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The c r y s t a l  and molecular s t r u c t u r e s  of two t e t r a k i s -  

( t ropo1onato)meta l  complexes have been determined from t h r e e -  
J dimensiona1.X-ray d i f f r a c t i o n  i n t e n s i t y  d a t a  c o l l e c t e d  by 

counter  methods on a computer c o n t r o l l e d  P icker  f o u r  c i r c l e  

d i f f r a c t o m e t e r .  

The a c i d  dimer of t e t r a k i s  (tropolonato)scandium(111), 

( H S C T * ) ~ ,  (where T = c ~ H ~ o P - ) ,  c r y s t a l l i z e s  i n  t h e  t r i c l i n i c  
0 '  

space group PT with c e l l  cons tan t s  a  = 1 1 . 6 2 4 ( 3 ) ~ ,  b = 

102 .32(1)" ;  and z,= 2 .  F u l l  mat r ix  l e a s t  squares  refinement of 

t h e  2732 r e f l e c t i o n s  considered t o  be above background gave c 
-. 

f i n a l  R f a c t o r  of 5 .9%.  The molecules e x i s t  a s  centrosymmetri- 

c a l l y  r e l a t e d  hydrogen bonded dimers (0  ... 0  s e p a r a t i o n  of 
J O 

2.484(4)~). Each scandium atbm i s  eight-coordinate; t h e  oxygen 

?' atoms a r e  a t  t h e  v e r t i c e s  of a  polyhedron which i s  b e s t  - 
descr ibed  as  an i r r e g u l a  bicapped t r i g o n a l  prism, d i s t o r t e d  

tcwards a  dodecahedron. The two t ropo lona to  l i g a n d s  involved 

i n  t h e h y d r o g e n  bonding a r e  bonded asymmetrical1;r t o  t h e  metal ,  

snd t h e  d i f f e r e n t  bond l e n g t h  a l t e r n a t i o n  i n  t h e s e  two r i n g s  
P 

r e f l e c t s  the  asymmetric p o s i t i o n  of t h e  hydrogen atom i n  t h i s  

bond.  

The compound ( N ~ T ~  )2 ( ~ 3 0 ~ 1 ~ )  . (CH~CN) c r y s t a l l i z e s  ip t h e  - 
0 

r ,nnoclinic s@ice-group ~2/c- -wi th  c e l l  c o n s t a n t s  a = 1516(1)~, 
0 0 

b = 13.94(1)~, c = 2 5 . 8 5 ( 1 ) ~ ,  p = 95..46(4)", and z = 4 .  A f i n a l  
a 

3 f a c t o r  of 7 . 5 6  was bbta ined  a f t e r  f u l l  mat r ix  l e a s t  squares  . , 



r e f i n e m h t  of t h e  1%51 r e f l e c t i o n s  cons idered  t o  be above back- 
2--- - -- -- 

ground.  The ( ~ 3 0 ~ 1 3 )  an ion  con ta ins  t h e  HZ+ spec ies  hydrogen 

bonded t o  t h e  c h l o r i d e  ions p l a c e d  a t  t he  corners of t h e  base 

I o f  a f l a t t e n e d  pyramid .  A t w o - f o l d  a x i s  passes through one 
\ 

c h l o r i d e  ion and r e l a t e s  t h e  o t h e r  two c h l o r i d e  ions .  The oxygen 

atom i s  d i s o r d e r e d  e i t h e r  s i d e  of t h e  two- fo ld  a x i s  a t  t h e  apex 

o f  the  pyramid.  
9 

The arrangement of the  donor atoms about t h e  c e n t r a l  
4 - 

metal  atom i n  compleyes of t he  type  ~ ( b i d e n t a t e ) ,  has been 

shovm t o  be dependent oh t h k  parameter b : t h e  r a t i o  of t h e  
2 - 

P 

donor atom sepa ra t i on  t o  t h e  metal-donor atom d i s t a n c e .  From 

the  d i f f e r ense s  i n  t h e  c e n t r a l  metal  and i n  t he  charge on t h e  
"1 
1 

( I J ~ T , ) +  and ( s c T + ) -  s p e c i e s ,  one would expect a d i f fe rence  i n  

t h e  geometry of t h e  oxygen atoms, assuming t h e  t ropo lona to  

l i g a n d s  t o  be r i g i d .  However, t h e  average oxygen atom separat ion , . 
t 

+ x i t h i n  t h e  l igands  i n  t h e  ( I V ~ T , )  c a t i o n  i s  s i g n i f i c a n t l y  and 
0 

unexpec ted ly  small (2.432~9 compared t o  t h a t  f o r  t h e  ( s ~ T ~ ) -  
0 

ar,ion (2.501~)) and the  geometries of the  two spec ies  are 

s i ~ L l a r ,  cor responding  q u i t e  c l o s e l y  t o  t h e  arrangement pre-  

d i c t N  %. by t h e o r i e s  of h igh -coord ina t ion .  The most notable 
8 

f e a t u r e 9  of t he  ' P I - ~ o ~  ' polyhedron are  two i n t e r l i g a n d  0 . .  .0 
3 

c o n t a c t s  'which are ve ry  s h o r t  (2,410(14); and 2.467(17);) 

compared t o  o t h e r  i n t e r l i g a n d  con tac t s ,  and occur  between 
- 

oxygen atoms .sflose l o n e  pairs  of e lec t rons  o v e r l a p .  Close con- 
-- - - - - -  - - - - - - 

+ a c t s  i n  t h e  ' S c O E 1  polyhedron and i n  o the r  high-coordinate  

colnplexes a r e  found xhere t h e  geometry would permi t  s imi la r  

over lap  of lone  p a i r s .  This  p a t t e r n  of non-imposed s h o r t  

- i v -  



c o n t a c t s  s u g g e s t s  t h a t  t h e r e  i s  an i n t e r a c t i o n  invo lv ing  t h e  

l o n e  pa i rs  whic,h should be rFcogni&ed when ,predictfonns o fph i&z  

coord ina te  geometry  a r e  made.  
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CHAPTER QNE 

INTRODUCTION 

High-coordinate compounds i n  which t h e  c e n t r a l  metal  

atom i s  bonded t o  seven o r  more non.-metallic l i g a n d  donor atoms 

have been thoroughly re vie wed'^^, with p a r t i c u l a r  emphasis on , 

t h e i r  s t r u c t u r e ,  and more spec i f  i c a l i y  on t h e  geometry e x h i b i t  - 
9 , .  

ed by t h e  l i g a n d  donor atoms. Important t o  t h e  s t a b i l i z a t i o n  of 
0 

many high-coordina te  compounds i s  t h e  c h e l a t e  e f f e c t ,  and it i s  

t h e  meta l  c h e l a t e s  t h a t  form by far  t h e  l a r g e s t  group wi th in  

t h i s  c l a s s  of compounds. The most common donor atoms found i n  

t h e  mult i d e n t a t e  l i g a n d s  a r e  oxygen and n i t r o g e n ,  which s a t i s f y  

one oe t h e  requirements needed t o  achieve h igh-coordina t ion  : 

t h a t  th'&:donor atoms must be smal l  s o  t h a t  l igand- l igand  

r e p ~ l s i o p ~ e a n  be minimised. For t h e  same reason,  t h e  c e n t r a l  
:: % 

m e t a l  atom -must be of s u f f i c i e n t l y  l a r g e -  e f f e c t i v e  r a d i u s .  The 
') 

f i l l i n g  of t h e  d -e lec t ron  l e v e l  a c r o s s  a p e r i o d i c  system causes 
i 

./ 
- z d e e r e l s e  i n  t h e  s i z e  of t h e  metal  ion,  e . g .  T ~ ( T V )  has  an , 1 

0 0 

i o n i c  r a d i u s  of 0.68~ cornpared t o  0.54~ f o r  G ~ ( T v ) ,  with seven 

SnCi e T 3 i  coortIin5.te compounds % 5 l l - k n o ~  f o r - ~ i { m )  b u t  n o t  f o r  

G P ( N )  . On t h e  o t h e r  hand, & ( D l )  ( d l 0 ,  i o n i c  r a d i u s  = 0.71;) 

i s  comparable with ~ i ( l ~ )  i n  s i z e  aqd i n  i t s  a b i l i t y  t o  form 



\ high-coord ina te ' , spec ies  . ~ q u a l l y  kmportant t o  t h e  s t a b i l i z a t i o n  
-- - -- - -- - - -- - * - - -  

of a  h igh-coordina te  complex i s  t h e  h i &  p o s i t i v e  formal, .charge* 

necessa ry  t o  accomodate' t h e  e l e c t r o n s  c o n t r i b u t e d  by e i g h t  
% 

bonding l i g a n d  atoms. 

Comparisons between b i d e n t a t e  l i g a n d s  can be made i n  

terms of t h e i r  r i g i d i t y ,  t h e  c o p l a n a r i t y  ( o r  l a c k  o f )  of t h e  

l i g a n d  atoms, and a l s o  by t h e  separa t ion  of t h e  donor atoms. ?;he 
b 

more cornpact t h e  l i g a n d ,  and t h e  smal l e r  t h e  ' b i t e ' ,  t h e  more- 

e f f e c t i v e  i s  t h e  l i g a n d  i n  genera t ing  h igh-coordina te  complexes. 

