X-RAY STRUCTURAL STUDIES OF SOME BIOLOGICALLY

STGRIFICANT MOLECULES

A Thesis presented in part fulfilment of the

regulations for the award of the degree of
DOCTOR OF PHILOSOPHY

in the Faculty of Science, University of London.
by

FRANK HARMSWORTH ALLEN B.Sc. A.R.C.S.

Chemicstry Department
Imperial College

Tondon S.W.7. SR Juns 1968



Summary. -

‘The crystal structures of derivatives of four biologi-
,cally significant molecules have been determined using'thrée-
dimenSional X=-ray diffraction techniques, and the phaqen'
determining heavy-atom method.

The structure of (+)=-3=bromocamphor has been re~
determined in order to establish unambiguously the abhsolute
configﬁration of this key terpene. The assignment was made
using the X-ray fluorescence technidue, and ité importance
in the sterebchemical correlation cf the monoterpenes is
discussed. The molecular geometry of the molecule is
compared with data from other X-ray studieé. In connection
with this work a list has been prepared of organic molecules
WnOSG abqolute configurations have been determined by X-ray
m thods; and the techniques involved have been reviewed,

The monocyeclic sesquitefpene hurulene gives a tricyclic
bromohydrin, Cl5H25OBr, which is moncclinie, space«groudp ,1321/,15;o
The structure was elucidated using 1922 visually-estimated
‘intensities, and refined to give a final R of 0,100. The

proposed stereochemistry has been corrected to :



29

. Br _ _
The geometry andvconformation of the fused-ring system is

discussed in some detail.

" The biosynthetically importént'cyclodecatriene sesqui-'
terpene germacrétrienerhas'reéently been synthesized. The
structure of the 1:1 adduct with silver nitrate, Cy 5y, t AETIOS,
has been determined from visually-estimated intensity data,
and refinéd.to R = 0.097. The all-trans stereochemistry
bas been confirmed. Thé structure consists of chains of
’Ag+ ions and germacratriene units parallel to a, cross-linked
by chaihs of Ag+ and NOS— ions pa?allel'to b. The differences
in reactivity between the double bonds is explained in terms
of their torsional strain energies.

- The synthetic pharmeceutical 2,3,%,ha,9,9anhexahydro—
2~methyl-9-phenyl~1H-indeno [2,1-c] pyridine, a possible anti-
depressant, has been studied as the hydrobromide 019H22NBr.

A Siemens automatic single-crystal diffractometer was used
to collect the intensity data, which was absorption corrected.

The final R-factor was 0.035, The all-cgig stereochemistry :




4
was confirmed. The accuracy of the diffractometer'experi-:
ment, and the geometry of the fused-ring system, are

_discussed.

- A novel computer procedure, utilizing a 'bonding array';

for the\Calculation of the geometrical characteristics of a

" molecule, is described.



- &t

AcknoWiedgéments.‘

I should like to thank.ProfeSSOr D. Rogers for his‘
excellent sﬁper\}ision, and forA the interest he has ‘'showvm in
this work; his enthusiasm is soméwhat contagious. I shoﬁld
also like to thenk Dr. J. K. Sutherlahd for huch useful
chemical discﬁssion. The crystals were prepared by Dr. J.E.
Baldwin, Dr. M. D. Solomon, Mr. E. D. Brown and Dr. P.R. Lee-
ming, all.df whom are thanked for their interest and help.
Dr Leeming and his colleagues at Pfizer (U.X.) Ltd, Sandw1ch,
- Kent, are thanked for their generous hospitality.

I am indebted to other ‘members of the Chemical Crystallo-
graphy Laboratory,AImperial College, for their interest, and
for useful discussion_(not necessarily scientific); especiaily
Drs Dave Hunt, Mike Drew, and Mick’Hursthouse for initial
day;faéday guidance-during my first year, Feter Troughton
for his help with thé diffractometer experiment, Stephen
Neldle, who collaborated in the preparation of the second
absolute configuration iist, and to Tom Keve, who has aided
‘certain studies on the dynamics of a ping-pong ball. I am
also indebted to those inmates of the structure factory not
mentioned above, and to‘numerous other friends (especially.
Fred, Steve, Tony and Brian),rfor_méking the past six years

at Imperiai Collegé a stiﬁulating and:wholly worthwhiie



e

'experlence,,“

I should like to thank the staffs of both the Unlver51ty
of London Institute of Computer Scwence, and the Imperlal
College Computer Unit, for carrying out the exten51ve
calculations. - | '

The Science Researgh Council isAthanked for financial
support in the form of a Research Studentship, during the_
tenure - of which this work was pefformed.

I should like to express my sincere gratitude to my.
parents for their encouragement and help; to-my wife, who
has been wonderful throughout; and to our son Ashley, who
arrived in the middle of chapter 7, and has given considerable |

vocal support.



?

" Fortunately science, like that nature to which
it belongs, is neither limited by time nor by :
space. It belongs to the world, and is of no
country and of no age. The more we know, the
more we feel our ignorance; -and in philosophy..
.,.,....;.... there are élways,new worlds to

f

conquer/s

Sir Humphrey Davy 1825.
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to

. the memory of my late father.
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CHAPTER 1. e

Cryvstal Structure Analysis : ‘An Historical Introduction

‘Robert Bunsen is-reported‘to have said : "Ein Chemiker,
der kein Physiker ist, ist gar nichts"; in the present
context this could be aptly\‘tranSlated' ¢ "A Crystall-
ographer who is not a Physicist; Mathematician, Chemist,
Geologist, or even Artist, is worthless”. ‘It is the
purpose of éhis chapter to amplify ﬁhis plagiarism by
" indicating briefly,'and chronologically, the theories and
observations from various disciplines which have become
coalesced into the fheorétical background of the science

of crystal structure analysis.

l.l. Farly Studies of the Crystalliné State.

Crystalline compounds have attracted man's attention
since very early times, due to the beautiful facets and
light effects exhibited by certain néturally occurring

minerals, prized today as gemstones; The treatises of



- the Alexandrian Greeks of ca.‘250 A;D._confain the first -
reférences to practical fopics, among them cfysfalliz-
ation. The alchemists also_knew‘these.techniques, but
it was not until the Renaissance brought the learning of
..the'Old.WOrld' to the 'New! that further progress was'.
made. o
Speculation coﬁéerning the internal structure of
crystals aroseAfrom the introducfion of the microéc0pe
to scientific research by Malpighi (1628-9%) and
Leuwenhoek (1632-1723). In his 'Micrographia' (1667)
Hooke explained their outward regula;ity'as a conseguence
of the regular stacking of spheres (i?. During his work
on calcite aﬁd its effect on light, Huygens (1629-95)
concluded that these spheres could be distorted into
'spheroids!', and'cbuld be packed in a variety of ways (g>.
This was, no doubt,an analogy dravn from his explanation
~of the polarization of light. :
Towards the end of the 18%h" century the Abbe Rend
(3)

Haﬁy proposed that crystéls were composed of small
. cubic blocks, different stacking patterns accounting for
Observed mbrphological differences. Studies using the
 goniometer developed by Wollaston in 1809, put the 'Law
of Cbnstancy of Interfacial Angles', first proposed in
1669 by Steno (%2 on a firm foundation. Haly dedu¢ed

that, 1f a compound crystallized with constant interfacial



.« dc

-anglee, then the‘etructﬁre must.honeist of}steeks of equi; :
: dlstant parallel planeu, sec at differing ansles to each |

_-other. Further, each cube centre on hlo 1n1t1a1 hypothesis
\may ‘be regarded as a point on a lattice, which ve may define -
as an abstractlon of p01nts, each having an exactly ident-

ical a1v1ronment in parallel orientatlon in three dlmen—

- sions.

W. H. Miller popularized these ideas in his book of
.1839 (52 in which he also introduced the term ‘unitcell’
to define the smallest indivisible unit of structure. His
index notation for sets of iattice'planes is based on
three cell axes, a, b, ¢, not necessarily orthogonal, but
forming a right handed set, with interaxial angles «, /3,'5.
If the zero'th plane of any stack passes through the
origin, then the first plane makes intercepts a/h, b/k, c:/JQ
on the axes. The reciprocals of these intercepts, taken
as multiples of 1/a, 1/b, 1/¢, are h, k, %, the crystal
plane indices. Intercepts on the negative directions of
the axes are denoted h, k, L.
vThe study of external morphology ihdicated that most
crystals exhibited synmetry due to one or more of the
following basic operations : |
i) centre of symmetry (inversion centre, 1)
ii) axes of rotation (1—,29,3—,H«5 or 6-fold)
.iii) mlrror planes (m) |

 Two 1mportant propositions ar:se from uhlS :



1) all crystals belong to one of seven's§stems,
'each dlqplaylng certain ba31c symmetry (see Table 1. l).‘
« ii) tbere are 32 mathematlcally p0551b3e ways of
combining symmetry operatlons acting through a p01nt, these
point groups or classes are disgributed through the seven
systems, each‘hav1ng the ba51c symmetry of that system,
but some having higher symmetry. The claés of higheét
symmetry in any system is designated holosyﬁmefric. The
classes are listed in Table 1.1.

In 1848 Bravais (6) deduced the 14 possible lattice
tyées, distributed among"the seven éystems. The classific-
ation is based on the number of lattice points per cell,‘
one denoting a primitive cell (P), and two or more denoting '
single-face~, body- or‘all-face-centréd'cells, (c, I, F).
The rhombohedral type (R) is treated as trigonal (Table 1.1).

By 1860 it was obvious that the unitcell must be made
up of molecules arranged accordihg to symmetry operations
acting throughout thfee dimensional space. In this case |
operations involving translation components must be
considered :

1) screw: axes, n, : a rotation of 27/n, followed

X
by a translation, parallel to the axis, of x/n.

ii) glide planes, reflection through a plane,‘
.:folleed.by a translation parallel to it. |
i~ The comﬁlétglmatQEpatiéal analysis of the possible combin-

ations of symmetry elements aétingiingthree dimensions was
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----- Bravals ' Laue
System. Unitcell. Lattices. Crystal Classes. Symmetrj.
| (1) .TRICLINIC. 2 #b# e, P, 1, 1. T
X EPEYE G |
. a#b# e, o = : :
(2) MONOCLINIC. P, C. 2, m, 2/m, 2/m
2 | | a#b# e, - - x |
(3) ORTHORHOMBIC. P, Cy I, F. 222, .mm2, mmm, mmm
| X =@ =y =90 | |
- _ -
| a=b#ec, , a) 4%, %, Y/m> u/m |
(4) TETRAGONAL. | ° P, 1. ' o
| X=pB=7%=90° b) Ymm, 7-?2m, l+22 h/mmm'\' L/ mmm .
P L a=b#ec, a) 6, B, 6/m. 6/m.
- 1(5) HEXAGONAL. x 0w , Pe |
L - —,8 909 vﬁ 1209 | b) bmm, Emz 622, 6/mmm 6/mmm
'(6)'TRIGONAL; . As (5) As (5) a) 3, 3 * ‘iﬁumw%
(RHOMBOHEDRAL) ;(oa< Z /2 _=-. S %) R, ) 3m, 32, I , 5
‘ : =D = ¢ a) 23, m3.%* b m3
(7) CuUBIC. ; ° P, I F. : | ’ |
K= f= b/" 90~. b) 432, §3m, m3m&E J m3m

~ TABLE 1.1,

Subdivisions of the Seven Crystal Systems. (Holosymmetric Classes are.

‘marked )
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.éémpletéd,.and simultanapusly published;b& thfee workers,
4 Fedorbv (7>,7Barlow (8), and:Schoenflies (9, They all
deduced ﬁhe_nﬁﬁber of possiblé unique space~groups to -
be 230. / T

1.2.  Developments in FPhysics.

The‘experimental method that was to pfove_and utilize-.
the foregoing theories was introduced in Munich in_l912. This
dévelopment: = was facilifated by'the discovery of X=rays
by Roentgen,at Wurtzburg, in 1895, and by considerable
progress in the theory of wave motion, including diffréctiono
The latter phenomenon was first noted by Grimaldi (1613-63),
and can be éxpressed in simple mathematical terms for
monochromatic light of wavelength.(.A) incident upon é
grating, with rulings of width (a) separated by a distance
(b), as shown in Figure 1.1. Constructive interference ofr
therdiffracted wavelets can only occur when the path diff-

erence is a whole number (n) of wavelengths :

AN = (& +b) 108 wevrvaneereeeess 1.1
where ( @ ) is the n'th order diffraction angle. |
In 1912 Evald presented his Thesis at Munich on : 'The
Optical Properties of an Anisotropié Arrangement of Isotropic
Resonators'. Von Laue seized upon an'equation developed
there, which showed the result of the superposition.of all'

wavelets 1issuing from the resonators. He speculated on the



‘Figure 1.1 : Simple Diffraction Theory.

interaction of a very short wavelength radiation with a
crystal iattice,>which was thought to bé such an arrange-
ment. Sommerfeld (10) had estimatedVX-ray wavelengths to

be of the order of'lO'8

cme ( 18 ), and this radiation was
chosen. . | _

Working with Friedrich and Knipping, von Laue pfoduced
the first stationary-crystal X-ray diffraction photographs“
of CuS0,, ZnS, PbS, and NaCl. The results were published
'together with an analpsis 6f the diffraction theory
pertinent to a three-dimensionslly repeating unit.(ll’12>
Géﬁ téﬁ% assumed that the pattern obtained was due to the
diffraction of certain components of the polychromatic

incident radiation, and refuted the idea that the observed



_monochromatlclty of the diffracted beam vas due to a sele-~
N ctive action by the crystal. »
Late in 1912, W .L.Bragg deduced the flrst atomic
\“crystal structure from Laue photOgraphs of 21nc blende. The

(13)

paper also contained three 1mportant conclusions :
i) t@e *Laue spots! ceu1d be explained by a reflect-
ion of the'ineidentAray byvthe stacks of crystal planes;
ii) if the incident beam was polychromatic, there
was a selective ection_by the planes, reinforcing only
those wavelengths which fitted their repeat distance;

1ii) +the formulation of his Law concerning reflection

- from a stack of planes of spacing (d)
DA = 20 8100 sevevereecererreianaaes 1.2

similar to Eq. 1.1, where here ;
© is the glancing angle on the stack,
A is the wavelength 'selected’',
and n is the order of reflection.
Using the X-ray spectrometer, developed with his father,
Bragg deduced the alkali halide structures; many ether
determiﬁationsbfollowed'in the next decade..
It ie interesting to note that the early etructure
. determinations made minimal use of the elegant space-group
" theory mentioned above, Terada, worklng in Tokyo in 1913,

was one of the flrst to realize 1ts 1mportance' but it was



not until Niggli MY showed that ths space-group could be
detefmined from the systematic_extinctioh of certain classes
of diffracted spectra, that their determination became part

ef’the routine preliminary study of crystals.

1.3 The Diffractlon of X—Rays by a Crvsta].

-With reference to Fig. 1.1, we may note that 1f the
pPhase of the wave scattered by point ( 0 ) is ( ¢ ), and that
of the wave scattered by point (P ) is ( 8 +°% ), then
the phase of . the wave scattered by the n'th grating point

from (0 ) is (8 +n¥ ). Thus we may write the equation
| for the resultant wave from a one-dimensional grating Qf

( N ) similar scattering points as :

L | |
R = felf. z: Y ., 1.3
/

s

n=0

where ( £ ) is the scattering power of each point.

‘ Let us now consider a more general one-~dimensional
grating ( Figure 1.2 overleaf ). Zach trahslation period

( a ) contains ( J ) points of differing scattering power

( £ ) at distances ( Xj ) from the origin ( 0 ). Further,
if we consider ( N ) such repeats, each of the ( J )

points is related to a similar point at distances :
X5 + 2, 'Xj +28; eeee.. Xy 4+ ha, oo

~ from the brigin. We may represent fhe resu1tant vave
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Figure 1.2 : A General One-Dimensional Grating.

from ( N ) repeats, by an equation analbgous to 1.3 above :

. Nel
_ g, id, 14 in W
R=(fe™1 + fyer2 4 “",fje i) E:; e L
A oy _

The expression in parentheses represents the resultant for
one translation period ( a ). If we represent the h'th
order maximum by ( F(h) ), ahd since it can be shown that

the phase angle can be expressed :

g. = h

J 2}{ 2 & 7 % 006 55 90 o E e e 9 b O 1.5’

@]

we may write :

,- | F(h) £ e?xihx.

j J ooooco_lc.coo.'o‘lo6

Z
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where f %5 é ij/a. ;;;..,,.5.......3..; 1.7,
thé-fractional co-ordinate of the j'th scétﬁering'point.
This equation may be extendéd to treat a general
 three-dimensional lattice.of points, reféfred to én axial
- set as previously défined, when the ﬁave of'order»(hkﬁ)
may be represented | | | '
F(hkl) = i: £9 o7 (hxy +kyy +329) 48
This equation represents exa tly the conditipnsifor
the diffia&tion of X—radiation by a erystal lattice, due to
the intérferencé of waves scattered by the electrons of
the { J ) atoms in the structure.‘ F(hk®) is defined as the
Vstructure facfér' for the plane with Miller indices h, k,
2, The factor (%?) is the 'atomic scattering factor', and
represents the scattering powervof the j'th atom; due to
the finite size of the atomic electron cloud it is depen-
dent on ( @ ) the scattering angle, for any particular
wavelength; it is equal to ( Z ), the atomic number, at
sin@/)% = 0 , but falls off rapidly at higher values.
The terms gj, zji Z4y are the co-ordinates of the j'th
atom as fractions of the unitcell edges 2, b, c.
In the above discussion of the interaction of the

- .
electric vector ( E ) of the incident radiation with the

atomic electrons,a static electron cloud has been assumed.



This is only approximately true at the absolute mintmum _
temperature; at all otber temperatures a correction term

must be applied to the theoretical scattering factors (f ) s

fj = g e’( Bsine )’7\ ceseeees 1.9

The factor ( B ), due to Waller (15),'15 known as the
isotropic temperature factor,with units of 32. However
it is often more realistic to treat the atomic motion as
ellibsoidal,_rather than spherical, and the anisotropic

correction is of the form :

£, = £9 ’([@nh *{3221" +[933ﬁ2 + fohk Jr/JTBh1
+ fogkl ) ... 1.10,

In the discussion which follows these temperature corre-
ction terms must be borne in mind, but for simplicity of
representation ( f ) will be written for the corrected

scattering factor,.

1.k, The Reciprocal Lattice and The Sphere of Reflection,
It is pertinent to introduce at this point the concept

of the ( Gibbs-Ewaldl) réciprocal lattice (16)

y Which has
simplified the interpretation of all types of diffraction
techniques based on moving crystals in monochromatic X-ray
beams. If ve imagine normale'to the lattice plane stacks,
on whlch are marked lengths proportional to the inverse of

the rcooat distancc of the stacl then a second 1att1ce i°
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prodncéd in which é ﬁoint représénts'é'plaﬂe,iﬁ the real-
Space'lattice, This imaginary lattice is terﬁedrfhe‘ |
réciprocal of thé direct»sﬁace'1attice, and the constant
of propbrtionaiity is normaliy taken as.(_)L) , the wave-
le#gth~of the incident radiétion.' The ahalogy bétween
the reciprocal lattice and tﬁe diffraction pattern is
simple, any spot on the pattern represents a reflection
~ from a particular family of planes, which is associated
- with a specific reciprocai 1attice_poiht.

- If we now construct a sphere of unit radius ( i.e.
1 reciprocal lattice unit ), with the incident beam as
diameter,;and place the origin of the reciprocal lattice
at its point of emergence, then as the crystal rotates
the reciprocal lattice rotates about a tangential axis.
- Reflection from a particular direct lattice plane (hkZ)
oecurs when the réciprocal point (hk2Z) passes through the
'sphere of reflectioﬁ'n( Ewald sphere ),

The Bragg equation ( 1.2 ) sets the limiting value

on the intepplanar spacing ( @ ) that can be compassed
by a wavelength.(,k); this,is a consequence of the limit
on $in®@ Qf unity :

a — é—’”rslia’;l’é”“ noo;uooac.ﬁo.o..ooooo loll

whence, for a first order reflection :

-;:A A‘ 0.0..00.000’000..;';000.. 1012
a7 Teesener
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~ Thus, no infbrmation is,ébtained about the reéion of recip-
rocal spac» oub51de a sphere of radius 2 r.l. u.,and thlS‘.
is called the limiting sphere. o

We may rewrite Eq.- l.8_in vector notation :

G = 5:: fj exp ( oni rjoH) eseseses 113

| . F
where the vector ( ;3 ) defines the position of the-j'th
atom, andﬁe?f) defines a point in reciprocal space. ( G )
is thﬁs the Fourier transform of one unitcell. Thus the
Structuréffacﬁérsl(F) are the values of (:¢ ) at the.
reciprocal lattice points (hk?). We may thus construct
a 'weighted' reciprocal lattice, with each point having
an area proportional to the value of ( F(hk?).). This
lattice has the symmetry ( Laue symmefry ) of the
diffraction pattérn; this is the point groap symmetry
of the crystal plus a centre of symmetryﬁ, giving rise

to 11 Laue groups listed in Table 1l.1l.

=z ' : ' . .
“ This is a consequence of Frledel's Lav, which only holds

" under norm 1 scatterinv condltlons. For further dlscuss1on
 see Chapuer 3. : -



| CHAPTER 2. S

.

The Phase Problem and some Méthods of Solution.

2,1, Intensity Data and Their Correction.

. The only data available tb the crystallographer are

- the relative positions and intensities of the diffracted

spectra from the crystal lattice. The latter may be
recorded photographically (chapter 4), or measured

electronically (chapter 9 ). Fhotographic methods must

' necessarily be used for the former, from which the Laue

symmetry, crystal system, and unit cell dimensions may

‘be obtained. In 60 cases the systematically absent

spectra define the space-group uniquely, otherwise the
choice is reduced to a few§ a knowledge of the optical
rotatory properties of»thé crystals or their sclutions
can further restrict fhe choice (chapter 3).

A knowledge of the cell dimensions, density (D, ),

and approximate molecular weight (}), enables the number
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.of.molecules}per cell ( Z ) to be céléulated; since this
must be an'infeger, back-calculation reveals the accurate
value of ( M ). ‘Lérge diécrepahcies between the calcul~
ated and expected values can reveal an inaccurate analysis
or the pfesence of molecules of ecrystallization. Where
( 2 ) is lower than expected from a consideration of
spéCe—group symmetfy, the molecules themselvesvmust posess
symmetry, thesé re§ults are often of chemical signifi-
cance in themselves.(l7)

- Once the intensity record has been collected, the data
must be corrected for certain geometrical and physical
factors, before further progress can be made

1) = The Polarization Factor. The incident X-ray

beam ( received direct from the X=ray fube ) is non-
polarized, the electric vector (fif)ﬂagsuming all dix-
ections with time. On reflection the component of (E )
in the plane containing the incident and reflected beams
is reduced in amplitude, whereas the component perpendi-
cuiar to this plane is notj so the resultant is partially
polarized. If we designate the measured intensity by
( IP(hKk1) 5, e@d the tfue value by ( 1°(h%1) ), then :

I(hk1) = IP(mel) .« (& + $eos?e)™L = 1P(nx1).p~*
- e o e mte s 2.1

where ( © ) is the Bragg angle and ( p ) is the polarize-

ation factor.
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| ii)  The Lorentz Factor ( L ) is a méasuré'df the
rate at which the reciprocal lattice point ( hk® ) cuts
 the surface of the sphere of reflectidn. Iﬁ‘is dependeht
on both ( 6 ) and the radial,éylindrical co-ordinate (£,

and takes the form :

=l/{f/2)/’+ cos/a, 3’2} ””“”'“.“.22‘

for a Weissenberg photograph recorded at equi-inclination

angle'g/b)o The above expression is usually combined with
Eq. 2.1 for computational convenience, the observed inten-
sity being multiplied by ( Lp )L to obtain ( 7°%(nkl) ). |
 441)  The Multiplicity Factor. In some methods of
obtaining the intensity record it is impossible to separate
certain reflections, hik 3y, bk By, s hjijij’ and the
value observed is the summation of the individual values.

If the reflections are symmetry equivalent then :

ItOtal = moI(hki) ® 8 0600088060 a8 203
'however?for the recording methods used in the. work to be
described, the factor ( m ) is unity.

(18)

iv) The Renninger Effect. It is possible for
‘Xarays,'refleéted from a set of planes hyk;I, to be refle-
cted from a second set h,k 12, which are, by chance, ih
the correct orientation. It can be shown that the doubly
reflected ray adds to the intensity of the reflection

g i) ; Y . 3 . - v .
hy + hyy kg + il +1,, but obviausly po correction
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- can be'applied.A ThevRenningef conditions caﬁ; however,.
‘bevéalculated, and the effect avoided by a very siight |
displacement of the data collection geometry. If large
systematic errors can be attributed to this cause, the |
data so affected can be omitted from refinement; this
has not_pr0ved'necessary in the present work. |

v) Absorpfion. All crystals absorb X-rays to
‘some extent, defending on their size, shape} and the
| scattering matter present; The equation linking the
incident and transmitted intensities ( I° & IV ), is

analogous to the Beer-Lambert law, viz :
T -1t
Ié == Igoe}lb 'voolcoooo‘ovotocevc 20‘+

‘wvhere ( t ) is the thickness of the specimen in cm., and
( 5 ) is the linear absorption coefficient in em™*. This

is given by :

a5 G.fﬁ} - 9.
T g il e
for moﬁochromatic radiation. »(/P ) isAthe density in
g. cm.”3 D, ; the experimentally determined density
s usually used ), énd (M/p )j is the tabulatgd(lg)
maSé absorption coefficient»for the j'th atom, which
comprises mass fraction ( Gj ) of the total molecular
veight.

':C_orrection is only simple for spherical (20) and
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'cylindrical(2 ) spec;mens, . Tﬂe sitﬁation'is'moré complex
'for irregular shappn, but‘sclutidns using & three- '
dlmen51onal grid of samplang p01nts,to obtaln the path-
length of the ray inside the crystal, give good results.
A graphical methdd(22), based on the wrk of.Albrécht(23),
 is one of the quickest for‘hand computafion. A computer
_’pfdcedure is mehtioned in chapter 9. If the value of Q}“)
is low, and thé crystal dimensions are small, the
correctioﬁ cén be ignored in all but the most precise worke.
vi) | Extinctlbn. Most crystals behave as if they
consisted of a number of tiny blocks, whose oriehtation
varies over several minutes of arc, i.e. they are ideally
1mperfecn. Primary extinction resul‘s from multiple
reflection of rays from a given set of planes within one
'mosaic' block. The incident beam undergoes a phase
change of X/2 on reflection, so a doﬁbly-reflected beam
will be ¢ out of pnase with the main beam, and so reduces
its intensitye. The overall effect is that the inten51ty
isvnéw proportional to a power of ( F(hkI);) between
1l and 2. Secondary extinction fs caused by the upper
layers of the crystal reflecting an appreciable portion
of the primary beam, this reduces the lnten31ty incident
on the lower layers ( mosaic blocks ) of the crystal,

which are simvwltaneously oriented for reflection. Both

effects reduce the the observed intensities, and this is



)
iy

Abmost'éCute for Strohg,'lowfofdér>reflections .
Secondary extinetion can be allowed for by~defining

a new 1inear absorption coefflclcnt(zh) as @
.}1' = )J. + gQ oocci_'-l-o.oocoao.voo 2.6

where ( Q ) is the energy diverted into the reflected beam,
and ( g') is a constant for a particular <p901men. In
this work corrections have not been applied, data so
affected have 51mply been omitted from the final stages of

refinement.~

2.2 The Phase Problem.

" The electron density (/9 ) at a point with fractional
co;crdinates ( Xy ¥, 2 )' can be reﬁreeented by a Fourier
- series in which the complex coefficients o are the

.'structure factors. (25) ( P(hx?) ) given by Eq. 1. 83 thué‘

jp( z) = '-22523: F(hk1) expg 27i( hx + ky + Iz )}
\XY v h k1
......2 7
L O
This formula can be considerably simplified for machine
computation-‘ " by expressing the structure factor in the

complex form :

F(hkI) = A + 1B cceveeecsssrenesoes 2.8
A
where : A(hkl) = =’ i‘J cos ﬁ =|Fike) |cos F(hkI) .2.9
and : B(nkl) =3 fy sin ﬁ =|Flkd |sin B(hk1) .2.10

and by utilizing the space-~group symnnetry.



Thus, 1f the amplitudes and phases oft thé'strucfure
faétors are known,-a representation of'the eléctron.dist?
ribution within the cryétal caﬁ be obtéined,vwith sphéfi—
‘cally symmetrical peaks occurrlng at atomic centres. In -
practice the values of h, k, ¥, are 1imited by Eg. 1. 12, |
and the mapo\suffer from series«termlnatlon‘errors. '
‘However the obserVed intensities are prpportional'to the
square of the structure amplitude ( F(hx?®) ) ( for

ideally imperfect mosaic crystals ) i1.e.

I (hkﬁ) k. FkD) 2 = k [A(hki)g. 4 B(hki)Z] vee2.11

since ( F(hki) ) is normally complex. Thus the exper-
imental data glvq$ no direct information concerning the
phases ( g(hkl) ), this bare statement constitutes the

phase problem of crystal structure analysis.

2.3.vv Patterson'!s Function and the Heavy Atom Method.
' (26)

Patterson's function represents a convolution
of the electron density with itself, inverted at the
origin., The function ( P ) at a point ( w, #, v ) in
Patterson or vector space, referred to three axes ( U,V,l)

‘parallel to the crystallographic’akes, is

P(uvw) ‘jJCﬂTxyz) .fgx4u) (y+v) (z+u£~qudyaz‘

000 v » 00..90.2 1?

‘where ( V) is the cell volume. It may be represented as



a_Foﬁrier serieé with.,F(hkiﬂz' as coe;flcients I

P(uvw) = ; ZZ’F(h}::ﬁ)l 2 exp{ 27;1(_hu + kv + J__w)} .o 2413
~%\w§‘may rewrite thls equation $ | t o
P(uvw) = %ZZZ“F(M{Z@)I_? exp {—Z,T.i(hu + kv +f."‘3ii’f)}
v 4 2 - . - '

N +lF(hk1)l2 exp{42Hi(hu + kv + le].,vzzlh
and, assuming that Friedel's Law holds ( see chapter 3 ),

' we may now write :

P(uvw) = ;;: F(hkﬂ)! COSZ/»( hu + kv + IW) eee 2. 15

This equat ion ylelds a function which is everywhere real,
and éxhibits a centre of symmetry.
Eg. 2.12 indicates that the Patterson will exhibit

. peaks when bothif(xyzﬁ and {F@x+u),(y+v),(z+wi}‘are
| large, i.e. they represent atomic centres in an electrén-
density map. Thus a peak will occur for each interatomic
~vectory if there are ( J ) aﬁoms in the unit cell there
will be ( J2) peaks in the Patterson; of these ( J )
will coincide at the origin, the remaining ( J(J-1) )
occﬁrring in two centrosymmetrically related sets of

( $3E(T=1) )o Theoretically the origin peak should
represent 5—1 Z? lpctronu, wvhile a peak representing
a vector betieen the j'th and k'th atoms should contaln

j.Zk electrons. In practice frequent overlap of neaks

occurs, and the orlgln peak often obccurec those of tha 1

second type,
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The appiication 6f spacéaéroup'symmetry'ﬁo'thé
Patterson by.Harker (27) led to the first partialvdécqﬁé
~nanlutionjmethod. Let us take,for exampla,-a”monoclinic
éf&étal, space group P23 the genera1>equivalent positions

for the“j{ph atom are

D x5 Yy Zg
2) X33 Y33 “Zs3

- and aa peak of weight ¢ Z? )yorépresenting the inter-
- atomic véétor between two atbms related by the diad, will
occur at co-ordinates |

u = 2x

Xs3 v=-0; W= 2z

253
obtained by subtraction of (2)ufrom (. This (ivw).
section is referred to as the Harker sectidn (iOz), since
the co-ordinates gj,.gj, are directly determinedvfrom
the position of the peak maxlmum. Similar expressions
can be worked out for other symmetry operations, and
-soluﬁion is sometimes simplified by the presence of
atoms in special positions. Unfortunately, however,
pééks arising between atoms not related by symmetry can
blur the information contained in the Harker lines or
sections; solution is facilitated if a small number of
atoms in the structure have large ( Zj ), when vector
peaks bétween symmetrj'related atoms will stand out

- against a low genéral'baékgrOunda |

- The determination of 'heavy-atom' co-ordinates in
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‘this way has led to One:of'the_most'far—reaching'methods
of solving the phase.broblemg the develoﬁmant of the
‘heavy-atom' method is largely due to Robertson and his

‘vschool(28)

We can write the total structure factor
( F(hk?) ) as ( FT ), and thence as a sum: of the heavy-
and light-atom contributions ( F y Ly .

T - gl + P Liieeei.. 2016,

" In general the contribution ( FY ) will be 1afge, usually
sufficient to define the phase angles ( 0 orx) in the
centrosymmetric case, for a large number of reflections.
In the non-centrosymmetric case there ié a similar prcb-
’ability that ( gty will approximate ( gT ) for a great
broportion'Cf the data. Thus a Fourier summation based
_only.on'the heavy—étom co-ordinates frequently gives a
close approx1mat10n to the true electron-density dist-
ributions at worst some chemically recognizable features
will be shown, which enables the positions of some of
the light atoms to be obtained. The use 6f successive
Fourier syntheses then re#eéls the complete atomic arran-
gement; Lipson ad Cochrén (29) have Suggeéted that the
method works best whén :‘

ShEH2 — (%=1 207
~but,with the advent of more accﬁrateAdata collection
equipment,structures With‘a ratio gfea@er tﬁan unity

should be soluble. Cases where the ratio is less than



" unicy are oxten soluble by careful iterat've Fourler
'techniqueso _ 4 v

" In the work to bé}deé¢ribeq,the'heavy atom method
has‘proved successful. In the initial”etages avrejectioh
test has been applied whereby £zF(hki) ) has been
excluded_from the Fourier series if
H < x. T

~ where ( x ) has been reduced from 0. 33 in successive

....'.....'.C....'I 218

‘F F
summatlons. - Thus reflections of uncertain phase are
excludedf A better procedure involves the use of |
Fourier coefficients of the form ( w F(hkl) ), where
fhw;) is-e weight ( from O to 1 ) based on the probability
that the phase due té the heavy-atom is correct. ©Such
functions have been described by Woolfson (30) for the
centrosymmetric case, and hy Sim (3D for the non-centro-
symmetric case. | - | |

It is pertinent at this point to give a brief review
of other methods of surmounting the phase problem.'Early
structure determinations relied on'what are best termed
*trizl and error' metheds, comparing the observed structure
ampljtudes with those calculated from a structure model,
The advent of the methods discussed above was one of the
turnlng p01nts,' giving semlmdlrect 1nformat10n regardjnv'
the phases. A contempory of the heavy-atom method was
that of 1somorphous replacement of one heavy—atom for

(28)

another as utlllzed by Robertson in the centrm-‘}



1,symmé£ric phthalocyanine derivativés.'>A methgd using
double replacement was proposed in the acentrié case (3%)_v
The method hés recently been resurredted in>éohnect10n |
with structuralrworkcon proteins (33), witn remarkable
results. | .

We‘may conveniently diVide other methods of SOlving
the bhaée‘problem into two classes 3 |

i) Those which are directly related to the Patt-
erson function, and |

ii)  Those which work, basheally, with the weighted
rreciprocél lattice. ‘
Each clasé may be further subdivided into two groups as
follows : » |

(1 (a) 5 Methods which make chemical suppositions.

Tn class ( i ) this involves the assumption that a fragment‘
of known molecular geometry exiéts within the molecule. |
The best known of these ére the Fatterson searching
techniques of Nordmann (3h), and the fdltmolekul or
convolution molecule method of Hoppe (35), which uses

a fragment together with others related by §ymmetry,

( if (b) ) Methods which make no chemical assumptions,
but use crystal symmetry and the positions of some known
heavier atoms_( which, in themselves are not sufficiently
heavy to-govern the phasés of a largé proporiion of the
data).‘ Here we may list superposition methods and theiZ

corollaries ;,minimum'functions'and,implication diagrams,



These methods may be cla331fﬂed as 'image seeklng' and
have been put on-a rigorous thboetlcdl basis by Buerger(36)
A more recent extension of these Patferson deconvolutlon
methods is vector verlficatlon (37) ’

Ve may also treat class ( ii ) in the same mannef.:

( ii (a) ) One‘of the best known methods in this
- category involves the calculation of the Fourier trans-
~ form (G) for'bne unit cell using Eq631;13Q The
transform is fhe reciprbcal of thisvsingle unit, just
as the reciprocal lattice is the reciprocai of a repeating
pattern‘of manyvunits. From the definition of ( F(hkI) )
arising from Eq. 1.13, we can compare the calculated
transform with the weighted reciprocal lattice. The
calculatlon of ( G ) is laborious, but can be av01ded
by the use of 0ptical methods. Both approaches owe much
to the work of Liﬁson and Taylor (38’39).

(i1 (b) ) This group includes those methods vich
attémpt to deriﬁe the phases directly from the observed
:structure amplitudes, and in vhich novchemieal information
is assumed in the derivation. The first major break-

(40)

through was due to Harker and Kasper ’ whq applied the
inequality relations of Schwartz and Cauchy to the unitary

structure factors ( U(hkl) = U(h) )*. The relationship :

' — . o Jg\éécr’
= U(L ) F(h)/ .Z‘fj, i.e. the structure/as a fraction of

the maximum possible value :. obv1ously U(h) 2 <fJJ
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. U(l_}) < 'f]é' - '(%'U(2_1i) oo,ocr.'ouioouooa'oeovo' 2019
vas derived for a structure containing a stmetry centre,
and can be extendea to covcr other symmetry operatlons.

(hl)

Karle and Haupimann showed that restrlct10n° were
~placed on the structure factors when ‘it was assumed (quite
‘valldly) that the electronwdensity (/’) was non-negatlve.
They derived some more general inequalities.
The development of relationships between the signs (s)
of the structure factors in a centrosymmetric case was
(1+2)

1n1t1ated by Sayre « His work was extended by f;::;;f

Cochran (k3), who showed that the relationship :

s(h) = s(h')es(ln + ') veveennnsecnssessd2.20
was probably true if the corresponding values of (u)
were large. The same result was indepehdently obtained

(L)

by Zachariasen using a different method. OSystematic

methods for applying this type of relationship were

. . [ =4
developed by Grant, Howells and Rogers(hjz and by

Woolfson (46).

The develdpment of these methods‘in
the last decade is largely due to Hauptmann and Karle

. and their co-workers. 1In 1953(h7) these authors derived
a number of structure factor relationships whieh they
designated (231“9 234 ) and later obtained formulae
assessing ﬁhe‘probability that theﬁsignfof their sum |
was tke sign of ( U(h) ). The use of symbols to represent

unknown signs has led to the methed being called ‘'sym-
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‘bolic addition'. - This type of approach has been
(48)

extendedrto cover the non»éentrosymmetric case s with
no méan success. Here,,howéver_the number of ambigubusl

- sets of phases produced}tends to be large. The |
theoretical background ahd practical procedures available

(49)

in both cases have been reviewed by Karle and Karle

2.4 The Refinement of Atomic Parameters : The Least-

Squares Method.

If we have ( m ) linear equations of condition,
- involving ( n ) variables; ( XyyX5y euveee X ), of the

“form :

E

+ +

k 4 qk akX]_ bk}:z -+ e e e . a e e 2.21

Cy¥3
where each term}(’qk ) can be determined experimentally
with an error ( E, ), then if (m ) exceeds ( n ) we may
solve for the x's in p ( = m!/ni{m-n)! ) ways. Since

" the error terms are all different, ( p) different |
solutions will be obtained. The theorem of Lﬂgendre(so)
states that the best solution is obtained when iﬁ Eﬁ

£y
=4

- is a minimum.
The erystallographic equation of condition is of the

form :
’ qk : ( yl,x2,x3, R X ) ocoeootooco? ?2

where the ( fy ) terms are the structure factors, which
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are fuh¢tions qf thevpdsitionél and thérmal pérameters.
- As can be seen from Eqs. 1.8,9,10, these contéin exponQ
ential terms; and do not supply the fequiréd'linear
cqnditions. However, if we assume that:approxiﬁate
solutions ( xir) are known, and that an error ( dx ) is
associated with each variable ( Xy ), We maj expand Eq.

2422 by Taylor's theorem :

2
_ n f, - n n A7f, _
- S kK 1 k

'.’0.0'..'0..“_ 2023.
If terms of order higher than one are ignored, since they
involve the product of two small quantities, ( m ) equat-

ions are obtained of the form :

ofy afy ' oty
5';{; dXi+§-}Zg dx2+ .voe-.é—)"('r_l an-qk"fk(Xle..Xn)

L I I B B B 2.2L}'.

These may be_expresséd in matrix form :
(A) @ = (D) eeveeennencnaonas 2.25

where any element of ( A ) may be written :

rz
‘Vk .afk/ Bxi ® ¢ 9 & ¢ 08 0 & 0 o 000 0O B, 2.26
and of ( b )

L -

W . {qk - fk(xl?xg, veene xhz}..... 2.27

The terms ( W) are weights, expressing the estimated |

relative accuracyvof (‘qk ).



In this case minimisation 'of the sum of the squares

of the errofs}ihvolves finding :
| "i : )
‘\ok:‘l k’ V :
' | mmek |ro‘ |F ”) .o 2. 28

The prmcess 1s cycllc, 1nvolving successive solution for-

the parameter shifts ( dx; ) , until these are mlnlmal.
The value obtained is not a true minimum éincé higher
terms in the'expansion ( Eq. 2.23 ) have been ignored.
In certain cases when high correlations, say between dx; 4
dxj, occur, the cqnvergence is slow or impossible; it
is possible to overcome this by multiplying the shifts
by a damping or enhancing factor; |

' In the work to be described weighting schemes have
" been used where all ( Wi ) are unity, or one which makes
the final summation of Eq. 2.28 approximately constant
_over ranges oleJ. In general the scheme described by
Hughes(sl) in a paper which introduced the least-squares

’

method to orystaliOgraphy, has been found satisfactory :

T o= v F. g TF
w%f. - 1 for O\< eseevece 20290
and wﬁ = FE/FO for F, > 5 4

The constant ( F~ ) is chosen from an analysis_of\Fb\&!FA.
A measure of the accuracy of the structure, and also

of the rate of convergence is given by :
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R =>——4 “Fol - 1Fc” o eeiiernas. 24300
2%l | ”
althoﬁgh changes in the expressioh minimised ( i. e. in
Vi (“FJ lP ”) ) are often more 31gn1flcanu. " The .
welghted ( R )- factor ( RU ) will be defined in the

next chapter, and 1ts 31gn1ficance dlscussed 1n another ‘

;context.



CHAFPTER 3

Molecular Asymmetry

The Determination of Absolute Configurations by X-Ravs.

| The study of molecular asymmetry has attracted the
attentioﬁ of chemists since the observatiocns of Biot
between 1815 and 1835. He noted that certain natural
products, e.g. camphor, turpentine and some sugars, would
-rotate the plane of polarized light to the left, or to the
right. The property was ekhibited in solution, showing
. that it was a molecular, rather fhan a macroscopiec,
property. In 1848 Pasteur'separated the enantiomorphic
}Nforms of tartaric acid by handj; the crystals differed
only in the placement of one morphological facet. He
noted that solutions;of the two #96 types of crystals
‘rotated the plane of polarization in opposite senses.
- The explanation of the phenomenon arose from the

proposition of the tetrahedral arrahgement of the four
bonds formed by carbon ( van'f Hoff and Le Bel 187L).

Previously the four bonds had been assumed coplanaf, and
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éll’compouhdg were‘their:own mirror images.,t If,'howevér;
four different'groups érevbonded.to a,singie carbon atom,
-only two tetrahedra‘are>pOSSible;/6ne being the mirror
image of the other.‘ The cohclusion'was_;eached that all
optically active compounds confained one or more of these
aéymmetric centres, ]
Although the méasureﬁent of the optical rotatofy
power is simple it does not give unequivoéal’ information
.regarding the absolute configuration. Degradative
chemical work can relate configurations to the arbitrary
standards enunciated in the Fischer-Rosanoff conventionj
this, however, had an exactly evens chance of being correct.
It has become increésingly important to know the exact
spafialrrelationships of atoms. Enzymic reaction in yivo
frequently produces éll-deitro or all-laevo products;
conversely the in vivo system will'frequently accept only
one form, the}other being either completely deleterious
or just ignored.. If the biochemist is to explain these
phenomena, or the drug chemist is to synthesise the
'éorrect'form,' a knowledge_of absolute configuration is“
of paramount importance. The X-ray methods to be des-
cribed in this chapter have provided the key to the

whole problem,”
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3.;.>, Normal Scattéring': Friedel‘é'iaﬁ.

"LWe_must first note that opticaily ﬁctive compoundé can
oniy érystallize iﬁ;spaée~groupé which & not'invqlve
rotafion?inversion axes. ( 1 ) or mirrof planes ( m )y

- since these require the presence of the other enantiomorph.

_Thus all7ceﬁtrosymmetric space-groups are éxcluded'( 1),
together‘with nqn-centrosymmetric ones involving mirror
or glidé planes., The onl& alldwéd space-groups are those
involving pure rotation or screw axes, and there are only
65 poésibilities; these are thé 'regular point systems'
of Sohncke (52). | |

The formulae derived in chapter 1 only apply under
'nofmal"scattering conditions : when the incident wave-
length is very mﬁch iess’thén any natural absorption
wavelength of the atomic electrons in the 'structure.
Under these conditions the wave scattered by any atom is
X/ 2 out of phase with the incident wave. This is
true for all doms, and the phase change can thus be
ignored. We may now study the effect of.this on the
structure factors ( F(nki) = Fy ) and the inverse
( F(hk?) = ?f ). Expansion of Eq. 1.5 to three dimensions

gives :

1]

- L
pkL) = 0 2 hxy + kyg + 123) eeene 3.l
, J _

1}

CBEET) (= By ) eeevinnnns 3.2

COmbinihg Eqs. 2.8,9,10, and using the present nomenclature,

therefore : ﬁ(hkl)'
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we may write : - FN

‘FN!GI'I‘J _ootuoo'on:ogoo:'o-to 3.3,

apd‘: S | FN‘ v!FN]e

1

R ETTRRPRPI PL
since the Bragg angles (‘Q ) are’équal for both reflections;
However, Eq. 3.3 is the Qoﬁpiex gonjugate'qf'Eq. 3;#, and
vice versa, so'that : | | ‘ | |

o IFN'2

and : » - IN = II\I ’.".Q‘."'Q"V"ll.. 3.6
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This is Friedel's Law (53), a statement € the centro-
symnetric nature of the intensities in reciprocal space.
Thus, in the reconstitution of a structural image from the
normal X-ray data, it is impossible to distinguish between
a structure and its inverse, even though the atomic sequ-
ence'seen' by the incident beam from the sides (hkl), (hkI)

is different.

