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A b s t r a c t

Boron a c i d s  r e a c t  wi th  hy d ro xy ac id s  and p o l y o l s  to  g iv e  

t e t r a h e d r a l  complexes in which th e  l i g a n d  i s  b i d e n t a t e ,  and 

two o f  t h e  four  c o o r d i n a t i o n  s i t e s  on boron a r e  occup ied by 

l i g a n d  oxygen a toms.  Boron,  in  th e se  complexes ,  b e a r s  a

c ha rg e  o f  n e g a t i v e  one .  Since th e y  a r e  Lewis a c i d s ,  boron 

a c i d s  d e c r e a s e  th e  pH o f  an aqueous s o l u t i o n  by a d d i t i o n  o f  

a hy d ro x i de  i o n .  This  r e s u l t s  in  an expansion  o f  c o o r d i n a ­

t i o n  number from t h r e e  f o r  th e  n e u t r a l  a c i d s  to four  f o r  the  

t e t r a h e d r a l  a n i o n s .  Both t r i g o n a l  boron a c i d s  and t h e i r  

t e t r a h e d r a l  an io ns  can r e a c t  wi th  l i g a n d s  o f  th e  type  men­

t i o n e d  above t o  g i v e  th e  same t e t r a h e d r a l ,  a n i o n i c  p r o d u c t .  

Format ion o f  th e  complex from th e  t r i g o n a l  form o f  th e  boron 

ac id  i s  bo th  a s u b s t i t u t i o n  and an a d d i t i o n ,  wh i le  t h e  r e a c ­

t i o n s  o f  the  b o r a t e  an io ns  a r e  s u b s t i t u t i o n  r e a c t i o n s ,  t h e  

c o o r d i n a t i o n  number o f  boron remain ing  c o n s t a n t .  Complexa­

t i o n  r e a c t i o n s  o f  t r i g o n a l  boron a c i d s  r e q u i r e  some deg re e  

o f  l i g a n d  donor atom p r o t o n a t i o n .  Both the  f u l l y  p r o t o n a t e d  

and t h e  monoanionic forms o f  th e  l i g a n d  a r e  r e a c t i v e ,  b u t  

k i n e t i c  r e s u l t s  i n d i c a t e  t h a t  complex fo rmat ion  in th e  case  

o f  l i g a n d  d i a n i o n s  i s  n e g l i g i b l e .  The s t u d i e s  h e r e i n  were 

des ign ed  to  i n v e s t i g a t e  f a c t o r s  i m p o r ta n t  in th e  f o l l o w i n g :

( 1 ) r e a c t i o n s  o f  t r i g o n a l  boron a c i d s  wi th  f u l l y  p r o t o n a t e d  

forms o f  t h e  l i g a n d s ,  ( 2 ) r e a c t i o n s  o f  t r i g o n a l  boron a c i d s  

wi th  l i g a n d  a n i o n s ,  and ( 3 ) r e a c t i o n s  o f  t e t r a h e d r a l  b o r a t e  

s p e c i e s .  The v a r i o u s  boron a c i d s  and l i g a n d s  used spanned a



wide range  o f  PKa s ,  a l lo w in g  as sessment  o f  the  e f f e c t  o f  

a c i d i t y  o f  bo th  th e  boron ac id  and th e  l i g a n d  upon the  com­

p l e x a t i o n  r e a c t i o n s .

The r e a c t i o n s  o f  t r i g o n a l  boron a c i d s  wi th  l i g a n d s  in 

which b o t h  l i g a n d  donor atoms a r e  p r o t o n a t e d  in v o lv e  a r a t e  

d e t e r m i n i n g  p ro ton  t r a n s f e r .  The c o r r e l a t i o n  between the

P^a -j o f  the  l i g a n d  and th e  log o f  t h e  r e v e r s e  r a t e  c o n s t a n t  

i s  c h a r a c t e r i s t i c  o f  r e a c t i o n s  where the  r a t e  o f  p ro ton  

t r a n s f e r  depends  upon t h e  magni tude o f  the  d i f f e r e n c e  in 

a c i d i t y  between th e  donor  and the  a c c e p t o r .  Because o f  

v a r i a t i o n s  in l i g a n d  f l e x i b i l i t y  and c h e l a t e  r i n g  s i z e  fo r  

t he  d i f f e r e n t  l i g a n d s ,  t h e  forward r a t e  c o n s t a n t s  do no t  ex­

h i b i t  t h i s  p r e c i s e  c o r r e l a t i o n .  In t h e  complex,  a l l  l i g a n d s  

a r e  c o n s t r a i n e d  to  th e  same geomet ry ,  and t h e s e  f a c t o r s  a r e  

not  o f  major  impor tance  in the  r e v e r s e  d i r e c t i o n .  For r e a c ­

t i o n s  o f  a s i n g l e  l i g a n d  wi th  s e v e r a l  boron a c i d s ,  l i g a n d  

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

t i o n  wi th  pKg i i S obse rve d  fo r  both th e  forward and r e v e r s e  

r a t e  c o n s t a n t s .

The l i g a n d  anion r e a c t i o n s  a r e  h i g h l y  l i g a n d  dependent  

and r e p r e s e n t  th e  f i r s t  s tudy  o f  r e a c t i o n s  o f  t h i s  t y p e .  

P r o p e r t i e s  such as  l i g a n d  a c i d i t y ,  l i g a n d  f l e x i b i l i t y ,  

i n t e r n a l  hydrogen bond ing ,  and c h e l a t e  r i n g  s i z e  a r e  a l l  im­

p o r t a n t  in d e t e r m i n i n g  the  complexa t ion  b e h a v io r  o f  the  

l i g a n d  a n i o n s .  As expec ted  f o r  l i g a n d  dependen t  p r o c e s s e s ,  

t h e  r e a c t i o n s  o f  v a r i o u s  boron a c i d s  wi th  a s i n g l e  l i g a n d
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an ion  show l i t t l e  v a r i a t i o n  in  forward r a t e  c o n s t a n t .

The t e t r a h e d r a l  b o r a t e  an i o n s  undergo complexa t ion  v i a  

a r e a c t i o n  which can be viewed as  a c o n d e n s a t i o n  between two

hydroxyl  g roups  o f  b o r a t e  and two l i g a n d  hydroxy l  g roups .  

S i m i l a r l y ,  th e  t e t r a h e d r a l  complexes o f  b o r i c  acid  can un­

dergo co n d e n s a t io n  wi th  a second l i g a n d  mole cu l e  t o  form the  

1:2 b o r i c  a c i d : l i g a n d  s p e c i e s .  Re ac t io ns  o f  th e  

t e t r a h e d r a l  b o r a t e  an io ns  wi th  f u l l y  p r o t o n a t e d  l i g a n d s  seem 

t o  have r e l a t i v e l y  l j r g e  r a t e  c o n s t a n t s .  An i m p o r t a n t  f a c ­

t o r  h e r e  may be th e  l e n g t h e n i n g  o f  the  B-0 bond r e l a t i v e  to  

t h a t  o f  th e  t r i g o n a l  form. For th e  r e a c t i o n s  o f  b o r a t e  an­

i o n s  wi th  l i g a n d  a n i o h s ,  ch a rge  r e p u l s i o n  may a l s o  p lay  a 

r o l e .  In th e  ca se  o f  b o r i c  ac id  r e a c t i o n s  wi th  c a t e c h o l s ,  

no a p p r e c i a b l e  amount o f  1:2  complex i s  formed in s o l u t i o n .  

Since b o r i c  ac id  does form 1:2 complexes both wi th  l i g a n d s  

which a r e  more a c i d i c  and wi th  l i g a n d s  which a re  l e s s  a c i d ­

i c ,  t h i s  s u g g e s t s  t h a t  f l e x i b i l i t y  o f  an a l r e a d y  bound 

l i g a n d  i s  im p o r ta n t  when subs eq uen t  c h e l a t i o n  i s  p o s s i b l e .

The boron ac id  sys tems t h u s  a f f o r d  th e  o p p o r t u n i t y  to  

s t u d y  ( 1 ) r e a c t i o n s  i n v o l v i n g  r a t e  d e t e r m i n i n g  p ro ton  

t r a n s f e r  ( 2 ) dynamics o f  l i g a n d  dependent  p r o c e s s e s ,  and ( 3 ) 

t h e  i n f l u e n c e  o f  a f i r s t  bound l i g a n d  upon f u r t h e r  complexa­

t i o n  s t e p s .  These im p o r ta n t  p r o c e s s e s  a r e  by no means 

unique to  r e a c t i o n s  o f  boron a c i d s ,  and th e  r e s u l t s  o f  t h e s e  

s t u d i e s  should f ind  wide a p p l i c a b i l i t y  in more g e n e r a l  a r e a s  

o f  complexa t ion  c h e m i s t r y .
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CHAPTER ONE
*

I n t r o d u c t i o n  to  Boron Acid Chemist ry

H i s t o r i c a l  Development o f  th e  F i e l d

I t  has  long been known t h a t  b o r i c  a c i d ,  a weak a c i d ,  

can be t i t r a t e d  to  a p h e n o l p h t h a l e i n  en d p o i n t  in  th e  p r e s ­

ence o f  c e r t a i n  polyhydroxy " a c t i v a t o r s "  such as g l y c e r i n e  

and m a n n i t o l .  In f a c t ,  i t  was f i r s t  r e p o r t e d  by Biot^ in  

1848 t h a t  a s o l u t i o n  o f  b o r i c  ac id  tu rn ed  l i t m u s  red  upon 

a d d i t i o n  o f  c e r t a i n  s u g a r s .  S e v e r a l  y e a r s  p r i o r  to t h i s ,  in 

1835, B io t  had a l s o  d i s c o v e r e d  t h a t  b o r i c  ac id  had t h e  e f ­

f e c t  o f  a l t e r i n g  the  o p t i c a l  r o t a t i o n  o f  t a r t a r i c  a c id  s o l u ­

t i o n s .  In a d d i t i o n ,  i t  was a l s o  d i s c o v e r e d  t h a t  s o l u t i o n s  

c o n t a i n i n g  b o r i c  ac id  and one o f  t h e  polyhydroxy compounds 

known to  behave as  an a c t i v a t o r  e x h i b i t e d  c o n d u c t i v i t i e s  

which were g r e a t e r  than th e  sum o f  th e  i n d i v i d u a l  conduc­

t i v i t i e s .  v a n ' t  H o f f , 2 in  th e  l a t e  1 8 0 0 ' s ,  a t t r i b u t e d  t h e s e  

phenomena (enhanced a c i d i t y ,  changes  in  o p t i c a l  r o t a t i o n ,  

and enhanced c o n d u c t i v i t y )  to  th e  fo rm a t io n  o f  some s o r t  o f  

complex between b o r i c  ac id  and the  p o l y o l s  which produced 

t h e s e  e f f e c t s .  I t  i s  wel l  e s t a b l i s h e d ,  now, t h a t  boron 

a c i d s  and c e r t a i n  d ihydroxy  compounds do indeed form com­

p l e x e s  in  s o l u t i o n .  In t h e s e  complexa t ion  r e a c t i o n s ,  boron



i s  known to  a c t  a s  a Lewis ac id  and t o  undergo a change in  

c o o r d i n a t i o n  number from t h r e e  to  f o u r ,  a l s o  g a i n i n g  a f o r ­

mal n e g a t i v e  c h a rg e  o f  minus one .  The boron atom i s  

t e t r a h e d r a l l y  c o o r d i n a t e d  to  th e  two hydroxy l  oxygens o f  t h e  

l i g a n d  a s  shown in  th e  r e a c t i o n  sequence  below:

The d e t e r m i n a t i o n  o f  th e  n a t u r e  o f  th e  p r o d u c t  o f  t h i s  com­

p l e x a t i o n  r e a c t i o n  spanned a t ime  p e r io d  o f  over  one hundred 

y e a r s ,  and encompassed some very  i n t e r e s t i n g  c h e m i s t r y .  As 

l a t e  as  1955, Gould,  in  h i s  book on i n o r g a n i c  r e a c t i o n s ,  

wro te  t h e  f o l l o w i n g  co n c er n in g  the  d e c r e a s e  in pH o f  a s o l u ­

t i o n  o f  b o r i c  ac id  upon a d d i t i o n  o f  a p o l y o l :

"A number o f  i n t e r e s t i n g  e x p l a n a t i o n s  have been proposed to  

a c c o u n t  f o r  t h i s  i n c r e a s e  in a c i d i t y ,  b u t  none ap pe ar  con­

v i n c i n g  . 3-

Combining t h e  f a c t  t h a t  changes  in o p t i c a l  r o t a t i o n  oc ­

cur  upon r i n g  f o r m a t i o n  wi th  t h e  f a c t  t h a t  t h r e e  moles  o f  

b o r i c  ac id  a r e  a c t i v a t e d  by one mole o f  m a n n i t o l  ( a  po ly hy ­

droxy m o le c u l e  wi th s i x  -OH g r o u p s ) ,  v a n ' t  Hoff2 a r r i v e d  a t  

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

ac id  m o l e c u l e  and two hydroxy l  g roups  was formed:

+

OH

OH +
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The p ro ton  o f  th e  complex thu s  formed was p resumably more 

a c i d i c  than t h a t  o f  b o r i c  ac id  i t s e l f .  In t h e  e a r l y  1 9 0 0 ' s ,  

Boeseken,  Hermans, and Meulenhoff  made an e x t e n s i v e  s tu dy  o f  

t h e  n a t u r e  o f  th e  compounds which could  produce enhanced 

a c i d i t y  and c o n d u c t i v i t y  e f f e c t s  in b o r i c  a c i d .  Boeseken1* 

s t u d i e d  th e  e f f e c t s  o f  c a t e c h o l  {1 , 2 - d i h y d r o x y b e n z e n e ) , py-  

r o g a l l o l  ( 1 , 2 , 3- t r i h y d r o x y b e n z e n e )  , and r e s o r c i n o l  C1 , 3-  

d ihydroxybenzene)  on aqueous b o r i c  ac id  and found t h a t  whi le  

c a t e c h o l  and p y r o g a l l o l  ac ted  to  produce an i n c r e a s e  in con­

d u c t i v i t y ,  r e s o r c i n o l  d id  n o t .  From t h e s e  d a t a ,  he d e t e r ­

mined t h a t  th e  two hydroxyl  g roups  must be a d j a c e n t  to  one 

a n o t h e r  f o r  a p a r t i c u l a r  m ol ecu le  to  a c t  as  an " a c t i v a t o r ” . 

Thi s  was not  th e  s o l e  r e q u i r e m e n t ,  however,  a s  shown by the  

i n a b i l i t y  o f  e t h y l e n e  g l y c o l  ( 1 , 2 - e t h a n e d i o l ) t o  a c t i v a t e  

s o l u t i o n s  o f  b o r i c  a c i d .  In a d d i t i o n  to  th e  c o n d i t i o n  t h a t

t h e  d i o l  be a 1 , 2 - d i o l ,  i t  was a p p a r e n t  t h a t  t h e s e  two hy-  
*

droxy groups  had a l s o  to  be p r o p e r l y  o r i e n t e d ,  t h a t  i s ,  c i s  

to  each o t h e r ,  Boeseken went on to  use t h e s e  two c r i t e r i a  

to  de te rm in e  t h e  s t r u c t u r e s  o f  some polyhydroxy compounds, 

and t o  d i s t i n g u i s h  c i s  and t r a n s  i som ers  on th e  b a s i s  o f  th e  

e f f e c t  o f  t h e  p o ly o l  on a b o r i c  ac id  s o l u t i o n .  In t h i s  

manner ,  he was a b l e  to  de t e r m in e  th e  s t r u c t u r e s  o f  a  and /? 

d e x t r o s e  ( a  d e x t r o s e  having th e  p roper  c o n f i g u r a t i o n
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and o r i e n t a t i o n  f o r  c o n d u c t i v i t y  and a c i d i t y  e n h a n c e m e n t ) .5

j - O H H O — C

C— OH

H O — C O

C - O H C— OH

c
I
c h 2o h  * c h 2o h

a -d ex trose 0 -d ex tro se

Boeseken^ a l s o  found t h a t  a - h y d r o x y  c a r b o x y l i c  a c i d s  ( t a r ­

t a r i c  a c i d ,  m a l i c  a c i d ,  and l a c t i c  a c i d )  a l s o  ca u se  a de ­

c r e a s e  in  t h e  pH when added t o  a s o l u t i o n  o f  b o r i c  a c i d .  

The r e s u l t s  o f  t h e i r  work l ed  Boeseken,  H e u l e n h o f f ,  and Her­

mans t o  r e s t a t e  t h e  i d e a  proposed by v a n ' t  Hoff  much e a r ­

l i e r :  t h a t  somi s o r t  o f  complex was formed between b o r i c

ac id  and b o th  t h e  p o l y o l s  and a -h y d r o x y  c a r b o x y l i c  a c i d s  

which behaved as  a c t i v a t o r s .  They drew t h i s  c o n c l u s i o n  on 

t h e  b a s i s  o f  th e  f o l l o w i n g  four  phenomena known to  occur  f o r  

a s o l u t i o n  o f  a c t i v a t o r  and b o r i c  a c i d :

( 1 ) t h e  o p t i c a l  r o t a t i o n  o f  o p t i c a l l y  a c t i v e  p o l y o l s  such a s  

d , l - t a r t a r i c  ac id  changed,

( 2 ) t h e  c o n d u c t i v i t y  o f  such  a s o l u t i o n  was g r e a t e r  than  t h e  

sum o f  t h e  c o n d u c t i v i t i e s  o f  b o r i c  ac id  and o f  t h e  a c t i v a ­

t o r  ,

(3 )  t h e  pH o f  t h e  r e s u l t i n g  s o l u t i o n  was d e p r e s s e d  (even 

though  one would e x p e c t  a d e c r e a s e  i n  t h e  i o n i z a t i o n  o f  one
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ac id  upon a d d i t i o n  o f  a n o t h e r  a c i d ) v and

(4)  t h e  m o l e c u l e s  which cou ld  p roduce t h e s e  e f f e c t s  had 

s p e c i f i c  geo m et r i c  r e q u i r e m e n t s .

These e x t e n s i v e  s t u d i e s  o f  b o r i c  ac id  a c t i v a t o r s  l e d  

Boeseken,  Me ulenhof f ,  and Hermans to  th e  same n o t i o n ,  t h a t  

o f  complex f o r m a t i o n ,  which v a n ' t  Hoff  had p o s t u l a t e d ?  i n  

t h e  l a t e  1800 's  However,  a new p i e c e  o f  ev i d e n c e  caused  Her­

mans ,?  in  1925, t o  p ropose  a s t r u c t u r e  d i f f e r e n t  from t h e  

t r i - c o o r d i n a t e  boron complex shown below:  He found t h a t

c e r t a i n  d i o l s  co u l d  r e a c t  wi th  b o r i c  ac id  to  g i v e  t h e  t r i g o ­

na l  boron s t r u c t u r e  and t h a t  th e  a c i d i t y  o f  t h e s e  compounds 

was n o t  i n c r e a s e d ;  t h e r e f o r e ,  t h e  b o r i c  a c i d - a c t i v a t o r  com­

p lex  cou ld  n o t  have th e  t r i g o n a l  s t r u c t u r e .  He was t h e  

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

enhanced a c i d i t y  in v o lv e d  a fo u r  c o o r d i n a t e ,  t e t r a h e d r a l  

boron atom with a formal  n e g a t i v e  c h a r g e :

The a c i d  t h u s  produced would be s t r o n g e r  than  b o r i c  ac i d  i t ­

s e l f ,  and the  p r o d u c t i o n  o f  i o n s  cou ld  n i c e l y  e x p l a i n  t h e  

enhanced c o n d u c t i v i t y .  Meulenhof f  a l s o  f avo red  a 

t e t r a h e d r a l  s t r u c t u r e  in  which t h e  fou r  c o o r d i n a t e  boron was ' 

a c h i r a l  c e n t e r  and th e  complex c ou l d  e x h i b i t  o p t i c a l  ac­

t i v i t y  i f  bound to  two m o l e c u l e s  o f  a c t i v a t o r .  He mixed



b o r i c  ac id  and s a l i c y l i c  ac id  and,  u s i n g  an o p t i c a l l y  a c t i v e  

b a s e ,  i s o l a t e d  th e  2:1  anion which he c h a r a c t e r i z e d  as  hav­

ing  t h e  f o l l o w in g  s t r u c t u r e :

Using t h i s  t e c h n i q u e ,  Meulenhoff  r e s o l v e d  s e v e r a l  o p t i c a l  

i somers  o f  th e  typ e  shown above .  Boeseken and Vermaas® a l s o  

r e p o r t e d  th e  p r e c i p i t a t i o n  from s o l u t i o n  o f  t h e  2 :1  b o r i c  

a c i d - s a l i c y l i c  ac id  complex by an o p t i c a l l y  a c t i v e  b a s e .  

They,  t o o ,  proposed a four  c o o r d i n a t e ,  t e t r a h e d r a l  b or on ,  

and they  p o s t u l a t e d  t h e  fo l l o w in g  two s t e p  mechanism:
no

B OH + R
H O ^

* N  / B- ° H + \  ^  <  X o>  + H3°+ ( 2)O OH O o

I f  a d i o l  was " u n f a v o r a b l e "  ( d id  no t  p roduce  i n c r e a s e s  in  

a c i d i t y  and c o n d u c t i v i t y  o f  b o r i c  ac id  s o l u t i o n s ) ,  i t  was 

presumed t h a t  t h e  p r o d u c t  o f  s t e p  one was th e  s o l e  p r o d u c t ,  

and t h a t  t h e  second s t e p  cou ld  no t  o c c u r .  D e sp i t e  t h e  be­

l i e f  o f  Boeseken,  Meulenhof f ,  and Hermans t h a t  a t e t r a h e d r a l  

boron complex n i c e l y  e x p l a i n e d  t h e i r  d a t a ,  t h e  c onc ep t  was 

n o t  immedia te ly  a c c e p t e d .  In f a c t ,  B a n c r o f t  and Davis^ pub-

,OH

XOH
— — OH + 2H,0 ( l )

\  /  2 w
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l i s h e d  a l e n g t h y  and thorough  paper  in which t h e y  d i s p u t e d  

th e  f a c t  t h a t  a complex o f  any ty pe  was even formed.  I t  was 

t h e i r  h y p o t h e s i s  t h a t  th e  enhanced a c i d i t y  and c o n d u c t i v i t y  

d a t a  cou ld  be e x p l a i n e d  on th e  b a s i s  o f  s o l v e n t  e f f e c t s ;  

t h a t  i s ,  b o r i c  ac id  e x h i b i t e d  i n c r e a s e d  d i s s o c i a t i o n  in  th e  

water- , .  . s o l v e n t  sys tem due to  changes  in s o l v e n t  a s s o ­

c i a t i o n  and d i e l e c t r i c  c o n s t a n t .  In 1943, Rippere and La 

MerlO a t t r i b u t e d  a c t i v a t i o n  t o  complex f o r m a t i o n ,  b u t  s t a t e d  

t h a t  t h e  s t r u c t u r e  had not  c l e a r l y  been d e t e r m i n e d .  Based 

upon s t u d i e s  where t h e  amount o f  water  l i b e r a t e d  by a b o r i c  

a c i d - p o l y o l  r e a c t i o n  was measured ,  t h e y  conc luded t h a t  th e  

two s t e p  mechanism o f  Boeseken and Vermaas ( c f ,  e q u a t i o n s  1 

and 2) was i n c o r r e c t .  They d id  no t  d e t e c t  t h e  water  

mo le c u l e  which,  a c c o r d i n g  to Boeseken,  shou ld  have been p ro­

duced upon f o rm at ion  o f  t h e  2:1  b o r i c  a c i d - p o l y o l  s p e c i e s .  

Thus they  came to  th e  c o n c l u s i o n  t h a t  t h e  complex was t r i g o ­

na l  as proposed by v a n ' t  Hoff much e a r l i e r .

S t r u c t u r a l  S t u d i e s  o f  Boron Acids and T h e i r  Complexes

The f i r s t  r e l a t e d  s t r u c t u r a l  s t u d y  done was a Raman 

s tu dy  o f  th e  b o r a t e  ion i t s e l f  c a r r i e d  ou t  by Edwards e t  

a l . ^  in  1955. From X-ray  c r y s t a l l o g r a p h i c  d a t a , ^  t h e  

t e e p l e i t e  c r y s t a l  ( NaBC^*NaCl*2H2O) i s  known to  have a boron 

atom t e t r a h e d r a l l y  c o o r d i n a t e d  t o  four  oxygen atoms.  Ed-
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wards compared the  IR spec trum o f  t e e p l e i t e  t o  t h e  Raman 

spec trum o f  th e  aqueous b o r a t e  ion and found good agreement  

among th e  v a r i o u s  a c t i v e  v i b r a t i o n s .  The Raman o b t a i n e d  

a l s o  resembled t h a t  o f  t h e  t e t r a h e d r a l  BF^-  i o n .  In a d d i ­

t i o n ,  he c a l c u l a t e d  t h e  number o f  Raman a c t i v e  l i n e s  e x p e c t ­

ed f o r  th e  o t h e r  two p o s s i b l e  s t r u c t u r e s  o f  t h e  b o r a t e  i o n ,  

BO2 -  and H2BO3"* He found t h a t  t h e  number o f  fundamenta l  

bands  p r e d i c t e d  f o r  e i t h e r  o f  t h e s e  s t r u c t u r e s  (one f o r  BOg” 

and s i x  fo r  ^ 1303“ ) was n o t  c o m p a t i b l e  wi th  t h e  exper imen­

t a l l y  o b t a i n e d  spect rum c o n t a i n i n g  fou r  b a n d s .  These p i e c e s  

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

an a c i d  in th e  Bronsted-Lowry s e n s e  ( w i t h  as  ^ e  con­

j u g a t e  b a s e ) ,  b u t  r a t h e r  i s  an a c i d  in t h e  Lewis s e n s e , a s

shown b e l o w :
HO. HO%̂ OH

B— OH + H20  +  H *

HO HO OH

A s t u d y  performed by A n t ik a i n e n ^ 3  on t h e  fo r m a t i o n  o f  

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

than one co m p le x .  Us ing t h e  f o l l o w i n g  e x p r e s s i o n :

HB + nM BMn"  +  H+

he found a dependence o f  th e  e q u i l i b r i u m  c o n s t a n t  upon [M] 

f o r  n=2 , b u t  o b t a i n e d  good e q u i l i b r i u m  c o n s t a n t s  u s in g  

n=1 .81 .  Th i s  conf i rmed  th e  e x i s t e n c e  o f  n o t  o n l y  a 2:1 

m a n n i t o l - b o r i c  ac id  complex,  b u t  a l s o  o f  a 1:1 s p e c i e s .

In an i n v e s t i g a t i o n  o f  a s e r i e s  o f  p o l y o l  complexes  o f



b o r a t e ,  Edwards e t  a l . 11* assumed t h e  f o rm a t i o n  o f  a 1:1 

s p e c i e s  and a 2:1 s p e c i e s  as  w e l l .  They d e t e rm in e d  s t a b i l i ­

t y  c o n s t a n t s  f o r  th e  fo r m a t i on  o f  bo th  complexes  in  a c c o r ­

dance with t h e  f o l l o w i n g  e q u i l i b r i a :

I t  i s  i m p o r t a n t  t o  no te  h e r e  t h e  a s s u m p t i o n s  made by Ed­

ward s .  F i r s t ,  he assumed t h a t  t h e  r e a c t i v e  form o f  b o r i c  

a c id  was t h e  t e t r a h e d r a l  b o r a t e  a n i o n ,  a p o i n t  which w i l l  be 

r e t u r n e d  t o  l a t e r .  And, seco nd ,  he assumed t h a t  t h e  s t r u c ­

t u r e s  o f  bo th  t h e  1:1 and 2: 1  complexes o f  p o l y o l  and b o r a t e  

were t e t r a h e d r a l  wi th  f o u r  oxygen atoms c o o r d i n a t e d  to  the  

boron atom.  Had he m a i n t a i n e d  t h a t  e i t h e r  o f  t h e s e  com­

p l e x e s  were t r i g o n a l ,  he would have a r r i v e d  a t  e x p r e s s i o n s

f o r  Kj a n d / o r  Kg which e x h i b i t e d  d i f f e r e n t  d ep en de nc es  upon 

t h e  hydrogen ion c o n c e n t r a t i o n .  Edwards,  however ,  o b t a i n e d

good v a l u e s  f o r  bo th  s t a b i l i t y  c o n s t a n t s ,  K1 and Kg, u s i n g

B ' + P BP" +• H20

M W

B-  + 2P

M W 2
w h ere:

HO OH -c —O. ,OH

P

- C  OH

C—  OH 
I
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t h e  e q u i l i b r i u m  e x p r e s s i o n s  i n v o l v i n g  t h e  t e t r a h e d r a l  com­

p l e x e s .  Th i s  thermodynamic e v i d e n c e ,  a s  wel l  as  t h e  

knowledge t h a t  boron co u l d  c o o r d i n a t e  t o  four  d i f f e r e n t  oxy­

gen atoms ( a s  in  t h e  b o r a t e  an i o n )  , e s t a b l i s h e d  q u i t e  * wel l  

t h e  t e t r a h e d r a l  n a t u r e  o f  b o r i c  a c i d - p o l y o l  complexes ,  even 

though  no d i r e c t  s t r u c t u r a l  s t u d y  o f  t h e  complex had ye t  

been pe r f o rm e d .

P h e ny l bo ron i c  a c i d ,  a s u b s t i t u t e d  boron ac id  in which 

one o f  t h e  hydroxy l  g roups  has  been r e p l a c e d  wi th  a phenyl  

g r o u p ,  can form 1:1  complexes  wi th  p o l y o l s  bu t  ca n n o t  form 

2 : 1  complexes  s i n c e  t h e  phenyl  g roup b l o c k s  t h e  second ch e­

l a t i o n  s i t e .  Lorand and E d w a r d s 1 ^  measured e q u i l i b r i u m  con­

s t a n t s  f o r  s e v e r a l  p h e n y l b o ro n i c  a c i d - p o l y o l  complexes  and 

c o n c l u d e d ,  on t h e  b a s i s  o f  t h e s e  measurements ,  t h a t  t h e  

p h e n y l b o r o n a t e - p o l y o l  complexes  ( l i k e  t h e  b o r a t e - p o l y o l  com­

p l e x e s )  must i n v o l v e  a t e t r a h e d r a l l y  c o o r d i n a t e d  boron atom:

t h e  p h e n y l b o r o n a t e  an ion i t s e l f  was t e t r a h e d r a l .  They p e r ­

formed a thermodynamic i n v e s t i g a t i o n  o f  t h e  i o n i z a t i o n  o f  

p h e n y l b o ro n i c  a c i d ,  and d i s c o v e r e d  t h a t  t h e  e n t r o p y  o f  i o n i ­

z a t i o n ,  As=-30 . 9  c a l / m o l - d e g ,  was more n e g a t i v e  th a n  th e  

a v e r a g e  e n t r o p y  f o r  th e  f o rm a t i o n  o f  an oxyanion  from a neu­

t r a l  ac id  ( AS=-22 c a l / m o l - d e g ) .  Th i s  v a l u e  o f  A S,

In a s t u d y  i n  1961, Edwards and S e d e r s t r o m ^  de te rm in ed  t h a t
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moreover ,  i s  c l o s e  t o  t h a t  o f  b o r i c  a c i d ,  a Ss- 34.0 

c a l / m o l - d e g ,  which i s  known to  be t e t r a h e d r a l .  The compara­

t i v e l y  low v a l u e  o f  AS, i n d i c a t i n g  an i n c r e a s e  in c o o r d i ­

n a t i o n  number upon i o n i z a t i o n ,  and i t s  s i m i l a r i t y  t o  the  

v a l u e  f o r  b o r i c  ac id  led Edwards and Seders t rom to  conc lud e  

t h a t  b o r a t e  and p h e n y l b o ro n a te  a n i o n s  have s i m i l a r  s t r u c ­

t u r e s .

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

t u r e  o f  boron a c i d - p o l y o l  complexes had been i n d i r e c t  e v i ­

dence:  thermodynamic measurements  such as  f o rm a t i o n  con­

s t a n t s ,  e n t h a l p i e s ,  and e n t r o p i e s  which i n d i c a t e d  a n i o n i c  

complexes o f  i n c r e a s e d  c o o r d i n a t i o n  number; c o n d u c t i v i t y  

measurements  which su gges ted  th e  fo rm at ion  o f  i o n i c  s p e c i e s ;  

enhanced a c i d i t y  which meant t h e  fo rm a t io n  o f  a more a c i d i c  

p ro ton  than  t h a t  o f  th e  boron a c i d ;  t h e  s e p a r a t i o n  o f  o p t i ­

c a l l y  a c t i v e  s p e c i e s  which p resumably c o n t a i n e d  a 

t e t r a h e d r a l l y  c o o r d i n a t e d  boron atom; and th e  knowledge 

(from Raman s p e c t r o s c o p y )  t h a t  th e  b o r a t e  ion in  s o l u t i o n  

c o n t a in e d  a four  c o o r d i n a t e  boron atom. From t h e s e  d a t a ,  a 

t e t r a h e d r a l ,  a n i o n i c  boron a c i d - p o l y o l  complex ( w i t h  four  

oxygens c o o r d i n a t e d  to  boron) had been i n f e r r e d ,  b u t  no 

s t r u c t u r a l  s tu dy  o f  t h e  aqueous complex had been performed 

as  y e t .

I n f r a r e d  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  o f  b o r i c  ac id  and 

l a c t i c  ac id  as  wel l  as  b o r i c  ac id  and s a l i c y l i c  ac id  sys tems  

were c a r r i e d  ou t  in  1970 and 1971 by Larsson and Nunzia-
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t a . 1 7 » l 8  They de te rmined  th e  c o o r d i n a t i o n  number o f  boron 

by o b s e rv in g  t h e  B-0 bond s t r e t c h i n g  f r e q u e n c y .  The t r i g o ­

na l  B—0 s t r e t c h  o f  BtOH)^ a p p e a r s  a t  v =1410 cm""̂  and the 

B-0 s t r e t c h  o f  BfOH)^-  a p p e a r s  a t  v =945 cra-1; t h i s  d e ­

c r e a s e  in s t r e t c h i n g  f re quency  i s  i n d i c a t i v e  o f  t h e  d e c r e a s e  

in bond o r d e r  upon co nve rs io n  from the t r i g o n a l  b o r i c  ac id  

to the  t e t r a h e d r a l l y  c o o r d i n a t e d  complex.  Examinat ion o f  

t h e  IR s p e c t r a  o f  t h e  b o r i c  ac id  complexes o f  bo th  l a c t i c  

ac id  and s a l i c y l i c  ac id  showed not  o n ly  t h a t  both  th e  1:1 

and 2: 1  complexes were p r e s e n t ,  bu t  a l s o  t h a t  both  were 

t e t r a h e d r a l .  In 1972, O e r t e l 1 ^ p u b l i s h e d  a Raman s t u d y  o f  

t h e  s t r u c t u r e s  o f  b o r i c  ac id  complexes o f  s e v e r a l  1*2 -  and 

1 , 3 - d i o l s .  His d a t a  e s t a b l i s h e d  t h a t  t h e  s t r u c t u r e s  o r i g i ­

n a l l y  proposed by Hermans were indeed the  c o r r e c t  o n e s .  The 

1:1 and 1:2  complexes c o n t a i n  f i v e  o r  s ix  membered c h e l a t e  

r i n g s  and a boron atom which i s  t e t r a h e d r a l l y  c o o r d i n a t e d  t o  

four  oxygen atoms.

General  C h a r a c t e r i s t i c s  o f  Boron Acids

Bor ic  a c i d ,  t h e n ,  a c t s  as  a Lewis a c i d ,  u s in g  a vac an t  

p o r b i t a l  t o  a c c e p t  e l e c t r o n s  and form a c o v a l e n t  bond.  The 

t r i g o n a l  p l a n a r  b o r i c  ac id  i s  o f  s p 2 h y b r i d i z a t i o n  with a 

formal  charge  o f  ze ro  on th e  boron atom; t h e  t e t r a h e d r a l  an­

ion i s  o f  sp3 h y b r i d i z a t i o n ,  and the  boron atom here  b e a r s  a



c h a r g e  o f  n e g a t i v e  o n e .  V a r i a t i o n  o f  t h e  s u b s t i t u e n t s  bond­

ed t o  the  boron can i n c r e a s e  or  d e c r e a s e  t h e  Lewis a c i d i t y  

o f  t h e  boron a c i d ,  and t h i s  has  been a t t r i b u t e d  in p a r t  to  

bac kbonding .  S e v e ra l  e x p e r i m e n t a l  f a c t o r s  have  l e n t  

c r e d e n c e  t o  th e  e x i s t e n c e  o f  backbonding in boron compounds.  

F i r s t ,  t h e s e  compounds can e x i s t  in monomeric s t a t e s ,  

whereas  compounds o f  aluminum and g a l l i u m  use t h e  v a c a n t  p 

o r b i t a l s  in  forming d i m e r s ,  and do n o t  e x i s t  in  a monomeric 

f o r m . 2° T h is  i n d i c a t e s  t h a t  backbonding s t a b i l i z e s  th e

t r i g o n a l  boron compounds,  s i n c e  d i m e r i z a t i o n  would n e c e s ­

s a r i l y  cause  a l o s s  o f  backbond ing .  Second,  f o r c e  c o n s t a n t  

c a l c u l a t i o n s  from t r i g o n a l  boron f r e q u e n c i e s  s u g g e s t  s i g n i ­

f i c a n t  b a c k b o n d in g . 21 And, f i n a l l y ,  NMF d a t a  show t h a t  

t r i g o n a l  boron compounds e x h i b i t  h i n d e r e d  r o t a t i o n  abou t  t h e  

b o r o n - l i g a n d  s i n g l e  b o n d . 22 i t  i s  i m p o r t a n t  to  no te  t h a t  

t h e  de g re e  o f  backbonding may a f f e c t  t h e  a c i d i t y  o f  a p a r ­

t i c u l a r  boron compound, s i n c e  t h e  l o s s  o f  t h i s  backbonding

i n t e r a c t i o n  may oppose t h e  fo rm a t i on  o f  t h e  t e t r a h e d r a l  an­

i o n .

