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This thesis describes studies made in various +eas 

of coordination chemistry. In each insGnce, this involved a 

complete, single crystal, X-ray diffraction'investigation, 
i 

commencing with a preliminary photographic study using Cu 
6 

radiation U=1-.5_418 8) , follwed by intensity data collection - 

using a computer-controlled, four-circle diffractometer, and 

graphite-monochromatised radiation (X=O. 70926 8) . Structures 

. were solved using heavy atom or direct methods, and,==-the final . 

results were from full-matrix, least squares 

refinement of I ermined models, 
/' 

'\ The major portion of the thesis concerns the 

' - condensation reaction ,of 2,%-butanedione with the Ni (11) 

complex of the tetradentate ligand 3,5,5,~,10,12-hexamethyl- - 
1,2,6,9,13,14-hexaazatetradeca-2,12,diene, (LO).' The reaction 

\ 2+ 
proceeds vie three isolatable comGlexes (Ni (Ll) , Ni (L2) 2+, 
and Ni(L3) '+) to give a complex of the 16 macrocycle 

Et 

3,4,7,9,9,14,14,16-0ctamethy1~1~2,5~6,10~13-he~aaza~y~10- 

f hexadeca-2,4,6,16-tetraene, 44). A-structural investigatian 
4 

of the following complexes wa undertaken: Ni (LO) (NCS) 2-H20, 

/' 
m i  (LQ) (NO2) C104 Ni (L2) H20 (C1 4) 2•‹ 3H20, Ni (L3) (NO2) C104-%H20r t 

/ 
and ti ( ~ 4 1  (C104) 2. The resiiJi&s establish L4 as the -fully- 

hexadeca-2,6,16-trie?e, stabilised in the aquo Ni(I1) comple~by 

coordination of the pendant hydroxy group to the metal ion; and 
0 

iii 



- L 3  a s - t h e  -- ppp n o n - w c  ligand 1,2,5,7,7,12,12,14-octamethyl- 
- - 

.i 
I 

3,4,8,11,15-hexaazahexadeca-2,4,14-trjene-lone, which i s  
- - - -- 

tau tomer ic  wi th  L 2 .  These r e s u l  s a r e  d i scussed  i n  terms of a J 
proposed scheme f o r  t h e  sequende of s t e p s  comprising t h e  

condensation'  r e a c t i d n ,  and i n  terms %f t h e  v a r i o u s  confor-  

mations and c o n f i g u r a t i o n s  of t h e  c y c l i c  and non-cycl ic  l i g a n d s  

involved.  
\ 1 

- - - -- - 

cyclododec-1-em)-dicopper(I1) p e r c h l o r a t e  e x h i b i t s  complete 

diamagnetism i n  t h e  range 100 to. 300 "+g K. s t r u c t u r a l  1 

i n v e s t i g a t i o n  was undertaken o n  t h e  dimethylf ormamide s o l v a t e  - 

/ 

of t h i s  compound i n  o r d e r  t o  de te rmine ' the  p r e c i s e  geometry 
I 

L,? ' . 
which..gives r i s e  t o  t h i s  magnetic behavior .  The r e s u l t s  show . 

a d lmer ic  c a t i a n  which e x h i b i t s  a novel mode of carbon b r idg ing ,  

wi th  t h e  carbonate  a c t i n g  a s  a symmetrical ,  b i d e n t a t e  l i g a n d  t o  
\ 

, both m & a l  i ?ns .  Both ha lves  of  t h e  dimer a r e ' r e l a t e d  by a 7 
7' \ 

c r y s t a l l o g r a p h i c  two-fold a x i s  of symmetry which passes  through 

t h e  carbon and one oxygen atom of t h e  b r idg ing  l i g a n d ,  wi th  

t h e  CuOCu angle  = 176.6 ( 2 )  deg. The geomeGy about  each .metal 

m o s t  c l o s e l y  resembles a square  pyramid, wi th  t h e  carbonate  

oxygen-atoms and two n i t r o g e n  atoms of t h e  macrocycle forming 

t h e  b a s a l  p lane ,  and t h e  t h i r d  n i t r o g e n  donor a p i c a l .  The 

r e l a t i o n s h i p  of t h i s  geometry and t h a t  of t h e  dimer t o  t h e  
< 5 

unusual  magnetic behavior  is discussed .  - - 

~ e t r a k i s  { t ropo lona to )  zirconium (IV) I which - - - -- - - - - 

c r y s t a l l i z e s  a s  a chloroform s o l v a t e ,  was s u b j e c t  t o  a \ 

s t r u c t u r a l  a n a l y s i s  i n  o r d e r  t o  o b t a i n  lpore i n f o ' h a t i o n % n  t h e  

f a c t o r s  which a f f e c t  t h e  shapes of high coord ina te  s p e c i e s .  



\ 

The r e s u l t i n g  s t r u c t u r e  snows t h e  geometry about t h e  pr ion  t o  
- - - -  - - - - 

Se very nyar ly  dodecahedral.  The two s h o r t e s t  0...0 i n t e r -  
-- - - -- - 

l i g a n d  c o n t a c t s  i n  t h e  ' Z r O g t  polyhedron occur  between ad jacen t  

ligands which a r e  approximately coplanar ,  providing a f u r t h e r  

exadple o f  what a p p e a r s  t o  be a t r e n d  among high &ord ina te  

c h e l a t e  complexes-, and it i s  proposed t h a t  t h i s  should be taken 

into account i n  any theory  of h igh  coordina te  s t r u c t u r e .  

{Ru (DMSO) 1 I B F ~  j 2 ,  DMSO = dimet,hylsulphoxide) , 

c a t a l y s e s  i n  s o l u t i o n  t h e  hydrogenation of  acq la rn ide  t o  

propionamide. A s t r u c t u r a l  i n v e s t i g a t i o n  was undertaken i n  
-, 

o r d e r  t o  determine which of  t h e  many p o s s i b l e  l inkage  and 

. geometr ic  isomers of  t h e  Ru(DMS0) 2+ ion  was re spons ib le  f o r  

t h i s  c a t a l y t i c  a c t i v i t y .    he r e s u l t i n g  s t r u c t u r e  shows two 
I 

c r y s t a l b g r a p h i c a l l y - d i s t i n c t  c a t i o n s  i n  t h e  asyrmnetric u n i t  

which are chemical ly  i d e n t i c a l ,  The ruthenium i o n . i s  

c w r d i n a t e d ' t o  t h r e e  DMSO l i g a n d s  v i a  t h e  oxygen atoms, and t o  

t h r e e  DMSO l i g a n d s  v i a  t h e  sulphur *oms, ' t o  g ive  t h e  f a c i a l  
i 

isomer of  i r r e g u l a r  oc tahedra l  geometry, De ta i l ed  a n a l y s i s  of  

t h e  s t r u c t u r a l  parameters  show t h i s  isomer to  be e l e c t r o n i c a l l y  

r a t h e r  than  s t e r i c a l l y  determined. The c a t a l y t i c  behavior  of 

t h e  A t i o n  is d i scussed  i n  terms of  t h e  s t r u c t u r e  and a v a i l a b l e  

i n f  ra - red  and nuc hear magnetic resonance d a t a .  



DEDICATION , . 

t 1 

Unworthy as it is, this thesis 

is dedicated to the memory of 

my father 
- 7  , 

R o s s  A r t h u r  Davis 

and to my mother 
4 



ACKNOWLEDGMENTS -! 

The inadequacies in this thesis originate with 

the author; anything worthwhile has been achieved only with 

the help of the following, whom I wish to thank. 

My friends and collegues in the Deparment of Chemistry, SFU, 
bi 

d 

for their help in various ways, in particular, Drs. Rodger 

Cobbledick and,,Tony Willis. 
m / 

My supervisory committee, for'their continued interest in 

my work. 

. My senior supervisor, Professor Fred Einstein, for his 

encouragement, friendship and integrity in all our endeavours. 
4 

r. 

The National Research Council of Canada, and Simon Fraser 

Fraser,'University for their generous financial support. 

a-' 
LA 

7 

~raser Valley College for its assistance in the completion of 
--. 

this work. 

Finally, four ladies: Kathy, Caitlin, Hilary and Alexis, 

without whom this work would not have been accomplished, 

nor would it have been worthwhile. - 



. TABLE O F  CONTENT? 
+ 

Page 

Approval  

A b s t r a c t  

Dedica t ion  

Acknowledgements 

Table  o f  Conten ts  

ii 

iii 

v i  

v i i  

v i i i  

x i  

x i v  

L i s t  of  Tables  

L i s t  o f  F i g u r e s  

Metal Template Condensation Reac t ions  
5 

I n t r o d u c t i o n  1 

Ligand Shape and Conformation 2  

Chapter  1 

li 

lii 

liii 

l i v  

l v  

l v i  

The Coord ina t ion  Template E f f e c t s  6 

Coord ina t ion  Chemistry of  Nicke l  (11) 8 , 

S c h i f f , B a s e  Condensation Syntheses  13  

The Condensation of a  Coordinated 

Q u a d r i d e n t a t e  Dihlfdrazone w i t h  2,3- 

Butanedione 
u, 

Cndpter 2 Exper imental  Procedures  and S t r u c t u r a l  

Dete rmina t ions  

2 i  

2 i i  

2 i i i  

2 i v  

Chapter  3 

Organ i sa t ion  24 

P r e l i m i n a r y  I n v e s t i g a t i o n  24  . 

Data C o l l e c t i o n  26 

S t r u c t u r a l  ~ e t e r m i n a ' t i o n s ,  
-~ ~- 

The N i ( I 1 )  Hexaazahydrazone/2,3 ~utane- 

d ione  C ~ n d e n s a t i o n :  Discuss ion  of t h e  

Jstrilct-Ares 
v i i i  



O u t l i n e  

~1 (LO) (NCS) .H20 
,3 * ' 

3 v i  

3 v i i  

Chapter  4 

Mi (L4) (C104) 

The React  ion Sequence R e v i s i t e d  

Magnetic Exchanqe I n t e r a c t i o n  i n  a 

Carbonate-Bridged Copper (11) D i m e r  

4 i  

4 i i  

4 i i i  

4 i v  

,4v 

4v i  

4v 

Chapter  5 

I n t r o d u c t i o n  

App l i cab le  Theory 

B i o l o g i c a l  Role o f  Copper 
3 

O r i g i n  of {CU ( ~ 2 )  j2c03 ( C 1 0 4 )  

Exper linen t a l  

S t r u c t u r a l  Determinat ion 

Di scuss ion  

F a c t o r s  ~ f 5 e c t i n g  t h e  Shape of High 

Coord ina te  Complexes 

~ n t r o d h i o n  
5 

Molecular  Geometry 

E i g h t  Coord ina t ion  278 
1 

E x i s t i n g  Theory o f  High Coord ina t ion  2 8 2  
- - 

Metal ~ r o ~ o - l o n a t e s  

Exper imenta l  285 

S t r u c t u r e  ~ e f  e m i n a t i o n  and Ref inernent 287 
i x  e 



-- F Y -  

.. 
5 v i i i  D i s c u s s r o z  - 3 2 9  

w 
C h a p t e r  6  The C r y s t a l  and Y o l e c u l a r  Structure a•’ 

t h e  ~ e x a k i s  ( d i - n e t h y l s u l p h o x i d e )  

Ruthenium (11) C a t i o n  

6i I n t r o d u c t i o n  

6 i i  Homogenecas C a t a l y s i s  

6 i i i  E x p e r k e n t a l  S e c t i o n  

6 i v  S t r u c t d r e  3@termination 

617 Discassioz 

6vi C a t a l y t i c  Ac t iv i t ; ?  

6 v i i  A f t e r - d s r 5  

A ~ z e n d i x  The 2:Lckei (11) B i h y d r a z o n e /  

2,3-Buta~e~icne Z e a c t i o n :  Details of 



page , 

Experimental Conditions used to collect data on 

the Ni (I I) Hexaazamacrocycles 29 

Fractional Atomic Coordinates : Ni (LO) (Ncs) .HZO 33  

Hydrogeq Atom- Coordinates : 

Thermal Motion Parameters : 

Strttctuze F a c k o r  L i s t i n g  t 

Fractional Atomic Coordinates: Ni ( ~ 6 )  ~0~ (C104) 56 r 

Hydrogen Atom Coordinates: 11 5 7  

Thermal Motion Parameters: n 58 

Structure Factor Listkg: It 59 

Fractional Atomic ~ooddinates: Ni (L2) H20 (C104) 23H20 80 * ' 
Thermal Motion Parameters: n 81 

Hydrogen Atom Coordinates: n 

Structure Factor Listing : tl 

Fractional Atomic Coordinates : Ni (L3) NO* (C104) . 

iiy$ogen Atom Coordinates : . - 
It 

~hermal. Motion Parameters : n 

. 8 

Structure Factor Listing: , 

Fractional Atomic Coordinates : Ni (L4) (C104 1 

Thermal Motion Parameters: n 

Hydrogen A h m  Coordinates: It  

- \  Summary of the Final Refinements for the Ni(I1) 



* page 
3 . 1  Bond -- - Lengths  -- and Angles w i t h i n  t h e  Coord ina t ion -  

. Spheres  of  t he  ~i (31) Hexaazamacrocycles 
- - - - 

165 

3 . 2  Bond Lengths  i n  t h e  Ligands o f  t h e  N i  (11) 

Hexaazamacrocycles 167 

3 . 3  Bond Angles i n  t$e Ligands o f  t h e  N i  (11) 

: 3 . 4  Bond Lengths i n  t h e  p e r c h l o r a t e  Anions o f  t h e  
J 

/Rr(-fI) ~ e x a a z d a c r o c ~ c l e s  
/ 

1 7 0 .  - 6 - 

3.5 L e a s t  Squares  Mean P l a n e s  C a l c u l a t e d  f o r  

. . N i  (LO) (NCS) .H20 

3 . 6  Equations of t h e  P l a n e s  C a l c u l a t e d  f o r  

+ 
, N i  (LO)N02 

3 . 7  . ~ q u a t i o n s  of  t h e  p l a n e s  C a l c u l a t e d  f o r  

3 . 8  Equat ions  o f  t h e  P l a n e s  C a l c u l a t e d  f o r  

3.9 L e a s t  Squares  Mean P l a n e s  r e l e v a n t  t o  t h e  

d i s c u s s i o n  o f  Ni(L4) 2+ "?=r 

4 . 1  F r a c t i o n a l  Atomic Coord ina t e s :  

4 . 2  Thermal Motion h a r a m e t e r s  : I1 '2 239 

4 . 3  Structure F a c t o r  L i s t i n g :  



.5.2 F r a c t i o n a l  Atomic Coe rd ina t e s :  ZrT4(CHC1 ) 3 2 . 2 5  292 

5.3 Thermal Motion Parameters :  I* 295 . 

5.4 9 t r u c t u r e  F a c t o r  L i s t i n g :  #I 297 

5.5 Bond Lengths  and Angles i n  t h e  ' Z r 0 8 '  Polyhedron 3 3 1  
Y' C 

5.6 and I$ Values  f o r  Regular  Polyhedra  o f  t h e  

DodeCakredraf C l a s s  and f o r  Metal T e t r a k i s -  
\ 3 

( t r o p o l o n a t o )  Complexes 3 3 2 .  

r 
5.7 Angular Parameters  which D.ef i n e  the Observed 

and P r e d i c t e d  Geometries o f  t h e  T e t r a k i s -  

( t roponona to f  Complexes 

5.8.Bond Lengths  and Angles i n  t h e  Tropolona to  

Ligands 

6 .1  F r a c t i o n a l  Atomic Coord ina t e s  : Ru (DMS0)6(BF4) 

6.2 Thermal Motion Parameters :  11 

6 . 3  S t r u c t u r e  F a c t o r  L i s t i n g :  11 

- 6.4 Bond Lengths  and Angles: I* 



- 

LIST OF FIGUmS - 

- 

I Page 
C 

Selected Conformations of Alicyclic 

Rings as Described by their Torsion Angles 4 
/ 

Perspective View of Ni (LO) (NCS) 177 

Displacements of Atoms from the 'NiNlN2N3N4' 
- 

Plane in Ni (LO) (NCS) C 178 

Torsion Angles in Ni (LO) (NCS) 179 

Projections of Chelate Ring Conformations in 

Ni (LO j (NCS) 181 
+ 

Perspective View of Ni(LO)N02 186 4 

Torsion Angles in II 187 a 

Projections of Chelate Ring Conformations in 

+ 
Ni (LO) NO2 188 

a 
Packing Diagram of Ni (L2) H20 (C104) 2. 3H20 193 

H y d r o e n  Bonding in 11 c 194 

Perspective View of Ni (L2) H20 
2+ 

195 '. 
Torsion Angles in 11 196 

ProjectionS of Chelate Ring Conformations in 

+ Perspective View of Ni (L3) NO2 2 02 

Torsion Angles in 81 203 
- 

Projections of Chelate Ring   on formations in 
1 - 

+ 
Ni (L3) NO2 204 

\ x i v  
f 



i
n
 

I-. 
N

 

Kl 
k
 
a
 

a, 
I= +
I
 

r
i 
0
 

F4 

a, 
4J Id r= 

2 0 0 U
 

c, 
C
 

rn 
-4

 
W
 

ri 

m
 



B - -  - - -- - 

"+ 

4 d  page 

A. 1 I n f r a  R e d  Spect rum of Ni (Ll) (C104) .H20 403 

I n f r a  Red Spectr iun of Ni (LO) (C104) 

I n f r a  Red Spect rum of Ni (LO) (NCS) 2. H20 

I n f r a  Red Spect rum of Ni (LO) NO2 (C104) 

I&ra Red Spectrum of Hi (L2) H20 (C104) 2-3%0 

Inif a ReZ Spect rum of Ni (L3) (C104) 

I n f r a  Red Spect rum of a-Ni (L3) NO2 (C104) 

I n f r a  Red Spect rum of 5-Ni (L3)N02 ( ~ 1 0 ~ )  4 ~ ~ 0  

I n f r a  Red Spect rum of Ni(L4) (C104)2 

xvi 



Metal Template Condensation Reactions 

li. I n t r o d u c t i o n  
rB - 1  

A l i g a n d  bonded t o  a  meta l  ion  by more than  one atom 

forms a  h e t e r o c y c l i c  r i n g  c a l l e d  a  chel-ate r i n g ,  and t h e  - 
r e s u l t i n g  complex i s  - termed a  metal  c h e l a t e .  The p r o p e r t i e s  of  , 

b d 

t h e  meta l  ion  and t h e  l igand  a r e  inf luenced by e-ach o t h e r ,  and 

though t h e  range of  metal  i o n s  forming such complexes i s  wide, 

t h e  v a r i a t i o n  i n  s u i t a b l e  l i g a n d s  i s  l i m i t e d  only  by t h e  
F 

immense scope of  o rgan ic  s y n t h e t i c  chemistry.  
112 

Many s t u d i e s  have confirmed t h a t  metal  c h e l a t e s  a r e  
5 

thermodynamically and k i n e t i c a l l y  more s t a b l e  than  those  of 

un iden ta te  l i g a n d s ,  and f o r  two s i m i l a r  metal  c h e l a t e s ,  t h e  

one wi th  t h e  more c h e l a t e  r i n g s  i s  genexal ly  more s t a b l e .  
t 

These enhanced s t a b i l i t i e s  of mul t iden ta te  l i g a n d s  a r e  grouped 

under t h e  g e n e r a l - t i t l e  of t h e  ' c h e l a t e  e f f e c t 1 . $  Chela tes  
e 

which c o n t a i n s t h r e e  o r  more donor atoms, and a r e  c y c l i c ,  a r e  

c a l l e d  macrocycles,  and of t h e s e ,  complexes of quadr iden ta te  c 

systems con-taining N, 0 ,  -and S donors wi th  t r a n s i t i o n  mekal 

i o n s  have been t h e  most s t u d i e d .  Such complexes have been known 
B 

f o r  more than  60 y e a r s ,  o r i g i n a t i n g  wi th  examples of n a t u r a l  

p roduc t s  (e.g., complexes of  porphyrins  and c o r r i n s ) ,  and t h e  1 
p h t h a l q a n i n e  complexes. Sirice.-&out, I%&, however, -the- 

I 

s y n t h e s i s  of%ew macrocycl ic  l i g a n d s  a s  t h e i r  meta l  complexes 

has increased  r a p i d l y ,  wi th  a r ecogn i t ion  of t h e  'metal  template  

e f f e c t s ' ,  whereby t h e  y i e l d  of  c y c l i c  macrocycle over  l i n e a r  , , 



- - - - - - - - - - 

polymers i s  d r a m a t i c a ~ l y  improved b y - t h e  presence o f  t h e  meta l  

ion .  I n  many c a s e s ,  however, t h e  underlying p r i n c i p l e s  of  t h e  
4 

s y n t h e t i c  procedures  a r e  n o t  y e t  understood, and, a s  has  been 

c l e a r l y  s t a t e d  i n  one review, " t h e  e l u c i d a t i o n  of  t h e  

mechanisms o f  t h e  formation of  macrocycli'c complexes w i l l  
4 

undoubtedly be of g r e a t  b e n e f i t  i n  t h e  des ign  of new 

syn theses" ' .  

The r e l a t i o n s h i p  of  s y n t h e t i c  macrocycles t o  b i o l o g i c a l  

systems has been recognised from t h e  o u t s e t 3 ,  and t h e  under-, .* 

d 
s t and ing  of i t s  s i g n i f i c a n c e  i s  bound t o  i n c r e a s e .  

lii. Ligand Shape and Conformation 

The f a c t o r s  which govern t h e  shapes and conformations of 

c h e l a t e  r i n g s  a r e  e s s e n t i a l l y  those  which apply t o  o rgan ic  

r i n g  systems4r5. For i n s t a n c e ,  it i s  p o s s i b l e  t o  s u c c e s s f u l l y  

p r e d i c t  t h e  shapes of t h e  s a t u r a t e d - c h e l a t e  r i n g s  i n  t h e  

t r i s (1 ,  2 - d i a m i n o e t h a n e ) ~ ~  a l t ( I I 1 )  ion  from a conformational  2 
a n a l y s i s  of cyclopentane.  

The most convenient  parameters  f o r  d e f i n i n g  t h e  s p a t i a l  

arrangement o f  t h e  atoms i n  a  molecule a r e  t h e  bond l e n g t h s ,  

t h e  bond ang les ,  and t h e  t o r s i o n  angles .  I n  p a r t i c u l a r ,  t h e  

use o f  t o r s i o n  ange l s  t o  provide a  u s e f u l  and convenient  
- 

desc;iption of s t e r i c  r e l a t i o n s h i p s  a c r o s s  s i n g l e  bonds i s  w e l l  

es tabl i smed,  

conformation 

,sys tems have 

and t h e  a p p l i c a t i o n s  of  t h i s  concept t o  t h e  

anaJysis  of  s a t u r a t e d  and unsa tu ra ted  c y c l i c  

been r e c e n t l y  reviewed5. 



The d e s c r i p t i o n  of t h e  geometry of a r i n g  is -given by 

t h e  sequence of t h e  va lues  of i t s  t o r s i o n  angles ;  i n - a  p lana r  
a 6 

r e p r e s e n t a t i o n  t h e s e  va lues  a r e  w r i t t e n  along each c e n t r a l  ' 

bond. The' informat ion  c o n t k n e d  i n  such a sequence i s  both 

q u a l i t a t i v e  and quan ' t i ta t ive :  t h e  simple sequence o f  the, 1 
- I s i g n s  of t h e  t o r s i o n  ang les  i n d i c a t e s  t h e  type  o f  conformation; 

\ 
t h e  abso lu te  va lues  al low t h e  deformation with r e s p e c t  t o  a , 

r e f e r e n c e  conformation t o  be es t imated .  BThe sum of t h e  t o r s i o n  
a 

angles of a r i n g  may be kaken as a xe la t ive ,measure  of  t h e  

puckering o r  f l a t t e n i n g  of  a deformed conformation. Some 

conformations of r e g u l a r  a l i c y c l i c  f ive- ,  s ix- ,  and seven- 

6 membered r i n g s  p e r t i n e n t - t o  t h i s  work are s h o y  i n  f l g u r e  1.1 
r 

i n  terms of t h e i r  t o r s i o n  angles .  

F u r t h e r  comment a t  t h i s  , s tage  is no t  f e l t  necessary ,  
* 

save t o  p o i n t  o u t  t h a t  p roofs  have been e s t a b l i s h e d  which show 
1 

that  t h e  c r i t e r i a  which apply t o  " regu la r "  r i n g s  (equal  bond 
a 

l e n g t h s  and r e g u l a r  t e t r a h e d r a l  o r  kr igonal  ang les )  are q u i t e  
(L 

a p p l i c a b l e  t o  r i n g s  wi th  non-equal bond-lengths and  ang les6 .  

However, c e r t a i n  c o n s t r b i n t s  are placed on  a r i n g  system which 

i n c l u d e s  a meta l  i o n ,  and t h i s  l i m i t s  t h e  number of p o s s i b l e  

conformations o f  the  c h e l a t e  r i n g s ,  and t h e  l o c b t i o n  of  i ts  

F i r s t l y ,  t h e r e  are t h e  s tereochemical  preferences ,  of  

t h e  m e t a l  i on ,  and some l i g a n d s  a r e  b e t t e r  a b l e  t o  conform t o  
4 

t h e  p r e f e r r e d  environment t h a n  o the r s .  Secondly, t h e r e  are t h e  
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v a r i o u s  geometr ica l  c o n s t r a i n t s  of t h e  donor atoms. For 

example, n i t r o g e n  can a c t  a s  a  donor whi le  p r e s e n t  i n  a  number 

of f u n c t i o n a l  groups on t h e  l igand:  primary, secondary,  and 

t e r t i a r y  amine ; imine , and oxime. The bond d i s t r i b u t i o n  

ab u t  t h e  donord tom i n f l u e n c e s  t h e  geometry of t h e  l i g a n d  i n  . P f( 
/ the  complex, and consequent ly L- t h e  c o n f i g u r a t M n  - of t h e  complex 

- 

\ 
i t s e l f .  

of p o s s i b l e  
. 
common i s  a  

* 

r e l e v a n t  t o  

1 

quadr iden ta te  c h e l a t i n g  a g e n t s ,  t h e r e  a r e  a  number 

arrangements of  t h e  donor atoms. One of t h e  most 

simple l i n e a r  (non-cycl ic)  arrangement,  which i s  

t h e  p r e s e n t  work and s e r v e s  as a  u s e f u l  example f o r  - 

t h i s  d i scuss ion .  . ~ o o d w i n ~  has  subdivided t h e s e  l i g a n d s  i n t o  

t h r e e  s te reochemical  types :  p lana r  (only a b l e  t o  coord ina te  

t h e  metal  ion  t o  g i v e - a  square p l a n a r  complex; t h i s  ' is u s u a l l y  

t h e  r e s u l t  of uns .a tura t ion ,  commonly provided by imine groups 

i n  t h e  l igand)  , t e t r a h e d r a l  (donor atoms cannot  l i e  i n  a  p lane ,  

o f t e n  as a r e s u l t  of s t e r i c  i n t e r a c t i o n s  among bulky sub- 

s t i t u e n t s  i n  t h e  ' l i gand .cha in ,  b u t  may be arranged t e t r a h e d r a l l y  

about t h e  meta l  i o n )  , and f a c u l t a t i v e  ( f l e x i b l e ,  s o  t h a t  t h e  

l i g a n d  can bind i n  a  p l a n a r  o r  non-planar arrangement,  and t h i s  

i s  u s u a l l y  t h e  case  wi th  l i g a n d s  ? having l i t t l e  u n s a t u r a t i o n  o r  
A 

-\ 

no bulky s u b s t i t u e n t s )  . 
3 

T o r  t h e  majority of macrocycl i c  quad~ide~tt-ate--skeins 

bonded t o  f i r s t  row t r a n s t i o n  metal  i o n s ,  r i n g  s i z e s  of 13 t o .  . 
- 

16 members a r e  most common, wi th  donor s o  p o s i t i o n e d  t h a t  

they  a r e  a b l e  t o  form f i v e -  o r  r i n g s  upon 



coordina t ion .  Other r i n g '  s i z e s  may bw s u i t a b l e  i n  complexes . 

of me ta l s  having d i f f e r e n t  o n i c  r a d i i e .  t- i 

The c o n f l i c t  between t h e  s te reochemical  p re fe rences  

of t h e  metal  ion and t h e  geometr ica l  c o n s t r a i n t s  of  t h e  l i g a n d  

and i t s  donor atoms i s  impo5tant i n  Bigand des ign .  In 

produce a h igh ly  s t a b l e  metal  c h e l a t e ,  then  t h e  l i g a n d  

be designed s o  a s  t o  be f l e x i b l e  enough t o  s a t i s f y  one 
7- 

p r e f e r r r e d  metal  geornetriesh on the  o t h e r  hand, i f  new 

o r d e r  t o  

should 

of t h e  

\ 
unusual metal  complex p r o p e r t i e s  a r e  being i n v e s t i g a t e d ,  a 

r i g i d  l igand  may f o r c e  a metal  ion  i n t o  a non-ideal  geometry. 

. One f u r t h e r  a s p e c t  of  metal  c h e l a t e  s t e reochemis t ry  
P 

which deserves  mention i s  t h e  p - s i b i l i t y  of c h i r a l i t y  t o  be 

- in t roduced by l i g a n d s t h a t  a r e  unsymmetrical, which confe r  

c h i r a l i t y  a s  a r e s u l t  of t h e i r  conformation, which coord ina te  L 

v i a  a donor atom which i s  asymmetric, o r  by t h e  d i s t r i b u t i o n  of  

t h e  l i g a n d s  about  t h e  meta l  i o n .  ~ x c e a e n t  accounts  of  t h e s e '  

p o s s i b i l i t i e s  a r e  ava i l ab le5rg ,  and f u r t h e r  d e t a i l e d  re fe rence ,  

w i l l  be made where necessary .  

liii. The Coordinat ion Template ~ f f e c t s ' r ~ ~  

The s y n t h e s i s  of o rgan ic  macrocyclic l i g a n d s  ink the  

absence of a meta l  ion  i s  very o f t e n  a low-yield r e w i o n  s i n c e  
t 

it is dominated  by tire competing f i n e a r  p ~ l y m e r ~ z a t i o r r .  Of ten ,  
t ,  
4 

, 
however, t h e  y i e l d  of t h e  c y c l i c  product  a s  i t s  metal  complex 

i s  d r a m a t i c a l l y  inc reased  upon a d d i t i o n  of t h e  metal  ion  dur ing  

o r  before  t h e  c y c l i z a t i q n  s t e p .  The imp-rovement i n  y i e l d  i s  a 



r e s u l t  of  one o r  more meta l  i o n  e f f e c t s  known c o l l e c t i v e l y  a s  

t h e  coord ina t ion  template  e f f e c t s  . 
I f  t h e  meta l  i o n  p e r t u r b s  an e x i s t i n g  equ i l ib r ium i n  

t h e  o rgan ic  system by s t a b i l i z i n g  one of i t s  components, t h e  , . 
prqcess  i s  r e f  r r e d  t o  as t h e  thermodynamic templa te  d e f f e c t .  t 
An e a r l y  example of  t h e  w a s  r epor ted  by ~ u s c h ~  who wished t o  

- - - - 

s y n t h e s i z e  t h e  macrocycle I by.condensation of an%a-diketone 

wi th  2-kninoethanethiol .  Themajo product of  t h e  d i r e c t  e 
r e a ~ t i o n w a s ~ h o w e v e r ,  t h e  t h i a z o l i n e  11, al though it was 

! L-. * 
deternine-d t h a t  I and I1 were i n  equi l ibr ium:  , 

i 

wH H H 

When t h e  same r e a c t i o n  took p lace  i n  the-presence of n i c k e l ( I 1 )  

J --ii -, 

a c e t a t e ,  t h e  N i  complex of  t h e  d e s i  ed product -  (111) w a s  

obta ined  i n  70% e e l d .  

- 
4 4- , a h e l a t i o n ,  removiw it from t h e  e q u i l i b r i u r d a s  it i s  produced. 



I f  t h e  i n f l u e n c e  of t h e  me ta l  ion i s  t o  c o n t r o l  t h e  

s t e r i c  c o u r -  of a s te?wise  r e a c t i o n ,  t h e  p r o c e s s  i s  c a l l e d  t h e  
Q 

k i n e t i c  t empla t e  ' e f f e c t ,  L'sirng t h e  same ex'ample as above,  i n  
Y -. 

o r d e r  t o  use  I as the  c o r e  of a  mac rocyc l i c  1 igan6 ,  it was 

foundQ t h a t  t h e  r e a c t i o n  o f  t h e  me ta l  complex 111 w i t h  an 

o r g a n i c  d i h a l i d e  gave complexes o f  t h e  t y p e  shown _5y I V  i n  - - -- 

good y i e l d :  here t h e  m e t a l  i o n  has  been use'd to ho ld  r e a c t i v e  

groups  so t h d t ' a  s t e r e o c h e m i c a l l y  s e l e c t i v e  m u l t i s t e p  r e a c t i o n  

'..- may o c c u r .  

  here are o t h e r  ways in which m e t a l  i o n s  can 

s u b s t e n t i a l l y  improve t h e  y i e l d  of p r o d u c t s ,  For  example, when 

c h e l a t i o n  of t h e  me ta l  i o n  t o  one of t h e  p r o d u c t s  f a c i l i t a t e s  

i t s  s e p a r a t i o n  w i t h o u t  affecting t h e  k j n e t i c s  o r  thermodynamics 

of t h e  fo rma t ion  r e a c t i o n .  T h i s  would amount t o  an i n v e r s i o n  

o f  t h e  u s u a l  f u n c t i o n  o f  a m e t a l  i o n  and l i g a n d  i n  

s e q u e s t r a t i o n 2 .  

The f i rs t  t h r e e  c h a p t e r s  o f  t h i s - t h e s i s '  d e a l  wish 

v a r i o u s  macrocycf ic  &ompfexes o f  Ni (11) , and it i s  t h e r e f o r e  
1 

p e r t i n a ~ t  t o  rev iew some of the e s s e n t i a l  d e t a i l s  of N i ( 1 I )  



maqnetism, s p e c t r a ,  and s t r u c t u r a :  behav io r .  -Ant ic ipa t ing  t h e  

r e s u l t s  somewhat, and r e c o g n i z i n g  t h e  broad r ange  of  Ni(I1) 
L 

c h e m i s t r y ,  a t t e n t i o n  is r e s t r i c t e d  t o  o c t a h e d r a l  and squa re  d 

p l a n a r  complexes o f  0- and N- donor atomsU, 14. 
- 

Russel l -Sau. .ders  terms., i n  o r d e r  o f  i n c r e a s i n g  

1 ene rgy ,  f o r  t h e  f r e e  xi2+ i o n . a r e  'F, ID, 'P, 'G, and S ,  w i t h  
I ' 

t h e  t r i p l e t  t e rm 3 ~ 4  r e p r e s e n t i n g  t h e  e l e c t r o n i c  ground s t a t e .  

N i ( I 1 )  complexes a r e  found w i t h  s i x - c o o r d i n a t e  o c t a h e d r a l ,  
I 

f i v e - c o o r d i n a t e  t r i g o r i a l  b ipyramida l  o r  squa re  pyramidal'., and 
W 

A 
four-coordl-sq3ar2 ? l a n a r  o r  t e t r a h e d r a l  s t e r e o c h e m i s t r i e s .  

4 
.Often t h e s e  o n l y  asproximate  t h e  r e g u l a r  po lyhedra ,  and it i s  a 

p e c u l i a r i t y  o f  N i ( I I )  chemis t ry  t h a t  complexes can o f t e n  be 

e a s i l y  conve r t ee  from one c o n f i g u r a t i o n  t o  a n o t h e r ,  and many 

cases of s t r u c t u r a l  d o x e r i s n  a r e  known. I 

2'+ 
H i  i s  on t h e  b o r d e r l i n e  of t h e  " c l a s s  a/class b n E  

\ 

( o r  t h e  re1ate.d " h a r ~ / s o f t " ~ )  c l a s s i f i c a t i o n  of  me ta l  i o n s .  

S i n c e ,  f o r  i n s t a n c e ,  it f o m s  s t r o n g e r  complexes w i t h  t h e  

l i s h t e r  ha logens ,  a112 Bon2s t o  n i t r o g e n  r a t h e r  t h a n  s u l p h u r  i n .  

t 
m c o m ~ r i c  t h i o c y a n a t e  conp lexes ,  it appea r s  t o  a c t  in i t s  

c i a s s i c a f  complexes as  a  "class a"  t y p e ,  " h a r d n  a c c e p t o r ,  w i t h  

a  l i m i t e d  tendency f o r  zeta1 - l i g a n d  7-bonding. 

rc Octahedral Complexes. I n  a lmost  all c a s e s ,  n i c k e l  

6 c o q l e x - s  of c a o r d i n a t i o n  number s i x  a r e  o c t a h e d r a l  ( d i s t o r t e d  

z o d e r a t e l y  i n t e n s e  bands which are simply i n t e r p r e t e d  by 



- - - - 

a w l i c a t i o n  o f  an Oh c r y s t a l  f i e l d  t o  t h e  3~ and -- 3~ - t e r m s  - of  - - -- -- 

the f r e e  i o n  as: 
, 

The v a l u e s  o f  Cq found i n  o c t a h e d r a l  complexes v a r y  from 

6 4 0  cm-I to 1270 cm-l, depending on t h e  p o s i t i o n  o f  t h e  l i g a n d  

i n  t h e  spec t rochemica l  s e r i e s ,  and t h e  va lue  o f  3 ,  t h e  r a t i o  o f  

t h e  Racan parameter  B f o r  t h e  complex t o  t h a t  f o r  t h e  f r e e  i o n ,  

i s  0 . 7  t o  0 . 9 ,  t h e  lower  t h e  v a l u e  o f  6 be ing  r e l a t e d  t o  

i n c r e a s e d  c o v a l e n t  d h a r a c t e r  i n  t h e  meta l  - l i g a n d  bond. 

Examples f o r  O6 and U6 complexes a r e  {Ni(MeOH) 6 }  ( ~ 1 )  4 )  D = 
4 

-1 
8 4 3  cm-I and 8 = 0 . 8 8 ,  and ( N ~ ( c H ~ N H ~ ) ~ ; ( c ~ < ) ~ ,  D 4 = 993 cm 

and 3 = 0.8413. 
% 

Geometric d i s t o r t i o n s  and/or n o n - i d e n t i c a l  donor 

atoms cause  d e p a r f u r e s  from oh symmetry, and t h e  e f f e c t s  on d 

e l e c t r o n  energy  l e v e l s  are w e l l  d o c ~ m e n t e d ' ~ .  For  t h e  

s x a b s t i t u t i o n  o f  two weaker l i g a n d s , ' a  t r a n s  arrangement  l e a d s  

t o  i a r g e k  s p l i t t i n g s  i n  t h e  t r i p l e t s  3~ and 3~ 
2g 

as  f o r  
l g  

17 s x m p l e  i n  N i  ( p y r i d i n e )  4C12 . 
2 

Since  the ground s t a t e  o f  a r e g u l a r  o c t a h e d r a l  

c 3 q 1 e x  i s  a l i iays  3~ 
2g ' and no s i n g l e t  l e v e l  can  c r o s s  it no 

-3 

Tarter what l igand f ie ld  s t r e n g t h  is a p p l i e d ,  r e g u l a r  o c t a -  
- - - -- ----- - - -- - c- - - - -- -- 

hedral complexes are always paramagnetic w l t h  S = I. I n  f ac t ,  

v a i u s s  of  the magnetic moment a r e  u s u a l l y  found between 2.9 and 

3 . 3  3.?4., near t h e  s? in-on ly  value of  2 . 8 3  B.M.'8 Reduced 



- -- 

paramagnetism aflC mamagnetism can r e s u l t  f r o m  l q g e  t r i g o n a l  

d i s t o r t i o n  o r  l a r g e  t e t r a g o n a l  d i s t o r t i o n B .  
7 

~ t r u c t u r a l l ~ ,  o c t a h e d r a l  N i ( I 1 )  complexes a r e  t h e  

most e x t e n s i v e l y  s tudied1" Since  no Jahn-Teller-type 

d i s t o r t i o n  i s  p r e d i c t e d ,  any d i s t o r t i o n s  from r e g u l a r i t y  must 

be a t t r i b u t e d  t o  s t e r i c  or c r y s t a l  packing e f f e c t s .  N i ( X 1 ) - N  

and BifIlf-0 bond l e n g t h s  i n  monomeric complexes a r e  u s u a l l y  i n  
> 

t h e  range 2 . 0  t o  2 . 2  X I 3 .  

