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LANTHANIDE SHIFT REAGENTS: 

ACETYLACETONE COEiipLEX OF Yb(II1) ION 

KEY WORDS: NbIR Shi f t  Reagents, Yb(lI1) acetylacetoaate .  

R.D. Green and Shyma P. Sinha 

Kuala Lumpur, Malaysia 
Department of Chemistry , University of  Malaya 

It has recent ly  been shown t h a t  the 2,2,6,6-tetra- 

me thylheptane-3,5-dione (tmhd) complexes of a number of  

lanthanide ions possess  the usefu l  property o f  inducing large 

chemical s h i f t s  i n  the proton “R spectra  of c e r t a i n  compounds 

containing OH o r  o ther  nucleophilic groups’-*. 

spec t ra  are  f requent ly  more readi ly  assignable and analysable . 
Although europium and praseodymium appear t o  be the mos t  

su i t ab le  ions f o r  such s tudies ,  the sh i f t i ng  e f f e c t  i s  a l s o  

observed with o ther  lanthanide 

The resu l t ing  

There has been some disagreement as t o  the poss ib i l i t y  

t h a t  other complexes of  lanthanide ions might exh ib i t  s i m i -  

l a r  properties.  

should be r e l a t i v e l y  common among r a re  e a r t h  compounds, 

although he gives  no evidence t o  support t h i s  postulate .  

On the other  hand, Briggs 9 L5 speculate that the tmhd 

complexes exh ib i t  a combination of c h a r a c t e r i s t i c s  which 

makes t h e i r  usefulness as s h i f t  reagents very unusual and 

ra re .  In support of t h i s  hypothesis, they l ist  several  rare 

e a r t h  compounds which do not  a c t  as s h i f t  reagents.  

Hinckley has suggested’ that s h i f t  reagents 

Copyright 1971 by Marcel Dekker, Inc. NO PART of this work may be reproduced or utilized in any 
form or by any means, electronic or mechanical, including xerography, phoiocopying, microfilm, and re- 
cording, or by any information storage and retrieval system, without the written permission of the publisher. 
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GREEN AND SINHA 

Considering the s i m i l a r  nature of the paramagnetic lanthanide 

complexes, we expect that s h i f t  reagents  w i l l  be found among 

o the r  complexes of the lanthanide ions. Indeed, Birnbaum and 

Moeller have observed that the n i t r a t e  and perchlorate  salts 

of Pr(II1) and Nd(II1) behave as s h i f t  reagents f o r  subst i tu-  

t ed  pyridines. 

va r i e ty  of c-diketone complexes exhib i t  most or a l l  of the 

9 

More recent evidence” ind ica t e s  that a 

des i rab le  proper t ies  l i s t e d  by Briggs et a&’ 
We repor t  here preliminary s tud ie s  of a lanthanide 

complex involving acetylacetone as ligand. 

complex of Yb(II1) was prepared by a published method 

Co-ordinated acetylacetone i n  t h i s  complex e x h i b i t s  a broad 

resonance a t  6 2,8 superimposed by a sharper peak at 6 2,55. 

The normal proton NER spectrum of benzyl a lcohol  i n  

The acetylacetone 
11 , 

CC14 o r  CDC13 cons i s t s  of three s ingle  peaks due t o  the 

OH (6 oa, 1.391, CH2 (6 4.571, and aromatic protons (6 7.23) .  

The addi t ion  of Eu(tmhd)g t o  a CC14 so lu t ion  of benzyl 

a lcohol  was found‘ t o  sh i f t  the CH2 peak far downfield; the 

aromatic peak was a l so  sh i f t ed  downfield and s p l i t  i n t o  its 

- 9  ortho - meta and components, 

On addi t ion  o f  Yb(acac)j.H20 t o  a CDC13 so lu t ion  o f  

benzyl alcohol,  the alcohol  proton signals s h i f t  downfield. 

A t  a low alcohol  concentration, the OH peak is too broad t o  

be observed; the CH2 peak is  also  broadened, but  i s  e a s i l y  

observable. The ortho proton s igna l  i s  s p l i t  i n t o  a doublet 

( 3  ca. 7 Hz) while the 

complex resonance pa t t e rn  a t  60 MHz by v i r t u e  of second- 

order perturbat ions,  

a lcohol ,  the s h i f t s  are  given in Table 1, together  with the 

and para proton8 give r i s e  t o  a 

For a 1:l mixture of complex and 
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LMTHPSJIDE SHIFT KEYGENTS 

TABLE 1 

Lanthanide I o n  Induced S h i f t s  i n  Benzyl Alcohol 

Chemical S h i f t ,  
ppm below TMS 

Benzyl 
Alcohol 

without w i t h  
added added 

3 complex Yb(acac) 

-3 Rat io  of  
Induced Shi f t s"  f 

a t  o a t  o wi th  w i  thL 
added added 
Yb(acac)3 Eu(tmhd)g 2 * 5  A 5 * 0  A 

4.57 11.24 1 1 1 1 CH2 
- o r t h o  7.23 10.04 0.42 0.47 0.22 0.38 

- me ta  7.23 8.2 0.15 0.15 0.08 0.18 

para 7.23 8.05 0.12 0,12 0.06 0.14 

a: R a t i o s  of  induced s h i f t s  and values  of  zF3 a r e  normalised 
t o  u n i t y  f o r  the methylene protons.  

v a l u e s  for the  f r e e  benzyl a lcohol ,  Of course the  s i g n a l s  due 

t o  the  acac l i g a n d s  do n o t  i n t e r f e r e  w i t h  those of the benzyl 

a lcohol .  

c a l c u l a t e d  from the r e s u l t s  of Sanders and W i l l i a m s  , a r e  a l s o  

included i n  Table 1 f o r  the p a p o s e  of comparing our  data wi th  

those obtained f o r  Eu(tmhd)3. 

