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A b s t r a c t

i i i

C u ( I I )  COORDINATION COMPOUNDS WITH 

NUCLEIC ACID CONSTITUENTS

by

H a ro ld  C* N e lso n

A d v is e r :  P r o f e s s o r  J u a n  P ,  V i l l a

A s e r i e s  o f  new C u ( l l )  c o o r d i n a t i o n  com pounds w i th  

£ X -U * a c il  (X= Hf N02 ,  and  I ) ,  6 Y ,2 S - U r a c l l  (YS H, NH2 ,

CH^, an d  2 ,U - D i t h l o u r a c i l ,  6z -G u a n o s in e  (z -  H, a n d

B r ) ,  D e o x y g u a n o s in e (d -G u a n o s in e ) ,  2 Q -C y to s in e  (Q - 0 ,  an d  S ) ,  

X a n th o s in e ,  C y t i d i n e ,  I n o s i n e ,  A d e n o s in e , 5 ' -CMP, 5* -AMP, 

a n d  f>*-GMP w e re  p r e p a r e d  and  c h a r a c t e r i z e d  b y  e le m e n ta l  

a n a l y s i s ,  IR , v i s i b l e  a b s o r p t i o n  s p e c t r o s c o p y ,  v a r i a b l e  

t e m p e r a tu r e  m a g n e tic  s u s c e p t i b i l i t y  (12  -  5>00° K ) ,  an d  e l e c ­

t r o n  p a ra m a g n e t ic  r e s o n a n c e  a t  77 an d  300°K«

I t  was o b s e rv e d  t h a t  b l d e n t a t e  c h e l a t i o n  a t  t h e  e x p e n s e  

o f  m o n o d e n ta te  c o o r d i n a t i o n  a p p e a re d  t o  b e  t h e  p r e f e r r e d  

mode o f  b o n d in g  i n  c o o r d i n a t i o n  c o m p lex e s  o f  c o p p e r ( I l )  

w i t h  t h e s e  n u c l e i c  a c i d  c o n s t i t u e n t s 0 T h is  t y p e  o f  b o n d ­

in g  a p p e a re d  t o  b e  g e n e r a l  f o r  p y r im id in e  an d  p u r i n e  m o ie ­

t i e s  an d  in v o lv e d  a d j a c e n t  oxygen  ( s u l f u r )  an d  n i t r o g e n  

a to m s o n  th e  r i n g  o r  n i t r o g e n  (o x y g e n )  an d  p h o s p h a te  o x y g en  

w hen n u c l e o t i d e s  w ere  c o n s id e r e d *  G e n e r a l ly ,  s t o i c h i o m e t r i e s



2 :1  l i g a n d  t o  m e ta l  w e re  p r e f e r r e d  a l th o u g h  1:1  s t o i c h i o ­

m e t r i e s  , w i th  an d  w i th o u t  b r i d g i n g  b e tw e e n  m e ta l  o e n t e r s ,  

w e re  s e e n ,  A t r l m e r l c  d - g u a n o s i n e - c o p p e r ( I I )  com plex  was 

a l s o  p r e p a r e d .

I n  th e  u r a c i l  ( c y t o s i n e )  c o m p le x e s , t h e  e f f e c t  o f  r e ­

p l a c i n g  a  k e to  oxygen  on  C (2) w i t h  a  t h l o  s u l f u r  i n t e r ­

c h an g e d  th e  p r e f e r e n c e  f o r  c o o r d i n a t i o n  b e tw e e n  N ( l )  (N (3 ))  

f o r  k e to  t o  N (3 ) ( N ( l ) )  f o r  t h i o .  A lso  EpR d a t a  d e m o n s tra ­

t e d  t h e  s q u a re  p l a n a r  ( d i s t o r t e d  o c t a h e d r a l )  g e o m e try  f o r  

a l l  t h e s e  s y s te m s .  H ow ever, i t  w as n o t e d ,  t h a t  th e  I n t r o ­

d u c t i o n  o f  b o n d in g  s u l f u r  atom s i n  c o o r d i n a t i n g  l i g a n d s  d i s ­

t o r t e d  t h i s  b o n d in g  to w a rd s  a  C2v o r  d i s p o s i t i o n  a b o u t  

th e  m e ta l  c e n t e r  w i th  a  c o n c o m ita n t  lo w e r in g  o f  th e  d -d  

b a n d  maximum, The g ro u n d  s t a t e  te rm  i n  a l l  c a s e s  was s e e n  

t o  b e  2Bi g ( a c2_y 2)*

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

co m p lex es  v a r i e d  a s :

2 S -C y to s in e s  >  C y to s in e  >  *>X -U racils >  6Y ,2 S -T T ra c ils  >  

2 , i i - D i t h i o u r a c i l  >  8z -G u a n o s in e s  >  2 * -D e o x y g u a n o s in e >  

I n o s i n e  ;>  C y t id in e  >  X a n th o s in e  >  A d e n o s in e ;  5 ' -AMP >  

5'-GMP ;> £ ’ -CMP.

M a g n e tic  s u s c e p t i b i l i t y  an d  EPR d a t a  show ed t h a t  s u l f u r  

c o o r d i n a t i o n  a p p e a re d  t o  p r e d i s p o s e  t h e  co m p lex es t o  p o ly ­

m e r ic  i n t e r a c t i o n s  ( - 2 J  ^  ll^OOcm"*) a s  d i d  t h e  i n t r o d u c t i o n  

o f  r l b o s e  an d  p h o s p h o r ib o s e  f u n c t i o n s  on th e  p y r im id in e  o r  

p u r i n e  b a s e s .  A ls o ,  t h e  m a g n e tic  d a t a  s u g g e s te d  t h a t  t h e  co ­

o p e r a t i v e  phenom enon r e s p o n s i b l e  f o r  t h e  f e r ro m a g n e t is m  o b -



s e r v e d  I n  a  num ber o f  t h e s e  c o m p le x e s , a p p e a re d  t o  b e  en ­

h a n c e d  a c c o r d in g  t o  th e  f o l lo w in g  s e r i e s :

N u c le o s id e s  > £»-CMP > U r a c i l  

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

R e c o g n i t io n  o f  th e  s u g a r  g ro u p  b y  c o p p e r ( I I )  w as s e e n  

f o r  d - g u a n o s in e  b u t  n o t  f o r  g u a n o s ln e  (a n d  p re s u m a b ly  f o r  

d - r i b o s i d e s  and  n o t  r i b o s i d e s ,  i n  g e n e r a l ) ,  a n d  i s  p o s t u ­

l a t e d  t o  o p e r a t e  th ro u g h  t h e  3*05  g ro u p  o f  t h e  d -g u a n o s in e *
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Introduction

N u c le ic  a c id s  a r e  lo n g  p o ly m e r m o le c u le s ,  t h e  b a c k b o n e s  

o f  w h ic h  c o n s i s t  o f  r e p e a t e d  s e q u e n c e s  o f  p h o s p h a te  and 

s u g a r  m o le c u le s  r e s e m b l in g  l i n k s  i n  a  c h a in .  T h e re  a r e  tw o 

m a in  ty p e s  o f  n u c l e i c  a c i d s  a c c o rd in g  to  th e  s u g a r  m o le ­

c u le  p r e s e n t :  RNA w i th  r i b o s e  and  DNA w i t h  d e o x y r ib o s e .  

A t ta c h e d  t o  th e  s u g a r  l i n k s  i n  th e  b a ck b o n e  a r e  two k in d s  o f  

p u r i n e s ,  a d e n in e  and  g u a n in e ;  and  tw o k in d s  o f  p y r i m i d i n e s ,  

c y t o s i n e  and  th y m in e  (S C H ^ -u ra c i l)  i n  DNA, o r  c y to s in e  and 

u r a c i l  i n  RNA, F ig *  ! •  DNA and  so m e tim es RNA a r e  c o m p rise d  

o f  two p o ly m e r  c h a in s  h y d ro g e n  b o n d ed  i n  a  s p e c i a l  com ple­

m e n ta ry  w ay: g u a n in e  t o  c y to s in e  an d  a d e n in e  t o  th y m in e  

( i n  DNA) o r  a d e n in e  to  u r a c i l  ( i n  RNA).

25 y e a r s  a g o , n u c l e i c  a c i d s  w e re  i m p l i c a t e d  i n  th e

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

c o d in g ,  and  i n  t h e  d i r e c t i o n  o f  c e l l  m e ta b o lis m  ( e . g . ,

p r o t e i n  s y n t h e s i s ,  e n z y m a tic  c a t a l y s i s ,  e tc * ) *  I n  th e
1 2e a r l y  195>Qs, th e  w ork  c o n d u c te d  b y  H e rsh e y  and  C hase  * 

p ro v e d  c o n c l u s i v e l y  t h a t  DNA s e r v e d  a s  th e  p h y s i c a l  b a s i s  f o r  

h e r e d i t a r y .  T h e i r  e x p e r im e n ts  show ed t h a t  th e  com ponent o f  

T2 b a c te r io p h a g e s  i n c o r p o r a t e d  i n t o  E . c o l i  h o s t  c e l l s  was 

DNA and n o t  th e  p r o t e i n  c o a t s .  The s y n t h e s i s  o f  new b a c t e r ­

io p h a g e s  w as a cc o m p a n ie d  b y  r a p i d  and  e x t e n s i v e  c h an g e s  i n  

th e  m e ta b o lis m  o f  t h e  h o s t  o e l l  an d  t h e  n o rm a l s y n t h e s i s  

o f  r e s p i r a t o r y  a n d  a d a p t iv e  enzym es, an d  o f  n a t i v e  RNA, c e a s e d .

A c a p a c i t y  f o r  d i r e c t i n g  th e  a c t i v i t i e s  o f  t h e  c e l l s
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seem s t o  b e  c h a r a c t e r i s t i c  o f  KHA as w e l l  a s  DNA# F re e  

RNA i s o l a t e d  from  T obacco  M osaic  V iru s  i s  c a p a b le  b y  i t s e l f  

o f  i n f e c t i n g  to b a c c o  p l a n t s  w i th  m o sa ic  d i s e a s e  and  c a u s in g  

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

p a r t i c l e s .  S im i la r  i n f e c t i v e  p r o p e r t i e s  have  b e e n  demon­

s t r a t e d  i n  p u r i f i e d  RNA from  a  w id e  v a r i e t y  o f  RNA v i r u s e s ,  

f o r  ex am p le , p o l i o m y e l i t i s  and  i n  p u r i f i e d  DNA from  

th e  b a c t e r i a l  DNA v i r u s  0X 1 7 ^ .^ " ^

The e v id e n c e  from  v i r u s e s  t h e r e f o r e  i n d i c a t e s  t h a t  i n  

s p i t e  o f  t h e i r  c h e m ic a l  d i f f e r e n c e s ,  ENA and RNA a r e  e q u a l ly  

c a p a b le  o f  a ssu m in g  c o n t r o l  o f  t h e  a c t i v i t i e s  o f  t h e  c e l l .

I n  th e  n o rm a l,  u n i n f e c t e d  c e l l ,  h o w ev er, t h i s  c o n t r o l  seems 

to  be  v e s t e d  m o s t ly  in  DNA w h i le  th e  r o l e  o f  RNA i s  one o f  

t r a n s m is s io n  o f  t h e  g e n e t i c  in f o r m a t io n  w i t h in  th e  c e l l  

( i . e . ,  t h e  t r a n s c r i p t i o n  and t r a n s l a t i o n  p r o c e s s e s ) .

M e ta l  io n s  h a v e  b e e n  im p l i c a te d  i n  a  w id e  v a r i e t y  o f  

b i o l o g i c a l  p r o c e s s e s  i n c lu d in g  b i o l o g i c a l  o x id a t io n s  and

r e d u c t i o n s ,  c h a rg e  c a r r i e r s ,  enzyme a c t i v a t o r s ,  and  c o n t r o l  
ft Qm ech an ism s. *7 T h e i r  i n t e r a c t i o n s  w i th  n u c l e i c  a c i d s  and 

t h e i r  c o n s t i t u e n t s  h a v e  b e en  re v ie w e d  re c e n tly ,* ® * ’'*'^ and 

t h e i r  r o l e  I n  th e  r e p l i c a t i o n ,  t r a n s l a t i o n ,  and  t r a n s c r i p t i o n
9

o f  n u c l e i c  a c id s  i s  w e l l  do cu m en ted .

The r o l e  t h a t  C u ( I I )  io n 3 p l a y  i n  b io c h e m ic a l  p r o c e s s e s  

in v o lv in g  am ino a c i d s ,  enzym es, and  p r o t e i n s ,  J a s  w e l l  a 3 

I t s  i n f lu e n c e  on a c t i v i t i e s  I n v o lv in g  n u c l e i c  a c i d s 1^  ^  

h a s  b e e n  an  a r e a  o f  a c t i v e  r e s e a r c h .  C u r r e n t ly ,  t h e  n a tu r e



o f  th e  b in d in g  o f  C u ( I I )  t o  DNA i s  b e in g  e a g e r ly  e x p lo re d

b e c a u s e  o f  th e  C u ( I I )  In d u c e d  r e v e r s i b l e  u a w id in g  o f  

20-23DNA.

The a b i l i t y  o f  m e ta l  io n s  t o  s t a b i l i z e  th e  DNA d o u b le
23

h e l i x  was f i r s t  d i s c o v e r e d  b y  S h a c k , e t  a l . .  and  e lu c id a t e d
2k

b y  Dove and  D a v id so n , who fo u n d  t h a t  th e  " m e l t in g

t e m p e r a tu r e " ,  o r  th e  t e m p e r a tu r e  a t  w h ic h  DNA unw inds i n t o

s i n g l e  s t r a n d s ,  i n c r e a s e d  l i n e a r l y  w i th  th e  lo g a r i th m  o f

i o n i c  s t r e n g t h .  H ere  th e  n e g a t i v e l y  c h a rg e d  p h o s p h a te

g ro u p s  on a d ja c e n t  n u c l e o t i d e s  a r e  n e u t r a l i z e d  t o  a  l a r g e r

d e g re e  a t  h i g h e r  i o n i c  s t r e n g t h s ,  and t h e  d r i v i n g  f o r c e  t o

unw ind  i s  rem o v ed . H ow ever, t h i s  s t a b i l i z a t i o n  i s  n o t  a

u n i v e r s a l  c h a r a c t e r i s t i c  o f  a l l  m e ta l  i o n s .  C u ( I I )  h as
20 22

b e e n  shown t o  lo w e r  t h e  Tm o f  DNA * f a r  m ore e f f e c t i v e l y  

th a n  any o t h e r  m e ta l  io n  s t u d i e d  t o  d a t e .  The r e a s o n  f o r  

t h e  d i f f e r e n c e s  i n  b e h a v io r  o f  t h e  m e ta l  io n s  s t u d i e d  w i th  

r e s p e c t  t o  DNA c an  r e a d i l y  b e  e x p la in e d  b y  d i f f e r e n c e s  i n  

b in d in g  t e n d e n c i e s .  I o n s  l i k e  M g (II)  and  C o ( I I )  b in d  to  

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

io n  e f f e c t ,  w h i le  C u ( I I )  (an d  to  a  l e s s e r  e x t e n t  C d ( I I ) )  

b in d  n o t  o n ly  t o  p h o s p h a te ,  b u t  t o  b a s e  a s  w e l l .  B in d in g  

t o  b a s e  com petes w i th  t h e  h y d ro g e n -b o n d in g  o f  t h e  d o u b le  

h e l i x  and t h e r e f o r e  h e lp s  to  d e s t r o y  i t .  The re w in d in g  o f

c o o le d  DNA s o l u t i o n s  i n  t h e  p r e s e n c e  o f  C u ( I I )  and  an  o p t i -
21mum c o n c e n t r a t i o n  o f  e l e c t r o l y t e  can  b e  e x p la in e d  i n  a  

s i m i l a r  f a s h i o n .  H ere  t h e  a b i l i t y  o f  t h e  b a s e s  t o  r e c o g n iz e



e a c h  o t h e r  and t o  r e f o r m  n a t i v e  DNA 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  c o p p e r  io n s  t o  fo rm  c r o s s - l i n k s  b e tw e e n  th e  ENA 

s t r a n d s  w h i le  i n  t h e  d e n a tu r e d  s t a t e #  O nly  a  few  su c h  

c r o s s - l i n k s  b e tw e e n  th e  b a s e s  a r e  r e q u i r e d  t o  m a i n t a i n  t h e  

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

c o n d i t i o n s ,  t h e  d o u b le  h e l i x  can  b e  r e g e n e r a te d #

To d a t e ,  s o l u t i o n  s t u d i e s  hav e  p r o v id e d  t h e  v a s t  m a jo r ­

i t y  o f  d a t a  on m e ta l  i n t e r a c t i o n s  w i t h  n u c l e i c  a c id s  and
11n u c l e i c  a c i d  c o n s t i t u e n t s  and  W eser h a s  r e v ie w e d  some o f  

th e  i n s t r u m e n t a l  a p p ro a c h e s  commonly em ployed# S tu d ie s  on  

s o l i d  co m p lex es o f  p y r i m i d i n e s ,  p u r i n e s ,  an d  n u c l e i c  a c i d s  

w i t h  m e ta l  io n 3 ,  h o w e v e r , a r e  s o r e l y  l a c k in g  an d  v e r y  much 

n e e d e d  from  s e v e r a l  p o i n t s  o f  v iew # F i r s t ,  s t u d i e s  i n ­

v o lv in g  s o l i d  a d d u c ts  e l i m i n a t e  p ro b le m s  t h a t  i n e v i t a b l y  

a r i s e  when s o l u t i o n  w ork  i s  em ployed# S o l i d s  a r e  t h e  o n ly  

sy s te m s  t h a t  can  b e  u s e d  t o  u n e q u iv o c a l ly  l o c a t e  c o o r d in a ­

t i o n s  s i t e s  ( e .g # ,  b y  X - ra y  c r y s t a l l o g r a p h y  o r  IR s p e c t r o s ­

c o p y )#  S e c o n d , t o  w ork  w i th  s o l i d s  e l i m i n a t e s  th e  u n c e r ­

t a i n t y  i n  r e l a t i o n  t o  t h e  s p e c i e s  b e in g  s tu d i e d #  T h is  i s  

n o t  t r u e  f o r  s o l u t i o n  s t u d i e s  w h e re  t h e  I n t e g r i t y  o f  th e  

com plex  u n d e r  i n v e s t i g a t i o n  i s  u n c l e a r  due  t o  t h e  p o s s i ­

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

t h a t  p e r s i s t  i n  s o l u t i o n .  T h i r d ,  i n  o r d e r  t o  b e t t e r  

u n d e r s t a n d  th e  f o r c e s  t h a t  o p e r a t e  b e tw e e n  m e ta l  io n s  

an d  s y s te m s  o f  a  m o re  com plex  n a t u r e  (e # g # , am ino a c l d -  

m e ta l  lon-R N A , a s  p re su m e d  i n  p r o t e i n  i n t e r m e d i a t e s  o r
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p r o t e i n - m e t a l  i c n - s u b s t r a t e ,  a s  i n  c a t a l & s e s ) ,  th e  t r e n d s  

i n  b o n d in g  and  s to i c h i o m e t r y  t h a t  e x i s t  b e tw e e n  m e ta l  io n s  

and  th e  s m a l l  u n i t s  c o m p r is in g  DNA and  RNA m u st f i r s t  b e  

e l u c i d a t e d .  O n ly  th e n  c a n  s o l u t i o n  s t u d i e s  i n v o lv in g  h i g h e r -  

o r d e r  sy s te m s  p r o v id e  b e n e f i c i a l  i n f o r m a t io n  c o n c e rn in g  th e  

f o r c e s  fo u n d  on  th e  a to m ic  l e v e l  b e tw e e n  th e  m e ta l  i o n  and  

i t s  im m e d ia te  e n v iro n m e n t.

S p e c i f i c  Aims

I t  w i l l  becom e e v id e n t  fro m  th e  l i t e r a t u r e  r e v ie w  t h a t  

t h e r e  i s  a  l a c k  o f  in f o r m a t io n  an d  o f  a  s y s t e m a t i c  c h a r a c ­

t e r i z a t i o n  o f  th e  b o n d in g f e l e c t r o n i c  and  m a g n e tic  p r o p e r ­

t i e s  o f  c o o r d i n a t i o n  com pounds o f  t h e  n u c l e i c  a c i d  compon­

e n t s ,  an d  o f  t h e  L ew is b a s e  b e h a v io r ,  i n  g e n e r a l ,  o f  t h e s e  

n u c l e i c  a c id  c o n s t i t u e n t s .  The b i o l o g i c a l  im p o r ta n c e  o f  

t h e s e  c o o r d i n a t i o n  com pounds p ro m p te d  u s  t o  u n d e r t a k e  t h i s  

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

i t i e s  t h e s e  n u c l e i c  a c i d  com ponen ts h a v e  to w a rd s  C u ( I I )  

and  t o  u n d e r s ta n d  th e  r e s u l t i n g  b o n d in g . Our s p e c i f i c  a im s 

w e re  t o  e l u c i d a t e  th e  i n t e r a c t i o n s  b e tw e e n  C u ( I I )  and  

n u c l e i c  a c id  com ponen ts a s  t h e y  fo rm  s o l i d  c o o r d i n a t i o n  

com pounds, o f  s p e c i a l  i n t e r e s t  w i l l  b e  t o  d e te rm in e  t h e  

c a p a b i l i t y  o f  fo rm in g  c o o r d i n a t i o n  com pounds w i th  a  r e p r e ­

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

i n  t h e  s t o i c h i o m e t r i e s  o f  t h e  com pounds fo rm ed  a s  w e l l  a s  

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

t o  f i n d  t h e  pH n e c e s s a r y  f o r  c o m p le x a t lo n  to  o c c u r ,  and  to
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c a r r y  o u t  a  f u l l  c h a r a c t e r i z a t i o n  o f  t h e s e  s o l i d  c o o rd in a ­

t io n . compounds b y  m eans o f  v i b r a t i o n a l *  e l e c t r o n i c *  and  

EPR s p e c t r a l  an d  m a g n e tic  s u s c e p t i b i l i t y  m ea su re m e n ts*

C u ( I I )  was c h o se n  a s  t h e  m e ta l  io n  b e c a u s e  o f  i t s  u b i q u i t o u s  

p r e s e n c e  in  m any b i o l o g i c a l  p r o c e s s e s *  an d  i t s  c a p a b i l i t y  

o f  b e in g  u t i l i z e d  a s  a  s im p le  m a g n e t ic  p ro b e *
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H i s t o p i c a l  B ack g ro u n d

N u c le ic  a c i d  com ponen ts o f f e r  a  m u l t i t u d e  o f  s i t e s  t h a t  

c a n  c o o r d in a te  a s  L ew is b a s e s  to w a rd s  m e ta l  Io n s*  F o r  exam** 

p i e ,  t h e  s im p le  ^ ’ - th y m id y l i c  a c i d  m o le c u le  (5>*-TMP), F I g . l ,  

h a s  3 s I t e 3 on t h e  r i n g ,  2 s i t e s  on t h e  s u g a r ,  and  1 o r  m ore 

s i t e s  on t h e  p h o s p h a te  g ro u p  a v a i l a b l e  f o r  b o n d in g .  B o n ao - 

c o r s i ,  e t  a l . ,  ^  n o t e d  t h a t  d e p r o to n a te d  p u r i n e  b a s e s  o f f e r  

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

i n  t h e i r  e l e c t r o n i c  p r o p e r t i e s .  T h e r e f o r e ,  when s u c h

T a b le  I

S e l e c te d  pKLs o f  P u r in e  and  p y r im id in e  B a se s  
(b y  p o t e n t i o m e t r y  a t  2J?°C)

B ase

A d en in e

C y tos in e  

G u an in e

I o n i z a t i o n  S i t e

N (9 )
N ( l )

N ( l ) - C ( 2 ) 0
N (3)

N (9)
N ( l )
N (7)

Thym ine N (3 ) -C ( t0 Q /N ( l)  - 0 ( 2 ) 0

R e a c t io n

H L .r H + L 
h2 l 1'»  IT  + HL

H L .r H t + L* 
HgL a  H + HL

HL"= H* + L 
H p L .a  HT +  HL" 
H7L = H + H2 L

H0L S H+ + HL“

U r a c i l  N ( 3 ) - C ( ^ ) 0 /N ( l ) - C ( 2 ) 0  H? L : H  + HL*

9 .88 ! 
k* 22

26
26

12. U g

iw 6 0 27

1 2 .3
9 .2
3 .3

29
29
29

9 .9 0 28
9.914.27
9 .^ 6 2 ®,

9 A 3

*  H ydrogen  e l e c t r o d e
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h e t e r o c y c l e s  a r e  t r e a t e d  w i t h  e l e c t r o p h i l e s  a  num ber o f  

p r o d u c t s  may r e s u l t .  H ow ever, I z a t t ,  e t  a l . , ^  r e c e n t l y  

r e v ie w e d  th e  s t a b i l i t i e s  o f  v a r io u s  co m p lex es o f  n u o le lo  

a c i d  c o n s t i t u e n t s  w i t h  p r o to n s  an d  v a r io u s  m e ta l  i o n s ,  an d  

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

( e . g . ,  b a s e  n i t r o g e n ,  s u g a r  o r  p h o s p h a te  oxygen ) m ig h t b e  

p r e f e r r e d  a t  a  p a r t i c u l a r  pH , b u t  t h a t  th e  e x a c t  s i t e  u s e d  

i s  a  m a t t e r  o f  c o n je c tu r e *  T h ese  r e s u l t s  a r e  b o rn e  o u t  by  

th e  known pKa s  o f  some o f  t h e s e  n u c l e i c  a c id  c o m p o n e n ta , 

T a b le  X* H ere  a  h ig h  pKa  im p l i e s  a  h ig h  c o o r d i n a t i n g  

a b i l i t y .  F o r  e x am p le , i n  a d e n in e ,  c o o r d i n a t i o n  a t  N (9 ) i s  

e x p e c te d ,  w h i le  i n  u r a c i l ,  th e  s i m i l a r i t y  o f  t h e  pKa a o f  

N ( l )  and  N(3 ) m ake i t  u n c l e a r  a s  to  w h ic h  s i t e  w ou ld  b e  p r e ­

f e r r e d  f o r  m e ta l  c o o r d i n a t i o n .

The tw o s e c t i o n s  t h a t  f o l lo w  d e a l  w i th  som e o f  th e  

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

corapounds o f  p y r im id in e  an d  p u r i n e  b a s e s ,  t h e i r  n u c le o s i d e s  

and  n u c l e o t i d e s  t h a t  h a v e  a p p e a re d  i n  th e  l i t e r a t u r e  th r o u g h  

e a r l y  1 9 7 6 . T h e re  h a v e  b e e n  r e v ie w s 10*11»3Q W£ t h

t h e  g e n e r a l  a r e a  o f  t r a n s i t i o n  m e t a l  i o n - n u c l e i c  a c id  com­

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

d i n a t i o n  co m p o u n d s.31*32  h o p e d  t h a t  t h e  p r e s e n t

s u rv e y  r e f l e c t s  t h e  l a r g e  am ount an d  d i v e r s i f i e d  o h a r a o t e r  

o f  t h e  w ork  t h a t  h a s  b e e n  d one  an d  i s  b e in g  d o n e  i n  t h i s  

f i e l d .
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P y r im id in e s

Thym ine

T he f i r s t  1 :1  s o l i d  a d d u c ts  o f  th y m in e  and 1 - a c e t y l t h y ­

m in e  w i t h  H g ( I I )  w e re  r e p o r t e d  b y  H o f f e r ^ " ^ *  w h i le  t h e  

f i r s t  2 :1  ( l i g a n d /m e ta l ) a d d u c t s  o f  th y m in e  w i t h  H g { II)  w ere  

r e p o r t e d  b y  P o x , e t  a l . ^  T h ese  r e p o r t s  g a v e  o n ly  s y n t h e t i c  

r o u t e s  to  p r o d u c t  f o r m a t io n  w i th  n o  c h e m ic a l  p r o p e r t i e s  o f  

t h e  c o m p le x e s . The f i r s t  c r y s t a l  s t r u c t u r e  o f  a  t r a n s i t i o n

m e ta l  com p lex  w i th  th y m in e , b i s ( 1 - r a e th y l th y m in e ) H g ( I I ) *
37was g iv e n  b y  K o s tu rk o , e t  a l ,  1 T h is  com plex  was p r e p a r e d  

a t  m o d e r a te ly  h ig h  pH i n  aq u eo u s s o l u t i o n .  The c o o r d i n a t i o n  

a ro u n d  H g(X I) i s  a  h i g h l y  d i s t o r t e d  o c ta h e d r o n  w i t h  t h e  two 

d e p r o to n a te d  N (3 ) a to m s bonded  l i n e a r l y  a t  2 , 0^ ° A and  th e  

0 ( 2 ) ,  0 ( 2 ) * 9 0 (1*.), and  0 (lj.)* a tom s b o n d ed  i n  a  t r a n s  

a r ra n g e m e n t a t  a p p ro x im a te ly  3°A ,

S i lv e r - th y m in e  compounds h a v e  b e e n  p r e p a r e d  an d  u s e d ^ * * ^  

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

p r e p a r a t i o n s  w e re  c a r r i e d  o u t  i n  b a s i c  s o l u t i o n s  w i t h  AgNO^ 

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

c h a r a c t e r i z e d .

R e c e n t ly ,  t h e  f i r s t  ex am p le  o f  b i n d in g  o f  a  p y r im id in e  

b a s e  th r o u g h  N ( l )  w as g iv e n  i n  a  c r y s t a l  s t r u c t u r e  d e t e r ­

m in a t io n  o f  an  a n io n i c  th y m in e  co m p lex  w i t h  C u ( I I )  b y  

K is te n m a c h e r ,  e t  a l . , ^  ( a q u o ) ( d i e t h y l e n e t r i a m i n e )

( th y m ln a to )C u ( I I )  b ro m id e , CufHgO) ( C ^ H ^ l^ )  ( C ^ N g O g jB r .

T he c o o r d i n a t i o n  s p h e re  a b o u t t h e  C u ( I I )  i o n  i s  a p p ro x im a te ly  

s q u a r e  p y r a m id a l  w i th  t h e  t r i d e n t a t e  d i e t h y l e n e t r i a m i n e



11

l i g a n d  and  th e  N ( l )  o f  th e  th y m in e  m onoan ion  o c c u p y in g  t h e

f o u r  e q u a t o r i a l  s i t e s ;  t h e  c o o r d i n a t i o n  s p h e r e  i s  c o m p le te d

b y  a n  a x i a l l y  b o n d e d  w a te r  m o le c u le  a t  2 *Ij.6$A# No e v id e n c e

f o r  a  s i g n i f i c a n t  a x i a l  C u -0 (2 )  i n t e r a c t i o n  was found#  T h is

ty p e  o f  i n t e r a c t i o n  h a s  b e e n  n o te d  I n  N (3) b o n d ed  c y to s in e

and c y t i d i n e  c o m p l e x e s , ^ " ^  w h ic h  h a v e  a  C u -0 (2 ) d i s t a n c e

o f  a b o u t  2 #8i#

The s t r u c t u r e  o f  an  u n u s u a l  co m p lex , K gPd^Cl^ * i+.(l—

p r o p y l th y m in e ) ,  made b y  m ix in g  aq u eo u s s o l u t i o n s  o f  K gPdCl^

and  1 -p ro p y l th y m in e  h a s  b e e n  d e te r m in e d  b y  X - ra y  d i f f r a c t i o n ^
-2ana shown to contain (Pd Cl.) dimer3# However, no evidence

2 6
f o r  d i r e c t  d im e r  b a s e  b o n d in g  was fo u n d #

To d a te  no  m e ta l  co m p lex es  w i th  th y m id in e  and th y m id in e  

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

a n a l y s i s ,  b u t  s o m e ^ * ^  h a v e  b e e n  p r e p a r e d  w i th  H g ( I I )  an d  

u s e d  t o  fo rm  i n t e r m e d i a t e s  n e c e s s a r y  f o r  o r g a n ic  s y n th e s e s #

C y to s in e

The f i r s t  u n e q u iv o c a l  c a s e  o f  c o p p e r - p y r lm ld ln e  b o n d in g  

was r e p o r t e d  b y  C a r r a b in e  an d  S u n d a r a l in g a m ^ ', ^  when t h e  

c r y s t a l  s t r u c t u r e  o f  C u tc y to s in e J ^ C lg  was d e te rm in e d .  The 

p r e p a r a t i o n  o f  t h i s  compound was e s s e n t i a l l y  th e  same a s  

t h a t  p r e v i o u s l y  r e p o r t e d  by  Melzer^"® who c i t e d  a  $% y i e l d  

o f  a  1:1  a d d u c t  i n  a d d i t i o n  t o  a  11% y i e l d  o f  th e  2:1  

c y t o s in e - c o p p e r  com plex# The c o o r d i n a t i o n  a b o u t  th e  C u ( I I )  

io n  i s  a  v e r y  d i s t o r t e d  o c ta h e d r o n ,^ "  w i th  t h e  tw o c h l o r i d e  

Io n s  a t  2,2951 and  t h e  tw o N (3 ) a tom s o f  t h e  c y to s in e  b a s e s
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a t  1 .96&  I n  a  t r a n s  s q u a re  p l a n a r  a r r a n g e m e n t.  The two 0 (2 )

atom s c o m p le te  th e  c o o r d in a t io n  s p h e re  b u t  a r e  o n ly  w eak ly

c o o r d in a te d ,  2 ,8 1 $  (a v e ra g e )  away from  t h e  C u ( I I )  Ion*

A s e r i e s  o f  compounds w i th  t h e  g e n e r a l  fo rm u la

C u (L )^ (C 10^)2 * w here  f o r  L s  c y t o s i n e ,  n  •  2 ,  and

f o r  L s  c y t i d i n e ,  n  ■ Ij., h a v e  b e e n  p r e p a r e d  r e c e n t l y ^

Although orystallographio parameters were given, no base
b o n d in g  s i t e s  w ere  r e p o r te d *

A n o v e l  p r o to n a t e d  com plex  o f  c y to s in e  was r e p o r t e d  b y  
50K in d b e rg  an d  Amina, b i s ( c y t o 3 i n i u m ) t e t r a c h l o r o p a l l a d i n a t e { I I ) ,

The b r i c k  r e d  com plex was fo rm ed  b y  a d d in g  e q u im o la r  am ounts

o f  K„PdCl. and  c y to s in e  t o g e t h e r  a t  pH 1 (H C 1), H ere  t h e
-2

s t r u c t u r e  c o n s i s t s  o f  d i s c r e t e  (P dC l^ ) io n s  and p r o t o n a t e d

c y to s in e  r i n g s  i n  a  com plex n e tw o rk  o f  h y d ro g e n  b o n d s .

E ach  r i n g  i s  h y d ro g e n  bonded  t o  f i v e  d i f f e r e n t  s q u a re  p l a n a r  
_2

(P dC l^ ) io n s  and t h e  o n ly  c o n ta c t  m ade b e tw e e n  th e  m e ta l  

and  t h e  r i n g  i s  th ro u g h  h y d ro g e n  b o n d in g  v i a  th e  c h lo r i d e  

i o n .  The polya-com ic a n io n  p r e s e r v e s  i n s  m onom eric i n t e g r i t y ,  

u n l i k e  w ha t o c c u rs  i n  th e  p r e v i o u s l y  p r e s e n t e d  th y m in e

R e c e n t ly ,  t e r n a r y  C u ( I I )  com plexes w i th  c y to s in e  and 

c y t i d i n e ,  and  an  am ino a c i d  ( o r  S h i f f  b a s e )  h a v e  b e e n  p r e ­

p a r e d ^ * a n d  t h e i r  s t r u c t u r e s  d e te rm in e d  b y  X -ra y  

c r y s t a l l o g r a p h y .  The s t r u c t u r e  o f  t h e s e  compounds m ig h t 

b e  s i m i l a r  t o  t h o s e  sy s te m s  w ere  s u b s t a n t i a l  i n t e r a c t i o n s  

b e tw e e n  n u c l e i c  a o id ,  p r o t e i n ,  and  m e ta l  io n  s h o u ld  o c c u r  

( i n  many i n s t a n c e s ,  enzym es a r e  w e l l  known t o  b e  a c t i v a t e d
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rj<_ £6
b y  m e ta l  io n s  ) .  I n  th e  c o p p e r ( I I )  g ly o y lg l y c in e  com- 

p l e x  w i t h  c y to s in e  an d  c y t i d i n e , 4- th e  m o le c u la r  c o n fo rm a ­

t i o n s  o f  th e  two co m p lex es a r e  n e a r l y  i d e n t i c a l *  T he c o o r d i ­

n a t i o n  g e o m e try  a b o u t t h e  c o p p e r  io n  i s  a p p ro x im a te ly  s q u a re  

p l a n a r  w i t h  th e  t r i d e n t a t e  g l y c y l g l y c i n e  d i a n io n  an d  th e  

N (3 ) o f  th e  c y to s in e  o r  c y t i d i n e  o c c u p y in g  th e  f o u r  c o o r d i ­

n a t i o n  s i t e s .  F u r th e r m o r e ,  th e  e x o c y c l lo  oxygen  a to m , 0 ( 2 ) ,  

on t h e  c y to s in e  o r  c y t i d i n e  r e s i d u e s  i s  a x i a l l y  l o c a t e d  

2*7& ( a v e r a g e )  away fro m  th e  C u ( I I )  i o n ,  e x te n d in g  q u a l i t a ­

t i v e l y  t h e  c o o r d i n a t i o n  g e o m e try  t o  s q u a r e  p y r a m id a l .  The 

p r e s e n c e  o f  t h i s  C u -0 (2 )  i n t e r a c t i o n  i n  a l l  known s q u a r e  

p l a n a r  c o p p e r ( I I )  co m p lex es o f  c y t o s i n e ^ '* ^ , ^  o r  c y t i d i n e ^  

s u g g e s t s  t h a t  t h i s  ty p e  o f  i n t e r a c t i o n  may b e  im p o r ta n t  i n  

t h e  b in d in g  o f  C u ( I I )  t o  c y to s in e  r e s i d u e s  i n  n u c l e i c  a c id s *  

In  th e  C u ( I I ) - S e h i f f  b a s e  com plex  w i th  c y t o s i n e , ^

( ( N - s a l i c y l id e n e - N ’ - m e th y le th y le n e d ia r a in e )  ( c y t o s in e )  c o p p e r  

t i l ) ) n i t r a t e  m o n o h y d ra te , Cu( (C ^ H ^ N g O g ) )NOj»HgO,

t h e  p r im a r y  c o o r d i n a t i o n  s p h e r e  a b o u t th e  c o p p e r  Io n  i s  ap ­

p r o x im a te ly  o c t a h e d r a l  w i t h  th e  t r i d e n t a t e  S h l f f  b a s e  and  

N (3 ) o f  th e  n e u t r a l  c y to s in e  c o n s t i t u t i n g  th e  b a s a l  p la n e *

The 0 (2 )  o f  t h e  c y to s in e  l i g a n d  an d  one o f  th e  o x y g en  a tom s 

o f  th e  n i t r a t e  g ro u p  a r e  a x i a l l y  l o c a t e d  2*772 an d  2*8o6X 

aw ay, r e s p e c t i v e l y ,  fro m  t h e  C u ( I I )  i o n .

A 1 :1  com plex  o f  H g ( I I )  and  £ - f l u o r o c y t o s i n e ,

Hg( C^H^K^O^F^) ,  h a s  b e e n  r e p o r t e d .  The com plex  was p r e p a r e d  

b y  r e f l u x i n g  m e r c u r ic  a c e t a t e  a n d  £ - f l u o r o c y t o s i n e  i n  m e th y l



a l c o h o l .  The p r o d u c t  was p o o r l y  c h a r a c t e r i z e d .  W eiss and  

V e a n e r -^  n o te d  t h a t  C o ( I I )  an d  N i ( I I )  o n ly  w e a k ly  c o o r d i ­

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

h o w e v e r , t h e s e  a d d u c ts  w ere  n o t  c h a r a c t e r i z e d .

A s e r i e s  o f  1 :1  co m p lex es o f  v a r i o u s  t r a n s i t i o n  m e ta l

io n s  w i t h  £ > t - o y t id y l lo  a c i d ^ ’ ^  (5 * -CM P), - c y t i d i n e

d ip h o s p h a te ^ 0 (5>*-CDP), an d  5 > * -c y tld in e  t r i p h o s p h a t e ^ 0 " ^

(5>»-CTP) h a v e  b e e n  i s o l a t e d  a n d  c h a r a c t e r i z e d .  Ogawa and  
59S s k a g u c h i p r e p a r e d  c r y s t a l l i n e  co m p lex es  o f  5 * -CMP w i th  Zn

( I I ) ,  P b ( I I ) ,  C o ( l l ) ,  C d ( I I ) ,  and  M n ( I l ) .  The g e n e r a l  p r o ­

c e d u re  em ployed  w as t o  m ix  a q u eo u s  s o l u t i o n s  o f  t h e  m e ta l  

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

w i th  d i l u t e  HNO^, and  h e a t  g e n t l y  a t  60°C  f o r  10 m in u te s .  U su­

a l l y ,  1 : 1  s t o i c h i o m e t r i e s  w e re  o b ta in e d  e x c e p t  w i t h  A g (I)  

and H g ( I I )  w h ic h  y i e l d e d  2 :1  an d  3 :2  m e ta l  t o  l i g a n d  r a t i o s ,  

r e s p e c t i v e l y .  I n f r a r e d  c h a r a c t e r i z a t i o n  was made b y  com­

p a r i n g  th e  3 p e o t r a  o f  th e  m e ta l  co m p lex es  w i th  th o s e  o f  t h e  

f r e e  a c i d ,  and  a l k a l i n e  an d  a l k a l i n e  e a r t h  s a l t s  o f  5 * -CMP.

In  a l l  i n s t a n c e s ,  m e ta l  c o o r d i n a t i o n  th r o u g h  t h e  p h o s p h a te  

g ro u p  w as s u g g e s te d  fro m  t h e  i n f r a r e d  a b s o r p t i o n  b a n d  n e a r  

980 cm"*'. I n  a d d i t i o n ,  c o o r d i n a t i o n  b y  t h e  c y to s in e  r i n g  

m o ie ty  t o  H g ( I I ) ,  C o ( I I ) ,  Z n ( I I ) ,  an d  C d ( I I )  was assum ed

from  t h e  s p e c t r a l  c h a n g e s  i n  th e  1 7 0 0 -1 6 0 0  cm"^ re g io n *
60De P a m p h ll i s  an d  C le la n d  s u c c e s s f u l l y  I s o l a t e d  

s t a b l e  co m p lex es o f  C r ( I I I )  w i th  a  v a r i e t y  o f  d ip h o s p h o -  an d  

t r i p h o a p h o n u c l e o t i d e s ,  i n c l u d i n g  5*-CDP and  5>»-CTP, by  

h e a t i n g  th e  n u c l e o t i d e s  w i t h  a q u eo u s o h ro m iu m (I I I )



p e r c h l o r a t e  a t  80°C and  pH 3 f o r  12 m in u te s  a n d  p u r i f y i n g

t h e  co m p lex es b y  io n  e x o h an g e  m ethods*  T h e se  c o m p le x e s ,

w h ic h  a r e  s t a b l e  a t  a c i d  pH , c a n  b e  u s e d  a s  d e a d  end  i n h i b i -
60*63

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

t h e  t r i -  an d  d ip h o s p h a te  c o m p le x e s , C r ( I I I )  i s  bound  t o  a l l  

p h o s p h a te s  i n  e a c h  c a s e ;  n o  e v id e n c e  f o r  m e ta l - p y r im id in e  

o r  m e t a l - a u g a r  b o n d in g  i s  g iv e n .  The r e m a in in g  c o o r d i n a t i o n  

p o s i t i o n s  a r e  p re s u m a b ly  t a k e n  up b y  w a te r*  F o r  chrom ium

( I I I ) - 5 » - a d e n o s i n e  t r i p h o s p h a t e ,  C r ( I I I ) - £ * - A T P ,  a  m a g n e tic  

moment o f  3*83  BM was r e p o r t e d  a t  room  t e m p e r a tu r e ,  c o n s i s ­

t e n t  w i th  a  m o n o n u c le a r  com plex* An a x i a l  EPH s p e c tru m  

( g ^ r l , 9 7  an d  g ()«lj.*70) w as r e c o r d e d .  De P a m p h il ls  an d  

C le la n d  w e re  a l s o  a b le  t o  I s o l a t e  a  s e r i e s  o f  C r ( I I I )  com­

p l e x e s  h a v in g  th e  g e n e r a l  f o r m u la s :  (C r(N H « )„ (H -0 ) (Z ) ) Z ,j  *  d. y  z  q
w h e re  Z r  B r ,  x  :  2 , y  1 2 ,  z  a  2 ,  a n d  q a  1 ;  Z s  C l ,  7L 2  3 ,  

y  s  1 ,  z  a  2 ,  and  q = 1 ;  Z z  C l ,  x  s  I*., y  s  1 ,  z  z  1 ,  and  

q  s  2 .  By s im p ly  h e a t in g  t h e s e  c h ro m iu m (I I I )  co m p lex es  

w i th  5 f -ATP an d  £ * - a d e n o s !n e  d ip h o s p h a te  (£»-ADP) a  new 

s e r i e s  o f  C r ( I I I ) - a m m i n e - n u c l e o t i d e  c o m p lex e s  c o u ld  b e  g e n ­

e r a t e d ,  D u r in g  th e  h e a t in g  p r o c e s s  t h e  B r o r  C l l e a v e s  th e  

c o o r d i n a t i o n  s p h e r e ,  b u t  NH^ re m a in s*  C o o r d in a t io n  p o s i t i o n s  

n o t  o c c u p ie d  b y  NH^ o r  n u c l e o t i d e  c o n ta in  HgO* T he m ono- 

d e n t a t e  n a t u r e  o f  t h e  n u c l e o t i d e s  i s  im p lie d *  The v i s i b l e  

a b s o r p t i o n  s p e c t r a  o f  th e  C r ( I I I )  com pounds m e n tio n e d  

ab o v e  c o n ta in e d  tw o b a n d s ,  one  i n  t h e  3 8 2 -^ 3 0  nm an d  th e  

o t h e r  i n  t h e  £ 1 6 -6 1 0  nm r e g i o n .  The c o lo r s  o f  t h e s e  com­
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p le x e s  w e re  r e d ,  g r e e n ,  v i o l e t ,  an d  r e d  v i o l e t .  T hese  

a b s o r p t io n s  a r e  c h a r a c t e r i s t i c  o f  f o r m a t io n  o f  i n n e r  s p h e re  

c o o r d in a t io n  com plexes o f  C r ( I I I ) .  E l e c t r o n i c  s p e c t r a  o f  

Cr(HgO)^+^ i n  a c i d i c  s o l u t i o n s  a t  100°C w i th  n u c l e o t i d e  

w ere  a l s o  i n t e r p r e t e d  f o r  th e  p r e s e n c e  o f  d im e r ic  and t r i -  

m e r ic  s p e c i e s .  The a b s o r p t io n  a t  3*1-0 am a p p e a rs  t o  b e  a  

m e a su re  o f  p o ly m e rs  o f  t h i s  t y p e .

L a s t l y ,  D a le , e t  a l , , ^ » ^ ~  h av e  d e v e lo p e d  a  r e l a t i v e l y  

s im p le  s y n t h e s i s  t o  g e n e r a te  a  s e r i e s  o f  5 - m e r o u r i th io  

d e r i v a t i v e s  o f  CTP, dCTP, ATP, and 2 » - d e o x y u r i d i n e - ? '-  

t r i p h o s p h a t e  (dUTP) w h ich  a r e  e x c e l l e n t  s u b s t r a t e s  f o r  

p o ly m e ra s e s .  The g e n e r a l  p ro c e d u re  i s  to  p r e p a r e  t h e  m er- 

c u r i a c e t a t e  d e r i v a t i v e  o f  t h e  n u c l e o t i d e  f i r s t  an d  th e n  co n ­

v e r t  i t  t o  t h e  a c t i v e  m e rc u r i th i©  fom n b y  a d d i t i o n  o f  an  

a p p r o p r i a t e  m e rc a p ta n .  The a c t i v i t y  o f  t h e s e  m e r o u r i th io  

d e r i v a t i v e s  i s  d u e , i n  p a r t ,  t o  th e  f a c t  t h a t  m e rc u ry  a d d i ­

t i o n  b y  t h i s  p ro c e d u re  o c c u rs  a t  C (5) f o r  p y r im id in e  r e s i ­

d u es  and C (8) f o r  p u r in e  r e s i d u e s  w h ere  a d d i t i o n :  (1 )  does 

n o t  i n t e r f e r e  w i th  th e  n o rm a l W a tso n -C rlc k  h y d ro g e n  bond­

in g  p o t e n t i a l  o f  t h e  b a s e s  and  (2 )  d o e s  n o t  a l t e r  th e  n o rm al 

" a n t i 1* n u c le o s id e  c o n fo rm a tio n  fo u n d  i n  n a t u r a l  p o ly ­

n u c l e o t i d e s .

U r a c i l

Z n ( I I ) ,  A g ( I ) ,  and C u ( I I )  com p lexes w i th  u r a c i l  h a v e
6*5-66v a r io u s  t h e r a p e u t i c  p o t e n t i a l  a s  a n t i m i c r o b i a l  a g e n ts
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67an d  f o r  a l l e v i a t i n g  v i r a l  m a n i f e s t a t i o n s ,  The s t o i c h i o ­

m e t r i e s  a r e  1 :1  i n  th e  c a s e  o f  A g (I )  c o m p le x e s , and  2 :1  

( l i g a n d / m e t a l )  i n  t h e  c a s e  o f  C u ( I l )  and  Z n ( I I ) ,  A lso  A g (I)  

and  H g ( I I )  co m p lex es  w i th  u r a c i l  an d  5 > X -u rac ils  (X s  B r ,  I ,

CgHjj, an d  NOg) h a v e  b e e n  em ployed  a s  i n t e r m e d i a t e s  f o r  o r ­

g a n ic  s y n th e s e s  T h ese  i n t e r m e d i a t e  com­

p l e x e s  h a v e  n o t  b e e n  c h a r a c t e r i z e d  e x c e p t  f o r  e le m e n ta l  

a n a l y s i s ,

G e l 'fm a n  an d  K u s to v a  h a v e  s t u d i e d  th e  r e a c t i o n s  o f  

A g ( I ) ^  and P d ( I I ) ' ^  w i t h  5 > - f lu o r o u r a c i l  a n d  i s o l a t e d  ad­

d u c t s  o f  v a r i o u s  s t o i c h i o m e t r i e s ,  P d ( I I )  d iam m ine and 

d i c h l o r o  c o m p lex e s  w i th  5 - f l u o r o u r a c i l ^  w e re  shown t o  h a v e  

a  t r a n s  s q u a r e  p l a n a r  c o n f i g u r a t i o n  by  m eans o f  IR  s p e c t r e s c o p y « 

I n  a d d i t i o n ,  a  £ - f l u o r o u r a c i l  ( n e u t r a l  fo rm ) b r id g e d  d im e r  

o f  P d (X I)  w i t h  NHj an d  C l was p o s t u l a t e d  on  th e  b a s i s  o f  

e le m e n ta l  a n a l y s i s .

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

611(1 b i s  ( d i h y d r o u r a c i l ) m e r c u r i o  c h l o r i d e ,

Hg(C, H ^ N .O ^ J .C l^ , h av e  b e e n  d e te rm in e d  b y  C a r r a b in e  an d  k 6 2 2 2 2 
75S u n d a ra l in g a ra , The t r a n s l u o e n t  c r y s t a l s  w e re  p r e p a r e d  b y  

s lo w  e v a p o r a t io n  o f  a  2 :1  l i g a n d  t o  HgClg s o l u t i o n  (pH a  !*.)•

The q u a n t i t i e s  o f  u r a c i l  an d  d i h y d r o u r a c i l  u s e d  w ere  

lOm m oles and  lm m o le , r e s p e c t i v e l y ,  i n  a  t o t a l  o f  2ml o f  

s o l u t i o n .  B o th  co m p lex es  in v o lv e  tw o lo n g  t r a n s  H g-0(i|.) 

b o n d s  ( 2 , d i ) ,  tw o lo n g  H g -C l bonds (3 * 0 6 ^ ) an d  two s h o r t  

H g-C l bonds ( 2 ,3 ^ ) «  The o o t a h e d r a l l y  bound  Hg a tom s a r e



h e ld  t o g e t h e r  b y  C l b r i d g e s ,  and  t h e  0 ( 2 )  atom s a r e  i n ­

v o lv e d  i n  i n t e r m o l e c u l a r  h y d ro g e n  b o n d in g  b e tw e e n  l i g a n d  

m o le c u le s *  M ansy and  T o b ia s 78 h a v e  r e c e n t l y  u s e d  IR and 

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

C (i|.)0 , C (5 ) ,  and  N (3) i n  a q u eo u s  s o l u t io n *

The pH o f  th e  c o m p le t in g  m edium  seem s t o  p l a y  a n  im­

p o r t a n t  r o l e  i n  d e te r m in in g  w h ere  E g ( I I )  w i l l  c o o r d in a te *

I t  a p p e a rs  t h a t  u n d e r  a c i d i c ,  n e u t r a l ,  an d  b a s i c  c o n d i t i o n s ,  

H g ( I I )  w i l l  b o n d  t o  u r a c i l  r e s i d u e s  p r e f e r e n t i a l l y  a t  

C ( iv )0 ,7^  a n d  N < 3> ,77 r e s p e c t i v e l y *

M etal-UM P78  ( M e ta l -  5 » a d e n y l ic  a c i d )  and  M eta l-U T P 61 

(M e ta l - 5 1a d e n o s in e  t r i p h o s p h a t e )  c o m p lex e s  h a v e  b e e n  

i s o l a t e d *  A lth o u g h  n o  w ork  w as done t o  c h a r a c t e r i z e  th e
i i

F e (lII)-T F T P  co m p lex es  f u r t h e r ,  t h e  UMP co m p lex es  o f  

Z n ( I I ) ,  Ag( I ) ,  P b ( I I ) ,  an d  C d ( I I ) 78  ( t h e  A g (I )  co m p lex  was 

1 :3  l l g a n d / r a e t a l ) w e re  c h a r a c t e r i z e d  b y  e le m e n ta l  a n a l y s i s  

and IR  s p e c t r o s c o p y *  T he g e n e r a l  p r o c e d u r e  u s e d  t o  p r e ­

p a r e  t h e s e  co m p lex es  was t o  add  a  s o l u t i o n  o f  t h e  m e ta l  

n i t r a t e  t o  a  s o l u t i o n  o f  Na2UMP, h e a t  g e n t l y  an d  a l lo w  i t  

t o  e v a p o r a te  s lo w ly  a t  a  pH b e tw e e n  ij.,8  and  6 , 8 .  The IR 

d a t a  i n d i c a t e d  t h a t  i n  a l l  c a s e s  c o o r d i n a t i o n  was th r o u g h  

th e  p h o s p h a te  g ro u p  an d  i n  t h e  c a s e  o f  p b ( I I )  an d  Ag(X) 

a l s o  th r o u g h  t h e  C(ty.) o r  C (2 ) c a r b o n y l  g roup*

2 - t h l o u r a c i l  and  i t s  6 - a l k y l  ho m o lo g u es w e re  show n to
7^ g0

hav e  e n h a n c e d  a n t i t h y r o i d  a c t i v i t y ,  9 an d  mu oh i n t e r e s t  

h a s  b e e n  g e n e r a t e d  i n  a n  e f f o r t  t o  p r e p a r e  m e ta l  co m p lex es
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01*86 01 02 
w i t h  t h e s e  l ig a n d s *  "  L ib e rm an n  * w as t h e  f i r s t  t o

r e p o r t  t h e  f o r m a t io n  o f  a  m e ta l  com plex  when a  s e r i e s  o f  

6 -  an d  6 - s u b a t i t u t e d  2 - t h l o u r a c i l s  w ere  r e a c t e d  w i t h  

C o ( I I ) ,  Z n ( I I ) ,  F e ( I I ) ,  M n ( I I ) ,  and  C u ( I I )  ( C o ( I I )  d i d  n o t  

r e a e t ) • T he c o m p lex e s  w ere  g e n e r a t e d  b y  m ix in g  a  s a t u r a t e d  

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

( u s u a l l y  t h e  e h l o r i d e  o r  s u l f a t e ) .  I n  t h e  c a s e  o f  C u ( I I ) ,  

t h e  c o m p le x a t lo n  w i t h  2 - t h i o u r a c i l  l e d  t o  a  d ro p  i n  t h e  f i l ­

t r a t e  pH . On th e  b a s i s  o f  t h i s  o b s e r v a t i o n  a n d  s o l u b i l i t y  

c o n s t a n t  l i m i t s ,  a  l s l  com p lex  w i t h  2 - t h i o u r a c i l  i n v o lv in g  

t h e  C (2 )S  a n d  C(lj.)0 w as p o s t u l a t e d .  S i m i l a r  b i d e n t a t e  

c h e l a t i o n  i s  p resu m ed  f o r  th e  o t h e r  m e ta l  c o m p le x e s , how­

e v e r ,  t h e i r  s t o i c h i o m e t r i e s  w e re  n o t  g iv e n .  The n a t u r e  o f  

t h e  m e ta l  i n t e r a c t i o n  i n  2 :1  ( l i g a n d / m e t a l )  c o m p lex e s  o f  

6 x - 2 - t h l o u r a c i l  (X rH , G^H^) h a s  n o t  b e e n  c l e a r l y  e l u c i d a t e d .  