Square P l a n a r  Complexes. E n e r g e t i c a l l y ,  t h e  
r" 

t e t r a h e d r a l  geometry i s  favoured with r e s p e c t  t o  a  square 

p lana r  geometry i f  t h e  f o u r  bonds have a  pure ly  i o n i c  c h a r a c t e r .  

2- I n  accdrdance wi th  t h i s ,  complexes of  t h e  type  ~ i ( h a l i d e ) (  , 
where t h e  bonding i s  l a r g e l y  i o n i c ,  a r e  t e t r a h e d r a l . -  On t h e  

4 

o t h e r  hand, any s t r o n g  covalent  N i  - l i gand  i n t e r a c t i o n  can 
L 

1- 
s t a b i l i z e . t h e  p l a n a r  c o n f i g q r a t i o n s  by o and/or T e f f e c t s ,  ,' 
l e a d i n g  t o  apprec iably  s h o r t e r  n i c k e l  - l i gand  bond l e n g t h s .  

I n  t h e  D4h c r y s t a l  f i e l d ,  t h e  f i v e  degenera te  d 

J-- 
. o r b i t a l s  a r e  s p l i t  as: 

3 s p i n - t r i p l e t  term, A 
2g 

The r e l a t i v e  s t a b i l i t i e s  of t h e  low 

and higiibspin s t a t e s  a r e  determined by t h e  energy s e p a r a t i o n  

11 



the d and dx2 2 o r b i t a l s .  Ca lcu l a  
XY -Y 

t i o n s  show €EaT t h e  

low s p i n  s t a t e  i s  s t a b l e  i f  A i s  g r e a t e r  t h a n  '-- 10 0 0 0  c m - l .  

A s  t h e  l i g a n d  f i e l d  s t r e n g t h  i s  i n c r e a s e d ,  t h e  p ~ i b l e  ground 

s t a t e s  d o  n o t  mix v i a  s p i n  - o r b i t  coup l ing ,  and t h e r e f o r e  a 

c r o s s o v e r  p o i n t  between h i g h  s p i n  (weak f i e l d )  and low s p i n  

( s t r o n g S f i e l d )  sys tems is p o s s i b l e .  T o  d a t e ,  t h e r e  is  no 

ev idence  f u r  any s q u a r e  p l a n a r  n i c k e l t f ~ )  complex which i s  no 

diamagnet ic .  
% 

I f  a  ?square 'p lanar  complex i s  approached by one o r  

two l i g a n d s  a long  t h e  f o u r - f o l d  a x i s ,  t h e  s e p a r a t i o n  between d  
4 B XY 

and dx2 2 o r b i t a l s  can  b; d e c r e a s e d ,  and t h e  t r i p l e t  s p i n  
-Y 

s t a t e  becomes fundamental .  Cases  o f  convers ion  from s i n g l e <  t o  

t r i p l e t  s t a t e s  by t h e  fo rma t ion  o f  b i s  - adduc t s  w i t h  s o l v e n t s  

such a s  p y r i d i n e ,  water, e t c . ,  a r e  numerous2'. f 

C e r t a i n  systems are e x p l i c a b l e  on t h e  b a s i s  o f  

e q u i l i b r i a  between c o - e x i s t i n g  s i n g l e t - ?  t r i p l e t  s ta tes  whose 
- - -  

energy  s t a t e s  d i f f e r  by amounts comparable w i t h  t h e r m a l '  
B 

e n e r g i e s .  For such an  e q u i l i b r i u m  tween s p i n  i somers ,  t h e  "n d 

d i s t r i b u t i o n  between t h e  two s t a t e s  can be d e s c r i b e d  by 

LXaxwell-Boltzmann s t a t i s t i c s .  One group o f  Ni (11) compounds 

which  shows t h i s  i s  found among some t e t r a g o n a l  complexes , 

-'/ 

c o n t a i n i n g  p l a n a r ,  q u a d r i d e n t a t e  macrocyc l ic  l igands2' .  
-1 

7, 
There a r e  a  f a i  s q u a r e  p l a n a r  complexes i n  which no 

b i s  - a @ u c t - h x n a t l o n  is s u f f i c i e n t l y  powerful  t o  s t a b i l i z e  

t h e  t r i p l e t  ground state. These i n c l u d e  t h e  p x p h y r i n  and 

pht i i a locyanine  com?lexes, where c o n s i d e r a b l e  s t a b i l i z a t i o n  of  



-0 - 

t h e  square  p l a n a r  s t r u c t u r e  occurs  v i a  e x t e n s i v e  

L a s t l y ,  it has been found( tha t  many a-branched 

a l k y l s a l i c y l a l d i m i n o  complexes of N i ( I 1 )  e x h i b i t  configura-  

t i o n a l  isomerism i n  s o l u t i o n ,  wi th  e q u i l i b r i q  between square 

p l a n a r  diamagnet ic  and t e t r a h e d r a l  paramagnetic a l logons ,  

l e a d i n g  t o  some unusuaT magnetic behavior .  The e x t e n t  o f  t h i s  
'%a 

e f f e c t  i s  r e l a t e d  t o  t h e  s i z e  of t h e  N-alkyl d e r i v a t i v e ,  R i n  

lv. Sch i f f  Base Condensation ~ ~ n t h e s e s ' t ~ ~ t ~ ~  

Condensation r e a c t i b n s  -between carbonyl  compounds and 

primary m i n e s  a r e  r e spons ib le  f o r  t h e  m a j o r i t y  of macrocyclic 

l i g a n d  formation p rocesses ,  and t h e  use o f  t h e  ~ c h i f f  base 

r e a c t i o n  p laqs  a c e n t r a l  r o l e .  The syntheses  gnd p r o p e r t i e s  of  

d S c h i f f  base complexes a r e  very o f t e n  i n t i m a t e l y  r e l a t e d  t o  t h e  

a s s o c i a t e d  metal  ion .  Furthermore,  t h e r e  a r e  a s p e c t s  of t h e  
r 

s y n t h e t i c  chemistry involved which a r e  r e l e v a n t  t o  t h e  l a r g e  
, 

number of  biochemical p rocesses2Sinvo lv ing  Schi f f -base  c o m ~ l e x e s  
- 

ie .9 . .  i n  t h e  f u n c t i o n  of a l d o s e s ,  amino t rans fe rases , - and  , 
pp p-p-p---- - -  - -  --- 

t h i b l a s e s )  . 
I n  t h e  absence of  metal  ion ,  t h e  r e a c t i o n  i s  known t o  

2roceed v i a  a d d i t i o n  of an amino group t o  a carbonyl  group as a 



- - - - - - 

r e s u l t  of  n u c l e p p h i l i c  a t t a c k  by t h e  lone p a i r  o f  e l e c t r o n s  on 

t h e  n i t r o g e n  a t  t h e  carbonyl  carbon atom, l e a d i n g  t o  t-d 

formation of a  ~ a r ~ o l a m i n e  in te rmedia te  ( I V )  . ~ l i m i n a t i o n  of 

4l water  r e s u l t s  i n  t h  Sch i f f  base ( imine)  formation (VII) : 

R\ ' R" VII 

R /C=N- 
The r a t e  of r e a c t i o n  i s  pH dependent,  t h e  maximum r a t e  being 

a c h h e d  where t h e r e  i s  most p ro tona t ion  o'f t h e  carbonyl  oxygen 

( t h u s  enhancing ' the r e a c t i v i t y )  r e l a t i v e  t o  p r o t o n a t i o n  of  t h e  

m i n e  (which blocks i t s  use a s  a  n u c l e o p h i l e ) .  For example, 

React ions which t a k e  p lace  i n  t h e  presence of  metal  

i o n s  involve  i n i t i a l  coord ina t ion  of e i t h e r  t h e  carbonyl  oxygen 

o r  amino n i t rogen .  Coordinat ion of  t h e  oxygen favours  t h e  

r e a c t i o n  by making t h e - c a r b o n y l  carbon moFe s u s c e p t i b l e  t 3 
n u c l e d p h i l i c  a t t a c k .  However, carbonyl omgen i s  a  r e l a t i v e l y  

- - 4 p- -- -- . - - - 

* 

poor donor atom and i s  g e n e r a l l y  r e a d i l y ' d i s p l a c e d  i n  s o l u t i o n  

by s o l v e n t  molecules.  coord ina t ion  i s  a s l i s t e d ,  however, by 

f o m a t b o n  of a c h e l a t e  r i n g  wi th  another  donor atom i n  t he  same t 

14 
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Only m i n e  complexes of N i  (11) and . 
t h u s l y ;  complexes which a r e  stable 

VIII 
70% 

r' 

Cu(I1) a r e  known t o  r e a c t  

with r e s p e c t  t o  l igand  - 
d i s s o c i a t i o n  ( e . g . ,  complexes of C o ( I I 1 ) )  do no t  r e a c t  i n  a way 

L. 
c o n s i s t e n t  wi th  a mechanism r e q u i r i n g  a temporar i ly  d i s s o c i a t e d  

r q 2  group. One i n t e r e s t i n g  p o i n t  about t h i s  r e a c t i o n  i s  t h a t  

t h e  t rans- isomer VIII can be formed i n  t h e  absence of t h e  metal 

ion ,  bu t  t h e  ci,s-isomer formation r e q u i r e s  t h e  metal i o n ,  - 
and i t s  s y n t h e s i s  i s  p roper ly  c l a s s i f i e b  as a k i n e t i c  template  

- 

r e a c t i o n 2 ?  -, 

A r e a c t i o n  r e c e n t l y  repor ted  where c is -coordina ted  - 



ammonia and C=O c o n t a i n i n g  l i g a n d s  condense i s  t h e  f i r s t  proof  

t h a t  such r e a o t i o n s  can  o c c u r  w i th  t h e  r e a c t a n t s  f u l l y  co- 

o r d i n a t e d .  I n  b a s i c  s o l u t i o n ,  pyruvatopentamine cobalt(111) (x) 

y i e l d s  a pyruvi l idene- imine  s t r u c t u r e  XII 2! The r e a c t i o n  is 

cons ide red  t o  p roceed  v i a  dep ro tona t ion  of  an  ammonia group 

and n u c l e o p h i l i c  a t t a c k  by t h e  subsequent  an-ti.de on t h e  ca rbony l  

c e n t r e  o f  t h e  keto-form o f  t h e  coo rd ina t ed  py ruva te  t o  g i v e  t h e  

carb ino lamine  i n t e r m e d i a t e  X I  which e l i m i n a t e s  wa te r  

immediately:  , 

Recognizing t h e  f a c t  t h a t  f u r t h e r  condensa t ions  w i t h  coo rd ina t ed  

ammonia groups w e r e  p w i b l e ,  and t h a t  t h e  n i t r o g e n  o f  t h e  * ,' 

iminonium s p e c i e s  was hi$hly a c i d i c ,  t h e  same r e s e a r c h e r s  

r e a c t e d  t h e  complex X I 1  w i t h  2 , 3 - b u t a n e d i o ~ e ,  t o  sive a complex 
-s 

of t h e  nove l  c h e l a t i n g  l i g a n d  X I I I :  I 



C l e a r l y ,  r e a c t i o n s  o f  t h i s  t ype  ex%and t h e  p r o c e s s e s  a v a i l a b l e  
I * 

i n  m e t a l  t e m p l a t e ,  m u l t i d e n t a t e  l i g a n d  s y n t h e s e s .  The k i n e t i c s  

of t h e s e  r e ' a c t i o n s  have a l s o  been i n v e s t i g a t e d ,  and ,  a l o n g - w i t h  

o t h e r  a s p e c t s ,  hqve some b e a r i n g  on t h e  $ r e s e n t  work, and w i l l ,  

b& cons ide red  a g a i n  where p e r t i n e n t .  

One method o f  overcoming t h e  masking o f  n u c l e o p h i l i c  
i 

'I 

c h a r a c t e r  o f  amfnes by coo;dination t o  a  m e t a l ,  wh i l e  a t  t h e  

same t i m e  u t i l i z i n g  t h e  s t e r i c  b e n e f i t s  of  t empla t e  s y n t h e s e s  

i s  t h e  u s e  of  d i h y d r a z i n e  o r  d ihydrazone r n o i e t i e ~ ~ ~ , ~ ~ .  A 

t y p i c a l  p r e p a r a t i o n  i s shownbe low:  S a l t s  of XV have been 
8 

i s o l a t e d  from t h e  r e a c t i o n  of  t h e  ' l i n e a r  d i h y d r a z i n e  X I - J  w i t h  

formaldehyde i n  t h e  p re sence  o f  N i  
2+ 

THF 

i o n s  : 

ii 

React ion  of a k o o r d i n a t e d  dihydrazone l i g a n d  w i t h  an a -d ike tone  - 

i s  t h e  s u b j e c t  o f  t h i s  i n v e s t i g a t i o n ,  and t h e  d e t a i l s  o f  t h e  

r e a c t i o n  a r e  g iven  i n  , t h e  fo l lowing  s e c t i o n .  

Condensat ions  i n v o l v i n g  m e t a l  i o n s  g e n e r a l l y  proceed 

wi thou t  t h e  i s o l a t i o n  o f  t h e  metal -Eree  Sch2ff b a s e ,  a l t hough  

t h e  l a t t e r  can sometimes be o b t a i n e d  by l i g a n d  exchange w i t h  

cyan ide .  However, t h i s  hay n o t  be p o s s i b l e  because of t h e  

f r e q u e n t  i n s t a b i l i t y  of t h e  S c h i f f  base  towards h y d r o l y s i s  i n  

the  absence o f  t h e  m e t a l . i o n .  However, when t h e  l i g a n d  i s  

c o a r d i z a t e d ,  any d r a i n  of e l e c t r d n  d e n s i t y  from t h e  -C=N- 

18 
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l i nkage  towards a  metal  i o n  w i l l  make the' imine carbon more 
-- 

s u s c e p t i b l e  t o  n u c I e o p h i l i c  a t t a c k ,  and t h u s  a i d -  h y r o l y t i c  

c leavage.  Cases a r e  known, i n  f a c t ,  where t h e  l i g a n d  i s  more 

I u n s t a b l e  wi th  r e s p e c t  t o  hydro lys i s  when coordinated31. 

Other impor tant  e f f e c t s  on t h e  r e a c t i v i t y  of t h e  

,coordinated amine l inkage  have been noted2: For i n s t a n c e  ,, 
i 

4 back donat ion o f  meta l  e l e c t r o n s  i n t o  IT-acceptor o r b i t a l s  on 

t h e  imine reduces t h e  e f f e c t i v e  p o s i t i v e  charge on t h e  imine 
IC 

carbon. I n  some c a s e s ,  t h e  simple i n c r e a s e  of thermodynamic 

b 
s t a b i l i t y  of  t h e  c h e l a t e  e f f e c t - i s  recognized a s  being 

i s u f f i c i e n t  t o  c o u n t e r a c t  t h e  e f f e c t  of e l e c t r o n  withdrawal from @. '.. 
t h e  imine $inkage3? F i n a l l y ,  s t e r i c  s t r a i n  i n  t h e  c y c l i c  

l i g a n d  can d i s t o r t  imine l i n k a g e s ,  making C-N IT ove r l ap  l e s s  

e f f e c t i v e ,  and t h e r e f o r e  more s u s c e p t i b l e  t o  h y d r o l y t i c  
? 

cleavage 24. 

lVi- i The Condensation of a Coordinated Quadr iden ta te  Diamine 
Dihydrazone wi th  2.3-Butanedione: An Out l ine  of t h e  

The syn e s e s  desc r ibed  i n  t h i s  s e c t i o n  were c a r r i e d  9 
o u t  a t  t h e  V i c t o r i a  Unive r s i ty  of Wellington,.  New Zealand, i n  

t h e  l a b o r a t o r y  of  P ro fessor  N.  F. Cur t i s :Deta i l s  of 

t h e s e  syntheses ,  t o g e t h e r  wi th  s p e c t r a l  and a n a l y t i c a l  d a t a  

have been k ind ly  supp l i ed  by Professox Cur t i s ;  and a r e  given i n  

t h e  Appendix of t h i s -  thesis . Ref-erenc-e w i l l  be made t o  this 
I 

d a t a  where necessary  t o  complement t h e  c r y s t a l l o g r a p h i c  r e s u l t s  

presented  i n  Chapter 3 .  
0 



The purpose of this section is to provide an outline . 

of the reaction under consideration, and to review the 
- -- - -- - 

available spectral and analytical information from which a - .  
tentative proposal for the sequence of steps involved in the 

reaction was made prior to the crystallographic investigation. 
a 

Complexes of the linear, quadridentate ligand XVII 

are prepared by the reaction of metal (Ni (11) or Cu (11) ) 

perchlorate, hydrazine, and the perchlorate salt of 

4,4,9,9-tetramethyl-5,8-diazadodecane-2,ll-dione (XV1). 

The orange perchlorate salt of XVII (hereon designated as - 

Ni(LO)*+) dissolves in water to give an orange .solution. Upon 

addition of 2,3-butanedione, a blue-violet solution is formed, 

from which a poorly crystalline, blue-violet compound, \ 

Ni(L1)(C104)2, is deposited. The designation Ll is used to 

imply that incorporation of the diketone into the complex in 

some way has' taken-place, as suggested by the'spectral and 

analytical data (Appendix, section Ai), although any firm 

structural details are difficult to infer. 

Dissolution of Ni (L1) (C104) in water gives, over 

a period of hours, a dark blue solution which deposits dark 

i - . b 
i 

blue crystals of the hydrated complex, Ni (L2) H20 (C1Q4) 3H20. 

1 
I Again, the change in ligand designation and the presence of 
i 
I - 2 0  



'vppa;' 
water i n  the  coordina t ion  sphere  t o  T v e  an N i 0 2 N 4  chromophore 

i s  made on t h e  b a s i s  of t h e  1 . f .  and r e f l e c t a n c e  s p e c t r a l  d a t a  
- -  - - 

( s e c t i o n  Aiv). On t h e  o t h e r  hand, i n  non-aqueous s o l v e n t ,  

e  . g . , methanol, N i  (L1) *+ i s  converted i n  hours t o  an orange 

s o l u t i o n ,  from which orange crystals of N i  (L3) (C104) a r e  

obta ined ,  c o n t a i ~ i n g  y e t  another  l igand  type ,  c h a r a c t e r i z e d  i n  

p a r t i c u l a r  by t h e  presence ,of  a s t rong ,  sha rp  band i n  t h e  i . r .  

a t  1717 c m - l ,  a ss igned t o  v ( c ~ o )  (sea f i g u r e  A .  6, Appendb) 
/ 

N i  ( ~ 2 )  Il2o2+ or N i  (L3) '+ i n  ,water or  methanol a r e  even tua l ly  

2+ converted i n  hours t o  a  r ed  solution of N i ( L 4 )  , which can 7 

a l s o  be i s o l a t e d  in crystallins form. Spectral and, 

a n a l y t i c a l  d a t a  for t h i s  product  ( s e c t i o n  Avi i )  a r e  c o p s i s t e n t .  

2+ wi th  ~ i ( ~ 4 )  being a  complex of a Pg macrocycle, incor-  

pora t ing  (it w a s  proposed) a novel ,  seven-membered di-imine 

c h e l a t e .  

The obgects of t h e  ensuing s t r u c t u r a l  i n v e s t i g a t i o n  

a r e  c l e a r : .  t o  confirm t h e  proposed s t r u c t u r e  of t h e  f u l l y -  

2+ condensed product NifL4) ; t o  determine t h e  i d e n t i t i e s  o f  t h e  P 

i i g m d s  LI, L2, and L 3 ,  which are assumed t o  incorpora te  t h e  

iiiketone i n  va r ious  ways, a l thoagh t h e  a v a i l a b l e  s p e c t r a l  and 

a n a l y t i c a l  d a t a  do n o t  permit any d e f ' n i t e  structural 4 
proposals .  I t  was considered t ha t  lf t h e s e  structures could 

be e s t a b l i s h e d ,  some understanding of t h e  sequence of steps 

however, i nc lude  the availability of s u i t a b l e  crystals, t h e  

assumption that the  nature of the  c r y s t a l l i n e  products 

r e p r e s e n t  species which  are  famed in s o l u t i o n ,  and t h e  
t. 

2 2  



intermediates (a thermodynamic feature of the reaction) in terms A 

d 

of the reaction mechanism. The latter problem can be reserved for 

consideration in the discussion of of the determined structures I 
t 

in Chapter 3 .  Concurrence of solution and solid state spectra 

was indicated by Professor Curtis, and the assumption was made, 

solution species. The availability of crystals containing each 

ligand type was the most inmediate problem. For NilL2)H20(~104). 
- 

-. 
3H20 and Ni(L4) [ c ~ u ~ ) ~ ,  crystals of the simple salts were 

adequate. For Ni (L1) (C104) and Nf (L3) (C104) *, however, this 

was not the case, but derivatives of each were available which 

could also be considered. I 

Ni (Li) fCIOq 1 reacts wikh NaNCS and NaNOZ to give the 

adducts Ni (L1) (NCS) and xi [L1)NO2 (C104) (sections Aii and 

Aiiif.   he assignment of the ligand as L1 was ma2e on 
L 

the basis of analytical and spectral data, Unfortunately, 

however, as will be agqarent from the structual investigations 

to follow, both these Bekivatives contain the starting diamine 

clihydrazone species LO. A discussion of the incorrect 

a s s i g ~ ~ a e n t ,  and the implications of this on the nature of L1,. 

is given in Chapter 3 .  

N i ( L 3 ) ( C l . 3 4 ) 2  reacts with NaN02 in methanol (section 

i --- -if t o g =  an mediate lavender solutionnfrOm which 1 avender 
3 crystals o f  ?ii(L3)&iQ2(C1o4) are obtained. Over a period of 

honrs ,  however, a sof-&ion of the lavender product [referred to 

hereon as  >-8i {>3)?iCI 'C10 1 ) v-in net-5a.ml, y i e l d s  a navy 4 



b l u e  s o l u t i o n ,  from which navy b l u e  c r y s t a l s  of a  second 

d e r i v a t i v e ,  B - N i  (L3) NO2 (C10 ) . 4H20 a r e  o b t a i n e d  ( s e c t i o n  A v i i )  . 
4 

A comparison of t h e  i . r .  and u . v . / v i s i b l e  s p e c t r a l  

d a t a  f o r  N i  (L3) (C104) ( f i g u r e  A. 6 ,  s e c t i o n  Av) , a-Ni (L3) NO2- 

(C104) ( f i g u r e  A. 7 ,  s e c t i o n  Avi)  , and 6 - N i  (L3)N02 (C104) .fH20 

( f i g u r e  A . 8 ,  s e c t i o n  A v i i ) ,  show t h a t  t h e  ass ignment  of t h e  

l i g a n d  a s  L3 i n  t h e  B-der iva t ive  i s  r e a s o n a b l e ,  b u t  t h a t  t h e  

a - d e r i v a t i v e  e x h i b i t s  some k ind  of t a u t o m e r i c  o r  c o n f i g u r a t i o n a l  

d i f f e r e n c e  t o  L3 i n  N i (L3) (C lO4I2 .  Th i s  conc lus ion  i s  cons ide red  

i n  more d e t a i l  i n  s e c t i o n  3 v i i .  

On t h e  assumption t h a t  5 - N i  (L3)N02 (C104) - tH20  does  

indeed c o n t a i n  L3, and because t h e  c r y s t a l s  o b t a i n e d  were of  

s u f f i c i e n t l y  good q u a l i t y  f o r  t h e  x-ray d i f f r a c t i o n  method, 

t h i s  d e r i v a t i v e  was s e l e c t e d  f o r  i n v e s t i g a t i o n .  The occur rence  

and p o s s i b l e  i d e n t i t y  of  t h e  a-Ni(L3)N02(C10 4 ) d e r i v a t i v e  w i l l  

be cons ide red  i n  Chapter  3 .  

To summarize, t h e r e f o r e ,  t h e  x-ray c r y s t a l  s t r u c t u r e s  

of  t h e  fo l lowing  compounds were determined i n  o r d e r  t o  g a i n  

some unders tanding  o f  t h e  sequence of  s t e p s  involved  i n  t h e  

L+ condensa t ion  r e a c t i o n  o f  N i ( L 0 )  w i t h  2 ,3-butanedione:  

N i  (LO)  (NCS) 2 .  H20: N i  ( L O ) N O ~  ( C 1 O 4 ) , ;  N i  (L2) H20 ( C l o d )  *. 3E20; 

N i  ( L ~ ) N O ~  (C104) . )iH20; N i  ( L 4  ) (C104) 2 .  



i The N i  (11) -Dihydrazone/2,3-Butanedione Condensation: 

~ x ~ e r i m e n t a l '  Procedures and S t r u c t u r a l  Determinations 
i 

X 

: # 

2 i  Organisat ion ' 

I 

For each of t h e  f i v e  s t r u c t u r a l  de terminat ions  

I comprising t h i s  i n v e s t i g a t i o n  (as listed on page 23), t h e  -- --- -- - - - - - - -- - -PAL-- > experimental  c o n d i t i o n s  under which t h e  d i f f r a c t i o n  d a t a  w e r e  

c o l l e c t e d  a r e  very similar, and it i s  t h e r e f o r e  u s e f u l  t o  

describe these coni i i t ions  i n  genera l  terms t s e ~ t l l o n - ~ l ~ a n d  - 

2 i i i ) ,  and t o  t a b u l a t e  s p e c i f i c  p a r t i c u l a r s  ( t a b l e s  2.1 and 

The a c t u a l  c r y s t a l l i n e  samples used i n  t h e  

i n v e s t i g a t i o n  w e r e  t h o s e  rece ived  from P r c f e s s o r  C u r t i s .  

Details of t h e  c o n d i t i o n s  under which each o f  t h e  c r y s t a l l i n e  

samples were ob ta ined  are t h e r e f o r e  i n c l u  

p r e p a r a t i v e  proceaures  i n  t h e  Appendix t o  

The; c a l c u l a t i o n s  used i n  t 
/ 

each s t r u c t u r e  are described- separa te ly  ( s e c t i o n s  2v through ' 

C 

2ix). Computer programs used i n  t h e  dete 'rminations ha& been 

l isted prev ious ly3  

- Crystals selected f o r  the i nves t iga t ions -were  -- - 

1 L e  en a - \ thin- c p e e i a l  crlFft-itf--- 

environments were r equ i red ,  and i n  no case was any d e t e r i o r a t i o n  



of crystalline character apparent. Copper radiation (Cu-KR, 
-- 

-? --  0 
A= 1.5418A) was used to obtain oscillation, Weissenberg and 

precession photographs as listed in table 2.1. The space group 

assignments made on the basis ofdhe photographic investigation 

were confirmed in later calculations. A special note should be ' 

made, however, concerning the space group of crywlline 4 

Ni(L0) (NO~)C~O(. An initial study suggested a triclinic lattice 
-uA--LAp--LL- - -  --- - -  - 7 -  

with the crystal mounted approximately about c . However, one of 
the cell angles (y) was found to be very close to 90 deg, and the 

possibility that the crysta-1 was in fact mounted abokscme 

diagonal of a cell ofShigher symmetry, was investigated by 
I 

performing a Deladey reduction on the triclinic cell (Dr. 
k. 

R.E. Cobbledick's close involvement in, this step is grate- 

fully acknowledged). These calculations indicated a C-centered 

monoclinic cell, and this was confirmed by re-mounting the 

crystal and t&ing a new set of photographs which revealed 

4 * 
I the reducgdbell, and its translational symmetry, with a 

of the n&w cell now approximately coincident with the spindle 

axes of the cameras. 

d In e a c w e ,  the same crystals used in the 

photographic investigations were,mounted on a Picker FACS-1, 

computer-controlled, four circle dif-fractometer and optically 

centered --- with respect to the fourcirclegeometrg. A mu@-- -- --- 

oriedtation of each crystal was found by manually locating two 
p- 

strong reflections with x angles close to 0 deg, and seperated . 

in by approximately 90 deg, and indexing them using the 
- 

the photographic information. Twelve of the strorigest ref lec- 



tions havinq 2 e  values qreater than 25 des, sampled from all 

areas of the unigye set of reflections., were automatically 
- 1 - - -- - - 

cehtered using Mo-K radiation (X=0.70926 A) . The observations a 

thus generated were used in a least-squares refinement of 

the cell and orientat$on parameters. ~ypicaliy, 2 cycles of 

#refinement gave parhters suitable for data collection, and 
T 

the cell dimensions calculated were used in all subsequent 

computations. 
- - ,- - - - -- - - - - - - - 

Density measurements on each crystalline sample 

were made by flotation in halomethane solvent mixtures. Absorb- 

tion coefficients were calculated and deemed not to necessitate 

any absorbtion correction to -t reflection intensity data 

(table 2.1). 

2iii Data Collection 

Reflecti'ons for the unique set of data were 

collected for each compound using graphite-monochromatised M -K 
0 E a 

radiation (X=0.70926 A) and a scintillation detector with pulse 

height analysis. A symmetrical 8'28 scanning mode was employed 
'\ 

w i t h  a scan speed of 2 aeg ruin-'. The selected scan widths . 

{chosen in each instance to take account'of the size and -shape of 

the diffracted rays), were increased to allow for dispersion, and 

background counts were measured at both scan limits, Specific 

details of the data collection for each crystal are given in 

table 2.2, 
,- 

The reflection intefisities were measured in two 

sets based on 28 values. Typically, for the inner set of data 
B 

(28<20 or 30 deg), larger scan widths were used than in the 

outer set ( 2 8 ~ 4 5  deg). After every 100 reflection data measured, 

26 
- 



instrumental stability and the crystal position with respect to 

the geometry of the diffractometer. Measured intensities were 

corrected for Lorentz and polarisation effects, and were classed 

the 

set 

observed if I>2. 3oI, where 

the total count, B, and B, 

2 2 
5 ={T+(tb/ts) (B1+BZ) + (k1) I i T 
are the background counts, tS is 

scan time, -A - _tg is the - total background 

to 0.03, and I is the net count. 

time, - constant 



T a b l e  2 . 1  
- 

C r y s t a l  Data f o r  t h e  N i ( I 1 )  H e x a a z a m a c r o c y c l e s  

-- -- 

C o l o u r  

Habit 

C r y s t a l  
S i z e  (mrn) 

Pliotographs 
W e i s s e n b e r c  
P r e c e s s i o n  

Laue  Symme- 
t r y  

S y s t e m a t i c  
A b s e n c e s  

L 

S p a c e  GrouE 
(s) 

F o r m u l a  
W e i g h t  

C e l l  
P a r a m e t e r s  

0 a 
A b  

C 

a 
deg 6 

'4 

d m e a s u r e d  
z 

d calc. 
g / m -  

A b s o r p t i o n  
C o e f f i c i e n t  

L 

r o y a l  
b l u e  

cubic 

7x .7x .  7 

h k 0 ,  h k l  - 
h ~ l , h l l ,  
T k i , i k i  ' - - 

~ o n o c l i n i c  

101,  h + l =  - - 
-2ii+1 

) k 0 ,  k = 2 n + l  - - 
PZ1/n . 

liS20N8C16 

H34 
477 .3  

'11 !-23 (1) 
1 2 .  Q9 (1) 
l6.89.( .1)  

99 .39 (4 )  

2262 .4  

1 . 5 5  ( 1 T  
4 

1 . 5 5  

1 1 . 2 3  

2 1 ( 1 )  

(LO) (NO,) (L2)  (H,O) (L3)  (NO,) 
L 

v i o l e t  
ir 

+ 

r h o m o h e -  
d r a l  

. 3x .4x .6  

O k l ,  l k l  
h O l ,  h i i ,  
iTkV - - - 

b 

n o n o c l i n i c  

h01 ,1=2n+l  
Eki  :E+ k= - 

ZnTl  

22 / c ,  Cc 

yiClO6N7 

' 14~32  
487.6  

3 1 . 1 4 ( 1 )  
1 1 . 2 7 8  (2)  
1 4 , 9 2 0  (4 )  

123 .37  (1 )  

4376 .0  

1 - 4 9  C 1 )  
8  

1 . 4 9  

1 0 . 5 6  

2 1 ( 1 )  

L 

d a r k  b l u e  

rhombohe- 
d r a l  

. 3x .  3x .  2  

hko  , h k l  
h O l , i i i l ,  
S k i ,  i k i  - -, 

m o n o c l i n i  

hOl ,  h + l =  - - -  
2 n T l  

OkO, k=2n+ - - 

PZ1/n 

NiC12013 

N6C18H44 
682.2  

9 . 6 9  (1) 
1 9 . 2 2  (1). 
1 6 . 6 5  (1) 

94 .88  (1) 

3091 .0  

1 - 4 7  (1) 
4 

1 . 4 9  

8 .70 

2 1 ( 1 )  

L 

l avy  b l u e  

2 l o n g a t e d  
p l a t e s  

, 5 x .  2x .  1 

h k 0 ,  h k l  - 
h ~ l , h l l ,  - 
o k i , i k i  - - 
m o n o c l i n i  

- 101 ,1=2n+ l  - - 
l k l  , h+k= - - -  

2 n + l  

C2/c ,  Cc 

J i C 1 0 7 .  5N7  

ClsH37 
5 6 5 . 7  

27 .02  ( 2 )  
1 4 . 2 3 ( 1 1  ' 
1 5 . 5 4 ( 1 )  

1 1 8 . 0 1  ( 5 )  

&5275 .2  

1 . 3 8 ( 1 )  
8 

1 . 4 0  

8 .72 

2 1  (1) 

- 

sa lmon  rec 

n e e d l e s  

.5x. 1x. 1 

hk0 ,  h k l  
El, El - -  - 

t r i c l i n i c  

none 

p i ,  ~1 

N i C l 2 O 8 %  

' 1 8 ~ 3 ~  
5 9 2 . 1  

b 

1 3 . 4 1 5  ( 6 )  
1 0 . 6 0 9  ( 6 )  
1 1 . 7 6 4  ( 6 )  
1 1 8 . 4 1 ( 1 )  

6 1 . 7 7 ( 1 )  
9 6 . 5 7 ( 1 )  

1 2 8 4 . 2  

1 . 4 9 ( 1 )  
2 

1 . 5 1  

1 0 . 1  

C 

2 1 ( 1 )  , 



Table 2 . 2  

Experimental conditions used t o  co, l lect  data on the ~ i ( I 1 )  
HexaazamacrO~ycles 

1nher Dati 
28  kange 

(deg) 
scan widtl 

(deg) (deg: 
bkg time ; 
both scan 
l i m i t s  
( s e d  

Outer Dati 
28 range 

(deg) 
scan widtl 

(deg) (deg) 
bkg time e 
both scan 
l i m i t s  
(set) 
var ia t ion 
of span- 

dards 

max e r r o r  
i n  F due t 
neglect  of 
absorption 

#measured 
data 

f observed 
data 

1 . 6  

1 0  

+ 3 %  

none 

2 m  

2257 

P 

I 



2iv St ruc tu ra l  Determinatians - ---- 

a Common P a r t i c u l d r s  

Atomic s c a t t e r i n g  f a c t o r s  us&d i n  t h e s e  c a l c u -  
1 

l a t i o n s  were t aken  from r e f e r e n c e  3 5 ,  and inc luded  c o r r e c t i o n s  
P 

f o r  anomalous d i s p e r s i o n  where r e l e v a n t  f o r  n i c k e l  (Af"=.285, . 
Af " = l . l l 3 )  , c h l o r i n e  (Af I = .  132,Af "=, 159) , and su lphur  (bf . '= . l lO,  

AfU=.124) .  Hydrogen atom p o s i t i o n s ,  where c a l c u l a t e d ,  assumed 

r e g u l a r  t e t r a h e d r a l  and t r i g o n a l  a n g l e s  and C-H bond l e n g t h s  of  
0 0 

0.95 $ and N-H bond l e n g t h s  of C .  87  A ( r e f e r e n c e  36 ) , and 

were a s s igned  i s o t r o p i c  t he rma l  motion parameters  which r e f l e c t e d  

t h e  d e g r e e  of motion e x h i b i t e d  by t h e  atom t o  which each  was 

bonded. Un i t  w e i g h t h r e  a s s i g n e d  t o  observed  d a t a  i n  t h e  e a r l y  

s t a g e s  of each  r e f inemen t .  I n  t h e  la ter  s t a g e s ,  c o u n t e r  weigh ts  

= l /oF2 ,  g2ven i n  terms o f  oF = oI/(Lp) (2Fo) ,  w e r e  used. A l l  

r e s i d u a l s ;  RI q u o t e d - a r e  t h o s e  g i v e n  by Z ( I F ~ I - I F ~ ~ ) / E ( I F , I ) .  

Tabula ted  a n i s o t r o p i c  t empera tu re  f a c t o r s  are o f  t h e  form: 

. , A t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s  u s i n g  an i n n e r  

s e t  o f  d a t a  / 2 0 < 3 0 "  4 2 2  observed  r e f l e c t i o n s )  gave t h e  s t r o n g e s t  

1 11 1 11 peaks a s  0 0  7 , 7 7  7 ,  -- 0 which do  n o t  co r r e spond  t o  t h e  

Harke r  p l a n e s  and l i n e s  expec t ed  f o r  t h e  space  group P21/n. 