Compact l i g a n d s  with smal l  ' b i t e s '  i nc lude  t h e  c-oplenar n i t r a t e  
0 

P 

group ( 0 .  . .0 s e p a r a t i o n  of - 2 .IA), t h e  o x a l a t o  l i g a n d  ( 0 . .  .0 - 
0 - 

3.56~), and t h e  t ropolonato anion C ? H s O a  (hereon abbrev ia ted  

t o  T-) which i s  der ived  from t ropolone ,  and h a s  an 0 .  .:0 separ-  

a t i o n  which i n  p r e v i o u s l y  dete'rmilned s t r u & u r e s  has  ranged from 
0 2 

2 .49  - 2.57A. cons ide rab le  s t a b i l i t y  should be confer red  t o  . 
c h e l a t e s  based on t h i s  l i g a n d  because of t h e  d e l o c a l i s e d  . 

, 
ii - system. In f a c t ,  i h e  l i g h t e s t  cova len t ly  bonded ,eight- 

-coordina te  atbm known i s  scandium i n  t h e  form of t h e  t e t r a k i s -  

(tropolonato)scandium(~~~) anion prepared o r i g i n a l l y  by 

3 M u e t t e r t i e s  and co-workers , along with a s e r i e s  of s i m i l a r  

e igh t -coord ina te  complexes of ~ r ( l Y ) ,  N~(v), ~ ~ ( I I I ) ,  s ~ ( N ) ,  . 

H ~ ( L ? I ) ,  T ~ ( v ) ,  and a l l .  t h e  l an than idq  meta l s .  

Geometry 

rmde up mainly o r  completely of t r i a n g u l a r  f a c e s  a r e  t h e  most 

copRon. T h i s  i s  explz-ined simply by t h e  demands of i n t e r l i g a n d  

in te rac . t ions  : r epu l s ion  f o r c e s  push the -  l i g a n d s  as 



p o s s i b l e  w h i l s t  keep ing  a c o n s t a h t  d i s t a n c e  from t h e  - c e n t r a l  
- - -  - - pp - - 

jrp-O.----; atom. I n  po lyhedra  i n s c r i b e d  i n -  a sphe re ,  morebver, - s t h e  
3 . +. 

average  ed&.  , l e n g t h  , i n i r & s e s  a s  t h e  'number of  Lidks  of t h e  
= _  

d e f i n i n g  powgons  d e c r e a s e s .  1n e i g h t  -coordin-at ion,  t h e  most 

common polyhedra'  observed  a r e  *the dodecahedron, t h e  squa re  
e 

, - a n t i p r i s A  and t h e  bicapped t r i g o n a l  p r i sm.  The l a t t e r  twd can. 
- f 

be o b t a i n e d  by sirfipple deformat ions  pf t h e  dodecahedron and a r e  
7 1 '  . 

themse lves  i n t e r c h a n g e a b l e  by akrnall. deformat ion  ( ~ i ~ u r - 6  la',. 

page 5 ) .  The c r i t e r i a  which d e f i n e  t h e  e x t e n t  of  d i s t o r t i p n ' o f  

a r e a l  geometry from t h e s e  i d e a l  po lyhedra  of t h ~  dodecahedra1 
4 "  c l a s s  have been e s t a b l i s h e d  byrPora i -Koshi t s  and Aslanov . 

They extended t h e  concept  in t roduced '  by Hoard and S i l v e r t o n  5 

of  t h e  i d e a l  dodecahedron and squarem a n t i p r i s m  i n s c r i b e d  i n  a. 

s p h e r e  t o  i n c l u d e  t h e  b icapped  t r i g o n a l  p r i sm.  Parameters  

which v i s u a l l y  character izae  t h e  i d e a l  po lyhedra  can  be c a l c u -  

i a t e d  u s i n g  t h e s s , m o d e l s  and used  i n  comparison w i t h  t h e  

parameters  de te r f i ined  

coo rd ina t e '  

from 

T h i s  

s e c t i o n  4 . 1 .  , 

s t - r u c t u r a l  

comparison 

1 29 For  a compowd of s t o i c h i o m e t r y  

i n v e s t i g a t i o n s  of e i g h t -  

i s  g iven  i n  d e t a i l  in 

f o u r  l i g a n d s  span k q u i v a l e n t  po lyhedra l  edges ,  t h e r e  

1 

where a l l  

a r e  two 

d i f f e r e n t  isomers of-$odecahedral  geometry and two of squa re  
I -* 

j a n t L p r i s m a t i c  geometry; th'ese a r e  shown i n  Figure-  l b  (page 5), 
h e  

>;here t h e  s q u a r e  m t i p r i s m  i s  most c o n v e n i e n t l y  d i s p l a y e d  a l o n g  
- - - - - -  - -- - - - 

- @ :- 

t h e  4 a x i s ,  and t h e  dodecahedrca i s  cons ide red  i n  terms of two 

i 9 t e r p e n e t r a t  i n g ,  m t u a l l y  p e r p e n d i c u l a r  t r a p e z o i d s  . B l i g h t  
6 

and Kepert  have croduced a d e s c r i p t i o n  of t h e  e f f e c t s  of  



P coord ina te  geometry. Neglec t ing  a l l  o t h e r  sources  of r epu l s ion  
. '.+ 

d o r  a t t r a c t i o n ,  the;; found t h a t  t h e  po ten t ' i a l ' .  energy s u r f a c e s  

produced by 1 igar - i - l igand repu l s ion  a r e  c r i t i c a l l y  -dependant 
8 - 

on t h e  parameter b : the' ratio of the  donor atom separa t ion .  t o  

t h e  meta l -domr a t m  d,istance, For d i f f e r e n t  va lues  of  b,  p o t e n t i a l  

energy s u r f a c e s  incorpora t ing  t h e  isomers shown i n  F igure  I b  - 

a r e  gi9en t o g e t h e r  a i t h  s t r u c t u r a l  parameters of t h e  most 

e n e r g e t i c a l l y  fa7rcurabl-ekintermediate geometr ies .  I n  o rde r  t o  
t 

- 

t e s t  the r e s u l t s  of these  c a l c u l a t i o n s ,  the. c r y s t a l  and eL-- 

C 

molecular s t r u c t u r e s  of t x o  t e t r a k i s  ( t ropo1onato)meta l  complexes. 

(:*:here 14 = Sc ad. :TG) have Seen determined. It was expected . . 

t h a t ,  f o r  a f i x e 5  value of the l igand ' b i t e ' ,  t h e r e  would be 

n s i g n i f i c a n t . d > f f e r e n c e  in t h e  value of  b ( p r e d i c t e d  t o  be , 

w 1 .I5 f o r  thde Sc c o x p l e x ,  and w 1.25 f o r  t h e  Nb complex), and 

theref o re  i n  t h e  g e o z e t r ~  of t h e  two speczies . 



1 r i g u r e  la 

capped rr igonal  
Prism 

~ e g u l z r  eight coordinate polyhedra. 
. . 

Square .Antiprism 

- .  
r l g r e  1b : Zterec isomers of the Mtbidentate), system where 

'all t 2 e  bidentates span-equivalent edges. 



2 .1 T-rer,ara.tion cf %he complexes 

The spec i e ;  (ESCT,)~ and ( P J ~ T , ) ~ ( H ~ O C ~ ~ )  . ( C H ~ C N )  were 

> repa rad  according ic the methods r e p o r t e d  by M u e t t e r t i e s  and 

3 r i g h t  For  ( j j ~ c ~ ~ ) ~ ,  scandium c h l o r i d e  (0 .01  mole) was 

d iqso l -{e l  i n  : : z f e~  and added t o  a s o l u t i o n  of t r o p o l o n e  (0.04 

~r e )  r-. -11 i n  e t h a n o l ;  cr ;s :a l l iza t ion was c a r r i e d  ou t  by adding  

a z e 5 m i t r i l e  t c  ;he reaction mixture  and a l l o w i n g  t h e  s o l v e n t  

T-, e- lapora te  s13;:L; s - ~ e r  a number of days .  Small  ye l low 

z r ~ r s t a l s  J were c'&%alned, and one of  approximate  dimensions 

5 .I3 r 0.22 x . L - 2  mounted f o r  t h e  purposes  of d a t a  

n o l l e c t i o n .  

