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"It s  a bit late in t he day to  introduce the idea now , but 

almost any mammal's milk would be easi er to modi fy than 

co w's milk . Pig's milk i s  ac tually nearest t o  hum an milk. 

Camel milk and mare's milk have a bet ter balance for 

humans . S heep's milk is OK and so is goat's .  Reindeer 

milk would be a bit fat , dog1s milk a bit  thin. Now, 

o t ter's milk could be just  righ t . Perhaps we shoul d look 

into it." 

M. Bateman ("Sunday Times" - London , 1 6  March 1 9 75) 
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ABSTRACT 

Lactof errin ( L f) ,  iso l ated from human co lostrum , has 

b e en compl exed with  a vari e ty o f  transi t ion me tal i o ns .  I n  

addi tion t o  binding two iron ( III) o r  c o pper ( I I) i ons i t  

strongly and s peci fically binds t wo cobal t ( I I I) ,  

chromium ( I I I) and mangan ese ( I I I) i ons , i n  the presence o f  

bicarbonat e. Such strong , speci fic binding o f  co pper ( I I) 

t o  lacto ferrin will not  occur in t h e  abse nce o f  bicarbon­

a t e, ins t e ad only a weak int erac t i on i s  o bserve d .  L acto­

ferrin has also been shown to  weakly bind mangan ese ( !!) , 

co bal t ( I I) ,  nickel ( I I),  zi nc ( I I) ,  cadmium ( I I) , l e a d ( I I) 

and mercury ( I I) ,  t hough manganese ( !!) will und ergo aeri al 

o xidation in the prese nce o f  t h e  pro t ein and bind as 

manganese ( I I I). These metal i o n  pro t e in compl exes h ave 

b e en examined using the t echniqu es o f  fluorescence , 

el ectronic , e . s . r .  and Resonance Raman spectrosco py. The  

cl ose simi l ari ty be t�een the  spectra o f  the  comp l exes Fe2L f ,  

C u2L f ,  Co 2L f , Mn2L f  an d Cr2L f  wi th those o f  trans f errin and 

ovo trans ferrin reinforce the postu l a t e  that the me t al 

binding si t es in all thre e prote ins are simi l ar .  The si t es 

i n  all t hre e pro t e i ns are essentially rhombic i n  charact er 

and contain 2 - 3  tyrosyl resi dues and at l east o n e  hist idyl 

r�sidu e . A distinc t  h e t erogenei ty is evident from t h e  e.s . r . 

spectrum o f  Cr2 L f  and me t al i on replace�en t stu d i es 

i ndica t e  that chromium in one si t e  is more l abile t h an the 

o ther . In  additi on t o  t he s p eci fic si t es lact o fcrr i n  

app8ars t o  have a number o f  non-speci fic si t es o n  t h e  o u t­

side o f  t h e  pro tein capabl e of weakly co ordinating m e t al 

ions such as chromium ( I I I) and cop p er ( I I).  Di f ferences 

evid e n t  in the non-speci fic si t es avail able to co p p e r  when 

manganese ( II I) is bound t o  l acto ferrin , to t hose avai lable 

wh en iron ( III) , co balt ( I I I) and chromium ( I I I) are bound , 

suggest t hat the stronger binding o f  manganese ( I I I )  resu l ts 

from i t  induci ng a di f fere nt conformational change in  the  

pro t e in t o  those o ther m e tals and one t hat f avours t he 

higher st abili ty o f  i ts m e t al-pro t e in comp l e x . 

A serj_es o f  small mo l ecul ar weight compl exes o f  i ron ( I I I) 

wi th bi- , tri- , t e tra- and hexadenta te ligands , cont ain ing 

phenol a t e  groups were prepared and examined by e l ectronic , 
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e . s . r . and Mossb au e r  spect ro s c o py . Compl exes o f  c o p p e r ( I I )  

wi th n i t rogen bns e s  and chloro- and bromo-subs t i t u t ed 

phen o l a t e s  we r e  prepared and exami n e d  by e l e c t ro n i c  and 

e . s . r. spec t ro s c opy . R e su l t s  from these s tudi es wou l d  

favou r  the involvement  o f  thr e e  t y ro syl r e sidu e s  a n d  t wo 

c i s  hi st idyl resi du e s  i n  the m e t al -binding si t e s  o f  l ac t o ­

ferrin and from studi e s  on the c o pp e r  c ompl exe s i t  s e ems 

likely that o n e  hi s t i dyl and one tyrosyl are axi ally c o ­

o rdinat ed t o  t h e  m e t al . Evide n c e  from a singl e c ry s t a l  

x-ray s t ru c t u re i s  prese n t e d whi c h  woul d  favo u r  t h e  i n t e r­

ac t i o n  o f  bi c arbonate i o n  wi th i ro n ( I I I ) via a s o l ven t 

( wat e r )  mo l e c u l e. 
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INTRODUCTION 
In 1 95 1 , an iron cont aining protein now c ommonly known 

as lac to ferrin was isolated from human milk ( 1 ) ,  which  along 
with ano ther iron c ontaining prot ein , found in cow's milk in 
1 939 ( 2 ) ,  was shown t o  be similar t o  prot eins isolated from 
human serum ( trans ferrin) ( 3 , 4 , 5 )  and egg whit e  ( ovo trans­
ferrin)  ( 6) .  Subsequent s tudies have shown that l ac t o ferrin 
i s  also present in milk o f  o ther mammalian species , although 
i t  o c curs in highes t  c oncentration in human milk ( Tabl e  1 ) .  
Human lac t o ferrin shows a greater a f finity  for iron than 

7 
o ther prot eins in thi s  c las�. The first  iron asso ciation 
c onstant ( k 1 ) is 260 times greater t han human serum 
trans ferrin and 1 0  times greater than bovine l ac to ferrin 
(7). Rec ent inves tigations into the rol e  o f  milk and milk 
proteins in infant nu tri t ion have indicated t hat l ac to ferrin 
( usually no more than 1 5  - 20% saturated  wi th iron ) plays  an 
important rol e  in preventing development o f  such illnesses 
as gastroenteri tis . The bac t eri o s tatic  e ffec t o f  human milk 
on intestinal bac teria such as Escherichia Coli ( responsible 
for gastro enteri tis ) can be at tributed t o  lac t o ferrin's 
s trong af finity  for iron ac ting in c onjunc tion wit h  a 
speci fic antibody (8). There is  good reason to suppose t ha t  
lac to fcrrin and antibodies reach the  intes tine intac t ,  since 
t here is no e vidence for hydrolysis o f  milk prot eins in t he 
infant stomach for up t o  90 minu t e s  a f t er feeding , and it 
i s  believed t hat l arge amounts  o f  milk pass dire c tly to the 
small intest ine ( 9 ) . Lac to ferrin i s  also present in o th er 
bodily secre tions and intrac ellular fluids , in small er 
c oncentrations than milk ( Table  2 )  where it  is f el t  t o  
act as an antimicro bial agent in these fluids ( 1 0 , 1 1 , 1 2 ) .  
Trans ferrin , in addition t o  exhibi t ing a similar anti­
microbial func tion ( 1 3 , 1 4 ) i s  also known t o  transport iron 
from the  int e stine  t o  the bone marrow and t o  iron s t ores i� 
the liver . While  no similar transport func tion is proven 
for lac t o ferrin i t  has been sugges ted  t hat it may ac t as a 
source o f  iron for the infant ( 1 5 ) .  

Like t he related pro teins , human serum trans ferrin 
and ovo trans ferrin , lacto ferrin i s  a glycoprot ein with  t wo 
c arbohydrate groups at t ached and a molecular weight o f  
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Table 1 Concentration of  Lac toferrin in Various Mammalian 
Milks a 

2mg/cm3 0 . 2-2mg/cm3 20-200)Jg/ cm3 )50]Jg/cm3 

Human Guinea Pig Cow Rat 
Mouse Goat Rabbi t 
Mare Sow Dog 

a .  Re ference ( 73 ) 

Table 2 Approximat e  Conc entration. of Lac toferrin in Various 
Sec retions a 

Secre tion 

Milk 
Saliva 
Parotid Saliva 
Tears 
Nasal Secretions 
Hepatic Bil e  
Pancreatic Jui ces 

Pseudocyst Fluid 
Asc i t e s  l''luid 

Seminal Fluid 
Cervical Hucus 
Urine 

a .  Re ferenc e ( 74 ) 

z 
Conc entration ( mg/cm� ) 

1 • 0 
0.0 1 -0.05 
0 . 002-0.003 
0 . 0 1  
0 . 01 
0 . 01-0.04 

0 . 05-0. 10 
0.5 
0. 5-1 • 0 
0 . 5-1 . 0  
0.001 

around 80 , 000 (16 , 17 , 18 ) . As wel l  as having an almost 
identical amino ac{d composi tion to transferrin the amino 
acid sequence o f  the N-terminal end of  lactoferrin when 
compared wit h  trans ferrin and ovotrans ferrin shov:s some 40% 
homology (19 ) . At t empts to split lac toferrin and 
trans ferrin into subuni ts  by redu c t ion and alkylation or 
breaking disulphide bonds have proved unsuc c e ss ful 
indicating t hat  it consists of one chai n. However , tryptic  
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digestion of 30% saturat ed human lac toferrin ( 20 )  and 
human serum trans ferrin ( 21 )  split  both  proteins into 
fragmen t s  o f  approximat ely e qual molecular weight , e ach  
c apable o f  binding one ferric ion . Furthermore t he two 
c arbohydrate uni ts , each having essentially a tuning fork 
s t ruc ture ( 22 , 23 ) , were dis t ributed  equally be tween  t he C­
and N- terminal fragments  in  lac toferrin while i n  tr�ns f�rrin 
were both  bound to the C- terminal fragment . R e c en t  studies 
sugges t  that the c arbohydrate uni t s  may function in the 
speci fic int erac ti on of  the protein  wi th c ellular receptors 
( 24 )  but the evidence on this question is still  con flic ting 
( 25 ) . While  i t  was originally felt  that the proteins were 
composed of two identical subuni t s  i t  is now hel d  t hat the 
present protein resul t ed from the doubling in si ze of a 
s t ru c tural gene for a smaller pre cursor , l eading to some 
int ernal homology . While some evidence for this  i s  
con flic ting ( 26 ) , recent  in formation from partial s equencing 
o f  human serum trans ferrin has shown that for two sequences 
separated by at l east 22 residues , 23 out of  53 were 
identi cal , an extent  of homology of 40% ( 27 ) . 

IRON BINDING 

The three pro teins , trans ferrin , ovotransferrin and 
l ac to ferrin , all combj_ne with  i ron to produc e  a salmon pink 
coloured complex . The reac t ion has been shown to be 
s toichiome tric ; two ions are bound per protein  molecule 
( 3 , 28 ) . The i ron in  the complex has been  shown to  be in  the  
high spi n  ferric state  (28 , 29 , 30 ) . However , t rans ferrin in  
solu tion at neutral pH has been found to reac t more readily 
with  Fe2+ than Fe3+ ( 31) possibly bec ause Fe3+ is  rapidly 
hydrolysed to the insoluble ferri c  hydroxide , whe reas Fe2+ 

i s  only slowly hydrolysed , but c an be oxidised to  Fe3+ and 
t hen bound by t rans ferrin . 

The pink coloured complex has an absorption maximum at  
460-465nm and changes in  optical densi ty  are used  to 
measure the  reac tion with iron . Colour formation ( and 
i ron-binding) is  pH dependent; for lac toferrin t he i ron 
does not s tart to dissoci ate till  the pH i s  below 4.0 ( 32 )  
while trans ferrin s tarts t o  dissociate below pH 6 . 5 and i s  
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c ompl ete at pH 4 . 5  ( 3 , 28 ) . 

Blnding  o f  each  i ron  atom by t ransferrin or  o vo trans­
ferrin resul ts  in  the displacement o f  t hree hydrogen i ons 
from the pro teins  and the simul taneous binding of one 
bicarbonate ion ( 14 , 33 ) . The reaction may be writ ten: 

k 
HGT f  + Fe3+ + HC03 � ( Fe-H3T f-HC03 ) - + 3H+ 

k 
( Fe-H3Tf-HC03 ) �  + Fe3+ + HC03 2 ( Fe2-Tf- ( HC03 ) 2 )

2- + 3H+ 

As a consequence the net posi tive char�e o f  the pro tein 
should de crease one c harge for eac h  i ron ( I II ) i on  bound ; this 
has been c o n firmed by the measured electrophoreti c  mobi l i ty 
o f  the pro teins in  t he presence and absence o f  i ron  ( 30 , 33 ) . 

The binding of iron causes  a c onformational c hange i n  the 
pro teins . Trans ferrin and ovotrans ferrin are more s t able 
than their apopro tcins to heat , u rea , o rgani c solven t s , 
disulphide breru�ing reagen ts , iodination and to pro t eolytic  
enzymes . I t  also leads to a change i n  antigenic reac t -
i vi ty by making certain antigeni c  si t e s  on  the pro tein  i n ­
ac cessible ( 26) . Trans ferrin , from sedimen tation experiments , 
is thought t o  be shaped like a prolat e e llipsoid wi th an 
axial ratio o f  1 :3 (34). The l o ss o f  i ron  makes the  protein 
more spheric al wi th an axial ratio of 1 : 2 . I t  was also 
evident that the e f fec tive hydrodynamic volume of transferrin 
i s  lower than apo trans ferrin . Removal of the carbohydrate 
residues by treatmen t  o f  trans ferrin with  neuraminidase 
seemed t o  produce no  extensive c on formational c hanges .  The 
same type o f  con formational c hanges have been observed wit h  
lacto ferrin ( 1 8 )  and o vo trans ferrin ( 35 ) . From spec t ro­
photomat ric ti trations o f  tyrosine residues i t  seems that 
t here may be a marked di f ference i n  the overall 3-dimensional 
s truc tures o f  l ac t o ferrin and t rans ferrin (36 ) .  The bindin g  
o f  iron seems t o  i n fluenc e the acce ssibility of tyrosyl 
residues  o n  the outside o f  the pro t ei n  to a greater exte n t  
i n  lacto ferrin than t ransferrin. Thi s  c ould suggest  that 
the greater stability of i ron-lac t o ferrin c omplexes o ver 
t rans ferri n  is brought about by the ability o f  lac t oferrin 
to adopt a configuration  favouring the s tability  o f  i t s  
i ron c omplex . Transferrin no t bein g  able to  change i ts 
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shape to the same extent would be a less e f fici ent  binder o f  

iron. 

THE IRON-BINDING SITES 

The 280nm peak observed in the u v  spectra o f  the 

proteins and its change u pon iron-binding is s trongly indic­

ative o f  the involvement o f  tyrosine residu es in the binding, 

jus t  as the peak at 46 5nm in the vis ible region is charact er­

is t ic o f  a phenol-to-iron change trans fer transition . 

Availabl e evidence from spectrophotometric t i tra tions, u l tra­

viol e t  di f ference spectra and nitration o f  tyrosines for 

l acto ferrin, trans f errin and ovotrans ferrin (7,33,36,37,38) 

suggest  that three tyrosines are involved in t h e  binding o f  

e ach ferric ion,· while chemical modification o f  ovotrans­

ferrin by iodination (39) and model compl e x  s tudies point 

to only two (40). Binding o f  each iron ( III ) ion to trans­

f errin and ovotrans ferrin has b e e n  found to prot ect two 

histidines from e thoxy formyl ation and keep the prot ein 

comple tely active (41 ). Protein N.M.R. relaxation s tudies 

of trans ferrin have indicated the pre s ence of t wo wat er 

mol ecules in the bindin g  sit e, one 2A0 and the other 5A0 

from the met al ( 42 ) .  It has been sugge s t ed that try ptophan 

may al so be bou nd to the metal or in close proximity to i t, 

as indicated by the fact that in ovotransferrin two 

t ryptophan re s i du e s  per protein are prot ecte d from oxida t ive 

modi fication when iron is bound (39). However fluorescent 

s t udi es  on transferrin, while not ruling ou t the direct 

involvemen t o f  tryp tophan, do sugge s t  that  the s pectroscopic 

change s can be e xplained withou t the nece ssity of  involving 

such direct int eraction (43). 

The precise involvement o f  bicarbonate, e ssential for 

the binding o f  iron (44), is s t ill uncert ain. It  appears 

that in trans ferrin there is one ess e n tial arginine residue 

for each iron-binding cen tre which may serve as a binding 

position for the bicarbonate (1�5). Bicarbonat e  can be 

replaced ( in an inert atmosphere ) by other anions such as 

nitrilotriace t a t e  and oxal ate, all having op tical spectra 

similar to the bicarbonate complex (46,47) but inorganic 

anions and ci trate arc totally ine f fect ive as bicarbona t e  
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substitutes (48) . However bic arbo nate i s  bound m ore strongly 

than other anio ns and c an displac e them from the c o mplexe s .  

Avail able eviden c e  sugge sts that the anion_p l ay s a k e y  

role in the rel e ase o f  iron from trans ferrin t o  immature 

red blo o d  c e lls . Replacing c arbonate by oxalate r e du ces the 

rate at whi ch trans ferrin donates iron to thes e cell s  by 

some 6 5% ,  implying that oxalate is l e s s  s u s c e ptible to 

attack than c arbo nate (49,50,51). It h as been proposed  that 

trans ferri n  binds to the reccptor site o n  the membrane s ur­

fac e foll owed by c leavage o f  the bo n d  on the metal-prot ein­

anion tern ary c omplex . Presumably the anion i s  released 

first, followed by the metal . 

13 From C-N . M . R. studies the metal appears to be  with-
in 9A0or les s o f  th e ani o n  (52) and bec au se the n ature o f  

the ani o n  greatly a f fects th� e . s . r .  s pec trum o f  the Fe 3+_ 

trans ferrin-ani on complex (49) it is f elt to be  binding to 

both the metal and the protein, the so c alled interlo cking 

site . Further supp ort for this comes from studies i nvolving 

binding o f  synergistic ani ons to the m etal (48,53) . However 

the invo lvement o f  o th er metal ions su c h  as cu2+, cr3+, 

Co3+ an d Mn3+ with trans ferrin (54) favour the hypothesis 

that bic arbo nate is bound in proximity, but not directly 

c o o rdinated, to the metal . Thi s  i s  bec ause s o  many m etal 

i o ns, with their di ffering chemical and physi cal pro perties, 

are each capable o f  indu cing bicarbonate binding . F�rther­

more Resonan ce Ram an studies have provided e viden ce that 

HC03 is not dire ctly boun d  to iro n ( III) and has l e ad to th e 

sugge stio n  that its primary ro l e  is to induc e  a c on for­

mational c hange to bring the bi nding groups into proximity 

( 40). One pro posed arrangement o f  dono r  atoms aro und the 

ferri c io n is give n in Figure 1 where Fe3+ is shown bin d ing 

to two tyro syl grou ps, two imidazo de groups and o n e  water 

mo l e c ule . Other proposed arrangements woul d  involve re­

plac i ng the water molecule by a third tyro syl grou p  o r  the 

bi c arbo nate interac ting l e s s  directly . 

When copp er i s  bound to trans ferrin and l acto ferrin 

the number o f  tyro syl re sidues involved  is 1 . 3 per site ( 5 5 ) 

and from stu di e s  o f  the Cu-trans ferri n e.s . r .  spectrum at 

pH 7.6 o n e  nitrogen appears to be involved ( 56 ) .  At p H  9 . 2, 
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( 7 ) 



( 8 ) 

w hen only one co pper is bound, a c omplex giving rise to an 

e . s . r. spectrum strongly indicative o f  3 or 4 nitrogens 

b ound to c opper s tarts to appear . Thi s has led to the 

sugges tio n that there are as many as seven ligands avail­

able for the binding of  the metal ions in  the spe c i fic 

sites. 

INTERACTION BETWEEN THE S ITES 

With two iron binding s ites in the pro tein i t  is 

possible tha t  they may be c lo se eno ugh to interac t leading 

to cooperative binding o f  the iron, as i s  the case o f  o xygen 

binding to haemoglobin. I f  k2>k 1 then we wou l d  expect to  

find two s pecies present in s olution ; apo protein and Fe2-

pro tein . But if k 1 = k2 th en all three species should 

exi st . The simultaneous existence of all three spec ies in 

trans ferrin has been demonstrated by mo ving boundary ( 30, 

58) and starch gel electrophoresis ( 59,60) and by i so­

electric fo c ussing ( 61 ,62) , tho ugh slight di f ferences between 

k1 and k2 have been demo ns trated ( 52 ) . Furthermore e.s . r. 

spec tra at liqui d  nitrogen temperature o f  Cu2+ and Fe3+ 

lacto ferrin and trans ferrin give narrower lin e s  than a t  

room temperature meaning that the line wid th i s  go verned by 

spin-latti ce relaxati.ons and n o t  spin-spin interac tions, so 

the iron atoms must be more than 10A0 apart ( 63 ) . The we l l  

resolve d zero field  Mdss bauor spec trum o f  Fe2-trans ferrin 

indicate long relaxation times and has led to the pro po sal 

that the separation is 20K or more ( 64 ) . Stu dies invo l ving 

the use o f  trivalent lanthanides as flu ores c ent pro bes has 

demons trated the lack o f  fluorescen t  trans fer between Fe3+ 

and Tb3+ when both were bound to trans ferrin sugges ting that 

the separation may be as high as 43A
0 ( 6 5 ) . 

HETEROGENEI TY OF THE SITES 

While no heterogenei ty between the sites has yet been 

demonstrated for lacto ferrin there is strong evidence for 

this in o votrans ferrin even tho ugh no fun c tional di f ference 

i s  apparent ; both sites appear to be equal i n  their ability 

to donate i ron to c hick blood cells (66 ) .  The e.s . r .  

spec trum o f  o vo trans ferrin has a broad peak at g = 4.98 down 
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field o f  the g = 4.3 signal . This is strong when mono ferric 

ovotrans ferrin has the second site oc c u pied by gallium , but 

is mu ch less prominent when the re v ers e applie s ( 67 , 68 ) .  

Ever sinc e Fl etcher and Hu ehns propos ed that trans­

ferrin is more than just a pas sive iron c arrier and plays a 

key rol e in iron absorption and distribution in the body 

( 6 9 )  there have been attempts to demonstrate a heterogeneity 

betwe en the sites. Studies have shown that trans ferrin will 

bind two ions o f  terbium ( III ) , europiu m ( III ) ,  erbium ( III) 

and holmium ( III ) but only one ion o f  neodymium ( III ) and 

praseodymium ( Ill) _( 65) and sinc e the size o f  the s e  ions in 

desc ending order is Pr3+ Nd3+ Eu3+ Tb3+ Ho3+ and Er3+ , , ' ' , 
it be comes  e vident that there is a di f f erence in ac c e s s­

ibility o f  the two site s .  The e . s.r . spectrum o f  V02+ and 

cr3+_trans ferrin c omplexes showed splittings indic ative o f  

more than one environment contributing to the spe ctrum ; only 

one site was o c cupied by vo
2
+ or cr3+ at pH 6 . 0  ( 54 , 70 , 71 ,  

72 ) .  

LACTOFERRI N 

As has be com e  e vident from this discussion most studie s 

on the metal ·bj.nding properties o f  the s e  proteins have been 

c ondu cted on trons f errin and ovotrans ferrin , partly 

be c ause  the s e  proteins are more easily obtainabl e  than 

human lacto ferrin and partly becaus e the phy siologic al 

importanc e o f  the l atter has only more recently b e e n  

recognis ed . To date studies have indic ated that although 

the proteins are all c l early di f ferent, their ligating 

groups in the binding sites are essentially similar and y et 

lactoferrin is abl e to retain its iron more tightly than 

the others . A solution to this apparent paradox is not 

immediately e vident from the limited studies c ondu cted on 

l acto ferrin . Furthermore there is still some unc e rtainty 

about the number and nature o f  the l igating group s  in the 

sites o f  the s e  proteins . Henc e an inve stigation w as 

c ondu cted on the metal binding properties o f  l acto ferrin and 

small molecular weight phenolate compl exes of iron and 

c opper. / 
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( 10 ) 

LACTOFERRIN 

Very few s tudies have been made on human l acto ferrin 

s ince i t s  di scovery in 1 9 5 1 . Only recent l y  has research on 

human milk revealed the impor t ant part played by l acto ferrin 

i n  regulat ing the level o f  microbial populations in t he in­

fant intes tine by l imiting t he amount o f  iron available. 

Like the related proteins, trans ferrin and ovotrans ferrin, 

lacto ferrin i s  known to strongly bind t wo iron(III) ions, i n  

s i t es which appear t o  be essen t i al ly similar . However , t here 

is s till some uncertainty as to whet her t wo or t hree t yrosyl 

groups are involved when iron( III) is bound and whet her bi­

carbonate is direc t ly bound to the metal. When copper(II) 

i s  bound some studies indicate t hat only one ni trogen is 

involved while ot hers sugges t that in one site one nitrogen 

is bound and three or four in the ot her . Lacto ferrin bind s 

i ron much more tigh tly than trans ferrin and ovotrans ferrin 

and over a much wider pH range t han trans ferrin. Yet t here 

i s  no apparent explanation for this fact excep t for t he 

sugges tion that lacto ferrin may undergo a greater _con form­

a tional change on metal binding thus favouring the s t ability 

o f  metal-lacto ferrin complexes . 

To obt ain more in formation abou t t he binding sites o f  

lactoferrin the metal ions o f  the firs t transition series 

including iron(III), copper(II), cobal t( III), chromium( III) 

and manganese(III) , were reacted wit h  the apoprotein. Pre­

liminary inves tigations were conducted into determining t he 

optimum condit ions under which these metal ions bound to the 

speci fic sites. The resu l ting met al l acto ferrin complexes 

were s t u died by the techniques of fluorescence, electronic, 

e.s.r. and Resonance Raman s pectroscopy . 

1 . 2 EXPERIHENT AL 

1 . 2. 1 PREPAl�A'riON OF GLAS SWARE AND DIALYSIS TUBING 

Al l glassware was treated wi t h  Triton X 1 00 and A. R .  

concentrated nitric acid and then t horoughly rinsed with 

distilled deionised water to minimise met al ion cont amin-
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ation . 

To remove heavy met al con t amina t es dialysis tubing was 

allowed to simmer for on e hour in two c hanges o f  50% e thanol, 

t h en washed with t wo c hanges o f  1 0mM NaHC03/1mM EDTA , t h e n  

two c hange s  of distilled deionised wat er and s t ored in wat e r  

at 4°C prior to use . 

