
' h e ! n u v h

«
5
:
7
.

1
1
.
3
3 i
7
.
.

3 .
. .
:
a .
s . .
.

_ . t . .
S
.

.

fl i
r t
“ .
. .

\ .
B u
t t
- 5 .
3

i
t

fi
r
s
t
?
!

v
I .

I !
\
t

. k
.

0
T
!
(
I
)
.

.
2 %
. .
. .
»
t !

0
" r
i n
g .
. .
a
:

r
!
»
1 .

.
.

h
;

n
.
. .
: .
.

’ \ ' a v '

 

 
 

 
 

 
 

 
  

 



T r i m i s

 

   

L /

9 0 0 !

L I B R A R Y
M i c h i g a n S t a t e
U n i v e r s i t y

T h i s i s t o c e r t i f y t h a t t h e

d i s s e r t a t i o n e n t i t l e d

C Y A N I D E A N D N I T R I L E C O M P O U N D S

W I T H A P P L I C A T I O N S I N

M A T E R I A L S A N D C L U S T E R C H E M I S T R Y

p r e s e n t e d b y

P a u l S . S z a l a y J r .

h a s b e e n a c c e p t e d t o w a r d s f u l fi l l m e n t

o f t h e r e q u i r e m e n t s f o r

P h . D . C h e m i s t r y
  d e g r e e i n

W fi fl m
M a j o r p r o f e s s o r

M W

M S U i s a n A f fi r m a t i v e A c t i o n / E q u a l O p p o r t u n i t y I n s t i t u t i o n 0 - 1 2 7 7 1



P L A C E I N R E T U R N B o x t o r e m o v e t h i s c h e c k o u t f r o m y o u r r e c o r d .

T O A V O I D F I N E S r e t u r n o n o r b e f o r e d a t e d u e .

M A Y B E R E C A L L E D w i t h e a r l i e r d u e d a t e i f r e q u e s t e d .

 

D A T E D U E D A T E D U E D A T E D U E
 

 

 

 

 

 

 

 

 

      
6 / 0 1 c J C i R C / D m e D u e . p 6 5 - p . 1 5



C Y A N I D E A N D N I T R I L E C O M P O U N D S W I T H A P P L I C A T I O N S

I N M A T E R I A L S A N D C L U S T E R C H E M I S T R Y

B y

P a u l S . S z a l a y , J r .

A N A B S T R A C T O F A D I S S E R T A T I O N

S u b m i t t e d t o

M i c h i g a n S t a t e U n i v e r s i t y

i n p a r t i a l f u l fi l l m e n t o f t h e r e q u i r e m e n t s
f o r t h e d e g r e e o f

D O C T O R O F P H I L O S O P H Y

D e p a r t m e n t o f C h e m i s t r y

2 0 0 1

P r o f e s s o r K i m R . D u n b a r



A B S T R A C T

C Y A N I D E A N D N I T R I L E C O M P O U N D S W I T H A P P L I C A T I O N S I N

M A T E R I A L S A N D C L U S T E R C H E M I S T R Y

B y

P a u l S . S z a l a y , J r .

N o v e l t r a n s i t i o n m e t a l c y a n i d e a n d n i t r i l e c o m p o u n d s a r e t a r g e t e d a s

b u i l d i n g b l o c k s f o r t h e s y n t h e s i s o f c l u s t e r s o r m a t e r i a l s t h a t m i g h t e x h i b i t

i n t e r e s t i n g m a g n e t i c p r o p e r t i e s . T h e r e a c t i o n o f M 0 2 C l 4 ( d p p m ) 2 w i t h [ n -

B u 4 N ] [ C N ] p r o d u c e s [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] t h e fi r s t e x a m p l e o f a n

e d g e - s h a r i n g b i o c t a h e d r a l c o m p o u n d o f M o ( I I ) a n d o n l y t h e t h i r d e x a m p l e

o f a s t r u c t u r a l l y c h a r a c t e r i z e d m e t a l - m e t a l b o n d e d c o m p o u n d w i t h t e r m i n a l

c y a n i d e l i g a n d s . I n v e s t i g a t i o n s o f t h e e l e c t r o c h e m i s t r y o f

[ M o z ( C N ) 6 ( d p p m ) 2 ] 2 ' l e d t o t h e i s o l a t i o n o f t h e o n e a n d t w o e l e c t r o n

o x i d a t i o n p r o d u c t s [ M o z ( C N ) 6 ( d p p m ) 2 ] ' a n d M 0 2 ( C N ) 6 ( d p p m ) 2 . A s e r i e s o f

t r a n s i t i o n m e t a l c o m p o u n d s w e r e p r e p a r e d w i t h t h e f a c i a l c a p p i n g l i g a n d 1 -

( h y d r o ) t r i s p y r a z o l y l b o r a t e a n d t h r e e a c e t o n i t r i l e o r c y a n i d e l i g a n d s . T h e

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

i n t h e s e c o m p o u n d s w e r e d e s i g n e d t o a l l o w f o r t h e f o r m a t i o n o f m o l e c u l a r



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

c y a n i d e s c o u l d r e s u l t i n c l o s u r e a n d f o r m a t i o n o f h e t e r o b i m e t a l l i c c u b i c

c l u s t e r s a n d r e a c t i o n s t o t h i s e n d w e r e i n v e s t i g a t e d . T h e a r o m a t i c m o l e c u l e ,

h e x a z a t r i p h e n y l e n e - h e x a c a r b o n i t n ' l e ( H A T - ( C N ) 6 ) , w i t h t r i g o n a l l y d i s p o s e d

c h e l a t i n g s i t e s w a s e x p l o r e d a s a n a l t e r n a t i v e t o c y a n i d e a s a l i n k i n g g r o u p

f o r p a r a m a g n e t i c t r a n s i t i o n m e t a l i o n s . C o n v e n i e n t c h e m i c a l r e d u c t i o n

r o u t e s t o [ H A T - ( C N ) 6 ] ' a n d [ H A T - ( C N ) 6 ] 2 ' h a v e b e e n d e m o n s t r a t e d . T h e

t r a n s i t i o n m e t a l s C o a n d Z n c a n b e u s e d a s r e d u c i n g a g e n t s , b u t i n t h e s e

c a s e s c o m p l e x a t i o n o f t h e m e t a l w i t h t h e r e d u c e d H A T — ( C N ) 6 s p e c i e s o c c u r s

t o y i e l d t h e s o l u b l e p a r a m a g n e t i c c o m p l e x e s M [ H A T — ( C N ) 6 ] 2 ( M = C 0 , Z n ) .

C o m p u t a t i o n a l a n d E P R s p e c t r o s c o p i c s t u d i e s i n d i c a t e [ H A T - ( C N ) 6 ] 2 ' h a s a

t r i p l e t g r o u n d s t a t e e l e c t r o n i c c o n fi g u r a t i o n .



T o m y w i f e S h e l l e y a n d m y s o n C a r t e r .

i v



A C K N O W L E G M E N T S

T h i s w o r k w o u l d n o t h a v e b e e n p o s s i b l e w i t h o u t t h e a s s i s t a n c e a n d

s u p p o r t o f m a n y p e o p l e . F i r s t a n d f o r e m o s t , I h a v e t o t h a n k m y a d v i s o r

P r o f e s s o r K i m R . D u n b a r . I w i l l a l w a y s a p p r e c i a t e h e r p a t i e n c e , s u p p o r t ,

g u i d a n c e , a n d e n t h u s i a s m . F r o m h e r e x a m p l e , I h a v e l e a r n e d m u c h a b o u t

p r o f e s s i o n a l i s m a n d w h a t i t m e a n s t o b e a s c i e n t i s t , t e a c h e r , a n d m e n t o r . M y

t h a n k s g o e s o u t t o t h e m e m b e r s o f m y g u i d a n c e c o m m i t t e e , P r o f e s s o r s

M i t c h S m i t h , R o b M a l e c z k a , a n d G a r y B l a n c h a r d f o r t h e a d v i c e t h e y o f f e r e d

d u r i n g t h e c o u r s e o f m y s t u d i e s . I w o u l d a l s o l i k e t o t h a n k P r o f e s s o r s A a r o n

O d o m a n d J o a n B r o d e r i c k f o r t h e g e n e r o u s u s e o f t h e i r l a b o r a t o r y f a c i l i t i e s .

M y a p p r e c i a t i o n g o e s o u t t o P r o f e s s o r N e d J a c k s o n f o r h i s a s s i s t a n c e i n

o v e r c o m i n g s o m e o f t h e c o m p u t a t i o n a l c h e m i s t r y c h a l l e n g e s t h a t a r o s e

d u r i n g m y r e s e a r c h e f f o r t s . I a m g r a t e f u l f o r t h e h e l p a n d a d v i c e w i t h E P R

s p e c t r o s c o p y p r o v i d e d b y D r . A n d r e w I c h i m u r a . M y t h a n k s g o o u t t o D r .

D o n a l d W a r d f o r h i s X - r a y c r y s t a l l o g r a p h y t u t o r i a l s a n d h e l p w i t h s o m e

d i f fi c u l t s t r u c t u r e s . I w o u l d l i k e t o t h a n k a l l o f t h e m e m b e r s o f t h e D u n b a r

g r o u p , w i t h w h o m I h a d t h e o p p o r t u n i t y t o w o r k . T h e i r f r i e n d s h i p h e l p e d

m a k e m y t i m e a t M i c h i g a n S t a t e a s e n j o y a b l e a s i t w a s f u l fi l l i n g . A s p e c i a l

t h a n k s g o e s o u t t o M a t t P r a t e r f o r h i s k n o w l e d g e a n d p a t i e n c e i n a n s w e r i n g

s o m a n y o f m y q u e s t i o n s d u r i n g t h e e a r l y s t a g e s o f m y g r a d u a t e c a r e e r a n d



J e n n i f e r S m i t h , m y p a r t n e r i n t h e d e v e l o p m e n t o f s o m e o f t h e w o r k

p r e s e n t e d i n t h i s d i s s e r t a t i o n . M y a p p r e c i a t i o n g o e s o u t t o D r . R o d o l p h e

C l é r a c f o r h i s a s s i s t a n c e a n d a d v i c e w i t h m y s t u d i e s o f m a g n e t i s m , D r .

J i t e n d r a B e r a f o r h i s a i d w i t h m y c o m p u t a t i o n a l s t u d i e s , a n d D r . J . R . G a l a n -

M a s c a r o s f o r m a n y h e l p f u l d i s c u s s i o n s . I w o u l d l i k e t o t h a n k B i l l S c a n l o n ,

P e t e L e B a r o n , R a n d y H i c k s , a n d J i m C i s z e w s k i f o r t h e f r i e n d s h i p t h a t w a s

s o h e l p f u l t h r o u g h s o m e o f t h e m o r e d i f fi c u l t t i m e s a s w e l l a s a l l t h e

d i s c u s s i o n s o f t h e i r r e s e a r c h , w h i c h h e l p e d m e d e v e l o p a m o r e b r o a d

u n d e r s t a n d i n g a n d a p p r e c i a t i o n o f s c i e n c e . I w o u l d a l s o l i k e t o a c k n o w l e d g e

t h e s u p p o r t p r o v i d e d b y t h e D e p a r t m e n t o f C h e m i s t r y a t M i c h i g a n S t a t e

U n i v e r s i t y a n d t h e C a r l H . B r u b a k e r E n d o w e d F e l l o w s h i p .

I w o u l d l i k e t o t h a n k m y p a r e n t s f o r g i v i n g m e t h e f r e e d o m t o c h o o s e m y

p a t h a n d t h e m e a n s t o p u r s u e m y d r e a m s . I t i s l a r g e l y t h r o u g h t h e i r

s a c r i fi c e s t h a t I w a s a b l e t o r e a c h t h i s p o i n t . M y a p p r e c i a t i o n g o e s o u t t o m y

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

M y t h a n k s g o o u t t o m y i n - l a w s f o r t h e g e t - a w a y w e e k e n d s a n d h e l p

t a k i n g c a r e o f m y s o n w h e n I n e e d e d t i m e f o r m y s t u d i e s . F i n a l l y , a s p e c i a l

t h a n k s t o m y w i f e S h e l l e y f o r h e r s u p p o r t , e n c o u r a g e m e n t , b o u n d l e s s

p a t i e n c e , a n d a l l t h e s a c r i fi c e s s h e m a d e i n h e l p i n g m e a c h i e v e m y g o a l s .
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5 . 2 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r
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5 . 9 . B o n d a n g l e s [ d e g ] f o r { N i ( H A T ( C N ) 4 O z ( H z O ) 4 } 0 4 H z O ( 2 9 ) . . . . 2 4 7
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t h e p , . + p x 7 t b o n d i n g M D . o f t h e c y a n i d e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 5

3 . 1 1 . R e p r e s e n t a t i o n s o f s e l e c t e d m o l e c u l a r o r b i t a l s f o r ( 3 . 1 )

4 . 1 .

a n d ( 3 . 4 ) a s d e t e r m i n e d b y G a u s s i a n 9 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 8

S c h e m a t i c r e p r e s e n t a t i o n o f t h e a s s e m b l y o f a n e i g h t m e t a l a t o m
m o l e c u l a r b o x . T h e c o r n e r c a p p i n g g r o u p s w e r e o m i t t e d f o r t h e
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S c h e m a t i c r e p r e s e n t a t i o n o f t h e a s s e m b l y o f a t w e n t y m e t a l a t o m
m o l e c u l a r b o x . T h e c o m e r c a p p i n g g r o u p s a n d b i d e n t a t e l i g a n d s

o f t h e e d g e b u i l d i n g b l o c k s w e r e o m i t t e d f o r t h e s a k e o f c l a r i t y . .

T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f N a [ ( T p ) C r C l 3 ] ( 1 3 ) .

A l l a t o m s w e r e r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s

1 4 1

w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5 9

T h e r m a l e l l i p s o i d r e p r e s e n t a t i o n o f t h e m o l e c u l a r a n i o n
[ ( T p ) C r C l 3 ] ' f r o m ( 1 3 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e 5 0 %

l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y . . . . . . . .

T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f ( T p ) M o B r 2 ( T I - I F ) ( 1 5 ) .

A 1 1 a t o m s a r e r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s

w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T h e r m a l e l l i p s o i d r e p r e s e n t a t i o n o f t h e m o l e c u l a r c a t i o n
[ ( T p ) C o ( C H 3 C N ) 3 ] + f r o m ( 1 7 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e
5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f
c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T h e r m a l e l l i p s o i d p l o t o f t h e c a t i o n o f t r a n s -
[ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 0 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e

5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f
c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f
{ ( T p ) C r C 1 2 ( C H 3 C N ) } 2 A g P F 6 - 2 C H 3 C N ( 2 1 ) . A l l a t o m s a r e

r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d

f o r t h e s a k e o f c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f
{ ( T p ) C r C 1 2 ( C H 3 C N ) } 2 T 1 P F 6 - 2 C H 3 C N ( 2 3 ) . A l l a t o m s a r e

r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d

f o r t h e s a k e o f c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4 . 1 0 . T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f V ( T p ) 2 ( 2 4 ) . A l l
a t o m s a r e r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e

r e m o v e d f o r t h e s a k e o f c l a r i t y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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( l ) 8 m e t a l a t o m a n d ( 2 ) 2 0 m e t a l a t o m m o l e c u l a r b o x e s . T h e
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A . T r a n s i t i o n m e t a l c y a n i d e c o m p o u n d s i n s o l i d s t a t e a n d c l u s t e r

c h e m i s t r y

T h e u s e o f t r a n s i t i o n m e t a l p r e c u r s o r s a s b u i l d i n g b l o c k s f o r t h e

p r e p a r a t i o n o f e x t e n d e d s t r u c t u r e s a l l o w s f o r i m p r e s s i v e s t r u c t u r a l d i v e r s i t y

a n d o p e n s u p a w e a l t h o f p o t e n t i a l a p p l i c a t i o n s f o r p o r o u s l , m a g n e t i c z , a n d

c o n d u c t i n g 3 s o l i d s . T r a n s i t i o n m e t a l c y a n i d e s c o n s t i t u t e a c l a s s o f

c o m p o u n d s t h a t h a v e b e e n s i g n i fi c a n t l y i n v o l v e d i n t h e d e v e l o p m e n t o f t h i s

a r e a i n r e c e n t y e a r s . 4

C y a n i d e h a s a r i c h h i s t o r y i n c o o r d i n a t i o n c h e m i s t r y . 4 ’ 5 N e a r l y a l l o f t h e

d — b l o c k m e t a l s a r e k n o w n t o f o r m c y a n o c o m p l e x e s i n w h i c h c y a n i d e h a s

b e e n o b s e r v e d t o a d o p t n u m e r o u s d i f f e r e n t b i n d i n g m o d e s ( F i g u r e 1 . 1 ) .

H o m o l e p t i c a n d m i x e d l i g a n d c y a n i d e c o m p l e x e s w i t h a w i d e r a n g e o f

o x i d a t i o n s t a t e s a n d c o o r d i n a t i o n n u m b e r s r a n g i n g f r o m t w o t o e i g h t a r e

k n o w n . T h e b i d e n t a t e , l i n e a r n a t u r e o f c y a n i d e g i v e s r i s e t o e x t e n d e d

s t r u c t u r e s w i t h 1 D , 2 D , a n d 3 D m o t i f s , t h e e x a c t n a t u r e o f w h i c h d e p e n d s o n

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

c e n t e r s . T h e d i s t a n c e s s p a n n e d b y t h e g r o u p d e fi n e d b y M - C N — M ’ , a r e

t y p i c a l l y i n t h e r a n g e o f 5 . 0 - 5 . 6 A , w h i c h i s s u f fi c i e n t l y l o n g t o a l l o w f o r t h e

f o r m a t i o n o f c a v i t i e s i n t h e s e p o l y m e r i c s t r u c t u r e s . M e t a l c y a n i d e m a t e r i a l s

w i t h v o i d S p a c e s t h a t t r a p i n t e r s t i t i a l s o l v e n t m o l e c u l e s a r e t e r m e d c l a t h r a t e s ,



t h e s e a r e o f t e n r e f e r r e d t o a s i n c l u s i o n c o m p o u n d s . P r o m i n e n t e x a m p l e s

( F i g u r e 1 . 2 ) o f t r a n s i t i o n m e t a l c y a n i d e c l a t h r a t e s a r e t h e H o f m a n n - t y p e

c o m p o u n d s o f t h e g e n e r a l f o r m u l a M ( N H 3 ) 2 M ’ ( C N ) 4 w h e r e M ’ i s s q u a r e

p l a n a r a n d m o d i fi e d H o f m a n n - t y p e c o m p o u n d s i n v o l v i n g r e p l a c e m e n t o f t h e

m o n o d e n t a t e a m m o n i a l i g a n d s w i t h o t h e r l i g a n d s o r s u b s t i t u t i o n o f t h e

s q u a r e p l a n a r m e t a l M ’ ( C N ) 4 u n i t w i t h a t e t r a h e d r a l M ’ ( C N ) 4 g r o u p . 5

I n a d d i t i o n t o f o r m i n g i n t e r e s t i n g e x t e n d e d s t r u c t u r e s w i t h i n c l u s i o n

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

b e t w e e n p a r a m a g n e t i c m e t a l c e n t e r s i s a t o p i c o f m u c h i n t e r e s t . “ ’ 5 T h e

c l a s s i c e x a m p l e o f t h i s a p p l i c a t i o n i s t h e F e I " [ F e " ( C N ) 6 ] o t z O m a t e r i a l

c a l l e d P r u s s i a n B l u e ( P B ) ( F i g u r e 1 . 3 ) , w h i c h p r e c i p i t a t e s a s a d a r k b l u e

s o l i d f r o m t h e c o n d e n s a t i o n r e a c t i o n o f K 4 [ F e ( C N ) 6 ] a n d [ F e ( H z O ) 6 ] [ N O 3 ] 3 .

T h e F e I I I a n d F e I I c e n t e r s f o r m a n e a r l y p e r f e c t c u b i c l a t t i c e l i n k e d b y

c y a n i d e w h e r e i n F e 1 1 i s l i g a t e d b y t h e s t r o n g fi e l d c a r b o n a n d F e I I I i s

c o o r d i n a t e d t o t h e w e a k fi e l d n i t r o g e n e n d o f c y a n i d e . D e s p i t e t h e

1 1 1 c e n t e r s b y t h e d i a m a g n e t i c F e I I c e n t e r s ,s e p a r a t i o n o f t h e p a r a m a g n e t i c F e

P B e x h i b i t s f e r r o m a g n e t i c c o u p l i n g w i t h a C u r i e t e m p e r a t u r e ( T c ) o f 5 . 5 K .

T h e P r u s s i a n B l u e ( P B ) f a m i l y o f c o m p o u n d s h a s e x p a n d e d i n r e c e n t

y e a r s a s r e s e a r c h e r s p u r s u e h i g h T C f e r r o m a g n e t i c m a t e r i a l s ( T a b l e 1 . 1 ) . 4 I n



M — C E N M — C E N — M
( A ) ( B )

N M
/ / \
c , E N
M / / \ I V I M
( C ) ( D )

M \ / M

, C E N - M M — C E N \
M ( E ) ( F ) M

2 C - = — N .
M ( G ) M

M \ [ M \
, C E ‘ I . [ c a r

MM ( H ) M M ( I )

F i g u r e 1 . 1 . C o o r d i n a t i o n m o d e s o f t h e c y a n i d e i o n .



 

c 9 . N 9 .
" 5 N N H ; 3 N N H ;T 3 9 1 3 ; I [ a g e 1 l i f e

. . C S N — i — N z c — N i — c = N - — N i — N = c - — N l — c ; n — I — N E C -

' i I l l
N H ; C N H ; N N “ : N

3 N . H 8 N N H 8N J 3
I I . 9 I s I

- N s c — N i — c = N — N i — — N ; c — N i — C E N — N i — N E C — N i — C E N —

g / . I I I
m N “ ; 2 ‘ . 9 N H ) 9 ‘ . C

N C N C . N

H o f m a n n ' 2 - D m o t i f w i t h s q u a r e p l a n a r N i " ( C N ) 4
a n d o c t a h e d r a l N i " ( N H 3 , ) 2 ( N C ) 2 u n i t s

" M " . " M ‘ = " m = “ i ” 3 .
7 G _ N = . C C ; _ N I — C : g 7 d — N Z ‘ C — N l C ' E fi 7 C d

I ” “ l fi N - g C '
aN , ,

\ “ : - | \ \ = \ \ \ \

7 C d — N = C — ’ - N i — C = - ; C d N - C — ' — ; N I C E N - ; C d —

\ “ _ _ ” I | . \ \ ‘ = C ‘ c = N £ 1

7 — N - C — ’ - N l — C - N 7 C d — N : C — ’ N I — : I

I . n u N E C E N I “ \ \ N ‘ 1 . \ | \ g - N I , \ \ \
( C d — N Z C 7 N I . ‘ C E N ' ; C d — N : C ' — l — C z N ‘ — ” - -

a “ _ “ . I “ _ I . . \ \ _ , , . \ \ \ = l : 2 -
7 C d — N ' : . C c — r ' N I - — C E : S 7 C d — l : l ; ( C : / N I — C : N ’ \

u ‘ 5 - ’ 3 , ' fl u ’ _ . n ‘
— " — N ' " a c — , ~ i — “ “ G E N — ( C H“ s c — r N i — ‘ 0 : — , C d — -

V e r t i c a l p i l l a r i n g o f t h e H o f m a n n 2 - D m o t i f w i t h b i d e n t a t e a m i n e s
d e p i c t e d a s s o l i d , b o l d l i n e s

. . \ \ \

    

 

“ \ = . \ “

o ‘ : ' " N

N " . n ‘ c 5

N E C 7 N f — C E N - 7 C d ;

 

   

S l a n t e d p i l l a r i n g o f t h e H o f m a n n 2 - D m o t i f w i t h b i d e n t a t e a m i n e s
d e p i c t e d a s s o l i d , b o l d l i n e s

F i g u r e 1 . 2 . R e p r e s e n t a t i o n s o f H o f m a n n - t y p e c o m p o u n d s



 
 

 
 

 .1
1

1.
4”

...
314—

-
 
 
 
 
 

F
a
c
e
-
C
e
n
t
e
r
e
d
C
u
b
i
c

T
h
r
e
e
-
D
i
m
e
n
s
i
o
n
a
l
S
o
l
i
d
s

 

 
 

 

.
-
Fe
(I
I)
(C
6
co
or
di
na
ti
on
)

9
-
Fe
(I
II
)
(N
6
co
or
di
na
ti
on
)

  

 

  
 

 
  
 

F
i
g
u
r
e
1.
3.
T
h
r
e
e
d
i
m
e
n
s
i
o
n
a
l
cu
bi
c
st
ru
ct
ur
e
o
f
a
n
id
ea
li
ze
d
Pr
us
si
an
B
l
u
e
(
P
B
)
c
o
m
p
o
u
n
d
.

Fo
r
PB
,
M
=
Fe
II
a
n
d
M
’
=
Fe
m.
Re
pl
ac
in
g
on
e
or
bo
th
of
th
e
F
e
si
te
s
in
P
B
wi
th

p
a
r
a
m
a
g
n
e
t
i
c
me
ta
l
io
ns
ha
s
gi
ve
n
ri
se
to
th
e
P
B
fa
mi
ly
o
f
c
o
m
p
o
u
n
d
s
.



T a b l e 1 . 1 . P r u s s i a n b l u e a n d P B a n a l o g u e s w i t h t h e i r T c v a l u e s .

 

 

C o m p o u n d T c ( K ) M a g n e t i c B e h a v i o r R e f .

V “ 0 , 4 2 v " ‘ 0 , 5 8 [ C r ( C N ) 6 ] 0 , . 6 . 2 . 8 H 2 0 3 1 5 f e r r i 3 7 a

[ C r 5 ( C N ) 1 2 ] . 1 0 H 2 0 2 4 0 f e r r i 3 7 b

[ E t 4 N ] o , 5 M n 1 _ 2 5 [ V ( C N ) 6 ] - 2 H 2 0 2 3 0 f e r r i 3 7 c

C s o . 7 5 [ C r 2 , 1 2 5 ( C N ) 6 ] . 5 H 2 0 1 9 0 f e r r i 3 7 b

C s z M n [ V ( C N ) 6 ] 1 2 5 f e r r i 3 7 c
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[ ( C H 3 ) 4 N ] M n [ C r ( C N ) 6 ] 5 9 f e r r i 3 7 d

M n " [ M n “ ’ ( C N ) , ] . 1 . 1 4 H 2 0 4 8 . 7 f e r r i 3 7 c

K 2 M n [ M n ( C N ) 6 ] 4 1 f e r r i 3 7 c

C s M n [ M n ( C N ) 6 ] - 1 / 2 H 2 0 4 1 f e r r i 3 7 c
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N i 3 [ F e m ( C N ) 6 ] 2 3 . 6 f e r r o 3 7 f

C u 3 [ F e m ( C N ) 6 ] 2 2 0 f e r r o 3 7 g

C o n 3 [ F e m ( C N ) 6 ] 2 1 4 f e r r i 3 7 f

M n n 3 [ F e m ( C N ) 6 ] 2 9 a n t i f e r r o 3 7 c

F e 4 [ F e ( C N ) 6 ] o x H Z O x = 1 4 - 1 6 5 . 5 f e r r o 4



t h e s e n e w c o m p o u n d s , o n e o r b o t h o f t h e F e s i t e s h a s b e e n r e p l a c e d w i t h a

d i f f e r e n t p a r a m a g n e t i c m e t a l i o n ( F i g u r e 1 . 3 ) . T h e o c t a h e d r a l c o o r d i n a t i o n

o f t h e m e t a l s i n t h e s e c u b i c P B t y p e s t r u c t u r e s p r o v i d e s a n o p p o r t u n i t y t o

t e s t t h e p r i n c i p l e o f o r t h o g o n a l i t y t o r e g a r d i n g w h i c h c o m b i n a t i o n s o f

t r a n s i t i o n m e t a l i o n s w i l l l e a d t o t h e g r e a t e s t n u m b e r o f u n p a i r e d S p i n s . T h i s

r e f e r s t o t h e f a c t t h a t u n p a i r e d e l e c t r o n s i n a d j a c e n t m e t a l o r b i t a l s o f

c o m p a t i b l e s y m m e t r y ( t 2 g + t z g o r e g 4 » e g ) c o u p l e a n t i f e r r o m a g n e t i c a l l y

a c r o s s t h e c y a n i d e b r i d g e , w h i l e t h o s e i n o r t h o g o n a l o r b i t a l s ( t z g + c g ) c o u p l e

f e r r o m a g n e t i c a l l y ( F i g u r e 1 . 4 ) . T h i s p r i n c i p l e i s i l l u s t r a t e d i n t h e P B

a n a l o g u e N i " 3 [ F e m ( C N ) 6 ] 2 . 9 T h e t z g s e l e c t r o n s o f F e a r e s t r i c t l y o r t h o g o n a l

t o t h e e g 2 e l e c t r o n s o f N i , c o n s e q u e n t l y t h e y a r e u n a b l e t o c a n c e l a n d

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

T h e o r t h o g o n a l i t y p r i n c i p l e i s t r e m e n d o u s l y u s e f u l b e c a u s e i t e n a b l e s t h e

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

e x t r e m e l y l a r g e m a g n e t i c m o m e n t s . T w o s t r u c t u r a l m o t i f s i n c r e a s i n g l y

c o m m o n i n m e t a l c y a n i d e c h e m i s t r y p r o v i d e a n o p p o r t u n i t y t o a p p l y t h i s

p r i n c i p l e t o r a t i o n a l l y d e s i g n e d p r o d u c t s i n t h e m o l e c u l a r r e g i m e . O n e o f

t h e s e i s m o l e c u l a r s q u a r e s a n d t h e o t h e r i s m o l e c u l a r c u b e s .

M o l e c u l a r s q u a r e s o f f o u r m e t a l s b r i d g e d b y f o u r c y a n i d e s h a v e b e e n

k n o w n s i n c e t h e e a r l y 1 9 0 0 ’ s ( F i g u r e 1 . 5 ) . 6 T h e s e a r e p r e p a r e d f r o m f o u r
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m o n o n u c l e a r p r e c u r s o r s w i t h t w o c i s c h e l a t i n g l i g a n d s ( L - L ) t h a t l e a v e t w o

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

g r o u p s ( L ) .

O n e o u t c o m e o f t h e r e a c t i o n b e t w e e n p r e c u r s o r s o f t h e t y p e [ ( L -

L ) 2 M ( C N ) 2 ] n a n d [ ( L - L ) 2 M ’ ( L ) 2 ] n s p e c i e s i s l o s s o f L l i g a n d s f r o m M ’ a n d

c o o r d i n a t i o n o f t h e N e n d o f t h e c y a n i d e s t o p r o d u c e a m o l e c u l a r s q u a r e .

S q u a r e s f o r o c t a h e d r a l 3 d t r a n s i t i o n m e t a l s h a v e b e e n p r e p a r e d , b u t t h e y a r e

l e s s c o m m o n t h a n s q u a r e p l a n a r 4 d a n d 5 d m e t a l s . 6 I f t h e s a m e m e t a l i s

u s e d f o r a l l f o u r c o r n e r s o f t h e s q u a r e , a n t i f e r r o m a g n e t i c c o u p l i n g w o u l d

e n s u e a n d t h e s t r u c t u r e w o u l d b e d i a m a g n e t i c . B y u s i n g t h e o r t h o g o n a l i t y

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

p o s s i b l e t o p r e p a r e a h e t e r o m e t a l l i c s q u a r e w i t h a n e t m a g n e t i c m o m e n t .

I n d e e d , t h i s w a s d e m o n s t r a t e d b y O s h i o i n t h e p r e p a r a t i o n o f t h e m o l e c u l a r

s q u a r e s [ F e a n u 2 H ( u - C N ) 4 ( b p y ) 6 ] [ P F 6 ] 4 - 2 H 2 0 o 4 C H C 1 3 a n d [ F c 2 " ‘ C u 2 " ( t t -

C N ) 4 ( b p y ) 6 ] [ P F 6 ] 6 o 4 C H 3 C N - 2 C H C 1 3 ( F i g u r e 1 . 6 ) . 6 i M a g n e t i c s u s c e p t i b i l i t y

s t u d i e s r e v e a l e d t h e F e a n u z I I s q u a r e b a s e d o n L . S . F e 1 1 a n d S = 1 / 2 C u 1 1

c e n t e r s t o b e a s i m p l e p a r a m a g n e t w i t h n o n i n t e r a c t i n g C u I I c e n t e r s . T h e

I n c e n t e r s i n a d d i t i o n t o t w o S = 1 / 2 C u I IF e s z u z I I s q u a r e w i t h t w o S = 1 / 2 F e

c e n t e r s e x h i b i t s f e r r o m a g n e t i c c o u p l i n g b e t w e e n t h e t h e o p e n s h e l l F e a n d

C u c e n t e r s w h i c h g i v e s r i s e t o a g r o u n d s t a t e o f S = 2 . 6 i

l l
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I n t h e o r y , i t i s p o s s i b l e t o p r e p a r e m o l e c u l e s w i t h C N ’ b r i d g e s t h a t e x h i b i t

m u c h h i g h e r m o m e n t s i f t h e s t r u c t u r a l m o t i f o f m o l e c u l a r s q u a r e s c o u l d b e

e x t e n d e d i n t o a t h i r d d i m e n s i o n , i . e . t o m o l e c u l a r c u b e s o r b o x e s . M e t a l

c y a n i d e c o m p o u n d s b a s e d o n t h e M 3 ( C N ) 1 2 b u i l d i n g b l o c k c a n b e t h o u g h t o f

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

s t r u c t u r e a n d r e p r e s e n t a v e h i c l e f o r p r o b i n g t h e d i v e r s e i n c l u s i o n a n d

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

T h e l e v e l o f s y n t h e t i c c o n t r o l r e q u i r e d t o a c h i e v e t h e g o a l o f a m o l e c u l a r

c u b e w a s r e c e n t l y d e m o n s t r a t e d i n i n d e p e n d e n t w o r k r e p o r t e d b y R a u c h f u s s

a n d L o n g i n t h e p r e p a r a t i o n a n d c r y s t a l l i z a t i o n o f m o l e c u l a r c u b e s w i t h

c o m e r s c o n s i s t i n g o f e i g h t m e t a l a t o m s w i t h b r i d g i n g c y a n i d e s s p a n n i n g t h e

8 T h e r e m a i n i n g t h r e e c o o r d i n a t i o n s i t e s o n t h e m e t a l a t o m s a r ee d g e s . 7 ’

o c c u p i e d b y t h e f a c i a l c a p p i n g l i g a n d s C p l “ o r t r i a z a c y c l o n o n a n e ( t a c n )

r e s p e c t i v e l y .

T h e r e s e a r c h e f f o r t s o f t h e R a c h f u s s g r o u p f o c u s e d o n m o l e c u l a r b o x

p r e p a r a t i o n f o r t h e p u r p o s e s o f e x p l o r i n g t h e h o s t - g u e s t b e h a v i o r o f t h e s e

s p e c i e s . T h e “ o r g a n o m e t a l l i c b o x ” , [ ( C p ) 4 ( C 5 M e 4 E t ) 4 C o 4 R h 4 ( C N ) 1 2 ] [ P F 6 ] 4

( F i g u r e 1 . 7 ) , w a s c h a r a c t e r i z e d b y s i n g l e c r y s t a l X - r a y d i f f r a c t i o n s t u d i e s

a n d f o u n d t o h a v e f a c e d i a g o n a l d i s t a n c e s o f 7 . 1 a n d 7 . 4 A w i t h a n i n t e r i o r

v o l u m e e s t i m a t e d t o b e 1 3 2 A 3 . 7 T h e c o v a l e n t r a d i i o f t h e c u b e f r a m e w o r k

1 3



p r o h i b i t s a c c e s s t o t h e i n t e r i o r a s e v i d e n c e d b y t h e f a c t t h a t s i x C H 3 C N

m o l e c u l e s a r e l o c a t e d n e a r t h e c u b e f a c e s , b u t a r e n e i t h e r b o u n d t o n o r

i n s e r t e d i n t o t h e c u b e .

T h e i n c l u s i o n c a p a b i l i t i e s o f a m o l e c u l a r a n a l o g u e t o P B w e r e

d e m o n s t r a t e d b y t h e R a u c h f u s s g r o u p w i t h t h e a l k a l i m e t a l t e m p l a t e d

a s s e m b l y o f t h e c y a n o m e t a l l a t e b o x e s

[ E t 4 N ] 3 { M [ ( C p * ) R h ( C N ) 3 ] 4 [ M o ( C O ) 3 ] 4 } ( M = K , C s ) ( F i g u r e 1 . 8 ) . 9 T h e s e

m o l e c u l a r b o x e s f o r m i n s o l u t i o n f r o m t h e r e a c t i o n o f

[ E t 4 N ] [ ( C p * ) R h ( C N ) 3 ] a n d ( C 6 H 3 ( C H 3 ) 3 ) M 0 ( C O ) 3 i n t h e p r e s e n c e o f t h e

r e s p e c t i v e a l k a l i m e t a l c a t i o n . B y i n c o r p o r a t i o n o f t h e l a r g e r M o o a t o m i n

p l a c e o f t h e C o I I I a l l o w s f o r a n e x p a n s i o n o f t h e c u b e s u c h t h a t a l k a l i m e t a l

i n c l u s i o n i s p o s s i b l e . C o m p e t i t i o n e x p e r i m e n t s r e v e a l e d t h e c u b e t o h a v e a

h i g h e r a f fi n i t y f o r C s + t h a n K + t h e r e b y d e m o n s t r a t i n g t h e p o s s i b i l i t y f o r

s e l e c t i v e h o s t - g u e s t c h e m i s t r y f o r t h e s e c y a n o m e t a l l a t e c a g e s .

I n t h e a f o r e m e n t i o n e d w o r k f r o m t h e R a c h f u s s g r o u p , t h e s e l e c t i o n o f

m e t a l s t o u s e a s c u b e c o m e r s w a s m a d e o n t h e b a s i s o f s i z e a n d i n e r t n e s s t o

s u b s t i t u t i o n . T h e d i a m a g n e t i c C o m , R h m , a n d M o 0 c o r n e r s c u b e s d o n o t

c o n f e r a n y m a g n e t i c p r o p e r t i e s o n t h e s e m o l e c u l e s . W o r k i n o u r

l a b o r a t o r i e s a n d i n t h o s e o f L o n g a n d c o w o r k e r s h a v e a l t e r n a t i v e l y f o c u s e d

o n e x t e n d i n g t h e r i c h m a g n e t o c h e m i c a l h i s t o r y o f t h e P B f a m i l y o f

1 4
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c o m p o u n d s t o t h e m o l e c u l a r l e v e l b y p r e p a r i n g h e t e r o m e t a l l i c c y a n i d e c u b e s

w i t h p a r a m a g n e t i c t r a n s i t i o n m e t a l s .

L o n g a n d c o w o r k e r s r e p o r t e d t h e o p e n s h e l l m o l e c u l a r c u b e ,

[ ( t a c n ) g C r 4 C o 4 ( C N ) 1 2 ] [ C F 3 S O 3 ] 1 2 - 8 H 2 0 , f r o m t h e r e a c t i o n o f

[ ( t a c n ) C r ( H 2 0 ) 3 ] [ C F 3 S O 3 ] 3 a n d ( t a c n ) C o ( C N ) 3 . 8 T h e d i a m a g n e t i c a n a l o g ,

[ ( t a c n ) g C 0 8 ( C N ) 1 2 ] [ C F 3 S O 3 ] 1 2 ( F i g u r e 1 . 9 ) , w a s s t r u c t u r a l l y c h a r a c t e r i z e d b y

s i n g l e c r y s t r a l X - r a y d i f f r a c t i o n . 8 X - r a y d a t a f o r t h e C r 4 C o 4 c u b e w e r e n o t

r e p o r t e d , b u t t h e i d e n t i t y o f t h e c l u s t e r w a s c o n fi r m e d b y e l e c t r o s p r a y m a s s

s p e c t r o s c o p y . T h e o p e n - s h e l l C r m i o n s a r e a r r a n g e d i n a t e t r a h e d r o n s u b - s e t

o f t h e c u b e v e r t i c e s s e p a r a t e d b y i n t e r v e n i n g C o I I I i o n s . M a g n e t i c

s u s c e p t i b i l i t y m e a s u r e m e n t s r e v e a l e d a r o o m t e m p e r a t u r e u e f f v a l u e o f 7 . 5 1

B . M . w i t h g = 1 . 9 7 w h i c h i s c o n s i s t e n t w i t h f o u r i s o l a t e d S = 3 / 2 C r I I I i o n s

p e r c u b e .

D e s p i t e t h e l a c k o f e x c h a n g e i n t e r a c t i o n s i n t h e

[ ( t a c n ) g C r 4 C o 4 ( C N ) 1 2 ] [ C F 3 S O 3 ] 1 2 - 8 H 2 0 c u b e , t h i s r e s u l t d e m o n s t r a t e d t h e

o p p o r t u n i t y f o r t h e s e t y p e s o f c o m p o u n d s t o c o n t r i b u t e t o t h e

m a g n e t o c h e m i c a l r e s e a r c h a r e a o f o p e n - s h e l l n a n o s c a l e m o l e c u l e s . 1 0 T h i s

i n t e r e s t s t e m s f r o m t h e d e m o n s t r a t i o n o f a p h e n o m e n o n s i m i l a r t o

S u p e r p a r a m a g n e t i s m i n l a r g e s p i n p a r a m a g n e t i c c l u s t e r s t h a t e x h i b i t

l 7
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m a g n e t i c a n i s o t r o p y . S e v e r a l m i x e d v a l e n c e c l u s t e r s M n c l u s t e r s w i t h

c a r b o x y l a t e b r i d g e s c o n s t i t u t e o n e f a r m e o f c o m p o u n d s w i t h h i g h g r o u n d

s t a t e s p i n v a l u e s t h a t h a v e b e e n p r e p a r e d f o r t h e p u r p o s e s o f i n v e s t i g a t i n g

s i n g l e m o l e c u l e m a g n e t i c p h e n o m e n a ( F i g u r e 1 . 1 0 ) . ” U n f o r t u n a t e l y ,

t r a d i t i o n a l c l u s t e r c h e m i s t r y s u c h a s t h e M n c a r b o x y l a t e c l u s t e r s s u f f e r s

f r o m t h e l i m i t a t i o n t h a t , a p r i o r i , r e l i a b l e p r e d i c t i o n o f t h e s t r u c t u r e a n d

c o m p o s i t i o n o f t h e r e s u l t i n g p r o d u c t s i s o f t e n n o t p o s s i b l e . T h e s y n t h e t i c

c o n t r o l a f f o r d e d b y t r a n s i t i o n m e t a l c y a n i d e c h e m i s t r y a s d e m o n s t r a t e d b y

R a u c h f u s s a n d L o n g p r o v i d e s a p o s s i b l e a n s w e r t o t h i s c h a l l e n g e .

B e s i d e s t h e M n c a r b o x y l a t e s , o t h e r m e t a l - 0 x 0 c l u s t e r s w e r e d i s c o v e r e d t o

e x h i b i t t h e s l o w m a g n e t i c r e l a x a t i o n c h a r a c t e r i s t i c o f s i n g l e m o l e c u l e

m a g n e t i c s ( F i g u r e 1 . 1 0 ) . 1 2 T h i s s l o w r e l a x a t i o n i s a c o n s e q u e n c e o f a n

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

w i t h a c o m b i n a t i o n o f h i g h s p i n , S , a n d n e g a t i v e a x i a l m a g n e t i c a n i s o t r o p y ,

D < 0 . A d i a g r a m o f t h i s d o u b l e - w e l l p o t e n t i a l e n e r g y b a r r i e r f o r

[ V O z ( O z C E t ) 7 ( b p y ) 2 ] + ( S = 3 ) i s d e p i c t e d i n F i g u r e 1 . 1 1 . I n t h i s i n s t a n c e ,

t h e b a r r i e r f o r r e v e r s a l o f t h e m a g n e t i z a t i o n d i r e c t i o n f r o m m 5 = 3 t o m 5 = - 3

i s | 9 | D .

I n o r d e r t o e x p l o r e t h e p o s s i b i l i t y o f u s i n g s u c h m o l e c u l e s a s d a t a s t o r a g e

m e d i a , n e w c l u s t e r s d i s p l a y i n g l a r g e r v a l u e s o f S a n d | D | m u s t b e p r e p a r e d .
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U s i n g o r t h o g o n a l i t y a s a g u i d e , a m a x i m u m o f S = 1 0 i s p o s s i b l e w i t h t h e

e i g h t m e t a l a t o m c u b e m o t i f i f t h e c o m e r s a r e c o m p o s e d o f f o u r m e t a l a t o m s

w i t h t 2 g 3 e l e c t r o n c o n fi g u r a t i o n s a n d f o u r w i t h t z g ‘ s e g 2 c o n fi g u r a t i o n s . T h e

m a g n e t i c a n i s o t r o p y n e c e s s a r y f o r h i g h | D | v a l u e s i s t i e d t o t h e s h a p e o f t h e

c l u s t e r a n d t h e a n i s o t r o p y i n h e r e n t t o t h e m e t a l i o n s ( s i n g l e i o n

” ’ 1 2 S i m p l y p u t , t h e r e q u i r e m e n t s f o r i n c r e a s i n g m a g n e t i ca n i s o t r o p y ) .

a n i s o t r o p y a r e t h e u s e o f m e t a l a t o m s w i t h s i n g l e i o n a n i s o t r o p y ( - D ) a n d

c l u s t e r s h a p e s t h a t a r e n o t h i g h l y s y m m e t r i c a l . W h e t h e r h i g h s y m m e t r y

m o l e c u l a r c u b e s w i l l e x h i b i t s i n g l e m o l e c u l e m a g n e t i c p h e n o m e n a i s a n

o p e n q u e s t i o n , a l t h o u g h t h e h i g h s y m m e t r y c e r t a i n l y i s n o t a g o o d S i g n . A n

i n s u f fi c i e n t n u m b e r o f s i n g l e m o l e c u l e m a g n e t s h a v e b e e n p r e p a r e d t o

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

I n t h e v e i n o f a t t e m p t i n g t o p r e p a r e o p e n - s h e l l h e t e r o m e t a l l i c c u b e s a s

m o l e c u l a r a n a l o g s t o P r u s s i a n B l u e , a n a l t e r n a t i v e s t r u c t u r a l m o t i f f o r a n

e x p a n d e d c u b i c c l u s t e r i s t h a t o f S u p e r P r u s s i a n B l u e ( S P B ) . 4 A s e g m e n t o f

t h e e x p a n d e d c u b e m o t i f i n h e r e n t t o t h e p o l y m e r i c S P D s t r u c t u r e i s

p r e s e n t e d i n F i g u r e 1 . 1 2 . A d d i n g o p e n - s h e l l m e t a l s i n p l a c e o f t h e S n s i t e s

a l o n g t h e e d g e s t o t h e m e t a l s p r e s e n t i n t h e c o m e r p o s i t i o n s w o u l d a l l o w f o r

t h e i n c o r p o r a t i o n o f 2 0 m e t a l a t o m s , t h e r e b y e n a b l i n g h i g h e r s p i n s t a t e s t h a n

w o u l d b e p o s s i b l e w i t h a e i g h t m e t a l a t o m c u b e . A m a x i m u m S v a l u e o f 2 6

2 2
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F i g u r e 1 . 1 2 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e s t r u c t u r e

o f S u p e r P r u s s i a n B l u e
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w o u l d t h e o r e t i c a l l y b e p o s s i b l e i f t h e m e t a l s a l o n g t h e e d g e s h a d t 2 g 3 e l e c t r o n

c o n fi g u r a t i o n s a n d t h e c o m e r m e t a l s h a d t z g ‘ s e g 2 c o n fi g u r a t i o n s . T h e r e i s n o

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

s u b j e c t o f w o r k t h a t w i l l b e d i s c u s s e d i n C h a p t e r I V o f t h i s t h e s i s .

B . M e t a l - m e t a l b o n d e d c o m p o u n d s w i t h c y a n i d e l i g a n d s

D e s p i t e t h e p r o g r e s s i n d e v e l o p i n g t h e c y a n i d e c h e m i s t r y o f t h e t r a n s i t i o n

m e t a l s , o n e a r e a t h a t h a s r e m a i n e d l a r g e l y u n e x p l o r e d i s t h e p r e p a r a t i o n o f

m e t a l - m e t a l b o n d e d c o m p o u n d s w i t h c y a n i d e l i g a n d s . T r a d i t i o n a l l y c y a n i d e

c h e m i s t r y h a s b e e n p e r f o r m e d u n d e r a q u e o u s c o n d i t i o n s . T h i s c o m m o n l y

i n v o l v e s a m e t a t h e t i c a p p r o a c h i n w h i c h t r a n s i t i o n m e t a l h a l i d e s a r e r e a c t e d

w i t h a l k a l i m e t a l c y a n i d e s . I n c a s e s w h e r e t h e s p e c i e s i n v o l v e d w e r e

h y d r o l y t i c a l l y u n s t a b l e , l i q u i d a m m o n i a o r m e t h a n o l m e d i a a r e u s e d . L o w

o x i d a t i o n s t a t e s o f t h e e a r l y t r a n s i t i o n m e t a l s a r e t y p i c a l l y a c c e s s e d b y

s t a r t i n g f r o m t h e h i g h e r o x i d a t i o n s t a t e c o m p o u n d s a n d r e d u c i n g t h o s e e i t h e r

c h e m i c a l l y u s i n g h y d r a z i n e o r a n a l k a l i m e t a l a m a l g a m o r e l e c t r o c h e m i c a l l y

i n t h e p r e s e n c e o f e x c e s s c y a n i d e . S u c h r e a c t i o n c o n d i t i o n s d i f f e r f r o m t h e

m e d i a u s e d t o c o n d u c t r e s e a r c h o n m e t a l - m e t a l b o n d e d c o m p o u n d s . M o s t

d i m e t a l l i c c o m p l e x e s a r e n o t s t a b l e o x i d a t i v e l y o r h y d r o l y t i c a l l y i n s o l v e n t s

s u c h a s w a t e r . I n a d d i t i o n , t h e a l k a l i m e t a l s a l t s o f c y a n i d e a r e v i r t u a l l y
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i n s o l u b l e i n t h e n o n p o l a r , a p r o t i c s o l v e n t s c o m m o n l y u s e d i n m e t a l - m e t a l

b o n d c h e m i s t r y .

T h e e x c l u s i o n o f c y a n i d e a s a r o u t i n e l i g a n d i n m e t a l — m e t a l b o n d

c h e m i s t r y i s , t o a n e x t e n t , u n d e r s t a n d a b l e o n t h e b a s i s o f t h e e l e c t r o n i c s o f

t h e l i g a n d . I t i s i n t u i t i v e t o a s s u m e t h a t t h e l o w - v a l e n t , e l e c t r o n - r i c h

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

a s c y a n i d e , a n d t h e r e i s p r e c e d e n c e i n t h e l i t e r a t u r e t h a t s u p p o r t s t h i s

h y p o t h e s i s . T h e M o z n ' I I c o r e h a s b e e n s h o w n t o u n d e r g o c l e a v a g e i n t h e

p r e s e n c e o f o t h e r n - a c c e p t o r s s u c h a s C O , N O , a n d i s o c y a n i d e s . 1 4 T h e

, 1 . . .
W z n ’ n a n d R e g I I I I I c o r e s h a v e a l s o b e e n s h o w n t o d i s p l a y s m u l a r

1 5 . 1 6 [ 1 1 , 1 1 1
r e a c t i v i t i e s . A n e v e n l e s s r o b u s t d i m e t a l l i c c o r e i s O s z w h i c h i s

k n o w n t o c l e a v e i n s u b s t i t u t i o n r e a c t i o n s w i t h a v a r i e t y o f l i g a n d s . 1 6

D e s p i t e t h e s e d i f fi c u l t i e s , c y a n i d e c h e m i s t r y i s n o t u n k n o w n i n t h e a r e a

o f m e t a l - m e t a l b o n d r e s e a r c h ( F i g u r e 1 . 1 3 ) . T h e r e a c t i o n o f ( C p ) 2 M 0 2 ( C O ) 4

w i t h c y a n i d e , i n t r o d u c e d a s a m e t h a n o l i c s o l u t i o n o f K C N , l e d t o t h e

a d d i t i o n p r o d u c t K [ ( C p ) 2 M o z ( C O ) 4 C N ] . 1 7 T h i s c o m p o u n d c o n s t i t u t e s t h e

fi r s t r e p o r t e d e x a m p l e o f c y a n i d e b i n d i n g i n a s e m i - b r i d g i n g m o d e ( d e p i c t e d

i n ( c ) o f F i g u r e 1 . 1 ) . T h e e q u i v a l e n c y o f a l l t h e C p g r o u p s i n t h e N M R

s p e c t r u m o f t h i s c o m p o u n d r e v e a l e d t h i s b i n d i n g m o d e t o b e fl u x i o n a l i n a
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“ w i n d s h i e l d w i p e r ” f a s h i o n o n t h e N M R t i m e s c a l e . T h e c r y s t a l s t r u c t u r e

w a s r e p o r t e d i n a s u b s e q u e n t p u b l i c a t i o n . 1 8

S i m i l a r r e a c t i v i t y w a s d i s p l a y e d i n s u b s e q u e n t r e a c t i o n s o f

[ M n 2 H ( C H 3 C N ) ( C O ) 5 , ( d p p m ) 2 ] + . 1 9 T h e i n i t i a l r e a c t i o n w i t h a m e t h a n o l

s o l u t i o n o f K C N p r o c e e d e d w i t h d i s p l a c e m e n t o f t h e C H 3 C N l i g a n d t o y i e l d

[ M n 2 H ( C N ) ( C O ) 5 ( d p p m ) 2 ] . T h e s u b s e q u e n t r e a c t i o n o f t h i s c o m p o u n d w i t h

t h e d e c a r b o n y l a t i o n r e a g e n t ( C H 3 ) N O p r o d u c e d [ M n 2 H ( C N ) ( C O ) ( d p p m ) 2 ] .

N e i t h e r o f t h e s e c y a n o p r o d u c t s h a s b e e n s t r u c t u r a l l y c h a r a c t e r i z e d , b u t

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

e x t r a c t i o n p r o d u c t i n t h e s e m i - b r i d g i n g m o d e a s fi r s t o b s e r v e d i n

K [ ( C P ) 2 M 0 2 ( C O ) 4 C N ] -

T h e r e a c t i v i t y o f M 2 ( O R ) 6 ( M = M 0 , W ) c o m p o u n d s w a s i n v e s t i g a t e d

w i t h o n e a n d t w o e q u i v a l e n t s o f [ n - B u 4 N ] [ C N ] i n b e n z e n e a n d f o u n d t o l e a d

t o t h e p r o d u c t s [ n - B u 4 N ] [ M 2 ( C N ) ( O R ) 6 ] a n d [ n - B u 4 N ] 2 [ M 2 ( C N ) 2 ( O R ) 6 ] . 2 °

X — r a y q u a l i t y s i n g l e c r y s t a l s w e r e n o t o b t a i n e d , s o a s s i g n m e n t s o f t h e

c y a n i d e b i n d i n g m o d e s w e r e m a d e s o l e l y o n t h e b a s i s o f i n f r a r e d a n d 1 3 C

N M R s p e c t r o s c o p i c d a t a . T h e m o n o - a d d i t i o n p r o d u c t s w e r e s p e c u l a t e d t o

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

a t o m i n a f a s h i o n a n a l o g o u s t o C O . T h i s a s s i g n m e n t w a s m a d e p r i m a r i l y o n

t h e b a s i s o f N M R e v i d e n c e w h i c h s h o w e d e q u a l c o u p l i n g t o t h e t w o 1 8 3 W
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n u c l e i , a n d b y c o m p a r i s o n t o t h e s t r u c t u r a l c h a r a c t e r i z e d c a r b o n y l a n a l o g

w h i c h h a s C O i n t h e s y m m e t r i c a l b r i d g i n g m o d e , M ( u - C O ) M . W h i l e t h i s

b r i d g i n g m o d e i s c o m m o n f o r C O , t h e r e a r e n o r e p o r t e d e x a m p l e s o f c y a n i d e

b r i d g i n g i n t h i s m a n n e r . T h e k n o w n c y a n i d e b i n d i n g m o d e s a r e p r e s e n t e d i n

F i g u r e 1 . 1 . A m o r e p l a u s i b l e e x p l a n a t i o n i s t h e p r e s e n c e o f c y a n i d e i n t h e

s e m i — b r i d g i n g m o d e w h i c h h a s b e e n s h o w n t o b e fl u x i o n a l o n t h e N M R t i m e

s c a l e 1 7 a n d w o u l d a c c o u n t f o r t h e 1 3 C N M R d a t a o b s e r v e d f o r [ n - B u 4 N ] [

M 2 ( C N ) ( O R ) 6 ] . T h e d i c y a n o a d d u c t s w e r e c l e a r l y f o r m u l a t e d a s c o n t a i n i n g

o n l y t e r m i n a l c y a n i d e s b a s e d o n t h e 1 3 C N M R d a t a w h i c h r e v e a l e d c o u p l i n g

o f t h e c y a n i d e s t o o n l y o n e W n u c l e i .

O n e a d d i t i o n a l e x a m p l e o f a n u n e x p e c t e d s e m i - b r i d g i n g c y a n o c m p o u n d

w a s o b t a i n e d f r o m t h e r e a c t i o n o f [ R h 2 ( N C S ) ( C O ) 2 ( d p p m ) 2 ] C l O 4 w i t h C O

w h i c h y i e l d s [ R h 2 ( l J « - C N ) ( u — C O ) ( C O ) 2 ( d p p m ) 2 ] C 1 0 4 . I n t h i s p r o d u c t , a

b r i d g i n g C O h a s b e e n a d d e d a n d t h e S C N ' g r o u p h a s b e e n c o n v e r t e d t o C N '

. 2 1 T h i s c o m p o u n d w a s s t r u c t u r a l l y c h a r a c t e r i z e d t o c o n fi r m t h e s e m i -

b r i d g i n g c y a n i d e b i n d i n g m o d e .

O n l y t w o s t r u c t u r a l l y c h a r a c t e r i z e d e x a m p l e s o f m e t a l — m e t a l b o n d e d

c o m p o u n d s w i t h t e r m i n a l c y a n i d e s e x i s t , v i z . , [ n - B u 4 N ] 4 [ M 0 2 ( C N ) g ] a n d [ n -

B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] p r e p a r e d i n t h e D u n b a r l a b o r a t o r i e s s e v e r a l y e a r s

a g o ( F i g u r e 1 . 1 4 ) . 2 2 T h e o c t a c y a n o d i m o l y b d a t e a n i o n , [ M 0 2 ( C N ) 3 ] " '
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c o n s t i t u t e s t h e o n l y k n o w n h o m o l e p t i c d i n u c l e a r c y a n i d e c o m p l e x i n t h e

l i t e r a t u r e , a n d t h e d i r h e n i u m c o m p o u n d i s t h e o n l y c y a n i d e c o m p l e x o f t h e

e d g e - s h a r i n g b i o c t a h e d r a l ( E S B O ) t y p e . T h e s e e x a m p l e s n o t w i t h s t a n d i n g ,

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

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

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

v i a s y n t h e s i s a n d s p e c t r o s c o p i c a n d s t r u c t u r a l c h a r a c t e r i z a t i o n o f n o v e l

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

e x p l o r a t i o n o f a l i t t l e d e v e l o p e d a r e a , n a m e l y t h e e x t e n s i o n o f m u l t i p l y

b o n d e d m o l e c u l a r p r e c u r s o r s i n t o s o l i d s t a t e m a t e r i a l s w i t h i n t e r e s t i n g

p r o p e r t i e s . 2 3

C . M a t e r i a l s w i t h o p e n - s h e l l m e t a l s c o o r d i n a t e d t o o r g a n i c a c c e p t o r

r a d i c a l s

A n t i f e r r o m a g n e t i c e x c h a n g e b e t w e e n s t r o n g l y i n t e r a c t i n g m a g n e t i c

c e n t e r s o f u n e q u a l s p i n s i s u s e f u l f o r d e s i g n i n g b u l k m a g n e t i c m a t e r i a l s , a s

e v i d e n c e d b y t h e s u c c e s s o f t h i s a p p r o a c h i n t h e P r u s s i a n B l u e f a m i l y o f

c o m p o u n d s , e . g . V [ C r ( C N ) 6 ] o _ 8 6 w h i c h o r d e r s a t T 0 = 3 1 5 K . T h e s e

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

b u i l d i n g b l o c k s u s i n g m i l d s o l u t i o n m e t h o d s . I n t h e s e a r c h f o r n o v e l

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

i n o r g a n i c a n d o r g a n i c c o m p o n e n t s . M a t e r i a l s w i t h o p e n - s h e l l m e t a l s a n d

o r g a n i c r a d i c a l s c a n h a v e s p i n s o n b o t h t h e i n o r g a n i c a n d o r g a n i c

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

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

N o v e l m o l e c u l a r a n d e x t e n d e d n e t w o r k s c o n s t r u c t e d f r o m o r g a n i c a n d

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

c o n d u c t o r s a n d s u p e r c o n d u c t o r s “ , o p t i c a l l y a c t i v e c o m p o u n d s 2 5 a n d

m a g n e t s . 2 6 F u r t h e r m o r e , t h e v e r s a t i l i t y o f m o l e c u l e - b a s e d m a t e r i a l s a l l o w s

f o r t h e d e s i g n o f “ h y b r i d ” m a t e r i a l s w i t h t h e p o s s i b i l i t y o f t h e c o - e x i s t e n c e

o f p r o p e r t i e s , o r e v e n s y n e r g y b e t w e e n t h e m . 2 7 I n p a r t i c u l a r , m a g n e t i s m h a s

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

m 0 1 e c u l e - b a s e d m a g n e t i c m a t e r i a l s t h a t m i m i c a n d e v e n i m p r o v e o n t h e

p r o p e r t i e s o f c l a s s i c i n o r g a n i c m a g n e t s ( e . g . c r i t i c a l t e m p e r a t u r e s ” , c o e r c i v e

fi e l d s ” ) h a v i n g b e e n r e p o r t e d .

A c o m m o n f e a t u r e o f m o l e c u l e - b a s e d m a g n e t s i s t h e p r e s e n c e o f

p o l y m e r i c n e t w o r k s o f p a r a m a g n e t i c m e t a l s b r i d g e d b y l i g a n d s c a p a b l e o f

p r o m o t i n g m a g n e t i c i n t e r a c t i o n s b e t w e e n t h e l o c a l i z e d d - e l e c t r o n s . I n

a d d i t i o n t o t h e d i f f e r e n t p a t h w a y s f o r m a g n e t i c e x c h a n g e t h r o u g h t h e l i g a n d

( 6 v e r s u s a t ) , i t i s i m p o r t a n t t o c o n s i d e r t h e s i z e o f t h e l i n k e r , w h i c h i s
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t y p i c a l l y i n v e r s e l y r e l a t e d t o t h e s t r e n g t h o f t h e i n t e r a c t i o n . C o n s e q u e n t l y ,

m o s t e x a m p l e s o f m o l e c u l a r - b a s e d m a g n e t s a r e b a s e d o n l i g a n d s c o n s i s t i n g

o f o n l y a f e w a t o m s s u c h a s C N " 3 0 , N ( C N ) 2 ' 3 1 , a n d C 2 0 4 2 - 3 2 . O n e s t r a t e g y

f o r i n d u c i n g s t r o n g e r m a g n e t i c i n t e r a c t i o n s w i t h l o n g e r l i n k e r s i s t o u s e

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

l i g a n d t o i n t e r a c t w i t h t h o s e o f t h e m e t a l s . N o v e l m a g n e t s h a v e b e e n

o b t a i n e d i n t h i s w a y w i t h o r g a n i c a c c e p t o r s s u c h a s T C N E 3 3 , a n d T C N Q 3 4

( F i g u r e 1 . 1 5 ) .

T h e r e a c t i o n o f V ( C 6 H 6 ) 2 w i t h a n e x c e s s o f T C N E p r o c e e d s w i t h

r e d u c t i o n o f t h e T C N E b y t h e V ( C 6 H 6 ) 2 f o l l o w e d b y l o s s o f t h e C 6 H 6 l i g a n d s

t o y i e l d a b l a c k p r e c i p i t a t e w i t h t h e e m p i r i c a l c o m p o s i t i o n

[ V ( T C N E ) X ] . y C H 2 C 1 2 ( x g 2 , y a 1 / 2 ) . 3 3 2 1 T h i s c o m p o u n d h a s a n o r d e r i n g

t e m p e r a t u r e , T C , a b o v e r o o m t e m p e r a t u r e a n d e x h i b i t s h y s t e r e s i s w i t h a

c o e r c i v e fi e l d o f 6 0 G a t r o o m t e m p e r a t u r e . T h e c r i t i c a l t e m p e r a t u r e , i n f a c t ,

e x c e e d s 3 5 0 K , t h e t h e r m a l d e c o m p o s i t i o n t e m p e r a t u r e o f t h e s a m p l e , b u t

w a s e s t i m a t e d t o b e ~ 4 0 0 K b y a l i n e a r e x t r a p o l a t i o n o f t h e m a g n e t i z a t i o n t o

a t e m p e r a t u r e a t w h i c h i t w o u l d v a n i s h . 3 6 a D u e t o t h e s t r u c t u r a l d i s o r d e r a n d

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

s o l u b i l i t y a n d e x t r e m e a i r a n d w a t e r s e n s i t i v i t y , t h e d e t a i l e d s t r u c t u r e o f

[ V ( T C N E ) x ] - y C H 2 C 1 2 h a s y e t t o b e e l u c i d a t e d , b u t t h e p r o p o s e d l o c a l
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b o n d i n g a b o u t e a c h T C N E a n d V c e n t e r i s d e p i c t e d i n F i g u r e 1 . 1 6 .

R e a c t i o n s o f T C N E w e r e c a r r i e d o u t w i t h o t h e r fi r s t r o w t r a n s i t i o n m e t a l s

r e s u l t i n g i n t h e p r e p a r a t i o n o f t h e a n a l o g o u s [ M ( T C N E ) 2 ] c o m p o u n d s o f F e ,

M n , C o , a n d N i . 3 3 C T h e s a t u r a t i o n m a g n e t i z a t i o n , M s , a n d o r d e r i n g

t e m p e r a t u r e s , T c , f o r t h e s e p r o d u c t s a r e p r e s e n t e d i n T a b l e 1 . 2 . T h e s e

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

t e m p e r a t u r e , b u t h y s t e r e s i s w a s o b s e r v e d f o r [ M ( T C N E ) 2 ] ( M = C o , N i )

b e l o w t h e o r d e r i n g t e m p e r a t u r e f o r b o t h ( 4 4 K ) .

B i n a r y t r a n s i t i o n m e t a l c o m p o u n d s o f t h e r a d i c a l T C N Q h a v e b e e n

p r e p a r e d w i t h F e , C o , M n , a n d N i b o t h w i t h c o o r d i n a t e d s o l v e n t ,

M ( T C N Q ) 2 ( S ) 2 , a n d a s s o l v e n t f r e e p h a s e s , M ( T C N Q ) 2 . 3 4 P r e p a r a t i o n i n

w a t e r o r a l c o h o l s l e d t o t w o - d i m e n s i o n a l p o l y m e r s w i t h e x t e n s i v e h y d r o g e n

b o n d i n g a n d n - s t a c k i n g a s e v i d e n c e d b y t h e c r y s t a l s t r u c t u r e o f

M n ( T C N Q ) 2 ( C H 3 O H ) 2 p r e s e n t e d i n F i g u r e 1 . 1 7 . 3 5 T h e T C N Q m o l e c u l e s

e x h i b i t t w o d i f f e r e n t s t r u c t u r a l t y p e s , n a m e l y o - d i m e r s r e s u l t i n g f r o m d i r e c t

C - C b o n d f o r m a t i o n b e t w e e n t w o T C N Q r a d i c a l s a n d f a c e - t o - f a c e n - d i m e r s .

T h e s e c o o r d i n a t e d s o l v e n t p h a s e s e x h i b i t e d o n l y C u r i e - W e i s s

p a r a m a g n e t i s m .

T h e s o l v e n t f r e e p h a s e s , M ( T C N Q ) 2 , w e r e m o r e d i f fi c u l t t o s t r u c t u r a l l y

c h a r a c t e r i z e , b u t w e r e s h o w n t o f o r m n a n o s i z e c r y s t a l s a s j u d g e d b y T E M
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w i t h p o w d e r p a t t e r n s i n d i c a t i v e o f t e t r a g o n a l c r y s t a l s y s t e m s . T h e M n a n d

N i c o m p o u n d s e x h i b i t e d a n i n c r e a s e i n m a g n e t i c s u s c e p t i b i l i t y a t l o w

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

n o t c l e a r - c u t b e c a u s e a . c . m a g n e t i c s u s c e p t i b i l i t y s t u d i e s r e v e a l e d a

f r e q u e n c y d e p e n d e n c e f o r t h e t r a n s i t i o n , w h i c h i s i n d i c a t i v e o f e i t h e r a s p i n -

g l a s s o r s u p e r p a r a m a g n e t i c s t a t e b u t n o t a f e r r o m a g n e t . 3 4 S p i n g l a s s e s a r e

c h a r a c t e r i z e d b y f e r r o m a g n e t i c o r a n t i f e r r o m a g n e t i c i n t e r a c t i o n s t h a t

t h r o u g h s o m e d e g r e e o f r a n d o m n e s s o r c o m p e t i n g i n t e r a c t i o n s c a n n o t

u n d e r g o a p h a s e t r a n s i t i o n o r o r d e r i n g . 3 6 A t t e m p t s t o fi t t h e M n ( T C N Q ) 2

m a g n e t i c d a t a t o t h e A r r h e n i u s l a w g a v e B a a n d v 0 v a l u e s t h a t w e r e t o o l a r g e

t o o h a v e a n y p h y s i c a l m e a n i n g s u g g e s t i n g t h e m a g n e t i c p r o p e r t i e s i n t h e s e

c o m p o u n d s a r e n o t s u p e r p a r a m a g n e t i c i n o r i g i n . H e a t c a p a c i t y

m e a s u r e m e n t s d i d n o t r e v e a l a p e a k i n d i c a t i v e o f t h e p h a s e t r a n s i t i o n o f a

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

c h a r a c t e r i s t i c o f f e r r o m a g n e t s t h a n s p i n g l a s s e s . T h e n a t u r e o f t h e m a g n e t i c

b e h a v i o r o f t h e s e c o m p o u n d s a p p e a r s t o s h a r e c h a r a c t e r i s t i c s o f b o t h s p i n

g l a s s e s a n d f e r r o m a g n e t s . 3 4
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t e t r a c y a n o e t h y l e n e ( T C N E ) E 1 / 2 ( r e d ) = 0 . 3 4 V
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F i g u r e 1 . 1 6 . P r o p o s e d l o c a l b o n d i n g a b o u t e a c h T C N E a n d

V c e n t e r i n [ V ( T C N E ) X ] . y ( C H 2 C 1 2 ) , 3 3 a
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T a b l e 1 . 2 . S a t u r a t i o n m a g n e t i z a t i o n , M S , a n d o r d e r i n g

t e m p e r a t u r e , T C , f o r [ M ( T C N E ) 2 ] ° x C H 2 C 1 2

( M = V , M n , F e , C o , N i ) 3 3 a

 

[ M ( T C N E ) 2 ] ' x C H 2 C 1 2 M S , ( e m u O e r n o 1 - 1 ) a T c . ( K )

v 1 0 , 3 0 0 ~ 4 0 0

M n 1 9 , 0 0 0 1 0 7

F e I 6 , 9 0 0 1 2 1

C 0 8 , 0 0 0 4 4

N i 1 5 , 8 0 0 4 4

 

3 ‘ r e c o r d e d a t 2 K
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C 2 5 ‘ l 'N 3 . . . o . C 2 2 ' " ‘ _ c o

v C “ 0 1 - o
' C 1 0 C 3 C 2 C 1 5 C 2 2 C 2 2 : 4 7 N 8

. C l C 8 N l ‘

C 5 ’ 0 6 c 7 . ( : 7c m c m

" : 2 . . . m

  

( b )

F i g u r e 1 . 1 7 . V i e w s o f t h e s t r u c t u r e o f M n ( T C N Q ) 2 ( C H 3 O H ) 2 :

( a ) a s e g e m e n t o f o n e z i g - z a g c h a i n ( b ) e x t e n d e d

p a c k i n g d i a g r a m p r o j e c t e d d o w n t h e ( 1 a x i s .
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T h i s d i s s e r t a t i o n d e s c r i b e s t h e w o r k r e l a t i n g t o t h e p r e p a r a t i o n o f c y a n i d e

a n d n i t r i l e c o m p o u n d s w i t h a p p l i c a t i o n s i n s o l i d s t a t e a n d c l u s t e r c h e m i s t r y .

S e v e r a l a p p r o a c h e s i n d e v e l o p i n g t h i s c h e m i s t r y w e r e u n d e r t a k e n . T h e fi r s t

a p p r o a c h , d e t a i l e d i n C h a p t e r s 1 1 a n d I I I i s f o c u s e d o n a d v a n c i n g t h e fi e l d o f

c y a n i d e c h e m i s t r y i n t h e a r e a o f l o w v a l e n t m e t a l s t h a t e x h i b i t m e t a l - m e t a l

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

p r e s e n t e d i n C h a p t e r I I . T h e s y n t h e s i s a n d c h a r a c t e r i z a t i o n o f

[ E t 4 N ] 4 [ R e 2 ( C N ) 3 ] , w h i c h i s o n l y t h e s e c o n d r e p o r t e d e x a m p l e o f a d i n u c l e a r

h o m o l e p t i c c y a n i d e c o m p o u n d o f t h e t y p e [ M 2 ( C N ) m ] " ' , i s p r e s e n t e d a l o n g

w i t h d i s c u s s i o n s o f t h e c y a n i d e r e a c t i v i t y o f o t h e r t r a n s i t i o n m e t a l i o n s t h a t

h a v e fi g u r e d p r o m i n e n t l y i n t h e d e v e l o p m e n t o f m e t a l - m e t a l m u l t i p l e b o n d

c h e m i s t r y . C h a p t e r I I I p r e s e n t s t h e n o v e l a n i o n i c e d g e - s h a r i n g -

b i o o c t a h e d r a l ( E S B O ) c o m p o u n d [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' a n d t h e

c o r r e s p o n d i n g o n e a n d t w o - e l e c t r o n o x i d a t i o n p r o d u c t s [ M 0 2 ( C N ) 6 ( d p p m ) -

2 ] 1 ' a n d M 0 2 ( C N ) 6 ( d p p m ) 2 . A c o m p u t a t i o n a l s t u d y o f t h e s e c o m p o u n d s

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

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

i n fl u e n c e o n t h e m e t a l - m e t a l b o n d .
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A n e w f a m i l y o f m o n o n u c l e a r t r a n s t i o n m e t a l c y a n i d e a n d n i t r i l e

c o m p o u n d s p r e p a r e d w i t h t h e f a c i a l c a p p i n g l i g a n d 1 -

( h y d r o ) t r i s p y r a z o l b o r a t e a r e r e p o r t e d i n C h a p t e r I V . T h e s e c o m p o u n d s w e r e

d e s i g n e d f o r t h e p r e p a r a t i o n o f m o l e c u l a r o p e n - s h e l l h e t e r o m e t a l l i c c u b e s .

A n a l t e r n a t i v e t o t r a n s i t i o n m e t a l c y a n i d e b u i l d i n g b l o c k s f o r t h e

p r e p a r a t i o n o f c l u s t e r s a n d e x t e n d e d s y s t e m s i s p r e s e n t e d i n C h a p t e r V . I n

t h e v e i n o f u s i n g o r g a n i c r a d i c a l s t o l i n k t r a n s i t i o n m e t a l i o n s , t h e c h e m i s t r y

o f h e x a z a t r i p h e n y l e n e - h e x a c a r b o n i t r i l e ( H A T - ( C N ) 6 ) w a s e x p l o r e d . T h e

m o l e c u l e H A T - ( C N ) 6 i s a n a r o m a t i c s y s t e m w i t h t h r e e t r i g o n a l l y d i s p o s e d

N - N c h e l a t i n g s i t e s t h a t i s c a p a b l e o f u n d e r g o i n g m u l t i p l e r e v e r s i b l e

r e d u c t i o n p r o c e s s e s . T h e d e l i b e r a t e r e d u c t i o n o f H A T - ( C N ) 6 t o [ H A T -

( C N ) 6 ] ' a n d [ H A T - ( C N ) 6 ] 2 ' a n d t h e r e a c t i v i t y o f t h e s e r e d u c e d s p e c i e s w i t h

t r a n s t i o n m e t a l s w i l l b e p r e s e n t e d .
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V . ; H u p p , J . T . ; S t e r n , L . C . ; A l b r e t c h - S c h m i d t , T . E . ; I n o r g . C h e m .

1 9 9 6 , 3 5 , 4 0 9 6 . ( d ) S t a n g , P . J . ; O l e n y u k , B . A c c . C h e m . R e s . 1 9 9 7 , 3 0 ,

5 0 2 . ( e ) O l e n y u k , B . ; F e c h t e n k o t t e r , A . ; S t a n g , P . J . J . C h e m . S o c .

D a l t o n T r a n s . 1 9 9 8 , 1 7 0 7 . ( f ) H u p p , J . T . C o o r d . C h e m . R e v . 1 9 9 8 , 1 7 1 ,

2 2 1 . ( g ) B e n k s t e i n , K . D . ; H u p p , J . T . ; S t e r n , L . C . I n o r g . C h e m . 1 9 9 8 ,

3 7 , 5 4 0 4 . ( h ) W o e s s n e r , S . M . ; H e l m s , J . B . ; S h e n , Y . ; S u l l i v a n , B . P .

I n o r g . C h e m . 1 9 9 8 , 3 7 , 5 4 0 6 . ( i ) O s h i o , H . ; T a m a d a , O . ; O n o d e r a , H . ;

I t o , T . ; I k o m o , T . ; T e r o - K u b o t a , S . I n o r g . C h e m . 1 9 9 9 , 3 8 , 5 6 8 6 .

7 . K l a u s m e y e r , K . K . ; R a u c h f u s s , T . B . ; W i l s o n , S . R . A n g e w . C h e m . I n t .

E d . E n g l . 1 9 9 8 , 3 7 , 1 6 9 4 .

8 . H e i n r i c h , J . L . ; B e r s e t h , P . A . ; L o n g , J . R . C h e m . C o m m u n . 1 9 9 8 , 1 2 3 1 .

9 . K l a u s m e y e r , K . L . ; W i l s o n , S . R . ; R a u c h f u s s , T . B . J . A m . C h e m . S o c .

1 9 9 9 , 1 2 1 , 2 7 0 5 .

1 0 . ( a ) C a n e s c h i , A . ; G a t t e s c h i , D . ; L a u g i e r , J . ; R e y , P . ; S e s s o l i , R . ;

Z a n a c h i n i , C . J . A m . C h e m . S o c . 1 9 8 8 , 1 1 0 , 2 7 8 5 . ( b ) G a t t e s c h i , D . ;

C a n e s c h i , A . ; P a r d i , L . ; S e s s o l i , R . S c i e n c e , 1 9 9 4 , 2 6 5 , 1 0 5 4 . ( c )

T a f t , K . L . ; D e l f s , C . D . ; P a p a e f t h y m i o u , S . F . ; F o n e r , S . ; G a t t e s c h i ,

D . ; L i p p a r d , S . J . J . A m . C h e m . S o c . 1 9 9 4 , 1 1 6 , 8 2 3 . ( ( 1 ) P o w e l l , A .

K ; H e a t h , S . L . ; G a t t e s c h i , D . ; P a r d i s , L . ; S e s s o l i , R . ; S p i n a , G . ; D e l
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- G i a l l o , F . ; a n d P i e r a l l i , F . J . A m . C h e m . S o c . 1 9 9 5 , 1 1 7 , 2 4 9 1 . ( e )

M a l l a h , T . ; F e r l a y , S . ; A u g b e r g e r , C . ; H e l a r y , C . ; H e r m i t e , F . ;

O u a h e s , R . ; V a i s s e r m a n , J . ; V e r d a g u e r , M . ; V e i l l e t , P . M o l . C r y s t .

L i q . C r y s t . S e c . A . - M o l . C r y s t . L i q . C r y s t . 1 9 9 5 , 2 7 3 , 1 4 1 . ( f )

S c u i l l e r , A . ; M a l l a h , T . ; V e r d a g u e r , M . ; N i v o r o z k h i n , A . ; T h o l e n c e ,

J . L . ; V i e l l e t , P . N e w J . o f C h e m . 1 9 9 6 , 2 0 , 1 . ( g ) M a l l a h , T . ;

A u g b e r g e r , C . ; V e r d a g u e r , M . ; V e i l l e t , P . J . C h e m . S o c . C h e m .

C o m m u n . 1 9 9 6 , 6 1 , 1 2 5 . ( h ) V o l o k i t i n , Y . ; S i n z i g , J . ; d e J o n g h , L . J . ;

S c h m i d t , G . ; V a r g a f t i k , M . N . ; M o i s e e v , I . 1 . N a t u r e , 1 9 9 6 , 3 8 4 , 6 2 1 .

( i ) A b b a t i , G . L . ; C o m i a , A . ; F a b r e t t i , A . C . ; C a n e s c h i , A . C . ;

G a t t e s c h i , D . I n o r g . C h e m . 1 9 9 8 , 3 7 , 3 7 5 9 . ( j ) S c h m i d t , G . J . C h e m .

S o c . D a l t o n T r a n s . 1 9 9 8 , 1 0 7 7 . ( k ) B r e c h i n , K . E . ; C l e g g , W . ;

M u r r i e , M . ; P a r s o n s , S . ; T e a t , S . J . ; W i n p e n n y , R . E . P . J . A m . C h e m .

S o c . 1 9 9 8 , 1 2 0 , 7 3 6 5 . ( 1 ) M u l l e r , A . ; K r i c k m e y e r , E . ; B o g g e , H . ;

S c h m i d t m a n n , M . ; B e u g h o l t , C . ; K r o g e r l e r , P . ; L u , C . ; A n g e w . C h e m .

I n t . E d . E n g l . 1 9 9 8 , 3 7 , 1 2 2 0 . ( m ) W a t t o n , S . P . ; F u h r m a n n , P . ;

P e n c e , L . E . ; C a n e s c h i , A . ; C o m i a , A . ; A b b a t i , G . L . ; L i p p a r d , S . J .

A n g e w . C h e m . I n t . E d . E n g l . 1 9 9 7 , 3 6 , 2 7 7 4 . ( n ) T r a n , N . T . ;

K a w a n o , M . ; P o w e l l , D . R . ; D a h l , L . F . J . A m . C h e m . S o c . 1 9 9 8 , 1 2 0 ,

 



1 1 .

1 2 .

1 0 9 8 6 . ( 0 ) M u l l e r , A . ; S h a h , S . Q . N . ; B o g g e , H . S c h m i d t m a n n , M .

N a t u r e , 1 9 9 9 , 3 9 7 , 4 8 .

( a ) F r i e d m a n , J . R . ; S a r a c h i k , M . P . ; T e j a d a , J . ; Z i o l o , R . P h y s . R e v .

L e t t . 1 9 9 6 , 7 6 , 3 8 3 0 . ( b ) T h o m a s , L . ; L i o n t i , F . ; B a l l o u , R . ; G a t t e s c h i ,

D . ; S e s s o l i , R . ; B a r b a r a , B . N a t u r e , 1 9 9 6 , 3 8 3 , 1 4 5 . ( c ) A u b i n , S . M .

J . ; W e m p l e , M . W . ; A d a m s , D . M . ; T s a i , H . L . ; C h r i s t o u , G . ;

H e n d r i c k s o n , D . N . J . A m . C h e m . S o c . 1 9 9 6 , 1 1 8 , 7 7 4 6 . ( d ) A u b i n , S .

M . J . ; S p a g n a , S . E p p l e y , H . J . ; S a g e r , R . E . ; F o l t i n g , K . ; C h r i s t o u , G . ;

H e n d r i c k s o n , D . N . M o l . C r y s t . a n d L i q . C r y s t . S c i e n c e a n d T e c h . S e c .

A . - M o l . C r y s t . L i q . C r y s t . 1 9 9 7 , 3 0 5 , 1 8 1 . ( e ) A r o r n i , G . ; A u b i n , S .

M . J . ; S p a g n a , S . ; B o l c a r , M . A . ; E p p l e y , H . J . ; F o l t i n g , K . ; C h r i s t o u ,

G . ; H e n d r i c k s o n , D . N . ; H u f f m a n , J . C . ; S q u i r e , R . C . ; T s a i , H . L . ;

W a n g , S . ; W e m p l e , M . W . ; P o l y h e d r o n , 1 9 9 8 , 1 7 , 3 0 0 5 . ( f ) R u i z , D . ;

S u n , 2 . ; A l b e l a , B . ; F o l t i n g , K . ; R i b a s , J . ; C h r i s t o u , G . ; D . N .

H e n d r i c k s o n , A n g e w . C h e m . I n t . E d . E n g l . 1 9 9 8 , 3 7 , 3 0 0 .

( a ) S e s s o l i , R . ; T s a i , H . L . ; S c h a k e , A . R . ; W a n g , S . ; V i n c e n t , J . B . ;

F o l t i n g K . ; G a t t e s c h i , D . ; C h r i s t o u , G . ; H e n d r i c k s o n , D . N . J . A m .

C h e m . S o c . 1 9 9 3 , 1 1 5 , 1 8 0 4 . ( b ) S e s s o l i , R . ; G a t t e s c h i , D . ; C a n e s c h i ,

A . ; N o v a k , M . A . N a t u r e , 1 9 9 3 , 3 6 5 , 1 4 1 . ( c ) B a r r a , A . L . ;

D e b r u n n e r , D . ; G a t t e s c h i , D . ; S c h u l t z , C . E . ; S e s s o l i , R . E u r o p h y s .
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1 3 .

1 4 .

1 5 .

1 6 .

L e t t . 1 9 9 6 , 3 5 , 1 3 3 . ( d ) A u b i n , S . M . J . ; W e m p l e , D . M . ; A d a m s , D .

M . ; T s a i , H . L . ; C h r i s t o u , G . ; H e n d r i c k s o n , D . N . J . A m . C h e m . S o c .

1 9 9 6 , 1 1 8 , 7 7 4 6 . ( e ) C a s t r o , S . L . ; S u n , 2 . ; G r a n t , C . M . ; B o l i n g e r ,

C . ; H e n d r i c k s o n , D . N . ; C h r i s t o u , G . J . A m . C h e m . S o c . 1 9 9 8 , 1 2 0 ,

2 3 6 5 . ( f ) B a r r a , A . L . ; C a n e s c h i , A . ; C o m i a , A . ; F a b r i z i d e B i a n i , F . ;

G a t t e s c h i , D . ; S a n g r e g o r i o , C . ; S e s s o l i , R . ; S o r a c e , L . J . A m . C h e m .

S o c . 1 9 9 9 , 1 2 1 , 5 3 0 2 . ( g ) Y o o , J . ; B r e c h i n , E . K . ; Y a m a g u c h i , A . ;

N a k a n o , M . ; H u f f m a n , J . C . ; M a n i e r o , A . L . ; B r u n e l , L . C . ; A w a g a ,

K . ; I s h i m o t o , H . ; C h r i s t o u , G . ; H e n d r i c k s o n , D . N . I n o r g . C h e m .