W e b e r p r e s u m e d  t h a t  t h e  l i g a n d  was m o n o d e n ta te  and  i n ­

v o lv e d  t h e  C (2 )S  o r  C(lj.)0 when co m p lex ed  w i th  G u ( I I ) .

K h u l l a r  a n d  A garw ala® ^*® ^ h a v e  d one  d e t a i l e d  s p e c t r o ­

s c o p ic  w ork  on  co m p lex es  m ade w i th  a  v a r i e t y  o f  m e ta l  i o n s  

a n d  2 - t h l o u r a c i l .  I n  a l l  c a s e s ,  e x c e p t  F t ( I I ) ,  t h e  d a t a  

show s t h a t  t h e  c o o r d i n a t i o n  i s  s i m u l t a n e o u s ly  v i a  S and  N 

a to m s . A l a r g e  am ount o f  w ork on s o l i d  co m p lex es  o f  

2 , t f . - d l t h i o u r a c l l  w i t h  t r a n s i t i o n  m e ta l  I o n s  h a s  r e c e n t l y  

e m e rg e d . D im er a n d  t r i m e r  m e ta l  co m p lex es  h a v e  b e e n

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

s c o p i c  e v id e n c e .  I n  a l l  c a s e s ,  c o o r d i n a t i o n  th r o u g h  an
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S an d  N atom  w ere  p o s t u l a t e d  f ro m  IR d a t a  and  v e r y  o f t e n  

p o ly m e r ic  s p e c i e s  i n v o lv in g  a  b r i d g in g  d i t h l o u r a c l l  l i g a n d  

w e re  p re su m ed  fro m  s o l u b i l i t y  a n d  IR  m e a s u re m e n ts . I n  p a r ­

t i c u l a r ,  t h e  C u ( I I )  com plex  in v o lv e d  a  t r i d e n t a t e  fo rm  o f  

t h e  l i g a n d  w h ic h  p e r m i t t e d  e x t e n s i v e ,  random  p o ly m e r iz a t io n  

th r o u g h o u t  th e  c r y s t a l  l a t t i c e .

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

( 2 - t h l o u r a c i l ) C u ( I )  d im e th y lfo rm a m id e  s o l v a t e  was r e c e n t l y  
Q0r e p o r t e d * 7 T h is  compound was p r e p a r e d  b y  th e  a d d i t i o n  o f  

s o l i d  2 - t h i o u r a c i l  t o  0.2M CuCl g  70°C* The i n s o l u b l e  

p r o d u c t  was r e c r y s t a l l i z e d  fro m  DMF t o  g iv e  y e l lo w  o c t a ­

h e d r a l  c r y s t a l s *  A p p a re n t ly  a  r e d o x  r e a c t i o n  e n su e d  r e ­

d u c in g  C u ( I I )  t o  C u (I )*  The s t r u c t u r e  i s  n e a r l y  p l a n a r  w i th  

C u ( l)  t r l g o n a l l y  c o o r d in a te d  b y  tw o C (2 )S  a to m s and  t h e  

c h l o r i d e  ion*  The DMF i s  f i l l i n g  a  gap  i n  t h e  c r y s t a l  l a t ­

t i c e *  T he C-S d i s t a n c e  o f  l*6oS ( a v e r a g e )  and  t h e  C -0
o

d i s t a n c e  o f  1 .2 2 a  ( a v e r a g e )  i n d i c a t e  t h e  e x i s t e n c e  o f  

d o u b le  bonds*

I t  becom es a p p a r e n t  from  t h e  d i s c u s s i o n  t h a t  t h e r e  a r e  

a  v a r i e t y  o f  p o s s i b l e  b o n d in g  m odes ( i . e . ,  m o n o d e n ta te ,  

b i d e n t a t e ,  and  t r i d e n t a t e )  a s  w e l l  a s  p o s s i b l e  b o n d in g  

s i t e s  fo u n d  i n  s o l i d  co m p lex es o f  m e ta l  i o n s  w i th  n u c l e i c  

a c i d  c o n s t i t u e n t s *  The a c t u a l  b o n d in g  s l t e ( s )  u s e d  b y  

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

t i o n s  ( i . e . ,  pH , t e m p e r a tu r e ,  r e a g e n t  s t o i c h i o m e t r i e s ,  

e tc * ) *  A c o m p i la t io n  o f  t h e  b o n d in g  s i t e s  fo u n d  i n  s o l i d
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t r a n s i t i o n  m e t a l  compounds c o n ta in i n g  p y r im id in e  r e s i d u e s  

i s  g iv e n  i n  T a b le  I I *

T a b le  XI

L igand  B o n d in g  S i t e s  Pound i n  S o l id  T r a n s i t i o n  M e ta l 
C o o r d in a t io n  Compounds o f  P y r im id in e  R e s id u e s

L ig an d B o n d in g  S i t e ( s ) M e ta ls pH

A) 1 .  Thym ine
2 .  1 -m e th y  th y m in e

3* T h y m id in e  
t .  TMP*
£ •  TDP 
6 .  TTP*

B) 1* C y to s in e
2 .  C y t id in e
3 ,  CMP

k .  GDP 
5. CTP

C) 1 .  U r a e i l
2 .  2 - t h i o u r a c i l  
3* U r id in e  
6-. UMP

5. UDP*
6* UTP

N(3)?J
N ( l ) * °

H g ( I I )
C u ( I I )

R i n g / p h o s p h a t e ^

B a s ic
B a s i c

P h o s p h a te 59
69ci, P P h o s p h a te s  gg

c(5)
c ( ^ ) o

C u ( I I )  -J * * *
C u ( I I )
H g ( I I ) $ C © ( I I ) ,  A c id ic  
Z n ( I I ) ,  C d ( I I )
P b ( I I ) ,  I t o ( I I ) ,  A c id ic  
A g (I)
C r ( I I I )  A c id ic
C r ( I I I )  A c id ic
H g ( I I )  N e u t r a l

75
C (2 )S 90

R in g /P h o s p h a te ? ^

H g ( I I )
C u (I )

A c id ic

Z n ( I I ) ,  C d ( I I ) ,  A c id ic  
A g ( I ) ,  P b ( I I )

C(5) 6 2 ,6 ^ H g ( I I ) N e u t r a l

*  A b b r e v ia t io n s :  TMP ( $ • - th y m id in e  m o n o p h o sp h a te )
TDP ( 5 1- th y m id in e  d ip h o s p h a te )
TTP (5*- th y m id in e  t r i p h o s p h a t e )
UDP ( ^ - u r i d i n e  d ip h o s p h a te )

I n d i c a t e s  n o  t r a n s i t i o n  io n  c o o r d i n a t i o n  com pounds i s o ­
l a t e d  t o  d a te *

£## I n d i c a t e s  t h a t  th e  i n f o r a i a t i o n  r e g a r d i n g  pH c o n d i t i o n s  
em ployed  w as n o t  d e te rm in e d  o r  u n d e te rm in a b le *
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Purines
P u r l n i c  l ig a n d s  p r o v id e  a  v a r i e t y  o f  c o m p le x a tio n  modes 

when co m b in in g  i n  a c i d i c ,  n e u t r a l ,  o r  b a s i c  s o l u t i o n s  and 

c r y s t a l l o g r a p h l c  and o t h e r  s t u d i e s  h a v e  shown them  to  p o s s e s s  

th e  c a p a b i l i t y  t o  u s e  a  num ber o f  s i t e s  f o r  b o n d in g . I n  

a d d i t i o n ,  t h e s e  l ig a n d s  h a v e  b e e n  fo u n d  i n  com plexes in v o lv ­

in g  o n e , tw o , and  t h r e e  m e ta l  c e n t e r s .

The e a r l i e s t  r e p o r t s  o f  s o l i d  a d d u c ts  w i th  p u r in e  r e s i ­

dues w e re  a  A u ( I I I )  com plex w i th  g u a n i n e ^  and  a  s e r i e s  o f  

m e t a l ( I I )  com plexes w i th  - a d e n y l i c  a e id ^ 2 ( 5 f-AMP) and 

2 ,8 - d lc h lo r o a d e n in e .^ ®  A lth o u g h  th e  m e ta l  com p lexes w ere
g i  op qp

n o t  w e l l  c h a r a c t e r i z e d  b o th  monomer '  and  t r i m e r 7 

s t o i c h i o m e t r i e s  w ere  assum ed on th e  b a s i s  o f  c h e m ic a l 

a n a l y s i s .

The p u r i n e  b a s e s  have  been  th e  b a s i s  f o r  much o f  th e  

I n f o r m a t io n  a c c ru e d  on m e t a l - n u c l e i c  a c i d  b a s e  c o m p le x e s . 

A den ine  h a s  b e e n  s t u d i e d  m ore e x t e n s i v e l y  th a n  a n y  p u r in e  

b a s e  t o  d a t e .

A den ine

V enner and W eiss  h av e  c o n t r i b u t e d  h e a v i ly  t o  th e  sy n ­

t h e s e s  o f  m e ta l  com p lexes w i th  p u r in e  r e s i d u e s  e s p e c i a l l y  

w i th  a d e n in e  and s u b s t i t u t e d  a d e n i n e T h e s e  a u th o r s  

and o th e rs ,® * L»7®*®2 *91”93*96> 99-113  k ow ever  ̂ h a v e  n o t  p r o ­

c eed ed  w i th  f u r t h e r  c h e m ic a l  c h a r a c t e r i z a t i o n  o f  t h e s e  

c o o r d in a t io n  c o m p le x e s .
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Colaitis and Brigand© have synthesized several
cohalt complexes with adenine and adenosine and have studied 
their electronic properties using UV-Vis and IR spectroscopy, 
and magnetic susceptibility measurements.

Com plexes w i th  a d e n in e ’1”1' ^ ' * h a v i n g  th e  g e n e r a l  s t o i ­

c h io m e try  M (L )(0H )2 * aHgO* w h ere  M *  C o ( I I ) ,  ( I ) ,  o r  C o ( I I I ) ,  

( I I ) ,  w ere  i s o l a t e d  and a  s p e c t r a l  s tu d y  p e r fo rm e d . Com­

pound  ( I )  w as p r e p a r e d  b y  a d d in g  a  s o l u t i o n  o f  NaOH s lo w ly  

w i th  s t i r r i n g  t o  an  e q u im o la r  m ix tu r e  o f  CoClg and  a d e n in e  

u n d e r  Ng and  c o l l e c t i n g  th e  r o s e - c o l o r e d  p r e c i p i t a t e  t h a t  

f a l l s  o u t a t  pH 7 Compound ( I I ) ,  a  d a rk  b ro w n -g re e n  

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

o f  ( I ) .  M a g n e tic  m easu rem en ts  w e re  p e rfo rm e d  o v e r  t h e  r a n g e

7 9 -2 7 1 °K . Compound ( I )  h ad  an  e f f e c t i v e  moment o f  i n ­

d i c a t i n g  3 u n p a i r e d  e l e c t r o n s ,  w h i le  ( I I )  h a d  an  e f f e c t i v e  

moment o f  2.77BM I n d i c a t i n g  2 im p a i r e d  e l e c t r o n s .  The 

c h a rg e  cm th e  l ig a n d s  was e s t a b l i s h e d  b y  m eans o f  t h e  UV 

b a n d s  a t  268nm o f  n e u t r a l  a d e n in e  i n  c o m p o u n d (I) , an d  a t  

260nm o f  a n io n ic  a d e n in e  i n  c o m p o u n d (I I ) ,  Compound ( I )  

show s 2 a b s o r p t io n s  i n  t h e  v i s i b l e  r e g i o n  a t  a b o u t  £10  and 

3£0nm , w h i le  i n  compound ( I I )  o n ly  1 a b s o r p t io n  n e a r  3£0nm 

was s e e n ,  o n  t h e  b a s i s  o f  v i s i b l e  a b s o r p t io n  and  m a g n e tic

s u s c e p t i b i l i t y  d a t a ,  th e  e l e c t r o n i c  c o n f i g u r a t i o n s  f o r
3 2compounds ( I )  and  ( I I )  w ere  p o s t u l a t e d  a s  and  3dl|slip  ,

r e s p e c t i v e l y .  I n  b o th  c a se 3  c h e l a t i o n  t o  th e  a d e n in e  m o ie ty

th ro u g h  N (10) and N (7) was p re su m ed  on t h e  b a s i s  o f  IR
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s p e c t r o s c o p y  from  a  l a r g e  p e r t u r b a t i o n  o f  th e  o u t - o f - p l a n e  

v i b r a t i o n s  o f  th e  N{10) am ino h y d ro g e n s . The re m a in in g  two 

c o o r d in a te  bonds w ere  from  th e  h y d ro x y l g ro u p s .

P o ly n u c le a r  com plexes w i th  a d e n in e ^ ^ * '1'^^*^'*'®,
, 116 , 118-120 . 4 1^6 , .. , , 

a d e n o s in e  ,  and  ATP h a v e  b e e n  s y n th e s iz e d  and

c h a r a c t e r i z e d .  The c o n d i t io n s  f o r  fo rm a t io n  o f  a  p a r t i c u l a r  

s t o i c h io m e t r y  w i th  any  o f  th e  l ig a n d s  d epend  on te m p e r a tu re  

a s  w e l l  a s  h e a t in g  t im e .  The t y p i c a l  p r e p a r a t i o n  c o n s i s t e d  

o f  m ix in g  a d e n in e  w i th  Co(NH )^C1 i n  an aq u eo u s s o l u t i o n  w i th  

h e a t i n g .  Two s e r i e s  o f  t r i m e t a l l i c  C o ( l I I )  com plexes w e re  

o b ta in e d ,  o n e  w i th  2 a d e n in e s  and th e  o t h e r  w i th  3 .  I n  a l l  

c a s e s  th e  l ig a n d  i s  i n  th e  a n io n ic  fo rm  (from  UV m e a su re ­

m e n ts )  w i th  th e  C o ( I I I )  o c t a h e d r a l l y  c o o r d in a te d .  B r id g in g  

l ig a n d s  a r e  assum ed to  be  NHg o r  NHg and OH g ro u p s ,  an d  th e  

p u r in e  l ig a n d  i s  p resu m ed  to  b in d  th r o u g h  th e  am ino n i t r o g e n  

N (10) and  N (7) on th e  b a s i s  o f  IR  d a t a .  A p l a t e a u  a t  a b o u t 

5>80nxn i n  t h e  v i s i b l e  s p e c t r a  i s  c o n s i s t e n t  w i th  o c t a h e d r a l l y

c o o r d in a te d  C o ( I I I )  c o m p lex e s . A C o (III)-A T P  d im e r was a l3 0
116

s y n th e s i z e d  and c h a r a c t e r i z e d .

R e a c t io n s  o f  h e a v y  m e ta ls  w i th  p u r in e  r e s i d u e s  h a v e

b e e n  s u g g e s te d  f o r  s e q u e n c in g  o f  n u d e i o  a c id s  by e l e c t r o n
62 121m ic ro s c o p y  and X -ra y  c r y s t a l l o g r a p h y ,  * f o r  p o s s i b l e  

u s e  i n  t h e  e l u c i d a t i o n  o f  enzyme m e c h a n is m s ,^  and a s  an  

e f f e c t i v e  m ethod  o f  p r e c i p i t a t i o n  f o r  n u c l e i c  a c id  con­

s t i t u e n t s . ^ ® 0

G ib so n , e t a l . f ^ 00 s y n th e s i z e d  a  s e r i e s  o f  p o ta s s iu m
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s a l t s  o f  A u ( I I I )  a d d u c ts  w i th  v a r io u s  a d e n in e  n u c l e o t i d e s

by r e a c t i n g  m ix tu r e s  c o n ta in in g  v a r io u s  am ounts o f  c h lo r o -

a u r l c  a c i d ,  HAuCl^, a t  v a r io u s  pH+pCl w i th  th e  d e s i r e d

n u c l e o t i d e .  Brown a d d u c ts  w ere  I s o l a t e d  b y  a d d i t i o n  o f

e th a n o l  and  a p p e a re d  to  b e  p o ly m e r is e d  b e c a u s e  o f  N—»Au<-N

b r i d g e s .  The p o ta s s iu m  s a l t s  o f  g o ld - a d e n in e  n u c l e o t i d e s

a r e  r a t h e r  s o l u b l e ,  y e t  t h e  g o ld  a d d u c ts  w i th  a d e n in e  an d

a d e n o s in e  a r e  i n s o l u b l e .

The p r e p a r a t i o n  and  p r o p e r t i e s  o f  a  l a r g e  s e r i e s  o f

C r ( I I I )  com plexes w i th  n u c l e o t i d e s  was r e p o r t e d  by  D e P a m p h ilis

and  C l e l a n d , ^  an d  a  d i s c u s s i o n  o f  th e  s y n t h e s i s  and c h a r a e t -
62e r i z a t i o n  o f  7 -m ® r c u r ia c e ta te  d e r i v a t i v e s  o f  7-deazaA T P 

was d e s c r ib e d  i n  t h e  p r e v io u s  s e c t i o n  on p y r im id in e  n u c le o ­

t i d e  com plexes ( p , l 6 ) .

The r e p o r t  t h a t  c e r t a i n  p la t in u m  c o m p le x e s* ^ ^ " '* '^  h a v e  

a n t i tu m o r  and a n t i b a c t e r i a l  a c t i v i t y  h a s  p ro m p te d  i n t e r e s t  

i n  s y n t h e s i z i n g  p la t in u m  com plexes w i th  n u c l e i c  a c id  c o n s t i -  

t u e n t s ,  T h e o p h a n id e s , e t  a l , ,  '  h a v e  i s o l a t e d  and 

c h a r a c t e r i z e d  a  s e r i e s  o f  com plexes h a v in g  th e  g e n e r a l  fo rm u­

l a ,  t r a n s - ( P t ( P u r i n e ) g X g ) ,  w here  th e  p u r i n e  i s  a d e n in e ,  

a d e n o s in e  and a c e ty l a d e n o s in e ,  and X i s  C l and B r ,  The 

h a l i d e  io n  was shown t o  b e  in  t h e  f i r s t  c o o r d in a t io n  s p h e re

b y  c o n d u c t i v i t y ,  h a l i d e  t i t r a t i o n ,  an d  IR  d a t a .  The g e n e r a l
126p r o c e d u re  u s e d  t o  p r e p a r e  th e  com plexes was t o  d i s s o l v e  

th e  l ig a n d  (6 :1  l ig a n d  to  m e ta l )  i n  an  HX a c id  s o l u t i o n  w i th  

KgPtX^ w i th  g e n t l e  h e a t i n g .  Y ellow  p r o d u c t s  a p p e a re d  w i t h in



3-5 h o u r s .  The s y n t h e s i s  o f  th e  a c e t y l  a d e n in e  co m p lex es r e ­

q u i r e d  d i s s o l u t i o n  o f  l i g a n d  i n  a  n o n -a q u e o u 3  s o l v e n t  l i k e  

DMF o r  a o e t o n i t r i l e  and  a  l o n g e r  h e a t i n g  t im e .  A tte m p ts  t o  

s u b s t i t u t e  t h e  h a l i d e  i o n  w i th  NO^ o r  ClO^ w ere  u n s u c c e s s f u l  

A l l  sy s te m s  w ere  d ia r a a g n e t io  a t  room  t e m p e r a tu r e .  The b a n d  

a t  262am i n  t h e  UV s p e c tru m  o f  a d e n o s in e  s h i f t s  i n  p o s i t i o n  

t o  t h e  255-300nm  r a n g e  u p o n  c o m p le x a t io n ,  A t r a n s  c o n f ig u r e  

t i o n  i s  p resu m ed  on s t e r i e  g ro u n d s  and fro m  a  s h a rp  p e a k  i n  

t h e  f a r  IR  a t  314.0am .  The b in d in g  s i t e  u s e d  i s  N ( l )  o r

N (7 ) ;  p a r t i c i p a t i o n  b y  H (1 0 ) was r u l e d  o u t  b e c a u s e  o f  t h e

p r e s e n c e  o f  th e  f r e e  N-H s t r e t c h  a t  a b o u t  3300cm"'*- an d  NH?
- 1d e fo r m a tio n  a t  1600cm i n  th e  IR s p e c t r u m . The lo n e  p a i r  

o f  e l e c t r o n s  o f  t h e  -NHg g ro u p  i n  t h e  a c e ty l a d e n o s ln e  i s  n o t  

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

i n  t h e  r i n g ,  a s  shown b y  t h e  h ig h  G-N s t r e t c h i n g  f r e q u e n c y

O

o

■

P t

c l

N

Q
10

P i g . 2 . -  P o s s i b l e  s t r u c t u r e  o f  t h e  p l a t i n u m - d l p u r ln e  co m p lex  
w i th  t h e  m e ta l  l i n k a g e  th r o u g h  N ( l ) .  A l i n k a g e  
th r o u g h  N (7 ) i s  a l s o  p o s s i b l e .  RsH» -COCHo* R *r 
D - r ib o s e  ( a d e n o s in e )  o r  RsH, -COCHq,  R 's H 
( a d e n in e ) 1 2 5 - 6 . x =C1 ,  B r *
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- 1
o f  th e  C-NHg v i b r a t i o n  a t  12 l£cm  • A ls o , IR m e a su re m e n ts  

show ed t h a t  t h e  s u g a r  h y d r o x y ls  do  n o t  I n t e r a c t  w i th  th e  m e t a l .  

NMR d a t a  s u p p o r t  N ( l )  o r  N (7 ) b i n d i n g .  P o s s i b l e  s t r u c t u r e s  

f o r  th e  t r a n s  p la t in u m  co m p lex es a r e  shown i n  F i g .  2 .

R o o s , e t  a l . , ^ ?  u s e d  m ass s p e c t r o m e t r y  t o  e l u c i d a t e  t h e  

b in d in g  c a p a b i l i t y  a n d  b o n d in g  s i t e 3  o f  a  s e r i e s  o f  n u c le o ­

s i d e  a n a lo g u e s  ( i n c l u d i n g  9 - m e th y la d e n in e  and  9 - m e th y lg u a n in e )  

t o  e l s -  and  t r a n s -  P t( a m in e J g C l^  c o m p le x e s . T he g e n e r a l  

s y n t h e t i c  p ro c e d u re  was t o  r e a c t  e q u lm o la r  q u a n t i t i e s  o f  t h e  

p la t ln u m -a m in e  com plex  a n d  l i g a n d  f o r  a b o u t  llj. d a y s  and th e n  

r e d u c e  t h e  vo lum e b y  a  f a c t o r  o f  10 t o  o b t a i n  t h e  p r o d u c t .

T he m ass s p e c tru m  y i e l d e d  e x tr e m e ly  u s e f u l  i n f o r m a t io n  c o n ­

c e r n in g  b in d in g  c a p a c i t y :  i n  t h e  c i s  iso m e r  t h e  9 -m e th y l­

a d e n in e  l i g a n d  a p p e a rs  t o  b e  ra o n o d e n ta te ,  w h i le  t h e  9 - m e th y l -  

g u a n in e  a p p e a r s  t o  b e  b l d e n t a t e .  T he e f f i c a c y  o f  c i s - P t ( a m i n e )2 

C l2 co m p lex es a g a i n s t  tu m o rs  m ig h t  b e  th e  r e s u l t  o f  p r e f e r ­

e n t i a l  and  s e l e c t i v e  b l d e n t a t e  b i n d i n g  o f  t h e  g u a n in e  r e s i -  
128d u e s  i n  tu m o r ENA t o  t h e  p la t in u m  com plex t h e r e b y  d i s r u p t ­

in g  DNA s y n t h e s i s  l e a d i n g  t o  tu m o r d e a t h .  S u p p o r t in g  e v i ­

d e n c e  f o r  t h e  N (7 )-N (1 0 )  b l d e n t a t e  c a p a b i l i t y  o f  g u a n in e
129r e s i d u e s  comes fro m  p h t o e l e e t r o n  s p e c t r o s c o p y  m e a su re m e n ts

on c o m p lex e s  o f  v a r i o u s  p u r in e  r e s i d u e s  w i th  t h e  P t ( am in e )g

C l„  s y s te m s .  T h ese  r e s u l t s ,  h o w e v e r , a r e  i n  c o n t r a s t  w i t h
130NMR s t u d i e s  by Kong a n d  T h e o p h a n ld e s  w h e re  d a t a  r e v e a l  

o n ly  N (7 ) b in d in g  b y  g u an o  s i n  a ,  i n o s l n e ,  and x a n th o s in e  i n  

( P t f A ^ t l O ^ C l g  com pounds, w h e re  L :  n u c l e o s i d e  an d  A “ N H j,
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1 /2  e n , and  p y r id in e *

IR s t u d i e s  w i t h  m e ta l - a d e n in e  and m e ta l - a d e n in e  n u c l e o -  
1 3 1 -1 3 3t i d e  co m p lex es J J h a v e  h e lp e d  e l u c i d a t e  c o o r d i n a t i o n  s i t e s

on t h e  l i g a n d .  The m e ta l  n u c l e o t i d e  c o m p lex e s  ( 1 :1  g e n e r a l l y )

a r e  p r e p a r e d  i n  a c i d i c  s o l u t i o n  b y  m ix in g  e q u im o la r  am oun ts

o f  th e  N & g n u c le o tld e  an d  m e ta l  n i t r a t e  s a l t s .  ATP y i e l d e d

T h(IV ) an d  A g (I)  p r o d u c t s  c o n ta in i n g  m e ta l  t o  l i g a n d  m ole
133r a t i o s  o f  1 :2  and  3*1> r e s p e c t i v e l y .  The a r e a s  o f  i n t e r e s t

-1
i n  t h e  IR  a r e  th e  l6 0 0 -1 7 0 0 cm  r e g i o n  ( t h e  a d e n in e  r i n g )  

and  th e  900-1200cm "^  r e g io n  ( t h e  p h o s p h a te  g r o u p ( s ) ) .  Com­

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

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

H g ( I I ) ,  C d ( I l ) ,  and  P b ( I I )  a p p e a r  t o  s h i f t  t h e  r i n g  C a  N

s t r e t c h i n g  f r e q u e n c y  fro m  l6 9 0 cra"^  t o  170$cm "^ upon  c o ra p le x a -
- 1t i o n  w i t h  l i t t l e  ch an g e  i n  t h e  900~1200cm  r e g i o n .  T h ese  

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

a tom s on th e  p u r in e  r i n g  and  i s  c o n s i s t e n t  w i th  t h e  h ig h  eom- 

p l e x a t i o n  te n d e n c y  o f  t h e s e  m e ta l s  w i th  n i t r o g e n  b a s e s .  A l­

th o u g h  e v l d e n e e ^ ^  s u g g e s t s  t h a t  N ( l)  i s  p r o t o n a t e d  d u r in g  

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

a d e n in e  m o ie ty  h a s  s t i l l  t o  b e  d e te rm in e d  i n  t h e s e  c o m p le x e s .

F e ( I I I ) ,  A l ( I I I ) ,  0 O g ( I I ) * Z r O ( I I ) ,  A g ( I ) ,  an d  T h (IV ) c o o r d i -
- 1n a t i o n  a p p e a r s  t o  a l t e r  a b s o r p t io n s  i n  th e  900-1200cm  

r e g i o n  i n d i c a t i n g  p h o s p h a te  i n t e r a c t i o n .

A l a r g e  am ount o f  c r y s t a l l o g r a p h i c  w o rk  w i t h  a d e n i n e ^ '^ " ^ ^ '
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an d  i t s  n u c l e o s i d e  a n a lo g ,  9 - m e t h y la d e n in e ^ '’**^<* h a s  b e e n

r e p o r t e d  o v e r  t h e  l a s t  few  y e a r s ,  and  a  s h o r t  o r y s t a l l o -
30

g r a p h io  r e v ie w  b y  S l e t t e n  on  c o p p e r ( I I )  co m p lex es  w i th  

p u r i n e s  h a s  a p p e a re d  r e c e n t l y .  I n  a d d i t i o n ,  a d e n in e  h a s  b e e n  

i n c o r p o r a t e d  i n  a  s e r i e s  o f  m ix e d  l i g a n d  co m plexes w i th  

e th y le n e d ia m in e , '* ‘̂ , ‘*'^^ S e h i f f  b a s e s , a m i n o  a c i d s , a n d
1?Il

2 ,2 * - b i p y r i d i n e ,  ^  T he f i r s t  r e p o r t e d  c r y s t a l l o g r a p h i c  d e t e r ­

m in a t io n s  o f  m e ta l  c o m p le x a t io n  w i th  a d e n o s i n e , 5 > , -AMP,*’' ^  

and  h a v e  b e e n  e l u c i d a t e d  o n ly  a  s h o r t  t im e  a g o .

D im e ric  C u ( I I )  co m p lex es w i t h  t h e  c o p p e r  a c e t a t e ^ ®  and  

c o p p e r  s u c c i n a t e 1 ^  s t r u c t u r e  h a v e  b e e n  p r e p a r e d  w i th  b o th  t h e  

n e u t r a l ^ ? * ^ - 1 a n i o n i c 1 ^  a d e n in e .  The b a s i c  d im e r ic  u n i t  

o f  t h e s e  co m p lex es  i s  shown i n  F i g , 3 ,  w h e re  th e  p u r i n e  l i g a n d  

b o n d s  v i a  N (3 ) and  H (9 )»  a n d  n ( 7 ) may1 ^ * ! ^  o r  n a y  n o t * 2^  

b e  p r o t o n a t e d .  The a p i c a l  l i g a n d s  may v a r y .  The c o o r d i n a t i o n  

a ro u n d  e a c h  C u ( l l )  i o n  a p p ro a c h e s  a  s q u a r e  p y r im id a l  g e o m e try

e -  N 

O -  Cu

C l,TT /*V

F i g , 3 ,  -  C u ( I I )  - p u r i n i c  d im e r  u n i t  h a v in g  th e  c o p p e r  a c e t a t e  
s t r u c t u r e *  P u r in e  m ay b e  a d e n in e  o r  h y p o x a n th ln e }  
a p i c a l  l i g a n d  may b e  C l ,  B r ,  h2 o .



30

o
w i th  a  Cu-Cu d i s t a n c e  o f  a b o u t  2 .9 5 0 A . R e c e n t m a g n e tic

^  4. 1 5 ^ ,1 6 0 -1 6 ^  •m easu rem en ts  on a  num ber o f  t h e s e  sy s te m s  ^  ( i n c l u d ­

in g  h y p o x a n th in e )  s t r o n g l y  s u g g e s t  t h a t  t h e  a n t i - f e r r o m a g n e t i c

c o u p lin g  o b s e rv e d  i s  due a lm o s t e x c l u s i v e l y  t o  s p in  p a i r i n g
165

v i a  a  su p e re x c h a n g e  m echanism  th ro u g h  th e  I f  sy s te m  o f  t h e  

b r i d g in g  l i g a n d .  The s t r e n g t h  o f  th e  s p in  p a i r i n g  i s  m arked­

l y  in f lu e n c e d  b y  t h e  c h a rg e  on t h e  b r i d g in g  l i g a n d  and  n o t  I n  

th e  a p i c a l  l i g a n d .  F o r  ex am p le , t h e  a n io n i c ,  i n n e r  com p lex , 

C u g tA d J^ d lg O jg , and  th e  n e u t r a l  c a a p le x ,  CUg(AdH)^(H20 ) 2 » 

h a v e  th e  same Cu-Cu d i s t a n c e  ( 2 .9 5 $ ) ,  y e t  t h e  e x ch an g e  p a r a -
1 £« I 411.

m e te r ,  2 J ,  i s  d i f f e r e n t  f o r  e a c h  b e in g  -2 1 0  and -3 0 2  
- 1cm ,  r e s p e c t i v e l y .  23  r e p r e s e n t s  th e  e n e rg y  d i f f e r e n c e  b e ­

tw een  th e  s i n g l e t  an d  f i r s t  e x c i t e d  t r i p l e t  s t a t e ;  t h e  n e g a ­

t i v e  s ig n  m eans th e  s i n g l e t  s t a t e  i s  t h e  g ro u n d  s t a t e .  T a b le  

I I I  c o n ta in s  th e  m a g n e tic  p a ra m e te r s  ( i n c lu d in g  23) fo u n d  i n  

s o l i d  c u ( I I )  d im e r com plexes w i th  p u r l n i c  l i g a n d s .  D a ta  on a

new s e r i e s  o f  h a lo g e n  b r id g e d  (h a lo g e n  s  F ,  B r ,  0 1 (a n h y d ro u s ))
?2QC u ( I I )  g u an ln iu m  d im e rs  a r e  a l s o  in c lu d e d .  Je zo w sk a - 

T rz e b ia to w s k a  and  K oxlow sk i h av e  r e l a t e d  th e  c h a r a c t e r  o f  

t h i s  b r id g e  t o  th e  h y p e r f in e  c o u p l in g  c o n s t a n t s  fo u n d  from  EPR 

m easu rem en ts  f o r  C u .(A d), (H 0) and  Cu (AdH). C l, •
2 1*. 2 2 2 M- i|-

The r e t e n t i o n  o f  p u r in e  b r id g e s  ev en  i n  th e  p r e s e n c e  o f  

h a l i d e  i o n s ,  w h ic h  th e m s e lv e s  f u n c t i o n  a s  e x c e l l e n t  b r i d g e s ,  

I n d i c a t e s  a  h ig h  p r e f e r e n c e  f o r  th e  d l n u o le a r  c o n f i g u r a t i o n  

u n d e r  t h e s e  c o n d i t i o n s .  H ow ever, t h e  c r y s t a l  s t r u c t u r e  o f  a  

n o v e l  t r i n u o l e a r  C u ( I I )  com plex  w i th  a d e n in e  an d  h a lo g e n



T a b le  I I I

M a g n e tic  P a ra m e te r s  Pound i n  S o l id  C u ( I I )  P u r i n i c  D im ers

B a s ic  C u ( I I )  D im er U n i t  - 2 J  ,  g , v  g z g a ^  Az A™ E _ i  D _ i  Cu-Cu D is ta n c e
(cm ) * y  Z aV (G) (G l (cm ) (cm "1 ) (%)

1, Adenine (LH)
(Cu (LH)2X)2

XeH2 o J  I ?  300*60  2 .0 *  2*22  -  2 1 *  9 5 *  .0 3  .1 1 0  2 .9 5 1
HoJ 22|H § 0 ? ? L * *  30G±60 2 .0 * 5  2 .2 7  -  -  .1 1 1  u n

X rc f i£ ? * * * *  -  2 .0 g 5  2 .3 0  2 .2 *  58  -  .0 8 3  3 .0 6 6 1*1

S i i 3 —  27!  I i o f  I:?? :  :  :  :  : i £
x=B r213« « *  .  2 . 05  | ; f ?  .  : l l |

221 2 *23 *09^B r 280 2 .0 * 6  2 .2 7  -  -  .1 1 5

300*60 2 .0 5 2 .2 2 - 2 1* 9 5* .0 3
302 - • — • - •»
300*60 2 .0 * 5 2 .2 7 - - - e»

2 .0 6 5 2 .3 0 2 .2 * - 58 *
275 2 .0 * 9 2 .2 9 - - - -

* 2 .0 5 2 .1 7
2 .2 3

— — •

m 2 .0 5 2 .1 7
2 .2 3

— —

280 2 .0 * 6 2 .2 7 — •

160-60
2 .0 5 3 2 .5 0 2 .2 0 - •

160*60 2 .0 5 2 .1 9 - 21* 87* .0 3
210 2 .0 3 70

99 2 .2 0 2 .1 8

137

(Cu (L )2 X )2

XSH? 0 ? ?§ # # * *  1 6 0 -6 0  -  -  .1 2 1  2 .9 * 9 136
h I o 1^  -  2 .0 5 3  2 .50  2 .2 0  -  *8  -  .1 1 5
h | o}£3 160*60 2 .0 5  2 .1 9  -  21 *  87*  .0 3  .1 2 1
HgO162 210 2 .0 3  -  -  -  70 -  .1 2 5

2 .  G u an in e  (LH)
(CufLHgJgX^Jg
X sClJ® $ 99 -  2 .2 0  2 .1 8  -  .0 2 3  3 .7 18*



T a b le  I I I  ( C o n t 'd )

B a s ic  C u ( I I )  D im er T Jh it - 2 J  _ g _ v  gB g .*  Az  A ,T E D Cu-Cu0 D Is ta n c e
(cm "1 ) Xy a y  (8 )  <$T ( c m 1 ) (am X) (X)

C ljL anhyd rous) 2^ °  55 -  2 .1 0  -  .© 50
F ^ S L  1 5  2 .1 9  2 .0 1  2.11* -  .0 1 8
B r220 310 .3 0

3 .  H y p o x a n th in e  (LH)
(C utL H jgX jg

X S C ll££  21*0 2 .0 5 1  2 .2 8  . . . .  .096  3 .021*197
B r221 21*5 2.01*9 2 .2 8  -  .0 9 7

(Cu (L )2 X )2

XsHgO222 265 2.01*7 2 .2 ?  -  .1 0 2

*  1 0 = 0 .9 3 3  x lG '^ c m ”1
**  g r e p r e s e n t s  t h e  r e l a t i v e  s p in  and  o r b i t a l  c o n t r i b u t i o n s  t o  t h e  t o t a l  a n g u la r  momentum 

o f  t h e  e l e c t r o n .
* * *  t h e  c o u n te r io n  and  w a te r s  o f  h y d r a t i o n  o m it te d  f o r  c o n v e n ie n c e ,

A v a lu e  g iv e n  u n q u a l i f i e d .
* ** * *  r a n g e  o f  g  and  D v a lu e s  g iv e n  o n ly .

VjJro



b r i d g e s  w as r e p o r t e d  b y  D e M e e s te r , e t  a l . , 3-̂  P i g .  !(.. T he

t r  in ti  c l e a r  com p lex  w as I s o l a t e d  fro m  a  2M HG1 s o l u t i o n .

The a d e n in e  e a r r i e a  a  n e t  p o s i t i v e  c h a r g e ,  a s  i t  i s  p r o t o n a t e d  

a t  b o t h  N ( l)  and  N(7 )*  The m e ta l  io n  s e p a r a t i o n  h a s  i n c r e a s e d

c o o r d in a te  w i th  f o u r  b r i d g in g  c h l o r i d e  I o n s ,  an d  two N (3 ) 

a tom s fro m  t h e  b r i d g i n g  a d e n ln iu m  io n s  c o m p le t in g  th e  o c t a ­

h e d ro n . The t e r m i n a l  c o p p e r  io n s  a r e  e f f e c t i v e l y  f i v e -  

c o o r d in a te  w i th  f o u r  c h lo r i d e  i o n s ,  and  an  H (9 ) a tom  fro m  

th e  b r i d g i n g  a d e n ln iu m  i o n  c o m p le t in g  t h e  s q u a re  p y ra m id . 

A l l  t h e  m a g n e tic  d a t a  on t h i s  com p lex  a r e  c o n s i s t e n t  w i t h  a  

m a g n e t i c a l l y  d i l u t e  sy s te m  w i th  n o  Cu-Cu i n t e r a c t i o n s  s i n c e  

t h e  m a g n e t ic  m oment a t  room t e m p e r a tu r e  i s  1.86BH  and  t h e

O r  N

0  = Cu

e = C l

F ig .l j . .  -  C r y s t a l  s t r u c t u r e  o f  Cu^ClgfAdHgJg* ll-Hg0

o
t o  3«^79A . T he c e n t r a l  c o p p e r  I o n  c a n  b e  c o n s id e r e d  six<



3*1.

EPR s p e c tru m  m e re ly  shows a s i g n a l  i n  t h e  g Z 2  r e g io n # ^-3^*168 

W ith  z in c  and  c o b a l t ,  a d e n in e  r e s i d u e s  a r e  fo u n d  to  fo rm  

com plexes t h a t  b in d  th ro u g h  N (7 )* '1’' ^  and  N ( l)  and  N (7 )* ^ ®

The l a t t e r  com plex  c o n s i s t s  o f  i n f i n i t e  c h a in s  i n  w h ich  t e -  

t r a h e d r a l l y  c o o r d in a te d  c o b a l t  io n s  a r e  l i n k e d  b y  9 -m e th y l-  

a d e n in e  b r id g e s #  T h is  I s  th e  f i r s t  exam ple o f  m e ta l - N ( l )  

b o n d in g  r e p o r t e d  t o  d a te #  The s i t e  p r e f e r e n c e  f o r  m o n o n u c lea r 

c o m p lex e s , h o w ev er, a p p e a rs  t o  b e  N (9 )» ‘l' ^ * ^ ' 3  o r  N( 7 ) * 3-S6 

i f  t h e  9 p o s i t i o n  i s  bound  to  a n o th e r  g ro u p  I n  t h e  f r e e  

l i g a n d  ( e . g . ,  a  s u g a r  g r o u p o r  a  m e th y l  g ro u p 1^ ) #

The c r y s t a l  s t r u c t u r e  d e te r m in a t io n  o f  an  oamium (IV) 

e s t e r  o f  a d e n o s in e  ^ I s  o f  c o n s id e r a b le  i n t e r e s t  s in c e  i t  

show s no c o o r d in a t io n  th ro u g h  any  n i t r o g e n  atom  i n  th e  a d e ­

n i n e  r in g #  The brow n com plex  o f  b i s  ( p y r id in e )  (a d e n o s in e )  

o sm a te (IV ) was p r e p a r e d  b y  d i s s o l v i n g  O sO ^ tp y )^  an d  a d e n o s in e  

i n  a  s m a ll  volum e o f  w a te r - p y r id in e  ( 2 :1  v /v )  and  k e p t  f o r  

s e v e r a l  h o u rs  a t  lj.°C i n  th e  d a rk #  The osmium io n  b in d s  a s  

an  o sm ate  e s t e r  t o  th e  2*-3* e l s  d i o l  o f  th e  a d e n o s in e  

s u g a r  m o le c u le ,  and th e  e n t i r e  com plex  assum es an  o c ta h e ­

d r a l  c o o r d in a t io n  w i th  th e  two osrayl g ro u p s  t r a n s  t o  one 

a n o th e r#  The a b i l i t y  o f  osmium t o  b in d  e x c l u s i v e l y  w i th

th e  2 1—3* c i s  d i o l  f u n c t i o n  i n  th e  r i b o s e  m o ie ty  i s  i n t e r e s t -
167in g  s in c e  B e r g e r ,  e t  a l . ,  1 r e p o r t e d  t h a t  i n  t h e  p r e s e n c e  

o f  t h e  c o p p e r a c e t a t e  d im er RNA p o ly m e ra s e  was a b l e  t o  

" r e c o g n iz e ” r i b o n u c l e o t i d e s  ( a s  o p posed  t o  d e o x y - 

r i b o n u o l e o t i d e s ) # P re su m a b ly , th e  Cu-Cu d i s t a n c e  i s  a b o u t
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t h e  r i g h t  s i z e  t o  a cc o m o d a te  t h e  c i s  2 ' - 3 '  ox y g en  a tom s o f  

t h e  r l b o s e  s u g a r  w i th  th e  r e s u l t  t h a t  th e  m e ta l  com plex i s  

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

m e ra se  th a n  th e  u n eo rap lex ed  r i b o n u c l e o t i d e #

L a s t ly #  a  s e r i e s  o f  m ix ed  l i g a n d  com plexes o f  a d e n in e  

r e s i d u e s  w i t h  some n i t r o g e n o u s  c h e l a t e s ^ * '^ 5 l - l 5 l |- » l6 8  

b e e n  p r e p a r e d  and  c h a r a c t e r i z e d  i n  t h e  hope o f  e l u c i d a t i n g  

t h e  e f f e c t s  o f  s p e c i f i c  i n t e r l i g a n d  in te r a c t io n s " * '^ ’" '* '^  on 

a  m e t a l ' s  s e l e c t i v i t y  to w a rd  a  p a r t i c u l a r  n u c l e i c  a c id  b a s e
51

as  w e l l  a s  th e  r o l e  m e ta l  io n s  p l a y  i n  p r o t e i n  s y n th e s i s #
«i dja a K a

K is te n ra a c h e r#  e t  a l ## * u t i l i z e d  a  3 t e r e o s p e c i f i e  
169r e a c t i o n  w h ic h  e x h i b i t s  b a s e  s e l e c t i v i t y  and  p r o c e e d s  o n ly  

I n  t h e  p r e s e n c e  o f  a d e n in e .  The r e a c t i o n  i s

+1 +2 
t r a n s - tC o te n J g C lg )  + a d e n in e  c i s - ( C o (e n )2 C l ( a d e n in e ) )  + Cl

w h ere  en  i s  t h e  b l d e n t a t e  e th y le n e d ia m in e  l ig a n d #
152

The s t r u c t u r e  o f  c i s - ( C o ( e n )g C l( a d e n in e ) ) B ^ ^  w as c a r r i e d  

o u t#  The c o o r d i n a t i o n  a b o u t  t h e  C o ( I I l )  i s  a p p r o x im a te ly  

o c t a h e d r a l  w i th  t h e  s i x  c o o r d i n a t i o n  s i t e s  o c c u p ie d  b y  t h e  

f o u r  n i t r o g e n  a to m s o f  th e  tw o e th y le n e  d ia m in e  m o le c u le s #  

t h e  c h l o r i d e  Ion# and  t h e  N (9 ) o f  th e  a d e n in e  an io n #  The 

a d e n in e  r i n g  h a s  p o s i t i o n e d  I t s e l f  i n  su c h  a  way a s  t o  m a x i­

m iz e  th e  h y d ro g e n  b o n d in g  t o  t h e  N ( l l )  and  N (13) atom s o f  

t h e  e th y le n e d ia m ln e  l ig a n d s #  and  t o  m in im iz e  t h e  i n t r a m o le ­

c u l a r  r e p u l s i o n  w i th  t h e  e th y le n e d ia m ln e  l i g a n d s  o r  t h e
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chloride ion* It seems that intramolecular hydrogen bonds
a r e  im p o r ta n t  f e a t u r e s  t h a t  in d e e d  p l a y  a  r o l e  i n  d e te r m in in g

the molecular conformation of the eomplex ion, and may play
a n  Im p o r ta n t  r o l e  in  t h e  f u t u r e  u n d e r s t a n d i n g  o f  m e t a l -

170p ro m o te d  r e c o i l i n g  o f  n u c l e i c  a c id s *

Sakaguchi and Tanno prepared'1'^ and studied^ the ternary
c o o r d i n a t i o n  c o m p lex , a d e n i n e - g l y c y l g l y c i n e - C u ( I I )  w h ic h  c an

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

n u c l e i c  a o i d - p r o t e i n - m e t a l  io n  i n t e r a c t i o n *  G lu e  s i n g l e

crystals of the complex were obtained by dissolving Cu(ll)-
g l y c y l g l y c i n a t e  and a d e n in e  i n  30#  a q u eo u s  e th a n o l  i n  a  1 :1

m o le  r a t i o  w i t h  g e n t l e  h e a t in g  f o r  30 m in u te s  f o l lo w e d  b y
223

s lo w  e v a p o r a t io n  a t  room  te m p e ra tu re *  T o m ita , e t  a l ** 

h a v e  d e te rm in e d  t h e  c r y s t a l  a n d  m o le c u la r  s t r u c t u r e  o f  t h i s  

compound an d  h a v e  show n t h a t  t h e  g e o m e try  i s  s q u a r e  p y r a m id a l  

w i t h  atom s N ( l ) ,  if(4 )  a a d  0 ( 8 )  o f  th e  g l y c y l g l y c i n e  a n io n  

an d  17(9) o f  t h e  a d e n in e  m o le c u le  i n  th e  p l a n e  an d  th e  w a te r  

m o le c u le  a x i a l l y  l o c a t e d  a p p r o x im a te ly  2 * 3 ?  fro m  th e  m e ta l*  

T h is  Jj. + 1 g e o m e try  h a s  b e e n  s e e n  i n  many c o p p e r  s y s te m s ^ ^ '*  

1 3 6 ,1 3 7 # 3 iv l a l th o u g h  t h e  if. + 2  g e o m e try  was c o n s id e r e d  th e  

p r e f e r r e d  c o n fo rm a t io n  u n t i l  r e c e n t l y *

g u a n in e

Num erous s y n t h e t i c  c o n d i t i o n s  f o r  m e t a l - p u r i n e  co m p lex es

h a v e  b e e n  d e v e lo p e d  i n c l u d i n g  th o s e  w i th  g u a n in e ^ ’* ^ ' ^ ^ " ^ ' *
172a n d  g u a n in e  r e s i d u e s ,  b u t  s p e c t r o s c o p i c  m eth o d s h a v e  o n ly
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r e c e n t l y  b e e n  em ployed  I n  an  e f f o r t  t o  c h a r a c t e r i z e  

th e m .12 '?*1 3 0 *1 39 - 176- 186
lik

S u n d a ra lin g a m  an d  C a r ra b in e  p e rfo rm e d  an  X -ra y  d e t e r -
182

m in a t lo n ,  w h ic h  was l a t e r  r e c o n f i rm e d  b y  D e c le r c q ,  e t  a l .»  

on th e  d im e r ic  t r lc h lo r o g u a n in iu r a  c o p p e r ( I I )  com plex , 

(Cu(GuanH2 )G l^ )g *  2H2 0 ,  Y e llo w  brow n c r y s t a l s  o f  t h e  com plex 

w ere  p r e p a r e d  b y  d i s s o l v i n g  1*1 mmoles o f  g u a n in e  i n  an  e x c e s s  

o f  c o n c e n t r a te d  HC1 an d  a d d in g  t h i s  s o l u t i o n  to  a n  aq ueous 

s o l u t i o n  o f  lj.«7 mmoles o f  Cu C1 2 *2H20 .  The r e s u l t i n g  s o l u t i o n  

i s  a llo w e d  t o  b o i l  f o r  2$ m in u te s - w i th  a  c o n c o m ita n t  d e ­

c r e a s e  i n  volum e a t  w h ich  t im e  p r e c i p i t a t i o n  b e g in s .  The 

com plex  i n  th e  h y d r a te d  fo rm  i s  u n d o u b te d ly  th e  one  p r e p a r e d  

b y  V enner and  W eiss when th e y  r e p o r t e d  th e  s y n t h e s i s  o f  

( G uan ine) CuCl2 *HCl. The c h l o r i n e - b r i d g e d  c o m p lex , c o n s i s t ­

in g  o f  tw o u n i t s  r e l a t e d  b y  a  c e n t e r  o f  i n v e r s i o n ,  i s  shown 

i n  P i g .  5 .  The p e n ta - c o o r d i n a t e  c o p p e r  io n  i s  bo n d ed  d i r e c t l y  

to  th e  N (9 ) o f  t h e  g u a n in lu ra  m o ie ty  and  f o u r  c h lo r i d e  io n s

P i g .  5 .  - C r y s t a l  s t r u c t u r e  o f  . t h e  
c o p p e r ( I I )  co m p lex .

-  Cu 
= C l 
r  N
-  Q

d im e r ic  t r l c h lo r o g u a n ln lu m

a p p ro a c h in g  a  t r i g o n a l  b ip y ra m id  a r r a n g e m e n t.  T he g u a n in e  

r i n g  I s  p r o to n a t e d  a t  b o th  N (3) N ( 7 ) .  The a p p a r e n t
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p r e f e r e n t i a l  b in d in g  o f  c o p p e r  t o  N (9 ) doea  n o t  p r e c lu d e

N (3) o r  N{7) b in d in g  i n  c a s e s  w here  N (9 ) i s  b lo c k e d ,  1 2 7 t  180,181}.

but the lack of involvement of the amino group in either
proton or metal binding indicates that this group ia unlikely
to participate in metal binding. Indeed, crystal structures
for copper with adenine (see Table IV at the end of this
section) and cytosine (see Table II at the end of the previous
section on pyrimidines) support this contention.

The X-ray crystal structure of the zinc triohloroguaninium
139complex has been determined, but is composed of discrete,

monomeric units. The complex was prepared according to the
173method of Weitzel and Spher by slow evaporation of a 2:1 

mixture of zino chloride and guanine in acid solution. Here 
the zinc is tetr&hedrally coordinated to three chloride ions 
and an N(9) bound guanine residue protonated at N(3) and 
N (7)* 1 Q£ 1 83Villa, and later Drake, et al«, studied the magnetic
p r o p e r t i e s  of th e  t r l c h lo r o g u a n ln lu m  c o p p e r(II) d im e r , Fig, 5 ,

Variable temperature susceptibility measurements1®^ from 293

to 1,6°K were conducted on a  powdered sample of the complex.
After correcting for a small amount of monomeric impurity a

187-190near perfeot fit to the modified Van Vleck equation
n

for exchange coupled dimers was obtained with 2Js -82,6cm" 
and ga 2.12, The sign of 2J, the energy separation between 
the ground state and first excited triplet state, indicates 
that the singlet configuration for the dimer is the ground
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- 1s t a t e  w i th  an  e x c i t e d  s t a t e  82 ,6cm  h ig h e r  I n  e n e rg y . The 

l a r g e  Cu-Cu s e p a r a t i o n  o f  3.5>S& p r e c lu d e s  s p in  I n t e r a c t i o n s  

th ro u g h  sp a o e  s in c e  d i r e c t  o r b i t a l  o v e r la p  o v e r  t h i s  d i s t a n c e  

I s  e x tre m e ly  s m a l l .  The I n t e r a c t i o n  m u st t h e r e f o r e  o c c u r  

v i a  s u p a re x c h a n g e  th ro u g h  t h e  c h lo r i d e  b r i d g e .  A lth o u g h  th e  

EPR sp e c tru m  a t  77°K I s  p o o r ly  r e s o lv e d  due  t o  d i p o l a r  i n t e r ­

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

e x c i t e d  s t a t e ,  a  " h a l f  f i e l d "  b a n d  from  th e  AMg« - 2  t r a n s i ­

t i o n  o f  a  t r i p l e t  s p e c i e s  was o b s e rv e d  a ro u n d  lf>OQG a t  X-
, . .  1 8 3 ,1 8 $  b an d  f r e q u e n c y .

D eM e es te r, e t  a l . , 3̂  r e p o r t e d  th e  X -ra y  c r y s t a l  

s t r u c t u r e  o f  a  C o ( I I I )  com plex w i th  $ * - g u a n y l lc  a c id  ($*-GM P), 

(Co(GM P)(HgO )^)• 3 H^O. The s t r u c t u r a l  d e te r m in a t io n  I n ­

d i c a t e s  e x c lu s iv e  b in d in g  o f  th e  m e ta l  io n  t o  N ( 7 ) .  The r e ­

m a in in g  $  p o s i t i o n s  o f  th e  o c t a h e d r a l l y  c o o rd in a te d  c o b a l t  

io n  a r e  t a k e n  up by  w a te r  m o le c u le s .  T h e re  i s  no  p h o s p h a te

I n t e r a c t i o n  a t  a l l .  T h is  r e s u l t  c o n t r a s t s  t h o s e  o b ta in e d  b y
191Ogawa and S a k a g u c h l on a  v e r y  s i m i l a r  com plex  w i th  a  

s m a l l e r  num ber o f  c o o rd in a te d  w a te r  m o le c u le s .  They su g ­

g e s t e d  c o o r d in a t io n  v i a  a  n i t r o g e n  atom  i n  t h e  r i n g  and  an  

oxygen  atom  i n  t h e  p h o s p h a te  g roup  on th e  b a s i s  o f  XR 

m e a su re m e n ts . A p p a r e n t ly ,  t h e  l o s s  o f  w a te r  r e s u l t e d  i n  a 

t r a n s f o r m a t i o n  i n  t h e  m o le c u la r  c r y s t a l  w i th  t h e  r e s u l t  t h a t  

r i n g  and  p h o s p h a te  c o o r d in a t io n  t o  th e  m e ta l  c o u ld  b e  o o n - 

s t r u e d  from  XR d a t a .
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H y p o x a n th in e , X a n th in e ,  and  T h e o p h y l l in e

A lth o u g h  th e s e  p u r i n i c  sy s te m s  a r e  n o t  a o t u a l  c o n s t i t u e n t s

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

p u r in e s *  The am ount o f  s y n t h e t i c  w ork on t h e s e  and  r e l a t e d

sy . t e » , 9 1 * ^ 96- 9 8 ' 102' 173' 17^ 192- 196 i s  more o x ts a s iv e

t h a n  th e  w ork  p e rfo rm e d  i n  o r d e r  t o  c h a r a c t e r i z e  t h e i r  m e ta l

^ n p le x e a . 130' 131* ^ 7*18^ 197- 213

S l e t t e n  d e te rm in e d  th e  c r y s t a l  s t r u c t u r e  o f  a  d im e r ic

C u ( I I )  com p lex  w i th  n e u t r a l  h y p o x a n th in e , (C utH ypoH jgC D gC lg*

6HgO*1^  The deep  t u r q u o i s e  d im e r lo  com plex  was p r e p a r e d

from  an HC1 (pH l|.) s o l u t i o n  o f  h y p o x a n th in e  and  c u p r lc
17k

c h lo r i d e  i n  2 :1  m o la r  p r o p o r t io n s *  The c o o r d in a t io n  a b o u t  

th e  c o p p e r  io n s  i s  a p p ro x im a te ly  s q u a r e  p y r a m id a l  w i th  two 

f t (3 ) and  tw o N{9) a tom s from  th e  f o u r  n e u t r a l  h y p o x a n th in e  

m o le c u le s  c o m p r is in g  t h e  p la n e  a ro u n d  e a c h  o o p p e r(IX ) io n  

w i th  a  c h lo r i d e  io n  c o m p le t in g  th e  g e o m e try  i n  th e  a p i c a l  

p o s i t i o n *  I t s  s t r u c t u r e  i s  a n a lo g o u s  t o  th e  C u-A denine com­

p l e x ,  P ig *  3 ,  w i th  a  Cu-Cu d i s t a n c e  o f  3*021^ and I s  O .O l^S  

s h o r t e r  th a n  th e  c o r r e s p o n d in g  d i s t a n c e  i n  th e  a d e n in e  a n a ­

log*  C h e m ic a lly  t h e  " b i t e 11 o f  h y p o x a n th in e  an d  a d e n in e

s h o u ld  b e  a lm o s t  i d e n t i c a l *  A lth o u g h  c r y s t a l  s t r u c t u r e s  o f
136 137

I n n e r  co m p lex es w i th  a d e n in e  * w here  t h e  a p i c a l  l i g a n d

i s  w a te r  r a t h e r  th a n  a  c h lo r id e  io n  h a v e  b e e n  d e te rm in e d ,  a

s i m i l a r  com plex w i th  h y p o x a n th in e  h a s  n o t  b e e n  c h a r a c te r i z e d *
213

Goodgame and  W ag g e tt h av e  exam ined  t h e  c o p p e r-  

h y p o x a n th in e  d im er w h e re  th e  a x i a l  l ig a n d  i s  C l and  B r and



a n a ly z e d  them  i n  t e r n s  o f  an  S -  1 s p i n  c o n f i g u r a t i o n  f o r
i i i  op i

s p i n  c o u p le d  C u ( I I )  io n s *  V i l l a ,  e t  a l * , * h a v e  c a r r i e d

th e  m a g n e tic  m e a su re m e n ts  f u r t h e r  an d  e x t r a c t e d  2jr v a lu e s

from  EPR m e a su re m e n ts  f o r  (CudJSJgX jgX g* w h e re  L H s n e u tra l

a d e n in e  and n e u t r a l  h y p o x a n th in e  and  X s  C l an d  Br* T h e se

v a lu e s  a r e  g iv e n  i n  T a b le  I I I ,  p .  3 1 • H ere  t h e  a p i c a l  l i g a n d

a p p a r e n t l y  h a s  l i t t l e  i n f l u e n c e  on  th e  c o u p l in g  m echan ism

w h ic h  i s  th r o u g h  th e  h y p o x a n th in e  r e s id u e s *  The s m a l l e r

m a g n itu d e  o f  2 J  v a lu e s  n o t e d  h e r e  a s  com pared  t o  th o s e  f o r
221t h e  a n a lo g o u s  a d e n in e  co m p lex es  a r e  m o st l i k e l y  t h e  r e s u l t  

o f  a  f a v o r a b l e  e l e c t r o n i c  sy s te m  i n  t h e  a d e n in e  r e s i d u e s  a s  

com pared  t o  t h e  h y p o x a n th in e  r e s i d u e s .  T h is  a l lo w s  a  m ore  

e f f e c t i v e  c o u p l in g  t o  o c c u r*  T he a x i a l  an d  b r l d l n g  l i g a n d s  

an d  n o t  t h e  Cu-Cu s e p a r a t i o n  a r e  c r i t i c a l  f a c t o r s  s i n c e  o v e r ­

l a p  b e tw e e n  m e ta l  o r b i t a l s  I s  n o t  e x p e c te d  t o  b e  im p o r ta n t
o

a t  a  d i s t a n c e  o f  a p p ro x im a te ly  3A.

