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Summary. 

The crystal structures of derivatives of four biologi-

cally significant molecules have been determined using three-

dimensional X-ray diffraction techniques, and the phase-

determining heavy-atom method. 

The structure of (+)-3-bromocamphor has been re-

determined in order to establish unambiguously the absolute 

configuration of this key terperie. 	The assignment was made 

using the: X-ray fluorescence technique, and its importance 

in the stereochemical correlation of the monoterpenes is 

discussed. The molecular geometry of the molecule is 

compared with data from other X-ray studies. 	In connection 

with this work a list has been prepared of organic molecules 

whose absolute configurations have been determined by X-ray 

methods and the techniques involved have been reviewed. 

The monocyclic sesquiterpene humulene gives a tricyclic 

bromohydrin, Cl5H250Br, which is monoclinic, space-group P21/n. 

The structure was elucidated using 1922 visually-estimated 

intensities, and refined to give a final R of 0.100. Tha 

proposed stereochemistry has been corrected to  



HO. 

'Br 

The geometry and conformation of the fused-ring system is 

discussed in some detail. 

The biosynthetically important cyclodecatriene sesqui-

terpene germacratriene has recently been synthesized. The 

structure of the 1:1 adduct with silver nitrate, Ci5H24:AgNO3, 

has been determined from visually-estimated intensity data, 

and refined to R = 0.097. 	The all-trans stereochemistry 

has been confirmed. 	The structure consists of chains of 

Ag+  ions and germacratriene units parallel to a, cross-linked 

by chains of Ag+  and NO3-  ions parallel to b. The differences 

in reactivity between the double bonds is explained in terms 

of their torsional strain energies. 

The synthetic pharmaceutical 213,414a,9,9a-hexahydro-

2-methyl-9-pheny1-1H-indenor2„1-dpyridine, a possible anti-

depressant, has been studied as the hydrobromide C19H22nr. 

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-cis stereochemistry 



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'i 

for the calculation of the geometrical characteristics of a 

molecule, is described. 
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It 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 always new worlds to 

conquer/: 

Sir Humphrey Davy 1825. 
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CHAPTER 1.  

Crystal Structure Analysis :—An Historical Introduction 

Robert Bunsen is reported to have said : "Ein Chemiker, 

der kein Physiker 1st, 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 this chapter to amplify this plagiarism by 

indicating briefly, and chronologically, the theories and 

observations from various disciplines which have become 

coalesced into the theoretical background of the science 

of crystal structure analysis. 

1.1. 	Early Studies of the Crystalline State. 

Crystalline compounds have attracted man's attention 

since very early times, due to the beautiful facets and 

light effects exhibited by certain naturally occurring 

minerals, prized today as gemstones. 	The treatises of 

12 
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the Alexandrian Greeks of ca. 250 A.D. contain the first 

references to practidal topics, among them crystalliz- 

ation. 	The alchemists also knew thesetechniques, but 

it was not until the RenaisSance brought the learning of 

.the'OldWorld' to the 'New' that further progress was 

made. 

Speculation concerning the internal structure of 

crystals arose from the introduction of the microscope 

to scientific research by Malpighi (1628-94) and 

Leuwenhoek (1632-1723). In his ,Micrographial (1667) 

Hooke explained their outward regularity as a consequence 

of the regular stacking of spheres (1 .) . During his work 

on calcite and its effect on light, Huygens (1629-95) 

concluded that these spheres could be distorted into 

'spheroids', and could be packed in a variety of ways (  2)  

This was, no doubt,an analogy drawn from his explanation 

of the polarization of light. 

Towards the end of the 18th century the Abbe Rene' 

Haily proposed (3)  that crystals were composed of small 

cubic blocks, different stacking patterns accounting for 

observed morphological differences. 	Studies using the 

goniometer developed by Wollaston in 1809, put the 'Law 

of Constancy of Interfacial Angles', first proposed in 

1669 by Steno (4; on a firm foundation. Hay deduced 

that, if a compound crystallized with constant interfacial 



angles, then the structure must consist of stacks of equi-

distant parallel planes, set at differing angles to each 

other. Further, each cube centre on his initial hypothesis 

may be regarded as a point on a lattice, which we may define 

as an abstraction of points, each having an exactly ident-

ical environment in parallel orientation in three dimen-

sions. 

W. H. Miller popularized these ideas in his book of 

1839 (5)  in which he also introduced the term lunitcell,  

to define the smallest indivisible unit of structure. His 

index notation for sets of lattice planes is based on 

three cell axes, a, b, c, not necessarily orthogonal, but 

forming a right handed set, with interaxial anglesc(2 /31  

If the zeroth plane of any stack passeS through the 

origin, then the first plane makes intercepts a/h, 1/k, q/21  

on the axes. 	The reciprocals of these intercepts, taken 

as multiples of 1/a, 1/b, 1/c, are h, k, 	the crystal 

plane indices. Intercepts on the negative directions of 

the axes are denoted h, 

The study of external morphology indicated that most 

crystals exhibited symmetry due to one or more of the 

following basic operations : 

i) centre of symmetry (inversion centre, 5.) 

ii) axes of rotation (1-72-73-74- or 6-fold) 

iii) mirror planes (m). 

Two important propositions arise from this : 
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1) all crystals belong to'one of seven systems, 

each displaying certain basic symmetry (see Table 1.1). 

ii) there are 32 mathematically possible ways of 

combining symmetry operations acting through a point, these 

point groups or classes are distributed through the seven 

systems, each having the basic symmetry of that system, 

but some having higher symmetry. The class of highest 

symmetry in any system is designated holosymmetric. The 

classes are listed in Table 1.1. 

In 1848 Bravais (6)  deduced the 14 possible lattice 

types distributed among the seven systems. 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-centred 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 according to symmetry operations 

acting throughout three dimensional space. In this case 

operations involving translation components must be 

considered : 

i) screw axes, nx  : a rotation of 271/n, followed 

by a translationl parallel to the axisof x/n. 

ii) glide planes, reflection through a plane, 

followed by a translation parallel to it. 

The complete mathematical analysis of the possible combin- ...:, 

ations of symmetry elements acting in'three dimensions was 



r 
i 

System. 	I 	Unitcell. 
Bravais 

Lattices. Crystal Classes. 
Laue 
Symmetry. 

(I) TRICLTNIC. 	a A b A cl P. 
I 

1, 	I. T. 

t-  
a / b / c, 

(2) MONOCLINIC. 
c< = 'y = 90°  A fl 

P, 	C. 2, 	m, 

• 
. 
2/m 

a / b / c, 
(3) ORTHORHOMBIC.  P, C, I, F. 2227.mm27 	mmn! mmm 

/m 

, 	4/mmm . 
. 

6/m 

6/mmm 

3 
3m 

m3 

m3m 

a = b / c, 
j(4) TETRAGONAL. 

o(= /2  = 1( = 90°  
----- 	-- ------ 

a = b A c, 
(5) HEXAGONAL. 

r`(= i8 = 94:, 	y= 1200  

P, 	I. 

Po  
• 

As 	(5) 

- . 

a) 4, 	4/m.4  
1 b) 4mm7  4'2m, 422, 4/mmm 

a) 6, 	T2 	6/m.-  

b) 6mm, rm27  622, 6/mmri 

a) 3, 	3.4 

-- 	It 
b) 3m, 	32, 	3m 

a) 23, 	m3. * 

b) 4327 '3ral  m3m. 

(6) TRIGONA4 	As (5) 

(RHOMBOHEDRAL) ,(a = b = c = /6  = y il  96) 	R , 

a = b = c, 
(7) CUBIC. 

00.‹ 	fi= Y = 90°. 
P2  I; F. 

TABLE 1.10 Subdivisions of the Seven Crystal Systems. (Holosymmetric Classes are. 
marked 	). 
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completed, and simultaneously publishe4by three workers, 

FedorOv (7? Barlow (8), and Schoenflies (9). They all 

deduced the number of possible unique space-groups to 

be 230. 

1.2. 	Developments in Physics.  

The experimental method that was to prove and utilize 

the foregoing theories was introduced in Munich in 1912. This 

development::.  was facilitated by the discovery of X-rays 

by Roentgen,at Wurtzburg, in 1895, and by considerable 

progress in the theory of wave motion, including diffraction. 

The latter phenomenon was first noted by Grimaldi (1613-'63), 

and can be expressed in simple mathematical terms for 

monochromatic light of wavelength (.).incident upon a 

grating, with rulings of width (a) separated by a distance 

(b), as shown in Figure 1.1. Constructive interference of:, 

the diffracted wavelets can only occur when the path diff-

erence is a whole number (n) of wavelengths : 

= ( a + b ) sinG 	 1.1 

where ( 8 ) is the n'th order diffraction angle. 

In 1912 Ewald presented his Thesis at Munich on : 'The 

Optical Properties of an Anisotropic Arrangement of Isotropic 

Resonators'. Von Laue seized upon an equation developed 

there, which showed the result of the superposition of all 

wavelets issuing from the resonators. He speculated on the 



Figure 1.1 : Simple Diffraction Theory.  

interaction of a very short wavelength radiation with a 

crystal lattice, which was thought to be such an arrange- 
(10) ment. Sommerfeld 	had estimated X-ray wavelengths to 

be of the order of . 10-8 cm. ( 	), and this radiation was 

chosen. 

Working with Friedrich and Knipping, von Laue produced 

the first stationary-crystal X-ray diffraction photographs 

of C004, &IS, PbS, and NaCl. The results were published 

together with an analysts:Of the diffraction theory .  

pertinent to a three-dimensionally repeating unit.(11'12) 

Von Laub 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 

p 



monochromaticity of the diffracted beam was due to a sele-

ctive action by the crystal. 

Late in 1912, lq.L.Bragg deduced the first atomic 

Crystal structure from Laue photographs of zinc blende. The 

3) paper (1 also contained three important conclusions : 

i) the 'Laue spots' could be explained by a reflect-

ion of the incident ray by the stacks of crystal planes; 

ii) if the incident beam was polychromatic, there 

was a selective action by the planes, reinforcing only 

those wavelengths which fitted their repeat distance; 

iii) the formulation of his Law concerning reflection 

from a stack of planes of spacing (d) 

nA = 2d sin® 	 1.2 

similar to Eq. 1.1, where here : 

E) 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 other 

determinations followed in the next decade.. 

It is interesting to note that the early structure 

determinations made minimal use of the elegant space-group 

theory mentioned above. Terada, working in Tokyo in 1913, 

was one of the first to realize its importance; but it was 
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not until Niggli (lit)  showed that the space-group could be 

determined from the systematic extinction of certain classes 

of diffracted spectra, that their determination became part 

of the routine preliminary study of crystals. 

1.1. The Diffraction of X-Rays by a Crystal.  

With reference to Fig. 1.1, we may note that if the 

phase of the wave scattered by point ( 0 ) is ( 	and that 

of the wave scattered by point ( P ) is ( 	-1-"! ), then 

the phase of the wave scattered by the ntth grating point 

from ( 0 ) is ( + nV,). 	Thus we may write the equation 

for the resultant wave from a one-dimensional grating of 

( N ) similar scattering points as : 

1/6 	N-1 
e in 10 	 = fe 

	

	 1.3 

n=0 

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

Let us now consider a more general one-dimensional 

grating ( Figure 1.2 overleaf ). Each translation period 

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

( f ) at distances ( X ) from the origin ( 0 ). Further, 

if we consider ( N ) such repeats, each of the ( J ) 

points is related to a similar point at distances : 

X + a, X. + 2a, 	 X
1 
 + ha, ... 

from the origin. We may represent the resultant wave 
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lure 1.2  : A General One-Dimensional Grating. 

from ( N ) repeats, by an equation analogous to 1.3 above : 
N-1 

	

R = ( f1e1931 + f2e102 + 	f eiSj ) 
n=0 	•• • • • l 1.d 

The expression in parentheses represents the resultant for 

	

one translation period ( a ). 	If we represent the h'th 

order maximum by ( F(h) ), and since it can be shown that 

the phase angle can be expressed : 

	

.=h X. 2)^T 	 1.5, 
a. 

we may write : 

F(h) = 

    

f 2xihx.  

J=1 

 

1.6 

 



where : x. 	= X ./a 

 

1.7. 

 

the fractional co-ordinate of the j'th scattering point. 

This equation may be extended to treat a general 

three-dimensional lattice of points, referred to an axial 

set as previously defined, when the wave of order (hk1) 

may be represented 

F(hk1) 	f°  e2ni  ( 111i 	ICYJ .. 1.8 

    

j=1 

This equation represents ex.xtly the conditions for 

the diffraction of X-radiation by a crystal lattice, due to 

the interference of waves scattered by the electrons of 

the 4 J ) atoms in the structure. F(hk) is defined as the 

'structure factor' for the plane with Miller indices h, k, 

2. The facto.r°) is the 'atomic scattering factor', and (kj  

represents the scattering power of the j'th atom; due to 

the finite size of the atomic electron cloud it is depen-

dent on ( 0 ) the scattering angle, for any particular 

wavelength; it is equal to ( Z ), the atomic number, at 

sin0/)., = 0 but falls off rapidly at higher values. 

The terms xj, yi, zi, are the co-ordinates of the j'th 

atom as fractions of the unit-cell edges a, 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 minimum 

temperature; at all other temperatures a correction term 

must be applied to the theoretical scattering factors (f3) 

= 	fo-( Bsin2g ) /A? e 

The factor ( B ), due to Waller 5),is known as the 

isotropic temperature factorlwith units of 22. However 

it is often more realistic to treat the atomic motion as 

ellipsoidal, rather than spherical, and the enisotropic 

correction is of the form 

1-,2 + 11 k2 	0 	a. A 1,-0 I . 	f°  e-(  /111" 	-22 	r33'
t 2  t=121,.- -b- 

+ A23k2. ) 	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 
J. 

scattering factor. 

1. 	The Reciprocal Lattice and The Sphere of Reflection.  

It is pertinent to introduce at this point the concept 

of the ( Gibbs-Ewald;) reciprocal lattice (16) which has 

simplified the interpretation of all types of diffraction 

techniques based on moving crystals in monochromatic X-ray 

beams. If we imagine normals to the lattice plane stacks;  

on which are marked lengths proportional to the inverse of 

the repeat distance of the stack, then a second lattice is 

1.9 
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produced in which a point represents a plane.in the real-

space lattice. This imaginary lattice is termed the 

reciprocal of the direct-space lattice, and the constant 

of proportionality is normally taken as (A) , the wave-

length of the incident radiation. The analogy between 

the reciprocal lattice and the diffraction pattern is 

simple, any spot on the pattern represents a reflection 

from a particular family of planes, which is associated 

with a specific reciprocal lattice point. 

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 (hid) 

occurs when the reciprocal point (hk/) passes through the 

'sphere of reflection',( Ewald sphere ). 

The Bragg equation ( 1.2 ) sets the limiting value 

on the interplanar spacing ( d ) that can be compassed 

by a wavelength (k): this is a consequence of the limit 

on sine of unity : 

n ?‘• 
= 2 .sing 

whence, for a first order reflection : 

d
;flax' 
min/ 
	  1.12 

2 



exp ( 27ti r4.1) 
j=1 

1.13 

21:1. 

Thus, no information is obtained about the region of recip- 

rocal space outside a sphere of radius 2 r.l.u.,and this 

is called the limiting sphere. 

We may rewrite Eq. 1.8 in vector notation : 
J 

where the vector ( r ) defines the position of the j'th 

atom, and ( H ) defines a point in reciprocal space. ( G ) 

is thus the Fourier transform of one unitcell. Thus the 

structure factOrs (F) are the values of (.'.G ) 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(hk2).). This 

lattice has the symmetry ( Laue symmetry ) of the 

diffraction pattern; this is the point group symmetry 

of the crystal plus a centre of symmetry, giving rise 

to 11 Laue groups listed in Table 1.1. 

• 
' This is a consequence of Friedel's Law, which only holis - 

under. normal scattering conditions. For further discussion_ 
see Chapter 3. 



CHAPTER 2.  

The Phase Problem and some Methods of Solution. 

2.1. 	Intensity Data and Their Correction.  

The only data available to the crystallographer are 

the relative positions and intensities of the diffracted 

spectra from the crystal lattice. 	The latter may be 

recorded photographically (chapter +), or measured 

electronically (chapter 9 ). Photographic methods must 
necessarily be used for the former, from which the Laue 

symmetry, crystal system, and unit cell dirpensions 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 the crystals or their solutions 

can further restrict the choice (chapter 3). 

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

and approximate molecular weight (M), enables the. number 
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of molecules per cell ( Z ) to be calculated; ,since this 

must be an integer, back-calculation reveals the accurate 

value of-( M ). 	Large discrepancies between thecalcul-

ated and expected values can reveal an inaccurate analysis 

or the presence of molecules of crystallization. Where 

( Z ) is lower than expected from a consideration of 

space-group symmetry, the molecules themselves must posess 

symmetry, these results are often of chemical signifi-

cance in themselves.(17) 

Once the intensity record has been collected, the data 

must be corrected for certain geometrical and physical 

factors, before further progress can be made : 

i) The Polarization Factor. The incident X-ray 

beam ( received direct from the X-ray tube ) is non-

polarized, the electric vector ( E )-assuming all dir-

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-

cular to this plane is not; so the resultant is partially 

polarized. 	If we designate the measured intensity by 

( IP(hk1) ), mad the true value by ( I°(hkl) ), then : 

I°(hkl) = IP(hk1) . (i- *cos2g)-1  = IP(hk1).p-1  
	 2.1 

where ( 9 ) is the Bragg angle and ( p ) is the polariz-

ation factor. 
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ii) The Lorentz Factor ( L ) is a measure of the 

rate at which the reciprocal lattice point ( 	) cuts 

the surface of the sphere of reflection. 	It is dependent 

on both ( G ) and the radial cylindrical co-ordinate (1 ),  
and takes the form : 

L = 1 /gf /2 4 cos2/4, - ,r 2 ,c 	  2.2 

for a Weissenberg photograph recorded at equi-inclination 

angle (/.00 The above expression is usually combined with 

Eq. 2.1 for computational convenience, the observed inten.. 

sity being multiplied by ( Lp )-1  to obtain ( I°(hkf) ). 

iii) The Multiplicity Factor. 	In some methods of 

obtaining the intensity record it is impossible to separate 

certain reflections, hik1S1, h2k212, 	hikjS, and the 

value observed is the summation of the individual values. 

If the reflections are symmetry equivalent then : 

Itotal 	 2.3 = m.I(hk1) 	 

however, for the recording methods used in tho. work to be 

described9  the factor ( M ) is unity. 

iv) The Henninger Effect.(18)  It is possible for 

X-rays, reflected from a set of planes bly, to be refle-

cted from a second sot h2k212, which are, by chance, in 

the correct orientation. It can be shown that the doubly 

reflected ray adds to the intensity of the reflection 

h1 4-h271  k 	k2, f1 	7 1, but obviously no correction 
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can be applied. 	The Benninger conditions can, however, 

be calculated, and the affect avoided by a very slight 

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 proved necessary in the present work. 

v) 	Absorption. All crystals absorb X-rays to 

some extent, depending on their size, shape, and the 

scattering matter present. 	The equation linking the 

incident and transmitted intensities ( I0  & IT  ), is  

analogous to the Beer-Lambert law, viz : 

1 -1-  = I .ell`' 	  2.4 

where ( t ) is the thickness of the specimen in cm., and 

( )1 ) is the linear absorption coefficient in cm-1. This 

is given by : 

/- j 

for monochromatic radiation. ()P ) is the density in 

g. cm.-3  ( Dx  ; the experimentally determined density 

is tsually used ), and (P/i  )j  is the tabulated
(19) 

mass absorption coefficient for the j'th atom, which 

comprises mass fraction Gj  ) of the total molecular 

weight. 
(20) Correction is only simple for spherical 	and 

2.5 



cylindrical(21)  specimens. - The situation is more complex 

for irregular shapes, but solutions using a three-

dimensional grid of sampling points,to obtain the path-

length of the ray inside the crystal, giVe good results. 

A graphical method(22) based on the wprk of. Albrecht(23) 

is one of the quickest for hand computation. A computer 

procedure is mentioned in chapter 9 . If the value of (de) 

is low, and the crystal dimensions are small, the 

correction can be ignored in all but the most precise work. 

vi) 	Extinction. Most crystals behave as if they 

consisted of a number of tiny blocks, whose orientation 

varies over several minutes of arc, i.e. they are ideally 

imperfect. 	Primary extinction results from multiple 

reflection of rays from a given set of planes within one 

'mosaic' block. 	The incident beam undergoes a phase 

change of A72 on reflection, so a doubly-reflected beam 

will be 76 out of phase with the main beam, and so reduces 

its intensity. 	The overall effect is that the intensity 

is now proportional to a power of ( F(hk1),) between 

1 and 2. Secondary extinction des caused by the upper 

layers of the crystal reflecting an appreciable portion 

of the primary beam, this reduces the intensity incident 

on the lower layers ( mosaic blocks ) of the crystal, 

which are simultaneously oriented for reflection. Both 

effects reduce the the observed intensities, and this is 
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most acute for strong, low-order reflections . 

Secondary extinction can be allowed for by defining 

a new linear absOrption coefficient.(2)  as : 

)111 	+ gQ   2.6 

where ( Q ) is the energy diverted into the reflected beam, 

and ( g) is a constant for a particular specimen. In 

this work corrections have not been applied, data so 

affected have simply been omitted from the final stages of 

refinement. 

2.2. 	The Phase Problem.  

- The electron density (ia ) at a point with fractional 

co-ordinates ( x, y, z ) can be represented by a Fourier 

seriea in which the complex coefficients 	are the 

structure factors (25) ( F(hkf) ) given by Eq. 1.8; thus - : 

J (xyz) = V E F(hki) exP{-241( hx + k/ + iz 4 h k 1 	 2  7 

This formula can be considerably simplified for machine 

computation 	by expressing the structure factor in the 

complex form • 

F(hk1) = A + iB   2.8 

where : 	A(hki) = e-j-J fj  cos 0i  =IF(401cos 0(hk1) .2.9 

and : 	B(hkl) = 	f. sin 0,=IFZ,L;Olsin 0(hki) .2.10 

	

4-rj 	1 	 - 
• 

and by utilizing the space-group symmetry. 
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TIWs, if the amplitudes arid phases of the structure 

factors are known, a representation of the electron. dist-

ribution within the crystal can_ be obtained with •spheri- 

cally symmetrical. peaks occurring at atomic centres. 	In 

practice the values of h, k,,/, are limited by Eq. 1.12, 

and the maps suffer from series-termination errors. 

However the obserVed intensities are proportional to the 

square of the structure amplitude ( F(hid) ) ( for. 

ideally imperfect mosaic crystals ) i.e. : 

I (hki) = k. F(hkf) 2  = k [A(hk1)2 	B(hki)2.  ...2.11 

since ( F(hki) ) is normally complex. 	Thus the exper-

imental data give" no direct information concerning the 

phases ( 0(hk/) ); this bare statement constitutes the 

phase problem of crystal structure analysis. 

2. 	Patterson's Function and the Heavy Atom Method. 

Patterson's function (26) represents a convolution 

of the electron density with itself, inverted at the 

origin. 	The function ( P ) at a point ( uy  v, w ) in 

Patterson or vector space, referred to three axes ( 

'parallel to the crystallographic axes, is 

• P(uvw) = Blpxyz) 	(;Iv) (z+q).  Vdxdydz 

.......2.12 

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

0 0 



P (UVW) = 	 _ IF (111d) 1 2  eXpf-2Xi(pU kv + 	2.13 

----Wpmay rewrite this equation : 

P(uvw) = 	EE[IF(hici1_2. 2V 	 exp (hu kv 
-k L. 

4-1F(hk1)1 2  expf+2Xi(hu + kv + 
- 

and, assuming that Friedel's Law holds ( see chapter 3 ), 
we may .now write : 

a Fourier series with IF(hki)12-  as coefficient 

33 

1) 	 YTIF(hki)I 2  V 

This equation yields a function which is everywhere real, 

and exhibits a centre of symmetry. 
Eq. 2.12 indicates that the Patterson will exhibit 

peaks when botht()(xy4 and fr(x+u),(y+v)„(z+4 are 

large, i.e. they represent atomic centres in an elect/tn.-

density map. Thus a peak will occur for each interatomic 

vector; if there are ( J ) atoms in the unit cell there 

will be ( J2  ) peaks in the Patterson; of these ( J ) 

will coincide at the origin, the remaining ( T(J-1) ) 
occurring in two centrosymmetrically related sets of 

( 	), 	Theoretically the origin peak should 
J  

represent z ' Z. electrons, while a peak representing 
j=1 

a vector between the j'th and k'th atoms should contain 

Z j .Zk  electrons. In practice frequent overlap of peaks 

occurs, and the origin peak often obscures those of the 

second type. 

P(uvw) = cost;,( hu + kv + 1w) 	2.15 
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The application of space-group symmetry to the 

Patterson by,Harker (27) led to the first partial decon- 

vOlution' method. 	Let us take, for example , .a - monoclinic 

crystal, space group P2; the general equivalent positions 

for the j'th atom are, 

Lj; 	;. 	; 
2) 	-z • 11 

and as peak of weight 	)1 representing the inter- 

atomic  vector between two atoms related by the diad, will 

occur at coordinates 

u = 2x.; 	v = 	; 	w = 2z • 

obtained by subtraction of (2) from (1). 	This (uvw). 

-section is referred to as the Harker section (x0z), since 

the co-ordinates x., z 2  are directly determined from 

the position of the peak maximum. 	Similar expressions 

can be worked out for other symmetry operations, and 

solution is sometimes simplified by the presence of 

atoms in special positions. 	Unfortunately, however, 

peaks 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 between symmetry related atoms will stand out 

against a low general background. 

The determination of 'heavy-atom' co-ordinates in 



this way has led to one of the most far-reaching methods 

of solving the phase problem; the development of the 

'heavy-atom' method is largely due to Robertson and his 

school(28). 	We can write the total 'structure factor 

( F(hk2) ) as ( FT  ), and thence as a sum of the heavy- 

and light-atom contributions ( FH  FL  ) : 

FT = - FH  + FL 

 

	 2.16. 

 

In general the contribution ( FH  ) will be large, usually 

sufficient to define the phase angles ( 0 or;() in the 

centrosymmetric case, for a large number of reflections. 

In the non-centrosymmetric case there is a similar prob-

ability that ( OH  ) will approximate ( OT  ) for a great 

proportion of the data. Thus a Fourier summation based 

only on the heavy-atom co-ordinates frequently gives a 

close approximation to the true electron-density dist-
.. 
ribution; at worst some chemically recognizable features 

will be shown, which enables the positions of some of 

the light atoms to be obtained. The use of successive 

Fourier syntheses then reveals the complete atomic arran- 

gement. 	Lipson a 	(29) d Cochran 	have suggested that the 

method works best when : 

,H N2 	C71, "L N2 
k 	/ 	Lik 	) = 1 	 2.17 

butlwith- the advent of more accurate data collection 

equipment,structures with a ratio greater than unity 

should be sOluble. Cases where.the ratio is less than 



unity are often soluble by careful iterative Fourier 

techniques. 

In the work to be described the heavy atom method 

has proved successful. In the initial stages a rejection 

test has been applied whereby ( F(hki) ) has been 

excluded from the Fourier series if : 

IFTI 

 

2.18 

 

where ( x ) has been reduced from 0.33 in successive 

summations.: Thus reflections of uncertain phase are 

excluded. A better procedure involves the use of 

Fourier coefficients of the form ( w F(hkl) ), where 

( W:) is a weight ( from 0 to 1 ) based on the probability 

that the phase due tch the heavy-atom is correct. Such 

functions have been described by Woolf son (30)  for the 

centrosymrnetric case, and by Sim (31)  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 

'trial and error' methods, comparing the observed structure 

amplitudes with those calculated from a structure model. 

The advent of the methods discussed above was one of the 

turning points, giving semi-direct information regarding 

the phases. A contempory of the heavy-atom method was 

that of isomorphous replacement of one heavy-atom fOr 
(28) another as utilized by Robertson 	in the centrd- 
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symmetric phthalocyanine derivatives. A method using 

double replacement was proposed in the acentric case (32)  

The method has recently been resurrected in connection 

with structuraLwork-on proteins (33)  with remarkable 

results. 

We may conveniently divide other methods of solving 

the phase problem into two classes : 

i) Those which are directly related to the Patt-

erson function, and 

ii) Those which work, basically, with the weighted 

reciprocal lattice. 

Each class may be further subdivided into two groups as 

follows : 

( i (a) ) Methods which make chemical suppositions. 

In class ( i ) this involves the assumption that a fragment 

of known molecular geometry exists within the molecule. 

The best known of these are the Patterson searching 

techniques of Nordmann (34) and the ftltmolekul or 

convolution molecule method of Hoppe (35), which uses 

a fragment together with others related by symmetry. 

( iJ (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 phases of a large proportion of the 

data). Here we may list superposition methods and theik 

corollaries : minimum functions and implication diagrams, 



These methods may be classified as 'image seeking' and 

have been put on .a rigorous theCetical basis by Buerger( .36) 

A more recent extension of these Patterson deconvolution 

methods is vector verification (37). 

We may also treat class ( ii ) in the same manner : 

( ii (a) ) One of the best known methods in this 

category involves the calculation of the Fourier trans-

form ( G ) for one unit cell using Eq.“'1013. The 

transform is the reciprocal of this single unit, just 

as the reciprocal lattice is the reciprocal of a repeating 

pattern of many units. From the definition of ( F(hki) ) 

arising from Eq. 1.13, we can compare the calculated 

transform with the weighted reciprocal lattice. The 

calculation of ( G ) is laborious, but can be avoided 

by the use of optical methods. Both approaches owe much 

to the work of Lipson and Taylor (38'39)  

( ii (b) ) This group includes those methods *iich 

attempt to derive the phases directly from the observed 

structure amplitudes, and in Lich nochemical information 

is assumed in the derivation. 	The first major break-

through was due to Harker and Kasper(40)1  who applied the 

inequality relations of Schwartz and Cauchy to the unitary 

structure factors ( U(hkl)771.- U(h) )5:. The relationship : 

Aefrcr- 
F(.11)/ 	fj, i.e the structurqas a. fraction of 

the maximum possible value : obviously'U(h) 2(1. 



-+ 4U(2h) 	 2.19 • 

was derived for a structure containing a symmetry .centre, 

and can be extended to .cover other symmetry operations. 

Kane and Hauptmann (41) . showed that restrictions were 

placed on the structure factors when it was assumed (quite 

validly) that the electron-density (f) was non-negative. 

They derived some more general inequalities. 

The development of relationships between the signs (s) 

of the structure factors in a centrosymmetric case was 

initiated by Sayre(42). His work was extended by 

Cochran (43) who showed that the relationship : 

s(1) = s(10).s(h + h') 	2  20 

was probably true if the corresponding values of ( U ) 

were large. The same result was independently obtained 

by Zachariasen(44) using a different method. Systematic 

methods for applying this type of relationship were 

developed by Grant, Howells and Rogers(4 5)  , and by 

Woolfson (46) 	The development of these methods in 

the last decade is largely due to Hauptmann and Karle 

and their co-workers. In 1953(47) these authors derived 

a number of structure factor relationships which they 

designated (E1—>2.:44  ) and later obtained formulae 

assessing the probability that the sign of their sum 

was tic sign of ( U(h) ) . The use of symbols to represent 

unknown signs has led to the method being called 'sym- 
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bolic addition'. 	- This type of approach has been 

extended to cover the non-dentrosymmetric case(48), with 

no mean success. Here, however the number of ambiguous 

sets of phases produced tends to be large. 	The 

theoretical background and practical procedures available 

in both cases have been reviewed by Karle and Karle(9)  

2.4 	The Refinement of Atomic Parameters : The Least- 

Squares Method.  

If we have ( m. ) linear equations of condition, 

involving ( n ) variables; ( xl,x21 	 xn  ), of the 

form 

	

Ek  + qk  = akxl  + bkx2  + ckx3  + 	... 2.21 

where each term ( qk  ) can be determined experimentally 

with an error ( Ek  ), then if ( m ) exceeds ( n ) we may 

solve for the x's in p ( = mt/nt(m-n): ) ways. 	Since 

the error terms are all different, ( p ) different 

solutions will be obtained. 	The theorem of Legendre(5°)  

states that the best solution is obtained when 	E2  
k=1 

is a minimum. 

The crystallographic equation of condition is of the 

form 

qk = fk ( xl'x2'x3' 	 xn ) 	
2.22 

where the fk 
) terms are the structure factors, which 
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are functions of the positional and thermal parameters. 

As can be seen from Eqs. 1.8,9,10, these contain expon-

ential terms, and do not, supply the required linear 

conditions. However, if we assume that approximate 

solutions ( xi  ) are known, and that an error ( dxi  ) is 

associated with each variable ( xi  ), we may expand Eq. 

2.22 by Taylor's theorem • 

fk  

1=1 37  

n 2fk  
nc 3x dx. dx. 

1=1 j=1 	j 

	 2.23. 

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 : 

	

3fk 	 .3fk 

	

xi 	•f  ax2  -x2 	 xn 	 ...xn) 

	 2.2Lf. 

These may be expressed in matrix form : 

( A ) dx = ( b ) 	 2.25 

where any element of ( A ) may be written : 

wk  2  . 	k / x   2.26 

and of ( b ) : 

w{ • fqk fk( xl2x2) 	 xn). 	 2.27 

The toms ( wk) are weights, expressing the estimated 

relative accuracy of ( qk  ). 



In this case minimisation 'of the sum of the squares 

of the errors involves finding : 

minEk  = minwk k-fk(x1/ 	xn):).-7  

min 	wk (1Fd -1F4)2  .. 2.28. 
43/ 

The process is cyclic, involving successive solution,for 

the parameter shifts ( dx. )/ until, these are minimal. 

The value obtained is not a true minimum since higher 

terms in the expansion ( Eq. 2.23 ) have been ignored. 

In certain cases when high correlations, say between dxi, 

dxj, occur, the convergence 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 ( wk ) are unity, or one which makes 

the final summation of Eq. 2.28 approximately constant 

over ranges of1F01. 	In general the scheme described by 

Hughes(51)  ) in a paper which introduced the least-squares 

method to crystallography, has been found satisfactory : 

1 
w 2  k 
I 

and 142  

for F = 	1 	o <  

 

2.29. 
= el/F0 	for 7o 22> F51  

 

The constant ( f‘3  ) is chosen from an analysis of1Fol&IFJ. 

A measure of the accuracy of the structure, and also 

of the rate of convergence is given by : 

in 
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	 2.30. 

although changes in the expression minimised ( is e. in 

wk (1 1Fol IFc11)2 ) are often more significant. 	The 

weighted ( R )--factor ( Rw  ) will be defined in the 

next chapter, and its significance discussed in another 

context. 



CHAPTEILa 

Molecular Asymmetry : 

The Determination of Absolute Configurations by X-Rays. 

Tke study of molecular asymmetry has attracted the 

attention of chemists since the observations 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 exhibited in solution, showing 

that it was a molecular, rather than a macroscopic, 

property. 	In 1848 Pasteur separated the enantiomorphic 

forms of tartaric acid by hand; the crystals differed 

only in the placement of one morphological facet. He 

noted that solutions of the two )41.6 types of crystals 

rotated the plane of polarization in opposite senses. 

The explanation of the phenomenon arose from the 

proposition of the tetrahedral arrangement of the four 

bonds formed by carbon ( van't Hoff and Le Bel 1874). 

Previously the four, bonds had been assumed coplanar, and 

44 
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all compounds were their own mirror images. 	If, however, 

four different groups are bonded to a single carbon atom, 

only two tetrahedra are possible, one being the mirror 

image of the other. 	The conclusion was reached that all 

optically active compounds contained one or more of these 

asymmetric centres. 

Although the measurement of the optical rotatory 

power is simple it does not give unequivodal. information 

regarding the absolute configuration. 	Degradative 

chemical work can relate configurations to the arbitrary 

standards enunciated in the Fischer-Rosanoff convention; 

this, however, had an exactly evens chance of being correct. 

It has become increasingly important to know the exact 

spatial relationships of atoms. 	Enzymic reaction in vivo 

frequently produces all-dextro 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 

correct form, a knowledge of absolute configuration is 

of paramount importance. 	The X-ray methods to be des-

cribed in this chapter have provic7ted the key to the 

whole problem. 



3.l. , Normal Scattering : Friedel's Law.  

We must first note that optically active compounds can 

only crystallize in space-groups which da not involve 

rotation-inversion axes.( 	) or mirror planes ( m ), 

since these require the presence of the other enantiomorph. 

Thus all: centrosymmetric space-groups are excluded ( 1 ), 

together with non-centrosymmetric ones involving mirror 

or glide planes. 	The only allowed space-groups are those 

involving pure rotation or screw axes, and there are only 

65 possibilities; 
	these are the 'regular point systems' 

of Sohncke (52)  

The formulae derived in chapter I only apply under 

'normal' scattering conditions : when the incident wave-

length is very much less than any natural absorption 

wavelength of the atomic electrons in the 'structure. 

Under these conditions the wave scattered by any atom is 

)/ 2 out of phase with the incident wave. This is 

true for all dams, and the phase change can thus be 

ignored. We may now study the effect of this on the 

structure factors ( F(hk1) 	FN  ) and the inverse 

( F(hk/) 	Fly ). Expansion of Eq. l.5 to three dimensions 

0(hk1) = 	271"..( hx. + 	+ lz.) 	 
—0 	3  

therefore : 	0(hk1) = -0(Kkr) ( = -O ) . . 	 

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

gives : 3.1 

3.2 
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we may write. : 	F. 
IF  I 1°N 
	 3.3, 

and : YIN 	= I FN  10-10N 	 - 	 3.4 

since the Bragg angles ( 0 ) are- equal for both reflections. 

However, Eq. 3.3 is the complex conjugate of Eq. 3.41  and 

vice ver.sa, so that : 

I
FNI 2    • , 3.5 

and : 	IN ITv   3.6 

This is Friedel's Law (53)2  a statement of the centro-

symmetric 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 (hk1), .(hk17) 

is different. 

10. 	Anomalous Scattering : The Bijvoet Technique.  

Von Laue(54)  was the first to suggest that Friedel's 

Law should break down if the incident wavelength was 

slightly shorter than that of an atomic absorption edge 

( e'"-Kabs ) of one or more atoms in the structure. 

Theoretical calculations by Hon1(55)  showed him to be 

correct; in this case the energy of the incident quanta 

is sufficient to excite the K-electrOns, and the scattered 

wave from these atoms has a phase lead over those from 



the normal scatterers. 	The scattering factor for the 

'anomalous scatterers' is now a complex quantity : 

A 	oA 	A 	nA f. 	fi 	ft _ 	ii  
 3.7. i 

If we have a structure containing both normal and 

anomalous scatterers, we may write an expression analogous 

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

FT = FN 	FA 

We may now examine the effect of the presence of anopalous 

scatterers on the structure factors ( FT ) and t FT ) 
using the methods and nomenclature of Sect. 3.1, in which 

the real and imaginary parts of ( FA  ) will be designated 
t FA ) and ( FA ) respectively : 

FT 	
o10N  + IFIlei°A + ilFliei°A   3.9 

= IFNI(cosON  + isinON) + IFII(cos0A  + isin0A) 

A-IFX1(icos0A 	sin0A) 	 3.10 

(IFNI cosON  IFAlcos0A -IFX1sin°A) 
+ i(IFNIsinON  +IFAIsin0A  +1FXIcos0A) 	 3.11 

We may also derive ( FT  ) in a similar manner to be : 

FT  = ( 	IcosON  +IFIlcos0A  +1FXIsin0A) 

+ i(IFX1cos0A  -IFAIsin0A  IFjj J sin0N) 	3.12 

3.8 



We can now obtain (IFT1? ) and .(1-N2  )- by multiplying 

Eqs. 3.11, 12, by their complex conjugates. When this is 

done they are not found equal, the difference. being : 

La I [kw 	IFT1 2  = ifIFNI Fit sin( ON  - 0A  ) 	3.13. 

Thus Friedel's Law is seen not to hold. 	The structure 

factors are best represented on an Argand diagram, such 

as Figure 3.1, which shows a quite general case. The 

difference in intensities will be a maximum when : 

ON = OA ± X/2 	  3.14 

and a minimum when. : 

°N = °A or °A +)t    3.15 - 

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 1930(56)  

when Zinc sulphide, which has an asymmetric crystal struc- 

ture, was irradiated with Au(LO. The value of (A gabs) 

for Zn is 1.2805 HI  and the unequal intensities of the 

Auated (A= 1.2738 R ) component scattered from the planes 

( 111 ) and ( 111 ) was demonstrated. The intensities due 

to the Au(L*,) component (A= 1.2850 ) were equal. 

The further implications of this result were not 

fully realized until Bijvoet (57) proposed that the 

absolute configuration could be obtained by comparing the 
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Figure 3.1. • Argand Diagram showing the resultant 

amplitudes of the structure factors  PIT!, FT I, after 

correction for anomalous dispersion. 

perfectly general case  FT I > 1FT1 

n this 
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observed inequalities, with those calculated from the 

known crystal structure. The intensities compared must 

be ( hk/ ) (hkl) or their equivalents, and they have become 

knamn as 'Bijvoet pairs', 	If good ( usually>85%) 

agreement is obtained, the structure, as determined, must 

represent the true spatial arrangement; a similar level 

of disagreement indicates that the inverse structure is 

'absolutelyl correct. 	For cases there the ' confidence 

level ' lies between these approximate 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 diagrams similar to Fig. 3.1. ). 

We may now examine the requirements, both chemical 

and crystallographic, for a successful determination 

	

1) 	An anomalous scatterer, or scatterers, must be 

present in the structure, together with normal scatterers. 

Atoms of atomic number ( Z );› 16 are required, and the 

condition is similar to the requirements for the heavy-atom 

method, which usually facilitates structure solution prior 

to an absolute configuration determination. 

	

ii) 	The wavelength of the incident radiation must be 

sufficient to excite fluorescence, but the choice is not 

so restrictive as was initially thought. H8n1(55)  had 
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predicted that where (Ainc ) > ( A Kabs)  the energy was 
sufficient to excite L- or even M..electrons. This was 

shown experimentally by Feterson(58), who excited.the 

L-electrons of bromine (tLabs = 7.989 2  )' 
with Cu (KO rad-

iation (A= 1.54178 R ), and detected an average intensity 

difference of 8%. Dauben and Templeton(59)  have calculated 

the correction terms ( f' ) and ( f" ) for atoms with 

Z>20 for the common wavelengths ( Ko<lines of Mo, Cu, & 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 must be correlated 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 analysed. This point 

has been dealt with by Feerdemann and Bijvoet
(60). 

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 symmetry 

allows pairs other than ( hk1 ), ( hkl ) to be compared; 

This is further discussed in chapter 6. 	Obviously 

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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small, they will be most apparent among reflections with 

high ( Q ); 	this is because the normal scattering factor 

( f°  ) falls off rapidly-with increasing ( 0 ), while ( f' ) 

and ( f" ) are almost independent of ( e )) since the 

electrons involved are confined to a small area close to 

the nucleus. 

v) Care must be taken to avoid absorption errors 

which could reverse the assignment of absolute configuration 

in particularly adverse circumstances. For (412. ))>100cm-1 

it is wise to apply a systematic correction. 

vi) The initial structure determination must be 

carried out to a good accuracy; the pitfalls in using 

inaccurate data will be mentioned in chapter 6. 

The:first assignment of absolute configuration was 

that of sodium rubidium-D-(+)-tattrate(61); the rubidium 

atom (A Kabs = 0.81549 R ) was excited by Zr(K:4) radiation 

(Av - = 0.790101 .X 	0.78588 	). 	The choice was histor- - 	Kt‹, 
ically apt : the results showed that 	.... Fischer's 

(62) 

1.3. Some Extensions : Anomalous Dispersion Phasing and 

Hamilton's Method.  

Reference to Eq. 3.13 shows that,if the positjons of 

the anomalous scatterers can be found, the value of ( OF  ) 

may be obtained, since all other terms in the equation may 

arbitrary convention corresponds to reality " 
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be obtained experimentally. This method of solving the 

phase problem has been developed largely by Pepinsky 

et. al.(63) and by Ramachandran et. al(6)  . 	If the total 

structure is solved by this method)  the solution autom-

atically shows the absolute stereochemistry. 

The use of linear hypothesis tests on the weighted 

crystallographic -R- factor : 

I'd 0 - iFii  

2  w11 F  o  

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

was first suggested as a method for the determination of 

absolute configuration by Hamilton end Ibers(65). The 

theory has been extended by Hamilton(66) and he has 

published tables of the function : 

 

m-nlc< 

 

3.17 

  

E2 

  

where 	b ) is the dimension of the hypothesis, and (oe ) 

is the significance level. 	The terms ( R1 ) and ( 22 ) 

are the weighted R- factors for the structure and its 

enantiomorph, obtained from parallel refinements using 

data corrected for dispersion effects. 	The tables are 

computed at differing values of (0‹.), and interpolation 

formulae are derived. 

R w 
	i=i wi ( 

1=1 

_ 
2 

	 3.16 
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The statement : "the second configuration represents 

the true absolute stereochemistry", is a one-dimensional 

hypothesis. It is claimed that its validity may be 

accepted or rejected on a very small deviatiOn of (22  ) 

from unity. However, Hamilton and Ibers have pointed out 

that the presence of systematic errors will invalidate 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 is dubious to 

obtain results in this manner from Rw- values higher than 

about 15%; it would be better to express the ratio ($ ) 

as a percentage of the mean value of El  and R2  , this 

would obviously depend on the value of ( f" ) and this 

should be quoted. 	The method has had only 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. 

1.4. 	The Method 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 asymmetric centre, 

either within the molecule itself or : 
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i) introduced in the formation of a simple derivative, 

or ii) present in the solvent of crystallization. 

In these cases the determination of the relative stereo- 

chemistry automatically leads to the absolute configuration . 

at all other centres. 

The method was suggested almost simultaneously by 

Pepinsky(69) 	Mathieson(70) 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 to the ( proven ) 

Fischer convention, and the structure determination 

established the configuration about optically-active 

sulphur for the first time. 

Mathieson(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 Patterson deconvolution or direct phasing 

techniques have been used; 
Ce.31.11-e. 

iii) the addition of the reference/ does not involve extra 

photography, but requires the positioning and refinement of 

a few extra atoms. 

Additionally we may note that results can be obtained from 

two-dimensional studies, and,in any case, without recourse 

to very detailed refinement. 



3.5. 	Conclusion.  

The methods outlined above represent the only physical 

technique by which absolute configurations may be assigned 

in a completely unambiguous manner. In more complex 

molecules the detailed degradative chemical work can take 

much longer than an X-ray arbitration, although these have 

their limitations. 	It is pleasing to note that these 

assignments are being made as a standard part of the 

sequence of crystal structure analysis, 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-

ations by other, methods, and completed up to the end of 

1967; 40 new entries were obtained(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 anomalous dispersion 

technique is capable of indicating the true absolute 

spatial atomic arrangement in an asymmetric struLre, 

e.g. zinc sulphide ort.)‹-quartz(74). It is also finding 

application in the ever expanding field of asymmetric 

inorganic complexes. 



CHAPTER 4. 

Data Collection and Treatment : Computer Programs Used. 

4.1. Data Collection.  

Both photographic and automatic electronic methods 

of data collection were employed in the work to be descr- 

ibed. 	The Siemens automatic single-crystal diffractometer 

was used in only one case, and a discussion of its 

application will be delayed until chapter 9 . 

All photographic intensity data were collected using 

the equi-inclination Weissenberg technique and the multi-

film pack method(75). Two four-film packs were taken 

for each layer of the reciprocal lattice, with relative 

exposure times in the approximate ratio of 3:1; in this 

case, assuming a film-to-film attenuation of. 3.0 for 

Ilford IndustrialiGifilm, the intensities on the bottom 

film of the first pack approximate to those on the top 

film of the second. 

All films were developed under similar conditions, 

i.e. immersed for 5 minutes at 60°F in Ilford Phenisol 
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developer, washed, and then fixed for 7 minutes in Kodak 

Unifix solution. The treated films were finally washed 

for about 2 hours. 

-Before the collection of accurate cell-dimensions and 

intensity data the camera pot radius was checked; using a 

suitable powder specimen enclosed in a Lindemann glass 

capillary tube, sets of powder lines were recorded on the 

edges of a full film, - back calculation from the known 

d-spacings ( listed in the ASTM index ) gave the correct 

radius. 

All intensities were measured visually using a grad-

uated step-wedge ( except for the Bijvoet pairs (chapter 6 ) 

for which a Toyce-Loebl microdensitometer was used ). 