The t r i g o n a l - t e t r a h e d r a l  e q u i l i b r i u m ,  shown below,  i s  

r a p i d l y  e s t a b l i s h e d ,  as  shown by Eyr ing e t  a l . 23

The pKg o f  b o r i c  ac id  has  been e s t a b l i s h e d  by many t e c h ­

n i q u e s ;  s t u d i e s  c a r r i e d  o u t  by I n g r i 2** show i t  t o  have a
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v a l u e  o f  9*0.  Edwards a t t r i b u t e d  th e  f a c t  t h a t  b o r i c  ac id  

i s  a weak a c i d  to  e n t r o p i c  r a t h e r  than  e n t h a l p i c  e f f e c t s  

s i n c e  t h e  change in e n t r o p y  o f  b o r i c  ac id  upon i o n i z a t i o n  i s  

-3it c a l / m o l - d e g .

In i t s  co m plexa t io n  r e a c t i o n s  wi th  p o l y o l s  and « -

h y d r o x y c a r b o x y l i c  a c i d s ,  b o r i c  ac id  a l s o  a c t s  a s  a Lewis

a c i d ,  a c c e p t i n g  e l e c t r o n s  wi th  th e  f o r m a t i o n  o f  a c o v a l e n t

bond .  These r e a c t i o n s  p roceed wi th  a r e h y b r i d i z a t i o n  o f

boron from s p 2  t o  s p 3 .  S p e c i e s  o f  t h e  ty p e  shown below a r e

u n s t a b l e ,  and a r e  r a p i d l y  hydr o ly ze d  back t o  b o r i c  a c i d . 25
ron  JOR

R*H
RCr OR

The c h e l a t e  e f f e c t ,  however ,  s t a b i l i z e s  complexes  o f  b i d e n -  

t a t e  l i g a n d s .  Complexat ion in  t h e  c a s e  o f  b o r o n - h a l i d e  com­

pounds i s  accompanied by an i n c r e a s e  in  B-X bond d i s t a n c e  

and a d e c r e a s e d  B-X bond a n g l e . T h i s  a g r e e s  wi th t h e  XR 

and Raman d a t a  o b t a i n e d  by E d w a r d s , ^  Lar ss on  and Nunzia-  

t a , 1? * 1® and O e r t e l , 1^ and a l s o  e s t a b l i s h e s  t h e  t e t r a h e d r a l  

s t r u c t u r e  o f  t h e  complex.  F i n a l l y ,  i t  has  been shown, wi th  

t h e  use o f  o p t i c a l l y  a c t i v e  l i g a n d s ,  t h a t  i t  i s  t h e  B-0 bond 

r a t h e r  than  t h e  C-0 bond which i s  c l e a v e d  upon c o o r d i n a ­

t i o n .  27 ,28 S u b s t i t u t e d  boron a c i d s  ( su ch  as  p h e n y l b o ro n i c  

a c i d )  behave s i m i l a r l y ,  bu t  do n o t  a f f o r d  t h e  p o s s i b i l i t y  o f  

2:1 complex f o rm a t i o n  s i n c e  t h e  second c h e l a t i o n  s i t e  i s  

b l o c k e d .



In summary, t h e  f o l l o w i n g  s t a t e m e n t s  can be made:

(1 )  boron a c i d s  a r e  Lewis a c i d s ,  and e x h i b i t  a change in 

formal  cha rge  as  we l l  as  c o o r d i n a t i o n  number upon i o n i z a t i o n  

and c o m p l e x a t i o n ,

(2 )  t h e r e  i s  e v i d e n ce  f o r  th e  e x i s t e n c e  o f  backbonding in 

t h e  t r i g o n a l  forms o f  boron a c i d s ,  and t h i s  may a f f e c t  r e l a ­

t i v e  a c i d i t i e s ,

(3 )  t h e  a c id  i o n i z a t i o n  e q u i l i b r i a  a r e  r a p i d l y  e s t a b l i s h e d ;  

t h e  i o n i z a t i o n  c o n s t a n t s  show t h e s e  a c i d s  to  be weak, and

(4)  t h e s e  a c i d s  form 1:1 (and 2:1  in  t h e  c a s e  o f  b o r i c  ac id )  

complexes wi th  f i s s i o n  o f  t h e  B-0 bond; t h e s e  complexes  a r e  

s t a b i l i z e d  by th e  c h e l a t e  e f f e c t .

I n t r o d u c t i o n  to  Boron Acid K i n e t i c s

I t  i s  no t  s u r p r i s i n g  t h a t  an i n t e r e s t  in  t h e  k i n e t i c s  

o f  t h e s e  boron a c id  c o m pl ex a t io n  r e a c t i o n s  sh ou ld  appear  

wi th  t h e  i n t e n t  o f  e l u c i d a t i n g  th e  r e a c t i o n  mechanism.  The 

r e a c t i o n  p rocee ds  t o  g i v e  a t e t r a h e d r a l ,  a n i o n i c  p r o d u c t  in 

which bo th  l i g a n d  p r o t o n s  have been d i s p l a c e d ,  and one o f  

t h e  boron a c id  hydroxy g roups  has  been r e p l a c e d  by a l i g a n d  

donor  a t om .

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

) + H-,0+



t i o n s  o f  boron a c i d s  with a  - h y d r o x y c a r b o x y l i c  a c i d s  and po- 

l y o l s ,  t h e r e b y  n e c e s s i t a t i n g  th e  use o f  f a s t  k i n e t i c  t e c h ­

n i q u e s .

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

o u t  by Kust in  and P i z e r , 2 9  was a t e m p e r a t u r e - j u m p  s t u d y  o f  

t h e  com plexa t io n  r e a c t i o n  o f  b o r i c  a c id  and t a r t a r i c  a c i d .  

They looked a t  th e  r e a c t i o n s  o f  b o th  t a r t a r i c  ac id  and the  

t a r t r a t e  a n i o n .  Because t h e  l i g a n d  an ion  r e a c t e d  more s low­

l y  w i th  b o r i c  ac id  than d i d  th e  f u l l y  p r o t o n a t e d  form o f  t h e  

l i g a n d ,  t h e y  conc luded  t h a t  l i g a n d  a c i d i t y  was an i m p o r t a n t  

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

donor  atom p r o t o n a t i o n  a l s o  played  an i m p o r t a n t  r o l e .  The 

mechanism t h a t  t h e y  p roposed invo lve d  a t t a c k  by t h e  hydroxyl  

oxygen on th e  boron atom fo l lowed  by r i n g  c l o s u r e  v i a  l o s s  

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

p h e n y l b o r o n i c  ac id  with th e  d i c a r b o x y l i c  a c id  o x a l i c  ac id  30 

a l s o  s u gg e s t ed  t h a t  t h i s  mechanism was in  o p e r a t i o n ;  t h e  

p r o t o n a t e d  l i g a n d  r e a c t e d  wi th  a r p t e  c o n s t a n t  g r e a t e r  than 

t h e  b i n o x a l a t e  a n i o n ,  i n d i c a t i n g  t h a t  hydrogen bonding  from 

t h e  l i g a n d  c a rb o x y l  g roup t o  th e  l e a v i n g  hydroxy l  on boron 

may be i m p o r t a n t .

^  Cx' + H 30 +

P i z e r  e t  a l . a l s o  i n v e s t i g a t e d  the  c o m p l e x a t i o n  o f  p h en y l -
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boron i c  ac id  wi th  L a c t i c  a c i d 3 1  and with malonic  a c i d , 3 2  a n d 

found t h a t  th e  r a t e  c o n s t a n t s  f o r  the  f u l l y  p r o t o n a t e d  forms 

o f  th e  l i g a n d s  were in agreement  wi th  t h e  mechanism p i c t u r e d  

above.  That  i s ,  one would ex pe c t  t h e  more a c i d i c  l i g a n d s  t o  

r e a c t  f a s t e r ,  and the  r a t e  c o n s t a n t s  f o r  th e  r e a c t i o n s  o f  

ph e n y l b o ro n ic  ac id  wi th o x a l i c  ac id  (pKa=i . 0 H ) ,  malon ic  ac id  

( P Ka = 2 . 5 9 ) ,  and l a c t i c  ac id  ( p K a = 3 . 7 0 )  r e f l e c t  t h i s .

A compar ison o f  th e  r a t e  c o n s t a n t s  o f  t h e  f u l l y  p r o ­

t o n a t e d  form o f  th e  l i g a n d  with t h a t  o f  th e  l i g a n d  anion fo r  

o x a l a t e ,  m a l o n a t e ,  and t a r t r a t e  showed t h a t  f o r  each o f  

t h e s e ,  t h e  an ion r e a c t e d  more s lo wly  (an o b s e r v a t i o n  con­

s i s t e n t  wi th  a mechanism in which p ro to n  t r a n s f e r  a i d s  in 

t h e  l e a v i n g  o f  the  h y d r o x y l ) .  In i t s  r e a c t i o n s  wi th ph en y l ­

boron ic  a c i d ,  however ,  t h e  l a c t a t e  anion r e a c t e d  wi th  a r a t e  

c o n s t a n t  g r e a t e r  than t h a t  o f  l a c t i c  ac id  by more than an 

o r d e r  o f  m a g n i t u d e . 31 The a u t h o r s  p o s t u l a t e d  t h a t  t h i s  

phenomenon could  be th e  r e s u l t  o f  an i n t e r a c t i o n  between the  

c a r b o x y l a t e  group o f  th e  l a c t a t e  anion and the  phenyl  r i n g  

o f  t h e  p h eny l bor on i c  a c i d .  This  i n t e r a c t i o n  becomes ap­

p a r e n t  in an i n c r e a s e d  r a t e  o f  r e a c t i o n  over  t h a t  which 

would be n or m al ly  e x p e c t e d .

The k i n e t i c  s tu dy  o f  t h e s e  four  sys tems  ( b o r i c  

a c i d / t a r t a r i c  a c i d ,  phe n y l b o ro n ic  a c i d / l a c t i c  a c i d ,  ph en y l ­

boron ic  a c i d / o x a l i c  a c i d ,  and phe n y l b o ro n ic  a c i d / m a l o n i c  

ac id )  l ed  to  th e  f o l lo w in g  c o n c l u s i o n s :

(1)  complexa t ion  may occur  by l i g a n d  hydroxyl  a t t a c k  on the
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empty boron p o r b i t a l ,  fo l lowed  by r i n g  c l o s u r e  v i a  l o s s  o f  

a water  m o le c u l e ,

(2)  l i g a n d  a c i d i t y  p la y s  an i m p o r t a n t  r o l e  in  t h e  r a t e  o f  

c o m p l e x a t i o n ,

(3)  r i n g  c l o s u r e  must occur  immedia te ly  upon l o s s  o f  th e  hy­

droxy l  group to avoid h y d r o l y s i s  as  a r e s u l t  o f  th e  ra p id  

t r i g o n a l - t e t r a h e d r a l  i n t e r c o n v e r s i o n ,

(4)  some degree  o f  l i g a n d  p r o t o n a t i o n  i s  r e q u i r e d ,  a s  e v i ­

denced by t h e  f a i l u r e  o f  l i g a n d  d i a n i o n s  to  r e a c t , 30,32

(5) as in metal  ion c h e m i s t r y ,  any i n t e r a c t i o n  which i n ­

c r e a s e s  r e a c t a n t  a s s o c i a t i o n  or  p r o p e r l y  o r i e n t s  th e  r e a c ­

t a n t s  w i l l  i n c r e a s e  th e  r a t e  c o n s t a n t ,  and

(6)  c h e l a t e  r i n g  s i z e  i s  an o t h e r  f a c t o r  which a f f e c t s  r e l a ­

t i v e  r a t e  c o n s t a n t s . 32

Comparison wi th  Other  K i n e t i c  Systems

Although no p a r a l l e l  between meta l  oxyanion r e a c t i o n s  

and the  r e a c t i o n s  o f  metal  c a t i o n s  can be drawn,  t h e r e  a r e  

s e v e r a l  marked s i m i l a r i t i e s  between th e  boron ac id  complexa­

t i o n  p r o c e s s e s  and th ose  o f  o x ya n i on s .  Metal c a t i o n  s u b s t i ­

t u t i o n  c h e m is t ry  i s  dominated by ion p a i r i n g  c o n s t a n t s  and 

water  exchange r a t e s , 33 and shows l i t t l e  l i g a n d  d i s c r i m i n a ­

t i o n .  Oxyanions,  on the  o t h e r  hand,  may undergo s t r u c t u r a l  

changes  upon c o m plexa t io n ,  and a re  s e n s i t i v e  t o  the  n a t u r e
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o f  t h e  l i g a n d .  S t u d i e s  o f  the  molybdate and t u n g s t a t e  oxy-  

anions3^ i n d i c a t e  t h a t  some degree  o f  p r o t o n a t i o n  o f  e i t h e r  

the  l i g a n d  or the  oxyanion i s  r e q u i r e d .  F u r t h e rm o re ,  r e a c ­

t i o n s  o f  u n pr o t ona te d  l i g a n d  with unp ro to n a t e d  oxyanion and 

o f  f u l l y  p r o t o n a t e d  l i g a n d  with f u l l y  p r o t o n a t e d  oxyanion do 

no t  o c c u r ,  i n d i c a t i n g  t h a t  no r e a c t i o n  can t a k e  p lace  

w i thou t  p ro ton  t r a n s f e r .  This  i s  s i m i l a r ,  to  some e x t e n t ,  

to  the  r eq u i r em en t  o f  l i g a n d  donor atom p r o t o n a t i o n  in boron 

ac id  complexa t ion  r e a c t i o n s ,  and to the  id e a  o f  a r a t e  

d e t e r m in in g  p ro ton  t r a n s f e r .  There i s  a dependence o f  th e

r a t e s  o f  both  th e  p ro to n a te d  and un pr o t ona te d  forms o f

molybdate and t u n g s t a t e  upon l i g a n d  b a s i c i t y ;  t h i s  was ex­

p la in ed  by th e  a u t h o r s 3 1* on th e  b a s i s  o f  th e  l i g a n d ’ s a b i l i ­

t y  to  p a r t i c i p a t e  in  hydrogen bonding to  a id t h e  l e a v i n g  hy­

d r o x y l .

The molybda te ,  MoO^-,  and t u n g s t a t e  oxyan ions

have a t e t r a h e d r a l  s t r u c t u r e . 35 Upon co m p le x a t i o n ,  th e y  un­

dergo an expans ion  o f  c o o r d i n a t i o n  number to form o c t a h e d r a l  

complexes .  In t h e i r  p r o t o n a t e d  forms,  t h e s e  oxyan ion s  a r e  

most l i k e l y  o c t a h e d r a l ,  as i n d i c a t e d  by t h e  f a c t  t h a t  the  

a d d i t i o n  o f  a p ro ton  i s  no t  d i f f u s i o n  c o n t r o l l e d ,  and may 

p o i n t  to  a change in c o o r d i n a t i o n  number upon p r o t o n a ­

t i o n . 36, 37 Thus,  r e a c t i o n s  in v o l v i n g  the  unp r o to n a te d

MoO^-  and W0^2 -  io n s  a r e  a d d i t i o n  r e a c t i o n s ,  wh i le  th e  

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

r e a c t i o n s .  Complexation o f  t r i g o n a l  boron a c i d s  i n v o l v e s
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a d d i t i o n  and s u b s t i t u t i o n ;  t h e  c o o r d i n a t i o n  number o f  boron 

i s  i n c r e a s e d  from t h r e e  to  f o u r ,  and one o f  th e  boron hy­

droxy l  g roups  i s  d i s p l a c e d  by a l i g a n d  donor atom. In a d d i ­

t i o n ,  r e a c t i o n s  o f  th e  t e t r a h e d r a l  b o r o n a t e  an i o n s  ( l i k e  the  

r e a c t i o n s  o f  p r o t o n a t e d  oxyan ions )  a r e  s u b s t i t u t i o n  r e a c ­

t i o n s  .

To summarize,  th e  fo l l o w in g  m e c h a n i s t i c  s i m i l a r i t i e s  

a r e  ob se rve d :

(1)  both boron a c i d s  and oxy an io ns ,  u n l i k e  meta l  c a t i o n s ,  

show l i g a n d  d i s c r i m i n a t i o n  on th e  b a s i s  o f  s p e c i f i c  l i g a n d  

geometry and l i g a n d  b a s i c i t y ,

(2)  both  r e q u i r e  some degree  o f  p r o t o n a t i o n  o f  b in d in g  

s i t e s ,

(3)  both  have a r e a c t i v e  form which undergoes  expans ion  o f  

c o o r d i n a t i o n  number upon c o m p le x a t i o n ,  and

(M) both emphasize p ro ton  t r a n s f e r  as  i m p o r ta n t  in th e  t r a n ­

s i t i o n  s t a t e .

For th e s e  r e a s o n s ,  t h e  s tu dy  o f  boron ac id  r e a c t i o n s  i s  o f
«

v a l u e  not  o n ly  in  d e t e r m i n i n g  the  d e t a i l s  o f  boron ac id  com­

p l e x a t i o n ,  bu t  a l s o  in p rob ing th e  more g e n e r a l  c l a s s  o f  

r e a c t i o n s  which a r e  dependen t  upon l i g a n d  p r o p e r t i e s  such as 

b a s i c i t y ,  geom et r y ,  and deg re e  o f  b in d in g  s i t e  p r o t o n a t i o n .

S t u d i e s  o f  t h e  e f f e c t  o f  s u b s t i t u t e d  boron a c i d s ,  

RB(0H>2f on enzymes and coenzymes have shown t h a t  the  Lewis 

a c i d i t y  o f  th e  boron as  wel l  as  th e  p a r t i c u l a r  a l k y l  or  a r y l  

g rou p ,  R, a r e  i m p o r t a n t .  There i s  much i n f o r m a t i o n  which
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can be ga ined  from an i n v e s t i g a t i o n  o f  boron acid-enzytne 

s ys t em s ;  a knowledge o f  boron ac id  r e a c t i o n s  i n d i c a t e s  t h a t  

p r o t o n a t i o n  w i l l  p lay  an i m p o r ta n t  r o l e .  When enzymes r e a c t  

wi th  a p a r t i c u l a r  s u b s t r a t e ,  h ig h  energy  m e t a s t a b l e  sub­

s t r a t e s  a r e  formed which then c o n t i n u e  on to  e v e n t u a l l y  g i v e  

p r o d u c t s .  In o r d e r  to s tu dy  enzyme mechanisms and s t r u c ­

t u r e s ,  i t  i s  d e s i r a b l e  to  f ind  an a lo gue s  o f  t h e s e  m e t a s t a b l e  

s t a t e s  which resemble  th e  e n z y m e - s u b s t r a t e  s p e c i e s  in s t r u c ­

t u r e  and c h a r g e ,  bu t  which a re  s t a b l e  enough t o  a l lo w  i n v e s ­

t i g a t i o n .  Some s u b s t i t u t e d  boron a c i d s  a c t  as  s p e c i f i c  en­

zyme i n h i b i t o r s  f o r  s u b t i l i s i n  Ca r l sbe rg 38  and a -  

c h y m o t r y p s i n ,39 and are  th ou ght  to  be t r a n s i t i o n  s t a t e  

a n a lo g u es  in t h e s e  c a s e s .  Pheny lboron ic  ac id  and 2 -  

p h e n y l e t h a n e b o r o n i c  ac id  were found to i n h i b i t  s u b t i l i s i n -  

c a t a l y z e d  h y d r o l y s e s ,  and i t  was p o s t u l a t e d 3 8  t h a t  p ro ton  

t r a n s f e r  to and from the  a c t i v e  s i t e  may be i n v o l v e d .  

Methy lboron ic  a c i d ,  CH3b(OH)2 , was no t  an e f f e c t i v e  i n h i b i ­

t o r ,  i n d i c a t i n g  t h a t  the  a romat ic  group i s  n e c e s s a r y .  Exam­

i n a t i o n  o f  th e  e f f e c t  o f  2 - p b e n y l e t h a n e b o r o n i c  ac id  on a  -  

chymotryps in  by 1aser-Raman39 showed the  boron a c id  to  be an 

i n h i b i t o r ,  and a l s o  i n d i c a t e d  t h a t  both  th e  t r i g o n a l  and 

t e t r a h e d r a l  forms were invo lved  in the  r e a c t i o n s  ( in a pH- 

dependen t  m an ner ) .  Johnson and Smi th1*®* **"* looked a t  t h e  e f ­

f e c t  o f  b o r i c  ac id  and ph eny lb oro n ic  ac id  on t h e  coenzyme 

n i c o t i n a m i d e  d i n u c l e o t i d e ,  NAD+ ; t h i s  coenzyme undergoes  

b o r a t i o n  a t  a r i b o s e  a d j a c e n t  t o  a p y r id in iu m  r i n g .  The
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comp 1 e x a t i o n  o f  NAD+ wi th  b o r i c  ac id  r e s u l t s  in a t h r e e -  t o  

s e v e n - f o l d  d e c r e a s e  in  th e  e q u i l i b r i u m  c o n s t a n t  f o r  n u c l e o -  

p h i l i c  s u b s t i t u t i o n  on t h e  r i n g .

A knowledge o f  boron a c i d  r e a c t i o n s  in g e n e r a l  would be 

i n v a l u a b l e  when a p p l i e d  to  s p e c i f i c  boron acid-enzytne s y s ­

tems in  an a t t e m p t  t o  s t u d y  t h e  mechanisms by which enzymes 

o p e r a t e .

Exper imenta l  O b j e c t i v e

The s e r i e s  o f  ex p e r i m e n ts  u n d e r t a k e n  here  have t h r e e  

main o b j e c t i v e s .  F i r s t  i s  an i n v e s t i g a t i o n  o f  th e  r e a c t i o n s  

o f  f u l l y  p r o t o n a t e d  l i g a n d s  wi th  boron a c i d s .  This i n c l u d e s  

a s t u d y  over  the  complete  range  o f  l i g a n d  pK's  in o r d e r  to 

a s s e s s  th e  e f f e c t  o f  l i g a n d  a c i d i t y  on r e a c t i o n  r a t e .  In 

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

t u e n t s  a l lo w s  an e v a l u a t i o n  o f  a number o f  e f f e c t s  due to  

l i g a n d  geometry o r  o r i e n t a t i o n .  Second,  i t  was in te nd ed  to  

look a t  the  r e a c t i o n s  o f  l i g a n d  an io ns  wi th boron a c i d s .  

Such a s tu dy  p e r m i t s  d e t e r m i n a t i o n  o f  f a c t o r s  im por ta n t  in 

l i g a n d  anion r e a c t i o n s .  T h i r d ,  t h e  i n v e s t i g a t i o n  o f  a 

s e r i e s  o f  boron a c i d s  wi th a p a r t i c u l a r  l i g a n d  ( e i t h e r  in 

th e  f u l l y  p r o t o n a t e d  or  in th e  a n i o n i c  form) d e m o n s t r a t e s  

t h e  e f f e c t  o f  boron ac id  a c i d i t y  upon t h e  complexa t ion  r e a c ­

t i o n s  .
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These s t u d i e s  a r e  th e  f i r s t  o f  t h e i r  k in d ,  and e l u c i ­

d a t e  s e v e r a l  f a c t s  c o n c e rn in g  the  n a t u r e  o f  l i g a n d  dependent  

p r o c e s s e s .  Many l i g a n d  s p e c i f i c  e f f e c t s  n o t  p r e v i o u s l y  seen 

can be examined th ro ugh  t h e  i n v e s t i g a t i o n  o f  t h e  boron a c id  

s y s t e m s .  For the  r e a c t i o n s  o f  t r i g o n a l  boron a c i d s  with 

f u l l y  p r o t o n a t e d  l i g a n d s ,  p ro to n  t r a n s f e r  p l ay s  a v i t a l  

r o l e .  These r e a c t i o n s  th u s  a f f o r d  th e  p o s s i b i l i t y  f o r  exa­

mining f a c t o r s  which a r e  i m p o r t a n t  f o r  sys tems  in  which p r o ­

ton t r a n s f e r  o c c u r s  in the  r a t e  d e t e r m i n i n g  s t e p .  The r e a c ­

t i o n s  o f  l i g a n d  an i o n s  with t r i g o n a l  boron a c i d s  do no t  i n ­

volve  p ro ton  t r a n s f e r  in th e  r a t e  d e t e r m i n i n g  s t e p ,  and the  

forward r a t e  c o n s t a n t s  f o r  t h e s e  r e a c t i o n s  a r e  s t r o n g l y  

l i g a n d  de p e n d en t ,  e x h i b i t i n g  l i t t l e  d i s c r i m i n a t i o n  among the  

d i f f e r e n t  boron a c i d s .  F i n a l l y ,  t h e  r e a c t i o n s  o f  b o r i c  ac id  

where t h e  fo rm at ion  o f  1:2 complexes i s  p o s s i b l e  p r o v id e  i n ­

s i g h t  i n t o  the  i n f l u e n c e  o f  a f i r s t  bound l i g a n d  upon su bs e­

quen t  c h e l a t i o n  s t e p s .  Ligand f l e x i b i l i t y  seems t o  be a ma­

j o r  f a c t o r  in  t h e s e  r e a c t i o n s .  G e n e r a l l y ,  me ta l  io n s  a r e  

c o n s t r a i n e d  to  p a r t i c u l a r  g e o m e t r i e s  and,  t h e r e f o r e ,  a r e  not  

s e n s i t i v e  to  the  f l e x i b i l i t y  o f  an a l r e a d y  bound l i g a n d ,  t h e  

b o r i c  ac id  systems undergo ge om et r i c  changes  Upon complexa­

t i o n ,  and t h i s . f l e x i b i l i t y  dur in g  r e a c t i o n  makes them i d e a l  

fo r  an i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  a f i r s t  bound l i g a n d .

There a r e  many unanswered q u e s t i o n s  c o n c e rn in g  th e  f a c ­

t o r s  which i n f l u e n c e  l i g a n d  dependen t  p r o c e s s e s ,  and the  

boron ac id  sys tems lend th e m s e l v e s  ve r y  n i c e l y  t o  th e  e l u c i ­
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d a t i o n  and e v a l u a t i o n  o f  such f a c t o r s .  The l i g a n d  s p e c i f i c  

e f f e c t s  which a r e  i m p o r t a n t  in  t h e s e  r e a c t i o n s  a r e  no t  

unique to  boron ac id  c h e m i s t r y ,  and the  r e s u l t s  o f  t h e s e  

s t u d i e s  have wider  a p p l i c a b i l i t y  t o  the  more g e n e r a l  c l a s s  

o f  r e a c t i o n  which i s  s e n s i t i v e  t o  l i g a n d  p r o p e r t i e s .
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CHAPTER TWO

The Exper imenta l  Methods and A n a l y s i s  o f  Data

The R e l a x a t i o n  Technique

For chemical  sys tems  which q u i c k l y  a t t a i n  e q u i l i b r i u m ,  

c o n v e n t i o n a l  k i n e t i c  t e c h n i q u e s  and even r a p i d - m i x i n g  t e c h ­

n i q u e s  a r e  no t  s u i t a b l e  f o r  r a t e  s t u d i e s .  These r e a c t i o n s  

a r e  c o n v e n i e n t l y  i n v e s t i g a t e d  us i ng  one o f  a group o f  chemi­

c a l  r e l a x a t i o n  methods i n t r o d u c e d  by Eigen in t h e  1 9 5 0 ' s . ^  A 

s i n g l e  p r i n c i p l e  forms t h e  b a s i s  o f  chemic a l  r e l a x a t i o n :  i f  

a system which i s  i n i t i a l l y  i n  e q u i l i b r i u m  i s  p e r t u r b e d  by a 

change in  some v a r i a b l e  o f  s t a t e  ( f o r  example,  t e m p e r a t u r e  

o r  p r e s s u r e ) , t h e  system w i l l  r e a d j u s t  to  a new e q u i l i b r i u m  

under  the  a l t e r e d  c o n d i t i o n s .  The p r o c e s s  by which t h e  con­

c e n t r a t i o n s  r e t u r n  to  an e q u i l i b r i u m  s t a t e  f o l l o w i n g  the
4

p e r t u r b a t i o n  i s  termed r e l a x a t i o n ,  and t h i s  r e l a x a t i o n  oc ­

c u r s  in ac co rdan c e  wi th t h e  r a t e  laws g o ve r n i ng  th e  sys tem.  

Thus,  a measure  o f  t h e  t i m e- de pe nde nce  c h a r a c t e r i s t i c  o f  th e  

s y s t e m ' s  r e t u r n  to  e q u i l i b r i u m ,  t h e  r e l a x a t i o n  t i m e ,  i s  a 

d i r e c t  measurement  o f  th e  k i n e t i c  b e h a v i o r  o f  th e  sy s t em .

According t o  th e  v a n ' t  Hoff e q u a t i o n :
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a sys tem having a f i n i t e  e n t h a l p y  o f  r e a c t i o n  w i l l  e x p e r i ­

ence a s h i f t  in  e q u i l i b r i u m  upon a change in  t e m p e r a t u r e .  

When th e  t e m p e r a t u r e  i s  t h e  s t a t e  pa r a m e te r  used to  p e r t u r b  

an e q u i l i b r i u m  s y s t e m , t h e  t e c h n i q u e  i s  r e f e r r e d  to  as  th e  

t e m p e r a t u r e - j u m p  method.

As th e  p e r t u r b e d  system ap p r o a c h e s  a new s t a t e  o f

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

t end  t o  v a n i s h .  I f  t h e  i n i t i a l  d e v i a t i o n s  a r e  s m a l l ,  then  

t h e  e x p r e s s i o n  can be l i n e a r i z e d  and th e  r a t e  o f  d i s a p p e a r ­

ance o f  t h i s  d i f f e r e n t i a l  c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  to

t he  d i f f e r e n c e  i t s e l f .  The r e c i p r o c a l  o f  th e  p r o b a b i l i t y  

f a c t o r  has  u n i t s  o f  t ime  and i s  termed th e  r e l a x a t i o n  t i m e .  

That  i s ,  f o r  a s p e c i e s ,  x,  whose c o n c e n t r a t i o n  a t  t ime  t  can 

be e x p r e s s e d  as :

x ( t )  = x" + i x ( t )

w her e :

T  = t h e  e q u i l i b r i u m  v a l u e  a t  t h e  new t e m p e r a t u r e  

j x  :  t h e  d e v i a t i o n  from t h e  e q u i l i b r i u m  c o n c e n t r a ­

t i o n  a t  t im e  t

The appr oac h  t o  e q u i l i b r i u m  i s  g iv en  by t h e  r a t e  o f  d i s a p ­

p ea ra n c e  o f  th e  d e v i a t i o n  from e q u i l i b r i u m ,  £ x ,  and i s  p r o ­

p o r t i o n a l  t o  S x :
_  d i x

where:

k = ( t >-1

T = t h e  r e l a x a t i o n  t ime



I t  can be s e e n ,  t h e n ,  t h a t  f o r  smal l  p e r t u r b a t i o n s  (where 

t h e  r a t e  e x p r e s s i o n  can be l i n e a r i z e d )  th e  approach  to  

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

t i m e ,  t  , i s  th e  i n v e r s e  o f  th e  obse rved  f i r s t  o r d e r  r a t e  

c o n s t a n t ,  k .  Tau i s  a l s o  the  t ime  a t  which the  t ime  depen­

d e n t  c o n c e n t r a t i o n ,  s x,  i s  eq ua l  to  1 / e  o f  th e  i n i t i a l  con­

c e n t r a t i o n ,  s xQ t  as  shown below and i l l u s t r a t e d  in F ig ure  

I I —1:
4** = -kJx
dt

a t  t - 0 , &c s  &c0
■ * C —

«x =  Sjf0 e"t / r

i f  t  = t ;
iX S e  ̂j |g
5x = A  5xq 

e

The c h a r a c t e r s t i c  r e l a x a t i o n  t ime  i s  r e l a t e d  to the  o v e r a l l  

mechanism o f  t h e  r e a c t i o n ,  and i s  a f u n c t i o n  o f  a l l  o f  t h e  

r a t e  c o n s t a n t s  as  we l l  as t h e  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  

p r e s e n t .  Because t h e  system i s  c l o s e  t o  e q u i l i b r i u m ,  both  

forward and r e v e r s e  r a t e  c o n s t a n t s  w i l l  c o n t r i b u t e  in a po­

s i t i v e  way to  th e  r e l a x a t i o n  t i m e ,  making r in d e p en d en t  o f  

t h e  s i g n  o f  t h e  p e r t u r b a t i o n .  In a d d i t i o n ,  th e  e x p r e s s i o n  

f o r  th e  r e l a x a t i o n  t ime w i l l  depend upon c o n c e n t r a t i o n s  and 

r a t e  c o n s t a n t s  in a way which d i f f e r s  f o r  each mechanism.



FIGURE 11— 1. INSTANTANEOUS T E M P E R A T U R E  D I S P L A C E M E N T
F O L L O W E D  BY CHEMI CAL RELAXATION
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The k i n e t i c  d e r i v a t i o n  g iv e n  below f o r  th e  r e a c t i o n :

A ♦  B C

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

b u t i o n s  from bo th  k .̂ and kr , and the  dependence o f  th e  ex­

p r e s s i o n  f o r  t upon the  o v e r a l l  r e a c t i o n  mechanism.  The 

r a t e  law i s  g iven  by:

- f -  ■ k» H H - fcr[c ] ( 0

At any t i m e ,  t ,  t h e  c o n c e n t r a t i o n  is .  g iven  by t h e  t ime i n ­

dependen t  e q u i l i b r i u m  c o n c e n t r a t i o n  p l u s  some t im e  dep en den t

d e v i a t i o n  from e q u i l i b r i u m :
A =  A +  8A (2 )

B =  B +  SB (3 )

C -  C + 8C (4)

where:

A, B, and C a r e  e q u i l i b r i u m  c o n c e n t r a t i o n s  

S A, 8B, and 5C a r e  c o n c e n t r a t i o n  changes

S u b s t i t u t i o n  o f  th e  e q u a t i o n s  above i n t o  t h e  r a t e  law y i e l d s
*

t h e  f o l l o w i n g  e x p r e s s i o n :

- d(A4- 8A) -  kf [ a + 8aJ^B+Sb] -  kr [c+8cj

" i p .  “  kf {[a][b] -t- [gj8A +  p j s B  + SA8b|  -  kr [c] “ kr 8C

However,  s i n c e  A i s  t ime  i n d e p e n d e n t ,  t h e  f o l l o w i n g  i s  t r u e :

d H  - 0
dt

and when t h e  r e l a t i o n s h i p  k f [ A ] [ B ] - k r CC3=0 i s  u s e d ,  th e  r a t e
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law r e d u c e s  t o :

-djSA .  kf |  [b] SA + [a] 8B -r *ASB| -  kr iC

Since  t h e  d e v i a t i o n  from e q u i l i b r i u m  i s  sm a l l  , i . e .  o A « A ,  

t h e  c r o s s  t e rms  can be n e g l e c t e d :

SA SB -  0

Thus,  t h e  r a t e  e x p r e s s i o n  i s  l i n e a r i z e d ,  and :

- d S A  =  k f p j s o  +  k f |B j $ A  -  k r SC
dt

From t h e  s t o i c h i o m e t r y ,  i t  can be seen t h a t  SA = SB = 

- S C .

-dJSA. = j k f  ^ [A]  +  [ B] ^  +  k r j  5A

This  has  t h e  form o f  t h e  f i r s t  o r d e r  e x p r e s s i o n  w i t h :

k = { k< ( P H 5 ] )  * k' )

or
-T

4 '(A~M5ih )
Thus,  t h e  r e l a x a t i o n  p r o c e s s  i s  seen to  be f i r s t  o r d e r  and 

r  i s  a f u n c t i o n  o f  a l l  o f  th e  r a t e  c o n s t a n t s ,  b o t h  forward 

and r e v e r s e .

