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NMR comparative study of the complexation of 
oxoions of V(V), Mo(VI), W(VI) and U(VI) with 01- 

hydroxycarboxylic acids 

V i c t o r  M.S. G i l  

Department o f  Chemistry,  U n i v e r s i t y  o f  Coimbra, Por tuga l  

Abs t rac t  - M u l t i n u c l e a r  magnetic resonance spectroscopy has been 
s u c c e s s f u l l y  a p p l i e d  i n  a sys temat ic  s t r u c t u r a l  c h a r a c t e r i z a t i o n  
o f  t h e  complexes t h a t  fo rm between oxoions o f  vanadium(V), 
molybdenum(VI), tungs ten(V1)  and uranium(V1) and a-hydroxycarboxyl  i c  
ac ids  i n  aqueous s o l u t i o n ,  as w e l l  as i n  t h e  de te rm ina t ion  o f  t h e i r  
f o rma t ion  cons tan ts  and i n  t h e  s tudy  o f  exchange mechanisms i n  favourab le  
cases. The methodology f o l l o w e d  i s  presented and the  main r e s u l t s  
surveyed i n v o l v e  t e n  ac ids  o f  i n c r e a s i n g  comp lex i t y  as l i g a n d s  and 
t h e  f o u r  me ta l s  mentioned above. 

INTRODUCTION 

We have been e x p l o i t i n g  the  c a p a b i l i t i e s  o f  nuc lea r  magnet ic resonance spectroscopy i n  
a sys temat ic  s tudy  o f  t h e  complexes formed, i n  aqueous s o l u t i o n ,  between 
a-hydroxycarboxy l i c  ac ids  (Table 1 )  and t h e  oxoions o f  vanadium(V), molybdenum(VI), 
tungsten(V1) and uranium(V1).  

TABLE 1. Hydroxycarboxy l i c  a c i d s  used as l i g a n d s  i n  t h i s  paper 

GLYCOLIC A C I D  CH20H-CO2H (L)-MALIC A C I D  C02H-CH2-CHDH-COzH 
(L)-LACTIC A C I D  CH3-CHOH-CO2H (D)-TARTARIC A C I D  C02H-CHOH-CHOH-CO2H 
(L)-3-PHENYLLACTIC A C I D  CH2(C6H5)-CHOH-C02H (D,L)- " " 

(D,L)-3-CHLOROLATIC A C I D  CH2Cl-CHOH-CO2H (MES0)- I' 'I 

(L)-MANDELIC A C I D  C6H5 - CHDH - C02H CITRIC A C I D  (C02H-CH2)2COH-C02H 
(D,L)-GLYCERIC A C I D  CH20H-CHOH-CO2H (D)-GLUCARIC A C I D  C02H-CHDH-CHOH-CHOH-CHOH-CO2H 

Proton, carbon-13 and vanadium-51 NMR was used i n  the  f o l l o w i n g  way: 
a )  The number o f  d i s t i n c t  spec t ra  g i v e s  t h e  number o f  dominant complexes. 
b )  The i n t e n s i t i e s  o f  t he  s i g n a l s  enable t h e  concen t ra t i ons  o f  t h e  va r ious  species t o  
be determined and, consequent ly:  i) pH, concen t ra t i on  and i o n i c  s t r e n g t h  e f f e c t s  t o  be 
cha rac te r i zed ;  i i )  s t o i c h i o m e t r i e s  and fo rma t ion  cons tan ts  t o  be es tab l i shed .  
c )  The p ro ton  and carbon chemical s h i f t s  o f  t h e  l i g a n d  i n f o r m  on t h e  c o o r d i n a t i o n  s i t e s .  
d )  The vanadium s h i f t s  can i n d i c a t e  the  metal  c o o r d i n a t i o n  number. 
e )  The a n a l y s i s  o f  t he  p ro ton  s i g n a l s  t o  y i e l d  coup l i ng  cons tan ts  p rov ides  i n f o r m a t i o n  
on t h e  conformat ion  o f  t h e  bound l i g a n d  molecules.  
f )  The p ro ton  l i n e  shapes enable, i n  favourab le  cases, a s tudy  o f  l i g a n d  exchange k i n e t i c s .  

I n  t h i s  paper we i l l u s t r a t e  the  a p p l i c a t i o n  o f  NMR, as o u t l i n e d  above, i n  t h e  s tudy  o f  
t h e  systems mentioned a t  t h e  beg inn ing .  We s h a l l  a l s o  p resen t  a summary o f  t h e  main 
conc lus ions  f o r  a l l  t h e  systems s t u d i e d  so f a r ,  w i t h  spec ia l  emphasis on t h e  s t r u c t u r e s  
proposed f o r  t he  main complexes i n  s o l u t i o n .  

