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ii.

SUMMARY

This thesis is concerned with x~ray structure
determinations of complex orgenic molecules. In each case
the phase problem has been surmounted by application of the
heavy-atom method. The various analyses have been taken to
different degrees of completensss.

In the first chapter i1s given a very brief theoretical
account of the subject paying particular attention to the
techniques employed in the course of this work.

The analysis of griseofulvin, in the form of its
5~bromo-deriveotive, was undertaken in order to define the
stereochemistry of the molecule the structure of which
was already known. Despite some difficulties encountered dus
to the presence of false symmetry in space group P24, the
problem has been solved. Least squares refinemaent has
reduced the discrepancy, R, to 1L.0%.

A study of the conformation of the bicyclo (3,3,1)
nonane system was undertaken using 1-p-bromobenzenesulphonyl-
oxymethyl-5-methylbicyclo (3,3,1) nonan-9-ol. The results
show that this system rather surprisingly adopts the
twin-chair form. The chairs are, however, rather distortec
by a flattening of the rings at the C(3) and C(7) positions.

The structural parameters have bsen refined to a discrepancy,
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R, of 12.9% by least sgusres methods.

Structural studics have been made on the bitter
principle, simarolide, using both the m-iodobenzoate and
l-iodo-3-nitrobenzoatc derivatives. When this work was
commenced very little was known ebout the structure, but the
complete constitution and stereochemistry of the molacule
have been obtained, the absolute configuration being
determined by examination of the anomalous dispersion of
copper radiation by iodine atoms. Simarolide has been
found to be a triterpenoid compound of the euphol type.
Refinement of the structures has been retarded due to the
difficulty of locating included molecules of solvent of
crystallisation. The interim values of the discrepancies
for the two derivatives are 21.6% and 2L4.1%, respectively.

The final chapter of this thesis describes a rather
unsatisfactory structure anslysis of a2 chromium carbonyl
adduct of a compouﬁd produced by the reaction between
diphenylketen and ethoxyacetylene. The crystallographic
results obtained are in agreement with those found by
conventional chemical and spectroscopic methods, but it has
not yet becn possible to refine the structural paramsters

to yield a better R-factor than 29,5%
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PART I

A _BRIEF SURVEY OF SOME METHODS _OF

X-RAY DIFFRACTION ANAIYSIS




1.(1). Introduction.

1912 1is perhups the most important date in the history
of the development of x-ray crystallography. Prior to this
it had not been established whether x-radiation was
corpuscular or undulatory in nature. In adaition, very
little was known about the internal arrangement of atoms,
lons or molecules in crystalline matter. In that year,
however, Von Laue and his co-workers performed an important
experiment which has had the most far-reaching conseguences,

B8ince the roughly calculated interatomic distance in
"Brystals (12) was of the same order of magnituce as the
Wavelength of x-reys (assuming them to be a wave-motion)

Von Laue argued that it might be possible to obtain an effect
analogous to that observed when visible light is passecd
through a diffraction grating. That the x-ray beam was
indeed diffracted by the erystal lattices of copner sulphate
pentahydrate and zinc blende proved that the radiation wes

of an undulstory charactser and opened up the field of x-ray
crystal structure analysis.

The angles of diffraction obtained from the lattice
yvield the required data concerning the size and shape of the
unit cell. The diffracted beams (or 'reflections' as they
are colloquially called) may be recorded photographically
using any of a veriety of x-ray goniometers. It is found

that these reflections fluctuate in intensity. From a



consideration of the distribution of these intensities it
may be possible directly or, more usually, indirectly to
obtain the atomic arrangement present in the crystal.

The strucdture analysis of organic compounds may be
undertaken for ¢ither or both of two principal reasons:

1. To elucidate the molecular constitution of a compound
which is either wholly or partially insoluble by the methods
available to organic chemists. As will be seen later it

1s possible to establish not only the stereochemistry and
the conformation which the molecule adopts, but also the
absolute configuration in certain favourable circumstances.
2. To obtain fairly exact interatomic bond lengths, bond
angles and non-bonded distances. This field is an extremely
important one as the results can be correlated with
theoretical values obtained by the methods of Quantum
Mechanics. Obviously experimental values are required if
the theory of the chemical bond is to progress.

One of the central difficulties which confronted
erystallographers in the past was the vast amount of necessary
calculations which were both laborious and time-consuming.

In fact, prior to 1950, very few complete three-dimensional
analyses of complex organic molecules were attempted.
Since then, however, with the advent of high-speed electronic

digital computers, the processes of calculating have been

enormously accelerated.
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One very real problem, however, still does exist in the
field of crystal structure analysis.

The actual value of the intensity of any one reflection
(hkl) depends on a variety of criteria, chief among which is
a term called the structure factor, F(hkl). This, in turn,
is related to both the direction of the diffracted spectrum
and the distribution of scattering material in the unit cell.
The structure factor, F(hkl), gives a measure of the scattering
power of one unit cell in the crystal in the direction
defined by (hkl), relative to that which would be obtained
from a single electron under the same experimental conditions.
In general F(hkl) can be portrayed as a complex number
characterised by a structure amplitude |{F(hkl)} and a phase
angle,cl. The structure amplitude can readily be obtained
from the value of the corresponding intensity, but, in the
process of recording the intensity, the phase angle is
inevitably lost. This unfortunate experimental fact
constitutes the Phase Problem.

Bragg (1915) pointed out that, since a crystal was
triply periodic, the electron density could be evaluated by
means of a threce-dimensional Fourier Series. The
coefficients of this series, however, have to be the above-
mentioned structure factors which, of course, are

indeterminate in the absence of knowledge of the phase angles.
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Various methods of circumventing this problem have now
been evolved. Principal among these are the trial and
error method which is applicable where the structure is simple
and of known constitution; the isomorphous substitution
method, where the phase is determined by consideration of
the difference in scattering produced by an interchangeable
pair of atoms in isomorphous compounds; combination of
structure factor signs in centrosymmetric cases and the
applicatfon of cqualities and inequalities for large
structure factors. These mathematical methods make use of
the physical criteria that the electron density is nowhere
negative and that atoms have spherical electronic distributions.
The technique which has been employed in phase
determination throughout the work described in this thecis
is the heavy atom method involving a simple application of
the Patterson function. This will be described in more

detail,

1.(2). The Phase Problem and the Heavy Atom Method.

Patterson (1934, 1935) developed a new function which
was similar to the Fourier series for electron density
calculation, but which used the squares of the structure
amplitudes as coefficients instead of the first power terms.

This enabled him to disregard phases. It follows that it
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is always possible to compute the Patterson function, which

can be expressed ag:-
L N |

~
¢

P(u,v,w) = Vj.jgrg (xyz)P(X+u, V+9, z+W) AXAYAZ eseae. (1e1)

000
+C0

K e
7 2. qrﬂ\*|F(hkl)|20052TT(hu+kv+lw) ceeeeeas (1.2)
-

In this expression V is the volume of the unit cell and

i

P(u,V,W)

Q(X+u, y+V, z+w) represents the distribution of scattering
matter about the point (xyz) expressed in terms of u, v and
w, and is similar tcxp(xyz) but shifted from (xyz) by the
guantities u, v and w respectively. P(u,v,w) will evidently
be large when both the electroﬁ density distributions are
appreciable and this is the situation which will obtain if
an atom is situated at both (xyz) and (x+u, y+v, z+w).
Consequently, every pair of atoms in the unit cell will give
rise to a 'peak' in the Patterson map and the function
represents a complete picture of all interatomic vectors.

One difficulty that is immediately apparent is the
very large number of vectors which will result from all but
the very smallest molecular structures. All vectors radiate

from the origin and it can easily be shown that, in the case

'where there are N atoms in the unit cell, there will be

N peaks superposed on the Patterson origin and a further
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N(N=-1) 3 -
5 lndependent maxima scattered throughout the unit

cell.

When dealing with Patterson projections overlap leads
to serious difficulty. Even three-dimensional synthesis
1s of limited application when the number of vectors is
large, although Harker (193%6) has pointed out that space
group symmetry conditions give rise to specific vector peaks
on definite line or plane sections through the unit cell.

Consideration of equation (1.1) shows that if only a
few values of both%}(xyz) andgﬁ(x+u, y+V, z+w) could be
arranged to be very much greatér than all the other terms it
would be possible to obtain a few very prominent peaks in
the Patterson distribution. Now this is exactly the
situation which arises if, in the unit cell, we have a
small number of atoms whose atomic numbers are considerably
greater than those of all other atoms present. Since u, Vv
and w are very simply related to x, y and z, it is possible
to evaluate the coordinates of the 'heavier' atoms.

From the coordinates of the heavy atoms it is possible
to evaluate phase angles for each reflection. These phase
angles (egg) will be fairly close approximations to those of
the substituted molecule as a whole () since the heavy atom

contribution to the phases dominates that due to the lighter

atoms.
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It is then possible to compute an electron density
Fourier summation using the experimental structure amplitudes

and thecty values, The expression involved ig:-
+ o0

NS N F il "
p(xyz) = >_- z— 5 [E(hk1) o (27 hx , 2Tky | 271z e (hx1 )
- o v ( a b c )

cerereneas (1.3)

From the resulting map, which is contoured by joining
up points of equal electron density, it should be possible to
discern an approximation to the true chemical structure.

The coordinates of recognisable atoms can be calculated and
then used along with those of the heavy atom in a second
phasing calculation. These new phase angles should be a
closer approximation to reality and a further Fourier map
should reveal a clearer picture of the molecular skeleton.
This iterative process is continued until the structure
analysis is complete.

This is the so-called heavy-atom method of phase
determination which was first successfully applied by
Robertson and Woodward (1940) in their solution of the
structure of platinum phthalocyanine.

It is generally possible to introduce one or more heavy
atoms into an organic molecule by conventional chemical

methods if such an atom is not already present in the

structure.
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It is appropriate to add a short note as to the relative

efficacy of heavy atoms as phase determiners. There are

two particular cases to be considered.

(8) The Centrosymmetrical Case.

In this particular case the choice of phase angles is
restricted to O and 77 in angular measure. This 1is
equivalent to saying that the Fourier coefficients have .

either a positive or negative sign.

LR G

Olaya) =y YT STt oo (i dry d8) L (1)

— D>
A suitable heavy—~atom derivative is one in which the

true sign is allotted to a large proportion of the structure
amplitudes from the phasing calculation based on the coordinates
of the hecavwy atom alone.

8im (1957, 1961) has shown that a simple expression
can be used to evaluate the number of structure factors, F,
whiéh have the same sign as the heavy atom structure factor,
Py, due allowance being made for the number and types of
atom present in the unit cell:

r = (MZH/'Z%'LZ)% eeeees (1.5)

In a general case of a molecule including one heavy
atom in a non-special position in a triclinic cell he shows
that between 80 -and 90% of the signs can be correctly

determined as r varies from 1 to 2.
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Woolfson (1956) has suggested that a weighting scheme
be used to minimise errors in electron-density computations
resulting from the wrong apportionment of some signs by the
heavy atom.

Lipson and Cochran (1957) have pointed out that it is
inadvisable to have a situation in WhiChj%H is very much
greater than?&L, since then the heavy atom would tend to
'swamp' the lighter atoms in the resultant Fourier map,
thereby rendering structure analysis much more difficult.
They recommend unity as an ideal value for r.

(b) The Non-Centrosymmetrical Case.

In this circumstance the phase angles are free to have
general values. Thus, instead of having the majority of
the phase angles correct and a few wrong as in section (a),
there is now a continuous distribution of errors some of which
may be almost negligible and others vsry large.

8im (1957) shows that this distribution is again a
function of (Z{HZ/Z

can vary betwcen ¥ 180°. He uses the same general casc as

1
kLZ)Q. The error in phase angleck-dly

in (a) and demonstrates that when r = 1, 38% of the errors

lie within ¥ 20° of o and that this fraction increasesto

—

67% when r = 2. The resolution of unknown lighter atoms is

less propitious in the non-centric case and he shows that a
weighting function analagous to Woolfson's based on the
probable magnitude of phase angle errors can be employed to

good effect.




Since, in the centro-symmetrical case tne choice is
merely between a positive and a negetive sign compared with
the gradual recuction of the phase angle error in the non-
centric case, it is obvious that complote phase detcrmination

is a much faster process in the former category.

1.(3). Refinement.

After a structure is complctely determincd, an attempt
is generally made to obtain the bzst possible atomic positions,
by adjusting the coordinates of atoms by small amounts.
This is equivalent to improving the phase angles and thus the
agreement betwesn observed and calculated structure amplitudes.
This process is called refinement.

It is convenient to have some index by which th: measure
of agrecment between | Foi end { F,| can be indicated. The

expression
”‘ [Pyl = ;Fc|f

R= Tie 8 0800 meee (1.6)

~ {

2. ol
is the most frequently used squation. R is variously known
as the residusl, the rclisbility index, the agreement index,
or - expressed as a psrcentage - the discrepancy. Evidently,
during the proccss of structure analysis and refinement, R

should be always decreasing.
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There is a grave danger of placing too much reliznce
on a faliling R-value. It is possible, cspecially when a
phase-dominating hecavy atom ig presint, thet tivre are a
corsiderabls number of very poor agreements being masked by
an apparently satisfactory overall discrepancy. The
importance of examining the imdividuel agrcemsnts should not
be underestimated and the R-value taken only as a rough bhut
useful guide in concluding whether ad justments of atomic
parameters are improving the structure.

Various methods of refinement are available to the
crystallographer and those used during the course of this
work will be summarised briefly.

i) Fourier Mcthods.

It is possitle to refine crystal structures by the simple
expedient of using a Fourier Series in an iterative process
viz. new atomic conrdinctes are calculated from an clectron
density distribution; these nre uszd in & phasing calculetion
and then a further Fouricr map comhutcd &nd so on.

Examination of ecurstions such as (1.3) shows theat the
true ¢lectron censity is represcnted by an infinite scries.
In practics, the number of terms which can be inciuced in
such & summation is severely limited, the number being
determined by the wavslength of the incident raciation.

This effect is ¢sprcielly delsterious 1if thy Fourler

cocfficicnts are still relatively large when ths cata are



cut off. The result of this is that false detail, meaningless
negative electron density and diffrection 'ripples'

surrounding true peaks show up on the Fourier map. This
last.phenomcnon is a particularly serious one as it displaces
peaks from their true positions. This is called the
termination of series error.

Booth (1946) proposed a method of avoiding this
difficulty. Two Fouricr series using the same (hkl) terms
are computed, one using obsecrved structure amplitudss (Fg)
as coefficients and the other the calculated structure
amplitudes (FC). Since serics-terminaetion errors are
always present, it follows that tht atomic coordinates
calculated from these two maps will differ to a slight sxtent..
These small deviations, <Xo - Xc) etc. will give the size of
the shifts to be applied to the original atomic coordinates.
The accuracy of this method depends on the preciseness with
which atomic scettering factors are known and on the fact
that the postulated atomic arransement must be strictly
correct.

An equivalent procedure to Booth's method is called thc
difference or (Fo - F,) synth.sis which has Dbren discussed
by Cochran (1951).’ In this approach the resicduals,

(FO - FC), for cach term are applicd as Fourisr coefficisnts
in the normal manner. If the known atomic positions arc

superimposed on the map then thz direction of shift is that
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of the steepest contour ascent. The difference .synthesis is
also valuable for the alteration of temperature perametcrs;

& negative value of ({"; -{',) at an atomic site incicating
that an increase in temp.rature factor is requircd and vice
Versa,

The method has also been used in order to locatc clectron
distribution directed along chemical bonds (Brill, 1950) and
to establish the location of hydrogen atoms in relatively
simple molecules as demonstrated in the analysis of anthracene
by Cruickshank (1956).

An (FO - Fc) series, under the heading of arror synthesis,
was employed by Cro-foot =t al. (1949) in their analysis of
sodium benzylpcnicillin. They point out that this form of
synthesis avails itself most of the information thet certain
reflections are weak or absent, since then it is clear what
the sign of the discrepancy between Fg and Fg is.

bAn obvious drawback to Fourier methods of refincment
is that all Fo's are not measureble with the same accuracy.
Apart from some which will bc systematically erroneous du€
to extinction and absorption effects, there will always be

random inaccursacies in the data.
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ii) The Differcntial Fourier Synthesis.

This method was first introduced by Booth (1946a)
and involves the ®svaluastion of the first differentials of
electron density around points in the unit ccll where atoms
are known to lie. At the true p-ak maxima these differentials
will be zero and the problem is to find the small displacements
of the atoms at any stage of refinement from these maxima.

Three equations are derived of the form

AN 2 )

Ly Y o Ve 2 -

PR -4 '—:;__7__(”} E- . Lo \- N AT

3 e T -, il =20 .00 (1

o T oy T 5 T2 ()
and from these by simultancsous solution can be obtainzd the
Quantitiesé'X,E_S,and4iz, the deviations of the atomic

coordinates from their true positions.

It has been shown that the calculations can be greatly
simplified if the atoms concernsd are assumed to be
spherically symmetrical. In this circumstance using
orthogonal axes expressions such as=§j17 become zero and

'.') 7’\ (;\l A#.
the deviations simplify to equations such as

3

The differential synthesis method of refinement is

V- _ N Q); ,_.Z.,‘.,
S ~—§;/ %&{_ er (1.8)

subject to the same kind of errors inherent in the Fo synthesis,
except that in the former case it is unnecessary to locate

the atomic maxima by interpolative procedures.
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1i1) The Method of Lcust Squares.

As hos been point:d out refinement consists of
adjusting atomic porameters <o as to minimise some function
of thw observed and corrcsponiing calculated structure
amplitudes. Hughes (1941) first drew attention to the fact
that a lcast squares proceduve can be applied to structure
refinement. |

The function generally minimised is

R =) w(iFol (hkl) - |Fo| (hk1))?
R — (1.9)

The summation is operated over all independent terms
and w is a weighting factor uscd since the [ Fyl values of
all plances cannot be obtaincd with the same accuracy.
Various wsighting systems have becn developed, all of which
attempt to make w inversely proportional to the square of
the probable error in | Fgj.

Let U4, Upy =====—m s Up be the n parameters on which
I Pol is dependent. Theose may be coordinates, thormal
parameters or othsr factors. Then for cquation (1.9) to be

a minimume:—

iﬁ; WA = 0 where j =1, 2, =—==-- s T
(jUj
inee Y WA DA L 0 cmemememme e (1.10).
b C\-"U_j

For & set of Uj values, which must approximate to the

correct sct, the normal equations for the paramster corréctions,



€ j» are the n simultaneous linear cquations

\ e Y .
L€\ & 5”* 5% G w6 9R L a1)
dJ ¢
(for 3 =1,2, ....., 0.)
where 52} etc. are evaluated for the trial set of parameters.
The off-éiagonal terms such as‘z’vw é%g '%é.of the corrcctions
in the normal equations can be omittéaﬁiﬁ;zﬁe refinement.

The atomic and thermal parameters can be treated independently,
In the least squarcs programme written for DEUCE by
Rollett (1961) the normal matrix is computed in three parts:-

1) a three-by-three matrix for the thrce positional
parameters per atom, 7
2) a six-by-six matrix for the six anisotropic thermal
vibrations per atom,
3) a twowby-two matrix in order to yileld the overall scale
factor,
Another parameter, not adjusted by the programme, is Q
which takes account of the overall isotropic vibration
factor.

Two principle weighting systems are available in the

DEUCE programme,
— o N e X
(1){" . If 1Fel € (7%}, |, =1and if |Fo| 7| F¥!
W, = 1F™1/ 1P | F*| 1s a constant and can

safely be set equal to eight times the minimum | Fo! value.
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@) Jw, e imig w4, Y= [Fol ana i
. " . , ‘ > LT
[Fol > | [, W2 = P where | F*| has the same
. . , Fg
significance as in (1)

Cochran (1948) showed that the Fourier series method
i1s closely analagous to the least squares proccdure. The
atomic coordinates obtain.d from & Fouricr map are such
as to minimise Z:jfrﬂLso that the weighting factor for each
observation is inkersely proportional to the anproprizte
atomic scattering factor. This obviously places great
emphasis on the contributions to the F, map from high order
reflections. Cochran explains that this disadvantage can be
surmounted by employing sn artificial temperature factor,ol,
wvhich confers unit weight on all obsesrvations.

The outstanding benefits of the least-squares procedure

are the absence of series-termination errors and the facility

for assigning daifferent weights to individual [Fp| values.

1.(4). Anomalous Dispersion and the Dotermination of

Molecular Absolute Stcreochemistry.

The symmetry of centrosymmetricel space groups determines
that the reflections from (hkl) and (hkl) are

indistinguishable. With non-centrosymmetrical crystals also,
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This is known as Friedel's Lavw. Under these circumstances
1t would obviously bs impossible to distinguish
enantiomorphous pairs of molecules.

In order to determine the absolute stereochemistry of
a molecule experimental conditions in vhich Friedel's Law
breaks down would have to be used. This situation can be
realised if it is possible to obtain an anomalous phase
advance betﬁeen the incident and scattered beam for at least
one atom in the molecule,‘and this can be atteined if this
atom has an absorption edge just on the long-wavelcngth side
of the incident bhsam.

The result of this is that the normal atomic scettering
factor has to be corrected by 2 real and an imaginery part -

f = for 85 rasy (2

These dispersion corrections were first listed for three
different incident radiations by Dsuben and Templuton (1955)
and have becn extended and modified to give the factors at
various valucs of sin &/, (Internstional Tables for
Crystallography, Volume III, 1962a).

Tn the structure factor c¢xpression it is'esscntial that
the terms for normal and anomalous scattering have thce
correct signs with respesct to one another. This means that
great care has to bec takcn in indexing photogranhs cnd in
assigning axial direcctions as carefully explained byv

Peerdcman and Rijvoet (1956).
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The method was first used in the analysis of the
configuration of the tertrate ion in socium rubidium
tartrate by Bijvoet snd his co.lavorators (1951).  They
uswd zirconium Kokradiation (A = 0.786L4) which csuses a
phase advance &t the rubidium ions with a K absorption cdge
of 0.8144.

Petcrson (1955) later shoved that enomalous dispersion
effects could be obtained whin the absorption edge of the
elemsnt was at a consid:rably greater wavelength than that

of the incident radiation.

1.(5). Accuracy of X-ray Structure Anslysis.

When tho final atomic coordinates of a molecular

4

structure have baen attained, the normal praocedure is to
calculate verious molecular parameters such as bona lengths
and angles using standard trigonometric procedures. The
measurements obtaincd for these parameters will insvitably
deviete from the accepted valucs such as ars listed in
International Tables for Crystallography, Vol. IIT (1962b).
The problem is to discover whether thesc differences ere small
gnough to have arisen from cxperimental error, or vhether

they are significant. This treatment of neceéssity has

recourse to statistical theory and a full sccount has been

given by Cruickshank ané Robertson (1953).
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ihen the block diagonal approximation of the least
squares maethod has been employed, the standard deviations
of the parameters U1, Up stc. on which | Fy| is depencent can

be foundé from the cxpression

2

A

. 2 Fows L
o (u) =2 e creeaee (1413
Ni (n-s) ) vy ')_/:\‘_ a8 ( )
\_‘)U; ff)w.-j

The standard deviation of a bond length between two
atoms is given by the equation
(1) = (" (a)+c(B))E  =mmmmmm- (1.14)
where o (A) and o (B)are the standard deviations of the
positions of atoms A and B.
The standard deviation of the anglc p at B b=twesn the

bonds AB and BC is given by

2 2 ‘ 2
<y?(b) = o (8) Lo (B) (L1 __ . 2cosilS L) 2;19%
- (#B)® ((sB)2  (2B)(BC)  (BC)?)  (BO)
————————————— (1-15)
The significancc of the standard deviation is that

errors of a magnitudc greater than 3o~ are expccted to occur
only with a frcquency of 1 in 1000. 35 1s often called the
maximum possiblc crror and if an observation is outwith this

limit the deviation can be said to bc significant.



PART II

THE STEREOCHEMISTRY OF GRISEQFULVIN:

X-RAY ANALYSIS OF 5-BROMOGRISEOFULVIN.
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2.(1). Introduction.

Griseofulvin is a neutral antifungal antibiotic which
has found wide application in the treatment of diseases of
the skin and hair of both men and animals.

The compound was first isolatcd by Raistrick and his

collaborators (1939) from the mycelium of Penicillium

griseofulvum and has subsequently been synthesised in four

different ways. The constitution of the molecule was
established by the research group of Grove and MacMillan

at Imperial Chemical Industries' Akers Laboratories (1952),
using conventional degradative and spectroscopic methods.
These results led to the proposal of one or other of the
following configurations for griseofulvin (with the numbering

system indicated in one of them).