For  mechanisms wi th  m u l t i p l e  e q u i l i b r i a ,  two p o s s i b i l i ­

t i e s  e x i s t .  F i r s t ,  a l l  th e  s t e p s  e x c e p t  one may i n v o l v e
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e q u i l i b r i a  which a r e  r a p i d l y  e s t a b l i s h e d  with r e s p e c t  t o  t h e  

t im e  s c a l e  o f  t e m p e r a t u r e - j u m p  ( f o r  example ,  p r o t o l y t i c  

r e a c t i o n s ) .  These a r e  c o n s i d e r e d  to  be in  e q u i l i b r i u m  

th r o u g h o u t  t h e  chemical  r e l a x a t i o n  p r o c e s s .  And, s e co nd ,  a 

m u l t i s t e p  r e a c t i o n  may c o n t a i n  more th a n  one e q u i l i b r i u m  

which e x h i b i t s  a r e l a x a t i o n  which i s  w i t h i n  th e  t ime  ran ge  

o f  t h e  t e c h n i q u e .  For such a r e a c t i o n ,  a number o f  r e l a x a ­

t i o n  t im es  a r e  e x p e c t e d ,  t h a t  number b e i ng  de t e r m in ed  by t h e  

f o l l o w i n g  e x p r e s s i o n

t  = n -  (m + r )

w her e :

t  = t h e  number o f  r ’s to  be e xp e c t ed

n = t h e  number o f  v a r i a b l e s  in t h e  e q u a t i o n s

m = t h e  number o f  c o n s e r v a t i o n  r e l a t i o n s

r  s t h e  number o f  r a p i d  ( e . g .  p r o t o l y t i c )  e q u i l i b r i a

In t h e  fo l l o w in g  r e a c t i o n  scheme:

HA + B 

II ^  C ^  D

one would ex pe c t  6 - (3+1)=2  r e l a x a t i o n  t i m e s .  These r e a c ­

t i o n s ,  however ,  a r e  a l l  c o u p l e d ,  and so th e  r e l a x a t i o n  t im e s  

o b t a i n e d  a r e  n o t ,  in  g e n e r a l ,  a s s o c i a t e d  wi th  p a r t i c u l a r  

s t e p s ,  b u t  a r e  f u n c t i o n s  o f  a l l  th e  r a t e  c o n s t a n t s .  In a 

manner a n a lo go us  t o  th e  c o u p l i n g  o f  normal modes o f  v i b r a ­

t i o n ,  t h e  r ’s o f  a coup led  r e a c t i o n  system a r e  f u n c t i o n s  o f  

th e  normal  mode c o o r d i n a t e s  o f  t h e  s ys t em .  These normal
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modes o f  r e a c t i o n  a r e  l i n e a r  c o m bi na t io ns  o f  th e  c o n c e n t r a ­

t i o n s  o f  a l l  o f  t h e  s p e c i e s  p e s e n t ,  and th e  t  r e l a x a t i o n  

t im e s  a r e  th e  e i g e n v a l u e s  o b t a i n e d  by d i a g o n a l i z a t i o n  o f  th e  

t x t  m a t r i x .1

There a r e  r e a s o n s ,  however ,  why a l l  o f  t h e  expec ted  r e ­

l a x a t i o n  t i m e s  may not  be seen .  F i r s t ,  i f  th e  am p l i tu de  o f  

a r e l a x a t i o n  t ime  i s  to o  s m a l l ,  i t  may no t  be o b s e r v e d .  In 

f a c t  S t reh low and Jehn have de te rmined  t h a t  s e p a r a t i o n  o f  

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

i s  d i f f i c u l t  even i f  t h e  s d i f f e r  by a f a c t o r  o f  f o u r .3 

Second,  i f  two r e a c t i o n s  have t h e  same t im e  c o n s t a n t ,  o n l y  a 

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

s t a t e  e x i s t s  f o r  a p a r t i c u l a r  s p e c i e s ,  no r e l a x a t i o n  t ime 

f o r  t h a t  p r o c e s s  w i l l  be s e e n . 5 i t  i s  i m p o r t a n t  to  p o i n t  ou t  

t h a t ,  f o r  a s e r i e s  o f  coupled  e q u i l i b r i a ,  th e  system can be 

p e r t u r b e d  even i f  on ly  one s t e p  has  a f i n i t e  e n t h a l p y  o f  

r e a c t i o n .  The s u p e r p o s i t i o n  o f  more than  one f i r s t  o r d e r  

p r o c e s s  to  g i v e  a n o n - l i n e a r  p l o t  o f  the  log  o f  t h e  concen­

t r a t i o n  as a f u n c t i o n  o f  t ime  i s  a s i t u a t i o n  o f t e n  encoun­

t e r e d  in r a d i o a c t i v e  decay p r o c e s s e s .  Methods f o r  o b t a i n ­

ing f i r s t  o r d e r  r a t e  c o n s t a n t s  from t h e s e  d a t a  a r e  wel l  

known and a re  documented in many t e x t s  co n c e r n in g  n u c l e a r  

and r a d i o c h e m i s t r y ,6
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The Tempe ra tu re - Jump Method

As ment ioned p r e v i o u s l y ,  t h e  p e r t u r b a t i o n  o f  the  

e q u i l i b r i u m  in t e m per a tu re - j um p i s  produced by a r a p i d  i n ­

c r e a s e  in the  t e m p e r a t u r e  o f  the  s o l u t i o n  under s t u d y .  The 

most common way o f  e f f e c t i n g  t h i s  t e m p e r a t u r e  r i s e  i s  Jo u le  

h e a t i n g ;  a c a p a c i t o r  i s  charged  with a c e r t a i n  v o l t a g e  and 

t h i s  i s  then d i s c h a r g e d  through th e  s o l u t i o n ,  p u t t i n g  i n t o  

the  system an amount o f  energy  g iven  by:

E = M C U 2

w her e :

C = c a p a c i t a n c e ,  f a r a d s  

U = c h a rg i n g  v o l t a g e ,  v o l t s  

The mathem at i ca l  d e s c r i p t i o n  o f  th e  t e m p e r a t u r e  r i s e  i s  

c a l l e d  the  f o r c i n g  f u n c t i o n ,  and i t  i s  c h a r a c t e r i z e d  by a 

f i n i t e  r i s e  t ime  which i s  g iven by RC/2, where R i s  the  

r e s i s t a n c e  in ohms, and C i s  th e  c a p a c i t a n c e ,  as ment ioned 

b e f o r e .  I f  th e  r e l a x a t i o n  t ime i s  much l a r g e r  than th e  r i s e  

t i m e ,  T > RC/2, t h e  change in t e m p e r a t u r e  can be c o n s i d e r e d  

a s t e p  f u n c t i o n ,  and the  system can be d e s c r i b e d  us in g  con­

v e n t i o n a l  r a t e  e x p r e s s i o n s  a f t e r  the  p e r t u r b a t i o n  i s  com­

p l e t e d  . 1

S ince  th e  t ime  c o n s t a n t  f o r  the  t e m p e r a t u r e  r i s e  i s  

g i ve n  by RC/2, t h e  s m a l l e r  the  r e s i s t a n c e ,  t h e  c l o s e r  the  

t e m p e r a t u r e  p e r t u r b a t i o n  i s  to  a s t e p  f u n c t i o n .  Addi t ion  o f  

an i n e r t  e l e c t r o l y t e  ( such  as  KNO^) keeps the  r e s i s t a n c e
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smal l  (a t y p i c a l  s o l u t i o n  and c e l l  r e s i s t a n c e  i s  100 ohms),  

and t h e  c u r r e n t  i s  c a r r i e d  from one e l e c t r o d e  o f  th e  c e l l  to  

th e  o t h e r  by t h e  i o n s  o f  the  i n e r t  e l e c t r o l y t e .  In t h i s  

manner ,  t h e  i n c r e a s e  in  t e m p e r a t u r e  i s  e f f e c t e d  by use o f  

th e  e l e c t r i c a l  p r o p e r t i e s  o f  th e  system ( n o t  by a d i a b a t i c  

compress ion  and d i l a t i o n ) . The a d d i t i o n  o f  i n e r t  e l e c t r o ­

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

c o n s t a n t  i o n i c  s t r e n g t h  w i t h in  the  r e a c t i n g  sys tem.  I f  i o n ­

i c  s p e c i e s  a r e  invo lved  in the  e q u i l i b r i a ,  and,  as  a r e s u l t ,  

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

t i o n ,  th e  e x p r e s s i o n  fo r  the  r e l a x a t i o n  t ime must be modi­

f i e d  to i n c l u d e  ion a c t i v i t i e s . 1 Thus,  a d d i t i o n  o f  bu l k  

e l e c t r o l y t e  i s  tw o - fo l d  in purpose :  one ,  i t  makes th e  e l e c ­

t r i c  p r o p e r t i e s  o f  th e  system under s tudy  s u i t a b l e  fo r  

t e mp era tu re - jum p  by m a i n t a i n i n g  a smal l  r e s i s t a n c e  (which 

l e a d s  to  a f a s t  r i s e  t i m e ) ,  and two,  i t  m a i n t a i n s  a c o n s t a n t  

i o n i c  s t r e n g t h  th ro u g h o u t  th e  cou rse  o f  t h e  r e a c t i o n .

To produce a f a s t ,  homogeneous r i s e  in  t e m p e r a t u r e ,  an 

energy  d i s t r i b u t i o n  w i t h in  the  system must t a k e  p l a c e .  

T r a n s l a t i o n a l  and r o t a t i o n a l  energy  d i s t r i b u t i o n  w i th in

l i q u i d s  t a k e s  p la c e  in about  10"1^ s e c o n d s , 1 and g e n e r a l l y ,  

in  l i q u i d s ,  v i b r a t i o n a l  energy can be p a r t i t i o n e d  wel l  

w i t h i n  th e  t ime o f  th e  t e m p e r a t u r e  r i s e  (which t y p i c a l l y  i s  

on the  o r d e r  o f  m i c r o s e c o n d s ) .  Because t h e  t h e r m a l  e q u i l i ­

b r a t i o n  i s  r a p i d ,  expans ion  which o c c u r s  as  a r e s u l t  o f

h e a t i n g  may la g  b e h i nd .  The p r o p a g a t io n  o f  t h i s  the rmal  ex-
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pans ion  t a k e s  p l a c e  wi th  a p p r o x i m a t e l y  t h e  v e l o c i t y  o f  

sound ,  and expans ion  t im e s  a r e  on th e  o r d e r  o f  10“ 5 t o  10“ 6 

s e c o n d s .  1 Because t h e  volume change l a g s  behind the  change 

in  t e m p e r a t u r e ,  th e  p r e s s u r e  i n c r e a s e  i s  p ropag a t ed  th r o u g h  

t h e  s o l u t i o n  as  a shock wave,  wi t h  p r e s s u r e  i n c r e a s e s  o f  up 

to  f i f t y  a t m o s p h e r e s .  I f  t h e  p r e s s u r e  wave i s  r e f l e c t e d  by 

t h e  c e l l  w a l l s ,  a phase r e v e r s a l  may o c c u r ;  t h e  r i s e  and 

c o l l a p s e  o f  t h e  shock wave i s  known as  c a v i t a t i o n . 1 Th is  e f ­

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

t h a n  10” 5 s e c o n d s ,  and can be avo ided  by working a t  lower  

t e m p e r a t u r e s ,  a s  i s  a p p a r e n t  from the  f o l l o w in g  r e l a t i o n ­

s h i p ;
/ .$P_ \  Op and <*p = 0 at 4° C
\ d T / v  * t  HjO

R e l a x a t i o n  methods in  g e n e r a l  and th e  e x p e r i m e n t a l  measure­

ment o f  c h a r a c t e r i s t i c  r e l a x a t i o n  t im es  have been d i s c u s s e d  

in  many p l a c e s .  1 8

The p r i n c i p l e s  o f  th e  t e m p e r a t u r e - j u m p  t e c h n i q u e ,  t h e n ,  

can be summarized as f o l l o w s :

(1 )  p e r t u r b a t i o n  o f  th e  e q u i l i b r i u m  i s  b ro ug h t  ab ou t  by a 

sudden i n c r e a s e  in t e m p e r a t u r e ;  in  c a s e s  where th e  r i s e  t ime 

i s  smal l  compared to  the  r e l a x a t i o n  t im e s  be ing s t u d i e d ,  t h e  

i n c r e a s e  in t e m p e r a t u r e  may be c o n s i d e r e d  a s t e p  f u n c t i o n ;

(2)  t h e  s y s t e m ' s  approach to an e q u i l i b r i u m  a t  th e  new tem­

p e r a t u r e  i s  in accordance  wi th  t h e  r a t e  laws go ver n in g  the  

sy s t em ,  and i s  f i r s t  o r d e r ;

!



-39-

(3 ) th e  t ime c o n s t a n t  c h a r a c t e r i s t i c  o f  t h i s  f i r s t  o r d e r  ap­

proach  to  e q u i l i b r i u m  i s  t h e  r e l a x a t i o n  t i m e ,  r , and i t  i s  

d i r e c t l y  r e l a t e d  to  th e  c o n c e n t r a t i o n s  and r a t e  c o n s t a n t s  

(bo th  forward and r e v e r s e )  o f  t h e  system in vo l ve d ;

(4) th e  e x p r e s s i o n  f o r  t in  te rms o f  c o n c e n t r a t i o n s  and 

r a t e  c o n s t a n t s  i s  dependen t  upon t h e  o v e r a l l  mechanism, and 

q u a s i - s t a t i o n a r y  s p e c i e s  do no t  a p p e a r ;

(5 ) a system may be c h a r a c t e r i z e d  by more than one r e l a x a ­

t i o n  t i m e ,  depending upon the  number o f  in de pe nde n t  s t e p s  

( i n t e r r e l a t i o n s h i p s  between p a t h s  l e a d i n g  to th e  same s t a t e  

red uce  the  number o f  * s e x p e c t e d ) ;

( 6 ) fo r  a change in t e m p e r a t u r e  to produce a p e r t u r b a t i o n  o f  

t h e  sys tem,  a t  l e a s t  one s t e p  must have a f i n i t e  e n t h a l p y  o f  

r e a c t i o n ;

(7 ) th e  e q u i l i b r i a  must be r e a s o n a b l y  r e v e r s i b l e  so t h a t  

m e asu rab le  changes  a r e  produced;

( 8 ) t h e  t ime range  o f  r must be 5 s ec  < r < 1 s e c ,  where 

th e  upper  l i m i t  i s  s e t  by t h e  o n s e t  o f  c o n v e c t i v e  c o o l i n g ,  

and th e  lower  l i m i t  i s  s e t  by t h e  r i s e  t ime o f  t h e  p e r t u r b a ­

t i o n .

The t e m p e ra tu r e - ju m p  i n s t r u m e n t  i t s e l f  must be des igned  

to  b r in g  about  a r a p i d  i n c r e a s e  in th e  t e m p e r a t u r e  o f  the  

system and must have a s e n s i t i v e  ( s i n c e  th e  p e r t u r b a t i o n s  

a r e  sm a l l )  and q u i c k l y  resp ond in g  means o f  d e t e c t i o n .  A 

schema t ic  o f  the  t em p er a t u r e - ju m p  a p p a r a t u s  used in t h e s e  

s t u d i e s  i s  shown in  F ig u re  I I - 2 .  This  i n s t r u m e n t  u s e s  Jo u l e
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h e a t i n g  t o  e f f e c t  an i n c r e a s e  in t e m p e r a t u r e  o f  10°C (from 

15°C t o  25°C) . A 0.1 / i f arad  c a p a c i t o r  i s  charged to 30,000 

v o l t s  us ing  a h igh  v o l t a g e  power s u p p l y .  When t h e  c a p a c i t o r  

i s  d i s c h a r g e d  th r ough  t h e  s o l u t i o n ,  th e  energy  d e l i v e r e d  to  

t he  system i s  45 J o u l e s ,  as  c a l c u l a t e d  by t h e  e q u a t i o n  

above .  Upon a s i g n a l  from an e x t e r n a l  t r i g g e r  a v a r i a b l e  

spa rk  gap co m ple t es  th e  c i r c u i t ,  and the  c a p a c i t o r  

d i s c h a r g e s  th ro ug h  t h e  s o l u t i o n ;  t h i s  d i s c h a r g e  o c c u r s  in 

about  10“ 5 t o  10~6 s e c .  The sample c e l l  i s  c o n s t r u c t e d  such 

t h a t  t h e  t o t a l  volume i s  a p p r o x i m a t e l y  25 ml,  bu t  th e  volume 

between th e  e l e c t r o d e s  i s  1 ml.  The d i s c h a r g e  o f  45 J o u l e s  

o f  energy th rough  t h i s  1 ml volume b r i n g s  ab ou t  a t en  degr ee  

i n c r e a s e  in t e m p e r a t u r e  w i t h in  the  e l e c t r o d e  r e g i o n .  The 

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

th e  o n s e t  o f  c o n v e c t i v e  c o o l i n g  a f t e r  a p p r o x i m a t e l y  1 sec 

p r o v i d e s  an upper  l i m i t  to  the  ra n g e  o f  t im e s  a c c e s s i b l e  to  

t e m p e r a t u r e - j u m p . The lower  l i m i t  i s  s e t  by t h e  r i s e  t ime  

which i s  g iven  by:

t  = RC/2

The t o t a l  r e s i s t a n c e  o f  th e  c e l l  and a s o l u t i o n  with an i o n ­

i c  s t r e n g t h  o f  0 . 1M i s  100 ohms, and as ment ioned b e f o r e ,  

th e  c a p a c i t a n c e  i s  0.1 ( i f .  This  l e a d s  t o  a r i s e  t ime  o f  5 

/i s e c ,  we l l  o u t  o f  th e  range  o f  any o f  the  r e l a x a t i o n  t i m es  

s t u d i e d .  By a d d i t i o n  o f  KN03> th e  i o n i c  s t r e n g t h  o f  a l l  

s o l u t i o n s  i s  m ai n ta in ed  a t  ^ s 0 .1 M, i n s u r i n g  a r e s i s t a n c e  

o f  100 ohms as  wel l  as m a i n t a i n i n g  a c o n s t a n t  i o n i c  s t r e n g t h
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t h ro u g h o u t  t h e  c o u r s e  o f  th e  r e a c t i o n .  E x p e r i m e n t a l l y ,  th e  

10° deg ree  t e m p e r a t u r e  r i s e  i s  conf i rmed  by compar ison o f  

t h e  o u t p u t  v o l t a g e s  o f  an i n d i c a t o r  a t  15°C and 25°C wi th  

t h e  change in v o l t a g e  which o c c u r s  when t h e  c a p a c i t o r  i s  

d i s c h a r g e d  th rough  a s o l u t i o n  o f  th e  i n d i c a t o r .

For t r a n s i e n t  methods such as t e m p e r a t u r e - j u m p , the  

chemical  changes  as  a f u n c t i o n  o f  t ime can be d i r e c t l y  meas­

ured by o b s e r v i n g  any q u a n t i t y  which i s  r e l a t e d  to concen­

t r a t i o n  and which undergoes  a t r a n s f o r m a t i o n .  This  i n s t r u ­

ment use s  a s p e c t r o p h o t o m e t r i c  d e t e c t i o n  sys tem,  b u t  conduc-  

t i m e t r i c ,  f l u o r i m e t r i c , and p o l a r i m e t r i c  p r o p e r t i e s  a r e  ex­

amples o f  o t h e r  p a r a m e t e r s  which can be used to  f o l l o w  th e  

k i n e t i c  p r o c e s s e s .  The sys tems  s t u d i e d  he re  a r e  coupled to  

a c i d - b a s e  i n d i c a t o r s ,  and the  change in  absorban ce  o f  the  

i n d i c a t o r  i s  moni to red  a t  a s u i t a b l e  waveleng th  ( A= 580 nm 

fo r  o range  IV, bromophenol b l u e ,  and c h l o rp h e n o l  r e d ,  and A 

= 540 nm fo r  p h e n o l p h t h a l e i n ) . The e q u i l i b r i a  o f  t h e s e

a c i d - b a s e  i n d i c a t o r s  a r e  p r o t o l y t i c  and,  as  such ,  a r e  r a p i d ­

ly  e s t a b l i s h e d  ( r f o r  the  i n d i c a t o r  << r f o r  the  r e a c t i o n  

o f  i n t e r e s t ) .  T h e r e f o r e ,  th e  coupled r e a c t i o n s  can be con­

s i d e r e d  c o n s t a n t l y  in e q u i l i b r i u m  with t h e  system whose r e ­

l a x a t i o n  t ime i s  being  s t u d i e d .  In t h i s  way, t h e  change in 

c o n c e n t r a t i o n  o f  one o f  t h e  r e a c t i n g  s p e c i e s ,  th e  hydrogen 

i o n ,  i s  moni to red  as  th e  system app roach es  e q u i l i b r i u m  a t  

25°C.
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T e m p e ra tu r e - Jump K i n e t i c s  f o r  Boron Acid Systems

The p a r t i c u l a r  e x p r e s s i o n  which r e l a t e s  th e  exper imen­

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

s t a n t s  i s  dependen t  upon t h e  o v e r a l l  r e a c t i o n  mechanism. 

For th e  r e a c t i o n s  o f  boron a c i d s  wi th  p o l y o l s ,  a  -  

h y d r o x y c a r b o x y l i c  a c i d s ,  and d i c a r b o x y l i c  a c i d s ,  t h e  k i n e t i c  

d a t a  were e v a l u a t e d  us ing  the  f o l l o w i n g  r e a c t i o n  scheme:

where t h e  v e r t i c a l  e q u i l i b r i a  i n v o l v e  p r o t o n a t i o n  r e a c t i o n s  

and a r e  f a s t ,  and where:

HB ♦ H2 L C x' ♦ h3o *

H \B '+ H 2L ^  C x ' +2H20  + H+

H++B *+H \H L ' C x ' + OH*+ 2H+ + H20

Hln H* + In’

OH R OH

HB =  R  B B"

OH HO OH



The d e r i v a t i o n  f o r  th e  r e l a x a t i o n  t im e  i s  g iven  h e r e .

V a r i a b l e s :  HB, B", H2 l ,  HL“ t H+, OH7 Cx", HIn , In"  

C o n s e r v a t i o n  r e l a t i o n s h i p s :

0 =  8HB +  SB" +  8C x“

0  =  $H2L +  5HL" +  aCx"

0 =  SHIn 4- 5ln~

0  =  8HB +  6H2 L + «Cx"

Rapid e q u i l i b r i a :

% l = M M

M

k h b  «  M M

M

«Hln =  - M  ['"1

H

The number o f  r e l a x a t i o n  t i m e s  ex p e c te d  fo r  t h i s  system ( s e e  

page 34) i s  n - ( m + r ) = 9 - ( 4 + 4 )= 1 . T h e r e f o r e ,  a s i n g l e  r e l a x a ­

t i o n  t ime shou ld  be s e e n ,  and th e  r a t e  e x p r e s s i o n  shou ld  

t a k e  th e  form:

-  d 8x m J l. Sx 
dt *

E x p re s s in g  the  c o n c e n t r a t i o n s  as  t ime  in d e p en d e n t  e q u i l i b r i ­

um c o n c e n t r a t i o n s  p l u s  sm al l  d e v i a t i o n  t e r m s ,  one can

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

k h2 l + KH2L 5H2 L =  [ ^ * ] [ h +] + [ h +] s h l - * [ hl- ] s h + + 8H+aHL-

+- SHIn -  aOH~

I1.A.1 

I I .A .2  

II.A.3 
l h A . 4

VW r: HM OH
A



g i v e s  th e  f o l l o w in g  e q u i l i b r i u m  e x p r e s s i o n :  

k H2l *h2L =  [ ^ "1  *H+ 4 h +]*HL- 

S i m i l a r l y :

k Hb 3HB =  [ h +] sb " + [ ® l ]  s ^

and

KH |n 8 HIn ~  [  H + ] 5 ln - + [h r js H +

a n d , from Kw;

0  »  [ o H “] s H + + [ h +]sO H ’

Since  th e  d e s i r e d  form o f  t h e  r a t e  law i s  in t e rms  o f  a s i n ­

g l e  v a r i a b l e ,  S x t e q u a t i o n s  I I . A . 1 th ro u g h  I I . A . 8 a r e  used 

t o  e l i m i n a t e  a l l  bu t  one o f  t h e  n i n e  c o n c e n t r a t i o n  v a r i ­

a b l e s .

From e q u a t i o n  I I . A . 3

8Hln =  -  8In '

S u b s t i t u t i n g  t h i s  i n t o  I I . A . 7 and s o l v i n g  f o r  S HIn y i e l d s :

f l .A.5

I L A . 6

II .A.7
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To s o l v e  f o r  50H“ , e q u a t i o n  I I . A . 8 i s  r e a r r a n g e d :  

tO H - =  lOH-] 8H« h.a.10

M

By s u b s t i t u t i o n  o f  I I . A . 9 and I I . A . 10 i n t o  e q u a t i o n  I I . A .  

and c o l l e c t i o n  o f  t e rms  in  SH+, one a r r i v e s  a t  th e  f o l l o w ­

ing form o f  th e  p r o t on  b a l a n c e  e q u a t i o n :
0 = JHB + 8H2l + SCx + YSH* ILA.4o

w h e r e :
y  = .  + foH~]

[ H i

« =  KH1n

KHln+[Hf]

( « i s  t h e  i n d i c a t o r  co u p l in g  t e r m . )  The e q u i l i b r i u m  e x p r e s ­

s i o n s  I I .  A.5 and I I .  A. 6 can be used to  s o l v e  f o r  8.HL“ and

* B“ : 8HL" =  Kf-j^L 5 H2 L -  [HL“] 8 H + ILA.5a

M  [ h’’]

SB-  =  Khb  «HB -  [¥ - ]  5H + II.A.6a

[ h+] [ h -*]

Using I I . A . 5 a  and I I . A . 6a in  e q u a t i o n s  I I . A . 1 and I I . A . 2 a l ­

lows r e d u c t i o n  o f  th e  system to  a s e t  o f  t h r e e  e q u a t i o n s  in 

four  unknowns:

=  | kHB + [ h+] ] 5HB - [ b~ ] s h + + [ h +] s c x ~ ILA.11

o  =  [ k h 2 l+ [ h +] ) * h 2 l -  [ h t ] s h + + [ h +] scx-  l t .A.12

o  — JHB + 8 H 2 L +  rSH+ +  8C x" II.A.1&

M u l t i p l y i n g  I I . A . 13 by (K„ + r]^+] )  and s u b t r a c t i n g  I I . A . 12
2*-
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e l i m i n a t e s  t h e  term in S H2l  t o  g i v e :

+ [«*]> «HB + A5H+ + K ^ J C x "  =  0  h.a .14

where:
A =  r  ( KhjjL 4- [  H+J ) +

One can s o l v e  f o r  gCx- by m u l t i p l i c a t i o n  o f  I I . A . 11 by 

A/([*B"]) and a d d i t i o n  o f  t h i s  t o  I I . A .  t o  e l i m i n a t e  SH+:

j - 4 -  [ khb* M ) f  kHj L* M j 5HB ■*-|p ^ [ h*]+ kHj L | 8Cx" =  O

and
8Cx“ =  -Q5HB II. A.15

w h e r e :

Q =

- ^ - ( KH B + [ h +] )  4- Kh2l + [ h *]

M

l  [ - 1

[* ] * kH2 L

An e x p r e s s i o n  fo r  £H+ in t e rm s  o f  SHB i s  a r r i v e d  a t  by 

m u l t i p l y i n g  I I . A .  11 by

[ h +]

and s u b t r a c t i n g  I I . A . 14:

8H4 =  -RSHB II.A.16

w h e r e :

R =  <

- k h , i  kh b  +  [ h +]

[H*]
■h 2l p ]  *

p ]
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M u l t i p l y i n g  I I . A . 13 by [TT+] and s u b t r a c t i n g  I I . A .  11 y i e l d s :  

- K HB 8 H B +  [hT+] s H 2 1 + | y [ H ^ i r " ] j s H +  =  0  II .A .13a

M u l t i p l i c a t i o n  o f  I I . A . 13 by ([1T+] )  fo l lowed  by s u b t r a c t i o n

o f  I I . A . 12 r e s u l t s  i n :
[ k ] s h b  -  k HiL s h 2l  - J v [ h  1 +M ]  5H4 =  0  II. A .  13b

I f  I I . A . 1 3 a  i s  m u l t i p l i e d  by

>[(?]+[?-]

and I I . A . 1 3 b  i s  s u b t r a c t e d  from t h i s  p r o d u c t ,  one can e l i m ­

i n a t e  S H+ and s o l v e  fo r  SH2l  i n  t e rm s  o f  S HB:

«H2 l  =  SSHB II.A .17

where:

The f o l l o w i n g  e x p r e s s i o n s  have now been o b t a i n e d :  
* C x “  =  - Q S H B  II.A.15

SH + =  -R S H B  II.A.16

SSHB I LA.17

From e q u a t i o n s  I I . A . 1 and I I . A . 1 5 :

I B ”  ( q -  1 )  I H B  II.A.18
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From e q u a t i o n s  I I . A . 2, I I .A19* and I I . A . 1 5 :
* H I ' = ( q - s ) * H B  IIA.19

From e q u a t i o n s  I I . A . 1 0  and I I . A .  16: <OH_ =  [ g - [ RtHB j | , a . 2 0

T ” T
E q u a t i o n s  I I . A . 1 5  t h r o u g h  I I . A . 20 now e x p r e s s  a l l  o f  t h e  

c o n c e n t r a t i o n  changes  in t e rms  o f  SHB.

The r a t e  law f o r  th e  d i s a p p e a r a n c e  o f  HB i s  g iven  by:

- d H B  =  kf [HB] [H 2 l J  -  k r [ cx- ) [ h *]
d t

+  k ; [ H B ] [ h l- ]  -  k'r [ c x - ]

+ [»2 L] -  k'r [cx-]

+ k , " ' [ B - ] [ H l - ]  - k " ' [ c x - ] [ 0 H - ]

Using ;

[ h b ] [ h b ] +  <SHB

[ S ' ] [ F ] +  9 B

[H2<l = [ h 2 +  £ H j l

[ H f ] +  HL“

[C xD = [ o g +  * C x -

[ H * ] =  [ H > ] +  JH  +

[ O H l — [ o ) f |  +  9 OH“

and l i n e a r i z i n g  th e  r a t e  e x p r e s s i o n  ( n e g l e c t i n g  any Sx Sy 

t e r m s ) ,  one o b t a i n s :

SCx"J

+ ( [ h b]  SHL-+ [ hl- ]  SHb) -  k ^ C x j

EHjL +  [ h 7 l ] e B - |  -  k ^ C x ” )

+ k ^ B - ] SHL-+ [HL-] SB -]  -  [ a r ] s O H “ [ofi-]ffC x“ ]

_  d SHB =  kf j [hb]sH 2L ■+ [ h 2l ]  SHb] -  kr ( [ c x “] $ H+ + [ h +]
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P u t t i n g  e q u a t i o n s  I I . A . 1 5  t h r o u g h  I I . A . 20 i n t o  t h i s  r a t e  ex­

p r e s s i o n  and making use o f  th e  f a c t  t h a t  Kg^ab - k f / k r , t h e  

f o l l o w i n g  i s  a r r i v e d  a t :

— d SHB 8  k i ) s
dt

[ h b ]+ [h 2 l ]  + JL R [c x “ ]  + q  [ h +jJ

+  k', J ( q - s ) [ h b ] + [ h I - ]  +  Kh

+* k | |  s [ F - ] + ( q - i) [ h J l]  +  £ h b  Q |  8HB

+  k |' |  ( q - s ]  [b^-] ^ [ q -  l) [hL“] +  KH t KHB f Q [oH~]-R [ o H f c j j IfiHB
* K Kw M  '»

I Q U H B

K “  ! II .A .2 2

T h i s  i s  o f  t h e  form:

-  d*HB _  _1_ 5HB 
d t  r

f o r :
J_ = k, j w j  + k\ [ X j +  kl j Y j +  kr  j z  |  ,,A'23

wi th  t h e  e x p r e s s i o n s  f o r  W, X, Y and Z g iven  by e q u a t i o n  

I I . A . 22.
r

The s t a b i l i t y  c o n s t a n t ,  K, i s  d e f i n e d  as f o l l o w s :

[c* ']  M
K — 1

[ hb  ] [ h2l]

For each boron a c i d - l i g a n d  sys tem,  a number o f  r e l a x a t i o n  

t i m e s  were measured f o r  v a r y i n g  c o n c e n t r a t i o n s  o f  boron a c id  

and l i g a n d  a t  d i f f e r e n t  pH*s. The c o e f f i c i e n t s  o f  e q u a t i o n  

I I . A . 23 were e v a l u a t e d  fo r  each s o l u t i o n  and b e s t  f i t  v a l u e s  

o f  t h e  forward r a t e  c o n s t a n t s  were d e t e r m i n e d .  Reverse r a t e
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c o n s t a n t s  were c a l c u l a t e d  us ing  the  s t a b i l i t y  c o n s t a n t s  and 

th e  a p p r o p r i a t e  forward r a t e  c o n s t a n t s .  I t  shou ld  be noted  

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

d i f f e r e n t  t e rm s  in  e x p r e s s i o n  I I . A . 22 can become dominan t ,  

and th e  r e l a x a t i o n  t im e s  may be f i t  to  a r a t e  e x p r e s s i o n  o f  

f ewer  than fou r  t e r m s .  For example ,  a t  pH=2, f o r  a boron 

a c i d  such as  a5B(OH)2 ( pKa =9.25)  and a l i g a n d  such as  

n i t r o c a t e c h o l  (pKa=6 . 6 9 ) f t h e  boron ac id  e x i s t s  m a in ly  as  HB 

and th e  l i g a n d  as  H2l ,  and th e  r a t e  c o n s t a n t ,  k f  can be c a l ­

c u l a t e d  from t h e  s i n g l e  term e x p r e s s i o n :

i = k , { w }

R e l a x a t i o n  t i m e s  a r e  o b t a i n e d  from s e m i l o g a r i t h m i c  

p l o t s  o f  In  SHB as  a f u n c t i o n  o f  t i m e .  The t r a c e s  a r e  

r e c o r d e d  on a s t o r a g e  o s c i l l o s c o p e ,  and th e  a m p l i t u d e s  t aken  

from p i c t u r e s  o f  th e  r e a c t i o n  c u r v e s .  The i n t e r c e p t ,  SHBQ( 

i s  g r a p h i c a l l y  de t e r m in ed  and t i s  t a k en  as  th e  v a l u e  o f  t  

a t  0 .368  (=e~1) t im e s  1>HBQ> This  i s  i l l u s t r a t e d  in F igure  

I I - 3 *  When th e  r a t e  c o n s t a n t s  f o r  a p a r t i c u l a r  system have 

been d e t e r m i n e d ,  t h e s e  v a l u e s  can then  be used to  c a l c u l a t e  

an exp ec ted  r e l a x a t i o n  t i m e ,  ag a in  by t h e  use o f  e q u a t i o n  

I I . A . 23* Table  I I - 1  shows a compar ison o f  e x p e r i m e n t a l l y  

measured r e l a x a t i o n  t i m e s  and r e l a x a t i o n  t i m e s  c a l c u l a t e d  

us ing  a p p r o p r i a t e  v a l u e s  f o r  th e  r a t e  c o n s t a n t s  f o r  the  

*SB(0H)2 _ H - n i t r o c a t e c h o l  sys t em.

In p r i n c i p l e ,  i f  a l l  t h e  e q u i l i b r i u m  c o n s t a n t s  o f  a
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Table  I I - 1 .  Re laxa t ion  S pec t ra  o f  r i B ( O H ^ A - n i t r o c a t e c h o l  S o l u t i o n s

v

[<iB(0H)2 ],M [ 4 - n i t r o c a t e c h o l ] , M pHa tau  „ .msec exp tau„ , „  .msec c a l c '

0.0396 0.0364 4.33 0.20 0.20

0.()396 0.0364 3.91 0.22 0.27

0.0396 0.0364 6.48 0.41 0.41

0.0163 0.0439 3.90 0.49 0.43

0.0163 0.0439 3.42 0.77 0.80

0.0407 0.0228 4.43 0.25 0.27
/

0.0407 0.0228 3.97 0 .30 0.33

0.0407 0 . 0 2 2 8 3.49 0.69 0.64

0 .0407b 0.0510 4.48 0.25 0 .26

0 .0407b 0.0510 4.05 0.18 0 .19

0 .0407b 0.0510 3.60 0.33 0.28

0 .0407 b 0.0459 6.02 1.97 1.99

0 .0 40 7b 0.0459 5.59 1 .45 1.31

The i n d i c a t o r  in  a l l  s o l u t i o n s  between pH4.48 and pH 3.42 was 
bromophenol b lue  (2.52x10 * M); above pH 5 .59 ,  ch l o rphe no l  red 
(2 .02x10-:> M) was used.  Al l  r e a c t i o n s  were moni tored a t  A = 5 8 0 n m .

b
These s o l u t i o n s  c o n t a i n  0.01 M sodium b i s u l f i t e .

iVJI - to I
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r e a c t i o n  scheme a r e  known, a l l  th e  e q u i l i b r i u m  c o n c e n t r a ­

t i o n s  can be d e t e r m i n e d .  Th i s  i s  e s s e n t i a l  f o r  a c o r r e c t  

i n t e r p r e t a t i o n  o f  th e  k i n e t i c  p r o p e r t i e s  o f  t h e  sys tem.  

Acid d i s s o c i a t i o n  c o n s t a n t s  o f  th e  s p e c i e s  i nv o l ve d  (HB and

can be de t e r m in ed  by t i t r a t i o n  wi th  s t a n d a r d  b a s e .  In 

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

co m p le x a t i o n  r e a c t i o n s ,  a s  d e f i n e d  below,  must be c a r r i e d  

o u t .

Th i s  i s  i m p o r t a n t  n o t  o n l y  in  th e  c a l c u l a t i o n  o f  e q u i l i b r i u m  

c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  in vo l ve d  in th e  r e a c t i n g  s y s ­

tem, b u t  a l s o  in r e l a t i n g  th e  forward and r e v e r s e  r a t e  con-

for: '
pP + qQ f R + j S

This  p e r m i t s  c a l c u l a t i o n  o f  th e  r e v e r s e  r a t e  c o n s t a n t s  from 

a knowledge o f  K and k ^  anq a l lo w s  th e  r a t e  law to  be ex­

p r e s s e d  in  t e rms  o f  th e  forward r a t e  c o n s t a n t s  a l o n e ,  a s  in  

t h e  r e l a x a t i o n  e x p r e s s i o n  g i ve n  p r e v i o u s l y .  Var ious  

methods  f o r  th e  c a l c u l a t i o n  o f  bo t h  a c id  d i s s o c i a t i o n  con­

s t a n t s ^  and complex s t a b i l i t y  c o n s t a n t s 11 a r e  wel l  docu-

H B +  H2 L

h M

s t a n t s  a s  g iv e n  by t h e  law o f  mass a c t i o n : ^
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men ted  .

