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SUMMARY 

X-ray d i f f r a c t i o n methods have been used to i n v e s t i g a t e the 

as s o c i a t i o n , i n the c r y s t a l , of three complexes of methylzinc. The 

st r u c t u r e s were determined by the heavy-atom method, and r e f i n e d by 

the method of l e a s t squares using three-dimensional data. 

Tetrameric Methylzinc Methoxide c r y s t a l l i s e s i n an orthorhombic 
o 

c e l l w i t h a=7*48, b=7'67, c=29*41 A and space group ¥2^2^2y The 

u n i t c e l l contains 16 u n i t s of MeZnOMe. As i n benzene s o l u t i o n , 

methylzinc methoxide i s tetrameric i n the s o l i d s t a t e . 

The zinc and oxygen atoms each occupy the corners of two, 

r e g u l a r , i n t e r p e n e t r a t i n g , concentric tetrahedra of d i f f e r e n t size. 

Thus the zinc and oxygen atoms are four-coordinate and are s i t u a t e d 

on a l t e r n a t e corners of a d i s t o r t e d cube. The d i s t o r t i o n i s such 
t h a t the Zn-O-Zn angles are greater than 90°. The Zn-0 distances 

o o 
range from 2*039 t o 2*105 A w i t h an average value of 2*076 A. How­
ever, the lengths of four Zn-0 bonds are s i g n i f i c a n t l y shorter than 

6 o 2*105 A. The mean Zn-C and 0-C bond lengths are 1*95 and 1*44 A. 

The molecular symmetry i s ne a r l y 43m. 

Dimeric Methyl(diphenylamino)zinc i s orthorhombic w i t h a=7*57, 

b=14*95, c=20*43 A and space group Fl^l^l^ There are 8 monomers i n 

the u n i t c e l l . Cryoscopic measurements i n benzene i n d i c a t e t h a t the 

molecule i s dimeric and the same degree of associa t i o n i s found i n 

the c r y s t a l . 
- x i -



The molecule contains a four-membered, z i n c - n i t r o g e n r i n g i n which 

the n i t r o g e n atoms are four-coordinate but the zinc atoms are each 

bonded t o two nitrogens and to a methyl carbon and are three-coordinate. 
o 

The mean Zn-N and Zn-C distances are 2*07 and 1*95 A r e s p e c t i v e l y while 

the angles i n the four-membered r i n g are very close t o 90°. Other 

inter-bond angles and distances are as expected. Although the space 

group requirements impose no sjmimetry on t h i s molecule, to a rough 
2 

approximation each dimer has — symmetry. S u p e r f i c i a l l y , the molecular 

centre of S5miraetry holds t o a very close extent, but a d e t a i l e d 

s t a t i s t i c a l examination has shown tha t the p r o b a b i l i t y of the apparent 

c e n t r i n g being t r u e i s less than 0*1%. 

Tetrameric Methylzinc Acetoximate provides an example where methyl­

zinc i s complexed w i t h a 2-atom donor group. The molecules c r y s t a l l i s e 
o 

i n a monoclinic c e l l w i t h space group Vl^lc, a=9'26, b=13*58, c=24'lO A, 

Z = 16 u n i t s of MeZnON:CMe2. Methylzinc acetoximate e x i s t s i n the 

c r y s t a l as d i s c r e t e tetramers, i n agreement w i t h the degree of 

as s o c i a t i o n found from molecular weight measurements i n benzene s o l u t i o n . 

The four zinc atoms are at the corners of a s l i g h t l y d i s t o r t e d 

tetrahedron and above each face of the tetrahedron i n an acetoximate 

group i n which the oxygen atom i s attached t o two zincs and the nitr o g e n 

t o the t h i r d . A "cage" s t r u c t u r e r e s u l t s which has four five-membered 

r i n g s and two adjacent six-membered r i n g s but no four-membered r i n g s . 

An outcome of t h i s arrangement i s tha t the four zinc atoms are i n three 

d i f f e r e n t environments. The mean Zn-O and Zn-N distances are 2*05 and 

2*09 A which are s i m i l a r t o the values observed i n the other two structures. - x i i -



CHAPTER ONE 

PART ONE 

CRYSTAL SYMMETRY 



1.1 Symmetry Elements 

Systematic r e p e t i t i o n of a m o t i f r e s u l t s i n a p e r i o d i c p a t t e r n 

which can extend i n one, two, or three dimensions. A systematic study 

shows t h a t there are only two hundred and t h i r t y types of three 

dimensional p a t t e r n s and since c r y s t a l s are b u i l t up from a p e r i o d i c 

array of atoms, ions or molecules, they must be arranged i n one of 

these p a t t e r n types. P a t t e r n theory i s thus basic to the study of 

c r y s t a l l o g r a p h y . 

P e r i o d i c angular r e p e t i t i o n can be described by means of sjrmmetry 

elements known as r o t a t i o n axes. An n - f o l d S3mraietry axis implies t h a t 

r o t a t i o n through 2jr/n about the axis produces geometrical coincidence 

w i t h the o r i g i n a l c o n f i g u r a t i o n . I n c r y s t a l s the values of the angular 

r e p e t i t i o n s are r e s t r i c t e d by the simultaneous occurrence of 

r e p e t i t i o n by not only r o t a t i o n , but also t r a n s l a t i o n ; c r y s t a l s can 

only have 1 - f o l d , 2 - f o l d , 3 - f o l d , 4 - f o l d and 6 - f o l d axes. Pure a x i a l 

symmetries are S3mibolised 1, 2, 3, 4, 6 as the case may be. 

Another fundamental n o t i o n i s t h a t of a symmetry plane, by which 

r e f l e c t i o n through the plane produces geometrical self-coincidence. 

Hence, such planes are termed m i r r o r planes and are given the symbol m. 

R e f l e c t i n g through a m i r r o r i s equivalent mathematically to i n v e r t i n g 

through a centre, 1. 



1.2 Combination of Symmetry Elements 

Symmetry axes may be combined s y s t e m a t i c a l l y w i t h other sjraimetry 

elements. I f v e r t i c a l m i r r o r planes are added to the pure a x i a l 

symmetries t h i s ' r e s u l t s i n the sjrrametries Im, 2m, 3m, 4m, 6m. Extra 

v e r t i c a l m i r r o r s are however au t o m a t i c a l l y introduced i n accordance 

w i t h the r e l e v a n t a x i a l symmetry and these sjrmmetries are convention­

a l l y w r i t t e n m, 2mm, 3m, 4mm, 6mm. 3m i s not w r i t t e n 3mm since here 

the i n t e r l e a v i n g m i r r o r s coincide w i t h those generated d i r e c t l y . 

Combining each sjmimetry axis w i t h a h o r i z o n t a l m i r r o r r e s u l t s i n 

the symmetries —, —: —, —, —. Again, — implies nothing more than a ^ m' m' m' m' m ^ ' m ^ 
s i n g l e m i r r o r and — =lm=m. 

m 

As w i t h v e r t i c a l m i r r o r s , the i n t r o d u c t i o n of one h o r i z o n t a l 

2 - f o l d a x i s a u t o m a t i c a l l y i m p l i e s the presence of others, and these 

symmetries, the d i h e d r a l symmetries, are th e r e f o r e w r i t t e n , 12=2, 222, 

32, 422, 622. Combining d i h e d r a l symmetries w i t h a h o r i z o n t a l m i r r o r 

y i e l d s the f o l l o w i n g : 
2 , ^ _ 2 _ 2 2 2 3 „ _ 3 _ 3 , - 2 2 = -mm= , - 2 = - m = - m 2 , m m mmm' m m m ' 

m m mmm m m mmm 

2 4 6 2 2 2 4 2 2 6 2 2 , 
The S I X symmetries , , - - - may be seen to 

m m m m m m' m m m' m m m 
po ssess an i n v e r s i o n centre. I f the remaining symmetries are i n v e r t e d 
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xd.th respect to the centre three new sjmmietries are generated: 1, 3, 3^. 

3̂  s i g n i f i e s a 3 - f o l d axis combined w i t h an i n v e r s i o n centre and i s 

termed a 3 - f o l d r o t a t o r y i n v e r s i o n a x i s . 

Some of the sjmraietries we have already derived can also be 

described i n terms of r o t a t o r y axes of i n v e r s i o n . Thus a m i r r o r plane 

m i s equivalent to a 2 a x i s . The combination of a h o r i z o n t a l m i r r o r 
3 — 3 w i t h a 3 - f o l d a x i s , —, i s equivalent to a 6 axis and the symmetries -' m' ^ m 

and — m 2 are commonly termed and 6 m 2. I n the case of a 4 - f o l d m ^ 

r o t a t o r y i n v e r s i o n axis however, the set of points generated by a 4 

axis cannot a l t e r n a t i v e l y be described by adding an i n v e r s i o n centre, 

or a perpendicular plane, to the set of points generated by a pure axis 

and ^ must be added to our l i s t of independent symmetries. Combining 4 

w i t h e i t h e r a v e r t i c a l m i r r o r or a h o r i z o n t a l 2 - f o l d axis gives the 

S3mimetry 4 m 2. 

Two r o t a t i o n s about i n t e r s e c t i n g axes i n e v i t a b l y create a t h i r d 

r o t a t i o n equivalent t o the combination. As a r e s u l t , i t may be shown, 

using Euler's h a l f - a n g l e c o n s t r u c t i o n and the trigonometric formulae of 

a s p h e r i c a l t r i a n g l e , t h a t c r y s t a l l o g r a p h i c symmetry axes may be 

combined w i t h each other to give only s i x independent t r i a x i a l 

combinations. Of these, the four combinations of an n - f o l d axis w i t h 

perpendicular 2 - f o l d axes 222, 223, 224, 226 have already been 

encountered. Two f u r t h e r p o s s i b i l i t i e s remain, the cubic symmetries 

given by the t r i a x i a l combinations 233 and 234. 
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Combining a 3 - f o l d axis w i t h a 2 - f o l d axis (these two axes having 

d i r e c t i o n s r e l a t e d as the diagonal and edge of a cube r e s p e c t i v e l y ) 

r e s u l t s i n the c r y s t a l l o g r a p h i c symmetry denoted 23. This symmetry 

imp l i e s three a d d i t i o n a l 3 - f o l d axes and two a d d i t i o n a l 2 - f o l d axes, 

w i t h d i r e c t i o n s r e l a t e d as before. This symmetry i s shown by an array 

of four i d e n t i c a l atoms at the v e r t i c e s of a regular tetrahedron and, 

from t h i s p o i n t of view, t h i s symmetry i s known as the t e t r a h e d r a l group. 

Combining a 3 - f o l d a x i s , d i r e c t i o n [ 1 1 1 ] , w i t h a 4 - f o l d a x i s , 

d i r e c t i o n [ 1 0 0 ] , i m p l i e s , as before, three a d d i t i o n a l 3 - f 6 l d axes and 

two a d d i t i o n a l 4 - f o l d axes. Six 2 - f o l d axes, d i r e c t i o n [ O i l ] , are also 

generated. This set corresponds w i t h the c r y s t a l l o g r a p h i c sjmimetry 432. 

Symmetry 432 i s r e a l i s e d by e i g h t i d e n t i c a l atoms at the eight corners 

of a cube and, from t h i s p o i n t of view, i t i s known as the octahedral 

group. 

I f 23 and 432 are combined w i t h an operation which i n v e r t s a l l 
2-

p o i n t s w i t h respect t o the o r i g i n two new groups are generated:' —3 and 
—3—. Replacing 4 by 4 i n 432 y i e l d s 43m (2 i s automatically replaced 
m m 
by m). 

This brings the t o t a l number of possible independent c r y s t a l l o ­

graphic symmetries up to t h i r t y - t w o . 

The symmetry elements we have encountered generate geometrical 

operations which may be described by operators i n the mathematical sense. 

Successive a p p l i c a t i o n of a r o t a t i o n operator, or the product of a 
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r o t a t i o n operator w i t h a r e f l e c t i o n or an i n v e r s i o n operator, produces 

a c o n f i g u r a t i o n i d e n t i c a l w i t h the o r i g i n a l . A complete set of such 

operators may be shown to s a t i s f y the c r i t e r i a of a f i n i t e group, and 

the n independent operators comprising the group generate n equivalent 

atoms from any a r b i t r a r y atom i n space. The t h i r t y - t w o sjmmetries 

which have been enumerated are thus termed the c r y s t a l l o g r a p h i c p o i n t 

groups since they are i n d i c a t i v e of c o n f i g u r a t i o n s centred around a 

f i x e d p o i n t . A complete l i s t i s shown i n Table 1.1. 
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1.3 The C r y s t a l L a t t i c e 

The macroscopic symmetry of a c r y s t a l must e s s e n t i a l l y conform to 

one of the t h i r t y - t w o p o i n t groups enumerated, and thus, c r y s t a l s are 

considered as being d i v i d e d i n t o t h i r t y - t w o c r y s t a l classes. A 

c r y s t a l ' s microscopic S5mimetry i s c l o s e l y connected w i t h i t s 

macroscopic symmetry, but i t i s not necessarily i d e n t i c a l w i t h i t owing 

to the p o s s i b i l i t y of screw axes and glide-planes r e p l a c i n g sjmmetry 

axes and m i r r o r planes. The c r y s t a l s t r u c t u r e i s characterised by i t s 

t r a n s l a t i o n a l sjmimetry expressed by means of a reference l a t t i c e . 

I f an a r b i t r a r y o r i g i n i s chosen, then i t w i l l be possible to f i n d 

many f u r t h e r p o i n t s i n space which have an environment i d e n t i c a l to 

t h a t of the o r i g i n . These po i n t s define a l a t t i c e which can be 

described i n terms of three non-coplanar vectors a, b and c. The 

p a r a l l e l e p i p e d defined by a, b, c, i s termed the " u n i t c e l l " . This i s 

said t o be p r i m i t i v e i f i t contains no i n t e r i o r l a t t i c e p o i n t s , being 

otherwise n o n - p r i m i t i v e . 

Any three integers x,y,z then define another l a t t i c e vector xa + 

yb + zc, t e r m i n a t i n g i n the l a t t i c e p o i n t denoted ( x , y , z ) . A r a t i o n a l 

plane through the o r i g i n (termed a l a t t i c e plane) has the equation 

hx + ky + I z = 0, where h, k, 1 are three integers known as M i l l e r 

i n d i c e s ( h k l ) . I n t e g e r s o l u t i o n s of the above equation define l a t t i c e 

p o i n t s l y i n g i n the plane. The equation hx + ky + I z = 1, defines a 



r a t i o n a l plane p a r a l l e l to hx + ky + I z = 0, and characterised by the 

same arrangement of l a t t i c e p o i n t s . I t i s generated from hx + ky + I z = 0 

by a t r a n s l a t i o n d + t made up of a normal component d and a t a n g e n t i a l 

component t^ and both planes are characterised by the same repeat vector 

R. This i s shown i n two dimensions i n the diagram below. 

d A 

A set of p a r a l l e l planes 

hx + ky + I z = 0, ±1, ±2, 

may be generated, vrhich between them, contain a l l the l a t t i c e p o ints. 

For a plane t o have a high density of l a t t i c e p o ints however, the a x i a l 

i n t e r c e p t s ( t h e r e c i p r o c a l s of which correspond t o the M i l l e r i n d i c e s ) 

must be r e l a t i v e l y small. I t i s such planes which tend t o form the 

faces of c r y s t a l s and t h i s was expressed i n the Law of Rational Indices 

which states t h a t the r a t i o of the indices of a c r y s t a l face are 

r a t i o n a l and, i n general, small whole numbers. 
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1.4 The Bravais Space L a t t i c e s 

To say t h a t a u n i t c e l l i s defined by a, b, £ means that we know 

the a x i a l lengths a, b, c and the angles a, p, y between them. I n 

c r y s t a l l o g r a p h y s i x n a t u r a l a x i a l systems are used, based on the 

t r a n s l a t i o n s of a p r i m i t i v e u n i t c e l l . These are as fo l l o w s : 

Cubic a = b = C a = p = y = 90° 

Tetragonal a = b f c a = p = y = 90° 

Orthorhombic a 7« b c a = p = y = 90° 

Monoclinic a b i c a = y = 90° 

T r i c l i n i c a b f c a P y 

Hexagonal = 3 2 = 33 C Pi Pa = P3 = S 

U n f o r t u n a t e l y however, the t r a n s l a t i o n s of a p r i m i t i v e u n i t c e l l do not 

always coincide w i t h the symmetry axes, and i n these cases non-primitive 

c e l l s are chosen because they e x h i b i t symmetry features not otherwise 

apparent. 

Bravais showed t h a t i n a l l , fourteen u n i t c e l l types were possible. 

I n each of the a x i a l systems i s found a p r i m i t i v e l a t t i c e type, P. The 

monoclinic system shows two l a t t i c e types, P and face-centred, C; the 

cubic system thre e , P, body-centred, I , and a l l - f a c e - c e n t r e d , F; and the 

orthorhombic system f o u r , P, C, F and I . The tetragonal system has only 

P and I Bravais u n i t c e l l s . I n a d d i t i o n there e x i s t s a non-primitive 
2 1 1 1 2 2 c e l l w i t h l a t t i c e p o i n t s at - j , - j , ̂  and - j , ^, which does not f a l l 

w i t h i n any of the preceding types. This l a t t i c e may be r e f e r r e d to a 

p r i m i t i v e rhombohedral c e l l , R. 
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1.5 The Bravais Space Groups 

We can now construct space l a t t i c e s appropriate to the t h i r t y - t w o 

c r y s t a l l o g r a p h i c p o i n t groups. C l e a r l y since any chosen m o t i f s t r u c t u r e 

i s a u t o m a t i c a l l y generated at a l l l a t t i c e p o i n t s by r i g i d body trans­

l a t i o n s , the t r a n s l a t i o n a l S3mimetry of a space l a t t i c e must be compat­

i b l e w i t h the r o t a t i o n a l sjrmmetry of the m o t i f s t r u c t u r e . A cubic 

l a t t i c e i s i m p l i e d by 23 and by a l l higher cubic p o i n t group sjraraietries 
3 3 - 2 

and s i m i l a r l y the t r i g o n a l p o i n t group sjmimetries — ml, —,3 -, 3m, 32, 

3, 3 imply a hexagonal l a t t i c e . 

Since the group 23 can be associated w i t h a l l three types of 

cubic l a t t i c e , i t y i e l d s three d i s t i n c t space groups designated P23, 123, 

F23 r e s p e c t i v e l y . Carrying out a s i m i l a r procedure f o r a l l the p o i n t 

groups, we a r r i v e at a t o t a l of seventy-three Bravais space groups, the 

r e l e v a n t l a t t i c e - t y p e symbols P, I , F, C or R p r e f i x i n g the p o i n t group 

sjmibol. The space-group i s said to be isogonal w i t h i t s p o i n t group 

symmetry component. 

The remainder of the two hundred and t h i r t y space groups may be 

derived by t a k i n g i n t o account the p o s s i b i l i t i e s of r o t a t i o n axes i n the 

p o i n t group being represented by screw axes i n the space group, and 

s i m i l a r l y of r e f l e c t i o n planes being replaced by glide-planes. 

A screw axis i s a composite operator characterised by an angular 

component 2iT/n and a t r a n s l a t i o n a l component along the axis of r o t a t i o n . 
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The operation of a 3̂  screw axis i n the c - d i r e c t i o n combines a n t i -
o c clockwise r o t a t i o n through 120 w i t h a t r a n s l a t i o n along c of —. Two 

more operations r e s u l t i n a p o s i t i o n s e l f - c o i n c i d e n t w i t h the o r i g i n a l 

c o n f i g u r a t i o n but i n the adjacent c e l l . 

The combination of a r e f l e c t i o n and a general t r a n s l a t i o n r e s u l t s 

i n a g l i d e . Glide planes are termed a x i a l g l i d e s , diagonal g l i d e or. 

diamond g l i d e according t o whether the d i r e c t i o n of the t r a n s l a t i o n 

component i s characterised hy ̂ , ^ J O""^ ̂  ^ r e s p e c t i v e l y . The 

glide-plane bears a r e l a t i o n to the r e f l e c t i o n plane which i s s i m i l a r 

t o the r e l a t i o n which the screw axis among space groups bears to the 

pure r o t a t i o n axis among p o i n t group S3mimetry elements. 

1.6 Operations of the f i r s t and second kinds 

The symmetry elements we have encountered are conveniently 

c l a s s i f i e d i n two general categories. I n pure angular r e p e t i t i o n , the 

r o t a t i o n a l operation repeats a congruent object from another object and 

i s termed an operation of the f i r s t s o r t . Pure r o t a t i o n axes and screw 

axes are also known as proper r o t a t i o n axes. On the other hand, the 

operation of r e f l e c t i o n or i n v e r s i o n introduces a rever s a l of sense, 

and an enantiomorphic object i s repeated. These operations are c a l l e d 

operations of the second s o r t . 

Of the two hundred and t h i r t y space groups, twenty-two are r e l a t e d 

as enantiomorphic p a i r s . These p a i r s can only occur i n the classes 
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l a c k i n g operations of the second s o r t , t h a t i s , i n the a x i a l classes. 

The p o s s i b i l i t y of enantiomorphic p a i r s also requires t h a t at l e a s t 

one a x i s i s non-neutral i n sense. This can only be true f o r axes of 

order greater than 2 and such space groups cannot therefore belong to 

the t r i c l i n i c , monoclinic or orthorhombic systems. An example of an 

enantiomorphic p a i r i s P3i and P3a the only d i f f e r e n c e between these 

two space groups being the sense of the screw axis. 
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1.7 X-Ray D i f f r a c t i o n by a Cr y s t a l L a t t i c e 

The theory of c r y s t a l symmetry, of which a b r i e f o u t l i n e has been 

given, was e s s e n t i a l l y complete before the end of the l a s t century. 

I n 1912, a t the suggestion of Laue, the d i f f r a c t i o n of X-rays by a 

c r y s t a l l a t t i c e was demonstrated by F r i e d e r i c h and Knipping. Their 

experiments established the wave-like nature of X-rays and showed 

c r y s t a l s t o be p e r i o d i c arrangements of matter w i t h separations on a 

molecular scale. 

The l a t t i c e , already defined, i s important as i t decides completely 

the c o n d i t i o n s f o r d i f f r a c t i o n . The r e l a t i o n s h i p between a c r y s t a l 

l a t t i c e and the scattered r a d i a t i o n was f i r s t placed on a physical basis 

by W.L. Bragg i n 1913, and i s expressed i n the law which bears h i s name: 

nA = 2dsin0 

Bragg showed th a t the r e s u l t a n t beam d i f f r a c t e d by a c r y s t a l l a t t i c e 

behaves as i f i t were r e f l e c t e d from the l a t t i c e planes w i t h M i l l e r 

i n d i c e s ( h k l ) and where d i s the i n t e r p l a n a r spacing. To describe the 

whole 3-dimensional d i f f r a c t i o n p a t t e r n three sets of equ i d i s t a n t planes 

are set up perpendicular to a, b and c, each plane corresponding to a 

p a r t i c u l a r value of h, k, and 1. The i n t e r s e c t i o n s of these planes 

d e l i n e a t e a l a t t i c e of po i n t s which i s c a l l e d the r e c i p r o c a l l a t t i c e . 
* « • 

The r e c i p r o c a l l a t t i c e i s thus defined by the vectors a , b and £ where 

a.a* = b.b* = c.c* = 1. 
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Each p o i n t on t h i s l a t t i c e corresponds to a r e f l e x i o n from the plane 

w i t h M i l l e r i ndices ( h k l ) , and i s at a distance of — along a 
d ( h k l ) 

vector R i n the d i r e c t i o n of the normal to the plane ( h k l ) where 

R = ha* + kb* + 1 c* . 

1.8 The S t r u c t u r e Factor 

C r y s t a l s can be represented by p l a c i n g w i t h i n each c e l l of the 

l a t t i c e a c e r t a i n arrangement of atoms and a c r y s t a l w i t h N atoms i n the 

u n i t c e l l can be regarded as based upon N i d e n t i c a l i n t e r p e n e t r a t i n g 

l a t t i c e s . The rays scattered by d i f f e r e n t atoms w i l l be out of phase. 

To f i n d the amplitude and phase of the r e s u l t a n t ray, i t i s necessary 

to recombine the waves from each atom. 

Suppose the u n i t c e l l contains N atoms, s i t u a t e d at points w i t h 

coordinates X j ^ , y^, where x̂ ,̂ y^, are expressed as f r a c t i o n a l 

coordinates of the u n i t c e l l edges. The p o s i t i o n of the nth atom P, 

may be represented by the end of the vector r^^, where: 

r ^ = x ^ + y j ^ + z^c. 

The path d i f f e r e n c e between the waves scattered by the atom at P and 

those t h a t would be scattered by an atom at the o r i g i n i s p r o p o r t i o n a l 

to r ^ j . The atom a t P can be assumed t o l i e on a plane p a r a l l e l to ( h k l ) 

whose perpendicular distance from the o r i g i n w i l l be given by the pro­

j e c t i o n of on the vector R, describing the normal to the plane ( h k l ) . 
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Thus i f i s the phase of the wave scattered by the atom at P. 

23T — = R.rn 

.) = ^ fjjexp2jri(hxjj + ky^ + Iz^^) 

= (ha* + kb* + l£» ).(xjja + ypb + z^) 

= hx„ + ky„ + lz„ 

and <t>^ = 2:t(hx^ + ky^ + I z ^ ) . 

Thus the expression f o r the wave scattered by the nth l a t t i c e i s 

fnexp2jti'(hx^ + ky^^ + I z ^ ^ ) , where f ^ i s the s c a t t e r i n g f a c t o r of the nth 

atom. The complete wave scattered by the c r y s t a l i s given by a vector: 
N 

F( h k i ; 

n=l 

F ( h k l ) i s c a l l e d the Structure Factor; i t s modulus i s c a l l e d the Structure 

Amplitude and i s defined as the r a t i o of the amplitude of the r a d i a t i o n 

s c a t t e r e d i n the order h , k , l by the contents of one u n i t c e l l to tha t 

s c a t t e r e d i n the same d i r e c t i o n by a s i n g l e e l e c t r o n s i t u a t e d at the 

o r i g i n . 

The d i s t r i b u t i o n of the electrons about each atom i n the s t r u c t u r e 

i s known from atomic s c a t t e r i n g theory, and from these d i s t r i b u t i o n s , the 

atomic s c a t t e r i n g f a c t o r f^^ f o r each atom can be found. I t i s the r a t i o 

of the s c a t t e r i n g power of the atom compared w i t h t h a t of a single 

e l e c t r o n i n the same d i r e c t i o n . I n atoms, the electrons occupy a f i n i t e 

volume and phase d i f f e r e n c e s w i l l a r i s e between rays scattered i n 
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d i f f e r e n t p a r t s of t h i s volume. I n t e r f e r e n c e between these waves 

causes the s c a t t e r i n g f a c t o r to decrease w i t h increasing 6. The curve 

of s c a t t e r i n g - f a c t o r against sin8/K i s c a l l e d the s c a t t e r i n g - f a c t o r or 

f curve. 

The q u a n t i t y F ( h k l ) i s complex and may be expressed i n terms of 

i t s r e a l and imaginary components: 

F ( h k l ) = A ( h k l ) + i B ( h k l ) 
N 

where A = ^ fnC0s2jr(hxn + ky^ -I- I z n ) 

n=l 
N 

B = fnSin2jf(hXn + ky^ + Iz^). 

n=l 

2 2 
The s t r u c t u r e amplitude i s given by l F ( h k l ) | = (A + B ) and the phase 

-1 B 
constant a ( h k l ) = tan" —. 

A 

When the space group has higher symmetry than Pi the summation over 

a l l atoms n i s u s u a l l y s p l i t i n t o a summation over symmetry r e l a t e d atoms 

followed by a summation over the asymmetric u n i t . For space groups w i t h 

a centre of symmetry at the o r i g i n B ( h k l ) = 0. For each space group 

I n t e r n a t i o n a l Tables, Volume I gives s i m p l i f i e d forms of the t r i g o n o ­

m e t r i c summations over symmetry r e l a t e d atoms. These expressions however 

have t o be modified t o a l l o w f o r atomic s c a t t e r i n g . 

I f , i nstead of considering a set of p o i n t atoms w i t h v a r i a b l e 

s c a t t e r i n g f a c t o r s , each volume of the u n i t c e l l i s treated separately. 
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an a l t e r n a t i v e form of the s t r u c t u r e f a c t o r equation i s obtained. I f 

p(x,y,z) i s the e l e c t r o n density at a poi n t ( x , y , z ) , the c o n t r i b u t i o n 

from the volume element Vdxdydz i s a wave of amplitude pVdxdydz and 

phase <l>. And since p ( x , y , z ) i s continuous over the u n i t c e l l , 

1 1 1 

F ( h k l ) ^ 1 1 1 Vp(x,y,z)exp2jti(hx+ ky+lz)dxdydz 

0 0 0 

1.9 The Temperature Factor 

Atoms i n a c r y s t a l have a f i n i t e amplitude of o s c i l l a t i o n at a l l 
13 

temperatures and the frequency of t h i s o s c i l l a t i o n (~10 per second) 
18 

i s much smaller than the frequency of X-rays (~10 per second). 

Since corresponding atoms i n neighbouring u n i t c e l l s w i l l not necessarily 

be i n phase a t any one i n s t a n t , the atomic s c a t t e r i n g f a c t o r s are reduced 

by an amount v^iich increases w i t h the d i f f r a c t i o n angle 6, and the 

f u n c t i o n t o be used i n p r a c t i c e i s given by the expression 
f = foexp(-Bsin^e/A2). 

B i s the temperature f a c t o r . I f the thermal motion i s i s o t r o p i c 

2~2 
B = 8rt u , 

where u i s the mean square amplitude of v i b r a t i o n i n any d i r e c t i o n . 

The thermal motion i s i n general not i s o t r o p i c and must be 

described i n terms of an e l l i p s o i d a l d i s t r i b u t i o n . The v i b r a t i o n s are 

described by a symmetrical tensor U which has s i x independent components. 
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such t h a t the mean square amplitude of v i b r a t i o n i n the d i r e c t i o n of a 

u n i t vector 1 = ( 1 , , I g , I 3 ) i s 

3 3 

i = l j = l 

U and 1 are here defined w i t h respect to the r e c i p r o c a l axes a*, b* and 

c*. I n t h i s a n i s o t r o p i c case the transform of the smearing f u n c t i o n i s 
q(s) = exp [ - 2 j T ^ ( i ; 2 U i j S i S j ) ] 

where s = ( s i , S g , S g ) i s the r e c i p r o c a l l a t t i c e vector. At a 

r e c i p r o c a l l a t t i c e p o i n t £ = (ha*, kb*, l£*): 

q ( h k l ) = exp[-2:T^(U3^j^hV^ + ^22^^^*^ + U33l^c*^ 

+ 2U23klb*c*+ 2U3^1hc*a* + 2Uj^2^ka*b* )] 

02 
The u n i t s of Uj^j are A . 

1.10 Four i e r Series 

Since a c r y s t a l i s p e r i o d i c i n three dimensions, i t can be 

represented by a three-dimensional Fourier series. Three i n t e g r a l indices 

h", k' and 1' are a l l o t t e d to each Fourier c o e f f i c i e n t C and the 

expression f o r the e l e c t r o n density i s : 

4-00 

p(xyz) = C(h'k'l')exp2jri(h'x + k ' y + I ' z ) 

h ' , k ' , l ' = - c o 
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I f t h i s expression i s s u b s t i t u t e d i n t o the s t r u c t u r e f a c t o r equation 

we obtain: 
1 1 1 + C O 

F ( h k l ) I^Y^YJ C^^'^'^'^^^P2i^^^ti'x+k'y+l'z). 
0 0 0 exp2jri(hx + ky + lz)Vdxdydz 

The i n t e g r a l has zero value unless h = -h', k = -k', 1 = - 1 ' , when 

1 1 1 

F ( h k l ) = J I J C(h'k'l')Vdxdydz 

0 0 0 

and t h e r e f o r e C(h'k'l') = i.F(hkl) and we see t h a t , the Fourier 
c o e f f i c i e n t s C are d i r e c t l y r e l a t e d t o the s t r u c t u r e f a c t o r s . The three-

dimensional Fourier synthesis can thus be w r i t t e n : 

+00 

p(xyz) = i ^ ^ ^ F ( h k l ) e x p [ - 2 r t i ( h x + k y + l z ) i . 

h, k, 1 = - c o 

This expression contains complex q u a n t i t i e s which may be resolved i n t o 

t h e i r r e a l and imaginary p a r t s : 

p ( x y z ) = ; ^ ^ ^ ^ A ( h k l ) c o s 2 i t ( h x + k y + l z ) + B(hkl)sin23t(hx+ky + I z ) 

h, k, 1 = -<» 

A and B are the two components of F (§ 1.8). 
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Since A(h k 1) = A ( h k l ) and B(h k 1) = - B ( h k l ) we can r e w r i t e t h i s 

expression (bearing i n mind t h a t the term 000 i s i t s own conjugate): 

oo oo oo 

,(xyz) = VF(OOO) + 2 V W A(hkl)cos2rt(hx+ ky+ I z ) + 

'•^=-~B(hkl)sin2jt(hx+ ky+ I z ) 
OO OO OO 

or P(xyz) = l^F(OOO) + 2 IF(hkl ) Icosl2jr(hx+ ky + l z ) - a(hkl ) l ^ 

h=0 k , l = - o o 

where a ( h k l ) i s a phase angle. 

Although t h i s expression holds generally f o r a l l c r y s t a l s , the 

expression may be s i m p l i f i e d by making use of the space-group symmetry. 

For example, i f a 2 - f o l d axis along b i s present | F ( h k l ) | = |F(h k 1)| , 

and the terms F ( h k l ) , F(h k T), F(h k 1) and F(h k T) may be combined 

w i t h due regard to t h e i r combination of signs. I n I n t e r n a t i o n a l Tables, 

Volume I , the expression f o r the e l e c t r o n density i n terms of the 

independent s t r u c t u r e f a c t o r s only, i s given f o r each space-group. 

However, the e l e c t r o n d e n s i t y d i s t r i b u t i o n of a c r y s t a l cannot be computed 

d i r e c t l y from the observed s t r u c t u r e f a c t o r s as t h e i r phases are not 

experimentally observable q u a n t i t i e s . 
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1.11 The Patterson Function 

One of the routes to the s o l u t i o n of the phase problem i s the use 

of the summation f i r s t suggested by Patterson. Pattersonndefined a 

f u n c t i o n P(u,v,w) such t h a t : 

1 1 1 

P(u,v,w) = j J'p(x,y,z)p (x+u,y+v,z+w)dxdydz 
0 0 0 

I f the values f o r the e l e c t r o n d e n s i t i e s are s u b s t i t u t e d i n t o t h i s 

equation, the usual form of the Patteron f u n c t i o n may be derived. 
oo 

P(u,v,w) =iV ) > |F(hkl.)l^exp2:ti(hufkvflw) 

h, k, 1 = - 0 0 

This f u n c t i o n contains the squares of the s t r u c t u r e amplitudes and so 

the series can be evaluated without ambiguity. 

I f there are atoms a t (x,y,z) and(x+u, y+v, z+w) i n the c r y s t a l s 

then the Patterson f u n c t i o n w i l l have a maximimi at (u,v,w). I n other,, 

words, peaks occur at the p o i n t (u,v,w) when the vector r = ua + vb + wc, 

represents a vector j o i n i n g atoms. A large peak occurs at the o r i g i n , 

caused by the products of a l l the atoms w i t h themselves. The height of 

a peak depends on the e l e c t r o n - d e n s i t y heights of the atoms causing i t . 



-22-

1.12 The 'Heavy-Atom' Method 

An atom of high atomic number w i l l give r i s e to l a r g e , e a s i l y 

i d e n t i f i a b l e peaks i n the Patterson f u n c t i o n from which i t s coordinates 

may be deduced. An e l e c t r o n density map i s then computed using |FO| as 

Four i e r c o e f f i c i e n t s and the phase angles obtained from s t r u c t u r e 

f a c t o r s c a l c u l a t i o n based on the heavy atom c o n t r i b u t i o n s . From t h i s 

e l e c t r o n d e n s i t y map, improved p o s i t i o n s f o r the heavy atoms w i l l be 

found and the p o s i t i o n s of some or a l l of the l i g h t e r atoms may also be 

found. This process i s continued u n t i l the p o s i t i o n s of a l l of the 

atoms are known. 

