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This constitutes a review of the general principles of chelation, 

approximately in the form tha t  the principles were presented i n  d e t a i l  i n  

our monograph, I n  addition, these princf pbes are then applied to a var ie ty  

of catalyt ic  phenomena i n  which chelation i s  known to  play a pa r t ,  or con- 

ceivably might play a par t ,  The examples described are taken primarily from 

biochemistry, with a few examples from straight, synthetic organlc chemistry. 

* T h i s  paper w a s  presented i n  June 1933 a t  a symposium on the lq&chanism of 
Tinayme Action," sponsored by the McGollurn-Pratt I n s t i t u t e a  Johns Hopkins 
University, Baltimore a Maryland, It i s  t o  be publi shed i n  the proceedings 
of tha t  symposiwn, 

** This work was sponsored, i n  pa r t ,  by the U,S, Atomic Energy C o d s s i o n ,  



Melvin Calvin 

Department of Chemistry and Radiation Laboratory, K # 

University of Cal i fornia  , 
Berkeley, Cal i fornia  

Any examination of the nature of the substances which function as ca t a ly s t s  

i n  b io log ica l  transformations cannot f a i l  t o  impress you with the f a c t  t ha t  metals 

a r e  obviously involved, and, only a s l i g h t l y  c loser  examination brings out  the ra ther  

pronounced f a c t  t h a t  i n  those cases i n  which the nature of the combination of the 

metal has been determined, it is  a chelate compound of some so r t ,  It was this 

f a c t  which, some f i f t e e n  years ago, f i r s t  impressed me and resul ted i n  the i n i t i a -  

t i o n  of a s e r i e s  of s tud ies  :, sone of the r e s u l t s  of which I would l i k e  t o  describe 

t o  you t h i s  a f t ~ r r i o m ,  

F i r s t "  of" a l l ,  it i s  necessary t c  define wh.at we mean by the term "chelate .fl 

I n  F lgwe 1 we show diagrammatically t h a t  s t r u c t u r a l  element f o r  which the t e r m  

chelate i s  used. In  general ,  metal ions may be said t o  form complex compounds 

with a wide var ie ty  of l igands.  The term ligand may be described a s  an atom or  

group of atoms which generally donate elect rons  t o  a separate metal atorn, t o  form 

a nore o r  l e s s  homopolar bon2, as  distinguished from purely coulombic in te rac t ion  

be tween i o m  , dipoles or  combinations of the ns. If two or more of these l igands 

a r e  themselves t ied  together i n  some way, a s  ye t  unspecified, the cornpollad i s  said 

X- This papa- was presented a t  a symposium on the nI"achanism of E n z p e  A r , L i m p l '  

sponsored by the McColIum-Psat I n s t i t u t e  Johns Hapkins Universi.4;-7, S c l t i -  
more, Maryland. It i s  t o  be published i n  the procser!inp of tb3.t sppos iun ,  

->-% T h i s  work was sponsored, i n  p a r t ,  by the TJ,S, ktoxic: Lnergy Codss io l z ,  



to  be a chelate compoimd, The word comes from one of the ancient  languages  reek) 

and means claw, and it i s quf te c l ea r  how the word was derived. Thus chelate com- 

pounds, e spec i a l l y  the ones t h a t  I am going t o  speak about today, may be said t o  be 

a spec ia l  c l a s s  of the more general  type of compounds which we c a l l  Bcomplex~ com- 

pounds, Some specf f f  c examples of chelate compounds a re  shown i n  Figure 2 $ i n  

which the ordinary complexes a re  g i ~ e n  i n  the top row and a wide va r i e ty  of che- 

l a t e  complexes r e l a t ed  t o  them, by one o r  another means of c l a s s i f i c a t i on ,  are  

shown below, Thus i n  the f i rs t  column, we have hexaminocobaPtfc i ons  i n  which 

the l igands  a re  a91 separated - an ordinary complex compound, If, however, two 

or  more of those amino groups a r e  bound together ,  a s  i n  ethylenediamine , we then 

speak of tb compound a s  being a chelate compound, I n  this case ,  the l igands  are  

a l l  uncharged atoms -- uncharged nitrogen atoms i n  the amino compounds and uncharged 

oxygen atoms i n  the hydroxylated compounds, In the next case of a complex ion 

(hydroxypentammine coba l t i c  i o n ) ,  we have an example of a mixture of l igands,  some 

of them charged ( i n  t h i s  case ,  only one of them i s  charged). Correspondingly, one 

can make chelate compounds i n  which the mixture of the l igands i s  changed i n  the 

same way; below we have a neu t r a l  ni trogen and a charged oxygen; a neu t ra l  oxygen 

and a charged nit,ragea ; one neu t r a l  oxygen and one charged; f i n a l l y ,  both axe 

charged ( i n  the oxyalate csmpoiund) and uncharged ( I n  the glyes l  compound), There is 

a wide va r i e ty  of such arrangements which can be made and a number of ckassff icat ions  

of chelate compounds haye. been devised which depend upon one or  anhther mode of 

description,  One major t,ype of c l a s s i f f  catfon of chelate compounds would be the 

number of li gands which are  t i e d  together i n  a s ingle  or  mdt.ip1e claw, T M a  i s 

perhaps the most, useful  s ingle  type of c l a s s i f i c a t i on ,  Thus, a s ing le ,  non-chelat- 

ing ligand such as ammonia i s  saf d t o  be monodentate , while the ethylenedfarnine 

compound would be -&en. of a s  a bfdentate compound, i n  that, there are  two coordinat- 



ing groups i n  a s ingle  chelate r ing ,  If three coordinating atoms are part of the 

same chelating group: then it would be a t r i den t a t e  chelate compound. A b identa te  

l igand would form a s ingle  chelate r i n g ,  while a t r iden ta te  reagent would form two 

r ings .  I can ' t  t r y  t o  go i n t o  the d e t a i l s  of t h i s  type of mechanical c l a s s i f i c a t i on ,  

