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SUMMARY.

et SNy

X-ray studies have been carried out on crystals
of derivatives of naturally-occurring organic compounds.
Three structures have been successfully determined in
this way: the bitter principle, clerodin (CoulzsOr),
and the mould products, byssochlamic acid (GISHZOOG)
and atrovenetin (019H1806).

Information on the structure of clerodin was
not extensive, when crystals of a bromo—)vnlactone
were provided by Professor Barton., The structure
analysis was hindered by the proximity of the heavy
atom to certain important structural features, which,
as a conseauence, proved difficult to locate. The
picture of the structure, as shown by the three-
dimensional Fourier maps, was clarified when it was
recognised that the accepted molecular formula for
clerodin was incorrect. The mailn remaining problem
was the establishment of the correct absolute stereo-
chemistry. The relative configuration of the molecule
was found, despite some difficulties concerning the
identification of the nature of the atoms in a three-
membered ring, and bylemploying the anomalous scattering

effect, the true absolute configuration of clerodin
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bromolactone, and hence of clerodin itself, was
established. The crystal and molecular dimensions
conformed to the normal pattern, although great accuracy
in the location of atomic positions was not attempted.

Professor Barton provided crystals of a p-bromo-
phenylhydrazine derivative of the mould product bysso-
chlamic acid. Very little was known of the structure
of this compound. The major problem in this structure
analysis proved to be the determination of the positions
of the bromine atoms in the unit cell of the crystal.
There were two bromine atoms in the asymmetric unit, and
the derivative crystallised in the tetragonal system;
these two facts resulted in a very complex Patterson
function, which reguired a great deal of study before
the heavy atom sites were located. Thereafter, the major
problem was one of minimising the very large amount of
computer time required for this complex analysis. The
structure and relative stereochemistry of byssochlamic
acid was established and it can be seen to occupy an
important place in a series of compounds studied by
Professor Barton. Some slightly anomalous molecular
dimensions were found in this structure, although, once
again, the limited accuracy of the analysis limits the

conclusions that can be drawn.



iv.

Unlike the other two compounds, a structure had been
proposed for atrovenetin, although later work had cast
some doubt on its complete validity. The solution of
this structure by X-ray methods proved comparatively
simple, although refinement was hindered by pseudo
symmetry. The structure found differed in the manner
of attachment of a five-membered ring to that published.
From a crystallographic view-point, this structure is
interesting on account of the very close similarity of
two independent molecules in the crystal. These two
molecules have crystallised in a manner which bears a
close resemblance to the symmetry of a higher crystal
class. The molecules are prevented from crystallising
in this higher class because of the presence of an
asymmetric centre. Despite inaccuracies in the analysis,
some interesting conclusions can be drawn regarding the
molecular dimensions.

Three appendices contain an account of some work done
on the crystal structures of l:4-cyclohexanedione,
dinitrogen tetroxide, and salts of furan tetracarboxylic
acid. A fourth appendix contains some stereoscopic
photographs of three-dimensional Fourier syntheses
computed for clerodin bromolactone and atrovenetin

trimethyl ether ferrichloride.
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Develooment and Application of X-ray Crystallography
in Chemical Problems.

The rapid advance in the application of X-ray
crystallography to elucidating the structures of naturally-
occurring organic compounds in the past decade has been of
the utmost importance. With the advent of the electronic
digital computer, it has become simpler for the organic
chemist, when confronted with an unknown structure that
resists elucidation, to prepare a suitable derivative and
to turn the problem over to the X-ray crystallographer.
Unfortunately, in some cases, the sultability or otherwise
of the derivative is not apparent for several months.

The basic technigques, which will be outlined in the
following sections, have in most cases been used successfully
for two-dimensional and smaller three-dimensional work prior
to 1950, but only since that time has the determination of
completely unknown structures containing twenty or more
atoms apart from hydrogen been feasible. The ploneexr
work on strychnine derivatives, penicillin derivatives,
and vitamin Byo has been followed by a very rich harvest
of successful structure determinations, culminating in the
elucidation of the structures of the proteins, haemoglobin

and myoglobin.



The present work is of a more modest character,
consisting in the elucidation of the structures of naturally-
occurring organic compounds by the application of the
direct heavy atom method. In two cases, the information
about the structure prior to the X-ray work was meagre,
while in the case of clerodin bromolactone even the

accepted molecular formula proved incorrect.

Derivation of the Laue and Bragg Ecuations.

From a geometric stand point, crystals consist of a
three-dimensional periodic repetition of a basic geometric
unit, called a unit cell. Alternatively, crystals may be
considered as being made up of a large number of identical
atomic arrangements repeating regularly in three-dimensions.
It is convenient to replace each such group of atoms by a
point, and the three-dimensional pattern of such points

forms the space lattice of the crystal. In order to provide

the lattice with the means to scatter radiation, it is
assumed that an electron is situated at each lattice point.
The positions of these electrons can be specified by a set
of vectdrs r, such that:

z = ma+1bs+oe

where a, b, and ¢ are the vectors defining the unit cell

of the space 1éttice, and m, n, and o are integers.
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In (I), X and Y are two lattice points, and the
direction of incident radiation is demoted by the vector
8., of length 1/% , where X is the wavelength of the
radiation. The path
difference between the

scattered waves from the two

lattice points in a direction

defined by the vector S,
equal in magnitude to sy,

is given Dby:
W - XN = A(r.s-r.s) = Ar.S

where § = S - Sj5.
The condition for the waves to be in phase is that
r.S must be an integer, i.e. that (ma + nb + oc).S must

be an integer. Hence, the conditions that

a.§ = h
b.8 = k
c.s = X

where h, k and Q are integers, must hold for a diffracted
beam of maximum intensity to be produced. These conditions

are known as the Laue Equations.

These equations may be written in the form,

g_/h.§ = p_/k.g =£/£.§ = 1
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From this, it is clear that S is perpendicular to the
plane defined by the intercepts, 2/y, ?/k, 2/1’ i.e. the

plane with Miller indices h k L(II). Since, by

—————— a3}

(11) (I11)

definition, the vector S bisects the incident and diffracted
beams, and is perpendicular to the lattice plane hkf, a
close analogy with reflexion can be drawn. The spacing
d(hk{) of the planes is the perpendicular distance from

the plane hk{ to the origin (II) and is eéual to the

projection of 2/p, 19-/};, and 2/p on the vector S.

a
ie. a(nxl) = /b2
Is|
But, from the Laue equations, 2/, § = 1 and
|s| = 2 sin@/ X (III),

where © is the angle of incidence of the radiation on
the lattice plane hk{. Hence,
2dsin® = A



This is known as Bragg's Law and indicates that a

'reflexion' from a lattice plane can only take place when
the angle of incidence of the X-ray beam satisfieg the

condition given by the equation.

The Structure Factor Zxpression.

A crystal with N atoms in the unit cell can be imagined
to consist of N interpenetrating lattices, with all lattice
points occupied by atoms. Individually, each of these
lattices will obey the Laue and Bragg conditions, but, in
general, the N lattices will be out of phase, so the
intensities of the various planes will depend on the atomic
arrangement within the unit cell.

th

The position of the j atom, situated at the point

(xj, v zj) where Xy, ¥y, and zy are fractions of the

j,

unit cell vectors, can be represented by gj , where

ry = X8 + yjp + Z5C

The path difference between the waves scattered by the jth
atom and an atom at the origin of the unit cell can be
shown to be ).gj.g and the corresponding phase difference
is 2r1;j.§, Combining these phase differences for all
atoms in the unit cell, the exXpression for the complete

wave scattered in the crystal would be



N
P o= ijexpznlr.s
J=1
F = 3 f;em 2ni(x;a.8+ yjb.8+ 7;0.8)
J=1 |
N
F(hkR) = Z fj exp 2Ni(hxy + kyj + Kz5)
i=l1

In this expression, 'fj represents the scattering factor
of the atom, which takes account of phase differences 1in
scattering due to the electrons within one atom. The

quantity F(hk{) is known as the structure factor &nd it

is a complex quantity which can be represented by a modulus

|F(hk9)|, known as the structure amplitude and a phase,

X(hk{). The structure amplitude can be obtained from
the measured intensities, but the phase is not an observable
gquantity.

It is often convenient to separate the real and
imaginary parts of F(hk{), so that F(hk{) = A(hk{) +
i B(hk{), and X(hkR) = tan™T M , Where:

N A(hk Q)
A(hxR) = 2 fj cos 2N (hxj + kyj + ,sz)
J=1
and N
B(nkf) = j’j sin 20 (hxy + kyy + Lz3)

J=1



Instead of introducing point atoms, the structure
factor may be expressed in terms of the electron density

at a point, e(x, y, z); thus

1 1 1l
F(hkl) = J J J V()(x,y,z)e@ 20ihx + ky + £ z)dx dy dz
x=0 y=0 z=0

Fourier Series.

As a ecrystal is periodic in three-dimensions, the
electron density of the crystal can be represented by a
Fourier series, In its most general form, a Fourier series
represents a function T((p) as the sum of an infinite number
of weighted exponentials of positive and negative values of

a phase angle (,P , i.e.

T((P) = Z C, exp (inLP)
or, alternatively,
Q) = S Opem (-ing)
Nm - 00

The latter form is found to be the more useful in
crystal structure analysis. The theory can be extended
to represent a function of several variables, e.g. the

electron density as a function of three co-ordinates.



As evéry point in space has to be covered, there should

be a triply infinite number of Fourier coefficients (C,).

The periodicity of the lattice limits the number of terms

to those whose direction and wavelength correspond to a

particular crystal plane. A Tourier series representing

the electron density as a function of x, y, and z, the

fractions of the three co-ordinate axes of the unit cell,

has a term for every crystal plane hk{.

a(hke).

(IV) shows a representation of
a Fourier wave hk{ of wavelength

The phase ((P) of this

wave at the point P(x,y,z),

where P is defined by the

vector r,
(1v)
where r = Xa+ yb + zZc
is given by (P/2n = r.S.

(P = 2N(hx 4+ ky-;-QZ)

Hence,

The electron density in a crystal can therefore be

represented by a triple Fourier series of the type,

0o
e(xy Z)=ZZZ Cp exp - 2Ni(hx + ky + L z)
. nd |

h k K
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The structure factor P(h'k'L') of a set of reflexions
(n'x'R') is given by:

11,1
F(n'k'Q') =‘I J I v(;(xyz) exp 20ih'x + k'y + K'z)axdy az

0O 0O

Substituting for e (xyz),

1.1
h'k'{') =j S j 2 ZZ exp onl[(h'-h)x +(k'-k)y +
0]

lolNe}
b k& (0 -Q)z]) v ax ay az
The integral of a sun of terms 1s the sum of the individual

integrals, therefore

+ 00 111
F(h'k' ') = Z Z Z [ jj Cp exp 201[(h'-h)x +(k'-K)y +
c O

h k R o (Q'—Q)Z’] V dx dy dz
- o0
Each of these individual integrals vanishes, unless h' = h,

k' =k and ' = f, when
F(hkQ) = V Cp (hkR)
The expression for the electron density of the crystal

e(xyz) takes the form:

"

Z. 2 ZF(hkmeXP - 201(hx + ky + L2)
K
oo

e (xyz)

1
V
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The Phase Problem and the Heavy Atom Method.

As demonstrated in the last section, the electron
density in a crystal can be evaluated by Fourier methods
provided the structure factors are known. Unfortunately,
only the structure amplitudes can be determined by
measurement, leaving the relative phases unknown. The
determination of these phases constitutes the basic problem
of X-ray structure analysis, and for a specific crystal
structure, no general method for finding the phases exists.

When dealing with the structures of large organic
molecules containing from twenty to sixty atoms other than
hydrogen, the 'heavy atom® method has been found to be a
powerful approach to the problem (Robertson and Woodward,
1940). If it is possible to prepare a derivative containing
one or two atoms with an atomic number much greater than
that of the remainder of the atoms, and to locate the
position of this atom within the unit cell (X, ¥ya, 2a)s
then the structure can often be solved. The heavy atom
contribution to the relative phases dominates the
contribution of the other atoms and the phase O(A(hkﬂ),
due to the heavy atom alone, found from the eguation:

. q ‘
sin 2 (th + kyA +QZA>

X ,(hkQ) = tan-1 B/ —tan~t
: cos Eﬂ(hXA + kyp +,QZA)

is a close approximation to the true phase X (hkR).
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Consegquently, a Fourier series can be evaluated with the
measured structure amplitudes and the phaseschth), with
a good chance that it will provide a reasonable and
recognisable approximation to the actual electron density.
If genuine fragments of the structure can be identified
from this electron density map, these atoms may also be
employed in a phasing calculation and a closer approximation
to the true phases should be obtained.

The effectiveness of a heavy atom in determining the
phases in a particular structure can be roughly indicated
by the ratio of the square of the atomlc number of the
heavy atom to the sum of the squares of the atomic numbers
of the light atoms. This ratio should be about unity for
maximum effectiveness (Lipson and Cochran, 1953). Sim(1957)
has done further calculations on the number of phases that
should be determined within acceptable limits for various
ratios of scattering factors of heavy and light atoms.

It is undesirable for the atom to be so heavy that the
sduare of the atomic number is very much greater than the
sum of the squares of the atomic numbers of the other atoms.
This could lead to undesirable effects, such as diffraction
'ripples', which might obliterate genuine detail or cause

it to bevdisplaced from its true position, or could cause
errors in the measured structure amplitudes due to high

absorption of the X-rays.
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Vector Methods.

In the preceding section, it was shown that in certain
circumstances, the phase problem could be overcome provided
the position of a heavy atom could be found within the unit

cell, Patterson (1934) defined a gquantity:

1101
P(uvw) = l!.c[ e(xyz')e(mu, v+V, z+w) dx dy dz

In this expression, e'(x+u, v+V, Z+W) is the distribution
of scattering material about (xyz) as a function of u, v,
and w and it represents a distribution similar to e'(xyz)
but displaced from (xyz) by the parameters u, v and w.
The function P{(uvw) will have a large value when Dboth
e(x,y,z‘) and e(x,;.u, V+V, Z+W) are large, i.e. when atoms
are situated at (x, y, z) and (x+u, y+v, Z4V) . The function
gives a representation of all the interatomic vectors in
the unit cell, The heavier the atoms at the points
(x, ¥, z) and (x+u, y+v, z+Ww), the greater will be the
value of P(u, v, W)

The great importance of the Patterson function becomes

apparent when the Fourier expressions for the electron

density are substituted in the above equation.
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+ o0

12t

P(u,v,w) = 14’,2%;;%,%%,! (S l F(hkﬂ)exp{-%i(hmkwﬁz) }
— 00

F(n'x'R’ )exp{-zm(h'x + K'y + Q'z)}exp{—zﬂ i(h'u +
K'v 4 Q'W)} dx dy 4z

This expression vanishes unless, h = -h', k = -k' and

g=-1, when
o0

P(u,v,w) = Yy2 2 Zz F(hkQ) F(ﬁib)exp{-z Ai(h'u + X'v
- 00 + Q'W)}

and, as F(hkf) and F(hkD) are complex conjugates,
o0 00 o

Pluvw) = %23 TS (mee))Peos 20 (tu + kv + fw)
(=)

—0 -8C

It can be seen that the Patterson synthesis may be
evaluated from a knowledge of the structure amplitudes
alone. The position of a heavy atom in the unit cell
can often be found by this method and this provides the
starting point in the solution of the phase problem.

Harker (1936) has shown that, owing to the symmetry
of the crystal, special concentrations of vectors are

found in certain planes and lines of the Patterson
function. For example, in the space group P2,

& planar concentration of vectors is found on the

section P(u, %, w).
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The Relation between the Intensity and
Structure Amplitude.

If E is the total energy reflected by the volume 4V
in the course of a single passage of the crystal through
the region of a Bragg reflexion, it can be shown

(e.g. Buerger, 1960) that:
(I’o A’ N° av e% (1 + cos® 2@ o
E = o - . 5 L |7

I, = the intensity of the radiation striking the crystal

A = the wavelength of the radiation

N = the number of unit cells/unit volume
dV = the volume of the crystal
W = the rate of rotation of the crystal

e = the electronic charge

8
I

- the mass of the electron

¢ = the velocity of light
© = the Bragg angle
|F| = the structure amplitude

L. = the Lorentz factor.

This formula is based on the assumption of a very
small crystal, much smaller in fact than the size normally
used. That the formula is applicable to the normal size
of crystals is due to imperfections that result in the

crystal being made up of a mosaic of very small blocks.
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The factor (e%m2c4) is introduced as it occurs in the -
expression for scattering due to a single electron. The
term (l + cos® 26/2)13 known as the polarisation factor
and accounts for the incident X-ray beam being unpolarised
with respect to the plane of 'reflexion'. It is independent
of the geometric arrangement for recording intensities.
The factor L, known as the Lorentz factor, ecguals %@in 20
when the rotation of the crystal is about an axis perpen-
dicular to the X-ray beam, but other corrections may have
to be applied if a more complex motion of the crystal
relative to the X-ray beam is employed.

In addition to these corrections, the effects of primary
and secondary extinction and absorption may be important.
Primary extinction is caused by ‘reflexion’ of the incident
X-ray beam from the surface layers of the crystals, while
secondary extinction is due to the 'screening' of the lower
blocks of the mosaic structure by the outer blocks from

the incident beam.

Refinement:

(a) By Fourier Methods.

When a structure has been solved, a process of
refinement has still to be followed to obtain good agreement
between observed and calculated structure amplitudes, and to

approximate the calculated phases to the true phases.
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This can be done initially using Fypg, Fourier
syntheses, and the new atomic positions obtained from
these syntheses can then be used in a further round of
structure factor calculations. This method, however,
could only give the structure with great accuracy under
certain conditions, A Fourier series can only legitimately
be applied to a crystal structure analysis when an infinite
number of terms are available; hence, using X-rays of
wavelength about 1.5 K places a severe limitation on the
amount of data that can be collected. It is aquite
reasonable to expect that for any postulated structure,
there will be structure factors outwith the recording
limit of the radiation having quite large amplitudes.

The omission of such terms from the observed data causes
termination of series effects.

These effects are shown as diffraction ripples near
the atoms in the structure, and are in effect a series of
troughs and waves emanating from the positions of the
atomic centres. These disturbances will influence the
position of the neighbouring atoms and cause shifts from
the true positions. Allowance for this effect can be

made by a method due to Booth (1946).
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The final Fopg, Synthesis, calculated from a model
containing all the atoms in the structure, is known to
have the peaks displaced by unknown amounts due to
termination of series effects. Another Fourier series,
with the same phases, but with Feale., a@s coefficients can
be computed. If there were no errors due to termination
of series effects, the position of the peaks in the F,,q..
map should be identical with the sites proposed in the
model. Hence, the deviations of the peaks from those
sites (Qx, Oy, Q z) represent the correction, with
change of sign, to be applied to the positions of the
peaks in the Fopg, map. This correction is known as the
‘back~-shift' correction. It is 5ased on the assumption
that no errors exist in the postulated structure, except
those due to termination of series effects, and hence
should not be applied until the refinement with F,

syntheses has reached its limit of effectiveness.

(b) By Least Sguares Procedures.

The quantity ZWQZ, where [} = lFO(hkﬁ)l-'Fc(’hkL)l ,
can be minimised with respect to the structure parameters
used in calculating F.. The summations are over a set
of independently observed planes, which are allotted
weights according to the estimated accuracy of the

observations.



18.

2, « o uj, . o

on which F, is dependent, then the condition for Z W02

Irf s 1 .+ U, &re the n parameters

to be & minimum is:
2
ai Wﬂ - 0
du.
J N
i.e. Z wh(hkl) __é_l_al_lsl.h_l«zﬂl = 0
J

The normal eguations for the c:orrections,Ej ’to the
trial set of parameters uy  are the n simultaneous
linear eguations ,

n

Z g ; [iw(hkﬂ) 0 (nkp) . 0(nkR)
* ' )U.J

i=1 Uy

= - 5 w(nkR) 0 (mce) 0 (hel)
éuj

fOI" j = 1’ 2, . . . s N

being evaluated for the trial set of

J N (hkR)
du.

parameter eralues. The off-diagonal coefficients,

Z w:(_?_D__)&é_Q_) , of €; in the normal equations are
u; /Quj
j i

often omitted in the refinement, in which case the atomic
parameters and the thermal parameters are treated
separately.

In the least-souares program written by Dr.J.S.Rollet,
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the atomic positional parameters are evaluated from a
3 x 3 matrix for each atomic position, the thermal
vibrational parameters are evaluated from a 6 x 6 matrix
for each atom, and the scale factor is evaluated from a
2 x 2 matrix with the parameter Q representing the overall
vibrational parameter, such that _%J_go_'_ = - Fo sin® O
Cruickshank (1952) considers that for structures
with a large collection of three-dimensional data, these
limitations are valid except in the case of co-ordinate
interactions between two atoms, one of which dominates
the phase determination.

The standard deviations of the guantities u.

J
can be found from the totals, Zw 30 . 24
duy du 5
: 2
: w
tee. O(55)" = i T
(N-8) Zw oo
BuJ 'llj

where N is the number of independent observations,

and S is the number of parameters to be refined.

Anomalous Scattering and the Distinction
of Entantiomorphs by X-rays.

The structure factor F(hk{) can be written as

N
P(hkf) =S ]Cj exp 201 r4.8
J=1
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On inversion of Iy the structure changes to its enantiomorph,
and F(hk{) takes its conjugate value F(hk{)™, while the
intensity, I(hk{) = F(hkl).F(hk{)*, remains unchanged. The
only circumstance that could invalidate this condition would
be for one of the scattering factors to be complex. In

such a case, the intensity of a reflexion would change on
inversion of the structure. If the scattering factor fj

is represented byx}% ei'sj , then the structure factor

F(nkf) becomes:
N '
F(okR) = S fj e’Xp[i 8 + 2ni(£j-§‘)]
J=1

On inversion of the structure, the intensities could only
remain the same if all the Sj values were egqual.

A complex scattering factor occurs when the phase
change in the scattering process differs from the corres-
ponding phase change in the scattering by a free electron
so long as the difference, & F M. In the expression
for the structure factor it is necessary to ensure that
the terms due to anomalous scattering and normal scattering
have the correct sign relative to each other. Conseguently,
great care must be taken to ensure that the photographs
are indexed correctly and that the structure factor
calculations are based on this indexing.

For non-centrosymmetric crystals, the sequence of

atoms from the side hk{ is the reverse of that on the side
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hk{ . This allows the distinction between enantiomorphs
to be made by measurement of reflexions from the same
crystal instead of equivalent reflexions from crystals
of each enantiomorph having to be compared.

The complex scattering factor fels may be written:

i8
:fe = }O - D)(' + iﬂf",
where Df’ and D4 " have been calculated on the basis
of Honl's theory (James, 1948) and values of Df' and

O § " for various exciting radiations have been listed

by Dauben and Templeton (1955).



PART I.

The Structure of Clerodin..

X-ray Analysis of Clerodin Bromolactone.




The Structure of Clerodin: X-ray Analysis
of Clerodin Bromolactone.

Introduction:

Clerodin is the bitter principle of Clerodendron

Infortunatum or the Indian Bhat or Bhant, a gregarious

shrub, common in the warm regions of India from Gurhwal
and Assam to Ceylon. Indians used the plant as a
vermifuge, an anthelmintic and as an effective and cheap
substitute for Chiretta.