S t a b i l i t y  C o n s ta n t  D e t e r m i n a t i o n

In t h e s e  c a s e s ,  t h e  K ' s  were o b t a i n e d  by e i t h e r  or  bo th  

o f  two methods:  (1)  th e  t i t r a t i o n  o f  a boron a c i d - l i g a n d

with  boron a c id  (and v i c e  v e r s a ) .  D e r i v a t i o n s  o f  t h e  ex­

p r e s s i o n s  used to  c a l c u l a t e  t h e  s t a b i l i t y  c o n s t a n t s  by each 

o f  t h e s e  methods f o l l o w .

In t h e  t i t r a t i o n  wi th  s t a n d a r d  NaOH, t h e  pH o f  a s o l u ­

t i o n  o f  known i n i t i a l  boron a c i d  and l i g a n d  c o n c e n t r a t i o n  i s  

measured a t  s e v e r a l  i n c r e m e n t a l  a d d i t i o n s  o f  b a s e .  A s t a ­

b i l i t y  c o n s t a n t  i s  then  c a l c u l a t e d  f o r  each p o i n t  on th e  t i ­

t r a t i o n  c u r v e .

The e q u i l i b r i a  inv o l ve d  a r e :

s o l u t i o n  wi th  s t a n d a r d  b a s e ,  o r  (2 )  th e  t i t r a t i o n  o f  l i g a n d

II. B. 3

U .B .4
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C o n s e r v a t i o n  o f  mass and c o n s e r v a t i o n  o f  ch a r g e  y i e l d  the  

f o l l o w i n g  e q u a t i o n s :

L0 =  [ h 2 l]  4- [H L-] +  [ l2~ ]  +  [C x " ] | |  B-5

Bo =  [ HB] +  I 6" ]  +  [ C*~] I1.B.6

[ n o * ]  +  [ h + ] =  [ B - ]  +  [ h L “] +  2 [ l 2" ] + [ o H “ ]  +  [ c x - ]  II . 8 . 7

From I I . B . 1 :

[ h 2 l] = J hJ  [ hl- ]

Ko|

F r  om 11 . B.2:

[ l2 “] =  kq2 [ hl~]

M

P u t t i n g  t h e s e  e x p r e s s i o n s  i n t o  I I . B . 5,  one o b t a i n s :  

l 0  =  » [ h L-] +  [ c x - ]

[ h i - ]  =  L°  -  [ Cx ] II.B.5a
a

where:

« = 1 + [ H<~] + ]fa2_
K0) [H * ]

From I I . B . 3:

HB = M  [« -]
Khb
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S u b s t i t u t i o n  f o r  [HB] in I I . B . 6 g i v e s :

B0 =  4 b “ ] +  [ C x “ ]

[ b ~] =  B°  ~  [ C x 1

fi = i + [ H1
khb

Using [0H-]  = Kw/ [ h+] ,  and [Na+] = NaQ( ancj p u t t i n g  I I . B . 5 a  

and I I . B . 6 a  i n t o  e q u a t i o n  I I . B . 7 g i v e s :

Using I I . B . 5 a ,  t h e  HL-  c o n c e n t r a t i o n  can be c a l c u l a t e d ,  and 

t h i s  r e s u l t  i n s e r t e d  i n t o  e q u a t i o n  I I . B . 1  g i v e s  [HgL].  

Equat ion  I I . B . 6 a  can be so lv ed  fo r  [B- ] knowing [Cx“ ] ,  and 

t h i s  i s  used in  I I . B . 3 t o  o b t a i n  [HB]. The v a l u e  o f  t h e  

e q u i l i b r i u m  c o n s t a n t ,  K, can now be c a l c u l a t e d  a c c o r d i n g  t o :

II.B.8

w h e r e :

Y =  1 + 2Kq2

Equa t ion  I I . B . 8 can now be so lv ed  f o r  [Cx"] :

II.B.9

MM
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I t  i s  i m p o r t a n t  to  p o i n t  ou t  h e r e  t h a t  t h e s e  c a l c u l a t i o n s  

can be done a t  low pH’ s ,  and y i e l d  good v a l u e s  o f  t h e  s t a ­

b i l i t y  c o n s t a n t .

Reca l l  t h a t  Edwards12 de te rmined  K v a l u e s  assuming t h a t

i t  was the  t e t r a h e d r a l  anion which r e a c t e d :
B”  +  H2 L C x -  +  h2 0

. .  M " ]

M M  M-8"  .

Because he worked wi th b u f f e r e d  s o l u t i o n s  o f  b o r i c  a c id  and 

p he ny l bor on i c  a c i d ,  t h i s  a ssumpt ion  h o ld s  t r u e .  However, 

exa m in a t i o n  o f  e q u a t i o n s  I I . B . 1 0  and I I . B . 1  shows t h a t  th e  

two e x p r e s s i o n s  f o r  the  s t a b i l i t y  c o n s t a n t  a r e  r e l a t e d :

K =  K"KHB
This  would seem to  i n d i c a t e  t h a t ,  w h i l e  a t  h ig h  pHs i t  i s  

p r ed o m in a n t l y  t h e  t e t r a h e d r a l  form which r e a c t s ,  a t  low pHs 

t h e  t r i g o n a l  form a l s o  r e a c t s  to  g i v e  a t e t r a h e d r a l  p r o d u c t .  

K i n e t i c  d a t a  a l s o  i n d i c a t e  t h a t  t r i g o n a l  as  wel l  as 

t e t r a h e d r a l  boron a c i d s  w i l l  undergo c o m p l e x a t i o n , and t h a t  

o n l y  t h e  t e t r a h e d r a l  form r e a c t s 1 2  was an i d e a  which 

deve loped  from thermodynamic work done a t  h ig h  pHs and from 

the  knowledge t h a t  th e  complex was t e t r a h e d r a l .

The pH mixing t e c h n i q u e  makes use o f  t h e  f a c t  t h a t  t h e  

co m plexa t ion  r e a c t i o n  c a u s e s  r e a d j u s t m e n t  o f  t h e  e q u i l i b r i a  

i n v o l v e d ,  and c o n s e q u e n t l y  a change in  pH. S o l u t i o n s  o f  

l i g a n d  and boron ac id  a re  a d j u s t e d  to th e  same i n i t i a l  pH,
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and th e  change in pH o f  one i s  measured upon a d d i t i o n  o f  

known volumes o f  th e  o t h e r .  The o v e r a l l  com plexa t io n  can be 

viewed a s :

HB + HL“ Cx“ + H20  K"= K /Kq1 II.C.l

The e q u i l i b r i a  which r e a d j u s t  f o l l o w i n g  r e a c t i o n  I I . C . l  a r e :  

HB —  H+ + B- II.C.2

H2L Hf + HL" II.C.3

HL" ^  H+ + L2" II.C.4

The ch a ng es  in H+ c o n c e n t r a t i o n  due to  the  s h i f t  o f  r e a c ­

t i o n s  I I . C . 2  th ro u g h  I I . C . 4  a r e  g iv e n  by:

AH1=change due to  d i s s o c i a t i o n  o f  HgL ^  h++HL“

A ^ r c h a n g e  due to  a s s o c i a t i o n  o f  +  H+ ^  HL“

AH^schange due to  a s s o c i a t i o n  o f  B“ + H+ ^  HB 

The c o n s e r v a t i o n  r e l a t i o n s h i p s  can be w r i t t e n  a s :

HL"] =  [HLo] -  [cx“] aHj t- aH2 ILC.5

Hj L] -  [H2L0] -  aH1 H.C.6

L2-] =  [ l02“] -  AH2 H.C.7

hbJ =  [ h b c ]  -  [ c x- j  + a h 3 II.C.8

B~] =  [Bo ] -  AH3 (I.C.9

AH =  AHj -  AH2 aH3 tl.C.10

where t h e  s u b s c r i p t  ze ro  i n d i c a t e s  t h e  i n i t i a l  c o n c e n t r a t i o n  

b e f o r e  t h e  s h i f t  in  e q u i l i b r i u m  due to  c o m p l e x a t i o n ,  and a H



r e p r e s e n t s  t h e  measured change in pH ( H + j. _ H+^ ) ;  AH-j

t e n d s  to  i n c r e a s e  th e  H+ c o n c e n t r a t i o n ,  w h i l e  AH^ and AĤ  

t end  to  d e c r e a s e  i t .  From I I . C . 2, I I . C . 8, and I I . C . 9:

*H B = M i l

[HB]

K ] ( [ B° ] - AH3 )

([hBcJ - [ c,-]  +ahT

T his  can be so lv ed  f o r  AH^:

aH3 -  a  +  fi [cx“j  II.C .123
w h e r e :

=  [H f][B ;]-K HB[HBo]

kh b '*' [H f]

an d

£ =  K H B

Now, from I I . C . 1 0  and I I . C . 1 2 :

A Hj =  AH + AHj + a + /?£cx-J II-C.13

And from I I . C . 3. u s in g  I I . C , 5,  I I . C . 6, and I I . C . 1 3 *  s o l v i n g  

f o r  AHp y i e l d s :

_  K ^ l ^ - A H -  . j -  [ h , * | h i ; ] .  +  [ » ? ] [ * - l ) | [ C,1~]

2[h(*] +

AH2
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From e q u a t i o n  I I . C . *1, u s i n g  I I . C . 5,  I I . C . 7,  and I I . C . 1 3 *  a 

second e x p r e s s i o n  f o r  i s  o b t a i n e d :

K I L»2"J “ K° 2 ( [Hlo ]+  iH + ”)

=  « . 2 - W

AH II.C.15

Eq u a t i n g  I I .C .1 H  and I I . C . 1 5  and s o l v i n g  fo r  [Cx- ] y i e l d s :  

K»1 {[H2l o] -  -  [Hl]{[Hts ]  + iH >■ ” } H [lo 2-] -  Ka2 { [h is ] f  4H +  «}

Cx =
2Ho2 +  [Hf]

*a2 -  /?Ka2 1
Ka ,0  +  ■ H * ■

2K„2 +  j H f l T
2[H|] +  K0 ,

From t h e  e q u a t i o n  above,  th e  c o n c e n t r a t i o n  o f  complex can be 

c a l c u l a t e d ,  and from t h i s ,  u s in g  I I ; C . 1 4 ,  I I . C . 1 2 ,  and

I I . C . 5 th r o u g h  I I . C . 1 0 ,  a l l  th e  e q u i l i b r i u m  c o n c e n t r a t i o n s  

can be c a l c u l a t e d .  As in  t h e  NaOH t i t r a t i o n ,  t h e  s t a b i l i t y  

c o n s t a n t  i s  the n  de te rmined  us ing  the  e q u a t i o n :

k =  M M
[ hb ] [ h 2 i ]

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

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

c o n c e n t r a t i o n s  which appear  in e q u a t i o n  I I . A . 22.

The t i t r a t i o n s  performed to  d e t e r m i n e  both ac id  d i s s o ­

c i a t i o n  c o n s t a n t s  and s t a b i l i t y  c o n s t a n t s  were done a t  con­

s t a n t  t e m p e r a t u r e  under  a n i t r o g e n  a t m o sp h er e .  A c i r c u l a t ­

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

25°C . The i o n i c  s t r e n g t h  was m a i n t a i n e d  a t  / i=0.1 M by ad-
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d i t l o n  o f  KNO^, and t h e  hydrogen ion a c t i v i t y  c o r r e c t i o n  was 

made u s i ng  th e  Davies  equation: 13

pH measurements  were done on a Corning Model 12 r e s e a r c h  pH 

m e t e r .

I n t r o d u c t i o n  to  th e  S p e c i f i c  Systems I n v e s t i g a t e d

The t o t a l  r e a c t i o n  scheme fo r  the  r e a c t i o n s  o f  boron 

a c i d s  wi th th e  b i d e n t a t e  l i g a n d s  s t u d i e d  i s  g iven  by:

HB +  H2 L —  Cx“ -t- H3 O *

*  ,  «  *
HB 4* H +H L  -=-------- Cx +■ H^O

H*+B” +  H2 L ^  C x " f 2 H 2 0  +  H *

n  ^
H*+B” +  H *+H L - -=  C x “ +  O H “ -**2H* +

A s i n g l e  r e l a x a t i o n  t ime which i s  c h a r a c t e r i s t i c  o f  th e  f o r ­

mat ion  o f  t h e  complex,  Cx“ , i s  me asured ,  and i t  c o n t a i n s  

c o n t r i b u t i o n s  from a l l  f ou r  pa thways .  By s’u i t a b l e  a d j u s t ­

ment o f  th e  s o l u t i o n  pH, d i f f e r e n t  s p e c i e s  can be made to  

p r e d o m i n a t e ,  and th e  measurement  o f  t h e  r e l a x a t i o n  t im e s  ob­

t a i n e d  a t  v a r y i n g  r e a c t a n t  c o n c e n t r a t i o n s  and i n i t i a l  pHs 

p e r m i t s ' e v a l u a t i o n  o f  t h e  d i f f e r e n t  r a t e  c o n s t a n t s .  A
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s e r i e s  o f  ex p e r i m en ts  t h u s  y i e l d s  th e  v a r i o u s  forward r a t e  

c o n s t a n t s  ( kr ' can then be c a l c u l a t e d  from th e s e  and the  

a p p r o p r i a t e  s t a b i l i t y  c o n s t a n t ,  K.) The r e s u l t s  o f  t h e s e  

s t u d i e s  w i l l  be p r e s e n te d  and d i s c u s s e d  in a somewhat d i f ­

f e r e n t  f o r m a t .  Rather  than examining each system in t o t o ,  

th e  r e a c t i o n s  w i l l  be looked a t  in  te rms  o f  th e  f o l l o w i n g :  

( 1 ) t h e  r e a c t i o n s  o f  f u l l y  p r o t o n a t e d  l i g a n d s  with boron 

a c i d s ,  ( 2 ) th e  r e a c t i o n s  o f  l i g a n d  an io ns  with boron a c i d s ,  

( 3 ) t h e  r e a c t i o n s  o f  t e t r a h e d r a l  boron,  and (4)  the  1:2 com­

p l e x e s  o f  b o r i c  a c i d .

A s tu d y  was made o f  the  r e a c t i o n s  o f  f ou r  boron a c i d s  

wi th s e v e r a l  l i g a n d s  which span a pKg  ̂ range  o f  1.04 t o  

1 3 . 5 ;  t h e  boron a c i d s  had pKgS which v a r i e d  from 6 .96  t o  

10 .4 .  S t a b i l i t y  c o n s t a n t s  o f  a s e r i e s  o f  l i g a n d s  with one 

boron ac id  i n c r e a s e  as the  l i g a n d  pKg  ̂ d e c r e a s e s  and,  f o r  a 

s i n g l e  l i g a n d ,  t h e  s t a b i l i t y  c o n s t a n t s  i n c r e a s e  as  the  

a c i d i t y  o f  th e  boron ac id  i n c r e a s e s .  The thermodynamic and 

k i n e t i c  r e s u l t s  i n d i c a t e  a mechanism in which p ro ton  

t r a n s f e r  p la y s  an i m p o r t a n t  r o l e .  E f f e c t s  due to  l i g a n d  

geometry a r e  a l s o  o b s e r v e d .

The boron a c i d s  used were m e th y l bor on i c  ac id  

(CH^BCOHJg)* b o r i c  ac id  C BC OH 5 3 ) ,  phen y l bo ro n i c  ac id  

(«SB(0H)2 ) ( and m - n i t r o p h e n y l b o r o n i c  ac id  (m-NC^riBCOHJg). 

Acid d i s s o c i a t i o n  c o n s t a n t s  were de te rmined  by t i t r a t i o n  

with 0.1N NaOH, and found t o  be as  f o l l o w s :  me thy lbo ron ic

a c i d ,  pKgSi o . 4 ,  b o r i c  a c i d ,  pKa =9 . 0 , 1  ̂ phen y l boron i c  a c i d ,
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pKa =8 . 7 , 15 and m - n i t r o p h e n y l b o r o n i c  a c i d ,  pKa=6 . 9 6 , ( l i t .  

7 . 3 ^ ) *  The l i g a n d s  i n v e s t i g a t e d  were m a n n i t o l ,

pKa i = i 3 . 5 ; 17 c a t e c h o l  ( 1 , 2 - d i h y d r o x y b e n z e n e ) , pKa 1=g .27

( l i t .  9-25^®); t h e  s u b s t i t u t e d  c a t e c h o l s  4 - n i t r o c a t e c h o l ,

P ^ a 1=6 .69 ( l i t .  6 . 7 8 19) and 4 - m e t h y l c a t e c h o l , pKa l = 9 . 3 9 ;

mandel ic  a c i d ,  pKa l = 3 .2 2 ,  and s a l i c y l i c  a c i d ,  pKa l =2.83

( l i t .  2 .69^0)  . S t r u c t u r e s  o f  t h e s e  l i g a n d s  and boron a c i d s  

a r e  found in Appendix A.

All  l i g a n d s  and boron a c i d s  were r e a g e n t  g r ade  and were 

used as  r e c e i v e d  u n l e s s  o t h e r w i s e  s p e c i f i e d .  S o l i d  4-  

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

and the  p u r i t y  o f  the  r e s u l t a n t  whi te  c r y s t a l l i n e  m a t e r i a l  

was checked by pH t i t r a t i o n .  Methy lboronic  ac id  i s  s t a b i l ­

i zed  by t h e  a d d i t i o n  o f  w a t e r ,  and t i t r a t i o n  as wel l  as NMR 

d a t a  r e v e a l e d  t h i s  amount o f  water  to be l e s s  than one per 

c e n t  by w e i g h t .

The c a t e c h o l s  undergo o x i d a t i o n  by m o le c u l a r  oxygen in 

n e u t r a l  and b a s i c  s o l u t i o n  to form t h e i r  v a r i o u s  quinones.^1 

T h e r e f o r e ,  k i n e t i c  s t u d i e s  i n v o l v i n g  c a t e c h o l ,  4- 

n i t r o c a t e c h o l , and 4 - m e t h y l c a t e c h o l  were c a r r i e d  out  in the  

p r e s e n c e  o f  sodium b i s u l f i t e  to  i n h i b i t  t h i s  o x i d a t i o n .  At 

pHs o f  about  s i x ,  the  a d d i t i o n  o f  b i s u l f i t e  was found to  be 

n e c e s s a r y ;  o x i d a t i o n  o f  the  c a t e c h o l s  i n t e r f e r e d  with the  

complexa t ion  r e a c t i o n s ,  and the  r e l a x a t i o n  t im es  f o r  the  

complexa t ion  r e a c t i o n s  a t  t h e s e  pHs were r e p r o d u c i b l e  only 

in  t h e  p r ese nce  o f  b i s u l f i t e .  At pHs o f  about  f o u r ,  t h e  r e ­
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l a x a t i o n  t i m es  o b t a i n e d  with and w i thou t  b i s u l f i t e  were v i r ­

t u a l l y  i d e n t i c a l ,  i n d i c a t i n g  t h a t  o x i d a t i o n  a t  t h e s e  pHs i s  

no t  a s e r i o u s  problem.

S t a b i l i t y  c o n s t a n t s  f o r  the  boron a c i d / l i g a n d  systems 

were de t e rmined  both by th e  pH mixing method and by t h e  t i ­

t r a t i o n  with s t a n d a r d  sodium h y d r o x id e .  The c a l c u l a t i o n s  

were c a r r i e d  ou t  us ing e q u a t i o n s  I I . B . 1  th r ough  I I . B . 9 and 

I I . C . 1  th rough  I I . C . 1 5 .  K in e t i c  d a t a  were f i t  a c co rd i ng  to  

the  eq u a t i o n  fo r  the  r e l a x a t i o n  t ime d e r i v e d  in s e c t i o n

I I . A .  For s t u d i e s  a t  low pHs, th e  r e l a x a t i o n  t i m es  could  be 

f i t  to  one or two term r a t e  e x p r e s s i o n s .  At h i g h e r  pHst the  

number o f  te rms  n e c e s s a r y  to  o b t a i n  a good f i t  f o r  the  ex­

p e r i m e n t a l l y  o b ta in e d  t’s was dependen t  upon th e  pKg  ̂ o f  th e

l ig a n d  and the  pKg o f  t h e  boron ac id  i n v o l v e d .  The e r r o r

a s s o c i a t e d  with a l l  o f  th e  r e p o r t e d  r a t e  c o n s t a n t s  i s  ±10

per  c e n t .  The v a l u e s  o f  th e  s t a b i l i t y  c o n s t a n t s  have a s s o ­

c i a t e d  e r r o r s  o f  ±5 per  c e n t .
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CHAPTER THREE

R e a c t i o n s  o f  F u l l y  P ro t o n a t e d  L igands  wi th  T r i g o n a l  Boron

Acids

Genera l

The r e a c t i o n  o f  boron a c i d s  wi th  f u l l y  p r o t o n a t e d

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

s e c t i o n  I I . A :

H2L + Rb(oh) 2 ^ 7 " ^  Cx“ +  H30  +

The complex i s  formed v i a  a r e a c t i o n  which i s  bo th  an a d d i ­

t i o n  and a s u b s t i t u t i o n ;  one l i g a n d  donor  atom o c c u p i e s  a 

p r e v i o u s l y  v a c a n t  s i t e  on th e  b o r o n ,  and th e  o t h e r  d i s p l a c e s  

a hydroxy l  g roup from the  b o r o n .  Some l i g a n d s  which form 

complexes  o f  t h i s  type a r e  p o l y o l s , ^ * ^  « - h y d r o x y c a r b o x y l i c  

a c i d s . 3 1 1* and d i c a r b o x y l i c  a c i d s . 5 t 6 The l i g a n d  donor  atoms 

a r e  oxygen atoms in  t h e s e  c a s e s ,  and bo th  l i g a n d  p r o t o n s  a r e  

d i s p l a c e d  upon r e a c t i o n .  F ive and s i x  membered c h e l a t e  

r i n g s  a r e  f o r m e d : 7 , 8 , 9
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The s t a b i l i t y  c o n s t a n t s  o f  th e  v a r i o u s  l i g a n d s  wi th 

me th y lb o ro n ic  a c i d ,  b o r i c  a c i d ,  phen y l b o ro n ic  a c i d ,  and m- 

n i t r o p h e n y l b o r o n i c  ac id  a r e  p r e s e n te d  in Tab les  I I I - 1  

th r o u g h  H I - 4 .  I t  can be seen t h a t  f o r  each boron a c i d ,  th e  

s t a b i l i t y  c o n s t a n t  i n c r e a s e s  as  th e  a c i d i t y  o f  t h e  l i g a n d  

i n c r e a s e s .  The v a r i a t i o n  in s t a b i l i t y  c o n s t a n t  as  a func­

t i o n  o f  boron ac id  pKg i s  p r e s e n t e d  in Table  I I I - 5  f o r  the  

4 - n i t r o c a t e c h o l  l i g a n d .  In g e n e r a l ,  th e  v a l u e  i n c r e a s e s  

from m - n i t r o p h e n y l b o r o n i c  ac id  to m e th y lb o ro n ic  a c i d .  This  

t r e n d ,  an i n c r e a s e  in s t a b i l i t y  c o n s t a n t  as th e  a c i d i t y  o f  

the  boron ac id  or  o f  t h e  l i g a n d  i n c r e a s e s ,  w i l l  be seen 

s h o r t l y  t o  be r e f l e c t e d  k i n e t i c a l l y  in bo th  an i n c r e a s e  in 

th e  forward r a t e  c o n s t a n t  and a d e c r e a s e  in the  r e v e r s e  r a t e  

c o n s t a n t .  The proposed mechanism o f  complexa t ion  emphas izes  

p ro ton  t r a n s f e r  as an i m p o r t a n t  f a c t o r .

I t  i s  i n t e r e s t i n g  and s u r p r i s i n g  to no te  t h a t  no t h e r ­

modynamic e v i den ce  was found fo r  the  fo rmat ion  o f  any 1:2 

complexes o f  b o r i c  acid with c a t e c h o l  and the  s u b s t i t u t e d  

c a t e c h o l s .  C a l c u l a t i o n s  f o r  both pH mixing and sodium hy­

d r o x i d e  t i t r a t i o n s  gave good v a l u e s  o f  Ks t ab fo r  

complexes under  the  e x p e r i m e n ta l  c o n d i t i o n s .  This  i s  con­

s i s t e n t  wi th  th e  r e c e n t  s t u d i e s  o f  E . J .  Hakoi la  e t  a l . ^  and 

o f  M. B a r t u s e k ^  i n which s t a b i l i t y  c o n s t a n t s  o f  some b o r i c  

ac id  sys tems were d e t e r m i n e d .  I t  i s  easy  t o  v i s u a l i z e  t h e  

fo rm a t io n  o f  a 1:2  complex v i a  th e  c o n d e n s a t i o n  between th e  

hydroxyl  g roups  o f  th e  second l i g a n d  and the  hydroxyl  groups
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Table  111 — 1 - S t a b i l i t y  Co ns tan t s  o f  «*B(OH)2 / L i g a n d  Complexes

Ligand PKa1 PKa 2 Kstab

Oxal ic  Acid5 1 .04 3.78 3 .2

Malonic Acid6 2 .59 5 .25 2 . 6x 10-2

S a l i c y l i c  Acid 2 .83 - 6 . 8x10-2

Mandelic Acid 3.22 - 1.5x10-2

L a c t i c  Acid1* 3-70 - 3 .7x10-3

— n i t  roc a t e c  hoi 6 .69 10.57 9.5x10-4

Catecho l 9 .27 1 1.49 4 .7x10-5

4-methyl  c a t e c h o l 9 .39 1 1.59 3.0x10-5

Manni tol 13.5 — 5 .3x10-6

Table  I I I - 2 .  S t a b i l i t y  C ons tan t s o f  B(0H) 3 /Ligand Complexes

Ligand PKa1 pKa 2 ^s t  ab

S a l i c y l i c  Ac id 10 2 . 8 3 - 1 . 1 x 1 0 - 2

T a r t a r i c  Acid3 2 . 8 9 4 . 5 2 1 . 8 5 x 1 0 - 2

4 - n i t r o c a t e c h o l 6 . 6 9 1 0 . 5 7 1 .5x 1 0-4

Catecho l 9 . 2 7 1 1 . 4 9 1 . 1 x 1 0 - 5

4 - m e t h y l c a t e c h o l 9 . 3 9 1 1 .59 6 . 3 x 1 0 ~ 6



Table  111 — 3• S t a b i l i t y  C o n s ta n t s  o f  CH^B(OH)2 /Ligand Complexes

Ligand *>Ka1 P«a2 Ks t a b

S a l i c y l i c  Acid 2 .83 - 4 . 5x 10-3

Mandelic Acid 3 .2 2 - 2 .1x10-3

4 - n i t r o c a t e c h o l 6 .69 10.57 4 .3x10-5

Ca te c h o l 9 .27 11 . 49 1 . 6x1 0 - 6

Table  I I I - 4 .  S t a b i l i t y  C o n s ta n t s  o f  m-N02,6B(0H)2 /Ligand Complexes

Ligand PKa1 P*a2 ^ s t a b

S a l i c y l i c  Acid 2 .83 - 1 .1

Mandelic Acid 3 . 2 2 - 1 . 9x10-1

4 - n i t r o c a t e c h o l 6 .6 9 10.57 1 . 6x 1 0 - 2

4- m e t h y l c a t e c h o l 9 . 3 9 1 1.59 5.5x1 0-1*
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Table  I I I - 5 .  S t a b i l i t y  Co n s ta n t s  o f  RB(0H)2 / M - n i t r o c a t e c h o l
Complexes

Boron Acid

m - n i t r o p h e n y l b o r o n i c  Acid 

Pheny lboron ic  Acid 

Bor ic  Acid 

Methy lboronic  Acid

P^a ^ s t a b

6 . 96  1.6x1CT2

8 . 7  9 .5X10-1*

9 . 0  1 .5x10”^

10.4 4 .3 x 1 0 " 5
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o f  t h e  1:1 complex :

In f a c t ,  1:2 complexes  o f  b o r i c  ac id  do e x i s t  f o r  l i g a n d s  

which a r e  l e s s  a c i d i c  than c a t e c h o l  and a l s o  f o r  l i g a n d s  

which a r e  more a c i d i c  than c a t e c h o l .  Ligand geometry and 

r i g i d i t y  a r e  f a c t o r s  to  c o n s i d e r  in d i s c u s s i n g  th e  absence  

o f  t h e  1:2 complexes .  The r i g i d i t y  o f  t h e  c a t e c h o l  l i g a n d s  

seems to  f a v o r  complex fo rm a t io n  in t h e  1:1 c a s e ,  b u t  t h i s  

r i g i d i t y  may h i n d e r  the  fo rm a t io n  o f  t h e  1:2 s p e c i e s  f o r  

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

That  t h e s e  r e a c t i o n s  in g e n e r a l  a r e  s e n s i t i v e  to  l i g a n d  

s t e r e o c h e m i s t r y  i s  seen in  the  f a i l u r e  o f  e t h y l e n e  g l y c o l ^  

and th e  1, 2 - c y c l o h e x a n e d i o l s ^ 3  t o  form d e t e c t a b l e  amounts o f  

e i t h e r  1:1 or  1 :2  complexes wi th boron a c i d s .

S t u d i e s  o f  a  S i n g l e  Boron Ac id wi th  a V a r i e t y  o f  L igands

The r e s u l t s  o f  th e  k i n e t i c  s t u d i e s  o f  t h e  RBCOH^/t^L 

r e a c t i o n s  a r e  g iv e n  in  Tab le s  I I I - 6  th rough  I I I - 9 .  Wi th in  a 

p a r t i c u l a r  RB(OH)2 s e r i e s ,  th e  r a t e  c o n s t a n t s ,  bo th  forward



Table I I I - 6 .  Rate Cons tant s  fo r  r iEKOH^/^L Reac t ions  (pKgBB=8.7)

Ligand PKa1 k f ,M- l s " 1 k r ,M"1s " 1 log kf log
5

Oxalic Acid 1 .04 2x103 6.2x102 3.3 2.8

Malonic Acid^ 2.59 350
ji

1.3x10* 2 .5 4.1

S a l i c y l i c  Acid 2.83 225 3.3x103 2.4 3.5

Mandelic Acid 3.22 175 4 .7x104 2 .2 4.7

L a c t i c  Acid 3-70 140 3.8x10^ 2 .2 4.6

4 - n i t r o c a t e c h o l 6.69 650 6.8x105 2 .8 5 .8

Catechol 9.27 110 2.3x106 2 .0 6.4

4-methyl  c a te c h o l 9.39 120 4x106 2. 1 6.6

Mannitol 13.5 50 107 1 .7 7

Table  I I I - 7 .  Rate Cons tan t s  f o r  B(0H) ^/H2L Reac t ions  ( pKhb=9.0>

Ligand pK . K a 1
-1 -1 k f ,M ' s  ' k r , M " V 1 log f log kp

S a l i c y l i c  A c i d ^ 2.83 135 4 .5 x103 2.1 3.7
■3

T a r t a r i c  Acid 2.89 475 2 .6x104 2.7 4 .4

4 - n i t r o c a t e c h o l 6.69 250 1 .7x106 2 .4 6 .2

Catechol 9.27 60 5.4x106 1.8 6.7

4-methyl  c a te c h o l 9.39 54 8 .6 x106 1 .7 6.9



Table I I I - 8 .  Rate Cons tan ts  fo r  CH^B(0H)2/H2L Reac t ions  (pKHB=10.4)

Ligand pKa1

0

,M- l s ~ 1

C. C.

-1 -1 kp l M ' s log kf

no 

log V

S a l i c y l i c  Acid 2 .83 55 1.2x10** 1.7 4.1

4 - n i t r o c a t e c h o l 6.69 45 1,0x106 1.7 6 .0

Catechol 9 .27 7 .6 4 .8x106 0 .9 6 .7

Table I I I - 9 .  Rate Constant s fo r  m-N02i5B(OH)2 /H2L Reac t ions ( p khb=6

Ligand pKa 1 k f ,M- 1 s _1 k p , M_1s~ 1 log kf  log

S a l i c y l i c  Acid 2.83 650 590 2 .8 2.

Mandelic Acid 3.22 2 . 5 x l 0 3 1.3x104 3.4 4.

4 - n i t r o c a t e c h o l 6.69 2x1 03 1.3x105 3 .3 5.

4 - m ethy lc a t ec ho l 9.39 1.5x103 2.7x10^ 3 .2 6.
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and r e v e r s e ,  depend upon l i g a n d  a c i d i t y .  As ment ioned p r e ­

v i o u s l y ,  t h e  g e n e r a l  i n c r e a s e  in s t a b i l i t y  c o n s t a n t  wi th  an 

i n c r e a s e  in  l i g a n d  a c i d i t y  i s  seen k i n e t i c a l l y  as  an i n ­

c r ea se d  forward r a t e  c o n s t a n t  and a d e c re as ed  r e v e r s e  r a t e  

c o n s t a n t  as w e l l .  This  i s  e v i d e n t  from the  t a b u l a t e d  

r e s u l t s .  The s t u d i e s  c a r r i e d  ou t  with phe n y l b o ro n ic  ac id  

(Tab le  I I I - 6 )  a r e  t h e  most comprehens ive ,  t h e  range  o f  pKa ^s 

spanned by t h e  l i g a n d s  being from pKa l s i.o*( t o  pKa -| = 13.5 .  

I n v e s t i g a t i o n s  o f  t h e  o t h e r  boron a c i d s  ( b o r i c  a c i d ,  me th y l ­

boronic  a c i d ,  and m - n i t r o p h e n y l b o r o n i c  ac id )  i n d i c a t e  t h a t  

t h e  c o n c l u s i o n s  which can be made on the  b a s i s  o f  t h e  r e a c ­

t i o n s  o f  pheny l bo ron ic  ac id  can be extended to i n c l u d e  o t h e r  

boron a c i d s  as w e l l .  The v a r i a t i o n  in r a t e  c o n s t a n t s  f o r  

r e a c t i o n s  o f  d i f f e r e n t  boron a c i d s  wi th f u l l y  p r o t o n a t e d  

l i g a n d s  can be a t t r i b u t e d  to d i f f e r e n c e s  in a c i d i t y  among 

t h e s e  a c i d s ,  and w i l l  be d i s c u s s e d  s u b s e q u e n t l y .