3.2 Anomalous Scattering : The Bijvoet Technigue.

Von Laue(Eh) was the first to suggest that Friedel's
Law shopld break down if the incident wavelength was
slightly shorter then that of an atomic absorption edge
.( e‘g';LKabs ) of one or more atoms in the structure.
Theoretical calculations by H8n1(55) showed him to be
correcty in tnis case the energy of fhe:incident guanta
is sufficient to excite the K-électrbns, and the scattered

wave from-thé¢se - .atoms has a phase lead over those from -



" the normal scatterers. The scattering factor for the
- 'anomalous scatﬁérers‘ is now a complek qﬁantity :
A_:V

A oA . s enh I
. = N .+ f' + ‘-l seeeescseec o f e
fJ fJ 3 ‘ifa - 3.7
if\we have a structure containing both normal and
anomalous scatterers, we may wrlte an expression analogous

to Eq. 2.16 for the total structure factor ( F(hk&) ) :

F = F .VQ..I..O.C'O"..... 3.‘8

7 + F

A
We may now examine the effect of the presence of anomalous
-scatterers on the structure factors ( Fp ) and ( FT )y

~using the methods and nomenclature of Sect. 3.1, in which

the real and imaginary parts of ( FA ) will be designated
L F) ) and ( F} ) respectively :

F

]

7 IFN]ei”N + 'FﬁleiﬁA + ilFK|eigA ereennees 329

IFNI(cosﬁN + isinQN) +']FA](cos§A + isinﬁA)
 +|Fy| Cicosp, - SI) aeeeriiies 3020

= v(‘FNicosQN lF ‘cosﬂA lF"lsanA) |

+ i(lFleinQN +|FA‘sinﬁA +|Falcosf,) .. 3.11

We may also derive ( fT ) in a'similar manner to be
Fp = ([fy| costy +|Fy|cosg, + [Fi|sing,)

+ 1(1F ‘cosﬁ lFA!sihﬁA —IFN'sinQN) ..~3.12-
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‘We cah now obtain (lFTlg ) and'(\?T‘a )'by‘multiplying
" Eqgs. 3;11,‘125‘by‘their complex conjugétes._-When this is:
dohe they are not found equal, the difference being :
‘ . 2 . — 2 N _ - X . . ,-' ) ° ‘ ' i B
AI“[IFTI - |FT! } = Ll“I‘N| IFX Sln( EN - ﬁA ) clur 3-13.
Thus Friedel's Law is seéﬁ-noﬁ to hold. The stfucture |
‘faators are best representéd on an Argand diagram, such
as Figure 3.1, which shows a quite geﬁeral cése. The

difference in intensities will be a maximum when :

gN = ¢A i x/z ¢ o8 00 & 2 s 0 8822 0 0 e 3.ll+
and a minimum when. :

ﬂN = gA or gA +)C . *C 86 0 o000 3015

the first condition of Eq. 3.15 will always occur if the
structure contains one type of anomalous scatterer only.
The effect was noted experimentally as early as 1936(5§)
- when %inc sulphide, which has an asymmetrid crystal struec-
ture, was irradiated with Au(Lg). The value of (A o)
for Zn is-l.2805 g, and the unequal intensities of the
Au(Le,) (A= 1.2738 & ) component scattered from the planes
(111 ) and ( TIT ) was demonstrated. The intensities due
to the Au(Lg,) component (A= 1.2850 ) were equal.
The further impligations of this‘resﬁlt were not

fully realized until Bijvoet'(57) proposed that the

absolute configuration couidrbe obtainedAby comparing_the



  +B

50

+4

Figure 3.1. - Argand Diagram showing the resultant

amplitudes of the structure factors FTl’lff]’ after

correction for anomalous dispersion. In this

'pgrfectly generél‘case IFTI:>1FT].



' observed inéqualities;'with thoée'calculated-frdm the’4

- known crystallstructureQ The intensities compafed must -

be ( hkY ) (hkI) or their équivélenﬁs, and they have become
iﬁéWn\gs 'Bijvoet pairsf. 1f good ( usually>85%)
agreeméht\is obtained,.the structure, as determined, must
represent Eﬁe\tfue épatial arfangement; a similar level

of disagreement indicates that thé inverse structure is
‘absolutely’ correct. For cases where the ' confidence
level ' lies between these apprbximate limits, the
'experimental.method may not have been applied with
sufficient care, or the state of the refinement may not

have given sufficiently accurate parameters for the

calculation.( which may be carried out by computer, or

using Argand diagrems similar to Fig. 3.1. ).

We may now examine the requirements, both chemical
and crystallographic, for a successful determination :

,i) An anomalous scatteref; or scatterers, must be
present in the structure, together With normal scatterers.
Atoms of atomic number ( Z )2? 16 are required, and the
condition is similar to the requirements for the heavy;atbm
method, which usually fécilitatesvstructure solution prior
to an absolute configuration determination.

1i)  The wavelength of the incident radiation must be

sufficient to excite fluorescence, but the choice is not

A R o , - -
~ so restrictive as was initially thought. fon1 (59? had
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; pre'di,ct'ed that where (Ainc ) > (’\habs) +the enefgy vas
- sufficient to excite L- or even M-electrons. This was

shown experimentally by Peterson(58),

who_excitedlthe
L-electrons of bromine (Ap.p. = 7.989 & )-with Cu(K«) rad-
iation (A= 1.5%178 R ), and detected an aﬁerage intensity
difference'Of 8%. Dauben and.Templeton(Sg) havevcalculated
the correction terms ( £' ) and ( £" ) for atoms with |
'z>2o for the common wavelengths ( Ky lines of Mo, €u, & Cr ).

iii) The Bijvoet pairs must be indexed on a right-
handed system of axes ( and the’corresponding reciprocal
lattice ) For photographic work the rotational sense of
the goniometer axis muét be cofrelated with the trans-
lational movement of the camera pot; the order “in:
which “the reciprocal lattice points pass through the
sphere of reflection may then be énalysed, This point
has been dealt with by Feerdemann and Bijvoet‘®0),

iv) Extreme care must be taken in the recording and
measurement of the Bijvoet pairs. If photographic‘methods
are used they must be recorded under identical conditions,
i.e. on the same film. Usually the space-group symretry
allows pairs other than ( hkl ), ( hk¥ ) to be compared;
Tﬁis is further discussed in chapter 6. vaviously
electronic measurement has advantages, but photographic

data may be measured best on a microdensitometer, and gives

.good results. If the discrepancies are expected to be
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fgmall; £hey.willvbé mosﬁ:appafent-amdng reflecinns‘with:
high ( 6 ); ‘this is because the normal scattering factor
'(’f?b) fallsibff‘rapidlyrwithtincyeasing (e ),‘while ( £ )
and ( £f" ) are almost independent of ( Q'), since the
electrons iﬁ&olved are éénfined to a small.area close to
the nucieus. |
| V) ~ Care must be’taken to avoid absorption errors
which could feverse the assignment of aBsolute configﬁréfion
in pafticularly advefse circumstances. For ( n )>rloocm"1
it is wise to apply a systématic correction.

: vi)\ 'The.iﬁitial structure determination must be
carried out to a good accuracy; the pitfalls in using
- inaccurate data will be mentioned in chapter 6.

Thefirst assignment of absolute configuration was
that of sodium rubidium-D-(+)-tartrate ®D); tne rubiaium
atom <)\Kabs = 0.81549 2 ) was excited by Zr(K,) radiation
('Xxﬁf O.?901O,.XKK= 0.78588 R ). | The choice was histor-

" ieally apt : the results showed that " .... Fischer's
‘ a (62)
1

»
'~

arbitrary convention corresponds to reality

.3.3, Some  Extensions : Anomalous Dispersion Fhasing and

Hamilton's Method.

Reference'to Eg. 3.13 shows that,if}the positions of
the anqmaious scatterers can be found, the value of ( ﬁﬁ )

may be obtained, since all other terms in thé equation may
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7!'bevobtained experimentally. This method of solv1ng the

phase problem has been developed largely by Pepinsky

et al.(63) and by Ramachandran et. al(é%). If the total

structure is solved by thls method, the solutlon autom~
atlcally shows the absolute stereochemlstry.

The use" of linear hypothe51s tests on the welgnted

crystallographlc -R~ factor

o B drloelrloo

R e

i=1

=

Tereeeees 3016

computed for ( n ) parameters over ( m ) observations ( Fy ),

was first suggested as a method for the determination of

absolute configuration by Hamilton and,Ibers(éb). The

(66)

theory has been extended by Hamilton , and he has

published tables of the function :

)

%b m"‘n,o( 600 00000000 3017

Bg |
where ( b ) is the dimension of the hypothesis, and (°< )
is the significance level. The terms ( R¥ ) and ( R )
are the weighted R- factors for the structure and its
venantiomorph, obtained from parallel refinements using
data corrected for dispersion effects. The tables are
computed at dlfferlng values of (C& ), and 1nternolat10n

formulae are derlved.



"The sfatement : "*he second conflguratlon fepresents
 the’ true absolute stereochemlstry" is a one-dimensional
| hypothe51s.' It is clalmed that its validity may be
accepted or regected on a very small dev1at10n of (\58 )
from unlty. However, Hamilton and Ibers have p01nued-out
that the. presence of systematlc errors will 1nvalldate the .
'procedure. It appears to the present author that the
-procedure must be considered in the general context of

-R- factor significance; for instance it 1is dubious to
obtain results in this manner from }5?- valﬁes higher then
about l5ﬁ§. it wqﬁld be better to express the ratio (52 )

as a percentage of ‘the mean value of Bg and Ry , this

~would obviously depend on the value of ( £* ) and this

shouldrbe quoted. The method has had cnly limited

application, and the results (67’68)

are so far unequivocal.
The only advantage of the method is that extra photography
~ and measurement is avoided; against this must be set the

additional computer time required.

3.h, The Methed of Internal Comparison.

~Although the techniques discussed above have produced
many important results, it'is not always possible to
satisfy the required conditions. The method of inter-
nal comparison employs a known reference asymmetiric centre§

either within the molecule itself or :
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1) 1ntroduced in the formatlon of a slmple derlvatlve,
- or il) present in the solvent of crystallizatlon.
- In these cases the determinaulon of the relative steree-
chemistry automatlcally leads to the absolute conflguration .
" at all other centres. A
The method was suggested almost simultaﬁeouSly by
-Pepinsky(69), Mathieson(7o), and Hine and Rogers(7l).
The latter authors gave the first complete example :
S-methyl-L-cysteine sulphoxide;' the configuration of the
L-cysteine was known with reference fo the ( proven )
Fischer convention, and the structure determination
established the configuration about optically-active
sulphur for the first time. |

Math1eson<70) has expounded some of the advantages :

i) no special precautions need be taken with regard
to the radiation used; |

ii) the method is equally applicable to light-atom
structures where Patterscn deconvolution or direct phasing
techniques have been used;
iii) the addltion of the referencé?ggze not involve extra

ﬁhotography, but requires the positioning and refinement of
a few extra atoms. “ |
Additionally we may note that results can'be obtained from

two- dlnen51onal studles, and, in any case, W1thout recourse

to very detailed refinement.



3.5, Conclu31on.

The methods outlined above represent the only physical
- technique by whlch absolute conflguratlons may be a551gned
in a completely unambiguous manner. v In more complex
molecules the detailed degradative chemical work can take
much longer than an X-ray arbitration, although these have
their-limitations. lIt is pleasing to note that these
assignments are being ‘made as a standard part of the
sequence of crystal structure analysise As part of the
experimental work on 3-bromo-(+)~-camphor, the author
performed an extensive literature search to assess the
application of the Bijvoet technique; the results(72)
showed that,between 1951 and 1966, 54 assignments had
been made. The survey was extended to include determin-
atlions by other methods, and completed up to the end of
19673 40 new entries were obta1ned<73>. Both lists are
bound with this thesis as Appendix I.

| Although this chapter has dwelt on the absolute con-
figuration of organic molecules, the enomalous dispersion
technique is capable of indicating the true absolute
.spatlal atomlc arrangenent 1n an asymmetric strueure,

(7%) | It 1s also finding

e.g. zine sulphide or f{-guartz
application in the ever expanding field of asymmetric

inorganic conplexes.



CHAPTER L.,

Data Collection and Treafment': Computer'Prokrams Used.,

4,1. Data Collection.

Both photographic and automatié electrdnic methods
of data collection werelemplbyed in the work to be descr-
ibed. The Siemens automatic single-crystal diffractometef
vas uséd in only one case, and a discussion of its
application will be delayed until chapter G .

All photogféphic ihtensity data were cbllected using
the equi~inclination Weissenberg technique and the mulfiA
 f£ilm pack method(75), wa four-film packs were taken
for each layer of the reciproéal lattice, with relative
expoéure times 1in the approximaté ratio of 3:13 in this
_case, assuming a film-to-film attenuation ofJV3.O‘fof
Ilford Industrial'G'film, the intensities on the bottom
£film of the first pack approximate to.those on the top
film of the second. ' ‘ |

A1l films were developed under similar conditions,

i.e. immersed for 5 minutes at 60°F in I1ford Phenisol



‘Jdeveloper, washed;.and then fixed for 7‘minutéé in Kodak
Unifix solution. The treated f£ilms were finally washed
,ufor about 2 hours. |

\Before the collectlon of accurate cell dlmen51ons and
intenslty data the camera pot radius was checked; using a |
suitable po{;r»de“r specimen' encloéed in a Lindemann glass
- capillary tube, sets of powder lines were recorded on thé
edges of a full film, -back calculation from the known 7
d-spacings ( listed in the ASTM index ) gave the correct
“radiuse. | |

All intensities were measured visually using a grad-

uated step-wedge ( except for the Bijvoet pairs (chapter 6 )
for which a Joyre-Loebl microdensitometer waé used ).
A strong reflection was chosen and expoéed for a measured
number of traverses 6f the camera pot, to produce a strip
graduated in arbitrary units, usually from 1 to 40. To
accomodate cﬁanges in spot shape on higher layers several
wvedges were made, at different equi-inclinatiocn angles,
for each set of data. The intensities in each layer vere
then manual ly scaled-up to the level of the top { mos

intensec ) film,

4,2, Data_ Treatment : Computer Frograms Used.

Two distinct sets of crystallographic computef programs

~were used in this work
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 X-RAY '63.

This is a;cbmpletely homogenequs éfstem, developed by
V\Professor J. M. Stewart of the Uni?ersiﬁy of Maryland,‘and
iﬁﬁlemented on the Imperial.College IBN 7090 in 1966. The
prOgram*sggments are wfittén_in FPRTRAN II and stored in a
compiled f;}m\oﬁ magnetic tapé ( hereinafter magtape_),

- each may be cailed separately into storé, and as many units
as réQuired may be used in one runy the liﬁking routines
are written in FAP. Intermédiéte computations are written
to magtape ready for the next program, but permanent data,
such as the reflection list, scattering factors, atomic
positions»and temperature factors, and weights, are sto:ed

on the user's magnetic tape and saved - for future

Uuse.

ATSYS.

This 1s a set of singlerfogram documents, with no
linking routines, and does not constitute a system in the
above sense. All programs are written in the EXCHLF
extension of Mercury Autocode, and, as above, stored in a
éompiled form on magtapé. The user's basic data is
éimilarly stored, and input is cut to a minimum : only a

short 'steering tape' indicating the_fiie«number of the
v'program, the locations of étored data, and the operations

to be carried out. The formation of ATSYS is largely the
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“work of Dr. M. G. B. Drew(76), who adapted and integrated
programs from a number of different sonfees.A ‘As a 'home-
grown' venture it has been amended and added to by a

succe551on of students as the need aroseea

The p;eggans in.both sysfems will be referred to only
by their names\in the text, since these names often.giVe'
no indication of their functien this will be indicated
briefly below. There is also considerable overlap between
the two systems, progfams which cover the same ground
will be listed together; programs unique to either system
are listed separatelyd. Name(s) of original author(s)
are mentioned in as many cases as possible. The present
writer is thankful to all those listed; he is more then

‘aware of the frustrations involved !

- ATSYS X=RAY 163
CEDI, P.G.H.Troughton. PARAM, R.A.Alden, H.L.Ammon.

Least squares refinement’of. cell parameters from data
input as : theta, n®, sin®, or sin29. Estimated standard
deviations are produced for real and reciprocal cell

dimensions.

FIFI, R.D.Diamand. DATRDN, J.M;Stewart,'MQAoJarski,
o l B.horc31n, R. Chastaln.

Applies Lp~’ correctlcn to rav 1nten31t1es, and
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'»1n both systemc 15 the 1n1t1a1 means of magtape storage.

A All ba51c data requlred by x-ray '63 is read inyand stored

for future use, at thls stage, except, of course, the

atomic parameters.

: §Q§S,, M:MﬂHarding, M.G.B.Drew |FC, J.M.Stewart, R.Braun.

, o FOURR, D.F.High et.al.
"+ Both programs will calculate 2D and 3D Patterson and

Fourier maps at specified grid intervals. FOURR is

. completely general and takes precomputed structure factors

from FC. BOSS contains its own structure factor routine,
and is limited to'triclinic, monoclinic, and some ortho-

rhombic spaee—groups; others can be added as required.

' BOSS produces an agreement analysis in the form of a list

exceed a set maximum. In PAPA Booth‘s parabollc methoa

of ‘Fo‘, ‘FJ, and R, for reflections grouped in layers

29 intervals, agreement is also assessed over

and by sin
ranges of|FO‘:as fractions olemaA;"this latter enables a
choice of weighting scheme to be made. These functions

ape covered in X-ray '63 by two proérams : RLIST by W.Keefe

and J.M.Stewart, and DELSIG by R. V. Chastain.

PAPA’ MnGanDI‘@‘."I; F.H.A;llen, PEKPIK’ Dchlegh.a

P.Fhavanantha. -
‘This program, basically the same in both systems; will
read a Fourier map stored on magtape, and output fractional

and grld co- ordlnates of all electron—den31ty max1ma which

(77)
is followed



B8

BABA; R.D.Diamand, amended by! ORFLS, BLOKLS, DIAGLS,
' Drev, -Allen, Troughton W;R{Busing, K.0.Martin,H.Levy,
| - | | 'aQapied by J.M.Stewart et.al.
‘\*aﬁ‘Structure—faétor 1eést45quares refinement.prograﬁs.
BABA ﬁée§ a block—diagohai approximation, and fdlléws the
nethod ouﬁiined by Cruickshank(78). The output parameters
and structure:factors are stored on magtape ready for the
next run, The agreement analysis from BOSS has recently
been added to allow an appraisai of the weighting scheme
to be made during refinement. The author has changed thc
input fécilities to allow isctropic-anisotropic temperature
factor conversioﬁ to be made at the user's discretions
also the Scattering factors are now input direct from
tables(l9), and converted internally to the values required
by the program using Rollett's four-point interpolation(79>.
Three separate routines are provided in X-ray '63. The
standard version of ORFLS(BO) has been amended to allow

. block—diagonal and diagonal-only approximations, as well as

the full-matrix method.

ELSI, M.G.B.Drew. BONDLA, D.F.High, J.M.Stewart,

R.V.Chastain.

, | _ |
Interatomic distances and angles programs. ELST

requires input of atomic positions (3r) and their variancec
( Vop ) these are converted to estimated standard deviations

‘(81>,

( a}r,) using Cruickshank's formula
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for (m) observations and (n) paraneters. Standard deve
~m1atlons of lengths and angles are then computea using the
formulae of Ahmed and Crulckshank(82) and Darlow(83)
Symmetry and translatlon operations are allowed for in both

\
programs to obtain 1nter-molecularvdlstances. BONDLA will
‘also calculate hydrogen-atom positions, either. tetrahedrally,

trigonally, or linearly bonded, at a distance set by the

usere

DIDO, R.A. Sparkes, D.J.Hunt. LSQFL, R.¥. Chastain,
Calculates the best plane thrcugh a set of lnput atoms,
together with their mean dlS ance from the plane. Other
atoms may be re~positioned w.r.t. this plane, thus facili—
tating crystal drewing. DIDO uses the eigenvalue method
outlined by Rollett(8h), while LSQFL follows the method

of Schomakery etoal.(85)

MATT, D.J.Hunt. DATFIX, J.R. Holden.

(86) 35 applied to estimate the overall

Wilson's method
scale and tempereture factor from two= or three-dimen-
sional data. The programming method is similar to that
ootlined by Rogers(87) in the case of MATT. DATFIX also
| produces unitary structure factors,_and is the initial

programgforiapplication of direct methods via X-ray '63.
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© SFPO, F.H.Allen. | FCLIST, J.M.Stewart et. al.
Output of structure factor lists in a format suitable
for reproductlon in Theses and papers. " The prlntlng and
xpagelng formats are varlable in both programs, and unobserved

reflectlons can be suitably marked.

The following v ograms are unique to ATSYS :
POLO, M.G.B Drew. -

Reads in sets of data collectéd by rotation about
two or three axes and initially corrected by FIFI. The
common reflections are picked out to obtain inter-layer
scale~factors, which are then refined by the method ofv
Rollett, Hamilton and Sparkes(BSZ to obtain the best fit.
The finél list, on an arﬁitréry unified scale,is written
o magtape for further proéessing ( e.g. MATT ). The

program also contains routines to sort the data to any

~order.

MOJO, F.H.Allen.

Produces i) orthogénalized ﬁngstrom co~-ordinates,
ii) bond’lengths and direction cosines, iii) bond angles,
iv) dihedral angles, for one asymmetric unit in a system-
~atic manner, using a ‘bonding array'! or 'connectivity
chart!'. This obviateé needless computation of unwanted
infdrmation:incurred in the full interatdmic_vegtor search

programs. In addition'otherwroutinés calculate specific
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:angles,idistahces5:et¢,;_ a specifiq roﬁtine-ts anaiyse‘fhe
~molecular geometry of cyclobutane rings was included to
give the resuits listed in 'chépﬁer 7. The programming
schemé, relevant mathematics, and some ekamples of input

‘and output, are shown in Appendix 1T,

Computer programs used specifically in connection
with the Siemens diffractometer are briefly described in

Charptér_ ? '
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CHAPTER &

The Terpenes and Terpenoid Biosvnthesis

5.1, The Isoprene Rule.

The‘production of isoprene (5.I) on the thermal
’decomposition of many naturally occurring hydrocarbons led
Wallach(89) to proposé that their structures were formed
from a number ( n ) of isoprene units ( CyHg )« The name
'terpené‘ had originally beén used for those hydrocarbons
obtained from turpentiﬁe oil, but,the classification
became extended to include those substances which fitted
the 'isoprene rule!., The natural diversity of the basic
hydrocarbons, and their oxygenated.derivatives, mainly
from the plant kingdom, led to a sub-classi@ication based
on the number ( n ) ( see Table 5.1, over page ). The
group as a ﬁhole became known as the terpenoids, indicating
that the,molecula“ formula of the basic carbon skgletbn.

“ecould be wrltten ( C,H8 jn .
‘ 9
- Later workers extended the 1qoprene rule( O), and. the
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'_ Table Sele Sub-Classification of the Terbénoids.,}
'n | class - ( common name ) s molecular formula of basic
' o hydrocarbon.
2\\‘ honoterpenes;' - CoM16
3 ngqulterpenes; d C15H2“
L | Diterpenes; ' o - C20H32
6 Triterpenes; , | , 'C3OHH8
8 Tetraterpenes ( carqtenoids ); Cy, oHe),
210 | Polyterpenes ( rubbers etc.); (Cs Hg),
s ci,
(head) /c ' CH (tail)
Cy
(5.1)

the basic hydrocarbons were regarded as being forﬁed by :
i) head to tail (regular) fusion,

or i1) head to head or tail to tail (irregular) fusion,

followed by :

iii) cross-linking and cyclisation of these isoprene
chains to give the observed diversity of carbon skeletons{
Recently the definition of 'terpenoid' has been

extended by biosynthetic studies to include all compounds
which follow thé pathways described briefly in section 5.2.

Thus the sﬁerols.and their‘derivatives must be'rega:ded'as
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Vtxue-terpenoidSQ while it has been'suggested fhat other
compounds which contain terpenoid elemehts in their mole-
cules, together with fragments of dlfferent blosynthetlc

\ orlgln, hould be called meroterpen01ds'(91)

5424 Tﬁe‘Basic Steps in Terpenoid Biosynthesis.

In the early 1950's Ruzicka and his co—ﬁorkers(92)
recognized that geraniol (5.VII), farnesol (S;IX), and
squalene (SQX), were key intermediates in the formation
of moﬁo-, sesqui-, and triterpenes respectively. In a
series of brilliant rationalizations they derived schemes
by,which many of the knowm cyclic terpenoid skeletons could
be obtained from these three compounds. This work hss
been coﬁfirmed by intensive biosynthetic studies in which
- the names of Cornforth, Fopjék, Bloch, and Lynen are
prominent. | V

The isopfene rule formed a starting point for these
'studies, and many branched-chain five-carbon anions were -
used as biosynthetic precursors without total success.

The breakthrough'came with the discovefy of mevalonie acid
(5.III)(93), and its rapid incorporation into squalene

and cholesterol. The mode of forsation of mevalonate
from acetate in plant cells, via the.intermediacy of.
coenzyme-A (Co-A), has been studied by many groups, and

two schemes appear to hold precedence(94) The ident- .
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Figure 5.1, Outline of Terpen01d Biosynthesis.
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: ificétion ofisbpeﬁtenﬂ.pyrobhbspﬁafe (5.1V) aévthe.finai
: product of the phosphorylatlon of mevalonic acid 1n the
presence of dden031ne trlphosphate (ATP)(95) .ended the
search for the blologlcal equlvalent of 1soprene.y

The identification- of fdrnesyl pyrophosphate (5. VIII)
as a précursor Qf squalene, by Lynen and his co-workers 9é)'
was fhe neit step in the chain. However théy later showed
that (5.VIII) was precedéd in the biosynthetic sequence
by'géranyl.ﬁyrophosphate'(5.VI)(97), and showed that the
latter was formed from mevalonate in two steps(98’99) :

i) the enzymic isomerization of (5 IV) to dimethyl-

allyl pyrophosphate (5. V), followed by :

ii) the enzymic condensation or 'addition' of (5.IV)
_and (5.V).
A fufther 'addition' of (5.IV) to geranyl pyrophosphate
gives the farnesyl precursor (5.VIII). .We'may express
the final condensation of two units of (5.VIII) to form
squalene (5.X) as being of the 'tail-to-tail' type. Much
work has now been done on the biosyﬁthesis of lanosterol
and cholesterol from squalene, and tnls has recently been
rev1ewcd(loo)

The blosynthe51s of the three major precursors sugg-
ested by Ru21cka forms the backbone of Flg 5.1, Much

work is beihg conducted to discover the mechanisms of the

enzymic condensations or 'additions' which must facilitate
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the éyﬁtheSis ofkfhe_ditérpenes~éndlcafotenoidé from
geraniol. Qrvfarnesoi; via routes C and/or D, and E, in
Fig. 5.1. 'Wﬁile the Figure only.represents'the bare
bones of present knowledge,_it'doés show,how the térpenoids.
ame related onbwhat;maj be called theﬁ'biogenetic isopreﬁe
rulet. - |
| ‘The structure determinations to which a large part
of this theéis is devoted, concern derivatives of compounds
which belong to the ﬁonoterpene ( (+)-camphor ) and
sesquiterpene ( humulene éﬁd gérmgbratriehe ) classes.
It is pertinent, therefore, to examine more closely the
iarms‘v A and B of the basic ‘skeleton; of Fig. 5.1.

It now éeems Qertain that the acyclic monoterpenes
are biosynthesized by : o |

bi) the enzymic condensation of two units cof isopentenyl
pyrophosphate (5.IV) ( or thé condensation of this with
some isomerization product, or the condensation of two of
the latter), in the manner of the original isoprene rule,
’or ii) the enzymic hydrolysis or reérrangément‘of the
géranylrprecursor (5.V1).

(92)

The wofk of Ruzicka et al. showed how éome of the

common mono- and bicyclié monoterpene skeletons could be
formed from gefaniol (5.VII). It is perhaps more exact
to use the pyrophosphate'(S.VI) as the precursor, since

the OFF™ anion is a good 1eaving grbup, and faci1itates .
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' ~the requlred 1onlzations and cycllsatlons. The scheue
shown 1n Flgure 5.2, shows the probable route to camphor,
and also 1ndlcates 1ts»relationsh1p to some~other cyelic
‘\monoterpenes. | S o ' ,:' -
\The work of Ruz1cka(92) on sesquiterpenes vas extended

by Hendrlckson(IOl)

3 who showed that the carbon skeletons
of virtually all known compounds could be derlved by
suitable cyclisations of either :

i) gig-farnes&l pyrophosphate ( 5.XVIII),:

or vii)_trans-rfafnesyl pyrophosphate (5.XIX). .

Removal of the anion, followed by cyclization, gives rise |
to the cationic intermediates (5.XXIII-XXVIII), via the
intermediacy of the non-classical cations (5.XX-xx11)(102),
The scheme is shown in Figure 5.3. While this scheme

. is probably not followed directly in nature, its utility
as a means of classification cannot be disputed. The

derlvatlon of humulene and germacratriene from the farnesyl

precursors will be traced in sections 5.4, and 5 5e

5e3s The chemistry of (+)-camphor.

The elucidation of the structure of camphor-(CloHléo)
was one of the most fascinating pieces of early chemical

h(103) It occurs sparingly in nature, predoﬁin—

researc
antly in the dextro-rotatory form, which is extlacted from

Clnnamonum camphora Nees, found in Southern China, Formosa,

ol
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'_and'Japan. Its‘medieinel properties heve beeﬁ'recognized
' since early tlmes, while it was one of tne substances used'
by BlOt in his expeflments on optlcal rotatlon. The vapour
\dene}ty‘and molecular welght vere determined 'in 1833 by
Dumas(loh), who gave the emplrlcal formula shown above.
" Some thirty structures were suggested for the molecule,
before Bredt(l 5) proposed the bicyclic ketone structure
(5.XV) in 18933 this was later confirmed by synthesis(loéz
The required cis-arrangement ofvthe -CO-CH2- bridge means
that the two asymmetric centres (Cl & Cy, in 5.XV) are not
independent, a determination of the absolute configuration -
of (+)-camphor iﬁvolves determining whether the ggg-dimethyl
bridge in 5.XV lies above or below the plane of the paper.
The reactions of (+)¥camphor are numerous, and are
well covered in standard texts(lo3’lo7). Attention should
be drawn to the simplicity of heavy-atom incorporatien,
chlorination and bromination at the 3~ (or ®{~) position
being especially facile. The relationship of camphor to
other mono-and bicyciic monoterpenes is suggested by Fig.
5.2 (+)-camphor gives (+)~borneol(5.XVIII) on reduction,
while it can be prepared from (+)ﬁX~pinene (5.XVI); the
latter can also be converted into (4)-x-terpineol (5.X11).
The essential similarity between the carbon skeletons of"
R (+)~camphor and (+)~fenchone (5.XVII) has also been
ShOWn(lO8). The cenfigurational relationships are summarized

‘,in an excellent review by Birch(lqg).me
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. The difficulty of relating mono- and biéyclic OO~
terpene conflguratlons to the Flscher conventlon led

(108)

Hﬂckel to propose a further arbitrary conventlon

er‘for these molecules based on (+)-camphor : if the molecule_

is drawn as in (5.XV), the g -dlmethyl brldge lles

above the plane of the paper. The work of Fredga and

M:tettlnen(lloa)z ang Porath(llOb)
111

'quasi~racemates', indicated, however, that the convention

, using the method of

was incorrect. The experimental method may be summarized
as follows(llZ) : if A and B form a compound, and A and
the enantiomer of B form a mixture (or solid solutionj,
~then A and B are of the opposite configuration, and the
eonverse. Determinations require the careful study of
the melting point diagrams of mixtures of +A/+B, +A/-B

(or of +A/+B, -A/+B).

Fredga and Miettinen(lloa)

applied the method to
(+)-fenchone as follows : Wallach(lls) had shown that
this molecule could be degraded to (-)-¥%-isopropyl
glutaric acid, and'Fredga and Miettinen showed that the
latter could be_oxidised to (+)—;§gprbpyl succinic acid.
They went on to show that (-)-isopropyl succinic acid

- forms a 1:1 compound with (+)—meﬁhyl sucecinic acid, but
not with the (-)-form; they therefore concluded that

(+)—isbpropyl suceinic and (+)—methyl succinic acids_

_have the same configuration, The latter has been
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. related(llh) to the Fischer conveﬁtlon via mallc ac1d°'
‘the corroctness of thls a951gnment has recently been
shown(ll5) by the X-ray method.- The stereochemical
relationships (which are shown fully in'Figure 6.4 on
p.1/6) gave the conclusion that (+)-fenchone, and hence
'(+)_-o(—~pinene and (+)- campho:c; were .represented by F(S XV-
5.XVII) with the gem-dimethyl brldge below the plane of
the paper. )

The work of Porath(llob)

followed a similar patterns
he converted (+)~-camphor into (-)#camphordnic acid énd
‘thence into (-)-«-methyl-«-isopropyl succinic acid. The
guasi-racemate technlque was then used to determlne the
- absolute stereochemistry of the latter. Again the gem~
dimethyl bridge was shown tb be bg;gﬁ the plane in the
conventional representatidn (5.XV). The stereochemical
relationships involved here are also shown in Fig. 6.4
(p./16); a full discussion of the implications of the
above sets of results is deferred until section 6.6;

The method of quasi-racemates has some very serious

restrictions however(112)

: the compounds. compared must
be chemically very similar, and both enantiomers of at
least one of the compounds must be bb’cainable° ‘Even
then great care must be exercised in the interpretation

- of the data, a recent ekample of.this was the (incorrect)

‘assigﬁment of absolute configuration to.(+)—2e;§gpropylf
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, 2-methyl glubarlc ac1d(116)

, and a conse@uéhs vrong
as51gnment to its predecessor in theldegradative chain |
(~)-methyl isgpulegone;‘ The gofrect assignment in the
n*two cases was reeently obtained using the X-ray method(ll7)
:Thus the method does not guarantee success, results are
,best regarded as strong ev1dence in favour of a certain
configuration, but notvas absolute prOof. If (+)-camphor
- is to be used as a starting point in sfereosﬁecific

synthesis ( as envisaged by'Woodward(ll8) )

y Or some
salt is to be used as an internal reference centre (see
sections 3.k, 6.5), the absolute configuration must be
known unambiguously. For these reasons, and from its
, 1mportance as a key terpene in the stereochemlcal schemes
dravn up by Huckel(lOB) and Blrch(l 9), the X-ray arbit-
ration was undertaken.
A description of this work, and a discussion of

its relevance in the general field of terpene stereo-
chemistry, forms the subject uatter of chapter 6. It is
sufficient to record here that the chemical work
described above has been upheld; as hés the lengthy
stereochemical correlation published by Freudenburg and

'Lwowsk1(119)

Tne latter authors employed a rather
complex scheme to arrive at a svmllar result in 1955,

however the very length and complexity of the degradative



scheme usad'(same'ISféompouﬁés were synthesigod im d1l)..
madeﬂthe ansver (although right) questionable., |

5.4, ‘Thé Chemistry of Humulene.

The monocyclic sesquiterpene humulene was first isol-

(120) k(121)

ated from oil of hops Degradative chémical wor

showed 1t to be 1,l,h,8,—tetramethylcycloundecatriené
‘(Cl5H24)’ and this was confirmed by Sorm et. al.(lzz), who
synthesised 1,1,4%,8,-tetramethylcycloundecane and showed
it identical with hexahydrbhumulene; Hunulene has also
beeﬁ identified as the X -caryophyllene constituent of
(123)

clove oil ‘Another constituent of clove oil,
caryophyllene (5.XXIX, Fig.5.t.) (formerly known as
charyophyllene), whose stereochemistry was elucidated
by chcmlca1(12h) and X- ray(lzs) metnods, was considered
to be derived from tire farnesyl precursor (5.XXVI) (101).

It was natural to suggést that its congener humulene had

the same precursor, giving the trans-trans-cis-stereo-
'chémistry (5.XXX)(101) for_humulene. The all-trans-
sterecchemistry (5.XXXI) was, however, proposed(126’127)
on chemical,rather than biogenetic grounds,; and has
| recéntly been shown correct by two independent X-ray

- - " . i (128’129) g
analyses of the adduct Cl5H24.2AgLO3 . Thus the
farnesyl cation (5.XXVIII) is the probable biogenetic

precursor of humalene (5.%XX1).
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. Recently Sﬁtheriand and his co-workérs(l30) haﬁe. \
obtalned the tricycllc bromohydrln (5. XXXII) by reaction '
of (5. XXXI) w1th N~ bromosucc1n1m1dé. The relative stereo-
b chemlstry shown was chemlcally defined at C(4) and C(5),
at other p01nts it was proposed on the basls of an apparr-
ently reasonable reaction mechanlsm (involving attack by
- hydroxyl at C(B) of (5 XXXI), followed by a concerted
trans~-cyclisation). The tricycle can be converted stereo-
specifically, and with equal facility, into (i)-caryoph-
yllene (5.XXIX)'or back to humulene, as shown in Figure
5.4, which sets out the vhole series of relationships.
Some derivative (probably cationic) analogous to compound
A(5.XXXII) thus appears to offer a possible alternative
biosynthetic pathway from the farnesyl precursors (in this
. case from (5.XXVIII) ) tovcaryophyllene (5.XXIX).

In view of the possible biosynthetié relevance of
humulene bfomohydrin, and also to examine the géometry of
‘the fused ring system, a full three-dimensional X-ray
study was undertaken to establish the true stereochemistry
‘of (5.XXXIT). A description of the analysis*3%) forms
the subject métter of Chapter 7; it is sufficient to
mention here that the results have‘shown the true relative
stereochemistry of humulene bromohydrin to be as in |
(5.XXXIII), and not as proposed. The implications of

thié are discussed in Sect. 7.3.
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5.5  The Chemistry of Germacratricne.

. - ‘ > - o s . . )
‘Following the work of Ruzicka et.al.(’g), it was

(132)

<@_§uggested by Barton and de'Mayo that ten?membered'
ring~qompounds could act as bioéynthetic”intermediates
in certain cases. The suggestion was expanded by

1(101) 1 uho used the triene (5.XXXIV, Figse5.5,6),

Hendrickson
. obtained by deprotonation of the farnesyl cation (5.XXVII),
in a schemé for the biosynthesis of sesquiterpenes having
the guiané (5. XXXVIII), eleméne (5.XXXIX), selinane

(5.XL1I), and gefmacrane'(cyclodecane) skeletons.

The cyclodecatriene (5.X¥XXIV) has recently been
prepared by Sutherland and his conworkers(133) from the
naturally oécurring ketone germacrone (5.XXXV, obtained
from zdravetz oil); it has been designated 'germacran';rr:i
| triene'(l3u). The preparation, via the alcohol (S.XXXVI),
and the acetate (5.XXXVII), is outlined in Fig. 5.5.

(133) ¢

The all-trans-stereochemistry was proposed rom
degradative and spectroscopic evidénce, and from the
ready. (and stereospecific) cyclisation.to selinare
derivatives (the bromchydrin (5.XLIiI), obtained by
reaction with N-bromosuccinimide, is typical); the
cyclisation probably involves transannular 7=7 inter~
action between the twd endocyclic double bonds. Germ-

acratriene has also been conVerted(l35) into the diol

(5.XLII), having the guianéAskeleton, by acid-induced
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~ cyclisation of the epoxide (s.XLIV); and also into the
previously undescribed elémane sesquitefpene .Ylelemene:
(5.XL) via a Cope rearrangement at a temperature in
\;xcess of 120° | - -' -

A more inexpllcable reaction of germacratriene is
that v‘u.th\one\ mole of 'buffered peracetic acid, - this gilves
a mixture of the three epoxides (5.XLIV-XLVI).with.yieids
in the ratio 65:35: <1136},  This implies great diff-
_erences in the reactivities of the three double bonds.
This mast be a consequencetof the geometry adopted just |
prior to reaction in solution, since?t-k’ transannular ‘
intaractions should be unimportant,in the case of epox-
idation. | ‘ v |

During the early experimental work it was discovered
" that germacratriene formed a crystalline adduct
615 2)_P.Agl\:03 on standing in a saturated solution of
~silver nitrate in ethanol(l33). In view of the obvious
biosynthétic importance of the compound, a full three-
‘dimensional X-ray study of the silver nitrate adduct was
undertaken, both to check the stereochemistry, and to
examine the molecular geometry about the double bonds.
The X-ray work has confirmed the proposed stereochemistry,

(136)

and also furnished an explanation of the reactivity
differences at the double bonds. A description of the

X-ray study; and a discussicn of the.molecular‘geometry)
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forms the subject matter of Chapter 8.

‘x‘5;6. Note on‘Numbering Schemess

T\\\The numbering schemes showh in this’éhapter, which.--
have béén\phosen with some 'crystallographic licénce',
will be adﬂéred to throughout this thesis. For ease
of reference tﬁeytare shown together in the pull-ouﬁ

diagram bound with the end-papers.
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CHAPTER 6

1 The Absolute Configuration of (+)-Camphor :

The Crystal and Molecular Structure of (+)-3-Bromocamphor

6.1, Introductiéno

The work to be described in thié chapter began as‘a
Research Exercise in Physical Chemistr& performed by the
Author during his final undergraduate year (1964-65) af
Imperial College. The results obtaihed will be summar-
ized below. | N

Initially atténtion was focussed on the compoﬁnd F:
(=)-2-bromo-2-nitrocamphane; the crystal structure was
known with good accuracy (R = 0.125 for wvisvally estimated
data)(l37), vhile the identity of its configuration with

that of (+)=-camphor was known(103) The compound was ,
(138) which

(139)

prepared by converting (+)-camphor to the oxime
was treated with Br2/KOH to give a pale yellow volld

Recrystalllzatlon}from agueous methanol gave a white
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.'.feathery aggregaue (m. pt. 218 221° (decomp) llt 2200(139))
Attempts to obtaln 51ngle crystals su1tab1° for Xéray
~ work were unsuccessful. . ' |

- Attention was now turned to (+)-3-bromocamphor, a

(140)

.

qompoﬁhd\first described by Keller s which is known

to have tﬂé»game configuratidn as (+)—camphor(lh1). The
crystal struéture had already beehmdetermined by Wiébenga
and Krom(lMZ) (hereinafter W & X), who studied the iso-
morphous series 3-bromo-, 340h10ro¥, and 3-cyano-camphor.
They determined the g-g‘gn co-ordinates of all atoms from
the [blO]fprojections and refined them as far as was
possible in 1946, The y-co-ordinates for cyahocamphor
were estimated ffom models and refined from the two oﬁher
principal projections; no Y~co-ordinates were found for

I any atoms in the halides. The crystals were provided
by Dr. J. E. Baldwin, then of the Organic Chemistry Dept.,
'Imperial College; they are white prismafic needles,
with an extinction direction parallel to the needle axis.
The initial sample was too large for X—fay work, and
smaller crystals were‘obtainéd byArapid cooling of
saturated methanolic sblutions.

The crystals were found to be unstable to X-irradia-

tion, and numerous methods of protegtion were tried;‘ It
was found that a thin layer of pastel fixative sprayed

<uni£orm1y,:afforded sufficient protection for up to
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.?0 houfs exposure. | Thelcrystalfdéﬁé gi#én'by W'& K were.
checked from oscillation and Weissenberg photographs taken
‘about the a- and b-axes. Thevcell dimensions found Shoﬁed
.good agreementy they were latér refined‘by'least-squares and -
are 1isted in Sect 6.2. The crystais are monoclinic, space«

group le; in this space- group, under nornal condltlons, the

symmetry gives @
 FOkd) = FGED = FOED # FEkD) # FOD  cevenens 601

Thus, to recofd the BijVoet pairs photographically, the crystal
must be mounted to rotate about either the a- or c~axes. The
layers Okﬂ 1x1f, were therefore recorded, using CuKm—radlatlon
and the multi-film pack method, and indexed on a rigidly

right-handed system(éo)

In this case a St¥e Weissenberg
gonlometer was used, having the geometry shown in Figure 6.1(a)
where the goniometer'head‘rotates anti-clockwise (as seen by
an observer at the open end of the camera), the translational
movement of the pot is away from this observerj the djrection‘
chosgﬁ'for +g# is also shown. The direction of +c followved
from a>study of the 1ki—photograpn superimposed upon Okﬁz and

- was chosen to make an acute angle with +ai. "The direction of
+bK followed from the requlrement that the system be rlght-
handed. The chosen system (blg. 6.1(b)) was then‘superlnposed
upon the crystal, and by utilizing the concept of the sphere
6f refiecfionviﬁ conjunction with the camera geonetry, the

correct cyclic sequence of axial rows was determined; the
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correct indices were then assigngd to all Ox1 reflections.