2 0 0 0 , 3 9 , 7 8 3 . ( h ) G o o d w i n , J . C . ; S e s s o l i , R . ; G a t t e s c h i , D . ;

W e m s d o r f e r , W . ; P o w e l l , A . K . ; H e a t h , S . L . J . C h e m . S o c . D a l t o n .

2 0 0 0 , 1 8 3 5 .

( a ) S o k o l , J . J . ; S h o r e s , M . P . ; L o n g , J . R . A n g e w . C h e m . I n t . E d . E n g l .

2 0 0 1 , 4 0 , 2 3 6 . ( b ) B e r s e t h , P . A . ; S o k o l , J . J . ; S h o r e s , M . P . ;

H e i n r i c h , J . L . ; L o n g , J . R . J . A m . C h e m . S o c . 2 0 0 0 , 1 2 2 , 9 6 5 5 .

W a l t o n , R . A . A C S S y m p . S e r . 1 9 8 1 , 1 5 5 , 2 0 7 .

A l l i s o n , J . D . ; W o o d , T . E . ; W i l d R . E . ; W a l t o n , R . A . I n o r g . C h e m .

1 9 8 2 , 2 1 , 3 5 4 0 .

K l e n d w o r t h , D . D . ; W e l t e r s , W . W . ; W a l t o n , R . A . O r g a n o m e t . 1 9 8 2 , 1 ,

3 3 6 .
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1 7 . M . D . C u r t i s , a n d R . J . K l i n g e r , J . O r g a n o m e t . C h e m . 1 9 7 8 , I 6 1 , 2 3 .

1 8 . M . D . C u r t i s , a n d R . J . K l i n g e r , J . O r g a n o m e t . C h e m . 1 9 7 8 , 1 6 1 , 2 3 .

1 9 . H . C . A s p i n a l l a n d A . J . D e e m i n g , J . C h e m . S o c . 1 9 8 3 , 8 4 , 2 0 5 .

2 0 . T . B u d z i c h o w s k i a n d M . C h i s h o l m , P o l y h e d r o n , 1 9 9 4 , 1 3 , 2 0 3 5 .

2 1 . S . P . D e r a n i y a g a n d K . R . G r u n d y , I n o r g . C h i m . A c t a , 1 9 8 4 , 8 4 , 2 0 5 .

2 2 . S . L . B a r t l e y , S . N . B e r n s t e i n , a n d K . R . D u n b a r , I n o r g . C h i m . A c t a .

1 9 9 3 , 2 1 3 , 2 1 3 .

2 3 . ( a ) C a y t o n , R . H . ; C h i s l h o l m , M . H . J . A m . C h e m . S o c . 1 9 8 9 , 1 1 1 ,

8 9 2 1 . ( b ) C a y t o n , R . H . ; C h i s l h o l m , M . H . ; D a r r i n g t o n , F . D . A n g e w .

C h e m . I n t . E d . E n g l . 1 9 9 0 , 2 9 , 1 4 8 1 . ( c ) C h i s h o l m , M . H . A n g e w .

C h e m . I n t . E d . E n g l . 1 9 9 1 , 3 0 , 6 7 3 .

2 4 . W i l l i a m s , J . M . ; F e r r a r o , J . R . ; T h o r n , R . J . ; C a r l s o n , K . D . ; G e i s e r , U . ;

W a n g , H . H . ; K i n i , A . M . ; W h a n g b o , M . H . i n : O r g a n i c

S u p e r c o n d u c t o r s ( I n c l u d i n g F u l l e r e n e s ) . S y n t h e s i s , S t r u c t u r e ,

P r o p e r t i e s a n d T h e o r y , E d . R . N . G r i m e s , P r e n t i c e H a l l , E n g l e w o o d

C l i f f s , N e w J e r s e y ( 1 9 9 2 ) .

2 5 . M o l e c u l a r N o n l i n e a r O p t i c s , E d . J . Z y s s . A c a d e m i c P r e s s , N e w Y o r k

( 1 9 9 4 ) .

2 6 . L a n d e e , C . P . ; M e l v i l l e , D . ; M i l l e r , J . S .

M a t e r i a l s , E d . D . G a t t e s c h i , O . K a h n , J . S . M i l l e r , F . P a l a c i o , K l u w e r

A c a d e m i c P r e s s , N A T O - A S I S e r i e s E 1 9 8 ( 1 9 9 6 ) 3 9 5 .

i n : M a g n e t i c M o l e c u l a r
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2 7 . ( a ) S a t o , 0 . ; I y o d a , T . ; F u j i s h i m a , A . ; H a s h i m o t o , K . S c i e n c e 2 7 2

( 1 9 9 6 ) 7 0 4 ; ( b ) K u r m o o , M . ; G r a h a m , A . W . ; D a y , P . ; C o l e s , S . J . ;

H u r s t h o u s e , M . B . ; C a u l fi e l d , J . L . ; S i n g l e t o n , J . ; P r a t t , F . L . ; H a y e s ,

W . ; D u c a s s e , L . ; G u i o n e a u , P . J . A m . C h e m S o c . 1 1 7 ( 1 9 9 5 ) 1 2 2 0 9 .

2 8 . ( a ) M a n r i q u e z , J . M . ; Y e e , G . T . ; M c L e a n , R . S . ; E p s t e i n , A . J . ; M i l l e r ,

J . S . S c i e n c e 2 5 2 ( 1 9 9 1 ) , 1 4 1 5 ; 0 ) ) M a l l a h , T . ; T h i e b a u l t , S . ;

V e r d a g u e r , M . ; V e i l l e t , P . S c i e n c e 2 6 2 ( 1 9 9 3 ) 1 5 5 4 . l

2 9 . ( a ) K u r m o o , M . ; K e p e r t , C ] . N e w J . C h e m . 2 2 ( 1 9 9 8 ) 1 5 1 5 ; ( b )

C o r o n a d o , E . ; G a l a n - M a s c a r é s , J . R . ; G o m e z - G a r c i a , C . J . A d v . M a t e r .

1 1 ( 1 9 9 9 ) 5 5 8 .

3 0 . ( a ) D u n b a r , K . R . ; H e i n t z , R . A . P r o g . I n o r g . C h e m . 3 5 ( 1 9 9 6 ) 4 4 4 9 ;

( b ) V e r d a g u e r , M . ; B l e u z e n , A . ; M a r v a u d , V . ; V a i s s e r m a n n , J .

S e u l e i m a n , M . ; D e s p l a n c h e s , C . ; S c u l l i e r , A . ; T r a i n , C . ; G a r d e , R . ;

G e l l y , G . ; L o m e n e c h , C . ; R o s e n m a n , I . ; V e i l l e t , P . ; C a r t i e r , C . ; V i l l a i n ,

F . C o o r d . C h e m . R e v . 1 9 0 - 1 9 2 ( 1 9 9 9 ) 1 2 8 5 ; ( c ) O h b a , M . ; O k a w a , H .

C o o r d . C h e m . R e v . 1 9 8 ( 2 0 0 0 ) 3 1 3 ; E n t l e y , W . R . ; G i r o l a m i , G . S .

I n o r g . C h e m . 3 3 ( 1 9 9 4 ) 5 1 5 6 ; ( d ) S a t o , 0 . ; E i n a g a , Y . ; F u j i s h i m a , A . ;

H a s h i m o t o , K . I n o r g . C h e m . 3 8 ( 1 9 9 9 ) 4 4 0 5 ; ( e ) L a r i o n o v a , J . ; C l é r a c ,

R . ; S a n c h i z , J . ; K a h n , O . ; G o l h e n , S . ; O u a h a b , L . J . A m . C h e m . S o c .

1 2 0 ( 1 9 9 8 ) 1 3 0 8 8 .

3 1 . ( a ) M a n s o n , J . L . ; K m e t y , C . R . ; H u a n g , Q . - Z . ; L y n n , J . W . ; B e n d e l e , G .

M . ; P a g o l a , S . ; S t e p h e n s , P . W . ; L i a b l e - S a n d s , L . M . ; R h e n i n g o l d , A .

L . ; E p s t e i n , A . J . ; M i l l e r , J . S . C h e m . M a t e r . 1 0 ( 1 9 9 8 ) 2 5 5 2 ; M a n s o n ,

J . L . ; K m e t y , C . R . ; E p s t e i n , A . J . ; M i l l e r , J . S . I n o r g . C h e m . 3 8 ( 1 9 9 9 )

2 5 5 2 ; ( c ) B a t t e n , S . R . ; J e n s e n , P . ; M o u b a r a k i , B . ; M u r r a y , K . S . ;
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R o b s o n , R . C h e m . C o m m u n . ( 1 9 9 8 ) 4 3 9 ; ( d ) B a t t e n , S . R . ; J e n s e n , P . ;

K e p e r t , C . J . ; K u r m o o , M . ; M o u b a r a k i , 8 . ; M u r r a y , K . S . ; P r i c e , D . J . J .

C h e m . S o c . , D a l t o n T r a n s . ( 1 9 9 9 ) 2 9 8 7 .

3 2 . ( a ) T a m a k i , H . ; Z h o n g , Z . J . ; M a t s u m o t o , N . ; K i d a , S . ; K o i k a w a , M . ;

A c h i w a , N . ; H a s h i m o t o , Y . ; O k a w a , H . J . A m . C h e m . S o c . 1 1 4 ( 1 9 9 2 )

6 9 7 4 ; ( b ) P e l l a u x , R . ; S c h m a l l e , H . W . ; H u b e r , R . ; F i s h e r , P . ; H a u s s ,

T . ; O u l a d d i a f , B . ; D e c u r t i n s , S . I n o r g . C h e m . 3 6 ( 1 9 9 7 ) 2 3 0 1 ; ( c )

H e m a n d e z - M o l i n a , M . ; L l o r e t , F . ; R u i z - P e r e z , C . ; J u l v e , M . I n o r g .

C h e m . 3 7 ( 1 9 9 8 ) 4 1 3 1 ; ( d ) C o r o n a d o , E . ; G a l a n - M a s c a r é s , J . R . ;

G o m e z - G a r c i a , C . J . ; E n s l i n g , J . ; G fi t l i c h , P . C h e m . E u r . J . 6 ( 2 0 0 0 )

5 5 2 .

3 3 . ( a ) M i l l e r , J . S . ; E p s t e i n , A . J . A n g e w . C h e m . I n t . E d . E n g l . 3 3 ( 1 9 9 4 )

3 8 5 ; ( b ) M i l l e r , J . S . ; E p s t e i n , A . J . C h e m i s t r y & I n d u s t r y 2 ( 1 9 9 6 ) 4 9 ;

( c ) Z h a n g , J . ; E n s l i n g , J . ; K s e n o f o n t o v , V . ; G l i t l i c h , P . ; E p s t e i n , A . J . ;

M i l l e r , J . S . ; A n g e w . C h e m . , I n t . E d . E n g l . 3 7 ( 1 9 9 8 ) 6 5 7 ; ( d ) Y e e , G .

T . ; M a n r i q u e z , J . M . ; D i x o n , D . A . ; M c L e a n , R . S . ; G r o s k i , D . M . ;

F l i p p e n , R . 1 3 . ; N a r a y a n , K . s . ; E p s t e i n , A . J . ; M i n e r , J . s . A d v . M a t e r .

3 , ( 1 9 9 1 ) 3 0 9 ; ( e ) M i l l e r , J . S . ; G l a t z h o f e r , D . T . ; O ' H a r e , D . M . ; R e i f f ,

W . M . ; C h a k r a b o r t y , A . ; E p s t e i n , A . J . I n o r g . C h e m . 2 8 ( 1 9 8 9 ) 2 9 3 0 .

3 4 . ( a ) D u n b a r , K . R . ; C o w e n , J . ; Z h a o , H . ; H e i n t z , R . A . ; O u y a n g , X . ;

G r a n d i n e t t i , G . i n N A T O A S I : S u p r a m o l e c u l a r E n g i n e e r i n g o f

S y n t h e t i c M e t a l l i c M a t e r i a l s : C o n d u c t o r s a n d M a g n e t s , E d : J . V e c i a n a ,

K l u w e r A c a d e m i c P u b ] . 5 1 8 ( 1 9 9 9 ) 3 5 3 ; ( b ) C o w e n , J . ; C l é r a c , R . ;
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3 5 .

3 6 .

3 7 .

H e i n t z , R . A . ; O ’ K a n e , S . ; O u y a n g , X . ; Z h a o , H . ; D u n b a r , K . R . M o l .

C r y s t . L i q . C r y s t . 3 3 5 ( 1 9 9 9 ) 1 1 3 .

Z h a o , H . ; H e i n t z , R . A . ; D u n b a r , K . R . J . A m . C h e m . S o c . 1 9 9 6 , 1 1 8 ,

1 2 8 4 4 .

C a r l i n , R . L . M a g n e t o c h e m i s t r y , S p r i n g e r - V e r l a g B e r l i n H e i d e l b e r g

1 9 8 6 .

( a ) M a l l a h , T . ; T h i e b a u t , S . ; V e r d a g u e r , M . ; V i e l l e t , P . S c i e n c e , 1 9 9 3 ,

2 6 2 , 1 5 5 4 . ( b ) E n t l e y , W . R . ; G i r o l a m i , G . S . I n o r g . C h e m . 1 9 9 4 , 3 3 ,

5 1 6 5 . ( c ) E n t l e y , W . R . ; G i r o l a m i , G . S . S c i e n c e , 1 9 9 5 , 2 6 8 , 3 9 7 . ( d )

F e r l a y , S . ; M a l l a h , T . ; O u a h e s , R . ; V i e l l e t , P . ; V e r d a g u e r N a t u r e ,

1 9 9 5 , 3 7 8 , 7 0 1 . ( e ) W i t z e l , M . ; B a b e l , D . Z . N a t u r f o r s c h , 1 9 8 8 , 4 0 b ,

1 3 4 4 . ( f ) O h b a , M . ; M a r u o n o , N . ; O k a w a , H . ; E n o k i , T . ; L a t o u r , J . M .

J . A m . C h e m . S o c . 1 9 9 4 , 1 1 6 , 1 1 5 6 6 . ( g ) M a l l a h , T . ; A u b e r g e r , C . ;

V e r d a g u e r , M . ; V i e l l e t , P . J . A m . C h e m . C o m m u n . 1 9 9 5 , 1 1 6 , 1 1 5 6 6 .
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C h a p t e r I I

N o n a q u e o u s c y a n i d e c h e m i s t r y o f l o w v a l e n t t r a n s i t i o n m e t a l s

t h a t e x h i b i t m e t a l - m e t a l b o n d i n g
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1 . I n t r o d u c t i o n

T h e u s e o f t r a n s i t i o n m e t a l c y a n i d e c o m p o u n d s a s b u i l d i n g b l o c k s f o r

c l u s t e r s a n d e x t e n d e d a r r a y s i s a n a c t i v e a r e a o f r e s e a r c h . " 2 O n e o f o u r

g o a l s i s t o e x t e n d t h e fi e l d o f c y a n i d e c h e m i s t r y t o l o w v a l e n t m e t a l s t h a t

e x h i b i t m e t a l - m e t a l b o n d i n g . S u c h c o m p o u n d s a r e s c a r c e , w i t h t h e o n l y

e x a m p l e s p r i o r t o t h e w o r k i n o u r l a b o r a t o r i e s b e i n g K [ M o z ( u -

C N ) ( C 0 ) . < C p ) 2 1 3 . M n 2 ( u - C N ) H ( C O ) 5 ( d p p m ) 2 , 4 [ n - B U 4 N 1 n l M 2 0 1 ‘

C N ) ( O R ) 6 ] 5 ( n = 1 , 2 ) ( M = M o o r W ) , a n d [ R h 2 ( u - C N ) ( u -

C O ) ( C O ) 2 ( d p p m ) 2 ] [ C 1 0 4 ] ; 5 w h i c h c o n t a i n o n e o r t w o b r i d g i n g c y a n i d e

l i g a n d s ( F i g u r e 1 . 1 4 ) . O n l y t w o e x a m p l e s o f m e t a l - m e t a l b o n d e d

c o m p o u n d s w i t h t e r m i n a l c y a n i d e s e x i s t , v i z . , [ n - B u 4 N ] 4 [ M 0 2 ( C N ) 3 ] a n d [ n -

B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] p r e p a r e d i n t h e D u n b a r l a b o r a t o r i e s s e v e r a l y e a r s

a g o ( F i g u r e 1 . 1 4 ) . 7 T h e o c t a c y a n o d i m o l y b d a t e a n i o n , [ M 0 2 ( C N ) 3 ] 4 '

c o n s t i t u t e s t h e o n l y k n o w n h o m o l e p t i c d i n u c l e a r c y a n i d e c o m p l e x i n t h e

l i t e r a t u r e , a n d t h e d i r h e n i u m c o m p o u n d i s t h e o n l y c y a n i d e c o m p l e x o f t h e

e d g e - s h a r i n g b i o c t a h e d r a l ( E S B O ) t y p e . T h e s e e x a m p l e s n o t w i t h s t a n d i n g ,

t h e p o t e n t i a l i m p a c t o f i n c o r p o r a t i n g c y a n i d e i n t o t h e c h e m i s t r y o f m e t a l -

m e t a l b o n d e d c o m p o u n d s h a s n o t b e e n s i g n i fi c a n t l y r e a l i z e d . O n e o b v i o u s

a r e a o f i m p a c t i s a d v a n c e m e n t o f u n d e r s t a n d i n g s t r u c t u r e a n d b o n d i n g i n

s i m p l e m o l e c u l e s v i a s y n t h e s i s a n d c h a r a c t e r i z a t i o n o f n o v e l c o m p o u n d s
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w i t h c y a n i d e l i g a n d s . T h i s c o u l d i n t u r n p r o v i d e a s o u r c e o f c o m p o u n d s f o r

e x p l o r i n g a u n d e v e l o p e d a r e a , n a m e l y i n c o r p o r a t i o n o f m u l t i p l y b o n d e d

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

c y a n i d e i s w e l l d o c u m e n t e d t o o c c u r w i t h m o n o n u c l e a r c y a n i d e c o m p l e x e s ,

t h e r e i s e v e r y r e a s o n t o b e l i e v e i t w i l l b e t h e c a s e w i t h m e t a l - m e t a l b o n d e d

c y a n i d e c o m p o u n d s a s w e l l .

T h e d i s c o v e r y o f t h e u n p r e c e d e n t e d c o m p o u n d s [ n - B u 4 N ] 4 [ M 0 2 ( C N ) 8 ]

a n d [ n - B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] p r o m p t e d u s t o q u e s t i o n w h e t h e r o t h e r

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

E S B O c o m p l e x e s w i t h c y a n i d e l i g a n d s c o u l d b e i s o l a t e d . T h i s c h a p t e r

r e p o r t s t h e r e s u l t s o f o u r i n v e s t i g a t i o n s i n t o e x t e n d i n g t h e f a m i l y o f

h o m o l e p t i c d i n u c l e a r c y a n o c o m p o u n d s t o i n c l u d e o t h e r t r a n s i t i o n m e t a l

i o n s t h a t h a v e fi g u r e d p r o m i n e n t l y i n t h e d e v e l o p m e n t o f m e t a l - m e t a l

m u l t i p l e b o n d c h e m i s t r y . T h e s e i n c l u d e t h e g r o u p 6 c o n g e n e r s o f M o " ,

n a m e l y C r [ 1 a n d W 2 " a s w e l l a s t h o s e i n g r o u p 7 a n d 8 , v i z . , R e I I I a n d 0 5 ‘ " .

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

i n v o l v i n g t h e [ E t 4 N ] + a n d [ n - B u 4 N ] + s a l t s o f c y a n i d e i n n o n p o l a r o r g a n i c

s o l v e n t s w a s o b s e r v e d . T h e n a t u r e o f t h i s d e c o m p o s i t i o n w i l l b e d i s c u s s e d

i n l i g h t o f w h a t i s a f e a s i b l e c o u r s e o f a c t i o n t o t a k e w h e n c a r r y i n g o u t n o n -

a q u e o u s c y a n i d e c h e m i s t r y . I n a d d i t i o n , t h e o x i d a t i v e a n d h y d r o l y t i c
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s t a b i l i t y o f [ n - B u 4 N ] 4 [ M 0 2 ( C N ) g ] w a s e x p l o r e d . A r e l a t e d t o p i c , t h e

p r e p a r a t i o n o f a n o v e l s e r i e s o f m e t a l - m e t a l b o n d e d E S B O c o m p o u n d s w i t h

c y a n i d e l i g a n d s i s r e p o r t e d i n C h a p t e r I I I .

2 . E x p e r i m e n t a l

A . M a t e r i a l s

A l l m a n i p u l a t i o n s w e r e c a r r i e d o u t u n d e r a n i n e r t a t m o s p h e r e u s i n g

s t a n d a r d S c h l e n k - l i n e t e c h n i q u e s . G l a s s w a r e w a s f l a m e - d r i e d u n d e r v a c u u m

p r i o r t o u s e . S o l v e n t s w e r e p u r i fi e d b y c o n v e n t i o n a l m e t h o d s a n d w e r e

d i s t i l l e d u n d e r . n i t r o g e n p r i o r t o u s e . R e 2 ( O z C C H 3 ) 4 C 1 2 8 a n d

W 2 ( O z C ( C 5 H 5 ) ) 4 9 w e r e p r e p a r e d a c c o r d i n g t o p u b l i s h e d p r o c e d u r e s .

O s 2 ( O z C C H 3 ) 4 C 1 2 w a s p r e p a r e d b y a m o d i fi c a t i o n o f t h e r e p o r t e d

p r o c e d u r e . l o C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 w a s p r e p a r e d b y a n u n p u b l i s h e d m e t h o d

d e v e l o p e d i n t h e D u n b a r l a b o r a t o r i e s . 1 1 T h e s a l t s [ n - B u 4 N ] [ C N ] a n d

[ E t s N ] [ C N ] w e r e p u r c h a s e d f r o m A l d r i c h . T h e s a l t [ n - B u 4 N ] [ C N ] w a s d r i e d

b y h e a t i n g t h e fi n e l y d i v i d e s s o l i d t o 7 5 ° C u n d e r v a c u u m f o r 1 2 h o u r s . T h e

s a l t [ E t 4 N ] [ C N ] w a s d r i e d i n a s i m i l a r f a s h i o n b u t a t 1 5 0 ° C .

B . P h y s i c a l M e a s u r e m e n t s

I n f r a r e d s p e c t r a w e r e r e c o r d e d o n s o l i d s s u s p e n d e d i n N u j o l b e t w e e n

C s I p l a t e s i n t h e r a n g e 4 0 0 0 - 4 0 0 c m ' 1 o n a N i c o l e t I R / 4 2 S p e c t r o m e t e r a n d

b e t w e e n 4 0 0 — 5 0 c m ’ 1 o n a N i c o l e t M a g n a - I R S e r i e s I I 7 5 0 S p e c t r o m e t e r . 1 H
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a n d 1 3 C N M R s p e c t r a w e r e r e c o r d e d o n a V a r i a n V X R 3 0 0 $ S p e c t r o m e t e r .

E l e c t r o n i c a b s o r p t i o n a n d n e a r - I R s p e c t r a w e r e m e a s u r e d o n a S h i m a d z u

U V - 3 1 0 1 P C U V - V i s - N I R S c a n n i n g S p e c t r o p h o t o m e t e r . C y c l i c

v o l t a m m e t n ' c s t u d i e s w e r e c a r r i e d o u t w i t h a C H I n s t r u m e n t s

E l e c t r o c h e m i c a l W o r k s t a t i o n i n 0 . 1 M [ n - B u 4 N ] [ B F 4 ] / C H 3 C N s o l u t i o n s a t a

P t d i s k w o r k i n g e l e c t r o d e w i t h P t w i r e a u x i l i a r y a n d A g / A g C l r e f e r e n c e

e l e c t r o d e s . M a s s s p e c t r a l d a t a w e r e o b t a i n e d a t t h e M i c h i g a n S t a t e

U n i v e r s i t y M a s s S p e c t r o m e t r y F a c i l i t y , w h i c h i s s u p p o r t e d , i n p a r t , b y a

g r a n t ( D R R - 0 0 4 8 0 ) f r o m t h e B i o t e c h n o l o g y R e s e a r c h T e c h n o l o g y P r o g r a m ,

N a t i o n a l C e n t e r f o r R e s e a r c h R e s o u r c e s , N a t i o n a l I n s t i t u t e o f H e a l t h .

C . S y n t h e s e s

( 1 ) A t t e m p t e d p r e p a r a t i o n o f [ C r 2 ( C N ) 3 ] 4 '

( i ) R e a c t i o n s o f C r z ( 0 2 C C F 3 ) 4 ( T H F ) 2 w i t h [ n - B u 4 N ] [ C N ] a n d

[ E t e N l l C N ]

A d d i t i o n o f a T H F s o l u t i o n ( 2 0 m L ) o f [ n - B u 4 N ] [ C N ] ( 0 . 4 6 0 g , 1 . 7 1 6

m m o l ) t o a p i n k T H F s o l u t i o n ( 1 5 m L ) o f C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 ( 0 . 1 0 0 g ,

0 . 1 4 3 m m o l ) r e s u l t e d i n a n i m m e d i a t e c o l o r c h a n g e t o g r e e n f o l l o w e d b y

y e l l o w w i t h i n fi f t e e n s e c o n d s . T h e s o l u t i o n w a s c o n c e n t r a t e d t o 1 0 m L

b e f o r e a n a l i q u o t o f h e x a n e s ( 1 0 m L ) w a s a d d e d t o p r e c i p i t a t e t h e k n o w n
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c o m p o u n d [ n - B u 4 N ] 3 [ C r ( C N ) 6 ] a s a y e l l o w s o l i d . T h e s o l i d w a s r e c o v e r e d

b y fi l t r a t i o n a n d d r i e d i n v a c u o . Y i e l d 0 . 2 2 7 g ( 8 5 % ) .

T h e r e a c t i o n o f [ E t 4 N ] [ C N ] ( 0 . 1 3 3 g , 0 . 8 5 2 m m o l ) i n T H F ( 1 5 m L ) w i t h

C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 ( 0 . 0 5 0 g , 0 . 0 7 1 m m o l ) i n T H F ( 1 0 m L ) p r o c e e d e d w i t h

t h e f o r m a t i o n o f a b l u e s o l u t i o n . T h e s o l u t i o n w a s c o n c e n t r a t e d t o 1 0 m L

b e f o r e h e x a n e s ( 1 0 m L ) w e r e a d d e d t o p r e c i p i t a t e [ E t 4 N ] 4 [ C r ( C N ) 6 ] a s a

b l u e s o l i d . E x p o s u r e o f t h e b l u e r e a c t i o n s o l u t i o n t o a i r o r w a t e r r e s u l t s i n a

s w i f t c o l o r c h a n g e t o y e l l o w . A d d i t i o n o f h e x a n e s ( 1 0 m L ) i n d u c e d t h e

p r e c i p i t a t i o n o f [ E t 4 N ] 3 [ C r ( C N ) 6 ] a s a y e l l o w s o l i d . T h e p r e c i p i t a t e s a r e

c o l l e c t e d b y fi l t r a t i o n a n d d r i e d i n v a c u o . Y i e l d [ E t 4 N ] 4 [ C r ( C N ) 6 ] 0 . 0 5 1 g

( 7 9 % ) [ E u N ] 3 [ C r ( C N ) 6 ] 0 . 0 5 6 g ( 7 0 % ) . [ n - B u 4 N ] 3 [ C r ( C N ) 6 ] : V C E N : 2 1 0 6

c m " ; [ E u N ] 4 [ C r ( C N ) 6 ] v C N : 2 0 8 9 c m " ; [ E t 4 N ] 3 [ C r ( C N ) 6 ] : v C N : 2 1 1 0 c m " .

( 2 ) A t t e m p t e d p r e p a r a t i o n o f [ W 2 ( C N ) 3 ] 4 ‘

( i ) R e a c t i o n o f W 2 ( 0 2 C C ( , H s ) 4 w i t h [ E t 4 N ] [ C N ]

A T H F s o l u t i o n ( 1 0 m L ) o f [ E t 4 N ] [ C N ] ( 0 . 0 4 0 g , 0 . 2 5 9 m m o l ) w a s a d d e d

t o a T H F s o l u t i o n ( 5 m L ) o f W 2 ( 0 2 C C 6 H 5 ) 4 ( 0 . 0 2 8 g , 0 . 0 3 2 m m o l ) w h i c h

l e d t o t h e f o r m a t i o n o f a n o r a n g e s o l u t i o n a n d a n o r a n g e p r e c i p i t a t e ( 1 ) . T h e

p r e c i p i t a t e w a s i s o l a t e d b y fi l t r a t i o n a n d d r i e d i n v a c u o . Y i e l d 0 . 0 2 9 g .

W h e n t h e r e a c t i o n i s c a r r i e d o u t i n C H z C l z u n d e r t h e s a m e c o n d i t i o n s a n

o r a n g e s o l u t i o n a n d o r a n g e p r e c i p i t a t e ( 2 ) a r e a l s o p r o d u c e d . Y i e l d 0 . 0 3 6 g .
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( 1 ) v e s t : 2 0 5 2 c m “ ; 1 H N M R ( C D 2 C 1 2 ) : { [ E t 4 N ] + } - C H 2 - q u a r t e t 2 . 9 3 p p m ,

- C H 3 - t r i p l e t 0 . 9 4 p p m , U V - V i s ( C H 2 C 1 2 ) : ) . , , , , , ( n m ) ( s ( M ' 1 c m " ) ) 2 7 0 , 4 8 8

( s h ) ( 2 ) V e t : 2 1 1 8 ( s h ) , 2 1 0 2 , 2 0 9 1 ( s h ) c m " .

( i i ) R e a c t i o n o f W 2 ( 0 2 C C 6 H S ) 4 w i t h [ n - B u 4 N ] [ C N ]

A C H C 1 3 s o l u t i o n ( 1 0 m L ) o f [ n - B u 4 N ] [ C N ] ( 0 . 0 6 4 g , 0 . 2 3 8 m m o l ) w a s

a d d e d t o a C H C 1 3 s o l u t i o n ( 5 m L ) o f W 2 ( O z C C 6 H 5 ) 4 ( 0 . 0 2 5 g , 0 . 0 2 9 m m o l ) ,

g i v i n g r i s e t o a n o r a n g e s o l u t i o n w h i c h w a s fi l t e r e d , a n d c o n c e n t r a t e d t o 2

m L . T h e s o l u t i o n w a s c o o l e d t o - 3 0 ° C f o r s e v e r a l d a y s t o p r o d u c e o r a n g e

c r y s t a l s t h a t w e r e i d e n t i fi e d b y s i n g l e c r y s t a l X - r a y d i f f r a c t i o n t o b e [ n -

B u 4 N ] [ W 6 0 1 9 ] . N o o t h e r t r a c t a b l e p r o d u c t s c o u l d b e i s o l a t e d f r o m t h i s

r e a c t i o n .

( 3 ) P r e p a r a t i o n o f [ R e 2 ( C N ) 3 ] 2 '

( i ) R e a c t i o n s o f R e 2 ( O z C C H 3 ) 4 C l z w i t h [ E t a N ] [ C N ]

a n d [ n - B u 4 N ] [ C N ]

A d d i t i o n o f a C H C 1 3 s o l u t i o n ( 1 0 m L ) o f [ n - E t 4 N ] [ C N ] ( 0 . 1 3 8 g , 0 . 8 8 4

m m o l ) t o a r a p i d l y s t i r r i n g s u s p e n s i o n o f R e 2 ( O z C C H 3 ) 4 C 1 2 ( 0 . 0 7 5 g , 0 . 1 1 1

m m o l ) i n C H C 1 3 ( 7 m L ) p r o d u c e d a g r e e n s o l u t i o n a n d a n o i l y g r e e n

p r e c i p i t a t e . T h e s o l u t i o n w a s d e c a n t e d f r o m t h e p r e c i p i t a t e w h i c h w a s

r e d i s s o l v e d i n C H C 1 3 a n d r e - p r e c i p i t a t e d w i t h p e n t a n e t o y i e l d a g r e e n s o l i d

( 3 ) . Y i e l d 0 . 0 6 5 g . X - r a y q u a l i t y s i n g l e c r y s t a l s o f t h i s c o m p o u n d h a v e y e t
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t o b e o b t a i n e d , b u t m a s s s p e c t r a l a n d s p e c t r o s c o p i c d a t a s u p p o r t t h e

f o r m u l a t i o n o f t h i s p r o d u c t a s [ E t a N ] 2 [ R e z ( C N ) 3 ] . G o o d e l e m e n t a l d a t a t o

s u p p o r t t h i s f o r m u l a o r i t s C H C l 3 s o l v a t e h a v e n o t y e t b e e n o b t a i n e d .

A d d i t i o n o f a C H C 1 3 s o l u t i o n ( 1 0 m L ) o f [ n - B u 4 N ] [ C N ] ( 0 . 2 6 9 , 1 . 0 0

m m o l ) t o a r a p i d l y s t i r r i n g s u s p e n s i o n o f R e 2 ( O z C C H 3 ) 4 C 1 2 ( 0 . 0 7 5 g , 0 . 1 1 1

m m o l ) i n C H C l 3 ( 7 m L ) p r o d u c e d a d a r k p u r p l e s o l u t i o n . A d d i t i o n o f

h e x a n e s ( 8 m L ) p r e c i p i t a t e d a d a r k r e d - p u r p l e s o l i d 4 A t h a t w a s i s o l a t e d b y

fi l t r a t i o n , w a s h e d w i t h d i e t h y l e t h e r a n d d r i e d i n v a c u o . Y i e l d 0 . 0 5 8 g . T h e

s o l u t i o n w a s c o n c e n t r a t e d t o 5 m L i n v a c u o . A d d i t i o n o f p e n t a n e ( 5 m L )

p r e c i p i t a t e d a b r o w n - g r e e n s o l i d 4 B . 4 A Y i e l d 0 . 0 5 8 g . 4 B Y i e l d 0 . 0 4 4 g .

( 3 ) : v C N : 2 0 9 3 a n d 2 0 7 9 c m “ ; 1 H N M R ( C D 3 C N ) : ( [ E t 4 N r } - C H 2 - q u a r t e t

3 . 2 8 p p m , - C H 3 - t r i p l e t 1 . 2 7 p p m { C H C 1 3 } 7 . 5 9 p p m ; 1 3 ( 3 N M R ( C D 3 C N ) :

{ [ E t a N T } - C H 2 - 5 3 . 4 3 , - C H ; - 8 . 3 4 p p m ; U V - V i s ( C H 3 C N ) : M n m ) 6 1 0 ; -

F A B M S : m / z = 7 1 0 { [ E t 4 N ] [ R e 2 ( C N ) 8 ] } ' ; 1 3 p , C = - 0 . 4 2 1 V , E p , c - 1 . 1 3 0 V .

( 4 A ) : V C E N : 2 2 1 0 , 2 1 1 2 , 2 1 0 0 , 2 0 7 3 , 1 9 0 7 c m " 1 ( 4 B ) : v e a N : 2 0 9 1 a n d 2 0 7 3

c m " ; 1 H N M R ( C D C 1 3 ) : - C H 2 — 3 . 2 2 , - C H 2 - 1 . 5 7 , - C H 2 - 1 . 3 5 , - C H 3 - 0 . 8 8

p p m ; 1 3 C N M R ( C D C 1 3 ) : 1 2 8 . 2 4 , - C H 2 - 5 9 . 3 2 , - C H 2 - 2 4 . 2 7 , - C H 2 - 1 9 . 8 2 , -

C H 3 - 1 3 . 7 3 p p m ; U V - V i s ( C H 3 C N ) : M n m ) 3 4 5 ( b r ) 6 0 5 ( h r ) .
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( 4 ) A t t e m p t e d p r e p a r a t i o n o f [ O s 2 ( C N ) 3 ] 2 '

( i ) R e a c t i o n o f O s 2 ( O z C C H 3 ) 4 C 1 2 w i t h [ E t a N ] [ C N ] a n d [ n - B m N H C N ]

A d d i t i o n o f a C H C 1 3 s o l u t i o n ( 1 0 m L ) o f [ n — E t 4 N ] [ C N ] ( 0 . 1 3 6 g , 0 . 8 4 7

m m o l ) t o a r a p i d l y s t i r r i n g s u s p e n s i o n o f O s 2 ( O z C C H 3 ) 4 C 1 2 ( 0 . 0 7 5 g , 0 . 1 0 9

m m o l ) i n C H C 1 3 ( 7 m L ) p r o d u c e d a g r e e n s o l u t i o n a n d a n o i l y g r e e n

p r e c i p i t a t e . T h e s o l u t i o n w a s d e c a n t e d f r o m t h e s o l i d w h i c h w a s ,

r e d i s s o l v e d i n C H C 1 3 a n d r e - p r e c i p i t a t e d w i t h p e n t a n e t o y i e l d a g r e e n s o l i d

( 5 ) . Y i e l d 0 . 0 6 8 g .

A d d i t i o n o f a C H C l 3 s o l u t i o n ( 1 0 m L ) o f [ n - B u 4 N ] [ C N ] ( 0 . 2 6 6 g , 0 . 9 9 9

m m o l ) t o a r a p i d l y s t i r r i n g s u s p e n s i o n o f O s z ( O Z C C H 3 ) 4 C 1 2 ( 0 . 0 8 5 g , 0 . 1 2 4

m m o l ) i n C H C l 3 ( 7 m L ) p r o d u c e d a g r e e n s o l u t i o n . A d d i t i o n o f h e x a n e s ( 1 2

m L ) p r e c i p i t a t e d a g r e e n s o l i d ( 6 ) t h a t w a s i s o l a t e d b y fi l t r a t i o n , w a s h e d

w i t h d i e t h y l e t h e r a n d d r i e d i n v a c u o . Y i e l d 0 . 0 7 9 g . ( 5 ) : V C N : 2 1 1 2 ( s h ) ,

2 1 0 6 , 2 0 8 5 , 2 0 7 0 ( s h ) , 1 8 7 0 , a n d 1 8 6 3 c m " ; 1 H N M R ( C D 3 C N ) : { [ E t 4 N ] + } -

C H z - q u a r t e t 3 . 2 1 p p m , - C H 3 - t r i p l e t 1 . 1 2 p p m ; 1 3 c N M R ( C D 3 C N ) :

{ [ E t 4 N ] + } - C H 2 - 5 3 . 4 3 , - C H ; - 8 . 3 4 p p m ; U V - V i s ( C H 3 C N ) : M n m ) 3 5 8 , 5 2 6

( s h ) , 6 2 2 ( s h ) , 7 0 0 ; A c y c l i c v o l t a r m n o g r a m o f t h e c o m p o u n d i n a 0 . 1 M [ n -

B u 4 N ] [ B F 4 ] / C H 3 C N s o l u t i o n d i d n o t r e v e a l a n y e l e c t r o c h e m i c a l p r o c e s s e s

b e t w e e n + 2 . 0 a n d — 2 . 0 v . ( 6 ) v e s t : 2 1 1 4 , 2 0 8 5 , 2 0 3 7 , a n d 1 8 6 9 c m “ ; 1 3 C

N M R ( C D 3 C N ) : 1 7 4 . 7 5 , 8 0 . 0 2 , 5 9 . 3 4 , 2 4 . 5 6 , 2 4 . 3 3 , 2 0 . 2 7 , 1 3 . 7 9 p p m .

5 9



( 5 ) R e a c t i o n o f M 0 2 ( O Z C C H 3 ) 4 a n d ( C H 3 ) 3 S i C N

A ( C H 3 ) 3 S i C N ( 0 . 0 2 4 g , 0 . 2 3 4 m m o l ) / T H F ( 1 0 m L ) m i x t u r e w a s a d d e d

t o a T H F s o l u t i o n ( 1 0 m L ) o f M 0 2 ( O z C C H 3 ) 4 ( 0 . 0 5 0 g , 0 . 1 1 6 m o l ) a n d

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

f r o m y e l l o w t o r e d . F i l t r a t i o n o f t h e s o l u t i o n w a s f o l l o w e d b y c o n c e n t r a t i o n

t o 3 m L a n d a d d i t i o n o f d i e t h y l e t h e r ( 1 0 m L ) t o p r e c i p i t a t e a r e d - p u r p l e

s o l i d ( 7 ) . T h e p r e c i p i t a t e w a s i s o l a t e d b y fi l t r a t i o n , w a s h e d w i t h d i e t h y l

e t h e r ( 2 x 5 m L ) a n d d r i e d i n v a c u o . Y i e l d 0 . 0 4 0 g . V C N : 2 1 1 6 c m ] ; 1 H

N M R ( C D 3 C N ) : 2 . 6 3 p p m ; U V - V i s ( C H 3 C N ) : M n m ) 5 4 0 , 5 1 3 .

( 6 ) S t a b i l i t y s t u d i e s o f [ M o Z ( C N ) , ] *

T h e s e r e a c t i o n s w e r e c a r r i e d o u t n o n s t o i c h i o m e t r i c a l l y w i t h

[ E t a N ] 4 [ M o z ( C N ) 3 ] . T h e C H 3 C N s o l v e n t f o r t h e s e s t u d i e s w a s d r i e d b y

p a s s i n g i t d o w n a n a c t i v a t e d a l u m i n a c o l u r r m . R e a c t i v i t y w i t h O z ( g ) u n d e r

a n h y d r o u s c o n d i t i o n s w a s i n v e s t i g a t e d b y p a s s i n g t h e 0 2 ( g ) t h r o u g h a d r y i n g

c o l u m n p r i o r t o b u b b l i n g i t t h r o u g h t h e [ E t 4 N ] 4 [ M o z ( C N ) 8 ] s o l u t i o n

o v e r n i g h t . D e i o n i z e d w a t e r f o r t h e h y d r o l y t i c s t a b i l i t y t e s t w a s

d e o x y g e n a t e d b y p u r g i n g i t w i t h A r p r i o r t o a d d i n g i t t o a C H 3 C N s o l u t i o n

o f [ E t 4 N ] 4 [ M 0 2 ( C N ) 3 ] w h i c h w a s s t i r r e d o v e r n i g h t . T h e s o l u t i o n s f o r b o t h

r e a c t i o n s w e r e p u m p e d t o d r y n e s s i n v a c u o t o g i v e a g r e e n s o l i d f r o m t h e

r e a c t i o n w i t h 0 2 ( g ) a n d a b r o w n s o l i d f r o m t h e r e a c t i o n w i t h w a t e r . G r e e n

6 0



s o l i d : V e s N I 2 1 9 7 a n d 2 1 0 8 ( s h ) c m ' l ; b r o w n s o l i d V e a N i 2 1 9 7 , 2 1 0 8 ( s h ) , a n d

2 0 7 9 c m ' l .

( 7 ) S a m p l e p r e p a r a t i o n f o r s t a b i l i t y s t u d i e s o f [ n - B m N H C N ] a n d

[ E t a N ] [ C N ] i n o r g a n i c m e d i a

[ E t 4 N ] [ C N ] ( 0 . 0 3 0 g , 0 . 1 9 2 m m o l ) a n d [ n - B u 4 N ] [ C N ] ( 0 . 0 5 2 g , 0 . 1 9 2

m m o l ) w e r e d i s s o l v e d i n 1 5 m L o f T H F , C H C 1 3 , C H z C l z , a c e t o n e , N O Z C H 3 ,

a n d D M F . T h e s a m p l e s w e r e a l l o w e d t o s t a n d u n d i s t u r b e d f o r 4 8 h o u r s

d u r i n g w h i c h a l l t h e s o l u t i o n s b e c a m e a c l e a r o r a n g e c o l o r . N o r e a c t i v i t y

d i f f e r e n c e s w e r e o b s e r v e d w i t h t h e e x c l u s i o n o f l i g h t .

[ E t 4 N J [ C N ] / { s o l v e n t } : v e a N ( c m ‘ l ) : { T H F } 2 1 5 4 , { C H C 1 3 } 2 1 4 8 , { C H z C l z }

2 1 5 0 , { a c e t o n e } 2 1 6 4 , { N O z C H 3 } 2 1 5 2 , { D M F } 2 1 5 4 ; [ n -

B u a N ] [ C N ] / { s o l v e n t } : V C E N ( c m ' 1 ) : { T H F } 2 1 5 0 , { C H C 1 3 } 2 1 5 0 , { C H 2 c 1 2 }

2 1 5 3 , { a c e t o n e } 2 1 5 4 , { N O z C H 3 } 2 1 5 2 , { D M F } 2 1 5 4 ;

3 . R e s u l t s a n d D i s c u s s i o n

A . R e a c t i o n s o f C r 2 ( O Z C C F 3 ) 4 ( T H F ) 2 a n d W 2 ( 0 2 C C 6 H 5 ) 4 w i t h

[ n - B l e l C N l a n d [ E t e N I I C N ]

( 1 ) R e a c t i o n s o f C r 2 ( 0 2 C C F 3 ) 4 ( T I - I F ) 2 w i t h [ n - B m N H C N ] a n d

[ E t c h l C N ]

T h e r e a c t i o n o f 8 e q u i v a l e n t s o f c y a n i d e w i t h C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 ,

i n t e n d e d t o l e a d t o [ C r 2 ( C N ) g ] * , p r o d u c e d o n l y a b r o w n p o s s i b l y p o l y m e r i c
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p r o d u c t , b a s e d o n p a r t i a l s u b s t i t u t i o n . T h e r e a c t i o n o f t w e l v e e q u i v a l e n t s o f

[ n - B u a N ] [ C N ] w i t h C r 2 ( O z C C F 3 ) 4 ( T I - I F ) 2 p r o c e e d s w i t h f u l l s u b s t i t u t i o n o f

t h e ( O Z C C F 3 ) ' g r o u p s b u t w i t h o u t r e t e n t i o n o f t h e m e t a l - m e t a l b o n d . T h i s

s h o u l d n o t b e u n e x p e c t e d b e c a u s e C r - C r b o n d s , w h i l e b e i n g a m o n g s t t h e

s h o r t e s t k n o w n , a r e n o t o r i o u s l y w e a k . W i t h i n fi f t e e n s e c o n d s a f t e r a d d i t i o n

o f t h e c y a n i d e t o t h e C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 p r e c u r s o r , t h e i n i t i a l g r e e n c o l o r

o f t h e s o l u t i o n c h a n g e d t o y e l l o w . B o t h [ C r ( C N ) 6 ] 4 ' ( w h i c h i s b l u e ) a n d

[ C r ( C N ) 6 ] 3 ' ( w h i c h i s y e l l o w ) a r e k n o w n c o m p o u n d s . T h i s r e a c t i o n a p p e a r s

t o p r o c e e d w i t h f o r m a t i o n o f [ C r ( C N ) 6 ] 4 ’ w h i c h i s t h e n r a p i d l y o x i d i z e d t o

[ C r ( C N ) 6 ] 3 ' . T h i s w o u l d a c c o u n t f o r t h e s o l u t i o n c o l o r s a s t h e r e a c t i o n

p r o c e e d s t o e v e n t u a l l y y i e l d [ n - B u a N ] 3 [ C r ( C N ) 6 ] a s a y e l l o w s o l i d . T h e

i n f r a r e d s p e c t r u m o f t h e p r o d u c t d i s p l a y e d t h e c h a r a c t e r i s t i c V C N m o d e a t

2 1 0 6 c m ] .

D e s p i t e r e p e a t e d a t t e m p t s , t h e t a r g e t [ C r ( C N ) ( ; ] ‘ L c o u l d n o t b e i s o l a t e d

f r o m r e a c t i o n s o f C r 2 ( O z C C F 3 ) 4 ( T H F ) 2 w i t h [ n - B u 4 N ] [ C N ] . T h e a n i o n

[ C r ( C N ) 6 ] 4 ' i s k n o w n , b u t i s s a i d t o b e h i g h l y o x i d a t i v e l y u n s t a b l e . T h e w e l l

k n o w n h y g r o s c o p i c n a t u r e o f [ n - B u 4 N ] + s a l t s i s m o s t l i k e l y r e s p o n s i b l e f o r

o u r i n a b i l i t y t o s t a b i l i z e t h e C r ! I c o m p o u n d . U n f o r t u n a t e l y t h e l o w t h e r m a l

s t a b i l i t y o f [ n - B u a N ] [ C N ] p r e c l u d e s h e a t i n g i t a b o v e 7 5 ° C u n d e r v a c u u m t o

d r y i t , r e n d e r i n g a n h y d r o u s p r e p a r a t i o n e x t r e m e l y d i f fi c u l t . [ E t 4 N ] [ C N ]
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p o s s e s s i n g m u c h h i g h e r t h e r m a l s t a b i l i t y e n a b l e s s a m p l e s t o b e h e a t e d u n d e r

v a c u u m u p t o 1 5 0 ° C e f f e c t i v e l y f a c i l i t a t i n g a n h y d r o u s p r e p a r a t i o n .

T h e r e a c t i o n o f [ E t 4 N ] [ C N ] w i t h C r 2 ( O Z C C F 3 ) 4 ( T H F ) 2 i n T H F p r o c e e d s

w i t h f o r m a t i o n o f a b l u e s o l u t i o n . A d d i t i o n o f h e x a n e s p r e c i p i t a t e d

[ E t 4 N ] 4 [ C r ( C N ) 6 ] a s a b l u e s o l i d . T h e i n f r a r e d s p e c t r u m o f t h e p r o d u c t

1d i s p l a y e d t h e c h a r a c t e r i s t i c V C N m o d e a t 2 0 8 9 c m ’ . E x p o s u r e o f t h e b l u e

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

A d d i t i o n o f h e x a n e s i n d u c e d t h e p r e c i p i t a t i o n o f [ E t 4 N ] 3 [ C r ( C N ) 6 ] a s a

y e l l o w s o l i d w h i c h e x h i b i t s t h e c h a r a c t e r i s t i c v C N m o d e i n t h e i n f r a r e d

s p e c t r u m a t 2 1 1 0 c m ] .

( 2 ) R e a c t i o n s o f W 2 ( 0 2 C C 6 H 5 ) 4 w i t h [ n - B u 4 N ] [ C N ] a n d [ E t 4 N ] [ C N ]

( i ) R e a c t i o n o f W 2 ( 0 2 C C 6 H 5 ) 4 w i t h [ n - B u 4 N ] [ C N ]

A l t h o u g h w e w e r e u n s u c c e s s f u l i n p r e p a r i n g t h e d i n u c l e a r C r c y a n o

c o m p o u n d , [ C r ( C N ) 3 ] 4 ' t h e g r o u p 6 t r a n s i t i o n m e t a l , W w a s i d e n t i fi e d a s a

l i k e l y c a n d i d a t e f o r p r e p a r i n g t h e a n a l o g o u s a n i o n [ W 2 ( C N ) 3 ] 4 ' . T h e

r e a c t i o n o f [ n - B u a N ] [ C N ] w i t h W 2 ( O z C C 6 H s ) 4 i n C H C 1 3 p r o d u c e d a n o r a n g e

s o l u t i o n , w h i c h , a f t e r c o n c e n t r a t i o n a n d c h i l l i n g , p r o d u c e d o r a n g e c r y s t a l s

t h a t w e r e i d e n t i fi e d b y s i n g l e c r y s t a l X — r a y d i f f r a c t i o n s t u d i e s t o b e [ n -

B u 4 N ] [ W 6 0 1 9 ] . B a s e d o n o u r o b s e r v a t i o n s i n t h e C r c h e m i s t r y t h i s r e s u l t

w a s n o t e n t i r e ] u n e x e c t e d b e c a u s e W I I c o m o u n d s a r e a l s o h i h l r o n e t oy P P g Y P
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o x i d a t i o n . 1 2 C o n s e q u e n t l y , i n a d v e r t e n t i n t r o d u c t i o n o f w a t e r , b y t h e u s e o f

w e t [ n — B u 4 N ] [ C N ] w o u l d p r o m o t e f o r m a t i o n o f o x i d i z e d d e c o m p o s i t i o n

p r o d u c t s .

( i i ) R e a c t i o n s o f W 2 ( O z C C 6 H 5 ) 4 w i t h [ E t a N ] [ C N ]

T h e l a c k o f a n a d e q u a t e m e t h o d f o r d r y i n g [ n - B u 4 N ] [ C N ] f o r s y n t h e t i c

a p p l i c a t i o n s i n v o l v i n g h i g h l y o x i d a t i v e l y u n s t a b l e t r a n s i t i o n m e t a l i o n s l e d

u s t o e x p l o r e [ E t a N ] [ C N ] a s a n a l t e r n a t i v e i n a l l r e a c t i o n s . T h e r e a c t i o n o f

[ E t 4 N ] [ C N ] w i t h W 2 ( O z C C 6 H 5 ) 4 i n C H 2 C 1 2 p r o d u c e d a n o r a n g e s o l u t i o n a n d

a n o r a n g e p r e c i p i t a t e ( 2 ) . T h e M i d - I R s p e c t r u m o f t h e o r a n g e p r e c i p i t a t e

d i s p l a y e d a b r o a d s t r e t c h a t 2 1 0 2 w i t h s h o u l d e r s a t 2 1 1 8 a n d 2 0 9 1 c m } . T h e

b r e a d t h o f t h e s t r e t c h a t 2 1 0 2 c m ' 1 a n d t h e p r e s e n c e o f t h e t w o s h o u l d e r s

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

i n d r y i n g t h e [ E t 4 N ] [ C N ] , c o u l d i n c l u d e W o x o s p e c i e s .

T o r u l e o u t t h e s o l v e n t a s a p o s s i b l e o x i d a n t , t h e r e a c t i o n w a s r e p e a t e d i n

T H F , w h i c h w a s d r i e d o v e r N a a n d d i s t i l l e d u n d e r n i t r o g e n i m m e d i a t e l y

p r i o r t o i t s u s e . T h e r e a c t i o n o f [ E t 4 N ] [ C N ] w i t h W 2 ( O z C C 6 H 5 ) 4 i n T H F a l s o

p r o d u c e d a n o r a n g e s o l u t i o n a n d o r a n g e p r e c i p i t a t e ( 1 ) a s d i d t h e r e a c t i o n i n

C H z C l z , b u t t h e m i d - I R s p e c t r u m o f t h i s p r e c i p i t a t e d i s p l a y e d o n l y a s i n g l e

s h a r p V C N m o d e a t 2 0 5 2 c m " 1 i n d i c a t i n g f o r m a t i o n o f a s i n g l e W c y a n o



p r o d u c t . T h e r e s u l t f r o m t h i s r e a c t i o n u n d e r s c o r e s t h e n e e d f o r s c r u p u l o u s

e x c l u s i o n o f w a t e r a n d o x y g e n f r o m t h e r e a c t i o n c o n d i t i o n s .

T h e o b s e r v e d V C N m o d e f o r t h e W c y a n o p r o d u c t ( 1 ) i s s h i f t e d b y 1 8 c m " 1

t o l o w e r e n e r g y f r o m t h e V C E N v a l u e o f [ E t 4 N ] [ C N ] a t 2 0 7 0 c m " . T h e 1 H

N M R s p e c t r u m i n C D 2 C 1 2 d i s p l a y e d o n l y t h e e x p e c t e d s i g n a l s f o r t h e

m e t h y l e n e a n d m e t h y l g r o u p s o f [ E t 4 N ] + 2 . 9 3 p p m , 0 . 9 4 4 p p m i n d i c a t i n g f u l l

d i s p l a c e m e n t o f t h e ( O z C C 6 H 5 ) ' g r o u p s .

T h e U V - v i s i b l e s p e c t r u m d i s p l a y e d a s t r o n g a b s o r p t i o n a t 2 7 0 n m w i t h a

b r o a d s h o u l d e r a t 4 8 0 n m . T h e t a r g e t p r o d u c t , [ W Z H ’ H ( C N ) 8 ] 4 ’ , w i t h a d 4 - d 4

e l e c t r o n i c c o n fi g u r a t i o n i s e x p e c t e d t o p o s s e s a m e t a l - m e t a l q u a d r u p l e b o n d

b a s e d o n t h e c o n v e n t i o n a l d - o r b i t a l o v e r l a p s c h e m e . 1 2 T h e H O M O L U M O

g a p f o r [ W 2 ( C N ) 8 ] 4 ” w o u l d c o r r e s p o n d t o a t r a n s i t i o n b e t w e e n t h e 5 a n d 5 *

m o l e c u l a r o r b i t a l s o f t h e W - W q u a d r u p l e b o n d . T h e l o w e s t e n e r g y

a b s o r p t i o n i n t h e o b s e r v e d s p e c t r u m a t 4 8 0 n m i s n o t u n r e a s o n a b l e f o r t h e

8 9 5 * t r a n s i t i o n w h i c h w e t a k e a s a n i n d i c a t i o n t h e m e t a l - m e t a l b o n d c o u l d

s t i l l b e i n t a c t . ” ’ 1 4 T h e f o r m a t i o n o f m o n o n u c l e a r p r o d u c t s f r o m t h e r e a c t i o n

o f W - W q u a d r u p l y b o n d e d c o m p o u n d s w i t h n - a c c e p t o r l i g a n d s h a s b e e n

d e m o n s t r a t e d . 1 2 T h e a s s i g n m e n t o f t h e ( 1 ) a s [ E t 4 N ] 4 [ W ( C N ) 6 ] o r

[ E t a N ] 4 [ W 2 ( C N ) 3 ] r e m a i n s u n c l e a r . B o t h f o r m u l a t i o n s a r e c o n s i s t e n t w i t h
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t h e f u l l d i s p l a c e m e n t o f t h e ( O z C C 6 H 5 ) ' g r o u p s i n d i c a t e d b y t h e 1 H N M R

s p e c t r u m a n d t h e s i n g l e V C N o b s e r v e d i n t h e i n f r a r e d s p e c t r u m

B . R e a c t i o n s o f R e 2 ( O z C C H 3 ) 4 C l z a n d O s 2 ( O z C C H 3 ) 4 C l z w i t h

[ E t a N l l C N ] a n d [ n - B u e N l l C N l

( 1 ) P r o d u c t c h a r a c t e r i z a t i o n f r o m t h e r e a c t i o n s o f R e 2 ( O Z C C H 3 ) 4 C l z

a n d O s 2 ( O z C C H 3 ) 4 C 1 2 w i t h [ E t a N ] [ C N ]

I n a n e f f o r t t o p r e p a r e [ E t a N ] 2 [ M 2 ( C N ) 3 ] ( M = R e , O s ) , 8 e q u i v a l e n t s o f

[ E t a N ] [ C N ] i n C H C 1 3 w e r e a d d e d t o C H C 1 3 s u s p e n s i o n s o f R e 2 ( O z C C H 3 ) 4 C 1 2

a n d O s 2 ( O z C C H 3 ) 4 C 1 2 w h i c h l e a d t o t h e p r o d u c t i o n o f g r e e n s o l u t i o n s a n d

g r e e n p r e c i p i t a t e s ( 3 ) ( R e p r o d u c t ) a n d 5 ( O s p r o d u c t ) . C r y s t a l l i z a t i o n

e f f o r t s h a v e y e t t o y i e l d X - r a y q u a l i t y s i n g l e c r y s t a l s o t h e r t h a n

[ E t 4 N ] [ O z C C H 3 ] a n d [ E t a N ] C 1 , b u t s e v e r a l s p e c t r o s c o p i c m e t h o d s h a v e b e e n

e m p l o y e d i n t h e c h a r a c t e r i z a t i o n o f t h e g r e e n s o l i d s ( 3 ) a n d 5 .

( i ) I n f r a r e d a n d N u c l e a r M a g n e t i c R e s o n a n c e S p e c t r o s c o p i c A n a l y s i s

T h e c h a r a c t e r i s t i c v o , O ( 3 9 2 , 3 4 6 c m ! ) V a . . . ) ( 3 8 8 , 3 5 6 c m " ) , y o , C l ( 2 4 8

c m ' l ) , v p e a ( 2 2 1 c m ’ l ) m o d e s o f t h e R e 2 ( 0 2 C C H 3 ) 4 C 1 2 a n d

O s 2 ( O z C C H 3 ) 4 C 1 2 s t a r t i n g m a t e r i a l s a r e a b s e n t f r o m t h e F a r - I R s p e c t r a o f

t h e s e g r e e n p r o d u c t s w h i c h i s a g o o d i n d i c a t i o n o f t h e f u l l d i s p l a c e m e n t o f

t h e ( O Z C C H 3 ) ' a n d C l ' g r o u p s t o y i e l d h o m o l e p t i c R e a n d O s c y a n i d e

c o m p o u n d s .
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T h e d i r h e n i u m c o r e o f [ R e z m ’ m ( C N ) 3 ] 2 ° w i t h a d 4 - d 4 e l e c t r o n

c o n fi g u r a t i o n w o u l d b e e x p e c t e d t o h a v e a m e t a l - m e t a l q u a d r u p l e b o n d

b a s e d o n t h e c o n v e n t i o n a l d - o r b i t a l o v e r l a p s c h e m e . 1 2 T h e y s y m m e t r y o f t h e

5 c o m p o n e n t o f t h e q u a d r u p l e b o n d w o u l d r e q u i r e a n e c l i p s e d c o n fi g u r a t i o n

o f t h e c y a n i d e l i g a n d s . T h e t w o a d d i t i o n a l e l e c t r o n s p r e s e n t i n a d 5 - d 5

d i o s r n i u m c o r e s u c h a s [ O s z m ’ m ( C N ) 3 ] 2 ' w o u l d p o p u l a t e t h e 5 * M . 0 . t h e r e b y

r e d u c i n g t h e m e t a l - m e t a l b o n d o r d e r t o 3 , i . e . 0 ’ 2 7 : 2 5 2 5 ” . T h e c y l i n d r i c a l

s y m m e t r y o f t h e 0 8 5 0 8 t r i p l e b o n d w o u l d a l l o w t h e c y a n i d e l i g a n d s t o

a s s u m e a s t a g g e r e d c o n fi g u r a t i o n a s f o u n d f r o m e x a m p l e i n [ O s X 3 ] 2 ' . 1 2 T h e

i d e a l i z e d p o i n t g r o u p s y m m e t r i e s o f [ R e 2 ( C N ) 8 ] 2 ' a n d [ O s z ( C N ) 3 ] 2 ' ( d e p i c t e d

i n F i g u r e s 2 . 1 a n d 2 . 2 ) w o u l d b e D 4 ) , a n d D 4 d , r e s p e c t i v e l y , b o t h o f w h i c h

w o u l d g i v e r i s e t o t w o I R a c t i v e V C N m o d e s ( A 2 u a n d E u f o r [ R e 2 ( C N ) 3 ] 2 ’ a n d

B 2 a n d E ; f o r [ 0 8 2 ( C N ) 3 ] 2 ' ) . T h e m i d - I R s p e c t r u m o f t h e R e p r o d u c t ( 3 )

d i s p l a y e d V C N m o d e s a t 2 0 8 9 a n d 2 0 7 5 c m ' 1 w h i c h i s c o n s i s t e n t w i t h t h e

p r o d u c t b e i n g [ R e 2 ( C N ) 3 ] 2 ' . T h e e n e r g i e s o f t h e d i s p l a y e d V C N m o d e s b e i n g

h i g h e r t h a n t h e 2 0 7 0 c m ' 1 c h a r a c t e r i s t i c o f f r e e C N ’ i n [ E t 4 N ] [ C N ] i n d i c a t e

t h a t a d o n a t i o n n o t 7 t b a c k b o n d i n g i s d o m i n a t i n g t h e R e c y a n i d e b o n d i n g

i n t e r a c t i o n s . T h i s w a s t h e c a s e f o r t h e M o - C E N i n t e r a c t i o n s o b s e r v e d f o r

[ M 0 2 ( C N ) s ] “ . 7

6 7



6 8

(1
)

  

(2
)

F
i
g
u
r
e
2.
1.
A
re
pr
es
en
ta
ti
on
o
f
th
e
id
ea
li
ze
d
ec
li
ps
ed
st
ru
ct
ur
e
o
f
[R
e2
(C
N)
3]
2'
f
r
o
m

a
si
de
-o
n
pe
rs
pe
ct
iv
e
(1
)
a
n
d
a
n
e
n
d
-
o
n
v
i
e
w
(2
)



6 9

(1
)

( 2
)

 
F
i
g
u
r
e
2.
2.
A
re
pr
es
en
ta
ti
on
o
f
th
e
pr
ed
ic
te
d
st
ru
ct
ur
e
o
f
th
e
s
t
a
g
g
e
r
e
d
a
n
i
o
n
[0
82
(C
N)
3]
2‘
f
r
o
m

a
si
de
-o
n
pe
rs
pe
ct
iv
e
(1
)
a
n
d
an
e
n
d
-
o
n
v
i
e
w
(2
)



T h e s p e c t r u m o f t h e O s p r o d u c t ( 5 ) d i s p l a y s V O N m o d e s a t 2 1 1 2 ( s h ) ,

2 1 0 6 , 2 0 8 5 , 2 0 7 0 ( s h ) , 1 8 7 0 , a n d 1 8 6 3 . T h e n u m e r o u s s t r e t c h e s s p a n n i n g a

w i d e e n e r g y r a n g e s u g g e s t s t h a t m u l t i p l e p r o d u c t s a r e p r e s e n t .

T h e 1 H a n d 1 3 C N M R s p e c t r a i n C D 3 C N o f b o t h t h e R e ( 3 ) a n d O s ( 5 )

p r o d u c t s s h o w e d o n l y t h e p e a k s e x p e c t e d f o r t h e m e t h y l e n e a n d m e t h y l

g r o u p s o f t h e [ E t 4 N ] + c a t i o n s a n d s m a l l a m o u n t s o f r e s i d u a l C H C 1 3 f r o m t h e

r e a c t i o n s o l v e n t . T h e s i g n a l s i n t h e 1 H N M R s p e c t r u m o f t h e R e p r o d u c t ( 3 )

a p p e a r e d a t 3 . 2 8 p p m f o r t h e m e t h y l e n e q u a r t e t a n d 1 . 2 7 p p m t h e m e t h y l

t r i p l e t . T h e c o r r e s p o n d i n g s i g n a l s i n t h e 1 3 C N M R w e r e d i s p l a y e d a t 5 3 . 4 3

a n d 8 . 3 4 p p m . T h e m e t h y l e n e a n d m e t h y l s i g n a l s i n t h e 1 H a n d 1 3 C N M R

s p e c t r a o f t h e O s ( 5 ) p r o d u c t a p p e a r e d a t 3 . 2 1 a n d 1 . 1 2 p p m a n d 5 3 . 7 4 a n d

8 . 6 3 p p m r e s p e c t i v e l y .

( i i ) E l e c t r o n i c p r o p e r t i e s a n d c y c l i c v o l t a m m e t r i c s t u d i e s

T h e U V - v i s i b l e s p e c t r u m o f t h e R e p r o d u c t d i s p l a y s a b r o a d a b s o r p t i o n

f e a t u r e a t 6 1 0 n m . T h e H O M O L U M O g a p f o r t h e p o s t u l a t e d p r o d u c t ,

[ R e 2 ( C N ) g ] 2 ' , w o u l d c o r r e s p o n d t o t h e t r a n s i t i o n b e t w e e n t h e 5 a n d 5 *

m o l e c u l a r o r b i t a l s o f t h e R e - R e q u a d r u p l e b o n d . T h e o b s e r v e d a b s o r b a n c e

a t 6 1 0 r u n w h i l e h i g h e r i n e n e r g y t h a n i s c o m m o n f o r t h e 5 — > 5 * t r a n s i t i o n o f

m e t a l - m e t a l b o n d e d c o m p o u n d s b a s e d o n t h e R e z m ’ I I I c o r e , i s s t i l l
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r e a s o n a b l e . 1 2 C o m p a r i s o n o f t h e d a t a t o t h e d i r h e n i u m s t a r t i n g m a t e r i a l i s

p r e c l u d e d b y t h e i n s o l u b i l i t y o f R e 2 ( O z C C H 3 ) 4 C 1 2 .

T h e U V - v i s i b l e s p e c t r u m o f t h e O s p r o d u c t ( 5 ) d i s p l a y e d e l e c t r o n i c

t r a n s i t i o n s a t 3 5 8 , 5 2 6 ( s h ) , 6 2 2 ( s h ) , 7 0 0 n m . T h e l a c k o f 0 8 2 1 1 1 . 1 1 1

c o m p o u n d s w i t h n - a c i d l i g a n d s m a k e s i t d i f fi c u l t t o d r a w c o n c l u s i o n s

r e g a r d i n g t h e a s s i g n m e n t s , b u t w e n o t e t h a t t h e [ O S Z X 3 ] 2 ' ( X = C l , B r , 1 )

f a m i l y o f c o m p o u n d s w i t h r t - d o n o r h a l i d e l i g a n d s a l s o e x h i b i t n u m e r o u s

t r a n s i t i o n s i n t h e r a n g e 2 5 0 - 7 5 0 n m . 1 2 T h e l o w e s t e n e r g y t r a n s i t i o n i n t h e s e

m o l e c u l e s h a s b e e n a s s i g n e d t o t h e 5 1 9 7 1 ? t r a n s i t i o n . W i t h o u t o t h e r

s u p p o r t i n g d a t a , h o w e v e r , t h e e l e c t r o n i c a b s o r p t i o n d a t a f o r t h e O s p r o d u c t

( 5 ) d o e s l e n d i n s i g h t i n t o t h e a s s i g n m e n t o f ( 5 ) a s [ O s ( C N ) 3 ] 2 ' . T h e

i n s o l u b i l i t y o f t h e O s z ( O z C C H 3 ) 4 C 1 2 s t a r t i n g m a t e r i a l p r o h i b i t s a c o m p a r i s o n

t o t h e U V - v i s i b l e d a t a o b s e r v e d f o r t h i s p r o d u c t .

A c y c l i c v o l t a m m e t r y s t u d y o f t h e R e p r o d u c t ( 3 ) i n a 0 . 1 M [ n -

B u 4 N ] [ B F 4 ] / C H 3 C N o f t h e R e p r o d u c t r e v e a l e d t w o i r r e v e r s i b l e c a t h o d i c

p r o c e s s e s a t — O . 4 2 1 V a n d - 1 . 1 3 0 V . T h e c y c l i c v o l t a m m o g r a m o f t h e O s

c o m p o u n d d i d n o t r e v e a l a n y e l e c t r o c h e m i c a l p r o c e s s e s b e t w e e n + 2 . 0 a n d —

I l l , I I l I I , I I l -
2 . 0 V . R e d u c t i o n o f t h e d i o s m i u m c o r e f r o m O s ; t o 0 8 2 I S a c o m m o n

e l e c t r o c h e m i c a l f e a t u r e o f O s 2 ( O z C R ) 4 X 2 a n d O s 2 ( h p ) 4 X 2 ( R = C H 3 , C 2 H 5 ,

C 3 H 7 ) ( X C l , B r ) ( h p = l - h y d r o x y p y r i d i n a t e ) . 1 2 C u r i o u s l y , t h e
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[ M 0 2 ( C N ) 3 ] 4 ' c o m p o u n d i s a l s o e l e c t r o c h e m i c a l l y i n a c t i v e i n t h e w i n d o w

+ 2 . 0 V t o — 2 . 0 V .

( i i i ) M a s s s p e c t r o m e t r i c a n a l y s i s

T h e n e g a t i v e i o n f a s t - a t o m b o m b a r d m e n t ( F A B ) m a s s s p e c t r o m e t r y

s t u d i e s o f t h e R e a n d O s p r o d u c t s w e r e c o n d u c t e d i n b o t h n i t r o b e n z y l

a l c o h o l ( N B A ) a n d g l y c e r o l m a t r i c e s . T h e s p e c t r u m o f t h e R e c o m p o u n d ( 3 )

i n b o t h m a t r i c e s d i s p l a y e d a s i g n a l a t 7 1 0 m / z c o r r e s p o n d i n g t o t h e f r a g m e n t

{ [ E t 4 N ] [ R e 2 ( C N ) 3 ] } ' . T h e o b s e r v e d s i g n a l i s i n a g r e e m e n t w i t h t h e

p r e d i c t e d i s o t o p e p a t t e r n f o r t h e f r a g m e n t . N o p e a k s i n t h e s p e c t r a o f t h e O s

( 5 ) c o m p o u n d i n e i t h e r m a t r i x c o u l d b e c o r r e l a t e d w i t h t h e t a r g e t p r o d u c t

[ E t 4 N ] 2 [ O s 2 ( C N ) g ] o r a n y o f i t s p r e d i c t e d f r a g m e n t s .

( 2 ) P r o d u c t c h a r a c t e r i z a t i o n f r o m t h e r e a c t i o n s o f R e 2 ( 0 2 C C H 3 ) 4 C l z

a n d O s z ( O z C C H 3 ) 4 C l z w i t h [ n - B u 4 N ] [ C N ]

T h e r e a c t i o n o f R e 2 ( O z C C H 3 ) 4 C 1 2 w i t h [ n - B u 4 N ] [ C N ] p r o c e e d s a l o n g a

d i f f e r e n t p a t h t h a n t h e a n a l o g o u s [ E t 4 N ] [ C N ] r e a c t i o n i n t h a t i t p r o d u c e s a

d a r k p u r p l e s o l u t i o n . A d d i t i o n o f p e n t a n e t o t h i s s o l u t i o n p r e c i p i t a t e d a r e d -

p u r p l e s o l i d ( 4 A ) t h a t w a s s e p a r a t e d b y fi l t r a t i o n . C o n c e n t r a t i o n o f t h e

s o l u t i o n i n v a c u o a n d a d d i t i o n o f p e n t a n e r e s u l t e d i n t h e i s o l a t i o n o f a g r e e n -

b r o w n s o l i d ( 4 b ) . T h e g r e e n - b r o w n s o l i d i s p r e s u m e d t o b e t h e

c o n t a m i n a t e d [ n - B u 4 N ] + s a l t o f t h e g r e e n s o l i d ( 3 ) i s o l a t e d f r o m t h e r e a c t i o n
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o f R e 2 ( 0 2 C C H 3 ) 4 C 1 2 w i t h [ E t a N ] [ C N ] t h a t i s f o r m u l a t e d o n t h e b a s i s o f m s

s p e c t r o s c o p i c d a t a t o b e [ E t 4 N ] 2 [ R e 2 ( C N ) 3 ] . S u i t a b l e c o n d i t i o n s f o r

p u r i f y i n g t h i s g r e e n s o l i d w e r e n o t f o u n d , b u t t h e m i d - I R s p e c t r u m d i s p l a y e d

V C N m o d e s a t 2 0 9 1 a n d 2 0 7 3 c m ' 1 w h i c h a r e w h i c h a r e t a k e n t o b e t h e s a m e

a s t h e V C N m o d e s a t 2 0 8 9 a n d 2 0 7 5 c m ' 1 o b s e r v e d i n t h e s p e c t r u m o f t h e R e

p r o d u c t ( 3 ) . I n a d d i t i o n , t h e V R e - 0 a n d v p e g m o d e s c h a r a c t e r i s t i c o f

R e 2 ( O z C C H 3 ) 4 C 1 2 a r e a b s e n t i n t h e f a r - I R s p e c t r u m s u p p o r t i n g t h e

a s s i g n m e n t o f ( 4 b ) a s c o n t a m i n a t e d [ n - B u 4 N ] 2 [ R e 2 ( C N ) g ] . N o o t h e r V C N

m o d e s w e r e p r e s e n t i n t h e m i d - I R o f ( 4 b ) i n d i c a t i n g t h a t t h e i m p u r i t y i s n o t

a R e c y a n i d e c o m p o u n d b u t s o m e o t h e r b y - p r o d u c t . T h e m i d - I R s p e c t r u m

o f t h e r e d - p u r p l e p r e c i p i t a t e ( 4 a ) i n i t i a l l y i s o l a t e d i n t h i s r e a c t i o n d i s p l a y e d

m u l t i p l e V C N m o d e s a t 2 2 1 0 , 2 1 1 2 , 2 1 0 0 , 2 0 7 3 , a n d 1 9 0 7 c m ' 1 i n d i c a t i n g t h a t

t h e f o r m a t i o n o f m u l t i p l e R e c y a n i d e p r o d u c t s h a d o c c u r r e d .

T h e r e a c t i o n o f O s z ( O z C C H 3 ) 4 C 1 2 w i t h [ n - B u 4 N ] [ C N ] i n C H C l 3 p r o d u c e d

a d a r k g r e e n s o l u t i o n s i m i l a r t o t h e a n a l o g o u s [ E t 4 N ] [ C N ] r e a c t i o n .

A d d i t i o n o f p e n t a n e t o t h e s o l u t i o n i n d u c e d t h e p r e c i p i t a t i o n o f a g r e e n s o l i d

( 6 ) . S i m i l a r t o t h e g r e e n s o l i d ( 5 ) o b t a i n e d i n t h e [ E t 4 N ] [ C N ] r e a c t i o n w i t h

O S 2 ( 0 2 C C H 3 ) 4 C 1 2 , t h e p r o d u c t d i s p l a y s m u l t i p l e V C N m o d e s i n t h e m i d - I R

s p e c t r u m a t 2 1 1 4 , 2 0 8 5 , 2 0 3 7 , 1 8 6 9 c m ‘ l . A s s t a t e d , t h i s i s a g o o d

i n d i c a t i o n t h a t m u l t i p l e p r o d u c t s a r e b e i n g f o r m e d . T h e p o s s i b i l i t y t h a t
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t h e s e a r e h o m o l e p t i c O s c y a n i d e p r o d u c t s i s s u p p o r t e d b y t h e l a c k o f V o s - o

a n d v 0 , “ m o d e s i n t h e f a r - I R s p e c t r u m o f ( 6 ) .

( 3 ) S u m m a r y o f r e s u l t s f r o m t h e r e a c t i o n s o f R e 2 ( O z C C H 3 ) 4 C 1 2 a n d

O s z ( O z C C H 3 ) 4 C l z w i t h [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ]

( i ) R e a c t i o n s o f R e 2 ( O z C C H 3 ) 4 C l z w i t h [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ]

T h e c o m b i n e d d a t a f r o m e l e c t r o n i c a b s o r p t i o n a n d i n f r a r e d s p e c t r a ]

m e a s u r e m e n t s s u p p o r t t h e f o r m u l a t i o n o f t h e g r e e n p r e c i p i t a t e f r o m t h e .

r e a c t i o n o f R e z ( O z C C H 3 ) 4 C 1 2 w i t h 8 e q u i v a l e n t s o f b e i n g [ E t a N ] [ C N ] a s

[ E t 4 N ] 2 [ R e 2 ( C N ) 3 ] . T h e f a r - I R s p e c t r u m i s c o n s i s t e n t w i t h c o m p l e t e

( O z C C H 3 ) ' a n d C l ' d i s p l a c e m e n t . T h e t w o V O N m o d e s o f 2 0 8 9 a n d 2 0 7 5 c m '

1 i n t h e m i d - I R a r e c o n s i s t e n t w i t h t h e e x p e c t e d D 4 , , s y m m e t r y o f t h e e c l i p s e d

[ R e 2 ( C N ) g ] 2 ’ a n i o n . T h e s i g n a l i n t h e n e g a t i v e i o n F A B m a s s s p e c t r u m a t

7 1 0 m / z t h a t c o r r e s p o n d s t o t h e { [ E t 4 N ] [ R e 2 ( C N ) 3 ] } ' f r a g m e n t p r o v i d e s

v a l u a b l e s t r u c t u r a l i n f o r m a t i o n . T h e 6 1 0 n m t r a n s i t i o n i n t h e U V - v i s i b l e

s p e c t r u m i s r e a s o n a b l e f o r t h e e x p e c t e d 5 — — > 5 * t r a n s i t i o n b a s e d o n a

q u a d r u p l e b o n d f o r t h e R e z m ’ I I I c o r e .

I n f r a r e d s p e c t r a l e v i d e n c e s u g g e s t s t h a t a n a l o g o u s r e a c t i o n s o f

R e 2 ( O z C C H 3 ) C 1 2 w i t h [ n - B u 4 N ] [ C N ] a l s o p r o d u c e s [ n - B u 4 N ] 2 [ R e 2 ( C N ) 3 ]

( 4 b ) a l o n g w i t h a d d i t i o n a l R e c y a n i d e c o m p o u n d s ( 4 a ) . T h e i n c r e a s e d
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s o l u b i l i t y i m b u e d b y t h e [ n - B u 4 N ] + c a t i o n h a s t h u s f a r p r e v e n t e d i s o l a t i o n o f

p u r e [ n - B u 4 N ] 2 [ R e 2 ( C N ) 3 ] f r o m i t s b y - p r o d u c t s .

( i i ) R e a c t i o n s o f 0 8 2 ( 0 2 C C H 3 ) 4 C 1 2 w i t h [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ]

E l e c t r o n i c a b s o r p t i o n a n d i n f r a r e d s p e c t r a l e v i d e n c e s u g g e s t s t h a t

r e a c t i o n s o f O s 2 ( O z C C H 3 ) 4 C 1 2 w i t h [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] p r o c e e d

w i t h f o r m a t i o n o f m i x t u r e s o f h o m o l e p t i c O s c y a n i d e c o m p o u n d s t h a t m a y

i n c l u d e m o n o n u c l e a r c o m p l e x e s , d i n u c l e a r s p e c i e s w i t h e i g h t o r m o r e

c y a n i d e l i g a n d s , o r e v e n h i g h e r n u c l e a r i t y c l u s t e r s . D i s r u p t i o n o f t h e 0 8 5 0 8

t r i p l e b o n d i s a l i k e l y r e a c t i o n p a t h w a y , 1 2 a s r e a c t i o n s i n v o l v i n g

d i s p l a c e m e n t o f t h e ( O z C C H 3 ) ' g r o u p s f r o m O s 2 ( O z C C H 3 ) 4 C 1 2 t y p i c a l l y l e a d

t o m e t a l - m e t a l b o n d c l e a v a g e . F o r e x a m p l e , a l t h o u g h r e a c t i o n s o f a q u e o u s

I - I X ( x = C l , B r ) w i t h R e 2 ( O z C C H 3 ) 4 C 1 2 c o m p o u n d s l e a d t o [ R e 2 X 3 ] 2 ' ,

t r e a t m e n t o f O s 2 ( O z C R ) 4 C 1 2 ( R = C H 3 , C 2 H 5 , C 3 H 7 ) w i t h a q u e o u s H C l o r

H B r l e a d o n l y t o O s _ = . O s b o n d s c i s s i o n . D i s p l a c e m e n t o f t h e ( O Z C R ) ( R =

1 1 1 . 1 1 1 c o r e t o y i e l d [ O s 2 X 8 ] 2 ’C H 3 , C 2 H 5 , C 3 H 7 ) g r o u p s w i t h r e t e n t i o n o f t h e O s ;

( C l , B r ) w a s a c c o m p l i s h e d b y p a s s i n g d r y g a s e o u s H C l a n d H B r t h r o u g h

s u s p e n s i o n s o f O s 2 ( O Z C R ) 4 C 1 2 i n a n h y d r o u s e t h a n o l . A s i m i l a r a p p r o a c h

i n v o l v i n g H C N w a s n o t c o n s i d e r e d a s a n a l t e r n a t i v e m e a n s o f p r e p a r i n g a

d i o s m i u m c y a n i d e c o m p o u n d d u e t o s a f e t y c o n c e r n s .
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T h e m o n o n u c l e a r c y a n o c o m p l e x e s [ O s ( C N ) 6 ] ¢ a n d [ O s ( C N ) 6 ] 3 ' h a v e

b e e n r e p o r t e d b u t t h e y a r e n o t w e l l c h a r a c t e r i z e d . 1 3 A t t e m p t s a t p r e p a r i n g

m o n o n u c l e a r [ O s ( C N ) n ] “ * p r o d u c t s f r o m r e a c t i o n o f O s z ( O z C C H 3 ) 4 C 1 2 w i t h

1 2 o r m o r e e q u i v a l e n t s o f c y a n i d e a n d r e fl u x i n g l e d o n l y t o m u l t i p l e

p r o d u c t s a s e v i d e n c e d b y s e v e r a l V C N m o d e s i n t h e i n f r a r e d s p e c t r a o f t h e s e

p r o d u c t s .

C . R e a c t i o n s o f M 0 2 ( 0 2 C C H 3 ) 4 , R e 2 ( O z C C H 3 ) 4 C l z , a n d

O s 2 ( O z C C H 3 ) 4 C 1 2 w i t h ( C H 3 ) 3 S i C N

T h e r e a g e n t ( C H 3 ) 3 S i C N w a s i n v e s t i g a t e d a s a n a l t e r n a t i v e m e a n s f o r

i n t r o d u c i n g C N ' i n t o m e t a l c o o r d i n a t i o n e n v i r o n m e n t s , b u t s u s p e n s i o n s o f

R e 2 ( O z C C H 3 ) 4 C 1 2 , a n d O s 2 ( O z C C H 3 ) 4 C 1 2 i n T H F d i s p l a y e d n o r e a c t i v i t y

w i t h ( C H 3 ) 3 S i C N , w h i c h p r e s u m a b l y i s n o t a s t r o n g e n o u g h c y a n i d e t r a n s f e r

r e a g e n t f o r t h a t t y p e o f h e t e r o g e n e o u s r e a c t i o n . T h e r e a c t i o n o f ( C H 3 ) 3 S i C N

w i t h a T H F s o l u t i o n o f M 0 2 ( O z C C H 3 ) 4 i s s l o w , b u t d i d o v e r t h e c o u r s e o f

t h r e e d a y s p r o d u c e a s o l u t i o n c o l o r c h a n g e f r o m y e l l o w t o r e d . A d d i t i o n o f

d i e t h y l e t h e r t o t h i s s o l u t i o n i n d u c e d p r e c i p i t a t i o n o f a r e d - p u r p l e s o l i d ( 7 ) .

T h e m i d - I R s p e c t r u m o f t h i s s o l i d d i s p l a y e d a s i n g l e p e a k a t 2 1 1 6 c m ' 1 t h a t

w a s s h i f t e d 7 3 c m ' 1 l o w e r i n e n e r g y t h a n t h e V C E N m o d e a t 2 1 8 9 c m ' 1

o b s e r v e d f o r ( C H 3 ) 3 S i C N . T h e 1 H N M R s p e c t r u m r e v e a l e d o n l y a s i n g l e t a t

2 . 6 3 p p m i n d i c a t i n g ( O Z C C H 3 ) ' r e m a i n s b o u n d f r o m w h i c h i t c a n b e i n f e r r e d
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t h a t t h e m e t a l - m e t a l b o n d l i k e l y r e m a i n s i n t a c t . T h i s i s s u p p o r t e d b y t h e

U V - v i s i b l e s p e c t r u m , w h i c h d i s p l a y s a 5 4 0 n m a b s o r b a n c e t h a t i s r e a s o n a b l e

f o r t h e 5 — > 5 m t r a n s i t i o n o f t h e M o - M o q u a d r u p l e b o n d .

1 ) . S t a b i l i t y s t u d i e s o f [ M 0 2 ( C N ) 3 ] 4 ‘

I n c o n t r a s t t o w h a t m i g h t b e e x p e c t e d f o r a c o m p o u n d w i t h e i g h t n - a c i d

l i g a n d s , e s p e c i a l l y g i v e n t h e l o w v a l e n c y o f t h e M o c e n t e r , [ M o n ' n z ( C N ) 3 ] 4 ‘

i s r e m a r k a b l y r e s i s t a n t t o s u b s t i t u t i o n o r c l e a v a g e . R e a c t i o n s w i t h p y r i d i n e

a n d C l ' d i d n o t l e a d t o a n y o b s e r v a b l e s u b s t i t u t i o n o f t h e c y a n i d e l i g a n d s .