( I . ' ~ T , ) ~  ( ' i2~~1.3) . (cH~c!!) was prepa red  by mixing 8. s o l u -  

L -. b - c -  of n i o b i u z  y e z t e z h l o r i d g  (0 .01  mole) d i s s o l v e d  i n  d i c h l o r o -  

ze thene  (203t.d) e l h e r  (33nlnl) with a s o l u t i o n  of t ropo lone  
t 

(2.74 mcle) i n  d i z h l ~ r c ~ a e t h a n e  (200ml) .  The produc t  s e p a r a t e d  

='c-,-;l;r 207- t h e  ~resuIL,ing orange s o l u t i o n ;  t h e  s o l v e n t  w a s  - - 
e-:i-,;rc'.ad un5er reduced  pressure, and t h e n  a . c e t o n i t r i l e  (400ml)  

- - ?  - C a5Pe;I t o  ,he r e s l d ~ e .  T h i s  was t hen  h e a t e d  u n t i l  s o l u t i o n  

? iZS  ?T.- , le ie .  X3er. c03!ed, br igh t  orange c r y s t a l s  s e p a r a t e d  o u t ,  



-7 - 
- - -  - -- 

u s i n g  a  v a r i e t y  of s o l v e n t s  and mixtures  of s o l v e n t s ,  and under 
- --- 

d i f f e r e n t  cond i t ions  . F i n a l l y ,  a  c r y s t a l  from t h e  o r i g i n a l  

p repara t ion ,  of approxina te  dimensions 0.12 x 0.12 x 0.06 mrn, 
I 

was mounted f o r  t h e  purpose of d a t a  c o l l e c t i o n .  , 

2.2 Pre l iminary  I n v e s t i g a t i o n  

' - The d e t a i l s  and r e s u l t s -  of t h e  p r e l i m i n m y  ' i n v e s t i g a t i o n  

and photography are giveri i n  Table 1 (page 8 ) .  From t h e  

Veissenberg- and p recess ion  photographs taken ( X C U  r a d i a t i o n  : 
0 

X = 1 , 5 4 1 8 ~ ) ,  t h e  c r y s t a l  of the  Sc complex w a s  ass igned 

t r i c l i n i c  Laue symmetry ,  and t h e  Nb complex was ass igned mono- 

c l i n i c  symmetry, with sys temat ic  agsences f o r  h k l ,  h+k = 2n+l 

and h31, 1 = 2n+l,  sugges t ing  t h e  monoclinic space groups Cc 

o r  c ~ / c .  For the .  , c r y s t a l  of t h e  niobium complex, i n t e n s i t i e s  

of even t h e  s t r o n g e s t  r e f l e c t  ions  measured by counter  methods 

were yeak, and a f t e r  cons ide rab le  e f f o r t ,  a new c r y s t a l  ( aga in  

from t h e  f i = t  p r e p a r a t i o n )  o f  approximate dimensions 0.12 x 

9.08 x 0.08 mm was found. This c r y s t a l  was mounted, as in t h e  

case of t~ ( H S C T ~  c r y s t a l ,  

p a r a l l e l  t o  t h e  8 = i s  of t h e  

- weak i n t e n s i t y  d a t a  expected, 

d i f  f r sc torne ter  c o n t r o l  system 

e l g i t  of t h e  nunber of counts  

with , the c  a x i s  approximately 

d i f f r a c t o m e t e r .  In  view of t h e  

t h e  i n t e r f a c e  c i r c u i t r y  on t h e ,  

was modified t o  read  t h e  u n i t s  

f o r  each r e f l e c t i o n .  

Accurate c e l l  dimensions f o r  both " c r y s t a l s  were d e t e r -  
- 

a 

rLned from counter  measurement of t h e  s t r o r ~ g e s t  r e f l e c t i o n s  
- - - - - -- - - - -- - - - - - - - - - - - - - - - - - - - - - 

having 28 > 25"  f o r  ( H S C T ~ ) ~ ,  and 20 > 20" f o r  t h e  Nb complex, 

using d Pick.er FACS-1 conputer  c o n t r o l l e d  f o u r .  c i r c l e  d i f f r a c -  

t o ~ ~ e t e r ,  Mo K radiatlon,and a  take-off  a n g l e  of 1 . O O .  
a1 



?el lo;.; red  

none 
0klJhk0,hkh,hk2h 

hkl, h+k= 2n+l 
h01,1=2n+l 
2/m fl 

--a - 

monoclinic 

c2/c  



( H S C T ~ P  : 

R e f l e c t i o n s  f o r  t h e  unique s e t  of da ta  f o r  s i n g  < 0.4226 

were c o l l e c t e d  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  with p u l s e  he igh t  

analysis . Measurenent was made u s i n g  n iob ium-f i l t e red  molyb- 
0 

denup r a d i a t i o n  ( x : ~ o - Y  = 0 ~ 0 9 2 6 ~ )  and a t ake -o f f  angle  of 3.0;  
a1 

with a symmetrical  6-20 scan of 1 .6 '  base width inc reased  t o  
- - - - - - - 

a l l o x  f o r  d l - &  i i s p e r s i o n .  3ackground counts  of 1 0 s  were 

~ e a s u r e d  a t  both scan l i m i t s .  Af te r  each 70 r e f l e c t i o n s ,  2  

standard r e f l e c t i c n s  were measured-; t h e i r  var-iation w a s  ft - 3.0$ 
C 

over  t h e  e n t i r e  d a t a  c o l l e c t i o n .  The i n t e n s i t i e s  were correc ted .  

for   or en ti and p o l a r i z a t i o n  e f f e c t s ;  absorp t ion  -&as neglec ted  

s i n c e  it was e s t i m t e d  to in t roduce  a maximum e r r o r  of + - 3.0% i n  

t h e  n e t  c o u n t , I .  4212 r e F l e c t i o n s  were measured, of which 2732 
* 

:,;ere considered okser-led ( i . e .  > 2 - 3 0  ) .  . I 

( ? T D T ~ ) ~ ( H ~ C C ~ ~ ) . ( C ~ ~ C N )  : 

~ i f f r a c t  i o n '  d a t a  f o r .  t h i s  complex were c o l l e c t e d  u s i n g  
. - 

nmochromat i s e d  rediat ion  ( g r a p h i t e  monochromat o r ,  A ( M O K ~ ) =  
0 

3.793?5;1, see  Appendix A ) ,  with a take-off  ang le  of 3 . 0 ' .  
%* 

? .ef lec t ions  f o r  t h e  unique s e t  of d a t a  were c o l l e c t e d ;  f o r ' d a t a  

where s ing,< 0.2154, a scan base width of 1.2O w a s  used, and 

f o r  t h e  o u t e r  Gata, ' (0.2164 < s i n e  < 0.3827)~ a base width of 

?r , l ; rL , ,  3: znd .re a e  background counts a t  each end of t h e  

s z m  r m g e  t = s e ~ ?  range, + = t o t a l  backgrdund t ime,  k i s  a s "b 

constant s e t  to 3.23, and I i s  t h e  n e t  count .  
d 



Separate s x a L e s  w e  a s s i - b t h o  i n n e r  ' a d  o u t e r  s h e l l s  of 

data f o r  t h e  purpose of ref inement .  Barkground counts  of 20 s e c .  , 

were measured a t  both scan l i m i t s .  The i n t e n s i t i e s  were co r rec -  

* t e d  f o r  Lorentz and p o l a r i z a t i o n  e f f e c t s ;  absorp t ion  was neglec- 

t e d  s i n c e  it rlras e s t i m t e d  t o  in t roduce  an extreme e r r o r  in F of 

1 . M  . 3601 r e f l e c t i o n s  were measured, 'of which 1666 were 

cons idered  t o  b e  above background ( i . e .  g r e a t e r  than  2.30, see - - 

f o o t h o t e  on page 4 ) .  T'ne maximum value of I recorded dur ing  data 

c o l l e c t i o n  was 17,409 f o r  t h e  113 p lane .  



bas26 cn a l l  d a t z  gave t h e  p o s i t i o n  of t h e  scandium atom and 

se*/en ozygens. 3efinez-m-t of t h e  s c a l e  and t n e s e  atomic 

P ~ l % i  r o j ~ r l e r  syn thes le  re- iealeC.the o t h e r  oxygen and f i v e  carbon 

5 - t s s s .  Three cycl2s  of refinement and subsequent e l e c t r o n  

derisii;. d i f f e r e n c e  aaps  gave t h e  remaining carbon atom pos i -  

4- -' . L ~ ~ i 5 3 .  Eydrogen atorn p o s i t i o n s  (except  f o r  t h e  p r o t o n )  were 

f c x r L C  s f t e r  a further cyc le  of ref inement .  With t h e  non- 

ryurogen atoms r e f i n e d  s n i s o t r o p i c a l l y  and R = 0.062, the  r e -  

~ k i n i n g  proton p M t l & i  was found between oxygen atoms 0 ,  and 
' 

G cn z c e n t r ~ s ; ~ ~ - e t , r i z a l l y  r e l a t e d  molecule.  Because t h e  
0 

G l - S 5 '  se-oaration ?:as ' s o  s h o r t  (2.48A1, a symne t r i ca l  a r range-  

KEC' >;as ass~meri, and t h e  proton was placed a t  t h e  mid-point 

c l  ' t h e  line jo in ink  the  oxygen atoms. Upon ref inement  however, 

t?-e shifts i n d i c a t e d  t h a t  t h i s  >:as not  a v a l i d  assumption, and 

bfp v-.I C. f i n a l  p o s i t i o n  i s  that r e s u l t i n g  from 

. . orr,:nal p a r a i e t e r s  obta ine5  from t h e  d i f f e r e n c e  map. 
, + 

-- ;z:ng . an infier sez  of data,  hydrogen atom p o s i t i o n s _ a n d  

.. u:..A2~Aature ---- -p f a c t c r s ,  t o g e t h e r  w i t Y 1  t h e  p o s i t i o n s  of t h e  carbon --, - , 
-.-.,..-.. 