RESULTS A N D  DISCUSSION 

NMR spectra, stoichiometries and formation constants 

F igu re  1 shows a t y p i c a l  vanadium-51 NMR spectrum. The example chosen i s  t h a t  o f  t h e  system 
amonium vanadate(V) + ( L ) - l a c t i c  a c i d  ( r e f .  1 ) .  Two s i g n a l s  assigned t o  two complexes, 
one l a r g e l y  dominant, a r e  i d e n t i f i e d .  As an i l l u s t r a t i o n ,  F ig .  2 g i ves  t h e  1% spect ra  
f o r  an equ imolar  s o l u t i o n  o f  u rany l  n i t r a t e  and c i t r i c  a c i d  a t  va r ious  pH va lues  ( r e f .  
2). F i v e  s e t s  o f  f o u r  s i g n a l s  a re  de tec ted ,  cor respond ing  t o  f r e e  l i g a n d  and t o  f o u r  
comp 1 exes . 
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Fig .  1 The 52.6 MHz 5 lV  NMR spectrum 
o f  an equ imolar  s o l u t i o n  (0.20M) o f  
ammonium vanadate(V) and ( L ) - l a c t i c  a c i d  
i n  D20 (pH.5.2) showing t h e  presence 
o f  two complexes a, b ( r e f .  1 ) .  

v,,o;, 1 I, 
A- 

- 450.0 -500.0 -550.0 -600.0 

Fig .  2 The 20.1 MHz l3C NMR spec t ra  o f  an 
equimolar s o l u t i o n  (0.50M) o f  u rany l  n i t r a  
and c i t r i c  a c i d  a t  va r ious  pH values - a )  
1.86; b )  4.08; c )  5.11; d )  5.80; e )  6.68; 
f )  10.25 - showing t h e  fo rma t ion  o f  f o u r  
complexes 1,3,4,5 (FL=f ree  l i g a n d )  ( r e f .  2 
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F ig .  3 NMR Job ' s  p l o t s  f o r  t h e  system V(V) + c i t r i c  
a c i d  a t  pH values f o r  which each complex i s  i n  - 
t u r n  dominant: f u l l  l i n e ,  pH=2.5, 1: l  complex; 1L.11 I 1  I 8 I 8 1  

0 20 025 0.33 040 0 50 0 60 0 67 075 0 80 dashed l i n e ,  pH=6.7, 2 : l  complex. ( r e f .  4 )  [LlGANDIt 
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I n  favourab le  cases, t h e  s t o i c h i o m e t r i e s  o f  t he  dominant complexes have been ob ta ined  
by  Job's method o f  con t inuous  v a r i a t i o n s  us ing  t h e  p ro ton  s p e c t r a l  i n t e n s i t i e s  as p r o p e r t y  
p r o p o r t i o n a l  t o  concen t ra t i on .  F igu re  3 g i ves  an example. Resu l t s  a re  summarized i n  Tables 
2-4. 

When t h e  compos i t ion  o f  a complex i s  unambiguously es tab l i shed ,  i n t e n s i t y  measurements 
o f  t h e  p r o t o n  spec t ra  o f  bound and f r e e  l i g a n d  l e a d  t o  an es t ima te  o f  t h e  fo rma t ion  
cons tan t .  Some va lues  have been ob ta ined  i n  t h i s  manner (Tab le  3 ) .  

Proton and carbon NMR shifts on complexation and the coordination sites 

I n v a r i a b l y  t h e  s i g n a l  due t o  t h e  carbon a t tached p ro ton  o f  t h e  -CHOH f ragment (CH20H i n  the  
case o f  g l y c o l i c  a c i d )  bonded t o  a carboxy l  group s h i f t s  t o  h igh  fF$quency on complexat ion,  
f rom 0.3-0.8 ppm i n  t h e  vanadium (V)  complexes t o  1-4 ppm i n  t h e  U02 complexes. Smal le r  
o r  much sma l le r  s h i f t s  a r e  i n  general  observed f o r  t h e  o t h e r  p ro ton  s igna ls .  Th i s  means 
t h a t  OH groups a t o  C02H groups a re  i nvo l ved  i n  complexat ion,  t oge the r  w i t h  t h e  carboxy l  
group. 