The r a t i o s  of the  s h i f t s  induced by Eu(tmhd)3, as 
2 

I n  view of the  geometry dependence of lanthanide ion 

induced shifts ,  the  c l o s e  c o r r e l a t i o n  between these s e t s  of 

va lues  i s  suggest ive t h a t  the mechanism of  the  paramagnetic 

s h i f t  i s  the same i n  each case. O f  c o w s e ,  the absolu te  

magnitude of  the s h i f t s  i s  

na ture  of the ground s t a t e  
7p2 f o r  Eu( I I I ) ,  and 2 E7/2 

expected t o  be d i f f e r e n t ,  s i n c e  the  

i s  d i f f e r e n t  f o r  each ion: i . e ,  

f o r  Yb(II1) .  

:i 3 
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GREEN AND SINHA 

3 In view of an earlier assertion that the Eu(II1) induced 

shifts do not show a linear dependence on z - ~ ,  where 2 is the 

average distance from the ion to a particular proton, we have 

compared (Table 1) the ratios of the lanthanide induced shifts 

with the ratios of the values of z-3 by constructing a Drei- 
ding model. At the van der Wads contact distance (Yb--0 

2.5 A)  the ratios of induced shift compare very poorly with 
0 

the ratios of s - ~ .  
5 A in order to achieve a fair correlation. Since such a 

long distance is not really credible in a complex of considera- 

ble stability, we conclude that the Yb(II1) induced shifts are 

not entirely due to a pseudocontact mechanism. 

It is necessary to increase = to about 
0 

Several have observed a linear dependence of 

induced shift on the ratio of concentrations CM(II1) l/~substratel 

in a fairly low concentration range. We have studied the 

concentration dependence of the induced shift by varying the 

amount of benzyl alcohol added to a CDC13 solution of Yb(acac) 

At higher values of CM(III)I/Csubstratel we find pronounced 

departure from linearity (Figure 1). A similar non-linear 

dependence has recently been found for Eu(II1) induced 

shifts . 

3' 

10 

Several possible explanations suggest themselves. The 

equilibrium constant for the formation of a 1:l complex 

between substrate and ion may not be so high as has been 

previously implied3 for similar systems, Alternatively, 

higher complex formation may occur at high substrate concen- 

tration, introducing the likelihood of competitive equilibrium 

reactions. This could involve either (a) expansion of the 
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LAWI'HANI DE SH I13'T REAGENTS 

- 6  

E - 5 -  
a 
a 

c 
- 4  

I cn 

co-ordination shell about Yb(II1) to accommodate additional 

alcohol molecules, or (b) displacement of one o r  more ligands 

from the ion's co-ordination shell. 

the 1anthani.de ions are capable of forming complexes with high 

co-ordination number and a co-ordination number of eight to 

It is well known1* that 

- 

- 

8 

8 

8 

8 

8 

PIC. 1 

Dependence of the Yb(II1) Induced Shifts in Benzyl Alcohol 
on the ratio of ~Yb(acacf3.H201/Calcoholl. 

ten i s  quite common among the lanthanide complexe~~~. In 

view of this fact, and also that we have not observed any 

resonance due t o  "free" acetylacetone, it is most unlikely 

that the acetylacetone ligands are displaced in significant 

quantities. The form of the curves in Figure 1, nonetheless, 
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GREEN AND SINHA 

does suggest the need for caut ion when i n t e r p r e t i n g  lanthanide 

induced s h i f t s  i n  terms of complete formation of a 1:l complex. 

Since acetylacetone would be a des i rab le  shif t  reagent 

l i g a n d  i n  view of  i ts ready a v a i l a b i l i t y  and low price,  we 

have surveyed the shifts induced by severa l  o f  i ts lan thanid t  

complexes i n  benzyl alcohol.  The r e s u l t s ,  given i n  Table 2,  

a r e  somewhat disappointing. Tfie P r  complex, i n  pa r t i cu la r ,  

TABLE 2 

S h i f t s  Induced i n  Benzyl Alcohol by M(acac)3.xH20 

Induced Shi f ta ,  ppm 
M 

me ta - ortho CH2 - 
b La 

Pr 

Nd 

Sm 

Gd 

Tb 

Ho 

Yb 

3 
0.64 

-0.1 

0.15 

-0 .06 

broad 

broad 

1.3 

-6.67 

-0.1 

0.l7 

o.o* 
-o.08 

broad 

1.2 

1.0 

-2 e 8 1  

-0,l 

0.04 
o.02 

-0 .0~  

broad 

1.2 

1.0 

-0 097 

-0.1 

0.04 
0 .02 

- 0 . 0 ~  

braad 

1.2 

1.0 

-0 .82 

a: [M(a~ac)~.xH~O] = [C6H5CH2ffHI = 0.1 m 0 1  am’3; 

b: not paramagnetic 
Solvent: CDC13 

would be expected t o  induce subs t an t i a l  shifts ,  analogous t o  

o the r  P r  complexes . The f a c t  that  i t  does not l ead  t o  the 6 
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LANTHANIDE S H I F T  FXAGENT'S 

conclusion that acetylacetone i s  not as su i t ab le  as o ther  

P-diketones fur a s h i f t  reagent ligand. It appears t ha t  the 

propert ies ,  as sh i f t i ng  reagents,  of the lanthanide i o n s  a r e  

s t rongly dependent on the nature of  the l igands i n  t h e i r  

co-ordination s h e l l s  * 
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