E v e n e x t r e m e c o n d i t i o n s s u c h a s r e fl u x i n g i n C O s a t u r a t e d t o l u e n e a n d

d i s s o l u t i o n i n n e a t P ( C H 3 ) 3 w e r e n o t a b l e t o t r a n s f o r m o r d e c o m p o s e t h e

c o m p o u n d .

D e s p i t e t h i s i n e r t n e s s t o s u b s t i t u t i o n a n d m e t a l - m e t a l b o n d s c i s s i o n ,

[ M o z ( C N ) g ] 4 " h a s l i m i t e d o x i d a t i v e a n d h y d r o l y t i c s t a b i l i t y . T h i s w a s

s o m e w h a t s u r p r i s i n g g i v e n t h e f a c t t h a t c y c l i c v o l t a m m e t r y e x p e r i m e n t s

r e v e a l e d t h a t [ M o z ( C N ) g ] 4 ' d o e s n o t d i s p l a y a n y e l e c t r o c h e m i c a l p r o c e s s e s i n

t h e r a n g e + 2 V t o — 2 V ( v e r s u s A g / A g C l ) . R e a c t i o n s o f [ M 0 2 ( C N ) 3 ] 4 ’ i n d r y

C H 3 C N w i t h 0 2 ( g ) p r o d u c e d a g r e e n s o l i d w i t h t h e v e a N m o d e s s h i f t e d f r o m

2 1 0 9 a n d 2 0 9 7 t o 2 1 9 7 a n d 2 1 0 8 ( s h ) c m " . R e a c t i o n w i t h d e o x y g e n a t e d ,

d e i o n i z e d w a t e r p r o d u c e d a b r o w n s o l i d w i t h v e a N m o d e s s h i f t e d t o 2 1 9 7 ,

2 1 0 8 ( s h ) , a n d 2 0 7 9 c m " . T h e i d e n t i t i e s o f t h e s e p r o d u c t s r e m a i n u n c e r t a i n ,
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b u t t h e s h i f t s o f t h e V C E N m o d e s t o h i g h e r e n e r g i e s i n d i c a t e t h a t t h e c y a n i d e

i s e i t h e r b e i n g o x i d i z e d t o c y a n a t e , O C N ' , o r t h a t t h e n i t r o g e n e n d i s b e i n g

i n d u c e d t o c o o r d i n a t e p e r h a p s a s p a r t o f a m e t a l - m e t a l b o n d c l e a v a g e

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

c y a n a t e l i g a n d s c o u l d b e g e n e r a t e d b y c y a n i d e o x i d a t i o n . I f c y a n a t e c o u l d

n o t s t a b i l i z e t h e d i n u c l e a r c o r e , a n d c l e a v a g e w e r e t o o c c u r , t h e c o o r d i n a t i o n

s p h e r e s o f t h e M o c o u l d c o n t a i n v a r i o u s n u m b e r s o f c y a n a t e a s w e l l a s s o m e

c o m b i n a t i o n o f s o l v e n t , w a t e r , o r o x y g e n .

E . S t a b i l i t y s t u d i e s o f [ n - B u a N H C N ] a n d [ E t a N ] [ C N ] i n o r g a n i c m e d i a

T r a d i t i o n a l c y a n i d e c h e m i s t r y i s c a r r i e d o u t i n e i t h e r a q u e o u s o r l i q u i d

a m m o n i a m e d i a . C o n s e q u e n t l y , l i t t l e i s k n o w n a b o u t t h e i n t e r a c t i o n s

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

t e t r a a l k y l a m m o n i u m c y a n i d e s a l t s i n v a r i o u s o r g a n i c m e d i a h a s l e d t o

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

c o l o r l e s s r e a g e n t s o l u t i o n o f [ E t 4 N ] [ C N ] i n C H z C l z t u r n e d a c l e a r o r a n g e

w i t h i n 2 4 h . O t h e r s o l v e n t s w e r e i n v e s t i g a t e d f o r s i m i l a r r e a c t i v i t y w i t h

b o t h [ n — B u 4 N ] [ C N ] a n d [ E t 4 N ] [ C N ] . R e a c t i o n s a r e s i g n a l e d b y a d i s -

c o l o r a t i o n o f t h e c l e a r s o l u t i o n . T h e r e s u l t s o f t h e s e s t u d i e s a r e p r e s e n t e d i n

T a b l e 2 . 1 .
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T h e t r e n d i n d i c a t e s t h a t o n l y t h e m o s t p o l a r s o l v e n t s d o n o t u n d e r g o a

r e a c t i o n w i t h c y a n i d e , w i t h m e t h a n o l b e i n g a n e x c e p t i o n . T h e e x p l a n a t i o n

f o r t h i s o b s e r v a t i o n l i e s i n c o n s i d e r i n g i o n - p a i r i n g a n d s o l v a t i o n o f t h e

c y a n i d e a n i o n . I t i s b e l i e v e d t h a t t h e s e n o n p o l a r s o l v e n t s c a n n o t s u f fi c i e n t l y

s o l v a t e t h e c y a n i d e , t h e r e b y r e n d e r i n g i t m o r e s t r o n g l y b a s i c a n d h e n c e

r e a c t i v e . T h e a b i l i t y o f m e t h a n o l t o s t a b i l i z e t h e c y a n i d e a n i o n b y e n g a g i n g

i n h y d r o g e n b o n d i n g i n t e r a c t i o n s i s b e l i e v e d t o b e t h e r e a s o n f o r i t s

e x c e p t i o n t o t h e t r e n d . I n a l l c a s e s , t h e [ n - B u 4 N ] + s a l t r e a c t e d m o r e s l o w l y .

T h i s i s a t t r i b u t e d t o t h e a b i l i t y o f t h e b u t y l g r o u p s t o f o l d b a c k o n e a c h o t h e r

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

a l l o w i n g f o r t i g h t e r i o n p a i r i n g . T h i s w o u l d b e t t e r s t a b i l i z e t h e c y a n i d e

a n i o n a n d s e r v e t o s l o w t h e d e c o m p o s i t i o n r e a c t i o n .

I n f r a r e d s p e c t r o s c o p y w a s e m p l o y e d t o e l u c i d a t e t h e n a t u r e o f t h e s e

d e c o m p o s i t i o n r e a c t i o n s . T h e p a t h w a y t o d e c o m p o s i t i o n o f t h e s e

t e t r a a l k y l a m m o n i u m c y a n i d e s i n n o n p o l a r o r g a n i c s o l v e n t s i s t r a n s f e r o f a n

a l k y l g r o u p f r o m t h e c a t i o n t o t h e n i t r o g e n e n d o f c y a n i d e t o f o r m t h e

c o r r e s p o n d i n g i s o c y a n i d e a n d t r i a l k y l a m i n e . I n f r a r e d s p e c t r a o f

[ E t a N ] [ C N ] / s o l v e n t s o l u t i o n s w e r e o b t a i n e d o n n e a t s a m p l e s p l a c e d b e t w e e n
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T a b l e 2 . 1 . D e c o m p o s i t i o n o f [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] i n

o r g a n i c s o l v e n t s

D i e l e c t r i c D e c o m p o s i t i o n o f

S o l v e n t C o n s t a n t , e [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ]

C H C 1 3 4 . 7 2 y e s

T H F 7 . 5 8 y e s

C H 2 C 1 2 8 . 9 3 y e s

A c e t o n e 2 0 . 7 y e s

M e O H 3 2 . 7 n o

N O z C H 3 3 5 . 9 y e s

D M F 3 6 . 7 n o

C H 3 C N 3 8 . 8 n o

D M S O 4 6 . 8 n o
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K B r p l a t e s . T h e s e s p e c t r a r e v e a l e d t h e d i s a p p e a r a n c e o f t h e 2 0 7 0 c m ' 1 V C E N

m o d e o f [ E t 4 N ] [ C N ] a n d t h e a p p e a r a n c e o f a s l i g h t l y s o l v e n t d e p e n d e n t V C E N

m o d e t h a t i s i n g o o d a g r e e m e n t w i t h t h e r e p o r t e d v a l u e o f 2 1 5 4 c m ' 1 f o r

e t h y l i s o c y a n i d e ( E t N C ) . T h e V C N m o d e s ( c m ' l ) o b s e r v e d f o r t h e r e a c t i o n s

o f t h e v a r i o u s s o l v e n t s w e r e { T H F } 2 1 5 4 , { C H C 1 3 } 2 1 4 8 , { C H z C l z } 2 1 5 0 ,

{ a c e t o n e } 2 1 6 4 , { N O z C H 3 } 2 1 5 2 , a n d { D M F } 2 1 5 4 . T h e d i s a p p e a r a n c e o f

t h e [ n - B u 4 N ] [ C N ] V C N m o d e a t 2 0 4 8 c m ' 1 a n d a p p e a r a n c e o f t h e C E N s t r e t c h

c h a r a c t e r i s t i c o f n - B u N C ( r e p o r t e d t o b e 2 1 5 3 c m ’ l ) w e r e o b s e r v e d i n t h e

s p e c t r a o f t h e [ n - B u 4 N ] [ C N ] / { s o l v e n t } s a m p l e s a t { T H F } 2 1 5 0 , { C H C 1 3 }

2 1 5 0 , { C H z C l z } 2 1 5 3 , { a c e t o n e } 2 1 5 4 , { N O z C H 3 } 2 1 5 2 , a n d { D M F } 2 1 5 4

c m ’ l . T h e a p p e a r a n c e o f t h e a m i n e s , R 3 N ( R = n - B u , E t ) , i s b e s t m o n i t o r e d

w i t h 1 H N M R s p e c t r o s c o p y b y o b s e r v i n g t h e m u l t i p l e t f o r t h e m e t h y l e n e

g r o u p s o r t o t h e N a t o m . T h e s e s i g n a l s a p p e a r a t ~ 2 . 5 a n d ~ 2 . 4 p p m ( s o l v e n t

d e p e n d e n t ) f o r E t 3 N a n d n - B u 3 N r e s p e c t i v e l y . T h e e q u i v a l e n t m e t h y l e n e

g r o u p s f o r t h e c o r r e s p o n d i n g t e t r a a l k y l a m m o n i u m c y a n i d e s a n d

a l k y l i s o c y a n i d e s o c c u r ~ 3 . 4 p p m . T h e 1 H N M R s p e c t r a o f t h e s a m p l e s a l s o

r e v e a l e d t h e p r e s e n c e o f a d d i t i o n a l s i g n a l s i n t h e r a n g e 0 t o 4 p p m t h a t

c a n n o t b e a s s i g n e d t o a n y o f t h e s p e c i e s d e s c r i b e d i n t h e d e c o m p o s i t i o n o f

t h e t e t r a a l k y l a m m o n i u m c y a n i d e s i n d i c a t i n g t h a t w h i l e t h e a m i n e s , R 3 N ( R =

n - B u , E t ) , a n d i s o c y a n i d e s , R N C ( R : E t , n - B u ) , a r e t h e m a j o r p r o d u c t s t h e
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f o r m a t i o n o f a d d i t i o n a l p r o d u c t s o r f u r t h e r d e c o m p o s i t i o n i s l i k e l y

o c c u r r i n g .

T h a t a l k y l g r o u p t r a n s f e r t o c y a n i d e w o u l d t a k e p l a c e w i t h a l k y l a t i o n o f

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

t h e e n e r g i e s o f t h e o b s e r v e d V C N m o d e s p r e c l u d e t h e p o s s i b i l i t y o f n i t r i l e

f o r m a t i o n a s t h e fi n a l p r o d u c t i n t h e s e r e a c t i o n s a n d a r e i n g o o d a g r e e m e n t

w i t h t h e r e p o r t e d v a l u e s o f E t N C a n d n - B u N C .

4 . C o n c l u s i o n s

R e a c t i o n s o f 1 2 e q u i v a l e n t s [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] w i t h

C r 2 ( O z C C F 3 ) 4 ( T I - I F ) 2 p r o c e e d w i t h c l e a v a g e o f t h e m e t a l - m e t a l b o n d a n d

f o r m a t i o n o f [ C r ( C N ) , ] 2 " 3 ‘ c o m p l e x e s . T h e o x i d a t i v e i n s t a b i l i t y o f l o w

v a l e n t t r a n s i t i o n m e t a l s s u c h a s C r “ a n d W I I t h a t e x h i b i t m e t a l - m e t a l b o n d i n g

n e c e s s i t a t e t h e u s e o f a n h y d r o u s r e a c t i o n c o n d i t i o n s t h a t a r e a c c e s s i b l e o n l y

w i t h [ E t 4 N ] [ C N ] a n d ( C H 3 ) 3 S i C N , b u t n o t [ n - B u 4 N ] [ C N ] . T h e a n i o n

[ C r ( C N ) 6 ] 4 ' w a s p r e p a r e d o n l y f r o m r e a c t i o n s w i t h [ E t 4 N ] [ C N ] . E x p o s u r e o f

[ E t a N ] 4 [ C r ( C N ) 5 ] s o l u t i o n s t o a i r o r w a t e r l e d t o o x i d a t i o n a n d f o r m a t i o n o f

[ E t 4 N 1 3 [ C r ( C N ) o l -

T h e e l e c t r o n i c a b s o r p t i o n , n u c l e a r m a g n e t i c r e s o n a n c e , a n d i n f r a r e d

s p e c t r a l c h a r a c t e r i z a t i o n a s w e l l a s m a s s s p e c t r o m e t r i c m e t h o d s s u p p o r t t h e

f o r m u l a t i o n o f t h e g r e e n p r e c i p i t a t e f r o m t h e r e a c t i o n o f R e 2 ( 0 2 C C H 3 ) 4 C 1 2
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w i t h 8 e q u i v a l e n t s o f [ E t 4 N ] [ C N ] a s [ E t 4 N ] 2 [ R e 2 ( C N ) 3 ] . I n f r a r e d

s p e c t r o s c o p i c e v i d e n c e s u g g e s t s t h a t t h e r e a c t i o n o f R e 2 ( O z C C H 3 ) 4 C 1 2 w i t h 8

e q u i v a l e n t s o f [ n - B u 4 N ] [ C N ] p r o c e e d s w i t h f o r m a t i o n o f s e v e r a l R e c y a n i d e

p r o d u c t s , a m o n g t h e m [ n - B u 4 N ] 2 [ R e 2 ( C N ) 3 ] . E l e c t r o n i c a b s o r p t i o n a n d

i n f r a r e d s p e c t r a l e v i d e n c e s u g g e s t s t h a t r e a c t i o n s o f O s 2 ( O z C C H 3 ) 4 C l z w i t h

[ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] p r o c e e d w i t h f o r m a t i o n o f m u l t i p l e O s

c y a n i d e c o m p o u n d s .

I t w a s f o u n d t h a t ( C H 3 ) S i C N i s n o t a s u f fi c i e n t l y s t r o n g c y a n i d e t r a n s f e r

r e a g e n t f o r h e t e r o g e n e o u s r e a c t i o n s w i t h s u s p e n s i o n s o f R e 2 ( O z C C H 3 ) 4 C 1 2 ,

o r O S 2 ( 0 2 C C H 3 ) 4 C 1 2 . A T H F / ( C H 3 ) S i C N s o l u t i o n , h o w e v e r , w a s a b l e t o

s l o w l y r e a c t w i t h a T H F s o l u t i o n o f M 0 2 ( O z C C H 3 ) 4 t o p r o d u c e a r e d p r o d u c t

w i t h a s i n g l e V O N m o d e . T h e n a t u r e o f t h i s p r o d u c t i s u n d e r i n v e s t i g a t i o n .

D e s p i t e t h e r e s i s t a n c e t o s u b s t i t u t i o n o f t h e c y a n i d e s a n d m e t a l - m e t a l

b o n d c l e a v a g e , [ M 0 2 ( C N ) 3 ] 4 ” h a s l i m i t e d o x i d a t i v e a n d h y d r o l y t i c s t a b i l i t y .

A c e t o n i t r i l e s o l u t i o n s o f [ n - B u a N ] 4 [ M 0 2 ( C N ) 8 ] r e a c t w i t h b o t h d e i o n i z e d ,

d e o x y g e n a t e d w a t e r a n d d r y o x y g e n i n a m a n n e r t h a t i s s u g g e s t i v e o f

c y a n i d e o x i d a t i o n t o c y a n a t e .

T h e p a t h w a y t o d e c o m p o s i t i o n o f [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] i n

n o n p o l a r o r g a n i c s o l v e n t s i s t h e t r a n s f e r o f t h e a l k y l g r o u p f r o m t h e c a t i o n t o

t h e n i t r o g e n e n d o f c y a n i d e t o f o r m R N C a n d R N . T h e i n a b i l i t y o f t h e s e
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s o l v e n t s t o a d e q u a t e l y s o l v a t e t h e c y a n i d e a n i o n i s t h e d r i v i n g f o r c e b e h i n d

t h e r e a c t i o n .
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R e f e r e n c e s

1 .

2 .

H e i n t z , R . A . ; D u n b a r , K . R . P r o g . I n o r g . C h e m . 1 9 9 6 , 4 5 , 2 8 3 .

V a h r e n k a m p , H . ; G e i s s , A . ; R i c h a r d s o n , G . N . J . C h e m . S o c . D a l t o n

T r a n s . 1 9 9 7 , 2 0 , 3 6 6 4 .

. C u r t i s , M . D . ; K l i n g e r , R . J . J . O r g a n o m e t . C h e m . 1 9 7 8 , 1 6 1 , 2 3 .

. A s p i n a l l , H . C . ; D e e m i n g , A . J . ; D o n o v a n - M t u n z i , S . J . C h e m .

S o c . D a l t o n T r a n s . 1 9 8 3 , 8 4 , 2 0 5 .

. B u d z i c h o w s k i , T . ; C h i s h o l m , M . P o l y h e d r o n , 1 9 9 4 , I 3 , 2 0 3 5 .

. D e r a n i y a g , S . P . ; G r u n d y , K . R . I n o r g . C h i m . A c t a , 1 9 8 4 , 8 4 , 2 0 5 .

B a r t l e y , S . L . ; B e r n s t e i n , S . N . ; D u n b a r , K . R . I n o r g . C h i m . A c t a . 1 9 9 3 ,

2 1 3 , 2 1 3 .

C o t t o n , F . A . ; C u r t i s , N . F . ; J o h n s o n , B . F . G . ; R o b i n s o n , W . R . I n o r g .

C h e m . 1 9 6 5 , 4 , 3 6 5 .

C a r l s o n - D a y , K . M . ; E g l i n , J . L . ; V a l e n t e , E . J . ; Z u b k o w s k i , J . D . I n o r g .

C h i m i c a A c t a 1 9 9 6 , 2 4 4 , 1 5 1 .

1 0 . O s z O z C C H 3 C 1 2 w a s p r e p a r e d b y a m o d i fi c a t i o n d e v e l o p e d i n t h e D u n b a r

l a b o r a t o r i e s o f t h e p r o c e d u r e r e p o r t e d i n B e h l i n g , T . ; W i l k i n s o n , G . J .

C h e m . S o c . D a l t o n T r a n s . 1 9 8 3 , 2 1 0 9 . I n a 5 0 0 m L E r l e n m e y e r fl a s k ,

c o n c e n t r a t e d H C l ( 9 0 m L ) a n d F e C 1 2 - 4 H Z O ( 7 g ) w e r e c o m b i n e d .

T h r e e 1 g a m p o u l e s o f 0 8 0 4 w e r e a d d e d . H e a t t h e b e a k e r c o n t e n t s i n a
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1 1 .

w a t e r b a t h a t 8 5 - 9 0 ° C f o r 4 h o u r s . T h e s o l u t i o n w a s t r a n s f e r r e d t o a

l a r g e s e p a r a t o r y f u n n e l a n d e x t r a c t e d w i t h d i e t h y l e t h e r ( 1 0 x 1 0 0 m L ) .

E a c h t i m e t h a t f r e s h d i e t h y l e t h e r i s a d d e d , t h e b o t t o m l a y e r m u s t b e

d i s p e n s e d i n t o a b e a k e r a n d t h e t o p l a y e r d i s c a r d e d b e f o r e t h e a q u e o u s

l a y e r i s r e t u r n e d t o t h e s e p a r a t o r y f u n n e l . T h e y e l l o w d i e t h y l e t h e r

l a y e r w i l l b e c o m e p r o g r e s s i v e l y b e c o m e c o l o r l e s s . T h e r e d a q u e o u s

l a y e r i s e m p t i e d i n t o a r o u n d - b o t t o m e d fl a s k a n d r e d u c e d t o a m o i s t

r e s i d u e . A c e t i c a c i d ( 4 5 m L ) a n d a c e t i c a n h y d r i d e ( 4 5 m L ) a r e a d d e d

a n d t h e s o l u t i o n i s r e fl u x e d u n d e r a n i n e r t a t m o s p h e r e f o r ~ 2 4 h o u r s .

T h e s o l u t i o n i s c o o l e d a n d fi l t e r e d i n a i r . A c e t i c a c i d f o l l o w e d b y

m e t h a n o l a n d d i e t h y l e t h e r a r e u s e d t o w a s h t h e s o l i d . T h e p r o d u c t i s

d r i e d i n v a c u o . Y i e l d i s 2 . 8 4 g ( 7 0 % ) .

I n a d r y b o x , C r C l z ( 0 . 7 5 0 g , 6 . 1 0 m m o l ) a n d N 3 0 2 C C F 3 ( 1 . 6 6 g , 1 2 . 2

m m o l ) w e r e t r a n s f e r r e d t o a 1 0 0 m L S c h l e n k fl a s k . T h e fl a s k w a s

r e m o v e d f r o m t h e d r y b o x a n d 5 0 m L o f T H F w a s a d d e d . T h e

s u s p e n s i o n w a s r e fl u x e d f o r 1 0 - 1 2 h o u r s . T h i s p r o d u c e d a p u r p l e

s o l u t i o n a n d a w h i t e ( l i g h t g r e e n ) p r e c i p i t a t e . T h e p u r p l e s o l u t i o n w a s

fi l i t e r e d a n d t h e T H F r e m o v e d u n d e r v a c u u m . T h e r e s u l t i n g p u r p l e

s o l i d w a s e x t r a c t e d w i t h t o l u e n e a n d fi l t e r e d a g a i n . T h e t o l u e n e w a s
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r e m o v e d t o g i v e a p u r p l e s o l i d . T h e s o l i d w a s d r i e d u n d e r v a c u u m a n d

t r a n s f e r r e d t o a d r y b o x f o r s t o r a g e . Y i e l d 1 . 7 7 g ( 8 3 % ) .

1 2 . C o t t o n , F . A . ; W a l t o n , R . A . M u l t i p l e B o n d s B e t w e e n M e t a l A t o m s , 2 “ d

1 3 .

e d . , C l a r e n d o n P r e s s , O x f o r d , 1 9 9 3 .

S h a r p , A . G . T h e C h e m i s t r y o f C y a n o C o m p l e x e s o f t h e T r a n s i t i o n

M e t a l s , 1 9 7 6 , A c a d e m i c P r e s s , N e w Y o r k , N e w Y o r k .
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C h a p t e r I I I

A n e w f a m i l y o f d i m o l y b d e n u m c o m p o u n d s w i t h

c y a n i d e a n d p h o s p h i n e l i g a n d s
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1 . I n t r o d u c t i o n

N e u t r a l a n d c a t i o n i c E S B O c o m p o u n d s a r e w e l l e s t a b l i s h e d f a m i l i e s o f

c o m p o u n d s , b u t , p r i o r t o o u r r e s u l t s i n t h e c y a n i d e c h e m i s t r y , a n i o n i c

E S B O s w e r e l i m i t e d t o o n e e x a m p l e , v i z . , [ R e 2 C 1 6 ( d p p m ) 2 ] ’ . T h e d i s c o v e r y

o f t h e u n p r e c e d e n t e d c o m p o u n d [ n — B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] p r o m p t e d u s

t o q u e s t i o n w h e t h e r o t h e r a n i o n i c m e t a l - m e t a l b o n d e d E S B O c o m p l e x e s

w i t h c y a n i d e l i g a n d s c o u l d b e i s o l a t e d . H e r e i n , t h e s y n t h e s i s o f t h e n e w

a n i o n i c E S B O , [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' , p r o d u c e d f r o m t h e r e a c t i o n o f

M 0 2 C 1 4 ( d p p m ) 2 a n d e x c e s s c y a n i d e , i s r e p o r t e d . I n v e s t i g a t i o n s o f t h e

e l e c t r o c h e m i s t r y o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) l e d t o t h e i s o l a t i o n o f

t h e c o r r e s p o n d i n g o n e a n d t w o - e l e c t r o n o x i d a t i o n p r o d u c t s , [ n -

B u a N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) r e s p e c t i v e l y .

T h i s h o m o l o g o u s s e r i e s o f c o m p o u n d s p r e s e n t s a n e x c e l l a n t o p p o r t u n i t y

t o p r o b e t h e o r d e r i n g o f t h e o r b i t a l s i n v o l v e d i n m e t a l - m e t a l b o n d f o r m a t i o n

i n e d g e - s h a r i n g b i o c t a h e d r a l ( E S B O ) c o m p o u n d s . I n E S B O c o m p o u n d s ,

t h r e e d - d o v e r l a p s g i v e r i s e t o m e t a l - m e t a l b o n d s w i t h 6 , 1 c , a n d 5

c o m p o n e n t s a s w e l l a s t h e c o r r e s p o n d i n g a n t i b o n d i n g c o m b i n a t i o n s ( F i g u r e

3 . 1 ) . T h e 5 a n d 5 * o r b i t a l s a r e g e n e r a l l y c o n s i d e r e d t o b e s u f fi c i e n t l y w e a k

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

o r d e r a r i s e s f r o m t h e i n t e r a c t i o n o f e l e c t r o n l o n e p a i r o r b i t a l s o n t h e b r i d g i n g
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d x y - d , y 8 *

d X y + d x y 5

R J

d y z + d y z 7 ‘ 
F i g u r e 3 . 1 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e o v e r l a p o f d - o r b i t a l s i n v o l v e d

i n m e t a l - m e t a l b o n d f o r m a t i o n i n a n E S B O c o m p l e x .
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a t o m s w i t h m e t a l b a s e d ( 1 o r b i t a l s i n v o l v e d i n m e t a l - m e t a l b o n d f o r m a t i o n .

S i n g l e c r y s t a l X - r a y d i f f r a c t i o n s t u d i e s o f ( 8 ) , ( 1 0 ) , a n d ( 1 1 ) a s w e l l a s

c o m p u t a t i o n a l s t u d i e s o f t h e c l o s e d s h e l l a n a l o g s [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' a n d

M o z ( C N ) 6 ( d p p m ) 2 h a v e h e l p e d l e n d i n s i g h t i n t o t h e n a t u r e o f t h e s e m i -

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

t h e s e E S B O c o m p o u n d s a n d i t s i n fl u e n c e o n t h e m e t a l - m e t a l b o n d i n g .

2 . E x p e r i m e n t a l

A . M a t e r i a l s

A l l m a n i p u l a t i o n s w e r e c a r r i e d o u t u n d e r a n i n e r t a t m o s p h e r e u s i n g

s t a n d a r d S c h l e n k - l i n e t e c h n i q u e s . G l a s s w a r e w a s fl a m e - d r i e d u n d e r v a c u u m

p r i o r t o u s e . A c e t o n i t r i l e w a s d r i e d o v e r 3 A s i e v e s a n d d i e t h y l e t h e r w a s

d r i e d o v e r N a . B o t h s o l v e n t s w e r e d i s t i l l e d u n d e r n i t r o g e n p r i o r t o u s e . T h e

c o m p o u n d M 0 2 C 1 4 ( d p p m ) 2 w a s p r e p a r e d a c c o r d i n g t o t h e l i t e r a t u r e

m e t h o d . 1 1 T h e r e a g e n t N O B F 4 w a s p u r c h a s e d f r o m A l d r i c h a n d u s e d

w i t h o u t f u r t h e r p u r i fi c a t i o n . T h e s a l t [ s z F e ] [ B F 4 ] w a s p r e p a r e d a c c o r d i n g

t o t h e l i t e r a t u r e m e t h o d . 1 2

B . P h y s i c a l M e a s u r e m e n t s

I n f r a r e d s p e c t r a w e r e r e c o r d e d i n t h e r a n g e 4 0 0 0 - 4 0 0 c m ' 1 o n a N i c o l e t

I R / 4 2 S p e c t r o m e t e r u s i n g K B r s a l t p l a t e s . 1 H a n d 3 1 P N M R s p e c t r a w e r e

r e c o r d e d o n V a r i a n V X R 3 0 0 s S p e c t r o m e t e r . E l e c t r o n i c a b s o r p t i o n a n d
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n e a r - I R s p e c t r a w e r e m e a s u r e d o n a S h i m a d z u U V - 3 1 0 1 P C U V - V i s - N I R

S c a n n i n g S p e c t r o p h o t o m e t e r . C y c l i c v o l t a m m e t r y s t u d i e s w e r e c a r r i e d o u t

w i t h a C H I n s t r u m e n t s E l e c t r o c h e m i c a l W o r k s t a t i o n i n 0 . 1 M [ n -

B u a N ] [ B F 4 ] / C H 3 C N s o l u t i o n s a t a P t d i s k w o r k i n g e l e c t r o d e w i t h a P t w i r e

a u x i l i a r y e l e c t r o d e a n d A g / A g C l r e f e r e n c e . M a g n e t i c s u s c e p t i b i l i t y

m e a s u r e m e n t s i n t h e s o l i d s t a t e w e r e p e r f o r m e d w i t h t h e u s e o f a Q u a n t u m

D e s i g n s u p e r c o n d u c t i n g q u a n t u m i n t e r f e r e n c e d e v i c e ( S Q U I D )

m a g n e t o m e t e r M P M S - S . D a t a w e r e o b t a i n e d o n p o l y c r y s t a l l i n e s a m p l e s i n

t h e r a n g e o f 2 - 3 0 0 K a t 1 0 0 0 G . E l e c t r o n P a r a m a g n e t i c R e s o n a n c e s p e c t r a

w e r e r e c o r d e d o n a E S P 3 0 0 E i n s t r u m e n t e q u i p p e d w i t h a n O x f o r d

i n s t r u m e n t C r y o s t a t E S R 9 0 0 . E l e m e n t a l a n a l y s e s w e r e p e r f o r m e d o n a

P e r k i n E l m e r S e r i e s I I C H N S / O A n a l y z e r . M a s s s p e c t r a l d a t a w e r e o b t a i n e d

a t t h e M i c h i g a n S t a t e U n i v e r s i t y M a s s S p e c t r o m e t r y F a c i l i t y w h i c h i s

s u p p o r t e d , i n p a r t , b y a g r a n t ( D R R - 0 0 4 8 0 ) f r o m t h e B i o t e c h n o l o g y

R e s e a r c h T e c h n o l o g y P r o g r a m , N a t i o n a l C e n t e r f o r R e s e a r c h R e s o u r c e s ,

N a t i o n a l I n s t i t u t e o f H e a l t h .

C . S y n t h e s e s

( 1 ) P r e p a r a t i o n o f [ n - B u 4 N 1 2 I M 0 2 ( C N ) t ( d p p m ) 2 ] , ( 8 )

[ n - B u a N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] w a s p r e p a r e d b y c o m b i n i n g 5 m L

d i c h l o r o m e t h a n e s o l u t i o n s o f M 0 2 C 1 4 ( d p p m ) 2 ( 0 . 2 0 0 g , 0 . 1 8 1 m m o l ) a n d [ n -
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B u 4 N ] [ C N ] ( 0 . 2 9 2 g , 1 . 0 8 7 m m o l ) . U p o n m i x i n g , a d a r k r e d s o l u t i o n w a s

o b t a i n e d a n d t h e r e a c t i o n w a s a l l o w e d t o s t i r f o r 5 m i n u t e s . A d d i t i o n o f 1 0

m L o f d i e t h y l e t h e r t o t h e r e a c t i o n s o l u t i o n i n d u c e d t h e p r e c i p i t a t i o n o f a

d a r k r e d m i c r o c r y s t a l l i n e s o l i d , w h i c h w a s c o l l e c t e d b y fi l t r a t i o n , w a s h e d

w i t h d i e t h y l e t h e r ( 3 x 1 0 m L ) , a n d d r i e d i n v a c u o . Y i e l d 0 . 1 4 5 g . ( 5 0 % ) . 1 H

N M R : - C H 2 - p e n t e t 4 . 0 8 p p m , p h e n y l m u l t i p l e t s 7 . 6 0 a n d 6 . 9 6 p p m ; { 1 H } 3 1 P

N M R : 2 5 . 4 7 p p m ; v C N : 2 0 9 4 , 2 0 8 0 , a n d 1 9 3 6 c m " ; U V - V i s ( C H 3 C N ) :

) . , , , , , . ( n m ) ( e ( M ' 1 c m “ ) ) 5 5 3 ( 1 . 9 x 1 0 3 ) 3 3 3 ( 3 . 4 x 1 0 5 ) A n a l . C a l c d f o r

C 8 3 H 1 1 4 N 3 P 4 M 0 2 : C , 6 6 . 0 1 ; H , 7 . 2 5 ; N , 7 . 0 0 . F o u n d : C , 6 5 . 1 8 ; H , 7 . 3 3 ; N

6 . 5 8 .

( 2 ) P r e p a r a t i o n o f [ E t t l e l M 0 2 ( C N ) o ( d P P m ) 2 ] , ( 9 )

T h e s a l t [ E t a N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] w a s p r e p a r e d b y c o m b i n i n g 5 m L

d i c h l o r o m e t h a n e s o l u t i o n s o f M 0 2 C 1 4 ( d p p m ) 2 ( 0 . 2 0 0 g , 0 . 1 8 1 0 m m o l ) a n d

[ E t 4 N ] [ C N ] ( 0 . 1 7 0 g , 1 . 0 8 7 m m o l ) . U p o n m i x i n g , t h e s o l u t i o n t u r n e d d a r k

r e d a n d a d a r k r e d m i c r o c r y s t a l l i n e s o l i d w a s o b s e r v e d t o f o r m . T h e s o l u t i o n

w a s c o n c e n t r a t e d t o 5 m L , a n d t h e p r o d u c t w a s c o l l e c t e d b y fi l t r a t i o n a n d

w a s h e d w i t h d i c h l o r o m e t h a n e ( 3 x 5 m L ) . T h e s o l i d w a s t h e n d r i e d i n v a c u o .

Y i e l d 0 . 1 6 2 g . ( 6 5 % ) . 1 H N M R : - C H 2 - p e n t e t 4 . 0 8 p p m , p h e n y l m u l t i p l e t s

7 . 6 0 a n d 6 . 9 6 p p m ; ( ‘ H } 3 ‘ P N M R : 2 1 . 0 p p m ; V C N : 2 0 9 4 , 2 0 8 0 , a n d 1 9 2 5

c m " ; U V - V i s ( C H 3 C N ) : 7 t , , , , , ( n m ) ( e ( M ‘ 1 c m “ ) ) 5 5 3 ( 1 . 9 x 1 0 3 ) , 3 3 3 ( 3 . 4 x 1 0 5 )
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A n a l . C a l c d f o r C 7 2 H 3 4 N 8 P 4 M 0 2 : C , 6 2 . 7 9 ; H , 6 . 1 5 ; N , 8 . 1 4 . F o u n d : C ,

6 2 . 4 8 ; H , 6 . 2 6 ; N 8 . 2 3 .

( 3 ) P r e p a r a t i o n o f [ n - B u a N ] [ M o z ( C N ) 6 ( d p p m ) 2 ] , ( 1 0 )

M e t h o d i

[ n - B u l N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] w a s p r e p a r e d b y t h e d r o p - w i s e a d d i t i o n o f

1 0 m L o f a n a c e t o n i t r i l e s o l u t i o n o f N O B F 4 ( 0 . 0 1 5 g , 0 . 1 2 3 m m o l ) i n t o 1 0

m L o f a n a c e t o n i t r i l e s o l u t i o n o f [ n - B u 4 N 1 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 0 . 1 6 5 g ,

0 . 1 0 3 1 m m o l ) t h a t h a d b e e n c o o l e d t o — 1 5 ° C b y a n e t h y l e n e g l y c o l / d r y i c e

b a t h . U p o n c o m p l e t e a d d i t i o n o f t h e N O B F 4 s o l u t i o n , t h e r e s u l t i n g g r e e n

s o l u t i o n w a s a l l o w e d t o w a r m t o r o o m t e m p e r a t u r e . T h e v o l u m e w a s

r e d u c e d t o 1 0 m L , t h e s o l u t i o n w a s fi l t e r e d t h r o u g h C e l i t e , a n d 1 0 m L o f

d i e t h y l e t h e r w e r e a d d e d t o i n d u c e p r e c i p i t a t i o n . A g r e e n s o l i d w a s

r e c o v e r e d b y fi l t r a t i o n , w a s h e d w i t h a 3 5 / 6 5 % a c e t o n i t r i l e / d i e t h y l e t h e r

s o l u t i o n ( 3 x 5 m L ) , a n d d r i e d i n v a c u o . Y i e l d 0 . 1 1 2 g . ( 8 0 % ) . V C N : 2 1 0 8 , a n d

1 8 0 7 c m " ; U V - V i s ( C H 3 C N ) : 7 t . , , , , , ( n m ) ( e ( M ' l c m " ) ) 4 2 9 ( 8 0 0 ) 7 8 0

( 1 . 2 x 1 0 3 ) . A n a l . C a l c d f o r C 7 2 H 3 0 N 7 P 4 M 0 2 : c , 6 4 . 2 8 ; H , 5 . 9 5 ; N , 7 . 2 9 .

F o u n d : C , 6 3 . 8 9 ; H , 6 . 1 7 ; N 6 . 9 8 .

M e t h o d i i
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[ n - B u a N ] [ M o z ( C N ) 6 ( d p p m ) 2 ] c a n a l t e r n a t i v e l y b e p r e p a r e d u s i n g

[ s z F e ] [ B F 4 ] a s a n o x i d i z i n g a g e n t . T h e d r o p - w i s e a d d i t i o n o f 1 0 m L o f a n

a c e t o n i t r i l e s o l u t i o n o f [ C n g e ] [ B F 4 ] i n t o 1 0 m L o f a n a c e t o n i t r i l e s o l u t i o n

o f [ n - B u a N h [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] t h a t h a d b e e n c o o l e d t o - — 1 5 ° C i n a n

e t h y l e n e g l y c o l / d r y i c e b a t h p r o d u c e d a g r e e n s o l u t i o n . T h e r e s u l t i n g g r e e n

s o l u t i o n w a s a l l o w e d t o w a r m t o r o o m t e m p e r a t u r e , c o n c e n t r a t e d t o 1 0 m L ,

t h e n fi l t e r e d t h r o u g h C e l i t e . D i e t h y l e t h e r ( 1 0 m L ) w a s a d d e d t o p r e c i p i t a t e

a g r e e n s o l i d t h a t w a s r e c o v e r e d b y fi l t r a t i o n t h e n w a s h e d w i t h a 3 5 / 6 5 %

a c e t o n i t r i l e / d i e t h y l e t h e r s o l u t i o n ( 3 x 5 m L ) a n d d r i e d i n v a c u o . T y p i c a l

y i e l d s a r e 8 0 % .

( 4 ) P r e p a r a t i o n o f M 0 2 ( C N ) 6 ( d p p m ) 2 , ( 1 1 )

M 0 2 ( C N ) 6 ( d p p m ) 2 w a s p r e p a r e d b y t h e d r o p w i s e a d d i t i o n o f 2 0 m L o f

a n a c e t o n i t r i l e s o l u t i o n o f N O B F 4 ( 0 . 0 2 6 g , 0 . 2 2 7 m m o l ) i n t o 1 0 m L o f a n

a c e t o n i t r i l e s o l u t i o n o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 0 . 1 6 5 g , 0 . 1 0 3 1

r m n o l ) c o o l e d t o — 1 5 ° C b y a n e t h y l e n e g l y c o l / d r y i c e b a t h . U p o n c o m p l e t e

a d d i t i o n o f t h e N O B F 4 s o l u t i o n , a y e l l o w - g r e e n s o l u t i o n w i t h a s m a l l a m o u n t

o f a p u r p l e - r e d p r e c i p i t a t e w a s o b s e r v e d . T h e s o l u t i o n w a s a l l o w e d t o w a r m

t o r o o m t e m p e r a t u r e a n d t h e p u r p l e - r e d p r e c i p i t a t e w a s r e m o v e d b y fi l t r a t i o n

t h r o u g h C e l i t e . T h e s o l u t i o n w a s c o n c e n t r a t e d t o 1 0 m L w h i c h r e s u l t e d i n

t h e p r e c i p i t a t i o n o f a y e l l o w - g r e e n s o l i d t h a t w a s r e c o v e r e d b y fi l t r a t i o n ,
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w a s h e d w i t h a c e t o n i t r i l e ( 3 x 5 m L ) , a n d d r i e d i n v a c u o . Y i e l d 0 . 0 8 0 g .

( 7 0 % ) . v C N : 2 1 1 0 , 2 1 0 2 a n d 1 8 0 7 c m " ; A n a l . C a l c d f o r C 5 6 H 4 4 N 6 P 4 M 0 2 : c ,

6 0 . 2 3 ; H , 3 . 9 7 ; N , 7 . 5 3 . F o u n d : C , 6 1 . 0 9 ; H , 4 . 2 5 ; N 7 . 3 2 .

( 5 ) P r e p a r a t i o n o f N i ( e n ) 2 M 0 2 ( C N ) 6 ( d p p m ) 2 , ( 1 2 )

N i ( e n ) 2 M o z ( C N ) 6 ( d p p m ) 2 w a s p r e p a r e d b y t h e a d d i t i o n o f 1 0 m L o f a n

a c e t o n i t r i l e s o l u t i o n o f [ N i ( e n ) 2 ( C H 3 C N ) 2 ] ( P F 6 ) 2 ( 0 . 0 3 5 g , 0 . 0 6 2 5 m m o l ) t o

1 0 m L o f a n a c e t o n i t r i l e s o l u t i o n o f [ n - B u 4 N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 0 . 1 0 0 g ,

0 . 0 6 2 5 m m o l ) . U p o n m i x i n g o f t h e s o l u t i o n s , a p u r p l e p r e c i p i t a t e e n s u e d

w h i c h w a s r e c o v e r e d b y fi l t r a t i o n , w a s h e d w i t h a c e t o n i t r i l e ( 3 x 5 m L ) a n d

d r i e d i n v a c c u o . Y i e l d 0 . 7 7 g ( 9 5 % ) . v a r 2 0 9 6 ( b r o a d ) a n d 1 9 3 6 c m ' 1

A n a l . C a l c d f o r C 6 0 H 6 0 N 1 0 P 4 M 0 2 N 1 1 : C , 5 5 . 6 2 ; H , 4 . 6 7 ; N , 1 0 . 8 1 . F o u n d :

C , 5 5 . 3 1 ; H , 4 . 4 5 ; N 1 0 . 3 9 .

D . X - r a y C r y s t a l l o g r a p h y

S i n g l e c r y s t a l X - r a y s t r u c t u r a l d e t e r m i n a t i o n s w e r e p e r f o r m e d o n a

B r u k e r S M A R T 1 K C C D ' p l a t f o r m d i f f r a c t o m e t e r w i t h g r a p h i t e

m o n o c h r o m a t e d M o K a r a d i a t i o n ( h a = 0 . 7 1 0 6 9 A ) . T h e f r a m e s w e r e

i n t e g r a t e d i n t h e B r u k e r S A I N T s o f t w a r e p a c k a g e , 1 3 a n d t h e d a t a w e r e

c o r r e c t e d f o r a b s o r p t i o n u s i n g t h e S A D A B S p r o g r a m . 1 4 T h e s t r u c t u r e s w e r e

s o l v e d u s i n g t h e S H E L X T L V . 5 . 1 0 p a c k a g e . 1 5 C r y s t a l l o g r a p h i c d a t a f o r [ n -
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B u t N ] 2 [ M 0 2 ( C N ) o ( d p p m ) 2 ] ( 8 ) . [ n - B u t N ] [ M 0 2 ( C N ) o ( d m e ) 2 ] ( 1 0 ) . a n d

M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) a r e s u m m a r i z e d i n T a b l e 1 . T h e r m a l e l l i p s o i d p l o t s

f o r t h e s t r u c t u r e s o f ( 8 ) , ( 1 0 ) , a n d ( 1 1 ) a r e d i s p l a y e d i n F i g u r e s 2 , 3 , a n d 4 .

S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s f o r ( 8 ) , ( 1 0 ) , a n d ( 1 1 ) a r e p r e s e n t e d i n

T a b l e s 2 , 3 , a n d 4 . A c o m p a r i s o n o f t h e e q u a t o r i a l p l a n e s o f t h e d i m e t a l

u n i t s i n ( 8 ) , ( 1 0 ) , a n d ( l l ) i s i l l u s t r a t e d i n F i g u r e 5 . A m e t r i c a l c o m p a r i s o n

o f t h e t h r e e s t r u c t u r e s i s p r e s e n t e d i n T a b l e 5 .

( 1 ) [ n - B u 4 N ] 2 1 N 1 0 2 ( C N ) o ( d P P m ) z l s ( 8 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s o f ( 8 ) w e r e g r o w n b y s l o w d i f f u s i o n o f b e n z e n e i n t o a n

a c e t o n i t r i l e s o l u t i o n o f ( 8 ) i n a s e a l e d 8 m m O . D . g l a s s t u b e . A d a r k r e d

c r y s t a l o f d i m e n s i o n s 0 . 4 4 x 0 . 3 9 x 0 . 0 7 m m 3 w a s c o v e r e d i n P a r a t o n e o i l

a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l

c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a

m o n o c l i n i c c e l l . A t o t a l o f 6 5 6 8 u n i q u e r e fl e c t i o n s w a s c o l l e c t e d a t 1 7 3 K

u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 4 6 4 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e C 2 / c . T h e s t r u c t u r e w a s s o l v e d b y

t h e S I - I E L X S 1 5 s t r u c t u r e p r o g r a m a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s

r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . T h e
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“ s o f t n e s s ” o f t h e c r y s t a l r e s u l t e d i n p o o r d i f f r a c t i o n w h i c h l e d t o r e fi n e m e n t

l i m i t a t i o n s . W i t h t h e e x c e p t i o n s o f C 3 1 a n d C 2 , a l l n o n - h y d r o g e n a t o m s

w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . H y d r o g e n a t o m s w e r e

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

f o r t h e C 3 a n d N 3 a t o m s i s a t t r i b u t e d t o l i b r a t i o n a l d i s o r d e r . 1 6 B a s e d o n t h e

a p p e a r a n c e o f t h e e l e c t r o n d e n s i t y m a p s o f t h e r e g i o n , i t i s u n l i k e l y t h a t t h e

b r i d g i n g a t o m s a r e i n v o l v e d i n a p a c k i n g d i s o r d e r o f t h e m o l e c u l e w i t h t w o

s l i g h t l y d i f f e r e n t s u p e r i m p o s e d o r i e n t a t i o n s o f t h e l i g a n d . F u r t h e r m o r e t h e

u n r e a s o n a b l y s h o r t C 3 - N 3 b o n d l e n g t h o f 1 . 0 2 8 A i s a n e x p e c t e d

c o n s e q u e n c e o f l i b r a t i o n . T h e r a t h e r u n l i k e l y p o s s i b i l i t y o f t h e b r i d g i n g

c y a n i d e b e i n g b o u n d t h r o u g h t h e N r a t h e r t h a n C a t o m w a s c o n s i d e r e d a n d

r e j e c t e d o n t h e b a s i s o f r e fi n e m e n t s t a t i s t i c s . W h e n t h e a t o m b o n d e d d i r e c t l y

t o t h e M o a t o m i n t h e b r i d g i n g p o s i t i o n w a s r e fi n e d a s a N a t o m i n s t e a d o f a

C a t o m , t h e t e m p e r a t u r e f a c t o r b e c a m e n o n - p o s i t i v e d e fi n i t e ; t h e

c o r r e s p o n d i n g t e m p e r a t u r e f a c t o r o f t h e C a t o m i n c r e a s e d f r o m 0 . 0 4 2 t o

0 . 0 7 2 .

( 2 ) [ n - B u t N ] [ M 0 2 ( C N ) t ( d P P m ) 2 l , ( 1 0 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s o f ( 1 0 ) w e r e g r o w n b y s l o w e v a p o r a t i o n i n a i r o f a b e n z e n e a n d
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a c e t o n i t r i l e s o l u t i o n o f ( 8 ) . A g r e e n c r y s t a l o f d i m e n s i o n s 0 . 3 8 x 0 . 2 5 x 0 . 0 7

m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d t h e n m o u n t e d o n t h e t i p o f a g l a s s fi b e r

w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a

c o l l e c t i o n c o r r e s p o n d e d t o a m o n o c l i n i c c e l l . A t o t a l o f 8 4 6 2 u n i q u e

r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a

m a x i m u m 2 0 v a l u e o f 5 6 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e C 2 / c . T h e s t r u c t u r e w a s s o l v e d b y

t h e S I - I E L X S 1 5 s t r u c t u r e p r o g r a m a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s

r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . A l l n o n -

h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e

h y d r o g e n a t o m s w e r e l o c a t e d f r o m t h e d i f f e r e n c e m a p a n d r e fi n e d

i s o t r o p i c a l l y . T h e O l - H l W A a n d O l - H l W B d i s t a n c e s w e r e r e s t r a i n e d t o

0 . 8 5 A .

( 3 ) M 0 2 ( C N ) t ( d P P m ) 2 , ( 1 1 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s o f ( 1 1 ) w e r e g r o w n i n a n 8 m m O . D . g l a s s t u b e b y s l o w

d i f f u s i o n o f a n a c e t o n i t r i l e s o l u t i o n o f ( 1 0 ) i n t o n i t r o m e t h a n e t h a t w a s n o t

d r i e d o r d e o x y g e n a t e d p r i o r t o u s e . A y e l l o w - g r e e n c r y s t a l o f d i m e n s i o n s

0 . 4 2 x 0 . 3 5 x 0 . 2 8 m m 3 w a s c o v e r e d i n P a r a t o n e o i l t h e n m o u n t e d o n t h e t i p

9 9



o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n

m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a t r i c l i n i c c e l l . A t o t a l o f 6 5 6 8

u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a

m a x i m u m 2 0 v a l u e o f 5 6 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P - l . T h e s t r u c t u r e w a s s o l v e d b y

t h e S I - I E L X S 1 6 s t r u c t u r e p r o g r a m a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s

r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . A l l n o n -

h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s , a n d

h y d r o g e n a t o m s w e r e a d d e d i n c a l c u l a t e d p o s i t i o n s .

1 0 0
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F i g u r e 3 . 1 . T h e r m a l e l l i p s o i d p l o t o f [ M o z ( C N ) 6 ( d p p m ) 2 ] 2 ' , ( 8 )

r e p r e s e n t e d a t t h e 5 0 % p r o b a b i l i t y l e v e l . H y d r o g e n a t o m s
w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y .
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F i g u r e 3 . 3 . T h e r m a l e l l i p s o i d p l o t o f t h e m o l e c u l a r a n i o n

[ M 0 2 ( C N ) 6 ( d p p m ) 2 ] l ' i n ( 1 0 ) a t t h e 5 0 % l e v e l . H y d r o g e n
a t o m s h a v e b e e n r e m o v e d f o r t h e s a k e o f c l a r i t y .
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F i g u r e 3 . 4 . T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f M 0 2 ( C N ) 6 ( d p p m ) 2 ,

( 1 1 ) r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e

r e m o v e d f o r t h e s a k e o f c l a r i t y .

1 0 4



T a b l e 3 . 1 . C r y s t a l l o g r p h i c D a t a f o r [ n - B u a N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) “

2 C H 3 C N ' 2 C 6 H ( 5 , [ n - B U 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) ' 2 C H 3 C N '

2 H 2 0 a n d M o z ( C N ) 6 ( d p p m ) 2 ( 1 1 ) “ 2 C H 3 N O Z ,

8 ‘ 2 C H 3 C N ' 2 C 6 H 6 1 0 ' 2 C H 3 C N ' 2 H Z O l 1 ' 2 C H 3 N O Z

e m p i r i c a l f o r m u l a C 1 0 4 H 1 3 4 N 1 0 P 4 0 2 M 0 2 C 7 5 H 9 0 N 9 P 4 0 2 M 0 2 C 5 3 H 5 0 N 3 P 4 0 2 M 0 2

f o r m u l a w e i g h t 1 6 0 1 . 7 1 1 3 5 9 . 2 5 1 2 0 6 . 8 2

s p a c e g r o u p C 2 / c C 2 / c P 1

a ( A ) 2 7 . 5 0 5 ( 6 ) 2 7 . 3 5 3 ( 6 ) 9 . 9 4 2 ( 2 )

b ( A ) 1 8 . 8 2 4 ( 4 ) 1 0 . 7 4 1 ( 2 ) 1 2 . 4 1 8 ( 3 )

c ( A ) 2 3 . 1 0 8 ( 5 ) 2 6 . 1 4 9 ( 5 ) 1 2 . 9 3 4 ( 3 )

o t ( d e g ) 9 0 . 0 0 9 0 . 0 0 9 5 .

B ( d e g ) 1 0 2 . 5 8 ( 3 ) 1 0 7 . 5 0 ( 3 ) 1 0 2 . 5 8 ( 3 )

7 ( d e g ) 9 0 . 0 0 9 0 . 0 0 9 0 . 0 0

V ( A 3 ) 9 9 0 9 ( 3 ) 7 3 2 7 ( 3 ) 1 5 1 6 . 1 ( 5 )

z 4 4 1

p c a l c d ( g / c m 3 ) 1 . 3 3 9 1 . 2 3 3 1 . 3 2 2

t e m p e r a t u r e , K 1 7 3 1 7 3 1 7 3

R . “ 0 . 0 8 5 0 0 . 0 6 0 2 0 . 0 4 2 3

W R Z ” 0 . 1 3 5 7 0 . 1 1 6 6 0 . 1 0 4 9

( i o o d n e s s - o i — i i t r 1 . 0 5 2 0 . 9 2 7 0 . 9 0 4

3 R ; = s u m — - I F C I I I Z I F O I , " w R 2 = [ 2 w ( l F o l — I F C I ) 2 / Z I F 0 | 2 ] " 2 ; w = 1 / o ’ ( I F , I )

, c g o o d n e s s - o f - fi t = [ Z w ( | F o | — c h l ) 2 / N o b s - N p a m m c t e r s ) ] l / 2

1 0 5



T a b l e 3 . 2 . S e l e c t e d B o n d D i s t a n c e s ( A ) a n d B o n d A n g l e s ( ° ) f o r [ n -

B U 4 N 1 2 1 M 0 2 ( C N ) 6 ( d P P m ) 2 l ( 8 ) 2 C H 3 C N ' 2 C 6 H 6

 

B o n d D i s t a n c e s

M o ( 1 ) — M o ( 1 A ) 2 . 7 0 9 ( 2 ) C ( 1 ) — N ( l ) 1 . 1 6 2 ( 1 2 )

M o ( 1 ) — C ( 1 ) 2 . 1 6 7 ( 1 3 ) C ( 2 ) — N ( 2 ) 1 . 1 3 2 ( 1 1 )

M o ( 1 ) — C ( 2 ) 2 . 1 8 6 ( 1 1 ) C ( 3 ) — N ( 3 ) 1 . 0 2 8 ( 1 2 )

M o ( 1 ) — C ( 3 ) 2 . 1 9 9 ( 1 2 ) M o ( 1 ) — P ( l ) 2 . 4 7 4 ( 3 )

M o ( 1 ) — C ( 3 A ) 2 . 0 7 7 ( 1 2 ) M o ( 1 ) — P ( 2 ) 2 . 4 7 0 ( 3 )

B o n d A n g l e s

C ( 2 ) — M o ( 1 ) — C ( l ) 8 1 . 7 ( 4 ) N ( 3 ) — C ( 3 ) — M o ( 1 ) 1 1 7 . 1 ( 1 4 )

C ( 3 ) — M o ( 1 ) — C ( 1 ) 1 6 3 . 5 ( 4 ) N ( 3 ) — C ( 3 ) — M o ( 1 A ) 1 6 2 . 8 ( 1 4 )

C ( 3 ) — M o ( 1 ) — C ( 2 ) 8 3 . 0 ( 4 ) P ( 1 ) — M o ( 1 ) — P ( 2 ) 1 7 2 . 8 5 ( 1 0 )

1 0 6



T a b l e 3 . 3 . S e l e c t e d B o n d D i s t a n c e s ( A ) a n d B o n d A n g l e s ( ° ) f o r [ n -

B U 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) ' 2 C H 3 C N ' 2 H z O .

 

B o n d D i s t a n c e

M o ( 1 ) — M o ( 1 A ) 2 . 8 2 9 9 ( 1 0 ) C ( 1 ) — N ( l ) 1 . 1 5 3 ( 6 )

M o ( 1 ) — C ( 1 ) 2 . 1 8 1 ( 5 ) C ( 2 ) — N ( 2 ) 1 . 1 5 1 ( 5 )

M o ( 1 ) — C ( 2 ) 2 . 1 5 5 ( 4 ) C ( 3 ) — N ( 3 ) 1 . 1 6 1 ( 5 )

M o ( 1 ) — C ( 3 ) 2 . 2 5 2 ( 3 ) M o ( 1 ) — P ( 1 ) 2 . 5 4 2 ( 1 )

M o ( 1 ) — C ( 3 A ) 2 . 0 3 2 ( 4 ) M o ( 1 ) — P ( 2 ) 2 . 5 3 7 ( 1 )

B o n d A n g l e s

C ( 2 ) — M o ( 1 ) — ( 3 ( 1 ) 7 8 . 4 7 ( 1 6 ) N ( 3 ) — — C ( 3 ) — M o ( 1 ) 8 6 . 2 ( 3 )

C ( 3 ) — M o ( 1 ) — C ( l ) 1 5 7 . 6 4 ( 1 5 ) N ( 3 ) — C ( 3 ) — M o ( 1 A ) 1 6 8 . 2 ( 3 )

C ( 3 ) — M o ( 1 ) — C ( 2 ) 8 0 . 7 5 ( 1 5 ) P ( 1 A ) — M o ( 1 ) — P ( 2 ) 1 7 4 . 3 1 ( 3 )

1 0 7  



T a b l e 3 . 4 . S e l e c t e d B o n d D i s t a n c e s ( A ) a n d B o n d A n g l e s ( ° ) f o r M 0 2 ( C N ) 6 ( d p p m ) 2

( l l ) ‘ 2 C H 3 N 0 2

 

B o n d D i s t a n c e s

M o ( 1 ) — M o ( 1 A ) 2 . 9 3 5 7 ( 9 ) C ( 1 ) — N ( l ) 1 . 1 5 3 ( 6 )

M o ( 1 ) — C ( l ) 2 . 1 7 6 ( 4 ) C ( 2 ) — N ( 2 ) 1 . 1 5 1 ( 5 )

M o ( 1 ) — C ( 2 ) 2 . 2 5 1 ( 3 ) C ( 3 ) — N ( 3 A ) 1 . 1 6 1 ( 5 )

M o ( 1 ) — C ( 3 ) 2 . 0 8 7 ( 4 ) M o ( 1 ) — P ( l ) 2 . 5 4 7 ( 1 )

M o ( 1 ) — C ( 3 A ) 2 . 2 8 4 ( 3 ) M o ( 1 ) — P ( 2 ) 2 . 5 5 7 ( 1 )

B o n d A n g l e s

C ( 2 ) — M o ( 1 ) — C ( l ) 8 1 . 0 8 ( l 1 ) N ( 3 ) — C ( 3 ) — M o ( 1 ) 1 6 5 . 8 ( 3 )

C ( 3 ) — M o ( 1 ) — C ( l ) 8 0 . 2 2 ( 1 2 ) N ( 3 ) — C ( 3 ) — M o ( 1 A ) 8 2 . 2 ( 2 )

C ( 3 ) — M o ( 1 ) — C ( 2 ) 1 5 9 . 0 2 ( 1 2 ) P ( 1 ) — M o ( 1 ) — P ( 2 A ) 1 7 6 . 9 0 ( 3 )

1 0 8
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F i g u r e 3 . 5 . V i e w s o f t h e e q u a t o r i a l p l a n e s i n ( 8 ) , ( 1 0 ) , a n d ( 1 1 ) .

1 0 9

 



T a b l e 3 . 5 . C o m p a r i s o n o f t h e m e t r i c a l p a r a m e t e r s f o r t h e e q u a t o r i a l p l a n e s

o f [ n - B u t l e [ M 0 2 ( C N ) o ( d P P m ) 2 ] ( 1 ) .
[ n - B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 3 ) , a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 4 ) -

M 0 2 n ’ n ( l ) M o . “ I I I ( 3 ) M a m a )
B o n d L e n g t h ( A )

M o ( 1 ) - M o ( 1 A ) 2 . 0 7 9 ( 2 ) 2 . 8 2 9 9 ( 1 0 ) 2 . 9 3 5 7 ( 9 )

M o ( 1 ) - C ( 1 ) 2 . 1 6 7 ( 1 3 ) 2 . 1 8 1 1 ( 5 ) 2 . 1 7 6 ( 4 )

M o ( 1 ) - C ( 2 ) 2 . 1 8 6 ( 1 1 ) 2 . 1 5 5 4 ( 4 ) 2 . 2 5 1 ( 3 )

M o ( 1 ) - C ( 3 ) 2 . 0 7 7 ( 1 2 ) 2 . 0 3 2 ( 4 ) - - - - - -

M o ( 1 ) - C ( 3 A ) - - - - - - - - - - - - 2 . 0 8 7 ( 4 )

C ( 3 ) - N ( 3 ) 1 . 0 2 8 ( 1 2 ) 1 . 1 6 1 ( 5 ) - - - - - -

C ( 3 ) - N ( 3 A ) - - - - - - - - - - - - 1 . 1 2 1 ( 4 )

B o n d A n g l e ( d e g . )

C ( 1 ) - M o ( 1 ) — C ( 2 ) 8 1 . 7 ( 4 ) 7 8 . 4 7 ( 1 6 ) 8 1 . 0 8 ( 1 1 )

M o ( 1 ) - C ( 3 ) - N ( 3 ) 1 1 7 . 1 ( 1 4 ) 8 6 . 2 ( 3 ) - - - - - -

M o ( 1 ) - C ( 3 ) - N ( 3 A ) - - - - - - - - - - - - 8 2 . 2 ( 2 )

N o t e : T h e s t r u c t u r a l s o l u t i o n o f M 0 2 ( C N ) 6 ( d p p m ) 2 ( 4 ) n e c e s s i t a t e d t h e u s e

o f a d i f f e r e n t a t o m l a b e l i n g s c h e m e . I n S i t u a t i o n s w h e r e t h i s s c h e m e
d i f f e r e d b e t w e e n c o m p o u n d ( 4 ) a n d c o m p o u n d s ( 1 ) a n d ( 3 ) t h e

c o r r e s p o n d i n g b o n d l e n g t h o r a n g l e i s l i s t e d o n t h e n e x t l i n e .

1 1 0



E . T h e o r e t i c a l M e t h o d s

A b i n i t i o c a l c u l a t i o n s w i t h r e l a t i v e l y l a r g e b a s i s s e t s , i n c l u d i n g e l e c t r o n

c o r r e l a t i o n u s i n g D e n s i t y F u n c t i o n a l T h e o r y ( D F T ) w i t h t h e B e c k e 3 h y b r i d

e x c h a n g e f u n c t i o n a l 1 7 a n d t h e L e e - Y a n g - P a r r c o r r e l a t i o n ( B 3 L Y P ) 1 8 w e r e

c a r r i e d o u t u s i n g t h e G a u s s i a n 9 8 s u i t e o f p r o g r a m s . 1 9 A q u a s i - r e l a t i v i s t i c

e f f e c t i v e c o r e p o t e n t i a l ( E C P ) w i t h a s m a l l c o r e ( 1 s 2 s 2 p 3 s 3 p 3 d ) a n d t h e

b a s i s s e t o f H a y a n d W a d t 2 0 w e r e u s e d f o r M 0 i n c o n j u n c t i o n w i t h t h e

D u n n i n g b a s i s s e t o n H , C a n d N . 2 1 T h e L A N L 2 D Z b a s e s a s i m p l e m e n t e d

i n G 9 8 w e r e u s e d f o r t h e P a t o m s a l o n g w i t h E C P o f s m a l l c o r e ( 1 s 2 S 2 p ) .

E x t r a d - p o l a r i z a t i o n f u n c t i o n s w e r e s u p p l i e d f o r P a t o m s . 2 2 T h e

m u l t i p l i c i t i e s ( 2 S + 1 ) w e r e r e s t r i c t e d t o o n e . M o d e l c o m p o u n d s f o r ( 8 ) , ( 1 0 ) ,

a n d ( 1 1 ) w i t h t h e p h e n y l g r o u p s o f t h e d p p m l i g a n d s r e p l a c e d b y h y d r o g e n s

w e r e e m p l o y e d . T h e g e o m e t r i e s o f t h e c o m p l e x e s w e r e o b t a i n e d f r o m t h e

c o r r e s p o n d i n g s i n g l e - c r y s t a l X - r a y s t r u c t u r e s . A n i d e a l i z e d P — H d i s t a n c e o f

1 . 4 0 A w a s u s e d .

3 . R e s u l t s a n d D i s c u s s i o n

A . P r e p a r a t i o n o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ,

[ n - B l e l M 0 2 ( C N ) t ( d p p m ) 2 l , a n d M 0 2 ( C N ) o ( d P P m ) 2

T h e s a l t [ n - B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] w a s p r e p a r e d b y r e a c t i n g

R e 2 C 1 4 ( d p p m ) 2 w i t h e x c e s s c y a n i d e . T h e c o r r e s p o n d i n g r e a c t i o n o f

1 1 1



M o z C l 4 ( d p p m ) 2 w i t h e x c e s s c y a n i d e p r o c e e d s i n a n a n a l o g o u s f a s h i o n . T h e

c h l o r i d e l i g a n d s a r e d i s p l a c e d b y c y a n i d e a n d t h e m e t a l c o m p l e x a c c e p t s t w o

a d d i t i o n a l c y a n i d e s t h a t s e r v e t o b r i d g e t h e d i m o l y b d e n u m c o r e . P r i o r t o

s t r u c t u r a l c h a r a c t e r i z a t i o n , t h e p r e s e n c e o f t w o d i f f e r e n t c y a n i d e

e n v i r o n m e n t s w a s c o n fi r m e d b y i n f r a r e d s p e c t r o s c o p y ( v i d e i n f r a ) . T h e d a t a

i n d i c a t e d t h a t t h e b r i d g i n g c y a n i d e s a d o p t t h e s e m i - b r i d g i n g m o d e t h a t w a s

o b s e r v e d i n t h e s t r u c t u r e o f [ n - B u 4 N ] 2 [ R e 2 ( C N ) 6 ( d p p m ) 2 ] .

( 1 ) O x i d a t i o n o f [ M o z ( C N ) 6 ( d p p m ) 2 ] 2 '

A l t h o u g h [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) a n d [ n -

B u 4 N ] 2 [ R e z ( C N ) 6 ( d p p m ) 2 ] a r e i s o s t r u c t u r a l a n d i s o e l e c t r o n i c , t h e i r

s t a b i l i t i e s a r e q u i t e d i f f e r e n t . T h e d i a n i o n [ R e 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' i s q u i t e a i r

s t a b l e a n d d i s p l a y s n o r e d o x a c t i v i t y b y c y c l i c v o l t a m m e t r y . I n c o n t r a s t , t h e

c y c l i c v o l t a m m o g r a m o f { M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) ( F i g u r e 3 . 6 . ) r e v e a l s t w o

a c c e s s i b l e o x i d a t i o n s . T h i s i s p r e s u m a b l y t h e r e a s o n w h y

[ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) s l o w l y d e c o m p o s e s i n d i c h l o r o m e t h a n e t o a g r e e n

p r o d u c t w h i c h h a s n o t b e e n i s o l a t e d i n s u f fi c i e n t p u r i t y t o e n a b l e i t s

i d e n t i fi c a t i o n , b u t w h o s e c o l o r s t r o n g l y s u p p o r t s t h a t o x i d a t i o n i s o c c u r r i n g .

T h i s d e c o m p o s i t i o n d o e s n o t a p p e a r t o o c c u r i n a c e t o n i t r i l e b u t e f f o r t s t o

p r e p a r e [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) i n a c e t o n i t r i l e l e a d o n l y t o t h e p r o d u c t i o n

o f o i l y i n t r a c t a b l e p r o d u c t s .
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F i g u r e 3 . 6 . C y c l i c v o l t a m m o g r a m o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) i n

0 . 1 M [ n - B u n N ] [ P F 6 ] / a c e t o n i t l i l e a t a P t d i s k e l e c t r o d e w i t h a P t

w i r e a u x i l i a r y e l e c t r o d e a n d a A g / A g C l r e f e r e n c e e l e c t r o d e .
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T h e o b s e r v a t i o n t h a t [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' d e c o m p o s e s i n a i r p r o m p t e d u s

t o u s e d e l i b e r a t e c h e m i c a l m e a n s t o p r e p a r e t h e o x i d a t i o n p r o d u c t s

r e p r e s e n t e d i n t h e e l e c t r o c h e m i s t r y . T h e o n e - e l e c t r o n o x i d a t i o n p r o d u c t , [ n -

B u 4 N ] [ M o z n ' m ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) , w a s p r e p a r e d b y r e a c t i o n o f a n

a c e t o n i t r i l e s o l u t i o n o f [ n - B u l N h [ M o z n ’ " ( C N ) 6 ( d p p m ) 2 ] c o o l e d t o — 1 5 ° C

w i t h 1 . 2 e q u i v a l e n t s o f e i t h e r N O B F 4 o r [ s z F e ] [ B F 4 ] . A l l a t t e m p t s t o

p e r f o r m t h i s r e a c t i o n a t r o o m t e m p e r a t u r e l e d t o a m i x t u r e o f [ n -

B u 4 N ] [ M o z n ’ m ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) a n d a d d i t i o n a l p r o d u c t s w h i c h c o u l d n o t

b e i s o l a t e d .

T h e t w o - e l e c t r o n o x i d a t i o n p r o d u c t , M o z m ’ m ( C N ) 5 ( d p p m ) 2 ( 1 1 ) , w a s

p r e p a r e d u n d e r a n a l o g o u s c o n d i t i o n s b y u s i n g 2 . 2 e q u i v a l e n t s o f N O B F 4 . A

s m a l l a m o u n t o f r e d - p u r p l e p r e c i p i t a t e w a s o b s e r v e d t o f o r m i n t h i s r e a c t i o n

w h i c h w a s t o o s m a l l i n q u a n t i t y t o a l l o w f o r c h a r a c t e r i z a t i o n . I t w a s

r e m o v e d b y fi l t r a t i o n t h r o u g h C e l i t e .

B . P h y s i c a l M e t h o d s C h a r a c t e r i z a t i o n o f [ n - B u 4 N ] 2 [ l V I o z ( C N ) 6 ( d p p m ) 2 ]

( 8 ) , [ n - B u 4 N ] [ M 0 2 ( C N ) c ( d p p m ) 2 1 ( 1 0 ) , a n d M 0 2 ( C N ) t ( d P P m ) 2 ( 1 1 )

( 1 ) M a s s S p e c t r o m e t r y S t u d i e s

N o e v i d e n c e f o r t h e f o r m a t i o n o f p a r t i a l l y s u b s t i t u t e d c o m p o u n d s w a s

o b s e r v e d i n t h e p r e p a r a t i o n o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) . F a s t - a t o m

b o m b a r d m e n t ( F A B ) m a s s s p e c t r o m e t r y i n b o t h n i t r o b e n z y l a l c o h o l a n d
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g l y c e r o l m a t r i c e s w a s c o n d u c t e d t o i n v e s t i g a t e t h e p o s s i b i l i t y o f i n c o m p l e t e

c y a n i d e / c h l o r i d e m e t a t h a s i s . T h e m a s s s p e c t r a s h o w e d n o e v i d e n c e f o r t h e

i s o t o p i c p a t t e r n c h a r a c t e r i s t i c o f c h l o r i n e . S i n c e [ n -

B U 4 N 1 [ M 0 2 ( C N ) 6 ( d P P m ) 2 l ( 1 0 ) a n d M 0 2 ( C N ) 6 ( d P P m ) 2 ( 1 1 ) a r e p r e p a r e d

d i r e c t l y f r o m ( 8 ) , t h e p u r i t y o f t h e p a r e n t c o m p o u n d e n s u r e s t h a t t h e o t h e r

t w o w i l l a l s o b e f r e e o f c h l o r i d e l i g a n d s . A p e a k a t 1 3 6 0 m / z c o r r e s p o n d i n g

t o t h e i o n [ H M 0 2 ( C N ) 6 ( d p p m ) 2 ] 1 ' w a s p r e s e n t i n t h e n e g a t i v e i o n F A B m a s s

s p e c t r u m o f ( 8 ) .

( 2 ) C y c l i c V o l t a m m e t r y S t u d y o f [ n - B u a N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] , ( 8 )

C y c l i c v o l t a m m e t r y w a s u s e d t o p r o b e t h e r e d o x p r o p e r t i e s o f [ n -

B u n N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) . M e a s u r e m e n t s w e r e m a d e i n 0 . 1 M [ n -

B u n N ] [ P F 6 ] a c e t o n i t r i l e s o l u t i o n s a t a P t d i s k e l e c t r o d e w i t h a A g / A g C l

r e f e r e n c e e l e c t r o d e . U n d e r t h e s e e x p e r i m e n t a l c o n d i t i o n s , t h e

f e r r o c e n e / f e r r o c e n i u m c o u p l e o c c u r s a t E m ( C p 2 F e / [ C p 2 F e ] + ) = 0 . 4 5 5 V .

T w o o x i d a t i o n w a v e s E y , ( o x ) a t + 0 . 2 9 ( 6 0 ) V a n d 0 . 4 5 ( 7 0 ) V w e r e o b s e r v e d

a l o n g w i t h a t w o - e l e c t r o n r e d u c t i o n E t , ( r e d ) a t — 0 . 4 9 ( 6 0 ) V . T h e s e p a r a t i o n

o f 1 6 0 m V b e t w e e n t h e t w o s u c c e s s i v e o x i d a t i o n s a l l o w s f o r t h e i s o l a t i o n o f

t h e m i x e d - v a l e n c e c o m p l e x . T h e c o m p o u n d ’ [ F e C p 2 ] [ B F 4 ] , w h i c h h a s a

c o u p l e a t 0 . 4 6 V u n d e r s i m i l a r e x p e r i m e n t a l c o n d i t i o n s , w a s u s e d t o o x i d i z e

1 1 . 1 1 ]
t h e M o n ’ " c o m p l e x t o M 0 i n c o m p l e x ( 1 0 ) . A l t h o u g h b o t h t h e m i x e d -
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v a l e n c e c o m p l e x 3 a n d t h e t w o - e l e c t r o n o x i d a t i o n c o m p l e x ( 1 1 ) c o u l d b y

i s o l a t e d b y u s i n g N O B F 4 , t h e l a t t e r c o m p l e x c o u l d n o t b e o b t a i n e d b y t h e

r e a c t i o n o f ( 8 ) w i t h [ F e C p 2 ] [ B F 4 ] . T h e p o t e n t i a l t h a t i s r e q u i r e d f o r t h e

s e c o n d o x i d a t i o n i s c o m p a r a b l e t o [ F e C p 2 ] [ B F 4 ] , b u t w a s a c h i e v a b l e o n l y b y

u s i n g N O B F 4 . T h e o r i g i n o f t h e t w o - e l e c t r o n r e d u c t i o n w a v e h a s n o t b e e n

e s t a b l i s h e d , b u t i s p r e s u m e d t o b e d u e t o r e d u c t i o n o f t h e M 0 2 u n i t .

( 3 ) I n f r a r e d , N u c l e a r M a g n e t i c R e s o n a n c e , a n d E l e c t r o n i c A b s o r p t i o n

S p e c t r o s c o p i c S t u d i e s

P r i o r t o X - r a y s t r u c t u r a l c h a r a c t e r i z a t i o n , t h e p r e s e n c e o f t w o c y a n i d e

e n v i r o n m e n t s i n [ n - B u 4 N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) w a s c o n fi r m e d b y

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

a r g u m e n t s a n d l i t e r a t u r e p r e c e d e n c e . T h e l o c a l i z e d D 2 1 , s y m m e t r y o f t h e

f o u r t e r m i n a l c y a n i d e l i g a n d s w o u l d b e e x p e c t e d t o g i v e r i s e t o t w o I R a c t i v e

v i b r a t i o n a l m o d e s ( B 1 u a n d B 3 “ ) . T h e v C N m o d e s o c c u r a t 2 0 9 4 a n d 2 0 7 9 c m ’

I f o r t h e t e r m i n a l c y a n i d e s a n d a t 1 9 3 6 c m ’ 1 f o r t h e b r i d g i n g c y a n i d e s .

A n i n f r a r e d s p e c t r u m o f c r y s t a l s o f [ n - B u n N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 )

e x h i b i t s t w o f e a t u r e s a t 2 1 0 8 a n d 1 8 0 7 c m ] . T h e l a c k o f a s e c o n d s t r e t c h i n

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

s t r e t c h e s f o r t h e f o u r t e r m i n a l c y a n i d e s a r e d e g e n e r a t e . T h e V C N m o d e a t
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1 8 0 7 c m " 1 f o r t h e b r i d g i n g c y a n i d e i n ( 1 0 ) r e p r e s e n t s a d e c r e a s e o f 1 2 9 c m ‘ 1

f r o m t h e 1 . 1 . - c y a n o V C N o b s e r v e d i n [ n - B u n N h [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) .

T h e i n f r a r e d s p e c t r u m o f M o z ( C N ) 6 ( d p p m ) 2 ( 1 1 ) e x h i b i t s V C N m o d e s a t

2 1 1 0 a n d 2 1 0 2 c m ' ] f o r t h e t e r m i n a l c y a n i d e s a n d a S i n g l e f e a t u r e a t 1 8 0 7

c m ' 1 f o r t h e b r i d g i n g c y a n i d e l i g a n d s . T h e r e m o v a l o f a n a d d i t i o n a l e l e c t r o n

f r o m t h e M o . “ I I I c o r e o f [ n - B u 4 N ] [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) l i f t s t h e

d e g e n e r a c y o f t h e s y m m e t r i c a n d a n t i - s y m m e t r i c s t r e t c h e s o f t h e t e r m i n a l

c y a n i d e s . T h e p r o n o u n c e d d e c r e a s e i n t h e V C N s t r e t c h f r o m 1 9 3 6 t o 1 8 0 7 c m

' 1 t h a t w a s o b s e r v e d w i t h t h e o n e e l e c t r o n o x i d a t i o n o f [ n -

B u n N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) t o ( 1 0 ) i s n o t m i m i c k e d i n t h e o n e e l e c t r o n

o x i d a t i o n o f ( 1 0 ) t o M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) . T h e V C N m o d e f o r t h e b r i d g i n g

c y a n i d e i n b o t h ( 1 0 ) a n d ( 1 1 ) i s ~ 1 8 0 7 c m ] .

T h e o b s e r v e d i n c r e a s e i n e n e r g y o f t h e V C N m o d e s f o r t h e t e r m i n a l

c y a n i d e s t h a t a c c o m p a n i e s o x i d a t i o n o f t h e d i m o l y b d e n u m c o r e f r o m M 0 2 1 1 . "

( 2 0 9 4 , 2 0 7 9 c m “ ) t o M o , “ I I I ( 2 1 0 8 c m " ) a n d M o z m ' m ( 2 1 1 0 , 2 1 0 2 c m ' 1 ) i s

c o n s i s t e n t w i t h t h e e x p e c t e d t r e n d f o r n - a c i d c a p a b l e l i g a n d s . A s t h e M o

o x i d a t i o n s t a t e i n c r e a s e s , l e s s e l e c t r o n d e n s i t y i s a v a i l a b l e f o r d o n a t i o n t o t h e

1 1 * L U M O o f c y a n i d e t h r o u g h n — b a c k b o n d i n g i n t e r a c t i o n s . I n c o n t r a s t , t h e

V C N m o d e s f o r t h e b r i d g i n g c y a n i d e s d e c r e a s e a s t h e M o o x i d a t i o n s t a t e

i n c r e a s e s . T h e s e m i - b r i d g i n g m o d e e x h i b i t e d i n t h e s t r u c t u r e s o f ( 8 ) , ( 1 0 ) ,
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a n d ( 1 1 ) r e q u i r e s a t t a c h m e n t t o o n e M o t h r o u g h a 6 i n t e r a c t i o n f r o m t h e C

e n d o f c y a n i d e a n d c o o r d i n a t i o n t o t h e o t h e r M o t h r o u g h a s i d e - o n 7 t

i n t e r a c t i o n . T h i s d o n a t i o n o f n - e l e c t r o n d e n s i t y w e a k e n s t h e C E N a n d

c o n s e q u e n t l y l o w e r s t h e f r e q u e n c y a t w h i c h t h e m o d e c o r r e s p o n d i n g t o t h a t

s t r e t c h a p p e a r s i n t h e I R s p e c t r u m . T h e n a t u r e o f t h i s i n t e r a c t i o n a n d h o w i t s

i n fl u e n c e d b y t h e o x i d a t i o n s t a t e o f t h e d i m o l y b d e n u m c o r e i s e x a m i n e d

m o r e e x t e n s i v e l y i n t h e p r o c e e d i n g s e c t i o n s w h i c h p r e s e n t a c o m p a r i s o n o f

t h e s t r u c t u r e s o f ( 8 ) , ( 1 0 ) , a n d ( l 1 ) a n d t h e r e s u l t s o f t h e c o m p u t a t i o n a l

s t u d i e s c a r r i e d o u t f o r [ M o z ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) .

T h e 1 H N M R s p e c t r u m o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) i s t y p i c a l o f

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

2 3 T h e p e n t e t f o r t h e m e t h y l e n e b r i d g e o f t r a n s b i s - d p p me q u a t o r i a l p l a n e .

w a s i d e n t i fi e d a t 4 . 0 8 p p m . T h e p e n t e t a r i s e s f r o m v i r t u a l c o u p l i n g o f t h e

f o u r e q u i v a l e n t m e t h y l e n e p r o t o n s w i t h f o u r e q u i v a l e n t 1 ’ n u c l e i . M u l t i p l e t s

f o r t h e d p p m p h e n y l g r o u p s w e r e o b s e r v e d a t 7 . 6 0 a n d 6 . 9 6 p p m . T h e

3 1 P { 1 H } s p e c t r u m o f ( 8 ) r e c o r d e d i n a c e t o n i t r i l e a t 2 2 ° C r e l a t i v e t o 8 5 %

H 3 P O 4 s h o w e d a s i n g l e t a t 2 5 . 5 p p m .

I n a c c o r d w i t h t h e a s s i g n m e n t o f t h e m i x e d v a l e n c e M o z n ’ I I I c o r e , t h e 1 H

N M R s p e c t r u m o f [ n - B u a N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) c o n t a i n e d o n l y b r o a d

s i g n a l s i n d i c a t i v e o f p a r a m a g n e t i s m . L i k e w i s e , t h e 3 1 P N M R s p e c t r u m
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e x h i b i t e d n o s i g n a l . T h e p o o r s o l u b i l i t y o f M o z ( C N ) 6 ( d p p m ) 2 , ( 1 1 ) p r e v e n t e d

a n a l y s i s b y N M R m e t h o d s .

E l e c t r o n i c d - d t r a n s i t i o n s f o r [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) o c c u r a t

5 5 3 a n d 3 3 3 n m w i t h e v a l u e s o f 1 . 9 x 1 0 3 a n d 3 . 4 x 1 0 5 L m o l ' l c m

r e s p e c t i v e l y . E l e c t r o n i c d - d t r a n s i t i o n s f o r [ n - B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ,

( 1 0 ) o c c u r a t 4 2 0 a n d 7 8 0 n m w i t h 8 v a l u e s o f 8 0 0 a n d 1 . 2 x 1 0 3 L m o l ' l c m

r e s p e c t i v e l y . S i n c e c o m p o u n d s ( 8 ) a n d ( 1 0 ) c o n s t i t u t e t h e o n l y e x a m p l e s o f

a n i o n i c M 0 2 ( E S B O ) c o m p o u n d s , a s s i g n m e n t s o f t h e s e t r a n s i t i o n s c a n n o t b e

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

c o m p o u n d s l o c a t e d a t 3 3 3 a n d 5 5 3 n m f o r ( 8 ) a n d 4 2 9 a n d 7 8 0 n m f o r ( 1 0 )

p r o v i d e a c o n v e n i e n t m e a n s f o r v e r i f y i n g t h e p u r i t y o f s a m p l e s o f [ n -

B u n N ] [ M o z ( C N ) 6 ( d p p m ) 2 ] , ( 1 0 ) . D u e t o t h e s o l u b i l i t y l i m i t a t i o n s o f

M 0 2 ( C N ) ( , ( d p p m ) 2 , ( 1 1 ) , a n a l y s i s b y U V - v i s i b l e s p e c t r o s c o p i c m e t h o d s w a s

n o t p o s s i b l e .

C . S p e c t r o s c o p i c S t u d i e s o f N i ( e n ) 2 M 0 2 ( C N ) 6 ( d p p m ) 2 , ( 1 2 )

T h e i n f r a r e d s p e c t r u m o f N i ( e n ) 2 M o z ( C N ) 6 ( d p p m ) 2 ( 1 2 ) e x h i b i t e d a b r o a d

l
V C N m o d e a t 2 0 9 6 c m ' a n d a m o r e n a r r o w f e a t u r e a t 1 9 3 6 c m ' l . T h e

p r e s e n c e o f t h e l o w e r e n e r g y m o d e i s c h a r a c t e r i s t i c o f t h e b r i d g i n g c y a n i d e

i n t h e [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' a n i o n . T h e s h i f t o f t h e s h a r p t e r m i n a l V C N

m o d e s o f 2 0 9 1 a n d 2 0 8 0 c m ' 1 i n ( 8 ) t o t h e b r o a d 2 0 9 6 c m ‘ 1 f e a t u r e o b s e r v e d

1 1 9



i n ( 1 2 ) i n d i c a t e s t h a t t h e N i i o n i s c o o r d i n a t e d t o t h e t e r m i n a l c y a n i d e s . T h i s

i s f u r t h e r s u p p o r t e d b y t h e a b s e n c e o f t h e c h a r a c t e r i s t i c V C N m o d e s o f t h e

b o u n d a c e t o n i t r i l e i n t h e [ N i ( e n ) 2 ( C H 3 C N ) 2 ] [ P F 6 ] 2 s t a r t i n g m a t e r i a l . T h e

n e u t r a l i t y o f t h e p r o d u c t i s i n f e r r e d b y t h e l a c k o f t h e V P ] : m o d e s i n t h e

i n f r a r e d s p e c t r u m c h a r a c t e r i s t i c o f [ P F 6 ] ' . M a g n e t i c s u s c e p t i b i l i t y s t u d i e s o f

( 1 2 ) y i e l d e d a n e g v a l u e o f 2 . 9 0 B . M . w i t h g = 2 . 0 5 . P l o t s o f x T v s T a n d

l l x v s T a r e p r e s e n t e d i n F i g u r e 3 . 9 . T h e s e d a t a a r e i n g o o d a g r e e m e n t w i t h

t h e p r o p o s e d s t r u c t u r e ( F i g u r e 3 . 8 ) o f a 1 - d i m e n s i o n a l c h a i n w i t h a l t e r n a t i n g

[ N i ( e n ) 2 ] 2 + a n d [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ‘ u n i t s . T h e N i " c e n t e r s a r e d 8 a n d

o c t a h e d r a l l y c o o r d i n a t e d , w h i c h w o u l d b e e x p e c t e d t o p r o d u c e a s p i n v a l u e

o f S = 1 f o r e a c h N i c e n t e r . T h e o b s e r v e d l i e f ; v a l u e i s i n t h e r a n g e e x p e c t e d

f o r i s o l a t e d , i . e . n o n - i n t e r a c t i n g , S = 1 s p i n c e n t e r s . T h u s , t h e e q u a t o r i a l

p l a n e o f [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' a c t s a s a b r i d g e b u t d o e s n o t e n a b l e m a g n e t i c

c o m m u n i c a t i o n t o o c c u r b e t w e e n t h e n e a r e s t n e i g h b o r N i I I c e n t e r s .
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1 ' ' I I r r 1 r r v r r I I t v I

1 C Z A _ : : - - - - - : : : : o o o o o o I 0 O 0 C C C . . :

: 5 c = l . 0 5 e m u . K / m ' o l = > s = l g = 2 . 0 5 ' 3
S 0 . 8 i _ '
v i u c f f = 2 . 9 0 B . M . 1

8 0 . 6 t - . 2
= 1 . ‘
a .