Th is  conc lus ion  i s  supported by t h e  carbon h i g h  f requency  s h i f t s  o f  t h e  carboxy l  group 
and o f  t h e  ne ighbor in  -CHOH- group ( o r  CH20H i n  the  case o f  g l y c o l i c  a c i d ) .  For  example, 
f o r  t h e  1:2 tungs tenqVI )  + g l y c o l i c  a c i d  complex, which i s  l a r g e l y  dominant a t  pH=5.0, 
t h e  13C02H s igna l  l i e s  a t  4.29 ppm t o  h i g h  frequency o f  t h e  cor respond ing  s igna l  o f  t h e  
f ree  l i g a n d  a t  t h e  same pH, whereas t h e  s h i f t  o f  13CHOH i s  11.6 ppm a l s o  t o  h i g h  frequency. 
S i m i l a r  s h i f t s  a r e  recorded f o r  t h e  o t h e r  comolexes. 
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TABLE 2. Vanadi um( V) complexes 

L i  gand 

DOMINANT SPECIES(~ 1 
No. o f  Metal  : pH-range Proposed Ref. 
Compl exes 1 i gand s t r u c t u r e  

r a t i o  (F ig .  4) 

G l y c o l i c  a c i d  2+ 1:l 2.5 - 6 .5  I 1 

( L ) - L a c t i c  a c i d  2+ 1:l 2 - 7  I 1,11 

( D  ,L)-Chl o r o l  a c t i  c a c i d  2 1:l  2.5 - 6 .5  I 1 

(L ) -Mande l ic  a c i d  2 1: 1 2 - 7  I 1 

( D , L ) - G 1 y c e r i  c a c i d 2 1:l 2 - 7  I1  1,11 
(L)-Ma1 i c  a c i d  2 1:1 2 - 4.2 I 1  

( D ) - T a r t a r i c  a c i d  1 2:1 2.5 - 7 .5  V 1 

1 :2 (? )  5 - 6 .5  I11 o r  IV 

l : l ( ? )  4 - 7 111 o r  I v  

l : l (? )  4 - 6.5  I 1 1  o I V  
( L ) - P h e n y l l a c t i c  a c i d  1+ 1: 1 2 - 7 I V d  1 

1 : 1 ( ? )  4 - 7 111 o r  I v  

1:l 4 .5  - 6.5  I 1 1  o r  I V  1 

C i t r i c  a c i d  2 1:1 2.5 - 5 1 
2: 1 5 - 7  

Note a ) :  I n  aqueous s o l u t i o n s  o f  oxoions + a c i d  w i t h  mo lar  r a t i o s  
f r o m ’ 4 : l  t o  1 :4  and concen t ra t i ons  i n  t h e  range 
0.01M - 1M. 

Note b)  : Only s t r u c t u r e  I V  b u t  n o t  I 1 1  may r e q u i r e  a d r a s t i c  
con format ion  change o f  t h e  l i g a n d  on complexat ion,  as 
observed. The occurrence o f  o n l y  oc tahedra l  species i s  i n  
accordance w i t h  t h e  p r e d i c t i o n  o f  Tracey e t  a l .  ( r e f .  11) .  

TABLE 3. Molybdenum(V1) and tungs ten(V1)  complexes 

DOMINANT S P E C I E S  ( a )  

L i  gand No. o f  Meta l :  pK pH-range Proposed Ref. 
Complexes 1 igand ( b )  s t r u c t u r e  

r a t i o  (F ig .  4)  

G l y c o l i c  a c i d  1 1 :2  -15.7 2.5 - 7.5  V I  3 

( L ) - L a c t i c  a c i d  2(W) 1 :2  - 2.5 - 7.5  

(D ,L ) -Ch lo ro lac t i c  a c i d  2(W) 1:2 - 2.5 - 7.5  V I  3 

( L ) - P h e n y l l a c t i c  a c i d  2(W) 1:2 -15.8 2.5 - 7.5  V I  3 

(L)-Mandel i c a c i d  2(W) 1:2 - 2.5 - 7 .5  V I  3 

(D,L) -G lycer ic  a c i d  4(W) 1 :2  - 2.5 - 7.5  V I  3 

V I  3,15  
(W) 