The sign of the intemsity difference I(0k¥) - I(CED) was

: v1sua11v eSulmated for 18 BlJVOGt palrs._ The'calculéted‘diff-

erences were obtalned u51ng W & K's data for cyanocamphor 1he1r
X~ and z»co-ordlnates for Br, and an estlwated y=-co-ordinate
for thls‘atqg. Structure factors (FN), (F,) (A=Br) were
compufed usiﬁé BABA; isotropic temperature factors (B) of

4.0 82 were allotted to C and 0, and of 3,6432-to Br. The
values were corrected for anpmalbus dispersion of CuKy at Br
using Argand diagrams (see Fig. 3.1)3 correction terms(59) :

It = "009, £n = 1.5 soeeveesr s 602

- were employed, and the sign of the difference F(0kl) - F(Oki)

obtained for all 18 pairs. The agreement between observed

~and calculated inequalities for this determination (4) is

shown in Table 6.8 (p.lo). The 77.7% vote obtained indicated

that W & K's structure, if drawn on a right-handed set

’/Xkray beam

%x ;?___if rot

axis

translational motion

' Figure 6.1 '(a) Geometry of‘the_Stae-Weissenberg CameraI

" (b) The chosen axial system.



A”.bf‘axés, represénted}the trﬁé absb;uﬁe1confiéuratidn. ”
This confirmed the chemical vork of Fredga and Miettineé}lo}
but with only about the same 'level of significance'. It
was obvious that the positional“déta used was not suff-
iciently accurate to'guaranﬁee the fesulf, and a redetef—'
‘mination of the cryétal'strucﬁure was.undertaken. Apart
from defining the absolute stereoéhemistr& unambiguoﬁsly,

it has provided accurate data on the molecular geometry.

6.2 Data Collection.

The'cell dimensions were obtained using CEDI, from
some 25 theta values measured from equatorial Weissenberg:
photographs Ok, hOZX. The values obfained, together

. with other relevant data, are listed below.

Cryvstal Data.

»(+)-3-bromocamphor:C10H150Br; Monoclinici Laue symm. 2/m.,

= 7,36 + 0.01 = 7.59 + 0.0L &; -

a b
e = 9.12 + 0.01 8; A = 9%.,1° + 0.4° ;
v = 508 83 D, = 1.49 & 0.03 g.cmso
| ’ B ( by flotation.);.
D, = 1.51 g.cm73 3 for Z = 2 molecules/cell;
M = '231.03 (taking the standard c2 - 12.00)5

| 56.10 em.™h for CuK ¢ (X ooy = 1+54178 2.

RS
u

Absent spectra (only among OkO when k = 2n + 1) defined
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the space-group as P2 (No.k,) or P21/m (To. ll )(143)

"fk ihe known optlcdl act1v1ty of the compound ([9]30 = +l30

in EtOH qu)(luL) excludes the 1atter possibility (see

sect. 3.1.) and leads to the unique definition as P2l,n

The previéusly described method of proteéting the
';crystals proved unsuccessful over the long periods of.
X~irradiation requiréd for the collection of the inten-
sity record. 'A‘specimen of approximéte dimensions :
O.4 x 0.2 x 0.13 mm. was therefore encapsuiated in a
Lindemann glass capillary tube, and set with the b-axis
pérallel to the akis of rotation of a Unicam Weissenberg
goniometer, Using Ni-filtered CuK, radiation, the
layers hOP - h51 were recorded. The reflections were
indexed as described in sect.6.l. and 783 intensities
were visuaily estimated using two graduated step wedges;
a further 130 intensities were below thé threshold w lue.
No spot-shape corréction was applied, but subjective
welghts were applied during the measurement. A further
50 intensities were similarly measured from the Okl
‘phqtographs for correlating,purposes; the 1kI data was

not measured, due to the very poor spot-shape.



- 6.2, | Two-Dimensionai Work.

A two-—dlmens:Lonal Patterson map for the [010] prog- |
“\ectlon was computed using BOSS.V It revealed the x-, |
z-co-—ordlnates of the bromlne atom to be :

3§=\;= 0.2628; "z = 0.1663;
comparing wc;ll\with W & K's values of : |

x = 0.2666% z = 0.1639;.
A 2D Fourier map for the ‘same projection, using only thé
phases gi{ren by the bromine atom position, yielded five
well defined peakss; ,B_ was 0.332. They were identified
by comparison with W & K's positional parameters for
cyanocamphior; -the agreemént is shown in Table 6.1l. The
»map also s;howed that tke co-ordinates of the bromine atom
~in the asymmetric unit were :

x = 0.7372; z = -0.1663;
related to that obtained from the Patterson by a centre of

Table 6.1
R’ &K. ; ‘This Work.

Atom |. X z ‘ x" z
0 0.403 0.061 ?~>r‘o.409 0.068
c(2) | 0.567 0.11% 0.558  0.117
6(3) |  ©0.728¢  0.031 0.751 0.039
c(10)|  0.506 0.383 |°  0.507  0.395
¢(8) | 0.933  omi9 || I70}920' 0.406



5 symmetry in the [Qld] progcctlon (plane group P2) at .
xX=%, 2= 0. |

" From the good égfeeménf shéﬁh in Table 6.1, and
from the overall similarity of éhé {blﬁﬂ’Fourier proj-
‘ eétibn'for bromoéamphoi'obtained here, with_that for
| cyanocémphor obtained by W & K, ‘it appeared that the
‘co—ordinates of the'étoms in the camphor framework of
both derivatives were vgfy similar(lhs). It was felt
that a three—dimensional refinement based on W & K's
co-ordinates for C and 0 for cyanocamphor should be
successful. A bead model was constructed, and the
Vcho—ordlnate of Br was estimated as O. 354 relative to
the origin used by W & K. This value was then fixed
as’the arbitrary ofigin in the zrdiredtion in Spacéé
groub P2l. ' The. co-ordinates used to begin the

refinement are shown in Table 6.2 overleaf.

6.%. _ The Refinement of the Structure.

In this description; and similar ones in chaptérs
7,859 9 4 refinement runs are designated I, A, or M :.
I, indicates least~squares refinement with all atoms
having isotropic temperature factors (B's)?
A, indicates thau all atoms have anlsotroplc temperature
- factors (%Q 1s)s |

M, 1nd1cates that all non—hydrogen atoms are treatea



 TABLE 6.2,

- (+)=3-Bromocamphor.

- Initial Co-ordinates in Least-Squares Refinement.

w2 N T
| e 0.631 | . 0.333 0.267
622)\ | 0.56% .0.286 0.111'

c3) 0.731 | 0.21% | 0.033

C(4) '% 0.900 é 0.278 0.150

o) | 0.89m 0.478 | 0.167

G(6) | 0.711 . 0.508 | 0.253

c(7) f 0.817 % 0.200 . 0.278
c(8) 0.93 | 0.208 . 0.419

c(9) § 0.767 | 0.01k | 0,292
c(10) § 0.481  0.333 f 0.369

0 003 0,278 0.061
Br % 0.7372 '1 0.354C | =0.1663

as for A above, the hydrogen atoms being included in
fixed positions, with fixed B-factorsj - the refinement

may be loosely described as Mixed mode.

The main (b-) axis intensity data was Lp'l—corrected
using DATRDN and placed on a common arbitrary scale by
comparison with intenéitié?Z;;kai, The accidental
absences were included at a value of % x.the minimam

‘observeable intensity in the relevant part of the record.



No abserpfion cerrection vas aﬁplied, since_tﬁe Cross-
seetion-of the crystal was fairly smailAand uniform, and
_\’ (1) was not large. _l o | |
\h:*i\ Reflnement began w1th five cyc‘es of unwelghted full- .
matrlx least squares using ORFLS' the p051t10nal param-
- eters from Table 6.2 were used together with B-factors
‘of 4.0 8 for C and 0, and 3. o % for Br. Due to the
paucity of correlating: data the 1nter~layer scale factors
were also made parameters in the refinement. The resultis
of this run (I1) and of all subsequenf Tuns ﬁill be found
in Table 6.3 on pegelol.

Before run I2 an analysis of the‘agreement betﬁeen
observed and calculated structure factors '(IFO‘&{FC])

(51)

was made. A weighting scheme of the Hughes type
(Eq. 2.29) was devised to give reasonable constancy of
E:w(lFol-ch!)z over ranges oleoh .the constant F* vas
11370 on the scale of the structure factors in Table 6;7.
The scale factors were again refined and R fell to 0.18L,
The isotroplé temperature factors -at the end of run
12 were converted into their anisetropic equivalents (%gij)
and the refinement continued with runs Al-A4. During
runs designated A or M the inter~léyer scale factors were
~kept fixed, since their high correlations with the |
‘vibratienal parameters makes this type of refinement .

(lhk)

formally 1nva11d - The only alterations made during



" uration determination

r,rthese’runsvwere : after Al five small high-order refl—
ectlons were correoted for mls~1ndex1ng, and two others
(1,1,0; 1,2, l ) removed for suspecced extlnctlon, after
ﬁ:A3 a further reflection (O 2 1;) was removed for the
'same reason. |

Molecular geometry calculatlons were performed using
BONDLA,eafter ‘Al, A4, during the latter run the p031tions'
of the 15 hydrogen atoms were also computed, at bonding |

distances of 1.025 R from caroon. In both cases the

| bond-lengths and angles made good chemical sense.
Following run A4 a structure factor calculation was
performed using FC to give values of Fy and Fp.3 the'
hydrogen atoms being included in their calculated pos=
itions. The results were used for an absolute config-
(140) which will be discussed in
section 6.4, |

An examination of the reflection data after A4 showed
that some of the accidental absences were greater than
the threshold values. A close examination of the
photographs indicated that 57 were, in fact, marginally
observabley Their intensity values were changed to the
threshold value in the relevant part of the record.

It wes decided to return to isotropic refinement
to re-refine the inter-layer scale factorsj no hydrogen

atoms werefincluded at this stage, and the weighting



- 8®

o was-unchanged.'ﬂThe peftinént‘fesults (runsflé;A5, Table
6.3) show the large éffect on R-of tha‘c%angeS'in scale-
- factors caused by relatlvely small correctlons to the
‘\Elntensity data. It should be noted that this type of
reflnement has not had its more obvious pitfalls publl-
cised : it-appears advisable to return to the isotropic
mode;after any change in data, weighting scheme eté.,
to re-refine the inter-layer-scale factbra. .The exper-
jence gained here was used to make the (similar)
refinement of germacratriene (chapter 8) a more efficient
process. | | |

A difference Fourier, with non-hydrogen atoms
_'removed', revealed no spurious peaks; the six non—méthyl
hydrogens were discernible in positions close to those
calculated'by BONDLA. The methyl hydrogens were not
shown. The final calculated hYdrogen positions are
shown in table 6.6 compared with those positions cbtained
from the difference map. | |

All fifteen hydrogen atoms were now included in
’structure factor calculaticns in thelr calculated
positions, with B-factors 0.5 22 greater than the value
‘for the carbon atom to which they were bonded. A
review of the weighting scheme was now carried out asing

- and }Fo}were-

DELSIG. Average values of (“Fol-IFc‘)

output over ranges oleégvahis showed that the bulk of
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the data (749 terms) had strucﬁurevfactorS-in”the range

0-20 on the scale of Table 6.7. It was found that a

Hughes scheme with F* set at 6.0 gave the best average

\6fﬁkw(IFo'—]Fcl)2 sums over the ranges chosen. This

left 334 reflection intensities with unit weights.
Run\ih\was performed to re-refine the scales to
allowlfor thé inclusion of hydrogen atoms; and the éhange
in the ﬁeighting scheme. The refinement proéess vas
concluded with runs M1, M2,'in'which the‘scale factors
were again fixed, There was no significant change in
R, but the standard deviations of the atomic co~ordinates
for C, 0, Br, improved. The ratio of shift to standard
deviation (S/E) on the final cyclé was < 0,10 for all
parameters refined, and ihe.least-squares process was
concluded. The final positional and thermal parameters

for C, 0, Br, are shown in Tables 6.4 & 6.5 respectively.

Final hydrogen atom positions were calculated from this

data (Table 6.6) and vere included in the final structure
factor calculation, which gave an R value of 0.979 for
the observed reflections. The final sfructure factor
listing is shown in Table 6.7. |

The estimated standard deviations in atomic co-

‘ordinates shown in table 6.4 are significantly poor in

the x—direction. This is due to the relatively low

data éﬁtéoff at k=5. They are probably realistic estimates

however, since full—matrix‘methods were used throughout;



TABLE 6.3.

(+)-3-Bromocamphor.

" The Refinement Process?

e _ ‘ .
Bhﬁg, Cycles R Max S/E % Max S/E}‘Ave S/E é
z ‘ ' % (scales) | (all parameters)f
nos | ooess - | - -
I2‘é 5 0.18% | 0.0300 - 3 - |
a3 | oax . I
A2 3 0.0 - - -
A3 3 % 0.099 - i - -
Al 3 | 0.098 - . .
13 5 0.14% 0,0009 | 0.0078 ;| 0.0020 |
A5 [ 0.079 No ref | 0.0538 % 0.0120
e 3 0.145 0.0030 | 0.0100 g 0.0030
oML 3 0.080 No ref | 0.8000 | 0.2230
w2 | 2 | 079 | Wexer | o.c00 | o.0220

% fhe full-matrix least~squares program ORFLS was

used throughout.
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. IABLE 6.k

(+) ~3-Bromocamphor.

Final Fositional Parameteréiand Themr'Sténdard De#iations ,

Atom ~ x = gy A 9y z 9

c(1)  0.640k4 0,0616'_ 0.3359 0.0031 0.2656 00,0012
c(2) 0.5665 10,0014 0.29%9 0.0019 0.1097 0.0012
c(3) 0.7337 0.0016  0.2439 0.0027 1 0.0280 0.0011
c(4)  0.8838 0.0015  0.2795 0.002%  0.1382 0.001k
©(5) 0.8981 0.0021  0.4856 0.0025  0.1755 0.0015
c(6)  0.720k 0.,002%  0.5151 0.0025 0.2555 0.,0017
c(7)  0.8097 0.0015  0.2179 0.0029  0.2818 0.0012
C(8)  0.7605 0,0019 0.017% 0.0022 0.2773  0.0015
C(9)  0.9323 0.0020 0.2580 0.0029 0.4225 0,0013
C(10) 0.4928 0.002%  0.3226 0.0042  0.373% C.0016
0 0.4128 0.0011 0.3090 ‘0.0018 0.0570 0.0010
Br  0.737% 0.0002  0.354%0 - ~0.1630  ©0.0001

Maximum and Averare Positional Shifts on the Final Cvcle:

X ¥ 2
Max shift (8) 0.00036 0.00140 0.00067
Ave shift (8) 0.00012  0.00C50 ~ 0,0002k

% Positions arévgiven as fractions of the cell edges .
(unless otherwise -stated)throughout this Thesis.



TABLE 6.5,

(+)=3-Bromocamphor.

‘FinAal Anisotropic Thermal Parameters ({g.i_i‘ s)* fof the.
Non-Hydrogen Atoms ’
Atom . £, Poo £33 P1o P13 fos
©(1)  0.02357 0.,01211 0.01047 0.00061 -0,00073 0,00162
c(2) 0.01692 0.0116% 0.01050 -0.,00119 0.00213 0.00009
c(3) 0.02016 0,01715 0.00771 -0.00182 0.00085 0,00401
40(4) 0.01274% 010170h 0.01140 0.00138 -0.00057 0.00595
c(5)  0.02886 0.01148 0.01373 -0.01312 -0,0028% 0.00683
C(6) - 0.03056 0.00637 0.01606 0.00563‘ 0.00194 -0.00431
c(7)  0.01543 0.02497 0.00873 0.00039 0.00028 0.00252
c(8) 0.02511 0.00273 0.01507 -0.00300 0,00318 0.00339
1 G(9)  0.02815 0;02288. 0.00923 0.,00154 ~-0,00333 ©0,00048
C(10) 0.03477 0303606 0.01226 0.00531 0.00651 0.00437
0 1 0,01881 0.02073 0.01359 -0.00090 0,00067 ~0,00100
. Br 0.02900 0.02483 0.01037 0.00390 0.00388 0.00383
% The tempez;atvure factors in %:he above table, which are

all positive definite, are the parameters (/-gij) in :

£ =

2fy3hl + 2f55K1 )

£° expl fi,h° + "[_32_232 + fy1° + 2f) bk +



(+)~3-Bromocamphor. .

 TABLE 6.6.

Observed> and Calculatéd% Hydrogen Posifions

Calculated

Observed

H Bonded
Atom  to i 4 z x 4 z
H(1) C(3) 0.7003 0.1632 -0,0244 0.723 0.150 -0.079
H(2)A C(%) 0.9657 0,1868 0.1522. 0.97% 0,187 0.154%
H(3) C(5) . 1.017% 0.5148 0.2462 1.090 0.505 0.223
H(4)  ©(5) 0.8989 0.5683 0.0772  0.875 0.541 0.082
H(5) G(6) 0.6288 0.601% 0.1930  0.635 0.609 0,206
'H(é), C(6)  0.7512 0.5696 0.3632  0.775 0.541 0.348
H(7) C(8) 0.708% -0.0260 0.378% |
H(8)A C(8) 0.8220 -0.0421 O.140L4
H(9) C(8) 0.7180 0.020% 0.3069
H(10) C(9) 0.8801 0.214 0.5236
CH(11) C©(9)  1.0315 0.1839 0.4307 |
H(12) C(9) 0.9815 0.%091 0.,4108
H(13) C(10) 0.4349 0.1931 0.3807'
H(14) ©(10) 0.5051 0.279% 0.4340
C(10) 0.4311 0.4929 0.3858

CH(15)

* From a difference map following run A5.

# Calculated from the final co-ordinates shown in Table

6.k

These parameters were not refined.



TABLE  6.7.

 (+)=3=Bromocamphor.

Observe&\and Calculated Structure Amplitudes after

Refinement.

The format of the table is :

IFc| A Bc

h ok 1 |5

Accidentally absent reflections are marked (L) (less-than).

The three reflections removed from refinement for

suspected extinction were (in the same format) = :

1 1 0 66.09 93.67 83.9% L41.57
0O 2 1 28.70 38.70 -18,10 3k4.20
1 2 1 42.87 57.48 32,3 42,51

The reflection 0 O 1 was obscured by the backstop.
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2lead  21.34
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~ 6.5. _ The Absolute Configuration of (+)—3—Bf0mocamphor.

- It has been notedv(Séction 6.1) that the Bijvoet
method, applied using the data of W & K.(Table 6.2),

- failed to produce a conclusive concenéus”of anomalies.

For the assignment'ofvébsolute'configuration based on the

' re'f‘ine‘d structure the methods of both Bijvoe’c anci

. Hamilton (see Chapter 3) were used.

1) The Bijvoet Method.

- The Bijvoet pairs Okl, OkI, used in the previous
determination (A) were femeasured using a Joyce-Locebl
.integ;ating microdensitometer; the sign of the
intensity difference was noted, and found to agree with
the visual estimate in each case. Two additional pairs
(035, Ohl) were included in the list, bringing the total
to 20, The signs of the inequalities : Fp(0kD) - Fr(0kT)
were calculated exactly as described in section 6.1.

Twé determinations were made, one after refinement run
Ak (R = 0.098), and the other using the final parameters
listed in Tables‘6.h-6.6:(gj= 0.079)3 the agréement |
between observed and calculated inequalities is shown in
Table 6.8, where the determinations are designated (B)
and (C) respectively. Absorption effects were ignored .
throughbut:rthe very regular shape bf the crystal used

meant that the correction for reflection and counter-



" TABLE 6.8,

- {+)=3-Bromocamphor. -

Observed and Calculated Inegualities for the Bijvoet Pairs

Soonel s[I(okd) - T(0ETY]  s[P(okd) - F(CRT)]
- A B C
011 .+ - +

012 e + - e
013 - B -
ol - s - -
015 '_ | - ' + - -
0i6 + | » + + +
017 - - - -
022 . 4 + +
023 o - -
02l - - - -
025 o+ + + _ +
026 »+b ' + + V +
027 - T - - - -
029 5 o + .
033 , + + . + +
034 - - - -
035 - - -
036 + o+ + .
Oh3' o+ o . x+A o+
oy . - .
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AL Hamilton's Eethod.
o Thesdafa was corrected for anomaloﬁs dispérsion (FC)
usihg thé'scattering;factor corfébtiqn termé given in
Eq. 6.2. (p, 97 ). Four éycles of mixed-mode fefinement
was carried out using ORFLS; the parameters listed in
Tablés»6.%—6.6 were used, togetﬁer with an overall scale-
. factor; the hydrogen parameters were not refined.
The conventional R fell from 7.93% to 7.90%, and the
ﬁeighted,g « B& ) was 11.LL49%; . the maximum S/E was
less than 0.10. A similar refinement of the enantio-
morph (obfainedvby reversing all y-co-ordinates) was
carried out using the corrected data. Convergence was
obtained after 5 cycles when the conventional R was
7.963% and the weighted R ( B2 ) was 11.515%.

We may now test the one-dimensional hypothesis :
H : The second absolute configuration represents reality.
The total number of parameters refined (n) was 108 and

the number of observatlons (m) was 9083 thus the number ‘

of degrees. of freedom (m-n) is 80C. Thus we have :

\%1’800,D{ = B\%/B\]\} = Oo11515/0011)+1+9 = 100057 ce e 603 )

From Table 1 of reference 66 we find :

gl 1200005 : 10031‘1' [N - N N I BN ] 6‘1‘1"

i

and Qloo 0005 loQOO 00.0.‘-.--_0.0;.. 605
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The'required value of Cg?) may béIObtained ugihg the
1nterpolat10n formulae quoted in the appendlx to the

'paper, whence : ~

g@l 800 o 005 = 1,0051' cerersenees 6264

The hypoth951s therefore has approx1mately 0.5% 51gn1f—
icance, and can be rejected.

The exceptionally small difference in weighted R-
factors ( 0.07% ) is a consequence of the small-value
of f* (1.5)§ nevertheless the application of signifi-
cance test theory has produced a remarkably high vote
'of coﬁfidence in thé correct configuration. However
it appears that only very slight systematic errors in
the data could lead to erroneous resulisj assignments
obtained solely by this method, and based on a very low

R-factor difference,should be treated with caution.

6.6, Discussion of the Absolute Configuration.

The results of‘both Bijvoet's énd Hamilton‘s tech-
niques show conclusively that the structufe as determined,
and drawn on a right-handed system of axes, represents
the true absoclute stereochemistry. Figure 6.2 shows the
structure prdjected down the g—axis, and gives the
: conventional representation; shown in Figure 6.3A (cfe

structural formula 5,XV) with the gem—dimethyl bridge



Figure 6.2,
(+) ~3=bromocamphor - -
\ . in ge-axis projection®
UBr™




Figure 6.3. Absolute Configuration of (+)=3-Bromocamphor

in the Conventional Chemical Representation.

" below the plane of the paper. This confirms the

degrédative}work of Fredgaland_Miettinen(lloa), Porath(l%Ob)

(119)

and Freudenburg and Lwowski Not only are the
absolute configurations of (+)-fenchone (6.II Fig.6.l)
-and (+)-X-pinene confirmed by this work, but also‘those
of the degradation products mentioned briefiy in chapter 5.
The next Figure (6.4) shows the stereoqhemicalAfelation» |

ships between (+)-camphor»(6.1);(»)-camphoronic acid (6.311),
- and (-)ﬁx;methyl?x-;ggpro?yl succinic acid (6.IV) after
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Porath; 1t also shows the relatlonshlps between (+) = fen- .

 chone (6 11), ( ) =is0 propyl glutaric acid (6.V) and

"‘stltuted succinic acids

.(+)-;§gpropyl succinic acid (6.VI) due to Fredga and
Miettinen. » Sinee the last mebtioned compound eccupies
a key position in the stereochemical correlation chart
for the monoterpenes’drawn up by Birch(lo9), the work
. described here, together with other X-ray work on sub-
(115 117), has confirmed the
absolute stereochemlstry of a wide range of cempounds.

In particular the unequivocal definition of configuration
of (6.IV) from the present work, and by other, more
.(117) |

recent X-ray studies s has confirmed the config-
uratlons assigned by Norln(lhg) to- several members of
the thujane group of monoterpenes. The time would seem
right for an extensive review of monoterpene correlations,
especially in the light of recent X-raijork; ‘the
brief outline given here and in chapter 5.does, however,
show how the X-ray ﬁethod, combined with known chemical
data, can lead to extensive, and completely unequivocal
assignments.

It was gratifying to note that, shortly after the
completion of this work, two further'determinations of
~the absolute configuration of (+) ~camphor appeared in the

literature : both agreed with the work described above.

The flrst of these, by hortholt and Palm(lqi , followed
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. exactly théisaﬁe'sdheme as described fofidetérminatibn

A (section 6.1). The 3-bromo- compound was studied,

and W & K's paraméters 'ﬁsed to obtain the calculated
‘\*wiggqualities for only 9 Bijvoe%_pairs. Ve héd much
eafiier rejécted this methéd sincg it'gave aﬁ'inéonclusive
concensﬁs pf anomalies over.18 pairs. This case shows
the danger of resurrecting old structures from the
literature, in order to carry out configurational wérk;‘
the accuracy of the parameters used is frequently not

good ehough to guarantee the result.

In théir paper,Northolt and Palm cite the deter-
mination.of the structure and absolute configuration of
(+) —camphoroxime hydrobromide ( H.A.J. Oonk, Ph.D. Thesis,
Utrecht 1965). To the authorts knowledge this work
has not yet appéared in the chemical literature, a
Isurprising omission, considering it's relevance to the
monoterpenes. |

More recently the crystal structure of retusamine
as the (+)~3~-bromocamphor-9(t)-sulphonate monohydrate

has Been published(lso).

Using Br excited by CuKx
radiation, the absolute configuration of both cation

- and anionhave been established, that of the anion confir-
ming the above assignments. This raises the possibility
of using (+)-camphor-f-sulphonate salts (or their

derivatives) as internal reference centres, to establish

the absolute configuration of a complex organic cation.
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'The substitutibn'of bromine at C(3) in (+)-camphor
glves rlse to a third asymmetrlc centre. Figure 6.3
shows that the bromine is trans to the gem dlmethyl

bridge (endo-configuration). The same conflguratlon is

found in thev(+)-3-bromocamphor-trans-9(ﬂj—sulphonate

ahion(lso) (BCSO : 6.VII) and in bromo—lsofenchone(lsl),
- this contrasts with the cis-position'adopted by the
(137)

bulky halogen atom in (=-)-2-bromo-2-nitrocamphane
(BNC : 6. VIII), and in (+)-10- bromo-2 chloro-2-nitroso-
camphane(l52) (BCNC : 6.IX).

6.VII. BCSO. (150

| ¥
6.vII. BuC, (137

S
6.1x. Bee. (152)

A Qe _,a‘[f.}ﬁé;i_é}c-?/ [ A ,25030/125‘,



6.7.'; Discussion of'the Strncture.

,Molecular Geemetry. _
o The bond lengths and valence angles w1th1n the
asymmetric unit are glven in Tables 6.9, 6,10, together
with their estimated standard deviationsj again these
probably represent realistic estimates. The parameters
are shown for-elerity in Figure 6.5(a) and (b). Comparison
with the values obtained by W & K is not significant,
due to the lack of refinement in their determination.
 The bond»lengths are, in general, unremarkable. The
short bond C(3)-C(k), and the long bond'C(H)-C(SX are
the only ones which differ by more than 2. 50" from the
accepted C-C single bond length of 1.539 9(153) | his
may not appear significant out of context, but is possibly
a result of the strain due to the 'one-sided' substit-
ﬁtion pattern. The overall average C-C distance (1.538)
is close tolthe accepted average; however the average
length on the substituted side of the six-membered ring,
c(1)—c( ¥ 35 1.50%, while on the unsubstituted side,
C(M)——C(l)% it is 1.55%. Comparable reSults have been
found for BNC (1.52 & 1.588), and BCSO (1.53 & 1.56%);
the effect is not marked in BCNC (1.55 & 1.56%), possibly
due to the effect of the bulky Br atom at C(10).

¥ Numbering clockwise.
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‘TABLE 6.9

(+) =3~ Bromocanphor. '

Intramolecular Bonded Dlstances () and their Estlmated

- Standard Dev1atlons (o) in ﬁngstxons

r e s o

G ST M W SR T B0 B W o
(1) = c(6)  1.49 0.03 | ¢(3) - Br  1.93% 0.013

L 0(1) - C(10)  1i53% 0.02 »ﬁ G(W) - G(5)  1.60 0.03
c(1) - () 1.53  0.02 | ¢() - C(7) 1.53  0.02
c(2) - ¢(3)  1.53 0.02 4 6(5) - C(6) 1.56  0.02
c2) - o 1.20 0.0L [ C(7) - C(8) 1.56 0.03
c(7) = €(9) 1.55 0.02 |

Average C - C single bond length : 1.53 =+ 0,02 &

,Figure 6;5 (aj
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TABIE _6.10.

(+)~3~Bromoqamphor.

Valence Angles (6°) and their EStimafed Standard Deviations (&)

. ) eo 6,"’a » — ™ " Q" &
C(1)-C(2)-C(3) ~105.1 0.8 j c(3)-Cc(2)-0 126.4 1.0
c(1)-c(2)-0 128.4 1.1 ! c(3)-c(-C(5)  111.1 1.3

C(1)-C(6)-C(5)  10%.3 1.k} C(3)-C(N)-C(7)  103.5 1.0
TG(1)-C(7)-C(%) 9. 1.2 1 C(4)-C(3)-Br 118.7 1.1

!

1
i

C(-C(7)-C(8)  112.8 1.4 C(D-C(5)-C(6)  101.2 1.3
C(1-C(7-C(9)  112.% 1.2 COO-C(7)-C(8) 1154 1.2
C(2)-C(1)-C(6) ~ 10k.3 ,1-35' C-C(7)-C(9)  111.8 1.3
C(2)-C(1)-c(7)  101.8 1.2 C(5)-C(%)~C(7) 98.0 1.2
c(2)-c(1)-c(10) 111.6 1.1? C(6)-C(1)-C(7)  102.6 1.3
C(2)-C()-C(W)  102.2 1.0 C(6)-C(1)=C(10) 113.9 1.8
c(2)-C(3)-Br 113.1 1.02; c(7)-C(1)-c(10) 120.8 1.6
C(8)-C(7)-C(9)  109.5 L.kt )

Figure 6.5 (b).

(For additional angles

see abodve)
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o ‘The C(3)—Br distance.of 1:934-ﬁ-dompares'well,with
- the average value for C-Br of 1.9% %, quoted for the

alkyl bromldes(153)

The value in BCSO is, however,
0. OSR longer.’r The C=O dlstance of 1. 203 is exactly as
determlned for BC50, and does not differ 51gn1f1cant1y
from accepted averages(l53)
The most interesting feature of Table 6.10 is'ﬁhe

' negative deviation from the tetrahedral value (109.#70)
of fhe vaience anglés in the norbornane skeleton,C(1l)—
c(7), in (+)=3=-bromocamphor. (BC) . | Sim(lsu) has analysed
this bicyclo[},Z,i]hepténe system in terms of two fused
cyclopentane rings having three corners in common, viz:
Q,c_2,3,t+_,7,1; C 5,6,4,7,1; (rings A & B). His theoretical
analysis indicates that average values for the endo-
cyclic valence angles should be approximately 1000;
Table 6.11 shows the average values for-fings A and B
obtained here for BC,vcompared with the values for BCSO,
BNC and BCNC. The results support Sim's work very well;
in particular they show that the introduction of the
ketonic oxygen at C(2) in BC and BCSO has little effect
6n the ring system.

| A noticeable feature of all compounds containing
- the norbornane ékeleton is the consistently low value
of the'bridging' angle C(1)-C(7)-C(%). In the present
| struéture it is 9%.#0, comparing well with~va1ues of

Ve
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93 10 in BCSO 93 20 in BNC,.ahd és'oo & 91.2° in the two.
,crysatllographlcally 1ndepenaent molecules of BCNC. Sim(lsh)
has ascribed this effect to the ecllpsed 1nberact10ns of

groupings at C(2), c(3), ¢(5), C(6), thig would appear reas-
onable since fhe interaétions are relieved to some extent ih

(155)

anti-7-norbornenyl p-bromobenzoate , anti-8-tricyclo-

(156)

[3 2, l 02 h]octyl p-bromobenzepe sulphonate , and p-bromo-

benzyl norbﬂbmlde(l57)

3 and values for the 'bridge' angle of
96°, 97 , and 97°, respectively, are found. |

| The norbornane skeleton may also be regarded as a bfidged
cyclohexgne ring, where the required cis-fusion of the bridge
forces the ring into the boat conformation. This can be seen
in Figure 6. 25'and also in the(perspective view of (+)-3—bromo—
camphor showﬁ 'ﬁfé”x belov. The ideal  conformation of the
norbornane unlt should consist of four four-atom planes, viz:

1,2,3,4; 1,6,5,435 2,3,5,6; and %,7,1,103

table 6.12 shows the deviations (in %) of the relevant atoms

from the mean planes. The results for BC again compafe well
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TABLE 6.11. Bic?cqu2,2,i}hépténe system }'éverage valence
" angles in the fused cyclopentane rines A & B.

| BC. BCSO T BNC
Ring A 101.4 99.7 | 101.1 | 100.%+ | 101.3
Ring B 100.1 | 102.0 199.8 | .100.0 99.5

TABLE 6.12. Norbornane Skeleton : Deviations from mean

‘planes (in gngstroms)

BC. BCSO #:70 BCNC - BNC
, o Mol 1. | Mol 2.

€(1) 0.0241 | -0.012% | -0.0287 0.0096 | -0.0253
c(2) -0.035% | 0.0183 0.0421 | -0.0139 0.0377
C(3) 0.0359 { ~0.0182 ~0.0413 0.0143 | +0.038%
c(l) ~0.0246 | 0.0123 0.0280 | -0.0100 | 0.0261
c(1) -0,0195 i -0.0128 0.0030 { -0.0021 0.,0079
C(4) 0.0179 0.0119 |} =-0.0030 0.0020 | -0.0079
c(5) -0.0261 | -0.0174% 0.0044 | -0.0030 0.0113
c(6) 0.0277 0.0183 -0.004Y 0.0031 { -0.0113

- c(2) -0.0216 0.0105 -0,0259 | =0.0234 | 0.0217
c(3) 0.0202 { -0.0100 0.0250 | £0,0231 | -0.0212
c(5) -0.0199 ©.0098 -0.0251 | -0.0238 0.0206
c(6) 0.0212 | -0,0103 0.0259 | 0.0241 | -0.0211
c(k) 0.0293 i =0.0050 0.0269 0.0055} 0.C059
c(7) ~0.0140 { 0.0025 | =0,0160 | -0.0032 | =0,0029
c(l) i -0.0495 0.0083 -0.0408 | -0.0086 | -0.0103
C(10) | 0.0342 ! -0,0058 0.0299 0.0063 0.0073
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_with the values for BOSO, BNC; and BONC; the deviations
in all four compounds are small. |
The straln—energy mlnlmlsatlon calculatlonsx of
\Hendrlckson(158) have provided theoretical geometrical
parameters for the most energetically stable cyclohexane

(159)

conformefions His oﬁtimum values of dihedral
angles (gg)\and valence angles ( @ ) for the boateform;
are compared with the values computed (MOJO)%for'the
cyclohexane ring in BC, BCSO, BNC, BCNC, in Table 6.13;
The parameters involved are shown in 6.X, 'iﬂ“ on the

i previous page. The results from the X-ray studies are
'very close, but differ significantly from the parameters
for the minimum-energy form, showing the additiona1‘
strain introduced by the presence of the gem- dlmethyl
brldge. ‘

Table 6.14 sﬁows the non-bonded intramolecular

distances £ 3.0 2 in BC. Robertson and his co—workers(lsz)

cite the slightly longer distances from C(2) to C(?7) and

Cc(8) L (2.1 and 3.03 2 compared with those from

C(6) to C(7) and C(9) L ( 2.39 and 2.88 %) in BCNC

as indicatire of the distorting effect of the bulky

" halogen atom cis to the gem-dimethyl bridge; a similar

% see Appendix IIT for a brief discussion of this work.
# see Appendix IT. | e the numbering of 0(8)

C(9), has been reversed from that in the orlglnal papers
o conform with chemical conventlon.



TABLE  6.13.

)
SR

and Valence

. Comparison of ObserVed Dihedral Angles (©)°

Angles (Q)o for the Cyclohexané Ring with Values Obtained

from Minimum Energy Calculations

(159)

BC

Param- Theor, BCSO BCHC
eter  (159)  Moll  Mol2
QZSZV 52.1 77.8 73.8 73.9 67.6
@, 0.0 6.1 3.0 6.9 2.3
W, . 521 65.1 69.3 65.9 71.5
@), 521 68.2 68.7 71.8 71.7
o5 0.0 bl 2.9 0.7 0.5
g 52.1 731 73.3 67.2 68.5
0, 112.0 1043  10k.2  107.6  108.k
'.’92 112.5  105.1  10%.3  106.9  1C1.9
e, 112.5 102.2  103.7  100.2 10k
‘g, 112.0  112.1  108.%  113.5 . 112.2
e, 1125 10L.2 100.1  103.7 98,2
oy  1l2.5 1043  106.2  10k.2  109.6

6.5

68.9

71.2

1.8
68.3

105.2
105.8
102.5
113.9
100.0
105.3



c(2) 2.
C(k) 2.
c() —»

c(3) 2.
C(h) 2.
o5 2.
c(8)y = 2.
c(9) 2.
0 2.
6(2) —

C(4) 2.
c5) 2.
C(6) 2.
c(?7) 2.
c(8) 2.

o 13%

" TABLE 6.1k

(+)‘-%-Bromocarhphor. B "

Non—Bonded Ihtramolecular Distancés (in Angstroms) < 3.08.

- N

Br —> .

c(10) | 2.

-

@) — o —

90 c(5) 2.53 ~¢(10) 2.66
93 C(6)  2.93 i “
c(7) - 2.35 L8y —=
_ c(8) 2.8g c(9) 2.5k
42 0 245 -
2 | €0 —
o o) — 0 2,91
.57 c(6) 2.4k
56 | c(8) 2.56
45 C(9) 2.60
e —
33 c(7) 2.36
86 S C(9) 2.8
37
37 c6) —
91 C(7) 2.36
51 (9 287

c(10)  2.52
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' pattern was noted for BNC. In the’présent”;ase this
distortion has been relieved due to a trans-substitution
" of Br at C(s). The tabie shows thét the distances of
c(2) and.C(3) from C(?) and C(8) do not différ signif—'
icantly from those of C(S) and C(6) to C(7) and C(9).

Intermolecular distances and Packinge.

Figure 6.2 shows that the molecules pack in alter-

natihg 1ayérs parallel to the screw axes. This system

is econ§mical, but still allows clearances to be usually
- > 3.6 8, as noted for BNC, and BCNC, which also
crystallize in a space-group (P212121)‘involving only
screw axes. Table 6.15. shows all intermolecular
distances less than 4.0 &. Roﬁan sﬁbscripts refer to
atoms related to the set giveh in Table 6.%. by the
following operations : |
| (1) 2-x, 3+y, 1-2z; (ii) 2-X, %"‘.Y7 -z3 (iii) Xy 14y, 323

(iV) l—zc, %”*'X, "éo

TABLE 6.15. (+)=3-Bromocamphor : Intermolecular Distances

c(9) - ©(8), 3.95 & 0 - C(B);, 359 8

C(5) - Br;;  3.88 Br - C(8);, 3.9

c(5) - c(3)ii - 3.92 o5 - 0y, 3.88
C(6) - C(8),;;  3.83 C6) - 0y, 370

0 -0y,  3.5% Br=-0;, 377
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CHAPTER 7.

™

" \

The’Crxstai*and Molecular Structure of .

HumulenerBromohydrln »: ClﬁgZSOBr',

Zele Preliminarv Work.

The crystals were supplied by Dr. J. K. Sutherland
aﬁd Dr. M. D. Solomon. They are colourless prisms with
extinction‘directions'transverse to the needie axis,
possibly indicative of a monoclinie erystal with a non-
uniqué axis (a- or ¢~) parallel to the needle direction.
- Oscillation and Weissenberg photographs-confirmed this
(Laue symmetry 2/m), and showed that the crystals were
stable to X-irradiation, giving excellent Weissenberg
fécords after only 20 hours.

- The photographs were iﬁdexed on a cell for which the
absent_épectra were @ v |
no?, I # 2n; kO  k # 2n;

thus defining the space group uniquely as P2;/c.



E=N
b
Roe

.} Redeflnlng c reduced the ﬁnangle by ,ulO y ahd'chenged
-the absence condltions to. :
nof, h+1# 2n;  O0kO k # 2nj

(1605. Cell

l.e. the space group wa54trahsformed tbﬂgzl/g
parameters}were obtained by a leastésquares procedure
(CEDI) appllea to some 30 theta values measured from

equatorial helssenberg photographs.

Crvstel Data.

wdrin. 5
Humulene Bromohydr1n.Cl5H250Br, Monocllnlc E2,/n: C2h :No. 14

a = 6.07 + 0,01 &; b = 19.55 + 0,02 83
¢ ‘=112.39 + 0,01 8; A o= 93.147%+ 0.25%;
v = 1647 83; D= 1.36 + 0.03 g.cm:3
' (by flotation)
D, = 1.37 g,cm73 ; for Z = 4 moleculee/cell;
M =  301.27 (taking the standard C12 = 12.00);
B o= 38.81 cmi®T for CuKx (A . = 1.54178);
. Qe

F(000) = 632’electrons, Needle axis

The layers Okl-5k{ were photographed using Ni-filtered
_CuK“fradlatlon (see Chapter ), u51ng a crystal of approx-

h; imate dimehsions : 0.5 x 0.25 x 0.20 mm. A total of

1922 reflection intensities were visually estimated, and

placed on a common (arbitrary) scale}bﬁ comparison with

- 206 comﬁon data,from the (siﬁilarly recorded) hol and

hll layers, using the FOLO program. Aefurther 529



.
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poss1ble reflectlons in the Cu-sphere were oreated as |
a001denta1 absence s, and 1ncluded in the data llst at
;'a later staae. The absolute scale ( K ) was obtalned

durlng structure solutlon and re11nement by comparlng

T‘IF | and Elrcl.

7.2, Structure Solution.'

The co-ordinates of the bromine atom were obtained
,from a 3D Patterson map. The symmetry equivalent

positiohs in le/n are :

13 X, Y, Z3

23 =X, A -Z3

. 1 _L 000620 000 002 701
33 3-X, Y, 5-23

Ly ax =Y, T+z3

The resultant vector set for the four bromine atoms in
the unit cell consists of six pairs of centrosymmetrically
related peaks, whose co-ordlnates, with respect to the

: bromlne position : x, ¥, 2, are given by

H + ( 2%, 2y, , 22, )

25+ (-3+2x, = -3, =3+2z, )
33+ (C ~%,  -¥+2y, % ) |
® & ¢ o 7.2

by 2 C -3, -- 2y, -%; )

55+ ( =b-2x, -k, -b-2z, )

» 65 + ( -2x, 2, -2Zy )

The full Fatterson thus ethbltS two Harker sections -t



l1: x, :%, 'z, due.to the éi.scfew; _ .
2: F oy, g, due to the n-gllde.- 05'. 7:3
Use of the Harker sectlons gave the co- ordlnates of
“~bromine as : o

\5 = 0.093, Y = 0.205 gz = 0.247.

Uéinv the phases giveniby the heévy atom (B 3. OA )
a 3D electron—den31ty map was computed (BOSS)' reflections
for which ch|$;O.25lFol were omitted from the Fourier
‘summation; R was O.L427.  The nine atoms fofming the
macrocycle and fused cyclopropane ringx were readily
identified; and possible positions for C(9) and C(10)
were also given. The resolution was, however, poor &abt
-the positions expected for the substituent methyl groups
and hydroxyl. |

Nine carbon atoms ( C(1) =P G(8) & C(11) ) were
added to the structure factor calculation with B = 4.0%%;
B;feil to 0.338. The same rejection test was applied
to the coefficients and the second map computed. This
reveéled all non-hydrogen atoms, but differentiation
‘betwe en C(13) and O was not pOSSlble from the electron-
pounts.

A third summation was péTfOrmed to obtain optimumv
(161)

positions for the 17 atoms using Booths method . No

observed structure amplitudes were rejected, and R wvas

' x ‘The numberlng schene is shown 1n full in the pull—out

dlagram bound with the end— qﬁrs.
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0.251; 'Distithion between C(l3)'and 0.wasvétill not
~ possible. | ' | |

7.3 Refinement of the Structure.

The conventions set uﬁ at the beginning of section ‘
éfk,on page QS,wili be used here. The prbgress of;thé_
refinement is shown in Table 7.1 on_page/35 . The block-
'diagonal 1eést—squares program BABA was used throughoﬁt.

Initially the poéitional parameters and estimated
B-factors were ailowed to vary for 3 cycles, together_v
~ with an overall scale factor (X), (run Il). A weighting
scheme of the Hughes type (Eq. 2.29) was used, with '
ﬁﬁ set at 850 on the scale of the structure factors in
Table 7.5, this gave réasonably ?onstant values of
ij(lFol-chbz over ranges of!Fé'and sipzé. The R-factor
fell to 0.178, but C(13) and O showed anomalous B-factors
of 2.532 and 7.53% respectively lower and higher than the
'general level (25h.182) for substituent atoms. The |
>designation of the two peaks was interchanged and
- .refinement continued (run I2) 4o C.170. A bond-length
‘?balculation (ELSI) now shoved sensible” values for
0(6)-0(13) and C(6)-0 of 1.57 and 1.k ﬁ_respectively;
the B-factor shifts were minimal for thé two atoms.

A @ifference map, with (F,-F,) as coefficients in

~ the Fourier series, showed no spurious features, but
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revéalédvsbme_aniéotropy in the struéfure; ‘:AlivB—fantors
‘ Qére'thus COQverted into their'ahis@fropic eduivalent. .
"'ﬁijis (Bq. 1. 10). R fell to 0.122 after runs A1, A2,
"~ The acc1dental absences were now included in the |
structure factor calculatlon at an observed value of
lAJw IF , in the relevant part of the intensity |
record. Some misindexing was detected and cof:ected,
and two refleétionsv(Z,l,O; 0,0,23) were omitted for.
suspected extinctibn. Two further cycles (run A3)
gave :an R-value of 0.125 over all reflectioﬁsn

A second difference map suggested positions for all
%ut three of the non-methyl hydrogen atoms (see Table 7 4.
These positions compared well with those calculated
using BONDLA. The latter program also showed very
sensible geometry at this stage. For thé final stages
of refinement all 25 hydrogen atoms were included in‘the
structurevfactOr caiculations, using the calculated
bositions, together with a B-factor equal to that of
the carbon or oxygen to which they were bonded,'plus
.9.532; fhe hydrogen parameters were not refined.
;ﬁftér four further cycles of refirement (runs M1,M2)
tﬁe ratio S/E (see p. /0O) was less than 0.10 for ail
parameters; the maximum positional shift on the last
cycie vas 0.0006%.  The final parameters, tOgether_
with estlmated stanaard dev1at10ns where approprlate,

“are shown in Tables 7. 2 7 3. Hydrogen p051tlons
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caléﬁlatedvfrom'the data of Téble'7;2; aré shbwn compared
| With:the»observed values in Table 7.&.‘  The data from

|  £hese1three tables were used in a final structure factor
éaiculation, with the overall lFol scale factor'(K)-from
the final dycle} The overall R-factor was 0.11k%, but
was 0.100 for the 1920 observed reflections not affected.