6 N
Onle

I 1T
Grove and his co-workers (1952) established the absolute

configuration of position 6' by using oxidative degradation



with periodatc and extracting (+)- methylsuccinic ceid ~hich
has been related to D-glyceraldchyde.

The only distinguishing feature betwecn T and IT is
the configuration ot the spiran csntre, 2, viz. are Me(10)
and the carbonyl group C(3) = 0(3) cis - or trans - relsted,
respectively? MecMillan (1959) attemptced to answer this
problem by treating griseofulvin with alkali and exemining
the c¢qullibrium mixture of fthe two disstercoisomers,
(I and II), since the ring defined by C(3), c(9), c(8),
0(1), ©(2) opens and rccycliscs in the process by the scission
of bond C(2)~C(3). He found that he obtaincd LOZ of
griseofulvin and 60% of the epimer. Considerstion of
steric effects led to the conclusion that the less fuvoured
configuration would be the ons in which the bulky 0(3)

atoﬁ and Me(10) gfoup wvere cis to one anothar. MacMillan
concludcd that griseofulvin must be the less stericully
favourable isomer since he obtained it in only 40% yiclad
from the cquilibrium mixturec. The total configuration of
griscofulvin was thus shown to be &s I, and gpi-grissofulvin
as II.

While this represents on attractive chemicel solution

to tha problem, it hes the inherent ~veakness that the ratio

of the cpimers obtsin d on treatmsnt 7ith alkali 1s rathar

close to unity to be telen as very conclusive. It =ras to
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settlc this problem emohatically that this X=ray analysis
was undertoken,

The gquestion arose as to whether or not chlorine could
be used @s an effective phase determining heavy atom.
Calculation showed that the valuc of r (scetion 1.(2)) is
0.53 which is rathcr too low and would lead to & fairly
large saverage phase angle error in a non-ccntrosymmetrical
gpace group. It was avoparent thet anothcr atom of high
atomic number would have to be incorporatsd in the structurc
if the heavy atom method was going to be pursued.

A very satisfactory method of accomplishing this is to
attempt to recrystallise the material from & solvent the
molecules of which contain a heavy atom, in the hope of
forming solvates. This procccure is & good ong; firstly,
because there is no interference =with the chemical structurc
of the moleccule under considsration, and¢ secondly, becauvse
the experimental skill and time requircd are kept &t a minimum,

Griscofulvin was recrystalliscd from the solvents
methylene bromidc and methylene chloride. In both casaes good
crystals were obtained which wWere found to contain equimolar
proportions of griscofulvin and solvent, Unit ccll data for
the methylene bromide solvete crystals werc Gotormined s
follows ¢~ _

a  11.148 b 8.714 o 11.81%
5 = 115°42",
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The crystals are of the monoelinic system znd the only
systcmatic absences occur along the (oko) axis when k is odd.
This indicates a choice of space groups P24 or P2,/m. The
latter is ruled out as the molecule is optically active and
thus cannot crystallise in « centrosymmetric spacs group.

When an attempt was made to start coilveting uvper laycr
data it was noticed that the crystal was decomposing and it
was found to bc losing the included solvent... It was then
diccovered that thc mgthylene chloride solvate was also
unstablc. In order to overcome this problem a crystal
was sc¢aled in a capillary tube with a small quantity of the
mother liguour, but in this case the scattering from the
solvent moleculcs was so intence that the projeet had to be
abandoned.

It should be remarkcd that Cheung and Sim (196L4) have
successfully used the above method in their analysis of
aflatoxin (&. Using the isomorphous substitution method
of phasc-dctermination, they have becn abli to solve the
structures of the crystels containing bromobenzene,
bromothiophene and benz:ane. It was not found necessary to
encapsulate the meterial,

At this stage we were provided with crystals of 5-
bromogriscofulvin by Dr. T. Walker of Glaxo Laboratorics

Limitcd. This moleculs contains two hcavy atoms viz,
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chlorine and bromine and the corresponding value of r is
1.22, This indicated that there would be a feir chance of
& lov averagc phasc angle crror end that the situstion was

suiltable for application of the heavy atom method.

2.(2). Bxperimental,

Rotation, oscillation, Weissenb:rg and preéession
photographs were taken with copper - Kot()‘= 1.5u182) and
molybdenum - K#\(A = 0.71072) radiations. Rotation and
precession photographs were used for the unit cell
parameters. £ small crystal completely bathed in a uniform
X-ray beam was uscd for the rccording of intensities. No
absorption corrections werc applicd. The intensities were
collected on zero layer end cqui-inclination upper layer
Weisscnbherg photographs obtained by rotating the crystal
about the unique b-azis, the reciprocal lattice nets
hol,==wew-— , h51 being registcred in this way.  Further
intensity data werc gethered from hko and okl precession
photographs. The estimetion of intcnsities was porformed
visually using a calibratecd step-wedge. £11 "eissenberg
data were collected using the multiple-film technique of
Robertson (1943), and the intonsities on successive films
of upper-laysr series were put on the same scale by means

of a variablc film Factor due to Rossmenn (1956).
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Preccssion data woere collected by means of & serics of timed
expocsures folloved by simultancous developing. Values for
the structure emplitudes were obtain.d from the intensity
data by means of the usual mosaic-block crystal formulse
first worked out by Darwin (1914),

The various zones of | Fgoi valucs were pleced on the
sam¢c relative scale by comparison of common reflcctions,
although, at a later stage in the analysis they were
corrclated with the | Fg( values and thus were put on an
absolute scalsz, In all 1156 independent structure
amplitudes were obtained, of which 27 were less than thse
least obscrvable value.

The density of the crystals was obtained by standard

pyknometric methods using aqueous potassium icdide solutions,

2.(3). Crystal Data.

C47H, gBrC10g M= L431.7
0
Monoclinic a=10.96 ¥ 0,024
b= 8.61 210,018

¢ = 10.27  0.064

ﬁ = 108°30!

9198

i

Volume of unit cell
1.56 gm./cc.
1.54 gm./cc.
F(000) = L36

i

For 7 = 2, D(caloulated)

i

D(observed)



Linear absorption cocfficient for x-rays () = 1.5&2X)
o= 9.6 om." 1,
Systematically abscnt spectra: (oko) when k = 2n+
This indicatcs space group P24 or P2,/m.
As the moleculc is optically active it cannot possess a

mirror plane or centre of symmetry, and so P24 1is the correct

space group.

2.(4). Location of the Heavy Atom Positions.

For a crystal belonging to the monoclinic system with
& unique b axis the Patterson function expression, P(uvw),
is given by

D 23 o> o - 2
P(uvw) =.& Z:ijﬁ:(!?(hkl)I cos2T (hu+lw) + [F(hkl)
Veo o o
cos27 (hu~-lw)) cos2¥ kv.
which can be simply reiuced to two-dimensional projection
expressions.

The first projeetion to be studied was (010). | The
symmetry of this mep is p2, so that it is only necessary to
compute the function over helf the unit cell area. In this
case it was cvaluatcd fromu = O tou =1 and fromw = O toO
w = % The contourcd map is shown in Fig. 1.

Four prominent peaks should appecar on thie map, since

the bromine and chlorine atomic coordinates are (XBr’ ZBP)’
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(XBr’ ZBr) and (X01: 201), (201’ Ecl) respectively,  These
Patterson pecks are:- (a) (2xgy, 2255 (0)(2xg1, 2251),
(c)(%pp + % g1, 2Zpp + 2gp) and (@) (xpy = Xg1s Zgp = Zg1)-

The bromine-bromine vector, the highe¢st peak present,
showed up clearly and is marked A on thc¢ map, but this was
the only peak which could be identified with any ccrtainty.

The fractionsl coordinates obtained for bromine in this
way were

x/a = 0.2567 z/c = 0.1054

In order to ascertain the x- and z-coordinates of the
chlorin: atom it was decided to run a set of hol structure
factors phased only on the brominc atoms and use these as
coefficients in a two-dimensional Fourier synthesis.

The symmetry of this projection is p2, so that it is
egain only necessary to c¢veluate the electron density over
half the unit cell area. The computation was performed
fromx = O to x = 1 and from z = 0 t0 2z = 3. The resulting
distribution is sho'n ir Fig. 2.

The bromino atom showed up in the expccted position, B,
and, although the resolution of the chlorine atom was rather
badly defincd due to coalsscence with the bromine atom, it
clsarly had to be placed at K.

The coordinastes evalusted from this map arc

x/a = 0.2541 z/c
and x/a = 0.2689 z/¢c

0.1030 for bromine

0.1875 for chlorinec,

il
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Reverting to the hol Patterson map sgsin it was found
possible to assign peak (c) to site C and peak (d) was
discovered to be merged with the drigin vector at D. Vector
(®), howaver, did not come up as a maximum on the map.

Its situation is indicated by E.

In the space group P21 the choice of origin along the
screw axis is arbitrary and it is convenient to place it
midway between the bromine atom whose coordinates ars given
above and the symmetrically rclated one. This means that
the y-froctional coordinatc for bromine is .

The (001 ) Patterson projection was computed with a view
to castablishing the y-coordinate of the chlorine atom.

The symmetry of this map is pmm, so that the calculation

wag only purformed over one querter of the unit cell ares,
viz. fromu = O to u = » and from v = O to v = 4.  Since the
x~coordinates of the two halogen atoms had already been
determined, it was only nccecsary to search for peaks along
certain lines of constant u-values. The map is shown in
Fig. 3,

The coordinatcs of the two bromine end twvo chlorine atoms
respectively ~re
(XBps Ypp)s (Xmps % + vEr), ond (xc1, vo1)» (%g1, 7 + ¥o1)-

rmong the expected vectors between these atoms are
(a)(2xpp, +), (b)(2xg1, %), (e){Xg1 ~ Xpp, % + ¥g1 + Ypp)

(a)(xg1 + Epps Vo1 = 3 = YBr)-
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Pcaks (a) and (v) show up, as cxpected, on the line at
v = %, although they are not resolved. They are marked F
and G rcspecctively.,

In order to ascertain the chlorinc y-coordinate, a
search for maxima nced only be madc along the lincs at

U= X0l - Xpp 1.6, 0.0148 and at u = x4y + xq, 1.6, 0.5230

Br
or 0.4770.  The vectors (c¢) and (d) are dcnoted by H and J
on Fig. 3. Both of these lead to values of {1 for Yo1e

The (100) Patterson projcction wes next calculated.
The basic symmetry of this map is thc same cs the (001)
projection and the vectors involved identical c¢xecept that
X and u are interchsnged with z and w. The distribution,
which is showvn in Fig. L4, confirms the previous findings.

It had been found rather difficult to evaluate accurate
X~ and z-coordinates for the chlorine atoms from these
projections. With this in mind it was decided to compute the
Harker section at v = . in order to obtain a better cstimate
of these valuvs. Fig. 5 shovs this vector distribution.

The vector between chlorins (Xg1, ¥ol1, Zg1l) @nd bromine
(Xpps % + Ypps Zpp) 18 situated ot u = Xg1 + Xpp
V= yap - F - Ypp 80d W = Zgy + Zppe Since the y-coordin:tes
for both halogen atoms are the seme, the value of v simplifics
to 4. This peak showed up well in the Harker séction and is

marked L. The bromine-bromine vector is marked M



c/2

Pig. 1 5-Bromogriseofulvin.

Patterson projection along the b-axis. Contours
at arbitrary intervals. Origin peak contours omitted.
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The coordinates obtained from this synthesis were
x/a = 0.2546  y/b = 0.2500 g/c
x/a = 0.2690 y/b = 0.2500 gz/c

i

0.1030 for brominc
0.1879 for chlorine

fl
i

2.(5). Pseudo-symmetry in Space Group, P2,,

Associated with space group P24 is a well-known phasing
ambiguity.

In the case of 5-bromogriscofulvin with two molecules
per unit cell it is obvious that the two hcavy bromine atoms
aréc linked by a centre of symmetry, which, of course, does
net operate on the two moleculcs as a whole.
Assuming that the brominc atoms alone are used in the
first structurc factor calculation, then the resultant phases
will be cither O orT . This implies that a false centre of
seymmetry will be Fforced into thc calculated structure, so that
in the subsequently evaluated Fouricr map peaks will appear
not only at true atomic positions, but also at extra points
related to the first by the false centre of symmetry. From
this 1t can be scen that the initial phases cannot determine
& unique set of atomic sites, but merely limit the position
of each atom to one of two altcrnatives.

In P24 the coordinates of one of the light atoms in the

asymmetric unit can be dcnoted (i) (xyz) ond (ii) (X, £ + ¥y 2)»
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The operation of the falsce centre of symmetry will generate
extra positions at (iii) (XFE)and (iv) (x, £ - v, z).
Examination of these four locations shows that (i) and (iv)
are related by a false mirror planc at y = 4 and v = 2.
Positions (ii) and (iii) are similarly pseudosymmetrically
linked. The y-parameter of any atom is then either
Y=3%+y" orY¥ =% ~y', wherec y' is thc displacement
from the falge mirror plane in the y-direction.

When atoms situated off the plane a2t y = + have been
conclusively sclected and their coordinates uscd in a phasing
calculation, thc phase anglcs are free to assume general
values so that the centre of symmetry and hence the mirror
plane begin to be dcsé&yed. BEven after complete structure
analysis, however, small 'ghost' mirror image pcaks may yet
persist. This is due to too largc a weight still being
assigned to the heavy atom contributions viz. the atomic
parameters are still too closc to those obtained on the
basis of the heavy ztom positions alone.

This subject has becn discuss:.d in some detail by
Carlisle and Crowfoot (1945) in 2 paper discussing'the
structure anclysis of cholestoryl iodide.

In the casc of 5-bromogriceofulvin it was hoped to
avoid this problem bcecause of the prescnce of a sccond

non-symmctricolly related phase-determining atom - chlorine.
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The two chlorine atoms arc, of coursc, connucted by & centre
of symmetry, but it is rath.r unlikely that this coincides
with that linking the bromines. In the event of non-
coalescence of these two centres, the overall symmetry will
be annulled snd no pseudo-symmetric problem ariscs.

However, as seen in 2.(L4), the y-coordinates of both
halogen atoms are almost identical. This corrcsponds,
unfortunately, to the rather unlikely situation mentioned
earlier in this section whore the centres of symmetry linking
the bromines and the chlorines are coincident,. This being
the case, the pseudo-symmctric problem still had to be faced.

The three situctions described above are lllustrated
in Pigs. 6(a), (b) and (c) respectively.  The short thick
line represents the light atom paort of the structure; the
broken line, the operation of the falsc centre of symmetry;
the dotted line, the mivror image 'ghost' structure and

C and C', centres of symmetry.

2.(6). Solution of the Structure.

If the coordinates for bromine and chlorine given at
the end of 2.(L) were uscd for crlculating structurc factors
which were then uscd as Fourier cocfficicnts in an alectroh
density distribution, therc ould be mirror plones through
this distribution ot y = % and v = 3. In ordecr to obviate

-
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this to a small ¢xtent, the y~coordinctec for chlorine was
altered to 0,2400,

Thise coordinates and an asssumed isotropic tcmperature
factor for both ctoms of «{ = 2.75 (vherc the temperature factor
is given by 2“*51n2§) were used in the calculation of a
first set of structure foctors. The resultant discrepancy,
R, measured over all reflcctions was L2.2%. It was decided
to reject structure factors which had an [Pyl value greater
than twice the |F,! value. This ensures that only terms
which have been approximately correctly phased by the bromine
and chlorine contributions are used as Fouricr coefficients.
After this elimination proccss, there werce 1,030 terms
remaeining.

The unit cell was divided into a three-dimensional
grid with intervals of a/48, /30 and c/L8. This
corresponds to interspaces of O.QBX, 0.292, and 0.252
respaectively parallel to the axial dircctions, and ensures
that ths resolution of atoms will be good and that it will
b possible to cnlculate ctomic coordinates accurately by
interpolative procadures. 4As thore are two equivalent
positions, it was only necessary to compute the electron
density over half of the unit cell, and that portion choscn

was a X b/2 x c.
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The clectron density was evalusted in sections parallel
to (010) for sach grid point in the (xz) plzne and each map
contoured. Theee contours were then mapped out on glass
sheets which were stecked perpendicularly to the b-axis in
a frame. This confers o threc-dimensional effect to the
distribution which can be cxemined for recogrniscble structural
features.

From the first Fourier map it was immediately obvious
that not only did the brominc and chlorine atoms lie on the
mirror plane, but the benzenc ring atoms and their immediate
substituents as well as atoms 0(3), 0(5) =nd C(2) all had
y-coordinztes of approximztely . The other atoms which
lay off this plane were present with their complementary
mirror images, but no choice between them could be made at
this stage.

The coordinstes of the nine better-defined atoms
(including those of bromine and chlorine) were calculated
by a method of interpolation in the figure field cdue to
Booth (1948), the factors being conveniently listed in
tabular form. The cquation of the mean plane through these
nine atoms -Br, C1, O(4), 0(2), 0(3), 0(5), c(2), c(4) and
C(6) - was evaluated in the form

¥y = 0.01724x + 0.02626z + 0.2004} ——m—eeemeem (2.1).
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An accurate scolc drawing, besed on standard valconey
bond lengths and angles, was now made of the benzene and
five-membored rings part of the structurs, and the x- and z-
coordinates of atoms C(3), C(5), ¢(7), ¢(8), c(9) anda 0(1)
were read off. The y-coordinctes of each of these six atoms
were found in turn by substituting their x- and z- valucs in
equation (2.1). Thus the coordinatcs of fifteen atoms were
now obtained.

The largest deviation from the false mirror planc by
any of these atoms is only 0.1373. This means that the
phases deduced from their contributions will still be close
to O orfFr , so that the pseudo-symmetry will be largely
retained. It was c¢ncouraging, however, to note that this
maximum displacement was of the chlorine atom which had been
placed only 0.0B?E of f the planc.

The second structurc factor calculation was evaluatod
on the basis of the above fifteen scts of atomic coordinates
using the same uniform isotropic tcemperature factor,
= 2.75. The overall R-valuc was 35.7% - a drop of 6.5%
i.e. about 0.5% per extra atom, 0f thesc structurc factors,
1062 were includcd in tha next Fouriar synthesis.

Prom this mop it ~vas found possible to determine the
coordinates of seven further atoms. c(L'), lying close to

the mirror plane, was readily dofined. Th: cyclohexene
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ring lies approximetely perpendicularly to the remainder of
the cyclic systcm, and atoms C(2), C(L') andi O(5) are coplanar
with the benzene ring.  This rcsults in C(2') and C(6')
having approximately the same x- and z-coordinectos and
y-coordinates equidistantly placed on ¢ither side of the
pseudo-mirror planc. Lven although this is a rough
epproximation (no account has been taken of the fact that
bond C(2') - ¢(3') is L4.5% shorter than bond C(6') - G(5'"))
it was reckoncd thot atom C(2') would coincide with the
'ghost' pecak from C(6') and vice versa., A similar argument
holds for C(3') and C(5'). This will undoubtedly lead to
som¢c deviation from the true atomic positions, hut,
nevertheless, the four distinct maxima were calculated.

Atom C(10) was not at all clecarly resolved, but C(11),

c(12), c(13) and 0(6) along with thuir mirror images were
unmistakably dofined. In order to asccrtcin if any of thess
could be distinguished from its 'ghost' a comparison of

rclative peak heights was made,

Atom jgabove mirror plane J?kmlow mirror plenc
c(11) 1.35 1.27
c(12) 1.31 1.31
c(13) 1.42 1.43

0(6) 2.28 2.17
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From those results it wos decided that C(11) and 0(6)
could safely bc inscrted above the plane, but thet a dcecision
as to C(12) and C(13) would heve to be postponed.

The maxima of all twenty-two atoms werc now calculated
by Booth's mecthod and it was notcd that the chlorine atom
was now O.172ﬁ avay from the mirror plane in the y-direction.
This, along with the fact that atoms C(41) and 0(6) have been
inserted vwell off the plenc, should further reduce the falsc
symmetry in the next Fouricr calculation.

The next phasing calculction was carrica out using the
twenty-two sets of atomic coordinates and the samc uniform
isotropic temperature factor. The discrepancy, sumed OVET
all the tcrms vas 30.2% - a decrease of 5.5%. The structure
factors of 1,109 refle;tions were employed as coefficicnts in
the next cyele of Fourier calculations,

In the third clectron density map the pseudo-symmctry
was notiecesably rcduced and on the basis of peak heights 1t
was possible to locate ctoms C(12) and C(13) unambiguously.
The only atom still to be placed was the all-importent c(10),
the vrelstionship of which to bond C(3) = O(3) was the wholc
point of this analysis. Many of thc atoms 1in thoe structurc
were now deviating significantly from the plane at y = %,
the chlorine atom displacement being 0.1983. The x- and z-

coordinates of C(5') were obscrved to have alterad quite
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dramatically. This was an cxpected altcration since the
double bond C(2') - C(3') has the cffeet of distorting the
six-membered ring.

The coordinates of thce twenty-four stoms so far located
were calculated from the figure ficld and wsed along with
the same uniformx -value in the computation of a fourth sct
of structure factors, for which the discreponcy was 26.3% =
a rcduction of 3.9%. 1097 of thesc terms were included in
the subscguent Fouricor summation.

The falsc symmetry 1in this map was now very much less
evident and the true site of C(10) was unambiguously se@ttled.
It turncd out to be c¢is - related to the carbonyl group, so
that the constitution and stercochemistry of’griSQOfulvin
ere as portraycd in formula I in section 2.(1). |

The coordinatcs of a1l twenty-five atoms were celculated
from this map by Rooth's mcthod and then uscd along with the
previoussh-value in & £ifth sct of structure factors. The
overall value for R was 24.3% - a drop of 2.0%.

This comploted the structurc elucidation and the

coursc of the analysis is indicated in Table 1.

2.(7). Refinement of the Structural Parameters.

The contributions by hydrogen atoms to thce structurc
factors wcre not taken into account at any stage in the

refinement,
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1106 of the above structure factors were used in a cyele
of Fy synthesis refincment, but the drop in the R-factor -
from 24.3% to 24.0% - was so insignificant, that it was
decided thet this mcthod of refincment would be unrewarding.

It was resolved to attompt to appiy the back-shift
correction method due to Booth (1946) as memtioned in section
1.(3). Using 1120 of the last set of structure factors
Fy and F, maps were computed and shifts were applied to
atomic coordinates and adjustments made in the valucs of
temperature factors for the first time. The discreponcy
dropped to 22.5% and all the structure factors were includcd
in a further rount of Fy and F, syntheses.

The coordinatces and now temperature paramcters obtained
from these woere then employed in a first cycle of
differential synthesis refinement. The DEUCE programme,
written by Dr. J.G. Sime, adjusts ctomic coordinates and
isotropic temperaturce factors.,

The temperature factors uscd to modify the scattering
factors in this programme arc of thg form 6‘3951929/%2
so that it was necessary, first of all, to convert from
Fe=valucs to Bg,valucs. This is very simply donc¢ by multiplying
by 1.648 when the incident rzdiction is copper 5%:

After four cycles of differential synthesis the valuc
of R had dropped to 20.1% - a decrcase of approzimately 0.6%

per round.
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An examination wasmade between §”|Fo| and) | Fe| for
each of the zones -~ hol, h1l,—meeea , h51 - from which data
had been collacted. The scaling factors incrcased
regularly from 0.9137 for hol to 1.1590 for h51. This
suggested that values for | Fel were being calculzted too
small for the lowcr order zonos and too large for the higher
order zones, ond indicated that thc atoms were not vibrating
isotropically. This implicd that anisotropic temperature
factors would have to be uscd and refinement was continued
using the least squarcs programme written by Dr. J.S.
Rollett (1961).

After scveral cycles of least squares using half-shifts
and weighting system w, (scc 1.(3).) with an |F¥| valuc of
31, the discrecpancy had dropped to 16.4% andifwﬁ? had fallcen
from 24.9 to 16.5. No appreciable decrcase in either of
these parameters was obtaincd from the next refincment
calculation, and it was deecided to apply wecighting system Woe

£fter two cyclcecs of this prefinement it was decided that
no further improvement of the atomic puramcters gould be
obtain:d and the final value for the Jdiscrepancy, summed
over all the obscrved terms was 14.07%,

In all the structurce factor calculations the thcorstical
scattering factors uscd were thosc of Berghius ¢t al. (1955)
for carbon and oxygen, those of Tomiic and 8Stam (1958) for

chlorinc and the Thomss-Fermi valuws (1935) for bromine.
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2.(8). Results.

The final atomic coordinatcs for onc molecule ere listed
in Table 2. The corrcsponding intramolecular bonded and
non-bonded distonces are given in Tablse 3. Table L4 shows
the list of intermolecular distances less than MX; The
final valency bond angles are set out in Table 5.