1 . 2 . 2  PREPARATION OF BUFFERS 

( a) Phosphate Bu f fer , O.OlM , pH 7 . 6  
This bu f f er was prepared by m1x1ng O . O lM Na2HPo4.2H2o 

and 0 . 0 1 H  NaH2POL� . 2H20 in the ratio 87 : 13 .  

( b) Tris-HCl Bu f fer, 0.05!-1, pH 7 . 4 1 ( 4°C) 

This bu f fer was prepared by dissolving 6. 057g o f  tris 

( hydroxyrnethyl )-aminom e t hane in one litre o f  dis tilled de­

ionised wat er and titrating to pH  7. 1 at  25°C with A. R. 
concen trated hydrochloric acid. 

1 . 2 . 3  ISOLATION OF LACTOFERRIN 

Th e method is a modi fied version of the one re port ed by 

Qu erinje an e t . al .  ( 1 8) .  To 1 00-200cm 3 o f  fresh human colost ­

rum at 4°C was added 1 - 2 drops o f  p-m ercaptoet hanol and 

t h en su f ficient  ammonium sulphate until the con c e ntration was 

2M. The pH was adjus t ed to 7.0 . The solu tion was centri­

fuged twice at 1 20 00 r.p . m .  at  4°C for 20 minu tes , to remove 

t h e  fat and the casein. The supernatan t  was dialysed agains t  

one change o f  deionised wat er ( containing tw� drops o f  

p-merc aptoet hanol per 5 litres) for four hours and two 

c hange s  o f  phosphat e  bu ffer ( with f3 -mercaptoet hanol) over­

night . The su pernatant  was loaded onto a previou sly pre pared 

and packed column o f  CM-Sephade x  C-50 and the colum n  wash ed 

with bu f fer until t h e  elu en t  is clear. The colum n  was 
Ol'\d 

wash ed with a 0-0.5M salt gradien t� t h e  elu tion c urve s howed 

t wo p e aks ( Figure 1 • 1 )  • 'T.h e s e cond proved to con t ain 

lac to ferrin while t h e  fir�t ( generally re f erred to as pre­

lac to ferrin) , from S DS gel electrophoresis ( Figure 1 .2 ( a)), 

proved to contain a mixture  o f  prot ein s which included some 

lacto ferrin . The frac tions from t h e  s e c ond p eak were 

con c entrat ed in a Chemlab Ultrafiltration c ell fit t ed wit h  
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an Amicon Dia flo XM50 membrane. In some preparations the 

fract ions were analysed for their  zinc content b e fore con­

cent ration. 

The CM-S ephadex C-50 gel was regenerated by washi ng, 

first wi th one change of 0 . 1 M  NaOH, then quickly by se v eral 

changes o f  disti lled deion ised wat er . This was followed by 

succe ssive changes o f  0 .  H1, 0. 05H and O. OH'I, pH 7. 6 phos­

phat e bu f fer to constant pH and conducti vi ty at each stage. 

The yield of apolactoferrin averaged 1 -2mg p er cm3 o f  

colostrum and the  percentage iron saturation, est i mated 

from the  absorbances at  280nm and 46 5nm ( Tabl e  1 . 6 ) , was 

around 1 5%, though on a number o f  occasions was as low as 

6% ( where lOO% saturation is equi val ent to t wo iron ( III )  

ions binding ) .  Apolacto ferrin, as isolat ed, was used since 

me t al ion up take and e . s . r .  experime n ts ( see sect ion 1 . 3. 2  

and section 1 . 3.5 ) indicated that dialysis against O. lM 

ci tric aci d, pH 2. 0 ,  adversely a f f ect ed t he prote in. 

1 . 2 . 4  GEL ELECrROPHORESIS 
( a )  SDS G e l  Elec trophoresis 

SDS gel electrophoresis was per form ed on t h e  denatured 

prot e i n  using a ge l containing 7% acrylamide, 0.24% bis­

acrylamide , 0 . 1% t e trame thylethylenediamine i n  gel bu f fer, 

polymerised by ammonium persulphat e. The prot e i n  sample 

containi ng 10% of  a solution of 6M ure a/ 1 %  SDS/ 1 %  p-m ercap­

toe thanol/O,lM Tris-glycine, was denatured by heating to 

1 00°C for two minu t es a fter whi c h  lOpl of the  boundary 

marker, 0 . 05% Bromophenol Blue , was adde d .  A f t er pre­

el ectrophoresing the gels in t h e  gel bu f fer, O. lM Tri s­

glycine/0 . 1 %  SDS ( pH 8 . 3 ) ,  for 30 - 40 minutes the upper 

reservoir bu f fer is changed, tho protein samples loaded and 

the ge ls run for two to t hre e hours using a curre n t  o f  4mA 

per gel. The gels were stained by Coomassi e Bri l liant Blue 

R250 and e xcess stain removed by washi ng wi th 7% ace t ic 

acid/7% me thanol. 

·rhe purity o f  the preparat ions was est imat ed by running 

gels containing 5 , 20, 50 and lOOfg o f  prot e i n  ( Figure 1 . 2b )  

and measuring the intensi ty o f  the protein bands at 600nm on 



(a) (b) 

---- -----

Fisure 1.2 (a) SDS polyacrylamide gel electrophoresis of the two bands 
eluted from a CM-sephadex C-50 column; left, lactoferrin, right 

prelactoferrin (the band preceeding lactoferrin). 

(b) SDS polyacrylamide gel electrophoresis of lactoferrin; left 

to right, eels containing 1 00, 50, 20 and 5 f g of lactoferrin. 
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Figure 1.3 Pol)"acrylaaide gel electrophoresis or lacto!errin at pH 2,9; 

left to right, gels containing 10, 50 and 100 fg ot lactoterrin. 
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a Beckman Acta I I I fit t e d  with a ge l scanning acces sory. 

Comparison of t h e  in t ensity of t h e  ban ds due to impuritie s 

with the  ban d  con t aining 5�g of lactof errin enabl e d  e s timat e s  

o f  the amount of impurity t o  be made . From t his i t  was shown 

t hat l actoferrin in all prepara tions was 99% pure. 

( b) Gel Electrophoresis at pH 2 . 9  

Pol y acrylamid e gel electrophore sis was succes sfully 

performe d  on the und enatured prot ein to det ermine wh e t her 

prot eins of simil ar molecular w eight to lactof errin ( i . e .  

transferrin) were pre sent.  A gel con t aining 12% acrylamid e ,  

0. 32% bi s - acrylruai d e  in Tri s - Citric acid buff er ( pH 2 . 9 ) and 

polymeris e d  by Feso4 was u sed . The ge l s  were run in a sol u tion 

o f  0 . 37M glycine , ad j u s t e d  to pH 4 . 0  with citric acid , a t  a 

curren t of 4mA p e r  ge l ,  the boundary m arker being 0. 1 % Fu schin 

Basic . Th e gels were stain e d  with Coomassie Bril lian t Blu e  

R250 and e xcess st ain removed b y  washing wi th 7% ace tic acid/ 

7% me thanol . From this technique l actoferrin was found to be 

99% pure ( Figu re  1 .3 ) . No other prot eins of simil ar 

mol ecular w eight were observed to be present in significan t 

amoun ts in the pre parations . 

1 .  2 .  5 PREPARATI ON OF HETAL-LACTOFERRIN COf.l PLEXES 

The m angane s e ( I I I )  and cobal t ( I I I ) comple xes  o f  l ac t o ­

f errin (Mn 2Lf and Co2Lf , wh ere Lf = lactoferrin ) were pre pared 

by a modification of the p rocedure de scribed for transferrin 

( 54) . A fi ve-foJ. d  excess  of t h e  appropriat e m etal ( I I )  ion 

citrat e  com plex was add ed to a 2 x 1 0- 1+H solution o f  apol acto­

ferrin i n  0 . 05M T r i s  bu f fe r ,  pH 7 . 4 .  Af t er t h e  addition o f  

e xce ss N aH CO� the solu tion s were allowe d  to s t and a t  4°C for one 
:; 

week . I ncrem ents o f  5j! 1 1 . 0% H2o2 were add ed to t h e  prot ein 

solu tion during this period until the int en sities of t h e  

visible absorption band s m aximi sed . Uncombine d  m e t al ions 

were remove d by S e phadex G-25 fil tration followed by c hroma­
tography on Chele x 1 00 .  The solu tions were concentrated  to 

abou t 1 x 1 0-4H by u l tra-fil tration . When pre paring Cr2Lf 

t h e  ini t i al pH had to be be low 7. 0 to avoid precipita tion of 

Cr ( OH ) 3 . The m e t al was adde d  as Crc13 and af t e r  binding to 

l actofe rrin had been obs e rv e d  to occur ( u sually aft er one 

week ) t h e  pH was increased to 7 . 6. cr2Lf was best pre pared 



by adding no more t han two moles o f  Crcr3 per mole  o f  

lac to ferrin . 

1 . 2 . 6  METAL . ION U PTAKE EXPER IHENTS 

( 1 7  ) 

The kinet i c s  o f  the reac t i on o f  t h e  me tal c hela t e  wit h 

lac t o ferrin was follo wed by the  absorbanc e change at 465nm . 

Measurem ents were c ondu c t ed on a Shimadzu HPS 5000 sp e c tro ­

pho tome t er ,  so lu tions v1ere th ermostated and maint ained at 

25°C wi t h  a circ ulating water bat h. The me tal c h e l a t es were 

prepnred by disso l ving Fe ( N03 ) 3. 9H20 or Cuc12. 2H20 in 

so lutions c ontaining equimo lar amo unts o f  c i trat e, e thylene­

diamine t e traac e tat e ( EDTA)  or ni trilo triac e ta t e  ( NTA ) . 

Soluti ons were al l freshly prepared be fore use. S tudies 

were c o ndu c t ed in bo th phosphat e  bu f fer 0. 0 1 M ,  pH 7 . 6 that 

was 0. 33M in NaCl and Tris bu f fer 0 . 05M , pH 7. 4 t hat was 

0. 5M in NaC l .  Runs were made in  duplicate  and in all c ases 

t wo molar equi val ents o f  the appro priat e me tal ion were 

added t o  the pro t e in . 

1 . 2 . 7 FLUORES CENCE SPECTROSCOPY 

Measur�ments were made on a Turner Mode l 430 spe c tra­

fluorime t er using bu f fer t o  se t zero fluoresc enc e and apo ­

lac t o f e rrin t o  s e t  lOO% fluoresc enc e. The metal c h e lat es 

were pre pared as 0 . 0 1 M  so lutions, then di luted to 1 0 - �M ,  

be fore adding t o  a � 1 0-6M so lu tion o f  apolac t o f errin ;  

iron ( II I ) and l e ad ( I l )  as NTA c ompl exes, manganese ( II )  and 

c obal t ( II )  as citrat e  complexes and copper ( II ) , nickel ( II ) ,  

zinc ( II )  and merc ury ( II )  as t heir chloride sal t s. Solutions 

c ontaining 1 ,  2 ,  3 and 4 moles o f  metal ion per pro t ein were 

pre par e d  in duplicat e and allowed t o  stand overnight be fore 

measurem ents were made. Solut ions were normally kept for 

no mo re t han two days as an increase in  the relat ive fluor­

escence a f t er this provided e videnc e for a st eady p ro t ein 

degradat i on ( Tabl e  1 . 4) . 

1 . 2 .  8 ELECTHONI C AN D  AT OHI C ABSORBANCE SPECrrROSCOPY 

El e c tronic absorp t ion spe c tra were re c orded on  a S him­

adzu MPS 5000 spe c tropho tome t er and m e tal ion c onc entrations 

were measu red on  a Varian Te chtron AA5 atomic absorbanc e 
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s pectrophotom e t er. Prot ein concentrations were d e t ermine d 

from t he absorbance s  at 280nm (Table 1 . 6 ) .  

1 . 2.9 ELECTRON SPIN RES ONANCE SPECTROSCOPY 

Lacto ferrin was concentrated to around 4 x 1 0-�1 by 

u l tra fil tration . Fe 2L f  and Cr2L f  were prepared by adding 

iron(III ) and chromium ( III)  as NTA comp lexes . Isotopic ally 

pure 65c u  was obtained as its oxid e from Oak Ridge National 

Laboratory and diss olved in 1 M  H Cl be fore use . Bic arbonat e­

fre e 65c u-L f was prepared by a modi fic ation o f  t h e  me t hod o f  

Ais en et . al . ( 46 ) . Apol acto ferrin in 0.0 1 M  phos phate bu f fer 

is care fu lly titra ted to pH 4.0 wit h 1 M  phosphoric acid and 

to t his is added 2 mol ar e quivalents o f  6 5cucl 2 • The 

sol u tion is plac� d at one end o f  a Thunberg t ube joined to 

an e.s . r .  tube by a graded seal and the system is su c cess­

ively evac uat ed and flushed with nitrogen for 1 1  hours . 

Su f ficient Na2HP04. 2H20 ,  ad ded  as a solid , gave on mixing 

a final pH in the range 7 to 8. 

E . S . R . spect ra were recorded at - 1 60°C on a Varian 

E 1 0 4A s pectrom e t e r  with a Varian E-257 Variable Tempera ture 

accessory . Spectr�l g val ues were calibrated wi t h  a 1 , 1 -

diph eny l - 2-picryl-hydrazyl ( DPPH) s tandard. 

1 • 2 .  1 0  RSSONANCE HAHAN SPECTROSCOPY 

Resonance Raman spectra were coll ected on a compu t er­

controlled Jarrell - Ash 25-300 Raman spectrom e ter by 

Pro fessor T .  M .  Loehr on sanpl es o f  Fe2L f ,  cu2L f ,  Co2L f, 

Mn2L f  and Cr2L f  su spend ed in a variable t em perature nitrogen 

flow acces sory m aintaine d  at -40°C .  Light from a Coherent 

Radiation Laboratory CR-04 Argon ion laser was u sed, while 

the de t ec tor employed in t h e s e  s t u dies was an ITT FW- 1 30 

(S-20) photomu l t iplier. 

1 . 2 . 11 ISOELECTRI C FOCUSSING 

on 

Isoelec tric focussinG was condu c t ed i n  a column based 

t he LKB 8 1 00- 1 ( 1 1 0cm3 c apac it y )  electro foc us sing mod e l . 

Initial studie s were per f.ormed in a pH 3- 1 0  ampholy t e  

l a t er in LK B and Bioly te pH 7- 1 0  and 8- 10 ampholy te 

t he n  
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solutions. The ampholy t e s  were sup por t e d  in a sucrose 

d e nsi ty gradi ent w i th e l e c trode solu tions of 1% s u l phuri c 

acid  and 1 0% NaOH . The curren t  was pas s e d  throu gh t h e  

column for p eriods of up t o  5 0  hours at a con s t an t  vol t age 

of 500V . A f t er t hi s  the column was drained  at a rat e  o f  
3

; C\ (\ 0- 3 1cm minu t e " sampl es  o f  2cm were c oll e c t e d .  The pH was 

m e asure d wi th a combi nat ion glass/ c alom el pH e l e c trode and 

the prot e i n  con c e n trat ion d e t ermined  from the absorbanc e  at  

280nm ( Ta ble 1 . 6 ) . 

1 . 3 RESULTS AND DISCUSSION 

1 . 3 . 1 METAL ION BINDING BY LACTOFERRIN 

( a) Zin c  

Zin c  i s  pre s e n t  i n  human milk i n  highe� c on c e n tration s  

than iron . T h e  total con c e n �rat ion o f  zinc i n  m ilk o n  t h e  

firs t day o f  lac t at ion i s  1 0  ± 5yg/g ( o f  milk) d e cli ni ng to 

3 . 1 4  ± 1 . 35yg/g a f t er 1 4  days and 1 . 3 1  ± 0 . 5�g/g a f t er 1 0  

weeks . I n  c on tras t i ron has a con c entrat ion on t h e  firs t 

day o f  l ac t a t i o n  of 1 . 9 ± 5 . 6yg/g whi ch dro ps t h ere a f t er to 

around 0.8J g/g ( 75 ) . 

Frac t ions from several preparat ion s o f  l ac to ferrin 

were an alysed by atomi c absorba n c e for their zin c  c on t ent. 

The resu l t s  from one pre para tion are i llustrat ed in  Figure 

1 . 1 .  In t hi s  pre parat ion the conc e n trat ion of pro t e in was 
� 

fou n d  to be 1 . 2 1 mg/cm J o f  milk whi l e  t h e  con c e n tration o f  

zi nc as soc iated wi th lac toferri n was 0 . 323jJ g/cm3 o f  milk ; a 
zin c/pro t e i n  ratio of 0 . 32 7 .  Similar ratios were observe d  

in o t h e r  preparations ( 76 ) . However th ere i s  a wi d e  var­

i ation i n  the  zinc/pro t e i n  rat io i n  the  frac t ions from the  

col umn ( Fi gu r e  1 . 1 ) ;  i n  frac t ion 40 i t  is 0 . 575 , frac t ion 

50 i t  i s  0 . 1 6 8 , frac t ion 60 i t  is 0 . 1 36 and frac t ion 70 i t  

i s  0 . 353 , good evidenc e for a we ak as sociat ion b e t we en zin c  

and lac to ferri n. Furthermore t h e  zinc/prot e i n  rat io drops 

to rJ Q .  1 when l ac to ferrin i s  con c en trated  by u l tra f i l trat ­

ion ( 76 )  sugg e s t ing that the zi n c  i s  e asily removed. Thu s 

the low zi nc protein  rat io may be a consequ en c e o f  this  

welli� association . 

( b) Mangan e s e ( I II) , C hromium ( I I I) and Cobalt ( III) 

·: . 
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Pre viously human lac t o fe rrin has b e e n  shown t o  f o rm t he 

c omplexe s Fe2L f  and Cu2L f  ( 7 , 77 ) and resul ts from this  s tu dy 

h ave shown  t hat t h e  average number o f  m e t al i o n s  p e r  mol ­

ecule  o f  l ac t o fe rrin , whe n  t h e  m e tal i s  mangan ese o r  c o bal t 

i s  2 . 0  ± 0 . 2 .  However , u n l ike iron ( I I I ) and c opper ( I I ) , 

m angane s e ( I I I ) , c o bal t ( I I I ) and c hromium ( I I I ) do no t bind 

to  l ac t o ferrin in  phosphat e bu f fe r  n e c e ssi t a t i ng t h e  use o f  

the more  we akly c o o rdinating Tris bu f fer . Both  m an g an e s e  

and c o bu l t  appear t o  be  i n  the  t ri val ent sta t e  ( i . e .  high 

spin Mn ( I I I )  and l o w  spin Co ( I I I ) )  as hydrogen p e roxide is 

essential i n  the fo rmation o f  Co 2L f  and whi l e  Mn2L f  will 

form s l o wl y  i n  air addi tion  o f  hydro gen p ero xide ac c e l e r­

ates  t h e  p ro c e ss . The absenc e o f  signal s  in  t he e . s . r . 

spe c t ra o f  bo th c om pl exes pro vi d e s  fu rther suppo r t  f o r  t hi s  

i d e a  a s  l o w  spin c o bal t ( I I I ) i s  d i am agn e t i c  vvhil e h i gh spin 

mangane se ( I I I )  is  e . s . r .  inac t i ve . When the  m e t al i s  

c hromium ( I I I )  s t udies indi c at e d  t hat  excess  c hromium was 

n o t  readily remo v e d  by c hromato graphy on Sephad ex o r  C h e l e x , 

l ike t rans fe rri n ( 54) , t hu s  the  C r2L f  ( L f  = l ac t o ferri n )  

was be s t  prepar e d  by adding t wo m o l e s  o f  chromium ( I I I )  p e r  

mol e o f  l a c t o ferri n .  T h e  abi l i t y  o f  l ac t o f errin t o  re t ai n  

exc e s s  c hromium ( I I I )  ( e . g . r e po r t e d  saturation valu e s  o f  
l ac t o fe rrin as high as 240% in s t e ad o f  the expe c t e d l OO%) 
wh e n  added  as crc13 is v e ry simi l ar to a phenom e no n repo r t ­

e d  fo r t rans fe rrin ( 78 ) . Sephad e x  and Chelex c ol umns n o rm ­

ally f i rmly bi n d  Fec13 , i n  t he pre s e n c e  o f  t rans fe rrin , how­

eve r , m o s t  Fec13 i s  e l u t e d  bound non-speci fi c al l y  t o  t h e  

pro t ei n . 

1 . 3 . 2  I'1ETAL I ON UPTAKE 

Tabl e 1 . 1  and Figure 1 . 4  show t h e  tim e s  requi r e d  t o  

hal f saturat e l ac to ferrin and t rans f errin w i t h  vari ous 

Wi t h  Fe -NTA the  t ,  i ron ( I I I ) and c o ppe r ( I I )  c h e l at e s . 
� 

value s  for al l t h e  pro t eins i n  pho sphat e bu f fe r  o r  Tri s 

bu f fe r  were sho rt ( e . g . t ,  < 1 0 s e c o n d s )  i n di c at in g  a rapid 2 
i ni t i al phas e . For t h e  c i t rat e - t re a t e d  pro t e i n  t h e  r e -

ac t i o n  was c omple t e  i n  l i  minu t e s , whil e  wi th apo l ac t o ­

ferrin i t  was 90 minu t e s . Wi t h  the 1 : 1  c omplex o f  

i ron ( I I I )  with ci t rate  t� ( 2i - 4 m i nu t e s ) for t h e  apo -
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Figure 1 .4 Uptake of (a )  1 : 1 iron-�J TA and ( c )  1 : 1 iron-citrate by citrate-treated apolactoferrin .  
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.
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by apolactoferrin . Al l s o lut ions contained 1 . 6 x 1 0-4 moles of apolc..ctoferrin ( in phosphate 
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-4 moles of metc..l-chelate . 

.......... 
1\) 

....._., 



( 2 2  ) 

Tabl e 1 . 1 Tim es required  t o  hal f s atura t e  Apo lac t o ferrin 

and  Apo t rans fc rrin wi t h  I ro n ( I I I )  and Co pp e r ( I I ) . 

( t �  ) 
2" 

Fe-N TA ( 1  : 1 )c 

Fe - Ci t ra t e  ( 1  : 1 ) 

F e - Ci t rat e ( 1 : 1 0) 

Fe-EDTA ( 1 : 1 ) d 

Cu-Cl 2 
Cu-Ci t rat e ( 1 : 1 )  

C u -EDTA ( 1 :  1 )  

Apolac to -a Ci t rat e-Tre a t e d  a Apo t ran sb 

ferrin Apo l ac to ferrin - f e rrin 

<1 0 s e c o nds 

4 minu t e s  

2 8  mi nu t es  

3 days 

<1 0 s e c onds 

<1 0 sec o nds  

No bi nding 

<1 0 s e c onds 3 s e c o nds  

2� minu t es 8 hours 

""' 4  m i nu t e s  

,.._,4 days 

a .  Apo l ac t o f errin ( i ron- fre e l ac t o f e r ri n ) in phosphate  bu f f e r  

b .  Apo t rans ferri n ( i ron- fre e t rans fe rrin ) i n  Tri s bu f fe r  ( 79 ) 
c .  NTA ; Ni t ril o t ri ac e t a t e  

d . EDTA ; Ethylenediamin e t e t raac e t at e 

l ac t o ferrin pro teins  was l o nger t han wh en i ron was added  as 

a 1 : 1  c ompl ex wi th NT A ,  whi l e  w i t h  1 : 1  i ron - c i t ra t e  add e d  t o  

t rans ferrin in  Tri s bu f f e r  t ,  was as l o ng as eight hours ( 79). ·� 
Slowe s t  bi nding o c c u l.'S  with Fe - EDTA , t, for apolac t o  fe rrin. 

-� 
i n  phospha t e  bu f fe r  being t hree d ays whil e t hat fo r apo -

t ran s fe rrin i n  Tris bu f fer  being four day s . A sim i l ar t re n d  

i s  o b s e r v e d  f o r  c o pper ( I I ) c hel at e s . Copper added  as CuC12 
binds c om p l e t ely within fi ve m i nu t e s , when add e d  as  a 1 : 1 

c om pl ex wi t h  c i t ra t e s aturat i o n  o f  t he pro t e i n  i s  c om pl e t e  

wi t hi n  1 5  minut e s , whi l e  c opper shows n o  i n c l i nat i o n  t o  

bind when added a s  a c omplex o f  EDTA . Thus t h e  u p t ake o f  

iron  in o rd e r  o f  i n c re asing t } i s  t i FeNTA ( t � F e Ci t ra t e  

< t i  FeEDTA " Fu r t h ermore the fas t er u ptake o f  iro n by 

apol ac t o f e rri n m ay be re flec t e d  in  i t s  abi l i ty t o  bi n d  

i r o n ( I I I ) m o re s t rongly t han t rans f e r ri n .  S tu d i e s  o n  

t rans ferrin have demons t rat ed t hat Fe-Ci t rate  exi s t s  as a 

high mol e c ular weight polymer i n  s o lu tion and that  i t  i s  t h e  

rat e at whi ch t hi s  polym e r  br eaks up i n t o  a monom e r  whi c h  

d e t ermin e s  t he rat e o f  uptake o f  i r o n ( I I I )  by apo l ac t o ferrin  
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( 79). Up take o f  Fe-NTA by apolac t o ferrin is quicker 

because in solution it occurs as a monomer only. EDTA , 

which is a hexadentate chelating agent, is able t o  com­

pletely surround t he ferric ion su ch t hat it is well shield­

ed from nu cleo philic at tack . The par tial unwrapping o f  t he 

chelate expo ses t he iron, making it mu ch more labile and 

t his determines t he rate o f  u p t ake o f  iron (III) by apolact­

o ferrin. From these experiment s  t hen t he rate at w hich t he 

EDTA chelate unwraps t o  expose t he iro n is much s l o wer 

t han t h e  rate of breakdown o f  t he Fe-Citrate polymer. 