. by extinction. The list is given in Table 7.5.

TABLE 7.1.
Humulene Bromohydrin : The Refjnemént Processas:
Run. | Cycles. 5 f Max.shift.ﬁ.f}Zw(iFol—chpz
|3 0 | 0.7 0.012 .~ | 8380 |
I2 | 3 0.170 0.00k . fi 7725
Al 3 0.131 0.070 f 3476
A2 3 022 | 0.012 | 2256
A3 2 0.125% 0,040 2236
M1 42 Co.as® | o.omo | 18m2
we |2 '

o.1i* 1 - 0,0006 | 1831

% Overall R-factor (including accidental absences).

Analvsis of shifts on the final cveles

x ¥ z
Max. shift .  0.00048 0.00060 0.00036
Ave.:shift 8. - 0.00025  0.C0020 _ 0.00020




. TABLE 7.0.

Humulene Bromohydrln.

Final P051t10na1 Farameters Ior the Non—Hydrogen Atoms

(ln fractlonal co-ordlnates) together w1th thelr Estlmatea

Standard Dev1at10ns (g).

0.00095

CORPRSHEIO

X Sy Y Sy z g,

Br 0.08087 0.00015 0,20458  0.,0000% 0.25105 0.00008
c(1) =0.10285 0.0013h 0.28861 0.00036 0.25998 0.00056
c(2)  -0.17781 0.00127 0.31087 0.0C033 0.14718 - 0.00055
'0(3)» -0.19620 0,00125 0.38774. 0.00035  0.12942 0.00052
c(4)  -0.1579% 0.00111 0.43630 0.00031 0.22137 0.00048
0(5). -0.35221 0.00124 0.44773 0.0C033 0.29540 0.00053 -
C(6) -0.38504 0.001i1 0.40111 0.00036 0.39043 0.00C50
0(7)  -0.45467 0.00115 0.32983 0.00036 0.35070 0.00058
Cc(8) -0.28024 0.00130 0.27329 0.00636 1 0.33670 0.00058
c(9) -0.27719 0.00118 0.52341 0.0C033 0.30842 0.00052
©(10) -0.15173 0.00113 0.51653 0.00033 0.20302 0.00050
c(11) -0.00851 ©€.00139 0.34791 0.00037 0.084%55 0.00055
'6(12) ~0.34%217 0.00156 0.26459 0.06037 0.08688 0.00061
 ©(13) -0.19498 0.001NG 0.40C01 0.00043 0.47589 0.00057
) C(14)  0.06909 0.C0L47 0.54889 0.00C45 0.20561 0.00073
C(15) -0.29349 0,0013% 0.54110 0,0C039 0.10552 0.0CC58

) -0.57628 0. %3024 0.60C30 O. 44016 0. 00046

b A LTI AS E



" TABLE 7.3,

s Humulene Bromohydfin{”

Flnal Anlsotropnc Thermal Parameters {é 's) for the

N

‘\\¢311

Non—Hvdrogen Atoma.

boo

fro

b

The /éijts are parameters in Eq.

Atom b3y b A
Br 0.03613 0.00227 0.01151 -0.00020 0.0C597 0.00254%
(1) 0.03333 0.00217 0.00577 0.00051 0.00181 -0.00137
C(2)  0.02976 0.00177 0.00606 -0.00132 —0.00647 ~0.00203
c(3) 0.02973 0.00231 0.C0508 -0.00164 0.00378 -0.00C36
c(4)  0.02211 0.00205 0.00409 -0.00036 0.00038 =0,00020
c(5)  0.03022 0.00198 0.00514 -0.00013 0.00478 -0,00018
~¢c(6) 0.,02006 0.00289 0.00451 0.00136 0.00669 -0,00112
c(7)  0.01869 0.00248 0.00721 -0.00019 0.003L4Y% -0.00372
¢(8)  0.03020 0.0021% 0.00654 0.00095 0.00422 -0.0C007
C(9)  0.02733 0.00203 0.0051L -0.00090 ©0.00556 -0.00112
G(10) 0.02160 0.00226 0.00473 ~0.00025 -0.00092 0.00180
©(11) 0.03841 0.00241 0.0055% -0.00041 0.01171 0.00178
C(12) 0.0419% 0.00362 0.00555 -0.00276 -0,003k41 -0.00482
€(13) 0.03318 0.00331 0.00519 -0.0CC95 -0.00097 -0.00C63
| ‘ 0.03259 0.00319 0.00865 -0,00C56 0.00520 -0.00183
o e(15) 0.03160 ©.00277 o.oé€9ﬁ 0.00116 -0.0ChE2 0.60191
0 0.03315 0.00356 0.0085C -C.00048 0,01820 ©.00L95

1.10.
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 TABLE 7.0,

.Humulene Bromohvdrin,

Observedz.

: ; / 7 k
and Caleulated” Hydrogen Positions, given as

Fractional Co~ordinates.:

Calculated

Atom Bonded Observed
_ to X ¥ z x ¥ z
H(1) c) -0,0012 0.3287 0.2954 -0.004 0,330 0.286
CH(2) ©(3) -0.3607 0.3973 0.,0957 -0.37% 0.389 0,053
H(3) C(4) =0.0013 0.%227 0.2607 -0.010 0.437 0.285
H(4)  C(5) -0.5080 0.4490 0.2493 - - -
H(5) C(7) =0.5670 0.310% 00,4072 -0.510 0.270 0.360
H(6) C(7) -0.5407 0.3366 0.2730 -0.531 0.349 0.266
H(7) C(8)  =0.2002.0.2633 0.41k9 -0.165 0.281 0.4k40
H(8) ¢€(8) =-0.3660 0.2281 0.3079 =-0.359 0.235 0.264
H(9) €(9) -0.4100 0.5599 0.3033 - - -
CH(10) C(9)  -0.1725 0.5333 0.3798 -0.167 0.53% 0.398
CH(11) C(11) -0.0042 0.3402 -0,0012 =0.017 0.3%0 -0.002
H(12) Cc(11) 0.1569 0.3543 0.1192  0.138 0.356 0.091
H(13) © -0.7162 0.,4511 0.4766 - - -
H(1%) €(12) =0.3956 0.2805 0.0C6k - - -
H(15) C(12) -0.4305 0.2260 0.1688 - - -
H(16) C(12) =0.3231 0.2500 0.0459 - - -
H(17) C(13) -0.1460 0.4501 0.5038 - - -
H(18) €(13) =-0.0695 0.3974% O.4504 - - -
H(19) C(13) -0.2305 0.3492 0.5356 - - -
H(20) ¢(14)  0.0733 0.6033 0.1932 - - -
H(21) c(14)  0.1352 0.5415 - O.1u4y - - -
H(22) Cc(1%)  0.1747 0.5223 0.2826 - - -
H(23) C€(15) =-0.2893 6.5955 0©.0931 - - -
H(24) €(15) -0.4685 0.5127 0,106 - - -
H(25) C(15) -0.2296 0.5302 0.0413 - - -
X'From difference_map following run A3. # Using BONDILA.



-~ IABLE 7.5.

R

~ Humulene Bromohydrin.

Finall Observéd and Caiculated Structure Faétors{

The Format of the Table is :

x n  k

1 50]Fo| 50 F,

' The accidental absences are marked ~I- (less-than).
The 2,0,0, reflection was partially obscured by the
backstop. The two reflections omitted for suspected

extinction were (in the same format)

- 1

- -
0 2010 3429  (sin®® = 0.0663)
% 0 0
2 7520 -9391 (sin®6 = 0.0155)



L 0
3591
4887
2155
791
406
194
0
B47
459
2292
1749
925
1136
253
441
910
10 396
11 167
12 166
13 314
" 14 137
15 109
. 0
0 2887
1 1432
2 3g00
3 5900
4 2275
5 1713
)
?
8
9

-
AN 0O

O® OV GN

3074

1142

2945

) . 305
10 2468
11 529
12 1670
13 . 438
14 332
15 456
. 0

2455
611
2816
784
721

¢ 129
449
376
10 . 163
11 167
12 659’
13 154
14 134
15 357
» - -0

¢ - 3955
1 2:545
' - 5870

X RNTRT I YRR

4938

2756

1291
2404
144
9 183¢
10 164
11 530
12 518
13 215
14 132

2
3
4
5 5554
6
7
8

32R-

4
3625
~4112
1970
-554
421
=170

1
823
324
1919
1354
855
1029
er9
332
«818
313
171
57
-234
e
«28

2

2767 -

1394
3666
5714
=2410
«1725
2588
1011
2653
=255
2265
409
=1598&
«35¢0
3ge
358

3
244
2265

476

2439
~703
695
-129
"e278
«3€63
~101
202
563
72
«119
- 214
4
+ 3924
2671
~5607
4747
2727
5439
~1207
2103
=81
1549
122
-407

444 -

173

. e14¢

Lk p

~r

L

e

-
m

VO o N o N

389
0
2081
2547
2142
538
388
493
382
293
222

T 165

167
163
159
128

97

1634
6001
2082
3146
107
3g23
544
2568
150
1193
235
167
228
586.
124
496

1886
882
392
276
386
132
404
943
323
167
166
159
143
119

82
.0

5329
710

4583

3863

3603

2137

1998

1837
1252
1159
1207

<1190

311
138
113

69

0
"156

623
. 119
- 1465

rrceee

e

I ! .
GNHOOUBIONE UM

-
F

V@ N ONT b GIN -

[TT
N o

O PN B NN

134
451
152
160
~406
1487
163
154
132

105

3330
2632

-352¢

1157
3203
1009
1727

15¢
2373
T 167
1562

160

620

126
557

0
1089

366 -

538
395
92
376
227
9qa7
41c
329

i82

“365 .

108
188
371
168
119
=148
60

10
3237
2599
=3271
ic46
28¢5
1209
-1666
100
2255

-1380
©133
429
170
457
11
901
=299
596
344
*793
321
249
877
354
318
208
a8
-77
12
3560
=2¢88
4043
1400

. =2891

-1546
1923
167
“1521
730
706
323
-301
-46

244
~85
5702
263
$129
»205
- 646
179
8298
196
*3390
29
14
1426
1726
-1973

=95

L 3
T4
L S
%
7
L 8
L v
L 10
L 11
L 12
' 1
2
3
4
5
[
7
L L}
Q9
L 10
11
L 12
L 0
1,
2
3
4
5
]
7
8
9
/10
11
L 1
L 2
L 3
: 4
5
]
7
8
9
19
11
L
L
L
L 1
L 2
3
L 4
5
5
7
L 8
)
1
-2

VWO WD e w

935
2716
1692
1833
1498

407

0i8

999

734

653

157
159
844
164
814
410
471

foh
e
-

~859
2375
1483
vi5a3
»1349
357
743
-7s2
r5a0
525
13
-09
AQ
629
—‘,0
-6R4
-3n5
372
34
25
244
174
=269
16
*663
2847
Q9
1948
=186
»1042
341
&l
-17%
~6A1
“in1
102

“645

-

~ -

Dt bl sl



Oy NHW

A e

PN A G-

AWM oA GN MO

NV O OID N NTD I
v

767
1249
356

1239

125

%08

rr

-

rr rr

13
14
.15

'.15
vld

=13
w12
-11
=10

8 ¢ 8 6 28 0 0
VOO AN OF W HNTO ! ®O

A A e
[C R XU

«15
-14

13
=12

i1
19
-9
-8
-7
&
5
.4
3

Lo N Tt e
OO ONDIIN BGNIEO N

-
LN

gy
('S

“15
“1é

-13

.12

406
383
127
272
240
1061

. 139

1817
1281
1542

2000

1919
1934
4p27
5361
3477
3318
5459
4610
3218
3106
1083
133¢
931
317
544
875
26Q
349
211
157

&4
109

- 125

635

-

-~

t e ey
"N Xo

[l el ]
(208 B o~

[T
TS

=15
.14
-13
=12
=11
=10
-9
-8
-7
~¢

-l

.4

[ L I B ]
VO N Kt NVps D W DA

138
Y]
101
1320

- 1085

1854
211t

gB% -

102
1448
2329
3914

805

.2080

“46R
1396
118e
707
777
299
1443
864
138
73¢
‘129
327
75

‘8n
106
123
91°

. 24n

98a
921
1909
1318

1994 .

372
384R
11902
4074

32
3671

.1:3d
3760
2493

T g2

573
180%
115
150R
B9s
1360
132
294
i2n
284
71

1

75
1p2
294
420
33z
931
187

1242
258

1142

337
2854

-64
-1124
1621
1213
=1C44
1756
2228
»768

- 8196

1471

~2589 .

3916
8915
-2338
465
1627
G001
~872

799

21¢
1378
~728
.41
642
w161
£276
178

-128
*103
266
967
=190
963
R99
1347
~119¢C
-2¢52
*246
4144
=589
“4r62
3744
3788
607
=387
2427
2452
465
~1967
=38
1577
«y54
-1¢85
187
216
28
©245

-

71
23131
487
Yy
4n3
355
168
1736
=200
1143
3s1

oo~

-

e

-2953

’ : e
O W PN DG NG NN

143

B2
I3 -1
1220
2197

402
3774
767

_5226

702

2253 -

1038
357
37
995
137
738
117

7
€4

255
278
440
453
434
872

. 134

803
3186
2742
053
012

722
1707
1457

461

1191

. 1672

563
1321
293
7230
1628
911
662

391 ¢

386
573
321

8
151
~645
=380
3&7
322
33
L6
922
770
-8%0
=12=¢
2r3
Sxe
.z121
szdng
L6572
1%
el4ea
127
1250



-1

R e b
AN O

213

| L I DO N B B B I}
VO N VMAWNKE O NV &N OO 2O

85
97
124
788
- 335
240
~ 138
125

100
86

1
474
308
394
783
138
1315
593
1514

1528
1874

8727 -

4368
1985
3775
1434
3469
1201
3492
1520
1920
1217
1251

947
1138

138 .

296
420
104

789
«3068
77
819
32¢

. =200

57
109
104
-70
9

«456
«-395
349
732
~130
=1171
512
1429
=1401

2056
922

4446
~1775

*3701

1455
3244
1172
3464
1538
1994
=1264

*1250

900
1037
83
=200
- 354
78
166
18
" 116
-79
=579
=252
576
«37
-582
243
1101
730
~187

1762

819

976

«353

‘mg802
=1159

1875
«251
2032
113
1676
=249
27

559.

412
-188
-334

5

11
159

—rrr

~—r

-

012

.e13
o1

«9
C.g
.7
Y
-5
-4
«3

L]
n

[}
OO OV Bt NI hs e 12

L)
UGN = O W

282
868
274
1358
433
862
128
2233
1i4p
3278

108’

2859
496
3874
463
1928
1066
2266
516
1849
138
1634
134
731
294
385

1
88

109
214,
42¢

477
1015
743
1101
1511
598
1635
796
554
275
1562
833
1292
174
810

650

546
705
433
614
481
104
382

i
363
247
634
129

1150
1252
1898
2101
1609
1168
1779
1111
2768
1238
2385
1879
2412

-194
-7%5
=169
. 1113
383
=759
-5
2365
-1217
-3i54
75
3160
. 6424
-3655
-36S
1863
¢69
«2106
-43Q

1BUS

ML

-1543
65
722
278
=369
12
-71
-3
196
362
-4z4
~103%
657
952

© L3447

525
1395
-£82
-641

164
1465
~-851

21313

195
769
568

-534 -

-728
370
596

-315

338
13

-lé1
629
es
~1038
«1146
1662

2034 |

-1501
«1068
1704
1068
-2720
-1kl
.23¢e8
1880

-2336 .

=370

-
o

"o
w N

LN B B I N O R
O BN AR NN OHN WL N DO

1652

1519
133s

333
134
-138

65R

124

360

304

238

250
246
123
295
137
959
"137
33¢
1106
838
1977
1400
148%
1008
1804
318
13232
543
755
106
385
521
269
104
8A
44

29¢
10t
5710
127
1054
952
1082
953

757
1295
1143
1665
1427
1854
1344
2289

827
1552

274

328

24¢

-619
474
204

620
17n
774
135
869
277
1499
A4

N R
N O~y
[V N

478
104
P 902
s 5347
=967

939
1504
«5786

~1096

986
1590
=1339
-1731
1244
2136
797
1396
319
225
=168
=536
418
230

633
8233
=625

125

731

286

-1494

451

-re

[Sy

L
[}
L2l

-9

- .
A0 B2 A S ) NI

*
[
[

T« 0o
LR SEN I Y. )

-4
-3
-2
-1

™ 4§ ¢ ¢ 9 10
O NG A N3

LERVN RVE UM Y XN P

D MO Om NN S W He R

I
[ ]

*

191
114
325

77% .

133
13640
137
874
517
1016
7204
955
613
939
419
ang
341
443
a4
79

18
)
360
637
1002
765
845
t208
1952
Ble
1343
953

46y

142

91§
-134
-23
223
64¢
c4s1
-573
287
1084
»2e6
-7%1
157
318
-201
17
581
126
~905

20 -

9x]
=130
#1372
-7x4
iges
3924
®1312
66
1303
inl
#13c¢6
1R2
8%6
. 219
~5r2
121
147

i8
=210
129
-R7
213
- 683
.82
1162
=58
=714
=383
914
6n8é
“9n5
~551
Gné
375
e300 G
271
a0
3¢5
24

19
“R?7
578
. 224
-533
~BTh
4510
7%
s11%6

=876

784
1103
-864
*363

-

-~



.12
10
-8

VO®IONL

, 1229

824 -

471

379

521
422
567

488
353

‘569 .

119
700
8p4
448
763
555
714
658
593
425
438
464

. 867 .

722
243
859
114
1069
121
1353
244

© 54¢

-120
702
159

1013
193
798

1
473
83
324
101
104
110
631
317
157
109
235

99
532
80
243
1
895

293
990

98
389
500
879
574
588

626
1310

832

727
366
~283
ed16
J64
466

-392
240
452

r 83 L

=530
-706
395
487
-495
616
567
621
w343
313
433

~45 L

-407

=527

“180 -

697
«134 ¢

*3023

152 L
1185
=282

*=10C6

645
=57
«B849
165
648
22

310
ed b
202
1;2
140
v168
«530
,265
311
53
v255 -
157 L
363

rerer -

—203

=784
.254
926

1064
=69 L
809
359

=586

~402 °
445

685

w4462

988

. 554

2248
4983
2843
1805
532
2099
526
452

313
Y]

182 -

914
1302
146
2257
843

1565

1291
2378

1292 .

377

. 44869

862
2283
2748
1689

634

972

562

522

184

606

2
312
185
182
347
161
933

565

692
1413
253
2378
836
256
1565

- 3184

4543
2696
1264
1871
154
1590
1040
185
184
174

507

"74p

633
968
461
1936
1830

2446 .
2765

4015
2023,

«2332

+5852

© «J3ilg

vwllE2
=258
«2227
563
=422
358

«1024
172
862

-141¢

€0
2371
672
-1737
«1262
2776
1548
=419
3852
737
v2296

-2686

1797

-105¢
=535
638
9
=785

2
~328
172
=189
403
20
-BbQ
612
735
«12€5
232
2618
951
2952
~1275
2522
q1u7

«2404

-93

1975

. =27
-1769
~1193

129 .

116

€9.

LY
832
=729
~1074
437
1098

" «1864

«2765
3292
4728

*2143

O @I BN s

\

-304

[y
AN O

LI B B T |
U N® 0

e
" v
S+ Nw

s .
N OO D NOU &gl N

3018
4777

4484

727
1534
1308
123%
1275
159a

586
1014

523

183
173

178
584
414
1763
664
1683
1702
1569
2012
2104
478
1625
878
2774
1151
302
413
914
849
159
1082
5714

453 -

182
171

176

521

ig4 -

1127
412
210%
1073
2269
768
3434
68%
3714
291
4182
146
4204
72%
1873
B7¢
2018
490
772
262

444

16

382
58*
18%
510
171

«3476
4892
3458
8788

~1l448
1284
1349

vl228

~1Rg6%
721

1173 -

.534

s248 .

T oalel

641
.5379
=1932
747
1885
~1736
-1799
2234
2176
324
=-1785
=769
2446
~ig94
€232
360
930
701
=47
1222
525
.8516

8362 |

-7t

8163
»529

142°

1205
513
=2215
»976
2477
*799
~3689
708
4288
-28
~4358
43
4307
563
-16992
357
2234
587
=373
274

459

3112

433
oh94
o213

562

. .143 .

R R I Y
'emﬂowhumuouﬂuamou

L ad o
LAR SRS

R .
NHRSBORONON ap N

358
435
827
594
728
1647
151
3417
073

7435

v257
1279
875
543
376
518
173
256
252
153

174

157

et222

=872
607
-733
wlda2
=843
2185
1355
=150
779
£623
2331 .
=17a6
. 2&5
523
687
-40B
«374
682
182
7

121
919
551
51673
LS XTRE
23%9
~382
»?302 .
-7%8
2440
861
s4yns
-552
2529
i48]

s8184 .

2502
$123
744
s1004
249
1233
any
-877
-42

8
=34
373
645
-2a7
-4‘.5.
8az7
738
=7n4
wl1687%3
=174
1349
»d349
7547
2249
1242
“gsq
-645
4n2
$59
=118
=224
- 285
213
Y
.-‘7



.12
=11
=10

-%

‘aB -

“ ey
-6
. -8

e
e o

UL L ]
O WY ON AN O NS

2
161
176
411
978
957
961

. 1543
792

1737
1993
1342
1738
1329
2523
2294

" 2459

1088

- 1152

956
177
1037

262

362

170
369

154
343
257
. 586
B89R
435
538
648
1311
296
2454
444
883

400 -

985
827
1285
525
1651

181

as3
184
251
164

2

293
166
S64
488
523
518
2001
239

. 1Bpa

765
1848
871
2297

301

2143
B8%9

2p2¢

243
1157
183

9
145
21
<435
1113
1058
«1042

| =1729

825
1954
*2251
~1611
1856
1316
=2699
-2640
2449
1162
-3156
1008
162
1158

. =383
=381
72

458

10
127
<405
*334
753
962
- =402
=563
601
1305
=248
»2666
472
- 953
-367
«919
«588
1494
547
=1854
w222
540
<90
«279
338

11
335
134
640
«490
«548
585
2183
159
=2088
<544
2173
731
=2500
=268
2439
-920.

-2440

- 29%

1415

«274

L

L

w12

*11
=10

[y
- o

L33

10

« f g0 Q0 8 90
O NN BTN ON B0

a
[T Y
P

el

' ) “ 85 18 3 e 0
PN B NI O W B NN DO

. ' e« 18 8a e 88y
VDIV RUI N O NG B @O

O VDN AN

524

Aol o o

a8
fryes
EX S

LI I T I |
AT O®O

-3

'
[y
=

N
.

[
O® NG VIS LN Mo B

(L
WXHNOUIA N Ho N

LI I I I B I
VD NDIY AW HO B WA I NP O

688
177
166
159

2
308

T 148

328
350
1089
185
1527

368

1158

. 1448

2190
951
1926
383
1160
2614
644
367
759
417
414

309
135
6314
167
898
182
903
370
1304
i8¢
901
184
319
18%
321
185
183
35¢
. 344
164
14%

207
110
398

156~

581
174
1142
44¢
1197
18%
1202
i8s
1574
523

1221

258
874
172
460
“149
262

2.
177

1877

0756
292

.22

15
v431
i88
349
5383
=1238
116

1637.

*377
1189
1254
2477
31042
=2156
377
1247
=318
«7p8
412
902
s4i4
~514
16
8475
®j97
759
#2904
=1%14
43
979
426
-1531
63
965
-38
259
220
152
5175
272
323

. 464
8172
©245

344
clj

w477

»183
657

78
-1281
ué74
1358

© =189

-1264
59

490
1516
3278
974
1893
%635
-61
419
18
v237

~r -

143
137
409

- 737

356
677
258

449

347
776
446
763
352

. 341

162
213

279
2

33

402
495
536
767
416
920
785

615 |

562
851
350
544
668
597
518
470
237

251
342
300
316
282
796
238

631

572
161

e
Ea N
I

255
*139
403
~Be1
-311
782
102
~3X3
«376
7419
433
-B874
=351
322
226
-274
~325
19
444
472
532
~672
928
456
1043
=855
730
678
"524
c4n]
670
816
733
~6R6
6n9
317
20
»274
« 347
249
207
204
»701
215
759
=119
637
147
575
=150
=351
286

403

612
-586

-587

345
777
«717
-754
529
8a2
«429
«703
379
422
22
453
rwb?
~4n3
18



PR
[

Wa I NX O

[¥S

T

2

OOV EN U KU

333.

2410
452
337
268
T 127

T 118

.

t 228
2
360
107
360
262
334
328
497
102
413
3
918
1185
14114
332
2698
4964
3538
1075
988
-3
99?2
1007
623
6710
1339
938
1337
654
E41
226
578
557

203 -

121
443
223
350
190
203
632
211
ki
599
1675
1525
2603
1000
2132
2227
3241
J261
2236
TRe6a
1561
2079
221R

669 -

.1034
1617
271
255
537
211

373
- 246
560
253

271

216
190

216

- 457
‘97

o440

«328
430

434
«609

- .
ODVDINIUTE GUN MO

.
[ws
o

OOV N VI A Wil -

L
" [y
o

* 4 48 ¢ 28
PRNWEeEMN™YDO

8 9 0 9 09 00
OHrNGWHAEUVIONY DO

O OUD N> VIa W PO

564
548
44
. 6b4
669
151
190
577
1084
91
522
998
114
22%9
B79
565
-506
387
502
211
21ig

3
1236
5689
aR7
455
2204
582
2756
873
1483
1776
3059

1924 .

3086
1229
2804
1800
1858

678
2001

212
1109

3
212
210
2031
536
703

1292
590
380
464

1243

- 466
861

1663
576

; 31

-

186
208
212
208

845"

213

T 1781
775
2277

344

N

-

3
510
«443

. e3¢0

=665
-5¢3
-bl
-39
491
-1611
'65
“465

B9

=55
1083
707
411
-4g5
=370
=516
117
216

4
«1372
523
432
~447
-2345
-5u3
30EéS
-89¢
16462
1763
5048
1812
-2838
1044
2663
-14t2
-18&1
650
1647

-1244

2
~214
=93
=31
4ég
-657

-1104.

-541
292
~410
1144
3z1
7¢9
-13118
=522
228
3¢l
238
-2e3
123
S=lve
50

716
1¢é
-1734
-737
248

rrer

—rr

U I O |
O N G

[ .
O OV® NOVIA AN -

U
-
>

| IR T I T I I B ]
B OE N BNy O

OWW N VA N

- -

L
-
o

K . [ I I I B I U
S VD N NBUNKFI2MR VW RIS O

o
M

A
u:oq?'

157
3537
-1333

4ng5s

149
«3984

0241

" 3249

419
«2544
5453
1613
567
-1229%
174
332

7

455
508
%695
-g4
439
*157
=1142
459
»337

2295

296
19
676
157
1087
141
s414
245
279
32

va49

" «388

-1507
778
=1328
-1747
25106
1264
-2786
=175%9%
1372
1n19

~1494

~1115
1452
1667
=1K7»
1154
1057
445
=593
9

249
171
173
583
112

#4372
8573
74
341
294
69

.

ol

- rcr

WD NP Wb e

-
2

s10

]
0

¢ 01
[OTC RN

III'.
O N NFFS

DO NI RN

"
[
<

- EEEEEEE
DOINOU BUNI DHERAN WA PO YD O

.
vy

., ety 48 ey Y
UV MWD RBRNWL NN L OO

7456

212
.237
195
.03
230
1326
357
1339
353
7222

735 -

1629

549
1616
1179

676
7523
1492

770
1443

599

557

643

149

3

194

246

211

a73

. 543

213
137
468
528
451
1192
644
190
872
2N
247
211
212
248
198
1n1
3

117

A352
219
1435
57
1210
643
1515
874

7048

947
354
343
15655
959
°ndg

IRE L

Ik
&y
Z

=526
=246
=323
757
-4713
ws7
)
=222
174

4ﬂ8_

g
136
1074
351
1244
. 331
7571
=743
51884
451

T 1449

#1349

sz 638 .

541
LLY]
8131235
~5a4
1348

5RE6

=525
=784
49
11
173
LR
244
418
545
142
~77
-381
~542
=349
1102
e444
13!
R4
=199
=121
~2a3
247

182 -

a7
.49
12
&7
~B74
ag
1425
=554
sI1yRr?
6n3
1521
775
37
95
7475
24%

T 83679

Y]

el
1949

[lad

P



-
[~ ]

BEEEEEEY

L]
b
o

D N UIDd LN e

v -
(%3
=2

¢ 11«
» D 0

1 0 s 8 01
OV PNV B GN MO By We VI N O

84p -

203
331

172
-3

177

194"

204

210
212
422
208
411
703
349
636
701
709
830
210
212
211
206
197
182

521

451

791
583
1263
670

1842

891
2206

- 1230

1604
1020
838
731
948
845
360
491
188
417

2
150
172
188
346
653
556
423
599
212
366 .

. 731

599

- 367 .
211

208

202
192

177
3

454

LB o (o S R

Ll ol ol ol ol

recCrer e,

crr

"
NN AW O

5

ve o
O NGVIR WA ON

-7
-6
-5
-4
-3
-2

205
1104

594

1403
560

‘1405

212
1765

1304

-66
e1118
563
1286
=434
v13e7
109
17%6
°153
-1542
.49
836
136
~796
17
=40
~176
-41
44
32
-44
-14
e1
163
-118
146
257
-3¢5

=348

-30
94
18 -
768
-410
=1010
-437
969
554
-1248
=564
1559
6uU2
«1054
=420
775

Lonl el sl ol el ol o ol od

- -

acq

-B83¢
19
184
-129
-273
252
213
-13¢
-187
-il¢
1e8
398
=10
-160

126
20
-6U8

353

691
-545
=760

gee
- Bi7
-572
~556

-

-reC e

.
Ul B N

WA QY

-1

*
- s
Qo

L L I I}
O BN U BN N O NG B N 0O

CO BN OV AN

\

\

rfreecee

. .
e
[ =2 ]

1 ¢ ¢ 4 ¢ 2 ¢ 2’0
DO ENN OV BURNES O DWW BTN WO

WVWENOVL G o

324

760
251
138
718

1035
1796

442

2253

533

" 1235
B39 -

1252
1824

137

“335
1513
614
953
141
176
131

138
141
138
839
1140
229
31353
376
825
15156
€93
11492
651
722
162
979
133
196
231
138
13¢

4
137
839
241

1546
742
1544
941
2320
+3
7455
741
1657
225
1433

. 148

1399
134
1005
342
513
128

135
546
140

a3z

0.21.5

3
~826
=140

49
603
1122
81847
1546
7’158

© eBe2

»1308R
111
1449
#7918
Z2y£3
12n1
1734
=510
»1056
114
319
=345

4
1143
=9Q
102
~Ba9
1093
129
21377
347
758
1882
=770
®31119
. 463
541
=130
“949
-4
245
*302
&40
(3]

5
=120
914
-274
0]14239
728
1727
.99
®7638
72
€837
409
31437
24
11#90
173
83422
g1
922
~346
548
-18
6
276
572
-148
6¢9



.. 521
D 576
-4 324
3 834
-2 143
.1 259,
(] 770
1 960
-2 374
.3 688 .
P 347
5 J68
6 364
7 443
-8 140
9 428
10 126
» 4
=10 266
-9 682
- =B 562
-7 938 ‘
-6 1033
-5 1270
-4 658
-3 1103
-2 884
-1 . 1825
B 949
i 1940
2 952
3. 1348
4 127
5 1207
8 138 .
7 744
8 197
9 422
\ 10 299
B . 4
-10 130
-9 515
-8 " 344
-7 140
6. _ B17
-5 134
. =4 592
-3 . 416
w2 9N
K} 360
o 1018
1 614
2 700
.3 1473
4 642
.5 577
6 ~ .140.
- 7. 41 -
8 .. 138
9 130
10 77 118
Y 4
=10 537
-9 135
-8 . 685
-7 688
-6 518"
-5 632
-4 . B3
=3 1298
-2 1473

-1 1256

=504
-»529
216
915
«106
w202
778
916
320
«638
« 335
253
«358
264
25
423
140
7
282
«653
=546
849
1050
-1307
=668

1165°

967
=2006
«978

1846

914

. u1271

170
1268
© =86
. =779
102
493
. 415
N
< =179
551

.. 235"
T 93
-834

wld
»3?6
‘«4560

" l.926 -
362

. B5é6
«553
«589

1456 -

738
T w587

. 153

19
*53
-106
~162
9
~564
221
83s
«740
«516
. 589
. 802

e1419
1615
1336

B el ad ad adl ad

4 L ]
- e 8« T 0 o - .
< O DN ONELUNHFOEMNWAVIO NG OO SOV NI WA

«+.8 2 2 2 & 28 ¢ ¢
U A GIN HO NG BTN D O

SORNOVAUNHD

1833
950

1491

. 1194

1292
J68
819

-.i40

-428
310
160

4

122
132
437
562
149
585
330
322
834
649
igés
364
347
503
275
140
1033
338
374
122
262
4
635
128
741
139
1071
523

. 1308

384
1338
593
1829
328
791
365
395
144
558
135
286
116
4
344
122
294
335
523
744
1066
393
1231
237

- 887

238
651
370
487
140

- 363

1797

S TH
<1516
1116
1406
-275
-94ag

149 °
555

«357
=288
i0
159
-134
-413
689
148
.=601
234
268
817
577
-1104
368
272
-504
=351
-gn
1115
396
-413
37
264
11
742
=102
=763
=156
1242
579
«1615%
=439
1361
~538
«1977
349
757
4up
=378
=-i(3
602
-36
=306
143
12
=354
23
315
24
414
-8C67
1114
376
-1257
=223
874
=116
=624
-3z2
49p
=178

-34p

e

=2

L)
[
=}

T E 92 90 0 40
NN A GN SO RN WAy DO

. : ]
BN VA G oM

® 0 0 0 Q4 0y
@NOVIBGNHFOMRNGEA T, YD O

278

13¢
273

1100'

. 199
- iis

356
652
892
685
Bé4

819 -
849.

484
593

.594

953
954
816
584
653
356

308
‘
197 .

106

338"

128
567
137
558
140
914
422
689
372
528

394

583

. 328

258
294
106

. 737

119
514
338
704
630
734

596

88?7
149
736
138
639

- A6

627
124

19n
352

294

43a
321

535

13%
30
13¢
428

193
379

68 "

*217
.45
456

740 .

*351
=662

937

813
®327
~487

500

587

»1138
»1088

951

655
=760
3408

441

276
39
=290
201
607
251
*533
2292
893

- .420
655

=396

453
377
-744

~311

221
321
=145
15
B49
w142
«585
244
766
529

8743 -

555
927
-45
941
151
758
. 539
*A15
157

292
381
5248

e417 -

327
529
. 155
2395
14

a7a

[l B R o

. 353
6

-

'
B I AT XY T e

378
131

- 127

295
273
242

488
110
708

362

823

. A48

940
226
984
402
740
118
247
100
292

338

113,

204
121
299
122
121
118
310
197
239

4
321
377
336
438
249
445
490
250
552
293

128
Jul
168
257
190
315

4

254

643"

139
422

142
555
4923
1234
734

‘1334

511
872
518
150
5
634
471
653

~389
3154
129
‘383
~236
=303
17
579°
138
=702
=325
979
555
»29y24
~149
1229
419
763
=141
285
.25
*504
i8
451
*179
224,
114
428

-228

30

34

*111°

- 227
19
335
433
=319
*518
328
618
*610
=285
. 677
304

187
371
=273
~333
262
4ng
1
- “3a7
725
230
. *52)
4
1
~459
16581

#1692

- 1375
#1635
443
Le7%1
543

e
-2%4
349

113

e



-6
-5

-4

-3
-2
-1

COENIPURR UL O

-1

OO NPU B[Ol N2 o

B
-7
-6

[ ]

- . RN EEE
CENPUI AGRIM ORI WLN SN DO

430

1269
683

1985
221

1507
720
£74

. 222

1501
972
1274
560
892
453
475

558
463
683
613
402
- 128
665
321
561
161
274
709
131
562
. 582
162
51R
160
149

278

953
104x
1278
1603

723

815
275

1835-

1304

119R °

1656
270
361
736
163
462
159
391

159
517
239
€66

6 516
7 163
8 . 157
9 - 146
. + 5
.9 446
-8 .652
.7 163
-5 812
o5 304
Y 1107
3 133
w2 750
s .120
0- 541
1 ' 439 .
2 1682
3 411
4 1270
5 454
) 612
? 162
8 156
9 143
I
-9 155.
=8 688
-7 284
=6 . S5¢
-5 - 156
-4 594
.3 488
.2 . 737
-1 324
0 588
815
2 1009
3 425 -
4 589
5. 162
6 . 164
7 161
8 306"
< 130
» 5
-9 430
8 = 607
7. 164
=6 . 977 ..
- 159
=4 1020
.3 - 209
. =2 949
.1 243
0 1227
i, . 249
2 895
.3 *410
4 848,
5 653
6

516

~478

132
84
z2

~384
.-624
175 -

69p
318
=927
=1pe

656

13
-419
290
16E8
-427
1110

3es .

563
-B&

. =187

73,

149
-611
-2b9

535

-121 .

-543
-401

T 673

356
“545
626
B&y
368

F =532

=134
230
65

=34¢
30
7

-419
407
L3251

-863

-t3 -
‘Qe1

177.
~-938
-233
1033

233

=733

~273.

731 .

6L 4
12

rer

~re

-~

=2

. =8

..3

. s

. 851.

819 -

.l - B40
0 7 149
1 1174
2 370
3 842
4 9190
-5 514
) 162
7 . 1564
-] 148
9 128
. L
.9 T 28%
614
-7
(L) © 231
=5 -1156
.4 55e¢
153¢
-2 494,
=1~ .981
0 - 821
1° 1064~
2 552.
3 604
4 164
5 . 32¢
6 - 504
7 372
8 449
.- L
-9 508
149
-7 ‘545
=6 162
*5 567
.4 519
-3 . 76¢
=2 163
-1 554
0 224
1 720
2 514
3 T 164
4 ‘144 -
5 163
6 154
7 293
L 132
» -8
-9 127
-8 ‘142
=77~ 61t
6 150
5 97e
-4 - - 43
> Lz 864
-2- 163
-1 977
-0 610

»806

8751 -

1819

948 - -

3259
8309
865
445
=242
8179
. 22
106

209

rreee

=552, .

8661
151
1099
8517
=1453
. 389
900
$597
v837
448
579
=174

0229 °

408
345

=456.

19
484
. 34
557
i89
426
*508
®583
34

537.

5205
$533
383
102
3142
5219
=23
275

11
-92
5169
. 511

3123 -

=964
389

‘718

8319
=795

=518

-23

el

Bt o o

- [

-

‘320

72¢
633
612

897-

557
694

234

. 158

314
380
370
355

358

"497

353
759
568

. 743

637

. 510

450

5
- 443

528
631
4651
423
149

454

. 573
430

148

=325
~645
5§50

> §%9

*815
YY)

618

2%6
=523
=325

1&9

150
13

520
=67

- a3,

872

2?27
=778

=515 -

918
3h6

- =084

-37%1
sR2-

£1

-325

441
3ng |

C4ay

“317
-1np
483
“ae9
=220
31?7
249
349
15
383
470
346
* 82§
“5n0
~674
6¢5
524
~379

484
574

AR7

302
-dbd'
-p29

-.5n2
=513
ces



RS Discussion of the Structure.

Stereochemistry.

. The structure is shown in a-axis projection in Figure

7.1§\th;s shows‘thatvthe proposed stereochemistry(l3o)
(5.XXXIi\in\Fig. 5.4) must bé revised to S.XXXIII,:which
is reprpduced below as 7.I. V.The attack on'the'C(l)QC(Z)
double bond of humulene (5.XXXI) is thus revealed as gi§¥,

but is trans- at the other two as proposed(l30). A

'possible alternative mechanism to the expected all-trans,

concerted cyclisation of humulene involves intermediate

(162)

formation of a biecyclobutonium ion s Wwhich is attacked

' »by'hydroxylsl63) Although the present study_has furnished

the complete stereochemistry of humulene bromohydfin,
it will require careful biosynthetic studies to establish

the pathway from the farnesyl precursor 5.XXVIII (Fig 5.4)

- to caryophyllene.

s
9 o
K. e
¢
Ho“\ s T ’ :«a_
[ 3
/i
i3° |, NP
~ 2 S
s K¥E>
“~
H /3.*1

7.1. 'Humulene Bromonydrin : Representation of true
| Stereochemistry.
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Q-BromiNE, - ©-OXxYGEN, - O-CARBON.

150

Humilene Bromohydrin in g-axis projection.

Figure 7.1,
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Geometry and Conformation.

In view of the stereospec1f1c reconstitutlon of the
all -trans-triene ring of humulene from the bromohydrln,
and the ease with which these reactlons proceed in either

' direction(l3o} (see Sect. 5.%)5 it is instrﬁctive to note
the clhosé similarity between the conformation adopted by
humulene in its silver nitrate adduct(128) (7.1I,below),
and that adopted’by the bromohydrin (7.ITI). The
perspectife drawing shows that all three double bonds
in humuiene bis-silver nitrate are nearly perpendicular
~to the cycloundecatriene ring. This leaves fhe?f;orbitals
in 7.11 1deally situated for cycllsatlon to form the

yclobutane ring of 7.111.

'One might have expected such a 1érge ring (7.1I) to
haveva very mobile shape, especially in solution, and‘
have ascfibed the geometry found to the influence of Ag+,

and to packing requirements. However comparison of

7,11 with 7.II1 indicates that the crystal conformation




. adopted by humulene is no meré accident, and .mst have
been present in solution immediately prior to~Cyclisatioﬁ.
Recent n.m.r. studies of the conformational equilibria

(léh)

of hurulene in solutlon have prdved inconclusive -
in establishing 7.II as the preferred conformation.

However there is some evidence that the conformations

- adopted by cyelic olefins in crystalline complexes are

"vfound 1n retusan1ne—(+)-3 bromocamphor 9(ﬂ?~sulphonate

an accurate reflection of those adopted prior to reaction

in solution : X~-ray studies have shown that cisjcis,cis-

1,4,7-cyclononatriene has, within experimental error,

(165)

the same structure in both the free state
£ (166),
. b}

and in

the same is also true

(167) .,

its silver nitrate adduc

of trans,trans,trans-1,5,9-cyclododecatriene

(136)

germacratrlene , the lattef compdund will be discussed
in section 8;4. |

The interatbmic distances and valence angles are
shown in Tébles 7.6, 775 respectively; They'aré also
Aéhown in Figure 7.2 fpr;pase of reference. The standard
 deviations quoted are prcbably low'estimates, since
‘.block—diavonaT least-éoﬁares approximations were used to
;optlmlze the p051t10nal parameters. |

The C(1)-Br distance of 1.992% is rather longer

than the average value quoted for the alkyl bromides

(1.948 (153)) but cdﬁparably long distances have been
(l 0)



TABLE 7.6.

-

vHumulehé Bromohvdrin.

. 183

Intramolecular bonded distances (r),in ﬁngstromslftogether

- with their estimated standard deviations (6).

lo,

o)

Atoms r Atoms r
Br - C€(1) 1.992 0.007 c(5)- - C(6) 1,511 0.009
c(1) - ¢c(2) 1.507 0.010 c(5) - c(9) 1.553 0.009
(1) - 6(8)  1.509 0.011  G(6) - G(7) ~ 1.528  0.010
c(2) - ¢(3) 1.521 0.009 c(6) - ¢(13) 1.518 0.010
C(2) - 6(11) 1.509 0.011  C(6) - 0 1.462  0.009
C(2) = €(12) 1.510 0.011  ¢(7) - G(8) 1.547  0.010
c(3) -:¢(%) 1.490 0.009  C€(9) - €(10) 1.557 0.009
©(3) - c(11) 1.513  0.011  C(10)- C(I4) 1.480- 0,010
¢(¥) - ¢(5) 1.553 0,010  C(10)- c(15) 1,518 0.010
c(10) 1.585 0.009 |




Valence Angles nét'
shown in the figdre

are given in Table 7.7.

VST

Fieure 7.2. a-axis .nmie.cizi.on showing hondlengths (underlined) and valence an.: gles.



TABLE 7.7.

.-Humulene Bromohvdrin.

Valence Angies (@)o in the ASymmetric Uﬁit, tbgéther

‘their Estimated Standard Deviations (6)°.