1+(MO) 1:2 -14.7 2.5 - 7.5  V I  

l+(Mo) 1:2 - 2.5 - 7.5 V I  

l+(MO) 1:2  -16.0 2.5 - 7.5  V I  

l+(MO) 1:2 -14.8 2.5 - 7.5 V I  

1 :2 (? )  - 2.5 - 7.5  V I  
2(Mo) 1 :2  - 2 .5  - 7.5  V I  

~ ( M o )  1:2 - 2 - 7.5  V I  

( L ) - M a l i c  a c i d  3(W) 1:2 - 2.5 - 7.5  V I  3,13,16 
1:l - 2.5 - 7.5 V I I  

l : l ( ? )  - 2 - 7.5  V I  I 

1:l - 4 - 7  r x  
2: 1 - 2 - 5.5 V I I I  

( D ) - T a r t a r i c  a c i d  2 1:2 - 2.5 - 7 .5  V I  7 

(Meso) -Tar ta r ic  a c i d  2 ? - 2.5 - 7 .5  7 

(D)-G1 u c a r i c  a c i d  3 2 : l  - 1.5 - 6 XI 9 
C i t r i c  a c i d  2+ 2: 1 X 17 

1 :2 (? )  - 3 - 7 .5  
n:l(n>l) 4.5 - 7.5  

Note a ) :  As f o r  Table 2. 
Note b)  : For  t h e  equ i  1 i br ium MO$-+2HL-+2Hf M02Lg-+2H20 
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For t h e  1:2 dominant complexes o f  W(V1) and Mo(V1) i t  i s  found t h a t  t h e  13C02H s h i f t s  
on b i n d i n g  t o  t h e  metal  a r e  l a r g e r  f o r  W(V1); t h e  same occurs w i t h  t h e  p r o t o n  s h i f t s  o f  
CHOH; t h e  oppos i te  i s  found f o r  t h e  -13CHOH s h i f t s .  These t rends  w i t h  a tomic  number o f  
t he  metal  a r e  a l s o  v e r i f i e d  on go ing  f rom Mo(V1) t o  V(V). I f  should be noted, however, 
t h a t  i n s t e a d  o f  1:2 complexes i n  t h e  case o f  W(V1) and Mo(V1) we have 1:l complexes when 
t h e  metal  i s  V(V). 

I n  t h e  2:1 complex o f  Mo(V1) w i t h  m a l i c  a c i d  ( r e f .  3) and i n  t h e  1:l complex o f  V(V) w i t h  
the  same l i g a n d  ( r e f .  1 )  formed p r e f e r a b l y  a t  low pH, t h e  B-carboxyl group a l s o  shows 
a h i g h  f requency  carbon chemical s h i f t  on complexat ion (4 .4  ppm and 4.5 ppm, r e s p e c t i v e l y )  
which i s  an i n d i c a t i o n  of be ing  i n v o l v e d  i n  complexat ion as w e l l  as t h e  a-carboxy l  and 
t h e  hydroxy l  groups. 

M a l i c  a c i d  i s  a l s o  found t o  a c t  as a t e r d e n t a t e  l i g a n d  i n  a 2:2 complex w i t h  u rany l ,  formed 
a t  low pH, on t h e  b a s i s  o f  t h e  h i g h  f r e  uency carbon s h i f t  o f  bo th  carboxy l  groups (7.9 
ppm ( a ) ,  4.6 ppm ( 6 ) )  t oge the r  w i t h  -CHOH 712.6 ppm) ( r e f .  5). 

As f o r  t a r t a r i c  a c i d  ( a c t i v e  o r  meso), i t  a c t s  as a te rm ina l  b i d e n t a t e  l i g a n d  i n  t h e  1:2 
meta l :  l i g a n d  complexes y j t h  Mo(V1) and W(V1) ( r e f .  7 ) .  I t  has a t e r d e n t a t e  f u n c t i o n  i n  
the  2:2 complexes w i t h  U02 ( r e f .  8 )  and i t  i s  a t e t r a d e n t a t e  b r i d g e  l i g a n d  i n  t h e  2:2 
complexes w i t h  Mo(V1) and W(V1) ( r e f .  7 )  and i n  t h e  2 : l  (presumably 4:2) complex w i t h  
V(V) ( r e f .  4 ) .  G l u c a r i c  a c i d  a l s o  has a t e t r a d e n t a t e  f u n c t i o n  i n  t h e  2 : l  complex w i t h  
Mo(V1) ( r e f .  9 ) .  

A p a r t i c u l a r  s i t u a t i o n  occurs w i t h  the  h i g h  a c i d i t y  1:l complex o f  vanadium(V) w i t h  c i t r i c  
ac id .  A l though o n l y  t h e  c e n t r a l  carboxy l  group and t h e  ne ighbor ing  OH group bound t o  t h e  
meta l ,  t h e  carbon s i g n a l  o f  t h e  te rm ina l  C02H groups i s  almost n o t  a f f e c t e d  by  pH inc rease  
up t o  pH-5 which suggests t h a t  t hey  p a r t i c i p a t e  i n  hydrogen bonding w i t h  t h e  VOn c e n t e r  
( r e f .  4 ) .  