G ;  ,...+ an5 cjryger, z t c ~  C r  and O3 were r e f i n e d .  Two of t h e  
-- --- - ~- -~ -- ~- - 

0 

- - - - - -  . . y  .-. c.?.pj a c 3 . 4 .  The hydrogen atcmic p o s i t i o n s  and 



alcrig x i t h  a l l  o t h e r  coordina tes  and temperature fa 'c tor  

parameters in t h e  f i n a l  two cycles  of f u l l  ma t r ix  l e a s t  squares  

ref inexent  whieh gsve  an R f a c t o r  of 0.059 f o r  a l l  t h e  observed 

da ta .  In t h e  e a r l y  r e f i z e n e n t ,  cons tan t  u n i t  weights were used; 

i n  t h e  f i n a l  s t a g e s ,  x e i g h t s  (=  l / a 2 ~ )  were g iven  i n  terms of 

gF = c r , ~ / ( ~ p , = i ~ o ) .  k t o r ~ i c  s c a t t e r i n g  f a c t o r s  used were taken  from 

re fe rences  7a and T t ,  arid included c o r r e c t i o n s ,  f o r  anomalous 

d i s p e r s i o n  f o r  t h e  scandium atom ( a f l  = 0.2, A f "  = 0 . 5 ) .  

Crysta l lographzc  computer programs used i n  t h i s  d e t e r -  

n i n a t i o n  [and t h a t  of  the  niobium complex) have been l i s t e d  

8 e l s e - h e r e  . A t a b l e  of t h e  measured 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  f x 10) i s  g i v e r  Ln Appendix B (page 51). F i n a l  atomic 

an3 t h e r ~ a l  motion p a r m e t e r s  a r e  l i s t e d  i n  Table 2 (page 14), 

with a  pe r spec t ive  vies: of t h e  a c i d  dirner shown i n  Figure 2 ' 

(page I?), 

Analysis of t h e  thermal  motion parameters shows t h a t  t h e  
- 

S c T 4  anion  i s  no$ x e l l  descr ibed  i n  terms of r i g i d  body motion 

[ r e f e r e n c e  9 g i v e s  d e t a i l s  of  t h i s  a n a l y s i s ) .  However, each 

g i v e s  good ( r i n g s  and g ive .  

I b e s t  f i t ,  this being c o n s i s t e n t  with t h e i r  reduced thermal 

, r e  r e  - each oxygen a t o n  i s  assumed t o  r i d e  on t h e  Sc atom, 
0 0 

ier@hezs t h e  S c - 3  3 9 2 d  lengths by 0.002A t o  0.  0 0 6 ~  f o r  0r404 
C 

- a r ~ l  5.3353- f o r  '35-r;,. If t h e  Sc and coordinated o e g e n  atoms 



i 
i 
i 

i 
f -13- 

- - - - - - - - -- - t 

' k e r n e l r  were assumed t o f o r m  a r i g i d  body, then the correc-  2 
2 

0 
0 

t i o n s  eiould be O.03lk t o  O.OO)IA. The view adopted of t h e  %h$rnal 
. 

mot'ion i s  - t h a t  t h e  'ScG8I r i d i n g  model g i v e s  t o o  large a 

c o r r e c t  ion  (the oxygen atom moiion n o t  being independent) while 
4 

t h e  1 S c O 8 '  r i g i d  body xodel  is  probably an  underest imate.  In 

( S C - 0 )  a r e  t o o  s h o r t  by any event ,  t h e  uncorrec ted  d i s t a n c e s  

a t  l e a s t  one s t andzrd  e r r o r .  



/ 

-14- 
* 4- 

L - - - -- -- - - 
-ppp---- 

TABLE 2a 
i - - 

+ - 
Fractional Atomic Coordinates (x104, x103 for H) 

9 

in Crystalline ( H S C T ~ )  2. 

 he l e a s t  squares estimated errors are in parentheses) + 

A t o m  Type Coordinates 





TAELE 2b. /' 

Thermal- Hotion Pararn6ters i n  Crystalline ( H S C T ~ )  2 

0 0 

( X I ~ ~ A ~ ,  Fh34~2 f o r  S e )  , 

A t o m  Type 

Isotropl ;? ,  te~r!...perature " a c t  or for t ropolonatc, hydrogen atoms, 
0 .  

U = 0.543, A'. Zei'ined i so t ropLc  temperature factor for H, 
0 





-- 

A t h r e e - d i m E i o n a 1  P ~ ~ s y n t h e s i s  based.  on t h e  

i n n e r  da ta  ( s i n g  c 0 2 1 6 4 )  gave t h e  p o s i t i o n s  of t h e  niobium 

atom and one c h l o r i n e  atom. These parameters were r e f i n e d  

t o g e t h e r  with a s c a l e  f a c t o r  t o  give R = 0.445.  A f o u r i e r  

s y n t h e s i s  gave t h e  e i g h t  oxygen atoms bonded t o  -. t h e  niobium. 

, Three cycles of refinement u s i n g  t h e  f u l l  s e t  of  data '  and 

subsequent electrm denstty -difference maps g m e - a l l  the -tro- - - pa 

polonato  carbon atcm p o s i t i o n s ,  a s  wel l  a s  two prominent peaks 

on t h e  two-fold ax l s  n e a r  t o  t h e  c h l o r i n e  atom, and two o t h e r  
0 

peaks ( a p p r o x i r a t e l 7  2 . 7 A  a p a r t ) ,  one of which was on t h e  two- 

f o l d  a x i s .  Ln t h e  f i r s t  case ,  refinement was cont inued us ing  - / - 
, 

2 -  4' 

a model of ( ~ 3 ~ ~ 1 3 )  with one c h l o r i n e  atom on t h e  two-fold 

a x i s  which r e l a t e d  t h e  o t h e r  two c h l o r i n e  atoms i n  t h e  spec ies  

t o  give t h e  base of a f l a t t e n e d  pyramid. The oxygen atom formed 

t h e  apex of t h i s  +_;-ranid and was d i so rde red  e i t h e r  s i d e  of t h e  
d 

two-fold a x i s .  The o t h e r  two peaks were r e f i n e d  as an ace to -  

n i t r i l e  molecule of c r y s t a l l i z a t i o n ,  d i so rde red  about  t h e  two- + 

f o l d  axis. The extended peak i n  t h e  gene>al p o s i t i o n  was s p l i t  

z o  give  the -Cz?J  group of t h i s  molecule, and-ref inement  of t h i s  

c o d e l  gave reasonable f b a l  atomic parameters and temperature 
b 

f Z Z ~ ~ P S  , The remlniSig hydrogen ztom p o s i t  ions (excluding t hose  
-t 

in t h e  H30 and SHq groups)  were c a l c u l a t e d  with a C-H bond 
C 

l eng th  of 0.526 A ,  596 a l l  hydrogen atoms were ass igned tempera- 
- 

t u r e  f a c t o r s  cf 3.C3-2 k2,  a va lue  based on t h e  r e f i n e d  i s o t r o p i c  

2eriperature f z c t c r s  of t h e  carbon atoms t o  which t h e y  were bonded. 

An R factor of ?.?$ was obtained a f t e r  refinement of all 



- - -  

-1 g- 
- - 

-- 

-- - 

non-hydrogen atom p o s i t i o n a l  and thermal motion parameters,  and 
- -- + with niobium, c h l o r i n e  and oxygen atoms (except  f o r  Os i n  H30 ) 

allorred a n i s c t r o p i c  thermal motion parameters .  The es t imated  

s t andard  d e v i a t i o n  ( s )  of an observat ion  of u n i t  weight was 
3 

1 . 2 3 .  (Where s = ( E  W(*}FQ ( -  IF^ 1 )' / (m-n))*, w a r e  t h e  
. 
-\ 

*- 

counter  weights g i v e n b y  1/ and (m-n) i s  t h e  d i f f e r e n c e  
OF 

between t h e  number o$ in3ependent observat ions  and t h e  number of 

parameters v a r i e d )  . 
A l i s t i n g  of t h e  c o r r e l a t i o n  c o e f f i c i e n t s  i n d i c a t e d  very 

s t r o n g  i n t e r a c t i o n s  'between t h e  s c a l e  f a c t o r s  and niobium t h e r -  

m a l  mot ion p a r a x e t e r s ,  and between p o s i t i o n a l  parameters  of 

bonded atoms; in a l l  t h e r e  were 792 c o r r e l a t i o n  c o e f f i c i e n t s  

with values g r e a t e r  than 0.1 .  G e l l e r  has  po in ted  out t h a t  t h e s e  
f 

c o e f f i c i e n t s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  s t r u c t u r e  model ( e . g .  

v e c t o r  over lap  in t h e  P a t t e r s o n  map), and i t  was assumed t h a t  

t h e  refinement had s topped a t  some kind of ' f a l s e  minimum1. 

Fur the r  evidence f o r  t h i s  came from a comparison of t h e  l e a s t  

squares  e s t i n a t e d  e r r o r s  in t h e  t ropo lona to  bond l e n g t h s ,  and 

t h e  e r r o r s  c a l c u l a t e d  on t h e  b a s i s  of t h e  i n t e r n a l  cons is tency 

x i t h i n  t h e  model. The four t ropo lona to  l i g a n d s  were assumed t o  

t e  a l l  chemically equiva lent  and symrn&'$ically bonded t o  t h e  

zetsi s i n c e  a l l  the niobium-oxygen d i s t a n c e s  were equa l .  Thus, 

f 6 r  a group of n bond l eng ths  w i t h  a mean value 1, t h e  s t a n d a r d  

-- - - - % - -  

3 d e y i a t i o n  (o ) f o r  t h i s  group i s g i y e n - u - a ,  = ( ~ ( l & L ' L ( n - l ) )  , -- 

znd t h e  e s t i r ~ a t e d  s t a n d a r d  dev ia t ion  i n  I i s  .I, whFch i s  given 
1 Y 

cl;- 
= ( ( l n - ) 2 / - ) ) .  Values of os c a l c u l a t e d . i n  t h i s  way 

were a f a c t o r  of t-tio t o  t h r e e  t imes l a r g e r  than  the l e a s t  squares  



i -20 - 
igand s_=reetthe cefforeee 

expressed by va lues  of 
f -  -- 

on t h e  b a s i s  of t h e  l e a s t  squares  

es t imated  e r r o r s .  

