each three hydrogen atoms
which might falsify the (F, = Fg ) shifts.

Atom 11 however has its hydrogen equally disposed in this

projection and the diecrepency cannot be easily explained.
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A synthesis of the data was now attempted by averaging
the & coordinates and fixing this one parameter. The benieg .

coordinates were then obtained by reference to the (Fb - Fy } maps.

o
In the case of atoms 11, 411 ana 4% s a bond length of 1,54 A was

assumed and the best fit to the (F, = F, ) maps obtained. The

resultant coordinates referred to the cell origin ape shown in

Table(4:6)
TABLE(4:6.)
- i N
Atom | ala) b s e Atom . a(A) b c |
1 | s5.04 0.61 1.30 9 § 6.63 1.04 3.19

2 | 3.58 0.28 1.50 |10 6.6 1.42 1.80

3 | 2.40 0.% 0.62 |11 :5.98 0.38 0.74

4 1.50 0.51 1.84 2 12 % 5.57 1.12 2.72
5 | 2.78 0.94 2.70 § & 1.8 4.84 3.20
6 ! 3.4 0.40 4.08 % A1 0.6 0.82 2.24
7 4,32 0.68 4,98 é 4t ; 0.42 1.68 1.78
g | 5.70 0.12 3.80

Structure factors for zones (h k o} and (h o 1) were
evaluated and empirical scattering curves obtained.for each zone. -

These were practically identical. The values of the di screpancy were/
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were/ 22,9 end 14.3% in the (h k o) and (h o 1) zones respectively.
Over the (o k 1) reflections, the value of the rdtio was

366

Treatment of the (o k 1] zone.

It had been anticipated that the {0 k 1) zone discrepancy
would be higher than the others for two reasons.
1§. since the zone with the smallest axes is more critical of
coordinate accuracy, small errors which were negligible in tthe
other zones are mot so here. ‘ -
2} hydrogen contributes 19% of the scattering power of the molecule
but where the hydrogen atoms are well resolved can be conveniently .
neglected. In the smaller 2zone, however, bad resolution of the
bydrogens may create quite large diffracting centres which caanot

be neglected in calculating F; values,

Although it was anticipated that resolution would be too

bad to adequately employ (FB - F . ) syntheses in the (o k 1) zone,

e variastion was now attempted aimed at eliminating coordinate errors.
Since the discrepancies ®ue to hydrogen would be most apparent, it

was felt, in the low order reflections, an (F, - F, ) synthesis

wag now done omitting planes where 2 gin ® was less than 0.40.
It bad been hoped that the result of this synthesis would be
to indicate quite small shifts mot radically effecting the coordinates

8o far obtained in the two principal zones. In fact, peaks of/
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of/ height two electrons together with a trough of minus four

o
electrona were obtained and gross shifts of as much as 0.26 A
were indicated foratoms around this trough. Although it was

realised that something was seriously wrong, F, values were cale

culated ag a matter of form after the indicated shifts had been
made and the discrepeancy was still high at 33.5%.

A second (F

s = F, ) synthesis was now done bringing in

all reflection discrepancies over the whole 2 sin 6 range. The
result is shown in Fig.(4:9).

In this synthesis it was seen that the shifts which had
been made had reduced the trough by only one electron from minus
four to minus three.(the larger value is-shown in sketch). A
new feature, being a peak of height over four electrons, was however
now appvarent. Such a situation, it was felt, could only have
been created if an atom had been positioned quite wrongly, the
required large shift being 0.8 Z in the direction shown.  The other
zones were now exsmined to see if such a sugmestion was tenable.

Any shift along the b axis, of course, would not affect
any conclusions so far reached with respect to the (h o 1) zone.
The main problem was to resolve the shift with conclusions reached

about the b coordinate in the (h k o) zone, Examination of the

(Fo = Fc ) maps in this zone showed that in fact a situation had/



| Pig.(4:9)
Second (Fy-F,) synthesis in the (okl)zone., Contours at intervals of 1.0 &

Negative contours broken.