When t he citrate t o  iron ( III) ratio is increased from 

1 : 1  to  1 0 : 1 ,  t1 for apolacto ferrin ( in pho sphate bu f fer) 

increas e s  from four t o  28 minu tes, t he revers e o f  t hat 

observed wit h apo trans ferrin when t ,  drops from eigh t hours 
7 

to  four minu tes ( 79) . Con siderable amo unts  o f  citrate are 

kno wn t o  o ccur in human milk ( 80) ; f our day s a fter partu ­

rition i t  has been observed t o  be a s  high as 0.9mg/cm3 , a 

citrate t o  lacto ferrin ratio o f  1 7L� : 1  ( assuming t he lacto­

ferrin concentra t i on to  be 2mg/cm3). In spite o f  i t s  

central role in the me tabolism o f  all cells , t he s igni fi­

cance o f  the presence o f  citrate in milk and its  m o de o f  

secretio n are no t known. Citrate i s  known t o  be very 

closely associat e d  with trans ferrin ( 44)  and is no t readily 

removed by dialysis agains t water. However it is e f fect ­

ively removed by dialy sis agains t  0.1 M  NaClo4 or pas sage 

down a Sephadex G - 25 column. It s eems likely t hat wit h  

such high ci trate : lacto ferrin ratio s exis ting in milk that 

s ome citrate mus t  s til l be clo sel y  as sociated wit h  lacto­

ferrin a fter isolation . This is su pported by the fact t ha t  

dialysi s o f  apolacto ferrin against 0. 1 M  NaClo4 cau ses pre­

cipitat io n o f  t he pro tein which is only reversed by dial­

y sis agains t citric acid , indicating t hat citrate play? an 

important role in s tabilising lac t o ferrin in solu tion. I t  

also appears t ha t  t here i s  an indeterminate amount o f  

citrate clo sely associated with apo lacto ferrin Which s hould 

be taken in to  consideration when dealing wit h  up t ake o f  

Fe-Citrate complexes by t he apo pro tein . 

In tris bu f fer t ,  for iro n ( III) uptake from Fe-Citrate 
2 

by apolac t o ferrin is now 1 2  minute s, t he di f ferent bu f fer 
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h aving a pronoun c e d e f fec t on t ,  ( Fi gu r e  1 . 5 ) . I n  t h e  � 

( 25 ) 

p r e s e nc e o f  t wo molar equival e n t s  o f  z i n c ( I I )  o r  m e r c u ry ( I I ) 

t ,  i s  abo u t  five minu t e s , pro viding e v i d e n c e  t hat t he s e  i o n s  � . 
are weru�ly bound and su gge s ti n g  t ha t  t h e  dec reas e d  t ,  m ay b e  � 
d u e  t o  a fas t e r  breakdown o f  t h e  1 : 1 F e - C i trat e polymer i n  

solution o r  a more favoured c o n form a t i o n  o f  the  pro t e i n  for  

i ro n ( I I I )  bindin g .  I n  c ontras t two  chromium ( I I I )  i ons 

bound to t he pro tein s t ro ngly i nhibi t t h e  uptru�e o f  Fe ­

C i trate ( 76 ) .  A ft e r  four days t h e  saturation o f  t h e  pro t e in 

by iron ( I I I )  i s  no more than 44% ,  good evide n c e  f o r  t h e  

s p e c i fic bi n d i n g  o f  c h romium ( I I I ) . 

1 . 3 . 3  FLUORESCENCE SPECTROS COPY STU DIES 

The abs o rp tion o f  light i s  fo l lowed by i t s  emission  at 

a longer wav e l e ngt h - t his  emi s s i o n  i s  fluores c e n c e .  

Fl uoresc e n c e i s  quanti fi ed by d e t e rmining t h e  Qu an tum 

y i e l d , Q ;  
pho t o n s  emi t t e d  

Q = 

p h o t o n s  abso rbed 

I n t e rac t i o n  with  m o l e c ul e s in  t he e nvi ronm e n t  c an r e d u c e  

t h e  quan t um y i e l d  t hrough extern�l conversi o n  ( i . e .  pro ­

c e s s e s  t h a t c a n  cau s e  t he m o l e c u l e s  t o  drop t o  t h e  g round 

s t a t e  wi t ho u t  light emissio n )  h e n c e this pro c ess  is known 

as quen c hi n g . The r e  are only t hre e i n t rinsi c fluors in  a 

p ro t ein t rypto phan , t yro si n e  and pheny l alani n e , l i s t e d  i n  

o rd e r  o f  d e c re asing Q .  I n  prac t i c e  o n l y  t ryp t o phan c an be  

d e t e c t e d ; phenylalani n e  has  a v e ry low Q and tyrosine 

fluoresc e n c e  i s  weak due t o  qu e n c hing , usually wh e n  it  is  

i o nised  o r  n e ar an amino or c arboxyl group o r  t ry p t ophan . 

Fo r apo lac to f e rrin i n  phosphate bu f fer  t h e  wav e l e n g t h  

o f  maximum e x c i t a t i o n  is  292nrn and  maximum emi s s i o n  is  

348nm , whe r e as in Tris bu f fe r  t he corre spo nding valu e s  are  

290nm and  334nm . Comparative valu e s  for  apo tran s f e rrin i n  

Hepes bu f fe r  are 280nm and 328nm ( 43 ) . Si n c e  t ry p t o phan 

fluo resc e n c e maxima c an be expe c t ed t o  vary from 370 - 3 1 5nm 

as the  s o l v e n t  polari ty is  d e c reased  t hen i t  would app e ar 

t hat t h e  importan t  t ryp tophan r e s i du e s  are i n  v e ry non  

po l ar e n v i ro nmen ts . 
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Table 1 . 2 

Met al Ion 

Fe ( I I I )  
Cu ( II )  
Cr ( I I I )  
Cr ( I I I ) a 

Hn ( I I )  
Mn ( I I I ) a 

Co ( I I )  
Co ( I I I ) a 

Ni ( I I )  
Zn ( I I )  
C d ( I I )  
Hg ( I I )  
Pb ( I I ) 

Fluores cence  Quenching o f  Apolac t o ferrin by 
Divalent  and Trivalent Me tal Ions ( i n  Tris 
Bu f fer )  

% Fluoresc enc e a s  a Func tion o f  Metal : 
Pro t ej_n Ratio  

1 : 1 

46 . 8 

70 . 5  

78 . 5  

79 . 5 

80 . 0  

83 . 0 

8 1 . 5  

79 . 5  

83 . 5  

77 . 5 

2 : 1 .  

22 . 3 

58 . 5  

74 . 0  
62 . 5 

77 . 5 

35 . 5  

77 . 3 

47 . 0 

8 1 . 0  

82 . 0  

77 . 0  

80 . 5  

73 . 5 

_2: 1 
22 . 8  

5 9 . 5 

73 . 3  

77 . 5  

77 . 5  

8 1 . 0  

80 . 8  

75 . 5  

76 . 5  

75 . 5  

a .  These measuremen t s  were made o ne week a f t er the 
addi tion o f  the me tal ion . 

�-
22 . 5  

5 9 . 5 

72 . 0  

76 . 5  

76 . 5  

8 1 . 0  

7 9 . 5 

76 . 0  

78 . 0  

76 . 5  

The addition  o f  i ron ( I I I )  and c opper ( I I )  t o  apo lac t o ­
ferrin causes a qu enc hing o f  the fluoresc enc e which  reac hes 
a m ax imum af ter  t he addi tion  o f  two me tal ions per pro tein  
molecule  ( Tabl e 1 . 2 ) . As for  serum trans ferrin and ovo­
trans ferrin ( 43 ) i t  appears that t ryptophan residue s are 
no t dire c t ly bound  to t he metal ions , but t heir fluores c en c e  
may be  quenched by a long range e nergy trans fer t o  an ab­
sorption band produc ed by the  me tal pro tein in terac tio n . 
Moreover the fluoresc enc e t i tration  curve for i ron ( I I I )  and 
c opper ( I I )  binding is not l inear ( 76 ) and as for serum 
trans ferrin may be analysed assuming a random binding model 
giving a resul t o f  k 1  = 0 . 8k2 ( where k1 and k2 represent  
the  frac tion o f  the  original fluoresc ence quenched by  t he 
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binding to one and t wo sites on  the same molecul e ) . For 
s erum t rans ferrin an a lmost  iden tic al resul t has been 
obt ained , i . e .  k 1 = 0 . 75k2 ( 43 ) , and in bot h  c ases  t he non  
linear dependence of  the fluorescence  o n  m e tal bin ding 

sugges ts  that it  is no t an all o r  none pro cess . 

Fluoresc enc e quenching i s  also exhibi t ed by the tri­

valent ion-lacto ferrin complexes ( Table 1 . 2 ) which  is mos t  
signi fi cant for manganese ( I I I ) and cobal t ( I I I ) , i n  line 
wi th  the s trong spe ci fic si te  in terac tion  o f  these ions . 
Whil e  these  c omplexes are prepared by oxidising man ganese­

( I I )  and c obalt ( I I )  in the presence o f  apolac t o ferrin , 
c obalt ( I I )  shows muc h  more resis tanc e t o  oxidation by H2o2 
t h an manganes e ( I I )  and only appears t o  bind at the speci fic 
sit e s  once  the �etal : prot ein ratio is  greate r  than 2 ( Table 

1 . 3 ) . Furthermore only manganese ( ! ! )  will undergo aerial 

oxidation in the presenc e o f  the pro tein , followed by 

binding to the speci fic  si tes  as indicat e d  by the increase 
in fluorescence  quenching o f  s u c h  solu t ions with time 
( Table  1 . L� ) . 

I n  c ontrast t o  m anganese ( I I I )  and cobal t ( I I I ) the 
di valent me tal ions manganese ( ! ! ) , c obal t ( I I ) , ni ckel ( I I ) , 
zinc ( I I ) , c admium ( I I ) , mercury ( I I )  and le ad ( I I )  with apo­
lacto ferrin in a 1 : 1  mole r a t i o  exhibi t a l esser quenching 
( Table  1 . 2 ) . Increasing the m e tal : protein ratio do es  no t  
al ter  the  quenching si gni fi cantly  while  addi tion o f  iron­
( I I I )  as its NTA c ompl ex causes an immediat e increase i n  
fluoresc ence  qu enching ( t o a relative fluorescence  o f  
around 30%) indi c ating that almost all o f  the a dded iron­
( I II ) has bound at t he spe c i fic sites  ( a  fluoresc ence  
quenching o f  23% would be  expe c t ed  for  complete saturation  
by iron ) ( Table 1 . 5 ) . This i s  in  marke d c o nt ras t  t o  o va­
trans ferrin where fluoresc ence  quenching  is observed on 

binding iron ( I I I ) , c hromium ( I I I )  and copper ( II )  but not  
with other met al ions  ( 8 1 ) .  However, ultraviolet di f f­

eren c e  spec tral s tudies have demo ns tra t ed that man ganese ( I I ) , 

c obal t ( I I ) , cadmium ( I I) , zin c ( I l )  and nickel ( I I )  combine 

with t he tyrosyl residues o f  the speci fic si tes  of ova­

trans ferrin , t hough they ·  do no t bind  as s t rongly as iron­
( I I I ) , chromium ( I I I )  and copper ( I I )  which c an displace them 



Tabl e  1 . 3  

M e tal I o n  

Mn ( I I )  

C o ( I I )  

Table 1 . 4 

He tal 

Mn ( I I ) 

C o ( I I )  

( 28 ) 

Binding o f  Manganese ( I I )  and Cobal t ( I I )  by 

Apol ac t o ferrin A ft e r  t he Ad di t ion o f  Hydro ge n  

Pero xide . 

Time  A ft e r  Add i t i o n  % Fluoresc e n c e  as a Fun c t ion 

o f  H2o2 
( Hou rs ) o f  Me t al : Pro t e i n  Ratio 

1 : 1 2 : 1  3 : 1- LL 
0 73 68. 5 67 68 . 5 

24 66 5 1  45 4 1  

48 66 52 44 39 

0 82 82 8 1  77 
24 77 77 75 72 

48 80 75 70 69 

Bi nding o f  Mangan e s e ( I I )  and Cobalt ( I I )  t o  

Apo lac to ferrin i n  t h e  Abs e n c e o f  Hydro g e n  Pero xi d e . 

Me t A.l : Pr o t e i n  % Flu o re s c en c e  as a Fun c tion  o f  

Rat io Time A f t e r  t h e  Addi t i o n  o f  t h e  

Me t al ( Da;ys ) . 

1 � 6 7 

2 :  1 74 56 . 5 40 3 8  

2 :  1 78. 5 78 80 89. 5  

from t h e  spe c i fi c  si t e s  relatively easily ( 82) . Like o va ­

t rans ferrin the abs e n c e  o f  c o lour o n  i n t e rac t i o n  o f  the 

di val en t me tal ions in Tab l e  1 . 2 with lac to ferri n  does  no t 

n e c e s sari l y  mean t hat  no c omplex is  fo rmed , h e n c e  by anal ­

o gy wi t h  o vo t rans ferrin we woul d expe c t  t hem t o  b e  i n t er­

ac ting with  the tyrosyl residues o f  the  s p e c i fic si t e s  o f  

l a c t o ferrin . 

Onl y weak fluo r e s c e n c e  quenching was o bs e rve d o ne t o  

t wo days a f t e r  t he addi tion  o f  chromium ( I I I )  t o  apo l ac t o ­

f e rri n , t hough s t r onger quenc hing was exhibi t e d  a f t e r  o n e  

we ek ( Tabl e 1 . 2 ) .  Chromium ( I I I ) , o n e  to  two days a f t e r  



Tabl e 1 . 5 

· Me t al 

- -

C r ( I I I ) 

Ni ( I I )  

Zn ( I I )  

Cd ( I I )  
Hg ( I I )  

Pb ( I I )  

( 29 ) 

Binding o f  Two Iro n ( I I I ) Equi valen ts by Me t a l ­

Lac to fe rrin Compl exes 

% Flu o r e s c e n c e as a Fun c t i o n  o f  1'1e t al : Pro t e i n  

Rat i o  

1 : 1 a_;_[ tl �-!_L 
37 . 5 .  3 1  37 . 5  33 . 5 

35 . 5 34 35 . 5 33 

32 34 35 32 . 5  
34 30 32 33 

33 30 . 5 3 1 32 
27 28 . 5 26 29 . 5  

ad di t i o n  t o  apolac t o fe rrin , is  s t i l l  only par t i a l l y  boun d  as  

it  c an b e  almo s t  to tal ly displ a c e d  by  i ron ( I I I )  at t h i s  

s t age ( Tabl e 1 . 5 ) . One week a f t e r  t h e  addi t i o n  o f  c h romium ­

( I I I )  t o  apo la c t o ferrin i t  i s  o n l y  possible  t o  d i s p l a c e  50% 
o f  speci fic ally bound c hromium by i ro n ( I I I )  ( S e c t ion  1 . 3 . 2 ) . 

1 . 3 . 4  ELECTRONI C SPECTROSCOPY 

A l l  t h e  c omplexes show an i n c r e a s e d  abs o rbanc e i n  t h e  

ul t ravi o l e t  n e ar 295nm , whe n  c ompared w i t h  t h e  apopro t e i n , 

p o i n t i n g  t o  d e pro tonated t yro syl residu e s  c o o rdinat e d  t o  

m e t al i ons ( 7 , 54 ) . The vi sible s p e c t r a  ( Figures 1 . 6 - 1 . 9 ,  

Tabl e 1 . 6 )  res emble t h o s e  repo r t e d  for  the  human s e rum 

t rans f e rrin and o vo t rans fe r ri n  c ompl exes  ( 40 , 54 , 83 ) , thus 

r e i n f o r c i n g  t h e  postul a t e  that  t h e  m e t al binding si t e s  i n  

a l l  t h e s e  pro t eins are  v e ry similar  and involve t h e  sam e  

l i ga t i n g  donor atoms . Bo t h  Mn2L f  and Co2L f  show i n t e n s e  

bands i n  t he 400nm region ( Figure 1 . 7 )  whi c h  a r e  t en t a t i v e l y  

ass i gn e d , a s  fo r Fe 2L f , t o  a p h e no l at e - t o - m e t a l  c harge 

t rans f e r  type t ransi t i on . Howe v e r  data  for sui t abl e smal l 

m o l e c ul e m angan e s e  and c obalt c omplexes  are no t ava i l abl e 

f o r  c om pari s o n . I n  t h e  c a s e  o f  Mn2L f , at  l ea s t  t wo shoul d e r s  

a r e  d i s c e rnible  ( Figure 1 . 7 ) o n  t h e  l o nger wav e l e n g t h  s id e  o f  

t h e  435nm band whi c h , al t h ou gh o f  h i gh i n t e n s i t y , are pre -

sumably a resul t o f  d - d  abso rpti o n s  " s t ealing i n t e ns i t y "  



Tabl e 1 . 6 

Compl ex a 

Apo L f  c 

Fe2L f  c 

Cu2L f  

Co2L f  

Hn2L f  

cr2L f  

a .  L f  = 

1 nL 
b .  E tO 

1 c m 

c . Dat a 

( 30 ) 

El e c t ronic Spec t ral Dat a  for  Human Lac t o ferrin 

Comp l e xe s . 

E l % b 
C o lour "-m ax

( nm ) E ( l m o l e - 1  1 cm 

Colourless  283 1 0 . 9  

Salmon pink 283 1 4 . 3  

46 5 0 . 5 1 4 1 40 

Lemon 283 1 2 . 5  

438 0 . 60 4800 

6 77  0 . 08 6 20 

Y e l low 283 1 3 . 6 

40 5 1 . 28 1 0340 

Bro wn 283 1 4 . 7  

340 ( s h ) 1 . 23 9 9 50 

435 1 .  1 9  9 620 

520 ( s h ) 0 . 60 4850 

6 40 ( sh ) � . 28 23 1 0  

G r e y  gre e n  283 1 2 . 2  

442 0 . 0 64 520 

6 1 2  0 . 035 280 

Human lac t o fe rr.L n . 

cm  - 1 ) 

is ab�> o r b anc e  o f  1 % p ro t e i n  soluti o n  i n  a l cm c el l . 

from r e f .  7 . 

d .  A s suming WIJ o f  8 1 000 . 

from t h e  ne arby c h arge t rans f e r  band . Certainly for  a range 

of h i gh spin m anganese ( I I I ) c omplexes  ( whi c h  l ike c o pp e r ( I I ) ) 

c omplexe s are exp e c t e d  t o  b e  subj e c t  t o  Jahn Tel l e r  di s t o r­

tions ( 8 4 )  ) u p  t o  thre e d - d  band s  are  generally o bs e r v e d  i n  

the  500 - 1 000nm range ( 85 , 86 ) . 

· In agre eme n t  w i t h  previous repor t s  ( 77 , 8 7 ) t he c o pper­

( I I ) c ompl e x , Cu2L f ,  exhibi t s  a band at 438 nm ( Fi gur e  1 . 6 )  

whi c h  from s tu d i e s  o f  small m o l e c u l ar wei ght  c om p l e x e s  

( Chap t e r  3 )  c an be as sign�d  t o  a c o ppe r -to-ph e no l a t e  c harge 

t ran s f e r  t ran si ti o n . Th e wave l e n g t h  o f  this abs o rp t io n  whe n  

d 
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Fisure 1.9 Transition metal complexes of lactoferrin ; left to right, Mn2Lt, 

C o2Lt, Fe2Lt, C"2Lt and Cr 2tt, 
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c ompared wi th t he data  for small molecule  c omplexes ( Chapt e r  
3 )  i s  indicative o f  tyro syl residu e s  equat ori ally bound to  
c opper ( I I )  in  a t e tragonal environm ent . However , n o t  pre­
viously reported  fo r Cu2L f  is a weaker band at 677nm ( Figure 
1 . 6 ) , assi gnable to  a d-d transition  ( 8 8 ) . Assuming  the  
rul e o f  average environment  ( 89 )  the  position o f  the  abso rp­
tion  poin t s  t o  th e  coordinat ion o f  one , or  at  the mos t  two 
ni trogen donor a t o o s  bound t o  a c opper ( ! ! )  ion i n  a distor t e d  
t e tragonal o r  rhombic ai te , a fac t also demonstrat ed  by 
e . s . r .  studi es  ( Sec tion  1 . 3 . 5 ) .  

Finally , the  C r2L f  c omplex , which does  not exhibi t a 
c harge  trans fer  band in  the  visi b l e  region , allows  the  ob­
s ervation ( Fi gure 1 . 8 )  o f  the two spin allowed d-d t ran­
sitions 4A2g-7 4,r l g and 4A2g � 4T2g ( at 442nm and 6 1 2nm 
respe c ti vely )  expe c ted  for an o c tahedral chromium ( I I I ) 
c omplex ( 90 ) . That chromium i s  binding in the  speci fic 
si t e  is eviden t  from the fac t t hat the  binding o f  the m e tal  
t o  apolac t o ferri n i s  more  rapid in  the  prese n c e  o f  exc ess  
bi carbonat e and the  resu l ting spe c trum i s  very similar t o  t he 
anal ogous c hro:nilll n  trans ferrin c omplex , for whi c h  e videnc e 
h as bee n presen ted  t o  su ppo rt spe c i fi c  binding ( 54 ) . 
Furthermore  the  chromium once  bound i s  not readily di s­
placed  from the  spe ci fic bind ing  site  by iron ( I I I )  ( Se c t j_ons 
1 • 3.  2 a nd 1 • 3 .  5 ) . 

The e l e c t ronic spec trum o f  Cr2L f i s  similar t o  those  o f  
chromium ( I I I )  ions known t o  have a Cro6 coordination  ( Tabl e 
1 . 7 )  and does n o t  s e em c onsi s t e n t  with the  involvement o f  
bo th  ni trogen  and oxygen ligands only as sugges t ed by 
studies  on  o t her l ac to ferrin c omplexes . However , the  ab­
sorption maxima do in fac t resemble t hose o f  c hromium ( I I I )  
c omplexes c on taining c h loride  i ons , as well as ni trogen  and 
o xygen donors ( Table 1 . 7 ) , whi c h  may indicate  t hat b e cause  
o f  the c hemic al inertness o f  the  c hromium ( II I )  i on , at l east 
one  c hloride ion has been r e tained in the c oordination 
sphere rather  than a wat er  mol e cul e ( since the  m e t al ion  is  
added as  c ommerc ial chromium ( I I I )  c hloride whic h  c ontains 
[cr ( H2o ) 4cl2 ] +  ions  ( 96 ) ) .  However ,  sirn�lar �pe c tra are  

o bt ai n ed when chromium ( I I I )  is added as 1 t s  n1 tra t e  sal t or 

as  a c omplex with NTA sugges ting  that the Tris bu f fe r  may be 
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'rable  1 .  7 El e c t roni c Spe c tral Da t a  f o r Cr ( I I I )  Complexes 

Complex a 

cr2L f  

Cr2T f  

[c r ( H3edta ) cl2 C H2o )  2] 
[er (  H2o )  5c1 J Z+ 

[cr ( c at ) ;J 3-

[cr C H2o ) 6] 3+ 

[cr C H2o ) 5 ( NH3 )] 3+ 

[ cr ( H2o ) 4 ( en )] 3+ 

[ Cr ( edt a )  ( H2o )] -

A.max < nm ) 

L�42 6 1 2  

4l�O 6 1 5  

450 620 

428 608 

475 592 

407 573 

397 545 
385 5 1 2  

395 5L�5 

aAbbreviation5 : Lf • human lactoferrln, Tf "'  human terum 
transferrin , cdta "' cthylcncdiaminc tctrr.cctato, cat .. catc-
cholato, e n  a ethylenediamine. bTI1 is  work. 

Donor S e t  

? 

? 

Cr03Ncl2 
Cro5c1 

Cro6 
Cro6 
Cro5N 
Cro4N2 

Cr04N2 

a s o u r c e  o f  the chloride i o n  in  these  c ases . 

1 . 3 . 5  ELECT�ON SPIN RESO �ANCE SPECTROSCOPY 

( a ) The Spe c t ru m o f  Fe2Lf  

Re f 

b 

54 

9 1  

92  

93 

94 

94 
9 5  

95 

In  general , t he  p h e n o l!l e n o l o gi c al s p i n  Hamil toni an 
desc ribing  the  e . s . r .  spe c t ra o f  i ro n ( I I I )  i o n s i n  s i t e s  o f  
l ess  than c u b i c  sym m e t ry m ay be c harac t erised  by two zero­
fi eld spli t ting  p a r am e t e r s , D and E ,  o r  frequ e n t ly by D and 
� ( =  D/E ) . An axi a l  d i s t o r t i on f ro m  c u bi c  symme t ry i s  rep­
resented by the D t erm , whi l e  a plan ar o r  r h o m bi c di stor ­

t ion  is  expressed i n  the E t erm . The spin Hamil t onian i s  

t hen wri t t en as the  sum o f  the  Zeeman energy and t e rms for 
the axial and rhombic distorti on s ; 

= 
..... ["2 1 ( ] 

�H . g . s  + D sz - �s s + 1 )  

Ze eman Axial Rhombic 

The relative magnitudes o f  t he s e  t erms will  d e t e rmine  t h e  
fields at  w h i c h  e . s . r .  t ransi t ions are observed for  a given 
microwav e frequency . When the  term in  D dominates  the  
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H ami l to nian , as i n  the  high spin fe rri hem e pro t e i n s , >-. h as a 

valu e n ear zero . Reso nanc e s  i n  fro z e n  s o l u t io n s  o f  pro t ei n s  

wi ll t h e n  be o b s e rved near g 1 
= 6 ( arising from t h o s e  

m o l e c u l e s  o ri e n t e d  s o  t hat t h e  symm e t ry axis o f  t h e  ferri­

heme group is  pe rpendi c u l ar t o  t he e x t e rnal magn e t i c  fi e l d ) 

and g 1 
= 2 ( from mol e c u l e s  ori e n t e d  wi t h  t he symme t ry axi s 

paral l e l  t o  t h e  field ) .  �hen t he E t e rm i s  large c ompared 

t o  o t her t e rms , all o ri e n t ations  o f  the  i ro n ( I I I )  i o n  will 

give resonan c e s  n e ar g 1 
= 4 . 3 .  I n  this c ase i t  has be c om e  

c u s t om ary t o  s p e ak o f  � being e q u a l  t o  l /3 ,  si n c e  i t  is  

alway s possi bl e to  find a coordina t e  sys t em ( o r  e q u i val en t ly 

to  c h o o s e  an axi s o f  quan t izat i o n )  whe r e  I E I /  I D I  � 1 /3 ,  and 

D = 0 i n  one re fere n c e ( a  pu re  rhombi c  di s t ort i o n ) c o r r e s ­

ponds to  � = 1 /3 i n  anothe r .  Sho u l d  t e rms in D a n d  E b e  

sm all  c om pa r e d  t o  t h e  Zeema n · t e rm , then  t h e  symm e t ry i s  

cubi c  and al l o ri e n t a t ions will g i v e  r i s e  to g 1 
= 2 .  Thi s 

i s  the  si t u a t i o n  found in the  h exaquo c omplex o f  m angan e s e ­

( ! ! ) . Qu ar t i c  te rm s due t o  t h e  c u bi c  fi eld a r e  u sually 

very much  sm a l l e r  than t he quadrat ic t e rms and  are cus t om­

ari ly n e gl e c t e d  b e c ause of  the number o f  param e t e r s  t hey 

i n t rodu c e  ( 49 ) . 