1 
A very nice t r e a t i s t  on t h i s  was wr i t t en  by Harvey Diehl a t  Iowa some f i f t e e n  years 

ago, i n  which t h i s  type of c l a s s i f i c a t i on  is  described, 

To pursue t h i s  i n t e r e s t  and work i n  chelate compounds and the pa r t  they might 

p lay i n  b ioca ta lys i s  , we had t o  decide w h a t  type of measurements -- physical  o r  

chemical -- might, be the most useful f o r  the purpose of giving information about 

the nature of chelate compounds , leading ul t imately  , of course t o  sore clue s a s  

t o  why they a re  important i n  biocata lys is ,  One very simple type of lneasurement 

which could be made and which i s  e a s i l y  defined was the s t a b i l i t y  of tl-e chela te  

compound. The way the s t a b i l i t y  of the chelate compound was measured depended upon 

the pa r t i cu l a r  system. Figure 3 shows how such associa t ion constants are defined 

a lgebra ica l ly  -- the metals p lus  the chelate group form a me tal-chelate assoc ia te ,  

I have here wr i t t en  the chelat ing group a s  a charged one ; it doesn necessar i ly  

have t o  be ; n could be zaro , posi t ive  o r  negative . Most of them are  e i t h e r  neu t r a l  

o r  negative,  a t  l e a s t  t h b  i s  t rue  of most of the ones I am going to  t a l k  about 

t h i s  afternoon. The variolzs types of constants a re  defined qui te  c lea r ly  here irL 

terms of equilibrium and <issocia t ion constants and most of the data p resen t ly  

being collected a re  expressed i n  terms of the snccessive stepwise s t a b i l i t y  

constants ,  kg, k2, e t c .  and K ,  which represents  the product 

Having such measurenlents a-t liand, the next  sta-ge i n  the 

t o  deduce what ths f ac to r s  we which influence the s t a b i l i t y  

v a r i e t y  of che l a t i  compounCis, The c l a s s i f i c a t i on  2: e f f e c t s  

(1) Diekil , Chem. Rev, 2, 3 (1937) . 

of the stepwise 

s5uil.y wes an a t t e rp4  

constants f o r  a 

d-mc 21 F i g w e  L. 



resulted a f t e r  s considerable amount of work and it was clear  tha t  a number of 

fac tors  play a par t  i n  determining the value of such an nassociationn constant. 

Some of these were a l so  playing a pa r t  i n  the binding of ordinary complex corn- 

pounds; t ha t  i s ,  they are not necessarily l imited t o  chelate compounds, The dotted 

l ine  is the line which divides the two areas - those fac tors  which are related to  

the s t a b i l i t y  of complex compounds i n  general -- not limited necessarily to chela-te 

compounds - are t o  be found above t h a t  dotted l ine ;  those which are characteristic 

and limited t o  chelate compounds themselves a re  below the l ine ,  Such things as  

s t e r i c  e f fec ts  due t o  l imitat ions imposed by the r ings ,  entropy effects  and reson- 

ance e f fec t s  are not to be found i n  simple complex compounds, a t  l e a s t  i n  the form 

i n  which we w i l l  talk about them this afternoon. It i s  my purpose t o  t r y  and limit 

our examination t o  the variat ion of s t a b i l i t y  constants of chelate compounds with 

fac tors  tha t  are character is t ic  of the chelating group i t s e l f .  However, i n  order 

to  make possible some discussion of the e f fec t  of var iat ion of ~lletal ion on pro- 

per t ies  related t o  chelation and ca ta lys is  it w i l l  be useful to  point out a t  l e a s t  

one rather  simple empirical re lat ionship between a fundamental property of the 

electron configuration of the metal atoms and the s t a b i l i t y  of the complex compounds 

they form. This relat ionship provides a f i r s t  approximation toward a more funda- 

mental theory, 

It should be noted tha t  i n  the types of complexes tha t  we are describing, 

the coordinating atom always donates a pair  of electrons to  the metal ion with 

which it complexes. Insofar a s  these electrons may be conceived a s  returning to  

vacant o rb i t a l s  i n  the metal ion, one might expect t h a t  the energy of such a bond 

would be determined by the depth (on the energy sca le)  of the vacant orb i ta l s  i n to  

which they f a l l .  This depth, i n  turn,  might be measured by the energy required to  



remove e lec t rons  from those and closely  r e l a t ed  o rb i t a l s .  Thus, we are l ed  t o  ex- 

pect  some s o r t  of monotonic re la t ionsh ip  between the energy required t o  remove the 

l a s t  e lec t ron  i n  the production of the ion and the s t a b i l i t y  of the complex com- 

pound formed by t h a t  ion,  Such a re la t ionsh ip  i s  shown i n  Figure &I. The ioniza- 

+ion po t en t i a l  required t o  remove the l a s t  electror,  i n  the formation of a spec i f i c  

ion i s  p lo t ted  as the abcissa with the logarithm of the formation constant of a 

2 
chelate compound with t ha t  ion a s  ordinate.  The formation constant i s  defined by 

the equation (1) i n  which the coordination group i s  the anionic dibenzoylmethane (DBM),  

Other derived o r  secondarilg deterained proper t ies  of the metals have a l s o  

been used t o  demonstrate such relat iolzships,  and a comparable graph involving 

which i s  the e l e c t r o ~ e g a t i v i k ~  ar,d Bh which i s  the hybrid bond o r b i t a l  s trength 

( 2 )  Van Ui tert, , F a ~ n e l i u s  and Doul;lcs, "Studis s i n  Goordimtion C o:::m?:,~I;Ls. V I I .  
Chelate Compound Dissolved S t a t e  ," J. An. C11ei:i. Sac. , in press. 