The electon demsity distributiom indiecates that in this case an atom has
been wrongly positioned at a site indicated by a trough, and should be

moved to the position indicated by the large peak.
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ﬁad/ occurred analogous to that in the (o k 1) projection with
the presence of the éharacteristic pesak and trough. The effect
was not so striking as in the (o k 1) case and had been partly
compensated for by shifting atoms 8 amd 11, Due to the bad
resolution of atoms 8,11, and 8:L the error in positioning had not
been so obvious in the discrepancy which stood at 22,%.  If
refinement had been continued by the (F‘o-o F c) method long enough,

it is probable that the correct positions would eventually have been

found.

Review of the (h k o) zone.

Using the b coordinate obtuined from the (1 0 0) projection,

for atom 81 the (h k o) zone was re-examined by the (F - F ) method.
o c

At the commencement, the discrepancy using the new position for atom
8l was 24.2% but an (Fo b'Fc ) synthesis gave shifts which dropped

the ratio to 18.3%. A final (FO - Fc ) synthesis indicated

o
average sghifis of 0.035 A to give a final list of a,b coordinates in

thia zone.

The a coordinates obtained independently from zones (kik o)

and (lyo 1) were as shown in VTable@‘:?)_ 7
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) ‘I'ABIE.‘ 4z Z)

(+] ) ’o

i alA) » _ala)
Atom hko hol Atomlhko ho 1
1 5.05 5.05 9 6.65 6.63‘

N N

3.58  3.58 10 |6.15 6.17
3 2.39  2.38 ;11 |5.97 5.9

4 1.51 1.48 12 | 5.60  5.54
5 2.77 2.80 8l | 6,37 6.39
6 3.10  3.10 411} 0,76 0.70
7 4,33 4,29 ; 4 1} 0.42 0.49
8 5.72  5.72
5 |

On qvera.ge;these values agree to within + 0.013 A » the maxim

[»]
error being + 0.()35 A

In order to obtain the final list of the three dimensione
al coordinates of the atoms, the above values were averaged to a
large extent, ihen however, either the (h o 1) or (h k o) (Fo - F, )
synthesis map indicated a straightforward shift for an atom which

was ill defined in the other map, the former & coordinate was téken,

as being more probably correct, The b and ¢ coordinates were then

adjusted accordingly.
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The final list of eecordinates :is given in Table(4:8)

¥

TABLE(4;8)

Atom | af X) b ' ¢ Atom ;a(g)g b ¢
. 5 T ‘

1 j5.06 | 0.72 133 9 %6’.,67 1.09 3.16

2 {3.58 ; 0.18 1.55 10 6,16 176 180
[ 3 12.39 | 0.56 5 0.60 11 [6.00  0.24 10,78
14 1050 | 0054 1.8 12 r560 1.16 ;281
; 5 12,78 { 0,95 2.7o§ gl '6.39 " 0.0 '5.07
6 {3.10 i 0.40 4.08 411‘0.7éf 0.84  2.27|
L7 1430 | 0.68 4.082 al 50.425 1.74 1.78
f 8 573 0.54 - 3.80 |

o
chlorine 5.165 (A) 2.180 0,294

Final scattering curve for carbon.

Using the coordinates given in Table(4:8)(but corrected
to refer to the origin used in each zone}, structure factors were

calculated for the (h k o) and (h o 1) reflsctions. The F’o values
were then put on an absolute scale by scelingz \Fo\ toz \Fo‘ and

an empirical scattering curve for carbon obtained. The values

of the empirical scattering factor (f . ) thus found are shown in

Table@:9). The most recent theoretical values for the scattering/
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scattering power of carbon are given by McWeeny and are shown under

£, in Table(4:9) By plotting log fe apainst sin® @ a value of

2 fo =

. -16
B was obtained of 3.5 x 107", -Thig gave calculated (f, ) values of

the scattering factor as shown, indicating that the empirical curve

was practically identical with the McWeeny curve, appropriately

corrected for temperature.