C l e a r l y ,  e i t h e r  t h i s  s p a c e  group assirgnment was i n c o r r e c t ,  o r  

some f a l s e  symmetry was p r e s e n t .  C a r e f u l  are-examination o f  t h e  
- - -  - 

pho tog raphs  conf i rmed the  c h o i c e  of t h e  space group ,  and ,  f r o m ,  , 

t h e  P a t t e r s o n  map, c o o r d i n a t e s  c o u l d  be chosen f o r  t h e  n i c k e l  

1 atom ( 0  0 and t w o  s u l p h u r  a toms,  which were e n t i r e l y  r ea sonab le  

30 



a n d  c o n s i s  t e n t  with a  t r a n s -  ,??-bonded Ni (ACSI  m o i e t y .  Thzs 

model was a d o p t e d ,  t h e r e f o r e ,  and r e f i n e m e n t  commenced u s i n g  

o n l y  t h e  &-even da ta ,  t h e r e b y  assuming  t h e  f a l s e  symmetry. A 

F o u r i e r  s y n t h e s i s  u s i n g  t h e  p h a s e s  t h u s  g e n e r a t e d  gave  t h e  p o s i -  

t i o n s  o f  t h e  n i t r o g e n  a toms i n  t h e  c o o r d i n a t i o n  s h e l l  o f  t h e  
i 

n i c k e l  atom. Further r e f i n e k e n t s  and s u b s e q u e n t  e l e c t r o n  d e n s i t y  

di f ference  maps q u i c k l y  gave all of t h e  fight a t o m  postti-o-ns,-whiclfr, 

t h o u g h  * n o t  e n t i r e l y  c h e m i c a l l y  s e n s i b l e ,  p r e s e r v e d  t h e  f a l s e  . c e n t e r  

of  symmetry a t  t h e  n i c k e l  atom. Ref inement  w a s  c o n t i n u e d  u s i n g  

o n l y  t h e  E-even data t o  an R-factor o f  0 .107 .  A t  t h i s  s t a g e ,  

1 d i s p l a c e m e n t  of t h e  n i c k e l  atom from 0  0  t ( a s  s u g g e s t e d  by t h e  

c r i g i n a l  P a t t e r s o n ) ,  and t h e  a d o p t i o n  o f  one  of t h e  t w o  p o s s i b l e  

o r i e n t a t i o n s  of t h e  m a c m c y c l i c  l i g a n d  L 0  (as s u g g e s t e d  by 

t h e  l i g h t  atom p o s i t i o n s  a l r e a d y  a s s i g n e d )  , p e r m i t t e d  remoGal 

of  t h e  false symmetry and i n c l u s i o n  o f  t h e  E-odd d a t a  f2W30•‹)  

i n t o  t h e  r e f i n e m e n t .  The i n i t i a l  R - f a c t o r  o f  0 . 3 1 1  q u i c k l y  
-. - - . . 

dmpped upon r e f i n e m e n t  of the scale f a c t o r ,  and p o s i t i o n a l  a n d  

i s o t m p i c t h e r m a l m o t i o n  p a r a m e t e r s  t o  0 .092  (140  v a r i a b l 3 s  and 

816 o b s e r v a t i o n s ) .  The o u t e r  set of d a t a  w a s  t h e n  i n c l u d e d  

i n  t h e  c a l c u l a t i o n s ,  and  a n i s o t r o p i c  t h e r m a l  mot ion  was f i r s t  

a s s i g n e d  t o  the n i c k e l  and s u l p h u r  a t o m s ,  and t h e n ,  as t h e  

r e f i n e m e n t  c o n t i n u e d ,  t o  t h e  l i g h t e r  atoms. Hydrogen atom 

2ositions were  found from e l e c t r o n  d e n s i t y  d i f f e r e n c e  maps, o r ,  
- - -  -- - - pp - p-p - - - - + 

in t h e  case o f  some m e t h y l  h y d r o g e n s ,  c a l c u l a t e d  u s i n g  a C-H 

> ~ n l  l e n g t h  o f  0 . 9 6 5  8.  F u l l  matrix, l e a s t - s q u a r e s  r e f i n e m e n t  

gaGe a f i n d l  R-factor of ~0.060 f 249 v a r i a b l e s ,  2257 '  o b s e r v e d  



- -- -- 
F i n a l  atomic parameters a re  listed i k p t a b l e  2 .3  

z r Z  tfierzal motion pa rame te r s  in t ab le  

- a t o m  p o s i t i m s  a r e  g iven  i n  table 2 . 5 ,  

l a t ed  y t r u c t u r e  

7 

factors (x10) i n  t ab le  

2.4 .  CaIcGIHtG~~~dE5ie r i  

and measured and calcu- 

2 .6 .  



n -- 

Table 2 . 3  

F r a c t i o n a l  A t a n i c  Coordinates: ~i (LO) ( N ~ s )  , .H,O. 
L L 

(X lo4, x l o 5  f o r  N i )  Least-squares e s t ima ted  erroVEs a r e  g iven  

Atom Type 



Table 2.4 
Hydrogen Atom Coordinates: Ni (LO) (NCS)  2 .  Hz@. 

e 9  

M O ~ )  

A t o m  x Y Z , ' HN2 -2268 9 30 2448 I 

HN 3 900 1555 2617 
HNS 1 4072 2913 17 7.6 , 
HNS2 4369 2 840 897 
HN6 1 3857 2521 3594 
HN6 2 4688 2647 2917 
H61 -4033 3051 151 
H62 -2575 2560 6 9 5 
H6 3 -3687 1955 827 
H71 -2211 4344 2062 
H72 -1975 4245 1113 
H91 -3093 2137 3683 

- H92 -3823 1178 3115 
H9 3 -3530 1094 4128 
'H101 -1602 5 81 4870 
H102 -366 534 4427 
Hlb 3 -993 1805 4568 C 

Hlll -492 2250 3281 
H112 -2000 2559 2820 
H121 -1146 2045 1714 
H122 -139 2865 2 19 5 
Hi41 -313 1765 417 
H142 75& 1045 202 
H143 -221 4 3 4 726 
H151 744 3218 1070 
H15 2 . 1918 26 37 835 
H153 19 39 2935 1781 
H16 1 2650 961 a 2130 
H162 ' 2574 882 1141 , 
H181 1410 4267 3671 

. H182 2090 2977 4 3531 
H183 2 16 8 40 9 3 4333 

- - Howl -4109 103 1377 
- -- -. HOw2 -37-20 661- 220k 

T 



Thermal ~otion Parameters: Xi (LO) (NCS) 2. H20. 

C 2. 
b 

4 (X lo3, x 10 f a r  N i  A ) 



Table  2 . 5  

S t r u c t u r e  Factor L i s t i n g  : Ni (LO) (NCS) 2 .  H20. 

!x P O )  

Unobserved reflections 

' P" 

are  denoted a s t e r i s k .  

- 





PO PC - 
221 199 

1,K= 3 

92 -103 
196 202 
646 614 
750 -791 
839 839 
453 -433 
68 119 

774 -787 
498 -469 

5* -28 
- -- - 

ll* -34 
102 77 
371 379 
200 193 
374 -399 

72 -50 
134 135 
93 54 

1,K= 4 

25* 60 
310 -333 
160  -191 
225 230 
228 230 
213 -200 
153 147 
253 252 

54 -47 
311 -296 

59* 56 
55* 15 
43* 79 
I53 -197 

61* 64 
79 103 

1,K= 5 





546 532 
35* - 1 9  
96 -116 

157 -173 
69 82 
7F -9f 
78 . 96 
88 -99  

122 122 
57* -68 
71 -76 

TOO -78 
23* -19 
6 .  

3, K =  7 























FO r"C 

149 174 
254 248  
1 9 2  1 9 1  
137  152  
64* -52 

251 1 9 5  
SO* - 5 7  

1 7 9  - 159  
4 4 *  - 7 5  

2 5 1  231 
1 2 3  - 1 3 4  
326 - 2 9 6  
282  276  

7 , K =  3 

4 9 9  - 4 9 3  
4 9 9  4 6 5  
2 5 5  -241  
1 U 8  -163  
1 3 1  -115  

49* 34 
3 2 9  310  
247  266 
1 5 1  -149 
1 6 0  -150 
156  120  
230 250 

27* 33 
1 4 8  -148 

7* -22  

7 , K =  4  

1 5 6  1 5 5  
2 8 5  288  
372 383 
1 9 7  -209 
170 164  
59* -63 

2 7 1  -249 
107  -112  
209 LO4 
1 8 1  159 

8 0  -38 
1 0 9  -126 
416  396  
1 2 7  1 0 3  
547  -527  

7 , K =  5  

199  -204 
203 -222 
1 2 2  127 



PO PC, 





c Ni (LO) N02C10, 

The positions of the nickel and Worine atoms. 
5 

were determined from inspection of a three-dimensional Patterson 
- 

synthesis based.on all the observed 'data. Refinement of their 

coordinates and two scale factors gave an R of 0.411. A Fourier 
't 

synthesis using the phases generated by this model revealed the 
R 

@sitions of the perchlorate oxygen atoms and the the atoms in 
I - -- - -&- 

---A -- 1 -  - - 
nick51A-c5ordinati6nTpheye-~f inement2>f these rdmates and 

isotropic thermal motion parameters, and a subsequent electron 

density difference'map gave the positions of all the other non- 
- - - - - -- - - - - - - - - - - 

4 
hydrogen atoms in the cation. Further refinemgnt of this model 

reduced the R to 0.128. Anisotropic thermal motion was then 

assigned , first to the heavy atoms, then to the light atoms. 
* 

Hydrogen atom positions were determined from th& difference maps 

or calculated, and included in the structure factor calculation, 

to give an R of 0.073. At this- stage, extremely large anisotropic 
I 

thermal motion parameters in the carbon atoms of one chelate 

d 1 

f C f 3  thro h C18f of the macrocycle indi'cated some disorder, 

possibly as a result of two alternate conformations of the six- 

membered ring. Each of these carbon atoms was split into two 
- ,  

half-occupied positions as suggested by the thermal motion. 

Refinement of this model, first with isotropic, and later with 

anisatropic thermal mot-ion parameters, gave a chemically reason- 
- - - - - - - -  - - -  - -- -- - - - - - - 

able picture. 

Full matrix-, least-squares refinement gave 

a final R factor fo 0.041 (317 variables). 



hydrogen'atom coordinates (table 2.9), and measured and calculated 

structure factors ( ~ 1 0 )  (table 2.10) . 
r .  



f -  4 

Fract ional  Atomic Eoordinates: Ni (LO) NO2 (CIOq) . g 

(x l o 4 ,  x lo5 for Ni and C1) \ 

Axom Type x Y z 



Table 2 . 8  
- - - - -- - - - 

Hydrogen Atom Coordinates:  N i  (LO) No2 ( ~ 1 0 4 )  ---. 



4, 

- -  * 
Table 2.9 

- - -  - 

Thermal Motion parameters*: Ni (LO)N02 (C104) . 
2 

( X  lo3, x lo4 for Ni A ) 

* 

Atom Type U11 U2 2 U33 ul2 U13 u 23 



Tab le  2.10 

S t r u c t u r e  F a c t o r  ~i- (LO) NO2 (C104) . 

Unobserved r e f l e c t i o n s  are i n d i c a t e d  by an a s t e r i s k .  







52 6 1  
35* -28 
97.  - 1 0 5  

'214. -218 
1 2 6  - 1 2 2  

' \ 

1, K =  7 

340 340 
93 97 

6 4 9  -052 
2 7 *  25 
333 350 
109 113 
123 121 
184  -195 
185 -186 
1 2 1  -120 
275 287 

1, K =  5 

5 7 1  -567 
295 -292 

6 2  5 1 
1 1 7  -112 
145 150 
33 37 

2 7 2  - 2 9 0  
184  -173 
295 - 3 1 7  

1 , K =  3 

139 -107 
so, - 4 3  
320 -322 
445 470 
106  107 
328 -318 

7 1  -79 
-I&-- +7 

1, A =  1 

2 3 3  2q4 
573 -567 





9 296 
169 - 1 8 %  

'"2 - 9 5  
3 3 9  3335 

6 4  5 1 

5 ,  K =  1 

142 126 
168  199  
302 311 

5 a /  7 3  
197 -19-3 
153  -155  
1 6 5  1 5 9  

6 , K =  0 

519  219 
2 5 7  291 
3 7 8  - 325  

6 ,  K= 2 

5 0 2  507 
5 2  - 3 3  
13*  4 4  

172 162 
L O O  - 1 8 9  
1 5 6  -152  
20* -30  

309  3 2 1  

5 ,  K= 4 

362 -918 
224  2'15 
320 309 
301 -305  
43  4 9 

1 4 4  1 3 3  
338  - 3 3 3  

a - 3 1  
230 2.28 

6, R =  6 

fi- 

t : 
5 
6 

7 -  
8 
9 

- - - 

a- 

PI- 
\ 

I 







i i =  I d ,  I(= 4 







F 3  P C  

4113 -4LL 
7 6  - 8 0  

1 6 5  1 6 5  

8 ,  A =  10  

2 6 8  Lhl  
1 6 7  1 6 3  
4/25 -434) 
1 7 2  -175 
L8G ~ 9 1  

9 4  - 1 0 1  
4 9  - 3 5  

1 9 2  1 9 1  
1 2 5  -127  

R , K =  8 

1 2 8  1 3 8  
6 6 8  - 6 6 1  

6 4  50 
3 7 7  383  

7  8 68  
2 2 4  - 2 2 6  

d 2  d3 
7 1  - 6 1  

308  -313 
2 9 7  290 
223  2 2 5  

8 ,  K =  6 

6 3 4  -b30 
d 9 76 

7 0 7  7 1 8  
1 6 0  153 
5 1 2  -501  
2 0 8  230  

93  - 7 6  
3.20 -331 
271  271  

d 2  - 8 4  
2 5 5  -254 
1 3 9  - 1 3 0  

86 9 1  

8 , K =  4 

3 2 9  3 1 8  
7 3 53 

3 *  2 8  
4 6 5  4 4 8  
1  0 ,3 j- 7 
1 2 2  - 1 1 9  

3 9 9 









L PI) PC L P O  PC 

- 6 1 13 - 1 3  118 - 
- 0  771 -763 

- 4 n  ~l n ~l a I I - .t n v r -y 3;; 3;: 
I 

- 2 204 204 - 1' 276 - 2 5 6  - 
-13 175 -174 - 2  1 0 9  1 0 8  
-14 4 5  - 4 6  - 3 3*  22 
-15 74 -70 -4 40 -36 

-5 254 2 5 4  
H= 18, R =  0 -6 72 -56 

- 7  153 -164 
-2 1153  -1194  -8 110 98 
-4 128 123 -9 142 145 
-5 632 642 -10 254 -240 

B A ! O - _ z 3  3!!-_-11LlX - 







1 1 *  2 0  
1 6 0  - 1 8 5  
1 3 0  137  
190 163 
1 3 1  166 
2 3 7  2 5 1  
2 9 9  - 3 3 7  
3 0 7  - 3 2 3  

7 2 1 4  
7 1 2 7  
d o  - 6 3  

398  3 7 2  
2 3 9  - 2 7 0  
4 4 2  - 4 3 2  

3 8 *  - 1 3  





f 
This structure was solved using MULTAN 

based on an inner set o f  data (20  < 30 deg) . From a Fourier 
synthesis with 100 r e f l e c t i o n s  whose E values were >1.5, the 

positions of the n icke l ,  two c h l o r i n e ,  and ten lighter atoms 

were determined. Refinement o f  t h e s e  parameters and a scale 

factor gave an R of 0.32. S e v e r a l  c y c l e s  o f  r e f inement  and sub- 

4 - v  y---theses r e v e a - 7  

non-hydrogen atom p o s i t i o n s .  I n c l u s i o n  of  t h e s o u t e r  s e t  o f '  
i 

/ r , - 'k 
data, c a l c u l a t e d  hydrogen atom p o s i t ~ o n s ,  t o k e ~ h e r  w i t h  a&so- 

tropic t he rmal  motion pa ramete r s  for a l l  non-$drogen stoms 

't gave a n ' R - f a c t o r  o f  0 . 0 9 2 .  Cons iderable  the rmal  motion was 
L 

- e v i d e p t  i n  t h e  oxygen atoms of both p e r c h l o r a t e  a n i o n s .  I n  

one  case (011)\ s p l i t t i n g  o f  t h e  atom w i t h  two ha l f -oc&pied  
a Y p o s i t i o n s ,  and subsequent  r e f inement  u s i n g  i s o t r o p i c  and t h e n  ' 

1 

, f a n i s o t r o p i c  pa ramete r s  gave a model for t h a t  pepehlor&te a n i o n  

which f i t t e d  t h e  d a t a  c o n s i d e r a b l y  b e t t e ~ .  S i m i l a r  a t t e m p t s  1 
-to s p l i t  o t h e r  oxygen atoms which showed t h i s  behaviour  were 

deemed no t  s u c c e s s f u l  s i n c e  t h e  r e s u l t i n g  p a i r  d i d  n o t  behave 

w e l l  when r e f i n e d  and gave no improved agreement w i t h  t h e  d a t a .  

F u l l  matrix, least-squares r e f inement  gave a f i h a l  R-f a c t 0 5  of 
b 

2.11, and thermal motion parameters in t a m  2.12. Hydrogen atom 

coordina- (table 2.13) and meaeurd and calculated structure 

factors (x10) are also listed (table 2.14). 



- - 
Table 2.11 

Frac t iona l  A t o m i c  Coordinates: Ni (L2f H,O(C10,), . 3 H , O  

; 
(X lo4, x lo5 for Ni) 

A t o m  1 Y z 
i 



- - 

Table 2.12 
- - -- - - - -- - - - -- - 

Thermal Motion Parameters: Ni (L2) H20(C104) 

2 
( X  lo3, x lo4 for Ni A ) 

$-- 
P 

A t o m  5 1  %2 "33 "12 %3 5 3 



! 
Hydrogen A t o m  Cuordinates: Xi (L2) H,O(CfO. 1,. 3H,O, 

( X  l o 4 )  

A t o m  x Y z %  



S t r u c t u r e  Factor  L i s t i n g :  Ni (L2) H Z O ( C 1 0 4 )  2 .  3H20. 
L 

Unobserved reflections are i n d i c a t e d  by an a s t e r i s k .  







1, K= 19 

70' -30 
480 9 3 9  
383 350 
It* - 2 5  
I ? *  -9 
115 -78 
317 -268 
258 220 
150 216 
135 -117 
125 115 

1, K= 18 

185 -162 
122 14/ 
11* 37 

164 -P38 
53* -15 

237 -2.18 
81* -39 

475 120 
190 187 
288 256 

43* 15 
2 1 9  -237 

1, K= 17 

lo* -68 
117 - 1 3 2  





. - - 
, 

F O  PC L F 3  PC L F O ,  PC 
/ 

- -- - - - - - 

419 430 3 1 9  249 143 161 -132 
239 191 

- - 4 185 - 2 1 3  1 5  1 0 1  - t 00 ! - - -  
239 -179 5 664 6 3 3  16 177  132 
1623 1713 6 333 329  a 17 58* -56 ' 
1553 1514 7 129 753 a 

8 547 5 3 3 ,  H= 2, K =  9 
2 , ~ =  4 9 2 7 7  25a 

10 271 -273 17 96 75 
70 -27 11 119 133 16 324 285 

741 - 8 4 1  12 141 137 1 5 '  39 84 
653 661 13 153 -132 14 32* ,-47 
218 229 1 4  191 172 . 1 3  10* -76 
6 2 6  668 I5 120 f O 6  1 2  476 - 4 6 9  
112 93 16 72* -55 1 1  167 156 
272 -2% 17 62* 27 113 t r6 t  4VT 
f a 4  -17s 18 t o7  - 1 0 1  9 9* 20 

1070 -1078 8 8 1  97 
110  -145  H= 2 ,  K= 7 7 310 -290 
2 0 9 , ~ ~  227 6 1001 -98-9 
59+ 5 1  I d  147 130 5 116 - 1 3 5  

188 185 17 1 1 *  7 4 51* -70 
175 201 16 237 -210 3 1 4 5  130 
1 8 4  -209 15 72* 101 2 ' 8 1 7  8 0 4  
73* -38 19 131 -149 1 683 - 656  
88* -86  I 3  60* 12 0 ,  128  -14,4 
11*  24 12 416 *419 
12* 16 A1 47* 2 B= 2, K =  10 

10 136 136 
2 , K =  5 9 171 170 0 114 -48 

8 215 -209 1 451 -501 
165 - 148  2 6* 2 4  
70* 27 3 172 175 
85* 6 1  5 307 -313 4 320 -267 

1 5 1  -160  4 52* 1 1  5 56* 23 
l o *  -30 . 3  899 -872  6 100 . 89 
68* 71 2  673 -654 7 114  -112 
142 -154  1 235 -280 8 259 247 
106 120 0 821 882 9 283 -321 
342 312 10 2 a 4  -269 
242 244 H= 2 , K =  8 ' 1 1  317.-313 

( 

420 371 12 179 -167 
1 4 7  181 0 3 5 8  -443 1 3  138 -131 
99- . 46 I 245 ' - 2 a 4  14 229 165 
113 94 2 94 -136 
597 -613 3 691 -669 7 " 6 q*^ ?;! 
410 416 4 864 829 I?  l 2 *  34 L . 

268  236 5 6* 5 1  
4 7 4  444 

- - 6 3 8  -296 a= 2 = 11-- - - - - -  
696 -720 7 123 153 : 

8 511 -518 16 733 -113 
2 , K =  6 9 3 0 3 ~  -296 1 5 , ~ 2 5 *  12 I 

521 ' O  559 61 14 fl* -35 
222 230 1 1  7 13 I f * .  -16 
364 -331 12 206 152 12 148 113 

1 
2 8 3  247 13 212 195 17 309 -264 

I 
88 \ 











- 1 1 4 *  3 1  
- L  1 5 6  - 1 5 6  
- 3  l t 3 d  1 9 5  
- 4  1 2 5  - 1 2 0  
- 5  LIJ?  - 2 2 3  
- 6  3 1 4  3 0 9  
- 7  l i u  1 0 0  























L'. FO PC 





PO FC 

7, X= 15 

t t s  - tm 
1 4 5  -143  
138 -166  

35*  5 9  

7, K =  1i.r 

282 - 2 9 6  
46* 127  
74* -53  
29* 7 4  
4 8 *  -33 

194 -203 

7c+= 13 

1 4 1  -167  
157 2 0 9  
1 7 1  204 
6i3* -118 

103 -142  
39*  -16  

1 4 3  - 1 6 3  
1 6 1  207 

7,  K= 12 

81* 95 
11* 43 
76* 105 

\91 122  
a79 -208 

d g *  -149 
82* 8 5  

117 39 
273 - 291 

7 = 11 

30* 84  
27* - 2 0  
91 -86 
51* 49  







A P a t t e r s o n  s y n t h e s i s  based on t h e  i n n e r  s e t  

of d a t a  (29<30 deg ,  937 observed  d a t a )  r e v e a l e d  t h e  p o s i t i o n  

of t h e  n i c k e l  atom. Its c o o r d i n a t e s ,  i s & r o p i c  t he rma l  c- o t i o n  

; parameter  and s c a l e  were r e f i n e d  t o  g i v e  an  R o f  0.496. A 

F o u r i e r  s y n t h e s i s  u s i n g  t h e  phaSes gene ra t ed  by t h i s  model gave 

khe p o s i t i o n s  of  t h e  atoms i n  t h e  c o o r d i n a t i o n  sphe re  o f - t h e  

n i c k e l  atom. S e v e r a l  c y c l e s  of  re f inement  u s i n g  i s o t r o p i c  

d i f f e r e n c e  maps u s i n g  t h e  c o m p l e t e - s e t  of  d a t a  (2512 observed  

r e f l e c t i o n s )  gave t h e  p o s i t i o n s  o f  a l l  t h e  non-hydrogen a toms,  

and an  R of 0.190.  A n i s o t r o p i c  thermal  motion was a s s i g n e d  t o  

f i r s t  t h e  heavy atoms and then  t h e  atoms c o o r d i n a t e d  t o  t h e  
' 

meta l  (R=0.130) and then  t o  a l l  t h e  non-hydrogen atoms.  I n c l u s i o n  

of determined and c a l c u l a t e d  hydrogen atom p o s i t i o n s  i n  t h e  
- J 

s t r u c t u r e  f a c t o r  c a l c u l a t i o n  reduced t h e  R t o  0 h 8 5 .  Some 

problems e x i s t e d  a t  t h i s  s t a g e .  The p e r c h l o r a t e  an ion  was 

Cisordered between two a l t e r n a t e  g o s i t i o n s  ( l a b e l l e d  a s  

C1 a n l  C l t ) ,  one o f  which was occupied t o g e t h e r  w i t h  a  +- 
o c c ~ r ~ i e d  water  molecule  of  s o l v a t i o n ,  c o n n e c t i n g i t  v i a  hydrogen 

SonBing t o y t w o ,  syrrmetry-related c a t i o n s ,  and t h e  o t h e r  pe r -  

ch lora ta  pos i t i o? .  Se ing  occupied  when t h e  wate r  molecule  w a s  

nc t  ?resen? .  , r 
1 -  i - 

-a A f u r t k r  2 r o ~ l e m  l a y  i n  t h e  h i g h  a n i s o t r o p i c  

tkerrrLal n o t i o n  exhi5i'eZ 5y  t h e  t e r m i n a l  methyl  ( C 4 )  and ca rbony l  

?x?ger. (311 atorr;. X t t s n s t s  were made t o  aga in  a s s i g n  s p l i t  atoms 

i r 
i u better r e 9 r e s e - t  this r , o t i s n ,  b u t  t h i s  s o d e l  di.2 n o t  behave 

t , 
ugc2 5 - x t h e r  rafizazezt, a-d zte s i n g l e ,  h i g h l y  a n i s o t r o ~ i c  atoms 



were r e t a i n e d .  F u l l - m a t r i x ,  l e a s t - & a r e s  r e f i n e m e n t  gave  a  f i n a l  
- 

R o f  0 .071  f o r  358 v a r i a b l e s .  i 
k. F i n a l  f r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( t a b l e  2.15) 

and t h e r m a l  mot ion  p a r a m e t e r s  ( t a b l e  2.16 are l i s t e d ,  t o g e t h e r  

w i t h  hydrogen atom p o s i t i o n s  ( t a b l e  2.17)  and a  t a b l e  o f  measured e- 
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  (x10) ( t a b l e  2.18)  . 



f 

T a b l e  2.15 

F r a c t i o n a l  A t o m i c  Coordinates: ~i (L~)NO* (C104) . fHZO.  

-- Atom Type 



C Table  2.16  

Hydrogen Atom Coord ina tes :  Ni (L3)N02 (C10q.fH20. 

(X lo4) 

Atom 



Table 2 .17  

Thermal Motion Parameters: ~i ( ~ 3 )  ~0~ (Clo4) . f ~ ~ 0 .  

2 
d 

- ,  (X lo3, x lo4 for Ni A ) 

h 

, A t o m  Type U11 U22 U33 U12 U13 U23 b 



Table 2 . 1 8  

S t r u c t u r e  F a c t o r  ~ i s t i r q :  Ni (L3)N02 (C104 1 . %H20. 
,- -- . . 

Unobserved r e f l e c t i o n s  are d e n o t e d  by an a s t e r i s k .  

















0 11* - 4 1  
1 195  i l l  
2 32* 8) 



G 114 -32 
1 3 6 3  - 3 5 ~  
2 li* - u 3  
3 2 5 7  - 2 2 3  



t f t  - 1 1 3  - 7 1  
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The s t r u c t u r e f l a s  solved using t h e  i n n e r  s e t  of 
9 

d a t a  ( 2 8 ~ 3 0  deg, 902  observed d a t a ) .  Dirrect methods,(SAP programs- 

s e e  Appendix) and a  P a t t e r s o n  synthesis were used t o  determine 

t h e  p o s i t i o n s  o f  t h e  n i c k e l ,  one c h l o r i n e  and f o u r t e e n  6 , 

l i g h t e r  atoms. ~ e f i n e m e n t  o f  t h e s e  atomic: p o s i t i o n s  and a 

s c a l e  f a c t o r  gave R=O.  47 S e v e r a l  c y c l e s  o f  re f inement  and 
t 

subsequent  e l e c t r o n  d e n s i t y  d i f f e r e n c e  maps gave t h e  p o s i t i o n s  

o f  a l l  non-hydrogen atoms, wi th  an R o f  0 . 0 8 6 1  ( a l l  atoms . . 

* s o t r o p i c ) .  i n c l u s i o n  o f  t h e  b u t e r  s h e l l  o f - d a t a  and c a l c u l a -  

t e d  hydrogen atom positips gave an R of 0 . 0 8 9  -a f te r  r e f i n e -  

ment of a l l  non-hydrcgen atom c o o r d i n a t e s  and t h e i r  a n i s o t r o p i c  

' ~ h e r m a l  motion parameters .  C a r e f u l  a n a l y s i s  of  one pe -ch lo ra te  
- 

anion  ( C 1 ( 2 ) *  e t c j  i n d i c a t e d  some d i s o r d e r  i n  t h e  oxygen atom 
- - . .  

p o s i t i o n s .  Th i s  anioh w a s  b e s t  d e s c r i b e d  by a l lowing  one 

oxygen atom ( 0 ( 2 2  1) a n i s o t r o p i c  the rmal  motion, and s p l i f i n g  

1 
t each of t h e  o t h e r  t h r e e  oxygen atoms i n t o  two ha l f -occup ied  

i s o t r o p i c  p o s i t i o n s .  F u l l  m a t r i x ,  l e a s t - s q u a r e s  re f inement  

of  t h i s  model gave a  f i n a l  R of 0 . 0 6 6  f o r  t h e  2514 observed d a t a ,  

us ing  3 1 4  v a r a b l e s .  F i n a l  f r a c t i o n a l  atomic coord ina tes  a r e  

given i n  t a b l e  2.19, wi th  thermal  motion parameters  i n  t a b l e  2.20. 
/- 

Hydrogen atom c o o r d i n a t e s  a r e  given i n  t a b l e  2.21, and measured 

and c a l c u l a t e d  s t r u c t u r e  f ac to r s ;  (x10) i n  t a b l e  2 .22 .  

structure'determinations: r e s i d u a l s ,  # v a r i a b l e s ,  R r e f l e c t i o n s  
r ---. 

used, and t h e  remaining ou t s t and ing  f e a t u r e s  of t h e  f i n a l  - 
* 

e l e c t r o n  d e n s i t y  d i f f e r e n c e  maps. 



Fractional Atomic Coordinates: Ni ( ~ 4 )  (C10+) 2. 

( X  lo4, x lo5 f o r  Xi) 

A t o m  - Type x Y z 



Table 2.20 

Thermal Motion Parameters (x lo3 A ~ ,  x lo4 f o r  Ni) in 



Tabie 2.21 

; Hydrogen Atom Coordinates:  Ni (L4) (C104) 2. 

4 
(x 10 1 t 

Aton - x r 47 z 



Table 2 . 2 2  

Factor Lis t ing:  Ni (L4) (C104) *. 
\ f 

Unobserved r e f l ec t ions  a re  denoted by an  asterisk. 
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2 , K =  5 
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2 , K =  6 

1 5 9  - 1 5 8  
30G -305 

7 8  -79 
96 9 3 
11*  - 2 4  

2 , P =  7 

8*  -6  
77 -59 
71 - 6 5  
89 - 1 0 5  

2 4 1  - 2 4 3  
200 - 2 2 8  









Tab le  2 . 3  

of the F i n a l  Ref inevents 

# variables 

# observations 
H' 

Largest peaks 
i n  f i n a l  3 
difference 
map - 
celectmrs -r3, 
located near: 

for the 



ThebNi(II)-Dihydrazone/2,3-Butanedione Condensation: 

Discussion of the Structures 

Outline 

The structures of the complexes comprising this 

investigation are discussed individually in sections 3ii through 

3vi,' with a final section of discussion (3vii), where an 

interpretation of the 

the sequence of steps 

is offered. 

r, 
crystallographic results in terms nf 

C involved in the condensation reaction 

A listing of the bond lengths and angles within 

the coordination spheres is ~ i v e n  in table 3,1, Tables 3.2 
JI 

and 3.3 (bond angles) give the parameters in the 
r' 

i 

ligan2s. 
4 
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Table 3.1 (continued) 





-- 

i Bond Angles in the Ligands  of the Ni(I1) Hexaazamacrocycles 



h 1 - -- 

Ta3 le  3.3 ( continued) i 



Table 3.4 
Bond Lengths i n  t h e  Pe rch lo ra te  Anions of t h e  Ni(I1) 

c11 a?? c12 
in this instance 
refer  t o  the 
a l t e r n a t e  
p o s i t i o n s  o f  a 
disordered anion 

yT 
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f o r  i n s t a n c e ,  t h e  % n i c k e l  f o r  . N i  (LO) (NCS) H20 and 

"Ni ( L l )  (NCS) -H201' formula t ions ,  and t h e s e  f i g u r e s  should have 

been s u f f i c i e n t  t o  sugges t  t h e  c o r r e c t  assignment of LO f o r  t h e  
.c 

t e t r a d e n t a t e  l igand .  Furthermore,  t h e  absence of a band i n  t h e  

i .r ,  ( f i g u r e  A. 3 )  a t t r i b u t a b l e  t o  v (c=o) , as observed i n  

N i  (L1) '+ a t  1685 a n e 1  ( f i g u r e  A.1) a l s o  i n d i c a t e s  some funda- 

mental change is 6 i g a n d  s t r u c t u r e .  

Despite $he i n c o r r e c t  l igand assignment,  t h e  

s t r u c t u r e  of Ni(L0) ( ~ c s )  would provide u s e f u l  comparative 

d a t a  f o r  t h e  o t h e r  products  i n  t h i s  s tudy,  and i t ' w a s  

considered t h e r e f o r e  t o  be p r o f i t a b l e  t o  complete t h e  

de terminat ion  and a n a l y s i s  of t h e  da ta .  

The t r a n s  conf igura t ion  of t h e  NCS l i g a n d s  appears  

r a n t  some r a t i o n a l e ,  i n  l i g h t  of p e  f a c t  t h a t  t h e  o t h e r  ,q, 
oc tahedra l  complexes i n  t h i s  s e r i e s  a r e  c i s .  - With one eye on 

the r e s u l t s  of  t h e s e  o t h e r  complexes, one can see t h a t  t h e  

z rans  arrangement i s  adopted because t h e r e  i s  no p a r t i c u l a r  
/"- 

i n t e r a c t i o n  a v a i l a b l e  t o  s t a b i l i z e  a c i s  - arrangement / (e .g , ,  
- 

bidentate - cis  donors as  i n  NU2 , o r  ex tens ive  hydrogen bonding 

2+ a s  i n  Ni(L2)H20 1 .  Presumably t h e r e  i s  a s & l > b u t  

s i g n i f i c a n t  d e s t a b i l i z a t i o n  f o r  t h e  Nq l i gand  i n  going from a 

?lanar t o  a nun-planax configuration as a r e s u l t  of some bond 

o u t  by t h e  conformational  analyses on t h e  - c i s  oct*edral .. 

complexes, s e c t i 4 n s  3 i i i  through 3v. 1 '-. '. 172 



Bond l e n g t h s  and angles  wi th in  the  coordina t ion  
- - 

sphere of t h e  N i ( I 1 )  ion  ( t a b l e  3.1) show t h e  geometry t o  be 
4 

very  nea r ly  r e g q l a r  o c t a h e d r a l ,  save f o r  t h e  N l N i N 4  angle  (no 
1 

c h e l a t e  r i n g )  wkich i s  100.5 ( 3 )  deg, and t h e  N2~iN3 angle 
-s 

(five-membered c h e l a t e  r i n g )  which i s  81.9(3)  deg. The s i x -  

membered r i n g s  subtend r i g h t  angles  (wi th in  e r r o r )  a t  t h e  

meta l  ( N l N i N 2  = 90.7 ( 3 )  deg and N3NiN4 = 89.3 (3 )  deg) . Some 

bond angle  s t r a i n  'in t h e  six-membered r i n g s  i s  apparent  from 

t h e  r a t h e r  l a r g e  ang les  seen a t  t h e  c e n t r a l  methylene groups 

1116.7(7)  deg at C7,  and 117.4(7) deg a t  C16). Similar 

- ' e f f e c t s  have been seen i n  r e l a t e d  complexes, wi th  d i s t o r t i o n s  

7 a s  high a s  120-121 deg. 
3 7  3 

Fur ther  d i s t o r t i o n  from t h e  e q u a t o r i a l  s i t e s  i n  a 

r e g u l a r  oc tahedra l  geometry occur a s  a r e s u l t  of a small  

t e t r a h e d r a l  d i s t o r t i o n  o f  t h e  LO donofs: t h e  angle  of t w i s t  

( t h e  angle  between t h e  p l a n e s  def ined  by NiNlN2 and N3NiN4) 

is 1 6 . 7  deg. The  e x t e n t  of t h i s  d i s t o r t i o n  i s  shown i n  

f i g u r e  3.2, where F h e  displacements  of t h e  LO atoms From t h e  

best l eas t - squares  plane c a l c u l a t e d  f o r  ' the NiNlNZN3N4 atoms 

a r e  sketched. Equations of the planes used i n  t h i s  d i scuss ion  

are given in table 3 . 5 .  The t e t r a h e d r a l  d i s t o r t i o n  (as 

masure6 by the a n g l e  between t h e  N i N l N Z  and NiN3N4 planes  of 

16.7 deg] is  ref lected i n  the angles  subtended at the  metal  

zozsistent lack of ?la a r i t y  of t h e  four n i t rogen  donors about P 
a Si(II) ion has been oted previous ly ,23  and i n t e r p r e t e d  a s  k 
k i n 5  a node of k p a r y m g  some f l e x i b i l i t y  t o  t h e  t e t r a d e n t a t e  



c- - - - -  - - - - - - - 

l i g a n d ,  w h i l e - c o s t i n g  p r a c t i c a l l y  nothing i n  terms of  N i - N  
-- - -- - -- -- - - -- 

bond energy, a s  suggested by t h e  ready equ i l ib r ium between 

some p lana r  and t e t r a h e d r a l  complexes.23 

d-- Within t h e  conf igura t ion  of  LO about  t h e  metal  atom, 

t h e  conformations o f  t h e  six-membered c h e l a t e  r i n g s  

approximate t h e  h a l f  - cha i r  conformation of  cyclohexene , 3 8  and 

t h a t  of  t h e  five-membered r i n g  approximates a cyclopentane3'  ,.' 

h a l f - c h a i r .  Torsion ang les  about  t h e  bonds w i t h i n  each 

c h e l a t e  a r e  shown i n  f i g u r e  3 . 3 .  An a l t e r n a t i v e  schematic  

a n a l y s i s  of t h e s e  c h e l a t e s  is given i n  f i g u r e 3 . 4 ,  where 
4 

displacements  from t h e  p lanes  def ined  by t h e  donor a t o h s  of 

each cheiat 'e and t h e  meta l  ion  a r e  p l o t t e d .  

The asymmetric n i t r o g e n  atoms N 2  and N 3  have t h e  

same c h i r a l i t y ,  and, t h u s ,  by v i r t u e  of t h e  centrosymmetric 

space group, t h e  c r y s t a l  c o n t a i n s  a racemic mixture of  RR and t 

S$ enantiorners. Th i s  con t inues  a t r e n d  f o r  c i s  bonded c h i r a i  - 
N-centres,  which have y e t  t o  be found i n  an RS, meso - 
arrangement. One r a t i o n a l e  f o r  t h i s  w a s  based on p o s s i b l e  

methyl-methyl s t e r i c  i n t e r a c t i o n s  ( those  bonded t o  C8 and C12 

in t h i s  i n s t a n c e  39 ) , b u t  t h i s  was subsequent ly s t a t e d 3 '  t o  be 

u n l i k e l y  on t h e  b a s i s  t h a t  a s c a l e  model shows s m a l l  changes 

i n  conformation would e a s i l y  s e p a r a t e  t h e  methyl groups t o  

compatible d i s t a n c e s .  An a l t e r n a t i v e  argument was p u t  
- - - 

i o w a r d ,  " an,& i s  r e i t e r a t e d  h e r e ,  i n  terms of t h e  l i g a n d  

conformation. I f  t h e  n o l e c u l e  i s  considered i n  two h a l v e s ,  

d iv ided  by a line b i s e c t i n g  CI1 and C12 and pass ing  through 

the metal i o n ,  t h e  o p t h a 1  conr'ormations of t h e s e  halves.  must 



A - -- -- - - --- - -- -- - 
be i d e n t i c a l  s i n c e  they both correspond t o  a minimum i n  s t r a i n  ' . 

-- A - - - -- 

energy. - sf t h e  two ha lves  a r e  r e l a t e &  b y  a d i a d  a x i s ,  i. e . ,  . 
- 

an N-RR o r  -SS arrangement, t h e r e  i s  no symmetry r e s t r i c t i o n  

on t h e  t o r s i o n  an'gle about C l l - C 1 2 ,  and t h e  s t r a i n - f r e e  angle  

can be adopted. re r e l a t e d  by a  mi r ro r  p lane ,  
I 

however ( t o  given the+-meso, RS conf igura t ion)  , t h e  Cll-C12 

t o r s i o n  angle  i s  r e s t r i c t e d  t o  0 deg, corresponding t o  an " 
j* \ 

extra 25-30 kJ mole-' i n  m a i n  energy. 