This r e s u l t can be shown by w r i t i n g the s t r u c t u r e f a c t o r f o r a 

c r y s t a l w i t h a s i n g l e heavy atom as: 

F ( h k l ) = fjjexp2ni(hxjj+kyjj+lzjj) + y^f^exp2iti(hx^^+kyj^+lz^), 

n 

where f ^ i s the s c a t t e r i n g f a c t o r f o r the heavy atom, whose parameters 

are X j j , y-^ and z^. I f f j j i s much greater than f ^ , then the f i r s t term 

w i l l tend t o be much greater than the second. 

As a rough guide, the method works best i f the sum of the squares of 

the atomic numbers of the heavy atoms and of the l i g h t atoms are approx­

ima t e l y equal. This f o l l o w s , since on the average, the c o n t r i b u t i o n of 

any one atom t o the d i f f r a c t e d i n t e n s i t y depends upon the square of i t s 

s c a t t e r i n g f a c t o r . 
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K h k l ) = Yj^' 

j 

The signs of those s t r u c t u r e f a c t o r s to which the heavy atom makes 

only a small c o n t r i b u t i o n are u n c e r t a i n and i t has been suggested 

(Woolfson, 1956) t h a t each term should be weighted according to the 

c o n t r i b u t i o n of the heavy atom to t h a t s t r u c t u r e f a c t o r . 

The c h i e f d i f f i c u l t y encountered w i t h the heavy atom method i s that 

of pseudosymmetry. When the space-group i s non-centrosjmimetric or i f 

the heavy atom i s located on or near a sjmimetry element, the symmetry of 

a higher space group may be simulated and the phases deduced give f a l s e 

i n f o r m a t i o n about the s t r u c t u r e . 

1.13 S t r u c t u r e Refinement 

The refinement of s t r u c t u r e s described i n t h i s thesis has been 

c a r r i e d out almost e x c l u s i v e l y using the method of l e a s t squares. An 

o u t l i n e of t h i s method w i l l now be given. 

Let Pi ,P2 > • • • • ,Pn parameters occurring i n the Fc vAiose 

values are t o be determined. \jc\ can be w r i t t e n as a f u n c t i o n of these 

parameters: 

|Fc| = f(pj,P2,....,Pn) 

and i n c o r p o r a t i n g f2,'-",e^> the s h i f t s required to give the true 

s t r u c t u r a l parameters, a s i m i l a r expression may be w r i t t e n f o r the 

observed s t r u c t u r e amplitudes: 
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Fo| = f ( p i + f i , Pa + fa.-'-'.Pn + ^n^ 

For a t r i a l set of p^ close to the c o r r e c t values, we may expand Fo 

as a f u n c t i o n of the parameters by a Taylor series of the f i r s t order: 

n 

|Fo| = f(p,,Pa,.--.,Pn) + y ^ P ^ ' ^ ^ ' H 
l—s 3p^ i = l 

i = l i 

An equation of t h i s type may be derived f o r each r e f l e x i o n . Each 

Fo i s subject t o random e r r o r s and s u i t a b l e values of have to be 

found t o give the most acceptable f i t between Fo and Fc'. The theory of 

e r r o r s p r e d i c t s t h a t the most acceptable set of i s t h a t which 
2 

minimises the simi of the weighted squares of the discrepancies, SwA , 

\i^ere A = I Fo| - | Fc| . The weight w allows f o r the r e l i a b i l i t y of the 

observation. I f the standard d e v i a t i o n f o r each | Fo| i s aChkl), the 

value of w v ^ i c h gives the lowest standard deviations i n the derived 

parameters may be shown to be w ( h k l ) = — — . 
CT ( h k l ) 

2 

The c r i t e r i o n t h a t ^wA should be a minimimi leads to a set of 

simultaneous equations, the normal equations: 

a P i / ^ L 9 P i IZ. 3Pj J J L aPi 
p i h k l j?«i h k l 
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There are n of these equations f o r j = l , ,n to determine the n unknowns: 

w 

A l t e r n a t i v e l y , the normal equations may be expressed i n ma t r i x form: 

a,.e, = b. 

, \ a l F c l a l F c l . u \ . 3|FC where a,-j = > w — — r — a n d b^ = / wA ' ' 
aPi 3Pj J /_j 9Pj 

h k l h k l 

I t i s the normal equations which must be set up and solved to r e f i n e a 

s t r u c t u r e . 

I n the case of a s t r u c t u r e which involves a large number of atoms 

i t i s imp r a c t i c a b l e to c a l c u l a t e a l l the terms of the normal equation 

m a t r i x a^^. However, by making c e r t a i n assumptions, i . e . i f the atoms 

are w e l l resolved, then some of the o f f - d i a g o n a l terms i n the f u l l m a trix 

can be neglected (Cruickshank et a l i i , 1961). With three-dimensional 

data the "block-diagonal approximation" i s u s e f u l . The S.F.L.S. 

programme used to c a r r y out the refinements which w i l l be described 
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(Appendix l ) uses a chain of 9x 9 matrices f o r the coordinates and 

a n i s o t r o p i c temperature parameters of each atom, w i t h a 2x 2 matrix f o r 

the scale and o v e r a l l i s o t r o p i c v i b r a t i o n . This takes i n t o account 

i n t e r a c t i o n between the p o s i t i o n a l and thermal parameters of any one 

atom but not general i n t e r a t o m i c i n t e r a c t i o n . 

1.14 Accuracy of parameters obtained from least-squares refinement 

I n m a t r i x n o t a t i o n the normal equations are of form: 

n 

i = l 

a..e. = b. 
i j 1 j 

The best choice of weights i s w = and i n t h i s case the variance of 

the parameter p^ i s given by: 

a^CPi) = ( a - ^ ) . . , 

where (a i s a diagonal term of the matrix which i s the inverse of 

the m a t r i x whose elements are a ^ j . 

I f the r e l a t i v e weights only are known, so t h a t w = , the 

experimental standard d e v i a t i o n (e.s.d.) i s given by: 

2. . 1 2wA^ 
^ i i 

where (m-n) i s the number of degrees of freedom of the system, i . e . the 

excess of the number of independent h k l observations over the number of 

parameters. 
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I n the block-diagonal approximation variances may be estimated 

using the appropriate diagonal terms from the inverse of the block 

matrices. Such estimates somewhat underestimate the true variances 

because of neglect of the interatomic i n t e r a c t i o n s i n the f u l l 

m a t r i x (Hodgson and R o l l e t t , 1963). 
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2.1 I n t r o d u c t i o n 

The c r y s t a l s t r u c t u r e analyses presented i n t h i s t h e s i s were 

undertaken p r i n c i p a l l y to provide i n f o r m a t i o n about the fa c t o r s which 

determine the degree of ass o c i a t i o n of so-called " i n t e r n a l coordination 

complexes". The term i s applied t o the type of compound commonly 

produced when an organometallic compound reacts w i t h a ligan d contain­

i n g r e a c t i v e hydrogen: 

Me_Zn + t-BuSH ^ MeZnSBu*^ + CH, 
2 4 

The product, i f monomeric, would contain a c o o r d i n a t i v e l y unsaturated 

metal atom attached to a donor atom which because of the dipole 
S-f S-

Metal ^Ligand, would have increased donor p r o p e r t i e s . The compounds 

do, of course, g e n e r a l l y associate and degrees of association of 2,3,4, 

5,6 and i n f i n i t y have been proposed f o r the complexes of zinc. 

Several f a c t o r s have been considered to influence the degree of 

as s o c i a t i o n which i s observed: 

a) The Nature of the Donor Atom 

Boron as the acceptor i s unique i n being able to expand i t s 

covalency by i n t e r n a l c o o r d i n a t i o n as w e l l as by association. Thus i f 

the donor i s a f i r s t row element, Pj^-Pj^ bonding i s oft e n s u f f i c i e n t l y 

strong t o obviate p o l j m i e r i s a t i o n and many B-0 and B-N d e r i v a t i v e s are 

monomeric, e.g. Me2B.0Me, MeB(0Me)2 and BCOMe)^. I f , however, boron i s 

attached t o a donor atom from the second or l a t e r rows of the Periodic 
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Table, c o n d i t i o n s f o r o r b i t a l overlap are unfavourable and polymers 

r e s u l t ; (Ke^B.me^)^ i s a c y c l i c t r i m e r (Burg and Wagner, 1953). 

Halogen atom as donor i s a noteable exception t o t h i s , BCl^ being 

monomeric. The monomeric compound Me2B.SMe appears anomalous, but the 

CT-bonding power of sulphur to boron i s weak and, i t i s suggested, 

i n s u f f i c i e n t t o hold a polymer together (Stone, 1958). I n the l a t e r 

rows of the p e r i o d i c system i t i s suggested that d^-dj^ i n t e r a c t i o n may 

strengthen i n t e r n a l c o o r d i n a t i o n , thus (Me2Al.SMe)2 and (Me2Ga.SMe)2 

are depol5mierised by trimethylamine whereas (Me2ln.SMe)2 and 

(Me2Tl.SMe)2 are not (Bradley, 1962). 

b) S t e r i c I n f l u e n c e of Bulky Substituents on the Donor Atom 

There i s less s t e r i c i n t e r f e r e n c e between bulky substituents i n a 

dimer than i n the corresponding t r i m e r . Thus (Et2A1.0Me)^ i s t r i m e r i c 

whereas diethylaluminium ethoxide and t-butoxide are dimers (Hoffmann, 

1960). 

c) Valence Angle Deformation 

Atoms of high atomic number undergo valence angle deformation more 

e a s i l y than l i g h t e r elements. Valence angle deformation i s gradually 

r e l i e v e d w i t h the formation of l a r g e r c y c l i c oligomers and polymers. 

C l e a r l y these l a s t two f a c t o r s w i l l tend to work i n opposition. 

Dimers w i l l be favoured by complexes w i t h bulky substituents on the 

donor atoms. On the other hand dimers necessarily involve considerable 

valence angle s t r a i n i n a four-membered r i n g . Large oligomers w i l l 
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r e l i e v e valence angle s t r a i n but w i l l b r i n g bulky substituents i n t o 

greater p r o x i m i t y . 

These three f a c t o r s are generally held to be the most important. 

However, a more fundamental consideration would be to examine i n 

greater d e t a i l , the nature of the r e a c t i o n intermediate and t h i s might 

be most important of a l l (Beachley and Coates, 1965). The i s o l a t i o n 

of polymeric, t e t r a m e r i c or t r i m e r i c species from intermolecular 

condensations i n v o l v i n g pol5mieric intermediates i s expected. I n t r a ­

molecular condensations going through monomeric intermediates favour 

the dimer as the associated species. 

The entropy e f f e c t w i l l always favour the formation of dimers 

r e l a t i v e t o t h a t of t r i m e r s , tetramers or more associated species 

since t h i s gives the greater number of independent molecules per u n i t 

mass. 

The products of r e a c t i o n s between bases containing a c i d i c hydrogen 

and the d i a l k y l s of Group I I metals are of p a r t i c u l a r i n t e r e s t here. 

Much a t t e n t i o n has r e c e n t l y been given t o the coordination complexes 

of b e r y l l i u m (Coates and Tranah, 1967; Coates and Fishwick, 1967), 

magnesium (Coates and Heslop, 1966; Coates and Ridley, 1966; Coates and 

Ridley, 1967), zinc (Coates and Ridley, 1965; Coates and Ridley, 1966) 

and cadmium (Coates and Lauder, 1966). 
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2.2 Complexes w i t h 1-atom donor groups: 

a) From r e a c t i o n s w i t h amines 

Since w i t h secondary amines as ligands, only one lone-pair i s 

a v a i l a b l e on the n i t r o g e n f o r c o o r d i n a t i o n , compounds of the type 

RMNR2 can only associate to form open r i n g s t r u c t u r e s or polymers i n 

which the metal atoms are neces s a r i l y three-coordinate. Only from the 

r e a c t i o n of a metal a l k y l w i t h a primary amine where two a c i d i c 

hydrogen atoms can cause the cleavage of two metal-carbon bonds, can 

an associated organometallic complex w i t h a "cubane" s t r u c t u r e be 

envisaged. 

Ph^Al + PhNH2 (PhAlNPh)^ + CgHg 

The "cubane" s t r u c t u r e of the phenylaluminium a n i l i d e tetramer 

(PhAlNPh)^ has been confirmed by X-ray analysis (MacDonald and MacDonald, 

1963). Such complexes are however inaccessible to Group I I elements and 

i n f a c t very l i t t l e study has been made of the reactions of the d i a l k y l s 

of Group I I w i t h primary amines. 

TABLE 2.1 

Aminoberyllitmi Dimers and Trimers i n Benzene Solution 

Trimer s (MeBeMe2)3 (MeBeNEt2)3 (PhBeNMe2)2 (EtBeNMe2)2 

Dimers (MeBeNPr2)2 (MeBeNPh2)2 (EtBeNEt2)2 (PhBeNPh2)2 
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I n the case of the aminoberyllium a l k y l s the r i n g size appears to 

be determined by s t e r i c e f f e c t s . The s t r a i n energy of a dimer i s 

expected to make tri m e r s more favourable unless prevented by s t e r i c 

hindrance. From Table 2.1 i t appears th a t the b o r d e r l i n e may be drawn 

between (MeBeNEt2)3 (EtBeNEt2)2-

I n the case of aminozinc a l k y l s , no trimers have yet been reported 

since the r e a c t i o n of dimethylamine w i t h dimethylzinc r e s u l t s i n d i s -

p r o p o r t i o n a t i o n products and only bisdimethylaminozinc [(Me„N)_Zn] has 

been i s o l a t e d . Methyl and ethyl(diphenylamino)zinc however, have been 

i s o l a t e d and are dimeric i n benzene s o l u t i o n . An X-ray s t r u c t u r e 

analysis of methyl(diphenylamino)zinc, (MeZnNPh2)2, has confirmed t h a t 

as w e l l as i n s o l u t i o n , the molecule i s a dimer i n the c r y s t a l . The 

s t r u c t u r e incorporates a four-membered zinc-nitrogen r i n g i n which the 

zinc atoms are three-coordinate. 

The tendency f o r a l k y l groups, bound to magnesium, to form a l k y l 

bridges i s very h i g h , so compounds of the type RMgNR2 are i n general 

l i k e l y t o be polymeric. I n a d d i t i o n , the necessity of working w i t h 

R2Mg i n s o l u t i o n i n donor solvents l i k e d i e t h y l ether and tetrahydro-

f u r a n , THF, means t h a t the associated complexes formed nearly always 

contain ether, which, i n many cases, i t i s impossible t o remove. But 

two examples of e t h e r - f r e e aminomagnesium a l k y l s which are dimeric i n 

benzene, and have to be formulated w i t h three-coordinate magnesium are 

(Pr'SlgNPr2)2 and (EtMgNEtCH2Ph)2, the l a t t e r being formed from 
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diethylmagnesium and b e n z a l a n i l , PhCH:NPh. I s o p r o p y K d i - i s o p r o p y l -

amino)magnesium may be formulated w i t h e i t h e r of the two stru c t u r e s 

shown. 

, / \ . ; ... A. 
Pr-Mg Mg—Pr' PfgN—Mg Mg-NPrg 

\ / 
N. C 
Pr2 HMe, 

although a s t r u c t u r e c o n t a i n i n g one ni t r o g e n and one carbon bridge 

cannot be r u l e d out. 

The reactions of d i a l k y l z i n c w i t h diphenylketimine produce 

R2Zn -t- Ph2C:NH ^ RZnN:CPh2 + RH 

compounds exemplified by methyl(a-phenylbenzylideneamino)zinc, 

(MeZnN:CPh2)2' A l l the compounds which have been made ( P a t t i s o n and 

Wade, 1967) where R = Me, Et, Ph have been dimeric i n benzene and they 

too probably have s t r u c t u r e s w i t h a planar four-membered zinc-nitrogen 

r i n g . 
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b) From rea c t i o n s w i t h alcohols 

s 

The vigorous reactions between zinc a l k y l s and water or alcohols 

have been known since the f i r s t preparations of zinc a l k y l s by Frankland 

i n 1853. 

The oxygen atom w i t h a second lone-pair a v a i l a b l e f o r coordination 

enables compounds of the type RMOR' to associate to form cage s t r u c t u r e 

i n which the oxygen becomes four-coordinate and the metal atom achieves 

a p r e f e r r e d c o o r d i n a t i o n number of four. 

The molecular weight of methylzinc methoxide determined cryoscopic-

a l l y i n benzene shows t h a t the molecule i s t e t r a m e r i c , (MeZnOMe)^. 

X-ray s t r u c t u r e a n a l y s i s now shows t h a t methylzinc methoxide i s also 

t e t r a m e r i c i n the c r y s t a l , w i t h zinc and oxygen atoms near the corners 

of a d i s t o r t e d cube. The X-ray powder d i f f r a c t i o n patterns of (MeZnOMe)^ 

and (MeCdOMe)^ are s i m i l a r and c r y s t a l s of the compounds are probably 

isomorphous. The methoxide, ethoxide and t-butoxides of methylberyllium 

and also (Bu^BeOMe)^ and (PhBeOMe)^ are a l l tetrameric i n benzene 

s o l u t i o n as are the alkylmagnesium alkoxides i n which there i s chain 

branching a t the carbon a t o oxygen; (EtMgOPr''')^, (EtMgOBu*^)^ and 

(Pr'SlgOPr''')^. I t i s possible t h a t a l l these tetrameric alkoxides are 

i s o s t r u c t u r a l . 

I n c o n t r a s t , e b u l l i o s c o p i c molecular weight determinations using a 

d i f f e r e n t i a l thermocouple, have shown th a t i n ether s o l u t i o n the 
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b e r y l l i u m alkoxides, MeBeOR, where R = Me, Et, Pr"^, Pr''" and Bu*", are 

dimeric. E v i d e n t l y the ether oxygen competes successfully w i t h the 

second lone-pair of the alkoxy oxygen, f o r the f o u r t h coordination 

p o s i t i o n about b e r y l l i u m . 

The alkoxides of magnesium show d i f f e r i n g degrees of association. 

Ethylmagnesium n-propoxide, isopropylmagnesium methoxide and ethoxide 

are oligomers which have degrees of association i n benzene i n the range 

7-8*4. I t i s probable t h a t these alkoxides are polymeric i n the s o l i d 

s t a t e . 

An X-ray analysis (Matsui et a l i i , 1966) has shown th a t (EtZnOBu'')^ 

i s a tetramer i n the c r y s t a l . However, i n t h i s s e r i e s , (MeCdOBu*')2 i s 

a dimer and might appear anomalous. The energy separation of s- and p-

o r b i t a l s f o r cadmium i s very much l a r g e r than t h a t i n zinc and so f o r 

cadmium, h y b r i d o r b i t a l s w i t h large 's' character are to be expected. 

I n accordance w i t h t h i s , a diraeric s t r u c t u r e f o r methylcadmium t-butoxide 
2 3 would i n v o l v e cadmium i n u t i l i s i n g sp hybrids as opposed to the sp 

h y b r i d o r b i t a l s used i n a "cubane" arrangement. 

The only other alkoxides of Group I I which are not tetrameric i n 

benzene s o l u t i o n have organic groups present which are s u f f i c i e n t l y 

bulky t o make smaller oligomers more favourable. (EtZnOCHPh2)2 i s 

t r i m e r i c i n benzene s o l u t i o n . A t r i m e r i c organomagnesiura species, n-

butylmagnesium isopropoxide, has also been reported (Bryce-Smith and 
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Graham, 1966). (PhZnOCPh3)2 and (EtZnOCPh^)2 are dimeric as i s the 

b e r y l l i u m analogue of the l a t t e r . As would be expected the Group I I 

alkoxides of formula (BuSlOBu*')2 are a l l dimeric and probably have 

s t r u c t u r e s analogous to (MeZnNPh2)2-

The r e a c t i o n s of dimethylzinc and dimethylcadmium w i t h t r i m e t h y l -

s i l a n o l give compounds, (MeMOSiMe^)^, which are 

Me2M -I- HOSiMe^ »• CH^ + MeMOSiMe^ 

tet r a m e r i c i n i n e r t organic solvents. These tetramethylsiloxanes also, 

are assvimed to have the cubane s t r u c t u r e of methylzinc methoxide 

( S c h i n d l e r , Schmidbaur and Kruger, 1965). 
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c) From re a c t i o n s w i t h t h i o l s 

The products of reactions w i t h t h i o l s show d i f f e r i n g degrees of 

a s s o c i a t i o n . (MeBeSBu*^)^, (EtBeSEt)^, (EtBeSPr^)^ and (EtBeSBu*^)^ 

as i n d i c a t e d are a l l tetrameric and presumably have the s t r u c t u r e 

shown by the tetrameric alkoxides. E t h y l b e r y l l i u m methylsulphide and 

methylzinc methylsulphide are however i n s o l u b l e i n benzene and are 

assumed to be polymeric i n the s o l i d s t a t e . The t h i o - d e r i v a t i v e s of 

methylzinc and methylcadmium are somewhat anomalous. Methylzinc i s o -

propylsulphide and i t s cadmium analogue were found to be hexameric i n 

benzene s o l u t i o n . A p r e l i m i n a r y X-ray i n v e s t i g a t i o n of methylzinc 

i s o p r o p y l s u l p h i d e i s consistent w i t h the existence of octamers i n the 

c r y s t a l (Adamson and Shearer, 1967). And whereas methylzinc t - b u t y l -

sulphide i s a pentamer, methylcadmium t - b u t y l s u l p h i d e i s tetrameric. 

A c r y s t a l s t r u c t u r e analysis of methylzinc t - b u t y l s u l p h i d e 

(Adamson and Shearer, 1966) has confirmed that the molecule i s a 

pentamer, (MeZnSBu'')^, i n the c r y s t a l . The zinc atoms l i e near the 

(Me Zn S B'J )^ 
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corners of a square-based pyramid w i t h the a p i c a l atom, Zn(5), closer 

to Zn(3) and Zn(A). The sulphurs S(2), S(3), S(4) l i e above the 

centres of the t r i a n g u l a r faces, S ( l ) above the face defined by Z n ( l ) , 

Zn(2) and Zn(5), but i s much f u r t h e r away from Zn(5). S(5) l i e s 

below the basal plane and i s somewhat closer to Zn(3) and Zn(4). The 

arrangement r e s u l t s i n the three zinc atoms Zn(3), Zn(4), Zn(5) and 

the four sulphur atoms S(2), S(3), S(4), S(5) l y i n g near the corners 

of a cube. With one methyl bonded to each zinc and one t - b u t y l t o each 

sulphur, a l l the zinc atoms and three of the sulphurs are four-coordinate 

whereas S ( l ) i s three-coordinate and S(5) f i v e - c o o r d i n a t e . That 

(MeZnEBu*")^ p r e f e r s to the "cubane" s t r u c t u r e of methylzinc methoxide, 

a pentameric arrangement i n which one sulphur atom i s only three-

coordinate i s very puzzling. There i s no evidence of s i g n i f i c a n t s t e r i c 

i n t e r a c t i o n s between organic groups i n (MeZnSBu*")^. The seven atoms 

Zn(3), Zn(4), Zn(5), S(2), S(3), S(4) and S(5) l i e near the corners of 

a cube and on s t e r i c grounds there seems to be no reason vAiy a MeZn u n i t 

should not be accommodated at the e i g t h corner of the cube. 

I n the t h i o - d e r i v a t i v e s of alkyImagneslum, the second lone-pair on 

the sulphur atom competes unsuccessfully w i t h ether (present as solvent 

during the p r e p a r a t i o n ) f o r the f o u r t h c o o r d i n a t i o n p o s i t i o n about the 

metal. A l l the complexes of t h i s type ^ i c h have been made, are 

e t h e r a t e s , and are dimers w i t h s t r u c t u r e s s i m i l a r t o t h a t shown f o r 

(MeMgSBu^.THF)2. 
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The t-butylmagnesium isopropylsulphide d i e t h y l ether complex, 

(BuSlgSPr''".OEt2)2, i s a f u r t h e r example. 

The d i e t h y l ether complex of t-butylmagnesivira c h l o r i d e , 

(BuSlgCl.OEt2)2 i s also a dimer and i s expected to have a s t r u c t u r e 

s i m i l a r t o t h a t described above, the monomers l i n k i n g through c h l o r i n e 

bridges. X-ray s t r u c t u r e analysis has established that the d i e t h y l 

ether complex of t-butoxymagnesium bromide i s a centrosymmetric dimer 

i n the c r y s t a l , w i t h a four-membered magnesium-oxygen r i n g (Moseley 

and Shearer, 1967). An unexpected feature of t h i s s t r u c t u r e i s t h a t i n 

both cases the oxygen atoms appear to be very nearly coplanar w i t h the 

three atoms to which they are bonded. 

d) A l k y l z i n c h a l i d e s 

The degrees of a s s o c i a t i o n of the a l k y l z i n c halides are also of 

i n t e r e s t i n t h i s context. Molecular weight measurements i n benzene 

have established t h a t unsolvated e t h y l z i n c c h l o r i d e and bromide are 

t e t r a m e r i c (Boersraa and Noltes, 1966), and i t i s suggested t h a t the 

tetramers have a "cubane" s t r u c t u r e i n which the molecule associates 
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through halogen b r i d g i n g as i n (Me^PtCl)^ (Rundle and Sturd i v a n t , 1947), 

I n c o n t r a s t . X-ray s t r u c t u r e analysis (Moseley and Shearer, 1966) has 

shown t h a t i n the c r y s t a l e t h y l z i n c iodide i s a coordination polymer, 

the i o d i n e - z i n c linkages g i v i n g r i s e t o a layer s t r u c t u r e . The 

"cubane" arrangement presumably breaks down owing t o the d i f f i c u l t y of 

forming a four-membered r i n g containing an atom as large as iodine. 
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2.3 Complexes w i t h 2-atom donor groups 

Here the p o s i t i o n i s more complex. I n some cases both donor 

atoms are involved i n c o o r d i n a t i o n , i n other cases only one. 

Consequently i t i s more d i f f i c u l t t o make p r e d i c t i o n s about the nature 

of the a s s o c i a t i o n . 

The tetrameric 2-methoxy-ethoxy complex, (MeZnOCH2.CH20Me)^, i s 

thought to be l i k e the other alkoxides because the donor strength of 

the oxygen bound t o zinc i s greater (on account of the e l e c t r o p o s i t i v e 

character of the metal) than t h a t of the ether oxygen. The ether side 

chains w i l l protrude from the corners of the cube r e s u l t i n g i n a 

molecule of low symmetry and t h i s i s probably responsible f o r the f a c t 

t h a t methylzinc 2-methoxy-ethoxide i s a l i q u i d . 

The 2-dimethylaminoethoxy d e r i v a t i v e s of dimethyl- and d i e t h y l -

zinc are however t r i m e r s . I f t h i s seems in c o n s i s t e n t w i t h the 2-methoxy-

ethoxy d e r i v a t i v e mentioned above, i t must be remembered th a t i n 

CHo CHo 
/ \ 

/ ^ Z n R ZnR 

ZnR CH2 
\ / N CHg 

Meg 
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(RZnOCH2.CH2NMe2)2 tbe n i t r o g e n lone-pair i s i n competition f o r a 

co o r d i n a t i o n p o s i t i o n about the metal, not w i t h three-coordinate oxygen 

but w i t h the f o u r t h valency of the r e l a t i v e l y r a r e l y encountered four-

coordinate oxygen. Although the b e r y l l i u m compound (MeBeSCH2.CH2NMe2)2 

i s also t r i m e r i c and presumably has a s i m i l a r s t r u c t u r e , the p o s i t i o n 

i s confused by the f a c t t h a t (Bu^MgSCH2.CH2NMe2)2 i s a dimer and 

MeBeOCH2.CH2NMe2 i s polymeric. The s i t u a t i o n i s even more complicated 

than t h i s however, the magnesium analogue of the trim e r i l l u s t r a t e d 

above, (MeMgOCH2.CH2NMe2)^ i s tetram e r i c i n s o l u t i o n . 

The complexes formed from Me2Be, Me2Mg and Me2Zn w i t h NNN'-tri-

methylethylenediamine are a l l dimeric i n benzene s o l u t i o n and are 

thought t o have s t r u c t u r e s s i m i l a r t o t h a t i l l u s t r a t e d below f o r 

(MeZnN(Me )CH2. CH2NMe2 ) ^ • 

CHg-MesN Me 
Zn 

CHg-MeN NMeCH2 

Zn 

Me^ "^NMejCHg 
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Methylzinc dimethylketoximate (MeZnON:CMe2)^ i s tetrameric i n 

s o l u t i o n and could conceivably have a s t r u c t u r e analogous to th a t of 

the t e t r a m e r i c alkoxides. I t seems more l i k e l y , however, th a t the 

n i t r o g e n a l s o i s coordinated to the metal. I t was proposed th a t methyl­

zinc acetoximate consisted of two p a r a l l e l six-membered r i n g s and t h a t 

t h a t c o o r d i n a t i o n number of zinc was made up to four by zinc-oxygen 

i n t e r a c t i o n s between the r i n g s . 

MeZn — 0 .C=N ^ ^N=C 

N = CMe2 'J 'iMe 
\ / ^° ^"-^ 

0 ZnMe • Me Zn — 0 "Me 
Me 

This s t r u c t u r e however, l i k e the alkoxide s t r u c t u r e s ,involved several 

four-membered r i n g s . We have now examined the s t r u c t u r e of 

(MeZnON:CMe2)^ i n the c r y s t a l . Coordination does indeed take place 

through both oxygen and n i t r o g e n but a "cage" s t r u c t u r e r e s u l t s i n which 

there are four five-membered r i n g s and two adjacent six-membered r i n g s 

but no four-membered r i n g s . A f u r t h e r outcome of the arrangement i s 

t h a t the four zinc atoms are i n three d i f f e r e n t kinds of environment. 
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2.4 Complexes w i t h 3-atcim donor groups 

Carboxylates, phosphinates, isocyanates and carbodiimides w i l l 

come i n t o t h i s category. Methylzinc acetate from dimethylzinc and 

a c e t i c a c i d , and methylzinc dimethylphosphinate, are in s o l u b l e and are 

probably polymerised by i n t e r a c t i o n between the metal of one r i n g and 

an oxygen of another. An X-ray d i f f r a c t i o n study of [Zn(Bu"pO„)„] , a 

complex v*iich i s r e p r e s e n t a t i v e of a class of z i n c ( l l ) and c o b a l t ( l l ) 

di-n-alkylphosphinate c o o r d i n a t i o n pol3miers, has revealed a s t r u c t u r e 

w i t h a l t e r n a t e s i n g l e and t r i p l e b r i d g i n g phosphinate groups along 

chains of t e t r a h e d r a l l y coordinated zinc atoms (Giordana et a l i i , 1967). 

Although methyl and e t h y l isocyanates are t r i m e r i s e d by the a c t i o n 

of zinc a l k y l s , phenyl isocyanate adds d i e t h y l - or diphenylzinc to give 

t e t r a m e r i c products, (EtZnNPh.COEt)^ and (PhZnNPh.CO.Ph)^. Structures 

i n v o l v i n g zinc-oxygen i n t e r a c t i o n s between two p a r a l l e l eight-membered 

r i n g s were suggested ( c . f . the acetoximate). This arrangement would 

i n v o l v e four-membered zinc-oxygen r i n g s however and i n view of the 

c r y s t a l s t r u c t u r e of methylzinc acetoximate presented, t h i s i s now 

regarded as u n l i k e l y . 

Evidence has r e c e n t l y been presented t o show t h a t the c a t a l y t i c 

species, a c t i v e i n the t r i m e r i s a t i o n of methyl and e t h y l isocyanates, are 

organozinc ureas, (EtZnNPh.CO.NPh2)2 and organozinc carbamates, 

(EtZnNPh.CO.OMe)^. These ureas and carbamates are t r i m e r i c i n benzene 

and are formulated w i t h a six-membered zi n c - n i t r o g e n r i n g which acts as 

a "template" f o r the t r i m e r i s a t i o n of isocyanate (Noltes and Boersma, 

1967). 
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3.1 Preparation, Chemical and Spectroscopic C h a r a c t e r i s t i c s 

I t was a remarkable achievement, considering the spontaneously 

inflammable and a i r - s e n s i t i v e nature of zinc a l k y l s , v^en Butlerow f i r s t 

prepared methylzinc methoxide over a hundred years ago i n 1864. Using 

carbon d i o x i d e as a p r o t e c t i v e atmosphere, Butlerow obtained a colour­

less c r y s t a l l i n e s o l i d from the r e a c t i o n of dimethylzinc w i t h an excess 

of methanol. The methoxide f o r the present work was prepared under a 

dry n i t r o g e n atmosphere by the slow a d d i t i o n of methanol to a s o l u t i o n 

of dimethylzinc i n hexane at -70°, one mole of methane being evolved. 

Me_Zn + MeOH »• MeZnOMe + CH, 

2 4 

The compound c r y s t a l l i s e d as short needles of rectangular cross-section. 

I t has a m e l t i n g p o i n t of 190-191°. Cryoscopic measurements have shown 

t h a t the molecule i s tetram e r i c i n benzene s o l u t i o n . 

The i n f r a r e d spectrum of a s o l u t i o n i n cyclohexane i s v i r t u a l l y 

i d e n t i c a l w i t h t h a t of the s o l i d examined as a Nujol mull and i s 

r e l a t i v e l y simple. Nine of the ten absorption bands between 200 and 

2000 cm. ^ have been assigned (Coates and Ridley, 1965). 

The proton magnetic resonance spectrum of methylzinc methoxide i n 

benzene s o l u t i o n consists of two double peaks, a methoxy doublet and a 

Zn-Me doublet. The Zn-Me doublet collapses over a range of about 10° 

becoming a sharp s i n g l e t a t 45°. The methoxy doublet, i n c o n t r a s t , 

remains a t such even at 100°. Since the corresponding spectrvmi of 
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(MeZnOBu^)^ consists of only two si n g l e sharp peaks, i t was suggested 

t h a t isomeric forms are accessible to the methoxy compound, but denied 

t o the t-butoxy d e r i v a t i v e on account of s t e r i c hindrance (Coates and 

Ri d l e y , 1965). However, subsequent t o the appearance of a pr e l i m i n a r y 

r e p o r t on the c r y s t a l s t r u c t u r e of (MeZnOMe)^ (Shearer and Spencer, 

1966), f u r t h e r i n v e s t i g a t i o n ( A l l e n , Bruce et a l i i , 1966) showed that 

the spectrum of a f r e s h l y prepared s o l u t i o n of the methoxide a t 40° 

shows only one methoxyl resonance and i s thus i n agreement w i t h the 

s t r u c t u r e proposed f o r the c r y s t a l . The existence of the methoxy 

doublet i n the e a r l i e r spectrum has been explained by Bruce and co­

workers, i n terms of e q u i l i b r i u m mixtures i n solutions of methylzinc 

methoxide which have been allowed t o age. 
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3.2 C r y s t a l s 

C r y s t a l s s u i t a b l e f o r the s t r u c t u r e analysis were obtained by 

r e - c r y s t a l l i s a t i o n from hexane and were sealed i n d i v i d u a l l y i n pyrex 

glass c a p i l l a r y tubes i n the dry n i t r o g e n atmosphere of a glove box. 

The compound c r y s t a l l i s e d as translucent needles, however i n s p i t e of 

the elaborate precautions taken t o exclude oxygen and moisture, a f t e r 

s e a l i n g i n c a p i l l a r i e s the c r y s t a l s had a white opaque appearance. 

However, t h i s d i d not seem t o a f f e c t the q u a l i t y of the X-ray 

r e f l e c t i o n s obtained and could only have been due to a surface layer 

of zinc oxide. 

3.3 C r y s t a l Data 

Methylzinc methoxide, (MeZnOMe)^, M.W. = 445*80 

Orthorhombic: needles elongated along b, 

w e l l developed [lool and loOll faces. 

a = 7*481, b = 7*673, c = 29*41 A; 

U = 1688 P; Z = 4 u n i t s of (MeZnOMe)^; 
_2 

D = 1*75: D = 1*754 gm.cm. 

m ' X 

Absorption C o e f f i c i e n t f o r Cu Ka r a d i a t i o n , fi = 67 cm. ^ 

Conditions l i m i t i n g the observed r e f l e c t i o n s : 
hOO 

OkO 

001 

h=2n 

k=2n 

l=2n 
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The space group i s the r e f o r e uniquely determined as. 

Number 19, P2^2^2^. 

The u n i t c e l l dimensions were obtained from precession photographs 

of the hkO and Okl r e c i p r o c a l l a t t i c e nets using Cu Koc r a d i a t i o n 

(A = 1*5418 A). The s t a t i s t i c a l standard deviations i n u n i t c e l l 
o o o lengths were 0*006 A i n a, 0*005 A i n b, and 0*008 A i n c. However, i f 

systematic e r r o r s are included, the u n c e r t a i n t y i s probably of the 

order of O*27o. 