C o o r d in a t io n  b y  h y p o x a n th in e  r e s i d u e s  w h e re  N (9) i s  

b lo c k e d  w i t h  m e th y l  o r  s u g a r  g ro u p s  i s  m ore r e l e v a n t  t o  

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

and n u c l e o t i d e s  11(9) i s  b lo c k e d  b y  a  r i b  o s e  f u n c t io n *  A ls o ,  

s i n c e  N (3) h a s  n e v e r  b e e n  u s e d  b y  i t s e l f  a s  a  c o m p le x a t lo n  

s i t e  (S ee  T a b le  IV a t  t h e  en d  o f  t h i s  s e c t i o n ,  p « l|£ )  a n d  11(1) 

i s  p r o t e n a t e d ,  c o m p le x a t lo n  w i th  N (7) b ecom es th e  m o s t l i k e l y  

s i t e  f o r  c o o r d in a t io n *  T he p r o x im i ty  o f  C (6 )o  t o  N (7 ) d o e s  

n o t  p r e c lu d e  c h e l a t i o n  o f  a  metaL w i th  e i t h e r  o f  t h e s e  tw o 

s i t e s  i n  N (9 ) s u b s t i t u t e d  h y p o x a n th in e s *  I n  f a c t ,  c h e l a t i o n
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w i th  b o th  s i t e s  h a s  b e e n  im p l ic a te d ,  on  t h e  b a s i s  o f  p h o to -
129e l e c t r o n  s p e c t r o s c o p y  m e a s u re m e n ts ,  t o  e x p la in  t h e  s t r o n g  

a n t i - t u m o r  a c t i v i t y  o f  c i s - ( P t ( N H j ) 2 C l2 ) •

C r y s t a l  s t r u c t u r e s  o f  an  N (7) b o u n d  C u ( I I )  co m p lex  w i th  

9 -m e th y lh y p o x a n th in e ’L̂  a s  w e l l  a s  1 :1  m e ta l  co m p lex es  o f  £ * -  

IMP ( h y p o x a n th o s in e  m o n o p h o sp h a te  o r  i n o s i n e  m o n o p h o sp h a te )  

w i th  C o ( I I ) , 1811'*210 N i d i ) , 2 1 0 *2111- Z n ( l l ) , 211 and  M n ( l l ) 21^  

h a v e  b e e n  r e p o r t e d *  The 1 :1  m e ta l  n u c l e o t i d e  co m p lex es  a r e  

g e n e r a l l y  p r e p a r e d  b y  m ix in g  e q u lm o la r  am oun ts o f  t h e  d i s o -  

d lum  s a l t  o f  th e  l i g a n d  w i t h  th e  m e ta l  n i t r a t e  i n  w a te r  and

a d j u s t i n g  t h e  pH t o  b e tw e e n  3 a n d  6*
210  2 i k

A o k i, and  C la rk  an d  O r b e l l  r e p o r t e d  t h a t  t h e  co­

o r d i n a t i o n  g e o m e tr ie s  a b o u t  t h e  n i c k e l  and  c o b a l t  i o n s  a r e  

s i m i l a r  t o  t h e  (Co(GMP) (H gO )^) • 3Eg0 c o m p l e x , o c t a -  

h e d r a l l y  c o o r d in a te d  b y  t h e  f i v e  o x y g en  a tom s o f  t h e  f i v e  

w a te r  m o le c u le s  an d  t h e  N (7 ) a tom  o f  t h e  h y p o x a n th in e  r i n g  

o f  IM P. A n o t a b l e  f e a t u r e  o f  t h e  m e ta l  c o o r d i n a t i o n  i n  t h e s e  

co m p lex es  i s  t h a t  t h e  m e ta l  i s  n o t  d i r e c t l y  a t t a c h e d  t o  t h e

p h o s p h a te  oxygen  a to m s ^ 8^**2^®*2^ '* 2 ^  a s  i s  fo u n d  i n  t h e
216c r y s t a l  s t r u c t u r e  o f  c a lc iu m  th y m id y la t e  and  d is o d iu m

ATP*2*^ R eports o f  sim ultaneous m etal-phosphate and m eta l-
201n i t r o g e n  b o n d in g  h a v e  b e e n  r e p o r t e d  w i th  C o ( I I )  and  N i ( I I )

w i th  IMP, h o w e v e r , t h e  o v e r a l l  s t o i c h i o m e t r i e s  c o n ta in e d

f e w e r  w a te r  m o le c u le s  t h a n  t h o s e  r e p o r t e d  b y  o t h e r  e x p e r i -  
I 8 k ,2 1 0 ,2 1 km e n te r s .



The c r y s t a l  s t r u c t u r e  o f  th e  t e t r a h e d r & l l y  d i s t o r t e d
211p o ly m e r , (Z n (IM P ))n ,  i n d i c a t e s  a d i f f e r e n t  ty p e  o f  b o n d in g  

w here t h e  Z n ( I l )  io n  i s  c o o r d in a te d  b y  one N (7) atom  from  

one IMF m o le c u le  an d  t h r e e  oxygen  atom s fro m  t h r e e  d i f f e r e n t  

IMF m o le c u le s*  A s t r u c t u r e  o f  th e  ty p e  (M (n u c le o t ld e )

(H gO j^) i s  v e ry  l i k e l y  to  e x i s t  i n  s o l u t i o n s  a s  w e l l  a s  I n  

th e  s o l i d  s t a t e ,  b u t  th e  p o ly m e r ic  s t r u c t u r e  o f  t h e  z in c  com­

p le x  c a n n o t ,  o f  c o u r s e ,  b e  r e t a i n e d  to  a  l a r g e  e x t e n t  i n  d i ­

l u t e  s o l u t i o n s .  H ow ever, w i th  v e r y  l a r g e  m o le c u le s  s u c h  a s  

n u c l e i c  a c i d s ,  l o c a l  c o n d i t io n s  may a p p ro x im a te  th o s e  i n  th e  

s o l i d  s t a t e  i n  t h a t  from  th e  v ie w p o in t  o f  an I n d i v id u a l  

m e ta l  io n  a  s e t  o f  p o t e n t i a l  l i g a n d  atom s i s  s p a t i a l l y  r e l a ­

t i v e l y  f i x e d ,  th o u g h  n o t  c o m p le te ly  r i g i d .  T h e r e f o r e ,  th e  

b a s e  b in d in g  and  th e  a p p a r e n t  c a p a b i l i t y  o f  z ln o  f o r  m u l t i ­

p l e  p h o s p h a te  b o n d in g  to  th e  e x c lu s io n  o f  c o o r d in a te d  w a te r  

may b e  s i g n i f i c a n t  p o i n t e r s  t o  b e h a v io r  i n  m ore com plex  

s y s te m s .

L a s t l y ,  c r y s t a l l o g r a p h i c  w orks i n v o lv in g  t h e o p h y l l i n e  

hav e  j u s t  r e c e n t l y  b een  r e p o r t e d ^ 0 ^*^0'**^0 ^ by  X ls ten m & ch er, 

e t  a l » , t o  e l u c i d a t e  how i n t e r l i g a n d  h y d ro g e n  b o n d s  may in  

some c a s e s  im p a r t  s e l e c t i v i t y  t o  th e  r e a c t i o n  o f  m e ta l  com- 

p l e x e s  o f  e th y le n e d ia m ln e ,  o r  S c h i f f  b a s e s  ^ w i th

p u r i n e  o r  p y r im id in e  b a s e s ,  t h e i r  n u c le o s i d e s  and n u c le o ­

t i d e s ,  P a r t i c u l a r l y ,  i n  t r a n s - ( t h e o p h y l l i n a t o c h l o r o b i s
207( e th y le n e d ia m ln e ) C o ( I I I ) )  e h lo r i d e  d i h y d r a t e  t h e  g eo m e try  

a b o u t th e  m e ta l  c e n t e r  i n  t h e  c a t i o n  I s  a  d i s t o r t e d
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o c ta h e d ro n  w i th  t h e  f o u r  n i t r o g e n  atom s from  th e  two e t h y l -

e n e d ia m in e  l ig a n d s  c o n s t i t u t i n g  th e  b a s a l  p la n e  and  th e  c h lo r i d e

io n  an d  N (7) fro m  th e  t h e o p h y l l i n e  m onoan ion  c o m p le tin g  th e

c o o r d in a t io n  s p h e re  i n  t h e  a x i a l  p o s i t i o n s .  The C o -C l, Co-N

( e th y le n e d ia m ln e ) ,  and Co*^l(7) d i s t a n c e s  a g r e e  w e l l  w i th  t h e i r

a n a lo g u e s  i n  t h e  c i s - ( a d e n l n a to c h l o r o b i s ( e t h y l e n e d i a m l n e ) -
1*>2C o ( I I I ) ) b r o m id e  com plex r e p o r t e d  b y  K is te n m a ch e r*

The f o m a t i o n  o f  i n t e r l l g a n d  h y d ro g e n  bo n d s among th e  

t e r n a r y  m e ta l - p u r in e  o r  m e ta l - p y r im id ln e  com plexes w i th  

e th y le n e d ia m in e 20^ " 20^ o r  S c h i f f  b a s e e 2 0 ^  seem s t o  p l a y  an  

im p o r ta n t  r o l e  i n  th e  s t a b i l i z a t i o n  o f  t h e s e  c o m p le x e s . A ls o , 

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

a c t i o n s  may I n f lu e n c e  t h e  s i t e  a t  w h ich  m e ta l  c o o r d in a t io n  

t a k e s  p l a c e .  The v a r i e t y  o f  e x o c y c l i c  f u n c t io n s  d i s p la y e d  

by  t h e  f o u r  common p u r in e  b a s e s  m ay, t h e r e f o r e ,  b e  em ployed 

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

c h o ic e  o f  o t h e r  l ig a n d s  i n  th e  c o o r d in a t io n  s p h e r e .

A c o m p i la t io n  o f  t h e  l ig a n d  b o n d in g  s i t e s  fo u n d  i n  s o l i d  

t r a n s i t i o n  m e ta l  c o o r d in a t io n  compounds c o n ta in in g  p u r in e  

r e s i d u e s  i s  g iv e n  in  T a b le  IV .
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T a b le  IV

L ig a n d  B o n d in g  S i t e s  Pound i n  S o l id  T r a n s i t i o n  M e ta l  

C o o r d in a t io n  Compounds o f  F u r I n e  R e s id u e s

L ig a n d

A) 1* A denine

2* 9 -m e th y la d e -  
n in e

3 .  A d e n o sin e

B ond ing  S i t e ( s )

. . . 5 1 ,2 2 3

B ( 9 )

nt9)}y 
N(T) 3

K ( l ) . a a d  ML7)11*8

N(7)i£i
N (7)

2*-3* rib 030 oxygens' 
1261|* N (10) a c e t y l -  N ( l )  o r  N (7) 

a d e n o s in e

5 .  AMP N (7) 156
132

6 .  ADP

7 . ATP

8 . 7 -d e a z a  ATP 

B) 1 ,  G uan ine

P h o sp h a te

R ing/Phosphate***3^

o( , p  P h o sp h a te s^ ®

Phosphate"**33

R in g 133 6 q
c< * P 9 V P h o s p h a te s

o ( 7 ) 62

M 9 ) 1”

M e ta ls pH

C u ( I I )
C u ( I I ) - - -
C o ( I I ) — -
P t ( I I ) - - -
C o ( I I I ) B a s ic
C o ( I I ) •  C o ( I I I ) B a s ic
C u ( I I ) A c id ic
C u ( I I ) A e id ic
Z n ( I I ) A c id ic

C o ( I I ) m m  m

P t ( I I )
C u ( I I ) B a s ic
Gu( I I ) A c id ic

P t ( I I ) A o id io
O s(IV ) —

P t ( I I ) A c id ic

N l ( I I ) A c id ic
A g ( I ) ,  P e ( I I I ) # A c id ic
A l ( I I I ) »
uo2 (n ) »
Z r o ( I I )
P b ( I I ) t  C d ( I I )  A c id ic

C r ( I I I )

F e ( I I I ) t
U02 ( I I )
HgTlI)
C r ( I I I )

H g ( I I )

C u ( I I )
Z n ( I I )

A c id ic

A o ld lc

A c id ic
A e id ic

A c id ic

A c id ic
A o id ie



T a b le  IV (con t*d)

L ig a n d B e n d in g  S i t e ( s ) M e ta ls pH

9 - m e th y l-
g u a n in e

H W - O W 1 ®0 
N (7 )-N (1 0 )  27

C u ( I I )
P t ( I I )

------

G u a n o s in e N(7 )1 8 6 P t ( I I ) ------

GMP N ( 7 ) / 814' 191 R in g /P h o s p h a te  “
C o ( I I I )  
C u ( n ) ,  
Z a ( I I ) ,  
N i ( I I ) ,  
M H (II)

P b ( I I ) ,
C d ( I I ) ,
C o ( I I ) ,

A c id ic
A e id ic

$
GDP c<» fj P h o sp h a te s^ ® C r ( I I I ) A c id ic

GTP*
60o< 9  p  * Y P h o s p h a te s C r ( I I I ) A c id ic

X a n th in e H( 9 ) 2 0 2

*  * § 8  C (8 )2 ®9

C o ( I I I )
R u ( I I I ) ,
R u ( I I I ) ,

R u ( I I )
R u ( I l )

A c id ic
A c id ic
A c id ic

X a n th o s in e o*

XMP* ------

XDP*

XTP*
60

P h o s p h a te s C r ( I I I ) A c id ic

H y p o x a n th in e N ( 3 ) -N ( 9 ) 197 C u ( I I ) A c id ic

9 -m e th y lh y p o -
x a n th in e
I n o a in e

N( 7 ) l i i7 C u ( I I )

IMP N (7 )  /P h o s p h a te 211
N (7 )5 I& .2 1 k
N (7 )
N ( 7 ) ,  P h o s p h a te .  
R ib o s e  e x y g e n s<:wv

Z n ( I I )  
C o ( I I I )  
C o ( I I I ) ,  
C d ( I l )

N i ( I I )

A o id io
A c id ic
A c id ic
A o id io

IDP
ITP* &<,, ft ,  Y P hosphates^*0 C r ( I I I ) A c id ic

T h e o p h y l l in e H (7 )2 0 ^ -2 0 7  
5 ^ j 2 0 3 , l 8 0

C o ( I I I )
C u ( I I ) B a s ic



Table IV (o o n t 'd )

*  A b b r e v ia t io n s :  GDP (5 '* g u a n o s ln e  d ip h o s p h a te )
GTP ( f> '-g u a n o s In e  t r i p h o s p h a t e )
XMP ( 5 '• x a n th o s i n e  m onophospha te )
XDP ( 5 '- x a n t h o s i n e  d ip h o s p h a te )
XTP ( 5 '- x a n t h o s i n e  t r ip h o s p h a t e )
IDP ( ^ ' - i n o s i n e  d ip h o s p h a te )
ITP ( £ * - in o s in e  t r i p h o s p h a t e )

i n d i c a t e s  no  t r a n s i t i o n  io n  c o o r d in a t io n  compounds 
i s o l a t e d  t o  d a te *

I n d i c a t e s  t h a t  th e  in f o im a t io n  r e g a r d in g  pH c o n d i t io n s  
em ployed  was n o t  d e te rm in e d  o r  u n d e te rm in a b le *
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Electron Paramagnetic Resonance

S ystem s c o n ta in in g  u n p a i r e d  e l e c t r o n s  can  u s u a l l y  be  

s t u d i e d  b y  e l e c t r o n  p a r a m a g n e t ic  r e s o n a n c e  (E P R ). T h is  

t e c h n iq u e  i s  one  i n  w h ic h  " f l i p p i n g 1* b e tw ee n  Zeem an m a g n e tic  

s t a t e s  i s  s e e n  a s  an  a b s o r p t i o n  o f  e n e r g y .  The e n e r g i e s  

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

f r e q u e n c y  r a n g e  and tw o f r e q u e n c i e s  a r e  commonly em ployed 

i n  EPR m e a su re m e n ts :  9 . 5  GHz (X -b an d ) and 3f> GHz (Q -b a n d ) ,

X -band  f r e q u e n c i e s  w e re  u s e d  i n  t h i s  w o rk .

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

c o p p e r ( I )  o r  c o p p e r ( I I )  v s ,  c o p p e r ( I )  (no  s i g n a l ) ,  th e  

p r e s e n c e  o f  m onom eric  c o p p e r ( I I )  s y s te m s  v s ,  c o u p le d  

e o p p e r ( I I )  sy s te m s  ( e , g , ,  d im e r s ,  t r i m e r s ,  e t c , ) ,  an d  th e  

g e o m e try  a b o u t t h e  c o o r d i n a te d  c o p p e r ( I I )  i o n .  S p e c i f i c  

e o p p e r ( I I )  s p i n  sy s te m s  a r e  d i s c u s s e d  b e lo w .

T he C u ( I I )  S ystem s a  3 d^  io n  

C ase  I : M a g n e t i c a l ly  D i l u t e  S y s tem . Monomer w i t h  S z  l / 2 .

The m a g n e tic  m oment p e o f  a  s i n g l e  u n p a ir e d  e l e c t r o n  

i n  a  C u ( I I )  io n  i s  g iv e n  b y

**e  a  -g6S  (1 )

H ere  g i s  a  d im e n s lo n le s s  c o n s ta n t  c a l l e d  th e  e l e c t r o n  g 

f a c t o r  ( o r  Landd g f a c t o r ) ,  B i s  t h e  e l e c t r o n i c  B ohr 

m a g n e to n , e q u a l  t o  e li/2 m c , w h ere  - e  and  m a r e  t h e  c h a rg e
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a n d  th e  m ass o f  th e  e l e c t r o n *  c i s  t h e  s p e e d  o f  l i g h t *  an d  

S i s  t h e  s p i n  a n g u la r  momentum qu an tu m  num ber o f  t h e  

e l e c t r o n .

The i n t e r a c t i o n  b e tw e e n  t h e  e l e c t r o n * s  m a g n e tic  moment 

a n d  an  a p p l i e d  f i e l d  H i s  r e p r e s e n t e d  b y  t h e  H a m il to n ia n  (2 )  

w h ic h  becom es (3 )  u s i n g  e q . ( 1 ) .

A
H - v H (2)

gdH .S (3 )

B e c a u se  S s. l / 2  f o r  th e  u n p a ir e d  e l e c t r o n  an d  b e c a u s e  o f  

t h e  q u a n t i z a t i o n  o f  t h e  s p in  a n g u la r  momentum when a  m agne­

t i c  f i e l d  i s  a p p l i e d  a lo n g  th e  z - d i r e c t i o n *  t h e r e  w i l l  b e  

tw o  p o s s i b l e  mg s p i n  s t a t e s ,  -  l / z i x ,  P i g .  6 .  T he s p l i t t i n g  

i n  e n e rg y  b e tw e e n  t h e s e  tw o l e v e l s  i n c r e a s e s  a s  H i n c r e a s e s  

an d  t h e i r  s l o p e s  d e te rm in e  g* F i g .  7<>

Z
1/2

0

- s h t i ( s ( s + D )
1/2

F i g .  6 . A llo w e d  v a lu e s  f o r  t h e  z  com ponen t o f  t h e  s p i n  an g u ­
l a r  momentum* m _, f o r  S z  l / 2 *s

A p p l i c a t i o n  o f  a n  o s c i l l a t i n g  m a g n e t ic  f i e l d  p e r p e n d i ­

c u l a r  t o  t h e  a p p l i e d  f i e l d  H (o b ta in e d *  i n  t h i s  c a se *  w i th



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

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

n a n c e  c o n d i t i o n

hv = gBH (U)

i s  s a t i s f i e d *  I n  e q u a t i o n ^ ) ,  h  i s  P l a n c k 's  c o n s t a n t  and

+ 1/2

- 1/2

F i g ,  7* E n e rg y  l e v e l s  f o r  S z  l / 2 .  Zeeman e f f e c t  i n  an  
a p p l i e d  f i e l d  H a lo n g  th e  z - a x i s  w i t h  an a l lo w e d  
t r a n s i t i o n  h y z  gBH*

x y  and  z s u b s c r i p t s  a r e  a p p r o p r i a t e  when th e  m o le c u la r  

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

e x t e r n a l  f i e l d  H and  t h e r e  i s  e n v ir o n m e n ta l  a n i s o t r o p y  

b e tw e e n  t h e  z - a x i s  and  th e  x y  p la n e  ( a s  i s  u s u a l  w i th  

C u ( I I ) ) .  I n  a  ra n d o m ly  o r i e n t e d  sa m p le  ( i . e * ,  a  p o l y ­

c r y s t a l l i n e  sa m p le  a s  u s e d  h e r e )  tw o t r a n s i t i o n s  w o u ld  b e  

o b s e rv e d  s i n c e  t h e r e  w i l l  b e  c r y s t a l l i t e s  w i th  t h e i r  

z - a x e s  a lo n g  t h e  e x t e r n a l  f i e l d  and  som e w i th  t h e i r  x , y  

a x e s  a lo n g  th e  e x t e r n a l  f i e l d *  I n  te rm s  o f  s p in  s t a t e s ,  

t h e  r e s o n a n c e  c o n d i t i o n  i s  a l lo w e d  f o r  m a g n e tic  d i p o l e
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t r a n s i t i o n s  when Am3s 1 ,  T h e r e f o r e ,  f o r  u n c o u p le d  c o p p e r ( I I )  

compounds w i th  a x i a l l y  d i s t o r t e d  o c ta h e d r a l  sym m etry  { e n v iro n ­

m en t a lo n g  xy  p l a n e  jl e n v iro n m e n t a lo n g  z - a x i ^  t r a n s i t i o n s  

a t  a b o u t 2900 and  32000  a r e  t y p i c a l l y  o b s e r v e d .  In  t h i s  

c a s e ,  gz w i l l  b e  g r e a t e r  th a n  gx y  an d  i n  t h e  r a n g e  o f  2 .3  

and 2 .1 ,  r e s p e c t i v e l y .  H y p e r f in e  c o u p l in g  c o n s t a n t s  (w h ic h  

r e s u l t  from  i n t e r a c t i o n  o f  th e  u n p a i r e d  e l e c t r o n  s p in  w i th  

th e  n u c l e a r  s p i n  o f  th e  c o p p e r ( l l )  io n )  r e s u l t  i n  p a r a l l e l  

and  p e r p e n d i c u l a r  s p l i t t i n g s  f o r  Az and AXy  o f  a p p r o x i ­

m a te ly  130 and 20G, r e s p e c t i v e l y .

C ase H i M a g n e t ic a l ly  C ondensed S y s te m s . D im er w i th  S 2 1 .

When two c o p p e r ( I I )  n u c l e i  a r e  c o n ta in e d  i n  th e  sam e 

m o le c u le  tw o t o t a l  s p i n  s t a t e s ,  S 2 1 and 0 ,  a r e  g e n e r a t e d ;  

t h e s e  a r e  th e  t r i p l e t  s t a t e  w i th  ms  2 £ l , 0  and th e  s i n g l e t  

s t a t e  w i th  mg 2 0 ,  r e s p e c t i v e l y .  The S s  0 l e v e l  I s  n o n ­

m a g n e tic  and  d o e s  n o t  c o n t r i b u t e  t o  th e  EPR s p e c tru m .

Even a t  z e ro  e x t e r n a l  m a g n e tic  f i e l d s ,  t h e  n o n -c u b ic  

sym m etry  o f  C u ( I I )  w i l l  i n t r o d u c e  a n i s o t r o p i e s  i n  t h e  mg 

l e v e l s  a s  shown i n  P i g ,  8 .  A x ia l  d i s t o r t i o n s  a r e  r e f l e c t e d  

i n  th e  ZFS ( z e r o  f i e l d  s p l i t t i n g )  p a ra m e te r  D, th e  e n e rg y  

s e p a r a t i o n  b e tw e e n  rag s  0 and t  1 l e v e l s ,  w h i le  any rhom ­

b i c  d i s t o r t i o n s  w i l l  r e f l e c t  th e m s e lv e s  i n  E , th e  s p l i t ­

t i n g  b e tw ee n  th e  i  1 l e v e l s .  P i g .  8 shows t h e  e x p e c te d  

t r a n s i t i o n s  f o r  th e  S z  1 s t a t e  u n d e r  a x i a l  sym m etry  

(E s  0 ) .  H ere  t h e  s o l i d  l i n e s  r e p r e s e n t  a l lo w e d
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H +

P ig*  8 .  E h e rg y  l e v e l s  and  a l lo w e d  ( f  ) and f o r b id d e n  ( )
t r a n s i t i o n s  f o r  an  a x i a l  S z  1 s y s te m  w i t h  t h e  e x ­
t e r n a l  m a g n e tic  f i e l d  a lo n g  th e  z - a x i s *

t r a n s i t i o n s ,  i l ;  t h e  d a s h e d  l i n e  r e p r e s e n t s  th e

aM3 = ^ 2  s p in  f o r b i d d e n  t r a n s i t i o n *  T h is  t r a n s i t i o n  becom es 

p a r t i a l l y  a l lo w e d  a t  low  f i e l d s  (b e lo w  2000G) b e c a u s e  o f  

m ix in g  o f  t h e  ms  s p in  s t a t e s *  S in c e  t h i s  am3 2 - 2  t r a n s i ­

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

(3000G ) o f  aA M a = t l  t r a n s i t i o n  i t  i s  so m e tim es  c a l l e d  t h e  

h a l f - f i e l d  b a n d  o r  ( t h e  minimum r e s o n a n c e  p o s i t i o n  i n

t h e  EPR s p e c tru m )*  I t  i s  u n d e r s to o d  t h a t  a  s i m i l a r  d i a ­

gram  w i l l  h o ld  f o r  t h e  x , y  o r i e n t e d  m o le c u le s ,  y i e l d i n g  

o v e r a l l  f o u r  f u l l - f i e l d  t r a n s i t i o n s ,  c a l l e d  t h e  low  and 

h ig h  f i e l d  p a r a l l e l  and  low  an d  h ig h  f i e l d  p e r p e n d i c u l a r  

b a n d s*  S in c e  i s  m uch l e s s  a n i s o t r o p i c  o n ly  one b a n d

i s  o b s e rv e d  a t  h a l f  f i e l d s ,  m a k in g  a  t o t a l  o f  f i v e  b a n d s  

t h a t  w i l l  n o r m a l ly  b e  o b se rv e d *
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E x c lu d in g  h y p e r f in e  and  q u a d ru p o le  I n t e r a c t i o n s  f o r

s i m p l i c i t y ,  a n  a x i a l  S r i  sp e c tru m  c an  b e  i n t e r p r e t e d  i n

te rm s  o f  th e  a x i a l  e f f e c t i v e  s p in  H a m il to n ia n  g iv e n  by  
22Ji(5 )»  w h e re  a l l  t h e  te r ra s  h a v e  t h e i r  u s u a l  m e a n in g s .

H » g z BHz . S z + g ^ e H ^ y S x y  + D (SZ2 -1 /3 S ( S + 1 ) )  (5)

T he r e s o n a n c e  p o s i t i o n s  o f  th e A M 3 -  l l  t r a n s i t i o n s  h a v e  b e e n
22^

c a l c u l a t e d  b y  W asserm an , e t  a l .  f o r  ran d o m ly  o r i e n t e d  

s a m p le s  from  t h e  H a m il to n ia n  i n  (5) and a r e  g iv e n  i n  e q s » ( 6 ) ,  

w h e re  s u b s c r i p t s  1 an d  2 r e f e r  t o  lo w  and  h ig h  f i e l d ,  

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

( H ^ ) ^  = ( l / g x y B)2 { h v (h v-D ))  (6 )

(HXj ) 2 Z = d / g x y 6 )2 (h v (h v + D ))

( H j . ) ^  S ( l / g z B) Ihv-D |

(Hz ) 2 2 = ( l / g z (3) lhv+D|

The v a lu e  o f  t h e  ZPS c o n s t a n t ,  | d J ,  c an  b e  c a l c u l a t e d  from
PPAt h e  h a l f - f i e l d  b an d  u s i n g  e q . (7 )  an d  th e  g v a lu e  o b ta in e d  

fro m  th e  f u l l - f i e l d  s p e c tru m  (a s su m in g  c o in c id e n c e  o f  t h e  D 

a n d  g t e n s o r s )  •

De x p t l  = U 7 S ( M 2 -< 2 B8HMIN) 2 ) 1 / 2  ( ? )

g a V  -  i / 3  ( g z  +  ^ g ^ y )



T y p ic a l ly ,  f o r  c o u p le d  c o p p e r ( I I )  sy s te m s (d im e rs )  w i th  D 

v a lu e s  o f  a p p ro x im a te ly  O .lfJcnT 1 , (H ^ y )^  ( Hz ) l>

and a r e  g e n e r a l l y  o b s e rv e d  a t  a b o u t 2 0 0 0 , I4.300 ,  15>00,

and 5300G, r e s p e c t i v e l y #  U nder c o n d i t io n s  o f  te m p e ra tu re  

n o rm a l ly  em p lo y ed , h y p e r f in e  i n t e r a c t i o n s  a r e  n o t  u s u a l l y  

o b s e rv e d  f o r  t h e s e  c o p p e r ( I I )  d im ers#

C ase  I I I ; S ystem s w i th  S> 1 .

H ere e a c h  c a s e  i s  s p e c i a l  and  w i l l  d ep en d  d r a m a t i c a l l y  

on many v a r i a b l e s  su c h  a s  t h e  v a lu e  o f  S and  D, and th e  

r a d i o  f r e q u e n c y  u s e d . F ig u r e  9 shows th e  s p l i t t i n g  d ia g ra m  

c o r re s p o n d in g  t o  S s  3 /2  (a  t r im e r ) #  As c a n  b e  o b s e rv e d ,

± 3 /2  —

2D

a a s  ± 1 /2  — ,

F ig #  9# E n e rg y  l e v e l s  f o r  an  a x i a l  S s  3 /2  sy s te m  w i th  t h e  
e x t e r n a l  m a g n e tic  f i e l d  a lo n g  t h e  z - a x i s *

w i th  s m a ll  v a lu e s  o f  D t h e r e  a r e  t h r e e  a llo w e d  t r a n s i t i o n s  

(+ 3 /2 « » + l /2 ,  + l / 2 o - l / 2 ,  - 1 / 2 © - 3 / 2 ) ,  b u t  a s  th e  v a lu e  o f  

D g e t s  l a r g e r ,  i t  i s  p o s s i b l e  t o  end  up w i th  an  e f f e c t i v e  

g ro u n d  s t a t e  w i th  S z  1 /2  and I t s  c o r r e s p o n d in g  s i n g l e  

t r a n s i t i o n #  I n  some o a s e s  e x te n s iv e  d i p o l a r  c o u p lin g  w i l l



broaden th e se  s ig n a ls  to  such an ex ten t th a t th e se  t r a n s i­

t io n s  may not be observed* The com p lex ity  and v a r ie ty

o f  p o s s i b i l i t i e s  i s  sta g g er in g  and standard t e x t s  sueh as
227 228C arrington and McLachlan, Abragam and B lean y , and

229Aysoough should be re ferred  to  f o r  fu r th er  d e ta ils *



P a ra m a g n e t ic  S u s c e p t i b i l i t i e s

V a r ia b le  t e m p e r a tu r e  m a g n e t ic  s u s c e p t i b i l i t y  m e a s u re ­

m e n ts  a l lo w  th e  d i s t i n c t i o n  b e tw e e n  m a g n e t i c a l l y  d i l u t e  co p ­

p e r  ( I I )  sy s te m s  v s*  m a g n e t i c a l ly  c o u p le d  c o p p e r ( I I )  s y s te m s  

( d im e r s ,  t r l m e r s ,  e t c * ) ,  a s  w e l l  a s  a  m eans t o  m e a su re  th e  

t y p e ,  m a g n itu d e , a n d  e x t e n t  o f  t h e  I n t e r a c t i o n s .

The c l a s s i c a l  th e o r y  o f  p a ra m a g n e tism  was d e v e lo p e d  b y  

L a n g e v in 2^0 “^ a t  t h e  t u r n  o f  t h e  c e n tu r y  on t h e  a s s u m p tio n  

t h a t  e ao h  atom i s  a  l i t t l e  p e rm a n e n t m a g n e t, and  t h a t  t h e s e  

a to m ic  m ag n e ts  t e n d  t o  l i n e  up  p a r a l l e l  t o  an  a p p l i e d  f i e l d ,  

b u t  t h a t  th e  a l ig n m e n t  I s  r e s i s t e d  b y  th e r m a l  a g i t a t i o n  o f  

t h e  atom s*

The e x p r e s s io n  d e d u ce d  b y  L a n g e v in  f o r  th e  m o la r  p a r a ­

m ag n e tism  i s  eq* ( 8 a )  w h ere  N i s  A v o g a d ro 's  n u m b er, n i s  t h e  

m a g n e t ic  moment e x p r e s s e d  i n  B o h r m a g n e to n s , p i s  t h e  B ohr mag 

n e t o n ,  k  i s  B o l tz m a n n  c o n s t a n t ,  an d  T I s  th e  a b s o l u t e  te m p e ra  

t u r e .  A c tu a l ly ,  eq* (8b ) had  p r e v i o u s l y  b e e n  e s t a b l i s h e d  on

m e n t ,  g e n e r a te d  eq* (9 )  whifch c a n  th e n  b e  a p p l i e d  t o  v a r i o u s  

m o d e ls  w i th  d i f f e r e n t  d e g re e s  o f  a p p ro x im a t io n .  T h is  eq u a ­

t i o n  sums o v e r  a  B o ltz m a n  d i s t r i b u t i o n  o f  p a r t i c l e s  i n  th e  

e n e r g y  l e v e l s  p o p u l a t e d .  I n  e q .  (9 ) th e  s u b s c r i p t s  n ,  m

*  = N M2 ^2/3 k T (8 a )

(8 b )

e m p i r i c a l  g ro u n d s  b y  C u rie 2 -̂ 2  and  i s  known a s  C u r i e 's  Law. 

Van V l e c k , * ^  u s i n g  a  s im p le  quan tum  m e c h a n ic a l  t r e a t -
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r e f e r  t o  t h e  p r i n c i p a l *  r o t a t i o n a l *  and  m a g n e tic  quantum  

num bers*  r e s p e c t i v e l y ;  t h e  s u p e r s c r i p t s  0* 1 ,  2 r e f e r  t o

x : H  M ( ŵ 2A t > - T > (9)  
n jm  ”

z e ro th *  f i r s t *  and  s e c o n d  o rd e r*  c o r r e c t i o n s  t o  t h e  e n e rg y  

W r e s p e c t i v e l y ;  a l l  o t h e r  te rm s  h a v e  t h e i r  u s u a l  m eanings*.

E q , (8 )  i s  o b ta in e d  fro m  eq<>.(9) i f  s e c o n d  o rd e r*  o r b i t a l  an g ­

u l a r  momentum an d  s p i n - o r b i t  c o u p l in g  e f f e c t s  a r e  n e g le c te d *  

C o n s id e r a t io n  o f  s e c o n d  o r d e r  e f f e c t s  a d d s  an  a d d i t i o n a l  

te rm  w h ic h  i s  u s u a l l y  in d e p e n d e n t  o f  te m p e r a tu r e  c a l l e d  

te m p e r a tu r e  in d e p e n d e n t  p a ra m a g n e tism  (T IP )  and c o n s id e r a ­

t i o n  o f  t h e  o t h e r  tw o e f f e c t s  a r e  u s u a l l y  lum ped i n  d e v ia ­

t i o n s  fro m  2*0023 o f  t h e  Land£ g f a c t o r *  F o r  C u(X I) t h i s  

f a c t o r  i s  a lw ay s g r e a t e r  th a n  th e  f r e e  e l e c t r o n  v a lu e  b e ­

c a u s e  t h e  s p i n - o r b l t  c o u p l in g  c o n s t a n t  i s  n e g a t iv e  and  th e  

m a g n itu d e  w i l l  d e p en d  on t h e  l i g a n d  f i e l d  g e o m e try  s u r ro u n d ­

in g  i t *  So f a r  t h e  t r e a tm e n t  h a s  b e e n  f o r  s o - c a l l e d  m a g n e ti ­

c a l l y  d i l u t e  C u ( l l )  com plexes*  t h a t  i s *  w here  i n t e r a c t i o n s  

among m a g n e tic  c e n t e r s  i s  n o n - e x i s t e n to

One u s u a l  w ay t o  a c c o u n t  f o r  m a g n e tic  i n t e r a c t i o n s  

(when th e  te m p e r a tu r e  i n t e r c e p t  o f  a  l / x  vs* T p l o t  i s  n on ­

z e ro )  i s  t o  in c lu d e  a  c o r r e c t i o n  f o r  T i n  e q « (8 )*  The ex ­

p r e s s i o n  t h a t  r e s u l t s  i s  c a l l e d  t h e  C u r le -W e is s  Law and  i s  

g iv e n  i n  eq* ( 1 0 ) :

X = C /  (T -0 ) 
m ( 1 0 )



H ere t h e  W eiss c o n s t a n t ,  0, I s  a  m e a su re  o f  t h e  d e g re e  o f  

d e p a r t u r e  fro m  a  p e r f e c t l y  I s o l a t e d  p a ra m a g n e t ic  sy s te m  i n  

tw o w ays*

F i r s t ,  0  r e f l e c t s  t h e  e f f e c t s  o f  s t r o n g  c o u p l in g  b e ­

tw een  m a g n e tic  io n s  n e a r  e a c h  o t h e r  -  t h e  s o - c a l l e d  H e ise n ­

b e r g  e x ch a n g e  i n t e r a c t i o n s *  T h is  e f f e c t  can  b e  t r a n s m i t t e d  

th r o u g h  s p a c e ( d i p o l a r  e x c h a n g e )  o r  th r o u g h  l i g a n d s  t h a t  

I n t e r v e n e  b e tw e e n  th e  m a g n e t ic  io n s ( s u p e r e x c h a n g e ) .  The e f ­

f e c t  o f  t h e  H e is e n b e rg  e x c h a n g e  c o u ld  b e  one  o f  a n t i - p a r a ­

l l e l  c o u p l i n g ( 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 )  o r  p a r a l l e l  co u p ­

l i n g  ( f e r r o m a g n e t ic  e x c h a n g e ) .  .A n t i f e r ro m a g n e t ic  an d  f e r r o ­

m a g n e t ic  b e h a v io u r  a r e  e a s i l y  c h a r a c t e r i z e d  b y  m a g n e tic  

s u s c e p t i b i l i t y  m e a su re m e n ts  s i n c e  t h e  fo rm e r  l e a d s  t o  lo w e r  

m om ents a s  t h e  t e n p e r a t u r e  i s  d ro p p e d  w h i l e  th e  l a t t e r  l e a d s  

t o  h i g h e r  m om ents a s  t h e  t e m p e r a tu r e  i s  d ro p p e d . S e c o n d , 0 
m e a s u re s  lo n g  d i s t a n c e  e f f e c t s (1 0 ^ ) t h a t  i n f l u e n c e  t h e  mag­

n e t i c  c h a r a c t e r  o f  t h e  io n  b e in g  s t u d i e d .  T hese  " l a t t i c e  

i n t e r a c t i o n s "  o r  "d o m a in s"  c a n  a l s o  y i e l d  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  b e h a v io u r .

A -  A n t i f e r r o m a g n e t  
B s  P a ram a g n e t 
C -  F e rro m a g n e t

^ u r i e  P o i n t

N e e l P o i n t

F i g .  10 I d e a l i z e d  x v a .T  V x  v s * T p l o t s  f o r  t h r e e  
c l a s s e s  o f  m a g n e t ic  s y s te m s .



P ig .  10 i l l u s t r a t e s  I d e a l i z e d  X v s .  T and l / x  v s .  T 

p l o t s  f o r  v a r io u s  ty p e s  o f  m a g n e tic  b e h a v io u r .  The te m p e ra ­

t u r e  i n t e r c e p t s ,  0 ,  f o r  t h e  l / x  v s*  T p l o t s  f o r  t h e  t h r e e  

m a g n e tic  c l a s s e s  c o n s id e r e d  h e re  can  b e  r e l a t e d  t o  param ag­

n e t i c  C u r ie  b e h a v io u r (0 -  0 °K ), a n t i f e r r o m a g n e t i c  b e h a v io u r  

< 0 °K ),  an d  f e r r o m a g n e t ic  b e h a v io u r  ( f t > 0°K) • When t h e s e  

i n t e r a c t i o n s ( e i t h e r  c lo s e  o r  lo n g  r a n g e )  becom e a p p r e c i a b l e  

i n  e n e rg y  com pared  t o  k T , t h e  x an d  l / x  p l o t s  d e v i a t e  con­

s i d e r a b l y  fro m  i d e a l i t y ,  and  e x t r a p o l a t i o n  to  t h e  te m p e ra ­

t u r e  a x i s  becom es m ore d o u b t f u l .  M ore s o p h i s t i c a t e d  t r e a t ­

m en ts  becom e n e c e s s a r y  t h a t  can  a c c o u n t  f o r  s t r o n g  n e a r e s t  

n e ig h b o r  i n t e r a c t i o n s  s u c h  a s  th o s e  fo u n d  in  d im e r , t r i m e r ,  

t e t r a m e r ,  an d  p o ly m e r s y s te m s .

A. C o p p e r ( I I )  D im er

When t h e  i n t e r a c t i o n  i s  e s s e n t i a l l y  b e tw e e n  two C u(IX ) 

io n s  w i t h i n  a  d im er th e  H a m il to n ia n (1 1 )  i s  a  good  d e s c r i p ­

t io n  o f  t h e  sy s te m  w here  2 J  i s  th e  e n e rg y  s e p a r a t i o n

H r  - 2 J S 1 .S 2 (1 1 )

b e tw e e n  t h e  t r i p l e t  (S s  1 )  and s i n g l e t  (S 2  0 )  s t a t e .  

Sum m ation o v e r  a l l  t h e  m a g n e tic  s p in  s t a t e s  in  e q .  (9 )  

y i e l d s :

X S Hg2 e2/3 k T  £ ( l + l / 3 e x p ( - 2 J / k T ) J " 1 + No (12)
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w here  a l l  t h e  te rm s  h a v e  t h e i r  u s u a l  m ean in g  and N a I s  t h e  

TIP te rm . A n e g a t i v e  v a lu e  o f  2 J  I n d i c a t e s  a  s i n g l e t

g ro u n d  s t a t e .  A m o d if ie d  Van V ieck  e x p r e s s io n ,  e q . (1 3 )*

w here  th e  W eiss c o n s t a n t ,  0 ,  i s  I n c o r p o r a te d  h a s  b e e n  u s e d

t o  a c c o u n t  f o r  i n t e r d im e r  c o u p lin g  th ro u g h o u t  th e  l a t t i c e .

X = Ng2 B2/3 k ( T - 0) ( l + l / ^ e x p f - S J / k T ) ) " 1 + N<* (1 3 )

A v e ry  c o m p le te  t h e o r e t i c a l  t r e a tm e n t  on d im e r ic  sy s te m s  

c an  b e  fo u n d  I n  a  s e r i e s  o f  p a p e r s  by tfo ; j e i e e h o w s k i . 2 ^ “ 5

B. Copper (II) Trlmer
236S in n  and  H a r r i s ,  u t i l i z i n g  a  t r e a tm e n t  s i m i l a r  to  

t h e  one  em ployed f o r  d im e r s y s te m s , d e v e lo p e d  an e x p r e s s io n  

f o r  th e  s u s c e p t i b i l i t y  p e r  gram  Ion  o f  c o p p e r ( I I )  i n  a  

t r l m e r  h a v in g  th e  f o l lo w in g  g e o m e try

x ZBg2B2/l2kT
e x p ( - 2 j / k T )+ e x p ( - 2 J „  pt-./kT)+ 10e x p ( j / k T )______________________ CuCu'__________________
exp ( - 2  J /k T  )+exp ( - 2  J ^ ^ / k T  )+2 Jex p  ( J /k T )

*Na(lli.)

w h e re  J cuC u' " J Cu 1 Cu= J * Tiie a s re e m e n t  o f  e x p e r im e n ta l  r e ­

s u l t s  w i th  e q . (Ilf.) I s  b e s t  when J , i s  s m a ll  o r  z e r oCuCu
and  s h o u ld  t h e r e f o r e  d e s c r i b e  a  l i n e a r  o r  b e n t  t r l m e r  m ore
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s a t i s f a c t o r i l y  th a n  a  t r i a n g u l a r  t r l m e r  w h e re  th e  c o u p l in g  

b e tw e e n  a l l  t h r e e  p a i r s  o f  c o p p e r  I o n s  becom es c o m p arab le*

C* Copper{III Tetramer

A s im p le  m a g n e tic  s t a t e  c o n f i g u r a t i o n  was d e v e lo p e d  by  

t h i s  l a b o r a t o r y  t o  e x p l a i n  th e  m a g n e tic  b e h a v io r  o f  sy s te m s  

w i th  f o u r  i n t e r a c t i n g  c o p p e r ( I I )  io n s *  The i l l u s t r a t i o n  d e ­

p i c t e d  i n  F ig *  11 i s  an  a p p ro x im a t io n  t o  t h e  i n t e r a c t i o n  b e ­

tw e en  f o u r  o o p p e r ( I I )  i o n s  (tw o s e t s  o f  d im e r io  c o p p e r ( I I )  

u n i t s ) *  T he d e g e n e ra c y  o f  e a c h  s p i n  m a n i f o ld  i s  2 S + 1 , and

S * s  0 ------

S»= 1

E k e rg y
SZ 1 

S r  0

B

F ig *  11 P ro p o s e d  m a g n e t ic  s t a t e  c o n f i g u r a t i o n  o f  tw o i n t e r ­
a c t i n g  d im e r u n i t s  i n  o n e  s e r i e s  o f  co m p lex es  
s tu d ie d *

t h e  l a b e l s  A, B , and  C r e f e r  t o  t h e  e n e rg y  s e p a r a t i o n  from  

t h e  s i n g l e t  g ro u n d  s t a t e  t o  t h e  S s l ,  S * s l ,  and  S ’ =0 m an i­

f o l d s ,  r e s p e c t i v e l y *  U s in g  eq* (9 )*  an  e x p r e s s io n  f o r  th e  

s u s c e p t i b i l i t y  o f  t h e  a b o v e  m o d el w as o b ta in e d  an d  i s  

show n i n  e q . (1 5 )

X =Ifg262/2 k T
e x p ( -A /k T )+ e x p ( -B /k T )

1+3e x p ( -A/kT)+ 3e x p ( -B/kT)+ e x p ( -c/kT)
+ Not (15)
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E q u a tio n  ( l £ )  l a  d i f f e r e n t  I n  fo rm  fro m  o n e  u s e d  b y  o t h e r  

a u t h o r s 2^ 7 “ 8 i a  d e s c r i b i n g  t e t r a m e r  s y s te m s  I n  t h a t  an  S :2  

s t a t e  was d i s r e g a r d e d  a s  b e in g  to o  h ig h  in  e n e r g y ,

D , C o p p e r ( I I )  S t r a i g h t - C h a i n  P o ly m e r

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

f e r r o m a g n e t ic  i n t e r a c t i o n s  i n  l i n e a r  c h a in s  c a n  b e  

d e s c r i b e d  u s i n g  e q s ,  (1 6 )  d e v e lo p e d  b y  F i s c h e r , 2^

X XJ 2  Ng2 B2/ 8 j [ t a n h ( j / k T ) + ( J / k T )  s e c h 2 U /k T ) ]  (1 6 a )

X 2 -  (Ng2 02/ l * T )  e x p (2 j /k T )  (16b)

x av  s  l / 3 (  x z  + 2 x x y  ) (16c)

I n d e e d ,  th e  te n d e n c y  o f  c o p p e r ( I I )  t o  fo rm  l i n e a r  o h a ln s  

a p p e a rs  t o  b e  q u i t e  c o m m o n , r e l a t e d  t o  th e  t e n ­

d e n c y  o f  t h e  c o p p e r ( I I )  io n s  t o  b e  s u r r o u n d e d  b y  f o u r  

a tom s a t  s h o r t  d i s t a n c e s  w i th  two a d d i t i o n a l  a to m s a t  l o n g e r  

d i s t a n c e s , O t h e r  m o d e ls  h av e  b e e n  d e v e lo p e d  i n  an e f f o r t  

t o  d e s c r i b e  t h e  m a g n e tic  b e h a v io r  fo u n d  i n  p o ly m e r ic  

sy s te m s  h a v in g  v e r y  s p e c i f i c  f e a t u r e s ,  h o w e v e r , t h e i r  

s p e c i f i c i t y  p u t s  a  l i m i t a t i o n  on th e  num ber o f  sy s te m s  

t h a t  can  b e  c h a r a c t e r i s e d  s u c c e s s f u l l y  b y  th e m . T hese  

m o d e ls  h a v e  b e e n  d i s c u s s e d  e l s e w h e r e ,2^
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E x p e r lm e n ta l  S e c t i o n

I .  S p e c t r a l  and M a g n e tic  M easu rem en ts  

A* EPR M easu rem en ts

The room  t e m p e r a tu r e  an d  77 °K X -b an d  EPR s p e c t r a  o f  

p o l y e r y s t a l l i n e  sa m p le s  o f  th e  c o m p lex e s  w e re  o b ta in e d  

u s i n g  a  V a r ia n  A s s o c a te s  HFE-12 an d  EM-5G0 s p e c t r o m e te r s *

A d u a l  r e c t a n g u l a r  c a v i t y  o f  TE^0^  mode an d  a n  u n lo a d e d  

Q o f  7500 w as u s e d  w i t h  a  m o d u la t io n  f r e q u e n c y  o f  lOGKHz 

i n  e a c h  c a se *  The s p e c t r a  a t  7 7 °K w e re  r e c o r d e d  u s i n g  a  

q u a r t z  l i q u i d  n i t r o g e n  dew ar* I n  a l l  o a s e s  th e  m a g n e tic  

f i e l d  sw eep was 0 t o  1Q,000G* The m a g n e t ic  f i e l d  was p r e ­

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

o f  a b o u t  iO . lG  ( c o m p le te ly  n e g l i g i b l e  c o n s id e r in g  th e  

w id th  o f  o u r  a b s o r p t io n s ) *  DPPH was u s e d  a s  t h e  i n t e r n a l  

s ta n d a r d *  S c a n  t im e s  r a n g e d  fro m  if. m in u te s  t o  2 h o u r s ,  

d e p e n d in g  on  t h e  f i l t e r s  u se d *  H igh  p u r i t y  q u a r t z  EPR 

tu b e s  (0*3cm  ID ) w e re  u s e d  a s  sa m p le  h o l d e r s  w i th  a b o u t  

lOOmg sa m p le s*

B* B u lk  M a g n e tic  S u s c e p t i b i l i t y  M easu rem en ts  

T he m a g n e tio  s u s c e p t i b i l i t i e s  w e re  o b ta in e d  i n  t h e  

r a n g e  1 2 -5 0 0 °K , u s in g  a  F a ra d a y  b a la n c e  s e tu p  and  HgCo(SGN)^ 

a s  th e  s t a n d a r d . T h e  sam p le  s u p p o r t  u s e d  f o r  a l l  te m p e r­

a t u r e s  was a  5 0 -5 0  q u a r t z - n y lo n  f i b r e  a s  d e s c r i b e d  b y  N e lso n  
2k7*8and  V i l l a *  ^  S am p les  s i z e s  f ro m  2 t o  2Gmg w ere  u s e d
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and in t r o d u c e d  I n t o  s p e c i a l l y  made h ig h  p u r i t y  q u a r t s  

b u c k e ts  (8mm x  3mm; ID  b 2mm). The r e s u l t s  r e f l e c t  & m ax i­

mum e r r o r  o f  liyg f o r  e v e ry  w e ig h t  o h a n g e . l e a d in g  t o  a  

s y s te m a t i c  e r r o r  i n  t h e  gram  s u s c e p t i b i l i t y  f o r  th e  s m a l l ­

e s t  sam p le  m ea su re d  o f  a b o u t 0 .5 $  and Q,Q£$ a t  room  te m p e r­

a tu r e  an d  12°K» r e s p e c t i v e l y .  C o n s id e ra b ly  s m a l l e r  sy s te m ­

a t i c  e r r o r s  a r e  o b ta in e d  as th e  sam ple  s l 2e I n c r e a s e s .  

T e m p e ra tu re s  i n  t h e  r a n g e  12 -300°K  w ere  m e a su re d  b y  m eans 

o f  a  g o ld -c h ro m e 1 (0 .© 7$  F e) th e rm o c o u p le  and i n  t h e  

12-30°K  r e g i o n  w i th  a  H2 gas g a u g e . T em p e ra tu re  v a r i a ­

b i l i t y  was o b ta in e d  u s in g  an A i r  p r o d u c ts  and  C h em ica l 

I n c .  (A lle n to w n . P a . )  D up lex  C lo se d -C y c le  R e f r i g e r a t o r  

S y s tem . CSW-202. c o u p le d  to  a  F a ra d a y  sh ro u d  w i th  a  sam p le  

cham ber ID  o f  1 .5 " *  H elium  g a s  a t  1 a tm o sp h e re  p r e s s u r e  

was u s e d  a s  t h e  h e a t  e x c h a n g e r  b e tw e e n  sa m p le  and c r y o s t a t .  

T e m p e ra tu re s  i n  th e  r a n g e  300-£0Q°K w ere  m e a su re d  by m eans 

o f  a  c o p p e r - c o n s t  an t a n  th e rm o c o u p le  u s in g  a  v a r i a b l e  tem ­

p e r a t u r e  h e a t in g  e le m e n t m ounted  on a  75cm x  2cm g l a s s  f i n g e r .

