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ABSTRACT

The rep lacem en t o f  w a te r from  an aquo com plex by an an ion  

is  the  re ve rse  o f  an a c id  h y d ro ly s is  r e a c t io n  and is  c a l le d  

an "A n a t io n ” r e a c t io n .

A s e r ie s  o f  com plexes o f  the  type  trans-j^R M cyclanO xC O H g)] 42 

were p rep a re d  fo r  purposes o f  k in e t ic  a n a tio n  s tu d ie s  (cyc lam  

re p re s e n t in g  l , 4 , 8 , l l - t e t r a a 2 a c y c lo te tra d e c a n e  and X re p re s e n t in g  

th e  ha logens C l” , B r “  and l “ ) .  The e x p e r im e n ta l te ch n iq u e  

em ployed f o r  k in e t ic  s tu d ie s  was a spec tro p h o  tome t r i e  approach 

fo l lo w in g  the  r e a c t io n :

tra n s -£ R h (c y c la ra )X (0H2 )] 42 + Y~ —» t ra n s - j j lh ( c y c la m )X Y l -t- 0H2

where Y re p re s e n ts  the  incom ing  s p e c ie s , b e in g  any one o f  th e  

h a lid e s  C l” , B r “  o r  I * .

A po o le d  v a r ia n c e  method has been .used  fo r  d e te rm in in g  . 

th e  s ta n d a rd  e r r o r  on the  te m p e ra tu re  dependent d a ta . The 

k in e t ic  r e s u l ts  y ie ld e d  e n th a lp y  and e n tro p y  d a ta  and t h is  

d a ta  is  compared d i r e c t l y  w ith  th a t  o f  o th e r  t r a n s i t io n  

m e ta ls , as w e l l  as o th e r  rhod ium  com plexes. The r e s u l ts  are 

c o r re la te d  w ith  re s p e c t to  th e  k in e t ic  t ra n s  e f f e c t ,  e n te r in g  

and le a v in g  group e f f e c t s ,  and mechanism in v o lv e d .

i i i
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I. INTRODUCTION

S u b s t i tu t io n  re a c t io n s  o f  o c ta h e d ra l t r a n s i t io n  m e ta ls  have

been the  s u b je c t o f  e x te n s iv e  in v e s t ig a t io n  w i th in  the  la s t
( 1 )few ye a rs  and the  s u b je c t  o f  v a r io u s  re v ie w s

Three typ e s  o f  s u b s t i t u t io n  re a c t io n s  a re  obse rved  in  

o c ta h e d ra l complexes in  aqueous s o lu t io n ;

( i )  A c id  h y d r o ly s is ;  rep lacem en t o f  a l ig a n d  by w a te r

(a q u a t io n ) ;

( i i )  Base h y d r o ly s is ;  rep lacem e n t o f  a l ig a n d  by a h yd ro x id e

io n ;

( i i l )  A n a tio n : rep lacem e n t o f  a c o o rd in a te d  w a te r by an

a n ion  ( th e  re v e rs e  o f  an a c id  h y d ro ly s is  

r e a c t io n ) .

A n a tio n  re a c t io n s  are o f  p a r t ic u la r  in te r e s t  s in c e  these 

s tu d ie s  y ie ld  d i r e c t  n u c le o p h i l lc i t y  com parisons fo r  the  

s u b s t i t u t in g  l ig a n d  and p ro v id e  a more d i r e c t  approach a t  p o s tu 

la t in g  a mechanism than  does the  a c id  h y d ro ly s is  r e a c t io n .

For exam ple, the  a n a tio n  re a c t io n s .s tu d y  X-(OHg), w h ich  has been

proposed as the  in te rm e d ia te  fo r  the  a c id  h y d ro ly s is  re a c t io n  
( Id )

mechanism v . -

R e a c tio n  mechanisms fo r  a n a tio n  f a l l  in to  two extrem es 

b o u n d a r ie s . A d is s o c ia t iv e  mechanism ( S ^ l)  le a d in g  to  a f iv e  

c o o rd in a te  in te rm e d ia te  o r  a c t iv a te d  complexes in v o lv e s  m e ta l-  

l ig a n d  bond b re a k in g . An a s s o c ia t iv e  mechanism (S ^2) le a d in g  

to  a seven c o o rd in a te  a c t iv a te d  com plex in v o lv e s  bond m aking

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



between s u b s tra te  and re a g e n t. D ir e c t  d e te c t io n  o f  the  

re a c t io n  in te rm e d ia te  f o r  a n a tio n  c o u ld , i f  p o s s ib le  to  is o la t e ,  

e lu c id a te  th e  extrem es in v o lv e d  w i th in  a p a r t ic u la r  r e a c t io n .  

However, a c o r r e la t io n  o f  the  re a c t io n  ra te s ,  in v o lv in g  s p e c i f ic  

s t e r i c ,  e le c t r o n ic  and charge e f fe c ts  as w e l l  as the  n a tu re  o f  

th e  e n te r in g  and le a v in g  group can be h e lp f u l  in  in f e r r in g  

the  mechanism o f  a p a r t ic u la r  r e a c t io n .

F a c to rs  A f fe c t in g  Mechanism

S t r u c tu r a l  and e le c t r o n ic  p ro p e r t ie s  o f  s u b s tra te s  as w e l l  

as the  n a tu re  o f  s o lv e n t and re a g e n t g r e a t ly  a f f e c t  a p a r t ic u la r  

r e a c t io n .

S te r ic  e f f e c t s ,  such as in c re a s e d  c o n g e s tio n  a t  the  re a c t io n  

s i t e  cause the  ra te  o f  a u n lm o le c u la r  r e a c t io n  to  In c re a s e , 

w h ile  d e c re a s in g  the  ra te  o f  a b im o le c u la r  r e a c t io n .  A 

sy m m e tr ic a l en v iron m e n t w ou ld  l i m i t  c o n g e s tio n , the  s t e r ic  

e n v iron m e n t b e in g  th e  same f o r  the tra n s  r e a c t io n  s i t e s .  A 

s t r a in  fre e  isom er w h ich  w ou ld  be u n sym m e trica l w ith  re s p e c t 

to  the  m e ta l l ig a n d  p lane  w ou ld  enhance the  r e a c t io n  r a te .  I t  

is  n o te d  in  th e  l i t e r a t u r e  f o r  th e  c o b a lt  com plexes w ith  l ig a n d s  

s im i la r  to  cyclam , a more s t e r ic  a l l y  congested  re a c ta n t  is  some 

tw e n ty - f iv e  tim e s  more re a c t iv e  than  a sy m m e tr ic a l com plex 

( t e t a  > te tb  > cyclam  where te ta  and te tb  a re  two

d ia s te re o is o m e rs  o f  h e xa m e th y la te d  c y c la m ). The l ig a n d  

cyc lam , a m a c ro c y c lic  q u a d r id e n ta te  l ig a n d  is  v e ry  r i g i d  and 

in s e n s i t iv e  to  s te re o is o m e r iz a t io n y  and due to  i t s  ease o f  fo rm a tio n  

and in e r t  b e h a v io u r, se rves  as a co n v e n ie n t l ig a n d  f o r  k in e t ic
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in v e s t ig a t io n s .

In c re a s in g  th e  p o s i t iv e  charge o f  a com plex h in d e rs  d is 

s o c ia t io n  o f  th e  m e ta l-X  bond, th u s  d e c re a s in g  th e  ra te  o f  the  

d is s o c ia t iv e  r e a c t io n .  The charge e f f e c t  is  le s s  im p o rta n t in  

a b lm o le e u la r  r e a c t io n .  Here an in c re a s e d  p o s i t iv e  charge prom otes 

p a r t i a l  bond fo rm a tio n  w ith  the  e n te r in g  g roup , and r e ta r d in g  

th e  m e ta l-X  bond b rea ka g e . T h e re fo re , in  a b im o le c u la r  r e a c t io n ,  

the  charge e f f e c t  is  dependent upon the  c o n t r ib u t io n  o f  the  

t r a n s i t io n  s ta te .

The e f f e c t  o f  le a v in g  groups is  im p o rta n t in  a u n im o le c u la r  

re a c t io n  b u t le s s  im p o rta n t in  a b im o le c u la r  r e a c t io n .  However, 

e n te r in g  groups g r e a t ly  a f f e c t  a b im o le c u la r  r e a c t io n ,  th u s  n o t 

a f f e c t in g  a u n im o le c u la r  r e a c t io n .

A p o s i t iv e  in d u c t iv e  e f f e c t ,  le a v in g  in c re a s e d  n e g a tiv e

charge near the  m e ta l atom prom otes an SN1 r e a c t io n ,  b u t t h is

in d u c t iv e  e f f e c t  is  n o t v e ry  la rg e  in  these  "m e ta l am ine"
(3 )type  com plexes v .

N o n - la b i le  lig a n d s  w ith  d o n a tin g  c a p a b i l i t y  may a s s is t  

in  th e  breakage o f  the  Rh-OHg bond, thus  s t a b i l i z i n g  the  f i v e -  

c o o rd in a te  in te rm e d ia te .  However, the  cyc lam  l ig a n d ,  s tu d ie d  

h e re , has l i t t l e  i f  any d o n a tin g  c a p a b i l i t y .  The lig a n d s  

in  the  com plex, C l ’*, B r~ o r  I “ ( p a r t i c u la r l y ) ,  have I T  a c c e p tin g  

c a p a b i l i t y  and w ou ld  cause a re d u c t io n  o f  the  e le c t ro n  d e n s ity  

a t  the  Rh m e ta l c e n t r e . T h is  w ou ld  enhance b im o le c u la r  a t ta c k  

o f  e n te r in g  g ro u p . B u t, s in c e  o r ie n t in g  l ig a n d s  are d i r e c t l y  

a tta c h e d  to  th e  c e n t r a l  m e ta l e x p e r ie n c in g  s u b s t i t u t io n ,  i t  was 

sugges ted  th a t  i T  a c c e p tin g  lig a n d s  a ls o  prom ote a d is s o c ia t iv e
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4

r e a c t io n .  The rem ova l o f  a le a v in g  g roup , w a te r , w ou ld  s tre n g th e n  

the  re m a in in g  5 (Tbonds. C onsequen tly , t h is  in c re a s e s  th e  ' l l '  

In te r a c t io n  th ro u g h  c lo s e r  l ig a n d -m e ta l d is ta n c e . A l ig a n d  o f  

s tro n g e r  a c c e p tin g  c a p a b i l i t y  w ou ld  have a s tro n g e r  demand to  

in c re a se  i t s  (T in te r a c t io n ,  and th us  f a c i l i t a t e  a d is s o c ia t iv e  

m e c h a n is m ^ .

A c o r r e la t io n  between the  c r y s ta l  f i e l d  s t a b i l i z a t io n

e n e rg ie s  (CFSE) and th e  obse rved  a c t iv a t io n  e n e rg ie s  fo r  o c ta -
(5 )h e d ra l c o b a lt  ( i l l )  ( lo w  s p in  d ) systems has been made .