A strong reflection was chosen and exposed for a measured 

number of traverses of the camera pot, to produce a strip 

graduated in arbitrary units, usually from 1 to 40. To 

accomodate changes in spot shape on higher layers several 

wedges were made, at different equi-inclinatien angles, 

for each set of data. 	The intensities in each layer were 

then manually scaled-up to the level of the top ( most 

intense ) film. 

4.2. 	Data Treatment : Computer Programs Used. 

Two distinct sets of crystallographic computer programs 

were used in this work : 
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X-RAY 163. 

This is a completely homogeneous system, developed by 

Professor J. M. Stewart of the University of Maryland, and 

implemented on the Imperial College IBM 7090 in 1966. The 

program segments are written in FORTRAN II and stored in a 

compiled form on magnetic tape ( hereinafter magtape ), 

each may be called separately into store, and as many units 

as required may be used in one run, the linking routines 

are written in FAP. Intermediate 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 stored 

on the user's magnetic tape and saved 	for future 

use. 

ATSYS.  

This is a set of single-program 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 

compiled form on magtape. 	The user's basic data is 

similarly stored, and input is cut to a minimum : only a 

short 'steering tape' indicating the file-number of the 

program, the locations of stored 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) 7  viho adapted and integrated 

programs from a number of different sources. 	As a !home-

grOwn' venture it has been amended and added to by a 

succession of students as the need arose., 

The programs in both systems will be referred to only 

by their names in the text, since these names often give 

no indication of their function this will be indicated 

briefly below. 	There is also considerable overlap between 

the two systems, progtams w4ich cover the same ground 

will be listed together; programs unique to either system 

are listed separately . 	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 than 

aware of the frustrations involved 

X-RAY  16'1  ATSYS  

CEDI, P.G.H.Troughton. 	PARAM, R.A.Alden, H.L.Ammon. 

Least squares refinement' of, cell parameters from data 

input as : theta, nG, sine, or sin
2G. 	Estimated standard 

deviations are produced for real and reciprocal cell 

dimensions. 

R.D.Diamand. 	DATRDN , J.M.Stewart M. A.Jarqki 

B.Morosinl  R.Chastain. 

Applies Lp-i  correction to raw intensities, and 



in both systems is the initial means of magtape storage. 

All basic data required by X-ray '63 is read inland stored 

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

atomic parameters. 

BOSS,, M.M.Harding, M.G.B.Drew FC, J.M.Stewart, R.Braun. 

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 space-groups; 	others can be added as required. 

BOSS produces an agreement analysis in the form of a list 

of IF01 1  1FJ, and R, for reflections grouped in layers 

and by sin-20 intervals, agreement is also assessed over 

ranges of 1F01 :as fractions of1Fmad; this latter enables a 

choice of weighting scheme to be made. 	These functions 

aie covered in X-ray '63 by two programs : RLIST by W.Keefe 

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

PAPA, M.G.B.Drew, F.H.Allen, 	PEKFIK, D.F.High. 

P.Fhavanantha. 

This program, basically the same in both systems, will 

read a Fourier map stored on magtape, and output fractional 

and grid co-ordinates of all electron-density maxima which 

exceed a set maximum. In PAPA Booth's parabolic method (77) 
is followed 

0. 



6 ri:3 

BABA 	R.D.Diamand 

Drew, Allen 

amended by 

Troughton 

°FELS, BLOKLS, DIAGLS, 

W.R.Busing, K.O.Martin,H.Levy, 

adapted by J.M.Stewart et.al. 

Structure-factor least-squares refinement programs. 

BABA uses a block-diagonal approximation, and follows the 

nethod outlined 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 appraisal of the weighting scheme 

to be made during refinement. 	The author has changed the 

input facilities to allow isotropic-anisotropic temperature 

factor conversion to be made at the user's discretion; 

also the scattering factors are now input direct from 

tables(19) 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(80) 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. 	ELSI 

requires input of atomic positions (xr) and their variances 

( Vrr  ), 

( Cr 	) rr 

these are converted to estimated standard deviations 

01) using Cruickshank's formula • . : 
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r 	r 	 

	

= 	V. r > wi  ([F.I o-IF.l  1 c) 2 /(m-n) ....4.1 

and  

	

for (m), observations 	(n) parameter. 	Standard dev- 

iations of lengths and angles are then computed using the 

formulae of Ahmed and Cruickshank(82)  and Darlow(83). 

Symmetry and translation operations are allowed for in both 

programs to obtain inter-molecular distances. BONDLA will 

also calculate hydrogen-atom positions, either tetrahedrally, 

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

user. 

DIDO, R.A.Sparkes, D.J.Hunt. 	LSQP1,1  4.M. Chastain. 

Calculates the best plane through a set of input atoms, 

together with their mean distance from the plane. Other 

atoms may be re-positioned w.r.t. this plane, thus facili- 

tating crystal drawing. 	DIDO uses the eigenvalue method 

outlined by Rollett(84) while LSQPI, follows the method 

of Schomaker et.al.(85) 

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

Wilson's method(86) is applied to estimate the overall 

scale and temperature factor from two- or three-dimen- 

sional data. 	The programming method is similar to that 

outlined by Rogers(87)  in the case of MATT. 	DATFIX also 

produces unitary structure factors, and is the initial 

program for application of direct methods via X-ray '63. 

. 1, • 
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mrs, 	sat-a.ew 

SFPO, F.H.Allen. 	I FCLIST, J.M.Stewart .et. al. 

Output of structure factor lists in a format suitable 

for reproduction in Theses and papers. • The printing and 

pageing formats are variable in both programs and unobserved 

reflections can be suitably marked.. 

The following programs are unique to ATSYS 

POLO, M.G.B.Drew. 

Reads in sets of data collected 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 of 

Rollett, Hamilton and Sparkes(88) 7  to obtain the best fit. 

The final list, on an arbitrary unified scale,is written 

to magtape for further processing ( e.g. MATT ). The 

program also contains routines to sort the data to any 

order. 

MOJO, F.H.Allen. 

Produces 	i) orthoganalized Rngstrom 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 obviates needless computation of unwanted 

information incurred in the full interatomic vector search 

programs. In addition other routines calculate specific 
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angles, distances, etc.;. a specific routine to analyse the 

molecular geometry of cyclobutane rings was included to 

give the results listed in chapter 7. 	The programming 

scheme, relevant mathematics, and some examples of input 

and output, are shown in Appendix II. 

Computer programs used specifically in connection 

with the Siemens diffractometer are briefly described •in 

chapter 9. 



CHAPTER 5 

The Terpenes and Terpenoid Biosynthesis  

5.1. 	The Isoprene Rule.  

The production of isoprene (5.1) on the thermal 

decomposition of many naturally occurring hydrocarbons led 

Wallach(89) to propose that their structures were formed 

from a number ( n ) of isoprene units ( C5H8  ). The name 

'terpene' had originally been used for those hydrocarbons 

obtained from turpentine 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-classification based 

on the number ( n ) ( see Table 5.1, over page ). The 

group as a whole became known as the terpenodds, indicating 

that the molecular formula of the basic carbon skeleton 

could be written ( C5H8  )n. 

6.7 

(90) Later workers extended the isoprene rule 	and the 
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Table 5.1. 	Sub-Classification of the Terpenoids.  

n 	• class. ( Common name ) 	; molecular formula of basic 

hydrocarbon. 
_.4 

2 Monoterpenes; C10H16 

3 'Sesquiterpenes; C15H24 

4 Diterpenes; C20H32 

6 Triterpenes; .030H48 

8 Tetraterpenes ( carotenoids ); c40H64 

>10 Folyterpenes 	( rubbers etc.); (C5  H ) 8 n 

(head) 

2 

(tail) 

(5.') 

the basic hydrocarbons were regarded as being formed by : 

i) head to tail (regular) fusion, 

or ii) 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 Iterpenoid' has been 

extended by biosynthetic studies to include all compounds 

which follow the pathways described briefly in section 5.2. 

Thus the sterols and their derivatives must be regarded as 
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true terpenoids, while it has been suggested that other 

compounds which contain terpenoid elements in their mole-

cules, together with fragments of different biosynthetic 

Origin, should be called imeroterpenoids'(91) • 

5.2. 	The Basic Steps in Terpenoid Biosynthesis.  

In the early 1950's Ruzicka and his co-workers(92) 

recognized that geraniol (5.VII), farnesol (5.IX), and 

squalene (5.X), were key intermediates in the formation 

of mono-, sesqui-, and triterpenes respectively. In a 

series of brilliant rationalizations they derived schemes 

by which many of the known cyclic terpenoid skeletons could 

be obtained from these three compounds. This work has 

been confirmed by intensive biosynthetic studies in which 

the names of Cornforth, Topjak, Bloch, and Lynen are 

prominent. 

The isoprene 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 discovery of mevalonic acid 

(5.1'1)(93), and its rapid incorporation into squalene 

and cholesterol. 	The mode of formation 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 TerpenoithBiosynthesis. 



ification ofisopentenjLpyrophosphate (5.IV) as the final 

product of the phosphorylation of mevalonic acid in the 

presence of adenosine triphosphate (ATP)(95), ended the 

search for the biological equivalent of isoprene. 

The identification of farnesyl pyrophosphate (5.VIII) 
) as a precursor of squalene, by Lynen and his co-workers(9 16 

was the next step in the chain. However they later showed 

that (5.VIII) was preceded in the biosynthetic sequence 

by geranyl pyrophosphate (5.VI)(97)2  and showed that the 

latter was formed from mevalonate in two steps(98999)  • 

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

ally1 pyrophosphate (5.V), followed by : 

ii) the enzymic condensation or 'addition' of (5.IV) 

and (5.V). 

A further '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 biosynthesis of lanosterol 

and cholesterol from squalene, and this has recently been 

reviewed(100) 

The biosynthesis of the three major precursors sugg- 

ested by Ruzicka forms the backbone of Fig 5.1. 	Much 

work is being conducted to discover the mechanisms of the 

enzymic condensations or 'additions' which must facilitate 



the synthesis of the diterpenes and carotenoids from 

geranioL or farnesol via routes C and/or D, and E, in 

Fig. 5.1. 	While the Figure only represents the bare 

bones of present knowledge, it does show how the terpenoids 

ane related on what may be called the 'biogenetic isoprene 

rule'. 

The structure determinations to which a large part 

of this thesis is devoted, concern derivatives of compounds 

which belong to the monoterpene ( (-0-camphor ) and 
cv 

sesquiterpene ( humulene and germgcratriene ) classes. 

It is pertinent, therefore, to examine more closely the 

'arms' A and B of the basic 'skeleton' of Fig. 5.1. 

It now seems certain that the acyclic monoterpenes 

are biosynthesized by : 

i) the enzymic condensation of two units of isopentenyl 

pyrophosphate (5.IV) ( or the condensation of this with 

some isomerization product, or the condensation of two of 

the latter), in the manner of the original isoprene rules  

or ii) the enzymic hydrolysis or rearrangement of the 

geranyl precursor (5.VI). 

The work of Ruzicka et al.(92) showed how some of the 

common mono- and bicyclic monoterpene skeletons could be 

formed from geraniol (5.VII). 	It is perhaps more exact 

to use the pyrophosphate (5.VI) as the precursor, since 

the OFF-  anion is a good leaving group, and facilitates 
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the required ionizations and cyclisations. 	The scheme 

shown in Figure 5.2. shows the probable route to camphor, 

and also indicates its relationship to some other cyclic 

monoterpenes. 
, 	. 	• N 
The work of Ruzicka(92) on sesquiterpenes was extended 

N. 'N 
by Hendrickson(101), who showed that the carbon skeletons 

of virtually all known compounds could be derived by 

suitable cyclisations of either : 

i) cis-farnesyl pyrophosphate ( 5.XVIII), 

or ii) trans- farnesyl 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-XXII)(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 

derivation of humulene and germacratriene from the farnesyl 

precursors will be traced in sections 5.4, and 5.5. 

5.3. 	The chemistry of (-0-camphor. 

The elucidation of the structure of camphor .(C10H160) 

Was one of the most fascinating pieces of early chemical 

research(1O3). 	It occurs sparingly in nature, predomin-

antly in the dextro-rotatory form, which is extracted from 

Cinnamonum camphora Nees, found in Southern China, Formosa, 
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and Japan. 	Its medicinal properties have been recognized 

since early times, while it was one of the substances used 

by Biot in his experiments on optical rotation. The vapour 

density and molecular weight were determined in 1833 by 

Dumas(l°4), whogave the empirical formula shown above. 

Some thirty structures were suggested for the molecule, 

before Bredt(105)  proposed the bicyclic ketone structure 

(5.XV) in 1893; this was later confirmed by synthesis(106) 

The required cis-arrangement of the -CO-CH2- bridge means 

that the two asymmetric centres (C1  & C4  in 5.XV) are not 

independent, a determination of the absolute configuration 

of (+)-camphor involves determining whether the gem-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(1037107). 	Attention should 

be drawn to the simplicity of heavy-atom incorporation, 

chlorination and bromination at the 3- (or of-) position 

being especially facile. 	The relationship of camphor to 

other mono-and bicyclic monoterpenes is suggested by Fig. 

5.2. 	(+)-camphor gives (+)-borneol(5.XVIII) on reduction, 

while it can be prepared from (+).-X-pinene (5.XVI); the 

latter can also be converted into (+)-X-terpineol (5.XII). 

The essential similarity between the carbon skeletons of 

(+)-camphor and (+)-fenchone (5.XVII) has also been 

shown(108).  The configurational relationships are summarized 

in an excellent review by Birch (109) 
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The difficulty of relating mono- and bicyclic mono-

terpene configurations to the Fischer convention led 

Mickel(108)  to propose a further arbitrary convention 

for these molecules based on (+)-camphor : if the molecule 

is drawn as in (5.XV), the Ef221-dimethyl bridge lies 

above the plane of the paper. The work of Fredga and 
110a) Miettinen( 	and Porath(110b) using the method of 

till) 
'quasi-racemates', indicated, however, that the convention 

was incorrect. The experimental method may be summarized 

as follows (112) : if A and B form a compound, and A and 

the enantiomer of B form a mixture (or solid solution), 

then A and B are of the opposite configuration, and the 

converse. 	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(11(?a)  applied the method to 

(+)-fenchone as follows : Wallach(113)  had shown that 

this molecule could be degraded to (-)-Xrisopropyl 

glutaric acid, and Fredga and Miettinen showed that the 

latter could be oxidised to (+)-isopropyl succinic acid. 

They went on to show that (-)-isopropyl succinic acid 

• forms a 1:1 compound with (+)-methyl succinic acid, but 

not with the (-)-form; they therefore concluded that 

(+)-isopropyl succinic and (+)-methyl succinic acids 

have the same configuration. The latter has been 
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related(11 .4)  . to the Fischer convention via malic acid; 

the correctness of this assignment has recently been 

shown(115), by the X-ray method.- The stereochemical 

relationships (which are shown fully in Figure 6.4 on 
p.116) gave the conclusion that (+)-fenchone, and hence 

(+)-1,6-pinene and ( )-camphor were represented by (5.XV-

5.XVII) with the am-dimethyl bridge below the plane of 

the paper. 

The work of Forath(110b) followed a similar pattern; 

he converted (-0-camphor into (-)-camphoronic acid and 

thence into (-)-methyl-t‹-isopropyl succinic acid. The 

quasi-racemate technique was then used to determine the 

absolute stereochemistry of the latter. Again the =L-

dimethyl bridge was shown to be below the plane in the 

conventional representation (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 obtainable. Even 

then great care must be exercised in the interpretation 

of the data, a recent example of this was the (incorrect) 

assignment of absolute configuration to (+)-2-isqpropyl- 



2-methyl glutaric acid(116) and a consequent wrong 

assignment to its predecessor in the degradative chain 

(--)-methyl isopulegone. 	The correct assignment in the 

two cases was recently obtained using the X-ray method(117)  

Thusthe method does not guarantee success:  results are 

best regarded as strong evidence in favour of a certain 

configuration, but not as absolute proof. If (-0-camphor 

is to be used as a starting point in stereospecific 

synthesis ( as envisaged by Woodward(118) )2  or some 

salt is to be used as an internal reference centre (see 

sections 3.4, 6.5), the absolute configuration must be 

known unambiguously. For these reasons, and from its 

importance as a key terpene in the stereochemical schemes 

drawn up by Hfickel(108)  and Birch(l09) 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 matter of chapter 6. It is 

sufficient to record here that the chemical work 

described above has been upheld, as has the lengthy 

stereochemical correlation published by Freudenburg and 

Lwowski(119). The latter authors employed a rather 

complex scheme to arrive at . a similar result in 1955; 

however the very length and complexity of the degradative 
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maap,the answer (although right) questionable. 

5.4. 	The Chemistry of Humulene.  

The monocyclic sesquiterpene humulene was first isol- 

ated from oil of hops (120). 	Degradative chemical work (121) 

showed it to be 1,114,8,-tetramethylcycloundecatriene 

(C15H24) and this was confirmed by Sorm et. al.(122), who 

synthesised 1,114,81-tetramethylcycloundecane and showed 

it identical with hexahydrohumulene. Humulene has also 

been identified as the DC-caryophyllene constituent of 

clove oil(123).  Another constituent of clove oil, 

caryophyllene (5.XXIX, Fig.5.4.) (formerly known as 

/4-caryophyllene), whose stereochemistry was elucidated 

by chemical(124)  and X-ray(125)  methods, was considered 

to be derived from t1 farnesyl precursor (5.XXVI) (101) • 

It was natural to suggest that its congener humulene had 

the same precursor, giving the trans-trans-cis-stereo- 

chemistry (5.XXX)(101) for humulene. 	The all-trans-

stereochemistry (5.XXXI) was, however, proposed (126,127) 

on chemical,rather than biogenetic grounds;  and has 

recently been shown correct by two independent X-ray 

analyses of the adduct C15H24:2AgN03
(128,129). Thus the 

farnesyl cation (5.XXVIII) is the probable biogenetic 

precursor of humulene (5.XXXI). 
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Recently Sutherland and his co-workers(130  have 

obtained the tricyclic bromohydrin (5.XXXII) by reaction 

of (5.XXXI) with N-bromosuccinimidd. 	The relative stereo- 

chemistry shown was chemically defined at C(4) and C(5); 

at other points it was proposed on the basis of an apparr-

ently reasonable reaction mechanism (involving attack by 

hydroxyl at C(6) of (5.XXXI), followed by a concerted 

trans-cyclisation). The tricycle can be converted stereo-

specifically, and with equal facility, into (-0-caryoph-

yllene (5.XXIX) or back to humulene, as shown in Figure 

5.42  which sets out the whole series of relationships. 

Some derivative (probably cationic) analogous to compound 

(5.XXXII) thus appears to offer a possible alternative 

biosynthetic pathway from the farnesyl precursors (in this 

case from (5.XXVIII) ) to caryophyllene (5.XXIX). 

In view of the possible biosynthetic relevance of 

humulene bromohydrin, and also to examine the geometry of 

the fused ring system, a full three-dimensional X-ray 

study was undertaken to establish the true stereochemistry 

of (5.XXXII). A description of the analysis(131)  forms 

the subject matter 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 

this are discussed in Sect.. 7.3. 
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Figure 5.4. Derivation of Humulene from the Farnesyl Precursors: Formation of the 	to 

Bromohydrin. 
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5.45L111221.921ptry  of' Germaeratriene.  

Following the work of Ruzicka et.al.(92)  it was 

suggested by Barton and de Ilayo(132) that ten-membered 

ring compounds could act as biosynthetic intermediates 

in certain cases. 	The suggestion was expanded by 

Hendrickson(101) who used the triene (5.XXXIV, Figs.5.516), 

obtained by deprotonation of the farnesyl cation (5.XXVII), 

in a scheme for the biosynthesis of sesquiterpenes having 

the guiane (5.XXXVIII), elernane (5.XXXIX), selinane 

(5.XLI), and germacrane (cyclodecane) skeletons. 

The cyclodecatriene (5.XXXIV) has recently been 

prepared by Sutherland and his co-workers(133) from the 

naturally occurring ketone germaerone (5.XXXV, obtained 

from zdravetz oil); it has been designated 'germacra- 

triene'(134). 	The preparation, via the alcohol (5.XXXVI), 

and the acetate (5.XXXVII), is outlined in Fig. 5.5. 

The all-trans-stereochemistry was proposed(133) from 

degradative and spectroscopic evidence, and from the 

ready (and stereospecific) cyclisation to selinane 

derivatives (the bromohydrin (5.XLIII), obtained by 

reaction with N-bromosuccinimide, is typical); 	the 

cyclisation probably involves transannular 74:-X inter-

action between the two endocyclic double bonds. Germ-

acratriene has also been converted(135)  into the diol 

(5.XLII), having the guiane skeleton, by acid-induced 
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cyclisation of the epoxide (5.XLIV); and also into the 

previously undescribed elemane sesquiterpene y-elemene 

(5.XL) via a Cope rearrangement at a temperature in 

excess of 120°. 

A more inexplicable reaction of germacratriene is 

that with one mole of buffered peracetic acid;  this gives 

a mixture of the three epoxides (5.XLIV-XLVI) with yields 

<1(136).  in the ratio 65:35: 	This implies great diff-

erences in the reactivities of the three double bonds. 

This must be a consequence of the geometry adopted just 

prior to reaction in solution, since 7C-X transannular 

interactions should be unimportant, in the case of epox- 

idation. 

During the early experimental work it was discovered 

that germacratriene formed a crystalline adduct 

C15H24:AgNO3 on standing in a saturated solution of 

biosynthetic 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:  

and also furnished an explanation(136) of the reactivity 

differences at the double bonds. A description of the 

X-ray study, and a discussion of the molecular geometry, 

silver nitrate in ethanol(133). 	In view of the obvious 
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forms the subject matter of Chapter 8. 

5.6. 	Note on Numbering Schemes.  

The numbering schemes shown in this chapter, which 

have been chosen with some 'crystallographic 

will be adhered to throughout this thesis. For ease 

of reference they are shown together in the pull-out 

diagram bound with the end-papers. 
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CHAPTER  6  

The Absolute Configuration of (-0-Camphor  

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

6.1. 	Introduction. 

The work to be described in this chapter began as a 

Research Exercise in Physical Chemistry performed by the 

Author during his final undergraduate year (1964-65) at 

Imperial College. The results obtained will be summar-

ized below. 

Initially attention was focussed on the compound 

(-)-2-bromo-2-nitrocamphane; 	the crystal structure was 

known with good accuracy (R = 0.125 for visually estimated 

data)(137) while the identity of its configuration with 

that of (-0-camphor was known(103)  . 	The compound was 

prepared by converting (-0-camphor to the oxime(138)  which 

was treated with Br2  /KOH to give a pale yellow solid
(139) 

Recrystallization from aqueous methanol gave a white 

88 
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.feathery aggregate (m. pt. 218-221°(decomp) lit:220°(139)). 

Attempts to obtain single crystals suitable for X-ray 

work were unsuccessful. 

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

compound first described by Keller(140) which is known 

to have the same configuration as (+)-camphor(141).  The 

crystal structure had already been ,determined by Wiebenga 

and Krom(142) (hereinafter W & K), who studied the iso-

morphous series 3-bromo- 3-chloro-, and 3-cyano-camphor. 

They determined the x-, z- co-ordinates of all atoms from 

the 10101-projections and refined them as far as was 

possible in 1946. 	The y-co-ordinates for cyanocamphor 

were estimated from models and refined from the two other 

principal projections; no y-co-ordinates were found for 

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 prismatic needles, 

with an extinction direCtion parallel to the needle axis. 

The initial sample was too large for X-ray work, and 

smaller crystals were obtained by rapid cooling of 

saturated methanolic solutions. 

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

tion, and numerous methods of protection were tried. It 

was found that a thin layer of pastel fixative sprayed 

uniformly, afforded sufficient protection for up to 
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70 hours exposure. The crystal data given by W & K were 

checked from oscillation and Weissenberg photographs taken 

about the a- and b-axes. 	The cell dimensions found showed 

good agreement; they were later refined by least-squares and. 

are listed in Sect. 6.2. 	The crystals are monoclinic, space-

group P21. in this space-group, under normal conditions, the 

symmetry gives : 

F(hki) = F(hki) = F(ha) / F(hll) / F(h0) 	...... 6.1 

Thus, to record the Bijvoet pairs photographically, the crystal 

must be mounted to rotate about either the a- or c-axes. The 

layers Old, lki, were therefore recorded, using CuKcc-radiation 

and the multi-film pack method, and indexed on a rigidly 

right-handed system.(60) 	In this case a St/3e Weissenberg 

goniometer 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 observer; the direction 

chospri for 	is also shown. The direction of +c followed 

from a study of the lki-photograph superimposed upon OA and 

was chosen to make an acute angle with +a_. The direction of 

+b followed from the requirement that the system be right- 

handed. 	The chosen system (Fig. 6.1(b)) was thenIsuperimposed 

upon the crystal, and by utilizing the concept of the sphere 

of reflection in conjunction with the camera geometry, the 

correct cyclic sequence of axial rows was determined; the 



correct indices were then assigned to all *Oki reflections. 

The sign of the intensity difference I(Okf) 	I(01E was 

visually estimated for 18 Bijvoet pairs.. The calculated diff-

- erences were obtained using W & K's data for cyanocamphor,their 

x- and z-co-ordinates for Br, and an estimated 1.-co-ordinate 

for this atom. 	Structure factors (FN) (FA) (A=Br) were 

computed using BABA; isotropic temperature factors (B) of 

4.0 2.2  were allotted to C and 02  and of 3.0 R2  to Br. The 

values were corrected for anomalous dispersion of CuKtG at Br 

using Argand diagrams (see Fig. 3.1); correction terms(59) 

ft = -0.9, 	fn = 1.5 	 6.2 

were employed, and the sign of the difference F(Okl) F(OED 

obtained for all 18 pairs. The agreement between observed 

and calculated inequalities for this determination (A) is 

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

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

/X-ray beam 

rotn 

axis 

translational motion 

( a ) 	 ( b )  

Figure 6.1 	(a) Geometry of the Stoe Weissenberg Camera. 

(b) The chosen axial system. 



of axes, represented the true absolute configuration. 
(110) 

This confirmed the chemical work of Fredga and Yiettinen, 

but with only about the same 'level of significance. It 

was obvious that the positional data used was not suff-

iciently accurate to guarantee the result, and a redeter-

mination of the crystal structure was undertaken. Apart 

from defining the absolute stereochemistry unambiguously, 

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 Oki, h0/. The values obtained, together 

with other relevant data, are listed below. 

Crystal Data. 

(+)-3-bromocamphor:C1011150Br; Monoclinic; Laue symm. 2/m. 

	

7.36 ± 0.01 a; 	b = 7.59 ± 0.01 R; 

9.12 + 0.01 a; 4 	94.1° 4. 0.4°  ; 
508 a3 	; 	D —x = 1.4 4. 9 	0.03 g.cm73  

( by flotation ); 

Dc 	 1.51 g.cm73 
	

for 	Z = 2 molecules/cell; 

231.03 (taking the standard C12  = 12.00); 

56.10 cm. -1  for CaKt‹ ()). mean  = 1.54178 ° ). 

Absent spectra (only among Ok0 when k = 2n + 1) defined 

a = 

c = 

V = 



the space-group as P21  (No.4.).or P21im (N0011.)(143). 

r 1 no 
The known optical activity of the compound (LY:Al' = +130? 

in Et0H ; 	(14) 10) 	excludes the latter possibility (see 

sect. 3.1.) and leads to the unique definition as P21...  

The previously described method of protecting the 

crystals proved unsuccessful over the long periods of.  

X-irradiation required for the collection of the inten-

sity record. A specimen of approximate dimensions : 

0.4 x 0.2 x 0.13 mm. was therefore encapsulated in a 

Lindemann glass capillary tube, and set with the b-axis 

parallel to the axis of rotation of a Unlearn Weissenberg 

goniometer. 	Using Ni-filtered CuK4.‹ radiation, the 

layers h01 h51 were recorded. The reflections were 

indexed as described in sect.6.1. and 783 intensities 

were visually estimated using two graduated step wedges; 

a further 130 intensities were below the threshold value. 

No spot-shape correction was applied, but subjective 

weights were applied during the measurement. A further 

50 intensities were similarly measured from the 0k1 

photographs for correlating purposes; the 1k1 data was 

not measured, due to the very poor spot shape. 
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6.3. Two-Dimensional Work. 

A two-dimensional Patterson map for the FOlOilproj- 

-ection was computed using BOSS. 	It revealed the x-, 

z-co ordinates of the bromine atom to be : 

x 	0.2628; 	z = 0.1663; 

comparing well with W & K's values of : 

0.2666; 	z = 0.16390  

A 2D Fourier map for the same projection, using only the 

phases given by the bromine atom position, yielded five 

well defined peaks; R was 0.332. 	They were identified 

by comparison with W & K's positional parameters for 

cyanocamp1or; the agreement is shown in Table 6.1. The 

map also showed that the co-ordinates of the bromine atom 

in the asymmetric unit were : 

0.7372; 	z = -0.1663; 

related to that obtained from the Patterson by a centre of 

Table 6.1 

--'' R a,K. This Work. 

Atom x z x z 

0 0.403 0.061 0.409 0.068 

C(2)  0.567 0.114 0.558 0.117 

C(3)  0.728. 0.031 0.751 0.039 

C(10) 0.506 0.383 0.507 0.395 

C(8) 0.933 0.419 0.920 0.406 



El 5 

symmetry in the [010 •- .(plahe group P2) at 

x = 2, z = 0. 

From the good agreement shown in Table 6.1, and 

from the overall similarity of the 010] Fourier proj-

ection for bromocamphor obtained here, with that for 

cyanocamphor obtained by W & K, it appeared that the 

co-ordinates of the atoms in the camphor framework of 

both derivatives were very similar(145) 	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 

i-co-ordinate of Br was estimated as 0.354, relative to 

the origin used by W & K. This value was then fixed 

as the arbitrary origin in the zrdirection in space-

group P21. The co-ordinates used to begin the 

refinement are shown in Table 6.2 overleaf. 

6.4. 	The Refinement of the Structure. 

In this description, and similar ones in chapters 

7,80- 9 , refinement runs are designated I, A, or M : 

I, indicates least-squares refinement with all atoms 

having isotropic temperature factors (B's); 

A, indicates that all atoms have anisotropic temperature 

factors •( ij's); 

MI  indicates that all non-hydrogen atoms are treated 



TABLE 6.2. 

(+)- -BromocafiT7hor. 

Initial Co-ordinates in Least-Squares Refinement. 

Atom x z 

C(1) 0.631 0.333 0.267 

0(2) 0.564 0.286 0.111 

c(3) 0.731 0.214 0.033 

C(4) 0.900 0.278 0.150 

c(5)  0.894 0.478 0.167 

c(6)  0.711 0.508 	0.253 

c(7)  0.817 0.200 	0.278 

c(8)  0.936 0.208 	0.419 

C(9)  0.767 0.014 	0.292 

C(10)  0.481 0.333 	0.369 

0 0.403 0.278 	0.061 

Br 0.7372 0.3540 	-0.1663 

as for A above, 	the hydrogen atoms being included in 

fixed positions, with fixed B-factors; 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 intensities,' to Oki. 	The accidental 

absences were included at a value of * x the minimum 

observeable intensity in the relevant part of the record. 



No absorption correction was applied, since the cross-

section of the crystal was fairly small and uniform, and 

) was not large. 

Refinement began with five cycles of unweighted full-

matrix least-squares using ORFLS; the positional param-

eters from Table 6.2 were used, together with B-factors 

of 4.0 2.2  for C and 0, and 3.0 R2  for Br. 	Due to the 

paucity of correlating-data the inter-layer scale factors 

were also made parameters in the refinement. The results 

of this run (I1) and of all subsequent runs will be found 

in Table 6.3 on page/N. 

Before run 12 an analysis of the agreement between 

observed and calculated structure factors ( IFo  1 ec IFc  I ) 

was made. 	A weighting scheme of the Hughes (51) type 

(Eq. 2.29) was devised to give reasonable constancy of 

Ew( - o 	c IF  I - IF1)2over ranges of1Fo'  1. the constant F' was 

13.0 on the scale of the structure factors in Table 6.7. 

The scale factors were again refined and R fell to 0.184. 

The isotropid temperature factors at the end of run 

12 were converted into their anisotropic equivalents (Ali) 

and the refinement continued with runs Al-A4. During 

runs designated A or N the inter-layer scale factors were 

kept fixed, since their high correlations with the 

vibrational parameters makes this type of refinement 

(146) formally invalid 	. The only alterations made during 
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.these runs were : after Al five small high-order refl-

ections were corrected for mis-indexing, and two others 

(1)1,0; 1,2,1;) removed for suspected extinction; after 

A3ra further reflection (0,2,1;) was removed for the 

same reason. 

Molecular geometry calculations were performed,using 

BONDLA, after Al, A4, during the latter run the positions 

of the 15 hydrogen atoms were also computed, at bonding 

distances of 1.025 R from carbon. 	In both cases the 

bond-lengths and angles made good chemical sense. 

Following run A.4 a structure factor calculation was 

performed using FC to give values of FN and FBr; • the 

hydrogen atoms being included in their calculated pos- 

itions. 	The results were used for an absolute config-

uration determination(147)  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 

observable; Their intensity values were changed to the 

threshold value in the relevant part of the record. 

It was decided to return to isotropic refinement 

to re-refine the inter-layer scale factors; no hydrogen 

atoms were included at this stage, and the weighting 



was unchanged. The pertinent 'results (runs I3,A5, Table 

6.3) show the large effect on R of the changes in scale-

factors caused by relatively small corrections to the 

intensity data. It should be noted that this type of 

refinement has not had its more obvious pitfalls publi-

cised : it appears advisable to return to the isotropic 

mode,after any change in data, weighting scheme etc., 

to re-refine the inter-layer scale factors. The exper-

ience 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-methyl 

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 obtained 

from the difference map. 

Ail fifteen hydrogen atoms were now included in 

structure factor calculations in their calculated 

positions, with B-factors 0.5 R2  greater than the value 

for the carbon atom to which they were bonded. A 

review of the weighting scheme was now carried out using 

DELSIG. Average values of (1F01-1F4) 	and IF01 were 

output over ranges of1F01; This showed that the bulk of 
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the data (749 terms) had structure factors in the range 

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

Hughes scheme with 	set at 6.0 gave the best average 

of w( IFcJOJ )2 sums over the ranges chosen. This 

left 334 reflection intensities with unit weights. 

Run 14 was performed to re-refine the scales to 

allow for the inclusion of hydrogen atoms, and the change 

in the weighting scheme. 	The refinement process was 

concluded with runs Ml, 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 cycle was <0.10 for all 

parameters refined, and the 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 were included in the final structure 

factor calculation, which gave an R value of 0.079 for 

the observed reflections. The final structure 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 ,y-direction. 	This is due to the relatively low 

data cut-off at k=5. They are probably realistic estimates 

however, since full-matrix methods were used throughout. 



Run Cycles 

zl 	5.  
12 	5 
Al 	3 

A2 	3 
A3 	3 

A4 	3 

13 	5 
A5 	4 

14 	3 

Ml 3 
2 

R 	Max S/E 	Max S/El.  Ave S/E 
(scales) 	(all parameters) 

.00 

0.0 

••• 
	 *ID 

ON. 

0.0078 0.0020 

0.0538 0.0120 

0.0100 0.0030 

0.8000 0.2230 

0.1000 0.0210 

   

0.256 

0.184 

0.121 

0.102 

0.099 

0.098 

0.144 

0.079 

0.145 

0.080 

0.079 

 

0.0300 

 

0.0009 

No ref 

0.0030 

No ref 

No ref 

 

 

     

     

     

TABLE 6.1.  

LO-1-Bromocamphor.  

The Refinement Process  

The full-matrix least-squares program ORFLS was 

used throughout. 

1 0 
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TABLE 6.4.  

_(±)-'i-Bromocamphor.  

Final Positional Parameters and Their Standard Deviations 

Atom ' 	x z -z 
C(1)  0.6404 0.0016 0.3359 0.0031 0.2656 0.0012 

C(2)  0.5665 0.0014 0.2949 0.0019 0.1097 0.0012 

C(3)  0.7337  0.0016 0.2439 0.0027 0.0280 0.0011 

C(4)  0.8838 0.0015 0.2795 0.0024 0.1382 0.0014 

C(5)  0.8981 0.0021 0.4856 0.0025 0.1755 0.0015 

C(6)  0.7204 0.0024 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 0.0174 0.0022 0.2773 0.0015 

C(9)  0.9323 0.0020 0.2580 0.0029 0.4225 0.0013 

C(10)  0.4928 0.0024 0.3226 0.0042 0.3734 0.0016 

0 0.4128 0.0011 0.3090 0.0018 0.0570 0.0010 

Br 0.7374 0.0002 0.3540 -0.1630 0.0001 

Maximum and Average Positional Shifts on the Final Cycle:  

x z 

Max shift (a) 0.00036 0.00140 0.00067 

Ave shift (a) 0.00012 0.00(.50 0.00024 

x. Positions are given as fractions of the cell edges 

(unless otherwise stated)thioughout this Thesis. 
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TABLE 6.5.  

(+)-1-Bromocamphor.  

Final AnisotroDic Thermal Parameters(f.1 s) for the  

Non-Hydrogen Atoms  

Atom 
1111 	022 	fl33 	1112 	fi13 	fl23 

C(1)  0.02357 0.01211 0.01047 0.00061 -0.00073 0.00162 

C(2)  0.01692 0.01164 0.01050 -0.00119 0.00213 0.00009 

C(3)  0.02016 0.01715 0.00771 -0.00182 0.00085 0.00401 

C(4)  0.01274 0.01704 0.01140 0.00138 -0.00057 0.00595 

c(5)  0.02886 0.01148 0.01373 -0.01312 -0.00284 0.00683 

c(6)  0.03056 0.00637 0.01606 0.00563. 0.00194 -0.00431 

0(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 

C(9)  0.02815 0.02288 0.00923 0.00154 -0.00333 0.00048 

C(10)  0.03477 0';03606 0.01226 0.00531 0.00651 0.00437 

0 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 temperature factors in the above table, which are 

all positive definite, are the parameters (ilii) in 

f° exr7,  fi.jah2 122k2 + 6312  + 26hk + 

21113h1 + 2g23k1 ) 
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TABLE 6.6.  
(+)-3-Bromocamphor.  

Observed and Calculated/  Hydrogen Positions 

H 
Atom 

Bonded 
to 

Calculated Observed 

H(1) C(3) 0.7003 0.1632 -0.0244 0.723 0.150 -0.079 

H(2) C(4) 0.9657 0.1868 0.1522 0.974 0.187 0.154 

H(3) C(5) 1.0174 0.5148 0.2462 1.090 0.505 0.223 

H(4) C(5) 0.8989 0.5683 0.0772 0.875 0.541 0.082 

H(5) C(6) 0.6288 0.6014 0.1930 0.635 0.609 0.206 

11(6) C(6) 0.7512 0.5696 0.3632 0.775 0.541 0.348 

H(7) 0(8) 0.7084 -0.0260 0.3784 

H(8) C(8) 0.8220 -0.0421 0.1404 

H(9) C(8) 0.7180 0.0204 0.3069 

H(10) C(9) 0.8801 0.2146 0.5236 

H(11) C(9) 1.0315 0.1839 0.4307 

H(12) C(9) 0.9815 0.4091 0.4108 

H(13) C(10) 0.4349 0.1931 0.3807 

H(14) C(10) 0.5051 0.2794 0.4340 

H(15) C(10) 0.4311 0.4929 0.3858 

From a difference map following run A5. 

Calculated from the final co-ordinates shown in Table 

6.4. 	These parameters were not refined. 
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TABLE 6.7.  

(+)-3-Bromocamphor.  

Observed'and Calculated Structure Amplitudes after  

Refinement.  

The format of the table is : 

    

h k 1 

 

IFc Bc 

  

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 83.94 41.57 

0 2 1 28.70 38.70 -18.10 34.20 

1, 2 1 42.87 57.48 32.36 42.51 

The reflection 0 0 1 was obscured by the backstop. 
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,.','' 	 •_,71 
O 2/.4'143.40'i 43.35-43.35 -0.01 
O 3'"41.09t 43087443,78 0.00. 

	

0 	• 	22.26 	24.17 -24.17 	0.00 
O 5 11.51 12.51 12.51 -0.00 
O 6 25.32 21.44 21.14 .-0.00 
0 7 27.09 25.01 25.01 0.09 
O A 4.01 3.89 -5.89 -0.00 

9 	19.58 	21.19 ..21.19 	0.00 
10 9.46 9.42 -4.82 -0.00 
11 4.21 3.68 3.68 -0.00 
0 	16.24 	15.49 .15.49 	0.00 
1 	1106 	10.34 .1004 -0.00 
2 	46.67 	52.67 .52.67 	0.00 
3 	33.97 	35.03 -35.03 	0.00 

6 4 35.23 37.98 37.98 0.00 
O .5 38.36 41.99 41.99 0.00 
O 6 2.25 1.86 -1.86 0.00 

. 	0 • 7 	14.65 	14•07 .14.57 	-0.00 

	

' 0 	8 	14.23 	12.38 •12.38 	•0.00 
O 9 1.78 107 1.57 -0.00 
O 10 8.62 8.47 5.47 -0.00 
0 11 600 7.46 7.46 .0.00 

	

0 	42 	10.20 	16.17 -16.17 	0.00 
O *2 41.21 44.13 44.13 0.00 
O -3 , 	6.9e 	4.63 	4.65 	-0.00 
O *4 	38.47 37086 *37.88 	0.00 
O .5 37.52 38.42- .38.41 0.00 

	

0 	.1 . 	7.14 	7.07 	7.07 	0.00 
O 4-7 27.14 30.19 30.19 0.00 1t 
O 46' 10.36 8.98 8.9e .0.00 
0 *9 3.12 2.37 2.37 0.00 
O *10 	8.17 	7.82 -7.82 -0.00 
O 4/1 	1.4•07 11.81 .11.81 	0.00 
O 1 	15.23 	16.06 416.06 	0.00 
O 2 46.60 54.33 54.53 -0.00 
O 3 39.73 44.81, 44.61 .0.00' 
O 41 	8.91 	8.42 7.8.42 	-0.00 , ' 

	

o 	5 	13.83 	13.26 -13.28 	-0.00 
O 6 	24.22 23.31 -23.31 	0.00 
O 7 6.44 9.21 -9.21 -0.00 
O 8 	10016 	9450 	9.50 	0.00 ; 
O 9 12.66 11.96 11.96 0.00 
O 10 5.91 5.32 5.32 0.00 
O 10- 5.91 4.80 -4.90 0.00 
O -1 	49.16 54.43 .54.41 	-0.00 
O -2 29.41 25.95 25.95 0.00 
0 -3 19.08 19.86 19.86 .0.00 

-4 5.96 7.44 7.44 .040 
-5 L 1.17 	1.40 -1.40 	-0.00 
-6 	30.47 31.20 -31.20 -0.00 
.7 	27.34 29.28 -29.28 -0.00 
-8 	1.84 . 1.44 -1.44 	.0.001 
-9 16.62 18.83 10.83 0.00 
1°........11..11  10.78  10.78 Ig:(clg; 

	

411 L.  0.95 	0..8 	-0.68 
0 	6.84 	5.44 ' 5.34 	0.00 
1 35.46 37.0 37.05 -0.00 
2 34.41- 15.98 35.98 -0.00 
3 2.33 2.48 2.58 -0.00 

	

4 31.18 33.40 -33.40 	0.00 	. 
5 28.84 27.40 .27.50 0.00 

0 6 7.88 7.23 *7423 0.00 
0 7 10.39 10.37 10.57 -0.03 
O 8 8.61 8.44 9.04 .0.00 

	

0 	9 L 1.31 	1.73 	-1.73 	0.00 
O 10 8.05 5.44 .5•54 0.00 

	

0 441; 28.16 27.37 .27.87 	0.00 
O ..2 40.17 46.04 .46.84 	0.00 
O .1 	10.39 	15.43 .15.63 	-0.05 ' 
O ..4 45.64 48.37 46.57 .0.00 
O -5, 42.46 45.79 45.79 -0.00 
O *6. 13.99 13.23 13.53 -0.09 
O .71 9.22 10.10 .10.10 -0.00 
O 4-8' 15.13 16.29 -16.29 .0.05 
O .2 3.45 3.63. -3.03 -0.00 
O -10 3.87 	3.44 	3..54 	0.00 
5 0 26.25 28.24 28.24 -0.00 
O 1 	3.38 	3.10 	300 	-0.01 • 
O 2 	19.05 	1105 -19.55 	0.00 • 
O 3 7.72 6..4 -8.64 .0.00 
O 0. 4.97 4.16 .4.96 0.00 

	

9 - 5 06.07 	17..9 	17.09 	0.01 
O 6 17.77 19.71 18.71 0.00 
O 7 5.74 4.44 5.44 .0.00 
0 5 2.90 2.40 -2.40 0.00 
0 9 6.86 5.76 -5.76 0.33 
C 	10 L 	.76 	0.13 	-0.13 	0.00 
5 ..1. 15.47 13.41 11.41 -0.00 
3 -2 5.04 4.06 -4.06 -0.00 
4 -3 22.11 22.70 .22.70 0.01 

	

0 	.4 	16.46 	15.15 .15.10 • 40.00 

	

5 	.5 1 1.35 	1.41 	1.51 	0.00 
1 -6 12.46 12.01 12.09 -0.00 
0 -7 11.37. 12.14 17.14 0.00 

	

4 	-1 L 1.46 	0.16 	.0.16 	0.00 
O -9 11,14 11.02 -10.82 	0.00 
s -11 	8.67 	8.44 	.5.44 	-0.00 ' 
5 0 11.76 9.01 -9.68 0.00 

	

' 1 	1 17.75 11.49 .17.61 -0.00 
9 7 14.31 12.45 .12.55 
5 3 13.32 12.33 17.53 0.00 
3 4 17.64 17..0 17.10 .0.00 
L 4 4.11 4.40 4.40 -0.00 
t 6 	4.53 	5.46 	-5.56 	0.11 ' 

	

5 	7 	9.53 	8.31 ...5.53 .0.00 
6 6.11 5.02 -5.27 -0.00 
1 L 5.86 	5.24 	.0.74 	..4.50 

3 .1, 15.56 15.47 15.47 -0.00  

•.2 22.05 22.08 22.88 0.00 
-3 12.66' 11•48 11.48 -0.00 
.4 7.19 6.86 .6.86 .0.00 
.5 24.45 26.15 ..26.15 -0.00 
-6 10.56 81.27 ..11.27 
4-7 6.24 600 6.70 -0.00 
-0 9.41 9.52 9.52 -0.09 
-9 5.46 4.84 .4.84 -0.00 
O 19.84 20.25 -20.25 0.00 
1 7.19 7.48 ..-7.48 

	

2 l 1.49 	0.64 -0.04 .0.00 
3 	7.58 	7.35 	7.35 	0.00 
4 3.17 3.24 3.24 •13.00 
5 4.33 3.99 -3.99 -0.00 
6 6.73 6.29 -6.29 -0.00 
7 1.99 2.29 -2.29 *0.00, 
8 6.78 407 4.47 -0.00 

	

-1 19.19 18.36 .18.56 	0.00 
-2 	1.80 	2.30 	2.30 	0.00 
-3 16.96 17.15 17.15 -0.00 
44 10.67 11.62 11.620.00 
.5 	2.59 	0.74 	.004 - -0.00'_' 
-6 7.93 7.96 47.96 0.00 

	

-7 : 6.38 	9.44 	-9.44 	0.00 

	

8 I 1.16 	0.88 	-0.38 	•0.00 
O 16.34 6.39 6.39 -0.00 
1 12.49 12.19 12.19 -0.00 
2 3.69 507 5.27 -0.00 
3 4.28 3.80 4-1.80 .0.05 
4 .4.96 5.14 4504 0.00 
6 	3.10 	2.32 	2.32 	0.00 
7 	1406 	1.14 	1.14 	0.00 

1.17 2.30 2.30 -0.00 
-2 6.05 5.60 -5.00 0.00 
-3 .6076 6.0 -6.61 -0.00 

	

.4 L 1.44 	0.79 	0.79 	-0.00 

	

6.28 	6.21 	6.01 	0.00 
-6 5.34 502 5422 0.00 
*7 2.66 2.74 .2.74 .0.00 
O 5.38 	4.01 	4.61 	0.00 

	

1 L 1.30 	105 	-1.35 	0.05 
2 5.89 5.48 -5.48 0.00 
3 3.98 4.08 .4.08 -0.00 

	

4 L 1.01 	0.02 	0.02 	0.00 
5 	4.33 	2.98 	2.98 	0.00 

-1 	6.72 	7.22 	7.22 	0.00 

	

-2 1 1.31 	1.43 	1.43 	0.00 
-3 4.11 4.44 .4.44 -0.00 
-4 4.62 4.79 -4.79 -0.00 

	

.5 IL 1.08 	0.46 	0.46 	-0.00 
0; 1.61 .1.40 -1.30 0.00 
/ 1..51 1.82 -1.82 .0.00 

	

2 L 0.76 	0.65 	-0.85 	0.00 

	

3  L 0.45 	0.15 	.0.15 	-0.00 
-1 	1.62 	1.07 	1.97 	0.00 
-2' 1.76 107 1.77 -0.00 
-3 L 0.83 	0.44 	0.04 	0.00 
1 13.42 13.78 -9.55 9.93 
2 37.43 40.79 35.84 11•45 

	

3 22.67 22.03 -22.03 	0.50 
4 41.72 43.25 -39.80 ..17.67 
5 35.40 41.77 -35.18 -22.58 
6 8.10 7.22 -0.43 
7 21.42 21.50 18.16 11'651 
8 13.42 13.35 7.16 11.27 
90. 1.41 1.79 -0.65 1.67 
10 8.59 1.14 -7.85 -1.54 
01 10.87 8.01 -1.69 
I 17.74 39.45 30.92 24.51 
2 39.84 37.35 -23.41 .21.34 
3 44.61 44.45 -27.84 -05.17 
4 8.77 5.92 3.27 -4.93 
• 19.99 20.32 13.83 14.89 

	

32.16 	32.11 	27.46 	/6.65 
1 18.08 17.47 16.18 5.43 
I 6.48 7.24 -6.70 -3.01 

13.18 12.24 ...10.04 .  -7.30 
18 8.57 8.02 -6.59 -5.55 
11 	5.59 	4.41 	4.08 	1.69 
-1 34.37 35.96 28.37 22.12 
.1 30.11 10.73 .26.16 .15.78 

60.55 60.13 -43.20 -41.83 
-2 44.31 39.40 .5000 -24.5/ 
-I 	5.55 	5.41 	3.64 	4.09 
-t 24.47 24.39 17.49 17.71 
-0 20.54 27.30 23.47 13.93 
.51. 1.44 1.45 0.93 -1.37 

16.91 17.94 -15.01 -0.84 

	

.1(, 7.11 	7.92 -4.48 -6.54 

	

.1:21 0.94 	1.19 	1.08 	1.11 
C 112.52 11.70 11.63 -1.28 

49.18 53.02 -43.63 .1002 
26.18 24.24 -20.78 -X2.43 
18.41 15.27 -13.10 -7.83 
28.42 28.44 25.33 11.02 
28.47 31.35 23.35 21.67 
7.23. 5.48 .2.54 4.99 

I 12.88 13.93 -0.02 -11.39 
0 1.2.12 16.18 -10.28 .12.47 
5 	1.64 	1.25 	-0.04 • -1.25 
/0 	7.21 	6.46 	4.74 	4.63 
11 	5.25 	5.66 	4.29 	2.69 
.1 57635 56.41 40.73 39.18 
-2 56.64 52.03 41.41 12.48 
43 27.64 24,74 21.77 6.82 

40.03 39.21 -32.08 -21.04 
-5 34.92 34645 *21.60 ..17.44 

	

-6 7:L.1518 	5.44 	-4.65 	-1.96 

---- 
.7 13.61 13.00 10.53 7.62 

. -6 14.68 1306 6.80 10.60 

	

-9 	1.70 	2.93 	0.49 	2.89 
.10 9.36 9.37 -7.71 .5.13 
-11 11.90 11,16 -9.90 -5.16 
O 39.42 34..2 -30.34 ...16.25 
1 18.32 16.46 -11.22 •.02.31 
2 16.62 14..5 11.97 8.79 
3 26.16 25.55 12.29 22.41 
4 2650 2046 -0.86 2.52 
5 20.31 21.00 417.81 -12.19 
6 17.95 20.13 -18.83 ..7.1.3 
7 1.77 1.72 .1.38 -0.64 

	

8, 	9.25 	, 8..9 	7.82 	2.01 
9 10.56 10.04 10.02 4.13 

	

10 	4.87 	3.99 	2.02 	3.44 
-1 43.42 40.04 -38.74 -13.23 
-2 1.41 0.99 Co34 .0.91 
-3 15.31 1504 10.89 10.39 
44 21.02 18.44 8.20 16.52 
-5 2.61 2.35 .1,36 1.91 
-6 25051 24.30 410.39 .14.64 
*7 12.32 11.43 .7.53 -5.73 

	

.8 	5.28 	4.98 	4.70 	1.64 
-9 13.37 /405 12.92 7.13 
-10 01.52 11.45 9.22 6.61 
O 19.22 16.45 13.11 12.42 

	

1 	• 36.35 	36.13 	27.75 	23,13 
2 32.29 30.43 28.44 11.12 
3 5.20 5.49 31.99 .1.77 
4 1704 1708 .15.05 -8.27 
5 9.79 8.99 *4.02 .6.04 

	

6 	' 2.50 	2.10 	-1.76 	-1.15 

	

. 7 	10.59 	10.12 	6.01 	8.14 

	

6 	7.66 	6.77 	3.48 	5.60 
9 2.96 2.13 -1.30 -1.73 
10 7.61 6016 -5.66 .4.04 
-1 25.97 24.76 -17.68 .-17.31 
-2 33.91 34.65 -22.94 -27.97 
2.3 7.31 7.46 ..5.54 •4.37 

	

-4 	18.42 	17.34 	12.55 	11.97 
-5 29.32 27.28 24.93 11.54 
-6 14.36 1302 11.36 6.56 
*7 9.52 9.41 .706 -6.19 
..8 16.24 17040 .13.64 .1102 
-9 6.84 7•20 -5.00 ...5.11 

	

-10 	2.97 	300 	1.96 	2.31 
O 21.38 18.27 15.79 9,19 

	

1 	6.26 	6.95 	1.11 	6.84 
2 1200 10030 -4.11 -5.44 

	

4
3 	16.27. 	16.90 	..9.76 	-13.79 

3 10.39 -8.62 -6.14 

	

___I_6 	9.17 	9.49 	700 	5.30 

	

5 	5.86 	6..2 	4.21 	4.09 

	

2 	2.78 	2.20 	2.03 	1.45 

4 3.87 4.43 3.913 -1.04 
1.39 1.24 ..0.60 .1..74 

	

'6.4 	19.43 	18.26 	17.11 	5.83 

	

''.t 	6.47 	5.42 	6.30 	0.47 
..f 20.56 20.08 .17.41 .1.8 
-7 14.00 13.02 .9.16 .1.7r 

	

..' 	6.97 	6.63 	6.60 	1.75 

	

-6 	- 1202 	11•29 	9.00 	7.91 
1. 	10.90 	11.18 	9.89 	6.76 
-6 1 1.29 0..3 .0.11 ..0.10 

7.17 7.20 -6.01 .7.93 
0 . 8.74 9.15 -4.42 -6.40 
1  15.61 16.96 -14.41 -9.94 

	

2 	3.92 	3.45 	-3.00 	..7.17 

	

f 	12.1Z 	12.70 	12.07 	4.5,  

; 1.7:78 

	

. 5..9 	4.7e 	3.03 

	

11.78 	IC.87 	4.54 
,..  

6  3.47 2.08 -2.13 -0.51 
8 3.73 3.40 -2.30 .2.43 

3.75 2.50 -2.34 -I.?) 