A re m o te  c o n t r o l l e d  Cahn G-2 E le c t r o b a l a n c e  (V e n tro n  I n s t r u ­

m en ts  C o r p o r a t io n .  P a ram o u n t. C a l f . ) a llo w e d  c h a n g e s  i n  

w e ig h t  o f  0 . 5 Pg t o  b e  o b s e rv e d . Maximum f i e l d  s t r e n g t h s  

o f  7KG w ere  u s e d  f o r  t h e  v a r i a b l e  t e m p e r a tu re  r u n s  below  

room  te m p e ra tu re  w h i le  f i e l d  s t r e n g t h s  o f  up t o  15KG w ere  

u se d  f o r  m ea su re m e n ts  a t  and above  room  te m p e r a tu r e .  F i e l d  

d ep en d en ce  s t u d i e s  a t  room  te m p e r a tu re  w e re  made a t  3 d i f ­

f e r e n t  f i e l d  s t r e n g t h s :  3 t  8 and  15KG. A M odel 1^600.
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w a te r  c o o le d  a d j u s t a b l e  gap e le c t r o m a g n e t  (A lp h a  S c i e n t i ­

f i c  I n c o r p o r a t e d ,  Haywood, C a lf# )  w i th  s p e c i a l l y  c o n s t r u c t e d  

t a p e r e d  p o le  p i e c e s  f o r  F a ra d a y  m e a s u r e m e n ts ^ ^  was u se d *

The e le c t r o m a g n e t  was pow ered  b y  an  A lp h a , M odel # 3 0 0 2 -1 , 

c u r r e n t  r e g u l a t e d  pow er s u p p ly  (A lp h a  S c i e n t i f i c  I n c o r ­

p o r a te d )  and  c a l i b r a t e d  b y  a  B e l l  6I4.O I n s t r u m e n ta l  G a u ss -  

m e te r  (F*W *Bell I n c o r p o r a t e d ,  C olum bus, O h io ) ,  M easu re ­

m en ts  made o u t - o f - f i e l d  w ere  a cco m p an ied  b y  a  s h u t  down o f  

m agne t p o w er t o  a s s u r e  z e ro  m a g n e tic  f i e l d *  The gram  s u s ­

c e p t i b i l i t y  was o b ta in e d  a c c o rd in g  to  t h e  F a ra d a y  m ethod  

fro m  eq*Q-7

x s  s  Xr (Wr (AWa- B u c )  /  Ws (AWr - B u e ) )  (17 )

w here  t h e  s u b s c r i p t s  s  and r  r e f e r  t o  sa m p le  and  r e f e r e n c e ,  

r e s p e c t i v e l y ,  W i s  t h e  a c t u a l  w e ig h t  em p loyed , A W i s  th e  

c h an g e  in  w e ig h t  ( l * e * ,  w e ig h t i n  th e  f i e l d  m inus w e ig h t  o u t  

o f  t h e  f i e l d ) ,  Buc i s  th e  d ia m a g n e t ic  c o r r e c t i o n  o f  t h e  

b u c k e t  u s e d  to  h o ld  sam p le  and r e f e r e n c e ,  an d  Xr  i s  t h e  

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

t e m p e r a tu r e .  The m o la r  s u s c e p t i b i l i t y  i s  o b ta in e d  b y  

m u l t i p ly i n g  e q . ( 1 7 ) b y  th e  m o le c u la r  w e ig h t o f  th e  s a m p le ; 

t h a t  i s

s  x a • (18)
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The c o r r e c t e d  m o la r  s u s c e p t i b i l i t y  X n 6  u s e d  i n  a l l  t h e  f i t ­

t i n g  p r o c e d u r e s  f o r  th e  m odels d i s c u s s e d  s u b s e q u e n t ly ,  i s  

fo u n d  by  s u b t r a c t i n g  th e  d ia m a g n e tic  c o r r e c t i o n  o f  t h e  m o le ­

c u le  (m e ta l  p l u s  l ig a n d )  and th e  TIP c o n t r i b u t i o n  o f  th o  

m e ta l  io n  fro m  ( Id )

X mc = Xm -  DIAC -  T IP  (1 9 )

H e r e  DIAC i s  t h e  d ia m a g n e tic  c o r r e c t i o n  o f  th e  com plex  o b - 

t a i n e d  u s in g  P a s c a l 's  c o n s t a n t s  ( e x c e p t  i n  th o s e  com plexes 

h a v in g  s u l f u r - c o n t a i n i n g  l ig a n d s  w here  th e  c o r r e c t i o n s  w ere  

made fro m  t h e  s u s c e p t i b i l i t y  d a ta  o f  th e  f r e e  l ig a n d )  an d  

TIP i s  th e  t e m p e r a tu r e  in d e p e n d e n t  p a ra m a g n e tism  c o r r e c t i o n  

o b ta in e d  fro m  t h e  e x p r e s s io n  TIP  s  NAg&^/x ;  60 x  10 

cgau.^S*1 M o la r s u s c e p t i b i l i t i e s  and  e f f e c t i v e  m a g n e tic  

moments w e re  c a l c u l a t e d  fro m  t h e  raw  d a t a  b y  m eans o f  o u r  

"CALSUS" c o m p u te r  p ro g ra m . T h is  p ro g ram  a u to m a t i c a l l y  i n ­

c o r p o r a te s  i n t o  th e  c a l c u l a t i o n s  a p p r o p r i a t e  P a s c a l 's  con ­

s t a n t s  f o r  DIAC and  a  T IP  f o r  th e  sy s te m  u n d e r  s tu d y .

S e v e r a l  o t h e r  F o r t r a n  IV co m p u ter p ro g ram s i n  o u r  p o s s e s s ­

io n  ("D IM FIT ", ‘'TETRAMER” ,  "IS IN G ", "TRIMER") g iv e  a  l e a s t -  

s q u a r e s  b e s t  f i t  o f  th e  e x p e r im e n ta l  d a t a  t o  a  t h e o r e t i c a l  

e q u a t io n  ( c o r r e c t e d  f o r  a  r a n g e  o f  % monomer im p u r i ty  i n  

a p p r o p r i a t e  c a s e s )  i n  o r d e r  t o  e x t r a c t  t h e  m a g n e tic  

p a ra m e te r s  g ,  2 J ,  and gf.



C. V i s i b l e  A b s o rp t io n  M easu rem en ts
- 1The v i s i b l e / n e a r - i n f r a r e d  s p e c t r a  (25 * 0 0 0  -  8 ,3 0 0 cm  )

w ere  o b ta in e d  a s  N u jo l  m u l l s  on tfatm an # 1  f i l t e r  p a p e r  

m o u n ted  on  a  s p e c i a l l y  c o n s t r u c t e d  w ood s u p p o r t  i n  a  B eck­

man DK-2A s p e c t r o p h o to m e te r  w i t h  a  t u n g s t e n  s o u rc e  and  

l e a d  s u l f i d e  d e te c t o r *

D* I n f r a r e d  M easu rem en ts

The i n f r a r e d  s p e c t r a  (lj.,000  -  660cm "1 ) w ere  o b t a in e d  

a s  KBr p e l l e t s  on  a  P e r k in  E lm er M odel 21  IR  s p e c t r o p h o to ­

m e te r  w i th  N aC l o p t ic s *  C om parison  o f  s p e c t r a  r u n  a s  

p e l l e t s  an d  m u l l s  (N u jo l  and  f l u o r o l u b e )  was m ade t o  a s s e s s  

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

sam p le  s p e c t r a *  I n  a l l  I n s t a n c e s ,  t h e  s p e c t r a  and r e s o l u ­

t i o n  o b ta in e d  w e re  co m p a rab le*  KBr p e l l e t s  o f  0*lmm w id th  

w ere  p r e p a r e d  b y  g r in d in g  a  \$> m ix tu r e  o f  com plex  ( o r  

l i g a n d )  and  o v e n - d r ie d  i n f r a r e d  g ra d e  KBr ( M a l l in c k r o d t  

C hem ica l W orks, S t*  L o u is ,  Mo*) f o l lo w e d  b y  e v a c u a t io n  and 

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

u n th r e a d e d  d i e  w i th  a  c y l i n d r i c a l  i n s e r t  a t  1 6 ,0 0 0  l b s  f o r  

30  m in u te s*  The s p e c t r a  w e re  c a l i b r a t e d  u s in g  th e  l603*2cm  

a b s o r p t io n  o f  a  0 , 05mm p o l y s t y r e n e  f i l m .

I I *  S y n t h e t i c  A s p e c ts

A. S o lv e n ts



68

T he w a te r  u s e d  was p u r i f i e d  b y  d i s t i l l a t i o n . .  The 

m e th a n o l  and  e th a n o l  w ere  c o m m e rc ia l ly  a v a i l a b l e  and u s e d  

w i th o u t  p u r i f i c a t i o n  fro m  C om m ercia l S o lv e n ts  C o r p o r a t io n ,  

T e r r e  H a u te ,  I n d , ,  and  F i s h e r  S c i e n t i f i c  C o ,,  F a i r la w n ,

N, J , ,  r e s p e c t i v e l y ,

5 ,  S o lu t io n s

T he h y d r o c h l o r i c  a c id  and n i t r i c  a c id  s o l u t i o n s  u s e d  

w ere  p r e p a r e d  fro m  r e a g e n t  g ra d e  a c ld 3  s u p p l i e d  b y  P I s h e r  

S c i e n t i f i c  C o ,, T he sod ium  h y d r o x id e  s o l u t i o n  was p r e p a r e d  

fro m  sod ium  h y d ro x id e  p e l l e t s  and  a l l  c o p p e r ( IX )  s a l t  s o l u ­

t i o n s  w e re  p r e p a r e d  w i th o u t  f u r t h e r  p u r i f i c a t i o n  from  

r e a g e n t  g ra d e  s a l t s ,  b o th  from  J ,  T , B ak er C h e m ica l C o ,, 

P h i l l i p s b u r g ,  N, J ,

C , L ig an d s

A l l  l i g a n d s  w e re  c o m m e rc ia l ly  a v a i l a b l e  f ro m  N u t r i t i o n a l  

B io c h e m ic a l  C o r p . ,  C le v e la n d ,  O h io  an d  u s e d  w i t h o u t  f u r t h e r  

p u r i f i c a t i o n ,

D , pH M e asu rem en ts

pH r e a d in g s  w e re  p e r fo rm e d  w i t h  a l k a c l d  t e s t  r ib b o n  

o b t a i n e d  from  P I s h e r  S c i e n t i f i c  C o , .

E , Q u a l i t a t i v e  T e s t  f o r  C u ( I I )

Low s u s c e p t i b i l i t y  m e a su re m e n ts  on c o m p lex e s  c o n ta in in g
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s u l f u r  l ig a n d s  p ro m p te d  u s  t o  c o n d u c t a  s im p le  q u a l i t a t i v e

re d o x  t e s t  t o  d e t e c t  C u ( I I )#  A p o s i t i v e  t e s t  f o r  C u ( I I )

w ould  i n d i c a t e  t h a t  th e  low  s u s c e p t i b i l i t i e s  o b s e rv e d  w ere

n o t  due  to  t h e  r e d u c t io n  o f  C u ( l l )  t o  C u (I )  b y  t h e  l ig a n d #

A l l  th e  com plexes c o n ta in in g  s u l f u r  l i g a n d s  w ere  s u b -
2<2J e o te d  t o  t h e  r e d o x  t e s t  t h a t  i s  o u t l i n e d  b e lo w  and  sum­

m a r iz e d  by  t h e  f o l lo w in g  e x p r e s s io n :

A p u r p l e  c o l o r a t i o n  o f  t h e  m ix tu r e  t h e n  i s  o n ly  p o s s i b l e  i f  

C u ( I I )  i s  p r e s e n t .  T he com plexes a r e  d i s s o l v e d  i n  a  minimum 

am ount o f  6M ^SO j^ u n d e r  Ng and t h e  pH a d ju s t e d  t o  If. w i th  

3M NaOH# To t h i s  s o l u t i o n  2£ml o f  0#1M KI s o l u t i o n  and  

10ml o f  l/£ s t a r c h  s o l u t i o n  a r e  ad d ed  and  th e  c o l o r  ch an g e  

o b se rv e d #  The K I, s o l u b l e  p o t a t o  p o w d e r , and  w ere

c o m m e rc ia lly  a v a i l a b l e  and o b ta in e d  fro m  J .  T# B aker C h em ica l 

Co.# In  a l l  com plexes t e s t e d  a  p o s i t i v e  t e s t  f o r  C u ( I I )  

was o b ta in e d #
*

F# E le m e n ta l  A n a ly s e s

The c h e m ic a l  a n a ly s e s  f o r  0 ,  H, and N w ere  c a r r i e d  o u t  

b y  PCR, In c # ,  G a l n s v i l l e ,  F lo r id a #  The r e s u l t s  o f  th e  

a n a ly s e s  w ere  i n t e r p r e t e d  b y  means o f  o u r  s to i c h io m e t r y

2Cu ( I I ) + 1*1

( p u r p l e  com plex )
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f i t t i n g  co m p u te r p ro g ram  wLIGFITn* A l l  s t o i c h i o m e t r i e s  r e ­

p o r t e d  w ere  c o n s i s t e n t  w i t h in  a  1% e r r o r  l i m i t  t o  th e  ch em i­

c a l  a n a l y s i s  and  w ere  s e l f - c o n s i s t e n t  i n  te rm s  o f  th e  c h a r g e s ,  

l i g a n d s ,  and  m e ta l*

G. P r e p a r a t io n  o f  th e  C o o rd in a t io n  Compounds

P o u r pH r a n g e s  w ere  u s e d  i n  a l l  t h e  c o m p le x a tio n  a t ­

te m p ts  i n i t i a l l y  w i th  c o p p e r ( I I ) :  2 ,  5> 8, and 10* Non- 

aq u eo u s and p a r t i a l l y  aqueous s o l v e n t s  w ere  em ployed  when 

aq u eo u s sy s te m s  f a i l e d  t o  p ro d u c e  p r o d u c ts  t h a t  i s o l a t e d  o r  

a n a ly z e d  w e l l .  L ig an d  to  m e ta l  s t o i c h i o m e t r i e s  w ere  g en ­

e r a l l y  2 :1  i n  th e  s y n th e s e s ,  and th e  c o n c e n t r a t io n s  o f  th e  

r e a c t a n t s  w ere  a lw ay s l e s s  th a n  0 .1M .

1* C u ( S > N O g - T J r a c i l ) A s o lu t io n  o f  0*14.00 g

( 2 .5  m m oles) o f  5 N 0 . - u r a c i l  was p la c e d  i n  20 ra lo f  w a te r2
h e a te d  t o  65°C i n  a  h o t  w a te r  b a th .  A d d i t io n  o f  15  d ro p s  

o f  10# NaOH s o l u t i o n  y i e l d e d ,  upon m o d e ra te d  s w i r l i n g ,  a  

c l e a r  y e l lo w is h  s o lu t io n ?  pH a b o u t 7« Th® b a s e  f o r t i f i e d  

s o l u t i o n  was ad d ed  s lo w ly  i n  s m a ll  (3  m l) in c re m e n ts  

a lo n g  t h e  s id e  o f  a  t e s t  tu b e  c o n ta in in g  5  m l (1*25  m m oles) 

o f  c o p p e r  a c e t a t e  s o l u t i o n  p r e v i o u s ly  h e a te d  t o  65°C* E ach  

a d d i t i o n  was acco m p an ied  b y  r a p i d  s w i r l i n g  and  th e  r e a c t i o n  

m ix tu re  was k e p t  a t  a b o u t 65°C a t  a l l  t im e s .  A f t e r  a d d i ­

t i o n  o f  5  m l a  d i s t i n c t  g r e e n i s h  o a s t  and  s u s p e n s io n  was
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d e te c t e d ;  pH a b o u t  n e u t r a l*  A c o p io u s  b l u i s h - g r e e n  w e l l  

fo rm ed  p r e c i p i t a t e  s e t t l e d  o u t  a f t e r  t h e  co m p le tio n , o f  a l l  

a d d i t i o n s ;  f i n a l  pH 7* The m ix tu r e  was k e p t  an a d d i t i o n a l  

1$ m in u te s  a t  6f?°C i n  a  h o t  w a te r  b a t h ,  and  th e n  c o o le d  f o r  

30 m in u te s  i n  an  i c e w a te r  b a t h .  The g re e n  p r o d u c t  was 

c o l l e c t e d  on a  B u ch n er p l a t e  and  d r i e d  i n  an  oven  a t  90°C .

A n a l.  C a lc d . f o r  CbiGgH10N^01 0 ; C, 2 3 .^ 0 ;  H, 2 .1 ^ ;

N, 2 0 .^ 0 .  Pound; C, 2 3 .M u  H, 1 .9 9 ;  N, 1 9 .95*

2 .  C u ( 5 l - I J r a c i l T h e  g re e n  5 l - u r a c i l  com plex  

was p r e p a r e d  i n  a  f a s h io n  s i m i l a r  to  th e  S f rO g -u ra c il  com­

p l e x  e x c e p t  t h a t  21 d ro p s  o f  10# NaOH s o l u t i o n  was u s e d .

A n a l .  C a lc d . f o r  CuCgHgN^O^Ig* 0 , 1 7 .3 5 *  H, 1 .0 3 ;  N , 1 0 .0 2 .

Pound; C, 1 7 .3 k ?  H, 1 .2 7 ;  N , 9 * k 2 .

3 .  C u (U ra c il)g .H ^ O s  A s o l u t i o n  o f  0 .£ k 9 5  g (5  m m oles) 

o f  u r a c i l  was p r e p a r e d  i n  £0 m l o f  20# e th a n o l  w i th  s w i r l ­

in g  a t  6 0 °C . F r e s h ly  p r e p a r e d  C u(0H )g (f> m m oles) w as |

added  t o  t h i s  s o l u t i o n  a n d  t h e  m ix tu r e  was h e a te d  u n d e r  r e -  j

f l u x  f o r  one h o u r  a t  w h ic h  t im e  a  d a rk  g re e n  ja d e  s o l u t i o n  j

I
r e s u l t e d .  The s o l u t i o n  was a llo w e d  t o  s t i r  a t  room  te m p e ra -

j

t u r e  f o r  t h r e e  m ore h o u r s  and th e n  was c o n c e n t r a te d  t o  

a p p ro x im a te ly  I4.0 m l volum e a t  w h ich  t im e  a  p a l e  g r e e n  p r e ­

c i p i t a t e  d e v e lo p e d . The p r o d u c t  was f i l t e r e d  and w ashed  

w i th  e th a n o l  an d  w a te r .  The p r o d u c t  d e e p e n e d  i n  c o l o r  a f t e r  

w a sh in g  w i th  w a te r .  The p r o d u c t  was o v en  d r i e d  a t  7 5 ° 0 .
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Anal* C alcd. f o p  CuCqHqN^O :̂ C, 3 1 * 5 8 ; H, 3 * 51 ; N, 18.1^2. 

Pound: C> 31*51$ H, 3*M>; N, 1 8 .3 6 .

1|.« C u ( 2 S - U r a c i l ) 2 .3H 20 : A s o l u t i o n  o f  0.3Q2)f. g  ( 2 .5

m m oles) o f  2 - t h i o u r a c i l  w as p r e p a r e d  I n  20 m l o f  w a te r  a t  

7 0 °C . The pH  o f  t h e  s o l u t i o n  w as b r o u g h t  a b o v e  10  b y  th e  

a d d i t i o n  o f  20 d ro p s  o f  10% NaOH s o l u t i o n .  The b a s e  f o r t i ­

f i e d  s o l u t i o n  w as a d d e d  i n  s m a l l  p o r t i o n s  (If. m l) t o  5  m l 

o f  c o p p e r  a o e t a t e  s o l u t i o n  (1 .2 5  m m oles) a t  70°C w i t h  con­

s t a n t  s w i r l i n g .  I n i t i a l l y ,  a  b l a c k  t u r b i d  m ix tu r e  d e ­

v e lo p e d  w h ic h  c h an g e d  t o  a  p e a - g r e e n  an d  f i n a l l y  t o  a  y e l lo w  

c o l o r ;  pH n e u t r a l  a f t e r  t h e  f i n a l  a d d i t i o n .  The m ix tu r e  

w as h e a t e d  f o r  t e n  m in u te s  i n  a  h o t  w a te r  b a t h  t h e n  c o o le d  

u n d e r  t a p  w a te r  a n d  p l a c e d  i n  an  i o e - b a t h  f o r  20 m in u te s .

The m ix tu r e  was g r a v i t y  f i l t e r e d  a n d  d r i e d  i n  an  o pen  oven  

a t  90°G . The y e llo w -b ro w n  f l a k e s  t h a t  r e s u l t e d  w e re  g ro u n d  

up an d  p l a c e d  i n  a  d e s i c c a t o r  f o r  t h r e e  d ay s  a t  w h ic h  t im e  

t h e  p r o d u c t  to o k  on i t s  p r e s e n t  l im e - g r e e n  h u e .  A n a l .

C a lc d .  f o r  C* H> 3 *2 ^  N*

P o u n d : c, 2 6 .1 6 ;  H, 2 .3 9 ;  1 5 * 0 0 .

5 .  Cu(6CH3- 2 S - H r a c i l ) 2 .2H 20 i A s o l u t i o n  o f  0 .1 2 5 8  g 

(1  m m ole) o f  6 C H ^ -2 S -u ra c l l  was p r e p a r e d  i n  100  m l o f  

m e th a n o l  a t  55°C* A s o l u t i o n  o f  0*0866  g o f  C uC lg . 21^,0 

( 0 .5  m m oles) i n  10 m l o f  m e th a n o l w as ad d ed  d ro p w ls e  t o
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the ligand solution with constant stirring* A light yellow 
solution formed immediately and turned cloudy after the ad­
dition was complete. Heating three additional minutes 
yielded a light yellow precipitate* The mixture was allowed 
to ooncentrate to 50 ml, cooled to room temperature and 
suction filtered* The product was washed with methanol 
and dried in an open oven at 80°G* Anal* Calcd* for

0 u c10Hll(.Nl|.0 l(.S2 t c '  3*70 ; N , 11J..67* Pound! Cf

3 1 .8 6 ;  H, 3 .5 0 ;  N, 1 5 .5 5 .

6* C u (6 c ^ H y -2 S -T Jrac il)2 * ^ H ^ 0 ! A s a t u r a t e d  s o l u t i o n  

o f  6 c ^ H y - 2 S - u r a o l l  was p r e p a r e d  i n  100 m l o f  w a te r  a t  room 

te m p e r a tu re *  T h re e  d r o p s  o f  10$ NaOH s o l u t i o n  w e re  added  

t o  t h e  l i g a n d  s o l u t i o n  t o  r a i s e  t h e  pH  t o  8* W ith  c o n s t a n t  

s w i r l i n g  d ro p w is e  a d d i t i o n  o f  3 m l o f  0*01M CuSO^^HgO 

s o l u t i o n  r e s u l t e d  i n  a  t u r b i d  p u r p l e  m ix t u r e ;  pH 7 .  Two 

d ro p s  o f  10$ NaOH s o l u t i o n  w ere  ad d ed  to  th e  m ix tu r e  r a i s ­

in g  th e  pH t o  8 and y i e l d i n g  a  l i g h t  g r e e n - y e l lo w  s o lu t io n *  

Two m l o f  t h e  CuSOj^ s o l u t i o n  w ere  a d d ed  f o l lo w e d  b y  2 d r o p s  

o f  10$ NaOH y i e l d i n g  a  l i g h t *  g r e e n - y e l lo w  s o l u t i o n  a s  

b e f o r e ;  pH 8* An a d d i t i o n a l  1 m l o f  t h e  CuSO^ s o l u t i o n  

w as ad d ed  w h ic h  r e s u l t e d  i n  a  l i g h t  g r e e n  m ix tu r e  ( n o t  

p u r p l e  a s  b e f o r e ) *  Two m l m ore o f  th e  CuSO^ s o l u t i o n  w ere  

added* f o l lo w e d  b y  2 d ro p s  o f  t h e  10$  NaOH* The m ix tu r e  

was d a rk  y e l lo w  a t  t h i s  p o in t*  F in a l ly *  2  m l o f  CuSO^ 

s o l u t i o n  w e re  ad d ed  s lo w ly *  The m ix tu r e  d e v e lo p e d  a  t u r b id *
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muddy green appearance* The mixture was stirred at room 
temperature and after 2 k hours a faint yellow product 
separated out* The product was filtered, washed with 
water and oven dried at 9 0 °C . Anal* Calcd. for

°*  3^ #1*8 j H'  ^ 3 * 1 1 * 8 2 . P o u n d : C,

3 5 .6 8 ;  H, 5 .8 1 ;  N , 1 1 .1 6 .

7 .  C u(6NH2- 2S - U r a c i l ) g . 3CHy)H: A s o l u t i o n  o f  0 . 1 ^ 6

g o f  6NH2*‘2S - u r a c i l  was p r e p a r e d  i n  100 m l o f  m e th a n o l  a t  

5 5 °C . A s o l u t i o n  o f  0 .0 8 6 6  g  C uC lg^H gO  ( 0 .5  m m oles) i n

10 m l o f  m e th a n o l  was a d d e d  d ro p w ise  t o  th e  l i g a n d  s o l u t i o n  

w i th  c o n s t a n t  s w i r l i n g .  A f t e r  a d d i t i o n  o f  CuClg was c o m p le te ,  

t h e  s o l u t i o n  becam e m i lk y - y e l lo w .  T he m ix tu r e  was a l lo w e d  

t o  c o n c e n t r a t e  t o  o n e - h a l f  i t s  o r i g i n a l  vo lum e w i t h  s t i r ­

r i n g  a t  5 0 °C . The m ix tu r e  w as rem oved  an d  c o o le d  t o  room  

t e m p e r a tu r e  and t h e  l i g h t  y e l lo w  p r o d u c t  was s u c t i o n  f i l ­

t e r e d ,  w ash ed  w i t h  m e th a n o l  and ov en  d r i e d  a t  8 0 °C . A n a l.  

C a lc d .  f o r  C u C ^ H g ^ O ^ :  C, 2 9 .7 6 ;  H , 1^.5U; N , 1 8 .9 3 .

P ound : C, 2 9 .3 0 ;  H, 3 .7 2 ;  N , 1 8 .6 1 .

8. Cu(Di-S-TJracil) (OH) .HgO: A mixture of 0 .1 6 3 5  g
(1 mmole) o f  d i t h l o u r a c l l  w as p r e p a r e d  i n  80 m l o f  w a te r  a t  

6 5 °C . C om ple te  d i s s o l u t i o n  c o u ld  n o t  b e  a f f e c t e d  w i t h  20 

d ro p s  o f  10# NaOH s o l u t i o n  an d  t h e  m ix tu r e  was f i l t e r e d .

To t h e  c l e a r ,  y e l lo w  l i g a n d  s o l u t i o n  (pH 10) 1|. m l o f  

0.25M  Cu(NO^)2 . 3HgO (1  m m ole) was q u i c k l y  added  w i t h
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s t i r r i n g .  An im m e d ia te  g re e n -b ro w n  p r o d u e t  d e v e lo p e d  a n d  

th e  m ix tu r e  was h e a t e d  f o r  a n  a d d i t i o n a l  15 m in u te s #  D u r in g  

t h i s  t im e  th e  m ix tu r e  t u r n e d  y e llo w -b ro w n  an d  th e n  to  i t s  

f i n a l  o ra n g e  c o l o r .  The p r o d u c t  w as f i l t e r e d ,  w ashed  w i t h  

c o p io u s  am ounts o f  w a t e r  an d  oven  d r i e d  a t  85°C# A n a l.  

C a lc d .  f o r  C, 1 9 ,8 8 ;  H, 2#50 ; h , 1 1 .6 0 .

Pounds C, 19*22 ; H, 1 .5 6 ;  N , l l .Q l j . .

9 .  Cu(AMP)*2Hg0t A s o l u t i o n  o f  0 .3 3 9 5  g  (1  mmole) 

o f  5*-AMP was p r e p a r e d  i n  1̂ .0 m l o f  w a te r  a t  55°C  b y  a d d i ­

t i o n  o f  8 d ro p s  o f  10# NaOH s o l u t i o n ;  pH 7* To t h e  l i g a n d  

s o l u t i o n  0 ,5  m m oles o f  CutN O ^Jg^H gO  i n  5  m l o f  s o l u t i o n  

w as a d d ed  w i th  s t i r r i n g  and  th e  l i g h t  b l u e  c lo u d y  m ix tu r e  

t h a t  d e v e lo p e d  (pH  3 )  w as a l lo w e d  t o  h e a t  g e n t l y  u n t i l  t h e  

f i n a l  vo lum e was 35  m l .  A p a l e  g r e e n  p r o d u c t  s e p a r a t e d  o u t  

and  th e  m ix tu r e  w as a l lo w e d  t o  c o n c e n t r a t e  a t  room  te m p e ra ­

t u r e  o v e r  a  tw o d a y  p e r i o d .  The s h i n y ,  l i g h t  g r e e n  p r o d u c t  

was f i l t e r e d ,  w ash ed  w i th  w a te r  a n d  m e th a n o l a n d  oven  d r i e d  

a t  80°C* The p r o d u c t  when c ru s h e d  l o s t  i t s  l u s t e r  and h a d  

th e  c o n s i s t e n c y  o f  ta lc u m  p o w d e r . A n a l .  C a lc d .  f o r  

CuC’̂ QH-^^N^OgP^s C , 27 . 00 ; H, 3 * 8 3 ; N , 15 . 75* Pound* C, 

2 6 .7 2 ;  H, 14-25; N» 1 6 .3 1 #

1G. Cu(CMP)#6HgO: F r e s h l y  p r e p a r e d  C u(0H )2  (5  m m oles)

was a d d e d  q u i c k l y  w i th  s t i r r i n g  t o  50  m l o f  a n  aq ueous 

s o l u t i o n  c o n ta in i n g  0#3231  g  (1  m m ole) o f  5*-CMP a t  5 0 °C ,

(pH (4) • A t u r b i d ,  l i g h t  b lu e  m ix tu r e  d e v e lo p e d  (pH 6)
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w h ich  was a llo w e d  t o  c o n o e n t r a t e  t o  o n e - h a l f  i t s  o r i g i n a l  

volum e a t  65°C . A f t e r  rem o v a l from  th e  h o t  p l a t e ,  t h e  s o l ­

v e n t  was a llo w e d  to  e v a p o r a te  s lo w ly  f o r  two d a y s .  The 

p r o d u c t  was f i l t e r e d ,  w ashed  w i th  w a te r  and  oven d r i e d  a t  

8 5 ° c . A n a l,  C a lc d . f o r  C u C ^ ^ O - , ^ :  C, 2 1 .9 3 ?  H, 1^.87?

N, 8 .5 3 .  Found C» 2 0 .9 6 ;  H, 3.9ij.? N, 8.91?-.

1 1 . CufGMPKiJHgQs A s o l u t i o n  o f  0 .5  mmoles o f

Cu(N0-,) -3H 0 i n  5 m l o f  w a te r  was ad d ed  w i th  s t i r r i n g  t o  
.2 2 2

i p  m l o f  an  a q u eo u s s o l u t i o n  a t  6o°C c o n ta in in g  0 .3 5 5 3  g 

(1 mmole) o f  5*-GMP (pH 7 ) .  A s l i g h t  g r e e n  p r o d u c t  d e v e lo p e d  

and th e  m ix tu r e  was a l lo w e d  t o  h e a t  a n  a d d i t i o n a l  15 m in u te s  

a t  w h ich  t im e  o n e - h a l f  o f  t h e  s u p e r n a t a n t  w as p o u re d  o f f  and 

15 m l o f  w a te r  a d d e d . The m ix tu r e  was a llo w e d  t o  s ta n d  2 

d a y s  a t  room te m p e r a tu r e  th e n  g r a v i t y  f i l t e r e d  ( s u c t i o n  i n ­

e f f e c t i v e )  and  oven  d r i e d  a t  8 0°C . A n a l.  C a lc d . f o r  

C u c ^ H g g N ^ ^ :  C, 2 3 .3 3 ?  H, lu 3 1 ?  N, 1 3 .6 1 .  F ound: C,

2 2 .1 P ; H, 3 .7 0 ;  N, l l |- .3 8 .

1 2 . C u ^ (D eo x y g u a n o sin e )2 (0H)^.l?H20 :  A b a s i c  s o l u t i o n  

o f  S ^ d e o x y g u a n o s in e ,  p r e p a r e d  b y  a d d in g  20 d ro p s  o f  10# 

NaOH s o l u t i o n  to  20 m l o f  w a te r  a t  69°C c o n ta in in g  0 .5 0 1 0

g (2  m m oles) o f  l i g a n d  (pH 1 0 ) ,  was ad d ed  t o  1?. m l o f  a

0 .2 5 m C u(A c)2 .H20 s o l u t i o n  a t  68°C w i th  s w i r l i n g  i n  s m a l l  

(5  m l) in c r e m e n ts .  A f t e r  t h e  t h i r d  a d d i t i o n  a c lo u d y  

g re e n  m lx tu re d  d e v e lo p e d ?  f i n a l  pH 1 0 . The m ix tu r e  was
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p la c e d  l a  an  lo o  b a t h  f o r  20 m in u te s ,  g r a v i t y  f i l t e r e d  and  

th e  d a rk  p r o d u c t  oven  d r i e d  a t  85°C# A n a l# C alcd# f o r

Cu3 020H36N1 0 016* ° 9 27#83! H* ^ * 2°J  N* 1 6 * 2 3 . Pound; C,

2 7 .7 9 ;  H, 3 .5 2 ;  N, 1 5 .9 2 .

13# C u(G uanoslne)g* lpIgO ; A b a s i c  s o l u t i o n  o f  

g u a n o s ln e ,  p r e p a r e d  b y  a d d in g  25 d ro p s  o f  10#  NaOH s o l u t i o n  

to  20 m l o f  w a te r  h e a te d  t o  65°C c o n ta in in g  0#7071 g 

(2*5  m m oles) o f  l i g a n d  (pH 1 0 ) ,  was added  i n  s m a l l  i n c r e ­

m en ts  ( if. m l) w i th  c o n s t a n t  s w i r l i n g  t o  5  m l o f  0 . 25M 

CufACjg.HgO s o l u t i o n  ( 1 .2 5  m m oles)# A f t e r  th e  f i n a l  a d d i t i o n  

th e  g re e n  g e l  i n i t i a l l y  fo rm ed  was t r a n s fo r m e d  t o  a  t u r b i d  

l i g h t  g r e e n  m ix tu r e  (pH 8) and  a llo w e d  t o  h e a t  an  a d d i t i o n a l  

10 m in u te s*  The m ix tu r e  w as p la o e d  in  an  i e e  b a th  f o r  20  

m in u te s ,  f i l t e r e d  and oven  d r i e d  a t  85°C* A n a l* C alcd# 

f o r  CuCgQH^gN^O-y^: C, 3*w31» H, ^#61? N, 20*01* P ound ;

C, 3 lw £2 ; H, 1|*2 6 j n ,  1 9 .3i*.

1^.# C u (8 B r-G u a n o s ln e )2 * 3 ^ 0 ;  A b a s i c  s o l u t i o n  o f  

8 B r -g u a n o s in e ,  p r e p a r e d  b y  a d d in g  20 d ro p s  o f  10# NaOH 

s o l u t i o n  t o  35 » 1  o f  w a te r  a t  55°C c o n ta in in g  0 .9 1 6 5  g 

(2 * 5  m m oles) o f  l i g a n d ,  was ad d ed  w i th  s t i r r i n g  t o  a  s o l u t i o n  

p r e p a r e d  by a d d in g  0 #25>00 g (1*25  m m oles) o f  C u tA o ^ .I^ O  

i n  10 m l o f  w a te r  a t  55°0# The a d d i t i o n  w as p e rfo rm e d  i n  

one p o r t io n #  A l i g h t  g re e n  m ix tu r e  d e v e lo p e d  (pH 8) w h ich  

was c o o le d  t o  room  te m p e r a tu r e  u n d e r  r u n n in g  ta p  w a t e r ,

t
I
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s u c t i o n  f i l t e r e d ,  w ashed w i t h  w a te r  and  o v en  d r i e d  a t  9Q°C.

Anal, Calcd. f o r  Ct*C2QH28N10°13Bl,2 : c# 2 8 ,6 0 ;  H, 3*36 ;

N, 16 * 6 8 . Found: C, 2 8 .2 6 ;  H, 3 . 1 k  N, 1 7 .2 0 .

15* C u (C y to s in e )2 C12 : A s o l u t i o n ,  p r e p a r e d  b y  a d d i t i o n  

o f  0*1260 g o f  CuClg^H gO  t o  20 m l o f  m e th a n o l ,  was ad d ed  

w i th  s t i r r i n g  t o  a  o y to s in e  s o l u t i o n ,  p r e p a r e d  b y  a d d i t i o n  

o f  0*0928 g o f  l ig a n d  t o  60 m l o f  m e th a n o l a t  50°C , A f t e r  

5  m in u te s  o f  S e a t in g  a  t u r b i d i t y  d e v e lo p e d  i n  t h e  d a rk  g r e e n  

s o l u t i o n  a t  w h le h  tim e  t h e  m ix tu r e  was rem oved  from  th e  h o t  

p l a t e .  W ith in  a  s h o r t  p e r i o d  o f  t im e  a  l i g h t  b l u e  p r o d u c t  

a p p e a re d  t h a t  w as g r a v i t y  f i l t e r e d ,  w ashed  w i t h  m e th a n o l 

and  oven d r i e d  a t  95°C* A n a l* C alod* f o r  (h ^ H ^ N ^ O g C lg t  

C, 2 6 . 9 k  H, 2 .8 3 ;  N, 2 3 ,5 7 .  F o u n d : 0 , 2 6 .9 7 I H, 3 .0 6 ;

N, 2 3 .6 7 .

16* C u (2 3 -C y to s ln e )C l2 : D ropw ise  a d d i t i o n  o f  It m l o f

a  m e th a n o l s o l u t i o n  c o n ta in in g  0 ,0 2 2 9  g  o f  C u C lg ^ I^ O  t o  

20 m l o f  a  m e th a n o l s o l u t i o n  c o n ta in in g  0 ,0 1 7 5  g o f  

2 - t h i o c y t o s i n e  a t  65°C y i e l d e d  a  f l u f f y ,  l i g h t  y e l lo w  m ix ­

t u r e  t h a t  was h e a te d  f o r  5  m in u te s*  A f t e r  rem o v a l fro m  

t h e  h o t  p l a t e ,  a  room te m p e r a tu r e  m ix tu r e  o f  th e  l i g h t  

y e l lo w  p r o d u c t  was f i l t e r e d ,  w ash ed  w i th  m e th a n o l ,  and  oven  

d r i e d  a t  9 0 °C , The d r i e d  p r o d u c t  was d i r t y  y e llo w  i n  a p -  

p e a ra n o e *  A n a l* C alcd* f o r  CuC^H^N^S^Cl^ c * 1 8*36 ;

H, 1 .9 3 !  N, 1 6 ,0 7 .  Found: C, 1 7 . 9 k  H, 2 .1 2 ;  N, 1 6 .7 5 .
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17* C u (2 S -C y to 3 ln e )2 * 2 B ^ 0 : An a c i d i c  s o l u t i o n  o f

2 - t h i o o y t o s i n e ,  p r e p a r e d  by  a d d i t i o n  o f  0*3138 g o f  l ig a n d  

(2 * 5  m m oles) t o  20 m l o f  w a te r  a t  65°C a c i d i f i e d  w i th  25 

d ro p s  o f  10# HCl s o lu t io n *  was ad d ed  i n  s m a l l  p o r t i o n s  (5  m l) 

t o  5  m l o f  0,25M  CutAcJg^HgO s o l u t i o n  (1*25  m m oles) w i t h  con­

s t a n t  s w i r l i n g .  I n i t i a l l y *  a b la c k  s o l u t i o n  d e v e lo p e d  w h ic h  

changed  t o  a  y e llo w *  l im e - g r e e n  v is c o u s  m ix tu r e  a f t e r  th e  

l ig a n d  a d d i t i o n s  c o m p le ted *  The m ix tu r e  was a l lo w e d  t o  h e a t  

an  a d d i t i o n a l  15  m in u te s*  and  a f t e r  c o o l in g  i n  an  i c e - b a t h  

f o r  20 m in u te s*  th e  o ra n g e -y e llo w *  g e l - l i k e  m ix tu r e  was 

s u c t i o n  f i l t e r e d  and w ash ed  w i th  w ater*  The p r o d u c t  was 

oven  d r i e d  a n d  s t o r e d  o v e r  p2°5* A f te r  2  d a y s  th e  c o lo r  o f  

t h e  p r o d u c t  ch an g ed  fro m  o ra n g e  t o  b row n . A n a l .  C alcd* 

f o r  CuCgH^gN^OgSg: C, 27*28 ; H, 3.AP-J N* 2 3 .8 7 .  Pounds

C, 26.1}-7J H, 3 .0 6 ;  N, 2 3 .7 8 .

1 8 . C u (A d e n o s in e )(O H )* l/2  HgO: A b a s i c  s o l u t i o n  o f

a d e n o s in e *  p r e p a r e d  by a d d in g  0 .6 7 0 2  g ( 2 .5  m m oles) o f  

l i g a n d  to  20 m l o f  w a te r  a t  66°C  c o n ta in in g  20 d ro p s  o f  10# 

NaOH s o l u t i o n  (pH 10)*  was added  t o  5 m l o f  0.25M  C ufA cJg .

HgO ( 1 .2 5  m m oles) i n  s m a l l  p o r t i o n s  (5  m l) w i th  c o n s t a n t  

s w i r l i n g .  A g r e e n  v i s c o u s  m ix tu r e  (pH 7) r e s u l t e d  a f t e r  th e  

l a s t  a d d i t i o n  end was a l lo w e d  t o  h e a t  an a d d i t i o n a l  10 

m in u te s  i n  a  h o t  w a te r  b a t h  a t  65°C . The m ix tu r e  was 

s u c t i o n  f i l t e r e d  ( a f t e r  im m ers io n  i n  an i c e - b a t h  f o r  15  

m in u te s )*  an d  o ven  d r i e d  a t  85°G . The c ru s h e d  p r o d u c t  was
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dark green. Anal, Calcd, for £ t  C, 33*7£?

H, 3 * 9 7 i N» 1 9 ,6 9 *  F o u n d : C, 3 M 6 ;  H, l*..13j N , 1 8 .93*

1 9 , C u (X an th o a ln e )(O H j.S H ^ O : A b a s i c  s t r a w - c o l o r e d

s o l u t i o n  o f  x a n th o s in e ,  p r e p a r e d  by  a d d in g  O.Ij.998  g ( 2 .5  

m m oles) o f  l i g a n d  t o  20 m l o f  w a te r  a t  69°C  c o n ta in i n g  15 

d ro p s  o f  10# NaOH s o l u t i o n  (pH 1 0 ) ,  was ad d ed  i s  s m a ll  i n ­

c re m e n ts  ( if. m l) t o  5  o f  0 ,2 5 m C u tA cJ^H gO  s o l u t i o n  w i th  

c o n s t a n t  s w i r l in g *  A l i g h t  g re e n  m ix tu r e  d e v e lo p e d  (pH 6) 

and  was a l lo w e d  t o  h e a t  an  a d d i t i o n a l  10 m in u te s  i n  a  h o t  

w a te r  b a t h  a t  65°C a f t e r  w h ic h  t im e  t h e  m ix tu r e  was p la c e d  

i n  an  i c e  b a t h  f o r  20 m in u te s .  The g r e e n  p r o d u c t  was g r a v ­

i t y  f i l t e r e d  and ov en  d r i e d  a t  85°C . A n a l .  C a lc d .  f o r  

Cul c 10H16Ni|.09* c * 30 ,01 |.j H, 1u Q3j n * U|.*02# F ound : C,

2 9 .2 2 ;  H, 3 .i|-7 ; Nf 1 3 * 8 2 .

2 0 , C u (In o s in e )(O H ).H g O : A b a s i c  s o l u t i o n  o f  i n o s i n e ,
i

p r e p a r e d  b y  a d d in g  0 .6 8 0 7  g ( 2 .5  m m oles) o f  l i g a n d  t o  20 

m l o f  w a te r  h e a te d  t o  65°C c o n ta in i n g  20 d ro p s  o f  10# NaOH 

s o l u t i o n ;  pH 1 0 , was ad d ed  t o  5  m l o f  0 ,2 5 m CufAcJg.HgO 

s o l u t i o n  a t  65°C i n  s m a l l  I n c re m e n ts  (5  m l)  w i t h  c o n s ta n t  

s w i r l i n g ,  A d u l l ,  b l u e - g r e e n  m ix tu r e  d e v e lo p e d  im m e d ia te ly ;  

f i n a l  pH 9 ,  The m ix tu r e  was h e a te d  f o r  180  m in u te s  i n  a  

h o t  w a te r  b a t h  a t  6 5 °C , c o o le d  i n  a n  i c e  b a th  f o r  20 m in u te s ,  

and g r a v i t y  f i l t e r e d .  The d a rk  g r e e n  p r o d u c t  w as oven 

d r i e d  a t  9 0 °C . A n a l .  C a lc d . f o r  Cu^C^QH^Nj^Oy: C, 3 2 .8 3



81

H, 3 * 9 6 ; N, 1 5 .3 2 .  Pound: 0 ,  3 1 .9 9 ;  H, 3 .7 7 5  N, 1 5 .3 7 .

2 1 .  C u ( C y t ld ln e )  (OHj.Sj^HgO: A b a s i c  s o l u t i o n  o f

e y t i d i n e ,  p r e p a r e d  b y  a d d in g  0 .6 0 5 1  g ( 2 .5  M m oles) o f  l i g a n d  

t o  20 m l o f  w a te r  h e a te d  t o  68°C  c o n ta in i n g  30 d ro p s  o f  10$ 

NaOH s o l u t i o n ;  pH  1 0 , was ad d ed  t o  5  Ml o f  Q.25M C u(A c)2 ,

H2O a t  68°C I n  s m a l l  in c r e m e n ts  ( 5  ®1) w i th  c o n s t a n t  s w i r l ­

i n g .  A l i g h t  b l u e  m ix tu r e  d e v e lo p e d  a f t e r  th e  f i r s t  a d d i ­

t i o n ;  pH 7 .  S u b s e q u e n t  a d d i t i o n s  Im p a r te d  a  g re e n  c a s t e  t o  

t h e  m i x t u r e .  T he f i n a l  a d d i t i o n  t r a n s f o r m e d  th e  m ix tu r e  t o  

a  c l e a r  d eep  b l u e  s o l u t i o n ,  p H > 1 0 .  The vo lum e was c o n c e n ­

t r a t e d  to  10 m l o n  a  h o t  p l a t e  a n d  th e  s o l u t i o n  a l lo w e d  t o  

e v a p o r a te  s lo w ly  a t  room  t e m p e r a t u r e .  A f t e r  1 m onth  t h e  

h a r d  b lu e  f i lm  t h a t  r e s u l t e d  w as d i s s o l v e d  i n  10 m l o f  h o t  

w a t e r .  S low  e v a p o r a t i o n  o v e r  a  H m onth  p e r i o d  y i e l d e d  a  

l i g h t  g r e e n - b lu e  p r o d u c t  t h a t  w as s u c t io n  f i l t e r e d ,  w a sh e d  

w i th  w a te r  and  m e th a n o l ,  and o v en  d r i e d  a t  9 0 °C . A n a l .

C a lc d .  f o r  Cu^ H ^ N ^ q C, 3 0 .1 2 ;  H, i |. .7 8 ;  N, 1 1 .7 1 .  

F o u n d : C, 2 9 .^ 5 ;  H, ll-.QlU N, 1 1 .2 1 .

22* A tte m p ts  a t  Complex Formation
I n  a d d i t i o n  t o  t h e  l i g a n d s  fo u n d  i n  t h e  co m p lex es men­

t i o n e d  p r e v i o u s l y ,  a  l a r g e  v a r i e t y  o f  o t h e r  p y r im id in e  and  

p u r i n e  l ig a n d s  w e re  t e s t e d  u n d e r  th e  same r e a c t i o n  c o n d i t i o n s  

o u t l i n e d  a t  t h e  b e g in n in g  o f  t h i s  s e c t i o n .  A tte m p ts  t o
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s y n t h e s i z e  c o p p e r ( I I )  c o m p lex e s  f a i l e d  w i t h  t h e  f o l lo w in g  

l i g a n d s :

P y r im id in e s

1 .  S x - U r a c i l ,  XsCH-i, B r ,
P^NHg, CH3CO

2 m 6X - U r a c i l ,  XeCH^, NH2

3* 6A z a - u r a c i l ,  D i a z a u r a c i l

Ij.. U r i d i n e ,  D e o x y u r id in e

5 .  T hym ine, T h y m id in e

P u r in e s

lm G u a n in e , 6C l- g u a n in e ,  
8A z a - g u a n in e ,  6M e rc a p to -  
g u a n in e ,  8B r -g u a n ln e

2* A d e n in e , 8A z a -a d e n in e

3« 3 ’ -D e o x y a d e n o s in e

4 .  3»-dAM P, 3 » ,$ '•- c y c l i c  AMP

5 ’-IM P



Results and Discussion

The compounds prepared during this investigation have 
been grouped by the criterion of similar composition and sim­
ilar ligand group into five different sections. The data per­
tinent to these compounds will then be presented and discussed 
in the corresponding section below,

A. Cu(£X-Uracil) ,n HO# where X s. H, I, N0P and n -
c. tL ^

1, 1, and 2, respectively; Cu(6X,2S-Uracil)2,n solvent, 
where X - H, NH^, CHy and n solvent - 3H20, 3CH^0H,
2^0, and respectively; Cu(2,lj-Dithiouracil) (OH) .HgO.

Complexes of the pyrimidine bases have been very elusive 
up to now because of their small pK s and reported weak Lewis

cl

base b e h a v i o r , ^£3 however, two new series of 2:1 ligand to 
Cu(II) coordination compounds with 6X,2S-Uracil, where X -  H,
NHp, CHt, and C _ H , and 5x-Uracil, where X - H, NO , and I,^ J  j 7 2
have been isolated as a result of this work. This shows that 
2S-uracil acts as a good Lewis base and readily coordinates 
to Cu(II), Recently, Villa and Nelson^^- reported the syn­
theses and spectroscopic properties of two members of the 
series corresponding to Cuf^X-UracilJg.nH^O, where X - I, and 
N02 and n - 1 and 2, respectively. Again, the Cu{II)-substi­
tuted uracil interactions have been shown to be real and 
stable, and thi3 represents the preparation and characteriza­
tion of the first simple coordination compounds of the 5-aub-



stituted uraolls. In addition to the uracil and thiouracil 
complexes, a novel complex with 2,Ip-dithiouracil has also 
been isolated.

Complete tabulations of the major IR bands for all li­
gands and complexes in the NaCl range (35>00 - 7 0 0 c m " a r e  
given in Tables VII and VIII. The assignments given in the 
tables were arrived at by interpolation among the IR spectra 
of the free uracil, 2S-uracll, and 2,lp-dithiouraoil and by 
direct comparison to previous published IR analyses for ura­
cil2** and 2 , l j . - d I t h i o u r a c l l . ® 9  The coordination sites were 
determined by comparison between free ligand and coordina­
ted ligand.

The main area of interest Is the region between 1700 
and 8000m"1 where the following bands are located (all In 
cm"1): v C(2)0, 1730; v C(ij.)0, 1690; 6N(1)H, l£L0;6 N(3)H,
11̂ 20; vthioamide I, l£60; v thioamide II, 1230; and v thio- 
amide III, 860.

The changes In the spectra are dramatic upon coordina­
tion. For the 6X,2Snracil and 2,i^-dithiouracil complexes, 
6N(3)H decreases in intensity or completely disappears from 
the spectra pointing to N{3) deprotonation and concomitant 
coordination. The C{2)S moiety, as monitored by thioamide 
bands I-III, is also used for coordination since there are 
changes In position, Intensity or both in several of these 
bands, v c(Ip)0 remains unchanged in intensity and only slight­
ly shifted In position (combination band wlthvCrC); 6N(1)H 
also remains constant in Intensity and position. This is in-



dicative that C(I4-)0 and N(l) are not uaed as coordination
sites. The presence at and 3335cm"-*- of the asymmetric
and symmetric NH stretching modes, respectively, for the

2^6-NH^ group, governed by the following expression: 
vNH2 (sy.) - + O .876 vNH2(asy.) precludes coordina­
tion at the NH2 postion in the feNHg*2S-uracil complex. How­
ever, for the 5X-uracil complexes, v 0(2)0 and6N(l)H dis­
appear from the spectra, while v C(ij.)0 and6 N(3)H remain con­
stant, indicating that the bonding sites in these compounds 
are C{2)0 and N(l). The high frequency area, from 3&00 to 
2800cm"-*-, contains several bands which can be assigned to 
v N(X)H and vOH. The decrease in intensity of thevN(X)H 
bands in this region corroborates the assignment of ring ni­
trogen deprotonation and coordination. Although IR data 
points to a large reduction in thioamide bands I-III for the 
2,1^-dithiouracll complex, Involvement of C{2)S and/or C(I+)S 
cannot be discriminated from the IR data. However, owing 
to the complete insolubility of this complex i n  m o s t organ­
ic and inorganic solvents, a polymeric type structure is pos­
sible and coordination through both C(2)S and C(L|.)S is sug­
gested. Magnetic evidence will be presented later that sup­
ports this contention for a polymeric interaction. There­
fore, a shift in the bonding sites is observed from N(3)/ 
C(2)S In the 6X,2S-uracil, and 2,lp-dithIouracil complexes to 
N(l)/C(2)0 in the £X-uracil complexes. Although simultane­
ous coordination via N and S in mono-®^*®^ and dithioura- 
eil87-9 metal complexes has been recently postulated, the



exact nature of the coordination has never been elucidated. 
Weber's contention®^- for monodentate coordination in 23-ura­
cil appears, therfore, unwarranted in light of the results 
presented here. The coordination found in the 5X-uracil me­
tal complexes contrasts the monodentate bonding at C ( l \ .)0 ^  

and N(3)77 of uracil with Hg(II).
Several inferences may be drawn from these results. 

First, nucleic acid bases act as donors towards transition 
metal ions. This donor property would allow them to inter­
act with metals during transcription and/or translation pro­
cesses^ as well as processes involving nucleic acids (e.g., 
biological oxidations and reductions, charge carriers, en-

D Q
zyme activators, and control mechanisms *“)• Second, these 
nucleic acid bases behave as chelating agents. This suggests 
that they can also function as the coordinating (chelating) 
sites at RNA by metal complexes such as the cis-Pt(amine) ^  

Cl2*-2-2-k.,12Q-9 complexes used as anti car cinogens. Since the 
N(l) chelating site is substituted by ribose in RNA (Fig. 1), 
the chelating ability of the uracil nucleotides is expected 
to be: 2,l(-dithiouracil> 2S-uracil>uracil. Also since N(3)
is involved in hydrogen bonding, the incorporation of 2S-ura- 
cil for uracil in RNA should allow a more effective disrup­
tion of the hydrogen bonding by metal ions like Cu(II) with 
a concomitant alteration in the functional capabilities pos­
sessed by these polynucleotides.

Complete tabulations of the visible-near IR bands in the 
000 - 8,300cam"l region and EPR absorptions for all com-



plexes are given in Tables V and VI, respectively, at the 
end of Section E. The magnetic susceptibility data and 
1/x vs. T plots of the 5x-uracils, and 6x,2S-uracil arid 2,lj.- 
dithiouracil complexes are given in Tables XIII and XIV and 
Figures 12 and 13, respectively*

The range of the d-d transition band maxima for the !?X- 
uracils Is: l^,i^00 - Ilf.,700cm"1, and Is consistent with
tetragonally distorted octahedral Cu(II) complexes of approxi- 
mate symmetry and can be assigned bo the \  ( i x z , 7 z )

  Bn- (d 2 2)  transition. The transition to thetn X -y o
2^7 plevel is usually degenerate with the one to the Bpg 30 »̂

pwhile the transition to the A-̂ g level is at much higher 
energies, outside our spectrometer range or masked by li­
gand to ligand transitions. Similar ranges of the value of
the d-d transition have been observed for approximately Di h

2? 8-9Cu(II) complexes having the chromophores •
The range of the d-d transition band maxima for the 6X, 

2S-uracil and 2,lj.-dithIouracil complexes, 13,300 - 10,800cm"1 

suggests a change In the geometry around the Cu(II) Ion, from 
a tetra gonally distorted Dj^ symmetry (as 3ean for the 5>X- 
uracil complexes) to a trigonally (rhombic) distorted con­
figuration with approximate symmetry* In the latter case 
the large size of the S atoms induces a symmetry low enough 
to allow d-d transitions from the 2A^g (d;x2_y2) ground state 
to either the or ^Bgg excited states. It should be
noted that the electronic absorptions observed were very 
broad and may consist of two overlapping semi-degenerate tran



sitions. Resolution of these bands could probably be at­
tained only at temperatures below 20°K, but the new infor­
mation would probably still be consistent with approximate 
Cgy symmetry. Furthermore, it Is well known2£9 that the abi­
lity of Lewis bases to coordinate to Cu(XI) is In the order 
S > N > 0 and EPR measurements2^  suggest that thea Cu-S 
bond is twice as covalent as the cCu-N bond* This indi­
cates that in going from the chromophore (in the £X-
uracils) to the chromophore (in the 6x,2S-uracils and
2,lj-dithIouracIl), the overall ligand field strength and 
distortions from approximate symmetry increase with a 
concomitant splitting of the d levels and a lowering of the 
d-d transitions observed* An alternative explanation for 
the position of the d-d transition band maxima in these 6X, 
2S-uracil and 2,!j-dithiouraell complexes might be a change 
of coordination number upon coraplexation which effectively 
changes the site symmetry about the Cu(II) from distorted 
octahedral to tetrahedral or trigonal bipyramidal geometry. 
However, our EPR data unequivocally show the ground state 
to be (̂ x2 y2^ ai^c® gz > precluding the possibi­
lity of these coordination number changes upon complexatlon. 
It is also unreasonable to postulate a loss in coordination 
number when the ligand changes from bidentate to tridentate 
as is expected for the 2,lj.-dithlouracil complex.