3.4 Data C o l l e c t i o n and Correction 

Three-dimensional i n t e n s i t y data were recorded photographically by 

the e q u i - i n c l i n a t i o n Weissenberg technique using n i c k e l - f i l t e r e d copper 

r a d i a t i o n . The m u l t i p l e f i l m technique was used i n recording the hnl 

nets where n=0 to 7. The i n t e n s i t i e s were estimated v i s u a l l y by 

comparison w i t h a c a l i b r a t e d scale and were placed on a common scale 

using photographs on which timed exposures of d i f f e r e n t nets had been 

made. 

I n the case of high order r e f l e c t i o n s which were s p l i t owing to 

the r e s o l u t i o n of the Ka^, Ka2 doublet, the i n t e n s i t y of the r e f l e c t i o n 

due t o the Kâ ^ component alone was estimated and was m u l t i p l i e d by an 

e m p i r i c a l c o r r e c t i n g f a c t o r of 1*32. 

The usual Lorentz and p o l a r i s a t i o n f a c t o r s were applied and i n the 

case of upper layers the i n t e n s i t i e s were also corrected f o r spot 
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le n g t h ( P h i l l i p s , 1956). On upper layers the i n t e n s i t i e s of the 

contracted spots were not estimated. 

The c r y s t a l used i n data c o l l e c t i o n had the f o l l o w i n g dimensions 

(expressed i n cm.): 

along a, 0*026; along b, 0*090; along c, 0*019 

I n view of the size of the c r y s t a l and the value of M = 67 cm. ^ f o r 

the l i n e a r absorption c o e f f i c i e n t , i t seemed necessary t o co r r e c t the 

i n t e n s i t i e s f o r absorption. This was done using the method of Busing 

and Levy (1957). 
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3.5 The Patterson Function 

The i n t e n s i t i e s were m u l t i p l i e d by a weighting f u n c t i o n w, where 
2 2 

w = exp(12sin d/X. ). The "sharpened" Patterson f u n c t i o n was then 

evaluated: 
h k 1 

P(u,v,w) = " ^ ^ ^ w( h k l ) | F(hkl)[^cos2jrhu.cos23Tkv.cos2irlw 

0 0 0 

'u' was c a l c u l a t e d at i n t e r v a l s of 0*25 A, a/40; 

'v' was c a l c u l a t e d a t i n t e r v a l s of 0*26 A, b/40; 

'w' was c a l c u l a t e d at i n t e r v a l s of 0*25 A, c/120. 

The sjmimetry of the vector set i s Pmmm and the Patterson f u n c t i o n 

was computed over one e i g t h of the u n i t c e l l . 

The three t w o - f o l d screw axes i n the c r y s t a l r e s u l t i n three 

Harker sections i n the Patterson f u n c t i o n : P(i,v,w), P(u,i,w) and 

P(u,v,^). Four Zn-Zn vectors between symmetry r e l a t e d atoms are 

expected i n each Harker section. The Harker sections at (i-,v,w) and 

(u,-g-,w) both contain more than four peaks large enough to be due to 

Zn-Zn vectors. However, the section a t (u,v,^) i s extremely simple, 

c o n t a i n i n g only three resolved peaks, one of vAiich i s large enough to 

a r i s e from the coincidence of two vectors. S t a r t i n g from P(u,v,^) the 

simplest of the Harker sections, and then f i n d i n g consistent vectors 

on P(l^,v,w) and P(u,l^,w), sets of coordinates f o r a l l four zinc atoms 

were found. These p o s i t i o n s were confirmed by f i n d i n g s u i t a b l e peaks 
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i n the Patterson map f o r the four vectors between each p a i r of atoms 

and those atoms r e l a t e d by the S3nmnetry operations of the space group. 

The 24 vectors of t h i s type, together w i t h the 12 Barker peaks, 

accounted f o r a l l the major features of the Patterson f u n c t i o n . 

An attempt was now made t o f i n d the p o s i t i o n s of the oxygen atoms 

by sup e r p o s i t i o n methods but t h i s was unsuccessful. 

At t h i s stage the heavy atom coordinates were: 

Z n ( l ) -0*100 0*200 0*175 

Zn(2) 0*083 0*200 0*083 

Zn(3) 0*083 -0*117 0*142 

Zn(4) -0*275 0*000 0*096 

3.6 L i g h t Atom Positions 

A f i r s t set of s t r u c t u r e f a c t o r s was cal c u l a t e d using the coordin­

ates of the four zinc atoms. The value of the r e s i d u a l , R, was 0*32. 

S l l F o l where R = Fc 
Fo 

A three-dimensional Fo S3mthesis, was then computed using the phase 

angles deduced from the heavy atom p o s i t i o n s . 

The e l e c t r o n density map showed peaks at the p o s i t i o n of the zinc 
o_3 

atoms w i t h heights of 48± 2 e.A . Four peaks w i t h heights between 4*3 

and 5*7 e.X ^ were a t t r i b u t e d to oxygen atoms. Peaks i n p o s i t i o n s com­

p a t i b l e w i t h the four carbon atoms attached t o zinc and also the four 
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o_3 
attached t o oxygen had heights ranging from 2*6 t o 3*7 e.A . There 

o_3 o 3 were two f u r t h e r peaks w i t h heights o f ~ 4 e.A and s i x o f ~ 3 e.A . 

A new set of s t r u c t u r e f a c t o r s were ca l c u l a t e d on the basis of 

the four z i n c , the four oxygen and the ei g h t carbon atoms. Agreement 

w i t h the observed s t r u c t u r e f a c t o r s improved to R = 0*27. The 

c a l c u l a t e d phases were used to compute a second Fo synthesis. The 

peak heights of the oxygen atoms now ranged from 8*0 to 10*6 e.A~^, 

were no those of the carbon atoms from 5*6 t o 6*4 e.£~^. There 

unassigned peaks greater than 3 e.A~^. 

3.7 S t r u c t u r e Refinement 

The p o s i t i o n a l and thermal parameters of the atoms were then 

r e f i n e d by the method of l e a s t squares using the block diagonal approx­

imation. A f t e r three cycles w i t h i s o t r o p i c temperature parameters f o r 

a l l atoms, followed by three cycles w i t h a n i s o t r o p i c temperature 

parameters throughout, the r e s i d u a l had improved to 0*12. At t h i s 

stage many of the intense low order planes were g i v i n g poor agreement 

between observed and c a l c u l a t e d values, so bearing i n mind the possib­

i l i t y of f i n d i n g hydrogen atoms an (Fo-Fc) S3mthesis was calculated. 

The features of the map were: 

0-3 

4 peaks of 4 e.A corresponding t o the Zn atoms, 
0-3 

4 peaks of 1 e.A corresponding to the 0 atoms, 
0-3 

8 peaks of 0'6-0*7 e.A corresponding to the C atoms. 
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No other s i g n i f i c a n t peaks were found. The expected p o s i t i o n s of 

c e r t a i n hydrogen atoms were estimated but s u i t a b l e peaks on the d i f f ­

erence map were not found. 

I t was noted t h a t most of the planes \ i i i i c h gave poor agreement were 

on the Okt and I k ^ l a t t i c e l i n e s and f u r t h e r , that Fo was always pro­

p o r t i o n a l l y greater than Fc. Due to the shape of the c r y s t a l , these 

r e f l e c t i o n s were narrower than the norm, w i t h the r e s u l t t h a t t h e i r 

i n t e n s i t i e s had been overestimated. An attempt was made to corr e c t f o r 

t h i s by an e m p i r i c a l method. 

A f t e r f i v e more cycles of least-squares refinement the R f a c t o r had 

converged t o a value of 0*098. At t h i s p o i n t , i n only 12 out of the 145 

parameters being r e f i n e d , d i d the s h i f t s exceed 1/3 of the corresponding 

e.s.d. As the refinement seemed complete, s t r u c t u r e f a c t o r s were c a l ­

c u l a t e d and used to compute a f i n a l e l e c t r o n density d i f f e r e n c e synthesis. 

The map showed the f o l l o w i n g features: 

0-3 
4 peaks of -h3*5 e.A corresponding t o the Zn atoms, 

°-3 
4 peaks of -t-0*75 e.A corresponding to the 0 atoms, 

o_3 

8 peaks of -HO*45 e.A corresponding to the C atoms. 

The map showed no other pronounced features. 

S t r u c t u r e f a c t o r s were c a l c u l a t e d f o r the.,341 unobserved r e f l e c t ­

i o n s , none of them were s i g n i f i c a n t l y greater than the expected maximum 

value, Fmin. The unobserved planes were not included i n the refinement. 
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F i n a l l y , three cycles of least-squares refinement were applied, 

i n i ^ i c h a l l atoms had a n i s o t r o p i c temperature parameters, and, i n 

a d d i t i o n i n d i v i d u a l scale f a c t o r s f o r the r e c i p r o c a l l a t t i c e nets hOl 

to h71 were r e f i n e d . L i n g a f e l t e r (1966) has pointed out t h a t i f data 

i s c o l l e c t e d about one axis only, i , then there i s complete degeneracy 

between the Û ^̂  and the scale f a c t o r s «^, and i t i s impossible t o 

evaluate them i n d i v i d u a l l y . However, i n t h i s instance, before i n t r o ­

ducing i n d i v i d u a l scale f a c t o r s , the refinement was almost complete 

using experimentally derived values of n^. That we were al l o w i n g f o r 

random e r r o r s i n the s c a l i n g was confirmed by the f a c t that h a l f the '̂ ^ 

values increased while the r e s t decreased. The maximum change i n scale 

f a c t o r obtained was 7'770 and the mean d i f f e r e n c e between the observed 

and r e f i n e d values was 4'370. The treatment had no noticeable e f f e c t on 

the a n i s o t r o p i c v i b r a t i o n tensor elements although the nets were 

c o l l e c t e d up the b a x i s . 

Towards the end of the refinement the s t r u c t u r e f a c t o r s were 

weighted by a f u n c t i o n Vw, given by: 
2 2 

1 - exp( - p. s i n 6/\ ) 
= T ( 1 + p^iFol. + PglFol^ + P J F O | ^ ) 2 

where Pi=35, pg=0*143, P3=0'00286 and p^=0*0000429. 

The l e a s t squares t o t a l s and the v a r i a t i o n of w i t h I F O | and 

w i t h sin^/A are given i n Table 3.1. 



-55-

I n the f i n a l cycle of refinement the l a r g e s t parameter s h i f t was 

only 0*31 of i t s e.s.d. The f i n a l values of the p o s i t i o n a l and thermal 

parameters together w i t h t h e i r e.s.d.'s are given i n Tables 3.2 and 3.3. 

The observed and c a l c u l a t e d s t r u c t u r e f a c t o r s are given i n Table 

3.10. The r e s i d u a l , c a l c u l a t e d over the observed r e f l e c t i o n s only, was 

0*091. 

I n t h i s case and w i t h the other s t r u c t u r e to be described, the 

atomic s c a t t e r i n g f a c t o r s used were those given i n I n t e r n a t i o n a l Tables 

(1962) Volume I I I . The r e a l p a r t of the dispersion c o r r e c t i o n was 

applied i n the case of zinc. 
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(MeZnOMe), TABLE 3.1 4 

Least-Squares Totals 

Number of Observed Planes 1 2 8 7 

S | A | 3 2 7 1 * 4 Z.\FO\ 3 6 0 5 3 * 2 S|Fcf 3 5 2 0 3 - 1 

2 W | A | 1 1 7 3 * 5 2 W | F O | 8 4 9 4 2 * 1 2 W | F C | 8 3 7 8 1 * 3 

R 0 * 0 9 1 

R ' 0 * 0 1 4 

Weighting Analysis 

2 
w . A averaged i n batches and the number of planes per batch 

sind/X 

0 * 0 - 0 * 2 0 * 2 - 0 * 4 0 * 4 - 0 * 6 0 * 6 - 0 * 8 TOTALS 

\M 
0 - 1 2 1 * 2 7 / 5 0 * 6 2 / 3 2 0 * 8 3 / 3 1 1 0 * 9 6 / 4 0 0 * 8 3 / 3 8 8 

1 2 - 2 4 2 * 5 8 / 9 0 * 8 0 / 1 0 3 0 * 9 4 / 3 1 8 3 * 5 6 / 1 0 * 9 5 / 4 3 1 

2 4 - 4 8 2 * 5 5 / 1 2 0 * 6 6 / 1 6 8 1 * 5 6 / 8 4 0 * 0 0 / 0 1 * 0 3 / 2 6 4 

4 8 - 9 7 0 * 7 0 / 2 7 0 * 6 6 / 1 3 2 4 * 1 2 / 2 0 * 0 0 / 0 0 * 7 1 / 1 6 1 

9 7 - 1 9 3 1 * 6 1 / 1 7 1 * 1 5 / 2 3 0 * 0 0 / 0 0 * 0 0 / 0 1 * 3 4 / 4 0 

1 9 3 - U P 1 * 1 8 / 2 0 * 4 6 / 1 0 * 0 0 / 0 0 * 0 0 / 0 0 * 9 4 / 3 

TOTALS 1 * 5 1 / 7 2 0 * 7 1 / 4 5 9 0 * 9 7 / 7 1 5 1 * 0 2 / 4 1 0 * 9 1 / 1 2 8 7 
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(MeZnOMe.)^ TABLE 3.2 

F i n a l Values of Atomic Cordinates and t h e i r Standard Deviations 

Atom x/a y / b z/c o-(x/a) C T ( y / b ) a(z/c) 

Z n ( l ) 0 *06488 -0*13218 0*14018 0.00036 0*00033 0*00008 
Zn(2) -0 ,•11056 0*20635 0*17505 0*00036 0*00036 0 *00008 
Zn(3) 0 •07638 0*20216 0*08147 0*00033 0*00033 0 *00008 
Zn(4) -0 •27936 0.00391 0.09552 0.00034 0.00037 0.00009 

0(1) -0 •18888 -0'043 70 0*16082 0*00158 0*00177 0*00035 
0(2) 0 •13480 0*12551 0*14838 0*00139 0*00165 0*00032 
0(3) -0 •17406 0*25165 0*10674 0*00165 0*00193 0*00037 
0(4) -0 •02347 -0*05070 0*07633 0*00146 0*00178 0*00034 

C ( l ) 0 •18486 -0^35667 0*15084 0 "00346 0*00349 0*00091 
C(2) -0 •18706 0^34069 0*22772 0*00478 0*00328 0*00064 

C(3) 0 •21041 0^33805 0*03824 0*00301 0*00294 0*00066 
C(4) -0 •50146 -0*09036 0*07069 0*00291 0*00357 0 '00060 
C(5) -0 •28915 -0*14623 0*19221 0*00287 0*00345 0*00066 
C(6) 0 •29546 0*17668 0*17051 0*00253 0 *00349 0*00074 
C(7) -0 •27796 0*40778 0.09405 0*00475 0 *00346 0*00074 
C(8) 0 •01720 -0*15176 0*03684 0*00379 0*00319 0*00075 
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(MeZnOMe). 
Figure 3-1 
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3.8 D e s c r i p t i o n and Discussion of Structure 

The molecular arrangement i s shown i n Figure 3.1. 

The zinc atoms l i e at the corners of a tetrahedron and the oxygen 

atoms a t the corners of an i n t e r p e n e t r a t i n g but smaller tetrahedron. 

Thus the zinc and oxygen atoms are four coordinate and are s i t u a t e d on 

a l t e r n a t e corners of a d i s t o r t e d cube. The d i s t o r t i o n can be 

described i n terms of an inward movement of the oxygen atoms along the 

t h r e e f o l d axes of the cube, r e s u l t i n g i n the Zn-O.-Zn angles being 

greater than 90°, and as would be expected the d e v i a t i o n of the angles 

at zinc from the t e t r a h e d r a l are greater than those at oxygen. 

o 
The z i n c - z i n c distances vary from 3*073 t o 3*093 A w i t h a mean 

o 

value o f 3*085 A. The standard deviations obtained d i r e c t l y from co­

ordinate e.s.d.'s are 0*003 A. A f t e r allowance has been made f o r un­

c e r t a i n t i e s i n u n i t c e l l dimensions the standard deviations are 
0 

increased t o 0*007 A and on t h i s basis the diff e r e n c e s i n the zinc-zinc 
distances are not s i g n i f i c a n t . The oxygen-oxygen distances vary from 

o 
2*729 to 2*788 A. These values do not d i f f e r s i g n i f i c a n t l y from one 

o 

another or from the mean of 2*769 A. Within the l i m i t s of experimental 

e r r o r then, the i n t e r p e n e t r a t i n g tetrahedra of zinc and oxygen atoms 

are r e g u l a r . 
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Table 3.5 gives the bond lengths and t h e i r standard deviations. 

The Zn-0 distances are also shown on Figure 3.2. 

o o The mean Zn-C distance of 1*95 A i s less than the sum (2*08 A) of 

the Pauling t e t r a h e d r a l covalent r a d i i but agrees c l o s e l y w i t h the 

l e n g t h of 1*94 A i n dimethylzinc (Rundle, 1963). A shortening of the 

Zn-C bond i n dimethylzinc was explained by invoking hyperconjugation 

i n v o l v i n g the empty 4p o r b i t a l s on zinc. None of the Zn-C distances 

i n methylzinc methoxide d i f f e r s s i g n i f i c a n t l y from the mean value. 

S i m i l a r l y the 0-C distances may be taken t o be the same w i t h a mean of 
o o 1*44 A. This compares c l o s e l y w i t h the value of 1*427 A i n methanol 

(Venkateswarlu and Gordy, 1955) i n s p i t e of the change i n coordination 

number and i n the character of bonding a t oxygen. 

The Zn-0 distances vary from 2*039 to 2*105 A w i t h e.s.d.'s of 
o 

0*012 A. Considering the two extreme lengths, the value of t ^ i s 3*9, 

where t ^ i s a value of the random v a r i a b l e t having a Student d i s t r i b ­

u t i o n w i t h V degrees of freedom, and i s defined by: 
1̂ - 2̂ 

t 
o /(a 2 _ a 2) 

Since the number of planes g r e a t l y exceeds the number of r e f i n e d para­

meters, V i s l a r g e and the t d i s t r i b u t i o n i s normal. For the extreme 

Zn-0 distances, the d i f f e r e n c e i s therefore s i g n i f i c a n t at the 0*01% 

p r o b a b i l i t y l e v e l . The lengths of four Zn-0 bonds are s i g n i f i c a n t l y 
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shorter than 2*105 A, namely: 

Z n ( l ) - 0 ( 2 ) 2*059 A; 

Zn(3)-0(3) 2*051 A; 

Zn(2)-0(1) 2*049 A; 

Zn(4)-0(4) 2*039 A. 

I t i s n o t i c e d t h a t each zinc and each oxygen atom p a r t i c i p a t e s i n one 

of these four short bonds and f u r t h e r t h a t the four short bonds are 

r e l a t e d by a f o u r f o l d i n v e r s i o n a x i s . The mean of the other eight Zn-0 
o 

bonds i s 2*089 A, none of the i n d i v i d u a l values d i f f e r i n g s i g n i f i c a n t l y 

from t h i s . The mean Zn-0 distance taken over a l l twelve values i s 
0 

2*076 A. A s a t i s f a c t o r y explanation f o r the existence of these four 

short bonds has not been forthcoming and i t i s d i f f i c u l t to understand 

why there should be two kinds of Zn-0 bond i n t h i s compound. 

TABLE 3.4 

Zinc-Oxygen Distances 
Experimental Value from; 

Oxyacetate complex 1*98 
(Koyama and S a i t o , 1954) 

ZnCl2(H2NCONHCONH2)2 
B i u r e t zinc c h l o r i d e complex 2*04 
( N a r d e l l i et a l i i , 1963) 

Zn(CgHgON)2(H20)2 
8-hydroxyquinoline complex 2*05 
( M e r r i t t et a l i i , 1954) 

Semi-Empirical Estimate from: 

Pauling t e t r a h e d r a l 
covalent r a d i i 

Tetrahedral covalent 
r a d i i w i t h Schomaker 
Stevenson c o r r e c t i o n 

Pauling c r y s t a l r a d i i 

1*97 

1*90 

2*14 

Crys t a l r a d i i corrected 
fo r change from octahedral 1*99 
to t e t r a h e d r a l coordination 
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Table 3.4 gives some experimental and some semi-empirical zinc-

oxygen distances. The Zn-0 distances observed i n methylzinc methoxide 

are s i g n i f i c a n t l y greater than the value of 1*98 observed i n the zinc 

oxyacetate complex, where zinc has a t e t r a h e d r a l environment, t h i s 

l a t t e r distance agreeing c l o s e l y w i t h the sum of the Pauling t e t r a ­

hedral covalent r a d i i (1*97 A). However, some increase i n Zn-0 

distance over t h a t expected f o r atoms i n a t e t r a h e d r a l environment 

might be expected since both the zinc and oxygen atoms have three 

valence angles near 90°, the atomic o r b i t a l s used i n bond formation 

having increased 'p' character. There i s indeed b e t t e r agreement w i t h 

zinc-oxygen distances measured i n complexes where zinc i s octahedrally 

coordinated as i n the other two compounds shown i n Table 3.4. 

I n the case of zinc-oxygen bonds, comparisons of interatomic 

distances are not very i n f o r m a t i v e about the nature of the bonding. 

There i s agreement between the observed Zn-0 distances i n z i n c i t e (1*95, 
o 

1*98 A) w i t h the sirni of the Pauling t e t r a h e d r a l covalent r a d i i , but the 

issue i s confused by the f a c t t h a t the observed distances also f i t 

reasonably w e l l w i t h the sums of the standard i o n i c r a d i i corrected f o r 

f o u r f o l d c o o r d i n a t i o n . Nevertheless, the Zn-0 bond i s expected to have 

considerable polar character. However, i f an e l e c t r o n e g a t i v i t y 

c o r r e c t i o n i s a p p l i e d , i t leads t o a shortening of the simple covalent 

r a d i i sum, and an even bigger discrepancy from the observed bond length 

i n methylzinc methoxide. 
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I n general, the use of these semi-empirical estimations gives 

Zn-0 distances vifcich are shorter than the distances observed i n methyl­

zinc methoxide. However, the use of t e t r a h e d r a l r a d i i i s not e n t i r e l y 

s a t i s f a c t o r y , since the valence angles a t both zinc and oxygen depart 

considerably from the t e t r a h e d r a l . 

Table 3.7 gives the bond angles w i t h t h e i r standard deviations. 

The Zn-O-Zn angles vary from 94*8° t o 97*2°. The value of t ^ 

between these extreme values i s 3*3 and the d i f f e r e n c e i s s i g n i f i c a n t . 

The average 0-Zn-O angle i s 83*7° but again t ^ f o r the extreme values 

of 82*6° and 85*0° i s greater than 3*8 and the d i f f e r e n c e i s 

s i g n i f i c a n t a t the 0*01% p r o b a b i l i t y l e v e l . The diffe r e n c e s between 

the observed values w i t h i n these two sets of angles are, of course, 

e s s e n t i a l l y connected w i t h the v a r i a t i o n i n the Zn-0 bond lengths 

already discussed. 

The Zn-O-C angles can be taken t o be the same w i t h a mean value 

of 120*9°. However, the 0-Zn-C angles vary between 123*4° and 135*9° 

w i t h an e.s.d. of about 1°. The three such angles associated w i t h 

each zinc show a tendency f o r one t o f a l l a t the lower end of t h i s 

range, one a t the upper and one w i t h an intermediate value. 
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2 093 ^ ^ 0 3>w2083 

(MeZnOMe)4 
Z i n c - O x y g e n Distances 

Figure 3 2 
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(MeZnOMe), TABLE 3.5 

o 0 3 Bond Lengths (A) and their Standard Deviations (A x 10 ) 

Zn(l )-Zn(2) 3'085(4) 
Zn(l )-Zn(3) 3*093(4) 
Zn(2 )-Zn(3) 3'087(3) 
Zn(2 )-Zn(4) 3'078(4) 
Zn(3 )-Zn(4) 3'093(4) 
Zn(4 )-Zn(l) 3'073(4) 

0(1 )-0(2) 2'771(16) 
0(1 )-0(3) 2'770(19) 
0(2" )-0(3) 2'788(16) 
0(2' )-0(4) 2'778(15) 
0(3" )-0(4) 2'729(19) 
0(4; )-0(l) 2'776(15) 

Zn(i; )-C(l) 1'967(27) 
Zn(2; )-C(2) 1'946(23) 
Zn(3; )-C(3) 1'926(21) 
Zn(4: 1-0(4) 1'954(22) 

0(1: »-C(5) 1'426(25) 
0(2: )-C(6) 1'422(23) 
0(3] l-C(7) 1'476(32) 
0(4] l-C(8) 1'429(26) 

Zn(i: -0(1) 2'105(12) 
Zn(i: -0(2) 2*059(13) 
Zn(i: -0(4) 2*087(11) 

Zn(2: -0(1) 2*049(14) 
Zn(2: -0(2) 2*090(11) 
Zn(2] -0(3) 2*093(11) 

Zn(3] -0(2) 2*100(10) 
Zn(3] -0(3) . 2*051(13) 
Zn(3] -0(4) 2*084(14) 

Zn(4] -0(1) 2*069(11) 
Zn(4] -0(3) 2*083(15) 
Zn(4] -0(4) 2*039(11) 



-67-

(MeZnOMe) TABLE 3.7 4 

Bond Angles with their Standard Deviations 

Angle e.s.d. 

Zn(l)-0(1 
Zn(l)-0(1 
Zn(2)-0(1 

Zn(l)-0(2 
Zn(l)-0(2 
Zn(2)-0(2 

Zn(2)-0(3 
Zn(2)-0(3 
Zn(3)-0(3 

Zn(3)-0(4 
Zn(3)-0(4 
Zn(4)-0(4 

0(1)-Zn(l 
0(1)-Zn(l 
0(2)-Zn(l 

0(1)-Zn(2 
0(1)-Zn(2 
0(2)-Zn(2 

0(2)-Zn(3 
0(2)-Zn(3 
0(3)-Zn(3 

0(3)-Zn(4 
0(3)-Zn(4 
0(4)-Zn(4 

-Zn(2 
-Zn(4 
-Zn(4 

-Zn(2 
-Zn(3 
-Zn(3 

-Zn(3 
-Zn(4 
-Zn(4 

-Zn(4 
-Zn(l 
-Zn(l 

-0(2) 
-0(4) 
-0(4) 

-0(2) 
-0(3) 
-0(3) 

-0(3) 
-0(4) 
-0(4) 

-0(4) 
-0(1) 
-0(1) 

95.9 
94-8 
96-8 

96-1 
96-1 
94-9 

96*3 
95*0 
96*8 

97'2 
95*7 
96-3 

83 '4 
83*0 
84-2 

84-
83-
83-

84 
83 
82 

1 
•9 
•6 

•4 
•2 
•6 

0-5^ 
0*4 
0*5 

0*5 
0*4 
0*4 

•5 
•6 
•6 

•6 
•5 
•4 

0-5 
0*4 
0*5 

•5 
•5 
•4 

•4 
•5 
•5 

82'9 
83-7 
85*0 

0*5 
0*5 
0*4 
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(MeZnOMe)^ TABLE 3.7 (continued) 

Angle e. s.d 

0(1)-Zn(l)-C(l) 130-4° 0-9° 
0(2)-Zn(l)-C(l) 134-9 0-8 
0(4)-Zn(l)-C(l) 123 -4 0-9 

0(1)-Zn(2)-C(2) 125-0 0-9 
0(2)-Zn(2)-C(2) 135-6 1-1 
0(3)-Zn(2)-C(2) 127*5 0*9 

0(2)-Zn(3)-C(3) 131-5 0*7 
0(3)-Zn(3)-C(3) 127*9 0-8 
0(4)-Zn(3)-C(3) 130-0 0-7 

0(1)-Zn(4)-C(4) 124-1 0-7 
0(3)-Zn(4)-C(4) 135*9 0*9 
0(4)-Zn(4)-C(4) 128-2 0*7 

Zn(l)-0(1)-C(5) 118-9 1*2 
Zn(2)-0(1)-C(5) 122-3 1*2 
Zn(4)-0(1)-C(5) 121-8 1*1 

Zn(l)-0(2)-C(6) 122-2 1-3 
Zn(2)-0(2)-C(6) 119-2 1-1 
Zn(3)-0(2)-C(6) 121-8 I - l 

Zn(2)-0(3)-C(7) 119-8 1-1 
Zn(3)-0(3)-C(7) 122-7 1*4 
Zn(4)-0(3)-C(7) 120-1 1-4 

Zn(l)-0(4)-C(8) 120*1 1-3 
Zn(3)-0(4)-C(8) 119-2 1-2 
Zn(4)-0(4)-C(8) 122-4 1-3 
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TABLE 3.6 
o 

Non-bonding Intramolecular Distances (A) 
between peripheral carbons 

C( l ) — C(5) 4-08 C(2) — C(6) 4-18 
C(3).....C(7) 4*04 C(4) — C(8) 4-03 
C(3).....C(8) 4*03 C(1)..".C(8) 3 "91 
C( l ) — C(6) 4-21 C(3) — C(6) 4-13 
C(4) — C(7) 4*23 C(4) — C(5) 3*93 
C(2).....C(5) 3*95 C(2) — C(7) 4*02 

Shown i n Table 3.6 are the intramolecular contacts, between peripheral 

carbons, ranging from 3*91 I to 4-23 A. The variation i n these contacts 

appears to follow the trend i n 0-Zn-C angles v^iich has been mentioned. 

The v a r i a t i o n i n the 0-Zn-C angles i s explained to some extent, i n 

terms of short intermolecular contacts. The positions of the carbon 

atoms involved i n these angles appear to be displaced i n such a way as 

to a l l e v i a t e the str a i n arising from short non-bonding distances. The 
o 

non-bonding intermolecular contacts less than 4 A are shown i n Table 3.8. 
o o The short contacts of 3*72 A between C(l) and C(6) and of 3'SB A 

between C(l) and C(2) i n the molecule at -x, y-^, -^-z are consistent 

with the bond angles observed at Z n ( l ) , namely: 

0(2)-Zn(l)-C(l) 134-9°; 
0(1)-Zn(l)-C(l) 130'4°; 
0(4)-Zn(l)-C(l) 123-4°. 

The distance C(l) .....C(2) of 3-88 £ already mentioned i s the only 

short contact involving C(2). Displacement of C(2) away from C(l) i s 
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indeed i n such a direction as to make 0(2)-Zn(2)-C(2) the largest of 

the three angles at Zn(2). 

Displacment of C(4) to make 0(3)-Zn(4)-C(4) the largest of the 

three 0-Zn-C angles at Zn(4) i s i n such a direction as to increase the 
o o 

two short contacts of 3-73 A and 3*77 A between C(4) and atoms related 

to C(8) i n two adjacent molecules. The other six contacts involving 

C(4) are also consistent with the observed order: 
0(3)-Zn(4)-C(4) > 0(4)-Zn(4)-C(4) > 0(1)-Zn(4)-C(4) 

o 

C(3) i s involved i n only one contact less than 4 A, and that, 

with C(8) i n the molecule at -g+x, |--y, -z i s at a distance of 3*99 A. 

Consistently, the range of angles at Zn(3) i s only 3i° whereas i t i s 

more than 10° at the other three zincs. 

Figure3.-3shows the packing of the tetramers viewed in projection 

along the a axis. 

The molecular symmetry i s very nearly 43m. The greatest deviations 

from t h i s are found -for the methyl carbon atoms attached to zinc. Table 

3.9 gives the equations of the six planes which would be required as 

mirror planes i n a molecule of 43m symmetry. The planes have been 

calculated for the pairs of zinc and oxygen atoms both with and without 

the appropriate methyl carbons. 

The inclusion of the eight methyl carbons i n the calculations had 

the effe c t of displacing the mean planes such that, with one exception 
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only, the two zinc atoms and one oxygen atom l i e to one side of the 

plane, with the remaining oxygen atom to the other. I n these cases, 

the deviations of the atoms from the plane are significant as are the 

differences between atoms which would be related by the plane. 

When the carbon atoms are l e f t out of the calculations, each of 

the six sets of atoms, within the l i m i t s of experimental error, i s 

found to be coplanar. I n four cases the deviations from the planes 
o 

are sim i l a r , with a value of about 0*010 A. For the remaining two 

planes the deviations are 0-003 and 0-018 These planes have Zn(3) 

and 0(1) i n common. 

The temperature parameters of the zinc atoms are s l i g h t l y larger 

than those of the oxygen atoms. The form factors used for zinc and 

oxygen were those for neutral atoms. The temperature parameters obtained 

from refinement w i l l tend to allow for the fact that i n t h i s compound the 

zinc atoms are expected to carry a small positive charge and the oxygen 

atoms w i l l be negatively charged. As might be expected, the temperature 

parameters for the carbon atoms, which occupy positions around the 
n °2 

periphery of the molecule, are f a i r l y large, with B values of about 8 A . 

There i s l i t t l e difference between the temperature parameters of the 

carbon atoms attached to zinc and those attached to oxygen. 
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(MeZnOMe)^ TABLE 3.8 

Non-bonding Intermolecular Contacts less than 4 A 

Equivalent Position Number 1 
Equivalent Position Number 2 
Equivalent Position Number 3 
Equivalent Position Number 4 

2-X, 
1+x, 
-X. 