$ 3 , 0 . 4 - L

‘ 2 ; . '
0 . 2 ~ . 2

1 0 0 0 G 3
O l l 1 l L l l l u l r 1 1 n -

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

T ( K )

3 5 0 _ I v r I l r I r I 1 ‘ ' r r r r I r 1 r r

3 0 0 : — - - '
A ' '
' 6 2 5 0 ' - . -
E 1 . 3 -
m : o
0 2 0 0 : ' . .
U : . ‘ .

a 1 5 0 _ - , ' . 1 .
V : o . :
. 8 ‘ m L ‘ . . . . :

H : 0 . . z

5 0 3 - ' ° 4 .
1 0 0 0 G ;

0 . 1 n I l a u n l l 1 r 1 l I n l l n l a l L l l l a a l 4 1 n 1  
 o 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

T ( K )

F i g u r e 3 . 8 . P l o t s o f x T ( e m u C G S . m o l ) v s . t e m p e r a t u r e ( K ) a n d l l x

( e m u C G S . m o l ) v s . t e m p e r a t u r e ( K ) f o r

{ N i ( e n ) 2 M o z ( C N ) 6 ( d p p m ) 2 } n ( 1 2 )

1 2 2



D . M o l e c u l a r S t r u c t u r e s

T h e m o l e c u l a r a n i o n s o f [ n - B u 4 N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) , [ n -

B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) , a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) c o n s i s t o f t r a n s -

d p p m l i g a n d s t h a t b i s e c t a n e q u a t o r i a l p l a n e c o n t a i n i n g t w o m o l y b d e n u m

a t o m s a s w e l l a s f o u r t e r m i n a l a n d t w o b r i d g i n g c y a n i d e l i g a n d s . I n ( 8 ) , t h e

b r i d g i n g l i g a n d s a r e c o o r d i n a t e d t h r o u g h t h e c a r b o n a t o m t o t h e M o - M o u n i t

i n a s l i g h t l y u n s y m m e t r i c a l f a s h i o n , w h e r e a s i n ( 1 0 ) a n d ( 1 1 ) t h e b i n d i n g

m o d e i s b e s t d e s c r i b e d a s s e m i - b r i d g i n g w i t h a n e a r l y l i n e a r M o ( 1 A ) - C ( 1 0 )

o - b o n d a n d a s i d e - o n 7 : i n t e r a c t i o n b e t w e e n C ( 1 0 ) N ( 1 0 ) a n d M o ( 8 ) . A

s c h e m a t i c o f t h i s i n t e r a c t i o n i s d e p i c t e d i n F i g u r e 3 . 1 0 .

A c o m p a r i s o n o f t h e m e t r i c a l p a r a m e t e r s a s s o c i a t e d w i t h t h e b r i d g i n g

c y a n i d e s i n [ n - B u 4 N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) a n d [ n -

B u n N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) i l l u s t r a t e s t h e e f f e c t o n t h e s e b o n d i n g

1 1 , 1 1
i n t e r a c t i o n s w i t h r e d u c t i o n o f t h e M 0 2 c o r e t o M o z n ’ m . T h e d i f f e r e n t

o r i e n t a t i o n s o f t h e b r i d g i n g l i g a n d s i n t h e t w o c o m p o u n d s a r e b e s t

a p p r e c i a t e d b y i n s p e c t i o n o f t h e M o l - C 3 - N 3 a n g l e s w h i c h a r e 1 1 7 . 1 ( 1 4 ) °

a n d 8 6 . 2 ( 1 0 ) ° i n ( 8 ) a n d ( 1 0 ) r e s p e c t i v e l y . I t i s a p p a r e n t f r o m t h e s e

s t r u c t u r a l d i f f e r e n c e s , a n d f r o m t h e b r i d g i n g V C N m o d e w h i c h i s l o w e r e d

f r o m 1 9 3 6 c m ' 1 i n ( 8 ) t o 1 8 0 7 c m ' 1 i n ( 1 0 ) , t h a t o x i d a t i o n o f t h e M 0 2 4 + c o r e

t o M 0 2 5 + i s a c c o m p a n i e d b y a n i n c r e a s e i n n - b o n d i n g f r o m t h e b r i d g i n g

1 2 3  



M 0 2 1 1 , 1 1 ( 8 ) M ( ) 2 1 1 , 1 1 1 ( 1 0 ) M 0 2 1 1 1 , 1 1 1 ( 1 1 )

      

a fi — . 5 1 . . 5 _ ,

4 8 i > < 8 * 1 — _ > < 5 * — 1 L >

. 1 1 . 1 . 4
, 1 , 1 , 1 .

F i g u r e 3 . 9 . A s c h e m a t i c r e p r e s e n t a t i o n o f t h e e l e c t r o n i c c o n fi g u r a t i o n s o f

c o m p o u n d s ( 8 ) , ( 1 0 ) , a n d ( 1 1 ) .

1 2 4

 



 
Y

F i g u r e 3 . 1 0 . A s c h e m a t i c r e p r e s e n t a t i o n o f t h e s e m i - b r i d g i n g m o d e o f
c y a n i d e w i t h t h e m o l y b d e n u m b a s e d d x z o r b i t a l s i n t e r a c t i n g
w i t h t h e p , , + p x 7 t b o n d i n g M D . o f t h e c y a n i d e .
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c y a n i d e t o t h e m e t a l c e n t e r s . A c o m p a r i s o n o f s e l e c t e d m e t r i c a l p a r a m e t e r s

f o r [ n - B u t h [ M 0 2 ( C N ) e ( d p p m ) 2 l ( 8 ) . [ n - B u t N ] [ M 0 2 ( C N ) o ( d p p m ) 2 l ( 1 0 ) .

a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) i s p r e s e n t e d i n T a b l e 3 . 7 .

A l t h o u g h t h e d a t a s e t f o r [ n - B u n N h [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) i s o f a l o w e r

r e s o l u t i o n t h a n t h a t o f [ n - B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) , a c o m p a r i s o n o f

t h e m e t a l - l i g a n d b o n d i n g e n v i r o n m e n t o f t h e t w o c o m p o u n d s i s n o n e t h e l e s s

i n f o r m a t i v e . A c c o r d i n g t o t h e e s t a b l i s h e d M . O . b o n d i n g s c h e m e f o r E S B O

c o m p o u n d s , t h e e l e c t r o n i c c o n fi g u r a t i o n s o f t h e M o z n ’ " a n d M o z n ’ I I I

c o m p o u n d s a r e 0 2 7 1 ; 2 ( 5 5 ' ) 4 a n d 0 2 1 : 2 ( 5 5 m ) 3 r e s p e c t i v e l y . 8 ’ 9 S i n c e t h e 5 a n d 5 *

o r b i t a l s a r e c o n s i d e r e d w e a k i n t e r a c t i o n s a n d m a y e v e n b e r e v e r s e d i n t h e i r

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

T h e i n c r e a s e i n t h e m e t a l - m e t a l b o n d l e n g t h i n t h e M 0 2 5 + c o m p o u n d v e r s u s

t h e M 0 2 4 + c o m p o u n d ( 2 . 8 2 9 9 ( 1 0 ) A v e r s u s 2 . 7 0 9 ( 9 ) A ) i s a t t r i b u t e d t o a n

i n t e r a c t i o n b e t w e e n t h e s e m i - b r i d g i n g c y a n i d e s a n d t h e m o l e c u l a r o r b i t a l s o f

t h e m e t a l - m e t a l b o n d . A d e t a i l e d d e s c r i p t i o n o f t h i s i n t e r a c t i o n i s p r o v i d e d

w i t h t h e r e s u l t s o f t h e c o m p u t a t i o n a l s t u d i e s .

T h e i n c r e a s e i n n — b o n d i n g f r o m t h e b r i d g i n g c y a n i d e t o t h e m e t a l c e n t e r s

t h a t a c c o m p a n i e s o x i d a t i o n o f t h e M 0 2 4 + c o r e t o M 0 2 5 + i s f a r m o r e

p r o n o u n c e d t h a n t h e a n a l o g o u s i n c r e a s e t h a t i s o b s e r v e d u p o n o x i d a t i o n o f

t h e M 0 2 5 + c o r e t o M 0 2 6 + ( F i g u r e 3 . 5 ) . A c o m p a r i s o n o f t h e s t r u c t u r e s o f [ n -

1 2 6
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B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) r e v e a l s t h a t t h e

o r i e n t a t i o n s o f t h e b r i d g i n g l i g a n d s i n t h o s e t w o c o m p o u n d s a r e o n l y S l i g h t l y

d i f f e r e n t . T h e M o ( 8 ) - C ( 1 0 ) — N ( 1 0 ) a n g l e i s 8 6 . 2 ( 1 0 ) ° i n ( 1 0 ) a n d t h e

e q u i v a l e n t a n g l e i n ( 1 1 ) M o ( 8 ) - C ( 3 A ) - N ( 1 0 ) i s 8 2 . 2 ( 1 1 ) ° . 2 4 T h i s s i m i l a r i t y

i s a l s o r e fl e c t e d i n t h e e n e r g y o f t h e b r i d g i n g V C N m o d e , w h i c h i s 1 8 0 7 c m ’ 1

f o r b o t h c o m p o u n d s . D e s p i t e t h i s , t h e M o - M o d i s t a n c e i n M 0 2 ( C N ) 6 ( d p p m ) 2

( 1 1 ) i s i n c r e a s e d t o 2 . 9 3 5 7 ( 8 ) A f r o m 2 . 7 0 9 ( 9 ) a n d 2 . 8 2 9 9 ( 1 0 ) A f o r [ n -

B u t l e l M 0 2 ( C N ) o ( d P P m ) 2 l ( 8 ) . a n d [ n - B u t N l l M 0 2 ( C N ) o ( d P P m ) 2 l ( 1 0 )

r e s p e c t i v e l y . T h e i n t e r a c t i o n s b e t w e e n t h e s e m i - b r i d g i n g c y a n i d e a n d t h e

m o l e c u l a r o r b i t a l s o f t h e M o — M o b o n d w o u l d p r o d u c e t h i s r e s u l t a n d , i n f a c t ,

t h e c o m p u t a t i o n a l s t u d i e s p r e s e n t e d s u p p o r t t h i s h y p o t h e s i s . A n a d d i t i o n a l

c o n t r i b u t i n g f a c t o r c o u l d b e d - o r b i t a l c o n t r a c t i o n r e s u l t i n g f r o m t h e i n c r e a s e

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

t h e M o z n ’ I I I c o r e o f ( 1 0 ) t o M o z m ’ I I I f o r M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) .

E . C o m p u t a t i o n a l s t u d y o f [ n - B u 4 N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) ,

a n d M 0 2 ( C N ) o ( d P P m ) 2 ( 1 1 )

T o g a i n a b e t t e r u n d e r s t a n d i n g o f t h e e l e c t r o n i c s t r u c t u r e a n d b o n d i n g i n

[ n - B u a N h [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 8 ) a n d M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) c o m p u t a t i o n a l

s t u d i e s w e r e c o n d u c t e d . A c c o r d i n g t o t h e e s t a b l i s h e d M . O . b o n d i n g s c h e m e

f o r E S B O c o m p o u n d s , t h e e l e c t r o n i c c o n fi g u r a t i o n s o f t h e M 0 2 1 1 . " ( 8 ) a n d

1 2 7



M o z m ' I n ( 1 0 ) c o m p o u n d s a r e ( 3 3 7 1 : 2 ( 5 5 ' ) 4 a n d 0 2 7 1 : 2 ( 5 5 1 ' ) 2 r e s p e c t i v e l y ( F i g u r e

6 ) . 8 ’ 9 T h e 5 a n d 5 * a r e c o n s i d e r e d t o b e w e a k i n t e r a c t i o n s , a n d m a y e v e n b e

r e v e r s e d i n t h e i r e n e r g i e s . I n a c c o r d w i t h t h e b o n d i n g s c h e m e , t h e

c o m p u t a t i o n a l s t u d i e s p r e d i c t t h a t t h e H O M O a n d H O M O - 1 l e v e l s f o r t h e

M o z n ‘ " c o m p o u n d ( 8 ) a r e t h e 5 * a n d 5 l e v e l s ( F i g u r e 3 . 1 1 ) . F o r t h e

“ I ’ m ( 1 0 ) t h e 5 a n d 5 * M . O . ’ S a r e r e v e r s e d i n e n e r g y w i t h 5 *c o m p o u n d M 0 2

a s t h e H O M O a n d 5 a s t h e L U M O .

T h e c o n t o u r d i a g r a m s o f t h e f r o n t i e r o r b i t a l s o f t h e M 0 2 1 " I I ( 8 ) a n d

M o z m ’ I n ( 1 1 ) s y s t e m s a r e s h o w n i n F i g u r e 7 . T h e H O M O ( n o . 7 6 ) o f t h e

M o z n ’ n s y s t e m r e s e m b l e s a 5 * o r b i t a l r e s u l t i n g p r i m a r i l y f r o m t h e o u t - o f -

p h a s e i n t e r a c t i o n o f ( 1 , , y o r b i t a l s o n t h e m e t a l a t o m s . N o c o n t r i b u t i o n f r o m

t h e p K o r b i t a l s o f N ( 1 0 ) a n d N ( 3 A ) w e r e o b s e r v e d ( F i g u r e 7 a ) . T h e H O M O —

1 ( n o . 7 5 ) i s a p r e d o m i n a n t l y m e t a l — b a s e d 5 o r b i t a l a r i s i n g f r o m a b o n d i n g

i n t e r a c t i o n b e t w e e n m e t a l ( 1 , , y o r b i t a l s . T h e p x o r b i t a l s o f N ( 1 0 ) a n d N ( 3 A )

a r e i n v o l v e d i n a n a n t i b o n d i n g i n t e r a c t i o n w i t h t h e 5 o r b i t a l ( F i g u r e 7 b ) .

T h e e s t i m a t e d s e p a r a t i o n b e t w e e n t h e o c c u p i e d 5 * a n d 5 o r b i t a l s i s o n l y 4 . 0 7

K c a l / m o l e . I n c o n t r a s t , t h e L U M O ( N o . 7 6 ) a n d H O M O ( n o . 7 5 ) o f t h e

M o z m ’ I I I c o m p o u n d a r e 5 a n d 5 * t y p e o r b i t a l s r e s p e c t i v e l y w i t h a n e n e r g y

s e p a r a t i o n o f 2 5 . 9 7 K c a l / m o l e . T h e c o e f fi c i e n t s o f t h e a t o m i c o r b i t a l s

1 2 8
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i n d i c a t e t h a t t h e H O M O ’ S i n ( 8 ) a n d ( 1 1 ) h a v e s i m i l a r p a r e n t a g e . T h e s a m e

i s t r u e f o r t h e H O M O - l a n d L U M O o f t h e M 0 2 1 ” I a n d M 0 2 1 1 " I I I s p e c i e s

r e s p e c t i v e l y .

T h e t w o e l e c t r o n o x i d a t i o n o f t h e M 0 2 1 1 ’ 1 1 c o r e o f ( 8 ) t o y i e l d M o z m ’ I I I ( 1 1 )

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

c o m p o u n d s . T h e L U M O o f ( 1 1 ) t e s t i fi e s t h a t t h e e l e c t r o n d e n s i t y , o n

o x i d a t i o n , i s r e m o v e d p r i m a r i l y f r o m a m e t a l - m e t a l b o n d i n g o r b i t a l . T h e

c o n s e q u e n c e o f w h i c h i s t h e e x p e r i m e n t a l l y o b s e r v e d i n c r e a s e i n t h e m e t a l —

m e t a l b o n d l e n g t h .

T h e s t a b i l i z a t i o n o f t h e 5 * o r b i t a l a n d d e s t a b i l i z a t i o n o f t h e 5 o r b i t a l o n

" " 1 c o m p o u n d ( 8 ) i s r e a d i l y u n d e r s t o o d b y c o n s i d e r i n g t h eo x i d a t i o n o f M 0 2

i n t e r a c t i o n o f t h e o r b i t a l s o f t h e b r i d g i n g c y a n i d e s w i t h t h e m e t a l b a s e d 4 d

o r b i t a l s . T h e r e d u c t i o n i n t h e M 0 1 - C 3 A — N 3 a n d M o l A — C 3 — N 3 A

a n g l e s t h a t a c c o m p a n y o n e - a n d t w o - e l e c t r o n o x i d a t i o n o f ( 8 ) r e s p e c t i v e l y

r e s u l t i n s h o r t e r M o l — N 3 a n d M o l A — N 3 A d i s t a n c e s . T h e m o r e c l o s e

p r o x i m i t y o f t h e b r i d g i n g c y a n i d e s t o t h e d i m o l y b d e n u m c o r e i n c r e a s e s t h e

a n t i b o n d i n g i n t e r a c t i o n o f t h e p , ( o r b i t a l s o f N 3 a n d N 3 A w i t h t h e 5 o r b i t a l

( F i g u r e 7 c ) r e s u l t i n g i n t o d e s t a b i l i z a t i o n o f t h i s o r b i t a l . I t s h o u l d b e n o t e d

1 1 , 1 1
h e r e a l t h o u g h s i m i l a r i n t e r a c t i o n i s p r e s e n t i n t h e M 0 2 c o m p o u n d

1 3 0



( H O M O - 1 ) i t i s c o n s i d e r a b l y m o r e i n fl u e n t i a l i n t h e o x i d i z e d s p e c i e s d u e t o

s h o r t e r M o l — N 3 a n d M o l A - N 3 A d i s t a n c e s .

T h e s e m i - b r i d g i n g o r i e n t a t i o n o f t h e b r i d g i n g c y a n i d e s a l s o h e l p i n

s t a b i l i z i n g t h e 5 * o r b i t a l . T h e p x o r b i t a l s o f t h e C 3 A a n d C 3 a t o m s a r e

i n v o l v e d i n a f a v o r a b l e b o n d i n g i n t e r a c t i o n w i t h d x y o r b i t a l s o f M o l A a n d

M 0 1 r e s p e c t i v e l y ( F i g u r e 7 d ) . S u c h i n t e r a c t i o n i s v i r t u a l l y a b s e n t i n

c o m p l e x ( 8 ) w h e r e e a c h c y a n i d e b r i d g e s t h e t w o m e t a l c e n t e r s i n a n e a r l y

s y m m e t r i c f a s h i o n .

T h e n e t e f f e c t i s t h e s t a b i l i z a t i o n o f t h e H O M O o f t h e M 0 2 1 " 1 1 c o m p o u n d

1 1 1 , 1 1 1s u c h t h a t u p o n o x i d a t i o n i t r e m a i n s t h e H O M O f o r t h e M 0 2 c o m p o u n d .

T h e l o w - l y i n g H O M O - 1 f o r M o z n ’ " , o n o x i d a t i o n , e x p e r i e n c e s d e s t a b i l i z i n g

i n t e r a c t i o n s a n d b e c o m e s t h e L U M O f o r M o z m ’ m . T h e l o s s o f t h e 5 b o n d i n g

c o n t r i b u t i o n t o t h e m e t a l - m e t a l b o n d r e s u l t s i n t h e o b s e r v e d i n c r e a s e o f t h e

M o — M o d i s t a n c e i n M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) v s [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) .

4 . C o n c l u s i o n s

U n d e r a n a e r o b i c c o n d i t i o n s , t h e r e a c t i o n o f M 0 2 C 1 4 ( d p p m ) 2 w i t h

[ R 4 N ] [ C N ] ( R = E t o r n - B u ) p r o c e e d s w i t h c o m p l e t e d i s p l a c e m e n t o f t h e

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

[ M o z n ’ " ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) , T h e c y a n i d e l i g a n d s s p a n n i n g t h e

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

1 3 1



b o u n d t h r o u g h a a b o n d t o o n e M o a t o m t h r o u g h t h e c a r b o n a t o m a n d t o t h e

o t h e r M o a t o m t h r o u g h a s i d e - o n 7 : i n t e r a c t i o n . A s e v i d e n c e d b y t h e c y c l i c

v o l t a m m o g r a m . [ M o z n ’ n ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) i s e a s i l y o x i d i z e d . T h e c a r e f u l

u s e o f o n e a n d t w o e q u i v a l e n t s o f t h e o x i d a n t N O B F 4 l e d t o t h e p r e p a r a t i o n

o f t h e o n e a n d t w o - e l e c t r o n o x i d a t i o n p r o d u c t s o f ( 8 ) , v i z . ,

[ M 0 2 " ’ 1 " ( C N ) o ( d P P m ) 2 l l ' ( 1 0 ) a n d M 0 2 m ’ m ( C N ) o ( d p p m ) 2 ( 1 1 ) .

T h e o x i d a t i o n s t a t e o f t h e d i m o l y b d e n u m c o r e s t r o n g l y i n fl u e n c e s t h e

b o n d i n g i n t e r a c t i o n s o f t h e b r i d g i n g c y a n i d e s . T h e s i d e - o n 7 : i n t e r a c t i o n o f

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

B u 4 N ] [ M o z n ’ m ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) a r e s i g n i fi c a n t l y m o r e p r o m i n e n t t h a n i n

t h e p a r e n t c o m p o u n d [ n - B u 4 N ] 2 [ M o z n ’ " ( C N ) 6 ( d p p m ) 2 ] ( 8 ) . T h e r e m o v a l o f

a n e l e c t r o n f r o m ( 1 0 ) t o g i v e M o z m ’ m ( C N ) 6 ( d p p m ) 2 ( 1 1 ) f u r t h e r i n c r e a s e s t h e

7 t i n t e r a c t i o n b u t o n l y s l i g h t l y s o . T h e s t r e n g t h o f t h e i n t e r a c t i o n b e t w e e n

t h e s e m i — b r i g i n g c y a n i d e a n d t h e m e t a l - m e t a l b o n d i n ( 1 0 ) a s c o m p a r e d t o

( 8 ) r e s u l t s i n a s w i t c h i n g o f t h e o r d e r o f t h e 5 a n d 5 * o r b i t a l s i n

M 0 2 ( C N ) o ( d P P m ) 2 ( 1 1 ) -

T h e s p a t i a l a r r a n g e m e n t o f t h e t e r m i n a l c y a n i d e l i g a n d s i n [ n -

B u t l e l M 0 2 ( C N ) o ( d P P m ) 2 l ( 8 ) , [ E t t l e l M 0 2 ( C N ) o ( d P P m ) 2 ] ( 9 ) a n d . [ n -

B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) i s s u c h t h a t i n t e r a c t i o n s w i t h L e w i s a c i d s t o

f o r m l a r g e r a s s e m b l i e s a r e p o s s i b l e . T h e p o o r s o l u b i l i t y o f

1 3 2   



M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) p r e c l u d e s i t s u s e i n t h i s m a n n e r . I n t h i s r e g a r d , t h e

r e a c t i o n o f ( 8 ) w i t h [ N i ( e n ) 2 ( C H 3 C N ) 2 ] [ P F 6 ] 2 w a s c a r r i e d o u t . T h e

c o m p o u n d [ n - B u 4 N ] 2 [ M o z ( C N ) 6 ( d p p m ) 2 ] ( 8 ) r e a c t s w i t h

[ N i ( e n ) 2 ( C H 3 C N ) 2 ] [ P F 6 ] 2 t o f o r m a p r o d u c t t h a t i s f o r m u l a t e d a s n e u t r a l o n e -

d i m e n s i o n a l p o l y m e r c o m p o s e d o f { [ N i ( e n ) 2 ] [ M 0 2 ( C N ) ( ; ( d p p m ) 2 ] } n

r e p e a t i n g u n i t s . T h e [ M o z ( C N ) 6 ( d p p m ) 2 ] 2 ’ u n i t s a c t a s a b r i d g e , b u t d o n o t

e n a b l e m a g n e t i c c o m m u n i c a t i o n t o o c c u r b e t w e e n t h e n e a r e s t n e i g h b o r N i I I

c e n t e r s .
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R e f e r e n c e s

1 0 .

1 1 .

1 2 .

1 3 .

1 4 .

. H e i n t z , R . A . ; D u n b a r , K . R . P r o g . I n o r g . C h e m . 1 9 9 6 , 4 5 , 2 8 3 .

V a h r e n k a m p , H . ; G e i s s , A . ; R i c h a r d s o n , G . N . J . C h e m . S o c . D a l t o n

T r a n s . 1 9 9 7 , 2 0 , 3 6 6 4 .

. C u r t i s , M . D . ; K l i n g e r , R . J . J . O r g a n o m e t . C h e m . 1 9 7 8 , 1 6 1 , 2 3 .

. A s p i n a l l , H . C . ; D e e m i n g , A . J . ; D o n o v a n - M t u n z i , S . J . C h e m .

S o c . D a l t o n T r a n s . 1 9 8 3 , 8 4 , 2 0 5 .

B u d z i c h o w s k i , T . ; C h i s h o l m , M . P o l y h e d r o n , 1 9 9 4 , I 3 , 2 0 3 5 .

D e r a n i y a g , S . P . ; G r u n d y , K . R . I n o r g . C h i m . A c t a , 1 9 8 4 , 8 4 , 2 0 5 .

B a r t l e y , S . L . ; B e r n s t e i n , S . N . ; D u n b a r , K . R . I n o r g . C h i m . A c t a . 1 9 9 3 ,
2 1 3 , 2 1 3 .

C o t t o n , F . A . P o l y h e d r o n , 1 9 8 7 , 6 , 6 6 7 .

C o t t o n , F . A . ; W a l t o n , R . A . M u l t i p l e B o n d s B e t w e e n M e t a l A t o m s , 2 n d

e d . , C l a r e n d o n P r e s s , O x f o r d , 1 9 9 3 .

D u n b a r , K . R . ; P o w e l l , D . ; W a l t o n , R . A . I n o r g . C h e m . 1 9 8 5 , 2 4 ,
2 8 4 2 .

G r e e n , M . L . H . ; P a r k i n , G . J . C h e m . S o c . D a l t o n T r a n s . 1 9 8 2 , 2 5 1 9 .

H e n d r i c k s o n , D . N . ; S o h n , Y . S . ; G r a y , 1 1 . B . I n o r g . C h e m . 1 9 7 1 , 1 0 ,

1 5 5 9 .

S a i n t 1 0 0 0 , B r u k e r A n a l y t i c a l X - R a y I n s t r u m e n t s , M a d i s o n , W I 5 3 7 1 9

( 1 9 9 9 )

S h e l d r i c k , G . M . “ S A B A B S , S i e m e n s A r e a D e t e c t o r A b s o r p t i o n

1 3 4



1 5 .

1 6 .

l 7 .

1 8 .

1 9 .

C o r r e c t i o n ” , U n i v . o f G o t t i n g e n , G o t t i n g e n , G e r m a n y ( 1 9 9 8 ) .

S H E L T X L v e r s i o n 5 . 1 0 , R e f e r e n c e M a n u a l , B r u k e r I n d u s t r i a l

A u t o m a t i o n , A n a l y t i c a l I n s t r u m e n t , M a d i s o n , W I 5 3 7 1 9 ( 1 9 9 9 ) .

G l u s k e r , J . R ; L e w i s , M . ; R o s s i , M . C r y s t a l S t r u c t u r e A n a l y s i s f o r

C h e m i s t s a n d B i o l o g i s t s , V C H , N e w Y o r k , 1 9 9 4 .

F r i s c h , M . J ; T r u c k s , G . W ; S c h l e g e l , H . B ; S c u s e r i a , G . E ; R o b b , M . A ;

C h e e s e m a n , J . R ; Z a k r z e w s k i , V . G ; M o n t g o m e r y , J r . , J . A ; S t r a t r n a n n ,

R . E ; B u r a n t , J . C ; D a p p r i c h , S ; M i l l a m , J . M ; D a n i e l s , A . D ; K u d i n , K .

N ; S t r a i n , M . C ; F a r k a s , O ; T o m a s i , J ; B a r o n e , V ; C o s s i , M ; C a m m i , R ;

M e n n u c c i , B ; P o m e l l i , C ; A d a m o , C ; C l i f f o r d , S ; O c h t e r s k i , J ;

P e t e r s s o n , G . A ; A y a l a , P . Y ; C u i , Q ; M o r o k u m a , K ; M a l i c k , D . K ;

R a b u c k , A . D ; R a g h a v a c h a r i , K ; F o r e s m a n , J . B ; C i o s l o w s k i , J ; O r t i z , J .

V ; S t e f a n o v , B . B ; L i u , G ; L i a s h e n k o , A ; P i s k o r z , P ; K o m a r o m i , I ;

G o m p e r t s , R ; M a r t i n , R . L ; F o x , D . J ; K e i t h , T ; A l - L a h a m , M . A ; P e n g ,

C . Y ; N a n a y a k k a r a , A ; G o n z a l e z , C ; C h a l l a c o m b e , M ; G i l l , P . M . W ;

J o h n s o n , B ; C h e n , W ; W o n g , M . W ; A n d r e s , J . L ; G o n z a l e z , C ; H e a d -

G o r d o n , M ; R e p l o g l e , E . S ; P o p l e , J . A . G a u s s i a n , I n c . , P i t t s b u r g h P A ,

1 9 9 8 .

B e c k e , A . D . J . C h e m . P h y s . 1 9 9 3 , 9 8 , 5 6 4 8 .

L e e , C . ; Y a n g , W . ; P a r r , R . G . P h y s . R e v . 1 9 8 8 , 3 7 , 7 8 5 .
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2 0 . ( a ) H a y , P . J . ; W a d t , W . R . J . C h e m . P h y s . 1 9 8 5 , 8 2 , 2 7 0 . H a y , P . J . ;

W a d t , W . R . J . C h e m . P h y s . 1 9 8 5 , 8 2 , 2 8 4 . ( b ) H a y , P . J . ; W a d t , W . R .

J . C h e m . P h y s . 1 9 8 5 , 8 2 , 2 9 9 .

2 1 . D u n n i n g , T . H . J r . ; H a y , P . J . I n M o d e r n T h e o r e t i c a l C h e m i s t r y ;

S c h a e f e r , H . F . , 1 1 1 , E d . ; P l e n u m : N e w Y o r k , 1 9 7 7 ; V o l . 3 , p l .

2 2 . H b l l w a r t h , A . ; B o h m e , M . ; D a p p r i c h , S . ; E h l e r s , A . W . ; G o b b i , A . ;

 

J o n a s , V . ; K é h l e r , K . F . ; S t e g m a n n , R . ; V e l d k a m p , . ; F r e n k i n g , G .

C h e m . P h y s . L e t t . 1 9 9 3 , 2 0 8 , 2 3 7 .

2 3 . B a r d e r , T . J . ; C o t t o n , F . A . ; L e w i s , D . ; S c h w o t z e r , W . ; T e t r i c k , S . M . ;

W a l t o n , R . A . J . A m . C h e m . S o c . 1 9 8 4 , 1 0 6 , 2 8 8 2 .

2 4 . T h e s t r u c t u r a l s o l u t i o n o f M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 ) p r o d u c e d a d i f f e r e n t

s e t o f u n i q u e a t o m s t h a n w a s f o u n d f o r

[ n - B u 4 l e [ M 0 2 ( C N ) o ( d P P m ) 2 l a n d [ n - B u t N l l M 0 2 ( C N ) o ( d P P m ) 2 l

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

b r i d g i n g c y a n i d e s i n ( 1 1 ) .
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C h a p t e r I V

T r a n s i t i o n m e t a l c y a n i d e a n d n i t r i l e c o m p o u n d s w i t h

1 - ( h y d r o ) t r i s p y r a z o l y l b o r a t e
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1 . I n t r o d u c t i o n

T h e a s s e m b l y o f m o l e c u l a r p r e c u r s o r s t o f o r m n a n o s c a l e m o l e c u l e s i s

b e c o m i n g a n a c t i v e a r e a o f r e s e a r c h i n m a g n e t o c h e m i s t r y . 1 T h i s i n t e r e s t

s t e m s f r o m t h e d e m o n s t r a t i o n o f a p h e n o m e n o n s i m i l a r t o

s u p e r p a r a m a g n e t i s m i n l a r g e s p i n p a r a m a g n e t i c c l u s t e r s t h a t e x h i b i t

m a g n e t i c a n i s o t r o p y . S e v e r a l m i x e d v a l e n c e M n c l u s t e r s w i t h c a r b o x y l a t e

b r i d g e s c o n s t i t u t e o n e f a m i l y o f c o m p o u n d s w i t h h i g h g r o u n d s t a t e s p i n

v a l u e s t h a t h a v e b e e n p r e p a r e d f o r t h e p u r p o s e s o f i n v e s t i g a t i n g s i n g l e

m o l e c u l e m a g n e t i c p h e n o m e n o n ( F i g u r e 1 . 1 0 ) . 2 T h e s e h a v e b e e n s h o w n t o

d i s p l a y p r o p e r t i e s s u c h a s h y s t e r e s i s a n d q u a n t u m t u n n e l i n g o f t h e

m a g n e t i z a t i o n . U n f o r t u n a t e l y , t r a d i t i o n a l c l u s t e r c h e m i s t r y s u c h a s t h e M n

c a r b o x y l a t e c l u s t e r s s u f f e r s f r o m t h e l i m i t a t i o n t h a t , a p r i o r i , r e l i a b l e

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

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

o f s y n t h e t i c r o u t e s t o h i g h - s p i n m a g n e t i c c l u s t e r s w i t h p r e d e t e r m i n e d

s t r u c t u r e s . T h i s l e v e l o f s y n t h e t i c c o n t r o l w a s r e c e n t l y d e m o n s t r a t e d b y t h e

i n d e p e n d e n t w o r k o f R a u c h f u s s ( F i g u r e s 1 . 7 a n d 1 . 8 ) a n d L o n g ( F i g u r e 1 . 9 )

i n t h e p r e p a r a t i o n a n d c r y s t a l l i z a t i o n o f m o l e c u l a r “ b o x e s ” ( “ c u b e s ” ) . 3 ' 4 T h e

c o m e r s o f t h e m o l e c u l e s c o n s i s t o f e i g h t m e t a l a t o m s w i t h b r i d g i n g c y a n i d e s

a l o n g t h e s i d e s . T h e r e m a i n i n g t h r e e c o o r d i n a t i o n s i t e s o n t h e m e t a l a t o m
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c o r n e r s w e r e o c c u p i e d b y t h e f a c i a l c a p p i n g l i g a n d s C p ‘ o r

t r i a z a c y c l o n o n a n e ( t a c n ) r e s p e c t i v e l y .

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

b e i n g c o m p o s e d o f R h I I I a n d C o I I I i n t h e c a s e o f

[ ( C p ) 4 ( C 5 ( M e ) 4 E t ) 4 C o 4 R h 4 ( C N ) 1 2 ] [ P F 6 ] 4 a n d C o m i n t h e c a s e o f

[ ( t a c n ) 3 C o g ( C N ) 1 2 ] [ C F 3 S O 3 ] . W e i n i t i a t e d a n e f f o r t t o p r e p a r e p a r a m a g n e t i c

h e t e r o m e t a l l i c c u b e s w i t h b o t h e i g h t a n d t w e n t y m e t a l a t o m b o x e s . T h e

b o x e s w i t h e i g h t m e t a l a t o m c o r n e r s a r e o n e e x p e c t e d p r o d u c t f r o m t h e

c o m b i n a t i o n o f f o u r “ c o m e r ” p r e c u r s o r s t h a t c o n t a i n f a c i a l l y a r r a n g e d

d a n g l i n g c y a n i d e s w i t h f o u r “ c o m e r ” p r e c u r s o r s t h a t c o n t a i n g o o d l e a v i n g

g r o u p s i n t h e s a m e f a c i a l a r r a n g e m e n t . D i s p l a c e m e n t o f t h e l e a v i n g g r o u p s

b y t h e n i t r o g e n s o f t h e d a n g l i n g c y a n i d e s w o u l d r e s u l t i n c l o s u r e a n d

f o r m a t i o n o f t h e d e s i r e d m o l e c u l a r b o x . T h e t w e n t y m e t a l a t o m b o x e s

w o u l d c o n s i s t o f t h e c o r n e r p r e c u r s o r s d e s c r i b e d a b o v e , b u t i n s t e a d o f

t w e l v e c y a n i d e e d g e s , t h e e d g e s c o n s i s t o f u n i t s o f t h e t y p e t r a n s -

M ( L ) 4 ( C N ) 2 . S c h e m a t i c s o f t h e p r o p o s e d a s s e m b l y o f 8 a n d 2 0 m e t a l a t o m

m o l e c u l a r b o x e s a r e d e p i c t e d i n F i g u r e s 4 . 1 a n d 4 . 2 r e s p e c t i v e l y .

T h e fi r s t s t e p i n t h i s c h e m i s t r y i s t o p r e p a r e t h e a p p r o p r i a t e b u i l d i n g

b l o c k s . T h i s c h a p t e r p r e s e n t s t h e r e s u l t s o f t h e s e e f f o r t s t o p r e p a r e d i v a l e n t

a n d t r i v a l e n t c o r n e r a n d e d g e b u i l d i n g b l o c k c o m p o u n d s . T h e m o s t

1 3 9
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p r o m i s i n g r e s u l t s i n t h e u s e o f t h e s e c o m p o u n d s t o a s s e m b l e m o l e c u l a r

b o x e s w i l l a l s o b e d i s c u s s e d .

T h e c h a p t e r f o c u s e s o n b u i l d i n g b l o c k s o f t h e m e t a l s V 1 " , C r m , M o m ,

M n " , a n d C o " . P r e c u r s o r c o m p o u n d s o f F e m , F e " , a n d N i 1 1 w i l l b e

p r e s e n t e d i n t h e d i s s e r t a t i o n o f J e n n i f e r A . S m i t h a n o t h e r s t u d e n t o n t h e

p r o j e c t . 2 2

2 . E x p e r i m e n t a l

A . M a t e r i a l s

A l l m a n i p u l a t i o n s w e r e c a r r i e d o u t u n d e r a n i n e r t a t m o s p h e r e u s i n g

s t a n d a r d S c h l e n k - l i n e a n d d r y b o x t e c h n i q u e s . A l l g l a s s w a r e w a s fl a m e -

d r i e d u n d e r v a c u u m p r i o r t o u s e . S o l v e n t s w e r e p u r i fi e d b y c o n v e n t i o n a l

m e t h o d s a n d w e r e d i s t i l l e d u n d e r n i t r o g e n p r i o r t o u s e . A c e t o n i t r i l e

s o l v a t e d t r a n s i t i o n m e t a l c o m p l e x e s o f t h e t y p e [ M ( C H 3 C N ) X ] ( P F 6 ) 2 ( x = 4 ,

6 ) , 5 2 1 V C 1 3 ( T H F ) 3 , 5 " C r C 1 3 ( T H Z F ) 3 , 5 b a n d M o B r 3 ( T H F ) 3 5 ° w e r e p r e p a r e d

a c c o r d i n g t o t h e l i t e r a t u r e m e t h o d s . T h e r e a g e n t s K C N , A g P F 6 , a n d T l P F 6

w e r e p u r c h a s e d f r o m A l d r i c h a n d u s e d a s r e c e i v e d . T h e f a c i a l c a p p i n g

l i g a n d t h a t w a s u s e d f o r a l l t h e c o r n e r p r e c u r s o r s i s 1 -

( h y d r o ) t r i s p y r a z o l y l b o r a t e ( T p ) w h i c h w a s p r e p a r e d a s i t ’ s N a [ T p ] a n d

K [ T p ] s a l t s f r o m t h e l i t e r a t u r e m e t h o d . 6
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B . P h y s i c a l M e a s u r e m e n t s

I n f r a r e d s p e c t r a w e r e r e c o r d e d o n s o l i d s s u s p e n d e d i n N u j o l b e t w e e n

K B r p l a t e s i n t h e r a n g e 4 0 0 0 - 4 0 0 c m ' 1 o n a N i c o l e t I R / 4 2 S p e c t r o m e t e r o r

b e t w e e n C s I p l a t e s i n t h e r a n g e b e t w e e n 4 0 0 - 5 0 c m ' 1 o n a N i c o l e t M a g n a - I R

S e r i e s I I 7 5 0 S p e c t r o m e t e r . E l e c t r o n i c a b s o r p t i o n a n d n e a r - I R s p e c t r a w e r e

m e a s u r e d o n a S h i m a d z u U V - 3 1 0 1 P C U V - V i s - N I R S c a n n i n g

S p e c t r o p h o t o m e t e r . M a g n e t i c s u s c e p t i b i l i t y m e a s u r e m e n t s i n t h e s o l i d s t a t e

w e r e p e r f o r m e d w i t h t h e u s e o f a Q u a n t u m D e s i g n s u p e r c o n d u c t i n g

q u a n t u m i n t e r f e r e n c e d e v i c e ( S Q U I D ) m a g n e t o m e t e r M P M S - S . D a t a w e r e

o b t a i n e d o n p o l y c r y s t a l l i n e s a m p l e s i n t h e r a n g e o f 2 - 3 0 0 K a t 1 0 0 0 G .

E l e m e n t a l a n a l y s e s w e r e p e r f o r m e d o n a P e r k i n E l m e r S e r i e s I I C H N S / O

A n a l y z e r . M a s s s p e c t r a l d a t a w e r e o b t a i n e d a t t h e M i c h i g a n S t a t e

U n i v e r s i t y M a s s S p e c t r o m e t r y F a c i l i t y , w h i c h i s s u p p o r t e d , i n p a r t , b y a

g r a n t ( D R R - 0 0 4 8 0 ) f r o m t h e B i o t e c h n o l o g y R e s e a r c h T e c h n o l o g y P r o g r a m ,

N a t i o n a l C e n t e r f o r R e s e a r c h R e s o u r c e s , N a t i o n a l I n s t i t u t e o f H e a l t h .

C . S y n t h e s e s

( 1 ) P r e p a r a t i o n o f N a [ ( T p ) C r C l 3 ] ( l 3 ) a n d K [ ( T p ) C r C l 3 ] ( 1 4 )

T h e c o m p o u n d N a [ ( T p ) C r C l 3 ] ( 1 3 ) w a s p r e p a r e d b y a m o d i fi c a t i o n o f

t h e l i t e r a t u r e m e t h o d r e p o r t e d f o r [ P h 4 A s ] [ ( T p ) C r C 1 3 ] . 7 A T H F s o l u t i o n ( 3 0

m L ) o f N a [ T p ] ( 0 . 0 6 3 g , 0 . 2 0 8 m m o l ) w a s a d d e d t o a 3 0 m L T H F s o l u t i o n
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o f C r C l 3 ( T I - I F ) 3 ( 0 . 1 0 0 g , 0 . 2 6 8 m m o l ) . T h e r e s u l t i n g g r e e n s o l u t i o n w a s

s t i r r e d f o r t h i r t y m i n u t e s a n d c o n c e n t r a t e d t o 1 0 m L . H e x a n e s ( 1 0 m L ) w e r e

a d d e d t o p r e c i p i t a t e a g r e e n s o l i d t h a t w a s c o l l e c t e d b y fi l t r a t i o n , w a s h e d

w i t h d i e t h y l e t h e r , ( 3 x 5 m L ) a n d d r i e d i n v a c u o . Y i e l d 0 . 1 0 0 g ( 9 5 % ) .

K [ ( T p ) C r C l 3 ] ( 1 4 ) w a s p r e p a r e d f r o m t h e r e a c t i o n o f C r C l 3 ( T H F ) 3 ( 0 . 1 0 0 g ,

0 . 2 6 8 m m o l ) w i t h K [ T p ] ( 0 . 0 6 8 g , 0 . 2 6 8 m m o l ) a s d e s c r i b e d f o r

N a [ ( T p ) C r C l 3 ] ( 1 3 ) . Y i e l d 0 . 1 0 5 g ( 9 6 % ) . N a [ ( T p ) C r C l 3 ] ( 1 3 ) : v 0 - 0 : 3 4 0

a n d 3 3 0 c m ] ; V 3 - 1 4 : 2 4 9 0 c m ] ; U V - V i s ( T H F ) : ) 1 . ( n m ) ( 8 ( M ' l c m ' 1 ) ) 6 0 0 ( 7 7 ) ;

A n a l . C a l c d f o r C 9 H 1 0 N 6 C 1 3 B 1 C r 1 N a 1 : C , 2 7 . 4 0 ; H , 2 . 5 6 ; N , 2 1 . 3 0 . F o u n d :

C , 2 7 . 8 5 ; H , 2 . 7 2 ; N 2 1 . 0 8 . K [ C r C l 3 ( T p ) ] ( 1 4 ) : v 0 - 0 : 3 3 1 a n d 3 1 0 c m ' l ;

m m : 2 4 9 0 c m " ; A n a l . C a l c d f o r C 9 H 1 0 N 6 C 1 3 B C r K : c , 2 6 . 3 3 ; H , 2 . 4 5 ; N ,

2 0 . 4 7 . F o u n d : C , 2 6 . 9 5 ; H , 2 . 3 5 ; N 2 1 . 0 3 .

( 2 ) P r e p a r a t i o n o f ( T p ) M o B r 2 ( T H F ) , ( 1 5 )

A T H F s o l u t i o n ( 2 0 m L ) o f N a [ T p ] ( 0 . 2 0 0 g , 0 . 8 5 0 m m o l ) w a s a d d e d t o

a 4 0 m L T H F s o l u t i o n o f M o B r 3 ( T H F ) 3 . T h e r e s u l t i n g d a r k y e l l o w s o l u t i o n

w a s r e fl u x e d o v e r n i g h t , c o n c e n t r a t e d t o 1 0 m L , a n d fi l t e r e d t h r o u g h C e l i t e .

A d a r k y e l l o w s o l i d w a s o b t a i n e d b y r e d u c i n g t h e s o l u t i o n t o d r y n e s s i n

v a c u o . T h e s o l i d w a s e x t r a c t e d w i t h 6 0 m L o f T H F a n d fi l t e r e d a g a i n

t h r o u g h C e l i t e . T h e s o l u t i o n w a s r e d u c e d t o d r y n e s s , w a s h e d w i t h d i e t h y l

e t h e r , ( 3 x 5 m L ) a n d d r i e d i n v a c u o . Y i e l d 0 . 4 5 9 g ( 7 5 % ) . V M O _ B , : 2 6 3 c m "
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1 ; v B - H : 2 4 8 0 c m " ; U V - V i s ( T H F ) : A ( n m ) ( e ( M " e m “ ) ) 3 7 6 ( 8 0 . 0 ) 3 0 8 ( 1 0 0 ) ;

A n a l . C a l c d f o r C 1 3 H 1 8 N 6 B r 2 B 1 0 1 M 0 1 : C , 2 8 . 8 7 ; H , 3 . 3 5 ; N , 1 5 . 5 4 . F o u n d :

C , 2 8 . 4 0 ; H , 3 . 2 2 ; N 1 5 . 8 0 .

( 3 ) P r e p a r a t i o n o f [ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] , ( l 6 ) a n d

[ ( T P ) C 0 ( C H 3 C N ) 3 ] [ P F 6 ] 9 ( 1 7 )

T h e f o l l o w i n g p r o c e d u r e w o r k s f o r t h e p r e p a r a t i o n o f b o t h ( 1 6 ) a n d ( 1 7 ) ,

t h e o n l y d i f f e r e n c e b e i n g t h e u s e o f [ M n ( C H 3 C N ) 4 ] [ P F 6 ] 2 ( 0 . 4 3 8 g , 0 . 8 4 7

m m o l ) t o p r e p a r e ( 1 6 ) o r [ C o ( C H 3 C N ) 6 ] [ P F 6 ] 2 ( 0 . 4 5 7 g , 0 . 8 4 7 m m o l ) t o

p r e p a r e ( 1 7 ) . A n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f N a [ T p ] ( 0 . 2 0 0 g , 0 . 8 4 7

m m o l ) w a s a d d e d d r o p w i s e t o a 3 0 m L a c e t o n i t r i l e s o l u t i o n o f t h e

a p p r o p r i a t e [ M ( C H 3 C N ) X ] [ P F 6 ] 2 s t a r t i n g m a t e r i a l . T h e s o l u t i o n w a s t h e n

c o n c e n t r a t e d t o ~ 3 0 m L a n d p l a c e d i n t h e f r e e z e r ( - 5 ° C ) o v e r n i g h t t o i n d u c e

c o m p l e t e p r e c i p i t a t i o n o f N a P F 6 a s a w h i t e p r e c i p i t a t e . T h e c o l d s o l u t i o n

w a s fi l t e r e d t h r o u g h C e l i t e t o r e m o v e t h e p r e c i p i t a t e . D i e t h y l e t h e r ( 6 0 m L )

w a s a d d e d a n d t h e s o l u t i o n w a s c o o l e d t o - 5 ° C o v e r n i g h t t o y i e l d t h e

p r o d u c t [ M n ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] . ( 1 6 ) a s a w h i t e s o l i d o r

[ C 0 ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] ( 1 7 ) a s a y e l l o w - o r a n g e s o l i d . Y i e l d s 0 . 2 1 5 g

( 5 4 % ) ( 1 6 ) a n d 0 . 2 2 8 g , ( 5 0 % ) ( 1 7 ) . [ M n ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] , ( 1 6 ) : v c e N :

2 3 1 2 a n d 2 2 8 4 c m " ; v “ : 2 4 6 9 c m “ ; v . . . 8 6 9 c m ' 1 ; U V - V i s ( C H 3 C N ) :

A ( n m ) ( 8 ( M ' 1 c m ' 1 ) ) 3 3 1 ( ~ 1 ) . [ C o ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] , ( 1 7 ) : v C E N : 2 3 1 5 a n d
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2 2 8 0 c m ' l ; V B - H : 2 4 9 8 c m ] ; V ” : 8 3 9 c m ' l ; U V - V i s ( C H 3 C N ) : A ( n m ) ( e ( M ’ 1

e m " ) ) 4 6 8 ( 8 3 . 2 ) , 5 1 5 ( 2 2 . 5 ) .

( 4 ) P r e p a r a t i o n o f [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 , ( 1 8 )

[ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 ) w a s p r e p a r e d b y b r o m i d e a b s t r a c t i o n

f r o m ( T p ) M o B r 2 ( T H F ) ( 1 5 ) . A n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f A g P F 6

( 0 . 2 0 5 g , 0 . 8 1 4 m m o l ) w a s a d d e d t o a n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f ( 1 5 )

( 0 . 2 2 0 g , 0 . 4 0 7 m m o l ) a n d a l l o w e d t o s t i r o v e r n i g h t . A l u m i n u m f o i l w a s

u s e d t o e x c l u d e l i g h t f r o m t h e r e a c t i o n . T h e r e s u l t i n g p r e c i p i t a t e w a s

r e m o v e d b y fi l t r a t i o n t h r o u g h C e l i t e . T h e s o l u t i o n w a s r e d u c e d t o 1 0 m L

b e f o r e 3 0 m L o f d i e t h y l e t h e r w a s a d d e d t o p r e c i p i t a t e t h e p r o d u c t a s a

y e l l o w s o l i d . T h i s s o l i d w a s e x t r a c t e d w i t h a c e t o n i t r i l e ( 3 0 m L ) a n d fi l t e r e d

t h r o u g h C e l i t e . A d d i t i o n o f d i e t h y l e t h e r ( 3 0 m L ) f o l l o w e d b y c o o l i n g t h e

s o l u t i o n t o - 5 ° C o v e r n i g h t l e d t o p r e c i p i t a t i o n o f t h e p r o d u c t , w h i c h w a s

c o l l e c t e d b y fi l t r a t i o n , w a s h e d w i t h 1 0 m L o f d i e t h y l e t h e r , a n d d r i e d i n

v a c u o . Y i e l d w a s 0 . 2 9 3 g ( 7 9 % ) . v C E N : 2 3 1 8 a n d 2 2 8 4 c m " ; v “ : 2 5 2 7

c m " ; v ” : 8 4 1 c m “ ; U V - V i s ( C H 3 C N ) : > . ( n m ) ( e ( M ' l e m " ) ) 4 5 5 ( b r o a d )

( 9 6 6 ) .

( 5 ) P r e p a r a t i o n o f [ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 , ( 1 9 )

T h e c o m p o u n d [ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 9 ) w a s p r e p a r e d b y c h l o r i d e

a b s t r a c t i o n f r o m ( T p ) V C 1 2 ( T H F ) w h i c h w a s p r e p a r e d a c c o r d i n g t o t h e
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l i t e r a t u r e m e t h o d . 8 A n a c e t o n i t r i l e s o l u t i o n ( 4 0 m L ) o f V C 1 2 ( T H I F ) ( T p )

( 0 . 3 2 0 g , 0 . 7 8 8 m m o l ) w a s c o m b i n e d w i t h a n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L )

o f T I P F G ( 0 . 5 5 8 g , 1 . 5 8 m m o l ) . T h e p r o c e d u r e d e s c r i b e d f o r

[ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 ) w a s a l s o f o l l o w e d f o r t h i s r e a c t i o n . A d a r k

y e l l o w s o l i d w a s r e c o v e r e d t o g i v e a y i e l d o f 0 . 3 2 0 g ( 6 0 % ) . V C E N : 2 3 2 6

a n d 2 2 9 5 c m " ; v “ : 2 5 3 2 c m " ; v ” : 8 4 5 c m " U V - V i s ( C H 3 C N ) :

} . ( n m ) ( e ( M ' 1 e m " ) ) 4 8 0 ( 1 1 5 ) 3 3 0 ( 7 5 ) .

( 6 ) P r e p a r a t i o n o f K [ ( T p ) C r ( C N ) 3 ] , ( 2 0 )

A m e t h a n o l s o l u t i o n ( 3 0 m L ) o f K C N ( 0 . 1 5 0 g , 2 . 2 8 m m o l ) w a s a d d e d

d r o p w i s e ( a b o u t 1 d r o p / s e c o n d ) w i t h v i g o r o u s s t i r r i n g t o a m e t h a n o l s o l u t i o n

( 3 0 m L ) o f K [ ( T p ) C r C 1 3 ] ( 1 4 ) ( 0 . 3 1 2 g , 0 . 7 6 0 m m o l ) . C o m p l e t e a d d i t i o n o f

K C N p r o d u c e s a c l o u d y p i n k s o l u t i o n , w h i c h w a s fi l t e r e d t h r o u g h C e l i t e a n d

r e d u c e d t o d r y n e s s t o g i v e a p i n k s o l i d . T h i s s o l i d w a s e x t r a c t e d w i t h 3 0 m L

o f a c e t o n i t r i l e a n d fi l t e r e d a g a i n t h r o u g h C e l i t e . T h e s o l u t i o n w a s t h e n

c o n c e n t r a t e d t o 5 m L a n d 2 5 m L o f d i e t h y l e t h e r w a s a d d e d t o y i e l d a p i n k

s o l i d . Y i e l d 0 . 2 5 0 g ( 8 0 % ) . V C E N : 2 1 3 5 c m ] ; v 3 - 3 : 2 4 9 2 c m ] ; U V - V i s

( C H 3 C N ) : ) . ( n m ) ( e ( M ' l c m ' 1 ) ) 3 2 2 ( 7 5 ) , 3 6 5 ( 6 0 ) , a n d 4 1 0 ( 4 5 ) .

( 7 ) P r e p a r a t i o n o f t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 , ( 2 1 )

A n a c e t o n i t r i l e s o l u t i o n o f T 1 P F 6 ( 2 0 m L ) ( 0 . 1 5 0 g , 0 . 4 2 3 m r n o l ) w a s

a d d e d t o a 2 0 m L a c e t o n i t r i l e s u s p e n s i o n o f t r a n s - N i C 1 2 ( e n ) 2 ( 0 . 0 5 3 g , 0 . 2 1 2
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m m o l ) a n d a l l o w e d t o s t i r o v e r n i g h t . T h e r e s u l t i n g c l o u d y b l u e s o l u t i o n w a s

fi l t e r e d t h r o u g h C e l i t e a n d c o n c e n t r a t e d t o 5 m L b e f o r e 2 5 m L o f d i e t h y l

e t h e r w a s a d d e d t o p r e c i p i t a t e a p u r p l e - b l u e s o l i d . T h e s o l i d w a s e x t r a c t e d

w i t h 2 0 m L o f a c e t o n i t r i l e a n d fi l t e r e d t h r o u g h C e l i t e . C o n c e n t r a t i o n o f t h i s

s o l u t i o n t o 5 m L f o l l o w e d b y a d d i t i o n o f 3 0 m L o f d i e t h y l e t h e r p r o d u c e d a

p u r p l e - b l u e p r o d u c t . T h e s o l i d w a s c o l l e c t e d b y fi l t r a t i o n , w a s h e d w i t h 1 0

m L o f d i e t h y l e t h e r a n d d r i e d i n v a c u o . Y i e l d 0 . 0 6 8 g ( 9 0 % ) . V C E N : 2 3 1 2

a n d 2 2 8 4 c m ' l ; v a r : 8 8 0 c m " ; U V - V i s ( C H 3 C N ) : } \ . ( n m ) ( 8 ( M ' 1 c m ' 1 ) ) 8 8 0

( 6 5 ) , 5 3 6 ( 7 5 ) , 3 3 9 ( 2 5 ) .

( 8 ) R e a c t i o n o f N a [ ( T p ) C r C l 3 ] ( 1 3 ) w i t h M P F 6 ( M = A g 1 + o r T 1 “ )

R e a c t i o n s o f N a [ ( T p ) C r C l 3 ] ( 1 3 ) ( 0 . 1 5 0 g , 0 . 3 8 0 m m o l ) w e r e c a r r i e d o u t

u n d e r t h e s a m e c o n d i t i o n s w i t h b o t h A g P F 6 ( 0 . 2 8 8 g , 1 . 1 4 m m o l ) a n d T l P F 6

( 0 . 4 0 3 g , 1 . 1 4 m m o l ) . A n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f M P F 6 ( M = A g ”

o r T 1 ” ) w a s a d d e d t o 3 0 m L o f a n a c e t o n i t r i l e s o l u t i o n o f N a [ ( T p ) C r C l 3 ]

( 1 3 ) a n d a l l o w e d t o s t i r o v e r n i g h t . A l u m i n u m f o i l w a s u s e d t o e x c l u d e l i g h t

f r o m t h e r e a c t i o n i n v o l v i n g A g P F 6 . B o t h r e a c t i o n s p r o d u c e d c l o u d y p i n k

s o l u t i o n s t h a t w e r e fi l t e r e d t h r o u g h C e l i t e a n d c o n c e n t r a t e d t o 5 m L .

C o o l i n g t h e s e s o l u t i o n s t o - 5 ° C f o r t h r e e d a y s r e s u l t e d t o t h e d e p o s i t i o n o f

p i n k c r y s t a l s . S i n g l e c r y s t a l X - r a y d i f f r a c t i o n s t u d i e s r e v e a l e d t h e s e

c o m p o u n d s t o b e t h e m o n o h a l i d e a b s t r a c t i o n p r o d u c t s , ( T p ) C r C 1 2 ( C H 3 C N ) .
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E q u i v a l e n t s o f A g P F 6 a n d T I P F 6 w e r e i n c o r p o r a t e d i n t o t h e p r o d u c t s f r o m

t h e s e r e a c t i o n s t o g i v e { ( T p ) C r C 1 2 ( C H 3 C N ) } 2 - A g P F 6 ( 2 2 ) a n d

{ ( ' I ' p ) C r C 1 2 ( C H 3 C N ) } 2 o ' I ' l P F 6 ( 2 3 ) . N o o t h e r t r a c t a b l e p r o d u c t s c o u l d b e

i s o l a t e d f r o m t h e s e r e a c t i o n s .

( 9 ) R e a c t i o n o f [ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( l 9 ) a n d 3 [ n - B u 4 N ] [ C N ]

A n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f [ n - B u 4 N ] [ C N ] ( 0 . 3 3 9 g , 1 . 2 6 m m o l )

w a s a d d e d d r o p w i s e ( ~ 1 d r o p / s e c o n d ) t o a 3 0 m L a c e t o n i t r i l e s o l u t i o n o f

[ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 9 ) ( 0 . 2 8 5 g , 0 . 4 2 1 m m o l ) . T h e r e s u l t i n g l i g h t

o r a n g e s o l u t i o n w a s fi l t e r e d t h r o u g h C e l i t e a n d c o n c e n t r a t e d t o 2 0 m L a n d

c o o l e d t o — 5 ° C o v e r n i g h t p r o d u c i n g c o l o r l e s s n e e d l e s h a p e d c r y s t a l s . T h e s e

w e r e d e t e r m i n e d b y a s i n g l e c r y s t a l X - r a y d i f f r a c t i o n u n i t c e l l d e t e r m i n a t i o n

t o b e [ n - B u 4 N ] [ P F 6 ] . T h e s o l u t i o n w a s s e p a r a t e d b y fi l t r a t i o n , c o n c e n t r a t e d

t o 5 m L , a n d c o o l e d t o — 5 ° C o v e r n i g h t p r o d u c i n g a r e d c r y s t a l l i n e p r o d u c t .

S i n g l e c r y s t a l X - r a y d i f f r a c t i o n r e v e a l e d t h e s e t o b e

V ( T p ) 2 0 1 / 3 C H 3 C N 0 1 / 6 E t 2 0 ( 2 4 ) . N o o t h e r t r a c t a b l e p r o d u c t s c o u l d b e

i s o l a t e d f r o m t h e r e a c t i o n .

( 1 0 ) R e a c t i o n o f K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) w i t h [ ( T p ) N i ( C H 3 C N ) 3 ] [ B F 4 ] 2 2

A n a c e t o n i t r i l e s o l u t i o n ( 3 0 m L ) o f K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) ( 0 . 0 5 0 g , 0 . 1 3 1

m m o l ) w a s a d d e d t o a 3 0 m L a c e t o n i t r i l e s o l u t i o n o f

[ ( T p ) N i ( C H 3 C N ) 3 ] [ B F 4 ] ( 0 . 0 6 3 g , 0 . 1 3 1 m m o l ) . A p i n k p r e c i p i t a t e w a s
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o b s e r v e d t o f o r m w i t h i n 3 0 s e c o n d s . T h i s w a s c o l l e c t e d b y fi l t r a t i o n a n d

w a s h e d w i t h a c e t o n i t r i l e ( 3 x 5 m L . ) . Y i e l d 0 . 0 3 5 g . v c e N : 2 1 7 4 c m ' 1 ; V B - H :

2 4 9 4 c m ] .

D . X - r a y C r y s t a l l o g r a p h y

S i n g l e c r y s t a l x - r a y s t r u c t u r a l d e t e r m i n a t i o n s w e r e p e r f o r m e d o n a B r u k e r

S M A R T 1 K C C D p l a t f o r m d i f f r a c t o m e t e r w i t h g r a p h i t e m o n o c h r o m a t e d

M o K o c r a d i a t i o n ( A = 0 . 7 1 0 6 9 A ) . T h e f r a m e s w e r e i n t e g r a t e d i n t h e B r u k e r

S A I N T s o f t w a r e p a c k a g e ) , a n d t h e d a t a w e r e c o r r e c t e d f o r a b s o r p t i o n u s i n g

t h e S A D A B S p r o g r a m . 1 0 T h e s t r u c t u r e s w e r e s o l v e d u s i n g t h e S H E L X T L

V . 5 . 1 0 p a c k a g e . 1 1 P e r t i n e n t c r y s t a l l o g r a p h i c d a t a f o r N a [ C r C 1 3 ( T p ) ] ( 1 3 ) ,

( T P ) M o B r 2 ( T H F ) ( 1 5 ) . [ ( T P ) C 0 ( C H 3 C N ) 3 ] [ P F 6 1 ( 1 7 ) .

[ ( T p ) N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) , ( T p ) C r C 1 2 ( C H 3 C N ) o A g P F 6 - 2 C H 3 C N

( 2 2 ) , ( T p ) C r C 1 2 ( C H 3 C N ) . T 1 P F 6 o 2 C H 3 C N ( 2 3 ) , a n d

V ( T p ) 2 o 1 / 3 C H 3 C N - 1 / 6 E t 2 0 ( 2 4 ) a r e p r e s e n t e d i n T a b l e s 4 . 1 - 4 . 7 . T h e r m a l

e l l i p s o i d p l o t s a r e p r o v i d e d i n F i g u r e s 4 . 3 4 . 1 0 .

( 1 ) N a [ ( T p ) C r C l 3 ] , ( 1 3 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C o o l i n g a c o n c e n t r a t e d T H F s o l u t i o n o f ( 1 3 ) o v e r n i g h t i n d r y i c e

p r o d u c e d g r e e n X — r a y q u a l i t y s i n g l e c r y s t a l s . A c r y s t a l o f d i m e n s i o n s 0 . 2 2 x

0 . 3 1 x 0 . 3 5 m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p o f a
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g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r

d a t a c o l l e c t i o n c o r r e s p o n d e d t o a h e x a g o n a l c e l l . A t o t a l o f 2 8 9 1 u n i q u e

r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a

m a x i m u m 2 0 v a l u e o f 5 6 . 1 0 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

F r o m t h e s y s t e m a t i c a b s e n c e s , t h e s p a c e g r o u p w a s d e t e r m i n e d t o b e

P 6 3 / m . T h e s t r u c t u r e w a s s o l v e d b y t h e S I - I E L X S p r o g r a m a n d r e fi n e d b y

f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 r e fi n e m e n t

p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l

p a r a m e t e r s . T h e h y d r o g e n a t o m s b o u n d t o C ( 1 ) , C ( 2 ) , a n d C ( 3 ) o f t h e

p y r a z o l r i n g w e r e p l a c e d i n c a l c u l a t e d p o s i t i o n s . T h e h y d r o g e n a t o m o n

E U ) w a s i d e n t i fi e d f r o m t h e d i f f e r e n c e m a p . T h e c r y s t a l d i f f r a c t e d p o o r l y

w h i c h l e a d t o r e fi n e m e n t l i m i t a t i o n s ( R . n t = 0 . 1 1 2 1 a n d R 0 = 0 . 1 4 3 5 ) . T h e

fi n a l c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d o n 3 6 9 5

o b s e r v e d r e fl e c t i o n s w i t h F o > 4 0 ( F o ) a n d 9 3 p a r a m e t e r s t o g i v e R 1 =

0 . 1 2 7 2 a n d w R 2 = 0 . 3 4 4 1 a n d a g o o d n e s s - o f - fi t v a l u e o f 1 . 1 1 3 .

T h e m o l e c u l a r s t r u c t u r e o f [ C r C l 3 ( T P ) ] ' w a s i d e n t i fi e d t o b e t h e e x p e c t e d

s i x - c o o r d i n a t e c o m p o u n d . A l l a t o m s w e r e l o c a t e d a n d r e fi n e d w i t h

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

h i g h R f a c t o r s a r e a c o n s e q u e n c e o f t h e l o w d a t a q u a l i t y a n d r e s i d u a l
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e l e c t r o n d e n s i t y , t h e m a g n i t u d e o f w h i c h s u g g e s t s t h e u n a s s i g n e d a t o m s a r e

c a r b o n , n i t r o g e n , o r o x y g e n . T h i s u n a s s i g n e d e l e c t r o n d e n s i t y l o c a l i z e d

a r o u n d t h e e x t e r i o r o f N a ( 2 ) c o u l d n o t b e s a t i s f a c t o r i l y m o d e l e d .

( 2 ) ( T p ) M o B r 2 ( T H F ) , ( 1 5 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n b y c o o l i n g a c o n c e n t r a t e d T H F s o l u t i o n o f ( 1 5 )

o v e r n i g h t a t — 5 ° C . A y e l l o w c r y s t a l o f d i m e n s i o n s 0 . 2 3 x 0 . 1 3 x 0 . 1 3 m m 3

w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h

s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n

c o r r e s p o n d e d t o a m o n o c l i n i c c e l l . A t o t a l o f 8 5 7 1 u n i q u e r e fl e c t i o n s w e r e

c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f

5 6 . 6 1 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P 2 1 / n f r o m t h e s y s t e m a t i c

a b s e n c e s . T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m u s i n g

d i r e c t m e t h o d s a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e

S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e

r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s b o u n d t o

t h e p y r a z o l r i n g s a n d t h e a t o m B ( 1 ) w e r e l o c a t e d f r o m t h e d i f f e r e n c e m a p .

T h e T H F h y d r o g e n a t o m s w e r e p l a c e d i n c a l c u l a t e d p o s i t i o n s . T h e fi n a l
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c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d o n 3 6 9 5 o b s e r v e d

r e fl e c t i o n s w i t h F 0 > 4 0 ( F o ) a n d 2 5 7 p a r a m e t e r s t o g i v e R 1 = 0 . 0 3 1 5 a n d

w R 2 = 0 . 0 7 0 7 a n d a g o o d n e s s - o f - fi t v a l u e o f 1 . 0 2 8 .

( 3 ) [ C 0 ( C H 3 C N ) 3 ( T P ) ] [ P F 6 ] 9 ( 1 7 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n b y c o o l i n g a 5 0 / 5 0 m i x t u r e o f a c e t o n i t r i l e / d i e t h y l

e t h e r s o l u t i o n t h a t c o n t a i n e d ( 1 7 ) f o r s e v e r a l d a y s a t — 5 ° C . A n o r a n g e

c r y s t a l o f d i m e n s i o n s 0 . 3 5 x 0 . 4 5 x 0 . 5 0 m m 3 w a s c o v e r e d i n P a r a t o n e o i l

a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l

c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n o b t a i n e d c o r r e s p o n d e d t o

a r h o m b o h e d r a l c e l l . A t o t a l o f 5 4 5 3 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t

1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 6 4 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

F r o m t h e s y s t e m a t i c a b s e n c e s , t h e s p a c e g r o u p w a s d e t e r m i n e d t o b e R -

3 c . ' T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S 1 6 s t r u c t u r e p r o g r a m u s i n g

d i r e c t m e t h o d s a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e

S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . O t h e r t h a n a t o m s F ( l ) a n d F ( 2 )

a l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s .

T h e h y d r o g e n a t o m b o u n d t o B ( 1 ) , w a s l o c a t e d f r o m t h e d i f f e r e n c e m a p . A l l

a d d i t i o n a l h y d r o g e n a t o m s w e r e p l a c e d i n c a l c u l a t e d p o s i t i o n s . T h e fi n a l

1 5 3



c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d o n 9 6 2 o b s e r v e d

r e fl e c t i o n s w i t h F 0 > 4 C ( F o ) a n d 9 3 p a r a m e t e r s t o g i v e R 1 = 0 . 1 4 4 3 a n d

w R 2 = 0 . 3 9 9 8 a n d a g o o d n e s s - o f - fi t v a l u e o f 2 . 5 4 5 . T h e h i g h R f a c t o r s a r e a

c o n s e q u e n c e o f a [ P F 6 ] ' d i s o r d e r t h a t c o u l d n o t b e a d e q u a t e l y m o d e l e d .

( 4 ) t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] , ( 2 1 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n b y c o o l i n g a c o n c e n t r a t e d a c e t o n i t r i l e s o l u t i o n o f

( 2 1 ) o v e r n i g h t a t — 5 ° C . A p u r p l e - b l u e c r y s t a l o f d i m e n s i o n s 0 . 5 0 x 0 . 4 9 x

0 . 3 5 m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r

w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a

c o l l e c t i o n c o r r e s p o n d e d t o a m o n o c l i n i c c e l l . A t o t a l o f 2 5 5 1 u n i q u e

r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a

m a x i m u m 2 0 v a l u e o f 5 7 . 0 1 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P 2 1 / n F r o m t h e s y s t e m a t i c

a b s e n c e s . T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m u s i n g

d i r e c t m e t h o d s a n d r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e

S H E L X L 9 7 s t r u c t u r e r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e

r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s b o u n d t o

a t o m s N 2 a n d N 3 w e r e l o c a t e d f r o m t h e d i f f e r e n c e m a p w h e r e a s t h e
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h y d r o g e n a t o m s c o o r d i n a t e d t o C 2 , C 3 , a n d C 4 w e r e a d d e d i n c a l c u l a t e d

p o s i t i o n s . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d

o n 2 5 5 1 o b s e r v e d r e fl e c t i o n s w i t h F o > 4 0 ( F o ) a n d 1 4 9 p a r a m e t e r s t o g i v e

R 1 = 0 . 0 4 9 6 a n d w R 2 = 0 . 1 4 2 7 a n d a g o o d n e s s - o f — fi t v a l u e o f 1 . 0 9 4 .

( 5 ) ( T p ) C r C l z ( C H 3 C N ) . A g P F 6 - 2 C H 3 C N , ( 2 2 )

( i i i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n f r o m c o o l i n g a c o n c e n t r a t e d a c e t o n i t r i l e s o l u t i o n o f

( 2 2 ) f o r t h r e e d a y s a t - 5 ° C . A r e d c r y s t a l o f d i m e n s i o n s 0 . 5 1 x 0 . 4 2 x 0 . 4 3

m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h

s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n

c o r r e s p o n d e d t o a t r i c l i n i c c e l l . A t o t a l o f 1 0 0 8 6 u n i q u e r e fl e c t i o n s w e r e

c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f

5 6 . 6 8 ° .

( i v ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P - l . T h e s t r u c t u r e w a s s o l v e d i n

t h e S H E L X S p r o g r a m u s i n g d i r e c t m e t h o d s a n d r e fi n e d b y f u l l m a t r i x l e a s t -

s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 r e fi n e m e n t p r o g r a m . A l l n o n -

h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s a n d a l l t h e

h y d r o g e n a t o m s w e r e a d d e d i n c a l c u l a t e d p o s i t i o n s . T h e fi n a l c y c l e o f f u l l

m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d o n 5 9 6 2 o b s e r v e d r e fl e c t i o n s w i t h

1 5 5



F 0 > 4 0 ( F o ) a n d 5 2 3 p a r a m e t e r s t o g i v e R 1 = 0 . 0 6 1 8 a n d w R 2 = 0 . 1 7 9 3 a n d

a g o o d n e s s - o f — fi t v a l u e o f 1 . 1 7 0 .

( 6 ) ( T p ) C r C l z ( C H 3 C N ) . T l P F 6 - 2 C H 3 C N , ( 2 3 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n b y c o o l i n g a c o n c e n t r a t e d a c e t o n i t r i l e s o l u t i o n o f

( 2 3 ) f o r t h r e e d a y s a t — 5 ° C . A r e d c r y s t a l o f d i m e n s i o n s 0 . 3 5 x 0 . 4 0 x 0 . 2 0

m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h

s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n

c o r r e s p o n d e d t o a m o n o c l i n i c c e l l . A t o t a l o f 1 9 2 0 9 u n i q u e r e fl e c t i o n s w e r e

c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f

5 6 . 6 7 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

F r o m t h e s y s t e m a t i c a b s e n c e s , t h e s p a c e g r o u p w a s d e t e r m i n e d t o b e C c .

T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S p r o g r a m u s i n g d i r e c t m e t h o d s a n d

r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7

r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c

t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s c o o r d i n a t e d t o t h e b o r o n o f t h e T p

g r o u p s w e r e l o c a t e d i n t h e d i f f e r e n c e m a p w h e r e a s a l l o t h e r h y d r o g e n a t o m s

w e r e p l a c e d i n c a l c u l a t e d p o s i t i o n s . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t

s q u a r e s r e fi n e m e n t w a s b a s e d o n 9 0 9 0 o b s e r v e d r e fl e c t i o n s w i t h F o > 4

1 5 6



0 ( F 0 ) a n d 5 3 1 p a r a m e t e r s t o g i v e R 1 = 0 . 0 2 6 3 a n d w R 2 = 0 . 0 5 8 7 a n d a

g o o d n e s s - o f - fi t v a l u e o f 0 . 9 6 5 .

( 7 ) V ( T p ) 2 . 1 / 3 C H 3 C N o 1 / 6 E t 2 0 , ( 2 4 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

C r y s t a l s w e r e g r o w n b y c o o l i n g o v e r n i g h t t h e c o n c e n t r a t e d a c e t o n i t r i l e

r e a c t i o n s o l u t i o n c o n t a i n i n g [ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 9 ) a n d t h r e e

e q u i v a l e n t s o f [ n - B u 4 N ] [ C N ] a t — 5 ° C . A d a r k r e d c r y s t a l o f d i m e n s i o n s

0 . 3 1 x 0 . 1 7 x 0 . 1 7 m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d m o u n t e d o n t h e t i p

o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s a n d o r i e n t a t i o n

m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a t r i c l i n i c c e l l . A t o t a l o f 9 5 9 2

u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a

m a x i m u m 2 0 v a l u e o f 5 7 . 0 1 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e fi n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P - l . T h e s t r u c t u r e w a s s o l v e d b y

t h e S H E L X S p r o g r a m u s i n g d i r e c t m e t h o d s a n d r e fi n e d b y f u l l m a t r i x l e a s t -

s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 r e fi n e m e n t p r o g r a m . A l l n o n -

h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e

h y d r o g e n a t o m s c o o r d i n a t e d t o B ( 1 ) , 3 ( 2 ) , a n d B ( 3 ) w e r e l o c a t e d f r o m t h e

d i f f e r e n c e m a p w h e r e a s a l l o t h e r h y d r o g e n a t o m s w e r e a d d e d i n c a l c u l a t e d

p o s i t i o n s . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t w a s b a s e d
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o n 7 5 5 9 o b s e r v e d r e fl e c t i o n s w i t h F o > 4 0 ( F o ) a n d 5 3 2 p a r a m e t e r s t o g i v e

R 1 = 0 . 0 4 6 5 a n d w R 2 = 0 . 1 3 6 1 a n d a g o o d n e s s - o f - fi t v a l u e o f 1 . 0 3 0 .

1 5 8



1 5 9

  
c11
10)
N
0
1
2
»
?

‘

Na
(2
B)

F
i
g
u
r
e
4 .
3 .
T
h
e
r
m
a
l
e l
l i
p s
o i
d
p l
o t
o
f
t h
e
s t
r u
c t
u r
e
o
f
N
a [
( T
p )
C r
C 1
3 ]
( 1
3 )
.
A l
l
a
t
o
m
s
w
e
r
e
r e
p r
e s
e n
t e
d
a t
t h
e

5
0
%
l e
v e
l .
H
y
d
r
o
g
e
n
a
t
o
m
s
w
e
r
e
r
e
m
o
v
e
d
f o
r
t h
e
s a
k e
o f
c l
a r
i t
y .



C l l 1 C l 
C l l A A l

F i g u r e 4 . 4 . T h e r m a l e l l i p s o i d r e p r e s e n t a t i o n o f t h e m o l e c u l a r a n i o n
[ ( T p ) C r C l 3 ] ' f r o m ( 1 3 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e 5 0 %

l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y .

1 6 0



T a b l e 4 . 1 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r N a [ ( T p ) C r C l 3 ] , ( l 3 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

o r , d e g .

B , d e g .

7 . d e g -

V , A 3

Z

d c a l c , g / c m 3

1 ) . ( M o K a ) , c m ' l

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R 2

g o o d n e s s - o f - fi t

C 9 H 1 0 N 6 C l 3 B l C r 1 N a 1

4 1 0 . 8 8

P 6 ( 3 ) / m

1 1 . 4 2 5 5 ( 1 6 )

1 1 . 4 2 5 5 ( 1 6 )

2 2 . 1 2 4 ( 4 )

9 0 . 0 0

9 0 . 0 0

1 2 0 . 0 0

2 5 0 1 . 2 ( 7 )

6

1 . 7 6 2

1 . 2 1 4

1 7 3

1 . 0 0 , 0 . 7 5 7

0 . 1 2 6 3

0 . 3 0 7 8

1 . 1 0 1
 

R 1 = ) 3 I I F O I - I F C I V E I F O I

w R 2 = [ E W G F O I — I F . I ) 2 / > : I F O I 2 ] " 2 ; w = “ 5 2 0 1 2 0 1 )

g o o d n e s s - o f - fi t = ( E w a n ! — I P A Y I N . . . - N . . . . . . . . . . . ) 1 “ 2

1 6 1



 
F i g u r e 4 . 5 . T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f ( T p ) M o B r 2 ( T I - I F )

( 1 5 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n

a t o m s w e r e r e m o v e d f o r t h e s a k e o f c l a r i t y .

1 6 2



T a b l e 4 . 2 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r ( T p ) M o B r 2 ( T I - I F ) , ( 1 5 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

D i , d e g .

[ 3 , d e g .

y , d e g .

v , A 3

Z

d c a l c , g / c m 3

1 1 ( M O K 0 1 ) , c m "

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R z

g o o d n e s s - o f - fi t

C 1 3 H 2 0 N 6 B I B F 2 0 1 M 0 1

5 4 2 . 9 2

P 2 ( 1 ) / n

9 . 8 9 4 ( 2 )

l 2 . 6 0 1 ( 3 )

1 5 . 2 0 8 ( 3 )

9 0 . 0 0

1 0 1 . 1 2 ( 3 )

9 0 . 0 0

1 8 0 6 . 5 ( 6 )

4

1 . 9 3 8

5 . 0 1 3

1 7 3

1 . 0 0 , 0 . 7 6 8

0 . 0 3 1 5

0 . 0 6 6 1

1 . 0 2 8
 

R 1 = Z I I F O I - I F C I I I Z I F O I

w R 2 = [ Z w ( | F o l - I F C I ) 2 / 2 | F O I 2 ] " 2 ; w = “ 0 2 0 1 2 0 ”

g o o d n e s s - o f - fi t = [ 2 w ( l F o l — c h ' ) 2 / N o b s ' N p a r a m c t e r s ) ] l / 2

1 6 3



   

      

C ( 3 3 ) ’ 7 , ‘ C ( S A ) 6 ‘( a \ \ 3 \ ’ < C ( 1 8 ) C ( 4 A ) ‘ 4' i / 6 ‘\ N B A ) . 9 5 7
a l l . ( 1 8 ) “N 1 2 8 ) ’ 0 ‘ ) ( v N ( ) 3

\ ‘ ‘ 1 “ ) \ c m: ' l } \ A ( ‘ \ \ “ — - — 4 ‘ , \ 0e m { n e w " ' 7 ‘ “ . 1 2 8 5 1 1 1 . . N 1 3 )‘ . / . c 1 4 1

' _ l ’ / / / . : 7 1 ’ 9
< 9 ’ 4’

Q .1 3 8 ) Q ?

C ( 4 8 ) ( ” / 0
' 1

0 1 5 3 1

F i g u r e 4 . 6 . T h e r m a l e l l i p s o i d r e p r e s e n t a t i o n o f t h e m o l e c u l a r c a t i o n
[ ( T p ) C o ( C H 3 C N ) 3 ] + f r o m ( 1 7 ) . A l l a t o m s a r e r e p r e s e n t e d a t

t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f
c l a r i t y .

1 6 4



T a b l e 4 . 3 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r [ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] , ( 1 7 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 t , d e g .

B , d e g .

y , d e g .

V , A 3

Z

d c a l c , g / c m 3

1 : . ( M o K a ) , c m ' l

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R z

g o o d n e s s - o f - fi t

C 1 5 H 1 9 N 9 B l P 1 F 6 C r r

5 4 0 . 1 0

R - 3 c

2 1 . 5 6 8 ( 3 )

2 1 . 5 6 8 ( 3 )

2 1 . 5 6 8 ( 3 )

3 0 . 8 6 8 ( 1 7 )

3 0 . 8 6 8 ( 1 7 )

3 0 . 8 6 8 ( 1 7 )

2 3 4 2 . 3 8 ( 7 )

4

1 . 5 3 2

0 . 8 7 0

1 7 3

1 . 0 0 , 0 . 7 4 3

0 . 1 4 4 3

0 . 3 9 9 8

2 . 5 4 5
 

R 1 = Z I I F O I - I F C I I I E I F O I

w R 2 = [ 2 w ( l F o l - I F , I ) 2 / > : I F , I 2 ] " 2 ; w = 1 / 0 ' 2 ( 1 F o l )

g o o d n e s s - o f - fi t = [ E w d F o l - I I = . . I > 9 N . . . - N . . . . . . . . . . . . ) 1 " 2

1 6 5



5 : 0 0 1 2 )

i n c m
, . C ( 3 A )
8 ’ 9 N 1 1 ) N ( 2 A ) 2 , 2 3

  ‘ N 1 3 )  
( 9 3 ; . ' N 1 2 ) “ é , N ( 1 A )
C ( 3 )

4 : 9 ) a n i

7 0 1 2 A )
t \ \ \ \ ’ / , ,
\

F i g u r e 4 . 7 . T h e r m a l e l l i p s o i d p l o t o f t h e c a t i o n o f t r a n s -
[ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) . A l l a t o m s a r e r e p r e s e n t e d a t t h e

5 0 % l e v e l . H y d r o g e n a t o m s w e r e r e m o v e d f o r t h e s a k e o f
c l a r i t y .

1 6 6



T a b l e 4 . 4 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 , ( 2 1 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

( 1 , d e g .

B , d e g .

7 , d e g .

V , A 3

Z

d c a l c , g / c m 3

1 1 ( M o K O L ) , c m ' 1

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R z

g o o d n e s s - o f — fi t

C 8 H 2 2 N 6 P 2 F 1 2 N i 1

5 5 0 . 9 7

P 2 ( l ) / n

8 . 8 5 3 8 ( 1 8 )

1 0 . 1 0 6 ( 2 )

1 1 . 8 1 5 ( 2 )

9 0 . 0 0

1 0 7 . 5 7 ( 3 )

9 0 . 0 0

1 0 0 7 . 8 ( 4 )

2

1 . 8 1 6

1 . 2 3 7

1 7 3

1 . 0 0 , 0 . 7 6 8

0 . 0 4 9 6

0 . 1 4 0 4

1 . 0 9 4
 

R 1 = z I I F O I — I F C I I I Z I F O I

w R 2 = [ 2 w ( | F o l — m a y / 2 1 1 7 , 1 2 ) ” ; w = 1 / 0 ' 2 ( | F o | )

g o o d n e s s - o f - fi t = [ 2 w ( I F . I - I 1 = . I ) 9 N . . . - N , . . . . . . . . . . . . ) 1 " 2
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T a b l e 4 . 5 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r

{ ( T P ) C T C 1 2 ( C H 3 C N ) } 2 1 3 8 P F 6 ' 2 ( C H 3 C N ) . ( 2 2 )
 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 t , d e g .