The 2:2 complex o f  u rany l  -t c i t r a t e ,  l a r g e l y  dominant a t  pH-4, a l s o  shows a spec ia l  f ea tu re .  
A t  t h i s  pH, d u p l i c a t e  s i g n a l s  a r e  observed f o r  t h e  CH2 p r o t o n  resonances ( two AB q u a r t e t s )  
and f o r  t h e  CH2 carbon and te rm ina l  C02H carbon resonances; i n  a d d i t i o n ,  w h i l e  one o f  
t h e  CH2 and one o f  t h e  C02H carbon s i g n a l s  a re  almost n o t  a f f e c t e d  by complexat ion,  (0.33 
and 0.02 ppm r e s p e c t i v e l y )  t h e  o the rs  s h i f t  s i g n i f i c a n t l y  t o  h i g h  f requency  (4.49 ppm 
and 7.54 ppm, r e s p e c t i v e l y  f o r  CH2 and C02H). Th is  i s  i n  suppor t  o f  t h e  s t r u c t u r e  

On i n c r e a s i n g  pH, however, a l l  t h e  above d u p l i c a t e  s i g n a l s  merge i n t o  s i n g l e  peaks: one 
f o r  t h e  pro tons  o f  t h e  two CH2 groups (1.10 ppm t o  h igh  f requency  o f  f r e e  l i g a n d  a t  t h e  
same pH=6.5), one f o r  t h e  carbon n u c l e i  o f  bo th  CH2 (2.88 ppm t o  h i g h  f requency  o f  f r e e  
l i g a n d )  and one f o r  t h e  two te rm ina l  C02H groups (3.17 ppm t o  h igh  f requency  o f  f r e e  
l i g a n d ) .  Th i s  i s  a t t r i b u t e d  t o  a r e l a t i y q l y  f a s t  rearrangement o f  t h e  te rm ina l  C02H groups 
by which they  a l t e r n a t e  i n  bonding t o  U02 , and which i s  favoured by f u l l  i o n i z a t i o n  o f  
t he  carboxy l  groups and o f  t h e  hydroxy l  group. 

Vanadium chemical shifts and the coordination of V(V) 

5IV chemical s h i f t s  i n  vanadium complexes a r e  s e n s i t i v e  t o  t h e  c o o r d i n a t i o n  number and 
t o  t h e  n a t u r e  o f  t h e  l i g a n d s  ( r e f .  1 0 , l l ) .  For v i c i n a l  d i o l  l i g a n d s  and 
a-hydroxycarboxy l i c  ac ids ,  51V s i g n a l s  a t  %520 ppm t o  low f requency  r e l a t i v e  t o  e x t e r n a l  
VOCl3 have been a t t r i b u t e d  t o  t r i g o n a l - b i p y r a m i d a l  s t r u c t u r e s ,  those a t  %535 ppm t o  
oc tahedra l  species and those a t  h i g h e r  f i e l d s  t o  t e t r a h e d r a l  vanadates ( r e f .  11). Thus 
s i g n a l  5 i n  F ig .  1 w i l l  be due t o  a 1:l t r i g o n a l - b i p y r a m i d a l  complex ( r e f .  1 , l l ) ;  has 
been assigned t o  a d i m e r i c  (2:2) oc tahedra l  species ( r e f .  11). S i m i l a r  r e s u l t s  a re  ob ta ined  
w i t h  g l y c o l i c  ac id ,  (D ,L ) -ch lo ro lac t i c  ac id ,  (L ) -mande l ic  a c i d  and (D ,L ) -g l yce r i c  a c i d  
( r e f .  1). For  ( L ) - p h e n y l l a c t i c  a c i d  (6,=-534) t h e  o c t a h e d r a l l y  bound vanadium i s  dominant 
a t  any pH (a  n:n complex). With c i t r i c  ac id ,  t h e  two main complexes de tec ted  (mo lar  r a t i o s  
2 : l  and 1 : l )  a re  p robab ly  a l s o  oc tahedra l  species (6,,2543). For  ( D ) - t a r t a r i c  a c i d  as li and, 
~ 3 ~ 2 - 5 2 5  and a t r i g o n a l  b ipyramida l  geometry around V i s  proposed ( i n  a 2 : l  spec ies)  ? r e f .  
4,12). A s  f o r  (L ) -ma l i c  ac id ,  t h e  1:l complex dominant a t  low pH i s  taken as oc tahedra l  
(Sv=534), whereas t h e  1: l  species more abundant a t  h ighe r  pH i s  e i t h e r  oc tahedra l  o r  
t e t r a h e d r a l  ( 6 p 5 4 6 ) .  
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Vicinal proton-proton constants and the conformation of the bound ligand 