-y, 
f-y, 
l+y, 

1 
2+z; 

Atom A Atom B Equivalent 
Position Cell A-B 

Angstroms 
C(l) 0(2) 1 ( 0, - 1 , 0) 3-99 
C(l) C(2) 4 ( 0, - 1 , 0) 3*88 
C(l) C(4) 1 ( 1, 0. 0) 3*90 
C(l) C(6) 1 ( 0, - 1 , 0) 3*72 

C(3) C(8) 3 ( 0, 0, 0) 3*99 

C(4) Zn(l) 1 (-1, 0, 0) 3*85 
C(4) Zn(3) 1 (-1. 0, 0) 3*89 
C(4) 0(2) 1 (-1, 0, 0) 3*92 
C(4) 0(4) 1 (-1, 0, 0) 3-92 
C(4) C(6) 1 (-1, 0, 0) 3-89 

C(4) C(8) 1 (-1, 0, 0) 3*77 

C(4) C(8) 3 (-1. - 1 , 0) 3*73 
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(HaZnOMe)^ TABLE 3-9 

Eanattona of Leaat-Sguaws Planes referred to the Crratal Amu 

Out-of-Plaao dertatloBfl ()!) 
for atoos defining plane 

Out-of-plane devlatlona'(X) 
for other atoms 

0-&682X • 0-ii862y - 0.0995Z = -0-5392 

Zn(1) Za(2) 0(3) 0(4) C(1) C(2) 0(7) • C(8) 

0.058 0.079 0.035 -0-026 -0.032 -0.071 -0.020 -0.023 

!in(3) Zn(lt) 0(1) 0(2) 0(3) C(lt) C(5) C(6) 

1-551 - 1 ' 5 « -1.321 1-Vt9 i-osk -3-261 -2.Mi6 2-618 

0.866IX • o-i(820y - 0-13252 n .0-6250 

Znd) Zn(2) 0(3) OW 
0-011 -0-010 0-012 -0-012 

Zn(3) ZnW 0(1) 0(2) 

•1-550 -1.543 -1.387 1-38't 

Out-of-Plane doTlatlona (i) 
for atons defining plane 

Out-of-plane derlatlons (X) 
for other atoms 

-0.8Mi(x • 0.3201y - 0.1(3731 » -0-9871 

Zn(2) Zn(3) ^ 0(1) o(l») C(2) 0(3) 0(5) 0(8) 

-0.063 -0.01(5 -0-001 0.029 0.071 0.003 -0-026 0.033 

Znd) Za(l() 0(2) 0(3) 0(1) ' CM 0(6) 0(7) 

- I . 5 W 1.524 -1.1(61 1.326 -2-991 3-009 -2-629 2-526 

-0.83l(Qx + 0.35l0y - 0.42561 = -O.9489 

Zn(2) Zn(3) 0(1) 0(4) 

0.003 -0-003 -0-003 0-003 

Znd) Zn(4) 0(2) 0(3) 
-1-566 1.507 -1.411 1.376 

Out-of-Plane deviations (*) 
for atoms defining plane 

Out-of-Plane deviations (i) 
for other a t a i s 

0.44061 - 0.8382y - O.3215Z = -1-3102 

Zn(3) Zn(4) 0(1) 0(2) 0(3) C(4) 0(5) 0(6) 

-0-008 -0-039 -0-052 0 045 -0-031 0 070 -0-020 0-036 

Znd) Zn(2) 0(3) 0(4) 0(1) c(2) 0(7) 0(8) 

1-548 -1-536 -1-391 1-337 3-286 -3-150 -2-617 2-494 

0-4199)1 - 0-8464y - 0-3278i . -1-8409 

Zn(3) Zn(4) 0(1) 0(2) 

-0-017 • 0-017 -0-019 0-019 

Znd) Zn(2) 0(3) 

1-551 -1-534 -1-368 

0(4) 

1-360 

Out-of-Plano deviations ( ? ) 
for atoos defining plane 

Out-of-Plane deviations (X) 
for other atoos 

0-4422X - 0-O006y - 0-8969z = -3-4499 

Znd) Zn(4) 0(2) 0(5) c d ) 0(4) 0(6) 0(7) 

-0-033 0-006 -0-019 0-058 0-084 -0-073 -0-071 0-048 

Zn(2) Zn(3) 0(1) 0(4) 0(2) 0(3) C(5) 0(8) 

-1-534 1-553 -1-417 -1-359 -3-177 3-136 -2-576 2-536 

0-4534X - 0-0221y - 0-89101 o -3.4412 

Z n d ) Zn(4) 0(2) 0(3) 

0-010 -0-010 -0-011 0-011 

Zn(2) Zn(3) v(1) i.-(4) 

-1-556 1-531 -1-406 1-370 

Ont-of-Plane deviations (X) 
for atoms defining plane 

Out-of-Flane deviations (S) 
for other atoms 

-0-0021X * 0-8282y - 0-56o4z = -1-6162 

Zn(2) Zn(4) 0(2) 0(4) . 0(2) 0(4) 0(6) 0(8) 

0-044 0-071 -6-034 0-036 0-030 -0-115 -0-077 0-045 

Znd) Zn(3) 0(1) 0(3) 0(1) 0(3), 0(5) 0(7) 
-1-535, 1-556 -1-309 1-458 -3-139 3-130 -2-476 2-661 

0-0296X * 0-82987 - 0-55732 " -1-5914 

Zn(2) Zn(4) 0(2) 0(4) 

0-011 -0-011 -0-012 0-012 

Znd) Zn(3) 0(1) 0(3) 

-1-533 1-560 -1-365 1-405 

Out-of-Plano deviations (ii) 
for atoms defining plane, 

Out-of-Plane deviations (X) 
for other atoms 

-0.4383X - 0-48l6y - 0-75892 - -2-7703 

Znd) Zn(3) 0(1) 0(3) 0(1) 0(3) 0(5) 0(7) 

-0.083 -0.045 -0.039 0.029 0-115 -0-022 -0.032 6.076 

2n(2) Zn(4) 0(2) 0(4) 0(2) 0(4) 0(6) 0(8) 

-1-537 1-540 -1-447 1-331' -2-»8 3-170 -2-657 2-452 

-O.413IX - 0-5038^ - 0-75862 . -2-8260 

Znd) Zn(3) 0(1) 0(3) 

0-009 -0-009 -0-010 0-010 

Zn(2) Zn(4) 0(2) 0(4) ' 

-1-535 1-543 -1-386 1-391 
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(MQZHOMQ)^ projection on thg [lOO] plane 

Figure 3-3 



•75-

3.9 The Association of Metal Alkoxides 

Pol3mierisation i n alkoxides i s a manifestation of the tendency of 

the metal to expand i t s covalency by coordination with oxygen. The 

most stable structure formed w i l l be the one containing most i n t e r ­

molecular bonds between adjacent units. This c r i t e r i o n requires that 

the metal alkoxide adopts the smallest possible structural unit which 

i s consistent with a l l the metal atoms attaining a higher coordination 

number while the coordination number of oxygen must not exceed four 

(Bradley, 1958). 

The application of thi s rule to a l k a l i metal alkoxides would 

l i m i t the coordination number of the a l k a l i metal to 3, with a co­

ordination number of 4 for oxygen. The only example i n Group I , for 

which the structure i s known, i s lithium methoxide and with four-co­

ordinate l i t h i u m and five-coordinate oxygen this provides a noteable 

exception to the rule. In l i t h i i m i methoxide the oxygen atoms are 

bonded to a methyl group on one side and coordinated to four lithium 

ions on the other to form a square pyramid with oxygen at the centre. 

The l i t h i u m ions are surrounded by a distorted tetrahedron of oxygen 

atoms. I f the structure i s viewed normal to the four-fold axis, i t i s 

seen to consist of layers ABCBA.ABCBA ... with A=Me, B=0, C=Li. 

Wheatley (1960) has suggested that t h i s feature re f l e c t s some degree of 

covalent character. 

The structures of the alkoxides of titanium have received most 
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attention. Monoethyltriethyl titanate [Ti(0Me)(0Et)^]^ and titanium(lV) 

ethoxide [Ti(OEt)^]^ are both tetramers and adopt structures i n the 

crystal whereby the titanivmi atoms achieve an octahedral environment. 

Monomethyltriethyl titanate has an arrangement i n which the 

titanium atoms i n each tetramer form a planar diamond-shaped pattern 

with three oxygens above and below the plane of the titaniums. Each 

tetramer i s nearly centrosymmetric and there are three types of oxygen 

(Witters and Caughlin, 1965). 

The tetramerio structure of crystalline li(0C2H6)4. structure of T i ( O C H , ) ( O C , H , ) . tetraiiior. Lnrgc circles an; 
titnitiuni atoms; small circles are oxygen atoms; carbons not shown 

In c r y s t a l l i n e [Ti(OEt)^]^ titanixim i s again six-coordinate, four 

TiOg octahedra sharing f i v e common edges. There are two kinds of 

ethoxide bridging groups and i n addition, f i v e independent terminal 

oxygen atoms i n each centrosymme t r i e tetramer (ibers, 1963). Titanium 

methoxide i s also tetrameric and has a similar structure (Wright and 

Williams, 1966). 
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The crystal structure of the f i r s t hydrolysis product, Tx^O^^t^^, 

of titaniimi ethoxide has also been examined (Watenpaugh, 1967). A 

central TiOg octahedron shares six of i t s twelve edges with other TiO^ 

units to form Ti^02^ and a l l titanium atoms are octahedrally 

coordinated. 

An X-ray structure analysis of thallium methoxide (TlOMe)^ revealed 

an arrangement of four thalliimi atoms at the corners of a tetrahedron 

(Dahl et a l i i , 1962). Although i t was not possible to locate the 

positions of the oxygen and carbon atoms, i t was proposed that the 

thallitmi atoms and the methoxide groups occupy the alternate corners of 

a distorted cube i n an arrangement similar to that shown by methylzinc 

methoxide. The coordination number of the thallium atoms i s three. 

Replacing a methyl group i n dimethylzinc by an alkoxy group i s 

expected greatly to increase the acceptor or Lewis-acid character of 

the zinc. And i n a similar way the donor or Lewis-base character of a 

0 CH. 
Et ^ 

^OC,H,OEt 

Et.Al AlEt, 
\ / 

OCgH^OEt 
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metal alkoxide i s greater than either that of an alcohol or ether 

oxygen. The contrast between the donor character of the two kinds of 

oxygen atoms i s clearly demonstrated by the reaction between 2-ethoxy-

ethanol and triethylaluminiiam whereby the chelate complex i s not formed 

but a four-membered ring dimer.instead (Hofmann, 1960). 

O 0 

a 
O Pt 

6 
)CLii[Pt(CHj)^CCI^ 

CH,in[l>t(CHM 

6 
The Btruotore of the tetramerio molecules [Ft(C!H,),Cl]t and [Pt((!H,) J« 

(idealized). 

The chief problem concerned with the structure of methylzinc 

methoxide centres on the apparent existence of two kinds of Zn-0 bond. 

There can be no 'prima facie' reason why a l l these bond lengths should 

not be equal. The phenylaluminium anilide tetramer (MacDonald and 

MacDonald, 1963) already mentioned, trimethylplatinum chloride and 

tetramethylplatinum (Rundle and Sturdivant, 1947) are a l l required to 

have twelve equal bonds i n the 'cube'. A similar situation exists i n 
o 

ethylzinc iodide where there are two long Zn-I bonds of 2-91 A and one 

shorter value of 2-64 A (Moseley and Shearer, 1966). However, the 

steri c problem involved i n packing together iodine and zinc atoms i s so 
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d i f f e r e n t from a situation with zinc and oxygens that the comparison 

is perhaps not very meaningful. 

With the exception of the a l k a l i metal alkoxides, where the bonding 

i s essentially ionic or may be of an electron deficient nature, the 

degree of association i n metal alkoxides i s then limited by a maximum 

coordination number for oxygen of 4. This c r i t e r i o n no longer applies 

i n the case of metal alkylsulphides. A sulphur atom has empty low lying 

d o r b i t a l s , and i t i s large enough to accommodate fi v e groups i n i t s 

coordination sphere. This fact i s probably responsible for the unusually 

varied structures shown by the methylzinc alkylsulphides, i n contrast to 

the more coherent picture for zinc alkoxides. 

Perhaps the most puzzling question i n t h i s context i s why methylzinc 

t-butylsulphide should i n such large part have the "cubane" structure of 

the methoxide and yet, at the eigth corner of the 'cube', instead of a 

fourth MeZn u n i t , a f i f t h MeZnSBu^ unit d i s t o r t s the structure into the 

curious pentameric arrangement described i n §2.2(c). 



(MeZnOMe)^ TABLE 3.10 

Final Values of the Observed and 
Calculated Structure Factors 
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13 
10 
15 

9 
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22 
12 
14 
14 

9 
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26 
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12 
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I I 
19 
16 

4 
6 

I I 
19 

7 
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13 
18 
10 
6 
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7 

13 

I 10 
I I I 
1 13 
I 14 
I 15 
I 16 

18 
I I 
20 
10 
25 
14 
10 
10 

9 
8 
5 
6 

12 
6 

I I 
61 
39 
16 
74 

122 
17 
34 
98 

170 
24 
70 
90 
48 

10 
11 
6 

17 
S 

15 
10 
14 
8 

20 
13 
10 

9 
7 

10 
6 
6 

10 
5 
9 

53 
34 
14 
73 

120 
18 
37 
85 

169 
24 
69 
96 
46 

I 17 
I 18 
1 19 
I 20 
1 21 
1 23 
I 24 
I 25 
1 28 
1 30 
I 31 
1 35 

0 1 
I I 

3 
4 

I 5 
1 i 
1 7 
1 8 
1 9 
I 10 
1 I I 
I 12 
I 13 
I 14 
I 15 
I 16 
1 17 
I 18 
I 19 
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I 23 
I 25 
I 26 
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1 28 
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1 32 
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1 12 
1 14 
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1 16 
I 17 
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I 22 
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I 24 
I 26 

41 
25 
25 
40 
36 
37 
21 
I I 
8 
7 

14 
8 
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85 
75 
63 
45 
70 
63 
56 
88 
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25 
81 
46 
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33 
41 
37 
23 
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24 
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14 
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15 
13 
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44 
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37 
73 
14 
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46 
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62 
44 
15 
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2 i 
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26 
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56 
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3 t It 17 ) 9 
3 2 21 15 U 
3 I II 14 U 
3 2 23 H It 
3 2 14 32 2 « 
3 2 25 35 27 
3 2 27 10 10 
3 2 2 « 31 23 
3 2 29 15 13 
3 2 34 7 9 
4 2 0 (09 <i 
4 2 1 77 71 
4 2 2 2« 29 
4 2 3 23 22 
4 2 4 13 i t 
4 1 5 I I . ! 3 
4 2 6 4 J 50 
4 2 7 55 55 
4 2 » 57 iO 
4 2 9 3« 39 
4 2 10 47 53 
4 2 M 3i - 41 
4 2 . 1 2 59 61 
4 2 13 24 16 
4 2 14 21 26 
4 2 15 9 7 
4 2 16 15 16 
4 2 (7 26 30 
4 2 I I 12 7 

. 4 2 19 10 9 
4 2 20 I I 11 
4 2 21 I I - 14 
4 2 22 24 22 
4 2 23 10' 7 
4 2 24 15 I S 
4 2 26 17 I I 
5 2' 0 25 23 
5 2 1 21 21 
5 2 2 52 49 
5 2 . 3 21 27 
5 2 4 30 29 
5 2 5 15 15 
5 2 7 59 60 
5 2 f 37 40 
5 2 9 13 13 
5 2 10 19 22 
5 2 1 1 44 50 
5 2 12 24 21 
5 2 14 22 25 
5 2 15 I I 10 
S 2 17 I I 21 
5 2 19 16 19 
5 2 20 15 16 
5 2 21 25 25 
5 2 23 14 14 
5 2 24 13 I I 
5 2 2 5" 13 10 

5 2 29 9 I 
6 2 0 I I 16 
6 2 3 10 I I 
6 2 5 34 32 
6 2 6 10 10 
6 2 1 22 23 
6 2 9 33 37 
6 2 10 17 IS 
6 2 12 17 IS 
6 2 13 17 17 
6 2 14 I I 13 
6 2 I S 10 I 
6 2 16 11 10 
6 2 17 10 9 
6 2 IS 11 I I 
6 2 19 13 13 
6. 2 20 IS 16 
6 2 21 14 13 
6 2 22 12 9 . 
6 2 23 10 9 
6 2 24 S S 
6 2 27 7 6 
7 2 0 10 11 
7 2 1 12 I I 
7 2 3 33 2 5 
7 2 4 20 I I 
7 2 5 12 I I 
7 2 6 16 17 
7 2 7 IS 17 
7 2 S 17 I I 
7 2 9 20 17 
7 2 10 15 16 
7 2 15 12 12 
1 2 1 9 9 
1 2 5 IS 12 
8 2 6 11 10 
S 2 9 9 9 
0 3 2 96 79 
0 3 3 107 94 
0 3 4 92 S I 
0 3 5 22 23 
0 3 7 6 2 
0 3 1 99 94 

h k I | F o | | F c | 

0 3 9 51 55 
0 3 10 47 44 
0 3 I I 49 39 
0 3 12 52 45 
0 3 13 44 39 
0 3 14 25 24 
0 3 16 46 43 
0 3 IS 56 55 
0 3 19 36 39 
0 3 20 26 27 
0 3 21 I I 12 
0 3 22 30. 31 
0 3 23 19 20 
0 3 26 9 9 
0 3 2S I 9 
0 3 29 13 12 
0 3 30 19 25 
0 3 31 14 14 
0 3 32 13 12 
0 3 33 S S 
0 3 34 IS 14 
0 3 35 7 6 
1 3 0 109 97 
1 3 I 123 103-
I 3 2 133 111 
1 3 3 15 79 
1 3 4 93 SO 
1 3 5 57 49 
I 3 6 111 95 
1 3 - 7 52 47 
1 .3 S 40 36 
1 3 9 27 2S 
1 3 10' 64 55 
I> 3 ir 15 16 
1 3 12 43 3S 
I 3 13 40 37 
1 3 14 45 40 
I 3 15 34 33 
1 3 16- 5S 56 
I 3 17, 32 32 
I' 3 IS 21 29 
I. • 3: 19 44 42 
I. 3 20' 33 36 
1 3' 21 16 17 
1 3' 22 26 25 
I .3 23 30 26 
1 3 24 14 14 
I 3 25 I I 12 
I 3 21 9 9 
I 3 29 I I 
1 3 30 15 13 
1 3 31 16 14 
I 3 32 6 6 
1 3 34 I S 
1 3 35 6 7 
2 3 0 14 12 
2 3 1 65 57 
2 3 2 137 123 
2 3 3 42 40 
2 3 4 51 51 
2 3 5 36 39 
2 3 6 6S 62 
2 3 7 46 45 
2 3 S 33 38 
2 3 9 34 33 
2 3 10 8 8 
2 3 11 21 25 
t i n I S I I 
2 3 13 67 67 
2 3 14 72 71 
2 3 15 56 57 
2 3 16 17 17 . 
2 3 1 7 40 42 
2 3 IS 53 53 
2 3 19 35 37 
2 3 20 31 33 
2 3 22 9 S 
2 3 23 12 13 
2 3 24 . 19 19 
2 3 25 • 14 14 
2 3 26 1 0 9 
2 3 27 16 16 
2 3 2S I S 
3 3 0 IS 15 
3 3 1 10 I I 
3 3 2 23 25 
3 3 3 39 37 
3 3 4 17 16 
3 3 5 24 26 
3 3 6 9 9 
3 3 7 43 41 
3 3 S I S 20 
3 3 9 16 17 
3 3 10 47 50 
3 3 I I .12 44 
3 3 12 29 32 
3 3 13 2S 29 
3 3 14 72 72 
3 3 15 36 39 
3 3 16 26 2S 

h k I | F o | | F c | 

3 3 17 20 20 
3 3 IS 46 47 
3 3 19 22 24 
3 3 20 I I 13 
3 3 23 I 7 
3 3 25 I 9 
3 3 26 24 21 
3 3 27 12 I I 
3 3 21 7 7 
3 3 30 9 7 
3 3 32 9 9 
4 3 0 60 41 
4 3 1 47 44 
4 3 2 63 61 
4 3 3 15 I I 
4 3 4 42 39 
4 3 6 IS IS 
4 3 7 33 3S 
4 3 S 21 24 
4 3 9 12 I I 
4 3 10 31 34 
4 3 I I 23 25. 
4 3 12 16 I S 
4 3 14 30 33 
4 3 15 35 41 
4 3 16 14 14 
4 3 17 I I 14 
4 3 IS IS 17 
4 3 19 27 28 
4 3 20 9 I I 
4 3 21 12 14 
4 3 23 I I 13 
4 3 24 13 13 

4 3 31 5 4 
5 3 0 58 53 
5 3 1 2S 29 
5 3 2 21 22 
5 3 3 34 36 
5 3 4 34 35 
5 3 5 23 26 
5 3 6 12 16 
5 3 7 10 10 
5 3 9 28 33 
5 3 10 15 19 
5 3 I I 10 8 
5 3 12 13 16 
5 3 13 I I 14 
5 3 14 7 7 
5 3 15 12 14 
5 3 16 7 9 
5 3 17 S 7 
5 3 IS 19 19 
5 3 19 19 19 
5 3 20 7 10 
5 3 21 13 12 
5 3 22 15 15 

5 3 23 ' 8 7 
5 3 24 I S 
5 3 26 7 6 
5 3 27 9 7 
6 3 0 I I 12 
6 3 1 I I 12 
6 3 2 19 20 
6 3 3 15 16 
6 3 5 I I I I 
6 3 6 I I 13 
6 3 7 19 IS 
6 3 9 I 8 
6 3 10 8 12 
6 3 I I 9 10 
6 3 12 9 10 
6 3 13 9 12 
6 3 15 7 5 
6 3 16 I I 12 
6 3 17 16 14 

3 IS I I 9 
3 19 15 14 
3 20 8 6 
3 21 8 8 
3 22 6 7 
3 23 9 8 
3 1 24 18 
3 2 21 15 
3 3 8 7 
3 5 31 25 
3 6 14 12 
3 7 12 12 
3 9 12 10 
3 I I 7 S 
3 12 S 7 
3 13 9 9 
3 16 9 8 
3 17 11 11 
3 20 5 6 
3 21 4 6 

8 3 1 9 8 
8 3 3 8 7 
8 3 6 9 6 
0 4 2 35 29 
0 4 3 61 54 

h k I | F o | | F c | 

0 4 4 S 9 
0 4 5 14 14 
0 4 6 SO S2 
0 4 7 29 29 
0 4 8 52 51 
0 4 9 83 85 
0 4 10 102 103 
0 4 I I 75 68 
0 4 12 76 74 
0 4 13 61 56 
0 4 14 78 71 
0 4 15 20 I I 
0 4 16 22 23 
0 4 17 13 14 
0 4 18 28 30 
0 4 19 23 27 ' 
0 4 20 8 10 
0 4 21 32 28 
0 4 23 22 22 
0 4 24 21 IS 
0 4 25 12 12 
0 4 26 • 9 10 
0 4 21 12 10 
0 4 29 13 12 
0 4 33 10 10 
1 4 0 94 74 
1 4 1 21 20 
1 4 2 115 95 
1 4 3 30 27 
1 4 4 33 31 
1 4 5 63 S4 
1 4 6 60 53 
I 4 7 33 33-
1 4 S • 66 59 
1 4 9 92 SO 
I 4 10 24 23 
I 4 12 81 67 
I 4 13 52 SI 
I 4 14 25 27 
I 4 IS 29 26 
I 4 16 10 9 
I 4 17 21 20 
I 4 18 24 28 
I 4 19 32 32 
I 4 20 33 31 
1 4 21 8 S 
1 4 22 14 I S 
1 4 23 27 22 
I 4 24 27 24 
1 4 25 I I I I 
I 4 26 9 8 
1 4 27 10 9 
I 4 28 13 I I 
I 4 29 9 9 
I 4 30 12 10 
1 4 32 7 8 
2 4 0 63 56 
2 4 1 34 30 
2 4 2 23 24 
2 4 3 80 71 
2 4 4 102 89 
2 4 5 42 44 
2 4 6 15 19 
2 4 7 66 66 
2 4 8 68 66 
2 4 9 54 52 
2 4 10 12 I I 
2 4 I I 32 36 
2 4 12 18 21 
2 4 13 8 8 
2 4 14 7 9 
2 4 15 IS IS 
2 4 16 48 43 
2 4 17 15 17 
2 4 18 14 IS 
2 4 20 26 23 
2 4 21 13 16 
2 4 22 15 13 
2 4 23 6 7 
2 4 24 22 19 
2 4 25 .12 13 
2 4 26 17 15 
2 4 27 9 8 
2 4 28 15 12 
2 4 29 12 13 
2 4 30 9 9 
2 4 31 6 6 
3 4 0 IS 20 
3 4 1 13 13 
3 '4 2 IS 19 
3 4 3 39 39 
3 4 4 68 65 
3 4 5 46 49 
3 4 6 34 33 
3 4 7 33 3S 
3 4 8 71 68 
3 4 9 22 22 
3 4 10 20 2 1 
3 4 12 34 36 
3 4 13 22 25 

• h k I | F o | | F e | 

3 4 14 25 29 
3 4 15 14 17 
3 4 16 12 13 
3 4 1 7 30 29 
3 4 18 19 18 
3 4 19 9 8 
3 4 25 21 19 
3 4 26 IS 14 
3 4 29 10 9 
3 4 30 I I 9 
4 4 0 6 8 
4 4 1 32 31 
4 4 2 17 I I 
4 4 3 27 27 
4 4 4 29 29 
4 4 5 15 17 
4 4 6 17 20 
4 4 7 27 29 
4 4 1 21 24 
4 - 4 9 7 9 
4 4 10 ' 20 21 
4 4 I I 13 13 
4 4 13 IS 18 
4 4 14 15 16 
4 4 16 IS 17 
4 4 17 9 9 
4 4 20 16 14 
4 4 21 20 IS 
4 4 22 9 9 
4 4 23 7 6 
4 4 24 S 9 
4 4 25 19 16 
4 4 26 9 8 
4 4 2S 6 6 

4 4 29 7 7 
5 4 0 26 27 
5 4 1 I I I I 
5 4 2 I S 17 
5 4 3 I I 13 
5 4 4 5 6 
5 4 5 I I 12 
5 4 6 14 14 
5 4 7 9 I I 
5 4 8 16 17 
5 4 9 19 23 
S 4 10 10 10 
S 4 I I 13 I S 
5 4 12 I I 15 
5 4 13 21 24 
5 4 17 7 10 
S 4 I S S 4 
5 4 19 5 5 
5 4 20 16 16 
5 4 21 I 9 
5 4 22 10 8 
5 4 23 5 5 

5 4 24 9 10 
5 4 25 8 7 
6 4 1 I I 10 
6 4 3 10 8 
6 4 . 5 I I 10 
6 4 6 9 I I 
6 4 7 9 10 
6 4 8 9 I I 
6 4 9 10 13 
6 4 10 13 12 
6 4 I I 14 17 
6 4 12 14 12 
6 4 13 12 I 
6 4 14 7 7 
6 4 15 10 13 
6 4 16 12 7 
6 4 21 9 8 
7 4 1 7 7 
7 4 3 10 12 
7 4 5 9 8 
7 4 6 10 10 
7 4 7 9 9 
S 4 I 7 6 
8 4 4 8 6 
8 4 5 9 9 
0 5. 1 31 27 
0 5 2 88 77 
0 5 3 36 35 
0 5 4 32 30 
0 5 5 17 16 
0 5 6 15 13 , 
0 5 7 32 31 
0 5 8 59 SS 
0 5 9 10 10 
0 5 10 77 S3 
0 5 I I 9 10 
0 S 12 52 57 
0 5 13 I I 10 
0 5 14 ' 59 51 
0 5 16 '21 20 
0 5 17 10 12 
0 5 21 18 19 
0 5 2 ! 24 25 
0 5 24 17 17 



-80c-

h k 1 | F o | | F c | 

5 25 
5 26 
5 0 

I 5 10 
I 5 I I 
I 5 12 

5 13 
5 14 
5 15 

I 5 16 
I 5 17 
I 5 19 
I 5 20 
I 5 21 

5 22 
5 23 
5 24 
5 26 

5 10 
5 I I 
S 12 
5 14 
5 15 
5 IS 
5 19 
5 22 
5 23 
5 24 
5 27 
5 0 

3 5 10 

• 15 
13 
75 
28 
37 
44 
12 
29 
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27 
38 
25 
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29 
17 
17 
14 
23 
21 
17 
15 
12 
12 
21 
24 
29 
29 
45 
17 
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14 
26 
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19 
24 
24 
16 
15 
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14 
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14 
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14 
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28 
44 
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17 
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42 
17 
58 
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16 
IS 
15 
10 
15 
12 
I I 
22 
21 
IS 
22 
12 
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13 
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15 
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21 
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6 
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14 
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16 
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16 
13 
14 
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17 
10 
67 
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23 
12 

7 
17 
15 
I I 
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13 

7 
23 
16 
16 
16 
10 
15 
12 
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24 
22 
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22 
14 
20 
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I I 
12 
22 
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17 
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18 
14 
12 
31 

8 
10 
18 
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5 

15 
14 
14 
16 
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14 
13 
16 
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CHAPTER FOUR 

THE CRYSTAL STRUCTURE 
OF 

DIMERIC METHYL(DIPHENYLAMINO)ZINC 
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4.1 Introduction 

Methyl(diphenylamino)zinc i s prepared by heating freshly sublimed 

diphenylamine and dimethylzinc i n a sealed tube at 70°. The white 

c r y s t a l l i n e solid obtained i s recrystallised from benzene as small 

colourless plates, melting point 185°-195°. Molecular weight measure­

ments indicate that i n benzene solution the molecule i s a dimer and has 

to be formulated with three-coordinate zinc as a part of a four-

membered ri n g (Coates and Ridley, 1965). 

Although several associated alkylzinc complexes were dimeric i n 

solution, the existence of three-coordinate zinc i n the solid state 

had yet to be confirmed. I n the c r y s t a l , the alternative to a structure 

incorporating three-coordinate zinc, was an unlikely arrangement i n 

which association through methyl bridges allowed the zinc to become 

four-coordinate. 
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4.2 Crystals 

The crystals obtained from benzene solution were i n the form of 

irregular hexagonal plates. The dimensions (expressed i n cm.) of the 

cry s t a l used for data collection are shown below: 

0 0 2 9 

0 0 1 6 

- 0 054 

As before, the crystals were sealed individually i n glass capillary 

tubes under a dry nitrogen atmosphere. 

4.3 Crystal Data 

Zero level precession photographs, using Mo-K̂  radiation ( = 0*7107 A) 

gave the following unit c e l l dimensions: 

Orthorhombic 

a = 7-57, 

U = 2313 A; 

b = 14-95, 

P2 2 2 • 

c = 20*43 A; 

Z = 4 units of (MeZnNPh2)2; 

Molecular weight of dimer = 497*27; 

Djji = 1*43 gm.cm" ; = 1*426 gm.cm" ; 

Absorption Coefficient for Cu-K̂  radiation, ^ = 27 cm. 
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The s t a t i s t i c a l standard deviations i n unit c e l l lengths were 
o o o 

0*004 A i n a, 0*008 A i n b, and 0*006 A i n c. However, the uncertainty 

i s probably of the order of 0*27o. 

4.4 Data Collection and Correction 

The equi-inclination Weissenberg technique was used to record 

photographically the hnl nets where n=0 to 13. The intensities were 

estimated, corrected for Lorentz and polarisation factors and the 

correlation was carried out as i n the previous chapter. 

I n addition, the inten s i t i e s were corrected for absorption using 

the method of Busing and Levy, but, i n view of the value of ii and the 

small cross-section of the cr y s t a l , these corrections were small. 
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4.5 The Patterson Function 

The Patterson function was calculated using "sharpened" 

i n t e n s i t i e s as coefficients. 

The Patterson function i s extremely simple since there are only 

eight zinc atoms i n the unit c e l l . Superficially the Harker section at 

(u,^,w) contains only one large peak, considerably greater i n height 

than that expected of Zn-Zn vector. On closer inspection however, this 
o 

could be interpreted as containing two peaks about 0*5 A apart. Using 

one of these peaks, x- and z-coordinates were assigned to one zinc atom. 

Consistent vectors of similar peak height on the other two Harker 

sections confirmed these parameters and also fixed, the y-coordinate. 

The coordinates of the atom giving rise to the second Harker peak on 

each section were then assigned, choosing the appropriate peak to give 

Zn^-Zn2 type vectors consistent with those observed. 

I n i t i a l inspection of the P(|-,v,w) and P(u,v,-^) Harker sections 

was confused by the presence on each, of a t h i r d vector with peak height 

much larger than that expected for a vector between zinc atoms. The x-

coordinates of the two zinc atoms are almost X and -̂X, and similarly 

the z-coordinates, Z and •g--Z. Thus Zn(l)-Zn(2) vectors at x=0*48 and 

z=0*49, repeat across the mirror planes at x=^ and z=-g-, resulting i n 

very large non-Harker peaks on the P(-ĝ ,v,w) and P(u,v,^) sections. 

The six Harker peaks together with the four Zn(l)-Zn(2) vectors 
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accounted for a l l the major features of this very simple Patterson 

function. The coordinates of the zinc atoms obtained were as follows: 

Zn(l) 0*125 0*189 0*234 

Zn(2) 0*400 0*054 0*253 

4.6 Light Atom Positions 

As a preliminary to the computation of an electron density map, 

the parameters for the zinc atoms obtained from the Patteron function 

were improved through two cycles of least-squares refinement. 

Structure factors were then calculated and gave a residual of 0*40. 

A three-dimensional Fo synthesis was then calculated. 

Positions for a l l 28 l i g h t atoms other than hydrogen were 

obtained from this f i r s t Fo synthesis. Peaks at the positions of the 

zinc atoms came up to 58 e.£ ^. The minimum peak height shown by a 
0-3 o_3 carbon atom was 2*8 e.A and there was only one false peak (3*4 e.A ) 

greater than t h i s . There were only half a dozen unassigned peaks 
0-3 

greater than 2 e.A . A structure factors calculation based on the 

two zinc, the two nitrogen, and the twenty six carbon atoms gave an R 

value of 0*28. 
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4.7 Structure Refinement 

The atomic parameters were then refined by the method of least-

squares, f i r s t through two cycles with isotropic temperature parameters, 

to an R value of-0*15. Then,after four cycles with anisotropic 

temperature parameters for a l l atoms, the refinement had converged to 

an R value of 0*095. 

F i n a l l y , as with the methoxide, four cycles of least-squares 

refinement were applied i n which individual scale factors for the 

reciprocal l a t t i c e nets hOl to hl31 were refined. As before, this 

treatment had no noticeable effect on the vibration tensor elements ^22' 

but the residual improved to 0*086 and there was marked improvement i n 

several of the carbon-carbon bond lengths. The mean difference between 

observed and refined Ki values was 3*7%. 

In the f i n a l cycle of refinement the largest parameter s h i f t was 

only 0*27 of i t s corresponding e.s.d. The f i n a l values of the 

positional and thermal parameters together with their e.s.d.'s are 

given i n Tables 4.2 and 4.3. 

After the la s t cycle of refinement an (Fo-Fc) sjmthesis was 

calculated as a check against any gross errors i n the structure. I t is 

rather puzzling that once again there were positive peaks on the map at 

atomic positions. I n the case of the zinc, nitrogen and carbon atoms 
0-3 

respectively, there were peaks of height ~3*0, ~0*5 and~0*4 e.A . 

The map showed no other pronounced features. 
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Towards the end of the refinement the structure factors were 

weighted by the same function as for methylzinc methoxide. For methyl-

(diphenylamino)zinc the coefficients used were: 

p^ = 20, P2 = 0*2, p^ = 0*0012, p^ = 0*00003. 

2 

The least-squares totals and the variation of w.A with |Fo| and with 

sin0/A are given i n Table 4.1. 

The observed and calculated structure factors are l i s t e d i n Table 

4.9. The 277 unobserved reflections were given zero weight i n the 

refinement but few have calculated values greater than the minimtrai 

observable values. 
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(MeZnNPh2)2 ^^^^^ 

Least-Squares Totals 

Nimber of Observed Planes 2110 

m 3410*8 2[F O | 39868 •4 2.|FC| 39147*4 R 0*086 
2W | A | ^ 1240*5 2.w|Foj^ 96761 •9 2w|Fc|^ 95492*5 R'0*013 

Weighting Analysis 

2̂ w .A averaged i n batches and the number of planes per batch. 

sin^A 
0*0-0*2 0*2-0*4 0*40-0*6 0*6-0*8 TOTALS 

Fo 
0-14 0*59/20 0*60/162 0*52/894 0*59/169 0*54/1245 

14-28 0*70/14 0*58/185 0*61/274 0-00/0 0*60/473 
28-57 0*74/26 0*75/201 0*89/54 0 *00/0 0*77/281 

57-113 0*67/27 0*60/68 0*00/0 0*00/0 0*62/95 
113-227 0*33/8 1*48/7 0*00/0 0'00/0 0*86/15 
227 UP 0*00/1 0*00/0 0*00/0 0*00/0 0*00/1 

TOTALS 0*64/96 0*65/623 0*55/1222 0*59/169 0*59/2110 
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(MeZnNPh2)2 TABLE 4.2 

Final Values of Atomic Coordinates and their Standard Deviations 

Atom x/a y/b z/c o-(x/a) cT(y/b) o-(z/c) 
Zn(l) 0 •39073 0 •05280 0 •25768 0^00018 0 •00010 0 •00006 
Zn(2) 0 •12508 0 •18927 0 •23172 0*00018 0 •00010 0 •00006 

N(l ) 0 •28735 0 •10959 0 •17377 0^00120 0 •00060 0 •00039 
N(2) 0 •22954 0 •13318 0 •31541 0^00114 0 •00055 0 •00038 

C(l ) 0 •17599 0 •04806 0 •13845 0^00129 0 •00070 0 •00046 
C(2) 0 •18420 0 •03864 0 •07007 ©•00139 0 •00078 0 •00050 
C(3) 0 •07511 -0 •02130 0 •03851 0^00172 0 •00093 0 •00057 
C(4) -0 •04685 -0 •07356 0 •07341 0^00175 0 •00097 0 •00070 
C(5) -0 •05330 -0 •06485 0 •14033 ©•00159 0 •00096 0 •00071 
C(6) 0 •05685 -0 •00703 0 •17233 0•00153 0 •00086 0 •00054 
C(7) 0 •41594 0 •15581 0 •13451 0^00144 0 •00075 0 •00045 
C(8) 0 •39258 0 •24200 0 •11505 0*00164 0 •00089 0 •00059 
C(9) 0 •51798 0 •28802 0 •07721 0^00207 0 •00107 0 •00077 
C(10) 0 •67352 0 •24209 0 •06032 0•00187 0 •00102 0 •00062 
C ( l l ) 0 •70066 0 •15535 0 •07940 0^00176 0 •00100 0 •00066 
C(12) 0 •57037 0 •11114 0 •11752 0^00165 0 •00089 0 •00060 
C(13) 0 •33515 0 •19499 0 -35095 0-00123 0 •00073 0 •00045 
C(14) 0 •32628 0 •20445 0 •41936 0^00147 0 •00081 0 *00051 
C(15) 0 *43727 0 •26616 0 •45032 0^00176 0 •00101 0 *00062 
C(16) 0 *55806 0 •31541 0 •41524 0•00185 0 •00104 0 •00073 
C(17) 0 *56852 0 •30361 0 •34909 0^00174 0 •00112 0 •00080 
C(18) 0 •46098 0 •24519 0 •31778 0^00148 0 *00081 0 •00059 
C(19) 0 •09744 0 •08580 0 •35367 0*00128 0 *00074 0 •00043 
C(20) 0 •12413 0 •00151 0 •37731 0•00168 0 •00088 0 •00054 
C(21) 0 •00052 -0 •0423 7 0 •41665 0*00191 0 •00087 0 •00062 
C(22) -0 •15477 0 •00304 0 •43248 0^00167 0 •00101 0 •00061 
C(23) -0 •18484 0 •08738 0 •40890 0*00174 0 •00102 0 •00063 
C(24) -0 •06017 0 •12946 0 •36924 0^00153 0 •00089 0 •00067 
C(25) 0 •57974 -0 •03121 0 •27561 0^00221 0 •00109 0 •00088 
C(26) -0 •05819 0 •27879 0 •21510 0^00227 0 •00129 0 •00089 
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(MeZnNPh.) 