,go

with '

 Atoms &°  Atoms © g°
C Br-C(1)-C(2)  109.0 0.5. C(4)-C(10)-C(9) 8730 0.5
Br;c(l)—o(s) 107.1 0.5 C(4)-C(10)-C(1¥) 116.7 0.6
C(1)-C(2)-C(3) 115.8 0.6  C()-C(10)-C(15) 11k.2 0.5
C(1)-C(2)~C(11) 116.0 0.6 C(5)-C(4)-C(10)  88.2 0.5
C(1)-C(2)-c(12) 116.0 0.6 C(5)-C(6)-C(7)  110.2 0.5
C(1)-C(8)-C(7) 116.6 0.6  C(5)-C(6)-C(13) 11k.9 0.6
C(2)-C(1)-C(8) 117.0 0.6  C(5)=C(6)-0 103.8 0.6
C(2)-C(3)-C(¥) 120.8 0.5 C(5)-C(9)-C(10) 89.2 0.5
C(2)-C(3)=C(11) 59.7 0.5 c(6)—c(5)-C(9) 123.0 0.6
C(2)-C(11)-C(3) 60.5 0.5 C(6)-C(7)-C(8) 120.6 0.6
0(3)-0(2)—0(11) 59.9 0.5 - C(7)-C(6)-C(13) 113.3 0.6
,0(3)-0(2)-0(12) 118.6 0.6 C(7)-C(6)-0 '106.2 0.6
e(3)-c(1)-C(5) 117.0 0.6  €(9)-C(10)-C(1k) 115.7 0.6
B(3)-C(1)-C(10) 121.6 0.5  C(9)-C(103-C(15) 111.0 0.6
: C(4)-C(3)~C(11) 121.5 0.6 '-c(li)-c(2>-c(12) 118.9 0.6
c(k)~-C(5)-C(6) 120.9 0.6 .0(13)-0(6)-0 107.5 0.5
C(4)-C(5)-C(9)  88.3 0.5 C(14)-C(10)-C(15)110.5 0.6
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(168)

i'v5 -bromo—S'—deoxythymlalne e and albromomentnone(169)
0f the other exocycllc bonds the C(6)-0 distance compare°
'favourably w1th 01ted values(lEB), whlle the C-Me distances,
although shorter than_the accepted C-C single bond value

of 1.539 3(153),'are not significantly so. The fused
VringAsystem presents some interesting geometrical and
conformationalipoints, and these are discuséed.separately '

below. .

i) The Cyclo-octane Ring.

- The assumption of the dlstorted crown as -the pref-

) (170)

erred conformation y from thermochemical and spect-

roscopic evidence, has recently been challenged.

(158)

Hendrickson has calculated the minimum straln—

energy (E ) (see Appendix III) for nine symmetrical
conformers, as a function of the w lence angles (€),.
dihedral (torsion) angles @g); and non-bonded H~H contacts
(r). He concluded that, when the valence angles are
allowed to vary from the tetrahedral value (109.&70), the
conformatlons with DZ_ and C symmetry are preferred,
the latter being sllghtly less stralned by ca. 0. 3 kcal

" mole 1. In a later calculatlon(159) C~-H and C-C non-
bonded interactions were.allowed for; and one other

conformation included (symmetry,gk). A value of 112°

was now taken as that of minimum strain at saturated
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carbon, from hybridization stﬁdie§; :In this-caSevthe
C form was preferred by O., keal mole -1

-1

over the.gg,
nand by 1.7 kcal mole over the D2 Similar calculatlons
by Wiberg(l7l>, and by Bixon and LlfSOP(l72) have glven
comparable results. VThe latter workers have lifted the
symmetry requirements, and eonciude that tﬁeir are four

forms of comparable E the boat-chair (Hendrickson

mln’
- L form), and the twisted crown ( not considered by |
ﬁendriCKSOn, since it is not symmetric ),have the lowest
values. | |

The occurence of the boat-chair'form has recently
been showvn by several X-ray determinations. Dunitz et. a1(173)
have stud;ed the g;§- and trans-cyclo8ctane dicarboxylic
acids, and Groth(l7h) has studied the cyclo8ctane peroxide
dimer. The structural parameters in both cases have
agreed well with the theoretical values. In the

, (175)

structure of taxinol the cyclo8ctane ring is fused

to two cyclohexane rings, but preserves approximate QS
Symmetry. Evidence for the distorted crown form,

(176)

from a study of a salt of azacyclo8ctane has been

(173)

_ ;hown inconclusive due to structural disorder.
More recently 1,2,5,6- tetrabromocyc1oactaneI%as been
found to exist in this conformation in the crystal, and
possibly in solution,' |

The ring in the present study ( C(1)=+C(8) ) is
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- boat-chair, bﬁt is dietofted from C symmetri by the

rlng fu51on. _Figure 7. 3 shows the 1deal conformatlon,

and the parameters 1nvolved' 1t is numbered as in the

\“\~present study. Atoms C(2), C(h), ceé), 0(8): show an

average dev1at10n from planarlty (requlred by C Symm-
etry) of O 198 Table 7.8(a) shows the values of ()
and (@) obtained in this work, compared with those of
(159) (172)

Hendrickson and Bixon and Lifson . ‘The latter
authors have also predicted the deviation from the mean
plane ( C(1)-C(8) ) of all eight atoms in the ring, these
figures are compared with those from the present study
in Table 7.8(b). It can be seen that the largest
dev1at10ns from the theoretlcal values are caused by
the cyclopropane ring fusion, i. e.£92 differs by n'48°
and C(2) and C(3) show the largest discrepancies in:.the
‘COmparison of plaharity. |

- The angular strain energy (Eg), involved in the':z>
Variation of valence angles from 1120, is 7.33‘kcal

-1

mole™™ for the present structure, while the torsional

strain (E ) is 7.8 kecal mole™® *, The non-bonded inter-

;gctions are difficult to estimate, due to lack of resol-

" ution of hydrogen atoms; however the contribution from

this source to Etotal is usually small, Comparison‘with

% vsee'Abpendix ITI for formulae used.
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Figure'7.3,~ Ideal C (boat-chalr) conformation for cycloécoane ‘ring after

(158)

Hendrlckson The atomic numbering corresponds to the present

study. For the miaimum-~energy fOrm Emin EO + Eey + ENB 11.1
Kecal/mol
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~ TABLE 7. 8(5)

Values of Q "98 and(ul-ag for Humulene Bromohydrln, in -

comparison with the theoretlcal values from minimum -

energy calculatlons(159 172)
Pa:améter éhis work leon & Llfsgg‘lﬂendricksoéFi”
-y 0 117.0° Co116° 117°
e, 115.7 116 116
9 . ~ 120.8 Sy | 116
&, . 117.0 1% - 116
85 120.9 115 E 117
8 110.2 113 - 116
- 8 120.6 | 115 116
Sg 116.6 16 - 116
@y ~92.9° ~64° -65,0°
@5 L. _ -l -4, 7
«n 80.7 . 106 , 102.2
9, -86.7 -72 ' -65.0
95 68.6 70 1 65.0
& -93.0 ~105 -102.2
- a 58.7 46 B Y
ug 53.3 . 64 , 65.0

% Calculated using MCOJO (Appendix II)..
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TABLE 7.8(b).

' Displaceﬁent (Q$ in Znestroms of C(1)-C(8) from the

mean plane through the cyclodctane ring Qf Humulene

Bromohvdrin, compared with the theoretical values of
(172)

Bixon and Lifson

Atonm | d

=obs =theor
c(1) - 0.62 0.71
c(2) ~0437 -0.08
€(3) -0.38 -0.65
o) 047 0.35
c(5) -0.08  0.06
c(6) 0.19 0.3k
c(?7) -0.56 -0.65
¢(8)  0.11  -0.08

% ‘Calculated using the program DIDO (chaptef'H).
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: Hendrlckson s data shows tnau the value of Eg + Eég

here,bexceeds that for the ideal C conformatlon by

"6.55 keal mole -1, ThlS must reflect fawrly accurately

-~ the additicnal straln 1ntroduced by the fusion with two}
(highly stralned) small rings. It is surprising,
) therefore, how closely the conformation observed'here'
| tallies with that from minimam~energy calculations,
despite thé effects of what @ay‘be termed 'fusion strain'.
It would be interesting to perform similar calculations
‘with the parameters of taxinol(l75), when the full
details'are published. |
| On the limited evidence available it would appear
that the X~-ray results quoted above support the theor-
etical concepts. VNo cne conformation appearé to be
préferred, and although spectroscopic results(l77’l78)
indicate the occurrence of only one conformation in -
solution, there is no evidence that this is the same
‘one in each case. |

| The overall average valence angle (8) in the ring
.1s 117.4° + 0.6°, and compares well with values for 7-,
;9-, and 10-membered saturated carbocycles, viz 116° in

(179)
?

the cycloheptane rings of bromogeigerin acetate and

(180); 117° in eyclononylamine

(182)
2

caryophyllene chlorohydrin

hydvobromlde(18l) 116° in 1,6~¢is-dlaminocyclodecane

| and ;l? in i, 6nbrans—a1amlnocyclodecane(l83) The
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ave OVer the tetrahodrdl value

obtalned from the X~ray results is also borne out by

: general 1ncrease in ©

-the theoretical mlnlmum-energy“calcula_tlonsa

| The average bond length in the,c&clo&ctane ring is
1.521 & ( average e.s.d. 0.010 & ), which does not differ
significantly from the acceﬁted'a#erage. | The short |
€(3)-C(k) distance is probably a reflection of the

'fu51on strain‘

1) The Cyelobutane Ring.

(130)

The proposed trans-fusion

has been confirmed,
and its feasability on conformational and geometrical |
grounds has been discussed above. Eigure 7.4+ shows
that the ring is buckled, the average deviation of the
atoms from the mean plane is 0.14%. 1In Table 7.9 the
distortion observed here is compared with results of
other studies, by both X-ray and electron diffraction,
in terms of : | ‘
| (é) the average valence angle (9? in the fing,
(b)  the average bond-length (r) in £,
(c)  the perpendicular distance (g),in'ﬁ, between
ring diagonals, _
and (d) the average dihedral fold about the diagonals,

g + g
dee. - > 2& .
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‘Figure 7.4.

Humulene Bromohydrin in 010 projection, shdwihg.the buckling of the

- cyelobutane ring.
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© Criteria (c) and (&) are i11ustrated in Figure 7.5 belov.
‘The reéults,ﬁho# that the ring is generally non-

‘planar, even in cases Qf'simp1§<éubstitution, as prediéted

7 byvtheoretical work(l$6’193’l9u). The,effect~is- |

enhanced by L;gggrfusién to 1arger ring systems (ehtries

1,2,3, in Table 7.9). In the former case values of

¢

in the latter. Relatively few idealized planar rings

ave Lie between 152° and 1600, but are as low as 1390_
are‘found; where the X-ray method has been used the
‘centres of such rings coincide with inversion centres (1).
A notable feature in all cases, except entry 4%, is
the ihcfease of C-C bondlengths ovér the accepted value,-
an averége of 1.573 is given by the X-ray data, agreeing
well with the electron-diffraction results. ‘The effect

occurs in both buckled and planar rings, and has been

R SR Ty

Fipure 7.5. Criteria (c) & (d)Ain'cyclobutane ring
: . analysis, '




TABLE47Q9.

1686

Analysis of Cyclobutane Rlng Dlstortlon (Criterla a - d)

~cyclobutane

Compound & Reference Ave Q?: Ave r ﬁ h- ﬂ% Ave QO
1. Fumlene Bromohydrin 88.2  1.562 0.28 151
2. Caryophyllene (180) 87;0 1.556 0.36 143
_ Chlorohydrin
Caryophyllene (¥29) 86,3  1.573 0.40 139
- Alcohol Chloride ' '
L, Anemonln(184) 1 88.2 1.537 0.26 152
. Octachloro- - :
éyclobutane(185) 87.7 1.59 - 158
6. Cyclobutane(186)(x) - 1.57' - 160
7. Cyclopentanone(l87) 90.0 1.57 - 0.00 Planar
' (photodimer) _
8. Methylene . - :
cyclobutane(l88)(x) 90.0 1.56 0.00 Planar
9. Methylene ' .
cyclobutane(189)(x) 92.5 1.55 - -
10. Methyl
- cyclobutane(l90)(x) - 1.565 - -
1l. Octafluoro- .
| cyclqbutane(l90)(ﬁ) 89.0 1.60 - 160
_'i2. Dimethyl keten , |
- aimer P91 (%) 93.0  1.56 - -
1 ; Tetraphenyl | :
3 P atane(192) 90.0  1.57 0.00 Planar

(%)

Electron-Diffraction Study.

# Where values have not

been quoted in the cited reference they have been calcul-

ated using MOJO (Appendix II).
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; ascriﬁed(186> td tranéJannulaf noﬁ«ﬁqnded'repulsions
between éarbon atoms. The-interactioné involved across
,the-diégonals.are'gg. 2.2 R; in the preSentvstudy 2,183 &
for C(S)-C(lO),vand 2.163'1or,C(h)~C(9);  The C=C bond
stretching from this source has been calculated(l86) to
be of the:order of 0.038 ﬁ; this estimate is borne out -
by the data of Table 7.9, | . |
Caryophyilene chlorohydrin (CC)(18O) (entry 2 of
Table 7.9) énd caryophyllene alcohol chloride (CAC)(125)
(enfry 3), are the most relevaht to the present study;
their stfuctural_formulae are shown in 7.1V, 7.V. The
cyclobutane ring is trans-~fused to a seven- (rather than
eight- ) membered ring, and the distortion is consid-
erabiy greater, In bothAcases‘the c&cloheptane ring

adopts the boat conférmation, which is one of the

7.1V. Caryophyllene Chloro- 7.V. Caryophyllene Alcohol

'_thdrin (co) - Chloride (CAC) -~ .




TABLE 7.10. -

' Values oflggve and ©. = # for CC and CAC compared with

1l =7
values from minimum-energy calculatidns(159). The values

~of Eq and Eg?are also given.>

Péfameter Thedreticai | ~ Obsetved

RO 115° 116° 112°
o, 57.5 62 | 6k
@, - 30.9 o7 3k
R -69.9 =77 -83
G, - 0.0 ;3 | | 8

. &5 69.9 52 <20
@g - =30.9 -20 | -33
E, 1.7 407 1.07
E, 5.55 . 6.58 ~5.90

‘ A Values calculated using ¥M0JO (Appendix II).

1

%  Values given in kcal moke™ T, the method of

calculation follows that due to Hendrickson

(159)

and is set out in Appendix III.
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. minimum-energy preferred formé(l59 195> The optimum

values for @ . and C31_$7‘ (the latter are shown in

———

7.IV) for this conformatlon are-given in Table 7. 10

itogether with the correspondlng values for CC and CAC..

The values of Eg and E, are also listed. The agree-
ment is reasonable, c0n51der1ng the straln dué to fusion,
and is better than in the cycloBctane ring discussed
above. Although non-bonded interactions have been

omitted it is possible to explain the increased distortion

- of the cyclobutane rings in CC and CAC in terms of the

sums of EG énd .Eg?for the cyciohéptane rings. The

increased distortion of the macrocycles on fusion to

- smaller rings is reflected in the increase of this sum

over that for the minimum-energy form; thus in the ‘
cyclo8etane ring of humulene bromohydrin it was‘6.55‘
keal mole™®, in CC it is 3.33 kecal mole T, while in
CAC there is actuail& a decrease of 0.35 keal mole~1,
&hus.it would appear that the trans-fused cyclobutane
.ring has been able to transfer some of its strain

-énergy to the cycloBctane ring in humulene bromohydrin,

. ﬁnd its geometry is approaching that given by non-fused

. rings (see Table 7.9). This has not happened to such

a great extent in CC, and hardly at all in CAC,; resulting

in increased distortion of the cyclobutane riz1gs. The

~inability of the cycloheptane rings in CC and CAC to
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. distort, and thus to relieve the strain in the cyclo-
bﬁtane-ringé, is almost certainlf'dué to the tstiffening! -
éffect'df'the‘fﬁééd}chaif-formVC§clohexane fings; which
share the atoms C(1),. C(12), c(8),(sée-7.1v, 7.V) e

The calculations are‘by no means rigorOus, but they
do tend to show the distribution of strain energy in-the
fused~ring systems considered. It is pleasing to note
that the extent of distortion exhibited by the cyclo-
butane ringé does follow in the order predicted by the
~energy calculations, as shown by Table 7.9. Thus tna 
ring in the present study is least distbrted, followed

by the rings in CC and CAC in that order.,

1ii)  The Cyclopropane Ring.

A noticeable feature here is the slight contraction
of the C~C distances (average y = 1;514 + 0,010 ﬁ), which
compares well with fhe cited a#erage for cyclopropane
iings of 1.52 & (153),  This nas been attributed(l86’l96)‘
to bent-bonding, which brings the atomic nuclei into
_,¢loser proiimity. The distorting effeect of the three-

N ﬁembered ring on the cyclo8ctane ring has been mentioned

in (i) above.



. TABLE 7.11.

‘Humulene Bromohydrin.

Non-bonded Intermolecular Contacts less than 4.0 .

Roman suffices refer to atqms related to the asymmetric

unit given in Table 7.2 by the folldwing symmetry

operations :
1) 1 +x, X, A
iii) -x, 1 -y, -7}

V)

ii)

o

iv) - 1 -

1-x1-1%

1 1 .
Xy 2 v ¥y ¥~ 2%
X 1l-y, 1-2
E !
Zo

Br =
c(13)~
. (1)~
-0(15)-"

C(7) 5 3.878
03 '3.853

Br.. 3.731

11

C(11)44; 3759

o o © O

C(6);, 34992
C(9);, 3.413
c(13)iv 3.767

Oiv 3.213

c(15) = c(15), 3.86L.
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Intermolecular Distances and Packing.

Fiéufe'?.l shéﬁé the.moleé?lar packing projécted
~down the‘g-axis.' Thé m¢lecuié$'pack in rows pafallel
to the 21.screw.ax§s, but.keep well}cléar of the ceﬁtres
‘of symmetry (1). . The closest intermolecular contacts |
<409 are shown in Table 7.113 they are'all.gfeater"
than the required van der Waals clearances. The closest
‘contact (3.21 R) is between two oxygen atoms across a
symmetry centre, but the directions of the O-H bonds

‘preclude any possibility of hydrogen bonding,
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dHAPTER 8,

~

The Crystal and Molecular Structure of the 1:1 Adduct of

Germacratriéne with Silver Nitrate, 015E243AEN03.

8.1. Preliminary Work,

The crystals were supplied bler. J. K. Sutherland
and Mr. E. D. Brownjg they were small white prisms.
- Examination under the polarizing microscope, with the
aid of a"quartz wedge, showed them to be uniaxial. The
The extinction directions, transverse tb'the needle axis,
wgee indicative of a monoclinic cryétal, with a non-
unique (a- or ¢-~) axis parallel to the needle direction.
Oscillation and Weissénberg photdgraphs exhibited Laue
,symmetry‘Q/m, and confirmed the above indication.  The
Ezonditions for absent spectra were shown to be :
| hof, 1 # 2n; 0kO, k # 2n;
defining the spacegroup uniquely as'le/c. The cell “
parameters were obtaihéd by the least-squares ﬁrocedure

(CEDI), applied to some 20 theta values measured from
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. the equatorlal photographs hOﬂ Oki Thé relevanf data
. is listed below. e

Crystal Data.

Germacratrlene AgNO : C15 24.Agh03, Monocllnlc P21/ _
’ 5 : No.1l)

a = 7,530 + 0.010 &; b = 10.010 + 0.015 2

¢ = 20.905 + 0.023 &; /Q, = 102.1 + 0.3%;

¥ o= 1565 83, D /= 1.61  0.03 g.cm.™3
| | , - (by flotation in KI soln)
D, = 1.58 g. cm;-3; for Z = 4 molecules/cell;

| ﬂ— = 374.23 (taking the standard cl2 = 12.00);

B = 106.0 em™l  for Ouky radiation (A .. = 1.54178%)
F

(000) = 768 electrons; Needle axis : g.

The preliminafy photography revealed the crystals
to be sensitive to both: light and X~-rays. Similar

effects'have been reported for other silver complexes :

- silver perchlorate - benzene(197)

(198)

s silver nitrate -

.. cyclo8ctatetraene , and tris-bullvalene - silver

,(199)

"_ flouroborate A crYstal was encapsulated in a
Lindemann glass capillary tube and kept in darkness,
as far as was possible, u31ng the layer-line screens
-and the camera pot. The efzect of X-rays, in cau31ng

decay and break-up of the crystal lattice, was tested
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by taking two:equatorial (0k1) Weisseﬁbefg photOgraphs; 
iﬁo_weeks being-allowed between each hﬁhr} eprsure. Thé
léﬁelvof the intensities on fhéisecond'film was reduced -
by abouf_25430%, but no changes'in the relative values
could be detected visually. This indicated that no
photo-sensitized structural changes were taking place.
AAcpmpromisé had to be made:bgtween the size of
crystal required for spéedy data ,COlléction,'and the
size required to minimize absorption errors. Several
crystals were tried, and one éf approximate dimensions :
0.25 x 0,12 x 0.15 mm. was chosen{and eﬁcapsulatede The
layers Ckl - 5kl were recorded as described in section
h;i,ruSing Ni-filtered_Cqu radiation. The average'
exposure time ﬁas ~50hr. per layer, and the oscillation
range was reduced slightly to obtain as much high-©
data as possible, in order to reduce the Fourier series-
termination errors. A total of 1198 indepehdent '
reflection intensities, out of some 2000 in the Cu-
gphere, were visually estimated using step-wedges made
';bt ok¥, 2k, LkI. | The‘laye:s hof, hili, were similarly
Trecorded and yielded 228 common data for correlation.
The two data lists were corrected for Lorentz and
polarization effects (FIFI), and placed on a common,
arbitrary scale using the POLO program. The.absolute>

: scalé-factor (K) was obtained during structure SOlution'
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DR l ’AA-.Kﬁ _— L
by comparlng‘44Fo andLJFc e« A systemat;c absorption
correction, although desirable, wés_impossibié due to the

‘_\\gradual decay of the'crystals.-“

o o ] e
o
~

8.2. “Structure Solution.

™
.

Two-dimensional Fatterson maps.were cbmputed for the
[100]- and [010]- projections, using BOSS.  With respect
to<;,silvér co-ordinates z;'ia Z, vector peaks between
cenfrqsymmetrically related atonms occur af 0, 2y, 2235 and
ggi 0, Zg;'reSpectively in these maps. The silver

co-ordinates were given as :
x = 0.052, y = 0.318, z = 0.319.

A two-diméns;onal electron-density map (BOSS) for the
[blO}-projection, using phases given by‘tﬁe above position
(together with an estimated B-factor of 3.0 32), showed
" the general shape and packing of the molecules; R was |
' 0.356. The map is shown in Figure 8.1, which indicates
that the molecules lie between symﬁetry elements at z = O,
%, %, 4, 1. This map may be compared with Figure 8.2
:i’(p./9z )>which'shows the fihal structure in b-axis
projection. _

Using the full, correlated, threefdimensional data

list, -a 3D Patterson map was computéd (BOSS). . Equations
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- Figure 8.1. Germacratriene:AgNO

3

blO}~Fourier, which should be compared
with Figure 8.2, ‘

LT



~and 2. 0, ¥, %3 due to the _g-_-gl:'u-i'e.‘
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similar‘to 7.1,’7.2,A(p.l3l ) give the Harker'secfibns :
1. ‘,x, %; 'ggv due:torthe'2l screw,‘, » g
V .' ‘ . ’ L3 IR B BN BN J 801.
TheKPapterson'was solvéed uniquely for;silver, giving'the

AN . B

- cofordiﬁétgs :
x = 0.0541, y = 0.3182, gz = 0.3177,

in,excéllént agreement with those obtained above.

A structure_factor caleculation using this position,
with estimated B-factor as before, gave R = 0.346, These
w lues were then used to compute the first 3D electron-
Vdensity maps reflections for which IFCLS;O.25‘F°lwefe
omitted from the Fourier summation. - The nitrate ion
was immediately discernible in the x =0 seqtion; " nine
other peaks appeared to form the basis 6f the carbon
skeleton, but their resolution was not good. Two
Turther maps were computed (using the same rejection test
for the structure factors) : |

(1) included silver, nitrogen (B = 4.0 %), and the

g%hree oxygens (B = 4.0 ﬁz) in the structure-factor

"+ calculations, all as neutral atoms; R was 0.327;

(ii) as above, plus the nine possible carbon sites
(B = 4.0 22), R was 0.284%. A

The latter map confirmed the nine carbons, ad revealed
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the positidns of all other nbﬁ-hydfovén aﬁoms. vA bead
"model of the- structure at this stage showed chemlcally
-sen51ble geometry. e ‘

| A fourth map,,inclﬁding all atoms (eXCept hydrogens)
in the structure factor calculation (R = 0.233), showea
- no spurious features, but exhibited séme series termination -
”ripple, no reflections were regected. Optinum
atomic p051t10ns were obtained from the map u51ng Booth's

method(l61)

8.3, Refinement of the Structure.

 The structure was initially refined using the block-
diagonal method of BABA. The designation of Run Nos.
follows the scheme outlined in Sect. 6.4%. (p 95).
Positional parameters, B-factors, aﬁd an overali'scale
factor (K), were varied for four cycles; no weighting
-scheme was employed, but scattering factor;:gppropfiate

. 2 X
to the normal resonance hybrid nitrate ion, i.e. N+,‘03 R
and to Ag*, were used. R fell to 0.199 (run I1, see
'fﬁabie 8.1, p. 1¥3).
o (51)

A weighting scheme of the Hughes type was then
introduced, with F* (Eq. 2.29) set to 450 on the scale
of the structure factors of Table 8.4; four more cycles

reduced R by only 0.005 (run I2). An analysis of the

% Obtdined by linear interpolation between 0° and 071
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agreement within the individual layers shoved consid-
‘erable errors in the inter—layér écaiesf This was
ﬁrobably due to'uhcorrected ébsofption'errofs (see |
ab§ve),'especia11y‘in ﬁhé correlatiné‘data; This'was_'
collected with the cfystaivrotating aboui the Q—éxis,
perpendiculaf to the needle. The X-ray péth-lehgths
within‘the crystal were thus more variable in this
case, coﬁpared with the main axis, where thé Cross-
section presented to . the beém was far more uniform.

It was therefore decided to include the inter—layer
scale-factors és parameters in the isotropic refinement;
as alfeady noted, tﬁis procedure is invalid in the
anisotropic case(lhé). All further refinement was
perfbrmed using the full~matrix progfam ORFLS., Four
cycles>of unweighted refinement, varying the parameters
noted above, reduced R to 0.159 (run I3). The value
of F* was reset to 45, and a small number of misindexed
‘reflections corrécﬁed. Eight strong, low-order,
reflections (102, 200, 202, 202, 212, 310, 312, 30%)

.:ﬁefe removed for suspected extinction, and R fell to
0,104 (rum I4,I5,16).

An analysis of the observed and calqulated structure

factors (DELSIG) showed that the average!lFo‘fiFC”

“increased linearly}with inCreasinglFO!, and the Hughes
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' welghtlna scheme vas no 1onﬂer appllcablc° A qéheme
was dev1sed from the plot to glve reasonably constant
values of ij(‘F ’ IF ‘)2 over ranges of {P L it took
the form ¢ |
: 1 , _
w o= - cereencsenceense 8e24
1+ aIFO{ '

¥

| where the constant (a) was derived from the sldpe and
intercept-of the plot. Convergence was now slower,
and four cycles reduced 3‘to 01106. |
| A noticeable feature of theszlater runs was the
oscillatory motion of the nitrogen atom N+, and .0(2). A bond-
length calculation showed that the nt - 0(2) distance
was 1.15 3, compared with Nt - 0(1) and §F - 0(3) dist-
‘ances of 1.23 and 1.26 ] respectively; The stronger
bonding of 0(2) indicated that the charée distribution
in the nitrate ion should be changed to N', 0(3)™, o}
‘and 0(2)°. Correction terms were also included to
éllow for dispersion effects at Ag+ uéing the values
AL = -0;5, A" = 4.7 (59). R fell to 0.099 (run 18),
and parameter shifts for the nitrate ion became minimal.
A difference map was ﬁow computed using (FO—FC) as
Fourier coefficients; although it revealed no spurious
features, it was not>possiblé to estimate hydrogen atom

positions.  They were therefore included in the final



stageé»of refinement in calcuiated'poSitibns>(BONDLA),
with E}facﬁors equal to that of‘the;éarbon to which they
,weré,bohded, plus:O.S 32; thesé paraheteré wvere not
refinéd. The refinement was concluaed with runs I9.,
I103 the ratio of shift to standard deviation was less
than 0.10 for all parameters on.vthe final éycle, the
maximum positional shift was O;OOOM 2.

‘Some cycles of refinement using anisotropic temp-
erature faétors_were performed, but these parameters:
became hon—positive—definite for some atoms (i.e. they
were phyéically.méaningless); and the process waé not
pursued. The failure was probably due to : |

1) uncorrected absorption effects,
and ii) the paucity of data, in the.anisotfopic case
the ratio of observations to pafameters.was only 6,
hardly high enough to guarantee a valid refinement.

The final parameters from the isotropic refinement
(Tables §.2, g.3) together with the fefined scale-factors,
to obtain the structure factors shown in Table §.kj the
;hydrogen atoms were included in thé calculation in their
’églculated positions. The final R factor was 0.097,

 for 1190 reflections not affected by extinction. Io
attempt'was made to assess the accidentally absent data,
since the number of such terms was large, and the

_ absorption errors would probably have made a comparison
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- of lFbi and lFCl rather meaniﬁgleés. Tt should be
noted that the standard deviations quoted in the following
tables are probably realistic estimates, since full- -

\7maprix methods were used ﬁhroughout.l

TABLE 8.1.

gérmacratriene:AgNO3.'

The Refinemeﬁt Process.

, Max. Pos™

Run. = Cycles R. Y hb|-ch])2. Shift &
1 4 0,199 50995 0.080
ol '3 0.19% 22595 0.032
I3 Y 0.159 76940 . 0.04%0
Y B 0.116 23920 05021
I5 L 0,110 117630 - 0.008
16 h 0.10% 15310 0.005
17 L 0,100 5265 0.0006
i8 L 0.099 5131 " 0,0006
19 ! 0.097 5065 0.0005

' 5 0.097 5031 0.000k

10

* Block-diagonal approximations (BABA), inter-layer

scales not refined.



Germacratriene:Agl0

 TABLE

8.2.

3

182

Final Positional Par ameters as

Fractions of the Cell Edges, together with their Estimated

Standard Deviations (0)

c(15)

- 0.36347

0.00433

'-0;16495‘

> b et o, i, S A 80 st o AR

atom . x % pi Sy z %
ig 0.056HL 0.00021  0.31799  0.C0013  0.31868 0.00007
N ~0.00403 0.00267 0.1202% 0.00177 0.20051 0.00098
0(1) =-0.0120% 0.00245 0,05989 .0;00166 0.2512% 0.00091
0(2) -0.04393 0.00218 0.07619 0.0014% 0.14878 0.00081
0(3) 0.04615 0.00200 0.24%235 0.00135 0.21058 0.00C72
c(1) 0.54685 0.00263 0.02501 0.00160 0.41691 0.00087
c(2) 0;72512 0.00317 6.09135 0.00203 0.45475 0.00115
C(3)  .0.86681 0.00303 0.12768 0.00201 0.41241 0.00L0%
c(¥)  0.83943 0.00278 0.27082 0.00166 0.39279 0.0009%
¢(5) 0.73228 0.00329 ©0.30357 0.00178 0.33495 ©.C0109
C(6) 0.65552 0.00318 0.44262 0.00198 0.31070 0.00107
.c(7)  0.W4453 0.0027% 0.42075 0.00160 0.30339 0.00089
C(8) 0.3867% 0.00283 0.35095 0.0016% 0.35987 0.00098
C(9)  0.37276 0.00281 0.21385 0.00163 0.35561 0.00096
| cﬁlo) 0.3764% 0.00319 0.1205% 0.00213 0.41520 0.00111
-'}vééll) 0.5318% 0.00283 -0.09788 0.00169 0.39702 0.0C095
©(12) 0.4121% 0.00332 0.42417 0.00219 0.42425 0.00121
C(13) 0.88903 0.0C311 0.36882 0.00208 0,44878 0.00108
c(14) 0,70867 -0.00432 -0.18730 0,00289 0.40367 0.00168
| ' Ao.bozao 0.36365 0.00165
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TABLE 8.3.

o Germacratriene:AgNO3s

Finalilsotronic Thermal Parameters (B). and their Estimated

Standard Deviations (Gé).

Atom B S5 Atom B o

= B
Ag 2.91 & 0.55 c(6) 3.55 &* o.Zz
N 3.51 0.36 c(7) 2.3k 0.3k
0(1)  5.66 0.39 c(8) 2,60 0.36
0(2) k.27  0.32  c(9) - 2.6%  0.36
0(3) 3.65 0.29 C(10) 3.83 RN
5 * | c(11) 2.71 . 0.36
c(1)  2.37 0.3%4 c(12) 4,18 0.47
c(2) 3.82 0.45 c(13) 3.6 0.42

'0(3) 3.37 0.41 oo 6.79 0.71
c(y)  2:k2  0.32 c(15)  6.6%  0.70

L oas) 3.02 0.39



TABLE 8.,

Germacratriene : ApHOy.

Final Observed and Caleculated Structure Fachtors.

The formét is :

hoy &k
1 10|FQ| 10 F,

° . .

_‘The following'reflections were omitted for suspected

eXtinction

| h ok 1 10fF| 10F_  sing /o
1 0 =2 1268 ~  -1861 0.07512
> 0 0 1376 1981 0.13562
2 0 -2 = 1002 1492 0.13451
2 0 2 983 ~13h42 ~ 0.15321
2 1 2 936 1316  0.16117
3 1 0 1oke  -1381 0.20949
3 1 2 768 1088  0.22430
30 -4 1056 W34 0.20707

L I
N 4 i
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8.4, Discussion of the Structure.

i) Accuracy of the Determination.

The final R~factor of 0,097 is one of the lowest
80 far obtained for a silver adduct, desp1+e the 1napp11-
cability of anisotropic temperature factors. In retro-
sﬁedt it may have been better to use a different crystal
for the collection of eaéh layer, to obtain a maximum of
reflection data. The decay in each crystal would then
have been small enough to allow an absorption correction
to be made for each layer. The failure of anisotropic
refinement would then have been overcome on‘both counts.
Thé effects of light on the crystal qduld have been
minimized by biackehing the tube; however this would be
difficult to achieve after setting the crystal ou the
camera. The additional time required to set the
crystal in this case gives litﬁle advantage‘over the
method employed, since, with a clear Lindemann tube the
erstal could be partially set by eye, and was easily
';ocated and realigned when slipping occurred during data
Eollection.

Maximum accuracy with rapidly decaying crystals
can only be achieved by a careful appraisal of the

photographic method;’ this gives a time-~averaged record



Figure 8.2, Germacratriene in b-axis projection.
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ofvthé individuél inténsities; The use bf an aﬁtomatic'
diffractometer, although more acéurate in actual measure-
r@eﬁf5 is debatablé in these caseé; each réflection is
meaSuréd once only, and the rate of decay goverhs the
precision with which the da#a cén be put on a cormmon
scalé.. |
”_Ne#ertheless the accuracy obtained certainly warrants

the full discussion given below.

1i) . Stereochemistry and Conformation.

The cell contains two L and two D molecules; Figure
8.2 shows the’ [oio]~projection of the structure. The
silver and nitrate ions form infinite chains along the
serew axes parallel to b (see also Figure 8.4%) at
z=%, %, and are cross-linked at any one level in z
by germacratriené unitse. Each silver ion is co-ordinated
to the C(4)-C(5) double bond of one molecule, and to |
'fhe C(8)-C(9) double bond of another, giving rise to
further chains parallel to a. There are no close
,pontacts }(<:3,5 2) between centrosymmetrically related
:Ehains, and the packing in the g-direction is relatively
loose. The mode -of packing is reflécted in the elong-
ation of the crystal habit élong as |

(133)

The all-itrans stéreochemistry proposed for

‘germacratriene has been confirmedQ Figure 8;3 (a) and



{e)
Figure 8.3. (a) Perspective view of the conformation of germacratriene in the
~crystals of itS‘Ag§93 adduct. (b) Schematic view of conformation.

"(e) Schematic view of the conformation of the selinane derivative formed as a
cyclisation product of germacratriene.
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(b), show two vieWS of the coﬁforﬁatién adopfed by the
mblecule.in the'crystal; '~ as in the casé_of hﬁmulene
and its bromohydrin 711, 7,iIiJ(p.l$/), there is an
obvious chemical similarity between gérﬁacratriené |
and its cyclisation product Figure 8.3 (c). Againvthe
planes of the endocyclic double bbnds are rbughly
pérpendicular to the plane of the macrocycle, leaving
the 7T-orbitals ideally situated for the transanmular

cyclisation +to the selinane derivative.

i1i) - Molecular Geometry.

The bond diStances and valence angles are shown in

- Tables 8.5, 8.6 respectively; the standard deviations
given are probably realistic estimatés, but have suffered
due to the paucity of data. Non~-bonded contacts within
the ionic layer are shown in Table 8.7, while ijonic 1ayer;
germacratriene contacts are shown in Table 8.8,

The average C 3 and Csp3—Csp2‘distances are

sp3~Csp
1.57 + 0.03 2 and 1.535 + 0.030 2 respectively, while

3 o o - 3 ) 3 T ) i m
the average Csp2 Copo distance is 1.3%, 0.025 R. These

: P2
‘values do not differ significantly from those found for
humulene(128> ( 1.54%, 1.52, and 1.3% 2 ), or from the

(153) '

accepted averages - The discrepancy between the
two C~Me distances in the isopropylidene group is

~curious,. but could be due to crystal-packing forces, since



TABLE 8.5.

Germacratriene:AgNOS._

- Intramolecular Bonded Distances (r) in fngstroms, together

‘with their Estimated Standard Deviations (6).‘

Atoms T S Atoms . s

- C@1) - c(2) 1.56  0.03 c(6) ~ ¢(7) 1.58  0.03
C(1) - C(10) 1.60 0.03 G(7) - G(8)  1.51 0.03
C(1) -C(11)  1.30  0.02 C(8) - ¢(9)  1.38 10,02

e - 6(3)  1.56  0.03  C(8) - c(12) 1.51 0.03
¢(3) -~ W) 1.%9  0.03 C(9) -~ ¢(10)  1.55 - 0.03
c() - ¢(5)  1.35 0.03  C(11)- C(IW)  1.59 0.0%
C(¥) - €(13) 1.51 0.03  C(11)- G(15) 1.48  0.0%
c(5) - ¢c(6) 1.55 0.03 N -0(1) 1.23 0.03

¥ =-o0(2) 1.15 0.03 N ~-0(3) 1.28 0.02




VTABLE 8.6;1

Germacratriehe:AgNO3.

_Valénce Angles (6°) in the Asymmetric-Unit,- together

with their Estimated Standard Deviations (S9.

 Atoms e° o° Atoms g° g°

C(1)-C(2)-C(3)  115.% 1.8 C(5)-C(4)-C(13) 122.9 1.6
C(l)-C(lO)-C(9)' 105.2 1.8 C(5)-C(6)-C(7) 102.0 1.6
C(1)-C(11)-C(I%) 119.% 1.9 C(6)-C(7)-C(8)  115.6 1.5

C(1)-C(11)=-C(15) 126.% 2.0 C(7)-C(8)-C(9)  116.1 1.8
C(2)-~C(1)-C(10)  111.2 1.5 C(7)-C(8)-C(12) 117.9 1.6
C(2)-C(1)-C(11) . 125.2 1.8 C(8)-C(9)-C(10) 124.0 1.8
c(2)-C(3) -C() 107.9' 1.8  C(9)-C(8)-C(12) 122.% 1.8
6(3)-C(W-C(5)  120.2 1.6 C(10)-C(1)-C(11) 123.0 1.8
C(3)-C(4)-C(13)  114.3 1.6 C(1W)-C(11)-C(15) 11%.2 1.9
C(1-C(5)-~C(6)  128.7 1.7 O(1) =N - 0(2) 124.9 1.9
1.8 0(2) -8 - 0(3) 122.1 1.9

o(1>~ N - 0(3) 113.0




108

TABLE 8.7. .

Germacratriéne:AgNO3.

Non—boﬁded’Contacts within the lIonic Laver <:h.58.

Superscripted atoms (') are related to those in Table 8.2

by the symmetry operation

5 13
Xy T H+YE T~ Ze

Ag - 0(1) 2,94 % ~ | Ag - Nt 3.07 8
Ag - 0(2) Lo Ag - 0(1)' 2.81
Ag - 0(3) 2.37 Ag - o(2)! 2.68
Ag - N 3.13 : 0(3)-Nt 4,26

0(3)-0(1)' 3.30
0(3)-0(2)" k4.45
Ag - 0(3)' L.3k




TABLE | 8 0'8 o

Germagratriene :AgNO3 .

 Germacratriene -~ Jonic Laver Contacts <:h.5 2.

. Roman subscripts indicate atomic positions related to those

in Table 8.2 by the following operations

(1)

1 +

R

g
w9

c( -

3051

. Xs z; (II) 1 +%, z-Y %

(II1) 1 -x, $-3 %-2z5 IV 1 - X, v+ +¥, *

W -x tty, b-z; (VD xy b+ ¥, %

c(7) - Ag 3.18 & C(3) - Agg 3.26 &
C(8) - Ag 2.48 C(¥) - Agp  2.52
(9 - Ag 2,57 C(5) - sg; 2454
C(10)- Ag . 3.0 C(6) - Agg 3.2%
C(12)- Ag 3.28 C(13)~ Agg 3.26
C(9) - N 3.96 c(5) - g 4,18
Cc(9)~= 0(1) 3.60 c(3) - 0(1); 3.73
©(10)~ 0(1)  %.08 c¥) - 0(1); 3.98
CLeam- o) 3.99 c(5) - 0(1); 3.75
C(7) = 0(3)  3.69 c(5) - 0(3)p  3.90
C(8). - 0(3)  3.77 C(6) - 0(3)7 k2
0(3)

~C(13)"‘°(2)11 415

contd.



Table 8.8 ° Continued &

o) -

N1z

Cc(5) - Niqq

C(6) = Nyqq

C(13)= Nypp
¢(5) - 0(1)1qg
C(6) - 0(1)y1g
CH) = 0(2) 117
C(5) - 0(2) 117
C(6) - 0(2) 117
C(13)- 0(2) 717
C(6) = 0(3)yq7

Cc(14) - Ny
C(14) - 0(2) 1y
- C{1) - 0(3) 1y

h.31

g

3.93 -

3,22

3.98

3427

3.61
3.57
3.17
3.29
3.83

3,92

3.78
3.38

c(12)-

o7 -

c(8) -

c(7) -
c(8) =~
c(12)-
c(7) -
c(8) -
c(9) -
C(12) =
c(7) -

C(15) -

Cc(15)-

- C(15) -
c(15)~

C(15) -

200

0(1)yp .21
0(2)yp 351
0(3)yy 3-29

Ny 13.86 R
Nv _ 3.96
Ny 4.10
o1y 3.51
0(1), 3.88
0(1)y  k.L6
0(2)y 3.71 -
0(2), 3.1
0(2)y  4.38
0(2)y  3.26
0(3)y  14.87
Agyr L.43
Nyt 3.50
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C(lS) is closer to the ionic layer than C(lk) The
asymnetric poeltlon of the ;g_propylldene group with
respect to the ionic layer can be- seen in Flgure 8. h

It was noted in Chapter 7 (p.leJ that there is
appreeiable angular strain in medium—sized,saturated
carbocycies; average C-C p3-C angles as high as 117°

have been found experlmentally (refs 179-183), confirming

results {rom mlnlmum—energy calculatlons(lsg) The

presence of five C 5 atoms in the cyclodecadiene ring

s
of germacratriene hzs relieved this strain. Although
the C»CSp3—C angles show a fairly'wide spreadv(102°
115.60), the average value in the rihg is now 109.2° +
'1;70, close to the tetrahedral value{' The comparable
average in humﬁlene is 111° (128).

The germacratriene molecuie is distorted mﬁch past
what can be achieved with a Dreiding model. Most of the
distortion is at the endocyclic-double bonds;'and the
two substituent methyl greups €c(12), and C(13), are
pushed in towards the eentre of the ring (see Figure 8.4) .

'Although the average C-C_._,-C angle for these bonds is

: sp2
120.8°, there is a very wide spread (11%.3° — 128.7°),
and substantial outeof-plane twisting (sﬁe-spg torsional
strain) compared withvthe'exocyclic isopropylidene

double bond. The geometry about the double bonds is
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further discussed in the next section (8.5), in relation

to their observed reactivity differences.

"n,iﬁ)i The Ionic”Laver..

~

\Figure 8.k illuéirates.some interesting features of
the ionig\lgyer and its intéraction with the organic
moiety. It(Shows that the,Ag+.ion is close to two
oxygen atoms ( 0(1l) and 0(35 ) of one NOS" ion, and to
two more ( O(1)* and 0(2)' * ) of another, at distances
ranging from 2.37 to 2.9% % (see Table 8.7). The
arrangement of the five atoms is nearly planar. The
short contact (gt - 0(3)) is significantly shorter
than the sum of the ionic radii of‘Ag+ and O-‘given;as

2.46 ] (200), and sirilar distances have been found in

the silver nitrate complexes of cyclo&ctatetraene(198),
humulene(128), and norbornadiene(zol); distances of 2.32

and 2.%2 8 have recently been found between Ag+ and the
bxygen atoms of water molecules in the bis-bullvalene :

'AgBFu:HQO complex(zoz).

The mode of_chain formation
is very similar to that found in the cycloBctatetraene
iéomplex(l98), and the average Ag+»0 distance there (2.65 R)
' éompares well with the value of 2.70 2 in the present
study.

The atoms of the nitrate ion are, as expected, closely

coplahar but the N+‘is very slightly above the plane -
N . , o PR J U U S

¥ The superscripts (') are7¢xplain¢d:in.Table BeTe

~y
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Figure 8.4

“involved in the silver-ethylenic bond. (mean planes'are

ams dotted, the Ag - C

C plenes are lightly shaded).
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of the oxygens by ~0.02 8.  The variation of N' - 0
distances,from 1.15 to 1.28 &, is explicable in terms

~of the silver ion co-ordination. 0(3).13 the most

- strongly co-~ordinated to Ag+ and has thé longest Nt - 0

distapce, 0(1) is Weakly cofordinatéd to two Ag+_ions

and has a slightly stronger (and fherefore shortér) bond |
to nltrogen, while 0(2) is co—ordlnated only weakly to
one_Ag and has an N* - 0 distance consistent with

(153) |

double-bond.formation A similar argument could
explain the significant deviation of valehce angles
‘O—N+~Q,involvihg 0(1), from the expected value of 120°,
since this atom has to satisfy the co~ordination requiré-
' ments of two silver ions.