l a t t e r  two i s  t o  found i n  connection with experimental work i n  which the data 
. - 

were obtainedO2 It i s  t o  be expected tha t  such an innisation potential-cornplexing 

constant p lo t  would contain fewer deviations if it were made with a sikple complex- 

ing constant such a s  mine  formation or even complexing constants with ethylene- 

diamine rather than the &%-diketone for  which it was f irst  produced. One could 

then proceed t o  examine the la rger  deviations from the p lo t  i n  terms"of special  

chelation ef fec ts ,  Even i n  the present p l o t  (Figure 4 ~ )  it i s  interesting to  ob- 

serve that. the s t a b i l i t y  constant of cupric ion fo r  this &diketone seems t o  be 

too great  f o r  i t s  simple ionization potent ial ,  We w i l l  corn back to t h i s  character- 

i s t i c  of cupric ion again l a t e r ,  

We can return now t o  a consideration of those fac tors  more closely depend- 

en t  upon the existence of chelation i t s e l f  -- those l i s t e d  below the dotted l ine 

i n  Figure 4.  These three fac tors  can be grouped into two types -- the s t e r i c  and 

entropy ef fec ts  are the e f f e c t s  i n  which chelation changes the t ranslat ional ,  

rotat ional  and vibrat ional  energy dis t r ibut ion of the chelate group. TIE re- 

sonance e f fec t s ,  on the other hand, are e f f ec t s  which have t o  do with the change 

i n  the electronic energy of t h i s  chelating group, not t o  the exclusion of trans- 

l a t iona l ,  vibrat ional  e f f e c t s ,  but i n  addition t o  those, k t  us have a look a t  

each of these , i n  the order shown, and pick out more or l e s s  c lear ly defined 

examples of each case, 

The f i r s t  of these,  the s t e r i c  effect.,  i s  quite eas i ly  defined, and a type of 

3 compound upon which Sshwaraenbach made a ser ies  of measurements which i s  shown i n  

Figure 5 w i l l  exemplify such s t e r i c  e f fec ts ,  He measured the bhding  constant of 

a ser ies  of mtals with a se r i e s  of pslymethylenediaminetetraacetic acid deriva- 

t i ves  a s  a function of the s ize of this r ing,  He found tha t  there was a def ini te  

( 3 )  Schwarzenbach and Ackerman, Helv. Clm. Acta , 2, 1029 (1946). 



shown i n  Figure 6. Ilere, the s ize  of the r i ng  i s  given by n ,  the number of methy- 

lene groups between the two nitrogen atoms. I n  the a lkal ine  ea r th  sequence, there  

i s  a maximwn f o r  calcium. You w i l l  a l so  notice that a s  the number of carbon atoms 

lying be tween the two nitrogens increases ,  the binding of calcium decreases. How- 

ever ,  the binding of hydrogen does not  change very much; i n  f a c t ,  the binding of 

hydrogen ac tua l l y  increases a b i t ,  i f  anything. The quan t i t i e s  labeled Ki a r e  the 

ac id i t y  constants f o r  the corresponding hydrogen ion dissociat ion.  Why do we put  

the binding of hydrogen ion down f o r  comparison? The chelrzting agent i s ,  i n  e f f e c t ,  

donating a p a i r  of e lect rons  t o  the cen t ra l  metal ions and t h i s  i s  chemically a 

function of a base. The metal i s  performing the acid function i n  place of hydro- 

gen ion ,  so one ~rould expect t h a t  there should be some paral le l ism between the 

binding of the metal and the binding of hydrogen ion. Whatever f ac to r  i s  involved 

i n  the binding of the hydrogen i on  i n  the acid-base react ion should be ,  i n  some 

p a r t  a t  l e a s t ,  involved i n  the binding of the metal ion.  I n  order t o  compensate 

fo r  t h a t  f a c t o r ,  which r e a l l y  has nothing t o  do with the chelate phenomnon it- 

s e l f ,  we should compare chelate groups of l i k e  a c i d i t y  wit11 each other. We can-- 

not always, o r  even f r e q ~ ~ e n t l y ,  make clielating groups of l ike  a c i d i t y  f o r  compar- 

i son,  bu t  we can extrapolate the chelat ion constants t o  the corre sponding a c i d i t i e s ,  

Later on we w i l l  see how this can be done qu i te  readi ly .  

It i s  c,uite c lea r  t h a t  the  r i n g  s i ze  has a pronounced influence on th Sin3ing 

9," calcium which it does not have on the binding of hplrogen. This i s  the r e sn l t  

- * 
cf an i n k r a c t i o n  between the s b r i c  recuirement of the chelati-: _?r.o~ps, W i i l . ~ ?  

i s  Geternined 53, among other th inzs  , the nxrl3er of atoms, tkir $i is tnncoc z .?23  : 

ad, the angular requirement of the  5onds. 



There i s  another very nice example of s t e r i c  e f fec t s  on s t a b i l i t y  constants 

t o  be found i n  a comparison of the binding of ethylenediamine and ammonia by s i l ve r  

4 
ion. S i lver  ion binds ammonia (two of them) to  form a complex i on  with a f a i r l y  

good s t a b i l i t y  constant. Log K i s  of the order of 7 ,  If, however, one compares 

t h a t  with the binding of the two amino groups i n  e thylenediamine , one f inds  t ha t  

the Log K of t h i s  chelate ion i s  only around 4,7, Row here i s  a case i n  which the 

complex ion i s  a l i n e a r  i on ,  H3N :Ag : HHZJ while the e thylene diamine ligand cannot 

read i ly  form a l i n e a r  complex with a single s i l v e r  ion,  I n  e f f e c t ,  then, the K 

value f o r  ethylenediamine i s  r e a l l y  the s t a b i l i t y  constant of a single bound nitrogen 
I " 

or  t h a t  of a chelate with a highly-strained metal bond, while t h a t  f o r  the simple 

amine involves the  binding of two nitrogen atoms i n  the most favored posit ions.  This 
." 