T h e ir  c a lc u la t io n s  in d ic a te  a u n im o le c u la r  r e a c t io n  w ith  a square- 

p y ra m id a l in te rm e d ia te ,  and a b im o le c u la r  r e a c t io n  w ith  a p e n ta -  

g o n a l-b lp y ra m id a l in te rm e d ia te  are  e q u a lly  p ro b a b le . However, 

s t e r i c  e f f e c t s  fa v o u r the  fo rm e r r e a c t io n  p a th .

The r a te  o f  r e a c t io n  and mechanism is  in f lu e n c e d  by th e  

n e p h e la u x e tic  e f f e c t .  L igands lo w e r in  th e  n e p h e la u x e tic  s e r ie s  

g iv e  r is e  to  s m a lle r  re d u c t io n s  in  e le c t r o n - r e p u ls io n  param ete rs  

o f  th e  c e n t r a l  m e ta l io n .  These m e ta l com plexes have a demand 

to  e x p e l le a v in g  g roups , thus  g a in in g  g re a te r  d e lo c a l iz a t io n  

o f  the  4d e le c tro n s  in  the  va ca n t o r b i t a l  o f  rh od iu m . T h is  

tendency o f  re d u c in g  th e  g round s ta te  e le c t r o n ic  re p u ls io n  in  

th e  t r a n s i t io n  s ta te  w ou ld  prom ote a u n im o le c u la r  r e a c t io n  

r e ta r d in g - a  b im o le c u la r  r e a c t i o n ^ ) .

The c h e la t io n  e f f e c t ^  a ls o  p la y s  a r o le  in  r e a c t io n  mecha

n ism s. In c re a s in g  c h e la t io n  down the  amine s e r ie s  reduces the  

r a te  o f  a c id  h y d ro ly s is ,  h a v in g  the  same e f f e c t  on the  re v e rs e  

a n a tio n  r e a c t io n :

cyclam  <^en </NH^.
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T h is  re d u c t io n  r a te ,  p a r a l l e l  to  the  in c re a s in g  o rd e r  o f  the  

amine l ig a n d  in  th e  n e p h e la u x e tic  s e r ie s ,  . i s  f u l l y  c o n s is te n t  

w i th  a u n im o le c u la r  r e a c t io n  .

In  a l l  o c ta h e d ra l rhod ium  ( I I I )  com plexes, th e  la c k  o f  a 

low  ly in g  va ca n t o r b i t a l  f o r  the  fo rm a tio n  o f  an e x t r a  O' bond 

re q u ire d  fo r  an a s s o c ia t iv e  mechanism, and s t e r i c  c o n g e s tio n  

a r is in g  from  s ix  lig a n d s  around th e  c e n t r a l  m e ta l io n  do n o t 

encourage b im o le c u la r  re a c t io n s .

One o f  the  more in te r e s t in g  fe a tu re s  o f  a n a tio n  re a c t io n s ,  

s u b je c t  to  k in e t ic  s tu d ie s ,  is  the  a c t iv a t io n  by n o n - re a c t iv e  

g ro u p s . For tra n s  iso m e rs , the  lig a n d s  o p p o s ite  to  the  HgO 

b e in g  re p la c e d  w ou ld  be e xp e c te d  to  e x h ib i t  a " t r a n s ” e f f e c t .

T h is  t ra n s  e f f e c t  in  m e ta l com plexes is  used to  d e sc rib e  the 

in f lu e n c e  o f  a c o o rd in a te d  group upon the  re p lace m e n t o f  a l ig a n d  

o p p o s ite  to  i t .  E x te n s iv e  s tu d ie s  have r e s u l te d  in  p la c in g  the  

common lig a n d s  in  an a p p ro p r ia te  o rd e r  w i th  re g a rd  to  t h e i r  

tendency to  l a b l l i z e  a t ra n s  g ro u p . ̂ Xih i s  e f f e c t  has been e x 

p la in e d  by use o f  an e le c t r o s t a t ic  approach ( i . e . ,  bond 

e f f e c t  upon weakened ground s t a t e ) ,  as w e l l  as th e  r ?  e le c t ro n  

w ith d ra w a l o f  the  t r a n s i t io n  s ta te  by the  t ra n s  l a b i l i z i n g  l ig a n d .

K in e t ic  and therm odynamic d a ta , most u s e fu l in  d e m o n s tra tin g  

t h is  e f f e c t ,  c o r re la te s  th e  o rd e r  o f  d e c re a s in g  tra n s  e f f e c t  

w ith  the  fo l lo w in g  l ig a n d s :

I  >  Br >  C l .

T h is  o rd e r  has been v e r i f i e d  by numerous t r a n s i t io n  m e ta l sub

s t i t u t i o n  re a c t io n s  and is  fu r th e r  v e r i f i e d  by these

a n a tio n  s tu d ie s .  .
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A d is s o c ia t iv e  a c t iv a t io n  p rocess may be e xp ec te d  fo r  

the  complexes in  aqueous s o lu t io n .  The a n a tio n  re a c t io n s  

w h ich  w i l l  be fo llo w e d  can be re p re s e n te d  by the  fo l lo w in g  

e q u a t io n :

tra n s *£ R h (c y c la m )X (0H2 )j +2 + Y~ — *  tra n s -[R h (c y c la m )X Y ] 4 HgO

and tne  g e n e ra l a n a tio n  ra te  o f  t h is  r e a c t io n  is  g iv e n  by the  

fo l lo w in g  e x p re ss io n

Rate _ a[V”"] ^.HaOn t |

where a and b are s u ita b le  p a ra m e te rs . For t h is  e x p re s s io n , 

the  Rate = k0bS [RHpO0 * ]  . I t  is  from  the  s lo p e  and in te r c e p t  

o f  the  s t r a ig h t  p lo t  o f  a g a in s t l / j Y 111-]  , th a t  a and b can

be e v a lu a te d .

The ra te  law  is  c o n s is te n t  w i th  a u n im o le c u la r  d is s o c ia t io n  

o f  the  aquo com plex, w h ich  is  then  fo llo w e d  by a c o m p e tit io n  

between th e  s o lv e n t w a te r and the  e n te r in g  a n ion  f o r  a f i v e -  

c o o rd in a te  in te rm e d ia te :

k. .
R(H20 ) n + ------------- » Rn+ + H20-

s low

k -1
R + HoO ------------ ► RHoOn

fa s t
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f a s t

The c o rre s p o n d in g  ra te  law  becomes:

Hate -  ^  rv ra“l  [ x>fv ^ n * ]

w here : lc2 Y HgO,

3 = ^ 1^2 and
k-ifeo]

• b- k2

The ra te  o f  a n a tio n  is  then  independen t o f  the  n a tu re  and 

c o n c e n tra t io n  o f  Y, the  incom ing  sp e c ie s  arid e q u a ls  the  ra te  

o f  w a te r exchange. For t h is  b o n d -b re a k in g  r e a c t io n ,  one w ou ld

e n th a lp y  between th e  re a c ta n ts  and the  t r a n s i t io n  s ta te .

Another p o s s ib le  mechanism SN2, where bond-m aking is  

in v o lv e d  in  the  t r a n s i t io n  s ta te ,  is  e v id e n ce d  by t o t a l  depen

dence o f  the  ra te  upon the  c o n c e n tra t io n .  As w e l l  in  S^2 re a c t io n s  

th e re  is  a n o ta b le  r a te  d if fe re n c e  in  chang ing  the  incom ing

g rou p . Thermodynamic p a ra m e te rs , c h a r a c te r is t ic  o f  t h is  type
•f-

o f  mechanism re v e a l s m a ll nega tiveA S  v a lu e s , t h is  re p re s e n t in g  

m o re b o n d -a sso c ia tio n  in v o lv e d , le s s  d is s o c ia t io n .  The r e s u l t in g  

s e v e n -c o o rd in a te  in te rm e d ia te  w ou ld  have a p e n ta g o n a l-b ip y ra m id a l 

shape o r  o c ta h e d ra l wedge.

However, ano the r approach to  the  same r e a c t io n  a p p lie s
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to  a r a p id  p r e - e q u i l ib r iu m  fo rm a tio n  o f  an io n - p a ir  between 

c a t io n ic  com plex and e n te r in g  an ion  T h is  is  then

fo llo w e d  by a u n im o le c u la r  o r  b im o le c u la r  in te rc h a n g e  between 

le a v in g  group and e n te r in g  an ion  in c lu d e d  in  th e  io n - p a i r .  T h is  

has sometimes been r e fe r r e d  to  as an " In te rc h a n g e  m echanism ":

fa s t  
K

RH20n+ *• Ym“  —      -> ' [rH^O04- Ym“]

-r kY / \
jRHgOn+ Ym"J ---------- » Ry ( n“m) HgO.

slow

Here, K re p re s e n ts  the  io n - p a ir  fo rm a tio n  c o n s ta n t.  The ra te  

law  e xp ressed  fo r  the  above re a c t ions, becomes:

Rate _ kYK[Ym~] |RH2On+]

1 -K  [Ym“]

and a = kYK and b ~ K.

In  some cases such as the  a n a tio n  o f  c is -£  CoCenJgNOg (OHg)] +2

by Ng and NCS^12^, the  a n a tio n  o f  t ra n s - [C o (N H ^ ^ C O ^ y ] ^  by

N3^ ( I 3 )> C l ^ 15  ̂ and S0 L̂ 2 ^1 6 ^, d i r e c t  ev idence

fo r  Ion  p a ir  fo rm a tio n  has been o b ta in e d . In  most o th e r  cases,

io n -a s s o c ia t io n  canno t be d i r e c t l y  d e te c te d  because o f  the  r a p id

a n a tio n  re a c t io n s .  P ioneer w ork was done on the  a n a tio n  re a c t io n s

o f  c o b a lt  complexes o f  the  typ e  [  Co(NHo (OH2 )] ^  w ith  s e v e ra l
(17)d i f f e r e n t  n u c le o p h ile s  by L a n g fo rd  and M u ir v . The c o n c lu s io n  

made from  t h is  w ork  was th a t  r a te  c o n s ta n ts  o f  th e  p ro d u c ts  are 

o n ly  2 0 $ .o f  th a t  o f  w a te r exchange. T h is  was presum ab ly caused
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by the  n u c le o p h ile  n o t b e in g  in  a s u ita b le  p o s i t io n  to  e n te r

in to  the  in n e r  sphere when th e  w a te r l ig a n d  le a v e s , and th us

a n o th e r w a te r m o lecu le  e n te rs  in s te a d .

Analogous rhod ium  com plexes show r a te  v a lu e s  te n  tim e s  la r g e r

to  those  o f  the  d is s o c ia t iv e  r e a c t io n  o f  th e  c o b a lt  ( I I I )

com plexes T h is  la rg e  in c re a se  is  a s c r ib e d  to  an in c re a se

in  the  p ro p o r t io n  o f  the  io n - p a ir s  w h ich  undergo in te rc h a n g e

when th e  c o o rd in a te d  w a te r m o lecu le  le a v e s . T h is  is  due to  the

a n ion  in  the  o u te r  sphere  b e in g  c lo s e r  to  th e  w a te r m o lecu le

i t  is  to  re p la c e .  As w e l l ,  the  presence o f  the  a n io n  in  the

o u te r  sphere in c re a s e s  the  r a te  a t w h ich  th e  w a te r m o lecu le  le a ve s

N u c le o p h il lc  a s s is ta n c e  as w e l l  has been used to  accoun t f o r  the

above phenomenon .