Figure 4•! 
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4.8 Description and Discussion of Structure 

The arrangement of atoms i n the molecule i s shown i n Figure 4.1. 

As i n solution the molecule i s a dimer and contains a four-

membered zinc-nitrogen r i n g . The nitrogen atoms are four-coordinate 

but the zinc atoms are each bonded to two nitrogens and to a methyl 

carbon and are three-coordinate. I t i s thought that this i s the f i r s t 

example of three-coordinate zinc to have been established by X-ray 

structure analysis. 

The bond lengths and angles are tablulated i n Tables 4.4 and 4.5 

and mean values are i l l u s t r a t e d i n Figure 4.2. 

The two Zn-C lengths are the same within experimental error with 

a mean value of 1*95 £. This distance i s the same as that observed i n 
3 

methylzinc methoxide where zinc i s sp hybridised. One might expect a 
3 2 

change i n bond distance on going from an sp to an sp hybrid state at 

the metal, however i t i s noted that the Zn-C lengths i n : 

Me^Zn - two-coordinate zinc, 

(MeZnNPh2)2 - three-coordinate zinc, 

(MeZnOMe)^ - four-coordinate, 
are a l l the same within experimental error. I n dimethylzinc, zinc i s 

sp hybridised. However, although i n (MeZnNPh2)2 and (MeZnOMe)^, zinc 
2 3 

formally uses sp and sp hybrid o r b i t a l s respectively, i n practice 

the d i s t i n c t i o n i s not so clearcut. I n these compounds the necessary 
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bond angles i n the four-membered r i n g s involve the use by zinc of 

o r b i t a l s w i t h l a r g e 'p' character, and consequently, the o r b i t a l s f o r 

bonding w i t h carbon have greater 's' character than t h e i r formal h y b r i d 

states suggest. 

The four Zn-N lengths are the same w i t h i n experimental e r r o r w i t h 
o 

a mean value of 2*07 A. This distance i s s i g n i f i c a n t l y greater than 
o 

the value of 2*01 A observed i n d i - i m i d a z o l e - z i n c ( l l ) d i c h l o r i d e , 

Zn(C^H^N2)2Cl2, v^iere the environment at zinc i s t e t r a h e d r a l (Lundberg, 

1966), t h i s value being the same as the sum of the Pauling t e t r a h e d r a l 
o 

covalent r a d i i . The le n g t h of 2*07 A does not however, d i f f e r 
0 

s i g n i f i c a n t l y from the distance of 2*09 A i n mono-thiosemicarbazide 

zinc c h l o r i d e where zinc i s four-coordinate but zinc and nitr o g e n are 

p a r t of a five-membered r i n g (Cavalca e t a l i i , 1960). The distance also 

agrees c l o s e l y w i t h the Zn-0 distance observed i n methylzinc methoxide. 

As a net r e s u l t of the d i f f e r e n c e i n size of the two donor atoms and 

the change i n h y b r i d s t a t e of the metal, the two bond lengths become 

equal. 

As w i t h methylzinc methoxide i t i s very d i f f i c u l t to c o r r e l a t e the 

observed bond lengths w i t h the t e t r a h e d r a l covalent r a d i i . The Zn-C 

l e n g t h i s very much shorter than the covalent r a d i i sum, the Zn-N len g t h 

much longer; s i m i l a r t o the e f f e c t noticed i n methylzinc methoxide. 

Although some increase i n Zn-N and Zn-0 lengths over the predicted 

values i s expected, i n view of the valence angles i n the r i n g s , i t i s 



-94-

not c l e a r why the Zn-C length should be so much shorter than the value 

derived from the covalent r a d i i . 

Purely covalent bonding places formal charges of +1 on ni t r o g e n 

and -1 on z i n c , however the bond would be expected to have enough i o n i c 

character t o give the zinc atoms small p o s i t i v e charges and small 

negative charges t o the nitrogens. The observed Zn-N distance i s 

con s i s t e n t w i t h the Zn-N bonds having appreciable polar character. 

A l l four N-C lengths may be taken t o be the same w i t h i n 
o 

experimental e r r o r w i t h a mean value of 1'44 A. This distance i s 
o 

s i m i l a r t o the value of 1*426 A i n a c e t a n i l i d e ( i n t e r a t o m i c Distances, 

1958). 

The mean bond angle i n the phenyl groups i s 120*0° and the mean 

C-C bond l e n g t h , 1*39 X, none of the i n d i v i d u a l values d i f f e r i n g 

s i g n i f i c a n t l y from the mean. This distance can be compared w i t h the 
o 

value of 1*397 A found i n benzene. I f the i n d i v i d u a l values of the 

bond lengths and bond angles i n the phenyl groups are regarded as 
o 

estimates of the same q u a n t i t y , s t a t i s t i c a l standard deviations of 0*021 A 

i n bond le n g t h and 1*5° i n bond angle can be deduced. The average values 

of the standard deviations f o r these bond lengths and angles obtained 
o 

from the least-squares estimates of the coordinate e r r o r s are 0*018 A 

and 1*2°; 15% and 20% less than the above values. Standard deviations 

obtained using the method of l e a s t squares w i t h the block diagonal 

approximation are indeed o f t e n thought t o be somewhat o p t i m i s t i c (Hodgson 
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and R o l l e t t , 1963). However unless otherwise stated the e.s.d.'s used 

here f o r s i g n i f i c a n c e t e s t s were unmodified values obtained by 

i n v e r s i o n of the block-diagonal least-squares matrix. 

The mean Zn-N-Zn and N-Zn-N angles are r e s p e c t i v e l y 89*4° and 90*6°, 

the i n d i v i d u a l values agreeing very c l o s e l y . The d i f f e r e n c e between 

these two mean values i s considered s i g n i f i c a n t . I n methylzinc methoxide 

the angles a t zinc deviate more from the t e t r a h e d r a l value than those at 

oxygen, however i n the methyl(diphenylamino)zinc dimer, zinc i s fo r m a l l y 
2 3 sp h y b r i d i z e d , n i t r o g e n sp , and the combined e f f e c t appears to r e s u l t 

i n a s i t u a t i o n i n which the angles a t zinc are s l i g h t l y greater. 

Since the Zn-N-Zn angles are approximately 90°, the other angles 

a t n i t r o g e n are considerably greater than t e t r a h e d r a l . This increase 

i s g r e a t e s t i n the case of the C-N-C angles which have a mean value of 

115*2°. I n t h i s way the separations between atoms i n adjacent phenyl 

groups are made as large as possible. The Zn-N-C angles vary from 

107*7° t o 116*2° and w i l l be discussed l a t e r . 

Of the eig h t N-C-C angles, N(2)-C(13)-C(14) had a value of 123*1° 

and t h i s i s f o r m a l l y greater than the expected value of 120°. Increase 

i n t h i s angle increases the separation of C(14) from the phenyl group 

C(19) t o C(24). The r e l a t e d angle N ( l ) - C ( l ) - C ( 2 ) has a value of 122*4° 

but i n t h i s case the d i f f e r e n c e from 120° i s not s i g n i f i c a n t . 

Although none of the C-C-C angles d i f f e r s i g n i f i c a n t l y from the 

mean value of 120°, i n each of the four cases, the value of the r i n g 
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angle a t carbon bonded t o n i t r o g e n c a l c u l a t e s at less than 120 . I n 

triphenylaluminium (Malone and MacDonald, 1967) the corresponding 

angles are less than 120° and s i m i l a r s t e r i c f a c t o r s may operate i n the 

two cases. 

The equations of the mean planes through the four Ĉ Ĥ N groups are 

as f o l l o w s : 

Out-of-Plane C ( l ) 

-0'6951x + 0«7126y - 0'0950z = -0*6897 

0(2) 0(3) 0(4) 0(5) 0(6) N ( l ) 
dev i a t i o n s (A) 0*007 -0*004 -0*007 0*010 0*007 -0*019 0*007 

Out-of-Plane C(7) 
o 

de v i a t i o n s (A) 0*009 

-0*4414x - 0*3261y - 0*8360z = -4*4561 

0(8) 
-0'001 

C(9) 
0*002 

0(10) 
-0*006 

0(11) 
0*001 

0(12) 
0*001 

N ( l ) 
-0*006 

Out-of-Plane 
o 

de v i a t i o n s (A) 

-0*6810x + 0*7211y - 0*1276z = -0*5624 

0(13) 0(14) 0(15) 0(16) 0(17) 0(18) N(2) 
0*021 -0*010 0*002 0*002 -0*007 -0*000 -0*008 

Out-of-Plane 0(19) 
de v i a t i o n s (A) 0*021 

-0*4258x - 0*3782y 

0(20) 0(21) 

0*8220z = -6*7595 

0*015 0*001 
0(22) 
0*021 

0(23) 
-0*005 

0(24) 
0*021 

N(2) 
-0*030 

With the exception of the group 0(19) to C(24), N(2), the values of 

are a l l less than 6*6, and these three phenylamine groups are 

considered t o be planar. For the best plane through 0(19) to 0(24), and 

N(2), X = 25*7 and f o r v=4 the d e v i a t i o n from p l a n a r i t y must be 



-97-

considered s i g n i f i c a n t a t the 0*1% p r o b a b i l i t y l e v e l . The phenyl group 

0(19) to 0(24) alone i s s t r i c t l y planar, being only 0*8. 

The planes of the two phenyl r i n g s bonded to the same ni t r o g e n atom 

are i n both cases almost perpendicular to each other. The dihedr a l 

angle between the mean planes through 0(1) t o 0(6) and 0(7) t o 0(12) i s 

81*3°. The corresponding value f o r the phenyl groups attached to N(2) 

i s 83*1°. The two c i s phenyl r i n g s which are bonded to d i f f e r e n t 

n i t r o g e n atoms are also approximately perpendicular. Values of these 

d i h e d r a l angles are: 

0(1) t o 0(6) and 0(19) to 0(24), 84*7°; 
0(7) to 0(12) and 0(13) to 0(18), 80*3°. 

These angles are s i m i l a r t o those found between phenyl r i n g s attached t o 

phosphorus i n p h e n y l t r i p h o s p h o n i t r i l e s where the environment of phosphorus 

i s s i m i l a r t o t h a t of n i t r o g e n i n methyl(diphenylamino)zinc. I n the two 

p h e n y l t r i p h o s p h o n i t r i l e s which have been studied the mean dihedral angle 

between phenyl r i n g s i s 86*7° (Mani, Ahmed and Barnes, 1966). 

The d i h e d r a l angles between the best plane through the zinc-nitrogen 

r i n g and the planes of the phenyl groups 0(1) to 0(6) and 0(13) to 0(18) 

are 90° w i t h i n experimental e r r o r . This equalises the contacts between 

the two zinc atoms and 0(6), and s i m i l a r l y those w i t h 0(18). The d i ­

hed r a l angles between the plane of the r i n g and the planes of phenyl groups 

0(7) t o 0(12) and 0(19) to 0(24) are 56*1° and 53*3° r e s p e c t i v e l y . 

-oOo-
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Some Mean Bond Lengths and Angles 

Figure 4 2 
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(MeZnNPh2)2 ^^^^^ •̂'̂  

Bond Lengths (A) and t h e i r Standard Deviations (A x 10 ) 

Zn(l)-C(25) 
Zn(2)-C(26) 
Z n ( l ) - N ( l ) 
Z n ( l ) - N ( 2 ) 
Z n ( 2 ) - N ( l ) 
Zn(2)-N(2) 
N ( l ) - C ( l ) 
N ( l ) - C ( 7 ) 
N(2)-C(13) 
N(2)-C(19) 

C ( l ) - C ( 2 ) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C( 6 ) - C ( l ) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(11) 
C(11)-C(12) 
C(12)-C(7) 
C(13). 
C(14)-
0(15). 
C(16). 
C(17)-
C(18). 
0(19)-
C(20)-
C(21)-
C(22)-
C(23)-
0(24)-

•C(14) 
•0(15) 
•0(16) 
•C(17) 
•0(18) 
•0(13) 
0(20) 
0(21) 
0(22) 
C(23) 
0(24) 
0(19) 

1*939(17) 
1*958(18) 
2*067(8) 
2*080(8) 
2*081(9) 
2*062(8) 
1*442(13) 
1*438(14) 
1*422(13) 
1*454(13) 

•406(14) 
*379(17) 
•404(19) 
*374(20) 
•368(18) 
•404(16) 
•360(17) 
•405(20) 
•406(21) 
•370(21) 
•420(19) 

1*391(17) 
•406(14) 
•399(18) 
•376(20) 
•365(22) 
•355(19) 
•389(15) 
•365(17) 
•397(18) 
•396(19) 
•369(21) 
•394(19) 
-397(16) 
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(MeZnNPh2)2 TABLE 4.5 

Bond Angles w i t h t h e i r Standard Deviations 

Angle e. 5. d. 

Zn(2)-N(2)-Zn(l) 89 •4 0 *3° 
Z n ( 2 ) - N ( l ) - Z n ( l ) 89 *3 0 •3 

N(l)-Zn(2)-N(2) 90 *7 0 •3 
N ( l ) - Z n ( l ) - N ( 2 ) 90 *6 0 *3 

0(26)-Zn(2)-N(2) 133 •9 0 •6 
C(26)-Zn(2)-N(l) 135 *3 0 *6 
C ( 2 5 ) - Z n ( l ) - N ( l ) 134 *6 0 *6 
0(25)-Zn(l)-N(2) 134 *5 0 *6 

Zn(2)-N(2)-0(19) 112 *3 0 *6 
Zn(l)-N(2)-C(13) 109 •6 0 •6 
Z n ( 2 ) - N ( l ) - C ( l ) 107 *7 0 *6 
Z n ( l ) - N ( l ) - 0 ( 7 ) 113 *8 0 *7 
Zn(2)-N(2)-0(13) 112 *0 0 *6 
Zn(l)-N(2)-C(19) 115 *3 0 •6 
Zn ( 2 ) - N ( l ) - 0 ( 7 ) 116 *2 0 *7 
Z n ( l ) - N ( l ) - 0 ( 1 ) 112 *0 0 *6 

0(19)-N(2)-0(13) 115 *4 0 *8 
0(1)-N(1)-4C(7) 115 *1 0 *8 

N ( l ) - 0 ( 1 ) - C ( 2 ) 122 *4 0 •9 
N ( l ) - 0 ( l ) - 0 ( 6 ) 120 *2 0 •9 
N ( l ) - C ( 7 ) - 0 ( 8 ) 122 •0 1 *0 
N(l)-C(7)-0(12) 118 •5 1 *0 

N(2)-0(13)-C(14) 123 *1 0 *9 
N(2)-0(13)-C(18) 119 •2 0 *9 
N(2)-0(19)-C(20) 122 •5 0 *9 
N(2)-0(19)-C(24) 118 *9 1 •0 
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(MeZnNPh2)2 TABLE 4.5 (continued) 

Angle e. s. d. 
C(l)-C(2)-C(3) 120 •2° 1 *0° 
0(2)-C(3)-C(4) 121 •2 1 •1 
C(3)-C(4)-C(5) 118 •4 1 •2 
C(4)-C(5)-0(6) 120 •9 1 •2 
C(5)-C(6)-C(l) 121 *8 1 •1 
C(6)-C(l)-C(2) 117 •4 1 *0 

0(7)-C(8)-0(9) 122 •5 1 •2 
C(8)-C(9)-C(10) 117 •5 1 •4 
C( 9 ) - C ( 1 0 ) - C ( l l ) 121 •2 1 •3 
C ( 1 0 ) - C ( l l ) - 0 ( 1 2 ) 119 •5 1 •3 
0(11)-C(12)-C(7) 119 •8 1 •2 
C(12)-C(7)-C(8) 119 •4 1 •1 

C(13)-C(14)-C(15) 119 •9 1 •G 
0(14)-0(15)-0(16) 121 •1 1 •2 
C(15)-0(16)-C(17) 119 •0 1 •4 
C(16)-0(17)-0(18) 121 •1 1 •4 
C(17)-C(18)-C(13) 122 •0 1 •2 
C(18)-C(13)-0(14) 117 •6 1 •0 

0(19)-C(20)-C(21) 122 *5 1 *2 
C(20)-C(21)-C(22) 118 •0 1 •2 
0(21)-C(22)-0(23) 120 *4 1 *2 
C(22)-C(23)-C(24) 120 •5 1 •2 
C(23)-0(24)-C(19) 120 •0 1 •2 
C(24)-0(19)-C(20) 118 •5 1 •0 

LIBRAS^ 
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Although the space group does not impose any symmetry on t h i s 

molecule, the molecular sjmimetry i s nearly 2/m. I n a d d i t i o n t o a centre 

of symmetry a t the centre of the four-membered r i n g , t h i s symmetry would 

r e q u i r e the molecule t o possess a twofold axis along the d i r e c t i o n : 

0 ( 2 5 ) - Z n ( l ) - Z n ( 2 ) - 0 ( 2 6 ) , 

and a m i r r o r plane co n t a i n i n g the atoms: 

0(1) t o 0 ( 6 ) , 0 ( 7 ) , 0 ( 1 0 ) , N ( l ) , N(2), 0(19), 0(22), 0(13) t o 0(18). 

A s u p e r f i c i a l examination of the Zn-N-0 angles, which vary from 107*7° 

t o 116*2° shows t h a t the l a t t e r two symmetry r e l a t i o n s h i p s apply t o only 

a very rough extent. 

The equation of the best plane through the four r i n g atoms, 

together w i t h the distances of atoms from the plane are given below: 

-0*7091x - 0*7048y - 0*0214z= -2*7705 

Deviations (A) of atoms Z n ( l ) Zn(2) N ( l ) N(2) 
d e f i n i n g the plane 0*003 0*003 -0*003 -0 *003 

,o. 
Deviations (A) of 0(1) 0(7) 0(13) 0(19) 0(25) 0(26) 
other atoms 1*259 -1*164 -1*237 1*189 -0*134 0*052 

The distances of the methyl carbon atoms 0(25), 0(26) from t h i s plane 

show t h a t these atoms are non-coplanar w i t h the r i n g . 0(25) and C(26) 

l i e on opposite sides of the r i n g but a t s i g n i f i c a n t l y d i f f e r e n t 

distances from i t . 
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The atoms C(25), Z n ( l ) , Zn(2), 0(26) required by a molecule of 

S3niimetry 2, t o l i e on a tw o f o l d a x i s , are c l e a r l y not co l i n e a r . The 

distances from the plane, of the phenyl carbon atoms bound to n i t r o g e n , 

also d i f f e r s i g n i f i c a n t l y from each other. 

Shown below i s the equation of the best plane through the group of 

atoms r e q u i r e d to l i e on a m i r r o r plane i n a molecule of symmetry m. 

The out-of-plane dev i a t i o n s i n d i c a t e the way i n which the molecule 

deviates from t h i s symmetry. 

-0*6571x + 0*7320y - 0*1798z = -0*8538 

0(6) 0 ( 5 ) 0(1) 0(4) 0(2) 0(3) 0(7) 0(10) N ( l ) 
-0*139 -0*107 -0*005 0*012 0*102 0*105 -0*005 -0*071 -0*016 

0(15) 0(14) 0(16) 0(13) 0(17) 0(18) 0(19) 0(22) N(2) 
-0*064 -0*073 0*003 0*030 0*065 0*075 0*008 0*068 0*010 

The phenyl groups C ( l ) t o C(6) and C(13) to C(18) are twiste d out of 

t h i s plane along the d i r e c t i o n s N ( l ) - C ( l ) - C ( 4 ) and N(2)-C(13)-C(16) 

r e s p e c t i v e l y . The two r o t a t i o n s are i n the same d i r e c t i o n however and 

the r e s u l t i n g d i h e d r a l angle between these two phenyl groups i s only 2*1 

The de v i a t i o n s from 2 and m symmetry are then q u i t e e a s i l y 

demonstrated as being s i g n i f i c a n t . To check the v a l i d i t y of the centre 

of symmetry i s however a d i f f e r e n t matter. 

o 
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We have seen t h a t the Zn-N-C angles vary from 107*7° to 116*2°, 

however the p a i r s of Zn-N-C angles r e l a t e d by the molecular centre are equal 

w i t h i n experimental e r r o r : 

Zn(l)-N(2)-C(13) 109*6° Zn(2)-N(2)-C(13) 112^0° 
Z n ( 2 ) - N ( l ) - C ( l ) 107-7° Z n ( l ) - N ( l ) - C ( l ) 112-0° 

Zn(l)-N(2)-C(19) 115*3° Zn(2)-N(2)-0(19) 112*3° 
Zn(2)-N(l)-C(7) 116*3° Z n ( l ) - N ( l ) - C ( 7 ) 113*8° 

Table 4.6 shows the atomic coordinates r e f e r r e d to an o r i g i n at 

0*2575, 0*1214, 0*2449 ( n e a r l y obtained by averaging the 

p o s i t i o n a l parameters w i t h equal weights f o r a l l atoms. 

TABLE 4.6 

o 
Atomic Coordinates (A) r e f e r r e d t o the c r y s t a l axes, 

molecular centre as o r i g i n 

Z n ( l ) 1*009 -1 *026 0*260 N ( l ) 0*226 -0*177 -1 *454 
Zn(2) -1*003 1 *015 -0*270 N(2) -0*212 0*176 1 *440 
0(1) -0*617 -1 *097 -2*175 C(7) 1*200 0*514 -2 •256 
0(13) 0*588 1 *100 2*166 0(19) -1*212 -0*532 2 *221 
C(2) -0*555 -1 *237 -3*572 C(8) 1*023 1*803 -2 *654 
0(14) 0*521 1 *242 3*564 0(20) -1*010 -1*792 2 *704 

0(3) -1*381 -2 *133 -4*217 0(9) 1*973 2*491 -3 *427 
C(15) 1*361 2 •164 4*196 0(21) -1*946 -2*448 3 *508 

C(4) -2*305 -2 •915 -3*504 0(10) 3*151 1*804 -3 •772 
0(16) 2*276 2 •900 3*479 0(22) -3*122 -1*770 3 •832 

0(5) -2*354 -2 •785 -2*137 0(11) 3*356 0*507 -3 •382 
C(17) 2*355 2 •724 2*128 0(23) -3 *350 -0*509 3 •350 

0(6) -1*519 -1 •920 -1*483 C(12) 2*369 -0*153 -2 *603 
0(18) 1*541 1 •851 1*488 0(24) -2 *406 0*120 2 •540 

0(25) 2*440 -2 •282 0*627 C(26) -2*391 2*353 -0 •610 
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I n only 7 out of the 45 p a i r s of parameters r e l a t e d by t h i s centre does 
0 

the d i f f e r e n c e i n coordinates d i f f e r by more than 0*05 A, the greatest 
o 

d i f f e r e n c e being 0*081 A. The greatest d i f f e r e n c e s are associated w i t h 

the carbon atoms. The di f f e r e n c e s i n coordinates between the phenyl 

groups 0(13) to 0(18) and C(19) to 0(24) and those r e l a t e d to 0(1) to 

0(6) and 0(7) to 0(12) r e s p e c t i v e l y by in v e r s i o n through t h i s centre 

appear t o be systematic. The two sets of coordinates may be made almost 

the same by r o t a t i o n of the phenyl group 0(13) t o 0(18) about an axis 

passing through the midpoints of the bonds 0(13)-0(18) and 0(15)-0(16). 

I n the case of the phenyl group 0(19) to 0(24) the r o t a t i o n i s about an 

axis through the midpoints of C(19)-C(20) and C(22)-0(23). 

Since i n only a small number of cases were the differences between 

r e l a t e d atoms considered s i g n i f i c a n t , i t was thought desirable to make a 

more systematic examination of t h i s apparent symmetry. A d e t a i l e d 

s t a t i s t i c a l treatment (Appendix II)shows t h a t the f u n c t i o n 

x,y,z 
where x^, Xg are the x-coordinates, r e f e r r e d t o the c r y s t a l o r i g i n , of atoms 

approximately r e l a t e d by the centre under discussion, and ai , cxz are 
the associated e.s.d.'s, 

d i s t r i b u t e s as x^ . 
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The summations were c a r r i e d out independently along the three 

a x i a l d i r e c t i o n s and r e s u l t e d i n values f o r x ^ of 33 along x, 46 

along y, and 66 along z, each value associated w i t h 14 degrees of 

freedom. The o v e r a l l value of x ^ f o r the apparent c e n t r i n g i s 146 and 

f o r V = 42 t h i s corresponds to a p r o b a b i l i t y of less than 0*1%. The 

s t r u c t u r e i s not t h e r e f o r e regarded as possessing a centre of symmetry. 

Even using values of the e.s.d.'s increased by 157o, as suggested from 

analysis of the dimensions of the phenyl groups, t h i s conclusion i s not 

a l t e r e d . 

I t seems l i k e l y t h a t w i t h less bulky substituents on the n i t r o g e n 

atoms, the r e s u l t i n g compound would have been able to r e t a i n the 

inherent symmetry i n t h i s dimeric arrangement and t h a t such a s t r u c t u r e 

would be c e n t r i c . 

-oOo-
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TABLE 4.7 

Short Non-bonding Intramolecular Distances 

0(2)..... 0(7) 2 •81 0(14)..... 0(19) 2 •82 
0(1) 0(12) 3 *16 0(13)..... 0(24) 3 •17 
0(2)..... 0(12) 3 *27 0(14)..... 0(24.) 3 •30 
0(1)..... 0(8) 3 *37 0(13)..... 0(20) 3 •35 
0(2) 0(8) 3 •55 0(14)..... 0(20) 3 *51 
0(6) , „ 0(7) 3 •73 0(18)..... 0(19) 3 *71 

0(25)... ..0(12) 3 •87 0(26)..... 0(24) 3 *86 

o 

Shown i n Table 4.7 are the non-bonding contacts shorter than 4 A. 

Contacts between carbons bonded to a common atom are not included. The 

two methyl carbon atoms are each involved i n only one contact less than 
o o 

4 A, of which t h a t between 0(25) and 0(12) has a value of 3*87 A. The 
contact i n v o l v i n g 0(26) i s seen to be given by i n v e r t i n g C(25)..... 0(12) 

through the molecular centre and has a s i m i l a r value. 

A l l other short intramolecular contacts are between carbon atoms 
o 

i n adjacent phenyl groups. There are several contacts less than 3*7 A 
o 

and two have values of 2*8 A. Although t h i s l a t t e r distance i s less 

than the sum o f the van der Waals r a d i i of two carbon atoms, i t i s not 

considered unusual i n a molecule which contains two phenyl groups 

bonded t o a common atom. Again, the p a i r s of contacts between atoms 

approximately r e l a t e d t o each other by i n v e r s i o n through the molecular 

centre are very s i m i l a r i n value. 
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(MeZnNPh2)2 TABLE 4.8 

Non-bonding Intermolecular Contacts less than 4 A 

Equivalent P o s i t i o n Nimiber 1 
Equivalent P o s i t i o n Number 2 
Equivalent P o s i t i o n Nimiber 3 
Equivalent P o s i t i o n Number 4 

X, y, 
2-x, - y , h^, 7-y, 
-X, 2+y, 

z; 

Atom A Atom B Equivalent Oell A-B Atom A Atom B P o s i t i o n Oell Angstroms 

0(10) 0(26) 1 ( 1, 0, 0) 3*80 
C(10) 0(9) 3 ( 0, 0, 0) 3*86 
0(10) C(8) 3 ( 0, 0, 0) 3*96 
0(11) 0(26) 1 ( 1, 0, 0) 3^80 
0(11) 0(4) 1 ( 1, 0, 0) 3 .92 
0(11) 0(3) 1 ( 1, 0, 0) 3^96 
0(11) C(5) 1 ( 1, 0, 0) 3^98 
0(12) 0(5) 1 ( 1, 0, 0) 3*91 
C(14) C(3) 2 ( 0, 0, 0) 3*74 
0(14) 0(4) 4 ( 0, 0, 0) 3*94 
0(15) 0(23) 3 C 0, 0, 1) 3*73 
G(15) 0(4) 4 ( 0, 0, 0) 3*84 
0(15) 0(4) 2 ( 0, 0, 0) 3*91 
0(15) 0(14) 3 ( 0, 0, 1) 3*96 
0(16) 0(3) 4 ( 1, 0, 0) 3^82 
0(16) 0(2) 4 ( 1, 0, 0) 3*88 
C(16) 0(23) 1 ( 1, 0, 0) 3-93 
0(16) 0(14) 3 ( 0, 0, 1) 3*95 
0(17) 0(25) 4 ( 1, 0, 0) 3*72 
0(17) 0(24) 1 ( 1, 0, 0) 3*85 
0(17) 0(23) 1 ( 1. 0, 0) 3^93 
C(17) 0(26) 1 ( 1, 0, 0) 3^95 
0(18) 0(25) 4 ( 1, 0, 0) 3^86 
0(21) 0(2) 2 0, 0) 3^94 
C(22) 0(4) 2 (-1, 0, 0) 3^81 
0(22) 0(11) 2 ( 0, 0, 0) 3^84 
C(22) 0(3) 2 (-1, 0, 0) 3^86 
0(23) 0(4) 2 (-1, 0. 0) 3^93 
C(25) 0(23) 1 ( 1, 0, 0) 3^71 
0(25) 0(22) 1 ( 1, 0, 0) 3 ̂ 82 
0(25) 0(5) 1 ( 1, 0, 0) 3-95 
0(26) 0(21) 4 ( 0, 0, 0) 3^82 
0(26) 0(20) 4 ( 0, 0, 0) 3-86 
0(26) 0(5) 4 ( 0, 0, 0) 3^86 
0(26) 0(6) 4 ( 0, 0, 0) 3^94 
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The packing i n the c r y s t a l i s shown i n Figure 4.3, where the 

s t r u c t u r e i s p r o j e c t e d along the a a x i s . Only four of the approach 
o o distances are less than 3'8 A and a l l are greater than 3*7 A so t h a t 

there does not appear to be any s i g n i f i c a n t i n t e r a c t i o n between 

molecules. Although the van.der Waals forces on opposite sides of the 

molecule are s l i g h t l y d i f f e r e n t , i t i s very d i f f i c u l t t o account f o r 

any of the d e t a i l e d d eviations from 2/m symmetry i n terms of e i t h e r 

i n t r a - or int e r - m o l e c u l a r contacts. 

The temperature parameters of the zinc and ni t r o g e n atoms are much 
o2 

a l i k e and,with B values of about 4 A ,are s i m i l a r t o those normally 

encountered. The temperature f a c t o r s f o r the phenyl carbon atoms 

increase w i t h the distance from the centre of the molecule. As would 

be expected, the l a r g e s t temperature parameters found are those of the 

methyl carbon atoms w i t h B values of around 8 A^. 

4.9 Four-membered r i n g s w i t h three-coordinate zinc 

I n c o n t r a s t to oxygen, n i t r o g e n ligands have only one lone-pair of 

ele c t r o n s f o r c o o r d i n a t i o n . I n the case of the methyl(diphenylamino)-

zinc dimer, i f we assume t h a t the methyl groups do not take p a r t i n the 

a s s o c i a t i o n , then only open c y c l i c s t r u c t u r e s need be considered. A l l 

such s t r u c t u r e s would i n v o l v e three-coordinate zinc. The formation of a 

dimer w i l l be favoured by both s t e r i c and entropy considerations. The 

advantage of a t r i m e r i s t h a t the considerable valence angle s t r a i n 
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connected w i t h a four-membered r i n g would be averted. The present 

s t r u c t u r e a n a l y s i s shows t h a t zinc and n i t r o g e n are prepared to t o l e r a t e 

t h i s angle s t r a i n i n order t o r e t a i n the advantages of a dimeric 

arrangement. Four-membered zinc-oxygen r i n g s are present i n methylzinc 

methoxide and s t r u c t u r e s s i m i l a r to methyl(diphenylamino)zinc have been 

po s t u l a t e d f o r several dimeric complexes containing oxygen, e.g. 

(EtZnOCPh^)2 and (Bu*^ZnOBu^)2. 

I n the c r y s t a l , a s t r u c t u r e f o r methyl(diphenylamino)zinc which 

was f u r t h e r associated through methyl bridges was considered t o be a 

p o s s i b i l i t y . The s t r u c t u r a l evidence a v a i l a b l e i n d i c a t e s t h a t methyl 

b r i d g i n g normally involves very sharp bridge angles of about 70°. I n 
o 

the case of zinc w i t h a t e t r a h e d r a l covalent radius of 1*31 A , t h i s 

would f o r c e the metal atoms closer together than the Zn-Zn single bond 

distance and would lead t o serious inner-core repulsions (Rundle, 1963). 

So f o r the same reason t h a t dimethylzinc does not form a poljmier, l i k e 

d i m e t h y l b e r y l l i u m , methyl(diphenylamino)zinc remains a dimer i n the 

c r y s t a l and zinc f o r f e i t s the c o o r d i n a t i o n number of f o u r , p r e f e r r e d 

i n i t s organic chemistry. 
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(MQZnNPh^)^ project/on on the [lOO] plane 

Figure 4 '3 
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39 
14 
I I 
17 
25 
12 

7 
22 
I I 
14 
16 

I 
S 

31 
12 
4 
7 

24 
10 

3 
16 

6 
I 

16 
10 
S 

14 
. I 

7 
I I 
4 

IS 
6 
9 
9 
4 

10 
I I 
4 
7 

I 

13 
3 
6 
4 
5 
6 

10 
6 
5 
3 
6 

151 
52 

3 
40 
70 
10 
10 
12 
52 
31 
24 

5 
10 
l i 
IS 
5 . 

12 
10 
30 

101 
IS 
51 

I 
13 
12 

2 
IS 
20 
34 
M 
12 
15 
13 
54 
93 
33 

106 
7 

SO 
14 
IS 
I I 

3 
73 
33 
41 

5 
16 
10 
6 0 . 