The standard deviations of atomic coordinates were
calculated from thc least squares residuals as explainegd in
section 1.(5). and are listed in Tablc 6. From these results
it can be shown that the average ¢stimated standard
deviation (e¢.s.d) of the bond distance betwoien two light
atoms (carbon or oxygcn) is about 0.052, while that for a
valency angle is of the order of 30.

Table 7 shows the final psrameters which define the
anisotropic thermal vibrations. They are the individual
valucs of by 3 in ths equation
oxp. (-Bsin?8/\2) = o= (g 40240y k2 4053124y o ks by sk 14Dy 5h1)

The values of |Fol, [P, and of obtained from the final
least squarcs cyclc are shown for all the observed reflections
in Table 8.

Using these values for coefficients in a Fouricr series,
a final three dimensional electron density distribution was
calculated. This distribution over one molecule is

portrayed in Fig. 7 by means of supcrimposed contour
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sections drawn parallel to (010). The molccular arvangement
corrssponding to this diagram is shown in Pig. 8.

The packing of the molecules in the crystal as viewed
down the b-axis is illustratcd in Fig. 9.

In the application of the heavy atom method t0 2 non-
centrosymmctrical crystal structure, the final clectron
density distribution is, to somec extent, depesndent on the
choice of coordinetes for lighter atoms which make significant
contributions to the structure factors. This point is
stresscd by Hodgkin et al. (1959) who show, in their acnalysis
of vitamin Byo hexacarboxylic ccid, that carbon atoms
slightly misplaced, cven in the prescnce of a cobalt atom,
appcar as low clongated peaks in the Fourier map.

The electron density projection down the unique axis,
however, in spacc group P21 is ccentrosymmetric so that the
accuracy with which the coordinetcs of the lighter atoms can
be assigned is not such an important criterion as in the
non-centrosymmetrical casc. In this projection thce signs
of the structure factors are overwhelmingly dotermined by
the presence of the brominc and chlorinc atoms. In FPig. 10
the final x- and z~coordinatcs are shown supcrimposed on
the hol electron density map which was evaluated using

structure factors from the last cycle of least squares.




Figs 7 5—Bromogriseofulvin.

Final superimposed contour section electron-
density map %ann.parallel to (010). Coggour
interval 1e/ %xcept for chlorine (= 2e/A°) and
bromine (= 3G/R ).




J,-X-

Fig, 8 5-Bromogriseofulvin,

Atomic arrangement corresponding to Fig. 7.
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The atomic sites coincide, to a large extent, with peak
maxima, It will Dbe noted that this map is quite similar

to Fig. 2.

2.(9). Discussion.

As already stated the constitution and stercochemistry
of griseofulvin arc as in formula I (see scetion 2.(1).) and
confirm the tentative findings of MacMillan (1959). Since
the x-ray analysis results have been published, Arison et al.
(1963) have come to the same conclusion about the
gterzochemistry of griseofulvin from nuclear magnetic
resonance studies.

The moleccular paremeters listed in tables 3, 4 and 5
are not very accurate. This is due to scveral rcasons.

The presence of both a bromine &nd & chlorine atom in the
moleculc means that absorption effects will be quite high,
thus reducing the accuracy of the intensity data, The
praesence of the two heavy stoms also impedcs the refinement
of the coordinates of the lighter atoms, This is because
the latter make a rclatively small contribution to cach
structure factor.

A less obvious factor influcncing the relative
inaccuracy of the bond lengths and angleés is the persistence

to some extent of the pscudo~-symmctry throughout the course
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of the analysis.  Srinivasan (196%1) has pointcd out that
in the situation of a non-centrosymmctric structure with
phase~dominating atoms or groups coentrosymmctrically related
it is foulty to igmnore thc off-diagonal terms of the normel
equations of least sguares refinement. He comments that
this crror is equivalent to an application of lcast squares
procedure to two atoms overlapping in projection. Hence,
during the refinement of param:ters of an atom, A, in a
non-centrosymme tric crystal structure containing heavy atoms
linked by a centre of symmectry, the interaction of this atom
with another atom, B, cannot be ignorcd when tho palr of
atomg are saccidentally related by the heavy atoms' contre of
symmetry. This situction Srinivasan calls "inverse overlsp",.
The matter has also been discussed by Rae and Maslen (1963).
An example of this phenomenon is to be found in the cose
of bromobruccol (Dufficld, Jefferies, Maslen and Rec, 1963)
where, with the bromine atom in a spocial position, the
structuve was refined by a diagonal approximetion least
squarcs procedurc to an overall discrepancy of 15.6%.
Despite this, sp3~carbon~sp3—carbon bond lengths as widely
divergent as 1.322 and 1.762 were reported.

With this in mind it is not surprising that, since
Rollett's block diagonal approximation least squares
programme was usecd, with 5-bromogriscofulvin, some of the

bond lengths are quite scriously in error.
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The average length of the sﬁicarbon-oxyg@n single¢ bond
is 1.&68 in close agrcement with valucs of 1.&62 for
bromogeigerin acetote (Hamilton, “cPhail znd Sim, 1962),
1.&73 for bromodihycroisophoto-j~santonic lectone acetate
(Asher, 1963) and 1.u602 for hyoroxy-L=~proline (Donohuc
and Trueblood, 1952), Using Pauling's (1960) covalint
bond radii and clectronecgativity dota the roeference value
for such a bond is 1.&32. Expurimentnl distancos closc
to this value have bocn found c.g. 1.&2&2 for L-thrconine
(Shoemaker, Donohuc, Schomakcr and Corcy, 1950).  The
mean spz—carbon~oxygsn singlc bond has a length of 1.372
which is in accord with thoe results of 1.36X for salicylic
acid {(Cochran, 1953) and 1.362 for atrovenctin trimethyl
ether ferrichlorice (Paul, 1962). The average carbon-oxygoen
double bond length, 1.232, agrecs with the measurements of
1.222 for N-chloro-succinimide (Brown, 1961) and 1.2222 for
p-benzoquinone (Trott-r, 1960).

The average carbon-carbon bond length in the benzene
ring, 1.u0ﬁ,compares favourchly vith the accepted distance
of 1.397E for benzenec. The average sp3-carbon~sp3~carbon
single bond length of 1.5uﬁ is in good agreemcnt with the

2--car'bon—

standard wvalue of 1.5h5ﬁ for diamond. The mean sp
o)
sp2~carbon bond distance, 1.474, 1s close to the values of

1-&772 in p-benzoquinone (Trotter, 1960) and 1.&82 for
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benzoic acid (Sim, Robertson and Goodwin, 1955).  The
average sp3~carbon-sp2~carbon bond hss a length of 1.&9R
and is in accord with 1.L49R for 2-bromo--sentonin

(Asher, 1963) and 1.5OK for bromogcigerin scctate (Hamilton,
McPhail and Sim, 1962),

The aromatic carbon-chlorine bond lsngth, 1.692 is
significantly shorter than that of 1.736£ for 4,l4' -~ dichloro-
diphenyl sulphone (Simc and Abrahems, 1960) and 1.7532 for
2-chloro-5-nitrobenzoic acid (Ferguson and Sim, 1962,Db).

A value of 1.711§,Ihowever, has bzcn quoted for 1:3:5-~
trichlorobenzene (Milledge and Pant, 1960).

The eromatic carbon-bromine bond haes a length of 1.912
which is in good agrecment with the measurcments of 1.8852
in o-bromobenzoic acid (Forguson and Sim, 1962,b) and 1.8962
in@ ~ 1:2 =« L35 ~ tctrabromobenzene (Gafner und Herbstein,
1960).

None of the intermolecular contacts (Table L) earc
significantly shortcr than the sum of the Ven der Waals'
radii of the atoms involved.

In the five-membered ring system 0(1), ¢(2), c(3),
c(9), C(8) the average internal velency bond angle is 108°.
Freguently the average valocney bond angle in five-membered
rings is less than 108°. In clerodin bromolactone the

valuc is 106° (Paul, Sim, Hamor and Robertson, 1962), in
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isoclovene hydrochloride it is 105O (Clunic and Robertson,

1961) which is also the mcasurcment from himbacine

hydrobromide (Fridrichsons and Muthicson, 1962).  Thosc valuss,
&ll of which are considcravly smaller than that for 5-
bromogriscofulvin, indicate that the ring systems are non-
planar with conseguent bond zangle deformation as was
demonstrated in the case of cyclopentane (Pitzor and Donath,
1959).

If the five-membered ring is fuscd to a benrenc ring or
includes a double bond, it would be expccted that the
non-planarity would not be so pronounced and that the average
valenecy bond angle wonld bc rather closcyr to 1080 - the valuo
for a planar five-membered ring - than the examples quoted
above. A possinle verification of this hypothesis is to be
found in thc¢ analysis of echitomine bromide (Hoemilton, Hamor,
Robertson and Sim, 1962) in which there are two five-membered
rings only onc of which is fused to a baenzene ring. The
average bont apngle in this ring is 107° and in the other
case is louo.

The effect of the cdouble bond in & five membered ring
can he illustrated from thc case of bromogeigirin acetate
(Hamilton, McPhail and 8im, 1962). In the ring including
a double bond the angle is 1070 and in the other ring without
a double bond it is 105°.
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The average bond anglc in the five-membered ring fused
to the benzene ring in macusine-/ iodide (McPhail,
Robertson, and Sim, 1963) is 108° - identical with the value
for 5-bromogriseofulvin.

The equation of th: mean plane through the twelve atoms
of the hexasubstituted benzene ring was calculstcd using
the method of Schomaker et al, (1989). The eguation of the
plane is

0.0936x - 0.9950y ~ 0.1703%z + 2.0575 = O

Table 9 shows the deviations of these atoms and also of
0(3), c(2), c{L') ard 0(5) from thc arometic plane., If
these values are compared with the c.s.d's. of atomic
coordinates listed in Table 6, very few of the displocements
can be taken as significant. Nevertheless, examinntion
of the devi-tions of thc six atoms directly bonded to the
benzene ring shows & suggestion that alternate ctoms are
above and below th: plane of the ring: bromine, C(3)
and chlorine lis below the plane and 0(2) and 0(1) above it.
O(4), on the other hand, to conform to this pattern should
lic above the plane, but, in fact, is below it. Not much
significance can he attachzd to this postulate, but the
results are in broad agreement with those of Ferguson and Sim

(1961; 1962,a, b) for ortho-disubstituted benzenes.



- 50 -

The deviation from the mcan plane of O.M1X for 0(3) is
highly significant, and is probably accounted for by some
steric interaction with 0(2). Were it not for the fdét
that C(2) was firmly hcld by the ring system, this
interaction could be relicved by rotation of the group
c(9), ¢(3), o(3), ¢(2) about the C(3) - C(9) bond. 4s it
is, the strein is diminished by the C(3) - C(9) bond bending
out of the plane. This satisfactorily accounts for the

fact that of the six direct benzene ring substituents, C(3)

is displaced furthest from the plane.



TABLE I

5-Bromogriscofulvin

Comrse of the 3tructurce Analysis

Operation

2D Pattcrson synthescs

Harker
1st 2D
2nd 2D
1st 3D
2nd 3D
3rd 3D
Lith 3D
5th 3D

section at w = %

hol Fourier synthesis
hol Fourisr synthesis
Fourier synthcesis
Fouricr synthesis
Fourier synthesis
Fourier synthesis

Fourier synthesis

Atoms included

Br
Br + C1
Pr o+ Cl
Br+C1+8(C)+5(0)
Br+C1l+14(C)+6(0)
Br+C1+16(C)+6(0)
Br+C1+17(C)+6(0)

53.1
L6.2
L2.2
35.7
30.2
26.3

2“--3



TABLE 2

Atowto Coordinctces

(Origin of coordinates on two-fold screw cxis.)

c(2) -0.2798 0.1978 0.2451
c(3) -0.1367 0.223%5 0.3291
o) 0.0597 0.2181 0.2251
c(5) 0.0778 0.250L 0.0924
c(6) -0.011L4 0. 2441 -0.0213
c(7) ~0.10L1L 0.2140  =0.0412
c(2') -0.3703 0.3140 0.2523
c(3") -0.4283 0.33L6 0.3571
c(u'j ~0.4312 0.2026 0. L4402
c(5') -0.3K450 0.0672 0.4380
c(6') -0.3296 0.0577 0.2932
c(8) -0.1657 0.2063 0.0926
c(9) ~0.0731 0.2132 0.2194
c(10) -0.2257 -0.0758 0.2991
c(11) ~0.1552 0.5720 0.1612
c(12) 0.1780 0.0877 0.4221
c(13) 0.0287 0.1170 ~0.2148
o(1) -0.2883 0.1890 0.1028

0(2) 0.1525 0.223%2 . 0.3458




Atom
0(3)
o(4)
o(5)
0(6)
Ccl

Br

TABLE 2 (Oont@i)

X/ a
-0.0934L
0.0069
~0.4921
-0. 3491
-0.2655
0.2545

3/b
0.2U16
0.2596
0.1951
0. 14384
0.2277
0.2648

2/c
0414505
~0.1540
0.5249
0.1852
-0.1888
0.1018




c(2)
C(3)
c(L)
C(L)
c(5)
c(6)
c(7)
c(8)
c(8)
c{2)
c(L)
0(2)
c(5)
c(6)

- T e 2 o
Intramoleculsr bonded distances (4)

TABLE 3

c(3)
c(9)
c(9)
c(5)
c(6)
c(7)
c(8)
c(9)
o(1)
o(1)
0(2)
0(12)
Br
o(L)

Intromoleculnr

U6
.26
.40
.48
.38
«39
L
.33
.38
.91
U5

.55
.50
Sl

-

o(l) - c(13)
c(7) - C1
c(3) - o(3)
c(2) - c(a")
c(2') - c(3")
c(3') - c(4")
C(4') - c(5")
c(5') - c(6")
c(6') - c(2)
c(2') - o(6)
0(6) - c(11)
c(L') - o(5)

c(5') - c(10) |

-

- =M

B S SO, S, 8y

0
non-bonded distonces (A)

c(2) .
C(2) vue
c(3) .
C(3) wes
c(3) ...
c(12) ...
c(12) ..
c(12) ...

.o C(4")
c(11)
. c(u")
c(10)
0(6)

Br

. 0(3)
c(3)

NN W W

W W

.98
.77
.75
.7h
- 97
-95
.35
.48

¢(13) ... PBr
C(13) «.. C1
c(10) ... 0(3)
c(10) ... 0o(1)
c(i1) ... C(3")
c(11) ... 0(1)
0(3) ... 0(6)

3.
3.46
3.

2.98
.82
.91
.65

W W N

U3
.69
.19
43
L2
L3
.51

.55
L7
.33
.60
.26
.61

63

25




TABLE 4

Intcrmolccular distrnees

(<L)

0(5) «.. Clr 3.20
C(11) «.. O(1)17 3.38
c(11) ... Cl1 3.43
0(3) ... Cc(13)1 3.44
0(3) ... C(12)777  3.50
o) «o. C(10)7y  3.50
c(9) «.. C(13)1y 3.51
c(3') ... o(5)y 3.5
0(5) ... C(12)y7 3.55
c(k) ... C(13)1y  3.56
c(11) ... o(5)y 3.61
c(4') ... Cly 3.67
C(3") ... c(12)117 3.67
c(3') ... Bryr 3.68
c(13) ... c(10)1v  3.69

The subscripts refer to

I X, v, 1 + 2
IT -1 - x, 5+, -z

C(5) «v. C(13) 1y 3.72
0(5) «.. 0(5")y 3.75
0(5) ... 0(2)yT 3.75
0(6) «o. C(13)1vy 3.76
0(3) «on O(L)T 3.86
0(2) ... C(10)1rT 3.88
C(8) ... C(13)1y 3.89
G(3) .. C(13)7y  3.89
0(2) ... C(5")g77  3.90
c(5') ... Clt 3.91
c(2'") ... Brivy 3.93
o(2) ... c(13)1v  3.94
0(3) ... ¢c(10)111  3.95
c(12) «.. C(10)y77 3-99

the following positions:

Iv
v
VI

-—X’
-] - X, %
-1 + x,

1 —y
T+ ¥ z
%"‘y"‘“z

Vs z




o(1)c(2)c(3)
c(2)c(3)c(9)
c(2)c(3)o(3)
c(9)c(3)0(3)
c(3)c(9)o(hL)
c(3)c(9)c(8)
c(8)c(9)o(L)
c(9)c(L)c(s)
c(9)c(L)o(2)
c(5)c(l)o(2)

c(L)o(2)c(12)

c(L)c(5)c(6)
c(k)Cc(5)Br
c(6)c(5)Br

c(6)o(L)c(13)

c(5)c(6)c(7)
c(5)c(6)o(L)
c(7)c(6)o(L)
c(6)c(7)c(8)
c(6)c(7)c1
c(8)c(7)c1

TABLE 5

Valency Angles

108°
102
127
132
132
110
118
114
120
125
117
124
114
122
115
127
125
109
110
128
120

c(7)c(8)c(9)
c(7)c(8)o(1)
o(1)c(8)c(9)
c(8)o(1)c(2)
o(1)c(2)c(6")
o(1)c(2)c(2")
c(3)c(2)c(e")
c(3)c(2)c(2")
c(2')c(2)c(6")
c(2)c(2')c(3)
c(2)c(2')o(6)
c(3')c(2")c(e)

6(2")0(3")o(4")

c(3')c(L')o(5)
c(3')c(L')c(s")
c(5')c(L')o(s)
c(ur)c(s")c(6")
c(5')c(6')c(2)
c(5')c(6')c(10)
c(2)c(6')c(10)
c(2")o(6)c(11)

126°
123
112
109
113
106
110
118
103
128
107
119
117
125
118
116
108
116
107
105
115




TLBLE 6

* . . o
Standord devictions of the final atomic coordinctes (L)

c(2) 0.022 0.035 0.025
c(3) 0.023 0.042 0. 026
c(hL) 0. 021 0.033 0.027
c(5) 0.020 0.042 0.022
c(6) 0. 021 0.048 0. 021
c(7) 0.024 0.035 0.027
c(2') 0.025 0.036 0.036
o(3')  0.025 0.037 0.031
c(4') 0.023 0.036 0.026
c(5'") 0.027 0.046 0.030
c(6') 0.028 0.042 0.025
c(8) 0.022 0.047 0,024
c(9) " 0.021 0.037 0.023
c(10) 0.033 0.042 0.033
c(11) 0. 041 0.057 0.0l
c(12) 0.043 0.056 0.048
c(13) 0.033 0. 041 0.035
0(1) 0.015 0.027 - 0.019
u(2) 0.015 0.023% 0.017
0(3) 0.018 0.030 0.017
o) 0.016 0.034 0.015
0(5) 0.022 0.028 0.022
0(6) 0.018 0.029 0.022
c1 0. 006 _ 0.012 0.007

Br 0. 006 0.009 0. 005




TABLE

7

Anisotropic tempcroture~factor parameters (1O5bij).

c(2)
c(3)
C(L)
c(5)

c(6)
c(7)
c(a")
c(3")
c(L")
c(5")
c(6')
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
o(1)
0(2)
0(3)
o(L)
0(5)
0(6)
cl
Br

b4 boo b33
818 919 1142
873 2290 1531
705 399 1796
1134 652 1490
1436 548 1520
1005 745 1549
1179 722 LO97
1133 1643 2373
1205 1598 1728
1467 1739 2261
1507 2937 1102
684 5057 1062
67L 2143 1206
2242 997 2230
1916  L230 2371
213 3793 3383
20%9 1367 2722
u8% 3980 1706
086 L1 1905
1537 1820 1321
2036 1238 1986
1854 2839 2406
1148 2568 3094
1076 2866 1270
967 3148 2052

b2
~1851
~1346
~254
~508
32l

1777
820
-1088
1361
3588
~791
~1773
372
1736
2472
2302
-2200
-599
209
~-0928
618
~222
795
-221
-636

023
521
-431
24l
-1166
631

823
2904
282
322
1019
1917
382
1324
-990
-186
~72L

1097
211

~-288
-720

7L8

L60
-880
-515

267

o3
450
72l
54T

1216
2204

368
2866
1909
1788
1925
1365

669

on
2102

Lu7
1957
2283

746
1015

o7L
304l
2193
2572

807

1489




Table 8 5-Bromogriseofulvin

Final observed and calculated values of
the structure factors.




-

N
- €L b n
. Chapde n
. rdlrdo  n x 110
e et vk g papde® h e g rdbdec Spowovm sy opu e
< kel § 2T 4 w50 ) m o [ A
0 1se g e I 3 I A o
Baws o laa iR brng oagal
19 M0 20 80 95 180 Yok i ! SR 2 Soo03 1507 -
% 31 100 R 3 8B ] b Honus Y A :
Y e e Tiom o k2 RoBAE BT m o ]
10 30 2Ry 3on 11k aam AR T i
! i 8 2 100 T b oma : 1o | RELET R BRI

03 103 £ 100 s hum - i iuo | Y 2 Pl fg e 490

2 o oum -2 2 filee 1< ¢ o= ! 2 e F iy

46 ) Ao, 9 33 i 2 1 264 IR N H bt

18 1% : 1o 17 2 n 0 Mg ' 3 2 A -3 a2 13 “ <2 12 12 4

33 38 : JURIST ') 4 2 k) 29 196 | 4 o 400 z 8 1

% 4oaE e ¥R 97 | i s b B i; 135 S

- bl 1 4 . . - -
ue <8 % oM oo 1n 15 7 b 3 2 2o 21 e : o 150
1 €0 18 M YRR I iz 31 5% H 3 b 225 I

%0 1% 30 17 1o e 30 30 29 w12 3 | “10 12 197 le 1%

;g 2% a 2 12 ::z - a7 %1y 74 ! i o8s30 1 m e 23

non M u 0 o 1oy [

2318 2 . 50 31 bR MR N-3 1oz e OBl 0 e s e

10 e T : moip oy im FE H Hi

13 34 i R - T3 ., 2 83 ! 7 if2 3 10 3:
13 18 173 kZ:] A I - 473 AT H b 201 bR
[ e 24 23 m I3 a0 - S 2 H -1 T2u b A
11k a0 211N N 324 - 19 3 x -2 11 12275 : h
w0 gy g 4 s M 14 18] H Y R R L, i
» o Y B 2% O 1o 103 Troa old b hm i
2 on g B Bbhg oo B8 D puE B R 3 o i
2 3% 33 1) 17 104 i 20 N 5 12f . H - o

27 170 AR ARY s 420 Sy e s B % AT

2 2% 14w e 208 337 - T 103 <9 a2 -4 7 18

£ 319 M 158 25 1t -7 13 et Z10 £ 18! N

FEE » oz g B e T RR S L §% B R
i Ir B ou i 1119 % o H -

20 1&4 3 N 27 5 2 4 123z o1
HEHEY : 38t NN CE 5k RN HEEW "3l
NIRE SR B S oER gam Pl P oo i

P 4 - 3 5
LA o Dt 350 3 b PR IOV $ %= % o in
17 1 138 24 27 230 i 270 N 1 180 : 2

2 15 17 168 5 211 45 -2 %2 0 8 o 7 - 15 13
25 25 2 19 202 10 10 24 T IN s e i 2?3 38R,
1 b KINEC 1 1§ R R o DT - A 1]

- 1 Ao 20 M 15 1F 2 M 413 20

2 1 3 20 25 3 20 8 - R N - 2 39
15 13 ) 7 : 92 5 25 28 STl o -4 B b} 13
gy SR B 2 IR LN E § G
3 4 % G52 N 203 17 180 -1 180 n o R