Information regarding the magnitude and nature of the 
magnetic interactions in these complexes was determined by 
variable temperature magnetic susceptibility measurements.



The results for the $X-uracil, and 6X,2S-uracil and 2,i|-di- 
thiouraoil series are plotted in Figures 12 and 13, respec­
tively. As can be seen from the variation of the inverse 
susceptibility with temperature and the value of the tempera­
ture intercept, 0 , both series display antiferromagnetic in­
teractions (Fig. 10), however, the nature of these interac­
tions is not the same in all cases.

For the 5N02-uracil complex, a linear least squares 
plot of the experimental points allowed extraction of a tem­
perature intercept, 0 ,  of -7*9°K which is a measure of the 
interdimer interactions. The experimental data for the com­
plex was then fitted to the Van Vleck equation for exchange 
coupled dimers according to eq. (12). Theoretical best fit 
values to g and -2J were 2.11 and 6.2cm”-1-, respectively. The 
value of -2J indicates that the overall exchange is rather 
weak and should manifest as a deviation from linearity only 
at temperatures below 12°K. The experimental EPR g value ob­
tained was 2.16 and points to the correctness of the magne­
tic model used. The value of 0  in the denominator of eq, (13) 
allows one to calculate the magnitude of the intradimer inter­
actions within the ^NOg-uracil complex and leads to a -2J 
value of O.lcm”^ (approximately zero) implying that lattioe 
interactions (interdimer interactions) constitute the major 
pathway for the antiferromagnetic coupling with no localized 
dimeric interactions per se. A fit to the Ising model, eq. 
(16), was also acceptable but not as good as the Van Vleck 
model, indicating that our proposition of a lattice interac-



fcion is correct.
The £>I-uracil complex was fitted to the Ising model 

for antiferromagnetically coupled straight chain polymers.
The parameters g and -2J obtained from the theoretical best 
fit were 2.08 and 111cm-"1*, respectively, as well as a 16# 
contribution from a monomer species. Therefore, these data 
suggest that the 5l-uracil complex is comprised of linear 
chains with 12 metal ions (molecular formulas) coupled in a 
moderately strong antiferromagnetic fashion with an essential­
ly uncoupled ion at each end of the chain (average: 16# of 
total) t Pig., .li;. The antiferromagnetic coupling of the sin­
gle d 2 2 el©ctron on adjacent copper(II) centers can pro-x -y pinceed via a superexchange mechanism involving the dxz and
d__ orbitals of adjacent metal centers and the ITsystem of yz
the 5l-uracll anion. The water molecules complete the dis-

Pig. lij.. A schematic of the proposed polymeric structure
for the Cu-5l-uracil complex. Here the 51-ura­
cil anion acts as a bridging ligand connecting 
two adjacent metal centers.

torted octahedral geometry. The model suggests a long range 
interaction (larger and more extensive presumably than the



£N02-uraeil system), however, the role the substituent at 
the $ position plays in both these systems ia uncertain. 
Apparently, their incorporation allows a more effective 
orientation between metal centers whereby long-range lat­
tice interactions predominate at the expense of relatively 
short-range dimeric interactions. The experimental g value 
obtained was 2.13 and points to the correctness of the mag­
netic model used.

The magnetic data for the unsubstituted uracil complex 
did not fit any of the magnetic models outlined earlier and 
the curvature of the l/x vs. T plot (Fig. 12) prompted a 
field dependence study at room temperature. The results of 
the study at three field strengths are shown in Table IXX 
and clearly demonstrate the ferromagnetic nature (Fig. 10) 
of the complex. At the highest field strength the coupling 
of spins in the lattice is broken and the individual spins 
are forced to align in the field direction leading to 
lower susceptibilities and lower effective magnetic moments. 
At lower external field strengths the ability to develop do­
mains of spins is enhanced and leads to higher susceptibili­
ties and higher effective magnetic moments. This coopera­
tive phenomenon is the basis of the ferromagnetic interac­
tion observed and can be ascribed to an ordering throughout 
the lattice.

It is noteworthy to point out that the £x-uracll com­
plexes display a lattice involvement of spin centers and sug­
gests that the substituent at the £ position is important in



determining the specific mode employed even though it is 
not possible at this time to determine if its involvement 
is electronic, steric, or a dual effect. In fact, Gel'man 
and Kustova^ postulated a bridged interaction between a 
PdfII) ammine dimer with 5F-uracil acting as the bridging 
ligand, however, only on the basis of elemental analysis.
The EPR data for the 5X-uracils support the interactions 
postulated since they display the AMg = +2 spin forbidden 
transition at half field, at approximately 15>00G.
This band is, in itself, enough proof of magnetic interac­
tions in Cu(II) systems. The £l-uracil complex is an ex­
ception showing no Apparently, the multiatom inter­
action in the case of the £l-uracil complex yields several 
bands in the r’eSi°ri precludes the resolution of any
band in this case.

The 6X,2S-uracll complexes were all fitted to the Van 
Vleck dimer expression for exchange coupled dimers, eq. (12), 
and plots of l/x vs. T are shown in Fig* 13 for this series. 
It was observed that the effective magnetic moment was very 
low at room temperature for every member in the series and 
magnetic measurements below room temperature would have given 
no useful information. In all cases, only data above room 
temperature were obtained. The curves appear essentially 
flat as the temperature Is Increased indicating little change 
in the susceptibilities over a large temperature range. A 
close inspection of Fig. 13 and of the magnetic data tabula­
tion for these complexes in Table XIV shows them to be, as



mentioned before, very strongly coupled with effective mag­
netic moments due almost entirely to small amounts of mono­
meric impurities that are always present, A theoretical 
best fitting procedure was difficult in each case because 
very small changes in g values and/or % monomer impurity 
corrections used led to drastic changes in the molar suscep­
tibilities, Also, the absolute values of the susceptibili­
ties are so small, that they are very difficult to obtain 
and utilize with a high degree of accuracy. Therefore, we 
restricted our calculations to determining a lower limit for 
the exchange interaction parameter, -2J, for these complexes 
as shown in Table VI, Typically, -2J Is ll}.00cm”^ and indi­
cates a triplet excited state far removed from the singlet 
ground state, EPR signals for these coupled systems were 
weak as expected since the triplet state, the only magnetic 
state, is virtually unpopulated in relation to the ground 
state, but EPR absorptions characteristic of coupled systems 
were observed at approximately 1500G, corresponding to 
and at 5300G and 370QG, corresponding to the high field paral­
lel and perpendicular transitions, respectively. EPR ab­
sorptions for these complexes are given in Table VI. In­
deed, calculations based on a Boltzraan distribution between 
ground and excited states showed that weak triplet state 
bands should be observed.

The l/( vs, T data found for the 2,J^-dithiouracil com­
plex Is given in Table XIV and plotted in Pig. 13* The fit 
to the Ising model for straight chain polymers was excellent
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y i e l d i n g  r e s p e c t i v e  v a lu e s  f o r  th e  m a g n e tic  p a r a m e te r s  g 

and -2J o f  2.02 a n d  700cm”‘**. The c r i t e r i o n  u s e d  t o  d e t e r ­

m ine a  b e s t  f i t  w as a  m in im iz a t io n  o f  th e  s t a n d a r d  d e v ia ­

t i o n  b e tw e e n  c a l c u l a t e d  and  e x p e r im e n ta l  g  v a l u e s .  A s t a n ­

d a rd  d e v i a t i o n  i n  g  o f  0 .0 3 1 7  was o b t a i n e d .  The 9$ mono­

m er c o r r e c t i o n  fo u n d  im p l ie s  a n  a v e ra g e  c h a in  l e n g t h  o f  22 

com plex  u n i t s  w h ic h  i s  m ore e x t e n s i v e l y  c o u p le d  ( lo w e r  e f ­

f e c t i v e  m a g n e tic  m om ent) and  p o ly m e r iz e d  th a n  th e  £ l - u r a -  

c i l  co m p lex . T h is  d a t a ,  a lo n g  w i th  a l l  t h e  e l e c t r o n i c ,  mag­

n e t i c ,  and s o l u b i l i t y  d a ta ,  s t r o n g l y  s u g g e s t s  t h a t  b o th  S 
atom s a r e  u se d  i n  th e  c o o r d i n a t i o n  o f  C u ( I I )  n u c l e i  and  

s t r o n g l y  s u p p o r t s  t h e  IR  e v id e n c e  f o r  t r i d e x i t a t e  b o n d in g  by 

th e  l i g a n d .  T h is  c o n c lu s io n  i s  i n  a g re e m e n t w i th  th e  b o n d in g  

mode p ro p o s e d  v e r y  r e c e n t l y  on a  s i m i l a r  Cu(II) com plex  w i th

2,^-dithiouracil by Agarwala and Khullar. 89

The EPR spectrum observed for this system was eonsis- 
tent With a triplet species approximately 700cra"^ above the 
ground state and displayed a half field transition, &t
approximately 1600G and a weak high field parallel transi­
tion at approximately fJlf-OOG. A proposed structure consis­
tent with all the spectroscopic data for the 2,l|.-dithioura- 
cil complex is shown in Pig. l£.

O = Cua = N 
0 = 3
• = OH
* = h2o

Pig. 1^* A schematic of the proposed structure of the poly­
meric Cu{II) complex with 2,l4.-dithiouracil#
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T ab le  VII

IR D a ta  F o r  6 X ,2 S - U r a c i l  and  2 , i+ - D i th io u r a c i l  
L ig a n d s  an d  T h e i r  C om plexes (cm "1 )

F r e e  L ig a n d Com plexed L ig a n d
2 S - U r a c l l  (LH) Cu (L )2 .3H 20 A ss ig n m e n t

31+70 n 31+20 m vOH HgO

3106 s 3106 m vCH &
291+0 3 f sp 291+0 m vNH

1701 a 1701+ s » s h vC(i+)0 &
1686 s 1681+ s f sp v C«C

1623 m 1633 m 6OH HgO

- 1623 m ,sh vC=C

1558 s 1558  m 
1535  m

TAB I

1521+ w, s h 1521+ w ,s h 6N(1)H

liU+9 w t sp 11+37 w v r i n g

11+16 m j sp 11+16 w ,s h 5N(3)H

1391 w , s p 1385 vw 5GH i n - p l a n e

1238  ra^sp 1272 s
1238 w

TAB I I

1211 s 1211 a
1171  3 f sp 1171+ w
1155 in 1155 w

1068  w 1068 w

1000  w 1000 w v r i n g

909  w 909 w v r i n g

890 w»bd 890 w ,bd

835 m»ap 835 w ,sp
820 w ,bd

TAB I I I

758 w ,b d 758 w ,bd
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Table  VII (C o a t 'd )

F r e e  Ligand
6CHV ,2 S - U r a c i l Complexed

3 (LH) Cu(L) - »2H, 
2 <

31*20 vw 31*20 m

3125 3 3030 w ,s h
291*1 m 2890 m ,b d

1639 s ,b d 1656 3

- 1629 m

1558 s 1558 s ,b d
1535 m , s h

1521* wf ah 1500 w ,a h

11*35 m ,sh 11*37

11*20 m -

1381 w 1385 w

131*8 m ,sp 1355 w

1239 w 121*1* w
1199 s , s p
1190 s , s p 1193 m *sp
1186 w ,sh 1186 v ,  s h
1166 s 1166 3

101*0 w 101*0 w ,b d

958 w 956 w ,b d

929 w 91 ? w

870 w ,bd 882 w ,b d
838 m ,bd 836 w

_ 822 w ,b d
805 w ,bd 795 vw

Assignment

vOH H20
vCH & 
vNH

\>C{I*)0 & vC»C 

aOH HgO 
TAB I

5 N ( 1 ) H  

v ring 
« N ( 3 ) H  

6CH 

v ring 
TAB II

v ring 
v ring 
v ring 
TAB III
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Tab l a V II (C o a t* a )

F re e  L ig an d  
6C7H „ ,2 5 -U i* ac il 

J  7 (LH)
Com plexed L ig an d  
C u(L )2 .)4-H20 A ssignm ent;

31|50 w 3Ji 50 m vOH HgO

3125 m ,bd 
29i | i  m

3077 w 
2976 w 
2890 s h

vCH & 
vNH

1656 s 1656 s vC(J4.)0 8wC=C

1629 m ,sp 1635 s h 50 H HgO

1558 a»^d 1570 w 
1514.1 m

TAB I

1500 w ,s h 114.90 ra 6N(1)H

1/414-5 ra D 4I4.I  m v r i n g

H4.I6 w ,s h - SN(3)H

1393 w 1385 w 6CH i n - p l a n e

1333 w 13)4.0 w v r i n g

1279 w 
12/f.l m 
1190 s 
1163 in

1272 ra 
1230 w ,3 h  
1208 m ,bd  
1166 w

TAB I I

1010 w 1015 w ,bd v r i n g

960 w 953 w v r i n g

935 w -

885 w 
86lvw  
8 l8  m ,bd
785 w

876 vw 
858 vw 
820 w ,bd

TAB I I I



T a b le  VII  ( C o n t 'd )

F r e e  L ig a n d
6 N H L ,2 S -U ra c il  C om plexed L ig a n d

2 (LH) Cu (L )2 .3CH3 OH

31+25 w 31+00 m

3335  w ,a h 3 335  w#s h

3 1 3 5  m 3106  w ,b d
301+9 w ,b d

291+1 2907  ra ,b d

1639 a 1653

- 1630  m

1558  s 1558  m ,s h
151+3 s

1500 w ,s h 1500 w ,s h

11+25 m ,b d 11+37 m ,bd

11+05 w ,s h -

1381  w ,s p 1385  w

131+8 m 1355  w

1299 w 1295  w

1239  w ,s p 121+1 w ,b d
1199 3»Sp -
1190  s , s p 1185 m ,b d
1166 s 1166 a

101+1 s h «e

929  w 916 vw

870  w ,b d 861+ vw
8 38  m 836 vw
806 w ,b d 799  vw
7 89  w -

98

A ss ig n m e n t

vNEL, ( a a y . ) & v HgO 

vNH2 ( a y . )  

vCH & vNH

vC (l+ )0 , vC=C>
&  5 N H 2

6 OH H 0 
2

TAB I

6N (1)H  

v r i n g

SCH i n - p l a n e  

v r i n g

TAB I I

v r i n g  

v r i n g

TAB I I I



T a b le V II (C o n t 'd )

F re e  L igand  
2 ,  l j - D i t h i o u r a c i l Com plexed L ig an d

(LH) C u(L )(0H ).H 20 Assignm<

- 3^25 m BOH H2 0

3106 m - v CH & vl
3012 m -
292k  m •

1610 s t sp - vC=C

1572 s 1583 v , 3 h TAB I

l 5 i(.6 m ,ap 15^3 m ,sp 5N(1)H

llf.93 m*sp li;9 3  v w TAB I

II4. I 2 w - 5N (3)H

1366 w 1366 w v r i n g

1381 s TAB I I
1252 m ,sp -

- 1299 m
1235 3 -
1211 3 1188 m

1126 v s 1155 m ,bd TAB I I I
1096 w 1092 vw

980 w ,sp - v r i n g

859 w ,sp SCH o u t

791 ah 806 w ,b d TAB IV
779 v ,b d 778 w ,s h



T a b le  V III

IR Data For £>X-Uracil Ligands 
and Their Complexes {cm"1)

F r e e  L ig a n d  
U r a c i l  (LH)

C om plexed  L ig a n d
c u ( l ) 2 , h2 o A s s ig n m e n t

- 3 5 9 7  w v OH H20

311*1 m ,b d vNH

3012  S 3 0 1 2  s ,b d v CH i n - p l a n e

1721  s , s p 1718  m ,b d v C (2 )0

I 669 3 1678  s ,b d vC (l*)0

- 1597  m 6 OH HgO

l £ l l  w ,s p 1 5 1 1  vw S N (1)H

11^20 m ,sp li*20 m ,sp 6N (3)H

1235  m ,b d 1238  m ,b d v r i n g

1217 w ,s h 1 2 1 5  w ,s h 6 CH i n - p h a s e

1092  w ,b d  
1000 w

1 0 9 2  w ,b d  
1 0 0 2  w

v r i n g

990  w 990w v , 6 r i n g

758  w 758  w v r i n g



T ab le  V III (C o n t'd )

F r e e  L ig an d Com plexed
5 l - U r a c i l  (LH) Cu (L )2 .H2(

3311  a h 3370 3h
3246 ra

3125  m 3125

3067 e 3030 ra

2857  ra 2841 m

17M-8 3 1736 v , a h

1700  s 1690 s , s h

1650  s ,b d 1640 3 ,b d

1608  SfSp 1603 3 $Sp

1$06  w -

1471  mf sp 1460 m

llj.33 mt sp 1429 m

1397 w 1397 v

1323 m ,sp 1319 m

1214  s 1211 a

1136  3 1131 3

9 92  w 992 vw

935 ra 935 w

773 m 772 w ,b d

753 s# sp 753 ra

7 2 5  m 725 m

A ss ig n m e n t

vOH H 0.
2

vNH

vCH i n - p l a n e

vCH o u t-o f-p la n e

vC(2)0

vC (4 )0

6 OH H2 0

vC=C in -p la n e

6N(1)H

v r in g

<SN(3)H

6 OH in -p la n e  

v r in g  

v, 6 r in g

v, 6 T in g

6 CH

v, 6 r in g



fr e e  Ligand 
5N02-U r a c il

Table

(LH)

V III (C oat’d)

Complexed Ligand 
Cu <L)2 .2H20 Assignment

3 2 7 0  sh 31*50 s vOH H20

3160 w ,sh 3160 sh vNH

3086 s ,b d 301*9 m,bd vCH in -p la n e

281)1 m ,sh 2871). m vCH out-of-p3

17214. s ,b d - v C{2)0

168^ s,b d 1685 s»sp v C (1).) 0

1620 m 1600 m 6OH HO 2
- 1567 s vNO (a sy .)

1521). s #bd - 6N(1)H

1 4 $? sh 3497 m v r in g

11*53 m 11)4.0 w ,sh 6N(3)H

11)22 a 11*29 m,sp v r in g

1359 a 1355 m 6 CH in -p la n e

1323 9 1323 s v C-N02

1 2 3 2  s f bd 1292 s #bd vNO (sym.)

1121 w 1199 w v r in g

1002 w 1019 w v r in g
978 m,bd 
858 sh

821). s ,b d

1007 w 
861 w

■SNOg

779 w 775 v v, 6 r ing



Tabje X I I I

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agn etic  Moments
For 5x -T Jracil Com plexes

Compound Temp

(°K)

Cu(N0 -U )_ .2 H -0  2 9 8 .0
2 2 C 2 3 9 . 0

179.0 
11*2 .0
1 0 0 .0  

7 6 .8  
68 .8  
5 8 .3  
1*3-033.0
28 .0
12.0

Cu(I-0)„.ELO 298.0
2 2 231*.. 0

159.0
1 1 8 .0  
60 .7
52.3 1*3.0 
36.0
28 .0  
2 0 .616.3
12.0

x (exp) 1 /x  (exp)

(xlO"6 ) (xlO^)

lk88 672.0
1835 510*. 8
21+61 1*06,1*.
3051 327.71*163 21*0.2
5101 196.0
5889 169.8
6861 11*5.7
9055 110. k

11780 81*. 9
12300 76.9
27810 36.0

1028 972.9
1211 826.0
151+3 61*8.0
1809 552.8
2531* 391*. 7
2866 31*8.9
3222 310.1*
3621 276.2
5.186 238.9
5077 197.0
5815 172.0
7105 11*0.8

x (c a lc )  1 / x (c a lc )

( x i o " 6 ) (x lO ^ )

11*52 688.8
1792 588.0
2365 1+22.8
2956 338.3
kllll* 21*1.3531*0 187.35932 168.6
691*5 ll+l+.Q9252 108.1
11820 81*.6
13710 72.9271*10 36.5

1130 885.2
1305 766.1
1567 638.1
171*1* 573.2
2322 1*30.7
251*5 392.92912 31*3.1*
3323 300.9
1*052 21+6.8
5232 191.161*11 156.0
8k3l+ 118.6

ement Moment S td . Dev
(exp) ( c a lc ) Between

g v a lu es

1.88 1.86 0.0316
1.87 1.851.88 1.81*
1.86 1.83 (Dimer)
1.82 1.82
1.77 1.81
1.80 1.81
1.79 1.80
1.76 1.78
1.76 1.77
1.71 1.75
1.63 1.62

1.57 1.61* 0.0987
1.51 1.56
1.1*0 1.1*1
1.31
1.11

1.28
1.06 ( I s la g )

1.09 1.03
1.05 1.00
1.02 0.98
0.97 0.95
0.91 0.93O .87 0.910.83 0.90



V a r ia b le

Compound

Cu {U)2 .H 2 0

T a b le  X III  (C o n t'd )

Tem perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agn etic  Moments
For 5 X -U r a c ll  Complexes

Temp X (exp) l/x (exp) X (calc) l/x (calc) Moment Moment
(°K) (xlO"6) (xlO^) (xlO-6) (xio^)

(exp) (calc)

297.0 1320 757.8 1.78
21^.0 1555 61*3.2 - - 1.61* -

169.0 1738 575.3 - - 1.51*. -

122.0 1987 503.2 - • 1.1*0 —

79.1 2352 1*25.2 - - 1.22 -

65.3 251*5 392.9 - - 1.16 -

56.5 2701 370.3 - - 1.11 -

l*l*-.9 2951* 338.6 - - 1.03 -

31*.3 311*9 317.6 - - 0.93 -

27.3 3322 301.0 - — 0.86 -

18.7 3567 280.3 - — 0.73 —

15.0 3707 269.8 - — 0.67 —

12.0 3980 251.3 - - 0.62 -

g va lu es

HO
■P*



1000

0  Cu(5l-Uracil)2 .H20 
• Cu($N02 -Uracil)2 .2H20

M Cu(Uracil).H_0750 -

5oo -
l / x

(mol/emu)

, 250 -  (xlQ4-)

0 100 200 300 T (°K )

Figure 12# Inverse susceptibility V3 . temperature for 5 x - u r a c i l  complexes.
Solid lines represent theoretical best fits to Ising model ( X s l ) ,  
and dimer model (XsN02 ) ;  experimental best fit for XrH.

o



T a b le  XIV

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agn etic  Moments
F or 6 X ,2 S -U r a c il  and 2 , i | - D i t h i o u r a c i l  Com plexes

Compound

Cu(Dithiouraell) 
(OH).H20

Cu (6 C^H^, 2S~Ura- 
c l l ) 2 .l*H20

Cu(2S-TJracil),
.3H20

Temp X (0XP) l/x (exp) X (calc) l/x (calc) Moment Moment
<°K) (xl0 ~6) (xlO*)) (xlO"6) (xlO1*-)

(exp) (calc)

29)4.0 31 5 .9 3166 3 3 2 . J4 3008 0 .8 6 0 .8 8
32ig o 313 .0 3195 320 . 14 3121 0 .9 0 0 .9 1
3)4-7 *0 30 9 .9 3227 3 U . 1 321)4 0 .9 3 0 .9 3
3 6 5 .0 30 9 .9 3227 3 0 5 .7 3271 0 .9 5 0 . 9)4
33)4-. 0 307.6 3251 3 0 0 .8 3325 0 .9 7 0 .9 6
1422.0 298 .9 33)46 2 9 2 .9 3)415 1 .0 0 0 .9 9
it-50.0 288 .7 3)46)4 2 8 8 .14 3)468 1 .0 2 1 .0 2
I4 6 3.O 2 9 2 .0 3)425 2 8 6 .6 3)489 1.0)4 1 .0 3

2 9 3 .0 1 3 8 .6 7216 1 5 0 . 14 6651 0 .5 7 0 .5 9
3 2 3 .0 1 5 2 .8 65)46 1)45.8 6861 0 .6 3 0 .6 1
3)4-9.0 1M 4.3 6932 1)43.8 6955 0 .6 3 0 .6 3
3 7 2 .0 1 5 6 .1 6)407 1)43.14 6975 0 .6 8 0 .6 8
3 9 5 .0 1)46.6 6820 114)4.0 69)4)4 0 .6 8 0 .6 7
142)4.0 150.14 66)49 1U 6.1 68k3 0 .7 1 0 .7 0
1471.0 1 3 6 .2 73141 1 5 1 .9 658)4 0 .7 2 0 .7 6

299 .0 1 1 7 .7 8)493 1 1 8 .0 8)476 0 .5 3 0 .5 3
32)4.0 1 2 2 .5 816)4 1 1 3 .5 8810 0 .5 6 0.5)4
35)4.0 1 1 1 .2 8996 1 0 9 .0 9177 0 .5 6 0 .5 6
14014.0 9)4.7 1056 1 0 2 .9 9717 0 .5 5 0 .5 8

Between 
g values
0,0313

(Ising)

0.117

(Dimer)

0 .1 6 2

(Dimer)



T a b le  XIV (C o n t'd )

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  aud E f f e c t i v e  M agn etic  Moments
For 6X, 2 S -U r a c il  and 2 , i | - D i t h i o u r a c i l  Com plexes

Compound Temp X (e x p ) l / x  (ex p )

(°K) (x lO - 6 ) (x lO ^ )

Cu(6NH2 ,2 S -T Jra -

c i l ) 2 .3CH30H

2 8 9 .0
3 1 5 .0
3 5 1 .0
3 7 3 .0
5.05.0
5 3 3 .0
5 6 0 .0

14-.19
1 5 .7 9  
1 6 .7 3
1 5 .7 9  
1 7 .3 9  
2 3 .0 0  
1 3 .9 3

238700
63330
59770
63330
57500
14.31+80
52830

Cu (6  CH y 2 3 -U ra ­

c i l  ) .2H  0 
2 2

2 9 7 .0
3 1 3 .0  
314-6.0
3 7 2 .0
5-18.0

2 .6 9
8 .8 6

1 3 .8 0
2 0 .7 0
2 5 .6 0

371700
112900

721+60
58310
39060

X ( c a l c )  

( x l0 “ 6 )

l / x  ( c a l c )  Moment Moment S td .  Dev 
. (e x p )  ( c a l c )  B etw een  

(x lO ^) g v a lu e s

6 0 .0 0 166 70 0 .0 9 9 0 .118
6 0 .0 0 16670 0 .1 9 9 0 .1 2 3
6 0 .0 0 16670 0 .2 1 6 0 .1 3 0
6 0 .0 0 16670 0 .2 1 6 0 .1 3 5 (D im er)
6 0 .0 0 16670 0 .2 3 8 o.i5o
6 0 .0 0 16670 0 .2 8 3 0 .1 5 5
6 0 .0 0 16670 0 .2 6 5 0 .1 5 9

5.31+ 187300 0 .0 8 0 0 .1 1 3
7 .2 5 138000 0 .1 5 9 0 .1 3 5

12.31+ 81070 0 .1 9 6 0 .1 8 5
1 7 .5 2 571+10 0.21+8 0 .228 (D im er)
2 8 .5 7 35130 0 .2 9 3 0 .309

•» F ix e d  g v a lu e s  u s e d



1*00,000  -  

186,000  -

30 .000  ^
17.000  ^  
1 6 ,0 0 0  : 
1 0 ,^ 0 0

l /x
8,500  -

(rao l/em u)
6 ,500  - 

3 ,7 5 0  '

(xlO^-)
3 ,2 5 0  H

2 ,7 5 0    r

200

-Q-U-

( * )
A C u (2 S -U ra c i l )  *3H 0 

at Cu(6NH2 ,2 S - U r a c i l ) 2 ,3CH^0H 

O Cu{60H3 ,2 S - U r a o i l ) 2 ,2H  0 

•  Cu( 6 0 ^ ,  2 S - U r a c i l  ^ .1 * 1 ^ 0  

p  C u ( 2 , i* .- D i th io u r a c i l )  (OH) .H^O

300 1^00 5oo T (°K )

F i g u r e  1 3 . I n v e r s e  s u s c e p t i b i l i t y  v s*  t e m p e r a tu r e  f o r  6 x ,2 S - u r a c i l  co m p lex es an d  
2 , l p - d i t h i o u r a c i l  com plex  (DTU). S o l i d  l i n e s  r e p r e s e n t  t h e o r e t i c a l  b e s t  
f i t s  t o  I s i n g  m o d e l (DTU), an d  t o  d im e r  m odel (X5H, NHg, CH^, ) •

108



B* Cu(Cytosine)_Cl„; Cu{2S-Cytosine)Cl ; Cu{2S-Cyto aine)2.2H 0.z 2 2

The first series of Cu(II) coordination compounds with 
2S-cytosine, Cu(2S-cytosine)Cl2 and Cu(2S-cytosine)2.2H20, 
were prepared and characterized. This shows that 2S-cyto- 
sine acts as a Lewis base, and like the uracil and thioura- 
cil systems described in Section A, substantiates the evi­
dence that metal coordination compounds with pyrimidine bases 
can be formed and isolated. A complex previously prepared 
and examined by X-ray crystallography by Carrabine and Sun- 
daralingam^'# Cu( cytosine JC^, was also prepared and studied 
here.

A complete tabulation of the major IR bands for these 
complexes is given in Table IX. Assignment of these bands 
was made by interpolation between cytosine and 23-cytosine 
and by direct comparison to previously published data for cy- 
tosine^2“3 and 2S-cytosine.Z^  The coordination sites were 
determined by comparison between free ligand and coordinated 
ligand.

The main area of interest is the region between 1700 and 
800cm”^ where the following bands (cm“l) are located: for cy­
tosine, vC(2)0, 1661;« N H ,  1706; 6N(1)H,. 1?20; vC-N (ring), 
ll|.66, 1362; and for 2S-cytosine, 6NH2, 16?6; 61\f(l)H, 1^3> 
v thioamlde I, 122?; v thioamide II, 800. A second area of 
interest lies between 3600 and 2800, where vN(X)H at 3150, vOH 
at 3100, and vNH^ (asy. and sy.) at 3ip00 are located.

For the cytosine complex v 0(2)0 decreases in intensity



p o i n t i n g  t o  C (2 )0  c o o r d i n a t i o n .  The r i n g  v i b r a t i o n s  a r e  d r a ­

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

b a t i o n .  H ow ever, t h e  p r e s e n c e  o f  SNHg a t  1678cm"-1* an d  $N (1)H  

a t  l520cra“ l  p r e c lu d e s  t h e i r  in v o lv e m e n t i n  c o o r d in a t io n  and  

s u g g e s ts  N (3) a a  th e  s i t e  o f  c o m p le x a t io n , The p r e s e n c e  o f  

th e  V NH2 ( a s y .  an d  s y . )  a t  3 i|^5  aad 3333cm"*1' ,  r e s p e c t i v e l y ,  

i s  f u r t h e r  e v id e n c e  f o r  th e  n o n - in v o lv e m e n t o f  th e  NHg g ro u p . 

T h is  i n d i c a t e s  C (2 )0  an d  N (3 ) c o o r d in a t io n  and i s  i n  ag reem en t 

w i th  th e  k u o w n ^ » ^ 7  b o n d in g  s i t e s  f o r  t h i s  co m p lex . In  a d d i­

t i o n ,  th e  X -ra y  s t r u c t u r e  d e te rm in a tio n ^ * *  ̂  u n c o v e re d  a d d i ­

t i o n a l  c o o r d in a t io n  by  th e  two c h lo r i d e  c o u n te r io n s  com ple­

t i n g  a  d i s t o r t e d  o c ta h e d ro n  a ro u n d  C u ( I I ) .

B o th  2 S - c y to s in e  l ig a n d s  c o o r d in a te  d i f f e r e n t l y  from  th e  

c y to s in e  b u t  s i m i l a r l y  to  e a c h  o t h e r .  The r e d u c t io n  i n  i n t e n -  

s i t y  and s h i f t  t o  lo w e r  e n e rg y  o f  £N (1)H  a t  l£!j.3<sra c o u p le d  

w i th  th e  s h a rp  r e d u c t io n  o f  th e  h ig h  f r e q u e n c y  -a NH a t  3120cm"^ 

p o i n t s  t o  N ( l)  c o o r d i n a t i o n .  The in v o lv e m e n t o f  th e  NH2 g ro u p  

i s  r u l e d  o u t  s in c e  ^NHg a t  1650cm"*1' and-^NHg ( o u t - o f - p l a n e )  

a t  3 3 3 3 cm“^ a r e  p r e s e n t  i n  b o th  c o m p le x e s . The s e v e r e  r e d u c ­

t i o n  o f  th io a m ld e  b a n d s  I  an d  I I  a t  1230 and  800cm"*1' ,  r e s p e c ­

t i v e l y ,  p o i n t s  u n e q u iv o c a l ly  t o  C (2)S  c o o r d i n a t i o n .  T h e re ­

f o r e ,  t h e  c o o r d in a t io n  i s  v i a  C (2)S  and 11(1).

I t  I s  i n t e r e s t i n g  t o  n o te  t h a t  w i t h i n  th e  p y r im id in e  co ­

o r d i n a t i o n  compounds s t u d i e d ,  i n  th e  u r a c i l  ( c y to s in e )  s e r i e s ,  

th e  e f f e c t  o f  r e p l a c i n g  a k e to  oxygen on C (2) w i th  a  t h i o  s u l ­

f u r  i s  t o  in te r c h a n g e  th e  p r e f e r e n c e  f o r  c o o r d in a t io n  b e tw een  

N ( l )  (N(3 ) )  f o r  k e to  t o  N (3) (N ( l ) )  f o r  t h i o .  T he im p l ic a -



tion Is that substantial electronic changes are encountered 
In these pyrimidine systems leading to specificity In bonding 
when the replacement of 0 by S has been affected and points 
to a possible means of selectivity in bonding and biological 
function. As N(l) is coordinated to a sugar moiety In DNA 
and RNA (leaving open only the N(3) site for coordination), 
the complexation ability of Cu(II) with these macromolecules 
Is expected to follow the order: cytosine > 2S-cytosIne.

The range of the d-d transition band maxima for these com 
plexes is 16,14-00 - 16,200cm"(Table V), The absorptions can 
be assigned to the «- transitions in an axially dis-
torted octahedral Cu(II) system. An interesting feature is 
the shift to higher energies (blue shift) of approximately 
l4.00cnf ̂ upon replacing oxygen by a sulfur donor in the chlor­
ide complexes. It Is apparent that the thio group in the 
plane effects a larger ligand field than does the keto group 
and a high binding affinity for Cu(II). Similar blue shifts 
have recently been reported^^ In comparisons of Cu(II) com­
plexes with peptides and sulfhydryl peptides. This compari­
son, however, can only be made if the crystal structures of 
these complexes are known, that is, if the overall coordina­
tion geometry around Cu(II) remains otherwise the same. As 
will be apparent, in light of the EPR and magnetic suscepti­
bility data, the coordination geometry does change between the 
cytosine and 2S-cytosine, with a probable substitution of 0 
atoms or chloride ions in the coordination sphere by S atoms 
from the 2S-cytosine ligands. These substitutions by S atoms
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are expected to introduce distortions away from planarity 
(in the xy plane) and away from pseudo symmetry*

The EPR data for the cytosine and 2S-cytosine complexes 
are given in Table VI, Pull field absorptions at 2990 and 
3208G yielding values of gz z  2 , 2 3 and gxy : 2.08, point to 
an axial distortion about the copper(II) center for the cy­
tosine complex (g > g_v). The EPR spectra of both 2S-cy- 
tosine complexes were unusual and similar as they did not 
show parallel or perpendicular hyperfine coupling but only 
one very broad band which is indicative of dipolar coupling 
between copper(II) centers with axial symmetry. However, the 
spectra of these systems can be explained as if they origina­
ted from monomeric species similar to the polymers.

The tabulated magnetic susceptibility data for these sys­
tems are given in Table XV, Plots of l/x vs. T for these sys­
tems are shown In Pig, 16. The cytosine complex was fitted 
to the Van Vleck equation for exchange-coupled dimers, eq,
(12), and yielded theoretical best fits to g and -2J of 2.07 
and 6.2cm~^, respectively. As can be seen the agreement be­
tween theory and experiment is excellent and the small stan­
dard deviation In the g values of 0.0155 points to the correct­
ness of the magnetic model employed for this system. As be­
fore with the 5N02~uracil complex, the nature of the exchange 
interaction was elucidated by substituting 0 - -3°K, obtained 
from a linear least squares fit of the experimental l/x data 
as a function of temperature, into eq. (13). The results 
demonstrated that the exchange energy 2J approached zero (1.6
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cm” *̂) indicating that the interactions found in this complex 
are of a lattice type and not between discrete Cu(II) dimers 
and may well proceed by a mechanism similar to that found in 
the 5>N0 2-uracil complex. A good fit to the I sing model for 
antiferromagnetically exchangeecoupled# straight-chained poly­
mers was also obtained indicating that the Interactions are 
of a polymeric nature throughout the lattice. The magnitude 
of this polymeric interaction was small (approximately 7cm"l) 
and is apparently of a dipolar nature.

Both 2S-cytosine complexes were fitted to the Van Vleck 
dimer equation, eq. (12), with small amounts of monomeric 
impurity corrections (approximately \$>), The l/x vs. T plots 
clearly demonstrate the small magnitude of susceptibility 
as well as the almost imperceptible change in susceptibility 
as the temperature is varied through a large range. The gene­
ral characteristic of these plots is reminiscent of those 
found for the complexes containing sulfur ligands mentioned 
before in Section A. Since small changes in g and % monomeric 
impurity corrections had drastic effects on the values of -2J, 
lower limits to this parameter were calculated only and found 
to be llj.00+200cin”^. Again, these 2J values are very similar 
to those obtained in the complexes coordinated via an S stora 
and indicates an extremely strong coupling in these systems.

The EPR spectra of the 2S-cytosine complexes were very 
weak and similar to each other displaying an at approxi­
mately ll;80G and having high field parallel and perpendicu­
lar transitions at about y+OOG, These data are consistent



with spin coupled S = 1 Cu(II) systems and is further sup­
port for exchange interactions that occur principally through 
coupling within a dimer unit rather than through the lattice.



T a b le  IX

IR D a ta  F o r 2 X -C y to s in e  L ig a n d s  
an d  T h e ir  C om plexes (cm "1 )

F re e  L ig a n d  
C y to s in e  (LH)

3 8
3333 3

33.85 a

2809 3

1678 m

1661 s

I 63I4. a# s h

1520 3

1*4.66 3

1362 s , sp

1276 8

1235 3

1096 W

779 S#b d

C om plexed L ig a n d
cu( lh)2 c i2

3378
3330

s
m

3185 s ,b d

2907 w

1678 m

1656 m

1629 a

1520 s

1*4-66
1*4.62
1362

w ,sp
W ,sp
w ,sp

1263 w

1235 w ,sp

1098 V

779
775

WjSh
m

A ssig n m e n t

vNHp ( a s y . ) 
vNH£ ( a y . )

vNH, vCH

5 C(2)0 

v C»C

6 N (1)H  

v r i n g

<5 CH o u t - o f - p l a n e  

v r i n g  

v r i n g  

v ,  6 r i n g
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T able IX (C o a t'd )

F re e  L ig an d  
2 S -C y to s in e  (LH)

Com plexed L ig an d  
CufLH jCl^ A ssig n m en t

3333 s ,b d 3289 s ,b d vNH2 (asy «  & s y . )

3125 m 311*5 w ,bd vNH, vCH

1656 s , s h 1656 s , s h 6NH
2

1639 a 
1567 s

1639 m 
1558 ah

vCaC} vC=N

151*3 m 151*1 w 
•

6N (1 ) H

1502 m 1502 w v r i n g

1302 s 
1226 s 
1176 s

1309 m ,bd 
1232 m ,bd  
1176 w

TAB I

1080 w 1089 w ,bd v r i n g

923 w 921 vw -

853 w 
799 m ,bd 785 vw

TAB I I
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T ab le  IX (Conn'd)

F re e  L ig an d Com plexed L igand
2 S -C y to s in e  (LH) Cu (L )2 .2H 20 As s l a m e n t

- 34-80 v OH H O  
2

34-30 3 3311 s ,b d vNH_ ( a s y .
3333 s

3125 m 3125 w ,bd vNH, vCH

1656 s , s h 1656 s snh2

1639 s 1639 s vC«C* v C=»N
1567 s 1558 s h

1543 ah - 6N(1)H

1^02 m 1502 w v r i n g

1302 s 1302 w ,bd TAB X
1225 a 1225 w ,b d
1176 s 1181 w

1080 w ,bd - \> r i n g

923 w 912 vw -

853 w TAB I I
799 m ,bd 790 s h



V a r ia b le

Compound.

Cu( C y to s in e ) „ C lp

C u (S -C y to s in e )  Cl

Cu {S - Cy to s  i n e ) „ 
, 2 H2 0  d

T a b le  XV

T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agn etic  Momenta
For 2 X -C y to s in e  Com plexes

Temp X (exp) l / x  (exp
(°K) ( x l0 - 6 ) (x lO ^ )

2 9 9 .0 1330 7 5 2 .0
204.0 1917 521 .6
1 ^ 1 .0 2583 3 8 7 .2

9 5 .0 4056 2 4 6 .6
7 8 .5 4930 2 0 2 .8
6I4..2 5892 1 6 9 .7
54*7 6938 11*4.1
4 4 .9 8328 1 2 0 .1
3 6 .1 10440 9 5 .7
2 5 .5 IkOlO 7 1 .1
1 8 .0 19870 5 0 .3
1 2 .0 26340 3 8 .0

2 9 1 .0 lifjO.lt. 7122
3 2 7 .0 1 3 3 .6 71*87
3 5 6 .0 122.lt. 8172
4 0 3 .0 7 3 .7 13570

2 9 0 .0 1 8 8 .7 5299
3 3 9 .0 1 8 5 .7 5385
3 6 7 .0 l58 .lt- 6311
4 0 3 .0 1 1 ^ .5 6918
4 4 5 .0 1 1 8 .7 81*23

) x ( c a l c )  l / x  ( c a l c )

( x l0 “ 6 ) (x lQ ^ )

1395 7 1 6 .7
2010 4 9 7 .5
2681* 3 7 2 .6
1*192 2 3 8 .5
5031* 1 9 8 .6
6100 1 6 3 .9
7102 140.8
8552 1 1 6 .9

10470 9 5 .5
11*340 6 9 .7
19320 5 1 .8
26340 3 8 .0

1 1 6 .2 8602
1 1 2 .4 8894
1 1 1 .1 9004
1 1 1 .7 8956

1 7 1 .3 5838
1 5 8 .6 6307
1 5 4 .1 6489
1 5 0 .9 6629
150.0 6667

Moment Moment S t d .  Dev
(e x p ) ( c a l c ) B etw een

g v a lu e s

1 .7 8 1 .8 3 0 .0 1 5 5
1 .7 7 1 .8 1
1 .7 7 1 .8 0
1 .7 6 1 .7 8 (D im er)
1 .7 6 1 .7 8
1 .7 4 1 .7 7
1 .7 4 1 .7 6
1 .7 3 1 .7 5
1 .7 4 1 .7 4
1 .6 9 1 .7 1
1 .6 9 1 .67
1 .5 9 1 .5 9

0 .5 7 0 .5 2 0 .6 6 9
0 .5 9 0 .5 4
0 .5 9 0 .5 6
0 .4 9 0 .6 0 (D im er)

0 .6 6 0 .6 3 0 .2 5 4
0 .7 1 0 .6 6
0 .6 8 0 .6 7
0 .6 8 0 .7 0 (D im er)
0 .6 5 0 .7 3
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C. C u(L )(O H ).xH ^O , w h e re  L = c y t l d t n e ,  a d e n o s in e ,  

x a n th o s in e ,  and  l n o s l n e ;  a n d  x  s  2 ,  1 / 2 ,  2 ,  an d  1 ,  r e s p e c ­

t i v e l y .

The f i r s t  s e r i e s  o f  h y d r o x y l - b r id g e d  C u ( I l )  n u c l e o s i d e  

com plexes an d  th e  f i r s t  r e p o r t  o f  m e ta l  co m p lex es w i t h  x a n -  

t h o s l n e  an d  l n o s i n e  a r e  g iv e n  h e r e ,  d e m o n s t r a t in g  t h a t  m e ta l  

n u c l e o s i d e  i n t e r a c t i o n s  a r e  r e a l  and  do n o t  in v o lv e  s u g a r  c o ­

o r d i n a t i o n .

T a b u la t i o n s  o f  th e  m a jo r  b a n d s  i n  t h e  IR  f o r  o y t l d i n e ,  

a d e n o s in e ,  x a n th o s in e ,  and  ln o s in e  an d  t h e i r  co m p lex es a r e  

g iv e n  i n  T a b le  X I. IR b a n d  a s s ig n m e n ts  w ere  a r r i v e d  a t  b y  

I n t e r p o l a t i o n  among t h e  s p e c t r a  o f  t h e  f r e e  l ig a n d s  a s  w e l l  

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

a y s  te rn s .  ̂ 6 6 -7 1  c o Q ^ in a - t io n  s i t e s  w e re  d e te rm in e d  b y

c o m p a r iso n  b e tw e e n  f r e e  l i g a n d  a n d  c o o r d in a te d  l i g a n d . 2 7 2 -5

The m a in  a r e a s  o f  i n t e r e s t  (cm "3-) a r e :  9 OH ( b r i d g i n g ) ,

3 5 0 0 ; VNH2 ( a s y .  an d  s y . ) ,  3 3 5 0 ; S NH^, 1 6 5 0 ;9  0 ( 6 ) 0 ,  1710 ; 

9 c ( 2 ) 0 ,  1650 ; S N (1)H , 1 5 3 5 ; 5 N (3 )H , 1 5 20 ; -v r i b o s e  ( d e g , ) ,  

1130 -  1 0 0 0 ; 9  r i b o s e  ( s y . ) ,  890 -  81*.0; £  OH ( b r i d g i n g ) ,  9 5 0 .

F o r  t h e  c y t i d i n e  com plex  C (2 )0  In v o lv e m e n t i s  s e e n  a s  

th e  c a r b o n y l  s t r e t c h  a t  1639cm "3- i s  d r a m a t i c a l l y  r e d u c e d ,  

h o w e v e r, n o  e v id e n c e  f o r  NH2 p a r t i c i p a t i o n  i s  s e e n  s i n c e  

th e  b a n d  a t  1655cm*"3- i s  p r e s e n t  i n  b o t h  l i g a n d  and  c o m p lex . 

The e x c lu s io n  o f  am ino n i t r o g e n  c o o r d i n a t i o n  i s  a l s o  e v i ­

d e n c e d  b y  th e  p r e s e n c e  o f  the-ONHg s t r e t c h  ( a s y .  an d  s y . )  

a t  3356cm**3-. R in g  p a r t i c i p a t i o n  a t  N (3 ) i s  s u p p o r te d  b y  th e



p e r t u r b a t i o n  o f  th e  r i n g  v i b r a t i o n s  a t  1 6 0 0 , 15>02, an d  lij.33 

cm"1 t o  l o v e r  f r e q u e n c ie s *  E x c lu s io n  o f  s u g a r  in v o lv e m e n t  

l a  b o rn e  o u t  b y  th e  p r e s e n c e  o f  b o t h  t h e  d e g e n e r a te  and sym­

m e t r i c  r i b o s e  s t r e t c h e s  a t  113i|-» 1 0 9 6 , 10$k» an d  9 3 0 , and  

859cm*1 ,  r e s p e c t i v e l y ,  i n  b o t h  f r e e  an d  c o o r d in a te d  l i g a n d .  

C o n c lu s iv e  p r o o f  f o r  th e  p r e s e n c e  o f  b r i d g i n g  OH g ro u p s  r e ­

s u l t s  fro m  th e  w ork  o f  F e r r a r o  an d  W alk e r2 ?2 Who i n t e r p r e ­

t e d  t h e  IR s p e c t r a  o f  a  l a r g e  s e r i e s  o f  O H -b rid g ed  C u { II)  

o om plexes o f  1 ,1 0 - p h e n a n t h r o l l n e  an d  2 ,2 * - b i p y r  i d y l .  They 

show ed t h a t  i n  s p i t e  o f  th e  b ro a d  and  s t r o n g  a b s o r p t i o n  o f  

th e  w a te r  b a n d  p r e s e n t  a t  a p p ro x im a te ly  3500cm"1 i n  th e  hy ­

d r a t e d  c o m p le x e s , a  s h o u ld e r  v e r y  o f t e n  a p p e a re d  o n  t h e  h ig h -  

f r e q u e n c y  s i d e  o f  t h i s  w a te r  b a n d  an d  was a s s ig n e d  t o  th e  OH 

s t r e t c h  in  t h e  b r i d g i n g  OH g ro u p s*  S t r o n g  e v id e n c e  was a l s o  

p r e s e n t e d  f o r  t h e  a s s ig n m e n t  a t  9500m*1 f o r  th e  b e n d in g  OH 

v i b r a t i o n  i n  t h e s e  h y d r o x y l - b r id g e d  c o p p e r ( I I )  d im e r s .  In  

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

oom plex was c o n c lu d e d  fro m  th e  p r e s e n c e  o f  a  s h o u ld e r  a t  

3550cm ~^; n o  a b s o p r t i o n  a t  950cm "1 was o b s e rv e d ,  how ever*

The in v o lv e m e n t  o f  t h e  C(2 )0  an d  N (3 ) atom s i n  th e  o y t i -  

d in e  com plex  s u g g e s t s  t h a t  t h e y  a r e  t h e  p r e f e r r e d  s i t e s  f o r  

c o m p le x a t io n  t o  t h e  c y to s in e  m o ie ty  s i n c e  t h i s  p y r im id in e  

r i n g  c o o r d in a te s  a t  t h o s e  s i t e s  r e g a r d l e s s  o f  th e  p r e s e n c e  

o f  t h e  r i b o s e  g ro u p .

In  t h e  a d e n o s in e  co m p lex , e v id e n o e  f o r  c o m p le x a t io n  a t  

N ( l ) ,  N ( 3 ) ,  o r  N (7 ) comes fro m  th e  p e r t u r b a t i o n  o f  th e  r i n g  

s t r e t c h i n g  modes a t  l6 o 5 #  1 5 7 2 , and  9 0 2 cm*1 • I n  a d e n o s in e ,



NH r i n g  s t r e t c h i n g  a b s o r p t io n s  a r e  n o t  p r e s e n t  and  c a n n o t  

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

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

an d  o t h e r  s p e c t r o s c o p i c  s t u d i e s  on a d e n o s in e  and  9C H ^-ade- 

n in e  ( a n  a d e n o s in e  a n a lo g )*  T a b le  IV* a n d  t h e  r e l a t i v e  a c i d i ­

t y  o f  N{1) an d  N (7 ) (N (7 ) h a s  t h e  p r o to n  I n  n e u t r a l  a d e n i n e ) ,  

t h e  c o o r d i n a t i o n  s i t e  c an  b e  a s s ig n e d  a s  N (7 )«  In v o lv e m e n t 

o f  NH^ I n  c o o r d i n a t i o n  i s  p r e c lu d e d  b y  t h e  p r e s e n c e  I n  l i ­

gand  a n d  com plex  o f  (a sy *  and  s y . ) a t  3333cm "^ an d  5NHg

a t  1656cm"**’. As w i th  th e  c y t l d l n e  com plex* n o  e v id e n c e  f o r  

s u g a r  in v o lv e m e n t  i s  s e e n  a s  b o th  t h e  d e g e n e r a t e  and  symme­

t r i c  r i b o s e  s t r e t c h e s  I n  t h e  r e g i o n  1120 -  1030cm"*** an d  860 -  

8lj.0cm"^* r e s p e c t i v e l y *  a r e  p r e s e n t .  As p r e v i o u s l y  d e s c r i b e d  

a b o v e , a  h ig h - f r e q u e n c y  s h o u ld e r  a t  3££>0cm"*** s u p p o r t s  OH 

b r i d g i n g  i n  t h i s  co m p lex .

F o r  th e  x a n th o s in e  co m p lex  c a rb o n y l  o x y g en  p a r t i c i p a t i o n  

i s  e v id e n c e d  b y  t h e  d r a s t i c  r e d u c t i o n  o f  t h e  v C (6 )0  an d  

v C (2 )0  a t  1712 a n d  1689cm"^*, r e s p e c t i v e l y .  N i t r o g e n  in v o lv e ­

m en t a t  N ( l )  and  N (3) i s  p r e c lu d e d  b y  t h e  p r e s e n c e  o f  <5N(1)H 

and<5N (3)H  a t  1535  a n d  l52i(.cm"^** r e s p e c t i v e l y .  S u p p o r t  f o r  

OH b r i d g i n g  i n  t h i s  com p lex  comes from  t h e  h ig h - f r e q u e n c y  

s h o u ld e r  a t  3J>38cm • No e v id e n c e  f o r  s u g a r  in v o lv e m e n t  In  

th e  com plex  i s  fo u n d  a s  b o t h  t h e  d e g e n e r a t e  an d  sy m m e tr ic  r i ­

b o s e  s t r e t c h e s  a t  l l l l v  -  9 7 0 cm"^ an d  901 -  870om"^* a r e  u n ­

ch an g ed  upon  c o m p le x a t io n .

The IR d a ta  f o r  th e  l n o s i n e  com plex  p o i n t s  t o  C (6 )0  co ­

o r d i n a t i o n  a s  t h e  v c (6 ) 0  i s  l o s t  a t  1712cm"*** upon  c o m p le x a -



t l o n .  T h is  a s s ig n m e n t  l a  c o r r o b o r a te d  b y  th e  r e d u c e d  I n t e n ­

s i t y  o f  t h e  c o m b in a t io n  b an d  ( VC (6 )0  an d  v r i n g )  a t  I69^cm “ ^* 

T he< S H (l)H  a t  p r e c lu d e s  th e  p a r t i c i p a t i o n  o f  N ( l )

a s  a  b o n d in g  s i t e  i n  th e  co m p lex . S u p p o r t  o f  OH b r i d g i n g  i n  

t h i s  com plex  comes fro m  th e  6 OH ( b r i d g in g )  a t  9U3cm*l fo u n d  

i n  th e  com plex ; t h e  h ig h - f r e q u e n c y  s h o u ld e r  o f  vOH ( b r i d g ­

in g )  was n o t  o b s e rv e d  b e c a u s e  o f  t h e  e x tre m e  b ro a d n e s s  o f  

th e  a b s o r p t io n s  i n  t h a t  r e g i o n .  The d e g e n e r a te  an d  symme­

t r i c  s u g a r  s t r e t c h e s  fo u n d  i n  b o th  t h e  l i g a n d  and  c o m p le x .,  

a t  1121 -  lO^Ocm*-*- an d  890 -  STOcm"'**, r e s p e c t i v e l y ,  s u g g e s t  

n o  b o n d in g  th r o u g h  th e  r i b o s e  o x y g e n s .

The d a t a  c l e a r l y  show t h a t  f o r  a l l  t h e  n u c le o s id e  com­

p le x e s  d i s c u s s e d  h e r e ,  r i b o s e  s u g a r  in v o lv e m e n t  i n  m e ta l  com­

p l e x a t i o n  w i th  C u ( I I )  I s  n o t  f o u n d .  T h is  i s  i n t e r e s t i n g  in  

l i g h t  o f  t h e  w ork  o f  B e rg e r  an d  E i c h h o r n ^ ?  w here  t h e  2 • ,  3 * 

o i s  d i o l  f u n c t i o n  was i m p l i c a t e d  a s  t h e  p a th w ay  f o r  t h e  nr e -  

o o g n l t io n "  o f  RNA p o ly m e ra s e  b y  C ufA oJg, h o w e v e r, t h e r e  i s  

n o  e v id e n c e  i n  t h e  s o l i d  s t a t e  t o  s u p p o r t  t h i s  c o n t e n t i o n .