: Flgure 8.4 shows that the co-ordlnation polyhedron
of the silver ion consists of_eignt atoms: the four

oxygens noted above, and four C_ atoms from two

sp2
_germacratriene units. The arraigement may best be
déscribed by noting that the vectors from Ag+ to the
midpoints of the double bonds; and to the nitrogen

éatoms of the nitrate ions, form a distorted tetrahedron.
"The angles 1nvolVed are shown in Figure 8.5. The
apparently bidentate Nog ligand mﬁst be regarded as
occupying only one co-ordination position, as in t“u

.(128)

ionic layer of the humulene adduct , wnhere the

overall co-ordination is distorted trigonal bipyramidal,
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N
- {\\
% N
//O . 121.1°
: \
§ ]
/

C(S)I ”\9 0
R\\‘h.6_,

135.5%—+

c(u)I

‘Figure 8.5. The distorted tetrahedral co-ordination of

Agt in germacratriene. (The meaningsof the

subseripts and superscripts (I), (') are.

given in Tables 8.8, 8.7, respectively).
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. or in the ueuranltrltocobaltatﬂ(TI) ion , where the
' 11gand fleld is effectively. tetrah@dral.' Dlstorted
tetrahedral co- ordlnatlon has been found in sevyral |

(204)

mercury complexes “y where angles range from 92 to'

155°.

v) Germacratriene - Ionic Layer Interactions.

The complexes of silver salts with nolecules
containiyg ethylenic linkages,studied so far by the X-ray
method, show ratios of organic-: inorganic moieties
rangeing from 3:1 to 1l:2. An interesting comparison
of the relative bond strengths is afforded by a study of
_the distances of Ag’ from the midpoints of the complexed
double bonds. - The results from this study are shown
in Table 8.9, together with the relevant data for five
other compounds. In a comparison of the distances
given it is more meéningful to describe each‘compound
by the ratio of complexed double bonds to Ag” ions;
furthermore the Ag+ - midpoint distances appear to fall

,into groubs by which we may define the Ag+ - olefin
';572bond torder'. Bonds of the first 'order' = occur
when a single double-bond is complexed by a single Ag"
ion, and distances range from 2.26 to 2.29 ﬁ; bonds of
the second'order‘ are’exemplified by the present work,

where one Ag+ ion is complexed to two ethylenic bordsonly,



TABLE 8.9.

Silver Salt : Olefin Complexes, Comparison of Ag® - C==C midpoint distances (g) in 8.

Organic :

Complexed double

RN

ok A

Compound 4+ [Ordert| No. ul in &, ,
' Inorganic. bonds ¢ Ag o !
Norbornadiene:2AgNO3(2Ol) 1:2 1:1 1 2 12426, 2,26, 5
|Humalene:2agho, (128) 1:02 1:1 L1 |2 2.9, 2.29. §
Germacratriehe:AglO, 1:1 2:1 2 {2 | 2.3, 243,
Cycloﬁctatetraene:AgNO§198) 1:1 2 : X 2 1 2.38.
3(2) 1T | 2.73.
| - 1 ca. 3.0 &,
_',T'_x;_j,_g,-bullvalene:AgBFu(l%) 3:1 ko 1 2 | 2 2.42, . 2.43,
- 3 2 2.63, = 2.69.
l?a_:j._g-bullv}alene:AgBFLI_ﬁ(202) 2 :-1 2.: 1 2 u* 2.36, -2.37, L
| 2,52, 2.6,
- {u® s 308,

% Two crystallographically independent molecules per asymmetric unit.

400
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‘Aatvmidpoinfvdiétances of o2 2.43 8. | By-a simple linear
extrapqlatioﬁ it would apﬁeér that a'single Ag" ion should
be.gbmplexed to three edui—disiéht double bondsj(i.e. pure
- third 'order'), at Ag+-midpoint separatiéns Ofvgg.VZ,é ﬂ; |
It is doubtful if the long contacts of ga. 3.0 R, ndted in
Table 8.9. represent very strong interactions, but they-
" do have some effect in stabilizing the crystal packing.

| Thué, from the aréuments above, it has been possible
to break down the number of AgT-olefin bonds into their
respective ‘'orders!. Although the data at present
available is admittedly rather sparse, this break-~down
appears viable in an attempt at avmeaningful classification
of these complexes, It is unfortunate that comparison
with the silver perchlorate : benzene complex(l97), and-
the complex of silver nitrate with the éyclobctatetraene

(205)

dimer s are not meahingful, due to a disordered Ag*
position in the former, and'lack of definition in the
latter. The full details of the structure determination
of gi§,2;§5gi§—l,h,7»cycldnonatriene%AgNOs(léé) have not
&et appeared in the literature. Nevertheless, from the

“ information given in the references cite& in Table 8.9,

it appears that the chemical stability and the number of
'bonds! formed by silver are correlated.

The individual Ag+-CS distances at the C(8)~C(9)

p2 A
double bond are-significantly'unequali(See Table 8.8), but
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) this is not true at the é(h)~C(§) bond. The-asymmetric
oriéntation o_f.Ag+ with respect to the complexed double
‘_bond has been found in many of the compdundu mentioned
above, and was 1n1t1ally ascribed to crvstal pacﬁing forceg?y
A molecular—orbltal approach 5 applied to metal-olefin

(206,207) s has afforded a better explan~

‘complexes 1n‘general
ation., Overlap is required between the symmetLlcal donor

77 ~orbital of the olefin with a vacant metal orbltal (T-bona),
and also between a filled metal orbital and the antibonding

77 ¥-orbital of the olefin (p-bond). It has been suggested
that the aéymmetric position adopted affords the best
compromise between the two fequirements(199).

The strength of the w-bond in silver-olefin coﬁplexes
~is, however, weak, since the ion does ﬁot possess wvacant
orbitals of the correct symmetry to act as acceptors. This
is reflected in the C=C bond lengths, which should be
elongated in the case of strong 7-bonding(which reduces the
electron~densi£y in the double bond, and thus reduces the |
bond-order) . This has not been found in previous X-ray
.studles, nor in the present work, where the double-bond

© lengths ( C(4)-C(5), C(8)-C(9) ) are not significantly
lbnger than the uncomplexed bond C(1)-C(11l). However in
the crystal structures of the complexes K+(02H4Pt013)"(208),

and Pt(02H1+)(I\I}I(CH )C12(2O92 the ethylenic bond is elong=

302
_ated to 1.5 R and 1.%47 8 respectively; this is because the
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platinous ioh poésesses a vacanf (abéepfor) d-orbital. .. Cne
‘can only conéludeAthat, in silver-olefin COmpleies, the»u
Vp-bqhd is predominant; this would.not, of éourse3 increase
the electron density betweén the olefinic carbon.atoms.to
any_gréat extent, and né cases of C=C distances less than
Ca. 1;30 R have been reported. The lack of asymmefry at
' fthe C(4)-C(5) double bond in the present study is progably,
not explicableron a molecular orbital approach. While this
has provided-a good general picture of metal-olefin bonding,
other factor% such as crystal—pécking forces, and the
presence of other-atoms in the co-ordination polyhedron,
must have some effect, and will differ from complex to
'complex. ‘ |

In any event maximum overlap should occur when the

Ag+—C > plane is perpendicular to the mean plane

sp2'csp
through the oleflnlc linkage. In the present study the
angle betweeh the planes Ag,C(h),C(S), and C(3),C(%),C(5),
c(6),C(13), is 89.6°, and the angle between the. planes
Ag,C(8),C(9), and c(7),C(8),C(9),C(10),C(12), is 85.5°.

. The planes are shown dotted in Figure 8.k. The values

’;”agree well with comparable angles in the fris-bullvalene

adduct(199) (91.5O & 91.10),and in the humulene adduct<l28)
(85o & 87°).  Where Ag' is asymmetric to two double bonds
(e.go cycloBetatetracne: AglO ), or complexed to only one

douole bond (norbornadlene 2AgNO ), there are substantJaT



deviafions from 90°.  Thus the suBsfitﬁtion pattern at
Vthe gompiéxed-double bond also appears to affect the
bondihg:to’the metal ion. o

On a more empirical‘séale it is intéresting to note
that the shortest 'first-order' Ag -olefin bond (2.26 2)
is still longer than the sum (2.03 &) of the Ag® ionic
 .radius (1.26 3(210)) and the covalent radius of carbon
(0.77 ). This indicates that the distance of closest
~approach of Ag+»to the olefinic bond is ca. 1.0 2. &
simiiar result can be obtained for cu” in the complexes
horbornadiene:CuCl(gll) and catena1p—chloro—cycloﬂctatetraene
Cu(I)(212); the Cu'-midpoint distances are 1.97 and 1.98 2
respecti&ely, and the ionic radius of Cu’ is 0.96 R. The
comparison is iﬁtéresting since both Ag+ and Cu' have -
filled d-orbitals, and do not readily form 7-bonds. The
value 1.0 & could thus be termed the ' jo-bonding radius'
of carbon. In the case of platinum, which is a ready
acceptor of ﬁlelectroﬁs (see above), 4 similar study shows
a ' 7-bonding radiud of ca. 0.75 R, indicative of stronger

bonding. | |

. A single uniform theory of bonding in metal-olefin
complexes is still far from clear. The ﬁumerous factors
involvedimake structural predictions difficult, and many
further X-ray studies of high precision will be reqﬁired

to clarify the situation.  However the very great‘chemical
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interest in these compounds,.both from the organic and
inorganic points of view, makes them ideal 'targets' for

‘erystallographic investigation.Ji

8.5, The Geometry about the Double Bonds and its Effect

on their Reactivity.

i) The Molecular Geometry about the Double Bonds.

»ihe incréased distortion of the endocyclic double
bonds in germacratriene, compared with that of the exocyclic
lsopropylidene group, has been mentioned briefly above (see
Sect. 8.4 (iii) )« The distortion is analysed in Figure
8.6 (for all three bonds) in terms of : |
i) Valence Angles (e,

ii) sp3 - sp2 torsion angles (%)%,

and iii) sp2 - sp2 torsion angles (2°)%, shown in Fig.

¢ (213).

} Fig. 8.6 (a)

8.6 (b) in the form of Newman diagrams
It can be seen that criteria (i) and (ii) match closely for
both endoeyclic bonds, and that most of the distortion is

due to out-of-plane twisting about the axis of the bond,

.© s0 that the planes of the pairs of substituents are no

' % To preserve clarity in the.discussion which follows; the
symbol (¢) will be reserved for sp3—sp3<torsion angles,
as in Chaps. 6 & 7. .. *___;fA”J]

# See alsb‘Appendix 11, FigureAII.2; for‘further examples.
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longér parallelv(-criterion (iii) ) ,,This'spg - épz
torsional strain is g:éateéj for the C(8)-C(9) bond than
\;‘fpr the c(h)-c(5) bond;' it is almost negligible for the
C(i)—Qﬂll) bond. The data of/Table 8.16, which shows the '
deviatighé\(d, in 8) of the relevant atoms from the mean
blane fhroﬁéh each double bond, also refleéts this sequence;
thus (d}8_9_> <a>h—5 P &P _q;+ The results explain, in a
purely qualitative manner, the observed differences in-
reactivit& of the three bondsj; however it has been possible
to obtain some more quantitative results from strain-energy
calculations} these will be discusséd below.

It is possible that a small amount of fhe observed
distortion at’the éhdocyclic double bonds is due to\Ag+-C
non-bonded repulsions. This may well account for the
positions adopted by the two methyls ( C(12) & C(13) ),
pushed in towards the centre of the'ring, and towards one
-another, by angles of 19.5° and 22,0° (Fig. 8.6 (b)). Their
distanées from Ag+ (3.26 and 3.28 X respectively) are almbst
equal. Even after this deformation thé Me-Me separation

ié still large (3.57 ﬂ), and the positions adopted may be

s - ’ . + .
“a compromise between Me-Me and Ag -Me repulsions.

It is doubtful whether the 4g’ ion has much effect on
the ring geometry and conformation. The distances of Ag+
from C(3),C(6),C(7),C(10), are all >3.18 & (Table 8.8),

i.e. longer than any distance quoted in Table 8.9, and much



_TABLE-B.lO.

'Gérmacratriené:AgN03.

v

)

Deviations (d) in gngstroms of Constltuent A+oms from the

Mean Plane through each Double Bond x

‘Bond Atom 4a &

c(Ze(5) c(3) ~0.080
c(4) 0.120
c(5) 0.042 0.065.
c(6) -0.059 ' '
c(13) -C.023

C(8)=C(9) c(7) -0.122
c(8) 0.151 |
C(9) 0.098 0.100.
¢(10) -0.105
c(12) -0.022

c(1)=c(11) c(2) -0.018
c(10) =0.016
c(1) 0.053 ‘
c(11) -0.011 018,
c(lhj - =0,002
c(1%) no.oo5»

X Calculated using LSQFL.



1onger “than the sum of the Ag 1dnic radiué and the.covaient
radlus of carbon (2.03 R see pu‘ZH ) errhermOIe none of
the atoms in the ring are as moblle as the methyl carbons.
mentioned above. | | )

| In'the case of'the'humulené:2AgN03'adduct(lzs) the
three double bonds are all endocyclic ;3  the two complexed
bonds C(10)-€(11), C(7)-C(8), (see Fig. 8.7 (a)) show marked,
but unequal, distortion;  the ﬁncomplexed bond C(3)-C(4)
is again aimost rlanar., An analysis of the distortion,
51m11ar to - that glven for germacratriene, is shown in Figure

8.7 (b) & (¢). It shows that,while the sp2 - sp2 torsional

strain is again large for the complexed bonds, the sp3 - ép2
torsioh angles do not mateh in this case.‘ Nevertheless it

has been possible to perform semi—quanfitative strain-energy
calculations which explain why epoxidation of humulene glves

> 95% of the C(7)-C(8) monoxide (21,

| ii} Reactivity in Medium=-Ring Olefins.

It is now well established that trans double bonds in
medium=ring blefihs are more reactive than‘their acyclic

(215)

"ééunterparts , and this has been ascribed to steric
'wstréin. Hitherto it has been difficult to define the
‘types of strain that occur, and to estimate their relative
importance, dﬁe to the lack of accurate structural data to
accompany the experimental resulfs. The X~-ray studies of

humulene and germacratrieng as their silver nitrate adducts, |
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haﬁe'provided such data.

- Before thecparameters discussed ébcve can'be nsed~in
. arguments concerning reactivity:two quéstions»musf be .
»ccnsidered : |

1)\\~Are the ring conformations found in the solid
silver nigfate-adducts an accurate reflection of those
adopted in solution Just prior to reaction? ‘

2) Does the complexing of a double bond with a silver
ion induce changes in hybridisation, with consequent changes
in bond-lengths and angles? |

The first question has been answered at some length
in this Thesis. The cbvious chemical similarities between
the crystal confofmationé of both germacratfiene and
humulene and their réspective cyclisaﬁion products is-
shown in Figure 8.3,and in structural formulae 7.II,7.III.
Further evidence is also cited in Chap. 7, as refs. 165-
167. |

-F The answver:-to the second gquestion lies in the
discussion given above (Sect. 8.4 (v)), where the bonding
) Qf Ag+ to the olefinic bonds was shown to be weak compared
'iffc similar platinum complexes. The bond lengths and
'valencévangles are not significantly altered in comparison
- with parameters for uncomplexed bonds. |
It would seem logical for the.silvér ion to complex

those bonds which have the]greatest'chemical reactivity;
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~ since the bond fdrmed ié»weak; tﬁerconfbrmation present in
solﬁtion is then 'frozen' in the crystal structure.  This
type of argument is not, however;'general, and must depend
on fhe type of complex‘forméd, and the sérength of the
metal-olefin bond._' o ' S

.In an elegant anélysis of the reactions of varibus
olefins with diimide Garbisch et. 21°°1®)nave had remari-
able success in predicting relative reaction rateé by

resolving'thé steric strain (@S) about each reactive bond

into, inter alia, bond-angle and sp3—sp2 torsional contri-

butiohs (Eg) and (Eg), and comparing these in starting |
materials ;nd prodﬁcts. Féllowing this approach the strain-
energy differences.(zlES) between the C(3)-C(4) and C(7)-C(8)
bonds of humulene, and ;he C(&)=~C(5) and C(8)~C(9) bonds of
germacratriene, ﬁave been estimated. Inclusion of the

di- and tetra-substituted double bonds (C(10)-C(11) in

- humulene, C(l)-C(ll)_in germacratriene) in the calculation

is difficult, due to differences in the inductive effects

of substituents, which would make comparison of their

.'sﬁrainwenergiés with those for the trisubstituted bonds

" rather unreliable.

The data for germécratriene are the simplest to compute,
since values of (&) and (§) match closely for both double
bonds; other factors, such as non-bonded interactions between

reagent and substfate, entropiés~oanctivation, and nucleo-
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-philicities‘should also'match‘cioseiy;v -Thus only.the
values of‘Cf)ldiffer, and while thé sp2-5p2 torsionallétrain
waé thought’by Garbisch(216) to make a negligible:cOntfi—
bution ih the cases he considered, it is cbviously of para-
mount importance here. A reliable estimate of (Eé) for
each bond may therefore be obtained by computing (EZ)' The
 1a£ter is given by : | '
Ev = 8v°  cal mole™t

(217) |

® & 0 % ¢ 0 & o 00 8'1;

a formula derived for ethjlene by Hérzbérg Since we

are coricerned with the strain in the ring, it is correct to

' use the complements of the angles%'i(hﬁ)éX (= -167°, whence

-1 ==
Ep= 1.35 kcal mole ) and'tz(§,9)10 (; -159,70, Eyp = 3.30
keal mole™t), in estimating The strain due to the out-of-

plane twisting/. Thus 4E (= AEy) is given as 1.95 kcal

mole™t. Any reaction in which this strain can be relieved
in the transition state should lead to a higher reactivity
for the C(8)-C(9) double bond.

Epoxidation should be a suitable reaction for,detecting.

differences>in transition state activation energies (AAF™),

 since W~X transannular interactions between the double bonds:

#  The meaning of this nomenclature is given in Appendix II.
4 Any bond for which =+ 180° obviously has Ey = 0, thus
the complements of these angles give the Cerect Es .

The complements are shown in Figure 8.6. (b).



‘would be exnected to be unlmpertant in the bran51tlon state,
Further, 1t involves a mlnlmal geometrlc cha nge, as shown
k1n Flgure 8.8 (a)&:(b) (proaectlons down the C=C bond

before and after epoxidation), in which the progected angle
decreases from 180° to ca. 145°. The epoxidation of °
germacratriene (Fig. 5.6, p. 36 ) gave the. 8-9 and 4.5

- monoxides in the ratio 70:30, implying that the rate of
reaction et the bond C(85—C(9) is more than twice that at
the C(4)-C(5) bond. We may therefore use the equation
developed by Garbisch(glé) : |

=
AAF ® ¢ o v ® 0 b 0T IO 8.2,
-1

1l

-BT’ln(kl/kz)
vhere (R) is the gas constant (1.99 cal deg mole”l),
(T) is the absolute temperature (taken as 298°K), and (kq/k5)
is the ratio of the reaction rate constapts (taken as 70:30).
The value of AAF® given is ca. 0.5 keal mole”l, so that
approximately % of the torsional strain-energy difference
is relieved in the transition state. This result in

itself is interesting, since Garbisch(216)

only obtained
good agreeﬁent of observed and calculated rate constants

, for’the diimide reduetion of mediun ring olefins, by assuming
that the transition state occurred someWhat further along
the reaction co-ordinate between reactants.and products.

The high reactivity of-the strained trisubstituted double

bonds is clear'from the isolation of only a trace of the.

1-11 oxide. ’ A | ' J B
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(21})

The enoxldatlon of humulene is repor ted to give

‘>>95p of the 7-8 monox1de, this corresponds to a AAFF of
;;1J7 kecal mole'lw The relevant sp2~3p2 torsion angles
are sz(i y)5 and ‘6 (7,8)9? and their complements (see
Fig. 8.7 (c¢)) give Eqp = 0.45 kcal mole” -1 for bond C(3)~-C(4),
#c@—ccy 1
and Et’ = 2,65 kcal mole % thus AE»C is 2. 2 kecal mole —. .
If we assume that 2 of this energy difference is relieved
in the transition state (ef. above), a value of 0.55 kecal

mc»le"l

is obtained for é&&F#, which is too small to
account for the difference in reactivity. | Howéver, as
noted abdve, the sp3-sp2 torsion angles for the two bonds
differ appreciably in humulene. The previous model for
epoxidation is extended in Figure 8.8 (c) & (d), which
show projections down the C(6)-C(7) bond before and after
3

regetions the sp -sp? torsion angle @ (= 6_5_1(_.@:97)}1) ?ls
effectively reduced by ca. 35°, This picture of epoxi-
dation, involving only a twisting about the double bond,
with little change in the remainder of the molecule, is
reasonable, at least in the eérly stages of reaction, since
v;C-Cnc bond angles are similar in clefins and epoxides, and
'fhere are only’slight changes in bond lengthse. The
twisting already present in the double bonds of germacra-
triene and humulene makes this simple picture even more
probable. The description impl‘iers‘,thau 85(6 7)8 remains

unchanged after reaction; however, this does not mean that
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this isAthe“angle to be'used‘iﬁ esfimating the torsional
strain (Eg) in Fig. 8.8 (d), as it would describe the
dihedral angle only if the C-C bond of the oxide were a
- strajight line, rather than the 'bent bond'(lgo) generally
'accepted in three»membered rings. Tnus ﬁ, the only angle
Jto change, is s beuter estimate of torsion angles.

Table 8.11 shows the strain energies (gﬁ) about the
3 2

relevant sp”~-sp” bonds in humulene, compared w1th the values
estimated for the epoxides, where @ is reduced by ca. 35 o

- The pesults indicate that epoxidation decreases this type-
of straiﬁ by »s 1.1 keal mole~Ll for bond c(7)-C(8), but
increases it by ~1.9 keal mole"1 for bond C(3)-C(%). The

combination of sp3--'sp2 and spz-fsp2 torsional strains gives

a value of 5.1 kcal mole” -1 for é&Es; if again we assume

that 1 of AE, is relieved in the transition state, a value
of ca. 1l.25 kecal mole™l is obtained for AAFY. This value
does not wholly account for the reported disparity in

(216,218) that the proporticn

reaction rates, but indicates
of the 7-8 monoxide is at least > 87%.

These energy estimates must be regarded as, at best,

' semi-quantitative; nevertheless it is gratifying that the

results obtained from the X-ray data agree with experiment
within an order of magnitude. The errors are due to the
assumptions made in the calculations, which may be listed

as follows



2235

TABLE 8.11.

sp3_ = sp° _Torsional Strain Fnergles (QQ) .in kecal nole 1,

in Humulene and its Monox1des .

ﬁumulene. “_ ~ Monoxides.
Bond @ Ey Bond @ o 'Eg
c(2)-c(3)  54° 0.02  c(2)-c(3) 19° 1.2
Cy)-C(5) 71 0.6 c-c(5) 36 0.9
c(6)-c(7) 103  0.65  C(6)-C(7) 68 0.1
'0(8)-0(9). 85 0.74% c(8)-c(9) 50 0.2

¥ The angie £ is defined in Fig. 8.8 (e¢) & (d)3; values
for humulene were computed from the X-ray results(128)
using MOJO, values for the monoxides were estimated

from models.

ﬁ"sp3 - sp2 torsional potential functions have the general
| form : ES = K(1 + cos3§) for angle (8), if the three
f substituents on the sp3 aton are identical. Though this
" is not true in this work, the function probably yields
reasonable estimates, in view of the limited range of
© (=6) achievable. K is the half-height of the potential
barrior; values of 2K for relevant compounds are ¢

(219), -1 (220), 5.,

propene 2.0 hcal role —3 isobutene
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TABLE . 8.11 (contd,)
‘ (223)

(222) :2.6; A 2',3-_%"

cis-butene 0.8;' propene oxide
butylene oxide(zza): 1.6, As it is well established
that the rotational barrier is considerably lowver for

cis—l,2—disub$tituted olefins than for the correspocnding

‘ (222)

trangs-compounds , extrapolation to trisubstituted

~olefins wouid suggest the use of two different values of

1

K, viz: 1.0 keal mole — when the atkyl group is cis to

hydrogén, and 0.4 when ¢is to another alkyl group; the
appropriate values for epbxides would be 1.3 and 0.8 .
respectively. The torsional potential funcfion for
‘sp3.~ gp3 strain-energy calculations is similar to that

described above, it will be discussed in Appendix III.
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1) that the reliéf ofrétrain'energy in going fromA

reactants tofproducts'follows a straight lihe graph;

ii) that the reliéf of.sp2--sp2 and sp3-—sp2 torsional
strain in humulene follows a graph haviné the same slope
‘as that for germacrétriene; -

iii) that the transition stake for both. types of
strain in humulene has the same reaction co-ordinate, 1i.e. T
a3 in germacratrienc. |
All of the above assumptions have been made, since there is
no relevant experimental evidence in the literature. Further,
the quality of the X-ray data does not lead to high precision
in the energy calculations, for instance a change of +1° in
?%3(&,5)6 for germﬁcratriene (i.e. from ~167° to -166°)

1

gives a value of Eg of 1.57 kcal mole ~, a difference of .

+0.22 keal mole™t, If errors in the estimation of the
ratios of the various products are also taken into account
(at least + 2%), the results obtained must be regérded in
a favourable light.

| The calculations do give gome idea of the order of

magnitude of the strain energies about the double bonds,

- . and also of the energetics of the epoxidation reactionse.

They also illustrate the importance of the contribution

made by the sp2-5p2

torsional strain toc the high reactivity
of medium-ring trang-olefinsi in certain cases, e.g. gernm-

acratriene, this contribution may be much larger than that
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of the more familiar sp3fsp2 torsional strain, The very
basic assumptibn that the crystal conformations adopted
in the silver nitrate adductsses ﬁery similar‘to those
adopted just prior to reaction in solutién, is, in effect,
proven as a corollafy to the work deséribed above.

-The Aﬁthor would like to make a special-acknowiedgement
to Dr. J. K. Sutherland at this point, for providing thc.
basic ideas behind this work, and for some lengthy and
helpful discuscion. He is also grateful for permissicn
to quote experimental results obtained by Dr. Sutherland
and lYr. E. D. Brown.

It should be noted that in the ofiginal note published
on this topic(136); values for the dihedral angles vere
computéd from atomic co-ordinates which were not fully
refined. The values used in the discussion above were
obtained from the data of Table 8.2, ‘and all strain-energy
estimates have been recomputed. The value of the ratio
of germacratriene monoxides ( 8-9 : 4-5 ) has also recently
been obtained %to greater precision (70:30) than that quoted
iﬁ the paper and also in the review,Chapter’'5, where the

“ratio 65:35 was cited.
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CHAPTER 9.

The Crystal and Molecular Structure of

| 2,3,&,Eg,g,Qg-hexahvdro—2~methyl~9-phen114leindeno[éqlné]

s e ma

pyridine hydrobromide : gigﬂggNBre

9.1, Chemical Introduction.

The anti-depressant properties of the anti-histamine

(224)

drugs were noted early in their clinical use. Minor

structural modification has led tc enhancement of the anti-
depressant activity, at the expense of the anti~histamine
function, in certain cases. For example chlorpromazine

(9.1)(225>, a clinical anti—histamine(gzé), and also‘the-
(227),

first drug effective in the treatment of schizophrenia

)F228)

y which has
(229)

- can be modified to give imipramine (9.II
" “been found to have strong anti~depressant pr0perties
but which is only weakly anti-histaminic’23%)

Following these ideas, Leeming et. al$23l) have effected

similar modifications of the well known anti-histamine

phenindamine (tetrahydro-indeno-pyridine (9;111)(252>,
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~n X
. (CHg) 31%19?2 o (CHZ) 3NMé2
9.1. Chlorpromazine. 9.11. Imipramine.
(marketed as the hydro- ‘ (marketed as the hydro-
chloride Largactil(?20)) chloride Tofranil(239))

marketed as the tartrate dihydrate Thephorin(233)) Catalytlc ;
hydrogenation of (9.III), and of the dlnjdro—lH—Jndenol? l—qj %
pyridine (9, IV)(234), gives the compound (9.V), which can
_ be irreversibly isomerized to (9.VI) using KOH in butanol.
The corresponding demethylated derivatives (9.VII) & (9.VIII).
were also obtained.: |

Correlation of nem.r. evidence with deuteration studies
indicated that, although both (9.V) and (9.VI) contain
three asymmetric centres, they are epimeric at C(9) only,

'tﬁe stereochemistry at 9a, 4a, remaining unchanged. The
7"""ail.-_r;_i_s_ stereochemistry shown for (9.V) was prOposed(231)
since : o |

i) It is well established that hydrpgenatidn of double
bbnds at cétélyst surfaces usﬁally gives the product with

the incoming hydrogens atté¢he@ to~the same face of the .



231

(el ty]

1l
9

2.V1 R
9.VIII R

1}
fas]

e

This compound was eventually chosen for a full X-ray study,
the numbering shown inside the ring is the chemically
correct system, that shown outside is used in this work
for cldmputational convenience.. o '
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’ ’molecule
ii), There is a precedent‘for such a cie hydrogenation in
the synthe51s of the closely related 3: 4—cyclopentanop1perl-
(236) o : : '

dine

Furthermore a study(23l)

of Dreiding and CPK solid models
showed that the all-gls stereochemistry leeves theVC(9) '
preton of (9.V) in‘a very exposed position; in the thermo-
dynamically more-stable epimer (9.VI) thie profon is highly
hindered. This would explain both the ready epimerization
and deuteration at this position in‘(9fV).

The n.m.r. spectra were, hbwever, somewhat ambiguous,
and in parallel with further chemical work (and pharmacolo-
gicel studies to ascertain the anti—depressant properties),
all four compounds (9.V —» 9,VIII) have been studied by the
X~-ray method. Samples of the crystalline hydrobromides
_were supplied by Dr. P. R. Leeming of the Pfizer Co. (U.X.)
Ltd. Since all four are related-chemically (by the well
established epimerization), the crystal structure»of any one
compound would suffice to establish the stereochemistry of a

possibly important new group of pharmaceuticals.

9,2, Preliminary anay Studies.

Oscillation and Weissenberg photegraphs of the hydro-
bromides were taken using a Unicam X-ray goniometer and Hi-
filtered CuKﬁuradiation,i The crystal data obtained are set

out in Table 9.1. The cell dimensions guoted are visual



iestlmates only; and have not been refined by computer.

Ali four samples were comp1e+e1y stable to k—lrradlatlon
over a pellod of about four days each, durlng vhich the
crystal data were obtained. - The crystaie of the more Stabie
epimer (9.VI), and of its démethylated analogue (9.VIII),
were excellent, giving full intensity records of eny one‘
layer after ~v36 hours. ‘The~crystals of the other parent
epimer‘(9.V) were good, but its demethylated analogue was
only poorly crystalline, being rather glassy; even the best
specimens gave split diffraction spoﬁs, indicative of twinning,
or more probably split crystalé.

Although no measurements of optical rotation had been
made the’symmetry of the space groups,given in Table-9.l,
shows the racemic nature of the compounds as supplied. Thus
each cell contains equal numbers of D and L molecules. The
only other point of interest is the rough similarity im the
cell dimensions of the (9.V) and (9.VII) hydrebromides; the
only difference is the doubling-up in the b-direction to
accomodate tne extra four molecules.A

Dreiding models of the proposed stereochemlstrles of
'-?(é.V) and (9.VI) were made up. The former appeared the
most interesting, purely on steric grounds, and a full three-
dimensional X-ray analysis of this compound (which rejoices
under the systematic name: 2,3,4,4&,9,9a~hexahydro-2-methylf

9ﬁghenylmlﬂ—lndeno[?,luc] pyridine hydrobromide, hereinafter



TABLE 9.1.

g;ystal'Data for the Hydrobromides.

~

9.VII1:HBr

" ~Crystallinity Good

Comppuﬁd» . 9.V:HBr 9.VII:HBr 9.VI:HBr g

Formula | C19HnolBT | Gy g, o NBT cl9H22NBf g, Gy gHooVBr

Habit Lathse Laths Prisms .3 Rhombs

System Monoclinic| Orthorhombic, Monoclinici Monoclinic

¥ (c1?=12.0)3kk.3 330.3 34k4.3 | 330.3

a (8) 9.85 18.90 11.05 g 8.90

b (R) 15.05 30.40° 7.45 | 10.15

c (B 11.60 11.60 19.30 § 18.35

'(_9 o 105.50 190.00 94,00 S 110,00

v (83) 1648 3077 1583 . 1549

D (g.en™) | 1.38 1.39 (S R T

é: (gocn™3) | 1.39 112 1.y § 1.42

z. A 8 Y S

p (em™)  [36.8 37.9 3.2 | 37.7

Space Group . P2;/¢c "Pean - P2,/c E P2,/c

(Int Tab No.) (1) (60) (i) (1k)
Poor Excellent i Excellent

L
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"called PIPH) was undertaken for three reasehsvé

1) o check the proposed~stereochbmiqtry*

S i) o to examine the effect of overcrowding if the all-

‘\*\; cis stereochemistry was conflrmed
iii) \to study the molecular geometry of the fused-ring
-heterocycllc system. '
A fourth, and non-chemical, reason was to provide a lengthy
test, involving the measurement of some 2800 intensities, |
for the Siemens automatic single-crystal diffractoneter,

which had recently been installed in the laboratory.

9.3, Experimental : The Siemens Automatic Single-~Crystal

Diffractometer.
The Siemens AutomaFChe Einkristalle Diffraktometer (AED)
is a four-circle instrument, designed according to the‘prin»

ciples of the Eulerian cradle (see Figure’Q.l). The position

of any reflection, hkl, is defined by the three Eulerian

angles: O ¢, ﬁhkﬂ,’ygkr, which can be computed(237) from

the lattice parameters, radiation wavelength, and Miller

. indices. The instrument in use in thics laberatory operates

f;yih the off-line mode; setfing angles, together with other

necessary data which will be mentioned below, are input to
the machlne via five~hole paper tane, the computation and

preparatlon of which is performed bV the ATLAS program

SbKO,(wrltten by F. G. H. Troughton)._A The tape con81sts



Figure 9.1,

The Eulerian Cradle of the AED
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jFiguré 9¢20 Schema of ﬁhe’fivé5p0iht neasurement

technique (the values A; and 46, are
explained in the text)..
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’basicailyvof a'séries 6f commands to the pulse motors, which
drive the circles in steps of 0.0io,'énd a command to start
the measuring sequehce (or perform various checks)w The
inténsifies of the diffracted beams are measured by écinti-'
llation counter, mounted on the 6-circle, and kept atré
constént témperature using cobiing water. The recorded
counts are passed, via a photomultiplier and pulse-height
analyser, to the output tape. | The X-rays are génerated
by a Siemens KRISTALLOFLEX 4 unit; in this work CuKx-radiation
was used; and the unit was run at 45 kV. and 16 mA. The
mode of use Qf fhe_machine, and some further instrumental
points of interest, are exemplified in the description of
the data-collection process for PIPH.
| Crystals of FIPH are colourless 1éths, with [ioqﬂ
“prominent, elongated along ¢. A suitable specimen, of
dimensions® 0,61 x 0.20 x 0.1% mm, was mounted on a quartz
fibre using Araldite, and set to rotate}about the c-axis
oﬁ.a St8e Weissenberg ceamera. A photograph of the hkO-
léyer was taken to check the suitability of the crystal.

It was transferred to the diffractometer and, using the
:‘;visually estimated cell dimensions ltogether with some
visually estimated relative intensities, it was possible to

locate the reciprocal axes a~, b~, ¢-3; the former was set

% A fuller deséription of the crystal morphology and dimen-
 sions is given in Sect. 9.4, where the application of an
absorption correction is described. :



'~t6 céihcidé~wi£h the ¢ =»OO posﬁtion (fhué Qx océurfed at

g = 90°). ‘The setting angles for soﬁe 50 genefal reflections
were then computed (SEKO) using the rbugh cell data. The
values were set manually, and 6btimum é-values were obtained
for some 3O"CuKa1 peaks. | The accufate cell parameters are
listed 'Below,- and were obtaineci by the least-squares tech-

nique (CEDI).

Crystal Data.

2,3,4,4a,9, 9a-hexahvdro—'wmethyl-9-phenyl-lH~indeno(é l-é]
pyrldlne hydrobromide (PIPH) veseosecccocncese 019H NBr.
Monoeclinic (Laue symmetry 2/m):Space group P21/c(C2h,No.lh)

15.099 + 0.002 2;

a = 9.853 + 0.002 R; b =

¢ = 11.682 + 0.004 R ’l_? = 105.81° + 0.030°;

v o= 1672 3 | D, = 1.38 & 0.03 g. om’>;
"D = 1.367 geemTd for g“ = 4 molecules per cell;
’ }in = 136.220 em™t for CﬁKx~radiatioﬁ O(KK1= 1.54051 )

'_ﬂ = 344.3 (on the standard cl2 - 12.00);
| F(000) = 712 electrons. |

Using the above data, a steerlng tape vas computed
.‘w(SEhO) for a quadrant of the Cu-sphere, to a maximum ©- leuu
of 65° the 0.8 mm diameter collimator was used for data:
collection'to>compass the very anisotropic shape of the
crystai. A flve—p01nt measarlng technlque was used to

-

obtain the avevage 1nuen51ty of each peak above the bagkgxo nd



1evel;.- the-scénning'method is.illustrated in Figuré 9.2,
which aiso shows how thernét intensity is obtained from the
five measurements. Thé va1ues>of thevscanningilimits.agl,
L;Oé, on either side of the peak maxima were obtained by
scanning some repreSentétive reflectiéns-with 6-values in
the range 8° —» 70%;  this inforina;tio-rl was input to SEKO
in the form of a scan table, the correct values for each
hki were then obtained by 1nterpolat10n.

A coupledtb 20 scan (®= ©) was used throughout the
machine then approx1mates, as nearly as possible, a constant
count per reflection device (as recommended by Killean(238))

except for the weakest intensities. This is effected by

the automatic selection of measuring times : a maximum time

@

max
scan, and in this experiment 0.6 sec/step was chosens should

) i8 selected by the user for each step, i.e. 0.01° of

any reflection be too strong to fall within the range of
maximum counter accuracy (¥) is successively reduced to 0.2k,
0,12, and 0.06 sec/step. Reflections which are still too
strong to be méasured at Fmin aie further reduced in inten-
»sity.by the introduction ol one of five attenuators, whose
';}pérmeabilitybto X-rays decrease:in the approximate ratios
100=h5:21:9.5:445§2. The selection of measuring time, and
the introduction of attenuators (if required), is qarfied
out automatically before each fiveépoint measurement; the

exact attennation factors for this machine were determined
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;>soon after its arrlval and were used 1n the flﬁal proce551ng
of the output tape.

" A check was kept on the stabllity of the 1nstrument
the settlng of the crystal and the accuracy of the settlng
angles actually used, in the follow1ng manner

i) A strong reflection (080) was chosen as a 'refer-
encef; and measured once in every twenty reflecticns, i;e.
once e#ery two hours. This enabled a 'scale-factor! for |
each batch to be computed during processing, thus nullifying
any inStabilities, such as fluctuations in X-ray output or
counter efficiency. A plot of the number of counts (N) |
given by this reflectlon against time is shown in Figure 9.3.
It can be seen that, although most values 11e within a
band of width ~ 3¢, there is a gradual decline of ~ 5% over
the two-week period. This was almost certainly due to
decreased efficiency of the Cu-target,'and deposition of
tungsten on the tube windows; the collection of only one
other set of data was possible with this particular tube,'
and following this a complete ©-scan from 0° —» 709 for the

».hﬁo reflections of avglucose monohydrate crystal revealed
* peaks due to both Fe-and W-radiations. Some of the
cbserved decline could also have been due to radiation
damage, but, in the light of the above evidence, the contri-
bution frcm_this source was probably minimal.

ii) A check on thefcrystal setting was provided by the
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‘§ | ' Figure 9.3. Plot of the number of counts (N)
I ' given by the reference reflection (080) against

time (in hours) for the whole data-collection period.
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data from 'kontrol! refiectiohs; obtained after each batch
of 100 five~point meaéurements. The refleétions 700, 700,
0100, 0I00, and 00k, were choseﬁxfo check both goniometer
arcs. The reflectibns_weré scanned witﬂ :
a) . full apertufe, l.e. normal,sefting, (count ¥q)j
b) insertion of a horizontal half-shutter into the
aperture (Ng)j; |
c) insertion of a vertical half-shutter (NV).
It is experimentally very difficult to keep NH = Ny, and
NH + NV = NT for any reflection. However an effective
check is obtained by noting the ratio Ny/Ny vhich should |
stay reasonably constant for any hklj also the ratios Ny/Fp,
NV/NT should remain constant and equal for reflections
hkl, hkl, if the crystal remains set. These values were
checked periodically and minor adjustments made to the
goniometer arcs if neccessary.
L iii) After every 40 five-point measurements a check
was carried out on the angle circles by moving them by
-G

'hklz .
' measured. Digitizers were then brought into play to check

y "ﬁhki’ and :xhkﬁ’ where hkl was the last reflection

" “that all circles were then in the zero position; all digiti-
zer checks were successful in this experiment. If a circle
is in error by <§i0.20 this 1s automatically corrected, but
for 1drger errors the machine simpiy stops. |

Exactly 3000 reflections ﬁere,countéd5 and the fiﬁe' 



measurements for‘each,vplus thé‘data for reference and
kqntrol reflections, were wfitten to the output tape; This
was processed using the ATLAS_program S0DI (F. G. H.‘Trough—
ton) the values of the faw intensities were evaluated

* correction

using the formula quoted in Fig. 9.2, the Ip”
applied, and the data (on a common arbitrary scale) written
to ATLAS magtape and also output on cards in X~RAY '63 format.
of thé‘possible 2873 independent.reflections,2396 had
intensities significantly greater than background. The
discrepancy between the number of independent reflections

and the total measured is due to the inclusion of the HkO
reflections (equivalént to the hkO). This was caused by a}
small programming efror, but inadvertently provided a further
check on the accuracy of the whole diffractometer experiment,
since the data frdm the hkO zone wag: spread eﬁenly over the
whole data-collection period. A comparison of F2(hk0) and
F2§Ek0) is given in Table 9.23; an ‘'agreement factor' of the

form : : _

2 ZEZ(hkO) 52 (Fx0)
23F2(nx0) + S FA(RkO)

Rt =

; haé a value of only Q.Ollé. The low value is a reflection
not only of the reproducibility of the machine, but also of
the verj regular cross~section.of the crystal (see Figure

9.340n page 252)3 although absorpﬁioﬁ corrections have been

neglected in deriving R', the regularity of the cross-section

gives an almost identical correctidn_for'any pair of reflectionc
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TABLE 9.2

PIPH : Comvarison of Fg(hko) and Fz(EkO)

The format is % ’h' 0

Xk FP(k0) F2(GK0) F2(hk0)-F2(Rx0)

10 0

b4 _ % 8 0 |

0 k29.03 L25.82  3.21 0  289.80 288.36 1l.uk
1 119.63 15.33  4.60 1 433.77  427.13 6.6
2 27.33  35.85 -8.52 p) 9.53 9.25 0.28
3 55.02 58.20 -3.18 3 124,15 124,24 -0.09
H  93.42 . 95.01 -1.59 L 10.04  9.70 0.34
5 %9.30 41.06  8.24 5 47,20 49.48 -2,28
6  65.11  55.88  9.23 6  33.90  35.26 -1.36
% 9 0 7 469.91 472,61 -2.70
0O 61.11  69.08 =7.97 8  L6,18 - 55.09 -8.81
1 229.8%  227.53  2.31 9 16.50 24,81 -8.31L
> 49.17  47.01 1.9 10 8.48 . 8.20  0.28
37 39%.97 389.35 5.62 11 99.51 103.73 =Lk.22
L 155.29 169,48 -1L,19 12 39.47 40.14% =~0.67
5 - 154,79 154,85 -0.06 * 7 0

60 9450 95.31 ~0.81 0 1283.98 128447 -0.h9
7 95.96  107.48 -11.52 1 8.33 7.97  0.35
8 | 8.50 8.18  0.32
9 111.%6  108.06  3.40 293.81  300.07 -6.26

2
3
L 1215.77 1219.76 -3.99
5 Wi8.61  ¥M9.38 =0.77



. Table 9.2. (Contd.)

O O N3O

N ® N o F W H o M

A
O

11

12
13

14

7

22,85
778 .60
20k 47
10.21
21.25
8.61

192
7.18

6
243,33
25.39
47.43
- 339.22
1319.44
199.60
485.18
8.51
- 763.92

162.6%

184,17
- 36.84%
9.07
12.86
11.30

0 (conﬁd)
30432 =7.47
773.63 .97
211.70 =7.27
17.20  -6.99
20.25  1.00
8.66  0.05
207.59 -13.17
6.84 0.3k
0
235.00  8.33
21.45  L.94
Wh.22  3.21
338.1%  1.08
1318.12  1.32
197.69  1.91
477.28  7.90
8.29 0.22
794%.09 -30,17
172.09  -9.45
187.23 -3.06
38.7%  ~1.90
: 14.68 -5.61
14.68 -1,.82

9.27

2.03

%
0
2
3

N W F W o

X

10
11
12

13

14
15

vt

5
6
7
.
9

5

228.81

751.12

274,13

1163.53

213.8%

985,43
 326.61
1385.47

231.33

163.88

226,38

229,66

255, 84

11.15

30.60
N
392.33

248.59-

195.86
1999.11
4953.81

663,06
452,29

2oy

o
210.30

737 42
266.23

1165.99

217.15
99347
330.10

1392.61

226.47
174,63
225.08
1 229.22
258,74

20.83

28.01
o ,

373.81

241,13

198.9%

_2014.13
4965.52
660.19

443,67

18.51

- 13.70

7.90
2.6
4,31
-8.04
-3.49
~7.1}4

4.86

~10.75

1.30

o4k
~2.90
-9.68

2.59

118.52
746
3.08

n15.02

| "1.1071

2.87
8.62
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11

12
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1831.64

- 753.31

:8.02

322.93
477.91

10,12
241,97

228.3k4
37.90

21.29

3

. 2756.75

1477.96

223.91 ’

1382.12

181%.98

oy, 96

5.63"
- 1598.98
- 925,47

82.57
1217.32
123.66

177.23

.“Tablé'9.2 (Contd;)

0
18#5.33
770;06
| 7.99
330.18
481.39
- 9.65
228.34
214,56
| 36.00
31.43
0
2710.12
1470.36
211,14

1341.08"

179%.73
2371.77
5.38
1607.62
909.66
86.53
1233.32
111.54

190.38 =13.15

~13.69

-16.75

0,03

~7.25
~3.148
0.47
13.63
13.78
1.90
-10.14%

46.63

7.60
12.77
41,04
20.25
73.19

0.25
~8.64

15.81

"'3 096

_16-00 )

12.12

N e 3 oyt W v O M

R
- o

12
13

14
15

16
17

3
' 32,é2
143.22
137.95

7.66

6 . Lt
2

1781.08
- 7068.67

4499.66
100.78
626.23

1023 .48

7187.83
353.52

162.26'

234,70

38.13

1325.37
12.00
9,140
162,24

51.12

8.21

6.8

0 (Contd.)