&6 18 21 16173 - [ 24 183 -1 9 e u e IR

27 31 18 71 69170 4 o o 118y 7 2 1 3 11 T
184 25 25177 180 3 308 a2 3 ? o 8 15
SN R & i k1 i
1, b - H )
R 2 180 e I - 33 R 20 21 1
3ol 17 CEEEE E 1 R i
LR A B 160 ] - %% R - - Eae
LR I z %3 RS o - 219 3B - 180 - 255
Rk T B 80 BE R RRY 3R R 2B
2 2 by - 20 - 18¢
22 %0 B e - 5 100 - i 9 S I - 510
: 10 18 5 2 M 15 180 et 10,352 IE 4 am o9 1 252 N 1215191
M 17 20 358 33 160 iz TP N H 2 n 3199
U 16 101z 47 M W0 5 4 185 - 4 3119 b 3301
- 11 18 10 3¢ : o 21173 BT BT 19y L ap
: 18 ¢ 151 2 o4 0 1s 252 e Bk H R 721
S FH I N . RN dhw o igd
€ H h 21 21 18 y
NoB 2. S £ 780 29 1 39 3¢ 108 2 > ! a
1 3 S 37 36 19 37 351 19 19192 1 20
13 15 206 233 27 2€ 185 2173 297 5 @ 17 20 9
4 33 : 15 33 B’ 3% 2 2 2 17 1308
1 1 2 22
# 3 FEE IR ] 15 284 23 T 1 18
127 5 37 17 26 " 15 20 18 : 207
1 3 3 % nxK € 43353 6 1 gaE omo4-g 191
29 3 2% o 25 06 Hi et 3% 226 RHY 52 HE Rt Tt o110
- H 188 2 27 24174 : 2 55 13 227 1 11198 21 12 0 o
: 2 22 14 292 - 25 20 13 6 24 22 193 3; . 4
A Tl ARt Bt 16 59 B 2@ I °
s 29 10 1034 - 43 43185 u 1 11 220 3L z 158
M 1 u o 19 17 193 15 357 1315 146 10 12 19 N u ao
: i ey ' o 100 2 Y 2y Nie
- 1 1 . 24 1 X
“8 2 B OB RN R I 2% % o 20 2310 % ar s 1%
3 2 - 7 42 B 35 16 3 11105 19 20 13 1 10 7
ERE s BE% i kuY 2 S o
- 3 3% : 2 IO 1 -
I S 82 BE¥ g EEd = E T I IR
KB s e TH oeos R R 5 ¢ % e
¥ 32 s i i H 1 2 ”ﬁg 9 21 1 - H RE
0 12,
A Rt A 1 4 ORI 4 181 sl B un
I R ¥ hx EETE 32 2 I 12175 : e
33 212 o 7l P 1 1 BB B8 we™d 35
M 10 28 2 i6 1 27 1 - - 306
- 3 - 20 24 iz % 18 200 PRI R
2 an B -6 2 5% % EEEE 23 2w LR
: 72 - 16 1 : 1 37 4 ?
I iz Te N EY 39 16 199
RIEEIE 7 3 H i A Y Is o e 2.
- 10 1 - 12 101 - 1 91 15 26 2 7 11 b -f 1§ 1 1 3
2 857 5075 ¥ 4 o570 i ckoaoe N ﬁi’?‘ 1% R kS .’y;
3 83 9t 10X 3 N 18 3 } 2 14 3
51 46 2 4 2 28 29 s i 9 - 265

17 9 ] 31 9 20 s9 1 12 }s - 1 ; 3;; : 1 - ]
1 32 13 12280 vz gz 0 1038 3255 o htaY: 3 b4
2 5 1 11 23 16 15 204 1 12 35
o3 igg 5 e LAY l;g 6 73 S b 2% : €3 A S 4

4 18 2 12 . -
bt 26 5 28 4 267 3% . 5B i B S S4 o2 e
o g H : i $ Ik 03 10 33 ] s : 5 8
12 42 31 ME 23 20 180 - 185 15 10 204 570 13 1973 - Rt B EhL
- 28 29 293 93 & 160 - 150 - 118 2 3 - 15 g2 358
iy oEe ] : 2 - ¥R R ER .1l 3u'e 0" 180
z 39 4 49 4 N %2 -3 269 - 4355 13
- 24 o - (3 208 ©? o 12 -1 0
SR L Tad 5 EBE clRewm T iug SRS
- 27 344 3 : N Sé :
e 1ok P 30 %3 : R -1 Be o4 180
Y o Z L ¢ 2 28 - Bt s oo 2 1%
23 it 170 N 1 ! -1 2t 25180 -7 kxR
L I O B IUE L I piildfi
248 -12 E 189 "o a1 4€ 13 H 1 -4 19 2 13 z- 9 188
2 2 it 31 48 54 3 45 11 6 2 21 20 @3 lng < 1 : - 12 175
1i H [ . 83 u 13i% H 19 -€ a2 22 a2 1ol
75 bt - 1 171 0 23 162 R - 180 Sy oaozam
1 - 2 EH 180 - .
o R0 B3 - e a8 S5 180 EY 182 - 33
2.0 ] te e g 2k T4 REW w00 ] : 33
25 2 1o A - :
) - 35 2 : 1 25
i X xﬁ 2318 4 s 51 - 1 e _3 15 1 13 i M 25
2 Mz X : Te - 210 - 3
B B 18 12 279 -4 M @ Ca 1 - 212 SE oL
- 12 216 14 24 26208 10179 z 225 -10 11 a4 22180
-8 3 e Ty om oy - 1813 - W e [ ARt ] : 1=
19 21X z 1 - 24 1 189 M 1
z 190 - i 2 1 SE 3
B 8% : = B = teomale R oy
13 2 z 19 1 - 79 22 300 6 337 9 7
13 13 33 - 81 - 10 2 s 2 3 e 2
BRI ERE T : RE F ] ¢
- 2! - 18
2 R RINE: :
S5 oz 2 3




ITABLE 9

DisD1&cemcnts(2) of stoms from the mson plane through

the aromztic systom
c(l), c(5), C(6), C(7), C(B), C(9), C(3), 0(2), Br,
o(4), €1, =nd O(4).

f o(l) 0.10
c(5) -0.07
c(6) -0.03
c(7) 0.1
c(8) 0.06
c(9) 0.01
c(3) -0.21
0(2) 0.08
Br -0.02
o(L) ’—0.06
o1 -0. 0l
o(1) 0.08
o(3) -0.40
c(2) | -0.09
o(u') =041

o(5) -0.46




PART III

THE _CONFORMATION OF THE BICYCLO (3,3,1)

NONANE  SYSTEM:

X~RAY ANALYSIS OF 1 -p-BROMOBENZENESULPHONYL-

OXYMETHYL~5~METHYLBICYCLO (3,3,1) NONAN-9-OL
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3.(1). Introduction.

When molccular models of the bicyelo (3,3,1) nonanc
systcm arce constructed it is obsarvéd that certain strong
hydrogen~hydrogen interactions will exist in the molecule
no matter which conformation the two rings adopt. Examples
of possible conformations are shown in Fig. 11. They are
(&) a twin-chair, (B) a boat-chasir, (C) a twin-boast and
(D) a twin twist-boat.

Elicl (1962) statsd that there would be an intolerable
transannular interaction betwcen the axiel hydrogen atoms
at C(3) and ¢(7) if the molvcule adopted conformation
(4A), and suggested thet the molecule existed in conformation
(B), evcn although there would also be some fairly unfavourable
interactions involved in this case as well.

The infra-red spsctra of various bicyclo (3,3,1)
nonane derivatives were examined in order to investigate
the conformation of the systcm (Brown ct al., 1964). Some
typical examples of th2se compounds arz showvn in Fig. 12,

Of these compounds, (I), (II), and (III) were found to exhibit
ahsorption bands necar 2990 and 1490 cm._JI which were
attributed to methylene group - methylsne groun interactions.

If the moleéculs adopted the boat-chair conformation, as
suggest=d by Elicl, it would be possible to explain these
bands in cose (I) in terms of C(3) - c(9) or ¢(7) - c(9)
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methylcne interactions. However, that thesc are not the
causative interactions is shown by the fact that the kctone
(II) also shows these absorption peaks. This leads to the
conclusion thet the spectra can only be interpreted in terms
of C(3) - C(7) methylenc interactions present when the
molscule adopts the presumably unfavourable twin-chair
conformetion.

This fact is further substanticted by examination of
the infra-red spcctra of compounds in which this CG{3) - ¢(7)
intcraction is relieved. Thus, introduction of a double
bond into the system as in (V) or the insertion of a
carbonyl group at C(3) or C(7) as in (VI) would be expscted
to nullify these absorption bands. Experimentally, this
proved to be the case.

The bisdeutero-kctone (IV) showed a reduction of a

1 band.

factor of one half in the intensity of the 1490 cm.”™
This is due to thc replacement of the scissoring band at
c(3) by a comparable CDH b@nd ¢lsevhere in the spectrum.
The 2990 cm.”1 band for this compound thus appcared as an
indistinct shoulder on the high-freguency side of the main
C~H stretching absorption.

The final piece of spectroscopic cvidenee is obtainad
from the beautifully symmetric structure, adamantane, shown

in Pig. 12 (VII). This structure is completely frce from
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strain, the unfavourablse C(3) - C(7) transannular
interaction having been rimoved by substitution of = bridge
carbon atom botween these twe 2toms. As expected, therc
were no absorption bands in the neigihbourhood of 2,990 and
1,490 em.” T,
These characteristic maxima appcar in the spectra both
in solution and in thc solid state, inéicating that the
molccule has the same conformotional skeleton in both these
circumstances. It was thorcfore permissable to accept
results from x-ray analysis for consolidatidn of the above
findings.
In order t0 introduce a heavy atom into the bicyclo
(3,3,1) nonanc system, the primery bromobenszene-p-sulphonate
of compound (III) was prepared. This is shown in Fig. 12
(VIII) and the systematic name for it is 1-p-bromobcnzence—
sulphonyloxymethyl-5-methylbicyclo (3,3,1) nonan-9-0l, although

it will subsequently be referred to simply as BROS,

3.(2). Experimentul.

Rotation, oscillation, Weisscnberg and precession
photographs were rccordcd using copper = %’ﬂ)\= 1.5&182) and
molybdenum - K*f)t= 0.71072) radiations. The unit cell
perameters ere estimsted from rotation end presccssion

photographs aznd, in the latter case, th: unit cell cdges
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and angles were derived from the reciprocal cell parametcrs
by the conversion formulae for triclinic crystals as listed
by Buergaer (19&2). The intensities were racorded using

a small crystal complctely bathed in a uniform x-ray beam
and no adjustments were made to account for absorption.

The data was collcated on zero laycr and cqui-inclinetion
uppér laycr Weissenberg photographs obtained by rotating
the crystal about thc a - and c-~axss, the reciprocal lattice
ncts Okl and 1kl being registered in the formar casce and
hko, =e=w=-- , hk7 in thc latter. One furthcr zonc, hol,
was raecorded by means of a timed swrics of prececssion
photographs. Visual mcthods of intensity estimation were
uscd, all Weissenberg data having been registered using
Robartson's multiple film techniquc (1943). In all, 2176
intensity estimations were made, of which 163% were from
independent reflections.

The intensity values wecre corrected for Lorenteg,
polarisation and the rotation factors eppropriate to uppcr
layers and the valuss of the structure amplitudes obtained
by application of the mosaic crystal formulas.

The various zones of | Fof's were all placed on an
approximately absolute scele by correlation with the valucs
of |F,l obtained from the first structure faector results.

The density of the crystals was obtained by flotation

methods using potassium iodide sclutions.
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3.(3). Crystal Data.

Cy4Hy50,8 Br M = 4033 )
7.50 ¥ o.024
b= 12.06 ¥ 0.02%

1.3 £ 0.05%

Triclinic a

I

L
o= 112%30"

Volume of the unit cell f = 109931"
= 8628 Y= 7204

f

For z = 2, D(calculated) = 1.55 g./cc.
D(observed) = 1.53 g./cc.
F(000) L16
Linsar absorption coefficient for x-rays (A= 1.5&23),

//J. = 14-8.1 cm.-1.

H

Since the crystal is triclinic there arc no
systematically absent spcctra.

It was decided to proceed with the analysis on the
assumption that the space grou is Pi. If this had bcen an
erroneous choice 1t would have shown up in subsequent electron

density maps.

3.(4). Location of the Hecvy Atom Positions.

The Petterson function to be ¢mployed in the case of

a crystal belonging to the triclinic system is

pluvw) = 2 3 3§ (19(nx1) Zcos2 W (hu + kv + 18)) —-== (3.1)

VC - el




- 56 =~

This ¢quation can be simply reduced to two-dimensionsl
¢Xpressions.

Since there arc two moleculess per unit cell and two
hecavy atoms in cach molecule, principal vectors between
four sets of atomic coordinates arise. The bromine
coordinates are designated (xp yp zp) and (Ep ¥ Zg) and
the sulphur coordinastes by (xS Vs zS) and (is ?S 23).

The interactions between these give rise to the

following vectors -

(1) 2xp 2VyR 2zp
(11) 2%g 2y 2zg
(111) Xp + Xg yg + Vg Zg + Zg
(1v) xg - x4 Vg = Vg 2g = Zg

Vectors (i) and (ii) arz single weight peaks and the
other two arc dourle weight.

The Okl projection was the first Pattcrson map to be
studicd. The symmetry of this projection, as with those
down the other two axcs, is p2. This symmetry infers that
the serises need only be summed over half of the unit cell
area. This being the case, the function was evaluated from
w=0<40w=1 and fromv = O to v = 3. The map is shown

in Pig. 13.
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The brominc-bromine vector showed up clcarly and is
marked N on the map.  The two broming-sulphur vectors were
also roadily distinguishcd and they arc indicated by P and
Q@ respecctively. It was not found possible at this stage to
identify positively the sulphur-sulphur pcak, but
calculation of the sulphur coordinates showcd it had to be
placed at R.

From this map the y- and z-coordinctes of the heeavy
atoms were deduced. No account was taken of peak R in the
estimation of the sulphur position. The coordinates were -

y/bpr = 0.0040 z/Cpp 0.2507
y/bS 0.2899 z/cg = 0.5361

The hko and hol Patterson maps were comput<d, but due to

il

t

scrious overlappirg of vectors, no solution for the
x-coordinates of the above two atoms could be obtained.

It ras then deemed nccessary to calculate the threc-
dimensional Pattcrson function using the unscaled
data. From this map the three coordinctes of both atoms
were unambiguously sctiled. The section at w = 3 through
the distribution on which the brominc-brominc peak
(marked $) reach:sd its moximum is shown in Fig. 1L as a
reprasentative exoemple of the Paticrson map.

Normaelly more accurate coordinates would be cxpected

from & three-dimensional than a two-dimcnsional vector map.
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Horever, the fact that the former distribution vas calculsted
using unscaled deta as coecfficients possibly rcduces any
such additinnel accuracy. With this in mind it was decided
to accept the mean valuc of the y- and z-coordinates
calculated by both methods.

The coordinates so arrived =t vere -~
0.071L y/]ijP 0. 00LL z/cBr
0.2880 y/b3 0.2875 z/cs

fl
i
1l

x/2pn 0.2551

- 0.5330

]
i

x/aS

i

3.(5). Solution of the Structure.

Since ths bromina and sulphur atoms are known to be
para-relatcd across the benzene ring it was possible, using
standard values for valency bond lengths and trigonometric
distance formulse, to calculate the coordinates of the two
carbon atoms directly bondcd to thc heavy atoms. The
coordinates of these four atoms were thus uscd in & first
phasing calculotion.

It was of intercst to cstoblish approximately what
fraction of the structure factors would be expected to be
corrcetly sign-dotermined by using this group of atoms in
the phasing calculstion. S8im (1957) has deduced a
rclationship betwesn this fraction and the valuc of r, whers
r is the ratio of the root-m an-squorc contributions of the

locoted to the unlocatcd atoms for space groups Pl and
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P1. The fraction has been tabulated for a rangs of values
cft r.

In this instyance the value of r is 1.55 which indicates
that of the order of 85% of the structure factors will have
been allotted the correct sign.

These coordinates and an assumed uniform isotropic
temperature factor of o/ = 3.0 were employed in the first
structure factor calculation. The value of the discrepancy,
R, summed over all the observed terms was L1, L%. At this
stage all the iFoi values were put on a very approximately
absolute scale, by correlating them with the corresponding
[ Foldata. However, since the coordinates of only four
atoms had been included in the calculation, no attempt was
made at this stage to average out the |Fyl| values of
reflections common to more than one zone. The data collected
by rotation about the c-axis appeared to be the best and
initially the structure factors for Fourier calculations
were chosen from these zones when common reflections existed.

Of the 1633 independent structure amplitudes, 1521
(93%) were deemed to have been safely sign-determined in the
structure factor calculation. These were employed as

Fourier coefficients in a first electron density distribution

evaluated at grid-points fromx = 0 to x =1, vy =0 toy =1
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and z = 0 to z = %, the summation being calculated in
seotions parallel to (001), |

From the resulting map all the atoms in the structure
(excepting hydrogen atoms) were clearly resolved. There
were few spurious peaks in the distribution and it was
thought that all of these could be discounted since the
molecular structure was already known. It was immediately
obvious that the molecule did, in fact, adopt the hopefully
anticipated chair -~ chair conformation as in Fig. 11(a).
However, at first sight, it appeared that the two six-
membered chair rings of the bicyclononancl were rather
distorted, because the plane containing atoms C(2) C(3)
0(L4) was not parallel to that defined by C(6) ¢(7) ¢(8), as
1t should be in an ideal model. Moreover, this distortion
was apparently due rather to a pushing-out of atoms c(3)
and C(7) leading to a flattening of the two rings, than to
a lateral displacement of the two three~atom planes delined
above. The conclusion as to the distortion could only be
taken as tentative, however, at this early stage of the
analysis. The coordinates of all twenty three atoms were
calculated by the method due to Booth (1948).

The atomic coordinates and a uniform value ofc¢A = 3.0
were then utilised in the evaluation of a second set of

structure factors. Th. discrepancy calculated from all
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observed terms was 27.2% i.e. an overall decrease in R of
14.2% or 6.75% per atom. 1577 of these reflections were
regarded as safely sign-determined and were used in the
computation of a new Fourier series.

The atoms in this map were all clearly resolved and the
fact that the chair-rings were distorted was confirmed,
Most of the spurious electron density had disappeared but
one large peak appeared within the bonded distance to C(9)
and on the opposite side of the C(1) C(9) C(5) plane from
o(1). This was the first indication that the structure
was disordered,

Since C(9) is the only asymmetric atom in the molecule
it follows that the (+)- and (~)- molecules are superimposable
except for the hydroxyl group at this atom. Two peaks
appeared on either side of the C(1) C(2) C(5) plane and
obviously both represented atoms bonded to C(9). It
follows from these facts that the (x y z) and (X § %)
equivalent positions are not each uniquely occupied by one
enantiomorphic form of the molecule. It was decided to
investigate this disorder further, and in particular to
ascertain whether it was eompletely random or whether one
equivalent position was preferentially occupied by one

enantiomer,




Some structure factor calculations were then performsa
and from these it appeared that boih eguivalent positioms
were assoclated with approximstely 50% of esch epimer i.e.
tentatively, it could be stated that the disorder occurred
ranrdomly. To account for this effect it was decided to
include the coordinates of both these atoms — 0(1)
and O0(1') - in subsegquent structure factor calculations
assigning them to a new chemical type of scattering factor

egqual to half of that of oxygen.

3.{6). Refinement of the atomic parameters.

Using the ﬁFC' values and accepted signs from the seccni
set of structure factors, a Fourier series was cocmputed.
Using this distribution in conjunction with the Fg map
previously discussed new coordinates were svaluated for all
the atoms using the back-shift correction method (Booth 1345
and zltervatiors were made in the temperature factor values.
The overall discrepancy fell by 2.4% %o 24.8%.

After three further cycles of this method of refinemens
employing 1586, 1610 and 1625 structure factors as Fourier
coefficients, respectively, the R-factor had fallen to
20.1%.

A comparison of the relative peak heights of atoms

0(1) and 0(1') on the various F, maps, led to an attempt %o




- 63 -

refine the site occupancy of these two atoﬁs by adjustment
of their scattering factors with respect to one another
during the course of the back-shift correction refinement.
Atom 0(1) was included in the various cyeles with a
scattering factor equal to 0.6 times, 0.55 times andthen
again 0.5 times that of oxygen with suitably adjusted values
for O(1'). TFrom this it appeared that the best agreement
could be obtained when the last of these three values for
ihe scattering factors was employed, which sorresponds to
the case when the sites are randomly occupied. A final
dééision as to this fact was postponed till the completion
of refinement.

Before continuing refinement by the method of least
squares it was necessary to place all the IFO'.values on the
same scale and to average out the values for reflections
which were common to more than one zone. This was performed,
and intensities were re-estimated in cases where there was
a sizeable discrepancy between the |Fyl values.

The weighting system first employed was W (see
section 1.(3).(ii1)) and |F*| was 10.  After the first
structure factor calculation, R was 19.5% — the drop of
0.6% being accounted for by the averaging of the {Fol values
described above., After six cycles the discrepancy was

12.9% and the near-constancy ofE:wAZ showed that refinement
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by this method was effectively complete. A change was made
to weighting scheme, Wp, but after two cycles, the value
of R was still 12.9%. This was the limit of refinement.
The progress of the structure analysis and refinement is
indicated in Table 10.

Using the final set of least-squares structure factors
a three-dimensional difference map was computed in an attempt
to locate the poéitions of hydrogen atoms. Although a
fair number of positive peaks showed up in the distribution
it was found impossible to assign a set of these to hydrogen
sites,

The theoretical scattering factors for carbon, oxygen
‘and bromine were those used in the 5=-bromogriseofulvin
analysis. For sulphur those of James and Brindley (1931)

were employed.

3.(7). Results.

The final atomic coordinates for one molecule are
listed in Table 1. From these coordinates were evaluated
the valency bond lengths, and the intramolecular and
intermolecular non-bonded distances which are less than uﬁ.
These data are listed in Tables 12, 13 and 1L respectively.

The valency bond angles were also determined from the atomic

coordinates and are shown in Table 15,
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The standard deviations of the coordinates were
obtained from the least squares residuals in the usual
manner (see section 1.(5).). They are shown in Table 16.
From these results it can be established that the following

are the e.s.d's. of the indicated bond lengths:-

Bond e.5.d. ()

C -0 0.03
C -0 0.02
C - 0(z) 0. 03
0 -8 0.02
C - Br C0.02
S -0 0.01
S - Br < 0.01

The average e.s.d. of a valency angle is about 2°.

Table 17 shows the various bij parameters necessary
for the definition of the atomic anisotropic vibrations.

The values of [Fg| and X[ F,| are shown in Table 18
for all reflections whose structure amplitudes are equal
to or greater than the observational minimum value.

The final structure factors were employed as coefficients
in the evaluation of a last Fy map. The electron~-density
distribution over one molecule is shown in Fig. 15 by means
of superimposed contour sections drawn parallel to (001) and

on which the alternative C(9) - 0(1) and C(9) - 0(1') bonds
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Fig. 16 BROS.

Atomic arrangement vcorresponding to
Fig. 15, '
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Fig. 18 BROS.

Atomic arrangement as viewed down the
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are shown by broken lines, The corresponding atomic
arrangement of the molecule is shown in Fig. 16. The
atomlc arrangement in the molecule as viewed in projection
down the a- and b-axes is portrayed in Figs. 17 and 18
respectively. From these three last-mentioned diagrams it
ls immediately obvious that the molecule adopts the twin-
chair conformation,
; The packing of the molecules was viewéd in projection
down each of the three axes. Of these, those parallel to
(100) and (010) gave clear non-overlapping diagrams and are
depicted in Figs. 19 and 20 respectively, |

Various mean plane calculations were performed using
the final atomic coordinates. These will be discussed in
section 3.(8). The atomic deviations from these planes are

delineated in Table 19.

3.(8). Discussion.

The main criterion which had to be established in this
analysis was the conformation of the two six-~membered rings
in the bicyclo (3,3,1) nonane system. The three-dimensional
Fourier maps and molecular arrangements shown in Figs. 16 -
18 prove beyond all doubt that the rings are both present in
the chair conformation, Further evidence of this is given

by the mean plane deviations listed in Tables 1@a and 19b.
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It 1s seen from the tabulated results that, in both rings,
C(9) 1lies on the opposite side of the molecular planes from
the atoms C(7) and c(3).

It 1s of interest to note that, by using bond moment and
bond polarisability data, Eckert and Le Fevre (1964) have been
able to show that in solution, at least 50% of the molecules
of the analagous compound pseudo-pelletierine exist in the
twin-chair conformation. This compound has a carbonyl
group at C(3) and thus would be less stralned than BROS.

It was stated earlier that the chair conformations in
both rings of BROS deviated markedly from ideality. This
can now be proved gquantitatively by the following facts -

(1) If the chairs were ideal all of the valency bond
angles around the bicyclic system would be tetrahedral within
the limits of experimental error. The angles around atoms
c(1), ¢(5) and ¢(9) do, in fact, average out at 110°, Dbut the
mean internal angle at C¢(2), CG(3), C(L), c(6), c(7) and
c(8) is 114° - significantly greater than tetrahedral.

This indicates that there must be a flattening of the rings

at these latter atomic positions.

(ii) If a Dreiding model of the system is constructed,
o}
the distance apart of C(3) and C(7) is found to be 2,52A.
That the rings are considerably flattened is shown by the

fact that, in actuality, this distance is 3.06k.
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(iii) If the twin~chair system were ideal it would
follow that C(9) would be the same distance above the
C(1) c(6) c(8) c(5) plane as C(7) is below it. From
Table 18a these distances are found %o be 0.72K and O.MBX
respectively, proving that C(7) is situated nearer to the
mean plane than in the ideal model. An identical argument
applies to the fact that C(9), from Table 1@b, is seen to
lie 0.718 above the c(1) c(2) ¢c(4) c{5) plane whereas C(3)
is 0.518 velow it.