i s  an extreme case,  wherein the s t e r i c  requirement of the metal and the s ' teric 'possi- 

b i l i t i e  s of the chela t i n g  agent make t h e i r  chelat ing combination very d i f f i c u l t  o r  

even impossible. There a re  many other  examples of s t e r i c  e f f e c t s  on s t a b i l i t y  con- 

stants ,5 

The next type of e f f e c t  t o  be considered i s  the one which we have chosen t o  

c a l l  the entropy e f f e c t ,  The reason f o r  c a l l i ng  it the entropy e f f e c t  i s  t h a t  i n  

those cases i n  which we have been able  t o  determine the heat and entropy of the re- 

act ion by measuring temperature coef f ic ien t s  of the equilibrium constant,, K , we f i nd  

t h a t  the influence we have cal led the '%entropyf1 e f f e c t  i n  log K i s  found almost ex- 

c lus ively  i n  the &3 p a r t  of the f r e e  energy change and not i n  the AH par t .  There 

a re  various ways t o  formulate the e f f e c t ,  and I w i l l  choose one only; o thers  are des- 

(4)  Schwarzenbach, Helv. Chim. Acta, 3, 2.344 (1952; 3, 2.3 (1953). 

(5) Martell & Calvin, "The Chemistry of the & t a l  Chelate Compounds ," Rentice-- 
H a l l ,  Inc. , New York, New York (1952). 



2ribecI ii; the llLt:skazi. Yi;-z:-~ '7 e h r r  2.r e723r;l~ of such  I C ~ S C  ii: which the 

s t a b i l i t y  of the compound i s  enormously enhanced by simply binding two s e t s  of li- 

gands together; the mere un i f ica t ion  of the l igands t o  make a single molecule from twc 

of them increases the s t a b i l i t y  enormously. These da t a  a r e  not  s t a b i l i t y  constants  

themselves. They a re  quan t i t i es  more o r  l e s s  d i r e c t l y  depenent upon s t a b i l i t y  con- 

s tan t s .  E ( l )  happens to  be a polarogrqhic half-wave reduction po ten t ia l ,  and tl12 
1/2 

is a half-+Am f o r  sschange of cupric ion with the chelate bound copper, and i n  both 

cases an enormous increase i n  s t a b i l i t y  i s  apparent when two C-H bonds are  replaced 

3y one C-C bond. With the two pa i r s  of bidentate donor atoms, the copper i s  reduced 

a t  a po t en t i a l  zlmost equal  t o  t h a t  a t  which one can g e t  reduction of aqueous copper; 

with the cupric ion  bound 5y one te t radentate  l igand,  we have 3/4 vo l t  more s t ~ b i l i t y .  

The con t ras t  i n  the ra* of exchange of clielated copper with cupric ion i s  equal ly  

,;reat. There are  ma~y such cases ,  but  no matter how you i n t e rp re t  them you can be 

c o d  i den t  thz-I  t1-s-;y w i l l  r e f l e c t  i n  some degree the increased s t a 3 i l i t r  cons ta r t s  

when the2 can Se measured. 

Figme 4 shows some cases i n  which s t z b i l i t y  constants were measured f o r  such 

s ystens as these . Here we have the equilibrium constant of the binding of s i x  

mmonias t o  a i cke l ,  f o r  which the temperature coef f ic ien t  has been determbed, and 

we car? separate a13 the heat sad entropy terms. We have z l so  the binding e o n s t a ~ t ,  of 

three e thylenedi%nines 527 ~ ? i c k e l ,  and again the heat  and e n t r o p ~  terms have been se- 

parated. By sombinizg these two, one can ge t  the reac t ioz  involving the replacement 

of s i x  amrnonias by t l r e e  ethylenediaaines , t o  give the nickel  e thylenediamine and 

s i x  a o i s  T k  An tern i s  e small one ; the nforcefl t!m,t drives t h i s  reac t ion  t o  

the r i g h t  i s  "LE large increc-~se i n  entropy. There a re  many oth.e;* sa-11 cases; hot?- 

rve r  , not  e~otzg!i as y e t  have been determined with temperatur.7 r , ~  "'5 ~riev7;ts rr, ":: - * 



we can say with a high Gegree of ce r t a in ty  t h a t  the mere tying together of the li- 

gands increases the s t a b i l i t y ,  not  by an increase i n  the binding heat but  by means 

of a change i n  the  way the entropy i s  d i s t r ibu ted  on the two s ides  of the reaction. 
5 

Figure 9 shows three  more such cases which can be interpreted i n  t h i s  way, Un- 

fo r tuna te ly ,  f o r  t h i s  system, one doesn Dt have temperature coeff ic ients  ; one has only 

the Log K values a t  one tenperatwe.  I n  ~n(Ni i  ) * there  are  four  sepwate  nitro- 3 4 
gens on zinc ( a  Log K of 9.5); when you t i e  then together i n  p a i r s  the Zog K goes up 

t o  11; and when you t i e  them a l l  together i n  a single ligancl the Log K goes up t o  a l -  

most 15 .  Here, we have a l l  four  nitrogens as p a r t  of a s ingle  chelat ing molecule. 

This would be spoken of as a t e t raden ta te  molecule , and the equilibrium constant 

i s  very much i n  favor of the binding. I suspect t h a t  when these Log K 's a re  deter-- 

mined a s  a funct ion of temperature so  t h a t  we can separate the heat  and entropy 

terms, most of t h i s  ex t ra  s t a b i l i t y  w i l l  appear i n  an entropy term. The simplest 

in te rpre ta t ion  i s  t h a t  on the left-hand side of the reac t ion  one has zinc binding 

four  o r  f i v e  water molecule s plus the tris-@minoe thylamine , while on the r ight-  

hand side one has the zinc complex, p lus  four o r  f i v e  f r e e  water molecules, and 

thus a n e t  increase i n  t o t a l  number of nolecules ,  o r  the t o t a l  number of translat ion- 

a l  degrees of freedom, One could describe it a l s o  i n  terms of the r e l a t i ve  proba- 

b i l i t i e s  of forward and reverse r eac t i ons ,  and thus t r ans l a t e  th thermodynamics 

i n t o  the language of k inet ics .  So muck, then,  f o r  the so-called entropy e f f ec t .  
a s  