TABLE (4:

28in® |0.00]0.15 029 0.44 0.58 0.73‘;’0.88 1.02(1.171.31}1.46 1.60[1.75]1.90 |
fe (in electrons)|4.38!3.45]2.63/1.98{1.53{1.18}0.900.6810,50]0.40 ‘0.33n~ !
fo  [6.00(5.80 5.2;;:58 3.80 31;.;:23 2“26 2.0011.71 1.57 1.37 ;wr; 097
fe 6.00{5.76 5.11[4.27|3.35{2.58 1.;3 1.54M 1.20}0.91{0.72]0.53{0.38 0.264

¥
S SRS BOUO

Using the curve defined by the above fc values, final
structure factors were calculated for all zones. They are listed
Table@:lO)(see p. \\0 ),

Final discrepancies were:
hko 15.7%
hol 12.3%
okl 24.0%
overall 17.5 %

Pinal Fourier syntheses were performed on the (h k o)

in

and

(h o 1) zones, bringing in 115 and 84 terms respectively. The resultant

electron density maps are shown in Figs. (4:10) and (4:11).




Fige(L4:10) .
Final (001) projection of thea-caryophgllene chloride molecule as given|

by double Fourier synthesis of 115 (hko) reflections.
Contours at 1,0¢ intervals -- one electron line dotted.

Above is a diagrammatic representation of the same projection.
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‘ Fige(4:10)
Final (0%0) projection of thes —earypphyllene chloride molecule as given
by double Fourier synthesis of 84 (hol) reflections.
Contours at 1.0& intervals -- one electron lime dottede

Above is a diagrammatic representation of the same projection,

|
|



108.

Discussion:
The relatively low value of the discrepancies together

with the Fourier maps K seems to indicate that the correct spatial

arrangement of the atoms in the crystal of /& -caryophyllene chloride,

has been found. The shortest inter atomic distahces are shown in
o)

Table(4:10)and all lie in the renge 1.45 —— 1.62 A . These are the
distances found if a primary valence bond exists between carbon

atoms, A1l other inter atomic distances have not been calculated
o

but those so far determined have a closest approach of 4,2 « 4,3 A

compared with the CH3 cores CH3 intermoleculdr distances for hexe~
° .
methyl benzene of 4.0 - 4.1 A .

TABLE(4:10
o
Interatomic distences in A

el1) —6(2) | 1.59 | c(7) -~ €(8) [1.59
el2) = 6(3) | 1.57 | e(8) — G(8!) | 1.50
¢(3) == Cl4) | 1.54 | ¢(8) — ©€(12) | 1.56.
gl4) — ¢(4 )] 1.62 | g(8) --¢l9) [1.55
gla) == gf4 ) 1.62 | ¢({9) —— ¢{10) | 1.50
€(4) = ¢(5) | 1.57 | e(10) - ¢{11) | 1.60

¢(2) =— ¢(5) | 1.60 | @{11) = &(1) | 1.45

e(5) — ¢l6)| 1.52 | Cl1) -ef12)] 1.64
G6) — c{7)] 1.61 | '

¢(1) — chlorine: 1.79
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These values vary substantially sbout the mean
o
C - C distance of 1.566 A and the structure determination is

not claimed as being complete. In order to completely define

the structure in terms of accurate bond lengths, the hydrogen

atoms would require to be considered before refinement by (Fb - F )

synthesis. The large amount of purely routine work necessary
to take the structure to the present stage (40 two-dimensional
Fourier syntheses) precluded further refinement in the present
Ph, D. course.

Fig. (4:12) is a diagram of the molecule of
/A =—caryophyllene chloride deduced from the x-ray evidence. The
work of Barton ( $§) has shovn that halogenation of the parent
/5 —-caryophyllene alcohol takes place without change of structure
or stereochemical configuration so that Fig. (4312) represents
essentially the molecule of the alcohol.

The x-ray work therefore confirms the structure of
{; -~caryophyllene alcohol and thereby precludes all but the G-

membered form of /g ~caryophyvllens ‘
- g 9

a,e:c-a( + A (D
e 2 1!
> 1"
\ ,
3 o

o - caryophyllene /b - caryophyllene alcohols



Fige(4:12)
Perspective drawing of the/\-caryophyllene chloride molecule as
deduced from the (001) and (010) projections of the unit cell of
the crystal.
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The mechaniam of this reaction is diééussed:by Bart§nb
in his summorising article (loc.eit). In this seme article Barton
discusses some stersochemical aspects of the molecule and concludes
that the cyclo-butene ring is fused cis -« +to the larger ring.
The x-ray determination of the structure of the chloride shows that
in this compound the four membered ring is fused trans - to the larger
ring, Reference to Fig. (4:12) shows that in addition, the hexane
nucleus in the molecule is the trans- form whereas the seven membered

ring is boat-shaped with atoms 6 and S5 cis - to atom 12.