(iv) In the ideal bicyclo (3,3,1) nonane system plane

c(11) ¢(1) ¢(9) ¢(5) ¢(10) is parallel to planes C(2) C(3)
C(L4) and C(6) ©(7) C(8). The equations of these planes
were calculated and the interplanar angles derived. The
five-atom plane makes an angle of 163° with plane C(2) C(3)
c(4), and of 162° with plane c(6) C(7) C(8). This again
points to the fact that there is a flattening of the rings
at C(3) and Cc(7).

The rings are, of course, flattened to the same extent
at 0(3) and at (7). This is shown by the fact that C(3)
is displaced by 1.5uL& from the C(11) C(1) ¢(9) (5) c(10)
plane, whereas c(7) is situated the insignificantly different

distance of 1.502 on the other side of the plane. These

values are taken from Table 1§c. This fact is also proved

by the near-cquality of the angles mentioned in (iv) above.
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The possibility also exists that some displacement from
ideality might take place by a sideways movement of c(2)
C(3) c(l4) and C(6) c(7) C(8) in opposite directions and
parallel to the plane described in Table 1Qc. If this were
the case there would be a marked difference between the
c(2) - ¢(6) and the C(L) - C(8) non-bonded distances. Table
13 shows that both these distances are 3.652, so that this
type of deviation is not appreciably involved in the relief
of strain.

Recently the results of the x-ray analysis of
3-azobicyclo (3,3,1) nonane hydrobromide (Dobler, 1963) have
become available. The cation of this structure consists
of the basic skeleton of the bicyclo (3,3,1) nonane system
with a nitrogen atom substituted for C(3).

Dobler's measurements and conclusions agree with those
discussed above. The molecule adopts a twin-chailr
conformation and the chairs are distorted from ideality by a
flattening of the rings at C(7) and the nitrogen atom.

He found that the average valency angle at C(2), C(L),
c(6), c(7), C(8) and N is 113° and that the N - C(7)
separation is 3.12 leading to a hydrogen-hydrogen distance
of 1.83, There is no lateral displacement from ideality
of N and C(7) parallel to the CG(1) C(5) ¢(9) plane, and

thus no steric strain is relieved in this manner.
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Referring again to Table 18, 1t was calculated that the
engle in BROS between plane (a) and plane (b) was 113°, that
between plane (a) and plane (c), 124° and that between plane
(b) and plane (c), also 124°.

The equation of the mean plane of the benzene ring and
the sulphur and bromine atoms was calculated as with all
previous planes by the method of Schomaker et al. (1959).
The deviations from the planse are listed in Table 184, but
none of them can be taken as significant.

Earlier 1t was mentioned that a decision as to site
occupancy of atoms 0(1) and 0(1') would be made when
refinement was completed. The final F, map gave peak
heights of 5.53 and 3.5L electrons /23 for these two atoms,
respectively. The corresponding figures from an F,
synthesis were 5.28 and 3.46 electrons /33. These results
indicate that the disorder is very nearly random,

The average length of the Sp3-carbon-oxygen bond is 1.u82
which is 1n agreement with the value of 1.462 obtained for
5~bromogriseofulvin, described earlier in this thesis.

The mean carbon-carbon distance in the benzene ring,
1.382, and the Sp3~carbonesp5-carbon bond length, 1.5u2, are
both ir. accord with expected values.

The aromatic carbon-bromine bond length of 1.878 is in

feir agreement with the generally accepted value of about
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1.903. Internationcl Tables for Crystnllography Vol. IIT
(19628) quote this vcluc as 1.85%, but more reownt pepers on
full thre¢-dimensional refinement give volues consicerably
in ¢xcess of this. Kartha (1964) found o value of 1.922
for this bond length in the annlysis of morellin p-bromo-
benzenesulphonate =nd Germ=1l and 5im (196L4) have obtaincd o
distance of 1.913 in the sums vster ofpd~caryophyllcene
aleohol. In any avent, this bond length is o difficuit one
to cssess, sincc the position of C(15), being bonded to the
brominc atom, is inzccurats duc to diffrocction <ffects of the
lotter atom.

The aromatic curbonwsulphur bond length is 1.72§ and
appears to he considerobly shorter than 1.7652 found in
L4,h'~dichlorodiphenyl sulphone (8imc and Abrchams, 1960),
but closer to th> value of 1.7&2 in zinc p-toluene sulphonate
hexahydrate (Hargreoves, 1957), The values given by
Korthe (196L4) and Gemmell and Sim (1964) are 1.762 and
1.752 respectively.

The mean sulphur-oxygan doublé bond distines ls 1.&&3
ond the sulphur-oxygen single bond hus o length of 1-573-
This is in good ngresment with the pattern 1n potassium
sthyl sulphatec where these values are 1.468 =vd 1.60%
respcctively. (Truter, 1958).  The theoreticsl single bond
length is 1.69E “nd this contraction to about 1.6X can be
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explainad by porticl ¢ouble bond choracter of & formel single
bond betwern the ovygen ~nd sulphur atoms —hich have differont
elecetronegutivities, since the sulphur stom can Form B -
bonds using its 3d-orbit:ls.

Cruickshenk (1961) has shown that the T7 - bond order of
the sulphur - (ster oxygen bond in potassium ethyl sulphate
is % which shoulc give o bond length of cbout 1.592. In
addition, the other threc sulphur-oxygen bond distinces should
contract from the doubli~-bond value of 1.&92 to 1.u6ﬁ sincc
the other T ~bonding orbitcl of sulphur is shared with only
threc of thc four oxygi.ns, giving thesc bonds @n order of
} +4 = 0.58. He gives o uscful cmpirical rule that the
average sulphur-oxygen bond lingth in the sulphate ond
reloted groups is 1.&92, but that any sulphur-oxygin bonds
which involve & linknge of oxygen to anothar stom moy
longthen by amounts up to about 0.152 with & corrcsponding
contraction of the other sulphur-~oxygen bonés so as to
pregserve the avernge.

In the cosc of BRO3 the eaverage bond length is 1.&88
and individunl bonds wre expsnded to 1.57X anc contracted
to 1.&&3 in accordonce with the sbove theory.

It might be tempting to concluce that some sort of
guindnoid elcctronic structure was present in thap=bromo-

benzenesulphonyloxy- purt of the molceule since the following
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bonds have 1engths somewhat shorter than standerd vdlues -
8 - c(12), ¢(13) ~ c(14), c(16) - ¢(17) and C(15) ~ Br,
perheps suggigting resonance of the form -

o_ | _o ¥
s 0.
g "\\‘4 -

3

N
NP

, |
Br Br +
The electronegativity of the sulphur-oxygen doubls bond

is well known. The linecrity of the N;methyi~2:2~dimathyl~
sulphonylvinylidineamin@ and N—mcthyl-2—mﬁthylsulphoﬁyl~2—
phenylsulphonylvinylidineomine molc¢cules hes been snid to

be duc to the electron-attrocting power of this bond acting
28 in the formulae obove. (Vhuatley, 195L., Bullough

and Whentley, 1957).

In pursuing this point the safest bond distanca'to
exemine is thot between sulphur and brominc which has the
smallest ©.s.d. G(0.01X). The caleulated value for this
distance is 6.&&2 brsed on standard valency bond luengths.
The experimentel value - 6.513 - is significantiy shorter
than this. If such ~n c¢ffect does exist, it is unlikely
that it could cause a contraction of 2s much &s O.13ﬁ, and
it appeers that the magnitude of this must be due to errors

inherent in the data.
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Thorc is no sign of this phenomcnon in the results of
cithuer Kartha (1964) or Gemmcll ond 3im (1964) mentioncd
carlicr in this scction, although it awvpcars to be oroesent
to & much lusscr cxtont in the moleculs of L,L'-dichloro-
diphenyl sulphore. (Sime and Abrohams, 1960),

The intermolccular non-bond«d distunces listed in
Tabla 14 all corrcspond t0 normal van der Wazls' scpurations
with the cxception of thosc betwoen O(4) and 0(1'); =nd
between 0(3) ond O(1)1 which hrve values of 2.813 and
2.878 respectively, =nd which muet represont hydrogen-
bonding. This is confirmed by the fact thet the averago
of the angles 8 ~ 0(3) - 0(1)1, C(9)y = 0(1); - 0(3),

§ - 0(4) - 0(1")y and 6(9); - O(1'); - O(k) is 103° - rairly
close to the tetrshedrel sngle. Hargreaves (1957) found
hydrogen bond leongths in thoe rangc 2.7BR to 2.82& in zinc
p-toluene sulphon.tc hoxahydrate. This is in scnsible
agrcemeént with the sulphur-oxygzon double bond-hydroxyl
hyZrogcn bond lengths gquotced ehove.

The 0(3) - S ~ O(4) bond =ngle of 114° is sigrificantly
grecator than tetrahedral. This may 7¢ll be duc to van der
waals' repulsive forcss operating betwcan 0(3) snd O(L)
which have a separation of only 2.&28. This conforms to
o general pattarn in sulphonyl ond related groups, the mean
O~ 8 - 0 =cnglts in both zinc p~-tolucnc sulphon~tc hoexchydrate
(Hargreaves, 1957) ond potassium cthyl sulphate (Truter, 1958)

being 113°,



TABLE 10

BROS.

Coursc of structurc anslysis and rcfincment

Operation Atoms included R(%Z) Swh2
2D Patterson synthesis - - -
3D " " - - _
1st 3D Fourier Synthusis Br+3+2(C) Lt.L -
2nd 3D " " Br+S+17(C)+4(0) 27.2 =
3rd 3D " " Br+S+17(C)+3(0)+2(0)o.5 2h.8 -
Lth 3D " " Br+8+17(C)+3(0)+0g, 6+00, 1,  23.1 =
5th 3D " " Br+8+17(C)+3(0)+0g, 85+00, 115 20.9 =
6th 3D " " Br+S+17(C)+3(0)+2(0)9, 5 20,1 -
1st Lesst Squares Cycle (wq) Br+S+17(C)+3(0)+2(0)q.5 19.5 1225
2nd " " on " 18.4 1186
3rd " " " " 15.9 906
Lth "o " v | " 4.1 730
5th " " " " 13.4 662
6th v v " " ' 13.1 635
7th " " " " 12,9 620
8th Lecst Squarcs Cycle'(WQ) | " 13.0 W17

9th " 1] 1] L | 12.9 393



T.ABLE 11
BROS3,

Stomic Coordinatos

c(1) 0.5149 0. 4307 0.2186
c(2) 0.7011 0.3530 0.1666
c(3) 0,658L 0.2407 0.0483
c(hL) 0.5351 0.1692 0.0572
c(5) 0.3523 0.2486 0.1132
c(6) 0.1974L 0.3103 0.0150
c(7) 0.2590 0. 4079 -0. 0068
c(8) 0. 3631 0.498L 0.1238
c(9) 0.4206 0. 3481 0.2418
c(10) 0,2597 0.16U45 0.1394
c(11) 0.5763 0.5247 0.3525
c(12) 0.8198 0.7893 0.396L
c(13) 1.0083 0. 7481 0. 3809
c(1L) 1.0827 0. 8101 0.3L3L
c(15) 0.9715 0.9188 0. 3141
c(16) 0.7836 0. 9651 0.3352
c(17) /0.7077 0.9024 0.3764
0(1) 0.256L 0.4259 0.298L
o(1") 0.5677 0.2904 0.3390
0(2) 0.6549 0.6126 0.3308
0(3) 0.8779 0.6643 0.5518
o(L) 0.5613 0.795L 0.5111
5 0.7268 0.7162 0.4600

Br 1.0781 1.0024 0.2532



C(1) ..e
c(1) .
c(1) ...
c(1) ...
C(2) o.w
C(3) .o

c(4)

Intramelecular bonded distaonces (2)

TABLE

12

BROS,

c(2)

. C(8)

c(9)
c(11)
c(3)
c(y)

.ve C(5)
c(5) ...
c(5) s
c(5) ...
C(6) vu.
c(7) ...
c(9) ...

c(6)
c(9)
c(10)
c(7)
c(8)
0(1)

.57
.55
.51
.52
.52
L8
.58
- 5h
«53
5L
.51
.57
.47

C(9) ... 0(1")

c(11) ...
c(12) .
c(12) ..
c(12) .
c(13) ...
c(1l) ...
C(15) ouw
C(15) .es
C(16) «..
0(2) «.. 8
0(3) ... 8
o(lt) veo 8

0(2)

ve S

c(13)

. c(17)

c(tl)
C(15)
c(16)
Br

c(17)

L9

.72
.38
<43
«30

Lo
.87
.3l
.57
U3
L5
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TABLE 13
9R0S. '

0
L)

0

Intramole cular non-bondud distonees (L) (<L
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TABLE 14
BROS,
0 o
Intermoleculor distances (A)  (LU42)

O(4) wee O(1")g 2.81 0(3) ... 0(3)yr1 3.73

0(3) «.. O(1)1 2.87 O(L) ... 0(1)1 3,73
C(14) «oo O(l)17 3.40 C€(12) ... Bry 3.76
Cc(10) ... Bryrr 3.46 C(6) vou C(1B)yry 3.76
C(16) «v. O(W)7y  3.55 ©(9) «v. O(U)g 3,77
C(17) «.o O(U)y  3.56 C(15) «.. C(17)y  3.78
C(11) ... o(1)1 3.59 C(9) ... 0(3)1 3.78
C(10) +.. O(L)7 3.62 O(L) ve. Bry 3.79
C(10) ... 0(3)1 3,63 C¢(17) ... Bry - 3.80
C(16) ... C(1l)y 3.64 C(6) ... C(14)yry 3.82
c(2) ... 0(3)vI 3.66 0(3) ... Bry 3,83

C(11) ... 0(1"); 3.67 C(7) oev C(7)yrrr 3.84
C(13) .. 0(1) 17 3.67 C(7) «.. 0(2)yr1 3.8L
C(15) ... c(16)y  3.67 c(15) ... c(15)y  3.84
S vu. O(1")1 3.68 8 ... Bry 3.9L
S ... 0(1)g 3.70 C(8) ... C(8)y1T 3.99
c(13) ... o(1")yr 3.71 ©(7) ... C(13)y1r  3.99
0(3) vus O(1")1 3.72 C(13) o.. O(4)17 3499

The subscripts refer to the following positions:

I -1 =%, =1 =y, 1 =14 v X, =y, 1 -
II  x + 1, Y, z VI X, =1 -y, 1 =
IIT x =1, v -1, z VII -1 -x, =1 =¥,

IV -1 - x, ~y, 1 =2z VIII -2-%, =1 =,




c{1)c(2)c(3)
c(2)c(3)c(L)
c(3)c(u)e(5)
c(y)c(s)c(e)
c(4)c(5)c(9)
c(L)c(s)c(10)
c(10)c(5)c(6)
¢(10)c(5)c(9)
c(6)c(5)c(9)
c(5)c(6)c(7)
c(e)c(7)c(8)
c(7)c(8)c(4)
c(8)c(1)c(2)
c(8)c(1)c(9)
a(8)c(1)o(11)
c(2)c(1)c(9)
c(2)c(1)c(11)
c(9)c(1yc(11)
c(1)c(9)c(5)
c(1)c(9)o(1)
c(1)c(9)o(1")

TABLE 15
BROS.

Velency Angles

113°
116
115
112
109
109
109
110
109
115
114
112
113
110
109

109
110

106
111
107
108

c(5)c(9)o(1)
c(5)c(9)o(1")
o(1)c(g)o(1")
c(1)c(11)o(2)
c(11)o(2) s
0(2) s c(12)
0(2) s 6(3)
0(2) s o(L)
0(3) 8 c(12)
o(4) s c(12)
0(3) s 0(L)

s c(12)c(13)

s c(12)c(17)
c(17)c(12)c(13)
c(12)c(13)Cc(1h)
c(13)c(14)c(15)
c(1L)c(15)c(16)
c(14)c(15) Br
c(16)c(15) Br
cf5)c(16)c(17)
c(16)c(17)c(12)

1110
110
109

- 107

i
100
110
110
111
111
114
121
118
120
120
121
120
120
120
119
119



TLBLE 16
BROS.

Standord devictions of the finol stomic coordinates QZ)

Atom om(x) a{y) a(z)
c(1) 0.018 0.017 0.018
c(2) 0.019 0.019 0.020
c(3) 0.023 0.020 0.023
c(4) 0.021 0.017 0. 020
c(5) 0.017 0.016 0.019
c(6) | 0.018 0.018 © 0.020
c(7) 0. 021 0.017 0.021
c(8) 0.019 0.016 0.018
c(9) 0.018 0.015 0.017
c(10) 0.020 0.017 0.021
c(11) 0.022 0.017 0. 021
c(12) 0.017 0.015 0.016
c(13) | 0.020 0.017 0.023
c(1L) 0.022 0.019 0.022
c(15) 0.021 0.017 0.023
c(16) 0. 021 0.018 0.019
c(17) 0.021 0.018 0.018
o{1) - 0.022 0. 021 0.022
o(1") 0.029 0.024 0.026
0(2) 0.012 0.010 0.012
0(3) 0.015 0.012 0.013
o(L) 0.015 0.014 " 0.016
S 0.005 0.00L 0.005

Br 0.003% 0.002 0.003



TABLE 17
BROS.

inisotropic tomperaturc-foctor porameters (105"013)-

Atom b4 P22 b33 23 b3 b2
c(1) 3753 1178 114L -277 1340  -2268
c(2) 310L 1469 1648 516 1164  -1071
c(3) 5153 1289 2062 -307 2796 *1u27
c(l) 3475 1040 1800 1413 1072 533
c(5) 24,90 1156 1540 962 371 -1088
c(6) 2685 1574 1906 1316 59  -17u8
c(7) o961 1113 1764 9k6  L37  -167L
c(8) 3941 1103 gl 179 1009  -~1809
c(9) 3%62 858 923 356  -73 -1238
c(10) LO35 917 1893 223 860 1549
c(11) 6490 1039 1659 L01 L9t -3207
c(12) 3146 868 1060 745 1637 -530
c(13) 3317 1085 2854 1404 us6  -1459
c(1y) 4329 1038 2111 720 2002 157

c(15) 5108  9u2 2293 198 268  -3291
c(16) 5047 1580 1525 1996 1590  -987
c(17) L4727 4LO3 1121 1483 1028 -12L5
o(1) 2633 976 1066 221 1269 -98L
o(1') 5029 1250 1321 929 =346 -1224
o(2) 5522 4200 1434 373 905 =37L5
0(3) 5234 46LL 1438 1242 332 -2228
o(L) L6 1702 2451 L 2403 -1283
5 3780 1049 1031 162 865 =1910
Br 5388 1458  166€ 679 1485  -27L3



Table 18 BROS

Final observed and calculated values of
the structure factors.



G R R PO

v .o . S e i e e i
= = =g T Ty e - N " M - N - - ° N

RERCALRENE

~ -~ B -
PIFE 2 - - © oo - ~ - - - « - - - 2 2

~ roanme
- - -
- . - ~

*~ 3z aze

v d = " e TTITITE Ty T 2 = W
= s 2 - ~ " - “ ~ ° o s

~ A 2 2 e £} il 37 L RN . R
i 3 H H 2 = - ~ - - - ~ - ° -
a0 ° . . o o~ - - - - - - - - -

- - - « - - - sz -5 . N ° M T |
. s . . ° - a o e o oo s . B - o .



a)

TABLE 19
BROS.

“ '
Deviotions (A) of otoms from mesn pleones

Plene defined by C(1)C(8)c(6)c(5)

b)

a)

Atom Deviction Atom Deviction
c(1) 0.00 ¢(5) 0.00
c(8) 0.00 c(9) -0.72
c(6) 0.00 ¢(7) +0.45
Plenec defined by c(1)c(2)c()c(s)

Atom Deviation Atom Deviation
c(1) -0.01 c(5) +0, 01
c(2) +0. 01 c(9) +0. 714
c(h) -0, 01 c(3) ~0.51
Plane defined by C{11)c(1)c(9)c(5)C(10)
Atom Deviation Atom Deviation
c(11) 0.00 c(e) +1.32
c(1) 0.00 c(6) ~1.28
¢(9) -0.01 c(7) -1.50
c(5) 0.00 c(s) -1.29
c(10) +0. 01 o(1) ~1.21
c(h) +1.30 o(1") +1.21
c(3) +1.54

Planc defined by C(12)c(13)c(1h)c(15)Cc(16)C(17)8 Br
Atom Deviation Atom Deviation
c(12) ~0.06 c(16) +0.02
c(13) ~0, 01 c(17) 0.00
c(1u> +0. 03 8 +0.03
c(15) 0.00 Br -0.01



PART IV

THE - STRUCTURAL AND STEREQCHEMICAL

DETERMINATION OF SIMAROLIDE
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L4.{1). Introduction.

Simarolide is & bitter principle which has been

isolated from the bark of a trzc of the Simaruba amers fomily

which grow in Brazil (Polonsky, 1959). Many compounds
obtained from this family of trees havce found epplication s
drugs. They have besn used as cures for dyscntry, as
fobrifuges and as torics.

Prior to this x~-ray investigotion not much was known
about thc structurc of simarolide.  Polonsky (1959) had
found that thsre were no carbon~carbon doubl:s honds and
ncither methoxyl or ethoxyl groups ware present. She was
able to prove the presencc of the following functional groups -
(a) an acetoxyl group since alksline hydrolysis furnishcd
acetic =cid,
{(v) a hydroxyl group which was identified spectroscopically
and by formztion of the corresponding acetate,
(e) a¥ -lectone which was shown to be present by infra-red
meagurcments end by quantitative saponification with potassium
hydroxide,
(d) o mesked carbonyl group, which only displayed
characteristic propertics after prolonged alkaline hydrolysis.

She also concluded thot the gross molecular formula was

(C3H40)9'



- 76 -

The first derivative on vhich work was done was the
m-iodobenzoate, obtained by esterifying the hydroxyl group
of simarolidc.

As will be expleined later, it bocame necessary to
attack the structural problem using another hcavy = tom
derivative, and the L-iodo-3-nltrobenzoatc was supplicd
by Mme. Polonsky in this conncction.

80 as to be specific in identifying atoms in the course
of the analysis, the final structure and absolutc
stereochemistry (I) and the conventional numbering system of

simarolide m-iodobenzoate arcshown in Fig. 21,

a) X-ray analysis of simarolidc m-iodobenzonte,

L4.(2). Experimental.

The usual photographs were taken using copper - &#u
(>\= 1.5u18§) and molybdsnum - Kok()\= 0.71072) radiations.
The unit ce¢ll poramzters were ¢stablished from precession
photographs.

The intensity data wers collccted un@er the same
experimcntal conditions as obtained in the antlyses described
carlicr. 7ero layer and cqui-inclination upper-layor
Weissenboerg photographs were recorded by rotating the crystal
about its unigquc h~oxis. In this woy reciproccl lattice

nets hol, ~~~—, hhl werc registered.
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The intensity values wore reduc<d to ]Fof‘s os in the
cesce of S5-bromogris:ofulvin (scetion 2.(2).) and then placed
on tha same scels by comparison with the First | Fo] valucs.

In total, 1258, independent observable intensity
estimations were performed.

The crystal density was found by the usual flotution
tecchniquc using potassium iodide solutions cnd methylenc

chloridc¢ - chloroform mixtures.

u;(B). Crystal Data.

OBL'-.H39. 01 Oo I- M = 73“-.6
. + o)
monoclinic o = 13.81 Z 0,08A
b = 6.57 ¥ 0.023"
s}
¢ = 20.16 ¥ 0.07A

(5 = 9u%27!
3

Volume of the unit ccll = 1,82&&
1.34 g./cc.
D(Observed) 1.50 g./cc.
F(000) = 752

for z = 2, D(Celculeted)

1]

H

o

Lincar absorption cocfficiunt for x-rays ( A= 1.54184)
-1

/A = 88.7 cm. .

Systematically obscnt reflcctions: (oko) when k = 2n + 1
As in thc casc of 5-~bromogriscofulvin it was decided
to assign thc crystals to space group P24 rather thon to

P24/m since the moleculs is optically active.
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The discrepancy botween the values for the coleulated

and obsecrved densitizs will Dbe Giscusscd later,

ho(lh). Location of the Heavy Atom Position.

As ecxpleincd in section 2.(4)., the choicc of origin
along the screw cxis in space group P24 is arbitrary cnd it
is convenient to ploce it half way between the two iodine
atoms.

The Patterson function for space groun P24 is n2lso given
in scetion 2.(L4). ond,since therc is only onc hexvy ctom in
the asymmetric unit on this occasion,tharc is only onc peck
to be located from the vector map in order to cvaluste the
iodine coordinatics.

The hol\Pattorson proj:ction was computed and the
ex¥pected pcak showed up ot u = 2x7, W = 227, The maximum
1s marked T in the reproduction of the map in Fig. 22.