As i t  i s  w e l l  known, v i c i n a l  H-C-C-H coup l i ng  cons tan ts  a re  s t r o n g l y  dependent on t h e  
HCCH d i h e d r a l  angle.  The l i g a n d s  3 -pheny l l ac t i c ,  3 - c h l o r o l a c t i c ,  g l y c e r i c ,  ma l i c ,  t a r t a r i c  
and g l u c a r i c  ac ids  a l l  possess v i c i n a l  p ro ton  coup l i ng  cons tan ts  capable o f  l e a d i n g  t o  
conformat ion  i n fo rma t ion .  

Whereas f o r  t h e  f r e e  l i g a n d  i n  s o l u t i o n  an averaged (pH dependent) con format ion  must be 
considered, due t o  r a p i d  i n t e r n a l  r o t a t i o n ,  i n  t h e  q u i t e  s t rong  complexes t h e  l i g a n d  assumes 
a more r f g i d  conformat ion .  I n  some cases i t  i s  found t h a t  t h e  conformat ion  p r e f e r r e d  by 
t h e  f r e e  l i g a n d  i s  e s s e n t i a l l y  ma in ta ined when bound. Exai,,ples a r e  as f o l l o w s :  i) 
p h e n y l l a c t i c  a c i d  bound t o  W(V1) ( i n  t h e  dominant 1:2 meta1: l igand complex), w i t h  t h e  
coup l i ng  cons tan ts  (pH=5.3) o f  8.2 and 3.9 Hz f o r  t h e  f r e e  l i g a n d  and 7.7 and 3.5 Hz f o r  
t h e  bound l i g a n d  ( r e f .  3)  c o n s i s t e n t  w i t h  a p r e f e r r e d  conformat ion  c l o s e  t o  ( a ) ;  ii) 

3 - c h l o r o l a c t i c  a c i d  bound t o  V(V) ( i n  bo th  complexes formed) w i t h  t h e  coup l i ngs  (pH=2.7) 
o f  2.9 and 4.3 Hz f o r  t h e  f r e e  l i g a n d  and 2.2, 2.0 and 3.0, 2.3 Hz f o r  bound l i g a n d  ( r e f .  1) 
i n d i c a t i n g  a p r e f e r r e d  conformat ion  c l o s e  t o  ( b ) .  I n  o t h e r  examples, t h e  values o f  t h e  
coup l i ng  cons tan ts  remain approx imate ly  t h e  same on complexat ion,  b u t  no unambiguous 
conc lus ion  can be d i r e c t l y  drawn. That  i s  t he  case o f  t h e  1:2 complexes o f  Mo(V1) + m a l i c  
a c i d  ( r e f .  3,16) and Mo(V1) + t a r t a r i c  a c i d  ( r e f .  7 ) .  For  t h e  fo rmer  we have (pH.4.8) 
t h e  values 8.2, 2.7 Hz and 9.9, 3.0 Hz ( o r  3.0 and 9.9 Hz) r e s p e c t i v e l y  f o r  JAX and JBX 
o f  f r e e  and bound l i g a n d  and t h e  main conformat ion  o f  t h e  f r e e  l i g a n d  ( c )  i s  e i t h e r  r e t a i n e d  

on complexat ion o r  i s  rep laced by  (d ) .  For t h e  l a t t e r ,  t h e  va lue  i s  1.8 Hz bo th  f o r  f r e e  
and bound l i g a n d  (pH=4.5) and t h e  p r e f e r r e d  conformat ion  o f  f r e e  l i g a n d  ( e )  i s  aga in  e i t h e r  
r e t a i n e d  on complexat ion o r  g i ves  ( f ) .  

However, when t a k i n g  bo th  systems s imu l taneous ly  i t  i s  found t h a t  o n l y  a l t e r n a t i v e s  ( c )  
and ( e )  a r e  c o n s i s t e n t  w i t h  each o the r :  a trans arrangement o f  t h e  C02H groups coupled 
w i t h  gauche arrangements of C02H and OH. We a re  thus  l e d  t o  c!$ose a l t e r n a t i v e s  ( c )  and 
(e ) .  The same reason ing  can be a p p l i e d  t o  t h e  2:2 complexes o f  U02 w i t h  a c t i v e  m a l i c  
and t a r t a r i c  ac ids .  