	

-! 	2.42 	3.21 	.- -..07 	5.61 

	

-2 	7.75 	8.41 	2.52 	4.'22 

	

.f 	4.64 	4.47 	2.16 	1.6* 
: 3.95 5.06 -3.32 -1.41 

...f 12.04 13.19 ...11.3S ..6.51 
-Z. 8.30 5.27 -7.62 -4.2:.  

	

.... 	1.56 	2.17 	1.97 	0.75 
-! 	4.70 	700 	0.41 	5.27 
' 8.42 7.12 .3.72 ..4.76 

	

1 	I 	1.43 	1..1 	0.90 	-1.41 

	

! 	4.21 	3..5 	0.09 	1.65 
' 5.53 	5.42 	7.45 	?.05. 

	

6 	2 	I.24 	0.48 	-0.35 	7.13 
5 4.92 4.42 -3.43 -:.15 
6!  6.07 5..4 .401 -2.71 

	

1.11 	1.47 	-1.3: 	-1.57 
-1  8.95 5.r7 -5.02 -4.31 

	

'2 	3.5:: 	1.40 	1.10 	1.-2 
-3  10.93 12..1 14.47 
-! 	/0.51 	11.20 	1.59 	..54 

	

'' 	8 1.31 	0..1 	-0.40 	5.17 
-6 	7.01 	7.i. 	-3.75 	..4.14 
; 6.20 6..1 --.15 -:.s. 
. 1.59 	1..2 	1.07 	1.7? 

	

1 	4.27 	4.15 	5.73 	5.75 
2 L 1.1,. 1.i: X.:4 1.0' 

I '  I.64 1.42 -1.71 
1 	! 	2.13 	2./3 	1.45 	.1:?7 

	

1 	7 	I 3.72 	1..1 	;.79 	-1.3' 
- 2.4i 3.13 -2.44 -2.3" 

4.84 
' 1 	2.55 	3.16 . 

	

..6.2 103 	41.4.3 	7.56 	I. 100 



,-
 .... o

a
.r

v
.m

.o
r
v
.r

 	
41,

0
o

n
a
r-

m
N

O
O

.
P

-
.1.

4
.
n

a
.
,

e
.
r
v
m

r
v
a
a
w

u
l
o

n
.
f
.

1.-
,
1
1

0
.
0

1.
&&

.
1̂

,
1

1
1

0
.
,
.
.
,
.

.
.
s
.
.
4

.
 

 
:
.
/
n
.

0
.
,
.
.s

.
1

1
.

/
.
;
P

:
n

r
r
v
0

.
.
u

l
l
o

.
D

.
  
.
.
.
.
.
 
°

4
1
0
.
1
.
w

m
p

-
o

h
m

l0
M

.0
4

1
0

.o
&

C
.,I

n
t
r
•

4
m

.0
.,r

v
e
d

&
r
&

o
w

...
.
N

m
O

m
r
v
4

4
n

0
.
1
4

1
,
0
,1
0
9
.
,

r
v
r
v
..m

0
0

r
0
N

%
O

f
d

O
n

w
 

I
n

F
o

g
r
.°

.0
.4

1
4

.
w

.
.
.
.

..:
1

4
4

Z
0

-
I
g

e
;
4

0
4

Z
&

I
Z

&
4

1
.:

1
4

.
4

1
4

4
%

%
7
4

0
4

:
,
g

o
.g

,4
4

4
•

;:w
1
4

g
4

c
.
4
.

1
.
;
:

Z
.
:
Z
,

4
1;
.g

r
v•
-

4
11.

14
:

4
1

1
;
4

Z
 

1 	
I
.
r
v
l
 
.
 
1

.
1

.
 
1

1
1

 	
1

.
1

.
.
1

 	
1

1
1

1
 	

1
1

 	
1

1
1

 
I
 	

i
l
l
 	

1
1

r
v
e
l
.
m

r
y
 
+

.
 	

n
r
v
.
r
v
.
.
r
v
1

 	
i
.
r
v
m

e
4

;
+

+
 
.
 
I
 
n

+
1

.
.
 
.
 
.
f
.
,
 

I
 I

 	
1 	

1
1

 	
I
I
 	

1
1

 	
&

I
 	

1
1

 	
I
I
 

w
 	

1 • 

=
0
=
7
=
4

7
4

:
4

=
g

t
:
=

g
2

=
=

=
=

P
r
=

'/
Z
Z

I
,
7
Z
1
f
1
0
=
/
f

g
g
4
1
”
:
=
1
=
t
=
7
g
.
7
f
g
=

41
.

2
7
=

2
1
1
=
g
2
1
1
.
2
1
  

4
.:4

4
.g..4

4
g.Z

4
Z
A
Z
gZ

O
O

Z
4
O

A
Z
Z
4
4
O

c4
4
4
.7

.4
8
.:8

.:Z
O

Z
O

4
,;O

cO
.:Z

4
4
4
.4

-4
;4

4
,;(0,4

%
8
:
4
0
4
.A

A
.g

g
4
4
.....4

 
1

1
 	

1 	
1

1
 	

1 
	

1
1

 	
1

1
 	

1
1

1
1

 	
1

1
1

1
1

 	
1 	

1
 1

1
 	

I 	
1

1
 
N

"
r
.
.
.
 	

0 	
.
.
.
 
	

1
1

1
 	

1
.

1
 
.
 
1

1
1

1
1

.
.
 	

1
1

 I
 

0.
 

I
 1

 I
 	

I 	
1

1
 

"
'2"

1
"
"
"
:"

:
"
"
"
"
"
=
"
7
7
7
"
"
P
7
"
"
I
"
I
V

*;
"
"
T
i
"i
"
'
"
'i
"
"
M
M
i

r i
l
I
i
.i
1
1
1
9i
i
;M
W
M
I

:n
i

7i
i
l
l
lr
i
 

.
.
.
 

I '.
1
:2
=
5
:
:
;
?
,
2
1
.
n

.
7

=
:
=

O
g

V
I
P

W
V

4
=

;
:
2

;,
:
g
g
;
4
1
4
g
g
Z
&
=
S
g
g
:
;
:

g
P

s
It
g
1
i
n.
g
2
g
.
.9
2
2
1
=
;
1
2

4
7
=

74=
.:
;
Z
Z

,
7
3
:;
2
2
=

"
2
/
.
2
:
 

 

.
f
l
.
f
t
p

l
e
l
.
1

.
1

0
,
0

1
r
.
p

.
r
.
P

O
N

4
4

1
:
0

:
0

4
4

Z
Z

.
4

;
4

4
:
Z

Z
A

N
.
4

4
0

4
4

,
:
,
4

;
4

4
1

4
.
4

1
A

4
8

.
1

.
A

N
1

=
1

0
0

0
0

0
.
4

.
1

0
1

C
4

g
.
f
.
C

4
U

4
N

•
O

P
M

4
0

.
.
.
.
.
N

M
,
O

O
N

M
J
0
,

M
0
,

0
.,

0
.
0
-
,
A

P
.
4

0
"
M

i
n

0
  

.
.
.
"
.
-
r
V

 
"
 	

r
 	

r
 
r
r
 	

r
 	

r
,
r
r
,
 
.
.
.
.
 	

M
N

I
N

M
P

a
r
•

y
r
 .

.
 	

..1
4
.
e
4

 
N

"
 
r
 
"
M

N
 
"
"
 
"
"
 
.
.
r
 

.
 	

-
-
-
-
 	

_
.
 

J
J
 	

J
 

.
.
 	

.
1
 

 

i.
.
.

.
.
. '

.."
f
l
.
7

.
-

.1
,,  .

.
.
.
.
.
 
N

n
4

1
1

.
1

s
0

0
.
N

M
*

n
.
.
.
7

1
1

T
I
T
T
7

°
.
r
v
n

4
.
7

1
.
1

7
T
T
O
.

N
7

7
.
r
v
m

l
&

I
.
,

W
C
.c
f.=

0
.
r
v
i,

W
0

C
2

=
1

7
07

T
T
I

1T
I
T
=

.
0

.+
N

n
4

1
1

o
,4

1
.-

M
.
2

1
.
  

N
N

N
N

N
P

e
r
v
r
v
N

 .
.
.
.
.
.
.
.
.
.
.
 N

r
v
r
v
m

r
v
r
v
M

N
N

N
N

N
N

N
.
I
N

N
N

N
M

M
I
N

N
N

N
I
N

N
r
v
r
v
e
s
ir

v
r
v
r
v
e
4

N
N

N
r
v
r
v
r
v
r
v
r
v
n
,
n

n
n

n
n

en
n
,
n

n
n

n
n

n
n

n
n

m
n

n
n

n
o

n
n

n
q

n
n

n
,
n

n
e
l
n

,
n

n
.
,
M

n
n

n
  

	
e
m

o
e
,
P

0
,
1

,
.
0

0
0

0
0

0
0

0
0

0
.
.
.
.

.
 
.
 
 
.
.
.
.
.
.
.
.
.
.
.
.
.
 
N

N
N

N
N

N
N

f
t
N

N
N

N
 

N
 
r4
 

 
• 

 

CF
  

 
•
 • • • • • 	

• 
	• • • • • • • 

	•
 •

 •
 •

 •
 •

 •
 •

 •
 •

 . •
 •

 •
 •

 " •
 
	• 

	
• . • •  Ja

 

• 
	 •

 "
 •

 	
• • • • • • • • 	

• 
•

 

1
1

 	
.
N

.
d

f
•

r
•

r
 
'
N

M
 	

"
 
1

"
 

U
l
l
 	

I
I
 	

7
7
. 

.
N

.
,
1

f
&

V
.
.
 
'
1

1
1

 
N

I
M

N
 
N

.
1

7
1

1
.
1

7
7

.
 
.
r
y
 
7

,
1 

ON
 

 

,
N

r
o

,
M

N
I
.
W

.
 

i
:
i
l
l
i

!
:

l
'
t
9

M
;
F
;
1
'
r
1
l
A

i
'
''
6

l
r
i
'
;
-

L
I
'
W
i
;
.
.
F
-
:
i

'
:
W
-
i

n
'
;
A
'
7
.

1
J
M
;
:,
,
:
M

ary
 p

r 
'
!
F
i
:
i
:
 

..1
.
0

.
.
.
.
,
.
.

.
.
.
,
.
.
.
,
.
,
.
0

r
,
.
.
.
t
.
1

6
.
0

.
.
.
m

l
.
.
-
.
.
0

.
.
.
.
m

o
r
v
v
r
v
e
l
,
 	

-
f
lr
,

&
l
.
t
,
,
,

t-
+

&
-&

-
t
4

.
.
0

.4
.

1
,
=

=
7

4
7

.
.
1

7
7

.
.
.
 
.
.
.
.
 

1
 
N

 
.
1

1
1

 
•

 
1
.
 

 
1

.
1

 
I
 
1

1
1

1
1

.
 
1

+
1

 	
1

 
.
 
.
 
I
I
I
 
.
1

1
 
.
 

1
1

1
  
"
 	

I 	
1
1
 

I
 	

I
 

	
1
1
1
 	

1
1
 

•
 

• 	

I
I
I
+
 	

I
I
 

11
,.

.
.
.
.
..
.
N

.
0

0
0

N
r
n

n
.
4

.
 
.
.
.
.
.
.
.
 
P

P
m

p
o

N
,
m

f
t
w

m
 .
.
.
.
.
 .
.
N

.
 
.
p

,
.
 
s
r
4

,
-
4

.
.
.
r
v
r
v
e

,
N

.
.
,
,
,
p

a
p

.
+

n
,
o

n
,
a
.

12/.
.
1

1
7

.
:
1

!
;
T
*

*
"
 

 
..>

 &
 ^

1
.0
)
.
.
3

"
0

•
,
,1

1
1

•
•

•
•

"
 a

r
.n

 p
a
. .1

3
,r

v
I
j...•

 .0
.4

,3
. 1

.1
 &

o
..1

,1
1

.1
1

 1
•

1
u

1
.8

 1
1

-
 1

.1
 1

 ,N
. .
.
}

,
1

1
•

1
1

.
1

1
.
.
.
.
.
.
1

.
.
.
.
.
.
.
.
.
 
,
4

•
4

1
 
,
.
.
.
.
 
'
I
.
.
.
.
1

1
 
 

Pr
  

 
.

4 .:4;A
,:44-1,4,4,g,;4iZ.;z.g.L..44

;.4
.1
-
-
-
-
-
-
"
"
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
."

.
"
"
"
"
"

!"
.;"
"
 

w
.N

 . .. 	
.. a

n
r,'.7

4
n

r
'
2

4
=

=
n

is
i
'
'

.9
.^

'2
.=

7.g
g

s
.
.
7

!
'
'

%
%
'

=
'
'

g
.

"
"
"
 '''''-

' 	
r-.  '

'
 
'
'
'
 

' 

	

.• ., o 	
. n. ••• • 

	

.
.
1

1
1

1
1

1
1

1
I
.
.
 
	

"
"
"
”
-
w

r
7

7
T
1

"1.
T
7

r
1
.
S

^
.
*

"
'
'
'
'
'
'
S

7
1

.
"
7

1
"
.

1
 

1
1
 	

•
I
l
 	

I 

•
 
..... .n

s
 . N

r
v
r
y
N

N
r
v
e
v
r
v
r
v
r
y
r
v
r
v
I
N

7
4

N
N

N
N

N
N

N
N

N
N

N
N

.4
N

N
N

N
I
4

N
N

r
v
r
v
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
r
v
r
v
e
4

r
v
r
v
r
v
r
v
r
v
r
v
r
v
N

f
t
r
v
r
v
o

if
t
r
v
r
v
r
v
r
v
r
v
r
v
r
v
r
v
r
v
r
v
o

.r
v
N

,r
v
r
v
r
v
v
r
v
r
y
N

,N
.4

,,N
&

 

.
.
.
.
.
.
.
.
.
.
.
 
O

U
0

0
0

 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
M

N
N

M
N

N
O

S
I
N

I
4

N
.
N

r
v
e
&

N
N

N
I
N

N
N

N
N

N
 
.
.
.
.
.
 
m

n
e
i
n

m
n

 
.
.
.
.
.
 
1

0
.
 



 
 

 

0
0

0
0

 

 
 

	
 a

 

 
 

 

.
P
 	

N
.
O

W
.
.
.
 
t
 W
 N

 r
 
b
 
V
 
P
 
N
 t
 W
 N

 r
 
O
 
O
 m

 J
 g

u
t 
t
  w

  
 
.
.
.
.
 

1.
.
.
W

o
d

M
0

.
.
.
5

7
J
W

.
4

•
W

W
 
.
.
.
 7 

. 

.!
P

O
L
..

..
.1

.f
.:

I
n

i/
F
7

0
 .

..
..

. 
W

r
I
W

W
N

0
1

7
0

W
t
1

2
.Z

W
4

,
N

O
Z

.
:
=

W
7

W
5

.
P

O
Z

U
N

t
:
W

W
4

N
.
.
.

..
:4

•
1

.4
7

4
1

O
P

.P
.
.
.
.

1.
.
.0
.
0
.
0

.
0
7
0
U

u
N

O
.

5
.P
.N
i
.
=

.
4

W
.
/

.
.
.
 

P
:

.
,
:

(
1

,
L
;
;

P
:

I
L
.

.
Z

:
,
1

t
;
t
Z

,
7

t
,
I
L
Z

:
,
,
L
L
:
4

.
%

:
e
L
t
L
A

4
4

:
4

.
.
.
i
l
i
d

o
l
e
0

4
,

Z
,.
.
.
L
.
N

=
L
:
1

1-
1

"
:0
4

L
l
t
C

I
L
t
 

0
,
4

1
1

.
0

.
N

.
0

.
4

.
0

.
0

0
.
4

.
0

.
W

w
.
w

.
.
.
W

.
W

.
W

.
N

O
.
N

.
O

.
W

.
.
.
.
.
m

0
.
.
.
.
.
.
4

.
4

N
W

O
.
.
P

J
O

W
W

.
N

O
.
N

.
N

O
W

.
.
.
W

O
W

f
t
.
.
N

N
.
w

w
.
0

4
0
.

4
4

0
.

0
D
O

N
.
M

..
0
.
.
.
W
.
.
0
,
0
.
J
O
N
W
  

	

I
 
I
 	

I 	
I 	

I 
	

I
 
I
 	

.
 
	

I
 
I
 	

I
 
I
 	

I
 
I
 	

I
.  

0
1
1
1
 
I
I
 	

I
.
.
 
	

I
I
I
'
 
.
 
	

I
.
I
N

.
 
.
 
.
1

1
1

 
N

 
I
.
 
.
 
I
I
I
 
.
.
I
I
I
I

. 	
I
N

I
I
I
I
 
.
 
.
N

I
 
I
I
I
 
.
 
.
.
4
1
.
.
.
 
1

.
1

 
.
.
I
W

W
I
 
.
.
I
.
.
I
N

W
.
 	

..
. 

-"
--

..
..

.-
--

*
--

--
-"

""
--

-"
-.

--
,-
-
"
"
"
,-
--

0-
"f

r?
r.

:,:
v
y
r
t
r
r
r
r
e
r
?

.
rT

rr
Py

vr
?o

vv
vv

tr
*:

7T
?:

::,
:y

r
 

1
.
.
"
.
"
.
.
.
.
.
.
.
.
.
"
.
.
.
.
.
.
.
"
.
"
.
.
.
.
.
.
.
.
.
.
.
.
"
.
.
.
.
.
.
.
 
	

N
.
4

1
-
,
.
.
P

N
.
.
.
P

.
W

P
W

W
.
C

o
p

 
.
.
.
.
.
.
.
.
 W
.
I
.
!
.
W
.
I
1,
0
 
.
.
.
.
.
 
.
0
0
.
1
,
4

.
Z

.
 
.
.
.
.
.
.
 .
0
.
:
 

,
Z

I
g

l
I
n

g
:
=

I
g

t
7

I
1

2
:
1

=
=

=
.
2

t
4

7
=

;
t
1

M
i
=

g
2

=
7

:
t
=

g
%

.
1

*
.
p

.
.
.
.
.
.
)
W

.
w

N
.
w

.
w

w
w

w
,.
.
W

w
w

.
.
N

.
.
.
.
.
.
.
.
m

.
.
.
N

p
y
w
.
.
.
.
.
.
.
,w

0
N

w
O

I
A

t
e
  

I 	
• 

'.
..

.4
4,

..
,4

..
';

',
.4

:.
1.

0,
..

ol
l;

4.
..

.4
!1

!,
..

,1
4

1.
..
..
1'
14
..
44
.0
7,
4'
1'
14
,.
.4
44
4.
Z.
..
,.
.1
.1
..
..
..
.1
.4
.7
11

11
2,

4-
Z.

”:
.1
4
4
1

—r
. 

E L
:.

!.
,.

.L
V
..

-.
L.

4
.1

.1
.t

.:
..

.:
..

4
.4

,.
:7

,,
n
4
4
,1

•%
to

..
L.

L1
.

7.,t
..

..
V
.I

..
.%

.
1.
L
.
L
.
.,

4,
LL

4..
 

/
.
1

.
.
.
.
,
,
,
,
W

.
n

.
.
.
.
.
.
/

W
p

w
.
.
.
0

.
4

1
N

.
I
I
I
w

.
w

W
,
.
.
W

w
N

.
O

w
W

.
W

.
.
w

.
N

m
W

.
.
.
N

N
O

W
W

.
O

.
.
,

N
•

n
.

4J
.
.
1,
.
.
.
.
0

*
W

W
.N

M
W

O
I
N

W
O

.
w
.
..

m
.P

W
N

O
,
I
.
M
.
0
0
.
4
.
W
i
0
.
0
.
.
,
A
J
.
.
.
0
.
 

 

N
V

 w
 u

• 
w

 V
. .

0
 W

 .
4
 .
..
 W

 W
 W

 I
II

 U
I 

W
O

IJ
I 

Ik
li
W

1
J1

U
4

1
.1

1
W

W
W

L1
1

.1
1

1
,1

1
W

I
I
I
W

N
,W

W
W

W
W

W
.W

W
L
1

4
‘1

1
W

W
W

11
1  

LO
 1

.0
 I

A
W

L11
  W

 V
I 

U1
  I

A
 l
II

 W
 .

 U
T
 W

 W
M

. 
. 

. 
I
.,

1
 W

 1
0  

I
A

 .
 .

 .
1  
.
.
.
 
.
.
.
.
.
.
.
.
 
l
i
,  
.
.
.
 
4

.
 
.
.
.
.
.
 
.
I
.
 
.
.
.
.
.
.
 
•

 

.1
1

4
 4

M
.
 11.
 ,
 

4.
 

 
l
b
&
 
.
.
.
.
0
1
.
1
 4
 J• 

,L 
1 ,

L 4
 4 .

..4
 0,

 ,.
. .

...
Ill 

4.
1J

. ,
L 4

, 4 
...

. .
 ..

 4,
W

. 
*

O
0

1
1

4
 0

%
 ,:,1
.1
4 4

7,4
 ..

, .
. .

 .4
.. 

..—
 01

; .
...

...
.. 

4 o
t
W

I
V

  
r
 0

 .
..

..
 W

.P
.N

..
1

,4
0

.W
.I

.W
N

..
.L

1
4

 
.
.
.
.
.
.
-
.
.
.
.
.
.
.
 	

_
 

,
 

r
 

. 

	

. 	
. 

	

, 	
r
r
r
r
 

r
  

ka
w.

..
..

.N
o

.w
.t

:m
..

..
S

.7
.7

.7
Z

;w
a.

..
4

.E
8

?.
G

.?
o

n
.:

an
'r

5
Z

.
m

w
.Z

...
Fo

...
.-

4o
.m

.r
...

. ,.
.N

.F
F.

J.
77

.4
Fr

...
.o

4a
o.

N
.N

. .
 :

a 
...

. W
A

P
P

.M
.W

g
O

W
N

 

/
t
•

L
:
S

2
4

0
0

:
0

,4
L
P

:
m

e
:
.U

M
:
1

4
.L

U
O

O
P

W
4

1
.0

P
L
.L

N
I.
W
:
0

1
J
W
:
.

W
L
:
I
W
P
L
I
I
.
W
.

2
4

1
4
/1
:
.
M
M
.
0
1
.

:
A
f
t
n

1
4
.4

.
.
W

.
M

:
4

4
I
L
W

t
a
,
y
4

4
V

:p
t
 

I
.
.
.
a
o

w
N

W
.
.
y
.
.
2

.
0

.
0

W
I
P

.
.
.
0

.
.
.
.
G

4
,,

W
W

0
.
.
.
M

.
.
.
N

w
w

.4
w

w
.J

.
.
.
.
N

.
.
0
.

4
.W

.W
0

4
,
f
t
.w

w
.w

,
p

w
w

.N
N

A
-
w

N
.
W

m
P

w
W

.
t
.
.
.
w

w
.
m

.
.
W

w
W

.
W

.
.
.
.
.
4

.
4

 

P
N

7
1

0
V

1
2

..
.A

.w
7

.v
..

4
7

0
W

Z
O

W
O

W
W

.M
:
0

:1
1

.0
-

0
.
.
u

1
7

.
°
,
n

0
.
.
7

4
0
=

W
Z

7
.
.
.
.
.
.
W

p
i
r
A

w
.
Z

.
W

.
0

, G
=

N
W

1
:
4

74
.
7
.

..
1
.

4
..

.W
I
A

N
W

.
, I

N
..

..
.u

m
*

M
P

N
W

.N
.0

0
.N

 
•
 •
 
•
 
•
 
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

•
•

 
•

 
.
 

0
0

')
N

N
P

t
A

1
t
t
f
A

T
A

i 	
O

N
It

i
t
.=

.
71

F
.P

'S
g

P7
1

P
1
.

1
=

O
N

W
=

I
t
l
Y

t 1
I
L

' O
P

I
V

0
0

1
4

1
4

.4
 

:
1

2
W

W
L
t
0

;i
2

S
t
4

0
1

r
o

s
!u

=
';

2
14

 N
W

 

	

1
 1

 	
1 

1 	
1

 1
 	

1 	
1 
	

1
 1

 	
1

 •
 	

1 	
1 	

1 	
• 

$
 
,
 
1

1
1

 	
/

,
1

1
/

 
,
 
,
,
1

 
1

1
 	

1
,1

1
  
,
1

,
1

 
,
 
/

1
4
,
  
,

0
,
1

1
,
,
  
.

,
,
,
1

,
1

 
1

4
,
1

 	
1

1
 
N

.
.
.
 
I
.
.
 
.
.
I
 
	

I 	
I
I
I
 	

I
I
I
 	

I
I
I
 

rr
f:

.1
-.

1'
7.

tr
rt

-T
I-

vv
yn

on
-r

?:
.r

P:
.-

-?
,-

...
y?

N
J
O

b
.:

-e
vr

Tf
..

.?
.:

T0
,t

:-
vs

Tn
,y

.n
-?

n,
tr

r7
rp

:,
%

-n
-T

.,
?t

tr
 N

r
 	

y-
Tr

y 
.
w

,
,
,
,
,
„
,
,
,
,
,
,
,
,
c
.
0

,
.
.
,
,
,
,
,
,
,
,
,
.
 N

m
 	

.
.
.
.
w

-
d

.
.
.
p

.
N

.
.
1

.
.
P

.
.
.
.
m

.
J
.
w

.
.
.
.
.
W

.
.
w

w
.
W

, C
.P

A
O

W
N

I
J
I
.O

.P
.O

w
a
N

W
.N

.w
O

J
N

O
..

O
N

O
.W

A
W

..
..

.0
W

.4
.N

iv
.m

•
 

P
.
D

.
,
4

w
w

.
N

O
N

N
O

.
N

.
W

0
0

0
.
m

.
0

0
w

.
N

W
.
N

.
,

0
0

w
N

o
s
.
..

W
W

W
w

w
.W

4
-0

.
W

P
O

w
w

.
.
.
.
w

w
w

.
w

.
N

4
..

a
r
J
a
.
"
.
.
N

O
P

O
,

W
O

N
.
0

(
.
0

•
N

W
.
0

4
.
.
.
0

.
0

.
'

,.
.
.

4
W

.
P

 

.
.
 

rv
rv

-F
n
4
It

.-
??

F
:4

4
7

,:
q
q
4
4
4
!-T

?l
vr

.:
h1

??
:.4
.
-
r
F
4
4
?

-...i.
11

, q
4
7
rr

tr
4

11-
11

4
:4

'-
.1

4
n
.r

p
f.

q
. 

.2
;
.,

=
=

t
r
.T

.=
=

r
2
.1

=
-
;
2
=

-=
=

1
4

. 1
7
,:

=
tt

l.
-2

=
ts

;:
n
1
T
=

-t
';

1
=

-s
t;

2
7
-1

1
..

4
.=

x
s,

”,
 .

 

• 
, 

l
a
m

 
b

J
V

 
V

 
J
J
..
I
J
J
J
P

P
P

P
P

P
P

P
P

 
 

L4
. 

..
..

..
..

..
..

 w
W

W
W

W
W

W
W

W
W

W
W

W
W

W
W

W
W

W
N

N
N

N
N

N
N

N
N

N
N

N
N

N
N

N
 	

.
.
 
1
:
;
.
 
.
 
.
.
.
.
I
 
.
.
 
.
 
.
 
.
.
 
.
 
.
.
I
:
I
I
3
0
0
0
0
0
0
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
-.
M
 
.
.
.
.
 „.
..
„ 

w
w
w
u
w
w
W
W
W
W
M
W
W
W

W
W
W
W
W
W
w
w
W
w
w
W
.
w
w
i
.
.
.
W
w
w
,
I
W
W
 

• 

r
W

 	
^

. 	
0

. 
4.
 
0

.
 
4

 
.
.
.
.
.
 	

•
A
o
a
n
•
0
,›
W
 	

W
N

. 
r
 	

0
. 

• 
• 	

•
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 •

 •
 

.
.
.
 
.
V
W
.
O
.
 

• ,n
,r
n -

n.
r:

-r
7n

.T
rr

vf
rr

rr
:T

rr
:.

”e
, e

vr
--

F7
f:

:.
:T

 
1
1
0
1
1
 	
I
S
I
S
 	

I 
N
 
I 	

I
I
I
 	

I
 
I
 	

I
I
 	
1
1
.
 
	

I
I
 	

I
I
 



100 

6.5. 	The Absolute Configuration of (-0-3-Bromocamphor.  

It has been noted (Section 6.1) that the Bijvoet 

method, applied using the data of W & K (Table 6.2), 

failed to produce a conclusive concensus of anomalies. 

For the assignment of absolute configuration based on the 

refined structure the methods of both Bijvoet and 

Hamilton (see Chapter 3) were used. 

1) 	The BijvoetTethod.  

The Bijvoet pairs Old, Oki, used in the previous 

determination (A) were remeasured using a Joyce-Loebl 

integrating microdensitometer; the sign of the 

intensity difference was noted, and found to agree with 

the visual estimate in each case. 	Two additional pairs 

(035, 044) were included in the list, bringing the total 

to 20. 	The signs of the inequalities : FT(Okl) 	FT(Okl) 

were calculated exactly as described in section 6.1. 

Two determinations were made, one after refinement run 

A4 (R = 0.098), and the other using the final parameters 

listed in Tables 6.4-6.6 (R = 0.079); the agreement 
between observed and calculated inequalities is shown in 

Table 6.8, where the determinations are designated (B) 
and (C) respectively. Absorption effects were ignored 

throughout: the very regular shape of the crystal used 

meant that the correction for reflection and counter-

reflection was virtually the same in this case..  
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TABLE 6.8. 

(+)-1-Bromocamphore  

Observed and Calculated Inequalities for the Bijvoet Pairs  

s[I(Oki) - I(0 7g 	sP(Oki) F(Ok4 

011 

012 

013 

+ 

- 

A 

+ 

+ 

+ 

+ 

- 

- 

014 - + - - 

015 + IMP 

016 + + + 

017 - - - - 

022 + + + 

023 + + + 

024 - - - 

025 + + + 

026 + + + 

027 - - 

029 + + + 

033 + + + 

034 - - - - 

035 - - - 

036 + + + + 

0+3 

044 

+ 

war 

+ + + 

••• 

-77.7%. 	1-00% 	100% 



ii) 	Hamilton's Method.  

The data was corrected for anomalous dispersion (FC) 

using the scattering-factor correction terms given in 

Eq. 6.2. (p.9, ). 	Four cycles of mixed-mode refinement 

was carried out using ORFLS; the parameters listed in 

Tables 6.4-6.6 were used, together with an overall scale- 
factor; 	the hydrogen parameters were not refined. 

The conventional R fell from 7.53% to 7.90%, and the 

weighted R ( Rw1  ) was 11.449%; the maximum S/E was 

less than 0.10. A similar refinement of the enantio-

morph (obtained by 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 ( R ) 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 observations (m) was 908; thus the number 

of degrees of freedom (m-n) is 800. Thus we have 

11800,tx. = 4/4 = 0.11515/0.11449 
= 1.0057 00110 603 

From Table 1 of reference 66 we find : 

q1,12010.005 = 1°034 
 
	  6.4 

and 	/ 1,o3 ,0.005 = 1.000 	 6.5 
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The required value of I)) may be obtained using the 

interpolation formulae quoted in the appendix to the 

paper, whence : 

91,800,0.005 = 1.0051 	 6.6. 

The hypothesis therefore has approximately 0.5% signif-

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 confidence in the correct configuration. However 

it appears that only very slight systematic errors in 

the data could lead to erroneous results; 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 Confi uration. 

The results of both Bijvoet's and Hamilton's tech-

niques show conclusively that the structure as determined, 

and drawn on a right-handed system of axes, represents 

the true absolute stereochemistry. Figure 6.2 shows the 

structure projected down the a-axis, and gives the 

conventional representation, shown in Figure 6.3 (ef. 

structural formula 5.XV) with theE2,11-dimethyl bridge 



Figure 6.2, 
(-0-3-bromocamphor 

in a-axis projectio 
BR 
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Figure 6.3. Absolute Configuration of (+)-3-Bromocamphor 

n the Conventional Chemical Representation.  

below the plane of the paper. This confirms the 

degradative work of Fredga and Miettinen(110a) Porath (110b) 

and Freudenburg and Lwowski(119).  Not only are the 

absolute configurations of (+)-fenchone (6.11 Fig.6.4) 

.and (-0-X-pinene confirmed by this work, but also those 

of the degradation products mentioned briefly in chapter 5. 
The next Figure (6.4) shows the stereochemical relation- 

ships between (-0-camphor (6.1),(-)-camphoronic acid (6.111), 

and (-)--methyl--isgpropyl succinic acid (6.1V) after 



Porath; it also shows the relationships between (+)-fen- 

chone 	(-)-.'-isopropyl glutaric acid (6.V) and 

(+)-isopropyl succinic acid (6.VI) due to Fredga and 

Miettinen. Since the last mentioned compound occupies 

a key position in the stereochemical correlation chart 

for the monoterpenes drawn up by Birch(109) the work 

described here, together with other X-ray work on sub-

stituted succinic acids(115'117) has confirmed the 

absolute stereochemistry of a wide range of compounds. 

In particular the unequivocal definition of configuration 

of (6.IV) from the present work, and by other, more 

recent X-ray studies(117) has confirmed the config-

urations assigned by Norin(114a) 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-ray work; 	the 

brief outline given here and in chapter 5. does, however, 

show how the X-ray method, 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 first of these, by Northolt and Palm 	2  followed 



6 I (+)-camphor  

H2  C ----COOH 

00H 

us< N tH3  
00H 

6.111. (-)-camphoronic  
acid.  

. 	C.  

4113 

HOOC 

\I2 

116 

6.11 (+)-fenchone  

6.V. (-)-X-isoPropyl glutaric  
acid. 

CH 17 
 cOOH 	00H 

HC— C—CH2  

CH 3 
6.1u. (+)-isopropyl succinic  

isopropyl succinic acid.  

Correlations of the thujane group(148)  

and (-)-methylisopulegone & (-)-menthone(117) 

Figure 6.4.  

4, 

COOH 

N\bH3  

6.IV.  

1, 	

acid. 

Stereochemical Correlation 

C'nart due to Birch(109) 
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exactly the same scheme as described for determination 

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

and W & K's parameters used to obtain the calculated 

-inequalities for only 9 Bijvoet pairs. We had much 

earlier rejected this method since it gave an inconclusive 

concensus of anomalies over 18 pairs. This case shows 

the danger of resurrecting old structures from the 

literature, in order to carry out configurational work; 

the accuracy of the parameters used is frequently not 

good enough to guarantee the result. 

In their 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 author'-s knowledge this work 

has not yet appeared in the chemical literature, a 

surprising omission, considering it's relevance to the 

monoterpenes. 

More recently the crystal structure of retusamine 

as the (+)-3-bromocamphor-9('r)-sulphonate monohydrate 

has been published(150).  Using Br excited by Culcx 

radiation, the absolute configuration of both cation 

-and anion have been established, that of the anion confir-

ming the above assignments. This raises the possibility 

of using (+)-camphorsulphonate salts. (or their 

derivatives) as internal reference centres, to establish 

the absolute configuration of a complex organic cation. 



NO2 	6.VII.  

/4. 
CH2Br 

,C1 

NO 	6.a. PCNC.(15°1  

-prje- 125'. 

11.8 

The substitution of bromine at C(3) in (±)-camphor 

gives rise to a third asymmetric centre. 	Figure 6.3 

shows that the bromine is trans to the gem-dimethyl 

bridge (endo-configuration). The same configuration is . 

found in the (+)-3-bromocamphor-trans-9(x)-sulphonate 

anion(15°)  (BCSO : 6.VII) and in bromo-isofenchone(151); 

this contrasts with the cis-position adopted by the 

bulky halogen atom in (-)-2-bromo-2-nitrocamphane (137)  

(BNC : 	and in (+)-10-bromo-2-chloro-2-nitroso-

camphane(152)  (BCNC : 6.IX). 

6.vII. BCSO.(15°)  

 

I /o 

9r- 
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6.7. 	Discussion of. the Structure.  

Molecular Geometry.  

The bond lengths and valence angles within the 

asymmetric unit are given in Tables 6.9, 6.102  together 

with their estimated standard deviations; again these 

probably represent realistic estimates. The parameters 

are shown for clarity 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(4), and the long bond C(4)-C(5)2  are 

the only ones which differ by more than 2.50- from the 

accepted C-C single bond length of 1.539 R(153). 	This 

may not appear significant out of context, but is possibly 

a result of the strain due to the 'one-sided' substit- 

ution pattern. 	The overall average C-C distance (1.538) 

is close to the accepted average; however the average 

length on the substituted side of the six-membered ring, 

C(1)--C(4)1  is 1.5082  while on the unsubstituted side, 

C(4)--C(1) it is 1.558. 	Comparable results have been 

found for BNC (1.52 & 1.580, and BCSO (1.53 & 1.56R); 

the effect is not marked in BCNC (1.55 & 1.560, possibly 

due to the effect of the bulky Br atom at C(10). 

X Numbering clockwise. 
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TABLE 6.9  

(-0-3-Bromocamphor.  

Intramolecular Bonded Distances (r) and their Estimated. 

Standard Deviations (op') in angstroms 

1- 

C(1) - C(2) 1.52 0.02 C(3) - C(4) 1.47 0.02 

C(1) C(6) 1.49 0.03 C(3) - Br 1.934 0.013 

C(1) - C(10) 1;52 0.02 C(4) - C(5) 1.60 0.03 

C(1) - C(7) 1.53* 0.02 C(4) - C(7) 1.53 0.02 

C(2) - C(3) 1.53 0.02 C(5) - c(6) 1.56 0.02 

C(2) - 	0 1.20 0.01 C(7) - C(8) 1.56 0.03 

C(7) - 0(9) 1.55 0.02 4 

Average C - C single bond length : 1.53 0.02 R 

lo 

4- 

Figure 6.5 (a) 
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TABLE 6.10.  

(4-)--Bromocamphor. 

Valence Angles (e) and their Estimated Standard Deviations(G) 

e erb 
C(1)-C(2)-c(3) 105.1 0.8 0(3)-0(2)-0 126.4 1.0 

CM-C(2)-0 128.4 1.1 C(3)-0(4)-0(5) 111.1 1.3 

C(1)-C(6)-c(5) 104.3 1.4 0(3)-0(4)-0(7) 103.5 1.0 

0(1)-0(7)-0(4) 94.4 1.2 c(4)-C(3)-Br 118.7 1.1 

C(1)-0(7)-0(8) 112.8 1.4 C(4)-C(5)-0(6) 101.2 1.3 

0(1)-0(7)-0(9) 112.4 1.2 C(4)-C(7)-0(8) 115.4 1.2 

C(2)-0(1)-C(6) 104.3 1.3 C(4)-0(7)-0(9) 111.8 1.3 

C(2)-0(1)-0(7) 101.8 1.2 0(5)-0(4)-0(7) 98.0 1.2 

C(2)-0(1)-0(10) 111.6 1.1 C(6)-C(1)-0(7) 102.6 1.3 

0(2)-0(3)-0(4) 102.2 1.0- c(6)-C(1)-C(10) 113.9 1.8 

C(2)-C(3)-Br 113.1 1.0 	C(7)-0(1)-C(10) 120.8 1.6 

C(8)-0(7)-0(9) 109.5 

1024101 S1  

102- imil3 .1 
Wif 

los 

<--/ ipz.*, '121 

	

)- -v- - - 	- 

	

tul 	11.5. 1/..., 

toi.z   

sti,..01103.-5.%4 	,- Its.7 

0 

Figure 6.5 (b).  2 
126.4 

(For additional angles 

see abOve) 
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The C(3)-Br distance of 1,934 a compares well with 

the average value for C-Br of 1.94 RI  quoted for the 

alkyl bromides(15  . ) . 	The value in BCSO is, however, 

0.058 longer. 	The C=0 distance of 1.208 is exactly as 

determined for BCSO, and does not differ significantly 

from accepted averages(153) 

The most interesting feature of Table 6.10 is the 

negative deviation from the tetrahedral value (109.47°) 

of the valence angles in the norbornane skeleton,C(1)-1› 

C(7), in (4.)-3-bromocamphor(BC). 	Sim(154)  has analysed 

this bicyclo[2,20]heptane system in terms of two fused 

cyclopentane rings having three corners in common, viz: 

.C. 2,3,4,7,1, 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 100°; 

Table 6.11 shows the average values for rings A and B 

obtained here for BC, compared 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 

on the ring system. 

A noticeable feature of all compounds containing 

the norbornane skeleton is the consistently low value 

of the'bridging' angle C(1)-C(7)-C(4). In the present 

structure it is 94.402  comparing well with values of 



1.23.  

93.1 in BCSO, 93.2°  in BNC, and. 95.00  & 91.2°  in the two 

crysatllographically independent molecules of BCNC. Sim(154)  

has ascribed this effect to the eclipsed interactions of 

groupings at C(2), C(3), C(5), C(6); this would appear reas7  

onable since the interactions are relieved to some extent in 

anti-7-norbornenyl p-bromobenzoate(155) anti-8-tricyclo- 

2,1,02)loctyl p-bromobenzene aulphonate(156) 2  and p-bromo-

benzyl norb mide(157) and values for the 'bridge' angle of 

960,  9701 and 970, respectively, are found. 

The norbornane skeleton may also be regarded as a bridged 

cyclohexane ring, where the required cis-fusion of the bridge 

forces the ring into the boat conformation. This can be seen . 

in Figure 6.2, and also in the perspective viel,rof (+)-3-bromo-

camphor shown :ice 6.x below. The ideal conformation of the 
norbornane unit should consist of four four-atom planes, viz: 

1,2,3,4; 1,6,5,4; 2,3,5,6; and 4,7,1,10; 

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

from the mean planes. The results for BC again compare well 

6.x. 
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0.0063 

0.0059 
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-0.0103 

0.0073 
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TABLE 6.11. Bicyclof2,2,]Jheptane system : average valence 

angles in the fused cyclopentane rings A & B.  