The iodinc coordinntes obtainsd were -

x/6 = 0.3067 y/b = 0.2500 z/c = 0.1423

h-(5). Solution of the structurc.

The valus of r (see section 1.(2).) is 1.22.  This
foctor indiccted that there would be o good chonce of &
fairly low avcrage phose angle error in the phasing

coleulction employing the iodinc paramcters alone.
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An isotropic tomperature fretor of o = 3.0 was assumcd
for this first calculation for which the overall R-factor was
Ll 1%. 1139 of those structurs factors were reckoned to
have phase angls«s sufficicntly correctly d-rtcrmined so as to
cnable them to be cmploycd ss Fourier cocfficicnts.

This mep was computed as & scrics of cquidistant scctions
through the unit ccll parcllel to (010).

It was only nccessary to evelucote the oleetron density
over ong quarter of thes unit ccll volume. This is duc to
the fact that therc are two equivalent vositions in the unit
cell and, in addition, due to the phese ambiguity in P24 (seo
seetion 2,(5).) therc is © false mirror plonc at y = + and
¥ = 2. As soon as atoms off this plane arc included in the
Phosing caleulstion, howcver, it is nccossary to compute the
Pourier seriecs over half of the unit cell volumc.

From the first Fouriczr map it appeared possible to
pick out the m-iodobinzoate part of the structurs. The
distribution was, of coursc, very complicated duc to the
interfusion of true moleculcs 2nd their 'ghost' mirror
imoges and it is impossiblc to distinguish thesc, Tho
important point is to cheoose a sclf-consistent sct of
atomic coordinstcs i.2. cither all 'true' atoms or ell
'ghost' atoms. It was casy to obtain such & set of atoms

from ths planar benzcne ring systom, but it wes felt
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dongerous to locmte anyatoms in the ginceral molocular
skceloton in cose they did not bilong to the sime sct as

the benzene ring “nd substituent otoms. It wes,
nevertheless, possible to place two further ntoms sincc they
lic on the planc et y = 1 and are not, thus, sccompanicd

by their mirvor imogos. Thuse atoms later turncd out to

be C(L) and C(5).

The second structurc factor caleulation included the
coordinttus andol{~-valuszs of 3.0 of the iodinc atoms -nd 410
other atoms which were &ll, in the mcantime, taken to be
carbon atoms. The overall R-foctor was 40.9%% - 2 drop of
3.2%.

This map was most disappointing since thz benzenc ring
edoptcd ¢n irregular shaps, showving that atoms hzd not becn
locat«d properly. It was decidzd to omit the benzenc ring
o2tom which deviated furthest from its idcal position 2nd also
C(L4) and the cerbon ctom of th: ecster grouping since both of
thesc latter otoms had peaks cextending ratheor for in the
y-direction. However, using the criterion of rclative
peak hcights of truec and 'ghost' atoms, it was possible to
settle the positions of five morc atoms which later turncd
out to be G(9), c(11), c(12), C(13) and 0(10) although, at
this stage, it was impossible to distinguish betwien

oxygen a2nd carbon chemical types.
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The coordinntes zndo/-valucs of 3.0 for the known
atoms were then uscd in o third structurc factor
caleulation for which the overall R-fector was LO.0% -

a discppointing drop of 0.9%.

From th¢ third clcetron density map it became obvious
that the benrene ring had previously bosn quite
erroncously choseén since its shope at th: proposcd site
was Worsc than cver, Two of these six atoms were then
fitted into a2 proposcd cyclie system and it was found
possible to caleculnte the coordinates of 21 atoms in all.
Thesc atoms latcr transpired to be C(1), ¢(2), ¢(3), c(L),
c(5), ¢(8), c(9), c(10), c(11), c(12), ¢(13), c(1u), c(19),
c(28), ¢(31), o(2), 0(5), iodinc, C(6) and C(7). The last
two were originally thought to be benzene ring atoms. In
eddition, onc position was chos¢n which later turned out
not to b2 an otomic site at all. No distinction could yet
be made betwen orygen and carbon. It was decided to usc
the seme uniformo(~valuc of 3.0 in the next phasing
- calculeation.

The discrenoncy for this ncxt rourd of structure
factors was 36.8% -~ a decrease of 3.2% Thce resultant
Fouricr map, hovever, wos most disconcerting in thet some
of the peaks originally considared to be those of 'ghost'

atoms were lorger then those of supposed true atoms,
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indicating that corrcct x-.ind z- but wrong y-coordinctcs
had bsen assigned to soms atoms.

The only safe procsdurc appearcd to be to insert the
ttoms cnd dircct substitucnts of only one ring in the next
structure factor computation ond critically examine the
conscquent electron density map for o self-consistent ring
systcm taking due account of molecular geomctry and
dimcnsions.  The stoms so cmployed werc C(8), C(9), C(11),
c(12), ¢(13), c(ik), ¢(31) and 0(5). Todins and O(2) both
lay on the plene of falsce symmetry and were also used in the
calculation. o was once morc 3.0. This discrepancy rose
as expected, the value bring U1.2%. h

Using the more reliasble of these structure foctors, an
c¢lectron~-density mop wos cveluatzd and drawn up. There
a8 8till no indication of the bengenc ring and the
" pseudo-symms tric effcct wvas very marked. Because of this
latter disadvantoge, i1t was decided to introducce o third
chemical typs into the phasing colculations. This was done
by using the coordinctces of both 2toms and mirrvor images
assigning to both scattering factors ¢qual to half of that
of carbon. This proccdurc has a dual benefit. FPirstly,
it does not bias th: Fouricr distribution in favour of one
atom rather than its mirror image and, secondly, it hclps

to clear up the spurious elcctron density on the map.
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The coordirstrs of the ten ctoms uscd in the provious
cycle were recelculated, Th.osc atoms w¢re c¢mploy @ with
full-scele carbon scattering factors as were G(1), o(L)
c(6), c(7), c(19), c(20), c(28) and 0(7) which &ll lay on
or very ncer the plonc 3t y = 4, The coordinates of the
following ctoms, (x y z), with thosc of their mirror imsges,
(%, %-y, 2), wcre used with half-scale carbon scattering
factors - C(5), ¢(10), C(15), C(16), c(22), c(32), o(L)
and 0(6).

"hen the structure factors wecre computed, the R-foctor,
summed over all tcrms, was 35.4% - o dcerease of 5.8%.  The
Fourier map which was then computod indicet.d five ediitional
atoms with their 'ghost' pezks.  They were G(2), C(3),
c(18), ¢(33) and 0(3). In addition, C(1) now appear<d very
distendcd in the y-dircction, and it was decided to placc it
off the mirror plane, and comprise it with its mirror imegc
in the next cmlculation. Examinction of the half-weight
peak heights showsd that of the cight atoms so employed in
the previous cycle, only C(5), C(16) and C(22) could not be
at least tentatively ploccd on one sice or the other of the
mirror planc. To b¢ safce, however, only C(32) cond 0(6)
were cmployed as full-weight ctoms in the next stogc of the

analysis,
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The discrepancy for the seventh structure Tactor
calculation fell by 1.9% to 33.5%.  Since th. bengene ring
had still to be located it was decided to examine F, and
(F, - F,) synthescs projected down the unigue axis in an
attempt to obtain a solution. It was found that the benwenc
ring could be fitted into the structurec on the opposite side
of the iodine atom from that used originally. Four other
new atoms - C(17), C(%0), 0(1) and 0(10) - were located
from the projection maps. C(18) was omitted at this stage
since it appeared to be possibly not genuine. The (F, - F.)
map was also used to indicate coordinatc shifts and the

ol~value for iodine wes increased to 3.8,

In the subsequent structure factor calculations 0(2),
0(5) and 0(6) were inscrtcd as oxygen atoms and it was, of
coursec, no longer necessary to employ half-weight atoms
since it was decided to attempt refincment of atomic positions
by two-dimensional difference maps. After five such cycles
the discrepancy had fallen from 37.1/5 to 31.u4%.

Previous valuné of y-coordinstes were then used with the
exception of thosc of the atoms of the benzene ring which
were cvaluated from the tilt of the ring. The only atom
which still required to be used along with its mirror image
was C(22). "hen this cycle of three-dimensional structurc
factors hed boen calculated, the R-factor was 28.9% -~ a

decrcase of L.6% from the seventh cycle.
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Two further rounds of three-dimensional F, and
(Fg = Fo) synthescs failed to reveal ary further atomic
positions. The structure, indecd, appeared to be of
a polymeric nature since bands of «luctron density appcared
- to be continuing indefinitely in the Fourier map. It was,
of cours<, knotn that the compound was definitely not a
macro-molecule. The difference maps were used to indicate
coordinate adjustments a2nd reduced the oversll discrepancy
to 26.9%.

One of the difficulties of solving this problem was
that the crystals were undoubtedly solvated. Polonsky (1959)
reported that simarolide recrystallised from various solvents
appeared to partially melt about 180°C. and then completely
melt at about 260°C. The first transition could be due to
loss of solvent moleécules. This is obviously the cause of
the discrepancy betwesn measured and calculated densities.
This disparity could account for =@ solvent molecule of
molecular weight up to 110. With this in view, & mass
spectrum was run, but it was discovercd that, by this tima,
all the solvent of crystallisation had evaporated, so no
definite conclusion could be obtained about the nature of the
solvent by this mcans. From the crystallographic point of
view the solvent was hord to dctect presumably due to the

fact that the site occupancy was not 100% and also the
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temperature factors associcted with the constituent atoms
vould be expected to be very high.

At this stage Mme. Polonsky provided crystals of
simorolide 4-iodo-3-nitrobenzoate, and so the m-iodobenzoate

work was temporarily shclved.

b). X-vray analysis of simarolide L-iodo-3-nitrobenzoate.

L.(6). Bxperimental.

The cxperimental conditions and mathods»were the same
as those described in section 4.(2)., except that the data
were collected by rotation about the e-axis and, in all,
the intensitiss of 1808 rcflcctions were catimated from the

reciprocal lattice nets hko, —~~—-, hk5.

Le(7). Crystal Data.

Cmﬁ;ao.,zl\u M= 779.6
Fa 0
b a = 20.73 § 0.06A
Orthorhombic o]
b = 26.72 X 0.07A

03
Volume of the unit cell = 3,627A

for z = L, D(Calculated) = 1.43 g./cc.
D(Observed) = 1.53 g./cc.
F(000) = 1,592

- 1.5418%)

Linear absorption cocfficient for x-rays (A

= 76.1 cm—1
/(j—- .
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Systematically absent reflections:
(hoo) when h = 2n 4+ 1
(oko) when k = 2n + 4
This indicates that the space group must be P21212.
The discrepancy between caleulzted and observed density
values is again noticeable, suggesting that these crystals
may also be solvat.d, as seems to be characteristic of

crystals of simarolide and its derivatives.

4.(8). Location of the Heavy Atom Position.

The expression for the Patterson function for a crystal

belonging to the¢ orthorhomtic system is -

@l o B

P(uvw) =§. ZZZ{F(hKl)[ 24 0‘82 T hugos2 mkveos2 Flw
and this Qgi‘éf%pﬁy be rcduced to two-dimensional sxpressions.

The heavy atom vectors expected in spacc group
P2,242 where z = L and there is one heavy atom per asymmetric

unit are tabulated below.

- 2x, 2y, O %y %‘ny -2z %‘2X9 %! ~22

-2z | %, +2y, -2z

[N

H

2x, 2y, O - z+2X,

]
%, %‘ZY, -2z %+2X9 EX)

42y, =2z =2X, 2y, O -

[N
A

1
2-2X, %3 -2z




B-nitrobenzoate.

Fig. 2% Simarolide Li-iodo-

~ hko Patterson projection. Contour scale arbitrary.
Origin and major peak criss-crossed.



Fig. 24 Simarolide li-iodo-3~-nitrobenzoate.

okl Patterson projection. Contour scale
arbitrary. Origin peak contours omitted.
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The two—dimcnsional Patterson functions, P(uv) and
P(vw) were computed and are shown in Figs. 23 and 24
respectively. Due to symmetry comsiderations it was only
necessary to evalucte the syntheses over one guarter of the
unit cell ar=za.

The okl Patterson map (Fig. 24) is expected to have
three predominant vectors - two in the special positions
(2y110) and (%, 2z7) and one in the general position
(% + 2¥71, 2zI). They were all clearly resolved and are
marked U, V and W prespectively on the map.

The principal peaks expected in the hko Patterson map
(Fig. 23) arc (%, 4 + 2y7) ond (% + 2%y, %) in special
vpositions and (2xy, 2yy) in a general position.  They Were
not so well resolved in this map, but are indicated by
A, B ana C. Only the x-coordinate for iodine was accepted
from this distrivution.

The iodine coordinates were calculated as

x/a = 0.2386 y/b = 0.1278 z/c = 0.2013

L.(9). 8olution of the Structure.

These iodinc coordinates and an isotropic temperature

factor ofx=Mk.0 were used in the first structure-factor

calculation for which the overall R-value was %8.8%.



- 89 -

Using 1704 of these terms a first threce~dimensional
Fouricr map was computed in sections parallel to (001).

All of the atoms with the cxeeption of ¢(22), c(23), ©(32),
0(5), 0(9), O(11) and 0(12) werc clearly resolved and their
coordinates calculated. The derivative provided had
originally been designoted the L-iodo-2-nitrobenzoste and
since a pcak appcared as if bonded to C(35) it was taken as
the nitrogen atom. It was decided to procesd to a second
phasing calculetion using angh~value of 3.0 for atoms other
than iodine, which was kopt at 4.O.

The discrepancy summed over all terms in this cycle was
26.2% - a drop of 12.6%.

1763 of the structure factors were cmployed as Fouricr
coefficients in the second clectron density calculation,
and from the rcsulting map, all etoms exceptO(11) and
0(12) were distinct. The nitrogen peak was very small and
another equally strong peak showsd up as if bonded to C(36).
This was the first indication that the derivative might be the
L-iodo-3~nitrobenzoate. It was thought wise to omit the
nitrogen atom from thc next structure factor calculation.
At this stage there was no suggestion of a possible slte
for the solvent molecule although there was a sizeable

region of empty space in the @lectron-density distribution.
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The next rouvnd of structure factors had an overall
diserepancy of 22.37% - a drop of 3.9% and 1753 of them were
ad judged suitable for inclusion in a third Fourier
calculation.  From this map it beceme clear that the
nitro-group was attached to C(36) and was so inscrted. A
pogsible solvent moleculs - zcetone - was detceted in the
unit cell znd this finding was confirmed by mescsurements on
the mass spectromctcr.

It was dcecided to compute structure factors for the hko
zone including cach of the solvent stoms singly and together
in order to dcduce if their positions were reliadvle. As
mentioned in section 4.(5). the difficulty in deteceting a
non~hydrogen-bonded molccule of solvent of crystallisation
is associated with the possibly incomplete site occupancy and
the high values obtaining for tempcroture parameters., None
of these calculctions led to particularly conclusive results.
Neverthzless, four tentative atomic positions were assigned.

A full three-dimensional structurc factor celculation
was performed and the overall R-factor was, disappointingly,
22.4% -~ an incresse of 0.1% from the previous cycle.

174) of these terms were employed in the computation of
a difference Fourier synthesis. The usual coordinete shifts
and temperaturc factor adjustments were made, but the value

of R for the new structure factors dropped to only 22.1% - a

decrecase of 0.3%.
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1770 of these structure factors were then used in the
evaluation of F, and F, maps and the customary baock-shift
corrections were applied. It was noticed that the solvent
molecule atomic peaks were very small and indistinot. It
wasg suspectcd that perhaps the solvent molecules were
disordered, and, with this in mind, it was decided to use
very highof-volues of 8.0 for thesc atoms in order to spread
the elecctron density over a larger volums. It was thought
that this would pcrhaps facilitate rofinement after which more
accurate sites for the solvent atoms might be found.

Howcver, when the structure factors were computed, it
ras discoverod thst the discrepancy remained at 22.1%.
Recalculation of the structurc factors omitting the solvent
molecule reduced the R-factor to 21.6%. These are the
structure factors listed in Table 30.

It was thon dceided to postpone refinement of this
structure till better and faster computing facillties were
availablc when least squarcs proccdure could be adopted.

In all the simarolide structure-factor calculations the
theorctical scattcring feactors used werc those of Berghius
et al. (1955) for carbon, nitrogen and oxygen and the

Thomas-Fermi (193%5) values for iodine.
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4. (10). Absolutc configuration.

Intensitics on the cqui-inclination uppcr-layasr
Weisscnberg photographs were c¢xemined for evidence of anomalous
dispcrsion, and about a dozen pairs of reflections were
picked out which should h;ve hed cqual intensity had thcre
baen no anomalous scattering.

The indexing and choice of coordinate axcs were
carefully scttled as explained in secction 1.(4).

The particular enantiomorph prescent was then
determined by comparing the values of IF(hkl)}z and
fF(ﬁii)!z calculated on the basis of the anomalous scattering
of thc iodine atom with the values of I(hkl) and I(hkl).

If the diffcrences between theiF{z valuge are in the
same scensc as the differences between the I valucs, then
the cnantiomorph uscd in the calculation is that actually
prescnt in the crystal. If they arc in the opposite sense,
however, the mirror image of the form used in the calculation
is thce true enantiomorph.

For iodinc the @ispersion corrections arei~

0

H

Af'==1.1 when sin®/),
= =1.3 when sin/ = 0.6

N f o= 7.2 when sinfh, =0

0.l

6.7 when sind/ = 0.6

(International Tables for Crystallography, Vol. III 1962a).

i

= 6.9 when sinb/\

i
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A typicul calculation is shown for the (612) and (613)

reflections (sink = 0.3256) - ;
rel. I(612) = 786 5> rol. I(812) = 348
Apotal = -22,48 B, = -23.85
Al dine = 25.44 Bl odine = =45.39
PATOM. o p@ , A 50, 4 %?ﬁng
o o
a). Real corrcction term.
fﬁffpg - *i;i P = -0.03%3

G
This affccts (612) and (612) in the same way adding

to the structure factor.

AP = -0.03(25.4h 3 1.15.39)
$o = ~0.76 X 1.1.36
A= ~22.48 - 0.76 = ~23.24
B = $23.85  1.36 = 3 22.49

b). Imaginary correction tcrm.

i
1 .é\j F(]? = 1 )}é—l Fg = i.(O-17)F§

s - ] Nale ks ' a
This term causes correction from Friedcl's Law

g LETR9 - 1.(0.17)(25.4k T 1.15.39)

fo L.32i = 7.72

i

f
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For (612) rcflsction -

A= =23.94 + 7.72
B = =22.49 + L.32

li]

ff

"15'52
18.17

For (612) rcflcction -
A= -23.34 - 7.72 =

td
1

of oppositc sense which means that the model chos-n is the

The differences between the [Flz end the I values are

-30.96
6.81

mirror imagc of the absolute configuration.

The other results are listed below and in cvery casc this

pattern was obscrved and the absolute stereochemistry was

thus proved to be as in Fig. 21. (I).

2 (+7(612)] )2

; (17(612)] )>

It

i

571

1678

hkl EEE
Refleotion -

rel. I, P2 | el 1, 712

511 80 1574 545 354
621 20 L63 99 232
831 90 620 10 785
10,3,1 70 765 <10 1109
2,21, 80 310 40 543
922 10kl 4339 928 5485
282 1965 2780 786 6094
623 30 59 70 3
2. 12,3 630 896 378 1588
711 414 521l 222 824
754 L1 87k 274 1087
315 80 110 129 7h
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c). Completion of structure analysis of simarolide.

m-1odobcnzoate.

Le(11). Solution of the Structurc (contd. ).

Having solved the gross molcecular structure with the
orthorhombic crystals it was decided to revert to a study of
the m~lodobenzoatc.

The rcmaining atoms were insczrtcd and also two atoms of
a possible solvent molceulc which appcarcd to be rather like
acctonc although, as mentioned carlier, no mass spectrum
ovidence of this was obtaincd. Density considerations
indicated that th- solvent would have to have o molecular
weight of about 110 which could be accountced for by two
acctone molcculcs,

A sct of structure factors wos then computcd and the
overall discrepancy dropped by 1% to 25.9%.

1206 of thesc tcerms werc used in the cvalustion of an
clectron density map, in which the two solvent molecule atoms
appecared as fairly low pvcks, indicating tho requirement of
a largcer tomperaturs factor. Two othcr atoms, which were
rather poorly rcsolved, werc picked out to glve onc acctone
molecule. The improved coordinstes of the other atoms
worae caleulatcd ond theol~value for iodinc increased to 4.8.

The disercpancy for the following phasing calculation

was 2L.77% - a dccrease of 1.2%.  Of thcse structure factors,
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1204 were utiliscd in the computation of F, and F, synthescs.
Thoere was still no indication of the position of & sccond
acctone molceulc. The usual ad justments wore made in
coordinates and temperature factors and the new paramcters
were uscd in a furthér structure faoctor calculation for which
the R-factor was 24.1% - a dcercasc of 0.6%. These arc shown
in Tablc 31.

Using 1218 of thcse terms an F, map was computed over
the rcgion where the solvent molecules were presumed to be.
Howecver, not only was thore no sign of a second moleculce,
but it beceamc o matter of conjccture whether acectone was the
solvent included at all. As in thc cesc of the
orthorhombic form, a sct of structurc factors was cvaluatcd
omitting the four solvent molccule atoms and the disercpancy
rosc by 0.5% to 24.6%. This proves that at lcast somc of
thc atoms choscn for the solvent must be genuinc.

This is as far as this analysis has rcachcd, and, once
mor¢, least squarcs refinement with the faster computer is
enﬁisaged.

The coursc of thesc two analyses is shown in Tablzs 28

and 29,



..97_

L.(12). Results.
The latcst atomic coordinatecs and temperaturce factors,

ols for the L-iodo-3-nitrobenzoate and the m-iodobenzoate

of simorolide are listcd in Tables 20 and 26 raspectively.

The formcr set of coordinatcs actually corrcspond 40 the

mirror image of the true structurc. The coordinates of

four atoms of thc possible acctonc molecules arc shown in

cach casc,.

From these¢ coordinates werc calculated various molccular
paramcters. Tables 21, 22, and 23 give a list of comparative
and mean figures for bond lingths, bond anglss and somc of
the intramolecular non-bonded distances. 0 rcfers to the
orthorhombic crystals and M to the monoclinic oncs.

A measurc of the accuracy of thesc paramcters may be
found by comparing rcsults for corrcsponding bond lcngths and
angles in the two indcpondent crystal structures, The root-
mcan-square deviastion of a bond length is about 0.0962 and
of a bond anglc, 7.10. Since therc arc two independent
measurcments of each of the parametcrs, rcasonable valuss for
the cstimated stondard deviations of the averaged dimcnsions
listced in Tables 241-23 can be obtained by division of the
root-mean~squarc deviation by JE; This gives an c.s.d. of

0.073 for o mean bond laength and of 50 for a m-an bond anglc.
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The various intermolecular non-bondcd distences less
than MX arc shown in Tables 2B and 27 for the orthorhombic
and monoclinic crystal structurcs respectively,

Some mean planc calculations werce porformed using the
method of Schomoker et al. (1959). The deviations of the
atoms from thcse planes arc shown in Table 25 for simarolide
L-iodo-3~nitrobcnzoatc.

The latcst valucs of [ Fols |Fg| and o for both structures
arc listed in Tabl«s 30 and 31 respectively. These tables
includc only obsurved tcrms.

Using the latest structurce factors in both cases
threce-dimensional Pourizr maps were computcd.

For the L-iodo-3-nitrobcnzoatc the electron dunsity
distribution is portrayed in Fig. 25 by means of
supcrimposed contour scctions drawn parallel to (001).

The possiblc acetons moleculs is not shown. The corresponding
atomic arrangement of the molccule is shown in Fig. 26. The
pocking of thesc molecules as viewed in projection down the

c- and b-axes arc drawn in Figs. 27 and 28.

The clectron-density distribution of thc m-lodobenzoate
is shown in Fig. 29 by mcans of superimposed contour scctions
drawn parall=1l to (0109. The corrcsponding molecular

arrangemcnt and packing dioagram are portrayed in Figs. 30 and

31 recspectively. Again the solvent moleculc is not shown.
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Fig., 25 Simarolide L-iodo-3-nitrobenzoate.

Latest superimposed contour section electron

density map drawp_parallel to (001).  All contour
intervals at 1e/§3 except for iodine which is at Le/R3.



Fig., 26 Simarolide h-iodo=-3-nitrobenzoate.

Atomic arrangement correSponding to Fig.'25.



Fig. 27 Simarolide L-iodo-3-nitrobenzoate.

Packing diagram as viewed down the c-axis.



Fig. 30 8imarolide m-iodobenzoate.

Atomic arrangement corresponding to Fig. 29.