The N i - N  bond l e n g t h s ' t o  t h e  t e t r a d e n t a t e  l igands  ' 

' 
a r Q e q u a l w i t h i n e r r o r ,  a n d f h e i r m e a n  ( * . 1 3 6 ( 9 ) R ) m .  :. 

w i t h i n  t h e  range of bond l e n g t h s  previous ly  observed f o r  such - / I 

l i g a n d s  . 23 Eowever , t h e r e  i s  no suggest ion of ' N i - N  firnine) 

bond l eng ths  being s h o r t e r  than  Ni-N(amine) bond l e n g t h s ,  as. 

recorded f o r  ~~111:' 

XVI 1 I 
- # 

The C=N distances of 1-27 (I)A{tS=Nl) and 1-25 (I)A(C17=fl4) are 

&ua1 w i t h i n  error to the standard &N distance of 1 .27A and 
- - 

no delocafization ofCefectrons around ttre r i n g  systems. 

n t a t e  f igand. <+ 



2 -  .. - 
-4+- 

~ r e v i & s  s t r u c t u r a l  s t u d i e s  of N i  (11) -bonded NCS- 
- -- -- -- 

l i g a n d s b O  show a s t r i k i n g  c o n s i s t e n c y  i n  dimensions ,  e . g . ,  
i 

for t rans-Ni  (NCS) ( t u )  ( t u  = t h i o u r e a  o r  s u b s t i t u t e d  t h i o p r e a )  

complexes, N=C = 1 . 1 6 ( 2 )  - 1 . 1 7 ( 2 ) 8 ,  C-S = 1 4 ( 1 ) 8 ,  and t h e  e- 
NCS a n g l e  = 178 (1) - 1 7 9  (1) deg. The o n l y  e x c e p t i o n a l  

d imensions  a r e  t h e  ang le ,pbou t  t h e  n i t r o g e n  atom - 3 

( N i N  ( S l )  C ( S l )  = 161.9 ( 7 )  deg and N ~ N  (s% c ( ~ 2 )  = 166.8 ( 8 )  deg) ,' ./ - -- - - - -  

which -may be t h e  r e s u l t  o f  packing environments ,  and 

- ;resumably r e f l e c t s  an e l e c t r o n i c  s t r u c t u r e  which can  be 

describe6 i n  resonance t e rms  as some hybr id  of 

L 
The v a r i a t i o n  i n  ' t he  va l ence  -%?,at t h e  t h i o c y a n a t e  n i t r o g e n  - 

has  been noted'previ~usly,~~varyin~ from 111 deg i n  te t ra-  

h e d r a l  K2Co(NCS) 4 ,  th rough  1 6 0  deg i n  b i n u c l e a r  Cu(py) (NCS) * 
t o  180 deg i n  N i ( N H J ) 4  (NCS) 2 .  



Perspective View of Ni (LO) (NCS)  



s 

Displacements of A t o m s  from the 'NiNlN2N3N4' Plane  in 

I < i  (LO) (NCS)  



Figure  3. 3 ' 

Torsion Angles .in NULO) (NCS) - (deq) 



Least Squares 'lean Planes Calcula ted  fo r  Ni LO) (NCS)  *H20 



- * 
_rl*"e 3.4 
-pp pp- 

Projections of Chela te  Ring Conformations i n  Ni (LO) (NCS) 

A 



T -- 

This  s t r u c t u r e  w a s  undertaken a f t e r  t h a t  of 

N i t L O )  (NCSIZ i n  a r ea t t empt  t o  determine t h e  i d e n t i t y  of  L1. 

Again, however, e l i m i n a t i o n  and/or hydro lys i s  of L1  had pccurred O 

- t o  g ive  a complex o f  t h e  s t a r t i n g  dihydrazone, LO. The 
h C 

i n c o r r e c t  assignment of l i g a n d  formulat ion was again  avoidable  

t o  some e x t e n t ,  s i n c e  t h e  a n a l y t i c a l  d a t a  ( s e c t i o n  A i i i )  agree  
Z 

more closer t~speciaZ3y tfIe%-PQH- w i t h c a % c u f a t e d f i 9 w f c ? - -  ----- 

i nc lud ing  LO r a t h e r  than L l .  Also,  t h e r e  i s  t h e  concurrence of 

t h e  i .r.  . . spectrum f o r  N ~ ( L O ) N O ~  ( C 1 0 4 )  ( f i g u r e  A . 4 )  wi th t h a t  
~ - - - 

f o r  N i  (LO) ( N C ~ )  * = H ~ o  ( f i g u r e  A. 3) i n  t h e  1500 + 1700 ,&n-' 

r eg ion ,  inc luding  t h e  absence of  a band ass ignab le  as v(C=O). 

This  band, which i s  a l s o  absen t  i n  Ni (LO) ( C 1 0 4 )  ( f i g u r e  A. 2 )  , 
- 

appears  a t  1685 an- '  in N i  ( L l )  ( C 1 0 4 )  *. \ Desprte t h i s  i n c o r r e c t  

a ss i&kt ,  t h e  informat ion  to  be &ained from t h 2 s  compound 

was deemed u s e f u l ,  and t h e  s t r u c t u r e  de terminat ion  w a s  

completed. 

A p e r s p e c t i v e  view of  t h e  c a t i o n  i s  shown i n  

f i g u r e  3.5. c a t i b n s  and an ions  wi th in  - .  t h e  u n i t  c e l l  a r e  wel l  

sepa ra ted  a n d . a f f o r d  no s i g n i f i c a n t  i n t e r a c t i o n s .  The n i c k e l  

i o n  i s  coordinated wi th  roughly ,octahedral  geometry t o  t h e  
%2 

two oxygen atoms of  t h e  n i t r i t e  ligand, and t o  the ni t rogen 
k. 

atoms o f  t h e  t e t r a d e n t a t e  l igand  LO. The major d i s t o r t i o n  from 
- - - - 

r e g u l a r  oc tahedra l  coord ina t ion  arises from t h e  extremely s h o r t  
- - -- - 

b i t e  of t h e  b i d e n t a t e  n i t r i t e  ion  
--- 

The l i g a n d  LO 

can be considered to- f o l d  along the ~ 2 N i N 4  d i r e c t i o n  s o  that 

N1, N2, and N 4  o&upy t h r e e  of t h e  e q u a t o r i a l  p o s i t i o n s  o f  t h e  





f 
, This  in te rconvers ion  can be r e a d i l y  s imulated usi- s u i t a b l e  

i 
' s c a l e  models, and t h i s  i n d i c a t e s  t h a t  two a l t e r n a t i v e  p o s i t i o n s  

of t h e  -NHZ group a t  N6 would a l s o  be expected.  Although t h e  

motion i n d i c a t e d  by t h e  thermal motion parameters  i s  somewhat 

l a r g e r  t h  n those  f o r  N5, it i s ' n o t  s u f f i c i e n t  t o  imply d i s -  B 
order>the e x t e n t  apparent  from t h e  models. However, 

i 
al lowing f o r  t h e  r i g i d i t y  of t h e  NiN3N4 moiety and some 

t w i s t i n g  of  t h e  double bond a t  C17=N4, a  concurrence of  t h e  

s t r u c t u r a l  d a t a  wi th  t h e  model systems i s  p o s s i b l e .  The l a r g e  

-$ l e a s t - s q u a r e s  e s t ima ted  e r r o r s  i n  t h e  bond d i s t a n c e s  and ang les  

fn t h i s  I t i s o r 6 e r a  Chela te  a 5  riot perfnit f u r t h e r  a n a l y s i s .  In 

t h e  NiNlCSC7C8N2 r i n g ,  some bond angle  s t r a i n  i s  e v i d e n t  a t  C7 

fCSC7C8 = 120.5(4)  d e g ) .  
I 



The f ive-nexbered  c h e l a t e  r i n g  formed by NiN2CllC12N3 

li e x h i b i t s  some bond t o r s i o n a l  s t r a l n  a long  N2-Cll, and t h e  

conformat ion adopted  b e a r s  most r e l a t i o n  t o  t h e  enve lope  

conformer o f  cyc lopentane  (compare f i g u r e s  3 . 6  and 1 )  . T h i s  

appea r s  t o  be t h e  major  s o u r c e  of s t r a i n  i n  t h e  t e t r a d e n t a t e  

l i g a n d  as a  r e s u l t  of  i t s  f o l d e d  conEigura t ion .  A s  i n  t h e  

p l a n a r  LO complex i n  3 i i ,  t h e  N-racemic (RR and,, SS) isomer 
- 

I 
/ 

mix tu re  i s  found i n  t h e  c r y s t a l .  

The n i t r i t e  l i g a n d  has  N , i - 0  and r e s p e c t i v e  On-Nn n  

bonds of  2 . 1 7 1 ( 3 ) ,  1.246.(6) and 2.132 ( 4 ) ,  1 . 2 7 6 ( 6 ) 8 .  The 

l i g a n d  can t h e r e f o r e  be cbns ide red  t o ' b e  asymmetric,  t h e  

s h o r t e r  N i - 0  l e n g t h  o c c u r r i n g  t r a n s  t o  N3. 





Torsion Angles  

- - - - 



?rejections of ,,Chelate *F.-.l, 

+ 
Conformations in Ni (LO) NO2 . 



 able 3.  6 

of the ~ i a n e k  Calculated  for + 
Ni (LO) NO* E q u a t i o n s  

r; 
A. 

t h e  
Coefficients of the 

equation of the plane 
X Y Z 

. Atoms i n  
? lane  

Displacements frgm '. 
the  plane ( A )  

The orthoqonal  system of axes C X , Y , Z )  has X along the a a x i s ,  
4 

- 
* 

Y in t h e  - ab plane ,  and 2 along the - c axis, 



Packing withih the unit cell of this structure is 

illustrated by means of a projection along the a axis of the unit 

cell in figure 3.8. As can be seen, an extensive hydrogen-bonding 

network connects the anions, cations and water molecules of 

crystallisation. A diagram showing the dimensions of the contacts 
1 

used to elucidate this network is given in figure? 3.9. ~~ 
/' 

A perspctive view of the cation is shown in 

figure 3.10. Of primary importance is the identity of the ligand 

~ 2 ,  wherein one carbonyl oxygen of the diketone is seeh to have 

condensed with a hydrazone -NH2 group to give the imine N5=C1, 

while the condensation of the other oxygen with hydrazone has .' 
been arrested at the carbinolamine intermediate. Such intermed- 

4 1 
iates have in some instances been characterised, but are 

generally con.sidered to be rather short-lived and it is clear 

in the present case that the species is stabilised by coordin- 
2 

ation of the -OH to the nickel ion, and by the hydrogen bonding' 

system. Further implications sf this result will be discussed 

in section 3vii of this chapter. 

The roughly octahedral coordination geometry about 

the nickel,comprises the carbinolamine oxygen (01) which is cis 
2 - 

to a coordinated water molecule (02), a& four nitrogen atoms 
\ 

of the macrocycle in the remaining positions..The major so rces 

i 
2 

\ 
of distortion from regular octahedral geometry arise from the 

bpenipg of the NlNiN4 angle (100.2(2) deg) at the expense of 

the ~ 2 x i ~ i  angle of 83.9 (2) deg and the N2Ni02 angle of 83.7 ( 2 )  

deg, and also from the Ni-01 bond which leans towards the 
1 9 0  



b 

j b  seven-membered c h e l a t e  r i n g  whence it a r i s e s  ( N l N i O l  = 74.9 ( 2 )  
1 .  

deg and N 4 N i O l  = 77.7 ( 2  1 .deg) . The N i - N  bond l e n g t h s  (mean 2.07 (2) 

t 
a r e  not\ e x c e p t i o n a l .  The me'an i s  c l o s e  t o  t h e  cor responding  

+ 
v a l u e  f o r  Ni ( L O I N 0 2  , and per'haps t h e  o n l y  s y s t e m a t i c  f e a t u r e  

t h a t  can i d e n t i f i e d  is t h a t  N i - N  t r a n s  t o  N (2 .104(6 )  and - ,{ 
0 

2.085 C6JA) a r e  l ~ n g e r  t h a n  t h o s e  t r a n s  t o  oxygen (2.053 ( 6 )  and 

2.070(61;1. - 
A s  w i t h  t h e  LO complexes a l r e a d y  d e s c r i b e d ,  t h e  

f 
geomet r i e s  a t  t h e  two asymmetric n i t r o g e n  donor s ,  N2 and N3, 

c 

g i v e  rise t o  a  r a c e k c  mix tu re  o f  RR and SS 'enantic#ners i n  t h e  

c r y s t a l .  The conformat ions  of  t h e  s i x  and f i v e  membered r i n g s  

+ B 
match t h o s e  i n  Ni(LO)N02 , which has  t h e  same l i g a n d  con f igu r -  

a t i o n :  NiNlC5C7C8N2 and NiN3C13C16C17N4 - h a l f - c h a i r  (cyclo-  

hexen.e) and NiN2CllC12N3 - a s t r a i n e d  system,  cor responding  
5 

t o  an enve lope  cyc lopen tane  conformer ,  and w i t h  t o r s i o n  a n g l e s  

- a, C-13, +48, -51 degf  which f o l l o w  c l o s e l y  t h o s e  i n  t h e  correspond-  
+ 

i n g  c h e l a t e  r i n g  i n  N i  (LOINO2 (-19, +48, -56 degl . These r i n g  

conformat ions  a r e  ana lysed  as b e f o r e  u s i n g  t o r s i c n  a n g l e s  ( f i g u r e  

3.11) and a s  d e v i a t i o n s  from p l a n e s  c a l c u l a t e d  f o r  t h e  N ~ N ~  
. 

i41 

m o i e t i e s  { f i g u r e  3.121. Bond a n g l e  s t r a i n  i s  a g a i n  e v i d e n t  i n  

t h e  six-membered che  ahes  CC5C7C8 = 116.8 (61 deg  and C13C16C17 = f 1 
120.0 d e g l .  7 

\ 
l 7  

The conformat ion  o f  . the  c h e l a t e  system c o n t a i n i n g  
< - - 

t h e  imine and ca rb ino lamine  condensa t ion  i n t e r m e d i a t e  can be 
t 

4 
cons ide red  a s  t h r e e  p a r t s :  t h e  five-membered envelope(cyc10- 

f 

pentane l  lC3N6N4, t h e  six-membered c h a i r  (cyclohexenel  NiOLC3- % - 
C l N 5 Y 1 ,  and t h e  severn-menbered b o a t  (cycloheptane)  NiNlN5ClC3NG- IE 



M4. A l t e r n a t i v e l y ,  and perhaps more m i s e 3 y ,  it a p p r e x i l l l a t e s  
f 

a  cyc loheptane  b o a t ,  c o n s t r a i n e d  t o  t h i s  u n s t a b l e  conformat ion 

by t h e  C301Ni b r i d g e :  
Me 

Fina  l l y ,  some comparison w i t h  t h e  analogous % l y c y c l i c  hydro- 

carbon should  be  p o s s i b l e  i . e .  bis-cyclo{3.2.ljoct-2-ene: - 

$ h i s  compound i s  known, a l t hough  no s t r u c t u r a l  d a t a  i s  a v a i l a b l e .  

Probably the most c l o s e l y  r e l a t e d  s t r u c t u r e  i s  t h a t  o f  t h e  - 
a n t i w o t i c  v i o r n y c i d i ~ e ~ ~  which adop t s  a s i m i l a r  corlformation t o  

$t 

t h e  % h e l a t e  i n  L2. .r' 



Packing Diagram of ~i ( ~ 2 )  H20 (C1Q4) 2 *  3H20 
.. 

,/' 3 1 9  3 . 
1- _SCj 



Hydrogen Bonding i n  N i  ( L 2 )  H 2 0  ( C l O 4 )  3 H 2 0  

(d i s tances  i n  2)  
'I 



P e r s p e c t i v e  V i e w  of Ni(L2)H20 
2+ 



Figure 3.11 

0 

2+ Torsion Angles in Ni (L2) H20 (deg) 



, 

Projections 

F i g u r e  3.12 
C h e l a t e  Ring Conformations 



T a b l e  3 . 7  

E q x a t i o n s  of the Planes C a l c u l a t e d  for Ni(L2)H-0 2+ 

Atoms i n  the 
p l a n e  

Coefficients of t h e  
e q u a t i o n  of t h e  p l a n e  

X Y z -t -- P 

The  o r t h o g o n a l  s y s t e m  of axes [X ,Y  , Z )  has 

Dis,placements  frgm - 
t h e  p l a n e  ( A )  

. . * 
Y . i n  t h e -  ab  p l a p e ,  and Z a l ong  the c axis. - - 

t 

X a l o n g  t h e  a a x i s ,  - 



- Cations and anions in the unit cell are linked -8 
by the half-occupied water molecule of crystallisation, as 

\ 

described in sec iv(e). A perspective view of the metal 
-7 

complex cation i in figw..g-3.13. The 

symmetrically bi ate, with the four 

disposed among theTremaining coordination sites about tk. metal 

+ 
ion in a configuration similar to that found in Ni(LO)N02 . 
mhermore,the nickel-nitrogen bond lengths follow the same - 

+ 2+ 
pattern as those in Ni(LO)N02 and Ni(L2)H20 , with the two 

0 0 

longest bond lengths (Ni-N2 , 2. i15 (6) A and Ni-N4, 2.098 (6) A) 

cccurring for trans-related donors, a d somewhat shorter Ni-N 
0 r 0 

distances (Ni-N1 = 2.095 ( 6 ) A ,  and Ni-N3 = 2.051(6)A) trans 

to nitrite oxygen atoms. F< 

Again, the identity of the ligand L3 is of fore- 

most importance: \t is akutomer of L2, with the imine linkage 

intact at N5=C1, 5ut instead of a carbinolamine about C3, a 

free carbonyl species is observed (consistent with the i.r. - 
figure A . 8 ) ,  with unreacted hydrazone at N4-N6H2. Surprisingly, 

there is no suggestion of interaction or' the carbonyl oxygen with 

the water molecule of crystallisation, and considerable thermal 
0 

motion is evident in 01. The refined bond length of 1.07 (2)A, 
0 

when corrected f9r thermal motion (01 considered to r i b  on C3) 
b 0 

becomes a more chemically reasonable l.22(2)~. The torsion angle 

about C1-C3 of -4 deqFindicates the near planarity of the 
- 

X5ClC2C301CI atoms: Such an arrangement is found for gther 



* - - -- 
compounds c o n t a i n i n g  double-bonded groups connec ted  by a  C-C 

s i n g l e  bond e .g .  1,3-butadiene,-acrolein, and 2 , 3 - b ~ t a n e d i o n e * ~ r * :  

The p o s i t i o n i n g  o f  the '  double  bonds t r a n s -  t o  one a n o t h e r  can 

be a s c r i b e d  t o  a t  l e a s t  f o u r  e f f ' e c t s  i n  t h i s  case: t h e  r e l i e f  

o f  s t e r i c  re .puls ions  .'between t h e  methyl groups a t  C2 and C 4  ; 

some c o n j u g a t i d n ,  demons t ra ted  i n  resonance language a s  

M e  M e  . + /O- 
\c-c - -  

N 'Me - N 
// \ 

/ 
M e  

Fur thermore,  r e p u l s i o n s  between t h e  d i p o l e s  of  t h e  C=O and 
@L< 

C=N bonds i s  minirnised i n  t h e  t r a n s -  a r r angemen tb4 ,  and t h e  
/i 

i n t e r a c t i o n  o f  %thy1 hydrogen atoms a t  C4 w i t h  th'e wa te r  
\ 

molecule  of c r y s t a l l i s a t i o n  may a l s o  de te rmine  t h i s  geometry. 

Again, t h e  r e l e v a n c e  of  t h i s  l i g a n d  s t r u c t u r e  t o  t h e  o v e r a l l  

r e a c t i o n  sequence w i l l  be d i s c u s s e d  i n  s e c t i o n ' 3 v i .  t 

5 The remainder  o f  t h e  l i g a n d  forms t h e  two s i x -  

membered h a l f - c h a i r  Ccyc lohexene) .che la te  r i n g s  N ~ N . ~ C S C ~ C ~ N ~ ,  

and NiN3C13C16C17N4, and t h e  five-membered enve lope  (cyc lo-  

pen tane l  r i n g  ~ i @ c 1 1 ~ 1 2 ~ 3 .  An a n a l y s i s  o f  t h e  l i g a n d  conform- 
, 

a t i o n  is  given i n  f i g u r e  3.14 ( t o r s i o n  a n g l e s )  and f i g u r e  3.5 

from p l a n e s ) .  p o s i t i o n s  e x t r a o r d i n a r y  

s t r a i n  a r e  e v i d e n t ,  a l t h o u g h  bond a n g l e  s t r a i n  i s  observed a t  

C7 (C5C7C8 = 121.0 (71 deg l  and C16 CC13C16C17 = 119.6 (7) ) . 
I n t e r e r t i n i l y  , t9 combinat ion o f  c h e l a t e  'conform- 

a t i o n s  completes  a s e r i e s  f o r  t h e  - c i s  NiN402 sys tems .  I n  N i  (LO) - 
+ 

X02 , one h a l f - c h a i r  conformer a t  N i N l N 2  i s  coupled w i t h  a  - 
d i s o r d e r e d  p a i r  a t  NiN3N4, and a s t r a i n e d  five-membered J r i n g  a t  

200  



- 9 

- 2+ 
- . -  - 

~ i ' ~ 2 ~ 3 .  I n  N i  (L2) H 2 0  , t h e  two iix-membered r i n g s  a i e  roughly  
r ' 

two-fold r e l a t e d  (cor regponding  t o  one combinat ion of t h e  r i n g s  

+ P 

i n  N i  (LO) NO2 - compare f i g u r e s  3.7 and 3.12) . and a g a i n  w i t h  a  

4- 
s i m i l a r ,  f i v e - v b e r e d  r i n g  a t  d i ~ 2 ~ 3 .  I n  Ni(L3)N02 . t h e  two 

'-% 

h a l f - c h a i r  six-membered conformers  a r e  roughly  m i r r o r - r e l a t e d  

( co r r e spong ing  t o  t h e  o t h e r  combinat ion of  t h e  r i n g s  i n  N i (L0) -  

+ ,+ 

NO2 ) . aga in  w i t h  a r a t h e r  s t r a i n e d ,  enQe'elope co-nfo % e r s  o f  a f i v e -  

membered r i n g .  I f  t h i s  were t o  demons t ra te  one a s p e c t  o f  t h i s  
\ * 

s e r i e s ,  i t  w&ld be t h e  e x t r e n e l y  f l e x i b l e  n a t u r e  o f  t h e  t e f r a -  - 
I * ' 

d e n t a t e  l i g a n d .  
I 

h 2 
A s  wi th ' the  o t h e r  l i g a n d s - i n  t h i s  series, t h e  

c h i r a l  c e n t r e s  a t  N 2  and N 3  i n  each  c a t i o n  adop t  an RR o r  ss 

conformat ion t o  g i v e  a ' r a ~ e r n i c  mix ture  i n  t h e  c r y s t a l .  

The n i t r i t e  l i g a n d  i s  bonded a symmet r i ca l ly ,  i n  a  

manner s i m i l a r  t o  t h a t  i n  Ni(LO)N02+. Respec t ive  N i - O n  and 
0 

On-Nn d i s t a n c e s  a r e  E l 4 4 ( 6 ) ,  1 . 3 1 ( 1 )  and 2 . 1 8 3 ( 6 ) ,  1 .25 (1 )  A ,  
-r 

w i t h  t h e  s h o r t e r  Ni-On l e n g t h  t r a n s -  t o  N 3 .  The in t e r -donor  . 
0 

atom b i t e  i s  2 : l3  (1) A. 

,/ 





+ 
T o r s i o n  k?gles in Ni (L3) NU2 (d@g) 



+ ~rojections of Chelate Ring Conformations in Ni(L3)N02 



* 
+ Equations of the Planes Calculated for Ni(L3)NO- 

Coefficients of the 
Atoms in the equation of the plane 

X Y z + 
p l a n e  p 

The o r t h o g o n a l  system-of axes- (X,Y,Z) has 

Displacements frgm 
the p lane  ( A )  . 

* 
Y in the ab-plane, and Z along the c axis. - - 

K along t h e  a axis, - 



The f i n a l  p roduc t  of t h e  condensa t ion  r e a c t i o n  

c r y s t a l l i s e s  a s  t h e  s imple  p e r c h l o r a t e  s a l t :  N i  (L4) 2+ c a t i o n s  

c o n t a i n  approximate ly  squa re  p l a n a r  coordinated metal i o n s ,  and 

t h e r e  i s  no s u g g e s t i o n  of a x i a l  i n t e r a c t i o n s  ( 3 . 5 A )  between 

c a t i o n s  o r  from p e r c h l o r a t e  a n i o n s .  A p e r k p e c t i v e  view of  t h e  

c a t i o n  i s  g iven  i n  f i g u r e  3.16.  The N i - N  bond l e n g t h s  ( t h b l e  3 .1 )  ' 
- - 

0 

a r e  a l l  e q u a l  w i t h i n  exp.erimenta1 e r r o r ,  and t h e  mean (1.907 (3)A) 

i s  c o n s i d e r a b l y  s h o r t e r  t h a n  t h a t  of t h e  o t h e r  complexes, a s  - 
expec ted  from t h e  lower c o o r d i n a t i o n  number. As w i t h  t h e  o t h e r  

complexes i n  t h i s  s e r i e s ,  t h e r e  i s  no d i f f e r e n t i a t i o n  b e t i e e n  

N i - N  ( imine)  and N i - N  (amine) bonds. A s  a l r e a d y  s t a t e d ,  t h e  

coordination geometry i s  roughly  square  p l a n a r ,  t h e  d i s g o r t i o n s  

from r e g u l a r  geometry be ing  of two k i n d s .  The r e l a x a t i o n  oY t h e  

N l N i N 4  a n g l e  (94 .2  ( 2  deg)  - t h e  ang le  subtended by t h e  seven- 

membered c h e l a t e , .  c o n t r a s t s  t h e  fJ2NiN3 a n g l e  of 8 8 . 1 ( 2 )  deg ,  

cor responding  t o  a five-membered c h e l a t e .  T h i s  d i f f e r e n c e  i s  

s m a l l e r  t han  t h a t  found f o r  t h e  o t h e r  complexes i n  t h i s  s e r i e s .  

~ u r t h e r h o r e ,  t h e r e  i s  a  t e t r a h e d r a l  d i s t o r t i o n  of t h e  donor 
rl 

atoms a s  exp res sed  by t h e  a n g l e  of  t w i s t  between t h e  p l a n e s  

N l N i N 4  and N2NiPS3 of  22.3 deg.  Th i s  d i s t o r t i o n  i s  e v i d e n t  from 

t h e  p l o t  of t h e  d i sp l acemen t s  of  t h e  l i g a n d  atoms from t h e  

least s q u a r e s  mean pfme through  atoms N i M L N 2 N 3 N 4  (figure 3 . 1 7 ) .  

( 1 6 . 7  deg)  a s  d e t e r n i n e d  i n  N i  (LO) (NCS) ;., ( f i g u r e  3 . 2 )  . Thus, 

it wodld appear  on this b a s i s ,  t h a t  t h e  format ion  o f  t h e  
..2 
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seven-membered - - - chelate upon condensation of the diketone with 
w 

LO causes little change in the coordination properties of the - - - - - -- 

* 
tetradentate ligand. One reason for this can be found by closer 

Tinspection of the seven-membered tetra-aza ring NiNlNSClC3N6N4 
P 

which considerably twisted such that the bond lies 

% 7-0 deg to the NiNlN4 plane. Comparisons with alicyclic, 

seven-membered systems are even more tenuous here since no 

conformational~data are available on 1,3-cycloheptadiene systems. 

However, the closest cycloheptane conformer is the twist boat 

(figure 1.1). Porsion angles describing the conformation of this 
r, 

and.the other rings in this sgructure are given in figure 3.18, 

and diagrams of each ring based on the Nil12 planes in figure 

3.19. The torsion angles about the C1-~3,bond (+69 deg) 

indicates little torsional strain or steric interactions between 

the methyl groups at C3 and C4. The displacements of the atoms 

N5 and.N6 (where the condensation took place) from the NiNlN2N3N4 ---. 
?lkne (+1.16A and -1.19~ respectively) are of the same order as - 
the corresponding values in Ni (LO) (NC-S) +0.78A and -0.66A) . C 
Again, it would appear that the condensatiok has caused little 

two-fold axis of symmetry which bisects the Cll-C12 and C1-C3 
-s 

bonds. The five-membered -chelate ring NiN2CllC12N.3 adopts a 

strain-free half-chair fcyclopentane) conformation. The six- 

membered - - - chelates, -- however, - pp are - found -- to have rather -- obscure 

conformations, most closely related to the 1,2 diplanar, or 

-7 'sofa' conformer? The relative instability of this system is 

shown by the torsion angles at C5-C7 and C17-C18 (both + 3  deg) 



h a l f - c h a i r .  I n t e r e s t i n g l y ,  however, t h e  s o f a  i s  s t a b i l i s e d  

t o  wi th in  1 kJ mole-' of t h e  ha l f -cha i r  i f  some t w i s t i n g  h5 deg)  
0 1 of t h e  double bonds (at  C 5 = N 1  and C17=N4 i n  t h i s  case )  i s  

in t roduced i n  t o  t h e  c a l c u l a t i o n ?  
# 

The t w i s t i n g  of double bonds a s  a r e s u l t  of i n t r a -  

annular  s t r a i n  has b e e n  i d e n t i f i e d  as t h e  major s o u r c e  o f  

c h i r a l i t y  and high d i p o l e  moment i n  t rans-oc tadiene  45 ' ,  4 6  . A 
4 

g e n e r a l  d i scuss ion  of t h e  e f f e c t s  of double bond t w i s t i n g  on 
i 

e l e c t r o n i c  s p e c t r a  i s  a l s o  a v a i l a b l e 4 ' .  The p o i n t  i s  made t h e r e  

t h a t  Fists of 140 deg mainta in  cons iderable  p - o r b i t a l  ove r l ap  

t h e  resonance energy o f  t h e  double bond, and t h a t  t w i s t s  

deg c o s t  very l i t t l e  i n  terms of  over l ap  05 i n  

reson,ance energy. Dramatic s t r u c t u r a l  evidence of  t h i s  e f f e c t  i s  

found i n  di-p-chlorotris(trans-cyclooctadiene) dicopper(11)" ' .  

This  con ta ins  t h r e e  c r y s t a l l o g r a p h i c a l l y - d i s t i n c t  o l e f i n  systems 

wi th  d e v i a t i o n s  from p l a n a r i t y  about t h e  double bonds of 40-45  
1P 

0 

deg. The corresponding C=C bond of 1.40 ( 6 )  A appears  long,  

a l though because of t h e  l a r g e  e r r o r  connected with t h i s  parameter ,  

it i s  n o t  p o s s i b l e  t o  i n f e r  loss of  double bond c h a r a c t e r .  In  t h e  

p r e s e n t  s e r i e s  of  complexes,twists range from 4 - 1 9  deg. I n  

/-'- 
Ni (L4) *+,, t h e  va lues  a r e  a t  t h e  high end of  t h i s  range ,  bu t  

i 

cannot be i d e n t i f i e d  a s  t h e  e x t r a o r d i n a r y  source o f  s t a b i l i s a t i o n  

o f  t h e  s o f a  cEiif5*r. 





t 

i, 

-4 2+ 
Displacements of Atoms from the ' N i ~ 1 ~ 2 N 3 N 4 '  Plane in N i ( L 4 )  



P 

Figure 3.19 
Diagrams of the  che la te  
r i n g s  i n  N ~ ( L & ) ~ +  based 

on %he displacements o f  l igand  

atoms from N i N 2  planes ( t a b l e  

. 3.9) * 

C13 
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T h e E a c t i o n  SGqueiiCS Revis i ted  

t h i s  c h a p t e r ,  t o g e t h e r  wi th  t h e  condi t ions  under which each 

complex i n  t h e  s e r i e s  occurs ,  and t h e  a v a i l a b l e  a n a l y t i c a l  and 

s p e c t r a l  d a t a  on t h e s e  gomplexes, some reasonable  i n t e r p r e -  
i 

t a t i o n  of t h e  c d e n s a t i o n  r e a c t i o n  sequence is 'possible .  A s  

s t a t e d  i n  t h e  i n t r o d u c t i o n ,  s e c t i o n  l v i ,  a ktudy of t h i s  kind 

has  some inhecent  d i f f i c u l t i e s ,  not  t h e  ' l e a s t  af whi& i s  t h e  
0 

f a c t  t h a t  d a t a  ob ta ined  f o r  thermodynafiically s t a b l e  i n t e r -  

mediates  is  used t o  genera te  information c o n c s n i n g  t h e  

mechanism of  t h e  r e a c t i o n .  Some j u s t i f i c a t i o n  f o r  t h e  approach 
C- 

i s  o f f e r e d  by regarding  t h e  i s o l a t e d  complexes as r e s u l t i n g  
\ \ from a f o r t u i t o u s  "quenchingn of  t h e  s o l u t i o n  s p e c i e s  t o  g ive  

,. 
i s o l a t a b l e  products .  This  assumes t h a t  t h e  s t r u c t u r e s  i n  

s o l u t i o n  a r e  r e t a i n e d  by the eventua l  c r y s t a l l i n e  .samples, and, 

a s  ind ica ted  by Pro fessor  C u r t i s ,  a v a i l a b l e  s p e c t r a l  i n f o r -  

mation sugges ts  t h a t  t h i s  i s  t h e  case.  Thus, f o r  t h i s  

2+ d i s c u s s i o n ,  t h e  s p e c i e s  N i  (Ll) , N i  (L2) 2', N i  (L3) 2+ could be 

considered a s  occur r ing  as t h e  a c t i v e  in te rmedia tes  i n  t h e  

p o t e n t i a l  energy/ reac t ion  coordina te  p r o f i l e ,  i .e. ,  

d Reaction Coordinate 



Another f a c t o r  t o  be considered i s  whether t h e  
- -- - - - - - - - - - 

t e t r a d e n t a t e  l igand  s t r u c t u r e  i s  r e t a i n e d  i n  t h e  formation of 
1 

d e r i v a t i v e s  which provide  s u i t a b l e  c r y s t a l l i n e  s;mples. For 

i n s t a n c e ,  t h e  r a p i d  e l iming t ion  o r  hydro lys i s  of t h e  "Ll"  

l i g a n d  t o  g ive  t h e  s t a r t i n g ' L 0  occurred i n  t h e  formation of 

both th iocyana te  and n i t r i t e  d e r i v a t i v e s  of  L1 .  Th i s  r a i s e s  

two important  q u e s t i o n s  : does an ~i rn) 2+ s p e c i w  a c t u a l l y  

e x i s t  , and i n  t h e  formation o f  t h e  N i  (L3) 2 + - n i t r i t e  d e r i v a t i v e s  
3 P 

(of  which a t  l e a s t  two d i s t i n c t  " types" ,  a -  'and B- ,  e x i s t )  i s  

t h e  s t r u c t u r e  of L3 r e t a i n e d ?  For an Ni(L1) 2+ complex, where 

incorpora t ion  op t h e  .2,3-butanedione i n t o  t h e  l i g a n d  s t ruc tur 'e  
1 

has occurred ,  t h e r e  i s  some c l e W e v i d e n c e  a s  t o  i t s  e x i s t e n c e .  
# 

Calcula ted  a n a l y t i c a l  f i g u r e s  f o r  such a  formula t ion  agree  
1 

reasonably w e l l  w i th  t ~ h e  determined va lues  ( s e c t i o n  A i  , 
\ 

appendix) ,  and a  comparison of  t h e  i . r .  s p e c t r a  f o r  

N i  (LO) ( C 1 0 4 )  ( f i g u r e  A . 2 )  and N i  ( L l )  ( C 1 0 4 )  2*H20 ( f i g u r e  A . l )  

i n d i c a t e  t h e  appearance of  v (C=O)  a t  1685 cm-I i n  t h e  l a t f e r .  

I n  t h e  s o l i d  s t a t e ,  t h e  p e r c h l o r a t e  s a l t  o f  Ni(L1) 2+ i s  s t a b l e ,  

but  it i s  c l e a r l y  q u i t e  f r a g i l e  i n  s o l u t i o n ,  e i t h e r  g iv ing  LO, . , 6 

o r ,  as  apparent  from t h e  p r e p a r a t i o n s  descr ibed  i n  t h e  

-appendix,  L2 o r  L3, depending on t h e  cond i t ions .  ' 

-.. 
Fur ther  s t r u c t u r a l  assignments o f  L 1  a r e  merely 

specu la t ive :  t h e r e  a r e  precedents  f o r  t h e  i s o l a t i o n  of  a  

dicarbinolamine s p e c i e s .  For i n s t a n c e ,  i n  t h e  k i n e t i c  s tudy 
- --- - - - - - - - -- -- - - - - - - -- 

of t h e  condensation of 2,3-butanedione wi th  R u ( N H ~ ) ~  
3+ 

- 
( i n i t i a t e d  i n  b a s i c  s o l u t i o n  by formation o f  coordina ted  -NH2 

nuc leoph i l e s )  t h e .  r a t e  d a t a  w e r e  e x p l i c a b l e  i n  terms of t h e  



formation of t h e  

( N H 3 )  4Ru / I 
\NH- C-OH 

I 
- ---- Me 

Second, i n  t h e  condensat ion of t h e  same d ike tone  wi th  t h e  

complex XI1 ( chap te r  1, page 1 6 ) ,  a  r a p i d  r e a c t i o n  occurred  t o  

g ive ,  upon ac id  _quenching, an orange, c r y s t a l l i n e -  p r o d u c t ,  -- 

which, upon i n v e s t i g a t i o n ,  was found t o  c,ontain t h e .  
. ?  

4 ,  5-dihydroxy-4, 5-dimethylpyrolidime-2-c'a o x y l a t e  l i&andsO:  Q r" 

The i n i t i a l  s t e p  i s  assumed t o  be t h e  a d d i t i o n  o f  tce de- 
e' 

protonated  imine n i t r o g e n  ta C=O, followed by degradat ion  of 

t h e  imine methyl t o  genera te  t h e  carbanion which then  completes 

t h e  c y c l i z a t i o n  by a d d i t i o n  t o  t h e  o t h e r  C=O. An i n t e r e s t i n g '  
Z 
\ 

I 
f e a t u r e  of  t h i s  r e a c t i o n  is t h e  s t e r e o s p e c i f i c i t y  of t h e  

o r i e n t a t i o n  o f  the =ethy l  and hydroxy groups i n  the product ,  - - - 

I 
The occurence of a cis- c o n f i g u r a t i o n  i s  a t t r i b u t e d  t o  t h e  
-- - 

\ 
b e n t  hydrogen bon6ing assumed f r o m  t h e  s h o r t  0...0 c o n t a c t  of 

2 . 5 8 3 ( 8 )  2. I f  t h e  2-bond were i n i t i a t e d  before  a d d i t i o n  t o  

the second C=O c e n t r e ,  then  a s p e c i f i c  d i r e c t i o n  could be 
- 



A d an thdt step to yield the observed geometry of the 
! 

A A 

-- 

In the present case, the instability of the proposed 

dicarbinolamine species is not surprising: .it is likely that 

the seven-membered ring (which, presumably, is puckered to 
6 * 

at least the same extent as found in Ni(L4I2+) will not allow 

the same stablizing hydrogen-bonding, although, as seen in 

2+ 
Ni (L2) - 4  (H 0) - - , stabilization -- via OH bonding t~_thenickPI is 

a possibility. It could be argued, in fact, that formation of 

adducts of Ni(L1) '+ (in lieu of suitable crystals of the simple 

compIex7 destroys any such Ni-hydroxy interaction, rendering 

the complex open 'to rapid elimination of the starting diketone. 

A more likely structure for the L1 ligand, however, 

would be a non-cyclic species,\incorporating a free carbonyl 
P 
group, and, a single carbinohmine species, i . e, , 

2+ 

\ 
i.r. (figure A.l) 

from L1 under various conditions, i.e. the non-cyclic L3, - - 
a n p t k  cyclic L2 and L4. Furthermore, it is also in 

x c o r d  with the )enm structure in solution of the 
F 

m 
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2,3-butanedione which h a s  a  t r a n s  arrangement o f  t h e  ca rbony l  
- -- 

oxygen atoms. Thus t h e  i n i t i a l  i n c o r p o r a t i o n  o f  t h e  d i k e t o n e  
-- -- - - - - - - - -- 

i n t o  t h e  LO l i g a n d  i s  n o r e  l i k e l y  t o  occu r  by s e q u e n t i a l ,  

r a t h e r  t han  c o n c e r t e d ,  n u c l e o p h i l i c  a t t a c k  of  t h e  LO hydrazone 

b e .  group on t h e  ca rbony l  ca rbons  o f  t h e  d i k e  

The isolation of carb ino lamine  i n t e r m e d i a t e s  i s  n o t  

common. Some e x a p l e s  where i s o l a t i o n  h a s  been possibLe are,  

f i r s t l y ,  the produkt ipn  of  t h e  condensa t ion  o f  c h l o r a l  h y d r a t e  
- - --.- ---a 

H H H  

Secondly,  from t h e  r e a c t i o n  of 2-formyl-l-methyl-pyridinium 

io6ide wi th  hydraz ines ,  e. g . '' : 

The i s o l a t i o n  ana s k r u c t u r a l  ~ e t e r m i n a t i o n  of the ca rb ino -  

lamine L2 i n  Hi (L2) ~~0~~ i s  particularly f o r t u i t o u s  t h e r e f o r e ,  
'v 

and a somewhat rare event c o n s i d e r i n g  t h e i r  abundance as 

proposed i n t e r m e d i a t e s  in a l l  manner of  a d d i t & n s  t o  C=O 

as already stated, i n  i n t e r p r e t i n g  t h i s  s t r u c t u r e  of 
- -- - - - - - - - - -- - --- - 

?;i153){Y02)C104~+E20, *ke question of whether  t h e  s t r u c t u r e  of 

retaized i n  t h e  nitrite derivative must be cons ide red  i n  t h i s  

. -A L ~ - ~ c o _ ,  s i n c e  there a p p a r s  to be more than one d e r i v a t i v e .  