I n  some o t h e r  systems t h e  conformat ion  o f  t h e  l i g a ? $  i s  d r a s t i c a l l y  changed by complexat ion.  
That i s  t h e  case of meso- ta r ta r i c  a c i d  bound t o  U02 i n  a 2:2 complex ( r e f .  2). The J 
va lues  (pH=4.5) a r e  2.7 and 9.6 Hz r e s p e c t i v e l y  f o r  f r e e  and bound l i g a n d  c o n s i s t e n t  w i t h  
t h e  p r e f e r r e d  conformat ion  ( 9 )  f o r  t h e  f r e e  l i g a n d  and ( h )  i n  the  complex. Again we have 
a t r a n s  arrangement of t h e  carboxy l  groups coupled t o  a gauche r e l a t i o n s h i p  o f  C02H and 
OH. Another example i s  p rov ided  by  t h e  n:n complex o f  V(V) w i t h  p h e n y l l a c t i c  a c i d  (pH=5.3): 
8.2 and 3.9 Hz f o r  t h e  f r e e  l i g a n d  and 4.4 and 2.1 Hz f o r  t h e  complex ( r e f .  1). The 
conformat ion  o f  t h e  l i g a n d  changes f rom e s s e n t i a l l y  ( a )  t o  app rox ima t l y  ( i ) .  I n  t h e  2 : l  

H 
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complex of Mo(V1) with (D)-glucaric ac id ,  formed a t  low pH, there  i s  a considerable decrease 
of J H C ~ C ~ H  from 4.2 Hz t o  'LO Hz which corresponds t o  the conformational change required 
for the bonding of each C02H group and adjacent OH group t o  a molybdenum atom. 

Conformational changes on complexation can a l so  occur in  order t o  f a c i l i t a t e  the 
establishement of intramolecular hydrogen bonding. We have already referred t o  
intramolecular hydrogen bonding in  the 1:l complex of V ( V )  with c i t r i c  acid.  Other examples 
a re  the 1:l complexes of Mo(V1) or W(V1) with malic acid ( r e f .  3) .  

Line shapes and exchange phenomena 

A t  l e a s t  three kinds of exchange phenomena in the systems under study can be recognized: 
a )  ligand exchange between f r e e  a n d  bound s i t e s  or  between bound s i t e s ;  
b )  ligand rearrangement within the same complex; 
c )  proton exchange in  conjugate acid-base pa i r s .  
Frequently ligand exchange i s  moderately slow a t  room temperature leading t o  more or l e s s  
broad s igna ls  spec ia l ly  in  high - frequency spectrometers. That i s  why most spectra have 
been run a t  temperatures c lose t o  O O C .  Sharpening of the s igna ls  a re  a l s o  sometimes obtained 
by slowing down the intermolecular exchange2$ate by d i lu t ion  of the solut ion.  A neat example 
of t h i s  kind of exchange i s  given by the U02 + malic acid system a t  low pH in  conditions 
when the 2:2 complex dominates and in presence of excess of ligand. I r rad ia t ion  o f  the  
f r e e  ligand -CHOH signal leads t o  a marked decrease of the i n t e n s i t y  of the corresponding 
signal f o r  bound ligand. This i s  an indicat ion of a slow exchange process where the 
l i fe t imes  of the two species  a re  of the same order o f  magnitude a s  the proton longitudinal 
re laxat ion times. The exchange r a t e s  k A = l / T A ( T A  i s  the l i fe t ime of bound l igand)  a t  various 
temperatures, determined by the method o f  saturat ion t ransfer  a re  as  follows ( r e f .  14):  

T/ K 273 293 303 313 323 
kA/S- l  0.14 0.19 0.24 0.26 0.29 

These values allow rough es t imates  of 11 kJ mol-l f o r  the Arrhenius ac t iva t ion  energy, 
12 kJ mol-l f o r  the enthalpy of ac t iva t ion  and 270 J K - l  mol-1 f o r  the entropy of 
a c t  i va t i  on. 