BC. BCSO1 BCNC BNC 2 
Ring A 	101.4 99.7 101.1 100.4 101.3 

Ring B 	100.1 102.0 99.8 100.0 99.5 

TABLE 6.12. Norbornane Skeleton : Deviations from mean 

planes (in Rngstroms)  

C(1)  

C(2)  

c(3) 

c(4) 

BC. 

0.0241 

-0.0354 

0.0359 

-0.0246 

c(1) -0.0195 
c(4) 0.0179 
c(5) -0.0261 

c(6) 0.0277 

C(2) -0.0216 
c(3) 0.0202 

c(5)  -0.0199 

c(6)  0.0212 

0(4) 0.0293 

C(7) -0.0140 

C(1) -0.0495 

c(1o) 0.0342 



1.25 

with the values for BCSO, BNCI  and BCNC; the deviations 

in all four compounds are small. 

The strain-energy minimisation calculationsI  of 

Hendrickson(158) have provided theoretical geometrical 

parameters for the most energetically stable cyclohexane 

conformations(159).  His optimum values of dihedral 

angles (co) and valence angles ( 8 ) for the boat-form, 

are compared with the values computed (MOJO) for the 

cyclohexane ring in BC; BCSO, BNC, BONO, in Table 6.13; 

The parameters involved are shown in 6.x, 	on the 

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 additional 

strain introduced by the presence of the gem-dixriethyl 

bridge. 

Table 6.14 shows the non-bonded intramolecular 

distances 4:3.0 . in BC. 	Robertson and his co-workers(152) 

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

C(8) L  (2.41 and 3.03 a) compared with those from 

C(6) to 0(7) and C(9) 	( 2.39 and 2.88 R) in BCNC 

as indicative of the distorting effect of the bulky 

halogen atom cis to the gm-dimethyl bridge; a similar 

see. Appendix III for a brief discussion of this work. 

/ see Appendix II. 	L7 the numbering of 0(8), 

C(9), has been reversed from that in the original papers 
to conform with chemical convention. 



TABLE 6.1. 

Comparison of Observed Dihedral Angles (C) )°  and Valence 

- Angles (0°  for the Cyclohexane Ring with- Values Obtained  

from Minimum Energy Calculations(159)  

Param- 

eter 

Theor. 

(159) 

BC BCSO BCNC 

Mol 1 Mol 2 

BNC 

52.1 77.8 73.8 73.9 67.6 72.7 

-2 0.0 6.1 3.o 6.9 2.3 6.5 
52.1 65.1 69.3 65.9 71.5 68.9 

L1)4 
52.1 68.2 68.7 71.8 71.7 71.2 

L)5 0.0 4.4 2.9 0.7 0.5 1.8 

6 52.1 73.1 73.3 67.2 68.5 68.3 

112.0 104.3 104.2 107.6 108.4 105.2 

-G2 112.5 105.1 104.3 106.9 101.9 105.8 

93 
112.5 102.2 103.7 100.2 104.4 102.5 

94 112.0 111.1 108.4 113.5 .112.2 113.9 

4),
2  

112.5 101.2 100.1 103.7 98.2 100.0 

86  112.5 104.3 106.2 104.2 109.6 105.3 
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TABLE 6.14.  

(-0-3-Bromocamphor. 

Non-Bonded Intramolecular Distances (in Angstroms) <3.0w. 

Br 0(1) ---4 

C(2) 2.90 C(5) 2.53 c(lo) 2.66 

c(4) 2.93 c(6) 2.93 

b(7) 2.35 c(8) 

c(1), ---4 c(8) 2.85 c(9) 2.54 
C(3) 2.42

0 2.45 
C(4) 2.25 

c(lo) 
c(5) 2.40 c(4) ----> 

0 2.91 
c(8) 2.57 c(6) 2.44 

c(9) 2.56 c(8)  2.56 

0 2.45 c(9)  2.6o 

c(2), ---4 c(5), 
2.33 2.36 c(4) C(7) 

c(5) 2.86 c(9) 2.84 

C(6) 2.37 

c(7) 2.37 c(6) 

c(8) 2.91 C(7) 2.36 

0(10) 2.51 c(9) -2:87 

c(10) 2.52 
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pattern was noted for BNC. 	In the preseht ease this 

distortion has been relieved due to a trans-substitution 

of Br at C(3). 	The table shows that the distances of 

C(2) and C(3) from C(7) and C(8) do not differ signif-

icantly from those of C(5) and C(6) to C(7) and C(9). 

Intermolecular distances and Packtag.. 

Figure 6.2 shows that the molecules pack in alter-

nating layers parallel to the screw axes. This system 

is economical:  but still allows clearances to be usually 

>3.6 R, 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 R. 	Roman subscripts refer to 

atoms related to the set given in Table 6.4. by the 

following operations : 

(i) 2-xl  ity:  1-z; (ii) 2-x, 	-z; (iii) x ltY, Z.; 

(iv) 1-x, it, -z. 

TABLE 6.15. 	(±)-3-Bromocaniphor : Intermolecular Distances 

C(9) - C(8)1 	3.95 R 	o 	- C(8)111  3.59 R 

C(5) - Brii  3.88 Br 	C(8)iv  3.94 

C(5)  - C(3)11  3.92 C(5)-0iv  3.88 

C(6)  - C(8)111  3.83 C(6) 	iv 3.70 

0 - C(3)iv  3.54  Br o 	iv 3.77 



CHAPTER 7. 
N, 

The  Crystal  and Molecular Structure of 

Humulene Bromohydrin : C15H250Br. 

7.1. 	Preliminary Work.  

The crystals were supplied by Dr. J. K. Sutherland 

and Dr. M. D. Solomon. 	They are colourless prisms with 

extinction directions transverse to the needle axis, 

possibly indicative of a monoclinic crystal with a non-

unique axis (a- or c-) parallel to the needle direction. 

Oscillation and Weissenberg photographs confirmed this 

(Lane symmetry 2/m), and showed that the crystals were 

stable to X-irradiation;  giving excellent Weissenberg 

records after only 20 hours. 

The photographs were indexed on a cell for which the 

absent spectra were 

h01, 	2n; 	Ok0 	k / 2n; 

thus defining the space group uniquely as P21/c. 
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Redefining c reduced the --angle by 10°, and changed 

.the absence conditions to. : 

hOi, 	h + 1 / 2n; 	Ok0 k / 2n; 

1.e. the space group was transformed toP21/n(160)  . Cell 

parameters were obtained by a least-squares procedure 

(CEDI) applied to some 30 theta values measured from 

equatorial Weissenberg photographs. 

Crystal Data. 

Humulene Bromohydrin:C15 H25'  OBr. Monoclinic P21/n:ca. '"5 .1\T 14 

a=. 6.07 ± 0.01 R; 	b = . — 19.54 ± 0.02 a; 

c = 12.39 ± 0.01 R;  /1 = 93.47°4- 0.25°; 

V = 	1647 R3; 	Dx  = 1.36 ± 0.03 g.cm73  

.(by flotation) 

Dc  = 1.37 g.cm73  ; 	for 	Z = 4 molecules/cell; 

M = 	301.27 (taking the standard C12  = 12.00); 

A = 
	

38.81 cm71  for CUKK (Amean = 1.54178); 

F(000) = 632 electrons. 	Needle axis :. a. 

The layers Ok1-5kt were photographed using Ni-filtered 

OuKocradiation (see Chapter 4), using a crystal of approx- 

imate dimensions : 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 by comparison with 

206 common datalfrom the (similarly recorded) h0i and 

h1/ layers, using the POLO program. A further 529 
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possible reflections in the Cu-sphere were treated as 

accidental absences, and included in the data list at 

a later stage. The absolute scale ( K ) was obtained 

during structure solution and refinement by comparing 

IFoI 	and ElFei. 

7.2. 	Structure Solution.  

The co-ordinates of the bromine atom were obtained 

from a 3D Patterson map. 	The symmetry equivalent 

positions in P21/n are : 

,1; 	x) 	Z,z- , 

2; -x)  -z7  -z; 

1   7.1 
3; ..—x, is+Z) 	-i—z; 

4; -1-4-x, 2—Z, i 	i+z; 

The resultant vector set for the four bromine atoms in 

the unit cell consists of six pairs of centrosymmetrically 

related peaks, whose co-ordinates, with respect to the 

bromine position : X)  I., z are given by : 

1; ± ( 	2x, 	2y, 	2z, ) 

2; ± ( 2x, 	-22  

	

1 	-4+2z, ). 

—47  ) 

* —-2z, ) 

—2z3  ) 

The full Patterson thus exhibits two Harker sections 

1 

± + ( —2, --L-r 2z, 

5, + 	( —*-2x, .1 —21 

6; ± + ( —2x, 2,y, 

.... 7.2 



1:  2) 	z, due.to the 21  screw; 

2:  Z7 	
1 due to the n-glide. 

Use of the Harker sections gave the co-ordinates of 

bromine as : 

= 0.093, 	x = 0.205 	z = 0.247. 

Using the phases given by the heavy atom (B = 3.002) 

a 3D electron-density map was computed (BOSS); reflections 

for which IFCl<"251F oI were omitted from the Fourier 

summation; R was 0.427. The nine atoms forming the 

macrocycle and fused cyclopropane ring were readily 

identified, and possible positions for C(9) and C(10) 

were also given. The resolution was, however)  poor at 

the positions expected for the substituent methyl groups 

and hydroxyl. 

Nine carbon atoms ( C(1) 	C(8) & C(11) ) were 

added to the structure factor calculation with B = 4.0 2; 

R fell to 0.338. 	The same rejection test was applied 

to the coefficients and the second map computed. This 

revealed all non-hydrogen atoms, but differentiation 

between C(13) and 0 was not possible from the electron-

counts. 

A third summation was performed to obtain optimum 

positions for the 17 atoms using Booth's method(161). No 

observed structure amplitudes ware rejected, and R was 

The numbering scheme is shown in full in the pull-out 

diagram bound with the end-piers. 

.... 7.3. 
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0.251. 	Distinction between C(13) and 0 was still not 

possible. 

7.3. 	Refinement of the Structure. 

The conventions set up at the beginning of section 

6.4,on page STS, will be used here. 	The progress of the 

refinement is shown in Table 7.1 on page 135 . The block-

diagonal least-squares program BABA was used throughout. 

Initially the positional parameters and estimated 

B-factors were allowed to vary for 3 cycles, together 

with an overall scale factor (K),.(run I1). A weighting 

scheme of the Hughes type (Eq. 2.29) was used, with 

F set at 850 on the scale of the structure factors in 

Table 7.5, this gave reasonably constant values of 

7w(1F01- 02  over ranges offroland sin2Q. The R-factor 

fell to 0.178, but C(13) and 0 showed anomalous B-factors 

of 2.522  and 7.5R2, respectively lower and higher than the 

general level (Z4.122) for substituent atoms. The 

designation of the two peaks was interchanged and 

refinement continued (run 12) to 0.170. A bond-length 

Tcalculation (ELSI) now showed sensible' values for 

C(6)-C(13) and C(6)-0 of 1.57 and 1.44 2 respectively; 

the B-factor shifts were minimal for the two atoms. 

A difference map, with (Fo-Fe) as coefficients in 

the Fourier series, showed no spurious features, but 
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revealed some anisotropy in the structure. 	All B-factors 

were thus converted into their anisotropic equivalent 

gists (Eq. 1.10). R fell to 0.122 after runs Al, A2. 

The accidental absences were now included in the 

structure factor calculation at an observed value of 

IFo  Imin in the relevant part of the intensity 

record. Some misindexing was detected and corrected, 

and two reflections (2,1,0; 0,0,2;) were omitted for 

suspected extinction. 	Two further cycles (run A3) 

gave,an R-value of 0.125 over all reflections. 

A second difference map suggested positions for all 

but 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 the final stages 

of refinement all 25 hydrogen atoms were included in the 

structure factor calculations, using the calculated 

positions, together with a B-factor equal to that of 

the carbon or oxygen to which they were bonded, plus 

0.502, The hydrogen parameters were not refined. 

after four further cycles of refire went (runs Ml,N2) 

the ratio 6/E (see p./00) was less than 0.10 for all 

parameters; the maximum positional shift on the last 

cycle was 0.00068. 	The final parameters, together 

with estimated standard deviations where appropriate, 

are shown in Tables 7.2, 7.3. 	Hydrogen positions 



calculated from the data of Table 7.2, are shown compared 

with the observed values in Table 7.4. The data from 

these three tables were used in a final structure factor 

calculation, with the overall IF01 scale factor (K) from 

the final cycle. The overall R-factor was 0.114, 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 Refinement Process.  

Run. Cycles. Max. shift 	. _,w ( IF - ka)2  

3 0.178 0.012 8380 

3 0.170 0.001+ 7725 

3 0.131 0.070 3476 

3 0.122 0.012 2256 

2 0.1251  0.0040 2236 

2 0.115' 0.0040 1842 

2 0.1141  0.0006 1831 
• 

± Overall R-factor (including accidental absences). 

Analysis of shifts on the final cycle.  

X 
Max. shift R. 0.00048 0.00060 0.00036 

Ave.,shift R. 0.00025 0.00020 0.00020 

12 

Al 

A2 

A3 

M1 

M2 

- 
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TABLE 7.2. 

Humulene Bromollydrin.  

Final Positional Parameters for the Non-Hydrogen Atoms  

(in fractional co-ordinates) together with their Estimated 

Standard Deviations (d). 

x• x cr z 

Br 0.08087 0.00015 0.20458_ 0,00004 0.25105 0.00008 

C(1) -0.10285 0.00134 0.28861 0.00036 0.25998 0.00056 

c(2) -0.17781 0.00127 0.31087 0.00033 0.14718 0.00055 

C(3) -0.19620 0.00125 0.38774 0.00035 0.12942 0.00052 

c(4)  -0.15794 0.00111 0.43630 0.00031 0.22137 0.00048 

c(5)  -0.35221 0.00124 0.44773 0.00033 0.29540 0.00053 

c(6)  -0.38504 0.00111 0.40111 0.00036 0.39043 0.00050 

C(7)  -0.45467 0.00115 0.32983 0.00036 0.35070 0.00058 

C(8)  -0.28024 0.00130 0.27329 0.00036 0.33670 0.00058 

0(9) -0.27719 0.00118 0.52341 0.00033 0.30842 0.00052 

0(10) -0.15173 0.00113 0.51653 0.00033 0.20302 0.00050 

0(11) -0.00851 0.00139 0.34791 0.00037 0.08455 0.00055 

C(12) -0.34217 0.00156 0.26459 0.00037 0.08688 0.00061 

J0(13) -0.19498 0.00140 0.40001 0.00043 0.47589 0.00057 

0(14) 0.06909 0.00147 0.54889 0.0001-1-5 0.20561 0.00073 

c(15) -0.29349 0.00134 0.54110 0.00039 0.10552 0.00058 

o -0.57628 0.00095 0.43024 0.00030 0.44016 0.00046 



.TABLE 7ta, 
Humulene Bromohydrin.  

Final Anisotropjc Thermal Parameters  

Non-Hydrogen Atoms.  

:3 7 

.'s) for the  

Atom 111 	4:22 	'33 	/112 

Br 0.03613 0.00227 0.01151 -0.00020 0.00597 0.00254 

C(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 0.00508 -0.00164 0.00378 -0.00036 

C(4)  0.02211 0.00205 0.001+09 -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 0.00344 -0.00372 

C(8)  0.03020 0.00214 0.00654 0.00095 0.00422 -0.00007 

C(9)  0.02733 0.00203 0.00514 -0.0009Q 0.00556 -0.00112 

C(10)  0.02160 0.00226 0.00473 -0.00025 -0.00092 0.00180 

C(11)  0.03841 0.00241 0.00554 -0.00041 0.01171 0.00178 

C(12)  0.04194 0.00362 0.00555 -0.00276 -0.00341 -0.00482 

C(13)  0.03318 0.00331 0.00519 -0.00095 -0.00097 -0.00063 

C(14)  0.03259 0.00319 0.00865 -0.00056 0.00520 -0.00183 

C(15)  0.03160 0.00277 0.00'594 0.00116 -0.00452 0.00191 

0 0.03315 0.00356 0.00850 -0.00048 0.01820 0.00495 

The 
/-1J
5..ts  are parameters in Eq. 1.10. 
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TABLE 7.4. 

.Humulene Bromohvdrin. 

Observed and Calculated' Hydrogen Positions, given as 

Fractional Co-ordinates. 

Atom Bonded 

tO 

Calculated Observed 

x 
B(1) C(1) -0.0012 0.3287 0.2954 -0.004 0.330 0.286 

H(2) C(3) -0.3607 0.3973 0.0957 -0.374 0.389 0.053 

H(3) C(4) -0.0013 0.4227 0.2607 -0.010 0.437 0.285 

H(4) C(5) -0.5080 0.4490 0.2493 IPM 

H(5) C(7) -0.5670 0.3104 0.4072 -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 0.4149 -0.165 0.281 0.440 

H(8) C(8) -0.3660 0.2281 0.3079 -0.359 0.235 0.264 

H(9) C(9) -0.4100 0.5599 0.3033 

H(10) C(9) -0.1725 0.5333 0.3798 -0.167 0.534 0.398 

H(11) C(11) -0.0042 0.3402 -0.0012 -0.017 0.340 -0.002 

H(12) C(11) 0.1569 0.3543 0.1192 0.138 0.356 0.091 
• 

H(13) 0 -0.7162 0.4511 0.4766 IP• 

H(14) C(12) -0.3956 0.2805 0.0064 •••• 

H(15) C(12) -0.4305 0.2260 0.1688 IBM 

H(16) C(12) -0.3231 0.2500 0.0459 MI* 

H(17) C(13) -0.1460 0.4501 0.5038 

H(18) C(13) -0.0695 0.3974 0.4504 41•MI 

H(19) C(13) -0.2305 0.3492 0.5356 

H(20) C(14) 0.0733 0.6033 0.1932 410M,  VIM 

H(21) C(14) 0.1352 0.5415 0.1444 

H(22) C(14) 0.1747 0.5223 0.2826 

H(23) C(15) -0.2893 0.5955 0.0931 

H(24) C(15) -0.4685 0.5127 0.1096 

H(25) 0(15) -0.2296 0.5302 0.0413 OEM OM& 

From difference, map following run A3. / Using BONDLA. 



TABLE 7,5.  

Btmulene Bromohydrin.  

Final Observed and Calculated Structure Factors.  

TY Format of the Table is 

k 

1 	50 IF°  I 
	

50 ic  

• 

The accidental absences are marked -L- (less-than). 

The 210,01  reflection was partially obscured by the 

backstop. 	The two reflections omitted for suspected 

extinction were (in the same format) : 

* 2 1 

0 2010 3429 (sin; = 0.0663) 

1 0 0 

2 7520 -9391 (singe = 0.0155) 



4 
6 
8 
10 
12 
14 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

0 
1 
2 
3 

7 

	

8 	2945 

	

9 	305 

	

10 	2468 

	

11 	529 

	

12 	1670 

	

13 	. 	438 

	

14 	332 

	

15 	456 
• 0 

	

1 	328- 

	

2 	2455 

	

3 	611 

	

4 	2816 

	

5 	744 

	

6 	721 

	

7 	• 129 

	

8 	449 

	

9 	376 

	

10 	163 

	

11 	167 

	

12 	659. 

	

13 	154  

	

14 	134 

	

15 	257 
* 0 

r ' 3955 
2545 

	

- 2 	5870 

	

3 	4938 

	

4 	2756 

	

5 	5554 

	

6 	1291 

	

7 	2404 

	

8 	144 

	

'9 	183( 

	

10 	164 

	

11 	530 

	

.12 	514 

	

13 	215 

	

14 	132 

!0: 

1919 
-1354 
855 

1029 
2o9 
332 

.818 
313 
171 L 
57 L 

-234 
27 L. 

2 
-28 L 

.2767. 

3666 

	

9 	222 	.189 	o 	10 	• 	0 	15 

	

10 	' 165 	-85 L 	0 	333o 	3237 	1 	157 	-09 L 

	

11 	167 -155 L 	1 2638 -2599 	2 	159 - 60 L 

	

12 	163 	93 L 	2 3520 -3271 	3 	644 	67u 

	

13 	150 	155 L 

	

-169 L 	
3 1046 	4 	164 	-60 L 

	

14 	128  

	

4 	
1157

O3 	2895 	5 	814 	-644 

	

15 	97 	35 L 	5 1009 -1000 	6 	410 -3n5 • 0 6 	6 1727 -1666 	7 471 -.372 

	

0 1634 -1295 	7 	156 	100 1 	8 	398 	374 

	

1 6004 -5416 	4 2373 2255 	9 	155 	-75 L 
167 - 

	

2 2082 -1998 	9 	35 L 10 	283 	244 

	

3 3146  3144 	10 156? -1380 	11 175 174 

	

4 	107 	- -57 L 	11 	160 	.133 L 	12 	340 	-269 

	

5 	3023 	-2698 	12 	620 	429 	• 	0 	36. 

	

541 	462 	13 	126 	170 L 	796 -663 
6 

	

7 	2968 	 0 

	

139i 2577 	14 	557 	.457 	1 	7272 	.2817. 
157 L 

	

8 	iso 	• 	o 	11 . 	'2 	164 	09 L 

228 	199 	4 	395 	344 	6 	408 	341 
586. 	-511 	5 	928 	.793 	7 	1008 	8011 124 	145 L 	6 	376 	321 	8 	157 -175 L 496 	416 	7 	227 	-249 	9 	775 	-661 

-inl L 
. 

	

0* 	.7 	8 	007 	.877 	i 10 	131 

	

1886 	-1550 	9 	410 	354 	.11 	111 	102 882 	.831 	10 	32q 	318 	• 	0 	17 
L 

392 -368 	11 	155 	208 L 	1 	166 	48 I. 276 	-335 	12 	14r- 	108 L 	2 	• 668 	-645 386 	379 	13 

3::i -3560 L 	

3 	167 	2 132 	-76 L. 	• 	4 	670 	549 404 	320 . 	0 5 	166 	-48 L 943 	-745 

.i9t; L 	

1 2620 -2088, 6 	164 115 L 323 	2 4397 	7 	158 	30 L 167 	3 	1764 	1400 
3195 -2891 	

8 	149 -149 L 166 	-98 1 	4 	 9 	334 -266 159 	-158 L. 	5 1777 -1546 L. 	10 	119 -179 L 143 	73 L 	6 2114 1923 

111  * :2f214;115 	.1;1124661i 

119 -175 L 	7 	164 
82 	-33 L_ 8 

L
1800 -1521 

	

0 	_ 8 9 	787 	_ 730 

	

L 10 	790 	706 	2 	579 	445 
5329 .44::: 

	

710 	864 	11 	424 	323 	3 

	

12 	454 	-301 	4 	810 	-507 1N; .3576 

	

13 	107 	-46 L 

'i 	:iiI('18 

	969 

	

214 • 	0 	13 	 5n3 

	

3603 	-3095 
1967 

	

2137 	1 	404 	444 	-5017 

	

1998 1975 	2 	145 	-85 L 	8 	196 -144 

	

1837 	.1619 	3 	786 

:ii L 	

9 	764 	60 

	

1252 	-1053 

	

-5607 4 	306 	• 	0 - 19 

	

1159 	977 	5 	154 
•205 L 	

1 	1.65 	15 L 

	

1207 	1030 	6 	163 

	

.298 
	

I.. 

	

179 L 	

2 	165 	109 i 

	

.1190 	-1052 	7 	706 	646 	3 	163 	41 

	

311 -222 	8 	167 4 	150 	.77 i 

	

138 	159 L 	9 	233 5 	155 	75 

	

113 	-57 L 10 	221 	196 	6 	149 	-12 L 69 	41 L 11 	451 .330 	7 	139 	103 1 

	

0 	9 	 12 	123 	20 L 	8 	356 	374 

	

156 	- 119 	• 	0 	14 	 * - 	0 	io -  

	

623 	-634 	0 	2761 	1426 	3 	1455 	1305 

	

119 	35 L 	1 1792 1726 	1 	59e -513 

	

1465 -1269 	2 2175 '-1973 	2 .904 3246  

13 
-2653 14 
-255 15 
2265 • 
409 1 

-1598 2 
-350 3 
304 4 
358 5 
3 6 
244 7 
2265 8 
476 9 

2-;5 

10 
11 
12 

-129 L 13 
.278 14 
.363 15 
.101 _ • 
202 0 
563 1 
72 L 

.119 L - 
• 4  
4 5 

'3924 6 
2671 7 

8 
-4747 9 
2727 10 
5439 11 
-1207 12 
.2103 13 

-81 L 14 
1540 15 
.422 L • 
'.407 1 
444 2 
173 3 

-144 L 4 

5900 9 1193 -1154 1 	1080 	901 1948 4 	2275
-2410 10 	235 	-227 	2 	366 	-299 	

34 	7242 

75 
5 	1713 
6 	3074 

	

236 	-146 167 	.45 L 	3 	535 	596 	5 1253 .1062 -1125
11 
12 

• - 	0 - 	0 
3591 3625 
4887 -4112 
2155 1970 
791 -654 
406 421 
194 -170 

• 0 1 
847 823 
459 520 
2292 
1719 
925 
1136 
253 
441 
914 
396 
167 
166 
311 
137 

• 
109

0 
2887 
1432 
3900 

11421011 

	

15 	380 	-277 
• 0 : 5 . 

1 2081 -2042 
2517 

	

2 	2547 
3 2142 -1812 

	

4 	538 	508 

	

5 	388 	342 

	

6 	493 	362 

	

7 	382 	365 

	

8 	• 293 .-290 

134 53  162 L 
6 45i -365 
7 152 108 L 
8 160 188 
9 - 	406 
10  167 i761 L 
11 163 9 
12 151 -314.: 

L
l. 

13'i32 50 .1.. 
14 105 -95 L 

	

312, 	
.859 

2 

	

4 	2375 

	

5 	1692 	1443 

	

6 	1833 	.1643 

	

7 	1408 	.1369 

	

8 	407 	3017 

	

948 	743 

	

10 	9u0 	-7q2 

	

i1 	734 	r500 

	

12 	653 	5'5 



14/ 

3 	762 621 
4 	1249  1018 
5 	356 .344 
6 	1239 41011 ' 
7 	125 13A L 8 	908 684-  
• 0 21 

1 	151 .194 L 
2 	210 .213 
3 	205 213 
4 	140 .60 L. 
5 	132 98 L 
6 	299 252 
• 0 22 

0 	1494 .1234 
1 	195 • 142 
2 	1381 
3 	371 12g 
4 	1487 .1081 
5 	116. 6 L 
6 	103 811 L 
• 0 23 

1 	122 144 L 
2 	119 106 L 
3 	161 
4 	212. 

.244 

.1E3 
• 1 0 

-15 	90 "6 L -13 	128 . 	121 - L 
-11 	1069 -1232 
-9 	731 723 
-7 	1609 -1861 ' 
.5 	3093 3358 
-3 	5939  
-1 	gig, .1344 
1 7757 
3 	488 630 
5 	1947 .2198 
7 	456 473 
9 	866 .857 
11 	938 924 
13 	307- .201 
15 	641 514 
• 1 1. 

-15 	90 37 L 
.14 	276 .241 
-13 	748 695 
-12 	193 .257 
.11 	1015 -1084 
•10 	• 	423 .383 
-9 	1759 1734 
-8 	116 26 L 
.7 	'2711 -3049 
-6 	1611 .1760 
-5 	2847 
-4 	1150 

3315 
1,102 

-3 	.4649 .5547 
-2 	, 869 852 
-1 	:1923. 5052 
. 	0.7 	694 .- 1249 
1 	4362 -4549 
2 	710 
3 	46141, 

-676 
4950 

4, 	.1284 -1011 12 
5 	4534 -4429 
6 	336 -363 
7 	2049 
8 	784 

224452  

9 	1513 -1486 
10 	634 -602 
11 	759 669 
12 	574 - 	501 

13 396 
14 216 
15 . 435 

• 
• 307 

1 
-15 
.14 112 
-13 128 

273 
.11 757 
410 502 
-9 437 
-8 1117 
-7 653 
*6 1137 .5 690 

2076
79 -3 

-2 901 
-1 1934 

5770
424 1 

2 5057 
3 

3555 
4 218 
5 
6 

21g: 

7 2139 
8 1315 
9 545. 
10 507 
11 438 
12 234 
13 124 

-6663 984 14 10? 
15 81 

• 1 
-15 406 
-14 383 
.13.  127 
-12 272 
.11 240 
-10 1061 
-9 1394 
.8 1817 
.7 1281 
.6 1542 
-5 .2000 
.4 1910 
73 1934 
-2 4027 
-1 5361 
0 3477 
1 3318 
2 5459 
3 
4 

4610 
3218 

5 3106 
6 1083 
7 1330 
8 931 
9 317 

10 
11 

544 
875 
260 

13 349 
14 211 
15 157 

• 1 
-15 84 
.14 109 
.13. - 
.12 635 

•

8 13 	12:2612438 L  

	

.311 	.11 	

132 

	-3 	82 . 138 

	

.225 .10. 1084 .1144 	.2 4059 4076 

i24121  

	

337 	"9 	1013 	1021 	-1 
20 

	

369 	.7 	1 	1;122 .3.97 
.52 L 	

1085 .1044 

	

.6 1654 -1756 	2. 	0641 
.109 L '5 2111 

	

.12
3 	.716 

	

258 	-4 '953 .768 	4 :i7:i .2475 

	

-781 	.3 	102 	• .196 	5 

	

490 	-2 1448 -1471 	6 
702 -740- 

	

o2 53 	1349 

	

313 	-1 2329 .2589 	-7 1038 948 

	

.1065 	0 	3914 	3916 	6 	357 	-340 

	

-504 	.1 	805 	5915 	9 	* 327 	.426 

	

1008 	2 	.2080 	-2338 	10 	995 	.977 

	

-658 	3 	464 	465 	11 	137 	• 40 

	

.4 4 	1527 	12 	738 	-645 

	

1::: 	
1396 

	

5 	118P 

	

901 	13 	117 	.72 I 

	

. -635 	6 	707 	-872 	14 	97 	-P8 I 

	

-2213 	7 	777 	799 	15 	64 	-46 1 

	

.0 8 	299 	21C 	• 	1 	7 -55326 

	

5076 	
9 1443 .1378 .15 265 -274 

	

-Ti. 	

10 	864 	'728 	.14 	278 	1,1 

	

'11 	13P 	.41 L -13 	440 	447 

	

12 	731 	642 	.12 	453 	-4n9 

	

13 	122 .161 L -11 	434 .395 

	

-372 	1.4 	327 	1276 	.10 	872 	740 

	

-9 
	' 134 

	

.2435 	15 	76 	/78 L 

-128 L

19 I 

	

-1392 	.4. 	. 1 	 .646 

	

520 	.15 	80 

lg: L 

	

418 	-14 "106 	
.7 1186 -1102 

	

-6 	2742 2802 
 

	

528 	-13 	123 	-5 	2053 6 
.164 -12 3012 .3048 

	

91C 	967 	-4 

	

722 	-740 '86 L 	.11 	. 248 	-190 	.3 
-12 L -10

13% 

	

1963 	-2 	1707 

	

-115 L .9 	921 	P99 	-1 

ii:71 :412:76,  
3 	.8 	1900 	1847 	'0 

	

. 431 
	

-7 	1314 	.1192 	1 

	

377 	-6 1994 -2052 	2 1672 1872  

	

.110 L -5 	373 -246 	3 	563 	503 

	

-215 	.4 38184144 	4 1321 -1337 

	

114 	-3 	1102  •989 

	

5 	29
3 - gi: 

	

1046 	-2 4074 -4062 	6 2230  

	

.1297 	.1 	932 7 	1628 

.1751 

	

1266 	
0 	3671 	7:t1 

	

l 	911 	
16483 

1 

	

364O -3°97 	
9 662 .611 

1573 

	

2 12 	391 	349 

	

.2074 	3 	2491 	11 	386 	319 

	

.2360 	4 227" 	2402 	12 	573 	.553 

	

1657 	5 	573 	465 	13 	321 	-394 

	

4348 	6 1805 -1967 	14 92 148 

	

.5694 	7 	115 

	

S. 1504 
	-30 L  15 	52 	24 

.3377 

3436: 	

1577 • 1 	8 

	

9' 	896 	.954 	.15 	158 	1.1. 

	

10 	136C 	-1085 	.14 	542 	-645 

	

11 	13P 	187 L .13 	455 -350 .43::: 

	

.3248 	12 	296 	216 	.12 	405 	347 

	

13 	12" 	28 L .11 	334 	323 

	

1071 	14 	284 	.245 	.11 	138 	33 

	

15 	71 	96 L •.9 

	

.1363 	 136 	46 

	

-957 	* 	I. 

	

:67P1. L. .8 

	 936- 	972 

	

360 	-15 	7 -7 	829 	770 

	

476 	-14 	102 	.6 	899 	"EM 

	

-843 	-13 	296 	487 	-5 	1313 	-12SU  
.2:=9 . 	-12 	42" 	.466 	.4 	199 	2n3 

	

326 	.11 	334 	426 	-3 	544 	514 

	

1994 
	

-2191
4  

	

.80 	.10 	931 	955 	-2 

	

-192 	-9 	187 	168 	-1 
4 	.8 1242 .1736 	0 4568 4672 

	

 :1'8 L "7 	254 -200 	1 	87 	178 
-73 L 	.6 	1112 	1143 	- 2 

	

125
1289 	01443 

	

-183 L -5 	337 	351 	3 	189 	127 

	

727 	.4 

	

2854 42953 	4 

	

1166 	1250 



1.4. 2 

282 
868 
271 
1355 
433 
862 
128 

1140 
3278 
108 
2859 
496 

3874 
463 

1N2 
2266 
516 
1849 

1634 
134 
731 
294 
385 
1 

88 
. 109' 

214. 
420' 
477 
1015 
744 

1511 
1101 

598 
1'635 

554 
275 

1562 
833 
1292 
174 
810 
650 
546 
705 
433 
614 
481 
104 
382 
1 

363 
247 
684 
129 
1150 
1252 
1898 
2101 
1609 
1168 
1779 
1111 
2768 
1238 
2385 
1879 
2412 

.232  

L 

L 

L 

L 

L 

L 
L 

1 

1 

L 

123 341 

5 
6 
7 
6 

852 
972 
124 
788 

780 
.1068 
.77 
819 

L 

012 
.11 
.10 

- 	-9 
9 335 . 	326 • -8 

• 1D 240 .200 .7 
11 135 -57 L -6 
12 125 109 l -5 
13 109 104 L -4 
14 86 -70 1 -3 
• 1 9 .2 

.14 474 .456 -1 
-.1.3 308 -395 0 
-12 394 349 1 
-11 783 732 2 

- -10 138 -130 L 
-9 1315 -1171 
-8 593 512 5 
-7 1511 1429 . 	6 
.6 1528 .1491 7. 

-4 877 	• 922 9 
-3 4368 4446 10 
-2 1905 -1775 11 
-1 3775 -3701 12 
0 1414 1455 13 
1 3469 • 
2 1201,  

3244 
.13 

3 3492 -3464 .12 
4 1520 1538  ..11 
5 
6 

1920 
12/7 

1991 
-1264 

-10 
.9 

7 1251 .1250 -8 
8 947 900 -7 
9 1136 1037 -6 
10 138. 83 L 
11 296 -5 
12 420 354 .3 
13 104 70 L 
14 79 166 L .1 
• i 10 0 

.14 78 ' /16 L1 
-13 103 -79 L 2 
-12 511 -579 3 
.11 186 -252 4 
-10 644 57.6 5 
-9 138 .37 L 6 
-8 573 .582 7 
-7 317 -243 6 
-6 1115 1101 9 
-5 738 730 10 
-4 156 .187 11 
-3 1940 .1762 12 
-2 899 819 13 
-1 .912 976 • 
0 395 .353 .13 
1 1701 .-1602 .12 
2 1368 -1159 .11 
3 101 1875 -10 
4 ',250 .251 -9 
• 5 2006 .2032 -8 
6 125 113' L -7 
7 '1584  1676 .6 
8 304 -249 .5 
9 138 "27  L -4 
10 546 559. -3 
11 
12 

518 
117 

412 
-188 L 

-2 
"1 

13 392 .334 0 
14 69 5 L 1 
• 1 1/ 2 

013 193 159 3 

-20 00 

-194 
-795 
-169 

. 1113 
383 

-759 

2305 2233 11 
-1217 
-3154 

75 
3160 
.424 
.3655 
-365 
1663 
969 

.2106 
-430 
1805 

-1541 
65 

722 
278 

-389 
12 
-71 
-3 

196 
362 

-424 
-1031 
657 
952 

525 
1395 
-662 '2796' -12 

164 
1485 
-851 
-1313 
195 
769 
-568 
-534 
-726 
370 
596 

-315 
26 

330 
13. 	. 
-370 

629 
es 

.1030 

.1146 
1662 
2034 

- 1501 
.1D9B 
1704 
1068 

-2720 
-1161 
-2368 
1860 

-2336 

L 

L 

•L 

L 
L 

L 

L 

-1447 . 
-4

9 

4 
5 
6 

7 
9 

10 

12 
13 

"12 
"11 
-10 
-9 
-6 
-7 
-6 
.5 

- 	-4 

-2 
-1 
0• 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

-11 
-10 
.9 
'8 
-7 
.6 
-5 

-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6  
7 
B 
9 
10 
11 
12 

-10 
-9 
-8 
-7 
-6 
-5 

-3 

• 

-lel 9 

..4 1504 

1519 
1336 
333 

1381
:1. 
658 
/26 
360 
304 
238 
1 

250 
246 

295 
137 
959 
137 
331 
1106 
418 
1977 
1400 
1487 

1804 
31A 

1354423 
755 
196 
385 
521 
260 

10' 
86 
44 
1 

290 
101 
570 
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7.4. 	Discussion of the Structure.  

Stereochemistry.  

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

7.1; this shows that the proposed stereochemistry(13°)  

(5.XXXII in Fig. 5.4) must be revised to 5.XXXIII, which 

is reproduced below as 7.1. 	The attack on the C(1)-C(2) 

double bond of humulene (5.XXXI) is thus revealed as cis-, 

but is trans- at the other two as proposed(130).  A 

possible alternative mechanism to the expected all-trans, 

concerted cyclisation of humulene involves intermediate 

formation of a bicyclobutonium ion(162),  which is attacked 

by hydroxyl.(163) 	Although the present study has furnished 

the complete stereochemistry of humulene bromohydrin, 

it will require careful biosynthetic studies to establish 

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

to caryophyllene. 

7.1. Humulene Bromohydrin ; Representation of true - 

Stereochemistry. 
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0-BROMINE7  c-OXYGENI  0-CARBON. 

Figure 7.1. Humulene Bromohydrin in 8.-axis projection.  
.c) 



7.11 

-84 	.  -,1*■,,,do''°.--- 	A 	...4 3=3 '\ te> 

1 5 

Geometry and Conformation.  

In view of the stereospecific reconstitution of the 

all-trans triene ring of humulene from , the bromohydrin, 

and the ease with which these reactions proceed in either 

direction(13O)  (see Sect. 5.4), it is instructive to note 

the close similarity between the conformation adopted by 

humulene in its silver nitrate adduct(128)  (7.1I,below), 

and that adopted by the bromohydrin (7.1II). 	The 

perspective drawing shows that all three double bonds 

in humulene bis-silver nitrate are nearly perpendicular 

to the cycloundecatriene ring. This leaves then-orbitals 

in 7.11 ideally situated for cyclisation to form the 

cyclobutane ring of 7.111. 

'One might have expected such a large ring (7.1I) to 

have a very mobile shape, especially in solution, and 

have ascribed the geometry found to the influence of Ag+, 

and to packing requirements. 	However comparison of 

7.11 with 7.111 indicates that the crystal conformation 
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adopted by humulene is no mere accident, and.must have 

been present in solution immediately prior to cyclisation. 

Recent n.m.r. studies of the conformational equilibria 

of humulene in solution(16)  have proved inconclusive 

in establishing 7.11 as the preferred conformation. 

However there is some evidence that the conformations 

adopted by cyclic olefins in crystalline complexes are 

an accurate reflection ofthose adopted prior to reaction 

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

1,417-cyclononatriene has, within experimental error, 

the same structure-in both the free state(165) and in 

its silver nitrate adduct(166)  ; the same is also true 

of trans,trans,trans-1,5,9-cyclododecatriene(167) and 

germadratriene(136) the latter compound will be discussed 

in section 8.4. 

The interatomic distances and valence angles are 

shown in Tables 7.6, 7.7, respectively. They are also 

shown in Figure 7.2 for ease of reference. 	The standard 

deviations quoted are probably low estimates, since 

lalock-diagonal least-squares approximations were used to 

'optimize the positional parameters. 

The C(1)-Br distance of 1.9928 is rather longer 

than the average value quoted for the alkyl bromides 

(1.948 (153)), but comparably long distances have been 

(150) found in re tusanine-(+) -3-bromocamphor-9(7c)-sulphonate 



TABLE 7.6.  

Humulene Bromohydrin.  

Intramolecular bonded distances (r),in Rngstroms, together 

with their estimated standard deviations (6'). 

Atoms Atoms 

.Br 	- C(1) 1.992 0.007 0(5) - c(6) 1.511 0.009 

c(1) 0(2) 1.507 0.010 0(5) - 0(9) 1.553 0.009 

C(1) - C(8) 1.509 0.011 C(6) 	- 0(7) 1.528 0.010 

C(2) - 0(3) 1.521 0.009 c(6) 	c(13) 1.518 0.010 

C(2) 	- 0(11) 1.509 0.011 0(6) - 0 1.462 0.009 

C(2) 	- C(12) 1.510 0.011 0(7) 	- C(8) 1.547 0.010 

C(3)  0(4) 1.490 0.009 0(9) 	- C(10) 1.557 0.009 

-C(3) 	- 0(11) 1.513 0.011 C(10)- 0(14) 1.48o 0.010 

c(4) - 0(5) 1.553 0.010 0(10)- C(15) 1.518 0.010 

.c(4) c(1()) 1.585 0.009 
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Valence Angles not 

shown in the figure 

are given in Table 7.7. 

Figure 7.2. a-axis projentisan showing hcIndlengill (underlined)  and, vp1Pnns!  lea. 



. •Humulene Bromohydrin.  

Valence Angles (0°  in the Asymmetric Unit, together with  . 

their Estimated Standard Deviations (6)°.  

Atoms 90 
Atoms GO dO 

Br-C(1)-0(2) 109.0 0.5 CM-C(10)-0(9) 87co 0.5 

Br-C(1)-C(8) 107.1 0.5 c(4)-c(10)-c(14) 116.7 0.6 

C(1)-C(2)-C(3) 115.8 0.6 C(4)-0(10)-c(15) 114.2 0.5 

C(1)-0(2)-0(11) 116.0 0.6 c(5)-c(4)-c(10) 88.2 0.5 

C(1)-0(2)-0(12) 116.0 0.6 c(5)-c(6)-c(7) 110.2 0.5 

C(1)-0(8)-0(7) 116.6 0.6 c(5)-c(6)-c(13) 114.9 0.6 

0(2)-0(1)-0(8) 117.0 0.6 c(5)-c(6)-o 103.8 0.6 

0(2)-0(3)-0(4) 120.8 0.5 0(5) -0(9)-0(10) 89.2 0.5 

C(2)-0(3)-0(11) 59.7 0.5 c(6)-c(5)-0(9) 123.0 0.6 

C(2)-0(11)-0(3) 60.5 0.5 0(6)-0(7)-0(8) 120.6 0.6 

-C(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 

C(3)-0(4)-0(5) 117.0 0.6 0(9)-c(10-0(14) 115.7 0.6 

.0(3)-C(4)-C(10) 121.6 0.5 c(9)-c(lo)-c(15) 111.0 0.6 

CM-C(3)-C(11) 121.5 0.6 C(11)-0(2)-C(12) 118.9 0.6 

C(4)-0(5)-0(6) 120.9 0.6 c(13)-C(6)-0 107.5 0.5 

C(4)-C(5)-C(9) 88.3 0.5 C(14)-0(10)-0(15)110.5 0.6 
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) 5'-bromo-5'-deoxythymidine(168 '7  and dibromomenthone(169)  

Of the other exocyclic bonds the C(6)-0 distance compares 

favourably with cited values(153) while the C-1e distances,  

although shorter than the accepted C-C single bond value 

of 1.539 R(I53), are not significantly so. 	The fused 

ring system presents some interesting geometrical and 

conformational points, and these are discussed separately 

below. 

The Cyclo-octane Ring. 

The assumption of the distorted crown as the pref- 
, 

erred conformation(1"), from thermochemical and spect- 

roscopic evidence, has recently been challenged. 

Hendrickson(158)  has calculated the minimum strain-

energy (Emin) (see Appendix III) for nine symmetrical 

conformers, as a function of the valence angles M I  

dihedral (torsion) angles M, and non-bonded H-H contacts 

(r). He concluded that, when the valence angles are 

allowed to vary from the tetrahedral value (109.47°), the 

conformations with D and Cs symmetry are preferred, 

the latter being slightly less strained by ca. 0.3 kcal 

mole-1. 	In a later calculation(159)  C-H and C-C non-

bonded interactions were allowed for, and one other 

conformation included (symmetry S). A value of 112°  

was now taken as that of minimum strain at saturated 
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carbon, from hybridization stUdies. 	In this case the 

Cs  form was preferred by 0.9 kcal mole-1  over the 

_and by 1.7 kcal mole -1 over the D2' 	Similar calculations 
(171) 	 (172) by Wiberg 	and by Bixon and Lifson 	have given 

comparable results. 	The latter workers have lifted the 

symmetry requirements, and conclude that their are four 

forms of comparable Emin; the boat-chair (Hendrickson 

Cs  form), and the twisted crown ( not considered by — 

Hendrickson, since it is not symmetric ),have the lowest 

values. 

The occurence of the boat-chair form has recently 

been shown by several X-ray determinations. Dunitz et.a1.(173)  

have studied the cis- and trans-cycloactane dicarboxylic 

acids, and Groth(174) has studied the cyclofttane peroxide 

dimer. 	The structural parameters in both cases have 

agreed well with the theoretical values. 	In the 

structure of taxinol(175) the cyclooctane ring is fused 

to two cyclohexane rings, but preserves approximate Cs  

symmetry. 	Evidence for the distorted crown form, 

from a study of a salt of azacyclofttane(176) has been 

l'iown inconclusive(173) due to structural disorder. 
(177) 

More recently 1,21 5,6-tetrabromocyclofttane has been 

found to exist in this conformation in the crystal, and 

possibly in solution. 

The ring in the present study ( C(1)4C(8) ) is 
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boat-chair, but is distorted from Cs  symmetry by the 

ring fusion. 	Figure 7.3 shows the ideal conformation, 

and the parameters involved; it is numbered as in the 

.present study. 	Atoms C(2), C(4), C(6), C(8), show an 

average deviation from planarity (required by Cs  symm- . 
etry) of 0.19R. 	Table 7.8(a) shows the values of (w) 

and (Q) obtained in this work, compared with those of 

Hendrickson(159) and Bixon and Lifson(172) '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 

deviations from the' theoretical values are caused by 

the cyclopropane ring fusion, i.e.ca2  differs by 48°, 

and C(2) and C(3) show the largest discrepancies in.the 

comparison of planarity. 

The angular strain energy (EQ), involved in the 

variation of valence angles from 112o is 7.33 kcal 

mole-1 for the present structure, while the torsional 

Strain (E u))is 7.8 kcal mole 51. The non-bonded inter-

actions are difficult to estimate, due to lack of resol- 

' ution of hydrogen atoms; however the contribution from 

this source to Z  'total is usually small. Comparison with 

see Appendix III for formulae used. 
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study. 	For the minimum-energy f6rm Emin  = 	+ Ec, + k;14B  = 11.1 
kcal/mol 
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TABLE 7.8(a).  

Values of  03:48  and .1_4! for Humulene Bromohydrin, in 
comparison with the theoretical values from minimum  - 

Parameter 

energy calculations (159,172) 

This work Bixon & Lifson Hendrickson 5-9)  

- -71 117.0°  116°  117°  

92 115.7 116 116 

120.8 114 116 

21+ 117.0 114 116 

e, 120.9 115 117 

110.2 113 116 

97 
120.6 115 116 

116.6 116 116 

-t=)1 -92.9°  -64°  -65.0°  

-̀=22 4.4 -44 -44.7 

1'23 80.7 106 102.2 

-86.7 -72 -65.0 

68.6 70 65.0 

-93.0  -105 -102.2 

7  58.7 46 44.7 

. 53.3 64 65.0 

Calculated using MOJO (Appendix II)..  