109 
35 
26 
13 

6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
7 
7 

I 
I 
t 
I 
I 
I 
I 
I 
I 
9 
9 
9 
9 
9 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
10 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
12 
12 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
14 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
16 
16 
16 
16 
16 
16 
16 
16 
17 
17 
17 
17 
17 
17 
17 
17 
I I 
I I 
I I 
I I 
I I 
I I 
19 
19 
19 
19 
19 
19 
19 
20 
20 
21 
21 

59 
14 

7 
13 
34 
26 
45 

I 
I I 

9 
10 
4 
9 

49 
44 
S2 

I 
36 

I 
6 
9 

22 
65 
49 
47 
I I 
19 
13 

I 
26 
53 
I I 
I t 
5 

30 
I I 
4 

25 
56 

9 
50 
14 
16 
14 
19 
4 

41 
24 

6 
9 

22 
9 

26 
22 
17 
32 
14 
16 

9 
21 
21 
25 
21 

9 
I I 
6 

25 
34 

6 
31 
17 
13 
5 
S 

I I 
6 
S 
6 
6 
6 
3 

19 
27 

6 
21 
19 
12 
6 
4 
6 
4 

• S 
13 

7 
5 

19 
IS 

7 
22 
16 

9 
4 
I 
4 

19 
14 

52 
IS 
10 
15 
35 
23 
45 

7 
I I 
10 
10 
5 

13 
SI 
41 
49 
10 
34 

9 
6 
9 

22 
6 1 
45 
45 
13 
I I 
14 

9 
21 
51 
16 
I I 
6 

21 
I I 

3 
27 
62 
10 
4 1 
IS 
16 
IS 
16 

2 
44 
24 
6 
9 

21 
I I 
21 
23 
17 
33 
15 
IS 
I I 
19 
25 
29 
29 
10 
10 

9 
2 1 
39 

4 
29 
16 
14 
6 
4 

12 
6 
7 
7 
7 
S 
0 

22 
31 

4 
26 
17 
12 
4 
5 
6 
3 
4 

12 
7 
4 

20 
IS 

7 
19 
14 
•7 
4 
I 
3 

20 
13 

4 21 
4 21 
4 21 
4 21 
4 22 
4 22 
4 22 
4 22 
4 22 
4 23 
4 23 
4 23 
4 23 
4 23 
4 24 
4 24 
4 25 
4 2S 

0 
0 
0 
0 
0 
0 
0 
0 

|Fo | F c | h k 1 | F o | F c 

9 1 1 S 9 6. 6 
14 13 0 5 10 40 44 
13 I I I 5 10 1 1 
5 4 2 5 10 22 23 
5 5 3 5 10 5 4 
4 2 4 S 10 31 27 
6 S 5 - 5 1 0 I I 12 
5 4 6 5 10 20 I I 
4 2 1 5 10 1 1 

12 I I 0 5 I I 29 36 
9 1 1 5 I I 30 33 
4 2 2 5 I I 15 14 
7 7 3 5 I I 21 27 
7 7 4 S I I 20 19 
4 1 S 5 I I 22 22 
3 3 6 5 I I 13 12 
9 9 7 S I I 13 10 
5 5 1 5 I I 7 1 

13 10 0 5 12 21 32 
99 19 I 5 12 4 4 

100 17 2 S 12 32 33 
36 33 3 5 12 9 9 
IS 14 4 5 12 25 23 
27 27 5 5 12 1 9 

6 3 6 S 12 12 10 
10 I I 7 5 12 7 5 
4 5 1 5 12 4 6 
1 . 4 0 5 13 21 21 

47 43 I 5 13 21 24 
71 73 2 5 13 1 10 
6 1 66 3 5 13 31 37 

6 7 4 5 13 21 20 
4 5 5 S 13 I I I I 

19 20 6 5 13 7 1 
6 6 7 5 13 17 13 
6 4 0 5 14 30 32 

30 30 1 5 14 9 9 
102 93 2 5 14 31 39 
43 37 3 S 14 5 6 
2 4 . 22 4 5 14 27 25 
30 21 6 5 14 5 4 
30 21 7 5 14 3 4 

6 1 0 5 IS 29 35 
6 7 1 S 15 22 25 
5 6 2 5 IS 7 9 

31 33 3 5 IS 21 21 
16 I I 4 S 15 IS IS 
42 39 5 S 15 1 7 
15 14 7 5 IS 7 7 

1 10 0 S 16 22 . 27 
24 23 I 5 16 12 13 
13 14 2 5 16 9 9 
39 34 3 5 16 4 4 
16 IS 4 S 16 12 14 

119 107 5 S 16 7 6 
3 2 6 5 16 7 7 

39 36 . 0 5 17 17 20 
23 23 1 5 17 16 I I 
22 19 2 5 17 I I 12 
12 13 3 5 17 12 12 
10 10 4 5 17 10 I I 
3 5 5 5 17 5 6 

40 35 0 5 I I 7 9 
44 44 1 5 I I 9 I I 
76 72 2 S I I 4 3 
29 29 3 S I I 7 1 
21 21 4 S I I 9 1 
17 IS S 5 I I 4 3 
21 19 0 5 19 16 17 
13 14 1 5 19 13 13 

2 5 2 5 19 13 12 
39 42 3 5 19 I I I I 
55 SO 4 5 19 14 13 
12 12 5 5 19 4 4 

7 1 6 5 19 4 4 
33 29 0 S 20 IS 16 
13 13 1 S 20 12 12 
24 24 2 5 20 S 4 

S 6 3 5 20 13 13 
12 I I 4 S 20 1 1 
. 2 4 S 5 20 4 3 
14 16 0 5 21 17 16 
SO 53 1 5 21 7 9 
35 34 2 5 21 13 12 
41 36 3 S 21 10 10 
24 22 4 5 21 I I 9 
10 10 5 5 21 3 3 
20 20 0 5 22 10 10 
14 15 I 5 2 2- 6 6 
22 20 2 5 22 4 3 
39 42 3 5 22 6 6 
51 55 4 5 22 4 4 
10 I I 0 5 23 7 6 
24 23 1 5 23 7 6 
13 13 2 5 23 5 5 
27 27 I 5 24 4 3 

5 6 2 5 24 3 3 
10 10 0 S 25 6 7 
22 21 1 6 0 13 14 
31 31 2 6 0 14 16 
33 31 3 6 0 14 14 
32 29 4 6 0 20 19 
22 21 S 6 0 I I 10 
16 IS 6 6 0 5 6 

7 9 7 6 0 3 3 
15 12 1 6 0 4 5 
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h k I | F o | | F c | 

0 6 1 44 54 
1 6 1 5 5 - 5 3 
2 6 1 22 23 
3 6 1 3) - 29 
4 6 1 < l 10 
5 6 I 26 25 
6 6 1 6 I 
7 6 1 6 I 
1 6 1 13 .16 
9 6 1 4 6 
0 6 2 14 15 
1 6 2 16 IS 
2 6 2 50 45 
3 6 2 59 56 
4 6 2 25 24 
5 6 2 2 1 20 
6 6 2 4 5 
7 6 2 4 6 
1 6 2 3 4 
0 6 3 120 1 19 
1 6 3 57 49 
2 6 3 59 5 1 
3 6 3 19 21 
4 6 3 - 49 50 
5 6 3 17 16 
6 6 3 17 16 
1 6 3 12 13 
9 6 3 3 5 
0 6 4 12 17 
1 6 4 19 15 
2 6 4 54 45 
3 6 4 19 20 
4 6 4 15 14 
5 6 4 12 12 
6 6 4 6 6 
7 6 4 9 10 
1 6 4 3 5 
0 6 5 94 9 1 
1 6 5 60 52 
2 6 $ 23 22 
3 6 5 37 32 
4 6 5 57 51 
5 6 5 32 2 1 
6 6 5 17 17 
1 6 5 I I 
0 6 6 7 I 
1 6 6 45 37 
2 6 6 41 41 
3 6 6 29 25 
4 6 6 7 7 
5 6 6 19 17 
6 6 6 10 10 
1 6 6 3 S 
0 6 7 I I I I 
1 6 7 23 22 
2 6 7 22 21 
3 6 7 26 22 
4 6 7 46 42 
5 6 7 27 - 2 5 
6 6 7 13 13 
7 6 7 I 9 
1 6 7 I 10 
0 6 I ' 4 5 
1 6 1 20 19 
2 6 1 45 41 
3 6 I 10 I 
4 6 1 10 11 
5 6 1 IS 16 
6 6 1 17 17 
7 6 1 6 6 
1 6 1 4 2 
0 6 9 63 6 1 
1 6 9 22 24 
2 6 9 6 7 
3 6 9 16 15 
4 6 9 25 23 
5 6 9 15 14 
6 6 9 7 I 
1 6 9 10 10 
1 6 10 27 29 
2 6 10 34 33 
3 6 10 13 12 
4 6 10 10 9 
5 6 10 16 16 
6 6 10 22 21 
7 6 10 9 10 
0 6 I I 43 46 
1 6 I I 9 10 
2 6 I t 14 15 
3 6 I I I 9 
4 6 I I 31 2 1 
5 6 I I 12 12 
6 6 t l 6 6 
7 6 I I 5 4 
i 6 I I 3 3 
0 6 12 5 6 
1 -6 12 33 37 
2 6 12 55 55 
3 6 12 30 2 1 . 
4 6 12 S 6 
5 6 11 14 12 
6 6 12 IS 14 
7 6 12 9 9 
0 6 13 19 20 
1 6 13 16 17 
2 6 13 30 30 

h k 1 | F o | | F c | 

4 6 13 I I I I 
5 6 13 I I 10 
6 6 13 10 10 
7 6 13 4 4 
0 6 14 12 14 
1 6 14 19 22 
2 6 14 31 41 
3 6 14 20 21 
4 6 14 10 10 
5 6 14 I I I I 
6 6 14 17 12 
7 6 14 7 1 
0 6 IS I I 
1 6 15 25 27 
2 6 IS I I 20 
3 6 IS 6 5 
4 6 IS 6 7 
5 6 15 6 6 
6 6 15 I 6 
7 6 15 3 4 
0 6 16 10 I I 
1 6 16 14 16 
2 6 16 17 I I 
3 6 16 I I 10 
4 6 16 4 4 
5 6 16 13 I I 
6 6 16 13 I I 
0 6 17 7 I 
1 6 17 4 5 
2 6 17 4 3 
4 6 17 7 6 
5 6 17 4 4 
6 6 17 3 2 
0 6 I I 6 6 
1 6 I I 17 17 
2 6 I I 25 22 
3 6 I I 12 12 
4 6 I I 9 7 
5 6 I I 7 7 
6 6 I I 7 6 
0 6 19 4 3 
1 6 19 I 9 
3 6 19 9 9 
4 6 19 3 4 
0 6 20 13 14 
1 6 20 12 12 
2 6 20 I I 17 
3 6 20 17 15 
4 6 20 10 I 
5 6 20 4 4 
0 6 21 6 5 
3 6 21 5 6 
0 6 22 7 7 
1 6 22 9 I 
2 6 22 12 I I 
3 6 22 7 7 
4 6 22 S 5 
0 6 24 2 3 
1 6 24 6 ' 6 
2 6 24 6 6 
1 7 0 41 49 
2 7 0 I I 19 
3 7 0 42 42 
4 7 0 12 12 
5 7 0 21 26 
6 7 0 3 3 
7 7 0 I 9 
1 7 0 3 4 
1 7 1 62 69 
2 7 1 25 24 
3 7 1 62 63 
4 7 1 13 12 
5 7 1 37 34 
6 7 1 4 5 
7 7 1 12 IS 
1 7 1 4 4 
0 7 2 3 4 
1 7 2 52 56 
2 7 2 6 7 
3 7 2 S I 61 
4 7 2 I I 
5 7 2 I I I I 
6 7 2 4 5 
7 7 2 I I 12 
0 7 3 13 12 
1 7 3 49 49 
2 7 3 9 7 
3 7 3 70 69 
4 7 3 13 13 
5 7 3 14 14 
6 7 3 5 6 
7 7 3 22 23 
1 7 3 6 I 
1 7 4 34 34 
2 7 4 25 22 
3 7 4 44 44 
4 7 4 6 I 
5 7 4 14 IS 
6 7 4 6 7 
7 7 4 I I 13 
0 7 5 18 17 
1 7 5 • 67 61 
2 7 5 17 16 
3 7 5 41 41 
4 7 S 22 19 
5 7 5 21 19 

h k I | F o | | F c | 

7 7 5 16 17 
1 7 5 7 I 
1 7 6 49 47 
2 7 6 21 17 
3 7 6 41 36 
4 7 6 9 9 
5 7 6 10 9 
7 7 6 12 13 
0 7 7 30 32 
1 7 7 62 61 
2 7 7 20 I I 
3 7 7 49 45 
4 7 7 7 7 
5 7 7 I 6 
6 7 7 6 7 
7 7 7 9 I I 
1 7 7 4 5 
1 7 1 49 50 
2 7 1 I 7 
3 7 1 29 26 
4 7 1 I I 15 
5 7 1 . I I 17 
7 7 1 10 10 
I I I 4 5 
0 7 9 20 2 1 
1 7 9 43 45 
2 7 9 10 I I 
3 7 9 31 30 
4 7 9 14 12 
5 7 9 I I 17 
6 7 9 12 I I 
7 7 9 7 7 
0 7 10 11 12 
1 7 10 35 37 
2 7 10 16 16 
3 7 10 24 2 1 
4 7 10 6 6 
5 7 10 , 26 24 
6 7 10 10 10 
7 7 10 I I I I 
0 7 I I IS 16 
1 7 I I 30 33 
2 7 I I 14 14 
3 7 I I 20 20 
4 7 I I 21 17 
5 7 I I 20 19 
7 7 I I 7 7 
0 7 12 6 6 
1 7 12 35 31 
2 7 12 9 I 
3 7 12 31 30 
5 7 12 16 14 
6 7 12 10 9 
7 7 12 I I 9 
0 7 13 16 19 
1 7 13 19 20 
2 7 13 26 26 
3 7 13 17 I I 
4 7 13 14 13 

. 5 7 1 3 I I 
7 7 13 6 I 
0 7 14 14 16 
1 7 14 29 29 
2 7 14 10 I I 
3 7 14 17 17 
4 7 14 4 4 
5 7 14 14 12 
7 7 14 7 6 • 
2 7 15 I I I I 
3 7 15 10 I I 
4 7 15 I I 
5 7 15 I 7 
6 7 IS 6 7 
7 7 15 4 6 
0 7 16 4 5 
1 7 16 I I 12 
2 7 16 12 12 
3 7 16 17 IS 
5 7 16 IS 12 
6 7 16 7 6 
1 7 17 12 13 
2 7 17 9 9 
3 7 1 7 I I 
5 7 1 7 9 7 
0 7 I I 7 7 
1 7 I I 17 16 
2 7 I I 13 12 
3 7 I I 13 13 
5 7 I I 1 7 
6 7 I I 6 6 
0 7 19 I I 
1 7 19 . 15 15 
1 7 19 10 I 
3 7 19 7 I 
5 7 19 4 3 
0 7 20 5 5 
1 7 20 9 9 
2 7 20 13 12 
3 7 20 10 9 
4 7 20 4 4 
5 7 20 4 5 
0 7 21 4 4 
1 7 21 5 5 
2 7 21 6 5 
3 7 21 4 4 

I 7 22 S 3 

h k I | F o | | F c | 

2 7 22 9 I 
3 7 22 6 6 
1 - 7 23 4 5 
2 7 23 9 I 
3 7 25 2 2 
1 7 24 5 7 
1 1 0 23 25 
2 1 0 15 15 
3 1 0 3 I 
4 1 0 52 51 
5 1 0 17 17 
1 1 0 I 10 
O i l I I 14 
1 1 1 5 3 
2 1 1 6 6 
3 1 1 9 9 
4 1 1 26 26 
5 1 1 10 10 
6 1 1 10 10 
7 1 1 7 I 
0 1 2 I I 14 
1 1 2 6 6 
2 I 2 10 9 
3 1 2 22 20 
4 1 2 65 64 
5 1 2 12 I I 
6 1 2 6 7 
7 1 2 5 5 
1 1 2 9 12 
0 1 3 14 14 
1 1 3 4 5 
2 1 3 29 27 
3 1 3 17 19 
4 1 3 24 26 
5 1 3 4 3 
6 1 3 12 12 
7 1 3 10 10 
0 1 4 74 71 
1 1 4 IS IS 
2 1 4 9 10 
3 1 4 I I 19 
4 1 4 53 50 
5 1 4 7 7 
6 1 4 12 M 
7 1 4 4 6 
1 1 4 13 13 
0 1 5 20 22 
1 1 5 20 17 
2 1 5 31 29 
3 1 5 I I I I 
4 1 5 I 9 
5 1 5 5 5 
6 1 5 7 I 
7 1 5 S 6 
1 1 5 3 4 
0 1 6 SI I I 
1 1 6 23 21 
2 1 6 14 12 
3 1 6 15 13 
4 I 6 • 30 27 
5 1 6 4 3 
6 1 6 9 10 
7 1 6 4 5 
1 1 6 7 I 
0 1 7 14 16 
1 1 7 23 21 
2 1 7 35 30 
3 1 7 27 25 
4 1 7 14 14 
5 1 7 6 5 
6 1 7 12 12 
7 8 7 3 4 
1 1 7 4 5 
0 I I .63 66 
I I I 20 21 
2 1 1 6 7 
S I S 23 20 
4 1 1 31 29 
5 1 1 I I 
6 1 8 5 6 
I I I 4 5 
0 1 9 12 13 
1 1 9 14 IS 
2 1 9 53 49 
3 1 9 9 I 
4 1 9 IS 14 
5 8 9 I I I I 
6 8 9 19 17 
0 8 -10 50 48 
1 I 10 24 25 
3 I 10 6 I 
4 I 10 27 23 
5 I 10 19 19 
6 8 10 9 7 
0 I I I 14 IS 
1 I I I 13 IS 
2 I I I 39 36 
3 I I I 9 9 
4 I I I 7 I 
5 I I t 9 t o 
6 I I I 21 16 
0 I 12 34 31 
1 I 12 12 12 
2 I 12 17 IS 
3 I 12 4 4 
4 S 12 21 20 

h k 1 | F o | | F c | 

5 I 12 10 10 
6 I 12 6 6 
0 8 13 4 5 
1 I 13 13 14 
2 I 13 33 32 
3 I 13 7 7 
4 I 13 6 7 
5 I 13 I I 
6 I 13 15 12 
0 I 14 9 10 
1 I 14 4 4 
2 I 14 S 5 
3 I 14 I I 
4 8 14 IS 13 
5 8 14 5 5 
6 I 14 3 3 
0 j 15 7 6 
1 I IS 16 I I 
2 I IS 21 21 
3 I IS 10 9 
4 I IS 9 7 
5 I IS 9 I 
6 I IS 12 10 
0 I 16 6 7 
1 I 16 6 6 
2 I 16 6 5 
3 I 16 4 S 
4 I 16 4 4 
5 I 16 9 6 
6 I 16 3 3 
0 I 17 14 13 
1 I 17 13 14 
2 I 17 13 21 
3 I 17 I I 10 
4 I 17 6 5 
5 I 17 9 7 
6 I 17 9 9 
0 I I I 12 13 
1 I I I 10 I 
2 I I I 7 6 
5 I I I 7 5 
1 I 19 10 10 
2 I 19 19 16 
3 I 19 I 7 
5 I 19 5 5 
0 I 20 5 5 
1 I t o 5 4 
3 I 20 4 3 
0 I 21 3 2 
1 I 21 6 7 
2 I 21 I I 10 
3 I 21 7 5 
2 I 22 5 4 
3 I 22 2 3 
1 I 23 I I 
2 I 23 7 7 
1 9 0 29 2 1 
2 9 0 54 56 
3 9 0 33 36 
4 9 0 39 41 
5 9 0 16 14 
6 9 0 IS IS 
7 9 0 10 12 
0 9 1 21 22 
1 9 1 20 20 
2 9 1 29 30 
3 9 1 20 22 
4 9 1 26 25 
5 9 1 14 16 
6 9 1 7 10 
0 9 2 20 19 
1 9 2 24 26 
2 9 2 49 41 
3 9 2 35 37 
4 9 2 5 6 
5 9 2 13 14 
6 9 2 IS 17 
7 9 2 14 15 
1 9 3 20 22 
2 9 3 29 27 
3 9 3 20 19 
4 9 3 7 7 
5 9 3 12 13 
6 9 3 6 I 
7 9 3 7 7 
0 9 4 12 12 
1 9 4 35 34 
2 9 4 36 35 
3 9 4 32 31 . 
4 9 4 I I 16 
5 9 4 I I 9 
6 9 4 13 15 
7 9 4 14 14 
0 9 5 S4 57 
1 9 5 22 23 
2 9 5 19 20 
3 9 5 I I 12 
4 9 5 12 12 
5 9 5 I 7 
6 9 5 7 6 
0 9 6 14 14 
1 9 6 39 37 
2 9 6 24 22 
3 9 6 34 33 
5 9 6 7 5 
4 9 6 12 13 
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h •< I | F o | i F c j >•• I | F o | j F c l 

9 10 
9 10 
9 10 

5 9 10 
7 . 9 .10 
0 9 I I 
1 9 I I 
2 9 I I 
3 9 I I 
4 9 I I 

9 I I 
9 12 
9 12 . 
9 12 
9 12 
9 12 
9 12 
9 13 
9 13 

5 
0 

I 10 

9 IS 
9 16 
9 16 
9 16 
9 16 
9 16 
9 17 
9 17 
.9 17 
9 K I 7 
9 17 
9 17 
9 I I 
9 I I 
9 I I 
9 18 
9 19 
9 19 
9 19 
9 19 
9 19 
9 20 
9 20 
9 20 
9 21 
9 21 
9 21 
9 22 
9 22 

0 

12 
23 
14 
22 

I 
23 
10 

7 
5 

30 
32 
2 1 

I 
9 
7 

I 
21 
22 
2 1 

7 
21 
IS 

7 
4 

32 
17 
22 
10 

7 
19 
26 
I I 

5 
19 

9 
7 

14 
22 

5 
8 
7 
9 

4 10 
5 10 
6 10 
7 10 
0 10 
1 10 
2 10 
3 10 
4 10 
5 10 
7 10 
0 10 
1 10 
2 10 
3 10 

I I 
9 

I I 
10 

9 
8 
5 

20 
7 
6 

26 
I I 
14 

6 
IS 
10 
21 
13 
12 
6 
4 

25 
15 

7 
8 

12 
6 
7 
5 
8 
6 

I I 
i 
7 
7 
6 
5 
6 
5 
7 
7 
5 
4 
7 

10 
I 

10 
6 
6 
6 
5 

17 
57 

I 
24 
24 
29 

6 
4 

I I 
I I 

6 

I I 
25 
IS 
23 

I 
20 
I I 

I 
4 

31 
31 
27 

6 
10 

9 
I 

25 
25 
2 1 . 

7 
21 
14 

7 
2 

35 
16 
19 
I I 

7 
20 
28 
10 

6 
19 

I 
7 

14 
I I 

2 
I 
I 

10 
12 

I 
IS 

I 
10 

9 
4 

IS 
6 
S 

25 
I I 
16 

4 
13 

I 
21 
13 

I I . 
4 
5 

23 
15 

I 
I 
9 
6 
7 
4 
7 

.5 
10 

6 
6 
6 
5 
5 
5 
3 
6 
5 
5 
4 
6 

I I 
9 

I I 
3 
7 

I 
5 

22 
4 1 
10 
23 
22 
31 

6 
5 

12 
I I 

7 

4 10 2 4 
5 10 2 6 
6 10 2 6 
7 10 2 3 

10 3 29 34 
1 10 3 53 49 
2 10 3 I 9 
3 10 3 17 16 
4 10 3 19 19 
5 10 3 16 16 
6 10 3 6 5 
7 10 3 5 6 
0 10 4 13 13 
1 10 4 16 16 
2 10 4 6 6 
3 10 4 9 9 
4 10 4 14 14 
6 10 4 7 8 
7 10 4 5 4 
0 10 5 33 35 
1 10 S 4 5 38 
2 10 5 12 10 
3 10 S 34 34 
4 10 5 I I I I 
5 10 5 IS 16 
6 10 5 7 7 
7 10 5 5 5 
0 10 6 13 IS 
1 10 6 31 34 
2 10 6 17 l i 
3 10 6 27 24 
4 10 6 8 I 
5 10 6 7 9 
6 10 6 7 I 
7 10 6 S 6 
0 10 7 14 17 
1 10 7 29 27 
2 10 7 12 I I 
3 10 7 30 29 
4 10 7 7 7 
5 10 7 16 17 
6 10 7 5 5 
7 10 7 4 5 
0 10 I • 11 12 
1 10 I 20 20 
2 10 t 13 12 
3 10 I 14 14 
4 10 I 6 I 
5 10 8 13 14 
6 10 8 9 9 
7 10 8 5 6 
0 10 9 18 2 1 
1 10 9 2 1 28 
2 10 9 12 10 
3 10 9 14. 13 
4 10 9 t 8 
5 10 9 11 17 -
7 10 9 3 4 
I ! 10 10 I I 12 
1 10 10 7 7 
2 10 10 7 7 
3 10 10 12 I I 
4 10 10 7 I 
5 10 10 12 12 
6 10 10 10 9 
7 10 10 5 6 
0 10 I I 7 9 
1 10 I I I I 13 
2 10 I I S 5 
3 10 I I I I I I 
4 10 I I 6 5 
5 10 I I 14 12 
1 10 12 I I 10 
2 10 12 . 1 7 
3 10 12 19 17 
4 10 12 8 7 
5 10 12 8 8 
6 10 12 5 4 
1 10 13 I I I 
2 10 13 5 5 
3 10 13 9 8 
4 10 13 6 5 
5 10 13 10 7 
0 10 14 10. 11 
1 10 14 17 18 
2 10 14 12 I I 
3 10 14 19 16 
4 10 14 10 I 
5 10 14 5 5 
6 10 14 3 3 
0 10 IS 4 4 
1 10 15 IS IS 
2 10 IS 6 5 
3 10 IS 8 7 
4 10 IS 5 5 
5 10 IS 5 6 
0 10 16 19 I I 
1 10 16 20 20 
2 10 16 12 I I 
3 10 16 16 I I 
4 10 16 10 7 
5 10 16 6 6 
0 III n i 6 
3 10 17 6 5 

h k 1 | F o | | F c | 

S 10 17 6 5 
0 10 I I I I 12 
1 10 18 I I I I 
2 10 11 7 5 

• 3 10 I I I 7 
4 10 I I 5 4 
0 10 20 9 8 
1 10 20 7 6 
2 10 20 5 4 
3 10 20 7 6 
2 10 21 4 3 
I 10 22 4 5 
1 I I 0 3 3 
2 I I 0 16 19 
3 1 1 0 9 10 
4 I I 0 10 I I 
6 I I 0 10 12 
1 I I I 4 6 
2 I I I 37 43 
3 I I I 17 19 
4 I I I 15 16 
5 I I I 12 14 
6 I I 1 20 21 
0 I I 2 4 4 
1 I I 2 8 7 
2 I I 2 26 28 
3 I I 2 9 9 
4 I I 2 7 7 
5 I I 2 5 6 
6 I I 2 9 9 
0 I I 3 8 10 
2 I I 3 45 46 
3 I I 3 7 8 
6 I I 3 14 12 
0 I I 4 26 28 
2 I I 4 20 20 
3 I I 4 9 10 
4 I I 4 9 8 
5 I I 4 9 9 
6 I I 4 6 6 
0 I I 5 14 16 
I l l s 9 9 
2 I I 5 31 27 
3 I I 5 I I 13 
4 I I 5 7 I 
6 I I 5 15 14 
0 I I 6 29 31 
1 11 6 I 7 
2 I I 6 19 18 
3 I I 6 10 10 
4 I I 6 16 14 
6 1 1 6 6 7 
0 I I 7 16 17 
1 I I 7 I 8 
2 I I 7 38 33 
3 1 1 7 6 4 
4 I I 7 - 7 8 
6 I I 7 13 I I 
0 i l 8 28 29 
1 1 1 1 6 4 
2 I I I 23 22 
3 I I I 9 8 
4 I I I 16 15 
6 1 1 1 5 5 
0 I I 9 I I 12 
1 I I 9 12 I I 
2 I I 9 33 29 
3 I I 9 9 7 
4 I I 9 I I I I 

• 6 I I 9 7 8 
0 I I 10 IS 17 
2 I I 10 6 6 
3 I I 10 5 4 
4 I I 10 I I 17 
6 11 10 5 4 
0 I I I I . 6 6 
2 11 I I I I 10 
3 I I I I 6 6 
4 I I I I 9 10 
6 1 1 1 1 6 7 
0 I I 12 . I I I I 
1 11 12 12 12 
2 I I 12 8 I 
3 11 12 8 I 
4 I I 12 I I 14 . 
0 I I 13 10 10 
1 I I 13 4 1 
2 11 13 16 12 
4 I I 13 7 6 
0 I I 14 23 23 
1 I I 14 5 6 
2 11 14 10 9 . 
3 I I 14 7 7 
4 I I 14 17 13 
0 I I IS 10 I I 

. I 11 15 7. 7 
2 I I 15 10 I 
3 I I 15 10 8 
4 I I IS 6 6 
0 I I 16 20 19 
1 I I 16 I I 10 
2 I I 16 5 6 
3 11 16 6 5 
4 I t 16 14 11 

h k I | F o | | F c | 

0 1 1 1 7 I I 10 
1 I I 17 5 4 
3 I I 17 6 6 
4 I I 17 7 6 
0 I I I I 16 14 
1 I I I I 6 7 
3 I I I I 4 4 
4 11 I t 7 6 
0 11 19 5 5 
1 I t 19 5 4 
3 I I 19 3 3 
0 I I 20 11 10 
1 11 20 4 ' 3 
1 I I 21 3 3 
1 12 0 29 33 
2 12 0 5 4 
3 12 0 13 IS 
4 12 0 5 4 
5 12 0 17 .20 
0 12 I 5 5 
1 12 I 9 10 
2 12 I 9 9 
3 12 I 12 13 
4 12 I 4 6 

• 5 12 1 10 I I 
6 12 I 6 6 
0 12 2 I I 21 
1 12 2 33 32 
2 12 2 7 I 
3 12 2 12 13 
4 12 2 I I .12 
5 12 2 I I 20 
0 12 3 4 4 
1 12 3 10 I I 
2 12 3 10 10 
4 12 3 4 4 

' 5 12 3 6 6 
6 12 3 6 7 
0 12 4 IS I I 
1 12 4 24 23 
2 12 4 5 6 
3 12 4 19 19 
4 12 4 13 13 
5 12 4 I I 12 
6 12 4 6 6 
t 12 5 17 16 
2 12 5 7 6 
3 12 5 12 10 
4 12 5 6 5 
5 12 5 6 5 
6 12 5 6 6 
0 12 6 13 16 
1 12 6. 26 26 
2 12 6 I I I I 
3 12 6 21 19 
4 12 6 I 7 
5 12 6 10 9 
i 12 6 5 4 
; 12 7 20 19 
: 12 7 4 3 
;• 12 7 13 I I 
5 12 7 • I 7 
0 12 8 10 9 
1 12 8 20 20 
: 12 8 12 12 

• 5 12 I I I 10 
. (2 I 7 8 
; 12 8 14 12 
1 12 9 12 I I 
2 12 9 14 12 
3 12 9 15 13 
5 12 9 8 7 
./ 12 10 7 • 8 
1 n ;.- 10 I I 
2 12 l ; 9 10 
3 12 l i 5 6 
4 12 I - ; 8 7 
5 12 10 I 8 
1 12 I I 10 10 
2 12 11 14 13 
3 12 I I I I 10 
5 12 11 12 9 
0 12 12 ! } 10 
1 12 12 H I I 
2 12 12 9 9 
3 12 12 S 4 
4 12 12 , ' 6 
5 12 12 3 5 
0 12 13 6 ? 
1 12 13 13 
2 12 13 8 ? 
3 12 13 13 12 
4 12 13 3 4 
5 12 13 5 5 
0 12 14 4 2 
1 12 14 6 4 
2 12 14 6 6 
3. 12 14 6 5 
4 12 14 5 4 
0 12 IS 7 9 
1 12 15 12 I I 
3 12 15 I I 8 
4 12 IS 5 4 
2 12 16 5 4 

k I | F o | | F c | 

12 16 
12 17 

3 
0 
I 12 17 
3 12 17 
0 12 I I 
1 12 18 
3 12 18 
0 12 19 
1 12 19 
2 12 19 
I 13 0 

13 

13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

0 13 
1 13 
2 13 
3 13 
5 13 
6 13 
0 13 
1 13 
2 13 

13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

5 13 9 
0 13 10 
1 13 10 
2 13 10 
3 13 10 
4 13 10 
5 13 10 
0 13 I I 
1 13 I I 
2 13 I I 

13 I I 
13 I I 
13 I I 

3 
4 
5 
0 13 12 
1 13 12 
2 13 12 
3 13 12 
4 13 12 
0 13 13 
1 13 13 
2 13 13 
3 13 13 
4 13 13 
0 13 14 
1 13 14 
4 13 14 
0 13 15 
1 13 15 
3 13 15 
4 13 15 
0 13 16 
1 13 16 
2 13 16 
0 13 17 
1 13 17 
0 13 I I 

12 
16 
16 

12 

10 

27 
IS 

12 
10 

. I I 

13 

13 
17 
12 

10 

I I 

13 
16 . 
17 

I I 
I I 
10 

14 
17 
12 

I I 

13 

10 

12 

10 

10 
10 

17 

10 



(MeZnNPh2)2 TABLE 4.9 

F i n a l Values of the Observed and 
Calculated Structure Factors 
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5.1 I n t r o d u c t i o n 

Methylzinc dimethylketoximate i s prepared by the slow a d d i t i o n of 

a d i e t h y l ether s o l u t i o n of acetoxime to dimethylzinc i n ether at about 

-100°. Gas e v o l u t i o n i s apparent when the mixture warms to about -80°. 

A small amount of white s o l i d , probably (Me2C:N0)2Zn, present when the 

mixture reaches room temperature, i s f i l t e r e d o f f and the product 

obtained by concentrating the f i l t r a t e , followed by cooling to -70°. 

The white s o l i d product decomposed at 170° without melting. On recry-

s t a l l i s a t i o n from pentane, b e a u t i f u l l y formed, colourless needles of 

rectangular cross-section are obtained. Crystals f o r X-ray examination 

were sealed i n pyrex c a p i l l a r i e s under a dry n i t r o g e n atmosphere. 

Cryoscopic measurements showed th a t methylzinc acetoximate i s 

tet r a m e r i c i n benzene s o l u t i o n , (MeZnON:CMe2)^, (Coates and Ridley, 1966). 

Dimeric compounds (Me2C:NOMMe2)2, (M = A l , Ga, I n ) had been prepared and 

were considered to have c y c l i c s t r u c t u r e s (Jennings and Wade, 1967). 

M Me2—O 

MepCiN N:CMe2 

MMe2 



•114-

However, replacement of MMe2 i n the above s t r u c t u r e by ZnMe would r e s u l t 

i n only three-coordinate zinc. The present s t r u c t u r e analysis was under­

taken t o e s t a b l i s h the degree of associ a t i o n i n the s o l i d s t a t e and to 

i n v e s t i g a t e the manner i n which the association takes place. The i n f r a ­

red spectrum of (MeZnON:CMe2)^ contains an absorption of medium i n t e n s i t y 

at 1629 cm. ^, 40 cm."''' lower than t h a t due to v(C:N) i n acetoxime. 

5.2, C r y s t a l Data 

Zero l e v e l precession photographs, w i t h Mo-K^ r a d i a t i o n , gave the 

f o l l o w i n g u n i t c e l l dimensions: 

Monoclinic: needles elongated along a. 
a = 9*258, b = 13*58, c = 24*10 A; 

p = 105°27'; 
U = 2920 l^; Z = 4 u n i t s of (MeZnON: CMe2)^. 

D = 1*387 gm.cm."-''; M.W. of (MeZnON:CMe^), = 610*02. 
X 2 4 

Absorption C o e f f i c i e n t f o r Cu-K r a d i a t i o n , = 41 cm.~^. 

At the time the compound was prepared, a density of 1*50 gm. cm. 

was r e p o r t e d , measured by f l o t a t i o n i n a mixture of orthobromotoluene 

(P=l*41) and bromobenzene (P=l*52). Owing to shortage of sample i t has 

not been possible to repeat t h i s measurement. 

The space group was uniquely determined by the conditions l i m i t i n g 

the observed r e f l e c t i o n s : 

OkO: k=2n, 
hOl: l=2n, 

as Number 14, P2^/c iC^^)• 
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The s t a t i s t i c a l standard deviations i n u n i t c e l l lengths were 
o o o 

0*005 A i n a, 0*006 i n A i n b, 0*007 A i n c. I n c l u d i n g systematic e r r o r s 

the u n c e r t a i n t y i s probably of the order of 0*2%. The u n c e r t a i n t y i n p 

i s of the order of 10'. 

5.3 Data C o l l e c t i o n and Corrections 

Three-dimensional, data were obtained on layers w i t h h=0 to 8 using 

the e q u i - i n c l i n a t i o n Weissenberg and m u l t i p l e f i l m techniques. 

The c r y s t a l s d e t e r i o r a t e d slowly on exposure to X - r a d i a t i o n , t u r n i n g 

from c o l o u r l e s s , through y e l l o w t o dark brown a f t e r an exposure time of 

about a f o r t n i g h t . Three c r y s t a l s were used i n data c o l l e c t i o n (Table 

5.1). 

TABLE 5.1 

Crystals Used To Record The Data 

C r y s t a l 1 
Cross-Section: 0*013 cm. square 

Okl; I k l ; 2 k l ; 

C r y s t a l 2 
Cross-Section: 0*015X0*024 cm.' 

3 k l ; 4 k l ; 5 k l ; 6 k l ; 

C r y s t a l 3 
Cross-Section: 0*021 cm. square 

7 k l ; 8 k l ; 
0 , l , 2 , 3 k l ; 0,4,5,6kl, 
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Although c r y s t a l 1 was abandoned before i t showed v i s i b l e signs of 

decomposition, there was a marked d e t e r i o r a t i o n i n the shape of the 

r e f l e c t i o n s a f t e r the 2 k l net. The r e s t of the data was c o l l e c t e d using 

the second c r y s t a l , however the 7kl and 8 k l nets were repeated a f t e r the 

r e f l e c t i o n s from c r y s t a l 2 showed d e t e r i o r a t i o n i n q u a l i t y . The t h i r d 

c r y s t a l s u f f i c e d to put the nets Okl to 6 k l on t o the same r e l a t i v e 

scale by t a k i n g timed Weissenberg photographs of four l e v e l s , on 

d i f f e r e n t p a r t s of the same f i l m . 