An a n a l y s i s  of 7 EwA * values  ind ica ted  sys temat ic  t r e n d s  

which showed t h a t  t h e  s t r o n g  and/or low angle d a t a  were heav i ly  

over-weighted. To achieve an acceptable  weight ing scheme, i t  was 

.considered necessary  t o  i n c r e a s e  t h e  cons tan t  k ( i n  t h e  ex- 
- - - - -- - 

p r e s s i o n  used t o  c a l c u l a t e  o I k t )  t o  down-weight r e f l e c t z o n s  

of t h i s  t y p e .  A f t e r  some a n a l y s i s ,  a  va lue  of k = 0  .O75 was . 

determ5ned as apprcpriate. Refinement . w a s  eont inued u s i n g  t h e  

reprocessed d a t a  (1651 'observedt  r e f l e c t i o n s ) .  Large s h i f t s  

i n  t h e  parameters of t h e  t ropo lona to  l i g a n d s  were observed; t h e  

l e a s t  squares  e s t i m t e d  e r r o r s  i n  t h e  bond l e n g t h s  were h igher  

than  those  f o r  t h e  previous model, and g e n e r a l l y  agreed well  

x i t h  those  e r r o r s  (os )  c a l c u l a t e d  on t h e  b a s i s  of t h e  i n t e r n a l  

cons is tency (which were s l i g h t l y  lower far  t h e  new model). The 
0 

one except ion was t h e  O1 . . .02 donor atom s e p a r a t i o n  ( 2 . 4 7 6 ( 1 5 ) ~ )  

s h i c h  was s i g n i f i c a n t l y l o n g e r  t h a n  those  f o r  t h e  o t h e r  3 l igands  
0 

(mean value of 2 . 4 1 3 ( 8 ) k ) .  A f i n a l  R f a c t o r  of 0.075 based on 

t h e  1651 ' observedt  r e f l e c t i o n s  was obta ined .  A va lue  of s = "--.-. 

1.263 was obtained.  fo r  the  new model; t h i s ,  however, i s  a 

zeasure  of t h e  aSso lu te  r a t h e r  than  t h e  r e l a t i v e  e r r o r  i n  t h e  

2 zodei, anG t h e  even d i s t r i b u t i o n  of t h e  EwA /n v a l u e s  i s  recog- 

* 2 trG , where L = / ?  I - I F , / ,  i s  t h e  func t ion  t h a t  i s  minimised 
0 

i n  t h e  l e a s t  squzres  refinement . 



P 
I 

1 

. I  2 

-21 - - - - - -- -- - i 

matrix s t i l l  *wed some -- l a r g e  -- i n t e r a c t i o n s ,  which would i n d i c -  ! 
A 
1 

k t e  some indeterminancy i n  t h e  s t r u c t u r e .  One c y c l e  of refine- d 
3 

ment u s i n g  t h e  f i n a l  parameters and t h e  2344 r e f l e c t i o n s  > 1 .OD, 3 

3 

however, gave n e g l i g i b l e  s h i f t s ,  i n d i c a t i n g  t h a t  t h e  f i n a l  

model was unchanged when 50% more d a t a  was inc luded i n  t h e  

ref inement .  The va lue  of s f o r  t h i s  refinement was 1.290.  

Atomic s c a t t e r i n g  f a c t o r s  used were taken from re fe rence  
- - - -  - - -  

7,  and included c o r r e c t i o n s  f o r  anomalous d i s p e r s i o n  f o r  t h e  

niobium ( A f  = -2 . I ,  pf" = 0.9) and c h l o r i n e  ( A f t  = 0.1, h f "  = 

0 -2) atoms. A t a b l e  of t h e  measured 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  i s  given i n  Appendix B.  F i n a l  atomic and thermal  motion 

parameters  a r e  given in Tables  3a and 3b (page 2 2 ) .  A p r o j e c t i o n  

of  t h e  u n i t  c e l l  a long  t h e  a a x i s  i s  shown i n  Figure  3 (page 2 5 ) .  



A t o m  Type Coordinates 



r-r' ~ n e  a tcx i i c  2 z r a z e t e r s  of t r o p o l o n a t o  hydrogen atoms, 

xhic'n i iere calculzl',eci using t h e  final carbon atom positions 







CHAPTER FOUR 

DISCUSSION 

4 . 1  The 'MOe ' Polyhedra 

! I  There i s  a  wonderful sentence  i n  

August i n e  : 'Do not  despa i r ,  one of 
the  t h i e v e s  w a s  saved; do n o t  
presume, one of t h e  t h i e v e s  was 

darned.  
- - -- - - - 

- --- A - -- 

That sentence  has  a wonderf i l  shape. 

It i s  t h e  shape t h a t  m a t t e r s .  1 1  

Samuel Beckett  
c - - 

I n  o rde r  t o  e s t a 5 l i s h  a u s e f u l  d e s c r i p t i o n  of t h e  poly- 

hedra def ined  by t h e  e igh t  oxygen donor atoms i n  t h e  two s t r u c -  

3 t u r e s ,  an approach based on c r i t e r i z  e s t a b l i s h e d  by Porai-Koshits 
4 and Aslanov i s  used .  I n  t r e a t i n g  polyhedra of t h e  dodecahedra1 

c l a s s ,  ( t h e  dodecahedron, t h e  square  an t ip r i sm,  and t h e  bicapped 

t r i g o n a l  pr i sm) ,  t h e y  def ined  t h e  s e t  of d i h e d r a l  angles ,  6 ,  

between p a i r s  of f a c e s  which i n t e r s e c t  a long t h e  ' t y p e  B '  edges 

of 2 dodecahedron. These edges can be seen from FJgure 1 (page 5)  

a s  those  which connect v e r t i c e s  ,El ,B2,B3 and B4 a t  which Zive 

edges are j o i n e d .  These correspond t o  oxygen atoms 0,,03 ,&,,and 

G8 i n  t h e  perspective views of t h e  'MOe1 polyhedra shovm i n  
* 

f i g ~ r e  4 (page ,31)'. An a a d i t i o n a l  - c r i t e r i b n  given by Pora i -  

Koshi ts  and Aslano-7 i s  t h e  degree of nan-planar i ty  of &he - - - 

>diagonal t r a p e z o i d s  which c h a r a c t e r i - z e t h e  dodeca, .he&rmn~shape~- - ---- - - 
- - - - pp - --- - -- - -- - - 

n , ~ a ~ o r t i c n s  - from the regular dofiecahedron l e a d  t o  a t w i s t i n g  i n -  

ihese trapezoids, znd t h e  corresponding parameter @ h a s  been 

ca l cc l a t e& f o r  t h q i _ r z ? e z o i d s  (de f ined  by 01, OC, 0 5 ,  o8 and 01, 04, i 



l i s t e d  t o g e t h e r  with va lues  f o r  t h e  'Sc08'  and 'Nb08' polyhedra . 
and t h e  t h r e e  r e g u l a r  polyhedra of t h i s  c l a s s  i n  Table 5a (page 

3 3 ) .  It i s  c le 'a r  from a  comparison of t h e s e  r e s u l t s  t h a t  t h e  

lTdOR' polyhedra are both b e s t  descr ibed  a s  i r r e g u l a r  bicapped 

t r i g o n a l  prisms, d i s t o r t e d  towards a dodecahedron. 

6 
 light and-Kepert have p r o d x e d  a descr ipTion -ef -*he 

e f f e c t  of b i d e n t a t e  l i g a n d s  on e igh t -coord ina t ion  . Neglect ing 

any type of i n t e r a c t i o n  save t h a t  of i n t e r l i g a n d  repu l s ion ,  
- 

t hey  show t h e  dependance of geometry on a parameter b, def ined  

as t h e  r a t i o  of t h e  l i g a n d  b i t e  t o  t h e  metal  t o  d o n ~ r  atom d i s -  1 

t a n c e .  For var ious  va lues  of b, they  give t h e  dimensions of a 

g e n e r a l i s e d  e igh t -coord ina te  s t e reochemis t ry  which i s  p r e d i c t e d  

t o  have t h e  most s t a b l e  c o n f i g u r a t i o n .  The g e n e r a l i s e d  sphere 

is  shoxn i n  Figure  5 (page 3 2 ) ,  and t h e  parameters  of t h e  most i 
, - 

s t a b l e  conf igura t ions  f a r  b = 1.10 and b = 1.15 a r e  given i n  

Table 5b (page 3 3 ) ,  a longs ide  those  parameters  determined f o r  

t h e  ' S c O e l  and 'Xb3,' polyhedra.  Yalues of b f o r  t h e s e  s t r u c -  

t u r e s  were obtained from t h e  mean l i g a n d  b i t e  and mean metal  t o  
J 1 

o:c;gen atoni d i s t a n c e  f o r  each s t r u c t u r e ,  g i v i n g  b = 1 .I3 f o r  