From Table 111-6, t he  r e a c t i o n s  o f  phe ny lb o ron ic  ac id  with

H2Li i t  i s  seen t h a t  as l i g a n d  pKa l  d e c r e a s e s ,  k f  i n c r e a s e s  

and kp d e c r e a s e s .  The c o r r e l a t i o n  o f  k f  with pKa -| i s  no t  

p r e c i s e ,  a l th o u g h  a g e n e r a l  t r e n d  e x i s t s .  In th e  r e v e r s e  

d i r e c t i o n ,  however,  th e  log o f  th e  r a t e  c o n s t a n t  can be p re ­

c i s e l y  c o r r e l a t e d  with th e  ac id  d i s s o c i a t i o n  c o n s t a n t s  o f  

th e  l i g a n d s  s t u d i e d  as  shown in F igu re  I I I - 1 .  The c o r r e l a ­

t i o n  o f  the  log o f  the  r e v e r s e  r a t e  c o n s t a n t  wi th th e  pKg  ̂

o f  th e  l i g a n d  i s  shown in F igure  I I I - 2  f o r  the  r e a c t i o n s  o f  

m - n i t r o p h e n y l b o r o n i c  a c i d ,  and i n d i c a t e s  t h a t  th e  same
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FIGURE 111-2. REACTIONS O F  m -N IT R O P H E N Y L B O R O N IC  A C I D  W I T H  H2 L
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mechanism i s  a p p l i c a b l e  to  th e  r e a c t i o n s  o f  o t h e r  boron 

a c i d s  as  w e l l .  Thi s  c o r r e l a t i o n  s u g g e s t s  a mechanism in  

which p r o to n  t r a n s f e r  in th e  t r a n s i t i o n  s t a t e  p la y s  an im­

p o r t a n t  r o l e .  The t r a n s i t i o n  s t a t e  can be p i c t u r e d  as f o l ­

lows,  where th e  l i g a n d  d e p i c t e d  i s  c a t e c h o l ,  bu t  could  be 

any one o f  th e  complexing l i g a n d s :

The p r o t on  be ing t r a n s f e r r e d  i s  u n d e r l i n e d .  In t h e  forward 

d i r e c t i o n ,  t h e  p r o to n  i s  t r a n s f e r r e d  from the  oxygen donor  

atom o f  th e  l i g a n d  to  t h e  l e a v i n g  hydroxyl  group on the  

b o r o n .  The l e a v i n g  o f  th e  wate r  m o le c u l e  i s  then  fol lowed  

by c h e l a t e  r i n g  c l o s u r e .  In th e  r e v e r s e  d i r e c t i o n ,  a p ro ton  

i s  t r a n s f e r r e d  from an incoming water  m o le c u l e  to  th e  l e a v ­

ing c a t e c h o l a t e  l i g a n d .  The c o r r e l a t i o n  o f  r a t e  wi th  pK_.
3  I

and no t  wi th  P^ a2 i n d i c a t e s  t h a t  t h e  d i s p l a c e m e n t  o f  th e  

second l i g a n d  p ro to n  in th e  forward d i r e c t i o n  and th e  p r o t o ­

n a t i o n  o f  th e  second donor  atom in th e  r e v e r s e  d i r e c t i o n  a r e  

r e l a t i v e l y  f a c i l e  p r o c e s s e s .  The r e a c t i o n  r e s u l t s  in  a com­

p lex which c o n t a i n s  a four  c o o r d i n a t e  boron atom. I t  i s  

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

boron atom which i s  f i v e  c o o r d i n a t e .  That  i s ,  th e  t r a n s i ­

t i o n  s t a t e  may i n v o l v e  p a r t i a l  bonding o f  boron t o  bo th  

l i g a n d  donor  atoms and a l s o  to  th e  l e a v i n g  h y d r o x y l ,  as
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shown below:

HO

A f i v e  c o o r d i n a t e  boron has been proposed in th e  h y d r o l y s i s  

o f  and r e c e n t l y  c a l c u l a t i o n s  c o n c e r n i n g  the

g e o m e t r i e s  o f  such s p e c i e s  have been c a r r i e d  o u t . 15

The c o r r e l a t i o n  o f  log kp wi t h pKa 1 , shown in  F i g u r e s  

111 — 1 and I I I - 2 ,  a g r e e s  wi th  t h e  t h e o r y  o f  p ro to n  t r a n s f e r  

advanced by E i g e n . 1 6  The r a t e  o f  p r o t o n  t r a n s f e r  depends  

upon th e  d i f f e r e n c e  in  a c i d i t y  between t h e  p ro ton  donor  and 

th e  p ro to n  a c c e p t o r .  As t h e  a c c e p t o r  becomes more b a s i c  

wi th r e s p e c t  to  the  d o n o r ,  t h e  r a t e  o f  p ro t on  t r a n s f e r  i n ­

c r e a s e s  to a maximum v a l u e  where i t  l e v e l s  o f f .  The c o r r e ­

l a t i o n  i n  F ig ure  111—l i s  s i m i l a r  to the  g r ap hs  p r e s e n t e d  by 

Eigen in which log k i s  p l o t t e d  as a f u n c t i o n  o f  ApK, where

apK = PKa c c e p t o r  -  PKdonor -  In th e  c a se  o f  th e  boron ac id  
c o m pl ex a t io n  r e a c t i o n s ,  th e  donor  atom in the  r e v e r s e  d i r e c ­

t i o n  i s  t h e  incoming water  m o le cu le  and th e  a c c e p t o r  i s  t h e  

l e a v i n g  l i g a n d .  Thus,  th e  pKa 0 f  t h e  donor  i s  c o n s t a n t ,  and 

P^al  r a t h e r  than ApK i s  th e  a b c i s s a ,  even though t h e  l i g a n d  

i s  p a r t i a l l y  c o o r d i n a t e d  to  the  boron atom so t h a t  th e  e x a c t

PKa i s  n o t  known. That  th e  c o r r e l a t i o n  i s  wi th  pKa l  and no t  

wi th  pKa 2 s u g g e s t s  t h a t  th e  p ro to n  t r a n s f e r r e d  in t h e  r a t e  

d e t e r m i n i n g  s t e p  i s  th e  one a s s o c i a t e d  wi th  t h e  l e s s  b a s i c
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oxygen donor  atom. The p ro ton  a s s o c i a t e d  wi th  pKg2 i s  d i s ­

p l aced  d i r e c t l y  by bo ro n ,  and t h i s  d i s p l a c e m e n t  must  be a 

f a c i l e  p r o c e s s .  In th e  ca se  o f  hydroxy a c i d s ,  t h i s  means 

t h a t  t h e  major  k i n e t i c  pathway i n v o l v e s  a t t a c k  on boron by 

t h e  hydroxy l  oxygen and d i r e c t  d i s p l a c e m e n t  o f  t h i s  p ro to n

*pKa2>* This  i s  then  fo l lowed  by r i n g  c l o s u r e  v i a  t r a n s f e r  

o f  th e  c a rb o x y l  group p r o to n  (pKa 1 ) to  th e  l e a v i n g  h y d r o x y l ,  

a s  shown below:

The ab s en ce  o f  a p r e c i s e  c o r r e l a t i o n  between th e  f o r ­

ward r a t e  c o n s t a n t s ,  k ^  ancj th e  pKa i o f  th e  l i g a n d s  can be 

a t t r i b u t e d ,  a t  l e a s t  in p a r t ,  t o  two phenomena.  F i r s t ,  a

l i g a n d s  which have d i f f e r e n t  numbers o f  p o t e n t i a l  donor 

a to m s .  And, se co nd ,  l i g a n d  geometry  must  be c o n s i d e r e d .  

There i s  a g e n e r a l  t ende ncy  f o r  th e  forward r a t e  c o n s t a n t  to  

d e c r e a s e  as  th e  l i g a n d  a c i d i t y  d e c r e a s e s .  The c a t e c h o l s ,  a s  

a c l a s s ,  however ,  seem to e x h i b i t  r a t e  c o n s t a n t s  l a r g e r  than 

t h o s e  which would be p r e d i c t e d  on th e  b a s i s  o f  l i g a n d  a c i d i ­

t y .  Thi s  i s  t r u e  even a f t e r  s t a t i s t i c a l  f a c t o r s  have been 

t a k en  i n t o  a c c o u n t .  For example ,  t h e  forward r a t e  c o n s t a n t  

f o r  th e  r e a c t i o n  o f  4 - n i t r o c a t e c h o l  wi th  p h e n y l b o r o n i c  ac id  

i s  l a r g e r  than  t h a t  f o r  th e  r e a c t i o n  o f  l a c t i c  ac id  wi th

O.
H

» H

s t a t i s t i c a l  ad j u s t m e n t  must be made to  ac c o u n t  f o r  t h o s e



p h e ny l bo ro n ic  ac id  even though t h e  pKg  ̂ Qf  l a c t i c  ac id  i s  

s m a l l e r  than t h a t  o f  4 - n i t r o c a t e c h o l  by a f a c t o r  o f  a lmos t  

two.  Table  I I I -6  shows t h a t ,  in  g e n e r a l ,  t h e  k^s f o r  th e  

c a t e c h o l  r e a c t i o n s  a r e  l a r g e r  than exp e c te d  on the  b a s i s  o f  

a c i d i t y ,  b u t  a r e  i n t e r n a l l y  c o n s i s t e n t ,  th e  forward r a t e  

c o n s t a n t  f o r  the  r e a c t i o n  o f  4 - n i t r o c a t e c h o l  (pKa l = 6 . 6g) be­

ing g r e a t e r  than t h a t  o f  4 - m e t h y l c a t e c h o l  ( pKg 1=g , 3 7 ) ,  This  

e f f e c t  cou ld  be due to  the  r i g i d i t y  o f  t h e  c a t e c h o l  l i g a n d s  

which may p r o p e r l y  o r i e n t  them f o r  c h e l a t i o n .  I f  t h i s  i s  

t h e  c a s e ,  then  t h e s e  m o l e c u l e s  w i l l  s u f f e r  fewer g e o m e t r i c  

c o n s t r a i n t s  upon e n t e r i n g  the  t r a n s i t i o n  s t a t e  than  w i l l  the  

l e s s  r i g i d  l i g a n d s  which must l o s e  r o t a t i o n a l  and c o n f i g u r a ­

t i o n a l  e n t ro p y  in  o r d e r  to become p r o p e r l y  o r i e n t e d  fo r  com­

p lex  f o r m a t i o n .  In th e  r e v e r s e  d i r e c t i o n ,  a l l  o f  th e  

l i g a n d s  a r e  c o n s t r a i n e d  to th e  same p a r t i c u l a r  geometry 

shown below:

and t h e  e n t r o p i c  f a c t o r s  which f av o r  the  c a t e c h o l s  over  the  

more f l e x i b l e  l i g a n d s  in  t h e  forward d i r e c t i o n  a r e  no t  

p r e s e n t  in the  r e v e r s e  d i r e c t i o n .

The s t u d i e s  performed with p h e n y l b o ro n ic  ac id  and man- 

n i t o l  i n d i c a t e  t h a t  boron a c i d s  can form complexes wi th  po-  

l y o l s  (whose pKgs a r e  in th e  range  13- 14) .  From the  g raph  

p r e s e n t e d  in F igure  I I I —1, i t  i s  e v i d e n t  t h a t ,  under  t h e  i n -

or
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t e r p r e t a t i o n  o f  th e  proposed mechanism, a l l  p o l y o l s  should 

r e a c t  with a p p ro x im a te l y  th e  same r e v e r s e  r a t e  c o n s t a n t *  

Because o f  t h e  r e l a t i v e l y  h ig h  pKaS c h a r a c t e r i s t i c  o f  the  

p o l y o l s ,  the  r e v e r s e  r a t e  c o n s t a n t s  a r e  p r e d i c t e d  to l i e  in 

t h a t  r e g i o n  o f  t h e  curve  which i s  l e v e l l i n g  o f f  a t  a max­

imum v a l u e .  Thus,  any d i f f e r e n c e s  in boron a c i d / p o l y o l  s t a ­

b i l i t i e s  shou ld  be due t o  d i f f e r e n c e s  in  th e  forward r a t e  

c o n s t a n t s  which w i l l  r e f l e c t  any s t a t i s t i c a l  or  s t e r e o c h e m i ­

c a l  d i f f e r e n c e s  among the  l i g a n d s .  The thermodynamic d e t e r ­

mina t ion  o f  t h e  s t a b i l i t y  c o n s t a n t  by th e  pH d e p r e s s i o n  

method d e s c r i b e d  in s e c t i o n  I I . C  was c a r r i e d  ou t  i n  a c i d i c  

medium, and the e q u a t i o n s  d e r i v e d  assuming t h a t  t h e  t r i g o n a l  

form o f  th e  boron a c i d s  r e a c t s .  The s t a b i l i t y  c o n s t a n t s  ob­

t a i n e d  in t h i s  way a r e  in good agreement  wi th th e  r e s u l t s  

o b t a i n e d  from work c a r r i e d  ou t  a t  th e  pK Qf  t h e  boron ac id  

where i t  was assumed t h a t  the  t e t r a h e d r a l  form r e a c t e d . 2 

K i n e t i c  d a t a  as wel l  i n d i c a t e  t h a t  th e  t r i g o n a l  form of  the  

boron ac id  can r e a c t  wi th p o l y o l s .  As ment ioned p r e v i o u s l y ,  

many a u t h o r s ^ ! 17 had come to  the  c o n c l u s i o n  t h a t  o n ly  the  

t e t r a h e d r a l  b o r a t e  anion was r e a c t i v e .  While i t  may be t r u e  

t h a t  th e  t e t r a h e d r a l  form o f  a g iven boron ac id  r e a c t s  more 

r a p i d l y  wi th  p o l y o l s ,  th e  thermodynamic and k i n e t i c  ev idence  

o b t a i n e d  from th e s e  s t u d i e s  i n d i c a t e  t h a t  t r i g o n a l  boron 

a c i d s  r e a c t ,  a l t h o u g h  s l o w l y ,  wi th  p o l y o l s .
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S t u d i e s  o f  a S i n g l e  Ligand wi th  S e v e r a l  Boron Acids

By examining th e  r e a c t i o n s  o f  a v a r i e t y  o f  boron a c i d s  

wi th  a s i n g l e  l i g a n d ,  i t  i s  p o s s i b l e  t o  i n v e s t i g a t e  k i n e t i c  

e f f e c t s  which a r e  due to  the  n a t u r e  o f  t h e  boron a c i d .  Sub­

s t i t u t e d  boron a c i d s ,  RBfOH^, e x h i b i t  a v a r i a t i o n  in a c i d i ­

t y  which i s  dep en den t  upon the  p a r t i c u l a r  -R group which i s  

p r e s e n t .  Tab le  I I I —10 d i s p l a y s  t h e  s t a b i l i t y  c o n s t a n t s ,  K, 

and t h e  forward and r e v e r s e  r a t e  c o n s t a n t s ,  kj, and kr , a s  a 

f u n c t i o n  o f  boron ac id  P^a f o r  s e v e r a l  f u l l y  p r o t o n a t e d  

l i g a n d s .

The f i r s t  t h i n g  to no te  i s  t h a t  th e  s t a b i l i t y  o f  t h e

i n c r e a s e s  as  t h e  a c i d i t y  o f  th e  boron ac id  i n c r e a s e s .  That  

i s ,  f o r  any l i g a n d  ^ l ,  th e  s t a b i l i t y  c o n s t a n t  f o r  complexa­

t i o n  wi th  m - n i t r o p h e n y l b o r o n i c  ac id  (pKg6 . 9 6 )  i s  g r e a t e r  

than  t h a t  f o r  com plexa t io n  with m e t h y l b o r o n i c  ac id  

( pKg=1o . 4 ) .  The second p o i n t  tb  be made i s  t h a t  th e  i n ­

c r e a s e  in K as  th e  boron a c i d  pK d e c r e a s e s  i s  seen k i n e t i -a
c a l l y  a s  b o th  an i n c r e a s e  in the  forward r a t e  c o n s t a n t ,  k^.? 

and a d e c r e a s e  in the  r e v e r s e  r a t e  c o n s t a n t ,  k r .

The v a r i a t i o n  o f  th e  boron a c i d  i s  an i n t e r e s t i n g  way 

t o  approach an i n v e s t i g a t i o n  o f  t h e  r e a c t i o n s  o f  boron a c i d s  

in  g e n e r a l ;  i t  i s  th e  usua l  ca se  to  va ry  t h e  l i g a n d  s u b s t i ­

t u e n t s  in such a s t u d y .  This  ap p r o ac h ,  however ,  a f f o r d s  th e

formed v i a  t h e  r e a c t i o n :  R



Table 111-10.  Reac t ions  o f  Severa l  Boron Acids with a S in g le  Ligand

React ions  wi th 4 - n i t r o c a t e c h o l

Boron acid pKa kf  i M ^ s ’ 1 k r , M " V 1 log  k f log k;

m -n i t r op he ny lb o ron ic Acid 6.96 2 x103 1 . 3x105 3.3 5.1

Phenylboronic  Acid 8.7 650 6 . 8x105 2 .8 5 .8

Boric Acid • 9 .0 250 1 . 7x106 2 .4 6 .2

Methylboronic Acid 10.4 45 1 . 0x106 1.7 6 .0

Reac t ions with S a l i c y l i c Acid

Boron acid pKa kf ,M'1s _1 log kf log k

4 - n i t r o p h e n y l b o r o n i c Acid 6.96 650 590 2 .8 2 .8

Phenylboronic  Acid 8 .7 225 3 . 3x103 2 .4 3.5

Boric Acid^ 1 9.0 135 4 . 5x103 2.1 3.7

Methylboronic Acid 10.4 55 1 . 2x10** 1.7 4.1

Reac t ions  with 4 -methy lc a t ec ho l

Boron Acid pKa kf ,M“ 1s " 1 k r t M-1s " 1 log kf log k

m - n i t r oph en y l boron i c Acid 6.96 1 . 5x103 2 . 7x106 3 .2 6.4

Phenylboronic  Acid 8.7 120 . 4x106 2.1 6 .6

Boric Acid 9 .0 54 8 . 6x106 1.7 6 .9
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o p p o r t u n i t y  to  look a t  th e  r e a c t i o n s  w i thou t  e f f e c t s  such as  

c h e l a t e  r i n g  s i z e  and the  d i f f e r e n c e s  in  c o n f i g u r a t i o n a l  en­

t r o p y  among the  l i g a n d s  p la y in g  a r o l e  in th e  d e t e r m i n a t i o n  

o f  th e  r e l a t i v e  forward r a t e  c o n s t a n t s .  For a g iven l i g a n d ,  

t h e s e  f a c t o r s  w i l l  be held c o n s t a n t  as  t h e  boron a c i d  sub­

s t i t u e n t  i s  v a r i e d .  The major  r o l e  o f  t h e  s u b s t i t u e n t  on 

boron i s  the  d e t e r m i n a t i o n  o f  the  e l e c t r o n  d e n s i t y  on the  

boron atom. By us i ng  an e l e c t r o n  wi thdrawing g roup ,  such as

-N02 i t h e  Lewis a c i d i t y  o f  t h e  boron ac id  may be i n c r e a s e d ,  

wh i le  an e l e c t r o n  r e l e a s i n g  g roup ,  such as w i l l  b r in g

about  a d e c r e a s e  in Lewis a c i d i t y .  Other than t h i s  e l e c t r o n  

wi thdrawing or r e l e a s i n g  e f f e c t ,  th e  -R group p la y s  no 

d i r e c t  p a r t  in the  fo rmat ion  o f  th e  c h e l a t e  r i n g .  None o f  

t h e  s u b s t i t u e n t s  a r e  p a r t i c u l a r l y  b u lk y ,  and as such do not  

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

which o c c u r s  upon c o m p l e x a t i o n .

Reca l l  t h a t  f o r  complexa t ion  r e a c t i o n s  i n v o l v i n g  d i f ­

f e r e n t  l i g a n d s  and the  same boron a c i d ,  t h e r e  was a p r e c i s e  

c o r r e l a t i o n  o f  log kp with l i g a n d  a c i d i t y ,  bu t  t h a t  t h i s  

c o r r e l a t i o n  was no t  obse rved  f o r  k ^ t th e  forward r a t e  con­

s t a n t .  This  was a t t r i b u t e d  to  the  f a c t  t h a t ,  in  t h e  forward 

d i r e c t i o n ,  l i g a n d  s p e c i f i c  f a c t o r s  such as  f l e x i b i l i t y ,  

geomet ry ,  and c h e l a t e  r i n g  s i z e  were i m p o r t a n t ;  because  o f  

th e  geometry o f  th e  complex,  t h e s e  f a c t o r s  were minimal  in 

th e  r e v e r s e  d i r e c t i o n ,  and a p r e c i s e  c o r r e l a t i o n  was ob­

s e r v e d .  I f  t h e  mechanism which emphas izes  p ro to n  t r a n s f e r
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i s  c o r r e c t ,  and i f  th e  i n t e r p r e t a t i o n  o f  th e  impor tance  o f  

l i g a n d  dependen t  p r o p e r t i e s  in t h e  forward d i r e c t i o n  i s  

c o r r e c t ,  then f o r  the  r e a c t i o n s  o f  a s i n g l e  l i g a n d  wi th a 

v a r i e t y  o f  boron a c i d s ,  one should obs e rv e  a p r e c i s e  c o r r e ­

l a t i o n  o f  the  type p r e d i c t e d  by E i g e n l 6 f o r  both  t h e  forward 

and the  r e v e r s e  r a t e  c o n s t a n t s .  This  c o r r e l a t i o n  o f  log  k̂ . 

wi th  pKa i S now seen because  th e  l i g a n d  dependen t  p r o p e r t i e s  

a f f e c t i n g  complexa t ion  a r e  he ld  c o n s t a n t .  F i g u r e s  I I I - 3  

t h r o u g h  I I I - 5  show t h a t  t h i s  i s  indeed t r u e ,  and t h a t  the  

c o r r e l a t i o n  i s  p r e s e n t  f o r  both  kf  and kr as e x p e c t e d .  No 

a t t e m p t  was made to draw c u r v e s  r a t h e r  than s t r a i g h t  l i n e s  

t h r o u g h  t h e s e  p o i n t s .  On the  b a s i s  o f  th e  s t u d i e s  done with 

p h e n y l b o ro n ic  acid and with m - n i t r o p h e n y l b o r o n i c  a c i d ,  one 

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

105 or  106 f o r  kr . Thus,  th e  r e l a t i v e l y  smal l  v a r i a t i o n  in 

from boron ac id  to boron ac id  i s  no t  s u r p r i s i n g ,  s i n c e  

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

l i e  in  t h a t  r e g i o n  o f  th e  curve  which i s  l e v e l l i n g  o f f  a t  a 

maximum v a l u e .

To d i s c u s s  p o s s i b l e  r e a s o n s  f o r  the  i n c r e a s e  in kj. and 

the  con co mi tan t  d e c r e a s e  in kp f 0 r complexa t ion  fo rm at ion  as 

t h e  a c i d i t y  o f  the  boron acid  i n c r e a s e s ,  one must f i r s t  con­

s i d e r  the  a c i d i t y  p a t t e r n s  o f  t h e  boron a c i d s  th e m s e l v e s .  

These a c i d s  behave as  a c i d s  in the  Lewis s e n s e ;  t h e  boron 

atom expands i t s  c o o r d i n a t i o n  number to four  by a d d i t i o n  o f  

a hydroxy l  g roup ,  t h e r e b y  r e l e a s i n g  a p ro ton  i n t o  s o l u t i o n .
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T h is  t r a n s i t i o n  s t a t e  can be p i c t u r e d  as below,  where t h e  

oxygen on an incoming water  m o le cu le  a t t a c k s  t h e  v a c a n t  p 

o r b i t a l  o f  boron and th e  p ro to n  i s  t r a n s f e r r e d  to  b u l k  s o l ­

v e n t :

As boron ac id  a c i d i t y  i n c r e a s e s ,  t h e  d e c r e a s e  in  pKa may be 

due k i n e t i c a l l y  to  an i n c r e a s e  in the  forward r a t e  c o n s t a n t ,  

a d e c r e a s e  in r e v e r s e  r a t e  c o n s t a n t ,  o r  a combina t ion  o f  t h e  

two,  a s  seen in  th e  f o l l o w i n g  r e l a t i o n s h i p :

Although no d e f i n i t i v e  NMR s t u d i e s  have been done to  d e t e r ­

mine which o f  t h e s e  t h r e e  k i n e t i c  p o s s i b i l i t i e s  i s  r e s p o n s i ­

b l e  f o r  the  d i f f e r e n c e s  in  a c i d i t y ,  t h e  s t u d i e s  done he r e  

may shed some l i g h t  on t h i s .

S ince  t h e  r e a c t i o n s  o f  boron a c i d s  wi th  l i g a n d s  con-
i

t a i n i n g  p r o t o n a t e d  oxygen donor  atoms seem to i n d i c a t e  an 

i m p o r t a n t  p ro to n  t r a n s f e r ,  i t  seems r e a s o n a b l e  to  assume 

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

volve  p ro ton  t r a n s f e r  to  and from the  oxygen atoms o f  th e  

s o l v e n t ,  w a t e r .  I f  a c i d i t y  d i f f e r e n c e s  a r e  due to  d i f f e r ­

ences  in forward r a t e s ,  then the  more a c i d i c  boron a c i d s  

w i l l  be t h e  ones  f o r  which p ro to n  t r a n s f e r  from the  incoming 

water  m o le c u l e  to  a s o l v e n t  m ol ecu le  i s  more f a c i l e .  I f  the

H H
* H

N

8  OH

H O ^
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r e v e r s e  r a t e s  a r e  r e s p o n s i b l e  f o r  d i f f e r e n c e s  in a c i d i t y ,  

then  the  l e s s  f a c i l e  th e  l e a v i n g  o f  th e  hydroxyl  g r oup ,  th e  

more a c i d i c  the  boron a c i d .  I f  v a r i a t i o n s  in Kg a r e  due to  

v a r i a t i o n s  in both  k̂ . an(j |<r i  then  th e  two s i t u a t i o n s  above 

e x i s t  s i m u l t a n e o u s l y .  I f  a p a r t i c u l a r  -R group i s  e l e c t r o n  

wi thd rawing ,  t h e r e b y  i n c r e a s i n g  the  Lewis a c i d i t y  o f  the  

boron ,  then the  donor oxygen atom on th e  incoming water  

mole cu l e  w i l l  a l s o  e x p e r i e n c e  a g r e a t e r  de g re e  o f  e l e c t r o n  

w i t h d ra w a l ,  and the bound hydrogen atom, as a r e s u l t  o f  the  

de c re a s e d  e l e c t r o n  d e n s i t y  on the  p a r t i a l l y  bonded oxygen 

atom, w i l l  be more e a s i l y  a b s t r a c t e d .  T h i s ,  t h e n ,  w i l l  lead 

to  more f a c i l e  t r a n s f e r  o f  t h a t  p ro ton  to  a s o l v e n t  

m o l e c u l e ,  r e s u l t i n g  in an i n c r e a s e  in kf.. In th e  r e v e r s e  

d i r e c t i o n ,  th e  hydroxy l  might  a l s o  be more t i g h t l y  bound as 

a r e s u l t  o f  the  e l e c t r o n  wi thdrawing g roup ,  and t h i s  w i l l  

make i t  l e s s  e f f e c t i v e  in a b s t r a c t i n g  a p ro ton  to  form a 

l e a v i n g  water  m o l e c u l e ,  wi th  th e  subs eq uen t  r e t u r n  o f  the  

boron ac id  to  i t s  t r i g o n a l  form.  This  would be r e f l e c t e d  in 

a d ec re as e d  r e v e r s e  r a t e  c o n s t a n t .  Thus,  i f  one a rg ues  t h a t  

t h e  more a c i d i c  boron a c i d s ,  by means o f  t h e i r  e l e c t r o n  

wi thdrawing s u b s t i t u e n t s ,  a r e  invo lved  in t r a n s i t i o n  s t a t e s  

with a g r e a t e r  degree  o f  bond fo rm at ion  to th e  f o u r t h  oxygen 

donor  atom, then the  i n c r e a s e  in ac id  d i s s o c i a t i o n  c o n s t a n t  

i s  due bo th  to  an i n c r e a s e  in ease  o f  p ro ton  t r a n s f e r  in the  

forward d i r e c t i o n  and to  a dec re as e d  r a t e  o f  p ro ton  t r a n s f e r  

in th e  r e v e r s e  d i r e c t i o n .  The r e s u l t s  o f  s t u d i e s  o f  boron



-93-

ac id  r e a c t i o n s  with th e  l i g a n d s  examined in t h e s e  s t u d i e s  

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

c a s e s  a r e  seen in  both  th e  forward and r e v e r s e  r a t e  con­

s t a n t s  ( a s  d i s c u s s e d  be low) .

Tab l es  111 — 1 th rough  I I I - 4  p r e s e n t  th e  s t a b i l i t y  con­

s t a n t  d a t a  f o r  the  r e a c t i o n s  o f  th e  four  boron a c i d s  wi th a

v a r i e t y  o f  l i g a n d s ,  H2l . I t  can be seen t h a t  t h e s e  s t a b i l ­

i t y  c o n s t a n t s  f o l l o w  a t r e n d  with t h e  change in boron ac id

pKa : as  the  pKa i n c r e a s e s ,  K becomes s m a l l e r .  This i s  seen

k i n e t i c a l l y  as  an i n c r e a s e  in  kp and a d e c r e a s e  in k f  as

dem ons t r a te d  in Table 111-10.  Fol lowing the  argument 

p r e s e n t e d  above co n cer n in g  the  e f f e c t  o f  e l e c t r o n  wi thdraw­

ing and e l e c t r o n  d o n a t in g  groups  on the  f o u r t h  B-0 bond,  the  

more a c i d i c  boron a c i d s  shou ld  e x p e r i e n c e  a g r e a t e r  degree  

o f  bond fo rmat ion  in th e  t r a n s i t i o n  s t a t e  than should  those  

which a r e  l e s s  a c i d i c .  K i n e t i c a l l y ,  t h i s  would mean t h a t  

th e  t r a n s f e r  o f  a p ro ton  in the  forward d i r e c t i o n  becomes

more f a c i l e  as the  pKg Qf  th e  boron ac id  d e c r e a s e s .  This  i s  

e x a c t l y  t h e  t r e n d  in r a t e  c o n s t a n t s  which i s  se e n :  t h e  f o r ­

ward r a t e  c o n s t a n t  i n c r e a s e s  and the  r e v e r s e  r a t e  c o n s t a n t  

d e c r e a s e s  f o r  the  r e a c t i o n s  o f  a s e r i e s  o f  boron a c i d s  with 

one p a r t i c u l a r  l i g a n d .  This  i s  a l s o  i l l u s t r a t e d  in F ig u re s  

I I I - 3  th ro u g h  I I I - 5 -  These r e s u l t s ,  t h e n ,  seem to  i n d i c a t e  

t h a t  i f  t h e  same mechanism which i n v o l v e s  a r a t e  d e t e r m i n i n g  

p ro ton  t r a n s f e r  o p e r a t e s  in th e  a c i d - b a s e  r e a c t i o n s  o f  boron 

a c i d s ,  th e  d i f f e r e n c e s  in  Ka v a l u e s  shou ld  be seen in  v a r i a ­



t i o n s  in bo th  k .̂ an£j kp f o r  the  r e a c t i o n s .  The p o s s i b l e  ex­

p l a n a t i o n ,  which i s  c o n s i s t e n t  wi th  t h e  a c i d - b a s e  p r o c e s s e s  

and wi th  t h e  complexa t io n  p r o c e s s e s ,  i s  t h e  v a r i a t i o n  in  de ­

gree  o f  bond fo rm a t io n  in  th e  t r a n s i t i o n  s t a t e ;  t h i s  v a r i a ­

t i o n  cou ld  be due to  the  e l e c t r o n  wi thdrawing or e l e c t r o n  

d o n a t i n g  p r o p e r t i e s  o f  th e  p a r t i c u l a r  -R group i n v o l v e d .

In t h e  r e a c t i o n s  o f  f u l l y  p r o t o n a t e d  l i g a n d s  wi th  t r i g ­

onal  boron a c i d s ,  RBCOH^, one more r e s u l t  shou ld  be n o t e d .  

The c o m plexa t io n  r e a c t i o n s  o f  s a l i c y l i c  ac id  e x h i b i t  lower  

forward and r e v e r s e  r a t e  c o n s t a n t s  than  expec ted  on the  

b a s i s  o f  l i g a n d  pKg . F i g u r e  I I I - 3 »  however ,  shows t h e  r e a c ­

t i o n s  to  be i n t e r n a l l y  c o n s i s t e n t  when th e  l i g a n d  i s  he ld  

c o n s t a n t  and the  boron a c id  i s  v a r i e d .  Thi s  p o i n t s  t o  the  

c o n c l u s i o n  t h a t  t h e  lowered forward and r e v e r s e  r a t e  con­

s t a n t s  a r e  a consequence  o f  t h e  n a t u r e  o f  th e  l i g a n d .  Com­

p l e x a t i o n  r e a c t i o n s  i n v o l v i n g  s a l i c y l i c  ac id  r e s u l t  in  th e  

fo rm a t i on  o f  s i x  membered c h e l a t e  r i n g s ,  w h i l e  a l l  th e  o t h e r  

l i g a n d s  ( w i t h  th e  e x c e p t i o n  o f  malonic  a c i d )  form f i v e  mem­

bered c h e l a t e  r i n g s .  A p r e v i o u s  s t u d y  o f  th e  e f f e c t  o f  

c h e l a t e  r i n g  s i z e  on th e  s u b s t i t u t i o n  r e a c t i o n s  o f  boron 

a c i d s  i n d i c a t e d  t h a t  s lower  r a t e s  o f  complexa t io n  a r e  ob­

se rv ed  in t h e  c a s e  o f  th e  l a r g e r  s ix  membered r i n g s . 6

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

wi th  boron a c i d s  can be r e p r e s e n t e d  by t h e  f o l l o w i n g :
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The t r a n s i t i o n  s t a t e  i s  one  in  which t h e  impor tance  o f  pro­

ton t r a n s f e r  i s  em p ha s i z e d ,  and t h e r e  i s  a p r e c i s e  c o r r e l a ­

t i o n  between the  pKa  ̂ 0 f  the  l i g a n d  and the  r e v e r s e  r a t e  

c o n s t a n t  f o r  the  c o m p l e x a t i o n  r e a c t i o n .  The proposed  

mechanism i s  one in which the  hydroxy group o f  an a -  hy -  

d r o x y c a r b o x y l i c  ac id  or a hydroxy group o f  a d i o l  or  p o l y o l  

a t t a c k s  t h e  v a c an t  p o r b i t a l  o f  boron .  A pro ton  i s  

t r a n s f e r r e d  from t h e  second oxygen donor atom to  the  l e a v i n g  

hydroxy l  group ,  and a water  m o l e c u l e  l e a v e s  wi th c o n c o m i t a n t  

r i n g  c l o s u r e .  The s p e c i f i c  r a t e  c o n s t a n t s  depend upon the  

f a c i l i t y  o f  pro ton  t r a n s f e r  which i s  a f u n c t i o n  o f  the  

d i f f e r e n c e s  in b a s i c i t y  between the  l i g a n d  and the  boron  

hydro xy l  gr oup .  A f i v e  c o o r d i n a t e  boron atom in which both  

l i g a n d  oxygen atoms a s  w e l l  as  the  hydro xy l  oxygen are  par­

t i a l l y  bonded may be i n v o l v e d .  The c o r r e l a t i o n  o f  k^ with

PKa1 i s  p r e c i s e  due to  the  c o n s t r a i n e d  geometry o f  th e  com­

p l e x ,  bu t  t h i s  i s  no t  so with t h e  forward r a t e  c o n s t a n t

which i s  s e n s i t i v e  to  l i g a n d  p r o p e r t i e s  such as  geometry,

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

as  wel l  as l i g a n d  a c i d i t y .  For a s e r i e s  o f  boron a c i d s  with 

t h e  same l i g a n d ,  t h e s e  l i g a n d  dependen t  p r o c e s s e s  a r e  con­

s t a n t  and t h e r e  i s  a p r e c i s e  c o r r e l a t i o n  o f  bo t h  k̂ . and kr

with pKa -| which i s  c o n s i s t e n t  wi th  the  proposed mechanism 

i n v o l v i n g  a r a t e  d e t e r m i n i n g  proton t r a n s f e r .

The i d e a  o f  pro ton  t r a n s f e r  in  t h e  r a t e  d e t e r m i n i n g  

s t e p  i s  n o t  unique  to  t h e  r e a c t i o n s  o f  boron a c i d s .  This
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concep t  seems t o  be i m p o r t a n t  in work done in t h e  f i e l d  o f  

oxyanion c h e m i s t r y . 18 However, t h e  oxyanion systems 

p r e s e n t  s e v e r a l  e x p e r i m e n ta l  d i f f i c u l t i e s  ( f o r  example ,  po­

l y m e r i z a t i o n  a t  h igh  pHs) and in many c a s e s  a l lo w  t h e  d e t e r ­

mina t ion  o f  o n ly  maximum r a t e  c o n s t a n t s .  The boron acid  

sys tems p e r m i t  e v a l u a t i o n  o f  a c t u a l  r a t e  c o n s t a n t s ,  n o t  j u s t  

upper  l i m i t s ,  and s u b s t i t u t e d  boron a c i d s  do not  po lymer ize  

even a t  h igh pHs . For t h i s  r e a s o n ,  e l u c i d a t i o n  o f  the  

mechanism o f  complexa t ion  o f  boron a c i d s  i s  im p o r ta n t  to 

s t u d i e s  o f  th e  more g e n e r a l  c l a s s  o f  l i g a n d  dependen t  

p r o c e s s e s  which i n v o l v e  p ro ton  t r a n s f e r .
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CHAPTER FOUR

R e a c t i o n s  o f  Ligand Anions wi th  T r i g o n a l  Boron Acids

Genera l

The r e a c t i o n s  o f  l i g a n d  a n i o n s ,  HL", wi th  boron a c i d s ,  

RB(0H)2 i i s  g iven below ( s e e  e q u a t i o n  2 o f  th e  t o t a l  r e a c ­

t i o n  scheme, Chapter  Two):

HB +  HL“  ^  C x "  +  H2 0

R e c a l l  t h a t  t h e  d e r i v e d  r e l a x a t i o n  t ime  c o n t a i n s  c o n t r i b u ­

t i o n s  from a l l  pathways which l e a d  to the  fo r m a t i on  o f  Cx", 

and has  th e  g e n e r a l  form: '

k(w( * k' jx|  ♦ k"(Y[ * r | z (

where k ^ ? i s  t h e  forward r a t e  c o n s t a n t  c h a r a c t e r i s t i c  o f  th e  

HB/HL" r e a c t i o n  pathway,  and [X] r e p r e s e n t s  th e  c o n c e n t r a ­

t i o n  depe nd en t  c o e f f i c i e n t  which c o n t a i n s  t e rms  in [HB] and 

[HL"] .  kf[W],  k ^  [ y ] ,  and k f "  [Z] r e p r e s e n t  c o n t r i b u t i o n s  

from pathways i n v o l v i n g  HB/H^l, and b“ /HL" r e s p e c ­

t i v e l y .  By s u i t a b l e  ad j u s t m e n t  o f  t h e  pH o f  t h e  s o l u t i o n s  

o f  boron ac id  and l i g a n d ,  th e  c o n c e n t r a t i o n s  o f  [HB] and 

[HL"] can be made l a r g e  enough so t h a t  t h e  kf ’ [X] term i s  a 

major  c o n t r i b u t o r  to the  e x p e r i m e n t a l l y  de te rm in ed  r e l a x a ­

t i o n  t i m e .  V a r i a t i o n  o f  th e  i n i t i a l  c o n c e n t r a t i o n s  o f  boron
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acid  and l ig a nd  as  wel l  as  pH then a l lo w s  th e  c a l c u l a t i o n  o f  

th e  v a r i o u s  forward r a t e  c o n s t a n t s .  With t h e  e x c e p t i o n  o f  

th e  r e a c t i o n s  o f  m - n i t r o p h e n y l b o r o n i c  ac id  wi th s a l i c y l i c  

ac id  and o f  m - n i t r o p h e n y l b o r o n i c  ac id  wi th mande l ic  a c i d ,  

th e  r e l a x a t i o n  t i m e s  were f i t  to  a maximum o f  two te rms  even 

a t  pHs as  h igh  as  pH“ 6.

Reac t ions  of  a S i n g l e  Boron Acid wi th  S e v e r a l  Ligand Anions

Table  IV-1 d i s p l a y s  both th e  forward and r e v e r s e  r a t e  

c o n s t a n t s ,  k^.' and kr *, f o r  the  r e a c t i o n s  o f  pheny lb o ron ic  

ac id  wi th a v a r i e t y  o f  l i g a n d  an ions  whose pKg  ̂ v a l u e s  range  

from 1.04 f o r  b i n o x a l a t e  to  6 .69  fo r  4 - n i t r o c a t e c h o l a t e . As 

the  a c i d i t y  o f  th e  l i g a n d  d e c r e a s e s ,  one o b s e r v e s  a g e n e r a l  

i n c r e a s e  in the  forward r a t e  c o n s t a n t .  However, t h e r e  i s  no 

e x a c t  c o r r e l a t i o n  o f  kf ' with the  l i g a n d  pKg 1 . This  i s  c e r ­

t a i n l y  d i f f e r e n t  from th e  ca se  o f  t h e  r e a c t i o n s  o f  t h e  f u l l y  

p r o t o n a t e d  l i g a n d s ,  H2L, where k^ i n c r e a s e d  as l i g a n d  pKa 1 

d e c r e a s e d ,  and where log kr and pKa1 e x h i b i t e d  a p r e c i s e  

c o r r e l a t i o n .