The e . s . r .  spe c t rum o f  Fe 2L ! ( Tabl e 1 . 9 ,  Fi gu re  1 . 1 0 ) , 

i s  iden t i c al t o  a previously r e p o r t e d  spec t rum ( 49 ) and i s  

c harac t e ri s t i c  o f  t h e  c l ass o f  i ro n ( I I I )  compoun ds in whi c h  

the iron i s  i n  a si t e  o f  rhombic symme t ry .  Fe 2L f  and 

Fe 20vo T f  ( OvoT f = o vo t rans ferri n )  exhi bit a bro ad shal l o w  

peak around g = 4 . 98 n o t  obse rved i n  Fe 2T f . Addi tion  o f  

perch lora t e  t o  Fe 2ovoT f c aus e s  t his broad si gnal t o  d e c r e a s e  

in  i n t e ns i ty , whi l e  i n  Fe2T f  t h e  si gnal i n c r e a s e s  i n  i n t e n ­

sity w h e n  pe rchl ora t e  is  add e d  ( 97 ) . Fo r o vo t rans f e rrin t h e  

broad signal i s  mu c h  more  promi n e n t  when mono f e rri c o va ­

t r an s f e r ri n  ( prepared by i s o e l e c tri c  focussi n g )  has t h e  

s e c ond si t e  o c c u pi e d  by gallium and much  l ess prom i n e n t  when 

monogall i um ovot rans f e rrin has i t s s e c ond si t e  o c c u p i e d  by 

iron ( 6 7 ) . Th e sum o f  the l at t e r two spe c t r a  giv e s  a spec t ­

rum t h e  s am e  as that o f  native  Fe20voTf i n di c a t i n g  that  eac h 

bound i r o n  makes an independen t c o n t ribu t ion t o  t h e  spec t rum . 

Re c e nt s tudies  have shown that l ac to ferri n and t ran s fe r ri n  

c onsist  o f  two ind ependen t  halves  e a c h  c o n taining o n e  
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FigurG 1 11.Q. E.s.R. spectra at -1 60°C ot (e) Fe2tr in phosphate buffer, 

pH 7. 6 ,  0.01 M and Fe2Lf in phoaphate buffer titrated to pH 2.0 
with (b ) citric acid and (c) phosphoric acid. 
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Figure 1 . 11 E�S.R. epectra at -1 60°C of a solution containing 1 mole of ferric perchlorate and 3 moles of citric 

acid at (a) pH 2 � 0 ,  (b) pH 4. 1 and (c ) pH 4.7. 
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Table 1 . 8 

g 1 valuea 

2 

6 and 2 

9 and 4 . 3b 

( 40 ) 

Charac t erisation o f  I ro n ( I I I )  High Spin  E . S . R .  
Spe c tra  

Symmetry 

Cubic 

Tetragonal/axial 

Rhombic 

Axial Relationship 

X=Y=Z  

X=yl-z 

x/.y-Jz 

1 g = hlJ/,BH b .  The g = 9 signal i s  very weak a .  

spe c i fic binding si te  and linked by the  polypeptide  chain 
( 20 , 2 1 ) .  'fh e  broad si gnal at g = 4 . 98 has been at tribu t ed 
t o  a pro t e in  c o n formation o f  one  o f  these  halves i n  whi c h  
t h e  i ron  i s  s trongly bound at the  spe ci fic  s i t e  ( 97 ) . The 
c o n fo rm a t i o n  a d opt e d  by Fe20voT f in solution l i e s  more in 
the dire c tion  o f  s t ro n g  binding o c c urring  in bo th  si t e s . 
Addi tion o f  perc hlora t e , a chao tro pic agent ( o ne whi ch  
al t ers the  hydrogen bonding properties  o f  aqu eous  s o l u t i o n s ) ,  

i s  fel t  t 0  c hange the pro tein  con formation  o f  bo th  halves  
o f  Fe20voTf  to  one  in  whi ch iro �( I I I )  is  less  s t rongly held . 
T h e  reverse  is  fel t to o c cur in  Fe2T f .  Similar investiga­
tions  have  no t been  c arried  o u t  on Fe2L f ;  it has proved 
impossibl e t o  prepare mono ferric  l ac to ferrin by i s o e l ec t ri c  
fo cussing ( s ec tion 1 . 3 . 7 ) , whil e  t h e  e f fe c t  o f  per chlora t e  
and o ther  anions on  Fe2L f  and cu2L f  has ye t t o  b e  investi­
gat e d . 

( b ) The Spec t rum o f  Cu2L f  
Copper  has a relative ly simple e l ec tron c o n figuration . 

Wi t h  9 d - e l e c trons the c opper ( I I )  ion  can be c onsidered  as 
having a single  d-hol e , as opposed  to a single d - el e c t ro n , 
wi th a spin  o f  t and the sam e  wave func tions . The t2g and 
eg s e t s  o f  o rbi tal s in  copper ( I I )  when subj e c t  to a t e t ra­
gonal dis t or tion , a c onsequenc e o f  the Jahn Teller  e f f ec t , 
are split  further and the d � 2 o rbi tal i s  l e f t  wi th the  X -y 
lowest energy . In this case the o rbi tal angular momentum 
o f  the c o pper ( I I )  ion is said to be quenched , bec ause the 
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e l e c tron  hole  resides solely i n  this  o rbi t al c on figuration  
and cann o t  i n t erchange wi th  t he o thers . Under these  c ir­
cumstanc es  the  c opper ( I I )  hole  has o nly angular momentum 
( and hen c e  magne ti c  moment )  asso c iated  wi th the ele c tron 
spin , s = i ,  and the g value o f  the  coppcr ( I I )  i o n  
approaches c lose  to  t h e  free  e l e c t ron  g value o f  g = 2 . 00 23 . e 
Nevertheless  the copper ( I I )  h o l e may spend a very small 
amount o f  i t s  time in  the  higher  e nergy o rbi t als , giving 
rise  t o  the  perturbations  o f  the g value , whi c h  depend o n  
t h e  energy l evel spli t tings , � , and t hus o n  t h e  nature o f  
the c opper l j_gands . For o c t ahedral symme try the  g-value 
will be  i s o t ropic , but in  t e tragonal symmetry the g-value 
is  anisotropi c ; g 1 1  and gl aris e  depending on whe ther  the  
magne tic  fi eld  is  direc ted along the  t e t ragonal ( Z ) axis 
o r  perpendicular to  i t . I n  c oppe r ( I I )  i n t erac t i on o f  the  
elec tron  hole  with the  nu cl eus  o f  c opper  ( spin � � )  eives  
rise to  hypcr fine  spli t ting , wh i c h  appears as four  equally  
spac ed l ines  in  the  low  fi eld region . Smaller  ' ' su perhyper­
fine s t ruc tu re ' '  may c ome from in t erac ti ons wi th  the  l igands , 
t h e  most  c ommon bei n g  ni trogen ( spin = 1 )  ( 98) . 

The e . s . r .  spe c t rum o f  Cu2L f  ( Tabl e  1 . 1 1 ,  Figure 1 . 1 2 )  
i s  iden t i c al t o  that o btained  previously ( 7 ) . Hyper fine  
s t ru c ture  in  the g 1 1 and gl regi o ns provide s t rong  e vide n c e  
f o r  the p re s e n c e  o f  nitrog�n in  t h e  spe c i fic si t e s . 
Computer  s i m u l at io n s  o f  the s truc ture o f  the l ow fie l d  p eak 
i n  the g 1 1  region support the  involvement o f  only o n e  
ni trogen in  coordinating c o pper ( I I )  ( 99) as h a s  be en  demon­
strat ed  wi th  cu2T f , ( T f  = Trans ferri n )  ( 56) . 
( c )  In t er a c tions  Be tween Lac t o ferrin and Ci t rat e 

E . S . R .  experiments  indi cate  t hat i ron ( I I I )  i s  r e tai ned 
by the pro tein  i n  the  spe c i fic si tes  at pHs above  4 ,  t hough 
c omple t e  removal does not o c cur until  the pH is below  3 , 
thus c o n firming t i tration  s tudi e s  where the  red c olour  o f  
the c omplex is  no t los t until  t he pH drops below 4 ( 32 ) . 

When Fe2L f  is  ti t rat ed t o  pH 2 . 0  wit h  c itric  acid  t h e  pink 
c o lour disappears and the solution  exhibi t s  a spec t rum 
identi cal  to that o bserved for a 1 : 3 iron ( I I I ) - c i trate  
c omplex a t  p H  4 . 7  ( Figures 1 . 1 0 ,  1 . 1 1  and  Table 1 . 9),  c lear 
eviden c e f o r  the fo rmation o f  a ferric - c i t rate c omplex  
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�re 1.s.12 E.S .R. spectra a.t -1 60 4C in phosphate bu:f'fex- O.OHI, pH 7 . 6  of 

(a) cu2Lf, (b) 2 molar equivalents of copper(!!) added to 

Fe2Lf r�d (c ) bicarbonate-frso copper-lactoferrin. 
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Figure 1--L..U E,.S . R. sp�:ctra at -1 60°C of (a.) copper(II) L"l Tris buffer, 
pH 7.4,  Oc05M and 2 molar equivalents of copper(II) added to 

(b) lfm2Lf and (o) Cr2Lf in Trie buffer. 
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Tabl e 1 . 9 E . S . R .  S p e c tra o f  Compl exes  o f  I ron ( I I I )  wi t h  

Lac t o ferri n  

SJ2e c i e s  l2li g Va lu es  

Fe 2L f  7 . 6 8 . 72 ,  4 . 378 , 4 . 240 , 4 .  1 39 

Fe -Lf-Ci t ra t e 2 . 0  8 . 0 69 ,  Lj . • 783 ' 4 . 264 ,  3 . 633 

Fe -Lf-Pho s phat e 2 . 0 1 9 . 547 , 4 . 3 1 7 ,  2 . 1 1 2 ,  1 • 9 56 ' 1 .  827 

Fe-Pho sphat e 1 . 0 

F e - Ci trat e ( 1 : 3 )  2 . 0  9 . 355 , 4 . 2 1 8 ,  1 .  967 

Fe - C i t rat e ( 1 : 3 )  4 .  1 8 . 683 , 5 . 58 7 , 4 . 656 , 3 . 6 48 

Fe - Ci t ra t e ( 1 : 3 ) 4 . 7  8 . 56 7 , 4 . 795 , 4 . 3 1 2 ,  3 . 6 48 

rather t h an t hat o f  a ferri c - c i t ra t e - lac to ferrin c om pl e x , 

i nvo lving t h e  spe c i fic s i t e s  o f  t h e  pro t e in . The sharp e r  

spe c t rum o bs e r v e d a t  p H  2 . 0  i n  t h e  presence  o f  l ac t o ferrin 

i s  pro bab l y  a re s u l t o f  a d e c r e a s e  i n  the  o r d e ring o f  t h e  

so lve n t  wa t e r  m o l e c u l e s , t h e  pro t e i n  i s  p r o bably d i o ru p ting 

i n t e rmo l e c u l a r  hydrogen bonds . A similar e f fe c t  has b e e n  

obse r v e d  w i t h  an iron ( I I I ) - t rans fe rr i n- c i t r a t e  s o l u t i on at 

pH 4 . 1 ( 4 4 ) . T i t ration o f  Fe 2L f  t o  pH 2 . 0  wi t h  pho s phori c 

acid g i v e s  a strong e . s . r .  sig nal at  g = 2 ( Fi gu re  1 . 1 0 ,  

Tabl e 1 . 9 ) i n J i s t i n gu i s h ab l e  from that o b t a i n e d  wi t h  iron­

( I II ) ni t ra t e  in phospho ri c ac i d  � t  a simi l ar pH , and  c on ­

si s t e n t  wi t h  a n e ar o c t ah e dral Feo6 c o o rdinat i o n . 

I t  has b e e n  repo r t e d  that  apo l ac t o ferrin c a n  b e  p repare d  

by di alysis agains t c i t r i c  ac i d  ( 0 . 1 M ,  p H  2 . 0 )  f o llowed  by 

s e veral  c hanges o f  deionis e d  w a t e r  ( 1 8 ) .  Re t u rn i n g  the  pH t o  

7 . 6 b y  t h e  addition  o f  N a2H P04 u sually resu l t s  i n  some  pre ­

cipi t a t i o n  o f  t h e  pro t ei n . Apo l ac t o ferri n  prepare d  in  this  

manner showed a m o r e  rapid b i nding o f  iro n ( I I I )  as a c ompl ex 

o f  bo t h  N TA and  c i t ra t e  ( Figu r e  1 . 4 ,  S e c t io n  1 . 3 . 2 ) . Fur � he r ­

m o r e  Cu 2L f  pre pared from this  pro t e in shows a weak si gnal at  

g = 1 . 9 8  n o t o bs e rved fo r Cu2Lf  prepared from apo l ac t o ferrin 

whi c h  had n o t  been t re a t ed  wi t h  c i t ri c  ac i d  or  f o r  non 

spe c i fi c al ly bound c opper ( I I ) ( Table 1 . 1 1 , Figu r e  1 . 1 2 ) . It 
appears t h a t  t h e  s e c ond spe c i e s  in  the e . s . r . spe c t rum o f  



Table 1 . 1 0 

Species  

Cr2L f  

Cr-NTA ( 1 : 1 )  

( 45 ) 

E . S . R .  Spe c tra o f  Complexe s o f  Chromium ( I I I )  
with Lac to ferrin and NTA 

g Values 

T;zJ2e 1 T;:o2e 2 Non- Unbound 
Speci  f i e  

5 .  43 5 . 62 ,  5 .  1 5 '  2 . 42 2 . 05 

1 .  98 

Cu2L f ,  s ta ted  as being due to  3-4 ni trogens c o ordinating t o  
copper ( I I )  ( 87 ) , c o rresponds  t o  t h i s  g = 1 . 98 signal and in  
fac t i s  evidenc e f or  disruption o f  the  pro tein ' s  c on form­
ation  as a re sult  o f  t he ex t reme c ondi tions needed  t o  remove 
i ro n ( I I I ) . 

( d ) I n t e rac tions Be tween Chromium ( I I I )  and Lac t o f errin 
The e . s . r . spe c t rum o f  Cr2L f  ( Table 1 . 1 0 , Figure 1 . 1 4 )  

i s  charac t e rised  by three sharp signals at g = 5 . 62 ,  5 . 43 and 
5 . 1 5  and two bro ade r signal s at g = 2 . 42 and 2 . 05 similar t o  
those repor t ed fo r t he analogous  Cr2T f  c omplex ( 54 ) . These 
signal s would appear t o  be  c onsis t en t  with t h e  presenc e o f  
three species  o f  c hromium ( I I I ) in  the  complex . M e t al ion  
uptake s tudies ( Sec tion  1 . 3 . 2 ) have shown that i ro n ( I I I ) c an 
displac e up to 50% o f  the spe c i fi c ally bound chromium ( I I I )  
in Cr2L f  and as t h e  addi t i on o f  iron ( I I I )  or c oppe r ( I I )  
c auses t he imm ediat e appearanc e  o f  a pink or yellow  c olour­
ation o f  the pro t ein and  disapp e a ran c e  o f  the line a t  g = 

5 . 43 ,  t hen  t hi s  si gnal may be due t o  a site  that i s  more 
ac cessible  to  at t ack by other m e tals . The broad si gnal at 

g = 2 . 05 m ay be due to non spe ci fic c hromium ( I I I ) -lac t o ­
ferrin . I t  i s  very di f fi c u l t  to remove exc ess  c hromium ( I I I )  
f rom cr2L f  ( S e c tion 1 . 3 . 1 )  while  the  addi tion  o f  exc ess  
iron ( I I I )  t o  C r2L f  c auses this  signal t o  inc rease  sligh tly 
in  i n t e nsity over  t hat at g = 2 . 42 .  The si gnal s at g = 

5 . 62 ,  5 . 1 5  and 2 . 42 may then be  assignable t o  t h e  s e c ond 
s p e c i fi c  c hromium ( I I I )  site whi c h  appears to  be l ess 
ac c e ssibl e to me t al ion a t t a c k . Wh e n  one iron ( I I I ) i on  
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i s  added  t o  Cr2L f  ( Figure 1 . 1 4 ) the  slight  increase i n  the  
i n t ensi ty o f  t he lines  at g = 4 . 240 and 4 . 1 39 due to  
speci fi c a l ly bound i ron relati ve t o  t hat  at  g =  4 . 578 ( as 
opposed to  the  rel ative intensi t i e s  i n  Fe2L f  (Figure 
1 . 1 0 )  may indica t e  that  some i nhomogenei ty in the  s i t es  
exists  when i ron ( I I I )  is bound , and that they are d is ti ng­
uishabl e by e . s . r . , though this may be a c onsequ en c e  o f  
the  · l owe r signal t o  noise rat i o  i n  the  spec trum . 

( e )  I n terac t ions  Be tween  Copper ( I I )  and Lac to ferrin 

(i )  Bicarbonate-Free Copper-Lac t o ferrin  
In  the  absen ce  of  bi carbonate  the c olourl ess  c o pper­

lac to ferrin c omplex ( Table 1 . 1 1 ,  Figure 1 . 1 2 )  has an e . s . r . 
signal indic ative  o f  no mo re than one  ni trogen c o o rdinated  
to  the m e t al . Lowering the  pH  o f  cu2L f  to  p H  4 . 0  r esul t s  
in  the  immediate  l o s s  o f  the y e l l o w  colour and t h e  appear­
anc e  o f  a signal i d entical to the bicarbonate- fre e c o pper­
l ac to ferrin si gnal ( 76 ) . 

( j _i ) Addi t ion  o f  Coppe r ( I I )  t o  Fe2L f ,  co2L f  and Cr2Lf 
Wh e n  c opper ( I I )  is added  t o  Fe2L f , Co2L f  and c r2L f  

some o f  the s p e c i f i c a l l y  bound me tal is  displac e d . Wh en i t  
i s  added t o  Fe2L f  � for the  complex shi f t s  from 465nm max -
t o  458nm , o r  when added to  Co 2L f  � max shi ft s from 405nm t o  
4 1 5nm , whi l e  i n  t h e  c ase o f  Cr2Lf t h e  c harac t e ri s t i c  y e l l o w 

colour asso ciated wi th spec i fi c ally bound c opper ( I I )  
appears almost  immediat e ly . Furthermore the e . s . r . spe c t ra 
o f  these  c omplexe s are charac t erised by at l e as t  two major  
spe cies  one  o f  whi ch can b e  at tribu ted  to  speci fically 
bound c opper ( I I )  ( Table 1 . 1 2 , Figure 1 . 1 2 and 1 . 1 3 ) . I n  
Fe2L f  t h e  se c ond species  i n  the  spec trum has been assigned 
t o  a non spec i fi c  c opper-pro t ein i n t erac tion  whi c h , from the 
broadness  o f  the signals i n  the  g 1 1  region suggests  at  
l eas t  t wo ni t rogens coordi nating t o  copper . Fur thermore 
there is a di f fe renc e betwe e n  this signal and t hat  o f  bi c ar­
bonat e - free c opper-lac to ferrin i ndi cat ing t h a t  the  binding 
o f  iron ( I I I )  i n  t he spe c i fic sites  makes avai l able  a di f f­
e rent  si t e  on  t h e  pro tein  for binding copper ( I I )  from what  
is  availabl e when  no me tal i s  spec i fic ally boun d . 

When  c opper is  added to  Cr2Lf  one  o f  the  major  spec i e s  
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Table 1 . 1 1  E . S . R . Spec tra o f  Complexes o f  Copper ( I I )  wi t h  
Lac toferrin and Coppe r ( I I )  i n  Bu ffer  Solutions 

Species  Bu f fe r  g 1 1 A l l (a ) gl � 1 ( a ) 1 Width ( a ) -z-

Cu2L f  
( Speci fie ) Pho sphate 2 . 3 1 5 1 5 1 2 . 057 l 1 . 2  28 

CuL f  
( Nonspe c i  fi e ) " 2 . 276 1 50 2 . 072 ""'-" 40 

CuLf-HC03 Free " 2 . 372 1 45 2 . 076 ,.-../ 42 

Cu ( I I ) -
Phospha t e  " 2 . 078 

Cu ( I I ) -Tris Tris 2 . 260 1 85 2 . 072 '"'--"' 4 5 
Biure t - Cu a 1 1  2 . 206 2 1 0  2 . 05 

a .  Referenc e  ( 56 ) 

Tabl e 1 . 1 2 E . S . R . Spe c t ra o f  C o pper ( I I )  added  t o  Fe2L f, 

Cr2L f  and Hn2L f 

Reac tion  :Su f fer  � 1 A 1 1 (a ) gl A1( a ) Spe c ies 

Cr2Lf+2Cu T r i s  2 . 3 1 1 50 

l 
Speci  fie 

2. 26 1 85 2 . 035 Cu-Tris 
_..._, 2 . 24 ,.J 1 90 

Fe 2L f + 2Cu Phosphate  2 . 32 1 50 � 2. 07 Speci fic 
2 . 27 1 50 Non 

Spe c i  fi e 
Co2L f+ 2Cu Tris 2 . 32 1 50 { 2 . 063 1 1 Spe c i fi c  

a 

Hn2L f+2Cu Tris 2. 230 202 2 . 05 Biure t Cu 
Mn2L f+ 5Cu 1 1  2 .  23LI- 200 � 2 . 06 1  Biur e t  Cu 

2. 269 1 77 CuTris  
Cu-Lf' Hco3- Pho sphate  2 . 372 1 45 � 2.076 

Free a 

a .  Seco nd specie s present in spe c trum as shoulders t o  the 

peaks o f  t he ma jor  spec i es . 
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present in  t h e  spe c trum c an be  ass i gned to  an i n t erac t i on  
between c o pper and the  bu f fer , mos t probably involving t he 
n i trogen o f  tri s ( hy droxymethyl ) -me thylamine ( Figure 1 . 1 3 ) . 

( ii i )  Addi tion  o f  Copper ( I I )  t o  Mn2Lf  

Manganese ( I I I ) would  appear t o  be  more strongly bound 
t han iron ( I I I ) , cobal t ( I I I )  and c hromium ( I I I )  as addi tion  o f  
c opper ( I I )  i s  insu f fi c ient t o  displace i t  from the  spe c i fic  
sites ; no  chan ge is  observed i n  the  visibl e  spec trum on  the  
addi t ion o f  c opper and  there are no  signals due t o  spe ci fi c  
c opper-lac t o ferrin i n  the e . s . r . spe c t rum . The e . s . r . 
spe c t rum i s  remarkably similar t o  that produc e d  by a Biure t 
type c o pper ( I I )  complex ( Table 1 . 1 1  and 1 . 1 2 ,  Figure 1 .  1 3 ) 
found t o  o c cur  wi t h  t rans ferrin at pHs greater than 9 . 2  
( 56 ) , providing evidence  that c o pper i s  c oordinating  at  a 
si t e  c on taining at least  three n i trogens . There  i s  also a 
distinc t similarity be tween t h is  spe c t rum and that  previ ously 
reported  fo r bi carbonate- free c o pper-lac t o ferrin wh ere  the  
parameters  o f  th e  ma jor  spe c i es in that  spec trum are g 1 1 = 
2 . 25 ,  A 1 1  = 200 gauss  and gl = 2 . 06 ( 7 ) .  Thus the binding 
o f  manganese ( I I I )  to  lac to ferrin would  appear t o  induc e a 
di f ferent  c on fo rmati onal c hange o f  the  pro tein  t o  that 
found wi th  o ther  me tal ions , maldng available a di f feren t 
ext ernal s i t e  on the prot ein fo r the  binding o f  c opper . 
There would appear to  be o nly a limi ted number  o f  such sit es  
available f o r  copper . Addi tion of  more  t han two equival en t s  
o f  c oppe r ( I I )  t o  Mn2L f  gives rise t o  a sec ond spe c i e s  i n  the  
e . s . r .  spe c trum whi c h  may be  due t o  an  int erac t ion be tween 
c opper and the bu f fer  (Table 1 . 1 2 ) . 

I n  general small molecular weight c omplexes o f  
manganes e ( I I I )  are close i n  s t abil i ty to  those  o f  i ron ( I I I ) , 
and in  some instanc e s  are more  s tabl e , while  t hey are more 
s table than those o f  o ther me tals i n  the first  t rans i tion 
seri es .  For instanc e log k 1 for a manganese ( I I I )  c omplex 
wi th the ligand hydroxyethylethylenedi aminetri ac e ti c  acid 
( HEDTA) is 22 . 7  while  that o f  iron ( I I I ) wi t h  HEDTA is 1 9 . 06 
and c opper ( I I )  1 8 . 8  ( 1 00 ) . The ionic  radii o f  c hromium ( I I I ) 
and iron ( I I I )  are very s imilar ( 1 0 1 ) and that o f  mangane se ( I I I )  
would  be  expe c t ed  t o  be  the same . Howeve r ,  t h e  l a t t er wit h  
t h e  d4 con figu ration ( o ne elec t ron  short o f  a hal f filled 
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shell )  i s  likely t o  be  sub j e c t  to  Jahn Teller dis t ortions , 
l ike c opper ( I I ) , whi ch increase the  axi al bond l engths and 
de crease the equatori al bond l engths . For instanc e a 
single c rystal x-ray s truc tural analysi s o f  tris- ( 8-quin­
olinato ) chromium ( I I I )  shows the c hromium to  be binding i n  an 
essentially distorted  oc tahedral c o n fi guration wi th Cr-0 
( phenolate )  bond l engths o f  1 . 949 ( 1 0 ) A0 and Cr-N bond 
l engths o f  2 . 063 ( 8 ) A0 ( 1 02 ) . Replacing chromium by 
manganese i n  this c omplex resul t s  i n  a lengthening o f  the 
axi al m e t al - ni t ro ge n  bonds by 0 . 2A0 to 2 . 254 ( 1 3 ) A0 and a 
small shor t ening o f  t he equat o ri al metal -oxygen bonds t o  
1 . 9 1 5 ( 8 ) A0 while  t h e  equatorial m e tal-ni trogen bonds remain 
es sentially un changed ( Table 1 . 1 3 ) . The equatorial Mn-0 
( pheno li c ) and Mn-N bond lengths are no t too dissimi l ar t o  
their equivalents i n  high spin iron ( I I I ) c ompl exes , for 
instanc e i n  the c omplex [ Fe ( I  I I a )  2 C I·1e0H ) 2] ( N03 ) . 2H20 the 
Fe -N bond l ength i s  2 . 0 68 ( 3 ) A0 and the Fe-O( pheno li c ) bond 
l eng th  in  Mg [ Fe ( Va ) ] 4H20 is  1 . 907 ( & ) A0 ( 1 03 r 1 07 ) . A simi lar 
l ength for  the  a x i al M - N  bond has  also been repor t e d  for 
t h e  complexes rn e r- t ris - ( N-benzylsalicyl aldiminato ) manganese­
( I I I ) and t ris- ( pyri dine-2-c a rboxylato ) manganese ( I I I )  
( Table 1 . 1 3 ) . Ho�ever the Mn-0- ( c arboxylat e )  bond l engths 
appear to b e  s ho rt e r  than Fe-0- ( carboxylat e ) bond lengths , 
whi c h  i n  Ht� [ Fe ( Va ) ]  4· r;>o ( se e  Chapter 2 for c ompound numbering  
sys t em )  are  2 . 04 1 ( 7 ) A0 ( 1 03 ) . 