The i n t e n s i t i e s were estimated as before and the usual Lorentz and 

p o l a r i s a t i o n c o r r e c t i o n s were a p p l i e d , together w i t h length corrections 

f o r the upper l e v e l data. 

A l l three c r y s t a l s were ne e d l e - l i k e and were elongated along a. 

C r y s t a l 2 was seen t o have well-developed l o i i l faces. However, i n the 

case of the two crystals w i t h square cross-section, although there was 

some d i f f i c u l t y i n recognising i n d i v i d u a l c r y s t a l faces o p t i c a l l y , i t 

appeared t h a t i t was the [ o i o ] and {001 ] faces which were developed. 

I n view of t h i s u n c e r t a i n t y , together w i t h the r e l a t i v e l y small size of 

the c r y s t a l s and the almost square cross-section i n two cases, no 

co r r e c t i o n s f o r absorption were applied. 
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5.4 The Patterson Function 

The observed s t r u c t u r e f a c t o r s were m u l t i p l i e d by a weighting 
2 2 

f u n c t i o n w, where w = exp(4sin 6/\ ). The weighting f u n c t i o n was not 

allowed t o become greater than 2*718, the value of e'''. This means 

t h a t the weighting f u n c t i o n takes a constant value f o r r e f l e c t i o n s 

w i t h sind/X ? 0*5. The Patterson f u n c t i o n was then c a l c u l a t e d using 

the squares of these weighted s t r u c t u r e f a c t o r s as c o e f f i c i e n t s : 
h k 1 

P(u,v,w) = ^ ^ ^ ^ ^ w ( h k l ) | . F ( h k l ) | ^ 

0 0 - 1 

cos2jthu.cos2:n:kv.cos2jtlw - sin2jthu.cds;2rtkv.sin2rtlw 

The symmetry of the vector set i s P2/m. The Patterson f u n c t i o n 

was c a l c u l a t e d over one quarter of the u n i t c e l l , 'u' at i n t e r v a l s of 
o o 

0*232 A t o a, 'v' a t i n t e r v a l s of 0*226 A to b/2 and 'w' at i n t e r v a l s 

of 0*241 A t o c/2. 

The Patterson f u n c t i o n includes a Marker section at (u,^,w) which 

contains vectors between atoms r e l a t e d by the 2^ screw a x i s , and a 

Barker l i n e P(0,v,^) con t a i n i n g vectors between atoms r e l a t e d by the 

a x i a l g l i d e plane. 

Four double weight Zn-Zn vectors are expected on each Harker 

s e c t i o n . The Harker l i n e P(0,v,^) contained only three resolved peaks, 

one of which was large enough to accommodate two vectors of the expected 
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peak h e i g h t . On the Harker section P(u,^,w) there were s i x peaks large 

enough t o be Zn-Zn double weight vectors. One of these peaks was large 

enough t o a r i s e from the coincidence of two such vectors. From the 

occurrence of m u l t i p l e peaks along P(0,^,w) and of extra peaks on 

P(u,l',w), i t was expected t h a t two unrelated zinc atoms would have s i m i l a r 

y-coordinates. This was supported by the presence of large peaks on the 

sec t i o n P(u,0,w). 

Using one of the peaks on the Harker l i n e , a value of 2y f o r the 

f i r s t zinc atom.' was chosen. This leads to the section at 2y where a 

s i n g l e weight peak (2x,2y,2'z) i s expected between t h i s atom and that 

r e l a t e d t o i t by the centre. The x- and z-coordinates found were 

co n s i s t e n t w i t h one of the vectors on the P(u,l',w) Harker section. 

I n a s i m i l a r manner, three s i n g l e weight vectors f o r the other zinc 

atoms were found, consistent w i t h the peaks observed on the two Harker 

sections. The four sets of coordinates were then confirmed by f i n d i n g 

s u i t a b l e peaks on the Patterson f u n c t i o n , corresponding to the 24 

vectors, between zinc atoms unrelated by symmetry. 

The heavy atom coordinates found were: 

Z n ( l ) 0*163 0*346 0*135 
Zn(2) 0*419 0*206 0*233 
Zn(3) 0*358 0*196 0*068 
Zn(4) 0*106 0*104 0*130 

The four zinc atoms occupied p o s i t i o n s at the corners of a s l i g h t l y 

d i s t o r t e d tetrahedron. 
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5.5 L i g h t Atom Positions 

The coordinates of the zinc atoms were r e f i n e d through two cycles 

of least-squares refinement, using a r b i t r a r y i n i t i a l values f o r scale 

and temperature f a c t o r s . Structure f a c t o r s were ca l c u l a t e d on the basis 

of the r e f i n e d parameters (R=0*45) and were used t o c a l c u l a t e an Fo 

synthesis. The f u n c t i o n was evaluated at the same i n t e r v a l s as the 

Patterson map. 

The p o s i t i o n s of a l l the l i g h t atoms, other than hydrogen, were 

c l e a r l y i n d i c a t e d . The mean peak heights were as f o l l o w s : zinc 56*9 
0-3 o_3 o_3 o_3 

e.A ; oxygen 10*7 e.A ; n i t r o g e n 9*0 e.A ; carbon 5*3 e.A . Only 

f i v e spurious peaks were of height greater than peaks a t t r i b u t e d t o 
o_3 

atoms. The greatest unassigned peak had a height of 6*1 e.A .: 

On the i n t r o d u c t i o n of the l i g h t atom c o n t r i b u t i o n s , the agreement 

w i t h the observed s t r u c t u r e f a c t o r s was s t i l l only R=0*37. However, the 

s c a l i n g was s t i l l considerably i n e r r o r , ZfFo[ was greater than 2;|FC| 

by a f a c t o r of 3:2. 

5.6 Refinement 

The s t r u c t u r e was r e f i n e d through one cycle of least-squares using 

i s o t r o p i c temperature parameters throughout. R improved t o 0*30. 

St r u c t u r e f a c t o r s were then c a l c u l a t e d and were used t o compute a 

second Fo synthesis. The peak heights of the oxygen atoms now ranged 
o 3 0-3 from 11*3 t o 13*4 e.A , those of the n i t r o g e n from 9*0 t o 10*3 e.A 
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o_3 o_3 and the mean peak hei g h t of carbon was 7*1 e.A . Only one (5*6 e.A ) 
0-3 

unassigned peak was greater than 3'1 e.A . 

The s t r u c t u r e was then r e f i n e d by the method of l e a s t squares, 

using the block diagonal approximation, t o an R value of 0*106. For 

three c y c l e s , i s o t r o p i c temperature parameters were used, followed by 

four cycles w i t h a n i s o t r o p i c temperature f a c t o r s throughout. At t h i s 

stage refinement was nearing completion but the distance C(8)-C(9) was 
o 

1*63 A. The e r r o r appeared to be i n the p o s i t i o n C(9) since the length 

of C(8)-C(10) and the angles at C(8) were normal. 

To guard against the p o s s i b i l i t y of the s t r u c t u r e r e f i n i n g t o a 

f a l s e minimum or t h a t the r a t e of refinement was unduly slow, the 

p o s i t i o n of C(9) was adjusted t o make the length of the C(8)-C(9) bond 

normal. This involved g i v i n g t o C(9) a y-coordinate of ̂ . I n d i v i d u a l 

l a yer-scales f o r the r e c i p r o c a l l a t t i c e nets Okl to 6k l were also now 

introduced although these nets had o r i g i n a l l y been c o r r e l a t e d experi­

mentally. I n only one c y c l e , C(9) moved back t o i t s o r i g i n a l p o s i t i o n . 

A f u r t h e r cycle improved R to 0'102. 

Up t o t h i s stage 2660 observed planes on the Okl to 6kl nets had 

been used i n the refinement. More i n t e n s i t y data was a v a i l a b l e from 

the r e c i p r o c a l l a t t i c e nets 7kl and 8 k l (v = 35°39' and 41°46' 

r e s p e c t i v e l y ) . The r e l a t i v e s c a l i n g of these two nets was not known 

but t h e i r s t r u c t u r e f a c t o r s were placed on t o an absolute scale simply 

by a comparison of 2|FO| and I I | F C | f o r each net. I n the f i n a l stages 
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of least-squares refinement, s t r u c t u r e f a c t o r s were ca l c u l a t e d f o r 3081 

planes on nine r e c i p r o c a l l a t t i c e nets each w i t h i t s own layer-scale K̂ . 

A f t e r f i v e more cycles the s t r u c t u r e converged to R=0 '101 and during 

t h i s refinement the p o s i t i o n of C(9) slowly improved. I n the l a s t two 

cycles the s h i f t s were s t i l l such t h a t the length C(8)-C(9) improved from 
o 

1*60 t o 1*58 A. This l a t e improvement i n the p o s i t i o n of C(9) may be 

r e l a t e d t o C(9) being s i t u a t e d very near to y = ̂ . 

I n the f i n a l cycle of refinement the biggest parameter s h i f t was 

only 0*12 of the corresponding e.s.d. The f i n a l values of the p o s i t i o n a l 

and thermal parameters together w i t h t h e i r e.s.d.'s are given i n Tables 

5.3 and 5.4. 

St r u c t u r e f a c t o r s were c a l c u l a t e d and used t o compute a f i n a l 

( F O - F C ) sjmthesis as a check on the s t r u c t u r e . Small p o s i t i v e peaks were 
o_3 

again observed on the atomic s i t e s . Peaks of about 3 e.A came up at 
o_3 

the zinc p o s i t i o n s and of about 0*5 e.A i n the p o s i t i o n s of the oxygen 
and n i t r o g e n atoms. At the s i t e s of the carbon atoms were peaks of about 

o_3 
0*4 e.A . On the whole the background was small and only i n a few 

o_3 
other regions d i d i t reach values greater than 0*4 e.A . 

I n the l a s t nine cycles of refinement the s t r u c t u r e f a c t o r s were 

weighted by the same f u n c t i o n used i n the refinement of methylzinc 

methoxide. For methylzinc acetoximate the c o e f f i c i e n t s used were: 

Pj^ = 4, P2 = 0*05, p^ = 0*0004, p^ = 0*000003. 
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The least-squares t o t a l s and the v a r i a t i o n of w.A w i t h |FO| and 

w i t h sind/X are given i n Table 5.3. 

The observed and c a l c u l a t e d s t r u c t u r e f a c t o r s are l i s t e d i n Table 

5.9. Unobserved r e f l e x i o n s were given zero weight i n the refinement but 

none o f those on the nets Okl to 6 k l were s i g n i f i c a n t l y greater than 

t h e i r minimum observable value, Fmin. 
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(MeZnON:CMe2)^ TABLE 5.2 

Least-Squares Totals 

Nimiber of Observed Planes 3081 

2|A| 9336-9 2:,|Fo| 92250-1 i;:.|Fc| 90214-0 R O-lOl 

SwjAl^ 4331-2 2w|Fo|^ 293661-0 2w|Fc|^ 289270-7 R' 0-015 

Weighting Analysis 

2 
w.A' averaged i n batches and the number of planes per batch. 

sin9/A 

I F O I . 

0-0-0-2 0-2-0-4 0-4-0-6 0-6-0-8 TOTALS 
I F O I . 

0-17 6-78/16 1-61/242 1-17/991 0-96/63 1-31/1312 

17-34 6-03/16 1-18/379 1-36/511 0-78/3 1-37/909 

34-67 4-54/53 1-18/404 1-92/113 0-00/0 1-64/570 

67-135 1-95/64 1-32/172 1-12/5 0-00/0 1-49/241 

135-269 1-60/30 2-12/17 0-00/0 0-00/0 1-79/47 

269 UP 0-17/2 0-00/0 0-00/0 0-00/0 0-17/2 

TOTALS 3-42/181 1-30/1214 1-28/1620 0-95/66 1-41/3081 
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(MeZnON:CMe2)^ TABLE 5.3 

F i n a l Values of Atomic Coordinates and t h e i r Standard Deviations 

Atom x/a y/b o-(x/a) CT(y/b) a(z/c) 

Z n ( l 
Zn(2 
Zn(3 
Zn(4 

0*16388 
0*42237 
0*35437 
0*09492 

0*34336 
0*21008 
0*19924 
0*10054 

0*13470 
0*23351 
0*06745 
0*12901 

0*00018 
0*00018 
0*00019 
0 *00019 

0*00012 
0*00013 
0*00012 
0*00012 

0*00006 
0*00006 
0*00006 
0*00007 

0(1) 0*38755 0 *31798 0 •17072 0 *00089 0 •00059 0^00031 
0(2) 0*14938 0 *26499 0 •06108 0 *00095 0 •00058 0^00029 
0(3) 0*10479 0 *22585 0 •17755 0 •00089 0 •00062 0*00029 
0(4) 0*31045 0 *09968 0 •12491 0 *00089 0 •00057 0*00029 

N ( l ) 0*46917 0 *29371 0 •12990 0 *00110 0 •00079 0*00038 
N(2) 0*04535 0 *18785 0 •05532 0 *00116 0 •00074 0*00037 
N(3) 0*19646 0 *21350 0 •23297 0 *00113 0 •00066 0*00035 
N(4) 0*42381 0 •09175 0 •17772 0 *00113 0 •00072 0*00035 

C ( l ) 0*06383 0 •46967 0 •13436 0 *00180 0 •00106 0*00071 
C(2) 0*58761 0 •23453 0 •30204 0 *00187 0 •00157 0*00064 
C(3) 0*39203 0 •15242 -0 *00404 0 •00208 0 •00112 0*00056 
C(4) 0*00596 -0 •01893 0 *14930 0 •00230 0 •00119 0*00079 
C(5) 0*59606 0 •33772 0 *13846 0 •00140 0 •00099 '0*00048 
C(6) 0*69354 0 •31207 0^09963 0 •00201 0^00143 0*00071 
0(7) 0*65006 0 •41339 0 *18505 0 •00194 0 •00122 0*00071 
C(8) -0*05054 0 •18152 0 *00776 0 •00158 0 •00112 0^00052 
C(9) -0*05091 0 •25608 -0 *04268 0 •00255 0 •00160 0^00066 
C(10) -0*16126 0 •09761 -0 *00218 0 •00206 0 •00158 0^00078 
C ( l l ) 0*13048 0 •21135 0 *27230 0 •00147 0 •00092 0^00053 
C(12) -0*03635 0 •21873 0 *26073 0 •00188 0 •00138 0^00072 
0(13) 0*22117 0 •19972 0 *33404 0 •00194 0 •00128 0^00063 
C(14) 0*52040 0 •02595 0 *17806 0 •00151 0 •00094 0 '00045 
C(15) 0*52385 -0*03466 0 *12579 0 •00204 0 •00120 0^00063 
C(16) 0*64097 0 •00860 0 *23243 0 •00181 0 •00130 0*00064 
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O 

(MeZnON.CMe.l 2^4 

Figure 5*1 
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5.7 D e s c r i p t i o n and Discussion of Structure 

The s t r u c t u r e i s as shown i n Figure 5.1. The four zinc atoms are 

at the corners of a s l i g h t l y d i s t o r t e d tetrahedron, and above each face of 

the tetrahedron i s an acetoximate group i n which the oxygen atom i s 

attached t o two zincs and the n i t r o g e n to the t h i r d . Thus between each 

p a i r of zinc atoms can be traced a Zn-O-N-Zn linkage. Tracing the counter­

clockwise s p i r a l s from Z n ( l ) we have f o r example: 

Zn(l)-0(3)-N(3)-Zn(2) 
Z n ( l ) - 0 ( 1 ) - N ( l ) - Z n ( 3 ) 

. Zn(l)-0(2)-N(2)-Zn(4) 

and s i m i l a r linkages connect Zn(4) to Zn(2), Zn(3) to Zn(4) and Zn(3)-Zn(2). 

Since each oxygen atom i s bonded d i r e c t l y to two zinc, four p a i r s of zinc 

atoms: 

Z n ( l ) - Z n ( 2 ) ; Z n ( l ) - Z n ( 3 ) ; Zn(3)-Zn(4); Z n ( 4 ) - Z n ( l ) ; 

are connected by a Zn-O-Zn l i n k . 

This p a t t e r n of bonding r e s u l t s i n a "cage" s t r u c t u r e which has four 

puckered five-merabered r i n g s and two adjacent six-membered r i n g s i n which 

Zn(2), N ( 4 ) and 0(4) are common t o both. Each five-membered r i n g i s 

composed of two zi n c , two oxygen and one n i t r o g e n atom. Although both of 

the six-membered r i n g s contain two zinc, two oxygen and two n i t r o g e n 

atoms they are however i n t r i n s i c a l l y d i f f e r e n t . I n the f i r s t , both oxygen 

atoms are bonded t o a common zinc and s i m i l a r l y the nitrogens. I n the 

oth e r , each zinc i s bonded t o one n i t r o g e n and one oxygen atom. The s i x -
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membered r i n g formed by Zn(2),N(3),0(3),Zn(4),0(4),N(4) i s analogous i n 

shape t o a cyclohexane r i n g i n the chair conformation. The atoms Zn(2), 
o 

N(3),Zn(4),0(4) are approximately coplanar ( a l l atoms l i e w i t h i n 0*03 A 
o 

of the mean pl a n e ) , and N(4) i s s i t u a t e d 0*7 A to one side of the plane, 

0 ( 3 ) i s 0^8 A to the other side. The atoms Z n ( 3 ) , N ( l ) , 0 ( l ) , Z n ( 2 ) , N ( 4 ) , 

0(4) i n the other six-membered r i n g are approximately r e l a t e d by a two­

f o l d a x i s . 

The outcome of t h i s arrangement i s that no four-membered r i n g s are 

found but the four zinc atoms are i n three d i f f e r e n t kinds of 

environment. I n a d d i t i o n t o the methyl carbons: 

Z n ( l ) i s bonded t o three oxygen atoms 0 ( 1 ) , 0(2),and 0 ( 3 ) ; 
Zn(2) i s bonded to two nitrogens N(3) and N(4) and one oxygen 0 ( 1 ) ; 
Zn(3) and Zn(4) are each bonded t o one ni t r o g e n and two oxygens; 
Zn(3) to N ( l ) , 0 (2) and 0(4) and Zn(4) to N ( 2 ) , 0(3) and 0 ( 4 ) . 

Thus the co o r d i n a t i o n nxamber a t zinc i s four and at oxygen i s three. 
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Bond lengths and bond angles w i t h t h e i r standard deviations are 

given i n Tables 5.5 and 5.6. Some bond lengths are also shown on 

Figure 5.2. 

o 

The mean Zn-C le n g t h i s 1*95 A,none of the i n d i v i d u a l values 

d i f f e r i n g s i g n i f i c a n t l y from each other. The mean values of the Zn-C 

lengths found i n the three s t r u c t u r e s presented are: 

i n (MeZnOMe)^ - 1*948 A, 

i n (MeZnNPh2)2 - 1'949 A, 

i n (MeZnON:CMe2)^ - 1*950 A. 

Comment has already been made on the d i f f e r e n c e between these observed 

values and the sum of the Pauling r a d i i . 
o 

I n methylzinc acetoximate the Zn-0 lengths vary from 2*024 to 2^069 A 

and w i t h e.s.d.'s of 0^008 X, f o r these extreme cases t h i s represents a 

value f o r Student's t f u n c t i o n of 4^0 and the d i f f e r e n c e i s s i g n i f i c a n t . 

I n s p i t e of the d i f f e r e n c e s i n environment of the zinc atoms however, 
the Zn-0 distances agree f a i r l y c l o s e l y w i t h one another, and w i t h the 

exception of Zn(4)-0(4), the sh o r t e s t , the v a r i a t i o n i s only from 2^043 
o 

to 2^069 A. These seven Zn-0 lengths may be taken t o be the same w i t h i n 
o 

experimental e r r o r , w i t h a mean value of 2*055 A. This distance i s 
o 

s i g n i f i c a n t l y shorter than the mean value of 2^08 A observed i n methyl-

zinc methoxide. I n methylzinc acetoximate, because of the absence of 

four-membered r i n g s , the angles at oxygen do not depart appreciably from 

t e t r a h e d r a l . The s t r a i n e d environment i n the methoxide i s thus relaxed 
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and atomic o r b i t a l s w i t h greater 's' character w i l l be used i n bond 

formation, w i t h a r e s u l t a n t shortening of the Zn-0 bond. -There i s no 

evident reason f o r the value of Zn(4)-0(4). 

o o 

For the extreme Zn-N distances of 2^047 A and 2*098 A, t ^ i s 3'6 

and the d i f f e r e n c e must be regarded as s i g n i f i c a n t . Again however, i t 

i s one distance which i s appreciably shorter than the r e s t , the other 
o 

three values agree very c l o s e l y and have a mean of 2^090 A. This mean 

value i s the same as the distance observed i n mono-thiosemicarbazide 

zinc c h l o r i d e , Zn(SC(NH2)NHNH2)Cl2, where zinc i s both t e t r a h e d r a l l y 
coordinated and together w i t h n i t r o g e n i s p a r t of a five-membered r i n g 
system. The mean Zn-N distance i n (MeZnNPh2)2 i s 2*073 A. Arguing by 

analogy w i t h the Zn-0 distances one would expect the Zn-N i n the 
o 

acetoximate to be shorter than 2*073 A. However, i n t h i s case the 

comparison i s complicated by the d i f f e r i n g h y b r i d states of both zinc 

• and n i t r o g e n i n the two compounds. 
The f o u r 0-N distances may be taken t o be the same w i t h i n 

experimental e r r o r , as may the four N=C lengths. None of the 

i n d i v i d u a l values d i f f e r s i g n i f i c a n t l y from each other or from the mean 
o o 

values of 1*41 A and 1*26 A r e s p e c t i v e l y . The r e s u l t s of various X-ray 

and neutron d i f f r a c t i o n studies which have been made of oxime molecules 

have been summarized by Hamilton (1961). The observed lengths of C=N 
o o bonds vary from 1*25 to 1*29 A, and of N-0 bonds from 1*32 to 1*39 A. 

However, a recent microwave study of formaldoxime, CH,=NOH (Levine,1963), 
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o 

revealed C=N and N-0 bonds of 1*276 and 1*408 A r e s p e c t i v e l y . Because 

of resonance the N-0 bond i s expected to be shorter than a pure single 

bond and the C=N bond longer than a pure double bond, and when these 

distances i n formaldoxime were corrected f o r resonance by a simple 

Huckel treatment, the lengths were i n e x c e l l e n t agreement w i t h the 

p r e d i c t i o n s of the Schomaker-Stevenson r e l a t i o n (C=N, pure double bond, 

l*26s A; N-0, pure s i n g l e bond, 1*44 A). The values i n methylzinc 

acetoximate are i n good agreement w i t h the distances observed i n form­

aldoxime. 

o 
For seven of the C-C bonds the length .varies between 1*496 A and 

1*512 A w i t h a mean value of 1*505 A. This distance agrees c l o s e l y w i t h 
. o 

the value of 1*510 -0*005 A obtained by averaging several independent 
3 2 

estimates of the Csp -Csp bond distance (Interatomic Distances -

Supplement, 1965). The e i g t h C-C distance i n methylzinc acetoximate, 

C(8)-C(9), has a value of 1*58 X. The e l e c t r o n density peak represent­

ing C(9) i n the second Fo synthesis was broad and d i f f u s e and i t s height 

of 5*6 e.A"^ was the smallest shoxm by a carbon atom. I n a d d i t i o n the 

temperature parameters of C(9) tend t o be l a r g e r than those of the 

other methyl carbon atoms. Neglect of c e r t a i n o f f - d i a g o n a l elements 

i n the least-squares m a t r i x may lead to underestimate of the e.s.d.'s 

p a r t i c u l a r l y i f there i s large overlap of e l e c t r o n density (Hodgson and 

R o l l e t t , 1963). I t i s also r e c a l l e d t h a t the p o s i t i o n s of C(9) improved 

appreciably i n the l a s t few cycles of refinement, so i n view of these 
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considerations i t i s not believed t h a t there i s a r e a l d i f f e r e n c e i n 

length between t h i s bond and the others. 

One would expect t o f i n d the greatest inter-bond angles i n the two 

six-membered r i n g s and t h i s i s f u l l y borne out i n p r a c t i c e . The l a r g e s t 

angles a t zinc are i n the "cyclohexane-type" r i n g , N(3)-Zn(2)-N(4) w i t h 

a value of 101*0° and 0(3)-Zn(4)-0(4) w i t h a value of 97*9°. The two 

angles i n the other six-membered r i n g , 0(1)-Zn(2)-N(4) and 

0 ( 4 ) - Z n ( 3 ) - N ( l ) w i t h values of 95*7° and 94*3° r e s p e c t i v e l y , are the 

l a r g e s t 0-Zn-N angles observed. The remaining 0-Zn-O angles vary from 

89*5° t o 96*1° and the 0-Zn-N angles from 87*6° t o 94*0°. I n d i v i d u a l 

values are given i n Table 5.6. The absence of four-membered r i n g s has 

meant t h a t , i n general, the bond angles at zinc are about 10° l a r g e r 

than those observed i n methylzinc methoxide. 

The angles at oxygen vary from 106'1° to 117*3° and so are not 

g r e a t l y d i s t o r t e d from t e t r a h e d r a l , although i n general they are s l i g h t l y 

greater than the t e t r a h e d r a l value. Since throughout t h i s molecule, the 

inter-bond angles at oxygen are f a i r l y normal, the r e l i e f of valence 

angle s t r a i n on going t o a six-membered r i n g i s f e l t mainly by the zinc 

atoms and so the' angles a t oxygen i n the six-membered r i n g s are not 

nec e s s a r i l y the l a r g e s t . 

None of the C-C-C or the N-C-C angles d i f f e r s i g n i f i c a n t l y from the 

expected value of 120°. 
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I n each of the four cases the sum of the three angles a t nitr o g e n 

i s 360± 1°. This means t h a t there are four i n d i v i d u a l zinc acetoximate 

"Me2C:N0Zn" u n i t s which are approximately planar. These involve Zn(2), 

Zn(3) and Zn(4) but not Z n ( l ) . And to a lesser extent the methyl 

carbon atoms attached t o zinc also l i e near to these planes. This 

arrangement brings each isopropylidene group i n t o close pr o x i m i t y w i t h 

the methyl carbon atom on the adjacent zinc atom (contacts designated 

by an obelus^ i n Table 5.7) and r e s u l t s i n the d i s t o r t i o n of the four 

Zn-N=C angles t o values greater than 130°. The requirements of the 

five-membered r i n g s necessitate a Zn-N-0 angle of around 110°, leaving 

the t h i r d angle at n i t r o g e n , the 0-N=C angle, w i t h a value of about 115°. 

The mean values of the four Zn-N=C, Zn-N-0 and 0-N=C angles, are 

r e s p e c t i v e l y 132-7°, 111-8° and 115-1°. None of the i n d i v i d u a l values 

d i f f e r s i g n i f i c a n t l y from the appropriate-mean. Thus, the mean 0-N=C 

angle of 115*1° does not d i f f e r g r e a t l y from the values of 109-7° t o 

112° observed i n free oxime molecules where lone-pair repulsions are 

responsible f o r the d i s t o r t i o n from 120°. 

-oOo-
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/ 

(MeZnON:CMe2)4 

Mean Bond Lengths in Bold Type 

Figure 5 2 
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(MeZnON:CMe2)^ TABLE 5.5 

Bond Lengths (A) and t h e i r Standard Deviations (A x 10^) 

Zn( l ) - Z n ( 2 ) 3*411(2) 
Z n ( l ) - Z n ( 3 ) 3 *330(2) 
Zn(2)-Zn(3) 3^885(1) 
Zn(2)-Zn(4) 3^698(2) 
Zn(3)-Zn(4) 3-416(2) 
Zn ( 4 ) - Z n ( l ) 3 *355(2) 

Z n ( l ) - C ( l ) 1*948(15) 
Zn(2)-C(2) 1*958(17) 
Zn(3)-C(3) 1*953(15) 
Zn(4)-C(4) 1*940(18) 

Z n ( l ) - 0 ( 1 ) 2*050(8) 
Z n ( l ) - 0 ( 2 ) 2*043(8) 
Z n ( l ) - 0 ( 3 ) 2*053(8) 
Zn(2)-0(1) 2*069(8) 
Zn(3)-0(2) 2*066(9) 
Zn(3)-0(4) 2*052(8) 
Zn(4)-0(3) 2*053(8) 
Zn(4)-0(4) 2*024(8) 

Zn(2)-N(3) 2*089(10) 
Zn(2)-N(4) 2*098(10) 
Zn ( 3 ) - N ( l ) 2*047(10) 
Zn(4)-N(2) 2*082(10) 

0(1)-N(1) 1*430(13) 
0(2)-N(2) 1*405(13) 
0(3)-N(3) 1*389(12) 
0(4)-N(4) 1*422(12) 

N( l ) - C ( 5 ) 1*285(16) 
N(2)-C(8) 1*252(17) 
N ( 3 ) - C ( l l ) 1*257(16) 
N(4)-C(14) 1*263(16) 

C(5)-C(6) 1*504(22) 
C(5)-C(7) 1*506(21) 
C(8)-C(9) 1*581(24) 
C(8)-C(10) 1*509(25) 
C ( l l ) - C ( 1 2 ) 1*498(21) 
C ( l l ) - C ( 1 3 ) 1*509(21) 
C(14)-C(15) 1*512(20) 
C(14)-C(16) 1*496(21) 
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(MeZnON:CMe2)^ TABLE 5.6 

Bond Angles with their Standard Deviations 
Angle e. s. d. 

N(3)-Zn(2)-N(4) 101*0° 0*4 
0(1)-Zn(l )-0(2) 96-1 0*3 
0(1)-Zn(l )-0(3) 91*8 0*3 
0(2)-Zn(l )-0(3) 93*9 0*3 
0(2)-Zn(3 )-0(4) 89*5 0*3 
0(3)-Zn(4 )-0(4) 97'9 0*3 
0(1)-Zn(2 )-N(3) 91-1 0*3 
0(1)-Zn(2 )-N(4) 95'7 0*3 
0(2)-Zn(3 )-N(l) 94*0 0*4 
0(4)-Zn(3 )-N(l) 94*3 0*4 
0(3)-Zn(4 )-N(2) 88'9 0*4 
0(4)-Zn(4 )-N(2) 87*6 0*4 
Zn(l)-0(1 )-N(l) 114*0 0-6 
Zn(l)-0(1 )-Zn(2) 111-8 0-4 
Zn(2)-0(1' )-N(l) 109 '4 0*6 
Zn(l)-0(2" )-N(2) l l l ' l 0*6 
Zn(l)-0(2' )-Zn(3) 108'3 0*4 
Zn(3)-0(2: )-N(2) 106*1 0*6 
Zn(l)-0(3: )-N(3) 113-7 0*6 
Zn(l)-0(3: )-Zn(4) 109-6 0*3 
Zn(4)-0(3; )-N(3) 111-8 0*6 
Zn(3)-0(4; )-N(4) 115-0 0*6 
Zn(3)-0(4: )-Zn(4) 113*9 0*4 
Zn(4)-0(4; )-N(4) 117*3 0*6 
0(1)-N(i; )-C(5) 114*2 1*0 

Zn(3)-N(i: )-C(5) 133 *1 0*9 
Zn(3)-N(i: )-0(l) 112*6 0*7 
0(2)-N(2: )-C(8) 116*2 1*0 

Zn(4)-N(2: )-C(8) 133*1 1*0 
Zn(4)-N(2: )-0(2) 110*5 0*6 
0(3)-N(3: ) - C ( l l ) 115*6 1*0 

Zn(2)-N(3; ) - C ( l l ) 133*0 0*9 
Zn(2)-N(3; )-0(3) 111*3 0*6 
0(4)-N(4; )-C(14) 114*3 0*9 

Zn(2)-N(4" )-C(14) 131*6 0*9 
Zn(2)-N(4: )-0(4) 112*7 0*6 
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(MeZnON:CMe2)^ TABLE 5.6 (continued) 

Angle e. s. d. 
C( l ) - Z n ( l ) - 0 ( 1 ) 125 •1° 0 •5° 
C ( l ) - Z n ( l ) - 0 ( 3 ) 119 •8 0 •6 
C ( l ) - Z n ( l ) - 0 ( 2 ) 122 •3 0 •6 
C(2)-Zn(2)-0(1) 115 •6 0 •6 
C(2)-Zn(2)-N(4) 122 •3 0 •6 
C(2)-Zn(2)-N(3) 123 •9 0 •6 
C(3)-Zn(3)-0(2) 116 •8 0 •6 
C(3)-Zn(3)-0(4) 119 •7 0 •5 
C(3)-Zn(3)-N(l) 132 •3 0 •6 
C(4)-Zn(4)-0(3) 120 •5 0 •6 
C(4)-Zn(4)-0(4) 119 •9 0 •6 
C(4)-Zn(4)-N(2) 132 •8 0 •7 

C(6)-C(5)-C(7) 119 •1 1 •3 
C(9)-C(8)-C(10) 120 •0 1 •4 
C(12)-C(ll)-C(13) 117 •8 1 •3 
C(15)-C(14)-C(16) 117 •9 1 •3 

C(6)-C(5)-N(l) 117 •8 1 •2 
C(7)-C(5)-N(l) 123 •0 1 •2 
C(9)-C(8)-N(2) 121 •0 1 •4 
C(10)-C(8)-N(2) 118 •9 1 •4 
C(12)-C(ll)-N(3) 122 •8 1 •3 
C(13)-C(ll)-N(3) 119 •4 1 •2 
C(15)-C(14)-N(4) 123 •5 1 •2 
C(16)-C(14)-N(4) 118 •6 1 •2 
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The carbon and nitrogen atoms of the individual isopropylidene-

amine units "Me2C:N" are s t r i c t l y coplanar ,the greatest value of for 

one such unit being 1*8. The equations of the mean planes (referred to 

orthogonal axes p a r a l l e l to a*, b and c) are given below. The out-of-

planes deviations indicate the extent to which the zinc and oxygen 

atoms are displaced. 

Equation of Plane for atoms N(l),C(5),C(6) , c(7): 

-0'3023x' + 0'7936y - 0*5280z' = 0*0058 

Deviations (£): N(l) O'OOl; C(5) -0'002; C(6) 0*001; C(7) 0*001; 
Zn(3) 0*194; 0(1) -0*089. 

Equation of Plane for atoms N(2),C(8),C(9),C(10): 

0*62l4x' - 0*4879y - 0*6131z' = -1*5571 

Deviations (^): N(2) 0*006; C(8) -0*016; C(9) 0*005; C(10) 0*005; 
Zn(4) 0*114; 0(2) 0*034. 

Equation of Plane for atoms N(3),C(11),C(12),C(13): 

0*0549x' + 0*9967y + 0*0590z' = 3*3929 

Deviations ( A ) : N(3) -0*001; C ( l l ) 0*004; C(12) -0*001; C(13) -0*001; 
Zn(2) -0*068; 0(3) - 0*024. 

Equation of Plane for atoms N(4),C(l4),C(15),C(16): 

0*5825x' + 0*5925y - 0*5565z' = 1*3876 

Deviations ( A ) : N(4) 0*003; C(14) -0*008; C(15) 0*003; C(16) 0*003; 
Zn(2) 0*435; 0(4) -0*059. 
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In addition to the end-on methyl-methyl repulsions which distort 

the Zn-N=C angles to 132*7° , various side-on repulsions, between zinc-

methyl carbon atoms and the isopropylidene groups, (contacts marked by 

a double-obelus* in Table 5 .7) may be seen to influence the deviations 

from the planes of the isopropylideneamine groups. 

In particular the approximate twofold symmetry of the six-membered 

ring Zn ( 3),N(l ) , 0(l),Zn ( 2),N ( 4 ) , 0 ( 4 ) brings four of the isopropylidene 

methyl and two of the zinc methyl carbon atoms into close proximity. 

I n addition to contacts* with the isopropylidene group with which they 

are roughly coplanar, C(2) makes a contact of 3*88 A across the ring 

with C(7) in the Me2C: group attached to N ( l ) , and similarly, C(3) makes 

a contact* of 3*96 A across the ring with C(15) . Twisting of the iso­

propylidene groups attached to N(l) and N(4) about their C=N axes, 

increases these short contacts and i s evident in the deviations of the 

appropriate zinc and oxygen atoms from the planes i n question. 