30,09 "2.13
W7.35 -4.13
137.83 0,12

7.48  0.18
6.15  0.29
0 |
1790.06 ~8.98
7042,25 26,42
4397.88 1.78
101,13 ~0.35
605.88 20.35
1039.6% -16.16
192.60 k.77
34,86 8.66
163,06 ~0.80
248,18 13.148
32.08  6.05
131%.33  11.0%
9.93 2,07 .
9.71 ~0,31
161.10  1.14
57.76 -6.6k
- 8.19  0.02
0.18 .

6.66
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Table 9.2 (concluded).

= 1 o - ® 1 0 (contd.)

0 522 5126 1,16 9 75.89 . 7.2k 1.65
17 6589.51 6653.58 ~64.07 10  40.62  32.80 7.82-

7ﬁ8(?7 739.96  9.01 11 2123.%0 2125.1% -1.74
17311.76 '17279.77 31.99 12 10.01  9.20 0.81
77.66  80.02 -2.36 13 215.53 225.8% -10.31
52240  520.06  2.3% 1% 33246  335.81 -3.35
511.82 508.60 3.22 15 359.90 364.78 -4.88

- 681,28. 675.57 5.71 16 22,58  17.77 L.81
159.28 164.16 -4.88 = 17 46.79  51.56 -4.77

o N O\ F W

9.k, Structure Solution and Refinement.

The position of the bromine ion was obtained from the
Harker sections (x, %, 23 O, ¥, 3) of a three~dimensional
‘Patterson map, computed using FOURR.  Structure factors
vere calculatéd (FC) using the phaée angles ( O or>T) indi-
cated by this position, together with an estimatedlg—factor
-of 3.0 82, The data with intensities significantly greater
‘f_ftﬁan background were ﬁléced on an absolute scale by using

the totalsy [F | and ) F i R was 0.437. The first electron-
density map (FOURR, iﬁ which, inadver%ently, no structure
factor‘rejéction test was applied) revéaied the positions of
all 21 non-hydrogen atoms. The céépfdinates were optimized
- using'Bodth's_method(16l?, and ﬁsed;%é éonstruct»aAbead model

>



vhich shoued chamlcally sen51ble‘geometry.

It was gratlfyrng that the complete structure emerged
'so clearly from this one map, espe01ally slnce no Fourier
'_ coefflclents were elther regected or weighted down. AThe
ratio (r) equal to(232§/zzzL is 1.32 in thls case, toler-
ably elose.to Lipson and Coohran's suggested optimum value
dfor (;2) of_unity(29) (see Eq. 2.17). The later, and
Vsomewhat more precise,analysis of Slm(239) suggests that
ca. 83% of the signs predicted by the Br~ position should be
correct at this value of (z). 'This»resulf is compared with .
similar ones for humulenie bromohydrin and germacratriene :
AgNO3 in Table 9.3, It would appear that the ease of
structure solution is not directly correlated with the value

of (r), nor with the value of the initial R-factor obtained.

TABIE 9.3.
No. of maps | " % signs
' : to give the R ~of correct
2 2 =
Compound ;EZZH 2.2 £ structure. 1st map Sim(239)
- LPIPH 1296 742 1.32 1 0.437 83
Humulene 1225 629  1.40 2 0.k27 86+%
bromohydrin -
Germacra- 2209 .805  1.66 3 0.346  89%

triene:AgNO3
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While the presence of,e very heavy atom in a generél-position

‘ (e;g. Ag in the germacratriene complex) contributes'subStane

»x\tlally to all reflectlons, and thus tends to increase the

former (r) and reduce the latter (R), it does require greaﬁ
accuracy 1n the measurement of the intensity data to av01d
the swamang of the light-atom contrlbution. Itws th;s
latter factor whlch made the structure solution sc streightf
forward in the'case.of PIPH,

For ﬁhe refinement process the block-diagonal least-~ -
squares program BLOKLS was used throughout, except where
specifically stated.> Only the 'observed! data were used,
and no weighting scheme (i.e. w = 1 for all data) was employed
the overall scéle—factor (k) was varied during all cycles.
The designation of run numbers used in previous‘chapters is
4adhered to (see p. %5 for definitions), together with the
. following addltlonal designations :

) MR, As for runs of type M, but with the hydrogen atom
p051t10nal parameters free to reflne,

MH, As above, but with non—hydrogen atom parameters

fixed. |
f }Rﬁns of type M and MH were alternated during the early stages
to reduce the computing time over those of type MR, which
required the variation-of 2:6 parameters. The results of
all runs are given in Table 9.4 on page 255,

»The.optlmum p051t10nal parameters:from the electrone
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dens¢ty map, together w:th estlmated B*faCbOIS, were 1n1t1allv
varied for six cycles (run I1), when R fell to 0.151. Scatt-

(19) -1 and N +1

approprlate to Br~ “were emnloyed.
A dlfference map, using (F F ) as Fourlcr coefficients,
showed no spurious features, but indicated some anlsotropyg
especwally for the Br~ ion. The anisotropic thermal -
parameters were therefore computed (/3 .'s in the equatlon
quoted in Table 6.5. p.l03), and four cycles (run Al) reduced
R to 0.086. Parameter shifts for Br~ and N' remained high,
and these two atoms only were refined for two cycles of
fuil-matrix least-squares (ORFLS), other parameters being |
fixed. | | |

A bond-length and valence-angle calculation (BONDLA)
following run A3 showed chemically sensible geometry.
' Hydrogen atom positions calculated at this stage agreed with
some tentative values from the difference map. They wvere
,iacluded in further refinement at the calculated positions,
with B-factors 0.5%2 more than the final value for the atom
to which they were bonded. An attempt to refine the B-

factors (run MR1l) failed, and they were fixed for all other

‘;vruns. Refinement continued slowly (see Table 9.4), and

after run M4 all parameter shifts for the non—hyarogen atoms
were less than 0.2 of ‘the corresponding estimated standard
deviation. An interesting feature of these runs was the

movement of H(20) (see_the'numberihg scheme in the pull-out
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',diagramﬂboﬁnd wifh the endépapérs)\towards-thélN+_ion. This
effeét_recurredvlater and is diSCuésed-Eelow and in,Sect.9.5§”
~ the atom was set back to_its caicuiated‘position for fun MYy,
\j\ﬂ\\At this stage an absorption correction wés applied using
a proéfamgkindly suppiied by_ﬁr. B. J. Brandt of the Unifer—
sity of Sgbckhblm. It is,modelled on the vector method
outlined, and\initially programmed, by Coppens et ai(gho)u
| The program (ABSO) was amended and altered by'P. G. H. Trough-
ton for use on both the IBM 7090 and ATLAS computers. The
basic data required are the Miller indices of the crystal
faces, and their perpendicular distances from an arbitrary
origin within the crystal; this enables the program to set
up a th:ee-dimensional grid of sampling poihts. Figufe 9.30%)”
shows the relevant data, and also the crystal dimensions, as
" obtained uSing the microscépe attachment to the AED. The
morphology input is slightly idéalized, as shown by the
inset drawing of the crystal cross-section, but the desig-~
nation of the boundary planes 010, 010, introduces only very
minor errors.
A vériety of grid sizes were’ﬁried using a sample batch

?05 data, and 6ne of 6 x 6 x 6 chosen as the smallest possible
without significant loss of aécuracy. The correction factors
varied by ~ 1.5% when the size was increased to. 10 x‘lO x 10.
Although the magnitude of QH)'is small (36.22 cmfl), the very

anisotropic shape of the crystal gave a wide variation in
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(Dimensions are given in AED microscope divisions:

233

1 div = 0.00171% cm.)

( Inset)

Figure 9.3(A). PIPH : Crystal Morphology and dimensions

used in the application of absorption correction. The inset

shows the actual cross-section. Both diagrams are exageratéd

A"

fof clarity.




values onggi), where (t) is the thickness'of cfyétal trav-
ersed by the X—ray'beam. - The 2396 observed' data'were
n\\processed in an average tlme of 1.09 sec/reflectlon on the
IBH machlne.r _ .. o 7
| Reflnement contlnued smoothly to R = O 038 (run NR5)
Bond length and valence-angle calculations durlng this perlod
showed much 1mproved standard dev1at10ns,‘ref1ect1ng the
improvement iniSGFol-‘FCD2 « At this stage the data deck
vas examined and two reflections (130, 221) were omitted
for suspected extinction; | two further reflections which
had been duplicated were also corrected. |
Following run MR6 it was noted that H(20) had again
refined towards N*, to a separation of only 0.476 8.  The
N+, and to a lesser extent'Br", were showing oscillatory
 motion which was preventing successful convergence . A
‘difference map was computed, using only non-hydrogen atom
' .contributions to F,. A rather diffuse peak of height O.he”
was noted at ~ 0.6 & from N+, but the resolution was very
poor compared with other hydfogen peaks. The position

“adopted by H(2¢) in the refinement was almost certainly a noda

’;wpbint of electron density due to the lone pair of N+, and

some bonding density dlrecbed towards Br~. These points are
more fully discussed in the next sectlon. |
The position of the proton was obviously not detectable:

by the X-ray experiment, and it was decided to try to obtain
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convergence by remov1no P(eo) and redeflnlng the valence
state of nltroven as N°. For run M) the scale-factor (k),
Br and N° only were reflned us:ng ORFILS. The scheme was
successful and follow1ng run MR7 all sh11ts for non- hydrogen
atom parameters were less than 0.15 of their respective
estimated standard deviations; some hydrogen parameter

 shifts were a llttlc higher.

An analysis of the data (DELSIG) showed that _ﬂ |ch)2
Qve
was almost constant over the most populated ranges of [FOL
(51) '

A weighting scheme of the Hughes type was not, therefore,.
applicable;_ some attempts were made to use weights based on
the standard deviation of each' measurement, but it was not
possible to pursue this work due to lack of computer time.
Refinement‘was, therefore, concluded at run MR7; the
final positions and anisotropic temperature factors for the
non-hydrogen atoms are shown in Tables 9.5, 9.6, while the.
refined hydfogen positions are shown in Table 9.7. - These
values were used to compute the structure factors listed in
Table 9.8, for which an R-factor of O. 035.was obtained over
ktbe 2392 t'observed reflections not affecu d by extinction.
A similar structure factor calculatlon vas performed
for the 'unobserved' data, and the results (Table 9.9) show
that, in gencral the calculated values are less thﬂn tnose

measured. However the reflectlons 2,0,103 2 0 , 123 l 0,63

- 1,0,8; 1,0,10; 1,0,12; show surprlslng disagreement.  This
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was éventually traced to a progfaﬁmingvérfdr (ndw corrected) :
sinéer}yf for theée refléctiohs.becamé'> 90°, a value not .
attainable on the AED, thé equivalentrreflecﬁions 101, 201,
should have heen studied insfééd; héwéver this switch Waép
incorrectly programmed, and a value of 180 =% ° vas set,
leaving~the machine to exploré a blénk area of reciprocal
space. It was»fortunate_that only 6 reflecfions were

so affected! y

TABLE 9.4,

PIPH:The Refinement Frocess.

‘Run Cycles R .ZZKbBI—IFCDZ max S/E  ave S/E
11 6 0.151 L1860 3.9338 0.2277
Al " 0.086 18400 - 5.7896 0.3380
A% 2 0.080 17060 = 0.3988 0.1220
A3 2 0.077 16410 - 1.1557 0.1048
M1 3 0.061 9573 | 0.7817 - 0.,0725
w2 0.058 8082 2,070k 0.2650
2 0.058 8138 - 1.6156 0.1232°
M2 2 0.057 8026 0.2812 0.0L65
MH1 2 0.057 8004 ~ 0.2530 0.0421
M3 2,

0.057 8002 - 0.1767 - 0.0125

- Absorption CorreginnA>Applied;



" Table 9.4 (contd.)

AV
18024
{92

Run}_;.Cyclés ." ‘3 V‘EZGFO‘-1F002 ‘ ﬁax'S/E v?'ave S/E
My g 10,050 J6198 37.4632% 1;4h80 |
- MR3® 2 0.041 411k 2.4561  0.4062

MRLT 2 0.038  3kh9 1.6586 0.1203‘_

MRS 2 0.038 3391 1.3617  0.0684

MR6 2 0.035 2790 1.7229  0.,1272

M58 2 0.035 2808 0.6085 0;1289

MR71 3 0.0353 2792 0.2467  0.0617

a) Scale-factor (k), Br~, & N', only réfined using ORFLS.

b) k, C(16), c(17), €(18), & C(20), plus all hydrogen péra~

" meters refined.

¢) Hydrogen B-factors set back and fixedg hydrogen positions

" together with k, & C(17) refined.
d) The high shift is due to scale-factor adjustment.

e) All shifts damped by-a factor of 0.6 for this run only.

- . f) Dispersion correction introduced using f§, = =0.9,

o _
f3. = 1.5 (ref. 59).

g) k, Br~, & N°, only refined using
and all other paraméters fixed.

h) H(20) omitted.

ORFLS, H(20) removed,
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TABLE 9.5.

PIPH : Final Atomic Co-ordinates for the Non-Hydrogen Afoms,

- as Fractions of the Cell Edges, together with their Estimated

Standard Deviations.

.,

-0.34909

Atom x Qé  1. g& _‘g gé
Br 0415327 0.00005 0.38727 0,00003 -0,55468 0,00003
S C(1)  0.25447 fo.00036 0.29738 0.00023 -0.22910 0.00030
N(2) '0.11316' 0.00029 0.31338 0.00019 -0.31627 0.00025
c(3) 0.03116 0.00036 0.37890 0.00028 -0.26531 0.00033
o) 0.10613 0.00039 0.46663 0.00026 -0.25155 0.00033
- ¢(5)  0.20427 0.00038 0.48839 0.06025 0.,02985 0.0003L
C(6)  0.24945 0.000k2 0.47413 0,00027 0.1515% 0.00035
0(7) 0;36722 0.0004k 0.42385 0.00027 0.2G009 0.00033
G(8)  0.44307 0.00038 0.38590 0.0002k 0.12823 0.00031
C(9)  0.46669 0.00033 0.37161 0,00021' -0.09029 0.00029
C(lO)‘ 0.34228 0.00033 0.3819% 0.00022 ~0.20521 ©0.00028
C(11) 0.25779 0.0CC34% 0.46072 0.00022 ~0.17475 0,00030
C(12) 0.27930 0.00033 0.45007 0©,00021 -0,04239 0.00029 -
C(13) ©0.39820 0.00033 0.39916 0.00021 0.00620 0;00028
-C{;h) 0.54683 0.06033 0;28535 0.00023 ~0.07511 0.00031 _
’.*0215) 0.51382 0,00043 ©€.21452 0,00025 -0.01130 0.00038
c(16) 0.59401 0.00052 0.13598 0.00C27 0.00262 0.00041
c(17) 0,70561 0.00049 ©€.12926 0.00032 -0.04910 0.000Lk
C(18) 0.7364% 0.0COM: 0.19828 0.00032 -0.1136L 0.0CO45
C(19) 0.65845 0.00039 0.27651 - 0.00028 -0.12677 o.o¢o37
0(265  0;b3511 0.00046 0.22815':0;00629 0.0C038



TABLE 996. ' V

P\l
&n
<)

0.01386

0.00838 -0.

co172

PIPH“: Final .‘A‘nisotropic Temperature Factors (jéij) .fél‘.“.’?ll.@
Non-Hydrogen Atoms.
Atom A1 P £33 b ﬁ%3 " s
Br 0.01527 0.00569 0.00609 0.00283 0©.00285 0.00052
C(1)  0.00848 0.00330 0.00573 0.00053 _0.0003§_ 0.00017
N(z) 0.60834 0.60332 0.00563 0.00026 -0.C0096 0.00009
c(3)  '0.007oh 0.00561' 6.00751 0.00079 -0,00023 -0,00015
C(4)  0.00946 0.00429 6;00705 0.00218 -0.00020 0.00025
c(5)  0.0087% 0.00370 0.00872 ~0.C0049 0.00295 -0.00072
C(6) 0.01279 0.00495 0.00790 -0.00218 0,00506 -0.C0312
C(7) o,blhuu 0.00455 0.00600 -0.00237 0.00241 0.0G00L
c(é) 10.01026 . 0.00306 ©,00683 -0.00112 0.00005 0.0007%4
C(9)  0.00631 0.00290 0.00666 ~0,00002 0.00088 ©C,0000k
VC(lO) 0.00761 0.00304 0,00545 0.00053 0.00157 0.00051
C(11) 0.00783 0.00269 0.00641 0.00073 0.00109 0.00070
C(12) 0.0070% 0.00262 0.00631 -0.C0039 0.00113 -0500018
¢(13) 0.00726 0.00226 0.0060% ~0.00057 0.00062 -0,00001
C(14) 0.0064% ©.C0318 0.00737 0.0006% -C.00073 -0,00073
fc(15) 0.01167 0.00332 0.00986 0.00081 -C.00049 -0,00C16
: fc&lé) 0.01929 0,00323 0.01085 0.00169 -0.00300 -0,00020
C(17) 0.01425 0.00576 0.01362 0.00470 ~0.00567 =0,00375
c(18) 0©.00968 0,00662 0.0;413 0.00266 —O.QCGCS ~-0,00389
c(19) 0.00839 0,00515‘ 0.01012 0.0006L 0.00066 -0.00218
C(zo),‘ 0.00hH7Y ~0.00297  0.G0011




TABLE 907;. ‘

' PIPH : Refined Hydrogen Atom Fositions,.in Fractional Co=

_ordinates, with their Estimated Standard Deviations ().

The nﬁhe;ical designation of hydrogen atoms is made up of the
number'of\fhe C or N atom to which they are bonded, together
with one othef‘number starting from zero; thus H(202) is. the

third hydrogen bonded to C(20).

Atom X Sy A S z s,

H(10)  0.2336 o.ooﬁé 0.2702 0.0028 -0.1660 vo.oogb ,
H(11) 0.2983 0.0043  0.2533 0.0028  -0.2673 0.0036
_ H(2d) This atom was not accurately definable‘(see Sect.9.5)
H(30)  0.0201 0.0047 0.3525 0.0030  -0.1899 0.0039
H(31) =~0.0634% 0.0046 0.3842 0.0030 -0.3221 0.0038
H(40)  0.0580 Q.oon6 0.5054 0.0031 =0.2191 0.C039
H(41)  0.1079 ©.0047 0.487é 0.0031  ~0.3260 0.0039
- H(50) 0.1258 0,004} 0.5249 0,0029 | 0.0005 0.0038
H(60)  0.1967 0.0046  G.4933 0.0031  0.2058 0.0039
H(7C)  0.3976 0.0046 0.414%3 €.0030 0.2788 0.0039
H(éO) 0.526% 0.004k4 0.3%97 - 0.0029 0.1629 0,0037
H(90)  0.5280 0.0043  0.4116 C.0027  -0.0986 0.0036
H(100) 0.3771 C.CO42  0.3954 0.0028 -0.2739 6.0036
H(110) ©€.3011 0.CCL3  ©.51L5 0.0028 -0.1886 0.0036
H(150) 0.43C9 0.0047 10,2174 0.0031 0.0172 o,oo&o
| 3(1603; og57o3" 0.0051  0.0879 0.0033: 0.0k 0,043

~



~ Table 9.7 (contd.)

- H(170)

E(180)

H(190)

H(200)
H(201)

- H(202)

' 0.7650

'0.81h8
0.6762
0.0908
~0.0608
10.0352

0;0053'
0.0052

0.0048
0.0050

0,0050

0.005C

0.0745

0.195%
0.3211
0.1969

0.2442

0.1971

0.003%

0.0034
0.0031

0.0033

‘-o.ohls

~0.1552

~0.1706

~0.3890

»_ -0.4033
0.0032 |

-0.,2741

0,00k
- 0.004Y
0.00L0
0.0042
0, 0042
0,0043




TABLE 9.8.

PIPH : Final Observed and Calculated Sfructure Factors for

those Reflections with Intensities Significantly Greater

Than the Background Level.

The format of the table is

H, K, L,

L 10| 108,

The reflections omitted for suspected extinction were :

h ok 1 10|p,| 107, sine/\

13 0 152,51 -162.50 0.11248
2 2 0 158.56  -174%.70  0.1%159
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‘TABLE 9.9.

PIPH : Observed and Calculated Struecture Factors for those.

Reflections with Intensities not Significantly Greater than

the Background Level.

The format is exactly as in the previous table (9.8).
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9.5, Discission.

$)  Accuracy of the Determination.

‘The standard deViatiOns‘shown in Tables 9.5, 9.7, are
.probébiy low estimatés, since_they were obtained from block-
‘diagonai least-squares approkimatiohs. This is aiso true |
of tﬁe Sﬁvalues-obtained gor the bond 1engthé and valence
angles shown in Tables 9.10,.9.11{ In general the respec-
tive <$€>—values obtained here are better, by a factor of
two,.thanAthose obtained by a similar process for humulene
bromohydfin (cf. Tables 7.2, 7.6, 7.7), while the R-factor
ls better by a factor of three. However a meaningful
comparison is difficult, since the weighting schemes used
in each case were different, and this piays an important
part in determining the maghitude of‘<&f> . Thus it 1is
not‘possible to predictrthe typé of relationship to be
found between improvenments in R and <5ﬁ>-values.

‘ The most interesting point to arise from the refine-
ment was the large drop in R (~2% in 5.7%, an improvement

of 35%) due to the absorption correction. As pointed out
: ﬁaﬂbve, the anisotropic crystaléshape gave wide Variations
‘in 1ty and the results obtained show the danger of ignoring
absorption corrections, even when u is relatively low,
unless the crystal shape is very1néarly isotropic., It

appears better to apply a rough correction than nQne at all.
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'VTﬁe genéral éccurééy of fhé dafé, 6btéinéd ovér a long
(342 weeks) collection period; was encouraging, especially
since thié Was(oﬁe bf‘the first—jOBs of any iength‘performed
on this machine. It would have been possible to attain |
higher'accuracy in the determination if the crystal had not
been so anisotropic in shape, requiring the use of thé 0. 8mn
 col;ima£or to encompéss the lengths of the needle. A shorter
cryétal andksméller collimator would have reduced the'back-'
ground scéttéring, and probably increased the number of
'observed' reflections. '

'Thé'aécuracy_of the initial data contributed in no
small way to the speed of structure solution, a breakdown
of the times is interesting‘in comparison with fhe photo-
graphib method.  The data-colléction brocess tecok exactly
322 hours (i.e. a rate of 9.32 useful reflections per hour).
Data pfbcessing and stfucture solutioh took a further week;
while one more veek was required to reduce R to 0.086. Since
this experiment fofmed part of an intensive series cf trials:
of the AED,.and was especially chosen because structufe

-solution was expected to be straightforward, it can only be

" -said that the machine gave an excellent response.

ii) Stercochemistry, Conformation and Mblecular_Geometry.

In the ensuing discussion the numbering adopted in the

- crystallographic study will be adhéred to throughout. ‘The
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‘b-axis projécticn of one'moléculé (Figure'9.4)-shows thaﬁ
the three protons at C(9), C(10), C(11), are all cis; the
(231) '

pfOposed stereochemistry _ is thérefore ccnfirmed, and is
- shown correctly iﬁ 9;V (9.23/). '

The bond lengfhs and valence angles-ih Tables 9.10,v
9.11, have been subdiﬁded into two groups : those involving
only C and N, and tﬁcse involving hydrogens. The former
~are shown fcr clarity in figure 9.5. The averagé Csp3"csp3
and C-C,p. .11, distances are 1.531 + 0.005 and 1.513 + 0.005%
respectively,vhot significantly different from the accepted
aVerageS‘of 1.537 and 1.505 3(153). The average C—»Nquaternar
distance of 1.499 + 0.005 & is a little higher than the
cited average (1;479 8(153)), but comparable averages have
been ‘found in the structures of DL-betaprodine hydrobromidé2ul)
and hydrochloride(2h2) (1.%495 ﬁ_in each case), piperazine
hydrochloride(@*3) (1.50 8), and also in the piperidine
- rings of certain alkaloids (@),

The carbon atoms of both benzene rings are closély
coplanar, average deviations ((ﬁﬂ>) from the mean planes
,'be?ng 0.0022% for the C(5,6,7,8,12,13) ring, and 0.0043 R
7 }fcr the phényl side—chain.‘ The discrepancy is due to the
higher thermal motion possible in the latter ring, which
alsc accounts for the increased’fa;ucs of Qé, gi, gé; for

c(15) —¢'C(19) (see Table 9.5). Inclusion of hydrogen

‘atoms in the calculation of_thé mean planes:increases}the .
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-~ TABLE 9.10.

\\PIPH ¢ Intramolecular bonded distances (r) in ﬁ, together

o avs

- with their estimated standard deviations (g,

- a)

)

Bonds not-involving ﬁydrogen atdms;
Atoms r gi Atoms r .é;
c(1) - N(2) -~ 1.50%  0.00% c(9) C(13) 1.521 0.005
- CQ) - €¢(10)  1.525  0.005 c(9) C(1k) 1,508 0,005
N(2) - C(3) 1.499 0.005 C(10) - €(11) 1.548 0.005"
N(2) - C€(20)  1.49% 0.005 ¢(11) - ¢(12) 1.511 0,005
C(3) - C(W)  1.50%  0.006 C(12) - €(13)  1.387 0.00k
¢ - c(11)  1.522 0.0C5 Cc(14) - ¢(15)  1.392 1 0.006
C(5) - C(6)  1.386  0.005 C(1%) - ¢(19)  1.398 0.006
¢(5) - €(12)  1.390  0.006 c(15) - C(16) 1.410 0,006
C6) - C(7)  1.373  0.006  C(16) - C(17) 1.395 0.008
c(7) - C(8) 1.392 0.006 'Q(17)j c(18) 1.368 0.007
C(8) - €(13) 1.387  ©.005 . €(18) - C(19) 1.395 0.006
) - C(10)  1.560  0.0Ok | |
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Table 9.10 (contd.)

. 'b) Bonds involving hvdrosen atoms. . '

The‘bohd lengths are given in groups, cléssified aécording_to
the degree of substitution of the carbon étom;' the.éveragef

r in eéch group is coumpared with the spectroscopic avérage(1§3)

C(aromatic)-H. - C(disubstituted)-H.

C(5) - H(50) 0.93 0.04 c(1) - H(10) 0.91  0.05

C(6) - H(60)  0.97 '0.05 o) - H(1D) . 0.97 9.05

c(7) - H(70)  0.90 0.0k o(3) - H(30)  1.00  0.05 _

C(8) - H(80) 0.98 0.04 C(3) - H(31) 0.99 0.0k

C(15)- H(150) 0.96 0.05 C(4) - H(H0) 0.90 0.05
 ©(16)- H(160) 0.9%  0.05 c(¥) - H(41) 0.93  0.05

C(17)=- H(170) 1,00 0.05 <> = 0.95 &,

C(18)- H(180) 1.02  0.06 Spect. Ave = 1.073 £,

C(19)- H(190) 0.89  0.05 . C(trisubstituted)-H.

&) = 0099 R | C(9) - H(10) 0.88  0.04
Spect. Ave. = 1.084 R C(10)~ H(100) 0.98 0,05
C(methyl) -H. . c(1)- H(110) 0,95  0.04
C(20)- H(200) 0.9% 0.05 &y = o.oon R ‘

. G(20)- H(201) 1.01 0.04  Spect. Ave = 1.070 8,

C(20)- H(202) 0.99 0,05
Spect. Ave. = 1,096 R.
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PIPH : Valence angles (©)° in the asvmmetric>ﬁnit, together V'A

 with their estimated standard deviations (&)°

'a)  Anglesd not involving hydroszen atoms.

End -Apex -End

6

~-Apex -Ehd

] 6  End - g
C(1) -N(2) -C(3) 109.7 0.3 C(1) -N(2) -C(20) 110.6 0.3
C(1) -C(10)-C(9)  110.3 ©€.3  G(1) -C(10)-C(11) 111.8 0.3
N(2) -¢(1) -C(10) 111.3 0.3 N(2) =C(3) -C(%) 108.8 0.3
C(3) -N(2) -C(20) 112.0 0.3 C(3) -C(4) -C(11) 112.7 0.3
C(4) -C(11)-C(10) 11%.% 0.3  C(4) -C(11)-C(12) 116.8 0.3
c(5) =C(6) -C(7) 120.6 0.k C(5) -C(12)-C(11) 128.8 0.3 -
C(5) -C(12)-C(13) 120.8 0.3 C(6) -C(5) -C(12) 118.9 0.3
C(6) -C(7) =C(8) 120.8 0.4  C(7) =C(8) =C(13) 119.1 0.3
©(8) -C(13)-C(9)  129.8 0.3 C(8) -C(13)-C(12) 119.9 0.3
C(9) -C(10)-C(11) 103.0 0.3  €(9) -C(13)~C(12) 110.1 0.3
C(9) -C(1)-Cc(15) 122.k 0.k  C(9) -C(1M)-C(19) 118.7 0.3
C(10)-C(9) -C(13) 102.0 0.3  C(10)-C(9) -C(14) 116.8 0.3
C(10)~C(11)~C(12) 102.7 0.3 c(11)—c(12)—c(13) A110.2 0.3
C(13)-C(9) ~C(1%) 118.2 0.3  C(1¥)-C(15)-C(16) 120.2 0.k
f,c(iu)-c(19)_c(18) 120.5 O.% C(15)-C(14)=-C(19) 119.0 O.k
C(15)-C(16)~C(17) 119.6 O.%  C(16)-C(17)-C(18) 120.2 0.k
c(17)-c(18)-c(19) 120.5 0.5 o |
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 Table 9.11 (contd.)

- b) Angles involving hvdrogen atoms.

C(1) -C(10)-H(100) 109.% 2.  M(2) -C(1) -H(10) 10,3 2.4
M) -C(1) -H(11) 1042 2.2 N(2) -C(3) -H(30)  106.7 2.7
N(2) -C(3) -H(31) 107.% 2.8 N(2) -C(20)-H(200) 103.% 3.0
N(2) -C(20)-H(201) 106.3 2.8 N(2) -C(20)-H(202) 107.6 2.7
C(3) =C(W) -H(%0) 108.5 3.0 C(3) -C(4) -H(41)  109.7 2.7
C() -C(3) -H(30) 115.2 2.5 C(W) =C(3) =H(31) 110.3 2.7
C(4) -C(11)-H(110) 105.3 2.2.- C(5) ~C(6) =H(60) 123.1 2.4
C(6) -C(5) -H(50) 118.1 2.9 C(6) -C(7) -H(70) 121.% 3.1
C(7) -C(6) -H(60) 116.1 2.5 C(7) -C(8) -H(80) 120.6 2.7
S C(8) -C(7) =H(70)  117.9 3.1  C(9) -C(10)-H(100) 111.0 2.2
c(10)~C(1) -H(10) = 118.0 2.5 C€(10)-C(1) -H(11) 111.0 2.6

" C(10)-C(9) -H(90)  104.1 2.41 ¢(10)-C(11)-H(110) 108.8 2.8

C(11)-C(¥) ~H(40)  109.6 2.5 C(11)-C(4) -H(41)  107.8 2.7
C(11)-C(16)-H(100) 111.1 2.5 C(12)-C(5) =H(50) 123.1 2.9
c(12)-C(11)-H(110) 108.7 2.k C(13)-C(8) -H(80)  120.% 2.7
C(13)-C(9) ~H(90) 110.8 2.9  C(IM-C(9) =H(90) 104.2 2.7
C(1M)-C(15)-E(150) 119.7 2.7  C(14)-C(19)-H(190) 118.5 3.2
| G(15)-C(16)=H(160) 119.9 3.2 C(16)-C(15)-H(150) 119.9 2.8
C(16)-C(17)-H(170) 122.1 3.3  C(17)-C(16)-H(160) 120.% 3.3
| C(17)-C(18)-E(180) 122.8 2.9  C(18)-C(17)-H(170) 117.7 3.3
0(185—c(i9)ea(190)_ 121.0 3.2 C(19)-C(18)-H(180) 116.8 2.9
CH(10)-C(1) ~H(11)  106.8 3.8 ;ﬁ(3o)—c(3)‘éﬂ(31)'".108.3y 3.8
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"Table 9.11 (contd.)

H(hO)—C(h) -H(41) "1o8fu a1 H(éoo);c(zo)-H(zol)'112;5' 4,0
“H(200)-C(20)-H(202) 109.9 k4.2 ﬁ(201>ec(2o)~ﬁ(202) 116.1 4.1
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;Figure 9;5; Diagramaﬁic'répresentatioh of bond lengths and
S ‘ - yalence angles. S
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{|a]y-values é? 0.021 and 0.02% & respectively. In both
rings the avgrage C-C distances (1.386 8 in the‘fused ring,
1.393 ﬁ.in the phenyl group), and the averagé C-C-C angles
(l2Q;O° in each case), agréebwell ﬁith-expected valués;'

The five-membered ring,C(9)a—¢ C(13) adopts the-ehvelope
(245) %,

conforfnatidn s frequently'found in.cyclopentanes atoms
- €(9,11,12,13) are strictly coplanar ( {lal> = 0.0c068 2,
with C(10) 0.545 R above the mean plane. This conformation
ideally has Qslsymmetry, and minimum;energy calculations by
Pitzer et al(§h6) and Hendficksén(l58’247) have given theor-
‘etical optimum values for sp3-sp3 torsion angles (Qé), and
valence ahgles (Qj. These values are compared with those
obtaihedfexperimentally in this work in Table 9.12. It can
be seen that the ring in this structure deviates surprisingly
little from the ideal Qs-form; the major distortions from
the‘preferred conformat;on are at &4, 5y and at 93, 8,3 due
to the fusion of two six-membered rings.

o The heterocyclic ring adopts the chair conformation, but
_ié again slightly distorted from the symmetrical minimum-

'energy form for cyclohexane by the ring fusion, and also by

: Qtﬁé substitution of nitrogen for carbon at position 2 .

% This ring is not strictly cyclopentanoid, since it
contains two atoms, C(12), C(13), common to the benzene
ring, which are not true sp3 hybrids. Ndf'is it a

- eyelopenteng.



TABLE 9.12.

Comparison of torsion~angles () and valence angles (8) for

\fhé five-membered ring in PIFH with values predicted from

-

minimﬁm-energy calculations for the Cs-form of cvelopentane.,

N ‘ -

Parameter \\; ' This work _Pitzer(2h6) Hendrickson(% g)
@y - 32.82° o 46,1° R WA
@, - © 21,02 ~28.6 . =25.9
N ) | - 0.16 - 0.0 0.0

Q) 21.0k 28.6 25.9
e ~32.71 “46.1 41,7
9 (102.99 100.4 | 1101.7
o, 102.66 102.4 103.6
8 110.19 . 105.6 106.0
g, 110.13 105.6 106.0
) | 101.96 1024 103.6

The parameters involved are shown below :

-—gf-mmm - - = -0

3

- .
i
USSR
N
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HendriokSon(l59) predicts allvvéleﬁcé angles as 111.6O and
‘all Qg—vaiueé-as'54.4° in cyClohexéne;r  In this work the
former vary from 108,75° —b 111.}.35;O but average to 111.45°,
the latter vary‘from hl.90°’+% 65.03° and'average to 53.66°.
The high éccuracy of thelinténsity data allowed 2

/compléte réfinement of all hydrogen atoms(except H(ZO), the
~ reason for this will be discussed below). The relatively
large drop ip E—factor andzzqFol—‘FE[)g between runs A3 and
MR2 can be largely attributed to this factor. lThe positions
kobtainedrare obviously not so wéll defined as those for C,
'N, and Br, and have 6-values some 10 times greater than those
for the heavier atoms. The successful refinement of the
methyl hydrogens, H(200—202), was no doubt due to their
proximity to the hydfogensAattached to.C(l) and C(3), and to
some bondihg density in the sense N —& Br, To minimize
the H-H non-bonded repulsions the subétituents at N(2) and
C(20) have adopted the staggered conformation, as can be
seen from the,Newmén projection(213) (Figure 9.6) down the
bond C(20)-N(2). The relevant H-H and C-H non-bonded
céntécts are also shouwm. | | '

~ The C-H bond 1eng£hs (Table 2.10(b)) are rather short:
the overall average of 0.95 R is some 0,13 % less than valueé
obtained $pectroscopically, or by eléctron— and neutroh—
diffraction studies. This éffeét.has been noted in pfevious
(248)

| X-ray structure determinations - and has been ascribed tb )



Figure 9.6. PIPH : Newman projection down the bond C(20)—~ii(2)
| _ showing the staggered conformation of the
. - substituents. L |

~

Y
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"!pulling' of the hydrogen K—eleétroh-dehsity towards fhé
heavier atomiduring bond formation. - Vainshtein(2#9) has
poinfed'oﬁt'that,'ih a bond'A—éH;'fhe nuéleaﬁ position
obtained for hydrogeﬁ from a,difference'map represénts,the
centrgéf gravity of the hydrogen electron density /%,.and the
“bondingrdehsity ‘le; refinement, using scattering factors

~ pertinent to a spherical atom, will simply optimize this
position. Fof such a light atom as hydrogen the resultant

(250)

foreshortenihg.of Iy is seriousj;  Tomiie has shown
that the magnitude of the obser&ed shift in the electroun-
'density makimum .(gg. 0.13 ) is consistent with valence-
bond calculations.

In the case of a general bond A—B, where both A and
B are.of comparable size, and both confain a filled K-shell,

(251) has

the effect is not so serious. However Dawson
predicted a shortening of all terminal bonds, in an X-ray
dgtermination, of ca. 0.01 3, since the distortion of the
electron-density ébout the terminal atom is not counteracted
by distortion in other.directidns,,as it would be if ﬁhe

. a?om were multiply Substituted.' Nevertheless Cdppens and
(252), while agreeing with the general conclusion,
have shown that the degree of hybridisation of atoms A and B'
must be taken into account in cértain cases, and predict a

slight lengthening in the pérticular case of én N—0 bond in

a nitro-group.
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| Thﬁé, while'the C-H distanées bﬁfaiﬁéd herélére in goodf
agreemeht ﬁith other X-ray'resﬁlts, they do not represent
the true inter-nuclear separations. In retrospect it»wbuld
) have been better to have calculatéd hydrogen positions at a.

. bonding distance of g§. O.95 & for the other three structuresA
‘described in this Thesiss these positions would then have '
giveﬁ a better estimate of the electron—density maxima.

‘The C-H distances shown in the Table have been grouped
according to the degree of substitution, and differing
hybridisation states, of the carbon atoms. In genefal the
ftrendrof‘ <ic_ﬁ>.-Values follows that obtained spectroscopi-
cally(153)(the comﬁarison can be seen in the Table), but
further discussioﬁ,would be profitless in view of the high-
8 .-values obtained in this work. It should beé noted that
c;mparison of C-H distances'obtained by the X-ray and eleétron
diffraction methods is doubly ihvalid, since,Ibers(253) has
estimated that Values obtained by the latter method afe_some
0;03 2 longer than the inter—nuclear‘distance.

The bond angles involving hydngen atoms are not signif
ficantly different from expected values (see Table 9.11(b)).
».xTﬁis is reasonable since, élthough thé ;C_H—values afe
foreshortened, the vector sense of the C-H bond remains
unchanged. v |

In Figure 9.4 it can be5séén'that a hydrogen bond is

postulatéd between nitrogen and bromine; th¢ valénce angles:
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C(1)-N(2)-Br

= 110,03°,
C(3)-N(2)-Br =  109.34°,
N - C(20)-N(2)-Br = “105'070,

| eheﬁfthat Br~ is tetrahedrally dlsposed to N(2), and this _
supports the proposition. Similar results have been reported
for other quaternary amine hydrobromides, ahd the N—Br':
distance in the present work (3.124% ®) is somewhatnshorter
than other values quoted, viz: 3.17 R in l9-propyltheVinol
(254)

hydrobromide and in strychnine hydrebromide dihydrate25?)
3.26 8 in (+)-hetisine hydrobromide(256>, and 3.38 & in
l1l-amino-undecanoic acid hydrobromide hexahydrate(257).

The difficulty encountered (p.233) in the refinement of
the hydrogen atom of this bond, H(20), is explicable using
the type of argument given above, One wculd expect the
‘K-electron:of hydrogen to be more strongly attracted towards
N+, than towards a neutral atom, e.g. carbon. The peak
seen in the difference map must have represented the centre
of gravity of /PH;aﬁd the electron-density due to the lone-
pair of nitrogen. The failure to ettain convergence using
'Nf, HO, was almost certainly due to the use of spherieallyn
‘-Is&mmetric scattering factors for these atoms. The relative
success obtained by redefining Nt as NO, and femoving H(ZO),
- was p0551b1y fortuitous, but probably gave a sllghtly better
estlmate of the electron—den51ty distribution about nitrogen.

Itvwould'have been preferable to employAthe aspher1cal L
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(258)

7 _scatter1ng factors derlved by Dawson for quaternary
(sp3) nltrogen, but time d1d not permlt the'addltlonal

programmlng and computatlon 1nvolved.

‘ iii) Molecular Overcfgwdihg. | ‘
: The Dreiding médel of the allﬁgig stereochemistry, made
prior to structure solﬂtion, showed that the phenyl Side-
chain must twist about the bond C(9)-C(14) in ordef to
minimize H~H and C~-H interactions with the fused indeno-
pyridine system. This has been confirmed by the X-ray
study (see4Figs. 9.4, 9.8): the anglevbetween the mean
'plahesfthrough the phenyl group and the fused ring system
being 730. The closest contacts between the fused ring
syétem and the hydrbgens H(150) and H(190), which are
bondéd-to the nearest 'corners' of the phenyl side-chain,

are given below :

H(lso)-H(lo) 2.56 % H(190)-H(90) 2.33 8

H(150)-H(80) 2.63 - H(190)-H(100) 3.08
H(150)-C(9)  2.71

fIf we take the van der Waals radii of hydrogen and carbon

as 1.2 and 2.0 2 respecblvely(210)

s then no dlstance given
above is significantly shorter than fhe>appropriate radial
sum.- Thus, the position adopted by the phenyl side-chain

is completely explicable in terms of the minimization of
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non—boﬁded interaétioné-betweén'the'two'ring systehs.

iv)___ Molecular ?acking.
' Thé molecular packing, prbjected down the_ggéxis, is
‘shown in Figure 9.7, in vhich molecules have been identified
by Roman numerals. The 'zig-zag!' formation of Br~ iohs at
any one level in x (e.ge Bryq, BIIII5 Bryy)s is imporfant in
“ stabi1izing the‘moiecularrarrangement. If we take the‘van,
der Waals radius of hydrogen as l.2 R, and the ionic radius

of Br~ as 1.95 3(210), théh their sum (3.15 2) is comparable

with the distances given below :

Bropp = H(0)pp 2.92 2 |
- H(202)II 2.81 N.B. (a)'represents the trans-
- H(150) g 3.07 lationally-equivalent
- H(60);  3.35 molecule to (II) in the
= H(70);  3.50 cell below, i.e. with
Broy - H(170); 3.07 | co-ordinatés‘; -
- H(hO)IIa 3.31 xyp=ls Yipo in.’

! fTﬁe-above values, taken together with the strong hydrogen
bond (Bry=N(2),) in any molecule, shows the effect of Br~
in 'cemenfing' together the organic moieties,

‘Additional stabiliﬁy is'profided by the élose approach

 of pairs of molecules (e.g. I and VI) across 'centresof
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 ;fFigure”9.7. PIPHv: The Molecul§r Packing in a-axis
T projection.

8.4(11?1).

V-




Figure 9.8.

Two molecules,related 7
by a centre of symmetry,
viewed along the c-axise.

™
L=



symmetry. Thls Js shown schematlcally 1n Flgure 9 8, which
shows the arrangement of any two centrosymLetrlcally related
\\molecules as v1ewed along Qo The planes of the two indene

portlons are parallel, and the closest C—C contacts are :

AN
~

c(9)VI“-;p(5)I 3.773 & :,¢§9)v1 - €8); s821 8
~ C(6)1 . 3.85% . = c(12); 3.715
- C(7) ¢ 3.874 L= C(13); 34742

The three cis protons of molecule I, i.e. H(30, 100, 110) 15
protrude into this gap opposite thelfused benzene ring of
-.molecule VI, The closest contact is then between H(llO)I
and H(80)VI at 2,62 3, a distance only slightly greater
‘than twice the van der Waals radius of hydrogen (2.4 &).
Since all contacts occur twice, i.e. 0(5)1-0(9)VI'= C(9) ¢~
C(5)yqs the stability introduced by this interaction is
high.

v) Conclusion.

It only remains to report that PIPH was feund to be
dverv active as an antagonist of tetrabenazine- 1ndaced

. ,sedatlon in rats(259), but its high toxicity (common to all

.four compounds) precluded itS»usebas a clinical anti—det-

ressant. A suggestion that it be marketed as'an-exception—

ally huﬁane rodent exterminator (happy-rat?) was not well

received.
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APPENDIX T.

Reference Lists of COrganic Structures whose Absolute

Configurations have been determined by X-ray Methods.

Reprinted from Chemical Communications 1966, 838; 1968, 308.



APPENDIX IT

»

The Uses of a2 _Connectivity or Eonding Array in

Molecular Geometry Caleculations.