15353 axd 5 = 1.16 f o r  ' H b O &  . The agreement between t h e s e  s e t s  

cf pzraneters i s  seen t o  be q u i t e  ' c lose .  Bond d i s t a n c e s  and 

f .  angles  withLn t h e  I,,.:G mEI polyhedra a r e  given i n  Tables  4a and b 

The n o a t  ' s t r i k k g  f e a t u r e  of t h e  ' X b O s  ' polyhedron i s  

t h 2  -<):id? range cf i r i t e r l igand  9.. .O d i s t a n c e s .  I n  t h e  r e g u l a r  
I 

Z ~ d e c & e 3 r s n ,  t h e  r z t i o  of t h e  l e n g t h  of t h e  ' t y p e  E' edges t o  



t h e  o t h e r  edges ( a l l  of which a r e  e q u i v a l e n t )  i s  1.25; i n  t h e  
- - - - - - 

!NbOe1 polyhedron, t h i s  r a t i o  (based on t h e  i n t e r l i g a n d  d i s -  

t a n c e s )  averages 1.20,  but  v a r i e s  from 1 . I 0  t o  1.40. I n  
0 0 

p a r t i c u l a r ,  t h e  O1 . . .0s ( 2 . 4 l 0 ( 1 4 ) ~ )  and 0 4 .  . .07 ( 2 . 4 6 7 ( 1 7 ) ~ )  

edges a r e  very s h o r t  compared t o  o t h e r  i n t e r l i g a n d  0. .  .0 
0 

d i s t a n c e s  of t h e  same type  (which vary from 2 . 5 0 8 ( 1 5 ) ~  t o  
0 0 

2 . 6 5 4 ( 1 7 ) ~  and average 2 . 6 0 ~ )  . This p a i r  p f  s h o r t  c o n t a c t s  $re  

r e l a t e d  by a n  approximate  (non-crys ta l logFaphic)  Tonic q axis . - 
Such r e s u l t s  cannot be r a t i o n a l i z e d  on t h e  b a s i s  of ' in te r l igand 

r e p u l s i o n  a lone .  The s h o r t e s t  edges conoect t r o p o l o n a t o  l i g a n d s  
- - 

which a r e  arranged i n  such a  way t h a t  t h e  lone  p a i r s  of e l e c t r o n s  

on each of t h e  oxygen atoms involved in t h e  c o n t a c t  ove r l ap  in 

t h e  space between t h e  n u c l e i  of t h e  oxygen atoms. <The niobium 

complex appears  t o  be t h e  most extreme example of a c o r r e l a t i o n  

between s h o r t  i n t e r l i g a n d  0.. -0  d i s t a n c e s ,  and t h e  over lap  of 

lone  p a i r s  of e l e c t r o n s  on ad jacen t  oxygen atoms. Table 6  (page 

34) g ives  a  l i s t  of t h e  s h o r t e s t  i n t e r l i g a n d  c o n t a c t s  11-16 in 

some high-coordina te  complexes con ta in ing  b i d e n t a t e  l i g a n d s  with ' \ 
=- 

oxygen donor atoms. In each case ,  t h e  geometry involved i n  t h e s e  

c o n t a c t s  would allow over lap  of t h e  lone  p a i r s  on t h e  oxygen Q 

a t o m  involved.  Also, it i s  wel l  e s t a b l i s h e d  t h a t  high-coordinate  

complexes bonded t o  oxygen atoms con ta in  empty valence s h e l l  

lone  p a i r s  of e l e c t r o n s  i n t e r a c t  t o  g ive  a bonding and a n t i -  

bonding combination, then  t h i s  i n t e r a c t i o n  w i l l  be a t t r a c t i v e  

i f  t h e r e  i s  an antisy-mmetric~molecular o r b i t a l  which can i n t e r a c t  



with t h e  . t i ~ ~ i i e t ~ i c ~ ~ o n e p a i r  combination. 

It i s  t e n t a t i v e l y  suggested t h a t ,  f o r  t h e  sHort c o n t a c t s  

l i s t e d  i n  Table 6, cond i t ions  e x i s t  i n  t h e  arrangement of t h e  

lbne  p a i r s  and empty meta l  d - o r b i t a l s  f o r  i n t e r a c t i o n s  t o  occur  9 

which would oppose the coulombic r e p u l s i v e  f o r c e ,  t h ? ~ s  

s t a b i l i z i n g  t h e  c o n t a c t .  Such an i n t e r a c t i o n  would need t o  be 

kncluded 5n a n y  theorgr of - those h igh-coordina te  geometrtes-where- -- 

arrangements of lone  p a i r s  could a r i s 2 .  I n  a l l  t h e  cases  l i s t e d  

in T a b l e  6, t h e  l o n e  
- oirs , oxygen atoms and metal  atom 

12 involved i n  t h e  c o n t a c t  a.re approximately p l a n a r .  I n  T3SnC1 , 
0 

two s h o r t  i n t e r l i g z n d  d i s t a n c e s  (2.52~ : r e l a t e d  by an approxi-  

mate, non-crys ta l logrzphic ,  rnol-ecular mi r ro r  p l a n e )  have been 

observed i n  a d d i t i o n  t o  t h a t  l i s t e d  i n  Table  6. One of t h e  

t ropo lona to  l i g a n d s  i s  approximately pe rpend icu la r  t o  t h e  two 

o t h e r ,  n e a r l y  coplanar-19gands.  The lone  p a i r s  on t h e  t h r e e  

oxygen atoms involved i n  t h e  two con tac t s  can s t i l l  be envisaged 

a s  .overlapping,  and a s iz i la r  decrease . in  t h e  coulombic 

r e p u l s i v e  f o r c e s  i s  suggested.  



- -- - 

r n t % r a t o i i i c d i s t a i n  sSand angles in t h e  'MOB polyhedra 
- + of t h e  ScT, a n d  I ~ b ~ 4  i o n s .  

0 

Dis tances  (A) 
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f roa  reference 



Values of' 

polyhedra 

Nb~4+. 

Table 5 

P A  

b and p rag Te-mprXerence 4 ) f o r  r e g u l a r  

of t h e  dodecahedra1 c l a s s ,  f o r  HScT4, and f o r  

Dodecahedron 29.5 29.5 29.5 29.5 0 - 0  

Bicapped Trigonal 
P r i s m  

Square A n t i p r i m  - 0 0 . 52.5 52.5 24.5 24-.5 

b)Argular parameters fcr  b bid en) of in te rmedia te  geometry . 
(from reference 5 ) .  

, Predic ted  va lues  (deg . ) 



i 

Shortes t in teTnmZ~;=i~; :O c o ~ i a c t s - i r r s o l l ! t : ~ l l . ~ l ~ - c ~ t e  
L1 

1 
0 2 

c o r ; ~ l a x e s .  A l so  g iven  a r e  t h e  b i d e n t a t e  l i g a n d  ' b i t e s 1  i n  4 

each comglex, ar.6 t h e  m a n  14-0 d i s t a n c e  f o r  t h e s e  l igands :  

Shortest Ligand 
Int e r l i g z n 2  'Bite! 

Complex contac t s  ( L )  (a) 
Mean 
M - 0  

Reference 

Distance * 

3 Table 4a 

~ r ( 3 : c z l a t ~ ) ~  2.E3 2.55 r e l a t e d  2 .20  
2.51 3 2.58 t o 2 m o r e  --- 

by 2-fo ld  
axis 



4.2 The Tropolonato Ligands 

E a r l i e r  c r y s t a l  s t r u c t u r e s  involv ing  t h i s  l i g a n d  have 
18 been reviewed , and c e r t a i n  sys temat ic s  i n  t h e  l igand  param- 

e t e r s  can be recognised .  The l a b e l l i n g  scheme used i n  t h i s  

d i scuss ion  i s  shown d i a g r a m a t i c a l l y  below : 

The key f e a t u r e s  of t h e  t ropo lona to  l i g a n d  based on 

previous  r e s u l t s  a r e  t h e  fo l lowing.  
Y 

1) There i s  no d i sce rnab le  bond l e n g t h  a l t e r n a t i o n  around t h e  

C 7  r i n g .  

2 )  The C, -C.I d i s t a n c e s  are s i g n i f i c a n t l y  l o n g e r  than  o t h e r  
9 

C-C d i s t a n c e s .  

3)  There i s  a  s e q u e n t i a l  decrease i n  t h e  C-C bond d i s t a n c e s  

from those n e a r e s t  t o  t h e  oxygen atoms t o  t h e  c e n t r a l  C4 

r i n g  a t  om,and i n d i c a t e  symmetrical bonding. 