- - - - - -- - 

The c o n d i t i o n s  under which t h e s e  complexes occur  a r e  given i n  

i n d i c a t e  t h a t  t h e  assignment o f  t h e  same l igand  formulat ion i n  

N i  (L3) (C104) and a-Ni (L3) NO2 (e104) a s  t h a t  found i n  t h e  

c r y s t a l l o g r a p h i c  s tudy of 8-Hi(L3)N02C104*&H20 i s  reasonable .  
. i 

Furthermore, t h e  occurrence  i n  t h e  i . r .  of N i  (L3) ( C 1 0 4 )  ( a t  

1 7 1 7  cm-l; f i g u r e  A .  8 )  of  a s t r o n g ,  sha rp  band a t t r i b u t a b l e  td 
v-CG=O) indicates t h a t  L3 is t h e  same i n  each case (a l - thugk-  - -- - - 

t h e  absence of  any bands near  3400 cm-' (v(N(-H) of -NH,) i n  

a -de r iva t ive  (a  lavender  compound) i s  formed immediately from 

1 the  a d d i t i o n  of  sodium n i t r i t e  t o  a  s o l u t i o n  of Ni(L3) (C104) 2 .  

A s o l u t i o n  o f  t h e  a - d e r i v a t i v e  i s  then  converted over  a  pe r iod  
B 

of days t o  a  'dark b lue  s o l u t i o n  of t h e  @ - d e r i v a t i v e .  The i .r .  

of t h e  a -de r iva t ive  { f i g u r e  A . 7 )  does n o t  show any band 

-1 ass ignab le  a t  v (C=O) , nor  any band near  3400 c m  a s s ignab le  
,s- 

a s  .i ( N - 8 )  ( -NHZ)  . Also, t h e  u . v . / v i s i b l e  spectrum of  t h e  a- 

and 5 -de r iva t ives  d i f f e r  markedly ( s e c t i o n s  Avi and A v i i ) ,  
- - al though t h e  NO2 i o n  i s  considered t o  be b i d e n t a t e  i n  each 

case. 
> 

On the b a s i s  of t h i s  incomplete s e t  of a n a l y t i c a l  

and s?ec ral d a t a ,  t h e r e f o r e ,  i t  i s  t e n t a t i v e l y  proposed t h a t  F 
the  L3 s t r u c t u r e  deterstined i n  3-Ni (L3) NO2 ( C 1 0 4 )  *$H20 i s  t h e  

-- - - - 

sac as in Ni f L 3 f  (C1U4 f 2 ,  and that t h e  a-Ni (L3) NO2 ( C 1 0 4  

d e r i v a t i v e  c o n t a i n s  t h e  same l igand  formula t ion ,  b u t  wi th  some 

t a u t o n e r i c  and/or c o n f i g u r a t i o n a l  d i f f e r e n c e .  There i s  also 

t h e  w s s i b i l i t y  af t h e  2-der iva t ive  being a product  of 



h ~ m ~ s i - s  l i ~ +  U which * = P J C ~ ~  f11rth~r .11--q 

/ ,  

t o  re-form L3, a l t hough  t h e  absence o f  any i n d i c a t i o n  of  
I 

v(C=O) does  n o t , s u p p o r t  t h i s .  
h 

'\ g Again, such  d i s c u s s i o n  (on t h e  b a s i s  of t h e  absence 

of one peak i n  t h e  i . r , )  a r e  tenuous:  p a r t i c i p a t i o n  i n  s t r o n g  

hydrogen bonding by t h e  ca rbony l  oxygen could  s h i f t  t h e  V(C=O) Y 

f r equency ' such  t h a t  it becomes marked. 

L3 (as de te rmiped  f o r  B-Ni (L3) NO2 (C104 *4H20) and 
- 

a l s o  a s s i g n e d  f o r  N i  (L3) ( C 1 0 4 )  2 )  i s  t a u t o m e r i c  w i t h  L2, and 

t h i s  may be compared w i t h  o t h e r  c a s e s  o f  o r g a n i c  r i n g - c l o s u r e  

tautomerisms.  The  most common o f  t h e s e  i s  i n  t h e  r i n g  and- , 

2 

c h a i n  isomers  of t h e   carbohydrate^^^, a l t hough  a b e t t e r  analogy 

t o  t h e  p r e s e n t  sys tem is  found i n  t h e  amides of  y-keto  acid^^'^ 

I n t e r e s t i n g l y ,  t h e  L3 + L2 p r o c e s s  a l s o  m i m i c s  t h e  amide/ 

py ruva te  condensa t ion2 '  cons ide red  i n  l v ,  page 1 6 :  



- r 
4 

- - - -- - 

~nvesti~ations o f  the factors affecting the ease of 
- - -  - - -- 

ring closure reveal that cyclic formation is dependent on the 

.degree of substitution5' (this being related to the matching of 

the bond angle external to two substituents in the chain to 

that in the ring), to the east of rotation about single bonds5' 

(which is restricted by increased substitution, thus favouring 

ring closure), and to the degree of unsaturation5'. In the 

present system, of course, isolation of the indiviclu~ tauto- 

mers does not permit much in the way of interpretation of 

stability relationships: isolation of a particular form may 

merely %dicate it is the less soluble. A proper study would, 

involve methods which do not themselves disturb the equi- 

librium, i.e., spectroscopy. 

The foregoing structural, spectral, and analytical 

evidence, together with the preparative details for each of 

the complexes investigated, suggest a reasonable sequence for 

the condensation of 2,3-butanedione with the dihydrazone LO to - 
g;.;e t h e  macrocycle L4 (figure 3 20) . 

'Ni 
/ 
\ 



I 
' T h Z s  s c Z m F i s  n i  only  c o n s i n n  wi th  t h e  a v a i l a b l e  t 

reasonable  chemical sense  i n  t h e  s e q u e n t i a l  n a t u r e  of t h e  

condensation s t e p s  t o  form t h e  c y c l i c  system, i . e . ,  

n u c l e o p h i l i c  a t t a c k  a t  one carbonvl  carbon, fol lowed by 

e l i m i n a t i o n  of a - w a t e r  molecule t o  g i v e  t h e  imine s p e c i e s ,  and 

then  c y c l i s a t i o n  v i a  n u c l e o p h i l i c  a t t a c k  a t  t h e  second carbon91 

carbon, wi th  f inal  e l i m i n a t i u n  of  a  second water  moleru-fe t o  
6 

g i v e  t h e  seven-membered di imine c h e l a t e  i n  L4. 
4 4 

Fur the r  i n v e s t i g a t i o n s  of t h i s  r e a c t i o n  can be 

envisaged. S t r u c t u r a l l y ,  t h e  confirmation of  t h e  L 1  and L3 

formula t ions  s h o u l d , b e  p o s s i b l e ,  e i t h e r  by p e r s i s t e n c e  i n  

ob ta in ing  c r y s t a l s  o f  t h e  simple p e r c h l o r a t e s  of  N i ( L 1 )  '+ and 

Ni(L3) '+, o r  by t h e  s y n t h e s i s  of f u r t h e r  d e r i v a t i v e s  where t h e  
(? 

l i g a n d  s t r u c t u r e  can be c l e a r l y  seen t o  be unchanged. 

A s  a l r eady  s t a t e d ,  t h e  i n t e r p r e t a t i o n  i n t o  a 

mechanism of  s t r u c t u r a l  r e s u l t s  obta ined  by t h e  f o r t u i t o u s  

quenching of s o l u t i o n  s p e c i e s  t o  g ive  c r y s t a l l i n e  products  
r -' 

involves  s e v e r a l  important  assumptions,  and t h e  proposa l  can 

only  be v e r i f i e d  by .th=rttpplication of a l l  p o s s i b l e  spec t ro -  

scop ic  methods. Fur the r  i n v e s t i g a t i o n s  o f ,  f o r  i n s t a n c e ,  t h e  

2+ 
formation o f  N i  (L2) from N i  (Ll) *+ i n  aqueous s o l u t i o n ,  a s  

opposed t o  N i  (L3) '+ i n  non-aqueous s o l u t i o n ,  t h e  
- - - 

N i  (L2) 2+/~ i  (L3)  2 C  tautomerism, and t h e  k i n e t i c s  o f  t h e  conden- 

s a t i o ~ r ~ c t ~ ~ o ~ r ~ i r e f u l l ~ e ~ t r o ~ ~ i  c  t r a c k i n g  . I t  i s  

hoped t h a t  t h e  c r y s t a l l o g r a p h i c  work pf'&sented he re  provides  

something of  a  foundat ion f o r  any such s t u d i e s .  

221 



Magnetic Exchange I n t e r a c t i o n  i n  a  Carbonate-Bridged Copper(I1)  

4 i ,  I n t r o d u c t i o n  

E f f o r t s  d i r e c t e d  a t  f u l l y  understanding t h e  

c o r r e l a t i o n  between t h e  magnetic and s t r u c t u r a l  a s p e c t s  of 

polynuclear ,  t r a n s i t i o n  meta l  c l u s t e r  coCplexes have inc reased  

a  g r e a t  d e a l  i n  r e c e n t  y e a r s .  At t en t ion  has been focussed on 

i n t e r a c t i o n s  between paramagnetic c l u s t e r s  con ta in ing  twoAopr 

more c e n t r e s ,  s i n c e  t h e s e  y i e l d  r e s u l t s  which a r e  s impler  t o  

i n t e r p r e t  both q u a l i t a t i v e l y  and q u a n t i t a t i v e l y .  The i n t e n s i v e  

i n t e r e s t  can be a t t r i b u t e d  t o  s e v e r a l  impor tant  p o t e n t i a l  

a p p l i c a t i o n s :  i n s i g h t  i n t o  t h e  n a t u r e  e f  ove r l ap  r e a c t i o n s  
'"\ 

between o r b i t a l s ,  e s p e c i a l l y  when t h e s e  may extend over  

r e l a t i v e l y  long d i s t a n c e s  (and which may have some s p e c i a l  

re levance  t o  mechanisms of e l e c t r o n  t r a n s f e r  p r o c e s s e s ) ;  r e s u l t s  

which may be of  importance t o  r e s e a 2 c h  i n t o  magnetic m a t e r i a l s ;  7, 
i n  t h e  case of  c o p p e r ( I 1 )  c l u s t e r s ,  t h e r e  i s  a  r e l a t i o n  t o  t h e  

so -ca l l ed  "type 111" ' ac t ive  s i t e s  i n  blue copper p r o t e i n s ,  which 

a r e  considered t o  comprise some kind of sp in-pa i red  Cu(I1)  dimer; 

and f o r  i t s  own sake,  an understanding of magne t i c / s t ruc tu ra l  " 

r e l a t i o n s h i p s  i s  necessary  t o  extend t h e  use of magnetic 

s u s c e p t i b i l i t y  d a t a  f o r  p r e d i c t i n g  t h e  s t r u c t u r e s  of co- 

o r d i n a t i o n  complexes. Although inorgan ic  magnetochemistry has  
? 

been widely used a s  a  s t ~ u c t u r a l  t o o l ,  t h e  magnetic i n t e r a c t i o n s  

f o r  t h e i r  c o r r e c t  i n t e r p r e t a t i o n .  

Copper(I1)  complexes have an important  p l a c e  i n  t h e  

s tudy of magnetic exchange: t h e  phenomenon was f i r s t  recognised 
m e -  
L L L  . 



5 9 
- 

- i n  coppeff(TT-acetate hydra te  , a system t h a t  has  r ec ieved  by 

- far tke -p2-~%-1 & -& w ~ i i m d l e l v u y n - - - -  

i n t e r p r e t a t i o n  of i t s  magnetic behavior ,  e s p e c i a l l y  i n  r e l a t i o n  

t o  t h a t  of o t h e r  c o p p e r ( I 1 )  -late c l u s t e r s ,  i s  s t i l l  a 

m a t t e r  o f  debate  6P Copper (11) has  a  d 9  c o n f i g u r a t i o n ,  with one 

unpaired e l e c t r o n ,  and s i n c e  t h e o r i e s  of magnetic s u s c e p t i b i l i t y  - 
a r e  r e l a t i v e l y  s imple f o r  such systems, it a l s o  makes t h e  s tudy 

of d i v a l e n t  copper c l u s t e r s  more a t t r a c t i v e .  - Large numbers o f  

s t a b l e  complexes have been synthesized6, '  and have y i e l d e d  t o  

t h e  s o r t  of sys temat ic  s t r u c t u r a l  i n v e s t i g a t i o n  which i s  

necessa ry  t o  e s t a b l i s h  u s e f u l  s t ructure/magnet ism c o r r e l a t i o n s .  

/- Magnetic i n t e r a c t i o n g  2can be roughly c l a s s i f i e d  as 

ferromagnet ic  (where s p i n s  on neighboring paramagnetic metal  

. i o n s  a l i g n  p a r a l l e l  t o  one a n ~ t h e r ) ~  and ant- i ferromagnet ic  
;a 

(where t h e  s p i n s  a l i g n  a n t i - p a r a l l e l  t o  one ano the r )  . ~ n t i -  
C 

ferrorgagnetism ( t h e  concern of t h i s  work) i s  f u r t h e r  c l a s s i f i e d  

according t o  t h e  s t r e n g t h  of t h e  i n t e r a c t i o n :  s t r o n g  a n t i f e r r o -  

magnetism causes complete sp in -pa i r ing  and t h e  complex shows 

diamagnet ic  magnetic behavior .  Frequent ly ,  i n  complexes where 

meta l  atoms a r e  br idged by simple o r  polyatomic an ions ,  weaker 

an t i f e r romagne t i c  i n t e r a c t i o n  g i v e s  low-lying e x c i t e d  s t a t e s  of 

d i f f e r e n t  s p i n s  which can be populated a t  thermql e n e r g i e s .  

These l a t t e r  i n t e r a c t i o n s  ( o f t e n  r e f e r r e d  t o  a s  superexchange) 
0 

occur over  l a r g e  d i s t G c e s  ( 3  t o  5 A) . The s i z e  and type  of  
e 

f p  - - -- - 

magne t i c  i n t e r a c t i o n  for  any s y s t e m w i l l d e p e n d  o n a  v a r i e t y  of 

f a c t o r s :  t h e  e l e c t r o n  c o n f i g u r a t i o n s  of t h e  metal  i o n s ,  t h e  
C 

d i s t a n c e  between them, t h e  e-&c n a t u r e  of  t h e  b r idg ing  
d) 

and tersninal l i g a n d s ,  and t h e  d e t a i l e d  geometry of t h e  c l u s t e r .  
223 



expressed as 

where xm is the molar susceptibility, properly corrected for 
diamagnetism and temperature-independent paramagnetism, C is 

the Curie constant, and T is the absolute temperature. Ferro- 

magnetic and antiferrornape tic behavior is easily recognised. 

from xm versus T plots. In particular, antiferromagnetics give 

a maximum in X, at a characteristic temperature TN, the Nee1 

temperature. Above TN, thermal energies randomise interactions 

which pair spins, leading to a xm/T relationship similar to 

that predicted by Curie's l a w  Below TNI however, the inter- - 
actions aligning the opposing spins dominate to give decreasing 

Xm with decreasing T. 

The mechanism(s) by which unpaired electron spins 

couple, and the precise factors which control the size and type 

of the interaction in a polynuclear cluster are not clearly 

understood despite the fact that theoretical foundations were 

laid fifty years ago in 'the Heisenberg, Dirac and Van-Vleck 

6 3 , 6 4  
( B D W )  model . Although it contains many assumptions, the 

H D W  model works very well for a large number of magnetically- 

condensed systems. It is based on the spin-spin coupling 
Y 

- - \ 

having its origin in the quantum mechanical exchange effect, 

S - 5s [gi and s are the spin angular momentum operators of -j- - j - j 
the unpaired electrons), the exchange Hamiltonian is 



- 

J, the exchange  i n t e g r a l  I s ~ O - f ~ c p e t i m  and < O  FOP e 

a n t i f e r r r ~ m a g n e t k m .  Front t h i s ,  ~ f t + x - p r - e s f i e z I ~ e  der ivzd  

f o r  t h e  magnetic s u s c e p t i b i l i t y  a s  a func t ion  of va r ious  
--" - 

parameters ,  i nc lud ing  t h e  g (gyromagnetic r a t i o )  va lues  f o r  

t h e  meta l  i o n s  involved,  t h e  exchange i n t e g r a l  J ,  and abso lu te  

tempera ture ,  T .  Analys is  of s u s c e p t i b i l i t y  d a t a  then  involves  

f i t t i n g  t h e  exper imenta l  xm/T curves t o  t h e  t h e o r e t i c a l  

e x p ~ e s s i o n ,  us ing  J and g as parameters6 The simplest__such 

t h e o r e t i c a l  express ion  i s  a p p l i c a b l e  t o  two i n t e r a c t i n g  Cu(I1)  

5 9 
( sp in  %) systems, and was f i r s t  app l i ed  by Bleaney and Bowers 

t o  copper a c e t a t e  hydra te ,  and has  s i n c e  been a p p l i e d  t o  many 
6 4 

Cu (11) dimers.  Some r e c e n t  developments i n  theory  aim t o  

i n t e r p r e t  t h e  pa lues  and s i g n s  of t h e  exchange i n t e g r a l ,  J ,  

6 5-6  7 
i n  terms of t h e  o r b i t a l  s t r u c t u r e  of t h e  b r idg ing  u n i t  , and 

some of t h e  q u a l i t a t i v e  assumptions and arguments involved a r e  

r e l e v a n t  t o  t h e  Present  work, and a r e  worth summarising here.  

When two meta l  i o n s  a r e  chemically bonded t o  a  
t 

commbn set of c lbsgd-she l l  atoms, any unpaired e l e c t r o n s  from 

t h e  d o r b i t a l s  on t h e  me ta l s  w i l l  d e l o c a l i s e  through extended 
J', F 

molecular  o r b i t a l s  bn t o  t h e  b r idge .  The n a t u r e  of t h e  

i n t e r a c t i o n  between t h e  unpaired e l e c t r o n s  a s s o c i a t e d  with t h e  

t w o  meta l  c e n t r e s  i s  determined by t h e  symmetry of t h e  atomic 

o r b i t a l s  i n  which t h e s e  e l e c t r o n s  r e s i d e .  - I f  t h e  unpaired 
- -- 

e l e c t r o n  f r o m  one m e t a l  has  some p r o b a b i l i t y  of be ing  i n  an 
- ~ p-p-pI - - - -- -- 

o r b i t a l  which has  some (say)  p  c h a r a c t e r  on a  g i v e K 6 r i d g i 5 g  

atom, and an extended o r b i t a l  with an unpaired e l e c t r o n  from 

t h e  o t h e r  metal  ion  over l aps  wi th  t h i s  same p o r b i t a l ,  then  

exchange between t h e s e  electrosls w i l l  cause a  s p l i t t i n g  of s p i n  
225 , 

d 



-- 

s f a t e S c h  t h a t  t h e  lowest  e n e r y  
- - c o n t l g u r a t l o n  o t  t h e  

eke- is* they are alirll.ed autiru~*el.i~ , 

a g a i n ,  i s  an t i f e r romagne t i c  i n t e r a c t i o n ,  and it can be 

a l t e r n a t i v e l y  cons idered  a s  weak bonding between t h e  two metal  

i o n s  propagated by t h e  br idging  l igand.  Ferromagnetic i n t e r -  

i a c t i o n ,  on t h e  o t h e r  hand, w i l l  occur  when t h e r e  is  no d i r e c t  

over lapping  of o r b i t a l s  con ta in ing  t h e  two unpaired meta l  d 

e l e c t r o n s  wkich axe i n  molecular o f b i t a l s  which are or thogonal  

t o  each o t h e r ,  and t h e  lowest  energy c o n f i g u r a t i o n s  of t h e  two 
h 

s p i n s  w i l l  occur  when t s  a r e  p a r a l l e l .  

The s i m p l e s t  example of a b r idg ing  system where 

t h e s e  two mechanisms may be i l l u s t r a t e d  i s  where two metal  

atoms a r e  br idged by a s i n g l e  atom, M-X-M. I f  t h e  br idging  

atom i s  pos i t ioned  such t h a t  M - X - K i s  180•‹, t h e  meta l  d - o r b i t a l s  

i n  which t h e  unpaired e l e c t r o n s  a r e  l o c a t e d  w i l l  ove r l ap  t h e  

same b r idg ing  atom o r b i t a l ,  say  t h e  py. This  w i l l  l ead  t o  i 
bonding and an t i f e r romagne t i c  coupl ing.  Experimental  

2+ 6 8  
\ 

conf i rmat ion  l ies  i n .  t h e  s t r u c t u r e  of (NH3)  5Cr-O-Cr ( N H  ) 3 5 

which h a s  a C r - 0 - C r  angle  of 180 .degrees I  and i s  diamagnetic 

as a . r e s u l t  of  s t r o n g  an t i f e r romagne t i c  superexchange. The 

a c i d  d e r i v a t i v e  of  t h i s  c a t i o n ,  ( N H 3 ) 5 C r - O H - C r ( N ~ 3 ) 5  3+ 

wi th  a C r - 0 - C r  ang le  of  166 degrees shows much weaker coupling 

', I f  t h e  HXM ang le  equa l s  90 degrees ,  however, then  
- p-ppppp 

pppp ppp - 

t h e  - same .metal d o r b i t a l s  would  o v e r l a p w i t h r t h o g o n a l  ( say ,  . 
I px and py) o r b i t a l s ,  d ferromagnet ic  qoupling would r e s u l t .  

-.- 

I n  the c a s e  of polyatomic widging an ions ,  t h e  symmetries and 

e n e r g i e s  of t h e i r  molecular o r b i t a l s ,  and t h e i r  o v e r l a p  with 
226 



metal X d  o r b i t a l s  is  o • ’  con . The r e s u l t a n t  magnetic 

b e h a m  w i 3 Z p ~  sm oT5h$antiferromagnet ic  and t e r r o -  

magnetic c o n t r i b u t i o n s  from t h e s e  va r ious  i n t e r a c t i a n s .  

E f f o r t s  i n  t h e  genera l  f i e l d  of i n t e r p r e t i n g  d 

magnetic exchange i n t e r a c t i o n s  can be recognised i n  two main 

\ a r e a s .  I n  s y s t e m a t i c a l l y  combining s t r u c t u r a l  and magnetic - /' ~0. da ta .  ~ o d ~ s o n ~ ~ h a s  shown t h a t  dimers con ta in ing  t h e  C U _ ~ C U  

t h e  most ferromagnet ic  i n t e r a c t i o n  ( 2 J  = +172 cm-I) was found 

f a r  p u  (dip;) ( O H )  jZ (NOg) . ;here bipy i s  2 , 2  -b ipyr id ine ,  with 

a br idge  (CuOCu) angle  of  95.6 (1) degreesA. The l a r g e s t  br idge  

angle  (104.1 ( 2 )  degrees)  occurs  f o r  t h e  compound which e x h i b i t s  

t h e  most an t i f e r romagne t i c  i n t e r a c t i o n  ( 2 J  = -509 cm-') 
v 

~ u ( t n e n ) ( 0 ~ ) ~ ~ 4 r ~ .  where tmen i s  N f N t N t  , N t  - t e t r amethy le thy l -  

enediamine. A s i m i l a r ,  though l e s s  wel l-def ined t r e n d  has  been 

noted  i n  chloro-bridged dimers6: and i n  a s e r i e s  of  0x0-bridged 

Cu(I1)  d i m e r ~ ~ ~ ,  t h e  s i z e  of 25 has  been c o r r e l a t e d  wi th  t h e  

degree of  d i s t o r t i o n  of  t h e  C u f I I )  coord ina t ion  geometr ies .  

Less success  has  been ob ta ined  i n  a t tempt ing  s i m i l a r  c o r r e l a t i o n s  

f o r  carboxylate-br idged dimers6: except  t o  confirm t h e  
3 

i n s e n s i t i v i t y  of 2 J  t o  t h e  s h o r t  ( 2 . 5 6  - 2-88 A) Cu-Cu d i s t a n c e  
I 

( i . e , ,  any direct Cu-Cu bonding i s  n o t  t h e  predominant r o u t e  f o r  

superexchange) ,  and t h a t  f u r t h e r - i n v e s t i g a t i o n s  a r e  s t i l l  needed 
- - - - -  

t o  f i r m l y  e s t a b l i s h  t h e  f a c t o r s  wh?ch determine 2 5  i n  t h e s e  

complexes. 

Th i s  p o i n t  i s  w e l l  i l l u s t r a t e d  by a r e c e n t  

communication which g i v e s  t h e  s t r u c t u r e s  of  two Cu(1I)  oxygen-- 

bri&Pd dimers.  These d r a m a t i c a l l y  show ,how f a i r l y  s u b t l e  
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~ i n a n g ~ s - i n  t h e  geometry of  a complex can r a d i c a l l y  a i f e c t  

)L degrees ,  a Cu-Cu d i s t a n c e  of 3 .045 (5 )  8, w h i l e  t h e  d i s t a n c e  of  
4 

t h e  copper atom from t h e  square pyramidal b a s a l  p lane  i s  0.08 %, 
I 

and i s d i a m a g n e t i c  i n  t h e  range 1 0 0 ' ~  t o  300 '~ .  Complex I1 has  

corresponding parameters  of 9 8 . 2  degrees ,  2 . 9 2 9  (1) a,  and 

0.19 z, and e x h i b i t s  t h e  magnetic behavior  of  t h e  monomer, 

with normal Curie-Weiss tempera ture  dependence7: - v - 

CMe CMe 

I I I 2 



- -  - The other a e a  ~ l e r e ~ c q n i s e d  is t h e  

- a p p l i c a t i o n  - - - of - - molecular  - - - - - - o r b i t a l  - -  - t h e o r y  -- - t o  i n t e r p r e t i n g  va r ious  

modes of superexchange. A s  always, t h e s e  studie-s r e l y  heav i ly  

, on t h e  experimental  c o r r e l a t i o n s  i l l u s t g a t e d  above, and f u t u r e  
/' 

t h e o r e t i c a l  developments . w i l l  on ly  be idproved o r  modified ( o r  * 

r e j e c t e d )  a f t e r  much a d d i t i o n a l  s t r u c t u r a l  and: magnetic d a t a  

become a d a i l a b l e .  e s 

E a r l y  t h e o r e t i c a l  i n t e r p r e t a t i o n s  of superexchange 
- A - - 

6 5 were based on i d e a s  developed f o r  i n f i n i t e  s o l i d  l a t t i c e s  . 
More recentl%, r e p o r t s  of s t u d i e s  have appeared whichbeek  t o  

extend such analyses t o  cases i nvo lv ing  polyatomic b r i d q ~ n q  

s p e c i e s  72'7: f f l  p a r t i c u l a r ,  an i n t e r e s t i n g  paper by Hoffmann 

e t  -- a 1 7 4 , e s t a b l i s h e s  a  connect ion between a n t i f e r r o m a g n e t i c a l l y -  

coupled metal  c e n t r e s ,  and t h e  we l l - e s t ab l i shed  phenomenon of  

through-bond o r  through-space coupl ing of lone p a i r s  o r  ll 

e l e c t r o n  systems i n  o rgan ic  molecules 7: 

Biii, Bio log ica l  Role Of copper7 " ' 
Although t h e  understanding of t h e  b i o l o g i c a l  role of 

- 
copper h a s . e s c a l a t e d  i n  r e c e n t  y e a r s ,  t h e r e  i s  s t i l l  much 

% 

s p c u l a t i o n  a s  t o  the &act n a t u r e  of t h e  coord ina t ion  s i t e  of  
, - 

copper i n  each df t h e  t h r e e  types of a c t i v e  si tes t h a t  have been 

delineated i n  copper woteins and errrymes7f. --As-*- &her - 
- - -- 

1 

c o n s t i t u e n t  i n  numerous e s s e n t i a l  p r o t e i n s  and enzymes which 
'b 

. \ 
act,as oxygen-car~iers (hernocyanin), copper transport and 

hemoglobin formation (ceruloplasrnin) , oxidases-  (agcorbic  acid 
229 



ox idase  and cytochrome o x l d a s e ) ,  p h o t o s y n t h e s i s  ( p l a s t o c y a n i n ) ,  

O f  t h e  three t y p e s  of copper  s i t e  so f a r  obse rved ,  

) " type  111" i s  t h e  leas t  unders tood ,  and t h e  p r e s e n t  work may have 

some b e a r i n g t o n  it. T h i s  site i s  c h a r a c t e r i z e d  by t h e  fo l lowing  
4 

properties76: ' a r&ox p o t e n t i a l  g r e a t e r  t h a n  0 . 5  V: d i amagne t i c  - 
properties when oxidised at r o o m  t empera tu re ;  no d e t e c t a b l e  EPR 

a b s o r p t i o n  band of mo2erate i n t e n s i t y .  On t h e s e  b a s e s ,  t h e  

propos,ed s i t e  c o n t a i n s  some k i n d  o f  s p i n - p a i r e d  copper  f 11) dimer . 
The nature o f  any o f  the l igands  i s  unknown. 

4 i - i .  O r i g i n  o f  ( c u ( L ~ )  CO . ( C 1 0 q 1 2  
2-3 

The s y n t h e s e s  d e s c r i b e d  i n  t h i s  s e c t i o n  were 'performed 
a 

i n  t h e  l a b o r a t o r y  of P r o f e s s o r  N.F. C u r t i s ,  V i c t o r i a  U n i v e r s i t y ,  N.Z. 

/ Condensation r e a c t i o n s  of c o o r d i n a t e 2  T o l ~ a m i n e s  w i t h  

ketones t o  g i v e  cycli'c lieands have been deqcrijed in detail 
1 

e lsewhere  i n  tnis t h e s i s  ( s e c t i o n  1.1 ) . React ion  of t h e  



The tnacrocycPic system was proposed from the properties of the 

complexes, and confirmed by X-ray crystal analysis of NiLt (NCS) i9. 
C 

The macrocycles were also found to fo a number of dinuclear . J "P 
compounds with five coorzinate copper (11) and nickel (11) , with 

di-p-chbro,, di-)I-hydroxo, p-oxalate, ,p-carbonate, and other 

bridging groups. Several of these dimers exhibit spin-pairing via 

exchange interaction, 4fd the p-carbonate ru(~2)J 2 ~ ~ 3  (C104) is 

temperature-independent magnetism over the range 100 - 300 deg K. 
9 

This represents a case where antiferromagnetic superexchange is 
- - - - - 

large enough to cause complete spin-pairing at all temperatures. 
71,  80-82 

Examples of such behavior are very rare for Cu(1I) dimers, 

and a compiete structural characterization is cl arly desirable in 3 
order to establis,h the exact geometrical conditions which give 

rise to such unusual magnetic behavior. 

4v. Experimental 
.J 

A sample of iCu (LZY j2c03. (C104) was kindly supplied by 

Professor Neil Curtis [Victoria University of Wellington, New 

Zealand), and large, dark green, e1ongated.plates were grown by 

slow evawration of a 1: 7, dimethyl formamide ( D m }  /isopropanol -pr: 

* 

0.2 nnn was selected and munted for the purpose of photographic 

invdstigation, with the needle ax is  approximately coincident with 
3 

the spindle axiqd sf lthe cameras, Cu radiation (A = 1.5418 A) was 

used to obtain Weissenberg photographs of the &O and hkl layers,  

together w i t h  precession photographs of the OkL,  1k1, h01 and b l l  
231 



k - = 2n+l, consistent with the-space groups Iba2 and Ibam 

(the former was indicated by the structure analysis). 
f 

Accurate c e l l  dimensions were determined f ~ o m  coun te r  B 

measurement of 1 2  of the  s t r o n g e s t  r e f l e c t i o n s  having 

2 3  > 2 5 d e g  u s i n g  a Picker EMS-1 corktputer-contrdfed, f o u r -  - - 

d 

C r y s t a l  d a t a :  C U ~ C I ~ O ~ ~ N ~ C ~ ~ H ~ ~ ;  formula weight 9 0 7 . 8 :  

space group Iba2;  c e l l  dimensions,  a = 1 6 . 1 9 ( 1 )  8 ,  b =. ' 

16.67(1) R ,  c  = 15.43(11 F(, V = 4164 E 3 ;  measured d e n s i t y  

(flotation) = 1.35<?) g r n ~ - l ,  Z = 4 ,  c a l c u l a t e d  d e n s i t y  2 

-I 1 . 3 4  g r n ~ - ' ,  p(Moi(cz) = 7 .0  cm , T 2 2 ( t  1) deg C. 
.- 

I n t e n s i t y  d a t a  for t h e  unique set o f  reflections w i t h  

2 8  < 50  deg were c o l l e c t e d  u s h g  a 8-28 scan  of base w i d t h -  of -- 

- - 

I. 5 d e g  fincreasee t o  a3 law-Tor &isper s ion l  a t  a scaK speed 
- 

of 2 deg min-I us ing  grap&te monochromatized Mo-Ka r a d i a -  

s k  l&t. Two qef lec t ions  used as s tandards  w e r e  neasured 

after every  100  reflections i n  order t o  tnonitor ins t rumenta l  

- stability and ccystal alignment; their v a r i a t i o n  w a s  5 4% 
- 

4 

over5- t h e  entiq~ data c o l l e c t i o n .  Measured i n t e n s i t i e s  w e r e  

cor*cted f o r  Lorent2 and p a J a r i z a t i o n  e f f e c t s  ; absorptioh 
s 

- " -  > -- - - 

was neglected since it w a s  es t ima ted  to i n t r o d u c e  a ,maximum , 
r- . error af + 1.5% in' I, the n e t - c o u n t .  1895  r e f l e c t i o n s  were 

measured, of which 1230 w e r e  c o d d e r e d  as observed,  



+ (XI) 211'2; TC i s  t h e  total coun t ,  B and B a r e  background 
1 2 1 

counts  a t  e i t h e r  end o f  t h e  s can  r a n g e ,  ts i s  t h e  s can  t i m e ,  

- t, i s  t h e  t o t a l  background coun t  t i m e ,  k  is  a  c o n s t a n t  s e t  b 

t o  0 . 0 3 ,  and I i s  t h e  n e t  c o u n t ) .  

S t r u c t u r a l  Determination 

Th p o s i t i o n s  of t h e  unique copper  and c h l o r i n e  atoms t - 
were d-ined t rom a three-dTmenslona1 T a t t e r s o n  s p ~ h e s i s  

based on a l l  t h e  obse rved  d a t a ,  and t h e s e  were r e f i n e d  t o -  

g e t h e r  w i t h  a s c a l e  f a c t o r  t o  g i v e  a z e s i d u a l ,  R = 0 . 4 4 7  2 
~ - - -- ~ pp-p -pp- 

where R = Z( I F~ 1 -  IF^ 1 )  / z  IF^ 1 . A F o u r i e r  s y n t h e s i s  on 

I with phases  from f gave t h e  p o s i t i o n s  o f  t h e  l i g h t  atoms 
0 C 

c o o r d i n a t e d  . to  t h e  coppe r ,  and t h e  p e r c h l o r a t e  oxygen a toms.  

S e v e r a l  c y c l e s  o f  f u l l - m t r i x  l e a s t - s q u a r e s  r e f inemen t  and 
---, 

subsequent  e l e c t r o n  d e n s i t y  d i f f e r e n c e  maps gave t h e  pos i -  

t ions of a l l  o t h e r  fight atoms i n  t h e  macrocycle  and t h e  

complete c a r b o n a t e  a n i o n .  With R = 0 . 0 8 5 ,  i t  was c l e a r  

that the p e r c h l o r a t e  an i sn  was d i s o r d e r e d  ( l a r g e  oxygen 

a t o m  a n i s o t r o p i c  t he rma l  motion pa rame te r s )  and t h a t  two of ,  

t h e s e  atoms cou ld  be better d e s c r i b e d  as  " s p l i t  atoms" 

t ck, 0 1 2  and 013,  014) each a s s i g n e d  an occupancy o f  

0 . 5 .  Fur thermore ,  an array o f  s m a l l  b u t  s i g n i f i c a n t  peaks 

on,  o r  close t o ,  t h e  Two-fold axis o f  symmetry were observed 

in the electron density d i f f e r e n c e  ma?. C a r e f u l  . i n spec t ion  

of t h e  a n g l e s  and distances around t h e s e  peaks r e v e a l e d  

a s ~ t i s f a c t s r y  p ic t t r r e  of a dimethylformamide s o l v e n t  mole- 

cule of c r y s t a l l i z a t i o n  d i s o r d e r e d  about thentwo-fold a x i s ,  



t h e  n i t r o g e n  and oxygen atoms l y i n g  on t h e  a x i s ,  and t h e '  

ca rbon  atom o f  one o f  t h e  methyl  g roups  b e i n g  b e s t  d e s c r i b e d  
t 

as two s p l i t  atoms (C14, C14 .1 .  Hydrogen atom p o s i t i o n s  were 

also de te rmined  from t h e  e1ect;ron d e n s i t y  d i f f e r e n c e  maps 
a '. 

o r ,  i r f  t h e  cake o f  some me thy l  hydrogens ,  .were c a l c u l a t e d .  
' .  , 

5 

Subsequent  r e f i n e m e n t  o f  t h e  p o s i t i o n s  o f  t h e  non-hydrogen 
- -- 

atoms,  a l l  of which w e r e  a s s i g n e d  a n i s o t r o p i c  t h e r m a l  motion 

pa rame te r s  ( e x c e p t  f o r  t h e  DMF s o l v e n t  molecu le  atoms and 

( 2 2 7  v a r i a b l e s ) .  The o n l y  o u t s t a n d i n g  f e a t u r e s  were found I 

i n  a f i n a l  e l e c t r o n  d e n s i t y  d i f f e r e n c e  map n e a r  t h e  m e t a l  < 
0-3) i o n  and t h e  p e r c h l o r a t e  an ion '  (9 .2  + 0 . 0 7  e l e c t r o n s  A . . j c  

- 
I n  t h e  e a r l y  s t a g e s  of the  r e f i n e m e n t ,  u n i t  w e i g h t s  w e r e  u sed ;  

2 i n  t h e  l a t e r  s t & g e s ,  weights = (I/oF ) were used ,  where . 
o F = oI I (Lp(?Fo)). 

Atomic p o s i t i o n a l  c o o r d i n a t e s  are l i s t e d  i n  

t a b l e  4 . 1 ,  and the rma l  motion par&eters i n  t a b l e  4.20 A 

l i s t i n g  o f  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  CxlOl 

ca be found i n  t a b l e  4.3. A t o m i c  s c a t t e r i n g  f a c t o r s  used  i n  

this d e t e r m i n a t i o n  w e r e  t a k e n  from r e f e r e n c e 3 5 ,  w i t h  

c o r r e c t i o n s  for anomalous s c a t t e r i n g  f o r  t h e  copper  and 



, 
Table 4.1 5 

F r a c t i o n a l  ~ t o r n i c  Coordinates:  ({Cu ( ~ 2 )  I2COj) (CIOq) =DMF . - 
4 5 , @i% 

X 1 0  (X 1 0  for Cu) . 
9 

 east-squareg estimates errors are given in parentheses. 