In d i s c u s s i n g  the  mechanism fo r  the  r e a c t i o n s  o f  boron 

a c i d s  with t h e s e  l i g a n d  a n i o n s ,  i t  i s  c l e a r  t h a t  two 

m e c h a n i s t i c  pathways can be e n v i s i o n e d .  The f i r s t  i n v o l v e s  

a t t a c k  on t h e  boron atom by th e  p r o t o n a t e d  oxygen donor 

atom. This  i s  then fol lowed by r i n g  c l o s u r e  v i a  th e  nega-



Table IV-1 . Reac t ions o f  tJB(OH) 2 w i th  HL”

Ligand PKa1 k f log kf log kp k '= k / k  ,a 1

2b m o x a l a t e 1.04 3 . 3x102 2.5 10 1 3-3X101

Bimalonate^ 2.59 1 . 5x102 2 .2 15 1 .2 1 . 0x101

S a l i c y l a t e

Mandelate

2.83

3.22

45

1 . 3x103

1.7

3.1

1

52

0

1.7

4. 6x101 

2 . 5x10 1

i
0
1

L a c t a t e 3 3.70 1 . 5x103 3.2 83 1.9 1 .8X101

4 - n i t r o c a t e c h o l a t e 6.69 7 . 0x104 4 .8 15 1.2 4.6x103
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t i v e  arm o f  t h e  l i g a n d ,  w i th  l o s s  o f  a hydroxy l  g roup  from 

b o r o n :

The second mode o f  r e a c t i o n  a v a i l a b l e  i s  one in. which t h e  

a t t a c k  on t h e  v a c a n t  boron p o r b i t a l  i s  by t h e  a n i o n i c  

l i g a n d  donor atom, and th e  c h e l a t i o n  o c c u r s  by means o f  th e  

p r o t o n a t e d  oxygen atom with s i m u l t a n e o u s  l o s s  o f  t h e  HgO 

g r o u p :

Whi le  t h e s e  two a l t e r n a t i v e s  r e p r e s e n t  compet ing m e c h a n i s t i c  

pa thways ,  t h e r e  i s  e v i d e n c e  which p o i n t s  to  th e  f i r s t  p a t h  

a s  be ing  t h e  more e f f e c t i v e  o n e .  F i r s t ,  i f  t h e  second pa th

e x p e c t  a r a t h e r  s t r o n g  dependence o f  th e  forward and r e v e r s e  

r a t e  c o n s t a n t s  upon t h e  a c i d i t y  o f  th e  l i g a n d .  In t h i s  

e v e n t ,  t h e  r e a c t i o n  would somewhat r es em ble  th e  r e a c t i o n s  o f  

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

ton  t r a n s f e r  would be i n v o l v e d ,  and s i m i l a r  t r e n d s  o f  k ^ ’

and kr ' wi th  changes  in  l i g a n d  pK would not  be u n r e a s o n a b l e

t o  e x p e c t .  Thi s  i s  no t  t h e  c a s e .  In f a c t ,  th e  r a t e  d a t a

H.

H

were t h e  p redominan t  r o u t e  to complex f o r m a t i o n ,  one would
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show t h e  o p p o s i t e  t r e n d  in  t h e  forward d i r e c t i o n  -  fo r  the  

r e a c t i o n s  o f  HL” wi th  HB, k ^ '  i n c r e a s e s  as  l i g a n d  a c i d i t y  

d e c r e a s e s .  In t h e  r e v e r s e  d i r e c t i o n ,  r a t h e r  than the  p r e ­

c i s e  c o r r e l a t i o n  seen fo r  t r a n s i t i o n  s t a t e s  in  which p ro ton  

t r a n s f e r  i s  i n v o l v e d ,  one o b s e r v e s  t h a t  kr * does no t  depend 

g r e a t l y  upon l i g a n d  a c i d i t y  a t  a l l .  For the  r e a c t i o n s  o f  

o x a l i c  ac id  (pKal  = - | .o4) and 4 - n i t r o c a t e c h o l  (pKa -| = 6 .69)  the  

kj,'  v a l u e s  d i f f e r  by a f a c t o r  o f  103 , w h i l e  th e  kp ' v a l u e s  

c h a r a c t e r i s t i c  o f  the  r e a c t i o n s  o f  th e  c o r r e s p o n d i n g  l i g a n d  

an io ns  d i f f e r  only  by a f a c t o r  o f  1 .5 .  These r e s u l t s  would 

seem to  i n d i c a t e  t h a t  p ro ton  t r a n s f e r  in the  r a t e  d e t e r m i n ­

ing s t e p  does  not  r e p r e s e n t  th e  major  m e c h a n i s t i c  pathway.  

Second,  th e  p r e v i o u s  s t u d i e s  c a r r i e d  out  wi th  boron a c i d s  

i n d i c a t e  t h a t  d i r e c t  d i s p l a c e m e n t  by boron o f  th e  p ro ton  a s ­

s o c i a t e d  with the  pKa2 Qf  th e  l i g a n d  i s  q u i t e  f a c i l e . 1»2 , 3  

This  p r o c e s s ,  which would occur  in the  f i r s t  o f  the  

m e c h a n i s t i c  pathways p r e s e n t e d ,  competes  wi th removal  o f  

t h i s  p ro to n  e i t h e r  by t r a n s f e r  to the  l e a v i n g  hydroxyl  on 

boron or  by t r a n s f e r  to bu lk  s o l v e n t  ( a s  would be r e q u i r e d  

by th e  s e c o n d ' o f  th e  m e c h a n i s t i c  schemes) .  I t  i s  obv ious  

t h a t  th e  f i r s t  p r o c e s s ,  d i r e c t  d i s p l a c e m e n t  by boron ,  should  

be th e  more e f f e c t i v e  o f  the  two,  s i n c e  th e  p ro ton  a s s o c i a t ­

ed wi th t h e  pKg2 o f  t h e  l i g a n d  i s  n o t  ve ry  a c i d i c  (pKa £ > 10 

f o r  a l l  bu t  th e  d i c a r b o x y l i c  a c i d s )  and t h i s  p r o t on  t r a n s f e r  

i s  no t  f a c i l e  when th e  a c c e p t o r  i s  th e  l e a v i n g  hydroxyl  o r  

bu lk  s o l v e n t .  While i t  may be argued t h a t  r i n g  c l o s u r e  v i a



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

m o l e c u l e ,  a much b e t t e r  l e a v i n g  group than h y d r o x i d e ,  and 

shou ld  t h e r e f o r e  be t h e  favored  p r o c e s s ,  t h e r e  a r e  two pos ­

s i b i l i t i e s  which may s e r v e  to  e a se  th e  l e a v i n g  o f  t h e  hy­

d r o x i d e  in  th e  c a s e  o f  r i n g  c l o s u r e  v i a  t h e  n e g a t i v e  arm o f  

t h e  l i g a n d  ar i ion.  The f i r s t  i n v o l v e s  c a t a l y s i s  by t h e  p ro­

ton which has  been d i r e c t l y  d i s p l a c e d  by t h e  boron atom; r e ­

p o r t s  o f  c a t a l y s e s  s i m i l a r  t o  t h i s  appear  in t h e  l i t e r a t u r e .  

H i g g i n s o n 4 »5 s t u d i e d  r i n g  c l o s u r e  in EDTA complexes  o f  Co^^j 

a Cl" i s  d i s p l a c e d  upon c o m p l e x a t i o n .  In th e  c a s e  where the  

EDTA l i g a n d  i s  a n i o n i c  and r i n g  c l o s u r e  o c c u r s  v i a  t h e  nega­

t i v e  c a r b o l y l a t e  g ro u p ,  t h e  p r o c e s s  i s  c a t a l y z e d  by metal  

io ns  In s o l u t i o n .  The an a lo gou s  r e a c t i o n s  o f  p r o t o n a t e d  

EDTA show no such c a t a l y s i s .  P resumably ,  th e  m eta l  io n s  

minimize t h e  c h a rg e  r e p u l s i o n  between t h e  e n t e r i n g  a n i o n i c  

arm o f  th e  l i g a n d  and the  l e a v i n g  c h l o r i d e  i o n ,  t h e r e b y  c a ­

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

i s  a f a c i l e  p r o c e s s .  The geometry o f  th e  complex i s  such 

t h a t  t h i s  p r o t o n  could  e a s i l y  be t r a n s f e r r e d  to th e  s i t e  

o f  t h e  l e a v i h g  h y d r o x i d e ,  t h u s  min imiz ing  the  c h a rg e  r e p u l ­

s io n  and a i d i n g  in  the  e x i t  o f  th e  hydroxyl  g r o u p :

A second p o s s i b i l i t y  i s  i n t i m a t e l y  r e l a t e d  to  t h e  b a s i c i t y

R
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o f  the  n e g a t i v e l y  charged l i g a n d  a n i o n .  The more b a s i c  t h i s  

an ion  i s , th e  more e a s i l y  i t  w i l l  be a b l e  to  o r i e n t  water  

m o le c u l e s  about  i t s e l f .  These i n t e r v e n i n g  water  mo le cu le s  

w i l l  then be a b l e  to  hydrogen bond to  the  l e a v i n g  hydroxyl  

group t o  form a l e a v i n g  water  m ol ecu le  and i n j e c t i n g  a hy­

d r o x i d e  ion i n t o  s o l u t i o n  a t  a s i t e  remote from the  complex­

a t i o n  s i t e .  This  co nc ep t  w i l l  be d i s c u s s e d  in g r e a t e r  d e ­

t a i l  l a t e r  in t h i s  s e c t i o n .  In view o f  t h e s e  c o n s i d e r a ­

t i o n s ,  a l t h o u g h  th e  two pathways a v a i l a b l e  fo r  complexa t ion  

r e p r e s e n t  compet ing m e c h a n i s t i c  r o u t e s ,  i t  would seem t h a t  

t h e  more e f f e c t i v e  pathway f o r  the  complexa t ion  r e a c t i o n  

between HB and HL" i s  th e  one i n v o l v i n g  i n i t i a l  a t t a c k  on 

boron by th e  p r o to n a te d  l i g a n d  donor s i t e .  The k i n e t i c  d a t a  

a r e  i n t e r p r e t e d  in t erms o f  t h i s  as  th e  major  mechanism o f  

complex fo r m a t i o n .

Because the  r a t e  d e t e r m in in g  s t e p  does  no t  in v o l v e  p ro­

ton t r a n s f e r ,  i t  i s  no t  s u r p r i s i n g ,  t h e n ,  t h a t  n e i t h e r  k̂ .* 

nor  kp 1 c o r r e l a t e s  e x a c t l y  wi th  e i t h e r  pKa 1 or  PKa2* *n " 

s t e a d ,  what i s  obse rved i s  a forward r a t e  c o n s t a n t  which i s  

ve r y  dependen t  upon l i g a n d  p r o p e r t i e s  such as  b a s i c i t y  and a 

r e v e r s e  r a t e  which i s  r e l a t i v e l y  c o n s t a n t .  This i s  observed 

f o r  a l l  o f  the  boron a c i d s  s t u d i e d  as  shown in Tab les  IV-2 

th r o u g h  IV-U as  wel l  as  in  Table  IV-1.



Table IV-2,, Reac t ions o f  BCOH>3 with HL

Ligand PKa 1 kf log k f kr , s “ 1 log kr k ' =k/ k .a 1
S a l i c y l a t e 20 2.83 MO 1.6 M 0 .6 6 .8

i
T a r t r a t e 2.89 215 2 .3 M3 1.6 5

M - n i t r o c a t e c h o l a t e 6.69 5 x1 O4 M.7 68 1.8 7.3x102

Table IV-■3. Reac t ions  o f  m-N02<JB(0H)2 with HL”

Ligand PKa 1 k f 1 log k f kr »s_1 log kp k '=k/ k .a 1
S a l i c y l a t e 2.83 125 2.1 .17 - . 8 7 . Mx102

Mandelate 3 .22 1.5x10 M.2 M8 1.7 3 . 1x102

Table IV-M. Reac t ions o f  CH3B(OH) 2 with HL”

Ligand PKa 1 kf  . M ^ s * 1 log kf kr , s _1 log kr K*=K/Ka1

S a l i c y l a t e 2.83 50 1.7 16.6 1.2 3 .0

4 - n i t r o c s t e c h o l a t e 6.69
4

5 x10 M. 7 2 . Mx102 2. M 2 . 1x102



-107-

The E f f e c t  o f  I n t e r n a l  Hydrogen Bonding

Before th e  g e n e r a l  mechanism i s  d i s c u s s e d ,  t h e  s p e c i f i c  

ca se  o f  t h e  r e a c t i o n s  o f  t h e  s a l i c y l a t e  anion should be con­

s i d e r e d .  Table IV-1 shows t h a t  k^ '  fo r  t h i s  anion i s  abnor­

mal ly  s m a l l .  I t  has  been c l e a r l y  demons t ra ted  t h a t  c h e l a t e  

r i n g  s i z e  p la y s  a r o l e  in d e t e r m in in g  the  r a t e  o f  complexa­

t i o n ,  r e a c t i o n s  in which f i v e  membered r i n g s  a r e  formed be­

ing k i n e t i c a l l y  favored  over  th o se  in which s i x  membered 

r i n g s  a r e  fo rmed . 6 i t  i s  a l s o  t r u e  t h a t  k^,' t e n d s  to  i n ­

c r e a s e  as l i g a n d  i n c r e a s e s .  T h e r e f o r e ,  i f  c h e l a t e  r i n g

s i z e  were t h e  o n l y  f a c t o r  r e s p o n s i b l e  fo r  the  lower  k^,' 

va lu e  fo r  s a l i c y l a t e ,  then th e  t r e n d  with pKa  ̂ p r e d i c t s  t h a t  

k j /  f o r  the  s a l i c y l a t e  anion should be g r e a t e r  than t h a t  f o r  

th e  b im a lo n a te  a n i o n .  Yet ,  t h i s  i s  no t  the  c a s e ,  and t h e r e  

must be a d d i t i o n a l  f a c t o r ( s )  which a l s o  a c t  to  b r i n g  about  a 

d ec re as e d  forward r a t e  c o n s t a n t  f o r  the  r e a c t i o n  o f  t h e  s a l ­

i c y l a t e  a n i o n .  This  i s  c o n s i s t e n t  wi th  the  r e s u l t s  o f  s t u ­

d i e s  o f  t h e  complexa t ion  r e a c t i o n s  o f  some l a b i l e  meta l  c a ­

t i o n s  wi th l i g a n d s  in which th e  r e a c t i v e  s i t e  i s  b locked  due 

to  i n t e r n a l  hydrogen bonding .7»8  

Most d i -  and t r i - v a l e n t  metal  ions  undergo complexa t ion  

r e a c t i o n s  in acco rdanc e  with the  Eigen m e c h a n i s m . 9 This  

mechanism i n v o l v e s  a r a p i d ,  r e v e r s i b l e  a s s o c i a t i o n  between 

r e a c t a n t s ,  fo l lowed  by t h e  r a t e  d e t e r m i n i n g  l o s s  o f  water  

from the in n e r  c o o r d i n a t i o n  sph ere  o f  th e  meta l  i o n .  The
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l i g a n d  donor atom then  e n t e r s  t h e  v a c a n t  s i t e  in  t h e  c o o r d i ­

n a t i o n  sphere  o f  t h e  m e t a l , a n d , in  t h e  c a s e  o f  b i d e n t a t e  

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

M H2 L M . H j l  ML Hj  ^  ere.

The obse rve d  r a t e  c o n s t a n t  i s  th e  p r o d u c t  o f  an ion  p a i r i n g  

c o n s t a n t  and th e  wate r  exchange r a t e  o f  t h e  p a r t i c u l a r  c a ­

t i o n  i n v o l v e d :
^obs ” ^ip ^water exchange

I t  i s  unusua l  f o r  r a t e s  o f  co m p le x a t i o n  o f  m eta l  c a t i o n s  to  

show a dependence upon th e  n a t u r e  o f  th e  l i g a n d ,  o t h e r  than 

t h e  ch a rg e  dependence which a p p e a r s  in  Ra tes  o f  com-

Pl e x a t i o n  f o r  th e  r e a c t i o n s  o f  Ni2+ and Mg2 + w i t h  t h e  i n t e r ­

n a l l y  hydrogen bonded l i g a n d  A l i z a r i n  Yellow G (shown below) 

were c a r r i e d  o u t . 1®*^
NO

- O

Assuming an Eigen mechanism, t h e  a u t h o r s  c a l c u l a t e d  r a t e  

c o n s t a n t s  f o r  th e  r e a c t i o n s  o f  Ni^+ and Mg2+ wi th  HL“ and 

L2 - . The c a l c u l a t e d  and e x p e r i m e n t a l l y  measured r a t e s  f o r  

t h e  M2+/ L 2“ r e a c t i o n s  were in good a g ree m en t .  However, t h e  

e x p e r i m e n t a l l y  de t e r m in ed  and th e  p r e d i c t e d  v a l u e s  ° f  k HL- 

d i f f e r e d  fo r  bo th  N i ( I I )  and M g ( I I ) ,  t h e  measured r a t e s  be­

ing s m a l l e r  in b o th  c a s e s  than t h e  t h e o r e t i c a l  v a l u e .  Two



p o s s i b i l i t i e s  e x i s t  which could  be r e s p o n s i b l e  f o r  the  

lowered r a t e s  o b s e r v e d :  ( 1 ) r e a c t i o n  o c c u r s  v i a  a t t a c k  on 

t h e  b locked  b i n d i n g  s i t e ,  and ( 2 ) r e a c t i o n  o c c u r s  v i a  an

Eigen typ e  mechanism,  bu t  o n ly  t h a t  f r a c t i o n  o f  l i g a n d  which 

i s  n o t  hydrogen bonded r e a c t s .  For the  r e a c t i o n  o f  Mg2+ 

w i t h  t h e  A l i z a r i n  Yellow G a n i o n ,  th e  forward r a t e  c o n s t a n t

was lower  than t h e  p r e d i c t e d  v a l u e  by a f a c t o r  o f  30- 100 .

Th i s  i s  c h a r a c t e r i s t i c  o f  r e a c t i o n s  where th e  r e a c t i o n  s i t e  

i s  b lo ck ed  by a p r o t o n ,  and the  a u t h o r s  concluded t h a t  Mg^+ 

co m plexa t ion  wi th  t h i s  l i g a n d  anion p rocee ds  wi th  a t t a c k  on 

t h e  hydrogen bonded m o i e t y .  In th e  ca se  o f  Ni^+ , however ,

t h e  p r e d i c t e d  forward r a t e  c o n s t a n t  f o r  r e a c t i o n  wi th  HL" 

was “ 4x10^ M“ 1s “ 1 , w h i l e  t h e  obse rved  r a t e  c o n s t a n t  was 22

M-I5- I .  Thi s  i s  much lower  than  th e  f a c t o r  o f  30-100 ex­

pec ted  f o r  a t t a c k  on a b locked  b in d in g  s i t e .  C a l c u l a t i o n s  

had been d o n e ^2 which i n d i c a t e d  t h a t  t h e  f r a c t i o n  o f  non­

hydrogen bonded l i g a n d  in s o l u t i o n  was abou t  1/300  o f  th e  

t o t a l  anion  c o n c e n t r a t i o n .  The a u t h o r s  conc luded  t h a t  Ni^+ 

r e a c t s  wi th  A l i z a r i n  Yellow G by complexing wi th  t h a t  smal l  

f r a c t i o n  which i s  n o t  i n t e r n a l l y  hydrogen bonded.  B. 

Per lmut ter -Hayman? a l s o  i n v e s t i g a t e d  th e  e f f e c t  o f  l i g a n d  

b a s i c i t y  on t h e  r a t e s  o f  r e a c t i o n  o f  Ni2+ wi t h  a s e r i e s  o f  

pheny lazo  l i g a n d s ;  t h e  common s t r u c t u r a l  u n i t  f o r  t h e s e  

l i g a n d s  i s  shown h e r e :
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The a u t h o r s  have de te rmined  t h a t  th e  r e a c t i o n s  o f  Ni2+ wi th

t h e s e  p a r t i c u l a r  l i g a n d s  proceed by a t t a c k  o f  t h e  meta l  ion

on t h e  0-H N bond ( a l t h o u g h  t h e  p ro ton  i s  no t  d i s p l a c e d

upon com plexa t ion)  . For the  r e a c t i o n s  o f  Ni^+ with  HL-, an 

i n c r e a s e  in th e  forward r a t e  c o n s t a n t  as  th e  pKa l  o f  th e

l i g a n d  d e c r e a s e s  i s  o b s e r v e d .  That  i s ,  th e  weaker the  

i n t e r n a l  hydrogen bond,  th e  l a r g e r  the  forward r a t e  c o n s t a n t  

f o r  th e  Ni2+/HL~ r e a c t i o n .  The r e a c t i o n s  o f  magnesium ( I I )  

wi th  Eriochrome Black T , 8 an o t h e r  l i g a n d  whose anion i s  

i n t e r n a l l y  hygrogen bonded,  a l s o  d e m o n s t r a te  a dependence o f  

k upon the  l i g a n d .  I t  i s  i n t e r e s t i n g  to no te  t h a t  t h i s  i n ­

f l u e n c e  o f  a b locked  b in d in g  s i t e  upon has been ob­

se rv ed  on ly  in  the  r e a c t i o n s  o f  th e  more l a b i l e  me ta l  c a -

G a ( I I I ) / s a l i c y l a t e  17 sys tems  show t h a t  th e  r e a c t i o n s  o f  

t h e s e  l e s s  l a b i l e  meta l  c a t i o n s  a r e  no t  a f f e c t e d  by i n t e r n a l

hydrogen bonds;  kwater  exc han ge18 f o r  Ga3+ i s  1- 8x1° 3 S_1
and t h a t  f o r  A l 3 +  i s  .13 s " 1. 18

I t  i s  s e e n ,  t h e n ,  t h a t  t h e  e f f e c t  o f  i n t e r n a l  hydrogen 

bonding in l i g a n d s  s i m i l a r  to s a l i c y l a t e  ( A l i z a r i n  Yellow G)

and in l i g a n d s  c o n t a i n i n g  the 0-H N hydrogen bond ( t h e

phenylazo l i g a n d s )  i s  wel l  documented ,7»8 ,10 ,11  po r  l i g a n d s  

such as  t h i s ,  a d e c r e a s e  in the  forward r a t e  c o n s t a n t s  f o r  

l a b i l e  p r o c e s s e s  i s  o b s e rv e d .  The lowered r a t e  c o n s t a n t  f o r

t i o n s ,  Mg2+ (k water  exchangee > 1 0 *  s - l ) 1 3  and Ni2+ <kwate r

exchange
A l ( I I I ) / s a l i c y l a t e , 1 5

s - l ) .  1*1 I n v e s t i g a t i o n  o f

A l ( I I I ) / s u l f o s a l i c y l a t e , I 8 and



th e  r e a c t i o n s  o f  t h e  s a l i c y l a t e  an ion  wi th  p h en y l b o r o n ic  

ac id  i s  c o n s i s t e n t  wi th  t h i s  o b s e r v a t i o n ,  and can be ex­

p l a i n e d  on t h e  b a s i s  o f  an a t t a c k  on th e  s i t e  which i s  

b locked  as  a r e s u l t . o f  i n t e r n a l  hydrogen bond ing .  I t  i s  im­

p o r t a n t  to  p o i n t  ou t  a p o s s i b l e  r e a s o n  t h a t  t h e  e f f e c t  o f  

i n t e r n a l  hydrogen bonding i s  n o t  f e l t  in  t h e  r e a c t i o n s  o f  

th e  monoanions o f  t h e  d i c a r b o x y l i c  a c i d s ,  o x a l i c  a c id  and

m a lo n ic  a c i d .  Because o f  th e  c l o s e n e s s  o f  pKa l  and pKa 2 , 

one might  e x p e c t  hydrogen bonding in  th e  b i n o x a l a t e  and 

b i m a l o n a t e  a n i o n s  to  be i m p o r t a n t .  While t h i s  may be t r u e ,  

i t  i s  p o s s i b l e  to  e n v i s i o n  a c o m pl ex a t io n  pathway which does

n o t  i n v o l v e  d i r e c t  a t t a c k  on the  hydrogen bonded s i t e .  In ­

s t e a d ,  i n i t i a l  a t t a c k  on th e  v a c a n t  p o r b i t a l  o f  boron may 

occur  th rough  one o f  t h e  c a rb on y l  oxyg ens ,  wi t h  d i s p l a c e m e n t  

o f  t h e  p ro ton  from th e  o t h e r  s i d e  o f  th e  m ol e cu l e :

0 = ; < L o >

This  o p t i o n  i s  no t  open to  th e  s a l i c y l a t e  a n i o n ,  and here

co m plexa t io n  must  proceed by a t t a c k  a t  th e  b locked b i n d in g  

s i t e ,  wi th  b r ea k a g e  o f  th e  i n t e r n a l  hydrogen bond:
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The E f f e c t  o f  Ligand B a s i c i t y

The e f f e c t  o f  c h e l a t e  r i n g  s i z e  ( i n  b im a lo n a te  and s a l ­

i c y l a t e )  having been po in te d  o u t ,  and the  e f f e c t  o f  i n t e r n a l  

hydrogen bonding having been examined,  th e  r e s t  o f  t h i s  d i s ­

cu s s i o n  w i l l  focus  on the  t r e n d  in l i g a n d  anion r a t e  con­

s t a n t s  as  a f u n c t i o n  o f  l i g a n d  a c i d i t y .  Table  IV-1,  t h e  

r e a c t i o n s  o f  phe ny lb o ron ic  ac id  with HL“ , and Tables  IV-2 

, th rough  IV-4,  th e  r e a c t i o n s  o f  HL“ wi t h  b o r i c  a c i d ,  m- 

n i t r o p h e n y l b o r o n i c  a c i d ,  and m e th y l bor on ic  a c i d ,  show t h a t  

as l i g a n d  anion b a s i c i t y  i n c r e a s e s ,  th e  forward r a t e  con­

s t a n t  f o r  the  r e a c t i o n  o f  HB wi th  HL“ a l s o  i n c r e a s e s .  This  

i s  s i m i l a r  to th e  p a t t e r n  obse rved fo r  the  r e a c t i o n s  o f  the  

p r o to n a t e d  molybda te ,  HMoO^“ , and t u n g s t a t e ,  HWÔ “ , oxyan-  

ions.19 These complexa t ion  r e a c t i o n s  a r e  s u b s t i t u t i o n  r e a c ­

t i o n s  in which a t  l e a s t  one o f  th e  l e a v i n g  groups  i s  a hy­

droxy l  g roup .  Ligand b a s i c i t y  seems to  c o n t r o l  the  r a t e s  o f  

the  s u b s t i t u t i o n  p r o c e s s e s ,  wi th  t h e  forward r a t e  c o n s t a n t  

i n c r e a s i n g  as  pKg  ̂ f or  the  l i g a n d  d e c r e a s e s .  The a u t h o r s  

have a t t r i b u t e d  t h i s  to  the  i n c r e a s e d  a b i l i t y  o f  th e  more 

b a s i c  l ig a nd  an ions  to o r i e n t  water  m o le c u l e s  about  t h e  an­

i o n i c  s i t e .  Thus,  th rough  hydrogen bonding o f  t h e s e  i n t e r ­

vening water  m o l e c u l e s ,  t h e  s o l v e n t  a c t s  to  produce a b e t t e r  

l e a v i n g  g roup ,  a water  m o le cu l e ,  and the  i n j e c t i o n  o f  t h e
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hy d r o x id e  i n t o  s o l u t i o n  t a k e s  p l a c e  a t  a s i t e  removed from 

th e  r e a c t i o n  s i t e .  In t h i s  manner ,  t h e  more b a s i c  l i g a n d s  

a id  in  th e  e l i m i n a t i o n  o f  t h e  hydroxy l  g r o u p .  The r e s u l t s  

o f  th e  boron ac id  s t u d i e s  wi th  l i g a n d  an i o n s  a r e  c o n s i s t e n t  

wi th  such a mechanism, and th e  t r a n s i t i o n  s i t e  may be p i c ­

tu r e d  a s :

The l e s s  b a s i c  the  l i g a n d  a n i o n ,  t h e  l e s s  a b l e  i t  i s  t o  

o r i e n t  water  m o l e c u l e s  t o  a id  in t h e  l e a v i n g  o f  t h e  hydroxy l  

from boron ,  and,  as  a r e s u l t ,  th e  forward r a t e  c o n s t a n t  i s  

lo w er ,  as  o b s e rv e d .  I t  i s  a l s o  p o s s i b l e  t h a t  th e  r e a s o n  fo r

an e n t r o p i c  n a t u r e  as wel l  as  one o f  a i d i n g  in t h e  l e a v i n g  

o f  t h e  -OH. The s o l v e n t  m o le c u l e s  p r e s e n t  around th e  an­

i o n i c  b in d in g  s i t e  may a f f o r d  g r e a t e r  f l e x i b i l i t y  wi t h  r e ­

gard to  the  geometry r e q u i r e d  by t h e  t r a n s i t i o n  s t a t e .  In 

th e  c a s e  where s e v e r a l  water  m o l e c u l e s  i n t e r v e n e ,  t h e r e  may 

be an i n c r e a s e d  number o f  l i g a n d  o r i e n t a t i o n s  which can 

r e s u l t  in  s u c c e s s f u l  c h e l a t i o n  . For th e  l e s s  b a s i c  l i g a n d  

an i o n s  where t h e r e  a r e  n o t  a s  many i n t e r v e n i n g  water  

m o l e c u l e s ,  th e  l i g a n d  geometry r e q u i r e d  by t h e  t r a n s i t i o n  

s t a t e  may be more r e s t r i c t i v e .

H

t h i s  i n c r e a s e  in k^ '  wi th  an i n c r e a s e  in l i g a n d  pKg 1 j,s Qf
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These d a t a  d e m o n s t r a t e  th e  l i g a n d  dependen t  n a t u r e  o f  

th e  complexa t ion  r e a c t i o n s  o f  a p a r t i c u l a r  boron ac id  wi th a 

s e r i e s  o f  l i g a n d  a n i o n s .  The dominant  f a c t o r  in the  d e t e r ­

m in a t io n  o f  th e  r e l a t i v e  r a t e s  seems to  be l i g a n d  b a s i c i t y ,  

bu t  f a c t o r s  such as  r i n g  s i z e  and i n t e r n a l  hydrogen bonding 

a l s o  a f f e c t  t h e  magni tude o f  k f  1 . In view o f  the  l i g a n d  

dependen t  n a t u r e  o f  th e  p o s t u l a t e d  mechanism o f  the  r e a c ­

t i o n s  o f  HB wi t h  HL~, i t  would be ve r y  i n t e r e s t i n g  to exam­

ine  th e  r e s u l t s  o f  a s t u d y  which de te rmined  the  r a t e s  o f  

r e a c t i o n s  f o r  a s e r i e s  o f  boron a c i d s  wi th a s i n g l e  l i g a n d  

a n i o n .

Re ac t io ns  o f  S e v e r a l  Boron Acids wi th  a S i n g l e  Ligand Anion

Table  IV-5 p r e s e n t s  th e  k i n e t i c  r e s u l t s  o f  an i n v e s t i ­

g a t i o n  o f  a v a r i e t y  o f  boron a c i d s  ( spa nn i ng  a range  in pKg 

from 6 .96  t o  10 .4)  wi th  the  s a l i c y l a t e  anion and wi th the  

4 - n i t r o c a t e c h o l a t e  a n i o n .  A s t u d y  o f  t h i s  type a l lo w s  the

l ig a n d  s p e c i f i c  e f f e c t s  such as  b a s i c i t y ,  r i n g  s i z e  and

i n t e r n a l  hydrogen bonding to be held c o n s t a n t .  In t h i s

‘ manner ,  th e  i n f l u e n c e  o f  th e  a c i d i t y  o f  th e  boron ac id  can

be a s s e s s e d .  The most s t r i k i n g  c h a r a c t e r i s t i c  o f  t h e s e  

r e a c t i o n s  i s  t h e  r e l a t i v e  independence o f  t h e  forward r a t e  

c o n s t a n t  from the  pKg 0 f  t h e  boron a c i d .  For e i t h e r  o f  t h e  

g iven  l i g a n d s ,  th e  v a l u e  o f  k f  i S f a i r l y  c o n s t a n t ,  r e g a r d -



Table IV-5.  Reac t ions  o f  Several  Boron Acids wi th a S in g le  Ligand Anion

Reac t ions  o f  S a l i c y l a t e

Boron Acid pKg k ^ M ^ s ” 1 log kj. kr , s ” 1 log kr  K'=K/Kal

m - n i t ropheny lb oro n ic acid 6.96 125 2.1 .17 - . 0 8  7 .4 x 1 02

Phenylboronic  Acid 8 .7  45 1.7 .98 - .01  4 .6x 101

Boric Acid20 9 .0  40 1.6 4 .6 6.7

Methylboronic Acid 10.4 50 1.7 16.7 1.2 3.0

Reac t ions  o f  4 - n i t r o c a t e c h o l a t e

Boron Acid PKa kf l M_1s _1 log kf  kr , s “ 1 log kp K'=K/Ka i

Phenylboronic  Acid 8 .7 7 .0x104 4 ,8  15 1.2 4.6x10^

Boric Acid 9 .0 5.0x10^ 4 .7  68 1.8 7 . 3x 102

Methylboronic Acid 10.4 5 .0x104 4 .7  238 2 .4 2 . 1x102

-115
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l e s s  o f  th e  n a t u r e  o f  RBCOHJg. Thi s  i s  n i c e l y  i l l u s t r a t e d  

in F i g u r e s  IV-1 and IV-2.  As t h e  boron ac id  pKa changes ,  

t h e r e  i s  l i t t l e  v a r i a t i o n  in  th e  forward r a t e  c o n s t a n t .  Be­

cause  t h e r e  i s  no p ro ton  t r a n s f e r r e d  and because  t h e  r a t e

c o n s t a n t s  a r e  r e l a t i v e l y  low, t h e  co n s ta n c y  o f  t h e s e  k 

v a l u e s  i s  due to an a c t u a l  dependence upon the  l i g a n d ,  and 

not  to th e  l e v e l l i n g  o f f  e f f e c t  which p roduces  th e  con s tanc y  

in k f o r  the  r e a c t i o n s  o f  th e  f u l l y  p r o t o n a t e d  l i g a n d s  ( se e  

F i g u r e s  111 — 3 th ro u g h  I I I - 5 ) .  This  i s  c o n s i s t e n t  with the  

mechanism in v o lv i n g  a t t a c k  o f  t h e  p r o t o n a t e d  l ig a nd  oxygen 

on th e  boron atom, fo l lowed  by c h e l a t e  r i n g  c l o s u r e  v ia  the  

n e g a t i v e  arm of  t h e  l i g a n d .  Because the  r a t e  de t e r m in in g  

s t e p  i s  one i n v o l v i n g  r i n g  c l o s u r e ,  the  forward r a t e  con­

s t a n t  i s  expected  to  be h i g h l y  s e n s i t i v e  to  l i g a n d  s p e c i f i c  

p r o p e r t i e s ,  , and r e l a t i v e l y  i n s e n s i t i v e  to  the  pKg Gf the  

boron a c i d .  There i s  no p ro ton  t r a n s f e r  in th e  r a t e  d e t e r ­

mining s t e p ,  and the  d i f f e r e n c e  in pKg Qf  the  donor  and ac­

c e p t o r  which dominated the  r e a c t i o n s  o f  th e  f u l l y  p r o t o n a t e d  

l i g a n d s  with HB i s  o f  minimal impor tance  fo r  the  r e a c t i o n s  

o f  the  l i g a n d  a n i o n s .  The r e v e r s e  r a t e  c o n s t a n t s ,  k r * , on

t he  o t h e r  hand,  i n c r e a s e  f o r  a g iven  l i g a n d  as  the  pK 0 fa
the  boron ac id  i n c r e a s e s .  A s i m i l a r  s i t u a t i o n  i s  seen for

th e  r e a c t i o n s  o f  NiOH+ wi th  some i n t e r n a l l y  hydrogen bonded 

l i g a n d s . 6 For t h e s e  sy s t ems ,  t h e  d i f f e r e n c e s  in s t a b i l i t y

c o n s t a n t  a r e  due a lmos t  t o t a l l y  t o  d i f f e r e n c e s  in t h e  r e ­

v e r s e  r a t e  c o n s t a n t s .  The forward r a t e  c o n s t a n t s  remain r e -



FIGURE I V - 1 .  REACTIONS OF RB^OH^2 W ITH  THE SALICYLATE A N I O N
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l a t i v e l y  u n i n f l u e n c e d  by a change in  l i g a n d  pKg l (  w h i l e  t h e  

r e v e r s e  r a t e  c o n s t a n t s  d e c r e a s e  as  l i g a n d  anion b a s i c i t y  i n ­

c r e a s e s .  This  was a t t r i b u t e d  to  the  b a s i c  n a t u r e  o f  NiOH+ 

which a l lo ws  f o r  g r e a t e r  ea se  in b r eakag e  o f  th e  i n t e r n a l  

hydrogen bond p r i o r  to  c h e l a t i o n .  Thus,  no dependence upon

l i g a n d  pKg  ̂ Was o b s e r v e d .  There i s  a ve r y  i n t e r e s t i n g  

p a r a l l e l  between the  r e a c t i o n s  o f  th e  N i ( I I )  s p e c i e s  wi th 

i n t e r n a l l y  hydrogen bonded l i g a n d s  and the  r e a c t i o n s  o f  the  

t r i g o n a l  boron a c i d s .  The r e a c t i o n s  o f  HB with  th e  f u l l y  

p r o t o n a t e d  l i g a n d s  and the  r e a c t i o n s  o f  Ni^+ wi th  i n t e r n a l l y  

hydrogen bonded l i g a n d  an io ns  show a dependence o f  t h e  f o r ­

ward r a t e  c o n s t a n t  upon l i g a n d  a c i d i t y ,  and bo th  in v o l v e  

p r o to n s  which p la y  an i m p o r t a n t  r o l e  in  t h e  t r a n s i t i o n  

s t a t e .  For th e  r e a c t i o n s  o f  HB wi th  th e  l i g a n d  an io ns  s t u ­

d i e d ,  t h e r e  i s  no p ro ton  t r a n s f e r  in th e  t r a n s i t i o n  s t a t e ,  

and k^.' i s  q u i t e  s e n s i t i v e  to  the  n a t u r e  o f  th e  l i g a n d  i n ­

v o lv e d .  S i m i l a r l y ,  th e  r e a c t i o n s  o f  NiOH+ do no t  in v o l v e  a 

r a t e  d e t e r m in in g  b r eakage  o f  th e  hydrogen bond b lo c k in g  the  

r e a c t i o n  s i t e  (by v i r t u e  o f  t h e  i n c r e a s e d  b a s i c i t y  o f  NiOH+ 

wi th  r e s p e c t  to  Ni^+) and the  r a t e s  he r e  a r e  a l s o  ind epen­

den t  o f  pKg .| o f  th e  l i g a n d .