TABLE (4:10)

Measured and calculated values of structure factors
for /b - caryophyllene chloride. The (h o o) and (o k o) axial
values have signs related to the (h k o) zone origin. (o o 1)
valueg have signs related to the (ﬁ © 1) zone origin. The others

are referred to the zone in which they occur.

e

»
Y,

5
W
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hkl 2sin@ P.: P hkl 2sin0 P P -
Meas. Cadcs Meas. calcs

200 0,19 87 0 0.59 4 8.

8 14
4 0.38 T3 % 5 0.4 11 14
6 0.56 56 57 6 0.88 45 - 45
8 0.75 25 2 7 1l.03 4 7
10 0.94 11 10 8 1.17 11 10
12 . 1.13 6 0 9 1.31 13 - 11
14 151 12 1% 10 1.46 5 &
16 1.50 5 4
18 1.69 7 8 210 0.24 2 4
20 1.88 3 1 2 0.34 9 28
3 0.47 58 61
020 0.29 1057 123 4 0.1 - 40 37
4 0.58 9 18 5 075 9 5
6 0.88 15 . 10 6 0.89 4 4
8 1.17 2 i8 7 1.04 14 7
8 - 1.18 7 6
002 0.37 12  14- 9 132 13 17
4 0.74 31 30 . 10 1.47 6 8
6 1.2 11 1 | ,
310 0.32 64 . 62
110 0.8 9. 10 2 0,40 24 . 22~
2 0.30 62 62 3 0.52 63

3 0.44 16 7
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hk1l 2sind F. F hkl 2sin® F, = PF.

‘'Meas, ecslc. Meas. ~ calc.

340 065 18 14 o 530 0.64 18 - 24
5 - 0.78 21 27 4 0.75 35 34
6 0.92 4 7 5 0.87 18 15
7 1.06 10 7 6 0,99 11 14
8 1.20 6 1z 7 113 31 33
9 1.3 10 13 8 126 19 23
10 1.48 6 3 9 139 5 2
‘1 1.63 2 10 1.53 7 [3
12 '1'."77' 4 5 1 1.67 5 2
416 040 5 57 12 1.8 4 2z
2 0.47 47 45 13 1.95 4 ]
3 0.57 51 39 610 0.58 39 37
4 0.69 3 3 2 0.63 10 16
5 0.82 12 17 3 0.71 3 4

3 0.95 4 1 4 0.8 9 9
7 1.09 7 4 5 0.92 7 7
N 1.23 5 10 6 -1.04 8 7
9 1.3 1 14 7 116 4 5
10 1.50 5 1 8 1.30 5 2
1 . 1.65 a B 9  1.43 9 I
510 - 0.49 36 31 10 15 9 10
2 0.55 4 45 710 0.7 22 3%
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hk1l 2sin® F F hkl 2ein@ P =~ F
Mesas, - caley- Meos., " cale, -

120 0.72 9 58 950 1.1 - 20 22 -
3 0.79 28 30 6  1.21 29 30
4 0.8 18 15 7 132 8 - 5
5 0.98 4 10 8 1.44 5 7
6  1.09 8 10 9 1.5 9 8
7 1.21 22 23 10,1 0 0.95 24 26
8 1.34 9 14 2 - 0.98 20 16 :

810 0.76 4 1 3  1.03 - '4 10
2 0.80 25 26 4 130 - 5 8
3. 0.87 15 13 5 ° 1.19 13 6.
4 0.95 16 7 6  1.28 5 0
5 1.05 5 4 7 1.38 T
6 1.15 11 13 11,10 1.04 - 4 T
7 1.27 7 1 2 1.07 5 2
8 1.39 10 12 3 1.2 16 19
9 . 1.5 5 3 4 1.8 5 2
10 1.64 11 [3 5  1.26 8~ T
11 .77 6 3 6 1.35 17 18