Atom 



Table 4.1 . (continued) 

A t o m  - x Y - z 
i 

Perch lo ra te  Anion: 4 

b 

1 
Y 

C1 1 6 4 3 ( 2 )  2 6 4 3 ( 3 )  3 3 2 4 ( 2 )  

DMF 

S p l i t  atoms, each assigned an occupancy of 0 . 5 .  



\ Table 4.1 (contihued) 

C 

Calculated Hydrogen Atom Fractional Coordinates 

( ~ 1 0 4 )  



DMF Molecule 

Table 4 :1 (continued) 



Table 4.2 

Thermal Motion Parameters: ( {CU ( ~ 2 )  I2co3) (C104) -DMF 

x 1 0 3 ( x  1 0 4  f p r  CU) i2 

Anisotropic Parameters 

Atom U11 - u 2 2  

C u  5 6 8 ( 5 )  5 8 9 ( 5 )  



A t o m  - 
0 11, 

Table 4 . 2  (continued) 
6 



- Structure Factor 
I- 

'Table 4 .3  

Unobserved r e f l e c t i o n s  
-- 

a r e  den0 t e  d -bym__as.tw- 



L PO PC A L ~ H A  I. FO PC ALPHA L FO FC ALPHA 

0 1806 
2 829 
4 401 
6 460 
8 26* 
'10 119 
12 77 
14 147 
16 157 
18 11* 



t PG PC ALPHA L FO PC ALPHA L PO PC ALPHA 



L P O .  PC ALPHA 

0 9* 
2 $a* 
4 97 
6 60* 
8 lo* 

10 lo*  
12 ao* 



! 
L PO PC ALPHA PO ALPBB L PO PC ALPHA 



'L PO PC ALPHA L FO PC ALPHA L PO PC ALPHA 



L FO FC ALPBA f 0 FC ALPHA L PO PC ALPHA 
i 

4 ,  K= h 5 17*  12 136 
3 50* 26 159 

- - 49* 23 2 1  2 
9* 2 1  148 

75* 109 241  H= 5, K =  1 7  
119 9 4  234 
8 4  67 274 0 107 106 5 
83* 60 25 2 107 131 52  
76* 68 217 4 62* 9 1  104 
11* 55 105 6 -102 114 124 

8 92 65 172 
4, K= 15 

H= 5, K =  1 6  
' 55* 70  ' 52'  
- 6 0  42 - -7 _ 9 3 1 *  --25_ _-228 

76* 89 332 7 34* 45  249 
1 3 4  123 3 0 1  5 299 58  110 
142 124 241 3 61* 5 1  247 
68* 70 219 1 l o*  2 5  161  

I 

13 93 117 274 
11 92 128 220 
9 215 214 188 
7 183 189 153 
5 287 595 T O Y  
3 280 264 252 
1 327 333 15 



L PO PC ALPHA L PO PC ALPHA L PO PC ALPHA . 



L PO PC ALPHA 
- - - -- - - - 

3 174 196  345 
1 S%--- l52-  3 5 2  

L PO . PC ALPHA 



-L PO PC ALPHA L FO PC ALPHA L PO PC ALPHA 



H= 8,  K= 14 
,- 

t 

0 104 1 1 1  . 1 
2 lo* 7 2  ' 2 4 5  
4 SO* 57 89  
6 lo* 30 53 
8 78*' 76 173 
10 97 74 176 



L PO PC ALPHA L F O  P C  ALPHA L PO PC ALPHA . 

9, K= 15 

lo* 12 
;tt* 9-14 
so* 49 
96' 68 
l l *  41 

9, K= 1 4  

117 102 
139 152 
110 118 
116 135 
165 185 

9, K= 13 

135 142 
106 88 
125 121 
96 109 



L PO PC ALPHA I. EO FC ALPHA 
- - - - - -.--- 

b 
L PO FC ALPHA , 



L PO FC ALPHA L PO FC ALPHA L PO PC ALPHA 

13 11* 34 251 
1 1  lo* 7 175 
9 SO* 30 280  
7 9 * 19 160 
5 96 101 249  
3 60* 61 2 1 
1 127 125 8 6  

13 11* 8 2t65 
1 1  49* 65 252 
, 9  36* 72 131 
3 -  91 79 148 
5'129 117 147 
3 97 118 235 
1 SO* 58 260 



L FO PC ALPHA L PO PC ALPHA L ,  PO PC ALPHA 



bt. 
L PO PC ALPHA L F0 FC ALPHA L PO PC ALPHA 

1 pa 

H= 13,K= 1 
359 
148 0 24* 47 
104 2 89 66 

3 - 4  60* 68 
137 6 53* 24 
182 ~~ 8 42* 38 

10 8 2  . 62 
12 ll* 39 



, 

L FO PC ALPHA L PC PC ALPHA L FO PC ALPHA 



- 
L PO FC ALPHA L PO 

d 
FC ALPHA L PO PC ALPHA 



FC ALPHA 



Table 4.4 

Distances 48) Angles (Deg. 

Cu - N3 f .961(7) TJ1 Cu 01 144.2<0.3) 

C U -  01 - 2.04lCl) , N1 CU 02 98.0(0.3) 



Table 4 . 4  (cont inued)  

Angles (Deg. 



4 v i i  Discussion 
* 

\ * 
\ 

Descr ip t ion  of  t h e  S t r u c t u r e  $ \,, 
The u n i t  c e l l  comprises f o u r  d i s c r e t e  ~ 2 - C U - ~ b  -Cu-L2 - 3 

dimer ic  c a t i o n s ,  e i g h t  p e r c h l o r a t e  an ions ,  and f o u r  DMF 
4 . \ 

v molecules o f  s o l v a t i o n ,  a l l  w e l l  sepa ra ted  and a f f o r d l n y  no 
L 

unusual ly  shah i n t e r i o n i c  o r  in te rmolecu la r  c o n t a c t s .  A ,  

complete l i s t  o f  bond lengthsTand ang les  is given i n  t a b l e  
$."f 

a p e r s p e c t i v e  view of  t h e  dimer, showing t h e  l a b e l l i n g  
, 

"\ 

\ 

e~~~ gi;vell i r l  f i g u r e  4 . 1 ,  am&aljFiew & + h e m a c r o -  

c y c l i c  l igand  i n  f i g u r e  4.2 .  , 
d 

The co-ordinat ion sphere  of  each copper atom con ta ins  

t h e  t h r e e  n i t r o g e n  atoms of t h e  macrocycle and two ,oxygen 

atoms of  t h e  bridging carbonate  anion.  The two ha lves  of  

the dimer a r e  s l a t e d  3y a c r y s t a l l o g r a p h i c  two-fold ax is  - 
of symmetry which passes through one oxygen (01) and t h e  carbon 

atom Cc) of ,the carbonate b r i d g e .  

The f i v e  co-ordina te  geometry about  each copper atom 

can be es t ima ted  by inspection of the angles subtended at 

the central  atom by the metal-figand bonds. The 'best' square 

pyramid has basal a.g%es XCuX in the cyclic sequence 

X = Dl, 02, %I, 743 of 55.3, 98.0, 93.9 and 96.4 deg, w i t h  





viewBof t h e  

. d.. 

Fiqure 4 . 2  
! 

-7 t 

Macrocycle in the {Cu ( ~ 2 )  1 2 ~ 0 3 L '  Cat ion  
r. n I 



\ 

and 98.0 deg. c l e a r l y ,  t h e  choice i s  a d i f f i c u l t  one not  

important s:nce e i t h e r  r equ i r e s  considerably i r r e g u l a r i t y ;  t he  . 
square pyramid i s  adopted, t he re fo re ,  with N 2  a x i a l .  Further-  , 

t 

more, a s  a consequence of t he  conformation adopted by t h e  
?Z 

'*P triazamacrocycle L2, t h e r e  is a lone con tac t  (2.95.(2) 8) from 

t h e  metal  atom t o  a l igand methyl carbon atom ( C 1 0 ) .  Very 
t 

s imi l a r  s t r u c t u r d  

N i . .  . methyl carbon d i s tance  i s  2 -92 8.  ' ~ e e d ,  t h e  e n t i r e  - 
l igand conf igurat ion and conformation i n  both complexes i s  

- l igand  conformation involves regarding each che l a t e  sec t ion  

, separa te ly  i n  terms of t h e  displacements of l igand atoms from 
* $  

t h e  plane fogmed by the  c e n t r a l  atom and ehe respec  i v e  donor 

i j 

: f 
I atoms. These planes are l i s t e d  i n  t a b l e  4.5 and i l l u s t r a t e d  

schematical ly i n  figure 4.3. I f  compared t o  a:-similar ana lys i s  
- 

reportgd f o r  N i  (L1) (NCS) '9. t h e  c lo se  resemblance is apparent.  

The two sa tu ra t ed  che l a t e  r i n g s  adopt c h a i r  conformations, 

w h i l e  the conformation of the imine che l a t e  r i n g  i s d e t e r m i n e d  

by the p l a n a r i t y  of  the imine group. 

me question has been raised7'  as t o  whether t h e  \ 

adopted conformation of the triazamacrocycle in these complexes 

is accidental  or not; i - e , ,  does the l igand determine t h e  
- 

- - - - - s p u a r e - - v v  
-- 

- &*- 

f i  n or 1- the 

the ligand the result of a pre fe r red  square pyramid? The fact 



Table  4 . 5  

Calculated Mean Planes: 

Z q u a t i o n  of the 
- P l m i -  - 

7 
A m n P 

Displacements 
Pf alle 

f i  
1 

t These are t h e  coefficients of planes given  by 

1 X + m Y  + n Z  + p = 0 ,  
2 
'1 

1 

where t h e  orthogonal system or' a x e s ,  X ,  Y ,  Z has X a l o n g  

the a axis, Y in the  a b p l a n e ,  and Z along t h e  c* axis. - - - - 

- Figure 4 . 3  ( - O Y E ? W ]  
C 

Pro jec t ions  of the Chelate Ring Conformations in (Cut 
/ 





e ~ v i r o n m e n t ,  and s u S s t i t u t i o n  o f  one hydrogen atom ( i n  L1) 
--pp--p--p- ~ -~ ~ 

for a methyl  group ( i n  L 2 ) ,  s i m i l a r  m e t a l  c o - o r d i n a t i o n  and 

7 9 l i g a n d  c o n f o r n a t i o n  a r e  found , .emphas i ses  t h e  ear l ie r  conc lus ion  

t h a t  t h e  twelve  r i n g  macrocycles  have c o - o r d i n a t i o n  p r o p e r t i e s  

s i m i l a r  t o  l a r g e r  t r i a z a m a c r o c y c l e s  as a c o n s q u e n c e  o f  

g e n e r a l  s t e r e o c h e m i c a l  i n t e r a c t i o n s  by t h e  methyl  groups 

(C10 and C 1 2 ) ,  r a t h e r  t h a n  any s t a b i l i z a t i c n  caused by t h e i r  
- .  

4 8 4 
A su rvey  of X i  (11) t r i a z a m a c r o c y l e s  shows t h a t  

t h o s e  w i t h  less than 1 2  r i n g  m e m b e r s  t e n d  t o  form s i x -  
e 

c o o r d i n a t e  complexes,  wh i l e  t h o s e  w i t h  more than 1 2  r i n g  

members form f i v e & o o r d i n a t e  complexes. The change i n  coord in-  

a t i o n  number w i t h  r i n g  s i z e  can  be a t t r i b u t e d  t o  t h e  s t e r i c  

crowding caused by t h e  i n c r e a s e d  number of methylene groups.  

Ligands L1 and L2 (12 r i n g  members) appear t o  have 

c o o r d i n a t i o n  p r o p e r t i e s  s i m i l a r  t o  t h e  l a r g e r  macrocyc les ,  

&d t h i s  may be a consequence o f  t h e  g e n e r a l  s t e r eochemica l  

effect of t h e  methy l  g roups ,  and n o t  any s t a b i l i s a t i o n  caused 

by any s p e c i f i c  s i t i n g  of them. 

Previous  s t r u c t u r a l  studies 8s'93have shown v a r i o u s  pos- 

sible bonding modes f o r  carbonate and n i t r a t e  l i g a n d s .  The 

predoIoinant b r i d g i n g  mode a s ~ r o x i m a t e s  
*, 

and is found for czrbonate in complex dimers of a v a r i e t y  
f 

2 5 3  

. 



8 7 9 0 9 1 
of m e t a l  i o n s :  C U ( N H ~ ) ~ C O ~  , C O ( N H ~ ) ~ C O ~ B ~  , Pt(PPh3)C03 , 

n ?  

( M O ~ C O )  ( P M ~ ~ P ~ ) ~ c o ~ ) ; '  and R h 2 ( C 0 3 ) ( P P h 3 ) S * ~ 6 ~ 6 9 3  . The mode 

o n i i d g i n g  02 t h e  c a r b o n a t e  i o n  i n  t h e  p r e s e n t  comple* i s  

w 
comple t e ly  n o v e l ;  it a c t s  ( w i t h i n  e x p e r i m e n t a l  e r r o r y  

4- 

as a symmetr ica l  b i d e n t a t e  l i g a n d  t o  b o t h  c o p p e r  a toms ,  w i t h  

8eg  and 01Cu02 = 5 4 . 3 ( 0 . 3 )  deg .  A s t r u c t u r e  somewhat r e l a t e d  
8 8 

+ t o  it is t h a t  of malachite. Cu (OH) 2C03, where one o f  t h e  
b 

-- - - - - - e a r ~ ~ x y g e ? - a ~ s S k e r & s  w i  t k - t w a - ~ u ~ - L L $ i ~ i L  

CuOCu n o n - l i n e a r ,  and where t h e  o t h e r  t w o  oxygen atoms i n t e r a L t  
I 

w i t h  s e p a r a t e  C u ( 1 I )  i o n s  i n  si tes of a  d i f f e r e n t  t y p e ,  i . e .  

The r m g e  25 C - 0  bond l e n g t h s  in t h e s e  complexes i s  
8 5 

i . 2 4 5 ( 3 )  8. to 1 . 3 5 ( 2 )  "8, the d i s t a n c e  in each  c a s e  de- 

I ?ending largely on t h e  i n t e r a c t i o n  w i t h  t h e  metal i o n ,  which 
i 

i is affected Fn some cases by t h e  o t h e r  f i g a n d s  i n  t h e  co- '\ 
ordination sphere .  Xherc bond l e n g t h s  are a c c u r a t e  enough 

:o SFLOW it, the  3-0 i eng t?  d e c r e a s e s  as t h e  m e t a l  oxygen 

interaetlcn decreases; e . g . ,  i n  Cu(NH CO t h e  Cu-O and 
3 2  3 

1.32 ( 1) 2 (C-01) , and could be considere$l to ref leeki a s e r t a i n  
9, 
'3 / 

staSilisation of r ~ r o  o f  three possible resonance f o r n s :  
I 



The C - 0  l e n g t h s  i n  ' f r e e  c a r b o n a t e  as found i n  c a l c i t e  
9 4 

are 1. f 9 4 ( 4 )  8 .  The copper  oxygen d i s t a n c e s  l i e  t o  t b i # h i g h  
u 

- end of  a r ange  o f  Cu(I1)-oxygen l e n g t h s  of 1 .88  t o  2 . 0 4  8 
- - - - A - - - - - - - - - - 

found i n  ca rbonz to - ,  c a r b o x y l a t o - ,  and 8 -d ike tona to  com- 

plexes" . 
I n  a l l  s t rnc tnra l3 .y  c h a r a c t e ~ ~ s e d ,  bridging csarbonako 

complexes, t h e - b r i d g i n g  an ion  i s  e s s e n t i a l l y  p l a n a r  ( g f a c t l y  p l a n a r  
7. ' 

1 i n  t h e  p r e s e n t  c a s e ) ,  and t i s  observed  t h a t ,  when bound as a  

b i d e n t a t e  l i g a n d ,  t h e  four-membered r i n g  fo rma t ion  causes  t h e  

OCO a n g l e  t o  d e c r e a s e  ffom 1 2 0  deg t o  an average  o f  116 d e g 9 3  



I 
The points remaining for discussion are clear. 

{cu(L~) I2CO3 (C104) .DMSO exhibits a novel mode of bridging for the 
,aF* 

carbonate anionq and it also displays magnetic behavior 

(diamagnetism as a result of very effebtive superexchange) 

which is rare. 

- - - - - - Since the MOM = 180 deg arrangement is already 
- - - - - - - - - - - - - - - - 

established as one that gives strong ant'iferromagn$tic coup- 

ling; a simple interpretation, similar to that given in sec- 

- 

I 

tion 4ii, is iimeedl'ateLy possible by ficognising thepnearly 

2+ 
lhear CuOlCu (176.6(0.2)deg) geometry in {cu(L~)}~co~ . - 
Indeed, this may 'be the essential aspect of the adopted 

geometry which leads to diamagnetism. However, such an 

-A 
2-  interpreta ion.would ignore the fact 'that $he C03 bridge is 

bonded in a symmetrical, bidentate manner to each Cu(I1) ion, which 

implies that any delocalisation of metal d electron density 

L 
would occur through extended m.0.s on the carbonate anion 

'-\- % 
rather than only via atomic orbitals on 01, If this is the 

caset then the geometry and electronic structure (particu- 

larly the shapes and symmetries of the carbonate m.0.s) must 
1 

be considered in more detail, 

A t  feast four-audies have been described which 
- 

- - --- 

L endeavour tu interpret the a n t i f  t5F50Gweti3iiTiFT@per (11) 

7 2-7%, 3 5  7 2  3 5  
anion rn.o.s, Two of these 'deal only with carboxylate- bridged 

4 
d h r s ,  m4, in a e e e n e n t  with a conclusion drawn from 

structuralfzaagnetic correfations, establish t f rpt ,  although the 



Cu ions are held in reasonable proximity (2.5 - 2.8 A ) ,  the 

Cu-Cu bond that is suggestea by this-arrangement is not 
- 

primarily responsible for the observed antiferromagnetisrn. 

Rather, it is the overlap of metal d orbitals containing the 

unpaired electron density with either carbdxylate'oxygen lone 
P""" 
t 

pairs or the delocalised IT electron system on the . -4 

I 
- 

moiety, which is importan&for the exchange interaction. 
- - -- - - -- - - -- - - - - - -- 

- More relevant to the present case are the similar 

studies reported for metal centres symmetrically-br'idged by 
73 74 7 4 

oxalate and squarate anions. One approach- uses the difference 
- -- - - - - -  - - - - - - -- - - - -- - - - - 

in energy (Ei - E . )  between the two highest-occupied dimer 
3 - 

m.0.s (as calculated by an extended Huckel method) as an 

indication of the extent and type of interaction., When E~ = 

E . ,  complete ferromagnetism occurs, and as 
3 E~ - ~j ncreases , 

- 

2+ 

* ") 
antiferromagnetism becomes dopinant. The diamagnetism 

exhibited by {Cu (L21 J2C03 implies a very large E ~ / E  
j 
.s 

splitting (>7,00 cml). Furthermore, the calculations give 
/- 

support to two important consideratidns (already put forward 
/ 

% 

qualitative 57f3which contribute to the a E! - 9 valuC. The 
ktry about the metal ion, which determines the orbital - 

which a c c o ~ a t e s  the unpaired spin, and the geometry of the 

its inwractian w i t h  the two metal ions, the unpaired electrons 

on both ~netals will be delocalised into the same bridge m . o . ,  

m d  only antiferrsmacg&ic coupling can result. Distortions from 



"1 
These paints, areb -illustrated by comparinq the 

2+ 2+ structures 'of Nif(en)] (C2D4) and ~uf'dien)) (C204) (en = 

diethylenediamine, dien = di- (2-aminethyl) aminelgP Both cations 
, e I 

contain six-coordinate metal ions, bridged by oxalate.. The 

nickel compound exhibits antiferromagnetic behaviour (J= '-17 
. - 
cm , whereas the copper complex exhibit5 none. If the follow- - r .  - 
ing cartesian coordinates are assigned: 

- - A - - - - A- -- pi--e 

,the stronger-ligand fie,Jd of the N-donors causes b 
splitting of the metal e orbitals, with the d !being lower 

g XY 
in energy. For Ni(II), therefoqe, unpaired electrons OCCUPY the 

dxy- and dZ2 orbitals, and it can be seen intuitively, and is con- 
74 

f i r m &  by calculation, that- the overlap of the d- orbitaltwith 
XY . 4 

oxalate m.0.s is larger than that of.the dz2 orBita1.   he 
d 

geometry about the Cu (11) ion is considerably 'distorted from 

octahedral, with N3 replaced by a long contact to an oxygen atom . 
( w a t e r ) .  The l a c k  of exchange i.9 thus explained by the spin 

! 

density lying i n  the  dz2'or@5tal-, & alsrby the- f act that izhe 
I , 

-- - n v s l = f n  =- br i d ~ r - c P A ~ Q 2 2 - 2 a v p 2 ~ 4 > - L A  =,I- 
r 

and Cu-02 = 1.965(6)~}?". 

T4e title compound can now be considered using a 
e 

similar coordinate* system: 
273 



J L\ 

Assuming square pyramidal ~eometry iith N2 apica-l 

01 and 02 basal, the d orbital will bw hig'her in 
XY 

.- 
The highest occupied carbonate m.o.stare non-bonding and almost 4 

z - ,  

entirely located qn - the oxygen atom&' &ey correspond (in a 

localised bgnd~pkture) to the oxygen atom lone pairs. 

t Using the guidelines thus established, and redog- 

nising the geometry of the dimer, it is not a dif%icult task to 

sketch the metal d dand the carbonate a2-~(non-bonding) orbitals 
XY 

,which, upon overlap, provide an effective'route for strong 

- c- exchange interaction: 



It would be interesting to see if calculations of the 

t p e  which were succes~ful for the oxarate and squarate systems, 

are able to nQt only support the above assignment, but also-to 

give some quantitative interpretation of the observed diamagnetism 

resulting from exchange interaction. Furthermore, the question as 
\ 
to whether consideration of the linear CuOlCu system is 

sufficient to account for the diamagnetism, or whether 
- 

symmetrical bridging 

structural 

via the entire carbonate anion is the 
'-? 

parameter, will require further theoretical 



- - *  . . - - Factors Arrectmg t e Shape or- . ~ 1 g  Coordinate Complexes 

i Introduction 

Metal complexes which e d i t  a coordination number 
"c 

of seven or more are no longer regarded simply as structural 
9 9 - 1 0 1  

oddities. Early reviews set the'stage for a rapid increase in 

- - ltk syzxthesb-ad fuA2 -stzttf:-ktr&. ~hara&e~&zaC-;-24Q-~- - 

such species. The state of the art now includes a detailed 

analysisb of the shape characteristics of any complex, replacing 
-- - 

the previous emphasis on bond lengths and angles. As a result 

of this (predominantly crystallographic) data, information is 

now available to be able to readdy observe possible reaction 
8 - .  

1 0 2 - 1  4 
pathways between various pb&es. ?n order to do this, a 

consistent method of quantitatively-describing the geometry of 

any complex is required. Although in original publications this 

is far from ,the case, recent reviews have gane a long way in 
1 0 5 , 1 0 6  

carefully analysing data using a coherent apprgach. Furthemre, . 
k 

these analyses provide a way of estimating the accuracy of the 
1 

predictions of high coordinate geometry which result from 

calculations based on the minimization of inter-donor atom 

- -  b-- 

In describing the geometry of complexes of low 

F 

, +* rccrdiAation numb& ( 2 - 6 1 ,  a list of bond lengths and angles 8 

~sually suffices to distingu&h the molecular geometry. For 

\476 C .  



h i g h  coord ina t ion  complexes, t h i s  i s  inadequate ,  and among t h e  
I 

procedures  suggested t o  d e s c r i b e  more complicat&d geometries,  

two a r e  worthy of  somk d i scuss ion .  Both depend on t h e  

d i f f e r e n c e s  between t h e  observed molecular geometry and 

corresponding i d e a l  polyhedra.  This  n o t  only he lps  t o  keep t h e  

d e s c r i p t i o n  w i t h i n  t h e  realms of t h e  average c h e m i ~ t ' s  i n t u i t i o n ,  

it 'is a l s o  of d i r e c t  chemical i n t e r e s t ,  because t h e  i d e a l  

+ g e o m e k a -  often- l ie a~-calc111&ed energy mi-nim&-md -Qtist~&iens----- 

,from them a r e  t h u s  i n d i c a t i v e  of s p e c i a l  e l e c t r o n i c  o r  s t e r i c  . 

f e a t u r e s  of t h e  molecule.  
-- - - --- 

The f i r s t  procedure i s  based on work by ~ o l l a s e " '  k- 
where t h e  r o o t  mean squared i f fe rencebe tween  t h e  coordina tes  

observed i n  a coord ina t ion  sphere and those  of an i d e a l  poly- 

hkdron i s  minimized by t h e  method of l e a s t  squares ,  by varying 
7 

t h e  o r i e n t a t i o n  of t h e  'co t i o n  and (where appropr ia t e )  t h e  

shape of t h e  i d e a l  polyhedron wi th in  t h e  l i m i t s  of t h e  i d e a l  

symmetry. The m e r i t  'of t h i s  procedure i s  t h a t  t h e  d i s t o r t i o n  

from any p a r t i c u l a r  symmetry i s  given by one va lue  A where 

P L 
where n  i s  t h e  number of atoms around t h e  coordina t ion  sphere,  \ 

and di i s  t h e  d i s t a n c e  between comparable p o i n t s  i n  t h e  observed 

and i d e a l  polyhedra.f A computer program has  been developed by 

~rep:hich au tomat ica l ly  f i t ;  a  set of coordiri i te;  t o  a l l  t h e  

it can be seen whether a s t r u c t u r e  can be adequately descr ibed  

i n  terms of one polyhedron o r  two ( o r  t h r e e ) ,  and thus  whether 



its structure is on the reaction pathway from one polyhedron 

to another. The biggest disadvantcge fo this procedure is that 
'I 

it requires a non-trivial computer program to calculate the 
# 

r.m.s. separation. - 
\ The second method is based-on a. suggestion by 

1 0 8  
Porai-Koshits and Aslanov, and applied more generally to high 

1 0 3  1 0 9  
coordination by Muettefties and Guggenberger. ' In this method, 

-4' 

a numerical estimation 05 shape is obtained frombcompa>ison of 

the dihedral angles (6) formed by the normals to adjacent r 

/- 
holytopal faces to those calculated for the appropriate ideal poly- 

hedra. These angles have been Sown to be most useful in analysing 
- -- -- - - - -- - - -- - - - - - - - - - 

- 3; 
and discuss$ng eight coordination and less useful for other 

coordination numbers since several sets of angles can be 
i 

chosen, each set being characteristic o$ a different poly- 
$ 

I hedron. This analysis has the advantage of being readily 

calculable from meanplane data, and for polyhedra of the 

dodecahedra1 class rthe concern of this chapter), there is 

no ambiguity in the choice of th&. 6 angles. 

iii Eight Coordination a 

The original description ok eight coordination 
P 

polyhedra by ~oard' and ~ilvertov~has needed little change over 
2 

the years. The two most commonly observed polyhedra are the 

dodecahedron and the square antiprism. Another polyhedron 
- - - - - - - - - -  - - - - 

- 

c~monly used to describe intermediate geometries (and which 

is relevant to the present work) is the bicapped trigonal 

~ r i s c  (figure 5.1). 



Figure 5 -1 

Eight Coordinzte Polyhedra 

dodecahedron square antiprism 

0 bicapped trigonal prism 
1 

5 and 6 L pnqles describing the polyhedra above (from ref108) 

6 anales Values (deal 

dodecahedron square antiprism bicapped 
trigonal 
prism , 

l(57) 3 29.5 
- - - -- 

0.0 21.8 
11671 4 29.5 -F. 0 0 3  p 

- --- - 

2 (58) 3 29.5 52.4. a 48.2 
- r r n t  A c)n r 5 2 . 4  48.2 

i, 0.0 24.5 14.1 



- 
Dodecahedron (symmetry 42m) 

i The dodecahedron con ta ins  two types  of l igand  s i te ,  

c a l l f h  A and B ( f i g u r e  5 . 1 ) .  T h e  A sites (1, 2 ,  3 ,  4 )  form an 

e l o 4 a t e d  t e t r a h e d r o n ,  and t h e  B sites ( 5 ,  6 ,  7 ,  8)  form a 

f l a t t e n e d  one. A l t e r n a t i v e l y ,  s i t e s  1, 2 ,  5 ,  7  and 8, a d  

3 ,  4 ,  5 and 6 form i n t e r l o c k i n g  t r apezo ids  which l i e  i n  mutual ly  
-A-  

LP --a-- - - - - - - -- - - -- A 

or thogonal  mi r ro r  p lanes .  $ angles  a r e  c a l c u l a t e d  over t h e  

edges jo in ing  the B s i tes ,  and a r e  equa l  t o  29.5 deg f o r  t h e  

i d e a l ,  r e g u l a r  dodecahedron, a l though t h e  only  requirement from 
- - - 

t h e  a2m symmetry i s  t h a t  a l l  f o u r  a r e  A f u r t h e r  
B 

\ 
p a i k  o f  angles  (9') which assess t h e  t r apezo ids  - \ 

have a l s o  been found use fu l .  These a r e  t h e  angles  between 

p lanes  of atoms 7,  8 ,  (1, 2 1 ,  and 1, 2 ,  (7, 81 ,  and between 

- x p l a n s  5 ,  6 ,  ( 3 ,  4 ) ,  and 3 ,  4 ,  (5 ,  61, where (n,  m) s i g n i f i e s  

t h e  midpoint of  t h e  edge between atoms n and m. For t h e  i d e a l ,  
I 

"L+ r e g u l a r  polyhedron t h e s e  Y ang les  a r e  both equal  t o  0.0 deg. 

- 4 

Square AnAiprisrn (symmetry 82m) 
1 

a 

.' The square  a n t i p r i s m  con ta ins  only  one type  of 
< 

k 
? l igand  site ( f i g u r e  5 . 1 ) .  6 angles  a r e  c a l c u l a t e d  over  two 

d iagonals  of  t h e  squares  and over  two edges which connect t h e  

squares .  For t h e  i d e a l ,  r e g u l a r  polyhedron, t h e s e  ang les  a r e  
- - - - - - - - - -- - -- 

0 . 0 ,  0 . 0 ,  52.4, end 5 2 . 4  deg, a l though t h e  g 2 m  symmetry r e q u i r e s  

only  t h a t  t h e  f i r s t  two a r e  zero  and t h e  second two a r e  non- 
- - - - - - - - - . 

zero and equal .  



k- - -  
Bicapped Trigonal Prism (symmetry--?) 

describe the so-called bicapped trigonal prism is somewhat more 

'--t- 
complicated. If it is to be considered equivalent to a tri- 

1 capped trigonal prism with one capping atom removed, the 6 

( angles are 0.0te11.8, 48.2, and 48.2 deg, and the I angles are 
1- 

both> 14.1 deg. However; this assumes that the cm2 symmetry of S 
-- ' t h c  tricappeh kriganAlp*hA.c:een -pn=servd,xhich- is---- -- 

LF- 0 

unjustified, since the-'removal of one capping atom allows the d 
/ 

unique quadrilateral face to contract, with the result that ' 

t -- -- -- - - - - - 

only m 2  symmetry is maintained. It is with this latter model 

only that agreement with real'geometries is found. It should 

d (be noted that all square antiprisms also fit thiSl model, but the 

"̂* the two can be,distinguished by the-two smallest 6 angles 
?c, 

(= 0.0 and 0.0 deg for the square antiprism, and 0 - 15 and 
20 - 30 deg for the bicapped trigonal prism). 

Reaction Pathways 
/h 

To proceed from the dodecahedron to the square 

antiprism, atoms lfi 3, 5 become one square face, and atoms 
t 

2, 8-, 4, 6 thqother, this pathway maintainiqg 222 symmetry. 
/ , 

To proceed from the dodecahedron to the bicapped trigonal 

prism,.two atoms in t$e A sites'(in this case 1 and 3) become 
- - 

the capping atoh in the bicappe trigox prism, and the 68 

-- ecge is broken. Thepathway ~ & ! S i ~ t w o - f o m ~ e t r ~ ~ - - T F -  

~roceed from the square antiprism to the bicapped trigonal 

srisrn, one of the square faces becomes slightly puckered, and 

281 
-- 

- i 
< 



main ta in ing  mm2 symmetry. C l e a r l y ,  t h e r e  i s  on ly  a sma l l  

d i f f e r e n c e  between t h e  bicapped t r i g o n a l  pr ism and a midpoint  

on t h e  2 2 2  pathway from t h e  dodecahedron t o  t h e  square  a n t i -  

pr ism ( f i g u r e  5 . 1 ) .  Whether t h e  bicapped t r i g o n a l  p r i sm i s  a 

d i s t i n c t  geometry, o r  i s  j u s t  p a r t  of a broad pathway from t h e  

dodecahedron t o  t h e  squa re  a n t i p r i s m  i s  d i s c u s s e d  f u r t h e r  

a long  w i t h  t h e  r e s u l t s  of t h e  work d e s c r i b e d  i n  t h i s  c h a p t e r .  

One f u r t h e r  compl ica t ion  i s  t h e  f a c t  t h a t  t h e  

dodecahedron can be d i s t o r t e d  t o  two d i f f e r e n t  squa re  a n t i -  

pr isms depending on whether t h e  17 and 5 3 ,  o r  1 7  and 4 6  edges  

become one of  t h e  s q u a r e s .  S i m i l a r l y ,  t h e  squa re  a n t i p r i s m  

can be d i s t o r t e d  towards f o u r  d i f f e r e n t  dodecahedra depending 

on which edge i s  b i s e c t e d  (12,  25, 5 8 ,  o r  8 3 ) .  This  i s  

p a r t i c u l a r l y  impor t an t  i n  c o n s i d e r i n g  t e t r a k i s  ( b i d e n t a t e )  

systems s i n c e  d i f f e r e n t  c h o i c e s  l e a d  t o  d i f f e r e n t  i somers ,  

though,  as an i n s p e c t i o n  of t h e  a v a i l a b l e  d a t a  w i l l  show, 

s u r p r i s i n g l y  few such isomers  a c t u a l l y  occur .  

i v  E x i s t i n g  Theory of High Coord ina t ion  

A s imple  and s u c c e s s f u l  method of  p r e d i c t i n g  t h e  

shapes  of  molecules  of c o o r d i n a t i o n  numbers two through s i x  

i s  VSEPR where t h e  number and type  of e l e c t r o n  p a i r s  i s  assumed 

t o  de te rmine  t h e  geometry, i . e . ,  bonding f o r c e s  a r e  cons idered  

1 1 1  
t o  dominate.  A s  t h e  c o o r d i n a t i o n  number i n c r e a s e s ,  non- 

S3nding r e p u l s i o n s  between e l e c t r o n  c louds  on a d j a c e n t  Zonor 

atoms Seeorne more impor t an t ,  u n t i l  a t  c o o r d i n a t i o n  numbers 
2 82 



ly oninter  - 
7- 

donor atom r e p u l s i o n  i s  necessary ,  Such a theory  has been 
1 1 2 , 1 1 3  

a p p l i e d  wi th  most s&cess  by Kepert ,  and s i n c e  t h e  r e s u l t s  

~ r e s e n  \ ed i n  t h i s  chap te r  w i l l  be c l o s e l y  compared t o  t h e  

p r e a i c t e d  geometry, some t h e o r e t i c a l  background is' p e r t i n e n t .  

The s te reochemical  arrangement of any number of 8 '  

4' 

l i g a n d  donor a t o m s  surrounding a c e n t r a l  atom i s  ob ta ine  
- - - 

minimization of  t h e  t o t a l  r epu l s ion  energy U obta ined  by 

summing .over a l l  donor atom - donor atom i n t e r a c t i o n s  uij., 
d 

p r o p o r t i o n a l  t o  some power n o f  t h e  d i s t a n c e  d i j  between two 

donor atoms i and j. I f  a l l -meta l -donor  atom d i s t a n c e s  are 

equa l  ( i . e , ,  a l l  donor atoms l i e  on. t h e  s u r f a c e  of a sphere,  
*. 

r a d i u s  r), t h e  r e s u l t s  can be expressed i n  t h e  form: 

where an i s  a p r o p o r t i o n a l i t y  cons tan t ,  and X t h e  r epu l s ion  

energy c o e f f i c i e n t ,  w h i c h - i s  a func t ion  of n and t h e  geometry 
- 

of t h e  polyhedron. The n a t u r e  of  t h  c e n t r a l  a t o n  i s  i: 
I .  considered t o  p l a y  no p a r t  i n  determining t h e  s te reochemis t ry ;  

# 

its s o l e  purpose is t o  hold t h e  donor atoms onto  t h e  s u r f a c e  

of the sphere.  

"Pfre most appropriate- value o f  n i n  t h e - r e p u l s i o n -  = 

- - - - - A ~ ~ ~ h a ~ y f i r \ r i - a ~ 1 ~ 7 - , - ~ ~ + ~ ~ -  
\ 

~ o r r e s p o n d i n g  t o  each minimum )n t h e  p o t e n t i a l  en;rgy s i r f a c e  

2oes not u s u a l l y  depwd very much on t h e  assumed, value  of n. 

;r: those few cases  where- the  c a l c u l a t e d  geome5ry does depend 
283 . 
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/ 

on n ,  t h e  hest agreement wi th  e-ziment i s  obta ined  f o r  

n=6 t o  10. I 
I 

1t is  assumed t h a t  each bonded b i d e n t a t e  l igand  i s  

s u f f i c i e n t l y  r i g i d  t h a t  i n t e r a c t i o n  b e t b n  i t s  donor atoms 

can be considered t o  be c o n s t a n t ,  and t h i s  in te rac ' t ion  i s  

t h e r e f o r e  omi t ted  when summing over  a l l  t h e  donor atom - don; 
f i  .I 

atom i n t e r a g t i o n s .  Each b i d e n t a t e  l igand  is imagined as being 
- -  

7 -- - -- -- - I- - - -- --- -u- -- 
of f i x e d  "normalized b i t e "  b: t h e  d i s t a n c e  between t h e  donor 

atms of t h e  c h e l a t e  d iv ided  by t h e  meta l  t o  donor atom 

d i s t a n c e .  P r e d i c t e d  and exper imenta l ly  determined s t e r e o -  
- - -- 

c h e m i s t r i e s  are found t o  be very dependent on b. 

The method of  c a l c u l a t i o n  involves  t h e  above bnergy 

coupled wi th  element y g o n o m e t r y .  Each donor 

atom i s  considered as being on t h e e e  of a sphere  of  u n i t  .. 3 

r a d i u s ,  i t s  p o s i t i o n  be ing  g iven  by i t s  s p h e r i c a l  coord ina tes  
/ 

$i and Bi .  Three such coord ina tes  are s u f f i d i e n t  t o  s p e c i f y  
% 

t h e  p o s i t i o n  of bo# ends of  any b i d e n t a t e  l i g a n d ,  as t h e  

f o u r t h  c a x 9 e  c a l c u l a t e d  from the o t h e r  t h r e e  and b. -Three  . - A 

angular  c o e r d i n a t e s  can be f i x e d  when d e f i n i n g  t h e  coordina te  - 
axes.  The d i s t a n c e  d i j  betwee? any two donor atoms i and j is  A - 

' then  given d;': 

di j * = - 2 - 2c0s4~cos$  j - Z ~ i n 4 ~ s i n +  cos  ( a i  - e j) j f' 

r e p u l s i o n  energy i s  reached.: 

The s impl ic i ty .  o-f t h i s  theory enab les  i ts use  f o r  

s t r u c t u r a l l y  complicated a o l e c u l e s ,  The a b i l i t y  t o  p r e d i c t  
2114 



- new struflures and ratianaize known s t r u c t u r e s  as a function of:" 
c.r 

the normalized b i t e  of the biden ta te  l igands  i s  the important 
* 

L. - . advance of fe red  by t h i s  approach. These successes cannot  a t  
* 

present  be  achieved us ing theo r i e s  which a r e  "metal-centered" 
Y 

(e . g . , valence bond. c r y s t a l  f i e l d ,  l igand f i  d ,  and mo+ecuiar F 
r" y b i t a l )  . 

iv Metal Tropolonates 

The t ropolonate  l igand (T) has been shown t o  form-' 

p lanar  l igand with a fairly constant  inter-donor. atom 
-2 

1 1 4 - 1 1 7  
separak%on. This chapter  descr ibes  t he  b r y s t a l  and moledllar  

s t r u c t u r e  of t e t r a k i s  ( t r o p l o n a t o )  zirconium (IV) , whose - 

geonetry i s  compared w i t h  t h a t  of t h e  similarly coordinate& 
- I S 5  -- f 17  ff8 -- *- -- - 

scandium(II1) , haf nium(IV) , and niobium(V) complexes. The 

v a r i a t i o n s  i n  geometry amongst this series are co r r e l a t ed  with 

change i n  metal ion* metal-donor a t e d i s t a n c e ,  and the 
f l  

normalized b i t e ,  b. The r e l a t i o n  of these  r e s u l t s  to t h e  

aspects of high coordination previously laentioned is a l s o  

considered. 