Banerjee (1937) investigated the plant in order to
find the principle responsible for the therapeutic action.
He succeeded in extracting and isolating colourless,
needlelike crystals of an extremely bitter substance
which he named clerodin and showed to be the active agent
in the Bhant. Banerjee assigned clerodin the molecular
formula CqzH;807, but was unable to obtain much information
about its structure. Chaudhury and Dutta (1951, 1954 )
arrived at the molecular formula CogH,0g for clerodin
and carried out investigations on the nature of the oxygen
atoms in the molecule. They succeeded in characterising
an acetate grouping (—O.OO.CH5) and thought that there
were four hydroxyl groups present.

Barton (1960) had evidence that a vinyl ether

grouping (I), two acetate groups, and an epoxide ring (IT)
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o

(1) (I1)

were present in clerodin. He had also shown that
analytical results were consistent with a formula of
02135006 for clerodin. By addition of hypobromous acid
to the vinyl ether grouping (I), Barton was able to
prepare a bromohydrin (III), which on oxidation gave
a bromo- ) ~lactone (IV).

The X-ray work was carried out mainly on clerodin
bromolactone, although some preliminary measurements
were made on clerodin bromohydrin, crystals of both

compounds being supplied by Professor Barton.

OH o

Br Br

(1IIT) (1v)
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Experimental :

Crystal Data.

Clerodin Bromohydrin; (024H55083r); M = 530.9;

m.p. 186-187°(decomp.); d(gale.) = L-409,

d( found) = 1.429 (by flotation); Orthorhombic,

a=11.44 £ 0.03, b =9.73 £ 0.06, c = 22.52 £ 0.15 z.

V = 2504,5 X;é No. of mols. (Z) = 4. Absent spectra,
(h0O) when h is odd, (OkO) when k is odd, (00Q) when K is
odd. Space group P2;212 (DéQ). Absorption Coefficient
for X-rays ( A = 1.542 K)/p = 28.4 emIl  Total number

of electrons per unit cell = F(000) = 1112,

Clerodin sromolactone; (CgyHzOgBr); M = 528.9;

m.p. 168-169°.  d(oa1e,) = 14442, d(goupa) = 1-482 (by
flotation); Orthorhombic, a = 10.55 ¥ 0.03,

b = 10.12 ¥ 0.03, c = 92.82 ¥ 0.07 &; V = 2436.4 Xg;

No. of molecules/céll (Z) = 4. Absent spectra, (h00) when
h is odd, (0OkO) when k is odd, (00RQ) when [ is odd.

Space group, P2;212; (Df’). Absorption Coefficient for
X-rays ( A = 1.542 X),1:= o8.4 cm. Total number of
electrons per unit cell = F(000) = 1104.

Preliminary measurements were carried out on both

clerodin bromohydrin and clerodin bromolactone. The two
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compounds belonged to the same space group and had cell
dimensions of a similar order of magnitude. The crystals
of the bromolactone were better formed than those of the
bromohydrin and gave sharper 'reflexions'. The data
for the bromolactone went out to a greater limit than
the data for the bromohydrin. Consequently the X-ray
analysis was carried out on clerodin bromolactone,
Rotation, oscillation, Weissenberg and precession
photographs were taken with CuKo radiation (A= 1.542 1),
and Molybdenum Ky, ( A= 0.7107 &) radiation. The cell
dimensions were obtained from rotation and precession
photographs. Small crystals of approximately sacuare
cross-section were used to collect the intensities on
zero-layer and equi-inclination Weissenberg photographs.
Two series of photographs were taken from crystals rotated
about the a- and b- axes. The intensities were estimated
visually, using the multiple film technicue (Robertson,
1943) and a calibrated step-wedge. The intensities were
corrected for Lorentz, polarisation and rotation factors
for upper layers and the values of the structure
amplitudes (F,) were obtained from the mosaic crystal
formula. The various zones were placed on the same

relative scale by reference to common reflexions from



both series of photographs. At a later stage in the
analysis, the structure amplitudes were placed on the
correct absolute scale by comparison with the calculated

values |Fe]. In all 1512 independent structure factors

were obtained.
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Structure Determination.

TI. The Determination of the Heavy Atom Positions.

It was hoped to determine the positions of the

bromine atoms in the unit cell by selecting the
concentrations of vector peaks due to Br - Br vectors
from either the two-dimensional Patterson projections
or from the full three-dimensional Patterson synthesis.
For a crystal belonging to the orthorhombic system, the

expression for the Patterson function P(UVW) is:
e @@ o0

P(UVW) = V Z ZZ‘F(hLE)'2cosznhU cos2 kV
cos2MLW

This expression can be simply reduced to that for the
Patterson projections P(UW) and P(VW) down the b- and
a- axes respectively. Prior to computation of any of
these functions the coefficients of the series lE(th)lz
were modified to IF(th)‘z 11(8) where

w(8) = {f, e (sinP@ /AR

The vectors to be expected between bromine atoms in
the space group P212121 with one molecule in the
asymmetric unit are shown in Table T.

The two-dimensional Patterson projections (VW) and

(UW) were computed using 205 and 218 terms respectively;

the maps are shown in Figs. I and IT. In the part of



TABLE T.

Vectors to be expected with one bromine atom per

eguivalent position in the space group P272127 .
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Fig.II. Patterson Projection down h-axis,P(U,W).
Contours at arbitrary intervals. Peaks
referred to in text are marked on diagram.
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the (VW) projection shown there should be double weight
peaks at 2yp,,5 on the line, (V,%) and at %,%-2zp, on

the line (%,W), with a single weight peak at 3-2yppn,

2zByr 1in a general position. The concentration of

vectors at 2YBr,% is clearly peak A; for the concentration
of vectors on the line (%,W) there are several possibilities
which cannot be distinguished by the presence of any heavy
concentration of vectors in a genersl position.

In the part of the (UW) Patterson projection shown in
Fig.I1I, there should be peaks of double weight at %—QXBT, x
on the line (U,%) and at %,2%p, on the line (%,W), with a
single weight peak at 2xpr, }-2zp, in a general position.
The presence in a general position of peak I which could
be the concentration of vectors at 2XBP,%—2zBr would
indicate that the two other concentrations are the peaks
A' and C', the latter peak corresponding to the peak D on
Fig.I. In this way a consistent set of bromine co-ordinates
can be obtained from the two Patterson projections.
Unfortunately, at least one other set could be obtained.

On the projection (UW) there is a peak G' wnich could be
the general peak corresponding to D' along the line (%,W),
which would be consistent with the occurrence of peak C on
the projection (VW) along the line (%,W).  Although the

first set is made up of stronger vector concentrations,




it was thought desirable to compute the three Harker
sections of the three-dimensional Patterson synthesis
at (%,v,w), (U,%,W) and (U,V,%).

These sections are shown in Figs. III, IV and V
and should contain respectively vector concentrations
at 3-2ypps 2%gp; 2%, 2-2Zpp; and $-2Xpp, 2¥ppe
The largest peak on each section gave a consistentset
of values for Xpps Ipp: 8nd zZp, which corresponded to
the first set obtained from the two~dimensional
Patterson projections.

The co-ordinates obtained for the bromine atom in
this way were: '

% = 0.144; ¥= 0.087; 7 = 0.204.
These co-ordinates, being in quite general positions,
should give satisfactory phase determination of the

structure factors.
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TABLE TT.

The Course of the Analysis.

2-D Patterson Projections
5-D Patterson Synthesis (Harker Sect?:)
lIBr co-ordinates Bg = 3
Structure Factor I R = 51%
Fourier Map I computed with 1426 terms
5~D Super position Map
115 atoms + Br B, = 3
Structure Factor IT R = 43%'
Fourier Map II 1443 terms v_
114 atoms + Br By = 5
Structure Factor III R = 42%

Fourier Map III 1466 terms
21 atoms

+ Br 2-Dimensional S.F. calcul®*
(Bg = 3) Fourier Projection

Structure Factor IV R = 40%
Fourier Map IV 1414 terms

Solution
‘of Structure 3l atoms (By = 3)
apart from + Br

confighs of Cgq

Structure Pactor V R = 32%

Fourier V 1494 terms

= ¢

32 atoms (5 as Oxygen)
+ Br Be

- Cont'd -



TABLE II. (Cont'd)

The Course of the Anelysis.

Structure Factor VI R = 30%
Fourier VI All terms.

152 atoms (7 as Oxygen)
+BI',(B6=5)

Structure Factor VII R = 29%
Fourier VII (F, + F,)

32 atoms (7 as Oxygen)
+ Br (Be = 4

Structure Factor VIII R = 24%
Fourier VIII (F, + F,)

152 atoms (7 as Oxygen) (By = 4)
Structure Factor IX R = 22.5%

Fourier IX (F, + F,)

Il
>
-

152 atoms (7 as Oxygen) (By
Structure Factor X R = 21.4%
Fourier X (Fy + Fo)

%2 atoms (8 as Oxygen) By assigned on
basis of Fy + F

synthesis. ¢

Least Squares I R = 20.8%
Solve I s wh? = 1572

l Br anisotropic, all others isotropic Be

Least Squares IT R = 19.3%
Solve II Swh® = 1005

Br + O atoms anisotropic
C atoms isotropic

- Cont'd -



TABLE ITI. (Cont'd)

" The Course of the Analysis

-

Least Sguares III R = 18.0%
Solve IIT swN® = 872

l All atoms anisotropic
Least Squares IV R=17.2%
Solve IV £wn? = 1240 (U‘Sing different

l " weighting system)
Final S.F. Calculation (All atoms anisotropic)

Final F, map R = 16%.




TII. The First Cycle of Structure Factor
and Fourier Calculations.

The ratio i%ﬁﬁ has a value of 0.870 for
the clerodin bromolactone structure. A flow diagram of
the course of the structure analysis 1s given in Table II.
The first structure factor calculation was carried
out on the positions of the bromine atoms found from the
three-dimensional Patterson. The expression for structure

factors in the space group P27272; is:

when h + ¥k = 2n, A = 4 cos 2Nhx cos 2Nky cos 2Nz
B =-4 sin 21Thx sin 20ky sin 2Nz

and when h + Xk = 2n + 1,

A= -4 sin 20hx sin 2Nky cos 204z
B = 4 cos 2Nhx cos 2Nky sin 20z
This calculation showed a discrepancy, R = Z IFolz" 'FCM ,
B
c

of 51%. The values of F, and F, were examined and in
the cases where |F,|> 2|Fc|, the reflexion was omitted
from the first Fourier series. The expression for the

electron density in the space group P212727 is



Fig.VI.

0(‘!) x C(lq)

Xe)
<
[«(Th W % C(4)

3) © dga) X cGo) <«(6)
()

(e ()

Br ) a)
X 2)

The Wirst Three~dinensional Tourisr Map and
Superposition Munction. Sections =re drawn

on glass and the sheets are stacked lz? to

the b-axis. The peaks marked by crosses were
those included in the second cycle of calculations.
Atoms and chemical fragments referred to in text
are shown on tracing sheet. (N,B. These fragnents
often do not correspond to the ecuivslent position
of the final co-ordinates listed in Table VI.)
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0 » o h+k=2n
o (x¥z) = %{2 F 3 I 7(nxR) | [cos 2NMnX cos 2MNkY cos 2R3
©oo cosol (hkQ)
- sin 2MhX sin 20kY sin 20L7% sina (hkd)] -

00 00 o0 Nek=2n41
S ¥ S|Pk sin 20NX sin 20KY cos 2NLZ cosa (hkl)
O 0 O

- co8 2NhX cos 2NKY sin 2NLZ sincx(th)]}

The first Fourier map is shown in Fig.VI with sections
perpendicular to the b-axis drawn on glass and built
up to give a three-dimensional effect.

There were a great many peaks that could represent
possible carbon or oxygen atoms. The most significant
structural feature was a five-membered ring (&) (C(11),
c(12), c(13), ¢(16) and O0(6)Y There was another atom (0(7))
that appeared to be bonded to C(1l6) of ring (A) but could
not be the oxygen of a carbonyl group as one might expect
in that position,on account of the angle (0(6)0?16)0(7))
being tetrahedral. It was difficult to find an atom that
could be covalently bonded to the bromine atom; the two
nearest peaks seemed to be diffraction 'ripples' due to the
presence of the bromine atom and in any case neither seemed to
be attached to other atoms. A three-membered ring (D) could
also pe distinguished and this could well be the epoxide

group known to be present in clerodin. Another group of five
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atoms (C(6),0(4),0(23),0(5),0(24)) could be discerned
in the general shape of an acetate group (C) attached

to a carbon atom. On account of lack of experience

in this type of work at this time, it was thought better
to seek additional evidence for the correctness of
atomic positions rather than to include atoms in the

phasing calculations that might prove to be false.




TII. Three-dimensional Superposition Function.

This three-dimensional function was obtained by
placing the origin of the three-dimensional Patterson
map, with the coefficients having the form ]F(hk&)]zm(_s_),
in turn at each bromine position and accepting the
minimum value of the four transposed Patterson functions
as the value of the superposition function. This function
was then drawn up on the same glass sheets as held the
three~dimensional electron density distiibution. When
both functions have a maximum value, there is strong
evidence for the presence of a genuine atom. Fifteen
such sites were selected as corresponding td atomic

positions and these are indicated in Fig.VI.
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IV. The Solution of the Structure.

The second structure factor calculation was carried
out on fifteen atoms, included with carbon form factors,
and the bromine atom. The R-factor was 43%. An
electron density distribution calculated on the basis of
the phases so obtained is shown in Fig.VII. Some of
the smaller peaks apparent in Fourier I had disappeared,
and twelve of the fifteen light atoms included in the
phasing calculations had come up to satisfactory heights.
The five-membered ring seen in Fourier I was clearly
genuine as the one atom not included in the phasing
calculations was represented by a substantial peak.
Similarly, the atom from the three-membered ring not
included in the phasing calculations came up to a
satisfactory height in the electron density map. The
problem of finding the point of attachment of the bromine
atom to the rest of the molecule remained unsolved, the
distance between the bromine atom and C(13) being 3.02 K.
In addition to the acetate group recognised earlier,
the atoms, ¢(18), 0(2), c(21), 0(3), Cc(22), making up
a second acetate group (D), could be discerned attached

to an atom adjoining C(4) of the epoxide group.
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groups, however, was most unusual from a chemical point

35,

At this stage the partial
structure shown in (V) by the
unbroken line could be discerned.
This accounted for twenty five
of the twenty eight light atoms
expected. The main difficulty
in accepting this structure was
the position of attachment of
the bromine atom. If one
assumed the presence of a
second five-membered ring (E)
in the structure (V), to which
the bromine atom could be
attached, the resulting structure
would have the accepted molecular
formula, CgyHogOnBr. The

position of the two acetate

of view, some peaks in the TFourier map were as yet

unaccounted for, and the crystallographic evidence for

ring (E) was slight (the presence of maxima at C(13),

c(16), 0(7), and 0(8)

A third structure factor calculation was carried out

including fourteen light atoms that were almost certainly
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genuine (C(l), C(2), C(4), c(9), c(10), c(11), c(12),
c(13), ©c(16), c(17), 0(1), 0(6), 0(7) and O(8) ). Eleven
of those atoms had been used in the second structure
factor calculation; ' the three atoms in that calculation
that had not come up to reasonable heights were rejected
from the third calculation, as was C(6), although it was
probably genuine, The R-factor for this third calculation
was 42%, and the Fourier map computed on the basis of the
phases.obtained is shown in Fig. VIII.

A1l the atoms included in the third structure factor
calculation came up to satisfactory heights. Of the
three atoms that failed to come up in the second electron
density map, two had virtually disappeared and were thus
considered to have been spurious detail, but the third
peak, C(19), at a possible site near C(9) had a height of
2.8 electrons/ig. This peak therefore appeared to
represent a genuine atom. All the numbered atoms in the
- structure (V) had come up to satisfactory heights, whether
they were included in the phasing calculations or not, but
there were two other peaks, CG(7) and C(8), in the electron
density map that had a height of 2.15 and 2.18 electrons/i5
respectively. There were, therefore, probably three
genuine atoms apart from those shown in structure (v).

The purely crystallographic evidence for the genuineness
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of atoms C(7), C(8), and C(1l9) was greater than that
for the presence of the second five-membered ring (E).
The essential correctness of structure (V) was
confirmed by calculating some structure factors for
the Ok =zone of reflexions. All the atoms in structure
(V) were included in this calculation, and the discrepancy,
between observed and calculated structure factors showed
a drop of 8% compared to that for the corresponding
reflexions in the third structure factor calculation.
Thus, although the two remaining atoms, C(14) and C(15),
in ring (E) did not come up to great heights in the
electron density map, the sites were probably occupied
by genuine atoms. No other attachment of the bromine
atom to the structure could be envisaged.
At this stage in the analysis, it was realised
that many problems could be solved 1f the molecular
formula of clerodin bromolactone was not 021H2707Br
as had hitherto been accepted. An accurate density
determination on the crystals of clerodin bromolactone
was carried out, and it was realised that the molecular
weight of clerodin bromolactone should be about 528,
which would be consistent wifh a molecular formula of
024H5508Br rather than 021H2707Br‘ The corresponding
formula for clerodin would be CgyHz,On rather than

Co1HogOg, and it can be appreciated that these two
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alternative formulae would give similar analytical
data. Examination of various clerodin derivatives,
supplied by Professor Barton, was carried out by

Dr. R.I.Reed of this department, using the mass
spectrograph. The results obtained were consistent
with the CgyHgz Op formula for clerodin.

Meanwhile, a fourth set of structure factors had
been calculated and an electron dehsity map had been
computed. Twenty one light atoms (C(1), ¢(2), c(3),
c(4), ¢(5), c(6), c(9), c(10), C(11), c(12), C(13),
c(18), c(17), c(18), c(21), c(22), o(1), o(2), 0(3),
0(5), and 0(6) ) were included in the celculation and
the resulting R-factor was 40%. More stringent
requirements were demanded before including a term in
the Fourier synthesis than had been the case previously.
This resulted in ninety eight reflexions being omitted
from the Fourier map, which gave a much clearer
representation of the structure.

The atoms of the second five-membered ring (E) had
been omitted from the calculations, yet the heights at
the sites of C(14), CG(15), 0(7) and 0(8) were 2.89, 2.63,
4,60 and 3.95 electrons/’?k5 respectively. This would
appear to be conclusive proof of the existence of the

second five-membered ring. All the other atoms in
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structure (V) came up to heights greater than 2.5
electrons/ﬁ?, while the three atoms, C(7), C(8) and
c(19), not in that structure but which had shown up

in the third Fourier map were clearly genuine. Thirty
one of the thirty two 1ight atoms had therefore been
identified. The remaining atom was most probably
attached to C(8) in a position CIS to C(19), although
there was some evidence for the opposite configuration
at ¢(8).

A fifth cycle of structure factor and Fourier
calculations including thirty one light atoms and the
bromine atom in the phasing calculations clearly
revealed C(20) to be in the equatorial position attached
to ¢(8) and hence CIS to C(19) on C(9). The distinction
between carbon and oxygen atoms could be clearly drawn
in all cases except that of the epoxide group where the
configuration remained in doubt. Apart from this point,
the structure and relative stereochemistry of clerodin

bromolactone are shown in (VI).
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(v)
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V. Refinement by Fourier Methods.

The discrepancy at the fifth structure factor
calculation was 32%. The positions of the atoms in
the epoxide group obtained from the fifth Fourier synthesis
gave bond lengths which suggested one configuration while
the peak heights in this map tended to indicate the
opposite configuration. After two further cycles of
structure factor and Fourier calculations, the R-factor
was 29%, but the ambiguity concerning the configuration
of the epoxide group remained. At the seventh cycle of
calculations, a Fourier synthesis was also computed with
the calculated structure factors as coefficients and the
new co-ordinates were found by Booth's 'back-shift' method.
The temperature factors of all the atoms were increased so

that B egualed 4, The next structure factor calculation

S
gave a reduction of the discrepancy to 24%.

Three further cycles of refinement employing ¥, and
F. Pourier syntheses and Booth's 'back-shift' correction
reduced the R-factor to 21.5%. The stereochemistry of
the epoxide group still remained in doubt. One of the
atoms comes up to a height of 5.%5 electrons/ﬁ.5 in the

Fy synthesis and to a height of 5.34 electrons/iS in

the F, synthesis. As both atoms were included in the



calculations as carbon atoms, it would seem that this
atom is a carbon atom. The other atom has a height of
6.52 electrons/g.5 in the F, synthesis and a height of
5.87 electrons/&% in the ¥, synthesis, from which
evidence it would seem that this atom is an oxygen atom.
Contrary to this, however, the bond between C(4) and the
Pirst atom is 1.48 K, and that betwesen C(4) and the
second atom is 1.52 X, whereas the distance of a C - 0
single bond should be slightly shorter than that of a
C_— C single Dbond. This anomaly between the peak
heights and bond lengths in the epoxide group has
persisted throughout the last five cycles of structure
factor and Fourier calculations. Chemical evidence
N (Barton, 1961) suggests that

E

|

the configuration of the

epoxide is that shown in

(VII). This stereochemistry
would suggest that the evidence
of the peak heights in

OAc assigning the nature of the
atoms is more reliable than

that of the bond lengths,
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VI. Refinement By Least sSguares.

The progress oi the refinement shown in Wable II
suggests that the maximum effectiveness of the Fourier
method has been reached. There is evidence from the
Fourier maps that the bromine atom has a pronounced
anisotropic thermal vibration in the y- direction.

Such thermal motion can best be taken into account by
the Deuce Least Squares program.

The data was not considered sufficiently good to
permit the location of hydrogen atoms and the contribution
of these atoms was not considered at any time in the
refinement. Three cycles of least sguares refinement
were undertaken on all the observed data, employing the

following weighting scheme:

[W(nkQ) = lFo(h% if |Fol< 54.00

54..00
54..00
a[ = - irl®.| 3 52.00.
and [W(pieq ) lFb(th)' o‘

This reduced < wQ<, the quantity being minimised, from
1572 to 872 and gave for the light atoms an average
standard deviation in atomic position of 0.034 E. The
R-factor calculated on the output of the third cycle of
least squares was 17.Zk. The lengths of the bonds in
the epoxide ring remained anomalous. A further cycle

of least squares refinement was carried out on the
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positional and thermal parameters, produced by the

third cycle, using a different weighting scheme, where, if

|Fo| < 54.0, ,W(th) 1

and if |F| > s4.0 , IW(hlcQ) : 54&
|7 (nxQ) |
54.0
/

The value of > wD® produced by this cycle was 1240 and

Il

the average estimated standard deviation in the positional
parameters was 0.029 ﬁ. The R-factor obtained by
calculating structure factors on the output of this
calculation was 16.0%. In the course of the four cycles
of least squares refinement all the atoms were included
with anisotropic temperature factors, that for bromine
being very pronounced in the y- direction.

The bond lengths and anisotropic temperature parameters
for the epoxide group obtained from the output from the

fourth least squares cycle are shown in Table III.

Throughout the least squares refinement, the atom
with the higher peak height in the last F, synthesis, 0(1),
has been included as an oXygen atom. The bond lengths
in the epoxide group remained anomalous, although the
temperature parameters did not suggest an incorrect
assigmment.

Additional evidence for the configuration of the

epoxide group shown in (VII) was provided by sections



TABLE TIT.