The b o n d in g  th r o u g h  th e  maximum num ber o f  c a r b o n y l  ox y ­

gen  a tom s a v a i l a b l e  i n  t h e  x a n th o s ln e  and  l n o s i n e  c o m p lex e s  

a t  t h e  e x c lu s io n  o f  r i n g  n i t r o g e n s  i s  w i th o u t  p r e c e d e n t  ( s e e  

T a b le s  I I  an d  IV ) I n  C u (I I )  co m p lex es  w i t h  n u c l e o s i d e s , ^ 2 

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

c h e l a t i o n ,  may r e s u l t  from  t h e  c o m p le x a t io n  pH r e q u i r e d  I n  

t h i s  w o rk . E v id e n c e  f o r  th e  p ro n o u n c e d  e f f e c t  pH h a s  on 

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

c e n t  w ork  b y  H a d j i l i a d i s  and  T h e o p h a n id is 2 ^  w i th  s o l i d  P t ( I I )



com plexes o f  l n o s i n e  arid g u a n o s in e *

A o o m p le te  t a b u l a t i o n  o f  th e  v i s i b l e  and n e a p  IR a b s o rp ­

t i o n  b an d s f o r  th e s e  com plexes I s  g iv e n  In  T a b le  V. The ra n g e  

o f  t h e  d -d  b a n d  m axim a I s :  l£ ,6 0 0  -  llj., 200cm"* and  can  be

a s s ig n e d  t o  t h e  *\E +- 2n t r a n s i t i o n  f o r  t e t r a g o n a l l y  d i s t o r ­
ts l g

t e d  o c ta h e d r a l  C u (I I )  c o m p lex e s . F u r th e r  s u p p o r t  f o r  a  d i s ­

t o r t e d  o c t a h e d r a l  com plex i s  s e e n  from  th e  lo w -e n e rg y  s h o u l ­

d e r s  a t  1 3 ,£ 0 0  -  12 ,700cm "* f o r  a l l  t h e s e  sy s te m s  ( e x c e p t

a d e n o s in e )  w h ic h  can  be  a s s ig n e d  t o  th e  ^B o_(d  ) «- ^B,^  <=S xy l g
(d  2 v2) t r a n s i t i o n .  The c h a r a c t e r i s t i c  a x i a l  EPR s i g n a l s  x  —y
o b se rv e d  (g  > g ) f o r  a l l  t h e s e  com plexes i s  f u t h e r  s u p p o r t  

z x y
f o r  t e t r a g o n a l l y  d i s t o r t e d  o c ta h e d r a l  c o o r d in a t io n  i n  t h e s e  

s y s te m s .  The r e l a t i v e  p o s i t i o n s  o f  t h e  d -d  a b s o r p t io n s  i n  

t h e s e  com plexes s u g g e s t  t h a t '  th e  a v e ra g e  l ig a n d  f i e l d  s t r e n g t h  

o f  t h e  l ig a n d s  d e c r e a s e s  i n  th e  o r d e r :  l n o s in e  > o y t l d i n e  >

x a n th o s ln e  > a d e n o s in e .  The ra n g e  o f  p o s i t i o n s  o f  t h e s e  ab ­

s o r p t i o n s  a l s o  s u g g e s ts  t h a t  th e  OH b r i d g i n g  o c c u rs  i n  p la n e  

and  n o t  o u t  o f  p l a n e ,  s i n c e  th e  l a t t e r  a rra n g e m e n t a b o u t c o p - 

p e r t  I I )  le a d s  t o  d i s t o r t i o n s  to w a rd s  T^ a n d /o r  C2v sym m etry 

an d  a  c o n c o m ita n t lo w e r in g  i n  e n e rg y  o f  t h e  d -d  b an d  maximum.

A t a b u l a t i o n  o f  th e  v a r i a b l e  te m p e r a tu re  m a g n e tic  s u s c e p ­

t i b i l i t y  d a t a  i s  g iv e n  i n  T a b le  XVI and p l o t s  o f  l / x  v s .  T a r e  

shown i n  F ig .  17 f o r  t h e s e  c o m p lex e s . A tte m p ts  to  f i t  t h e  

s t a t i c  m a g n e tic  s u s c e p t i b i l i t y  d a t a  to  th e  m a g n e tic  m o d e ls  

p r e v io u s ly  d e s o r ib e d  w ere  u n s u c c e s s f u l  i n  a l l  o a s e s .  I n s p e c ­

t i o n  o f  th e  l / x  v s .  T p l o t s  s u g g e s te d  t h a t  t h e  c u r v a tu r e  

fo u n d  f o r  a l l  f o u r  com plexes i s  t h e  r e s u l t  o f  a  c o o p e r a t iv e



phenom enon t h a t  i s  m a n i f e s te d  th ro u g h o u t  t h e  e n t i r e  te m p e ra ­

t u r e  r a n g e  s t u d i e d .  T h is  p ro m p te d  a  f i e l d  d e p e n d e n c e  s tu d y  

a t  room  te m p e r a tu r e  w i t h  t h e s e  sy s te m s  an d  t h e  r e s u l t s  a re  

g iv e n  i n  T a b le  IXX. I n  a l l  c a s e s ,  a  f i e l d  d e p e n d e n c e  on th e  

m o la r  s u s c e p t i b i l i t i e s  and  e f f e c t i v e  m a g n e t ic  m om ents a t  low  

f i e l d  s t r e n g t h s  w e re  h ig h e r  th a n  e x p e c te d  w h i le  t h e  m o la r  

s u s c e p t i b i l i t i e s  a n d  e f f e c t i v e  m a g n e tic  m om ents a t  h ig h  f i e l d  

s t r e n g t h s  w e re  lo w e r  th a n  e x p e c te d  a s  i s  t y p i c a l  f o r  f e r r o -  

m a g n e t i c a l l y  c o u p le d  s y s te m s .

T h ese  r e s u l t s  i n d i c a t e  t h a t  th e  m ere  p r e s e n c e  o f  a  n o n ­

b o n d ed  r i b o s e  m o ie ty  i n  t h e s e  s y s te m s  in d u c e s  th e  c o o p e ra ­

t i v e  phenom enon t o  o c c u r  i n  t h e s e  p o ly m e r ic  co m p lex es  and s u g ­

g e s t s  t h a t  t h i s  i s  p r o b a b ly  th e  r e s u l t  o f  m ore f a v o r a b l e  c r y s ­

t a l  p a c k in g  o r  i n t e r m o l e o u la r  h y d ro g e n  b o n d in g  s i n c e ,  a s p r e ­

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

i n  b o n d in g  t o  t h e  m e ta l  i o n .  T h e re  a r e  s e v e r a l  e x a m p le s ^ ^ " ®  

i n  th e  l i t e r a t u r e  w h ere  C u ( I I )  c o o r d i n a t i o n  com pounds b eh av e  

i n  an  a n a lo g o u s  f a s h i o n  a s  t h a t  o b s e rv e d  h e r e ,  b u t  t h e s e  a r e  

t h e  f i r s t  r e c o r d e d  c a s e s  o f  f e r ro m a g n e t is m  i n  any  m e ta l  com­

p l e x  o f  a  n u c l e i c  a c i d  b a s e  n u c l e o s i d e .  I t  w ou ld  b e  i n t e r e s ­

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

l a t t i c e  i n t e r a c t i o n s ,  b u t  t h i s  e x te n s io n  o f  t h i s  w o rk  w i l l  

h a v e  t o  w a i t  u n t i l  m ore t h e o r e t i c a l  d e v e lo p m e n ts  a r e  made 

i n  t h i s  f i e l d .  S u p p o r t in g  e v id e n c e  f o r  t h e  p r e s e n c e  o f  s p i n -  

s p l n  c o u p l in g  i n  t h e s e  sy s te m s  i s  o b ta in e d  fro m  EPR d a t a .

I n  a l l  c a s e s ,  th e  p r e s e n c e  o f  s i g n a l s  a t  a p p ro x im a te ly

t^OOG a n d  5>300G, r e s p e c t i v e l y ,  i s  c o n s i s t e n t  w i th  a  c o o p e ra -



t l v e  phenom enon l e a d in g  to  c o u p l in g  b e tw e e n  s p in  c e n t e r s .

The D and g  v a lu e s  o b ta in e d  from  th e  s p e c t r a  o f  th e s e  cou­

p le d  s p e c i e s  a r e  c o n s i s t e n t  w i th  th e  p ro p o s e d  g e o m e try  o f  

t h e s e  com plexes and  h a v e  t y p i c a l  v a lu e s  o f  O.lii-cm"1 and  

2 .1 3 ,  r e s p e c t i v e l y .  The EPR d a t a  o b ta in e d  f o r  t h e s e  n u c le o ­

s i d e  co m p lex es I s  t a b u l a t e d  i n  T a b le  V I.



T a b le  XI

IR D a ta  F o r  N u c le o s id e  L ig a n d s  and  T h e ir  
H y d ro x y l-b r id g e d  Com plexes (cm” 1 )

F re e  L ig an d  
C y t id in e  (LH)

31*97 w

3367 s 
3295 a

321*7 s ,b d  
3105 m

291*1 m

1655 m ,sh

1639 s ,b d

1600 s ,b d

1502 s

11*33 wt ap

1292 s

121*7 w

1211* m

1131* m ,bd 
1099 s ,b d  
1053 a ,b d  

982 mfbd

91*2 m ,bd

870 m ,sp  
853 m*ap
838 w

Com plexed L ig an d
C u(L)(O H ),2H 2 0 A ssignm en t

3550 s h  

31*97 m ,sh  

3356 s ,b d

vOH ( b r id g in g )  

vOH HgO

vNH9 ( a s y .  & s y . ) ,  
v On HgO

3185 -  3090 ra ,bd  vOH

2907 w 

1656 ra ,s h

1596 m#s h  

11*93 w 

11*39 vw 

1282 m ,bd

1205 xn,bd

1131* w ,s h  
1096 s ,b d  
1051* mt bd 

980 w

91*3 vw

859 w ,bd

v CHg 

6NH2 

v C (2)0  

v C“ C 

v r i n g  

v C-N

6 CH o u t - o f - p l a n e

v r i n g

vC-NH2
v r i b o s e  ( d e g .)

v r i b o s e  ( s y . )

790 s 785 m ,bd 6 r i n g  wag
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T able XX (C on t'd )

F re e  L ig a n d  C om plexed L ig a n d
A d e n o s in e  (LH) Cu(L) (0 H ) .l /2 H 2 0

- 351+0 s h

31+30 s 3356 s ,b d
3333 a

3205 s 3205  s

291+1 s 2921+ ra

1656 s 1656  s

1605 s 1603 m

1572 s , s p 1577 mt bd

11+7 7 s 11+79 w

1333 s 1333 w

1302 s 1289  w

32 08 s 1208  w

1125 s 1118  s ,b d
1106 a 1105  s ,b d
1055 s 1 0 5 5  m
1035 s 1020  m ,b d

902 s 898

857 w 859 w ,s h
81+2 m -

793 m

sinCOt*-

765 a

A ss ig n m e n t

vOH ( b r i d g in g )

vNH ( a s y .  & s y . ) ,  
v Hfo

vOH

vCH2

6NH2

v r i n g

vC=C, \>C=N

v r i n g

sc- nh2

v r i b o s e  ( d e g . )  

v r i n g

v r i b o s e  ( s y . )

S r i n g  wag



Table XI (C o n t'd )

F re e  L igand 
X a n th o s in e  (LH)

Com plexed L igand  
C u(L )(O H ),2H 20 A ssig n m en t

- 3538 s h vOH ( b r id g in g )

3lf-97 s , s p 3^8^  s f sp vOH H2 0

3289  s 
3125  3

3257 a .b d  
3155 m ,s h

vCH, vNH, vOH

2959  to 2959 w v CH2

1712 vs 1712 w ,s h VC (6 )0

1689 v s 1689 w ,s h v C (2 )0

1658 m ,sh 1658 s h v r i n g

1608 w - v r i n g

l£ 3 £  w 1535 w 6N (1)H

l$2b , w 15214. w 6N (3)H

li |6 2  w ,sp llj.62 w ,s p -

1302 w 
1175 m ,sp  
111|7 w

1176 w ,b d
v r i n g

1114  m 
1079 3 
10 46 m 

978 m

1129 m ,bd  
1075 a 
1053 TO 

980 m

v r i b o s e  (d e g .

916 w 918 v w ,s h v r i n g

901 V 
872 w 862 w

v r i b o s e  ( s y . )



T able XI ( C ont'd )

Free Ligand 
lnosine (LH)

35>00 w
3333 m 
3086 s

292^4- a

1712 vs
1695 a

1595 ra,sp 
1535 m

lk 2 9  ra
1225 m 
1170 w 
1135 a
1121 m 
1082 va 
10k 7  in 

980 m

89I4- m
8 7 I4 ra

Complexed Ligand 
Cu (L){0H).H20

3500 a,bd 
3l}-01 nifbd
3125 m,bd 
2933 w,ah 
1718 w,sh 
1686 w,sh 
1618 a

1535 m
lk20
1220 w,bd
1131 s h

1116 m 
1080 s 
10k6 bd 

980 w
94-3 w

896 w 
867 w

Assignment

vOH H20 
vCH, vNH, vOH

vC{6)0 
v ring 
6H20 

v ring 
«N(1)H 
v ring

v ribose (deg.)

vOH (bridging) 
v ribose (ay,)



V a r ia b le

Compound

Cu(Xanthosine)
(OH).2H2 0

C u (A d en o sin e) 
(0 H ).1 /2 H 20

T a b le  XVI

Tem perature M olar S u s c e p t i b i l i t i e s  and E f f e c t iv e  M agn etic  Moments
For H ydroxyl B r id g ed  N u c le o s id e  Complexes

Temp X (e^p) l/x (exp) x (calc) l/x (calc) Moment Moment
(°K) (xlO*6) (xlÔ -) (xl0“6) (xlO^) (exp) (calc)
292.0 2272 i+l+0.2 _ _ 2.31 _
201+. 0 25 46 392.7 - - 2.05 -

151.0 2719 367.8 - - 1.82 -

96.7 301+9 328.0 - - 1.51+ -

71.7 3397 291+.3 - — 1.1+0 -

66.0 351+0 282.5 - - 1.37 -

55.3 3852 25916 - — 1.31 -

1jI+*9 1+201 238.1 - - 1.23 -

33.7 i+786 208.9 - - 1.11+ -

21+.9 561+2 177.3 - - 1.06 -

15.7 7083 11+1.2 - - 0.95 -

12.0 8301+ 120.1+ - — 0.90 -

298.0 1789 559.0 _ 2.07 _
201+.0 2176 1+59.6 - - 1.89 -

152.0 2520 396.8 - - 1.76 -

98.3 3091 323.5 - • 1.57 -

73.5 3576 279.7 - - 1.1+6 -

61+. 2 3717 269.0 — — 1.39 -

51+. 7 1+01+9 21+7.0 - - 1.31+ -

1+3.0 1+1+82 223.1 - - 1.25 -

31+.9 5010+ 198.3 - - 1.19 -

23.7 601+7 165.14 - - 1.08 -

17.5 7167 139.5 - - 1.01 -

12.0 8589 116.1+ - - 0.91 -

B etw een

v*>



T a b le  XVI (C ont*d)

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and. E f f e c t i v e  M agn etic  Moments
For H ydroxyl B r id g ed  N u c le o s id e  Com plexes

Compound

Cu(Cytldine)
( 0 H ) .2 l /2 H 20

Cu(lnosine)(OH)
. h2o

Temp X ( ^ p ) l / x  ( e x p ) X ( c a l c ) l / x  ( c a l c ) Moment Moment

(°K ) (x lO "6 ) (x lO ^ ) (x lO - 6 ) (x lO ^ )
(e x p ) ( c a l c )

2 9 8 .0 1173 8 5 2 .8 1 .6 8
2 0 2 .0 1551 644*6 - 1 .5 9 —

1 5 1 .0 1826 5 4 7 .6 - — 1 .4 9 -
1 0 1 .0 2337 4 2 8 .0 - - 1 .3 8 —

7 5 .7 2830 3 5 3 .4 - - 1 .3 1
66.0 3177 3 1 4 .7 - — 1 .3 0 —
5 2 .9 3696 2 7 0 .6 — — 1 .2 6 —

4 3 .0 4381 2 2 8 .3 - — 1 .2 3 —

3 4 .3 5380 1 8 5 .9 - - 1 .2 2 —
2 4 .3 7554 1 3 2 .4 - — 1 .2 2 •
1 7 .5 11850 8 4 .4 - — 1 .2 9 —
1 2 .6 15360 6 5 .1 - - 1 .2 5 -

3 0 0 .0 951 1051.9 1 .5 2
2 0 0 .0 121*0 806*4 - — 1 .4 1 —
1 4 9 .0 1511 6 6 1 .7 - — 1 .3 5 -
1 0 0 .0 1905 5 2 5 .0 — - 1 .2 4 -

7 2 .9 2303 4 3 4 .3 — — 1 .1 6 -
6 6 .0 2l\20 4 1 3 .3 - - 1 .1 4 -
5 5 .3 2702 . 3 7 0 .1 - - 1 .1 0 —
4 5 .5 3132 3 1 9 .3 - ** 1 .0 7 •

3 6 .1 3745 2 6 7 .0 - - 1 .0 4 —

2 5 .5 4737 2 1 1 .1 — - 0 .9 9
18 .1 5960 1 6 7 .8 - — 0 .9 3 —

1 3 .2 7716 1 2 9 .6 - — 0 .9 1 -

Between 
g values

132



1000 -t

T5o -

i A
5oo -

(m o l/  emu)

(xloU) 25°

0

O C u { ln o s in e )  (OH) ^ I^ O

*  C u (C y tid ln e )  (OH) ,2 H 2 0

•  Cu{Adenos ine) { OH), 1 / 2H^0 

A Cu(X a n thos iae) ( OH). 2H2 0

I
0

~ r ~
100 200

—1
300  1

F ig u r e  17* I n v e r s e  s u s c e p t i b i l i t y  vs*  t e m p e r a tu r e  f o r  h y d ro x y l  b r i d g e d  n u c le o ­
s i d e  c o m p le x e s . S o l id  l i n e s  r e p r e s e n t  e x p e r im e n ta l  b e s t  f i t s .

(°K)

H*
Vo
Vo



D. C u (8 x -G u a n o s in e ) rt.nH  0 ,  w h e re  X -  H an d  B r ,  and
2 2

a  s  l | and  3» r e s p e c t i v e l y ;  C u ^ D e o x y g u a n o s in e J ^ tO H j^ ii i i^ O .

T h is  s e r i e s  o f  com pounds r e p r e s e n t s  t h e  f i r s t  r e c o r d  

o f  C u ( I I )  c o m p le x a t io n  w i t h  g u a n o s in e s  an d  d e o x y g u a n o a in e  

and  r e p r e s e n t s  o n ly  t h e  se o o n d  a c c o u n t  o f  a  t r i m  e r i c  co p ­

p e r  ( I I )  co m p lex  w i t h  a  n u c l e i c  a c id  c o n s t i t u e n t .

A t a b u l a t i o n  o f  a l l  t h e  m a jo r  IR b a n d s  f o r  t h e s e  com­

p le x e s  i s  g iv e n  i n  T a b le  X. The a s s ig n m e n ts  g iv e n  i n  th e  

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

d a t a ^ - ^ * ^ 9  on  t h e s e  s y s te m s ,2 6 6 -7 1 * 2 8 0 -1  Tho t ,on<i in g  s i t e s  

w ere  d e te rm in e d  b y  c o m p a riso n  b e tw e e n  f r e e  l i g a n d  a n d  c o ­

o r d i n a t e d  l i g a n d .

The m a in  a r e a s  o f  i n t e r e s t  I n  t h e  8 X -guaraosine  and  d -  

g u a a o s ln e  s y s te m s  a r e  b e tw e e n  3500 and  SSoOcra” ’*’ a n d  b e tw e e n  

1800 and  800cm“ * w h ere  t h e  f o l lo w in g  b a n d s  (cm "*) a p p e a r :  

vOH ( b r i d g i n g ) ,  35 0 0 ; VNH ( a s y .  an d  s y . ) ,  3330} v 0 ( 6 ) 0 ,  1730 ; 

SNH  ̂ ( d e f . ) ,  1 6 9 0 ; v r i n g ,  161(0; <SN(1)H, 1 5 2 0 ; v r i b o s e  and  

d - r i b o s e  ( d e g . ) ,  1 1 3 0 , 1 0 8 0 , 1 0 5 0 , 1 0 3 0 ; 60H ( b r i d g i n g ) ,  957} 

v r i b o s e  and  d - r i b o s e  ( s y . ) ,  9 0 0 , 8 7 0 .

F o r b o t h  8 X -g u a n o s in e  sy s te m s  t h e  vC (6)0 a t  a b o u t  1720 

c m * i s  s h a r p l y  re d u c e d  i n  i n t e n s i t y  a n d  p o i n t s  t o  0 ( 6 ) 0  c o ­

o r d i n a t i o n .  P a r t i c i p a t i o n  b y  th e  c(2)NHg g ro u p  i n  b o t h  com­

p le x e s  i s  p r e c lu d e d  b y  t h e  p r e s e n c e  i n  t h e  f r e e  an d  com plexed  

l i g a n d  o f  vNH^ ( a s y .  a n d  s y . )  a t  a p p r o x im a te ly  3370cm”* a n d  

b y  SNHg ( d e f . )  a t  1690cm” * .  The c o m p le te  l o s s  o f  5N(1)H a t  

a p p ro x im a te ly  l5 l0 c m ” * p o i n t s  t o  N ( l )  c o o r d i n a t i o n .  R in g



p a r t i c i p a t i o n  i n  b o t h  co m p lex es  i a  s u p p o r te d  by  t h e  d im in u -  

t l o a  l a  r i n g  s t r e t c h e s  a t  a p p ro x im a te ly  1 5 ^ 0 , 1 6 0 0 , an d  161;0 

cm"-*- ( c o m b in a t io n  w i th  HgO) • No e v id e n c e  f o r  s u g a r  i n v o lv e ­

m en t i n  th e  c o m p le x a t io n  i s  fo u n d  a s  t h e  d e g e n e r a te  an d  sym­

m e t r i c  r i b o s e  s t r e t c h e s  a t  a p p r o x im a te ly  1 1 2 0 , 1 0 8 0 , 1 0 0 0 , an d  

1010cm "1 , an d  900 and  880om“ *>, r e s p e c t i v e l y ,  a r e  p r e s e n t  i a  

b o th  l i g a n d  an d  oom plex . F o r  t h e  d - g u a n o s ln e  t r i m e r ,  t h e  

h ig h  f r e q u e n c y  s h o u ld e r  a t  3550cm"*’ i n  t h e  com plex  s u p p o r t s  

OH b r i d g i n g  i n  t h e  co m p lex . T h is  a s s ig n m e n t  i s  c o r r o b o r a te d  

b y  th e  p r e s e n c e  o f  a  w eak a b s o r p t io n  a t  957cm” 1 i n  t h e  com­

p l e x  t h a t  i s  n o t  p r e s e n t  i n  t h e  f r e e  l i g a n d .  The a b s o r p t io n s  

a t  3 I4.95 and  957cm'"'1'# r e s p e c t i v e l y ,  a r e  a s s i g a e d  t o  t h e  s t r e t c h  

in g  a n d  b e n d in g  OH ( b r i d g in g )  v i b r a t i o n s  i n  th e  c o m p le x . The 

vC{6)0 i s  c o m p le te ly  l o s t  an d  p o i n t s  t o  <3(6)0 c o o r d i n a t i o n .

The r e d u c t i o n  i n  i n t e n s i t y  o f  6N(1)H a t  1525cm ’ 1 # c o r r o b o r a te d  

b y  t h e  r e d u c t i o n  o f  v r i n g  a t  1656 and  1637cm "1 ( c o m b in a t io n  

b a n d  w i th  H20 ) ,  s u g g e s t s  N ( l )  in v o lv e m e n t .  The p a r t i c i p a ­

t i o n  b y  0(2)N H 2 i s  e v id e n c e d  b y  th e  l o s s  o f  6NH2 a t  1689cm ’ *' 

and  vNH2 ( a s y .  a n d  s y . )  a t  31^20 and 3333cm ’ 1 , r e s p e c t i v e l y ,  

i n  t h e  c o o r d i n a t i o n  com pound. The 2 '- d e o x y r i b o s e  ( d - r i b o s e )  

oxygen  i s  p re su m e d  t o  b e  I n v o lv e d  to  som e e x t e n t  a s  t h e  i n ­

t e n s i t y  o f  b o t h  t h e  d e g e n e r a te  d - r l b o s e  s t r e t c h e s  a t  1075  

an d  103'lcm ’ 1 ,  a n d  th e  sy m m e tr ic  d - r i b o s e  s t r e t c h e s  a t  883 

a n d  865cm’ 1 a r e  l o s t .  I t  a p p e a r s  th e n  t h a t  f o r  t h e  g u a n in e  

m o ie ty ,  c o m p le x a t io n  v i a  C (6 )0  and  N ( l )  I s  p r e f e r r e d  an d  m a in ­

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

A p p a r e n t ly ,  t h e  o n ly  d i f f e r e n c e  i n  b e h a v i o r  b e tw e e n  r i b o -  and



d e a x y r ib o g u a n o s ln e  co m p lex es  I s  th e  u n u s u a l  c o o r d i n a t i o n  

a b i l i t y  t h a t  t h e  s i n g l e  3 'OH g ro u p  p o s s e s s e s *  T h e r e f o r e ,  

i t  i s  h i g h l y  p r o b a b le  t h a t  t h e  r e c o g n i t i o n  o f  d e o x y r ib o -  a s  

o p p o se d  t o  r ib o n u o le  o t i d e s  d u r in g  t h e  r e p l i c a t i o n  p r o c e s s  

o f  DNA b y  s p e c i f i c  m e ta l  i o n s  s u c h  a s  M g (I I )  ( b u t  n o t  M n ( I I ) ) ,  

o c c u r s  v i a  th e  a c t u a l  c o o r d i n a t i o n  o f  t h e  3 '0 H  g ro u p  t o  t h e  

m e ta l  i o n .  The r e s u l t s  o f  t h e  c o o r d i n a t i o n  fo u n d  f o r  th e  

d -g u a n o s in e  co m p lex  a r e  i n t e r e s t i n g  i n  l i g h t  o f  t h e  w ork p e r ­

fo rm ed  b y  B e r g e r  and  E ic h h o rn -1* ^  who p o s t u l a t e d  t h a t  th e  

" r e c o g n i t i o n "  o f  r i b o n u c l e o t i d e s  ( a s  o p p o se d  to  d e o x y r ib o -  

n u c l e o t i d e s )  b y  RNA p o ly m e ra s e  i n  t h e  p r e s e n c e  o f  C u(A c)2 

th e  r e s u l t  o f  a  m o re  f a v o r a b l e  o r i e n t a t i o n  o f  t h e  m e t a l -  

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

s u l t e d  fro m  th e  c o m p le x a t io n  o f  o o p p e r( IX )  t o  t h e  2 f and  t h e  

3 '  oxygen  a tom s o f  th e  r l b o s e  s u g a r .  H ow ever, t h e  r e s u l t s  

w i th  c o p p e r ( IX )  and  d e o x y g u a n o s in e  i n  t h e  s o l i d  s t a t e  p r e s e n t e d  

h e r e  do n o t  s u p p o r t  t h i s  p o s t u l a t e  s in o e  c o m p le x a t io n  o c c u rs  

a t  t h e  d e o x y r lb o s e  s u g a r  i n  s p i t e  o f  t h e  a b se n c e  o f  th e  2*OH 

g ro u p . I t  s h o u ld  b e  m e n tio n e d  t h a t  t h e  s p e c i f i c  b in d in g  s i t e s  

u t i l i z e d  b y  t h e  n u c l e i c  a c i d s ,  i n c l u d i n g  th e  3 ' OH g ro u p , i n  

b i o l o g i c a l  p r o c e s s e s ,  w i l l  d e p e n d  on t h e  s p e c i f i c  m e ta l  io n  

u s e d .

A t a b u l a t i o n  o f  th e  a b s o r p t io n  b a n d s  f o r  a l l  t h e  com­

p le x e s  i n  t h e  v i s i b l e - n e a r  IR  r e g i o n  i s  g iv e n  i n  T a b le  V.

The d - d  b a n d  m axim a a r e  I n  t h e  v i c i n i t y  o f  l! j . ,3 0 0 o a r*  and  c a n

b e  a s o r i b e d  to  t h e  + % ,  t r a n s i t i o n  i n  d i s t o r t e d  o c ta h e -
6 l g

d r a l  c o p p e r ( I I )  c o m p le x e s . I t  i s  u n u s u a l  t h a t  t h e  t h r e e  com-
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p le x e s  a b s o rb  i n  th e  same r e g i o n ,  b u t  t h i s  can  be r a t i o n a l ­

i s e d  s i n c e  th e  IR d a t a  p o i n t  t o  ld e n t io & l  c o o r d in a t io n  s i t e s  

a t  t h e  g u a n in e  m o ie ty  i n  a l l  t h r e e  compounds {and p o s s ib l y  

th e  re p la c e m e n t  o f  HgO b y  3*OH c o o r d in a t io n  i n  th e  d e o x y - 

g u a n o s in e  c o m p le x ) . A ls o , th e  EPR d a t a ,  T a b le  V I , p o i n t s  t o  

v e ry  s i m i l a r  c o o r d in a t io n  s p h e r e s  a s  e v id e n c e d  b y  th e  s im i ­

l a r i t y  o f  t h e i r  g  v a lu e s  ( a p p r o x im a te ly  2 ,1 3 ) .  The 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  EPR s p e c t r a  i n d i c a t e s  a  dx 2_y2

g ro u n d  s t a t e  f o r  a l l  t h e s e  com plexes ( i . e . ,  g > g ) w h ic h
z xy

c o r r o b o r a te s  t h e  t r a n s i t i o n  a s s ig n e d  f o r  th e  v i s i b l e  a b s o r p ­

t i o n .

The m a g n e tic  s u s c e p t i b i l i t y  d a t a  f o r  a l l  t h r e e  com plexes 

i s  g iv e n  i n  T a b le X V II I  and th e  p l o t s  o f  l / x  v s .  T a r e  shown 

i n  F ig .  1 9 . A tte m p ts  t o  f i t  t h e  d X -g u a n o s in e  com plexes t o  

th e  m a g n e tic  m o d e ls  d e s c r ib e d  e a r l i e r  d id  n o t  y i e l d . s a t i s ­

f a c t o r y  r e s u l t s  a n d  th e  c u r v a tu r e  o f  t h e  l / x  v s .  T p l o t s  su g ­

g e s t e d  a  f i e l d  d e p en d e n ce  o f  th e  s u s c e p t i b i l i t i e s  a t  room  tem ­

p e r a t u r e ,  th e  r e s u l t s  o f  w h ic h  a re  shown i n  T a b le  IXX. The 

r e s u l t s  can  be  I n t e r p r e t e d  i n  te rm s o f  f e r r o m a g n e t io a l ly  

c o u p le d  s y s te m s , y i e l d i n g  h ig h e r  s u s c e p t i b i l i t i e s  and e f f e c ­

t i v e  m a g n e tic  m om ents a t  low  e x t e r n a l  m a g n e tic  f i e l d s  and  

lo w e r  s u s c e p t i b i l i t i e s  and  e f f e c t i v e  m a g n e tic  moments a t  h ig h  

e x t e r n a l  m a g n e tic  f i e l d s .  A ga in  t h e  p r e s e n c e  o f  t h e  r i b o s e  

f u n c t i o n  h a s  b e e n  a p p a r e n t ly  t o  a l lo w  an  e x te n s iv e  d e g re e  o f  

l a t t i o e  i n t e r a c t i o n s  t o  o c c u r .  H a lf  f i e l d  an d  f u l l  f i e l d  EPR 

s i g n a l s  a t  l£ 0 0 ,  1 8 00 , and  5>100G f o r  th e  g u a n o s ln e  com plexes 

c o r r o b o r a te  th e  i n t e r p r e t s ! ;  i o n  o f  a  f e r r o m a g n e t io a l ly  o rd e r e d



s t a t e ,  and  th e  s p in - c o u p l in g  r e q u i r e d  a c c o u n ts  f o r  th e  EPR 

a b s o r p t io n s  o b s e rv e d .  The B r-g u a n o s in e  com plex , h o w e v e r, 

d id  n o t  e x h i b i t  any  f u l l - f i e l d  o r  h a l f - f i e l d  EPR s i g n a l s  

as e x p e c te d  f o r  t h i s  c o u p le d  com plex , b u t  a s  p o in te d  o u t  

p r e v io u s ly  s p i n - s p i n  c o u p lin g  may b e  so  e x te n s iv e  and s t r o n g  

t h a t  a b s o r p t io n s  c o n s i s t e n t  w i th  m a g n e t i c a l ly  c o u p le d  s p in  

c e n te r s  may b ro a d e n  t h e s e  s i g n a l s  and p r e c lu d e  an  o b s e rv a ­

t i o n  o f  them#

The t r im e r  was f i t t e d  t o  th e  t h e o r e t i c a l  t r im e r  e x p r e s ­

s io n  d e v e lo p e d  p r e v i o u s ly  b y  S in n  and H a r r i s , ^ 6  e q .  ( l i | . ) ,  

y i e l d i n g  th e  fo l lo w in g  b e s t  f i t  p a r a m e te r s :  g = 2 * 0 0 ,

- 2 J  = -£ 8 cm "^ , and  - 2 J J  -  -^2cm “ ^ ,  w here - 2 J  and  - 2 J J  have  

th e  same m ean ing  a s  - J  an d  r e s p e c t i v e l y ,  i n  eq# ( l l± ) .

The d a t a  i n d i c a t e s  a n t i f e r r o m a g n e t ie r  c o u p l in g  o f  r e l a t i v e ­

l y  low  I n t e n s i t y  ,  w i th  s i m i l a r  c o u p lin g  b e tw e e n  t e r m in a l  

c o p p e r(IX ) io n s  ( - 2 J J )  and  c e n t r a l  and  t e r m in a l  c o p p e r ( I I )  

io n s  ( - 2 J ) .  The f i t  t o  th e  t h e o r e t i c a l  e x p r e s s io n  was e x c e l ­

l e n t  w i th  a  v a lu e  f o r  th e  s t a n d a r d  d e v i a t i o n  o f  th e  e x p e r i ­

m e n ta l  g  v a lu e s  from  th e  t h e o r e t i c a l  g v a lu e s  o f  0 # 1 1 , and 

a  p l o t  o f  l / x  v s .  T f o r  th e  t r i m e r  I s  show n i s  P ig #  19*

T h e re  hav e  b e e n  s e v e r a l  r e p o r t s  2 ®2 “ 7 0 f  o x y g e n -  b r id g e d  

t r l n u c l e a r  c o p p e r ( I I )  com p lexes t h a t  e x h i b i t  v a r y in g  d e g re e s  

o f  a n t i f e r r o m a g n e t i c  b e h a v io r ,  and  th e  h y d r o x y l - b r id g e d  a n a ­

lo g s  a r e  e x p e c te d  t o  e x h i b i t  s i m i l a r  p r o p e r t i e s #  The m o le ­

c u l a r  s t r u c t u r e s ^ ® f o r  a  r e p r e s e n t a t i v e  num ber o f  t h e s e  

o x y g e n -b r id g e d  com plexes have  r e v e a l e d  o n ly  two k in g s  o f  t r l ­

n u c l e a r  c o p p e r ( I I )  c l u s t e r s .  B o th  c o n s i s t  o f  t r i a n g u l a r  a r ­



r a y s  ( I  an d  I I )  o f  c o p p e r ( I I )  i o n s  b u t  d i f f e r  i n  th e  k i n d  

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

c e l e s  I  o r  e q u i l a t e r a l  I I ) *  an d  t h e  d e g r e e  o f  e x c h a n g e  c o u p ­

l i n g  b e tw e e n  c o p p e r ( I I )  io n s *

i'P( k 'f  -  -

/ . O '
O u ---C u

AACu-----Cu— Cu

w

I I I I I

C om plexes o f  t y p e  I  e x h i b i t  s u b n o rm a l room  t e m p e r a t u r e  

m a g n e t ic  m om ents g r e a t e r  t h a n  a p p r o x im a te ly  ISM p e r  c o p p e r  

i o n ;  t h a t  i s *  t h e r e  I s  s t i l l  some p o p u l a t i o n  o f  t h e  s p i n  3 / 2  

3 t a t e  b y  t h e  t h r e e  e l e c t r o n s  o f  t h e  Cu^ c o r e  a t  room  te m p e ra ­

t u r e .  The m a g n e t ic  b e h a v i o r  o f  t y p e  I  c o m p le x e s  w i th  a  few  

e x c e p t i o n s  h a s  b e e n  c h a r a c t e r i z e d 2 *^*2 ®®*2 ^1  ^ y  u s i n g  t h e  

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

C om plexes o f  ty p e  I I *  h o w ever*  e x h i b i t  c o m p le te  s p i n  

p a i r i n g ,  s o  t h a t  o n ly  t h e  s p i n  d o u b l e t  3 t a t e  ( 3 a  1 /2 )  i s  

p o p u l a t e d  a t  room  te m p e r a tu r e *  A n  ty p e  I I  c o m p le x e s  exam ­

in e d  t o  d a t e  b y  X - r a y  d i f f r a c t i o n  h a v e  show n t h e  c o p p e r ( I I )  

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

a n g l e .  R e c e n t ly *  t h e  f i r s t  r e p o r t  on  a n  a d d i t i o n a l  t y p e  o f  

t r i n u c l e a r  c o p p e r ( I I )  co m p lex  h a v in g  a  s p i n - d o u b l e t  g ro u n d  

s t a t e  i n  w h io h  t h e  c o p p e r  i o n s  a r e  a r r a n g e d  i n  a  s t r i c t  l i n e ­

a r  f a s h i o n  a n d  j o i n e d  b y  b r i d g i n g  o x y g e n  a to m s was g i v e n , 2 ^ 2 

I I I .  T h is  co m p lex  h a d  a  r e d u c e d  m a g n e t i c  m om ent a t  room  te rn -



p e r a t u r e  ( a p p r o x im a te ly  1.1BM p e r  c o p p e r  io n )  t h a t  w as co n ­

s t a n t  down t o  35°K .

IR d a ta  s u p p o r t  h y d ro x y l  b r i d g i n g  b e tw e e n  c o p p e r ( I I )  

c e n t e r s ,  and  t h e  s i m i l a r i t y  o f  th e  ex ch a n g e  p a r a m e te r s  2 J  

and  2JJ* s u g g e s t  o o m p ara b le  Cu-Cu an d  C u-C u ' d i s t a n c e s  ( I  an d  

I I ) .  T h is  p r e c lu d e s  m o d el I I I  from  f u r t h e r  c o n s i d e r a t i o n .  

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

I  was c h o se n  a s  t h e  m o st p r o b a b le  s t r u c t u r e .

The m a g n e tic  m oment o f  1.*>BM a t  room  te m p e r a tu r e  f o r  

o u r  t r i m e r  s u g g e s t s  a p p r e c i a b l e  p o p u la t i o n  o f  t h e  S s  l / 2  

an d  3 / 2  s t a t e s .  T h is  a c c o u n ts  f o r  t h e  f u l l - f i e l d  EPR s i g ­

n a l s  (S r  1 /2  a t  29^0 and  321 -̂OG) and  t h e  h a l f - f i e l d  EPR s i g ­

n a l s  (3  z  3 /2  a t  1 3 0 0 , 3 8 0 0 , and  Jjl+OOG). V i s i b l e  s p e c t r o s ­

copy  s u g g e s t s  a  d i s t o r t e d  s i x - c o o r d i n a t e  com plex  a b o u t  e a c h  

c o p p e r  io n  i n  th e  t r i m e r ,  an d  t h e  p r e s e n c e  o f  f o u r  h y d ro x y l  

b r i d g e s ,  two b i d e n t a t e  d e o x y g u a n o s in e  a n io n s  c h e l a t i n g  t h e  

t e r m i n a l  c o p p e r  io n s  ( w i th  com plex  in v o lv e m e n t  b y  th e  d - r i ­

b o s e  s u g a r  o x y g e n ) ,  an d  f o u r  l a t t i c e  w a te r s  can  b e  accom o­

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

p i c t e d  i n  I .

The e v id e n c e  p r e s e n t e d ,  t h e r e f o r e ,  i s  c o n s i s t e n t  w i th  a  

b e n t  c o p p e r ( I I )  t r i m e r  w h e re  tw o b i d e n t a t e  d e o x y g u a n o s in e  l i ­

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

p o r t  o f  th e  s y n t h e s i s  and  m a g n e tic  an 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  o f  a  c o p p e r ( I I )  n u c l e o s i d e  t r i m e r  t o  d a t e .  The m agne­

t i c  d a t a  o b ta in e d  h e r e  i s  p a r t i c u l a r l y  I n t e r e s t i n g  when com­

p a r e d  t o  s i m i l a r  d a t a  f o r  th e  o n ly  o t h e r  t r i m e r  com plex  o f



«  n  I

c o p p e r ( I I )  w i t h  a  n u c l e i c  a c i d  b a s e ,  C u .C lQ(AdH_) .IjH 0 ,jJ o d 2 2
F i g .  if.. I n  t h e  l a t t e r  co m p lex , an  S -  1 / 2  s p e c tru m  a s  w e l l  

a s  a  n o rm a l room  te m p e r a tu r e  moment w as e x h i b i t e d , c o n ­

s i s t e n t  w i th  a  m a g n e t i c a l l y  d i l u t e  c o p p e r ( I I )  s y s te m . A 

c r y s t a l  s t r u c t u r e  d e te r m in a t io n  o f  th e  c o p p e r ( I I )  t r i m e r  

s t u d i e d  i n  t h i s  w ork  may p r o v id e  a  c lu e  a s  t o  th e  r o l e  s u b ­

s t i t u e n t s  a t  t h e  9 p o s i t i o n  o f  p u r i n i o - l i h e  n u c l e i c  a c i d  

c o n s t i t u e n t s  p l a y  i n  th e  b o n d in g ,  and  s p e c t r a l  an d  m a g n e tic  

p r o p e r t i e s  o f  t r i m e r l c  m e ta l  com p lexes o f  n u c l e i c  a d d  b a s e s  

A p o s s i b l e  s t r u c t u r e  f o r  t h i s  oom plex  b a s e d  o n  t h e  sp e c  

t r o s c o p i c  and  m a g n e tic  d a t a  p r e s e n t e d  i s  show n i n  F i g .  2 0 .

O z  C u  

•  -  N

fr = o

o  = 0H 

I t  =  h 2 o

F i g .  2 0 .  A s c h e m a tic  o f  t h e  p ro p o s e d  s t r u c t u r e  f o r  t h e  co p ­
p e r  ( I I )  oom plex w i t h  d e o x y g u a n o s in e , C u ~ (d -g u a n o -  
s l n e ) 2 ( 0 H ) ^ H 2 0 .  J



Table X

IR D a ta  F o r d*-G uanoslae  a n d  8X -G u an o sin e  
L ig an d s an d  T h e i r  C om plexes (cm“ l )

F r e e  L igand  
G u a n o s ln e  (LH)

Com plexed L ig a n d  
Cu (L )2 .1|JEI2 0 A ss ig n m e n t

- 3500 s h V0H H2 0

34-97 a 3 425 a vNHg ( a s y . )

3333 a 3333 a \>NH2 ( s y . )

3226  s 3226 s vOH

2874- m ,bd 291+1 m V0H2

1730  S , sp 173.6 w, s h V C (6)0

1689  a 1695 a snh2

1639  a 
1628  s 
1600  s h

1639 a 
1621 s 
1600 s

v r i n g , 6 H2 0

1533 m 1531 w v r i n g

1 ^ 0 1  m - 6N (1)H

lij.25 m 
1393 m

14.08 w 
1393 W

v r i n g

1129  s 
1080 s ,b d  
10l|_8 iDfbd

995 m

1129 a 
1082 s ,b d  
104.8 ro ,bd 

995 m

v r i b o s e  (dei

916  m 916 v r i n g

898 w 
880 w

897 w 
878 w

v r i b o s e  ( s y



T a b le  X ( C o a t 'd )

F re e  L ig a n d  
8B r-G uanos in e

Com plexed L ig an d  
(LH) C u(L )2 .3H 20 A ssig n m en t

3531* sh 3531* 3 vOH H20

31*25 s ,b d 3333 a ,b d vNH2 ( a s y .  & s y . )

3185 s 3175 m ,bd v OH

2959 s 291*1 3h v CH2

1706 s 1706 m ,sh v 0 (6 )0

1695 s» sp 1695 s t ap O H 2

1667 s 
1608 s ,b d  
1583 m ,sh

1667 m ,sh  
1608 a ,b d  
1558 v w ,sh

6 r i n g  &5H2 0

1515 m - 6 N (1)H

11*71 ra ,sp  
11*61* m
11*27 m

11*61* mf s h  
11*58 m

v r i n g

1121 3 
1082 3 
101*8 m 
1029 m

1116 m 
1080 m 
101*8 m
1025 m

v r ib o s e  ( d e g .)

920 m 916 w v r i n g

908 m 
880 m

906 w 
880 w

v r i b o s e  ( s y . )



T ab le X (C o a t'd )

F re e  L lg a a d  Com plexed L ig an d
d -G u a n o s in e  (LH) Cu^(L) (O H ^.ipIgO  A ssig n m en t

3550 w ,s h  vOH ( b r id g in g )

34.72 m ,sh  3472 m ,ah  vOH H20

3420 s 3340 ®#bd vNH (asy #  & sy « )
3333 a 2

3226 3 3205 m vOH

2959 m 2941 ni vCH2

1727 m -  vC (6)0

1689 va -  <5NH2

1656 s> sp  1656 m ,sp  v r i n g  & <5H 0
1637 m 1839 a 2
1567 m 1570 m

1525 m 1522 w 5N(1)H

1498 w 1493 w v r i n g
1416 w 1420 w

1125 m 1125 m v r i b o s e  ( d e g .)
1075 m
1055 a 1055 m
1031

957 w 50H ( b r id g in g )

927 w ,sp  940 wf bd  y r i n g

883 w v r i b o s e  ( s y . )
865 w



T a b le  X V III

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agn etic  Moments
F or d -G u an osin e  Trim er and 8X -G uanosines

Compound Temp X (e x p ) l / x  (ex p )

(°K) (x lO -6 ) (x lO ^ )

Cu_ ( d -G u a n o s in e ) 2 9 9 -0 991+ 1 0 0 6 .1
3 2 201+.0 121+7 802.0

(OH). .i+H 0 1 5 3 .0 11+35 696*8
1+ 2 1 0 6 .0 1676 5 9 6 .5

80 .2 1910 523 .6
7 0 .0 2061+ 1+81+.1+
5 9 .5 2303 1+31+.2
1+9.2 2675 3 7 3 .8
3 9 .9 3221+ 3 1 0 .2
3 0 .5 1+167 21+0.0
2 2 . k 561+5 1 7 7 .2
1 7 .5 7208 1 3 8 .7

Cu( Guanos i n e ) 2 9 7 .0 2 k l0 1+15.0
•M i o 2 2 0 6 .0 2813 3 5 5 .5

2 151+-. o 3153 3 1 7 .2
lo l+ .o 31+92 286.3

8 1 .9 1+011+ 2I+9 .1
6 6 .0 1+320 2 3 1 .5
5 5 .3 1+651 215.0
1+3.7 5118 1 9 5 . U
31+.3 5755 173.8
2 6 .1 6880 11+5 . 1+
1 5 .0 9002 1 1 0 .1
1 2 .0 10280 9 7 .3

X (calc) l/x (calc) Moment Moment Std. Dev
/ 1 (exp) (calc) Between

(xlO*6 ) (xlO^) g values
91+9 1051+.1 1.51 1.51+ 0.111+

121+1 805.2 1.1+2 1.1+31!l22 703.3 1.32 1.33
1868 535.2 1.26 1.19 (Trimer)
2119 1+72.0 1.17 1.11
2302 1+31+.3 1.11+ 1.08
251+7 392.7 1.10 1.05
2871 31+8.3 1.06 1.03
3251 307.6 1.02 1.01
38814. 257.1+ 0.97 1.01
1+756 210.3 0.92 1.01
5663 176.6 0.89 1.00

2.1)0 • *

_ 2.16 —

* - 1.98 -

- - 1.71 -

— - 1.63 -

— 1.52 -

— - 1.1+1+ -

- - 1.31+ -

- — 1.26 -

— 1.20 •

— - 1.01+ -
— - 1.00 -



T ab le  X V III(C o n t' d)

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M a g n etic  Moments
For d -G u an osin e  T rim er arid 8 x -G u an osin es

Compound

Cu(Br-Guanosine) 
.3H2o

Temp X (exp) l/x (exp) X (calc) l/x (calc) Moment Moment
(°K ) (xlO-6) (xlO^) (xlO-6) (xlO^)

(exp) (calc)

2 9 6 .0 1090 9 1 7 .5 _ _ 1 .6 1
2 0 ^ .9 IJ4.62 6 8 3 .8 - - 1 .5 6 -

1 5 3 .0 1638 6 1 0 .5 - — l.ij.2 **

105.0 2195 1*55.S - - 1 .3 6 -

8 2. k 260k 38k .o - — 1 .3 2 -

6 9 . k 2868 3lt-8.6 - - 1 .2 7 -

5 8 .3 3111-0 3 1 8 .5 - - 1 .2 2 -

ip9.7 36^9 2711-.0 - - 1 .2 1 -

3 8 .6 l|27ij- 2311.0 - — 1 .1 5 -

2 9 .9 5291 189.0 — - 1 .1 3 -

2 0 .6 6918 1 ^ . 5 - — 1 .0 7 -

1 6 .3 8192 122.1 - - 1.01+ -

1 2 .0 10160 98 J 4 - - 0 .9 9 -

Between 
g values



1000 -1
Q Cu^(d-Guanoain©)2(OH)^,i{.H^O

O Cu ( Guanos i n e ) . l |_ H  02 2
«  C u (8 B r~ G u an o sin e )_ .3 H _ 0

7S0 -

500 -
l / x

0 100 200 300 T (PK)

F ig u r e  1 9 . I n v e r s e  s u s c e p t i b i l i t y  v s .  t e m p e r a tu r e  f o r  g u a n o s in e  c o m p le x e s .
S o l i d  l i n e  f o r  d -g u a n o s in e  com plex  r e p r e s e n t s  t h e o r e t i c a l  b e s t  f i t  
t o  t r i m e r  e q u a t io n .  S o l id  l i n e s  f o r  tw o r e m a in in g  co m p lex es r e p r e ­
s e n t  e x p e r im e n ta l  b e s t  f i t s .

■J="



E . C u tD .n H ^ O , w h ere  L -  5 ! - G u a n y lI c  A cid(G M P), 5 1-  

A d e n y l ic  A cid (A M P ), an d  5 I - C y t i d y l i e  A c ld (C M P ), an d  n r  5 ,

2 ,  a n d  6» r e s p e c t i v e l y *

The p r e p a r a t i o n  and  c o m p le te  s p e c t r a l  an d  m a g n e t ic  c h a r ­

a c t e r i z a t i o n  o f  t h e  f i r s t  s e r i e s  o f  c o p p e r ( I I )  com pounds w i t h  

AMP, GMP, an d  CMP a r e  r e p o r t e d  h e r e ,  a n d  a r e  show n , i n  a l l  

I n s t a n c e s ,  t o  b o n d  th r o u g h  t h e  r i n g  a n d  p h o s p h a te  p o s i t i o n s *

A t a b u l a t i o n  o f  t h e  m a jo r  IR b a u d s  o f  CMP, GMP, a n d  AMP, 

a n d  t h e i r  c o m p le x e s  i s  g iv e n  i n  T a b le  X I I ,  T he IR  a s s i g n ­

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

d a t a  o n  t h e s e  s y s t e m s .2 6 6 -7 1 * 2 8 0 -1  b o n d in g  s i t e s  w e re

d e te r m in e d  b y  c o m p a r is o n  b e tw e e n  f r e e  l i g a n d  an d  c o o r d i n a t e d  

l i g a n d .

The a r e a s  o f  i n t e r e s t  I n  t h e  IR f o r  t h e s e  s y s te m s  a r e  

s i m i l a r  to  t h o s e  o f  th e  p r e v i o u s l y  d i s c u s s e d  com pounds; t h e  

s p e c i f i c  h a n d s  o f  i n t e r e s t  a r e  (cm- ^ ) :  ( a s y .  a n d  s y . ) ,

3 3 0 0 ; v c ( 2 ) 0 ,  1 7 4 2 , v 0 ( 6 ) 0 ,  1 7 04 ; SNH2 , 1 6 4 0 ; 6 N (1 )H , 1 5 4 0 ; 

v r i n g ,  1600; v P : 0 ( f r e e ) ,  1 2 4 0 ; \>P=0(0H)2 ,  9 6 0 ; vPO^ ( a y . ) ,  

9 9 0 ; v P0^ ( a s y . ) ,  1 1 00 ; v r i b o s e  ( a s y . ) ,  1 1 3 0 , 1 0 6 5 , 1 0 1 0 , 

a n d  9 6 0 ; v r i b o s e  ( s y . ) ,  870 ,  and  840 .

F o r  th e  CMP co m p lex  C (2 )0  an d  N (3 ) In v o lv e m e n t  i s  s u g ­

g e s t e d  from  t h e  d im in u t io n  a n d  s h i f t  o f  v C (2 )0  a t  1742  t o  

1712cm "3, an d  v i r t u a l  l o s s  o f  v r i n g  a t  l5 3 4 c m"** P a r t i c i ­

p a t i o n  b y  t h e  0 ( 4 ) 1 ^  f u n c t i o n  I s  r u l e d  o u t  b y  t h e  VNH2 

( a s y .  an d  s y . ) a t  3356 a n d  3289cm "3, p r e s e n t  i n  b o th  f r e e  an d  

c o o r d i n a t e d  l i g a n d ,  a s  w e l l  a s  t h e  5 NH2 ,  a l s o  p r e s e n t  i n  b o t h



l ig a n d  a n d  oom plex a t  1656cm "!. R e d u c tio n  i n  th e  v r i n g  

a t  1689 an d  1230cm"-1* s u p p o r t s  r i n g  c o o rd in a t io n *  E v id en ce  

f o r  p h o s p h a te  in v o lv e m e n t i n  c o o r d in a t io n  comes fro m  th e  r e ­

d u c t io n ,  s h i f t  t o  lo w e r  e n e r g i e s ,  an d  l o s s  o f  th e  vp=o ( f r e e )  

and  vPsOfOHjg a t  1266 and 969cm"-1-, r e s p e c t i v e l y .  The ap­

p e a ra n c e  o f  th e  a sy m m e tric  and  sy m m etric  vpo^ a t  llO lj. and 986 

cm"-1- c o n f irm s  t h i s  a s s ig n m e n t .  R ib o se  in v o lv e m e n t i s  p r e ­

c lu d e d  s in c e  th e  d e g e n e ra te  and sy m m etric  v r i b o s e  a t  112/4., 

1071 , lOijlj., and 9 6 9 cm "!, and  853 an d  8/42010" ! ,  r e s p e c t i v e l y ,  

a r e  fo u n d  unchanged  i n  i n t e n s i t y  and  o n ly  s l i g h t l y  s h i f t e d  

from  th e  f r e e  l ig a n d  p o s i t i o n s .  The d a ta  p o in ts  t o  r i n g  p a r ­

t i c i p a t i o n  a t  C(2)0  and  N(3 ) ,  and p h o s p h a te  c o o r d i n a t i o n .

F o r  t h e  GMP c o o r d in a t io n  compound th e  d ra m a tic  r e d u c -  

t i o n o f  v c ( 6 ) 0  and t h e  l o s s  o f  6N(1)H a t  17014- and l5 5 5 cm "^ , 

r e s p e c t i v e l y ,  p o i n t  t o  r i n g  p a r t i c i p a t i o n  a t  0 (6 )0  and  N ( l ) ,  

The in v o lv e m e n t o f  C ^ jN H g i n  c o m p le x a tio n  i s  p r e c lu d e d  by 

th e  p r e s e n c e  o f  vNH^ (a sy *  and  sy * )  i n  l ig a n d  and com plex a t  

3 i|l;8 cm "l. The r i n g  v i b r a t i o n s  a t  1355 and  1235cm "! a r e  r e ­

duced  a s  e x p e c te d  u p o n  c o o r d in a t io n .  E v id en ce  f o r  p h o sp h a te  

in v o lv e m e n t comes from  th e  r e d u c t i o n  and  s h i f t  t o  lo w e r  e n e r ­

g ie s  o f  vP-o ( f r e e )  a t  1235cm "! and  l o s s  o f  v P s0 (0H )g  a t  963 

cm"!* The a sy m m e tric  and  sy m m etric  p h o s p h a te  a b s o r p t io n s  a t  

1109 an d  981j.cm"!, r e s p e c t i v e l y ,  c o n f irm  p h o sp h a te  in v o lv e ­

m ent* No e v id e n c e  f o r  s u g a r  c o o r d in a t io n  i s  p r e s e n t  as  th e  

v r i b o s e  ( d e g .)  a t  1 1 3 0 , 1073* IO/4.6 ,  and  963cm"-1*, and  th e  

v r i b o s e  ( s y . )  a t  890cm "! a r e  v i r t u a l l y  u n a f f e c t e d  i n  i n ­

t e n s i t y  and  p o s i t i o n  i n  g o in g  from  l ig a n d  to  c o m p lex . The



d a ta  s u p p o r t  C (6 )0 , N (l)*  an d  p h o sp h a te  c o o r d in a t io n  to  

th e  c o p p e r ( I I ) .

F o r  th e  AMP com plex , e v id e n c e  f o r  r i n g  n i t r o g e n  c o o r d i ­

n a t i o n  comes from  th e  l o s s  o f  vC-C and vC^N a t  1706 and  1689 

cm"1 u p o n  c o m p le x a t io n . N o n -in v o lv e m e n t o f  th e  C(6 )NH2 i s  

e v id e n c e d  by  t h e  p r e s e n c e  i n  b o th  l ig a n d  and  com plex o f  vnH,, 

( a s y .  and  s y , ) a t  3360 and 3250cm” 1 , r e s p e c t i v e l y ,  and  <5NH2 

a t  1656cm "1 . E v id e n c e  f o r  p h o s p h a te  in v o lv e m e n t  i s  s e e n  i n  

th e  l o s s  in  i n t e n s i t y  and s h i f t  t o  lo w er e n e r g i e s  o f  \>P*0 

( f r e e )  a t  1222c*"1 and t h e  l o s s  o f  \>P=0(0H)2 a t  938cm-1  upon  

c o m p le x a tio n *  S u p p o r t  f o r  t h i s  a s s ig n m e n t comes from  t h e  

a p p e a ra n c e  o f  vpo^ ( a s y .  and  s y . ) i n  th e  com plex  a t  1120 and  

985cm” 1 , r e s p e c t i v e l y .  The r e s u l t s  p o in t  t o  r i n g  and p h o s ­

p h a te  c o o r d i n a t i o n .  No e v id e n c e  f o r  s u g a r  p a r t i c i p a t i o n  I s  

se e n  a s  th e  d e g e n e r a te  r i b o s e  s t r e t c h i n g  f r e q u e n c ie s  a t  l l l j 3 * 

1071,  10l|4 ,  and  975cm"1 j ®ud th e  sy m m etric  r i b o s e  s t r e t c h ­

in g  f r e q u e n c ie s  a t  899 and  8670m"1 a re  v i r t u a l l y  u n ch an g ed  

in  i n t e n s i t y  o r  p o s i t i o n  a f t e r  c o o r d i n a t i o n .  The d a ta  do  n o t  

d i s t i n g u i s h  b e tw ee n  N ( l ) ,  N (3 )#  o r N ( 7 )  c o o r d in a t io n .  How­

e v e r ,  u s in g  th e  sam e a rg u m e n ts  p r e s e n te d  i n  P a r t  C f o r  t h e  

a d e n o s in e  com plex , N (7) c o o r d in a t io n  i s  p re s u m e d . The d a t a  

s u p p o r t  N(7) a n d  p h o p h a te  c o o r d in a t io n  t o  c o p p e r ( I I ) ,

The IR data then for the three nucleotide complexes 
discussed clearly demonstrate ■; the involvement of both ring 
and phosphate positions in coordination to copper(II).