TABLE 7.8(b). 

  

Displacement (dT in Rngstroms of C(1)-C(8)  

mean plane through the cyclo8ctane ring of  

Bromohydrin, compared with the theoretical  

Bixon and Lifson(17 .2)  

Atom 
	

gobs 	—theor 

C(1)  0.62 0.71 

C(2)  -0.37 -0.08 

C(3)  -0.38 -0.65 

C(4)  0.47 0.35 

C(5)  -0.08 0.06 

C(6)  0.19 0.34 

C(7)  -0.56 -0.65 

C(8)  0.11 -0.08 

Calculated using the program DIDO (chapter 4). 

from the 

Humulene 

values 
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Hendrickson 's data(159)  shows.that the value of E0  Et., 

here, exceeds that for the ideal gs conformation by 

6.55 kcal mole-l. 	This must reflect fairly accurately 

the additional strain introduced by the fusion with two 

(highly strained) small rings. 	It is surprising, 

therefore, how closely the conformation observed here 

tallies with that from minimum-energy calculations, 

despite the effects of what may be termed 'fusion strain'. 

It would be interesting to perform similar calculations 

with the parameters of taxinol(175) 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. No one conformation appears to be 

preferred, and although spectroscopic results(177,178)  

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 

is 117.4o 0.6o and compares well with values for 7-, 
:9-, and 10-membered saturated carbocycles, viz : 116°  in 
the cycloheptane rings of bromogeigerin acetate(179) and 

caryophyllene chlorohydrin(180); 117°  in cyclononylamine 

hydrobromide(181  116°  in 1,6-cis-diaminocyclodecane(182)  

and 117°  in 1,6-trans-diaminocyclodecane(183).  The 
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general increase in save  over the tetrahedral value - 

obtained from the X-ray results is also borne out by 

the theoretical minimum-energy calculations. 

The average bond length in the cycloactane ring is 

1.521 R ( average e.s.d. 0.010 R ),which does not differ 
significantly from the accepted average. 	The short 

C(3)-C(4) distance is probably a reflection of the 

'fusion strain'. 

ii 	The Cyclobutane Ring.  

The proposed trans-fusion(130) has been confirmed, 

and its feasability on conformational and geometrical 

grounds has been discussed above. Figure 7.4 shows 

that the ring is buckled, the average deviation of the 

atoms from the mean plane is 0.148. 	In Table 7.9 the 

distortion observed here is compared with results of 

other studies, by both X-ray and electron diffraction, 

in terms of • 

(a) the average valence angle (o) in the ring, 

(b) the average bond-length (r) in RI  

(c) the perpendicular distance (h),in R7  between 

ring diagonals, 

and (d) 	the atrerage dihedral fold about the diagonals 

i.e. 	24  2 



Figure 7.4. Humulene Bromohydrin in 010 projection, showing the buckling of the 
cyclobutane ring. 



Criteria (c) and (d) are illustrated in Figure 7.5 below. 

The results Allow that the ring is generally non-

planar, even in cases of simple substitution, as predicted 

by theoretical work(186493,194) 	The effect is 

enhanced by trans-fusion to larger ring systems (entries 

1,253,.in Table 7.9). 	In the former case values of 

lie between 152°  and 160°, but are as low as 139°  gave 
in the latter. 	Relatively few idealized planar rings 

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 increase of C-C bondlengths over the accepted value, 

an average of 1.5751 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 

Figure.  7.5. Criteria (c) & (d) in cyclobutane ring 

analysis.  
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TABLE 7.9.  

Analysis of Cyclobutane Ring Distortion (Criteria a - d)  

Compound & Reference 	Ave 09 Ave rS 

1.562 0.28 151 

1.556 0.36 143 

1.573 0.40 139 

1.537 0.26 152 

1.59 - 158 

1.57 - 160 

1.57 0.00 Planar 

1.56 0.00 Planar 

1.55 00 

1. Humulene Bromohydrin 88.2 

2. Caryophyllene (180) 87.0 
Chlorohydrin 

3. Caryophyllene (125)  86.3 
Alcohol Chloride 

4. Anemonin(184) 	88.2 

5. Octachloro- (11qN  
oyclobutane'll  87.7 

6. Cyclobutane(186)(1) - 

7. Cyclopentanone(187)  90.0 
(photodimer) 

8. Methylene (1 pck, 

cyclobutane v"'"(I) 90.0 

9. Methylene (189) 
cyclobutane . 	W 92.5 

10. Methyl 
1 cyclobutane(19°)(2) - 	 56,. _ 7 	- 	- 

11. Octafluoro- 
cyclobutane(190) 	89.0 	1.60 	160 

12. Dimethyl keten 
dimer(191)W 93.0 1.56 

13. Tetraphenyl (100)  
cyclobutane"'"' 	90.0 1.57 	0.00 Planar 

(x) Electron-Diffraction Study. / Where values have not 

been quoted in the cited reference they have been calcul-

ated using MOJO (Appendix II). 

IMO 
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ascribed(186)  to trans annular non-bonded repulsions 

between carbon atoms. 	The interactions involved across 

the diagonals are ca. 2.2 .; in the present study 2.183 R 

for C(5)-C(10), and 2.163 for C(4)-C(9). 	The C-C bond 

stretching from this source has been calculated(186)  to 

be of the order of 0.038 a; this estimate is borne out 

by the data of Table 7.9. 
Caryophyllene chlorohydrin (CC)(180)  (entry 2 of 

Table 7.9) and caryophyllene alcohol chloride (CAC)(125)  

(entry 3), are the most relevant to the present study; 

their structural formulae are shown in 7.IV, 7.V. 	The 

cyclobutane ring is trans-fused to a seven- (rather than 

eight- ) membered ring, and the distortion is consid-

erably greater. In both cases the cycloheptane ring 

adopts the boat conformation, which is one of the 

7.IV. Caryophyllene Chloro-

hydrin (CC) 

7.V. Caryophyllene Alcohol 

Chloride (CAC) 



TABLE 7.10.  

Values of 8ave and 01  -07  for CC and CAC compared with 

of and Ew  are also given. 

Parameter Theoretical 	Observed 

CC(180) CAC(125) 

<b> 115°  116°  112°  

o1 57.5 62 64 
co 
2 30.9 27 34 

(03  -69.9 -77 -83 
(0 - o.o 13 8 

525 69.9 52 -70 

26 -30.9 -20 -33 
w7  -57.5 -67 -63 

Q 1.77 4.07 1.07 

Ec  5.55 6.58 5.90 

Values calculated using MOJO (Appendix II). 

Values given in kcal moles-1, the method of 

calculation follows that due to Hendrickson(159) 

and is set out in Appendix III. 

Values from minimum-energy calculatiOns(159). The values 
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.• minimum-energy preferred forms(1592195) 
	

The optimum 

values for 0ave  and 01-41.7 (the latter are shown in -  

7.IV) for this conformation are given in Table 7.10, 

together with the corresponding values for CC and CAC. 

The values of E8  and Et„ are also listed. The agree-- 

ment is reasonable, considering the strain due to fusion, 

and is better than in the cyclooctane 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 E8  and Bo  for the cycloheptane 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 

cyclooctane ring of humulene bromohydrin it was 6.55 

kcal mole-17  in CC it is 3.33 kcal mole-1, while in 
CAC there is actually a decrease of 0.35 kcal mole-1. 

Thus it would appear that the trans-fused cyclobutane 

ring has been able to transfer some of its strain 

energy to the cyclofttane ring in humulene bromohydrin, 

and its geometry is approaching that given by non-fused 

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

a great extent in CC2  and hardly at all in CACs  resulting 

in increased distortion of the cyclobutane rings. 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-

butane rings, is almost certainly due to the !stiffening' 

effect of the fused chair-form cyclohexane rings, which 

share the atoms C(1), C(12), C(8),(see 7.IV, 7.V). 

The calculations are by no means rigorous, but they 

do tend to show the distribution of strain energy in the 

fusedring systems considered. 	It is pleasing to note 

that the extent of distortion exhibited by the cyclo-

butane rings does follow in the order predicted by the 

energy calculations, as shown by Table 7.9. Thus th✓  

ring in the present study is least distorted, followed 

by the rings in CC and CAC in that order. 

iii) The Cyclopropane Ring.  

A noticeable feature here is the slight contraction 

of the C—C distances (average r = 1.514 + 0.010 R), which 

compares well with the cited average for cyclopropane 

rings of 1.52 R (153). This has been attributed(1862196) 

to bent-bonding, which brings the atomic nuclei into 

.closer proximity. 	The distorting effect of the three-

membered ring on the cycloactane ring has been mentioned 

in (i) above. 
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TABLE 7.11.  

Humulene Bromohydrin.  

Non-bonded Intermolecular Contacts less than 4.0 R.  

Roman suffices refer to atoms related to the asymmetric 

unit given in Table 7.2 by the following symmetry 

operations 

i) 1 + xl 	Zs 

ill) —x 1 — y, 
Z' 1 ii) 	2 - xl i 4-  vs 

iv) — 1 — x, 1 — y, 

2 - Z; 

1 z; 
v) — 1 — x, 	— y, 

Br - 0(7)i  3.878 

C(13)- 0i 	3.853 

C(14)- Brii  3.731 

C(15)- c(11)iii  3.759 

C(15) - 

O _ c(6)1  3.992 

O - C(9)iv  3.413 

O - 	c(13)iv  3.767 

O - 0iv 	3.213 

C(15)v  3.861. 
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Intermolecular Distances an PaCking.  

• Figure 7.1 shows the molecular packing projected 

down the a-axis. The molecules pack in rows parallel 

to the 21 screw axes, but keep well clear of the centres 

of symmetry (17). The closest intermolecular contacts 

-‹ 4.o R are shown in Table 7.11; they are all greater 

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 0-H bonds 

preclude any possibility of hydrogen bonding. 
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CHAPTER 8.  

The Crystal and Molecular Structure of the 1:1 Adduct of 

. Germacratriene with Silver Nitrate, C15H24:AgNO3.  

8.1. 	Preliminary Work. 

The crystals were supplied by Dr. J. K. Sutherland 

and Mr. E. D. Brown; 	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 to the needle axis, 

was indicative of a monoclinic crystal, with a non-

-unique (a- or c-) axis parallel to the needle direction. 

Oscillation and Weissenberg photOgraphs exhibited Laue 

symmetrY- 2/m, and confirmed the above indication,• The 

conditions for absent spectra were shown to be : 

hOil  1 / 2n; 	OkO, 	k 2n; 

defining the spacegroup uniquely as P21/c. 	The cell 

parameters were obtained by the least-squares procedure 

(CEDI), applied to some 20 theta values measured from 
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the equatorial photographs hOf , 0k]. The relevant data 

is listed below. 

Crystal Data. 

Germacratriene:AgNO
3 
 : C 	4:41\103; Monoclinic P21/c 

(4h  : No.14) 
a = 7.530 + 0.010 R; 	b = 10.010 + 0.015 R; 

c = 20.905 ± 0.023 R; 	/1 . 102.1 t 0.3°, 

= 	1565 R3; 	DX 	1.61 + 0.03 g.cm.-3  

(by flotation in KI soln) 

Dc  = 1.58 g. cm.-3; 	for Z = 4 molecules/cell; 

M = 374.23 	(taking the standard C12 = 12.00); 

106.0 cm-1  for CuKx  radiation (),mean  = 1.54178°) 

F(000) = 768 electrons; 	Needle axis : a. 

The preliminary 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) silver nitrate - 

cyclo6ctatetraene(198)1  and tris-bullvalene - silver 

flouroborate(199). 	A crystal was encapsulated in a 

Lindemann glass capillary tube and kept in darkness, 

as far as was possible, using the layer-line screens 

and the camera pot. 	The effect of X-rays, in causing 

decay and break-up of the crystal lattice, was tested 
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by taking two equatorial (Okl) Weissenberg photographs, 

two weeks being allowed between each 45hr. exposure. The 

level of the intensities on the second film was reduced 

by about 25-30%, but no changes in the relative values 

could be detected visually. 	This indicated that no 

photo-sensitized structural changes were taking place. 

A compromise had to be made between the size of 

crystal required for speedy data collection, and the 

size required to minimize absorption errors. 	Several 

crystals were tried, and one of approximate dimensions : 

0.25 x 0.12 x 0.15 mm. was chosen and encapsulated. The 

layers Okl - 5k1 were recorded as described in section 

4.1, using Ni-filtered CuKx radiation. The average 

exposure time was rv5Ohr. per layer, and the oscillation 

range was reduced slightly to obtain as'much high-Q 

data as possible, in order to reduce the Fourier series 

,termination errors. A total of 1198 independent 

reflection intensities, out of some 2000 in the Cu-

sphere, were visually estimated using step-wedges made 

:p.t Oki, 2k1, 1+k]. 	The layers h01, hli, were similarly 

recorded 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 

scale-factor (K) was obtained during structure solution 
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by comparing >,1F01 andElFel . A systematic absorption 

correction,, although desirable, was impossible due to the 

gradual decay of the crystals. 

8.2. ''Structure Solution.  

Two-dimensional Patterson maps were computed for the 

[1001-and [0161-projections using BOSS. 	With respect 

to ; silver co-ordinates x, z, z, vector peaks between 

centrosymmetri.cally related atoms occur at 0, 2z, 2z; and 

2x, 0, 2z; respectively in these maps. 	The silver 

co-ordinates were given as : 

x = 0.052, 	y = 0.318, 	z = 0.319. 

A two-dimensional electron-density map (BOSS) for the 
- n 
1._ projection, using phases given by - the above position 

2 o (together with an estimated B--factor of 3.0 A ), 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 symmetry elements at z = 0, 

:1.7  *7  *7  1. 	This map may be compared with Figure 8.2 

(p./9z) which shows the fihal structure in b-axis 

projection. 

Using the full, correlated, three-dimensional data 

list, a 3D Patterson map was computed (BOSS). Equations 
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Figure 8.1.  

Contours are at arbitrary intervals, negdtive areasare dotted. 

Germacratriene:AgNO
3 	

[101-Fourier, which should be compared 
'  

with Figure 8.2.  
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similar to 7.1, 7.2, (p. 13/ ) give the Harker sections : 

1. 	2, 
	due to the 21 screw, 	 8.1. 

and 2. 	0, 	due to the c-glide. 

The Patterson was solved uniquely for - silver, giving the 

co-ordinates : 

	

= 6.0541, 	v = 0.3182, 	z = .0.31771  

in excellent agreement with those obtained above. 

A structure factor calculation using this position, 

with estimated B-factor as before, gave R = 0.346. These 

values were then used to compute the first 3D electron-

density map; reflections for which IFX0.251F01 were 

omitted from the Fourier summation. The nitrate ion 

was immediately discernible in the x = 0 section; nine 

other peaks appeared to form the basis of the carbon 

skeleton, but their resolution was not good. 	Two 

further maps were computed (using the same rejection test 

for the structure factors) : 

(i) included silver, nitrogen (B = 4.0 R2), and the 

:three oxygens (B = 4.0 2) 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 R2), R was 0.284. 
The latter map confirmed the nine carbons, ad revealed. 



the positions of all other non-hydrogen atoms. A bead 

model of the structure at this stage showed chemically 

sensible geometry. 

A fourth map, including all atoms (except hydrogens) 

in the structure factor calculation (R = 0.233), showed 

no spurious features, but exhibited some series termination 

ripple; no reflections were rejected. Optimum 

atomic positions were obtained from the map using Booth's 

method(161). 

8.1, 	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.+. (p,95). 

Positional parameters, B-factors, and an overall scale 

factor (K), were varied for four cycles; no weighting 

-scheme was employed, but scattering factors appropriate 

to the normal resonance hybrid nitrate ion, i.e. N 03  

And to Ag+, were used. 	R fell to 0.199 (run Ii, see 

Table 8.1, p. /tn). 

A weighting scheme of the Hughes type(51) 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 (mil 12). An analysis of the 

3t Obtained by linear interpolation between 0° and 0-1 



agreement within the individual layers showed consid- 

erable errors in the inter-layer scales. 	This was 

probably due to uncorrected absorption errors (see 

above), especially in the correlating data. This was 

collected with the crystal rotating about the b-axis, 

perpendicular to the needle. 	The X-ray path-lengths 

within the crystal were thus more variable in this 

case, compared with the main axis, where the cross-

section presented to,the beam was far more uniform. 

It was therefore decided to include the inter-layer 

scale-factors as parameters in the isotropic refinement; 

as already noted, this procedure is invalid in the 

anisotropic case(l46).  All further refinement was 

performed using the fUll-matrix program ORFLS. Four 

cycles of unweighted refinement, varying the parameters 

noted above, reduced R to 0.159 (run 13). 	The value 

of F-' was reset to 45, and a small number of misindexed 

reflections corrected. 	Eight strong, low-order, 

reflections (102, 2002  202, 202, 212, 310, 312, 30r1) 

were removed for suspected extinction, and R fell to 

'0.104 (rurs 14,15,16). 

An analysis of the observed and calculated structure 

factors (DELSIG) showed that the average 11F01 'Fed 

increased linearly with increasing1F01 and the Hughes 



weighting scheme was no longer applicable. 	A scheme 

was devised. from the.plot to give reasonably constant 

values of Lw(IFol -IFc1)2 over ranges Of IFOJ, it took 

the form 

w =     8.2. 
alF01 

where the constant (a) was derived from the slope and 

intercept of the plot. 	Convergence was now slower, 

and four cycles reduced LI to 0.100. 

A noticeable feature of these,later 

oscillatory motion of the nitrogen atom 

length calculation showed that the le -

was 1.15 a, compared with 11+  - 0(1) and 

ances of 1.23 and 1.26 R respectively. 

bonding of 0(2) indicated that the charge distribution 

in the nitrate ion should be changed to N+7  0(3).-1 7  0(1)-1 

and 0(2)0. Correction terms were also included to 

allow for dispersion effects at Ag+  using the values 

Aft = -0.5, Llf" = 1F.7 (59). R fell to 0.099 (run 18), 

:and parameter shifts for the nitrate ion became minimal. 

A difference map was now computed using (F0-F0) as 

Fourier coefficients; although it revealed no spurious 

features, it was not possible to estimate hydrogen atom 

positions. 	They were therefore included in the final 

a 

• 

runs was the 

N 7  and.:0(2). A bond- 

0(2) distance 

N - 0(3) dist- 

The stronger 
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stages of refinement in calculated positions (BONDLA), 

with /3-factors equal to that of the carbon to which they 

were bonded, plus 0.5 R2; 	these parameters were not 

refined. 	The refinement was concluded with runs 19_, 

110; the ratio of shift to standard deviation was less 

than 0.10 for all parameters on the final cycle)  the 

maximum positional shift was 0.0004 R. 

Some cycles of refinement using anisotropic temp-

erature factors were performed, but these parameters 

became non-positive-definite for some atoms (i.e. they 

were physically meaningless), and the process was not 

pursued. 	The failure was probably due to : 

i) uncorrected absorption effects, 

and ii) the paucity of data, in the anisotropic case 

the ratio of observations to parameters was only 6, 

hardly high enough to guarantee a valid refinement. 

The final parameters from the isotropic refinement 

(Tables g.2, g.3) together with the refined scale-factors, 

to obtain the structure factors shown in Table S.4; the 

hydrogen atoms were included in the calculation in their 

'Calculated positions. 	The final R factor was 0.097, 

for 1190 reflections not affected by extinction. No 

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 1%1 and IF0I  rather meaningless. 	It should be 

noted that the standard deviations quoted in the following 

:tables are probably realistic estimates, since full-

- matrix methods were used throughout. 

TABLE 8.1.  

Germacratriene:AgNO3. 

The Refinement Process.  

Max. Posh  
Run. 	• Cycles 	R. 

	E 	iFoi F 1)2. Shift R 

1 
Ii 4 0.199 50995 0.080 
1 

12 3 0.194 22595 0.032 

13 4 0.159 7694o 6.040 

14 4 0.116 23920 0;0021 

15 4 0.110 17630 0.008 

16 4 0.101+ 15310 0.005 

17 1+ 0.100 5265 o.0006 

18 4 0.099 5131 0.0006 

19 4 0.097 5065 0.0005 

t10 2 0.097 5031 0.0001+ 

Block-diagonal approximations (BABA), inter-layer 

scales not refined.„ 
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TABLE 8.2. 

Germacratr:lene:AgE03  : Final  Positional Parameters as  

Fractions of the Cell Edges, together with their Estimated 

Standard Deviations (0) 

Atom x -x 	Z -64X z -z 
Ag 0.05644 0.00621 	0.31799 0.00013 0.31668 0.00007 
N -0.001103 0.00267 	0.12024 0.00177 0.20051 0.00098 
0(1) -0.01204 0.00245 	0.05989 0.00166 0.25124 0.00091 
0(2) -0.04393 0.00218 	0.07619 0.00144 0.14878 0.00081 

0(3) 0.04615 0.00200 	0.24235 0.00135 0.21058 0.00072 

0(1) 0.54685 0.00263 	0.02501 0.00160 0.41691 0.00087 

0(2) 0.72512 0.00317 	0.09135 0.002o3 0.45475 0.00115 

0(3) 0.86681 0.00303 	0.12768 0.00201 0.41241 0.00104 

C(4) 0.83943 0.00278 	0.27082 0.00166 0.39279 0.00094 

c(5)  0.73228 0.00329 	0.30357 0.00178 0.33495 0.00109 

c(6)  0.65552 0.00318 	0.44262 0.00198 0.31070 0.00107 

0(7) 0.44453 0.00274 	0.42075 0.00160 0.30339 0.00089 

0(8) 0.38674 0.00283 	0.35095 0.00164 0.35987 0.00098 

0(9) 0.37276 0.00281 	0.21385 0.00163 0.35561 0.00096 

0(10 0.37644 0.00319 	0.12054 0.00213 0.41520 0.00111 

0(11) 0.53184 0.00283 -0.09788 0.00169 0.39702 0.00095 

c(12) 0.41234 0.00332 	0.42417 0.00219 0.42425 0.00121 

0(13) 0.88903 0.00311 	0.36882 0.00208 0.44878 0.00108 

0(14) 0.70867 0.00432 -0.18730 0.00289 0.40367 0.00168 

0(15) . 0.36347 0.00433-0.16495 0.00280 0.36365 0.00165 



IS ti 

Final Isotropic 

TABLE 	8.'v. 

Estimated 

Germacratriene:AgNO
3
. 

Thermal Parameters (B), and their 

Atom 

Standard Deviations (613)., 

6'B  B 6'„ Atom 

Ag 2.91ite 0.05 c(6)  3.55 A`'- 0.42 

3.51 0.36 c(7)  2.34 0.34 

0(1) 5.66 0.39 c(8)  2.6o 0.36 

0(2) 4.27 0.32 0(9) . 2.64 0.36 

0(3) 3.65 0.29 0(10) 3.83 0.44 

c(ii) 2.71 0.36 

c(1) 2.37 0.34 c(12)  4.18 0.47 

0(2) 3.82 0.45 c(13)  3.62 0.42 

c(3) 3.37 0.41 c(14)  6.79 0.71 

0(4) 2.42 0.32 c(15)  6.64 0.70 

c'(5) 3.02 0.39 
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TABLE 8.4  

Germacratriene : AgNO
3. 

. Final Observed and Calculated Structure Factors.  

The format is : 

h 7  k 

10 1F01 	10 Fc 
O 

The following reflections were omitted for suspected 

extinction 	: 

h k S 	101F01 10 Fc  sing /,t 

1 0 -2 1268 -1861 0.07512 

2 0 0 1376 1981 0.13562 

2 0 -2 1002 -1492 0.13451 

2 0 2 983 -1342 0.15321 

2 1 2 936 1316 0.16117 

3 1 0 1042 -1381 0.20949 

3 1 2 768 1088 0.22430 

3 0 -4 1056 1434 0.20707 
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• • 
0,0,1 ' 	7 906 -897 A 570 601 12 

..! 1504 -1493 8 269 297 5 201 -227 13 
4- 1449 -1321 9 378 352 6 391 -386 14 
6 844 794 11 254 279 9 232 259 15 
6 1639 -1605 13 654 -676 10 258 301 16 
10 644 554 15 550 603 11 279 -300 19 
12 467  509 16 155 -97 12215 -282 20 
14 6514 -691 16 141 95 14- 

_ 	
128 147 21 

46 434 460 21 292 357. 22 
16 253 -293 22 100 -113 0,10,1 -1 
22 372 425 23 189 -241 1 420 -499 -  -2 

5 191 216 -3 
0,1,1 0,5,1 . 6 146 163 -4 

1 206 • 1 408 365 7 322 -375 -6 
2 1790 1764 2 427 -453 9 419 432 -7 
3 1316 -1356 3 858 -747 13 171 -223 -8 
4  1034 4 659 .570 -957

1595910 
14 132 -158 -9 

5 1428 1490 5 614 577 -10 
6 ell 790 6 358 -293 0,11,1 -13 
e 783 711 7 186 -126 1. 

 

156 109 
Q 619 -644 8 346 -265 3288 -364  
10 1222 -1240 9 471 -418 5 298 312 0 
11 317 294 10 326 331 9 224 -254 1 
12 793 756 11 741 752 11 251 317 2 
13 324 -339 12 239 -164 3 
14 136 -137 13 368 -402 0,12,1 4 
15 164 174 15 370 -322 0 123 107 5 
16 425 -439 16 156 154 1 194 229 7 
17 249 247 17 446 468 5 137 -164 8 
16 466 567 18 174 -171 7 194 236 9 
19 201 -176 19 221 -248 10 
20 .319 -405 1,0,1 11 
24 174 .237 0,6,1 2 1325 -1496 13 

0 436 391 4 306 -314 15 
0,2,L 1 506 516 6 906 1040 17 

0 1204 -1089 2 364 -368 6 713 -653 19 
1 1333 1211 '4 243 -200 12 239 282 20 
e 805 808 5 367 -300 14 786 -849 23 
4 604 522 6 503 716 16 521 620 -1 
5 1062 -949 7 554 527 18 327 347 -2 
6. 1189 -1145 8 557 -541 20 359 -411 -3 

1226 1101 9 671 -637 77  22 234 262 -4 
2 664 603 11 150 98 -4 1431 1597  -5 
9 775 -705 12 365 333 -6 
10 423 -381 13 410 381 1,1,1 -7 
13 524 473 14 422 -414 0 332 -338 -9 . 
14 	432 	453 
15__-___I05___ 77_17 

15 
_16 

311 
2I5 

-300 
325 

1 809 
965 2--T.11. 

874 
_1187_ 

-10 

16 	245 	• 	-229 20 237 -296 3 521 -497 -12 
1" 235 207 21 169 -160 4 543 -553 -13 
19 155 220 22 211 292 5 352 321 -14 
20196 201 7 131 133 -15 
21 
22 

223 
223 -223 2 

-254 8 0,7,1 
628 657 9 

653 
364 

661 
-426 

23 245 289 3 241 261 10 984 -1122 0 
24 110 145 4 1022 -1040 11 286 327 1 

5 116 -84 12 726 71e 2 
0,3,L 6 460 464 15 167 -164 4 

1 593 -469 7 180 135 16 645 -731 5 
2 113 -99 8 211 162 17 249 172 7 
3 1310 10 555 -569 18 526 641 a 
4 940 T4 11 335 -311 19 192 -125 9 
5 1533 -1371 12 459 508 22 190 -145 11 
6 705 614 16' 168 -186 24 244 305 12 
7' 193 134 18 .309 337 -1 420 - 	489 13 
d 518 -452 20 149 -1E0 -2 421 -359 15 
9 E37 802 -3 901 -924 19 
10-  9L 86 0,8,1 -4 774 746 21 
11 797 -843 0 598 -664 -6 545 -416 -1 

-''12 221 -240 1 244 203 -9 210 -212 -2 
13 539 515 2 450 529 -10 790 707 -3 
15 14e -110 4 151 112 -4 
16' 231 224 5 216 -194

1 1.;;/ 
-5 

17  475 -545 6 539 -662 0 -1226 -6 
th 127 -99 7 296 290 1 141 -110\  -7 
19 332 388 8 421 483 2 438 409 -8 
23 153 -155 9 156 109 3 140 123 -9 

12 292 -261 4 462 464 -11 
0,4,1 14 401 432 5578 -605 -13 

0 710 -627 16 303 -339 6 656 -650 -14 
-1505 1 -625748 7 '967 1014 -15 

2 264 -187  0,9,1 . 8 809 796 
3 147 175 1 238 -230 9 380 -386 
4 215 176 2 270 -255 10 616 -571 0 
5 811 759 3 360 384 11 199 —183 

	

248 	-232 
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269 	-273 
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333 	-380 
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1162 -1121 

1:70; 
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1,3,1 
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934 -1035 

	

151 	-89 

	

288 	-333 
856 
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514 	-580 

	

287 	304 

	

146 	158 

	

190 	-205  

	

499 	-391  

	

593 	529 
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915 	-967 

	

347 	372 

	

463 	455 

	

296 	321 

	

177 	-182  

	

728 	-734 

	

599 	653 

	

278 	-259 
216 

1 1470  

	

160 	231 

	

982 	-943  

	

256 	-209 

	

172 	-157 

	

295 	-290 
1052 1160 
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210 	190 

	

457 	41e 

‘3.  

1,5,1 

	

313 	312 
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183 

1.5.1 6 498 -549 6 602 -614 1 415 -4j9 
1 499 482 8 250 298 7 238 233 2 268 259 
2 919 -851 9 250 -260 8 980 946 3 195 -234 
3 983 -1002 12 362 -398 9 424 -477 4 4E9 519 
4 497 482 14 410 418 10 839 -936 5 941 965 
5 653 611 16 126 -180 11 162 102 6 141 -193 
6 331 -243 -1 315 -313 12 _.• 	306 350 7 764 -778.  
8 250 -195 -2 519 541 14 317 309 • 9 227 -164 
9 746 -724 -6 331 -345 16 487 -535 10 224 -176 

10 . 	496 539 -7 272 -2E7 17 237 178 11 553 620 
11 , 673 669 -8 335 342 18 371 391 13 434 -513 
13 '155 -101 -9 250 256 -2 431 505 15 314 321 
15 224 -176 -12 270 -197 -3 273 -279 19 296 -299 
17 378 407 -14 333 337 -4 226 254 21 299 301 
19 299 -309 -16 236 -309 . 	-5 1258 121e -1 1156 1215 
-1 350 352 -6 1468 -1337 -3 1252 -1239 
-2 600 509. 1,9,1 -7 408 -359 -4 218 -219 
-3 765 .-667 	, 0 /94 154 -6 593 546 -5 209 130 
...4 689 -686 1 250-  -182 -9 245 -186 -6 192 -205 -5 776 714 2 336 -339 -10 616 519 -7 517 484 
..13 622 625 3 250 208 -11 208 214 -9 932 -836 
-7 403 -371 4 317 332 -11 449 327 
-9 210 -151 5 250 -162 • 2,2,1 -12 191 98 

-10 390 '-355 6 222 -161 0 239 -212 -13 307 263 
-11 677 '634 9 284 265 1 256 296 -15 475 -513 
-12 389 342 10 332 367 2 431 446 
-13 467 -475 11 190 -204 3 667 719 2.5.1 
-14 290 -271 12 219 -205 4 184 165 0 211 197 
-15 193 149 -2 317 241 5 544 -649 1 628 633 

-3 296 251 6 1006 -1090 2 692 -643 
1,6,1 -4 419 -421 7 615 921 3 695 -663 

0 630 561 -5 345 -357 8 508 498 - 4 321 316 1 537 536 -6 250 195 Q 324 -284 6 155 169 
4 373 -365 -8 156 -121 10 269 253 7 566 56° 
5 564 -532 -9 244 199 11 576 -627 8 257 -25? 
6 676 664 -11 258 -250 12 268 -294 9 359 -342 
7 490 477 -12 324 341 13 466 497 10 273 225 
8 656 -641 14 311 320 11 413 41' 
9 315 -25' 1,10,1 15 261 -243 15 408 -415 

10 294 255 0 153 103 18 260 -279 16 257 257  
12 416 404 1 158 -145 19 275 312 17 415 391 
13 274 293 5 235 276 20 281 250 -1 412 -436' 
14 603.  -606 6 231 260 21 219 -246 -2 202 180 
16.  216 225 7 321 .-370 -1 485 -486 -3 274 -2F6 
19 139 80 8 198 *181 -2 477 481 -4 648 -619 
-1 436 -444 9 165 142 -3 581 589 -5 763 723 
-2 580 -572 13 260 -270 -4 571 -584 -6 560 540 
—4 250 202 16 123 107 -5 223 -217 -7 787 -732 
-5 263 248 -1 360 362 -6 383 -306 -10 180 -150 
-6 414 400 -3 306 -343 -7 530 -512 -11 650 579 
-7 257 -236 -7 328 354 -6 796 604 -12 414 340 
-=:. 940 -864 -9 344 -317 -9 802 746 -13 469 -462 -9 511 -456 -10 674 -853 -14 319 -314 

-10 444 432 1,11,1 -11 1059 -994 -15 299 259 
-11 262 -183 1 244 291 -12 600 510 
-14 371 -405 3 292 -310 2,6,1 

.1.6 543 496 9 264 -275 2.3,L 0 333 255 
-3 316 -333 0 644 • 685 2 211 202 

-.._ 	.7.1_ -5 278 268 1 1269  -1321 .3 175 177 
0 221 -245 2 454 -470 4 436 -459 
2 578 622 1,12,1 3 911 961 5 645 -651 
4 776 -844 1 223 218 4 179 127 6 626 70' 
6 317  336 6 180 130 5 211 -253 7 311 294 
7 294 -2E5 9 107 -121 7 320 -299 8 502 -501 
E. 305 360 -1 201 -319 8 433 -519 10 2e5 -270 .10 453 -510 -7 717 -219 9 801 936 12 475 476 

12 336 367 -9 222 216 10 223, 197 13 264 230 .16 225 -245 11 443 -516 14 330 -365 
16 255 283 2,0,1 15 277 • 250 15 225 -219 
-2 469 -1.78 4 1010 -1101 17 372 • -436 16 154 115 
-3 246 207 6 

- 	
962 1058 19 245 250 -1 308 -214 

.-4 91, 973 8 471 -508 -1 234 267 -2 488 ..514 
-5 229 152 10 257 -272 -2 154 174 -3 555 614 
-0 65? -652 12 797 910 -3 885 878 -4 371 343 
-? 183 -151 14 370 -432 -4 187 -176 -5 275 -24' 

-10 322 426 16 • • 235 193 -5 1200 -1268 -7 553 -549 
-11 469 -457 20 •244 ^266 -7 995 983 -8 413 -423 
-14 342 385 -4 1411 1405 -8 126 -124 -9 557 577 

-9 280 -182 -10 524 539 
1,e,t 2,1,L -11 834 -228 -11 161 -119 0 412 -476 0 139 -162 -12 355 319 -12 307 -218 1 153 134 1 841 926 -13 976 856 -14 426 -349 2 182 175 3 760 -644 -15 222 164 3 189 161 4 771 -877 2.4.1 -16 464 410  4 21.9 165 5 

'a 
129 .0 279 -219 
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8.+. Discussion of the Structure. 

Accuracy of the Determination.  

The final R-factor of 0.097 is one of the lowest 

,so far obtained for a silver adduct, despite the inappli-

cability of anisotropic temperature factors. In retro-

spect it may have been better to use a different crystal 

for the collection of each 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. 

The effects of light on the crystal could have been 

minimized by blackening the tube; however this would be 

difficult to achieve after setting the crystal ozi the 

camera. 	The additional time required to set the 

crystal in this case gives little advantage over the 

method employed, since, with a clear Lindemann tube the 

crystal could be partially set by eye, and was easily 

located and realigned when slipping occurred during data 

collection. 

Maximum accuracy with rapidly decaying crystals 

can only be achieved by a careful appraisal of the 

photographic method; this gives a time-averaged record 
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of the individual intensities. 	The use of an automatic 

diffractometer, although more accurate in actual measure- 

ment, is debatable in these cases; 	each reflection is 

measured once only, and the rate of decay governs the 

precision with which the data can be put on a common 

_Nevertheless the accuracy obtained certainly warrants 

the full discussion given below. 

ii) 	Stereochemistry and Conformation. 

The cell contains two L and two D molecules; Figure 

8.2 shows the' [9101-projection of the structure. 	The 

silver and nitrate ions form infinite chains along the 

screw axes parallel to b (see also Figure 8.4) at 

Z -= t, t, and are cross-linked at any one level in z 

by germacratriene units. 	Each silver ion is co-ordinated 

to the C(4)-C(5) double bond of one molecule, and to 

the C(8)-C(9) double bond of another, giving rise to 

further chains parallel to a. 	There are no close 

Contacts (<3.5 	between centrosymmetrically related 

'chains, and the packing in the c-direction is relatively 

loose. 	The mode of packing is reflected in the elong- 

ation of the crystal habit along a. 

The all-trans stereochemistry proposed
(133) for 

germacratriene has been confirmed. 	Figure 8.3 (a) and 



 

( c )  

 

( b )  

 

    

      

Figure 8.3. (a) Perspective view of the conformation' of germacratriene in the 

crystals of its AgNO3  adduct. 	(b) Schematic view of conformation. 

(c) Schematic view of the conformation of the selinane derivative formed as a 
cyclisation product of germacratriene. 



(b), show two views of the conformation adopted by the 

molecule in the crystal; 	as in the case of humulene 

and its bromohydrin 7.11, 7.111 (p./57), there is an 

obvious chemical similarity between germacratriene 

and its cyclisation product Figure 8.3 (c). Again the 

planes of the endocyclic double bonds are roughly 

perpendicular to the plane of the macrocycle, leaving 

the 71-orbitals ideally situated for the transannular 

cyclisation to the selinane derivative. 

iii) Molecular Geometer. 

The bond distances and valence angles are shown in 

Tables 8.5, 8.6 respectively; 	the standard deviations 

given are probably realistic estimates, but have suffered 

due to the paucity of data. Non-bonded contacts within 

the ionic layer are shown in Table 8.7, while ionic layer-

germacratriene contacts are shown in Table 8.8. 

The average Csp3-Csp3 and  Csp3-Csp2 distances are 

1.57 ± 0.03 a and 1.535  + 0.030  R respectively, while 

the average Csp2-Csp2 distance is 1.340  + 0.025 R. These 
— 

'values do not differ significantly from those found for 

humulene (128) ( 	1.52, and 1.34 R ), or from the 

accepted averages(153) 	The discrepancy between the 

two C-Me distances in the isopropylidene group is 

curious but could be due to crystal-packing forces, since 
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Intramolecular 

TABLE 8.5., 

together 

Germacratriene:ApT03. 

Bonded Distances (r) in '%-igstromaj, 

with their Estimated Standard Deviations 	(s). 

6' Atoms r 6.)  Atoms r 

C(I) o C(2) 1.56 0.03 c(6) - C(7) 1.58 0.03 

C(1) - C(10) 1.60 0.03 C(7) 	- C(8) 1.51 0.03 

C(1) 	-'C(11) 1.30 0.02 C(8) 	- C(9) 1.38 A0.02 

C(2) - C(3) '1.56 0.03 c(8) - C(12) 1.51 0.03 

C(3) - C(4) 1.49 0.03 C(9) 	-C(10) 1.55 0.03 

C(4). - C(5) 1.35 0.03 C(11)- '0(14) 1.59 0.04 

C(4) - C(13) 1.51 0.03 C(11)- C(15) 1.48 0.04 

C(5) - C(6) 1.55 0.03 N 	0(1) 1.23 0.03 

N 	- 0(2) 1.15 0.03 N 	0(3) 1.28 0.02 



TABLE 8.6.  

Germacratriene:AgNO3. 

Valence Angles (e) in the Asymmetric Unit, together 

with their Estimated Standard Deviations (dc). 

Atoms e° do Atoms 

C(1)-0(2)-0(3) 115.4 1.8 C(5)-C(4)-C(13) 122.9 1.6 

C(1)-0(10)-0(9) 105.2 1.8 c(5)-C(6)-c(7) 102.0 1.6 

C(1)-0(11)-0(14) 119.4 1.9 c(6)-C(7)-c(8) 115.6 1.5 

CM-0(11)-0(15) 126.4 2.0 C(7)-C(8)-C(9) 116.1 1.8 

C(2)-0(1)-0(10) 111.2 1.5 C(7)-C(8)-C(12) 117.9 1.6 

C(2)-0(1)-0(11) 125.2 1.8 C(8)-C(9)-C(10) 124.0 1.8 

0(2)-0(3)-0(4) 107.9 1.8 C(9)-c(8)-c(12) 122.4 1.8 

0(3)-0(4)-0(5) 120.2 1.6 C(10)-C(1)-C(11) 123.0 1.8 

0(3)-0(4)-0(13) 114.3 1.6 C(14)-C(11)-C(15) 114.2 1.9 
0(4)-0(5)-0(6) 128.7 1.7 0(1) -N 	- 0(2) 124.9 1.9 
0(1)- N 	0(3) 113.0 1.8 0(2) 	-N 	- 0(3) 122.1 1.9 

E 
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TABLE IL?.  

Germacratriene:AgNO3. 

Non-bonded Contacts within the Ionic Layer <:4.5R.  

Superscripted atoms (') are related to those in Table 8.2 

by the symmetry operation 

••••••••••• 

_L 	, 	1 "*X7 	2 	J..) Zo 

Ag - 0(1) 2.94 a Ag - 3.07 R 

Ag - 0(2) 4.24 Ag 	0(1)' 2.81 

Ag 	0(3) 2.37 Ag 	0(2)' 2.68 

Ag - N 3.13 0(3)-111  4.26 

0(3)70(1)1  3.30 

0(3)-0(2)' 4.45 

Ag 	0(3)' 4.34 



TABLE 8.8. 

Germacratriene:AgNO3. 

Germacratriene - Ionic Layer Contacts < 4.5  R. 

Roman subscripts indicate atomic positions related to those 

in Table 8.2 by the following operations : 

(I) 	l + x, 
(III) 	1 - x, 
(v) 	-x, 

14. 	 7 7' ..-.L 	(II) 

1 
V - Z1 2 - Z; 	(Iv) 

1 
1.- 	2 + xl 	- Z; 	(VI)  

X7  

- x, 

•-X7 

-* 

4 

Z7  

Z7  

Z7 

2 

1 
-2-  -• 

el 

Z. 

C(7) Ag 

C(8) Ag 

C(9) - Ag 

C(10)- Ag 

0(12)- Ag 

C(9) N 

C(9)-- 0(1) 

C(10)- 0(1) 

C(15)- 0(1) 

C(7) - 0(3) 

C(8) - 0(3) 

C(9) - 0(3) 

3.18 R C(3) - Agi  3.26 R 

2.48 C(4) - Agi  2.52 

2.57 C(5) - Agi  2.54 

3.44 C(6) - Agi  3.24 

3.28 C(13)- Agi  3.26 

3.96 C(5) 	- DTI 4.18 

3.60 C(3) - 0(1), 3.73 

4.08 C(4) - 0(1)1  3.98 

3.99 C(5) - 0(1)1  3.75 

3.69 0(5) - 0(3)1  3.90 

3.77 C(6) - 0(3)1  4.42 

3.51 

C(13)- 0(2),, 4.15 

contd. 
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C(7) - NV 3.86 R 

C(8) - Nv  3.96 

C(12)-,Nv
. 
 4.10 

0(7) - 0(1)v  3.51 

C(8) - 0(1)v  3.88 

0(12)- 0(1)v  4.46 

C(7) - 0(2)v  3.71 

C(8) - 0(2)v  3.41 

C(9) - 0(2)v  4.38 

C(12)- '0(2)v  3.26 

C(7) 	°(3)V 4.87 

C(15) 	'AgVI 4.43 

C(15)- NvI 3.50 

C(15)- °(1)VI 4.21 

C(15)- 0(2)v, 3.51 

0(15)- 0(3)VI 3.29 

0 

Table 	8.8 	Continued 

C(4) NI  4.31 

0(5) 	- NJ 3.93 

C(6) - NIII 3.22 

C(13)-NIII 4.23 

C(5)  3.98 

C(6) - 0(1) III 3.42 

C(4) - C(2)III 3.61 

C(5) - 0(2) III 3.57 

C(6) - 3.17 

C(13) °(2)III 3.29 

C(6) 	°(3)III 3.83 

C(14)- NIV 3.92 

C(14)- 0(2) IV 3.78 

C(14) °(3)IV 3.38 

: 

2 



3 0 

C(15) is closer to the ionic layer than C(14). 	The 

asymmetric position of the isopropylidene group with 

respect to the ionic layer can be seen in Figure 8.4. 

It was noted in Chapter 7 (p. /&2,) that there is 

appreciable angular strain in medium-sized saturated 

carbocycles; 	average C-Csp3-C  angles as high as 117° 

have been found experimentally (refs 179-183), confirming 

results from minimum-energy calculations(159). 	The 

presence of five Csp2 atoms in the cyclodecadiene ring 

of germacratriene has relieved this strain. 	Although 

the 
C-CsP3 

 -C angles show a fairly wide spread (102° 

115.6o)2  the average value dn the ring is now 109.2° 

1.7o, close to the tetrahedral value. 	The comparable 

average in humulene is 111o (128) 

The germacratriene molecule is distorted much past 

what can be achieved with a Dreiding model. Most of the 

distortion is at the endocyclic double bonds, and the 

two substituent methyl groups C(12), and C(13), are 

pushed in towards the centre of the ring (see Figure 8.4). 

Although the average C-Csp2-C angle for these bonds is 

120.8°, there is a very wide spread (114.3°  --4128.7°), 

and substantial out-of-plane twisting (sp2-sp2  torsional 

strain) compared with the 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. 

The Ionic Layer.  

Figure 8.4 illustrates some interesting features of 

the ionic layer and its interaction with the organic 

moiety. 	It shows that the Ali-  ion is close to two 

oxygen atoms ( 0(1) and 0(3) ) of one NO3-  ion, and to 

two more ( 0(1)' and 0(2)' 	) of another, at distances 

ranging from 2.37 to 2.94 2 (see Table 8.7). The 

arrangement of the five atoms is nearly planar. The 

short contact (Ag+  - 0(3)) is significantly shorter 

than the sum of the ionic radii of Ag+  and 0-  given _as 

2.46 R (200)  , and similar distances have been found in 
the silver nitrate complexes of cyclooctatetraene(198), 

humulene(128)  and norbornadiene(201)  ; distances of 2.32 

and 2.42 R have recently been found between Ag+  and the 
oxygen atoms of water molecules in the bis-bullvalene : 

AgBF4:H20 complex(202).  The mode of chain formation 

is very similar to that found in the cyclo8ctatetraene 

'complex(198) and the average Alf-0 distance there (2.65 2) 

compares well with the value of 2.70 R in the present 

study. 

The atoms of the nitrate ion are, as expected, closely 

coplanar, but the N+ is very slightly above the plane 

The superscripts (') are explained in Table 8.7. 



Figure 8.4 Germacratriene:AgNO3 in c-axis projectio 

showing modes of chain-formation, and the angles 
involved in the silver-ethylenic bond. (mean planes are 
aye dotted, the Ag 	C=C planes are lightly shaded). 



of the oxygens by fv0.02 R. 	The variation of N4-  - 0 

distanceslfrom 1.15 to 1.28 R, is explicable in terms 

of the silver ion co-ordination. 0(3) is the most 

strongly co-ordinated to Ag4-  and has the longest N+  - 0 

distance, 0(1) is weakly co-ordinated to two Age' ions 

and has a slightly stronger (and therefore shorter) bond 

to nitrogen, while 0(2) is co-ordinated only weakly to 

one Ag+  and has an N
+ - 0 distance consistent with 

double-bond. formation(153)  . 	A similar argument could 

explain the significant deviation of valence angles 

0-N -0,involving 0(1), from the expected value of 120°, 

since this atom has to satisfy the co-ordination require-

ments of two silVer ions. 

Figure 8.4 shows that the co-ordination polyhedron 

of the silver ion consists of eight atoms; the four 

oxygens noted above, and four CSp2 atoms from two 

germacratriene units. The arrangement may best be 

described by noting that the vectors from Ago" to the 

midpoints of the double bonds, and to the nitrogen 

atoms of the nitrate ions, form a distorted tetrahedron. 