Bond Lengths.

c(4) - c(17) 1.4753
c(4) - o(1) 1.499
c(17) - o(1) 1,473

o
A
o
A
o)
A

Anisotropic Temperature Parameters.

c(1v7)
0(1)

b1l bgy  bsz  brg  biz  bgs (x10°)
938 1901 285 386 484 525
1270 2032 264 673 -44 206
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of three-dimensional difference syntheses (Fig.IX) and
by temperature factors resulting from further least
squares refinement in which C(17) and O(1l) were weighted
(1) as carbon and oxygen atoms respectively,
(ii) as oxygen and carbon atoms respectively, and
(iii) with both atoms as carbon atoms.

TABLE TV,
Anisotropic Thermal Parameters (bij x 10%) for atom C(17)
and O(1l) of the epoxide ring. These parameters derive
from the least soquares procedures.
(i) c(17) weighted as carbon and O(1l) as oxygen.
(ii) ¢(17) weighted as oxygen and O(1l) as carbon.

(iii) ©(17) weighted as carbon and O(1) as carbon.

P11 bgg Pzz  brg  bas  big
(i) 1323 2466 330 385 1256 @ 472
c(17) (ii) | 3630 3364 654 1249 1229 1146
(iii) | 2800 2081 405 1672 1425 1307

(i) 697 3910 259 1456 214 -401

0(1) (ii) | -928 2401 55 588 =36 =390
(iii) | -758 2358 18 1128 169 -246
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Three cycles of least sgquares were performed with
each of the above assigmments; the positional and aniso-
tropic thermai vibrations of the other atoms were not
refined. With C(17) weighted as a carbon atom aﬁd 0(1)
as an oxygen atom, the R- factor was reduced to 15,7%,
the final value of £ w0 being 688. The temperature
faectors produced for the two atoms were acceptable.
Sections of a difference synthesis (Fig. IX(i))calculated
on the structure factors obtained with the latest set of
co-ordinates showed that both atoms lay in negative
regions of the map, C(1l7) at a value of -0.32 electrons/%s
and 0(1) at a value of -0.54 electrons,/A°.

With C(17) weighted as oxygen and O0(l) as carbon,
a similar procedure was followed. The R-factor was not
reduced below 17.1% and the final value of s wo? was 852,
The temperature factors showed extremely high values for
G(17) and low values (even negative ones) for 0O(1),
suggesting that the assigmment of chemical type is incorrect.
pifference maps (Fig.IX(ii)) through the two atoms showed
that C(17) was lying in a negative region of the map
(F‘D - f’c = -1.12 electrons/R°) whereas 0(1) lay in a
positive region (€<3-€c = +0.32 electrons/ﬁs).

Finally, when both atoms were included as carbon
atoms, the R-factor was not reduced below 16,.6% and

the final wvalue of Z,wl)z was '736. The temperature
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factor output showed smaller values for C(17) than in
(ii) but the values for O0(1l) were still very small and
b1 was negative. The difference maps (Fig.IX(iii))
through the two atoms showed that C(17) lay in a
negative region (e()-— €<==‘-O'54 electrons/%s) while
0(1) was in a similar position to the one it had been
in (ii).

These results all tend to indicate that O(1l) is
indeed the oxygen atom, and G(17) is the carbon atom
of the epoxide group and that the configuration of
the epoxide group is that shown in (VII).
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VII. Absolute Configuration.

The intensities of the (1k{) zone of reflexions
were exemined for evidence of anomalous dispersion,
differences being observed in the cases of six reflexions
which should have had equal intensity in the absence of
anomalous scattering. (Table V). By careful attention
to the geometric aspects of recording the intensities
and on the basis of a right-handed co-ordinate system,
the indexing is as shown in Fig.(X). With the co-ordinate
system defined, the enantiomorph present can be found
by calculating the IF(th)lz and lF(EEE)lg values on
the basis of anomalous scattering by the bromine atom.
If the calculated values of |F\2 so obtained support the
observed differences in intensity, the enantiomorph used
for the calculation is the form actually present in the
crystal. On the other hand, if the calculated values
of |F|2 are in the opposite sense to the observed
intensities, the mirror image of the form used in the
calculations is the true enantiomorph. The calculations
carried out until now have all been on the enantiomorph
shown in (VIII (a)). The results obtained in Table YV,
with one exception, contradict the observed values suggest-
ing that the absolute configuration is that shown in(VITII()).

The one exception is the 1, 2, 18 reflexion. The
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(virI)

difference between the calculated values of lF(th 12:‘
and lF(ﬁEE)lg is small and the error is almost certainly
due to the poor agreement between lFol and ‘Fc‘ for this
reflexion (Teble XITI). This high discrepancy (50%)
could well result in errors in A, and B, due to the‘
uncertainty in the phase. Incorrect AO and B, values
could result in errors in the IF(th)‘ and \F(ﬁﬁl) \ for
this reflexion. The full calculation is shown in

Table V.



FIG. X.

Negative Print of X-ray Moving Film Photograph
of 1KL zone. The indexing is as shown on
tracing sheet, and the reflexions marked are
those on which the determination of @bsoclute
configuration was based.



FIG-, X

Negative Print of X-ray Moving Film Photograph
of 1KL zone. The indexing is as shown on
tracing sheet, and the reflexions marked are

those on which the determination of absolute
configuration was based.



TABLE V.

Calculation of the values of IF(hkﬁ)lzand |F(ﬁEE)|2
[ﬂf” = -0.9; Qf" = 1.5. Dauben and Templeton,(1955)].

50.

Geometric Part Real Part of

—
Imaginary Part
of

Reflexion Co%grggﬁtion Correction Correction.
1117 -2.09 £ 1i0.63 +0.18 7 i 0.05 0.09 - i 0.29
1119 +1.52 1 2.22 -0.15 t i 0.22 *0.%7 + i 0.95
11248 -1.49 4+ 1 2.18 *0.26 - 1 0.38 -0.62 [ i 0.43
1213 11,58 - 11.01 £0.09 4+ i 0.06 40.10 t i 0.16
1 218 +1.41 ¥ 1 1.00 -0.13 £ 1 0.09 *0.16 4+ 1 0.29
1223 t0.98 - 1 1.16 [0.16 + i 0.19 +0.32 * 1 0.27
Ko+ Bo , peditoBo  AoiBo(hkl)  Ag+iBy(hkR)
+2.98 T 16,88 +2.46716.95 +2.57-17.22  4+2.55416.64

iy
+2.76 £ 19,48 +2.61ti9,70 +2.984+19.95

£2.16 + 16.84 £2,49,16.46 4+1.80+16.04

t11.20 - 11.00 *11.11-i10.94 4+11.21-10.78

+7.08

+1

i10.08 +6.95719.99 47.11-19,77

+0.16 -~ 17,32 70.32-17.13 0 -i6.91

+2.24-19,45
-3.04+16.88
-11.01-il1l.10
+6.97+110.21

+0.64-17,40

F2(hk() F2(hk{) Intensity (obs.)

57.8 50.6 1(1,1,17) < 1(1,1,17)
107.9 94,53 7(1,1,19) < I(1,1,19)
39.7 56.6 1(1,1,24) > I(1,1,24)
126.5 192.4 1(1,2,13) < 1(1,2,13)
146.0 150.3 1(1,2,18) < I(1,2,18)
47.7 55.1 1(1,2,23) > I(1,2,25)
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Results and Conclusions.

The structures of clerodin bromolactone and clerodin
are shown in (IX (a) and (b)) Both cyclohexane rings

of the trans-decalin system have the chair conformation.

22

(a) (p) (e)
(IX)
The 19-methyl group is axial and the 20-methyl group

is equatorial. The 6-acetoxy substituent is equatorial.
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Fig . XII.

Explanatory Diagram for Fig.XI, illustrating
the atomic arrangement. The stoms are marked
on the figure, except in the case of C(9),
Cc(17), and 0(1), which are hidden.



The final three-dimensional electron density map is
shown in Fig. XI as superimposed contour sections
‘drawn parallel to (0,0,1) and covering the region of
one molecule. (This drawing corresponds to the correct
absolute configuration.) The corresponding atomic
arrangement is illustrated in Fig.XII.

The absolute configuration of clerodin conforms
to that expected from the theory of biogenesis as
applied to diterpenes. The basic skeleton can be
obtained by closure of the chain containing four
isoprene units, linked in the normal 'head to tail'
manner (X). The relative stereochemistry at C(5),
c(8), c(9) and 6(10) cap then be explained by the
occurrence of a series of 1l:2-diaxial shifts (XI) and
(XI1). The formation of the two fused hydrofuran rings
may take place by way of allylic oxidation of c(11),
C(15) and C(16) to form (XIV). The attack of the
(-OR) grouping at C(6) would then be expected to occur
from the least hindered side. That this does occur
may be appreciated from Fig.XIV, where attack from an
axial position would involve interaction with the
epoxide and furan ring systems. The stereochemistry
of another diterpene, columbin (IX(c)) (Overton, Weir
and Wylie, 1961) would suggest that the biogenesis

of columbin must differ from that of clerodin.
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The final atomic co-ordinates obtained from the
fourth least squares cycle are shown in Table VI,
while the standard deviations in atomic positions
calculated from the least squares output are listed
in Table VII. These atomic co-ordinates refer to the
opposite enantiomorph to that now known to represent
the absolute configuration of clerodin bromolactone.
The interatomic bond lengths are listed in Table VIII,
while the interbond angles are given in Table IX.

The standard deviation, 0 (A-B), of a bond between

atoms (A) and (B) is given by the formula,
2 2 2

where o (A) and 0 (B) are the standard deviations in
co-ordinates of the atoms (A) and (B). The standard
deviation, U'Q@ ) in radians, for an angle (/3) formed
at atom (B) by the atoms (A) and (C) is given by the

formula,

o (/J) 2 (A) ()( 2 cos3 1 )

(43)2 AB.BC (Bc)?

g 2(c)
* (BoY

The average standard deviation for a C-C single bond

o]
is 0.04 A, while that for a typical tetrahedral angle
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is 2.1°. The average C-C single bond is 1.56 X, not
differing significantly from the value of 1.545 X in
dismond. The C-O single bonds, adjacent to a C=0
double bond as in (XVI (a)), have a mean length of
1,344 X'whereas the other C-0 single bonds have a
mean length of 1.469 2. This difference would seem
to indicate that in lactone and ester groups, as in
cafboxylic acids, the resonance structure shown in
(XVI(b)) makes an important contribution. The average
C-0 bond length in the
epoxide group is 1.49 X
differing only slightly
.+ from the values found in
ethylene oxide (Cunningham,
- Boyd, Myers, Gwinn, and

Le Ven, 1951) and cyclo-

(a) (p) pentene oxide (Erlandsson,
(XVI) o) o
1955) of 1.44 A and 1.47 A

o}

respectively. The C-Br distance of 2.06 A is somewhat
greater than the value of 1.94 & obtained in the alkyl
bromides (Sutton et al., 1958). This difference may
well be due to inaccuracies in the positioning of €(14)
owing to the close proximity bf the bromine atom and

the presence of the associated diffraction effects.
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The average bond angle in the decalin system is
109944' comparing well with the value for a tetrahedral
angle of 109°28', In the five-membered ring comprising
c(11), c(12), ¢(13), c(16), and 0(6), the average bond
angle is 1059, significantly lower than expected.

Some important intramolecular contacts are shown
in Table X, The distances across the cyclohexane rings
are on the average 3.00 2.  The distance between c(18)
and C(19) is 3.0l R, longer than would be expected from
a model and indicates considerable forces pushing these
atoms apart.

The packing of molecules over two full unit cells
viewed in projection down the a- and b- axes is shown
in Pigs. XIII and XIV respectively by means of line
drawings of the molecular framework. Any intermolecular
contacts iess than 4 ﬁ are listed in Table XI, the
shortest contact being between C(18) and O(7) at a
distance of 3.1l1 R, while the shortest intermolecular
contact between two carbon atoms is that of 3.58 ﬁ
between C(15) . . . . C(22).

The final anisotropic temperature factors are listed
in Teble XII. These parameters are the values of bij
in the equation:

~(b110% bogk® + bzzl? + byohk
ex:p(-—Be sin®@/A °) = 2

+ DPyghk + bogkl)



Fig . XITI. Line drawings of the molecular
framework projected down the
a-axis,
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Fig.XIV. Line dravings of the molecular framework
projected down the b-axis.
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In general, these parameters show a marked tendency for
the molecule to vibrate in a direction parallel to the
b-axis.

The final values of |Fyl, |Fg|, and & (nxQ), giving
a discrepancy of 16% are listed in Teble XIIT. The
values of ‘Fbl anlecl are rounded off as integers.

An electron density projection down the a-axis was
calcﬁlated from the final structure factor output, and
is shown in Fig.XV with the sites of atoms marked on it.
This map indicates how difficult it would be to solve a
structure of this type in projection, as very few of the
light atoms are resolved,

In retrospect, a three-dimensional superimposed
contour map with sections parallel to (O,l,o)'was drawn
over the atoms in the molecule from the first Fourier
map. This is shown in Fig. XVI. The peak heights of
all the atoms on this Fourier map are given in Table XIV.
There was no peak corresponding to the position of C(14)
on the first Fourier map, but there was a 'diffraction
ripple' having similar y- and z- co-ordinates to those
of the bromine atom and very near to the position where
C(14) was later located. The 'trough' caused by this
diffraction effect may well have reduced the genuine

peak height due to C(14). If this atom could have been



Pig,XV. Electron density projection down the a2-axis.
The atom sites are marked by crosses. %be
contour levels are drawn at 2 electrons/A®
intervals, the lowest contour representing
2 electrons/ﬁ? Around the bromine atom,
the contours are drawn at 4 electrons/ﬁg
intervals.



Fig.XVI. The first three-dimensional map, with the
peaks representing the various atoms shown
on superimposed contour sections parallel
to (010). The,gontours are drawn aiglevels

of 1 electron/A5 up to & electrons/ 3 and
thereafter at levels of 0.5 electron/3°.

The zero contour is omitted.
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identified at an earlier stage in the analysis, the
solution of the structure could well have been achieved
much earlier. This effect may also account for the
surprising final position of C(14) causing slightly
anomalous molecular dimensions in that region of the
molecule, Such loss of genuine detail can often occur
in the region of a heavy atom, and supports the view
that heavy atoms which are ilonic in nature, e.g. as in
the alkaloids, are more suitable for structure
determinations. The sums of the ionic radii of

anion and cation are then usually sufficlient to keep
the hesvy atom at such a distance that the diffraction
effects do not affect the structure to so great an
extent.

During the course of the analysis, the scattering
curves of Berghuis et al (1955) were used for carbon
and oxygen atoms, while that used for bromine was the
Thomas-Fermi curve (Internationale Tabellen, 1935).

No correction for anomalous dispersion was made.

Barton, Cheung, Cross, Jackman and Martin-Smith
(1961) have published the results of their chemical
work on clerodin before and after the elucidation

of the structure.



TABLE VI,

Atomic Co-ordinates.

c(1)
c(2)
c(3)
c(4)
c(5)
c(s)
c(7)
¢(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
G(19)

X/a y/b Z/c

-0.2340 -0.4830 0.10486
0. 2205 ~0.6047 0.1485
-0.3459 -0.6827 0.1480
-0.4551 ~-0.5788 0.1694
-0.4712 -0.4565 0.19243
-0.5782 -0.3591 0.1446
-0.5830 -0.2370 0.1098
-0.4554 ~0.1638 0.1182
-0.3393 -0.2520 0.0952
-0, 3424 -0.3863 0.1262
-0.2184 -0.1656 0.1121
-0.1913 -0.1412 0.1772
-0.0416 -0.1062 o.1705
-0.0299 0.0315 0.1697
~0.0010 0.0694 0.1088
-0.0059 -0.1542 0.1104
-0.4860 -0.5576 0.2316
-0.5011 -0.5049 0.0585
-0.3416 ~0.2705 0.0251

~ Cont'd -




TABLE VI. Cont’d.
*/ a /o % e

c(20) ~0.4761 -0.0267 0.0831
c(21) ~0.6762 -0.6400 0.0304
c(22) ~0.75371 -0.7815 0.0345
c(23) -0.7862 ~0.4508 0.1781
c(24) -0.89153 ~0.5203 0.1596
0(1) ~0.5769 ~0.6297 0.1945
0(2) -0.5740 ~0. 6361 0.0648
0(3) -0.7226 ~0.5540 0.0057
0(4) -0.6974 -0.4258 0.13%8
0(5) -0.7683 -0.3728 0.2214
0(6) ~0.1050 ~0.2260 0.0856
0(7) 0.0193 -0.0360 0.0761
0(8) ~0.0093 0.1830 0.0854
Br 0.0828 0.2036

PN

1-,0.1442
i




TABLE VIT.

Standard Deviations in Atomic Position.

(in X)

o (x) o (v) o (z)
c(1) 0.031 0.032 0.027
c(2) 0.031 0.028 0.027
G(3) 0.027 0.0%0 0.026
c(4) 0.0%0 0.0553 0.029
C(5) 0.026 0.025 0.024
c(6) 0.028 0.029 0.027
c(7) 0.031 0.032 0.027
c(8) 0.032 0.030 0.029
c(9) 0.029 0.028 0.024
¢(10) 0.027 0.024 0.025
c(11) 0.027 0.030 0.025
¢(12) 0.027 0.030 0.026
c(18) 0.028 0.0353 0.028
c(14) 0.029 0.0%0 0.030
c(15) 0.0%0 0.032 0.026
c(1s6) 0.028 0.029 0.024
c(17) 0.029 0.033 0.025
c(18) 0.027 0.027 0.025
c(19) 0.033 0.029 0.025
¢(20) 0.030 0.055 0.031

-sont' d-




TABLE VII. (Cont'd)

Standard Deviations in Atomic Position.

c(e1)
c(22)
G(23)
c(24)
o(1)
o(2)
0(3)
0(4)
0(5)
o(s6)
0(7)
0(8)

Br

(in &)
o (x) o () c(z)
0.032 0.0%2 0.029
0.031 0.030 0.026
0.029 0.0%0 0.026
0.029 0.051 0.029
0.021 0.021 0.018
0.019 0.021 0.017
0.021 0.021 0.019
0.018 0.021 0.017
0.020 0.024 0.019
0.019 0.019 0.018
0.017 0.017 0.018
0.018 0.018 0.019
0.004 0.005 0.004




TABLE VIIT
- o
Bond Lengths in A,

with standard deviations.

c(1) - 6(2) 1.59 % 0.04 | 0(11) - 0(6) 1.47 £ 0.05
c(1) - ¢(10)1.58 £ 0.04 | c(12) - ¢c(13)1.63 * 0.04
c(2) - c(3) 1.54 £ 0.04 | ¢(15) - ¢(14)1.40 * 0.04
c(3) - ¢c(4) 1.63 t 0.04 | ¢(13) - c(16)1.,50 £ 0.04
c(4) -~ c(5) 1.62 £ 0.04 | C(14) - C(15)1.48 * 0.04
C(4) - C(17)1.47 £ 0.04 | C(14) - Br 2.06 * 0.0s
c(4) - 0(1) 1.50 ¥ 0,04 | C(15) - 0(7) 1.32 ¥ 0.0%
G(5) - g(6) 1.57 £ 0.04 | ¢(15) - 0o(8) 1.27 £ 0.05
c(5) - ¢(10)1.53 £ 0.04 | ¢(16) - 0(6) 1.39 * 0.03
¢(5) - c(18)1.61 * 0.04 | c(16) - 0(7) 1.45 £ 0.03
C(6) - C(7) 1.47 £ 0.04 | c(17) - 0(1) 1.47 £ 0.04
c(6) - 0(4) 1.45 ¥ 0.05 | ¢(18) - 0(2) 1.54 £ 0.03
C(7) - C(8) 1.55 £ 0.04 | C(21) - ©(22)1.57 £ 0.04
c(8) - C(9) 1.60 ¥ 0.04 | G(21) - 0(2) 1.33 ¥ 0.04
c(8) - ¢(20)1.62 * 0.04 | c(21) -~ 0(3) 1.15 * 0.04
Cc(9) -~ €(10)1.53 ¥ 0.04 | C(23) - C(24)1.49 % 0.04
G(9) - C(11)1.59 + 0.04 | ©(23) - 0(4) 1.38 t 0.0%
C(9) - G(19)1.61 + 0.04 | u(2s) - 0(5) 1.17 £ 0.04
c(11) -c(12)1.53 £ 0.04




TABLE TX,

Bond Angles.

c(10)-c(1)

c(1)
c(2)
c(3)
c(3)
c(3)
c(5)
c(5)

-c(2)
-C(3)
-C(4)
-C(4)
-C(4)
-C(4)
-C(4)

c(17)-c(4)

c(4)
C(4)
c(4)
c(s)
c(e)

~6(5)
-G(5)
-C(5)
-C(5)

-c(5)

C(10)-C(5)

c(5)
c(5)
c(7)
c(6)

c(7)

-c(6)
-c(6)
-c(6)
~C(7)

-C(8)

-C(2)
-C(3)
-C(4)
-C(5)
~C(17)
-0(1)
-C(17)
-0(1)
-0(1)
-C(6)
-C(10)
-G(18)
-C(10)
-C(18)
-C(18)
-C(7)
~0(4)
-0(4)
~-c(8)
-C(9)

110°
1089
106°

112°

C(7) -c(8) -Cc(20) 103°
c(9) -c(8) -c(20) 115°
C(8) -C(9) -c(10) 109°
c(8) -C(9) -c(11) 103°
G(8) -G(9) -C(19) 11£°
c(10)-0(9) -c(11) 113°
C(10)-C(9) -c(19) 111°
C(11)-Cc(9) -c(19) 108°
C(l) -C(10)-C(5, 1100
(1) -c(10)-c(9) 113°
¢(5) -¢(10)-c(9) 118°
c(9) -c(11)-c(12) 118°
c(9) -c(11)-0(s) 109°
c(12)-c(11)-0(6) 108°
c(11)-c(12)-C(13) 97°
c(12)-0(13)-c(14) 108°
¢(12)-0(13)-c(16) 105°
c(14)-c(13)-c(16) 107°
C(13)-c(14)-C(15) 107°

C(13)-C(14)-Br 109°

- Cont'd -




TABLE IX. (Cont'd)

Bond Angles.

c(15) - c(14) - Br 960
o(7) 111°
Cc(14) - ¢(15) - o(s) 1g28°

C(14) - C(15)

0(7) - c(15) - o(8) 120°
c(13) - c(16) - 0(68) 111°
c(13) - c(16) - 0(7) 106°
0(6) = c(16) - 0o(7) 110°

c(4) - o(17) -o(1) e1°

c(5) - c(18) - 0(2) 106°
c(22) - c(21) - 0(2) 109°
c(22) - c(21) - 0(3) 1230
0(2) - c(21) - 0(3) 128°
c(24) - c(23) - 0(4) 109°
c(24) - c(23) - 0(5) 132°
0(4) - o(23) - 0(5) 120°

c(18) - 0(2) c(21) 112°

c@3) 119°

c(6) - 0(3)




Some Intramolecular

TABLE X,

Non-bonded Contacts (in K).

G(1) . G(4)
c(1) . C(11)
c(1) . C(12)
c(1) . 0(6)
c(2) . C(5)
c(3) . ¢(10)
c(4) . 0(2)
c(5) . c(8)
c(e) . ¢(9)
c(7) . C(10)
c(7) . 0(5)
c(s) . ¢(12)
c(s) .. 0(86)
c(10) .... C(12)
c(10) «... 0(6)
c(11) «... C(14)
c(11) .... C(15)
c(11) .... ©(20)

c(11) ....