The co n s ta n c y  o f  k ^ 1 fo r  the  r e a c t i o n s  o f  a p a r t i c u l a r

l i g a n d  anion with d i f f e r e n t  boron a c i d s  i s  due t o  the  f a c t

t h a t  l ig a nd  dependen t  p r o p e r t i e s  have been held  c o n s t a n t .  

In both  t h e  r e a c t i o n s  o f  boron a c i d s  wi th l i g a n d  an io ns  and 

th e  r e a c t i o n s  o f  NiOH+ wi th  t h e  i n t e r n a l l y  hydrogen bonded
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l i g a n d  a n i o n s ,  any d i f f e r e n c e s  in t h e  s t a b i l i t y  c o n s t a n t s  o f  

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

c o n s t a n t s  f o r  th e  r e a c t i o n s .  F i g u r e s  IV-1 and IV-2 show t h e  

dependence o f  bo th  the  forward and r e v e r s e  r a t e  c o n s t a n t s  

f o r  th e  r e a c t i o n s  o f  th e  d i f f e r e n t  boron a c i d s  with th e  s a l ­

i c y l a t e  and 4 - n i t r o c a t e c h o l a t e  a n i o n s .  There i s  l i t t l e  

d i s c r i m i n a t i o n  among the  boron a c i d s  f o r  the  r e a c t i o n s  o f  a

p a r t i c u l a r  l i g a n d  a n i o n .  The r e v e r s e  r e a c t i o n  does  e x h i b i t

a dependence upon boron ac id  pK . a nd th e  e f f e c t  o f  thea "
e l e c t r o n  d o n a t in g  or  wi thdrawing -R group on th e  bonds which 

a r e  formed and broken in the  t r a n s i t i o n  s t a t e  may be a f a c ­

t o r  h e r e .

Summary

The complexa t ion  r e a c t i o n s  which occur  between boron

a c i d s  and th e  c l a s s e s  o f  l i g a n d  anion s t u d i e d  a r e  c o n s i s t e n t

wi th  t h e  mechanism which emphas izes  th e  impor tance  o f  l i g a n d  

dependen t  p r o c e s s e s .  There i s  no r a t e  d e t e r m i n i n g  p ro ton  

t r a n s f e r  as  in th e  r e a c t i o n s  o f  H2l ( a nd th e  magni tude  o f  

th e  r a t e  c o n s t a n t  i s  de te rmined  a lmost  e x c l u s i v e l y  by th e  

n a t u r e  o f  t h e  l i g a n d .  The most  e f f e c t i v e  complexa t ion  p ro­

c e s s  p ro b a b ly  i n v o l v e s  a t t a c k  by t h e  p r o t o n a t e d  l i g a n d  oxy­

gen on th e  v a c a n t  p o r b i t a l  on b or on .  The r i n g  i s  then 

c l o s e d  by t h e  a n i o n i c  oxygen atom, t h e  more b a s i c  l i g a n d  an­
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i o n s  r e a c t i n g  f a s t e r .  The t r e n d  with b a s i c i t y  can be ex­

p la i n e d  on the  b a s i s  o f  t h e  a b i l i t y  o f  t h e  more b a s i c  l i g a n d  

an io ns  to  o r i e n t  s o l v e n t  m ol e cu l es  around th em se l ves  and 

t h e r e b y  i n c r e a s e  t h e  ease  with th e  hydroxyl  group l e a v e s .  

Min imiza t ion  o f  cha rge  r e p u l s i o n  and e n t r o p i c  f a c t o r s  may 

bo t h  be i m p o r ta n t  h e r e .  As expec ted  fo r  h i g h l y  l i g a n d  

dependen t  p r o c e s s e s ,  a s e r i e s  o f  r e a c t i o n s  fo r  which t h e  

l i g a n d  has been he ld  c o n s t a n t  shows l i t t l e  v a r i a t i o n  in f o r ­

ward r a t e  c o n s t a n t  with a change in boron a c i d .  F i n a l l y ,  

t he  l i g a n d  anion in which th e  c h e l a t i o n  s i t e  i s  b locked  by 

hydrogen bonding,  th e  s a l i c y l a t e  a n i o n ,  has  a lowered r a t e  

o f  c o m p le x a t i o n .

Having d i s c u s s e d  s e p a r a t e l y  t h e  r e a c t i o n s  o f  HB with  

H2l and the  r e a c t i o n s  o f  HB with  HL"» i t  i s  i n t e r e s t i n g  now 

to  compare t h e s e  r e s u l t s .  Table I V -6 p r e s e n t s  a compar ison 

o f  r a t e s  o f  r e a c t i o n  fo r  a s i n g l e  boron a c i d ,  pheny lb o ron ic  

a c i d ,  wi th  a s e r i e s  o f  l i g a n d s ,  H2l , and with th e  

c o r r e s p o n d i n g  l i g a n d  a n i o n s ,  HL". The magni tude  o f  k .̂ ( t h e  

forward r a t e  c o n s t a n t  f o r  the  r e a c t i o n  o f  t h e  f u l l y  p r o ­

t o n a t e d  l i g a n d )  d e c r e a s e s  as  th e  l i g a n d  a c i d i t y  d e c r e a s e s ,  

wh i l e  th e  magni tude o f  k^.' ( t h e  forward r a t e  c o n s t a n t  f o r  

th e  r e a c t i o n  o f  th e  l i g a n d  anion)  i n c r e a s e s  as  l i g a n d  a c i d i ­

t y  d e c r e a s e s .  These phenomena have been d i s c u s s e d  in t e rm s  

o f  a t r a n s i t i o n  s t a t e  which emphas izes  p ro ton  t r a n s f e r  fo r  

the  r e a c t i o n s  o f  H2l and a t r a n s i t i o n  s t a t e  which emphas izes  

th e  a b i l i t y  o f  th e  l i g a n d  anion to  o r i e n t  s o l v e n t  m o le c u l e s
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fo r  th e  r e a c t i o n s  o f  HL- . In th e  re g io n  where th e  l i g a n d  

P^a 1 i s  low, k f  i s  l a r g e r  than k f  • This  i s  a combinat ion  

o f  two e f f e c t s :  (1)  f o r  the  more a c i d i c  l i g a n d s ,  p ro ton  

t r a n s f e r  i s  more f a c i l e ,  and (2)  th e  weakly b a s i c  an i o n s  o f  

t h e s e  a c i d i c  l i g a n d s  a r e  poor a t  o r i e n t i n g  the  s o l v e n t  

m o l e c u l e s .  As the  l i g a n d  pKa  ̂ i n c r e a s e s ,  p ro ton  t r a n s f e r  

f o r  F^l  becomes l e s s  f a c i l e ,  b u t ,  a t  th e  same t i m e ,  t h e  con­

j u g a t e  b a s e ,  HL- , i s  i n c r e a s i n g  in b a s i c i t y ,  and becomes 

more e f f e c t i v e  in o r i e n t i n g  water  mo lecu l es  abou t  th e  an i o n ­

i c  s i t e .  Thus,  f o r  the  l i g a n d s  with h i g h e r  v a l u e s  o f  pKa ^ t 

k f * i s  l a r g e r  than k f .

Table IV-7 shows the  r e a c t i o n s  o f  s a l i c y l i c  ac id  and o f  

t h e  s a l i c y l a t e  anion with t h e  four  d i f f e r e n t  boron a c i d s .  

For t h i s  l i g a n d ,  a l l  k̂ , v a l u e s  a r e  l a r g e r  in magni tude  than 

the  c o r r e s p o n d in g  k^ '  v a l u e s .  This  may be a combinat ion  o f

t h e  low pKg  ̂ 0 f th e  l i g a n d  which f a v o r s  kf  over  kf  (p ro to n  

t r a n s f e r  i s  f a i r l y  e a s y ,  wh i le  t h e  a b i l i t y  o f  th e  l i g a n d  an­

ion to  o r i e n t  water  i s  no t  g r e a t )  and a l s o  o f  the  lower ing  

o f  th e  forward r a t e  c o n s t a n t  o f  th e  s a l i c y l a t e  anion as  a 

r e s u l t  o f  t h e  hydrogen bonding .



Table IV-6 . Reac t ions o f  H2L and HL“ wi th  aJB(0H)2

Ligand PKa1 k f k r>M_ l s " 1 k f , M” 1s ” 1 kr ,s

2Oxal ic  Acid 1.04 2x1 0^ 6.2x102 3 .3x102 10

Malonic Acid^ 2.59 350 1.3x104 1 . 5x102 15

S a l i c y l i c  Acid 2.83 225 3.3x10^ 45 1

Mandelic Acid 3.22 175 4 .7x104 1.3x103 52

L a c t i c  AcidJ 3.70 1M0 3 .8 x104 1.5x103 83

4 - n i t r o c a t e c h o l 6.69 650 6 .8x105 7 . 0 x l 0 4 15



Table IV-7.  Reac t ions  o f  RB(0H)2 with

Boron Acid pKa i

m-n i t ro phe ny lb o ron ic  Acid 6.96 650

Phenylboronic  Acid 8 .7 225
20Boric Acid 9 .0 135

Methylboronic Acid 10.4 55

S a l i c y l i c  Acid and with S a l i c y l a t e

kr ,M“ l s “ 1 k f ,M"1s _1 k r , s _1

590 125 .17

3.3x103 45 1

4 .5 x103 40 4

1.2x10^ 50 16.6
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CHAPTER FIVE 

R e a c t i o n s  o f  th e  T e t r a h e d r a l  Borate  Anion

The l a s t  two terras o f  th e  e x p r e s s i o n  fo r  the  r e l a x a t i o n  

t ime  as  d e r i v e d  from the  g e n e r a l  r e a c t i o n  scheme fo r  s u b s t i ­

t u t e d  boron a c i d s  with b i d e n t a t e  l i g a n d s  ( s e e  Chapter  Two) 

r e p r e s e n t  c o n t r i b u t i o n s  from the r e a c t i o n s  o f  th e  

t e t r a h e d r a l  b o r a t e  a n i o n ,  B-, wi th  the  f u l l y  p r o t o n a t e d  p ro­

to n a te d  l i g a n d ,  H2l ,  and with th e  l i g a n d  a n i o n ,  HL". For 

ph eny lb oron ic  ac id  ( pKa = 8 . 7 ^  » b o r i c  ac id  ( pKg - 9 . 0^ )  f

and m e th y l bo ron i c  ac id  ( pK = 10 . 4 ) t h e s e  t e rms  did  not  con-d
t r i b u t e  s i g n i f i c a n t l y  t o  the  r e l a x a t i o n  t im e s  measured ,  

s i n c e  s t u d i e s  were c a r r i e d  ou t  a t  pHs o f  s i x  and below.  At 

t h e s e  pHs , the  amount o f  t e t r a h e d r a l  b o r a t e  anion p r e s e n t  i s  

too  smal l  to a l lo w  d e t e r m i n a t i o n  o f  s p e c i f i c  r a t e  c o n s t a n t s  

f o r  RBfOH)^" r e a c t i o n s  with H2l  and wi th HL"- In th e  c a se  

o f  m - n i t r o p h e n y l b o r o n i c  ac id  which has  a pKa o f  6 . 96 , howev­

e r ,  i t  was p o s s i b l e  to  o b t a i n  v a l u e s  f o r  th e  t e t r a h e d r a l  

complexa t ion  r a t e  c o n s t a n t s  wi th  two l i g a n d s ,  mandel ic  acid 

and s a l i c y l i c  a c i d .  For mandel ic  a c i d ,  s t u d i e s  cou ld  be

c a r r i e d  o u t  a t  pHs as  h igh  as  s i x ,  and in t h i s  manner,  
/ /

v a l u e s  o f  k .̂ ( c h a r a c t e r i s t i c  o f  th e  B"/H2L r e a c t i o n s )  and
/ / /  . 

a l s o  o f  k f  ( c h a r a c t e r i s t i c  o f  t h e  B"/HL" r e a c t i o n s )  were

c a l c u l a t e d .  The r e l a x a t i o n  t im e s  f o r  the  r a - n i t r o -
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phenyl  bo ron ic  a c i d / s a l i c y l i c  ac id  system were to o  long to  be 

measured a t  pH“6, and s o ,  d a t a  were c o l l e c t e d  fo r  pHs on ly  

a s  h ig h  as  f o u r .  Conseque n t ly ,  i t  was n o t  p o s s i b l e  to  ob­

t a i n  a p r e c i s e  v a l u e  o f  th e  r a t e  c o n s t a n t  f o r  the  r e a c t i o n  

o f  B“ wi th  th e  s a l i c y l a t e  a n i o n ,  bu t  an upper  l i m i t  could be
t //

s e t .  I t  was p o s s i b l e ,  thou gh ,  t o  o b t a i n  a good v a l u e  o f  k̂ .

f o r  the  complexa t ion  r e a c t i o n  o f  t h e  t e t r a h e d r a l  anion with 

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

d i e s  a r e  p r e s e n te d  in Table  V-1.

The t e t r a h e d r a l  anion o f  t h i s  s u b s t i t u t e d  boron ac id  

app e ar s  to  r e a c t  wi th  th e  l i g a n d  and wi th th e  l i g a n d  anion 

with r e a s o n a b l y  h igh  r a t e s .  In a d d i t i o n ,  Table  V-2 i n d i c a t e s  

t h a t  th e  t e t r a h e d r a l  r e a c t i o n s  seem to  have l a r g e r  r a t e  con­

s t a n t s  than do the  ana logous  r e a c t i o n s  o f  t h e  t r i g o n a l  form 

o f  th e  boron a c i d .

While i t  i s  n o t  p o s s i b l e  to  d e f i n i t i v e l y  d i s c u s s  the  

r e a c t i o n s  o f  the  t e t r a h e d r a l  b o r a t e  anion on th e  b a s i s  o f  

o n l y  two p o i n t s ,  i t  i s  i n t e r e s t i n g  to  no te  some s i m i l a r i t i e s  

between t h e s e  r e s u l t s  and the  r e s u l t s  o f  work done on oxyan- 

ion complexa t ion  r e a c t i o n s ,  and to s p e c u l a t e  on f a c t o r s  

which i n f l u e n c e  th e  more g e n e r a l  c l a s s  o f  r e a c t i o n  which i s  

h i g h l y  l i g a n d  d e p e n d e n t .  In c o n t r a s t  to  d i -  and t r i - v a l e n t  

meta l  ion c h e m i s t r y  where much work has  been done in e l u c i ­

d a t i o n  o f  complexa t ion  mechanisms ,3>  ̂ meta l  oxyanion r e a c ­

t i o n s  have n o t  been as  t h o r o u g h l y  s t u d i e d ,  even though t h e y ,  

in  many c a s e s ,  a r e  th e  predominant  s p e c i e s  a t  h igh  pHs, and



Table V-1. Reac t ions  o f  RB(OH)J wi th  and HL

❖ - 1 - 1  *  - 1  _  i  _  i  * / _ 1  _  1Ligand pKgl k f l M s k r , s  k^.M s k r ,M s

S a l i c y l i c  Acid 2 .83 IxlO6 0.1 <1x104 <1.5x108

Mandelic Acid 3 .22  2 .4x107 14 1.5x104 5 .2x108

Table  V-2. Rate Cons tan ts  for  Reac t ions  o f  HB and B" wi th  H^L and HL-

- 1  - 1  /  - 1  - 1  *  - 1  - 1  '*  - 1  - 1Ligand pKgl k f l M ' s  ' k f l M ' s  1 k f f M s k f ,M ' s  1

S a l i c y l i c  Acid 2 .83  650 125 1x106 <1x104

Mandelic Acid 3 .22 2 .5x103 1 . 5 x l 0 4 2 .4x107 1.5x104
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even though many a r e  o f  b i o l o g i c a l  i m p o r t a n c e . 5 Experimen­

t a l l y ,  t h e  i n v e s t i g a t i o n  o f  metal  oxyan ions  i s  d i f f i c u l t  f o r  

two r e a s o n s :  one ,  th e y  tend to  po ly m e r i z e ,  and two, t h e r e  i s  

some u n c e r t a i n t y  as  to  the  s t r u c t u r e s  in s o l u t i o n  o f  the  

p r o to n a te d  forms o f  t h e s e  o x yan i ons .  Recent  s t u d i e s  o f  the  

molybdate  and t u n g s t a t e  complexa t ion  r e a c t i o n s  with c a t e c h o l  

and c a t e c h o l  d e r i v a t i v e s  have been c a r r i e d  out  by G i l b e r t  

and K u s t i n . 6 These ion s  e x i s t  in an un pr o t ona te d  form,

X O ^ - , which i s  t e t r a h e d r a l ,  and in a p r o t o n a t e d  form,

HXOjj", which i s  most l i k e l y  o c t a h e d r a l ; ?  th e  complexes a r e  

th oug h t  to  be o c t a h e d r a l . 8 Thus,  complexa t ion  r e a c t i o n s  o f  

th e  u n p r o t o n a t e d ,  t e t r a h e d r a l  oxyan ions  a r e  a d d i t i o n  r e a c ­

t i o n s  whi le  th e  r e a c t i o n s  o f  the  p ro to n a te d  HXÔ -  s p e c i e s  

a r e  s u b s t i t u t i o n  or  co n d e n s a t io n  r e a c t i o n s .  These r e a c t i o n s  

a r e  ana logous  r e s p e c t i v e l y  to  the  r e a c t i o n s  o f  t r i g o n a l  

boron a c i d s ,  which occur  with expans ion  o f  c o o r d i n a t i o n

number,  and to  the  r e a c t i o n s  o f  t e t r a h e d r a l  b o r a t e  a n i o n s ,  

which a r e  c o n d e n s a t io n  r e a c t i o n s .  In th e  ca se  o f  molybdate  

and t u n g s t a t e ,  the  a u t h o r s  found a g e n e r a l  t endency  f o r  the  

p r o to n a te d  oxyanion to  r e a c t  f a s t e r  than the  unp ro ton a te d  

oxyanion ( i . e .  th e  s u b s t i t u t i o n  r e a c t i o n  has a l a r g e r  r a t e  

c o n s t a n t  than  does  the  ana logous  a d d i t i o n  r e a c t i o n )  . This  

same t r e n d  i s  obse rved in th e  r e a c t i o n s  o f  t r i g o n a l  and 

t e t r a h e d r a l  boron a c i d s ,  as  seen in Table  V-2. For the  oxy­

anion complexa t ion  r e a c t i o n s ,  th e  un p ro to na te d  XOj^- i 0n

r e a c t e d  f a s t e r  with t h e  l e a s t  b a s i c  forms o f  th e  l i g a n d s
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s t u d i e d ,  wh i le  th e  r a t e  c o n s t a n t s  o f  th e  r e a c t i o n s  o f  t h e  

p r o t o n a t e d  HXÔ -  i n c r e a s e d  as  l i g a n d  b a s i c i t y  i n c r e a s e d .  

This  o r d e r  o f  r e l a t i v e  r a t e  c o n s t a n t s  a s  a f u n c t i o n  o f  

l i g a n d  pKa  ̂ i s  a l s o  observed fo r  the  two l i g a n d s  s t u d i e d .  

The s u b s t i t u t i o n  r e a c t i o n s  f o r  the  more b a s i c  l i g a n d ,  man­

d e l i c  a c i d ,  occur  with g r e a t e r  r a t e  c o n s t a n t s .

A p o s s i b l e  e x p l a n a t i o n  fo r  the  i n c r e a s e d  r e a c t i v i t y  o f  

th e  s p e c i e s  undergoing the  s u b s t i t u t i o n  r e a c t i o n  ( B-  or 

HXOjj- ) wi th r e s p e c t  to  the  s p e c i e s  which undergoes  the  a d d i ­

t i o n  r e a c t i o n  (HB or  X O ^ - )  may l i e  in th e  r e l a t i v e  bond 

l e n g t h s  o f  th e  B-0 o r  X-0 bonds .  In th e  b o r a t e  anion9 and 

in th e  o c t a h e d r a l ^  oxyanion as  w e l l ,  t h i s  bond i s  l eng thene d  

in compar ison to the  c o r r e s p o n d i n g  bond in the  form which 

d i s p l a y s  a lower c o o r d i n a t i o n  number.  This  l e n g t h e n i n g  o f  

th e  bond may d e c r e a s e  th e  a c t i v a t i o n  energy  n e c e s s a r y  to  

e n t e r  the  t r a n s i t i o n  s t a t e .  In the  case  o f  complex forma­

t i o n  between the  t e t r a h e d r a l  b o r a t e  an ion and the  l i g a n d  an­

i o n ,  t h i s  f a v o r a b l e  i n c r e a s e  in bond d i s t a n c e  may be o f f s e t  

p a r t i a l l y  by th e  charge  r e p u l s i o n  between B" and HL- . 

Hence, th e  r a t e s  o f  complexa t ion  o f  th e  l i g a n d  anion with B-  

a r e  expec ted  to  be lowered with r e s p e c t  to  th o se  fo r  the  

ana logous  r e a c t i o n s  o f  th e  f u l l y  p r o t o n a t e d  forms o f  the  

l i g a n d s .  This  i s  th e  t r e n d  which i s  indeed obse rved in. both 

o f  t h e  c a s e s  examined.

F i n a l l y ,  G i l b e r t  and K u s t i n ^  r e p o r t  t h a t  t h e  oc­

t a h e d r a l ,  p r o t o n a t e d  oxyan ions  do no t  complex with th e  f u l l y
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p r o t o n a t e d  form o f  c a t e c h o l  and th e  c a t e c h o l  d e r i v a t i v e s .  

The r e s u l t s  o f  th e  work on th e  r e a c t i o n s  o f  t h e  t e t r a h e d r a l  

b o r a t e  a n i o n s  i n d i c a t e  t h a t ,  in t h e s e  c a s e s ,  a s u b s t i t u t i o n  

r e a c t i o n  with the  f u l l y  p r o t o n a t e d  form o f  th e  l i g a n d  w i l l  

t ake  p l a c e .  However, th e  l i g a n d s  used in the  boron ac id

work have pKa  ̂ v a l u e s  which a r e  c o n s i d e r a b l y  lower  than 

t h o s e  o f  c a t e c h o l  and i t s  d e r i v a t i v e s .  I t  may be t h a t  th e  

l i g a n d s  employed in th e  oxyanion s t u d i e s  a r e  s u f f i c i e n t l y  

l e s s  a c i d i c  such t h a t  the  r e a c t i o n  between HXO^“ and H^l e i ­

t h e r  does  no t  proceed or has a s s o c i a t e d  with i t  a ve r y  smal l  

r a t e  c o n s t a n t .

In view o f  th e  s t r i k i n g  s i m i l a r i t i e s  between boron ac id  

r e a c t i o n s  and metal  ox yan io ns ,  th e  r e s u l t s  o f  boron acid  

s t u d i e s  may be c h a r a c t e r i s t i c  o f  a more g e n e r a l  c l a s s  o f  

l i g a n d  dependent  s u b s t i t u t i o n  r e a c t i o n s .  By an i n v e s t i g a ­

t i o n  o f  boron ac id  complexa t ion  r e a c t i o n s ,  one may o b t a i n  a 

more d e f i n i t i v e  p i c t u r e  o f  th e  mechanism i n v o l v e d .  A s t r o n g  

m e c h a n i s t i c  r esemblance e x i s t s  between r e a c t i o n s  o f  t r i g o n a l  

RBCOH)^ and meta l  oxyanion a d d i t i o n s ;  t h e r e  a r e  many s i m i ­

l a r i t i e s  between the  r e a c t i o n s  o f  th e  t e t r a h e d r a l  b o r a t e  an­

ion and the  o c t a h e d r a l  s u b s t i t u t i o n  r e a c t i o n s  o f  me ta l  oxy­

a n i o n s .  In a d d i t i o n ,  boron ac id  s t u d i e s  may be more i n f o r ­

mat ive  s i n c e  the  s t r u c t u r e s  o f  th e  RB(OH)^" s p e c i e s  in s o l u ­

t i o n  have been wel l  c h a r a c t e r i z e d ,  and s i n c e  the  s u b s t i t u t e d
— m •

boron a c i d s  do no t  undergo c o m p l i c a t i n g  p o l y m e r i z a t i o n  r e a c ­

t i o n s ,  even a t  h igh pHs.
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R e l a t i o n  t o  J_: 2  Complexes o f  Bor ic  Acid

The m e c h a n i s t i c  q u e s t i o n  o f  t h e  dynamics o f  r e a c t i o n  o f  

t h e  t e t r a h e d r a l  form of  th e  boron a c i d s  b e a r s  on th e  p o s s i ­

b i l i t y  o f  f o rm a t i o n  o f  1:2 complexes which i s  p r e s e n t  in  the  

c a s e  o f  b o r i c  a c i d .  Add i t i on  o f  a second l i g a n d  m ol e cu le  to  

form th e  1:2 b o r i c  a c i d : l i g a n d  complex must have d i f f e r e n t  

ge om et r i c  c o n s t r a i n t s  and r e q u i r e m e n t s  from tho se  c h a r a c ­

t e r i s t i c  o f  1:1 complex f o r m a t i o n .  E l u c i d a t i o n  o f  th e  

mechanism of  and f a c t o r s  i n f l u e n c i n g  the  r e a c t i o n s  o f  

t e t r a h e d r a l  b o r a t e  should  shed some l i g h t  on the  condensa­

t i o n  r e a c t i o n  shown below:

The su b s e q u e n t  s e c t i o n  d e a l s  wi th  t h e  dynamics o f  1:2 com­

p lex  f o rm a t i o n  and th e  i n f l u e n c e  o f  a f i r s t - b o u n d  l i g a n d  

upon a d d i t i o n  o f  a second c h e l a t i n g  l i g a n d .
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CHAPTER SIX

1:2  Complexes o f  Bor ic  Acid.  R e a c t i o n s  Which Emphasize t h e  

Impor tance  o f  an Al ready Bound Ligand

B o r i c  a c i d ,  BtOH)^,  a f f o r d s  a c o m p l e x a t i o n  p o s s i b i l i t y  

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

FBCOH^.  i t  c a n  form n o t  o n l y  t h e  1:1 b o r i c  a c i d / l i g a n d  

c o m p l e x ,  b u t  a l s o  t h e  1 :2  s p e c i e s  p i c t u r e d  b e l o w .

The 1:2 complex can be t h o u g h t  o f  a s  be ing  formed v i a  a con­

d e n s a t i o n  r e a c t i o n  in which a second l i g a n d  m o l e c u l e  d i s ­

p l a c e s  two o f  t h e  hydroxy l  g roups  on b o ron .  Unl ike t h e  f o r ­

mation o f  t h e  1:1 complex which i n v o l v e s  bo th  an a d d i t i o n  

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

o n l y  a s u b s t i t u t i o n  r e a c t i o n ,  th e  c o o r d i n a t i o n  number o f  the  

boron atom remain ing  th e  same. T h e r e f o r e ,  one would ex p e c t  

t h e  s t e r e o c h e m i c a l  r e q u i r e m e n t s  f o r  the  fo rm a t i on  o f  t h e  two 

complexes ,  1:1 and 1 : 2 ,  t o  d i f f e r  from each o t h e r .

There have been many r e p o r t s  in th e  l i t e r a t u r e  which 

i n d i c a t e  t h e  p r e s e n c e  o f  bo th  1:1 and 1 :2  complexes  f o r

1:1 1:2
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s e v e r a l  b o r i c  a c i d / l i g a n d  s y s t e m s .1 » 2»3 I n f r a r e d  and Raman

s t u d i e s  have e s t a b l i s h e d  the  e x i s t e n c e  o f  bo th  one and two 

c h e l a t e  r i n g s  f o r  complexes  o f  b o r i c  ac id  and s a l i c y l i c  

a c i d , 1* l a c t i c  ac id  ,5 and some 1 , 2 -  and 1 , 3 - a l k y l d i o l s . 6

S o l u t i o n  S t u d i e s  o f  Bor ic  Acid Complexat ion wi th  C a t e c h o l s

In t h e  s t u d i e s  o f  b o r i c  ac id  r e a c t i o n s  wi th c a t e c h o l  

and two c a t e c h o l  d e r i v a t i v e s  ( 4 - n i t r o c a t e c h o l  and 4-  

m e t h y l c a t e c h o l )  which were c a r r i e d  o u t ,  t h e r e  was no e v i ­

d en c e ,  e i t h e r  thermodynamic or  k i n e t i c ,  which i n d i c a t e d  the  

p r e s e n c e  o f  a 1:2 complex in  s o l u t i o n .  This  i s  somewhat 

s u r p r i s i n g ,  s i n c e  i t  i s  ea sy  t o  v i s u a l i z e ,  the rmodynamica l ­

l y ,  t h e  fo rm a t io n  o f  t h e  1:2 s p e c i e s  v i a  a c o n d e n s a t i o n  

r e a c t i o n  between t h e  1:1 complex and a second l i g a n d :

S t a b i l i t y  c o n s t a n t  c a l c u l a t i o n s  per fo rmed us ing  e q u a t i o n s  

d e r i v e d  f o r  th e  1:1 complexes o f  boron a c i d s  ( s e e  s e c t i o n s  

I I . B  and I I . C )  gave good,  c o n s t a n t  v a l u e s  f o r  t ab  UP 

pHs o f  ab o u t  seven fo r  the  b o r i c  a c i d / 4 - n i t r o c a t e c h o l , b o r i c  

a c i d / c a t e c h o l ,  and b o r i c  a c i d / 4 - m e t h y l c a t e c h o l  s y s t e m s .  In 

c a s e s  where 1:2 complexes  as  wel l  a s  1:1 complexes a r e
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formed,  bo th  s p e c i e s  must be t aken i n t o  acco un t  t o  o b t a i n  

good v a l u e s  o f  th e  thermodynamic fo rmat ion  c o n s t a n t s . 7 

K i n e t i c  r e s u l t s  a l s o  s u p p o r t  t h e  thermodynamic c o n c l u s i o n  

t h a t  t h e r e  i s  no d e t e c t a b l e  1 : 2  s p e c i e s  in s o l u t i o n s  o f  

c a t e c h o l  and th e  s u b s t i t u t e d  c a t e c h o l s .  Only a s i n g l e  r e ­

l a x a t i o n  t ime fo r  each o f  t h e s e  sys tems i s  o b s e r v e d ,  and i t  

can be f i t  ve ry  we l l  to  the  e x p r e s s i o n  o b t a i n e d  in s e c t i o n

I I . A  which assumes 1:1 complex fo rmat ion  o n l y .  That  two r e ­

l a x a t i o n  t im e s  a re  p r e s e n t  f o r  some b o r i c  ac id  sys tems has 

been de te rmined  in s t u d i e s  o f  b o r i c  ac id  wi th l a c t i c  acidS 

and o f  b o r i c  ac id  wi th mande l ic  a c i d . 9 in bo th  c a s e s ,  t h e s e  

two r e l a x a t i o n  t i m es  a r e  q u i t e  s e p a r a b l e ,  th e  second one ap­

p e a r i n g  a t  r a t h e r  long t i m e s .  This  l a c k  o f  e v i den ce  f o r  the  

fo rm at ion  o f  1:2 complexes o f  b o r i c  ac id  with c a t e c h o l  and 

s u s t i t u t e d  c a t e c h o l s  i s  c o n s i s t e n t  wi th the  thermodynamic 

r e s u l t s  o f  o t h e r  s t u d i e s .  Conner and Bulgr in lO r e p o r t  the  

absence o f  a 1:2 bo r ic  a c i d / c a t e c h o l  complex.  Bar-  

t u s e k 2 , 1 1 » 1 2  anci coworkers  have made an e x t e n s i v e  i n v e s t i g a ­

t i o n  o f  th e  s t a b i l i t y  c o n s t a n t s  o f  complexes o f  b o r i c  a c i d .  

They r e p o r t  o n l y  1:1 complex fo rm at ion  in th e  c a s e s  o f  the  

f o l l o w in g  l i g a n d s :  t i r o n ,  c a t e c h o l ,  4 - n i t r o c a t e c h o l , A l i z a ­

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

t h a t  b o r i c  ac id  does  no t  form 1 : 2  complexes wi th o -  

d i p h e n o l s .  In a d d i t i o n ,  Ba r tusek  and M a r t e l l 1 3  s t u d i e d  the  

fo rm a t io n  c o n s t a n t s  o f  some amide d e r i v a t i v e s  o f  s a l i c y l i c  

ac id  wi th b o r i c  a c i d ,  and found t h a t ,  a l t h o u g h  s a l i c y l i c
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ac id  i t s e l f  w i l l  complex in both  a 1:1 and a 2:1 r a t i o  with 

b o r i c  a c i d ,  the  amides form on ly  1:1 s p e c i e s .  The f o rm at ion  

c o n s t a n t s  o f  the  b o r i c  ac id /a m id e  systems  were a l s o  found to 

be lo wered ,  i n d i c a t i n g  a d e c r e a s e d  t endency  toward complexa-  

t i o n  when one o f  th e  l i g a n d  hydroxyl  g roups  i s  r e p l a c e d  by 

an amide.

I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  on the  r e a s o n s  f o r  the  

absence o f  a 1:2 s p e c i e s  in s o l u t i o n  when t h e  l i g a n d  i s  an 

o - d i p h e n o l .  Bor ic  ac id  i s  known to  form 1:1 and 1:2 com­

p l e x e s  with l i g a n d s  which a r e  more a c i d i c  than th e  c a t e c h o l s  

( l a c t i c  a c i d , 5 t a r t a r i c  a c i d , ^  and s a l i c y l i c  acid**) and 

a l s o  with l i g a n d s  which a r e  l e s s  a c i d i c  than th e  c a t e c h o l s  

(m ann i to l1 5  and o t h e r  polyhydroxy compounds) .  Ba r tus ek^  

p o s t u l a t e d  t h a t  pe rhaps  c h e l a t e  r i n g  s i z e  was t h e  f a c t o r  

c o n t r o l l i n g  the  p res en ce  or  absen ce  o f  the  1:2 s p e c i e s .  His 

s t u d i e s  dem ons t ra ted  t h a t  ch romo t rop i c  ac id  and i t s  2-bromo- 

and 2 , 7 -d ib ro m o -  d e r i v a t i v e s  as  wel l  as s a l i c y l i c  a c i d ,  a l l  

o f  which form s ix  membered r i n g s ,  a r e  c a p a b l e  o f  complexing 

in 1:1 and 2:1 r a t i o s  wi th b o r i c  a c i d ,  whi le  th e  o - d i p h e n o l s  

which form f i v e  membered r i n g s  form only  1:1 complexes in 

s o l u t i o n .  This  a rgument ,  however ,  c o n f l i c t s  wi th  th e  IR 

ev i de nce  and k i n e t i c  e v i den ce  t h a t  l a c t i c  a c i d / b o r i c  ac id  

2:1  complexes e x i s t  in  aqueous s o l u t i o n s ^  and a l s o  the  i n d i ­

c a t i o n  t h a t  mandel ic  ac id9 and some 1 , 2 - a l k y l d i o l s ^  y i e l d  

2:1 complexes with s o l u t i o n s  o f  b o r i c  a c i d .  While r i n g  s i z e  

may n o t  be th e  major  f a c t o r  in d e t e r m i n i n g  whether  o r  n o t
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bo r i c ac id  w i l l  combine in a 1:2 r a t i o  with th e  l i g a n d ,  the  

f l e x i b i l i t y  and geometry o f  th e  l i g a n d  may be i m p o r t a n t .  I t  

i s  known t h a t  l i g a n d  geometry e x e r t s  an i n f l u e n c e  on com- 

p l e x a t i o n  r e a c t i o n s  o f  boron a c i d s .  For example,  no complex 

i s  formed between b o r i c  acid and t r a n s  1 , 2 - c y c l o h e x a n e d i o l , 

and t h e r e  i s  ev i dence  o f  o n l y  minimal complex fo rmat ion  o f  

t he  c i s  form o f  th e  l i g a n d . 10 Presumably,  t h i s  i s  due to  

the  i n a b i l i t y  o f  th e  t r a n s  form to  assume the  geometry 

n e c e s s a r y  f o r  c o m p l e x a t i o n , and the  f a c t  t h a t  on ly  t h e  boa t  

form o f  th e  c i s  i somer (which i s  p r e s e n t  in ve ry  smal l  

amounts) has  the  p roper  geomet ry .  In a d d i t i o n ,  i t  i s  seen 

t h a t  th e  c a t e c h o l s  show r a t e s  f o r  fo rmat ion  o f  th e  1:1 com­

plex which a r e  h ig h e r  than the  v a l u e s  p r e d i c t e d  by pK_. 0 fa I
th e  l i g a n d . 3 in t h i s  c a s e ,  l i g a n d  geometry r e s u l t s  in an 

in c r e a s e d  r a t e  o f  complexa t ion s i n c e  the  r i g i d i t y  o f  the  

l i g a n d  must hold i t  in a geometry which i s  f a v o r a b l e  to  

r e a c t i o n .  The co n c l u s i o n  i s ,  t h e n ,  t h a t  l i g a n d  geometry and 

f l e x i b i l i t y  can e i t h e r  i n c r e a s e  or  d e c r e a s e  th e  observed 

r a t e  o f  r e a c t i o n  depending upon whether  the  l a ck  o f  f l e x i ­

b i l i t y  c o n s t r a i n s  th e  l i g a n d  to  a f a v o r a b l e  or  to  an un­

f a v o r a b l e  con form at ion  with r e g a r d  to the  t r a n s i t i o n  s t a t e .