The t h i rd  and last f ac to r  listect/e speical ly  concerned i n  determining chelate 

s t a b i l i t y  i s  the  resonance e f f e c t ,  I n  all of the previous cases of binding together 

of the l igands  t o  make the chelate compounds, the two bound donor atoms have no 

e lec t ron ic  i n t e r ac t i on  with each o ther  outside the chelated element. In  Figure 10 

we see examples of chelate compounds i n  which this i s  no t  so ,  i n  which there i s ,  a t  

( 6 )  Sehwarzenbach, Helv, Chim, Acta 3, 2% (19521, 



?x?E-~ ;3~si'& 3 l i r e c t  e lec t ron ic  i n k r x t i o n  between tlls two donor etoms, In 

each ace tylace tonate (and salicylaldehyde ) chelate r i n g ,  there i s  a d i r e c t  elec- 

t ron ic  in te rac t ion  possible be tween two oxygen atoms (or between one oxygen and 

oae ci trogen atoms), through the conjugate system. These are qui te  d i f fe ren t  s o r t s  

of chelating systems from the others  such as ethylenediamine i n  which there i s  no 

pos s ib i l i t y  of e l ec t ron i c  in te rac t ion  between the ligands. It is  the pecular 

eharacteyis t ics  of such chelate compounds t h a t  a r i s e  from the pos s ib i l i t y  of forn- 

ing  closed cycl ic  resonance systems through the o rb i t& of the bound metal atom 

t h a t  next claim our a t t en t ion .  

How can we f i n d  the nature of the e f f e c t  of such a pos s ib i l i t y  on the sta-  

S i l i t y  constant? We could compare each of the upper compounds ( ~ i p r e  10) wi th  t h s  

corresponding lower one. For the pa i r  on the r i g h t ,  the comparison i s  made v i a  

polarographic half -wave po t en t i a l  which, f o r  salicylaldehyde , i s  very near ly  that 

odn unchelated f r e e  c o p p r  i o c ,  while the acetylacetonate i s  s l i gh t l y  more s tab le  

than the copper ion. I n  the  pa i r  on the l e f t  , we have tk same difference ; the 

comparison here i s  v i a  half-time f o r  exchange between aqueous copper ion and bound 

copper ion. In  both cases ,  the ace tylace tone molecule (or the derivative of acetc-2- 

a.cs tone) i s  the more s t zb l e  one , when compared with the corresponding der ivat ive  of 

s alicylaldehycie . Now, one can make a more de ta i l ed  examination of the same struc- 

t w e s  i n  terms of binding constants,  and Figure 11 shows the r e s u l t s  of such ma- 

srnrements which were made qu i te  a number of years  ago. There are  b e t t e r  ones avail-  

able now, but  these show the essence of the e f f e c t .  This i s  a p l o t  of the binding 

constant f o r  copper aga in s t  the a c i d i t y  constant  of the same chelatin& group, 

The upper so l id  l i n e  come sponds t o  a s e r i e  s of subst i tu ted sa1ie;~lelde hyde s , 
w X l e  the lower so l id  l i n e  corresponds t o  a series of p-diketone s ?elated t.o 



acetylacetone . It i s  thus c l ea r  t h a t  there i s  a component i n  the binding of copper 

ion which i s  exact ly  p a r a l l e l  i n  the binding of a proton, There i s  a l so  a component 

which i s  very d i f f e r en t  f o r  the two cations.  Thus, when we compare the binding of 

copper ion  by a salicylaldehyde with the binding by an acetylacetone residue of the 

same ac id i t y ,  we f i nd  t ha t  the acetylacetone binds copper some two powers of ten  more 

s t rongly than does the salicylaldehyde , Here we have , the essence of t h i s  so--ailed 

nresonancen e f f e c t .  You see i n  th d i r e c t  measurement of the s t a b i l i t y  constant how 

the ace tylace tone binds the copper much more s t rongly than doe s the sa l icyla lde  hyde . 
There a re  two other dotted l i n e s  i n  Figure 11, but  one can hardly speak of them as 

being defined by experimental r e s u l t s  , since each l i n e  has a single, point  on it. 

The reason they a re  drawn t h a t  way i s  my f a i t h  t h a t  when such a s e r i e s  of compounds 

a re  made they w i l l  f a l l  on these l i n e s ;  perhaps one day one of you w i l l  have an 

opportunity t o  do th i s .  The question now a r i s e s  as t o  why do these compounds f a l l  

i n  the  s e r i e s  they do. Comparing a t  constant a c i d i t y ,  you f i nd  t h a t  the 2-hydroxy- 

3-naphthalde hyde b i d s  copper the poore s t ,  the sa l i cy la lde  hyde is  next,  the 2-hydroxy- 

1-naphthalde hyde next , and the p-dike tones (ace ty lace  tone ) most strongly . 
Figure 12 shows the  elements of s t ruc ture  which are  involved i n  these four 

compounds i n  inverse order. The essence of s t ruc ture  which runs i n  t h a t  order i s  

the double bond character of tb carbon-carbon bond adjacent t o  the anionic oxygen. 

I n  acetylacetone , there is nothing t o  i n t e r f e r e  with the double bond. I n  2-hydroqr- 

1-naphthaldehyde, the double bond i s  double two-=&hirds of the time -- the other 

one-third of the  time it i s  a. s ingle  bond, because it i s  involved i n  t h i s  naphtha- 

lene resonance. This i s  the  simplest and most naive descr ipt ion,  and it i s  the most 

r ead i l y  visual ized.  I n  sal icylaldehyde,  the bond i s  p a r t  of a benzene r i n g  and thus 

i s  double o ~ l y  one-half of the t ime, and i n  2-hydroxy-3-naphthaldehyde the bond i n  



the naphthaLene i s  >resent or&j one-third of the t h e .  These nm5ers, then, w d c ' t  

correspond t o  what we might c a l l  n bond order d e s i p i t i o n ,  and t h i s  i s  exac t ly  the 

s t a b i l i t y  constant  order found f o r  the binding of copper. This suggests the fundst- 

matel s t r u c t u r a l  o r ig in  of the e f f e c t  of e lect ronic  interactior-  between two l igan2s.  