0(7)

(S AV

D 20 W W

A

.93
.22
.86
.97
.09
.04
76
.97
97
.98
«49
.10
.82
L7
.12
.11
.31

.95

c(1l2) ....C(15) 3.32
c(12) ....C(20) 3.87
c(12) ....0(7) 3.38
c(14) ....0(6) 3.33
C(15) ....0(6) 3.23
c(1l8) ....c(19) 3.01
C(18) ....0(1) 53.44
c(18) ....0(3) 2.68
c(18) ....0(4) sg.s81
C(19) ....C(20) 3.14
c(19) ....0(8) 2.89
c(23) ....0(1) 3.01
c(24) ....0(3) 3.95
o(1) ..0(2) 2.96
0(1) ..0(4) 2.79
o(1) ....0(5) 3.35
0(2) ..0(4) 2.95
0(3) ..0(4) 3.21
0(8) +...Br 3.51




TABLE XT,

Intermolecular Bond Lengths ( 4 X).

The Roman Numerals refer to:

-

I. x, sy, = IV. %, 3+y, 3-z
IT.l+x, ¥, Z Ve-leX, 34y, L-2z
I11.14+x, 14y, z VI. 3+x,-3-y, z

0(7) ....c(18)V s.11 | o(7) ....c(21)" 3.65
0(8) ....c(22)tt yIIT
0(8) ....c(21)VT 3,21 | 0(6) ....0(3)VT 3,73

0(7) ....0(3) VI 3.20 | ©(15)....c(21"T 3.5

3.12 0(8) ....C(24 3.67

0(8) ....03)"T .33 | 0(5) ....c(3)V  3.75

o(7) ....0(19)VI 3.36 0(8) ....0(18)VI 3.75
' sar | o(e) ....c(1)T 376
III

0(8) ....C(2
0(14)....0(5)"  5.41 | o(7) ....c(22)* 3.76
c(zo)....o(s)VI 3.45 | o(8) ....c(22)Vl 3,78
c(11)....0(3)"T  s.a0 | o(7) ....0(2)"F 5.79
c(15)....0(3)VT  =.52 | c(z2)....0(1)Y  =z.82
0(8) ....0(2)" .55 | (1) ....c(20)Tt s.85
0(15)....c(22)T T 3,58 | c(15)....0(18)V% 3.87
¢(2).....c(2a)™T 5.50 | c(20)....c(22)% 3.87
c(12)....08)Y  3.50 | Br ....c(12)IV 3.93
¢(19)....0(3)"  s.59 | c(12)....0(23)7 3.04
0(16)....0(19)VE 3.63 | c(16)....c(23)¥ 3,95
c(8) ....c(1m)V =64 | Br ....c(2)XV  3.95
0(1%)....0(5)V  3.96




The rmal

TABLE XIT.

Final Anisotropic

Parameters (bij x 10

c(1)
c(2)
c(3)
c(4)
c(5)
c(e)
o(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)

211 Bgg Bayy By Byy DBy
521 1277 307 -445 137 -83
1257 1269 330 -772  -182 14
592 2100 323 -706  -189 45
1081 1559 358  -466 -86  -460
884 1180 231 -840 38 -225
7Y 1761 312 -1688 -234 ~-200
1118 1988 322  -490 299 55
1071 1726 183 -505  -384 8l
712 1409 239 254 75  -152
697 1003 287  -409 122 27
588 1888 240 -530 -168 89
8175 1894 231 198 349 -40
956 2101 279 35 -88 -12
1014 1680 321  -427 -130 ~78
1461 1792 287 -2277  -94 1292
1143 1620 198 -120  -397 -14
938 1901 285 386 525 484
747 1883 221 -1432  -200 -38

- Cont'd -




TABLE XIT,

(Cont'd)

Final Anisotropic

Thermal Parsmeters (bij % 10°).

b11 bgg  bzz  bi1g  beos b13
c(19) 1163 1741 227 ~-634 217 -90
c(20) 909 1918 426 571 303 76
c(2L) 1168 1484 342 -169 186 -36
c(22) 1398 1531 301 -2260 -404 83
c(23) 1000 1528 288 241 67 4
c(24) 611 2225 358 555 -304 -3
o(1) 1270 2032 264 673 206 -44
0(2) 1036 1871 260 -633 g -289
0(3) 1301 2023 327 141 467 290
0(4) o72 1783 288 -610 297 -22
0(5) 1087 2594 398 -488 -401 570
0(6) 1071 1255 304 -381 81 -86
o(7) 674 1060 363 115 47 408
0(8) 1074 985 414 235 256 434
Br 1928 925925 339 -1770 -44  -318
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TABLE XTIV,

The values of the Maxima at the position of each

0
Atom in the first FourieerFo) Synthesis(in electrons/Ag).

(1) 2.92 c(17) 3.07
c(2) 3.68 c(18) 3.10
c(3) 2.69 Cc(19) 3.04
c(4) 3.62 c(20) 3.07
c(5) 3.03 c(21) 3.10
c(6) 2.80 c(22) 3.41
c(7) 2.98 c(23) 3.74
c(s8) 3.27 c(24) 2.83
c(9) 2.91 o(1) 3.78
c(10) 3.53 0(g) 3.09
c(11) 3.0% 0(3) 3.39
c(12) 2.89 0(4) 3.61
c(13) 3.10 0(5) 3.12
c(14) - o(6) 3.67
c(15) 2.35 o(7) 3.67
c(1s) 3.02 0(8) 3.84




PART TII.

The Structure of Byssochlamic Acid:

The X~-ray Analysis of a p-bromophenylhydrazine Derivative.
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The Structure of Byssochlamic Acid:

The X-ray Analysis of a p-bromophenylhydrazine Derivative.

Introduction:

In 1933, Olliver and Smith described a new Ascomycete,

Byssochlamys fulva which causes spoilage in processed

fruits and is very difficult to destroy. A study of

the metabolilc products formed when Byssochlamys fulva is

grown on a synthetic medium with glucose as the sole
source of carbon was undertaken by Raistrick and Smith
(1933), who were able to isolate a new and specific mould
product, 01”81-12006 (m.p. 163,59), which was toxic to mice.
This substance titrates as a tetrabasic acid, so they
named 1t byssochlamic acid. Raistrick and Smith found
that byssochlamic acid gave salts of the type G, H, O R

187207874’

acidification giving G18H2408 before loss of two molecules

of water to regenerate byssochlamic acid. This pattern

suggests the presence of two anhydride groups
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Wijkman (1931) described a mould product, glaucanic

acid, also of formula 018H2006’ which titrates as a

tetrabasic acid. This fact is mentioned because the

closely-related glauconic acid was to play a part in

the elucidation of the structure of byssochlamic acid.
Barton (1960) had shown that the anhydride groups

existed as five-membered rings (I) and he was able

to provide crystals of a derivative of byssochlamic

acid formed by reaction with p-bromophenylhydrazine

in chloroform solution, the point of attack being

the five-membered ring. Barton suggested alternative

structures (II and III) for this part of the molecule.

BV‘ p 'B‘V’
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iwhen he sent the crystals, Barton was unable
to tell if poth anhydride rings or only one had
reacted with p-bromophenylhydrazine. The preliminary
X-ray work}showed that both rings had been attached
and that the molecular formula of the derivative
was 050H5004N4Br2, a fact later confirmed by Barton.
The derivative can be called byssochlamic acid bis-
QAbrbmophenylhydrazide or N,N'Abis—(p-bromoanilino)

byssochlamic acid diimide,



Experimental:

. érystal Data.

Molecular Formula 050H5004N4Br2
Molecular Weight 669.8
Melting Point 164 - 166°¢C.
Density (cale.) 1.524 gm/ce.
Density (meas.) 1.505 gm./cc.
Crystal System Tetragonal
0
a 10,07 A.
Q
c 57.61 A,
Unit Cell Volume 5841.9 x 10™% ce.
No. of molecules/cell 8 ‘
Absent Spectra ho0(0k0 ) when h(k) is odd.

00R when £ # 4n.
4
Space Group P412:2 (Dy) or its
enantiomorph P42, 2 (DZ).

Absorption Coefficient
for X-rays:

(A=1.542) M 40.3 cm.”t

ﬁ' (000) 2720

Rotation,'oscillation, Weissenberg, and precession
Dhotographs were taken with CuK. radiation ( A =1.542 Q)
and MoK radiation ( A =0.7107 8). e cell dimensions

were obtained from rotation and precession photographs,
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The intensities were collected by zero layer and equi-
inclination Weissenberg photographs obtained by
rotating the crystal about one of the 10.07 i axes.
The intensities were estimated visually, corrected for
Lorentz, polarisation, and rotation factors and reduced
to structure amplitudes by the mosaic crystal formula.
As the crystal belongs to the tetragonal system, most
reflexions have symmetrically-equivalent reflexions
occurring on different zones obtained by rotation
about the same axis, The occurrence of such reflexions
provided the basis for interzonal scaling, all structure
amplitudes being scaled relative to those on the gzero
layer. Absolute scaling was achieved at a later stage
by comparison with the calculated structure amplitudes.
It was realised that the atoms in the structure would
have high temperature factors, as the data faded out
rapidly abdve‘shne = 0.6. The density was measured
by flotation of a crystal in a mixture of saturated
zinc chloride solution and water. :

In all, 1,190 independent structure amplitudes

were obtained.
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CADL

I(p).

The vectors to he expected in the space proup PZ,LlQl?
between two atoms not related by symmetry. In

the full unit cell, there will be twice the number
of vectors as shown in this table, on account of the
centre of symmetry of the Patterson function.

pg 9 _ 1 | f
Br, X, Y, X, Ji 4=, 2%, 29| gex,
— — . ;
B l.j' X, 3! J:| /2+3C‘ /'1"'3] );_—xl ‘/2_1:'I
= )
'-2' ZI Z' /7_+Zl /li—2.| )‘/I»"'zl )‘;_zl }3"-2! }/4-_2'|
:x’z Iu—xl \jl—xl Il—xz Y, =Xy {‘3.‘11 /l—x,—xl /1+5|—xl %.*‘xn'il
- - —x - | )
Ja Y- Y2 xX,-y, Y9~ Ya L= | 4 eXmda| 54Y,-Y, Sox,~Yy, £-9,-y,
1 1
z, =2, | m2m2a | 5422, T4 -2a| K42-2,| e2-2,| 3pe2-2,] o222
_ - _ _ —y - | | v !
gz xl H’L ldl 37_ I’l 92_ S, Yo /z_‘d.“j,_ /1_x._t:]1 1+51—31 2+X, 7Y,
x - X — -y - X - ! ! !
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Structure Determination:

I. The Determination of the Heavy Atom Positions.

The expression for the Patterson function of a

crystal having the point group 422 is:
oD o0 o0

P(UVW) = 8/V 2 S 2‘F(hkﬂ)l2cos 2NhU cos 2MkV cos 2NLW
c O (0] 6]

Iﬁterpretation of the map of this function will be
complicated by the high symmetry of the tetragonal

system and by the presence of two heavy atoms in the
asymmetric unit of the cell. Not only will eagh of

the heavy atoms in the asymmetric unit be represented

in the map by a set of veetors corresponding to the
basic vector set of the space group, but there will also
be peaks due to vectors between heévy atoms not related
by symmetry tending to complicate the map. In the full
three-diﬁensional Patterson synthesis there will be fifty
sixivectors between each set of symmetrically related
bromine atoms, and one hundred and thirty two vectors
between non-symmetry related bromine atoms (Table I).

On account of the symmetry of the Patterson function

it is only necessary to consider six peaks due to vectors
between each set of symmetrically related bromine atoms
and eight peaks due to vectors between non-symmetrically

related bromine atoms. These are shown in Table II.



TABLE IT.

Vectors to be considered

in Asymmetric Unit of Patterson liap.

Co-ordinate P(TUVW)
Vector Found Arbitrary
U v W Units)
z-2%1,%,3-27 0.24, 0.50, 0.18 9.5
3=RY] ,4.5422 0.26, 0.50, 0.31 5.8
2%, 2y1, % 0.28, 0.27, 0.50 7.6
| 2-%p 4 vy s 2-v1-%1 5% 0.48, 0.283, 0.25 11l.4
V14+XT s xl*yi,%—ZZi_ 0.26, 0.26, 0.06 2.8
yl—xl)yifxl,Zzl 0.04, 0.04, 0.44 19.0
1-2%5,%,5-2% 0.43, 0.50, 0.21 6.8
3-8 0% 15+ 270 0.23, 0.50, 0.29 7.8
Xg, R¥gs b 0.07, 0.24, 0.50 8.8
Xk Yo b-To-Xg sk 0.16, 0.10, 0.25 5.1
Yo+tEg s Xt Tos5-229 0.41, 0.41, 0.46 4.2
yz-xz,yz;xz,Zzg 0.34, 0.%4, 0.04 3.8
X1 +X5, Y1+ 9 54 2 - 2o 0.48, 0.15, 0.24 6.5
Y +%grE 4T o) %'Zi‘zz 0.49, 0.19, 0.20 9.5
~V1+Vgs—X1+Xgs =2+ %9 0.08, 0.23, 0.26 ¢4
Xo=¥1 s X~V gs Tyt Zq 0.26, 0.11, 0..30 5.8
- 1~V or 54 Y ~Kg it Tg=7] 0.381, 0.24, 0.49 5.9
%-yz-yl,%-x2+x b T Ty 0.35, 0.27, 0.05 3.8
~Xo=X1 ,5=Yo+ ¥ s5-%o~2] 0.02, 0.42, 0.45 8.6
T~Xo~¥1 s5=Yo+ X} s5=Zo+ % 0.01, 0.%9, 0.01 9.2
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~ The | F(txt)| ® values were modified by a function
M(8) = { ;em sinze/'?\g} "% and the values of
lF(hkﬂ)lz M(8) were used as the coefficients in
the Patterson synthesis. The two-dimensional Patterson
projection down the b-axis, P(UW), was computed with
three hundred and thirty five terms. This projection
contained a great many peaks and clearly offered no
hope of providing the bromine co-ordinates. Accordingly
the three-dimensional Patterson map was computed with
1190 terms.

The peaks to be expected on the three Harker sections
of the three-dimensional Patterson synthesis, P(U,%,W),
P(U,V,%) and P(U,V,%) are, in themselves, insufficient
to define fully the two sets of bromine co-ordinates.
For example, the occurrence of a Br-Br vector at 2x,2y,%
on P(U,V,%) does not distinguish the following x,y-
co-ordinates, X,¥; 3-X%,¥; x,%+y; X,y. In a similar
fashion the peaks on the section P(U,L,W) due to vectors
at $-2x,5.4-22z, and -2y,%,%+22 could be caused by
bromine atéms having any ofwthe sets of x and y co~
ordinates listed gbove. The vectors on the section
P(U,v,1) at t-x%+y, F-y-%x, &, however, enable a distinction
to be drawn between on the one hand the co-ordinates

(x,y) or (%,y) and on the other (%-x,¥y) or (X,5+y).
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Peaks 1in general positions, due to vectors between
symmetrically related bromine atoms enable a further
distinction in the X and y co-ordinates to be drawn if
the 2z~ co~ordinates of the bromine atoms can assume
complete freedom over the following eight positions,

et 1 . 4 . 4 5 )
Zy By p+Zy =%y 34Dy =%, F4+7,

plor

-Z In this way, by
inspection of the peaks due to symmetrically related
heavy atoms, the x- and y- co-ordinates of the two
bromine étoms can be found. Thereafter, any possible
interchahges of the x- and y- co-ordinates and all
possible positions of the z- co-ordinate have to be
tested by studying the vector sets due to all possible
non-equivalent combinations and superimposing them on
the Patterson function to find which gives the best
agreement. Difficulty may arise if the peaks in
general positions due to vectors between heavy atoms
related by symmetry cannot readily be picked out from
those due to vectors between heavy atoms unrelated by
symmetry.

The section of the three-dimensional Patterson
synthesis P(U,L,W), Fig.I, should contain two peaks
due to each set of symmetrically related bromine atoms.

The pesks should be at 3-2xy, %, 4-2z7 and 3-2y1, 2:542%

for Bry(xy, vy, %) and at $-2xg, %, %-22Z5 and
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The three-dimensionsl Pattersor function,
are Adpswn

section P(U,3,W). The contours
at arbitrary intervals. The peaks snd
lines referred to in text are msarked on

the tracing, sheet.



FIG. I.

The three-dimensional Patterson function,
section P(U,1,W). The contours are drawn
.at arbitrary intervals. The peaks and
lines referred to in text are marked on
the tracing sheet.



The three-dimensional Patterson function.
Sections: a; PéU,V,%g

b) P(U,V,3

‘Contour levels are arbitrary. The

peaks mentioned in text are shown.
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Fig.III. The three-dimensional Patterson function,
section P(U,0,W). Contour levels are
arbitrary, the levels at the origin have
been omitted. The peaks mentioned in
the text are marked on the photograph.
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%_2y2, %, $+225 for Brg(xg, Tos zg). The ideal vector
set on thié section would be two pesks for each heavy
atom at an equal and opposite distance from the line
P(U,%,%). |

The large peak (A) that occurs at W74 is soon to
be recognised as representing vectors lying on the
section P(U,V,%), so its presence on the section P(U,%,W)
probably has no special significance. It is not
symmetrical about WQ: and there may be a genuine Harker
peak at (I). In the region of the section, W=0 — WQP
the two largest peaks are (B) and (C), (B) is attenuated
and may represent two vectors, while near (C) there is a
smaller maximum at (F). In the region of the section
W=21 to %, the largest peaks are (D) and (E), neither
of which can correspond to either (B) or (C). While
no peak can be found at an equal and opposite distance
from WQQ as (E), the peaks (I) or (F) could represent
the complement of (D).  Similarly, (G) or (H) could
correspond to either (B) or (C).

The Hérker section P(U,V,%), Fig.II(a); should
contain four peaks at %-xi -¥y 5 2-X1+¥1; B-Xo-Yo,t-Xo+Yo;
F-X14Y1s $-X1=Y1; 2-XoHVogs 3=Xo=Yg; the first two being

related to the last two by symmetry. The most obvious
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choices are the peak (A'), i.e. the peak that occurs
on P(U,%,W) and the peak (B'). These peaks correspond
to sbout the same height, allowing for the fact that(A')
is made up of two unresolved vectors related by a mirror
plane; these two unresolved vectors need not be
coincident with QQg. The forthcoming discussion will
be simplified by assuming that (A') represents the
vector %—xl-yi, 3-X+Y¥5 @and that (B') represents the
vector %—xz-yz, %~x2+y2.

On the section P(U,V,%), Pig.I1{b), there should be
four peaks at 2X1, Zyl; 2x2, 2y2; 2y1, 2xl; 2y2,2x H
the first two being related to the last two by symmetry.
The peaks (A") and (B") were picked as being the most
likely to represent these vectors. These two peaks
can be made to correspond with the peaks (A') and (B')
from the section P(U,V,%) if the y- co-ordinate obtained
for Brg from peak (B") on the section P(U,V,%) is changed
t0 Z=Y¥.

The selection of peaks from the sections P(U,V,i)
and P(U,V;%) narrows the search for the Br-Br vectors
on the section P(U,L,W) to those that lie on the lines
drawn on Fig.I. The peaks (C), (F) and (E) all lie on

the line for the vector (4-2xg,%, $-22z5) while on the
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corresponding line for the vector (%-Syz, %,.%+2zz) the
peaks (H) and (D) could mateh (C) and (F) respectively.
In the case of the other bromine atom, the peaks (B) and
(I) could be matched with (H) or (D) respectively.

The emergence of several alternative heavy atom
co-ordinates from a study of the three Harker sections,
led to a search for peaks due to Br-Br vectors in general
pdsitions in the Patterson map. In particular, special
attention was given to the section P(U,0,W) as the
occurrence of a great many pesks on the section P(U,L,W)
when only four are to be expected suggests that the values
of some of the co-ordinates (xl, Y15 Xg, y2) must be very
similar and consequently a concentration of vectors can
be expected on P(U,0,W). This section is shown in Fig.III.

There are several large peaks on this section, but
all those that represent vectors less than 4 X can bhe
safely neglected., There are three peaks (A'''), (B''*)
and (C"') which probably represent Br-Br vectors; of those
(A”‘) is of particular interest as U = V suggesting that
it represents one of the vectors hetween symmetrically
related bromine atoms at (x+y, %+¥, +-2z) or (y-x, y-x, 2z).
Taking (A'') as representing the vector (y-x, y-x, 2z) for
Bry and the peaks (B) and (H) as representing (%-2x, %, 1-2z)

and (4-2y, %, 1+22) respectively will give a consistent
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set for Xy, ¥y, %7. Furthermore, as (H) is not a very
high peak, it is unlikely to repfesent two vectors on
the section P(U,%,W). On this assumption, the most
likely peaks to represent the vectors %-2x2, % $-2z5 and
%-2Y¥gs s 5+422%5 are (F) and (D) respectively.  This
solution of the Patterson gives the most probable basic
set of co-ordinates for both bromine atoms (Table III).
The heights and co-ordinates of the peaks to berexpected
from symmetry related bromine atoms are given in Table II.
‘From this basic set of co-ordinates, the sctual
co-ordinates were derived by considering the peaks due
to interactions between bromine atoms, unrelated by
symme try. A process of trial and error was followed,
considering all the possible non-ecuivalent sets of
co-ordinates related by symmetry to the basic set.
One set of such co-ordinates gave vectors that corresponded
to higher values of the function P(UVW) than any of the
others. The co-ordinates of these vector peaks are
given in Table II, as are the values of the functlon
P(UVW) corfesponding to these peaks. The co-ordinates
of the bromine atoms thus obtained are given in Table IIT.
Of the peaks occurring on the section P(U, %, W)

other than true Harker peaks, the peak (I) and the
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attenuation of (B) can be accounted for by vectors
between non-symmetrically related bromine atoms, while
on the section P(U,0,W), two of the heavier peaks (B')
and (C'*) on Fig.(V) are due to vectors between non-

symmetrically related atoms.

TABLE IIT

The Basic and Final Sets of

Bromine Co-ordinates as fractions of the

X ¥ 21 ) I9 Zg
Basic Set 0.150 0.115 0.223 0.048 0.3%8 0.017
Final Set 0.150 0.11% 0.223 0.33%8 0.0%8 0.483

N.B. The numbering of these two atoms does
not correspond to the chemical numbering
given in the discussion, etc.



TABLE TV,

3-D Patterson Synthesis
lz Br atoms

S.F. I (By =4, R = 48%)

Fourier I (1027 temms)

16 C atoms
+ 2 Br atoms

S.F. II. (Bg =4, R= 39%

Fourier II (1075 terms)

lBO ¢ atoms
+ 2 Br atoms

S.F. IIT (By = 5, R = 31%)
Fourier ITI (1114 terms) |
l29 C, 40,4N + 2 Br atoms
S.F. IV (By = 5.5, R = 26%)
Fourier IV (1184 terms)
l29 C, 40, 4 N, 2 Br atoms
S.F. V(B =6, R = 22%)
Fourier V (all 1190 tez’rﬁs) F, + F, syntheses.
150 G, 40, 4 N, 2 Br atoms
8.F. VI (Bg = 6, R = 20%)
Fourier VI (all terms) ‘Fo + F, synthesis

lall atoms

- Cont'd -



TABLHE TV. (Cont'd )

8. 7. VII (Be = 6,75 for Br, 6.42 other
atoms; R = 19%)

Fourier VII (F, + F, syntheses)

J/ all atoms ,
S.F. VIII (Individual B values, R = 18.1%)
Least Sauares Cycle 1.

l Zwn® = 2420
Final Structure Factor Calculation
(Individual ISOtropiche values,

R = 16.8% )




II. The Solution of the Structure.

The ratio 2:2?3’2 for the p-bromophenylhydrazine
T,

derivative of byssochlamic acid is 1.568. This value
indicates that the determination of phases by calculation
on the basis of the bromine positions should be closer
to the true phases than in the case of clerodin bromolactone.