The angles involved are shown in Figure 8.5. The 

apparently bidentate NO3 ligand must be regarded as 

occupying only one co-ordination position, as in the 

ionic layer of the humulene adduct
(128),  where the 

overall co-ordination is distorted trigonal bipyramidal; 
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Figure 8.5. 	The distorted tetrahedral co-ordination of 

All' in germacratriene. (The meaningsof  the 

subscripts and superscripts (T), (') are 

given in Tables  8.8, 8.7, respectively). 
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or in the tetranitritocobaltate(II) ion(203)  7  where the 

ligand field, is effectively tetrahedral. 	,Distorted 

tetrahedral co-ordination has been found in several 

mercury complexes(20) where angles range from 92o to 

155°. 

v) 	Germacratriene - Ionic Layer Interactions. 

The complexes of silver salts with molecules 

containift ethylenic linkages,studied so far by the X-ray 

method, show ratios of organic : inorganic moieties 

rangeing from 3:1 to 1:2. 	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 meaningful to describe each compound 

by the ratio of complexed  double bonds to Ag
+ ions; 

furthermore the Ag+  - midpoint distances appear to fall 

into groups by which we may define the Ag+  - olefin 

,17=bond 'order'. 	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 ?1; bonds of 

the second'order' are exemplified by the present work, 

where one Ag+  ion is complexed to two ethylenic bonds only, 



TABLE 8.9.  

Silver Salt : Olefin Complexes, Comparison of Ag-1  - C===C midpoint distances (m) in R.  

Compound 
Organic : 

Inorganic. 

Complexed double 

bonds 	: 	Ag  Order No. fl in R. 

Norbornadiene:2A00,(201) 
J 

1: 2 1: 1 1 2 2.26, 	2.26. 

Humulene:2AgNO
3 
(128) 1: 2 1: 1 1 2 2.29, 	2.29. 

Germacratriene:AgNO3  .1 	: 1 2: 1 2 2 2.43, 	2.43. 

Cyclofttatetraene:AgN0(
3
198) 1: 1 2: 1 .2 1 2.38. 

3(2) 1 2.73. 

- 1 ca. 3.0 R. 

ris-bullvalene:AgBF4(199) 3: 1 4:  1 2 2 2.42, 	2.43. 

3 2 2.63, 	2.69. 

Bis-bullvalene:AgBF4:2(202) 2: 1 2: 1 2 4.'1  2.361 	2.37, 

2.42, 	2.46. 

- LIA ca. 3.0 R. 
1 

Two crystallographically independent molecules per asymmetric unit. 

ti 
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at midpoint distances of (,a. 2.43 R. 	By a simple linear 

extrapolation it would appear that a single Ag4  ion should 

be complexed to three equi-distant double bonds (i.e. pure 

third 'orderat Ae-midpoint separations of ca. 2.6 2.. 

It is doubtful if the long contacts of ca. 3.0 R2  noted in 

Table 8.9. represent very strong interactions)  but they 

do have some effect in stabilizing the crystal packing. 

Thus, from the arguments above, it has been possible 

to break down the number of Ae-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 a meaningful classification 

of these complexes. 	It is unfortunate that comparison 

with the silver perchlorate : benzene complex(197) and 

the complex of silver nitrate with the cyclobetatetraene 

dimer(205)I  are not meaningful, due to a disordered Ag+ 

position in the former, and lack of definition in the 

latter. 	The full details of the structure determination 

of cis,cis7cis-1,4,7-cyclononatrienetAgNO3(166) have not 

yet appeared in the literature. 	Nevertheless, from the 

information given in the references cited in Table 8.9, 

it appears that the chemical stability and the number of 

'bonds' formed by silver are correlated. 

The individual Ag
+
-Csp2 distances at the C(8)-C(9) 

double bond are significantly unequal (see Table 8.8)7  but 
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this is not true at the C(4)-C(5) bond. 	The asymmetric 

orientation of.Ae with respect to the complexed double 

bond has been found in many of the compOunds mentioned 
(LaV 

above, and was initially ascribed to crystal packing forces. 

A molecular-orbital approach , applied to metal-olefin 

complexes in general(206,207) has afforded a better explan-

ation. -Overlap is required between the symmetrical donor 

7r-orbital of the olefin with a vacant metal orbital @r-bond), 

and also between a filled metal orbital and the antibonding 

7T-orbital of the olefin ()a-bond). 	It has been suggested 

that the asymmetric position adopted affords the best 

compromise between the two requirements(199) 

The strength of the r-bond in silver-olefin complexes 

is, however, weak, since the ion does not possess vacant 

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 71-bonding(which reduces the 

electron-density in the double bond, and thus reduces the 

bond-order). This has not been found in previous X-ray 

studies, nor in the present work, where the double-bond 

lengths ( C(4)-C(5), C(8)-C(9) ) are not significantly 

longer than the uncomplexed bond C(1)-C(11). 	However in 

the crystal structures of the complexes K
+(C2H4PtC13)-(208) 

and Pt(C2114)(NH(CH3)2)C12(2°9  the ethylenic bond is elong-

ated to 1.5 and 1.47 R respectively; this is because the 
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platinous ion possesses a vacant (acceptor) d-orbital. One 

can only conclude that, in silver-olefin complexes, the 

p.-bond is predominant; 
	

this would not, of course, increase 

the electron density between the olefinie carbon atoms to 

any great extent, and no cases of C=C distances less than 

1.30 R have been reported. The lack of asymmetry at 

the C(4)-C(5) double bond in the present study is probably 

not explicable on a molecular orbital approach. While this 

has provided a good general picture of metal-olefin bonding, 

other factors such as crystal-packing 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-Csp2-Csp2 plane is perpendicular to the mean plane 

through the olefinic linkage. 	In the present study the 

angle between the planes Ag,C(4),C(5), and C(3),C(4),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 8.4. 	The values 

.- agree well with comparable angles in the tris-bullvalene 

adduct(199)  (91.5°  & 91.1°)land in the humulene adduct(128)  

(850 & 87°). Where Ag+  is asymmetric to two double bonds 

.(e.g. cyclooctatetraene:AgNO3)1  or complexed.to  only one 

cis-double bond (norbornadiene:2AgNO
3
)' there are substantial 
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deviations from 900. 	Thus the substitution pattern at 

the complexed double bond also appears to affect the 

bonding to the metal ion. 

On a more empirical scale it is interesting to note 

that the shortest 'first-order' Agtolefin bond (2.26 R) 

is still longer than the sum (2.03 .) of the Ag+  ionic 

radius (1.26 R(21°)) and the covalent radius of carbon 

(0.77 R). 	This indicates that the distance of closest 

approach of All' to the olefinic bond is ca. 1.0 2. A 

similar result can be obtained for Cu+  in the complexes 

norbornadiene:CuCl(211) and catena-)I-chloro-cyclooctatetraene 

Cu( )(212); 	the Ce-midpoint distances are 1.97 and 1.98 R 

respectively, and the ionic radius of Cu+  is 0.96 R. The 

comparison is interesting since both Ag
+ and Cu+ have 	. 

filled d-orbitals, and do not readily form 7T-bonds. The 

value 1.0 R could thus be termed the 'it—bonding radius' 

of carbon. 	In the case of platinum, which is a ready 

acceptor of 1r-electrons (see above), a similar study shows 

a '7f-bonding radiug 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 numerous factors 

involved make structural predictions difficult, and many 

further X-ray studies of high precision will be required 

to clarify the situation. 	However the very great chemical 



212 

interest in these compoundsl .both from the organic and 

inorganic points of view, makes them ideal 'targets' for 

crystallographic investigation. 

8.5. 	The Geometry about the Double Bonds and its Effect 

on their Reactivity.  

i) 	The Molecular Geometry about the Double Bonds. 

The increased distortion of the endocyclic double 

bonds in, germacratriene, compared with that of the exocyclic 

isopropylidene 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 (0), 
Fig. 8.6 (a) 

ii) sp3 	sp2 torsion angles (8')', 

and iii) sp2  - sp2  torsion angles (19)5t., shown in Fig. 

8.6 (b) in the form of Newman diagrams/ (213). 
It can be seen that criteria (i) and(ii) match closely for 
both endocyclic bonds, and that most of the distortion is 

due to out-of-plane twisting about the axis of the bond, 

so that the planes of the pairs of substituents are no 

To preserve clarity in the.discussion which follows; the 

symbol (ca) will be reserved for sp3-sp3  torsion angles, - 

as in Chaps. 6 & 7. 
/ See also Appendix II, Figure 11.2, for further examples. 
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Figure 8.6 (b) Germacratriene:AgNO3, Newman projections down each double bond. 

Showing the sp2-sp2  torsion angles (7') 
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( c: ) 

Structure and numbering scheme for humulene. 

Valence angles and sp3-sp2  torsion angles '(6) 

about the three double bonds. 

Newman diagrams showing the sp2-sp2 torsion 

angles (T). 

( b ), 

Figure 8.7.  (a) 

(b)  

(c)  
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longer parallel ( criterion (iii) ). 	This sp2 - sp2 

torsional strain is greater. for the C(8)-C(9) bond than 

for the C(4)-C(5) bond; it is almost negligible for the 

C(1)-C(11) bond. 	The data of Table 8.10, which shows the 

deviations (d, in R) of the relevant atoms from the mean 

plane through each double bond, also reflects this sequence; 

thus (d>8_9  > <d04_5 > °-11' The results explain, in a 
purely qualitative manner, the observed differences in 

reactivity of the three bonds; however it has been possible 

to obtain some more quantitative results from strain-energy 

calculations; these will be discussed below. 

It is possible that a small amount of the observed 

distortion at/the endocyclic 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 

distances from Ag+  (3.26 and 3.28 1 respectively) are almost 
equal. Even after this deformation the Me-Me separation 

is still large.  (3.57 2), and the positions adopted may be 

a compromise between Me-Me and Ae-Me repulsions. 

It is doubtful whether the Ag+  ion haS much effect on 

the ring geometry and conformation. 	The distances of Ag+  

from C(3),C(6),C(7),0(10), are all >3.18 R (Table 8.8), 

i.e.- longer than any distance quoted in Table 8.9, and much 
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TABLE 8.10.  

Germacratriene:AgNO3. 

Deviations (d) in Rngstroms of Constituent Atoms from the 

Mean Plane through each Double Bond  

Bond Atom 

C(4):C(5) C(3) 

C(4) 

-0.080 

0.120 

C(5) 0.042 0.065. 

C(6) -0.059 

C(13) -0.023 

c(8):c(9) C(7) -0.122 

c(8) 0.151 

C(9) 0.098 0.100. 

C(10) -0.105 

C(12) -0.022 

C(1):C(11) C(2) -0.018 

C(10) -0.016 

c(1) 0.053 
• 0.018. 

C(11) -0.011 

C(14) -0.002 

0(15) -0.005 

Calculated using LSQFL. 



2i? 

longer than the sum of the Ag+  ionic radius and the covalent 

radius of carbon (2.03 R7  see p. 2!! ). Furthermore none of 

the atoms in the ring are as mobile as the methyl carbons 

mentioned above. 

In the case of the humulene:2AgNO3  adduct(128)  the 

three double bonds are all endocyclic ; 	the two complexed 

bonds C(10)-C(11), C(7)-C(8), (see Fig. 8.7 (a)) show marked, 

but unequal, distortion; 	the uncomplexed bond C(3)-C(4) 

is again almost planar. An analysis of the distortion, 

similar to that given for germacratriene, is shown in Figure 

8.7 (b) & (c). 	It shows that,while the sp2 - sp2 torsional 

strain is again large for the complexed bonds, the sp3  sp2 

torsion angles do not match in this case. 	Nevertheless it 

has been possible to perform semi-quantitative strain-energy 

calculations which explain why epoxidation of humulene gives 

> 95 of the C(7)-C(8) monoxide(214) 

ii) Reactivity in Medium-Ring Olefins. 

It is now well established that trans double bonds in 

medium-ring olefins are more reactive than their acyclic 

cpunterparts(215)1  and this has been ascribed to steric 

strain. 	Hitherto it has been difficult to define the 

types of strain that occur, and to estimate their relative 

importance, due to the lack of accurate structural data to 

accompany the experimental results. 	The X-ray studies of 

humulene and germacratrienq as their silver nitrate adducts, 
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have provided such data. 

Before the parameters discussed above can be used in 

arguMents concerning reactivity. two questions must be 

considered : 

1) Are the ring conformations found in the solid 

silver nitrate 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 obvious chemical similarities between 

the crystal conformations of both germacratriene and 

humulene and their respective cyclisation products is 

shown in Figure 8.3,and in structural formulae 7.11,7.111. 

Further evidence is also cited in Chap. 7, as refs. 165-

167. 

The answer-to the second question lies in the 

discussion given above (Sect. 8.4 (v)) where the bonding 

of Ag
4. to the olefinic bonds was shown to be weak compared 

-to similar platinum complexes. 	The bond lengths and 

valence angles are not significantly altered in comparison 

with parameters for uncomplexed bonds. 

It would seem logical for the silver ion to complex 

those bonds which have the greatest chemical reactivity, 
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since the bond formed is weak, the conformation present in 

solution is then 'froen' in the crystal structure. 	This 

type of argument is not, however, general, and must depend 

on the type of complex formed, and the strength of the 

metal-olefin bond. 

In an elegant analysis of the reactions of various 

olefins with diimide Garbisch et. alp16)have had remark-

able success in predicting relative reaction rates by 

resolving the steric strain (ES) about each reactive bond 

into, inter alia, bond-angle and sp3-sp2 torsional contri-

butions (%) and (Bs), and comparing these in starting 

materials and products. Following this approach the strain-

energy differences (ZiEs) between the C(3)-C(4) and C(7)-C(8) 

bonds of humulene, and the C(4)-C(5) and C(8)-C(9) bonds of 

germacratriene, have been estimated. 	Inclusion of the 

di- and tetra-substituted double bonds (C(10)-C(11) in 

humulene, C(1)-C(11) in germacratriene) in the calculation 

is difficult, due to differences in the inductive effects 

of substituents, which would make comparison of their 

strain-energies with those for the trisubstituted bonds 

rather unreliable. 

The data for germacratriene are the simplest to compute, 

since values of (G) and (6-) match closely for both double 

bonds; other factors, such as non-bonded interactions between 

reagent and substrate, entropies of activation, and nucleo- 
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philicities should also match closely. Thus only the 

values of (T).differ, and while the spy-sp2 torsional strain 

was thought by Garbisch(216)  to make a negligible contri-

bution in the cases he considered, it is obviously of para-

mount importance here. A reliable estimate of (Es) for 

each bond may therefore be obtained by computing (Er). The 

latter is given by 

2 Er  = 84cal mole-1 	 8.1; 

a formula derived for ethylene by Herzberg(217) 
	

Since we 

are concerned with the strain in the ring, it is correct to 

use the complements of the angles 13.(4_25)e (= -167°, whence 

Et= 1.35 kcal mole-1) and 1-.7( 

	
-159.7°, Et- = 3.30 

kcal mole-1), in estimating the  due to the out-of- 

plane twisting/. 	Thus/1Es (= 1Er) is given as 1.95 kcal 

mole-1. 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 (AAF14), 

since 'it-?c transannular interactions between the double bonds 

The meaning of this nomenclature is given in Appendix II. 

/ 	Any bond for which r= 180°  obviously has Et  = 0, thus 

the complements of these angles give the correct E d.'s. 

The complements are shown in Figure 8.6. (b). 
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would be expected to be unimportant in the transition state. 

Further, it involves a minimal geometric change, as shown 

in Figure 8.8 (a) & (b) (projections down the C=C bond 

before and after epoxidation), in which the projected angle 

decreases from 180°  to ca. 145°. 	The epoxidation of • 

germacratriene (Fig. 5.6. p. SiS) gave the 8-9 and 4-5 

monoxides in the ratio 70:30, implying that the rate of 

reaction at the bond C(8)-C(9) is more than twice that at 

the C(4)-C(5) bond. We may therefore use the equation 

developed by Garbisch(216) • 

-RT ln(k1/k2) = 6,0-11    8.2, 

where (11) is the gas constant (1.99 cal deg-1  mole-1), 

(T) is the absolute temperature (taken as 298°K), and (ki/k2) 

is the ratio of the reaction rate constants (taken as 70:30). 

The value of mo given is pa. 0.5 kcal mole-1, 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 agreement of observed and calculated rate constants 

for the diimide reduction of medium ring olefins, byassuming 

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. 
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(b)  

( c) ( d) 

  

Figure 8.8.  
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The epoxidation of humulene is reported(214) to give 

>95 of the .7-8 monoxide, this corresponds to a MO of 

)1.7 kcal mole 	The relevant sp2-tp2  torsion angles 

are and 1,N c. 6(Z,8)9) 	• 
Fig. 8.7 (c)) give E z  = 0.45 kcal mole-1  for bond•C(3)-C(4), 

-1+q 47)-6% and Er = 2.65' kcal mole k thus ,_,ET  is 2.2 kcal mole-1. 

If we assume thatf:this energy difference is relieved 
in the transition state (cf. above), a value of 0.55 kcal 

-1 • mole is obtained for 66F5E, which is too small to 

account for the difference in reactivity. 	However, as 

noted above, 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 

reaction; the sp3  -sp2  torsion angle 0 (=6-5.(6,7)H)  is 

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 early stages of reaction, since 

C-C-C bond angles are similar in olefins and epoxides, and 

there are only slight changes in bond lengths. The 

twisting already present in the double bonds of germacra-

triene and humulene makes this simple picture even more 

probable. 	The description implies that E 	remains 5(6,7)8 
unchanged after reaction; however, this does not mean that 
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this is the angle to be used in estimating the torsional 

strain (Es) in Fig. 8.8 (d), as it mould describe the 

dihedral angle only if the Cr-C bond of the oxide were a 

straight line, rather than the 'bent bond'(196)  generally 

accepted in three-membered rings. 	Thus 0, the only angle 

to change, is a better estimate of torsion angles. 

Table 8.11 shows the strain energies (Er) about the 

relevant sp3-sp2 bonds in humulene, compared with the values 

estimated for the epoxides, where 0 is reduced by ca. 35°. 

The results indicate that epoxidation decreases this type 

of strain by ev 1.1 kcal mole-1  for bond C(7)-C(8), 	but 

increases it by ^a1.9 kcal mole-1 for bond C(3)-C(4). The 

combination of spsp2 and sp2-sp2 torsional strains gives 

avalueof5.1kcalmole-l for6Eoif again we assume 

that * of AEs is relieved in the transition state, a value 

of ca. 1.25 kcal mole-1 is obtained for (--OF. This value 

does not wholly account for the reported disparity in 

reaction rates, but indicates(216 /218)  that the proportion 

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 



  

TABLE 8.11. 
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in kcal mole sp3 	sp
2  Torsional Strain Energies,(Eg  

in Humulene and its Monoxides. 

 

   

       

Bond 

Humulene. 

0 Bond 

Monoxides. 

0 0 

C(2)-C(3) 51+0 0.02 C(2)-C(3) 19°  1.2 

C(4)-C(5) 71 0.16 C(4)-C(5) 36 0.9 

C(6)-C(7) 103 0.65 C(6)-C(7) 68 0.1 

C(8)-c(9) 85 0.74 C(8)-c(9) 50 0.2 

The angle 0 is defined in Fig. 8.8 (c) & (d); values 

for humulene were computed from the X-ray results(128) 

using MOJO, values for the monoxides were estimated 

from models. 

sp3  sp2  torsional potential functions have the general 

form : 	ES" = K(1 + cos3g) for angle (s), if the three 

substituents on the sp3 atom are identical. Though this 

is not true in this work, the function probably yields 

reasonable estimates, in view of the limited range of 

0 (= 6)  achievable. 	K is the half-height of the potential 

barrier; values of 2K for relevant compounds are 

• propene(219):.2.0 kcal mole-1 i ; 	sobutene(2) 2;2; 

.• • 
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TABLE 8.11 (contd.) 

cis-butene(22): 0.8; propene oxide(227..):2.6; 2,3-cis- 

butylene oxide(228):  1.6. 	As it is well established 

that the rotational barrier is considerably lower for 

cis-l12-disubstituted olefins than for the corresponding 

trans-compounds(221), extrapolation to trisubstituted 

olefins would suggest the use of two different values of 

K, viz: 1.0 kcal mole-1 when the alkyl group is cis to 

hydrogen, and 0.4 when cis to another alkyl group; the 

appropriate values for epoxides would be 1.3 and 0.8 

respectively. 	The torsional potential function for 

sp3  sp3  strain-energy calculations is similar to that 

described above, it will be discussed in Appendix III. 
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i) that the relief of strain energy in going from 

reactants to products follows a straight line graph; 

ii) that the relief of sp2-sp2 and sp3-sp2 torsional 

strain in hurnulene follows a graph having the same slope 

as that for germacratriene; 

iii) that the transition state for both types of 

strain in humulene has the same reaction co-ordinate, i.e. 

as in germacratriene. 

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 

` 1(4,5)6 for germacratriene (i.e. from -167° to -166) 

gives a value of Ez  of 1.57 kcal mole-1 a difference of 

+0.22 kcal mole-1. 	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 regarded in 

a favourable light. 

The calculations do give some idea of the order of 

magnitude of the strain energies about the double bonds, 

and also of the energetics -of the epoxidation reactions. 

They also illustrate the importance of the contribution 

made by the sp2  -sp2  torsional strain to the high reactivity 

of medium-ring trans-olefins; in certain cases, e.g. germ-

acratriene, this contribution may be much larger than that 
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of the more familiar spJ-sp2  torsional strain. The very 

basic assumption that the crystal conformations adopted 

in the silver nitrate adductsaxe very similar to those 

adopted just prior to reaction in solution, is, in effect;  

proven as a corollary to the work described above. 

The Author would like to make a special acknowledgement 

to Dr. J. K. Sutherland at this point, for providing the 

basic ideas behind this work, and for some lengthy and 

helpful discussion. 	He is also grateful for permission 

to quote experimental results obtained by Dr. Sutherland 

and Mr. E. D. Drown. 

It should be noted that in the original note published 

on this topic(136)1  values for the dihedral angles were 

computed 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 : +-5 ) has also recently 

been obtained to greater precision (70:30) than that quoted 

• in the papbr and also in the review,Chapter.5, where the 

:- ratio 65:35 was cited. 
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CHAPTER 9.  

2222_Ssxptal and Molecular Structure of 

1 22.114,4a,12a-hexahvdro-2-methy1-9=Ehenyl-1 	120--c H-indeno 

Eyridine hydrobromide : C H I\THr.  19-22- 

9.1. 	Chemical Introduction. 

The anti-depressant properties of the anti-histamine 

drugs(224) were noted early in their clinical use. Minor 

structural modification has led to 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(226)  and also the 

first drug effective in the treatment of schizophrenia(227) 

(228) can be modified to give imipramine (9.11) 	which has 

- been found to have strong anti-depressant properties(229) 

but which is only weakly anti-histaminic.(230)  

( Following these ideas, Leeming et. al.231)  

similar modifications of the well known anti-histamine 

phenindamine (tetrahydro-indeno-pyridine (9.111)(232) 1 

have effected 
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(CH2)3Ne2 
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(m2)31ime2  

9.1. Chlorpromazine. 	9.11. 	Imipramine.  

(marketed as the hydro- 	(marketed as the hydro- 

chloride Largactil(226)) 	chloride Tofranil(230)) 

marketed as the tartrate dihydrate Thephorin(233)). Catalytic 

hydrogenation of (9.III), and of the dihydro-1R-indenoD,1-Cli  

pyridine (9.1V)(2.34), 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 n.m.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, 

the stereochemistry at 9a, 4a, remaining unchanged. 	The 

. all-cis stereochemistry shown for (9.V) was proposed(231) 

since' : 

i) 	It is well established that hydrogenation of double 

bonds at catalyst surfaces usually gives the product with 

the incoming hydrogens attached to the same face of the 



9.111. 

H2/Pd 

9.V R = CH
3 

\R 	
9.V11 R = 

Cci? p~ J  

231 

atvi R = CH3 

9.V111 R = H 

   

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 computational convenience. 
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molecule(235). 

ii) 	There is A precedent for such A cis-hydrogenation in 

the synthesis of the closely related 3:4-cyclopentanopiperi-

dine(236)  

Furthermore a study(231) of Dreiding and CPK solid models 

showed that the all-cis stereochemistry leaves the C(9) 

proton of (9.V) in a very exposed position; in the thermo-

dynamically more stable epimer (9.VI) this proton is highly 

hindered. This would explain both the ready epimerization 

and deuteration at this position in (9.V). 

The n.m.r. spectra were, however, somewhat ambiguous, 

and in parallel with further chemical work (and pharmacolo-

gical studies to ascertain the anti-depressant properties), 

all four compounds (9.V -4 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.K.) 

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 X-ray Studies.  

Oscillation and Weissenberg photographs of the hydro-

bromides were taken using a Unlearn X-ray goniometer and Ni- 

filtered CuK(-radiation. 	The crystal data obtained are set 

out in Table 9.1. 	The cell dimensions quoted are visual 
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estimates only, and have not been refined by computer. 

All four samples were completely stable to X-irradiation 

over a period of about four days each, during which the 

crystal data were obtained. 	The crystals of the more stable 

epimer (9.VI), and of its demethylated analogue (9.VIII), 

were excellent, giving full intensity records of any one 

layer after r'36 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 spots, indicative of twinning, 

or more probably split crystals. 

Although no measurements of optical rotation had been 

made the symmetry of the space groups, given in Table 9.1, 

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 la the 
cell dimensions of the (9.V) and (9.VII) hydrobromides; the 

only difference is the doubling-up in the b-direction to 

accomodate the extra four molecules. 

Dreiding models of the proposed stereochemistries of 

(9.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: 213,414a,9,9a-hexahydro-2-methyl-

9-2henyl-1H-indenoP,1-c] pyridine hydrobromide, hereinafter 



C19H22
NBr C18H20NBr  

Prisms 

Monoclinic; 

344.3 

11.05 

7.45 

19.30 

. 94.00 

1583 

1.41 

1.44 

4 

38.2 

. 	P21  /c 

(14) 

Excellent 

Rhombs 

Monoclinic 

330.3 

8.90 

10.15 

18.35 

110.00 

1549 

1.40 

1.42 

4 

37.7 

P21/c 

(14) 

Excellent 
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TABLE 9.1. 

Crystal Data for the Hylrobromides.  

9.VII:HBr 	9.VI:HBr 	9.VII1:HBr Compound 
	

9.V:HBr 

Formula 

Habit 

System 

M (C12=12.0) 

a (R) 

b (2) 

c (R) 
g o 

V (R3) 

D (g.cm-3) 1.38 

Dc  (g.cm-3) 	1.39 

2 	4 

)1  (cm-1) 36.8 

Space Group  P2i/c 

(int Tab No.) (14) 

:-Crystallinity Good 

Gl8H2ONBr  
Laths 

Orthorhombic 

330.3 

8.90 

30.40 

11.60 

90.00 

3077 

1.39 

1.42 

8 

37.9 

Pcan 

(60) 

Poor 

C19H22NBr  

LathEe 

Monoclinic 

344.3 

9.85 

15.05 

11.60 

105.50 

1648 
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called PIPH) was undertaken for three reasons : 

i) to check the proposed stereochemistry; 

ii) to examine the effect of overcrowding if the all 

cis stereochemistry was confirmed; 

iii) to study the molecular geometry of the fused-ring 

heterocyclic 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 diffractometer, 

which had recently been installed in the laboratory. 

9.3. 	Experimental : The Siemens Automatic Single-Crystal 

Diffractometer.  

The Siemens Automrche Einkristalle,Diffraktometer (AED) 

is a four-circle instrument, designed according to the prin-

ciples of the Eulerian cradle (see Figure 9.1). The position 

of any reflection, hkl, is defined by the three Eulerian 

angles: 	which can be comhkl' puted(237)  from 

the lattice parameters, radiation wavelength, and Miller 

indices. 	The instrument in use in this laboratory operates 

-in the off-line mode; setting angles, together with other 

necessary data which will be mentioned below, are input to 

the machine via five-hole paper tape, the computation and 

preparation of which is performed by the ATLAS program 

SEKO (written by F. G. H. Troughton). 	The tape consists 



Figure 9.1. The Eulerian Cradle of the AED 

(4+:5  )-t3  -t2  -4 
17.F.70 'I-L-(4+4+4)-14+V. 

.1;n 

Figure 9.2. Schema of the five-point measurement 

technique  (the values LAGII  and AG-2  are 

explained in the text).. 

  

23G 



2 3 7 

basically of a series of commands to the pulse motors, which 

drive the circles in steps of 0.01°, and a command to start 

the measuring sequence (or perform various checks). 	The 

intensities of the diffracted beams are measured by scinti-.  

llation counter, mounted on the 8-circle, and kept at a 

constant temperature using cooling water. 	The recorded 

counts are passed, via a photomultiplier and pulse-height 

analyser, to the output tape. 	The X-rays are generated 

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 of the machine, and some further instrumental 

points of interest, are exemplified in the description of 

the data-collection process for PIPH. 

Crystals of PIPH are colourless laths, with [100.) 

prominent, elongated along c. A suitable specimen, of 

dimensions 0.61 x 0.20 x 0.14 mm, was mounted on a quartz 

fibre using Araldite, and set to rotate about the c-axis 

on a Ste Weissenberg Camera. A photograph of the hk0- 

layer was taken to check the suitability of the crystal. 

It was transferred to the diffractometer and, using the 

visually estimated cell dimensions together with some 

visually estimated relative intensities, it was possible to 

locate the reciprocal axes a7, b5'-% e57; 	the former was set 

A fuller description of the crystal morphology and dimen-

sions is given in Sect. 9.4, where the application of an 

absorption correction is described. 



2 3 G 

to coincide with the 0 = 0°  position (thus b occurred at 

V = 900). 	The setting angles for some 50 general reflections 

were then computed (SEKO) using the rough cell data. The 

values were set manually, and optimum G-values were obtained 

for some 30 Clam, peaks. The accurate cell parameters are 

listed below, and were obtained by the least-squares tech-

nique (CEDI). 

Crystal Data.  

2,3,414a,919a-hexahydro-2-methyl-9-pheny1-1H-indeno[2,1-c] 

pyridine hydrobromide (PIPH) 	 C19H22NBr. 
r 

Monoclinic (Laue symmetry 2/m):Space group P21/c(C2hINo.14) 

a 	= 	9.853 +. 0.002 R; 	b = 	15.099 ± 0.002 a; 

11.682 + 0.004 2;  A . 105.81°  + 0.030°; 
1672 R.3;. 	DX  = 1.38 ± 0.03 g. cm73; 

g. 	for 	ri: 1.367 cm73 	= 4 molecules per cell; 

, A 	= 36.220 cm-1  for Clax-radiation0(wv  = 1.54051 ); 
'l 

M 	= 344.3 (on the standard C12 = 12.00); 

F(000) = 712 electrons. 

Using the above data, a steering tape was computed 

(SEKO) for a quadrant of the Cu-sphere, to a maximum G--value 

of 65°; the 0.8 mm diameter collimator was used for data 

collection to compass the very anisotropic shape of the 

crystal. A five-point measuring technique was used to 

obtain the average intensity of each peak above the background 

c = 

V = 

Dc  = 



level; 	the scanning method is illustrated in Figure 9.2, 

which also shows how the net intensity is obtained from the 

five measurements. 	The values of the scanning limits 681,

LO2' on either side of the peak maxima were obtained by 

scanning some representative reflections with 8-values in 

the range 80  —10. 
700; 	this information was input to SEKO 

in the form of a scan table, the correct values for each 

hkl were then obtained by interpolation. 

A coupled 40:28 scan (0= 0) was used throughout; the 

machine then approximates, 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 )xs selected by the user for each step, i.e. 0.010 of 

scan, and in this experiment 0.6 sec/step was chosen; should 

any reflection be too strong to fall within the range of 

maximum counter accuracy CO is successively reduced to 0.24, 

0.12, and 0.06 sec/step. 	Reflections which are still too 

strong to be measured au Z-min  are further reduced in inten-

sity by the introduction or one of five attenuators, whose 

permeability to X-rays decrease in the approximate ratios : 

100:45:21:9.5:4.5:2. 	The selection of measuring time, and 

the introduction of attenuators (if required);  is carried 

out automatically before each five-point measurement; the 

exact attenuation factors for this machine were determined 
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soon after its arrival, and were used in the final processing 

of the output tape. 

A check was kept on the stability of the instrument, 

the setting of the crystal, and the accuracy of the setting 

angles actually used, in the following manner : 

i) A strong reflection (080) was chosen as a 'refer-

ence', and measured once in every twenty reflections, i.e. 

once every 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 reflection against time is shown in Figure 9.3. 

It can be seen that, although most values lie within a 

band of width ^J30, there is a gradual decline of r.,..)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 8-scan from 0° 	70°  for the 

h00 reflections of a glucose monohydrate crystal revealed 

:peaks due to both Fe-and W-radiations. 	Some of the 

observed decline could also have been due to radiation 

damage, but, in the light of the above evidence, the contri-

bution from this source was probably minimal. 

ii) A check on the crystal setting was provided by the 
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data from 'kontrol' reflections, obtained after each batch 

of 100 five-point measurements. 	The reflections 700, 700, 

0100, 01002  and 004, were chosen to check both goniometer 

arcs. 	The reflections were scanned with 

a) .full aperture, i.e. normal setting, (count NT); 

b) insertion of a horizontal half-shutter into the 

aperture (NH); 

c) insertion of a vertical half-shutter (NV). 

It is experimentally very difficult to keep NH  = NV, and 

NH + NV  = NT for any reflection. However an effective 

check is obtained by noting the ratio NH/NV  which should 

stay reasonably constant for any hkl; also the ratios NH/L1  

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. 

-iii) 	After every 40 five-point measurements a check 

was carried out on the angle circles by moving them by 

-GhkP -Ohki, and 4,hki, where bk was the last reflection 

measured. Digitizers were then brought into play to check 

- 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 -±0.2°  this is automatically corrected, but 

for larger errors the machine simply stops. 

Exactly 3000 reflections were counted;  and the five 



measurements for each, plus the data for reference and 

kontrol reflections, were written to the output tape; This 

was proceqsed using the ATLAS program SODI (F. G. H. Trough-

ton) : the values of the raw intensities were evaluated 

using the formula quoted in Fig. 9.2, the Lp-1  correction 

applied, and the data (on a common arbitrary scale) written 

to ATLAS magtape and also output on cards in X-RAY '63 format. 

Of the 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 (equivaldnt to the hk0). This was caused by a 

small programming error, but inadvertently provided a further 

check on the accuracy of the whole diff'ractometer experiment, 

since the data from the hk0 zone wevIspread evenly over the 

whole data-collection period. 	A comparison of F2(hk0) and 

F2(171-k0) is given in Table 9.2; an 'agreement factor' of the 

form : 	

R' 	162(hk0)-F2(Ek0  

EF2(hk0) -1-71F2(71k0) 
had a value of only Q.0116. 	The low value is a reflection 

not only of the reproducibility of the machine, but also of 

the very regular cross-section of the crystal (see Figure 

9.3Apn page 25-2); although absorption corrections have been 

neglected in deriving R', the regularity of the cross-section 

gives an almost identical correction for any pair of reflectionE 



2 4. 

TABLE  

PIPH : Comparison of F2(hk0) and  r2chk ) 

The format is : 	Ihl 	± 

k F2(hk0) F2( k0) F2(hk0)-F2(110) 

X 10 0 8 0 

0 429.03 425.82 3.21 0 289.80 288.36 1.44 

1 19.63 15.33 4.60 1 433.77 427.13 6.64 

2 27.33 35.85 -8.52 2 9.53 9.25 0.28 

3 55.02 58.20 -3.18 3 124.15 124.24 -0.09 

4 93.42 95.01 -1.59 4 10.04 9.70 0.34 

5 49.30 41.06 8.24 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 

0 61.11 69.08 -7.97 8 46.18 55.09 -8.81 

1 229.84 227.53 2.31 9 16.50 24.81 -8.31 

2 49.17 47.21 1.96 10 8.48 8.20 0.28 

3 394.97 389.35 5.62 11 99.51 103.73 -4.22 

4 155.29 169.1+8 -14.19 12 39.47 40.14 -0.67 

5 154.79 154.85 -0.06 7 0 

6 94.50 95.31 -0.81 0 1283.98 1284.47 -0.49 

7 95.96 107.48 -11.52 1 8.33 7.97 0.35 

8 2 8.50 8.18 0.32 

9 111.46 108.06 3.40 3 293.81 300.07 -6.26 

4 1215.77 1219.76 -3.99 

5 448.61 )019 38 -0.77 
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Table 9.2. (Contd.) 

7 	0 (contd) 	5 	0  
6 22.85 30.32 -7.47 0 228.81 210.30 18.51 
7 778.60 773.63 4.97 1 751.12 737.42 13.70 

8 204.47 211.70 -7.27 2 274.13 266.23 7.90 

9 10.21 17.20 -6.99 3 1163.53 1165.99 -2.46 

10 21.25 20.25 1.00 4 213.84 217.15 -4.31 

11 8.61 8.66 0.05 5 985.43 993.47 -8.04 

12 194.42 207.59 -13.17 6 326.61 330.10 -3.49 

13 7.18 6.84 0.34 7 1385.47 1392.61 -7.14 

6 0 8 231.33 226.47 4.86 

0 243.33 235.00 8.33 9 163.88 174.63 -10.75 

1 25.39 21.45 4.94 10 226.38 225.08 1.30 

2 47.43 44.22 3.21 11 229.66 229.22 0.44 

3 339.22 338.14 1.08 12 255.84 258.74 -2.90 

4 1319.44 1318.12 1.32 13 11.15 20.83 -9.68 

5 199.60 197.69 1.91 14 

6 485.18 477.28 7.90 15 30.60 28.01 2.59 

7 8.51 8.29 0.22 4 0 

8 763.92 794.09 -30.17 0 392.33 373.81 18.52 

9 162.64 172.09 -9.45 1 248.59. 241.13 7.46 

10 184.17 187.23 -3.06 2 195.86 198.94 3.08 

11 36.84 38.74 -1.90 3 1999.11 2014.13 -15.02 

12 9.07 14.68 -5.61 4 4953.81 4965.52 -11.71 

13 12.86 14.68 -1.82 5 663.06 660.19 2,87 

14 11.30 9.27 2.03 6 452.29 443.67 8.62 
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0 	(Contd.) 4 	.0 

7 1831.64 1845.33 -13.69 13  32.22 30.09 '2.13 

8 753.31 770.06 -16.75 14 143.22 147.35 -4.13 

9 8.02 7.99 0.03 15 137.95 137.83 0.12 

10 322.93 330.18 -7.25 16 7.66 7.48 0.18 

11 477.91 481.39 -3.48 17 6.44 6.15 0.29 

12 10.12 9.65 0.47 2 0 

13 241.97 228.34 13.63 0 1781.08 1790.06 -8.98 

14 228.34 214.56 13.78 1 7068.67 7042.25 26.42 

15 37.90 36.0o 1.90 2 4499.66 4397.88 1.78 

16 21.29 31.43 -10.14 3 100.78 101.13 -0.35 

3 0 4 626.23 605.88 20.35 

0 2756.75 2710.12 46.63 5 1023.48 1039.64 -16.16 

1 1477.96 1470.36 7.6o 6 '187.83 192.60 -4.77 

2 223.91 211.14 12.77 7 353.52 344.86 8.66 

3 1382.12 1341.08 41.04 8 162.26 163.06 -0.80 

4- 1814.98 1794.73 20.25 9 234.70 248.18 13.48 

5 2444.96 2371.77 73.19 10 38.13 32.08 6.05 

6.  5.63 5.38 0.25 11 1325.37 1314.33 11.04 

7- 1598.98 1607.62 -8.64 12 12.00 9.93 2.07 

8 925.47 909.66 15.81 .13 9.4o 9.71 -0.31 

9 82.57 86.53 -3.96 14 162.24 161.10 1.14 

10 1217.32 1233.32 -16.00 15 51.12 57.76 -6.64 

11.  123.66 111.54 12.12 16 8.21 8.19 0.02 

12.  177.23 190.38 -13.15 17 6.84 6.66 0.18 
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Table 	9.2 (concluded). 

K 1 0 	(contd.) 1  0 

0 52.42 51.26 1.16 9 75.89 74.24 1.65 

6589.51 6653.58 -64.07 10 40.62 32.80 7.82- 

2 748.97 739.96 9.01 11 2123.40 2125.14 -1.74 

3 17311.76 17279.77 31.99 12 10.01 9.20 0.81 

4 77.66 80.02 -2.36 13 215.53 225.84 -10.31 

5 522.40 520.06 2.34 14 332.46 335.81 -3.35 

6 511.82 508.60 3.22 15 359.90 364.78 -4.88 

7 681.28 675.57 5.71 16 22.58 17.77 4.81 

8 159.28 164.16 -4.88 17 .  46.79 51.56 -4.77 

9.4. 	Structure Solution and Refinement.  

The position of the bromine ion was obtained from the 

Harker sections (x, *, z; 0, yl  I-) of a three-dimensional 

Patterson map, computed using FOURR. 	Structure factors 

were calculated (FC) using the phase angles ( 0 or Y) indi-

cated by this position, together with an estimated B-factor 

of 3.0 R2. 	The data with intensities significantly greater 

..than background were placed on an absolute scale by using 

the totalsT Fol and 7-Ike!,  R was 0.437. 	The first electron- 

density map (FGURR, in which, inadvertently, no structure 

factor rejection test was applied) revealed the positions of 

all 21 non-hydrogen atoms. 	The co-ordinates were optimized 

using Booth's method(161) and used to construct a bead model 
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which showed chemically sensible geometry. 

It was gratifying that the complete structure emerged 

so clearly from this one map, especially since no Fourier 

coefficients were either rejected or weighted down. 	The 
C71 2 71_2.-2- 	. ratio (r) equal to(z1ZH/z_I LL) 	is 1.32 in this case, toler- 

ably close to Lipson and Cochran's suggested optimum value 

for (r2) of unity(29) (see Eq. 2.17). 	The later, and 

somewhat more precise, analysis of Sim(239)  suggests that 

ca. 83% of the signs predicted by the Br-  position should be 

correct at this value of (r). 	This-result is compared with 

similar ones for humulene 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. 

TABLE 9.. 

R "of 

% signs 

correct 

No. of maps 

to give the 
Compound > structure. 1st map Sim(239) 

FIPH 1296 742 1.32 1 0.437 83% 

Humulene 	• 
bromohydrin 

1225 629 1.40 2 0.427 86*2 

Germacra- 

triene:AgNO
3 

2209 .805.  1.66 3 0.346 89% 



While the presence of,a very heavy atom in a general position 

Ag in the germacratriene complex) contributes substan-, 

tially to all reflections, and thus tends to increase the 

former (r)
1  and reduce the latter (R), it does require great 

accuracy in the measurement of the intensity data to avoid 

the swamping of the light-atom contribution. 	Itvas this 

latter factor which made the structure solution so straight-

forward in the case of PIPH. 

For the 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 scale-factor (k) was varied during all cycles. 

The designation of run numbers used in previous chapters is 

adhered to (see p.95-  for definitions), together with the 

following additional designations : 

MR, As for runs of type 14 7  but with the hydrogen atom 

positional parameters free to refine; 

MH, As above, but with non-hydrogen atom parameters 

fixed. 

Runs 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 256 parameters. 	The results of 

all runs are given in Table 9.4 on page 23-5-. 
The optimum positional parameters from the electron- 
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• 
density map, together with estimated B-factors, were initially 

varied for six cycles (run Il), when R fell to 0.151. Scatt- 

ering - 1 	h-+1 factors(19) appropriate to Br and 	were employed. 

A difference map, using (Fo  -Fc  ) as Fourier coefficients, 

showed no spurious features, hut indicated some anisotropy, 

especially for the Br ion. 	The anisotropic thermal 

parameters were therefore computed (/31i's in the equation 

quoted in Table 6.5. p.103), and four cycles (run Al) reduced 

R to 0.086. 	Parameter shifts for Br and N-1-  remained high, 

and these two atoms only were refined for two cycles of 

full-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 were 

included in further refinement at the calculated positions, 

with B-factors 0.582  more than the final value for the atom 

to which they were bonded. An attempt to refine the B-

factors (run MR1) failed, and they were fixed fcr all other 

runs. 	Refinement continued slowly (see Table 9.4), and 

after run M1+ all parameter shifts for the non-hydrogen 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 numbering scheme in the pull-out 
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- 	- diagram bound with the end-papers) towards the N4- ion. This 

effect recurred later and is discussed below and in Sect.9.5; 

the atom was set back to its calculated position for run M4. 

At this stage an absorption correction was applied using 

a program kindly supplied by Dr. B. J. Brandt of the Univer- 
N 

sity of Stockholm. 	It is modelled on the vector method 

outlined, and initially programmed, by Coppens et al(240) 

The program (ABSO) was amended and altered by F. 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 three-dimensional grid of sampling points. Figure 9.3(A) 

shows the relevant data, and also the Crystal dimensions, as 

obtained using the microscope attachment to the AED. The 

morphology input is slightly idealized, as shown by the 

inset drawing of the crystal cross-section, but the desig-

nation of the boundary planes 010, OTO, introduces only very 

minor errors. 

A variety of grid sizes were tried using a sample batch 

of data, and one of 6 x 6 x 6 chosen as the smallest possible 

without significant loss of accuracy. 	The correction factors 

varied by #‘01.5% when the size was increased to 10 x 10 x 10. 

Although the magnitude of ()) is small (36.22 cm-1), the very 

anisotropic shape of the crystal gaVe a wide variation in 
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(Dimensions are given in AED microscope divisions: 

 

10.4 -----+1 

2:4'4 	> 
1 div = 0.001714 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 exagerated 

for clarity.  



values of 910, where (t) is the thickness of crystal trav- 

ersed by the X-ray beam. 	The 2396 'observed' data were 

processed in an average time of 1.09 sec/reflection on the 

IBM machine. 

Refinement continued smoothly to R = 0.038 (run MR5). 

Bond-length'and valence-angle calculations during this period 

showed much improved standard deviations, reflecting the 

improvement inEOF01-1Fe 2  . 	At this stage the data deck 

was 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 le, to a separation of only 0.476 R. 	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 Fe. 	A rather diffuse peak of height 0.4e-

was noted at 0.6 R from le, but the resolution was very 

poor compared with other hydrogen peaks. 	The position 

adopted by H(20) in the refinement was almost certainly a noda 

point of electron density due to the lone pair of le, and 

some bonding density directed towards Br-. These points are 

more fully discussed in the next section. 

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 removing H(20) and redefining the valence 

state of nitrogen as N°. 	For run M5 the scale-factor (k), 

Br and N°  only were refined using ORFLS. The scheme was 

successful and following run MR7 all shifts for non-hydrogen 

atom parameters were less than 0.15 of their respective 

estimated standard deviations; some hydrogen parameter 

shifts were a little higher. 

An analysis of the data (DELSIG) showed that _IF -0  - F c ClvC- 
was almost constant over the most populated ranges of [Flai. 

A weighting scheme of the Hughes(51)  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 hydrogen 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 0.035 was obtained over 

the 2392 'observed' reflections not affected by extinction. 

A similar structure factor calculation was performed 

for the 'unobserved' data, and the results (Table 9.9) show 

that, in general, the calculated values are less than those 

measured. 	However the reflections 210;l0; 210,12; 1.10,6, 

1,0,8; 1,0,10; 1,0,12; show surprising disagreement. 	This 
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was eventually traced to a programming error (now corrected): 

since )4,  for these reflections became > 9002  a value not 

attainable on the AED, the equivalent reflections 101, 201, 

should have been studied instead; 	however this switch was • 

incorrectly programmed and a value of 180 —1.4e°  was set2  

leaving the machine to explore a blank area of reciprocal 

space. It was fortunate that only 6 reflections were 

so affected: 

TABLE 9.4.  

PIPH:The Refinement Process.  

max S/E R 	E0F01-142 ave S/E 

0.151 41860 	3.9338 0.2277 

0.086 18400 	5.7896 0.3380 

0.080 17060 	0.3988 0.1220 

0.077 16410 	1.1557 0.1048 

0.061 9573 	0.7817 0.0725 

0.058 8082 	2.0704 0.2650 

0.058 8138 	1.6156 0.1232 

0.057 8026 	0.2812 0.0465 

0.057 8004 	0.2530 0.0421 

0.057 8002 	0.1767 0.0125 

Cycles 

Il 	6 

Al 	4 

A2a 	2 

A3 	2 

Ml 	3 

	

.-MR1b 	2. 

	

.-MR2c 	2 

M2 	2 

MH1 	2 

M3 	2. 

Absorption Correction Applied, 



Table 9.4 (contd.)  