4) There i s  a renarkable  s i m i l a r i t y  i n  t h e  l i g a n d  

f o r  a wide range of compeunds(e . ~ . N ~ T , F ~ T , , T , T ~  .w) . 
5 )  The range of i n t r a l i g a n d  0 .  . .0 s e p a r a t i o n s  i s  q u i t e  narrow, 

0 

2.490-2 .593A.  - 

- 
?or t h e  ScT, agio& th&pararne_t_ers-f o r  Ligands 3 and 4 ( i a - -  - 

- - - 

those  not  i n v ~ l v e d  i n  t h e  hydrogen bond) can be compared t o  

t h e s e  genera l  r e s u l t s .  The C7 rings in both l i g a n d s  a re  



c7 plane  than  do t h e  carbon atoms ( l e a s t  squares  mean p lanes  a r e  

given i n  Table ga )  . 31 d i scuss ing  s i m i l a r  non-planar l i g a n d s ,  
- say an3 ~ o a r d "  have noted t h a t  because t h e  b i t e  of t h e  

t ropo lona to  ligancl i s  smal l  and t h e r e f o r e  c o n t r i b u t e s  t o  t h e  

lozse  packing of t h e  l igand,  t h e  molecular arrangement i s  suscep- 

t a l e  t~ d i s t o r t i m  i n  t h e  s o l i d  s t a t e  a s  a r e s u l t  of packing 
1 

f o r c e s .  The d i h e d r a l  angles  between t h e  l e a s t  squares  mean planes 

of t h e  C, r i n g s  an< t h e  corresponding Sc02 atoms a r e  12.8" f o r  

l i g z n d  3, and 6.0" f o r  l igand  4. Bond l eng ths  i n  t h e  C7 r i n g s  of 

A -  ~ f i e s e  l igands  follo-+; those  repor ted  f o r  o t h e r  s t r u c t u r e s ,  with a  

stea57 decrease i n  t h e  C - C  l e n g t h  with i n c r e a s i n g  d i s t a n c e  from 

the g z ~ g e n  atoms, and i ~ c i i c a t e  s7ymmetrical bonding. The C1-C7  

dis5ar:ce i s  longes2, %Ts bekg a t t r i b u t e d  t o  t h e  smal l  aromatic  

c t a r z c t e r  i n  t h i s  b o n i ,  and t h e  oxygen atom s e p a r a t i o n s  (2.495(&$, 

2 , 5 ~ b l 1 ) )  a r e  anong t h e  s h o r t e s t  found f o r  t ropo lona to  l igands .  

:arkon-hydrogen d i s t a n c e s  in a l l  f o u r  l igands  a r e  a l l  i d e n t i c a l *  
0 

x i t k i n  t h e  zccuracy of t h e  de terminat ion ,  and average 0.96(3)~. 
- - 
-orLe l eng ths  in the  t ropo lona to  l igands  i n  t h e  S c T ,  anion  a r e  

,... - 6L-,-~rA i n  %ble  7a,  a long x i t h  t h e  average values f o r  previous ly  

4? te r r ? . i~e<  s t r u c t u r e s .  Pond angles  i n  t h e  t ropo lona to  l igands  of 

as e conse2uezce of t h e  hydrogen bond, t h e  l igand  para- - * 

- 
_ . - 2  r s y z z e t r y  o f t t h e  t m d  i s  r e f l e c t e d  i n  t h e  bond l eng ths  around 

--P l o  i s .  The C 7  r i n g  i n  ligalzd 2 has  bond l eng ths  

x h i c ~  a l t e r ~ a t e ,  (the 3 i f f e r e n c e s  being s i g n i f i c a n t ,  s e e  Ta.ble 7 a ) ,  



-37- 
- - - -- - 

- Q 
-- 

z -- 5 ld -- , can S e  e x p l a h e d  by assuming a  bond between t h e  C, and 
- - - - 

-- - - - -  - 

' " a t o ? ~  i:hich l eads  t o  double bond c h a r a c t e r  i n  C , - C 2  ( 1 , 3 3 2 ( 5 ) ) ,  

T 3 - C C  (1.349(7)) and C j - C C  ( 1 . 3 7 ( 2 ) ) ,  and s i n g l e  bond c h a r a c t e r  

in 31-c-7 (1.453(5)), C Z - C S  (1.403(6)), C4-C5 (1.398(7)) and 

C ( 1 . 2 1 ) )  The bond l eng ths  i n  t h e  C7 r i n g  of  l igand  1 

indicate Sonding :.:kith i s  i n t e m e d i a t e  between t h a t  of 2 and t h e  

s j z . . e t r i c a l  l igandz  3 and k. The C7 r i n g  i n  l i g a n d  1 i s  t h e  
- -  - - - - -  - 

only p l a n a r  r i n g  i n  t h e  s t r u c t u r e  (wi th in  o u r  l i m i t s  of e r r o r )  

. , + , - A  .-. A th.;. oxygen a t o r s  ljleced e i t h e r  s i d e  of t h i s  p lane  (as was 

found f o r  t h e  o t h e r  r i r ~ g s ) .  The C7 r i n g  of l igand  2 has t h e  

l z p ~ ~ s  t devia,t ions  fro:^ t h e  l eas t - squares  p lane  f o r  a l l  f o u r  - -3- 

ligands . .- 

3eca;se of t h e  l a r g e  e r r o r s  i n  t h e  parameters of  t h e  f o u r  

+ t ropo lona to  l igands  i n  t h e  i%T4 c a t i o n ,  a r a t h e r  d i f f e r e n t  

appr3aeh i s  tdken i n  their discussion. Shown i n  Table 7b (page40) 
- 

a r e  :he mean values 1 of  t h e  bonds w i t h i n  t h e  l igands  (which a r e  

cczs idered  t o  be c h e r 2 c s l l y  equ iva len t  on t h e  b a s i s  of equal  Nb-0 

2 i s k s n c e s ) ,  D~ ( t h e  s t a r d s r d  d e v i a t i o n  i n  t h i s  mean), and os ( e r r o r  

base2 on t h e  i n t e r n a l  cons is tency of t h e  s t r u c t u r e ;  a s  def ined  i n  

7h3?:er 3 . 2 ) .  The correspondi ry  values of I f o r  a l l  p rev ious ly  

cle'ernined s t r u c t u r e s  involving t h i s  l igand  a r e  a l s o  l i s t e d .  It 

+ 
21.r. te seen  t h a t  t h e  zean va lues  i n  t h e  FbT, c a t i o n  a f e ,  wi th in  

:te error expressed  by c 7 ,  equal  t o  tho  g e n e r a l  mean va lues ,  - 

ezcep' i- t h e  c z s e  of  t h e  C . - p  bond l e n g & h s .  P comparisanaf  Bond - -- 

- - - 

4 

- --- - 
I - - - - 

d 

18 l e n z ~ t s  i n  t h ~ s e  strant:res repor ted -  shows t h a t  i n c r e a s i n g  

szrer.st?, of xi-? ~srplsrin; tor,da i s  accompanied by some lengthen- 

ir.; - ir zi--e 3-3 honi lezgzb, and z l so  a shor ten ing  of t h e  C : - C ,  



l eng ths  (which average 
0 

1 . 4 0 8 ( 1 0 ) ~ )  do n o t  d i f f e r  s i g n i f i c a n t l y  from values  f o r  s t r o n g l y  

c o ~ p l e x i n q  t r o p o l w a t o  ligands as i n  T ~ S ~ C ~ ' ~  ( 1.439( 15);). The 

s h o r t  i n t r a l i g a n d  0. . .0 c c h t a c t s  i n  t h e s e  l igands  have been 

d iscussed  i n  t h e  

cl- laracter izat ion 

l igand  b i t e  rrtust 

Thr'ee of 

prey~ious  s e c t i o n .  It i s  c l e a r  t h a t  the  

of t h e  t ropo lona to  l igand  a s  having a r i g i d  

be recons idered .  
- - - - + 

the  C7 r i n g s  i n  t h e  NbT4 c a t i o n  a r e  s t a t i s t i c -  

a l l y  p l a n a r  ( r e l e v a r t  mean planes  a r e  g iven  i n  Table gb, page 4 3 ) ,  

an5 t h e  f o u r t h  has & i s t o r t i o n s  from p l a n a r i t y  which a r e  n o t  

chexical l j r  s i g n i f i c a n t .  Deviat ions of t he  corresponding oxygen.  
0 

z t o m  a r e  small  (0.?01 t o  0.057 A ) ,  though lazger d e v i a t i o n s  of ' 

0 

t h e  niobium a t o x  (8.099 t o  0.218 A )  are observed. 



Table 72 

Bond lengths i n  the t r o p o l o n a t o  llgands of ( ~ ~ c ~ ~ ) ~ . A l s o  

given  are t h e  nem values  of t h e  same bonds c a l c u l a t e d  

f o r  previously determined s t r u c t u r e s  18919 

P r e v i o u s  
4 (o+ ,06) ~ e a n  
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Table  8 - -- 

-- -- - - 

a > 
- --- - -  - -  - 

Bond angles i n  the t r o p o l o n a t o  l i g a n d s  of (HS~T*)~. 

( d e g r e e s )  
Ligand : 

fingle ?. ? 3 4 



d i scuss ion  of s t r u c t u r e  i n  the a c i d  dimer of tetrnkistropolonato 
i 

scandium. 
\ 

Equations of t h e  L-S pLa,nes 
\ ** 

x2 
P 0.328PX- 0.232OY - 0.915"- 1.2890 = O  3 2 

Q 0.6jgix + 9.7696Y - 0.02862 + 0.2568 =@ 
- --- - - 

133.7 
R 0.5973-x - D.PSS5Y - -0.76772 -%3874 = F 32.9- 

s -0.7502% - 0.6265~ - 0.21152 + 0.4834 = o 60.3 

. Iiigand 1 

L-s plane P 

'I 

* 
,+ f o r  footnotes, see next  page 



Atoxic displacements f rom the l eas t - squares  planes*.relevant t o  
- - - -  - - -- - - -- -- - 

t h e  d i s c u s s i o n  of s t r u c t u r e  in ( N ~ T ~ )  ( ~ ~ 0 ~ 1 ~  ~ ( C H ~ C N )  . 
Equations of t h e  L-s planes  

s -0.894~ - 0 . 3 3 6 ~  - 0.298~ + 7.93 
0 

Displacements (A] 
- & -- A 

Ligand 1 
L - S p l a n e  P 

*';he or thogon i l  systex of axes (x,Y,z) has X along t h e  a-axis, 
Y i n  t h e  ab plane, and Z a long the  c* axis .  