I t  has been re p o r te d  in  th e  l i t e r a t u r e  th a t  th e  a c id

h y d ro ly s is  o r  a q u a tio n  re a c t io n  o f  s im i la r  m e ta l complexes

(c o b a lt  amine (cyc la m ) com plexes) w ou ld  n o t f o l lo w  an SN2
(1 9 )o r  S „2 IP  mechanism . The r e s u l ts  o f  k in e t ic  s tu d ie s  do n o t N

u n fo r tu n a te ly  a llo w  an unambiguous assignm ent o f  the  d e ta i le d  

and in t im a te  mechanism. T h e re fo re , most p o s tu la t io n s  o f  

. mechanism l i e  somewhere between the  extrem es o f  th e  mechanisms 

shown in  d e t a i l  h e re . .
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I I ,  PREPARATION OP THE RHODIUM ( i l l )

HALOGENO-AQUO COMPLEXES

A l l  o f  the  com plexes were p re p a re d  e s s e n t ia l ly  by the
(2 0 )

method o f  E .J .  B o u n s a ll and S. K o p r ic h

The tra n s  dibrom o and d iio d o  cyc lam  com plexes were p re p a re d  

from  the tra n s  d ic h lo ro  com plex, W ith  the  aquo-ha logeno 

complexes p re p a re d  from  these  d ih a lo g e n o co m p le xe s . The g e n e ra l 

p rocedu re  fo llo w e d  f o r  the  monoaquo com plexes in v o lv e d  the  

c a r e fu l  r e f lu x in g  o f  th e  t r a n s - | R h ( c y c la m ) X 0 in  NaOH 

s o lu t io n  fo r  th e  s p e c if ie d  tim e  (fro m  3 - 1 0  m in u te s ) in  o rd e r  

to  o b ta in  the  monohydroxo in te rm e d ia te .  T h is  in te rm e d ia te  

was c a r e fu l ly  a c id i f ie d  w ith  HCIO^ and p r e c ip i t a te d  as the  

p e rc h lo ra te  s a l t  (e m p lo y in g  N aC lO ^). P e rc h lo ra te  has a v e ry  

s l i g h t  tendency to  fu n c t io n  as a donor l ig a n d  in  complexes

in  aqueous s o lu t io n  and is  a ls o  an e x c e l le n t  p r e c ip i t a t in g
(21)

a n io n '

The in te rm e d ia te s  f o r  the  above were c a r e f u l ly  m o n ito re d  

on the  u l t r a v i o l e t - v i s i b l e  re c o rd in g  sp e c tro p h o to m e te r in  o rd e r  

to  o b ta in  the  monohydroxo in te rm e d ia te .  I f  r e f lu x in g  is  

o o n tin u e d  lo n g e r than  th e  l im i t e d  tim e  p e r io d ,  th e  d ih yd ro xo  

and n o t the  monohydroxo in te rm e d ia te  is  o b ta in e d . A f te r  the  

r e c r y s t a l l i z a t io n  and vacuum d ry in g , the  com plexes were 

v e r i f i e d  by com parison w ith  the  p u b lis h e d  s p e c tra  o f  ch a ra c 

te r iz e d  com plexes^ 2 2 \  u s in g  a Bausch and Lomb S p e c tro n ic

505 re c o rd in g  s p e c tro p h o to m e te r. A l l  the  ha logeno-aquo
10
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com plexes p re p a re d  f o r  k in e t ic  purposes were a n a lyze d  by 

Spang M ic ro  a n a ly t ic a l  L a b o ra to r ie s  in  Ann A rb o r, M ic h ig a n .

RhClg.SHgO (o b ta in e d  from  J . B ishop  and Co. P la tin u m  

W orks) was used as a source o f  Rh+^ w ith o u t  f u r t h e r  p u r i f i c a t io n  

and re a g e n t grade (P is h e r S c ie n t i f i c  Company, A .C .S .)  sodium 

s a l t s  were used as an ion  s o u rc e s . Reagent grade s o lv e n ts  and 

ion -exchanged  d i s t i l l e d  w a te r were used th ro u g h o u t.

1 , 4 , 8 , 1 1 -T e tra a z a c y c lo te tra d e c a n e  (cyc la m )

The open c h a in  In te rm e d ia te , 1 , 9 -d ia m in o -3 / 7 “ d lazanonane,

was p re p a re d  a c c o rd in g  to  the  p rocedure  deve loped  by B o u n s a ll 
(23)

and K o p r ic h  .

(250 g, 1 .2  m oles, 126 m l) 1 ,3  d ibrom opropane was added 

dropw ise  to  (360 g, 6 .0  m oles, 400 m l) e th y le n e d ia m in e  in  

300 m l o f  e th a n o l (99$ r e d i s t i l l e d ) .  Dropwise a d d it io n  was 

necessa ry  s in c e  the  r e a c t io n  was e x tre m e ly  e x o th e rm ic . As 

w e l l ,  the  s o lu t io n  was c o o le d  in  an ic e b a th  d u r in g  a d d it io n .

The r e s u l ta n t  y e llo w  s o lu t io n  w a s .h ea ted  under r e f lu x  f o r  one 

h o u r. A f te r  c o o lin g ,  (300 g, 5 .3  m o les) KOH was added and . 

th e  re a c t io n  m ix tu re  was s t i r r e d  f o r  30 m in u te s . The KBr and 

excess KOH was removed by f i l t r a t i o n .  A f te r  d i s t i l l i n g  o f  the  

excess e th a n o l (7 8 .5 °C ) and e th y le n e d ia m in e  (116 -  117°C ), 

th e  d e s ire d  in te rm e d ia te ,  a c le a r  v is c o u s  l i q u id ,  1 , 9-d ia m in o -  

3 , 7 -d iazanonane (90 g, .56 m oles, 47$) was s e p a ra te d  by vacuum 

d i s t i l l a t i o n  (125 -  128°C, 3 .5  mm H g).

F o llo w in g  the  p rocedure  o f  B o u n s a ll and K o p r i c h ^ ^ ,  Wi t h  

s l i g h t  m o d if ic a t io n s ,  cyclam  was p re p a re d .

(50 g, .25 m o les) 1 , 3 -d ib rom opropane and (40 g, .25 m oles)
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1 , 9-d ia m in o -3 , 7 -d iazanonane were added to  4 l i t r e s  o f  r e d is 

t i l l e d  a b s o lu te  e th a n o l.  The r e s u l ta n t  s o lu t io n  tu rn e d  from  

c o lo u r le s s  to  y e llo w  upon r e f lu x in g  fo r  24 h o u rs . A f te r  rem oving  

3 l i t r e s  o f  e th a n o l by d i s t i l l a t i o n ,  th e  r e s u l ta n t  s o lu t io n  

was c o o le d  and (35 g* *62 m o les) KOH was added, w h ich  a ga in  

p r e c ip i t a te d  th e  KBr and excess KOH. A f te r  rem ova l by f i l t r a t i o n ,  

th e  volume was reduced  to  100 m l. T h is  c le a r  v is c o u s  y e llo w  

s o lu t io n ,  upon c o o lin g  f o r  s e v e ra l h o u rs , p r e c ip i ta te d  the  w h ite  

p ro d u c t ( 3 .5  g, 7%) w h ich  a f t e r  b e in g  f i l t e r e d  and washed w ith  

acetone was p u r i f i e d  by vacuum s u b lim a tio n  (120°C , 2 mm H g ) .

The m e lt in g  p o in t  o f  the  p ro d u c t, 1 , 4 , 8 , 1 1 - te t r a a z a c y c lo te t r a -  

decane was 185 -  186°C (s e a le d  tu b e ) .

T ra n s -|R h ( eye lam ) C l^J  C l

( 7*5  g, 28 mmoles) R h C l^ .S ^O  and ( 7 *5  g., 37 mmoles) cyclam  

were d is s o lv e d  in  300 ml m ethano l and h e a te d  under r e f lu x  f o r  

5 m inu tes  d u r in g  w h ich  the  re d  m ix tu re  tu rn e d  to  a y e llo w  

s o lu t io n  and p r e c ip i t a t e .  A f te r  c a r e fu l  f i l t r a t i o n ,  the  f i l t r a t e  

was t r e a te d  w ith  25 ml co n e . HC1 to  p r e c ip i t a te  th e  excess 

cyc lam  as the te t r a h y d r o c h lo r id e . S ince  the  p r e c ip i t a te  from  

th e  f i l t r a t e  used above was the  c o rre s p o n d in g  c is - d ic h lo r o  

s a l t ,  the  HC1 a ls o  p r e c ip i ta te d  any c is  com plex l e f t  in  

s o lu t io n .  The re m a in in g  y e llo w  s o lu t io n ,  a f t e r  b e in g  e va p o ra te d  

to  dryness yielded the  desired product w h ich  was r e c r y s t a l l i z e d  

from  75 ml w a te r and 25 ml conc. HC1, washed w ith  acetone and 

e th e r ,  and d r ie d  under vacuum f o r  two hou rs  ( 5 .0  g, 4 3 $ ).
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T ra n s - [ j lh (  eye lam ) Brjj 3 r

(500 rag, 1 .2 2  raoles) t ra n s -^ R h (c y c la m )C l^ |c i and (4 .6  g,

44 mmoles) NaBr were d is s o lv e d  in  50 ml w a te r .  A f te r  h e a tin g  

th e  y e llo w  s o lu t io n  under r e f lu x  f o r  5 h o u rs , i t  tu rn e d  to  an 

orange s o lu t io n  w ith  orange p r e c ip i t a t e .  A f te r  c o o lin g ,  the  

orange p r e c ip i ta te  was f i l t e r e d ,  and r e c r y s t a l l i z e d  by re p e a t in g  

the  above p ro c e d u re . The f i n a l  p ro d u c t was washed in  e th a n o l 

and e th e r  and vacuum d r ie d  f o r  two h o u rs . The p ro d u c t y ie ld  

was 200 mg (3 4 $ ).

(435 mg, 1 .06 mmoles) tra n s - jjlh (c y c la m )C l^ J  C l and (3-2 g,

21 mmoles) N a l were added to  150 ml o f  H2O and h e a te d  under 

r e f l u x  fo r  3 h o u rs . In  t h is  tim e  p e r io d ,  th e  s o lu t io n  c o lo u r  

changed from  y e llo w  to  d a rk  brow n. The brown p r e c ip i ta te  w h ich  

was c o l le c te d  by f i l t r a t i o n  was r e c r y s t a l l i z e d  from  2 l i t r e s  

o f  w a te r and 3 .2  g N a l.  Slow r e f lu x in g  f o r  s e v e ra l days o f  t h is  

s o lu t io n  a id e d  in  the  p u r i f i c a t io n  o f  the  com plex. A f te r  

s low  e v a p o ra tio n  to  200 m l, the  brown p ro d u c t was f i l t e r e d ,  

washed w ith  e th a n o l and e th e r , ,  and. d r ie d  under vacuum fo r  two 

h o u rs . The p ro d u c t y ie ld -w a s  550 mg (7 5 $ ).