I t  i s  r e a s o n a b l e  to  assume t h a t  th e  r e a c t i o n  in which 

a d d i t i o n  o f  a second l i g a n d  o c c u r s  i s  a l s o  s e n s i t i v e  to  

l i g a n d  f l e x i b i l i t y  and s t e r e o c h e m i s t r y .  Sure ly  th e  

geom et r i c  r e q u i r e m e n t s  f o r  the  fo rm a t io n  o f  th e  1:1 complex 

from boron acid  and l i g a n d  a re  d i f f e r e n t  from tho se  o f  the
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c o n d e n s a t io n  r e a c t i o n  o f  t h e  1:1 complex wi th  a second

l i g a n d  m o l e c u l e .  Thus,  whi le  th e  r i g i d i t y  o f  c a t e c h o l  and

the  s u b s t i t u t e d  c a t e c h o l s  may enhance th e  fo rm a t io n  o f  th e  

1:1 s p e c i e s ,  t h i s  same f a c t o r  may h i n d e r  the  fo rmat ion  o f

t he  1:2 s p e c i e s .  P r e l i m i n a r y  s t u d i e s  on b o r i c  a c i d / l a c t i c

acid® and b o r i c  a c i d / m a n d e l i c  acid9 sys tems  i n d i c a t e  t h e

pr ese nce  o f  a long r e l a x a t i o n  t im e  in  a d d i t i o n  to  a s h o r t e r  

one,  p o i n t i n g  to the  f a c t  t h a t  th e  second c h e l a t i o n  may be 

s low.  Reca l l  t h a t  in th e  p r e c e e d i n g  c h a p t e r ,  th e  r a t e s  o f  

com plexa t ion  o f  t h e  t e t r a h e d r a l  b o r a t e  a n i o n s  appear  to be 

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

proceed with r e l a t i v e l y  l a r g e  r a t e  c o n s t a n t s  whi le  t h e  1:2 

complexa t ion  r e a c t i o n s  ment ioned seem to have c h a r a c t e r i s t i ­

c a l l y  long r e l a x a t i o n  t im e s  could  be i n d i c a t i v e  o f  th e  f a c t  

t h a t  t h e  a l r e a d y  c o o r d i n a t e d  l i g a n d  may make i t  d i f f i c u l t  

f o r  the  1:1 complex t o  assume th e  r e q u i r e d  t r a n s i t i o n  s t a t e  

geometry.

The e f f e c t  o f  an a l r e a d y  bound l i g a n d  on subs eq uen t

c h e l a t i o n  s t e p s  i s  seen in the  r e a c t i o n s  o f  some me ta l  i o n s .

A s tu d y  by Margeruml6 has  de t e rm ined  th e  r a t e  c o n s t a n t s  fo r  

the  fo rmat ion  o f  b i s  complexes o f  a r o m a t i c  h e t e r o c y c l i c

l i g a n d s  wi th  a complex in which th e  Ni2+ c a t i o n  i s  a l r e a d y  

bonded t o  an a ro m a t ic  l i g a n d .  The e f f e c t  o f  th e  f i r s t  bound 

l i g a n d  in  t h i s  case  i s  an enhancement o f  t h e  r a t e  o f  th e  

second c h e l a t i o n  over  t h a t  obse rve d  f o r  aquo Ni2+. K i n e t i -  

c a l l y ,  t h e  s u b s t i t u t i o n  r e a c t i o n s  o f  sq u a r e  p l a n a r  me ta l
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complexes  e x h i b i t  a dependence  upon a l r e a d y  bound l i g a n d s *  

The wel l  known t r a n s  e f f e c t  i s  a k i n e t i c  e f f e c t  which 

r e s u l t s  in  th e  l a b i l i z a t i o n  o f  c e r t a i n  bonds upon c h e l a t i o n  

wi th  a f i r s t  l i g a n d .  17 I n . t h e  c a s e  o f  b o r i c  ac id  wi th  o -  

d i p h e n o l s ,  th e  com pl ex a t io n  o f  t h e  f i r s t  l i g a n d  may impose 

c o n f o r m a t i o n a l  r e s t r a i n t s  upon th e  complex,  and th e  geometry 

r e q u i r e d  f o r  th e  second s t e p  t o  oc cu r  may be d i f f i c u l t  f o r  

t h e  1:1 s p e c i e s  to  assume.  The second c h e l a t i o n  must 

p roceed  e i t h e r  v i a  a d i s s o c i a t i v e  mechanism (a t h r e e  c o o r d i ­

n a t e  boron in the  t r a n s i t i o n  s t a t e )  or  v i a  an a s s o c i a t i v e  

mechanism (a f i v e  c o o r d i n a t e  boron in t h e  t r a n s i t i o n  s t a t e ) .  

The d i s s o c i a t i v e  mechanism would r e q u i r e  t h e  four  c o o r d i n a t e  

complex to  approach  a t r i g o n a l  s t r u c t u r e ,  and th e  r i g i d i t y  

o f  t h e  c h e l a t e  r i n g s  formed by t h e  o - d i p h e n o l s  may h i n d e r  

t h i s .  For an a s s o c i a t i v e  mechanism to be in o p e r a t i o n ,  th e  

boron would have t o  approach a f i v e  c o o r d i n a t e  s t r u c t u r e .  

R e c e n t l y ,  c a l c u l a t i o n s  have been d o n e ^  on p o s s i b l e  

g e o m e t r i e s  o f  f i v e  c o o r d i n a t e  b o r o n ,  s i n c e  i t  has  been p ro -
t

posed t h a t  t h e  h y d r o l y s i s  o f  BH^~ p r o ce e d s  th ro u g h  a meta­

s t a b l e  f i v e  c o o r d i n a t e  i n t e r m e d i a t e . 1 9 The most f a v o r a b l e  

s t r u c t u r e  f o r  t h i s  m e t a s t a b l e  i n t e r m e d i a t e  was found to  be 

t h e  one o f  Cg symmetry shown below:
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Because t h e  f i v e  c o o r d i n a t e  i n t e r m e d i a t e  shown here  has  f i v e  

i d e n t i c a l  l i g a n d s ,  t h e  t o t a l  symmetry i s  Cg< por  th e  com­

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

n o t  i d e n t i c a l ,  th e  l o c a l  symmetry i s  CS( i n v o l v i n g  a boron 

atom and f i v e  l i g a n d  oxygen atoms.  Again,  th e  c o n s t r a i n t s  

imposed by t h e  f i r s t  bound l i g a n d  may make e n t r a n c e  i n t o  the  

t r a n s i t i o n  s t a t e  d i f f i c u l t .  Complexes o f  l i g a n d s  which a re  

more f l e x i b l e  than the  o - d i p h e n o l s  would be expec ted  to  a s ­

sume t h e  t r a n s i t i o n  s t a t e  geometry more e a s i l y ,  hence th e  

p r e s e n c e  o f  1:2 complexes in  t h e s e  c a s e s .

I s o l a t i o n  and C h a r a c t e r i z a t i o n  o f  a S o l i d  1_:2 Complex

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

f o r  the  b o r i c  a c i d / 4 - m e t h y l c a t e c h o l  system by t i t r a t i o n  with 

s t a n d a r d  sodium hy d ro x id e ,  i t  was n o t i c e d  t h a t  smal l  amounts 

o f  a s o l i d  whi te  p r e c i p i t a t e  formed as t h e  s o l u t i o n  became 

more b a s i c .  The q u a n t i t y  o f  p r e c i p i t a t e  formed was q u i t e  

s m a l l ,  and o n ly  appeared  a t  pHs above se ve n ,  so i t  d i d  not  

i n t e r  fere wi th t h e  c o l l e c t i o n  or  e v a l u a t i o n  o f  e i t h e r  thermo­

dynamic or  k i n e t i c  d a t a  f o r  the  sys tem.  In a s e p a r a t e  ex­

p e r i m e n t ,  t h i s  s o l i d  was c o l l e c t e d  by f i l t r a t i o n  from a 

b a s i f i e d  aqueous s o l u t i o n  o f  b o r i c  ac id  and 4-  

m e t h y l c a t e c h o l , where ^ = 0 .1  by a d d i t i o n  o f  po tass ium n i ­

t r a t e .  C h a r a c t e r i z a t i o n  o f  t h i s  s u b s t a n c e  was performed us­
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ing  t h e  s o l u b i l i t y ,  m e l t i n g  p o i n t ,  co n d u c ta n c e ,  NMR, IR, 

mass  s p e c t r a l ,  and e l e m e n t a l  a n a l y s i s  d a t a  p r e s e n t e d  below.  

These d a t a  i n d i c a t e  t h a t  t h e  s o l i d  i s  th e  po tass ium s a l t  o f  

t h e  1:2 complex o f  b o r i c  ac id  and 4 - m e t h y l c a t e c h o l :

The s o l i d  does  n o t  e x h i b i t  a s h a r p  m e l t i n g  p o i n t  up to  

t e m p e r a t u r e s  o f  355°C, b u t  becomes s l i g h t l y  d i s c o l o r e d  a t  

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

c h a r a c t e r i s t i c  o f  s a l t s ,  and i t  has  been r e p o r t e d  t h a t  

t e t r a a l k y l b o r o n a t e  s a l t s  a r e  amorphous or  c r y s t a l l i n e ,  and 

decompose upon h e a t i n g . 20 There was no a p p r e c i a b l e  s o l u b i l ­

i t y  o f  t h e  s o l i d  in  t h e  f o l l o w i n g  s o l v e n t s :  w a t e r ,  c y c l o h e x -  

a n e ,  ben zene ,  o - d i c h l o r o b e n z e n e , n i t r o b e n z e n e ,  t o l u e n e ,  

m e t h y l e t h y l  k e t o n e ,  and a c e t y l  c h l o r i d e .  E t h a n o l ,  m e t h a n o l ,  

e t h y l e n e  g l y c o l ,  and an e t h a n o l -  wa te r  m i x t u r e  w i l l  d i s s o l v e  

t h e  p r e c i p i t a t e  when h o t ,  b u t  th e  s o l u t i o n s  q u i c k l y  become 

d i s c o l o r e d - m o s t  l i k e l y  due t o  the  d ec om pos i t io n  o f  t h e  com­

p le x  fo l lowed  by o x i d a t i o n  o f  t h e  H - m e t h y l c a t e c h o l . The 

s o l i d  does  d i s s o l v e  in  t e t r a h y d r o f u r a n  (THF) and in 

d i m e t h y l s u l f o x i d e  (DMSO), bo th  p o l a r ,  a p r o t i c  s o l v e n t s .

These s o l u b i l i t y  r e s u l t s  a r e  c o n s i s t e n t  wi th  th e  o b s e r v a t i o n  
»

t h a t  most  t e t r a a l k y l b o r o n a t e  compounds a r e  o n ly  s p a r i n g l y
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s o l u b l e  in a l l  s o l v e n t s  ex cep t  a l c o h o l s  and THF.^O A second 

i m p o r ta n t  r e s u l t  o f  t h e  s o l u b i l i t y  s t u d i e s  has  to  do with 

t h e  concept  o f  p ro ton  t r a n s f e r .  The f a c t  t h a t  th e  s o l i d  

d i s s o l v e s  in DMSO. and the  s o l u t i o n  does  n o t  become 

d i s c o l o r e d  i n d i c a t e s  t h a t  th e  complex i s  not  d i s s o c i a t e d  in 

t h i s  s o l v e n t .  In th e  p o l a r ,  p r o t i c  s o l v e n t s  such as  

e t h a n o l ,  complex d i s s o c i a t i o n  o c c u r s  as  evidenced by ra p id  

d i s c o l o r a t i o n  o f  th e  s o l u t i o n .  This  d i s c o l o r a t i o n  i s  

c h a r a c t e r i s t i c  o f  the  o x i d a t i o n  o f  4 - m e t h y l c a t e c h o l  to  the  

qu ino ne .  This  s u p p o r t s  the  ide a  t h a t  p ro ton  t r a n s f e r  i s  v i ­

t a l  to  the  r e a c t i o n s  o f  boron a c i d s  wi th t h e s e  l i g a n d s ,  the  

complex being  unab le  to  undergo the  d i s s o c i a t i v e  r e a c t i o n  in 

a p o l a r  but  a p r o t i c  s o l v e n t .

The s o l i d  was s e n t  out  f o r  e l e m e n ta l  a n a l y s i s  f o r  hy­

droge n ,  ca rb o n ,  bo ron ,  oxygen,  and sodium. The p e r c e n ta g e  

o f  sodium p r e s e n t  in the  sample was so low as  to  i n d i c a t e  

t h a t  i t  i s  n o t  th e  sodium s a l t  which i s  formed,  but  most 

l i k e l y  th e  po tass ium s a l t .  Table VI-1 compares th e  e x p e r i ­

m e n t a l l y  o b t a i n e d  p e r c e n t a g e s  o f  boron,  ca rb o n ,  hydrogen,  

and oxygen with th o s e  expec ted fo r  the  1:2 po tass ium s a l t  o f  

b o r i c  ac id  and 4 - m e t h y l c a t e c h o l  shown p r e v i o u s l y .  I t  i s  

seen t h a t  the  e x p e r i m e n t a l l y  ob ta in e d  amounts o f  bo ro n ,  c a r ­

bon,  hydrogen,  and oxygen a r e  in good agreement  with th ose  

expected  fo r  the  potass ium s a l t  o f  t h e  1:2 b o r ic  a c i d / 4 -  

m e t h y l c a t e c h o l  complex.

I n f r a r e d  s p e c t r a ^ !  o f  t h e  s o l i d  in KBr p e l l e t s  and in a
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Table  VI-1.  Comparison o f  Exper imenta l  and P r e d i c t e d  Elemental
Analyses

Element %,

Boron

Carbon

Hydrogen

Oxygen

Exper imental

3 .3 3  

56 .2 9  

3 .97  

1 6 . 67a

% t C a l c u l a t e d

3.74 

57.  14 

4 .08  

21.77

a a  l o w e r  l imi t
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n u j o l  mul l  were t a k e n ,  and a l s o  i n d i c a t e  th e  complex 

p r e s e n te d  e a r l i e r .  Comparison o f  s p e c t r a  o f  s o l i d  BCOH)^ 

and o f  th e  sample show a d i s a p p e a r a n c e  o f  th e  c h a r a c t e r i s t i c  

B ( O H b a n d  a t  3400 cm"1 * In a d d i t i o n ,  th e  p r e c i p i t a t e

showed major  bands a t  1490, 1450, 1270, 1100, 950, and 900

cm- 1 . In s t u d i e s  o f  b o r i c  ac id  with s a l i c y l i c  a c i d 4 and

with  l a c t i c  a c i d , 5 Larsso n  and Nunzia ta  have made th e  f o l ­

lowing a s s ig n m e n ts :  (1)  upon c o m p le x a t i o n ,  one o r  two new

bands appear  a t  1470 cm"1 , (2)  a new band a t  1269 cm"1 ap­

pe a rs  and i s  c h a r a c t e r i s t i c  o f  th e  C-0 bond in the  complex,  

(3)  th e  t e t r a h e d r a l  s t r e t c h  due to  th e  t e t r a h e d r a l  B0^" 

moie ty  i s  a t r i p l y  d e g e n e r a t e  v i b r a t i o n  which i s  s p l i t ,  and 

has bands a p p e a r in g  a t  1080 and 965 cm"1 . For the  l e s s  sym­

m e t r i c  1:2 complex ( a s  opposed to th e  1:1 complex) ,  th e  band 

a t  965 may be even f u r t h e r  s p l i t .  F i n a l l y ,  t h e  a u t h o r s  no te  

t h a t  complexa t ion  should r e s u l t  in  th e  l o s s  o f  the  v i b r a ­

t i o n a l  band a t  1340 cm"1 which i s  c h a r a c t e r i s t i c  o f  the  

l i g a n d  C-O-H bond ; t h i s  i s  a b s e n t  in th e  s p e c t r a  o f  the

s o l i d  sample .  The s p e c t r a  o f  th e  complex i s o l a t e d  from the

s o l u t i o n  o f  b o r i c  ac id  and 4 - m e t h y l c a t e c h o l  c o n t a i n  bands 

which a r e  in c l o s e  agreement  wi th  t h o s e  p r e d i c t e d  above,  and 

lend s u p p o r t  to  the  proposed 1:2 s t r u c t u r e .  The l a c k  o f  an 

0-H s t r e t c h i n g  band a l s o  s u p p o r t s  t h i s  c o n c l u s i o n .

Conductance s t u d i e s  o f  th e  s o l i d  d i s s o l v e d  in DMSO were 

c a r r i e d  out  a long wi th p a r a l l e l  measurements  o f  DMSO s o l u ­

t i o n s  o f  po tass ium n i t r a t e .  F ig u re  VI-1 shows th e  r e s u l t s  o f
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t h e s e  measurements  which i n d i c a t e  t h a t  t h e  sample i s  a 1:1 

e l e c t r o l y t e .  They a l s o  a r e  c o n s i s t e n t  wi th  t h e  i d e a  t h a t  

t h e  complex does  n o t  d i s s o c i a t e  in  a p r o t i c  s o l v e n t s .

F i n a l l y ,  NMR s p e c t r a  o f  b o r i c  a c i d ,  H - m e t h y l c a t e c h o l , 

and the  s o l i d  p r e c i p i t a t e  d i s s o l v e d  in  d e u t e r a t e d  DMSO were 

t a k e n .  These s u p p o r t  t h e  c o n c l u s i o n  t h a t  th e  complex formed 

i s  indeed th e  1:2 s p e c i e s .  There i s  no e v i d en c e  o f  an 0-H 

p r o t o n  which would be p r e s e n t  i f  th e  s u b s t a n c e  i s o l a t e d  were 

t h e  1:1 complex.  The peak h e i g h t s  were i n t e g r a t e d ,  and the  

v a l u e s  a r e  c o n s i s t e n t  wi th  th e  1:2 po ta ss iu m  s a l t  shown p r e ­

v i o u s l y .

The r e a s o n  behind p r e c i p i t a t i o n  from s o l u t i o n  o f  a 

s p e c i e s  which i s  bo t h  th e rm o d y n a m ic a l l y  and k i n e t i c a l l y  un­

d e t e c t a b l e  in s o l u t i o n  could  p o s s i b l y  be a c o m bi na t io n  o f  

t h e  dynamics o f  f o rm a t i o n  and o f  t h e  s o l u b i l i t y  and e q u i l i ­

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

t h e  f i r s t  bound l i g a n d  may make t h e  f o rm a t i o n  o f  a 1:2 com­

p le x  k i n e t i c a l l y  u n f a v o r a b l e .  The low forward r a t e  c o n s t a n t  

would then r e s u l t  in  u n d e t e c t a b l y  smal l  amounts o f  th e  

second complex in s o l u t i o n .  However, th e rm o d y n a m i c a l l y ,  th e  

r e a c t i o n  scheme can be r e p r e s e n t e d  as f o l l o w s :

HO

HO

B  OH
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I t  i s  c l e a r  t h a t  a t  h ig he r  pH v a l u e s ,  L e C h a t a l i e r 1s p r i n c i ­

p l e  p r e d i c t s  an i n c r e a s e  in th e  c o n c e n t r a t i o n  o f  th e  1:1 

s p e c i e s ,  and hence an i n c r e a s e  in t h e  1:2 s p e c i e s  a l s o .  As 

t he  pH o f  th e  s o l u t i o n  i s  i n c r e a s e d  ( as  in  a t i t r a t i o n  with 

sodium h y d r o x i d e ) ,  t h e  c o n c e n t r a t i o n  o f  1:2 complex a l s o  i n ­

c r e a s e s ,  and,  i f  th e  s o l u b i l i t y  o f  the  complex in aqueous 

s o l u t i o n  i s  no t  g r e a t ,  i t  w i l l  begin to  p r e c i p i t a t e  out  o f  

s o l u t i o n .  From the s o l u b i l i t y  s t u d i e s  o f  the  s o l i d ,  i t  was 

seen t h a t  the  p roduc t  i s  q u i t e  i n s o l u b l e  in w a te r ,  so i t  i s  

n o t  s u r p r i s i n g  t h a t  smal l  amounts begin  to come ou t  o f  s o l u ­

t i o n .  Once p r e c i p i t a t i o n  o f  the  1:2 complex has begun,  th e  

e q u i l i b r i a  w i l l  c o n t i n u e  to  s h i f t  to  produce more o f  th e  

complex.  The s p e c i e s  i s  n o t  d e t e c t a b l e  k i n e t i c a l l y  or  t h e r ­

modynamical ly because  the  pH must be above seven fo r  p r e c i p ­

i t a t i o n  to o c c u r ,  s i n c e  th e  c o n c e n t r a t i o n  o f  complex in 

a c i d i c  s o l u t i o n  i s  ve ry  low. No s o l i d  was o b ta in ed  upon 

b a s i f i c a t i o n  o f  s o l u t i o n s  o f  b o r i c  ac id  and 4 - n i t r o c a t e c h o l  

and o f  b o r i c  ac id  and c a t e c h o l  ( 0.1M in KNÔ  in a l l

c a s e s ) .  I f  th e  above i n t e r p r e t a t i o n  i s  c o r r e c t ,  then t h i s  

d i f f e r e n c e  presumably l i e s  in the  d i f f e r e n c e s  in s o l u b i l i t y  

o f  the  v a r i o u s  complexes .  For c a t e c h o l  and 4 - n i t r o c a t e c h o l ,  

i f  th e  1:2 complex i s  s o l u b l e  in the  smal l  amounts formed,  

then no p r e c i p i t a t i o n  w i l l  o c c u r .

The s tu dy  o f  the  dynamics o f  t h e  f o rm at ion  o f  1:2 com­

p l e x e s  o f  b o r i c  ac id  wi th th e  c a t e c h o l s  emphasizes  the  im­

p o r t a n c e  o f  a f i r s t  bound l i g a n d  upon sub sequen t  c h e l a t i o n



p r o c e s s e s .  The s t r i n g e n t  ge o m et r i c  r e q u i r e m e n t s  imposed on 

t h e  1:1 complexes upon c h e l a t i o n  wi th  a s i n g l e  m o le c u l e  o f  

o - d i p h e n o l  may make e n t r a n c e  i n t o  t h e  t r a n s i t i o n  s t a t e  

p r e c e e d i n g  1:2  complex fo rm a t io n  k i n e t i c a l l y  u n f a v o r a b l e .  

Evidence o f  1:2 complexa t ion  in  t h e  ca s e  o f  more b a s i c  and 

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

l i g a n d s ,  r e g a r d l e s s  o f  pKg 1 f wm  undergo th e  second c h e l a ­

t i o n  s t e p .  P r e l i m i n a r y  d a t a  f o r  the  b o r i c  a c i d / l a c t i c  ac id^  

and f o r  th e  b o r i c  a c i d / m a n d e l i c  ac id^  sys tems  show a long 

r e l a x a t i o n  t i m e ,  pe r hap s  i n d i c a t i n g  t h a t ,  even f o r  t h e s e  

more f l e x i b l e  l i g a n d s ,  the  second co m plexa t io n  s t e p  may be 

d i f f i c u l t .  Again,  t h e  g r e a t e r  f l e x i b i l i t y  o f  t h e  

t e t r a h e d r a l  b o r a t e  an ion may be a f a c t o r  r e s p o n s i b l e  f o r  the  

r e l a t i v e l y  h igh  r a t e s  wi th which t h e s e  r e a c t  to  form th e  1:1 

complex,  as  opposed to the  lower  r a t e s  obse rved  f o r  th e  1:2 

f o r m a t i o n :

The i s o l a t i o n  o f  t h e  1:2 po ta ss ium s a l t  o f  b o r i c  ac id  and 

U -m e th y lc a te c h o l  may be th e  r e s u l t  o f  thermodynamic as wel l  

a s  k i n e t i c  f a c t o r s .  This  s p e c i e s  p r e c i p i t a t e s  from an aque­

ous s o l u t i o n  a t  h i g h e r  pHs, w h i l e  remain ing  bo th  thermo­

d y n a m ic a l l y  and k i n e t i c a l l y  u n d e t e c t a b l e  when in  s o l u t i o n .

o r
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CHAPTER SEVEN 

Concluding Remarks

Through t h e  s tu dy  o f  th e  complexa t ion  r e a c t i o n s  o f

b o r o n  a c i d s ,  the  e f f e c t s  and dynamics o f  l i g a n d  dependent  

p r o c e s s e s  have been wel l  d e m o n s t r a t e d .  The i n f l u e n c e  o f

l i g a n d  donor atom p r o t o n a t i o n ,  l i g a n d  geometry and o r i e n t a ­

t i o n ,  and c h e l a t e  r i n g  s i z e  a r e  seen in the  r e a c t i o n s  o f

t r i g o n a l  boron a c i d s  with f u l l y  p r o t o n a t e d  l i g a n d s ,  and the  

r e a c t i o n s  o f  th e  l i g a n d  an io ns  have emphasized the  impor­

tance  o f  such a d d i t i o n a l  l i g a n d  s p e c i f i c  e f f e c t s  as  i n ­

t r a m o l e c u l a r  hydrogen bonding and l i g a n d  b a s i c i t y .  These 

r e s u l t s  bea r  n o t  o n l y  upon the  complexa t ion r e a c t i o n s  o f  

boron a c i d s ,  bu t  a l s o  upon the  more g e n e ra l  c l a s s  o f  r e a c ­

t i o n  which i s  dependen t  upon th e  p r o p e r t i e s  o f  th e  l i g a n d

in v o l v e d .  Because o f  t h e  many s i m i l a r i t i e s  between th e

boron ac id  r e a c t i o n s  and the  r e a c t i o n s  o f  o x ya n i ons ,  t h e  

i d e a s  co nce rn ing  complexa t ion  dynamics which have been 

deve loped here  a l s o  f ind  a p p l i c a t i o n  in the  oxyanion work. 

Oxyanions e x i s t  bo th  in a form o f  low c o o r d i n a t i o n  number 

( t e t r a h e d r a l ) ,  and a l s o  in a form of  h i g h e r  c o o r d i n a t i o n  

number ( o c t a h e d r a l ) . 1 Thus,  t h e y  undergo r e a c t i o n s  which 

can be e i t h e r  a d d i t i o n  r e a c t i o n s  o r  s u b s t i t u t i o n  r e a c t i o n s ;  

t r i g o n a l  boron a c i d s  undergo  r e a c t i o n s  which a r e  bo th  a d d i ­
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t i o n  and s u b s t i t u t i o n ,  whi le  th e  t e t r a h e d r a l  an io ns  undergo 

s u b s t i t u t i o n  r e a c t i o n s .  The complexa t ion  o f  both  boron 

a c i d s  and oxyanions  wi th  l i g a n d  an io ns  depends  h e a v i l y  upon 

t h e  l i g a n d  b a s i c i t y ,  t h e  a b i l i t y  o f  th e  l i g a n d  to o r i e n t  wa­

t e r  pe rha ps  p la y i n g  a major  r o l e  h e r e .  In a d d i t i o n ,  t h e  

f a i l u r e  o f  th e  f u l l y  p r o t o n a t e d  form o f  c a t e c h o l  to r e a c t  

wi th  t h e  o c t a h e d r a l  molybdate  in a s u b s t i t u t i o n  p r o c e s s ^  i s  

r e m i n i s c e n t  o f  th e  l a c k  o f  fo rm a t io n  o f  th e  1:2 complexes in 

th e  c a se  o f  th e  r e a c t i o n s  o f  b o r i c  ac id  with c a t e c h o l  and 

the  s u b s t i t u t e d  c a t e c h o l s .

The i n v e s t i g a t i o n s  c a r r i e d  ou t  t h u s  f a r  have begun to  

y i e l d  an u n d e r s t a n d i n g  of  th e  dynamics o f  fo rm a t io n  o f  the  

1:2 complexes o f  b o r i c  ac id  and o f  t h e  r e a c t i o n s  o f  the  

t e t r a h e d r a l  b o r a t e  a n i o n s .  Much work remains  to  be done in 

t h i s  a r e a  b e f o r e  a complete  p i c t u r e  o f  th e  r e a c t i o n  mechan­

ism i s  o b t a i n e d .  F i r s t ,  s t u d i e s  o f  boron a c i d s  wi th a 

s e r i e s  o f  l i g a n d s  must be c a r r i e d  out  a t  h igh  pHs. In t h i s  

manner ,  more w i l l  be l e a r n e d  about  f a c t o r s  which i n f l u e n c e  

t h e  r a t e s  o f  r e a c t i o n  o f  th e  t e t r a h e d r a l  b o r a t e  a n i o n s .  

P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e s e  complexa t ion  r e a c ­

t i o n s  proceed f a i r l y  r a p i d l y  ( a t  l e a s t  wi th  th e  more a c i d i c  

l i g a n d s  mandel ic  ac id  and l a c t i c  a c i d ) ,  bu t  e f f e c t s  such as 

l i g a n d  a c i d i t y ,  l i g a n d  donor atom p r o t o n a t i o n ,  l i g a n d  f l e x i ­

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

be e v a l u a t e d .  While one would ex p e c t  some s i m i l a r i t y  

between the  r e a c t i o n s  o f  t e t r a h e d r a l  b o r a t e  a n i o n s  to form
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th e  1:1 complexes and th e  r e a c t i o n s  o f  th e  t e t r a h e d r a l  1:1 

s p e c i e s  t o  form the  1:2 complex,  th e  two w i l l  s u r e l y  no t  

have p r e c i s e l y  t h e  same l i g a n d  r e q u i r e m e n t s  and dependen­

c i e s .  T h e r e f o r e ,  th e  second f a c e t  o f  boron ac id  c h e m is t r y  

t o  be i n v e s t i g a t e d  i s  the  fo rma t ion  o f  th e  1:2 complex v i a  a 

c o n d e n s a t i o n  r e a c t i o n  between th e  1:1 s p e c i e s  and a second 

l i g a n d  m o l e c u l e .  In c o n t r a s t  to  the  r e s u l t s  o f  th e  r e a c ­

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

the  fo rmat ion  o f  th e  1:2 s p e c i e s  i n d i c a t e  t h a t  i t  i s  d i f f i ­

c u l t  f o r  the  1:1 complex to  undergo the  second c h e l a t i o n .  

S t u d i e s  o f  the  dynamics o f  t h i s  p r o c e s s  w i l l  e l u c i d a t e  th e  

e f f e c t  o f  an a l r e a d y  bound l i g a n d  upon any f u r t h e r  c h e l a t i o n  

s t e p s  which o c c u r .  The boron ac id  sys tems lend th em se l ves  

n i c e l y  t o  a s t u d y  o f  t h i s  t y p e .  Because th e  boron a c i d s  un­

dergo geomet r i c  changes  upon c o m p le x a t i o n ,  t h e  r e a c t i o n s  a r e  

q u i t e  s e n s i t i v e  to  the  n a t u r e  and f l e x i b i l i t y  o f  the  c o o r d i ­

nated l i g a n d .  This  i s  n o t  t r u e  in th e  cas e  o f  normal aquo 

metal  ion c h e m i s t r y ,  where th e  geometry about  t h e  c a t i o n  

remains  f i x e d .  A compar ison o f  th e  r e a c t i o n s  o f  t e t r a h e d r a l  

b o r a t e  an i o n s  wi th th e  r e a c t i o n s  o f  the  1:1 b o r a t e  s p e c i e s  

w i l l  a l low  as se ss m en t  o f  th e  i n f l u e n c e  o f  an a l r e a d y  bound 

l i g a n d  and the  f a c t o r s  which a r e  i m p o r t a n t  in subs eq uen t  

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

th e  t e t r a h e d r a l  boron compounds w i l l  shed l i g h t  on th*  more 

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

d e p e n d e n t ,  and ,  in  t h i s  r e s p e c t ,  w i l l  f ind  widespread a p p l i ­
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c a t i o n .
t

For a l l  o f  th e  boron a c i d s  s t u d i e d  thus  f a r ,  t h e  r a t e  

d e t e r m i n i n g  s t e p  invo lved  c h e l a t e  r i n g  c l o s u r e ;  t h e  a t t a c k  

by t h e  l i g a n d  upon the  empty boron pz o r b i t a l  o c c u r s  r a p i d l y  

and the  t r i g o n a l  -  t e t r a h e d r a l  i n t e r c o n v e r s i o n  i s  a f a c i l e  

p r o c e s s  (k^. - i o 1<̂ M"^s“ 1 and kp - k )5 s - 1 f o r  b o r i c  a c i d ) . 3 

In t h e  ca se  o f  a s u f f i c i e n t l y  l e s s  a c i d i c  boron a c i d ,  th e  

a t t a c k  by t h e  l i g a n d  uopn th e  empty o r b i t a l  and the  t r i g o n a l  

t e t r a h e d r a l  i n t e r c o n v e r s i o n  may become c o m p e t i t i v e  with 

r i n g  c l o s u r e .  M e s i t y l e n e b o r o n i c  ac id  has  a pKa o f  1 1 . 5 , 11 

one pK u n i t  h ig h e r  than the  l e a s t  a c i d i c  boron ac id  which 

has  been examined ( methy l bo ron ic  ac id  with a pK o f  1 0 .4 ) .  

By s t u d y i n g  the  complexa t ion  k i n e t i c s  o f  t h i s  boron a c i d ,  i t  

may be p o s s i b l e  to ga in  some i n s i g h t  i n t o  the  n a t u r e  o f  th e  

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

I t  would be i n t e r e s t i n g  as  wel l  as i n f o r m a t i v e  to look 

a t  th e  r e a c t i o n s  o f  boron a c i d s  with l ig ' ands  which c o n t a i n  

donor  atoms o t h e r  than oxygen.  S u l f u r  a n a lo g s  o f  some o f  th e  

oxygen c o n t a i n i n g  l i g a n d s  ( f o r  example,  benzene d i t h i o l )  

p r e s e n t  o p p o r t u n i t i e s  f o r  f u t u r e  work. P e a r s o n ' s  hard s o f t  

ac id  base t h e o ry ^  p r e d i c t s  t h a t  th e  s t a b i l i t y  c o n s t a n t s  f o r  

boron ac id  -  t h i o l  complexes shou ld  be lower  than th o se  o f  

t h e  c o r r e s p o n d i n g  d i o l .  This  o f f e r s  th e  p o s s i b i l i t y  t h a t  

t h e  r a t e  o f  l i g a n d  a t t a c k  on the  boron ac id  w i l l  be compet i ­

t i v e  wi th  r i n g  c l o s u r e ,  and here  (a s  in  th e  case  o f  boron 

a c i d s  o f  h igh  pKg v a l u e s )  t h e r e  may be a s h i f t  in  th e  r a t e
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d e t e r m in in g  s t e p  in  the  complexa t ion p r o c e s s .  Whether o r  no t  

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

t i e s  wi th  r e s p e c t  to  such t h i n g s  as  hydrogen bonding and 

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

v iew,  t h e  s u l f u r  an a lo gs  w i l l  pe rm i t  f u r t h e r  i n v e s t i g a t i o n  

o f  t h e  dynamics o f  l i g a n d  dependent  mechanisms and the  f a c ­

t o r s  which i n f l u e n c e  the  r a t e s  o f  r e a c t i o n s  o f  t h i s  t y p e .  

For t h i s  same r e a s o n ,  work wi th  n i t r o g e n  donor atoms would 

a l s o  be an i n t e r e s t i n g  avenue fo r  f u t u r e  r e s e a r c h  in boron 

ac id  complexa t ion  r e a c t i o n s .

Al though th e  p r e s e n t  work co n c e rn s  on l y  th e  r e a c t i o n s  

o f  boron a c i d s ,  t h e  kind o f  l i g a n d  dependence observed here 

i s  s u r e l y  no t  conf i ne d  to boron c h e m i s t ry  a l o n e .  S i m i l a r i ­

t i e s  to  metal  oxyanion r e a c t i o n s  have a l r e a d y  been d i s ­

c u s s e d .  The m e c h a n i s t i c  c o n s i d e r a t i o n s  which have been 

shown to be im p o r ta n t  in th e s e  r e a c t i o n s  may prove to  be o f  

c o n s i d e r a b l e  g e n e r a l i t y .

Perhaps  the  most  u n i v e r s a l l y  a p p l i c a b l e  use of  b o r i c  

ac id  appears  in  a book by R. Yee.^ The r e c i p e  f o r  Chinese 

t a m a l e s  c a l l s -  f o r  one t easpoon  o f  b o r i c  ac id  ( poun s a ) .
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