The w i g h t s  used i n  t h e  calmlation of L-S planes are given 
by Wi 3 l ~ i  = 1 - - 

c r 2  u 2 ( x i )  + 0 2 ( y i )  + 2 ( ~ i )  
- >: 2 for a plane 1I.I + mY + nZ -p= 0 for N atoms is  given by 



The e P f e c t  of t h i s  bond on t h e  a s s o c i a t e d  t ropo lona to  

l igands  and the  Sc-0 bond l eng ths  has a l r e a d y  been noted,  and I 

t h e s e  r e s u l t s  i n d i c a t e  c l e a r l y  t h a t  t h i s  bond i s  no t  symmetrical. 

Ibe r s  and t'aniilton20 have publ ished a graph r e l a t i n g  

0 - H  d i s t a n c e  t o  0. , ,0 s e p a r a t i o n  f o r  hydrogen bonds based on 

n e u t h n  d i f f r a c t i o n  data, Their graph has  two disconkinuous . .  - -- - - 

0 

curves - one f o r  s h o r t  0...0 s e p a r a t i o n s  (2.38 - 2 . 5 5 ~ )  where 

t h e  pro ton  i s  s ~ m e t r i c a l l y  placed - t h e  o t h e r  f o r  0 . . . 0  
' a  

0 

s e p a r a t i o n s  of 2,hE - 2 . 8 7 ~  where t h e  pro ton  i s  asymmetr ical ly  
0 

placed.  The 0 . .  .0 s e p a r a t i o n  i n  t h i s  bond i s ,  2.484(4)~ and s o  

f a l l s  i n  the  region  xhere t h e r e  i s  over lap  between both  curves.  
0 

Yhile t h e  0 -H  d i s t a n c e  of l . l - 7 ( 6 ) ~  i s ' w i t h i n  t h e  l i m i t s  of e r r o r  

of e i t h e r  t h e  syrxietr ic  o r  a s y - m e t r i c  curves ,  t h e  d a t a  from t h e  

t ropo lona to  l i g a n d s  i n j i c a t e  very s t r o n g l y  an  a s y m - e t r i c  proton 

p o s i t i o n .  Ibe r s  and 1 3 m i l t o n 1 s  curve i s  shown i n  Figure 6 (page 
.. 

45). m e  C - K . .  . o angle  i s  167(2) ". 
Infrab-red s t r e t c h i n g  f requencies  as a f u n c t i o n  of 

d i s tances  i n  hydrogen bonded systems have been reviewedP1, and 
0 

f o r  an 0. . . 0 s e p a r a t i o n  of 2. %A, an  0 - H  s t r e t c h i n g  frequency of 

1975 cm-I i s  p red ic ted  on t h e  bzsis of o t h e r  r e s u l t s .  The i n f r a -  

r e 2  spec tmm of' t h e  ( F S C ? ? ~ ) ~  a c i d  d h e r  shows a smal l ,  broad 
~? ~ - 1 '=.sr,d a t  1976 c:r; in agreement with t h i s  p r e d i c t i o n .  

--- ~ - ~ - -  - - ---- --- - - ~  ~ - - - - ~- ~ - - - -  - -- -- - -  ----- ~~ - --- -- - -  -- - 

- k - -- - 



F i g u r e  6 - 
- - pp - - 

C-H d i s t a n c e  as a f u n c t i o n  of 0 .  . . O  d i s t a n c e  as determined by 

neu t ron  d i f f r a c t i o n  f o r  a number of compounds c o n t a i n i n g  

9 - H . .  .O bonds.The cu rved  l i n e  r e p f e s e n t s  t h e  b e s t  l e a s t  squa re s  

f i t  t o  t h e  p o i n t a , b u t  t h e .  d e v i a t i o n s  of some of t h e  p o i n t s  a r e  

s i g n i f i c a n t .  Adapted f r o %  r e f e r e n c e  20. 

0 . .  .0 d i s t a n c e  



The a r r angenen t  of a f l a t t e n e d  pyramidal  hydroxonium i b n  
7 ,  

( ~ ~ 5  ) , t r i p l y  bcr~555 ts "ree c h l o r i n e  atoms a t  t h e  v e r t i c e s  of 
0 

t h e -  Lase of t h e  p;rini3 ( 5 . .  .C1 = 2 . 8 7 ( 3 ) ~ )  has been found 
22 

-,revLcllcly in the s5r r i ; z tu res  of hydrogen c h l o r i d e  monohydrate 
id - 

( %  . ..C1 = 2.95(1 )L> snd k s e s i u z  c h l o r i d e  . l /3  hydroxonium b i -  

chi-rL&e (0.. .C1 = 2 .zj2).i)23. It is interesting that - the 



T a b l e  10 

4cnd l e n g t h s  and angles in the (~~0~1~)'- anion and in 

the CH3CM r o l e c u l e  of crystallization in the crystal 

s t r u c t u r e  cf t h e  nio5iu:n zornplex . 

Angles f " )  



s c a n d f u x  c h l o r i d e  xas p u b l i s h e d  i n  Ino rgan ic  ~ I ~ e r n i s t r y , 1 3 , 1 8 8 0 ,  - 
. .- 

(197k) .This struzture m s  cietermined s i m u l t a n e o u s l y  and 
" 

'p 
independently ty J-n?ersoq, Meuman a,nd Nelson,  and was publ i shed  

as' the f o l l o x l n g  pzper.The u n i t  c e l l  used  i n  t h i s  d e t e r m i n a t i o n  
;P 

* i s  r e l a t e d  t o  5 - 1 ~ 5 ~ s  by t h e  t ransforrna3ion : 

The r e s u l t s  ~ f '  t h e  t x o  cr;rsta, l  s t r u c t u r e s  a r e  t h e  same 

: . ; i tKn t h e  1 cf :he c ~ L b J n e d  ' e r r o r s  .The main d i f f e r e n c e s  

a r e  (1) t h e  al2er~z5lsn of bonds in the C7 r i n g  of l i g a n d  2 

(theiy l i g m i i  !;) is not s o  pronounced,and ( 2 )  , t h e  reduced 

A' , c e r ~ z l  motlon of the t r o p o l o n a t e  l i g a n d s  invo lved  i n  t h e  A 

hysrcgen bond Ls r2t s o  appa ren t  from t h e i r  r i g i d  body a n a l y s i s .  

. - 
A. paper  e e s c r l  c i n g  this s t r u c t u r e  was presented a t  the 

+i? - 
A I C . I  . C .  Conference ,he ld  in Regina i n  ~ u n e , 1 9 7 4 .  

The c r y s t a l  s t r u c t u r e  of ( N ~ T , ) ,  (g3O~l3). ( c H ~ C N )  



s c z t t e r i n g  d u e  t o  z s x - c h z r a c t e r i s t i c  r a d i a t i o n  i s  v i r t u a l l y  

e l i r . l ~ a t e 3 .  E:: s l ~ i t z t l e  c h ~ i c e  of the monochromator c r y s t a l  and 

% - r a d i a t i o n ,  the l ~ s s  of i n t e n s i t y  i n  t he  d i f f r a c t e d  beam can 
- 

? e  z i ~ i i i s e d .  k.2 i r c i d e n t  beam monochromator, f i t t e d  with a 

.-ra?k.,lte crystal, -+:as z_c~r? 171 the . c o l l e c t i o n  of d i f f r a c t i o n  S 

3 , * -  \ 
.I&:& ~ T G X  the (I;-LT~, 7 7  .-.3SC!1z! . CX3~1\!) c r y s t a l ,  and s i n c e  t h e  

c r ~ : a ~ . ~ - ~ ~ ~ o n o c h r o ~ s ~ ~ z e 5  r z i i z t i o n  i s  i t s e l f  p a r t i a l l y  po la r i zed ,  

L, . ' ~ r i s  x u s t  be i n c l > ~ < e 5  ,in t h e  p o l a r i z a t i o n  c o r r e c t i o n  t o  t h e  

ir.te:ls;t;. data.  ~f i i s  ";he r e f l e c t i o n  a r g l e  f o r  t h e  beam 
?2 

jr A,- C. j ~ ~ r , i  ,,.., t o  $he g r a p k i l e  cr::sfpl, and 28 i s  the r e f l e c t i o n  k / 
arzle a'; t i i p  s p e c i m ~ ,  t k e  express ion  f o r  the p o l a r i z a t i o n  

Tee progrez  ;se4 ir. t h i s  l abofa t s ry  t o  apply Lorent? 

s - 2  ~ s l z r l z a t l s z  z s r r ? c t l z n s  tc ' r aw '  da ta  was mod- 



t h e  p e r p e n d i c u l a r  component depends op -the electron d e n s i t y  i n  

t h e  p l ane  and on cosc26 ,  the intensity of this component 

d e c r e a s i n g  t o  zero  a s  2a+90•‹. 
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APPENDIX C : STPITCT'TPE FACTOR TABLES FOP ( N b T 4 ) , ( H 3 0 ~ 1 3 ) .  ( c ~ c N ) . .  
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