910 0.8 10 13 7 145 12 15
2 0.89 23 23 8 1.55.~ 5 [
3 0495 4 3 9 1.66.:5 7> 63
4 1,02 8 7
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hkl 2sin® F P hkl 2sin®@ F F
meage. calc, meas. calc.
12,10 113 12 14 15, 30 '1.47 5 4
2 . 1.6 5 2 4 153 7 8
3 1.20 10 ) 5 159 4 %
4 1.26 7 5 6 1.65 6 9
> 1.34 13 15 7 1.73 4 1
6 - 1.42 8 9 8 1.82 5 5
7 151 9 9 9 191 4 1
13, 10 1.23 - 5 3 16,10 1,51 10 11
2 1.25- 13 13 2 1.54 10 1
3 1.29 1 9 3 1.% 5 2
4 1.35 5 4 4 1.61 5 5
5 1.2 5 10 5 1.67 5 2
6 1.50 5 4 6 1.74 4 -1
7 1% 1 W 7 wa 6 %
14,10 1.33 14 15 110 1.5%9 5 5
2 1.35 10 1 2 1.61 5 3
3 139 6 5 3 164 3 3
4 1.44 7 4 18,1 0 1.69 5 4
5 L% 13 1 2 wm 5 3
6 1.58 5 7 '3 Lm 45
15, 1 0 1.4 5 4 20,1 0 1,88 3 3
2 1.43 5 7 2 1.89 5 3
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hkl 2sin® F P hkl 2sind F P
meas. calc. | meas. calc.

101 020 2. g 306 114 8 12
2 o038 8 5 7 133 6 5
3 056 4 3 8 1.1 6 6

4 0.4 4 6 9 1.69 7 4

5 093 6 3 401 042 47 X
6 1m 6 2 2 0.53 10 7
7 130 19 18 3 0.67 . 4 z
201 0,26 3 5 4 0.83 24 27
2 042 P » 5 1.00 31 27

'3 0.59 46 0 6 1.17 13 14
4 0,76 13 10 7 135 6 12

5 095 9 7 8 1.54 6 1

6 113 29 27 9 1.71 7 10

7 191 12 13 501 0.51 24 21

8 149 6 4 2 060 17 15

9 1.68 5 8 3 0.73 33 28
301 0,34 16 15 4 0,88 17 9
2 047 31 3P 5104 1 7

3 062 24 6 .20 10 T

4 op 5 3 713 6 6

5 091 1 T s 1% 8 T3
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hkl 28iné P F hkil 28in®@ F B
~_ _meas. cale. ... _ meas, calc.

»

509 173 7 805 1.20 6

3
601 059 33 3% 6 134 13 15
2 0.68 31 29 901 0.8 18 16
3 0,79 40 34 2 0.92 5 4
4 0,93 5 & 3 1.00 10 14
5 1.09 6 2 4 112 8 7
6 1.25 1 11 5 1.26 15 16
_ 6 1.40 6 10
7 14 6 7 _
7 155 6 5
8 1.59 8 9 :
e 8 1.7 6 2
701 0.69 30 35
- 9 1.87 6 5
2 0.7 5 1
_— 10 ,01 0,96 9 1n
3 0.8 23 22 -
.4 0,99 23 16 ?
3 1.09 1 11
5 1.4 9 9 B
— 11,01 1.05 16 16
6 1.29 7 8
_ 2 1.10 10 13
7 1.4 6 5 >
- | 1.18 6 8
8 1.62 9 9 ? ’ 5 '
4 1,28 6 12
801 0,78 5 1 -
2 o84 9 T 5 39 9 18
) 6 1052 11
3 094 5 3
7 1.66 6 1
4 106 19 1B |
8 1.a1 12 12
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hkil 23iné 13 P, hk1l 2ain® B B
meas. calc, me&s, .calc,. .