The tra n s  d iio d o  com plex was a ls o  p re p a re d  by r e f lu x in g  

f o r  s e v e ra l weeks a s o lu t io n  o f  the  c is  d ic h lo ro  s a l t  in  b a s ic  

s o lu t io n  w ith  sodium io d id e .  The s o lu t io n  was then  a c id i f ie d  

w i th  h y d r lo d ic  a c id , e va p o ra te d , f i l t e r e d  and washed a cco rd in g  

to  the  above p ro ce d u re . I t  was found  th a t  a p u re r  t r a n s - d i io d o  

p ro d u c t c o u ld  be o b ta in e d  by t h is  s u b s t i t u t io n  and is o m e r iz a t io n  

o f  the  c is  d ic h lo ro  com plex.

T ra n s -  jR h (c y c la m )I^ j I  
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Trans-[Rh(cyclam)Cl(0H2)J (0104)2
(500 mg, 1 .21  mmoles) tra n s -^ R h (c y c la m ) C lg jc i  was 

d is s o lv e d  in  a 25 ml w a te r s o lu t io n  made b a s ic  by a d d it io n  

o f  (1 p e l l e t , ^ 2 . 5  mmoles) NaOH. The r e s u l ta n t  c le a r  y e llo w  

s o lu t io n  was r e f lu x e d  fo r  4 m in u te s , a t  w h ich  tim e  the  

s p e c tra  re v e a le d  the  c o r re c t  Cl(OH) in te rm e d ia te  peak. The 

s o lu t io n  was c o o le d  on ic e  and a c id i f ie d  by d ropw ise  a d d it io n  

o f  c o n c e n tra te d  HCIO4 . The a d d it io n  o f  (10  g, 72 mmoles)

NaClO^ p r e c ip i ta te d  the  d e s ire d  y e llo w  p ro d u c t w h ich  was 

washed w ith  e th a n o l and e th e r  and d r ie d  under vacuum fo r  two 

h o u rs . The p ro d u c t y ie ld  was 200 mg (2 9 $ ) .

A n a l. C a lc u la te d  f o r  Rh(C10H ^ N ^ C l ^ O )  ( 0104) 3 :

C, 2 1 .6 2 ; H, 4 .7 2 ; N, 1 0 .0 8 ; C l, 1 9 .1 4 . Found: C, 2 1 . 5 9 ;

H, 4.92; N, 9 .5 5  ; Cl, /S-e'T .

T r a n s R h ( cyc1am)B r(0H 2 )j ( CIO4 ) 2

(150 mg, .276 mmoles) t r a n s R h ( c y c la m ) B r 2^|Br was r e f lu x e d  

in  a 15 ml w a te r s o lu t io n  made b a s ic  by a d d it io n  o f  (1 p e l l e t , ^

2 .5  mmoles) NaOH. A f te r  3 I  m inu tes  o f  r e f lu x in g ,  y ie ld in g  the

Br(OH) in te rm e d ia te ,  the  s o lu t io n  was r a p id ly  c o o le d , and 

a c id i f ie d  by d ropw ise  a d d it io n  o f  c o n c e n tra te d  HCIO4 . Im m e d ia te ly  

fo l lo w in g  t h is  a c id i f i c a t io n ,  (10 g , 72 mmoles) NaC104 was 

added to  p r e c ip i ta te  the  p a le  y e llo w -o ra n g e  com plex w h ich  was 

f i l t e r e d ,  washed w ith  1 :1  e th a n o l-e th e r  and vacuum d r ie d  fo r  

two h o u rs . The p ro d u c t y ie ld  was 94 mg (5 9 $ ).

A n a l. C a lc u la te d  fo r  Rh(C10H2^N^)Br(HgO ) ( 0104) 3 :
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C, 2 0 .0 1 ; H, 4 .3 7 ; N, 9 .3 4 ; B r , 1 3 -3 2 ; C l,  1 1 .8 2 . Found: 

C, 1 9 .7 9 ; H, 4 .3 5 ; N, 9 .1 1 ; B r, 1 3 .5 4 ; C l, 1 1 .6 9 .

Trans'Trans I <=■ ' *-t- C.

(293 mg, .427 mmoles) t r a n s - [R h (c y c la m ) l2* j l  and ( l  p e l le t

/v2 .5  mmoles) NaOH was added to  25 ml w a te r .  The r e s u l ta n t

brown s o lu t io n  tu rn e d  to  y e llo w -o ra n g e  upon r e f lu x in g  f o r

12 m in u te s , the  s p e c tra  in d ic a t in g  t o t a l  d isappearance  o f  re a c ta n t

d ilo d o  peak. A f te r  c o o lin g ,  th e  s o lu t io n  in  an ic e b a th , the

dropw ise  a d d it io n  o f  c o n c e n tra te d  HCIO^ tu rn e d  the  s o lu t io n  re d .

(10 g, 72 mmoles) NaClO^ was added to  p r e c ip i t a te  the  re d  com plex

w h ich  was washed w ith  1 :1  e th a n o l-e th e r  and vacuum d r ie d  fo r

2 h o u rs . The p ro d u c t y ie ld  was 60 mg (2 2 $ ) .

A n a l. C a lc u la te d  f o r  ("Rh(C10H24Ni+) I ( o a af |  ( 0104) 2 : C, 1 8 . 56 ;

H, 4 .0 5 ; N, 8 .6 5 ; I , .  1 9 .6 1 ; C l,  1 0 .9 6 . Found: C, 1 8 .4 2 ;

H, 4 .1 4 ; N, 8 .4 9 ; I ,  1 9 -4 2 ; C l,  1 1 .0 8 .

The orange f i l t r a t e  rem ain ing  from  the  iodo -aquo  com plex

was r e f r ig e r a te d  f o r  s e v e ra l m onths, a f t e r  w h ich  tim e  an orange

p ro d u c t p r e c ip i ta te d  o u t o f  s o lu t io n .  T h is  p ro d u c t p roved  to

be s im p ly  the  u n re a c te d  d iio d o  s a l t .  S e v e ra l i n i t i a l  a tte m p ts

a t making the  above com plex u s in g  d i lu t e  HCIO^ fo r  a c id i f i c a t io n

made p r e c ip i t a t io n  d i f f i c u l t  and le n g th y ,  and a f t e r  3 weeks

a b la c k  re s id u e  was o b ta in e d  w h ich  p rove d  to  be reduced  Rh°

m e ta l. The use o f  cone. HClOjj. as the a c id i fy in g  agent re s u lte d

in  the  p r e c ip i t a t io n  o f  the  aquo sp e c ie s  b e fo re  any Rh° was

fo u n d . Below is  l i s t e d  a ta b le  o f  the  w ave leng ths  and e x t in c t io n

c o e f f ic ie n t s  o f  the  e le c t r o n ic  s p e c tra  f o r  the  above-m entioned  ,
( 22 )

com plexes, and are id e n t ic a l  w i th  those fo un d  p re v io u s ly
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TABLE I

The E le c tro n ic  S pectra  o f  trans-J*R h(cyclam )X '^1+ (Maxima)

Complex \(m u ) £ ( 1 . cm~^ m ole” -1-)

C l2 + 406 / 310s h * , 242sh 
204

78, 80, 3300, 37100

B ra + 429, 285, 235 9 7 .3 , 2520, 34600

I  +2 515sh, 466, 353 
275, 226

64, 204, 13100, 34500 
22800

ClCOHg) 42 385, 296sh , 224sh 55, 101, 4420

Br(OHg) 42 468, 403, 310sh 
204

37, 63, 106, 25600

i( o h 2 ) 42 494, 3 4 ls h , 301sh 
271, 230

222, 763, 1290, 2240 
24400

*sh  = shou lde r
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III. KINETIC STUDIES

The a n a tio n  re a c t io n s  were s tu d ie d  by m o n ito r in g  the  

ha logen  s u b s t i tu t io n s  s p e c tro p h o to m e tr ie a lly  a t  a s p e c i f ic  

w a ve le n g th ; the  w ave leng ths  were chosen to  o b ta in  an optimum 

la rg e  d if fe re n c e  between p ro d u e t- re a c ta n t absorbance in t e n s i t ie s ,  

and in  a h ig h  e x t in c t io n  c o e f f ic ie n t  a rea  in  o rd e r  to  a v o id  

p r e c ip i t a t io n  o f  th e  le s s  s o lu b le  d is u b s t i tu te d  p ro d u c t u s in g  

la rg e  amounts o f  com plex. The maximum com plex c o n c e n tra t io n
_ 2i

was in  th e  range o f  10 to  10 J  m o lar th u s  a v o id in g  p ro d u c t

p r e c ip i t a t io n .

The charge t r a n s fe r  peaks o f  the  p ro d u c ts  fo rm ed were

em ployed to  fo l lo w  the  course  o f  the  re a c t io n  w ith  w ave leng ths
-1between 200 -  275 cm and e x t in c t io n s  c o e f f ic ie n t s  above

30000 cm"'*,- /m o le . Tab le  I I  c o n ta in s  the  d e ta i le d  in fo rm a t io n

on w ave leng ths  used fo r  each s e t o f  a n a tio n  re a c t io n s .

The re a c ta n t  s o lu t io n s  were p re p a re d  u s in g  c e r t i f i e d

(F is h e r  S c ie n t i f i c ,  A .C .S .)  sodium c h lo r id e ,  b rom ide and

io d id e .  The a n a ly s is  maximum l im i t s  o f  h a lid e  c o n ta m in a tio n

fo r  the  above sodium  s a l t s  were n o t s u f f i c i e n t l y  h ig h  to

in t e r f e r e .  The h a lid e  a n a tin g  c o n c e n tra t io n  used in  t h is  s tu d y

ranged from  .003 M to  0 .950  M. T h is  c o n c e n tra t io n  o f  the

s u b s t i t u t in g  a n ion  always ensu red  100$ r e a c t io n ,  th e  le a s t

c o n c e n tra te d  m o la r pe rcen tage  o f  re a c t in g  a n ion  b e in g  in

excess o f  100 tim e s  th e  m o la r com plex am ount. The o v e r a l l

ib h ic  s t re n g th  Q i) was a d ju s te d  to  1 .0 0  M u s in g  re a g e n t grade
17
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TABLE II

Charge T ra n s fe r  S p e c tra l Peaks o f  A n a tio n  P roducts

R e a c ta n t An a t in  g 
An ion

P roduc t
(com plex)

(mu)
(p ro d u c t)

(1 cm-1  . 
mole )

tra n s ClCOHg) * 2 C l" tra n s  (C l2 ) + 204 37100

tra n s BrCOHg) * 2 Br~ tra n s  (B r2 ) 4 235 34600

tra n s i( o h 2 ) * 2 1“ t ra n s  (3^,)* 275 34500

tra n s B r(O H g)4 2 - C l“ tra n s  (C IB r ) 4 221 32700

tra n s i( o h 2 ) +2 C l“ tra n s  ( C l l )  + 245 31300

tra n s i( o h 2 ) 42 Br” tra n s  ( B r l )  + 256 33900
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(G .F . S m ith ) anhydrous sodium p e rc h lo ra te .  The h y d ra te d  

fo rm  o f  NaClO^ was found  to  have s u f f i c i e n t l y  h ig h  h a lid e  

im p u r ity  so as to  change the  a n a tin g  io n  c o n c e n tra t io n  

( p a r t i c u la r l y  a t low  c o n c e n tra t io n s ) .  In  th e  a n a lyze d  grade 

anhydrous NaClO^, th e  com bined c h lo r id e  and c h lo ra te  maximum 

l i m i t  was .01 $ . The e x a c t amount o f  h a lid e  c o n ta m in a tio n  

was d e te rm in e d  u s in g  an io n  s e le c t iv e  e le c t ro d e .  The r e s u l ts  

o f  t h is  s tu d y  showed ^  lppm c h lo r id e  was p re s e n t, w h ich  had 

no e f f e c t  on the  a n a tio n  r a te s .