TABLE 5.7 
o 

Intramolecular Contacts between Peripheral Carbon Atoms.(A) 

C ( l ) . . . ..CO) 5 *29 t c ( 2)..... C(7) 3 •88 
C ( l ) . . . . . C ( 9 ) 5 •03 t C(2)..„. C(13) 3 •70 
CCD.. . . .C(12) 4 *82 t C(2)..... C(16) 3 *59 

t C(3).. . . . C ( 6 ) 3 •88 » C(4 )..... C(10) 3 •90 
C(3) C(9) 4 •20 C (4)..... C(12) 4 •28 

t CO)... . .C(15) 3 •96 C(4) C(15) 4 •98 

As with methylzinc methoxide there i s wide variation in the bond 
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angles subtended at zinc by the methyl carbons and adjacent "cage" 

atoms. In addition to the distortion from 120° at nitrogen, this 

variation also, i s consistent with a consideration of the intramolecular 

contacts between peripheral carbon atoms given in Table 5.7. 

Z n ( l ) i s bonded d i r e c t l y only to oxygen in the cage structure with 

the r e s u l t that there are no short intramolecular contacts between C ( l ) 

and any of the isopropylidene carbon atoms, Zn(2) i s bonded dire c t l y 

to two nitrogen atoms and so C(2) has three contacts of less than 4 A 

with neighbouring isopropylidene groups. C(3) and C(4) have an 

environment which i s intermediate between these two extremes. 

Displacement of C(2) away from C(16) and C(13) i s in such a 

direction as to make 0(1)-Zn(2)-C(2) the smallest of the three angles 

at Zn(2). 

Movement of C(3) to make N(l)-Zn(3)-C(3) the largest of the three 

angles at Zn(3) increases the short contact between C(3) and C(6) to a 
o 

value of 3*88 A. The short contact C(3).....C(15) of 3*96 A i s also 

consistent with the observed order of: 
N(l)-Zn(3)-C(3) > 0 (4)-Zn(3)-C(3) > 0(2)-Zn(3)-C(3) 

o 

However, i t i s noted that C(3) also makes a contact of 3*60 A with C(15) 

i n the molecule at x,-y,-z. Movement of C(3) in a direction away from 

th i s atom would appear to favour 0 (4)-Zn(3)-C(3) as the largest angle at 

Zn(3). 
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U O 

The contact of 3*90 A with C(10) i s the only contact le s s than 4 A 

involving C (4 ) . Movement of C(4) away from C(10) i s in a direction 

which increases N(2)-Zn(4)-C(4) to a value of 132*8°. 
Because of the environment of Z n ( l ) , C ( l ) i s more "exposed" than 

the other three methyl carbon atoms attached to zinc, these being shielded 

to some extent by the isopropylidene groups bound to adjacent nitrogen 

atoms. I t would be expected that the three 0-Zn-C angles at Zn(l) w i l l 

therefore be much more sensitive to distortion by intermolecular forces 

than were C(2), C(3) and C (4 ) . The intermolecular contacts le s s than 4 A 
o 

are given in Table 5.8, only three of these being less than 3*8 A. 

A contact of 3*66 £ between C ( l ) and C(16) in the molecule at x, i+y, 

l"-z i s indeed in such a direction that displacement of C ( l ) away from 

this atom would make 0 ( 1 ) - Z n ( l ) - C ( l ) the largest angle at Z n ( l ) . The 
o 

shortest intermolecular contact involving C(2) i s 3*86 A. C(4) i s 
o 

involved in no intermolecular contacts le s s than 4 A. 

The packing in the c r y s t a l i s shown in Figure 5.3 where the structure 

i s projected along the b axis. 

The temperature factors of the zinc, nitrogen and oxygen atoms are 

very similar and have B values of about 6 A^. The largest thermal 

parameters are found among the methyl carbon atoms in the isopropylidene 

groups where some of the vibrations are also markedly anisotropic. 
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(MeZnON:CMe„), 2 4 TABLE 5.8 

Intermolecular Contacts less than 4 A 

Equivalent Position Niraiber 1: 
Equivalent Position Nimiber 2: 
Equivalent Position Number 3: 
Equivalent Position Number 4: 

- X , 

y , 

2+y, 
2 - y , 2 + Z . 

Atom A Atom B Equivalent 
Position C e l l A-B 

Angstrc 

Zn(l) C(16) 3 ( 1, 0, 0) 3*93 

0(1) C(16) 3 ( 1, 0, 0) 3*54 

0(3) C(6) 1 (-1, 0, 0) 3*95 

0(4) C(10) 2 ( 0, 0, 0) 3*96 

C ( l ) 
C ( l ) 

C(16) 
C(6) 

3 
1 

( 1, 
(-1, 

0, 0) 
0, 0) 

3*66 
3*94 

C(2) 
C(2) 

C(15) 
C(12) 

3 
1 

( 1, 
( 1, 

0, 0) 
0, 0) 

3*86 
3*87 

C(3) C(15) 2 ( 1. 0, 0) 3*60 

C(7) 
C(7) 

C(16) 
C(12) 

3 
1 

( 1, 
( 1, 

0, 0) 
0, 0) 

3*97 
3*99 

C(10) 
C(10) 

C(15) 
C(10) 

2 
2 

( 0, 
( 0, 

0, 0) 
0, 0) 

3*94 
3*97 
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(MeZnON:CMe2)4 projection on the [OlO] plane 

Figure 5*3 
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5.8 The "Cage" Structure of Methylzinc Acetoximate 

In methylzinc acetoximate both nitrogen and oxygen can take part in 

coordination to the metal and i t i s quite reasonable that this molecule 

departs from the cubane arrangement of the methoxide and so avoids the 

s t r a i n of four-membered rings. However, using molecular models with 

f l e x i b l e bonds, i t i s possible to f i t together alternative arrangements 

for (MeZnON:CMe2)^. A l l the isomeric structures which have been b u i l t 

up r e t a i n the feature of two six-membered rings, but arrangements in 

which each zinc has a similar environment, being bonded to two oxygens 

and one nitrogen, do seem feasible. Although the very careful model 

building, which would be required to obtain reasonable estimates of the 

inter-bond angle distortions and the peripheral contacts in these 

alternative structures, has not been possible, s u p e r f i c i a l l y then, 

isomeric forms do seem feasible. Why then does the molecule adopt this 

arrangement rather than a more sjmmetrical structure? 

The s i g n i f i c a n t features of the structure of methylzinc acetoximate 

also seem to exist in that of methylberyllium acetoximate. The p.m.r. 

spectrtmi of (MeBeON:CMe2)^ in benzene solution shows three beryllium-

methyl resonances with i n t e n s i t i e s in the ra t i o 2:1:1 (Coates and 

Fishwick, 1968). These observations are, of course, consistent with 

(MeBeON:CMe2)^ having a structure similar to that found for the zinc . 

analogue. I t should be noted that the p.m.r. spectrum of (MeZnON:CMe2)^ 

i t s e l f , showed only a single, sharp zinc-methyl resonance. However, 
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the work of Bruce and co-workers (1966) on the p.m.r. spectra of the 

methanolysis products of methyl- and phenylzinc, has shown that,in 

solution, exchange of al k y l groups attached to zinc i s fast, and this 

may account for the absence of a zinc-methyl t r i p l e t in the spectrum of 

(MeZn0N:CMe2)^. 

A comment on the r e l a t i v e s t a b i l i t i e s of the two cage structures 

of methylzinc methoxide and methylzinc acetoximate i s given by the 

re s u l t s of attempts to depoljmierise them. Although (MeZnON:CMe2)^ may 

be recovered unchanged from solutions containing either pjrridine, or the 

more basic 4-diraethylaminopyridine, with the l a t t e r , methylzinc raethoxide 

forms a 1:1 adduct, Me2N.C^H^N.Zn(Me)0Me, whose infrared spectrum 

d i f f e r s markedly from the free tetramer. 

I have measured the unit c e l l dimensions of two of the Group I I I 

acetoximate derivatives, the boron and the thallium compounds, and data 

i s also available for dimethylgalliimi acetoximate (Raper and Shearer, 

1967). 

Compound: Me2C:NOBMe2 Me2C:NOGaMe2 Me2C:NOTlMe2 

System: Monoclinic Monoclinic Monoclinic 

Space-Group: C2/c or Cc C2/c or Cc P2^/c 

ad) 11*04 11*74 6*28 

Hh 8*84 9*01 12*57 
o 

c(A) 15*27 16*77 10*50 

P 104°30' 111°35' 104°05' 
-2 

p gm.cm. 1*04 1*38 2*54 

Z 8 8 4 
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I f the boron and gallium compounds c r y s t a l l i s e with the space-group 

C2/c, then the observations are consistent with a dimeric structure 

(Me2C:N0MMe2)2 (as formulated i n § 5,1) having centres or 2-fold axes 

of sjmimetry. For the space-group Cc, the dimers would need no 

special symmetry. The observations on the thallium compound are 

consistent with dimeric molecules i f these have, and u t i l i s e , centres 

of symmetry. 

A three-dimensional analysis of dimethylgallium acetoximate 

(Raper and Shearer, 1967) has now established that the dimer c r y s t a l l i s e s 

with the centric space-group and u t i l i s e s a 2-fold symmetry axis. This 

GaONGaON ring i s very similar i n shape to the ring Zn(3),.N(l), 0(1), 

Zn(2), N(4), 0(4), i n methylzinc acetoximate. 



(MeZnON:CMe2)^ TABLE 5.9 

Fin a l Values of the Observed and 
Calculated Structure Factors 
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I I 
28 
21 
I I 
26 
I I 

4 - 2 7 
3 - 2 6 
4 -26 
7 - 2 6 
3 - 2 5 
4 - 2 5 
5 - 2 5 
6 - 2 5 
7 - 2 5 
8 - 2 5 
0 - 2 4 
1 - 2 4 
2 - 2 4 
3 - 2 4 
4 - 2 4 
5 - 2 4 
6 - 2 4 
8 - 2 4 
3 -1} 
4 - 2 3 
6 - 2 3 
5 - 2 3 
0 - 2 2 
1 - 2 2 
2 - 2 2 
4 - 2 2 
5 - 2 2 
6 - 2 2 
7 - 2 2 
1 - 2 1 
2 - 2 1 
3 - 2 1 
4 - 2 1 
6 - 2 1 
7 - 2 1 
I - 2 1 
9 - 2 1 
0 - 2 0 
1 - 2 0 
2 - 2 0 
3 - 2 0 
5 - 2 0 

29 
16 
21 
17 
13 
26 
16 
12 
16 
10 
13 
23 
25 
20 
19 
19 

I 
9 

26 
S 

34 
13 
10 
S 

12 
8 

13 
25 

S 

14-
13 
I I 
14 
25 
14 
I I 
45 
13 
10 
20 
12 
8 

I I 
19 
I I 
24 

S 
I I 
29 
IS 
23 
I I 
81 
I I 
I I 
9 

- 2 8 
- I I 
- I I 
- 2 7 

16 
- 1 7 

19 
12 
31 

- 1 3 
- 4 5 
- 1 4 

13 
24 
30 

- 1 2 
- 3 5 

19 
15 

- 3 4 
• 30 

- 1 3 
32 

- 1 7 
17 

- 4 0 
- 2 0 

43 
31 

- 2 4 
- 1 2 

20 
21 

- 4 2 
18 
IS 

- 2 6 
20 
10 

- 2 6 
- 1 3 
- 1 0 

23 
20 
- 9 

- 2 1 
- 1 2 

25 
17 

- I S 
18 

- 1 5 
21 

- 1 6 
- 1 2 

IS 
- 1 0 
- 1 4 

19 
- 2 2 

20 
17 
17 
- 8 
-S 
24 

6 

- 3 2 
- 1 0 

S 
6 

- 1 2 
- 7 
13 

- 2 2 
- 8 
15 

- 1 4 
10 

- 1 4 
- 2 6 

13 
9 

- 4 6 
- 1 6 

9 
21 

- 1 2 
- 9 
10 

- I S 
- 8 
25 
10 
I I 
31 

- 1 6 
- 2 1 
- 1 2 

84 
9 

- 1 2 
- 8 

I | F o | Fc 

6 - 2 0 
7 - 2 0 
8 - 2 0 
9 - 2 0 

10 - 2 0 
11 - 2 0 
2 - 1 9 
3 - 1 9 
4 - 1 9 
6 - 1 9 
7 - 1 9 
8 - 1 9 
9 - 1 9 

12 - 1 9 
0 - I S 
1 - I S 
2 - 1 8 
3 - I S 
4 - 1 8 
8 - I S 
9 - I S 

h k I | F o | Fc 

3 10 - 1 8 
I I - 1 8 

1 - 1 7 
2 - 1 7 
3 - 1 7 
4 - 1 7 
5 - 1 7 
7 - 1 7 
8 - 1 7 
9 - 1 7 

10 - 1 7 
3 I I - 1 7 
3 0 - 1 6 
3 I . - 1 6 
3 2 - 1 6 
3 3 - 1 6 
3 5 - 1 6 
3 10 - 1 6 
3 12 - 1 6 

1 - I S 
2 - I S 
3 - I S 
4 - I S 
5 - I S 
6 - 1 5 
9 -7 5 

3 12 - I S 
3 0 - 1 4 

2 - 1 4 
4 - 1 4 
5 - 1 4 
6 - 1 4 
8 - 1 4 
9 - 1 4 

10 - 1 4 
3 I I - 1 4 
3 12 - 1 4 

1 -13 
2 - 1 3 
3 -13 
4 - 1 3 
5 -13 
6 - 1 3 

12 -13 
0 - 1 2 
2 -12 
3 - 1 2 
4 - 1 2 
5 - 1 2 
6 - 1 2 
7 - 1 2 
9 - 1 2 

3 10 - 1 2 
3 I I - 1 2 

12 - 1 2 
13 - 1 2 

IS 
8 
8 

20 
14 
I I 
38 
I I 
17 
22 
34 
36 
26 
I I 
98 
14 
44 
19 
19 
12 
14 
17 
13^ 
18 
12 

26 
33 

8 
15 
29 
10 
9 

13 
41 
40 
26 
39 
29 
13 

1 - I I 
2 - I I 
3 - I I 
4 - I I 
5 - I I 
6 - I I 
9 - I I 
0 - 1 0 
1 -10 
2 - 1 0 
3 - 1 0 
4 - 1 0 
5 - 1 0 
6 - 1 0 
7 - 1 0 
8 - 1 0 

10 - 1 0 
11 - 1 0 

9 
- 9 
- 9 
- 9 
- 9 
- 9 
- 9 
-9 

21 
21 
73 
24 
74 
25 
I I 

9 
15 
37 
64 
24 
15 
30 
13 
16 
21 
27 

6 
84 
25 

I I S 
4 2 
6S 

9 
17 
12 
64 
35 
15 
34 
30 
18 
25 
I I 
12 
15 
47 
36 
76 
19 
65 
22 
12 
37 
56 

S 
14 
45 
61 
26 
25 
20 

8 
13 
23 
25 
16 
61 
22 
25 
49 
10 

13 • 
8 
5 

- 1 8 
- 1 3 

I I 
41 

9 
- 1 7 

23 
- 3 3 
- 3 6 

23 
10 
99 

- 1 7 
- 4 5 

19 
- 2 3 
- 1 6 
- I S 

16 
12 
IS 
14 

- 2 8 
- 3 0 

- 9 
- 1 5 

30 
12 
- 9 
12 

- 4 0 
- 4 4 

28 
- 3 9 

30 
16 
- 5 
20 

- 2 1 
- 7 8 
- 2 4 

70 
2S 

- I I 

- I I 
-3S 

65 
- 2 4 

16 
- 2 6 

14 
17 

- 1 9 
- 2 1 

-4 
- 9 0 

72 
124 
43 

- 6 6 
6 

- 9 
12 
69 

- 3 4 
- 1 6 

35 
- 3 1 

IS 
- 2 6 
- 1 2 

14 
13 

- 5 2 
36 
75 
19 

- 6 8 
- 2 0 

14 
45 

- 5 5 
- 3 
15 

- 4 6 
60 

- 2 6 
- 3 0 

19 
- 4 
12 
22 
26 

- 1 3 
- 6 6 
- 2 6 

27 
48 

3 10 -
3 12 -
3 0 -3 1 
3 2 
3 3 
3 4 
3 5 -
3 6 -
3 7 -
3 8 -3 10 -
3 I I - i 
3 12 -8 
3 13 -s 
3 1 -7 
3 2 -; 
3 3 - 7 
3 4 - 7 
3 5 - 7 
3 6 - 7 
3 7 - 7 
3 8 - 7 
3 9 - 7 
3 11 - 7 
3 13 - 7 
3 0 - 6 
3 I - 6 
3 2 - 6 
3 3 - 6 
3 4 - 6 
3 S -6 
3 7 -6 
3 9 
3 10 
3 I I 
3 12 
3 13 
3 1 
3 3 
3 4 
3 5 
3 6 
3 7 
3 8 
3 I I 
3 12 
3 13 

0 

3 H 
3 M 

3 13 
3 2 

3 10 
3 I I 
3 12 
3 13 

- 2 
- 2 
- 2 
- 2 
- 2 
- 2 
- 2 

48 
16 
6 

54 
IS 
48 
12 
I I 
12 
9 
8 

39 
22 
92 
39 
16 
72 
25 
44 
14 
28 
6S 

109 
57 
56 
67 
58 
66 
32 
22 
12 
8 

14 
49 
23 
27 

102 
32 
20 
41 

8 
37 
10 
23 
76 

5 
48 
34 
14 
66 

8 
26 
32 
21 
14 
14 

130 
24 
73 
41 
36 
26 
65 
12 
22 
23 

123 
40 
52 

8 
6 

40 
58 
55 
42 
IS 
12 

61 
39 

155 
40 
56 

9 
63 
60 
32 
13 
16 

135 - 1 6 8 

- 1 7 
-12 

- 1 2 9 
-62 
109 
- 4 8 

17 
1-

- 5 2 
14 
49 

- 1 4 
- 9 
I I 
- 7 

- 1 3 
- 3 6 

21 
-93 
- 3 8 

86 
75 

-23 
- 4 0 
-13 

22 
- 6 4 
134 
- 6 1 
-58 

70 
-56 

66 
- 3 2 
- 2 0 

10 
-4 

- I I 
- 56 

17 
24 
97 
29 

- 1 8 
- 3 6 

- 8 
34 

- 1 0 
24 
81 

2 
57 

- 3 4 
- 1 4 

66 
8 

-25 
- 3 1 

21 
13 
14 

162 
29 

- 7 8 
- 4 0 

39 
- 2 4 
-63 

13 
23 

- 1 7 
•142 
-43 

50 
- 9 

3 
- 4 0 
-59 

53 
41 

- 1 6 
- I I 

83 
- 3 4 
179 
- 4 1 

62 
- 8 

- 5 7 
60 
31 

- 1 0 
17 

10 
10 
36 
10 
10 
IS 
31 
52 
45 

3 
- I 
32 

- 1 0 
4 

10 
- 3 1 

• 7 
43 

3 I I 
12 

1 
2 
3 

3 10 
3 I I 
3 12 

3 I I 
3 0 

3 10 
3 I I 
3 12 
3 13 

3 10 
3 I I 

3 1 
3 2 
3 3 
3 4 
3 5 
3 6 
3 7 
3 8 
3 11 
3 12 
3 13 
3 1 
3 2 
3 3 
3 4 
3 5 
3 6 
3 7 
3 8 
3 9 
3 13 
3 0 
3 2 
3 3 
3 4 
3 5 
3 6 
3 7 
3 8 
3 I I 
3 1 
3 2 
3 3 
3 S 
3 6 
3 7 
3 8 
3 9 
3 12 
3 13 
3 0 
3 1 
3 2 
3 3 
3 4 

10 
10 

36 
13 
24 
96 
47 
53 
83 
25 
46 
45 

103 
50 
14 
IS 
28 
10 
70 
I I 
21 
28 
23 
19 
I I 
30 
31 
16 

115 
66 
59 
65 
32 
23 
12 
94 
60 
22 
87 
26 
19 
26 
73 
20 
23 
15 
14 
27 
30 
21 
93 
27 

112 -

42 
42 
17 
8 
9 

67 
13 
92 
58 
52 
61 
43 

7 
32 
20 

9 
12 
18 
1 7 
58 
44 

9 
51 
34 
19 
9 

13 
79 
35 
29 
39 
31 
30 
40 
24 
13 
25 
46 
44 

7 
34 
47 
24 
27 

8 
8 

IS 
I I I 

20 
34 

8 

- 3 6 
-14 
- 1 4 

- 1 0 5 
- 3 9 

SI 
84 
22 
SO 

- 4 4 
-106 

65 
- 2 0 
-13 

25 
- I I 

62 
-13 
-23 

27 
- 2 1 
- 2 0 

-9 
-26 
- 3 7 

19 
I I S 
69 

- 6 0 
-63 
-32 

19 
-13 

90 
- 6 1 
-28 
100 
- 3 1 

21 
24 

- 7 2 
19 

-23 
-14 

16 
22 

- 2 6 
19 
99 
26 

- 1 2 5 
- 7 7 

40 
41 

- I S 
7 
7 

-78 
- I S 
103 
-58 
-54 

64 
-4 2 

-9 
33 
20 
10 

- 1 0 
24 
16 

- 6 0 
- 5 0 
-10 

49 
32 
19 
- 9 
10 

-95 
29 

-29 
44 

-25 
-26 

38 
25 

-14 
-23 
- 5 2 

45 
- 1 0 

32 
43 

- 2 2 
-26 

9 
S 

- 1 6 
116 
-22 
-33 

-8 

3 S 
3 6 
3 7 
3 8 
3 9 
3 10 
3 I I 
3 12 
3 13 

3 12 
3 13 

3 10 
3 I I 
3 13 
3 0 

3 10 
3 12 

10 
10 
10 
10 
10 
10 
10 
10 
10 
I I 
I I 
I I 
I I 
I I 
I I 
t l 
I I 
I I 
I I 
I I 
12 
12 
12 
12 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
14 
14 
14 
15 
15 
IS 

3 10 
3 12 

3 10 
3 I I 
3 12 

3 10 
3 I I 

15 
15 
15 
15 
15 
IS 
15 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
17 
17 
17 
17 
17 
17 
IS 
IS 
IS 
IS 
IS 
IS 
IS 
18 
IS 
IS 
19 
19 
19 
19 
20 
20 
20 
20 
20 
21 
21 
21 
21 
21 
21 
22 
22 
22 
22 

29 
32 
30 

9 
37 
26 

S 
13 

7 
40 
51 
19 
42 
25 
34 
32 
37 
10 
14 

7 
92 
IS 
43 
28 
I I 
23 
29 
19 
26 
30 
48 
29 
16 
15 

I 
15 
S 

20 
I I 
12 
17 
19 
12 
15 
12 
22 

7 
30 
18 
64 
19 
34 
24 

8 
9 

15 

S 
24 
20 
43 
IS 
IS 
12 
25 
I I 
19 
20 
I I 
16 
53 
44 
24 
24 
I I 
23 
12 
I I 
22 
I I 
25 

9 
8 

23 
8 

I I 
17 
22 
10 
21 

8 
22 
10 
24 
10 

9 
12 
21 

8 
19 
27 
I I 
24 

9 

-27 
35 
31 
-7 

-35 
-25 

8 
12 
-5 

-38 
54 
19 

-46 
25 
32 

-34 
-35 

9 
13 
- 8 
97 

- 1 7 
-53 

29 
I I 
27 

-25 
- I S 

23 
36 
50 

- 3 1 
- 1 6 

13 
- I 
14 
-7 
16 
- 8 

7 

- I S 
IS 
12 

- 1 0 
- 9 
19 
-6 
33 

- 1 9 
-68 
- 1 7 

31 
25 
- 9 
- 6 
I I 
- 9 
25 

-23 
- 4 6 

19 
- 2 0 

14 
- f O 

13 
17 

- I S 
-8 

-17 
-53 

49 
22 

-24 
10 

-24 
- I S 

12 
19 

- I I 
27 
-9 
10 

- 1 9 
-6 

- 1 0 
18 
22 

-10 
24 
- 7 
IS 
-6 

- 1 9 
9 

-3 
-12 
- 1 7 

5 
14 

- 2 4 
- I I 

21 
-7 
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h ,. k. • 1 | F o | Fc k I | F o | Fc h k I | F o | Fc | F o | Fc 
22 
22 
23 
23 
23 
23 
24 
24 
24 
24 
27 

13 
9 

h k I | F o | Fc 
- / 2 

9 
15 - 1 2 
14 - 1 2 

5 - 2 7 
•2 .-26 
3 -26 
4 -26 
5 - 2 6 
6 - 2 6 
2 - 2 5 
3 - 2 5 
4 - 2 5 
6 - 2 5 
2 - 2 4 
3 - 2 4 
4 - 2 4 
6 - 2 4 
7 - 7 4 
2 - 2 3 
3 - 2 3 
5 - 2 3 
7 - 2 3 
8 - 2 3 
9 - 2 3 
0 -22 
1 - 2 2 
5 - 2 2 
6 - 2 2 
7 - 2 2 
8 - 2 2 
2 - 2 / 
3 - 2 1 
5 - 2 1 
6 - 2 1 
7 - 2 / 
» - 2 1 

4 ;o - 2 / 
4 0 - 2 0 

2 - 2 0 
3 - 2 0 
5 - 2 0 
6 -to 
7 - 2 0 
8 - 2 0 

4 10 - 2 0 
4 1-19 
4 4 - 1 9 
4 6 - 1 9 
4 7 -19 
4 S - 1 9 
4 9 - 1 9 
4 10 - 1 9 
4 0 - 1 8 

1 - 1 8 
2 - 1 8 
3 - 1 8 
4 - I S 
5 , - 1 8 
7 - I I 
9 - 1 8 

4 12 - I I 
4 I - 1 7 
4 2 - 1 7 
4 3 - 1 7 

4 - 1 7 
5 - 1 7 
8 - 1 7 

19 
16 
23 
I I 
16 
9 

20 
26 
12 
17 
I I 
9 

10 
15 

7 

17 
15 
2 0 
- 8 

- 1 4 
7 

19 
- 2 3 

I I 
- 1 7 
- 1 4 

S 
- 7 
16 

- I 
43 - 3 7 
26 22 
16 
10 
22 

7 
I I 
I I 
S 

22 
I 

10 
14 
33 
34 
12 
9 
I 
I 

I I 
I 

2 1 
13 
2 2 . 
33 - 2 9 

9 9 

- 1 5 
- 1 2 

22 
- 6 
!6 

- I I 
- 1 0 

19 
I 
9 

- 1 4 
- 3 3 

35 
- 1 3 

10 
I 

- 7 
I I 

- 1 0 
27 
15 
20 

75 
- 4 7 

31 
- 9 
13 

l l . - I I 
19 - 1 8 

4 12 - 1 7 
0 - 1 6 
1 - 1 6 
2 - 1 6 
3 - 1 6 
4 - 1 6 
6 - 1 6 
9 - 1 6 

4 10 - 1 6 
4 . 1 1 - 1 6 
4 12 - 1 6 

17 
13 
30 
39 
20 
19 
I I 

I 
I 

52 
29 

7 
31 
17 
10 
12 

7 
I I 
13 
I I 
15 
13 
21 
16 
29 

16 
tl 
31 

- 4 0 
- 2 1 

22 
I I 
- 6 
- 6 

- 5 2 
33 

4 
- 3 2 

15 
- 1 0 

I I 
7 

16 
- 1 4 
- 1 2 
- 1 6 
- 1 3 

20 
- 1 5 
- 3 4 

25 - 2 6 
7 7 

22 - 2 4 
2 1 31 
I I 
14 
10 
13 
12 

4 I - 1 5 26 
4 2 - 1 5 59 
4 3 - 1 5 17 
4 4 - 1 5 44 
4 5 - 1 5 10 
4 6 - 1 5 20 
4 7 - 1 5 24 
4 1 - 1 5 21 
4 9 - I S 19 
4 10 - 7 5 7 
4 I I - I S I I 
4 13 -IS I I 
4 0 - 1 4 110 
4 1 - 1 4 1 
4 2 - 1 4 43 
4 3" - 1 4 27 
4 5 - 1 4 24 

12 
16 

9 
- 1 4 
- 1 0 
- 2 7 
- 6 3 

17 
40 

• 9 
- 2 1 

24 
22 

- 1 9 
- 6 

- 1 2 
I I 

120 
6 

43 
2 1 

- 2 3 

7 - 1 4 
8 - 1 4 
9 - 1 4 

10 - 1 4 
11 - 1 4 
12 - 1 4 

1 - 1 3 
2 - 1 3 
3 - 1 3 
4 - 1 3 
5 - 1 3 
6 - 1 3 
7 - 1 3 

-13 
4 10 - 1 3 
4 12 - 1 3 

0 - 1 2 
1 - 1 2 
2 - 1 2 
4 - 1 2 
5 - 1 2 
7 - 1 2 
8 - 1 2 
9 -12 

10 - 1 2 
11 - 1 2 
12 - 1 2 

1 - I I 
2 - I I 
3 - I I 
4 - I I 
5 - I I 
6 - I I 
7 - 1 1 
8 - I I 
9 - I I 

10 - I I 
4 I I - I I 
4 12 - I I 

I 10 
10 

3 - 1 0 
4 - ! G 
5 - 1 0 
6 - 1 0 
7 - 1 0 

I - 1 0 
9 - 1 0 

10 - 1 0 
11 - 1 0 
12 - 1 0 

7 
17 
20 
35 
15 
I I 
56 
54 
I I 

6 
33 
29 
19 
43 
10 
17 
31 
I I 

6 
10 

7 
I 

21 
2 1 
13 
20 

7 
29 
49 
I I 
16 
35 
29 
26 
13 
35 
14 
10 

7 
7 

63 
40 

4 12 
4 14 

40 
17 

. 16 
30 
10 
13 
12 
13 
24 

125 
47 
I I 
29 

9 
18 
10 
47 
60 
77 

lOS 
103 

I I 
22 
73 
23 

7 
23 

8 
27 
21 

9 
29 
50 

S 

142 
39 
27 

7 
10 
IS 
9 
8 

22 
50 

108 
62 
70 
76 

9 
33 
10 
10 
24 
12 
19 
9 

47 
52 
50 

-5 
18 
20 

- 3 5 
- 1 5 

I I 
- 6 1 

55 
83 
- 7 

- 3 3 
21 
19 

- 4 3 
10 
15 
28 
17 
- 7 

- I I 
I 

- 4 
21 

- 2 7 
- 1 2 

22 
7 

33 
52 
10 

- I I 
- 3 4 
- 3 1 
- 2 7 

12 
33 

- 1 6 
10 
4 

- 7 
64 

- 4 1 
- 4 7 

7 

- 4 0 
19 
17 

- 2 1 
10 
13 
I I 
I I 

- 2 4 
-132 
- 4 5 

71 
31 
10 

- I I 
- 1 0 

40 
64 

- 8 5 
•112 
103 

- I I 
- 2 1 

68 
- 2 3 

- 7 
23 

7 
- 2 5 
- 2 1 

-6 
- 3 2 
- 4 6 

10 
146 

39 
-25 

-8 
- I I 

IS 

- 1 2 
- I S 
- 5 7 
n o 
48 

- 7 0 
74 

9 
- 3 0 

10 
- I 

- 2 2 
- 9 
19 
10 

- 4 1 
51 
54 

4 12 
4 13 

4 12 

13 
14 

4 10 

4 13 
1 2 
2 2 
3 2 
5 2 
6 2 
7 2 
9 2 

10 2 
11 2 
12 2 
13 2 
14 2 

I 3 
2 3 
3 3 
5 3 
6 3 
7 3 
S 3 

10 3 
12 3 
0 4 
1 4 

39 
6 

25 
19 
44 
10 
17 
9 

21 
95 
SO 
51 
24 
65 
36 

I 
44 
20 
20 
16 
20 
12 
56 
38 
95 
30 
22 
54 
86 
36 
59 

7 
17 
9 

14 
169 -
46 
17 
16 
42 
21 
I I 
53 
31 
23 
10 
16 

99 -
28 
53 
26 
83 
65 
42 
10 
17 
13 
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APPENDIX I 

Computer Programmes 

The extensive calculations were carried out using the E l l i o t t 

803B computer i n Durham and the English Electric KDF9 computer at the 

University of Newcastle. Thanks are expressed to the s t a f f of the 

computer units here i n Durham and also at Newcastle, for their help 

i n running programmes. 

I am indebted to Professor D.J.W. Cruickshank, Dr. J. Sime and 

their associates, for making available the set of programmes devised 

by the Glasgow group. A l l the structure-factor-least-squares 

calculations were carried out using i n i t i a l l y the Mark I and l a t t e r l y 

the Mark I I (November, 1965) version of the Glasgow S.F.L.S. 

programme, which has already been mentioned b r i e f l y § 1.13. A 

Fourier programme wri t t e n by Dr. Sime was available and also 

programmes for carrying out a Fourier search, and calculations of 

molecular parameters. 

Thanks are also expressed to Mr. (now Dr.) George Adamson for 

making available his data correction programme (1966). This 

programme corrects in t e n s i t y data collected by the equi-inclination 

Weissenberg technique for anisotropic absorption, Lorentz and polar­

i s a t i o n factors, and also, i n the case of upper nets, for spot 

length. The method used for evaluating the absorption correction i s 

essentially that of Busing and Levy (1957). 
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Other programmes: 

I have written a programme i n Algol for making rapid calculations 

( i n Durham on the 803B computer) of pre-selected bond lengths and 

angles at the end of each cycle of least-squares refinement. The 

programme includes a machine orders input routine which w i l l accept a 

parameters tape punched i n either E l l i o t t 8-hole telecode, or the new 

parameters tape which i s output at the end of each least-squares 

cycle and which i s , of course, punched i n KDF9 8-hole telecode. The 

programme works for a l l space-groups. 

Other short programmes have been written for particular needs. 

Various machine orders subroutines for rapid condensation (on the 

E l l i o t t 803B) of the rather large amounts of paper tape output 

produced by the S.F.L.S. programme, prior to the computation of 

Fourier syntheses, have been found especially useful. 
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APPENDIX I I 

S t a t i s t i c a l Treatment of Apparent Centring 

We require a function which allows us to assess the s t a t i s t i c a l 

significance of an approximate molecular centre of symmetry. 

The structure contains 2n atoms and the approximate molecular 

centre relates the atoms i n pairs P j , Pg, ,Pj^. Consider the pair p̂ ,̂ 

and l e t the coordinates of the two atoms be x^, y^, and x^, y^, 

with associated variances a^^and a^? The problem i s simplified by 

considering the centre of gravity of the structure separately along 

each of the axial directions. Consider the x-direction. 

The experimental mean, /ij^, of the pair, pg, i s given by -^(xj^ + x^) 

and t h i s i s associated with a variance of ̂ ( 0 ^ 2 - 1 - a^), We wish to test 

whether/ij = ̂ 2 ~ "/^ ^° establish the "best" value of ̂ , ̂ . 

The best f i t t i n g value of / i i s obtained by choosing i t to minimise the 

weighted sum of squares of deviations, i.e. 

2 
[ ^ ( x i + xg) - ̂ \ 

X i + X g 2n 
/(CT^S -I- CTgS) /(CT^2 -I- a^z) 

D i f f e r e n t i a t i n g with respect to n , and equating to zero: 

E x^ + X g 111 

•i((jj^2 -I- 0^2 )\̂  /(CT^2 + CTgS) -iicr^z + a ^ s ) 
= 0 
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and the weighted or 'best' mean,p , i s 

^ 1 + ^ 3 

= 

2 . 2 + _ 2 
1 ^ " 2 

Then, by standard error theory, i f ju^ = /ia = = /i, the function 

X i + 2/i 
/(oiS-KCTgS) V"(CT3^2+ c^^2) 

distributes as X^with (n-1) degrees of freedom. Expanding the numerator 
thi s becomes: 

(x^ + X a - 2 / i ) ^ 

(x, + X 3 ) ^ y x . - H X g ) ; ^ ^ y 1 

and since ) ""l = Tfi 
^ i = + ^ a ' ^ 0 , 2 + , , ^ 2 

from the expression defining /i 

( x i + xa)2 - 4/i= 

X i + X. 

X , + X3)2 V ^ < ^ X ^ + ^ 2 ' 

^ 2 ' 
-1- CT, 2 
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The summation may be carried out independently along the three 

axial directions, using the appropriate variances associated with x, y 

and z to give an estimate of the centring i n these directions. The 

sum of the three summations: 

X J + X 3 ^2 

a ^ 2 + CT^2 

x,y,z 

gives an overall estimate of the centring and has 3(n-l) degress of 

freedom. 
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