Thus i t  woul d appear that manganese ( I I I )  would  favour 
an environment  wi t h  a t e tragonal distortion from o c tahedral 
symme t ry o n d  t he s e  st eri c  requirements induce  a di f feren t  
c on formational c hange o f  t h e  pro tein t o  that o bserved wi th  
j_ ron ( I I I ) , ch romium ( I I I )  and c obalt ( I I I ) . This may ac c ount  
for  the  i n c reased s tabil i ty o f  the  Mn2L f  c omplex o ver  t hat 
o f  Cr2L f  u n d  Fe2L f and may be  further evidence  for the idea  
that lac to ferrin i s  abl e to  c hange i t s  c on formation t o  a 
great er  extent  than trans ferrin t o  adopt a c on figurati on 
favouring the s tabil i ty o f  i t s  i ron ( I I I )  c omple x  ( 36 ) . 

1 .  3 .  6 RESO r�ANCE R£Uv1AN SPECTROSCOPY 

Resonanc e Ram an Spec t ra o f  lac t o ferrin ( Tabl e  1 . 1 4 , 
Figure 1 .  1 5 ) ( 1 08 )  are domi nated by four  s t rong  resonance-
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cTris- ( pyridine-2- carboxyl at o ) Mn ( I I I )  2 . 236 ( 3 5 )  

a .  Re ference ( 1 04)  
N-benzyl salicylaldiminato 

CXCH=N-CH 2� 
o- V 

b .  Re ference ( i 05 )  

8- quinolinolato 

c .  Re fere nce ( 1 06 )  
o- � 

�N�c-o-pyri dine- 2- carboxylato 

1 1  
0 

Equatorial 

Hn-N(A0 ) Nn- O ( A0 ) 

2. 082 ( 6 )  1 . 898( 1 5 ) 

2 . 058 ( 6 )  1 .9 1 5(8 ) 

2 . 059 ( 5 )  1 . 9 1 4 ( 2 1 ) 

f-3 
>!' cr' 1--' (1) 

tJ::J 0 p p.. 
t-< (j) � 

Oq r. 
:s 0> 
0 
H) 
::s: 
Pl � 

Oq 
Pl p (1) en (1) -----
H H H 

.._, 

0 0 
i3 

1-(j 1--' 
(j) 
X (j) en .......... 

\51 � 
.._, 



( 52 ) 

e nhanc ed . vibrational modes ci f  m e t al ion c oordinat ed  tyro sin­
ates  at 1 600 , 1 500 , 1 250- 1 270 and  1 1 70cm- l as  have  been  
o bserved in  t r ans fe rrin and o vo t ransfer.rin ( 40 , 83 ) . From 

c omparison wi th  a smal l mole cular weight coppe.r ( I I )  c omplex 
( 83 )  t he t wo h i gh e s t  bands c an be assigned  to C-C  s t r e t c h­
i n g ,  t he 1 260cm- 1 band to C-0  s t re t ching and the  l owe s t  
f r e qu e n c y  t o  C-0 bending o f  t h e  phenolate  ligand . The 
o ther bands in the region 1 900-900cm- 1 are non-resonant 
fe a tu res  whi c h  arise  from pro tein  mo tio n s ; � 1 450 cm- l ( CH2 
d e formation ) ,  1 005cm- 1 ( phenyl alanine ring breathing mod e ) 
and �940 cm- l ( backbone C - C  s t r e t c hi n g )  whil e  t h e  broad 
feature at  � 1 660cm- l arises  f r o m  solven t  ( H2o d e formation ) .  
S p e c t ral lines  in tho  region below 900 c m - l we re largely 
obscured by c ontri bu tions  from t h e  fro z e n  solven t .  

The Reso nance  Raman spe c t ra o f  Fe2Lf  and cu 2L f  are 
nearly i den ti cal as are the  s pe c t ra o f  Co2Lf and Mn 2L f .  How­

e v e r  the t�o s e t s di f fer i n  that t h e  � 1 253cm- 1 band i s  
approximat ely  20 cm- l  lower i n  frequenc y in t h e  c ase  o f  t he 
latt er  t wo m e t al - p r o t e in c om p l e xe s , whi le the o th e r t h r e e 

t y ro sin a t e  modes  are nearly c o i nc iden t . These  resul ts  are 
n early i d e nti c al to  those o f  the me tal subs t i t u t e d  t rans ­
ferrins and ovo t rRns ferrins ( 83 ) . I t  was di f fi c u l t  t o  
d e t ermine  t h e  posi t ion o f  Cr2Lf  i n  the  abo ve c l assi fi cat ion 
because  i t s  low abs o rpti vi ty l e d  to weak resona nce  e nhanc eme nt . 
Only the  1 60 4c m - l f r e qu ency  w a s  c learly e vident  among  the  
f o u r  tyro sinnte  modes  and the  spec trum was dominated  by  the  
non-resonant  peal..:s . 

Rel ative Raman int ensi ties  wer e  c alculated  using the  
- 1  CH2- d e f o rrnat ion at � 1 450cm as an i n t e rnal i n t ensity  

s tandard , s i nc e the  large c on t ribu t ion from solvent  at  
- 1 � 1 0 50 c m  i n  some o f  the spec t ra pre c luded the  use  o f  t h e  

phenylalani ne  p e ak at ""' 1 00Lf-cm- 1 • I n  C o2Lf and cu2L f t h e  
exci tation  pro files  o f  t h e  four resonan c e�enhan c e d  vibration­
al mod e s  parallel  the  opti c al absorption spe c t rum in the 
region be tween 5 1 4 . 5 and 457 . 9nm ( Fi gure 1 . 1 6 ) as would  be 
expec t e d  for resonanc e e nh anc ement  by single ele c t ro ni c  
s tat e s  ( 1 0 9 )  whose  respe c ti ve o pt i c al t ransi tions are given 
in Tabl e 1 . 6 ( Figures  1 . 6 - 1 . 8 ) . However , f o r  Fe

2L f the 
tyro sinat e  fre�uen c i e s  appear to  d e c rease i n  intensi ty as 
� is annro ac h e d . Suc h  beh aviour  is  probably due to max -- --
exc i t a t i on pro fil e f i n e  s tru c t u re sj_milar to  that observed  
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for Fe2Tf  ( 40 ) . Since  fewer e x c i tation wavelengths were used 
in this s tudy , it  was not possibl e to  resolve fine s t ru c ture 
in the exci tation pro files . 

The similari ty be tween t hese  spe c t ra and those  o f  
t rans ferrin and o vo t rans ferri n ( 83 )  s trengthens the idea  that  
the  metal binding si tes in  all t hese pro teins are simi lar . 
The appearanc e  o f  the  resonan c e- enhanced  tyrosina t e  vibra­
t ional modes i n  the Raman spe c t ra o f  all the metal substi­
tuted lac t o ferrins and tr�ns ferrins upon  exci tation  c lose  to  
th e  visible absorption maxima means that these absorption 
bands are  primarily due  to  c harge t rans fer transi t ions be­
tween tyro sinate and me tal . The  fac t th�t the  lac t o ferrin 
tyrosinat e vibrations ( parti c ularly the peak a t  �1 270cm- 1 ) 
are simil arly a f fe c t ed by c hanging the me tal ion  indicates  
that the tyrosina t e  coordinat e  o f  the  metals i s  the same  in  
lac to ferrin a s  in o vo- and serum- trans ferrin . 

Two non - heme-iron dioxygenase s ,  pro to c at e c huate-3 , 4-
dioxygenase �nd pyrocate chase , have been rec ently found to  
exhihi t a similar s e t  o f  four resonanc e-enhanced  tyrosinate  
rihg modes  at abou t  1 605 , 1 505 , 1 275 and 1 1 75cm- 1 ( 1 1 0 ,  1 1 1 ,  
1 1 2 ) . This has led to the propo sal for the  exi s t e n c e  o f  an 
entire c lass o f  i ron- tyrosinat e pro teins in whi c h  tyro sinate 
coordination  dominates the visible absorption and Resonanc e 
Raman spe c t ra ( 1 1 1 ) .  The lack o f  c on tribu tion o f  his ti d ine , 
bi carbona t e  o r  o ther iron l igands  t o  the rV465nm abs o rption  
band o f  l ac t o ferrin has preven t ed these  ligands from being 

· identi fi ed i n  the Resonanc e Raman spe c tra . 

O f  the  four c harac teri s t i c tyro sinat e  vibrat i onal 
frequ en cies , t he one  at � 1 275cm- 1 appears t o  be the  mos t  
s ensi t i ve t o  me tal substi tu t i on  and ac t i ve si te  s tru c ture . 
I n  the i ron  pro teins i t  varies  from 1 293cm- 1 i n  pyro cat e chas e  
( 1 1 2 ) and 1 285 - 1 270cm- 1 i n  t he t rans ferrins  t o  1 265cm- 1 i n  
pro tocat e c huat e-3 , 4-dioxygerrase ( 1 1 0 )  while subs t i tu t ion  o f  
c obal t ( I I I )  or  manganese ( I I I )  and iron ( I I I )  o r  c o pper ( I I )  
i n , the t rans ferrj_ ns resu l t s  i n  a ...-20cm - 1 d e crease . I .t  is  
reasonabl e that  this frequency be  more responsive to  changes 
in the me tal ion environment since it c ontains a substantial 
contribu t ion from C-0 s tre t c hing  mo t ion , whereas the o ther  
tyrosinate  vibrational modes  i nvolve primarily phenyl ring 
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de format ions ( 83 ) . However the  o bserved decre ase  i n  t h e  
C-0 s tre t chine frequency cannot  be  explained merely o n  the  
basis o f  incre 3sed  me tal-oxygen bond s t rengths . I n  t he case  
o f  t he m e tal subst i tu t ed  trans ferrins there  is no c orre­
lation be twee n  C-0 s t r e t c hing frequency and the  e l e c tro­
negativi ty o f  t he me tal ( 83 )  and i n the  case o f  the  iron ( I I I ) ­
t rans ferrins t here  is  no c orrela t ion  between the C-0  
s tre tching frequencies  and the s t ab i l i t y  c onst an t s  for i ro n  
binding . Human lac t o ferrin has been shown t o  bind i ron  60 
t imes s tronger t han o vo trans ferrin ( 7 ,  1 1 3 )  y e t  i t s  C-0 
vibration at 1 272cm- 1  is ac tually higher in  energy than the  
c orresponding 1 270cm- 1  peak i n  o vo transferrin ( 83 ) . Thus , 
the variability  in  the  frequency o f  the � 1 270cm- 1 vibrat­
ion is  likely due t o  small changes in the  geometry o f  the 
i ron- tyrosinat e mdi e ty .  A similar  c onclusion was drawn 
from the o bserved spe c tral c hanges i n  t h e  i ron- tyrosinate  
chromophore o f  protocatec huate-3 , 4-dioxygenase  following  i ts 
reac tion  wi th  substrate  and oxygen ( 1 1 0 ) . 

1 . 3 . 7  I SOELE CT R I C  FO CUSS I �G 

Isoelec t ric fo cussing is a t e c hnique by which  i t  i s  
possibl e to  c on c en trate pro t eins _ a t  their isoele c t r i c  point  
( I . E . P . ) ,  the p H  a f  whi ch  they are e l e c tri cally neu t ral . 
Di ferri c - , mono ferri c - an d apolac t o ferrin di f fer  from each  
o t her in  the e l e c tric  charge e a c h  possess , h en c e  it  should 
be possibl e t o  separate  them on t h e  basis  o f  their iso­
el e c t ri c  po in t s .  I t  was hoped that by this t e c hni que i t  
would be possible to  isolate mono ferric lac t o ferrin i n  
su f fi c ie n t  quan tity for further s tudies as has been  done 
wi th o v o trans ferrin  ( 67 ) . 

Ini tal experiments were p � r fo rmed t o  det ermin e  t h e  
I . E . P . o f  the  t h r e e  s�ecies  c o n c erned ; Fe2L f , FeL f  and L f .  
A va lue o f  pH 9 . 0  � 0 . 2  was ob tained  for  Fe2Lf , but at tempt s  
t o  d e t e r�in e t h e  I . E . P .  o f  FeL f and Lf  were l ess  suc c ess ful . 
I n  all c as es  rec overy o f  the pro tein  was only 20% and 
op ti cal densi ty measu rements indicated that a c onsiderable 
amount o f  mater ial , possibly denatured  pro t ein , was presen t  
at l ower pH . This m ay explai n t he resul ts o f  o ther  grou ps 
in  which  t h e  isoele�t ric poin t was found initially  t o  be 
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pH 9 but then overnigh t  drop to pH 5 . 5  and 5 . 8  ( 1 1 4 , 1 1 5 ) . 

The abi lity o f  lac to ferrin to displac e sodium from a 
cation exchange resin ( CM-Sephadex C - 50 )  a t  pH 7 . 6 sugges t s  
t hat at t his pH i t  is  b e l o w  i ts isocl e c t ri c  point .  Further­
more the fac t t hat Fe2Lf would  n o t  run in  an ac ryl amide 
gel at pH 8 . 9  is further c o n firmation o f  i ts high iso­
e l ec tric point . However , because o f  t he di fficul ties  ou t­
l ined above  this  l i n e  o f  s tudy was abandoned . 

1 • 4 CO�JCLUS I ON 

Lac to f.errin i n  addi tion to  binding t wo iron ( I I I )  e.r 
c opper ( I I )  ions has been demonstrated i n  this study to  
s t rongly a n d  spe c i f i c ally bin d  t wo c o bal t ( I I I ) , c hromium ( I I I ) 

a nd m an ganese ( I I I )  i o n s . In addi tion i t  appears t o  be able 
t o  weakly bind manganese ( I I ) , c obal t ( I I ) , ni ckel ( I I ) , 

zin c ( I I ) , cadmium ( I I ) , l ead ( I I )  and merc ury ( I I ) . I n  t h e  
presence  o f  apolac to ferrin manganesc ( I I )  has been shown t o  

readily unde rgo aerial oxidation and  bi n d  t o  the  pro t ein  as 
mangan e s e ( I I I ) where  i t  appears t o  be h eld in the spe c i fic 
sites  more tightly t han i ron ( I I I ) .  While the l at t e r  c a n  be 
par t i a l l y  displa c e d  by  co ppe r ( I I )  manganese ( I I I )  c anno t .  
I t  would  appe ar that t h e  great er s t ability o f  Mn2Lf  o v e r  
Fe2L f  may b e  a c on s equence  o f  manganes e ( I I I )  indu c i n g  a 
di f f e r e nt c o n fo rm a t i o nal c h an ge o n  apolac t o ferri n .  

T h e  c lose similari ty between , the ele c t ronic , e . s . r . 
and Resonanc e Raman spec tra o f  the  c omplexes Fe2Lf , Cu2L f , 
Co2L f ,  Mn2Lf and C r2L f  wi th tho se o f  t rans ferrin and ova­
trans ferrin rein forc e the postulate  t hat the me tal binding 
si t e s  i n  all  o f  t h e s e  proteins are similar and c on tain 2 - 3 
tyr o syl residue s  and at least one  his tidyl residue . The 
site appears to  be flexible enough to ac c ommodate  the  
di f ferent st ereoc hemic al requiremen t s  o f  the metals empl oyed . 
Iron ( I I I ) , c hromium ( I I I ) , manganese ( I I I ) and copper ( I I ) all 
appear  t o  o c cupy a site  o f  essentially distort ed o c t ahedral 
iymme try ; rhombi c in th e case o f  t he former  two and dis t ort­
ed t e tragonal i n  the case of  �he  lat ter t wo . A dis t in c t -
heterogenei ty be tween  the two spe c i fic  binding si t es  i s  

e vident from the e . s . r . spe c t rum o f  Cr2L f  and metal io n 
replnc eme n t  stud -i es  i ndic at e  t hat  chromium in  one si t e  i s  
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m o re l a b i l e  t han t h e o t h e r . I n  addi t i o n  t o  t h e  t wo s p e c i fi c  

si t e s l ac t o f e r r i n  appears t o  have a numbe r o f  n o n  s p e c i f i c  

s i t e s  o n  t h e  o u t s i d e  o f  t h e  pro t e i n  c apab l e o f  w e akly c o ­

o r d i n a t i n g  m e t al i o n s  s u c h  a s  c o p p e r ( I I ) and c hromium ( I I I ) . 



Chapt e r  2 SMALL MOLECULE COMPLEXES OF IRON 

2 . 1 I n t ro du c t i on 

( 60 ) 

S tu di e s  o n  t h e  i ron-binding s i t e s  o f  l ac t o fe rri n and 

t ran s ferrin have i ndi c a t e d  t hat t h e re are t wo imi dazo le  

and t wo t o  t h r e e  tyrosyl  r e s i du e s  c o ordi n a t e d  to  t h e  ferric  

ion  ( 7 , 33 , 36 - 4 1 ) t hough t h e  pre c i s e  c oordi n a ti o n  sphere is  

still  unknown . One bi c arbo n a t e  i o n  is also known t o  be 

e s s e n t i al for the bind i n g  o f  the fe rric i o n ,  t ho u gh whe t h e r  

o r  n o t  i t  i s  d i re c t ly c o o rdi na t e d  t o  t h e  m e t al i s  s ti l l  

q u e s ti on abl e ( 40 , 44- 53 ) . I n  a r e c e n t  s tu dy Gaber e t . al .  

( 40 ) repo r t e d  the  Re sonan c e Ram an an d el e c t ro ni c  s p e c t r a  

o f  t h e  c omplex N a [Fe ( Va ) ] 4H2o ( Figu re 2 . 1 )  alo ng wi t h  that 

o f  Fe2T f .  T h e  simil ari t i e s  he t'.veen  t h e s e  spe c t ra r e i n ­

fo r c e d  t h e  p o s tu lat e t h at the c harac t e ri s t i c  red c o lour o f  

t h e  i ro n - pro t e i n  i s  a resul t o f  a ph eno l at e - t o - i ro n  c harge 

t r a n s f e r  t ransi t i o n . Fu r t h e rmore  t h e s e  s pe c t ral similar­

i t i e s  have been c i t e d as e vi d e nc e for t h e  i nv o l vem e n t  o f  

o nly t wo t y r o s i n e  residues  i n  t he s p e c i fi c bi nding o f  the  

ferric  i o n . 

Wi t h  t h e  v i e w  t o  i n v e s t i ga t ipg th e i ron- t y ro si nate  

i n t e rac t i o n  fu r th e r  and t he e f f e c t that n i t rogen  bas e s  s u c h 

as imi d a z o l e  may have o n  t hat i n t e rac t i on , a m o r e  c ompr e ­

hensive  ran � e  o f  small m o l e c u l e  fe rric i o n  c ompl e x e s  have 

b e en pre pared u s i n g  t h e  l i gands i l lus t r a t e d  in Figure 2 . 1 .  

This has al lo�e d a spe c t ro s c opic  s tudy t o  be m ad e  o n  a 

s e ri e s  o f  c ompl exes embra c i ng the  c h romopho r e s  Feo6 , 
1 Feo4N 2 , Feo3N3 , Fe02N4 l and Fe02N2o2 ( wh e r e  0 r e p re s e n t s  t h e  

p h en o l a t e  o xygen and 0 t h e  carbo xy lat e o xygen ) . T o  

c l ari fy t h e  e l e c t ro n i c  s pe c t r a  i n  part i c u l ar , ligands whi c h  

are e s s e n t i a ll y c olourl e ss i n  t h e  ani o n i c  form were  s e le c t ed . 

To mimi c t h e  t y rosine  m o i e t y  subs t i t u t e d  hy droxyphenyl 

d e ri va t i v e s  w e re u s ed wher e e v e r  p o ssibl e .  Howeve r , f o r  t h e  

Feo6 type , dat a o b t ai n e d  f o r  c a t e c ho l a t e  c omplexes was u s e d  

a s  similar ph eno l at e c omplexes a r e  no t kno wn . I d e al ly , 

i s o l a t e d  ( n o n - c o n j ugat e d )  tyro s i n e  and hi s t i dyl sy s t ems 

sho ' 1 l d  b e  c o ns i d e r e d  but t h e s e  sy s t ems are n o t  alway s e asy 

t o  work w i t h  o r  are  u nknown . S o  sys t ems rangi n g  f rom 



F igure 2 . 1 Nome n c l a t u r e  and s t ru c tu re s  o f  t h e  l i ga n d s c o rr. p l e x e d  

w i t h  i ro n ( l i i )  ( th e  n u m b e r  a n d  s t ru c t u r e  r e f e r  t o  

t h e  d e �r o t o na te d  l i gana , t h e  name r e fe r s t o  t h e  
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bidentat e , tridentate  to hexadentate c on taining aromati c  
and/or aliphatic  nitrogens have t o  be used and from these  
fac tors  that  i n fluenc e  the  peak posi tion  and i n tensity o f  
the  c harge t rans fer band in the  vi sibl e region c ould  be 
s tudied . E . S . R .  and Mbssbauer spec tro s c opy were also c on­
sidered to evaluat e t he i r  sensi tivity t o  c hanges i n  the  
ferric ion environment  c reat ed by the di f f erent ligands . 
Henc e from thi s , c onc lusions c ould be drawn abou t  the 
nature o f  iron-binding  in the speci fic s i t e  o f  lac to ferrin 
and t rans ferrin . 

2 . 2  Expe rimental 

2 . 2 . 1 SYNTHES I S  AND SOURCES OF THE LIGANDS 

I a ,  I c , I I  and IV  were obtained from Aldrich Chemical 
Company , l a  from National Bio chemical Corporation , Va from 
Sigma Chemic al Company and imi dazole and N-methylimidazole  
from BDH Laborat ori es .  I l ia and I I I b wer e  prepared by 
Dr A .  W . Addisson ( Universi ty o f  Bri tish  Columbia )  and Vb 
was prep�red by Coordination Chemis t ry Consultants ( Texas 
A and H Universi ty ) .  VIa , VIe and S ALEN ( bi s- salicylalde­
hyde-N , N 1 - e thylen edimnine )  were  made by adding 1 0mmol o f  
the  appro priate aldehyde t o  l Ommol o f  the  appropriate ami n e  
and sti rring for a pproximately hal f a n  hour . The solutions 
were taken  down to  dryness , washed with  e ther and dri ed . 
VI I I  was prepared by adding two mole  equivalents  o f  NaBH4 
i n  ethano l  to SALEN , t he yellow ligand i n  suspension tu rned 
whi te and dissolved as the BH4- wen t  i n to solu t i on .  I t  was 
then fil t e red , prec ipi tated  wi th  wate r  and the  whi t e  solid  
rec rystal l ized by dissolving in hot e thanol , u pon redu c ti o n  
o f  the volume and t h e  addit i on o f  water  the produ c t  was 
precipitated . 

2 . 2 . 2  SYNTHES I S  OF THE COHPLEXES 

Preparation o f  [Fe ( I I )
3
] 

[Fe ( I I ) 3] was prepared following t he method o f  Cook 
e t . al .  ( 1 1 7 ) ,  3 . 6 6g  o f  t ropolone was dissolved in  a solut­
ion c on taining 2 . 52g o f  NaHco3 i n  water  to which  was added 
4 . 0 4g o f  Fe ( N03 ) 3 . 9H20 in wat er . The resul ting bri ck red 
precipitate  was fil �ered o f f ,  redi ssolved i n  CHC13 ( all  
except an  unchara c t e rised yellow-brown compound)  and 
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pre c i pi t a t e d  with  C C1 4
/die thyle t h e r . Analyses w e re per­

f o rmed on the purpl e  fo rm o f  the compl e x . 

Pr eparation o f  [Fe ( I I Ia ) 3] l t H2 0 

I l ia  ( 0 . 52g , 3mmol ) and NaOH ( 0 . 1 2g ,  3mmol ) were  
dissolv�d  i n  appro ximat ely 30 c m3 o f  h o t  me thano l .  To t h e  

fi l t e r e d ,  c o o l e d  s o l u t i o n  wa s a d d e d  Fe ( N03 ) 3 . 9H2o ( 0 . 404g , 
l mmol ) i n  20 c m

3 o f  m e t hano l  whe reupon a fine blood red p re ­

c i pi t a t e f o rmed . Thi s was fi l t e red an d was h e d  fi rs t wi t h  

m e t hano l/d i e t hyl e t h er , t h e n  d i e t hyl e t h e r  and ai r d r i e d . The 
mole c u lar weight o f  t his was d e t e rmined  t o  be 604 · dal t ons 

( Theore t i c a l  value = 575 dal t on s ) .  