. - (CHCI , ) ,  , w a s  prepared according t o  
4 L.3 

9 1 
tke xethod described by Muet ter t ies  and Wright. Zirconium 

- t k t r ach lo r ide  ( 0  - 25 g, 0.001 m o l e )  w a s  dissolved i n  chloroform 

( 2 0  a) and added w i t 3  s t i r r i n g  to  a solution of t r o p l o n e  



5 (0.6 g, 0 .0045  mole) i n  chloroform (lOcmL). A f u r t h e r  10 mL 

of chloroform w a s  added t o  t h i s  mixture,  which w a s  then 
1 

l a  
r e f l u x e d  f o r ' l 5  minutes ,  Slow evapora t ion  of t h e  . r e s u l t i n g  

brUm sol /ut ion gave rust-coloured c r y s t a l s ,  which became 
5 
\ yellow and amorphous when s t o r e d  i n  t h e  absence of chloroform, 

Rapid loss of' chloroform of  c r y s t a l l i z a t i o n  and t h e  accompanying 
C 

f ass of crystal l ine4  c h a r a c t e r  nxade accura te  therrnograxfhetr ic  
% 

-- 
. '. 

*--% 

s i n g l e  c r y s t a l  very d i f f i c u l t .  F i n a l l y  a c r y s t a l  of approximate 

dimensions 0.9 x 0.13 x 0.06 IIEU was s e a l e d  i n  an atmosphere of 

chloroform i n  a ~indemann g l a s s  c a p i l l a r y  tube ,  and mounted 

a long  t h e  neea le  axis. Copper r a d i a t i o n  ( A  = 1.5418 x) was 

used i n  a p re l iminary  photographic i n v e s t i g a t i o n  which 

es tabSished t r i c l i n i c  Laue symmetry, wi th  t h e  a a x i s  
9 

e app*roximately c o i n c i d e n t  wi th  the needle  a x i s  o f  t h e  c r y s t a l .  

Accurate c e l l  &nsions were determined f r o m  counter  

measurement of 12 of t h e  s t r o n g e s t  r e f l e c t i o n s  have 20>20 deg 
k 

using a P icker  FACS-a computer c o n t r o l l e d  f o u r  circle 

d i f f r a c t o m e t e r  (MoKa r a d i a t i o n ,  X = 0.70926 % I ,  w i th  a 

take-off  angle  of 1 ; O  deg. t 

c 
Crystal D a t a :  Z r  ( c , H ~ o ~ )  * (CHC13) 2: formula 1 

weight 844.3, c r y s t a l l i z e s  i n  the t r i c l i n i c  space group PT; 
a = 11.71463) A, b = 15.163(4) A, c = 10.317(3) A, a = 91.74 deg, 

- - - -  - - -- - - - - -- - -- - - -p-p- - - p- - - 4- -- - - - - - - - - - - - - "73.9(3) = deg, y = 100,9462) d q ,  V = 1683.3 A , 
t 1 

d - = 1.60 gmL g mL ' (by f l o t a t i o n ) ,  Z = 2 ,  dc = 1.67 g mL ', 
'A. 

-1 /-- _ (!40 KCI) = 9.23 csm , t = 22  (21 )  deg C.  

Ref lec t ions  f o r  the unique set of d a t a  were 



A 

c o l  e c t e d  i n  two s h e l l s  us ing  a s c i n t i l l a t i o n  d e t e c t o r  with t a .  
\. 

p u l s e  h e l g h t  a n a l y s i s ,  w l th  a symmetric 8-28 scan  a t  a speed o t  

2 deg/min. F& d a t a  where sin0<0.2164, a scan  base width of 

1 ; 5  deg was used, wi th  background counts  of 10 s made a t  both 
. - 

scan  l i m i t s ;  f o r  d a t a  where 0.2164<sin8<0.3826, a scan base of  
ir 

OW deg was used, w i t h  background counts  of 4 s ,  A f t e r  each 
a 

70 r e f l e c t i o n s ,  two s t andard  r e f l e c t i o n s  w e r e  measured; t h e i r  
l!- - 

r + K  - ---A - . T- 

measured i n t e n s i t i e s  w e r e  co r rec ted  f o r  Lorentz and i 

p o l a r i z a t i o n  e f f e c t s ;  absorp t ion  was neglec ted  s i n c e  it was 
- - -- -- - - - - - - - - -- - - - - -- - - - - - - - 

es t ima ted  t o  produce an extreme e r r o r  of  26% i n  I, t h e  n e t  
9 

count.' A t o t a l  o f  4527 k ,ef lec t ions  w e r e  measured, of which 

2774 w e r e  c l a s s e d  as 06sserved (i .e. ,  g r e a t e r  than  2 .  3oI,  

where oI = 2 PC \+ (ts/$) ,(B1 + B2) + ( k I )  2]4 where Tc i s  t h e  

t o t a l  count ,  ts is  t h e  scan t ime,  tb is  t h e  t o t a l  background 

count  t i m e ,  B1 and B2 a r e  t h e  background counts  a t  e i t h e r  end 

of  . the  scan  range,  k is a cons tan t  s e t  t o  0,O3, and I i s  t h e  

n e t  coun t ) .  

v i  S t r u c t u r e  Determination and Refinement 

A three-dimensional P a t t e r s o n  s y n t h e s i s  based on:' 

all t h e  d a t a  gave t h e  p o s i t i o n  of t h e  zirconium atom; 

ref inement  of t h e s e  atomic parameters and two s c a l e  f a c t o r s  

a ( T(I 1 - ! Fc 1 ) /I  1 Fo 1 . A Four ier  s y n t h e s i s  gave t h e  
F 

I 
- i s s i t i o n s  of  t h e  e i g h t  oxygen atoms, and t h e  t h r e e  c h l o r i n e  

ztcns of one molecule of  chloroform. Severa l  c y c l e s  of 

2 87 



L 

refinement and subsequent electron densiFy difference maps gave 
0 

L 1 

the positions of a further molecule of chloroform and all the 4 " 

tr~polonate carbon atoms. With all these atoms assigned 

anisotropic thermal motion parameters, full matrix least square , 

reiinement gave an R of 0.101, though it was clear that one . 
3 

4 

e ligand (ligand 3) was irregular. The seven carbon 
r' 

atoms and one oxygen atom had very large thermal motion 

components in a direction approximately perpendicular to the 
/. 

general plane of the ring, suggesting that the ring was 
I 

disordered -- between two alternative positions. Furthermore, -- 

c 

there were some large peaks in the electron density difference L 9 
map which were close to this ring. The disorder in ligand 3 

d 
was accommodated by arranging the seven carbonpatoms and one 

oxygen atom (O(5)) in two positions, each with half occupancy. J 

Upon continuing the refinement, with alternate occupancy -. 

factors and *tropic thermal matron parameters, this model 

behaved well, with refined occupancy factors remaining at 0.5. 

The peaks thus far unaccounted for in,the difference map 

1 suggested another molecule of chloroform. However, sin& this i 

f molecule w&s extremely close to a centre of symmetry, and 
/ 

since, in either positioni it had close contact with one I 

position of ligand 3, it was assigned an occupancy factor of 

0,25. A list of the -- short - - - -- - contacts - - - pp which - pppp led to ppp this model i's - 
- 

given in table 5.1 , and the resulting packing within the unit 

cell is illustrated in figure 5.2. Two further ramifications f 
- I, 

of the presence of thk partially' occupied, disordered moledle 

of chloroform should be mentioned. When the molecule is 



Table 5.1 . 
f 

Shor t e s t  ~ntermoleculbr Contacts in Crystalline ZrT4 (CHCl3) 2 .  25 





mol~cular contacts that occur. The alternative position adopted 

by the ligand creates several short contacts with another 
- P 

chloroform molecule of crystallization, -notably with the 
&.+ 

3 
chlorine atom labelled C1(3), with subsequenti.disorder imparted 

to this molecule (table 5.1). The disorder is manifested in 
- - - 

b * 

the large chlorine- atom thermal motion parameters; in 

particular, the extreme motion exhibited by chlorine atom Cl(3) 

in one direction (2) implied two lternative positions. This 

model was adopted (F*rh~lT)tion being assigned an. 

occupancy of 0.51, and behaved well during further refinement. 

Some 'minor disorder is also imparted to ligand 4, which is 
A 

/- 

apparent from the rather high.therma1 motion parameters for the 

carbon atoms of this ring (see table 5.3). All hydrogen atom 

positions were calculated. * Full matrix, least squares 
- -- - 

\ 

refinement of all the non-hydrogen atomic parameters, with all 

atoms assigned anisotropic thermal motion parameter , 3 except 
the carbon atoms of ligand 3, oxygen atom 0(5), and chloroforni 

carbon atoms, gave a find R of 0.075. 
- 

Constant unit weights were used in the early stages 

of r refinement; in the final stages, weights = 1/0 (I?) where 

o (F) = oI/ (Lp) (2F0) were used. A table pf the measured and 
7' 

themal motion parameters are shown in table 5.4.A perspective 

.-- . L ~ w  of the Zr% molecdle, showing labelling and the disorder e, * 

iz ligand 3, is given in figure 5.3. 

291 
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Table 5.2 

~raction-a1 Atomic Coordinates: ZrT4 (CHCL3) 2. 25 
5 

(X lo4, x 10 f o r  Zr) 

Atom Type x Y 



\ "  I 

* 

% Table 5.2 (continued) 
, . ;a%lF 

L 

A t o m  Type x D Y z 



I 

r I  
"r 

Tab le  5 . 2  (continued) 

I ,  

I 

Atom Type x Y z 



- 7 - -*-- 

i 
b 

Table 5. 

Thermal Notion Parameters: ZrT4(CHClj)2.25 

( X  l o 3 ,  l o 4  for ZT a*) 
J 

l 

a) Anistropic Atoms 

- A t o m  Type tf - \ 
1 - 11 lt2 2 g3 3 p12 '23 U13 #' 



Table 5.3 (cont'd) 

b) Isotropic Atoms'  

.2( 3 7 )  60(9)  C2 a 8 8 ( 4 )  

-- - C3 - -  - - a 

/ ri 89  

t -~rc~olonato hydrogen atoms were assigned temperature factors 
of U = 0.063 RZ and chloroform hyd ogen atms were assigned 5 ternpe~ature factors  of U = 0.089 . 
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148 154 
114 -92 
5263u- 
216 208 
sb* -85 

136 -116 
122 -88 
190 -201 
100 -65 
35* 15 



87* 83 5 
2 7 4  LOO 4 
605 568 3 
261 268 2 
223 233 1 
205  227 0 

3 , K =  7 H= 
C 

570 '-565 , 0 
318 -317 1 
240 -246 2 

265 272 5 

194 222 - 
4- 80 - A  3 3 7  i i n  . 

84* 46 9 1 3 3  -108 
209 221 8 125 *-I08 
342 -329 7 25* 34 
140 122 6 393 376 
236 -222 , 5 369 362 
509 -473 4 404 410  
960 -869 3 281 289 

2 8 4  76 
4 , K =  0 1 341 345 

0 98 -135 
1 3 1  -112 
-Ilt_ -27 H= 4. K= 4 
234 -227 (F 

289 - 2 8 5 '  0 222 231  
233 -255  1 442 462 
356 -3454- 21101 1 0 8 7  





t 5 *  23 
SO* 50 
7Q* -76 
8S* -83 



L PO PC L BO FC L FO PC 

ti= 7 , K =  9 7 138 13Q 8 40* 60 
8 58* 70 9 75* 7 1  

1 108* 141 9 93* -9% 10  52* -19 
2 41* 24 - 
3 15* -78 H= 7 ,  #= 4 H= 7, R= 0 
4 1 3 8  -126 
5 257 -237 9 S l *  -24 10  58* 6 3  
6 207 -224 8 68* 8 7  9 IS* 36 
7 IOU* -123 7 54* 6 9  8 148  126 

6 2 5 1  -214 7 227 245  
H= 7 , K =  8 5 252 -241 6 3 0 2  310  

4 467 -439 5 295  280 
7 219 -227 3 473 -442 4 8 8  -49 
6 73* -82 2 139 -1315 3 86 -63  
5 IS* 24 1 g f j * - i h 5  2 165 -150 
4 14* 5 0 176  187 1 4 7 8  - 4 4 8  
3 91* 92 0 6 9 1  -626 
2 210  196 H= 7, K= 3 
1 219 284 H= 8,K= 0 
0 133 201 0 672 6 7 5  

1 3 7 3  361  0 122  1 0 1  
h= 7 , K =  7 2 67* 463 1 169  -168 

3 385 340 2 167 -174 
0 66* -77 4 107 98 3 2b0 -268 
1 314  347 5 302 -274 4 252  -244 
2 1 9 1  221 6 4 7 3  -443 5 304  -293 
3 14* 18 7 2 3 8  -216 6 70* -83  
4 1 6 1  165 & 3@* -18 7 116. -75 
5 87* 98  9 t5 *  -34 8 59* 7 1  
6 SO* 27 1 0  35* 1 9 1 1 1  9 3  
7 IS* -61 10  140  110 
8 173  -172 H= 7 ,  K= 2 

H= 8 , K =  1 
H= 7, K= 6 1 0  16* -46 

9 67, -66 10  42* 7 
9 99* -75 8 170 -175  9 48* 49 
8 63* 18 7 215 -295 ,8 1 9 1  179 
7 1 0 3  66 6 152  -343 7 138 133 
6 116  119  5 205  233 6 117 ,  1 1 3  
5 212 176 4 586 5 4 3  5 44* 17 
4 72* -116 3 362 344 4 2 J 2  -195 
3 235 271 2 3d4 383 3 409  -378 
L 674 117 1 350  3 6 3  2 4 0 4  -368 
1 125  -131 0 210 236  1 318  -337 
0 19* - 0 7  0 260 -246 

H= 7 ,  K= - 3  
t=  7 ,  K= 5 H= 8 , K =  2 

0 261 -292 
C: 137 -155  1 202  192 0 106 -95 
1 161  -137 2 397 359 1 4 4 2  -434 
L 321  -375 3 94 7 2  2 265  -216 
3 75*  - 5 0  4 362  3 5 8  3 33* -7 - 2 1 2  - 2 3 7  5 1d8 178 4 604: 2 6  
' 13L -147 6 1 5 1  l t j0 5 154 177 

172 161 7 250 235304 6 112 119 







- 2  14* -60 3 176 -118 
- 1  342 -327 -2 229 -186 

- 1  100 -85 
H= 8,K=-10 0: r L  

8= 7,K=--9 
-1 277 -256 
-2 IS* 67 -1 103 -97 
-3 56* QB -2 171 -185 
-4 16* 112 -3 90*-12W 

\ -4 199 -195 
ff= - -8--E= +I - --f -*6---2+7 - 

I 

- - 37* 107 7, P,- -8 

1 05 65 
IS* 7 

293 -270 
3 f S  -3W 
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12* -39 
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2  90* 31 
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0 132 -107 
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2, PE= -13 

B= 3 ,  K= -13 
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19* -12 6 58* -15 
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230 269' 
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66* -45 
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2T7 6 3 T ' T T 5 9 - p  
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i 
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72* 19 7 61* -79 
169 -143 6 60* -86 
178 -244 5 56* -58 
219 -269 4 135 120 1 1 

65* -74 3 53* 39 + 

280 -315 2 743 741 i 

235 -254 1 742 739 
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- 8  IS* -57 
-7 256 -289 H= 3, K= 7 
-6  339 -335 
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-1 336 340 -1  304 328 

-2 132 116 
H= 2,K= 4 -3 91* 41 
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- 4  535 532 -8 130 -144 
- 5  171 192 
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- -- - 
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- - - - - -- --- -- 
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-2 2 2 5  -218 -3 116 113 

323 
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3 76* 57 
-4 134 97 
-5 IS* 34 
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The ' ZrO, ' Polyhedron 
" 

A view of t h e  polyhedron descr ibed  by 

oxygen atoms of t h e  coordina t ion  sphere i s  given 

Eond l eng ths  and ang les  w i t h i n  t h i s  polyhedron a r e  l i s t e d  i n  

t a b l e  5.5. 

The procedure descr ibed  by Porai-Koshits and 
- - - - - - - - - 

Aslanov i s  used t o  d e s c r i b e  t h e  coordina t ion  polyhedron. ( I n  

t h i s  d i scuss ion ,  t h e  p o s i t i o n  adopted by l igand  3 when t h e  
B 

nearby chloroform i s  p r e s e n t  i s  ignored;  t h e  atomic 
/- 

coord ina tes  of oxygen atom O(5) a r e  used, r a t h e r  than  those-ef 

0 ( 5 )  I )  . The f o u r  va lues  of  6 r equ i red  a r e  t h e  angles  formed by 

normals t o  t h e  t r i a n g u l a r  f a c e s  which i n t e r s e c t  a long t h e  edges 

connect ing t h e  v e r t i c e s  0 (5)  , 0 (2) , 0 (8)  , and 0 (3 )  . Also, t h e  

ang les  Y which i n d i c a t e  t h e  p l a n a r i t y  of t h e  i n t e r s e c t i n g  

* 
have been c a l c u l a t e d  according t o  t h e  method o u t l i n e d  i n  

\ * 
s e c t i o n  ii. These parameters  are given i n  t a b l e  5.6, a long 

wi th  s i m i l a r l y  determined va lues  f o r  MOg polyhedra i n  HSCT::' 
117 116 

I i f ~ ~ ,  N ~ T & ~ O * C ~ ~ )  and i d e a l  polyhedra of  t h e  dodecahedra1 

c l a s s .  A comparison of & t h e s e  va lues  sugges ts  t h a t  t h e  Z r O s  

?ohyearon i s  b e s t  desc r ibed  a s  a dodecahedron, d i s t o r t e d  

siishtf y towards- a bicapped t r i g o n a f  prikm. What i n • ’  ormation 

C a l c u l a t i o n s  similar t o  tho% descr ibed  i n  s e c t i o n  
2 

iv ha-? taen per:om.ed f o r  complexes of(,&.ha type ~ ( b i d k 5 a t e )  
* F- i. 

- 
- 
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Perspective View of the ' ZrOsl Polyhedron 



Table 5.5 
J 

Bond Lengths and Angles i n  the ' Z r 0 8 '  Polyhedron 

Bond Lengths - Angles ( O )  



TABLE 5.6 ' 

6 and + Values fgr Regular Polyhedra of t h e  Dodecahed~al Class 
r 
t 

and f~ Metal ~ A r a k i s -  (tropolonato) Complexes 

Dodecahedron . 29.5 
'd 

Bicapped Trigonal - 0 
rrism 



3 

I hepert, dnd t n a i c a t e  t n a t  a t  low va lues  ot - .  - 
I -.. .-..-. L y  LU 

a dodecahedron of overall symmetry T2m. A s  t h e  va lue  of b 

i n c r e a s e s  ( 1 . 1 4  - Z. 23) ,  two geometries of  equa l  s t a b i l i t y  - : 
corresponding t o  t h e  z2m dodecahedron and t h e  222 square  a n t i -  

prism a r e  obta ined ,  " ~ t  l a r g e  normalized b i t e s ,  1.17 - 1.40, t h e  

most s t a b l e  geometry corresponds t o  an 4 2 2  square  an t ip r i sm,  

where t h e  l i g a n d s  span t h e  edges c o n n ~ c t i n c r _ t h e ~ ~ f  

Two a r e a s  of u n c e r t a i n t y  occur  where a choice of two p o s s i b l e  

isomers b x i s t s :  b = 1.13 - 1.17 (T2m dodecahedron o r  222 
7 -  
square  an t ip r i sm)  and b = 1.17 - 1.22 (222 squark a n t i p r i s m  or  , 

422 square  a n t i p r i s m ) .  The range of e x i s t e n c e  of  t h e  isomers a s  

a f u n c t i o n  of b is shown i n  f i g u r e  5 .5 ,  t o g e t h e r  wi th  drawings 1 

PO•’ t h e  p a r t i c u l a r  t e t r a k i s  ( b i d e n t a t e )  isomers t h a t  occur  i n  t h e  
4 

d i scuss ion .  Also,  a diagram of  t h e  genera l i zed  e i g h t  

coord ina t ion  i n d i c a t i n g  t h e  angular  coord ina tes  used i n  these  
- - 

c a l c u l a t i o n s  is g iven  i n  f i g u r e  5-6. 

J The m o s t  u s e f u l  method of d i s p l a y i n g  t h e  t h e o r e t i c a l  

r e s u l t s  desc r ibed  above is i n  t e rms 'o f  a p r o j e c t i o n  of  t h e  

p o t e n t i a l  energy s u r f a c e  on t o  t h e  €IA - B B  plane ,  s i n c e  this 

1 1 2  m o s t  c l e a r l y  s e p a r a t e s  t h e  d i f f e r e n t  i d e a l  geometr ies ,  The 
4 

p o t e n t i a l  energy s u  f o r  M(bidenta te)q  complexes where 

b = 1.15 and n = 6 i s  shown i n  f i g u r e  5.7. The c e n t r e  of t h e  

tor v i c e  v e r s a )  a long t h e  p o t e n t i a l  energy v a l l e y  g i v e s  t h e  

222 square antiprism at 6 = 35 deg and Bg A <3 deg . Also seen 

333  
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Figure  5.5 
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Figure  5.7 
x 

The Re la t ionsh ip  Between Predic ted  and Observed Geometries i n  

T e t r a k i s  ( b i d e n t a t e )  Complexes , 



on t h i s  s u r f a c e  i s  t h e  emergence o f  a  t h i r d  minimum,rcocres- 

ponding t o  t h e  422  square  an t ip r i sm,  a t  lower B A  and h i g h e r  B g  

va lues .  This  l a t t e r  minimum becomes d i s t i n c t  when b  = 1.7. Fur the r  
- c d e  

& 
d i s t o r t i o n  ( B A  = 26 deg and B g  = 65 deg) g i v e s  t h e  82m square 

an t ip r i sm.  Also shown i n  t h e  f i g u r e  a r e  t h e  p o s i t i o n s  of t h e  
I 

M(tropo1onate) complexes (M = Sc,  Hf, Z r  , and Nb) i n  terms of 

_- t h e i r  determined B A  and Bg va lues .  I t  can be seen  t h a t  a l l  f o u r  
- - - - - 

complexes l i e  i n  t h e  p r e d i c t e d  shallow p o t e n t i a l  v a l l e y ,  and t h e  

r e l a t i v e  d i s t o r t i o n s  from i d e a l  dodecahedra1 geometry a r e  seen.  

There appears --- - t o  be -- no p- obvious pp c o r r e l a t i o n  between t h e  e x t e n t  of 
- - - - - -- - - - - - -- ppp - 

d i s t o r t i o n  from any one geometry a s  a f u n c t i o n  ' o f ' t h e  meta l  ( o r  

meta l  t o  donor atom d i s t a n c e ) ,  o r  wi th  t h e  charge on t h e  

complexes.' Tab le -5 .7 ,  however, g i v e s  t . e c o m p l e t e  l i s t  of 
-L 

ang les  which d e s c r i b e  t h e  i d e a l .  and determined ~ o f ~ h e d r a  

occur- i n  f i g u r e  5.5. This  i n d i c a t e s  t h a t  t h e  experimental  
Z 

v a l u e s  of OA a r e  lower,  and m g  h igher ,  c o n s i s t e n t l y  than  those  f o r  

i d e a l  geometr ies .  The o r i g i n  of t h i s  d i f f e r e n c e  can be a s c r i b e d  

t o  a  c e r t a i n  degree t o  t h e  o v e r a l l  longer  (zl%) M - OA bonds 

over  t h e  M - OB bond l e n g t h s  

03, 05, 08).  The lengthening  of t h e  M - OA d i s t a n c e  would 

c l e a r l y  al low a  s m a l l  dec rease  i n  O A ,  and a  consequent i n c r e a s e  

i n  4B. Simple geometr ic  c o n s i d e r a t i o n s  show t h a t ,  i f  say t h e  

M - OA bonds of 41% l e a d s  t o  a s i m i l a r . d e c r e a s e  i n  $A of 41%. The 

fact t h a t  observed va lues  o f  $A a r e  smal l e r  by f a c t o r s  of 4 t o  

9% than  c a l c u l a t e d  v a l p e s  ( t a b l e  5 . 7 ) ,  means t h a t  t h e  major source  

. of t h e  d i f f e r e n c e i n  t h e s e a n g u l a r  parameters  i s  t h e  shor ten ing  of  

337 
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t h e  OA....OB con tac t s  i n  fhe  tropolonato complexes. A comparison 

of O A . . . . o B / ~  -OA r a t i o s  f o r  ca lcu la ted  and observed geometries 
L 

t akes  i n t o  account the  longer M - OAbonds i n  these  complexes, 

and shows decreases  of 3 t o  1 2 %  i n  t h e  r a t i o s ,  implying s imi l a r  
f- 

decreases  i n  t he  l eng ths  of  t h e  OA....OB con tac t s  r e l a t i v e  t o  those 

ca l cu l a t ed  using t h e  repu ls ion  model ( t a b l e  5.71. 
-- 

An inspect i~on of high coordinate che l a t e  
r, 

complexes showsl,'%s observed f o r  the tropolonates above, t h a t  

t he  s h o r t e s t ,  non-imposed in t e r l i gand  contac t  wi thin  the  

coordinat ion sphere always occurs between approximately coplanar 

l igands ,  .The only exceptions occur where the  isomer adopted 

does no t  allow any such mutual arrangement of l igands ,  o r  where 

t he  b i t e  of t he  l igand i s  very  small ,  although t h e r e  a r e  

n i t r a t e  and o the r  four-r ing che l a t e  complexes t h a t  do follow 
1 1 6  

t h i s  pa t t e rn ,  It, has  been s t a t e d  previously,  and is  r e i t e r a t e d  \ 

here ,  t h a t  t he re  appears t o  be a d e f i n i t e  c o r r e l a t i o n  between 
4 

the length  of the non-imposed contact  between two i igands  (with 

0 o r  S donors) i n  a high coordinate complex, and t h e i r  mutual 
f 

1 1 6  
o r i en t a t i on .  I t  has also been suggested t h a t  t he  i n t e r a c t i o n  o i  

# 

overlapping lone p a i r s  of e l e c t r o n s  on t h e  adjacent  donor atoms 

wi th  empty d o r b i t a l s  on t h e  c e n t r a l  metal could a c t  aga ins t  - 

4 b e  Coulombic repuls ion forces .  Thus, although a t i e o r y  based 
- - - -- - - - - - -- - -- -- - - 

; 
only on repuls ive  fo rces  p red i c t s  with reasonable success the 

geometry of these  complexes, inclus ion of some a t t r a c t i v e  

component, where appl icab le ,  appears t o  be necessary t o  p r e d i c t  

the f i n e r  d e t a i l s  of the shape. 



A r e c e n t  ' repor t  g i v e s  some i n t e r e s t i n g  r e s u l t s  
119 

which a r e  r e l e v a n t  t o  t h e  above proposal .  The c r y s t a l  and 

molecular s t r u c t u r e s  of  T i  ( ~ t ~ m t c )  and Z r  ( ~ t ~ m t c )  -3 

(Et2mtc = N,N-diethylmonothiocarbamate) show two important  - 
% effe 'c ts ,  F i r s t l y ,  t h e  oxygen and su lphur  donor atoms do n o t  

s o r t  i n t o  A and B p o s i t i o n s  i n  t h e  d ~ d e c a h e d r a S - - ~ e o m e t r ~ ,  b u t  

partially sdrt s o  t h a t  two sulphur  atoms are i n  t h e  A s i t e s  
I 

-- - - I n s ;  i & I a y - - & 3 - ~ ~ ~  J 

are  loca ted  on one s i d e  of t h e  s t r u c t u r e ,  dnd t h e  f o u r  oxygen 

atoms on t h e  o t h e r .  Th i s  preference  f o r  su lphur  and oxygen t o  

be t r a n s  t o  one another  t o  reduce t h e  compet i t ion  f o r  a v a i l a b l e  ' 

m e t a l  n -e lec t rons  is a l s o  seen  and d i scussed  f o r  R u ( D M S O ) ~  2+ 
fl 

i n  Chapter 6 of t h i s  t e x t .  , 

a 
Secondly, i n  t h e  T i  compound, t h e  S.,..S and 

I 
0. . . .O c o n t a c t s  betweep a d j a c e n t  coplanar  l i g a n d s  a r e  

A 

s u r p r i s i n g l y  s h o r t  (S .... S = 3.212(3), and 0....0 = 2.491(6) Rh\ 
Since  t h e  o t h e r  S....S c o n t a c t s  i n - t h e  coord ina t ion  sphere  

(3.327-(2) - 3.367 (2 )  A) a r e  a l s o  s h o r t ,  it appeared t h a t  t h e  

novel isomer was s t a b i l i z e d  by weak a t t r a c t i v e  S....S i n t e r -  

a c t i o n s ,  similar t o  those  suggested f o r  t h e  s t a b i l i z a t i o n  of 
120 

c i s  - monothio-B-diketonate complexes, &d t r i g o n a i  p r i s m a t i c  - 
1 2  1 

d i t h i o l e n e  complexes. I t  was t o  test  t h i s  hypothes is  t h a t  t h e  

s t r u c t u r e  of t h e  Z-r compound w a s  determined, where t h e   large^ 

the S .  . . . S i n t e r  t i o n s  . The r e s u l t  was t h a t  t h e  same % 
stereoisomer was obta ined ,  with now the only  s h o r t  i n t e r l i g a n d  

c o n t a ~ t s  occuring between a t o m  a t  t h e  A s i t e s  where ad jacen t  



l i g a n d s  a r e  approximately coplanar ( S  . . . .S = 3,396 ( 2 )  , 
V 

0.. . .0 = 2.608 (5) A) , An approximately equa l  opening of the  

: s t r u c t u r e  .- on the oxygen and sulph " s i d e s n  of t h e  Y 
coord ina t ion  sphere a s  a r e s u l t  of the inc reased  metal  - l igand 

bond leng ths .  This  i n d i c a t e s  (1) t h a t ,  save the con tac t s  

between coplanar f igands ,  t h e  S....S con tac t s  do no t  appear t o  

be important  i n  determining the  geometry, and (2)  t h a t  the 

geometry of both complexes is determined by the t r a n s  in f luence  
- 

of t h e  sulphur  

To t h i s  p o i n t  i n  t h e  d i scuss ion ,  t h e  t e t r a k i s ( t r 0 -  

~ ~ ~ ~ - ~ & a ~ ~ F ~ ~ ~ s ? h ~ ~ r  -il.rtwo &. ffererrl 
\ 

ways. According t o  t h e  p o t e n t i a l  v a l l e y  generated by Bl ight  
\ 

118 and Reper t ' s  c a l c u l a t i o n s ,  the geometries l i e  somewhere between 

i 
2 those  of an i d e a l  dodecahedron of o v e r a l l  symmetry z 2 m ,  an& a 

1 square  an t ip r i sm of symmetry 222. This  impl ies ,  from t h e  p o i n t  

of  view of r e a c t i o n  pathways, t h a t  they l i e  qn t h e  ' 522 @ 

pathway from the z2m dodecahedron t o  t he  422 square an t ip r i sm 

- ( f i g u r e  5 .1 ) .  The o t h e r  desc r ip t ion ,  based on t h e  c r i t e r i a  

proposed by Porai-Koshits and ~s1hnov~:'is t h a t  t he se  complexes 

I 4 
P 

are dodecahedra1 (symmetry z2m) , d i s t o r t e d  tow3rds bicapped 

c t r i g o n a l  prism ( s ~ t r y  mm22, which reduces to  only  2-fold 

p o i n t  symmetry when ,the b i d e n t a t e  l i gands  a r e  considered , i . e . the 
s t r u c t u r e s  lie on the '2-fo15' t e a c t i o n  pathway between the 

- - -  - 
- - --- do&c&Fi~n and thebi~apped trigoiXLpIiSmmas shown i n  

I L 
rlgure 5.1. fs the bicapped t r i g o n a l  prism a d i s t i n c t  geometry, 

or simply a p a r t  of  the s i n g l e  broad pathway from the 

dodecahec3ron t o  the square antiprism? From an inspec t ion  of  
341 



considered a s  i n  some way d i s to r t ed  dodecahedra, tvo categories  
l o &  t 

enrerge. The majority have 6 values which inElude 2 equivalent 

but  la rge  angles, and 2 equivalent  but small angles. These two 

small values represent  the  simultaneous f l a t t e n i n g  of 2 edges 

t o  form - - 

the  square faces  of square antiprism, and these 
- 

s txuctures  would.therefore be considered t o  be on the  ' 2 2 2 '  

pathway. The other  group (including the te t rak is ( t ropo10 a t e s ) )  

have 2 non-equivalent small values, indicat ing only one s a re  
I U  

f-1ny m a ,  m a  so r t f n i d t t o l i e b n  the 2 - f o q a I  

p a t h w a y  &om a dodecahedron to a bicapped t r igona l  prism. Why 

only one square face is being formed is  not c l e a r ,  but  it does 

appear t o  be a well-established e f f e c t .  It would appear t h a t ,  
3 

i n  t e r m s  of a reac t ion  pathway, there  is a separate geometry, 

LO 4 
nsuaf l y  re fer red  t o  as -a bicapp&-€r%go'nal prism, although th-is 

- - -- - - 

is a misnomer, s ince  the implied three-fold symmetry has been 

completely l o s t .  Front t h e  point of view of the predic t  ve 
- 

5x3 

1 
calculat ions  of Kepezt, however, t h i s  geometry cairnot be 

distinguished within the shallow minimum of po ten t i a l  energy 
* 6 

whfch connects the dodecahe&on w i t h  the square antiprism. 

The Tropofona=te Ligands and Chloroform Molecules 

positions of ligand 3, The dinmusions dt, not differ - 



- 

p l a ~ a r  i n  each  1igand; -wi th  slight t w i s t i n g  - of t h e  carbon 

ske le ton  r e l a t i v e  t o  .the plane fbrmed by t h e  meta l  and oxygen 

atoms, the  .angle of twist ranging from - 1.05 deg ( l i g a n d  3)  t o  
'* 

9.33 deg ( l igand  I)-. - 
& < 

Carbon -A c h l o r i n e  bond ' 1 6 ~ ~ t ~ 3 s  w i t h i n  the 
- _ 

chloroform molecules of ~ ~ s t a l l i z a t i o n  average 1 : 17A and t h e  

C1-C-CL ang les  average 111 deg. - 
A-a 

, , -  

\ 
--. 

- 



Table 5.8 

Bond Lengths and Angles i n  t h e  Tropolonato Ligands 

0 

a) Bond Lengths  ( A )  

Bond' Type Ligand 1(Ol,O2-) 2(03,04) 3(05,06) 3'(05' ,06) 4(07,08) 

b) Bond Angles (deg) 

Angle Type Ligand 1(01,02) 2i03,04) 3(05,06) 3' (OS1 ,06) 4(07,08) 



Chapter  6 

The C r y s t a l  and Molecular  S t r u c t u r e  o f  t h e  

Hexakis (d imethylsu lphoxide)  ru then ium( I1 )  Ca t ion  

6 i .  I n t r o d u c t i o n  

The i n i t i a l  mo t iva t ion  f o r  s t u d y i n g  ruthenium/ 

dimethylsulphoxide sytems ( P r o f e s s o r  B. R.  James e t  a1 , 

U n i v e r s i t y  of  B r i t i s h  Columbia) was t o  ex t end  t h e  range of 

ruthenium complexes which a c t  as homogeneous c a t a l y s t s ,  

predominant ly  f o r  hydrogenat ion r e a c t i o n s .  Among t h o s e  a l r e a d y  

known i n  t h i s  r e s p e c t  are complexes w i th  s imple  h a l i d e s ,  and 
1 2 2  

n i t r o g e n ,  phosphine,  and a r s i n e  l i g a n d s .  

Sulphoxide l i g a n d s  have s p e c i a l  i n t e r e s t  i n  t h a t  

bonding t o  t h e  m e t a l  may occur  v i a  t h e  s u l p h u r  o r  oxygen atoms. 

Because t h e s e  two modes of  bonding impar t  d i f f e r e n t  e l e c t r o n i c  
1 2  3 

and s t e r i c  p r o p e r t i e s  t o  t h e  complex, an a p p r e c i a t i o n  of t h e i r  

e f f e c t  i s  e s s e n t i a l  f o r  an e v a l u a t i o n  of  such compounds as 
1 2 4 , 1 2 5  

p o t e n t i a l  c a t a l y s t s .  P rev ious  s t r u c t u r a l  and s p e c t r a l  s t u d i e s  

have shown t h a t  bonding o c c u r s  e x c l u s i v e l y  v i a  t h e  oxygen atom 
1 6  

i n  complexes of  " c l a s s  a "  m e t a l s ,  and,  i n  t h e  absence of  

e x t r a o r d i n a r y  s t e r i c  i n f l u e n c e s  r e s u l t i n g  from bulky a l k y l  
1 2 6  1 2 7  

groups i n  t h e  l i g a n d ,  bonding g e n e r a l l y  occu r s  v i a  t h e  su lphur  

atom i n  complexes o f  " c l a s s  b" metals. The on ly  e x c e p t i o n  i s  

found i n  t h e  squa re  p l a n a r  - c i s  - P ~ ( D M S O )  :+ and - Pt(DMso) ;+I 
1 2  5 

which have 2s- and 2 0 -  bonded l i g a n d s .  Ruthenium i s  cons ide red  

t o  l i e  on t h e  bo rde r  of t h e  " c l a s s  a " / " c l a s s  b"  - c l a s s i f i c a t i o n ,  

and s o  t h e  t ype  of  bonding t o  be found i s  n o t  e a s y  t o  p r e d i c t ,  

and i . r .  and n.m.r.  d a t a  can l e a d  t o  ambigui ty .  The S-0 
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s t r e t c h i n g  frequency hds been of g r e a t  importance i n  t h e  s tudy 

of t he  complexes of  DMSO. The sulphur-oxygen bond has 

. considerable  double bond cha rac t e r ,  which i n  simGle L e w i s  
5 

123 no ta t i on  approximates : 

-- -- - 

Bonding of t h e  metal  ion  t o  t he  oxygen atom , 

s t a b l i i z e s  I ,  lowering t h e  bond order  of  t h e  S-0 bond, and 

- _decreasSes_v(S-OT;bondingtosulphur s t a b i l i z e s  I1 and 

i nc r ea se s  t h e  S-0 bond o rde r ,  a$d v (S-0) . U n f o p a t e l y  , 
9 

4 v(S-0) v a r i e s  wi th  t h e  na tu r e  of t he  so lven t  and with concen- 

t r a t i o n ,  and i t s  use i n  determining t h e  ex i s t ence  and/or r a t i o  

of  S-bonded t o  0-bonded l i gands  can be l im i t ed .  Proton n.m.r. 
4a 

6 is somewhat more u se fu l ,  s i n c e  a s h i f t  of -1 p.p,m. downfield 

from t h a t  o f - f r e e  D M 0  is  observed f o r  t h e  methyl hydrogens of 

S-bonded l i gands  . 0-bonded l i g a n d  show considerably  less 
1 2 8  

v a r i a t i o n  from the f r e e  value  o f  r = 7 - 4 0  . A s  a t o o l  f o r  
r 

determining t h e  number of each type of l igand ,  however, problems 

arise from exchange of l i gands  wi th  ( e s p e c i a l l y  0-bonded) 

1 2 9  so lven t s .  