IT.1 Introduction,

The calculation of the various geometrical character-
istics‘of a molecule or crystal structure is lengthy, but
mathematically trivial. Computer programs for this task
‘require either the calculation of all possible inferatomic‘
distances less than a specified limit(zéo), a2 process easy
to use but wasteful of computer time (and iequiringAthe user
td'éift a large volume of output), or the calculation of
specified distances, a process wasteful of the users time
and prone to mistakes and omissidns. The process to be
_“déSCribed here is a compromise, ensuring an exhaustive

féearéh over one asymmetric uhit (or indeed any portion of
the total structure specified.by'the user). Needless
calculations are avoided, and input.and output are cut to

- a minimum.
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~ The process was devised originelly fof the computation»
of dihedral angles, but is ideally suited for the Quick and
~efficient checking of bond,iengths and valence angles during
structure refinement.. . It utiiiées a eonnectivity or bonding

(261)

array, an extenSion of an idea suggested by hooers

(262)

’ and
developed by other workers as an 1nportant topographical
tool. In particular the array in its present form (see

(263)-

Sect. II 2 below) has been employed by Fenny in the
| recognition of certain ring systems in larger chemical units
by a compnter proceduree. The work described below, however,
represents the first use of such an array for a purely
‘scientific purpose. Some ideas on the link-up of this work
with the topographical studies are set out in Seet. II.6.
The basic theory developed is described in Sections

iI.2,3,h. The actual progfam, MOJO, lags a little behind
the theory (since both are'living' entities), and incorpor—

ates some adaptations; it will be described in Seet. II.5.

I1.2, The Connectivity or Bonding Array.

The fractional co- ordinates, i x, Zy and possibly their

Sy Qé, for tne N atoms in an

‘asymmetric unit are input to the'computer, together with

’ standard deviations, Q;,

an alphanumeric atom identifier (e.g. C24). They may then
be referred to by this identifier, or, more simply, by their

position (1 —> N) in the input list. An NxN square is
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is then‘cleéred to Zero‘in compﬁtef store, ahd“the”connecﬁ—
.ivity or‘bondihg information is read in; Thié'requires N
\\lines of input, one for eachlatom freatéd, each a String of
' éigits<of the form : |
SR N TR PURE O T ...,.....;.;. 1.1
indicating that the atom numbered i in the input list is
bonded to those numbered 3is Jos 33, 34, any-convenient
non-numeric character may be used to terminate each llne.

To set up the array (B), the cells 31,2,3,4 on the
i'th row have unity added into them; the resultant array
should be symmetric (i.e. elements bij should match bji);
and all cells should contain zero or unity only. Before
?roceeding these two requirements should be checked : a
“non-symmetric array indicates incorrect, or incomﬁlete input
of bonding information, while entries > 1 indicate unwanted
duplicates (this is the reason for édding unity to the cells
rather than just setting them to 1).  Other checks may also
be added'if required, e.g. the number of entries per rowv or
column for carbon atoms should bev<§hu' An array'(B) made
”ué‘of single-bit locations is compact, but it is then unsafe
“to add unity to denote each bond, since duplication‘would
cause errors. _ | |

‘Figure II.1(a) shows the structure of humulene bromo-
hydrin (Chapter 7)- both the-chémical'numberipg.and atoﬁic
de31gnatlons are glven, together wlth theLr possible refer-

ence numbers in an 1nput p081t10ns 1lst. Input of bonding

~
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. o G
:
A

Br CNIN,

Figure II.1 (a) The structure of humulene bromohydrin,

showing the chemical'numbering, and the possible reference

numbers of the atoms in an input positions list are given

in brackets.

i i dp Jjy Iy
5 1 2 8 16 x
2 1 3 12 11 =
3 2 11 L %
L 3 5 10 *
5 L 6 9 =
6 5 7 13 17 @ =
7 6 8 % '
8 7 1 x
9 5 10 = .
0 % 9 1% 15 - =
11 2 3 x
12 2 %
. 13 6 *
i 10 %
15 10 -z
16 1 %
S 17 6 =

" Figure II.1(Db). Input of bonding information: each atom (i)

is bonded to atoms jj, Jo, J3 ete..

~o
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. , val&es Of:j;Ll.j' .

J1 2 3 % 5 6 7 8 910111213 1415 16 17
c(2) 1\ 1 Rt !
c@ | |21 N\]1! | B
c(3) 3 1 \'l
c) | fu EEANE 1
(5 {v|5[ | N ! 1
C(6) E 6] | 1 \\*1 1 BE
c(?) e 17 1 N 1
c® | | 8] 1] 1N N
c(9) [£19] | S ANEA .
€(10){1, 20 a2 ;_M\\ 11 *
cavje| | 1i1
ca)| po| 1. |
c(13)! 13 L1 ‘ \m
C(14) i Ellf ; - il \\i .
cas)| 15 O 1 O I AN
Br 16f 1| B R ‘M‘M; ‘§M: \\\
0 17 1 | \E

.:Fiéure II.1 (¢), The bonding array (B) (heavily outlined)

'for humulene bromochydrin.

Both reference numbers and atomic

designations are given for clarity.
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"1nforwat10n is shown in Vlgure iT. l(b), in the form of
statements snmllar to EqP. II.1 above. Part (c) of the
Flgure shows the resultant array (B), in which both types of

atomic designation are given for clarity.

'I1.3. _.The Systematic Calculation of Bond Lengths, Valence

Angles, and Direction Cosines.

The position of the i'th atom is defined by the vector :

—A -~ .Y Y
I‘i = l{ia + E:{B + _Z__ic 00...._0-‘-0000‘0 1102,

: B . Y ’ :
where a, b, ¢, are the unit-cell vectors. The vector T.

iJ
between two atoms is simply the difference'between two vectors,

-3

Tsy rj, of type II.2

By - 7 Y : A D ..—A o.ococ;cc. L]
‘ T4 5 Agﬁja + Xijb + Aglac I1.3,
where t&xij equals ;i-zj, with similar expressions for y & z.

The square of the magnitude of the bond length]rij|is.given
by the scalar product of Eqg. Il1.3 with itself :
—-;-—-\ 22 y2b2+ 2 2

: 2 _ =
+ 2ab XlJ-X13 + 2bc Xij Zij

+ 2_8:g}£ij Z'ij secseee -LI-)‘I‘.

‘The direction cosines of the bond,.lij, m; gy By referred to
axes a, b, c, are given by :

(1, m, )y = (9457 by, 945)15. A i

-  ;.‘ 1?431
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An ordered and complete sequence of bond lengths and

dlrectlon c051nes can be obtalned by worklng systematlcally

through the bondlng array, r-adlng along each rovw (i) and
n-u51ng equations II.4, II.5, for each cell (3) conta1n1ng .
unlty. Only the upper rlght triangular half of the array
need be scanned for this ourpose use of the whole array |
produces each ‘bonded distance tw1ce over, The bond lengths
and direction cosines are output, and also stored in similar
triangular arrays (R, L, M, N); , it should be noted that -
the full arrays L, M, N, are anti-symmetric (i.e. myy = —mji);
due allowance must be made for this sign reversal when using
these half arrays to read the direction cosines of‘bonds in
the lower triangular half (i.e. for vector r..).

Jji
, are calculated from :

Valence angles, Qijk
| — —X
COS_Q_le: = rij ¢ rjk ® @ & ¢ 09 0000 a0 e ‘II.6G
‘rij‘ 'lrjk‘

All angles occurring at atom (Jj) can be evaluated together by
reading dovm column (j) to locate the first entry (i), and
then reading on down the column to identify the possible
'values of (k). Cos@ 13k is computed and output for each
7ihdicated combination of ijk. The next (i) is selected

by moving down the colurn, and is combined with all (k's)

indicated lower down the same colunn, thus avoiding duplicates

Eakl

atlons (ik) are exhausted lor atom (3), scanning is then

The process is repeated until all perwltted combin—
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transferred to the next column, j + 1. In every case

coske is stored, together with the integers 1i,j,k, for use

ijk
in the calculation of dihedral angles.

II.%.  The Systematic Calculetion of Dihedral (Toréidn)
An'attempt will first be made to define and genefalize

~ the nomenclature for dlhedraL or torsion, angles. Reference

to Figure II 2(a) shows two groups of atoms, ABC bonded to D,

and FGH bonded to E, whlch is below the plane of the paper.

(213) down the bond D—PE is shown in

The'Newman'projection
Figure II.2(Db).

. The dihedral or torsion angle (Qg)‘is the angle between
say, the projections of CD and EF on a plane perpendicular

to the bond DE. Thus we may define the angle as :

- .0 : .
QQ(Q,E)F - })- ....‘..'I'....'." II.?.

Other more general dihedral angles, of use in certain contexts
can be described analogoﬁsly. Thus the angle between the
projections of AD and CD on the plane pefpendlcular to DE
'méy be written :

C\) : XO oo'on-oca--oo.;oac IIo8e .

A(D,E)

IIU
o

Similarly the angle between pfoj(GE); proj(EF), as seen from
viewing point D is K

. _ o . | | o |
(JJG(_]_J_,E)F — X ) o‘aoo-‘-.-.‘.-cuooo,oo I:F.9.
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" Figure IT.2(a)

Fisure I1.2(Db)
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‘The atoms in brack ets 1nd10ate the dlrectwor of view down

the bond, i.e. from D to E' atoms whlch are doubly under-

_\llned in the above equations should be prlnted in Clarendon,

type, they represent atoms of the nearer group in the viewing
dlrectlonf For ordinary dihedral angles, representing twist
or torsion\ebeut the bond DE qu. II.7) the first quoted atom
is a member ofrthe nearer group, and the,last'of_the'farther
group. For the more general‘dihedral angles they are both
of the nearer group (Eg:-II1.8), or both of the farther greup
(Eq., I1.9).  Furthermore it is often imperative te distin-
guish between sp3—sp3, sp3-sp2, and spz—sp2 torsion angles'
in an organic structure (see Seet. 8.5), where fhe hybridi-
sation states referred to are those of atoms D and E respecf-ﬂh
ively. This was effected in Section 8.5 by reserving the
" symbol (&) for the first mentioned, and referring to the
other two as (§) and () respectively. General adoption
_of this type of nomenclature saves the reader from continually
referrlng to the structural formula.

In all cases the sense of rotation is defined in terms
of the movement required to rotate the first mentioned bond
: ,(db in Eq. II.7, AD in 8, GE in 9) to overlie the projection
of the second bond (EF, DC, EF, respectively). Clockwise
rotation of the first-quoted bond is taken as positive, anti-
clockWise rotation is tzken as negative. Thus, with refer-

ence to Figure II.2(b), we may write



3e%

. +6OO . ..oo-o“o-o‘ooa.o‘o- II.?(a)

]
-
e I
~r’
oo
I

A
WaAD,EIG = -60° ".............'..oAII.?(Vb)’
WADDE = 4120° .eriiiieeeeeiss T1B()
| “e(D,E)F = -1200-”.....,.‘.....'...; I1.9(a)

FigureHII.3(a) shows the relationship between the three
bond vectors involved, i.e. Tq, fE, Tg, repreéent bonds CD,
DE, EF, in Eq. II.7, or AD, DE, DC, in 8, or GE, DE, EF, in 9.

Figure II.3(b) shows the vectors in relation to a spherical
(26, 265)

triangle , whence we may write :
N A\ A\ '
cos(w) =  cos(ryra) - cos(ryT,) cos(ryry) T1.10
— L 2B ] © L]

sin(fzfg)sin(f;§3)

where i rg}g and fg}3 are the wlence angles :

Scpr and ,QDEF in Eq. II1.7,
and Sepp 24 Eppp  in Eq. II.9.

and : ryTy is the angle between ryy T3 in each case.
The angles Cai(j,k)l can be‘evaluated, and systeraticall

~output in a convenient order, using the bonding array as

;‘;féllows. " For a given viewing bond DE, identified by unity

in cell bjk’ look backward and forward along qow(j) to iden-

tify possible (¥'s), and up and dovn column (fﬁ to identify
L ' : ,

possible (X's).  Equation II.10 is then evaluated for all

combinations of ¢



3gce

Figure I1.3(a) Definition of the dihedral angle ggijkl

where (iik1) are (for example) ADEF in Eg. II.7.

Figure I1,3(b) The vectors in

‘relation to a spherical triangle.

\\! ‘ = ] -'
The angle,iijkl (=angle 1'5\1 )

is the angle ikl of the triangle

i.e. the angle between the planes

ijk, 1jks; the 'sides' of the

triangle are the valence angles
LN A s e

l(rlr2)’ (r2r3), and the angle

(f1}3)5 whence Eq. II1.10 can be

derived ffom'the cosine formulae for sphérical triangles.



(1) 1,1 (1 £1)  of. Eq. T1.7,
(41) 4, 1Y@ # 4 ef. Bq. I8,
(1) 1, 1'@ £ 1Y) ef. Eq. IL.9,

fof\ény given combination of jk. This iroceSS is repeated
systematlcally for all bonds (jk) specified in the upper
right trlangular half of array (B), this avoids duplication |
since ;ijkl is equivalent to 5ﬁkji in both magnitude and /
signe The sines and cosines of fgig, r§%3, required by

Ed. 11.10, can be obtained from the previously étored valence

angles. Cds(f;}3) can be obtained using

cos(rlr3) = cosCflJ kl) = iy Kl eeeseeos IIo1
7151 frica

The sign of the rotation is given by the sign of the

“determinant V @

iy Miy Paj

&
Il

- m. n.
Jk Jk: Jk XY 11012,

g Ty g

which gives the volume of the parallelopipedon defined by

Ethe vectors_'rl,'Tz, T%e
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IIQS;' AThe-Program MOJC.

The theory develbped gbee is;givén in its ﬁost genéral
m thematical form. " In the program ¥0JO, writtenlin‘l967
EXCHLF/fqr theiUniversiﬁy of London ATLAS(computer, several
adaptations have been made. A brief description bf these,
and also the input and output, together with:a flow charf{
forms the subject matter of this section.

'Although vector methéds afford both mathematiéal simpli—
city and generality, the use of_orthogonalized ﬁhgstrom CO-
ordinates, while being just as general, reduces the géometri-'
cal menipulation to simple Cartesian terms, Furthermore
they are useful in the preparation’of crystal drawings.

7 we take a perfectly general triclinic lattice, with cell
parameters a, Q,.g,gg,jé;;g, then we may define three
orthogonal unit vectors I, J, K, such that
I is parallel %o a, |
.J° is perpendicular to the ag~c¢ plane,
K 1is perpendicular to g in the a-c plane,

(264,265)

whence, by ws'ing spherical triangles s W& may express

‘the lengths of the orthogonal axes as :

A = aI .
B = _bCOS)‘I + hSin.},J ’ es s sso0c00 IIcl3
C = ccosfl = gsiﬁﬁcoswiJ» + gsigﬂsin%ﬁK

or, in matrix notation :

(L) = ?5)(1)".;..,,.,.;;.;,,..;;.. TI.1h,
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b

1]

vhere the orthogonalization matrix Qé)Aobvioﬁsly has the form:
2 o - o

!

A = [ peosy bstny 0| eeee... I15

gp075 -g_:’siryfcosmX _qsiz}(;’sinx&i

The determinant of this matrix gives the cell volume (V).

The matrix is Quite general, and its cdmplexity is‘obvibusly
"reduced for systems of higher.symmetry than triclinic. |
If the fractional co-ordinates of the atoms in the
real cell (x, y, z) are provided, then the orthogonal Zng-
strom co-ordinates (X, Y, Z) are given by an expression |

similar to Eq. II.1l4, viz :

x = G 1116

We may nov rewrite Eqs. IT.4,5,6, in terms of X, X, %, as
‘follows(266): ,
2 _ 2 2 . 2
. Rjy = Axij + Ayij + Azij_ ceericenneass 11,17
. (L’ b’I, N)ij = (AX, AY.. Az)ij S0 s e e cers 11018
| Rl
— 1 Y . T
cosgijk = Liijk + hijnjk + Niijk cecesses 11,19

Thus, as can be seen from>Figure IT.%, the initial
operation in MOJO is to read in the cell data, set up the
,(/9)—matr1x, and compute (and output) the orthogonal co-
ordinates-from the 1nput positions llst. The bond1ng
1nformat10n is read in (see Flg. II l(b)) and the array (B)

"set up and checked.
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The preseni program doss ndt, at present;“incorpbrate
standard deviation formulae; nor doesidt obtain the valence
\'angles and dihedral angles from the'array (B)din.qnite the
wsame manner as descrlbed above. Referring again to Figure .
II. l(c) ‘the former are obtained by readlng across the rows
(1) and flndlna possible values for (3), as in the bond—
length calculatlon; values of (k) are then found by reading
dovn column (j) to avoid duplication. The dihedral‘angles
are found by an extension of this method : once the value
of (j) has been found the (k) values are obtained by scanning
column (j) completely, but omitting the value k = j; the
k'th row is then similarly scanned for values of (1), but
omitting 1 = k. This early method has two drawbacks
i) A1l dihedral angles are prodiuced twice over, i.e
d &

"both & @iyss are obtained;

=ijkl an v :
ii) The more general dihedral angles, exemplified by
Egs. II.8, II.9, are not obtained.
It’is hoped to incorporate the newer theory described in
Sections II.3, IIL.k, in the near future.
Other routines have also been included in theAprogram,
';usdng the initial orthogonalized co-ordinate list :
| i) Cyclobutane ring analysis : the positiomsof the four
ring atoms in the input positions list are specified (Nl H)'
The routine then evaluates crLterJa (c) and (d) of Figure
75 (p- /65‘)

S ii) Spec1f1ed (s1ngle) bond lenétns, valence angles, or



& o - - R
Read ilmL“ R ~ -

t::::::::;head leTCmLL-ww Set up (B)-mazriy

~ v

= o Q-

H O N H

R //égad POSITICRS~f¥0rthogonallze Co-o;dinates—~+
_/////////'Read DIHEDRAL--—vSe+ up (and check) array (B)%—_.
7" ANGLES (bonding - -l-
K : - .
informat_ion Evaluate bond~-lengths and
| direction cosines-and store
<
S in (R) s (L) ’ (M) 'y (N) . 0
E U
M Evaluate valence angles s T
E and store P
N U
T , T
] Evaluate Eijkl >
Read CYCLO~ ——p Evaluate lengths and z
-\ BUTANE direction cosines~of the 7
| diagonals | R
\ - Evaluate (h), ¢l3’ L P—
i ' M
L+ Read BOND »Bvaluate bond length—— -
— * Read ANGLE » Evaluate valence angle———i
b : A l. : ‘
-1 v 2’
,*“—W—”*“““‘> Read TORSICH- —»Evaluate dihedral angle Y
EN ANGLE
‘. 4
__—~—fe—e¥$ Read END -+ Terminate Execution.

Figure IT.k, Flbwrchart of the;pxggram ¥O0JO. . - B
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dihedral aﬁgles, may bé éomputeé by specifyihg fwo5 three;'

or four valugs_of.N. , . | |
All the data required in a'pafticuiar run are input

kunder one Word dlrectlves (as in all ATSYS programs); those-

used hera are |

TITLE followed by one llne of information to be Oht?ut'

UNITCELL : followed by 2, By &5 & /é X

POSITIONS : followed by N llnes of information of the form

CA23 x . ¥ z

where N is the total number of atoms input, the list is

terninated with an asterisk.

DIHEDRALANGLES : followed by a number (n) (which mustte<$N}

and (n) lines of information similar to Figure II.1(b). This

directive turns on the bonding array calculations.

" CYCLCBUTANE @ fol;owed by four numbers as described above.

Specific4funcpions gre réquested under the self-explanatory

directives ﬁ BONb, ANGLE, TORSIONANGLE. A flow ehart is

given as Figure II.lL.

I11.6. Further uses of Bonding Array Theorv.

‘ The use éf the above progfam, incorporated as a routine
;in‘both least-squares and general mblecular geometry programs,
has possibilities. In_the former it would provide a guick
and systematic check on the chemical sensibility of the
structure belng reflned, and could be called in automatically

| at the-end}of each run. In the}labter it would-prov1de'an



ordered outputrlisting,for one esymmetric unit, of‘bond—length
end valence engles; ~a similar ordered list of intra— |
moleeuler nbn—bondea distances canvbe obtained by reading
across rows (i)‘end avoidiﬁg all cells (j)_which'cdntain‘
univy, again'only the upper right triangular.half ef'(B)
need be used. |
On a more philosophical plane; the bonding array would

appear to have‘important ﬁsee_in the field of information
. storage and retrieVal, as applied to crystallographic struc-
tural dataf At present the information listed under any
one compound is limited to the name(s) of author(s) and the
literature reference. Inclusion of a'list of orthogonalized
co?ordinates, and the bonding information, would permit
a search prograngincorporating the boneing array routine,
to provide a complete listing of the basic molecular geometry,
in addition to the literature reference, for a specified
compound . Far more extensive information could be output
by the search program if the bonding array was,used'to
recognize particular ring systems within a larger chemical

»uﬁlt. Thus if a naphthalene nucleus or a Cyclobutane ring
A;Were found they could be checked for planarity; for larger
saturated carbocycles it should be p0951ble to actually
deflne the conformation adopted from the geometry obtained.

This is, however, not the correct place to expand these

~ ideas further. Nevertheless, w1th the present éXpJ&&lQn.lﬂ )
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the éuéntity_of'structural infofmétibnréppeariﬁg_in‘the
literature, largely due to’the'éver inéreasing useiof
automatic diffractometers} a satiSfacfory means of storage
and retrieval is‘of importanée‘fo the}érystaliographer.

.It is the author's opinibn that aicomputer'procedure very
similar~to the bonding array ﬁill provide the ultimate
answér, for orgaﬁic molecules aﬁ any rate. The time when
one may tell a?cdmputer to provide'structural data and
refereﬁces for, say, all eight membered carbocycles having
the boat-chair conformation, may not be far'off; The task
‘of the_wduldfbe reference-hunter and/or Thesis-writer will

then be considerably less burdensome!l
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APPENDIX III. B

Minimim=Enerey Calculationse.

(267)

Since the work of Pitzer et. al. on ethane, many
workers have attempted to predict preferred conforﬁations on
the basis of detailed energy calculétions,’ While this is not

. the place for a full review of the various methods employed,
and the results obtained, it is pertinent to give a brief
description of the approach for small- and medium~ring
saturated carbocycles, since humeroué éomparisons have been
made in this Thesis between parameters obtained crystallogra~
phically, and those obtained from minimum—enefgy calculationso
In general the results obtained by various groups of workers
are very similarj however since the work of Hendrick-
 soh(l58’159’2q7> was chosen for comparison with fhe X~ray
7déta; mainly due to the completeness of his studies,

ranging fron simple alkanes to cyclodecanes, his papers have

largely been used in the compilation of this Appendix.



| 'A'particular nmmembéredArinv'confofmatioﬁAmay be
defined by the (n) values of the C-C~C valence angles (8),
and the (n) §p3-sp3 torsion angles (éb): The assumption
is made that bond 1engths remain invariént, since fhe energy
| required to distort a bbﬁd from its optimum length is very
.much more severe than the strain energies mentioned below;
A reduction in the number of parameters is effected by the

assumption of only symmetrical forms (except in the case of

(247)); this 1s reasonable since the

(171)

the cYélopentanes
calculations of Wiberg , which proceed through unsymm-
etrical_fbrms, result in symmetrical minima only.  The
strain-energy content of a particular conférmation may be
subdivided into

i) Bond angle bending strain (Z,) which is the
energy associated with the distortion 6; a single bond~angle

from the optimum. The function‘used, derived from spectro-

scople results, gives :

Eg

- 2
- Kg(@" QO) e s e st IIIol

where, initially(2%7), the value of Gé was taken as the
" tetrahedral value (109.28°). More recent hibridisation

jstudies have shown that @O at a methylene carbon 1s more

(159)

nearly 1120, and this walue was used in later work

the value of Kg used with the nev value of @  was 0.0230

kcal’mole-l.
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'ii)  Torsional Strain (E.), the function used to cal-
cnlate'the strain-~energy, due to twist of substituentsnabout

~.a single bond,has the form

o

By = EK&j(l + cos3a) ceerrness IIL.2

in which KaJ is the height of the potentlal barrier to

rotation in ethylene (i.e. the energy dlffelence between

(159)

staggered and eclipsed conformations). Hendrickson
has pointed out that, since non-bonded interactions make up

a small, but real, portion of this barrier, K., should be Less

- than the quoted value of 2.8 kecal mole L

-1

; and he has
derived a value of 2.65 kecal mole — to exclude the tan der
Waals forces., Although the general form of the abofe
expression is not well founded theeretically, considerable
- success has attended its use (see the work of Garbisch(zlG),
vho used a similér\expression to estimate sp3--sp2 torsional
strain) .

i1i) - Energy due to non-bonded interactions. Any pair-
of non-bonded atoms, at inter-nuclear distance (r), possesses
a mutual interaction, which is partialiy repulsivevand
_péftially attractive. The fofm of the expression for ENB

is one of the most problematical in this work, 1t has the

general form @

6

-Eq
I

Be-}lr - A/I‘ oso-ooog-oIIloSI

and whlle Values of the attractlve constant (A) are known

~ the constants B and n are dlfllcult to evaluate experlmentalWV

s
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' Hendrickson has chosen to make them parameters'in the
minimization procedure (see below) for both H-H and C-C
';‘interactions, - the geometric mean of thé values obtained

was used to estimate the C-H interactions.

The\éngrgy minimization is carried out by coﬁputer :
from a givenRStgrting conformation each independent angular
parameten plus B and y, -Is varied by 1° in turn, and values
of Ey, E,, and Eyp (taken over all atoms in the ring), are
comﬁated; to give the total strain energy ET' A checking‘
routine is mhcluded to ensure that the angles used in each .
calculation give a closed ring, since this was not the case
with some of the cyclopentanes(247).

The comparisons carried out by Hendrickson, using
~data from X=ray and electron-diffraction work, and from other
sources, show that, despite the problematical nature of some

of the functions used, the gedmetrical parameters obtained

are in good agreement with experimentally determined values.
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A Reference List of Organic Structures whose Absolute Configurations

have been determined by X-Ray Fluorescence
By F. H. ALLEN and D. RoGERs
(Chemistry Department, Imperial College, London, S.W.7)

DeTERMINATIONS of absolute configurations by
Bijvoet’s X-ray fluorescence technique! are now
appearing frequently in the press, but in rather
scattered journals. Most are for organic sub-
stances, so the following list has been compiled,
and groups them under five headings for the con-
venience of organic chemists. There are 54 entries,
more than half of which have appeared in the last
three years. They are confined to determinations
based on X-ray fluorescence, the fluorescing atom
and the radiation being quoted. The list is believed
to be comprehensive up to the end of 1965, but
we would be grateful if users or crystallographers
would advise us of errors or omissions. If the list

(1) Simple Molecules and Amino-Acids.

Fluorescent

Compound alom
L-Aspartic acid as cobaltous salt Co
D-(+)-Barium uridine-5’-phosphate Baand P
Biotin as bis-p-bromoanilide of CO,- Br
biotin
Hirsutic acid as p-bromophenacyl ester Br
p-Isocitric acid as (1) Rb salt Rb
(2) K salt K
D-(~)-Isoleucine as hydrated hvdro- Br
bromide
L-Lysine as hydrochloride dihydrate Cl
D-Methadone as hydrobromide Br
(-+)-Benzylmethylphenylpropylphos- Br

phonium bromide

(+)-Methylsuccinic acid

{—)-Methyl-a-naphthylphenylsilane Si
Tartaric acid as (1) Na, Rb salt Rb
{2) Rb, H salt Rb

L-Tyrosine as hydrochloride Ci

is found useful we propose to issue supplements
and corrigenda, and an attempt will be made in
later lists to include assignments involving internal .
comparisons with reference centres?3 if the latter
are quite reliable.

It is gratifying to note that more and more
authors are determining the absolute configuration
whenever possible, but attention is drawn in an
accompanying Communication* to the possibility
of resurrecting old structure determinations from
the literature and getting their absolute configura-
tions with comparatively little effort. We hope
the list will indicate to crystallographers areas
where reference compounds are still needed.

Radiation

used Reference

Cu T. Doyne, R. Pepinsky, and T. Watanabe,
Acta Cryst., 1957, 10, 438.

Cu E. Shefter and K. N. Trueblood, Acta Cryst.,
1965, 18, 1067.

Cu J. Trotter and J. A. Hamilton, Biockemisiry,

1966, 5, 713.
Cu F. W. Comer and J. Trotter, J. Chem. Soc. (B),
1966, 11.
Mo A, L. Patterson, C. K. Johnson, D. Van der
Cr, Cu Helm, and J. A. Minkin, J. Amer. Chem.

Soc., 1962, 84, 309.

Cu J. Trommel and J. M, Bijvoet, Acta Cryst.,
1954, 7, 703,

Cu S. Raman, Z. Krist., 1959, 111, 301.

Cu A. W. Hanson and F. R. Ahmed, Acta Cryst.,
1958, 11, 724.

Mo A. F. Peerdemann, J. P. C. Holst, L. Horner,
and H. Winkler, Tetrahedron Lelters, 1965,
811.

See Section 6 under Ergoflavin.

Co, Cu  T. Ashida, R. Pepinsky, and Y. Okaya, Acia
Cryst., 1963, 16, (supplement), A48, abstract

5.8.
Zr A. F. Peerdemann, A. J. Van Bommel, and

J. M. Bijvoet, Proc., k. ned. Akad. Weten-
schap, 1951, B54, 16.

Zr A. ]. Van Bommel, and J. M. Bijvoct, Acta
Cryst., 1958, 11, 61. °

Cu R. Parasarathy, 4cta Cryst., 1962, 15, 41,



(2)

Compound

Terpenoids.
{+)-3-Bromocamphor

(+)-Camphor as oxime hydrobromide

Cascarillin as deacetyvlcascarillin acetal
indoacetate

Clerodin as bromolactone
Davallol as iodoacctate

Enmein as acetyl-bromoacety! dihvdro-
compound

Ophiobolin as bromomethoxy-deriva-
tive

Picrotoxinin as a;-bromo-compound

Simarolide as m-iodobenzoate and
4-10do-3-nitrobenzoate (both needed)

Swietenine as p-iodobenzoate of des-
tigloylswietenine

Bromoisotenulin

x-Bromoisotutin

Verrucarin as p-iodobenzoate

(3) Alkaloids.

Aspidospermine as N(a)-acetyl-7-ethyl-
5-desethylaspidospermine
N(b)-methiodide

(+)-Demethanolaconinone as hydriodide
trihydrate

Bulbocapnine as methiodide

Cléeavamine as methiodide

Codeine as hydrobromide dihy;drate

Cucurbitine as perchlorate

Echitamine as iodide

Ephedrine as hydrochl.oride

Erythroidine as hydrobromide of di-
hydro-compound

Galanthamine as methiodide

Gelsemicine as hydriodide of N-methyl

compound

Gliotoxin (also establishes sporidesmin
in conjunction with circular dichroism
data)

Fluorescent
atom

Br

Br

Cl

C1

Radiation
used

Cu
Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Reference

M. G. Northolt and J. H. Palm, Rec. Tran.
chim., 1966, 85, 143.

F. H. Allen and D. Rogers, preceding Com-
munication.

H. A. ]J. Oonk, Ph.D. Thesis, Utrecht, 1965.

C. E. McEachan, A. T. McPhail, and G. A.
Sim, J. Chem. Soc. (B), 1966, 633.

1. C. Paul, G. A. Sim, T. A. Hamor, and
J. M. Robertson, J. Chem. Soc., 1962, 4133.

Yow-Cam Oh and E. N. Maslen, Acla Cryst.,
1966, 20, 852.

M. Natsume and Y. litaka, Acta Cryst., 1966,
20, 197.

S. Nozoc, M. Morisaki, K. Tsuda, Y. Titaka,
S. Tamura, K. Ishibashi, and M, Shirasaka,
J. Amer. Chem. Soc., 1965, 87, 4968,

B. M. Craven, Acta Cryst., 1962, 15, 387.

W. A. C. Brown and G. A. Sim, Proc. Chem.
Soc., 1964, 293,

A. T. McPhail and G. A. Sim, Te#rahedron
Letters, 1964, 2599; J. Chem. Soc. (B), 1966,
318. '

D. Rogers and Mazhar-ul-Haque, Proc. Chem.
Soc., 1963, 92.

B. M. Craven, Acta Cryst., 1964, 17, 396.

A. T. McPhail and G. A. Sim, Chem. Comm.,
1965, 350. -

A. Camerman, N. Camerman, and J. Trotter,
Acta Cryst., 1965, 19, 314.

M. Przybylska, Acta Cryst., 1961, 14, 429,

T. Ashida, R. Pepinsky, and Y. Okaya, 4cta
Cryst., 1963, 16, (supplement) A48, abstract
5.8.

N. Camerman and J. Trotter, Acta Cryst.,
1964, 17, 384.

G. Kartha, F. R. Ahmed, and W, H. Barnes,
Acta Cryst., 1962, 15, 326.

Hai-Fu Fan and Cheng-Chung Yin, Wu Li
Hsueh Pao, 1965, 21, 253.

H. Manohar and S. Ramaseshan, Tefrahedron
Letters, 1961, 814.

G. N. Ramachandran and S. Raman, Current
Sci., 1956, 25, 348.

A. W. Hanson, Proc. Chesn. Soc., 1963, 52.

D. Rogers and D. J. Williams, Proc. Chem.
Soc., 1964, 357.

M. Przybylska, Adcta Cryst., 1962, 15, 326.

A. F. Beecham, J. Fridrichsons, and A. McL.
Macthieson, Tetrahedron Letiers, 1966, 3131.



Fluorescent

Compound

(+)-Hetisine as hydrobromide
Himbacine as hydrobromide

Jacobine as bromohydrin

Leurocristine (vincristine) as methiodide
(also establishes vincaleukoblastine)

Lucidusculine as hydriodide

(-+)-Des(oxymethylene)lycoctonine as
hydriodide monohydrate

Methyl melaleucate iodoacetate
Securine as hydrobromide dihydrate
Strychnine as hydrobromide

Thelepogine as methiodide

(4) Steroids.

Lanostane as 3pB-acetoxy-T7a,1la-di-
bromolanostane 8«,9x-epoxide

atom

Br

Radiation
used

Cu
Cu

Cu

Cu

Cu

(5) Miscellaneous large molecules and mould metabolites,

Duclauxin as monobromo-compound

Ergoflavin as tetra-O-methyl di-p-iodo-
benzoate [also establishes (-4 )-methyl-
succinic acid] )

Factor VIa, C,HgOpN;;,Co,11H,0

Ferrichrome “A”’, C,,H;;NgO;oFe,4H,0

Dibromoleucodrin

s

1 1. M. Bijvoet, Endeavour, 19556, 14, 71.

2 A, McL. Mathieson, Acta Cryst., 1956, 9, 317.

Br

I

Cu

Cu

Cu

Cu

® R. Hine and D. Rogers, Chem. and Ind., 1956, 1428.
¢+ F. H. Allen and D. Rogers, preceding Communication.

Reference

M. Przybylska, Acta Cryst., 1963, 16, 871.

J. Fridrichsons and A. McL. Mathieson, Acta
Cryst., 1962, 15, 119,

J. Fridrichsons, A. McL. Mathieson, and D. J.
Sutor, Acta Cryst., 1963, 16, 1075.

J. W. Moncrieff and W. N. Lipscomb, J. Amer.
Chem. Soc., 1965, 87, 4963.

- A. Yoshino and Y. litaka, Acta Cryst., 1966,

21, 57.

M. Przybylska and L. Marion, Canad. J. Chem.,
1959, 37, 1843.

S. R. Hall and E. N. Maslen, Acta Cryst., 1965,
18, 265.

S. Imado, M. Shiro, and Z. Horii, Chem. and
Ind., 1964, 1691.

A. F. Peerdemann, Acla Cryst., 1956, 9, 824,

J. Fridrichsons and A. McL. Mathieson, Acia
Cryst., 1963, 16, 206.

J. K. Fawcett and J. Trotter, J. Chem. Soc.
(B), 1966, 174.

Y. Ogihara, Y. Iitaka, and S. Shibata, Te#ra-
hedron Lelters, 1965, 1289,

A. T. McPhail, G. A. Sim, J. D. M. Asher,

. M. Robertson, and J. V. Silverton,
J. Chem. Soc. (B), 1966, 18.

D. Dale, D. C. Hodgkin, and K. Venkatesan,
In: “Crystallography and Crystal Imper-
fection,”” (ed. G. N. Ramachandran), Aca-
demic Press, London, 1963.

A. Zalkin, J. D. Forrester, and D. H. Temple-

ton, Science, 1964, 146, 261.

R. D. Diamand and D. Rogers, Proc. Chem.
Soc., 1964, 63.

(Received, October ik, 1966; Com. 759.)
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A Reference List of Organic Structures whose Absolute Conﬁgurations
have been determined by X-ray Methods. Part 2

By F. H. ALLEN, S. NEipLE, and D. RoGERs*
(Chemical Crystallography Laboratory, Imperial College, London, S.W.7)

Part 1 of this list (F. H. Allen and D. Rogers, This supplement, believed to be complete to the
Chemn. Comm., 1966, 838) contained 54 entries. end of 1967, contains 40 new entries.

1. Using the Anomalous Dispersion Method

Fluorescent  Radiation

Compound atom used Reference
(1) Amino-acids
{+)-2-Benzylglutamic acid as hydro- Br Cu T. Ashida, Y. Sasada, and M. Kakudo, Buil,
bromide dihydrate Chem. Soc. Japan, 1967, 40, 476.
{+)-2-Methyl-2-isopropylglutaric acid M. R, Cox, H. P. Koch, W. B. Whalley,
{+)-2-Methyl-2-isopropylsuccinic acid Rb Cu M. B. Hursthouse, and D. Rogers, Chem.
as Rb salt Comm., 1967, 212.
Cucurbitine as perchlorate (erroneously Cl Cu Fan Hai-Fu and Lin Cheng-Chiung, Acta
included under alkaloids in the firstlist) Phys. Sinica, 1965, 21, 253.
(2) Terpenoids
Ginkgolide A as mono-p-bromobenzoate Br Cu N. Sakabe, S. Takada, and K. Okabe, Ckem.
Comm., 1067, 259.
Caryophyllene jiodonitrosite 1 Mo D.M. Hawley, J. S. Roberts, G. Ferguson, and
A. L. Porte, Chem. Comm., 1967, 942,
Pseudoclovene A as mono-p-bromo- Br Cu G. Ferguson, D. M. Hawley, T. F. W, Mc-
benzene sulphonate ester Killop, J. Martin, W. Parker, and P. Doyle,
Chem. Comm., 1967, 1123.
Laurinterol as acetate (also establishes Br Mo A. F. Cameron, G. Ferguson, and J. M.
aplysin) Robertson, Chem. Comm., 1967, 271.
Desmotroposantonin as 2-bromo-(—)-§- Br Cu A. T. McPhail, B. Rimmer, J. M. Robertson,
compound and G. A. Sims, J. Chem. Soc. (B), 1967, 101.
Beyerol as monoethylidene iodoacetate I Cu A.M. O’Connell and E. N. Maslen, Acta Cryst.,
derivative 1966, 21, 744.
Caesalpin as p-bromobenzoate Br Mo  A. Balmain, K. Bjamer, J. D. Connolly, and
G. Ferguson, Telrahedron Letters, 1967, 6027,
Gibberellic acid as methyl bromogibber- Br Cu  F. McCapra, A. T. McPhail, A. I. Scott,
ellate G. A. Sim, and D. W. Young, J. Ckem. Soc.

(C), 1986, 15717.



Compound
(2) Terpenoids—continued
Taxa-4(16),11-diene-5¢,92,10 8,13~
tetraol as dihydro-anhydroisopropyl-
idine derivative
(+)-Camphor—see Retusamine below

(3) Swugar Derivatives
Aristeromycin as hydrobromide

Showdomycin  as  isopropylidine-N-
methylbisdeoxycycloshowdomycin
hydrobromide
. Formycin as monohydrobromide mono-
hydrate
a-D-Glucosamine as hydrochloride

Ethyl 1-thio-a-p-glucofuranoside

(4) Alkaloids
Tuberostemonine  as
dihydrate .
Quinidine as (—)-1,1’-dimethylferrocene-
3-carboxylic acid
Buxenine-G as dihydroiodide

methobromide

Corymine as hydrobromide monohydrate

Gliotoxin (also establishes sporidesmin)

19-Propylthevinol as hydrobromide (also
establishes morphine series)

Mitomycin A as N-p-bromobenzene-
sulphonyl compound

Haplophytine as dihydrobromide

Retusamine as «’-bromo-D-camphor-
trans-n-sulphonate monohydrate [also
establishes absolute configuration of
(-+)-camphor]

(B) Steroids ‘
Cholestane as 2u«,38-dibromo-5x-com-
und
17a B-p-Bromobenzenesulphonyloxy-1Ta-
methyl-19-nor-9 8,10x-p-homoandrost-
4-en-3-one
17 B-Bromoacetoxy-9 f,10x-androst-4-en-
3-one

Fluorescent
atom

Br

Br,S
Br

Br

Br,S

Br

Radiation

used Reference

Cu K. Bjamer, G. Ferguson, and J. M. Robertson,
J. Chem. Soc. (B), 19617, 1272.

Cu(?) T. Kishi, M. Muroi, T. Kusaka, M. Nishikawa,
K. Kamiya, and K. Mizuno, Chem. Comm.,

1967, 852.

Mo(?) Y. Tsukuda, Y. Nakagawa, H. Kano, T. Sato,
M. Shiro, and H. Koyama, Chem. Comm.,
1967, 975.

Cu G. Koyama, K. Maeda, H. Umezawa, and
Y. Iitaka, Tetrahedron Letters, 1966, 597.

Cu G. N. Ramachandran, R. Chandrasekaran and
K. S. Chandrasekaran, Biochim. Biophys.
Acta., 1967, 148, 317,

Cu R. Parthasarathy and R. E. Davis, Acta.
Cryst., 1967, 23, 1049,

Cu H. Harada, H. Irie, N. Masaki, K. Osaki, and
S. Uyeo, Chem. Comm., 1967, 460.

Cu O. L. Carter, A. T. McPhail, and G. A. Sim,
J. Chem. Soc. (4), 1967, 365.

Cu(?) R. T. Puckett, G. A. Sim, E. Abushanab, and
S. M. Kupchan, Telrahedron Letters, 1968,
3815.

Cu C. W. L. Bevan, M. B. Patel, A. H. Reses,
D. R. Harris, M. L. Marshak, and H. H.
Mills, Chem. and Ind., 1965, 603,

Cu J. Fridrichsons and A. McL. Mathieson, Acta
Cryst., 1967, 23, 439.

Cu J. H. Van den Hende and N. R. Nelson,
J. Amer. Chem. Soc., 1967, 89, 2901.

Cu A, Tulinsky and J. H. Van den Hende,
J. Amer. Chem. Soc., 1967, 89, 2905.

Cu 1. D. Rae, M. Rosenberger, A. G. Szabo,
C. R. Willis, P. Yates, D. E. Zacharias,
G. A. Jeffrey, B. Douglas, J. L. Kirkpatrick,
and J. A. Weisbach, J. Amer. Chem. Soc.,
1967, 89, 3061.

Cu J. A. Wunderlich, Acta Cryst., 1967, 23, 846.

Cu E. Van Heijkoop, H. J. Geise, and C. Romers,
Rec. Trav. chim., 1965, 83, 1626,

Cu R. T. Puckett, G. A, Sim, A. D. Cross, and
J. B. Siddall, J. Chem. Soc. (B), 1967, 783.

Cu W. E. Oberhinsli and J. M. Robertson, Helv.
Chim. Acta, 1967, 50, 53.

(6) Miscellaneous large molecules and mould metabolites (antibiotics)

Erythromycin A as hydriodide dihydrate

Siccanin as p-bromobenzene sulphonate

Ryridomycin as dihydrobromide

I
Br

Br

Cu D. R. Harris, S. G. McGeachin, and H. H.
Mills, Tetrahedron Letiers, 1965, 679.

Cu K. Hirai, S. Nozoe, K. Tsuda, Y. litaka,
K. Ishibashi, and M. Shirasaka, Tetrahedron
Letters, 1967, 2177.

Cu G. Koyama, Y. litaka, K. Maeda, and
H. Umezawa, Tefyahedron Lelters, 1967,
3587.



2. By Internal Comparison with a Reference Centre

Internal comparison
Compound centre

(+)-S-Methyl-L-cysteine S-oxide Lg-Amino-acid
{—)-Menthyl (—)-p-iodobenzenesulph- {—)-Menthyl group
inate

{—)-Iberin as a thiourea (also establishes (+)-R-Phenylethyl-
all naturally derived sulphoxide amine
mustard oils)
Cycloalliin hydrochloride monohydrate  1-Amino acid (from a
natural source)
Monotropein as Rb salt p-Glucose unit

3. By External Correlation with a Related Compound

1,2-0-Aminoisopropylidene-g-p-gluco- Derived from p-glucose
pyranose hydriodide
Triol Q as p-iodobenzoate Correlation with rose-
nonolactone
Bromoambrosin Correlation with analo-
gous compound,
parthenin

Reference

R. Hine and D. Rogers, Chem. and Ind., 1956,
1428; R. Hine, Acta Cryst., 1962, 15, 635.
E. B. Fleischer, M. Axelrod, M. Green, and
K. Mislow, J. Amer. Chem. Soc., 1964, 86,
3395.

K. K. Cheung, A. Kjaer, and G. A. Sim,
Chem. Comm., 1965, 100.

K. J. Palmer and K. S. Leed, Acta Crysi.,
1966, 20, 790.

N, Masaki, M. Hirabayashi, K. Fuji, K. Osaki,
and H. Inouye, Tefrahedron Letiers, 1967,
2367. :

J. Trotter and J. K. Fawcett, Acta Cryst.,
1966, 21, 366.

G. Ferguson, J. W. B, Fulke, and R. McCrindle,
Chem. Comm., 1966, 691.

M. T. Emerson, W. Herz, C. N. Caughlan, and
R. W. Witters, Tetrahedron Letters, 1966,
6151.

(Received, January 17ih, 1968; Com. 064.)
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