A co m p le te  t a b u l a t i o n  o f  th e  v i s i b l e - n e a r  IR a b s o r p t io n  

b a n d s  f o r  th e s e  com plexes i s  g iv e n  i n  T a b le  V and can  b e  a s -



o 2
s ig n e d  t o  t h e  B t r a n s i t i o n  i n  d i s t o r t e d  o c t a h e d r a l

g lg  2 2 c o p p e r ( I I )  com p lexes ( o r  c o n c e iv a b ly  t o  t h e  ^E *  t r a n s i ­

t i o n  i n  sym m etry )*  The r a n g e  o f  t h e  d - d  band  m axim a i s :  

13,£00  -  I 5 , 750cm "l an d  s u g g e s t s  th e  f o l lo w in g  o r d e r  o f  l i ­

g and  f i e l d  s t r e n g t h s :  AMP > CMP > GMP*

The f u l l - f i e l d  EPR d a t a  f o r  t h e s e  co m p lex es i s  g iv e n  i n  

T a b le  VI an d  s u p p o r ts  t h e  a s s u m p tio n  o f  a x i a l  d i s t o r t i o n  i n  

t h e s e  s y s te m s  ( i . e . ,  g z  > SXy )»  v a lu e s  o f  g 2 a r e  2*30

( a p p r o x im a te ) ,  2 * 3 5 , an d  2*33 f o r  AMP, CMP, and GMP, r e s p e c ­

t i v e l y ,  s u g g e s t in g  t h e  d i s t o r t i o n  fro m  o c t a h e d r a l  sym m etry  

a s :  GMP > CMP > AMP* T h is  i s  t h e  sam e t r e n d  d e te r m in e d  fro m

th e  e l e c t r o n i c  s p e c t r a  o f  t h e s e  co m p lex es*  F o r  t h e  AMP com­

p l e x ,  t h e  g r e s o n a n c e  i s  n o t  a c t u a l l y  s e e n  and i s  p re su m e d  z
t o  l i e  u n d e r  t h e  a v e r a g e  a b s o r p t i o n  a t  3080G . A ls o ,  t h e  c o r ­

r e l a t i o n  b e tw e e n  d i s t o r t i o n s  fro m  o c t a h e d r a l  sym m etry  ( a s  

s e e n  i n  t h e  s h i f t s  i n  t h e  d -d  b a n d  m a x im a ), and  g z m u s t b e  

made w i t h  c a u t io n  a s  t h e  c h ro rao p h o re  a b o u t  c o p p e r ( I I )  i s  p r e ­

su m ab ly  n o t  th e  sam e th r o u g h o u t  t h e  s e r i e s ,  b u t  s u g g e s t s  s i m i ­

l a r  b o n d in g  c h a r a c t e r i s t i c s  w i t h i n  t h e  s e r i e s *

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

p le x e s  i s  g iv e n  i n  T a b le  XVII an d  p l o t s  o f  l / x  v s .  T a r e  

g iv e n  i n  F ig *  18* T h e o r e t i c a l  b e s t  f i t s  w ere  a t t e m p te d  a n d  

th e  AMP an d  GMP com pounds s u c c e s s f u l l y  f i t t e d  t o  th e  m o d i f ie d  

t e t r a m e r  e x p r e s s io n ,  e q .  ( l £ ) .  T he b e s t  f i t  v a lu e s  o b t a i n e d  

f o r  t h e  p a r a m e te r s  A, B , C, a n d  g w ere  1 1 8 , 1 2 , 2em"^ an d  

2*03 and  1 3 0 , U4., 2cm”1 and  2*08  f o r  t h e  AMP and  GMP com­

p l e x e s ,  r e s p e c t i v e l y .  I n s p e c t i o n  o f  F ig *  18 and  t h e  f a c t



t h a t  t h e  s t a n d a r d  d e v i a t i o n  I n  th e  g v a lu e s  o b ta in e d  e x p e r i ­

m e n ta l ly  and  t h e o r e t i c a l l y  was on t h e  o r d e r  o f  0 .0 6 ,  c l e a r l y  

d e m o n s tr a te s  th e  e x c e l l e n c e  i n  th e  t e t r a m e r  m odel i n  l i g h t  o f  

th e  a p p ro x im a tio n s  m ade. T h e r e f o r e ,  t h e s e  t e t r a m e r  sy s te m s  

a r e  m a g n e t i c a l ly  d e s c r ib e d  i n  te rm s  o f  a  s i n g l e t  g ro u n d  s t a t e  

w i th  a n o th e r  s i n g l e t  s t a t e  2cm"* above  i t ,  and  s l i g h t l y  

h ig h e r  i n  e n e rg y  two e x c i t e d  t r i p l e t  s t a t e s  -  one a t  a p p ro x im a te ly  

13om” * and th e  o t h e r  a t  a p p ro x im a te ly  125cm "*. O th e r  s p i n  

s t a t e s ,  su c h  a s  S -  2 ,  e t c . ,  I f  a t  a l l  p r e s e n t  w ould  be a t  

much h ig h e r  e n e r g i e s  a c c o rd in g  t o  th e  d a ta  and  do  n o t  con­

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

c o m p le x e s .

A tte m p ts  t o  f i t  t h e  CMP d a ta  t o  a n y  o f  o u r  t h e o r e t i c a l  

m odels  d id  n o t  g iv e  good  f i t s .  T hese  r e s u l t s  and  th e  c u rv a ­

t u r e  o f  t h e  l / x  v s .  T p l o t  f o r  t h i s  sy s te m  ( P i g .  18) prom p­

te d  a  f i e l d  d e p e n d e n c e  s tu d y ,  T a b le  XXX. The r e s u l t s  a r e  

m o st s t r i k i n g  h e r e  s in c e  th e  CMP com plex  h a s  an  u n u s u a l ly  

h ig h  s u s c e p t i b i l i t y  and e f f e c t i v e  m a g n e tic  moment a t  low  ex ­

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

c o u p l in g  o f  t h e  ty p e  s e e n  f o r  th e  u r a c i l ,  and  h y d ro x y l-  

b r id g e d  n u c le o s id e  c o m p le x e s . T hiS  ty p e  o f  f e r r o m a g n e t ic  

f i e l d  d e p en d e n ce  i n  a  n u c l e o t i d e  com plex  i s  w i th o u t  p r e c e d e n c e .  

F u r th e r  s u p p o r t  f o r  m a g n e tic  c o u p l in g  ( f e r r o m a g n e t ic  i n  th e  

CMP oom plex arid  a n t i f e r r o m a g n e t i c  i n  th e  AMP an d  GMP com­

p le x e s )  comes from  th e  h a l f  f i e l d  EPR d a t a ,  T a b le  V I, w here  

th e  p r e s e n c e  o f  i s  s e e n  in  a l l  c a s e s  a t  a ro u n d  1500G e x ­

c e p t  i n  th e  f e r r o m a g n e t ic  CMP com plex . The l a c k  o f  an  % jjj



signal in the CMP system can be attributed to dipolar broad­
ening of the bands in this extraordinarily strongly coupled 
Cu(II) compound*

The magnetic data suggest that in the solid state, the 
metal nucleotide complexes are highly associated* In fact,

oQprecent crystal structure determinations of Co(II)CMP and 
Cd(II)CMP as well as the crystal structure of Cd(II)IMP^^, 
clearly demonstrate the highly associative and polymeric na­
ture of these nucleotide complexes* Furthermore, the associ­
ation phenomenon shown towards Cu(II) In this work corrobor­
ates the work of Burger and E i c h h o r n 2 9 3  where dimeric Cu(II) 
coordination compounds with AMP were postulated to exist in 
solution, and suggests that biological processes involving 
metal ion interactions with nucleic acid constituents might 
indeed proceed via a multi-centered pathway Involving clus­
ters of two or more metal complexes with these ligands*



T ab le  XII

IR Data For Nucleotide Ligands 
and Their Complexes (cm*1)

F re e  L ig a n d  
CMP (LH)

Com plexed L ig a n d  
Cu (L ).6 H 20 A ssignm en t

- 3)4-90 m vOH H20

3356 m 3356 m ,bd vNH2 ( a s y . )

3289 m 3214-0 s h vNH2 ( s y . )

3106 m 31)4.0 -  3070 b d vCH, vNH, vOH

29i4.1 in ,bd 287)4- s b vOH2

17^2 a 1712 w ,s h v C (2)0

1689 sb 1689  w ,s h (SNHg

- 1656 s 5H20

153 i|- 3 152)4. vw»sh v r i n g

1511 vw

lij.75 V W , 3 p

lil.93 w 
1)4.71 s h

v r i n g

1276 m 1289 w ,bd fiO-NHg

1266 3 1208 w vPO ( f r e e )

1229 m 
1209 at

112l|. s 
1071 3 
i 0J4.it- m ,sp

969 a

969 3 ,b d

853 w,sh 
8iti w
797 m ,bd

1130 s,bd 
1060 $,bd 
lOlj.0 s

969 **> 

llOit. s
986  3

853 vw 
8I42 vw

v ring

v ribose (deg.)

vPO^ (asy.) 
vPO^ (sy.) 
vP0(0H)2 (oombina.) 
y ribose (sy.)

v ring



T a b le  XXI (C o n t'd )

F r e e  L ig an d  
AMP (LH)

C om plexad L ig a n d  
C u(L ).2H 2 0

3378  w 3370 a

3360 a 3356 s

32^0  8 3270 3

318)4. s 3185  3 ,b d

3030  s 3030 s , s h

1706 s -

1689 s 1689 ah

1656 m ,sp 1656 3 ,b d

1613 m 
1539 w ,s p  
15.75 w ,sp  
1)4.20 m ,sp

1603 m 
1539 vw ,bd  
1579 vw ,bd  
1525 w

1222 s -

1188 m ,sh -

115.3 3  

1071 a 
1055. 3  

975 w

1155 s , a h  
1075 3 
1050 3

- 1120 s

- 980 m

938 a 953 s b

925- 3 929 3h

899 w ,s h  
867 w

899 s h
867 s h

A ss ig n m e n t

vOH HgO

VNH2 ( a s y . )

vNH2 ( s y . )

vCH, vNH, vOH

vCH2

vC=C

5NH

v r i n g

vPO ( f r e e )  

v r i n g

v r i b o s e  ( d e g . )

vPO^ ( a s y . )  

vPO^ ( a y . )  

vP0 (0 H )2 

v r i n g

v r i b o s e  ( s y . )



T a b le  X II (C on t'd )

F re e  L ig a n d  C om pleted  L ig a n d
GMP (LH) Cu ( L ) .5H2 0 A ss ig n m e n t

31*1*8
3200

s ,b d
s ,b d

3378
3230

s ,b d
a ,b d

vOH, vHp O, vCH, 
vNH, vNH ( a s y .

2 a y . )

2921* s ,b d 2959 m ,sh vCB2

170k s 170i|. v w ,sh v c ( 6)0

1689 s , s h I 689 s , s h SNH2
16^3 m ,sh 1653 s sh2 o

1639
1597

ra, sh  
w

1639
1597

w ,sp
s h

v r i n g

1525 m - 6H(1)H

l l *62
l l *08
135?

m ,sh
m
s ,b d

IJ462
11*08
1365

W ,sp
w
W ,sp

v r in g

1235 s ,b d 1235 w, s h vPO ( f r e e )

1130
1073
10i*0

963

S ,s h
s
s
s

111(5 
1075 
101*5 

975

w, sh  
s
m ,sh
w

v r i b o s e  (d e g .)

- 1109 a vPO^ ( a s y . )

- 981* s vPO^ ( s y . )

963 s ,b d - vP0(0H )2

890 w ,bd 890 w ,bd v r i b o s e  ( s y . )

775 w 778 w 6OH o u t - o f - p l a n



V a r ia b le

Compound

Cu (GMP).£H20

Cu (AMP).2H20

T ab le  XVII

T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M agnetic  Moments
F or N u c le o t id e  Complexes

Temp X (ex p ) l / x  (ex p ) X ( c a l c

<°K) (x lO "6 ) (x lO ^ ) (x lO "6 )

2 9 5 .0 11*88 6 7 1 .9 1326
201*. 0 1991 5 0 2 .3 1825
15H .0 21*1*5 1*09 .0 2315
106.0 3018 331.1* 311*6

81*.l 3629 2 7 5 .5 3785
70.0 1*138 21*1 .6 1*373
5 8 .9 1*71*1* 2 1 0 .8 5000
1*8.6 51*38 1 8 3 .9 5789
3 9 .9 61*00 1 5 6 .3 6696
2 9 .3 7852 1 2 7 .3 8261
2 3 .0 91*25 1 0 6 .1 91*85
1 6 .9 11590 8 6 .3 10700

2 9 5 .0 1382 723.1* 1271*
205 .0 1709 5 8 5 .0 1752
1 5 3 .0 21*52 1*07.9 2250
1 0 1 .0 3257 3 0 7 .0 3178

8 1 .3 361*7 271*. 2 3789
7 1 .7 1*056 21*6.6 1*190
6 1 .3 1*591 217 .8 1*71*6
1*9.2 51*27 181*. 3 561*0
3 9 .9 6277 1 5 9 .3 6625
3 0 .5 7787 128.1* 8068
21.1* 10180 9 8 .3 10120
1 5 .0 121*1*0 80.1* 11850

x ( c a l c )  

(x lO ^)

Moment
(e x p )

Moment 
( c a lc )

751*. 1* 1 .8 7 1 .7 7
51*8.0 1 .80 1 .7 3
1*32.0 1.71* 1 .6 9
3 1 7 .9 1 .6 0 1 .6 3
261*. 2 1 .5 6 1 .6 0
2 2 8 .7 1 .5 2 1 .5 6
2 0 0 ,0 1.1*9 1 .5 3
1 7 2 .8 1 . 1*5 1 .5 0
11*9.3 1.1*3 1.1*6
1 2 1 .1 1 .3 6 1 .3 9
105.1* 1 .3 2 1 .3 2

9 3 .5 1 .2 5 1 .2 0

781*. 8 1 .81 1 .7 3
5 7 0 .9 1 .6 7 1 .6 9
1*1*1*. k 1 .7 3 1 .6 6
311*.6 1 .6 2 1 .6 0
2 6 3 .9 1.51* 1 .5 7
2 3 8 .6 1 .5 3 1 .5 5
2 1 0 .7 1 .5 0 1 .5 3
1 7 7 .3 1.1*6 1.1*9
1 5 0 .9 1.1*2 1.1*5
1 2 3 .9 1 .3 8 1 . 1*0

9 8 .8 1 .3 2 1 .32
81*. 1* 1 .2 2 1 .2 0

B etw een  
g v a lu e s

0 .0 7 1 5

(T e tra m e r)

0 .0 ^ 1 9

(T e tra m e r)



T a b le  XVII (C o a t'd )

V a r ia b le  T em perature M olar S u s c e p t i b i l i t i e s  and E f f e c t i v e  M a g a etic  Momeats
For N u c le o t id e  Com plexes

Compound

Cu(CMP).6H2 0

Temp x (ex p ) 1/& (ex p ) x ( c a l c )  l / x  ( c a l c )  Moment Moment S td .  Dev,
. (e x p )  ( c a l c )  B etw een

) (x lO ^) g v a lu e s

2 .1*6
2 .2 5
2 .0 9  
1.81* 
1 .7 3  
1 .6 9  
1 .5 9  
1 .5 1  
i . l i 5
1 .3 7
1 .2 3
1.18
1 .0 9

(OK) ( x l 0“ 6 ) ( x ! 0^ ) ( x l 0~

2 9 5 .0 251*5 3 9 2 .9
205.0 3073 3 2 5 .5 •

156.0 31*87 286 .8 -

101.0 1*156 21*0 .6 -

8 1 .3 1*51*8 2 1 9 .9 -

7 2 .3
5 8 .9

1*8 8k  
5308

20k .  8 
188 . k

14-9.8 5662 176.6 -

1*1.7 6259 1 5 9 .8 -

3 3 .0 7081 11*1 .2 -

2 1 .7 8660 1 1 5 .5 -

18 .1 9577 101*. k -

12 .0 12170 82.2 -



800 n

600  -

l / x

(mol/erau) 

(xlO^)

1*00 -

200  -

H Cu(AMP).2H20 
• Cu(GMP).^H20 
0  Cu(CMP).6H 0

I

0 100 200 300 T (°K)

Figure 18, Inverse susceptibility vs* temperature for nucleotide complexes. 
Solid lines represent theoretical best fits to tetramer equation 
for all systems shown (except CMP complex).

H
V J\
vO



T a b le  V

V i s i b l e  A b so r p tio n  and P h y s ic a l  C on stan t
D ata For Complexes

Compound Color Dec, pt., 
°C c“"1

Cu(Draci1)^• H^O Pale green 160-165 15,380
Cu(£l-ttraeil) .h 0 

2 2 Light green 115-120 34,710 12,900

Cu(5N0 -Uracil) .2H 0 2 2 2
Blue green 188-193 15,390 12,900

Cu{2S-Uracil)2.3H20 Pea green I8O-I8J4. 11,770
Cu{6UH2#2S-Uracil)2*3CH^0H Pale yellow 202-206 13,330
Cu(6CH3,2S-Uracil)2.2H20 Pale yellow 215-219 10,750
Cu (6 C3 , 2S-Ura c il) 2 .i(.H20 Pale yellow 218-223 10,810

Cu(2,l*-Dithiouracil) (OH).
V

Brick orange 270-275 11,1*30

Cu(Cytosine)2c l2 Blue 155-159 16,000
Cu(2S-Cytosine)Cl Brown green 160-161* 16,390
C u(2S-C ytosine)2 *2H 0 Pea green 150-155 15,150

wO'o



T ab le  V (C o a t'd )

Compound Color Dec. pt«« 
°C CT1" 1

Cu (Guanos lne) 2* l+HgO Pale green l60-l81j. 13,890

Cfu (8Br-GuanosIne) .3H 0
2 ?

Light green 160-16$ ii+,290

Cu^(d-Guanoslne)2(0H)^.i+H^O Dark green 11+2-U+7 11+, 290

Cu(XanthosIne)(0H).2H20 Green 112-118 li+,1+90 13,160 sh
Cu(Cytidine)(0H).2H20 Blue green 126-130 Hi,930 13,510 sh
Cu(Inosine)(OH).H20 Green 116-120 15,630 12,71+0 sh
Cu(Adenosine)(OH),l/2H20 Green 115-122 ll+,l8o

c u ( g m p ) . $ h2 o Pale green 115-119 13,500
Cu (AMP).2H20 Pale green 118-123 15,770
Cu (CMP).6H 0 2 Light blue 120-125 13,510

T9
T



T ab le  VI

EPR Field Positions and Calculated 
Magnetic Parameters*

Compound V
(GHz) % I N <HZ>1 <V2 (H ), xy 1 < V 2  Hav ex y gav

Cu(Ura) .H 0 2 2 9.521*.
9.52k

1600 *•* - -
3325

-
2.05

Cu(5l-Ura)2.H20 9.52k
9.298

-
2965

-
3210

-
2.2k 2.07 2.13

Cu<£N02-Ura)2.2H20 9.525
9.525

1260 ik5o
2925

-

3280 _ 2.33 2.08 2.16
Cu(2S-tJra)2.3H20 9.329

9.296
- lk82

26k5
5ooo i+ioo

3iko
2150 2.26

2.51
2.06
2.12 2.13

2.38
Cu(6NH2,2S-TJra) .3CHjOH 9.332

9.298
- 1590

2800
- 3750

3190
-

2.37 2.08 2.18
Cu(6CH3,2S-Ura)2.2H20 9.3319.298 - 1660

2760
-

3175
ki50

2.kl 2.09 2.20
Cu(6 C 3H7,2S-Ura)2k ^ 2 0 9.522

9.522
750 1120

2725
5ioo

3190
-

2.50 2.13 2.38
Cu(2fk-Dithioura) (OH) •
h2o

9.52k
9.52k

1580 1700
3075

5ioo
3295

-

2.21 2.07 2.12
Cu(Cyto)2Cl2 9.52k9.319

-
2990

-

3208
-

2.23 2.08 2.13

162



Compound A„ Bz xy
(G) (G)

C u(U ra) .H  0 2 2
C u (5 l-U ra )  *H 0

2 2  160

Cu(5N02 - U r a ) 2 . 2H20

Cu(2S-Ura)2.3H20

Cu(6NH,_»2S-Ura) ,3CH_0H
2 2 * 125 -

110 -

Cu{6CH.»2S-Ura) ,2H 03 2 2 1^0 -
125 -

Cu (6 C3H?, 2S -Ura) . ̂ 0  

Cu(2,ij.-Dithioura) (OH) .H20 -

Cu(Cyto)2Cl2

00
 

i

T a b le  V I(C o n t *d)

/ W

( cm“ ^)

- 2 J  

( cm” l )

g

( b e s t  f i t ) (°K)

Monomer
C o rr .

(%)

M a g n e tic
M odel

0 .0 7 2 - - - -

- 1 1 0 .7 2 .0 8 - 17 I  s in g

0 .1 6 5 6 .2 2 .1 1 7 .9 0 D im er

0 .180

l+
H

o 
o 2 .1 5 - 3 D im er

0 .1 6 0

l+
H

o 
o 2 .1 8 - 0 D im er

0.11;0 lllOO
-200

2 .1 8 - 0 D im er

0 .2 0 0 11*00
±200

2 .0 0 - 5 D im er

O .O ltf 700 2 .0 2 - 9 I s i n g

CM•sO 2 .0 7 3 .0 0 D im er



T a b le  V I(C o a t'd )

Compound V
(GHz) ^MIN <Vi < V 2 (IV i < V 2 Hav g z gx y g QTrav

C u (2 S -C y to )C l2 9.521*
9 .3 1 8

1500 1600 5100 - -
3157 2 .1 1

C u (2 S -C y to )2 .2H20 9 .5 2 ^
9 .2 9 8

11*75
-

5060
-

-

311*5 - 2 .1 1

Cu(G uano) ^ . 1*H20 9.2914-
9 .2 8 0

11*90 1800
2950

1*900
3230

-

T 2 .2 5  2 .05 2 .1 2

Cu( 8 B r-G uano ) .3H_0 
2 2 9.251*

9 .5 2 6
-

2965
-

3291*
-

- 2 .3 0  2.07 2 .1 5

Cu^ ( d-Gu a n o ) 2 (0  H) i(^2 0 9 .5 2 1
9 .2 9 3

1300
291*0

1*860
321*0

3800 -

2 .2 6  2 .0 5 2 .1 2

C u (X a n th o )(0 H ).2 H 20 9 .5 2 3
9 .2 8 0

11*60
2875

1*900
3190

- -

2 .3 1  2.08 2 .1 6

C u (C y ti)(O H ).2 H 20 9.5214-
9 .3 2 3

11450 1600
2850

5210
3255

1*1*50 -

2.31* 2 .0 5 2 .1 5

C u ( ln o )(0 H ) .H 20 9 .5 2 6
9 .2 7 8

1520
291*0

5300
3205

i*5oo
- 2 .2 5  2 .0 7 2 .1 3

C u (A d e n o )(O H ),l/2 H 20 9 .5 2 3
9 .3 1 9

900
2958

5100
3250

- -

2 .2 5  2 .0 5 2 .1 2

c u(g m p).£h 2o 9 .5 2 3
9.321*.

1580
2795

-
3155

-

2 .3 8  2 .1 1 2 .2 0



T ab le  V I (C o a t'd )

Compound Az
(G)

B
xy

(G)

/ D /

( cm"-*-)

- 2  J  

(cm*1 )

g

( b e s t  f i t )

- i

(°K )

Monomer
C o r r .

(%)

M a g n e tic
M odel

C u (2 S -C y to )C l2 - 0 . 051^

l+
H

 
ro

-p
r 

0 
0 

0 
0 2 .0 5 - 3 D im er

C u (2 S -C y to ) .2H 0
2

- - 0.093 iij.00
±200

2 .0 6 - 6 D im er

Cu {G uano) .
180 30

0 .082 - - - - -

Cu( 8 B r-G u an o ) *3H20
165 35

- - - - -

Cu (d -G u an o ) (OH). .Jj-H 0 
3 2 U 2 175 13

0 .1 6 1 J= 5Q .o
J J = 5 2 .0

2 .0 0 - 0 T r ira e r

C u (X a n th o )(0 H ).2 H 20
155

- 0 .1 0 3 - - - **

C u { C y ti) (0 H ).2 H 20
135
150

15
35

0 .1 1 0 - - - -

C u (In o )(O H ).H 2 0
170 10

0 .0  81j. - - - - -

C u (A d e n o )(0 H ) .l /2 H 20
185 30

- - - - - -

c u ( g m p ) . 5 h 2 o -
-

0 .1 5 0 A=130 
B= l i t  
C= 2

2 .0 8 - 0 T e tra ra e r

o
vn



Compound 

Cu(AMP)*2H20

cu ( cm p) . 6 h2 o

T a b le  V l( C o n t 'd )

( o L i  Hmin (Hz>1 <Hz>2 ‘ V 1

9 .5 2 5  1U50 2210 5100 231+0
9 .3 0 8

9 .5 2 5  -
9 .5 2 6  2900 3285



T ab le  V I(C o a t'd )

Compound A B / d /  - 2 J  g - 0  Monomer M a g n e tic
z x y  „ _ C o r r .  M odel

(G) (G) (cm- ***) (cm“ M  ( b e s t  f i t )  (°K) {%)

Cu(AMP).2H20 0 .1 0 7  A = ll8  
B= 12 
C= 2

2 .0 3 0 T e tra m e r

Cu(CMP).6H2 0

*  A l l  f i e l d  p o s i t i o n s  i n  g a u ss  arid r e s u l t  fro m  b e s t  r e s o l v e d  s p e c t r a ;  1 and  2 r e f e r  
t o  low  and h i g h ,  r e s p e c t i v e l y ;  d a t a  f o r  c o u p le d  sy s te m s  g iv e n  b e f o r e  monomer s y s ­
te m s . F o r monomer s y s te m s ,  p e r p e n d i c u l a r  and p a r a l l e l  f i e l d  p o s i t i o n s  e n te r e d  
u n d e r  "low " h e a d in g s .

##  F i r s t  l e t t e r s  o f  th e  l i g a n d  u s e d  in  i d e n t i f y i n g  com pounds.



T able IXX

F i e l d  D ep en d en t M o la r S u s c e p t i b i l i t y  and  E f f e c t i v e  
M a g n e tic  Moment M easu rem en ts  a t  29l*°K

Compound F i e l d  S t r e n g th  
3KG

F i e l d  S t r e n g th  
8KG

F i e l d  S t r e n g th
15kg

X V X p X p
(x l0 ~ 6 ) (x lO "6 ) (x lO "6 )

C u(X antfcosine)(O H ) .2H20 3871*- 3 .0 3 2272 2 .3 1 2003 2 .1 8

C u (C y tid in e ) (0 H ) .2 H 20 3 l* P 2 .8 6 3108 2 .6 9 1393 1 .8 1

C u (A d en o sin e ) (OH) .l/E H gO 2389 2 .3 7 1583 1 .9 3 1292 1.71*

C u ( In o s in e )  (OH) .HgO 2987 2 .6 6 _ 201*5 2 .5 8 1008 1.51*

Cu {Guanos i n e ) ̂ .  IjH^O 1935 2.11*. 1811* 2 .0 6 1306 1 .7 7

C u (B r-G u a n o s in e )2 *3H20 3670 2 .9 5 1071*. 1 .5 9 866 1.1*3

C u (U ra c ilJ^ .H ^ O 3030 2 .6 8 1320 1 .78 1168 1 .6 6

Cu ( cm p) . 6 h2 o 5227 3 .5 2 3098 2 .6 9 21*71* 2.1*2



C o n c lu d in g  Rem arks

The sc o p e  o f  t h i s  w o rk , i n  te rm s  o f  sy s te m s  s tu d i e d  

an d  s p e c t r o s c o p ic  t e c h n iq u e s  em ployed  w as a m b i t io u s ,  b u t  

d e l i b e r a t e l y  s o  i n  an  e f f o r t  t o  e x t r a c t  a s  much in f o r m a t io n  

on  s o l i d  c o o r d in a t io n  compounds o f  c o p p e r ( I I )  w i t h  n u c l e i c  

a c id  c o n s t i t u e n t s  a s  p o s s ib l e *  S p e c i f i c  l ig a n d s  an d  s e t s  

o f  l ig a n d  sy s te m s  w ere  o h o se n  i n  o r d e r  to  o b s e rv e  t r e n d s  

an d  b e  a b le  t o  make g e n e r a l i t i e s  a b o u t  th e  b o n d in g  an d  e l s e *  

t r o n i o  and  m a g n e tic  p r o p e r t i e s  o f  s o l i d  c o p p e r ( I I ) - n u c l e i c  

a c i d  c o n s t i t u e n t  compounds* The f o l lo w in g  o b s e r v a t io n s  can  

b e  made a b o u t b o n d in g  s i t e s ,  b o n d in g  m odes and  s to ic h io m e ­

t r i e s ,  and  e l e c t r o n i c  an d  m a g n e tic  p r o p e r t i e s  o f  th e  s o l i d  

c o p p e r ( I I )  c o o r d in a t io n  compounds o f  p y r im id in e s ,  p u r i n e s ,  

t h e i r  n u c le o s id e s  and  n u c l e o t i d e s :

1* The a b i l i t y  t o  fo rm  C u ( I I )  c o o r d i n a t i o n  compounds 

w i th  n u c l e i c  a c i d  c o n s t i t u e n t s  i s  e s t a b l i s h e d  an d  p ro nounced*  

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

m id in e s ,  p u r i n e s ,  t h e i r  n u c le o s i d e s  and  n u c l e o t i d e s  -  r e a c t  

t o  fo rm  8 t a b l e  c o o r d in a t io n  compounds w i th  c o p p e r  ( I I ) *

2* B id e n ta t e  c h e l a t i o n  a t  t h e  e x p e n se  o f  m o n o d e n ta te  

c o o r d in a t io n  a p p e a r s  t o  b e  th e  p r e f e r r e d  mode o f  b o n d in g  

i n  c o o r d in a t io n  co m p lex es o f  n u c le lo  a c id  c o n s t i t u e n t s  w i th  

c o p p e r ( I I ) *  T h is  ty p e  o f  b o n d in g  a p p e a r s  t o  b e  g e n e r a l  f o r  

p y r im id in e  an d  p u r in e  m o ie t i e s  and  In v o lv e s  a d j a c e n t  oxygen



( s u l f u r )  and n i t r o g e n  atom s on t h e  r i n g .  I n  a d d i t i o n ,  

p h o s p h a te  oxygen c o o r d in a te s  when n u c l e o t i d e  sy s te m s  a r e  

c o n s id e r e d .  E x c lu s iv e  p h o s p h a te  o r  s u g a r  b o n d in g  i s  n o t  

fo u n d  I n  t h e s e  c o m p le x e s .

3 . I n  th e  u r a c i l  ( c y to s in e )  c o m p le x e s , t h e  e f f e c t  

o f  r e p l a c i n g  a k e to  oxygen  on C (2) w i th  a  t h l o  s u l f u r  i n ­

te r c h a n g e s  th e  p r e f e r e n c e  f o r  c o o r d in a t io n  b e tw e e n  N ( l)  

(N (3 )) f o r  k e to  t o  N (3 ) <N{1 ))  f o r  t h l o .  T h is  ty p e  o f  s e ­

l e c t i v i t y  u se d  f o r  c h e l a t i o n  s i t e s  i n  k e t o -  and  t h lo - c o n ­

t a i n i n g  n u c l e i  o a c id  l ig a n d s  may b e  g e n e r a l  f o r  p y r im id in e  

and p u r i n e  sy s tem s a l i k e .

Ij.. G e n e r a l ly ,  2 :1  l ig a n d  t o  m e ta l  s t o i c h i o m e t r i e s  

a r e  p r e f e r r e d  a l th o u g h  1 :1  s t o i c h i o m e t r i e s ,  w i t h  and w i th ­

o u t b r i d g i n g  b e tw een  m e ta l  c e n t e r s ,  a r e  s e e n .  T r lm e r lo  

m e ta l  s t o i c h i o m e t r i e s  a r e  r a r e .

5* EPR d a ta  d e m o n s tr a te  t h e  t e t r a g o n a l l y  d i s t o r t e d  

o c ta h e d r a l  g e o m e try  p r e f e r r e d  b y  th e s e  c o p p e r ( I I )  c o m p le x e s . 

How ever, t h e  i n t r o d u c t i o n  o f  b o n d in g  s u l f u r  a tom s i n  c o o r d i ­

n a t in g  l ig a n d s  d i s t o r t s  t h i s  b o n d in g  to w a rd s  a Cgy o r  

d i s p o s i t i o n  a b o u t t h e  m e ta l  c e n t e r  w i th  a  c o n c o m ita n t  lo w e r ­

in g  o f  t h e  d -d  b an d  maximum. T he g ro u n d  s t a t e  te rm  I n  a l l  

com plexes i s  s e e n  t o  b e  ^Bi g ( ^ x 2 _ y 2 ) •

6 .  L ig an d  f i e l d  s t r e n g t h s  f o r  t h e s e  d i s t o r t e d  o c t a ­

h e d r a l  g e o m e tr ie s  v a r y  a s :

2 S - C y to s in e s >  C y to s in e  >  5 X -U ra c i ls  >  6 Y ,2 S -U ra c i la  :> 

2 , l p - D i th i o u r a c l l  >  8 z -G u a n o s ln e s  >  I n o s l n e >  C y t id in e  >



X a n th o s in e  > A d e n o s in e ;  AMP > GMP > CMP*

7* S u l f u r  c o o r d i n a t i o n  a p p e a r s  to  p r e d i s p o s e  t h e
- 1

c o m p lex e s  t o  p o ly m e r ic  i n t e r a c t i o n s  ( - 2 J  > 11*00 cm ) a s  

d o e s  t h e  i n t r o d u c t i o n  o f  r i b o s e  an d  p h o s p h o r ib o s e  f u n c ­

t i o n s  o n  th e  p y r im id in e  o r  p u r i n e  b a se *

8 * Ferromagnetism, a relatively rare type of magnetic 
ordering, is seen in severed Cu(II) coordination compounds 
reported here*

9* M a g n e tic  d a t a  s u g g e s t  t h a t  th e  c o o p e r a t iv e  

phenom enon r e s p o n s i b l e  f o r  th e  f e r ro m a g n e t is m  o b s e rv e d  i n  

a  num ber o f  t h e s e  c o m p le x e s , a p p e a r s  t o  b e  e n h a n c e d  a c c o r d ­

in g  t o  th e  f o l lo w in g  s e r i e s :

N u c le o s id e s  > CMP > U r a c i l

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

th e  s u g a r  g roup*

10* R e c o g n i t io n  o f  th e  s u g a r  b y  c o p p e r ( I I )  i s  s e e n  

f o r  d e o x y g u a n o s in e  b u t  n o t  f o r  g u a n o s in e  ( a p p a r e n t l y ,  

d - r i b o s l d e s  b u t  n o t  r i b o s i d e s )  a n d  i s  a s s ig n e d  to  o p e r a t e  

th r o u g h  t h e  3* OH g ro u p  o f  th e  3 u g a r*



F u tu re  S tu d ie s

1 .  M ix e d -N u c le ic  A cid  B ase  Com plexes 

To d a te  t h e r e  h a v e  b e e n  no  r e p o r t s  o f  s o l i d  c o o r d i ­

n a t i o n  compounds in v o lv in g  two d i f f e r e n t  n u c l e i c  a c id  con­

s t i t u e n t s  to  th e  same m e ta l  io n *  The s y n t h e s i s  and  s p e c t r o ­

s c o p ic  c h a r a c t e r i z a t i o n  o f t h e s s  sy s te m s  c a n  be  o f  im p o r­

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

t i o n  p r o c e s s  o f  DNA*

I n  o r d e r  f o r  DNA t o  r e p l i c a t e ,  i t  m ust unw ind  and
291*

s y n th e s i z e  two new h a l f  h e l i c e s *  The p o t e n t i a l  im p o r­

ta n c e  o f  m e ta l  io n s  I n  t h i s  p r o c e s s  i s  s e e n  i n  v i t r o  from
21  295 

t h e  r e v e r s i b l e  u n w in d in g  o f  DNA b y  C u ( I I )  and  Z n ( I I ) ,

and  t h e  e f f e c t  o f  m e ta l  io n s  on th e  a b i l i t y  t o  c a t e r  th e

h y d ro g e n  b o n d in g  b e tw e e n  th e  two s t r a n d s  o f  th e  DNA h e l i x

was b r i e f l y  to u c h e d  upon  i n  th e  I n t r o d u c t io n *  F u r th e rm o re ,

m e ta l  io n s  l i k e  M g ( I I ) ,  M n ( I I ) ,  Z n ( I I ) ,  and  C o { II)  a r e

a l s o  r e q u i r e d  i n  v iv o  b y  two o f  t h e  m ost im p o r ta n t  enzym es
296

f o r  DNA s y n t h e s i s :  DNA p o ly m e ra se  and t h e  t e r m in a l
297

d e o x y n u o le o t ld y l  t r a n s f e r a s e *

I t  can  b e  c o n c lu d e d  from  i n  v i t r o  and  i n  v iv o  s t u d i e s ,  

t h e r e f o r e ,  t h a t  t r a n s i t i o n  m e ta l  io n s  a r e  n e c e s s a r y  f o r  DNA 

r e p l i c a t i o n  a n d , i n  some i n s t a n c e s ,  m e ta l  io n s  h e lp  t o  

m a in ta in  th e  h a l v e s  o f  th e  d o u b le  h e l i x  c lo s e  t o  e a c h  o th e r*  

T h is  r e q u i r e s  m e ta l  c o o r d in a t io n  t o  two d i f f e r e n t  n u c l e i c  

a c i d  co m p o n e n ts , one on  e a c h  h a l f  o f  th e  d o u b le  h e l ix *



2 ,  T ern ary Com plexes

Transition metal complexes containing a nucleic acid
b a s e  and  a n  araino ( o r  S c h i f f  b a s e  o r  am in e) h a v e  o n ly  r e -

1*2,51-51*,1 5 1 -5 H ,1 6 8 ,1 7 1 ,2 0 3 ,2 0 5 - 7 ,2 2 3
c e n t l y  b e e n  p r e p a r e d

and  a r e  good  m odel s y s te m s  t o  t h o s e  w h e re  s u b s t a n t i a l  i n t e r ­

a c t i o n s  b e tw e e n  n u c l e i c  a c i d ,  p r o t e i n ,  and  m e ta l  s h o u ld  o c ­

c u r ,  T h is  ty p e  o f  i n t e r a c t i o n  i s  v i t a l  f o r  th e  p r o c e s s e s  

o f  t r a n s c r i p t i o n  and  t r a n s l a t i o n  o f  g e n e t i c  m a t e r i a l .  I n

t r a n s c r i p t i o n ,  m e ta l  io n s  l i k e  M g ( I I ) ,  M n ( I I ) ,  an d  C o ( I I )
9

a r e  e s s e n t i a l  f o r  c a t a l y z i n g  th e  r e a c t i o n ,  w h i le  o t h e r
298metals like Cu(II) and Zn(II) act as partial inhibitors.

The t r a n s c r i p t i o n  p r o c e s s  r e q u i r e s  t h e  p r e s e n c e  o f  a  tem ­

p l a t e  ( l / 2  o f  a  DNA h e l i x ) ,  a  s u p p ly  o f  r i b o n u c l e o t i d e  t r i ­

p h o s p h a te ,  and  RNA p o ly m e ra s e  enzym e. I n  t h e  t r a n s l a t i o n  

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

(co d o n 3 ) I n  t h e  m-RNA i s  i n t e r p r e t e d  b y  t-RNA ( a n t i o o d o n ) ,  

a f t e r  w h ic h  th e  a n t ic o d o n  p r o c e e d s  t o  l i n e  up  p a r t i c u l a r

amino acids for the synthesis of proteins. Again metal ions
299

su c h  a s  M g ( I I ) ,  C a ( I I ) ,  and  M n (I I )  a r e  r e q u i r e d ,  an d  th e  

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

b a s e ,  and  am ino  a c id  ( o r  p e p t i d e )  i s  o b v io u s .

Metal ion-bridged complexes between a purine or 
pyrimidine moiety of a coenzyme and an aromatic amino acid 
residue may occur in biological systems including metal-ion-
d e p e n d e n t enzym e s y s te m s ,  n u c l e i c  a c i d - p r o t e i n  I n t e r a c t i o n s ,

300
o r  sy n a p to so m e s  (w h ich  c o n t a i n  b i o g e n i c  a r o m a t ic  a m in e s ,



ATP, and several metal ions), however, only recently^ 
has an attempt "been made to demonstrate that an inter­
action between a naturally occuring constituent, tryp­
tophan and ATP with various transition metal ion3 (i*e*, 
indole-metal-purine) is possible*

These examples clearly demonstrate the need to eluci­
date the interactions between metal ion, nucleic acid base, 
and peptide and it is hoped that the work presented here 
on metal interactions between nucleic acid constituents in 
the solid state will assist in this quest.
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FORTRAN I V  G LEVEL 2 1  MAIN DATE = 7 6 0 8 0  1 0 / 5 2 / 4 3  PAGE 0 0 0 1

C T HI S  PRuGHAM I S  DESI GNED TO F I T  6  l I GA n DS ABOUT A CENTHAL METAL
c a t o m  c a l c u l a t e  t h e  c . h . n * m a n a l y s i s  r e s u l t i n g  f r o m  t h e  c o m b i n a t i o n
C AND COmPAh E T h e  AN AL YS IS  10 THAT FOUND E X P E R I M E N T A L L Y . I F  THE
C U IF F E H E N C E  BETWEEN THE FOUND C . H . N . M  AND THE EXPERIMENTAL VALUE
C ARE W I TH IN  S P E C I F I E D  L I M I T S  THE LIGAND C O M B I N A T I O N * I T S  C . H . N . M
C AN AL YS IS  AND Mw ARE P R I N T E D  O U T . U P  TO 2 0 0  RE SU L TS  ARE P O S S I B L E . I F
C T H t  NUMdtH UF P O S S I B L E  C O N b l N A T l O N S  EXCEEDS T H I S  THE EXECUTI ON I S
C T E R M I N A I t O . T H t  COMBINATIONS t h a t  a r e  f o u n d  a r e  s o r t e d  TO G I V E  t h e
C F I T S  I N  d e c r e a s i n g  o r d e r .
C DATA CAHDB
C 4 1  COLUMNS 1 - 6 0  HE ADI NG*INF ORMAT ION ABOUT THE J O B . 6 1 - 6 4  MAX
C *  C . 6 5 - 6 8  MAX YSH * 6 9 - 7 2  MAX * N » 7 3 - 7 b  MAX % C U t D I F F E R E N C E  1
C ALLOWED I N  CALCULATED AND EXPERIMENTAL R E S U L T S . 8 0  NUMBER
C OF L I G A N D S . I F  COLUMNS 6 1 - 8 0  ARE L EF T BLANK THE FOLLOWING
C INFORMATION I S  USED I N  THE PROGRAM*
C 6 1 - 6 4 = 1 . 0 0
C 6 5 - 6 0 = 1 . 0 0
C 6 9 - 7 2 = 1 . 0 0
C 7 3 - 7 6 = 5 . 0 0
C 0 0 = 6
C 4 2 - 3  THE NEXT SET OF CARDS ARE I N  P A I R S . E A C H  LlGANO HAS TWO
C Cf l r lDS. THE  F I R S T  CONTAINS THE Na ME OF THE LIGAND COLUMNS
C 1 - 7 6 . COLUMNS 7 7 - 8 0  CONTAIN THE CHARGE.THE PROGRAM I S
C D ES IG NE D TO MAI NTAI N CHARGE N E U T R A L I T Y . I F  THE METAL I S  NOT
C USED AS A LIGAND A CHARGE OF * 2  I S  ASSUMED
C THE SECOND C a r d  CONTAI NS t h e  n u m b e r  o f  e a c h  ELEMENT t o  b e
c  F o u n d  i n  t h e  l i g a n d . ’
C COLUMNS 1 - S = C
C > 6 - 1 0 = H
C 1 1 - 1 5 = N
C 1 6 —2 1 =CU
C 2 6 - 3 Q = C L
C 2 6 - 3 0 = C L  ,
C 31- 35=fc JR
C 3 6 - 4 0 = S
C 4 1 - 4 5 = 1

. C 4 b - 5 0 = F
c  l a s t  c a r d . t h e  l a s t  c a r d  c o n t a i n s  t h e  a t o m i c  w e i g h t  o f  t h e
c  m e t a l  a n d  THE * C » H . N  Art!) c u  f o u n d  E X P E R I M E N T A L L Y . I F  THE
C 4CU I S  NOT KNOWN E NI EK THE ATOMIC WEIGHT OF THE METa L . I F
C Th e  * c u  i s  k n o w n  l e a v e  t h e  awm b l a n k
C COLUMNS 1-5=AWM
C 6 - 1 0 = * C
c  n - i 5 = 9 i H
C 1 6 - 2 0 = $ N
C 2 1 - 2 5 = » C U
C T H I S  PKUbRAM WAS WRITTEN BY L . A . Z Y Z Y C K  1 / 3 0 / 7 4 . GOOD LUCK

0 0 0 1  DI MENSI ON C L ( 1 0 . 6 ) . A W < 1 0 ) , T A W < 6 ) , A < 6 ) . I H E A D ( 2 Q >  * I L l G ( 1 9 ) * I C H ( 6 ) » S T  
1 0 H L ( 2 0 0 . 1 1 ) » N U M ( 2 0 0 ) . T M I N 1 2 0 0 ) . H L O ( 1 1 )

0 0 0 2  A W ( l ) = 1 2 . 0 l  C
0 0 0 3  AW < 2 ) = 1 • OOU H
0 0  0 4  AW < 3 1 = 1 4 .  Ol  N |_i
0 0 0 5  AW <4)  = 6 3 * 5 5  CU ” '3
0 0 0 6  A W < 5 ) = 1 6 . 0 0  0  O '
0 0 0 7  AW 1 6 1 = 3 0 . 9 7  p
0 0 0 8  AW( 7 ) = 7 9 . 9 0  BR
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F O h THAN I V G LEVEL 2 1  MAIN DATE = 7 6 0 8 0 1 0 / 5 2 / 4 3 PAGE 0 0 0 4

0 1 1 6 UO 3 0 1  J = 1 » N L
0 1 1 7 K 1 = 0  + 5
0 1 1 8 3 0 1 S r o H E t l N N K T )  = A ( 0 )
0 1 1 9 N E ( = N E 1 + 1
0 1 2 0 I F ( N E W G O ) 2 2 * 6 1 * 6 1
0 1 2 1 2 2 CONVI NOE
0 1 2 2 I F U n T . E u . O )  GO TO 4 1 2
0 1 2 3 0 0  3 0 2  H = I i 1 N T
0 1 2 4 0 0  3 1 0  I = K * INT
0 1 2 5 I F l l M l N ( I ) . b T . T M l N ( K ) ) GO TO 3 1 0
0 1 2 6 « O L U = _ " . I !
0 1 2 7 T M i f m  ) = ( M l N ( K )
0 1 2 8 T MI N( K1 =HULG
0 1 2 9 I HO L0 = N( JM ( l >
0 1 3 0 NUM1 1 ) =NUM(K)
0 1 3 1 N O N ( A ) =1 HOLD
0 1 3 2 3 1 0 C U N )I NO E
0 1 3 3 3 0 2 C O N n N O E
0 1 3 4 ftHXV t ( 6 * 4 0 3 )
0 1 3 5 4 0 3 F 0 H M A V ( U , *  SORTED 8 Y M I N = ( T D H * * 2 + { T D C / 1 2 ) < » 4 2 + > ( T D N / 1 4 ) * * 2 ) w<»Q.S»)
0 1 3 6 0 0  3U4 1 = 1 * K mT
0 1 3 7 a P I ! c ( 6 * 5 5 1 ( SV OHE (NU M( I ) > 3 ) » 0 = 1 i K T ) » T M 1 N( I )
0 1 3 6 5 5 F O H H A I ( 4 ( F 6 . 2 » 2 A ) * F 7 . 2 *  I X , 6 F 5 . 1  * 2 X , F 6 . 4 )
0 1 3 9 I F ( TMIN 11 ) . t U » T M I N ( I * l ) ) GO TO 3 0 4
0 1 4 0 W H I 11 < b * 4 0 2 )
0 1 4 1 4 0 2 FUkmaV ( * &4 * » « # # » # » » » « i n t o < * « « « « « « a » t t « a e e a 4 » a f t o » a « t m t n n n t t n n n n n n t t t t n n t o u *  

J |  )
0 1 4 2 3 0 4 CUn TINUE
0 1 4 3 4 1 2 W P I r t ( b . 4 0 b )
0 1 4 4 0 0  10 6 0
0 1 4 5 6 1 w K t l t . 1 6 , 6 2 )  ( A ( I )  * I = 1 * N L >
0 1 4 6 6 2 FORMAT < U , *  THE NUMBER OF P O S S I B I L I T I E S  I S  GREATER THAN 2 0 0 . E X E C U T  

1 ION I t KM l N A T E D  A T ' » 6 F 5 . 0 )
0 1 4 7 A P I  I E ( 6 * 4 0 5 )
0 1 4 8 6 0  TO 6 0
0 1 4 9 1 0 0 CO; JI INUE
0 1 5 0 n K l  f t ( b * b l )
0 1 5 1 4 0 5 f o r m a t ( i m »* l i g f i t  i i  n
0 1 5 2 5 1 FOPMa r ( I X*  * I F  T h i s  I S  THE ONLY OUTPUT G I V E  UP*>
0 1 5 3 STOP
0 1 5 4 ENU
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H C N - 1 0 5 - a  CU-AMP
LIGAND NO.  1 

CO
C 0 . 0  H 0 . 0  N 0 . 0  CO l . U O O  0 . 0  CL 0 . 0  fciR 0 . 0  S 0 . 0  .1 0 . 0  F 0 . 0  

LIGAND N O .  2
a n p

C I O . 0 0 H 1 2 . 0 0 N  5 . 0 0 C U  O.U 0 7 . 0 0 C L  1 . 0 0 B R  0 . 0  S 0 . 0  I  0 . 0  F 0 . 0  
LIGANO NO.  3  

AHP
C 1 0 . 0 U H 1 3 . 0 0 N  5 . 0 0 C U  0 . 0  0  7 . 0 0 C L  1 . 0 0 B R  0 . 0  5  0 . 0  1 0 . 0  F 0 . 0  

LIGAND NO.  4
n i t r a t e  i o n

C O . o  H 0 . 0  N 1 . 0 0 C G  0 . 0  0 3 . 0 0 C L  0 . 0  RR 0 . 0  S 0 . 0  I 0 . 0  F 0 . 0  
LIGAND NO,  b

HYUKOAIDE I  Dim
C 0 . 0  rf 1 . O 0 N  O. U CU 0 . 0  0  l . U O C L  0 . 0  BR 0 . 0  S 0 , 0  I 0 . 0  F 0 . 0  

LIGAND NO.  b 
wateh

C 0 . 0  H 2 . Q 0 N  0 , 0  CU 0 . 0  0  l . U O C L  0 . 0  DR 0 . 0  S 0 . 0  1 0 . 0  F 0 . 0  
E A P .  ANALYSI S
% C -  2 6 , 7 2  * H=  A , 2 6  UN® 1 6 , 3 1  *CU= 0 . 0  AWM= 6 3 . 5 4
SC SH SN *CU HW 1 2  3 . 4  5  6

% C = 1 . 0 0 S H = l , 0 0 * N = 1 . 0 0 f c C U = 5 . 0 Q

CHARGE

CHARGE

c h a r g e

CHARGE 

CHARGE

c h a r g e

2 7 . 0 0 3 . 6 3 1 5 . 7 5 O.U 4 4 4 . 7 9 0 . 0 0 . 0 1 . 0 0 . 0 1 . 0 1 . 0
2 7 . 0 0 3 . 6 3 1 5 .  75 0 . 0 4 4 4 , 7 9 U • 0 1 . 0 0 . 0 0 . 0 0 . 0 2 . 0
2 7 .  72 3 . 6 4 1 7 . 2 5 4 . 6 9 1 2 9 9 . B3 1 . 0 0 . 0 3 . 0 1 . 0 u . o 4 . 0
2 7 .  14 3 .  7 5 1 7 . 0 1 4 .  M2 1 3 1 7 . 8 5 1 . 0 0 . 0 3 . 0 1 . 0 0 . 0 5 . 0
2 6 . 9 7 3 . 8 b 1 6 .  78 4 . 7 b 1 3 3 5 . 8 7 1 . 0 O.U 3 . 0  ^ 1 . 0 0 . 0 6 . 0

SORTED BY H l N = (1 U n » « 2 *  f T D C / I 2 )  « » 2 »  I T U N / 1 4 )  * » 2 ) * * » 0 . 5
2 6 . 9 7 J . H b l b .  76 4 . 7 6 1 3 3 5 . 8 7 1 . 0 0 . 0 3 . 0 1 . 0 0 . 0 6 . 0 0 . 4 1 3 6

2 7 . 3 4 3 . 7 5 1 7 . U 1 4 . 8 2 1 3 1 7 . 6 5 1 . 0 U. O 3 . 0 1 . 0 0 . 0 5 . 0 0 . 5 1 7 1

2 7 . 7 2 3 • 6 4 1 7 . 2 5 4 ■ 8 9 1 2 9 9 . 8 3 1 . 0 0 . 0 3 . 0 1 . 0 O.U 4 . 0 0 . 6 2 4 4

2 7 . 0 0 3 , 6 3 1 5 .  7b O. l ) 4 4 4 , 7 4 u . o 0 . 0 1 . 0 0 . 0 l . u 1 . 0 0 . 6 3 5 7
#< tttt»1*1»«  «< *««<»< . t»1 ttt1»< »tt» t> 1»1H > 1»t*#ft1 t4 it4H t1r«A 1> »U lt1> 1t *1H »tttl4 tt#1> 1li*1» tt1> ««4> eil'1> 1*41> 1H »1> »

2 7 . 0 0 3 . 6 3 1 6 . 7 b 0 . 0 4 4 4 , 7 9 0 , 0 1 . 0 U.O 0 , 0 0 , 0 2 , 0 0 . 6 3 5 7«««-(»«« « »*««<»<»« « ft «** 4

# 0 F  L I 6 a n DS =6  

2

- 2

-1

-1

-1

0



S J OB  NELSON
C O M A  1HPUT AL TEKNA TE A HEADING CARD WITH A DATA CARD PLUG I N VALUES I N  THE 
COHUEH GI VEN I N  STATEMENTt* 3  FORMATED AS F 5 . 0  R = R E F E R E N C E ,  S = 5 A M P L E ,  AND D=DELTA 
CFW=MOLECULAK WEIGHT HO C 0 ( S C N > 4  I S  USED AS THE REFERENCE THE E O U A f l O N  I S  A 
CHHUHOHHUN SO PLUG IN HE LAT IV E W EI GH T S,  THE EXPONENT FOR THE TEMPERATURE 
C IN U t P E N O E N I PARAMAGNETIC CORRECT I O N ( T I P ) AND THE DIAMAGNETIC C O R R E C T I O N ( D I A )  IS 
Cl NCLUUEi )  IN THE PROGRAM 1 1 0 - b ) USE A NEGATIVE S I G N  FOR BUCKET C O N T R I B U T I O N ( BUC) 
C P R l N T U U T I  THE MAGNETIC S U S C E P T I B I L I T Y  I S  GI VEN BY XMC, THE TEMPERATURE l b  THE 
CDAlA PO INT  T ,
C
C
C SET OF DATA CARDS C O N S I S T S  OF 
C 1ST CARD! HEADING CARD COL 1 - 7 2
C 2NU CARD:  NU.  o f  E x p .  P O I N T S  OBTAINED
C 3RD CARD I W T R , w T S t U W T R , 8 J C t F W » C H
C 4TH CARD! N O .  OF ATOMS OF D I F F .  ELEMENT THAT COMPOUND HAS
C STH CARO TEmP . UW T S
C 
C