One f u r t h e r  i n t e r e s t  i n  sulphoxide l igands  (no t  

plrr-suedfur#erSin this t e x t )  l ies '  i n  t h e  pyramidal geometry 

-- 
about  t h e  sulphur  atom. R,R,S=O l igands  w i l l  e x h i b i t  c h i r a l i t y  

a - - 

a t  t h e  sulphur ,  and t h e  p o s s i b i l i t y  of c a t a l y t i c  asymmetric 
1 2 4  

hydrogenation i s  suggested. 
/ 
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6 i i .  Homogeneous c a t a l y s i s  
* 

E The r a p i d  e s c a l a t i o n  i n  r e sea rch  i n t o  an under- 
I 

I s t and ing  of homogeneous c a t a l y s i s  over  t h e  past'20 y e a r s  can be 

a t t r i b u t e d  s e v e r a l  f a c t o r s .  It  has  followed c l o s e l y  t h e  many 

advanceshade  i n  t r a n s i t i o n  metal. and organometa l l ic  chemistry 

which have 'provided methods of p repara t ion  o f  a .wide v a r i e t y  of  
I 

metal  complexes', t o g e t h e r  wi th  methods f o r  e l u c i d a t i n g  t h e i r  

r e a c t i o n  of p a r t i c u l a r  s u b s t r a t e s ,  t h e  a b i l i t y  to f u n c t i o n  
r 

under mi ld  c o n d i t i o n s ,  and t h e i r  r e l a t i v e  e a s e  of s tudy  over  
d 

- - - --- - - - - - - - - - - -- - - - - - -- 

heterogeneous smterns have made homogeneous c a t a l y s i s  an 

a t t r a c t i v e  f i e l d  of  r e sea rch .  , I n d u s t r i a l  a p p l i c a t i o n  of 

t h e s e  s t u d i e s  is  a l r e a d y  widespread (e.g., t h e  Wacker, 0x0, I( . # 
and some Ziegler-Natta  processes ,  and methanol ca rbony la t ion)  . 

~ a l ~ e r n ' % a s  i d e n t i f i e d  two themes which c o n t r i b u t e  

to an understanding of  homogeneous c a t a l y s i s :  t h e  e luc ida tTon 

J of  t h e  c a t a l y t i c  mechanism ( v i a  k i n e t i c  s t u d i e s ) ,  and t h e  

)T dependence of  t h e  c a t a l y t i c  mechanism on t h e  s t r u c t u r e  and 
5 "5. 

e l e c t r o n  conf iau ra t ion  of  t h e  c a t a l y s t .  S t u d i e s  r e l a t i n g  t o  t h e  

f i r s t  theme have been numerous and s u c c e s s f u l  i n  r e s o l v i n g  many 
! 

r e a c t i o n s  i n t o  component s t e p s  s o  t h a t ,  f o r  i n s t a n c e ,  i n  

homogeneous hydrogenation, t h e  elementary s t e p  i nvo lv ing  t h e  

r e a c t i o n  of H2 i s  recogn i sab le .  nolrs l i m i t e d  p rogress  has  been 

r e a c t i v i t y  toward H2 depends on t h e  e l e c t r o n  c o n f i g u r a t i o n  of  7 
the catalyst. C a t a l y t i c  a c t i v i t y  r e q u i r e s  t h a t  t h e  c a t a l y t  d c  

in te rmedia te  be l&i le ,  and t h a t  i t s  thermodynamic s t a b i l i t y  



l i e s  w i t h i n  n a r ~ o w l y  d e f i n e d  l i m i t s :  The number and n a t u r e  of 

t h e  o t h e r  l i g a n d s  i n  t h e  m e t a l  complex c a t a l y s t  i s  t h e r e f o r e  a 

neces sa ry  p r e r e q u i B i t e  f o r  t h e  unde r s t and ing  of  t h e  mechanism. 

B i i i  . Experimental  S e c t i o n  

A pu(DMS0) 6] PF& c r y s t a l  o f  approximate  
B 

.d imensions  0.11 x 0.27 x 0.09 mm w a s  mounted a long  t h e  need le  
r 

-- -axis f e r - t ~ ~ l e c r t ~ r r , ~ ~ .  

r a d i a t i o n  ( A  = 1.5418) , Weissenberg photographs  o f  t h e  r e c i p r o c a l  

l a t t i c e  l a y e r s  hoe ,  --- h U ,  - - and p r e c e s s i o n  photographs  of  t h e  hkO -- 
and 0ke zones w e r e  t aken  which e s t a b l i s h e d  monocl in ic  Eaue - 
symmetry, w i t h  s y s t e m a t i c  -ences c o n s i s t e n t  w i t h  t h e  space  

group P2 l/c. Accura te  cell pa rame te r s  w e r e  de te rmined  from 
/ 

c o u n t e r  measurement o f  12 o f  t h e  s t r o n g e s t  r e f l e c t i o n s  hav ing  

28 > 30•‹, u s i n g  &..Picker FACS-1 computer -cont ro l led ,  f o u r - c i r c l e  

d i f f r a c t o m e t e r ,  and Ma Ka r a d i a t i o n  (Aal = 0.709268). 
i 

p ~ h e  c r y s t a l  w a s  mounted w i t h  t h e  'b-axis  

(cor responding  t o  t h e  n e e d l e  d i r e o t i o n )  slig%tly o f f  set from 

t h e  jZ axis o f  %the  d i f  f r a c t o m e t e r .  The c r y s t a l  h a s  a formula 

weight  743.5, space group P21/c: a = 17.833(4)%,  c = 33.800(8)A, 

6 = 1 0 9 . 6 8 ( 1 ) ~ .  V = 5952.0Xo3, dM = 1.62(2) g ~ r n - ~  ( f l o t a t i o n ) ,  

Z = . 8 ,  dx = 1'.66 g cm-', ~ ( M o  Ka) = 9.83 cm-', T = ~ l \ + l ) ~ ~ .  

R e f l e c t i o n s  f o r  t h e  unique set o f  d a t a  w e r e  measured i n  two.  ." 2 

sets u s i n g  a s c i n t i l l a t i o n  d e t e c t o r  w i t h  p u l s e  h e i g h t  a n a l y s i s  
, 

and monochromatised r a d i a t i o n  ( g r a p h i t e  monochromator, 

. (310 Ka) = 0.709268) . Those r e f l e ~ t i o n s  f o r  which s i n e  < 0.1737 

0 y e r e  measured w i t h  a symmetrical 8-28 scan  o f  1.2 base width 
w? 



width was -used, with 4s background counts. Two standard 

r e f l e c t i o n s  were measured a f t e r  each 1 0 0  r e f l e c t i o n s ;  t h e i r  
t 

v a r i a t i o n  was 23% over tz'e e n t i r e  da t a  co l l ec t ion .  The 

I i n t e n s i t i e s  were cor rec ted  f o r  Lorentz and po la r i s a t i on  

e f f e c t s ;  absorption was neglected s ince  it was es t imated t o  

r e f l e c t i o n s  w e r e  k a s u r e d ,  of which 3961 were consideked t o  be 

! observed (i .e., g r e a t e r  than 2 - 3oI (net) , where 
l/ 

i q n e  t 1 
3 -  * - L - 

+B2) +ml) J ", where TC i s  the  t o t a l  

I 
- 

counts,  B1 and B2 are t h e  background counts,  t, i s  the  scan t i m e ,  
# 

tb'is the  t o t a l  background count time, k i s  a constant  set t o  

0.03, and I is  t h e  n e t  count) .  , 

- 

6 i v .  S t ruc ture  Determination and Refinement 
- - - -- - - - -- - - - 

t 

Examination' of  t he  three-dimensional P a t t ~ r s o n  

funct ion based on d a t a  f o r  which s ine  < 0.1737 gave the  pos i t ions  

of t h e  two ruthenium atom of t he  u n i t  c e l l ,  and t e n  sulphur 

atoms. Refinement of t h e  scale and these  atomic coordinates 

gave R = 0.456, where RP= Z (  I F ~ ~ - ~ P ~ ~ ) / E  IFo 1 .  Several  cycles  
I 

of refinement and subsequent e l ec t ron  dens i ty  d i f fe rence  qaps 

based on the  complete set of observed d a t a  gave the  pos i t i ons  of 
d 

p-pp -------. A di-er ~ e e s i s p  

s, 
of t h e  hyd atoms of each methyl group. The remaining 

ositians were then &lcula&d, with a C-8 bond 
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length  of 0 . 0 7 6 ~ ~  . Anisotropic thermal were 

assigned t o  a l l  t he  boron atoms, and 

f u l l  matr ix,  t h e  R-factor t o  

& a f i n a l . v a l u e  of 0.051. A t  t h i s  s tage ,  comparison of t he  

inter-atomic d i s t ances  and angles within each ca t ion  showed 

t h a t  they adopted very s i m i l a r  conf igurat ions  and t h a t  the  

pa t t e rn  of bond lengths  and angles i n  one ca t ion  was followed 
t 

-- 
very c lo se ly  i n  t m f h e r .  An i n s p e c t i O n o ~ i i Z T € P r e n l u m  

atomic%oordinates and thermal motion parameters revealed 

(i) t h a t  t he  ruthenium atoms a r e  roughly r e l a t e d  by the  
' 

t ransformation 1/2 + x,y ,  1,'2 - 2 ,  and ( i i ) t h a t  U a 2  i s  the  

h ighes t  thermal motion parameter f o r  one ruthenium and the  

lowest f o r  the  o the r .  The p o s s i b i l i t y  ex i s t ed  t h a t ' t h e  

refinement had been "locked" by t h i s  f a l s e  symmetry, r e l a t i n g  

the  two ca t ions ,  i n  p a r t i c u l a r - w i t h  r e spec t  t o  t h e  y-coordinates 

of t he  ruthenium atoms. An e l ec t ron  dens i ty  d i f fe rence  map 
h 

showing the  d e t a i l  around each metal atom, however, showed 

no outstanding f ea tu re s  , and the  r e f  i n e m e n e a s  then terminated. 
J 

The highest-  peaks i n  t he  f i n a l  d i f fe rence  map (1.0 5 6.1 

e l e c t r o n s / ~ ' )  occurred near  t h e  BF; anions. In  t he  e a r l y  

refinement,, cons tan t  u n i t  weights were used; i n  t he  l a t e r  
1 

s tages ,  weights (= .t(p)) w e r e  given i n  terms of , 

Q = u /(L 2F ) . Atomic s c a t t e r i n g  f a c t o r s  used were m -  - - 01- --- --p-----pp----p--p- 

taken f r k  refereme 35, and included cor rec t ions  f o r  anomalous 

d i spers ion  for, ruthenium and sulphur atoms. F ina l  atomic 

parameters a r e  given i n  t a b l e  6 .1 ,  and thermal motion 

parameters i n  t a b l e  6.2. A s t r u c t u r e  f a c t o r  l i s t i n g  is given i n  

table 6.3. Bond leng ths  and angles  a r e  l i s t e d  i n  table 6.4 .  
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Table 6.1 (continued) 



t 
i C a l c u l a t e d  Fractional  Atomic Coordinates f o r  t he  Hydrogen A t o m s  i n  

1 A l l  hydrogenoatoms were ass igned an i s o t r o p i c  temperature .factor 
of U = 0. o ? ~ A ~ .  

b F u r  C e t a i l s  of labelling, 'see s c r i p t .  





Table 6.2 (continued) 

231(11) 109 (6) 43(7) 
127(7) 68(5) 20(6) 
107(7) 1S2(8) 16(6) 
116(8) 120(7) 22f6f 
539(28) ' 161(10) 225(14) 
294(18) 169(11) &63(11) 
326(19) 158(1O)-lOO(11) 
137 (12) 274(18) -52 (U) 
339(17) 107(7) -32(9) 
655(35) 94(8) 94(15) 
78(9) 295(19? 72(13) 

303(19) 277 (16) 7(12) 
UZ(8) 150(8) - 9 (5 )  
68(7) 339(17) 36(6) 
240(14) 298(17) 34(8) 
356(22) 274(17) -34(14) 

Isotropic parameters (x lo1) : 
- BL 66 (4) 

The aniostropic temperature factors are of the form: 



Table 6 . 3  

S t r u c t u r e  Factor Listing: Ru (DMSO) (BF4)  

Reflections which are considered b to be unobserved are denoted by 

an asterisk 







4 2070 -1958 
0 303 -278 6 1075 -1067 
1 379 390 8 1643 -1726 
2 5518 -5545 10 2473 2573 

--4334--3Q3 
4 3570 -3517 1 4 .  632. -690 
5 317 -368 16 168 140 
6 552 -509 18 1253 1219 
7 506 519 0 2069 2111 
8 761 743 $ 2 6 1  276 
9 981 -1020 4 1501 -1493 

70 169 -105 26 807 -797 
11 142 h 2  28 328 287 
12 468 -406 
13 234 268 E= 2, R =  1 
14 399 -353 
15 202 159 29 30* 30 
16 859 832 28 139* -180 
llT 22* 262 27 257 226 
18 1385 1401 26 315 324 
19 23* -397 25 968 -28 
20 248 -283 29 27* -9'7 
21 25* 161 23 194* -252 
22 2791 -2175 22 Sl* -104 
23 299 319 21 103+ - I t 3  
24 326 -418 20 531 -533 
25 TI* -220 19 381 -363 
26 1248 I329 18 1126 -1411 
27 193* -198 17 409 -386 
28 1077 1070 16 460 452 

a 1 R Q  276- L Z a L  
I 4  377 340 

E= 1 rn It= O 13 76* -13 
32 933 -956 

30 ?84* 198 ,)ll 293 256 
28 345 355 10 289 -289 
26 219 -227 9 1780 1814 
24 691 -675 8 167 -109 
22 fLU* -192 7 684 682 
20 818 -815s9 6 1937 1905 























L PO PC. L , PO PC 

- 5  61* 28 -5 348 -390 
-6 2862 -2628 -& 2053 -1962 

9 
-7 1172 1361 -3 248 -308 

b 

-8 2106 -2063 -21024 955 
-9 1168 -1210 -1- 65* 97 

-10 979 911 
-11 323 -274 8= 1,K= 3 
-12 1079" 1063 
- I  449 474 - 2  1980 -1942 
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Table 6 . 4  

Bond Lengths  and Angles: Ru (DMSO) ( B F 4 )  

a) Distances (i). Values i n  square brackets are corrected for thermal 
motion, the l i g h t  atom considered t o  be riding on the heavy atom, 

Cation I 

b) Angles (deg) 

Cation I Cation I1 



Table 6. 4 (cont inued)  
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Table 6 . 4  ( c o n t i n u e d )  , 

b) Angles  (deg) 

Cat ion  I C a t i o n  IL 



d 

v. ufscussion t 

The two crystallographically distinct cations found 

in the asymmetric unit are very nearly identical with respect 

to interatomic parameters and geometrical configuration, with 

only small crystallographically (but not chemically) sig- 

nificant differences occuring for several. angula& parameters 
15 

to reflect their close similariry. A perspective view -of one of 

the cations is shown in figure 6.1. 
- - -- -- --- p------- - - - - 

Each ruthenium apom is coordinated with irregular 

octahedral geometry to six DMSO ligands; three ligands bond via 

their sulphur atoms and three via their oxygen atoms to give 

the facial. isomer. This result continues a trend for ruthenium- 
1 2 5  - 1 2 8  - DMSO complexes: both Ru (DMSO) 4C12 and Ru (DMSO) 3C13 also adopt 

geometries which place S-bonded ligands mutually cis- to one - 
another, and trans- to chloride or 0- bonded DMSO ligands. The 

choice of linkage and geometrical isomers in DMSO complexes has 

always been considered to be a balancebetween electronic and 

steric effectsf2?n the present case, the angles subtended at 

the central ruthenium atom between the three S-bonded ligands 

are greater than 90 deg (mean 94.2 deg), while those between the 

0-bonded ligands are less than 90 deg (mean 85.0 deg). Similar, 

- 
RU (-0) p3 prompted another group to attribute the observed 
geometry to predominantly steric factors. These deviations, 

however, are not large, and may simply reflect the flexibility 

of the coordination sphere to relieve steric interactions 
390 





I resulting- from an electronically-determined structure. 
t 

I * Furthermore, sterig interactions would have been mbre easily 
- i 3 

and effectively relieved in these complexes by adoption of 

a different geometric isomer te.g. meridional), or a different 
I 

linkage isomer fe.g. a trans- isomer, containing 2 sulphur- 
I 

Fnded and four oxygen bonded ligands). 
119 ,  1 3 1 , 1 3 2  

.t Kxher examples of complexes where the adopeed isomer 

--ms S; fi - b m  Xigands t 
i I 

rans- to one another (wpen 

steric factors would favour a different isomer) can be included 

with these Ru(DMS0) complex6s in an interpretation of the 
7 

observed geometries in terms of stabilization by the ''trans 

influence" of the sulphur atoms. The trans influence is broad- 
1 3 3  

, ly defined as the thermodynamic weakening of a bond (M - X) 
which is trans- to any ligand (L) under consideration. This 

may or may not be related to the kinetic "trans effect", which - 
concerns the lability of the ligand X. 

The classical polarization theory of.the trans / 

influence (the charge on the the metal@nduces a cfipole in L 

which in turn induces a corresponding dipo1.e in the metal atom, 

which opposes the natural polarity of X) favours a structure 

which locates the more polarizable sulphur qn one side of 

the coordination sphere, and the oxygen atoms on the other. 

An-attempt at interpreting this from an orbital pointsf view 
- -  - 

ppp --- - --- 

for d6 octahedral systems has been ~~lad&~.~~ high degree of cor- 

-reheion has been found between the the trans influence 
r- 

- series oE--& number of ligands (L) , and that obtained by order- 
4. - kh. 

2 ing the lGands according to their S E ratios (where S is 

the overlap integral between and E the energy between inter- 
-'392 



acting orbitals on the metal and ligand, and which may be taken 

as a measure of the bond strength). Furthermore, on the basis 

of this correlation, it can be deduced that the trans influence 

of a ligand arises principally from its inductive u-donor 

ability, transmitted to its trans- ligand via the appropriate 

metal p orbital. The magnitude of this effect is modified if 

the influencing liqand L has T-acceptor properties. 

2+ 
An inspection of the bond lengths in Ru(DMSO)~ , 

- 
Ru(DMS0) 4C12, and Ru (DMSO) 3C13 shows that such a model is 

applicable to these systems. In RU (DMSO) 62C, the variation in 

Ru-S and Ru-0 distances in both cations, while not crystallo- 

graphically significant, is chemically sensible; i.e. the 

longest Ru-S bond lengths occur trans- to the shortest Ru-0 

bond lengths (table 6.2). The Ru-S bond length, corrected for 

thermal motion (the light atom assumed to be riding on the 

heavy atom) is 2.259A (mean value), and is very close to the 

only other value available for S- bonded DMSO trans- to oxygen 

(2.252 (l)A), and may be compared to values of 2.277 (1)A 

trans- to C1 (where the competition for n-donor orbitals on 

2+ 135 the metal increases), and 2.188 (3)A in Ru(NH3) (DMSO) , 

where no competition exists. These distances are consistent 

with sulphur as a weak T-acceptor, and, in absence of large 

steric influences (as in, for instance, the 2-methyl sulph- 

2+ 1 2 7  
oxide Pd(R2S0)* , the geometrical and linkage isomer is 

chosen to reduce competition for the n-donor electrons on 

metal. 

Whether the ruthenium to oxygen bond in 
393 



m 

2+ 
f RU (DMSO) is weakened. is difficult to assess, since there is 

little in the way of comparison to "normal1' Ru-0 distances. 

UsiFiq Paulingrs value of 0.99A for the covalent'xadiu~ of 
136 

chlorine, and an average Ru-C1 distance of 2.376A for C1 

a trans- to C1 (as for examgile in RUC~~NO~-), leads to an effect- 

ive octahedral covalent radius for Ru(I1) rof 1.39A. This is in 
Y' 

. Q -  
good agreement with paulingVs estimate of 1.33A, and also 

* 
i with the value found by similar reference to Ru-NO2 bonds 
i 
: 

's t 

1 
(trans- to NO2) in Ru (NO) (OH) (NO2) 2+ and to the Ru-NH3 

r 

I 
c 
i- - B o R s i ; r t f t ~ J 3  ) -va3ne, and amlen'II- 
i 

radius of 0,66A for covalent "bond length I 
- 

. r  ! of approximately 2,04A is predicted. Hence the Ru-0 bond 

2+ in Ru(DMS0) - (mean value 2.133Ai corrected as before foj: 

thermal motion), appears to be weaker than 'normal', i,e. 

its a-donor ability'is reduced when trans- fo sulphur, - 
Two important points should be noted: the weakening, if it 

exists, is very small; also, a separate, and even more in- 

direct estimate of the Ru-0 bond length, based on the Fe-0 

distance in trans-FeC12 (DMSO) (0-bondedj3: plus the difference 

in covalent radi k. for the two metal ions of 0,12A, leaas to 
a value of approximat;ly 2.13A, similar to 'that found in' this 

I 1 2 5  
work and for the O-nded ligand in Ru(DMSO)~C~~. 

- 128 
2.4261 in RU(DMSO)~C~~ , which is significantly longer than 

- 2- 

those fox the mutually trans- chlorine ligands in the octa- 
1 3 8  1 3 9  

/ hedral systems RuCl (N C H Me) PPhg ,Me20 and RuC13 (NO) (PMePh2) 
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The possible relationship of the trans influence to any 

kinetic trans effect is discussed with the catalytic properties 

of the Ru-DMSO complexes (section 6vi). 

The average sulphur-oxygen atom bond lengths in 

Ru (DMSO) 2c are 1.482A ( and 1.506A when corrected for the 

oxygen atom riding on the sulphur) for S-bonded, and 1.536A 

for 0-bonded ligands, showing loss of sulphur-oxygen double 

bond character upon coordination via oxygen. This distance 

is, however, still considerably shorter than the S - 0 single 
1 3 7  

bond distance of 1.70A. The geometry of the DMSO ligands is 
12 3 

very similar to that found in free DMSO. Average 0-S-C, C-S-C 

angles and S - C bond lengths for the S- bonded ligands are 

106.7 deg, 98.8 deg, and 1.77A respectively. For the 0- bonded 

ligands, corresponding values are 104.0 deg, 99.1 deg, and 

1.76A, while for free DMSO, they are 107 deg, 98 deg, and 1.80- 
1 2 3  

l.82A. 

The packing within the unit cell can be considered to 

approximate the fluorite structure, each Ru(DMSO)~ 2+ cation 

being surrounded by eighi anions at the corners of an irregular 
- 

cube, and each BF4 anion being surrounded by four Ru(DMSO)~ 2+ 

cations in an irregular tetrahedral array. No unusually short 

interatomic contacts are found. 

Spectroscopic Data (Professor Brian James -- et al., 

University of British Columbia). 

The i.r. spectra of dimethyl sulphoxide complexes are 

diagnostic of the bonding mode; S-bonding usually causes an 

increase of v(S-0) to about 1100 cm-I (.from the 1055cm-~ value 
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fo r  free DMSO) , whereas a s h i f t  go the  l ~ w e r  range of 1000-900 
I E 1 2 3  1 2 8  

c m  ' i s  "Iddicative of donation from oxygen.' A strong band I 

aroubd 1100 c m - I  for t h e  Ru (DMSO) 2+ cat ion is  a t t r ibu ted  t o  

S- bonded v (S-0) ; a sfrong, sharp band a t  935 cm-' is assigned 
' 7 

t o  0- bonded DMSO. &is l a t t e r  assignment i s  somewhat compli- 

cated by the presence of +her bands i n  t h i s  region: there  
L - -1 1 4  o 

is a BFq s t r e t c h  at 990 mo farid a t  525 cn-I), and methy3 

P-5 

1 2 3  1 2 8  
present. ' However, the  infrared of the  f u l l y  deuterated -comLjlex 

1 2 8 ,  1 2 9 1 1 4 1  

which gives a band a t  930 an-',' confirmo the  assignment of 

V(S-o) ,  -0- bonded. The assignment a t  935 cma-l is fu r the r  con- 
't 

firmed i n  t h a r i t  f i t s  t& an obsefied cor re la t ion  found 
.. 

- betwkzen frequency s h i f t  v(S-0), on- coordination of O- 

h 6 d e d  sulphoxide, vbrsus v fk-0) , 
-4 

t he  v (Ru-0) 
1 8  

stretcfi being 

2+ cation.  obseTrved a t  480 cm-' i n  t h e  present Ru(DMSO)~ 
- - - -A 

In the q r  specer~l l~ ,  - d-f i e ld - sh i fks  of u p  to 2ppm k , 

I % 

-3 
f 

8 

+ 

* a r e  usually c h a r a c t e r i s t i c  of S- bonded methyl prot  ns, while P L I 
t h e  0- bonded l igands,  i n  which the protop& are further removed L* 

- - - - 

A 

- 

dr from the 'metel ,  show considerably less var ia t ion  from hhe free A i 

* 1 2 8 ,  l T 9  
2+ value, (T; 7.40) . The measured spectra of the  Ru (DMS0) 

0 ca t ion  i n  various soly&ts a t  r 6 t e m p & t u r e .  show s i n g l e t s  
- 3 

4 
ih the region T= 6 . 7 0 4 . 9  due t o  S- bonhed DMSO, tqgether - 3 

* -- 
w i t h  s i n g l e t s  i n  t h e  T= 7.15-'7.40 region due t o  O-Aborrdc,d or 0 'i 

free DMSO,- 
i - s - .  - - - - 

r , L 
& 

The nmr s p e c t r a  i n  d6-DIISO d t  room temperature 4 
't . $  

changes with t i m e .  TWD minutes a f t e r  diskolution of the  cat ion,  a 

t h e  spectrum ShowYfree DIISO' (T= 7.40) , 0 ' h m d e d  D&O ( r=  -! 



of - ca. 1:2:3. This shows t h d t  one 0- bonded DMSO'is r ap id ly  . 
i 
3 

displaced;  t h e  r e s u l t i n g  s c i e s  should then have two S- bonded * 
-+ 

l igands  (r= 6.64)  t r ans -  t~ 0- bonded DMSO and one S- bonded 

6 -B DMSO (T= 6.80) t r ans -  t o  & -DMSO. In tegra t ion  f t h e  peaks 

i n  t h e  S- bonded region )bows about a 2 :5 : 1 - r a t i o  which is  

reasonably cons i s t eq t  codsidering t h a t  t h e  peaks share  a some- 
i 

-what broad base f i n e  a n d F t h a t  t h e  spec t ra  a r e  t i m e  dependent. 

On s tanding,  t h e  intensk'ty of Yne free-DPISO peak increases  4 wkth 

concomitant decreas ing bf t h e  o the r  t h r ee  peaks; t h e  r a t i o  of 

t he  peaks i n  t h e  S- boqded regionfremains c l o s e  t o  2:1, while 
--- t 

ppp-p-p 

the  peak of t h e  0- M d e d  DMSO d e a e a s e s  m o r e  + r ap id ly  than  

those  of t h e  S-bonded: l igands.  After  1 hour, t h e  r a t i o  o?F f r e e  

DMS0:O- bonded:S- bonded i s  about 5:1:3. Slower exchange of t h e  S- 

bonded compared t o  Cr- bonded DMSO seems t y p i c a l  of Ru(1I) 

sulphoxide complexep! 29 r 4t0 f 

The nmr spectrum i n  D 2 0  a t  room temperature i s  09 
i n t e r e s t  i n  t h a t  i& shows t h e  presence of four  S- bonded, one 

t 

0- bonded, and on&*ree DWO, a few minutes a f t e r  d i s so lu t ion .  

On s tanding,  t h e  0- bonded DMSO is displaced while t h e  S- W 

I 
bonded ones a r e  n o t  exchanged, and a t e r  30 minutes, t h e  spec- 

i 2 
t r u m  shows a m d t i p l e t  i n  the S- bonded region and a s i n g l e t  

I 

for fre/ DMjO k t h  an i n t e n s i t y  r a t i o  of 2:1, again cons i s t en t  

resolved,  bug it could presumably r e s u l t  from t h e  presence of  a 
1 

/ 

mixture of Clip- and trans- isomers of Ru (DqO) ( ~ ~ 0 )  2 ,  - ( D M g  = 

S- buntied ~k0f , or a five- coordinate  species .  



vi. Catalytic ~rosrties 
b 

Detailed .investigation of the catalytic properties 

of Ru-DMSO complex;s has been made, and the following - 

discussion is based substantially on the reported results!42 

In N,N-dimethylacetamide solution at 60 deg C and 1 

atmosphere H2, the activated substrate acrylamide (O.8M) is 

reduced homogeneously with an initially linear rate of 5.0 x 
- - 

10 -%I s ' to prodionami~using a' c a - f : ~ y s n o n c e n t r a ~  

10-'~. The activity is similar using - cis-Ru (DMSO) 4C12, fac- 
4 - 2+ 

Ru(DMS0) C1 , or fac-Ru(DMS0) . 3-3- 7 
---- - - -- - - - - - - - - 

A mechanistic scheme which fits the observed kinetic 

data qualit vely and semi-quantitatively has been described * 
which involves activation of hydrogen and olefin via formation 

of a metal-hydride complex, and decomposition of the metal- 
a r 

alkyl species via protonolysis. This pathway; which is olefin 

dependent, relates in some aspects the structural results 

reported here and the accompanying spectral data. Rapid 

addition of B to Ru(DMSO)~(DMSO)~ 2+ - - leads to formation of the 2 
hyd=ide Ru(DMS0) - (DMSO) - 3 ~ + .  The loss of an 0- bonded ligand is 

f 

consistent with the ground-state Ru-0 bond weakening implied 

in the crystal structure, and also with the increased lability 

of the 0- bonded over the S- bonded ligands as seen in the nmr. 

The resulting hydride then undergoes rapid exchange with olefin 

at the now-labilised S- bonded DMSO trans- to H-. The trans- 

EiRu (DNSO) - (DMSO) - {olef in) + undergoes slow isomerisation to the 

cis- - complex before the rapid insertion reaction to RU(DMSO)~- - 
(DFO)Z(alkyl)+ occurs. This trans- to - cis-isomerisation is the 

rate-determining step in the overall reaction. Isomerisation 
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1 2  2 
of six-coordinate complexes is usually considered to be slow, 

and only a few hydrido-olefin complexes of unknown stereo- 
122 

chemistry are known, The step may proceed via either a five- 

coordinate intermediate, or, less likely, a seven-coordinate 

intermediate, 'L 

The final insertion step involves promotion of.the 

electrons of the Ru-H boqd into the olefin anti-bonding 
fi 5% 

~ i ~ d l  wnich aLready contains considerable electron density d 
due to effective- T back-bonding from the metal. Since the inser- 

tion is fast, howev - 2 2  , some electronic redistribution is implied. 



v i i  Afterword 

The chemistry of  t h e  RU (11) /sulphoxide complexes 

d i scussed  i n  t h i s  chap te r  is c u r r e n t l y  being extended i x a  

number of a r e a s ,  f o r  i n s t a n c e  i n  t h e i r  i n t e r a c t i o n s  with 

nuc leos ides ,  pu r ines ,  and pyr imid ines143 .  Furthermore, t h e  

r a t i o  o f  S-bonded t o  0-bonded sulphoxide l i g a n d s  has  been 

--- -0-v-i sohren i s  a d  with  f far ix t lon  i n  

t h e  a l k y l  s u b s t i t u e n t s .  Thus, t h e s e  complexes s e r v e  a s  

very f l e x i b l e  systems wi th  which t o  s tudy t h e  c a t a l y t i c  
- - - - - - - - 

t--- - -- - - - - - - - - 

I .  

a b i l i t i e s  o f  a range o f  c l o s e l y  r e l a t e d  complexes, wi th  

a view t o  be ing  able t o  des ign  wi th in  narrow s p e c i f i c a t i o n s  

a complex wi th  any d e s i r e d  c a t a l y t i c  a c t i v i t y .  1 4 4  



Appendix 

The Nickel (11) Dihydrazone/2,3-Butanedione ~eact'ion: Details 

of Syntheses and Spectra 

The work described in this Appendix was carried out 

in the laboratory of Professor Neil Curtis, Department of 
T 

Chemistry, Victoria University of Wellington, New Zealand. 

unpublished results. N 

The ligand designations used (LO 

consistent with those used in Chapters 1, 2 and 3 of the text. 

The infra red spectra included in this Appendix were 

recurded for samples prepared as XBr discs. The ultra violet/ 

visible data wexe tained frw diffuse reflectance spectra. P" 
Preparation : A\ room temperature, the orange complex 

hexaaza-tetradeca-2,12-diene) dissolved readily in methanol 

containing 2r-3-butanedione (1.2 mol equivalents). In minutes, 
d 

a violet solution was formed, which deposited violet crystals 

over a pericd of several hours. This compound dissolved. 
k 

- easily in wadr to give a violet solution, from which blue- j 

violet crystals of li fL1) (C104) 2 .  B20 were o ained. bt x 
Analysis : Found ....,,.,,..,,..,,.. ~~33.8; H,6.3; Ni,9,1% 

IPIC12011A6C16H42 requires 

{ t h i s  assumes . ..-..C,33.4; H,6-5; b11,9.1% 
i a N O L  L1 = '18 40 6 2 



. . a: u . v . /'vlslble shows t wo peaks characterlstlc of 

2+ a t r i p l e t  ground state Ni ion. 

18,200 d l ,  E = 1.6 mol -1 m2 

-1 11,7QQ cm , E = 0.9 mol -1 m2 

i . r ,  - see figure A . l  (.spectrum for N i ( L 0 )  (C1O4)* 

i.-- i n  f i g e 7 ) - .  



I s *  





A i i .  N i  (LO) (NCS) 2. - H 2 c  

Prepara t ion:  Addition of a  concent ra ted  b l u e / v i o l e t  

s o l u t i o n  of N i  ( ~ h  ( C l o d )  i n  a c e t o n i t r i l e  t o  an ice-cold s o l u t i o n  

of sodium th iocyana te  (2.2 mol e q u i v a l e n t s )  i n  water  gave a  deep 

b lue  s o l u t i o n  f r o m  which b l u e  c r y s t a l s  of  Ni (LO) (NCS)2.H20 w e r e  

depos i t ed  over a pe r iod  of s e v e r a l  hours,  and which w e r e  n o t  

f u r t h e r  r ec rys ta l l ' i s ed .  
- 

Analysis :  Found, ,..,..,,...........Ct41.3; H.7.3; Ni,10.1% 

NiS N C H 0 r e q u i r e s  ... C,4O.3; H.7.2; Ni,12.3% 2 8 16 3 4  

(assuming LO ) 
pppppp - --- 

NiS2N8C20H400 requ ikes  ... C.43.9; H.7.4; Ni,10.7% 

(assuming L1)- 

Spect ra  : i.r. - s e e  f i g u r e  A . 3  





Aiii. Ni (LO) NO2 (C10,) 
- - 

Preparation: A concentrated blue/violet solution of 

Ni(L1)(C104)2 in acetonitrile was added to an ice-cold solution 
A 

-of sodium nitrite (1.2 mol equivalents) in water. Dark blue 
Q 

crystals of Ni(L0)NO (C10 ) were isolated from this solution 2 
\ 

after several hours at 0 deg C, and they were not further 
8 

recrystallised. 

NiC106N7C14H32.requires C.34.5: H,6.6: Ni,12.0% 
f 

Lassuming LO ) . 
NiC108N7C1SH38 requires C,37.7; H,6.7; Ni,10.2% 

(assuming L1) 

'Spectra : i.r - see figure A. 4 





Aiv. Ni (L2) H20(C104) .3H 0 
A >- - 

-2-2- 

Preparation: When the blue/violet compound Ni(L1) ( ~ 2 1 0 ~ ) ~  

was dissolved in water and allowed to stan$ for a period of 

hours, blue crystals of Ni (L2 ) H20 (C104) . ~ H ~ o  %ere obtainea. 

~nalysis: Found .................. G32.3; H,6.5; Ni,8.6% 

requires, ....... C131.7; H,6.5; Ni,8.6% 
u.v./visible - shows the two peaks - 
characteristic of triplet ground state Ni 2+ 

rrl 2 18,309 cm-l; E = 2-0 mol r n  - -- - -- - - -- 

-1 -1 2 11,300 cm ; E = 1.8 mol m 

i.r. - see figure A.5 





Preparation: A sol ution of Ni (Ll) (C104 1 in methanol was , 
8 % 

room temperature for ca. 24 hours, during - 
which time, orange crystals of N i ( ~ 3 )  (C10412 were deposited. 

These crystals were filtered off and recrystallised from a 

, solution in hot methanol. 
- - a - - - - - - 

. I 

- - L ~  -- ~ ~ ~ - - -  ~ 

A Analysis: Found ...........,........ C,3SS7; H,6.0; Ni,9.5% 

Spectra: u.d/visible - shows a single maximum at 
- - 

22,400 cm-l ( E  = 13.9 rnolym2) consistent with singlet 

2+ ground state Hi . 
i.r, - see figure A. 6. 





~i (L3) (C104). and 

gave an immediate 
i 

A concentrated solution of the orange complex 
2 

sod,ium nit'rite (1.2 mol euuivalents) in water 

lavender-coloured solution of a-Ni(L3)N02(C10d). 

The compound isolate6 from this solution was recrystallised 

from an isopropanol/ace&itrile solvent mixture. 

Analysis: - -- - Found - L  ..-......v.....C,34.8: --- - -  - - --- H,6.5; Nic10.6% 

NiC107N7C19H38 requires .... C,38.8, H,6.5; Ni,10.6% 

Spectra: u.v./visible~ - shows two maxima characteristic of 

triplet =round state ~ i ~ + ,  at 19,800 cm-I and 10,500 cm-I. 

i.r. - see figure 24.7 





A v i i .  2-Ni(L3)N02(C104).4H 0  
2- 

p r e p a r a t i o n :  The orange  complex N i  (L3) (C104) was 

d J s s o l v e d  i n  methanol and added t o  a s o l u t i o n  of  sodium n i t r i t e  

( 1 . 2  mol e q u i v a l e n t s )  i n  methanol.  I n i t i a l  f o rma t ion  o f  a 
6 

l avende r  s o l u t i o n  was observed (presumed t o  be  a-Ni(L3)N02(C104) 
- - - -- - - - 

s e e  beIowf , b u t  i f  t h e  s o l u t i o n  w a s  a l lowed t o  s t a n d  f o r  

+?proximately  one week, b l u e  c r y s t a l s  were o b t a i n e d  which were 

f i l t e r e d  o f f  and r e c r y s t a l l i s e d  from a  h o t  methanol/water  

s o l v e n t  mix ture .  The same b l u e  compound could  be  prepared  from 
i 

d i s s o l u t i o n  of a-Ni (L3)NO (Clod) i n  methanol t o  g i v e  a mix ture  2 

which w a s  a l lowed t o  s t a n d  f o r  s e v e r a l  days .  

Azaalysis: Found .............. C,38.2; H,6.6; N i  10.6% 

N C  H NiC107.5 7  18  37 
r e q u i r e s  ... C,38.2; H,6.6; N i , 1 0 . 4 %  

S p e c t r a :  u , v . / v i s i b l e  - shows two maxima c h a r a c t e r i s t i c  

of t r i p l e t  ground s ta te  ~i*', a t  17 ,200cm-~ and 11,000cm-~.  \ 

i . r .  - see f i g u r e  A . 8 .  





Preparation: When a solution of Ni(L1)(C104)2 in water - was allowed to stand for 2 to 3 days, a.red solution was . d 

formed from which salmon - red crystals were obtained. These 

P 
Analysis: Found ..,...,.............C,36.8; H,5.9; Ni,lO.O% 

NiCl 0 N C H requires C,36.5; H,5.9; Ni,9,9% 2 8 6 1 8 3 4  . 

Spectra: u.v./visible - shows a si@le maximum at 

-1 2 21,500 cm-I ( E  = 4.7 rnol rn ) , characteristic of singlet ground 
2+ state Ni . 

i.r. - see figure A.9. 
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