. These r e a c t io n  s o lu t io n s  were a l l  p re p a re d  in  10 ^ M

HCIO^ s in c e  i t  was found  th a t  a t t h is  a c id i t y  no p o s s ib i l i t y
(24 )o f  base h y d ro ly s is  c o u ld  o c c u rv . The N a l s o lu t io n s  were 

p re p a re d  f re s h  d a i ly  to  ensure  the  absence o f  Ig  and .

The r e a c t io n  medium (NaX, NaClO^, HCIO^) was p re p a re d  in  

100 ml v o lu m e tr ic  f la s k s ,  50 ml b e in g  used f o r  the  re a c t io n  

w i th  com plex, the  re m a in in g  s o lu t io n  used f o r  b la n k  re a d in g s .

An a c c u ra te ly  w eighed sample ( s ix - f ig u r e  a ccu ra cy ) o f  the  

a p p ro p r ia te  com plex was t r a n s fe r re d  to  an a p p ro p r ia te  

v o lu m e tr ic  f la s k  and d is s o lv e d  and made up to  the  mark w ith  

10-5  M HCIO^. A 5 ml a l iq u o t  was then  p ip e t te d  in to  a 50 ml 

v o lu m e tr ic  f la s k  and b o th  the  re a c t io n  m edia and the  com plex 

were p re h e a te d  to  the  d e s ire d  a n a tio n  te m p e ra tu re , b e fo re  

b e in g  m ixed . The rm osta ted  o i l  b a th s  (S a rg e n t) w h ich  c o u ld  be 

re g u la te d  to  ±0.01°C  were used f o r  h e a t in g  the  s o lu t io n s .

V o lu m e tr ic  f la s k s  were used most a p p ro p r ia te ly  fo r  the  

k in e t ic  s o lu t io n s  s in c e  th e y  c o u ld  e a s i ly  be clam ped in to  

th e  o i l  b a th , and g la s s -s to p p e re d  tops  p re v e n te d  e v a p o ra tio n
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e s p e c ia l ly  f o r  the  h ig h  te m p e ra tu re  k in e t ic s  and a l iq u o t  

samples c o u ld  c o n v e n ie n tly  be removed.

There was no ra te  d if fe re n c e  between aluminum f o i l -  

w rapped and unwrapped d e te rm in a t io n s ; thus* th e  a n a tio n  

re a c t io n s  were n o t  s e n s it iv e  to  p h o to ly s is  in  these  s tu d ie s .

The re a c t io n s  were s tu d ie d  o ve r a w ide te m p e ra tu re  range 

from  30°C -  90°C w ith  each s p e c i f ic  s e t b e in g  s tu d ie d  over 

a 20°  te m p e ra tu re  range f o r  the  purpose o f  d e te rm in in g  a c t iv a t io n  

p a ra m e te rs . The te m p e ra tu re  range was chosen such th a t  

2 - 3  h a l f - l i v e s  c o u ld  be c o n v e n ie n tly  s tu d ie d .  For the  

lo w e s t te m p e ra tu re  io d id e  a n a tio n s , a tim e  p e r io d  o f  3 -  8 

h ou rs  was necessa ry  to  ach ieve  one h a l f - l i f e .  Any le n g th ie r  

p e r io d  w ou ld  have r e s u l te d  in  fo rm a tio n  and s p e c t ra l 

and m e c h a n is t ic  in te r fe r e n c e .

For the  f i r s t  d e te rm in a tio n  in  a s e r ie s ,  th e  u l t r a v i o l e t  

spectrum  was m o n ito re d  on a re c o rd in g  sp e c tro p h o to m e te r in  

o rd e r  to  observe is o s b e s t ic  p o in ts  (F ig u re  l ) .  The subsequent 

d e te rm in a tio n s  in  a s e r ie s  where m o n ito re d  a t  one s p e c i f ic  

w a ve le n g th  on an H ita c h i P e rk in  E lm er (Coleman 139 M odel) 

S p e c tro p h o to m e te r.

There were 12 -  15 d i f f e r e n t  c o n c e n tra t io n  d e te rm in a tio n s  

m o n ito re d  a t  the  upper and lo w e r tem pe ra tu re  le v e l .  S ix  

d e te rm in a tio n s  were made a t  the  m id d le  te m p e ra tu re  to  

dem onstra te  l i n e a r i t y  o f  the a c t iv a t io n  e n th a lp y  p lo t s .

A t the  m id d le  te m p e ra tu re , the  c o n c e n tra t io n s  o f  a n a tin g  

sp e c ie s  o ve rla p p e d  w ith  those used a t h ig h e r  and lo w e r 

te m p e ra tu re s .
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F ig u re  1

S p e c tra l Changes d u r in g  the  R e a c tio n  

t ra n s - [  R h (c y c la m )I(0H2 )J+2 + Br~
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The ra te  c o n s ta n ts  were d e te rm in ed  g r a p h ic a l ly  (F ig u re  I I )  

by fo l lo w in g  the  in c re a se  o f  the  absorbance peak o f  the  p ro d u c t, 

and these  are e xp ressed  in  the  fo l lo w in g  ra te  e q u a t io n :

P roduc t In c re a s e : k  2 .3 0 3  lo g  JL-A rt

where Aq is  th e  i n i t i a l  absorbance re a d in g  o r  o p t ic a l  d e n s ity ,

A ^  is  the  c a lc u la te d  v a lu e  o f  100$ re a c ta n t  c o m p le tio n  o r  100$ 

p ro d u c t fo rm a tio n  and A ^  th e  absorbance re a d in g s  a t  s u i ta b le  ( t )  

tim e  in t e r v a ls .  5 n il a l iq u o ts  were w ith d ra w n  a t s p e c i f ic  tim e  

in te r v a ls  and measured s p e c i f i c a l l y .  In  a l l  cases, the  A ^  

v a lu e s  used were those c a lc u la te d  u s in g  p ro d u c t sp e c ie s  known 

e x t in c t io n  c o e f f ic ie n t s .

In  s e v e ra l o f  the  ru n s , e s p e c ia l ly  in  th e  c h lo r id e  s u b s t i tu t io n s  

w h ich  were the  most r a p id ,  th e re  was v e ry  good agreement o f  

e x p e r im e n ta l and c a lc u la te d  A ^ v a lu e s . However, i t  was obse rved  

th a t  the  s lo w e r re a c t io n s  w h ich  were m o n ito re d  fo r  more than 

1 g- h a l f - l i v e s  showed a le v e l in g - o f f  o f  th e  ra te  p lo t  u s u a l ly  

a f t e r  the  second h a l f - l i f e .  T h is  was e s p e c ia l ly  n o t ic e a b le  

In  the  io d id e  s u b s t i t u t io n s ,  even a f t e r  one h a l f - l i f e .  T h is  

p o in t  is  f u r th e r  e la b o ra te d  upon in  the  d is c u s s io n .  However, 

th e re  appeared to  be e x c e l le n t  l i n e a r i t y  in  the  p lo t  f o r  a t 

le a s t  the  f i r s t  h a l f - l i f e .

The p s e u d o r- f irs t  o rd e r  ra te  c o n s ta n ts  were o b ta in e d  from  

the  s lo p e  o f  the  l in e a r  p lo t  o f  lo g  4*>-A0 v s .  t im e . The

measurements were fo u n d  to  be q u ite  re p ro d u c ib le  p ro v id e d  fre s h
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F ig u re  2

G ra p h ic a l D e te rm in a tio n  o f  f o r  R e a c tio n  

t ra n s - {R h (c y c la m )I(0 H 2 )] 42 + C l"
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s o lu t io n s  were made up f o r  each ru n .

Prom the  ra te  c o n s ta n t d a ta , the  a c t iv a t io n  pa ram ete rs  

can be c a lc u la te d  u s in g  th e  fo l lo w in g  t r a n s i t io n  s ta te  th e o ry  

r e la t io n s h ip :

k  _  kT. e -4H*/5lT
h

“ 1 —1where R, the  gas c o n s ta n t is  1 .987  e a l mole deg , k , th e

Boltzm ann c o n s ta n t is  1 .381  x  10~ e rg  deg and h , P la n c k 's
-27c o n s ta n t,  is  6 .6 24  x  10 e rg  se c .

For a r e a c t io n  in  s o lu t io n  in  the  l i q u i d  s ta te ,  the  a c t iv a t io n  

e n th a lp y  is  d i f f e r e n t  from  the  A rrh e n iu s *  a c t iv a t io n  e n e rg y :

AHf  *  Ea -  RT

the  d if fe re n c e  b e in g  a p p ro x im a te ly  .6  k  c a l  mole"-1- ove r th e  

te m p e ra tu re  range em ployed.

The ra te  d a ta  were e v a lu a te d  s t a t i s t i c a l l y  u s in g  a method 

o f  p o o le d  v a r ia n c e  f o r  p o p u la t io n s  o f  d i f f e r e n t  means b u t w ith  

common v a r ia n c e ' ' .  Assuming the  v a r ia n c e  o f  r a te  c o n s ta n ts  

to  be independen t o f  te m p e ra tu re , the  p e rc e n t s ta n d a rd  d e v ia t io n  

f o r  the  te m p e ra tu re  i s :

$ r  _

V N^3

where N is  th e  t o t a l  number o f  runs  a t a l l  th re e  te m p e ra tu re s
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and ST is  exp re ssed  by the  r e la t io n s h ip  

ST «
t

where k^  is  the  ra te  c o n s ta n t a t te m p e ra tu re  T, and Tc is  

average r a te  c o n s ta n t a t te m p e ra tu re  T.

The p e rc e n t s ta n d a rd  d e v ia t io n  fo r  the  ra te  c o n s ta n t a t a 

g iv e n  te m p e ra tu re  is  g iv e n  b y :

where $ < f is  th a t  f o r  the  th re e  te m p e ra tu re s , and n is  the  number 

o f  runs  a t th a t  p a r t ic u la r  te m p e ra tu re .