Structure factors calculated from the positions of
the bromine atoms showed a discrepancy between observed
and calculated values of 48%. Some difficulty was
encountered in attempting té calculate an electron
density distribution on the basis of the heavy atom
phases and observed structure amplitudes, as the DEUCE
Fourier series program could not handle the Fourier
expression for the space group P41212 in the normal
manner, The most convenient way of computing a Fourier
series for this space group is to reduce the point group
of the crystal from 422 to its sub-group 222. (This was
done at the suggestion of Dr. T.A.Hamor.) It involves
doubling the number of atoms in the asymmetric unit and

including more than the basic non-equivalent set of

F_ (nkQ) values. Under these conditions, and if the

origin is changed to (%, O, &), the space group becomes



effectively P212121 with two molecules in the
asymmetric unit; these molecules should prove
identical if the multiplicities of the tetragonal
system are preserved.

The first Fourier map was then computed with
1027 terms together with those generated by the
multiplicities of the system. Several chemical
features could be identified in it. A five-membered
ring (IV) with a substituent on each atom seemed to
indicate that the derivative formed with p-bromophenyl-
hydrazine preserved the five-membered ring of the parent
anhydride (II). By following the direction of the
C(15) - C(16) bond, several other electron density

maxima could be discerned in chemically aceptable sites.

x Brl2)

(1IV)
The two atoms O(3) and 0(4) did not appear to be attached

to any other atoms, so it was assumed that they were
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probably the oxygen atoms attached to the five-membered
ring. It was evident that one of the bromine atoms,
Br(l), was attached to a benzene ring which had a
substituent in the para position, although two of the
atoms, C(22) and C(23) in the six-membered ring were
noticeably out of the plane of the ring. The point
of attachment of the other bromine atom, Br(2'), could
not be discerned, Al though the complete structure was
not apparent from this map, the amount of genuine detail
shown in the map confirmed the choice of bromine
co-ordinates and allowed sixteen atoms other than
bromine to be selected for inclusion in the next
structure factor calculation. These were the atoms
c(13), c(14), c(15), c(16), c(17), c(18), ©c(19), c(=20),
c(21r), c(e4), N(1), N(2), N(3), N(4), 0(3) and 0(4).
The second structure factor calculation caused a
drop in the discrepancy from 48% to 39%, and 1075 terms
were used to compute a second Féurier synthesis. All
the atoms included in the previous cycle came up to a
satisfactory height. By following the chain of atom
sites attached to C(15), a nine-membered ring could be
seen re-joining the five-membered ring at C(14) (V).
Furthermore, the outline of a second five-membered ring

could be distinguished joining the nine-membered ring
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75

at C(5) and C(6). This second five-membered ring
contained N(1) and was attached to the planar and
six-membered ring found in the first Fourier map by
means of the nitrogen atom N(2). One of the supposed
oxygen atoms attached to this five-membered ring was
considerably out of the plane of the other atoms
comprising the (—C-——CffSN ) group at this stage in
the phasing calculations, so it was not included in
the next cycle of structure factor calculations. An
atom, C(2), could be seen attached to C(3) and there
were several other maxima in this region which might

prove to represent genuline atoms, including some

evidence for a four-membered ring. The two atoms

4 23

1 Bv

20 a0
21

(V)

c(22) and ¢(23) of the planar six-membered ring omitted

in the second structure factor calculation because they

were out of the plane of the ring had moved to more
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acceptable positions. It was also evident that the
bromine atom, Br(2'), nearest to N(3) and N(4) was in
-fact too near them to be attached to them viava benzene
ring bonded to N(4). However, a symmetrically related
bromine atom, Br(2), could be seen at about the correct
distance (5.6 - 6.0 X) from N(4). The details of this
six-membered ring remained rather indistinct, only three
atoms being sufficiently clear to warrant inclusion in
the phasing calculations. The partial structure
obtained at this stage is shown in (V).

All thirty light atoms marked in (V) were included
in the third cycle of structure factor calculations.
This calculation gave a discrepancy between observed
and calculated structure amplitudes of 31%. From the
output of this calculation, a Fourier series was evaluated
with 1114 terms.

In addition to the thirty light atoms other than
hydrogen shown in (V), the positions of four of the
remaining eight atoms are roughly known (i.e. there are
three atoms in a benzene ring and the oxygen atom attached
to ¢(8). TFrom the formula of the derivative it can be
shown that there should be seventeen double bond

equivalents in the molecule, of which fifteen can be
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accounted for. At this time, information came to hand
about the structure of glauconic acid (ClSHZOOV)’ on
which Professor Barton had been working. This compound
is related to the glaucanic acid isolated by Wijkman.
The structure of glauconic acid is shown in (VI).
(The stereochemistry was
not at this time known.)

In the present context,
the two most interesting
features of this structure

are the double bonds in the

nine-membered ring and the

ethyl groups attached to

(V1)

the ring. This information
proved helpful, in that the presence of two double bonds
in the nine-membered ring of byssochlamic acid was soon
established to account for the last two double bond
equivalents; it also proved misleading in that a rather
too conscious search for ethyl groups was undertaken.

In the third Fourier map (VII), the last three atoms
of the benzene ring and the oxygen atom attached to C(8)
were clearly distinguishable, but the remaining four

atoms proved more difficult to locate. There was a peak
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C(1) close to C(2) and together these atoms would form
an ethyl group attached to C(3). The traces of a four-
membered ring in this region of the molecule were less
pronounced on this map. There was quite a high peak
C(10') at a distance of about 2.3 % from C(4) and this,
coupled with a smaller maximum C(1l') nearer C(4)

suggested the possibility of an ethyl group attached to

¢(4) (e.f. glauconic acid). The values of the peak

N.B. C(11') and X
/ were not includéd
in fourth cycle.

(VII)

heights of these atoms in the second and third Fourier

maps are listed in Table V.

. TABLE V. 0.
(Pesk Heights in electrons/AS)

c(g) o©(1) oc(11v) c(1o0') X
Fourier IT 2..85 1.92 1.52 1.35 l.44

Fourier IIT 5.03 2.37 1.59 2.4 1.48
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Another pesk, C(12) could be seen attached to C(13) and
came up to a height of 2.83 electrons/%s, and a further
1.5 %: away from this peak there was another peak of
2.15 electrons/ﬁ.3 which might be a diffraction 'ripple'
from one of the bromine atoms as it had similar y- and
2z~ co-ordinates.

On the assumption that there are two double bonds
in the nine-membered ring, models of the various possible
structures were constructed. It was found that the
only model that could simulate the real conformation
of the ring was one with double bonds between C(5) and
c(8), and C(14) and C(15).. These locations for the
double bonds were substantiated by the close planarity
of the two parts of the molecule of the type shown in

(virI).
Atoms ¢(10'), c(12), c(1),

c(e28), c(29), ¢(30), and
0(1) together with those

included in the third

structure factor calculation

were used to calculate the
(viiz) phases for the next Fourier
synthesis., By omitting C(11') and including C(10'), a

decisive test of the correctness of placing an ethyl group
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at C(4) could be made., The Fourier map so obtained
provided clear evidence that there was no ethyl group
attached to C(4). The peak C(10'), although included
in the phasing calculations, only came up to a height
of 2.1 electrons/l?\.3 compared to over 4.0 electrons/ﬁ.5
for the majority of the other carbon atoms. This
indicates that the peak is a spurious effect due to
inaccurate phasing. The peak C(ll') came up to a
height of 1.48 electrons/i5 whereas the peak C(1l) near
c(12) came up to a height of 2.61 electrons/R3.  The
two atoms C(1ll) and C(12) would, therefore, appear to
form an ethyl group attached to C(1%). The possibility
of C(11') being a genuine methyl group was tested by
calculating over one hundred structure factors on the
basis of the other thirty seven light atoms together
with the two bromine atoms (a) with C(11') included,
and (b) without C(11'). The latter calculation gave
a significantly lower R- factor and it was therefore
considered tﬁat c(1l1') was a false peak.

A further cycle of structure factor and Fourier
calculation was carried out, Fourier syntheses being
evaluated with both | F,| and|F,las coefficients with

the calculated phases. An atom, C{(10) was located
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attached to C(1l), with a height of 2.35 electrons/A-

in the F, map and less than 1 electron/?\.5 in the F,

mép. This atom forms a n-propyl group with C(1ll) and
Cc(12) attached to C(13). The structure and relative
stereochemlistry of byssochlamic acid bis-p-bromophenyl-
hydrazide and of byssochlamic acid itself are illustrated

in (IX) and (X) respectively.
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Refinement:

The R- factor for the fifth cycle of structure
factor calculations was 22%. On inclﬂsion of the
last atom, C(10), and neW’éo-ordinates for the other
atoms in the phasing calculations, the R- factor fell
to 20%. Two cycles of structure factor calculations
‘and Fourier syntheses, using both |F,| and|F.|, as
Fourier coefficients and employing ‘back-shift’
corrections to the positions of the atoms in the Fy
map reduced the R- factor to 18.1%. Isotropic
temperature factors (Bg) were aséigned to each atom
individually from a comparison of the peak heights in
both F, and F, syntheses for inclusion in the seventh
and eighth structure factor calculations. It was
found that the temperature factors for the two bromine
atoms were the highest CBG = 7.10), whereas the average
value for the carbon atoms 1in the ring system was much
lower, while the atoms C(1), ¢(2), ¢(L0), C(11), and
C(12) showed intermediate values.

At this stage, it was realised that further Fourier
refinement wbuld be relatively ineffective. The

structure and relative stereochemistry had been
determined and much further refinement was thought

unnecessary. The bond lengths calculated from the
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co-ordinates worked out from the seventh Fourier
series made chemical sense.

It was decided to carry out one cycle of least
squares refinement on the data to see if this
resulted in any significant shifts in atomic
positions. No attempt was made to locate hydrogen
atom positions or to include hydrogen atoms in the
‘calculations at any stage. The cycle
of least squares was undertaken with the following

weighting scheme,

Jr(beQ) = | 7, (nic)| ir|F,) < 43.0
43,0
Jw(hk) = 20 irl®,| 3 43.0
|F, (nkL)| 0

The new sets of co-ordinates did not show many
changes from those included in the calculation and
the thermal parameters, bijs obtained from the least
squares treatment did not indicate any marked aniso-
tropic thermal motion. Accordingly, the equivalent
isotropic temperature factors (Bé)) for the atoms were
used with the new co-ordinates to calculate the final
set of structure factors which had a discrepancy of
16.8%, without considering unobserved reflexions.

The listed values of HKL , ]Fb], ,Fc,, and X are

given in Table VI. The unobserved reflexions are
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included in this table with their maximum possible
observed value. The final isotropic temperature
factors are listed in Table VII. |

The form factors used for carbon, oXygen, and
nitrogen atoms were those of Berghuis et al. (1955),
and that for bromine was the Thomas-Fermi curve

(Internationale Tabellen, 1935).
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TABLE VII.

Final TIsotropic Temperature Factors.

o
o3

(S <]
c(1) 6.4 c(21) 5.6
c(2) 6.4 c(22) 5.6
c(3) 4.7 C(23) 5.6
c(4) 4.7 c(24) 5.6
c(5) 5.0 c(25) 5.6
c(6) 4.7 c(gs6) 5.6
c(7) 4,7 c(e7) 5.6
c(s) 5.0 c(28) 5.6
c(9) 4.7 C(29) 5.6
¢(10) 6.4 c(30) 5.6
c(11) 6.4 0(1) 5.6
c(1g) 6.4 o(g) 5.6
c(13) 4.7 0(3) 5.6
c(14) 5.0 0(4) 5.6
c(15) 4.7 N(1) 5.6
c(1e) 4.7 N( 2) 5.6
c(17) 4,3 N(3) 5.6
c(18) 4.3 N(4) 5.6
c(lé) 5.6 Br(l) 6.8
c(20) - 5.6 Br(2) 6.8
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Results and Conclusions:

The final three-dimensional electron density map
of byssochlamic acid bis-p-bromophenylhydrazide is
shown in Fig. IV as superimposed contour sections
drawn parallel to (1,0,0) and covering the region of
one molecule, The corresponding atomic arrangement
is shown in Fig.V. It can be seen that the conformation
adopted by the nine-membered ring is a type of *boat’
(X1). This ring is formed by two groups of four
atoms held in a plane inclined to each other at an

angle of about 25°, with a ninth atom, C(3), acting

&)

te

(XT) (XII)
as a ‘hinge'. This atom could take up several positions

along a plane of symmetry through the ring (XII). This

is not an exact plane of symmetry as the ring is in an



ig.IV. The final three-dimensional Fourier map,
u ;

awn as superimposed contour section
allel to.(100). Contour interval is

W
ar

electron/g5, the lowest contour being

electrons/83.  For the brogine atoms,
interval is 3 electrons/%°.



Explanatory diagram for RFig.IV,
The atom numbers =are marked,
except C(156) and C(17) which
are hidden.
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unsymmetrical enviromment, but it serves as a useful
illustration. The intramolecular non-bonded distances
across the ring are given in Table XIII. The ethyl
and n-propyl groups are attached to the nine-membered
ring in positions CIS to each other.

The biosynthesis of byssochlamic acid and the
-related glauconic and glaucanic acids has been
discussed by Baldwin, Barton, Bloomer, Jackman,
Rodriguez-Hahn, and Sutherland (1962). The schemes
of blogenesis envisaged are illustrated in Table VIII.

Bentley and keil (1961) have shown that another
 fungal metabolite, penicillic acid (XITI), can be
derived from acetate and malonate units. Preliminary
work by Barton and his colleagues has shown that
glaucanic acid (XV), glauconic acid (XVI), and
byssochlamic acid (XVII) can be derived from acetate
units. They have also shown that glauconic acid can
be derived from two units having identical carbon
skeleton (XIV). The oxidation level of glauconic and
glaucanic acids is such that if one of these dienoid
units formed an anion, the whole carbon skeleton of
glaucanic acid could be formed with the ethylenic

linkages in the correct positions. Accepting this



TABLE VIIT.
e e

CHy

tH, C(Xm)

(Xvi)
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hypothesis, the hydroxyl group of glauconic acid could
be introduced at a later stage in the biogenesis by
bilochemical hydroxylation of glaucanic acid. Barton
has shown that the carbon skeleton of this dienoid

unit is derivable from an intermediate citric acid.
Byssochlamic acid can be formed from the same biogenetic
units by a similar type of mechanism.

Ferguson and Sim (1962) have elucidated the
struature of the m-iodobenzoate of glauconic acid and
they find the stereochemistry to be that shown in the
Table. This differs from that proposed by Barton in
the stereochemical attachment of the hydroxyl group
at C(4), but this Wiil not affect Barton's theory of
biogenesis.

The final atomic co-ordinates, relating to one
molecule, obtained from the least sauares output are
given in Table IX. The standard deviations in the
positional parameters of the atoms, calculated from
the least squares output are given in Table X. The
interatomic bond lengths, together with the standard
deviations are given in Table XI, while the interbond
angles are listed in Teble XIT. The average standard

deviation in bond angles is 4.5°.  The important









88.

non-bonded distances within the molecule are given in
Table XIII, while all intermolecular distances less
than 4 & are listed in Table XIV.

The packing of molecules viewed down the a- axis
is illustrated in Fig,VI.

With standard deviations in bond length of the
order of 0.08 X, it is unwise to draw meaningful
conclusions gbout molecular dimensions. This
unfavourable situation is somewhat ameliorated in
the bromo-anilino imide grouping where at least two
estimates of similar bond lengths and angles can be
made.

The average bond length in the aromatic rings is
1.39 % and the average single bond between two tetra-
hedral carbon atoms is 1.53 K 5 in both cases the
agreement with accepted values is satisfactory. The
dimensions of the five-membered rings are interesting
and the average values are shown in (XVIII). It is
assumed when taking
these averages, that
environmental factors
are similar in all

cages.,
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The angles suggest that the nitrogen atom in the ring
is tending towards sp? hybr idisation. From the
valence-bond standpoint, this would indicate that
resonance structures of the type shown in (XIX)(a)

are important

(a) (o)
(XIX)

Trueblood, Goldish, and Donohue (1961) estimate that

a 0= bond between trigonal nitrogen and trigonal carbon
is 1.41 %, hence the value of 1.36 X found here suggests
gignificant double bond character. A similar shortening
of the carbon-nitrogen bond is found in succinimide
(Mason, 1961) and in N-chlorosuccinimide (Brown, 1961)
and a shortening of the carbon-oxygen bond in the five-
membered ring of maleic anhydride is found by Marsh,
Ubell, and Wilcox (1962). Taking the C{sp?)single
bond radius to be 0.735 K ( Trueblood, Goldish and
Donohue, 1961, and Crgig and Mason, unpublished results

reported by Mason, 1961), the expected value for a single
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bond between trigonally hybridised carbon atoms would

be 1.47 K, i.e. the value found in maleic anhydride, and
very near to that found in the present work. The
conclusion that there is relatively little double bond
character in this carbon-carbon bond is supported by

the results of Darlow and Cochran (1961) and Darlow (1961)
for the maleate ion. This conclusion, however, is not
supported by the carbon-carbon length of 1.41 X found

for the bond fusing the five-membered ring to the nine-
membered ring. If the resonance structure (XIX(b)) nhad
no importance, this bond would have a length of about
1.33 ?x. The length of this bond in (XVIII) is, however,only
the average of two values, whereas all the other bonds
discussed are the average of four values.

The best plane that could be fitted to the atoms of
the five-membered rings and the atoms bonded to them was
found by a least squares treatment (Schomaker et al.,1959).
The equation for the plane C(14) - C(18) is 0.005 X' -
0.003 Y' 4+ 0.999 Z' 4+ 25.01 = O. The deviations from
this plane are large, but the 7{2 significance test
indicates that the accuracy of the analysis is insufficient
to prove aplanarity. The equation for the plane
c(5) - c(9) is 0.159 X' 4+ 0.492 Y' - 0.909 Z' - 7.41 = O,
where a similar situation pertains. In the succinimide,

N-chlorosuccinimide, and maleic anhydride structures



9l.

a small, but significant degree of aplanarity is found.
The sums of the internal angles of the two five-membered
rings add up to 538.6° and 540.1° respectively. The
sum of the internal angles of a planar five-membered
ring should be 5400, although this is not, of course,

a sufficient condition to prove planarity.

The angles of the five-membered rings are much less
than tetrahedral on account of strain. The C-N-C angle
is also greater than the other angles, a point found in
the succinimide and N-chlorosuccinimide structures, but
not in maleic anhydride in the case of the C-0-C angle.
This possibly indicates a greater tendency towards sp5
hybridisation for the oxygen atom in maleic anhydride
than the nitrogen atoms have in the present work and
in succinimide.

In carboxylic acids and acid amides, where X =0
or N respectively, the X - C =0 and C - C = O angles
are substantially greater than the X - C - C angle
(Table XV). This effect is due to repulsion by the
lone pairs of electrons on the oxygen which is double
bonded to carbon. This situation is found to an even
greater extent in compounds where the atom X participates

in a five-membered ring. In carboxylic acids and acid

amides, the differences in the X = C =0 and C - C = 0



angles are slight, yet in maleic anhydride, succinimide,
N-chlorosuccinimide, and isatin (Goldschmidt and
Llewellyn, 1950), the C - C = 0 angle is very much
greater than the X - C = O angle, a fact thét Marsh,
Ubell, and Wilcox attribute to double bond character in
the CA- C bond in maleic anhydride. In the present
analysis, the situation is reversed with the X = C¢ = O
angle found to be 130° and the C - C =0 to be 1230.
This effect could perhaps be due to strain brought about
by the N-p-bromo-anilino group, although this is not
found in the case of the chlorine atom in N-chloro-
succinimide. The distances between the oxygen atoms
of the five-membered rings and the atoms of the N-p-bromo-
anilino group are not shorter than normal (Table XIIT).
The thesis of Marsh and collaborators is difficult to
accept in view of the results found for succinimide,

The initial assumption that envirommental factors
can be ignored may be invalid as several short non-bonded
distances involving oxygen atoms are listed in Table XIV.
In particular, 0(2) and 0(3) are involved in close
contacts of 2.94 g and 2.86 X respectively with nitrogen
atoms, probably involving hydrogen bonds. The closest
carbon-oxygen non-bonded distance is 3.27 ﬁ, and the

closest contact between carbon atoms of neighbouring
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molecules is $.44 %. The benzene rings adopt a very
close-packed condition, as can be seen by the large
number of short distances between atoms in rings of
neighbouring molecules.

The very large values found for C(24)C(19)N(2)
and C(26)C(25)N(4) angles can partially be explained
due to‘overcrowding between C(24) and N(1) and between
c(26) and N(3). These non-bonded interactions are
2.97 X and 2.76 ﬁ respectively, which is considerably
less than would be expected under normal conditions.
The effect cannot be very great, however, as the
benzene rings in the individual molecule would have
considerable freedom of motion, by rotation around
either the ¢ - N or ¥ - N bonds. Such rotations do
occur, but not to any great extent, as can be shown
from the distances given in Table ZXIII. If a great
deal of rotation about these bonds did take place, not
only would it affect the forces on the atoms of the
five-menbered rings, but it would also make it more
difficult for the derivative to crystallise with such
a close packed structure.

Such rotations as do occur about the N - N and C - N
bonds effectively place the atoms of the five-membered
rings in an unsymmetrical enviromnent, and may partially

account for some of the unusual dimensions found therein.



TABLY IX,

Atomic Co-ordinates.

c(1)
c(2)
c(%)
c(4)
c(5)
c(e6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
Cc(13)
c(14)
c(15)
c(1se)
c(17)
c(18)
c(19)
c(20)

X/a I/ Z/c
0.3966 -0.1639 0.37981
0.3299 -0.,1444 0.40382
0.1836 -0.1048 0.40285
0.1689 0.0208 0.39092
0.0220 0.0498 0.38%55
-0.0842 0.1184 0. 39670
-0.0686 0.1669 0.42254
-0.20387 0.1158 0.98282
-0.0458 0.0146 0.36242
~-0.1862 0.0801 0.50436
-0.1998 0.0425 0.48182
-0.12%4 0.1065 0.46089
-0,.,1559 0.0569 0.45791
~0.1%62 -0.0838 0.43558
-0.0193 -0.1456 0.43063
0.1285 -0.1050 0.42948
-0.0452 -0.2928 0.43096
-0.2441 -0.1805 0.43427
-0.2048 0.1569 0. 32657
-0.2851 0.1491 0.30626

- Cont'd -




TABLE IX,

- Cont'd -

Atomic Co-ordinates.

c(e1)
c(22)
c(23)
c(24)
C(25)

c(26)

c(e7)

c(28)
c(29)
c(30)
0(1)
0(2)
0(3)
0(4)
N(1)
N(2)
N(3)
N(4)
Br(1)
Br(2)

X/ a /b Z/e
-0.2681 0.2407 0.28790
-0.1551 0.5307 0.28969
-0.0870 0.3518 0.31011
-0.1238 0.2617 0.527L7
-0.2664 -0.4664 0.45792
-0.2075 -0.4227 0.47588
-0.2268 -0.4681 0.49899
-0,0192 -0.5643 0.50242
-0.3736 -0.6510 0.48558
-0.5528 -0.5723 0.45996

~0. 3009 0.1754 0.38605
0.017% -0.0433 0.34538
0.0579 -0.%792 0.42822

-0.3504 -0.1554 0.43917

-0.1707 0.0541 0.36296

-0.2568 0.0612 0. 34170

-0.1851 -0.3018 0.43314

-0.2518 -0.4256 0.43539

~0.1131 0.4561 0.26649

-0. 53574 -0.6279 0.55119




TABLE X.