Pre paration o f  [Fe ( I I I a ) 2 ( MeOH ) 2] No3 . 2H20 

I I Ia ( 0 . 35 g , 2m m o l ) and NaOH ( 0 . 08g , 2mm o l ) w e r e  

di ssolve d in  appro ximately 30 c m3 o f  ho t me thanol an d t h e  

s o l u t i o n  fi l t ered on  c o o l i n g . T o  t hi s was add e d  Fe ( No3 ) 3 • 
9H2o ( 0 . 40�g , l mm o l )  i n  20 cm3 o f  m e thano l . I n i t ial ly , t he 

red sol u t i o n  fo rm ed  wi th  p re c i pi t a t i o n  o f  t h e  t r i s  c ompl ex 

bu t on a d d i t i o n  o f  all the fe rric n i t r a t e  the solu t i o n  

turned purple and t h e  pre c i pi t at e  r e di s s o l ve d . Wi t h i n  five 
minu t e s fi n e  needl e crystals  appeared and t h e s e  allowed  to 

gro w for a peri o d  o f  2 - 4 hours  a f t e r whi c h  t h ey were 
fi l t e r e d  o f f )  wash e d  wi t h  wat e r and ai r dri e d . 

Pre p a ration o f  [Fe ( I I Ia ) 2 ( Im ) 2] No3 . iH20 ( 7 6 )  

T o  a h o t  s o lu tion  o f  0 . 1 88g ( 0 . 333mmol ) o f  [Fe ( I I I a ) 2 
( MoOH ) 2] N03 . 2H20 i n  e t h an o l  a large ( � 1 0 fold ) exc e s s  o f  

imi dazo l e  was added  u n t i l  t h e  � max no  longer shi f t e d  t o  

short e r  wavel eng th . The s o lu t i o n  was l e ft t o  s tand a t  4°C 
f o r  thr ee days a ft e r  wh i c h  t h e  resul ting dark red c rys t al s  

were f i l t e red , t h e n  was h e d  wi th e t hano l a n d  e ther . 

Prepara t i o n  o f  [Fe ( I I I b ) 3] LtH"20 

I I Ib (0 . 708g , 3mmol )  and NaGH (0 . 1 2g ,  3mmol ) were 
di sso l ved i n  approximat e l y  30cm3 o f  h o t me than o l  and the  
solu t i o n fi l t e re d  o n  c o o l in g .  U pon t h e  addi t i o n  o f  . 

Fe ( N 0
3

) 3 . 9H20 ( 0 . 40 4g , l mm o l ) i n  20 cm3 o f  m e th anol , a d e e p  

r e d  s o lu t io n  fo rmed . A d e e p  r e d  c ry s t alline  mat eri al was 
obtained  a ft er s t anding f o r  l i  hours . I t was fil t ered , 



was h e d  wi t h  wa t e r , e t hano l , di e t hyle the r . and  ai r dri e d . 

Fu r t h e r  c ro ps were o bt ai n e d  u po n  s t anding fo r two d ays and , 

a f t er fi l t ration , by t h e  addi t i on o f  w at e r . 

Preparation o f  [Fe ( IV ) 3] 1 iH2o 

So dium m e tal ( 0 . 1 38g , 6mmo l )  was added to a s lu rry o f  

I V  i n  30 cm3 o f  e than o l . As t h e  s o dium d i s s o l v e d  and t h e  

l i gand c o n v e r t e d  t o  i t s  ani o n i c  f o rm a r e d  c o l o u r e d  s o l u ­

t i o n  t h a t  fluor e s c e d  w a s  pro du c ed . To t h e  fi l t e r e d  solu­

tion  was  added Fe ( N03 ) 3 . 9H20 ( 0 . 808g , 2mmo l ) in  20 c m3 o f  

e t h anol . The resul t i n g  red  p re c i pi t a t e  was fil t e re d , 

washed wi t h  wa t e r ,  t h e n  e t hanol and air  dri ed . 

Preparation o f  K [Fe ( Vb )] 2H2o 

K [Fe ( Vb) ]  2ll20 was pre pared  u s i n g  t h e  me t h o d  o f  Gabe r  

e t . al .  ( 40 )  fo r t h e  anal agous Va c ompl e x . Equim o l ar qu an­

t i ti e s  o f  Vb , fre shly p re c i pi t at ed  hydra t e d  fe rri c oxide  

and KHC07 we re s t i rred  in  a 3 : 1 wat e r : m e t hanol  mixture for  
� 

t h re e d ays . The s o lu tion  was fil t e r e d , s t ri pp e d  o n  a 

ro tary e v aporat o r  and the  resu l t i n g  p r e c i pi t a t e  e x t rac t ed 

i n t o  e t hanol . Cry s t als whi c h  appe areJ when the v o l ume 

was r e du c e d we r e  fil t ered  and washed wi th d i e t hy l e t h e r . A 

s e c o n d  c ro p  was o b t ained upon t h e  addit ion o f  e t h e r . 

Prepara t i o n  o f  �e ( VIc ) 2] PF6 . H20 

T o  VIe ( 0 . 39 g , 2mmo l )  and KOH ( 0 . 1 1 2g , 2m mo l ) d i s s o l v e d  

i n  warm e t hano l o r  m e t han o l  ( 30 cm3 ) was add e d  Fec13 ( 0 . 1 62g , 
l mmo l )  dissol v e d  i n  1 0 cm3 o f  e t h an ol  o r  m e t han o l . T h e  

mixtu re  wa� heat e d  for 1 0  minu t e s  a nd 5cm3 d i m e t h o xy p r o ­

pane a d d e d . A f t e r  c o ol ing ( 1  h ou r )  t h e  s o l u t i o n  was 

fil t e re d  ( to  remo v e  KCl ) and the volume redu c e d  to abo u t  

1 5cm3 . NH4PF6 ( 2mmo l ) dissolved  i n  m e thanol was ad d e d  and 

the r e sulting pre c ip i t at e  was c o l l e c t e d and was h e d  wi t h  c o l d  

m e t h an o l  and di e t hy l e t h e r · .  T h e  fi l t ra t e  also produ c e d  a 

s e c o nd c ro p . 

Prepara tion o f  K �e ( VIa) 2] 2H20 

To Yta ( 0 . 53g , 2 . 48mmol )  and KOH ( 0 . 28 g ,  5mmo l ) 

di s s o l ved i n  35cm3 o f  waim e thanol was added Fec13 ( 0 . 20 g ,  
1 . 25mmol ) i n  1 0cm3 o f  e t h anol . The mixture was h ea t ed f o r  
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five minu tes  and l e t  t o  s tand for an hour . The solution  
was fil te red to remove KCl  and then  redu c ed to  below hal f­
volume and e ther added . The solu t ion  was cooled o vernight 
and then black c ry stals o f  the produ c t  were colle c t ed and 
w a s h e d  wi th  an e thanol/ether ( 1  : 1  V/V) rnixture and t hen 
di ethyl e ther . .  The produ c t  was rec ryst allized from a me th­
anol/die t hyl ether mixture . 

PreparCJ.tion  o f  [Fe ( VIIb )] PF6 

Fe ( VI Ia) N03 . 1 i H20 was prepared ac c ording t o  Tweedle  
and Wil son  ( 1 1 8 ) . One gram o f  this c ompound was disso l ved 
in wat e r  and 0 . 55g o f  NaBH4 slowly  added  and the  solution  
c hanged t o  a wine red c olour . I t  was filt ered and KPF6 , 
dissolved in  water , was added and this resul ted in  the pre­
cipi ta t ion  of  the  produc t .  I t  was c o l l e c t ed and washed 
thoroughly wi th wat er . 

Preparation o f  [F'e ( VI Ic )] P F6 

This was prepared similarly t o  the lit erature prep­
aration  o f  [F e ( V I I a )] PF6 ( 1 1 8 ) , except  at the extrac t i on 
stage where 900cmj o f  wate r  was used . The produ c t  was re -

-z 
crystallized from 30 cm� o f  an ace tone/water mix ture ( 7 : 3  

V/V) . 

Preparat :L on  o f  [Fe ( VI Ic )] r 3 

To 0 . 29g o f  [Fe ( VI Ic �  P F6 dissolved in 50cm3 o f  a m e th­
anol/ace t one mixture ( 1  : 1  V/V) was added 0 . 4g o f  r 2 . Af t er  
removal o f  the solvent  mj_ xture t o  be  l ow  hal f volume o n  a 
ro tary evaporator blackish crys tals  o f  the produ c t  precip­
i t at ed and these were c olle c t ed  and washed wit h  die thyl ­
e the r .  

2 . 2 . 3  I NSTRUHENTA'l' I ON 

I . R .  spec tra were recorded o n  a Ec ckman I R20 spe c t ro ­
pho t omet er , elec t ronic spe c tra o n  a Shimadzu MPS 5000 spec­
t ro pho tome t e r . E . S . R .  measurement s  were made at - 1 96° C o n  a 
Varian E 1 0 4A X-band spec trorne t er or  a t  - 1 60

°
C using a Varian 

E- 257 Variable Temperature ac c e sso ry . Spe c t ral g value s  
were c alibrated wi th a DPPH s tandard . Conduc t ivi ty measure-
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Table 2 . 1 AJ\TALYTI CAL DATA OF .SMALL HOLECULAR WEI GHT 
FER�I C ION COMPLEXES . 

Compound 

[Fe ( I I )  3 J 
[Fe ( I I Ia)  3] H ·H2o 

[Fe ( I I Ia ) 2 ( MeOH ) 2 ] 
NOy 2H20 

a [ Fe ( I I Ia ) 2 ( Im ) 2 J 
N03 . tH20 

[Fe ( I I I b )  3] 4H20 

[Fe ( I V )  3] l -tH20 

K [F'e ( Vb )] 2:120 

K [F'e ( VIa )  2] 2H20 

[F'e ( VI c )  2] rF6 . u2o 
[Fe ( V I I b ) ] P F 6 
[Fe ( VI I c ) ] Pr,6 
[Fe ( VIIc ) ] r3 

a .  Re ferenc e  ( 76 ) 

Fourid 
c H 

60 . 7  3 . 3  

59 . 5  4 . 7 

46 . 7  4 . 8 

52 . 0 4 . 5 

6 4 . 3 4 . 4 

65 . 7  3 . 7 
46 . 2  5 . 0 

57 . 0 4 .  1 

47 . 0 3 . 6  

43 . 3  5 . 0 

45 . 8  4 . 7 
32 . 3 3 . 4 

( % )  Calculated  
N c H 

60 . 2 3 . 6 

1 3 . 4  59 . 8  5 . 0 

1 2 . 8  46 . 8  5 . 4  

20 . 7  5 1 . 9  4 . 8  

9 . 8  6 4 . 8  5 . 0  

5 . 8  6 5 . 7  3 . 8  

5 . 3  L�6 .  6 lt . 7 

5 . 4  56 . 4  3 . 9 

9 . 4 47 . 0 3 . 3  

1 0 . 0  43 . 1 5 . 0 

9 . 4  45 . 6  4 . 8  

6 . 9  32 . 3  3 . 4  

( %) 

N 

1 4 . 0 

1 2 . 4  

2 1 . 0 

1 0 .  1 

5 . 9  

5 . 4  

5 .  1 

9 .  1 

1 0 . 0  

9 . 6  

6 . 9  
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Table 2 .  2 COi'� DU CTI VITIES A 'W HAG NE'r i C  SUSCEPT I BILI T I ES 

OF SM ALL MOLECULAn WEI GHT FERR I C  ION COMPLEXES 

A M (Jl- 1 m o l e - 1 cm2 ) 

Compound AM Solvent J'e f  f (  BM ) 

[Fe ( I a )  3] 6H2o 26 . 1 Et  OH 5 . 88 
[Fe ( Ib ) _.;] 4 ;-H20 5 . 7 1 

(Fe ( I c ) 3] 1 � H20 0 . 0 6 E t  OH 6 . 1 4  

[Fe ( I I ) 3] 0 . 54 Ac e t o ne 6 . 1 7  

[Fe ( I I Ia )
3
] 1 iH20 0 Ac e tone 5 . 90 

[Fe ( I I I a )  2 ( t-1 e 0 H )  2 35 . 8  E t  OH 5 . 79 

N 03 . 2H20 ( 0 .  1 1 Ni t roben zen e )  

[Fe ( I I Ib ) 3] 4H20 1 . 35 Et OH 6 . 1 3  

[Fe ( I V)  3] 1 -;}H20 4 . 25 

K [?e ( Vb ) ] 2H20 76 . 8  H e  OH 5 . 76 

K [Fe ( VI a )  2] ,�H20 9 2 . 54 Ac e t o ne 5 . 98 

[Fe ( Vlc ) 2] PF6 . H20 1 1 0 Ac e tone 4 . 86 

[Fe ( VI I b )] PF6 5 . 9  

[Fe ( VI I c )] PF6 8 7  M e  O H  2 . 02 

[Fe ( VI Ic )] r3 93 �1e0H 1 .  92 
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men t s  were made using a Philips PR 9500 and 95 1 0  c ondu c t ­
ivity me t e r  an d c ell . A l l  c onduc tivi t i es  are c onsis t ent  
wi th  t he  proposed formulations ( Table 2 . 2 ) . Mol e cular 
weights were d e t ermined  by the  vapour pressure m e t hod  on  t he 
Hi tac hi Perkin-Elmer  Mo l e c u l ar Weight Apparatus 1 1 5 .  Mag­
n e t i c  sus c eptibili ties  were d e t ermined at Vic to ria Univers­
i ty by the Faraday Met hod u sin g Hg [Co ( CNS ) 4] as the c ali­
bran t . Pascal  cons t an t s  were used t o  c orrec t  for wat er , 
l igand and anion diamagne ti sm . Mdssbauer  spe c t ra were 
c oll e c ted  and analysed at Chemis t ry Division , D . S . I . R . 
Percen tage C ,  H and N were det ermined by Pro fessor A .  D .  
C am pb e l l  a t  Otago Universi ty  and are given i n  Table 2 . 1 .  

2 .3 Resu l t s  and Di scussion 

2 . 3 . 1  PREPA?.ATIONS O F  COl1PLEXES 

Feo6 Types 

Spe c i es o f  the t y p e  [Fe ( ph e n o l a t e ) J 3- are no t known . 
The c l oses t  systems t o  this are a number o f  bidentate  lig­
ands , one exa.rnpl e o f  wl1 i c h  is [Fe ( c at e c holat e ) 3] ( 1 1 9 ) .  
Compl exes  o f  hydroxamic acids I a ,  I b  and I c  were prepared 
by t h e  method  o f  Eps t e in  and S t raub ( 1 20 ) , while  the c omplex  
o f  I I  w a s  prepared  by t h e  m e t h o d . o f  C o ok e t . al .  ( 1  1 7 ) . 

Fe04N2 , Feo3N3 CJ.n d  Related Types 

1'h e  prep;..tration o f  the tris c ompl exes o f  I I Ia , I I Ib and 
I V  a r e  given in the experimental sec tion .  The bis c omplex 
[Fe ( I I Ia ) 2 ( MeOH )� No3 . 2H20 crystalli zed from a 1 : 2 : 2  
mixture  o f  Fe ( N03 ) 3 . 9H20 : I I Ia : NaOH in  MeOH o ver  a period o f  
2 - 3 hours a s  long purpl e ne edles . These appeared t o  be 
s table in  air for at l eas t 4 - 5 hours , bu t became  pi t t e d  
over several days indi cating t h e  loss o f  solvent from the  
crys tals . From singl e  c rystal x- ray struc tural analysis  
th e  formul ation o f  the c ompl ex appeared t o  be  [Fe ( I I Ia ) 2 
( MeOH ) 2] No3 . MeOH sugges t ing ei ther s o m e  variation i n  sol ­
vation  between di fferent  bat c hes  o f  c ompound , o r  that wat e r  
may replac e t h e  labi l e  methanol mol ec ule  i n  the c rystal s . 
The e f fec t o f  a varie ty o f  bases  o n  the el ec troni c spe c t rum 
o f  [Fe ( I I Ia ) 2 ( HeOH ) 2] No3 . zH20 was also investigat ed . No 
change was evi dent in � when  dimethyl sulphide and max 
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dime thylphenylphosphine oxide  ( ( Me ) 2Ph P=O ) were added 
( Tabl e  2 . 3 ) ,  t hough the lat t er added in excess  c aused a 
s t eady de crease in t h e  intensi ty o f  the  c harge t rans fer band 
sugges ting that ( Mc ) 2PhP=0 was replac i ng I l i a  in  the  c omplex .  
Shi f ts  o f A  , listed i n  o rd er  o f  shorter  wavel ength , were max 
observed with dime thylsulpl1oxide ( DHSO) , imidazole  ( Im ) and 
tribenzylamine and it proved possible to i solate  c rystal s  o f  

[Fe ( I I I a ) 2 ( Im )}o3 . �H2o from solution . 

An at t empt was made t o  prepare the c omplex �e ( I I Ia) 
( MeOn ) 4] 2+ by preparing a 1 : 1 : 1 solution o f  Fe ( N03 ) 3 . 9H20 :  
I I Ia : NaOH in MeOH . However ,  no crystals o r  precipi tate 
appeared from the  resul ting deep blue s olu tion and as the 
�max o f  the solution decreased on dilution this value was 
bes t  d e t e rmined by ru nn i n g  a di f fuse re fle c t an c e  spec trum . 
An a t t empt was mad e t o  prepare [ Fe ( I I I b ) 2 ( MeOH ) 2] + by pre­
pari n g  a 1 : 2 : 2  mixture o f  Fe ( No3 ) 3 . 9H20 : I IIb : NaOH in  m e th­
anol . From t hi s  w a s  i sol at e d a solid whi ch had an abso r­
ban ce  maxi mum of 532nm while  the resul ting fil t rate  had a 

\max o f  572nm , indicating a mixture o f  bo th tris and bis 
c omplexes o f  I I Ib .  At t empt s  t o  separate  these  proved un­
su c c e s s ful . 

An  a t t empt was made t o  prepare the  c omplex [ Fe ( VI I I )] + ,  
howe ver i t  was n o t possible t o  isolate  this from soluti on . 
Hen c e  studies were p er formed on 1 : 1  mix ture s o f  Fe ( Cl04 ) 3 : 
VI I I  t o  whi ch  one o r  two mol ar equivalents  o f  imidazo l e  o r  
N-m e t hylimidazole ( N-Me- Im ) were added . 

Fe02N2o� and Fe02N4 Types 

Complexes o f  Va and Vb were prepared following the 
me thod  o f  Gaber e t . al .  ( 40 ) . A complex o f  the  lat t e r  has 
b e en previ ously be en prepared in solution ( 1 27 )  though i t  
was no t i t; o lated a s  a solid . Preparation o f  c omplexes 
involving the ligands VI a ,  VI e ,  VI Ia and VI l e  are given in 
the experimental se c t ion . I n  the c ase  o f  t h e  l at t er two 
ligands the me thod o f  Tweedle and Wilson  was fo llowed ( 1 1 8 ) . 
The anions  o f  these ligands give rise  to o range c o lours so 
t o  c l ari fy the elec tronic s pe c t ra they were  reduc e d  by 
NaBH4 when attached  t o  iron ( I I I ) . Many of  the redu c e d  
anions do not a s epara � e exist en c e .  The assignment  o f  
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the  spe c t ra were simpli fi ed bec ause t h e  reduced  ligands 
gave anions that were n e arly c o lourl e s s . Howe v e r  o f  t h e  
c omplexes  i nvolving these redu c e d l igands only one , 
[Fe ( VI I b � PF6 , was isolated as  a solid . That redu c t io n  
o f  the ligan d h a d  o c c u r r e d  was veri fi ed by the i . r .  s p e c ­
trum o f  the  so l id , whi c h  in c ompari s o n  wi t h  i t s  prec urso r ,  
shows import an t  di fferenc e s . The former c ompou nd shows two 

Y C N-H ) absorption  ban d s  at abou t 3300 cm- 1 while  the la t t e r  
h a s  o n e , a nd t h e  � ( C�N ) abso rp tio n  i n  t h e  l a t t er at 1 620cm- 1 

d i sappeared upon  redu c t i on . K [Fe ( VIa ) 2] 2H2o and [ Fe ( VI c ) � 
PF6 . H20 onc e redu c e d  ( in MeOH ) we re u ns t able and were 
oxidised by ai r back  t o  the  parent  c ompounds . Howe v e r  
spe c t ral data c o u l d  b e  rec orded i f  o bt ained  immediat ely 
a f t e r  redu c t i o n � Addi tion  o f  exc ess NaBH4 resul t e d i n  the  
redu c ti on o f  i ro n ( I I I ) to  iron ( I I ) and loss  o f  c o l ou r . 

2 . 3 . 2  MOLEC U L�R STRU CTU�E OF �e ( I I Ia ) 2 (MeOH) � N03 . MeOH 

In t h e  c o mpl e x  ( Fi gu r e  2 . 2 ) ( 1 0 7 )  the ferri c i o n  h a s  
b e e n  shown to b e  c o o r d i n a t e d  t o  two I I Ia  ion s and t wo 
m e t ha nol  m o l e c u l e s . / s  well there  i s  o n e  o c c lud ed me thanol  
m o l e c u l e  and o n e  ni t r a t e  grou p pre sent  in  the asymm e t ri c  
u ni t . The iron  i s  bound t o  the phe nolate  oxygen , o n e  o f  the  
imi n e  ni trogen  atoms and the  oxyr:en  a t om of  me thanol i n  an  
all- t ra n s  arra ngeme n t . These s i x  a tom s o f  the inner c o ­
o rdination  s phere  fo n:1 a rhombi c e n viro n ifl e n t fo r the  i ro n  
atom . The Fe-N bo nd i s  wi thi n  t h e  norm ally expe c t e d  valu es 
fo r iron-imi n e  int erac tions and  the  iron -me thano l b o n d  
l e n g t h  ( 2 . 094 ( 3 ) A0 ) i s  n o t  si gni fi c an t ly di f fe r e n t  t o  t hat  
found for an Fe 1 1 �- e t ha n o l  i n t e rac t ion ( 2 . 1 1 3 , 2 .  1 60A0 ) 
( 1 2 1 ) .  The iron-phenolate bond ( 1  . 88 8 ( 3 ) A0 ) w ou l d a l s o  

appear to be  c lose to normal , i t  i s  n o t  signi fic a n t ly 
di f ferent  t o  the iron-pheno l a t e  bond  in  Hg [Fe ( Va )] 4H2o o f  
1 . 907 ( 7 ) A0 ( 1 03 ) . T h e  o c c lu d e d  m e t han o l  m o l e c u l e  i s  par t  

o f  a hydrogen bonding scheme i nvolving the me than ol mol­
ecule  bound  t o  the  i ro n  atom , the  o c c luded me thanol mol ­

e cu l e  and t he nitrate  group . The hydro ge n a t om o f  the 
bound m e t h anol  i s  hydrogen bo nded  to  the o xygen o f  the  
o c cluded m e t hanol mol e c u l e , t h e  bo nd length o f  1 . 7A0 is  
c lo se t o  v a l u e s  expe c t ed for su c h  an in t erac t ion ( 1 22 ) . 
The hydro g e n a t om o f  t h e  o c c lude d  m e t hano l i s  fur t h e r  
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.Et.r;ure 2,2. The molecular conforr.tation of [Fe (IIIa)2 (JI!oOH)2] N03,MeOR. 
Top ; the coordination sphere of the ferric ion .  
Bottom ; tho hydrogen-bonding net�rk in the crys tal (hydrogen­

bonds are indicated by dashed or dotted lines ) . 

Impor tan t  B on d  A n g le s  

N1- FQ - 01; 86 . B A  
N1 - FQ - 02; 90. 1 A 
01- Fe - Ol; 87. 2 A  
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h ydrogen bonded t o  an o xygen o f  the ni t rat e , while  hydrogen 

bonding also o c c u r s  between the  lat t e r  and the hydro gen o f  

t h e  imine group in  I I I a , t hu s  a l a t t i c e  o f  hydro gen bo n d i n g  

is set  up . This was also  f o u n d  in  t wo di e t hyl addu c t s o f  

porphyrinato iron ( I I I )  c omplexes ( 1 2 1 ,  1 23 ) . Furthermore 
the  fac t t hat  there was n o  d i re c t  in t e rac t ion between t h e  

ni trat e �ro u p  a n d  t h e  iron atom pro v i d e d  further c o n fi r­

mation fo r the  assignment o f  t h e  1 360cm- 1 band in t h e  i . r .  
spe c t rum o f  the c om p l e x  t o  i o n i c  nitrat e .  

2 . 3 . 3  ELEC VRONI C  S PECTRA 

The m a i n  feat u re o f  the ele c t ronic spec t ra o f  t h e s e  

c ompou nds is  the relatively int ense c harge tra n s f e r  band 

that gives rise t o  the reddi s h  c o l o u r  ( a t  420-530nm ) and 

wh ich c an be assi gned to a t ransi tion  from the pi orbi tals 
on the  phenolat e  oxygen to t he hal f fi l l e d  d [ * orbi tals on  
t h e  f e rric  i o n  ( 40 ) . Su c h  p lT  � d lT * t ransi t i o n s  are 

i n t e n s e  wh e r e  as d - d trans i tions are v e ry weak and 
d i f fi c ul t to  o b s e r v e  for Fe 

T I I .  
For exampl e a weak sho u l d e r 

i n  t h e  s pe c trum o f  Na �e ( Va )] 4H20 has  b ee n observed a t  high 

c on c e n t ra t io n s  around 900nm , a t  room t em perat u re and - 1 96°C 
( Tabl e 2 . 3 ) . A s e c on d band at abou t  3 1 5nm has been  reported  
by Gaber  e t , al .  ( l�O ) to be aosign e d  a s  a plT � d o- *  t y pe in  
�e ( Va )] - and poorly resol ved i n  Fe 2T f .  A s im i l ar band at 
3 1 5nm can  b e  o b s e r v e d  in Fe 2L f  and t hough disc re t e  band s 
have be en  o b s e r v e d  in  compl e xes o f  I I Ia ,  I I Ib and I V  i t s  
i denti fi c ation in o ther c ompl exes has been di f fi c u l t . The 
high i n t ensity  o f  the c harge trans fer  b ands is probably due 
t o  mixi ng wi t h  low lying phe nyl TT -3> lT *  t ransi tions  and 

where  the se  are no t pre sen t as in �e ( EDTA) ( OH ) ] 2-
n o  c harge 

trans fer band is  found ( 1 24 ) . 

Howe v er in  an a t temp t  to  mimic th e  charge t rans f e r  

t ransi tion o f  Fe2L f  ( at 465nm ) i t  i s  impo r t an t t o  n o t e  t h a t  

fac t o r s  su ch  as  t h o s e  listed  below will  in fluen c e  the  
intensity and p o s i t ion  o f  the  ban d . 