S ince  th e  t r a n s i t io n  s ta te  th e o ry  is  em ployed f o r  r e a c t io n  

ra te s , and the assum ption  th a t  th e  a c t iv a t io n  e n th a lp y  is  c o n s ta n t 

o ve r a s m a ll te m p e ra tu re  range , th e  ra te  c o n s ta n ts  are c o n s id e re d  

in  p a ir s ,  as seen b e lo w :

^ H12*  *  4 ,576  T1T2 lo g  k l T2

^ % 2  b e in g  the  a c t iv a t io n  e n th a lp y  a t te m p e ra tu re s  T^ and T^, 

and and kg are then corresponding ra te  constants. Therefore, 
o ve r the  th re e  te m p e ra tu re  ranges s tu d ie d ,  v a lu e s  o f  ^H-^g^,

t  tAH-jo , are o b ta in e d .
+The s ta n d a rd  d e v ia t io n  o f  A% 2 * c a lc u la te d  assum ing e x a c t 

va lu e s  fo r  te m p e ra tu re , i . e . ,  i o . 0 1 ° C ,  i s  e xp re sse d  b y :
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<f(AH12* )  = *4.576 k +l!?log
m m \  X  c

\
ra m \  J- 2

1 x2

where ^ lo g  y. a p p ro x im a te ly  lo g  ( l - ^ / i o o )  and is  exp ressed  

as a p e rc e n ta g e .

The e n th a lp y  o f  a c t iv a t io n  is  found , e m p loy ing  a w e ig h te d  

average o f  e n th a lp ie s  fo u nd  by p a ir in g  the  te m p e ra tu re s :

f  W23Hg3t  4 W13H13*

W12 f  w23 + w!3

and

t ( A h * )  =  1/ ( W 1 2  t  w1 3  + W2 3 )=

where W1Q -  V fT '(A H ,o  ) •12 ~  ' 1 2
The e n tro p y  o f  a c t iv a t io n  c a lc u la t io n s  were made by sub

s t i t u t i n g  the  average e n th a lp y  v a lu e  d e te rm in e d  as above in to  

th e  fo l lo w in g  e q u a tio n :

A S ^ =  4 .57 6  lo g  k  + AH* -  47 .23  ( c a l  d e g ^ m o le ” 1 )
T T •

and

r f ( A S * )  =  i : p - 5 7 6 A S l o g  k  + tr t A H * ) 2
L- ^  -

i  Jt i
The agreement o f  A h_„  , AH__ , and A h„ 0 t co rresponds  to  the

12  13  23  -

l i n e a r i t y  o f  th e  a c t iv a t io n  e n th a lp y  p lo t .  By em p loy ing  the  

t r a n s i t io n  s ta te  th e o ry  r a te  e x p re s s io n , th e  v a lu e  o f  is  

c a lc u la te d  from  th e  s lo p e  o f  the  p lo t  o f  1 /T  v s .  l / K ,  Y in te r c e p t
4* i  Js

dependent on A s  . T h e re fo re , i f  AH and A s  are re a s o n a b ly  

c o n s ta n t f o r  a p a r t ic u la r  r e a c t io n  s e r ie s ,  the  p lo t s  do n o t
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c ro s s , and lo g  k  then  g iv e s  an unambiguous in d ic a t io n  o f

r e a c t i v i t y  o rd e r .  However, when th e re  is  a v a r ia t io n  in  the  
4

and AS v a lu e s , the  p lo t s  can c ro ss  g iv in g  c o n t ra d ic to r y  

r e s u l t s .  I t  is  f o r  t h is  reason th a t  the  v a lu e s  are s tre s s e d  

o ve r the  k in e t ic  r a te  d a ta . As seen in  F ig u re  I I I , ( t h e  

a c t iv a t io n  e n th a lp y  p lo ts  o f  t ra n s - [k h (c y c la m )  1 ( 0 ^ ) " ] +^ - + C l” , 

B r ” , I""), th e re  is  no c ro ss  o ve r o f  J e s u its , th u s  .the d a ta  can be 

in te r p r e te d  d i r e c t l y  from  th e  g ra p h .

The k in e t ic  r e s u l t s  o f  th e  ha logen  a n a tio n  s u b s t i tu t io n s  

are  g iv e n  in  Tab le  I I I  to  Tab le  V I I I .  The la s t  colum n in  the  

ta b le  in d ic a te s  the  a b s o lu te  f i r s t  o rd e r  r a te  c o n s ta n t.

The average a n a tio n  ra te s  f o r  these re a c t io n s  are sum marized 

in  Tab le  IX .

These ra te s  re p re s e n t the  s p e c tro p h o to m e tr ie  approach fo r  

a n a tio n  re a c t io n s ,  and n o t in c lu d e d  in  the  s tu d y  was the  io d id e  

a n a tio n  o f  tra n s - jR h (c y c la m )B r(O H 2 )J nor th e  brom ide o r 

io d id e  a n a tio n  o f  t ra n s - |R h (  eye lam ) C l (0H2 )J +2 . These r e a c t io n  

ra te s  c o u ld  n o t be d e te rm in e d  s p e c tro p h o tm e tr ic a l ly  due to  the  

s tro n g  a b s o rp t io n  peaks o f  NaBr and N a l w h ich  c o m p le te ly  masked 

o u t the  change t r a n s fe r  peaks o f  the  p ro d u c ts .
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F ig u re  3

A c t iv a t io n  E n th a lp y  P lo ts  o f  the  A n a tio n  R e a c tio n s :

A. t ra n s - [  R h(cyc lam ) I(0 H 2 )j 42 + C l~

B. t ra n s - [  R h(cyc lam ) l(0 H 2 )J 42 + B r “

C. tra n s *^ R h (c y c la m ) I(0 H 2 lj t2  + 1“
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TABLE III

S u b s t itu t io n  Rates o f  tra n s -(R h (cyc la m ) l(O H p ) l+2 + C l"

T°C p i * ] [NaClO^ 10~^k, (s e c ” 1 ) 10” 2k  (sec**1 ) /  jc i^ j

50 .003 .997 8 .3 1 2 .7 7

.004 .996 10 .32 2 .5 8

.005 • 995 ' 12 .90 2 .5 8

.006 • 994 16 .08 2 .6 8

.007 .993 17 .92 2 .5 6

.0075 .9925 19 .95 2 .6 6

.008 .992 21 .12 2 .6 4

.0X0 • 990 2 4 .6 0 2 .4 6

.015 .985 36 .75 2 .4 5

.0175 .9825 46 .55 2 .6 6

.020 .980 4 8 .4 0 2 .4 2

.025 .975 5 6 .0 0 2 .2 4

.030 .970 7 3 .5 0 2 .4 5

40 .008 .992 .600 .750

.015 .985 1.073 .715

.020 .980 1 .472 .736

.025 .975 1.835 .734

.030 .970 2.175 .725

.040 .960 2 .828 .707
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TABLE III (concluded)

T°C [C l“]  [N aC loJ 1 0 "5k , (se c - 1 ) 10“ 2k  (s e c ” 1 ) / ^ ! ^

.020 .980 .4oo .200

.025 .975 .530 .212

.030 .970 .600 .200

.035 .965 .689 .197

.040 .960 .792 .198

.045 .955 .936 .208

.050 .950 1 .050 .210

.055 .945 1.144 .208

.060 .940 1.320 .220

.065 .935 1.430 .220

.070 .930 1.386 .198

.080 .920 1.536 .192
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TABLE IV

S u b s t itu t io n  Rates o f  t ra n s -^ R h (c y c la m )l(0H2 )J +2 + Br

T°C [B r“ ] jka C lo J 10” 5k (s e c - '1') 10-2 k (sec~1 ) / [ B r ‘'j

50 .004 .996 8 .0 0 2 .0 0

.005 .995 9 .45 1 .8 9

.006 .994 11 .28 1 .88

.007 .993 13 .86 1 .98

.008 .992 15 .84 1 .98

.009 .991 19.53 2 .1 7

.010 .990 17 .90 1 .79

.015 .985 2 7 .3 0 1 .82

.020 .980 35 .00 1 .75

.030 .970 5 1 .3 0 1 .71

.035 .965 6 0 .5 0 1 .7 3

.040 .960 63 .60 1 .59

40 .006 .994 .408 .680

.007 .993 .476 .680

.020 .980 1 .360 .680

. 025 .975 1.675 .670

.040 .960 2 .6 8 0 .670

.045 .955 30 .38 .675
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TABLE IV (concluded)

T°C M N aC loJ 10“ ^k  (se c - 1 ) 10” 2k  (se c ” 1 ) / [ B r ” ]

30 .020 .980 .374 .187

.025 975 .445 .178

.030 970 .549 .183

.035 .965 .613 .175

.040 ,960 .772 .193

.045 955 .837 .186

.050 .950 • 950 .190

.055 .945 1 .018 .185

.060 .940 1.122

F
- 

00 
r-i •

.065 935 1 .222 .188

.070 .930 1.351 ,193

.085 .915 1 .709 .201
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TABLE V

S u b s t i tu t io n  Rates o f  t r a n s - [  R h(cyc lam ) l(OHg)J +2 4 I

T°C [ l “ ] [NaClOi,] 10“ 5k (s e c "1 ) 10“ 21 (sec~1 ) / [ : T ]

50 .003 .997 4 .1 1 1 .3 7

.004 .996 5 .2 8 1 .3 2

.006 .994 7 .8 6 1 .31

.007 .993 9 .45 1 .35

.009 .991 11 .88 1 .3 2

.010 .990 14 .00 1 .4 0

.020 .980 2 6 .6 0 1 .33

.025 .975 34 .00 1 .3 6

.030 .970 41 .10 1 .3 7

.035 .965 4 8 .65 1 .39

.040 .960 53 .20 1 .33

.045 .955 58 .95 1 .3 1

40 .008 .992 .388 .485

.009 .991 .437 .485

..025 .975 1.223 .489

.030 .970 1.491 .497

.045 .955 2.219 .493

.055 .945 2.723 .495
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TABLE V (concluded)

T°C \r] jNaC lO ^ 10" 5k  (s e c "1 ) 10~2k (s e c "1 ) / [ r ]

30 .040 .960 .664 .166

.045 • 955 .702 .156

.050 .950 .800 .160

.055 .945 .886 .161

.060 .940 .924 .154

.065 .935 1 .053 .162

.070 .930 1.155 .165

.075 .925 1 .230 .164

.080 .920 1 .288 . 161

.085 .915 1.403 .165

.090 .910 1.503 ,.1 6 7

.095 .905 1.625 .171
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TABUS V I

S u b s t i tu t io n  R ates o f  tra n s -^R h (c y c la m )B r(O H ^ )] +2 + C l

T°C [ c i~ ] [NaClO^j 10**^k (sec '*') 10“ \  (sec~1 ) / j c i ' ‘']

TO . .044 .956 3 .6 2 8 .2 2

.046 .954 3 .8 4 8 .3 5

.048 .952 3 .8 6 8 .0 5

.050 .950 4 .35 8 .7 0

.054 .946 4 .4 2 8 .2 0

. 0 5 8 - .942 4 .9 9 8 .6 1

.066 .934 5 .5 3 8 .4 6

.070 .930 5 .8 4 8 .3 5

.074 .926 6 .2 0 8 .3 8

.080 .920 6 .55 8 .1 9

.230 • 770 19 .30 8 .3 9

.400 .600 20 .40 8 .1 9

.400 .600 34 .90 8 .7 1

60 .100 .900 .286 .286

.105 .895 .302 .288

.110 .890 .326 .296

.120 .880 .348 .290

.125 .875 .375 .300

.400 .600 , 1 .080 .271
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TABLE VI (concluded)