Standard Deviations

(0]
in Atomic Position (in A).

o (x) o (y) o (z)
c(1) 0.065 0.064 0.051
c(2) 0.064 0.069 0.053
c(3) 0.056 0.059 0.045
c(4) 0.059 0.056 0.04%7
G(5) 0.055 0.065 0.049
c(e) 0.055 0.059 0.044
c(7) 0.057 0.055 0.045
c(8) 0.057 0.06% 0.047
c(9) 0.065 0.05% 0.044
c(10) 0.064 0.069 0.052
c(11) 0.06%7 0.070 0.056
c(12) 0.066 0.064 0.050
c(13) 0.058 0.061 0.047
c(14) 0.062 0.058 0.047
c(15) 0.056 0.062 0.048
c(1e) 0.061 0.057 0.044
c(17) 0.062 0.057 0.045
c(18) 0.060 0.058 0.048
c(19) 0.06% 0.066 0.049

- Cont'd -




TABLE X. - Cont'd -

Standard Deviations

, o)
in Atomic Position (in A).

o(x) o (y) o (z)
c(20) -0.063 0.066 0.051
c(21) 0.063 0.062 0.051
c(22) 0.061 0.059 0.053
c(23) 0.061 0.062 0.050
c(24) 0.06%7 0.061 0.047
c(25) 0.063 0.067 0.049
c(286) 0.062 0.064 0.048
c(2a7) 0.08% 0.064 0.053
c(28) 0.059 0.066 0.049
C(29) 0.065 0.062  0.047
C(30) 0.061 0.059 0.049
0(1) — 0.059 0.042 0.053
0(2) 0.059 0.043 0.0%4
0(3) 0.040 0.045 0.030
0(4) 0.040 0.039 0.053
N(1) 0.046 -0.056 0.041
N(2) 0.051 0.05% 0.040
N(3) 0.050 0.050 0.044
N(4) 0.051 0.052 0.041
Br(l) 0.009 0.009 0.026

Br(2) 0.008 0.008 0.025




TABLE XI.

O

Interatomic Bond Lengths in A,.

with estimated Standard Deviations

c(1)
c(2)
c(s)
c(3)
c(4)
c(5)
c(5)

c(6) —

c(6)
c(7)
c(8)
c(s)
c(9)
c(9)
c(1o)
C(11)
c(1l2)
c(13)
c(14)
C(14)
C(15)
C(15)
¢(17)

!

c(2)

- C(3)

c(4)
c(1le)
c(5)
c(6)
Cc(9)
c(7)
c(8)
¢(13)
0(1)
N(1)
0(2)
N(1)
G(11)
c(12)
C(15)
c(14)
Cc(15)
c(18)

c(1le)
c(17)

0(s)

1.580
1.527
1.448
1.632
1.566
1.458
1.440
1.592
1.445
1.668
1.163
1.344
1.307
1.319
1.360
1.569
1.4562
1.437
1.662
1.460

1.580
1.5086

1.064

(R S R Lo E N & S £ R E T & S I I S I N B S I SR © I S S

I+

1+ i+

I+

0.086
0.081
0.075
0i075
0.075
0.074
0.075
0.074
0.076
0.077
0.067
0.074
0.066
0.071
0.089
0.088
0.082
0.078
0.078
0.078

0.077
0.078

0.067

c(17)
G(18)
c(18)
Cc(19)
¢(19)
c(19)
C(20)
c(21)
c(e2)
c(22)
c(23)
c(25)
c(25)
c(25)
c(26)
G(27)
c(e8)
c(es8)
c(29)
N(1)

N(3)

N(3)
0(4)
N(3)
N(2)
c(20)
c(24)
c(21)
c(22)
c(25)
Br(l)
c(24)
N(4)
c(26)
c(30)
c(ev)
c(28)
c(29)
Br(2)
C(30)
m(2)
N(4)

1.3897
1.1%6
1,368
1.402
1.425
1.534
1.414
1.458
1.378
1.887
1.588
1.469
1.271
1.381
1.421
1,587
1.389
1.818
1.498
1.503

1.402

g

+

(N A L E L R T R N S T RN S = S I S S [ S I N R SR I S

i o

0.070
0.066

0.073
0.076

0.084
0.08%2
0.084
0.082
0.081
0.060
0.082
0.077
0.084
0.084
0.084
0.084
0.082
0.060

0.082
0.068

0.068




TABLE XII.

lnterbond Angles.

c(1)
c(2)
c(e)
c(4)
c(3)
c(4)
c(4)
c(e)
c(5)
c(5)
o(7)
c(e)
c(s)
c(6)
0(1)
C(5)
c(5)
0(2)
c(10)
c(11)
c(12)
c(12)

c(7)

c(2)
c(3)
c(3)
c(3)
c(4)
c(5)
c(5)
c(5)
c(6)
c(6)
c(s)
c(7)
c(8)
c(8)
c(8)
c(9)
c(9)
c(9)
c(11)
c(12)
C(1s)
c(13)

c(13)

c(3)
c(4)
c(186)
c(16)
c(5)
c(s)
c(9)
c(9)
c(7)
c(s)
c(s)
c(13)
0(1)
N(1)
N(1)
o(2)
N(1)
N(1)
c(12)
c(1s)
c(7)
c(14)

Cc(14)

1159
110°
107°
1149
113°
129°
129°
1010
1240
10909
126°
1030
128°
1050
1269
1210
11109
1280
1250
1170

080

1130

1060

c(13)
Cc(1%)
c(15)
G(14)
c(14)
c(1e)
c(3)

c(15)
c(15)
0(3)

c(14)
c(14)
0(4)

G(20)
c(20)
c(24)
c(19)
c(20)
o(21)
c(21)
c(23)
¢(22)

c(19)

Cc(14)
C(14)
c(14)
Cc(15)
c(15)
c(15)
c(1e)
c(17)
c(17)
c(17)
c(18)
c(18)
c(18)
c(19)
c(19)
c(19)
C(20)
c(21)
c(22)
c(22)
c(22)
c(23)

c(24)

c(15)
c(18)
c(18)
c(16)
c(17)
c(17)
c(15)
0(5)

N(3)

N(3)

0(4)
N(3)
N(3)
c(24)
n(2)
N(2)
c(e1)
c(22)
c(23)
Br(1l)
Br(l)
C(24)

c(23)

1269
1249
109°
1550
1070
116°
111°
1200
1049
1569
1230
1080
129°
114°
1059

121°

Cont'd -




TABLE XII - Cont'd -
Interbond Angles.
G(26) ~ 0(25) - €(30) 1190 | ©(25) - ¢(30) - C(29) 1180
Cc(26) - c(25) - N(4) 1289 | ¢(8) - m(1) - c(9) 113°
C(80) - C(25) - N(4) 1120 | c(8) - mN(1) - N(2) 1g¢°
c(25) - c(26) - c(27) 126° | C(9) - N(1) - m(2) 12a°
c(28) - c(27) - c(28) 1170 | ©(19) - n(2) -~ (1) 109°
C(27) - C(88) - 0G(29) 1200 | c(17) - N(s) - c(18) 113>
c(er) - c(28) - Br(2) 1220 | c(17) - N(3) - n(4) 123°
c(29) - c(28) - Br(2) 117° | ©(18) - N(3) — N(4) 1240
c(g8) - ¢(29) - ¢(30) 118° | ¢(25) - N(4) - N(3) 114°




TABLE XITT.

Intramolecular

Non-bonded Distances.(in &).

(1) ...
C(3) ...
c(3) .
C(3) o..

c(4) ...
c(4) ...
c(5) .
C(5) ...
¢(5) ...
C(5) vun
C(6) «..
c(6) ...
c(6) ...
c(7) ...

c(4)
c(6)

. c(7)

c(18)

. 6(14)
eee C(17)
eee 0(3)

. C(7)
eee C(13)

. C(14)

c(15)
0(2)

. C(13)

c(14)
c(15)
c(1e)
c(14)
c(15)
c(16)
c(11)

3.50
5.90
4.29
3.74&
3. 39

.26
.14

G

WAl

R

.10

™

.61

5.24
5,04

5.87

c(7) «eo. C(15) 3.22
c(7) ... C(18) 3.39
c(7) . C(18) 3.98
c(7) ... o0(1) 3.15
c(8) ... c(13) B3.26
c(8) . C(14) 3.71
c(8) . C(19) 3.27
C(8) ... 0(24) 5.62
c(9) ... 0(19) 2.98
c(9) . c(24) 3.31
c(11) ... 0o(4) .51
c(13) ... C(16) 3.32
C(13) ... 0(1) 3.553
c(13) ... 0(4) 2.90
c(16) ... 0(3) 2.87
Cc(17) ... C(25) 3.23
c(17) ... ¢(g6) 53.33
c(18) ... ¢(25) 3.19
c(18) ... C(26) 3.44
c(19) ... 0(1) =a.57

- Cont'd -




TABLE XTIT. - Cont'd -

Intramolecular

. )
Non-bonded Distances (in A).

c(19) ... 0(2) 3.20
c(20) ... N(1) 3.59
c(24) ... 0(1) 3.93
c(24) ... 0(2) 3.54
c(24) ... N(1) 2.97
C(25) ... O(3) 5.79

c(25) ... 0(4) 3.42
c(26) ... 0(3) 3.86
c(g6) ... 0(4) 3.m
c(26) ... N(3) 2.76
Cc(30) ... N(3) 3.57
o(1) ... N(2) =2.84 .
o(g) ... N(2) 2.96
0(3) ... N(4) 3
2

0(4) ... N(4)

.18
91




TABL:E XTIV.

Intermolecular Bond Lengths.

(<4 )
The subscripts refer to the following ecquivalent
positions: _
I. xl,y7,% VI. y+l,x,2

IT. x,y+l,= VIT. 2+¥,3-X,3+3

ITT.  34%,3-7,3-2 VIII. 3-¥,5+X,3+2

IV. 34x,-b-y,3-2 IX. -3+%,3-7,3-2

V. ¥,X,2

0(3) ....w2)Y 2.86 0(2) ....c(30)IV =64
0(2) ....n(&)V  2.0a o(2) ....0(2)IV s3.e7
Br(1l)....c(27)VIt 3.95 ¢(10)....c(20) .67
0(3) ....c(20)V 3.o7 0(5) ....0(19)TV 3.69
0(4) ....0(1)H T 3,44 c(2) ....c(25)T 5,70
o(27)....c(27)V  3.44 6(22)....0(20)V .72
c(5) ....0(1)IIT 3,48 c(zv)...;c(zs)v 3.72
c(1) ....0(2)IV 3,49 C(1) oo, (3)EV 3,73
c(e28)....c(28)Y  3.50 c(11)....c(29)* =.73
c(4) ....c(22)T 3,54 c(1) ....03)V  3.74
¢(30)....Br(2)Y 3.55 c(10)....Br(2)TT 3.7
c(1) ....c(17)V =.58 c(28)....c(29)V  3.77
c(26)....c(27)V  3.59 0(2) ....c(25)TV 3,77
c(1) ....c(9)tV  s.e1 0(2) ....18(5)IV .7
o(7) ....c(20)TT 3,62 Br(1)....0(28)VII 3 78
¢(20)....Br(2)IX 3,64 c(2) ....0(a)t 5.81

- Cont'd -




TABLE XTIV,

(Cont*d)

Intermolecular Bond Lengths.

(<4 X)

¢(10)....c(28) "
c(27)....n(4)"
c(23)....c(30)%7
c(25)....Br(2)V
c(29)....Br(2)V
0(4) ....Br(2)V
c(16)....c(23)1LL
o(2) ....0(a)IV
c(12)....0(29)1T
¢(25)....0(4)T
o(7) ....c(21)ttt
c(12)....c(21)11tT
0(15)....c(20)"
¢(10)....Br(1)VIII

c(26)....c(10)V

6(16)....c(10)7

c(16)....0(22) 1
0(24)....0(1)III
c(26)....0(28)V
0(3) ....Br(2)Vt
Br(1)....c(g26)V:T
c(4) ....c(19)tH
c(4) ....c(28)tT
c(24)....0(30)V
c(28)....0(30)V

c(9) ....0(1)HT
c(12)....c(30)*t
c(27)....c(11)V

c(23)....0(20)1V

.98
5.93
3.98
5.94
5.94
5.94
3.96
3.96
3.96
3.97
3.98
3.98
3.98

.99




TABLH XV,

Comparison of dimensions
of Certain Acids and Amides.

Structure C-C-X C-C=0 0=C-X C=C C=X |Ref.

- ©) ©  © & Q) |w.
Benzoilc Acid 118 122 122 1.48 1.29]1
Benzamide | 116 122 122 1.48 1.31]¢2
Acetic Acid 116 122 122 1.54 1.29 |3
Acetamide 109 129 122 1.51 1,38 (4
Oxalic Acid Dihydratelld 122 126 1.53 1.2915
Oxamide 1156 120 . 126 1.54 1.32(6
Sorbic Acid 115 122 123 1.45 1.32 ”
Crotonic Acid 113 122 125 1.50 1.30 }
Maleic Acid * 124 119 111 1.47 1.28]8
Maleate ion * 120 117 125  1.49  1.29]9
Maleic Anhydride 108 131 121 1.47 1.68 |10
Succinimide - 108 129 124 1.51 1.39 |11
N-chlorosuccinimide 107 130 124‘ 1.48 1.39112

* Maleic Aclid and Maleate ion both have
six-membered rings due to hydrogen-bonding.
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PART TTI.

The Structure of Atrovenetin:

X-ray Analysis of a Trimethyl ether
Ferrichloride of Atrovenetin.
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The Structure of Atrovenetin:

X-ray Analysis of a Trimethyl ether
Ferrichloride of Atrovenetin.

Introduction: -

Atrovenetin (CygHyg0g) Wwas isolated from Penicillium

atrovenstum G.Smith by Neill and Raistrick (1957). The

closely related species P. Herquei Bainier and Sartory
has been shown (Stodola et al. 1951, Galamaga et al. 1955,
and Harman et al., 1955) to contain herqueinone (CqgH;-Og)
and norherqueinone (019H18O7). Barton, de Mayo, lorrison,
Schaeppi, and Raistrick (1956) showed that atrovenetin
was identical with deoxynorherqueinone. Barton, de iayo,
Morrison, and Raistrick (1959) produced evidence for the
structure (I), or its equivalent tautomer, to be that of
atrovenetin. Later biogenetic and chemical evidence
suggested that this structure might be incorrect,
particularly in the point and mamner of attachment of the
five-membered ether ring.

Neill and Raistrick (1957) prepared a large number
of methyl ethers of atrovenetin, of which two were
trimethyl ethers, one being orange, and the other yellow.
Barton, de Mayo, Morrisoh, and Raistrick (1959) were able

to show that assuming (I) to be the structure of atrovenetin,
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the structures of the ‘orange’ and ‘yellow' trimethyl
ethers were (II) and (III) respectively. Barton was
able to prepare crystalline derivatives of both trimethyl
ethers by reacting them with ferric chloride in acid
solufion to form the ferrichloride salts. The
derivative of the 'orange' trimethyl ether crystallised
as thin red plates, while that of the ‘yellow' trimethyl
ether formed very thin orange lathes.

Preliminary photographs on both derivatives
indicated that the ferrichloride salt of the 'orange’
trimethyl ether would provide the more suitable material
for X-ray analysis.

Me

HO oMe

™Me

(1) Me (I1)

Me

(111)



Q6.

Experimental:

Atrovenetin Trimethyl Ether Ferrdichloride

(CooHo 00 HY ,Pe 014 )

Monoclinie, a = 17.04 A, b = 9.69 A c = 15.66 A,

4 .

(@)
/B = 96955'; V = 2569 A%; no. of molecules/unit
cell (Z) = 4; Absent Spectra, OkO when k is odd.
Space Group leA(cg). Absorption coefficient for

(o] -
X-rays (A =1.542 &) m = 91 emTt ®(000) = 1196.

The crystals of the atrovenetin derivative were in
the form of very fine plates.. The cell dimensions were
obtained from precession photographs, and zero-layer
and equi-inclination weissenberg photégraphs were employed
to collect the intensities by rotating the crystal about
the symmetry axis. The intensities were estimated
visually, the usual corrections belng made, and then
converted to structure amplitudes. In spite of the high
linear absorption coefficient, no absorption corrections
were thought necessary due to the very small cross-section
of the crystals in the plane of the X-ray beam. The
various zones were scaled according to exposure time,
and at a later stage in the analysis, scaled relative to

the calculated structure amplitudes. In all, 2,380

structure amplitudes were obtained.
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Structure Determination:

(A) Determination of Heavy Atom Positions.

In the hOR =zone, the rows of reflexions where h is
odd are either ébsent or very weak, As this effect is
limited to the WO zone, it appears there must be a
pseudo glide plane in the direction of the a- axis,

As the atrovenetin molecule possesses an asymmetric
centre at C(9), it could not crystallise in a space group
containing a glide plane. The assumption was made that
the pseudo glidé plane probably only involves the heavy
atom grouping, or indeed possibly just the iron atoms.
This assumption is substantiated by the reiatively weak
structure amplitudes found in the rows where h is odd.

Accordingly, if the co-ordinates of the iron atom
are X, ¥y, %, those of the pseudo-related iron atom
will be xo, yo, Zg where,

X, = T & X and Zy = 2y
The vectors to be expected in the Patterson function are

given in T&ble I.



TABLE I,

Equivalent . 1 o = - P -
Positions |FL?V1271  |2ELsVos By | Xq,24Yy52) |2-%,0+Vg R
<oy
Z+ Xy s Yo 2y T Jo=F1 »O - iz‘-l' X7 » 2Xj_ 3% 221
> 4 - i ;
SR ARES] "ZX]_ ’Es"zzl —:2——2}{]_, - %,yl—yz,o
2+ Y1~Yo
-221
%—Xl_’jé‘f'yg’ ':2""2X1’ "ZX]_ ,155"221 '12'73/'2"3/']_ Ne -
'i.l 2+ Yo=Y s

-2zi
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The vectors so obtained would correspond to the set
for the space group le/a if yg = 3-yy.

The Patterson function for the monoclinic system is:
00 00 00
_ 4 2 =l 2
P(UVW) = /VC Zo%g [(lFo(hkﬁ)l + [P (nxD)| )

cos 20 hU cos 2NKV cos 2NLW -

(IIE‘O(th)l2-7-|Fo(hki)|2)sin SNWU cos 2NkV sin 2NLWJ

The Patterson projection P(UW) was computed with
248 terms, the coefficients of which were modified by
a 'sharpening' function of the type described earlier.
This projection is shown in Fig.TI. The pattern is
repeated to a first approximation in the interval 3% ,
with a pseudo origin at (%%,O). It was hoped that
this projection would give information which would
enable the disposition of the chlorine atoms around
the iron atom to be elucidated. Quite apart from the
question of_pseudo—symmetry and possible different
relative orientation in space of the chlorine atoms
of the two molecules in the asymmetric unit, the
possibility exists of the chlorine atoms being grouped
either tetrahedrally, the more likely structure, or
being disposed at the cormers: pf a square.

Unfortunately, the highest non-origin peak (A)

in the projection proved not to be the vector between



C/z

@~ ¥ o

Two-dimensional Patterson projection down

the b-axis, P(U,W). The contours are drawn
on an arbitrary scale. The peaks referred to
in the text are marked on the diagram.



Y,

> S S

O
@)
@) @
o Q) A
o 1 2 3 4 g
I [ | [
Fig,ITI. The three-dimensional Patterson function,

section P(U,L,W). The contours are drawn
on an arbitrary scale, The peaks referred
to in text are marked on the diagram.
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symmetrically-related iron atoms. As the two-dimensional
approach had proved unhelpful, recourse was had to three-
dimensional methods.

The three-dimensional Patterson map was computed with
2,380 terms. - The section P(U,L,W) is shown in Fig.II.
This section contains the vector 2x1,7,2z; due to the
iron atoms; it can be seen that there are two large
peaks, (B) and (C), neither of which corresponds to the
peak chosen from the P(UW) projection. There should be
a peak on the line P(%4,V,0) due to the vector at
2s¥9-¥1,0. A large maximum was found on this line
at vV = %%4, which thus corresponds to the difference in
the y- co-ordinates of the iron atoms. Accordingly,
there should be a peak corresponding to the vector
%+2xi, 3+¥,-Ygs 22, oOn the section of the map,P(U,%é4,W).
Examination of this sectlon revealed peaks corresponding
to the U- and W- values of both the large peaks on the
section P(U, %, W). The peak corresponding to the peak
(B) on the section P(U, %, W) lies very near to the origin
and could not represent an Fe - Fe vector, but almost
certainly represents either a Cl - Cl vector or an
Fe - C1 wvector. In this case, the peak (C) in Fig.II
was taken as representing the vector at (2x, %, 22) due

to the iron atoms. By choosing the origin on the b- axis
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at a point mid-way between the y- co-ordinates of the
two iron atoms, the following sets of co-ordinates for

the iron atoms were obtained (Table II).

TABLE IT.
*/a I /b e
Fe(l) 0.126 0.521 0.249
Fe(2) 0.626 -0,521 0.249

The ratio of the square of the atomic number for
iron to that of the sum of the squares of the other atoms
is 0.286, which suggests that a calculation based on the
position of the iron atom alone would not provide a
reasonable approximation to the true phases and the
interpretation of a Fourier map calculated with observed
structure amplitudes and these phases might prove very
difficult. An alternative procedure would be to attempt
to locate the Fe - Cl vectors in the three-dimensional
Patterson map and hence find the co-ordinates of the
chlorine atoms. The ratio of the sum of the squares

of the atomic numbers of known atoms to those of unknown

atoms would then be 1,525, a much more favourable situation.
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Superposition of the origin of the three-dimensional
~ Patterson map on the iron positions revealed that there
were four chlorine atoms grouped tetrahedrally around
each iron atom, in positions exactly related by a glide
plane along the a- axis., Thus, the deviation from the
space group le/a‘must involve only the organic part
of the structure. A structure factor calculation based
on the position of the iron atom, and Fourier (F,) sections
at the expected positions of the chlorine atoms confirmed
this conclusion and provided more accurate co-ordinates
for the chlorine atoms. The discrepancy between
observed and calculated structure amplitudes in this
calculation was 73%. (This figure included the hOf terms
with h odd, which calculated zero,)

The expression for the structure factor for the
space group P21 is given Dby:

2
A(hkQ) = 2 % £y cos zn(hxj + sz) cos 2Nky;

B(nkQ)

dJ
Ye
2 Z{ £y cos 2[1(hxj +.sz) sin 2N ky;
J

when k is even
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and,
A(nkR) = -2 5 £4 sin 20 (hxy + L2y) sin 2Nky;
W
B(hkQ) = 2 3  £5 sin 20 (hxy + £z5) cos 2Nkyy
J when k is odd.