I t  was a l so  found t h a t  kA i s  a l i n e a r  function of the concentration of f r e e  ligand. This i s  
consis tent  with a d i ssoc ia t ive  mechanism of which the f i r s t  s tep  i s  the rapid outer-sphere 
associat ion of a ligand molecule ( L ) :  

The carbon - 13 spectra  of Fig. 2 f o r  UO? + c i t r i c  acid show the simultaneous presence 
of an intramolecular rearrangement of the ligand and of a conjugate acid - base equilibrium. 
The former i s  observed in  complex numbered 3 ;  the l a t t e r  involves t h i s  complex and species 
numbered 5. The occurrence of d i s t i n c t  c lose 13C s igna ls  due t o  bound -C02H groups, t o  
the quartenary C O H  carbon atoms and  t o  the - C H 2  groups of species 3 and 5 ( a t  pH15.8) 
proves t h a t  the overall proton exchange between them i s  comparatively slow. Indeed, slower 
than the  a l te rna t ing  binding of the  dangling -CH2C02H branch t o  the  metal a t  the  same 
pH15.8 which we have already mentioned: the two well separate s igna ls  observed a t  pH14 f o r  
the bound and unbound -CHz-C02H fragments coal lesce in to  averaged broad s igna ls  a t  higher 
pH. A s imi la r  observation i s  made on lowering pH t o  about 2. From the carbon chemical 
s h i f t s  f o r  the individual s igna ls  - 150 Hz f o r  the carboxyl groups a t  pH=4.08 and 50 Hz 
f o r  the C O H  carbon atoms of species 3 a n d  5 - we estimate lower and upper l i m i t s  f o r  the 
ra tes  of the two processes ( a t  pH=5.8): k (intramolecular rearrangement) b 333s-I; k 
(intermolecular proton exchange) s 111s-1. A t  pH=4.08, the intramolecular rearrangement 
i s  slower than 333s-1; indeed slower t h a n  185s-1 so t h a t  two 13CH2 s igna ls  a r e  observed 
84 Hz apar t  from each other .  

Main complexes 

Tables 2-4 summarize the main f indings regarding the number of complexes detected,  
composition r a t i o s ,  formation constants (where ava i lab le)  and approximate pH regions f o r  
the dominant ones, proposed s t ruc tures .  When minor species e x i s t  b u t  have not been minimally 
s tudied,  a + sign follows the number of main species in the tables .  I t  i s  noted t h a t  some 
of the complexes a re  conjugate acid-base pa i r s .  The s t ruc tures  drawn schematically in  
Fig. 4 allow f o r  the occurrence o f  isomers. I n  a few cases ,  the use of molecular models 
enable the elimination of some a l t e r n a t i v e s  ( r e f .  7) .  
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(VIII) 

\ M / o  c-9 o \ M /  

' P o  o / l \  

(XVIII) 

Fig. 4 Proposed s t ruc tures  o r  s t ruc ture  types f o r  the complexes of V ( V ) ,  Mo(V I ) ,  W ( V 1 )  
a n d  U ( V 1 )  with a-hydroxycarboxylic acids .  
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TABLE 4. Uranium(V1) complexes 

V. M. S. GIL 

DOMINANT SPECIES ( a )  

No. o f  Meta l :  pH-range Proposed Ref. 
Complexes 1 i gand s t r u c t u r e  

r a t i o  (F ig .  4) 

Ligand 

( L ) - L a c t i c  a c i d  3 1:l 1 - 3.5 XI1 18 
? 3 - 5  
? 4 -  

(L)-Ma1 i c  a c i d  4+ 1:l 2 - 4 XI11 ( b )  5 
2: 1 2 - 4 X I V  
1:l 5 - 10 XI11 ( b )  . .  

? Q11 
( D ) - T a r t a r i c  a c i d  12+ 1:l 2.5 - 5.5 XI11 ( c )  8 

1:l 5 - 10 XI11 ( c )  . .  
? 2.5 - 6 
? 6.5 - 10 

(D ,L ) -Ta r ta r i c  a c i d  13+ 1:l 2.5 - 5.5 XI11 ( d )  8 
1:l 5 - 10 XI11 ( d )  

? 2.5 - 6 
? 6.5 - 10 

1:l 5 - 8  X V  
(Meso) -Tar ta r ic  a c i d  6+ 1:l 2.5 - 5.5 XI11 (e )  8 

C i t r i c  a c i d  6+ 1:l 1 - 2 X V I  2 

1 : l  5 - 10 XI11 ( e )  
? 2 - 3  

2 : l  2.5 - 3.5 X V I I  
1:l 2.5 - 6.5 XI11 ( f )  
1:l 6 - 10.5 XI11 ( f )  
3:2 6.5 - 8.5 X V I I I  

: 
Notes b ) ,  c ) ,  d ) ,  e ) ,  f ) :  Conjugate acid-base p a i r .  
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