B , d e g .

y , d e g .

v , A 3

Z

d c a l c , g / c m 3

1 1 ( M o K e r ) , c m "

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R z

g o o d n e s s - o f - fi t

C 2 6 H 3 2 N 1 6 C 1 4 B 2 P 1 F 6 c r l A g l

1 0 3 6 . 9 8

P - l

1 2 . 7 1 3 ( 3 )

1 2 . 7 0 9 ( 3 )

1 5 . 0 9 0 ( 3 )

8 2 9 6 ( 3 )

8 2 9 4 ( 3 )

6 3 2 2 ( 3 )

2 1 5 3 . 9 ( 7 )

2

2 . 2 4 0

3 . 0 6 4

1 7 3

1 . 0 0 , 0 . 8 2 7

0 . 0 6 1 8

0 . 1 6 3 6

1 . 1 7 0
 

R ( = 2 I I F O I — I F C I I I Z I F O I

w R 2 = [ Z w ( l F o l — I F C I ) 2 / Z I F O I 2 ] " 2 ; w = “ 0 2 0 ” )

g o o d n e s s - o f - fi t = [ Z W G F O I _ I F C I ) 2 / N o b s ' 1 \ I [ ) a r a m e t e r s )
1 I , 2
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T a b l e 4 . 6 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r

{ ( T p ) C r C l z ( C H 3 C N ) } 2 T l P F 6 o 2 ( C H 3 C N ) , ( 2 3 )
 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 t , d e g .

B , d e g .

y , d e g .

v , A 3

Z

d c a l c , g / c m 3

1 : . ( M o K a ) , c m ' l

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R 1

W R 2

g o o d n e s s - o f - fi t

C 2 6 H 3 2 N 1 6 C 1 4 P 1 F 6 C r 1 T 1 1

1 1 3 3 . 0 8

C c

2 2 . 4 7 3 ( 5 )

1 2 . 7 9 1 ( 3 )

1 5 . 1 8 0 ( 5 )

9 0 . 0 0

9 9 . 7 4 ( 3 )

9 0 . 0 0

4 3 0 0 . 6 ( 1 5 )

8

2 . 1 3 2

8 . 3 7 1

1 7 3

1 . 0 0 , 0 . 7 2 5

0 . 0 2 6 3

0 . 0 5 8 7

0 . 9 6 5
 

R 1 = Z I I F O I — I F C I I I Z I F O I

W R z = [ s w a m - I F . | ) 2 / Z I F . | 2 ] " " ’ ; w = l / O ’ 2 ( | F o l )

g o o d n e s s - M t = I M F . ) — ) F . ) ) 2 / N , , , - N , . , , , , . . . , , ) ] W

1 7 1



 
F i g u r e 4 . 1 0 . T h e r m a l e l l i p s o i d p l o t o f t h e s t r u c t u r e o f V ( T p ) 2 ( 2 4 ) . A l l

a t o m s a r e r e p r e s e n t e d a t t h e 5 0 % l e v e l . H y d r o g e n a t o m s w e r e
r e m o v e d f o r t h e s a k e o f c l a r i t y .
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T a b l e 4 . 7 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r V ( T p ) 2 0 1 / 6 E t 2 0 0 1 / 3 C H 3 C N , ( 2 4 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 t , d e g .

B , d e g .

y , d e g .

v , A 3

Z

d c a l c , g / c m 3

) 1 ( M o K a ) , c m " l

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R )

W R z

g o o d n e s s - o f - fi t

C 6 0 H 7 3 N 3 7 B 6 0 1 V 3

1 4 4 4 . 2 6

P - l

1 0 . 5 9 5 ( 2 )

1 5 . 0 4 5 ( 3 )

1 5 . 4 7 2 ( 3 )

6 3 5 7 ( 3 )

7 3 3 5 ( 3 )

7 7 . 0 8 ( 3 )

2 1 0 2 . 4 ( 7 )

3

1 . 4 8 6

1 . 2 1 4

1 7 3

1 . 0 0 , 0 . 8 8 9

0 . 0 4 6 5

0 . 1 2 6 7

1 . 0 3 0
 

R 1 = 2 ‘ . I I F O I - I F C I I I Z I F O I

w R 2 = [ 2 w ( l F o l — I F C I ) 2 / 2 | F o | 2 ] " 2 ; w = “ 0 2 0 1 2 0 1 )

g o o d n e s s - o f - fi t = [ E w a F o l — I F . ) ) 9 N . . . - N p . . . . . . . . . . . . ) 1 “ 2
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4 . R e s u l t s a n d D i s c u s s i o n

A . S y n t h e t i c I s s u e s i n t h e D e s i g n o f N e w P a r a m a g n e t i c B u i l d i n g B l o c k s

( 1 ) C o r n e r B u i l d i n g B l o c k C o m p o u n d s f o r M o l e c u l a r C u b e s

O n e c a t e g o r y o f b u i l d i n g b l o c k c o m p o u n d s c o n t a i n s a c e t o n i t r i l e a s a

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

w i t h s u f fi c i e n t l a b i l i t y s u c h t h a t t h e s e s o l v a t e s h a v e b e e n u s e d e x t e n s i v e l y a s

a s o u r c e o f t r a n s i t i o n m e t a l i o n s i n s y n t h e t i c c h e m i s t r y . T h e d i s s o c i a t i o n o f

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

a l l o w s t r a n s i t i o n m e t a l s t o b e i n t r o d u c e d i n t o e x t e n d e d a r r a y s f o r m e d b y

c o n d e n s a t i o n r e a c t i o n s w i t h p o l y d e n t a t e l i g a n d s . 1 2

T h e f a c i a l c a p p i n g l i g a n d e m p l o y e d f o r a l l o f t h e c o m e r b u i l d i n g b l o c k

c o m p o u n d s i s l - h y d r o t r i s p y r a z o l y l b o r a t e ( T p ) , o n e o f t h e s o - c a l l e d

“ s c o r p i o n a t e l i g a n d s ” . T h e T p l i g a n d i s a t r i d e n t a t e , m o n o a n i o n i c l i g a n d

t h a t h a s b e e n u s e d e x t e n s i v e l y i n t r a n s i t i o n m e t a l a n d m a i n g r o u p

c o o r d i n a t i o n c h e m i s t r y . l 3 I n t e r m s o f i t s r o l e i n c h e m i s t r y , i t i s s i m i l a r t o

t h e C p f a m i l y t h a t h a s b e e n u s e d s u c c e s s f u l l y b y R a u c h f u s s i n t h e

p r e p a r a t i o n o f a m o l e c u l a r b o x . B o t h C p ' a n d T p ' d o n a t e 6 e l e c t r o n s , o c c u p y

t h r e e c o o r d i n a t i o n s i t e s , a n d a r e m o n o a n i o n i c . T p i s a r e p r e s e n t a t i v e o f t h e

“ fi r s t g e n e r a t i o n ” o f s c o r p i o n a t e l i g a n d s . 1 3 T h e “ s e c o n d g e n e r a t i o n ” i s

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

i s o p r o p y l , p h e n y l , a n d t o l y l a l t h o u g h s e v e r a l o t h e r s h a v e b e e n r e p o r t e d . 1 3

T h e a d d i t i o n a l s t e r i c b u l k p r o v i d e d b y t h e s e s u b s t i t u e n t s s e r v e s t o i n fl u e n c e

t h e c o o r d i n a t i o n n u m b e r o f m e t a l s t o w h i c h t h e y a r e b o u n d . T h e s e

s u b s t i t u e n t s a l s o o f t e n i m p a r t i m p r o v e d s o l u b i l i t y f o r T p c o m p o u n d s i n

o r g a n i c s o l v e n t s . I n s p i t e o f t h i s a d v a n t a g e , s u b s t i t u t e d T p l i g a n d s w e r e n o t

e x t e n s i v e l y e x p l o r e d i n t h i s p r o j e c t d u e t o t h e f a c t t h a t m e t a l c o o r d i n a t i o n

n u m b e r s l e s s t h a n s i x a r e n o t c o n d u c i v e t o f o r m i n g m o l e c u l a r c u b e s . E v e n

i n c a s e s o f s u b s t i t u t e d T p l i g a n d s w h e r e t h e m e t a l c o o r d i n a t i o n n u m b e r

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

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

( 2 ) E d g e B u i l d i n g B l o c k C o m p o u n d s f o r M o l e c u l a r C u b e s

I n a d d i t i o n t o p r e c u r s o r s w i t h t r a n s s o l v e n t m o l e c u l e s s u c h a s t r a n s -

[ N i ( C H 3 C N ] 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) , a s u i t a b l e d i c y a n i d e c o m p o u n d e x i s t s i n t h e

l i t e r a t u r e . T h e c o m p o u n d t r a n s - V ( C N ) 2 ( d m p e ) 2 w a s p r e p a r e d a c c o r d i n g t o

t h e p u b l i s h e d m e t h o d . 1 4 b u t t h e u s e o f t h i s c o m p o u n d s u f f e r s f r o m s e v e r a l

p r o b l e m s . B o t h t h e V 1 1 c e n t e r a n d c h e l a t i n g p h o s p h i n e l i g a n d s , d m p e , a r e

e x t r e m e l y a i r a n d m o i s t u r e s e n s i t i v e w h i c h p r o h i b i t s t h e u s e o f a n y w a t e r i n

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

w a t e r a s a s o l v e n t o r c o - s o l v e n t i n p r e p a r i n g m e t a l c y a n i d e c o m p o u n d s h a v e
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b e e n a m p l y d e m o n s t r a t e d . 1 5 A d d i t i o n a l l y , t h e q u e s t i o n o f s t e r i c i n t e r a c t i o n s

f r o m t h e d m p e l i g a n d s t h a t w o u l d p o i n t t o t h e i n t e r i o r o f t h e 2 0 m e t a l a t o m

c u b e m u s t b e c o n s i d e r e d . A m o d e l i n g s t u d y u s i n g t h e S p a r t a n p r o g r a m ] 6

w a s u s e d t o e v a l u a t e t h e p o s s i b i l i t y t h a t s t e r i c p r o b l e m s w o u l d p r e v e n t c u b e

a s s e m b l y w i t h t h e t r a n s - V ( C N ) 2 ( d p m e ) 2 c o m p o u n d . A s i m i l a r s t u d y w a s

a l s o c a r r i e d o u t o n a p r o p o s e d e i g h t m e t a l a t o m c u b e w i t h ( T p ) M c o m e r s .

T h e r e s u l t s o f t h e s e e f f o r t s a r e p r e s e n t e d i n F i g u r e 4 . 1 1 . B o t h m o d e l s s h o w

t h a t l i t t l e v o i d s p a c e e x i s t s b u t t h a t p e r h a p s s t e r i c f a c t o r s w i l l n o t t o t a l l y

p r e c l u d e t h e f o r m a t i o n o f t h e p r o p o s e d m o l e c u l e s .

B . P r e p a r a t i o n o f N a [ ( T p ) C r C l 3 ] ( l 3 ) , K [ ( T p ) C r C l 3 ] ( l 4 ) , a n d

( T p ) M o B r 2 ( T H F ) ( 1 5 )

T h e m e t a l t r i h a l i d e t r i s - T H F a d d u c t s , M X 3 ( T H F ) 3 ( X = C l , B r ) p r o v i d e d

a c o n v e n i e n t s o u r c e o f t r i v a l e n t t r a n s i t i o n m e t a l s t a r t i n g m a t e r i a l s . B o t h o f

t h e s e r e a c t i o n s w e r e e x p e c t e d t o p r o c e e d w i t h d i s p l a c e m e n t o f t h e T H F b y

t h e t r i d e n t a t e T p t o f o r m t h e c o r r e s p o n d i n g [ ( T p ) M X 3 ] l ‘ c o m p o u n d s . T h e

r e a c t i o n o f C r C l 3 ( T H F ) 3 w i t h N a [ T p ] o r K [ T p ] f o l l o w e d t h i s s c h e m e a n d l e d

t o t h e e x p e c t e d c o m p o u n d N a [ ( T p ) C r ( C l ) 3 ] ( 1 3 ) . T h e a n a l o g o u s r e a c t i o n

w i t h M o B r 3 ( T H F ) 3 , h o w e v e r , d i d n o t p r o c e e d i n t h e s a m e m a n n e r . T p a d d e d

1 1 1
t o t h e M o c e n t e r d i s p l a c i n g t h e t h r e e T H F l i g a n d s , b u t a B r i s a l s o l o s t a n d

t h e n e u t r a l p r o d u c t M o B r 2 ( T H F ) ( T p ) ( 1 5 ) i s i s o l a t e d .
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( 1 )

( 2 )

 
F i g u r e 4 . 1 1 . S p a c e - fi l l i n g m o d e l s g e n e r a t e d b y t h e S p a r t a n p r o g r a m f o r t h e

( 1 ) 8 m e t a l a t o m a n d ( 2 ) 2 0 m e t a l a t o m m o l e c u l a r b o x e s . T h e

f e a t u r e o f p r i m a r y i n t e r e s t i s t h e l a c k o f v o i d s p a c e p r e s e n t

w i t h i n t h e c u b e i n t e r i o r s .
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T h e r e a c t i o n o f T p w i t h C r C l 3 ( T H F ) 3 o c c u r s a l m o s t i m m e d i a t e l y u p o n

a d d i t i o n o f N a [ T p ] o r K [ T p ] . T h e r e a c t i o n w i t h M o B r 3 ( T H F ) 3 p r o c e e d s

m o r e s l o w l y a n d r e q u i r e s a n o v e r n i g h t r e fl u x . T h e a d d i t i o n a l t i m e f o r t h e

M o r e a c t i o n i s a c o n s e q u e n c e o f t h e g e o m e t r i e s o f t h e M X 3 ( T I - I F ) 3 s t a r t i n g

m a t e r i a l s . T h e c o m p o u n d C r C l 3 ( T H F ) 3 i s a f a c i s o m e r w h i c h i s t h e

n e c e s s a r y g e o m e t r y f o r a d d i t i o n o f T p w h e r e a s M o B r 3 ( T I - I F ) 3 i s a m e r

i s o m e r w h i c h r e q u i r e s s u b s t i t u t i o n w i t h i s o m e r i z a t i o n .

T h e r a t e o f a d d i t i o n o f N a [ T p ] w a s a s y n t h e t i c c o n s i d e r a t i o n t h a t

r e q u i r e d m o n i t o r i n g d u e t o u n w a n t e d p r o d u c t i o n o f M ( T p ) 2 . A v o i d a n c e o f

t h e s e b y - p r o d u c t s p l a y e d a c e n t r a l r o l e i n t h e d e v e l o p m e n t o f t h e r e a c t i o n s

o f [ M ( C H 3 C N ) , . ] 1 1 + w i t h N a [ T p ] a n d w i l l b e d i s c u s s e d f u r t h e r i n s e c t i o n 4 ( C ) .

D u r i n g t h e i s o l a t i o n o f N a [ ( T p ) C r ( C l ) 3 ] ( 1 3 ) f r o m r e a c t i o n s i n w h i c h t h e

N a [ T p ] w a s a d d e d r a p i d l y , a s m a l l a m o u n t o f y e l l o w - o r a n g e p r e c i p i t a t e w a s

i s o l a t e d a n d d e t e r m i n e d t o b e [ C r ( T p ) 2 ] C l . 1 3 T h i s i m p u r i t y i s m i n i m i z e d b y

s l o w a d d i t i o n o f N a [ T p ] t o C r C 1 3 ( T H F ) 3 .

C . P r e p a r a t i o n o f [ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 6 ) a n d

[ ( T P ) C 0 ( C H 3 C N ) 3 1 [ P F 6 1 ( 1 7 )

T h e a c e t o n i t r i l e s o l v a t e s , [ M n ( C H 3 C N ) 4 ] [ P F 6 ] 2 a n d [ C 0 ( C H 3 C N ) 6 ] [ P F 6 ] 2 ,

p r o v i d e a c o n v e n i e n t s o u r c e o f d i v a l e n t t r a n s i t i o n m e t a l s t a r t i n g m a t e r i a l s

f o r T p c h e m i s t r y . T h e r e a c t i o n s o f t h e s e c o m p o u n d s w i t h N a [ T p ] p r o c e e d
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r a p i d l y [ ( T p ) M ( C H 3 C N ) 3 ] + . T h e [ P F 6 ] 1 ' a n i o n i s w e a k l y c o o r d i n a t i n g a n d

s u f fi c i e n t l y s t a b l e t h a t t h e c a t i o n i c m e t a l c e n t e r s d o n o t a b s t r a c t fl o u r i d e s .

A s m e n t i o n e d i n s e c t i o n 4 ( B ) , t h e f o r m a t i o n o f t h e u n d e s i r e d b y - p r o d u c t

M ( T p ) 2 i s a s y n t h e t i c o b s t a c l e t h a t h a d t o b e a d d r e s s e d i n t h e p r e p a r a t i o n o f

t h e s e c o m p o u n d s . T h e s t a b i l i t y o f t h e [ ( T p ) M ( C H g C N ) 3 ] 1 + c o m p l e x e s w a s

o b s e r v e d t o b e h e a v i l y c o n c e n t r a t i o n d e p e n d e n t . I f t h e r e a c t i o n s o l u t i o n s a r e

t o o c o n c e n t r a t e d l i g a n d r e d i s t r i b u t i o n o c c u r s t o g i v e M ( T p ) 2 c o m p l e x e s a n d

[ M ( C H 3 C N ) X ] " + . T h i s l i m i t a t i o n w a s o v e r c o m e b y i s o l a t i o n o f

[ ( T p ) M ( C H 3 C N ) 3 ] 1 + s a l t s f r o m s o l u t i o n b y a d d i t i o n o f d i e t h y l e t h e r t o

m o d e r a t e l y c o n c e n t r a t e d s o l u t i o n s o f t h e c o m p o u n d s .

D . P r e p a r a t i o n o f K [ ( T p ) C r ( C N ) 3 ] , ( 2 0 )

K [ ( T p ) C r C l 3 ] ( 1 4 ) s e r v e d a s a c o n v e n i e n t s t a r t i n g m a t e r i a l f o r t h e t r i -

c y a n i d e a n a l o g K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) . R e a c t i o n o f ( 1 4 ) w i t h t h e

t e t r a a l k y l a m m o n i u m c y a n i d e s , [ E t 4 N ] [ C N ] a n d [ n - B u 4 N ] [ C N ] , p r o v e d t o b e

u n r e l i a b l e f o r r e p r o d u c i b l e p r e p a r a t i o n o f t r a c t a b l e p r o d u c t s . K C N p r o v e d

t o b e a n e f f e c t i v e a l t e r n a t i v e , i n t h a t t h e r e i s n o p o s s i b i l i t y o f a m i x t u r e o f

c a t i o n s m o r e o v e r t h e b y - p r o d u c t , K C l , i s m o r e e a s i l y r e m o v e d f r o m t h e

s o l u t i o n t h a n t h e t e t r a a l k y l a m m o n i u m c h l o r i d e s . T h e p o o r s o l u b i l i t y o f

K C N i n n o n - p o l a r o r g a n i c s o l v e n t s n e c e s s i t a t e d c a r r y i n g o u t t h e r e a c t i o n i n

m e t h a n o l .
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T h e l i g a n d fi e l d s t r e n g t h o f c y a n i d e i s h i g h a n d t h e t e n d e n c y o f T p t o

y i e l d M ( T p ) 2 c o m p o u n d s r e q u i r e s c a r e f u l m o n i t o r i n g o f t h e a d d i t i o n r a t e o f

t h e c y a n i d e r e a g e n t t o K [ ( T p ) C r C l 3 ] ( 1 4 ) . B y a d d i n g K C N v i a c a n n u l a

d r o p w i s e a t a r a t e o f ~ 1 d r o p p e r s e c o n d t h e r e a c t i o n p r o c e e d s a s d e s i r e d t o

y i e l d [ ( T p ) M ( C N ) 3 l -

C r y s t a l s o f K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) w e r e g r o w n s e v e r a l t i m e s f r o m c o o l i n g

c o n c e n t r a t e d a c e t o n i t r i l e s o l u t i o n s o f t h e c o m p o u n d . U n f o r t u n a t e l y t h e

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

P r e c a u t i o n s i n c l u d i n g t h e u s e o f D O W S i l i c o n e g r e a s e , P a r a t o n e o i l , a n d a

n i t r o g e n p u r g e d g l o v e b a g w i t h m i c r o s c o p e a n d l i q u i d n i t r o g e n c o o l e d

m o u n t i n g s t a g e w e r e e m p l o y e d i n m o u n t i n g t h e s e f o r s i n g l e - c r y s t a l X - r a y

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

c r y s t a l X - r a y d a t a s e t i n v a r i a b l y l e d t o l o s s o f c r y s t a l l i n i t y . T h e l o s s o f

c r y s t a l l i n i t y i s m o s t l i k e l y d u e t o l o s s o f i n t e r s t i t i a l s o l v e n t .

E . P r e p a r a t i o n o f [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 ) ,

[ ( T P ) V ( C H 3 C N ) 3 1 [ P F 6 1 2 ( 7 ) 9 a n d t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 l [ P F t l z , ( 2 1 )

O n e m e t h o d t o p r e p a r e p r e c u r s o r s w i t h l a b i l e s o l v e n t l i g a n d s , i n v o l v e d

t h e c o o r d i n a t i o n o f T p t o t h e h o m o l e p t i c a c e t o n i t r i l e s o l v a t e d t r a n s i t i o n

m e t a l c a t i o n s , [ M ( C H 3 , C N ) n ] 2 + ( M = M n , C o ; I ) = 4 , 6 ) . T h i s w a s a

c o n v e n i e n t a p p r o a c h f o r t h e d i v a l e n t t r a n s i t i o n m e t a l i o n s , b u t t h e t r i v a l e n t
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m e t a l i o n s a r e n o t p a r t i c u l a r l y s t a b l e a s [ M ( C H 3 C N ) , , ] 3 + c o m p o u n d s . I n t h e

c a s e s o f ( T p ) M o B r 2 ( T H F ) ( 1 5 ) a n d ( T p ) V C 1 2 ( T H F ) s u i t a b l e t r i v a l e n t

p r e c u r s o r s w e r e p r e p a r e d f r o m M X 3 ( T H F ) 3 . A s u i t a b l e e d g e p r e c u r s o r w a s

p r e p a r e d f r o m t r a n s — N i C 1 2 ( e n ) 2 . A b s t r a c t i o n o f t h e h a l i d e s f r o m

( T p ) M X 2 ( T I - I F ) a n d N i C 1 2 ( e n ) 2 i n a c e t o n i t r i l e w i t h A g P F 6 o r T l P F 6 r e s u l t s i n

t h e f o r m a t i o n o f [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( l 8 ) , [ V ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] 2

( 1 9 ) , a n d t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) . A c e t o n i t r i l e o c c u p i e d t h e

m e t a l c o o r d i n a t i o n s i t e s v a c a t e d b y t h e h a l i d e s , w h i c h w e r e e a s i l y r e m o v e d

M C I ( M = A g , T l ) . O b v i o u s l y s i n c e a c e t o n i t r i l e w a s p r e s e n t i n s u f fi c i e n t

e x c e s s , i t r e p l a c e s t h e T H F l i g a n d s t h a t w e r e o r i g i n a l l y c o o r d i n a t e d t o t h e

M o a n d V s t a r t i n g m a t e r i a l s .

F o r t h e p r e p a r a t i o n o f t h e c o m p o u n d s [ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 9 ) a n d

t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) b o t h A g ” a n d T 1 “ a r e s u i t a b l e h a l i d e

a b s t r a c t i o n r e a g e n t s , b u t r e m o v a l o f t h e B r ' f r o m ( T p ) M o B r 2 ( T I - I F ) ( 1 5 ) ,

r e q u i r e d t h e u s e o f A g . E v e n u n d e r r e fl u x i n g c o n d i t i o n s t h e T 1 “ i o n p r o v e d

t o b e u n a b l e t o e f f e c t c o m p l e t e h a l i d e a b s t r a c t i o n .

F . R e a c t i o n o f N a [ ( T p ) C r C l 3 ] ( 1 3 ) w i t h M P F 6 ( M = A g 1 + o r T 1 “ )

A f t e r t h e s u c c e s s f u l p r e p a r a t i o n o f [ M ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] ( M = M o I I I

1 1 1( 1 8 ) , o r V I I I ( 1 9 ) ) , a t t e m p t s w e r e m a d e t o p r e p a r e t h e a n a l o g o u s C r

c o m p o u n d b y c h l o r i d e a b s t r a c t i o n f r o m N a [ ( T p ) C r C l 3 ] ( 1 3 ) w i t h A g P F 6 a n d
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T l P F 6 . T h e c h a n g e i n s o l u t i o n c o l o r f r o m g r e e n t o p i n k f o r t h e

N a [ ( T p ) C r C l 3 ] ( 1 3 ) s t a r t i n g m a t e r i a l c l e a r l y i n d i c a t e d t h a t a r e a c t i o n w a s

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

e v e n t , n a m e l y { ( T p ) C r C 1 2 ( C H 3 C N ) } 2 A g P F 6 - 2 C H 3 C N ( 2 2 ) a n d

{ ( T p ) C r C 1 2 ( C H 3 C N ) } 2 T 1 P F 6 - 2 C H 3 C N ( 2 3 ) , c o u l d b e i s o l a t e d f r o m t h e s e

r e a c t i o n s . T h e p r e s e n c e o f u n r e a c t e d A g + a n d T 1 4 ’ r e a g e n t s e x p l a i n s t h e i r

p r e s e n c e i n ( 2 2 ) a n d ( 2 3 ) .

F u r t h e r a t t e m p t s t o i s o l a t e t h e d e s i r e d p r o d u c t , [ ( T p ) C r ( C H 3 C N ) 3 ] 2 + b y

v a r y i n g t h e r e a c t i o n c o n d i t i o n s ( e . g . i n c r e a s i n g t h e r e a c t i o n t i m e ) w e r e

u n s u c c e s s f u l . R e fl u x i n g t o m a k e t r a n s i t i o n m e t a l T p c o m p o u n d s w a s

a v o i d e d d u e t o t h e i n e v i t a b l e r e d i s t r i b u t i o n r e a c t i o n s r e s u l t i n g i n t h e

f o r m a t i o n o f M ( T p ) 2 b y - p r o d u c t s .

I n r e t r o s p e c t , t h e f a c t t h a t [ ( T p ) C r m C l 3 ] ' i s n o t a s u i t a b l e p r e c u r s o r t o

[ C r m ( C H 3 C N ) 3 ( T p ) ] 2 + , i n s p i t e o f t h e s u c c e s s f u l p r e p a r a t i o n o f

[ M " ‘ ( C H 3 C N ) 3 ( ' 1 “ p ) ] 2 + ( M = M 0 ( 1 8 ) , V ( 1 9 ) ) i s n o t s o u n e x p e c t e d i n

r e t r o s p e c t . T h e c o m p o u n d M o B r 3 ( T I - I F ) 3 a n d V C 1 3 ( T H F ) 3 e x h i b i t d i f f e r e n t

r e a c t i v i t y w i t h N a n f r o m t h a t o f C r C l 3 ( T I - I F ) 3 i n t h a t t h e n e u t r a l s p e c i e s

( T p ) M X 2 ( T H F ) i s f o r m e d s p o n t a n e o u s l y ( M = M 0 , V ) . T h e r e a c t i o n w i t h

C r , h o w e v e r , p r o c e e d s w i t h r e t e n t i o n o f a l l t h r e e h a l i d e s t o y i e l d t h e a n i o n i c

[ ( T p ) C r C l 3 ] ' s p e c i e s , a n i n d i c a t i o n t h a t t h e C r I I I c e n t e r i s m o r e L e w i s a c i d i c

1 8 2



a n d l e s s l a b i l e t h a n t h e V I I I o r M o I l l a n d t h e r e f o r e l e s s a b l e t o b e s t a b i l i z e d a s

a d i c a t i o n i c c o m p l e x w i t h T p a n d t h r e e n e u t r a l , w e a k l y d o n a t i n g a c e t o n i t r i l e

l i g a n d s .

G . P r e p a r a t i o n o f V ( T p ) 2 - 1 / 3 C H 3 C N - 1 / 6 E t 2 0 , ( 2 4 )

T h e c r y s t a l l i n e b y - p r o d u c t V ( T p ) 2 - 1 / 3 C H 3 C N - 1 / 6 E t 2 0 w a s i s o l a t e d

f r o m t h e a c e t o n i t r i l e r e a c t i o n o f [ V ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] ( 1 9 ) a n d 3 [ n -

B u 4 N ] [ C N ] a r e a c t i o n t h a t w a s i n t e n d e d t o y i e l d [ V ( C N ) 3 ( T p ) ] l ' . I t i s n o t

c l e a r w h e t h e r t h e t a r g e t p r o d u c t w a s f o r m e d a t a l l b e c a u s e t h e o n l y t r a c t a b l e

p r o d u c t t h a t c o u l d b e i s o l a t e d f r o m t h i s r e a c t i o n i s V ( T p ) 2 . A n i n t e r e s t i n g

a s p e c t o f t h i s r e a c t i o n r e l a t e s t o t h e f a c t t h a t v a n a d i u m i s i n t h e + 3 o x i d a t i o n

s t a t e i n t h e s t a r t i n g m a t e r i a l a n d + 2 i n t h e V ( T p ) 2 p r o d u c t . T h e

d i s p r o p o r t i o n a t i o n o f [ V ( C N ) 7 ] 4 " t o V I I a n d V N c y a n o s p e c i e s i n t h e p r e s e n c e

o f w a t e r h a s b e e n r e p o r t e d . 1 7 I t i s p o s s i b l e t h a t [ n - B u 4 N ] [ C N ] , w h i c h i s v e r y

d i f fi c u l t t o d r y , c o u l d h a v e i n t r o d u c e d w a t e r i n t o t h i s r e a c t i o n . T h e V 1 1

g e n e r a t e d b y d i p r o p o r t i o n a t i o n u n d e r c y a n i d e d e fi c i e n t c o n d i t i o n s ( o n l y

t h r e e e q u i v a l e n t s o f t h e c y a n i d e s t a r t i n g m a t e r i a l b e i n g a v a i l a b l e ) c o u l d h a v e

b e e n a t a r g e t f o r f r e e T p t h e r e b y l e a d i n g t o V ( T p ) 2 . T h e M ( T p ) 2 c o m p o u n d s

a r e t h e r m o d y n a m i c a l l y q u i t e s t a b l e , w h i c h t r a n s l a t e s t o a “ d e a d - e n d ” s i d e

r e a c t i o n i n t h i s c a s e .

H . R e a c t i o n o f K [ ( T p ) C r ( C N ) 3 ] ( 2 1 ) ) a n d [ ( T p ) N i ( C H 3 C N ) 3 ] [ B F 4 ] 2 2
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T h e r e a c t i o n o f a n a c e t o n i t r i l e s o l u t i o n o f K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) w i t h a n

a c e t o n i t r i l e s o l u t i o n o f [ ( T p ) N i ( C H 3 C N ) 3 ( T p ) ] [ B F 4 ] p r o d u c e d a p i n k

p r e c i p i t a t e w i t h i n t h i r t y s e c o n d s . T h e p r o d u c t w a s c o l l e c t e d b y fi l t r a t i o n a n d

w a s h e d w i t h a c e t o n i t r i l e . T h e t a r g e t p r o d u c t o f t h i s r e a c t i o n i s t h e e i g h t

m e t a l a t o m m o l e c u l a r b o x , C r 4 N i 4 ( C N ) 1 2 ( T p ) 3 a n d , i n d e e d , s p o n t a n e o u s

p r e c i p i t a t i o n o f a p r o d u c t i s i n a c c o r d w i t h a n e u t r a l p r o d u c t . T h e f a c t t h a t

t h e s o l i d f o r m e d s o q u i c k l y d i d n o t a l l o w f o r s i n g l e c r y s t a l x - r a y d i f f r a c t i o n

s t u d i e s , b u t t h e i n f r a r e d s p e c t r o s c o p i c e v i d e n c e i s e n c o u r a g i n g ( v i d e i n f r a ) .

I . P h y s i c a l M e t h o d s C h a r a c t e r i z a t i o n

( 1 ) I n f r a r e d a n d E l e c t r o n i c A b s o r p t i o n S p e c t r o s c o p i c S t u d i e s

I n a l l c a s e s , t h e p a r a m a g n e t i s m o f t h e c o m p o u n d s u n d e r i n v e s t i g a t i o n

p r o h i b i t e d s t r u c t u r a l c h a r a c t e r i z a t i o n b y N M R S p e c t r o s c o p y , b u t s i n g l e

c r y s t a l X - r a y d i f f r a c t i o n a n d i n f r a r e d s p e c t r o s c o p y w e r e i n f o r m a t i v e

m e t h o d s f o r h e l p i n g o n e t o a s s i g n a f o r m u l a a n d / o r a m o l e c u l a r s t r u c t u r e .

T h e u s e o f g r o u p t h e o r e t i c a l a r g u m e n t s a n d t h e l o c a l i z e d m o l e c u l a r

s y m m e t r y o f c h a r a c t e r i s t i c i n f r a r e d a c t i v e b o n d s t r e t c h i n g m o d e s p r o v i d e

i n f o r m a t i o n f o r i d e n t i f y i n g t h e s t r u c t u r e s o f t h e s e c o m p o u n d s . T h e M - X ( X

= h a l i d e s ) a n d t h e C E N i n a c e t o n i t r i l e a n d c y a n i d e a r e e s p e c i a l l y h e l p f u l i n

t h i s r e g a r d . I n a d d i t i o n , t h e V B - “ m o d e i n t h e T p ' l i g a n d i s a c o n v e n i e n t
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m a r k e r . A c o m p a r i s o n o f t h e e n e r g i e s o f t h e V B - ” a n d V C E N m o d e s i n t h e

s t a r t i n g m a t e r i a l s a n d p r o d u c t s w a s a l s o q u i t e i n f o r m a t i v e .

T h e i n f r a r e d s p e c t r a o f N a [ ( T p ) C r C l 3 ] , ( 1 3 ) a n d K [ ( T p ) C r C l 3 ] ( 1 4 )

e x h i b i t t w o v 0 - 0 m o d e s a t 3 4 0 a n d 3 3 0 c m ’ 1 a n d 3 3 1 a n d 3 1 0 c m ' 1

r e s p e c t i v e l y . T h e V B - ” m o d e a t 2 4 9 0 c m ' 1 w h i c h i s c o m m o n t o b o t h ( 1 3 ) a n d

( 1 4 ) w a s s h i f t e d t o l o w e r e n e r g y f r o m t h e 2 5 0 0 c m " 1 o b s e r v e d f o r N a n .

T h e t w o o b s e r v e d v 0 - 0 f e a t u r e s a r e i n a g r e e m e n t w i t h t h e g r o u p t h e o r e t i c a l

p r e d i c t i o n o f t w o I R a c t i v e m o d e s , A 1 a n d E , f o r t h e i d e a l i z e d C 3 , , s y m m e t r y

o f t h e C r — C l b o n d s . T h e d i s p l a c e m e n t o f t h e T H F l i g a n d w a s s u p p o r t e d b y

t h e d i s a p p e a r a n c e o f t h e T H F v 0 0 m o d e s o b s e r v e d a t 1 0 1 2 a n d 8 5 5 c m ’ 1 i n

t h e s t a r t i n g m a t e r i a l .

A b r o a d V M O _ B , m o d e a t 2 6 3 c m ’ 1 w a s o b s e r v e d i n t h e i n f r a r e d s p e c t r u m

o f ( T p ) M o B r 2 ( T H F ) ( 1 5 ) . T h e V 3 . “ f e a t u r e a t 2 4 8 0 c m ’ 1 w a s s h i f t e d t o l o w e r

e n e r g y f r o m t h e 2 5 0 0 c m ’ 1 s t r e t c h f o r N a [ T p ] . G r o u p t h e o r e t i c a l a n a l y s i s

p r e d i c t s t w o o b s e r v e d V M O - B , m o d e s , n a m e l y A 1 a n d B 1 , f o r t h e i d e a l i z e d C 2 v

s y m m e t r y o f t h e M o - B r b o n d s . T h e 2 0 c m ’ 1 w i d t h a t h a l f - h e i g h t o f t h e V M o -

B , s t r e t c h i n d i c a t e s t h a t t h e t w o e x p e c t e d m o d e s a r e d e g e n e r a t e , t h e r e b y

g i v i n g r i s e t o a s i n g l e o v e r l a p p i n g p e a k . T h e U V - V i s i b l e s p e c t r u m o f

( T p ) M o B r 2 ( T H F ) ( 1 5 ) i n T H F d i s p l a y e d a b s o r p t i o n s a t 3 7 6 ( 8 0 . 0 ) a n d 3 0 8

( 1 0 0 ) n m ( L r n o r 1 c m " ) .
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O n e e x p e c t s t w o I R a c t i v e m o d e s , A 1 a n d E , f o r t h e i d e a l i z e d C 3 , ,

s y m m e t r y o f t h e C E N b o n d s i n C H 3 C N i n t h e s p e c t r a o f

[ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 6 ) a n d [ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 7 ) . I n d e e d , t h e

V C N m o d e s a p p e a r a t 2 3 1 2 , 2 2 8 4 c m ’ 1 a n d 2 3 1 5 , 2 2 8 0 c m " 1 f o r ( 1 6 ) a n d ( 1 7 )

r e s p e c t i v e l y . T h e s e v a l u e s a r e s h i f t e d f r o m t h e V C N f e a t u r e s l o c a t e d a t 2 3 2 2 ,

2 2 9 3 c m ' 1 a n d 2 3 1 6 , 2 2 9 2 c m ‘ 1 o b s e r v e d i n t h e M n a n d C o s t a r t i n g m a t e r i a l s

r e s p e c t i v e l y . T h e V 3 . ” m o d e s a r e l o c a t e d a t 2 4 6 9 c m ' 1 f o r ( 1 6 ) a n d 2 4 9 8 f o r

( 1 7 ) .

T h e U V - V i s i b l e s p e c t r u m o f [ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 6 ) i n a c e t o n i t r i l e

d i s p l a y s a n a b s o r b a n c e a t 3 3 1 n m w i t h a n 8 v a l u e o f ~ 1 L m o l ' l c m ] . T h i s

l o w v a l u e i s e x p e c t e d o n t h e b a s i s o f t h e d 5 h i g h - s p i n e l e c t r o n i c

c o n fi g u r a t i o n o f o c t a h e d r a l M n " , w h i c h l e a d s t o o n l y s p i n f o r b i d d e n

t r a n s i t i o n s b e i n g p o s s i b l e . T h e U V - V i s i b l e s p e c t r u m o f

[ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 7 ) i n C H 3 C N d i s p l a y e d a b s o r b a n c e s a t 5 1 5 ( 2 3 )

a n d 4 6 8 ( 8 3 ) n m ( L m o l ' 1 c m ' l ) .

T h e i n f r a r e d s p e c t r a o f [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( l 8 ) a n d

[ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 9 ) s h o w e d t w o v c . N m o d e s a t 2 3 1 8 , 2 2 8 4 c r n ‘ l

a n d 2 3 2 6 , 2 2 9 5 c m " 1 r e s p e c t i v e l y . T h e V 3 . “ m o d e f o r ( 1 8 ) i s a t 2 5 2 7 c m ” 1

a n d i s s h i f t e d t o h i g h e r e n e r g y f r o m t h e 2 5 0 0 o b s e r v e d f o r N a [ T p ] a n d t h e

2 4 8 0 c m ’ 1 s t r e t c h f o u n d f o r ( T p ) M o B r 2 ( T I - I F ) ( 1 5 ) . T h e V B - ” m o d e f o r ( 1 9 )
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a t 2 5 3 2 c m " 1 i s s i m i l a r l y s h i f t e d t o h i g h e r e n e r g y f r o m t h e c o r r e s p o n d i n g

v a l u e s o b s e r v e d f o r N a [ T p ] a n d ( T p ) V C 1 2 ( T I - I F ) . T h e t w o o b s e r v e d V c e N

m o d e s a r e i n a g r e e m e n t w i t h t h e g r o u p t h e o r e t i c a l p r e d i c t i o n o f t w o I R

a c t i v e m o d e s , n a m e l y A 1 a n d E , f o r t h e i d e a l i z e d m o l e c u l a r C 3 , , s y m m e t r y o f

[ ( T p ) M ( C H g C N ) 3 ] + . T h e U V — V i s s p e c t r a i n a c e t o n i t r i l e d i s p l a y e d a b r o a d

p e a k a t 4 5 5 ( 9 6 6 ) n m ( L r n o r l c m " ) f o r [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 ) a n d

p e a k s a t 4 8 0 ( 1 1 5 ) a n d 3 3 0 ( 7 5 ) n m ( L m o l ' l c m ' l ' ) f o r

[ V ( C H 3 C N ) 3 ( T P ) 1 [ P F 6 1 2 ( 1 9 ) -

T h e i n f r a r e d s p e c t r u m o f K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) e x h i b i t e d a s i n g l e V C E N

1
s t r e t c h i n g f e a t u r e a t 2 1 3 5 c m ’ i n s t e a d o f t h e u s u a l t w o m o d e s . T h e

p r e s e n c e o f a s i n g l e s t r e t c h i n d i c a t e s t h a t t h e s y m m e t r i c a n d a n t i - s y m m e t r i c

V C N s t r e t c h i n g m o d e s a r e d e g e n e r a t e . 1 8 T h e V 3 . ” m o d e w a s o b s e r v e d a t 2 4 9 6

c m ] . T h e a b s e n c e o f v 0 - 0 m o d e s i n t h e f a r I R o f t h i s c o m p o u n d c o n fi r m e d

c o m p l e t e c y a n i d e d i s p l a c e m e n t o f t h e c h l o r i d e s . T h e U V - V i s i b l e s p e c t r u m

r e v e a l e d a b s o r p t i o n s a t 3 2 2 ( 7 5 ) , 3 6 5 ( 6 0 ) , a n d 4 1 0 ( 4 5 ) n m ( L m o l ' l c m ' l ' ) .

A s i n g l e I R a c t i v e m o d e , B l u , f o r t h e i d e a l i z e d D 2 ) , s y m m e t r y o f t h e C E N

b o n d s o f t h e C H 3 C N l i g a n d s i n t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) i s

e x p e c t e d , b u t i n f a c t t w o s t r e t c h e s a t 2 3 1 2 a n d 2 2 8 4 c m " 1 w e r e o b s e r v e d .

T h e t w o s t r e t c h e s w o u l d b e c o n s i s t e n t w i t h a C 2 , , s y m m e t r y f o r t h e C E N

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

i s o m e r s c o u l d b e p r e s e n t i n t h e r e a c t i o n s o l u t i o n w i t h t h e t r a n s i s o m e r

p r e f e r e n t i a l l y c r y s t a l l i z i n g . T h i s h y p o t h e s i s w a s e x p l o r e d b y p r e p a r i n g a n

I R s a m p l e f r o m a b a t c h o f t h e t r a n s i s o m e r c r y s t a l s . T h i s s a m p l e p r o d u c e d a

s p e c t r u m w i t h t h e s a m e t w o s t r e t c h e s . A s o l u t i o n i n f r a r e d s p e c t r u m ,

h o w e v e r , r e v e a l e d a s i n g l e V C E N m o d e a t 2 2 9 3 c m ' 1 i n d i c a t i n g t h e t w o

s t r e t c h e s a r e a c o n s e q u e n c e o f s o l i d s t a t e s p l i t t i n g w h i c h l o w e r s t h e s i t e

s y m m e t r y f r o m t h e i d e a l i z e d D 2 h . T h e U V - v i s i b l e s p e c t r u m i n a c e t o n i t r i l e

c o n t a i n s t r a n s i t i o n s a t 8 8 0 ( 6 5 ) , 5 3 6 ( 7 5 ) , 3 3 9 ( 2 5 ) 1 1 m ( L m o l ' l c m ' l ' ) .

( 2 ) M a s s S p e c t r o m e t r i c A n a l y s i s o f [ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( l 6 ) a n d

[ ( T P ) C 0 ( C H 3 C N ) 3 ] [ P F o l ( 1 7 )

F a s t - a t o m b o m b a r d m e n t ( F A B ) m a s s s p e c t r o m e t r y i n b o t h n i t r o b e n z y l

a l c o h o l ( N B A ) a n d g l y c e r o l m a t r i c e s w a s c o n d u c t e d o n S a m p l e s o f

[ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 1 ( 1 6 ) a n d [ ( T P ) C 0 ( C H 3 C N ) 3 I I P F 6 ] ( 1 7 ) - N B A

p r o v e d t h e m o r e s u c c e s s f u l o f t h e t w o m a t r i c e s . T h e p a r e n t i o n p e a k s i n t h e

s p e c t r a f o r ( 1 5 ) a n d ( 1 6 ) w e r e 2 6 8 . 0 9 a n d 2 7 2 . 1 2 m / z r e s p e c t i v e l y , w h i c h

c o r r e s p o n d t o t h e f r a g m e n t s [ M n ( T p ) ] 1 + a n d [ C o ( T p ) ] ” . T h e b o u n d

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

f r a g m e n t c o u l d b e a l s o b e a s s i g n e d t o t h e p r o m i n e n t p e a k s a t 3 6 0 . 1 3 a n d

3 6 4 . 1 5 m / z i n t h e s p e c t r a o f ( 1 5 ) a n d ( 1 6 ) . T h e s e c o r r e s p o n d t o
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[ M n ( C H 3 C N ) 2 F ( T p ) ] 1 + a n d [ C o ( C H 3 C N ) 2 F ( T p ) ] 1 + , s p e c i e s p r o d u c e d b y

fl u o r i d e a b s t r a c t i o n f r o m [ P F ( , ] ' . 1 9

( 3 ) M a g n e t i c S u s c e p t i b i l i t y S t u d i e s

M a g n e t i c s u s c e p t i b i l i t y s t u d i e s w e r e c o n d u c t e d t o e s t a b l i s h t h e e x p e c t e d

g r o u n d s t a t e s p i n v a l u e s f o r t h e n e w p a r a m a g n e t i c m o l e c u l a r b u i l d i n g

b l o c k s . T h i s i n f o r m a t i o n i s u s e f u l f o r p r e d i c t i n g t h e n u m b e r o f u n p a i r e d

e l e c t r o n s t h a t a p r o d u c t w i l l p o s s e s b a s e d o n t h e m e t a l p r e c u r s o r

c o m b i n a t i o n s c h o s e n f o r a g i v e n m o l e c u l a r b o x a s s e m b l y r e a c t i o n .

A m a g n e t i c s u s c e p t i b i l i t y s t u d y o f [ M n ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] ( 1 6 ) g a v e a

1 1 . “ v a l u e o f 5 . 9 0 B . M . w i t h g = 1 . 9 9 . T h e s y m m e t r i c a l t 2 g 3 e g 2 e l e c t r o n

c o n fi g u r a t i o n o f t h e M n " c e n t e r l e a d s t o u m a n d g v a l u e s t h a t a r e i n g o o d

a g r e e m e n t w i t h t h e p r e d i c t e d s p i n - o n l y v a l u e s o f 5 . 9 0 B . M . a n d g ~ 2 .

T h e [ B F . . ] ' s a l t o f [ C o ( C H 3 C N ) 3 ( T p ) ] 1 + ( 1 7 ) w i t h a t C o I I c e n t e r e x h i b i t s

a 1 1 m v a l u e o f 3 . 6 9 B . M . w i t h g = 1 . 9 0 . T h e s p i n - o n l y v a l u e f o r a n S = 3 / 2

g r o u n d s t a t e w o u l d e x h i b i t a 1 . 1 . , “ = 3 . 8 7 f o r g . 2 . 2 . T h e t z g i l e g 2 c o n fi g u r a t i o n

o f t h e C o n l e a d s t o s p i n - o r b i t a l c o u p l i n g a n d t y p i c a l l y l o w e r m o m e n t s t h a n

t h e s p i n - o n l y v a l u e . T h e c o m p o u n d [ V ( C H 3 C N ) 3 ( T p ) ] [ P F 6 ] 2 ( 1 9 ) e x h i b i t s a

r o o m t e m p e r a t u r e 1 1 . 3 v a l u e o f 3 . 0 6 B . M . w i t h g = 2 . 1 5 . A n o c t a h e d r a l ( 1 2

V I I I c o m p o u n d w i t h S = l w i t h n o s p i n - o r b i t e f f e c t s s h o u l d e x h i b i t a 1 1 m =
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2 . 8 3 f o r g s 2 . 2 0 T h e e x p e r i m e n t a l l y o b s e r v e d v a l u e s a r e c o n s i s t e n t w i t h

l i t e r a t u r e r e p o r t s o f o t h e r o c t a h e d r a l V I I I a n d C o I I c o m p o u n d s . ” 2 1

A m a g n e t i c s u s c e p t i b i l i t y s t u d y o f [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 )

r e v e a l e d a r o o m t e m p e r a t u r e 1 1 . . “ v a l u e o f 3 . 4 5 B . M . w i t h g = 1 . 7 8 . A n

i d e a l i z e d s = 3 / 2 o c t a h e d r a l d 3 M o I I I i o n w i t h n o s p i n o r b i t c o u p l i n g e f f e c t s

w o u l d b e e x p e c t e d t o e x h i b i t a p m v a l u e o f 3 . 8 7 B . M ( f o r g 5 2 ) . T h i s

a s s u m p t i o n f o r s e c o n d a n d t h i r d r o w t r a n s i t i o n m e t a l i o n s , h o w e v e r , i s n o t

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

s i g n i fi c a n t l y g r e a t e r t h a n w i t h t h e r e s p e c t i v e 3 d c o n g e n e r s . 2 0 T h e o b s e r v e d

d e v i a t i o n s i n l i e n a n d g f o r t h e M o I I I c e n t e r w e r e e x p e c t e d a n d r e a s o n a b l e

b a s e d o n l i t e r a t u r e p r e c e d e n c e . 2 0

M a g n e t i c s u s c e p t i b i l i t y s t u d i e s o f K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) r e v e a l e d a r o o m

t e m p e r a t u r e u m v a l u e o f 3 . 6 2 B . M . w i t h g = 1 . 8 9 . A 1 1 . 3 v a l u e o f 3 . 8 7

w o u l d b e e x p e c t e d f o r a n i d e a l i z e d o c t a h e d r a l d 3 C r I I I i o n w i t h a s p i n v a l u e

o f S = 3 / 2 a s s u m i n g n o s p i n o r b i t a l c o u p l i n g c o n t r i b u t i o n . T h e s y m m e t r i c a l

fi l l i n g o f t h e t z g o r b i t a l s w o u l d b e e x p e c t e d t o m i n i m i z e s p i n - o r b i t a l c o u p l i n g

c o n t r i b u t i o n s . H o w e v e r , t h e s i x c o o r d i n a t e C r I l l c e n t e r i s n o t r i g o r o u s l y

o c t a h e d r a l f r o m a s y m m e t r y s t a n d p o i n t , a s t h r e e c o o r d i n a t i o n s i t e s o c c u p i e d

b y t h e t r i d e n t a t e n i t r o g e n d o n o r l i g a n d T p a n d t h e o t h e r t h r e e a r e fi l l e d b y

c y a n i d e l i g a n d s . I n a d d i t i o n , t h e e x p e c t e d 1 . 1 . “ v a l u e f o r C r I I I c o m p l e x e s i s
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g e n e r a l l y h i g h e r t h a n o b s e r v e d d u e t o s p i n - o r b i t c o u p l i n g s t e m m i n g f r o m t h e

m i x i n g o f e x c i t e d s t a t e s , w h i c h h a v e o r b i t a l d e g e n e r a c y , w i t h t h e n o n -

d e g e n e r a t e g r o u n d s t a t e . 2 0

T h e e d g e b u i l d i n g b l o c k t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] ( 2 1 ) e x h i b i t s a

r o o m t e m p e r a t u r e p e g v a l u e o f 2 . 9 8 B . M . w i t h g = 2 . 1 2 . T h e e x p e r i m e n t a l l y

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

2 . 8 3 B . M . a n d g E 2 , b u t a r e c o n s i s t e n t w i t h l i t e r a t u r e r e p o r t s o f o t h e r

o c t a h e d r a l N i I I c o m p o u n d s . ” 2 1

( 4 ) C h a r a c t e r i z a t i o n o f t h e p r o d u c t f r o m t h e r e a c t i o n o f

K l ( T p ) C r ( C N ) 3 l ( 2 0 ) a n d [ ( T p ) N i ( C H 3 C N ) 3 ] [ B F 4 ] 2 2

T h e i n f r a r e d s p e c t r u m o f t h e p i n k p r e c i p i t a t e f r o m t h i s r e a c t i o n e x h i b i t e d

o n l y a s i n g l e v C N m o d e a t 2 1 7 4 c m “ . T h i s i s i n a c c o r d w i t h a h i g h l y

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

m o l e c u l a r b o x , n a m e l y ( T p ) 3 C r 4 N i 4 ( C N ) 1 2 , i n w h i c h a l l t h e c y a n i d e s r e s i d e

i n t h e s a m e e n v i r o n m e n t . A s t r u c t u r a l s c h e m a t i c i s d e p i c t e d i n F i g u r e 4 . 1 .

T h e i n c r e a s e o f 3 1 c m ' 1 f o r t h e V C N m o d e o f t h e p r o d u c t r e l a t i v e t o t h e

K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) s t a r t i n g m a t e r i a l ( 2 1 7 4 v e r s u s 2 1 3 5 c m " ) i s a n

e x p e c t e d c o n s e q u e n c e i n t h e s w i t c h o f c y a n i d e f r o m d a n g l i n g t o b r i d g i n g

m o d e . T h i s s h i f t t o h i g h e r e n e r g y i s a t t r i b u t e d t o b o t h t h e k i n e m a t i c

c o u p l i n g t h a t o c c u r s w h e n a s e c o n d m a s s i s a t t a c h e d t o t h e C N u n i t a s w e l l
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a s t o t h e f a c t t h a t t h e l o n e p a i r e l e c t r o n d e n s i t y l o c a l i z e d o n t h e n i t r o g e n i s

a n t i b o n d i n g w i t h r e s p e c t t o t h e C E N t r i p l e b o n d . T h e V C N f o r c e c o n s t a n t

i n c r e a s e s u p o n d o n a t i o n f r o m t h i s o r b i t a l t o a L e w i s a c i d . F u r t h e r m o r e a V B -

H m o d e a t 2 4 9 4 c m ' 1 w a s o b s e r v e d i n a c c o r d w i t h t h e c o n c l u s i o n t h e T p

l i g a n d i s s t i l l b o u n d t o t h e m e t a l s i n t h e p r o d u c t . T h e a p p e a r a n c e o f t h e

s t r e t c h a t 2 4 9 4 c m ' 1 i s w i t h i n r e s o l u t i o n o f t h e V B - “ m o d e s o f 2 4 9 2 a n d 2 4 9 6

f o r t h e s t a r t i n g m a t e r i a l s K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) a n d [ N i ( C H 3 C N ) 3 ( T p ) ] [ B F 4 ] .

T h e p o o r s o l u b i l i t y o f t h i s p r o d u c t p r e c l u d e s s o l u t i o n c h a r a c t e r i z a t i o n s u c h

a s U V - v i s i b l e a n a l y s i s . E l e m e n t a l a n a l y s i s o f t h e p r o d u c t d i d n o t fi t t h e

e x p e c t e d f o r m u l a , n o r d i d i t c o r r e s p o n d t o a n y i d e n t i fi a b l e p r o d u c t s .

M a g n e t i c s u s c e p t i b i l i t y s t u d i e s o f t h i s p r o d u c t l e d t o m o m e n t s t h a t a r e

l o w e r t h a n p r e d i c t e d v a l u e f o r ( T p ) 3 C r 4 N i 4 ( C N ) 1 2 . T h e l a c k o f d e fi n i t i v e

s t r u c t u r a l i n f o r m a t i o n p r e v e n t s a n y f u r t h e r d e t a i l e d i n t e r p r e t a t i o n o f t h i s

r e a c t i o n .
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J . M o l e c u l a r S t r u c t u r e s

( 1 ) N a [ ( T p ) C r C l s l , ( l 3 )

T h e m o l e c u l a r a n i o n [ ( T p ) C r C l 3 ] l ' c o n s i s t s o f a n o c t a h e d r a l l y

1 " i o n w i t h t h r e e s i t e s b e i n g o c c u p i e d b y f a c i a l l y a r r a n g e dc o o r d i n a t e d C r

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

T p . T h e o c t a h e d r o n i s r e l a t i v e l y u n d i s t o r t e d w i t h a N ( 1 ) — C r ( 1 ) - C l ( 1 ) a n g l e

o f 9 0 . 4 9 ° . T h e N a ( 1 ) i s c o o r d i n a t e d t o t h e f a c i a l c h l o r i d e s f r o m t w o

[ ( T p ) C r C l 3 ] l ' a n i o n s w i t h a t r i g o n a l p r i s m a t i c g e o m e t r y . T h e N a ( 2 ) r e s i d e s

i n t h e p l a n e o f N a ( l ) a n d i s d i s o r d e r e d o v e r t h r e e s i t e s s u c h t h a t i t b r i d g e s

t h e e d g e s o f t h e “ N a C l . « , ” t r i g o n a l p r i s m . T h e s e p a r a t i o n d i s t a n c e b e t w e e n

N a ( l ) a n d N a ( 2 ) i s 3 . 8 9 A . T h e N a ( l ) a t o m i s s i t u a t e d o n a m i r r o r p l a n e a n d

t h r e e f o l d a x i s o f r o t a t i o n . S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s a r e p r e s e n t e d

i n T a b l e 4 . 9 .

( 2 ) ( T p ) M o B r 2 ( T H F ) , ( 1 5 )

I n t h i s c o m p o u n d , T p o c c u p i e s t h r e e f a c i a l c o o r d i n a t i o n s i t e s o f t h e

o c t a h e d r a l M o c e n t e r . T h e M o ( 1 ) - N ( 1 ) , N ( 3 ) , a n d N ( 5 ) d i s t a n c e s o f 2 . 1 3 9 ,

2 . 1 6 3 , a n d 2 . 1 5 8 A r e s p e c t i v e l y a r e l o n g e r t h a n t h e C r - N d i s t a n c e o f 2 . 0 3 3 A

o b s e r v e d i n ( 1 3 ) . T h e s h o r t e r M o ( 1 ) - N ( 1 ) d i s t a n c e r e l a t i v e t o t h e

c o r r e s p o n d i n g M o d i s t a n c e t o N ( 3 ) a n d N ( 5 ) i s a t t r i b u t e d t o t h e p r e s e n c e o f

a t r a n s T H F t o N ( l ) a s c o m p a r e d t o B r ' l i g a n d s w h i c h a r e p r e s e n t i n

1 9 4



p o s i t i o n s t r a n s t o N ( 3 ) a n d N ( 5 ) r e s p e c t i v e l y . T h e b o n d d i f f e r e n c e s r e fl e c t

t h e s u p e r i o r l i t - d o n a t i n g a b i l i t y o f B r ' v e r s u s T H F l i g a n d s . T h e o c t a h e d r o n i s

s l i g h t l y d i s t o r t e d w i t h N ( 1 ) - M o ( 1 ) _ - B r ( l ) a n d N ( 1 ) - M o ( 1 ) - B r ( 2 ) a n g l e s o f

9 6 . 8 1 ° a n d 9 3 . 3 5 ° r e s p e c t i v e l y . S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s a r e

p r e s e n t e d i n T a b l e 4 . 1 0 .

( 3 ) [ ( T p ) C 0 ( C H 3 C N ) 3 ] [ P F o l , ( 1 7 )

T h e m o l e c u l a r c a t i o n [ ( T p ) C o ( C H 3 , C N ) 3 ] 1 + c o n s i s t s o f a n o c t a h e d r a l l y

c o o r d i n a t e d c o b a l t a t o m w i t h t h r e e s i t e s o c c u p i e d b y f a c - C H 3 C N g r o u p s a n d

t h e f a c e c a p p i n g T p l i g a n d . T h e C o - N b o n d s a r e s l i g h t l y n o n - l i n e a r w i t h a

C o ( 1 ) - N ( 3 ) - C ( 4 ) a n g l e o f 1 6 7 . 2 ( 8 ) ° . T h e o c t a h e d r o n i s d i s t o r t e d a s r e fl e c t e d

b y t h e a n g l e N ( 3 ) - C o ( 1 ) - N ( 1 ) a n g l e = 9 5 . 3 ( 3 ) ° . T h e C 0 a t o m r e s i d e s o n a

t h r e e - f o l d a x i s o f s y m m e t r y a n d t h e [ P F 6 ] ' c o u n t e r i o n s a r e l o c a t e d i n t w o

p o s i t i o n s i n t h e s t r u c t u r e . O n e [ P F 6 ] ' i s l o c a t e d b e t w e e n t w o

[ C o ( C H 3 C N ) 3 ( T p ) ] + c a t i o n s w h i c h a r e o r i e n t e d s u c h t h a t t h e t h r e e f a c i a l

C H 3 C N a r e d i r e c t e d t o w a r d s t h e a n i o n . T h e s e c o n d [ P F 6 ] ' a n i o n i s

p o s i t i o n e d b e t w e e n t h e T p l i g a n d s o f t w o a d j a c e n t [ C o ( C H — , 1 C N ) 3 ( T p ) ] +

c a t i o n s . T h e P a t o m s r e s i d e o n t h e m i r r o r p l a n e s o f t h e 3 b a r a x i s . S e l e c t e d

b o n d d i s t a n c e s a n d a n g l e s a r e p r e s e n t e d i n T a b l e 4 . 1 1 .

1 9 5



( 4 ) t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 , ( 2 1 )

T h e m o l e c u l a r s t r u c t u r e o f ( 2 1 ) i s c o m p o s e d o f a n o c t a h e d r a l n i c k e l

c e n t e r w i t h t w o t r a n s C H 3 C N a n d t w o t r a n s b i d e n t a t e e t h y l e n e d i a m r n i n e

l i g a n d s . T h e n i c k e l a t o m r e s i d e s o n a n i n v e r s i o n c e n t e r . T h e N i - N ( C H 3 C N )

i n t e r a c t i o n s a r e s l i g h t l y n o n - l i n e a r a s e v i d e n c e d b y t h e N i ( 1 ) - N ( l ) - C ( 1 )

a n g l e o f 1 7 3 . 4 ° . T h e o c t a h e d r o n i s d i s t o r t e d i n t h e p l a n e o f t h e

e t h y l e n e d i a m r n i n e l i g a n d s w i t h a n o b t u s e N ( 2 ) - N i ( l ) - N ( 3 ) a n g l e o f 9 7 . 1 2 ° .

S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s a r e p r e s e n t e d i n T a b l e 4 . 1 2 .

( 5 ) { ( T p ) C r C l z ( C H 3 C N ) } 2 A g P F 6 . 2 C H 3 C N ( 2 2 ) a n d

{ ( T p ) C r C l z ( C H 3 C N ) } 2 T I P F 6 . 2 C H 3 C N ( 2 3 )

T h e s t r u c t u r e s o f ( 2 2 ) a n d ( 2 3 ) a r e e s s e n t i a l l y i d e n t i c a l e x c e p t f o r o f t h e

c o o r d i n a t i o n n u m b e r s o f t h e A g a n d T 1 r e s p e c t i v e l y . T h e C r a t o m s i n b o t h

s t r u c t u r e s a r e o c t a h e d r a l l y c o o r d i n a t e d w i t h t h r e e f a c i a l l y o r i e n t e d

c o o r d i n a t i o n s i t e s b e i n g o c c u p i e d b y T p . T w o C l ' a t o m s a n d o n e a c e t o n i t r i l e

l i g a n d c o m p l e t e t h e c o o r d i n a t i o n s p h e r e o f e a c h C r a t o m . T w o

( T p ) C r C 1 2 ( C H 3 C N ) m o i e t i e s a r e c o n n e c t e d i n e a c h s t r u c t u r e b y t h e

c o o r d i n a t i o n o f t h e C I ' t o A g o r T 1 r e s p e c t i v e l y . I n ( 2 2 ) f o u r C l ' l i g a n d s a r e

b o u n d t o a A g a t o m . I n ( 2 3 ) o n l y o n e C I ' f r o m e a c h ( T p ) C r C 1 2 ( C H 3 C N )

m o i e t y i s b o u n d t o t h e T 1 + i o n . T h e A g + c o o r d i n a t i o n e n v i r o n m e n t i s b e s t

d e s c r i b e d a s a h i g h l y d i s t o r t e d s e e - s a w s h a p e w i t h C l ( 1 ) - A g ( 1 ) - C l ( 2 ) a n d

1 9 6



C l ( 3 ) - A g ( 1 ) - C l ( 4 ) a n g l e s o f 7 9 . 4 1 ° a n d 7 9 . 3 1 ° r e s p e c t i v e l y . T h e C l ( 1 ) -

T 1 ( 1 ) - C l ( 4 ) b r i d g e i s b e n t a t a n a n g l e o f 1 4 7 . 9 6 ° . T h e p y r a z o l r i n g s o f t h e

T p l i g a n d s o f t h e t w o ( T p ) C r C 1 2 ( C H 3 C N ) m o i e t i e s b r i d g e d b y t h e m e t a l s i n

( 2 2 ) a n d ( 2 3 ) a r e s t a g g e r e d r e l a t i v e t o e a c h o t h e r . S e l e c t e d b o n d d i s t a n c e s

a n d a n g l e s f o r { ( T p ) C r C 1 2 ( C H 3 C N ) } 2 A g P F 6 - 2 C H 3 C N ( 2 2 ) a r e p r e s e n t e d i n

T a b l e s 1 3 a n d 1 4 . S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s f o r

{ ( T p ) C r C l z ( C H 3 C N ) } 2 T 1 P F 6 - 2 C H 3 C N ( 2 3 ) a r e p r e s e n t e d i n T a b l e s 4 . 1 5 a n d

4 . 1 6 .

( 6 ) V ( T p ) 2 o 1 / 6 E t 2 0 - l / 3 C H 3 C N , ( 2 4 )

T h e c r y s t a l s t r u c t u r e o f ( 2 4 ) c o n s i s t s o f t h r e e V ( T p ) 2 u n i t s , a n

a c e t o n i t r i l e s o l v e n t m o l e c u l e , a n d a d i s o r d e r e d d i e t h y l e t h e r m o l e c u l e . T h e

c o o r d i n a t i o n s p h e r e o f e a c h V a t o m i s o c c u p i e d b y t w o T p l i g a n d s i n a

s t a g g e r e d f o r m a t i o n . T h e o c t a h e d r a l c o o r d i n a t i o n o f t h e V a t o m s i s

e s s e n t i a l l y u n d i s t o r t e d w i t h a l l t h e V a t o m s r e s i d i n g o n i n v e r s i o n c e n t e r s .

T h e d i e t h y l e t h e r m o l e c u l e i s d i s o r d e r e d a n d w a s t h e r e f o r e m o d e l e d w i t h a

5 0 % o c c u p a n c y . S e l e c t e d b o n d d i s t a n c e s a n d a n g l e s a r e p r e s e n t e d i n T a b l e

4 . 1 7 .

1 9 7



T a b l e 4 . 9 . B o n d l e n g t h s [ A ] a n d a n g l e s [ d e g ] N a [ ( T p ) C r C l 3 ] , ( l 3 )

 

C r ( l A ) - N ( 1 A )
C r ( 1 A ) - C l ( 2 A )
C r ( l A ) - N a ( l A )
C l ( 2 A ) - N a ( 1 A )
C l ( 2 A ) - N a ( 2 A )
N a ( 1 A ) - N a ( 2 A )
B ( l A ) - N ( 2 A )
N ( l A ) - C ( l A )
N ( l A ) - N ( 2 A )
C ( 1 A ) - C ( 2 A )
C ( 2 A ) - C ( 3 A )

N ( l A ) - C r ( l A ) - C l ( 2 A )
N ( l A ) - C r ( 1 A ) - N a ( l A )
C l ( 2 A ) — C r ( l A ) - N a ( l A )
C r ( l A ) - C l ( 2 A ) - N a ( l A )
C r ( l A ) - C l ( 2 A ) - N a ( 2 A )
N a ( l A ) - C l ( 2 A ) - N a ( 2 A )
C l ( 2 A ) - N a ( l A ) - C r ( 1 A )
C l ( 2 A ) - N a ( l A ) - N a ( 2 A )
C r ( 1 A ) - N a ( l A ) - N a ( 2 A )
C l ( 2 A ) - N a ( 2 A ) - N a ( 1 A )
C ( 1 A ) - N ( l A ) - N ( 2 A )
C ( 1 A ) - N ( l A ) - C r ( l A )
N ( 2 A ) - N ( l A ) - C r ( 1 A )
C ( 3 A ) - N ( 2 A ) - N ( l A )
C ( 3 A ) - N ( 2 A ) - B ( 1 A )
N ( l A ) — N ( 2 A ) - B ( 1 A )
N ( l A ) - C ( l A ) - C ( 2 A )
C ( 3 A ) - C ( 2 A ) - C ( 1 A )
N ( 2 A ) - C ( 3 A ) - C ( 2 A )

1 9 8

2 . 0 3 3 ( 7 )
2 . 3 4 9 ( 2 )
3 . 3 1 8 ( 2 )
2 . 7 9 8 ( 2 )
2 . 9 8 ( 3 )
3 . 8 4 ( 4 )
1 . 5 4 2 ( 9 )
1 . 3 3 0 ( 1 0 )
1 . 3 6 9 ( 9 )
1 . 4 1 0 ( 1 2 )
1 . 3 7 0 ( 1 3 )

9 1 . 2 3 ( 1 8 )
l 2 7 . 8 8 ( l 8 )
5 6 1 0 ( 7 )
7 9 7 4 ( 7 )
1 4 3 . 8 ( 8 )
8 3 . 1 ( 6 )
4 4 . 1 7 ( 4 )
5 0 . 5 ( 2 )
9 0 . 0 0 0 ( 9 )
4 6 . 4 ( 5 )
1 0 6 . 3 ( 6 )
1 3 3 . 1 ( 6 )
1 2 0 . 6 ( 5 )
1 0 9 . 9 ( 7 )
1 3 1 . 0 ( 8 )
1 1 9 . 1 ( 7 )
1 1 0 . 6 ( 7 )
1 0 4 . 7 ( 7 )
1 0 8 . 6 ( 7 )



T a b l e 4 . 1 0 . B o n d l e n g t h s [ A ] a n d a n g l e s [ d e g ] f o r ( T p ) M o B r 2 ( T H F ) , ( 1 5 )

 

M o ( 1 ) - N ( 1 )

M o ( 1 ) - N ( 3 )

M o ( 1 ) - N ( 5 )

M o ( 1 ) - O ( 1 )

M o ( 1 ) - B r ( 1 )

M o ( 1 ) - B r ( 2 )

B ( 1 ) - N ( 2 )

B ( 1 ) - N ( 4 )

B ( 1 ) - N ( 6 )

N ( l ) - M o ( 1 ) - N ( 3 )
N ( 1 ) - M o ( 1 ) - N ( 5 )
N ( l ) - M o ( 1 ) - O ( 1 )
N ( 1 ) - M o ( l ) - B r ( l )
N ( 1 ) - M o ( 1 ) - B r ( 2 )
N ( 2 ) - B ( 1 ) - N ( 4 )
N ( 2 ) - B ( l ) - N ( 6 )
N ( 3 ) - M o ( 1 ) - B r ( l )
N ( 3 ) - M o ( 1 ) - B r ( 2 )
N ( 5 ) - M o ( 1 ) — N ( 3 )
N ( 5 ) - M o ( l ) - O ( 1 )
N ( 5 ) - M o ( 1 ) - B r ( 1 )
N ( 5 ) - M o ( l ) - B r ( 2 )
N ( 6 ) - B ( 1 ) - N ( 4 )
O ( 1 ) - M o ( 1 ) - N ( 3 )
O ( 1 ) - M o ( 1 ) - B r ( 1 )
O ( 1 ) - M o ( l ) - B r ( 2 )
B r ( 2 ) - M o ( 1 ) - B r ( l )

2 . 1 3 9 ( 3 )
2 . 1 6 3 ( 3 )
2 . 1 5 8 ( 2 )
2 . 1 6 3 ( 2 )
2 . 5 7 4 7 ( 7 )
2 . 5 7 3 2 ( 6 )
1 . 5 4 9 ( 4 )
1 . 5 5 6 ( 5 )
1 . 5 5 1 ( 4 )

8 4 . 0 0 ( 1 0 )
8 4 . 6 0 ( 1 0 )
l 7 0 . 2 6 ( 9 )
9 6 8 1 ( 7 )
9 3 3 5 ( 7 )
1 0 8 . 1 ( 3 )
1 0 8 . 4 ( 3 )
1 7 8 . 1 0 ( 7 )
8 8 7 4 ( 7 )
8 5 . 6 4 ( 1 0 )
8 7 . 5 3 ( 1 0 )
9 2 . 7 l ( 7 )
1 7 4 . 1 9 ( 7 )
1 0 7 . 7 ( 3 )
8 9 . 6 9 ( 1 0 )
8 9 2 9 ( 7 )
9 3 9 3 ( 7 )
9 2 . 9 3 7 ( 1 5 )

1 9 9



T a b l e 4 . 1 1 . B o n d l e n g t h s [ A ] a n d a n g l e s [ d e g ] f o r [ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] , ( 1 7 )

 

C o ( 1 ) - N ( l ) 2 . 1 1 5 ( 8 )
C o ( 1 ) - N ( 3 ) 2 . 1 4 6 ( 9 )
B ( l ) - N ( 2 ) 1 . 5 3 7 ( 1 2 )
N ( 1 ) - C ( 1 ) 1 . 3 4 6 ( 1 3 )
N ( 1 ) - N ( 2 ) 1 . 3 4 9 ( 1 0 )
N ( 2 ) - C ( 3 ) 1 . 3 4 3 ( 1 3 )
N ( 3 ) - C ( 4 ) 1 . 1 2 9 ( 1 2 )

N ( 1 A ) - C o ( 1 ) - N ( 1 B ) 8 6 . 7 ( 3 )
N ( l A ) - C o ( 1 ) - N ( 1 ) 8 6 . 7 ( 3 )
N ( 1 B ) - C o ( l ) — N ( 1 ) 8 6 . 7 ( 3 )
N ( l B ) - C o ( 1 ) - N ( 3 B ) 9 5 . 3 ( 3 )
N ( l B ) - C o ( 1 ) - N ( 3 B ) 1 7 7 . 0 ( 3 )
N ( 1 ) - C o ( l ) - N ( 3 B ) 9 1 . 2 ( 3 )
N ( l A ) - C o ( 1 ) - N ( 3 A ) 1 7 7 . 0 ( 3 )
N ( l B ) - C o ( l ) - N ( 3 A ) 9 1 . 2 ( 3 )
N ( 1 ) - C o ( 1 ) - N ( 3 A ) 9 5 . 3 ( 3 )
N ( 3 B ) - C o ( 1 ) - N ( 3 A ) 8 6 . 9 ( 3 )
N ( 1 A ) - C o ( 1 ) - N ( 3 ) 9 1 . 2 ( 3 )
N ( l B ) - C o ( 1 ) - N ( 3 ) 9 5 . 3 ( 3 )
N ( l ) - C o ( 1 ) - N ( 3 ) 1 7 7 . 0 ( 3 )
N ( 3 B ) - C o ( 1 ) - N ( 3 ) 8 6 . 9 ( 3 )
N ( 3 A ) - C o ( 1 ) - N ( 3 ) 8 6 . 9 ( 3 )
N ( 2 ) - B ( 1 ) - N ( 2 A ) 1 0 8 . 3 ( 1 )
N ( 2 ) - B ( 1 ) — N ( 2 B ) 1 0 8 . 3 ( 1 )
N ( 2 A ) - B ( l ) - N ( 2 B ) 1 0 8 . 3 ( 1 )

2 0 0



T a b l e 4 . 1 2 . B o n d l e n g t h s [ A ] a n d a n g l e s [ d e g ] f o r

t r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 , ( 2 1 )

 

N i ( 1 ) - N ( 1 )
N i ( 1 ) - N ( 2 )
N ( 1 ) - C ( l )
N ( 2 ) - C ( 3 )
N ( 3 ) - C ( 4 )
C ( 1 ) - C ( 2 )
N i ( l ) - N ( 3 )

N ( 2 ) - N i ( l ) - N ( 1 )
N ( 3 ) - N i ( l ) - N ( 1 )
N ( 3 ) - N i ( 1 ) - N ( 2 )
C ( l ) - N ( l ) - N i ( 1 )
C ( 3 ) - N ( 2 ) - N i ( 1 )
C ( 4 ) - N ( 3 ) - N i ( 1 )
N ( l ) - C ( 1 ) - C ( 2 )

2 0 1

2 . 1 3 4 ( 2 )
2 . 1 2 1 ( 2 )
1 . 1 4 1 ( 4 )
1 . 4 9 5 ( 4 )
1 . 4 9 1 ( 4 )
1 . 4 6 0 ( 4 )
2 . 1 0 9 ( 2 )

9 1 . 0 5 ( 9 )
8 9 6 0 ( 9 )
9 7 . 1 2 ( 9 )
1 7 3 . 4 ( 2 )
1 0 7 . 8 8 ( 1 7 )
1 0 7 . 6 5 ( 1 7 )
1 7 9 . 7 ( 4 )



T a b l e 1 3 . B o n d l e n g t h s [ A ] { C r C 1 2 ( C H 3 C N ) ( T p ) } 2 A g P F 6 o 2 C H 3 C N , ( 2 2 )

 

A g ( 1 ) - C l ( 1 )
A g ( l ) - C l ( 2 )
A g ( l ) - C l ( 3 )
A g ( l ) - C l ( 4 )
C r ( 1 ) - N ( l )
C r ( l ) - N ( 3 )
C r ( 1 ) — N ( 5 )
C r ( 1 ) - N ( 1 4 )
C r ( 1 ) - C l ( 1 )
C r ( 1 ) - C l ( 2 )
C r ( 2 ) - N ( 7 )
C r ( 2 ) - N ( 9 )
C r ( 2 ) - N ( l l )
C r ( 2 ) - N ( 1 3 )
C r ( 2 ) - C l ( 3 )
C r ( 2 ) — C l ( 4 )
B ( l ) - N ( 2 )
B ( l ) - N ( 4 )
B ( 1 ) - N ( 6 )
B ( 2 ) - N ( 8 )
B ( 2 ) - N ( 1 0 )
B ( 2 ) - N ( 1 2 )
N ( 1 3 ) - C ( 1 9 )
N ( l 4 ) - C ( 2 1 )

2 . 7 1 7 6 ( 1 8 )
2 . 5 8 1 4 ( 1 6 )
2 . 5 7 9 6 ( 1 6 )
2 . 7 1 7 1 ( 1 8 )
2 . 0 2 3 ( 4 )
2 . 0 5 6 ( 4 )
2 . 0 2 5 ( 4 )
2 . 0 5 5 ( 5 )
2 . 3 3 4 5 ( 1 6 )
2 . 3 4 8 2 ( 1 8 )
2 . 0 2 5 ( 4 )
2 . 0 2 5 ( 4 )
2 . 0 5 3 ( 4 )
2 . 0 6 3 ( 5 )
2 . 3 4 8 6 ( 1 8 )
2 . 3 3 6 7 ( 1 6 )
1 . 5 5 1 ( 7 )
1 . 5 4 9 ( 7 )
1 . 5 5 1 ( 7 )
1 . 5 4 9 ( 7 )
1 . 5 5 3 ( 7 )
1 . 5 5 7 ( 7 )
1 . 1 4 8 ( 7 )
1 . 1 4 7 ( 7 )

2 0 2



T a b l e 1 4 . B o n d a n g l e s [ d e g ] f o r { C r C l z ( C H 3 C N ) ( T p ) } 2 A g P F 6 0 2 C H 3 C N , ( 2 2 )

 

C l ( 2 ) — A g ( 1 ) - C l ( 4 )

C l ( 2 ) - A g ( 1 ) - C l ( 1 )
C l ( 3 ) - A g ( 1 ) - C l ( 1 )
C l ( 3 ) - A g ( l ) - C l ( 2 )
C l ( 3 ) - A g ( 1 ) - C l ( 4 )

C l ( 4 ) - A g ( l ) - C l ( l )

N ( 1 ) - C r ( l ) - N ( 3 )

N ( l ) - C r ( 1 ) - N ( l 4 )
N ( l ) - C r ( 1 ) - C l ( 1 )
N ( l ) - C r ( 1 ) - C l ( 2 )

N ( 3 ) - C r ( 1 ) - N ( l 4 )
N ( 3 ) - C r ( 1 ) - C l ( 1 )
N ( 3 ) - C r ( 1 ) - C l ( 2 )

N ( 5 ) - C r ( l ) - N ( 1 )

N ( 5 ) - C r ( l ) - N ( 3 )

N ( 5 ) - C r ( l ) — N ( 1 4 )

N ( 5 ) - C r ( l ) - C l ( 1 )

N ( 5 ) - C r ( 1 ) - C l ( 2 )
N ( 1 4 ) - C r ( 1 ) - C l ( l )
N ( l 4 ) - C r ( 1 ) - C l ( 2 )
C l ( l ) - C r ( 1 ) - C l ( 2 )

C r ( 1 ) - C l ( l ) - A g ( 1 )
C r ( 1 ) - C l ( 2 ) — A g ( l )
C r ( 2 ) - C l ( 3 ) — A g ( l )

C r ( 2 ) - C l ( 4 ) - A g ( 1 )

N ( 4 ) - B ( 1 ) - N ( 2 )

N ( 4 ) - B ( 1 ) - N ( 6 )

N ( 6 ) - B ( 1 ) - N ( 2 )
C ( 1 9 ) - N ( l 3 ) — C r ( 2 )
C ( 2 1 ) - N ( 1 4 ) - C r ( l )

2 0 3

1 0 4 . 8 5 ( 5 )
7 9 3 1 ( 5 )
1 0 4 . 9 7 ( 5 )
1 7 2 . 8 6 ( 5 )
7 9 4 1 ( 5 )
1 0 8 . 5 7 ( 6 )
8 6 . 2 9 ( 1 7 )
9 0 . 3 2 ( 1 8 )
8 9 . 8 1 ( l 3 )
l 7 7 . 2 3 ( 1 2 )
8 8 . 1 1 ( 1 8 )
l 7 6 . 0 7 ( l 3 )
9 1 . 3 9 ( 1 3 )
8 7 . 5 5 ( 1 7 )
8 6 . 7 1 ( 1 7 )
l 7 4 . 5 2 ( 1 8 )
9 2 . 6 4 ( 1 2 )
9 3 8 2 ( 1 3 )
9 2 . 4 0 ( 1 4 )
8 8 . 1 0 ( 1 4 )
9 2 5 2 ( 6 )
9 0 3 3 ( 6 )
9 3 4 5 ( 6 )
9 3 4 4 ( 6 )
9 0 2 4 ( 6 )
1 0 6 . 2 ( 4 )
1 0 6 . 6 ( 4 )
1 0 7 . 5 ( 4 )
1 7 3 . 8 ( 5 )
1 7 3 . 9 ( 4 )



T a b l e 4 . 1 5 . B o n d l e n g t h s [ A ] f o r { ( T p ) C r C 1 2 ( C H 3 C N ) } 2 T 1 P F 6 0 2 C H 3 C N , ( 2 3 )

 

T I ( 1 ) - C l ( 1 ) 3 . 0 8 1 ( 2 )
T l ( l ) — C l ( 4 ) 3 . 0 8 8 ( 2 )
C r ( l ) - N ( l ) 2 . 0 5 5 ( 8 )
C r ( l ) - N ( 1 0 ) 2 . 0 5 6 ( 7 )
C r ( 1 ) - N ( 2 0 ) 2 . 0 1 7 ( 7 )
C r ( 1 ) - N ( 3 0 ) 2 . 0 6 7 ( 7 )
C r ( l ) - C l ( 1 ) 2 . 3 3 7 ( 3 )
C r ( 1 ) - C l ( 2 ) 2 . 3 2 1 ( 3 )
C r ( 2 ) - N ( 2 ) 2 . 0 6 7 ( 8 )
C r ( 2 ) - N ( 4 0 ) 2 . 0 3 3 ( 7 )
C r ( 2 ) - N ( 5 0 ) 2 . 0 4 4 ( 7 )
C r ( 2 ) - N ( 6 0 ) 2 . 0 4 5 ( 6 )
C r ( 2 ) - C l ( 3 ) 2 . 3 2 7 ( 3 )
C r ( 2 ) - C l ( 4 ) 2 . 3 3 2 ( 3 )

2 0 4



T a b l e 4 . 1 6 . A n g l e s [ d e g ] f o r { ( T p ) C r C l z ( C H 3 C N ) } 2 T 1 P F 6 - 2 C H 3 C N , ( 2 3 )
 

C l ( 1 ) - T l ( 1 ) - C l ( 4 )
N ( l ) - C r ( l ) — N ( 1 0 )
N ( l ) - C r ( 1 ) - N ( 3 0 )
N ( 1 ) — C r ( 1 ) - C l ( 1 )
N ( l ) - C r ( 1 ) - C l ( 2 )
N ( l O ) - C r ( 1 ) - N ( 3 0 )
N ( 1 0 ) - C r ( l ) - C l ( l )
N ( 1 0 ) - C r ( l ) - c 1 ( 2 )
N ( 2 0 ) - C r ( 1 ) - N ( l )
N ( 2 0 ) - C r ( l ) - N ( 1 0 )
N ( 2 0 ) - C r ( l ) - N ( 3 0 )
N ( 2 0 ) - C r ( l ) - C l ( l )
N ( 2 0 ) - C r ( l ) - C l ( 2 )
N ( 3 0 ) - C r ( l ) - C l ( l )
N ( 3 0 ) - C r ( l ) - C l ( 2 )
C l ( 2 ) - C r ( l ) - C l ( l )
N ( 2 ) - C r ( 2 ) - C l ( 3 )
N ( 2 ) - C r ( 2 ) - C l ( 4 )
N ( 4 0 ) - C r ( 2 ) - N ( 2 )
N ( 4 0 ) - C r ( 2 ) - N ( 5 0 )
N ( 4 0 ) - C r ( 2 ) - N ( 6 0 )
N ( 4 0 ) - C r ( 2 ) - C l ( 3 )
N ( 4 0 ) - C r ( 2 ) - C l ( 4 )
N ( 5 0 ) - C r ( 2 ) - N ( 2 )
N ( 5 0 ) - C r ( 2 ) - N ( 6 0 )
N ( 5 0 ) - C r ( 2 ) - C l ( 3 )
N ( 5 0 ) — C r ( 2 ) - C l ( 4 )
N ( 6 0 ) - C r ( 2 ) - N ( 2 )
N ( 6 0 ) - C r ( 2 ) - C l ( 3 )
N ( 6 0 ) - C r ( 2 ) - C l ( 4 )
C l ( 3 ) - C r ( 2 ) - C l ( 4 )

2 0 5

l 4 7 . 9 6 ( 2 )
1 7 2 . 5 ( 3 )
8 8 . 2 ( 3 )
8 9 . 5 ( 2 )
9 2 . 3 ( 3 )
8 5 . 9 ( 3 )
9 5 . 1 ( 2 )
9 3 . 4 ( 2 )
8 8 . 9 ( 3 )
8 6 . 0 ( 3 )
8 5 . 5 ( 3 )
1 7 4 . 7 ( 2 )
9 1 . 8 ( 2 )
8 9 . 3 ( 2 )
1 7 7 . 3 ( 2 )
9 3 . 3 2 ( 1 0 )
9 1 . 6 ( 2 )
8 9 . 8 ( 2 )
1 7 4 . 3 ( 3 )
8 8 . 3 ( 3 )
8 6 . 8 ( 3 )
9 1 . 9 ( 2 )
9 4 . 5 ( 2 )
8 8 . 0 ( 3 )
8 6 . 6 ( 3 )
1 7 7 . 8 ( 2 )
8 8 . 7 ( 2 )
8 8 . 7 ( 3 )
9 1 . 2 ( 2 )
1 7 5 . 1 ( 2 )
9 3 . 4 8 ( 1 0 )



T a b l e 4 . 1 7 . B o n d l e n g t h s [ A ] a n d a n g l e s [ d e g ] V ( T p ) 2 0 1 / 6 E t z O - 1 / 3 C H 3 C N ,

 

( 2 4

V ( 1 ) - N ( 1 3 ) 2 . 1 6 8 ( 2 )
V ( l ) - N ( 1 5 ) 2 . 1 7 0 8 ( 1 7 )
V ( l ) - N ( 1 7 ) 2 . 1 8 4 0 ( 1 9 )
V ( 2 ) - N ( 7 ) 2 . 1 6 5 6 ( 1 8 )
V ( 2 ) - N ( 9 ) 2 . 1 5 4 6 ( 1 9 )
V ( 2 ) - N ( 1 1 ) 2 . 1 7 8 ( 2 )
V ( 3 ) - N ( 1 ) 2 . 1 7 7 ( 2 )
V ( 3 ) - N ( 3 ) 2 . 1 6 5 ( 2 )
V ( 3 ) - N ( 5 ) 2 . 1 8 6 1 ( 1 8 )
B ( 1 ) - N ( l 4 ) 1 . 5 6 3 ( 3 )
B ( 2 ) - N ( 1 0 ) 1 . 5 6 2 ( 3 )
B ( 2 ) - N ( 1 2 ) 1 . 5 5 8 ( 3 )
B ( 3 ) - N ( 2 ) 1 . 5 6 1 ( 3 )
B ( 3 ) - N ( 6 ) 1 . 5 5 8 ( 3 )

N ( l 3 ) - V ( l ) - N ( 1 5 ) 9 4 . 7 9 ( 7 )
N ( 1 3 ) - V ( 1 ) - N ( 1 7 ) 9 3 . 8 1 ( 7 )
N ( 1 5 ) - V ( 1 ) - N ( 1 7 ) 8 4 5 6 ( 7 )
N ( 7 ) - V ( 2 ) - N ( 1 1 ) 9 5 0 4 ( 8 )
N ( 9 ) - V ( 2 ) - N ( 7 ) 9 4 2 9 ( 7 )
N ( 9 ) - V ( 2 ) - N ( l l ) 8 6 3 7 ( 7 )
N ( l ) - V ( 3 ) - N ( 5 ) 8 5 3 2 ( 7 )
N ( 3 ) - V ( 3 ) - N ( l ) 9 4 3 6 ( 7 )
N ( 3 ) - V ( 3 ) - N ( 5 ) 9 5 . 0 4 ( 7 )
N ( 1 2 ) - B ( 2 ) - N ( 1 0 ) 1 0 9 . 7 2 ( 1 8 )
N ( 6 ) - B ( 3 ) — N ( 2 ) 1 0 8 . 4 1 ( 1 8 )
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5 . C o n c l u s i o n s :

R e a c t i o n s o f N a [ T p ] w i t h t h e h o m o l e p t i c a c e t o n i t r i l e s o l v a t e d t r a n s i t i o n

m e t a l i o n s , [ M n ( C H 3 C N ) 4 ] [ P F 6 ] 2 a n d [ C o ( C H 3 C N ) 6 ] [ P F 6 ] 2 p r o v e d t o b e

e f f e c t i v e i n p r e p a r i n g t h e d i v a l e n t , s o l v a t e d c o r n e r b u i l d i n g b l o c k

c o m p o u n d s [ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 6 ) a n d [ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 7 ) .