Fig. 31 Simarolide m—-iodobenzoate.

Packing diagram as viewed down the b-axis.
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Fig. 32 Simarolide L-iodo-3-nitrobenzoate.

Latest Fourier projection on (001) with
Superimposed mole%ular skeleton. All contour 2
intervals at 1¢/8°> except for iodine which is at 5¢/8°.
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As discussed in scetion 2.(8)., tho clectron density
distribution is much morec dependent on light atom positions
in non-centrosymmetrical structures than in centrosymmetric
cOsés. The projuction of the L-iodo-3-nitrobenzoate down
the c-axis is centric and the molccular framswork is shown
supcrimposcd on this map in Fig. 32. There is a reasonable
agreement between atomic sites and p-ak maxima. Tha
position of the postulated solvent molccule, the atomic
coordinates of which werc not uscd in the computation of this

map, is in the top left hand and bottom right hand corner.

L.(13). Discussion.
The overall structurc and absolute stercochomistry of

simarolide arec shown in Fig. 21. (II).

Another bitter principle from the Simaruba amara

is quassin (III) whose structurc and rclative
stecreochumistry hove recently becn worked out by chemical and
spectroscopic methods. (Valenta ot al., 1962). It is
intercsting confirmation of thc simarolide results, that the
same relative stercochemistry is prescent at all seven
common asymmetric ccntres.

Bredcnberg (1964) has suggested that a simple
biogenctic rclationship cxists botween compounds of thc
guassin typc and those of tho limonin (1V) typc (Arnott

¢t al., 1961).
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Simarolide, like limonin and gedunin (VI) (Suthzrland
ct al., 1962) is cvidently another tritcerpenoid compound
of the euphol (V) typc (Barton et al., 1954) in which the four
carbon atoms 2t the vnd of the side chain have been removed
and C(20) - ¢(23) havc formed a saturatcd ¥-loctone.
Scission of the C(16) - 0(10) bond in gedunin and the
rceyclisation of C(16) to O(L) would account for thc
% - lactone and the C(17) carbonyl group in simarolidc.

Since thec two simarolidce structurcs have not undcrgonc
thorough rcfincment oand stondard deviation valu=s arc high'x
it follows that not much significancc can b2 placced on
individual bond l-ngths and angles and conclusions can only
be drawn when it is possible to evaluatc a truly
representative average value for a parameter.

The following table summeriscs the bond longths which

are in sensible agresmcnt with those of 5~bromogriscofulvin -

Bond Simarolidce 5-Bromogriscofulvin

o} ol

spB—carbon-spB—carbon 1.54LA 1.54A
2 3 0 O
sp”-carbon~-sp”~carbon 1.51A 1.49A
0 0

Binzcno carbon-carbon 1.37A | 1.40A
o} 0

spzmcarbonroxygcn doublc 1.23A 1.23A

The carbomecgygcn single bonds are of two shardly
contrastcd types. Four of thesc cre adjacont to carbonyl

: o
groups and have an avcrage length of 1.38A. The mcan.valpe
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0

for thc other four bonds is 1..48A. This is a significant
difference and shows that in ester and lactonc groupings, as
in carboxylic acids, thore must be a considerable contribution

from the charged resonance structur: shown bclow -

Similar results have béen obtainzd in othcy analyscs.
In brohodihydroisophoto1i;santonic lactone acetate (Asher,
1963) the respective values are 1.352 and 1.M7X and in
O(—bromopiorotbxinin (Craven, 1962) thay are 1.373 and
1.474.

The average value of the aromatic carbon-iodinc bond
distance is 2.03% which is in agreemont with 2.10A for the
corrcsponding bond in picryl iodide (Huse and Powcll, 1940).

The mean value of the nitrogen-oxygen bond, in the
4~iodo~-3~nitrobenzoate, 1.262, is in accord with 1.212
for m-dinitrobenzene (Trottcr, 1961).

Therc is only one aromatic carvon-nitrogen bond in
the structure and thus not much rcliance can be placcd on

o
its length of 1.56A. It is ccrtainly not significantly
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greater than ths value of 1-&92 quoted for nitrobcnzenc
(Trotter, 1959).  Zhdanov and Golder (1955) suggestcd, on
the basis of current data, that a lengthening of the ocaybon-
nitrogen bond might be cxpuetud when 2 nitro-group was
twisted out of the planc of the bonzene ring. This cffcct
they attributed to a rcduction of conjugation. Subscquent
results have not confirmed this theory, the valucs for
l4-chloro-3-nitrobcnzoic acid (Ferguson, 1961y and
nitrobecnzene, for cxample, being almost identical.

The strone steric interaction botween axial 1, 3-methyl
groups is a well-known phznomenon. On the basis of standard
ideal valency bondAlungths and angles such &toms would bc
cxpected to be 2.52R apart.  The fact that the distance
c(19) - ¢(30) is 3.2&2 in thc orthorhombic and 3.3&3 '
in the monoclinic case shows that strong repulsive forces
must be pushing these atoms away from one another. The
respective values of the non-bonded distance C(17) - C(30)
are 3.133 and 3.1&3 - again éignificantly grcater than
2.521.

That the X —-lactone is non-plancr is s hown by the fact
that its mean internal valcncy angle is 106° =~ le¢ss than
the planar valuc, 108°.  This is in accord with thc
pattern discusscd in scetion 2.(9). The average valency

angle in thc benrene ring is the cxpcected value of 120°,
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Not much significancc can be attachcd to the sizc of the
0-N-O valency anglc of which there is only onc exemplc.

The valug, 11&0, is considerably lower than the usual
angle of 125° as found in m-dinitrobenzenc (Trotter, 1961).

The angles around C(16), C(23), C(31) and C(33) are
in accord with the pattcrn found in carboxylic acids.

Thc average 0-C~C angle is 1120, whereas the mean of thc
0-C = 0 and C-C = O anglcs is 1239, i.c. in lactonc and
ester groupings the angle not involving the carbonyl oxygin
is approximatcly tctrahcdral, the other two being
considcrably greater. The «ffoect i8 due to repulsion by
the lone pairs of electrons on the carbonyl oxygen atom.
Further cxamples of this phenomenon are afforded by
bromogeigerin acctate (Hamilton, McPhail and Sim, 1962)
where the respoctive average values arc 113° and 12u0

and by angles of 113% and 1239 in o-chlorobenroic acid
(Ferguson and Sim, 1961).

As cxpeetcd, C(20) is displaced significantly from thce
planc of thc othcr five atoms in the X =lactone.  The
deviation is 0.492 (Tablc 25).  This pattern has becn
observed in a considerable number of?(—lactone rings of
which that in himbacinc hydrobromidc (Fridrichsons and
Mathieson, 1962) is a typical example, the displaccment

being 0.613. In conformation with this pottery it is
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found that only C(8) and C(14) markedly deviate from the
plane of the other five atoms of ttw-g—dactone systcm.

c(1L) (O.SAX) is disploced further from the plane than C(8)
(0.278). This is prcsumably duc to the Pact that the latter
atom 1s more firmly held by the molccular framcwork, being
at the Jjunction of three six-mecmbercd rings.

Nonc of the atoms of the acctoxy -~ or the nitro-groups
arc displaccd significantly from their mean planes.

Thé atoms and direct substituents of thce benzene ring
can be taken as coplanar, but the oxygens of the ester and
nitro-groups deviate significantly from the planc of the
other atoms. The nitrogen-iodine distance, 3.&72, is
considerably less than the minimum van der Waals' scparation
of 3.658.  This shows that this part of the moleculc is
undcr considcrablce steric strain, The strain imposed by the
bulky nitro-group in thce atdtho-position to the iodinc atom
is partially relicved by & rotation of the nitro-group
with respcecet to the benzene ring about the exocyclic
C(36) - N bond. The angle of tllt of the nitro-group to
the benzene ring is 870. This value is very much grcater
than 49° and L46° quoted by Ferguson (1961) for thesc angles
in LY-bromo-nnd 4-chloro-3-nitrobcnzoic aclds. Presumably
the differcnce could be coused by the greater bulk of the

ortho-iodine atom or by the crystal forces present in thc
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simarolidc¢ derivative. The sizc of this angle in
L=iodo~3-nitrobcnzoic acid would be interesting.

The ester group is inelined to the bengenc ring plenc at
an anglc of about 11°, which is in agrecement with the valucs
of 90 and 70 for the above-mcntioned substituted benzoile
acids (Ferguson, 1961). This twist of the C(33) - C(34)
exocyclic bond, has beon attributed to a buttressing effect
due to tht bulky nitro-group and relay<d by the hydrogen
atom at C(35) which is displaéccd from its 1deal position in
the direction of 0(2). This hydrogen - 0(2) interaction
causcs the cster group to rotatc out of the planc of the
benrene ring. (Ferguson and 3im, 1962a).

As was obscrved with L-bromo-3-nitrobenzoic acid
(Ferguson, 1961), th:e oxygen otom of the nitro-group and
that of the cster which approach most closely - 0(2) and
0(11) - are both displaccd on the same side of thc benzene
ring mean planc. A differencs cxists, howevcr,‘in that the
carbonyl oxygen is the neorer atom to the nitro-group in
the simple scid and the more distant atom in the simarolide

derivative,




Atom
c(1)
c(2)
c(3)
C(4)
c(5)
c(6)
c(7)
c(8)
c(9)
c(10)
c(11)
c(12)
c(13)
c(1lL)
c(15)
c(16)
C(17)
c(18)
C(19)
¢c(20)
c(21)
c(22)
c(23)
c(28)

TABLE 20

Simarolide L-iodo-3-nitrobhsnzonte

Latcst Atomic Coordinates andX-valuss

x/2
-0.1984
-0.2333
~-0.3025
-0.3010
-0.2555
-0.2615
~0.2220
-0.1508
-0.1440
-0.1888
-0.0753

~0,0375
~0.0507
-0.1232
-0.1626
-0.2295
-0.0002
-0,024L2
-0.1555
0.0646
0.0703
0.1066
0.1039
-0.3%703

o 0O o O O o O 0o O 0o OO0 O o o O o o o

/b

.1007
. 0509
. 0645
. 0977
. 1450
.1825
.2300
.218L
1781
<1301
1710
2174
L2641
2697
.2781
.2796
.2670
<3125
.0969
.2480
0.
0.
0.
0.

1955
2712
21,05
1097

o 0O O O 0O 0O O O O O o0 O O OO O o O O O o o o o

2/c

L2422
.2757
. 3546
5465
. 5069
. 56391
6122
5735
L0119
.LlL68
.3819
L3198
<4458
. LoL6
.3098
3139
. 6106
. 3266
6128
6347
.6840
. 8033
.970l
L6076

A (0.607 ﬁa:),
2.85
3.09
3.15
2.95
2.74
2.97
2.66
2,93
2.95
2.96
2.75
3.42
3.17
2.94
2.98
2,80
3.07
3.49
3.24
3.12
3.96
3.86
L.16
3.06




&
ALom

c{30)
c(31)
c(32)
c(33)
c(3hL)
c(35)
c(36)
c(37)
c(38)
c(39)
o{1)
o(2)
o(3)
o{l)
0(5)
0(6)
o(7)
o(&)
0{9)
0{10)
o(11)
o(42)
K

I

Coordin:stes of the four possible
molecule -

£tom

c{Lo)
C(h1)
c(42)

nu’!»z\
i)

x/c
-0.1240
-0.0151

0.0033
~0.1866
-0.2093
~0.2713
-0.2780
-0.2261
-0.1614
~C.1557
-0.1935
-0.2430
-0. 1411
-0.2577
~0.0638

0.0173
~0.2681

0.C0735

0.1420
~C.0254
~0.3920
-0.373L
~0. 3500
~0.2403

z/z
-0, 0228
0.0%37
0.0598
0.0129

TABLE 20 (Contd.)

/%
0.2070
0.1035
0.0776

-0. 004k
-0.02L5
-0.0350
-0. 0608
~0. 0836
~C. 0755
-0.0L55
0.1202
0.026L
0.C0C34
0.2509
0.1356
0.1019
C. 3053
0.1942
0.21487
0.2889
-0.037¢
-0. 0980
-0.0673
-0.4275

;wf@
o.u122
0. hho2
C. 4735

0.55C2

2/
0.7886
0.2311
0.0226
0.0027

-0.1967

~0.2145

-0.1172

-0.53h6

—0. 14553

~0.3107
0.0731
0.0821
0.1081
0.Lk37
0.2087
0. 3679
0.1897
0.9108
1.1632
0.7885

-0.5668

-0.3690

~0. 15822

-0.7987

=L
3.03
3.91
3.56
3.91
3.01
2.98
3.18
3.3k
3.03
3.46
3.40
3.13
L.00
2.83
3.08
3.49
3.50
3.98
.13
3.62
5.20
.96
3.32
ly.24

stoms of solvent

59
&

0.0859
0.0250

0. 0Lbl
-0, 0886



c(1) oo
C(1) caa
C(1) ean
c(2) ...
C(2) oo
C(3) oo
c(l) «..
Clh) v.w
C(5) ou.

C(5) oue
c(6) ...

C(7) «us

C(7) oun
c(8) ...

C(8) ...

c(8) ...
c(9) ...

G(9) «.n

c(10) ..

c(11) .
c(11) ..
c(12) ..
c(13) ..
c(13) ..

c(13) ...
C(1l) ...

c(1s) .

TARLE 21

SIM/ROL IDE

0
Comparative Bond lengths (24)

0 X

c(2) 1.53 1.58
Cc(10) 1.54 1.56
o(1) 1.231.29
c(3) 1.57 1.58
0(2) 1.L44 1.38
c(y) 1.54 1.80
0(5) 1.60 1.50
c(28) 1.52 1.47
c(10) 1.51 1.55
c(6) 1.33 1.48
a(7) 1.52 1.59
c(8) 1.53 1.59
o(4) 144 1.63
c(9) 1.56 1.52
c(1l) 1.57 1.54
c(30) 1.56 1.57
c(10) 1.57 1.56
c(14) .44 1.48
¢(19) 1.58 1.53
c(12) 1.52 1.65
o(5) 1.49 1.49
c(13) 1.52 1.65
C(4L) 1.54 1.52
c(47) 1.65 1.58
c(18) 1.61 1.55
c(15) 1.47 1.53
.. C(16) 1.39 1.43

Mezn
1.56
1.55
1.22
1.58
1.1
1.67
1.55
1.50
1.53
1.1
1.56
1.56
1.54
1.54

1.56

c(16) .

c(16)

C(17) «..

c(17)

c¢(20) ...

c(20)

c(21) ...
c(ez) .
c(23) ...
c(23) ...
c(31) ...
c(31) ...
c(31) ..
c(33) ...
c(33) ..
C(33) ..

c(3L)
c(35)

C(36) «v.

C(37) «vs
c(38) ..

c(39)

C(36) e
C(37) v

C(36)
N LI 4
N oea

«s O(L4)
ceo 0(7)
0(10)
«ee C(20)
c(21)
... C(22)
0(8)
.. C(23)
0(8)
0(9)
0(5)
0(6)
. C(32)
o(2)
. 0(3)
. C(3L)
ce. C(35)

..s C(36)
c(37)
c(38)
. C(39)
ve. C(34)
I
I
ceo N
0(11)
0(12)

Qe
1.28

1.25
1.ll
1.45
1.57
1.4L8
1.42
144
1.29
1.34
1.21

1.59
1.48
1.02
1.52
1.35

1.33
1.46

1.33
1.28
1.45

2.11
1.56
1.30
1.22

M

Mean

1.41 1.35
1.34 1.26

1

o N N UL . G S 9

31
.56
45
-55

5

-

.50
.22
.21
.33
.25

1.38

1‘
1.

.18
.22
<43
42
.35
<3k

L3
36

1.
1.
1.

1
1

-

B = Ve 9

30
28

50

45
.56
1.47
1.

1.33
.25
<3h

.23
.49
<48

12
.48
.39
O34
<40
1.

1.
1-

L6

38
32
Iy
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TABLE 2l

Simorolide U-iodo-3-nitrobenzoate

Intcrmolccular Non-bonded distonces (El,ééug)

c(39) ... C(15);  3.93 C(21) ... o{L)y
c(32) ... 0(3)g 3.68 C(18) ... C(28)y
0(9) ... O(7)17 .69 0(20) ... O(7)y
C(16) ... 0(12)171 3.90 C(20) ... O(L)y
C(15) .e. O(12)177 3.39 C(23) ... C(16)y
c(18) ... 0(12)717 3.19 ©(23) ... O(7)y
c(1h) ... 0(12)g7p 3.61 C(23) ... oWy
0(7) ... C(36)17T 3.97 C(22) ... C(16)y
0(7) «us C(37)11z 371 C(22) ... O(7)v
0(7) «.. C(38)177 3.93 C(22) ... O(W)y
O(L) vus Igyy .99 0(8) +.. O(7)v
C(21) +vo C(38)1V .96 0(9) .v. C(6)y
0(6) «vn C(39)7y  3-79 0(9) ..o C(7)y
0(6) .. C(38)1y 3.3k 0(9) ... O(W)y
c(21) ... O(7)y 3,45 0(7) «ue Iyg

The subseripts refer to the following squiv

(Y] AN (Y] (8] (S} (SN N

W W W

positions -
I -X -y z IV -Xy -~y
II t4#x, -y, -2 V E+% E-T,
ITI -5 + %, 2 = ¥, —r VI =%+ X, F =T,

3.93
3.83
3.93
3.72
3.96
311
3.95
377
3.37
3. 31
3.35
3.45
3.78
3.73

3.11
alent



TABLE 25

Simzrolide U-iodo-3-nitrobonzonte

Dcviations (“) of ztoms from mean plones

a) =lactone - plone dcfined by C(21),0(22),0(23),0(8),0(9)

Atom Deviation Ltom Daviation
c(21) +0, Ol 0(8) -0.07
c(22) ~0. 0L 0(9) Nil
c(23) +0. 07 c(20) ~0.49

b) g-lnctom - planc defined by C(7),0(15),¢(16),0(L),0(7)

Atom Deviction Atom Deviation

c(7) +0.09 o(7) +0.06

c(15) ~0.02 c(8) ~0.27

c(16) ~0. 01 (k) +0.51

o(L) -0.13 |

o) Acetoxy group - plane defined by €(411),0(31),6(32),0(5),0(6
Atom Deviation Atom Deviction

c{11) +0,09 0(5) ~0.09

c(31) -0.09 0(6) +0. 09

c(32) +0.08

d) Benzene ring ond substituents -plane defined by
c(33),0(3L),c(35),0(36),0(37),C(38), c(39),N, 1.

stom Deviation Atom Deviation
C(33) ~0.11 N +0. 0L
C(34) +0.08 I -0.06
c(35) -0.03 o(2) +0,17
c(36) +0, 01 0(3) -0.23
c(37) -0, 02 o(11) +0.96
c(38) +0. 01 0{12) -1.09

c(39) +0.08



TABLE 25 (Contd, )

g) Carbon -nitro-group -~ plane defined by
C(36),N,0(11),0(12
Atom Deviction Ltom Degviation
G(36) -0.04 , 0{11) -0. 05
N +0.13 0(12) ~0. 0l

Interplanar angle between (d) and (e) = 87°.



TABLE 26

Simirolidc m-iocdobanzoate

Laotest atomic coordinctes and A-valucs

(Origin of coordinntes on two-fold Sovew axis)

Atom
c(1)
c(2)
c(3)
c(l)
c(5)
c(6)
c(7)
c(8)
c(9)
¢(10)
c(11)
c(12)
c{13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)
c(20)
c(21)
c(22)
c(23)
c(28)
¢(20)

X/ a

0.3%118
0.2737
0. 3565
0.4119
0.4199
0.L765
0.L498L
0. 4011
0.3413
0.3276
0.2497
0.2692
0.3502

0.4277
0.4995
0.5582
0.2968
0.3763
0.2473
0.1914
0.1169
0.1814
0.1480
0.L4992
0.35U49

¥/b
~0. 3348
-0, 4260
~0. 4911
~-0.7069
-0.6086
-0.7582
~0.7395
-0.65u4
~0. 4928
~0.5408
~0. 4615
-0.3722
-0.5103
~0.5936
-0.4170
-0.3716
-0, 694
~0.3990
-0.6998
-0, 6819
-0.7884
-0.8143
-1.0167
~0.7468
-0.8676

z/c
~0,1866
~0.1152
-0.0750
-0.1126
-0.1791
~0,2151
-0.2912
~0. 3291
«0.2971
~0.222Y4
-0, 3390
~0. 4133
-0, 41492

=0, 3990

-0, 3882
-0, 3282
-0, L4868
~0.5130
~0,2186
-0.5206
-0. 4871
-0,5843
~0.5600
-0.0:678
~0. 3459

A (0.6078).

2,78

2,98
4,03
3,00
2.70
2.91

2.67
2.86
2.73
2.90
2.75

3.24
3.12
2.90
2.83
2.78
2.88
3435

3.09
3.12
3.96
3.86
L.16
3.03
3,03



Atom

C(31)
c(32)
c(33)
c(34)
c(35)
c(36)
c(37)
c(38)
c(39)

o(1)
0(2)

0(3)
o{y)
o(5)
0(6)
o(7)
0(8)
0(9)
0(10)
I

X/ 2
0.1017
0.0532
0.176L
0.1663
0.2282
0.2205
0. 1629
0.0698
0.0853

0.3159
0.2587

0.1164
0.5563
0.1957
0.0528
0.6065
0.1042
0.1205
0.3448
0. 3089

TABLE 26 (Contd, )

2/b
-0.2611
-0, 1092
-0.1085

0.0529
0.089L
0.2404L
0. 4060
0.33878
0.1640

-0.1565
~-0.2522

-0.1747
~0.5252
-0.2825
~0. 3871
-0.2181

-0.9954
-1.167L

-0.8632
0.2512

2
-0.3343
~0.3029
-0.0900
-0.0428

0.0169
0.0611
0.0522
-0.0133
-0.0520
-0,2005
-0,0793
-0.1318
-0.2792
~-0.3153
-0. 3694
~0.3083
-0.510L
-0.5908
-0. 4942
0.4y

S

3481
3.49
ly. 00
3.07
2.9k
.65
.18
.98
.96
.12
.07

.94
2.83
3.01
3.52
3.56

3.98
b.13

3.57
L.79

(YRR G G e IR A S A S

Coordinotes of the four possible atoms of solvent

Atom
c(40)
c(u1)
c(L2)
c(43)

X/ Q
0.7892
0.8574
0. 8667
0.93L8

nmolcoule =

/b
0.2469
0.2212

0.2599
0.0L76

z/e
0.7524
0, 8008
0. 8250



I.BLE 27

Simorolide me~iodobenzoate

0 0
Intgrmolceulsnr non-bonded distences (&) (£LA)

C(38) «v. C(39)1 3.26 C(3) +us C(28)41 3.73
C(38) ... C(3U); 3.94 I ..o O(T)gp 3.L8
C(38) «vs 0(3)7 3.92 I ... O(L)1g 3.70
C(37) «.. C(39); 3.82
The subscripts refer to the following equlvalent
positions =~



TABLE 28

Simarclide m-iodobenzocte

Cours® of Stucture anclysis.

Operation 4stoms included R(%
2D hol Pat£erson synthcsis - -
lst 3D Fourier synthesis I b4
2nd 3D " " I+10(C) 40.9
3rd 3D " " I+12(C) L4LC.0
Lth 3D " " 1+20(C) 36.8
5th 3D " " I1+9(C) L1.2
6th 3D " " I+17(C)+16(C)% 254
7th 3D " " I+18(G)+24(C)y 33.5
8th 3D " " 1+34(C)+2(C)1+3(0)  28.9
Two rounds (Fo-F,) synthesis " 26.9
9th 3D Fouriler synthesis 1+36(C)+10(0) 25.9
10th 3p " " 1+38{C)+10(0) 2h.7
F, and F; synthesis " 241

11th 3D Pourier synthesis —  I+3L(C)+10(0) 24.6



TABLE 29

Simarolide L-iodo-3-nitrobenzoate

Course of structure analysis

Operation
Two 2D Patterson synthesss

lst 3D Fourier synthesis
2nd 3D " "

3rd 3D " "

4th 3D " "
(Fo-F,) synthesis

Fo and Fe synthesis

5th 3D Fourier synthesis

Atoms included R(%j
I 38.8
I+31(C)+N+8(0) . 26.2
I+34(C)+10(0) 22.53
I+37(0)+N+12(0)  22.4

" 22,4
" 22,1
I+34(C)+N+12(0)  21.6



Table 30 Simarolide L-iodo-3-nitrobenzoate

Latest observed and calculated values of
the structure factors.
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Table 31 Simarolide m—iodobenzoate

Latest observed and calculated values of
the structure factors.
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PART V
]

s

THE STRUCTURE OF A COMPOUND FORMED BY THE

REACTION OF DIPHENYLKETEN AND

ETHOXYACETYLENE ¢
X~RAY ANALYSIS OF THE CHROMIUM TRICARBONYL ADDUCT
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5.(1). Introduction.