The expression for the electron density e (Xyz) is

oo Kk=2n
e (XYz2) = Z JA(hkR)| (cos 2N hX cos2NkY cos 2MUZ -
—00 ~00 ~00

sin 2MhX cos 2MKY sin 2NRZ) +]B(ukl)| (cos 2MhX

sin 2MKkKY cos 2MNLZ - sin 2NhX sin 2NXY sin 2an)}

00 20 80 k=2n4]
+ Z ZZ{'A(th)I(cos 2NhX sin2NkY sin2NLZ -

~8) -0 -0
sin 2MnX sin 20kY cos 2MLZ) 4+ |B(hkl)|(sin 2MhX

cos 2MNKkY cos 2fALZ - cos 2MNhX cos 2MNKY sin ZHQZ)}]



(B) Scattering Curve for Iron.

The form factor for iron calculated by Freeman
and Wood (1959) was accepted as the best available.
Most calculations of atomic scattering factors assume
that the frequency of the incident radiation (wj4) is
large in comparison to any absorption frequency (oak)
of the scattering atom. This assumption is not valid
in the case of iron scattering copper radiation. The
K absorption edge for iron occurs at a wavelength of
1.742 X which is near the wavelength of CuKy radiation
(1.542 %). In this case corrections have to be made
to allow for the dispersion of the X-rays that results.

Let &f = |f|l- f£5
where f ié the scattering factor without absorption
and f is the true scattering factor. It can be shown
(James, 1948) that to a good approximation

Sf = Dfi - gif(ﬂfK")?
K fO + DfK

where Af{c and Af"K can be calculated from Honl's
theory. ()f%; is independent of the scattering angle
whereas the second term 1s slightly dependent on this
angle, The second term is much less important than

the first term, and was neglected in the present work
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so that the correction to the scattering curve is given
By
= ' = -1,
§f = Qf, = -lL.72

The values of- Df'y and D f" are listed by Jeames (1948).
It can be appreciated that the effect is insensitive
to changes in temperature, as the X electrons are far

removed from the periphery of the atom.

(C) Structure Determination.

A flow diagram of the course of analysis is shown
in Table ITII.

The second structure factor calculation was carried
out on the positions of the iron and chlorine atomsl The
position of an atom (x', y', z') related by pseudo-
symmetry to an atom (X, y, z) was derived by the

following relationships:

. 1
x! = X 4 35
y o= -y

z} = Z

The calculation showed a discrepancy of 57.2%, an
exceptionally high value considering the amount of

scattering material located. A Fourier synthesis



TABLE TTT

3-D Patterson lap

Position of Fe atoms

N

S.F.I.(Feiétom) Superposition of P(UVW)
R = 73% on Fe positions
Fourier T
2z ] v

Position of Cl atoms

J/Fe + 4 Cl atoms (P2,/a)
S.F. II (Be =4, R=57.%%)
Fourier IT _(2,164 terms) |

l(% of 28 light atoms located
in 1 molecule)

8.F. IIT (Bg = 4, R = 40.3%)
Fourier IITI (2,237 terms)

Reduction of symmetry to P2;

(2 Fe, 8 C1 + 49 light atoms as
carbon)

S.F. IV (Be = 4,55, R = 32.9%)
Fourier IV (2,580 terms)

l,(z Fe, 8 C1, 12 0, 39 C)
S.F. V (Be = 4.35, R = 27.8%)
Fourier V |

lAll atoms

8.F. VI (Bg = 4.65, R = 25.5%)

Fourier VI
lAll atoms

- Cont'd -



TABLE III, (Cont'd.)

8.F. VII (Bgy = 4.65, R = 24.7%)
Fourier VII (Fb and F, syntheses)

Omitting two carbon atoms
from 1 molecule

S.F. VIII (Individual By , R = 22.7%)

Fourier VIII (F, and F, syntheses)
J/All atoms ‘

S.F. IX (Individual B , R = 22.0%)

Fourier IX (F, and F, syntheses) |
\I'All atoms

~Final Structure Factor Calculation
(Individual By, R = 21.4%

Final F, map.
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was computed with 2,164 reflexions (the terms in the hOg
zone with h odd are included in this number).

From this Fourier map, the picture of the molecule
emerged fairly clearly (IV). There was no gross disorder
in the organié part of the structure, and‘it appeared that
the aromatic nucleus, at least, occupied very closely the
sets of positions related by a pseudo glide plane along
the a- axis. The molecular structure was apparent from
this map, although some atomic positions outwith the
nucleus remained in
doubt (probably the
pseudo symmetry
operation does not
apply in these cases).
The atoms C(18), C(20),
c(24), and c(28) could

not be precisely located

but their presence in the
chemical positions

shown was evident. The (1Vv)

oxygen atoms came up to an average peak height of about
4.0 electrons/AS, and the carbon atoms came up to peak

heights from 2.0 - 3.5 electrons/A? There were only
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two other peaks in the map, apart from one obvious
diffraction ripple, that came up to a height greater
than 2 electrons/AS. These disappeared in subsequent
cycles,

A third cyclé of structure factor calculations
including the twenty four light atoms located in the
second Foufier map as carbon atoms, and the iron and
four chlorine atoms reduced the R-factor to 40.%%.

A Tourier map was computed, with the phases calculated
from these atomic positions, omitting 146 reflexions.
Al1l the atoms included in the previous cycle came up

to satisfactory heights, and the four atoms not included
in the previous cycle of calculations were located in
this map and confirmed the structure of the atrovenetin
derivative as that shown in (IV).

Up to this stage in the analysis, all calculations
hatve led to a mean structure corresponding with a one-

molecule asymmetric unit.
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(D) Refinement and Destruction of the Pseudo Symmetry.

In order to reduce the symmetry to that of the
space group P21, it was decided to calculaté structure
factors on all the atoms in one molecule, and omit
c(17'), c(18'), c(24'), c(26'), and C(28') from the
other molecule. (From this stage, an atom corresponding
to, for example, C(4) in the second molecule will be
referred to as C(4').) On closer examination, it
was thought that there was some doubt about the true
position of C(19) and this atom was omitted from both
molecules.

This calculation gave a discrepancy of 32.9%, and
all the terms were included in the Fourier synthesis.
In this map, all atoms came up to satisfactory heights
except C(24'), C(26'), and C(28') of the molecule
related by pseudo symmetry. These were omitted from
the next calculation. The atom 0(19) came up to a
satisfactory height in both molecules, in positions
closely related by pseudo-symmetry. The peak
representing C(9), however, was definitely elongated
ovér a region of about 1.2 8 in the X- direction. This
could indicate a deviation of the order of 0.4 & in
atomic positions from the positions related by the

pseudo glide plane.
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This atom, C(9), is an asymmetric centre and
reflexion (with or without translation) would form the
enantiomorphous structure in the position related by
reflexion. This is, of course, impossible as such a
symmetry operation produces effectively a different
compound. Superposition of the two structures would
be impossible.. Superimposing the true asymmetric
atrovenetin molecule on the position generated by the
pseudo space group le/a for this molecule would only
involve differences in the positions of the atoms in
the five-membered ether ring, particularly C(19), and
possibly the methyl groups attached to the oxygen atoms
(Fig.111(2a)). The carbon atom, C(9), is free to rotate
so as to bring C(19) nearer to the position the
enantiomorphous C(19) would occupy. These deviations
from the space group sites for C(9) and C(19) are
probably the major factors in the deviation from the
space group le/ég together with the slightly different
positions occupied by C(17) and C(18'), and C(18) and
C(17') respectively. The methyl ether groups also
probably deviate from the positions related by pseudo
symme try.

A further cycle of calculations was carried out

omitting the atoms C(9), C(9'), c(24), c(26") ana c(g8Y.



FIg, TTI.

() | (B)

A) Shows the superposition of the five-membered ether
ring of atrovenetin (unbroken line) on the position
afforded for it by the pseudo glide plane (broken line).

B) Shows the conformation adopted by the five-membered
ring (unbroken) and the corresponding position
afforded by the pseudo space group (broken line).
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This succeeded in reducing the R- factor to 27.8%, and
confirmed the attenuated nature of the peaks representing
C(9) and C(9'). The atoms C(9) and C(9') could then be
included at two quite distinct positions for each
molecule, whiéh differ considerably from the positions
related by the pseudo glide plane. Slight differences
in the positions of the methyl groups attached to the
oxXygen atoms were also noted. Two further cycles of
refinement, including all atoms, succeeded in reducing
the B- factor to 24.7%, the second of the Fourier
syntheses being computed with both |Fy| and|F,|as the
Fourier coefficients. Examination of the peak heights
from both syntheses allowed individual isotropic
temperature factors to be applied to various types

of atom.

A further structure factor calculation was carried
out, omitting two atoms, CG(24') and C(28'), as they came
up to considerably lower heights in the Fb map than in
the Fe map. It was hoped that this would further
~destroy the effects of pseudo symmetry. This calculation
showed a discrepancy of 22.7%. A difference map on the
output from this calculation‘indicated slight shifts in
these atomic positions, and a further cycle of structure

factor calculations including both C(24') and (28" )
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and a difference map showed a discrepancy of 22.0%,
but no significant alteration in atomic positions.

Owing to the number of atoms involved (66), the
structure cannot be refined by a least squares techniquev
on the DEUCE computer, where the upper limit is 64 atoms.

Individual isotropic temperature factors (Table IV)
were employed in the final structure factor calculation.
The final discrepancy between observed and calculated
structure amplitudes is 21.4% and the final values of

[Fol, |F,| and & are listed in Table V.




TABL TV,

Isotropic Temperature Factors @6 3.

Mol.I. Mol.II. Mol.I. Mol.IT
c(1) 4.90 4,90 c(18) 4,48 4,48
c(2) 4.55 4.55 c(19) 4.72 4,42
c(3) 4.68 4.68 c(20) 4.e8 4,72
Cc(4) 4.72 4,72 0(21) 5.25 5.25
c(5) 4,78 4.42 0(22) b5.15 5,15
c(e) 4,42 4.42 0(23) 5.15 5.15
c(7) 4.68 4.68 c(ea) 4.42 4.55
c(8) 4.42 4.48 0(25) 5.15  4.90
c(9) 4.42 4.55 c(26) 4.68 4.68
0(10) 5.15 5.15 o(e7) 4.90 4.90
c(11) 4.90 4.72 c(28) 4.42 4,42
c(12) 4.68  4.48 Fe 4.75 4,75
C(13) 4.42  4.42 Cl(1) 6.00 6.00
c(14) 4,57 4,49 c1(2) 6.00 6.00
C(15) 4,68 4.68 C1(3) 5.50 5.50
c(16) 4.72 4,72 ¢l(4) 6.00 5.75

c(17) 4.42 4.55
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Conclusions and Discussion:

The structure of atrovenetin and the ferrichloride
of atrovenetin trimethyl ether (Orange) have been shown

to be (V) and (VI) respectively:

(A3

6l—— e

L2

(v) (V1)
For atrovenetin, various tautomeric structures can be
' written, while the positive charge on the cation of the
ferrichloride is not situated solely on C(4) but
distributed over a number of centres. The numbering
system adopted is that given by Patterson, Capell, and
wWalker (1960) for e.g. 7H-Phenaleno- 2,1-d4 oxazole, up

to 0(10), and thereafter it is arbitrary.
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The structure of atrovenetin differs from that (I)
proposed by Barton, de Mayo, Morrison, and Raistrick
(1959) in the mode of attachment of the five-membered
ether ring, Neill and Raistrick (1957) had oxidised
atrovenetin ﬁith nitric acid and obtained a compound
of fhe formula 015H1409N2‘ for which Barton, de iayo,
Morrison, and Raistrick proposed Structgre (VII) and
characterised it by N.M.R. spectroscopy. These
workers now consider that structure (VII) is formed
by rearrangement of (VIII) which is the primary»l
oxidation product of nitric acid on atrovenetin.

This rearrangement invalidates the conclusions drawn

by Barton and co-workers on the mode of attachment

of the ether ring in atrovenetin.

(V1I) (VIrL)
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The structure (V) for atrovenetin is to be preferred
biogenetically to (I) as the proposed precursor of the
poly-Q3 -diketone type (IX) would form a nucleus (X)
with an oxygen atom in the position of the oxygen atom

of the five-membered ring.

H

oH

(IX) (X)

The structure proposed (II) by Barton, de Mayo,
Morrison and Raistrick (1959) for the 'orange’
trimethyl ether is correct if allowance is made for
the error in assignment of the atrovenetin structure.

Any detailed discussion of the crystal and
molecular structure must be dominated by the problem
of pseudo-symmetry. This prevents a precise solution
of the structure unless the exact extent of the pseudo

symmetry can be defined. Although the overall

discrepancy is 21.4%, that for the hOQ zone of
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reflexions is 29.7%, indicating that the exact extent
of the deviation from the space group P21/a has not
been determined. This lack of precision in determining
atomic co-ordinates accounts for the high R-factor in
this structure. A somewhat similar situation pertains
in the crystal structure of Cephalosporin C (Hodgkin
and Maslen, 1961). In this case detailed refinement
has proved difficult and a recent communication from
the Oxford group indicated that refinement is still
progressing very slowly even with the aid of least
squares procedures.

The final three-dimensional Fourier map is shown
in Fig. IV as superimposed contour levels drawn parallel
to (010). It shows the two molecules related by the
pseudo-glide plane and indicates that the principal
deviations from the space group P2;/a occur in the
region of the five-membered ether ring and at the methyl
ether groups. The atomic co-ordinates found for the
two molecules are listed in Table VI. It can be seen
that the greatest deviations from the positions related
by the pseudo glide plane occur at C(9), C(17), C(18),
c(24), C(26), and C(28). There are other deviations
but they can probably be attributed to imprecise location

of atomic sites rather than systematic deviation from
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Fig. IV, The final three-dimensional Fourier map,
showing the two independent molecules of
atrovenetin as superimposed contour sections
drawn parallelpjo (010). Contours are drawn
at 1 electrog/A” intervals, starting at
2 electrons/AS3, In the feryjichloride group,
the interval is 3 electrons/ﬂ”.
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positions related by pseudo symmetry. It does seem
therefore that the ferrichloride group and the planar
part of the organic structure occupy very closely the
positions generated by the pseudo space group P2;/a,
whilst the non-planar part of the organic structure,
which must necessarily deviate from these positions,
adopts a conformation (Fig.ITITI(b)) which allows the
minimum deviation. The precise location of these
sites is hindered by the fact that there is a strong
tendency to average the two slightly-differing sites,
and only by successfully determining the phases of
the hOQ terms when h is odd would definite positions
for the atoms be achieved. This effect can be seen
in the lists of bond lengths (Table VII) and bond
angles (Table VIII), where the value for a dimension
in one molecule is greater than expected and the value
in the related molecule is less than expected.

The positions found for the atoms give reasonable
agreement with the observed intensities, but do not
allow accurate assigmment of molecular dimensions to be
made. The mean C - C bond length in the aromatic part
of the molecule is 1.40 X with a root mean square

deviation of 0.06 &; the other C - C bond lengths are

much less reliable on account of the pseudo symmetry.
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The variations in bond length within the aromatic
system can be given some explanation by considering
the various possible resonance structures for the
trimethyl ether cation (Fig.V). In this treatment,
all the possible resonance structures are given unit
welght, which is clearly an over-simplification.
Purthermore, in this explanation, it is implied that
the atrovenetin trimethyl ether cation is symmetrical
gbout the C(13)-C(14) bond. This symmetry is, of course,
destroyed by the presence of the varilous substitﬁents at
c(1), c(5), c(s6), C(7), C(16), and C(11l). Despite
these limitations, some correlation can be obtained
between the degree of double bond character and observed
bond length. In Fig.V the bond lengths averaged over
the four 'half-molecules’' are plotted against the number
of resonance structures that contain double bonds. A
more rigorous theoretical treatment is not justified on
account of the inaccuracies in the measured bond lengths.
The mean Felll- ¢l distance in the ferrichloride
group is 2.17 K, with a root mean sauare deviation of
0.05 &. Penfold and Grigor (1959) find the Fell- (1
distance in iron (II) chloride tetrahydrate to be 2.38 X,
with the ligands grouped around in the iron atom in

distorted octahedra. The sum of the ionic radii for
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iron (II) and chlorine is 2.56 X (referred to octahedral
co-ordination), while that for iron (III) and chlorine
is 2.41 X. A further correction to this last distance
has to be made to allow for the contraction in ionic
radius of iran (IIT) when changing from octahedral to
tetrahedral co-ordination. The sum of the ionic radii
for a FeIII— Cl bond in tetrahedral co-ordination would
then be 2.37 X, which is 0.20 X larger than that found
in the present work. This shortening effect is
paralleled in iron (II) chloride tetrahydrate and
suggests that the Fe - Cl bonds in both compounds may
have some degree of covalent character,

The mean G(sp2)-0 bond length is 1.36 X, wnich
agrees with the value found in salicylic acid (Cochran,
1953), and the mean C(sp®)-0 distance is 1.47 K, which
agrees with that found in cyclopentene oxide (Erlandsson,
1955). The short C(4) - 0(22) distances may indicate a
greater degree of double bond character in this bond than
would be suggested by the resonance structures in Fig.V.

Intramolecular non-bonded distances of interest in
both molecules are listed in Table IX, while intermolecular
contacts less than 4 R are given in Table X. The packing

of molecules projected down the b- axis is shown in Fig.VI.
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In addition to the ionic link, it is probable
that a hydrogen bond exists between Cl(1l) and 0(22).
The average distance between these atoms is 3.19 %;
this appears slightly longer than the values of 3.07 K
found in D(—)iisoleucine hydrochloride monohydrate
(Trommel and Bijvoet, 1954) and of 3.12 ?\; found in
adenine hydrochloride (Broomhead, 1948 and Cochran,
(1951) for 0 - H ... C1 hydrogen bonds, although a
value of 3.24 i was also recorded in the isoleucine
'analysis. The mean value of the angle €1(1)0(22)c(4)
15‘1510, which, although much larger than the expected.

tetrahedral value, does not completely exclude the

possibility of hydrogen bond formation.










¢ TABLs VI (A),

The atomlc co-ordinates for Atrovenetin
Trimethyl Ether Ferrichloride. (Molecule I).

X/a, Yo e
c(1) 0.5160 0.6686 0.3093
c(2) 0.5075 0.6592 0.3895
c(3) 0. %509 0.5455 0.4519
c(4) 0.5928 0.5229 0.4426
c(5) 0.4297 0.2084 0.3998
c(e) 0.4427 0.2258 0.3095
c(7) 0.4156 0.5578 0.1800
c(8) 0.5911 0.4910 0.0405
c(9) 0.5682 0.6299 0.0312
0(10) 0.3405 0.6705 0.1222
c(11) 0.5621 0.5709 0.1796
c(1g) 0.5496 0.5619 0.2611
c(13) 0.%785 0.4411 0.305%
c(14) 0.5654 0.4415 0.3970
c(15) 0.4127 0.5%504 0.2692
c(1le) 0.%889 0.4498 0.15%4
c(17) 0.5251 0.4159 ~0.0104
c(18) 0.4615 0.4941 0.0057
c(19) 0.3540 0.7502 ~0.0238

- Cont'da -




TABLE VI (A).

- Cont'd -

The atomic co-ordinates for Atrovenetin

Trimethyl Ether Ferrichloride. (Molecule I)

o(21)
0(22)
0(2%)
c(24)
0(25)
c(26)
o(e7)
c(28)
Fe

" 01(1)
c1(2)
Cc1(3)
c1(4)

0(20)

X/a Y/ Z/c
0.2822 0.7997 0.2554
0.3198 0.5416 0.5203
0.3771 C.3098 0.5251
0.4586 0.0971 0.4573
0.4256 -0.04653 0.4310
0.4907 0.1336 0.2926
0.5636 0.1616  0.275%
0.4342 0.2315 0.1327
0.3824 0.1066 0.1218
0.3717 0.1825 0.7499
0.3898 0.0318 0.6501
0.3345 0.0602 0.8556
0.2792 0. 3307 0.7045
0.4781 0.2898 0.7789




TABLE VI, (B).

The atomic co-ordinatesfor Atrovenetin

Trimethyl FEther Ferrichloride (Molecule II).

c(1)
c(2)
CG(3)
c(4)
c(5)
c(s)
c(7)
c(s)
c(9)
0(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)

X/a 743 Z/c
0.8152 0. 3302 0.305¢2
0.8015 0. 15575 0.5882
0.8243 0.4582 0.4410
0.8875 0.6894 0.4452
0.9556 0.7857 0.4089
0.9479 0.7753 0.5278
0.9152 0.6651  0.1828
0.8945 0.5184 0.0356
0.8957 10,5461 0.0501
0.8440 0.3265 0.1220
0.8597 0.4410 0.1698
0.84653 0.45347 0.2606
0.8767 0.5519 0.5101
0.8654 0.5648 0.5955
0.9155 0.6659 0.2720
0.8925 0.5400 0.1291
0.8492 0.6253 ~0.0212
0.9753 0.5699 ~0.0004
0.8558 0.2757 ~0.0343

- Cont'd -




TABLE VI (B).

- Cont'd -

The atomic co-ordinates for Atrovenetin

Trimethyl Ether Ferrichloride (Molecule II).

- C(20)
0(21)
0(22)
0(23)
c(24)
0(25)
c(26)
0(27)
c(28)
e
CL(1)
cL(2)
c1(3)
Cl(4)

X/q /b Zfo
0.7785 0.2060 0.2528
0.8034 0.46%8 0.519¢2
0.8759 0.6994 0.5245
0.9642 0.8854 0.4584
0.9035 0.0024* 0.4414
0.9878 0.8818 0.2848
0.0597 0.8688 0.5455
0.9365 0.7701 0.1518
0.8876 0.8859 0.159%
0.8697 0.8253 0.7489
0.8814 0.9599 0.6405
0.8346 0.9383 0.8535
0.7771 0.6685 0.7022
0.9767 0.7126 0.7797

* Tt is necessary to add the full unit cell
translation to these co-ordinates to obtain
a complete molecule. ‘




TABLE VITI.

o
Bond Distances (in A).

A

c(1)
c(1)
c(1)
c(2)
c(3)
c(3)
c(4)
c(4)
c(4)
c(5)
c(5)
c(e)
c(e)
c(7)
c(7)
c(7)
c(s)
c(s)

1

c(2)

c(12)
c(20)
c(3)

c(14)
o(e1)
c(5)

c(14)
0(22)
c(6)

0(23)
c(15)
0(25)
c(15)
c(1e)
o(27)
¢(9)

c(1s)

Mol.TI.Mol.TIT.

1.28 1.55 C(8) - c(17)
1.44 1.7 ©c(8) - c(18)
1.59 1.55 C(9) - 0(10)
1.32 1.46 c(9) - c(19)
1.52 1.46 0(10) - c(11)
1.42 1.2 ©(11) - c(12)
1.48 1.41 C(11) - c(16)
1.40 1.47 ©(12) - ¢(1v)
1.56 1.28 C(13) - c(14)
1.46 1.32 C(1s) - c(15)
1.49 1.50 0(23) - c(24)
1.27 1.45 0(25) - c(26)
1,26 1.45 0(27) - c(28)
1.40 1.40 Fe - C1(1) .
1.5 1.48 Fe - C1(2)
1.34 1.38 Fe - C1(3)
1.62 1.68 Fe - C1l(4)

1,561 1.48

Mol.I.
1.52
1.57
1.47
1.55
1.54
1.52
1.48
1.42
1.48
1.57
1.50
1.55

1.50
2.19
2.19
2.19

2.09

Mol.IT
1.50
1.69
1.52
1.57
1.%5
1.47
1.61
1.44
1.59
1.44
1.54
1.46
1.41
2.17
2.12
2.25

2.13




TABLE VITT.