T h e t r i v a l e n t p r e c u r s o r s ( T p ) M o B r 2 ( T H F ) a n d ( T p ) V C 1 2 ( T H F ) w e r e u s e f u l

a s p r e c u r s o r s t o t h e h i g h e r o x i d a t i o n s t a t e b u i l d i n g b l o c k s c o m p o u n d s

[ ( T p ) M 0 ( C H 3 C N ) 3 ] [ P F 6 l 2 ( 1 8 ) a n d [ ( T P ) V ( C H 3 C N ) 3 1 1 P F 6 1 2 ( 1 9 ) . T h e

c y a n i d e c o r n e r b u i l d i n g b l o c k c o m p o u n d K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) w a s p r e p a r e d

f r o m K [ ( T p ) C r C l 3 ] ( 1 4 ) . A l l e f f o r t s t o p r e p a r e t h e c a t i o n

[ ( T p ) C r ( C H 3 C N ) 3 ] + b y c h l o r i d e a b s t r a c t i o n f r o m [ ( T p ) C r C l 3 ] ' p r o d u c e d o n l y

t h e m o n o c h l o r i d e a b s t r a c t i o n p r o d u c t ( T p ) C r C 1 2 ( T H F ) .

T h e s o l v a t e d e d g e b u i l d i n g b l o c k , t r a n s - [ N i ( C H 3 C N ] 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 )

w a s p r e p a r e d b y c h l o r i d e a b s t r a c t i o n f r o m t r a n s - N i C 1 2 ( e n ) 2 . A s u i t a b l e

t r a n s - c y a n i d e e d g e p r e c u r s o r , t r a n s - V ( C N ) 2 ( d m p e ) 2 , w a s i d e n t i fi e d f r o m t h e

l i t e r a t u r e a n d p r e p a r e d a c c o r d i n g t o t h e p u b l i s h e d m e t h o d . 1 4

T h e s u c c e s s f u l s y n t h e s i s o f s e v e r a l d i v a l e n t a n d t r i v a l e n t c o m e r a n d e d g e

b u i l d i n g b l o c k c o m p o u n d s p r o v i d e s a n o p p o r t u n i t y t o e x p l o r e d i f f e r e n t

c h a r g e s f o r t h e r e s u l t i n g m o l e c u l a r c u b e s . T h e m a i n p o i n t i s t h a t d e p e n d e n t

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

w h e t h e r s t e r i c i n t e r a c t i o n s w o u l d p r e v e n t c u b e a s s e m b l y w i t h t h e

c o m p o u n d s u n d e r i n v e s t i g a t i o n . A m o l e c u l a r m o d e l w a s c o n s t r u c t e d f o r

b o t h t h e e i g h t a n d t w e n t y m e t a l a t o m c u b e s . T h e r e s u l t s o f t h e s e e f f o r t s

r e v e a l e d t h a t s u f fi c i e n t v o i d s p a c e e x i s t s i n s i d e t h e c u b e s s u c h t h a t s t e r i c

f a c t o r s w i l l n o t p l a y a p r o h i b i t i v e r o l e i n t h e a s s e m b l y p r o c e s s .

F i n a l l y , s e l f - a s s e m b l y r e a c t i o n s o f t w o t y p e s o f b u i l d i n g b l o c k

c o m p o u n d s w e r e i n v e s t i g a t e d . T h e m o s t p r o m i s i n g o f t h e s e r e a c t i o n s b a s e d

o n i n f r a r e d s p e c t r o s c o p i c d a t a i s t h e r e a c t i o n o f f o u r e q u i v a l e n t s e a c h o f

K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) a n d [ N i ( C H 3 C N ) 3 ( T p ) ] [ B F 4 ] w h i c h i s l e a d i n g t o a

p r o d u c t t h a t h a s o n l y a s i n g l e c y a n i d e s t r e t c h .
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1 0 . S I - I E L T X L v e r s i o n 5 . 1 0 , R e f e r e n c e M a n u a l , B r u k e r I n d u s t r i a l

A u t o m a t i o n , A n a l y t i c a l I n s t r u m e n t , M a d i s o n , W I 5 3 7 1 9 ( 1 9 9 9 ) .

1 2 . ( a ) S e n , A . ; L a i , T . J . A m . C h e m . S o c . 1 9 8 1 , 1 0 3 , 4 6 2 7 . ( b ) R e n z i , A . ;

P a n u n z i , A . ; V i t a g l i a n o , A . J . ; J . C h e m . S o c . C h e m . C o m m u n . 1 9 7 6 ,

4 7 1 . ( c ) F i n n i s , G . M . ; C a n a d e l l , E . ; D u n b a r , K . R . A n g e w . C h e m .

1 9 9 6 , 1 1 8 , 2 7 7 2 . ( d ) Z h a o , H . ; H e i n t z , R . H . ; R o g e r s , R . D . ; D u n b a r ,

K . R . J . A m . C h e m . S o c . 1 9 9 6 , 1 1 8 , 1 2 8 4 4 . ( e ) B u s c h m a r l , W . E . ;

M i l l e r , J . S . I n o r g . C h e m . C o m m u n . 1 9 9 8 , I , 1 7 4 .
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1 3 . ( a ) A n d e r s o n , P . A . ; A s t l e y , T . ; H i t c h m a n , M . A . ; K e e n e , F . R . ;

1 4 .

1 5 .

M o u b a r a k i , B . ; M u r r a y , K . S . ; S k e l t o n , B . W . ; T i e k i n k , E . R . T . ;

T o f t l u n d , H . ; W h i t e , A . H . J . C h e m . S o c . D a l t o n T r a n s . 2 0 0 0 , 3 5 0 5 . ( b )

N i c a s i o , M . C . ; P a n e q u e , M . ; P e r e z , P . J . ; P i z z a n o , A . ; P o v e d a , M . L . ;

R e y , L . ; S i r o l , S . ; T a b o a d a , S . ; T r u j i l l o , M . ; M o n g e , A . ; R u i z , C . ;

C a r m o n a , E . I n o r g . C h e m . 2 0 0 0 , 3 9 , 1 8 0 . ( c ) P a u l o , A . ; D o m i n g o s , A . ;

S a n t o s , I . J . C h e m . S o c . D a l t o n T r a n s . 1 9 9 9 , 3 7 3 5 . ( d ) G h o s h , P . ;

R h e i n g h o l d , A . ; P a r k i n , G . I n o r g . C h e m . 1 9 9 9 , 3 8 , 5 4 6 4 . ( e ) T a n g , L -

R ; W a n g , Z - H . ; X u , Y - M . ; W a n g , J - T . T r a n s . M e t . C h e m . 1 9 9 9 , 2 4 ,

7 0 8 . ( f ) T r o fi m e n k o , S . C h e m . R e v . 1 9 9 3 , 9 3 ,

9 4 3 .

( a ) B o u m a , R . J . ; T e u b e n , J . H . ; H u f f m a n , J . C . ; C a u l t o n , K . G . I n o r g .

C h e m . 1 9 8 4 , 2 3 , 2 7 1 5 . ( b ) G i r o l a m i , G . S . ; W i l k i n s o n , G . J . C h e m . S o c .

D a l t o n T r a n s . 1 9 8 5 , 1 3 3 9 . ( c ) A n d e r s o n , S . J . ; W e l l s , F . J . ; W i l k i n s o n ,

G . P o l y h e d r o n , 1 9 8 8 , 2 4 , 2 6 1 5 .

( a ) N i s h i k i r i , S . ; R a t c l i f f e , C . I . ; R i p m e e s t e r , J . A . J . A m . C h e m . S o c .

1 9 9 2 , 1 1 4 , 8 5 9 0 . ( b ) K i m , J . ; W h a n g , D . ; L e e , J . 1 . ; K i m , K . J . C h e m .

S o c . C h e m . C o m m u n . 1 9 9 3 , 1 4 0 0 . ( c ) M i r o n o v , Y . V . ; V i r o v e t s , A . V . ;

A r t e m k i n a , S . B . ; F e d o r o v , V . E . ; A n g e w . C h e m . I n t . E d . E n g l . 1 9 9 8 ,

3 7 , 2 5 0 7 . ( d ) S i e b e l , B . ; F i s c h e r , R . D . ; K o p f , J . ; D a v i e s , N . A . ;
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1 6 .

1 7 .

1 8 .

1 9 .

2 0 .

2 1 .

2 2 .

A p p e r l e y , D . C . ; H a r r i s , R . K . I n o r g . C h e m . C o m m u n . 1 9 9 8 , 3 4 6 . ( e )

N a u m o v , N . G . ; V i r o v e t s , A . V . ; S o k o l o v , M . N . ; A r t e m k i n a , S . B . ;

F e d o r o v , V . E . A n g e w . C h e m . I n t . E d . E n g l . 1 9 9 8 , 3 7 , 1 9 4 3 . F a l v e l l o ,

L . R . ; T o m a s , M . C h e m . C o m m u n . 1 9 9 9 , 2 7 3 . C h e s n u t , D . J . ;

K u s n e t z o w , A . ; B i r g e , R . ; Z u b i e t a , J . I n o r g . C h e m . 1 9 9 9 , 3 8 , 5 4 8 4 .

S p a r t a n , W a v e f u n c t i o n I n c . 1 8 4 0 1 V o n K a r m a n A v e . S u i t e 3 7 0

I r v i n e , C A 9 2 7 1 5 U S A

S h a r p e , A . G . T h e C h e m i s t r y o f C y a n o C o m p l e x e s o f t h e T r a n s i t i o n

M e t a l s , A c a d e m i c P r e s s I n c . N e w Y o r k 1 9 7 6 .

N a k a m o t o , K . I n f r a r e d a n d R a m a n S p e c t r o s c o p y o f I n o r g a n i c a n d

C o o r d i n a t i o n C o m p o u n d s , J o h n W i l e y & S o n s I n c . 1 9 8 6 .

U z e l r n e i e r , C . E . ; D u n b a r , K . R . ; A l l i s o n , J . I n o r g . C h e m . 1 9 9 8 , 3 7 ,

1 8 3 3 .

C a r l i n , R . L . M a g n e t o c h e m i s t r y , S p r i n g e r - V e r l a g B e r l i n H e i d e l b e r g

1 9 8 6 .

M a b b s , F . B . ; M a c h i n , D . J . M a g n e t i s m a n d T r a n s i t i o n M e t a l

C o m p l e x e s , L o n d o n C h a p m a n a n d H a l l 1 9 7 3 .

F o r d e t a i l s r e g a r d i n g [ N i ( C H 3 C N ) 3 ( T p ) ] [ B F 4 ] p l e a s e r e f e r t o t h e

D i s s e r t a t i o n o f J . A . S m i t h , M i c h i g a n S t a t e U n i v e r s i t y M a y , 2 0 0 1 .
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C h a p t e r V

I n v e s t i g a t i o n s o f t h e r e d u c t i o n c h e m i s t r y o f H A T - ( C N ) 6 a n d

r e a c t i v i t y o f t h e r e d u c e d s p e c i e s w i t h t r a n s i t i o n m e t a l s
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1 . I n t r o d u c t i o n

A c o m m o n f e a t u r e o f m o l e c u l e - b a s e d m a g n e t s i s t h e p r e s e n c e o f

p o l y m e r i c n e t w o r k s o f p a r a m a g n e t i c m e t a l s b r i d g e d b y l i g a n d s c a p a b l e o f

p r o m o t i n g m a g n e t i c i n t e r a c t i o n s b e t w e e n t h e l o c a l i z e d d - e l e c t r o n s . I n

a d d i t i o n t o t h e d i f f e r e n t p a t h w a y s f o r m a g n e t i c e x c h a n g e t h r o u g h t h e l i g a n d

( 0 v e r s u s 7 1 : ) , i t i s i m p o r t a n t t o c o n s i d e r t h e s i z e o f t h e l i n k e r w h i c h i s

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

m o s t e x a m p l e s o f m o l e c u l a r - b a s e d m a g n e t s a r e b a s e d o n l i g a n d s c o n s i s t i n g

o f o n l y a f e w a t o m s s u c h a s C N ' 1 , N ( C N ) 2 ’ 2 , a n d C 2 0 4 2 - 3 . O n e s t r a t e g y f o r

i n d u c i n g s t r o n g e r m a g n e t i c i n t e r a c t i o n s w i t h l o n g e r l i n k e r s i s t o u s e o r g a n i c

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

i n t e r a c t w i t h t h o s e o f t h e m e t a l s . N o v e l m a g n e t s h a v e b e e n “ o b t a i n e d i n t h i s

m a n n e r w i t h o r g a n i c a c c e p t o r s s u c h a s T C N E 4 a n d T C N Q 5 .

I n t h e v e i n o f o u r u s e o f o r g a n o r a d i c a l l i n k e r s s u c h a s T C N Q , t h e

h e x a n i t r i l e d e r i v a t i v e o f 1 , 4 , 5 , 8 , 9 , 1 l - h e x a z a t r i p h e n y l e n e , n a m e l y

h e x a a z a t r i p h e n y l e n e - h e x a c a r b o n i t r i l e ( H A T - ( C N ) 6 ) ( F i g u r e 5 . 1 ) , o f f e r s

i n t e r e s t i n g p o s s i b i l i t i e s f o r p r e p a r i n g n e w m a g n e t i c m a t e r i a l s w i t h fi r s t r o w

t r a n s i t i o n m e t a l s . T h e c y c l i c v o l t a r n m o g r a m o f H A T - ( C N ) 6 i n a c e t o n i t r i l e ,
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F i g u r e 5 . 1 . A r e p r e s e n t a t i o n o f t h e s t r u c t u r e o f H A T - ( C N ) 6 ( 2 5 )
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P o t e n t i a l / V

F i g u r e 5 . 2 . C y c l i c V o l t a m m o g r a m o f H A T - ( C N ) 6 ( 2 5 ) p e r f o r m e d i n
a c e t o n i t r i l e v s A g / A g C l .
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v e r s u s A g / A g C l , r e v e a l s t w o r e v e r s i b l e o n e - e l e c t r o n r e d u c t i o n s l o c a t e d a t

E m = — 0 . 0 6 4 V a n d — 0 . 4 5 0 V . R e d u c t i o n b y a t h i r d e l e c t r o n l e a d s t o

d e c o m p o s i t i o n a s e v i d e n c e d b y a n i r r e v e r s i b l e c a t h o d i c f e a t u r e a t — 1 . 1 6 V

( F i g u r e 5 . 2 ) . 1 2 T h e a c c e s s i b i l i t y o f t h e fi r s t t w o r e d o x p r o c e s s e s r e n d e r s

[ H A T - ( C N ) 6 ] ' a n d [ H A T - ( C N ) 6 ] 2 ' v i a b l e c a n d i d a t e s f o r i s o l a t i o n a s

p a r a m a g n e t i c l i g a n d s . I n c o n s i d e r i n g t h e t w o p o s s i b l e c o o r d i n a t i o n m o d e s

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

e x p e c t e d t o b e f a v o r e d o v e r m o n o d e n t a t e c o o r d i n a t i o n a t t h e t e m l i n a l n i t r i l e

f u n c t i o n a l i t i e s . W i t h t h i s s i t u a t i o n , t h e c o o r d i n a t i o n o f u p t o t h r e e m e t a l s i s

p o s s i b l e , w h i c h w o u l d r e s u l t i n a t r i a n g u l a r a r r a n g e m e n t . D e p e n d i n g u p o n

t h e m e t a l / l i g a n d r a t i o , o n e m a y a n t i c i p a t e d i f f e r e n t s o l i d s t a t e a r c h i t e c t u r e s

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

n o t e d t h e r e p o r t o f t h e c o m p o u n d { [ C u ( d p p e ) ] 3 [ H A T - ( C N ) 6 ] } i n w h i c h t h e

[ H A T - ( C N ) 6 ] ' l i g a n d i s c h e l a t e d t o t h r e e m e t a l i o n s . 1 3 T h i s i s t h e o n l y

c o m p o u n d o f t h e [ H A T - ( C N ) 6 ] ' r a d i c a l t h a t h a s b e e n r e p o r t e d t o d a t e . I n t h i s

c a s e , h o w e v e r , t h e m a g n e t i c i n t e r a c t i o n o f m e t a l s p i n s t h r o u g h t h e [ H A T -

( C N ) 6 ] " c o r e c o u l d n o t b e p r o b e d , s i n c e t h e C u ( I ) c e n t e r s a r e d i a m a g n e t i c .

T h i s c h a p t e r i s a r e p o r t o u r s t u d i e s o n t h e d e l i b e r a t e r e d u c t i o n o f H A T -

( C N ) 6 t o [ H A T - ( C N ) 6 ] ' a n d [ H A T - ( C N ) 6 ] 2 ' a n d t h e r e a c t i v i t y o f t h e s e

r e d u c e d s p e c i e s w i t h t r a n s i t i o n m e t a l s . A c o m p u t a t i o n a l s t u d y i n v e s t i g a t i n g
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t h e o n e a n d t w o e l e c t r o n r e d u c t i o n p r o d u c t s o f H A T - ( C N ) 6 w a s c o n d u c t e d

i n c o l l a b o r a t i o n w i t h P r o f e s s o r J . E . J a c k s o n o f M i c h i g a n S t a t e U n i v e r s i t y .

I n a d d i t i o n , E P R s t u d i e s w e r e c o n d u c t e d i n c o l l a b o r a t i o n w i t h D r . A n d r e w

I c h i m u r a a t M i c h i g a n S t a t e U n i v e r s i t y . T h e r e s u l t s o f t h e s e e f f o r t s w i t h

H A T - ( C N ) 6 , [ H A T - ( C N ) 6 ] ' , a n d b o t h t h e s i n g l e t a n d t r i p l e t e l e c t r o n i c

c o n fi g u r a t i o n s o f [ H A T - ( C N ) 6 ] 2 ' w i l l b e d i s c u s s e d .

2 . E x p e r i m e n t a l

A . M a t e r i a l s

A l l s o l v e n t s w e r e o f r e a g e n t g r a d e q u a l i t y a n d w e r e d r i e d b y

c o n v e n t i o n a l m e t h o d s . A l l m a n i p u l a t i o n s w e r e c a r r i e d o u t u n d e r a n i n e r t

a t m o s p h e r e u s i n g s t a n d a r d S c h l e n k - l i n e a n d d r y b o x t e c h n i q u e s . T h e

m o l e c u l e H A T - ( C N ) 6 ( 2 5 ) w a s p r e p a r e d a c c o r d i n g t o t h e l i t e r a t u r e m e t h o d

a n d r e c r y s t a l l i z e d f r o m a m e t h a n o l / a c e t o n i t r i l e s o l u t i o n . 6 T h e c o m p o u n d s

C p * 2 F e , s z C o , a n d [ C p 2 C 0 ] [ P F ( , ] w e r e p u r c h a s e d f r o m S t r e m a n d u s e d a s

r e c e i v e d . T h e s a l t s M ( C l O 4 ) 2 - 6 ( H Z O ) ( M = M n , C o , a n d N i ) w e r e p u r c h a s e d

f r o m A l d r i c h a n d u s e d w i t h o u t f u r t h e r p u r i fi c a t i o n .

B . P h y s i c a l M e a s u r e m e n t s

C y c l i c V o l t a m m e t r i c ( C V ) e x p e r i m e n t s w e r e c a r r i e d o u t o n a C H

I n s t r u m e n t s E l e c t r o c h e m i c a l W o r k S t a t i o n w i t h a A g / A g C l r e f e r e n c e

e l e c t r o d e , a P t d i s k w o r k i n g e l e c t r o d e , a n d a P t w i r e a u x i l l a r y e l e c t r o d e i n
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0 . 1 M [ n - B u 4 N ] [ P F 6 ] a c e t o n i t r i l e s o l u t i o n s . I n f r a r e d s p e c t r a w e r e r e c o r d e d

o n s o l i d s s u s p e n d e d i n N u j o l o n C s I p l a t e s u s i n g a N i c o l e t I R / 4 2 F T - I R

s p e c t r o m e t e r . E l e c t r o n P a r a m a g n e t i c R e s o n a n c e ( E P R ) s p e c t r a w e r e

r e c o r d e d o n a B r u k e r E l e c t r o n S p i n R e s o n a n c e E S P 3 0 0 E i n s t r u m e n t

e q u i p p e d w i t h a n O x f o r d i n s t r u m e n t C r y o s t a t E S R 9 0 0 i n t h e r a n g e 4 . 2 - 3 0 0

K . V a r i a b l e t e m p e r a t u r e m a g n e t i c s u s c e p t i b i l i t y d a t a w e r e o b t a i n e d i n t h e

r a n g e 2 - 3 0 0 K o n p o l y c r y s t a l l i n e s a m p l e s u s i n g a Q u a n t u m D e s i g n , M o d e l

M P M S - X L h o u s e d i n t h e D e p a r t m e n t o f P h y s i c s a t M i c h i g a n S t a t e

U n i v e r s i t y .

C . S y n t h e s e s

( 1 ) P r e p a r a t i o n o f H A T - ( C N ) 6 - C 7 H 3 - C H 3 C N , ( 2 6 )

A s a m p l e o f H A T - ( C N ) 6 ( 0 . 0 2 0 g , 0 . 0 5 2 m m o l ) w a s d i s s o l v e d i n 5 m L

o f a c e t o n i t r i l e a n d t r e a t e d w i t h t o l u e n e ( 5 m L ) . T h e r e s u l t i n g o r a n g e

s o l u t i o n w a s fi l t e r e d a n d c o n c e n t r a t e d b y s l o w e v a p o r a t i o n u n d e r n i t r o g e n

t o y i e l d g r e e n c r y s t a l s o f H A T - ( C N ) 6 - C 7 H 8 - C H 3 C N ( 2 6 ) . v C N = 2 2 4 3 c m " .

( 2 ) P r e p a r a t i o n o f C o ( H A T ( C N ) 4 0 2 ) ( H 2 0 ) 4 . 4 H 2 0 , ( 2 7 )

O r a n g e c r y s t a l s o f C o ( H A T ( C N ) 4 O Z ) ( H z O ) 4 . 4 H z O ( 2 7 ) , w e r e o b t a i n e d b y

s l o w e v a p o r a t i o n i n a i r o f a s o l u t i o n c o n t a i n i n g C o ( C I O 4 ) 2 - 6 ( H Z O ) ( 0 . 0 1 3 g ,

0 . 0 3 4 m m o l ) d i s s o l v e d i n 2 m L o f d e i o n i z e d w a t e r a n d H A T - ( C N ) ( , ( 0 . 0 0 8
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g , 0 . 0 2 1 m m o l ) d i s s o l v e d i n 2 m L o f a c e t o n i t r i l e . Y i e l d 0 . 0 0 6 g ( 6 0 % ) v C N

= 2 2 2 9 c m " .

( 3 ) P r e p a r a t i o n o f N i [ H A T ( C N ) 4 0 2 ] ( H 2 0 ) 4 - 4 H Z O , ( 2 8 ) a n d

M n [ H A T ( C N ) 4 0 2 ] ( H z O ) 4 o 4 H Z O , ( 2 9 )

T h e c o m p o u n d s N i [ H A T ( C N ) 4 O z ] ( H z O ) 4 . 4 H z O ( 2 8 ) a n d

M n [ H A T ( C N ) 4 O Z ] ( H Z O ) 4 . 4 H z O , ( 2 9 ) w e r e p r e p a r e d a s c r y s t a l l i n e p r o d u c t s

u n d e r t h e s a m e c o n d i t i o n s a s C o ( H A T ( C N ) 4 O z ) ( H 2 0 ) 4 . 4 H g O , ( 2 7 ) f r o m t h e

r e a c t i o n o f N i ( C l O 4 ) 2 . 6 ( H z O ) ( 0 . 0 1 3 g , 0 . 0 3 4 m m o l ) o r M n ( C l O 4 ) 2 . 6 ( H z O )

( 0 . 0 1 3 g , 0 . 0 3 3 m m o l ) w i t h H A T - ( C N ) 6 ( 0 . 0 0 8 g , 0 . 0 2 1 m m o l ) . ( 2 8 ) Y i e l d

0 . 0 0 5 g ( 5 0 % ) v C N = 2 2 2 9 c m " . ( 2 9 ) Y i e l d 0 . 0 0 5 g ( 5 0 % ) u m = 2 2 2 9 c m "

1 .

( 4 ) P r e p a r a t i o n o f { ( s z F e ) 3 [ H A T - ( C N ) 6 ] } - C H 3 C N , ( 3 0 )

C r y s t a l s o f { ( s z F e ) 3 [ H A T — ( C N ) 6 ] } . C H 3 C N ( 3 0 ) , w e r e p r e p a r e d b y

m i x i n g a c e t o n i t r i l e s o l u t i o n s o f f e r r o c e n e ( 0 . 1 0 0 g , 0 . 5 2 8 m m o l ) a n d H A T -

( C N ) 6 ( 0 . 0 6 8 g , 0 . 1 7 6 m m o l ) . C o n c e n t r a t i o n o f t h i s s o l u t i o n e i t h e r i n v a c u o

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

= 2 2 4 3 c m " .

( 5 ) P r e p a r a t i o n o f { [ ( C p ) 2 C o ] [ P F 6 ] } 3 H A T - ( C N ) 6 ( 3 1 )
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T h e c o m p o u n d { [ ( C p ) 2 C o ] [ P F 6 ] } 3 H A T - ( C N ) 6 ( 3 1 ) w a s p r e p a r e d b y

m i x i n g a c e t o n i t r i l e s o l u t i o n s o f [ s z C o ] [ P F 6 ] ( 0 . 1 0 0 g , 0 . 5 2 8 m m o l ) a n d

H A T - ( C N ) 6 ( 0 . 0 6 8 g , 0 . 1 7 6 m m o l ) . C o n c e n t r a t i o n o f t h i s s o l u t i o n b y s l o w

e v a p o r a t i o n u n d e r n i t r o g e n r e s u l t s i n t h e d e p o s t i o n o f d a r k g r e e n c r y s t a l s

( 3 1 ) . v C = N = 2 2 4 3 c m " .

( 6 ) P Y E P a r a t i o n 0 f { ( [ n - B m N ] [ I ] ) 3 [ I l [ H A T - ( C N ) 6 1 2 } . 3 C s H s , ( 3 2 )

A d d i t i o n o f a T H F s o l u t i o n ( 1 0 m L ) o f [ n - B u . . N ] [ I ] ( 0 . 4 3 2 g , 1 . 1 7

m m o l ) t o a T H F s o l u t i o n o f H A T - ( C N ) 6 ( 0 . 0 7 5 g , 0 . 1 9 5 m m o l ) p r o d u c e d a

g r e e n s o l u t i o n . H e a t i n g w a s r e q u i r e d f o r c o m p l e t e r e a g e n t d i s s o l u t i o n .

C o n c e n t r a t i o n o f t h e s o l u t i o n t o ~ 7 m L p r e c i p i t a t e d u n r e a c t e d [ n - B u 4 N ] [ I ]

a s a w h i t e c r y s t a l l i n e s o l i d . A f t e r r e m o v a l o f t h e [ n - B u 4 N ] [ I ] b y fi l t r a t i o n ,

b e n z e n e ( 1 5 m L ) w a s a d d e d . G r e e n n e e d l e - s h a p e d c r y s t a l s o f { ( [ n -

B u 4 N ] [ I ] ) 3 [ I ] [ H A T - ( C N ) 6 ] 2 } - 3 C 6 H 6 , ( 3 2 ) w e r e o b t a i n e d a f t e r t h e s o l u t i o n

h a d b e e n s t a n d i n g u n d i s t u r b e d f o r t w o d a y s . V c . N = 2 2 4 3 , 2 2 2 8 c m " 1

( 7 ) P r e p a r a t i o n o f [ C o n 2 ] [ H A T - ( C N ) 6 ] , ( 3 3 )

[ C o n 2 ] [ H A T - ( C N ) 6 ] ( 3 3 ) , w a s p r e p a r e d b y m i x i n g a c e t o n i t r i l e s o l u t i o n s

o f H A T - ( C N ) 6 ( 0 . 3 0 4 g , 0 . 7 9 3 m m o l ) a n d c o b a l t o c e n e ( 0 . 0 5 0 g , 0 . 2 6 4

m m o l ) . T h e s o l u t i o n w a s c o n c e n t r a t e d a n d t e t r a h y d r o f u r a n a d d e d t o

p r e c i p i t a t e t h e g r e e n p r o d u c t , w h i c h w a s c o l l e c t e d b y fi l t r a t i o n , w a s h e d w i t h
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t e t r a h y d r o f u r a n f o l l o w e d b y d i e t h y l e t h e r , a n d d r i e d i n v a c u o . Y i e l d 0 . 1 1 3 g

( 7 5 % ) . V C ‘ N = 2 2 1 4 c m ] . T h e E P R s p e c t r u m o f a s o l i d s a m p l e a t 4 K s h o w s

a n i s o t r o p i c s i g n a l a t g = 2 . 0 0 8 4 a n d a l i n e - w i d t h o f 7 G . A n a l . C a l c d f o r

n g l e H l o C o l : C , 5 8 . 6 5 ; H , 1 . 7 6 ; N , 2 9 . 3 1 . F o u n d : C , 5 8 . 7 8 ; H , 1 . 9 2 ; N ,

2 8 . 8 8 .

( 8 ) P r e p a r a t i o n o f [ C o n 2 ] 2 [ H A T - ( C N ) 6 ] ( 3 4 )

T h e c o m p o u n d [ C o n 2 ] 2 [ H A T - ( C N ) 6 ] ( 3 4 ) w a s p r e p a r e d b y c o m b i n i n g

a c e t o n i t r i l e s o l u t i o n s o f H A T - ( C N ) 6 ( 0 . 0 7 5 g , 0 . 1 9 5 m m o l ) a n d c o b a l t o c e n e

( 0 . 1 1 1 g , 0 . 5 8 5 m m o l ) . T h e b l u e - g r e e n p r o d u c t p r e c i p i t a t e d f r o m s o l u t i o n

w i t h c o n c e n t r a t i o n a n d w a s c o l l e c t e d b y fi l t r a t i o n , w a s h e d w i t h

t e t r a h y d r o f u r a n f o l l o w e d b y d i e t h y l e t h e r , a n d d r i e d i n v a c u o . Y i e l d 0 . 1 2 6

g ( 8 5 % ) . v . 3 , N = 2 1 9 5 c m " . A n a l . C a l c d f o r C 3 8 N 1 2 H 2 0 C 0 2 : C , 5 9 . 8 6 ; H , 2 . 6 4 ;

N , 2 2 . 0 4 . F o u n d : C , 5 8 . 9 5 ; H , 2 . 8 1 ; N , 2 2 . 4 9 .

( 9 ) P r e p a r a t i o n o f [ M ] [ H A T - ( C N ) 6 ] 2 ( M = C 0 ( 3 5 ) , Z n ( 3 6 ) )

[ M ] [ H A T - ( C N ) 6 ] 2 ( M = C 0 ( 3 5 ) o r Z n ( 3 6 ) ) c o m p l e x e s w e r e p r e p a r e d b y

t h e r e a c t i o n o f a n e x c e s s o f t h e m e t a l p o w d e r o r c h i p s w i t h a v i g o r o u s l y

s t i r r e d a c e t o n i t r i l e s o l u t i o n o f H A T - ( C N ) 6 ( 0 . 2 0 0 g , 0 . 5 2 0 m m o l ) . T h e

r e s u l t i n g d a r k b l u e - g r e e n s o l u t i o n s a r e fi l t e r e d t h r o u g h C e l i t e a n d r e d u c e d

t o d r y n e s s . T h e s o l i d w a s w a s h e d w i t h d i c h l o r o m e t h a n e f o l l o w e d b y d i e t h y l
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e t h e r a n d d r i e d i n v a c u o . C o [ H A T — ( C N ) 6 ] 2 ( 3 5 ) : Y i e l d 0 . 3 6 5 g ( 8 5 % ) . V C S N

= 2 2 1 0 c m ] ; T h e r e s u l t s o f E P R s t u d i e s a r e p r e s e n t e d i n t h e r e s u l t s a n d

d i s c u s s i o n s e c t i o n o f t h i s c h a p t e r . A n a l . C a l c d . f o r C 3 6 N 2 4 C o : C , 5 2 . 2 5 ; N ,

4 0 . 6 2 . F o u n d : C , 5 1 . 3 2 ; N , 3 9 . 9 5 . Z n [ H A T - ( C N ) 6 ] 2 ( 3 6 ) : Y i e l d 0 . 3 6 8 g

( 8 5 % ) v c i N = 2 2 1 2 c m “ ; A n a l . C a l c d . f o r C 3 6 N 2 4 Z n : C , 5 1 . 8 4 ; N , 4 0 . 3 1 .

F o u n d : C , 5 1 . 0 6 ; N , 3 9 . 7 3 .

D . X - r a y C r y s t a l l o g r a p h y

S i n g l e c r y s t a l X - r a y s t r u c t u r a l a n a l y s e s w e r e p e r f o r m e d o n a B r u k e r

S M A R T 1 K C C D p l a t f o r m d i f f r a c t o m e t e r w i t h g r a p h i t e m o n o c h r o m a t e d

M o K a r a d i a t i o n ( A u = 0 . 7 1 0 6 9 A ) . 1 3 T h e f r a m e s w e r e i n t e g r a t e d i n t h e

B r u k e r S A I N T s o f t w a r e p a c k a g e ” , a n d t h e d a t a w e r e c o r r e c t e d f o r

a b s o r p t i o n u s i n g t h e S A D A B S p r o g r a m . 1 3 T h e s t r u c t u r e s w e r e s o l v e d u s i n g

t h e S H E L X T L V . 5 . 1 0 p a c k a g e . l 3 P e r t i n e n t c r y s t a l l o g r a p h i c d a t a a n d

r e fi n e m e n t p a r a m e t e r s a r e p r o v i d e d i n T a b l e s 5 . 1 — 5 . 3 .

( l ) H A T - ( C N ) 6 - t o l u e n e o C H 3 C N , ( 2 6 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n

G r e e n X - r a y q u a l i t y s i n g l e c r y s t a l s w e r e o b t a i n e d b y s l o w e v a p o r a t i o n o f

a n a c e t o n i t r i e / t o l u e n e 5 0 / 5 0 s o l u t i o n o f H A T - ( C N ) 6 u n d e r n i t r o g e n . A

c r y s t a l o f d i m e n s i o n s 0 . 2 5 x 0 . 1 5 x 0 . 0 5 m m 3 w a s c o v e r e d i n P a r a t o n e o i l
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a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l

c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a

m o n o c l i n i c c e l l . A t o t a l o f 6 1 7 4 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K

u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 5 6 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

F r o m t h e s y s t e m a t i c a b s e n c e s , t h e s p a c e g r o u p w a s d e t e r m i n e d t o b e

P 2 1 / c . T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m a n d

r e fi n e d b y f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7

s t r u c t u r e r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h

a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s w e r e p l a c e d i n

c a l c u l a t e d p o s i t i o n s . T h e c r y s t a l d i f f r a c t e d p o o r l y w h i c h l e a d t o r e fi n e m e n t

l i m i t a t i o n s ( R ; m = 0 . 1 4 0 1 a n d R 0 = 0 . 1 3 8 1 ) . T h e fi n a l c y c l e o f f u l l m a t r i x

l e a s t - s q u a r e s r e fi n e m e n t w a s b a s e d o n 2 7 2 4 o b s e r v e d r e fl e c t i o n s w i t h F o >

4 s i g ( F o ) a n d 3 6 1 p a r a m e t e r s t o g i v e R 1 = 0 . 0 9 3 2 a n d w R 2 = 0 . 2 5 9 2 a n d a

g o o d n e s s - o f - fi t v a l u e o f 1 . 0 4 2 .

( 2 ) C o ( H A T ( C N ) 4 0 2 ) ( H 2 0 ) 4 . 4 H 2 0 , ( 2 7 ) , N i [ H A T ( C N ) 4 O z ] ( H 2 0 ) 4 o 4 H 2 0

( 2 8 ) , a n d M n [ H A T ( C N ) 4 0 2 ] ( H z O ) 4 - 4 H 2 0 ( 2 9 )

( i ) D a t a C o l l e c t i o n a n d R e d u c t i o n
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O r a n g e X - r a y q u a l i t y s i n g l e c r y s t a l s o f t h e i s o s t r u c t u r a l c o m p o u n d s ( 2 7 ) ,

( 2 8 ) , a n d ( 2 9 ) f o r m e d f r o m a e r i a l e v a p o r a t i o n o f s o l u t i o n s o f H A T - ( C N ) 6

d i s s o l v e d i n C H 3 C N a n d M ( C I O 4 ) 2 - 6 H Z O ( M = M n , C o , N i ) d i s s o l v e d i n

w a t e r . C r y s t a l s o f d i m e n s i o n s 0 . 7 5 x 0 . 2 2 x 0 . 1 3 m m 3 ( 2 7 ) , 0 . 4 0 x 0 . 0 9 x

0 . 0 9 m m 3 ( 2 8 ) , a n d 0 . 2 5 x 0 . 1 2 x 0 . 1 1 m m 3 ( 2 9 ) w e r e c o v e r e d i n P a r a t o n e

o i l a n d m o u n t e d o n t h e t i p s o f g l a s s fi b e r s w i t h s i l i c o n e g r e a s e . T h e c e l l

c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n o b t a i n e d f o r a l l t h r e e

c o m p o u n d s c o r r e s p o n d e d t o t r i c l i n i c c e l l s . T o t a l s o f 1 3 4 1 4 , 1 3 4 7 7 , a n d

1 3 5 0 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d f o r ( 2 7 ) , ( 2 8 ) , a n d ( 2 9 ) a t 1 7 3 K

u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 7 6 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p f o r a l l t h r e e s t r u c t u r e s w a s d e t e r m i n e d t o b e P - l . T h e

s t r u c t u r e s w e r e s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m a n d r e fi n e d b y

f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e

r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c

t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s w e r e l o c a t e d f r o m t h e d i f f e r e n c e

m a p . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t f o r ( 2 7 ) w a s

b a s e d o n 3 1 9 9 o b s e r v e d r e fl e c t i o n s w i t h F o > 4 s i g ( F o ) a n d 3 9 8 p a r a m e t e r s

t o g i v e R 1 = 0 . 0 5 4 1 a n d w R 2 = 0 . 1 2 5 2 a n d a g o o d n e s s - o f - fi t v a l u e o f 1 . 0 2 3 .

T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t s q u a r e s r e fi n e m e n t f o r ( 2 8 ) w a s b a s e d o n
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2 8 8 4 o b s e r v e d r e fl e c t i o n s w i t h F o > 4 s i g ( F o ) a n d 3 9 8 p a r a m e t e r s t o g i v e

R 1 = 0 . 0 5 5 6 a n d w R 2 = 0 . 1 1 2 6 a n d a g o o d n e s s - o f - fi t v a l u e o f 0 . 9 1 3 . T h e

fi n a l c y c l e o f f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t f o r ( 2 9 ) w a s b a s e d o n

3 5 4 6 o b s e r v e d r e fl e c t i o n s w i t h F o > 4 s i g ( F o ) a n d 3 8 5 p a r a m e t e r s t o g i v e

R 1 = 0 . 0 6 0 8 a n d w R 2 = 0 . 1 7 7 3 a n d a g o o d n e s s - o f - fi t v a l u e o f 1 . 2 1 1 .

( 3 ) { ( s z F e ) 3 l H A T - ( C N ) 6 1 } - C H 3 C N , ( 3 0 )

( i ) D a t a c o l l e c t i o n a n d r e d u c t i o n

G r e e n X — r a y q u a l i t y s i n g l e c r y s t a l s w e r e o b t a i n e d b y e v a p o r a t i o n i n

v a c u o o f a n a c e t o n i t r i l e s o l u t i o n o f H A T - ( C N ) 6 a n d s z F e . A c r y s t a l o f

d i m e n s i o n s 0 . 5 5 x 0 . 4 9 x 0 . 3 5 m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d

m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s

a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a t r i g o n a l c r y s t a l

s y s t e m . A t o t a l o f 7 5 8 7 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g

t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 4 8 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e P 3 f r o m t h e s y s t e m a t i c a b s e n c e s .

T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m a n d r e fi n e d b y

f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e

r e fi n e m e n t p r o g r a m . W i t h t h e e x c e p t i o n s o f C 1 0 2 a n d C 1 1 2 a l l n o n -

h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s . T h e
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h y d r o g e n a t o m s w e r e p l a c e d i n c a l c u l a t e d p o s i t i o n s . T h e fi n a l c y c l e o f f u l l

m a t r i x l e a s t - s q u a r e s r e fi n e m e n t w a s b a s e d o n 6 1 0 9 o b s e r v e d r e fl e c t i o n s

w i t h F o > 4 s i g ( F o ) a n d 3 7 8 p a r a m e t e r s t o g i v e R 1 = 0 . 0 8 9 0 a n d w R 2 =

0 . 2 3 3 5 a n d a g o o d n e s s — o f - fi t v a l u e o f 1 . 4 2 0 .

( 4 ) { ( [ C P z F e l [ P F o l ) 3 [ H A T - ( C N ) 6 1 } , ( 3 1 )

( 1 ) D a t a c o l l e c t i o n a n d r e d u c t i o n

G r e e n X - r a y q u a l i t y s i n g l e c r y s t a l s w e r e o b t a i n e d b y e v a p o r a t i o n u n d e r

n i t r o g e n o f a n a c e t o n i t r i l e s o l u t i o n o f H A T - ( C N ) 6 a n d [ C p 2 C 0 ] [ P F 6 ] . A

c r y s t a l o f d i m e n s i o n s 0 . 2 0 x 0 . 1 5 x 0 . 0 5 m m 3 w a s c o v e r e d i n P a r a t o n e o i l

a n d m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l

c o n s t a n t s a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a

m o n o c l i n i c c e l l . A t o t a l o f 6 8 1 9 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K

u s i n g t h e ( 1 ) - s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 5 6 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e C 2 f r o m t h e s y s t e m a t i c a b s e n c e s .

T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m a n d r e fi n e d b y

f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e

r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c

t h e r m a l p a r a m e t e r s , a n d t h e h y d r o g e n a t o m s w e r e p l a c e d i n c a l c u l a t e d
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p o s i t i o n s . T h e c r y s t a l d i f f r a c t e d p o o r l y w h i c h l e d t o r e fi n e m e n t l i m i t a t i o n s

( R ; m = 0 . 1 0 1 7 a n d R 0 = 0 . 1 4 6 1 ) . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t - s q u a r e s

r e fi n e m e n t w a s b a s e d o n 3 6 3 6 o b s e r v e d r e fl e c t i o n s w i t h F 0 > 4 s i g ( F o ) a n d

3 4 7 p a r a m e t e r s t o g i v e R 1 = 0 . 1 0 2 1 a n d w R 2 = 0 . 2 6 6 6 a n d a g o o d n e s s - o f -

fi t v a l u e o f 1 . 0 5 .

( 5 ) { ( 1 1 1 - 3 l e [ 1 ] ) 3 1 1 1 [ H A T - ( C N ) 6 1 2 } . 3 C 6 H 6 9 ( 3 2 )

( i ) D a t a c o l l e c t i o n a n d r e d u c t i o n

T h e a d d i t i o n o f b e n z e n e t o t h e g r e e n T H F r e a c t i o n s o l u t i o n o f [ n - B u n N ] I

a n d H A T - ( C N ) 6 l e d t o t h e d e p o s i t i o n o f g r e e n X - r a y q u a l i t y s i n g l e c r y s t a l s

o f { ( [ n - B u 4 N ] [ 1 ] ) 3 [ I ] [ H A T - ( C N ) 6 ] 2 } - 3 C 6 H 6 , ( 3 2 ) a f t e r t w o d a y s . A c r y s t a l

o f d i m e n s i o n s 0 . 6 0 x 0 . 2 0 x 0 . 2 0 m m 3 w a s c o v e r e d i n P a r a t o n e o i l a n d

m o u n t e d o n t h e t i p o f a g l a s s fi b e r w i t h s i l i c o n e g r e a s e . T h e c e l l c o n s t a n t s

a n d o r i e n t a t i o n m a t r i x f o r d a t a c o l l e c t i o n c o r r e s p o n d e d t o a r h o m b o h e d r a l

c e l l . A t o t a l o f 9 0 6 1 u n i q u e r e fl e c t i o n s w e r e c o l l e c t e d a t 1 7 3 K u s i n g t h e ( l ) -

s c a n t e c h n i q u e t o a m a x i m u m 2 0 v a l u e o f 5 6 . 6 5 ° .

( i i ) S t r u c t u r a l S o l u t i o n a n d R e f i n e m e n t

T h e s p a c e g r o u p w a s d e t e r m i n e d t o b e R 3 f r o m t h e s y s t e m a t i c a b s e n c e s .

T h e s t r u c t u r e w a s s o l v e d b y t h e S H E L X S s t r u c t u r e p r o g r a m a n d r e fi n e d b y

f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t u s i n g t h e S H E L X L 9 7 s t r u c t u r e
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T a b l e 5 . 1 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r H A T - ( C N ) 6 0 C 7 H 3 - C H 3 C N ( 2 6 )

{ ( F e C P 2 ) 3 [ H A T - ( C N ) 6 1 l - C H s C N ( 3 0 ) . a n d

{ ( l F e s z l l P F 6 1 ) 3 l H A T - ( C N ) 6 I } - C H 3 C N ( 3 1 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 1 , d e g .

B , d e g .

7 , d e g .

v , A 3

Z

d c a l c , g / c m 3

1 1 ( M o K a t ) , c m ' l

t e m p e r a t u r e , K

R 1

w R 2

g o o d n e s s - o f — fi t

C 2 7 H 1 1 N l 3

5 1 7 . 4 9

P 2 ( I ) / C

2 0 . 6 1 8 ( 4 )

7 . 3 7 9 0 ( 1 5 )

l 7 . 3 6 2 ( 4 )

9 0 . 0 0

1 0 4 . 5 3 ( 3 )

9 0 . 0 0

2 5 5 6 . 9 ( 9 )

4

1 . 3 4 4

1 . 0 9

1 7 3

0 . 0 9 3 2

0 . 2 1 2 7

1 . 0 4 2

C 5 0 H 3 3 N 1 3 1 : 6 3

9 8 3 . 4 4

P 3

1 6 . 6 7 3 ( 2 )

1 6 . 6 7 3 ( 2 )

9 . 8 7 8 ( 2 )

9 0 . 0 0

9 0 . 0 0

1 2 0 . 0 0

2 3 7 8 . 0 ( 7 )

2

1 . 3 7 3

9 . 5 2

1 7 3

0 . 0 8 9 0

0 . 2 3 3 5

1 . 4 2 0

C 4 8 H 3 0 N 1 2 P 3 F 1 8 C 0 3

1 3 8 6 . 5 4

C 2

2 5 . 7 8 0 ( 5 )

1 4 . 9 0 3 ( 3 )

7 . 5 6 1 0 ( 1 5 )

9 0 . 0 0

9 0 8 5 ( 3 )

9 0 . 0 0

2 9 0 4 . 5 ( 1 0 )

2

1 . 5 8 5

1 . 0 3 2

1 7 3

0 . 1 0 1 7

0 . 2 6 6 6

1 . 0 5 2
 

R 1 = 2 H F . ) — c h l l / E I F O I

w R 2 = [ s w a m — 1 F , 1 ) 2 / 2 1 F 0 1 2 ] " 2 ; w = l / o Z ( I F o | )

g o o d n e s s - o f - fi t = [ 2 w 1 I F o l — I 1 = . I ) Z I N . . . - N r . . . . . . . . . . l l " 2



T a b l e 5 . 2 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r { C o [ H A T - ( C N ) 4 0 2 ( H 2 0 ) 4 } . 4 H 2 0 ( 2 7 ) ,

{ N i [ H A T - ( C N ) 4 0 2 ( H Z O ) 4 } . 4 H Z O ( 2 8 ) a n d { M n [ H A T - ( C N ) 4 O Z ( H Z O ) 4 } . 4 H z O

( 2 9 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 1 , d e g .

B , d e g .

7 , d e g .

v , A 3

Z

d c a l c , g / c m 3

1 1 ( M o K 0 1 ) , c m ' I

t e m p e r a t u r e , K

R )

w R 2

g o o d n e s s - o f - fi t

R 1 = 2 " F o l — I F C I I I X I F O I

C 1 6 H 2 0 N 1 0 0 1 0 C 0 1

5 7 1 . 3 2

P - l

8 . 5 7 1 ( 2 )

1 0 . 0 6 5 ( 2 )

1 3 . 5 7 1 ( 3 )

8 1 . 7 8 ( 3 )

7 7 . 4 3 ( 3 )

8 5 . 7 0 ( 3 )

1 1 2 9 . 8 ( 4 )

2

1 . 6 9 2

8 . 4 3

1 7 3

0 . 0 5 4 1

0 . 1 2 5 2

1 . 0 2 3

C 1 6 H 2 0 N 1 0 0 1 0 N i l

5 7 1 . 0 9

P - l

8 . 5 4 6 ( 2 )

1 0 . 0 7 2 ( 2 )

l 3 . 4 9 3 ( 3 )

8 2 . 0 7 ( 3 )

7 7 5 3 ( 3 )

8 5 4 9 ( 3 )

1 1 2 1 . 7 ( 4 )

2

1 . 6 9 1

9 . 4 3

1 7 3

0 . 0 5 5 6

0 . 1 1 2 6

0 . 9 1 3

w R 2 = [ 2 w ( l F o l — I F C I ) 2 / X I F O I 2 ] " 2 ; w = “ 0 2 0 1 2 0 1 )

g o o d n e s s - o f - fi t = [ Z W G F O I _ ' F c I ) l e o b s ‘ N p a r a m e t e r s ) 1 l / 2

2 3 1

C 1 6 H 2 0 N 1 0 0 1 0 M n l

5 7 6 . 3 2

P - I

8 . 5 7 0 ( 3 )

1 0 . 0 9 4 ( 2 )

1 3 . 5 7 1 ( 3 )

8 2 5 5 ( 3 )

7 7 5 1 ( 3 )

8 5 . 7 8 ( 3 )

1 1 3 5 . 3 ( 4 )

2

1 . 6 9 0

8 . 3 0

1 7 3

0 . 0 6 0 8

0 . 1 7 7 3

1 . 2 1 1



T a b l e 5 . 3 . S u m m a r y o f c r y s t a l l o g r a p h i c d a t a f o r { ( [ n - B u a N ] [ 1 ] ) 3 [ I ] [ H A T - ( C N ) 6 ] 2 }

0 3 C 6 H 6 , ( 3 2 )

 

f o r m u l a

f o r m u l a w e i g h t

s p a c e g r o u p

a , A

b , A

c , A

0 1 , d e g .

B , d e g .

7 , d e g .

v , A 3

Z

d c a l c , g e m 3

[ . 1 ( M o K 0 1 ) , c m " l

t e m p e r a t u r e , K

t r a n s . f a c t o r s , m a x . , m i n .

R l

W R z

g o o d n e s s - o f - fi t

R 1 = 2 I I F O I — I F C I I I Z I F O I

C l o z H l 2 6 N 2 7 I 4

2 2 3 7 . 9

R 3

2 6 . 6 9 0 ( 4 )

2 6 . 6 9 0 ( 4 0

1 3 . 6 7 6 ( 3 )

9 0 . 0 0

9 0 . 0 0

1 2 0 . 0 0

8 4 3 7 ( 2 )

3

1 . 1 7 5

1 . 1 5 5

1 7 3

1 . 0 0 0 , 0 . 6 0 7

0 . 1 0 9 4

0 . 2 6 7 9

0 . 9 9 3

w R 2 = [ 2 w ( l F o l — I F C I ) 2 / 2 | F o | 2 ] " 2 ; w = “ 0 2 0 1 2 0 1 )

g o o d n e s s - o f - fi t = [ 2 w ( I F . I — c h | ) 2 / N o b . - a n . m a e s ) ] ” 2

2 3 2



r e fi n e m e n t p r o g r a m . A l l n o n - h y d r o g e n a t o m s w e r e r e fi n e d w i t h a n i s o t r o p i c

t h e r m a l p a r a m e t e r s . T h e h y d r o g e n a t o m s w e r e p l a c e d i n c a l c u l a t e d

p o s i t i o n s . T h e fi n a l c y c l e o f f u l l m a t r i x l e a s t - s q u a r e s r e fi n e m e n t w a s b a s e d

o n 4 0 9 6 o b s e r v e d r e fl e c t i o n s w i t h F 0 > 4 s i g ( F o ) a n d 3 6 1 p a r a m e t e r s t o g i v e

R 1 = 0 . 1 0 9 4 a n d w R 2 = 0 . 3 2 9 1 a n d a g o o d n e s s - o f — fi t v a l u e o f 0 . 9 9 3 .

3 . R e s u l t s a n d D i s c u s s i o n .

A . C h e m i s t r y o f n e u t r a l H A T - ( C N ) 6

( 1 ) M o l e c u l a r S t r u c t u r e o f H A T - ( C N ) ;

T h e H A T - ( C N ) 6 m o l e c u l e i s a s t r o n g l y e l e c t r o n - d e fi c i e n t h e t e r o c y c l e .

O n e c o n s e q u e n c e o f t h i s i s t h a t i t a v o i d s s e l f - l t - c o m p l e x a t i o n i n i t s n e u t r a l

f o r m . C r y s t a l s o b t a i n e d f r o m a m e t h a n o l / a c e t o n i t r i l e m i x t u r e b y J . R . G a l a n -

M a s c a r é s , a p o s t d o c t o r a l f e l l o w i n t h e D u n b a r l a b o r a t o r i e s , r e v e a l e d t h a t

n e u t r a l H A T - ( C N ) 6 m o l e c u l e s h a v e n o t e n d e n c y t o s t a c k , r a t h e r t h e y a r e

s i g n i fi c a n t l y o f f s e t w i t h r e s p e c t t o o n e a n o t h e r , f o r m i n g s t a i r c a s e - l i k e

c h a i n s ( F i g u r e 5 . 3 ) . T h e i n t e r m o l e c u l a r s p a c i n g i s 3 . 7 5 A , w h i c h i s l a r g e r

t h a n t h e e x p e c t e d v a n d e r W a a l s r a d i i s u m o f 3 . 5 4 A . 7 T h e o v e r a l l c r y s t a l

p a c k i n g i s p r i m a r i l y d o m i n a t e d b y p e r p e n d i c u l a r C N - 7 1 : i n t e r a c t i o n s w h i c h

l e a d s t o a c o m p l i c a t e d , b u t h i g h l y s y m m e t r i c , 3 D h e x a g o n a l a r r a n g e m e n t a s

i l l u s t r a t e d i n F i g u r e 5 . 4 .
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C “ F . o . M . . . ,
3 . 3 ' 9 0 9 4 9 3 ‘ ! ’ -

F i g u r e 5 . 3 . T w o d i f f e r e n t v i e w s o f o n e o f t h e H A T - ( C N ) 6 c h a i n s i n ( 2 5 ) .
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2 3 5

m o l e c u l e s i n ( 2 5 ) .

F i g u r e 5 . 4 . A v i e w o f t h e 3 D p a c k i n g a r r a n g e m e n t o f H A T - ( C N ) 6
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S l o w e v a p o r a t i o n o f a 5 0 / 5 0 a c e t o n i t r i l e / t o l u e n e s o l u t i o n u n d e r n i t r o g e n

r e s u l t e d i n a s e c o n d c r y s t a l l i n e f o r m o f H A T - ( C N ) 6 ( 2 5 ) ( F i g u r e 5 . 5 ) .

S i n g l e c r y s t a l X - r a y d i f f r a c t i o n a n a l y s i s r e v e a l e d t h e i n c o r p o r a t i o n o f b o t h

t o l u e n e a n d a c e t o n i t r i l e m o l e c u l e s i n t o t h e i n t e r s t i c e s o f t h e s t r u c t u r e . T h e

p a c k i n g m o t i f c o n s i s t s o f a n g l e d , i n t e r p e n e t r a t i n g c o l u m n s o f a l t e r n a t i n g

H A T - ( C N ) 6 a n d t o l u e n e m o l e c u l e s . T h e t o l u e n e m o l e c u l e s r e s i d e b e l o w

H A T - ( C N ) 6 b i p y r i d i n e m o i e t i e s . T h e i n c o r p o r a t i o n o f t o l u e n e c o m b i n e d

w i t h t h e i n t e r p e n a t r a t i n g n a t u r e o f t h e c o l u m n s p r e c l u d e s a n y s e l f - l t -

c o m p l e x a t i o n o f H A T - ( C N ) 6 . T h e a c e t o n i t r i l e m o l e c u l e s r e s i d e s i n t h e

c h a n n e l s d e fi n e d b y t h r e e n e a r e s t - n e i g h b o r H A T - ( C N ) 6 / t o l u e n e c o l u m n s .

( 2 ) T h e t e m p l a t i n g e f f e c t o f F e s z a n d [ C o n 2 ] [ P F 6 ] o n t h e c r y s t a l

s t r u c t u r e s o f H A T - ( C N ) 6

F e r r o c e n e w a s i n i t i a l l y e m p l o y e d a s a p o t e n t i a l r e d u c i n g a g e n t f o r H A T -

( C N ) 6 , b u t i t p r o v e d t o b e a n i n s u f fi c i e n t l y s t r o n g r e d u c t a n t f o r t h i s p u r p o s e .

T h e g r e e n c r y s t a l l i n e p r o d u c t t h a t w a s i s o l a t e d f r o m t h i s r e a c t i o n w a s

s h o w n b y s i n g l e - c r y s t a l X - r a y c r y s t a l l o g r a p h y t o b e t h e 3 : 1 p h a s e

{ ( F e C p 2 ) 3 [ H A T - ( C N ) 6 ] } . C H 3 C N ( 3 0 ) ( F i g u r e 5 . 6 ) . S u p p o r t f o r t h e n e u t r a l

a s s i g n m e n t f o r t h e H A T - ( C N ) 6 m o l e c u l e s i n t h i s c o m p o u n d c o m e s f r o m t h e

V C = N m o d e a t 2 2 4 3 c m ' 1 i n t h e i n f r a r e d s p e c t r u m I t a p p e a r s t h a t t h e

2 3 7



f e r r o c e n e m o l e c u l e s a c t a s t e m p l a t e s i n t h e f o r m a t i o n o f a l a y e r e d s t r u c t u r e

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

t h e s p a c e s a d j a c e n t t o t h e c h e l a t i n g b i p y r i d i n e m o i e t i e s o f H A T - ( C N ) 6 .

A d j a c e n t l a y e r s a r e s t a g g e r e d s u c h t h a t t h e f e r r o c e n e i n o n e l a y e r l i e s

u n d e r n e a t h t h e c y a n o g r o u p s o f t h e H A T - ( C N ) 6 i n t h e l a y e r a b o v e i t .

T h e m e t a l l o c e n e s a l t , [ C o n 2 ] [ P F 6 ] , a l s o p r o v e d t o b e a c a p a b l e t e m p l a t e

f o r t h e f o r m a t i o n o f a l a y e r e d s t r u c t u r e w i t h n e u t r a l H A T - ( C N ) 6 . S l o w

e v a p o r a t i o n u n d e r n i t r o g e n o f a n a c e t o n i t r i l e s o l u t i o n o f [ C o n 2 ] [ P F 6 ] a n d

H A T ( C N ) 6 p r o d u c e d g r e e n c r y s t a l s t h a t w e r e d e t e r m i n e d b y s i n g l e c r y s t a l

X - r a y d i f f r a c t i o n t o b e t h e 3 : 1 p h a s e { [ C o n 2 ] [ P F 6 ] } 3 H A T - ( C N ) 6 ( 3 1 )

( F i g u r e 5 . 7 ) . T h e p a c k i n g i n t h i s s t r u c t u r e c o n s i s t s o f c o l u m n s c o m p o s e d o f

a l t e r n a t i n g l a y e r s o f H A T - ( C N ) 6 a n d t h r e e [ P F 6 ] ' a n i o n s . T h e P a t o m s o f t h e

[ P F 6 ] ’ a r e c e n t e r e d u n d e r n e a t h t h e N C - C ( , ; n g ) . T h e [ P F 6 ] ’ a n i o n s a r e o r i e n t e d

w i t h t h e 3 - f o l d r o t a t i o n a x i s o f t h e o c t a h e d r a p e r p e n d i c u l a r t o t h e H A T -

( C N ) 6 . T h e [ C o n z ] + c a t i o n s r e s i d e i n t h e c h a n n e l s d e fi n e d b y t h r e e n e a r e s t

n e i g h b o r H A T - ( C N ) 6 / [ P F 6 ] ' c o l u m n s a n d a r e s l i g h t l y c a n t e d s u c h t h a t t h e

C p r i n g s a r e n o t p a r a l l e l t o t h e H A T - ( C N ) ( , l a y e r s . U n l i k e t h e

{ ( F e C p 2 ) 3 [ H A T ( C N ) 6 ] } . C H 3 C N ( 3 0 ) s t r u c t u r e w i t h t h e n e u t a l m e t a l l o c e n e

F e s z , t h e c a t i o n i c [ C o n z ] + d o n o t o c c u p y t h e s p a c e a d j a c e n t t o t h e

b i p y r i d i n e m o i t i e s b u t r e s i d e i n t h e p l a n e o f t h e [ P F 6 ] ' c o u n t e r a n i o n s .
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F i g u r e 5 . 7 . V i e w s o f t h e p a c k i n g i n t h e c r y s t a l s t r u c t u r e o f

{ ( [ s z C o ] [ P F 6 ] ) 3 [ H A T ( C N ) 6 ] 0 C H 3 C N ( 3 1 ) l o o k i n g

d o w n t h e b a x i s ( t o p ) a n d t h e c a x i s ( b o t t o m ) .
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T a b l e 5 . 4 . B o n d l e n g t h s [ A ] f o r { C o ( H A T ( C N ) 4 0 2 ( H z O ) 4 } o 4 H z O ( 2 7 )

 

C o ( l ) - O ( 3 )
C o ( 1 ) - O ( 4 )
C o ( 1 ) — O ( 5 )
C o ( 1 ) - O ( 6 )
C o ( l ) - N ( l )
C o ( l ) - N ( 2 )
C ( 1 ) - N ( l )
C ( 1 ) - C ( 2 )
C ( l ) - C ( 6 )
C ( 2 ) - N ( 2 )
C ( 2 ) - C ( 3 )
C ( 3 ) - N ( 3 )
C ( 3 ) - C ( 4 )
C ( 4 ) - N ( 4 )
C ( 4 ) - C ( 5 )
C ( 5 ) - N ( 5 )
C ( 5 ) - C ( 6 )
C ( 6 ) - N ( 6 )
C ( l 1 ) - 0 ( 1 )
C ( l 1 ) - N ( 1 )
C ( 1 l ) - C ( l 6 )
C ( 1 2 ) - O ( 2 )
C ( 1 2 ) - N ( 2 )
C ( 1 2 ) - C ( 1 3 )
C ( 1 3 ) - N ( 3 )
C ( 1 3 ) — C ( 2 3 )
C ( 1 4 ) - N ( 4 )
C ( 1 4 ) - C ( 1 5 )
C ( 1 4 ) - C ( 2 4 )
C ( 1 5 ) - N ( 5 )
C ( 1 5 ) - C ( 2 5 )
C ( 1 6 ) - N ( 6 )
C ( 1 6 ) - C ( 2 6 )
C ( 2 3 ) - N ( l 3 )
C ( 2 4 ) - N ( l 4 )
C ( 2 5 ) - N ( 1 5 )
C ( 2 6 ) - N ( l 6 )

2 . 1 2 4 ( 3 )

2 . 0 9 5 ( 3 )

2 . 1 2 2 ( 4 )

2 . 0 8 1 ( 3 )

2 . 1 4 6 ( 3 )

2 . 1 4 4 ( 3 )

1 . 3 5 5 ( 4 )

1 . 4 7 2 ( 4 )

1 . 4 0 3 ( 4 )

1 . 3 5 9 ( 4 )
1 . 4 0 0 ( 4 )

1 . 3 7 7 ( 4 )

1 . 4 5 0 ( 4 )

1 . 3 4 6 ( 4 )

1 . 4 3 8 ( 4 )

1 . 3 4 5 ( 4 )

1 . 4 4 9 ( 4 )

1 . 3 7 4 ( 4 )

1 . 2 4 4 ( 4 )

1 . 3 8 4 ( 4 )

1 . 4 7 3 ( 5 )

1 . 2 5 2 ( 4 )

1 . 3 7 1 ( 4 )

1 . 4 6 6 ( 5 )

1 . 3 2 2 ( 4 )

1 . 4 3 7 ( 4 )

1 . 3 4 1 ( 4 )

1 . 4 2 3 ( 4 )

1 . 4 5 8 ( 5 )

1 . 3 4 1 ( 4 )
1 . 4 5 1 ( 5 )

1 . 3 2 2 ( 4 )

1 . 4 4 4 ( 4 )

1 . 1 5 5 ( 4 )

1 . 1 4 8 ( 4 )

1 . 1 4 4 ( 4 )

1 . 1 5 7 ( 4 )

2 4 2



T a b l e 5 . 5 . B o n d a n g l e s [ d e g ] f o r { C o ( H A T ( C N ) 4 0 2 ( H 2 0 ) 4 ) o 4 H 2 0 ( 2 7 )
 

O ( 3 ) - C o ( l ) - N ( 1 )

O ( 3 ) - C o ( 1 ) - N ( 2 )

O ( 4 ) - C o ( l ) - O ( 3 )

O ( 4 ) - C o ( 1 ) — O ( 5 )

0 ( 4 ) - C o ( l ) - N ( 1 )

O ( 4 ) - C o ( 1 ) - N ( 2 )

O ( 5 ) - C o ( 1 ) - O ( 3 )

O ( 5 ) - C o ( 1 ) - N ( 1 )

O ( 5 ) - C o ( 1 ) - N ( 2 )

O ( 6 ) - C o ( 1 ) - O ( 3 )

O ( 6 ) - C o ( l ) - O ( 4 )

O ( 6 ) - C o ( l ) - O ( 5 )

O ( 6 ) - C o ( l ) - N ( l )

O ( 6 ) - C o ( 1 ) - N ( 2 )

N ( 2 ) - C o ( 1 ) - N ( 1 )

O ( l ) - C ( 1 1 ) - N ( 1 )
O ( 1 ) - C ( 1 l ) - C ( 1 6 )

N ( 1 ) - C ( 1 1 ) - C ( 1 6 )

O ( 2 ) - C ( 1 2 ) - N ( 2 )

O ( 2 ) - C ( 1 2 ) - C ( 1 3 )

N ( 2 ) - C ( 1 2 ) - C ( 1 3 )

C ( 1 ) - N ( 1 ) - C ( 1 1 )

C ( 1 ) - N ( 1 ) — C o ( 1 )

C ( 1 1 ) - N ( 1 ) - C o ( l )

C ( 2 ) - N ( 2 ) - C ( 1 2 )
C ( 2 ) - N ( 2 ) - C o ( 1 )

C ( 1 2 ) - N ( 2 ) - C o ( 1 )

9 5 . 8 8 ( 1 2 )

l 7 2 . 3 5 ( 1 2 )

9 2 . 2 1 ( l 3 )

9 0 . 4 0 ( 1 3 )

1 7 1 . 1 1 ( 1 1 )

9 4 . 4 4 ( 1 1 )

8 6 . 5 7 ( 1 5 )

9 3 . 7 3 ( 1 2 )

8 9 . 6 2 ( 1 3 )

8 8 . 8 4 ( 1 4 )

8 6 . 8 7 ( 1 4 )

1 7 4 . 5 7 ( 1 3 )

8 9 . 6 3 ( 1 3 )

9 5 . 2 7 ( 1 2 )

7 7 . 7 4 ( 1 0 )

1 2 2 . 6 ( 3 )
1 2 1 . 9 ( 3 )

1 1 5 . 6 ( 3 )

1 2 2 . 3 ( 3 )

1 2 1 . 0 ( 3 )

1 1 6 . 7 ( 3

1 1 8 . 7 ( 3 )

1 1 4 . 2 ( 2 )

1 2 7 . 0 ( 2 )

1 1 7 . 8 ( 3 )
1 1 4 . 6 ( 2 )

1 2 7 . 6 ( 2 )



T a b l e 5 . 6 . B o n d l e n g t h s [ A ] f o r { N i ( H A T ( C N ) 4 0 2 ( H z O ) 4 } o 4 H z O ( 2 9 )

 

N i ( 1 ) - O ( 3 )
N i ( 1 ) - O ( 4 )
N i ( 1 ) - O ( 5 )
N i ( 1 ) - O ( 6 )
N i ( 1 ) - N ( l )
N i ( l ) - N ( 2 )
C ( 1 ) - N ( l )
C ( 1 ) - C ( 6 )
C ( 1 ) - C ( 2 )
C ( 2 ) - N ( 2 )
C ( 2 ) - C ( 3 )
C ( 3 ) - N ( 3 )
C ( 3 ) - C ( 4 )
C ( 4 ) - N ( 4 )
C ( 4 ) - C ( 5 )
C ( 5 ) - N ( 5 )
C ( 5 ) - C ( 6 )
C ( 6 ) - N ( 6 )
C ( l 1 ) - 0 ( 2 )
C ( l l ) - N ( l )
C ( l 1 ) - C ( 1 6 )
C ( 1 2 ) - O ( 1 )
C ( 1 2 ) - N ( 2 )
C ( 1 2 ) - C ( 1 3 )
C ( 1 3 ) - N ( 3 )
C ( 1 3 ) — C ( 2 3 )
C ( 1 4 ) - N ( 4 )
C ( 1 4 ) - C ( 1 5 )
C ( 1 4 ) - C ( 2 4 )
C ( 1 5 ) - N ( 5 )
C ( 1 5 ) - C ( 2 5 )
C ( 1 6 ) - N ( 6 )
C ( 1 6 ) - C ( 2 6 )
C ( 2 3 ) - N ( 1 3 )
C ( 2 4 ) - N ( 1 4 )
C ( 2 5 ) - N ( 1 5 )
C ( 2 6 ) - N ( 1 6 )

2 4 4

2 . 0 6 7 ( 4 )

2 . 0 6 0 ( 3 )
2 . 0 6 1 ( 3 )
2 . 0 6 9 ( 3 )

2 . 0 9 2 ( 3 )
2 . 0 9 5 ( 3 )
1 . 3 5 0 ( 5 )

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

1 . 3 4 8 ( 5 )

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

1 . 4 4 6 ( 5 )
1 . 3 3 8 ( 4 )

1 . 4 2 7 ( 5 )
1 . 3 5 0 ( 4 )
1 . 4 4 1 ( 5 )

1 . 3 6 3 ( 4 )

1 . 2 3 8 ( 4 )

1 . 3 8 5 ( 5 )

1 . 4 6 1 ( 5 )
1 . 2 5 1 ( 4 )
1 . 3 7 4 ( 4 )

1 . 4 5 2 ( 5 )

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

1 . 4 5 9 ( 5 )

1 . 3 3 3 ( 5 )
1 . 4 5 4 ( 5 )
1 . 3 1 1 ( 4 )

1 . 4 4 9 ( 5 )

1 . 1 3 8 ( 5 )
1 . 1 3 4 ( 5 )
1 . 1 3 6 ( 5 )
1 . 1 4 3 ( 5 )



T a b l e 5 . 7 . B o n d a n g l e s [ d e g ] f o r { N i ( H A T ( C N ) 4 O z ( H z O ) 4 } o 4 H 2 0 ( 2 9 )
 

C ( 3 ) - N i ( l ) - O ( 6 )
O ( 3 ) - N i ( 1 ) - N ( 1 )

O ( 3 ) - N i ( 1 ) - N ( 2 )
O ( 4 ) - N i ( l ) - O ( 3 )
O ( 4 ) - N i ( 1 ) - O ( 5 )

O ( 4 ) - N i ( 1 ) - O ( 6 )
O ( 4 ) - N i ( 1 ) - N ( 1 )

O ( 4 ) — N i ( 1 ) - N ( 2 )
O ( 5 ) - N i ( 1 ) - O ( 3 )

0 ( 5 ) - N i ( 1 ) - O ( 6 )

O ( 5 ) - N i ( 1 ) - N ( 1 )

O ( 5 ) - N i ( 1 ) - N ( 2 )
O ( 6 ) - N i ( 1 ) - N ( 1 )
O ( 6 ) - N i ( 1 ) - N ( 2 )
N ( 1 ) - N i ( 1 ) - N ( 2 )
N ( 2 ) - C ( 2 ) - C ( 3 )

O ( 2 ) - C ( 1 1 ) - N ( 1 )
O ( 2 ) - C ( 1 1 ) - C ( 1 6 )

N ( 1 ) - C ( 1 1 ) - C ( 1 6 )

O ( 1 ) - C ( 1 2 ) - N ( 2 )

O ( 1 ) - C ( 1 2 ) - C ( 1 3 )

N ( 2 ) - C ( l 2 ) - C ( 1 3 )

C ( 1 ) - N ( l ) - C ( 1 1 )
C ( 1 ) - N ( l ) - N i ( 1 )

C ( 1 1 ) - N ( 1 ) - N i ( l )
C ( 2 ) - N ( 2 ) - C ( 1 2 )
C ( 2 ) - N ( 2 ) - N i ( 1 )

C ( 1 2 ) - N ( 2 ) - N i ( 1 )

C ( 1 3 ) - N ( 3 ) - C ( 3 )

C ( 4 ) - N ( 4 ) - C ( 1 4 )
C ( 1 5 ) — N ( 5 ) - C ( 5 )

C ( 1 6 ) - N ( 6 ) - C ( 6 )

2 4 5

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

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

8 6 . 7 5 ( 1 5 )

9 1 . 5 0 ( 1 6 )
1 7 2 . 6 2 ( 1 4 )

9 4 . 1 6 ( 1 3 )

1 7 3 . 8 7 ( 1 5 )

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

9 5 . 2 6 ( 1 3 )
9 5 . 1 7 ( 1 4 )
1 7 3 . 5 5 ( 1 4 )
7 9 . 3 6 ( 1 1 )
1 2 3 . 9 ( 3 )

1 2 2 . 6 ( 3 )
1 2 2 . 0 ( 3 )

1 1 5 . 4 ( 3 )

1 2 1 . 9 ( 3 )

1 2 1 . 6 ( 3 )

1 1 6 . 5 ( 3 )

1 1 8 . 1 ( 3 )
1 1 3 . 9 ( 2 )

1 2 7 . 9 ( 3 )
1 1 7 . 7 ( 3 )
1 1 3 . 8 ( 2 )

1 2 8 . 5 ( 3 )

1 1 6 . 0 ( 3 )

1 1 6 . 8 ( 3 )
1 1 6 . 6 ( 3 )

1 1 6 . 7 ( 3 )



T a b l e 5 . 8 . B o n d l e n g t h s [ A ] f o r { M n ( H A T ( C N ) 4 0 2 ( H 2 0 ) 4 } o 4 H z O ( 2 8 )
 

M n ( 1 ) - O ( 4 )
M n ( l ) - O ( 6 )
M n ( 1 ) - O ( 3 )
M n ( l ) - O ( 5 )
M n ( l ) - N ( 1 )
M n ( l ) - N ( 2 )
N ( l ) - C ( l 1 )
N ( 2 ) - C ( 2 )
N ( 2 ) — C ( 1 2 )
N ( 3 ) - C ( 1 3 )
N ( 3 ) - C ( 3 )
N ( 4 ) - C ( 1 4 )
N ( 4 ) - C ( 4 )
N ( 5 ) - C ( 1 5 )
N ( 6 ) - C ( 1 6 )
N ( 6 ) - C ( 6 )
C ( l ) - C ( 2 )
C ( l ) - N ( l ) )
C ( 3 ) - C ( 2 )
C ( 4 ) - C ( 3 )
C ( 5 ) - N ( 5 )
C ( 5 ) - C ( 4 )
C ( S ) - C ( 6 )
C ( 6 ) ~ C ( 1 )
C ( 1 2 ) - C ( 1 3 )
C ( 1 5 ) - C ( 1 4 )
C ( 1 5 ) - C ( 2 5 )
C ( l 6 ) - C ( 2 6 )
C ( l 6 ) - C ( 1 1 )
C ( 2 3 ) — N ( 1 3 )
C ( 2 3 ) - C ( 1 3 )
C ( 2 4 ) - N ( 1 4 )
C ( 2 4 ) - C ( 1 4 )
C ( 2 5 ) - N ( 1 5 )
C ( 2 6 ) - N ( 1 6 )
O ( l ) - C ( l 1 )
O ( 2 ) - C ( 1 2 )

2 4 6

2 . 1 6 3 ( 3 )

2 . 1 8 6 ( 4 )

2 . 1 9 2 ( 4 )

2 . 2 2 4 ( 4 )

2 . 2 8 0 ( 3 )

2 . 2 8 6 ( 3 )
1 . 3 8 1 ( 4 )

1 . 3 5 4 ( 4 )
1 . 3 6 9 ( 4 )

1 . 3 1 8 ( 4 )

1 . 3 6 8 ( 4 )

1 . 3 4 0 ( 4 )

1 . 3 5 6 ( 4 )

1 . 3 4 9 ( 4 )

1 . 3 2 2 ( 4 )

1 . 3 6 3 ( 4 )

1 . 4 7 8 ( 4 )
1 . 3 5 3 ( 4

1 . 4 0 4 ( 4 )

1 . 4 4 9 ( 4 )

1 . 3 4 4 ( 4 )

1 . 4 2 6 ( 4 )

1 . 4 5 2 ( 4 )

1 . 4 0 1 ( 5 )
1 . 4 5 9 ( 4 )
1 . 4 1 1 ( 4 )

1 . 4 5 3 ( 5 )
1 4 4 4 ( 4 )

1 . 4 5 3 ( 5 )

1 . 1 6 1 ( 4 )

1 4 4 0 ( 4 )

1 . 1 4 2 ( 5 )

1 . 4 5 1 ( 5 )

1 . 1 4 6 ( 5 )
1 . 1 6 5 ( 4 )

1 . 2 5 2 ( 4 )
1 . 2 4 9 ( 4 )



T a b l e 5 . 9 . B o n d a n g l e s [ d e g ] f o r { M n ( H A T ( C N ) 4 0 2 ( H 2 0 ) 4 } o 4 H 2 0 ( 2 8 )

 

O ( 3 ) - M n ( 1 ) - N ( 1 )

O ( 3 ) — M n ( 1 ) - N ( 2 )

O ( 3 ) - M n ( 1 ) - O ( 5 )

O ( 4 ) - M n ( 1 ) - O ( 6 )

O ( 4 ) - M n ( 1 ) - O ( 3 )

O ( 4 ) - M n ( 1 ) - O ( 5 )

O ( 4 ) - M n ( 1 ) - N ( 1 )

O ( 4 ) - M n ( 1 ) - N ( 2 )

O ( 5 ) - M n ( 1 ) - N ( 1 )

O ( 5 ) - M n ( 1 ) - N ( 2 )

O ( 6 ) - M n ( l ) - O ( 5 )

O ( 6 ) - M n ( 1 ) - O ( 3 )

O ( 6 ) - M n ( 1 ) - N ( 1 )

O ( 6 ) - M n ( 1 ) - N ( 2 )
N ( 1 ) - M n ( 1 ) - N ( 2 )

C ( 1 ) - N ( 1 ) - C ( 1 1 )

C ( l ) - N ( l ) - M n ( 1 )
C ( l 1 ) - N ( 1 ) — M n ( 1 )

C ( 2 ) - N ( 2 ) - C ( 1 2 )

C ( 2 ) - N ( 2 ) - M n ( 1 )

C ( 1 2 ) - N ( 2 ) - M n ( 1 )

O ( l ) — C ( 1 1 ) - N ( 1 )

O ( l ) - C ( 1 1 ) - C ( 1 6 )

N ( 1 ) - C ( 1 1 ) - C ( 1 6 )

N ( 2 ) - C ( 1 2 ) - C ( 1 3 )

O ( 2 ) - C ( 1 2 ) - N ( 2 )

O ( 2 ) — C ( 1 2 ) - C ( 1 3 )

9 5 . 5 4 ( 1 5 )

1 6 6 . 7 5 ( 1 5 )

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

1 0 0 . 2 9 ( 1 6 )

9 1 . 0 6 ( 1 4 )

1 6 3 . 7 9 ( 1 1 )

9 1 . 6 7 ( 1 1 )

9 3 . 5 9 ( 1 2 )

8 8 . 3 5 ( 1 2 )

1 7 5 . 8 6 ( 1 4 )

9 0 . 7 4 ( 1 9 )

8 8 . 9 9 ( 1 2 )

9 5 . 5 2 ( 1 2 )

7 2 . 9 7 ( 1 0 )

1 1 8 . 0 ( 3 )

1 1 6 . 3 ( 2 )

1 2 5 . 6 ( 2 )

1 1 7 . 9 ( 3 )

1 1 6 . 2 8 ( 1 9 )

1 2 5 . 8 ( 2 )

1 2 1 . 5 ( 3 )

1 2 2 . 0 ( 3 )

1 1 6 . 4 ( 3 )

1 1 6 . 9 ( 3 )

1 2 2 . 2 ( 3 )

1 2 0 . 9 ( 3 )



( 3 ) R e a c t i v i t y S t u d i e s o f H A T - ( C N ) 6 w i t h M ( C l O 4 ) 2 . 6 H 2 0 ( M =

M n , C o , o r N i )

A l t h o u g h t h e b i p y r i d i n e b i n d i n g s i t e s o f n e u t r a l H A T - ( C N ) 6 a r e e x p e c t e d

t o b e r a t h e r w e a k l i g a n d s d u e t o t h e e l e c t r o n w i t h d r a w i n g e f f e c t s o f t h e

c y a n o g r o u p s , r e a c t i o n s w i t h fi r s t r o w t r a n s i t i o n m e t a l i o n s w e r e c a r r i e d o u t

t o p r o b e t h e p o s s i b i l i t i e s o f c o o r d i n a t i o n . W h e n a m i x t u r e o f

w a t e r / a c e t o n i t r i l e s o l u t i o n s o f M ( C l O 4 ) 2 - 6 H 2 0 w e r e r e a c t e d w i t h H A T -

( C N ) 6 t h e n e w

c o m p o u n d s M ( H A T ( C N ) 4 0 2 ) ( H 2 0 ) 4 ( M : M n , C o , N i ) w e r e i s o l a t e d ( F i g u r e

5 . 8 ) . T h e e a s e o f f o r m a t i o n o f t h e s e c o m p o u n d s u n d e r s c o r e s t h e f a c t t h a t

c o o r d i n a t e d H A T - ( C N ) 6 i s h y d r o l y t i c a l l y u n s t a b l e . A s t h e s t r u c t u r e s o f

t h e s e c o m p o u n d s r e v e a l e d H A T - ( C N ) 6 u n d e r g o e s c l e a v a g e o f t h e t w o

a c t i v a t e d n i t r i l e g r o u p s a d j a c e n t t o t h e c o o r d i n a t e d m e t a l c e n t e r . T h e r e s u l t

i s a d i - a n i o n i c o x y g e n l i g a n d . T h e c o o r d i n a t i o n s p h e r e o f t h e o c t a h e d r a l

m e t a l c e n t e r i n t h e s e c o m p o u n d s i s c o m p l e t e d b y w a t e r m o l e c u l e s .