It would appear, then, t h a t  the resonance forms which play an important par t  

i n  "u~e Siildin: o" copper corrld be r ep~ssen t ed  zs showr, i n  Figure 1;. The two resx-  

ance f i ~ m  chsrnc-(;eristic of acetylacetonate ior, wo'uld be those two repr9sei:tec.l n: 

the a2pr p ~ i r ,  i n  which E single e2ectroc pa i r  on each of the two o q g e n s  is  ia- 

voll-e:! i r .  thz bondlrg of copper iol2. Tb. oiik; difi'erence Setween the two forrtls is 

the shift of an e lec t ron  pa i r  between the two oxygen atoms tkrough tk s o n j u ~ ~ ? . . t r ? ~  

o,ar.bo:i chziz. Actually, thrt i s  oxly one W ~ ! T  of rep-esenting i t ,  axid doesnr t  give 

an2 ~ s a i  ;.rxzr, f~ u-d--rs ts .nl in  v!L>- coT9er should he bomd mme stror?2la t o  2 

:om,y~nd i n  trhicl- t h l s  is ?oc:i?.Slr: -th2ra t o  01x3 in vfiicl: it is m t  possihl..e (or 

possi?l:, tt: : ST-~.?-P: F ::tc.:t), ~ : ~ : - ~ 1 . 3 ~ ~  1 -';]-&-J' f f ,  t r ~ ; : l ~  ' ; ~ . t $ 3 ~  2~ ~ ; ? T ~ c s ~ - - C J  

$ 1 ~  hln?L'.,-; 7 6  ~ V i 3 1 ~ 2  !P t l - ~  i ~ k y :  ~ 2 %  zf z : g ~ 1 2 ~  i:? $:-j~::> 7 szir p & y h - ~ 3 5  ?.-in?: 

@CS;,IIC:.: - --:- - --- r.7~- ?-i -- .?T-Y.'! ?QY;ILU- ,- :+ L 2.- ?,?< , F -',o';x:le 7 x 0  ; I. W:~..); t:;; JC)P.:S~ 7-  3r - - 
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of the ron juga9  ring.  Thus, one g e t s  a straight-forward representation cb. the 
I 

molecular o r b i t a l  system which requires  resonance between Kekule forms i n  the va- 

lence bond cepre senta t ion ( ~ i g u r e  1 3 )  . 
We have described a t  some length the various ways i n  which the metals w i l l  

i n t e r a c t  with the chela t ing groups and the pa r t i cu l a r  f ac to r s  which influence that 

in te rac t ion .  The next phase of our discussion i s  t o  t r y  to apply these pr ipciples  

t o  tk c a t a l y t i c  functions which chelate compounds have. The chela-te compounds most 

famil iar  t o  us i n  ;biology a re  the ones responsible f o r  the red of hemoglobin (liemin) 

and the  p s e n  of p lan t s  (chlorophylA), but  there *are m n y  others  which are not so 

well  known and which are  somewhat simpler i n  s t ruc ture .  Actually, r a ther  than 

t r y  t o  devise a de ta i l ed  descr ipt ion of the mode of c a t a ly s i s  of such substances 

a s  hemoglobiin (or hemin), o r  cata lase  and chlorophyIJ, I think i t ,migh t  be be t t e r  

t o  examine a few suggestions of chelate action- -- c a t a l y t i c  act ion -- p r e t t y  

much along the l i n e s  we have j u s t  described f o r  s t a b i l i t y  constants. I suspect that 

one w i l l  be able t o  divide the  c a t a l y t i c  functions of chela tes  i n t o  two general 

types,  a s  were used t o  describe the s t a b i l i t y  -constants,  namely, those in te rac t ions  

which involve the changes i n  t r ans l a t i ona l ,  r o t a t i ona l  and v ibra t iona l  energy sys- 

tems of the chelat ing group, and those involving e lec t ron ic  changes. 

The ones t h a t  involve changes i n  t r ans l a t i ona l ,  r o t a t i ona l  and v ibra t iona l  

degrees of freedom w i l l  be .those which are  primarily entropy e f fec t s ,  and we soine- 

times speak of them a s  s t e r i c  e f f e c t s  i n  reac t ion  rates. A par t i cu la r  biochemical 

example of t h a t  comes out  when one examines the f a c t  t h a t  i n  p r ac t i c a l l y  every 

phosphatase t ha t  has been described t o  any ex ten t  a t  a l l ,  where the enzyme has been 

i so l a t ed ,  o r  a t  l e a s t  p a r t i a l l y  pur i f i ed ,  and the nature af the metal r e q u i ~ m e n t s  

known, it has been found that e i t h e r  magnesium o r  manganese i s  Tusually r e q u i ~ e d .  



I would l i ke  t o  sug.gest t h a t  the nature of the m p e s i m  o r  manpnese function i s  

a clielating Fmc-!5on -- a chelating actiori -- which has t o  clc with the Sringing to- 

gether of the coenzymes and the e n z p e ,  through a double chelate r ing.  The s t r u c t u r e  

of suck a complex i s  show- i n  F igwe l4. The enzymes involved here are phosplmtases 

(o r  p h ~ s ' p h ~ t e  -bransfer syst,ems of one s o r t  o r  another) and they par t ic ipate  i n  the 

phate s t ructure  i n  St .  The reason t h a t  this can occur i s  the presence of the p p o -  

phosphate lidzage iB tFr coenzyme and some similar  corre sponcling che l a t i ng  l idcage 

i n  the e n a p e  i t s e l f .  If the coenzymes were simple phosphatee , or i f  they were single 

binding ligancls or: the enqme, they would not ?mve the bindir?, constants required 

t o  bring t'ne coenzpe and the emyme together . This would show up, f o r  example , 
nc t  i n  the !lea.% of act ivat ion of an e m p i c  react ion,  hut  ra ther  i n  i t s  so-called 

" t e m p r a t m e  indepea&nttt f ac to rs .  