12,01 1.15

5 7 17,05 1.86 4 o
2 119 7 10 6 1.96 2 z
3 1.26 8 10 18,01 1l.71 6 ry
4 1.35 6 ] 2 1.7 5 6
5  1.47 6 5 19,01 1.80 4 2
6 1.58 6 6 2 1.83 8 5
7 1.72 7 8. 20,01  1.90 3 2
13,01 1.24 14 10 2 1.92 3 2
2  1l.28 20 23
3 1.35 8 10 ' ‘
: 011 0.24 26 32
4 1.43 : .
2 0,40 41 38
>  1.54 —_
0. 1 18
6 1.66 10 10 ’ ® ? '
5> 0.94 13 15
14,01  1.34 11 10 -
6 1.13 9 5
15,0 1 1.43 6 6 .
: 1.31 18
2 146 12 9 Tt fﬁ
8 1. 10 10
021 0.34 4
2 156 12 14 ¥ ? . _z
2 0.4 1
17,0 1 1.62 13 12 - T 2 2
. - 3 0.6 21
2 1.65 11 10 ? ’ 3
) , — 4 0,80 10 16
3 170 6 3
6 1.15 8 0
4 1.77 5 by

10 1.89 5 5
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hkl 2sin®6 ‘F F hkl 2sind F F
meas. calc. meas. calc.
031 0;47 5 11 062 0.95 1 6
2  0.58 25 24 4 115 17 6
=3 0.7 33 19 5 1.28 24 22
4. 0.8 16 17 9 1.8 7 5
S  1.03 21 24 071 1.04 8 9
6  1.20 20 26 2 1.09 13 3
7  1.38 11 5 4 126 22 23
8 1.5 8 .9 6 151 11 [3
10 1.92 6 (3 8 1.8 7 9
041 0.61 24 23 081 118 14 22
2 0.69 a4 53 3 130 14 17
3 0.8 28 21 4 1.38 10 10
4 0.9 10 10 > 149 1 4
7 143 7 5 8 1.90 1
8 1.60 6 2 092 1.36 10 1
051 9.75 17 13 4 151 7 7
2 0.8 29 41 7 1.85 6 4
5  hae 7 5 0,10,2 1.50 10 8
6  1.34 8 9 6 1.84 7 4
7 1.80 12 5 0,11,2 1.65 12 8
8 1.66 6 4 > L8 4 4
061 0.90 2% - 0,12,2 - 1.79 7 8
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% F cale. used in Pourier synthesis.

* Intensity difficult to estimate because of spot shape.
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APPENDIX.

Two additional compounds have been given preliminary -

examination with a view to x-ray study.

a) Periflanthene { $2-) This substance was prepared by
E.Clar in an attempt to synthesise quaterylene, end was

submi tted for x-ray study as the latier compound. The substance

was later shown to be periflanthene.

quaterylene (not so far synthesised).

periflanthene

Attempts at crystallisation, a&és

Attempits to reerystallise from benzene, tr{;hlorﬁenzone
gnd othyl acetate afforded no better crystals than the
microscopie speciments received from E. Clar.

‘Sublimation was accordiﬁgly attempted, and since‘tﬁéiur
compound rapidly oxidises if heated in air, the following technique

was adopted,
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The substance was placed in a porecelain boat in a
tube surrounded by an electric heating coil which maintained
a uniform heating gradient, This ecould be varied gquantitate
ively at will, All eir was then evacuated from the apparatus
and a dilute stream of carbon dioxide was allowed to flow over
the boat at pressures of ~ 107> mus. mercury. In this way
controlled sublimation was achieved but no satisfactory crystals
were obtained,

A few very small crystals. (the largest available) were
set up for rotation photography but ﬁo reflections could be
recorded. The substance was passed on for electron microscope

examination.

b) Dimethyl corticroecin. Corticroein ( 83 ) is a compound
of biological importance and erystals of its dimofhyl ester
were obtained from H. Erdtman, Royal Institute of Technology,

Stockholm, Sweden

o | _9
C"\"" /\\c/\/’Mf //\/‘;\\ \,3

o) ' o

dimothyl eorticroein.
The substance haa a Belting point of 230-232 and a denaity

of 1.228 g. Jeec.
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X-ray examination.

Dimethyl corticrocin erystallises from chloroform -
in needle shaped orange crystals. The length of the needle
axis was determined from rotation photdgraphs as 6.07&9 s -but
initial Welssenberg moving film photographs indicated false
symmetry because of crystal twinning and caused wrong ihdexing
of the reflections.

Larger crystals were later obtained by very slow
crystallisation from chloroform. These were found to be
untwinned and showed the crystals to be triclinie. A second
axial length of 16.64 was further obtained by rotation photo-
graphy.

The crystal analysis is being continued by A. H. McCallum
in this department,
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