T°C [ex'] [N aC loJ 10” 7k (s e c ” 1 ) 10" \ :  (s e c "1 ) / ^ ! " ^

60 .600 .400 1.745 .291

50 .600 ,4 0 0 .361 .602

.620 .380 .382 .616

.64 0 .360 .401 .626

.660 .340 .403 .610

.720 .280 .428 .595

.740 .260 .443 .598

.760 .240 .432 .569 ,

.800 .200 .452 .565

.800 .200 .452 .565
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T A B L E  VII

Substitution Rates of trans-ĵ Rh(cyclam)Br(0H2)j "*2 + Br

T°C [B r " ] [N a c io j 10“ ^k  (s e c " '1') 10“ \  (s e c “ 1 ) / [ B r “' j

70 .050 .950 3 .6 2 7 .2 3

.052 .948 3 .6 6 7 .0 3

.056 .946 • 3 .77 6 .73

.060 .940 3 .8 7 6 .45

.064 .936 4 .3 2 6 .7 5

.068 .932 4 .66 6 .85

.072 .928 5 .13 7 .1 2

.076 .924 5 .4 8 7 .2 1

.080 .920 5 .2 0 6 .5 0

CO0• .916 5 .3 8 6 .4 o

.170 .830 10.93 6 .45

.200 .800 13 .10 6 .55

.200 .800 12 .90 6 .4 5

60 .175 .825 • 376 2.15

.180 .820 .405 2 .25

.185 .815 .440 2 .3 8

.190 .810 .429 2 .2 6

.195 .805 .439 2 .25

.200 .800 .474 2 .3 7
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TABLE VII (concluded)

T°C [ b t “ ] [N aC loJ 10~7k (sec - 1 ) 10 A  (sec - 1 ) / [ B r wJ

60 .700 .300 1 .5 7 6 2 .2 5

.700 .300 1 .462 2 .0 9

50 .700 .300 .340 .485

.720 .280 .353 .490

.740 .260 .365 .493

.760 .240 .369 .486

.780 .220 .373 .478

.820 .180 .397 .484

.840 .160 .4 l6 .495

.860 .140 .433 .504

.880 .120 .432 .491

.900 .100 .446 • **95

• 920 .080 .459 .499

1.00 .00 .413 .413

1.00 .00 .450 .450
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TABLE VIII

Substitution Hates of trans-^Rh(cyclam)Cl(0H2)J+2 Cl'

T°C [ C l “ * JkaClO^ 10~5k (sec**1 ) 10~3k (sec*"1 ) / j c i ~ j

90 .060 .940 9 .0 6 1 .51

.064 .936 9 .28 1 .45

. 068 .932 9.72 1 .4 3

.072 .928 10 .30 1 .43

.076 .924 10 .56 1 .3 9

.080 .920 10 .80 1 .35

.084 .916 11 .84 1 .41

.088 .912 12.67 1 .4 4

.092 .908 12 .60 1 .3 7

.096 .904 13.63 1 .3 9

.096 .904 13 .34 1 .4 2

.200 ,800 28 .00 1 .4 0

80 .200 .800 .822 .411

.205 • 795 .839 .419

.210 .790 .920 .438

.215 .785 .884 .411

.220 .780 1.012 .460

.225 .775 1 .049 .460
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TABLE VIII (concluded)

T°C [ ° i - j |^NaC10^j 10~3k  (sec 10~3k  (s e o "1 ) / ^ ! !  |

70 .20 .800 .253 .127

.70 .300 .888 .127

.72 .280 .936 .130 •

.74 .260 .971 .131

.76 .240 .974 .128

.78 .220 .975 .125

.80 .200 .945 .118
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TABLE IX

+2Average Anation Rates of trans-|kh(cyclani)X(0H2)J+ + Y

T°C X Y k (sec*' M y1
30 ' . I . C l 2 .0 5 X 10“ 3 .03

I Br 1 .8T X 10~3 .02

I I ' 1 .6 3 X 10~3 .02

40 I C l T . 34 X 1 0 "3 .03

I Br 6 .T8 X 10-3 .02

I I

t-CO• X 10-3 .01

50 T
J- C l 2 .5 8 X 10~2 .03

I Br 1.8T X 10~2 .01

I I 1 .3 5 X 10~2 .01

50 Br C l 5 .9T X 10-5 .03

Br Br 4 .9 1 X M o 1 \J1 .01

60 Br C l 2 .9 2 X 10” ^ .01

Br Br 2 .2 8 X 10“ 4 .02

TO Br C l 8 .35 X io ~ 4 .03

Br Br 6 .85 X 10“ 4 .03

TO C l C l 1 .2 6 X 10“ * .03
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TABUS IX (concluded)

T°C X y k (s e c "1 ) / jY ~ ] <T

80 Cl Cl 4 .3 4  x  10~ * .16

90 Cl Cl 1 .4 2  x  10~3 .09
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IV. DISCUSSION AND CONCLUSIONS

a ) The Trans E f f e c t

As was m entioned  p re v io u s ly  in  the  in t r o d u c t io n ,  b o th  

k in e t ic  and therm odynam ic d a ta  can be used to  compare the  

t ra n s  e f f e c t  o f  the  ha logen  lig a n d s  q u a n t i t a t iv e ly .

Prom Tab le  IX , the  ra te  c o n s ta n ts  a t  50°C show th a t  C l”  

ana fiion  o f  the  l(O Hg) com plex is  some 430 tim e s  fa s te r  than 

B r(0H 2) a n a tio n  w ith  C l*". A t 70°C, i t  is  n o te d  t h a t  C l 

a n a tio n  o f  the  B r(0H 2 ) is  6 .6  tim e s  fa s te r  than  th e  same a n a tio n  

o f  the  Cl(OHg) com plex. Prom t h is  d a ta , the  k in e t ic  tra n s  e f f e c t  

w ou ld  be I  >  Br >  C l.

Therm al d a ta  f o r  th e  a n a tio n  re a c t io n s  is  fo u n d  in  Tab le  X, 

and Tab le  X I  dem onstra tes th e  e n th a lp y  o f  a c t iv a t io n  r e s u l ts  

o b ta in e d  u s in g  a w e ig h te d  average o f  e n th a lp ie s  by p a ir in g  o f  

te m p e ra tu re s . The th e rm a l d a ta  dem onstra tes the  same tra n s  e f f e c t  

o rd e r  as above. There is  a marked in c re a se  in  A h , 4 .45  k  c a l 

m ole"-1- in  com paring the  C l~ a n a tio n  o f  iCOHg) w ith  th a t  o f  the  

Br(OHp) com plex. However, in  m oving from  th e  C l~  a n a tio n  o f  

BrCOHg) to  C1(OH2) , A h is  1 .0 8  k c a l m o le ’"'*'. T h is  Is  ev idence  

th a t  the  tra n s  e f f e c t  o f  1“  is  much g re a te r  .th a n  e i th e r  B r “  

o r  C l~ , the  B r tra n s  e f f e c t  b e in g  s l i g h t l y  g re a te r  than  th e  C l” .
4=.

T h is  o rd e r  is  h ls o  s u p p o rte d  by th e A s  e v id e nce  w h ich  appears

in  Tab le  X. Thus, the  k in e t ic  tra n s  e f f e c t  p a r a l le ls  the

p o la r i z a b i l i t y  o f  these  io n s , and is  the  o rd e r  e xp ec te d , based
(26 \

on the  p o la r iz a t io n  th e o ry  concep t o f  t ra n s  bond w eakening ' .

46
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TABLE X

Therm al Param eters f o r  th e  A n a tio n  R e a c tio n  

t r a n s - jR h ( c y c la m ) X ( 0 H 2 ) J + Y

X Y~ AH* k c a l m ole-1
4 _n _■(

|S  c a l deg A mole

I C l 23 .97 + .15 8 .2 9 *  .28

I Br 21 .79 + .21 1 .0 0 ± .39

I I 19 .95 4 .09 -5 .4 2 * .17

Br C l 28 .42 4 .07 10 .11 *  .13

Br Br 28 .35
4 .13 . 9 .4 7 * .22

C l C l 29 .55 ± .17 10 .99 i  .28
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TABLE XI
i

L in e a r i t y  o f  AH P lo ts  f o r  th e  A n a tio n  R e a c tio n  

tra n s -[R h (c y o la m )x (O H 2 ^j +2 + Y“

X Y“ 4 H12* flH23+ ^ 1 3 *

I C l 2 4 .6 0 23 .98 23 .39

I Br 19 .81 21 .77 23 .62

I I 19-83 19.95 20 .06
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The e f f e c t  o f  chang ing  the  e n te r in g  group can a ls o  be seen

from  the data  o f  Table IX and Table X. For the I(0H 2 ) complexes 
o ^

a t  50 C th e  i "  a n a tio n  is  th e  s lo w e s t.  The brom ide and c h lo r id e  

a n a tio n s  are 1 .1 b  and 1 .2 6  tim e s  fa s te r  r e s p e c t iv e ly  than the  

co rre s p o n d in g  1“  a n a t io n .  The k in e t ic  o rd e r  o f  e n te r in g  groups 

w ou ld  appear to  be C l :=> Br ^  I .

The A h 4" d a ta  In d ic a te s ,  however, th a t  the  I ”  a n a tio n  o f  

the  l(0 H 2 ) com plex is  e a s ie s t ;  the  A h f o r  B r “  and C l“  a n a tio n  

r e q u ir in g  a p p ro x im a te ly  2 .0  and 4 .0  k c a l m ole-1  more e n e rg y .

Thus, the  tru e  n u c le o p h i l ic l t y  o rd e r  o f  the  e n te r in g  group is  

I  ^ -B r  C l, w h ich  is  su p p o rte d  by l i t e r a t u r e  ev idence  .

b ) Mechanism o f  A n a tio n

The p o s s ib i l i t y  o f  io n - p a ir  p a r t i c i p i t a t i o n  was in v e s t i 

g a te d  s in c e  i t  was th o u g h t to  p la y  a r o le  In  the  m e c h a n is tic  

b e h a v io u r o f  the  tra n s - [R h (c y c la m ) l(0 H 2 )] com plex in te rm e d ia te s .