The next c m e  we will hm~e a look 3-t i s  one from s t r a i g h t  o r s m i c  chemistry, 



7 
mixi.de. A very in te res t ing  difference became apparent, Figure 15 w i l l  show an inter-  

p re ta t ion  of the e f f e c t .  When one a lky la tes  the sodium salt ,  one ge t s  almost exclu- 

s ive ly  the  normal a q l a t i o n  reac t ion ,  or  sornetirnes perhaps on the  enolic oxygen. 

On the other  hand, when one aUq-lates the copper s a l t ,  one ge t s  a ketene ace t a l ,  

der ivat ive .  In  other  words one a lky la tes  the  a i d e  carbonyl ins tead of the ketonic 

carbonyl. This i s  presumed t o  be due t o  the establishment of an equilibrium between 

two d i f f e r e n t  chelate compounds, one in which the two l igands a r e  both oxygen atoms 
and 

and one in which the cwboxamide group i s  tnrmed around/the copper binds the nitrogen 

b e t t e r  than. does the  sodium. The copper, i n  other  words, forms a r e l a t i ve ly  stable 

chelate compound with  the oxygen and ni t rogen,  and the sodium does not. The sodium 

gives t h e  ordinary a lkyla t ion;  the copper exposes the amide carbonyl i n  an anionic 

form, so t h a t  it a lky la tes  t o  a ketene acet,al. This i s  almost a qua l i t a t ive  difference.  

kt. us  go back again t o  cases closer t o  biochemistry i n  which the s i tuat ion i s  

m r e  near ly  an e l ec t ron i c  one; f o r  example, the  ca ta lys i s  of decarboxylation of keto- 
8 

s uccinic acid  der ivat ive  so Figure 16 shows how the se cata lyses  have been formulated . 
Here, we have copper ca t a ly s i s  of the decarboxylation of a number of keto acids through 

t h e  formation of a chelate r ing  between: the carbonyl and the c c c a r b o q l  group. The 

demand f o r  e lec t rons  by CU+ r e s u l t s  i n  an e lec t ron  s h i f t  from the p-carboqyl toward 

the carbonyl , l i be r a t i ng  the carbon dioxide and forming an unstable intermediate. This 

then  l o s e s  copper, forming the unstable en01 of the simple a-ke t o  acid.  T h i s  i s  the 

way i n  which the ca t a ly s i s  of the decarboxylation of -oxa lace t ic  and oxalsuccinic acid 

has been formulated, because one can l t  ge t  t h a t  c a t d y s i s ,  whether one has hydrogen on 

the reduced carbon atom o r  not. 

( 8  Steinberger 6: Westheher , J. Am, Chem. Soc. z, 429 (1951). 



TI.? ;~::t s:lc;i r;?:ce i z  soxi~wh~", 1 3 ~ 5  ~ , : ; ~ ; ; l i = f C  I: .Ju L2sr%m7~ r?31'.6 spectaeuL.r. 

It LG ai, 5~6. iTi~~e encornpz4xg a whole v ~ r i e t y  of reactions which take plase essen- 

t i a l l y  only i n  the chelate compound and which are  very d i f f i c u l t  to  perform i n  the 

ahence  of a chelate compound. Figure 17 shows such a model substance. It consis ts  of 

-?he 2u (or Hi) chelate 02 salicylaldehjde , which can form a Schiff  base with an amino 

acid  e s t e r .  This i s  the e s t e r  of an baaxino acid.  When one forms mch a Schiff base 

k%ween sal ic j r la ld~hyde an2 soae  amino acid  e s t e r ,  one can make a copper chelate of 

i t , which is  represented by the l e f t  half of the formula. However, a s  soon a s  one makes 

the copper chelate , a n~mber of react ions  take place very read i ly  on the cGa.nlino 

zciii e s t e r  porticln which do not take place on the f ree  &amino acid e s t e r ,  or the 

I'TFF, (camina acid  ,very e a s i l y .  F i r s t ,  i s  racemization; t h a t  i s  , the cb carbon i s  an 

z i syae t r i c  carbon a ton,  and immediately you put  it in to  the copper complex it race- 

n i s e s9  Biother one i s  oxidative deamination; t h a t  i s ,  i f  one blows air through an 

l ~ o h o l i c  so lu t i o r  of t h i s  copper chelate , one can i so l a t e  the oxidative17 deaminated 

ketc acid  e s t e r .  O r ,  i" one na in ta ins  anzerolsic concitions so that  one does not g e t  

nxido t i v e  deamination hu t  d issolves  the chelate i n  an alcohol with an R group d i f fe r -  

&-:$ >PT t h z t  of t%e o r ig ina l  e s t e r ,  e s t e r  exchange takes ?lace a s  f a s t  a s  you can 

 is- :lx-? it an3 r z a r p t a l l i z e  it. This i s  an u n ~ s u a l  thing. One doe sn 't usually g e t  

:sl:.e?el- e:-:-,hange on any e s t e r s ,  except a-keto e s t e r s ,  very rapidljr. Cer ta inl :~  mino  

. - 
Z C L .  ?::CTS JO no5 undergo e s t e r  exchange by simply dissolvir~;  them i n  En alcohol and 

re:; c - ~  l;llizir_; t4iem. T h u s  we h2ve taking ?lace 02 the chelate a t  l e a s t  these t h r ee  

-o L ,-. .-, ,? - L - , ., C. which do not bake >lace a t  a l l ,  o r  very r e luc t an t l y ,  on the lion-chelated 