B . C h e m i c a l r e d u c t i o n o f H A T - ( C N ) 6

( 1 ) R e a c t i v i t y w i t h [ n - B u 4 N ] [ I ]

T h e w e l l k n o w n a b i l i t y o f i o d i d e t o a c t a s a r e d u c i n g a g e n t i n s o l u t i o n

w i t h t h e f o r m a t i o n o f p o l y i o d i d e s p e c i e s s u c h a s 1 3 ' l e d u s t o e x p l o r e t h e [ n -

B u 4 N ] + s a l t a s a r e d u c i n g a g e n t f o r H A T - ( C N ) 6 . A d d i t i o n o f [ n - B u 4 N ] [ I ] t o

2 4 8



a T H F s o l u t i o n o f H A T - ( C N ) 6 p r o d u c e s a g r e e n s o l u t i o n w h i c h i s i n d i c a t i v e

o f t h e p r e s e n c e o f [ H A T - ( C N ) 6 ] ' . A d d i t i o n o f b e n z e n e l e d t o i s o l a t i o n o f

t h e c r y s t a l l i n e p r o d u c t { ( [ n - B u 4 N ] [ 1 ] ) 3 [ I ] [ H A T - ( C N ) 6 ] 2 } . 3 C 6 H 6 ( 3 2 ) a f t e r

t h r e e d a y s . S i n g l e c r y s t a l X — r a y d i f f r a c t i o n a n a l y s i s r e v e a l e d a n u n u s u a l

s t r u c t u r e t h a t c o n s i s t s o f s t a c k s w i t h f o u r d i f f e r e n t r e p e a t i n g l a y e r s a n d

c h a n n e l s d e fi n e d b y t h e p o s i t i o n s o f t h e s t a c k s ( F i g u r e s 5 . 9 a n d 5 . 1 0 ) . T h e

fi r s t o f t h e f o u r r e p e a t i n g l a y e r s c o n s i s t s o f a H A T - ( C N ) 6 m o l e c u l e w i t h

t h r e e [ n - B u 4 N ] + c a t i o n s o c c u p y i n g t h e s p a c e a d j a c e n t t o t h e b i p y r i d i n e

m o i t i e s . T h e n e x t l a y e r i s f o r m e d b y t h r e e i o d i d e i o n s e a c h o f w h i c h i s

c e n t e r e d u n d e r t h e C - C b o n d i n N C - C m n g ) p o s t i o n s o n H A T - ( C N ) 6 .

M o l e c u l e s o f H A T - ( C N ) 6 c o n s t i t u t e t h e t h i r d l a y e r . T h e f o u r t h l a y e r

c o n s i s t s o f a n i o d i n e a t o m p o s i t i o n e d u n d e r t h e c e n t e r r i n g o f H A T - ( C N ) 6

a n d t h r e e b e n z e n e m o l e c u l e s t h a t a r e l o c a t e d u n d e r t h e H A T - ( C N ) 6 c y a n o

g r o u p s . T h i s A B C D p a c k i n g p a t t e r n r e p e a t s t h r o u g h o u t t h e c r y s t a l . F i n a l l y ,

t h e [ n - B u . , , N ] + i o n s o c c u p y t h e c h a n n e l s f o r m i n g a s h e a t h a r o u n d e a c h s t a c k .

T h e d e t e r m i n a t i o n o f t h i s s t r u c t u r e p r o m p t e d u s t o e x p l a i n t h e f a c t t h a t

o n l y t h r e e [ n - B u 4 N ] + i o n s a r e a v a i l b l e f o r f o u r 1 ' i o n s . T h e m i d - I R s p e c t r u m

o f c r y s t a l s o f { ( [ n - B u 4 N ] [ 1 ] ) 3 [ I ] [ H A T - ( C N ) 6 ] 2 } - 3 C 6 H 6 ( 3 2 ) r e v e a l e d t h e

p r e s e n c e o f V C N m o d e s a t 2 2 4 3 a n d 2 2 2 8 c m ] . T h e 2 2 4 3 c m " 1 f e a t u r e i s

c h a r a c t e r i s t i c o f n e u t r a l H A T - ( C N ) 6 . b u t t h e l o w e r e n e r g y V C N m o d e

2 4 9
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F i g u r e 5 . 1 0 . R e p r e s e n t a t i o n s o f t h e l a y e r s t h a t c o m p o s e t h e

c o l u m n s p r e s e n t i n t h e c r y s t a l s t r u c t u r e o f

{ ( [ n - B u 4 N l [ 1 ] ) 3 [ 1 ] [ H A T - ( C N ) 6 1 2 ) ‘ 3 C 6 H 6 ( 3 2 ) -
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i n d i c a t e s t h a t d o n a t i o n o f e l e c t r o n d e n s i t y t o H A T - ( C N ) 6 i s o c c u r i n g . T h e

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

i n t e r a c t i o n i n v o l v i n g H A T - ( C N ) 6 a n d t h e a n 1 a t o m o f t h e f o u r t h r e p e a t

l a y e r . T h e d i s t a n c e o f t h e I a t o m t o t h e C a t o m s o f t h e c e n t e r r i n g i n t h e

H A T - ( C N ) 6 a b o v e i t i s s l i g h t l y l e s s ( 3 . 6 5 A v e r s u s 3 . 6 9 A ) t h a n t h e d i s t a n c e

t o t h e e q u i v a l e n t c a r b o n a t o m s i n t h e H A T - ( C N ) 6 b e l o w i t . R e a c t i o n s o f

t h i s t y p e h a v e b e e n r e p o r t e d f o r i o d i n e a t o m s i n t h e l i t e r a t u r e . 2 0

( 2 ) R e a c t i v i t y w i t h F e C p ‘ z a n d C o n 2

T h e i n a b i l i t y o f F e s z t o r e d u c e H A T - ( C N ) 6 l e d t o t r y t h e m o r e s t r o n g l y

r e d u c i n g F e C p ‘ z . T h e F e C p * / [ F e C p * 2 ] + c o u p l e a t — 0 . 0 7 0 V s u g g e s t s t h a t

F e C p ' } i s c a p a b l e o f t h e o n e e l e c t r o n r e d u c t i o n o f H A T - ( C N ) 6 t o [ H A T -

( C N ) 6 ] ' w h i c h o c c u r s a t E m = - 0 . 0 6 4 V . A c e t o n i t r i l e s o l u t i o n s o f F e C p ' z

( y e l l o w ) t r e a t e d w i t h H A T - ( C N ) 6 ( o r a n g e ) p r o d u c e d a g r e e n s o l u t i o n

c h a r a c t e r i s t i c o f t h e r a d i c a l [ H A T - ( C N ) 6 ] ' , b u t t h e s y s t e m i s i n e q u i l i b r i u m ,

a n d t h e p r o c e s s o f e l e c t r o n t r a n s f e r f r o m F e C p * 2 t o H A T - ( C N ) 6 i s e v i d e n t l y

n o t s t r o n g l y p r o d u c t f a v o r e d . I f o n e c o o l s t h e s o l u t i o n t o — 5 ° C t h e

e q u i l i b r i u m s h i f t s b a c k t o t h e r e a c t a n t s , n e u t r a l H A T - ( C N ) 6 a n d n e u t r a l

F e C p * 2 . W i t h t h e l o s s o f t h e [ H A T - ( C N ) 6 ] ' a n d [ ( C p " ' ) 2 F e ] + c h r o m o p h o r e s ,

t h e s o l u t i o n r e v e r t s t o o r a n g e - y e l l o w . T h e p o t e n t i a l s o f t h e

( C p * ) 2 F e / [ ( C p * ) 2 F e ] + a n d H A T — ( C N ) 6 / [ H A T - ( C N ) 6 ] ' r e d o x c o u p l e s a r e
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s o l v e n t d e p e n d e n t w h i c h e f f e c t s t h e e l e c t r o n t r a n s f e r p r o c e s s . I n T H F , t w o

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

o b s e r v e d f o r H A T — ( C N ) 6 , b u t t h e p o t e n t i a l s a r e s h i f t e d t o m o r e p o s t i v e

p o t e n t i a l s o c u r r i n g a t 0 . 0 5 1 , - 0 . 4 2 9 , a n d — 1 . 0 6 V r e s p e c t i v e l y . C o m b i n i n g

T H F s o l u t i o n s o f ( C p ‘ ) 2 F e a n d H A T - ( C N ) 6 p r o d u c e s n o c o l o r c h a n g e

i n d i c a t i n g t h e l o w e r d i e l e c t r i c c o n s t a n t o f T H F a s c o m p a r e d t o a c e t o n i t r i l e

d o e s n o t f a c i l i t a t e r e d u c t i o n o f H A T - ( C N ) 6 .

A m o r e c o n v e n i e n t a n d s u c c e s s f u l a p p r o a c h t o c h e m i c a l r e d u c t i o n o f

H A T - ( C N ) 6 i s t o u s e C o n z w h i c h i s t h e o r e t i c a l l y c a p a b l e o f r e d u c i n g

H A T - ( C N ) 6 t o b o t h t h e m o n o - r a d i c a l [ H A T - ( C N ) 6 ] ’ a n d t h e d i - a n i o n i c

[ H A T - ( C N ) 6 ] 2 ' f o r m s . T h e c o m p o u n d [ C o n 2 ] [ H A T - ( C N ) 6 ] w a s i s o l a t e d a s

a g r e e n p o w d e r f r o m t h e r e a c t i o n o f c o b a l t o c e n e w i t h a n e x c e s s o f H A T -

( C N ) 6 . A l t h o u g h s i n g l e c r y s t a l s h a v e n o t y e t b e e n o b t a i n e d , s o m e

c h a r a c t e r i s t i c f e a t u r e s o f t h e [ H A T - ( C N ) 6 ] ' r a d i c a l w e r e i d e n t i fi e d . T h e I R

s p e c t r u m c o n t a i n s a V C 3 N m o d e a t 2 2 1 4 c m ] , w h i c h r e p r e s e n t s a s h i f t t o

l o w e r e n e r g y f r o m n e u t r a l H A T - ( C N ) 6 ( 2 2 4 3 c m ' l ) . T h i s i s a n a l o g o u s t o t h e

s h i f t s o b s e r v e d f o r o t h e r o r g a n i c r a d i c a l s w i t h C E N g r o u p s . 2 0 T h e E P R

s p e c t r u m o f a s o l i d s a m p l e o f [ C o n 2 ] [ H A T - ( C N ) 6 ] a t 4 K s h o w s a t y p i c a l

i s o t r o p i c r e s o n a n c e f o r a n o r g a n i c r a d i c a l ( S = 1 / 2 ) , w i t h a g v a l u e o f 2 . 0 0 8 4
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a n d a n a r r o w l i n e - w i d t h o f 7 G . T h e s e d a t a i n d i c a t e t h e [ H A T - ( C N ) 6 ] 1 '

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

f o r m a t i o n o f i n t e g r a t e d s t a c k s w i t h n - r t i n t e r a c t i o n s b e t w e e n t h e c a t i o n s a n d

a n i o n s .

T h e r e a c t i o n o f n e u t r a l H A T - ( C N ) 6 w i t h a n e x c e s s o f C o n 2 y i e l d s t h e

s a l t [ C o n 2 ] 2 [ H A T - ( C N ) 6 ] . T h e d i a n i o n i s e x t r e m e l y s e n s i t i v e t o t h e

p r e s e n c e o f a i r o r w a t e r , w h i c h r e n d e r s i t s c h a r a c t e r i z a t i o n d i f fi c u l t . T h e I R

s p e c t r u m c o n t a i n s a c h a r a c t e r i s t i c V c . N m o d e a t 2 1 9 5 c m ’ l , w h i c h i s l o w e r i n

e n e r g y b y 1 9 c m ' 1 r e l a t i v e t o t h e m o n o r a d i c a l [ H A T - ( C N ) 6 ] ' a n d 4 8 e m "

r e l a t i v e t o n e u t r a l H A T - ( C N ) 6 .

( 3 ) R e a c t i v i t y S t u d i e s o f H A T - ( C N ) 6 w i t h C o a n d Z n

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

o f [ H A T - ( C N ) 6 ] ‘ i s t h e d i r e c t r e a c t i o n o f H A T - ( C N ) 6 w i t h fi r s t r o w

t r a n s i t i o n m e t a l s s u c h a s C o a n d Z n . T h e r e s u l t i n g d a r k b l u e — g r e e n p o w d e r s

a r e s o l u b l e i n p o l a r o r g a n i c s o l v e n t s s u c h a s a c e t o n i t r i l e w h i c h s u g g e s t s t h a t

d i s c r e t e s p e c i e s a r e b e i n g f o r m e d . A l t h o u g h X - r a y q u a l i t y s i n g l e c r y s t a l s

h a v e n o t b e e n o b t a i n e d , s e v e r a l s p e c t r o s c o p i c c h a r a c t e r i z a t i o n t e c h n i q u e s

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

M [ H A T - ( C N ) 6 ] 2 ( M = C 0 ( 3 5 ) , Z n ( 3 6 ) ) ( F i g u r e 5 . 1 0 ) . T h e V C E N s t r e t c h i n g

2 5 4



 
F i g u r e 5 . 1 1 . A s t r u c t u r a l r e p r e s e n t a t i o n o f C o [ H A T - ( C N ) 6 ] 2 ( 3 5 )

a n d Z n [ H A T - ( C N ) 6 ] 2 ( 3 6 ) i l l u s t r a t i n g t h e s t e r i c b u l k o f

t h e C N g r o u p s .
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m o d e s o f 2 2 1 0 a n d 2 2 1 2 c m ' 1 a r e c o n s i s t e n t w i t h t h e p r e s e n c e o f [ H A T -

( C N ) 6 ] ’ . B o t h c o m p o u n d s a r e E P R s i l e n t i n t h e s o l i d s t a t e , b u t s p e c t r a

o b t a i n e d i n a c e t o n i t r i l e / t o l u e n e f r o z e n s o l u t i o n s a t 4 K E P R a c t i v e . T h e

s p e c t r u m o f t h e Z n c o m p o u n d c o n s i s t s o f a s i n g l e i s o t r o p i c f e a t u r e a t g =

2 . 0 0 3 1 w i t h A H = 1 5 G ( F i g u r e 5 . 1 2 ) . H y p e r fi n e c o u p l i n g w o u l d n o t b e

e x p e c t e d d u e t o t h e l o w n a t u r a l a b u n d a n c e o f 6 7 Z n ( 4 % ) . O n t h e o t h e r h a n d ,

5 9 C o w i t h I = 7 / 2 i s 1 0 0 % a b u n d a n t , c o n s e q u e n t l y t h e E P R s i g n a l o f

C o [ H A T - ( C N ) 6 ] 2 s h o w s h y p e r fi n e c o u p l i n g t o t h e C o n u c l e u s a t g = 2 . 0 0 5 1

w i t h A H = 4 8 0 G ( F i g u r e 5 . 1 2 ) . A d d i t i o n a l l y , a b r o a d s i g n a l w a s o b s e r v e d

f o r t h e S = 3 / 2 C o u i o n a t g = 2 . 1 8 0 . T h i s g v a l u e i s i n g o o d a g r e e m e n t w i t h

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

w h i c h r e v e a l e d a h i g h t e m p e r a t u r e m o m e n t o f [ l e g = 4 . 2 B . M . w i t h g = 2 . 1 7 .

T h e s e d a t a i n d i c a t e t h a t t h e C o c e n t e r s a r e m a g n e t i c a l l y i s o l a t e d f r o m e a c h

o t h e r . A s c o n fi r m e d b y E P R s p e c t r o s c o p y , t h e r e i s n o c o n t r i b u t i o n t o t h e

m a g n e t i z a t i o n f r o m [ H A T - ( C N ) 6 ] ' , p r e s u m a b l y d u e t o i n t e r m o l e c u l a r

i n t e r a c t i o n s i n t h e s o l i d s t a t e . T h e Z n c o m p o u n d i s r e n d e r e d d i a m a g n e t i c i n

t h e s o l i d s t a t e d u e t o t h e s e s t a c k i n g i n t e r a c t i o n s .
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a N A = 1 . 0 4 G

  

  

   

S i m u l a t i o n

2 0 3 K T H F

 

I I I I I l I I I I I I I

3 3 0 0 3 3 0 5 3 3 1 O 3 3 1 5 3 3 2 0
M a g n e t i c F i e l d ( G )

K ( c r y p t a n d [ 2 . 2 . 2 ] ) [ H A T - ( C N ) 6 ]

F i g u r e 5 . 1 3 . T h e e x p e r i m e n t a l a n d s i m u l a t e d E P R s p e c t r a o f
K ( c r y p t a n d [ 2 . 2 . 2 ] ) [ H A T - ( C N ) 6 ] r e c o r d e d i n T H F

a t 2 0 3 K .
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( 4 ) P o t a s s i u m r e d u c t i o n o f H A T - ( C N ) 6

T h e r e a c t i o n o f H A T - ( C N ) 6 w i t h o n e e q u i v a l e n t o f K i n

d i m e t h y l i m a d i z o l e ( D M I ) p r o d u c e s a g r e e n s o l u t i o n o f K [ H A T — ( C N ) 6 ] . T h e

E P R s p e c t r u m o f t h i s s o l u t i o n i s i d e n t i c a l t o t h e s p e c t r u m ( F i g u r e 5 . 1 3 ) o f

K ( c r y p t a n d [ 2 . 2 . 2 ] ) [ H A T - ( C N ) 6 ] t h a t w a s fi r s t r e c o r d e d b y A . I c h i m u r a . 2 1

T h e n a r r o w l i n e - w i d t h o f 5 G a n d t h e g v a l u e o f 2 . 0 0 3 a r e c h a r a c t e r i s t i c o f

o r g a n i c r a d i c a l s . T h e h y p e r fi n e c o u p l i n g t o t h e n i t r o g e n a t o m s i s w e a k y e t

s u f fi c i e n t l y w e l l r e s o l v e d t o i d e n t i f y t h e h y p e r fi n e c o u p l i n g c o n s t a n t s o f

a N A ( r i n g n i t r o g e n s ) = 1 . 0 4 G a n d a N B ( n i t r i l e n i t r o g e n s ) = 0 . 2 4 G . A

s i m u l a t i o n o f t h e [ H A T - ( C N ) 6 ] ' E P R s p e c t r u m ( F i g u r e 5 . 1 3 ) p r o v i d e d a

g o o d fi t t o t h e e x p e r i m e n t a l d a t a . T h e l o w i n t e n s i t y o f t h e h y p e r fi n e

c o u p l i n g i s a t t r i b u t e d t o s e v e r a l f a c t o r s t h a t m o d u l a t e t h e l i n e - w i d t h . I n t h e

s i m u l a t i o n , t h e h y p e r fi n e s p l i t t i n g p a t t e r n i s t h e s a m e o n b o t h h a l v e s o f t h e

s p e c t r u m , b u t i n t h e e x p e r i m e n t a l s p e c t r u m t h e h i g h fi e l d s i d e i s l e s s w e l l -

r e s o l v e d . T h i s i s c o m m o n f o r m o l e c u l e s u n d e r g o i n g s l o w m o l e c u l a r

t u m b l i n g . A d d i t i o n a l l y , h y p e r fi n e a n i s o t r o p y o f n - r a d i c a l s i s g e n e r a l l y q u i t e

l a r g e a n d i s o n e o f t h e t e r m s t h a t c o n t r i b u t e s t o t h e e x p r e s s i o n f o r t h e l i n e -

w i d t h u n d e r c o n d i t i o n s o f s l o w m o l e c u l a r t u m b l i n g a n d s h o r t c o r r e l a t i o n

t i m e s . 2 2
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T h e r e a c t i o n o f H A T - ( C N ) 6 w i t h t w o e q u i v a l e n t s o f K i n D M I p r o d u c e s a

g r e e n s o l u t i o n t h a t i s p r o p o s e d t o b e [ K ] 2 [ H A T - ( C N ) 6 ] . T h e r e s u l t s o f

c o m p u t a t i o n a l s t u d i e s p r e s e n t e d i n S e c t i o n 4 o f t h i s c h a p t e r i n d i c a t e t h a t

[ H A T ( C N ) 6 ] 2 ‘ s h o u l d e x h i b i t a t r i p l e t g r o u n d s t a t e . T h e m o s t c o m p e l l i n g

e x p e r i m e n t a l e v i d e n c e i n s u p p o r t o f t h i s e l e c t r o n i c g r o u n d s t a t e

c o n fi g u r a t i o n i s t h e o b s e r v a t i o n o f a h a l f - fi e l d s i g n a l a t 1 6 8 5 G i n t h e E P R

s p e c t r u m r e c o r d e d a t 4 . 2 K ( F i g u r e 5 . 1 5 ) . T h i s l i n e c o r r e s p o n d s t o t h e A m , =

2 t r a n s i t i o n t h a t c a n o n l y o r i g i n a t e f r o m a t r i p l e t e l e c t r o n i c s t a t e . 2 2 T h e

t r a n s i t i o n i s q u a n t u m - m e c h a n i c a l l y f o r b i d d e n , b u t z e r o fi e l d s p l i t t i n g ( z f s )

g e n e r a l l y r e l a x e s t h e s e l e c t i o n r u l e t h a t d i c t a t e s o n l y t r a n s i t i o n s w i t h A m , =

: 1 a r e a l l o w e d . T h e w e a k i n t e n s i t y o f t h e s i g n a l i s c o n s i s t e n t w i t h t h e o n e

l i n e s i g n a l o b s e r v e d i n t h e h i g h fi e l d r e g i o n n e a r g = = 2 ( F i g u r e 5 . 1 5 ) . G i v e n

t h r e e e n e r g y l e v e l s , - 1 , O , a n d + 1 , a n d t h e A m , = - _ * - 1 s e l e c t i o n r u l e t w o E P R

t r a n s i t i o n s w o u l d b e e x p e c t e d f o r a t r i p l e t ( F i g u r e 5 . 1 4 ) . I n s i t u a t i o n s

w h e r e t h e z f s p a r a m e t e r , D , i s s m a l l , h o w e v e r , t h e t w o l i n e s c a n c o l l a p s e t o

g i v e a s p e c t r u m w i t h o n l y o n e l i n e . 2 2 T h e i n t e n s i t y o f t h e h a l f - fi e l d ,

f o r b i d d e n , t r a n s i t i o n s c a l e s w i t h D s o t r i p l e t s p e c t r a w i t h a s i n g l e l i n e i n t h e

h i g h - fi e l d r e g i o n w o u l d b e e x p e c t e d t o h a v e a w e a k A m , = 2 t r a n s i t i o n .
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3 3 4 0 3 3 8 0 3 4 2 0 [ G ]

F i g u r e 5 . 1 6 . T h e f r o z e n s o l u t i o n E P R s p e c t r u m o f t h e r e a c t i o n o f
H A T - ( C N ) 6 w i t h 2 e q u i v a l e n t s o f K i n d i m e t h y l i m a d i z o l e
r e c o r d e d a t 4 . 2 K .
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1 l l l

3 3 7 0 3 3 7 5 3 3 8 0 3 3 8 5 3 3 9 0 [ G ]

F i g u r e 5 . 1 7 . T h e s o l u t i o n E P R s p e c t r u m o f t h e r e a c t i o n o f H A T - ( C N ) 6

w i t h 2 e q u i v a l e n t s o f K . T h e s p e c t r u m w a s r e c o r d e d i n

D M I a t r o o m t e m p e r a t u r e .
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T h e s o l u t i o n E P R s p e c t r u m i n D M I a t r o o m t e m p e r a t u r e i s d i s p l a y e d

i n F i g u r e 5 . 1 7 . T h e e v e n n u m b e r o f h y p e r fi n e l i n e s i s i n c o n s i s t e n t w i t h

w h a t s h o u l d b e p r o d u c e d b y a m o l e c u l e s u c h a s H A T - ( C N ) 6 w h i c h c o n t a i n s

a n e v e n n u m b e r o f N a t o m s w i t h I = 1 n u c l e a r s p i n v a l u e s . T h i s s i t u a t i o n

s h o u l d g i v e r i s e t o a s i g n a l w i t h a n o d d n u m b e r o f l i n e s a n d t h e r e f o r e a

h y p e r fi n e l i n e a t t h e c e n t e r . T h e e v e n n u m b e r o f h y p e r fi n e l i n e s i m p l i e s

a d d i t i o n a l c o u p l i n g , p o s s i b l y t o K , h o w e v e r t h e h y p e r fi n e c o u p l i n g c o n s t a n t

o f t h e a d d i t i o n a l n u c l e u s w o u l d h a v e t o b e e q u a l t o t h e n i t r o g e n h y p e r fi n e

o r s o m e m u l t i p l e o f i t t o g i v e t h e o b s e r v e d s i g n a l . T h e o r i g i n o f t h e

h y p e r fi n e c o u p l i n g o b s e r v e d i n t h i s s p e c t r u m i s s t i l l u n r e s o l v e d .

C . R e a c t i o n o f [ H A T - ( C N ) 6 ] ' w i t h t r a n s i t i o n m e t a l i o n s

R e a c t i o n s o f [ C o n 2 ] [ H A T - ( C N ) 6 ] w i t h d i v a l e n t fi r s t r o w t r a n s i t i o n

m e t a l i o n s s u c h a s M n " , F e " , C o " , a n d N i 1 1 i n a c e t o n i t r i l e a t r o o m

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

t h e s e p r o d u c t s i n c o m m o n s o l v e n t s s u g g e s t s t h e p r e s e n c e o f e x t e n d e d

s t r u c t u r e s . A s s u m i n g t h a t t h e p r e f e r r e d [ H A T - ( C N ) 6 ] ‘ b i n d i n g m o d e i s

t h r o u g h t h e c h e l a t i n g N - N s i t e s a n d t h a t t h e n i t r i l e g r o u p s a r e s u f fi c i e n t l y

b u l k y t o f o r c e t h e t e t r a h e d r a l v e r s u s o c t a h e d r a l g e o m e t r y ( F i g u r e 5 . 1 1 ) , t h e

e x p e c t e d s t o i c h i o m e t r y f o r t h e b i n a r y m e t a l - [ H A T - ( C N ) 6 ] c o o r d i n a t i o n

p o l y m e r s w o u l d b e 3 : 2 . T h e p r e s e n c e o f t h e [ H A T - ( C N ) 6 ] ' r a d i c a l a n d t h e
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a b s e n c e o f [ C o n 2 ] + w a s v e r i fi e d b y I R s p e c t r o s c o p y , b u t t h e l o w

c r y s t a l l i n i t y o f t h e s e s a m p l e s p r e c l u d e d a s t r u c t u r a l s t u d y . I t r e m a i n s

u n k n o w n i f t h e c o m p o u n d s a r e d i s c r e t e o r p o l y m e r i c , a n d i f t h e s o l i d s t a t e

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

l i g a n d i n t e r a c t i o n s . T h e m a g n e t i c m e a s u r e m e n t s f o r t h e s e c o m p o u n d s

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

n o c o n t r i b u t i o n s f r o m t h e l i g a n d . T h i s f a c t t a k e n , t o g e t h e r w i t h t h e a b s e n c e

o f s i g n i fi c a n t m a g n e t i c e x c h a n g e b e t w e e n l o c a l i z e d m o m e n t s i n t h e m e t a l

i o n s i n a l l c a s e s , s u g g e s t s 1 t - 1 t d i m e r i z a t i o n o f t h e l i g a n d i n t h e s o l i d s t a t e .

S u c h a s i t u a t i o n w o u l d y i e l d d i a m a g n e t i c “ d i m e r s ” ( S = 0 ) s i m i l a r t o m a n y

o t h e r s a l t s o f o r g a n i c r a d i c a l s . 8

4 . C o m p u t a t i o n a l S t u d i e s o f H A T - ( C N ) 6 a n d i t s r e d u c t i o n

p r o d u c t s

D e n s i t y F u n c t i o n a l T h e o r y c o m p u t a t i o n s w e r e c a r r i e d o u t u s i n g t h e

G a u s s i a n 9 8 P r o g r a m . G e o m e t r i c o p t i m i z a t i o n u s i n g C a r t e s i a n c o o r d i n a t e s

a n d f r e q u e n c y c a l c u l a t i o n s w e r e c o n d u c t e d f o r n e u t r a l H A T - ( C N ) 6 , t h e

m o n o - a n i o n r a d i c a l [ H A T - ( C N ) 6 ] 1 ' , a n d b o t h t h e s i n g l e t a n d t r i p l e t s t a t e s o f

t h e d i - a n i o n [ H A T - ( C N ) 6 ] 2 ' . T h e t h e o r y l e v e l a n d b a s i s s e t e m p l o y e d w e r e

U B 3 L Y P a n d 6 - 3 1 G r e s p e c t i v e l y .
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A l t h o u g h t h e p a r a m e t e r s f o r t h e g e o m e t r i c o p t i m i z a t i o n s w e r e s e t u p s o

a s t o p e r m i t t h e [ H A T - ( C N ) 6 ] ° ” ” 2 ’ m o l e c u l e s t o u n d e r g o J a h n - T e l l e r

d i s t o r t i o n , a l l f o u r s p e c i e s r e m a i n e d p l a n a r . I t s h o u l d b e n o t e d t h a t

o p t i m i z a t i o n s f o r t h e r a d i c a l m o n o - a n i o n a n d t h e s i n g l e t d i - a n i o n a r e n o t

t r u e m i n i m i z a t i o n s b e c a u s e t h e f r e q u e n c y c a l c u l a t i o n s y i e l d e d a n i m a g i n a r y

f r e q u e n c y . T h e s e g e o m e t r i e s w o u l d b e s t b e c a l l e d t r a n s i t i o n s t a t e s b u t t h e s e

c o u l d b e m e r e l y r o t a t i o n a l t r a n s i t i o n s t a t e s a n d n o t n e c e s s a r i l y v i b r a t i o n a l i n

n a t u r e . T h e m a x i m u m f o r c e , R M S f o r c e , m a x i m u m d i s p l a c e m e n t , a n d R M S

d i s p l a c e m e n t t e r m s o f a l l f o u r o p t i m i z a t i o n s d i d , h o w e v e r , c o n v e r g e a s

r e q u i r e d . T h i s s u g g e s t s t h a t a n y e n e r g y d i f f e r e n c e s p r o d u c e d b y a d d i t i o n a l

c a l c u l a t i o n s w o u l d b e n e g l i g i b l e .

A s l i g h t J a h n - T e l l e r d i s t o r t i o n w a s o b s e r v e d f o r t h e r a d i c a l [ H A T -

( C N ) 6 ] ' . A s m e n t i o n e d p r e v i o u s l y , t h e r a d i c a l r e m a i n e d p l a n a r w i t h o n l y a

s l i g h t i n - p l a n e e l o n g a t i o n a l o n g t w o o f t h e C 2 a x e s w h i c h l o w e r s t h e

m o l e c u l a r s y m m e t r y f r o m D 3 ) , t o C Z V . A r e p r e s e n t a t i o n o f t h e d i s t o r t i o n i s

d e p i c t e d i n F i g u r e 5 . 1 8 .

T h e e n e r g i e s o f t h e f o u r H A T - ( C N ) 6 s p e c i e s w e r e d e t e r m i n e d . T h e

l o w e s t o f t h e s e w a s n e u t r a l H A T - ( C N ) 6 w h i c h l i e s 7 8 . 5 5 9 k c a l / m o l b e l o w

t h e m o n o - a n i o n r a d i c a l [ H A T - ( C N ) 6 ] ' . T h e t r i p l e t d i - a n i o n i s 1 . 3 5 4

k c a l / m o l a b o v e t h e m o n o - a n i o n a n d 3 . 6 6 3 k c a l / m o l b e l o w t h e s i n g l e t
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d i a n i o n . T h o u g h t h e s i n g l e t - t r i p l e t g a p i s s m a l l , t h e s e c a l c u l a t i o n s s u p p o r t

t h a t [ H A T - ( C N ) 6 ] 2 ' s h o u l d f a v o r s l i g h t l y a t r i p l e t g r o u n d s t a t e .

T h e m o l e c u l a r o r b i t a l s f o r H A T - ( C N ) 6 , [ H A T - ( C N ) 6 ] ' , a n d b o t h t h e

s i n g l e t a n d t r i p l e t e l e c t r o n i c c o n fi g u r a t i o n s o f [ H A T ( C N ) 6 ] 2 ’ w e r e

d e t e r m i n e d . T h e d e g e n e r a t e H O M O ’ s a n d L U M O ’ s o f n e u t r a l H A T - ( C N ) 6

a r e d e p i c t e d i n F i g u r e 5 . 1 9 . T h e m o l e c u l a r o r b i t a l c a l c u l a t i o n s r e v e a l e d t h e

t h a t H O M O o f [ H A T ( C N ) 6 ] ' ( F i g u r e 5 . 2 0 ) s t r o n g l y r e s e m b l e s o n e o f t h e

H A T - ( C N ) 6 L U M O ’ s . T h e o t h e r H A T - ( C N ) 6 L U M O b e c o m e s t h e

L U M O + 1 o f [ H A T ( C N ) 6 ] ’ a n d n o t , a s m i g h t h a v e b e e n e x p e c t e d , t h e

L U M O . T h i s c o u l d b e d u e t o t h e J a h n - T e l l e r d i s t o r t i o n o b s e r v e d f o r t h e

r a d i c a l [ H A T ( C N ) 6 ] ' . T h e d e g e n e r a t e H O M O ’ s o f t h e t r i p l e t [ H A T ( C N ) 6 ] 2 '

( p r e s e n t e d i n F i g u r e 5 . 2 1 ) s p l i t a n d b e c o m e t h e H O M O a n d L U M O o f t h e

s i n g l e t [ H A T ( C N ) 6 ] 2 ' s p e c i e s ( d e p i c t e d i n F i g u r e 5 . 2 2 ) .
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F i g u r e 5 . 1 8 . A r e p r e s e n t a t i o n o f t h e J a h n — T e l l e r e l o n g a t i o n p r e d i c t e d f o r

t h e r a d i c a l [ H A T - ( C N ) 6 ] ' b y a D F I ‘ c o m p u t a t i o n a l s t u d y

c o n d u c t e d w i t h G a u s s i a n 9 8 .
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L U M O ’ S E = - 0 . 1 6 9 5 8

  
H O M O ’ S E = - 0 . 3 2 4 7 2

F i g u r e 5 . 1 9 . R e p r e s e n t a t i o n s o f t h e f r o n t i e r m o l e c u l a r o r b i t a l s o f

H A T - ( C N ) 6 a s d e t e r m i n e d b y a D P T c o m p u t a t i o n a l s t u d y

c o n d u c t e d w i t h t h e G a u s s i a n 9 8 p r o g r a m . T h e e n e r g i e s a r e

r e p o r t e d i n H a r t r e e u n i t s .

2 7 0



 

L U M O L U M O + 1

E = ' 0 - 0 4 0 0 8 E = 0 . 0 3 9 1 7

 

H O M O

E = 0 . 0 8 0 8 6

F i g u r e 5 . 2 0 . R e p r e s e n t a t i o n s o f t h e f r o n t i e r m o l e c u l a r o r b i t a l s o f

[ H A T - ( C N ) 6 ] ' a s d e t e r m i n e d b y a D F I ‘ c o m p u t a t i o n a l s t u d y

c o n d u c t e d w i t h t h e G a u s s i a n 9 8 p r o g r a m . T h e e n e r g i e s a r e

r e p o r t e d i n H a r t r e e u n i t s .

2 7 1



 

L U M O E = 0 . 0 9 1 7 5

 

H O M O ’ s E = 0 . 0 4 1 0 6

F i g u r e 5 . 2 1 . R e p r e s e n t a t i o n s o f t h e f r o n t i e r m o l e c u l a r o r b i t a l s f o r t h e t r i p l e t

e l e c t r o n i c c o n fi g u r a t i o n o f [ H A T - ( C N ) 6 ] 2 ' a s d e t e r m i n e d b y a

D P T c o m p u t a t i o n a l s t u d y c o n d u c t e d w i t h t h e G a u s s i a n 9 8

p r o g r a m . T h e e n e r g i e s a r e r e p o r t e d i n H a r t r e e u n i t s .

2 7 2



 

L U M O E = 0 . 0 8 7 8 2

 

H O M O E = 0 . 0 5 1 3 8

F i g u r e 5 . 2 2 . R e p r e s e n t a t i o n s o f t h e f r o n t i e r m o l e c u l a r o r b i t a l s f o r t h e

s i n g l e t e l e c t r o n i c c o n fi g u r a t i o n o f [ H A T - ( C N ) 6 ] 2 ' a s

d e t e r m i n e d b y a D P T c o m p u t a t i o n a l s t u d y c o n d u c t e d w i t h t h e

G a u s s i a n 9 8 p r o g r a m . T h e e n e r g i e s a r e r e p o r t e d i n H a r t r e e

u n i t s .
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5 . C o n c l u s i o n s

T h e m e t a l l o c e n e s , F e s z a n d [ C o n 2 ] [ P F 6 ] , p r o v e d t o b e c a p a b l e

t e m p l a t e s f o r t h e f o r m a t i o n o f l a y e r e d s t r u c t u r e s o f w i t h H A T - ( C N ) 6 ,

C o n v e n i e n t o u t e r - s p h e r e c h e m i c a l r e d u c t i o n r o u t e s o f H A T - ( C N ) 6 t o t h e

r a d i c a l [ H A T - ( C N ) 6 ] ' s p e c i e s a n d t h e d i a n i o n [ H A T - ( C N ) ( , ] 2 ' h a v e b e e n

d o c u m e n t e d . T r a n s i t i o n m e t a l s c a n a l s o b e u s e d a s r e d u c i n g a g e n t s , b u t i n

t h e s e c a s e s c o m p l e x a t i o n o f t h e m e t a l w i t h t h e r e d u c e d H A T - ( C N ) 6 s p e c i e s

o c c u r s . D i s c r e t e , s o l u b l e p a r a m a g n e t i c c o m p l e x e s a r e o b t a i n e d b y d i r e c t

r e a c t i o n o f H A T - ( C N ) 6 w i t h C o a n d Z n . I n s o l u b l e , p o l y m e r i c b i n a r y s a l t s

w e r e o b t a i n e d f r o m r e a c t i o n s o f d i v a l e n t t r a n s i t i o n m e t a l s w i t h t h e p r e -

r e d u c e d [ H A T - ( C N ) 6 ] ' a n i o n . T h e s t r u c t u r e s o f t h e s e s a l t s a r e n o t k n o w n ,

b u t t h e y s h o w m a g n e t i c b e h a v i o r i n d i c a t i v e o f a d i m e r i z a t i o n o f t h e [ H A T -

( C N ) 6 ] 1 ' r a d i c a l s i n t h e s o l i d s t a t e .
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A c h i w a , N . ; H a s h i m o t o , Y . ; O k a w a , H . J . A m . C h e m . S o c . 1 9 9 2 1 1 4

6 9 7 4 ; ( b ) P e l l a u x , R . ; S c h m a l l e , H . W . ; H u b e r , R . ; F i s h e r , P . ; H a u s s , T . ;

O u l a d d i a f , B . ; D e c u r t i n s , S . I n o r g . C h e m . 1 9 9 7 3 6 2 3 0 1 ; ( c ) H e r n a n d e z -

M o l i n a , M . ; L l o r e t , F . ; R u i z - P e r e z , C . ; J u l v e , M . I n o r g . C h e m . 1 9 9 8 3 7

4 1 3 1 ; ( d ) C o r o n a d o , E . ; G a l a n - M a s c a r o s , J . R . ; G o m e z - G a r c i a , C . J . ;

E n s l i n g , J . ; G i i t l i c h , P . C h e m . E u r . J . 2 0 0 0 6 5 5 2 .
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4 . ( a ) M i l l e r , J . S . ; E p s t e i n , A . J . A n g e w . C h e m . I n t . E d . E n g l . 1 9 9 4 3 3 3 8 5 ;

( b ) M i l l e r , J . S . ; E p s t e i n , A . J . C h e m i s t r y & I n d u s t r y 2 ( 1 9 9 6 ) 4 9 ; ( c )

Z h a n g , J . ; E n s l i n g , J . ; K s e n o f o n t o v , V . ; G l ’ i t l i c h , P . ; E p s t e i n , A . J . ;

M i l l e r , J . S . ; A n g e w . C h e m , I n t . E d . E n g l . 1 9 9 8 3 7 6 5 7 ; ( d ) Y e e , G . T . ;

M a n r i q u e z , J . M . ; D i x o n , D . A . ; M c L e a n , R . S . ; G r o s k i , D . M . ; F l i p p e n ,

R . B . ; N a r a y a n , K . S . ; E p s t e i n , A . J . ; M i l l e r , J . S . A d v . M a t e r . 1 9 9 1 3 ,

3 0 9 ; ( e ) M i l l e r , J . S . ; G l a t z h o f e r , D . T . ; O ' H a r e , D . M . ; R e i f f , W . M . ;

C h a k r a b o r t y , A . ; E p s t e i n , A . J . I n o r g . C h e m . 1 9 8 9 2 8 , 2 9 3 0 .

5 . ( a ) D u n b a r , K . R . ; C o w e n , J . ; Z h a o , H . ; H e i n t z , R . A . ; O u y a n g , X . ;

G r a n d i n e t t i , G . i n N A T O A S I : S u p r a m o l e c u l a r E n g i n e e r i n g o f S y n t h e t i c

M e t a l l i c M a t e r i a l s : C o n d u c t o r s a n d M a g n e t s , E d : J . V e c i a n a , K l u w e r

A c a d e m i c P u b ] . 5 1 8 ( 1 9 9 9 ) 3 5 3 ; ( b ) C o w e n , J . ; C l é r a c , R . ; H e i n t z , R .

A . ; O ’ K a n e , S . ; O u y a n g , X . ; Z h a o , H . ; D u n b a r , K . R . M o l . C r y s t . L i q .

C r y s t . 1 9 9 9 3 3 5 1 1 3 .

6 . R a d e m a c h e r , J . T . ; K a n a k a r a j a n , K . ; C z a m i k , A . W . S y n t h e s i s 1 9 9 4 3 7 8 .

1 3 . S M A R T 1 0 0 0 , B r u k e r A n a l y t i c a l X - R a y I n s t r u m e n t s , M a d i s o n , W I

5 3 7 1 9 ( 1 9 9 9 ) .

1 4 . S A I N T 1 0 0 0 , B r u k e r A n a l y t i c a l X - R a y I n s t r u m e n t s , M a d i s o n , W I

5 3 7 1 9 ( 1 9 9 9 ) .

1 5 . G M . S h e l d r i c k , “ S A D A B S , S i e m e n s A r e a D e t e c t o r A b s o r p t i o n ( a n d

o t h e r ) C o r r e c t i o n ” , U n i v . o f G o t t i n g e n , G o t t i n g e n , G e r m a n y ( 1 9 9 8 ) .

1 6 . S H E L X T L v e r . 5 . 1 0 , R e f e r e n c e M a n u a l , B r u k e r I n d u s t r i a l A u t o m a t i o n ,

A n a l y t i c a l I n s t r u m e n t , M a d i s o n , W I 5 3 7 1 9 ( 1 9 9 9 ) .

1 7 . ( a ) C o m e l i s s e n , J . P . ; v a n d i e m e n , J . H . ; G r o e n e v e l d , L . R . ; H a a s n o o t ,

J . G . ; S p e k , A . L . ; R e e d i j k , J . I n o r g . C h e m . 1 9 9 2 3 1 1 9 8 ; ( b ) P u k a c k i ,
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1 8 .

1 9 .

W . ; P a w l a k , M . ; G r a j a , A . ; L e q u a n , M . ; L e q u a n , R . M . I n o r g . C h e m .

1 9 8 7 2 6 , 1 3 2 8 ; ( c ) B a l l e s t e r , L . ; B a r r a l , M . C . ; G u t i é r r e z , A . ; J i m e n e z -
A p a r i c i o , R . ; M a r t i n e z - M u y o , J . M . ; M . F . P e r p i fi a n , M . A . M o n g e , C . J .

R u i z - V a l e r o , C h e m . S o c . , C h e m . C o m m u n . 1 9 9 1 1 3 9 6 . ( d ) K a i m , W . ;

M o s c h e r o s h , M . C o o r d . C h e m . R e v . 1 9 9 4 , 1 2 9 1 5 7 ; ( e ) H e i n t z , R . A . ;

Z h a o , H . ; O u y a n g , X . ; G r a n d i n e t t i , G . ; C o w e n , J . ; D u n b a r , K . R .

I n o r g . C h e m . 1 9 9 9 , 3 8 , 1 4 4 ; ( f ) Z h a o , H . ; H e i n t z , R . A . ; O u y a n g , X . ;

D u n b a r , K . R . ; C a m p a n a , C . F . ; R o g e r s , R . D . C h e m . M a t e r . 1 9 9 9 , 1 1 ,

7 3 6 ; ( g ) C o w e n , J . ; C l é r a c , R . ; H e i n t z , R . A . ; O ' K a n e , S . ; O u y a n g , X . ;

Z h a o , H . ; D u n b a r , K . R . M o l . C r y s t . L i q . C r y s t . 1 9 9 9 , 3 5 5 , 1 1 3 .

B o n d i , A . J . P h y s . C h e m . 1 9 6 4 , 6 8 , 4 4 1 .

O ’ K a n e , S . A . ; C l é r a c , R . ; Z h a o , H . ; O u y a n g , X . ; G a l a n - M a s c a r é s , J . R . ;

H e i n t z , R . ; D u n b a r , K . R . J . S o l i d S t a t e C h e m . 2 0 0 0 I 5 2 1 5 9 .

2 0 . C o t t o n , F . A . ; W i l k i n s o n , G . A d v a n c e d I n o r g a n i c C h e m i s t r y , 1 9 9 8 ,

2 1 .

J o h n W i l e y & S o n s , N e w Y o r k , N e w Y o r k .

U n p u b l i s h e d r e s u l t p r i v a t e l y c o m m u n i c a t e d

2 2 . P l a t z , M . S . K i n e t i c s a n d S p e r t r o s c o p y o f C a r b e n e s a n d B i r a d i c a l s ,

1 9 9 0 , P l e n u m P r e s s , N e w Y o r k
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C h a p t e r V I

C o n c l u s i o n s
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I n t h i s t h e s i s p r o j e c t , p r o g r e s s w a s m a d e i n a d v a n c i n g t h e fi e l d l o w -

v a l e n t t r a n s i t i o n m e t a l c y a n i d e c h e m i s t r y t h a t i n c l u d i n g c o m p o u n d s t h a t

e x h i b i t m e t a l - m e t a l b o n d i n g . E l e c t r o n i c a b s o r p t i o n , N M R , a n d i n f r a r e d

s p e c t r a l c h a r a c t e r i z a t i o n a s w e l l a s m a s s s p e c t r o m e t r i c m e t h o d s s u p p o r t t h a t

t h e r e a c t i o n o f R e 2 ( O z C C H 3 ) 4 C 1 2 w i t h 8 e q u i v a l e n t s o f [ E t a N ] [ C N ] p r o c e e d s

t o y i e l d [ E t 4 N ] 2 [ R 6 2 ( C N ) 3 ] ( 3 ) , w h i c h i s o n l y t h e s e c o n d e x a m p l e o f a

[ M 2 ( C N ) 8 ] " ' c o m p o u n d . T h e r e a c t i o n o f C r 2 ( O z C C F 3 ) 4 ( T I - I F ) 2 w i t h

[ E t 4 N ] [ C N ] o r [ n - B u a N ] [ C N ] p r o c e e d s w i t h c l e a v a g e o f t h e m e t a l - m e t a l

b o n d a n d f o r m a t i o n o f [ C r ( C N ) 6 ] 2 " 3 ' r a t h e r t h a n t h e d e s i r e d d i n u c l e a r a n i o n

[ C r 2 ( C N ) g ] 4 ’ . T h e r e s u l t s o f e l e c t r o n i c a b s o r p t i o n a n d i n f r a r e d s p e c t r o s c o p y

i n d i c a t e t h a t r e a c t i o n s o f O s 2 ( O z C C H 3 ) 4 C 1 2 w i t h [ E t a N ] [ C N ] a n d [ n -

B u 4 N ] [ C N ] p r o c e e d w i t h f o r m a t i o n o f m u l t i p l e c y a n i d e c o n t a i n i n g

p r o d u c t s . T h e i n s t a b i l i t y o f l o w v a l e n t t r a n s i t i o n m e t a l s s u c h a s C r 1 1 a n d W I I

t o w a r d s o x i d a t i o n n e c e s s i t a t e t h e u s e o f a n h y d r o u s r e a c t i o n c o n d i t i o n s t h a t

a r e a c c e s s i b l e o n l y w i t h [ E t 4 N ] [ C N ] a n d ( C H 3 ) 3 S i C N , b u t n o t w i t h [ n -

B u 4 N ] [ C N ] .

A f a r r r i l y o f e d g e - s h a r i n g b i o c t a h e d r a l ( E S B O ) d i m o l y b d e n u m c y a n i d e

c o m p o u n d s w i t h p h o s p h i n e c o - l i g a n d s w a s p r e p a r e d . U n d e r a n a e r o b i c

c o n d i t i o n s , t h e r e a c t i o n o f M 0 2 C 1 4 ( d p p m ) 2 w i t h [ R 4 N ] [ C N ] ( R = E t o r n - B u )

p r o c e e d s w i t h c y a n i d e d i s p l a c e m e n t o f t h e c h l o r i d e l i g a n d s a n d a d d i t i o n o f
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t w o c y a n i d e s t o y i e l d t h e t e t r a a l k y l a m m o n i u m s a l t o f

[ M o z u ’ " ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) ( F i g u r e 3 . 1 ) . T h e t w o ( u — C N ) g r o u p s s p a n n i n g

t h e d i m o l y b d e n u m c o r e a r e i n t h e r a r e l y o b s e r v e d s e m i - b r i d g i n g m o d e w i t h

c y a n i d e b e i n g b o u n d t o o n e M o t h r o u g h a o - b o n d a n d t o t h e o t h e r M o a t o m

t h r o u g h a s i d e - o n 7 : i n t e r a c t i o n ( F i g u r e s 3 . 1 0 ) . A s e v i d e n c e d b y t h e c y c l i c

v o l t a m m o g r a m d i s p l a y e d i n F i g u r e 3 . 6 [ M o z n ’ " ( C N ) 6 ( d p p m ) 2 ] 2 ' ( 8 ) i s e a s i l y

o x i d i z e d . T h e d e l i b e r a t e u s e o f o n e a n d t w o e q u i v a l e n t s o f t h e o x i d a n t

N O B F 4 l e d t o t h e p r e p a r a t i o n o f t h e o x i d a t i o n p r o d u c t s

[ M o z n ‘ m ( C N ) 6 ( d p p m ) 2 ] 1 ' ( 1 0 ) a n d M o g u l ’ m ( C N ) 6 ( d p p m ) 2 ( 1 1 ) ( F i g u r e s 3 . 3

a n d 3 . 4 ) .

T h e o x i d a t i o n s t a t e o f t h e d i m o l y b d e n u m c o r e s t r o n g l y i n fl u e n c e s t h e

b o n d i n g i n t e r a c t i o n s o f t h e b r i d g i n g c y a n i d e s . T h e s i d e - o n 1 t i n t e r a c t i o n o f

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

B u 4 N ] [ M o z u ’ m ( C N ) 6 ( d p p m ) 2 ] ( 1 0 ) a r e s i g n i fi c a n t l y m o r e p r o m i n e n t t h a n i n

t h e p a r e n t c o m p o u n d [ n - B u 4 N ] 2 [ M o z n ’ " ( C N ) 6 ( d p p m ) 2 ] ( 8 ) ( F i g u r e 3 . 5 a n d

T a b l e 3 . 7 ) . T h e r e m o v a l o f a n e l e c t r o n f r o m [ M o z n ’ m ( C N ) 6 ( d p p m ) 2 ] ' ( 1 0 ) t o

g i v e M o z m ’ m ( C N ) 6 ( d p p m ) 2 ( 1 1 ) f u r t h e r i n c r e a s e s t h e 1 : i n t e r a c t i o n b u t t o a

s m a l l e r d e g r e e t h a n w h a t w a s o b s e r v e d i n g o i n g f r o m t h e M o z n ’ I I t o M 0 2 1 1 1 "

s p e c i e s ( F i g u r e s 3 . 5 a n d T a b l e 3 . 7 ) .
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T h e s p a t i a l a r r a n g e m e n t o f t h e t e r m i n a l c y a n i d e l i g a n d s i n t h e s e n e w

c o m p o u n d s i s s u c h t h a t i n t e r a c t i o n s w i t h L e w i s a c i d s t o f o r m l a r g e r

a s s e m b l i e s a r e p o s s i b l e . I n t h i s r e g a r d , t h e r e a c t i o n o f [ n -

B u 4 N 1 2 [ M 0 2 ( C N ) 6 ( d P P m ) 2 1 ( 8 ) w i t h [ N i ( e n ) 2 ( C H 3 C N ) 2 ] [ P F 6 ] 2 ( 2 1 ) w a s

f o u n d t o f o r m a n e u t r a l o n e - d i m e n s i o n a l p o l y m e r w i t h

{ [ N i ( e n ) 2 ] [ M o z ( C N ) 6 ( d p p m ) 2 ] } , , ( 1 2 ) r e p e a t i n g u n i t s ( F i g u r e 3 . 8 ) . T h e

[ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 2 ' u n i t s a c t a s a b r i d g e , b u t d o n o t e n a b l e m a g n e t i c

c o m m u n i c a t i o n t o o c c u r b e t w e e n t h e n e a r e s t n e i g h b o r N i l I c e n t e r s ( F i g u r e

3 . 9 ) . -

A f a m i l y o f m o n o n u c l e a r t r a n s t i o n m e t a l c y a n i d e a n d n i t r i l e c o m p o u n d s

w i t h t h e f a c i a l c a p p i n g l i g a n d 1 - ( h y d r o ) t r i s p y r a z o l b o r a t e w e r e d e s i g n e d f o r

t h e p r e p a r a t i o n o f m o l e c u l a r , o p e n - s h e l l , h e t e r o m e t a l l i c c u b e s ( F i g u r e s 4 . 1

a n d 4 . 2 ) . T h e N a [ T p ] a n d h o m o l e p t i c a c e t o n i t r i l e s o l v a t e d t r a n s i t i o n m e t a l

i o n s , [ M n ( C H 3 C N ) 4 ] [ P F ( , ] 2 a n d [ C o ( C H 3 C N ) 6 ] [ P F 6 ] 2 p r o v e d t o b e e f f e c t i v e

i n p r e p a r i n g t h e d i v a l e n t , s o l v a t e d c o r n e r b u i l d i n g b l o c k c o m p o u n d s

[ ( T p ) M n ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 6 ) a n d [ ( T p ) C o ( C H 3 C N ) 3 ] [ P F 6 ] ( 1 7 ) ( F i g u r e

4 . 6 ) . T h e t r i v a l e n t p r e c u r s o r s ( T p ) M o B r 2 ( T H F ) ( 1 5 ) ( F i g u r e 4 . 5 ) a n d

( T p ) V C 1 2 ( T H F ) w e r e u s e f u l a s p r e c u r s o r s t o t h e h i g h e r o x i d a t i o n s t a t e

b u i l d i n g b l o c k s c o m p o u n d s [ ( T p ) M o ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 8 ) a n d

[ ( T p ) V ( C H 3 C N ) 3 ] [ P F 6 ] 2 ( 1 9 ) . T h e c y a n i d e c o m e r b u i l d i n g b l o c k c o m p o u n d
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K [ ( T p ) C r ( C N ) 3 ] ( 2 0 ) w a s p r e p a r e d f r o m K [ ( T p ) C r C l 3 ] ( 1 4 ) . T h e s o l v a t e d ,

e d g e b u i l d i n g b l o c k , t r a n s - [ N i ( C H 3 C N ] 2 ( e n ) 2 ] [ P F 6 ] 2 ( 2 1 ) ( F i g u r e 4 . 7 ) w a s

p r e p a r e d b y c h l o r i d e a b s t r a c t i o n f r o m t r a n s - N i C 1 2 ( e n ) 2 .

T h e S p a r t a n p r o g r a m w a s u s e d t o c o n d u c t a c o m p u t e r m o d e l i n g s t u d y t o

e v a l u a t e w h e t h e r s t e r i c i n t e r a c t i o n s w o u l d p r e v e n t c u b e a s s e m b l y w i t h t h e

c o m p o u n d s u n d e r i n v e s t i g a t i o n . A m o l e c u l a r m o d e l w a s c o n s t r u c t e d f o r

b o t h t h e e i g h t a n d t w e n t y m e t a l a t o m c u b e s ( F i g u r e 4 . 1 1 ) . T h e r e s u l t s o f

t h e s e e f f o r t s r e v e a l e d t h a t s u f fi c i e n t v o i d s p a c e e x i s t s i n s i d e t h e c u b e s s u c h

t h a t s t e r i c f a c t o r s w i l l n o t p l a y a p r o h i b i t i v e r o l e i n t h e a s s e m b l y p r o c e s s .

S e l f - a s s e m b l y r e a c t i o n s o f t w o t y p e s o f b u i l d i n g b l o c k c o m p o u n d s w e r e

i n v e s t i g a t e d . B a s e d o n i n f r a r e d s p e c t r o s c o p i c d a t a , h e m o s t p r o m i s i n g o f

t h e s e i s t h e r e a c t i o n o f f o u r e q u i v a l e n t s e a c h o f K [ C r ( C N ) 3 ( T p ) ] ( 2 0 ) a n d

[ N i ( C H 3 C N ) 3 ( T p ) ] [ B F 4 ] w h i c h l e a d s t o a p r o d u c t t h a t e x h i b i t s o n l y a s i n g l e ,

s h a r p c y a n i d e s t r e t c h .

T h e a r o m a t i c m o l e c u l e w i t h t r i g o n a l l y d i s p o s e d c h e l a t i n g s i t e s ,

h e x a z a t r i p h e n y l e n e - h e x a c a r b o n i t r i l e ( H A T - ( C N ) 6 ) , a n d i t s r e d u c e d s p e c i e s

w e r e e x p l o r e d a s o r g a n i c l i n k e r s f o r t r a n s i t i o n m e t a l i o n s . T h e m e t a l l o c e n e s ,

F e C p 2 a n d [ C o n 2 ] [ P F 6 ] , p r o v e d t o b e c a p a b l e t e m p l a t e s f o r t h e f o r m a t i o n

o f l a y e r e d s t r u c t u r e s w i t h H A T - ( C N ) 6 ( F i g u r e s 5 . 6 a n d 5 . 7 ) . C o n v e n i e n t

o u t e r - s p h e r e c h e m i c a l r e d u c t i o n r o u t e s o f H A T - ( C N ) 6 t o t h e r a d i c a l [ H A T -
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( C N ) 6 ] ' s p e c i e s a n d t h e d i a n i o n [ H A T - ( C N ) 6 ] 2 ‘ h a v e b e e n d o c u m e n t e d .

T r a n s i t i o n m e t a l s c a n a l s o b e u s e d a s r e d u c i n g a g e n t s , b u t , i n t h e s e c a s e s ,

c o m p l e x a t i o n o f t h e m e t a l w i t h t h e r e d u c e d H A T - ( C N ) 6 s p e c i e s o c c u r s .

D i s c r e t e , s o l u b l e p a r a m a g n e t i c c o m p l e x e s a r e o b t a i n e d b y d i r e c t r e a c t i o n o f

H A T - ( C N ) , w i t h C o ( 3 5 ) a n d Z n ( 3 6 ) ( F i g u r e 5 . 1 1 ) . I n s o l u b l e , p o l y m e r i c

b i n a r y s a l t s w e r e o b t a i n e d f r o m r e a c t i o n s o f d i v a l e n t t r a n s i t i o n m e t a l s w i t h

t h e p r e - r e d u c e d [ H A T - ( C N ) 6 ] ' a n i o n . T h e s t r u c t u r e s o f t h e s e s a l t s a r e n o t

k n o w n , b u t t h e y s h o w m a g n e t i c b e h a v i o r i n d i c a t i v e o f a d i m e r i z a t i o n o f t h e

[ H A T - ( C N ) 6 ] ' r a d i c a l s i n t h e s o l i d s t a t e . C o m p u t a t i o n a l s t u d i e s p r e d i c t t h a t

[ H A T - ( C N ) 6 ] 2 ’ s h o u l d e x h i b i t a t r i p l e t g r o u n d s t a t e . E x p e r i m e n t a l e v i d e n c e

t o t h i s e f f e c t w a s o b t a i n e d f r o m E P R s p e c t r o s c o p i c s t u d i e s t h a t l e d t o t h e

o b s e r v a t i o n o f a h a l f - fi e l d s i g n a l f o r K 2 [ H A T - ( C N ) 6 ] w h i c h c a n o n l y a r i s e

f r o m a t r i p l e t e l e c t r o n i c s t a t e ( F i g u r e 5 . 1 4 ) .

2 8 3



A p p e n d i c e s

2 8 4

 



T a b l e A . l . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

[ n - B u a N ] 2 [ M 0 2 ( C N ) 6 ( d p p m ) ] 0 2 C H 3 C N 0 2 C 6 1 - 1 6 ( 8 )

 

 

X y 2 W m )

M o ( l ) 2 4 7 9 ( 1 ) 2 7 2 0 ( 1 ) 3 7 2 ( 1 ) 2 6 ( 1 )
P ( 1 ) 3 4 9 8 ( 1 ) 2 3 4 8 ( 2 ) - 1 0 5 ( 1 ) 3 1 ( 1 )
F ( 2 ) 1 4 5 0 ( 1 ) 3 1 2 2 ( 1 ) - 1 1 7 6 ( 2 ) 3 0 ( 1 )
N ( l ) 2 2 3 1 ( 4 ) 2 2 0 5 ( 5 ) 2 0 9 2 ( 5 ) 4 4 ( 3 )
N ( 2 ) 2 7 6 2 ( 4 ) 4 1 8 8 ( 4 ) 4 1 2 2 ( 5 ) 5 5 ( 3 )
N ( 5 ) 3 0 2 8 ( 6 ) 3 1 7 5 ( 9 ) 2 9 1 0 ( 9 ) 1 2 6 ( 6 )
N ( 3 ) 1 9 8 1 ( 4 ) 1 3 6 1 ( 5 ) - 7 5 0 ( 7 ) 8 8 ( 5 )
N ( 4 ) 1 7 6 8 ( 4 ) 1 1 1 2 ( 4 ) - 3 8 8 1 ( 5 ) 3 9 ( 2 )
C ( l ) 2 3 0 0 ( 4 ) 2 3 5 5 ( 6 ) - 1 5 6 4 ( 7 ) 4 1 ( 3 )
C ( 2 ) 2 6 8 2 ( 4 ) 3 7 0 3 ( 6 ) - 8 9 8 ( 5 ) 3 4 ( 3 )
C ( 3 ) 2 2 0 5 ( 5 ) 1 7 1 8 ( 6 ) - 3 4 8 ( 7 ) 4 5 ( 4 )
C ( 4 ) 3 9 2 8 ( 4 ) 2 3 7 0 ( 5 ) 8 6 4 ( 5 ) 3 5 ( 3 )
C ( 1 1 ) 3 9 2 0 ( 4 ) 2 9 3 2 ( 5 ) 3 0 0 ( 6 ) 3 3 ( 3 )
C ( 1 2 ) 4 2 8 1 ( 4 ) 3 4 6 6 ( 6 ) 1 4 0 ( 6 ) 4 0 ( 3 )
C ( 1 3 ) 4 5 7 8 ( 5 ) 3 8 9 4 ( 6 ) - 6 0 ( 8 ) 5 9 ( 4 )
C ( 1 4 ) 4 5 1 7 ( 5 ) 3 8 1 6 ( 7 ) ~ 6 8 4 ( 8 ) 5 7 ( 4 )
C ( 1 5 ) 4 1 3 0 ( 5 ) 3 2 9 7 ( 8 ) - 1 1 3 2 ( 7 ) 6 4 ( 4 )
C ( 1 6 ) 3 8 3 8 ( 5 ) 2 8 7 1 ( 6 ) 2 4 0 0 ) 5 2 ( 4 )
C ( 2 1 ) 3 6 6 7 ( 5 ) 1 4 7 6 ( 5 ) - 3 0 3 ( 6 ) 3 5 ( 3 )
C ( 2 2 ) 4 2 3 4 ( 5 ) 1 2 9 4 ( 7 ) 3 3 ( 7 ) 6 9 ( 4 )
C ( 2 3 ) 4 3 6 8 ( 6 ) 6 3 1 ( 9 ) - 1 9 3 ( 8 ) 9 7 ( 6 )
C ( 2 4 ) 3 9 3 8 ( 7 ) 1 4 7 ( 7 ) 3 7 1 ( 7 ) 7 3 ( 5 )
C ( 2 5 ) 3 3 8 2 ( 6 ) 3 2 2 ( 6 ) 3 1 9 ( 7 ) 6 1 ( 4 )
C ( 2 6 ) 3 2 3 2 ( 5 ) 9 8 4 ( 6 ) - 6 9 5 ( 6 ) 4 3 ( 3 )
C ( 3 1 ) 1 2 3 2 ( 5 ) 4 0 3 3 ( 5 ) - 1 1 8 8 ( 5 ) 2 9 ( 3 )
C ( 3 2 ) 6 4 6 ( 5 ) 4 2 2 1 ( 6 ) - 1 5 5 9 ( 6 ) 6 0 ( 4 )
C ( 3 3 ) 4 7 3 ( 6 ) 4 9 0 3 ( 8 ) - 1 5 4 4 ( 7 ) 7 1 ( 4 )
C ( 3 4 ) 8 9 9 ( 7 ) 5 4 1 4 ( 7 ) - 1 1 7 9 ( 7 ) 6 8 ( 4 )
C ( 3 5 ) 1 4 9 3 ( 6 ) 5 2 4 5 ( 6 ) - 7 9 7 ( 7 ) 7 6 ( 5 )
C ( 3 6 ) 1 6 4 7 ( 5 ) 4 5 4 5 ( 5 ) - 8 0 7 ( 6 ) 4 7 ( 4 )
C ( 4 1 ) 1 0 1 5 ( 4 ) 2 9 1 7 ( 6 ) 2 1 1 2 ( 6 ) 3 3 ( 3 )
C ( 4 2 ) 9 4 4 ( 5 ) 3 4 1 8 ( 6 ) 2 5 9 3 ( 6 ) 4 4 ( 3 )
C ( 4 3 ) 6 8 8 ( 5 ) 3 2 4 4 ( 7 ) 3 2 7 4 ( 8 ) 6 3 ( 4 )
C ( 4 4 ) 4 8 3 ( 5 ) 2 5 6 9 ( 8 ) 3 5 0 9 ( 6 ) 5 6 ( 4 )
C ( 4 5 ) 5 4 4 ( 5 ) 2 0 5 9 ( 6 ) 3 0 3 7 ( 7 ) 5 0 ( 4 )
C ( 4 6 ) 8 1 6 ( 4 ) 2 2 3 5 ( 6 ) 2 3 4 1 ( 6 ) 4 4 ( 3 )
C ( 5 1 ) 2 3 8 1 ( 5 ) 1 3 5 6 ( 5 ) 3 3 2 7 ( 6 ) 5 2 ( 4 )
C ( 5 2 ) 2 8 5 4 ( 5 ) 8 0 1 ( 6 ) 3 0 2 8 ( 6 ) 5 5 ( 4 )

2 8 5

 



C ( 5 3 )

C ( 5 4 )

C ( 5 5 )

C ( 5 6 )

C ( 5 7 )

C ( 5 8 )

C ( 5 9 )

C ( 6 0 )

C ( 6 1 )

C ( 6 2 )

C ( 6 3 )

C ( 6 4 )

C ( 6 5 )

C ( 6 6 )

C ( 7 0 )

C ( 7 1 )

C ( 7 2 )

C ( 7 3 )

C ( 7 4 )

C ( 7 5 )

C ( 7 6 )

C ( 7 7 )

3 4 3 2 ( 5 )

3 9 1 2 ( 6 )

1 7 4 5 ( 5 )
1 1 5 5 ( 5 )

1 2 0 3 ( 6 )

6 0 1 ( 6 )

1 3 6 0 ( 5 )

1 4 7 0 ( 6 )

1 0 4 9 ( 7 )

5 0 2 ( 6 )

1 5 5 9 ( 5 )

1 6 6 4 ( 5 )

1 3 5 3 ( 6 )

1 5 0 7 ( 7 )
2 5 5 ( 7 )

5 1 9 ( 6 )

2 5 9 ( 8 )

2 9 3 0 ( 7 )

2 4 6 0 ( 1 0 )

2 0 4 1 ( 8 )

2 6 9 7 ( 7 )

2 2 6 8 ( 6 )

1 0 8 3 ( 6 )

5 4 4 ( 7 )

8 1 9 ( 6 )

6 1 1 ( 6 )

2 6 6 ( 7 )

3 2 ( 8 )

1 7 6 7 ( 6 )

2 3 3 5 ( 7 )

2 9 7 2 ( 7 )

2 8 9 9 ( 9 )

5 5 5 ( 6 )

6 6 3 ( 6 )

9 1 ( 6 )
7 5 ( 7 )

3 0 0 5 ( 8 )

2 3 9 5 ( 1 0 )

1 7 5 9 ( 8 )

2 7 5 1 ( 1 2 )

3 1 6 7 ( 8 )

2 9 1 1 ( 1 1 )

3 4 0 1 ( 9 )

3 7 1 0 ( 7 )

- 2 4 1 2 ( 7 )

- 2 1 4 3 ( 7 )

- 4 5 0 4 ( 6 )
- 5 1 1 5 ( 7 )

- 5 6 7 5 ( 7 )

- 6 2 9 0 ( 7 )

- 4 0 8 4 ( 6 )

- 4 4 4 9 ( 7 )

- 4 7 0 4 ( 9 )

- 5 2 8 7 ( 9 )

- 3 5 8 9 ( 7 )

- 2 9 0 3 ( 6 )

- 2 7 6 6 ( 7 )

- 2 0 7 0 ( 8 )

2 5 2 9 ( 1 0 )

2 5 5 6 ( 8 )

2 5 3 5 ( 1 3 )

- 4 3 2 0 ( 8 )

- 4 7 8 8 ( 1 2 )

- 5 4 4 6 ( 1 2 )

- 2 8 4 0 ( 9 )

- 2 7 5 8 ( 7 )

7 2 ( 4 )
1 0 0 ( 5 )
5 2 ( 4 )
6 9 ( 4 )
8 3 ( 5 )
1 0 7 ( 6 )
6 6 ( 4 )
8 7 ( 5 )
1 0 0 ( 5 )
1 4 7 ( 9 )
5 5 ( 4 )
5 4 ( 4 )
6 8 ( 4 )
1 0 9 ( 6 )
1 0 5 ( 6 )
1 0 3 ( 6 )
1 5 8 ( 9 )
9 7 ( 6 )
9 4 ( 6 )
9 8 ( 6 )
8 9 ( 5 )
9 1 ( 5 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

2 8 6



T a b l e A . 2 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e g u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) , a n d o c c u p a n c i e s f o r

[ n — B u 4 N ] [ M 0 2 ( C N ) 6 ( d p p m ) 2 ] 0 2 C H 3 C N - H 2 0 ( 1 0 )

 

 

x y z U ( e q )

M o ( l ) 2 2 0 3 ( 1 ) 1 8 7 8 ( 1 ) - 4 6 7 ( 1 ) 1 9 ( 1 )

P ( l ) 2 2 2 2 ( 1 ) 2 4 0 8 ( 1 ) 1 0 1 5 ( 1 ) 1 9 ( 1 )

F ( 2 ) 1 6 0 9 ( 1 ) 9 7 8 ( 1 ) 1 9 ( 1 ) 1 9 ( 1 )

N ( l ) 1 1 5 1 ( 2 ) 1 7 8 1 ( 4 ) - 1 5 1 9 ( 2 ) 4 7 ( 1 )

N ( 2 ) 2 2 4 9 ( 2 ) - 9 6 0 ( 3 ) - 9 4 0 ( 2 ) 4 3 ( 1 )

N ( 3 ) 1 9 0 1 ( 2 ) 4 0 5 2 ( 3 ) - 5 4 4 ( 2 ) 3 7 ( 1 )

N ( 4 ) 5 0 0 0 4 9 8 5 ( 4 ) 2 5 0 0 2 8 ( 1 )

N ( 5 ) 1 6 0 ( 2 ) 5 5 8 3 ( 6 ) - 1 7 2 0 ( 2 ) 8 6 ( 2 )

C ( 1 ) 1 5 2 5 ( 2 ) 1 8 6 1 ( 4 ) - 1 1 6 9 ( 2 ) 3 0 ( 1 )

C ( 2 ) 2 2 3 6 ( 2 ) 2 7 ( 4 ) - 7 7 3 ( 2 ) 2 8 ( 1 )

C ( 3 ) 2 2 1 7 ( 2 ) 3 8 2 6 ( 3 ) - 1 4 6 ( 2 ) 2 6 ( 1 )

C ( 4 ) 1 9 2 1 ( 2 ) 9 1 2 ( 4 ) 7 4 6 ( 2 ) 2 2 ( 1 )

C ( 1 1 ) 2 5 4 4 ( 2 ) 2 0 9 5 ( 4 ) 1 7 2 3 ( 2 ) 2 3 ( 1 )

C ( 1 2 ) 2 7 2 9 ( 2 ) 9 2 5 ( 4 ) 1 9 1 6 ( 2 ) 3 1 ( 1 )

C ( 1 3 ) 2 9 7 8 ( 2 ) 7 6 0 ( 5 ) 2 4 5 6 ( 2 ) 3 7 ( 1 )

C ( 1 4 ) 3 0 3 7 ( 2 ) 1 7 3 8 ( 5 ) 2 8 1 0 ( 2 ) 3 8 ( 1 )

C ( 1 5 ) 2 8 5 7 ( 2 ) 2 9 0 5 ( 5 ) 2 6 2 4 ( 2 ) 4 4 ( 1 )

C ( 1 6 ) 2 6 1 9 ( 2 ) 3 0 7 7 ( 4 ) 2 0 7 9 ( 2 ) 3 5 ( 1 )

C ( 2 1 ) 1 6 7 9 ( 1 ) 3 3 5 8 ( 3 ) 1 0 5 2 ( 2 ) 2 2 ( 1 )

C ( 2 2 ) 1 3 5 0 ( 2 ) 2 9 2 3 ( 4 ) 1 3 2 4 ( 2 ) 3 6 ( 1 )

C ( 2 3 ) 9 2 9 ( 2 ) 3 6 1 7 ( 5 ) 1 3 5 1 ( 2 ) 4 2 ( 1 )

C ( 2 4 ) 8 4 3 ( 2 ) 4 7 6 8 ( 4 ) 1 1 0 9 ( 2 ) 3 6 ( 1 )

C ( 2 5 ) 1 1 6 6 ( 2 ) 5 2 1 7 ( 4 ) 8 4 1 ( 2 ) 4 2 ( 1 )

C ( 2 6 ) 1 5 8 1 ( 2 ) 4 5 1 4 ( 4 ) 8 0 9 ( 2 ) 3 3 ( 1 )

C ( 3 1 ) 9 8 9 ( 2 ) 1 6 9 5 ( 3 ) - 3 9 ( 2 ) 2 4 ( 1 )

C ( 3 2 ) 6 5 5 ( 2 ) 1 1 2 9 ( 5 ) 2 0 3 ( 2 ) 3 7 ( 1 )

C ( 3 3 ) 1 9 4 ( 2 ) 1 6 8 5 ( 6 ) 1 8 8 ( 2 ) 4 8 ( 1 )

C ( 3 4 ) 6 6 ( 2 ) 2 8 2 4 ( 6 ) - 6 3 ( 2 ) 5 4 ( 2 )

C ( 3 5 ) 3 8 8 ( 2 ) 3 3 8 2 ( 5 ) - 3 0 9 ( 3 ) 4 9 ( 1 )

C ( 3 6 ) 8 4 9 ( 2 ) 2 8 2 0 ( 4 ) - 3 0 1 ( 2 ) 3 5 ( 1 )

C ( 4 1 ) 1 4 3 2 ( 2 ) - 6 4 1 ( 3 ) - 1 6 2 ( 2 ) 2 2 ( 1 )

C ( 4 2 ) 1 0 0 7 ( 2 ) - 8 9 4 ( 4 ) - 5 9 7 ( 2 ) 3 0 ( 1 )

C ( 4 3 ) 8 8 3 ( 2 ) - 2 1 1 9 ( 4 ) - 7 6 3 ( 2 ) 3 3 ( 1 )

C ( 4 4 ) 1 1 9 3 ( 2 ) - 3 0 8 3 ( 4 ) - 5 0 3 ( 2 ) 3 7 ( 1 )

C ( 4 5 ) 1 6 2 1 ( 2 ) - 2 8 3 7 ( 4 ) - 8 0 ( 2 ) 4 2 ( 1 )

C ( 4 6 ) 1 7 4 3 ( 2 ) - 1 6 2 2 ( 4 ) 9 4 ( 2 ) 3 2 ( 1 )

C ( 5 0 ) 5 0 6 8 ( 2 ) 4 1 8 0 ( 4 ) 2 0 4 5 ( 2 ) 3 3 ( 1 )

C ( 5 1 ) 5 5 1 7 ( 2 ) 3 2 9 6 ( 5 ) 2 1 8 5 ( 2 ) 4 2 ( 1 )
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C ( 5 2 )

C ( 5 3 )

C ( 5 4 )

C ( 5 5 )

C ( 5 6 )

C ( 5 7 )

C ( 6 1 )

C ( 6 0 )

0 ( 1 )

5 5 7 8 ( 2 )

5 7 7 2 ( 3 )

4 5 2 7 ( 2 )

4 3 4 6 ( 2 )

3 7 9 6 ( 2 )

3 3 9 3 ( 2 )

9 5 3 ( 3 )

5 0 0 ( 2 )

2 8 7 8 ( 1 )

2 7 0 0 ( 5 )

3 6 0 1 ( 7 )

5 7 7 0 ( 4 )

6 6 2 4 ( 4 )

7 0 6 0 ( 5 )

6 0 7 8 ( 6 )

4 7 7 8 ( 6 )

5 2 2 3 ( 5 )

8 5 7 5 ( 3 )

1 6 7 7 ( 2 )

1 3 3 1 ( 3 )

2 2 4 5 ( 2 )

2 6 0 8 ( 2 )

2 3 1 5 ( 2 )

2 2 9 8 ( 3 )

- 1 9 5 4 ( 3 )

- 1 8 2 6 ( 2 )

1 1 7 6 ( 2 )

4 9 ( 1 )

6 6 ( 2 )

3 2 ( 1 )

3 8 ( 1 )

4 4 ( 1 )

5 3 ( 2 )

5 8 ( 2 )

5 1 ( 1 )

4 4 ( 1 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

2 8 8



T a b l e A . 3 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) f o r

 

 

M 0 2 ( C N ) 6 ( d p p m ) 2 ( 1 1 )

x y z U ( e q )

M o ( l ) 5 1 9 9 ( 1 ) 3 8 9 4 ( 1 ) 5 3 0 3 ( 1 ) 2 0 ( 1 )
P ( l ) 6 8 1 5 ( 1 ) 4 6 5 5 ( 1 ) 7 1 7 0 ( 1 ) 2 2 ( 1 )
P ( 2 ) 6 4 0 4 ( 1 ) 6 9 7 3 ( 1 ) 6 5 3 9 ( 1 ) 2 2 ( 1 )
C ( 1 ) 3 9 9 2 ( 3 ) 2 8 7 4 ( 3 ) 6 0 3 5 ( 3 ) 2 6 ( 1 )
C ( 2 ) 6 5 5 2 ( 3 ) 2 4 6 4 ( 3 ) 5 4 9 7 ( 3 ) 2 4 ( 1 )
C ( 3 ) 3 7 8 4 ( 3 ) 4 9 9 7 ( 3 ) 5 6 0 5 ( 3 ) 2 6 ( 1 )
C ( 4 ) 6 4 2 0 ( 3 ) 6 0 4 7 ( 3 ) 7 5 8 7 ( 2 ) 2 6 ( 1 )
C ( 1 1 ) 6 5 8 9 ( 4 ) 3 8 8 7 ( 3 ) 8 2 6 0 ( 3 ) 2 7 ( 1 )
C ( 1 2 ) 7 3 5 7 ( 6 ) 2 9 9 1 ( 4 ) 8 5 0 0 ( 4 ) 6 2 ( 1 )
C ( 1 3 ) 7 1 4 7 ( 7 ) 2 3 4 9 ( 4 ) 9 2 7 2 ( 4 ) 8 4 ( 2 )
C ( 1 4 ) 6 1 7 5 ( 6 ) 2 5 9 4 ( 4 ) 9 8 0 3 ( 4 ) 5 9 ( 1 )
C ( 1 5 ) 5 3 7 5 ( 5 ) 3 4 5 0 ( 4 ) 9 5 4 5 ( 4 ) 5 5 ( 1 )
C ( 1 6 ) 5 5 9 4 ( 4 ) 4 1 0 3 ( 4 ) 8 7 8 5 ( 3 ) 4 5 ( 1 )
C ( 2 1 ) 8 7 3 8 ( 3 ) 4 7 2 7 ( 3 ) 7 4 4 5 ( 3 ) 2 9 ( 1 )
C ( 2 2 ) 9 6 1 0 ( 4 ) 5 2 2 7 ( 4 ) 8 4 4 9 ( 3 ) 5 0 ( 1 )
C ( 2 3 ) 1 1 0 6 6 ( 5 ) 5 2 6 0 ( 5 ) 8 6 6 2 ( 4 ) 7 3 ( 2 )
C ( 2 4 ) 1 1 6 4 6 ( 5 ) 4 7 9 2 ( 5 ) 7 8 9 9 ( 5 ) 7 4 ( 2 )
C ( 2 5 ) 1 0 8 1 6 ( 4 ) 4 2 9 7 ( 4 ) 6 9 1 5 ( 4 ) 5 6 ( 1 )
C ( 2 6 ) 9 3 5 1 ( 4 ) 4 2 6 1 ( 3 ) 6 6 8 5 ( 3 ) 3 7 ( 1 )
C ( 3 1 ) 8 2 8 2 ( 3 ) 7 3 4 4 ( 3 ) 6 7 4 5 ( 3 ) 2 9 ( 1 )
C ( 3 2 ) 9 0 3 0 ( 4 ) 8 1 0 1 ( 3 ) 7 6 1 2 ( 3 ) 4 5 ( 1 )
C ( 3 3 ) 1 0 4 6 5 ( 5 ) 8 3 4 9 ( 4 ) 7 7 6 9 ( 4 ) 6 0 ( 1 )
C ( 3 4 ) 1 1 1 5 3 ( 4 ) 7 8 4 9 ( 4 ) 7 0 8 3 ( 4 ) 5 8 ( 1 )
C ( 3 5 ) 1 0 4 1 6 ( 4 ) 7 0 9 5 ( 4 ) 6 2 3 8 ( 4 ) 5 0 ( 1 )
C ( 3 6 ) 8 9 7 9 ( 4 ) 6 8 3 9 ( 3 ) 6 0 6 0 ( 3 ) 3 7 ( 1 )
C ( 4 1 ) 5 7 8 7 ( 3 ) 8 2 3 4 ( 3 ) 7 0 4 9 ( 3 ) 2 6 ( 1 )
C ( 4 2 ) 5 2 7 1 ( 4 ) 8 3 4 6 ( 3 ) 7 9 3 0 ( 3 ) 3 9 ( 1 )
C ( 4 3 ) 4 7 7 9 ( 5 ) 9 3 3 9 ( 3 ) 8 2 3 7 ( 4 ) 5 1 ( 1 )
C ( 4 4 ) 4 8 1 4 ( 4 ) 1 0 2 0 9 ( 3 ) 7 6 6 3 ( 3 ) 4 5 ( 1 )
C ( 4 5 ) 5 3 3 2 ( 5 ) 1 0 1 0 8 ( 3 ) 6 7 8 7 ( 3 ) 4 8 ( 1 )
C ( 4 6 ) 5 8 0 8 ( 4 ) 9 1 2 4 ( 3 ) 6 4 6 8 ( 3 ) 4 2 ( 1 )
N ( 1 ) 3 3 1 0 ( 3 ) 2 3 6 0 ( 3 ) 6 3 7 9 ( 3 ) 4 3 ( 1 )
N ( 2 ) 7 2 8 5 ( 4 ) 1 8 2 5 ( 3 ) 5 6 0 9 ( 3 ) 5 5 ( 1 )
N ( 3 ) 6 7 9 3 ( 3 ) 4 2 6 2 ( 3 ) 4 2 7 9 ( 2 ) 3 7 ( 1 )
C ( 5 0 ) 8 8 1 8 ( 1 5 ) 8 3 0 7 ( 9 ) 1 1 8 8 9 ( 9 ) 2 1 0 ( 6 )
N ( 5 0 ) 8 3 9 8 ( 1 1 ) 8 2 3 2 ( 7 ) 1 0 7 1 9 ( 6 ) 1 6 3 ( 4 )
0 ( 1 ) 8 1 6 3 ( 8 ) 7 4 6 2 ( 6 ) 1 0 1 5 7 ( 5 ) 1 6 7 ( 3 )
0 ( 2 ) 8 3 5 0 ( 2 0 ) 9 1 2 3 ( 9 ) 1 0 4 8 0 ( 1 0 ) 5 0 1 ( 1 5 )

2 8 9

g u i v a l e n t i s o t r o p i c

 



C ( 5 1 ) 5 7 2 ( 6 ) 4 0 2 ( 5 ) 5 2 5 0 ( 5 ) 9 6 ( 2 )
N ( 5 1 ) 5 7 2 ( 6 ) 4 0 2 ( 5 ) 5 2 5 0 ( 5 ) 9 6 ( 2 )
0 ( 3 ) 1 7 1 0 ( 7 ) 1 3 7 ( 5 ) 5 3 0 8 ( 5 ) 6 5 ( 2 )
0 ( 4 ) 1 9 7 ( 8 ) 1 2 8 4 ( 6 ) 5 7 7 1 ( 6 ) 7 7 ( 2 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

2 9 0



T a b l e A . 4 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

N a [ ( T p ) C r C l z l , ( 1 3 )

 

 

x y z U ( e q )

C r ( l A ) - 3 3 3 3 3 3 3 3 6 0 0 0 ( 1 ) 2 5 ( 1 )

C l ( 2 A ) - 3 3 4 8 ( 2 ) 5 0 3 2 ( 2 ) 6 5 9 3 ( 1 ) 3 9 ( 1 )

N a ( l A ) - 3 3 3 3 3 3 3 3 7 5 0 0 8 9 ( 4 )

N a ( 2 A ) - 1 7 8 0 ( 4 0 ) 7 1 9 0 ( 3 0 ) 7 5 0 0 1 3 3 ( 1 1 )

B ( l A ) - 3 3 3 3 3 3 3 3 4 5 6 3 ( 7 ) 2 4 ( 3 )

N ( 1 A ) 4 7 5 3 ( 6 ) 3 3 0 2 ( 6 ) 5 4 3 6 ( 3 ) 2 8 ( 1 )

N ( 2 A ) - 4 5 9 2 ( 6 ) 3 3 2 1 ( 6 ) 4 8 2 3 ( 3 ) 2 9 ( 2 )

C ( 1 A ) - 5 9 0 6 ( 8 ) 3 2 9 5 ( 8 ) 5 5 3 1 ( 4 ) 3 4 ( 2 )

C ( 2 A ) - 6 5 1 8 ( 8 ) 3 2 9 0 ( 8 ) 4 9 7 7 ( 4 ) 3 7 ( 2 )

C ( 3 A ) - 5 6 4 7 ( 8 ) 3 3 1 3 ( 8 ) 4 5 4 5 ( 4 ) 3 5 ( 2 )

0 ( 1 ) 1 0 ( 4 0 ) 6 4 8 0 ( 4 0 ) 7 5 0 0 2 5 7 ( 1 7 )

0 ( 2 ) - 4 0 9 0 ( 9 0 ) 7 5 1 0 ( 6 0 ) 7 5 0 0 5 2 0 ( 5 0 )

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

 

U ( e q ) i s d e f i n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

2 9 1



T a b l e A . 5 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e g u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) f o r

( T p ) M o B r 2 ( T H F ) . ( 1 5 )
 

 

x y z U ( e q )

M o ( l ) 2 8 9 ( 1 ) 1 4 4 9 ( 1 ) 2 3 6 4 ( 1 ) 1 6 ( 1 )
B r ( 2 ) 1 1 5 3 ( 1 ) 3 7 5 ( 1 ) 2 9 9 8 ( 1 ) 2 8 ( 1 )
B r ( 1 ) 1 5 3 4 ( 1 ) 1 2 9 2 ( 1 ) 1 0 3 1 ( 1 ) 2 8 ( 1 )
B ( l ) 2 7 9 2 ( 4 ) 2 3 5 6 ( 3 ) 2 3 7 0 ( 3 ) 2 4 ( 1 )
N ( 1 ) 4 6 5 3 ( 3 ) 8 3 4 ( 2 ) 1 6 9 3 ( 2 ) 2 0 ( 1 )
N ( 2 ) 2 8 4 6 ( 3 ) 1 3 2 6 ( 2 ) 1 8 0 8 ( 2 ) 2 3 ( 1 )
N ( 3 ) 2 5 1 ( 3 ) 1 6 3 7 ( 2 ) 3 4 8 2 ( 2 ) 2 2 ( 1 )
N ( 4 ) 2 0 2 8 ( 3 ) 2 1 0 2 ( 2 ) 3 3 4 1 ( 2 ) 2 4 ( 1 )
N ( 5 ) 3 8 3 ( 3 ) 2 9 7 3 ( 2 ) 1 9 2 4 ( 2 ) 2 1 ( 1 )
N ( 6 ) 4 9 2 5 ( 3 ) 3 1 9 1 ( 2 ) 1 9 7 4 ( 2 ) 2 2 ( 1 )
0 ( 1 ) 2 0 5 0 ( 2 ) 2 2 9 4 ( 2 ) 3 1 0 4 ( 2 ) 3 3 ( 1 )
C ( 1 ) 2 0 3 1 ( 4 ) 4 ( 3 ) 1 1 5 3 ( 2 ) 2 6 ( 1 )
C ( 2 ) 3 4 5 5 ( 4 ) 3 7 ( 3 ) 9 1 6 ( 3 ) 3 4 ( 1 )
C ( 3 ) 3 9 3 8 ( 4 ) 7 9 4 ( 3 ) 1 3 3 6 ( 2 ) 2 9 ( 1 )
C ( 4 ) 3 8 2 ( 4 ) 1 4 7 3 ( 3 ) 4 3 6 8 ( 2 ) 3 0 ( 1 )
C ( 5 ) 4 3 8 9 ( 4 ) 1 8 4 4 ( 3 ) 4 8 1 1 ( 2 ) 3 8 ( 1 )
C ( 6 ) 2 4 1 3 ( 4 ) 2 2 3 1 ( 3 ) 4 1 4 4 ( 2 ) 3 2 ( 1 )
C ( 7 ) 4 0 2 ( 4 ) 3 8 4 0 ( 3 ) 1 5 5 8 ( 2 ) 2 8 ( 1 )
C ( 8 ) 4 1 2 0 ( 4 ) 4 6 0 2 ( 3 ) 1 3 7 7 ( 3 ) 3 7 ( 1 )
C ( 9 ) 2 2 5 8 ( 4 ) 4 1 6 8 ( 3 ) 1 6 4 0 ( 2 ) 3 0 ( 1 )
C ( 1 0 ) 1 9 9 4 ( 4 ) 3 2 0 2 ( 3 ) 3 6 9 5 ( 2 ) 3 5 ( 1 )
C ( l 1 ) 3 0 0 7 ( 5 ) 2 9 3 1 ( 4 ) 4 5 4 6 ( 3 ) 6 4 ( 2 )
C ( 1 2 ) 3 7 5 4 ( 5 ) 1 9 4 3 ( 6 ) 4 3 1 4 ( 3 ) 8 6 ( 2 )
C ( 1 3 ) 3 4 3 6 ( 4 ) 1 8 7 9 ( 3 ) 3 3 3 3 ( 3 ) 4 2 ( 1 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

2 9 2



T a b l e A . 6 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 2 ) , a n d o c c u p a n c i e s f o r

[ ( T P ) C 0 ( C H 3 C N ) 3 1 1 P F 6 ] . ( 1 7 )
 

x y z U ( e q )

 

C o ( l ) 9 7 3 ( 1 ) 9 7 3 ( 1 ) 9 7 3 ( 1 ) 3 1 ( 1 )
B ( l ) 1 4 8 6 ( 4 ) 1 4 8 6 ( 4 ) 1 4 8 6 ( 4 ) 4 7 ( 5 )
N ( 1 ) 1 0 2 8 ( 8 ) 2 7 1 4 ( 8 ) - 1 9 3 ( 8 ) 3 4 ( 2 )
N ( 2 ) 1 3 0 2 ( 9 ) 2 6 9 7 ( 9 ) 1 9 6 ( 9 ) 3 8 ( 2 )
N ( 3 ) 8 0 6 ( 9 ) - 7 4 5 ( 9 ) 2 2 2 3 ( 9 ) 4 1 ( 2 )
C ( 1 ) 8 7 2 ( 1 3 ) 3 9 3 0 ( 1 2 ) - 1 3 0 3 ( 1 1 ) 5 2 ( 3 )
C ( 2 ) 1 0 0 8 ( 1 6 ) 4 6 5 8 ( 1 3 ) - 1 6 2 3 ( 1 3 ) 7 0 ( 4 )
C ( 3 ) 1 3 2 1 ( 1 4 ) 3 8 5 9 ( 1 2 ) - 6 5 2 ( 1 2 ) 5 9 ( 4 )
C ( 4 ) 6 2 0 ( 1 1 ) - l 4 9 6 ( 1 1 ) 2 7 4 1 ( 1 1 ) 4 1 ( 3 )
C ( 5 ) 4 1 5 ( 1 1 ) - 2 5 1 7 ( 1 2 ) 3 4 2 1 ( 1 2 ) 4 5 ( 3 )
P ( l ) 0 0 0 3 8 ( 2 )
P ( 2 ) 2 5 0 0 2 5 0 0 2 5 0 0 4 3 ( 2 )
F ( l ) 1 0 0 ( 2 0 0 ) - 1 1 4 0 ( 9 0 ) 6 5 0 ( 1 6 0 ) 8 0 0 ( 9 0 )
F ( 2 ) 3 9 1 0 ( 3 0 ) 2 0 5 0 ( 3 0 ) 1 9 9 0 ( 3 0 ) 3 4 1 ( 1 5 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

2 9 3



T a b l e A . 7 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) f o r

I r a n s - [ N i ( C H 3 C N ) 2 ( e n ) 2 ] [ P F 6 ] 2 , ( 2 1 )
 

 

x y z U ( e q )

N i ( l ) 0 0 5 0 0 0 1 6 ( 1 )
N ( 1 ) 2 1 7 2 ( 3 ) - 9 8 6 ( 2 ) 5 1 1 4 ( 2 ) 2 4 ( 1 )
N ( 2 ) 1 2 3 2 ( 3 ) 1 5 1 7 ( 2 ) 6 1 5 4 ( 2 ) 2 2 ( 1 )
N ( 3 ) 4 8 ( 3 ) 8 8 9 ( 2 ) 3 3 9 6 ( 2 ) 2 4 ( 1 )
C ( 1 ) 3 2 9 1 ( 3 ) 4 5 0 4 ( 3 ) 5 0 5 7 ( 2 ) 2 2 ( 1 )
C ( 2 ) 4 7 2 9 ( 4 ) 2 1 6 3 ( 4 ) 4 9 8 9 ( 3 ) 3 3 ( 1 )
C ( 3 ) 1 0 5 0 ( 3 ) 1 2 7 0 ( 3 ) 7 3 5 3 ( 2 ) 2 8 ( 1 )
C ( 4 ) 4 1 5 9 ( 4 ) 2 0 9 ( 3 ) 2 4 0 8 ( 3 ) 2 9 ( 1 )
P ( l ) 1 4 6 7 ( 1 ) 4 5 8 7 ( 1 ) 3 3 2 5 ( 1 ) 2 4 ( 1 )
F ( l ) 8 0 3 ( 4 ) 5 8 7 0 ( 2 ) 3 7 7 4 ( 3 ) 6 7 ( 1 )
F ( 2 ) 1 5 0 7 ( 5 ) 5 3 4 7 ( 3 ) 2 1 4 9 ( 3 ) 8 3 ( 1 )
F ( 3 ) 2 1 4 1 ( 3 ) 3 2 8 6 ( 2 ) 2 8 4 6 ( 2 ) 4 6 ( 1 )
1 3 ( 4 ) 1 5 3 1 ( 5 ) 3 7 7 3 ( 3 ) 4 4 8 2 ( 2 ) 8 0 ( 1 )
F ( 5 ) 3 2 4 3 ( 4 ) 5 0 6 6 ( 3 ) 3 9 4 4 ( 4 ) 8 2 ( 1 )
F ( 6 ) 2 6 6 ( 3 ) 4 0 5 2 ( 3 ) 2 6 6 0 ( 3 ) 7 1 ( 1 )
 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

2 9 4



T a b l e A . 8 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

( T p ) C r C 1 2 ( C H 3 C N ) - A g P F 5 0 2 C H 3 C N , ( 2 2 ) .