The a n a tio n  ra te  In v o lv in g  an io n - p a ir  and a d is s o c ia t iv e  

p rocess is  p r a c t ic a l l y  Independent o f  the  e n te r in g  an ion  In  

w h ich  the  f iv e  c o o rd in a te  In te rm e d ia te  is  so u n s ta b le  th a t  

i t  recom bines w ith  any a v a ila b le  l ig a n d .  There is  no 

ev idence  from  the  k in e t ic  and th e rm a l d a ta  re p o r te d  here 

th a t  a n a tio n  is  independen t o f  the  e n te r in g  a n io n . (See 

Tab le  IX  and Tab le  X f o r  th e  t ra n s 4  RhCcyclam)X(0H2 j ]  ^  

com plexes. )

R e a c tio n  k in e t ic s  can dem onstra te  Io n - p a ir in g .  I f  io n -  

p a ir in g  is  com plete a t the  lo w e s t c o n c e n tra t io n s  used, the 

ra te s  o f  a n a tio n  o r  rep lacem en t o f  one a n ion  by a n o th e r w i l l
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be fo u nd  to  be independen t o f  the  c o n c e n tra t io n  o f  the  e n te r in g
( 27 )

an ion  v ■ - . A lso  w ith  io n - p a ir in g ,  th e re  is  a n o t ic e a b le  

decrease in  obse rved  ra te  c o n s ta n t w ith  In c re a se d  c o n c e n tra t io n  

o f  the  s u b s t i tu e n t .  N e ith e r  o f  th e  above s i t u a t io n s  were o b 

se rve d  f o r  the  c o n c e n tra t io n  Maxima and M in im a (T ab le  I I I  -  

, T ab le  V I I I )  s tu d ie d .

S p e c tro sco p ic  e v idence  f o r  io n - p a ir in g  is  a s h i f t  in  the  

near u l t r a v i o l e t  s p e c tra  o f  the  com plex and an im m ediate in c re a s e  

in  the  absorbancy upon a d d it io n  o f  f re e  h a l id e  a

g re a te r  s h i f t  w ou ld  be e xp e c te d  by B r "  than  C l”  s in c e  the  fo rm e r 

w i l l  more r e a d i ly  lo s e  i t s  cha rge , in c re a s in g  i t s  s u s c e p t ib i l i t y  

to  io n - p a i r .  Io d id e  w ou ld  show the  g re a te s t  e f f e c t .

The u l t r a v i o l e t  s p e c tra  f o r  th e  a n a tio n  o f  tra n s -^ R h (c y c la m ) 

I ( O H g ) ] a r e  seen in  F ig u re  4 . I d e n t ic a l  maxima are found

a t  229 cm"1 f o r  th e  com plex w ith  10” ^ M IICIO^ and 1 .0  M NaClOjj..
-1A s h i f t  in  maxima to  230 cm is  found  f o r  the  same com plex in  

.003 M C l”  and .003 M B r ”  ( j i  a d ju s te d  to  1 .0 0  w ith  NaC lO ^).

The ba thoch rom ic  s h i f t  is  u n d e rs ta n d a b le  s in c e  th e  p ro d u c ts , 

tra n s - |^ R h (c y c la m )C li]  4 and t ra n s -£ R h (c y c la m )B r l] “  have s tro n g  

a b s o rp t io n  peaks a t  245 em and 256 cm r e s p e c t iv e ly .  The 

s l i g h t  s h i f t  in  peak maxima is  W ith in  e x p e r im e n ta l e r r o r  and 

canno t be a t t r ib u te d  to  io n - p a ir  fo rm a t io n .  The io d id e  s p e c tra  

c o u ld  n o t be In v e s t ig a te d ,  the  I  h a v in g  s tro n g  a b s o rp t io n  in  

the  225 cm"1 re g io n .  S ince th e re  is  l i t t l e  s u p p o rt in g  

ev idence  from  t h is  d a ta  fo r  io n - p a ir  fo rm a t io n ,  an in te rc h a n g e  

mechanism p o s tu la te d  in  the  in t r o d u c t io n  seems u n l ik e ly .

The o n ly  p rim e ev idence  f o r  the  p o s tu la t io n  o f  a c o m p le te ly
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Figure 4

Charge T ra n s fe r  S p e c tra *  o f  :

A. t ra n s  I(0 H 2 ) + 10'“ 5 HCIO4

B. tra n s  I(0 H 2 ) + 1 .0 0  M NaClO^

C. tra n s  IfOHg)- + .003 M NaCl + .997 M NaClO^

D. tra n s  I(0 H 2 ) + .003 M NaBr * .997 M NaClO^

*  S p e c tra  on a Beckman DK-1A re c o rd in g  s p e c tro p h o to m e te r.
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d is s o c ia t iv e  mechanism, I . e . ,  u n im o le c u la r  d is s o c ia t io n  o f  the  

aquo com plex fo llo w e d  by a c o m p e tit io n  between the  s o lv e n t w a te r
V»

and the  e n te r in g  an ion  f o r  a f iv e - c o o r d in a te  in te rm e d ia te ,
i .

can be n o te d  from  the  A s  va lu e s  in  Tab le  X .

A l l  o f  the  a n a tio n  re a c t io n s  e xce p t io d id e  a n a tio n  o f  the  

I(OHg) com plex y ie ld  p o s i t iv e  A s ^  v a lu e s . T h is  s im p ly  means 

th a t  the  e n tro p y  o f  t r a n s i t io n  s ta te  is  g re a te r  than  the  e n tro p y  

o f  the  re a c ta n ts  . T h is  n o ta b le  In c re a se  in  e n tro p y  c o r re s 

ponds to  a more o rd e re d  o r le s s  random m o le c u la r  c o n f ig u r a t io n .  

S ince  the  io d id e  a n a tio n  o f  the  l(0 H 2 ) com plex has n e g a tiv e  

AS* i t  can be conc luded  th a t  the  Rhodium com plex and th e  I~  

io n  are more t i g h t l y  bound to g e th e r  in  the  t r a n s i t io n  s ta te  

ca u s in g  c o n s id e ra b le  lo s s  o f  freedom  and a p p re c ia b ly

more bond m aking. S ince the  l(0 H 2 ) com plex a n a tio n  w ith  B r -  

and C l"  have p o s i t iv e  A s ^ ,  a more lo o s e ly  bound in te rm e d ia te  

p r e v a i ls ,  and, as a r e s u l t ,  more d is s o c ia t io n  w ou ld  appear 

p o s s ib le .  Prom t h is  d a ta , i t  can be con c lu de d  th a t  the  

ClCOHg) ^  B r(0H 2 ) >  iCOHg) w ith  re g a rd  to  fa v o u r in g  a d is 

s o c ia t iv e  type  o f  mechanism.

In d ic a t iv e  o f  a d is s o c ia t iv e  type  o f  mechanism is  s m a ll 

d i f fe re n c e s  in  the  ra te  o f  th e  d i f f e r e n t  incom ing  groups 

Rate v a r ia t io n s  can be n o te d  in  Tab le  IX . I f  the  d if fe re n c e s  

can be c o n s id e re d  n e g l ig ib le ,  these ra te  v a r ia t io n s  c o u ld  

in d ic a te  th a t  d is s o c ia t io n  is  o c c u r r in g .  As w e l l ,  these 

d if fe re n c e s  can be j u s t i f i e d  by the  d if fe re n c e  in  the  n u c le o -
.dx.

p h i l i c i t i e s  o f  the  incom ing l ig a n d s .  However, based on AH 

v a lu e s , the  fa s te s t  r a te ,  C l" ,  has the  lo w e s t n u c le o p h i l ic i t y ,  

w ith  io d id e  the b e s t n u c le o p h ile .
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The in te rm e d ia te  o f  the  d is s o c ia t iv e  mechanism c o u ld  be a

t r ig o n a l- b ip y ra m id  o r  a s q u a re -p y ra m id a l s t r u c tu r e .  But the

t r ig o n a l- b ip y r a m id a l s t r u c tu r e  w ou ld  re q u ire  one n it ro g e n  o f

th e  cyclam  te tra m in e  to  be o u t o f  the  t r ig o n a l  p la n e ; s in c e  cyclam

is  a s te re o re te n t iv e  l ig a n d ,  i t  w ou ld  fa v o u r a te t ra g o n a l fo rm

o f  th e  in te rm e d ia te , and t h is  fo rm  ove r the  t r ig o n a l- b ip y ra m id

w ou ld  n o t have any marked s y s te m a tic  e f f e c t  on th e  ra te  o f
(30)

r e a c t io n  v . The fo l lo w in g  re p re s e n ts  th e  s k e le ta l  r e la t i o n 

s h ip  o f  the  s q u a re -p y ra m id a l f iv e - c o o r d in a te  in te rm e d ia te  r e s u l t in g  

from  the  re le a s e  o f  w a te r from  tra n s -£ R h (c y c la m )C l(0H2 ) ] +2 ( 3 1 ) ;

C l C l

There was a n o t ic e a b le  le v e l in g - o f f  e f f e c t  o f  th e  f i r s t  

o rd e r  ra te  p lo ts  e s p e c ia l ly  w ith  the  a n a tio n  o f  the  tra n s -lC O H ^) 

w i th  1“  and le s s  n o t ic e a b ly  in  the  a n a tio n  o f  tra n s -C l(0 H P)
(32)

w ith  C l . Prom c a lc u la t io n s ,  u s in g  a q u a tio n  va lu e s  o f  K o p r ic h  

i t  was de te rm ined  th a t  the  le v e l in g - o f f  e f f e c t  o f  the  in d iv id u a l  

k in e t ic  p lo ts  c o u ld  n o t be accounted  f o r  by a p p re c ia b le  a c id  

h y d ro ly s is  o f  the  p ro d u c t.  O n ly  3% o f  the  p ro d u c t peak decrease 

c o u ld  be e x p la in e d  by t h is  re a c t io n  *

The ev idence  a v a ila b le  to  s u p p o rt an SN2 type  mechanism
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Inc lu de s  the sm a ll dependence o f  these a n a tio n  ra te s  on the 

na tu re  o f  the incom ing group (Table IX ) , b.ut la rg e ly  the
«s»

com plete  dependence on the  c o n c e n tra t io n  o f  th e  e n te r in g  g ro u p .

(The c o n c e n tra t io n  range , ( .0 0 3  -  1 .0 0 ) ,  s tu d ie d  h e re in ,  was

l im i t e d  by the  tim e  and te m pe ra tu re  range o ve r w h ich  the  a n a tio n s

c o u ld  be s tu d ie d . )  In  a d d it io n ,  the  A h^  d a ta  (T ab le  X) in d ic a te s

a r e a l  dependence on the  n a tu re  o f  the  incom ing  group ( I~
12 .0  k  c a l m o le" g re a te r  than  Br , w h ich  is  /v  2 .0  k c a l mole

4-
g re a te r  than  C l-" ) .  The p o s i t iv e  A.S va lu e s  s t r o n g ly  s u p p o rt 

d is s o c ia t io n  o r  b o n d -b re a k in g , and does l i t t l e  to  s u p p o rt 

a s s o c ia t io n  o r  bond-m aking, e xce p t f o r  the  1“  a n a tio n  o f  

l( 0 H 2 ) " 2 w h ich  may be accounted  f o r  by the  la rg e  I I  a c c e p tin g  

a b i l i t y  o f  I ’ .

Based on the  r e s u l ts  o f  the  s tu d ie s  o f  these  tra n s *  

[R h (cyc la m )X (0H2 )] +2, th e re  is  no means o f  a s s ig n in g  unam bi

g u ou s ly  a s p e c i f ic  mechanism. The mechanism l i e s  somewhere 

between the  two extrem es o f  t o t a l l y  SN1 o r  SN2 and i t  w ou ld  

be in c o r r e c t  to  suppose th a t  these re a c t io n s  w ou ld  have a 

un ique  mechanism.
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