1 D l ME NS I UN I HE AD( 1 8 ) t D l A C ( 7 5 ) *  I  T A B ( 7 5 )
2  HEALTH WTH, OwTH, BUC» WTS, DWT5
J  T l P  = b(J .
A T I P E = T I P « 1 . E - 6
5  U 1 A C ( 1 ) = 1 , Q
b  0 1 A C ( 2 ) = 6 . 8
7 0 I A C ( 3 ) = 1 a . 9
8  D l AC  ( 4 ) = 2 2 . b
9 0 1 A C ( b ) =  3 5 . 0

10  01  A C ( b 5 = 3 5 . 7
11 01  A C ( 7 1 = 1 3 . 3
12  0 1 A C < 8 )  = ' * 0 . 0
13  UI  AC t V 1= 5 . 0
1 4  01  A C ( 1 0 1 = 1 5 . 0
l b  UI AC ( 1 1 1 = 3 2 . 0
l b  D l A C ( 1 2 ) = 1 0 . 4
17  U 1 A C ( 1 3 ) =  1 2 . 8
IB D l A C [ 1 4 ) = 1 2 . 8
1 9  O l A C ( 1 5 1 = 1 2 . 8
2 0  D l A C ( l b ) = 1 2 . 8
21 D1AC(1f)=9.1
2 2  D l A C 1 1 8 ) = 2 3 . 4
2 3  0 1 A C ( 1 y 1 = 3 4  • 6
2 4  DI  AC ( 2 0  1 =bl l  .  6
2 5  D l A C ( 2 1 ) = l 8 . y
2 6  D 1 A C ( 2 2 )  = 3 0 . 2  '■
2 7  0 1 A C 1 2 3 )  = 3 2 . ( 1
2 8  0 1  A C ( 2 4 ) = 3 6 . 8
2 9  0 1  A C ( 2 b ) = b 1 . 9
3 0  U l A C ( E b ) = b l . 4
3 1  O lAC ( 2 7 ) = 1 3 . 0
3 2  D l A C ( 2 6 ) = 3 1 . 0
3 3  D l A C ( 2 9 ) = 4 0 , 1
3 4  O l A C ( 3 0 ) = 2 9 . 5
3 b  O l A C ( 3 1 ) = 1 2 . 0
3 6  D l A C ( 3 2 ) = 2 . 9 3
3 7  0 1  A C ( 3 3 ) = b • U
3 8  0 1  A C ( 3 4 ) = 4 . b l
3 9  D I A C [ J b ) = 5 . 5 7
4 0  0 1 A C ( 3 b ) = 1 . 5 4
41  0 1 A C ( 3 7 ) = 2 . 1 1

181



4 2 U l A C ( 3 8 ) = 4 , 6 1
4 3 0 1  A C ( 3 9 ) = - 1 • 7 3
4 4 O l A C ( 4 0 ) = 3 . 3 6
4 5 O l A C ( 4 1 ) = 6 . 3
4 6 O l A C ( 4 2 ) = 2 0 . 1
4 7 0 1  A C ( 4 3 ) = 3 0 • 6
4 6 0 1 A C ( 4 4 ) = 4 4 • 6
4 9 O l A C ( 4 5 ) = 1 5 . 0
5 0 0 1 A C ( 4 6 ) = 2 3 . 0
5 1 0 1  A C ( 4 7 ) = 3 7 , 3
5 2 O l A C ( 4 8 ) = 2 6 . 3
5 3 D I A C < 4 9 ) = 4 3 . 0
5 4 O l A C ( 5 0 ) = 2 0 . 9
5 5 0 1 A C ( 5 1 1 = 7 4 . 0
5 6 D I A C ( 5 2 ) = 4 . 2
5 7 0 1 A C ( 5 3 ) = 9 . 2
5 d 0 1 A C ( 5 4 ) = 1 6 . 5
5 9 01  A C ( 5 5 > = 1 0 . Q
6 0 O l A C ( 5 b ) = 1 5 . 9
6 1 0 1  AC < 5 7 ) = 1 3 . 6
6 2 0 I A C ( S 8 ) = 1 3 . 5
6 3 O l A C ( S 9 ) = 3 3 . J
6 4 O l A C ( 6 0 ) = 2 0 . 0
6 5 0 I A C ( 6 1 ) = 3 0 . 0
6 6 O l AC  ( 6 2 )  =<*6 . 0
6 7 O l A C < 6 3 ) = - 5 . 5
6 6 0 l A C ( 6 4 ) = - l 0 . 6
6 9 D l A C ( 6 5 ) = - 0 . b
7 0 D I A C ( b b ) = - l . H
71 D 1 A C ( 6  7) = “ 6 . 2
7 2 O l A C ( 6 b ) = - 0 . 2 4
7 3 O l A C ( 6 9 ) = - 3 . 9
7 4 0 1 A C ( 7 0  I = - 4 . 1
7 5 0 1 AC ( 7 1 ) = - 4 , 1
7 6 U l A C ( 7 2 ) = 1 0 5 .
7 7 U l A C ( 7 3 ) = 1 2 8 .
7 8 01  A C ( 7 4 ) = 1 3 .
7 9 U l A C ( 7 b ) = 1 9 4 .
8 0 1 HLAU ( 5 , 2 0 0 , E n O= 1 0 0 )  ( 1HEAD ( I ) ,  1 = 1 , 1 8 ) '
b l 2 0 0 FORMA 1 I 1 H A 4 )
8 2 W H I T E ( 6 , 3 0 0 0 ) ( I H E A U ( I ) , 1 = 1 , 1 8 )
8 3 3 0 0 0 FORMAT( 1 H 1 , 1 X , 1 8 A 4 , / )
8 4 RE AL)  ( 5  ,  4 0 0  ) N
8 5 4 0 0 F O H M A l ( 1 2 )
8 6 H C A U ( 5 , 7 0 0 ) w T R , W T S , D W T R , 6 U C , F W , C R
8 7 7 0 0 FURMAT ( 6 F 1 0 . 4 )
8 8 L = 1
8 9 r t A n c > = O W ( K / w r n
9 0 W R l ( E ( 6 , 5 U 0  0 ) F w . T I P , C H ,  RATI O
9 1 5 0 0 0 FURMAI 1 4 X , ' F O R M U L A  wT .  = ' , F 1 2 , 4 , / / , 4 X , ' I NDEPENDENT

SH Ut C I i  UN = f » F U . 1n / / i « ) ' C K  = ' , F 1 1 , 4 » / / , 4 X , ' R A T I 0  = * .  F 1 1 .  4 , / / ,  T71  • 
I ,  * ,  T 1 9 .  ' D 1 F F .  I N ' , T 3 S » ' W T , • » T 4 7 « ' D I F F .  I N ' , T 6 1 » * b u C K E T ' » T 7 7 , » 0 1 A 

$ * «  T9(>,  • T E M P * , T 1 0 5 ,  ' X M C '  » T U 9 , ,  ' U E F F *  > / , T 5 , . » 0 F  R E F > , T 1 9 »  »WT.  REF* * T3 
S l i '  OF S A M P L E ' » I 4 5 , *WT.  S A M P L E T 5 8 ,  '  C O N T R l t J U T I O N • » T 1 0 4 *  »X 1 D < * * 6 ' ,  
$//)

9 2  2 2 = C H » 1 , E - 6 * wT K / ( D r t T R - H U C ) / W T S
9 3  H E A U ( 5 , 91)0)  ( I T A t l ( l )  , 1  = 1 , 7 5 )
9 4  9 0 0  F U RNAT ( 3 6 1 2 . / , 3 9 1 2 )
9 5  SU M= 0,
9 6  0 0  1 3  1 = 1 , 7 5
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C U ( G M P ) . 5 H 2 0  M C N - 1 0 4 - 2  1 2 / 9 / 7 5

FOHMULA WT.  a  5 1 4 . 7 7 0 0  

INDEPENDENT PARAMAGNETIC CORRECTI ON 

CR »  1 6 . 3 3 0 0

R A T I O  «  0 . 0 3 6 7

WT. 
OF REF

5 . 9 7 6 5  

f l . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

8 . 9 7 6 5

D I F F .  I N 
WT.  KEF

0 . 3 2 9 5

0 , 3 2 9 b

0 . 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

0 , 3 2 9 5

0 , 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

0 . 3 2 9 5

W T •
OF s a m p l e

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

9 . 2 3 4 8

6 0 . 0 0 0 0

D I F F .  I N  BUCKET
WT.  SAMPLE C ON TR IB UT IO N

0 . 0 1 4 5

0 . 0 3 7 5

0 . 0 5 8 3

0 . 0 8 4 5

0 . 1 1 2 5

0 . 1 3 5 8

0 . 1 6 3 5

0 . 1 9 5 3

0 . 2 3 9 3

0 . 3 0 5 8

0 . 3 7 7 8

0 . 4 7 7 0

0 . 6 8 2 8

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

- 0 . 0 4 4 5

DI A

- 2 5 9 , 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 6 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 , 1 8 9 9

- 2 5 9 , 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

- 2 5 9 . 1 8 9 9

TEMP

2 9 5 . 0 0 0 0

2 0 4 . 0 0 0 0

1 5 4 . 0 0 0 0

1 0 6 . 0 0 0 0  

8 4 . 1 0 0 0

7 0 . 0 0 0 0

5 8 . 9 0 0 0  

4 8 , 6 0 0 U

3 9 . 9 0 0 0

2 9 . 3 0 0 0

2 3 . 0 0 0 0

1 6 . 9 0 0 0

1 1 . 3 0 0 0

XMC 
X 1 0 * * 6

1 4 8 8 . 2 0 8

1 9 9 0 . 7 0 7

2 4 4 5 . 1 4 1

3 0 1 7 . 5 5 3

3 6 2 9 . 2 9 0

4 1 3 8 . 3 3 6

4 7 4 3 . 5 2 0

5 4 3 8 . 2 7 7
I

6 3 9 9 . 5 8 2

7 8 5 2 . 4 5 7

9 4 2 5 . 4 9 2

1 1 5 9 2 . 7 9 0

1 6 0 8 9 . 0 6 0

UEFF

1 . 8 8 1 7  

1 . 8 0 9 8  

1 . 7 4 2 7  

1 . 6 0 6 2  

1 . 5 6 9 0  

1 . 5 2 8 6  

1 . 5 0 1 2  

1 . 4 6 0 0  

1 . 4 3 5 1  

1 . 3 6 2 2  

1 . 3 2 2 3  

1 . 2 5 7 1  

1 . 2 1 0 9

COKE USAGE 

D I A G N O S T I C S  

COMPI LE T IME=

OBJ ECT  COOE= 4 7 8 4  BYTES, ARRAY AREa = 6 7 2  B Y T E S , T O T A L  AREA A V AI L A B L £ =  1 8 5 2 8  BYTES 

NUMBER OF £ HRORS=  0 ,  NUMBER OF WARNlNG5= 0 ,  NUMBER OF E X T E N S I O N S =  0

0 , 1 1  S E C , E X E C U T I O N  T I M E =  0 . 0 2  S E C ,  Wa T F I V  -  J U L  1 9 7 3  V 1 L 4  1 2 , 2 4 . 1 4  SATURDAY 2 0  MAR 7 6

CP-P*



13 06 NELSON
C TESTED FOR C U ( A C ) 2  ON J U L Y 2 1 5 T . 1 9 7 5  WORKS
C IHE LAST CARD I N  THE OATA DECK MUST B£ A BLANK CAHD
C I NP UT  I S  UNFORMATTED* DATA CAKDS CONTAI N:
C (CARO i )  HLAOINO
C (CARD 2 )  NUMBEH OF X VALUES;  VALUE OF 6
C
c

(ALL OTHER CAROS) X VALUE;  TEMPERATURE

c
c TO F I N D  ONLY THE J  VALUE WITHOUT CALCULATING OE LTA ,
c MAKE THE FOLLOWING CHANGES:
c
/4

J O S T  bEFOKE L I N E  10  ( 0 1 = D  ) ,  I N S E R T :  GOTO 5 0 0

1
V*

DI MEN SI ON HE AD ER( 2 0 )
2 COMMON / F 1 N U /  O D . O j
3 COMMON A l ( 3 , 1 ( J 0 ) , N , G , A L P H A

c XT ( 1 ,  ? ) = E a P E h 1M£N TAL X» X M 2 , ? )  =TEMPERa TUREJ X T ( 3 , ? ) = C A L C U L A T E D  X
4 1000 c o n t i n u e

5 RE AD( b f 1 4 0 * E N D = 2 0 0 0 ) HEADER
6 1 4 0 F U H MA T (2 0 A4 )
7 READ,  N» G
8 I F  ( N . t ' U . O )  GO TO 2 0 0 0
9 READ* I C X H I t J )  , 1 = 1 , 2 )  . J = l t N )

10 DO 5 0  J  = 1*N
11 XT ( 1 » J ) = X T  ( 1 * U ) / 1 Q &<>6
12 5 0 CONTINUE

C I N I T I A L I S E
13 OJ=1UOOOO
1 4 OU=OJ
l b D = 1 0 0 0
lb (J = 0
17 CALL F I N D U ( D i U . O )
18 0 = - Q
1 9 GOTO 5 0 0
2 0 1 0 0 1  = 0
2 1 u l = o
2 2 OD1=OU
2 3 U J 1 = U J
2 4 c a l l  h n o u <o , u i
2 5 CALL F I N O J ( | J , U , l )
2 5 0LOSUM=UU
27 IT ( 0 0 . Gl , 0 0 1 )  GOTO 5 0 0
2« OL0SUM=UU
29 J f  1 0 0 . 1 )  I . D . J J )  (iOTO bOO
3 0 JF ( D . G I . 0 1 )  GOTO bUO
31 IF ( l i . t u . o i )  GO JO 5 0  0
3 2 DU I u 1 0
33 5 0 0 WH1 T F. ( 0 • 2 0 II) HEa Ol R , N * G * Q L D S U M , 0 i D
3 4 2 0 0 F U R M A r ( l H l , 2 0 A 4 , / / , T l O . ' N  = ' , 1 4 , / / , T 1 0 , » G = • , F 1 0 . 7  * / / T 5 . » SUM SQ = » 

S , E 1 4 W , / / , T 1 U , * J  = * i F 1 0 , 4 , / / , T 6 t ' D E L T A  = : , F 1 2 « 5 / / / / T 1 3 , * T *  » T 3 7 , * E X  
I P  x * .  11)2.  ' C A L C .  X '  . T881  • EXP 1 / X * , T 1 1 3 * i C A L C .  i / X * , / )

Jb U0 2 0 b  1 = 1 ,N
3 6 E a = I / X I ( I . 1 )
3 7 Ca = 1 / X T ( 3 , 1 )
3 8 2 0 5 W H I T E ( 6 • 2 1 0 )  X T ( 2 , I ) • X T ( 1 • I ) , X T ( 3 , I ) , E X , C X
39 2 1 0 FORMAT l l X , T b , F 1 2 . 4 , T 3 2 , 6 P F 1 2 . 4 , T 5 8 , F 1 2 , 4 * T a 4 , 0 P F 1 2 . 4 , T U 4 » F 1 2 . 4 , / J
4 0 21 w K l T E ( 6 , 1 3 b )
4 1 1 3 5 F O H r t A T U H l )
4 2 GO TO 1 0 0 0
4 3 2 0 0 U STOP



45 FUNCTION F ( I , X )
c
C F U , X >  CHANGES T H t  VALUE OF X AS FOLLQWSs 
C I F  1 = 0 *  X = X / 2  J
C I F  1 = 1 *  X = x * 1 0  I
C I F  1 = 2 .  X = X - 1  I
C I F  1 = 3 .  X = X * 0 . 1
c

4 6  I F  t I - 2 )  1 * 2 * 3
4 7  3 F = X * . l
4 8  KETUHN
4 9  2  F = X - 1 .  v
5 0  RETUHN
5 1  1 I F  ( I I  4 . 4 * 5
5 2  4  K = X / 2 .
5 3  RETURN
5 4  5  F = X + 1 0 ,
5 5  RETUHN
5 6  EMU

5 7  SUbHOUT1NE F I N U J ( O . Q . M O O E )
5 8  COMMON X T ( 3 , 1 0 0 ) . N . G . A L P H A  -
5 9  COMMON / F I N U /  OO.OLOSUM
6 0  1 0 = 1
b l  1 0  S J M = 0 • 0
6 2  DO 2 0  1 = 1 , N
6 3  T = XT ( 2 * 1 )
6 4  A L P H A = . 0 0 0 0 6 0
6 5  XT ( 3 * I ) = . 3 7 5 b < * G » G / T / ( 3 * E X P ( Q / T / . 6 9 5 1 ) + E X P (  ( 0 + 0 ) / T / . b 9 5 1 ) *MODE)

S+ALPHA
6 6  5 U M =S U M+ ( X T( 3 « 1 ) " X T ( 1 * 1 ) )  * * 2
6 7  S U mP = S iJM
6 8  2 0  CONTINUE 1
6 9  I F  ( b u M P . b E . U L U S U M )  GOTO 3 0
7 0  0LUSUH=SUMF
7 1  U = F ( i  U . UJ
7 2  GOTO 10
7 3  3 0  I K ( 1 9 . E u , 3 )  RETURN
7 4  I F  ( l U . E u . 2 )  1U= 3
75  I F  ( l U . E u . l )  I U = 2
7 6  I F  ( I i t . E U . O )  1 0 = I
7 7  0LU.iUM = 5UMP
7 8  U= F' ( IU . <) >
7 9  GUTO 10
8 0  E n d

8 1  S U b R O U U N E  F I N U O ( U . Q )
8 2  COMMON XT ( 3 * 1 0 0 ) , N . G . A L P H A
8 3  COMMON / F I N D /  UL 05 UM *OJ
8 4  I u  = d
8 5  1 0  5 U M = 0 ■0 0 9
86 00 20 1=1,N O'
8 7  T = X T ( 2 * I )
8 8  • A L P H A = 0 , 0 0 U 0 6
8 9  XT ( 3 * 1 )  = ■ 3 7 b 5 » G < » G / T /  ( 3 * E X P  ( 0 / T / . 6 9 5 1 ) * EXP  ( ( Q * - D ) / T / * 6 9 5 1 ) ) ♦ ALPHA



9 0  S U M = b U H + U T ( 3 i I ) - X T U * I ) ) « n » 2
91 SUMF=SUM
9 2  2 0  CUN r I N U E
9 3  I F  ( S u mH . G E . O L D S U M )  GOTO 3 0
9 4  OLl)SUM=bUMP
9 b  U = F ! 1 U * U )
9 b  GOTO 10
9 7  3 0  I F ( I Q . E U . 3 )  KETUKN
9t i  I F  t I U . E o . 2 )  1 0 = 3
9 9  1 F I I 0 . E 0 . 1 )  1(1=2

1 0 0  I F  ( I ' J . E U . O )  1 0 = 1
1 0 1  OLDSUH=SUMF
1 0 2  O s F <10  t O I
103 GOTO 10
104 END

s d a T a

\

H*
CD-̂ 1



C U ( C Y T O S I N E ) 2 C L 2  

N = 1 2

G a  2 . 0 6 9 9 9 9 0  

SUM SQ =UUJUL)UUUUUUUUU 

J a -6.2000 
OELTA > 1 0 0 0 , 0 0 0 0 0

D I r t F i T  US ING G VALUE SET AT 2 . 0 7

2 9 9 . 0 0 0 0

2 0 4 . 0 0 0 0

1 5 1 . 0 0 0 0

9 5 . 0 0 0 0

7 8 . 5 0 0 0  

64.2000 
5 4 . 7 0 0 0  

4 4 , 9 0 0 0  

3 6 . 1 0 0 0

2 5 . 5 0 0 0

18.0000 
12.0000

EXP X 

1 3 2 9 . 8 0 6 0  

1 9 1 7 . 3 0 1 0  

2 5 8 2 , 5 5 4 0  

4 0 5 5 . 6 0 0 0  

4 9 3 0 . 3 6 2 0  

S B 9 1 . 5 2 0 0  

6 9 3 8 . 2 7 1 0  

8 3 2 7 . 8 9 3 0  

1 0 4 4 4 . 6 0 0 0  

1 4 0 7 3 . 2 4 0 0  

1 9 8 7 2 . 5 9 0 0  

2 6 3 3 5 . 0 3 0 0

CALC.  X 

1 3 9 5 . 1 9 2 0  

2 0 0 9 , 9 9 9 0  

2 6 8 3 . 9 5 5 0  

4 1 9 2 . 4 5 6 0  

5 0 3 4 . 4 8 7 0  

6 1 0 0 . 4 1 6 0  

7 1 0 1 . 8 5 2 0  

8 5 5 2 . 1 2 6 0  

1 0 4 7 2 . 8 7 0 0  

1 4 3 3 9 . 3 6 0 0  

1 9 3 1 8 . 9 0 0 0  

2 6 3 3 5 . 7 8 0 0

EXP 1 / X  

7 5 1 . 9 8 8 8  

5 2 1 . 5 6 6 2  

3 8 7 . 2 1 3 4  

2 4 6 , 5 7 2 6  

2 0 2 . 8 2 4 8  

1 6 9 . 7 3 5 5  

1 4 4 . 1 2 8 1  

1 2 0 . 0 7 8 4  

9 5 . 7 4 3 2  

7 1 . 0 5 6 8  

5 0 . 3 2 0 5  

3 7 . 9 7 2 2

CAL C.  1 / X

7 1 6 . 7 4 6 8  

4 9 7 . 5 1 2 5  

3 7 2 . 5 8 4 2  

2 3 8 . 5 2 3 6  

1 9 8 . 6 2 9 9  

1 6 3 . 9 2 3 2  

1 4 0 . 8 0 8 3  

1 1 6 . 9 3 0 0  

9 5 , 4 8 4 7  

6 9 . 7 3 8 1  

> 5 1 , 7 6 2 8

3 7 . 9 7 1 1

188



FORTRAN IV 0 LEVEL 21 MAIN DATE = 7 6 0 8 0 I 1 / 4 4 / 1 9

0001

0002
0 0 0 3
0004
0 0 0 5
0 0 0 6  
0 0 0  7 
0 0 0 8
0 0 0 9
0010  
0011 
0012
0 0 1 3
0 0 1 4
0 0 1 5  
001b
0 0 1 7
0 0 1 8  
0 0 1 9

0 0 2 0
0021

0 0 2 2
0 0 2 3
0 0 2 4
0 0 2 5
0 0 2 6
0 0 2 7

0 0 2 8
0 0 2 9
0 0 3 0
0 0 3 1
0 0 3 2
0 0 3 3
0 0 3 4

C MAIN PROGRAM
C
C
c  t h i s  p r o g r a m  i s  n a m e d  a f t e r  my f a t h e r ,  k h o e  t j h i e  c h i m
C T H I S  PROGRAM i s  DE SI GNE D TO F I N D  THE G F A C T O R , U , X ( C A L ) . A M U ( C A L )
C X ( C A L )  I S  ASSUMED TO dE EQUAL To X ( E X P J  +NALPHA AT B EGI NN ING OF PROGRAM
C G I S  DECI DED TO BE BE I WEEN A RANGE OF GMIN-GMa X
C J  I S  DECI DED TO HE BETWEEN A RANGE OF J M I N - J M a X
C NALPHA-TME CORRECTION FACTOR FOR X I S  GIVEN
C G I S  FOUND THROUGH FORMULA G I V E N .  THE STD DE V.  I S  FOUND
c  o f  t h e  g v a l u e s .  t h e  n e « f o u n d  s t d  d e v  i s  t h e n  c o m p a r e d  t o  t h e
C FORMER FOUND ONE.  THE G AND J  VALUE WITH THE LEAST S T D .  OEV.
C ARE DECIDED TO BE T n E  VALUES WE WANTED
C THE LAST CARD I N THE DATA DECK SHOULD BE A CARD WITH 0 IN THE 2ND COLUMN
C
C

DIMENSI ON X ( 2 5 ) , XCAL( 2 5 ) , AMU( 2 5 ) , A M U C { 2 5 > , G G ( 2 5 ) , O E V ( 2 5 ) , T ( 2 5 ) ,
£ P  I N 6 ( 6 , 3 ) , 0 1 2 5 )

REAL I t ,  JM I N ,  UMAX, J ,  V AL PHA,  KEEP J
DATA K , C , B , A V O / 1 . 3 a E - 1 6 , 1 . 9 8 6 2 E - 1 6 , 9 . 2 7 3 E - 2 1 , 6 . 0 2 2 E 2 3 /
DATA G M I N » G M A X / 2 . 0 0 , 2 . 1 0 /
H A r = A V O " B * £ i / K / 3 .

1 H EAD( 5 , I O O U ) N , S M A X , S M I N , N A L P H A » 2 , C O U N T , O D
1 0 0 0  FO Rm a I ( 1 2 , F i 8 . 2 , F 1 0 . 2 , F 1 0 . 2 , F 5 . 2 , F 5 . 2 , F 5 . 2 )

I F ( N . E u . y ) S T O P  
hEAU ( 5 , 1 1 1 ) P I N G 

1 1 1  FORMAT( 1 6 A 4 )
DO tjfa 1 = 1 ,  N » 1 
RE AD( 5 , 2 )  I ( 1 )  « X ( 1 )

2  F O R M A T ( F 1 U . 2 , F I U , 4 )
VI ( 1 ) =  ( A t I ) - N  ALPHA) * 1  . E - 6  

6 6  CONTINUE
4 4 4  W R I T L ( 6 , 3 3 J | P I N G
3 3 3  FORMAT( 1 H 1 , 4 X , 1 8 A 4 )

WR1 IE ( 6 , 3 0 0 0 )  S M l ’i , S M A X »G M I N , G M A X , N A L P H A , N , Z 
3 0 0 0  FOHMA I ( IrtO > 9A » * J M I N  = ' » F 1 2 . 5 , / / , 1 0 X , » JMAX = * , F 1 2 . 5 » / / » 1 0 X » » S M I N  =

S ' , F 1 2 . 5 , / / , 1 0 X , ' G M A X  = ' , F 1 2 , 5 » / / » 1  OX * 'NALPHA = ' , F 1 2 . 5 , / / , 1  OX, * N =
S ' , 1 J » / / , 1 0 X » ' /  = ' , F 6 . 2 , / / )  

w r t i I E ( 6 , 4 0 0 0 )
4  0 0  0 F O h m a T ( l n u , l a x , ' T E M P ' , 9 X , ' X ( E X P ) * , 1 3 X , ' X ( C A L ) • , 1 4 X , * A M U ( E X P ) ' , 1 2 X ,

S ' A M U ( C A L )  ' , 1 5 X , ' I  DEV I N  X ' , / / )
C S E I  J ' S  L I I U T

j m i n = s m i n <*c

UMAa =SMAX»C 
J = UM I N
OLULV3 10 UO 0 0 ,
A = u .
2 0<i= l

C F I n u  o  T u  HE WI THI N G L I M I T ,  F I X I N G  2  VALUE* VARYING J
17  DO 2 0  1 = 1 , N

U l M = l . * i ) .  3 3 3  " E XP  ( - U / K / T  ( I ) )
S K Y = R A l / r ( I )
5 H I P = 0 . 1 2 5 * 2 0 0 / T <I ) / U I M * S K Y * Z  
GG 1 1 ) = S Q R T ( U ( 1 ) / S H I P )

2 0  CONTINUE
40 CALL 00EV(UG.STDEV.NfBARG)



0 C 3 5
0 0 3 b
Uu 3 7
0 0 3 8
0 0 3 9
0 0 4 0
0 0 4 1
0 0 4 2
0 0 4 3
0 0 4 4
0 0 4 5

0 0 4 b
0 0 4 7
0 0 4 8
0 0 4 9
0 0 5 0
0 0 5 1
0 0 5 2
0 0 5 3
0 0 5 4
0 0 5 5

0 0 5 6
0 0 5 7
0 0 5 8
0 0 5 9

0 0 6 0
0 0 6 1
0 0 6 2
0 0 6 3
0 0 6 4
0 0 6 5
0 0 6 6

G LEVEL 21 MAIN DATE = 7 6 0 8 0 1 1 / 4 4 / 1 9 PAGE 0 0 0 2

3 0

C
222

I F  ( B A K G . L T . G M I N J G Q  1 3  3 0  
I F  ( U A M 6 . G T . G M A X ) GO TO 3 0  
I F  ( S T U E V . O T . O L O E V ) G o  TO 3 0  
O L U E V = s r u E V  
F B a RG=BAKG 
A=F BARG® F" BARG 
K E £ H J = J
I F  ( U L U E V . L t . 0 , 0 0 1 0 ) GO TO 2 2 2  
J=J + 1« £-"16
I F  ( J . t i  T . J MAX )G O TO 2 2 2  
GO 10 17
FI NAL LY I ME. DECIDED G AND J  VALUES ARE OBTAINED 
I F ( A . E U . U . > 6 0  TO 3 5 0  
DU 1 0 0  1 = 1 , N
D l M = i . * 0 . 3 3 3 “ E x P ( - K E E P U / K / T ( I ) )
E r t = u . l 2 5 ® A / T ( l ) / D l M » Z O O  
X C A L ( I ) = ( E R * K A r / T ( I ) ® A ® Z ) » l . E 6 * N A L P H A  
AMU( I ) = 2 . 8 2 6 ® S O R T ( X I I ) ® T ( I ) )
AMUC( 1 ) = 2 . H 2 8 ® S U R T ( XCA L( I ) ® T ( I ) )
0 E V ( I ) = a 5 S ( A C A L ( 1 ) - X ( 1 )  > / X C A L t n ® l 0 0 ,
WHIft( b , 7 0 0 U )  I in  »xm t X C A L ( I )  , A M U ( I )  ,  AMUC ( I )  ,  DEV 11)

7 0 0 0  FURMAT(1H , y X , F 6 . 2 , 3 X , F 1 2 . 4 , 7 X , F l 2 . 4 , 8 X , F 1 2 . 4 , 8 X , F 1 2 . 4 , 8 X , F 1 2 . 4 , 1 0  
5 X , F 1 1 . 4 , / )

1 0 0  CONTINUE
K E E P J = K E E P J / C
W R 1 I E ( b , 6 0 0  0 ) K E E P J • F B A R 6 , OLDEV 

8 0 0 0  F O N M A l ( l n O , l O X . ' A B S O L U T E  VALUE OF 2 J  = » , F 1 2 . 5 , / / , 1  OX, * G = » , F 1 2 . 5

4 5 7

3 5 0
3 5 1

S , / / * 1 U X , » S r o .  DE V,  BETWEEN G VALUES FOUND = * » F 1 5 . 5 , / / )
Z=Z+UD 

I F ( Z . u T . C O U N T ) GO TO 1 
G O  10 4 4 4  
w R i T E ( 6 , 3 5 1 )
F O R M A T ! '  CANNOT F I N D  G 6  J  VALUES* P O S S I B I L I T Y !  NOT A D I M E R ' )
GO TO 4 5 7
END



FORTRAN IV <i LEVEL 21 DLIEV DATE

0 0 0 1  SU d KO U TI N E  U D E V ( G G » S T D E V » N i Ba RG>
0 0 0 2  D I M E N S I O N  i S G ( N )

0 0 0 3  VAK= 0 *
0 0 0 4  S U Mu = U.
0 0 0 5  UO 2 0 0  I = 1 1N
0 0 0 b  2 0 0  5Ur'!(j=bUMG + G(i ( 1 )
0 0 0 7  E N - n
0 0 0 8  BARG=SUmG / E N
0 0 0 9  UO 3 0 0  I = 1 1N
0 0 1 0  3 0 0  V A r t = V A H * ( G t t ( I ) - B A R G ) o * 2
0 0 1 1  S T U E V = S U H T < V A R / ( E N - 1 . M
0 0 1 2  RETURN
0 0 1 3  END

7 6 0 8 0  1 1 / 4 4 / 1 9



C U ( C Y T O S I N E ) 2 C L 2  D1 MF IT  OUTPUT 

J M I N  -  - 5 0 . 0 1 ) 0 0 0

J M a X s  1 0 , 0 0 0 0 0

ZERO % I MP URITY

GMiN = 

G MaX = 

NALPHA -  

N s  1 2  

L s 0.0

2,00000
z . l u o o o

6 0 . 0 0 0 0 0

t e m p X ( E X P ) X( CA L) a m u ( e x p :

2 0 9 . UO 
2 0 ^ . 0 0  
1 5 1 . 0 0

9 5 . 0 0  
7 H . 5 Q  
6 4 . 2 0  
54. ( 0 
4 4 . 9 0  
36 .10 
2 5 . SO 
l f l . u O
1 2 . 0 0

1 3 2 9  
1 9 1 7  
2 5 0 2  
4 0 5 5  
4 9 J U  
5 8 9 1  
6 9 2 6  
5 3 2  f  

1 U 4 4 4  
1 4 0  73 
1 9 H 7 2  
2 6 3 3 5

. 6 0 6 9  

• J o  16  
. 5 5 4 9  
. 6 0 7 9  
. 3 5 9 4  
. 5 1 9 5  
. 2 6 9 5  
. 6 9 4 5  
. 5 9 7 7  
. 2 5 0 0  
. 5 9 7 7  
. 0 2  7 3

1 3 4 4
1 9 3 7
2 5 8 9
4 0 5 3
4 0 7 3
5 9 1 5
6 8 9 8
8 3 2 8

1 0 2 3 8
1 4 1 4 3
1 9 3 3 2
2 7 1 4 7

. 6 8 5 8
. 9 0 7 2
. 4 7 8 0
. 0 1 5 6
. 2 5 0 0
. 2 3 4 4
. 1 3 2 8
. 9 1 8 0
.68U2
. 9 2 5 8
. 6 7 1 9
. 2 3 8 3

1 7 8 3 . 2 3 7 1
1 7 6 8 . 6 4 0 6
1 7 6 6 . 0 0 7 3
1 7 5 5 . 3 7 1 3
1 7 5 9 . 3 5 4 2
1 7 3 9 . 2 4 3 4
1 7 4 0 , 9 4 6 0
1 7 2 9 , 2 9 8 6
1 7 3 6 . 5 1 5 b
1 6 9 4 , 1 2 9 4
1 6 9 1 . 3 8 6 5
1 5 8 9 . 7 7 8 6

ABSOLUTE VALUE OF 2 0  = - 4 . 6 8 7 0 9

2 . 0 2 9 6 8

S T P ,  o e v ,  ( JETwEtN Q Va l u e s  FOUNP = 0 . 0 1 5 4 7

AMU ( C A D % OEV I N  X

1 7 9 3 , 1 8 5 3  
1 7 7 8 . 1 1 6 9  
1 7 6 8 . 3 7 2 8  
1 7 5 4 , 8 0 9 8  
1 7 4 9 . 1 3 5 3  
1 7 4 2 . 7 4 0 5  
1 7 3 7 . 1 5 5 8  
1 7 2 9 . 4 0 4 8  
1 7 1 9 . 3 1 0 8  
1 6 9 8 . 3 7 7 7  
1 6 6 8 . 2 5 0 7  
1 6 1 4 . 1 0 7 9

1 , 1 0 6 5  
1 . 0 6 3 3  
0 . 2 6 7 4  
0 . 0 6 4 0  
1 . 1 7 1 9  
0 . 4 0 0 9  
0 . 4 3 6 9  
0 . 0 1 2 3  
2 . 0 1 1 4  
0 . 4 9 9 7  
2 . 7 9 2 8  
2 . 9 9 1 9
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b d  
b J  
b<* 
b b  
btt 
b 7 
bd 
b LJ 
60 
61 
b d  
6.1 
bh 
6b 
66

67
6U
oV
7U
71
72
73 
/•*

7 b
7 b

7tj(i0 
2 Id
6  0 0 U
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r j,'->4 r u^L- ^61 1- 2 .  v e a h i
U= ( bWr t Ht *  HJKA t 0 *  1 0 .  *>txF I A P PL E)  > / ( GRAPE +7 OMAT O+ 2. *EXP ( A P P L E )  )
A =  K /  f ( 1 ) ’* 6 L t K 0 1 0 | \ t f r , b l *  ( 1 . - » >

I 6 7 = 6 / I I I )  *!\C-L)J O i ' * ' \ t F _ P G t * “i 
o l I )  = ln'>ri  + L ) M ; > 7 * i V A L P H A ) * H . E 6  
A - i U = 2  . o 2 r j » b > J H  J U  ( 1 ) *  f 1 1 ) )

Ai-tUC = 2 . r t 2b* ' : s t Jr t  ( I O ( 1 ) *  i ( 1 ) )
U L V = n u S  1 m 1 1  ) - A  1 1 )  ) / X  U  ) * 1 0 0 .

* i P [ f L ( o » 7 u y u )  l ( l ) t w U ) t M l )  * AMU* AMUC i DEV 
I ok, -in I C Lri » 4 A . F o . 2 , 3 K i ( -  1 2 . <V *7 X( H 2 . b , 3 ( 8 X * F l 2 . b )  * 1 0 * » F 1 1 . 4 * / )
6 0 . J i l . i U t

f t i ' l  fl .  ( a  * o(i u o ) i\r. L P 7 l « i \ f i t H / .  l i X E E P G l *  OLD t V
F . j k «!a. 1 f i > i ( J i i u A » ' J  = ' * ) - ' 1 2 . 4 * / * 1 0 x * '  j  J  = * * F 1 2 « 4 t / » l ! ) X * ' G  = * * F 1 2 « 4 * /  

OEV h l * i \ !  G VALUES FOUi*J = '  *F 1 5 . S * / / / )
i-<=M 4 U • U 1
ir I . ' U L t . / H J  GO K1 *+326 

n o  I n  1
>» k  J i t  ( 6 • 7 0 >i r i )

F UriT'ij, 1 i / • I u A * ■ C AMiviO I FUUNO 6ESI J AND JJ VALUES'i/tlOXt 'PGbSIBILIT 
MS i.nnl A fwi".Ei< SYbTt"* 2. THY A.vGTrlEH 0 &JU VALUES'*//)

K=H|4U,U1
IF ( . • i « L t . t o r t ) l j u  10  4 J 2 s

ot i  1 o  1

b f o H
t NU

7 7  ‘j i J t . O o o r i f g t  u i 'L  V 1C * b  IDE V t N t o A K C )
7 0  U l i ' l t - U S l O i V  C h ' l )
7  V V A H = u .
7 ) 0  6 0 2 6 = 0 .
01 00 21)0 1 = 1 «>*
b2 200 b u ,Js(; = 6U.*iL + L t I )b3 L,tg="i
0 4  r t«KG= j ' J . -16 / t .n
Ob u  J  J  o U 1= 1*  l'l
b o  3 0 0  v u h k Vm K *  ( C  I 1 ) - * i A U C ) * # 2
H 7 6  I G E v s b o K  n  VAf</ ( E k - i  .  ) )
0 0  HlIUKIM
«y emj

b i J A  I A

sO
-p*



THI rl tH I t b f  P U l N t b (AFTER SiNN AN I) MARK1S)

J M M  = - l U d . U i J O U U  
JMAA = rj iJ.OOUOU
J J M I N  = U.UOOOO
<3rt IH = 2.UUUUU
6MAa = 2 . 3 0 0 0 0
iJALPMA ~ U.UUUU6
N =
M = 0.000

J J M h * s  5 . 0 0 0 0 0

f E’lH At EAR) A ( C.AU) AMU(EXP) AMUtCAL) *  DEV I N  K

326. '10 
r td .j 'i  
251.30 
2 J O . 2 0  
200.0ii

J  = 
J J =  

tj =

i Id1* .Vn'/o 
1 2 b H . 4 7 9 ' J  
J J U M . O H J U  
i b ' , u .  0  3 2 0  
1 to-t , 96AO

- 2 2 . 0 0 0 0
5 . 0 0 0 0
2 . 0 0 8 V

1 I H i . 0 0 0 0  
i2J0.0000 
1 3 6 t j .  J 9 9 u  
1 6 2 5 . 0 0 0 0  
1 7 3 3 . OOOU

1 7 5 2 . 6 4 1 0  
1 7 0 1 . 1 9 4 0  
1 6 9 1 . 0 9 3 0  
1 7 3 1 . 9 0 4 0  
1 6 6 4 . 9 2 0 U

1 7 3 2 , 6 3 0 0
1 7 2 2 . 0 0 8 0
1 7 1 0 , 4 9 3 0
1 6 9 6 . 9 3 0 0
1 6 U O . 2 1 4 0

2 . 2 7 0 5
2 . 4 6 2 0
2 . 2 3 5 0
3 . 9 9 8 0
1 . 6 4 5 6

5 T 0 .  6 E V  t i l n t M  (j  V A L U E S  F B U i g j s 0 . 0 3 1 5 9

CORE, US/VOE 

01  A6,N0b I I C5 

COMPILE 11(17.= 

i S T O P

OU-JLCl Cul>£ = 5 2 4 0  it Y 7 t i > . ARRAY AKfc'A= 4 7 2  B Y T E S » 7 o T A L  AREA A V A I LA 8 LE =  1 8 5 2 8  BYTES

n u ' t i t t r t  Ur E k K J h S =  Oi  NUMrttH OF WARNIN6S= 0 ,  NUMBER OF E A T E N S l O N S s  0

U . U 9  b t C t E A E C U J I O N  TIMES 0 . 7 5  S E C ,  WATFIV -  J U L 1 9 7 3  V 1 L 4 1 3 , 4 3 . 1 0  MONOAY 5  APR 7 6

H
V0
\JV
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CO( GMP) .5H 2U TErtAMER F I T

1 * 1 
GMIn3 2 . 0 0 0 0

GMAX" 2 . 3 0 0 0
AMIN » S O.UUOO AMAA o 1 6 0 . 0 0 0 0

BM I N = b . OO OU  BM AX = I E . 0 0 0 0
CMIN = 0 . 0 0 0 0  CMAX = 1 0 . 0 0 0 0

t e m p A l E A P J X ( CA L) AMU( EXP) AMU(CAL) a, DEV

2 9 5 . 0 0 1 4 B 8 . 2 U 8 0 1 3 2 6 . 6 0 1 0 1 3 7 3 . 7 9 4 0 1 7 6 8 , 4 6 5 0 1 0 , 9 2 6 4
2 0 4 . 0 0 l y y u . / o s u 1 8 2 4 .  7 7 9 0 1 0 0 2 . 1 7 6 0 1 7 2 5 . 4 3 8 0 8 . 3 3 5 0
I S A . do 2 4 4 5 . 13BO 2 3 1 4 . 8 9 1 0 1 7 3 6 . 3 b / 0 1 6 8 8 . 5 1 5 0 5 . 3 2 6 8

.  1 0 6 . D 0 3 0 1 7 . 5 5 2 0 3 1 4 5 . 8 4 1 U 1 6 9 9 . 4 0 9 0 1 6 3 3 . 0 5 3 0 4 . 2 5 1 4
8 4 . 1 0 3 6 2 9 . 2 8 9 0 3 / 8 5 . 0 6 2 0 1 6 6 2 . 3 3 5 0 1 5 9 5 . 5 6 2 0  ■ 4 . 2 9 2 1
7 0 .  UO 4 1 J 8 . 3 3 5 U 4 3 7 2 . 8 3 2 0 1 5 2 2 . 0 9 3 0 1 5 6 4 . 6 2 2 0 5 . 6 6 6 4
b e .  90 4 7 4 3 . 5 1 9 0 A 9 9 9 . 7 7 7 0 1 4 9 4 . d l 3 0 1 5 3 4 . 6 6 0 0 5 . 4 0 2 3
4 8 . 6 0 5 4 3 8 . 2 7 3 U 5 7 8 8 . 5 0 7 0 1 4 6 3 . 3 7 7 0 1 4 9 9 . 9 6 3 0 6 , 4 4 0 2
3 9 . 9 0 6 3 9 9 . 6 7 0 0 6 b 9 b . 7 0 7 0 1 4 2 9 . 0 2 9 0 1 4 6 1 . 7 1 8 0 4 . 6 2 7 3
2 9 .  JO 7 8 b 2 . 4 5 T 0 B 2 b U . 6 0 9 0 1 3 5 6 . 4 8 7 0 1 3 9 1 . 2 9 4 0 5 . 1 9 7 8
2 3 . 0 0 9 4 2 5 . 4 9 2 0 9 4 B S . 3 1 bO 1 3 1 6 . 7 2 5 0 T 3 2 Q . 6 9 7 0 0 . 6 3 4 7
1 6 . 9 0 1 1 6 9 2 . / a o o 1 0 6 9 6 . 1 9 0 0 1 2 5 1 . 7 4 6 0 1 2 0 2 . 3 6 7 0 7 . 7 3 4 0

A = 1 3 0 . OOUOO
w= 1 A .  0 0 It 0 U
c = 2 . 0 0 0 0 0
G = 2 . 0 8 2 4 -
S T D .  b T « N  G VALUEb FOUND

0
0 . 0 7 1 4 9

CORE USAGE O B J E CT  CUDE= 6 3 2 6 BYTES. ARRAY AREA= 6 7 2  B Y T E S . T O T A L AREA A VAI LABL E2

i
1 8 5 2 8  BYTES

D I A G N O S T I C S NUMBER OK LWKOKSs 0 .  NUMBER OF WARNINGS2  0 . NUMBER OF E X T E N S I O N S 2 0

COMPI LE  r i M E = 0 . 0 9  S E C . E X E C U T I O N T I m2 =  4 . 2 9 . SEC .  WATFIV -  J U L  1 9 7 3 V 1 L 4  1 5 . 0 0 . I B  SATURDAY 2 7  MAR 7 6

4 S T 0 P

Hv-0CD
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FORTRAN IV <i LEVEL 21 MAIN DATE * 76080 11/56/45 PACE 0001

- 1

00 01

0002
0 0 0 3
0 0 0 4  
U 0 0 5  
0006 
0 0 0 7  
0 0 0 3
0 0 0 9
0 0 1 0  
u o n  
0 0 1 2
0 0 1 3
0 0 1 4
0 0 1 5
0 0 1 6
0 0 1 7
0 0 1 8

0 0 1 9
0 0 2 0

0021
0 0 2 2
0 0 2 3
0 0 2 4
0 0 2 5
0 0 2 6

0 0 2 7
U 0 2 8
0 0 2 9
0 0 3 0
0 0 3 1
0 0 3 2
0 0 3 3
0 0 3 4
0 0 3 5
0 0 3 6

0 0 3 7
0 0 3 8

T H I S  I S  THE I S I N G  P K OGK AMt F IT  FOR COMPOUNDS THAT ARE 
POLYMERS

T E S T I N G  UK T H I S  PHUGRAM I S  MADE ON F E B .  4 .  1 9 7 6  
J  I S  I NP UT  AS I T  I S *  NO CHANGE OF S I G N  I S  NEEDED 
Z*COUNT I S  THE RANGE OF FRACTI ON OF MONOMERS ALLOWED 

T H I S  p r o g r a m  CANNOT BE w o r k e d  ON WATFFIVE EXTRA TIME I S  NEEDEO

MAIN PROGRAM

C 
C
c 
C 
c 
c 
c 
c 
c 
c 
c

D IM EN SI ON X ( 2 5 ) *  AMU( 2 5 1  * X CA L < 2 5 ) • AMUC( 2 5 ) * G G ( 2 5 > . O E V ( 2 5 ) » T ( 2 5 ) * 
i P l N G ( 6 , 3 l , 0 ( 2 5 )

REAL K t J M l N , J M A X * J . N A L P H A , K E E P J
UAIA K *C * H , A V U / 1 . 3 U E - 1 6 , 1 . 9 8 6 2 E - 1 6 , 9 . 2 7 3 5 - 2 1 , 6 , 0 2 2 E 2 3 /

' DATA G H l N * G M A X / l . 9 0 , 2 . 3 5 /
C U N =A V u ° t J * f c l / 1 2 .

1 READ ( B , o B d * £ N U = 9 0 0 ( i )  N,  SM AX * SMI  N* NALPHA t Z t  COUNT 
8 8 8  F O R M A T ( I 2 , F 1 8 . 4 , 2 F 1 0 . 4 , F 5 . 2 , F 5 . 2 )

REALMS,  1 1 1 ) P I N G 
1 1 1  F O R M A T ( l « A t )

UU 6 6  1 = 1 , N , 1
HEAD ( 5 , 2 )  [ I D i X I I I

2  F O R M A f ( F 1 0 . 2 , F 1 0 . 4 )
U I I ) = l X < I  I - N A L P H A ) * 1 . E - 6  

6 b  CONTINUE 
4 4 4  W R 1 I t ( 6 , 3 3 3 ) P I N G

3 3 3  F o r m a  I [ 1 H 1 * 4 X , 1 8 A 4 )
wRI I E ( b , 3 0 0 J ) S M 1 N , S M A X, G MI N , GM A X* NA LP r iA *N, Z  

3 0 0 0  f o r m a r ( M 0 . 9 X * »J M I N  = < * F 1 2 . 5 * / / , 1 0 X * *JMAX = * , F 1 2 . 5 * / / * 1 0 X * * G M I N  = 
S ' , F 1 2 . S * / / , l 0 X , « G M A X  = * * F 1 2 . 5 * / / * 1 0 X * ' N A L P H A  = • * F 1 2 . 5 . / / * 1 0 X * * N  = 
S ' , 1 3 . / / , l u x , » Z = » , F 6 . 2 « / / >

W R I T E ( 6 , 4 0 0 0 )
4CIOO FORma I ( 1 H 0 . 1 0 X ,  »TEMP» *9X*  * X I E X P )  * * 1 3X*  *X ( C A D  • • 1 4 X ,  * AMU ( E X P )  * ,  1 2 X ,  

S ' A M U ( C A L ) « * 1 S X , • *  DEV I N  X I , / / )
J M I N = S r t I N * C  
JMrtX=SMAX*C 

• J = J M I N
ULI>fcV = 1 0 0 0 0 0 .
A = 0 .
2 0 0 = 1 , - Z

C
C
1 7

1 1 3
C
4 0

F I N D  G TU HE W I TH IN  G L I M I T ,  VARYING J  
Du 1 1 3  1 = 1 * N , 1 
R K = U / K / T ( i )
E X = E X P ( 2 . * K K )
Z I P  = T ANH(KK)
W = Z I P + H K - K K * Z 1 P * Z I P  
P O L Y = C O N / K / T  ( 1 )  *EX>CQN/J*»W 

F t A T = Z * C 0 N * 4 . / K / T ( I )
WEl =ZOO«POLY+KAT ■
G G 1 1 } = S U H T ( 0 ( I ) / WE T)

CONTINUE

CALL D D E V ( G S , S T D E V , N * B A R G >  
I F I B A R G . L T . G M I N 1 G 0  TO 3 0
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FOHTHAN IV o  LEVEL 21 MAIN DATE • 76080 II/56/AS PAGE 0002

n

O

0 0 3 9
0 0 4 0  
U 0 4 1
0 0 4 2
0 0 4 3
0 0 4 4
0 0 4 5
0 0 4 6  
U 0 4 7
0 0 4 8
0 0 4 9

0 0 5 0
0 0 5 1
0 0 5 2
0 0 5 3
0 0 5 4
0 0 5 5
0 0 5 6  
0 0 6 7  
0 0 5 B

0 0 5 9
0 0 6 0  
0 0 6 1  
0 0 6 2
0 0 6 3

0 0 6 4
0 0 6 5
0 0 6 6
0 0 6 7

0 0 6 8
0 0 6 9
0 0 7 0
0 0 7 1
0 0 7 2
0 0 7 3
0 0 7 4
0075

3 0

222
C
C

7 0 0 0

1 5 7

6 0 0 0

4 6 7

3 5 0
2 1 4

9 0 0 0

l F t B A K G . G T . G M A X J G O  TO 3 0  
I F C S f U E V . G T .  OLUEV) GO TO 3 0  

' OLUEV- STUEV 
F B a HG=BAKG 
A=F OAKG#FBARG 
K E E P J = J
I F ( U L O E V > L E . 0 . 0 0 1 ) GO TO 2 2 2  

J = J * 1 . E - 1 6
I F ( J . g T . J M A X ) G O  TO 2 2 2  

GO TO 1 7  
I F U . E U . O . J G O  TO 3 5 0

FI NA L LY  I HE UECI OE Q G AND J  VALUES ARE OBTAINED 
0 0  1 5 /  1 = 1 . N 

R K = K E E P J / K / U I )
E X = t A P ( 2 . * R K )
Z l P a F A N H I R K )

W = Z 1 P * H K - R K * 2 I P ° Z I P  
P O L Y = C O N / K / T  ( 1 > * E X - * C 0 N / K E E P 0 * W  
H A T S 2 O C 0 N 4 4 . / K / T  t U  
w t r = 2 0 0 4 P ( J L Y  + RAT 
A C A L( 1 J = A * 1 . E U 6 * W E T + N A L P H A

A M 0 t l > = 2 . H 2 6 * 5 U R T ( A t I )  < *T( I >)
AMUC( I ) = 2 . 8 2 B ° S O R T ( X C A L 1 I ) * T ( I ) I
DEV [ D = A O S ( A C A L t I > - X ( I )  J / X C A L  (I)  * 1 0 0 .
w m T E C 6 ,  7 0 0 0 ) T < n , X ( I ) , X C A L U ) . A M U < I )  .AMUC ( I )  . DEV ( I )
FOHMa T 11H . 9 X t F 6 . 2 * 3 X « F 1 2 . 4 « 7 X * F 1 2 , 4 » 8 X . F 1 2 . 4 » 8 X » F 1 2 . 4 * B X t F 1 2 . 4 » 1 0  

S A . F l l . 4 t / )
CON T [NUE 

K E E P J = K E E P J / C  
w r i t e ( 6 . 6 0 0 0 ) k e e p J . F B A R G . O L O E V
FORMAT( I H O . I O X . ' A B S O L U T E  VALUE OF 2 J  = * . F 1 2 . 5 . / / . 1 0 X . ' G  *  t , F 1 2 . S  

S » / / t 1 O X . * S T U «  O E V.  BETWEEN G VALUES FOUND a i . F l S . S . / / )
Z = /  + 0.1>1 

I F ( Z * b T • COUNT) GO 
GO TO 4 4 4

W H I T E ( 6 . 2 1 4 )
FOHMAT U A .  ' CANNOT 

■ GO TO 4 5 7  
STOP 

ENO

TO 1

F I N D  G 6 J  V A L U E S . P O S S I B I L I T Y !  NOT A P O L M g R i . / )
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C U ( C Y T O S I N E ) 2 C L 2  I S I N G F I T  0% I MP UHI TY

J H I N  a  - 5 0 . 0 0 0 0 0  

JMaX » 10.00000 '
GMJN = 1 , 9 0 0 0 0

GMftX a  2 . 3 5 0 0 0

NAUPNA * 00.00000
N a  1 2  

Z= 0 . 0

t e m p  x i e x p ) x ( C a l )

2 9 0 . 0 0  1 3 2 9 . 8 0 6 9  1 3 5 0 . 0 5 9 6
204.00 1 9 1 7 . 3 0 1 a  1 9 4 4 , 6 9 9 5
1 5 1 . 0 0  2 5 8 2 . 5 5 4 9  2 5 9 7 . 1 0 7 9

9 5 . 0 0  4 0 5 5 . 6 0 7 9  , 4 0 5 9 . 9 B 1 0
7 8 . 5 0  4 9 3 0 . 3 5 9 4  4 8 7 8 , 4 4 1 4
6 4 . 2 0  5 8 9 1 . 5 1 9 5  5 9 1 6 . 8 9 4 5
5 4 . 7 0  6 9 2 8 . 2 6 9 5  6 8 9 5 . 3 0 0 6
4 4 . 9 0  8 3 2 7 . 8 9 4 5  8 3 1 7 . 6 3 5 9
3 6 . 1 0  1 0 4 4 4 . 5 9 7 7  1 0 2 1 4 . 2 2 2 7
2 5 . 3 0  1 4 0 7 3 . 2 5 0 0  1 4 0 8 8 . 6 4 0 6
1 8 . 0 0  1 9 8 7 2 . 5 9 7 7  1 9 2 4 6 . 6 5 6 3
1 2 . 0 0  2 6 3 3 5 . U 2 7 3  2 7 1 1 4 . 5 5 8 6

ABSOLUTE VALUE OF 2 J  = - 2 . 1 6 9 7 2

G s  2 . 0 3 4 8 5

S T D .  OE V.  BETWEEN G VALUES FOUND a 0 . 0 1 6 9 5

AMU(EXP) AMU(CAL) % DEV I N  X

1 7 6 3 , 2 3 7 1 1 7 9 6 , 7 6 5 1 1 . 5 0 0 1
1 7 6 8 . 6 4 0 6 1 7 B 1 . 2 3 2 7 1 . 4 0 8 6
1 7 6 6 , 0 0 7 3 1 7 7 0 . 9 7 6 3 0 , 5 6 0 4
1 7 5 5 . 3 7 1 3 1 7 5 6 . 3 1 7 9 0 , 1 0 7 7
1 7 5 9 . 3 5 4 2 1 7 5 0 , 0 6 6 7 1 . 0 6 4 2
1 7 3 9 . 2 4 3 4 1 7 4 2 . 9 8 4 9 0 . 4 2 8 9
1 7 4 0 . 9 4 6 0 1 7 3 6 , 7 9 8 6 0 . 4 7 8 1
1 7 2 9 . 2 9 8 6 1 7 2 6 . 2 5 3 9 0 . 1 2 0 9
1 7 3 6 . 5 1 5 6 1 7 1 7 , 2 5 7 6 2 . 2 5 5 4
1 6 9 4 . 1 2 9 4 1 6 9 5 . 0 5 5 4 0 . 1 0 9 2
1 6 9 1 . 3 6 6 5 1 6 6 4 , 5 3 5 6 3 . 2 5 2 2
1 5 8 9 , 7 7 8 6 1 6 1 3 , 1 3 6 5 2 . 8 7 5 0
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