Cycles max S/E 	ave S/E 

M4 4 0.050 6198 37.4632d  1.4480 

MR3e  2 0.041 4114 2.4561 0.4062 

MR4f  2 0.038 3449 1.6586 0.1203 

MR5 2 0.038 3391 1.3617 0.0684 

MR6 2 0.035 2770 1.7229 0.1272 

M5g 2 0.035 2808 0.6085 0.1289 

MR7h  3 0.0353 2792 0.2467 0.0617 

a) Scale-factor (k), Br-, & N-1", only refined using ORFLS. 

b) k, C(16), C(17), C(18), & C(20), plus all hydrogen para- 

meters refined. 

c) Hydrogen B-factors set back and fixed; hydrogen positions 

together with k, & C(17) refined. 

d) The high shift is due to scale-factor adjustment. 

eY All shifts damped by -afactor of 0.6 for this run only. 

f) Dispersion correction introduced using 111, = -0.9, 

f"Br = 1.5 (ref. 59). 

g) k, Br-, & N
oI  only refined using ORFLS, H(20) removed, 

and all other parameters fixed. 

h) H(20) omitted. 
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TABLE 9.i.. 

PIPH : Final Atomic Co-ordinates for the Non-Hydrogen Atoms, 

as Fractions of the Cell Edges, together with their Estimated 

Standard Deviations.  

Atom c 

Br 0.15327 0.00005 0.38727 0.00003 -0.55468 0.00003 

0(1) 0.25447 0.00036 0.29738 0.00023 -0.22910 0.00030 

N(2) 0.11316 0.00029 0.31338 0.00019 -0.31627 0.00025 

0(3) 0.03116 0.00036 0.37890 0.00028 -0.26531 0.00033 

c(4) 0.10613 0.00039 0.46663 0.00026 -0.25155 0.00033 

0(5) 0.20427 0.00038 0.48839 0.00025 0.02985 0.00034 

c(6)  0.24945 0.00042 0.47413 0.00027 0.15154 0.00035 

c(7)  0.36722 0.00044 0.42385 0.00027 0.20009 0.00033 

c(8)  0.44327 0.00038 0.38590 0.00024 0.12823 0.00031 

c(9)  0.46669 0.00033 0.37161 0.00021 -0.09029 0.00029 

C(10)  0.34228 0.00033 0.38194 0.00022 -0.20521 0.00028 

C(11)  0.25779 0.00034 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 

0(14) 0.54683 0.00034 0.28535 0.00023 -0.07511 0.00031 

C(15)  0.51382 0.00043 0.21452 0.00025 -0.01130 0.00038 

C(16)  0.59401 0.00052 0.13598 0.00027 0.00262 0.00041 

0(17) 0.70561 0.00049 0.12926 0.00032 -0.04910 0.00044 

c(18) 0.73644 0.0c044 0.19828 0.00032 -0.11364 0.GCC45 

0(19) 0.65845 0.00039 0.27651 0.00028 -0.12677 0.00037 

0(20) 0.03511 0.00046 0.22815 0.00029 -0.34909 0.00038 
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TAMP, 9.7:  

PIPH : Refined Hydrogen Atom Positions in Fractional Co- 

ordinates, with their Estimated Standard Deviations (d).  

The numerical designation of hydrogen atoms is made up of the 

number of the C or N atom to which they are bonded, together 

with one other number starting from zero; thus H(202) is the 

third hydrogen bonded to C(20). 

Atom 
-x z 6' 

-z 
H(10)  

H(11)  

H(20) 

	

0.2336 	0.0043 	0.2702 	0.0028 	-0.1660 	0.0037 

	

0.2983 	0.0043 	0.2533 	0.0028 	-0.2673 	0.0036 

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 0.0046 0.5054 0.0031 -0.2191 0.0039 

H(41)  0.1079 0.0047 0.4879 0.0031 -0.3260 0.0039 

H(50) 0.1258 0.0044 0.5249 0.0029 0.0005 0.0038 

H(60) 0.1967 0.0046 0.4933 0.0031 0.2058 0.0039 

H(70) 0.3976 0.0046 0.4143 0.0030 0.2788 0.0039 

H(80) 0.5264 0.0044 0.3497 0.0029 0.1629 0.0037 

H(90) 0.5289 0.0043 0.4116 0.0027 -0.0986 0.0036 

E(100) 0.3771 0.0042 0.3954 0.0028 -0.2739 0.0036 

H(110) 0.3011 0.0043 0.5145 0.0028 -0.1886 0.0036 

H(150) 0.4309 0.0047 0.2174 0.0031 0.0172 0.0040 

H(160) 0.5703 0.0051 0.0879 0.0033. 0.0444 0.0043 



Table 9.7 (contd.) 

H(170) 0.7650 0.0053 0.0745 0.0034 -0.0415.  0.0044 

H(180) 0.8148 0.0052 0.1954 0.0034 -0.1552 0.00-14 

H(190) 0.6762 0.0048 0.3211 0.0031 -0.1706 0.0040 

H(200)  0.0908 0.0050 0.1969 0.0032 -0.3890 0.0042 

H(201)  -0.0608 0.0050 0.2442 0.0033 -0.4033 0.0042 

H(202)  0.0352 0.0050 0.1971 0.0032 -0.2741 0.0043 
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TABLE 9.8.  

FIPH : Final Observed and Calculated Structure Factors for 

those Reflections with Intensities Significantly Greater  

Than the Background Level.  

The format of the table is 

H, K)  L)  

L 	101F01 	10Fc 

The reflections omitted for suspected extinction were : 

11.  k 1 10 1Fol 1OFc  sine/fl 

1 3 0 152.51 	-162.50 0.11248 

2 2 0 158.56 	-174.70  0.14159 
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-11, Ott. 6 36 -43 - ),6,•L -8,6,1 
6 45 '47 7 90 91 2. 146 -151 1 341 355 
6 • 186 119 8 73 -35 3  159. 170 2 . 86 71 

4 199 -206 3 117 173 
-11,111 -10,711 5 114 129 4 "120 131 

3 85 93 1 48 -52 6 IOS 	' -109 7 164 169 
4 43 -50 2 95 191 7 105 115 9 141 191 
5 77 . 83 3 73 -76 . 	8 • 44 - -' 	45 ' 10 84 .-4 13 
7. 50 6n 4 110 120 11 142 153 

5 43 -44 -9,9,1 
-1112,1 6 61 71 1 167. ' 	-163 -8,781 • 

1 127 -137 2 -63  92 • 2 180 -190 
3 713 -224 -10,1i1 3 -• 	129 -136 3 73 .-70 

69 ' 	73 1 ' 	41 41 4 - 	53 -54 4 72 -79 
5 31 -19 3 91 82 6 141 147 
6 32 43 4. 32. 31 -9,10,1 - 	7 	. .72 -72 

1 31 45 •- 8 70 '64 
.•1113,1 . 	• -9,0,1 2 54 -66 . 10 .146 159 

2 54 -66 2 317 -333 3 63 68 • . 
3 63 -611 4 309 -320 4 79 -92 8l,13,1 
4 60 64 6 179 -197 5 76 -74 1 100 	' *.1.05 
5 74 -73 a BO 84 2 38 40 

. 	7 101 -107 10 160 169 .-9,11,1 3 56 -54 
2 . 	43 -51 4 196 -196 

-11,4,1 -9,1,1. 4 43 -47 5 49 -36 
1 33 -35 1 103 -111 6 90 -92 
3 • 51. -51 2 77 -7R -8,01 1' 7 105 119. 
6 91 -104 3. 133 -142 2 350 -359 8 127 -133 

6 171 -176 4 281 -299 9 137 156 
-11,511 8 181 -193 6 226 -231 10 39 -42 

2 77 82 9 54 57 B 243 -258 
3 126 -143 10 50 -59 12 147 156 .•.(3,9,1 
4 69 76 11 145 155 . 3 186 -195 
5 149 -163 -11,1.1 5 212 -222 

-1,2,1 2 214 220 6 122 126 
-10,01 3 2 113 -120 3 65 -79 7 167 -174 

2 A4 92 3 49 44 4 117 117 
4 159 172 5 173 .•.-190 5 259 -271 -8,10,1 
6 152 172 7 172 -142 6 72 -76 1 1(14 111 
8 198 204 8 53 58 7 110 -117 2 131 -135 

9 63 -74 9 80 -85 3 142 134 
-10,1,1 11 50 -63 9 63 65 4 87 -93 

1 - 	75 -70 1) 131 -133 6 71 -•77 
2 17(1 -191 -9,3,1 11 45 59 7 87 - 	•31 
3 276 -279 1 94 110 12 61 -77, 
4 85 -89 7 67 -74 -8,11,1 
5 36 42 3 146 753 -8,7,1 1 51 -65 
.6 93 -93 4 225 -236 1 156 . 	165 2 163 164 
7 58 64 6 144 .-152 2 102 -105 3 94 -110 
9 61 63 7 59 62 3 142 150 4 52 54 

8 212 -226 4 126 -135 
-10,2,1 9 43 	__ -35 6 64 -8,12,1 

1 36 24 7 261 ••279 1 69 69 
2 56 49 -9,4,L 8 86 -97 3 49 49 
3 151  -177 1 75 77 4 195 -211 4 50 49 
4 111 111 2 330 338 11 151 -163 5 76 -81 
5 83 -97 3 184 125 12 52 51 6 49 51 
6 	_ 35 . -20 4 263 259 
7 99 -104 5 9n -101 -8,3,1 -7,0,1 
5 97 102 8 44 -38 1 81 -80 2 282 272 

9 34 31 2 249 261 • 4 -, 88 -100 

-10,3,1 10 167' -171 3 263 269 6 330 -334 

2 111 -124 4 161 166 8 291 -311 

3 70 68 -9,5,1_ 5 160 .130 10 205 -213 

4 109 -112 1 79 95 6 81 ' 	-81 
6 157 -162 2 90 -97 7 208 209 -7,111 
7 73 -73 3 44 54 3 153 -161 1 193 195 
8 '32 19 5 144 153 	. 9 52 51 2 ;•17 229 

9 95 •.1.00 6 85 92 10 230 -242 4 255 265 
7 39  . --42 5 12/ -130 

710;4,1 9 101 -114 -8,4,1 6 131 129 

1 . 	75 	- ..-C1 1 111 117 7 333 -349 

2 66 65 --9,611 2 81 -63 Q 191 -199 
5 50 -59 1 174 -171 3 197 -197 10 147 -150 
6 96 -104. 2 63 53 4 138 154 11 59 -53 

3 99 -104 3 42 45 5 89 -91 12 153 -154 
. _ 4 100 101 6 163 173 

-1115,1 5 83 31 7 92 -91 -7.211 
.1 42 94 7 161 137 a 201 211 1 347 364 
3 43 46 3 57 -65 9 62 -69 3 51! 52A 

.5 39 
60 

-35 
59 

'9 7! 
. 

	
5 

' 	82 10 37 -89- 4 

-5 
77 

350 
-8' 
356 

7 	. 94 -100 -9,7,1  -8,5,1 7 93 89 
8' 49 53 2 87 -34 1 197 208 9 . 	83 -46 

'3 40 -40 3 377 392 IC 71 -77 
-1',1,6,1 4 . 	95 105 . 	4. . 	176 .-179 11 200 -2'.21 

1 57 .62 ' 5.  100 -96 5 • 297 316 12. 71 79 
3 123 132 6 137 149 r- 5 45 51 
4 78.  -84 6 124 134 7 145 152 

'5 154 4t4 13 31 A4 
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-7,3,L -7.11,1 11 

• 
177 - 	188 '4 118 -126 

2 328 336 2- 149 149 5 39 '-42 
3 59 ' - 67 3 45 • -52 ^6,611 • 6 59 68 
4 326 336 4 178 197 1 199 199 
5 42 -45.  5 • 64 -54 2. 145 -152 -6,15,1 
6. 97 102 	. 3 203 ' -212 1 • 100 -117 
'7 194 200 -7,12,1 4 81 72 2 44 . 	43 
9 171 - 171 1 119 140 5 93 -93 3 46 -46 
10 127 -124 2 164 -171 6 47 35 
-11 59 48 3 136 15? 7 164 -178 -5,0,1.. 
12 159 -169 5 78 90 9 155 164 2 668 693 

7 38 45 9 189 -192 4 888 890 
-7,4,1 10 - 	136 145 6 '483 497 

.1 -- 	125 129 -7,13,1 1/ 	• 59 25 8 264 269 
2 197 	' -199 1 _ 	43 •••30 10 108 .-58 
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o 243 326 3 192 -133 11 	79 68 7 105 -115 
1 144 134 4 137 -149 g 86 94 
2 .208 216 5 126 -121 2,6',1 
3 73 91 6 42 -46 0 	155 -125 2,14,1 
4 224 -235 1 	1233 1250 0 147 145 
5 54 59 1,16,1 2 	379 -340 1 177. 143 
6 473 -492 0 55 57 3 	443 449 2 37- 45 
7 • 43 46 1 84 94 4 	78 -87 3 45 37 

' 	4- :
.
.348 -366 2 75 91 5 	231 227 4 194 -201 

9 *-45 40 4 66 86 6 	3l7-  -330 6 45 -51 
10 7 	75 -73 5 79 -75 7 	35 -93 7 _116 -123 
II 	'-'.. 72 -76 .s 	185 -193 

1,17.1 9 	133 -144 2,15,1 
1,9,1 0 81 81 11 	211 -223 5 83- 15 

0 142 105 1 122 129 2 181 184 
1 277 2S2 2 60 5? 2,7,1 3 45 51 
2 6V2 421 3 5' 71 3 	212 272 4 1?3 113 
3 30 -19 1 	230 220 5 60 65 
4 289 302 2,0.1 2 	816 825 6 43 47 
5 726 -227 0 553 -555 3 	124 125 
6 64 55 2 499 . 	522 4 	176 176 2,1 1- 11 
7 131 -131 4 927 956 5 	155 112 1 116 112 
8 1'6 -145 6 374 394 5 	142 -142 2 73 ' -71 
9 247 -253 S 	443 453 7 	160 161 
15 200 -311 10 133 .141 .3 	156 -193 2.17,1 

12 ' 	71 -53 9 	104 -119 2 63 53 
1,911 ' 	. 11 	222 -236 

.0 08 . 	-98 2111,1_ 
1 535 557 0 .1065 -1139 2,3,1 0 S'?:.'1-  67  -701 
2 29 12 1 158 -133 3 	144 121 2 1166 -1190 
3 625 640 2 	• 1064 -1155 1 	193 213 



g 8 
3.0,1 6 420 425 8 181 137 4,8,1  

4 . 409 37q 	. 7 . 	'700 209 - 	10 	-' 119. 122 0 	-.321 -424 

5 259 270 	. 8 ao 95' 1 	106 -110 

a 399 412 - 	.9 	' .53 65 4,1,1 2 	441 “45 

10 . 	209 217 10 134 -147 0 196 205 3 	84 -84 

V 1018 -1023 4 	- 	402 -413 

3.1,1 3,8,1 2 389 344 5 	. 	253 763 

0 497 -464 0 348 -344 .3 352 : -:376 7 	150 157 

1 526 -534 1 32 -14 4 380 -369 8 	64 65 

2 270 -292 2 209 -216. 5 364 -361 a 	128 - 	135 
3 234 ' 198 - 	3 255_ 257. - 	6 .175 -181 
4 376 -390 4 120 123 7 56 --70 4,9.1 

5 54 -32 .5 - 	109 114 R 	_,.. 172 -176 1 	-328 -347 

-6___ 330 -333 6 427 440 9 -  165 171 2 	. 	135 -136 
7 438 444 7 47 -47 10 61 -71 3 	302 -31'. 

9 232 248 8 200 214 11 109 120 5 	93 -100 

11 101 102,  9 78 90 6 	. 	125 -131 
11 132 '..139 - 	10 80 -. 	87 . 4,2,1 7 	42 58 

0 178 -181 9 - 	141 145' 

3,2,1 • 3,9,1 . 1 169 179 
- 	0 186 -190 0 104 94 2 184 149 4,100. 

1 - 	549 -556 1 291 -296 3 191 -182 0 	210 -218 

2 127 108 3 69 -70 4 356 -139 1 	38.  41 

_ 3 305 -356 6 326 333 5 526 -542 2 	186 -195 
4 62 60 7 83 99 6 95 - 	88 3 	164 --171 

5 532 -547 9 172 182 7 455 -463 4 	148 -145 

6 112 99.  9 263 -278 5 	166 -176 

_ 	8 63 -52 3,10,1 10 65 59 6 	183 -186 
9 111 107 0 400 -412 • 7 	171 -105 

10 113 118 1 307 -320 4,3,1 8 	103 98 

11 192 206 2 321 -325 -0 562 557 

3 138 -150 1 220 • 232 4,11.1 
3,3,1 5 169 -173 2 314 294 0 	256 252 

.0 446 -424 6 61 57 3 219 238 1 	79 79 

1 185 173 8 207 216 4 335 -348 2 	104 109 
2 380 -411 9 95 101 5 141 136 3 	55 -51 

3 67 -75 6 331 -351 4 	. 	163 -171 

4  670 -691 3,11,1 7 152 -147 6 	165 -.172 

5 49 -49 0 128 -130 B 187 -194 8 	96 -109 

6 63 -72 1 85 -90 9 146 -151 
R 61 -56 2 247 -249 10 116 -119 4,12,1 

9 261 -280 3 135 -143 -0 	37 -38 
/1 58 71. 4 353. -375 4,41 1 1 	119 	. 173 

6 135 -142 0 851 849 2 	132 136 
3.4,1 7 47 -66 1 78 -59 4 	75 81 

0 499 516 8 59 -57 2 	. 704 717 5 	116 -125 
1 65 -62 3 166 -156 6 	37 -38 

2 324 332 3,12.1 4 698 ' 	707 7 	111 -119 
3 426 -412 .0 153 15.3 5 112 105 

4 - 573 -554 1 132 -143 6 473 476 4,13,1 
5 - 	702. -193 2 153 165 7 25R -274 0 	184 194 

6 424 -421 3 113 -107 3 155 -168 1 	345 370 
7 239 -241 .4 96 -105 9 	' 43 -41 2 	66 68 

8 255 -301 5 225 -227 10 167 -183 3 	91 89 

9 1/5 111 t 90 -04 5 	86 94 

10 141 -150 7 98 -174 4,5,1 6 	35 -13 

11 96 07 8 58 -71 9 309 -296  
1 530 553 4.14,1 

-3,5,1 3,13,1 2 65 -51 0 	141 180 
0 - 573 523 .0 65 -50 3 634 635 1 	144 143 

1 450 '491 1 188 . 	203 4 184 186 4 	219 210 

2 256 265 4 149 -149 5 102 -83 5 	66 74 

3 •3I3 305 6 86 -51 6 335 341 

4 226 229 7 155 -181 7 60 64 4,15,1. 

5 59 -73 8 104 111 0 	74 -77 
6 42 44 3,14,1_ 7 43 -47 2 	. 	53 -65 
7 547 -571 0 139  1.46 10 74 71 4 	130 144 

q '148 -152 1 144 185 
9 ,404 ... -319  2 78  57 4.6,1_ 6,16,1_ 
10 - -61 -73 4 57 -32 . 	7 251 261 ' 	_ 	57 -7: 

1-1 14? -157 5 114 124 1 121 107 1 	94 -151 
6 73 -57 2 234 255 

.3,6,1 . 3 236 234 5.0,1 

1 74 100 3.15.1 4 174 179 0 	1 4 1 -141 

2 473 453 0 133 144 5 154 173 2 	275 -371 

3 36 3?2 1 159 161 5 .40 53 4 	445 -43.3 

4 106 96 2 99 39 T 196 2/0 6 	139 -153 
5 253 208 4 134 141 3 14.3 214 5 	4C 

.6 170 -165 5 37 41 10 	5C 45 
7 • 3,2 65 4,7.1 
6 84 -90 3,16,1 0 573 -515 5,111 
9 133 -143 1 93 35 1 40? -31 7 330 331 
11 68 •.74 2 33 2.0 2 - 	33 37 1 	. 	262 . -255 

.3 - 	-.122 130 3 . 	101- -47 2 	341 335 
1,7,1-  4 -149 146 3 	- 	330 -445 
459 - .452 	. 4.0,1 5. - 54 . 67 474  -5.!5. 
7^ - 	-61 0 243 -265 5 377 357 6 	114 -115 

7 6C.q  618 • 577 -573 . 7 -99 -1 7- 	. 	235 -247 
4 484 491 4 551 -563 3 169 176 
6 131 - 	174 6 10 -110 9:  74 -74 



. 

5,1,i.. 1 320 335 6,5,1 7 • 73 -73 
6 273 -291 ..2 115 -116 0 114 -167 
11 85 -103 4 132 -1?5  1 . 	121 -138.' 1,2,0 

5 • 120 	' • -75 2  251 -253 2 150 • 142 

5.2,1 6 146 -152 3 131 -.137. - .3 1'6 • .1 .45 
0 20? 193 7 50 -50 5 	. 40 41 5 129 135 
1 947 963 ' 	5 159 159' 7 96 106 
• 2 168 175 5,11,1 6 131 -13e 
3 •207 221 0 183 175 7 113 ' 	117 7,3,1 
4 '35 30 2 225 .236 0 201 -211 
5 163 -177 ., 	4 51 46 6,6,1 1 .247 -:5 7  
6 .65 63 5 81 -93 3 . 	275 -285 2 69 83 
7 74 - 	-77 6  90 -44 3 505 -527 3 1 1 2 711 	• 
9 257 -269 7 39 -35 4 --•---- 	47 -56 4 185 194 

5 126 -141 5 - 94 9' 
5,3,1 5,12,1 6' 77 78 _ 6 3?? 315 

0 • 425 442 0 195 217 7 57 -60-  7 77 72 

1 210 205 1 222 237 8 89 91 8 145 161 
2 - 	119 149 2 174 171 . 	. 
3 181 184 3 63: 61 6,7,1 7,4,1 
4 171 175 138 152 1 175 -123 0 417 -413 
5 293 305 5 45 43  2 463 -478 1 '121 -119 
6 154 -159 6 51 61 3 67 -69 2 502 -515 
8 173 -178 4 123 -130 4 157 -170 

tn 126 -137 5,13,1 5 101 -103 5 SR -69 
0 41 50 6 108 -116 6 . 50 -44 

5,4,1 1 53 46.  7 35 -45.  
. 0 -186 -173 2 49 54 7,5,1 
1 198 207 • 3 151 149 6,8,1 n 251 25,,  

2 322 341 4 102 111 0 350 364 2 80 -78 
3 244 . 289 5 156 157 1 91 -100 3 263 -279  
4 122 131 2 121 -115 4 81 -67 
5 106 111 5,14,1 3 113 -123 5' 42 -60 
6 276 295 1 83 -95 4 78 -74 6 68 -69 
3 - 	50 -50 4 69 11 5 156 -166 7 10? 105 
9 78 -82 6 185 -188 

5,15,1 . 7,6,1 
5,5,1 0 69 -68 6,9,1 0 57 -68 

0 393 -346 1 63 -50 0 160 167 1 193 -190 
1 39 -26 2 • 34 -49 1 135 142 2 104 -11/ 
2 131 -130 2 95 103 3 88 -87 
3 376 387 6,011 3 119 123 4 132 -136 
4 94 93 0 163 215 5 131 -133 5 171 -136 
5 352 342 2 139 191 6 100 -97 6 83 -83 
6 59 -61 4 120 -130 7 103 -1r3-7- 7 104 -113 
7 238 249 - 6 325 -314 
6 6? 67 8 254 -262 6,10,1 7,7,1 

• 0 170 - 	181 0 337 350 
5,6,1 6,1,1. 1 72 70 2 146 -145 

0 223 -213 0 59 66 2 205 216 3 65 91 
1 148.  -166 1 . 456 456 3 185 200 4 165 -r166 
2 173 171 2 282 296 4 49 47 6 154 -163 
3 430 -442 3 98 88 5 89 100 
4 131 129 4 156 162 6 40 -42 ;7,801 
5 323 334 5 38 -32 0 173 174 
6 116 113 6 88 103 6i11,1_ 1 59 63 
7 230 252 9 130 -139 0 76 . 	79 2 155 156 
8 94 102 1 H3 95 4 99 103' 
9 203 219 6,2,1 2 143 150 5 80 .-79 

. 	. 0 81 -61 4 85 82  
5,7,1 1 253 253 7,9,1 

0 455 -470 2 108 -90 6,12,1 1 215 230 
2 231 -247 3 309 325 1 113 120 2 45 45 
3 229 -233 4 44 -45 2 45 -45 3 212 234 
4 290 -291 5 413 441 3 162 166 4 39 12 
7 41 45 6 242 -247 4 55 62 
8 216 229 7 126 136 5 158 168 7,10,1 
9 135 150 8 . 77 -77 0 56 53.  

9 80 -33 6,13,1 1 93 . 91 
5 , 3i-L 1 45 -So 2 _ 	18 101 

184 176 6,3,1 1 131 -137 3 129 131 
1 160 -172 0 221 227 5 45 50 

248 -265 2 469 478 6,14,1 
3 174. -182 3 154 -157 -41 -41 7,11,L 
5 60 61 • 4 131 150 2 74 -86 7 41 33" 
6 177 -136 5 212 218 3 45 40 
7 46 • -43 6 112 106 7,0,1 4 191 197 

7 119 124 3 415 424 
5,4x1 3 41 -31 2 360 390 7.12,1 

0 155 -152 9 79 91 4 98 113 0 163 -182 
1 147 • -143 5 60 -65 1 : 34  —.51 
2 117 -123 6,4,1 '9 144 -152 2 92 -61 

' 	3 309 -322 0 "443 -455 
4 43 35 3 • 240 .237 7,1,1 7,13,1 
5 325 -333. 4 139 133 	' 1 -. 	. 	329 347 1 ' 	113 =127 

. 	6 140 -.151 ,-5 75 33 2- . 	' 	 73 .56 
7 145 -151-  6 310 315 ' 	3 183 179 8,0,L 	. 

7 44   55 , 	4 29? 307 0 195 	- 106 
5,10,1 - 	3 133 146 5 87 94 2 94 70 

0 182 167 5 194 237 



8,0IL 
4 	296 
5 187 

8,1,1 
239 

1 	E7 
2 	118 

132 
5 	46 

8,2,1 
1 . 	188 

- 5 	104 
6 	40 

8,3,1 
O 128 
1- - 	169 
2 	145' 
3 	54 
4 	75 
5 	34 

. 

8,4,1 
1 	70.  
2 	100 
3 	50 
4 	140 

8,5,L 
O 79 
2 	76 
3 	193 
5 	118 
6 	57 

8,6,1 
O 67 

	

1 	194 

	

2 	79 

	

4 	157 

	

5 	121 

8,70. 
0. 253 
• 1 	73 

	

2 	9.0 

	

I 3 	9?, 

	

4 	76 
66 

0, 8, I 
O 79 
1 	56 	. 
2 	77 
3- 	70 
4 	119 

8,9,1 
O 47 
1 	"126 
2 	113 -  
3 	119 
4 	80 

8,10,1 
1 	101 
3 	40 

8,11,1 
O 117 
1 	33 
2' 	69 

8,12,1 
O 73 

9,2,1 
312 0 : 	79 -42 
209 'I 239 -244 	• 

3 220 .-237 
4 '70 Tn 

'-242 5. 99 .-112 
85- 

-125 9,30_ 
138 0 226 -23? 
48 	. 1 166 175 

2 _.-191 -198 
3 - 	'78 -76 

-211 • 4 138 -156 
92 5 74 -84 
16 . 

9,4,L 
0 . 	142 153 

-144 4 71 	' -70 
-170 
-154 9,5,1 
-47 0 142 139 
-85 1 33 40 

% 	-33 
. 

2 
3 

132 
111 

141 
-105 

4 60 66 
-77  
-104 9,6,1 
-46 n 111 128 
-152 1 136 130 

2 66 77 
3 65 76 

-79 4 44 58 
-75 

-207 9,7,1 
-117 0 112 12.0 
-53 2 60 71 	• 

901,1 
72 1 80 87 
206 2 59 61 
-81 
-165 9,9,1 
-12? 0 121 -125 

1 157 -178 
2 44 -41 

265 
 

72 9,10,1 
...' 	99 0 33 -42 

104 
• 85 10,0,1 

72 a 233 -742 
2 	' ' 	64 -72 

-79 10.0,1 
56 n 5n -39 
81 1 86 -94 
79 2 87 -17 
129 3 64 -72 

10,2,1 
61 0 59 64 
125 1 . 	62 -53 
121 3 69 -66 
119 
43 10,3,1 

0 83 73 
2 59 63 

-104 3 35 -29 
27 

10,4,1 
0 109 116 

-175 7 42 44 
-45 
-72 19,5gL 

0 79 ,5 

1 164 175 
-77 

10160. 
0 91 90 90.41 

• 58 	-107 
2 	124 	-143 
4 	43 	25 

9,10- 
'1 	172 	-177 
1 	-112 • -133 

- 	57 • 	56 
4 	SI 	-97 
5 	93 	99 
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TABLE 9.9.  

PIPH : Observed and Calculated Structure Factors for those.  

Reflections with Intensities not Significantly Greater than 

the Background Level.  

The format is exactly as in the previous table (9.8). 



• 

272 
3,3,1 	. -9,3,1 -9,12,1 

11 57 -31 5 • 35 30 31 16 17 -74 
10 31 -28 36 -0 

2,14,1 -7,0,1 
5 35 -35 -.9,4,1. 11• 	56 -45 -6,11,1 

35 -10 1 .37 2 8  
1,6,1 7 34 2 :-7 ,1,1 

1? 67 • 64 32 11 -6,12,L 
-9 ,5,1 3 	32 5 0 37 -01 

-1,16,1 . 	4 35 -43 5 	36 71 6 36 	. -32 
4 32 -2 	. 8 . 	-34 22 

10 29 25 -7,2,1 -6,13,1 
-3,9,1 0 - • 	33 37 7 -• 	• 	32 3 

5 13 	. -5 -9,6,1 2 	32 -7 
6 35 -11 6 	35 10.. -6,14,1 

-5,7,1 8 	37 `-1 3 . 	31 -19 
4 33 32 -9,7,1 

1 33 -7 -7 ,3,1 -5,7,1_ 
-6,7,1 7 33 -25 9 	34 17 4 30 30 

n• 37 -31 9 30 -25 8 37 2 
• -7,4,1 13 75 35 

-8,2,1 -9.8.1 3 	34 15 ' 
S 35 -3 0 32 -0 7 	37 9 -5,3,1 

1 33 18 11 	52 -37 7 34 -16 
-11,0,1 

29 24 -9 ,9 ,1 -7,5,1 -5, 4,L 
30 -35 5 31 -13 2 	35  -22 10 43 11 

6 31  2 	• 3 	35 11 60 67 
-11,1,1 7 30 20 5 	36 16 13 67 -10 

n 29 -13 6 	38 29 - 

1 29 -16 -9,10,1 11 	53 26 -5,5,1 
?7 29 -11 0 29 -47 4 31 • 41 	. 
6 .79 2 6 29 -10 -7,8,1 

4. 	38 -3? -5,4t1 
-11,2,1 -9,11,1 5 	38 -33 8 

• 
36 6 

1 27 14 3 28 15 10 43 4f, 

2 29 17 -7,9,1 
7 28 -0 -8,9 ,1 2 	37 3 -5.7 ,1 

10 36 34. 9 36 37 
-11,3,1 -7,11,1 11 56 -29 

1 78 10 -8,1,1 0 	35 11 12 . 	57 -75 
F. 23 3 1 34 -45 1 	36 9 

6 	36 49 -5,5,1 
-11,4,L -9,2,1 7 	34 -20 3 13 17 

7 78 	• -14 0 35 -11 R 	33 • 3 9 36 -16 
4 29 11 1r- 41 -21 
5 28 -18 	' -8,7,1 -7,12,1 

1 35 -5 4 	34 0 -5,9.1 
-10,1,1 5 37  8 6 	33 6 6 36 -37 

-1 • 31 39 • 9 34 34 
-7,13,1 -5,10,L 

-10,2,1 -8,9,1 0 	31 11 3 36 -11 
9 .. 	?A -6 1 35 2n 2 	32 39 8 :36 43 	- 

2 35 2 4 	32 0 
-11,3,1 	. 4 35 -4 -5,11,1 • 

1 17 -0 8 33 -3 -7,14,1 3 16 -0 
5 34 -36 . 9 31 	..- 12 1 	29 12 

2 	29 -16 -5,12,1 . 
-107 4 01 -8,10,1 2 37 -VI 

3 33 . -36 1 33 -37 -6,1,1 3 36 -27 
.4 33 16 5 14 35 5 	31 25 P Al -40 
7 32 32 8 31 5 12 	64 -21 
.3 ?El -26 -5,13.1 

-8,1101 -6,2,1 4 36 43 
-11,5,1 5 32 .r.  -1 10 	39 5 3 31  18 

2 -32 29 12 	65 -13 
4 .3? 14 -8,2,L -5,14,1 

10 35 -24 -6,3,1 1 35 -14 
-10,:f..1 31 14 5 31 19 

2 `31 -10 -8,3,1 9 	39 -11 
\ 11 43 - 	-17 - 5,15,1 

1r',7,L -6,4,1 1 33 11 
1 2 8   . 1 7 	. -3,4,1 11 	• 	59 -34 5 31 
7 28 16 0 36 30 

11 43 -27 -6,5,1 -4,e,1 
-10,8,1- 2 	33 .  17 10 41 14 

2 29 -13 .  -8,5,1 5 	35 20 12 75 ..19 
.5 29 -5 2 36 2 7 	37 24 
6 24 0 4 36 29 12 	61 .-2 -4,7,1 

9 35 2 12 65 •.I.  
-90,1 11 43 11 -6,6,1 

4 35 -33 • 12 	59 59 -4,3,1 
5 35 12 -5,6,1 3 . 	2f . 3 
7 36 36 5 37 -8 ' -61711 11 60 

. 6 • 37 33' 0 	36  -9 
-9,2,1 8 36 -11 11 	54 —37 -4,4,1 

1 - 	35 12 rl 61 	- - 	15 	, 
4 35 -10 -8,11,1 -6,901 
4 . 	tS -13 6 31 -22 4 	37 -4 

10 31 24 7 30 -10 10 	37 ' 33 



4,3 

.4,411. '''201,1 	- ...1,601 0,170- 
1? f' n 10 46 124 12 65 .-37 1 	- to /4 

13. 65 82 12 .78 	. 422 
1', 7.1 1.1 0 

-4.60_ -2,1,1 6' 31 12 le - 	64 -1 

-7.5 5 12 71 41 II 61 -5 

1? 60 2 1.201 

-2,2,1 -1,40- 11 .27  

-4,70_ 3 23 -2 12 59 14 II A 9 17 

5 11 ,1 
• 1/. 70 -3 

7 34 15 13 64 -30 -119,1 1,3,L 

11 57 31 2 	,....-- 79 4 1? 7,  '41 

-2,3,1 • 5 -- 33 -20 

=4,4,1 12 69 -27 3 VI i,', 1,4,1 

17 
. 	,.,.56  ,. 

-15 • . it 55 1.0 q 14 -41 

-2,4,1 

-4,9111 13 64 21 -1,10.1. 1,5,1 
0 la 13 7 36 -57 I-. _,- 

-2,5,1 12 69 14 

..-4,1 0,1 N 12- ' 	66 0 -1,11.1. 
10 40 35 1 37 -1 1,8,1 

-2,601 3 31 -3 11 ,h 

-4,11,1 -12 64 -72 7 35 s 

15 -33 1,1,1 
7 36 21 -7,7,1 -1,12,1 6 35 12 
44  15  4 11 59 7 1 34 16 46 Aq 

9 33 -15 12 61 31.  4 35 -0 1 36 -IS 
In • .", 

-4,12,1 -2,8,1 
16 -38 3 28 -15 9 33 2 10150 

8 35 -35 55 -45 

-4,130 11 57 41 -1,14,1 r. i6 

S 32 20 1 36 -20 7. 14 ti 

-2,9,1 7 33 -33 1? 
-4,14,1 - 10 46 7 

7 51 -4 -1,16.1 1.14./ 
-2,10,1 1 45 -11 1 55 .J.4- 

- 11 52 -44 35 -2? 1 V, 

34 -10 5 33 6 7 31 -14 

-2,11,1 
-4,160 1 33 -15 1,15,1 

11 7 4 31 -37 1 IS 	. 

-2,12,1 

73,2,1 4 34 3 0110- 1,160- 
11 62 45 1 35 . 	2 7 3? - 17 

-2,1 3,1 	. 11 7,14 -1,0 
.-1,40. 0 35 -12 .7,1,1 

11 62 41 0,2,1 '43 77 

13 -  64 49 -2040. 1? 78 -49 11 61 -74 
5 14 -3 

-3,6,1 7 33 34 0,1,1 2,7,1 
9 26' 17 A 31 -7n 13. 70 69 1) 51 ir 
17 62 -46 12 61 -14 

-2,15,1 0,4,1 
- 3,7,1 2 - 	15  

44 . 	11 65 -16 2,3,1 
 -1 7 15  47 -12 4 34 31 6 33 

0,5,1 
-3,8,1- -2,16,1 6 34 n 7 , 4 ,i._ 

9 35 3 o 33 -2 9 40 -37  

11 56 -32 0,7,1 

-2,17,1 5 29 2 7.5,1. 

-300. 0 30 -5 
a An .-73 

2 '40 -76 n,8,1 1n -19 

a , 	35 21 ..1,0,1 11 59 39 

10 44 -75 6 32 -1068 2:1,1 
8 34 -450 0,9,1 1n 56 -17 

-1,1'.101 In 43 -291 4 30 -4 

1:05 22 12 72 163 7,7,1 
; 44 IR 1,110- II 59 

,..' -1,1,1 3 35 -14 . 

—1013,L 11 67 -4 ?,,L 

2 ' 	35 5 0,12,1 7-  37 -71 

6 35 -1 -1,11i 1 34 73 11  52 -76 

8 32 -14 8- 32 4 
1 0  51 38 ;  '1113,L 2,'40 

-3,I4,L 12 73 2 	• 4 36 -26 6 35 4 

.1 35 -17 6 35 -31 I-  49 ..,. 

3 35 	- .-21 -1,30_ 8 32 5 
44 24 11  69 -65 7,12.1 	- 

• - 0,14,1 6 36 -1,, 
-lose t.  -1,4,1 4 36 -27 7 35 -12 

2 34 -3 4 36 1 5 37 • -35 	. 
7 an 24 12 - 	69 -14' 5 • . 	34 - 	19 1,13,1 

13 66 70 35 '12 
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9.5. 	Discussion. 

Accuracy of the Determination.  

The standard deviations shown in Tables 9.5, 9.7, are 

probably low estimates, since they were obtained from block- 

diagonal least-squares approximations. 	This is also true 

of the e-values obtained for the bond lengths and valence 

angles shown in Tables 9.10, 9.11. 	In general the respec- 

tive 0-values obtained here are better, by a factor of 

two, than those obtained by a similar process for humulene 

bromohydrin (cf. Tables 7.2, 7.6, 7.7), while the R-factor 

is better by a factor of three. However a meaningful 

comparison is difficult, since the weighting schemes used 

in each case were different, and this plays an important 

part in determining the magnitude of 0. Thus it is 

not possible to predict the type of relationship to be 

found between improvements in R and 6V>-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 

above the anisotropic crystal-shape gave wide variations 

in ,at, and the results obtained show the danger of ignoring 

absorption corrections, even when ia is relatively low, 

unless the crystal shape is very nearly isotropic. 	It 

appears better to apply a rough correction than none at all. 
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The general accuracy of the data, obtained over a long 

( )̂2 weeks) collection period, was encouraging, especially 

since this was one of the first jobs of any length performed 

on this machine. 	It would haire been pos-sible to attain 

higher accuracy in the determination if the crystal had not 

been so anisotropic in shape, requiring the use of the 0.8mm 

collimator to encompass the lengths of the needle. A shorter 

crystal and smaller collimator would have reduced the back-

ground scattering, and probably increased the number of 

'observed' reflections. 

The accuracy 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 the photo- 

graphic method. 	The data-collection process took exactly 

322 hours (i.e. a rate of 9.32 useful reflections per hour). 

Data processing and structure solution took a further week, 

while one more week was required to reduce R to 0.086. Since 

this experiment formed part of an intensive series of trials 

of the AED, and was especially chosen because structure 

solution was expected to be straightforward, it can only be 

;said that the machine gave an excellent response. 

ii) 	Stereochemistry, Conformation and Molecular Geometry±  

In the ensuing discussion the numbering adopted in the 

• crystallographic study will be adhered to throughout. 'The- 
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b-axis projection of one molecule (Figure 9.4) shows that 

the three protons at C(9), C(10), C(11), are all cis; the 

proposed stereochemistry(231) is therefore confirmed, and is 

shown correctly in 9.V (p. Z3/ ). 

- The bond lengths and valence angles in Tables 9.10, 

9.11, have been subdivided into two groups : those involving 

only C and N, and those involving hydrogens. The former 

are shown for clarity in figure 9.5. 	The average Csp3-C5p3 

and C-Caromatic  distances are 1.531 + 0.005 and 1.513 ± 0.0058 

respectively, not significantly different from the accepted 

averages of 1.537 and 1.505 8(153). 	The average C-Nquaternar 

distance of 1.499 ± 0.005 R is a little higher than the 

cited average (1.479 R(153)), but comparable averages have 
(241) 

been found in the structures of DL-betaprodine hydrobromide 

and hydrochloride(242) (1.495 R in each case), piperazine 

hydrochloride(243)  (1.50 R), and also in the piperidine 

rings of certain alkaloids(244) 

The carbon atoms of both benzene rings are closely 

coplanar, average deviations ( <Id[>) from the mean planes 

being 0.00228' for the C(5,6,7,8,12,13) ring,- and 0.0043 R 

:for the phenyl side-chain. 	The discrepancy is due to the 

higher thermal motion possible in the latter ring, which 

also accounts for the increased values of e l  6' 5  e for x 	-z' 

C(15) 	C(19) (see Table 9.5). 	Inclusion of hydrogen 

atoms in the calculation of the mean planes increases the 
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TABLE 0.10. 

PIPH : Intramolecular bonded distances (r) in R, together 

with their estimated standard deviations (61„) 

a) Bonds not involving hydrogen atoms. 

Atoms
T  Atoms 

C(1) - N(2) 1.504 0.004 C(9) 	- C(13) 1.521 0.005 

C(1) - C(10) 1.525 0.005 C(9) - C(111) 1.508 0.005 

N(2) - C(3) 1.499 0.005 C(10) - C(11) 1.548 0.005 

N(2) - 0(20) 1.495 0.005 C(11) - C(12) 1.511 0.005 

C(3) - C(4) 1.504 0.006 0(12) - 0(13) 1.387 0.004 

C(4) - C(11) 1.522 0.005 C(14) - C(15) 1.392 0.006 

c(5) - C(6) 1.386 0.005 C(14) - C(19) 1.398 0.006 

C(5) - C(12) 1.390 0.006 C(15) 	- C(16) 1.410 0.006 

C(6) C(7) 1.373 0.006 C(16) 	- C(17) 1.395 0.008 

C(7) - C(8) 1.392 0.006 C(17). - C(18) 1.368 0.007 

C(8) - 0(13) 1.387 0.005 C(18) 	- C(19) 1.395 0.006 

C(9) - 0(10) 1.560 0.004 
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Table 9.10 (contd.)  

b) Bonds involvin -  hydrogen atoms. 

The bond lengths are given in groups, classified according to 

the degree of substitution 

r in each group is compared 

C(aromatic)-H. 

of 

with 

the carbon atom; 	the average 

the spectroscopic average(153)  

C(disubstituted)-H. 

c(5) - E.(50) 	0.93 0.04 c(i) - H(10) 	0.91 0.05 

0(6) 	- H(60) 	0.97 0.05 c(i) 	- H(11) 	0.97 0.05 

C(7) - H(70) 	0.90 0.04 0(3) - H(30) 	1.00 0.05 

c(8) 	-H(80) 	0.98 0.04 0(3) 	- H(31) 	0.99 0.04 

C(15)-H(150) 	0.96 0.05 c(4) 	11(40) 	0.90 0.05.  

C(16)- H(160) 	0.94 0.05 0(4) - H(41) 	0.93 0.o5 

C(17)- H(170) 	1.00 0.05 <r> 	= 	0.95 R. 
c(18)- H(180) 	1.02 0.06 Spect. Ave = 1.073 R. 

C(19)- plq190) 	0.89 0.05 C(trisubstituted)-H. 

= 0.99 R <4) 0(9) - H(10) 	0.88 0.04 

Spect. Ave. = 1.084 R C(10)- H(100) 	0.98 0.05' 

C(methyl) -IL. C(11)- H(110) 	0.95 0.04 

0(20)- H(200) 	0.94 0.05 <E> 	= 	0.94 R 

C(20)- H(201) 	1.01 0.04 Spect. Ave = 1.070 R. 

C(20)- H(202) 	0.99 0.05 

<r> = 0.98 R. 
Spect. Ave. = 1.096 R. 
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0(1) 

N(2) 

c(3) 

C(4) 

0(5) 

c(6) 

0(7) 
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C(9)  

-N(2) -0(20) 

-C(10)-0(11) 

-c(3) -0(4) 

-0(4) -0(11) 

-0(11)-0(12) 

-C(12)-C(11) 

-0(5) -0(12) 

-0(8) -0(13) 

-0(13)-0(12) 

-0(13)-0(12) 

-0(14)-0(19) 

6 

110.6 0.3 
111.8 0.3 
108.8 0.3 
112.7 0.3 

116.8 0.3 

128.8 0.3 

118.9 0.3 

119.1 0.3 

119.9 0.3 

110.1 0.3 

118.7 0.3 

116.8 0.3 

110.2 0.3 

120.2 0.4 

119.0 0.4 

120.2 0.4 

End -Apex -End 

C(10)-0(9) -C(14) 
0(11)-0(12)-0(13) 
0(14)-0(15)-0(16) 

0(15)-0(14)-0(19) 

0(16)-0(17)-0(18) 
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TABLE 9.11. 

PIPH :.Valence angles (09  in the asymmetric unit, together 

with their estimated standard deviations  (6)°  

Angled not involving hydrogen atoms.  

End -Apex 	-End G - 6 

C(1) -N(2) 	-0(3) 109.7 0.3 

c(i) -0(10)-0(9) 110.3 0.3 

N(2) -0(1) 	-0(10) 111.3 0.3 

0(3) -N(2) 	-0(20) 112.0 0.3 

0(4) -0(11)-0(10) 114.4 0.3 

0(5) -0(6) 	-0(7) 120.6 0.4 

c(5) -0(12)-0(13) 120.8 0.3 

c(6) -0(7) 	-0(8) 120.8 0.4 

C(8) 	-0(13)-0(9) 129.8 0.3 

c(9) 	-0(10)-0(11) 103.0 0.3 

0(9) 	-0(14)-0(15) 122.4 0.4 

0(10)-0(9) 	-C(13) 102.0 0.3 

0(10)-0(11)-0(12) 102.7 0.3 

Cd3)-0(9). -C(14) 118.2 0.3 

.0(14)-0(19)-0(18) 120.5 0.4 

0(15) -c(16) -C(17) 119.6 0.4 

C(17)-0(18)-0(19) 120.5 0.5 
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Table 9.11 (contd.) 

b) 	Angles involving hydrogen atoms. 

C(1) -C(10)-H(100) 109.4 2.4 N(2) -0(1) 	-H(10) 104.3 2.4 

N(2) -C(1) -H(11) 104.2 2.2 N(2) -C(3) 	-H(30) 106.7 2.7 

N(2) -C(3) -H(31) 107.4 2.8 N(2) 	-C(20)-H(200) 103.4 3.o 

N(2) -C(20)-H(201) 106.3 2.8 N(2) -C(20)-H(202) 107.6 2.7 

C(3) -C(4) 	-H(40) 108.5 3.0  C(3) -0(4) -H(41) 109.7 2.7 

0(4) -0(3) -H(3o) 115.2 2.5 C(4) -C(3) 	-H(31) 110.3 2.7 

0(4) -0(11)-H(11o) 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) -0(7) 	-H(70) 121.4 3.1 

C(7) -c(6) 	-H(6o) 116.1 2.5 C(7) 	-c(8) 	-H(80) 120.6 2.7 

C(8) -0(7) -H(7o) 117.9 3.1 C(9) -0(10)-H(100) 111.0 2.2 

c(lo)-0(1) -H(10) 118.0 2.5 C(10)-C(1) 	-H(11) 111.0 2.6 

c(l0)-c(9) -H(90) 104.1 2.41 C(10)-C(11)-H(110) 108.8 2.8 

0(11)-0(4) -H(40) 109.6 2.5 C(11)-C(4) -H(41) 107.8 2.7 

0(11)-0(10-H(100 111.1 2.5 C(12)-C(5) 	-H(50) 123.1 2.9 

C(12)-c(11)-H(l10) 108.7 2.4 0(13)-0(8) -H(80) 120.4 2.7 

C(13)-c(9) 	-H(90) 110.8 2.9 C(14)-C(9) 	-H(90) 104.2 2.7 

0(14)-c(15)-H(150) 119.7 2.7 c(14)-c(19)-h(190) 118.5 3.2 

0(15)-0(16)-H(160) 119.9 3.2 c(16)-C(15)-H(150) 119.9 2.8 

0(16)-0(17)-H(170) 122.1 3.3 0(17)-0(16)-H(160) 120.4 3.3 

0(17)-0(18)-H(180) 122.8 2.9 0(18)-0(17)-H(170) 117.7 3.3 

0(18)-0(19)-H(190 121.0 3.2 c(19)-0(18)-H(180) 116.8 2.9 

H(10)-c(1) -H(11) 106.8 3.8 H(30)-c(3) 	-H(31) 108.3 3.8 
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•Table 9.11 (contd.) 