1 .  The polyden ta t e  nature o f  som e o f  the  ligands as 
c ompare d  wi t h  the bidentate  and tridentate  c harac t e r  

o f  o th e r s . 

2 .  The c harge o n  t h e  l i gand . 
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3 . The nat ure o f  t he N-donor atoms  ( e . g .  whet h e r  ali phati c  
o r  aromat i c ) . 

4 .  The  s t ereoc hemi stry around t h e  ferric ion ( e . g .  i n  
Feo3N3 whe t h er the mer  o r  fac i somer exi s t s  and  for  
Fe02N4 whe t h er cis  o r  t rans arran gement i s  pre s e n t ) ,  
and 

5 .  The ac tual number o f  ph eno l a t e  an d ni trogen l i gands 
present . 

I t  i s  c onc eivabl e t hat par t i c ular c ombina t i o n s  o f  t he 
abo ve fac t o rs will  a llow  o n e  t o  " tune  i n "  o n t o  t h e  ac tual  
c harge t rans fer e n ergy even  though t he numbers o f  phenol a t e s  
and ni trogen  atoms  are di f fe r e n t  i n  eac h model . G e n e ral ly , 
howeve r ,  o n e  shoul d  be abl e t o  at least  limi t t h e  possible 
models t o  one  o i  t wo type s . 

I d eally i t  wou ld  be more  sui t able i f  one l igand c ou l d  
b e  u s e d  t o  c o v e r  as many types a s  possible  ( e . g . c is and 
t rans  Fe02N4 t � and f a c  Fe03N3 ) .  Howe v e r ,  this no t being 
t h e  c as e  i n  the pre s e n t  s t u dy ligands have been  d es i gn e d  t o  
c ov e r  a l l  types  o f  c om p l e x e s  from Feo6 t o  Fe02N2o1 ( al though 
the  ac t u al geom e t ry is  no t alwa y s  known ) . 

Fe o6 Ty pes 

Compl exes  o f  this  type he�v.z. \?c. "<l� 'Ni t hi n  the  range 430 -
500nm ( Table 2 . 3 ) making them c lo s e  i n  energy t o  t h e  c harge 
t rans f e r  t ransi t ion observed in Fe2L f . Gen e ral l y  t h ey are 
high e r  i n  ene rgy than c omplexes  o f  the t y p e  Feo3N3 
i nd i c at i n g  t h a t  the  s e c o nd oxygen i n  the  l i gand rai se s  the  
e l e c t ro n  d e ns i ty on  i ron  t o  a great er  ext e n t  than n i t ro gen  
hen c e  t h e  c harge tran s fe r  i n te rac tion  becom e s  l e s s  favourabl e . 
Howe v e r  t he s p e c t rum o f  [Fe ( I I ) J i s  more c omplex t han t h e  

_,I 
o thers  i n  this  seri e s . Whil e  i t  has a charge t rans fer  band 
at 427nm , the  i n t ensi ty o f  this  ( at 1 5 , 200lmole- 1 cm- 1 ) i s  
m u c h  great e r  t han t h a t  r e po r t ed fo r the  o t h e r  c omplexe s 
prepared i n  this  study whi c h  all have intensit i e s  around 
4000l m o l e - 1 cm- 1 • Add i t ional bands are al s o  observed  at 
lower  energy . It  may be t hat t he s e  are a c onsequ e n c e  o f  t h e  
s t ru c ture  o f  �e ( I I ) 3] whi c h  i s  i n t ermedi a t e  between  o c t a­
hedral and t rigonal pris�ati c  ( 1 25 ) . 
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A max ( nm ) a  
Compound 

b fe2L f 
c Fe2T f 
d 3 -
[ Fe ( Ca t e c hola t e l 3] 

[re ( r o. )  ;J;H2o 
[r'c ( I b )  ;. } . ? H20 

[Fn ( I c l ; ] l 2 H20 

[re ( I  I )  "3 ]  

[re ( I  I I <:� )  3] 1 3 H2o 

[re ( I  I !  a )  2 ( �:eOH ) J 
N03 ' 2H

.?
O 

1' [re ( J I 1 J ) 2 ( I m l 2] :w5 . 1 H2o 
<: [re ( I I  I u )  2 ( x ) 2] ' 
A - l. L' l  b c l l z y L  .. m in u  

DHSO 
d i m e  L h y l G u l ph i d e  
( P.c )  2 P h P= 0  

(Fe ( I I I a )  0:cOH ) 1J 2 +  
[Fe ( I l i b )  .. ] 4H2o 

/ 
(Fc ( I V J 3 } 2 H20 

[Fe ( V I I [ )r 

[Fu ( V I I I )  ( Im ) )  + 

[Fe ( V  I I I )  ( Irr. ) J 1 

[Fo ( V I L I ) (�-Me - I m ) �) • 
I N.- ['·'e ( Vil l] 11H20 

K [Fc ( V b i] 2H20 

K [r·c ( V T .:: t) 2) ?H 20 

K [i,.e ( V I b ) J . 

(fc ( V I c ) J  PF6 . H20 

[r'e ( V Id ) ;�) PF6 
[Fe ( V 1 1 a )) PF6 

[Fu ( V I I b :•) PF6 
[fd V l l c )] PF6 
[l•'e ( V I Ic l)]  P F6 
[r·e ( V I I c l] r 3 

Vi si bl c  Bands 

lt 65 ( 4 1 40 )  

4 70 ( 4370 ) 

496 ( 4 700 ) 

433 0430 ) 

468 

411 1-1 ( 4 470 )  

427 ( 1 5200 ) ,  5 1 0 ( s h ) , 
531, ( s h )  

487 ( 3 90 3 )  

563 ( Lt 570 ) 

530 

527 
550 
no c han ee 
no c h ange 
640 

50 1 ( 38 70 )  

?OO ( sh ,..._., 1 500 ) 

540 
480 

490 

4 6 7  

1,80 ( L,ooo ) , 9 1 0  

lt 92 ( 3830 ) 

403 ( 263 1 0 ) ' 4 70 ( s h )  

4 2 5  

4 30 ( s h )  

4 6 5  

1130 ( 3000 ) ' 490 ( 3600 ) '  
620 ( 1 900 ) 

507 

400 ( s h ) , 575 ( 3000 )  

509 

4 1 0 ( s h ) , 575 ( 3260 ) 

11 ,  �x t i n c t ion  C o e f fi c i e n t  i n  b racke t s  
c .  

e .  

!lc fercnce ( 7 )  

Re fe r e n c e  ( 7 6 )  

( s b )  = shou l d e r  

Others 

283 ( 1 1 5 , 800 ) 

280 ( 1 0 9 ,  700 )  

260 ( Sh )  

30 1 

2 50 ( s h )  

2 70 ( s h ) , 328 ( 3 1 700 ) 
361, ( 1 ?300 )  

30 4 ( 24250 ) 

30 5 ( 1 900 0 )  

So l ven t 

Phosph a t e  Bu f f e r  
Tri s Bu f f e r  

E t  OH 

Et Oil 

CHC13 
Et OH 

Et OH 

EtOll 
E tOll 
Et OH 
Et OH 

Re flee t <1 n c e  

298 ( 39 900 ) EtOH 

325 ( 35 1 70 ) , 336 ( 35280 ) , CHC1 3 
360 ( sh ) 

282 

2 77 ( 1 1 38 0 ) , 3 1 8 ( 6 300 )  

290 ( 30 8 40 ) ,  3 4 5 ( sh )  

340 ( 9000 ) 

353 ( 6880) 

256 ( s h ) , 280 ( s h ) , 
359 ( 1 11000 ) 

b .  

d .  
f .  

T<:�ble 1 . 6 

Re fere n c e  ( 1 1 9 )  

Re feren ce  ( 40 )  

Me OH 

Me OH 

Me OH 

Me  OH 

Me OH 

Ace tone  

Me  OH 

Ac e t o ne 

Me OH 

Me OH 

�le OH 

Me OH 
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Feo4N2 , Fe03N3 and Related Types 

In the series  o f  complexes prepared from the ligand 
I I Ia there is an inc rease in the energy o f  the charge 
t rans fer  band from [Fe ( I I Ia ) (MeOH ) J 2+ t hrough 
[Fe ( I I Ia ) 2 ( MeOH ) 2] +  t o  [Fe ( I I Ia ) 3] whil e  the only Fe04N2 
c omplex K �e ( VIb ) J 2H20 absorbs at the highest energy ( Table 
2 . 3 ) . This trend i s  c onsi stent  wi th t h e  observation that  
c omplexation o f  the  ferri c ion  by suc c essive  phenol ate  

. groups produces  a blue  shi f t  in  the  visible  absorption 
maximum by abou t  2000cm- l per phenolate  group ( 1 26 ) . I n t er­
ac tion with an in creasing number o f  phenolate otygens 
donating  c harge to  the c en tral me tal ion can be expe c t e d  to 
destabilise the me tal  orbi tals by vi rtu e  o f  a spheri c al 
term repulsion be tween the me tal and ligand elec t ron densi ty 
( 1 43 ) . Henc e the  l igand- to-me tal c harge trans fer band wil l  
decrease  i n  e n ergy as t h e  coordination number de creases . 

The charge t rans fer  t ransi tion moves from 487nm for  
[Fe ( I I Ia ) 3] 1 1H20 t o  50 1 n m fo r [Fe ( I I Ib )] 34H20 a move  c on­
sis t en t  with t h e  fac t that increasing c on jugation  o f  the 
ligand redu c e s  the  pTf -::> p 1T * ga p in the c omplex . Though 
the  c h a r g e  t rans fer  band o f  the c omplex Fe ( I V ) 3 l tH20 i s  
partly obscured  b y  an in t ense band i n  the U . V . region 
c en tred at 336nm i t  absorbs around 500 nm making it c lo s e  
in  ene rgy to  the  c omplex  [Fe ( I I Ib ) � 4H2o . 

Addi tion o f  bas es such as imidazo l e  or  t ribe n zy l amine 
to [Fe ( I I Ia ) 2 ( MeOI-0 2J �·w3 . 2H20 sh i f t s  the abso rbanc e maxi­
mum t o  higher energy t hough the  shi f t  i s  no t as great as 
when similar bases are added to  [Fe ( VI I I � + ( Tabl e  2 . 3 ) . 
Whil e  in t he former example a single c rystal x-ray s t ru c ture  
has  shown the phenolate  groups to  be c oordinated t rans t o  
each o ther i t  would ap pear likely t hat the phenolat e s  o f  
VI I I  are cis  t o  each o ther , as the ligand would bind  i n  a 
planar fashion . This is c onsis t e n t  wi th data for o th e r  
pairs o f  c i s  and t rans me tal c omplexes where t h e  t rans 
i somers have been o bserved to  absorb below t he ene rgy o f  
the same band in the  c is  i somers ( 1 43 ) . The di f f erence may 
be  due ,  in  part , t o  in t erac tion o f  orbitals on neighbouring 
ligand molecules . 

Previous workers have c i t ed  a t rend i n  the extinc tion  
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coe f fi cient  o f  2000l mol e - 1 cm- l 
p e r  phen olat e  group ( 40 ) . 

Whi l e  [Fe ( I I Ia ) 2 ( MeOH) � N03 . 2H20 has an e x t i n c t i o n  co­
e f fi c i en t o f  Lf-570lmole- 1 cm- l [Fe ( I I Ia ) 3] H -H2o h as a value 
o f  3903lmole- 1 cm- 1 and [Fe ( I I I b )� 4 H2o 38 70lmo l e - 1 c m- 1 

sugge st ing that a c eiling i s  reac hed a fter  two p h e n o l at e s  

a r e  bound . 

Fe02N4 a n d  Fe02N2o1 Types  

From model bu i l d i n e s tu die s a c i s  ar ra n gemen t  o f  
pheno l at e s  in [Fe ( VId ) 2] PF6 . H20 s e em s  likely ; 

T h e  a b s o rban c e  maximum o f  t h i s  c o� pound  i s  similar t o  t he 

o ther  c i s  Feo2n4 s y s t em [F'e ( VI I I ) ( N-Me im ) 2] .  Changing 
from t h e  tri d e n t a t e li gand VId to the hexadentate  l i cands 
VI Ib  and VI Id , in whi c h  c is coordination o f  phenolates  i s  
also fel t t o  o c c u r ( 1 1 8 ) , c auses  a sh i f t  in t h e  c h ar g e  

t ra n s f e r  band t o  lowe r e n e rgy . T h i s  w ou l d  be in  l i n e  vJi t h  

the  tj _gh t e r binding  e x p e c t e d w i t h  the hexaden tat e  sy s t em 

thou c h  r e p l a c i n g  t h e  t wo aromatic nitrogens by aliphatic  
ones  m ay be  a c on tributing fac tor . 

T n e  A v a l u es o f  ferri c ion  c omplexes o f  Va and Vb m ax 
are in  l ine wi t h  t h e  s t a bi l i t y  c onstan ts o f  t heir r espe c ti v e  

c omplexes ; Na [Fe ( vaD 4H2o abso rbs a t  480nm and  has a 
s tabili ty c o n s tan t  o f  1 034 wh i le K [Fe ( Vb )] 2H2o absorbs at 
lower e n ergy ( 496nm ) and h as a h i g h e r  s t a bi l i ty c on stant o f  
1 039 . 8 ( 40 ) . T h e  s t ru c t u re o f  Va is su ch  t h a t  s t e r i c  

hindran c e  may i nt er fe r e to  a c e rt ain  e x t e n t  wi t h  t h e  par­
t i c i pation o f  all s i x  dono r groups , hence  the  c omplex 
involving Vb , wi th  a more  favoured arrangeme n t  o f  t hese s am e  

donor  groups , i s more st able ( 1 27 ) . R e p l a c i n g  t h e  two 
c arboxylate croups o f  Va and Vb by the al i p h a t i c  nitrogens 
o f  VIIb and VI Id m a y  be the c ause  o f  t he s h i f t  o f Am�x to  
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lower en ergy , t hough the fac t that  there i s  likely to . be less  
s t e ri c  h indranc e i n  these l at t er l igands may also  b e  
im port an t . 

2 . 3 . 4  ELEC TRON SPI N RESONANC E  S PECTRA 

The e . s . r . spe c t ra o f  m o s t  o f  the c omplexes show a 
strong si gnal a t  g = 4 . 3 and a weaker one at g = 1 0  ( Figure 
2 . 4 , Table  2 . 4 ) typic al for h igh s pin iro n ( I I I )  i n  a 
rhombi c environmen t  as found  from the  single c rys tal x-ray 
s t ruc tures  o f  [Fe ( I I Ia ) 2 ( MeOH ) 2] No3 . MeOH ( Sec t i on  2 . 32 ) , 
Mg [Fe ( Va ) ] 4H2o ( 1 03 )  and [Fe ( Ic ) 3] 1 JH20 ( 1 28 ) . The posi tion  
o f  t hi s  g � 4 . 3 si gnal ,  however  bears lit t l e  relationship 
t o  the number o f  ni trogens  ( o r o xygens ) c oordi nat ed to t he 
m e tal , o r  to the polyden t a t e  nature o f  the  ligand as 
opposed  t o  t ridentate  or bidentat e nature or  o ther fac t ors . 
I n  e ac h  case  there is no evidenc e o f  a ny spli t t ing  i n  the  
g = 4 . 3  signal as  has  been  observed wi th  Fe2T f o r  Fe2Lr  
when HCO� i s  the  anion , th e  spec tra are mo re l ike Fe2T r  whe n 
NrA is the an ion  ( 4 9 ) . 

The c omplexe s o f  i r o n  wi t h  VIb and VId have  signals 
a ro u nd g = Lj . • 3 whil e [Fe ( VI c ) J PF6 . H20 from - 1 96 t o  -60°C 
exhibi t s  a s i gnal at  g = 2 i n d i c ative o f  a l ow s pin c ompl ex 
( Table 2 . 4 ) . The mag n e ti c sus c epti bili ty at 25°C i s  lower 
than normal for t he high spin  ferric ion  (Table 2 . 2 ) and 
may be due · t o  the pres e n c e  o f  bo th high spin and low spin 
spe cies , t h ough this would h �vc t o  be inves tiga t ed furth er . 
I n c on t rast K [Fe ( Vla ) 2] 2H20 is high spi.. n at - 1 96°C and 

25°C . This would ind i c at e that an i n c rease in t h e  l igand 
fi eld  has o c c urr e d in repla cing the phenoli c OH groups o f  
VIa wi th aromati c ni trogens in  VIe . 

The c omplexes [ Fe ( V I Ia )] PF6 and [Fe ( VI Ic )] PF6 are bo th  
l ow spin at  - 1 96°c as  indicated by t hei r g = 2 signals 
( Table 2 . 4 , Figure 2 . 5 ) . At room t emperature  the f ormer i s  
hi gh spin ( 1 1 8 ) , while the  lat t e r  is l ow spi n . I n  t his 
case t he a rrangeme n t  o f  6 , 5 , 6-membered chelat e  rings o f  
VIle  i n  [Fe ( VI Ic )] PF6 would give more s t abil i ty than t hat 
o f  5 , 5 , 5-membered c h e l at e rings o f  the tri e t hylenediamine 
backbone i n  [ Fe ( VI I a)] PF6 t hus ac coun t ing for  the  great e r  
ligand fi eld  s treng th  o f  the former  c omplex . When these  
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ION C0!1PLEXES 

Compound g Va l u e s  ( a t  - 1 9 6°C ) Sol v e n t  

a Fc2L f 8 . 84 ,  4 .  39 ' lt . 29 ' 4 . 1 5  Phosph :� t e  Bu f fe r  
b Fo2 r r  9 . 1 8 '  lt . 42 ' lj , 1 6 ,  4 . 08 0 .  1 H  KCl S o l n  

[ Fe ( Ia l 3 ] 6H2o 1 0 . 0 1 ' 4 . 1 5  E t  Oil  

[ Fc ( 1 b l ) ] 4 ; H20 1 0 . 26 ,  4 . 42 E t  OH 

[ Fe ( I c )  ;.] ! 2 !!20 9 . 68 ,  4 . 36 E t  OH 

( FE: ( l l )  ;J  8 . 1 1 '  4 . 42 CHC1
.3 (Fe ( I I I ;.. ) J ] 1 '2 H20 8 . 50 , L1 , 23 Ace tone  

(re ( I  l l a )  2 C !1e01! ) 2] :w3 " 2H20 7 . 33 , 4 . 26 Ac e t o ne 

[re ( I 1  I o. )  2 (  Im)  2) NOy 2 ! !20 8 . 07 ,  6 . 59 , 4 . 213 DMr' 
(Fe ( I I I b )  }) 4H20 8 . 28 '  4 . 26 Ac e t one  

[re ( I v ) 3] H ·H2o 7 . 88 ,  5 .  2 1 ' 4 .  1 8 '  2 . 78 Ace t one  

(Fe ( V l l l )j +  9 . 63 , 6 . 09 ,  4 . 25 ,  2 . 06 HcO!! 

[Ft! ( V I I  l ) ( Im l] + 9 . 1.9 , 4 . 2 5 , 2 . 4 8 , 2 . 0 1 ' 1 .  59 MeOl l  
[re ( V I I I ) ( Irn l 2] + 9 . 6 3 ,  4 . 25 , 2 . 02 Me OH 

[rc ( V l l i ) ( N-�£: - I m l 2] •  8 . 32 ,  4 . 24 Me O H  

N•, [ F'e ( Va l] !1H2·o lt .  1!7 1120 

K ( Fo ( Vb ) }. :'H20 4 . 26 Et OH 

K [ Fu ( v r ... ) 2] zH 2o 8 . 72 , 4 . 24 He O H  

K [ F'e ( V I b ) 2] 8 . 76 ,  4 .  1 8  11eOH 

[r'e ( V l c l 2] ?F6 . H20 2 . 1 8 '  2 , 05 , 1 ,  9 4  Me O H  

[r'c ( V Id ) 2] Pr6 8 . 59 ,  4 . 2 1 He OH 

[Fo ( vr r ._. J ]  Pr6 2 .  1 9 ,  2 .  1 3 ,  1 .  9 5  Ac e t one 

[r-u ( V l l b ) ] Pr6 G .  1 4 ,  4 . 78 ,  1 .  9 1t M cOli  

[i'o ( V l l c ) ] ?FG 2 . 31t , 2 .  1 2 ,  1 . 9 5 Ace t one  

(Ft: ( V I  Id ) ]  PF6 6 . 72 , Lf , 1 2 , 1 .  9 3  11 eOH 

[t'e ( V I I c ) ] r 3 2 . 33 ,  2 . 1 3 ,  1 .  9 5  A c e t one 

a .  '!'able 1 .  9 
b .  Re ference  ( 7 )  
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( a )  

( b )  
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Figq�� �. 6 E . S . R o  spec tra at -1 60°C in McOH of (a) a 1 : 1  solution of 
Fe (Cl04)3 and VIII , (b) a t : 1 : 1  solution of Fe(Cl04)3 , VIII 
and iraidazole and ( c )  excess imidazole added to (b ) .  
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ligands are redu ced  the resulting  c omplexes  [Fe ( VI Ib )] PF6 
and [Fe ( VI Id )] PF6 resemble that o f  high spin ferri c ion  
i n  a t e tragonal environmen t , the  presen c e  o f  a g = 4 . 3  
signa l i ndica t ing some rhombic c harac ter . 

Signi fi cant  c hanges are no ted i n  the  e . s . r .  spec trum 
o f  a 1 : 1  mixture o f  Fe1 1 1  and V I I I  ( Table 2 . 4 ,  Fi gure 2 . 6 ) 
when a 1 mo l ar e q u i v a l e n t  o f  imidazole is adde d  and further 
changes are noted  in the presenc e  o f  exc ess imidazole . 
Considered together these  spe c t ral c hanges would  support 
the i dea  that two imi d azol e  groups are bound by [Fe ( VI I I )] + . 

2 . 3 . 5 Mb SSBAU ER S PECT2A 

M5 s s b au e r  s p cc t ro s c opy is the study o f  re coilless 
nuc l e a r resonant absorp tion  o f  fluoresc en c e . An atom i n  
a n  exc i t ed s t a t e  can d e c ay to t h e  ground  s tate  by the  
e m i s s i o n  o f  a photon . This  pho ton can then  be abso rbed by 
a s e c ond  a t om o f  t he s a� e  kind o f  e l e c t ronic  exci ta tion . 
Subsequ ent  dcexcitation  r e - em i t s  the photon  but n o t  
n e c e ssarily  i n  t h e  i n i t ial direc tion so t ha t  s c a t t ering or 
r e s o n a n t  f l u o r e s c e n c e  o c c u rs . T h e o r e t i c a l l y  o n e  wou l d 
expe c t to  o b s e r v e  t hi s  phenomenon in  the gas phase bu t , 
be c au se o f  s uch  e f fec t s  as nucl ear rec oil  and d o p p l e r  

bro ade ni ng , l t  is only  found i n  the solid state . 

M � s s b au e r  spec t rosc o py provides a means o f m e a s u r i n g  

som e o f  the  c o m pa r a t i v e l y  weak i n t erac tions betwe e n  the 
nu c l e u s and t l 1 e  surrounding el e c t rons . The isomer shi ft 
(5 Fe ) c an  gi v e  i n f o rm a t i o n  on  t h e oxi dation  s tate  o f  t he  
me t al , a value o f  +0 . 5mm/sec is  c onsis tent  with  i on i c  
iro n ( I I I ) i n  t h e  high spin sta t e and this  d e creas es  w i th  
i n creasing c o valency o f  the bonding . Henc e Fe2T f , wi th 

&Fe = +0 . 38mm/sec ( 1 29 )  shows muc h mor e  c o valent  charac t er 
than  b i c arbonate- free  iron- trans ferrin where S Fe = +0 . 47mm/ 
se c  ( 1 30 ) . The c loseness o f  this lat t er  value to those o f  
ferri c hydroxide  gels and f e r ri c albumin  suggests  that  t hi s  
iron i s  n o n  spe ci f i cally bound to trans ferrin . 

Co m p l ex e s  o f  iron wi th I b ,  I c  and I I  ( Tabl e 2 . 5  and 
Fi gure 2 . 7 ) have isomer shi ft s close  to +0 . 5mm/se c  
ind i c at i ng t he very ioni c n a ture o f  the ligand-me tal 
b o n d i n g  i n  these sys t e� s . I n  contrast c om plexes o f  i ro n  
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Table 2 . 5 HOSSBAU ER SPECTRAL DATA OF SMALL HOLECULAR 
V/EIGHT FERRI C I ON COMPLEXES 

Compound  

b Fe2T f  
c HC03 - Fre e  Fe-Tf  
c Ferri c Hydroxide Gel  
c Fe3+_ Albumin 
d [ Fe ( Ia ) 3] 6H20 

d [Fe ( Ib ) 3] 4iH20 
d [Fe ( I c ) 3] 1 �H20 

[Fe ( I I Ia ) 3] 1 JH20 

[Fe ( I I Ia ) 2 (MeOH)J 
NOy 2H20 

[Fe ( I I Ib ) � 4H20 

[ Fe ( IV ) 3] 1 t H20 

Na [Fe ( Va )] ·+H20 

K [Fe ( Vb ) ]  2H20 

a .  Wi th respe c t t o  so ft 
b .  Re f e r e n c e  ( 1 29 ) . 
c . Re ference ( 1 30 ) . 

iron 

a 6Fe ( mm/se c ) 

0 . 38 

0 . 47 

0 . 46 

0 . 47 

( 1 ) 0 . 4 1 1 

( 2 )  0 . 024 

0 . 499 

( 1 )  0 .  485 

( 2 )  0 . 0 1 7 

( 1 ) 0 .  526 

( 2 )  -0 . 043 

0 . 380 

0 .  4 1 0  

0 . 392 

0 . 335 

0 . 37 1 

0 . 383 

( room t emperature 

d .  Previously reported i n  Re ference  ( 1 20 ) . 