Bond Angles in Both Molecules.

c(2)
c(2)

c(1)
c(1)
c(12) c(1)
c(1) o(2)
c(2) ¢(3)
c(e) c(3)
c(14) c(3)
c(5) ©(4)
c(5) c(4)
c(14) c(4)
c(4) ¢(5)
c(4)
c(s)

c(5)

c(5)
c(5)
c(6)
c(s) c(6)
c(15) c(s)
c(15) c(7)
c(15) ¢(7)
c(16) &)
c(9) 6(8)

c(12)

c(20)

c(20)
c(3)

c(14)
o(21)
o(21)
c(14)
o(22)
0(22)
c(e)

0(23)
0(25)
c(15)
0(25)
0(25)
c(1s)
o(er)

o(g7)
c(1e)

c(8) o(17) 89°
c(8)
c(1e) c(8)
c(16) c(8)

c(17) c(8)

c(9)

c(9) c¢(18) 117°

c(17) 108°

c(18) 121°

c(18) 117°

c(8) c¢(9) o(10) 101°

c(8) ¢(9) c(19) 120°

0(10) 116°

c(9)

c(9) c(19)

0(10) ¢(11) 1158°
0(10)

0(10)

c(11) c(1g) 1290

c(11) c(1s) 109°

O

c(12) c(11) c(1s6) 121

c(1) c(12) c(11) 128°

c(1) C(1s) 118°

c(11)

c(12)

c(12) c(13) 118°

c(12) ¢(13) c(14) 1140

c(12) c(1s) c(15) 126°

c(14) c(13) c(15) 121°

c(3)
c(3)

c(14) c(4) 1240
Cc(14) C(18) 19229°

158°
1119
115°

115°

- Cont'd -




TABLE VIII. - Cont'd -

Bond Angles in Both Molecules.

c(4) c(14) c(1s) 114° 121°
0{6) c(15) c(7) 1199 124°
c(e) c(15) c(13) 1260 119°
c(7) c¢(18) c(13) 115° 118°
c(7) c(ie) c(8) 134° 1300
c(7) c(16) c(11) 118° 114°
c(s) c(1s) c(11) 108° 116°
c(5) 0(23) c(24) 115° 104°
c(6) o(25) c(g6) 123° 9g°
c(7) o(g7) c(28) 120° 110°
c1(1) Fe  cl(2) 108° 111
C1(1) Pe c1(3) 111° 106°
c1(1) Fe c1(4) 107° 109°
c1(2) Fe c1(3) 110° 110°
c1(2) we c1(4) 118° 114°

CL(3) Fe Ccl(4) 109° 106°




Some Non-bonded Intramolecular

TABLE TX.

Contacts (in X};

c(1) ...c(14)
c(2)

Cc(3)

«eoC(18)
...0{12)
c(4)
c(4)

...0(15)
...0(24)
C(5) ...C(18)
c(5) ...C(24)
c(5) ...c(26)
c(6) ...c(14)
c(6) ...c(24)
c(8) ...c(26)
c(e)

C(7) ...C(12)

...0(28)
c(7) ...c(26)
c(7) ...c(28)
c(8) ...0(10)
c(8) ...c(19)
c(8) ...0(27)
c(8) ...c(2e8)
c(9) ...c(11)
c(9) ...c(16)
c(9) ...c(17)

c(9) ...c(18)

Mol.T
2.68
2.84
2.74

2.78

Mol.II
2,75
2.80
2,90
2.81
3.05
2.86
2,94
2,57
2.78
2.98
2,10
3.19
2.85
5.88
2,50
2.51
2.64
2,91
5.92
2,24
2.25
2,98

2,73

0(10)...c(19)
C(11)...C(15)
C(13)...c(16)
C(15)...C(26)
c(15)...c(28)
c(16)...C(28)
c(17)...c(18)
C(17)...C(19)
c(17)...0(27)
c(17)...0(28)
C(18)...C(19)
c(18)...0(27)
c(18)...c(28)
o(21)...0(22)
0(22)...0(23)
0(22)...0(24)
0(23)...0(25)
0(23)...c(26)
0(25)...0(22)
c(24)...0(26)
0(25)...0(28)
C(26)...0(27)
c(26)...c(28)

Mol.T
2.40
2.80

2.72

3.04

3.16
3.6
2.47

3.1

Mol.II
2.D5
2.79

2.88




TABL X,

Intermolecular Contacts (L4 X),

]

gin A)

The Roman Numerals refer to the following

nositions:

I. X,y7,%+1 Ve 92-X,V4+%5,2

IT. x,¥rl,z VI. 1-X,¥+5,2Z+1
ITT. X,y+1,2+1 VII. 2-X,¥4+5,z+1

IV. 1-X,y+%,2 VIIT. 1-X,y-%,2+1
o(22') .... Cc1(1") 3.10 c1(2') .... c(12)VI 5.63
c(24') ....o(21) 5.10  o(2e) ....cCL(1)  B.64
o(24') .... c1(1')  B.21  o(22) .... c(2a)Vt s.e5
o(22) .... c1(1) 5.27  ¢(19) .... 0(10")IV 3.66
0(23') .... CL(1") 3.41  o(gl) .... CL(3) 3.67
0(25) .... CL(1) s.42  CL(3') .... c(15)VT 8.7
0(22') .... 0L(3')  5.45  ©(18) ....c(28)T s.68
0(11) .... c(&)VT 8.5 c(4)  .... c(20)VT 3.69
0(22) .... CL(3) 5.45  C(15') ... cL(3)VT s.m
0(10) .... cL(&)VI 5.4 01(2') .... c(19')FTIz. M
C(11') .... c1(2)VT .48 CL(3') .... o(8)T 5.7
o(18") ... c(19)V  3.49  c1(4') .... 0(18")T 3.7
c(g2) ....c(ea)Il 3.1 Fe ce.. 0(22) 5.72
0(21') .... c1(3')  3.56  ©(4') ....ci(8)VT .72
c1(4) ....o0(25)VT  s.57  c(1)  ....c(228)M a.ms
cL(2') .... C(ll)VI 3.57 Fe ! .. 0(22') B.73
6(9)  .... c(19)IV 3.0  o1(1') .... c(2)VE a7
c(12') .... c1(2) VI 3.60 C1(3') ... c(15)VI a.73
0(10) v... €(19")IV 3,60 0(21) ... c(26)VT =z,7a
c(is') .... c(9t)y 7 =z.60 c{xs) co(am)-7 mowE
c1(e") ... c(u7 )L z.e2  c(26) . c(20')  r.vs

- Cont'd -




TARLE X, - Cont'd -

. 0
Intermolecular Contacts ( €4 A).

(in K_)_

CL(4) .... c(26)VT 3,75 ¢(14) ....o0(23)V1 =.84
c(2') ....c1(1)VT B.75  0(10') .... c1(2)VT 3.82
c(14') .... c1(z)VT z.75  c1(2') .... c(16)VF B.84
CL(1") .... c(3)VT .75 c1(3) .... c(20")VT 3.85
0(20) .... c(2)IT .76 ci(2') .... c(17)VI 3.86
c(24') .... o(3)V I z.77  c(2) ....o0(21)VI 3.87
C1(%') v... (&)Y 3z o(e') .... c1(3)'T s.88
CL(8') .... c(6)VT  z.mr  c(24a') .... 0(22)V 5.e8
0(21) ....o0(25)VT .78 c(2at) .... c1(a")VT s.88
c(13') .... Gl(S)VI 3,78 0(21) .... c(g
c(12) .... c1(a&)V s.79 c(8') ... c1(3)VT .90
c(20) .... c1(3)VT 3,79 ©(16') .... c1(2)VT 3,01
c1(2") .... 0(10)VT s.r9  c(est) .... c(17)tV 3.01
CL(3") v... c(14)vI 5,79 C(18) .... 01(2)VI 3.93
o(3) ....o0(23)V s.82 o(2l) .... c(24
c(19) ... c(19)V 3,82 ©(20) .... c(19)IV =,95
c(3') ....cr(1)VI 3.82 o0(22) ....0(23)V1 3 95
c(28') .... c(18')V 3.82 C(15) .... CcL(L)VL =.96
C(26) e c1(1)VI 3.83 0(27') .... ¢(18*)V 3.96

C(47) e 00 O(QS)VI 5.84:
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APPENDIZX 1T,

Attempts to Solve the Structure of l:d-cyclohexanedione.

Studies of the Kerr effect and of dipole moments
applied to l:4-cyclohexanedione seem to indicate an
unusual conformation for this compound. (Le F%vre and
Le Févre, 1955 and 1955). Both chemical and spectro-
scopic evidence (Silberstein, 1917) definitely rule out
the possibility of enolisation in the substance, as is
found in diketopiperazine. Le Févre interprets his
results as indicating a mixture of 80% of conformation (A)

and 20% of conformation (C). (I).

(A)

*—

) ©

(1)

Barton and Cookson (1956) conclude that the successive

substitution of trigonal hybridised carbon atoms for
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tetrahedrally hybridised carbon atoms will cause a
carbocyclic ring to approach planarity. This effect
can be traced in cyclohexanone and would be expected
to be more pronounced in lid-cyclohexanedione.

Hassel (i955) appears to have done some crystallo-
graphic work on this compound, but has never published
any details of it.

l:d-cyclohexanedione crystallises as small, white
needles, which sublime if left for more than a few
hours in the atmosphere. This difficulty was overcome
by coating the crystals with a plastic solution, 'Gelva'.
The preliminary measurements are summarised in Table I.

The space group was not determined uniguely by
the systematic absence of spectra. It could be either
P21 or le/m. From a consideration of molecular
pracking and by examination of the two-dimensional
Patterson projection, P(UW) Fig.I., the former seemed
the more probable space group. All attempts to solve
the structure in its b- axis projection failed, although
the probable orientation of the molecule in the unit
cell could be determined from the two-dimensional
Patterson function. The optical transform method

was used extensively at this stage, but lack of success



Fig.I. Two-dimensional Patterson projection,
P(U,W). Contours are at arbitrary
intervals.



121.

can probably be attributed to having only an approximate
knowledge of the orentation, and degree of tilt of the
molecule.,

The measured structure amplitudes are given in

Teble IT.
- TABLE T.
Molecular Formula 06H802
Molecular Weight (M) 112
d (meas.) 1.20 gnm./cc.
d(cale.) 1.24 gm./cc.
Crystal System Monoclinic
Q
a 6.75 £ 0.04 A
& o
b 6.40 2 0.04 A
» . o}
c 7.02 £ 0.04 A
A 99%40"
03
Volume of Unit Cell 300.3 A
Number of Molecules (Z) 2
Systematic Absences OkO when k is odd.
S P2, (c° 2
pace Group 1 (C5) or P2 /m (cg )

F(000) 120



TABLE TTI.

Observed Structure Amplitudes.

(Arbitrary Scale)

H K L |7l H K L 1%,
0 0 2 25.5 2 0 5 4.8
0O 0 & 8.3 2 0 4 2.7
0 0 4 6.0 2 0 3 35.7
0 0 6 26.8 2 0 B 36.5
0 0 7 2.7 2 0 1 12.2
1 0 7 2.9 2 0 0 40.2
1 0 6 5.8 2 0 1 22,8
1 0 §5 3.3 2 0 2 6.4
1 0 4 2.5 2 0 53 32.4
1 0 3 21.0 2 0 4 2.1
1 0 2 21.6 2 0 6 7.1
1 0 1 67.2 5 0 6 8.5
1 0 O 29.1 3 0 5 5.2
1 0 1 16.6 3 0 4 12.0
1 0 2 10.4 53 0 5 11.0
1 0 3 27.8 5 0 2 20.5
1 0 4 4.5 53 0 1 29.6
1 0 5 25.5 3 0 0 47,5
1 0 7 5.7 3 0 1 16.2

- Cont'd -




TABLE ITI. - Cont'd -

Observed Structure Amplitudes.

(Arbitrary Scale)

H K L IF,l H X L Fo\

3 0 2 21.6 5 0 2 21.8
5 0 4 8.9 5 0 53 2.7
5 0 b 8.7 5 0 4 5.4
5 0 6 6.8 5 0 5 5.0
4 0 B 4.6 6 0 14 2.7
4 0 & 7.9 6 0 3 8.1
4 0 8 26,6 6 0 B 4.8
4 0 2 54 6 0 1 2.7
4 0 I 50.5 6 0 0 3.5
4 0 O 11.4 6 0 1 4.2
4 0 1 7.8 6 0 2 2.9
4 0 2 12.5 6 O 3 4.5
4 0 3 22.8 7 0 3 8.9
4 0 4 4,8 7 0 2 2.5
4 0 5 9.4 7 0 1 3.1
5 0 4 16,4 7 0 O 4,1
5 0 B 1.7 7 0 1 2.9
5 0 1 9.3 7 0 3 8.5
5 0 0 6.4 8 0 o 3.5
5 0 1 2.5 8 0 2 2.9
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APPENDTIX IT,

The Crystal Structure of Dinitrogen Tetroxide:

Some further refinement of the data of
Broadley and Robertson.

Barly work in this department (Broadley and
Robertson, 1949, and Broadley, 1950) on the crystal
structure of dinitrogen tetroxide had succeeded in
showing that the molecule most probably crystallised
in the cubic space group Im3. There were six
molecules in the unit cell, and as the space group
has forty eight general positions the nitrogen and
oxygen atoms must occupy special positions. The
asymmetric¢ unit of the cell contains one quarter of
a nitrogen atom and one half of an oxygen atom and
the best agreement with the observed results was
obtained when nitrogen was placed at a point (0.394,0,0)
and the oxygen at (0.327, 0.134, 0). Broadley and
Robertson obtained the intensities of 44 reflexions
from photographs of two zones, taken about the
principal axis and the body diagonal. An experimental
scattering curve was used in the earlier work and the
agreement between observed and calculated structure
amplitudes was about 16, The dimensions of the

molecule found by Broadley and Robertson are shown

in (I).
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I b4 A

ub

(1)

Smith and Hedberg (1956) studied dinitrogen
tetroxide gas by electron diffraction and they found
baéically the same structure with the molecular
dimensions given in Table I. The remarkable feature
of both these analyses is the very long N - N bond
which is considerably longer than that of 1.47 K
found in hydrazine (GiguSre and Schomaker, 1943).

An attractive suggestion of Smith and Hedberg is
that the N - N bond is largely a [l -bond rather than
8 ¢ -bond and this would explain the exceptional
length and the chemical weakness on account of the
poor overlap of atomic orbitals,

An attempt at further refinement of the data of
Broadley and Robertson was made to find if this would

indicate any significant alteration in molecular

structure. The final co-ordinates obtained by the
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earlier workers were refined by the method of least
squares, The scattering curves of Berghuis et al
(1955) were used for nitrogen and oxygen, starting
with an Isotropic temperature factor (Bg ) of 3.

The initial R-factor for the observed reflexions was
20.%% and after ten cycles of refinement this was
reduced to 14.6%, a further cycle of refinement
failing to alter either the R-factor or i;wilz.

The weighting system employed in the refinement was:

J w(nkl) = | (O if|Fy| < 17.8

17.8

- 17.8 .
/w(hka) = = if)Fy| > 17.8
| T (nkl )] °

!

Anisotropic temperature factors were obtained and
indicate only a slight increase of vibration of the
oxygen atom in a direction perpendicular to the
N - N bond, but in the plane of the molecule. The
final co-ordinates and temperature factors are given
in Table II.

A Fourier (F,) synthesis was computed in the
plane of the molecule and is shown in Fig. I. This
confains some large peaks not accounted for by

structural details. A difference Fourier (FO - FC)
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synthesis was computed in the plane of the molecule
and this is shown in Fig.. IT. This indicates that
no further significant shifts were to be expected

and that the spurious peaks in the Fo, synthesis are
due to 1éck'of data and termination of series effects,
The final molecular dimensions are given in Table I,
together with the estimated standard deviation
evaluated from least squares residuals. These
values suggest that no significant alteration of

the results of Broadley and Robertson can be obtained
from the number of observations recorded.

The final wvalues of the observed and calculated
structure amplitudes are listed in Table IITI. None
of the signs of the structure factors observed by
Broadley and Robertson have changed during the course

of refinement.,



Fig.I. Fourier (Fo) Section (x,y,0), through the
plane of the dinitrogen tetroxide molecule.
The contours,are drawn at intervals of
electron/§5 The zero contour is
represenued thus ......... , while negative
contours are represented thus ~----=- -



Fig,II.
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A difference Fourier section (x,y,0),
through the plane of the molecule of
dinitrogen tetroxide. The contours are
drawn at intervals of 0.1 clectrons/29,
the negative contours being shown by the
discontinuous lines.
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TABLE T,

The Molecular Dimensions

of Dinitrogen Tetroxide.

Broadley Smith Present
and and Work
Robertson Hedberg
(0] O
N - N Bond 1.64 £ 0,05 A 1.7 A 1.66 % 0.0%
0 o)
N - 0 Bond 1.17 * 0.03 A 1,18 A 1.16 % 0.02
0 -0 (Non—bondedw o o
distance) | 2.09 % 0.03 A 2.17 A 2.09 * 0.02
0 - 0 (Non-bonded o
distance) 2.68 A 2.650 * 0.03
0 -N=-0 1260 + 1° 133,70 129°+ 1.5°
TABLE IT.
X/y YA 7, P11 Dbgg baz brpElod)
Nitrogen 0.3952 - - 1051 1203 1037 -
Oxygen 0.%295 0.1v46 -~ 1900 1456 1354 1918




TABLl TTT.

Observed and Calculated Structure

Factors for Dinitrogen Tetroxide.

- Cont'a -

H K L Ty Fe H XK L T Fo
0 0 2 68.88  4+67.64 0 4 4 %0.16 -33.24
00 0 4 < 6.76 4+ 3.68 0 4 6 11.44 -13.84
0 0 6 45,12  +49.04 0 4 8 14.52 -19.12
0O 0 8 21.08  4+24.96 0 5 1 21.08 -22.16
0 010 11.44 415,24 0O 5 & 42,72 4+36.20
0O 1 1 £26.48  -20.96 0 5 5 12.44 +10.44
0O 1 8 89.60 485.80 0 &5 7 8.L2 -14.52
0 1 5 23.44  +18.80 0 6 2 <9.10 - 1.28
0 1 7 < 9,58 4+ 0.76 0 6 4 12.44 -=10.56
0 1 9 < 8.14 + 7.76 0 6 6 15,40 +12.56
0 2 2 4,76 - 8.40 0 7 1 < 9.66 4+ 4.88
0 2 4 8.12 4 4.80 O 7 3 25.92 4+31.68
0O 2 6 19.68 ° 415,16 0O 7 5 8.12 4+ 9.32
0O 2 8 < 9.09 - 2.80 o7 7 9.52 + 3.64
0 5 1 16.76 -17.76 0 8 2 14.56 4+10.16
10 3 3 < 6.68 4 3.52 0. 8 4 < 7.74 4+10.60
0 3 5 11.48 - 8.20 0 8 6 10.00 +153.3%6
0 3 7 < 9.67 4 5.32 0 9 1 < 8.12 - 1,68
0 5 9 < 5.72 4 1.88 0 9 3 < 5.72 4+ 4.60
0 4 2 35.48  -55.,92 1 1 2 50.04 -44.44




TABLE TIT. - Cont'd -

Observed and Calculated Structure
Factors for Dinitrogen Tetroxide,

H XK L - F Fo H XK L F, F,

1 2 %  87.12 4+57.24 2 4 6 <6.20 - 6.68
1 8 2 <4.06 = 4.76 2 3 18.24 4+22.16
1 8 4 27,56 -24.42 2 5 7 < 4,99 4 4.72
1 4 5 2520 422.80 2 6 4 15.84 -15.68
1 4 5 6.16 - 8.08 2 7 5 < 4.99 - 0.56
1 5 4 8.64 4 3.52 3 3 6 10.84 - 8.80
1 5 6 < 6.20 4 5.80 3 4 7 11.48 -12.48
1 6 5 11.80 -11.44 5 5 8 < 3.06 4 0.76
1 6 7 < 4.5 - 0.52 3 7 4 15.64 +10.76
17 6 7.76 - 7.80 3 8 5 21.04 +16.44
2 2 4  12.68 412.68 4 4 8 5,56 4+ 1.98
2 3 5  15.24 410.88




APPENDTIX TIT.

The Crystal Structures of Furan Tetracarboxylic
Acid and its Salts.

Cocker, Davis, McMurry and Start (1959) have
\ investigated the properties of furan tetracarboxylic
gcid (Fig.I) and its mono Potassium salt.
From the infra-red spectra
HO, Co H of these compounds, they

predict a high degree of

hydrogen pbonding in poth

Hoc © 2H compounds.,  The infra-red
spectra of the Potassium
Fig.I. salt indicates that it has

a different type of hydrogen bonding from that found
in the maleate ion (Cardwell, Dunitz and Orgel (1953))

- and (Darlow and Cochran, 1961)., Professor Cocker has
kindly provided samples of both compounds for detailed
X-ray analysis.

The preparation of crystals of furan tetracarboxylic
acid suitable for X-ray analysis has pfoved impossible.
The potassium salt, however, crystallises in the form

of fine needles. A mono Rubidium salt of furan
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tetracarboxylic acid has also been prepared and it has
a similar crystal form to that of the Potassium salt.
The unit cell dimensions, space group, and number

of molecules in the cell has been determined for both
compounds. The results are given in Table I. From
these results, a strong degree of isomorphism is
indicated, although the analytical data suggest that
the number of molecules of water of crystallisation
is different for the two molecules. A further criterion
for a strong structural relationship between the salts
is the close resemblance of the (hO{) zone of
reflexions for both compounds.

| It is hoped to continue this analysis, using the
Rubidium atom to determine the signs of the reflexions
for that salt, and hence to proceed to work on the
Potassium salt, where more accufate molecular

dimensions could be obtainéd.




TABLE I.

129.

Formula
M
d (meas.)

d (cale.)

s

v

Absent Spectra

Space Group

F(000)

Potassium Salt

Rubidium Salt

17.56 *

08H509K.2H20
308
2.0’7 grl./cc.

2.14 gm./cc.

9.61 T

6.30 *

o
(@)
=
>0 =0 O

0.08
115° 20!

(o]
957.8 AS

hOL when
OkO when
5
64.8

1
3387.5
2.20 gnm./cc.

2.26 gm./cc.

L is odd

k is odad
-, 5

P2 /c (Cop)

660
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APPENDTIX Iv.

Stereoscopic pairs of photographs of the final
three-dimensional Fourier maps, drawn up on glass,
are shown for clerodin bromolactone (i) and

strovenetin trimethyl ether ferrichloride (II).

In (I), the region of the photograph covers

one molecule, which is drawn representing the true



absolute configuration. In (II), the Fourier map
contains several molecules,.@nd it is hoped that
some idea of the packing is conveyed. The plane
of the paper corresponds to the pseudo glide plane
in the direction of the a-axis, which is marked.

(ef. Fig.IV in atrovenetin section.)

131.
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