H(40)—C(4) —H(41) 108.4 4.1 H(200)—C(20)—H(201) 112.5 4.o 
-H(0O)-C(20)-H(202) 109.9 4.2 H(201)-70(20)-H(202) 116.1 4.1 

Figure 9.5. 	Diagramatic representation of bond lengths and 

• valence angles. 
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<Idr"-values pe 0.021 and 0.024.R respectively. 	In both 

rings the average C-C distances (1.386 2 in the fused ring, 

1.393 R in the phenyl group), and the average C-C-C angles 

(120.00  in each case), agree well with expected values. 

The five-membered ring C(9) —4 C(13) adopts the envelope 

conformation(245)  frequently found in cyclopentanes; atoms 

C(9,11,12,13) are strictly coplanar ( (4) = 0.00068 R), 

with C(10) 0.545 2 above the mean plane. 	This conformation 

ideally has Cs  symmetry, and minimum-energy calculations by 

Pitzer et al(746) and Hendrickson(158,247) have given theor-

etical optimum values for sp3-sp3 torsion angles (6), and 

valence angles (8). 	These values are compared with those 

obtained experimentally in this work in. Table 9.12. It can 

be seen that the ring in this structure deviates surprisingly 

little from the ideal Cs-form; 	the major distortions from 

the preferred conformation are at 6)1, 1:_,252  and at 831  gio  due 

to the. fusion of two six-membered rings. 

The heterocyclic ring adopts the chair conformation, but 

is again slightly distorted from the symmetrical minimum-

energy form for cyclohexane by the ring fusion, and also by 

the 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. Nor is it a 

cyclopentene 
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TABLE  .142. 

Comparison of torsion angles 	and valence angles  (Q) for 

the five-membered ring in PIPH with values predicted from  

minimum-energy calculations for the  Cs-form of cyclopentane.  

Parameter 	This work 	Pitzer(246) Hendrickson(g) 

gal  32.82°  46.1°  41.7°  

ca -21.02 -28.6 -25.9 

- 0.16 0.0 0.0 
634  _ 21.04 28.6 25.9 

62.5  -32.71 -46.1 -41.7 

1 102.99 100.4 101.7 

22 102.66 102.4 103.6 

23 110.19 105.6 106.0 

El+  110.13 105.6 106.0 

101.96 102.4 103.6 

The parameters involved are shown below : 
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Hendricks0n(159) predicts all valence angles as 111.6°  and 

all 0-values as 54.4°  in cyclohexane. 	In this work the 

former vary from 108.75° 	114.38°  but average to 111.45°, 

the latter vary from 41.90°  -+ 65.03°  and average to 53.66°.. 

The high accuracy of the intensity data allowed a 

complete refinement of all hydrogen atoms(except H(20),, the 

reason for this will be discussed below). 	The relatively 
r% large drop in R-factor and>001 -1Fev 2  between runs A3 and 

MR2 can be largely attributed to this factor. 	The positions 

obtained are obviously not so well 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 hydrogens attached to C(1) and C(3), and to 

some bonding density in the sense N 	Br: 	To minimize 

the H-H non-bonded repulsions the substituents at N(2) and 

C(20) have adopted the staggered conformation, as can be 

seen from the Newman projection(213) (Figure 9.6) down the 

bond C(20)-N(2). 	The relevant H-H and C-H non-bonded 

contacts are also shown. 

The C-H bond lengths (Table 9.10(b)) are rather short: 

the overall average of 0.95 a is some 0.13 R less than values 

obtained spectroscopically, or by electron- and neutron-

diffraction studies. 'This effect has been noted in previous 

X-ray structure determinations(248) and has been ascribed to 
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Figure 9.6. PIPH : Newman projection down the bond C(20)—:,NC2) 
showing the staggered conformation of the 

.substituents. 
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'pulling of the hydrogen K-electron density towards the 

heavier atom during bond formation. 	Vainshtein(249) has 

pointed out that, in a bond A--H, the nuclear position 

obtained for hydrogen from a. difference map represents the • 

centreof gravity of the hydrogen electron density /
H7  and the 

bonding density rAH;  refinement, using scattering factors 

pertinent to a spherical atom, will simply optimize this 

position. For such a light atom as hydrogen the resultant 

foreshortening of rAH  is serious; Tomiie(250) has shown 

that the magnitude of the observed shift in the electron-

density maximum (ca. 0.13 a) 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 contain a filled K-shell, 

1) the effect is not so serious. 	However Dawson(2  -1 	has 

predicted a shortening of all terminal bonds,in an X-ray 

determination, of ca. 0.01 R, since the distortion of the 

electron-density about the terminal atom is not counteracted 

by distortion in other directions, as it would be if the 

atom were multiply substituted. Nevertheless Coppens and 

-Coulson(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 certain cases, and predict a 

slight lengthening 5.n the rarticular case of an N--0 bond in 

a nitro-group. 
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Thus, while the C-H distance's obtained here are in good-

agreement with other X-ray results, they do not represent 

the true inter-nuclear separations. In retrospect it would 

have been better to have calculated hydrogen positions at a. 

bonding distance of ca. 0.95 R for the other three structures 

'described in this Thesis; these positions would then have 

given 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 general the 

trend of <rc... ›-values follows that obtained spectroscopi-

cally(153)(the comparison can be seen in the Table), but 

further discussion would be profitless in view of the high 

6- -values obtained in this work. It Should be noted that 

comparison of C-H distances obtained by the X-ray and electron 

diffraction methods is doubly invalid, since Ibers(253)  has 

estimated that values obtained by the latter method are some 

0.03 R longer than the inter-nuclear distance. 

The bond angles involving hydrogen atoms are not signi-

ficantly different from expected values (see Table 9.11(b)). 

This is reasonable since, although the rc_H-values are 

foreshortened, the vector sense of the C-H bond remains 

unchanged. 

In Figure 9.4 it can be seen that a hydrogen bond is 

postulated between nitrogen and bromine; the valence angles: 
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C(1)-N(2)-Br = 110.03°, 

C(3)-N(2)-Br = 109.34°, 

C(20)-N(2)-Br = 105.07°, 

show that Br-  is tetrahedrally disposed to N(2), and this 

supports the proposition. 	Similar results have been reported 

for other quaternary amine hydrobromides, and the N-Br 

distance in the present work (3.124 R) is somewhat shorter 

than other values quoted, viz: 3.17 R in 19-propylthevinol 

hydrobromide(254) and in strychnine hydrobromide dihydrat 255)  

3.26 R in (+)-hetisine hydrobromide(256), and 3.38 R in 

11-amino-undecanoic acid hydrobromide hexahydrate(257). 

The difficulty encountered (p.2513) in the refinement of 

the hydrogen atom of this bond, H(20), is explicable using 

the type of argument given above. 	One would 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 /n and the electron density due to the lone-

pair of nitrogen. The failure to attain convergence using 

HoI  was almost certainly due to the use of spherically- 

'symmetric scattering factors for these atoms. 	The relative 

success obtained by redefining le as N°1  and removing H(20), 

was possibly fortuitous, but probably gave a slightly better 

estimate of the electron-density distribution about nitrogen. 

It would have been preferable to employ the aspherical 
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scattering factors derived by Dawson(258)  for quaternary. 

(sp3) nitrogen, but time did not permit the additional 

programming and computation involved. 

iii) 	Molecular Overcrowding.  

The Dreiding model of the all-cis stereochemistry,made 

prior to structure solution, showed that the phenyl side-

chain must twist about the bond C(9)-C(14) in order to 

minimize H-H and C-H interactions with the fused indeno-

pyridine system. This has been confirmed by the X-ray 

study (see Figs. 9.+, 9.g): the angle between the mean 

planes through the phenyl group and the fused ring system 

being 730. 	The closest contacts between the fused ring 

system and the hydrogens H(150) and H(190), which are 

bonded to the nearest 'corners' 

are given below : 

of the phenyl side-chain, 

H(150)-S(10) 2.56 R H(190)-H(90) 2.33 R 

H(150)-H(80) 2.63 H(190)-H(loo) 3.08 

H(150-c(13) 2.76 11(190-c(9) 2.62 

11(150)-c(9) 2.71 

If we take the van der Waals radii of hydrogen and carbon 

as 1.2 and 2.0 R respectively(210) then no distance given 

above is significantly shorter than the 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-bonded interactions between the two ring systems. 

iv) 	Molecular Packing.  

The molecular packing, projected down the a-axis, is . 

shown in Figure 9,7, in which molecules have been identified 

by Roman numerals. The'zig-zag' formation of Br-  ions at 

any one level in x (e.g. BrII, Brill, Briv), is important in 

stabilizing the molecular arrangement. 	If we take the van 

der Waals radius of hydrogen as 1.2 R7  and the ionic radius 

of Br-  as 1.95R(210),  then their sum (3.15 R) is comparable 

with the distances given below : 

H(10),, 	2.92 R BrIII 
H(202)11 	2.81 	N.B. (a) represents the trans- 

11(15011  3.07 lationally-equivalent 

11(60I  3.35 molecule to (II) in the 

- 	H(70)1  3.50 cell below, i.e. with 

B I H(170)1  3.07 co-ordinates : 

H(40)IIa  3.31 x11-17 y11,  zIr 
- 	H(41)Iia  3.19 

.=The above values, taken together with the strong hydrogen 

bond (BrII-N(2)1 ) in any molecule, shows the effect of Br-

in 'cementing' together the organic moieties. 

Additional stability is provided by the close approach 

of pairs of molecules (e.g. I and A/1") across 	centresof 
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Figure 9.7. 	PIPH : The Molecular Packing in a-axis 
Trajection. 



Figure 9.8.  
Two molecules l related 
by a centre of symmetry, 
viewed along the c-axis. 

Molecule VI 
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symmetry. 	This ds shown schematically in Figure 9.8, which 

shows the arrangement of any two centrosymmetrically related 

molecules as viewed along c. The planes of the two indene 

portions are parallel, and the closest C-C contacts are : 

c(9)v  c(5),  3.773 c(9)vi c(8)i 3.821 R 
c(6),  3.854 c(12), 3.715 

c(7)1  3.874 - c(13), 3.742 

The three cis protons of molecule I, i.e. H(90, 100, 110), 

protrude into this gap opposite the fused benzene ring of 

molecule VI. 	The closest contact is then between H(110)I 
and H( 80)/71  at 2.62 R, a distance only slightly greater 

than twice the van der Waals radius of hydrogen (2.4 R). 

Since all contacts occur twice, i.e. C(5),-C(9) VI = C(9)I-
C(5)VI/ the stability introduced by this interaction is 

high. 

vY Conclusion.  

It only remains to report that PIPH was found to be 

very active as an antagonist of tetrabenazine-induced 

sedation in rats(259) but its high toxicity (common to all 

four compounds) precluded its use as a clinical anti-dep- 

ressant. 	A suggestion that it be marketed as an exception- 

ally humane rodent exterminator (happy-rat?) was not well 

received. 
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APPENDIX 

Reference Lists of Organic Structures whose Absolute 

Configurations have been determined by X-ray Methods. 

Reprinted from Chemical Communications 1966, 838; 1968, 308. 



APPENDIX II 

The Uses of a Connectivity or Bonding Array in 

Molecular Geometry Calculations.  

II.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 interatomic 

distances less than a specified limit(260) a process easy 

to use but wasteful of computer time (and requiring the user 

to sift a large volume of output), or the calculation of 

specified distances, a process wasteful of the user's time 

and prone to mistakes and omissions. 	The process to be 

described here is a compromise, ensuring an exhaustive 

search over one asymmetric unit (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. 

2 
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The process was devised originally for the computation 

of dihedral angles, but is ideally suited for the quick and 

efficient checking of bond lengths and valence angles during 

structure refinement. 	It utilizes a connectivity or bonding 

array, an extension of an idea suggested by Mooers(261) and 

developed by other workers(262)as  an important topographical 

tool. 	In particular the array in its present form (see 

Sect. 11.2 below) has been employed by Penny(263) in the 

recognition of certain ring systems in larger chemical units 

by a computer procedure. 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 Sect. 11.6. 

The basic theory developed is described in Sections 

11.2,314. 	The actual program, MOJO, lags a little behind 

the theory (since both arehiving' entities), and incorpor-

ates some adaptations; it will be described in Sect. 11.5. 

11.2. 	The Connectivity or Bonding Array. 

The fractional co-ordinates, x, x, z, and po'ssibly their 

standard deviations 2 -x  6' , 6" -z7 for the N atoms in an -..y7  

asymmetric unit are input to the computer, together with 

an alphanumeric atom identifier (e.g. C24). They may then 

be referred to by this identifier, or, more simply, by their 

position (1 	in the input list. An N x N square is 
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is then cleared to zero in computer store, and the connect- 

ivity or bonding information is read in. 	This requires N 

lines of input, one for each atom treated, each a string of 

digits of the form : 

jl 	j2 	j3 	J4   11.1 

indicating that the atom numbered i in the input list is 

bonded to those numbered j1, j2, j3, j4; any convenient 

non-numeric character may be used to terminate each line. 

To set up the array (B), the cells i1,2,3,1 on the 

iith row have unity added into them; the resultant array 

should be symmetric (i.e. elements bij  should match bii), 

and all cells should contain zero or unity only. Before 

proceeding these two requirements should be checked : a 

non-symmetric array indicates incorrect, or incomplete input 

of bonding information, while entries >1 indicate unwanted 

duplicates (this is the reason for adding 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 row or 

column for carbon atoms should be <4. An array (B) made 

up of single-bit locations is compact, but it is then unsafe 

to add unity to denote each bond, since duplication would 

cause errors. 

Figure 11.1(a) shows the structure of humulene bromo-

hydrin (Chapter 7); both the chemical numbering and atomic 

designations are given, together with their possible refer-

ence numbers in an input positions list. Input of bonding 
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es(s) 

1 lciv,,v6-(!6) 	 04) 

C/z. (iz) 

Figure 11.1. (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. 

J1 j2 j3 J4 
1 2 8 16 

2 1 3 12 11 

3 2 11 4 

4 3 5 10 

5 4 6 9 

6 5 7 13 17 

7 6 8 

8 7 1 

9 5 10 x 

10 4 9 14 .15 
11 2 3 x 

12 2 

13 6 

14 10 

15 10 

16 1 

17 6 

Figure  11.1(b). Input of bonding information: each atom (I) 

is bonded to atoms  ji, j2, 	et-c. 

cg (9l 

Cio(;c) 

3,N 
X15 0:7.1 
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values of j, 1. 

1 '2 3 4 5 6 7 8 9 10 11 12 13 V+ 15 16 17 

5 
a 
1 6 

7 

8 
0 

9 
I, 10 

k. 11 

12 

13 

14 

15 

16 

17 

C(1)  

C(2)  

C(3)  

c(4) 
C(5)  

C(6)  

0(7) 

C(8)  

C(9)  

C(10)  

C(11)  

C(12)  

C(13)  

0(14) 

C(15) 

Br 

0 

Figure II.1 (c). 	The bonding array (B) (heavily outlined) 

for hurnulene bromohydrin. Both reference numbers and atomic 

designations are  given  for clarity. 
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information-is shown in. Figure iI.1(b), in the form of 

	

statements similar to.Eqn. II.1 above. 	Part (c) of the 

Figure shows the •resultant array (B), in which both types of 

atomic designation are given for clarity.- 

.The Systematic Calculation of Bond Lengths, Valence  

Angles, and Direction Cosines.  

The position of the ifth atom is defined by the vector : 

-S 	 -A 
= x.a 1 	Z.0 	 11.2, - 

	

where a, b, c, are the unit-cell vectors. 	The vector  ij 
between two atoms is simply the difference between two vectors, 

r., r.j, of type 11.2 : 

_... 	_. 	_.. 
rij  = Azija + Ayijt + /..‘ ijc 	 11.3, 

where &xij  equals xi-Lcj, with similar expressions for y & z. 

The square of the magnitude of the bond length IrijI is given 

by the scalar product of Eq. 11.3 with itself : 

irij
12 
	r...r.. 2 2 	2 2 x.a + y.b 2 zc ij

2  

2ab 
xis 

 2ij  + 212c yid zip 
	 11.4. 

'The direction cosines of the bond 1ij, i  mj, n. 	referred to 

axes a, b, c, are given by : 

(1, m, n)ij  = (.U2  12AY, c601i 
'ru t 

	 11.5. 



An ordered and complete sequence of bond lengths and 

direction cosines can be obtained by working systematically 

through the bonding array, reading along each row (i) and 

using equations II.+, 11.5, for each cell. (j) containing 

unity. Only the upper right triangular half of the array 

need be scanned for this 'purpose: use of the whole array 

produces each bonded distance twice over. 	The bond lengths 

and direction cosines are output, and also stored in similar 

triangular arrays (R, L, M, N)ei 	it should be noted that 

the full arrays L, My N, are anti-symmetric (i.e. mij  = -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 rji). 

• Valence angles G.ajk5  are calculated from : 

jk 	
. 	r. cosGa. 	= 	11 	jk   11.6. 

1rrij1 Irjkl 

All angles occurring at atom (j) can be evaluated together by 

reading down column (j) to locate the first entry (i), and 

then reading on down the column to identify the possible 

values of (k). 	CosGijk is computed and output for each 

-indicated combination of ijk. 	The next (i) is selected 

by moving down the column, and is combined with all (k's) 

indicated lower down the same column, thus avoiding duplicates 

jki 	The process is repeated until all permitted combin- 

ations (ik) are exhausted for atom (j), scanning is then.  
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transferred to the next.column.,'j. 1. 	In every case 

cosigijk is stored/  together with the integers 10,k, for use . 	. 	•  

in the calculation of dihedral angles. 

II.4 	The Systematic Calculation. of. Dihedral (Torsion)  

Angles.  

An attempt will first be made to define and generalize 

the nomenclature for dihedral, or torsion, angles. 	Reference 

to Figure II.2(a) shows two groups of atoms, ABC bonded to D, 

and FGH bonded to E, which is below the plane of the paper. 

The Newman projection(213) down the bond 	is shown in 

Figure II.2(b). 

The dihedral or torsion angle (to) 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 : 

c) C(D,E)F xo 

 

11.7. 

  

Other more general dihedral angles, of use in certain contexts 

can be described analogously. 	Thus the angle between the 

projections*of AD and CD on the plane perpendicular to DE 

may be written : 
o 4.) 	

1 	
x E)C 

  11.8. 
== = 

Similarly the angle between proj(GE), proj(EF), as seen from 

viewing point D is • 
• 

GJ G(D,E)F   11.9. 
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Figure 11.2(a)  

Figure II.2(b)  
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The atoms in brackets indicate the direction of view down 

the bond, i.e. from D to E; 	atoms which are doubly under- 

lined in the above equations should be printed in Clarendon 

type, they represent atoms of the nearer group in the viewing 

direction. For ordinary dihedral angles, representing twist 

or torsion about the bond DE (Eq. 11.7) the first quoted atom 

is a member of the nearer group, and the last of the farther 

group. For the more general dihedral angles they are both 

of the nearer group (Eq; 11.8), or both of the farther group 

(Eq. 11.9).. Furthermore it is often imperative to distin-

guish between sp3-sp3, sp3  -sp2 and sp2-sp2 torsion angles 

in an organic structure (see Sect. 8.5), where the hybridi-

sation states referred to are those of atoms D and E respect-

ively. This was effected in Section 8.5 by reserving the 

symbol (co) for the first_ mentioned, and referring to the 

other two as (8) and (2-) respectively. 	General adoption 

of this type of nomenclature saves the reader from continually 

referring 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 

(CD in Eq. 11.7, 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 taken as negative. 	Thus, with refer-
ence to Figure II.2(b) we may write : 
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63A(D,E)11 	= 	+60°    11.7(a) 

'A(D,E)G 	-60°    11.7(b) 

WA(DIE)B = +120° 	 11.8(a) 

('')G(D,E)F 	= 	-120° 	 11.9(a) 

Figure 11.3(a) shows the relationship between the three 

bond vectors involved:  i.e. ][1, r2, "?3, represent bonds CD, 

DE, EF, in Eq. 11.7, or AD, DE, DC, in 8, or GE, DE, EF, in 9. 

Figure 11.3(b) shows the vectors in relation to a spherical 

triangle (2614  11 2W  whence we may write : 

cos(w) = cos(r1r) cos(r1r2)cos(r2r) 0400 11.10,.. 

 

 

sin(r1r2)sin(r2.03) 

where : r1r2 and r2r3 are the valence angles 

CDE and  -9-DEF in Eq. 11.7, 

9-ADE and  QCDE  in Eq. 11.8, 

and-GED and  FED in Eq. 11.9. 

and 	r23  is the angle between rl, r3  in each case. 

The angles 0i(j2k)1 can be evaluated, and systematical' 

output in a convenient order, using the bonding array as 

follows. For a given viewing bond DE, identified by unity • • 

in cellbjk, look backward and forward along row (P to iden- 

combinations of 

tify possible (Ps), and up and down column th to identify 

possible (Z"s) . 	Equation 11.10 is then evaluated for all 
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Figure Ilti(a) Definition of the dihedral angle 6) ijkl 

where (ijkl) are (for example) ADEF in Eq. 11.7.  

Figure 11.3(b) The vectors in  

relation to a spherical triangle. 

The angle ) (=angle 

is the angle ikl of the triangle 

i.e. the angle between the planes 

ljk; the 'sides' of the 

triangle are the valence angles 
, 	, 

(r2r3), and the angle 

(in"3I  
) whence Eq. 11.10 can be 

1  

derived from the cosine formulae for spherical triangles. 
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(i) 1, 1 (i g 1) 	cf. Eq. 11.7, 

(ii) (i 	i') cf. Eq. 11.8, 

(iii) 1, 1'(1 	1') cf. Eq. 11.9, 

for any given combination of jk. This process is repeated 

systematically for all bonds (jk) specified in the upper 

right triangular half of array (B), this avoids duplication 

since 0ijkl 	— is equivalent to Co1kji  in both magnitude and —  
sign. 	The sines and cosines of 1  r r 2' 2 ri.t3'  required by 

Eq. 11.10, can be obtained from the previously stored valence 

	

angles. 	Cos(r1r3) can be obtained using 	: 

cos(r1r3) 	cosC i 	1.1  

	

r.. 	11.1  rkl . 	 

The sign of the rotation is given by the sign of the 

determinant V : 

lij  mij  nij  

ljk 

1k1 

mjk 

mkl 

njk 

nkl 

	 11.12, 

which gives the volume of the 

the vectors --- 1,2, 113 

parallelopipedon defined by 

Ir1' 01 frklI  
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11.5. 	The Program MOJO.  

The theory developed above is given in its most general 

mlthematical form. 	In the program M0j0, written- in 1967 

EXCHLF for the University of London ATLAS computer, several 

adaptations have been made. .A brief description of these, 

and also the input and output, together with-a flow chart, 

forms the subject matter of this section. 

Although vector methods afford both mathematical simpli-

city and generality, the use of orthogonalized Rngstrom co-

ordinates, while being just as general, reduces the geometri-

cal manipulation to simple Cartesian terms. Furthermore 

they are useful in the preparation of crystal drawings. 

If we take a perfectly general triclinic lattice, with cell 

parameters a, b, c, s, A, y, then we may define three 
/ 

orthogonal unit vectors I, J, K, such that : 

I is parallel to a, 

.J is perpendicular to the a-c plane, 

K is perpendicular to a in the a-c plane, 

whence, by u3ing spherical triangles(264,265) we may express 

the lengths of the orthogonal axes as : 

A 	aI 

bcosII 	bsinyJ   11.13 

ccos8I o  csinlcosAT csirl4TsinXK 

or, in matrix notation : 

(A) 	= y) (Z) 
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obviously has the form: 

0 

11.15 

where the orthogonalization matrix 

ccos 	-csin cosN 

0 a - 

) = bcos 

( 

bsiny 

The determinant of this matrix gives the cell volume (V). 

The matrix is quite general, and its complexity is obviously 

reduced for systems of higher symmetry than triclinic. 

If the fractional co-ordinates of the atoms in the 

real cell (x, z, z) are provided, then the orthogonal Rng-

strom co-ordinates (X, Y, Z) are given by an expression 

similar to Eq. 11.14, viz : 

00 = 	)(x)   11.16 

We may now rewrite Eqs. 11.4,5,6, in terms of X, Y,,-7 Z as 

follows (266). 

Ri2  j 	=AXE A 2 o  . + AZ2  o 	Lay 	ij   11.17  

	

X, AY, AZ)is    11.18 

cos 
Gijk 	lo ok 	io 0k 	io 0k + 	M..M. 	+ N..N. 	0 • OOOOO 11.19 

Thus, as can be seen from Figure 11.4, the initial. 

operation in MOJO is to read in the cell data, set up the 

)-matrix, and compute (and output) the orthogonal co- 

ordinates-from the input positions list. 	The bonding 

information is read in (see Fig. II.1(b)) and the array (B) 

set up and checked. 

(L, M, N)ij  
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The present program does not, at present, incorporate 

standard deviation formulae; nor does it obtain the valence 

angles and dihedral angles from the array (B) in quite the 

same manner as described above. 	Referring again to Figure • 

II.1(c), the former are obtained by reading across the rows 

(i) and finding possible values for (j), as in the bond- 

length calculation; 	values of (k) are then found by reading 

down 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) All dihedral angles are prodliced twice over, i.e 

both 0.jkl 	— andco1kja.  . are obtained; —a  

ii) The more general dihedral angles, exemplified by 

Eqs. 11.8, 11.9, are not obtained. 

It is hoped to incorporate the newer theory described in 

Sections 11.3, 11.4, in the near future. 

Other routines have also been included in the program, 

using the initial orthogonalized co-ordinate list 

i) Cyclobutane ring analysis : the positions of the four 

ring atoms in the input positions list are specified (N1-4)  • 

The routine then evaluates criteria (c) and (d) of Figure 

7.5 (p. /65). 

ii) Specified (single) bond lengths, valence angles, or 
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Set up (p)-matrix 	 

Orthogonalize Co-ordinates 	+ 
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Read POSITIONS -4 
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Figure  11.4. 	Flow chart of the program MONO.  
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dihedral angles, may be computed by specifying two, three, 

or four values of N. 

All the data required in a particular run are input 

under one word directives (as in all ATSYS programs); those• 

used here are : 

TITT,T : followed by one line of information to be out?ut; 

UNITCELL : followed by a, 13 2  got6 

POSITIONS : followed by N lines of information of the form: 

CA23 x 	z 

where N is the total number of atoms input, the list is 

terminated 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. 

CYCLGBUTANE : followed by four numbers as described above. 

Specific functions are requested under the self-explanatory 

directives : BOND, ANGLE, TORSIONANGLE. A flow chart is 

given as Figure 11.4. 

11.6. 	Further uses of Bonding,  Array Theory. 

The use of the above program, incorporated as a routine 

in both least-squares and general molecular geometry programs, 

has possibilities. 	In the former it would provide a quick 

and systematic check on the chemical sensibility of the 

structure being refined, and could be called in automatically 

at the end of each run. 	In the latter it would provide an 
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ordered output listing, for one asymmetric unit, of bond-length 

and valence angles; 	a similar ordered list of intra-

molecular non-bonded distances can be obtained by reading 

across rows (i) and avoiding all cells (j) which contain 

unity, again only the upper right triangular half of (B) 

need be used. 

On a more philosophical plane, the bonding array would 

appear to have important uses in the field of information 

storage and retrieval, as 'applied to crystallographic struc-

tural data. 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 program2 incorporating the bonding 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 

unit. Thus if a naphthalene nucleus or a cyclobutane ring 

_were found they could be checked for planarity; for larger 

saturated carbocycles it should be possible to actually 

define the conformation adopted from the geometry obtained. 

This is, however, not the correct place to expand these 

ideas further. Nevertheless, with the present expasfion in 
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the quantity of structural information appearing in the 

literature, largely due to the ever increasing use of 

automatic diffractometers:  a satisfactory means of storage 

and retrieval is of importance to the crystallographer. 

It is the author's opinion that a computer procedure very 

similar to the bonding array will provide the ultimate 

answer, for organic molecules at any rate. The time when 

one may tell a computer to provide structural data and 

references for, say, all eight membered carbocycles having 

the boat-chair conformation)  may not be far off. The task 

of the would-be reference-hunter and/or Thesis-writer will 

then be considerably less burdensome: 
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APPENDIX III.  

Minimum-Enemy Calculations. 

Since the work of Pitzer et. ai.(267) on ethane, many 

workers have attempted to predict preferred conformations on 

the basis of detailed energy calculations. 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 numerous comparisons have been 

made in this Thesis between parameters obtained crystallogra-

phically, and those obtained from minimum-energy calculations. 

In general the results obtained by various groups of workers 

are very similar; 	however since the work of Hendrick- 

(158,159,247) son 	was chosen for comparison with the X-ray 

data, 	mainly due to the completeness of his studies, 

ranging from simple alkanes to cyclodecanes, his papers have 

largely been used in the compilation of this Appendix. 
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A particular n-membered ring conformation may be 

defined by the (n) value's of the C--C-C valence angles (8), 

and the (n) sp3-sp3  torsion angles (G.)). 	The assumption 

is made that bond lengths remain invariant, since the energy 

required to distort a bond 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 

the cyclopentanes(247)), this is reasonable since the 

calculations of Wiberg(171) which proceed through unsymm-

etrical forms, result in symmetrical minima only. The 

strain-energy content of a particular conformation may be'  

subdivided into : 

i) 	Bond angle bending strain (Ea) which is the 

energy associated with the distortion of a single bond-angle 

from the optimum. The function used, derived from spectro-

scopic results, gives : 

K8(8 
	Q0)2 

where, initially(247)1  the value of Go was taken as the 

tetrahedral value (109.28°). More recent hybridisation 

studies have shown that G at a methylene carbon is more 

nearly 112 and this value was used in later work(159). 

the value of KG used with the new value of Go 
was 0.0230 

kcal mole-1. 
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ii) Torsional Strain (E3, 	the function used to cal-

culate the strain-energy,due to twist of substituents about 
-a single bond, has the form 

E 	= 	i-Kcj (1 4- cos3(,) ......... 111.2 

in which Kt.,)  is the height of the potential barrier to 
rotation in ethylene (i.e. the energy difference between 

staggered and eclipsed conformations). Hendrickson(159) 

has pointed out that, since non-bonded interactions make up 

a small, but real, portion of this barrier, KG, should bete-56.  

than the quoted value of 2.8 kcal mole-1, and he has 

derived a value of 2.65 kcal mole-1  to exclude the van der 

Waals forces. 	Although the general form of the above 

expression is not well founded theoretically, considerable 

success has attended its use (see the work of Garbiseh(216),  

who used a similar expression to estimate sp3-sp2 torsional 

strain). 

iii) Energy due to non-bonded interactions. Any pair 

of non-bonded atoms, at inter-nuclear distance (r), possesses 

a mutual interaction, which is partially repulsive and 

partially attractive. The form of the expression for En  

is one of the most problematical in this work, it has the 

general form : 

= Bellr 	A/r6 	 
NB 	

111.3 

and while Values of the attractive constant (A) are known 

,the constants B and are difficult to evaluate experimentally 
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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 the values obtained 

was used to estimate the C-H interactions. 

The energy minimization is carried out by computer : 

from a given starting conformation each independent angular 

parameter,plus B and y7  is varied by 10  in turn, and values 

of 4, Et42  and En  (taken over all atoms in the ring), are 

computed to give the total strain energy ET. A checking 

routine is included 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 geometrical parameters obtained 

are in good agreement with experimentally determined values. 
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Compound 
Fluorescent 

atom 
L-Aspartic acid as cobaltous salt 	Co 

n-(+)-Barium uridine-5'-phosphate 	Ba and P 

Biotin as bis-p-bromoanilide of CO2- 	Br 
biotin 

Hirsutic acid as p-bromophenacyl ester 	Br 

D-Isocitric acid as (1) Rb salt 
	

Rb 
(2) K salt 
	

K 

D-( —)-Isoleucine as hydrated hydro- 	Br 
bromide 

L-Lysine as hydrochloride dihydrate 	Cl 
D-Methadone as hydrobromide 	 Br 

(-1-)-Benzylmethylphenylpropylphos- 	Br 
phonium bromide 

Reprinted from CHEMICAL COMMUNICATIONS, 1966, page 838. 

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.  

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 centres2.3  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. 

(--E)-Nlethylsuccinic acid 
(—)-Methyl-a-naphthylphenylsilane 

Radiation 
used 	 Reference 
Cu 	T. Doyne, R. Pepinsky, and T. Watanabe, 

Acta Cryst., 1957, 10, 438. 
Cu 	E. Shefter and K. N. Trueblood, Ada Cryst., 

1965, 18, 1067. 
Cu 	J. Trotter and J. A. Hamilton, Biochemistry, 

1966, 5, 713. 
Cu 	F. W. Corner 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, Ada 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. Hoist, L. Homer, 

and H. Winkler, Tetrahedron Letters; 1965, 
811. 

See Section 5 under Ergoflavin. 
Si 	Co, Cu T. Ashida, R. Pepinsky, and Y. Okaya, Acta 

Crest., 1963, 16, (supplement), A48, abstract 
5.8. 

Zr 	A. F. Peerdernann, A. J. Van Bommel, and 
J. M. Bijvoet, Proc., k. ned. Akad. Weten-
schap, 1951, B54, 16. 

Zr 	A. J. Van Bommel, and J. M. Bijvoet, Ada 
Cryst., 1958, 11, 61. ' 

Cu 	R. Parasarathy, Ada Cryst., 1962, 15, 41. 

Tartaric acid as (1) Na, Rb salt 	 Rb 

(2) Rb, H salt 
	

Rb 

L-Tyrosine as hydrochloride 	 Cl 



Fluorescent Radiation 
Compound 	 atom 	used 	 Reference 

(2) Terpenolds. 

(+)-3-Bromocamphor 

)-Camphor as oxime hydrobromide 
Cascarillin as deacetylcascarillin acetal 

iodoacetate 
Clerodin as bromolactone 

Davallol as iodoacctate 

Enmein as acetyl-bromoacetyl dihydro-
compound 

Ophiobolin as bromomethoxy-deriva-
tive 

Picrotoxinin as arbromo-compound 
Simarolide as m-iodobenzoate and 

4-iodo-3-nitrobenzoate (both needed) 
Swieteninc as p-iodobenzoate of des-

tigloylswietenine 

Brom oisotenulin 

7- Ilromoisotutin 
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  

Br 	Mo 

Br 	Cu 

Br 	Cu 
I 	Cu 

Br 	Cu 

I 	Cu 

Br 	Cu 

Br 	Cu 

Br 	Cu 
I 	Cu 

I 	Cu 

Br 	Cu 

Br 	Cu 
I 	Cu 

I 	Cu 

I 	Cu 

I 	Cu 

M. G. Northolt and J. H. Palm, Rec. Tray. 
chim., 1966, 85, 143. 

F. II. 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. 
I. C. Paul, G. A. Sim, T. A. Hamor, and 

J. M. Robertson, J. Chem. Soc., 1962, 4133. 
Vow-Cam Oh and E. N. Maslen, Acta Cryst., 

1966, 20, 852. 
M. Natsume and V. Iitaka, Acta Cryst., 1966, 

20, 197. 
S. Nozoc, M. Morisaki, K. Tsuda, Y. Iitaka, 

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, Tetrahedron 

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„4cla 
Cryst., 1963, 16, (supplement) A48, abstract 
5.8. 

Cleavamine as methiodide 

Codeine as hydrobromide dihydrate 

Cucurbitine as perchlorate 

Echitamine as iodide 

Ephedrine as hydrochloride 

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) 

Cu 	N. Camerman and J. Trotter, Acta Cryst., 
1964, 17, 384. 

	

Br 	Cu 	G. Kartha, F. R. Ahmed, and W. H. Barnes, 
Acta Cryst., 1962, 15, 326. 

	

Cl 	Cu 	Hai-Fu Fan and Cheng-Chung tin, Wu Li 
1-Isueh Pao, 1965, 21, 253. 

	

I 	Cu 	H. Manohar and S. Ramaseshan, Tetrahedron 
Letters, 1961, 814. 

	

Cl 	Cu 	G. N. Ramachandran and S. Raman, Current 
Sci., 1956, 25, 348. 

	

Br 	Cu 	A. W. Hanson, Proc. Chem. Soc., 1963, 52. 

	

I 	Cu 	D. Rogers and D. J. Williams, Proc. Chem. 
Soc., 1964, 357. 

	

I 	Cu 	M. Przybylska, Acta Cryst., 1982, 15, 326. 

	

S 	Cu 	A. F. Beecham, J. Fridrichsons, and A. McL. 
Mathieson, Tetrahedron Letters, 1966, 3131. 



Compound 
(+)-Hetisine as hydrobromide 
Himbacine as hydrobromide 

Jacobine as bromohydrin 

Leurocristine (vincristine) as methiodide 
(also establishes vincaleukoblastine) 

Lucidusculine as hydriodide 

Fluorescent 
atom 
Br 
Br 

Br 

I 

I 

Radiation 
used 
Cu 
Cu 

Cu 

Cu 

Cu 

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. Iitaka, Acta Cryst., 1966, 

21, 57. 
(+)-Des(oxyrnethylene)lycoctonine as 

hydriodide monohydrate 
I Cu M. Przybylska and L. Marion, Canad. J. Chem., 

1959, 37, 1843. 
Methyl melaleucate iodoacetate I Cu S. R. Hall and E. N. Maslen, Acta Cryst., 1965, 

18, 265. 
Securine as hydrobromide dihydrate Br Cu S. Imado, M. Shiro, and Z. Horii, Chem. and 

Ind., 1964, 1691. 
Strychnine as hydrobromide Br Cu A. F. Peerdemann, Acta Cryst., 1956, 9, 824. 
Thelepogine as methiodide I Cu J. Fridrichsons and A. McL. Mathieson, Acta 

Cryst., 1963, 16, 206. 

(4) Steroids. 
Lanostane 	as 	3 fl-acetoxy-7041 

bromolanostane 8a,9a-epoxide 
Br Cu J. K. Fawcett and J. Trotter, J. Chem. Soc. 

(B), 1966, 174. 

(5) Miscellaneous large molecules and mould metabolites. 
Duclauxin as monobromo-compound 	Br 	Cu 

Ergoflavin as tetra-O-methyl di-p-iodo- 	I 
benzoate [also establishes (+)-methyl-
succinic acid] 

Factor VIa, C46H009N11Co,111-110 	Co 

Y. Ogihara, Y. Iitaka, and S. Shibata, Tetra-
hedron Letters, 1965, 1289. 

Cu 	A. T. McPhail, G. A. Sim, J. D. M. Asher, 
J. M. Robertson, and J. V. Silverton, 
J. Chem. Soc. (B), 1966, 18. 

Cu 	D. Dale, D. C. Hodgkin, and K. Venkatesan. 
In: "Crystallography and Crystal Imper-
fection," (ed. G. N. Ramachandran), Aca-
demic Press, London, 1963. 

Cu 	A. Zalkin, J. D. Forrester, and D. H. Temple-
ton, Science, 1964, 146, 261. 

Cu 	R. D. Diamand and D. Rogers, Proc. Chem. 
Soc., 1964, 63. 

(Received, October 7th, 1966; Coin. 759.) 

Ferrichrome "A", CdAiN9020Fe,4H20 	Fe 

Dibromoleucodrin 	 Br 

1  J. M. Bijvoet, Endeavour, 1956, 14, 71. 
2  A. McL. Mathieson, Acta Cryst., 1956, 9, 317. 
3  R. Hine and D. Rogers, Chem. and Ind., 1956, 1428. 

F. H. Allen and 1). Rogers, preceding Communication. 
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1. Using the Anomalous Dispersion Method 

Fluorescent 
Compound 	 atom 

Radiation 
used Reference 

Reprinted from CHEMICAL COMMUNICATIONS, 1968, page 308. 

A Reference List of Organic Structures whose Absolute Configurations 
have been determined by X-ray Methods. Part 2 

By F. H. ALLEN, S. NEIDLE, 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 

	

Chem. Comm., 1966, 838) contained 54 entries. 	end of 1967, contains 40 new entries. 

Br 	Cu 

Rb 	Cu 

Cl 	Cu 

Br 	Cu 

I 	Mo 

Br 	Cu 

Br 	Mo 

Br 	Cu 

I 	Cu 

Br 	Mo 

Br 	Cu 

(1) Amino-acids 
(+)-2-Benzylglutamic acid as hydro- 

bromide dihydrate 
(+)-2-Methyl-2-isopropylglutaric acid 
(±)-2-Methyl-2-isopropylsuccinic acid 

as Rb salt 
Cucurbitine as perchlorate (erroneous y 

included under alkaloids in the first list) 

(2) Terpenoids 
Ginkgolide A as mono-p-bromobenzoate 

Caryophyllene iodonitrosite 

Pseudoclovene A as mono-p-bromo-
benzene sulphonate ester 

Laurinterol as acetate (also establishes 
aplysin) 

Desmotroposantonin as 2-bromo-(—)-fl- 
compound 

Beyerol as monoethylidene iodoacetate 
derivative 

Caesalpin as p-bromobenzoate 

Gibberellic acid as methyl bromogibber-
ellate 

T. Ashida, Y. Sasada, and M. Kakudo, Bull. 
Chem. Soc. Japan, 1967, 40, 476. 

M. R. Cox, H. P. Koch, W. B. Whalley, 
M. B. Hursthouse, and D. Rogers, Chem. 
Comm., 1967, 212. 

Fan Hai-Fu and Lin Cheng-Chiung, Acta 
Phys. Sinica, 1965, 21, 253. 

N. Sakabe, S. Takada, and K. Okabe, Chem. 
Comm., 1967, 259. 

D. M. Hawley, J. S. Roberts, G. Ferguson, and 
A. L. Porte, Chem. Comm., 1967, 942. 

G. Ferguson, D. M. Hawley, T. F. W. Mc-
Killop, J. Martin, W. Parker, and P. Doyle, 
Chem. Comm., 1967, 1123. 

A. F. Cameron, G. Ferguson, and J. M. 
Robertson, Chem. Comm., 1967, 271. 

A. T. McPhail, B. Rimmer, J. M. Robertson, 
and G. A. Sims, J. Chem. Soc. (B), 1967, 101. 

A. M. O'Connell and E. N. Maslen, Acta Cryst., 
1966, 21, 744. 

A. Balmain, K. Bjamer, J. D. Connolly, and 
G. Ferguson, Tetrahedron Letters, 1967, 5027. 

F. McCapra, A. T. McPhail, A. I. Scott, 
G. A. Sim, and D. W. Young, J. Chem. Soc. 
(C), 1966, 1577. 



Fluorescent Radiation 

	

atom 	used 
	 Reference 

	

Br 	Cu 	K. Bjamer, G. Ferguson, and J. M. Robertson, 
J. Chem. Soc. (B), 1967, 1272. 

	

Br 	Cu( ?) T. Kishi, M. Muroi, T. Kusaka, M. Nishikawa, 
K. Kamiya, and K. Mizuno, Chem. Comm., 
1967, 852. 

	

Br 	Mo( ?) Y. Tsukuda, Y. Nakagawa, H. Kano, T. Sato, 
M. Shiro, and H. Koyama, Chem. Comm., 
1967, 975. 

	

Br 	Cu G. Koyama, K. Maeda, H. Umezawa, and 
Y. Iitaka, Tetrahedron Letters, 1966, 597. 

	

Cl 
	

Cu G. N. Ramachandran, R. Chandrasekaran and 
K. S. Chandrasekaran, Biochim. Biophys. 
Ache., 1967, 148, 317. 

	

S 
	

Cu 	R. Parthasarathy and R. E. Davis, Acta. 
Cryst., 1967, 23, 1049. 

	

Br 	Cu 	H. Harada, H. Irie, N. Masaki, K. Osaki, and 
S. Uyeo, Chem. Comm., 1967, 460. 

	

Fe 	Cu 	0. L. Carter, A. T. McPhail, and G. A. Sim, 
J. Chem. Soc. (A), 1967, 365. 

	

I 
	

Cu( ?) R. T. Puckett, G. A. Sim, E. Abushanab, and 
S. M. Kupchan, Tetrahedron Letters, 1966, 
3815. 

	

Br 
	Cu 	C. W. L. Bevan, M. B. Patel, A. H. Rees, 

D. R. Harris, M. L. Marshak, and H. H. 
Mills, Chem. and Ind., 1965, 603. 

	

S 
	

Cu 	J. Fridrichsons and A. McL. Mathieson, Acta 
Cryst., 1967, 23, 439. 

	

Br 	Cu 	J. H. Van den Hende and N. R. Nelson, 
J. Amer. Chem. Soc., 1967, 89, 2901. 

Br,S 
	

Cu 	A. Tulinsky and J. H. Van den Hende, 
J. Amer. Chem. Soc., 1967, 89, 2905. 

	

Br 	Cu 	I. 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. 

	

Br 	Cu 	J. A. Wunderlich, Acta Cryst., 1967, 23, 846. 

Compound 
(2) Terpenoids—continued 

Taxa-4 (16),11-diene-5a,9a,10 /3,13cc-
tetraol as dihydro-anhydroisopropyl-
idine derivative 

(+)-Camphor--see Retusamine below 

(3) Sugar Derivatives 
Aristeromycin as hydrobromide 

Showdomycin as isopropylidine-N-
methylbisdeoxycycloshowdomycin 
hydrobromide 

Formycin as monohydrobromide mono-
hydrate 

a-u-Glucosamine as hydrochloride 

Ethyl 1-thio-a-u-glucofuranoside 

(4) Alkaloids 
Tuberostemonine as methobromide 

dihydrate 
Quinidine as (—)-1,1'-dimethylferrocene- 

3-carboxylic acid 
Buxenine-G as dihydroiodide 

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 txcbromo-u-camphor-
trans-s-sulphonate monohydrate (also 
establishes absolute configuration of 
(+)-camphor] 

(5) Steroids 
Cholestane as 2043fl-dibromo-5cc-com- 	Br 

pound 
17a fl-p-Bromobenzenesulphonyloxy-17a- 	Br,S 

methy1-19-nor-9 /3,10cc-D-homoandrost- 
4-en-3-one 

17 fi-Bromoacetoxy-9 p, 10a-androst-4-en- 	Br 
3-one 

Cu 	E. Van Heijkoop, H. J. Geise, and C. Romers, 
Rec. Tray. chins., 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. Oberhansli and J. M. Robertson, Hely. 
Chim. Acta, 1967, 50, 53. 

(6) Miscellaneous large molecules and mould metabolites (antibiotics) 
Erythromycin A as hydriodide dihydrate 

Siccanin as p-bromobenzene sulphonate 	Br 

Ryridomycin as dihydrobromide 	Br 

Cu 	D. R. Harris, S. G. McGeachin, and H. H. 
Mills, Tetrahedron Letters, 1965, 679. 

Cu 	K. Hirai, S. Nozoe, K. Tsuda, Y. Iitaka, 
K. Ishibashi, and M. Shirasaka, Tetrahedron 
Letters, 1967, 2177. 

Cu G. Koyama, Y. Iitaka, K. Maeda, and 
H. Umezawa, Tetrahedron Letters, 1967, 
3587. 



2. By Internal Comparison with a Reference Centre 
Internal comparison 

Compound 	 centre 
(+ )-S-Methyl-L-cysteine S-oxide 	Ls-Amino-acid 

(—)-Menthyl (—)-p-iodobenzeneaulph- 	(—)-Menthyl group 
inate 

(— )-Iberin as a thiourea (also establishes 
all naturally derived sulphoxide 
mustard oils) 

Cycloalliin hydrochloride monohydrate 

Monotropein as Rb salt 

)-R-Phenylethyl-
amine 

L-Amino acid (from a 
natural source) 

n-Glucose unit 

3. By External Correlation with a Related Compound 
1,2-0-Aminoisopropylidene-ix-n-gluco- 

pyranose hydriodide 
Triol Q as p-iodobenzoate 

Bromoambrosin 

Derived from n-glucose 

Correlation with rose-
nonolactone 

Correlation with analo-
gous compound, 
parthenin 
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