 

 

x y z U ( e q )

T 1 ( 1 ) 1 8 0 2 ( 1 ) 2 6 3 8 ( 1 ) 4 0 6 7 ( 1 ) 3 0 ( 1 )
C r ( 2 ) 3 2 1 9 ( 1 ) 4 9 5 ( 1 ) 3 8 8 7 ( 1 ) 1 7 ( 1 )
C r ( l ) 3 8 9 ( 1 ) 4 9 4 ( 1 ) 4 2 4 7 ( 1 ) 1 8 ( 1 )
C 1 ( 1 ) 7 7 2 ( 1 ) 1 9 7 3 ( 2 ) 5 0 5 2 ( 2 ) 2 5 ( 1 )
C 1 ( 2 ) 9 9 8 ( 1 ) 7 2 1 ( 2 ) 3 1 7 1 ( 2 ) 2 8 ( 1 )
C 1 ( 3 ) 2 6 0 8 ( 1 ) 7 1 7 ( 2 ) 4 9 6 6 ( 2 ) 2 6 ( 1 )
C 1 ( 4 ) 2 8 3 6 ( 1 ) 1 9 7 1 ( 2 ) 3 0 8 3 ( 2 ) 2 6 ( 1 )
P ( l ) 1 8 0 6 ( 2 ) 6 2 6 4 ( 1 ) 4 0 6 6 ( 3 ) 3 7 ( 1 )
N ( 1 ) 1 0 2 8 ( 4 ) 4 0 6 ( 6 ) 5 0 3 0 ( 6 ) 2 8 ( 2 )
N ( 2 ) 2 5 7 3 ( 3 ) - 4 1 5 ( 6 ) 3 1 1 2 ( 5 ) 2 4 ( 2 )
N ( 3 ) 1 0 9 8 ( 4 ) 3 7 1 7 ( 8 ) 2 1 7 6 ( 6 ) 4 6 ( 2 )
N ( 4 ) 2 6 1 7 ( 5 ) 5 5 5 2 ( 8 ) 6 7 8 1 ( 8 ) 8 5 ( 3 )
N ( 1 0 ) 3 3 3 ( 3 ) 1 2 5 5 ( 5 ) 3 5 0 5 ( 5 ) 1 8 ( 1 )
N ( 1 1 ) - 8 8 6 ( 3 ) 8 8 4 ( 5 ) 3 4 5 3 ( 4 ) 1 8 ( 1 )
N ( 2 0 ) 2 6 ( 3 ) 3 2 4 ( 5 ) 3 6 5 3 ( 5 ) 2 2 ( 2 )
N ( 2 1 ) 3 9 6 ( 3 ) - 9 8 3 ( 5 ) 3 5 2 3 ( 5 ) 2 0 ( 2 )
N ( 3 0 ) 4 7 6 ( 3 ) 2 3 7 ( 5 ) 5 1 6 9 ( 4 ) 2 0 ( 1 )
N ( 3 1 ) - 7 4 8 ( 3 ) 3 1 ( 5 ) 4 8 9 3 ( 5 ) 2 1 ( 2 )
N ( 4 0 ) 3 9 1 4 ( 3 ) 1 2 7 5 ( 5 ) 4 6 4 0 ( 5 ) 1 9 ( 1 )
N ( 4 1 ) 4 5 0 5 ( 3 ) 8 9 6 ( 5 ) 4 6 7 3 ( 5 ) 1 9 ( 1 )
N ( 5 0 ) 3 7 6 6 ( 3 ) 2 4 5 ( 6 ) 2 9 5 9 ( 4 ) 2 2 ( 2 )
N ( 5 1 ) 4 3 6 2 ( 3 ) - 7 2 ( 5 ) 3 2 2 4 ( 5 ) 1 8 ( 2 )
N ( 6 0 ) 3 5 8 3 ( 3 ) 3 3 9 ( 5 ) 4 4 9 7 ( 4 ) 1 7 ( 1 )
N ( 6 1 ) 4 1 8 6 ( 3 ) - 9 9 7 ( 5 ) 4 6 1 9 ( 5 ) 1 8 ( 1 )
C ( 1 ) 1 3 7 0 ( 4 ) - 9 0 0 ( 7 ) 5 5 0 4 ( 6 ) 2 7 ( 2 )
C ( 3 ) 2 2 6 0 ( 4 ) - 9 1 7 ( 6 ) 2 6 5 3 ( 6 ) 2 6 ( 2 )
C ( 2 ) 1 7 6 9 ( 4 ) 4 5 5 4 ( 8 ) 6 1 3 9 ( 7 ) 4 1 ( 2 )
C ( 4 ) 1 8 0 8 ( 5 ) 4 5 1 0 ( 8 ) 2 0 4 5 ( 7 ) 4 2 ( 2 )
C ( 5 ) 1 0 4 6 ( 4 ) 4 5 0 5 ( 9 ) 1 8 3 2 ( 8 ) 3 9 ( 2 )
C ( 6 ) 9 6 3 ( 4 ) 5 4 8 3 ( 7 ) 1 3 4 9 ( 5 ) 3 7 ( 2 )
C ( 7 ) 2 5 3 6 ( 4 ) 4 4 8 8 ( 1 0 ) 6 3 4 5 ( 7 ) 4 2 ( 3 )
C ( 8 ) 2 4 5 8 ( 5 ) 3 7 3 2 ( 9 ) 5 9 9 0 ( 8 ) 4 8 ( 3 )
C ( 1 0 ) 3 6 8 ( 4 ) 2 1 5 5 ( 6 ) 3 0 3 6 ( 6 ) 2 5 ( 2 )
C ( 1 1 ) - 9 7 1 ( 4 ) 2 3 5 8 ( 7 ) 2 6 9 6 ( 6 ) 2 9 ( 2 )
C ( 1 2 ) 4 2 8 1 ( 4 ) 1 5 4 9 ( 7 ) 2 9 7 7 ( 6 ) 2 5 ( 2 )
C ( 2 0 ) 2 7 2 ( 4 ) 4 6 6 7 ( 6 ) 3 2 8 9 ( 6 ) 2 4 ( 2 )
C ( 2 1 ) 4 8 2 ( 4 ) - 2 3 5 8 ( 7 ) 2 9 4 6 ( 6 ) 3 1 ( 2 )
C ( 2 2 ) 2 2 5 ( 4 ) 4 8 9 9 ( 7 ) 3 1 0 5 ( 6 ) 2 2 ( 2 )

2 9 5

 



C ( 3 0 )
C ( 3 1 )
C ( 3 2 )
C ( 4 0 )
C ( 4 1 )
C ( 4 2 )
C ( 5 0 )
C ( 5 1 )
C ( 5 2 )
C ( 6 0 )
C ( 6 1 )
C ( 6 2 )
B ( 2 )
B ( l )
F ( l )
F ( 2 )
F ( 3 )
F ( 4 )
F ( 5 )
F ( 6 )

- 7 1 ( 4 )
- 6 1 1 ( 5 )
- 1 0 1 7 ( 4 )

3 9 6 1 ( 4 )
4 5 6 6 ( 4 )
4 8 9 8 ( 4 )
3 7 0 2 ( 4 )
4 2 1 3 ( 4 )
4 6 3 6 ( 4 )
3 3 4 6 ( 4 )
3 7 9 1 ( 4 )
4 3 1 3 ( 4 )
4 5 9 8 ( 4 )
- 9 9 2 ( 4 )
2 4 2 7 ( 3 )
1 1 7 7 ( 4 )
1 8 0 4 ( 5 )
1 4 3 2 ( 4 )
2 1 2 8 ( 4 )
1 7 9 3 ( 7 )

2 8 6 ( 7 )
2 4 ( 7 )
- 1 9 0 ( 7 )
2 1 5 5 ( 6 )
2 3 8 2 ( 7 )
1 5 5 9 ( 6 )
2 8 1 ( 6 )
0 ( 6 )
- 2 0 9 ( 7 )
- 1 6 5 5 ( 7 )
- 2 3 5 7 ( 7 )
- 1 9 l 7 ( 7 )
- 1 6 4 ( 8 )
- 1 8 5 ( 7 )
6 2 8 8 ( 6 )
6 2 6 9 ( 6 )
7 5 2 3 ( 2 )
6 3 1 2 ( 7 )
6 2 4 4 ( 7 )
5 0 2 9 ( 2 )

6 0 6 8 ( 6 )
6 3 5 6 ( 7 )
5 5 9 7 ( 6 )
5 1 0 1 ( 6 )
5 4 4 7 ( 6 )
5 1 5 0 ( 6 )
2 0 6 0 ( 6 )
1 7 3 5 ( 6 )
2 5 0 2 ( 5 )
4 8 3 3 ( 6 )
5 1 9 4 ( 6 )
5 0 4 5 ( 6 )
4 2 5 4 ( 6 )
3 9 0 0 ( 6 )
4 7 4 9 ( 5 )
3 4 0 8 ( 6 )
4 0 5 1 ( 7 )
4 8 8 8 ( 5 )
3 2 2 6 ( 5 )
4 0 6 9 ( 1 0 )

2 5 ( 2 )
3 6 ( 2 )
2 8 ( 2 )
2 2 ( 2 )
2 7 ( 2 )
2 4 ( 2 )
2 8 ( 2 )
2 5 ( 2 )
2 2 ( 2 )
2 7 ( 2 )
3 0 ( 2 )
2 7 ( 2 )
2 1 ( 2 )
1 8 ( 2 ) -
6 6 ( 2 )
7 3 ( 2 )
6 0 ( 1 )
7 8 ( 2 )
7 8 ( 2 )
9 6 ( 1 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

2 9 6



T a b l e A . 9 . A t o m i c c o o r d i n a t e s ( x 1 0 ‘ ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

( T p ) C r C 1 2 ( C H 3 C N ) 0 T 1 P F 6 0 2 C H 3 C N , ( 2 3 )

 

 

x y z U ( e q )

T 1 ( l ) 1 8 0 2 ( 1 ) 2 6 3 8 ( 1 ) 4 0 6 7 ( 1 ) 3 0 ( 1 )
C r ( 2 ) 3 2 1 9 ( 1 ) 4 9 5 ( 1 ) 3 8 8 7 ( 1 ) 1 7 ( 1 )
C r ( l ) 3 8 9 ( 1 ) 4 9 4 ( 1 ) 4 2 4 7 ( 1 ) 1 8 ( 1 )
C 1 ( 1 ) 7 7 2 ( 1 ) 1 9 7 3 ( 2 ) 5 0 5 2 ( 2 ) 2 5 ( 1 )
C 1 ( 2 ) 9 9 8 ( 1 ) 7 2 1 ( 2 ) 3 1 7 1 ( 2 ) 2 8 ( 1 )
C 1 ( 3 ) 2 6 0 8 ( 1 ) 7 1 7 ( 2 ) 4 9 6 6 ( 2 ) 2 6 ( 1 )
C 1 ( 4 ) 2 8 3 6 ( 1 ) 1 9 7 1 ( 2 ) 3 0 8 3 ( 2 ) 2 6 ( 1 )
P ( l ) 1 8 0 6 ( 2 ) 6 2 6 4 ( 1 ) 4 0 6 6 ( 3 ) 3 7 ( 1 )
N ( 1 ) 1 0 2 8 ( 4 ) 4 0 6 ( 6 ) 5 0 3 0 ( 6 ) 2 8 ( 2 )
N ( 2 ) 2 5 7 3 ( 3 ) 4 1 5 ( 6 ) 3 1 1 2 ( 5 ) 2 4 ( 2 )
N ( 3 ) 1 0 9 8 ( 4 ) 3 7 1 7 ( 8 ) 2 1 7 6 ( 6 ) 4 6 ( 2 )
N ( 4 ) 2 6 1 7 ( 5 ) 5 5 5 2 ( 8 ) 6 7 8 1 ( 8 ) 8 5 ( 3 )
N ( 1 0 ) 3 3 3 ( 3 ) 1 2 5 5 ( 5 ) 3 5 0 5 ( 5 ) 1 8 ( 1 )
N ( 1 1 ) 3 8 6 ( 3 ) 8 8 4 ( 5 ) 3 4 5 3 ( 4 ) 1 8 ( 1 )
N ( 2 0 ) 2 6 ( 3 ) 3 2 4 ( 5 ) 3 6 5 3 ( 5 ) 2 2 ( 2 )
N ( 2 1 ) 3 9 6 ( 3 ) - 9 8 3 ( 5 ) 3 5 2 3 ( 5 ) 2 0 ( 2 )
N ( 3 0 ) 4 7 6 ( 3 ) 2 3 7 ( 5 ) 5 1 6 9 ( 4 ) 2 0 ( 1 )
N ( 3 1 ) - 7 4 8 ( 3 ) 3 1 ( 5 ) 4 8 9 3 ( 5 ) 2 1 ( 2 )
N ( 4 0 ) 3 9 1 4 ( 3 ) 1 2 7 5 ( 5 ) 4 6 4 0 ( 5 ) 1 9 ( 1 )
N ( 4 1 ) 4 5 0 5 ( 3 ) 8 9 6 ( 5 ) 4 6 7 3 ( 5 ) 1 9 ( 1 )
N ( 5 0 ) 3 7 6 6 ( 3 ) 2 4 5 ( 6 ) 2 9 5 9 ( 4 ) 2 2 ( 2 )
N ( 5 1 ) 4 3 6 2 ( 3 ) 2 2 ( 5 ) 3 2 2 4 ( 5 ) 1 8 ( 2 )
N ( 6 0 ) 3 5 8 3 ( 3 ) 3 3 9 ( 5 ) 4 4 9 7 ( 4 ) 1 7 ( 1 )
N ( 6 1 ) 4 1 8 6 ( 3 ) - 9 9 7 ( 5 ) 4 6 1 9 ( 5 ) 1 8 ( 1 )
C ( 1 ) 1 3 7 0 ( 4 ) — 9 0 0 ( 7 ) 5 5 0 4 ( 6 ) 2 7 ( 2 )
C ( 3 ) 2 2 6 0 ( 4 ) - 9 1 7 ( 6 ) 2 6 5 3 ( 6 ) 2 6 ( 2 )
C ( 2 ) 1 7 6 9 ( 4 ) 4 5 5 4 ( 8 ) 6 1 3 9 ( 7 ) 4 1 ( 2 )
C ( 4 ) 1 8 0 8 ( 5 ) 4 5 1 0 ( 8 ) 2 0 4 5 ( 7 ) 4 2 ( 2 )
C ( 5 ) 1 0 4 6 ( 4 ) 4 5 0 5 ( 9 ) 1 8 3 2 ( 8 ) 3 9 ( 2 )
C ( 6 ) 9 6 3 ( 4 ) 5 4 8 3 ( 7 ) 1 3 4 9 ( 5 ) 3 7 ( 2 )
C ( 7 ) 2 5 3 6 ( 4 ) 4 4 8 8 ( 1 0 ) 6 3 4 5 ( 7 ) 4 2 ( 3 )
C ( 8 ) 2 4 5 8 ( 5 ) 3 7 3 2 ( 9 ) 5 9 9 0 ( 8 ) 4 8 ( 3 )
C ( 1 0 ) 3 6 8 ( 4 ) 2 1 5 5 ( 6 ) 3 0 3 6 ( 6 ) 2 5 ( 2 )
c a 1 ) - 9 7 1 ( 4 ) 2 3 5 8 ( 7 ) 2 6 9 6 ( 6 ) 2 9 ( 2 )
C ( 1 2 ) 4 2 8 1 ( 4 ) 1 5 4 9 ( 7 ) 2 9 7 7 ( 6 ) 2 5 ( 2 )
C ( 2 0 ) 2 7 2 ( 4 ) 4 6 6 7 ( 6 ) 3 2 8 9 ( 6 ) 2 4 ( 2 )
C ( 2 1 ) 4 8 2 ( 4 ) 2 3 5 8 ( 7 ) 2 9 4 6 ( 6 ) 3 1 ( 2 )
C ( 2 2 ) 2 2 5 ( 4 ) 4 8 9 9 ( 7 ) 3 1 0 5 ( 6 ) 2 2 ( 2 )

2 9 7



C ( 3 0 )
C ( 3 1 )
C ( 3 2 )
C ( 4 0 )
C ( 4 1 )
C ( 4 2 )
C ( 5 0 )
C ( 5 1 )
C ( 5 2 )
C ( 6 0 )
C ( 6 1 )
C ( 6 2 )
B ( 2 )
B ( l )
F ( l )
F ( 2 )
F ( 3 )
F ( 4 )
F ( S )
F ( 6 )

2 1 ( 4 )
- 6 1 1 ( 5 )
- 1 0 1 7 ( 4 )

3 9 6 1 ( 4 )

4 5 6 6 ( 4 )

4 8 9 8 ( 4 )

3 7 0 2 ( 4 )

4 2 1 3 ( 4 )

4 6 3 6 ( 4 )

3 3 4 6 ( 4 )

3 7 9 1 ( 4 )

4 3 1 3 ( 4 )

4 5 9 8 ( 4 )

- 9 9 2 ( 4 )

2 4 2 7 ( 3 )

1 1 7 7 ( 4 )

1 8 0 4 ( 5 )

1 4 3 2 ( 4 )

2 1 2 8 ( 4 )

1 7 9 3 ( 7 )

2 8 6 ( 7 )

2 4 ( 7 )

- 1 9 0 ( 7 )

2 1 5 5 ( 6 )

2 3 8 2 ( 7 )

1 5 5 9 ( 6 )

2 8 1 ( 6 )

0 ( 6 )

- 2 0 9 ( 7 )

- 1 6 5 5 ( 7 )

— 2 3 5 7 ( 7 )

- 1 9 l 7 ( 7 )

- 1 6 4 ( 8 )

- 1 8 5 ( 7 )

6 2 8 8 ( 6 )

6 2 6 9 ( 6 )

7 5 2 3 ( 2 )

6 3 1 2 ( 7 )

6 2 4 4 ( 7 )

5 0 2 9 ( 2 )

6 0 6 8 ( 6 )
6 3 5 6 ( 7 )
5 5 9 7 ( 6 )
5 1 0 1 ( 6 )
5 4 4 7 ( 6 )
5 1 5 0 ( 6 )
2 0 6 0 ( 6 )
1 7 3 5 ( 6 )
2 5 0 2 ( 5 )
4 8 3 3 ( 6 )
5 1 9 4 ( 6 )
5 0 4 5 ( 6 )
4 2 5 4 ( 6 )
3 9 0 0 ( 6 )
4 7 4 9 ( 5 )
3 4 0 8 ( 6 )
4 0 5 1 ( 7 )
4 8 8 8 ( 5 )
3 2 2 6 ( 5 )
4 0 6 9 ( 1 0 )

2 5 ( 2 )

3 6 ( 2 )

2 8 ( 2 )

2 2 ( 2 )

2 7 ( 2 )

2 4 ( 2 )

2 8 ( 2 )

2 5 ( 2 )

2 2 ( 2 )

2 7 ( 2 )

3 0 ( 2 )

2 7 ( 2 )

2 1 ( 2 )

1 8 ( 2 )

6 6 ( 2 )

7 3 ( 2 )

6 0 ( 1 )

7 8 ( 2 )

7 8 ( 2 )

9 6 ( 1 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

2 9 8



T a b l e A . 1 0 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) f o r

V ( T p ) 2 0 1 / 3 C H 3 C N 0 1 / 6 E t 2 0 , ( 2 4 )

 

 

x y z U ( e q )

V ( 1 ) 5 0 0 0 5 0 0 0 0 2 1 ( 1 )
V ( 2 ) 5 0 0 0 5 0 0 0 5 0 0 0 2 3 ( 1 )
V ( 3 ) 0 1 0 0 0 0 5 0 0 0 2 2 ( 1 )
1 3 ( 1 ) 1 8 2 3 ( 2 ) 5 6 7 2 ( 2 ) 4 3 7 ( 2 ) 2 3 ( 1 )
B ( 2 ) 5 4 3 7 ( 3 ) 7 1 4 3 ( 2 ) 3 1 3 5 ( 2 ) 3 1 ( 1 )
B ( 3 ) 2 3 1 1 ( 2 ) 9 3 9 5 ( 2 ) 4 4 2 0 ( 2 ) 2 7 ( 1 )
0 ( 1 ) 6 8 5 3 ( 3 ) 8 7 8 3 ( 2 ) - 6 7 8 ( 2 ) 5 4 ( 1 )
N ( 1 ) 4 0 2 6 ( 2 ) 1 0 8 9 0 ( 1 ) 3 7 9 5 ( 1 ) 2 7 ( 1 )
N ( 2 ) 4 9 5 2 ( 2 ) 1 0 4 6 4 ( 1 ) 3 6 7 1 ( 1 ) 2 6 ( 1 )
N ( 3 ) 1 9 3 3 ( 2 ) 1 0 4 2 6 ( 1 ) 4 1 0 9 ( 1 ) 2 7 ( 1 )
N ( 4 ) 2 7 7 4 ( 2 ) 1 0 6 2 8 ( 1 ) 4 5 1 8 ( 1 ) 2 7 ( 1 )
N ( 5 ) 8 5 ( 2 ) 8 7 6 9 ( 1 ) 4 5 9 1 ( 1 ) 2 8 ( 1 )
N ( 6 ) 4 0 4 0 ( 2 ) 8 6 4 3 ( 1 ) 4 3 9 1 ( 1 ) 2 8 ( 1 )
N ( 7 ) 5 4 3 8 ( 2 ) 3 5 2 5 ( 1 ) 4 9 9 6 ( 1 ) 2 8 ( 1 )
N ( 8 ) 5 1 5 2 ( 2 ) 2 7 1 0 ( 1 ) 5 8 8 7 ( 1 ) 2 8 ( 1 )
N ( 9 ) 4 1 4 8 ( 2 ) 5 6 5 8 ( 1 ) 3 7 1 2 ( 1 ) 2 8 ( 1 )
N ( 1 0 ) 4 4 5 6 ( 2 ) 6 5 9 4 ( 1 ) 3 0 1 0 ( 1 ) 2 9 ( 1 )
N ( l l ) 6 8 4 8 ( 2 ) 5 5 3 1 ( 1 ) 3 9 9 1 ( 1 ) 2 9 ( 1 )
N ( 1 2 ) 6 7 8 8 ( 2 ) 6 4 7 5 ( 1 ) 3 2 4 2 ( 1 ) 3 0 ( 1 )
N ( 1 3 ) 3 5 3 2 ( 2 ) 4 3 6 3 ( 1 ) 1 3 4 3 ( 1 ) 2 5 ( 1 )
N ( 1 4 ) 2 2 2 0 ( 2 ) 4 7 6 2 ( 1 ) 1 3 6 2 ( 1 ) 2 4 ( 1 )
N ( 1 5 ) 6 4 6 2 ( 2 ) 4 9 6 6 ( 1 ) 7 5 4 ( 1 ) 2 4 ( 1 )
N ( 1 6 ) 7 7 6 8 ( 2 ) 4 6 3 5 ( 1 ) 4 5 5 ( 1 ) 2 3 ( 1 )
N ( 1 7 ) 6 0 3 4 ( 2 ) 3 5 4 7 ( 1 ) 7 4 ( 1 ) 2 5 ( 1 )
N ( 1 8 ) 7 4 0 4 ( 2 ) 3 4 4 1 ( 1 ) 4 6 5 ( 1 ) 2 4 ( 1 )
N ( 3 0 4 0 8 4 ( 7 ) 9 1 9 2 ( 5 ) 1 1 2 7 ( 5 ) 1 5 4 ( 3 )
C ( 1 ) 3 5 9 2 ) 1 1 8 0 8 ( 2 ) 3 0 5 3 ( 2 ) 3 4 ( 1 )
C ( 2 ) 4 8 3 3 ( 3 ) 1 1 9 8 3 ( 2 ) 2 4 4 0 ( 2 ) 4 1 ( 1 )
C ( 3 ) 2 4 3 2 ( 2 ) 1 1 1 1 3 ( 2 ) 2 8 5 4 ( 2 ) 3 2 ( 1 )
C ( 4 ) 2 5 9 1 ( 2 ) 1 0 5 6 4 ( 2 ) 3 1 7 7 ( 2 ) 3 0 ( 1 )
C ( 5 ) 3 8 5 0 ( 2 ) 1 0 8 5 6 ( 2 ) 2 9 7 8 ( 2 ) 3 4 ( 1 )
C ( 6 ) 3 9 2 9 ( 2 ) 1 0 8 8 8 ( 2 ) 3 8 4 4 ( 2 ) 3 1 ( 1 )
C ( 7 ) 1 0 1 8 ( 2 ) 8 0 3 7 ( 2 ) 4 4 6 3 ( 2 ) 3 8 ( 1 )
C ( 8 ) 5 1 1 ( 3 ) 7 4 4 4 ( 2 ) 4 1 8 0 ( 2 ) 4 4 ( 1 )
C ( 9 ) 2 9 2 ( 3 ) 7 8 5 2 ( 2 ) 4 1 4 6 ( 2 ) 3 6 ( 1 )
C ( 1 0 ) 5 9 0 1 ( 2 ) 3 1 5 5 ( 2 ) 4 2 9 9 ( 2 ) 3 2 ( 1 )
C ( 1 1 ) 5 9 1 2 ( 2 ) 2 1 1 7 ( 2 ) 4 7 2 1 ( 2 ) 3 8 ( 1 )
C ( 1 2 ) 5 4 2 7 ( 2 ) 1 8 6 3 ( 2 ) 5 7 2 6 ( 2 ) 3 4 ( 1 )

2 9 9

e q u i v a l e n t i s o t r o p i c



C ( 1 3 )

C ( 1 4 )

C ( 1 5 )

C ( 1 6 )

C ( 1 7 )

C ( 1 8 )

C ( 1 9 )

C ( 2 0 )

C ( 2 1 )

C ( 2 2 )

C ( 2 3 )

C ( 2 4 )

C ( 2 5 )

C ( 2 6 )

C ( 2 7 )

C ( 3 0 )

C ( 3 1 )

C ( 4 1 )

C ( 4 2 )

C ( 4 3 )

C ( 4 4 )

3 2 6 3 ( 2 )

2 9 9 0 ( 2 )

3 7 5 8 ( 2 )

8 1 4 3 ( 2 )

8 9 3 4 ( 3 )

8 0 3 6 ( 2 )

3 5 4 7 ( 2 )

2 2 5 9 ( 2 )

1 4 4 9 ( 2 )

6 4 1 3 ( 2 )

7 6 8 1 ( 2 )

8 5 0 7 ( 2 )

5 6 6 5 ( 2 )

6 7 8 4 ( 3 )

7 8 6 1 ( 2 )

- 3 5 9 ( 6 )

5 0 6 ( 5 )

8 2 7 6 ( 4 )

7 5 1 2 ( 5 )

5 4 4 5 ( 8 )

6 0 0 7 ( 7 )

5 4 0 0 ( 2 )
6 1 6 4 ( 2 )
6 9 0 1 ( 2 )
5 2 0 7 ( 2 )
5 9 3 3 ( 2 )
6 7 2 7 ( 2 )
3 5 8 5 ( 2 )
3 4 7 1 ( 2 )
4 2 3 1 ( 2 )
5 1 5 4 ( 2 )
4 9 4 7 ( 2 )
4 6 2 0 ( 2 )
2 6 4 7 ( 2 )
1 9 4 9 ( 2 )
2 4 8 6 ( 2 )
9 4 3 5 ( 4 )
9 7 5 3 ( 4 )
7 2 8 9 ( 3 )
7 8 9 0 ( 4 )
1 0 3 0 6 ( 5 )
9 3 5 2 ( 4 )

3 4 0 8 ( 2 )

2 5 1 2 ( 2 )

2 2 9 1 ( 2 )

3 9 5 9 ( 2 )

3 2 0 7 ( 2 )

2 7 6 8 ( 2 )

2 2 3 0 ( 2 )

2 8 2 3 ( 2 )

2 2 4 8 ( 2 )

1 5 4 0 ( 2 )

1 7 5 4 ( 2 )

1 0 5 2 ( 2 )

3 3 2 ( 2 )

2 6 5 ( 2 )

- 5 7 ( 2 )

1 3 8 8 ( 4 )

1 6 8 1 ( 4 )

- 6 2 9 ( 3 )

- 1 0 1 ( 5 )

- 9 3 8 ( 7 )

- 1 6 5 ( 5 )

3 1 ( 1 )

3 5 ( 1 )

3 4 ( 1 )

3 5 ( 1 )

4 2 ( 1 )

3 8 ( 1 )

3 1 ( 1 )

3 6 ( 1 )

3 0 ( 1 )

2 9 ( 1 )

3 1 ( 1 )

2 6 ( 1 )

3 2 ( 1 )

3 9 ( 1 )

3 2 ( 1 )

9 3 ( 2 )

8 8 ( 2 )

5 2 ( 1 )

7 2 ( 2 )

1 2 2 ( 3 )

8 4 ( 2 )

 

U ( e q ) i s d e f i n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

3 0 0



T a b l e A . 1 1 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

H A T - ( C N X ' C 7 H 3 ' C H 3 C N , ( 2 6 )

 

 

x y z U ( e q )

N ( 1 ) 3 9 3 8 ( 2 ) 1 0 5 0 7 ( 5 ) 5 4 8 0 ( 2 ) 2 8 ( 1 )
N ( 2 ) 3 0 1 1 ( 2 ) 9 1 7 9 ( 5 ) 4 2 2 1 ( 2 ) 3 1 ( 1 )
N ( 3 ) 1 6 6 5 ( 2 ) 8 8 6 6 ( 5 ) 4 2 9 8 ( 2 ) 3 0 ( 1 )
N ( 4 ) 1 2 7 9 ( 2 ) 1 0 3 7 4 ( 5 ) 5 5 4 3 ( 2 ) 2 6 ( 1 )
N ( 5 ) 2 2 3 0 ( 2 ) 1 1 8 4 9 ( 5 ) 6 8 6 5 ( 2 ) 2 6 ( 1 )
N ( 6 ) 3 5 8 3 ( 2 ) 1 1 7 5 8 ( 5 ) 6 8 6 6 ( 2 ) 2 6 ( 1 )
N ( 2 1 ) 5 6 2 1 ( 2 ) 1 1 2 5 7 ( 6 ) 6 0 3 2 ( 2 ) 4 7 ( 1 )
N ( 2 2 ) 2 8 9 6 ( 2 ) 7 2 4 9 ( 6 ) 2 3 7 8 ( 3 ) 5 1 ( 1 )
N ( 2 3 ) 1 0 1 2 ( 2 ) 6 6 4 7 ( 6 ) 2 5 2 7 ( 2 ) 4 7 ( 1 )
N ( 2 4 ) 4 6 3 ( 2 ) 1 1 2 4 6 ( 6 ) 6 0 7 4 ( 2 ) 4 2 ( 1 )
N ( 2 5 ) 1 1 7 6 ( 2 ) 1 3 2 0 8 ( 6 ) 7 9 8 1 ( 3 ) 5 4 ( 1 )
N ( 2 6 ) 5 1 7 0 ( 2 ) 1 2 7 0 4 ( 6 ) 8 0 0 5 ( 3 ) 5 1 ( 1 )
N ( 3 8 ) 9 3 6 ( 3 ) 9 6 1 3 ( 7 ) 7 4 7 ( 3 ) 7 1 ( 2 )
C ( 1 ) 3 2 9 7 ( 2 ) 1 0 4 8 0 ( 6 ) 5 5 4 4 ( 2 ) 2 3 ( 1 )
C ( 2 ) 2 8 0 6 ( 2 ) 9 7 5 7 ( 6 ) 4 8 8 7 ( 2 ) 2 5 ( 1 )
C ( 3 ) 2 1 4 5 ( 2 ) 9 6 5 8 ( 6 ) 4 9 1 8 ( 2 ) 2 3 ( 1 )
C ( 4 ) 1 9 4 4 ( 2 ) 1 0 4 0 0 ( 6 ) 5 5 7 6 ( 2 ) 2 4 ( 1 )
C ( 5 ) 2 4 2 0 ( 2 ) 1 1 1 4 7 ( 6 ) 6 2 3 8 ( 2 ) 2 3 ( 1 )
C ( 6 ) 3 1 1 7 ( 2 ) 1 1 1 4 3 ( 6 ) 6 2 3 1 ( 2 ) 2 4 ( 1 )
C ( 1 1 ) 4 3 8 2 ( 2 ) 1 1 1 2 4 ( 6 ) 6 1 0 4 ( 2 ) 2 6 ( 1 )
C ( 1 2 ) 2 5 2 4 ( 2 ) 8 3 9 2 ( 6 ) 3 5 9 8 ( 2 ) 2 8 ( 1 )
C ( 1 3 ) 1 8 7 8 ( 2 ) 8 2 6 6 ( 6 ) 3 6 4 5 ( 2 ) 2 7 ( 1 )
C ( 1 4 ) 1 1 0 3 ( 2 ) 1 1 1 0 1 ( 6 ) 6 1 4 6 ( 2 ) 2 5 ( 1 )
C ( 1 5 ) 1 5 7 8 ( 2 ) 1 1 8 2 1 ( 6 ) 6 8 1 5 ( 2 ) 2 6 ( 1 )
C ( 1 6 ) 4 2 1 4 ( 2 ) 1 1 7 3 5 ( 6 ) 6 8 0 0 ( 2 ) 2 7 ( 1 )
C ( 2 1 ) 5 0 7 7 ( 2 ) 1 1 2 0 4 ( 6 ) 6 0 5 9 ( 3 ) 3 2 ( 1 )
C ( 2 2 ) 2 7 3 2 ( 2 ) 7 7 5 4 ( 6 ) 2 9 2 7 ( 3 ) 3 2 ( 1 )
C ( 2 3 ) 1 3 8 9 ( 2 ) 7 3 7 8 ( 6 ) 3 0 2 1 ( 3 ) 3 1 ( 1 )
C ( 2 4 ) 3 8 8 ( 2 ) 1 1 1 7 0 ( 6 ) 6 1 1 3 ( 3 ) 3 1 ( 1 )
C ( 2 5 ) 1 3 5 7 ( 2 ) 1 2 6 0 3 ( 6 ) 7 4 6 9 ( 3 ) 3 4 ( 1 )
C ( 2 6 ) 4 7 3 6 ( 2 ) 1 2 3 0 4 ( 6 ) 7 4 7 6 ( 3 ) 3 3 ( 1 )
C ( 3 1 ) 3 4 9 0 ( 3 ) 1 0 5 6 4 ( 6 ) 4 9 4 ( 3 ) 4 0 ( 1 )
C ( 3 2 ) 2 8 2 4 ( 3 ) 1 0 9 6 3 ( 7 ) 2 5 6 ( 4 ) 5 7 ( 2 )
C ( 3 3 ) 2 3 8 8 ( 3 ) 1 0 5 3 3 ( 8 ) 2 8 3 ( 4 ) 6 6 ( 2 )
C ( 3 4 ) 2 6 1 8 ( 3 ) 9 7 0 8 ( 8 ) 4 5 3 ( 4 ) 6 1 ( 2 )
C ( 3 5 ) 3 2 9 3 ( 3 ) 9 3 2 3 ( 7 ) 7 1 5 ( 4 ) 5 4 ( 2 )
C ( 3 6 ) 3 7 1 9 ( 3 ) 9 7 3 3 ( 7 ) 2 4 9 ( 3 ) 4 6 ( 1 )
C ( 3 7 ) 3 9 7 4 ( 3 ) 1 1 0 6 1 ( 9 ) - 9 8 8 ( 4 ) 6 9 ( 2 )

3 0 1



C ( 3 8 ) 4 7 1 ( 3 ) 9 2 6 3 ( 8 ) 9 3 2 ( 3 ) 5 5 ( 2 )
C ( 3 9 ) - 1 4 3 ( 3 ) 8 8 4 5 ( 9 ) 1 1 7 1 ( 4 ) 7 3 ( 2 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

3 0 2



T a b l e A . 1 2 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

C o ( H A T ( C N ) 4 0 2 ) ( I - 1 2 0 ) 4 0 4 H 2 0 ( 2 7 )

 

 

x y z U ( e q )

C o ( 1 ) 4 7 3 5 ( 1 ) 2 2 1 9 ( 1 ) 1 6 2 9 ( 1 ) 3 3 ( 1 )
C ( 1 ) 4 4 2 7 ( 4 ) 2 6 4 6 ( 3 ) 3 7 9 2 ( 2 ) 2 4 ( 1 )
C ( 2 ) 3 0 8 4 ( 4 ) 2 1 1 3 ( 3 ) 3 8 3 4 ( 2 ) 2 3 ( 1 )
C ( 3 ) 4 0 8 8 ( 4 ) 4 9 3 9 ( 3 ) 4 7 7 3 ( 2 ) 2 2 ( 1 )
C ( 4 ) 3 5 2 6 ( 3 ) 2 2 9 3 ( 3 ) 5 7 1 5 ( 2 ) 2 1 ( 1 )
C ( 5 ) 4 9 1 5 ( 4 ) 2 8 2 9 ( 3 ) 5 6 7 5 ( 2 ) 2 3 ( 1 )
C ( 6 ) 3 7 9 ( 4 ) 2 9 9 9 ( 3 ) 4 7 0 0 ( 2 ) 2 2 ( 1 )
C ( 1 1 ) 1 0 4 1 ( 4 ) 3 3 0 3 ( 4 ) 2 7 9 2 ( 3 ) 2 9 ( 1 )
C ( 1 2 ) 3 0 7 9 ( 4 ) 4 3 1 1 ( 4 ) 2 9 3 9 ( 3 ) 2 7 ( 1 )
C ( 1 3 ) - 6 0 8 1 ( 4 ) 4 1 2 5 ( 3 ) 3 9 3 7 ( 2 ) 2 4 ( 1 )
C ( 1 4 ) 3 9 4 0 ( 4 ) 2 4 6 4 ( 3 ) 7 4 5 2 ( 2 ) 2 5 ( 1 )
C ( 1 5 ) 2 3 5 7 ( 4 ) 3 0 2 0 ( 3 ) 7 4 1 7 ( 2 ) 2 6 ( 1 )
C ( 1 6 ) 1 5 5 9 ( 4 ) 3 6 4 2 ( 3 ) 3 7 6 7 ( 3 ) 2 5 ( 1 )
C ( 2 3 ) 2 6 7 8 ( 4 ) 3 7 1 ( 3 ) 3 9 4 6 ( 2 ) 2 2 ( 1 )
C ( 2 4 ) 3 0 2 1 ( 4 ) 2 2 4 8 ( 4 ) 8 4 1 1 ( 3 ) 3 3 ( 1 )
C ( 2 5 ) 4 7 2 2 ( 4 ) 3 4 0 1 ( 4 ) 8 3 3 1 ( 3 ) 3 2 ( 1 )
C ( 2 6 ) 3 1 7 0 ( 4 ) 4 1 8 9 ( 3 ) 3 7 5 1 ( 3 ) 2 5 ( 1 )
N ( 1 ) 3 1 2 ( 3 ) 2 7 7 8 ( 3 ) 2 8 5 9 ( 2 ) 2 9 ( 1 )
N ( 2 ) 3 5 4 4 ( 3 ) 4 8 1 5 ( 3 ) 2 9 2 8 ( 2 ) 2 6 ( 1 )
N ( 3 ) 3 6 3 2 ( 3 ) 4 4 2 3 ( 3 ) 4 8 1 8 ( 2 ) 2 4 ( 1 )
N ( 4 ) 4 5 1 7 ( 3 ) 2 1 0 5 ( 3 ) 6 6 0 5 ( 2 ) 2 5 ( 1 )
N ( 5 ) 4 3 5 5 ( 3 ) 3 1 9 2 ( 3 ) 6 5 3 2 ( 2 ) 2 5 ( 1 )
N ( 6 ) 6 5 9 ( 3 ) 3 5 0 8 ( 3 ) 4 6 7 5 ( 2 ) 2 3 ( 1 )
N ( 1 3 ) 3 9 4 2 ( 4 ) 4 1 9 ( 3 ) 3 8 9 8 ( 2 ) 4 0 ( 1 )
N ( 1 4 ) 3 8 7 0 ( 4 ) 2 0 6 0 ( 4 ) 9 1 6 3 ( 2 ) 4 8 ( 1 )
N ( 1 5 ) 4 1 8 6 ( 4 ) 3 6 9 4 ( 4 ) 9 0 3 8 ( 3 ) 5 0 ( 1 )
N ( 1 6 ) 4 4 4 2 ( 4 ) 4 6 4 0 ( 3 ) 3 7 8 5 ( 3 ) 4 4 ( 1 )
0 ( 1 ) 1 9 4 2 ( 3 ) 3 4 8 8 ( 3 ) 1 9 6 7 ( 2 ) 4 3 ( 1 )
0 ( 2 ) 3 6 0 9 ( 3 ) 4 0 1 4 ( 3 ) 2 1 4 2 ( 2 ) 4 1 ( 1 )
0 ( 3 ) 2 7 8 ( 4 ) 2 5 4 1 ( 4 ) 4 4 9 ( 2 ) 5 4 ( 1 )
0 ( 4 ) 3 2 5 2 ( 3 ) 4 7 5 5 ( 3 ) 5 9 6 ( 2 ) 4 1 ( 1 )
0 ( 5 ) 4 0 8 9 ( 4 ) 4 8 7 ( 4 ) 1 4 0 6 ( 2 ) 4 5 ( 1 )
0 ( 6 ) 2 2 8 3 ( 4 ) 4 2 1 5 ( 3 ) 1 7 0 2 ( 3 ) 4 4 ( 1 )
0 ( 1 0 ) 3 0 1 3 ( 4 ) 4 5 1 4 ( 4 ) 9 9 0 ( 3 ) 6 0 ( 1 )
0 ( 1 1 ) 4 8 7 3 ( 4 ) 9 7 2 ( 4 ) 3 1 5 1 ( 3 ) 6 2 ( 1 )
0 ( 1 2 ) 2 2 5 2 ( 5 ) 3 9 1 2 ( 5 ) 3 4 8 0 ( 3 ) 7 2 ( 1 )
0 ( 1 3 ) 2 2 2 3 ( 7 ) 0 ( 8 ) 4 0 1 7 ( 7 ) 1 9 6 ( 4 )
 

3 0 3



T a b l e A . 1 3 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) f o r

M n G ' I A T - ( C I ‘ D 4 0 2 ) ( I ' 1 2 0 ) 4 ° 4 H 2 0 . ( 2 8 )
 

 

x y z U ( e q )

M n ( 1 ) 1 6 1 3 ( 1 ) 2 2 1 7 ( 1 ) 3 4 7 0 ( 1 ) 3 8 ( 1 )

N ( 3 ) 5 5 8 3 ( 3 ) 1 4 3 8 ( 2 ) 1 6 7 ( 2 ) 2 4 ( 1 )

N ( 4 ) 4 4 9 6 ( 3 ) 2 1 0 8 ( 3 ) - 1 6 2 0 ( 2 ) 2 6 ( 1 )

0 ( 2 ) 5 5 4 2 ( 3 ) 1 0 0 3 ( 3 ) 2 8 3 1 ( 2 ) 4 1 ( 1 )

N ( 2 ) 3 4 9 2 ( 3 ) 1 8 2 3 ( 3 ) 2 0 5 1 ( 2 ) 2 7 ( 1 )

C ( 5 ) 1 8 9 5 ( 4 ) 2 8 3 7 ( 3 ) - 6 9 6 ( 2 ) 2 4 ( 1 )

N ( 5 ) 1 3 4 9 ( 3 ) 3 2 1 3 ( 3 ) - 1 5 5 2 ( 2 ) 2 8 ( 1 )

N ( 6 ) - 6 8 1 ( 3 ) 3 5 1 7 ( 3 ) 2 8 2 ( 2 ) 2 7 ( 1 )

C ( 4 ) 3 4 8 9 ( 3 ) 2 3 0 2 ( 3 ) - 7 2 6 ( 2 ) 2 3 ( 1 )

C ( 2 3 ) 7 6 2 8 ( 4 ) 5 8 5 ( 3 ) 1 0 3 4 ( 2 ) 2 5 ( 1 )

C ( 3 ) 4 0 5 0 ( 4 ) 1 9 5 1 ( 3 ) 2 1 2 ( 2 ) 2 4 ( 1 )

C ( 1 2 ) 5 0 1 8 ( 4 ) 1 3 0 7 ( 3 ) 2 0 3 7 ( 2 ) 2 7 ( 1 )

C ( 6 ) 8 4 0 ( 3 ) 3 0 1 3 ( 3 ) 2 7 5 ( 2 ) 2 4 ( 1 )

C ( 1 ) 1 3 7 3 ( 4 ) 2 6 6 2 ( 3 ) 1 1 8 4 ( 2 ) 2 6 ( 1 )

C ( 2 ) 3 0 3 2 ( 4 ) 2 1 2 4 ( 3 ) 1 1 5 1 ( 2 ) 2 5 ( 1 )

C ( 1 3 ) 6 0 2 5 ( 3 ) 1 1 3 2 ( 3 ) 1 0 4 4 ( 2 ) 2 3 ( 1 )

0 ( 5 ) 9 9 6 ( 4 ) 8 6 ( 4 ) 3 6 4 0 ( 3 ) 5 2 ( 1 )

N ( 1 ) 4 3 8 ( 3 ) 2 7 9 5 ( 3 ) 2 1 1 0 ( 2 ) 3 1 ( 1 )

0 ( 1 ) 2 0 2 0 ( 3 ) 3 5 1 8 ( 3 ) 2 9 7 8 ( 2 ) 4 9 ( 1 )

C ( 1 5 ) 2 3 6 7 ( 4 ) 3 0 3 0 ( 3 ) - 2 4 3 8 ( 2 ) 2 8 ( 1 )

0 ( 6 ) 2 1 4 2 ( 4 ) 4 3 1 4 ( 3 ) 3 4 2 0 ( 3 ) 5 4 ( 1 )

C ( 1 6 ) - 1 5 9 2 ( 4 ) 3 6 6 2 ( 3 ) 1 1 8 5 ( 3 ) 2 8 ( 1 )

C ( 2 6 ) - 3 2 0 1 ( 4 ) 4 2 0 4 ( 3 ) 1 1 9 3 ( 3 ) 3 0 ( 1 )

C ( 2 4 ) 5 0 1 6 ( 4 ) 2 2 4 6 ( 3 ) - 3 4 1 8 ( 3 ) 3 1 ( 1 )

0 ( 4 ) 3 3 3 6 ( 4 ) 1 7 2 9 ( 3 ) 4 4 3 1 ( 2 ) 5 2 ( 1 )

N ( 1 3 ) 8 8 9 7 ( 4 ) 1 3 1 ( 3 ) 1 0 8 4 ( 2 ) 3 6 ( 1 )

C ( 1 1 ) - 1 1 0 1 ( 4 ) 3 3 3 1 ( 3 ) 2 1 5 1 ( 3 ) 3 2 ( 1 )

N ( 1 4 ) 5 8 6 5 ( 4 ) 2 0 4 1 ( 4 ) - 4 1 6 1 ( 2 ) 4 6 ( 1 )

C ( 2 5 ) 1 7 7 1 ( 4 ) 3 4 5 2 ( 4 ) - 3 3 5 9 ( 3 ) 3 5 ( 1 )

C ( 1 4 ) 3 9 3 4 ( 4 ) 2 4 7 4 ( 3 ) - 2 4 6 7 ( 2 ) 2 6 ( 1 )

N ( 1 6 ) - 4 4 9 2 ( 4 ) 4 6 4 8 ( 3 ) 1 1 8 0 ( 3 ) 4 3 ( 1 )

N ( 1 5 ) 1 2 6 5 ( 4 ) 3 8 0 3 ( 4 ) - 4 0 6 9 ( 3 ) 5 5 ( 1 )

0 ( 3 ) - 5 7 5 ( 5 ) 2 4 8 3 ( 6 ) 4 6 2 3 ( 4 ) 8 3 ( 2 )

0 ( 1 0 ) 5 0 0 9 ( 4 ) 4 5 3 5 ( 4 ) 4 0 5 0 ( 3 ) 6 1 ( 1 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

3 0 4



T a b l e A . 1 4 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) a n d e q u i v a l e n t i s o t r o p i c

d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 ) f o r

N i ( H A T - ( C N ) 4 0 2 ) ( H z O ) 4 ‘ 4 H 2 0 . ( 2 9 )
 

 

x y z U ( e q )

N i ( l ) 3 7 3 8 ( 1 ) 2 7 0 9 ( 1 ) 3 3 4 9 ( 1 ) 2 6 ( 1 )
C ( 1 ) 3 4 3 5 ( 4 ) 2 3 2 0 ( 4 ) 4 2 1 8 ( 3 ) 2 0 ( 1 )
C ( 2 ) 3 0 9 0 ( 4 ) 2 8 5 9 ( 4 ) 4 1 9 1 ( 3 ) 2 1 ( 1 )
C ( 3 ) 3 0 9 3 ( 4 ) 3 0 5 7 ( 3 ) 2 5 3 ( 3 ) 2 0 ( 1 )
C ( 4 ) 3 5 3 6 ( 4 ) 2 7 2 3 ( 3 ) 6 9 3 ( 3 ) 2 0 ( 1 )
C ( 5 ) 3 9 3 2 ( 4 ) 2 1 8 6 ( 3 ) 6 5 9 ( 3 ) 2 1 ( 1 )
C ( 6 ) 3 8 8 7 ( 4 ) 1 9 9 6 ( 4 ) 3 0 8 ( 3 ) 2 1 ( 1 )
C ( 1 1 ) 3 9 7 3 ( 4 ) 1 6 2 9 ( 4 ) 2 2 0 5 ( 3 ) 2 3 ( 1 )
C ( 1 2 ) 4 0 0 8 0 ( 4 ) 3 6 5 2 ( 4 ) 2 0 9 4 ( 3 ) 2 5 ( 1 )
C ( 1 3 ) 4 1 0 7 1 ( 4 ) 3 8 6 3 ( 4 ) 4 1 0 3 ( 3 ) 2 2 ( 1 )
C ( 1 4 ) 3 9 5 7 ( 4 ) 2 5 6 4 ( 4 ) 2 4 3 2 ( 3 ) 2 4 ( 1 )
C ( 1 5 ) 2 3 8 5 ( 5 ) 2 0 0 9 ( 4 ) 2 4 0 1 ( 3 ) 2 5 ( 1 )
C ( 1 6 ) 3 4 6 2 ( 4 ) 1 3 3 3 ( 4 ) 4 2 2 9 ( 3 ) 2 2 ( 1 )
C ( 2 3 ) 4 2 6 8 1 ( 4 ) 4 4 2 3 ( 4 ) 4 0 9 7 ( 3 ) 2 3 ( 1 )
C ( 2 4 ) 4 0 0 4 1 ( 5 ) 2 7 8 4 ( 4 ) 3 3 9 7 ( 3 ) 3 2 ( 1 )
C ( 2 5 ) 3 7 5 1 ( 5 ) 1 6 3 2 ( 4 ) 3 3 2 3 ( 3 ) 3 2 ( 1 )
C ( 2 6 ) 4 8 3 8 ( 4 ) 7 9 2 ( 4 ) 4 2 3 4 ( 3 ) 2 3 ( 1 )
N ( 1 ) 3 5 2 6 ( 3 ) 2 1 6 7 ( 3 ) 2 1 5 0 ( 2 ) 2 4 ( 1 )
N ( 2 ) 3 5 4 5 ( 3 ) 3 1 3 1 ( 3 ) 2 0 9 7 ( 2 ) 2 3 ( 1 )
N ( 3 ) 4 0 6 3 0 ( 3 ) 3 5 8 2 ( 3 ) 2 1 7 ( 2 ) 2 2 ( 1 )
N ( 4 ) 3 5 2 9 ( 4 ) 2 9 2 1 ( 3 ) 1 5 8 0 ( 2 ) 2 4 ( 1 )
N ( 5 ) 3 3 7 4 ( 4 ) 1 8 2 1 ( 3 ) 1 5 2 4 ( 2 ) 2 4 ( 1 )
N ( 6 ) 4 3 5 5 ( 3 ) 1 4 9 0 ( 3 ) 3 2 8 ( 2 ) 2 1 ( 1 )
N ( 1 3 ) 4 3 9 3 1 ( 4 ) 4 8 7 5 ( 3 ) 4 1 4 1 ( 3 ) 3 8 ( 1 )
N ( 1 4 ) 4 0 8 5 0 ( 5 ) 2 9 9 2 ( 4 ) 4 1 5 0 ( 3 ) 5 1 ( 1 )
N ( 1 5 ) 3 2 1 5 ( 5 ) 1 3 2 9 ( 4 ) 4 0 2 7 ( 3 ) 5 3 ( 1 )
N ( 1 6 ) 3 7 7 ( 4 ) 3 4 6 ( 4 ) 4 1 9 8 ( 3 ) 3 9 ( 1 )
0 ( 1 ) 4 0 6 0 4 ( 3 ) 3 9 2 7 ( 3 ) 2 8 9 9 ( 2 ) 3 7 ( 1 )
0 ( 2 ) 3 0 6 8 ( 3 ) 1 4 2 0 ( 3 ) 3 0 2 4 ( 2 ) 3 5 ( 1 )
0 ( 3 ) 3 1 1 3 ( 4 ) 4 6 8 6 ( 4 ) 3 5 7 8 ( 3 ) 3 6 ( 1 )
0 ( 4 ) 3 1 9 5 ( 4 ) 3 1 7 7 ( 4 ) 4 3 9 4 ( 3 ) 3 4 ( 1 )
0 ( 5 ) 2 3 0 0 ( 4 ) 7 4 3 ( 3 ) 3 2 8 9 ( 3 ) 3 7 ( 1 )
0 ( 6 ) 4 7 7 1 ( 4 ) 2 3 5 2 ( 4 ) 4 4 9 5 ( 3 ) 4 1 ( 1 )
0 ( 1 0 ) 2 2 3 4 ( 4 ) 5 3 3 8 ( 4 ) 3 7 9 5 ( 3 ) 5 8 ( 1 )
 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

3 0 5



T a b l e A . 1 5 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) , e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) , a n d o c c u p a n c i e s f o r
{ ( s z F e ) 3 H A T ( C N ) 6 . C H 3 C N } ( 3 0 )

 

 

x y z U ( e q )

F e ( 1 ) 4 5 6 2 ( 1 ) 3 3 2 8 ( 2 ) 3 4 6 0 ( 2 ) 3 7 ( 1 )
F e ( 2 ) 8 1 7 ( 1 ) 3 3 3 6 ( 2 ) 8 4 5 8 ( 2 ) 5 1 ( 1 )
C ( 4 0 ) 1 0 6 7 ( 1 3 ) 4 2 7 0 ( 1 8 ) 6 8 5 3 ( 1 6 ) 1 0 7 ( 8 )
C ( 3 4 ) 1 0 7 6 ( 1 3 ) 4 1 6 1 ( 1 9 ) 1 0 1 1 2 ( 1 6 ) 1 0 7 ( 7 )
C ( 3 6 ) 1 1 8 0 ( 1 4 ) 2 8 9 8 ( 1 7 ) 6 8 2 8 ( 1 3 ) 9 1 ( 7 )
C ( 3 2 ) 1 1 5 5 ( 1 0 ) 2 9 0 9 ( 1 2 ) 1 0 1 5 7 ( 1 2 ) 6 1 ( 4 )
C ( 3 7 ) 1 6 9 3 ( 1 3 ) 3 9 7 0 ( 2 0 ) 6 8 1 6 ( 1 5 ) 9 3 ( 6 )
C ( 3 3 ) 1 6 4 8 ( 1 1 ) 3 8 8 7 ( 1 5 ) 1 0 1 9 7 ( 1 4 ) 7 6 ( 5 )
C ( 3 5 ) 1 0 4 ( 1 5 ) 3 3 5 7 ( 1 8 ) 1 0 1 0 0 ( l 3 ) 1 0 4 ( 8 )
C ( 3 8 ) 1 5 7 ( 1 2 ) 2 5 7 5 ( 1 6 ) 6 8 5 9 ( 1 6 ) 9 1 ( 6 )
C ( 3 1 ) 2 0 0 ( 1 2 ) 2 6 4 5 ( 1 3 ) 1 0 1 2 5 ( 1 6 ) 9 0 ( 6 )
C ( 3 9 ) 7 2 ( 1 2 ) 3 3 2 4 ( 1 3 ) 6 8 2 9 ( 1 2 ) 7 2 ( 5 )
N ( 7 ) 5 7 2 7 ( 6 ) 4 2 8 8 ( 6 ) 8 4 4 8 ( 7 ) 2 5 ( 2 )
N ( 8 ) 4 7 1 8 ( 6 ) 2 3 4 5 ( 6 ) 8 4 5 0 ( 8 ) 3 3 ( 2 )
C ( 2 9 ) 3 3 2 6 ( 7 ) 2 3 4 8 ( 8 ) 8 4 6 8 ( 1 1 ) 3 8 ( 2 )
C ( 2 4 ) 4 3 3 6 ( 7 ) 2 8 5 8 ( 8 ) 8 4 5 4 ( 9 ) 3 5 ( 2 )
C ( 3 0 ) 4 3 3 0 ( 7 ) 4 3 6 7 ( 8 ) 8 4 8 2 ( 1 3 ) 4 2 ( 3 )
C ( 2 7 ) 6 1 5 8 ( 5 ) 3 8 3 8 ( 8 ) 8 4 6 9 ( 8 ) 3 2 ( 2 )
C ( 2 8 ) 4 7 5 5 ( 7 ) 3 8 2 7 ( 6 ) 8 4 6 2 ( 9 ) 2 6 ( 2 )
N ( 1 ) 2 5 6 6 ( 7 ) 1 9 5 5 ( 6 ) 8 4 4 0 ( 1 0 ) 4 8 ( 2 )
N ( 2 ) 3 8 6 8 ( 1 4 ) 4 6 9 8 ( 1 3 ) 8 4 5 7 ( 1 4 ) 1 1 1 ( 6 )
C ( 2 6 ) 5 6 7 2 ( 6 ) 2 8 5 1 ( 6 ) 8 4 6 8 ( 7 ) 2 4 ( 2 )
N ( 4 ) 4 6 5 0 ( 6 ) 6 1 2 7 ( 6 ) 3 4 6 4 ( 9 ) 4 4 ( 2 )
N ( 5 ) 7 8 9 1 ( 1 6 ) 9 2 8 8 ( 1 5 ) 3 4 5 6 ( 9 ) 1 4 5 ( 1 0 )
C ( 5 3 ) 4 0 5 6 ( 6 ) 6 4 2 2 ( 6 ) 3 4 5 3 ( 1 0 ) 4 3 ( 2 )
C ( 4 1 ) 0 0 7 6 4 0 ( 2 0 ) 7 5 ( 6 )
C ( 4 2 ) 0 0 9 2 7 0 ( 3 0 ) 8 3 ( 6 )
N ( 3 ) 6 7 3 3 ( 1 1 ) 6 3 1 3 ( 7 ) 3 4 9 8 ( 1 2 ) 5 2 ( 2 )
C ( 1 ) 6 6 2 0 ( 9 ) 8 4 1 4 ( 6 ) 3 4 5 2 ( 1 3 ) 3 5 ( 2 )
N ( 1 1 ) 0 0 1 0 6 5 0 ( 2 0 ) 1 3 3 ( 1 1 )
C ( 2 ) 5 5 5 3 ( 7 ) 6 8 2 8 ( 6 ) 3 4 6 0 ( 9 ) 3 8 ( 2 )
N ( 9 ) 5 1 5 4 ( 8 ) 8 0 3 3 ( 9 ) 3 4 6 8 ( 1 7 ) 8 6 ( 4 )
C ( 4 9 ) 4 2 7 4 ( 7 ) 7 3 4 5 ( 6 ) 3 4 4 6 ( 1 0 ) 4 6 ( 2 )
C ( 5 4 ) 6 2 2 8 ( 7 ) 6 5 5 4 ( 6 ) 3 4 6 2 ( 8 ) 4 2 ( 2 )
C ( 5 2 ) 5 8 0 1 ( 6 ) 7 8 1 8 ( 9 ) 3 4 5 3 ( 1 0 ) 6 5 ( 3 )
C ( 1 0 1 ) 3 8 8 9 ( 1 1 ) 3 3 9 2 ( 1 1 ) 5 1 4 1 ( 1 1 ) 5 5 ( 4 )
C ( 1 0 2 ) 4 4 8 0 ( 1 3 ) 2 5 5 8 ( 1 3 ) 5 1 2 2 ( 1 7 ) 7 8 ( 4 )
C ( 1 0 3 ) 5 2 7 8 ( 8 ) 3 3 5 5 ( 9 ) 5 1 0 5 ( 1 2 ) 5 4 ( 3 )

3 0 6



C ( 1 0 4 ) 3 8 0 8 ( 1 7 ) 2 6 4 0 ( 2 0 ) 5 1 5 4 ( 1 8 ) 1 5 0 ( 1 3 )

C ( 1 0 5 ) 4 9 7 9 ( 1 5 ) 4 0 9 3 ( 7 ) 5 1 1 9 ( 9 ) 1 1 0 ( 8 )

C ( l 1 1 ) 4 4 8 7 ( 1 0 ) 2 5 3 2 ( 8 ) 1 7 8 6 ( 1 3 ) 7 6 ( 5 )

C ( 1 1 3 ) 5 2 9 0 ( 7 ) 3 3 7 7 ( 8 ) 1 7 9 2 ( 1 3 ) 5 7 ( 3 )

C ( 1 1 4 ) 4 0 6 2 ( 1 0 ) 3 5 9 9 ( 1 2 ) 1 8 1 3 ( 1 2 ) 1 4 4 ( 1 3 )

C ( 1 1 5 ) 5 0 4 6 ( 1 1 ) 4 0 9 2 ( 6 ) 1 7 9 5 ( 9 ) 9 7 ( 8 )

C ( 1 1 2 ) 3 7 3 7 ( 9 ) 2 6 5 4 ( 1 0 ) 1 8 1 1 ( 1 9 ) 9 0 ( 5 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d
U i j t e n s o r .

3 0 7

 
  

 



T a b l e A . 1 6 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) , e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) , a n d o c c u p a n c i e s f o r

{ [ ( C P ) 2 C 0 ] [ P F 6 1 } 3 H A T - ( C N ) 6 , ( 3 1 )
 

 

X y z U ( e q )

C o ( 1 ) 1 9 9 8 ( 1 ) 8 1 7 6 ( 1 ) 4 5 ( 2 ) 4 1 ( 1 )
C o ( 2 ) 0 1 2 1 5 9 ( 1 ) 0 4 7 ( 1 )
P ( 1 ) 0 8 5 6 0 ( 3 ) 0 3 8 ( 1 )
P ( 2 ) 1 2 0 1 ( 1 ) 4 9 7 1 ( 2 ) 3 4 ( 4 ) 3 9 ( 1 )
F ( l ) 2 0 9 ( 4 ) 7 8 0 5 ( 6 ) 3 2 6 ( 1 0 ) 8 0 ( 3 )
F ( 2 ) 2 0 9 ( 6 ) 9 2 9 7 ( 6 ) 1 3 1 9 ( 1 2 ) 1 1 2 ( 5 )
F ( 3 ) 5 3 9 ( 3 ) 8 5 3 8 ( 7 ) 1 0 2 2 ( 1 2 ) 8 4 ( 3 )
F ( 7 ) 7 4 6 ( 4 ) 4 8 2 2 ( 1 0 ) 1 2 1 1 ( 1 1 ) 1 1 6 ( 5 )
F ( 8 ) 1 6 6 0 ( 4 ) 5 1 4 3 ( 1 0 ) 4 3 8 4 ( 1 2 ) 1 0 9 ( 4 )
F ( 9 ) 8 3 7 ( 4 ) 5 5 4 6 ( 8 ) 4 3 8 3 ( 1 0 ) 9 7 ( 4 )
F ( l O ) 1 3 8 2 ( 5 ) 5 8 2 2 ( 7 ) 9 8 5 ( 1 2 ) 1 0 4 ( 4 )
F ( l 1 ) 1 5 5 5 ( 5 ) 4 4 2 8 ( 9 ) 2 3 5 ( 1 2 ) 1 1 8 ( 5 )
F ( 1 2 ) 1 0 7 2 ( 1 0 ) 4 1 1 5 ( 7 ) 4 1 5 3 ( 1 5 ) 1 8 3 ( 9 )
N ( 1 ) 4 4 5 6 ( 3 ) 1 2 7 6 5 ( 5 ) 5 1 0 9 ( 1 1 ) 3 1 ( 2 )
N ( 2 ) 3 9 2 9 ( 3 ) 1 1 1 8 1 ( 6 ) 5 1 3 5 ( 1 2 ) 2 9 ( 2 )
N ( 3 ) 4 4 6 4 ( 3 ) 9 5 3 7 ( 6 ) 5 0 1 0 ( 1 1 ) 3 0 ( 2 )
N ( 4 ) 2 6 7 8 ( 3 ) 1 0 4 0 5 ( 8 ) 5 2 4 9 ( 1 6 ) 5 2 ( 3 )
N ( 5 ) 3 4 5 6 ( 4 ) 8 0 5 1 ( 6 ) 5 0 7 3 ( 1 7 ) 5 1 ( 3 )
N ( 6 ) 4 2 2 0 ( 4 ) 1 5 0 1 1 ( 7 ) 5 1 2 1 ( 1 5 ) 4 7 ( 3 )
C ( 1 ) 4 7 2 8 ( 4 ) 1 1 9 9 7 ( 6 ) 5 0 6 4 ( 1 2 ) 2 4 ( 2 )
C ( 2 ) 4 4 4 8 ( 4 ) 1 1 1 6 3 ( 7 ) 5 0 6 9 ( 1 2 ) 2 5 ( 2 )
C ( 3 ) 4 7 2 5 ( 3 ) 1 0 3 4 0 ( 7 ) 5 0 1 6 ( 1 2 ) 2 7 ( 2 )
C ( 4 ) 3 9 5 8 ( 4 ) 9 5 6 7 ( 7 ) 5 0 7 0 ( 1 4 ) 3 0 ( 2 )
C ( 5 ) 3 6 9 0 ( 3 ) 1 0 3 9 0 ( 8 ) 5 1 2 4 ( 1 2 ) 2 8 ( 2 )
C ( 6 ) 4 7 2 1 ( 4 ) 1 3 5 2 1 ( 7 ) 5 0 6 3 ( 1 3 ) 3 3 ( 2 )
C ( 7 ) 4 4 3 8 ( 4 ) 1 4 3 5 0 ( 8 ) 5 1 4 7 ( 1 4 ) 3 4 ( 2 )
C ( 8 ) 3 1 2 9 ( 4 ) 1 0 4 1 1 ( 8 ) 5 1 9 7 ( 1 4 ) 3 7 ( 2 )
C ( 9 ) 3 6 8 8 ( 4 ) 8 7 1 0 ( 8 ) 5 0 5 0 ( 1 4 ) 3 7 ( 3 )

 

2
.
“
.
‘
k

C ( 2 1 ) 9 3 9 ( 1 0 ) 7 2 5 0 ( 2 0 ) — 2 0 8 0 ( 3 0 ) 1 1 3 ( 9 )
C ( 2 2 ) 2 3 1 7 ( 7 ) 8 1 1 0 ( 3 0 ) - 2 4 8 0 ( 2 0 ) 1 5 5 ( 1 3 )
C ( 2 3 ) 0 1 9 ( 1 1 ) 8 8 5 6 ( 1 3 ) - 2 3 2 0 ( 3 0 ) 1 0 7 ( 9 )
C ( 2 4 ) 1 4 7 1 ( 1 8 ) 8 5 2 7 ( 1 6 ) - 1 9 7 0 ( 3 0 ) 1 8 4 ( 1 8 )
C ( 2 5 ) 1 4 9 6 ( 9 ) 7 6 9 5 ( 1 3 ) - 1 8 5 0 ( 2 0 ) 8 6 ( 7 )
C ( 2 6 ) 2 2 4 0 ( 1 0 ) 7 5 2 4 ( 1 8 ) 2 1 5 0 ( 3 0 ) 1 0 2 ( 7 )
C ( 2 7 ) 2 5 5 2 ( 8 ) 8 1 7 0 ( 2 0 ) 1 7 9 0 ( 3 0 ) 1 0 1 ( 7 )
C ( 2 8 ) 2 2 9 6 ( 1 0 ) 9 0 6 8 ( 1 4 ) 1 6 8 0 ( 3 0 ) 9 7 ( 7 )
C ( 2 9 ) 1 7 4 3 ( 8 ) 8 8 2 7 ( 1 3 ) 2 2 3 0 ( 2 0 ) 8 3 ( 5 )
C ( 3 0 ) 7 1 8 ( 1 0 ) 7 8 8 5 ( 1 8 ) 2 4 2 0 ( 2 0 ) 1 0 7 ( 8 )

3 0 8  



C ( 3 1 ) 8 ( 8 ) 1 2 9 8 7 ( 1 3 ) 2 1 2 0 ( 3 0 ) 1 3 7 ( 9 )

C ( 3 2 ) 4 7 7 ( 8 ) 1 2 5 1 1 ( 1 6 ) 1 9 1 0 ( 3 0 ) 1 6 1 ( 1 3 )

C ( 3 3 ) 3 6 3 ( 9 ) 1 1 5 8 5 ( 1 6 ) 1 9 8 0 ( 3 0 ) 1 3 9 ( 1 0 )

C ( 3 4 ) - l 7 5 ( 9 ) 1 1 4 8 8 ( 1 4 ) 2 2 3 0 ( 3 0 ) 1 7 3 ( 1 4 )

C ( 3 5 ) - 3 9 5 ( 7 ) 1 2 3 5 5 ( 1 4 ) 2 3 2 0 ( 2 0 ) 1 0 6 ( 7 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

3 0 9

 

 



T a b l e A . 1 7 . A t o m i c c o o r d i n a t e s ( x 1 0 4 ) , e q u i v a l e n t i s o t r o p i c
d i s p l a c e m e n t p a r a m e t e r s ( A 2 x 1 0 3 ) , f o r

{ ( [ n - B U 4 N 1 [ 1 ] ) 3 1 1 1 [ H A T - ( C N ) 6 ] 2 ' 3 C 6 H s . ( 3 2 )
 

 

x y z U ( e q )

1 ( 1 ) 7 4 6 8 ( 1 ) 2 5 3 2 ( 1 ) 2 1 8 9 ( 1 ) 1 0 2 ( 1 )

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

C ( 1 ) 5 4 2 ( 4 ) 5 4 7 ( 3 ) 1 3 3 8 ( 6 ) 3 9 ( 2 )

N ( 1 ) - 1 6 ( 4 ) 1 0 3 0 ( 4 ) 1 3 1 2 ( 6 ) 5 0 ( 2 )

N ( 2 ) 1 0 4 2 ( 3 ) 1 0 4 3 ( 4 ) 1 3 1 5 ( 6 ) 5 1 ( 2 )

C ( 2 ) - 2 ( 4 ) 5 4 2 ( 4 ) 1 3 4 0 ( 6 ) 4 4 ( 2 )

C ( 3 ) 1 8 ( 7 ) 5 3 9 ( 5 ) 6 2 8 1 ( 7 ) 6 8 ( 3 )

C ( 4 ) 1 0 3 1 ( 4 ) 1 5 2 0 ( 4 ) 1 2 6 9 ( 6 ) 4 1 ( 2 )

N ( 3 ) - 3 0 ( 7 ) 1 0 0 5 ( 7 ) 6 3 0 8 ( 7 ) 8 2 ( 3 )

C ( 5 ) 5 2 9 ( 6 ) 5 4 2 ( 5 ) 6 2 8 4 ( 7 ) 6 9 ( 3 )

C ( 6 ) 4 8 2 ( 4 ) 1 5 1 4 ( 4 ) 1 2 7 2 ( 7 ) 4 6 ( 2 )

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

C ( 7 ) 4 9 9 ( 5 ) 2 0 5 8 ( 6 ) 1 2 1 9 ( 1 0 ) 6 8 ( 3 )

C ( 8 ) 1 5 5 9 ( 5 ) 2 0 6 5 ( 5 ) 1 2 1 4 ( 9 ) 6 3 ( 3 )
C ( 9 ) 4 7 5 ( 1 7 ) 1 4 7 5 ( 1 1 ) 6 3 5 7 ( 1 1 ) 1 1 8 ( 8 )

C ( 1 0 ) 9 7 6 ( 1 2 ) 1 5 1 0 ( 7 ) 6 3 5 5 ( 1 2 ) 1 1 8 ( 8 )

C ( 1 3 ) 1 5 6 8 ( 1 3 ) 2 0 6 0 ( 1 3 ) 6 4 2 2 ( 1 6 ) 1 9 5 ( 1 6 )

N ( 5 ) 1 9 7 8 ( 4 ) 2 4 9 3 ( 5 ) 1 1 5 1 ( 1 2 ) 9 8 ( 4 )

N ( 6 ) 5 1 3 ( 6 ) 2 4 9 1 ( 5 ) 1 1 5 8 ( 1 3 ) 1 0 7 ( 5 )

C ( 1 2 ) 4 8 5 ( 1 5 ) 2 0 8 4 ( 1 6 ) 6 4 4 5 ( 1 6 ) 1 6 7 ( 1 1 )

C ( 1 4 ) 8 6 9 3 ( 7 ) 1 3 2 6 ( 7 ) 3 0 3 9 ( 1 1 ) 8 7 ( 4 )

N ( 9 ) 8 5 1 8 ( 4 ) 1 4 8 7 ( 4 ) 2 0 5 9 ( 8 ) 6 8 ( 3 )

C ( 1 6 ) 8 7 4 2 ( 1 1 ) 2 0 9 5 ( 1 0 ) 2 0 6 0 ( 2 0 ) 1 3 9 ( 8 )

C ( 1 7 ) 9 3 5 4 ( 1 0 ) 2 4 7 4 ( 8 ) 2 0 2 0 ( 2 0 ) 1 6 2 ( 1 1 )

C ( 1 9 ) 8 7 4 8 ( 6 ) 1 2 6 2 ( 6 ) 1 3 0 5 ( 1 2 ) 8 7 ( 4 )

C ( 2 0 ) 8 6 3 6 ( 8 ) 1 3 7 5 ( 8 ) 2 7 9 ( 1 4 ) 1 1 1 ( 5 )

C ( 2 1 ) 7 9 4 4 ( 1 0 ) 1 3 0 2 ( 1 1 ) 2 0 6 1 ( 1 6 ) 1 3 3 ( 8 )

N ( 7 ) 6 0 9 ( 1 8 ) 2 5 5 9 ( 1 0 ) 6 3 7 0 ( 3 0 ) 2 4 9 ( 1 8 )

C ( 2 2 ) 8 9 4 0 ( 4 0 ) 1 1 3 0 ( 3 0 ) - 5 1 0 ( 1 5 ) 4 4 0 ( 6 0 )

N ( 8 ) 1 9 4 7 ( 1 2 ) 2 5 4 9 ( 9 ) 6 3 9 0 ( 2 0 ) 1 9 9 ( 1 1 )

C ( 2 3 ) 8 8 1 0 ( 2 0 ) 1 1 9 0 ( 2 0 ) - 1 5 3 0 ( 2 0 ) 3 4 0 ( 3 0 )

C ( 2 4 ) 9 4 9 7 ( 1 3 ) 3 1 3 8 ( 1 3 ) 2 1 1 0 ( 4 0 ) 2 1 1 ( 1 6 )

C ( 2 5 ) 1 0 0 1 0 ( 3 0 ) 3 5 9 9 ( 1 8 ) 1 7 0 0 ( 5 0 ) 5 4 0 ( 8 0 )

C ( 2 6 ) 1 0 8 9 ( 8 ) 1 7 2 8 ( 9 ) 3 8 0 4 ( 1 4 ) 1 0 7 ( 5 )

C ( 2 7 ) 6 4 9 ( 1 0 ) 1 7 4 4 ( 1 0 ) 3 8 0 7 ( 1 5 ) 1 1 3 ( 5 )

C ( 2 8 ) 5 3 9 ( 1 2 ) 2 1 2 7 ( 1 2 ) 3 8 2 0 ( 2 0 ) 1 5 6 ( 8 )

C ( 2 9 ) 1 5 9 6 ( 1 3 ) 2 1 6 2 ( 1 2 ) 3 8 1 0 ( 2 0 ) 1 6 1 ( 9 )

C ( 3 0 ) 9 9 3 ( 1 8 ) 2 6 6 0 ( 2 0 ) 3 7 9 0 ( 3 0 ) 2 2 0 ( 1 4 )

3 1 0

 



C ( 3 1 ) 1 5 9 0 ( 2 0 ) 2 6 7 0 ( 2 0 ) 3 7 6 0 ( 3 0 ) 2 2 2 ( 1 5 )
C ( 3 2 ) 8 5 1 0 ( 2 0 ) 1 4 6 0 ( 2 0 ) 3 9 7 0 ( 3 0 ) 2 6 0 ( 2 0 )
C ( 3 3 ) 7 5 1 4 ( 7 ) 6 3 8 ( 9 ) 2 0 3 0 ( 2 0 ) 1 5 9 ( 1 1 )
C ( 3 5 ) 6 8 3 6 ( 1 2 ) 4 8 9 ( 1 5 ) 2 1 1 0 ( 3 0 ) 2 1 7 ( 1 7 )
C ( 3 7 ) 6 3 7 0 ( 2 0 ) 6 0 ( 4 0 ) 1 7 4 0 ( 6 0 ) 6 7 0 ( 1 1 0 )
C ( 3 4 ) 8 8 0 0 ( 3 0 ) 1 1 5 0 ( 3 0 ) 4 9 0 0 ( 3 0 ) 3 3 0 ( 3 0 )

 

U ( e q ) i s d e fi n e d a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d

U i j t e n s o r .

3 1 1

 



' 1 1 1 1 1 1 1 1 7 1 1 1 1 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 1 9 1 1 1 '  