Nicuwenhuis and Arens (1958) proposed thet the product
which they had obtained by the reaction of diphenylkoten and
ethoxyacetylene in nitromethane at voeduced temperature was
3-ethoxy-L,4~diphenyl-cyclobutenone (I) (Fig. 33). This
postulate was later withdrawn with no substitute cxplanation
given. |

The problem was taken up by Barton and his co-workers
(1962) who repeated the recction and then prepared o chromium
tricarbonyl complex of the product and handed these crystals
over for x-ray analysis,

The x-ray analysis has proved to be very slow and stubborn-
so much so that the chemical anslysis was finished and
published early in 1962, wherecs the structure obtained by
diffraction methods is still at an ecarly stage of refinement.

Barton (1962) was able to show by conventional chemical
and spectroscopic methods that the reaction involved the
rather curious rearrangements shown in II and III iniFig. 33.
III was the finel product Nisuwenhuis and Arens had obtaincd,
and thce chromium carbonyl compound which was supplied to us is

shown at IV,



5.(2). Experimental,

The usual i—ray photographs were takcn using copper -
Kak()\z 1.5&183) and molybdenum - Kuk(>‘= 0.71072) radiations.
The unit ccll parameters were measured from precession and
rotation photographs as previously. The data was collected
as beforc, no absorption corrections being mods. Due to
serious fiuorcscent scattering of copper radiation by chromium
atoms, all the data was colleccted using molybdenum - K“&
radiation and the prccession camecra, The intensities of
zones OKl, ===—e , Ukl and hko, ===—- , hk5 were estimated
visually. The individual series were collected by sets of
timed exposures. In all, 4,476 intensity estimations were
made of which 2,970 were from independent plancs ond 736 were
below the minimum observable value.

The intonsity values were reduced to structure amplitudes
using the charts due to Grenville-Wells and Abrahams (1952).

The values of |Fpl were put on an approximately absolute
scale by correlation with chl values at various stages in the
analysis.

Potongsium iodide solutions were used 1in the measurement

of crystal density.
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5.(3). Crystal Data,

an505Cr M

Triclinic o a

400, 1y |
11.71 % 0,04k
b=12,78 0.032
¢ = 13.47 * 0.064

il

& = 87°%!
Volume of unit cell ;‘3: 109,51
= 1,8201?.3 ¥ = 106%6"
For z = U, D{Calculated) = 1.46 g./cc.
D(Observed) = 1.44 g./cec.
F(000) = 824

Linear absorption coefficie¢nt for x-rays ( \= 0.71072)
/:L = 6.9 cm.~1.
Since the crystal is trielinic there are no systematically
absent rcflections, and as in the case of BROS (Scction 3.(3).),
the space group assigned was P?.
The fact that there are only two equivalent positions in
P; whereas there are four molecules per unit cell shows that
there must be two molecules in the asymmetric unit i.e. two
molecules which arc chemically identical but crystallo-
graphically distinct. This feature generally facilitates
analysis, as diffcerent structural features of the skeleton
may appesr on the Fouricr map in the two non-symmetrically

reloted molecules and this knowledge enables atoms to be counted
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which are barcly resolved. A good example of this
procedure is shown in the anelysis of epilimonol iodoacetate

(Arnott et al., 1961).

5.(4}. Location of the Heavy Atom Positions.

As there are two heavy stoms present in the asymmetric
unit and the spacc group is P?, the analyses of the two-
dimensional and threc-dimensional Batterson functions are
identical with the case of BROS discussed in scction 3.(L).
This being so, no further relevant comment need be made than
that it was possible to locate the heavy atom positions from
all three axial projections and that better coordinates were
then obtained from the three-dimensional Pattcrson map.
These coordinates wore -

Cr. I  x/a = 0.8039  y/b = 0.2227 z/c = 0.0884
Cr.II x/a = 0.7592 y/b = 0.7331  z/c = 0.4282

i}

It}

5.(5). Solution of the¢ Structure.

Application of the tcst devised by Sim (1957) and
discussed in scction 3.(5). showed thot approximetely 70%
of the structurc foctors would be correctly sign-determined
by the contributions of the chromium atoms alone. Normally
it would be prefcroble to have a highcr percentage than

this, but it was decided to procccd with the analysise
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The above coordinates and an assumed isotropic bemperature
factor of¢h = 3.0 were used in the first structure factor
calculation and the overall value of the discrepancy, R, was
55.0%.

In cnses wherc there were reflections common to two
gones, the structurc factors from the hko, =-=---, hk5
reciprocal lattice nuts were employcd as Fourier
coefficients, till such & time cs the mean §FO] values could
be confidently assigned.

Of the independent structure factor valucs, QUL were
decmed not to have been definitely sign-determined, and
were omitted from the first Fourier summation.

From the resulting map it was possible to pick out Lk
of the 54 atoms in the asymmetric unit. Tt must be recorded
thet the structure had, by this tims, been elucidated
chemically, but this knowledge though helpful was not used
if an atom failed to appear in an expocted site. The atoms
which were not located were C(18), C€(19), C(21) 0(3) and 6(5)
in molecule I and C(18), C(13), c(14), C(20) and O(L) in
molecule II. In future discussion atoms in molecule IT will
be referred to with a prime - thus, C(18)'.  The
coordinates of the L4 atoms were calculated by Booth's

method (1948).
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These coordinate data and a uniform isotropic tempcrature
factor of ¢A = 3.0 were included in the sccond structure factor
calculation when the discrepancy dropped by 11.2% to 43.8%.
This time 1t was only necessary to reject 594 torms before
proceeding to & sucond Fourisr calculation.

All the remaining =2toms with the cxception of ¢(18) and
C(18)' were clearly resolved in this map, and all the atomic
coordinates of the known atoms were evaluated as before, It
was found necessary to adjust the coordinates of C(19),
c(13)' and C(14)' in order to obtain more realistic bond
lengths. The chromium peaks in this map were the only ones
which approached their true height, and thus the uniform
isotropic tempouraturc factor,l&, was raised from 3.0 to 3.5
in all casg¢s except for the heavy atoms.

The discrepancy, summed over all terms, for the
following round of structure factors was 37.6% - a drop of
6.2%. 588 of these reflections hod values of {Fy| greater
than twice |F,! and were omitted from the next Fouricr
synthesis.,

The positions of C(18) and C(18)' were sc¢ttled from this
mep, and the structure confirmod Barton's results.

The new coordinates and same sh-values were employed in
another phasing calculation for which the overall R-factor

was 35.4% - o drop of 2.2%.
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5.(6). Refinement of the Structural Parameters.

It was determined to employ difference maps for the
initial stoges of refinement. Before proceeding, the values
of |F,l for reflections common %o two zones were, perhops
rather prematurcely, averaged out. It was also decidcd to
omit all the unobserved terms from subsequent calculations.

“hen this process was completed a further cyele of
structure factors was computed and R fell to 32.6%. 269 of
these terms hod to be excluded before the calculation of g
difference map.

A Tair number of positional shifts and temperaturs
factor adjustments were indicated by this mop. These were
applied and the discrepancy over the resultant new structure
factors was 30.0%. A furthor cycle of difference synthesis
again showed considerable =zlterations to the structural
paramcters. This time the R-factor of the subsequent
structure factors, disappointingly, only dropped by 0.5%
to 29.5%.

At this stage, further work on this project was
postponed., The difficulty of refincment and the high
discrepancy are hard to cxplain. The differcnce map showed
marked signs of anisotropy and perhaps the employment of an
isotropic structure factor DEUCE programme retarded

refinement. The possibility also gxists that the intensity



data are not sufficiently accurate and that there are

serious extinction effects cousing discrepencies especially

in the case of stronger reflections. The Grenville-Wells - !
Abrahems charts are particularly insensitive to changes in |
values of $in © at low voluss of sinGwherc most of the

mor¢ intense reflections are situated and this may be an
additional source of insccuracy.

It was decidcd not to recommence this project till new
intensity data could be collected from the automatic
diffractometer, which, at the time of writing, was still not
availabls for general use. |

The course of the structure analysis and refinement is

listed in Table 32.

5.(7). Results.

A list of the latest atomic coordinates ande¢h-values is
shown in Table 33. From the coordinate data were calculated
valenecy bond lengths, valency bond angles and intramolecular

non-bonded distances.
Tablc 3L gives a list of comparable bond lengths in the

non-symmetrically rclated molecules. The mean value for

each bond is also tabulated. Avreasonable idea of the

accuracy of these paramcters may be obtained by finding the

root-mecan-squere doviation of the pond lengths in the two
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molecules. This valuc is obout 0.06SK which, on division
by\fg; gives, for the averaged dimensions, a standard
deviation of 0.04 - 0.05%.

Intramolecular non-bonded distances involving the two
chromium atoms are given in Table 35,

The closest appronch of the two molecules in the
asymmetric unit is 3.203 ~ the distance between 0(5) and
0(3)'.

In Table 36 is shown & comparable list to Table 3L
involving bond angles instead of bond lengths. The root-
mean~-square deviation of the bond angles is 60, giving an
e.s.d. for an avercged angle of about 10,

Various mean plane calculations were performed in the
usual manner and deviations from these planes are given
in Teble 37,

The latest values of }Fol end I |Fel are listed in
Table 38. These ere only for reflections whose
intensities were equal to or greater than the minimum
observable valuc.

These structure factors were employed in the evaluation
of the final F, map which is portrayed in Fig. 3L as a
superimposcd electron density contour section map drawn |
parallel to (001). Fig. 35 shows the corresponding

molecular arrangement, .



Fig., 34 Chromium carbonyl compound.

Superimposed contour section electron density
map dr gn parallel to (001). The lowest contour
is 2e/§ and all contour intervals are at 1e/ 3
except for the chromium atoms which are at 2.58/2 .



Fig. 35 Chromium carbonyl compound.

Atomic arrangement corresponding to
Fig. 3.
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The best view of the molecular packing was the
projection down the c-axis and this is reprbdﬁced in

Pig. 36.

5.(8). Discussion.

Since the standard deviations of bond lengths and angles
are so large, this discussion, of necessity, is fairly
limited sincec not much stress can be put on small fluetuations
of atomic parameters.

The average values of the lengths of the Sp3-carbon-
oxygen bond, the spz—carbon—oxygen single bond, the sz_
carbon-oxygen double bond and the carbon-carbon benzene ring
bond are 1.42%, 1.0418, 1.218 and 1.362.  These do not differ
significantly from the respective valuecs of 1.&63, 1.372,
1.238 and 1.L408 given for 5-bromogriscofulvin (section 2.(9).).

Abel wt al. (1958) in their discussion of cycloheptatricne
metal tricarbdnyls, suggested that since the six olefinic
carbon atoms in the scven membered ring arc almost planar,
the six 1 -glectrons might be ablc to form a delocalised
system by by-passing the lone methylene group to form a
quasi-oromatic system.  This being the case it might be
expocted thet the bond lengths cround the ring would not

show 5 pronounced double-bond length - singlo-bond length
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alternstion, although it would be unlikely that all the bonds
would b¢ of identical length as is the case with benzene.

The average length of the formal single bonds in the
conjugnted part of the seven-membered ring is 1.&5% whareas
that for the double bonds is 1.&03. These results are
possibly not significantly different from the stendard
values of 1.M7K and 1.3&2 respoetively, and do not illustratc
the above thoeory convineingly. The phenomenon has besn
allegedly obscrved in the structure analysis of
tricarbonyleycloocta~1,3,5-tricnyl chromium where thessc
average distances are 1.41X and 1.&33 regpectively.
(Armstrong and Prout, 1962) showing that there may be a
greater dogree of delocalisation in this case. Dunitz and
Pauling (1960) found thot the average single and double bond
lengths in the conjugnted part of cycloheptetricne molybdenum
tricarbonyl were 1.&32 and 1.35% respectively. These figurcs
suggest even less delocalisation. In the present case, there
is doubtlessly altcrmation in bond lengths, but perhaps not
sufficient of it to suggest a complgto lack of delocalisation.

The avernge chromium-csorbon bonded distance is 1.852
which is sc¢nsibly in accord with 1.832 found by Armstrong and
Prout in the determination mentioned above, but is

0 a
considerebly lower than the value of 1,92A found Dy elsctron
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diffraction methods for chromium hexacarbonyl (Brockway,
Bwens and Lister, 1938),

The¢ mean chromium - 'carbonyl' oxygen non-bonded
distance, 3.053,15 in good agresment with the chromium
hexacarbonyl result of 3.082.

Armstrong and Prout (1962) in the above anclysis reported
an average valus of g,guﬁ for thc distance between the
chromium atom and the unsaturated carbon atoms in the ring.
The value obtained in this chromium carbonyl compound is
2.21&. The chromium - C(10) distance is 2.862, showing that
the methylene group is on the opposite side of the ring from
the mctal, Armstrong and Prout's mean value is expectedly
larger - 3.192. The metal is bonded to the cycloheptatrierne
ring by means of the overlap of its d-orbitals with the
partially delocalised T —clectron density.

The mean plane deviations cre shown in Teble 37. The
mean displaccment of C(10) and C(10)' from planes (1) and
(3), 0.802, i1s highly significant and confirms the
conformation found in cycloheptatriene molybdenum tricarbonyl
where the deviation was 0.678 (Dunitz and Pauling, 1960).
None of the bengcne ring atoms deviate significantly from
the mean plones.  Both of the benzenc rings lic at
effectively the same angle to the mean plane through six

atoms of the cycloheptotriene ring, and this despite the
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fact that there is presumably the possibllity of free
rotation about the C(10) - C(11) bond.

The mean Cr - C - O valency bond angle is 1710 which is
in good agreement with the value of 172° orf Armstrong and
Prout (1962). The corrcspondirng valuss for the ! erbonyl!'
C - Cr - 'carvonyl' C bond angles are 91° and ag°
respectively.

The average value of an internal valency bond angle in
the five-membercd ring is 108°. This is in accord with ths
pattern mentioncd in section 2.(9). The cyclopentenons
ring includes a double bond and is fused to a quzsi-aromatic
ring, so that the average bond angls should be about 108°;
planarity of the five-membered ring being 2lmost prescrved.
The mean bond angle in the seven-membered ring is 123° and
compares favourably with the value of 125° for cycloheptatrienc
molybdenum tricarbonyl (Dunitz and Pauling, 1960).

A noteworthy feature of the temperature factors listed
in Teble 21 is the very high valuecs of A for the carbonyl
oxygen atoms. This is presumably a reflection of the ease

of bending of the metal-carbonyl system.
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TABLE 32

Chromium carbonyl compound

Course of structure analysis and refinement.

Operation
2D Patterson syntheses
3D Patterson synthesis
1st 3D Fourier synthosis
gnd 3D " 1
3I‘d 3D " tt
)-luth 3D " "
Common rcflcctions
avercged and unobs: rved
terms omitted
1st 3D (F,-Fg) synthesis
2nd 3D 1 1

Atoms included

2Cr
2Cr+35(C)+7(0)
2Cr+40(C)+10(0)
20r+42(C)+10(0)

2Cr +42(C)+10(0)

2Cr+42(C)+10(0)
2Cr+42(C)+10(0)

- R(%)

55.0
43.8
37.6
35.4

32.6

30,0
29.5



TABLE 33

Chromium carbonyl compound

Atomic Coordinstes andek-values
O03506s

stom  x/a b/ z/e . Chtom x/a i/ zle ‘ii?ﬁe
C(1) 0.6088 0.3946 0.1463 L.02 C(1)' 0.5286 0.9096 0.3651 L.06

c(2) 0.6467 0.4570 0.0717 3.98 ©(2)' 0.6157 0.9804 0.4471 3.93
c{3) 0.6657 0.4121 0.0091 3.83 C(3)' 0.6857 0.9247 0.5193 3.73
c(L4) 0.6393 0.2954 0.0198 3.83 C(L)' 0.6501 0.8105 0.4994 L.11
c(5) 0.6388 0.2238 -0,0620 4.03 C(5)' 0.7062 0.7419 0.5629 3,90
c(6) 0.6427 0.1127 -0.0246 L4.26 C(6)!' 0.6735 0.6272 0.5333 4.29
c(7) 0.6595 0.0651 L0716 4.28 ¢(7)' 0.6135 0.5743 0.4289 L.3k

0

0

0

0

0 0
Cc(8) 0.6771 0.1125 0.1694 L.13 ©(8)' 0.5757 0.6293% 0.331L L.21
C(9) 0.6689 0.2174 0.1780 4.25 C(9') 0.5700 0.7342 0.33L3 L.6lL
Cc(10) 0.58662 0,2720 0.10L3 3.62 C(10)' 0.5307 0.7900 0.LO24 3.97
c(11) 0.443% 0.2141 0.0732 L.03 C(11)' 0.4032 0.7272 0.4115 3.91
C(12) 0.3964 0.1607 0.1495 3.80 C(12)' 0.2953 0.6803 0.3390 4.05
C(13) 0.2704 0.1225 0.1242 L.15 C(13)' 0.1865 0.5305 0.3474 4.58
Cc(14) 0.1892 0.1280 0.0286 L.41 C(14)' 0.1701 O.624k 0.4409 L.57
c(15) 0.2%28 0.1800 -0.0LB2 4.52 C(15)' 0.2753 0.6675 0.5197 L.12
C(16) 0.3657 0.2286 -0.0228 L.20 C(16)' 0.3911 0.7207 0.5141 L.21
C(17) 0.7332 0.5663 -0.0878 4,07 C(17)' 0.8023 1.0816 0.6282 L.16
C(18) 0.7554 0.5908 -0.1955 3.95 C(18)' 0.9119 1.1130 0.7357 L.O2
C(19) 0.927L 0.1590 0.1598 L.39 C(19)' 0.8209 0.6709 0.34L6 L.LL
C(20) 0.893%0 0.2602 -0.0120 L.52 C(20)' 0.9149 0.7577 0.5227 L.33
C(21) 0.8788 0.3495 0.1682 L.26 C(21)' 0.8145 0,860k 0.3680 L.L1
0(1) 0.5891 0.LOBO 0.2268 L.36 O(1)' 0.L45u1 0

0(2) 0.6935 0.4508 -0.0840 4.01 0(2)' 0.7840

0(3) 1.0189 0.1350 0.2098 4.82 0(3)' 0.8584
O(L) 0.9510 0.279k -0.0703 5.27 O(L)' 1.0263 0.7778 0.5727 L.90

)

0
0(5) 0.9408 0.4352 0.2112 5.1L 0(5)' 0.8339 0.9555 0.33%2 L.9L
Cr 0.8017 0.2221 0.0892 3.74 Cr' .7585 0.7310 0.L267 3.99

.9229 0,2821 L.38
.9703 0.6095 L.03
6271 0,2860 4,90

o O O o0 O O =~ =

o



TABLE 34

Chromium carbonyl compound

o
Intramol.culor bonded distances (4)

c(1) ... C(2)
c(1) ... c(10)
(1) ... 0(1)
c(2) ... ¢(3)
c(3) ... c(l)
C(3) ... 0(2)
C(k) .o C(5)
clL) «.. C(10)
c(5) +.. C(5)
C(6) ooa C(7)
c(7) ... C(8)
c(8) ... ¢(9)
¢(9) ... c(10)
c(10) ... c(11)
C(11) «oa C(12)
c(12) ... C(13)
C(13) «ov CU1L)
c(il) ... c(15)
C(15) ... Cc(16)
c(16) «.. C(11)
c(17) ... 0(2)
c(17) ... C(18)
Cc(19) ... Cr
c(19) ... 0(3)
C(20) ... Cr
C(20) ... o(L)
c¢(21) ... Cr
c(21) ... 0(5)

Molecule I

1.43
1.61
1.21
1.24
1.4k
1.43
.47
1.45

1.49
1.38
1.40
1.39
1.0l
1.54
1.39
1.34
1.33
1.37
1.43

1.34
1.42
1.56
1.8L
1.17
1.96
1.18
1.82
1.18

Molceule II Mcon
1.38 .41
1.59 1.60
1.20 1.21
1.36 1.30
1.41 1.43
1.38 1.1
1.34 141
1.52 1.49
1.45 1.47
1.45 1.42
145 1.43
1.36 1.38
1.U5 1.45
1.52 1.53
1.31 1.35
1.29 1.32
1,33 1.33
1.32 1.35
1.36 1.40
1,43 1.39
1.4 1 42
1.55 1.56
1.82 1.83
1.24 1.21
1.80 1.88
1.21 1.20
1.8L 1.83
1.27 1.25



Som

ILBLE 35

Chromium curbonyl compound

intramolecular non-bonded distonces G{hﬁ)

Cr
Cr
Cr
Cr
Cr
Cr

Cr ..

Cr
Cr

Cr .

Cr
Cr

c(3)
c(6)
clu)
c(5)
c(7)
c(10)
c(1)
c(8)
c(9)
o(3)
o(L)
0(5)

Mol:oulc I

3.22
2.1
2.25
2,28
2.18
2.84
3. 84
2.24
2.25
2.99
3.1
2.99

Molecule TII Mean
3.26 3.24
2.20 2.17
2.30 2.28
2.14 2,21
2.24 2.21
2.88 2.86
3.86 3.85
2.16 2.20
2.15 2.20
3.06 3.03
2.99 3.07
3.09 3.0L



TABLE 36

Chromium ccrbonyl compound

o(1)c(1)c(2)
o(1)c(1)c(10)

c(1o)c(1)o(2)

c(1)c(2)c(3)
c(2)c(3)e(y)
c(aje(3)o(2)
c(L)c(3)o(2)
c(3)c(u)c(10)
c(3)c(u)c(s)
c(10)c(L)c(s)
c(u)c(s)c(e)
a(5)c(6)c(7)
c(6)c(7)c(8)
c(7)c(8)c(9)
c(8)c(9)c(10)
c(9)c(10)c(11)
c(9)c(10)c(1)
c(9)c(ro)c(l)
c(11)c(10)c(1)
c(u)o(10)c(1)
c(uyc(ro)c(11)

Velency bond angles

Molecule I

Mean

Molecule IT
130" 133° 13,°
119 121 120
107 106 107
107 109 108
118 16 117
126 125 126
145 119 17
106 103 105
121 124 123
134 132 132
112 122 117
135 128 132
128 125 127
121 120 121
129 139 130
116 113 15
117 111 b
103 98 101
107 110 109
100 103 102
117 120 119




c(10)c(11)c(12)
c(1o)e(11)c(16)
c(16)c(11)c(12)
0{11)0(12)0(13)
c(12)c(13)c(1y)
c(13)c(1L)c(15)
c(1h)c(15)c(16)
c(15)c(16)c(11)
o(2)c(17)c(18)
Cr C(19)0(3)

Cr c(20)0(Y)

Gr C(21)0(5)
c(3)o(2)c(17)
c(19) Cr c(20)
C(19) cr c(21)
c(20 cr c(21)

TABLE 36 (Contd.)

Molceule I Molcculc IT Mcon
119° 1310 12509
119 118 119
121 141 116
118 130 124
124 121 123
120 113 117
119 128 124
119 117 118
106 106 106
170 167 169
177 167 172
165 177 171
115 119 117

93 85 83
oL 87 o1
96 88 92



TABLE 37

Chromium carbonyl compound

Some mean plenc deviations (ﬁ)

1) Plone defined by 0(4),C(5),C(6),0(7).C(8),C(9)

Atom Dgviction Atom - Deviation
c(hL) -0. 03 c(8) +0, 0L
c(5) +0,05 c(9) , ~0,01
c(6) -0.03 c(10) ~-0.75
c(7) -0.02

2) Planc defincd by C(10) + molecule I benzcns ring

Ltom Deviztion Atom Deviantion
c(10) -0, 05 c(1y) -0, 01
c(11) +0. 06 | ¢(15) +0. 01
c(12) +0.04 c(16) =0, 01
c(13) ~-0.04

3) Plenc defined by c(In'c(s)t,c(6)',c(7)t,c(8)t,c(9)!
Atom Devintion Ltom Deviction
c(y)! ~0.11 c(8)’ +0.08
c(5)’ +0.14 c(9)! Nil
c(6)’ -0, 0L c(10)! -0.85
c(7)" ~0.08

4) Plane defined by C(10)' + molecule II benzene ring

Ltom Deviction Atom Deviction
c(10)" -0.03 c(iL)! ~0.03
c(11)! +0.02 c(15)! +0, 01
c(12)’ +0.01 c(16)" +0, 01
c(13)! +0. 01

Plane (1) - Plane (2) angle = 74°

Plane (3) - Plane (L) angle = 78°



Table 38 Chromium carbonyl compound

Latest observed and calculated values of
the structure factors.
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