1-2lc c . L? 2 - the s c l i c y l ~ l d - e  hyde Schif f ' s lsase without the copper, or the copper 

sc l+. 1.i ' l - c ~  3t:is saliz;lcldehyde, o r  the amino acid e s t e r  i t s e l f ,  It i s  >resmed that  

~12. c'" Y1.= SL reect ions  "ike place v i a  a tautomerization which i s  poas-i bile i n  khi. 



chelate compound, or a t  l e a s t  i s  induced by c he la t ion ,  due t o  the e lec t ron ic  inter-  

ac t ion with the chelated metal. The  carbon atom lo se s  i t s  asyinaetqy by a hydrogen 

t rans fe r ,  a s o r t  of keto-en01 t r ans f e r  across  the  aldimine double bond t o  form the 

molecule a s  represented by the right. hal f  of the formula. This, then,  could be hy- 

drolyzed giving the keto ac id  e s t e r  and a benzilamine which i s  very ea s i l y  auto- 

oxidized by a i r ,  i n  the form of i t s  copper complex. Thus, the n e t  r e s u l t  would be 

ei therieomerization,  o r  oxidative deaninakion. Why the e s t e r  exchange takes place 

so rapidly i s  not so read i ly  qpa ren t .  from the formulas a s  wr i t t en ,  bu t  it has been 

interpreted5 i n  terms of the withdrawal of e lect rons  from the e s t e r  grouping through 

the conjugate ketimine toward the copper, giving it a more react ive  oxygen function. 

One can carry  t h i s  a n a l o ~ y  one s t e p  fu r the r  t o  the wel l  known structure of 

pyridoxal , which i s  very close t o  salicylaldehyde and which does t h i s  very thing i n  

nature. Ppic loxal  we h o w  i s  involved i n  transamination reac t ions  and it k s  been 

suggested t h a t  it functions as a che l a t eO9  A s  a matter of  f a c t ,  recent ly  the copper 

chelate compou;zds of pp-idoxal and icaJaino acids  have been made and t he i r  structure 

i s  shorn i n  Figure 18. Here the re la t ionsh ip  between pyridoxal azd salicylaldehyde 

i s  very c l e a r ,  and the transamination reac t ion  (oxidative deanirn t i on  on the one 

hand and reduction on the other)  a l l  can take place v i a  such t rans fe rs  a s  I have 

j u s t  described f o r  the salicylaldehyde complex. ~addile$'  a t  tb Lis te r  I n s t i t u t e  

who made these complexes showed t h a t  the reac t ion  did  take place qu i te  readi ly  without 

eozymes i n  ordinary aqueous systems. The transformation from pyridoxal and amino acid  

(5) Page 4000 

(9) Sne l l  , J, Am. Chem. Soc. &, 194 (1945) . 
(10) Baddiley , Mature , m, 711 (1952) . 



-to pyridoxamine keto ac id ,  md the order of a c t i v i t y  of the elements i n  the  non- 

enz, p a t i c  reac t ion  i s  shown here, and you w i l l  notice t h a t  the copper outshines 

them al l .  This  i s  undoubtedly due t o  the  unique posi t ion of cupric ion with respec t  

t o  the energy l e v e l  of i t s  unoccupied. d s p o r b i t a l s .  One could go on col lect ing other  

such cases of c a t a l y t i c  a c t i v i t y  of metal chelates over a  wide range , and the cases 

be cox^ l e s s  de3n i t , i ve  and nore and more ope12 t o  speculation. This, I think,  i s  

m e  of ths  areas i n  which we car, stand a grec~t  den1 of i n v e ~ t i g a t i o r ~ .  I have no clou'~ L 

-b t  such s tud ies  w i l l  contribute toward an understanding of the nature of the cata- 

l y t i c  f u rx t i on  i n  general  mil pa r t i cu l a r l y  5.2 such e x t m x  cases a s  ca t r l ase  liemo- 

globin an3 cf lorophyl l  . 



Complex Ions and Chelate Compounds 

Figure 1 





For the case n = 2 ,  m = 1 

Figure 3 

S t a b i l i t y  Defined i n  Terms of Association Constants 
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DBM E D ibanzoylmethone 

Figure  4A 





S t a b i l i t y  Constants of Alkaline Earth Complexes With 

Eomologs of Ethylenediaminetetrracetic Acid 

Figure 6 





THE ENTROPY EFFECT 

Figure 8 
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ETHYL ICETOACETATE OPI - - - - - - - 

LOG K = LOG K,K, 

Figu re  11. 1 sal icylaldehyde,  2 3-n-propyl-  -sal icylaldehyde,  3 5- -methyl-  
sal icylaldehyde,  4 4,  6 -dimethyl-  sal icylaldehyde,  5 3 -ethoxy- -salicvlal& - 
hyde,  6 3 -methoxy- sal icylaldehyde . 7 4-methoxy- salicylaldehyde . 8 3 -ni.tro - 
salicylaldehyde,  9 4 -n i t ro  - salicylaldehyde.  10 5 -n i t ro -  salicylaldehyde, 
11 3 - f luoro-  sal icylaldehyde,  12 3 -chloro-  sal icylaldehyde,  13 5 -chloro- 
sal icylaldehyde,  14 2 -hydr oxy-l-naphthaldehyde, 15 2 -hydroxy- 3 -naphthaldehyde 
16 acetylacetone 17 t r i f luoroacetylacetone 18 furoylacetone,  19 benzoylacetone.  
20 C -methylbenzoylacetone,  21 ethyl acetoaceta te  
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Figure 12 





Figure 13A 



Binding to Enzyme through 

chelation by metal ion, 

usually Mg. 

ADP (ATP, DPN, TPNJ UDPJ CoA) MU-4950 

Figure  - 14 
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A. Racemization 
B. Oxidative deamination 
G .  Ester  exchange 

Figure 17 