.6.Eq ( mm/sec ) 

0 . 75 

0 . 72 

0 . 75 

0 . 74 

0 . 923 

1 . 007 

0 . 685  

0 . 565  

0 . 722 

1 . 0 49 

0 . 760 

1 .  208 

0 . 770 

0 . 746 

spe c tra ) . 
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Figure 2,7 Room temperature l•!osabauor spectra of ( a) lfa [re(Va)] 4H20 and 
(b) [Fe ( II ) 3] .  The solid line represents the computer fi tted 
spec trum . The actual absorption of the sample across the 

resonant region at each velocity is represented by an error bar. 
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Figure 2,8 Room temperature Mosabauer spectra of (a) [Fe (IIIa)3]1tH2o, (b) [Fe (IIIa)2 (MeOH)2]No3.2E20, 
(c ) [Fe (IIIb)3]4H2o and (d) [Fe (Iv)3 ]1tE2o• The solid line represents the computer fi tted 

spectrum. Tha ac tual absorption of the sample across the resonant region at each velocity is 
represented by an error bar. 
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with I a ,  I I Ia , I I I b , Va a n d  Vb a l l  have i somer shi f t s  i n  t he 
range 0 . 37 - 0 . 4 1 sugges ting more c ovalency in t he i r  bonding . 
There i s  a sign i fi c ant i nc rease in t h e  isomer s hi f t  be twe en 
[Fe ( I I Ia ) 3] and [Fe ( I I I a ) 2 ( HeOH ) 2] No3 . 2H20 (' rable 2 . 5  and 
Figure 2 . 8 ) sugges ting a trend towards more ionic c harac t er 
i n  the  bonds wi th  a decrease in the number o f  biden ta t e  
l i ga n d .s  c oordinate d . The l ow  i somer  s hi f t  o f  [Fe ( I V )  3 ] 1 -}H2o 
c oupled wi th i t s l ow magne t i c  sus c ep t ibili ty would  suggest 
that  a mixture o f  high s pin and l o w  spin  iron ( I I I ) i s  
present  in this c omplex . All o f  t h e  c omplexes i n c luding 
thos e  o f  the pro tein have l arge quadrupol e  spli t t ings , a 
r e fl ec tion o f  the  unsymme tric  field  around the ferric  i o n . 
Par t i c u larly large quadrupol e  spl i t tings can be observed 
with  [? e ( I b ) 3 }+} H 2 0 , [Fe ( I V )  3]  1 i H 2 0 and [Fe ( I I I a )  2 ( He  0 H )  2] 
No3 . 2H20 ,  i n  the  c ase o f  t he  . l a t t e r  the  asymm etry around t he 
ferric ion has been  ve ri fied by single c rystal x- ray 
s t ruc tural an�l ysis ( S e c tion 2 . 2 . 2 ) . The complexe s  o f  
[Fe ( Ia ) 3] 6H2o ,  [Fe ( Ic ) 3] 1 }H20 and [Fe ( I I ) 3] a ll show a 
distin c t  asymm e t ry in  t heir absorption p e a k s  whi c h c an be 
a t t r j bu t e d  to e i t h e r  s pi n - l a t t i c e  relaxation e f fe c t s  ( 1 20 )  
o r  t o  iron-binding in t�o disti nguishabl e si t e s  i n  the 
c rys tal lat ti c e , where these two sit es c ould be c i s  o r  
trans , o r  m e r  or  fac i somers ( 1 3  r) . 

2 .  L1 C o n e  lu s i o n  

The ligands used in this  s tudy were sel e c t e d  to  c o ve r  
al l types o f  c omplexes from Feo6 t o  Fe02N2o1 . The s t udy 
shows the  dangers o f  drawing c o n c lu s ions from iso lat ed 
examples and the di f fi cul ties in in t erpre tation  that aris e  
when  a varie ty o f  l igand sys tems suc h  as  these are 
selec ted . For i ns tanc e the charge t rans fer bands o f  t he 
c omplexes i nvolvi ng hydroxami c  acids  are very c l o s e  i n  
energj to  that o f  Fe2L f  and Fe2T f .  However c a techo la to  
and hydroxamato  ligands d o  no t o c c ur  in  Fe2L f ,  though t h ey 
o c cur i n  mi c robial iron- transpor t  c ompounds . Hen c e a c los e 

fit  betwe en  t h e  spe c t ral param e t ers o f  Fe2Lf o r  Fe2T f  and 
t he model sys t em is no t nec essarily pro o f  that the type and 
number o f  donor atoms is s imilar . 

From the  seri es  o f  c omplexes prepared from the  l i gand 
I lia it is  evi d e n t  t h � t  t h e  energy o f  the c harge t rans fer 
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band i n c reases wi th  incre asing  number o f  phe nolat e s  bound , 
while  binding imi dazole also c auses  a signi fican t  i n c rease . 
Taki n g  t h e complex  [ Fe ( 4-me thylphenolato ) ( EtOH ) 5] 2+ ( absorbing 
at 1 6400 cm- 1 or  6 1 0nm ) ( 1 26 )  as a base poi n t  i t  should  be  
possible  to c al c ulate  the  range o f  values  expe c t e d  f o r A max 
gi ven knowl e d g e  o f  the  groups involved in  the binding site  o f  
t ran s f e rrin o r  lac to ferrin . Eac h pheno l a t e  bo u n d  t o  t h e  

ferric io n  c au s e s  a shi ft  o f  abou t 2000cm- 1 , t owards higher 
enerBy , o f  the c harge t ra ns fe r b an d , while  eac h imi dazol e  
c au s e s  a s hi f t  o f  about  1 000 - 2000cm- 1 ( d epending o n  wh e t h e r  
t h e  phenolates  are cis  o r  t rRn s ) . Thus i f  the  binding s i t e  
o f  lac t o ferrin c o n tains two imidazoles  and two ph enolates 
then the  charge t rans fer  band  wou l d  be expec t e d  t o  lie  be twe e n  
1 9400 - 20400cm- 1  o r  490 - 5 1 5nm . I f  i t  c ontains two 
imidazo l es and three phenolates then  the charge t rans fer  
band woul d  b e  e x pe c t e d  t o  lie  be twe e n  2 1 400 - 22400cm- 1 o r  
445  - 470nm . Consideri ng  that the  c helate e f fec t woul d  t e nd 
to l owe r these v alues by abo u t  1 0  - 20nm then the abs o rb anc e 
maxi�n o f  m o s t  o f  the small mol e c ular wei gh t  c omple x e s 
wo u l d  fi t in wi t h  the se  c al culat ed  ranges (Table 2 . 3 ) . The 
c omplexe s Na [Fe ( V  a )  J 1+1120 an d K [Fe ( Vb ) J 2H20 w o u l d  a p p e ar t o  
b e  exc eptions t o  this rul e , tho u gh in  t his  c as e  t h e  c arbo x­
yl a t e  groups o f  Va and Vb m ay have  a si gni fi c an t  e f fe c t on 

t h e  posi tion o f  the  band . Thu s t h e  posi tion o f  A max around 
470nm for F c 2L f and Fe2T f  w ould sugge s t  that thre e ,  no t two , 
tyrosyl resi du e s  and two his tidyl  residues are likely t o  be 
bind in g  t o  th e  ferri c ion  in  t h e  spe c i fi c si t es . 

From t h e  single c ry s t al x- ray s tru c tu re o f  
[Fe ( I I I a ) 2 ( MeOH ) 2] No3 . MeOH i t  i s  e viden t that the  ni trat e 
group is  no t directly  coordinat ed t o  t he iron atom but  
i nt erac ts with it  vi a a hydrogen bonding syst em i nvolving 
t he bound a n d  o c c l u ded methano l molecul es . Nit ra t e  i s  
i so elec t roni c  and isos tru c tural wi th bi c arbonat e he nc e t h e  
bic a rbonat e ion , essen tial f o r  bindi ng iron  i n  t h e  speci fic 
si t e  o f  lac t o ferrin , also may no t b� bound to the metal 
a t om but  interac ts  via  th e  solvent  wat e r  m o l e c ul e s . 

While  many c om plexe s have e . s . r . spe c t ra ch ar ac t er ­

i s t i c  o f  Fe 1 1 1  i n  a rhombi c en vironm en t the s ign al a t  
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g = 4 . 3 o c c u pi e s  a very narrow range o f  values and does  n o t  
appear to  b e  s ensi t ive  to  the ligand envi ronment . 
Mb ssbau er spe c t ros c o py appears t o  be more  s ensi t ive  t o  the  
l i gand environment  th an  e . s . r .  par ticularly to t he d egre e  
o f  c o val e n c y  o f  t h e  binding i n  the  c om p l ex . O f  all o f  the 
c omplexes c o:1sidered [ Fe ( I I Ia ) .3-] l �H20 and Na [Fe ( Va )] 4H20 
have Mdssbauer param e t e rs c l os es t  t o  Fe2T f . As t h e s e  two 
are o f  the Feo

3
N

3 
and Fe02N2o1 types respe c t i vely i t  would 

appear that M � ssbau e r  spec t ra are not s ensi tive to  ma j o r  
c hanges i n  ligating donor a toms . 

In c onclusion t h e  e vi d e n c e  presen t ed i n  this s tudy 
would  favour t he ferric ion i n  lac t o f e rrin and t rans ferrin 
o c cupying a s i te o f  rhom bi c symme t ry and bound t o  t hree  
tyro syl and t w o  c i s  h i s t i dy l  r e s i du e s ,  whil e  the  bi c arbon­
ate  ion  is  not  d i re c t ly bound bu t i nt erac ts  via  a solvent  
( w� t e r )  m o l e c u l e . 
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3 . 1 In t roduc tion 

SMALL MOLE C U LE COMPLEXES 

OF COPPER AN D HAl� GANESE 
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In  addi tion t o  binding two ferric i ons per protein , 
apolac to ferrin has been  shown t o  bind two c opper ( I I )  i ons . 
U l traviole t di f ference  spec t ral s tudi e s  o n  the related  
t rans ferrin ( 55 )  a n d  o vo t ran s f e r r i n  ( 8 1 ) have indicated t hat  
one  tyro syl group  is  bound t o  c opper , whi le  e . s . r . spec tral 
s t udies  o n  all thre e pro teins have suggested  one  his t idy l  
residue is  involved a t  physiological pH . Furthermore 
bi c arbonate i s  required be fore the  typi c al yellow c o lour 
o f  t he c omplexes d e velop s . C o n s i d e ri n g  that two his tidines  
and  two or  three tyro syls  are fel t t o  be  i nvolve d when i ron  
i s  bound to  t he s e  pro teins  i t  i s  possible  to s e e  t he  un­
c e rtain t i e s  that exi s t  about  the number and na ture  o f  al l 
groups bound to  c o p p e r  as w e l l  as i t s  precise  s t ereo­
c hemis try . 

Whereas iron ( I I I ) c omplexes readi ly with  pheno l and 
substi t u t e d  phenols  to g i v e  red or  purple  solu tions 
c o pper ( I I )  normally i n tera c t s  to  give  o xi d a t i v e l y  c oupled 
produ c ts  in whi c h  c o ppe r ( I I ) -pheno l a t e  is  an i n t e rm e d i a t e . 

A f t e r  t h e  complet ion  o f  this  s tudy  unsubsti tu t ed diphenoxo 
c o pper c omplexes  ( wi th  ethyl enediamine and bipyridyl ) were 
i solated  though they  arc ext rem e ly sensi t i ve to moisture 
( 1 32 ) .  I n  t h e  c ase  o f  phenol o r  phenols  wi th  ac tivating 
substituents  ( s u c h  as methyl ) t wo maj o r  c oupling  reac tions  
c an o c cur , depending  o n  the  side c hain pos i t io n . Whe n  t h es e  
are  lo c a t ed o n  t h e  para posi tions o rtho-or tho c oupling  c an 
o c cur  and , c onversely , wh en subs t i tu en t s  are l o c at ed o n  t he 
o rtho  posi tion  para-para c oupling c an o c c ur , followed by 
rearrangement t o  form diphenoquinones  ( 1 33 ) . However when  
t h e  subs t i tuents  are d e a c t i va t i n g  ( su ch  as  - N 02 or  -Cl ) 
relatively s tabl e c opper phenolatcs  c an be i so lat ed  ( 1 34 ,  
1 35 ,  1 36 ,  1 37 ,  1 38 ) . I n  this study new c omplexes o f  c o pper  
wi th  a vari e ty o f  ni t rogen dono r  l igands ( Figure 3 . 1 )  and 
2 , 3 , 4 , 5 , 6-pentac hloro phenol or 2 , 4 , 6 - t ribromo phenol have 
be en prepared to investiga t e  the c opper-phenolate  i n ter­
ac tion by  spe c trosc opi c  me thods . 
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���t Nomenclature and stracturea of the ligands complexed with 

copper (II)  

2 r 4 ,  6-Tribron:ophenola to ( ·tbp) 

B r  

B r  Br 

2 , 4 r6-Trichlorophenol ( tcp) 
C l  

C l  C l  

2 , 3 ,4, 5 , 6-Pentachlorophenolato (pep) 

Cl 
C l  Cl 

Cl Cl 

2 , 4 , 6-Trime�lpyridine (collidine ) 

CH3 

C H{6 cH3 

Pytidine (py) Imidazole (im) 

0 
2 , 9  -Din1e thyl-1 , 1 Q-pi'...-anenthroline 1 , 4 , 8 , 1 1 -Tetraazocyclotetradecane 

(dmp ) 

Ethylenediamine (en) 

(eye lam) 

H ,N ,N ' ,N .. -Tetrrun.ethyl-et!zy'lenediamine (TMED) 
C H3'NCH CH N/CH3 
CH3/ 2 2 'CH3 
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A prelimi nary i n ve s t i gat ion was u nd e r t aken i n t o  t h e  

i n t e rac tion  o f  mangan e s e  wi t h  tyrosyl - t ype groups . A 
c omplex o f  mangan e s e  with  SALENH4 was prepared an d i t s 

el e c t ronic  and e . s . r . s p e c tra were  examined  ( S ALENH4 i s  

compound VI I I  i n  Fi gure  2 . 1 ) .  

�. Expe ri m e n t al 

3 . 2 . 1  SOURCES OF CHEH I CALS AN D I NSTRUHENTAT I ON 

Cupri c  a c e t a t e  w u s o btained f rom May and Bak e r  L t d , 

2 , 4 , 6 - t ribromophenol and dim e thyl fo rm ami d e  from Ko c h - Light  

labo rat o ri e s L t d , 2 , 3 , 4 , 5 , 6-pen t a c h l o rophenol from  Fluka 

A .  G .  and a l l  t h e  ni t rogen bas e s  were obtained from A l d ri c h , 

wi t h  the  exc e p t i on o f  imidazo l e  whi c h  c ame from BDH 

Labo rat ories a nd c y c l am whi ch c am e  from S t rem Chemi c a l s  L t d . 

The ins t rum e n t a t i on employed i n  this  study has b e e n  

d e c c ribed  i n  Chapter  2 ,  s e c t io n  2 . 2 . 3 .  

3 . 2 . 2 .  PREPARAT I ON O F  COHPLEXES 

A sirn ilar m e t hod o f  pre p a r a t i o n  was followed f o r  all  

o f  t h e  c omplexes  c o nsi dered i n  t h i s  s tu dy . Two mmo l e s  o f  
2 , 4 , 6 - t ribrornophenol o r  2 , 3 , 4 , 5 , 6- p e n t a c h loroph e n o l  w e r e  

dis solved b y  warm i n g  i n  w a t e r  c o n t ai ni n g  two mmo l e s  o f  

NaOH . To t h e  c o o l e d  solution  was s l owly add e d  an aqueous 

solu tion  c o n t ai n i n g  two mmo l e s  o f  c u pri c a c e t a t e  and 

e i ther  l mrno l e  o f  bas e ( where  the base was en , TMED , dmp 

or c y c l am )  o r  2mmoles  o f  bas e ( wh e r e  t he bas e was e n , py 

o r  im ) . The r e s u l t i n e  pre c i pi t a t e  was fil t e re d , t h o ro u ghly 

washed wi t h  wat e r  and ai r dri e d . The c ompounds we r e  r e ­

c ry s t allized  b y  dissol ving i n  E t OH ( wi t h  t h e  exc ep t io n  o f  

[cu ( tbp ) 2 ( e n ) 2] an d [cu ( pc p ) 2 ( en ) 2] whi c h  were i n s o l uble 

in this solve n t ) and u po n  redu c t i o n  in volume on a ro t ary 

evaporator  were  pre c i pitated  by  wat er . [ cu ( pc p ) 2 ( c o l l id i n e )] 
wa s isola t e d  when ei ther  r · o r. 2 mmo l es  o f  c ol li di n e  p e r  

m o l e  o f  c o ppe r  were u s e d  and i n  t h i s  c ase t h e  so l v e n t  was 

m e thanol . [ cu ( pc p ) � was iso lat e d  as a solid from wat e r  

wh en no base was added . I t  was n o t r e c rystal l iz e d . Whe n  

i t  was disso l ve d  i n  dm f the b rown c omplex [ cu ( p c p ) 2 ( dm f )] 
pre c i pi t a t e d  shortly a ft erwards . Yi e l d s  i n  all c as e s  were  

approxima t e ly 70%. Condu c tivi ti e s  indicated  t hat t he 
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c omplexes  were a l l  non e l e c t ro ly t e s  in s o l u t i o n  w i t h  t h e  

exc epti on o f  [ cu ( pc p ) 2 ( Cyc lam )] whi c h  shows s i gn s  o f  par t ial 

disso c i a t io n  ( Tabl e 3 . 2 ) .  Analytical data for t h e  c ompounds 
i s  given  in  Tabl e  3 . 1 .  

). 3 Re s u l ts a n d  Di s c u s s i o n  

3 . 3 . 1 PREPARAT I ON ,  STRUCTU RE AND STABILITY OF THE 

C OHPLEXES 

Compl exes o f  the type [cu ( p cp ) 2] and [ cu x2 Ln] ( where 
X = pep or tbp , L = en , TMED , cyclam or dmp when n = 1 and 
L = en , py o r  im when n = 2) were ob tained as descri bed in 
s e c t i o n  3 . 2 . 2  ( Tabl e 3 . 1 ) .  I n  the pre s e nc e o f  exc ess  dm f 

o r  c o l lidine c ompl exes  o f  t h e  type [cu ( pc p ) 2 ( dm f�  o r  

[cu ( pcp ) � ( c o llidine )] were  i c o lat e d , pre sumably t h e  s t e ric 
c.__ 

requirements  o f  t he ligands and metal prevent fo rmation 
o f  �Cu ( pc p ) 2 ( bas e ) 2] .  All o f  t h e  c omplexes pro ved  t o  be  
readily soluble i n  EtOH o r  ben zen e  when first  prepared ,  
wi t h  the  exc ep tion o f  [cu ( tbp ) 2 ( im ) 2] .  Over a p e ri o d  o f  

six m o n t h s  mo s t  c o mpl exe s  appe ared to become  l e s s  s o lubl e 

in t h e s e  solven t s , for ins tan c e  [ cu ( p c p ) 2 ( py ) 2 ] was almost  
compl e t e ly insoluble in EtOH , suggesting  that some d i ­

m e ri sa t io n  o r  polymerisation  in these  complexes has o c cur re d . 

[cu ( t bp ) 2 ( irn ) 2] ,  [cu ( pc p ) 2] ,  [cu ( pcp ) 2 ( dm f )] a n d  

[cu ( pc p ) 2 ( c ollidi n e )] all  have magne t i c  su sc eptibi l i ties  
l ower  t h an generally foun d  f or  c opper ( I I )  ( 1  . 70 - 1 . 9 1 BM )  
s u gg e s t i n g  s tru c tures containing at  l e as t bi nu c l e ar 

c opper ( I I )  w i t h  bri d g i n g  p h e n o l a t e  g rou ps ( Ta b l e  3 . 2 ) . 

The m� l e c ul ar wei gh t o f  [cu ( t bp ) 2 ( py ) J w�s d e t ermin e d  t o  

be 794  Daltons ( theore ti cal value o f  8 1 8  Daltons ) whil e  
th o se o f [cu ( t bp ) 2 ( en )] and [cu ( tbp ) 2 ( TMED )]  were 1 068 
Dal t o n s  ( theo re t ic al value o f  783 Dalt o n s )  and 1 1 8 8  Dal t ons 
( t h e o r e t i cal value o f  839 Dal t o n s ) respec ti vely . The 
hi gh er - than - expec t ed  mole cular weights o f  the lat t e r  two 

c omplexe s is probably rel ated to the  slo w dec omposi tion 
o bserved  to  o c cur  whil e  the  measur em e n t s  were made . 

The  compl exes [cu ( t cp ) 2 ( im ) z] ( 1 3 1+ )  and [ cu ( HNOP ) 2 ( py) 2] 
( wh e r e  MNOP = 2- m e t ho xy - 4-nitro ph e n o l at o )  ( 1 35 ,  1 36 )  have 

been examin e d  crystallographic ally  pre viously . In bo t h  

c omple xe s the  phenolate Qnd terti ary ni t rogen l inkages 



Table 3 . 1 COLOURS AND AN ALY T I CAL DAT A FO R THE COPPER PHENOLATE COMPLEXES 

Compound 

[ cu ( tbp ) 2 ( en ) ]  

[cu ( tbp ) 2 ( en ) 2] 

[ Cu ( t bp ) 2 ( T!1ED ) ] 

[cu ( tbp ) 2 ( dmp ) ] tH2o 

[cu ( top ) 2 ( py ) 2 ] 

[cu ( tbp ) 2 ( im ) 2] 

[cu ( pcp ) 2 ] 

[cu ( pcp ) 2 ( en ) ] 

[cu ( pcp ) 2 ( en ) 2] 

[eu (p cp ) 2 ( dmp ) ]  

[cu ( pcp )  2 ( py ) 2] 
[cu ( cyclam ) ( p cp ) 2] 

[cu ( pcp ) 2 ( collidine )] 

[ Cu ( pc p) 2 ( dm f) J 

Colour 
c 

Brown 2 1 . 9 

Pink 22 . 3 

Red 26 . 1 

Purple 34 . 5  

Brown 29 . 4 

Brown 25 . 6  

Red-purple 25 . 2  

Brown 25 . 6  

Pale  orange 27 . 6  

Purple 40 . 2  

Brown 35 . 5  

Pal e  purple 33 . 3  

Brown 35 . 5 

Brown 27 . 9  

Found (%) Calculated (%) 

H N c H 

1 . 9  3 . 0 2 1 . 5  1 • 5 

2 . 2  6 . 7  22 . 8  2 . 4 

2 . 5 3 . 0 25 . 8  2 . 4 

1 . 8 2 . 8  33 . 1 1 . 8 

1 . 7  3 . 0 30 . 0  1 . 6 

1 . 9 5 . 5  25 . 2  1 . 4 

o ;o - 24 . 2  o . o  

1 . 4  4 . 0  25 . 6  1 . 2 

2 .  1 7 . 7 26 . 8  2 . 2  

1 . 7  3 . 5  39 . 2 1 . 5 
1 . 4 3 . 5  35 . 0 1 . 3 

3 . 2 7 . 0  33 . 3  3 . 0 

2 . 0  2 . 3 35 . 3  2 . 0  

1 . 1  1 . 8 26 . 9  1 . 1  

N 

3 . 6 

6 . 6  

3 . 3  

3 . 0 

3 . 2  

6 . 5  

L� • 3 
7 . 8  

3 . 5 
3 . 7 

7 . 1 

1 . 9  

2 .  1 
......... 

\D 
+ 
......... 
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Tabl e 3 . 2  CONDUCTI VITIES AN D MAGNETI C MOMENTS FOR 
THE COPPER PHENOLATE COHPLEXES 

Compound A M (SC 1 mole - l  cm2 ) f e f f  ( BM ) 
A M Solvent 

[ cu ( tbp ) 2 ( en ) ] 5 . 27 E t  OH 1 .  76 

[cu ( tbp ) 2 ( en ) 2 ] 1 .  7 1  

[cu ( tbp ) 2 ( THED ) ] 0 . 76 Ac e t one 1 .  70 

[cu ( tbp ) 2 ( dmp ) ]tH2o 1 .  65 

[ cu ( tbp ) 2 ( py ) 2 ] 0 . 85 Et OH 1 .  80 

[cu ( t bp ) 2 ( irn ) 2 ] 1 . 35 

[ cu ( pc p ) 2 ] 1 . 99 Et OH 1 . 38 

[cu ( pc p )  2 C on )] 6 . 1 1 Et OH 1 .  7 1  

[cu ( pcp ) 2 ( e n ) 2 ] 1 .  77 

[ cu ( pc p ) 2 ( dm p ) ] 23 Et OH 1 .  76 

[cu ( pc p ) 2 ( py ) 2 ] 1 . 44 Et OH 1 .  9 1 

[ cu ( cyclam ) ( p cp ) 2 ] 84 . 6 dm f 1 .  63 

[cu ( p cp ) 2 ( c ollidin e ) ]  3 . 48 Et OH 1 .  1 1  

[ cu ( pc p ) 2 ( dm f ) ] 1 . 30 
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f o rm an almost regul ar square plane wi th a t rans con  -

[ Cu {tc p) 2{ i m) 2 ] C ID I 

I \ )-( H-N�N� -0 C l 
\ cf � 

�� �N�N-H c)=< I U 
C l  _V-Cl 

figura t i o n . A t e tragonal coordination being comple t ed  by 
t h e  axial chlo rines  and phe nolic -me thoxyl oxygens respec ­
tive ly whi c h  are in  an  o f f z -axis posi tion and are at a 
greater distance  from t h e  c opper than the other c o o rdinating 
i o n s . A singl e c rystal x- ray s tru c ture  determination  o n  
[ C u  ( Hi�OP) 2 ( Tl·li:D )] ( 1 37 )  shows a c i s  e,rro.nged s t ru c ture wi th 
an almo s t  regu l o.r s quare plan e o f  phe n o l a t e s  and TMED 
ni troge ns , t h o u �h invo lvement  o f  t he rn e thoxy l  oxygen s  
resul ts i n  a t e tro.go nal s truc ture , somewhat similar t o  
[cu ( t c p ) 2 ( im ) 2] and [cu (MNOP) 2 ( py ) 2] . The single c rys tal 
x-ray s truc ture o f  [ c u ( t c p ) 2 ( Tlf8D )] ( 1 38 )  shows l onger 
Cu-Cl b o n d s  t h an o bserved in [ cu ( t c p ) 2 ( im ) 2] and appears to 
have a dis torted square-planar s t e reo ch emis try , a cis 
c o n figuration being imposed by the l igand . 
then all c ompounds o f  the type [ cu ( tbp ) 2X� 

[Cu (tc p) 2 ( TME0)]  
C l  

CH 
C l-0 

C H] "- I 3 )-( (\)�� C l  

C H /� I �0 Cl  
3 CH 

3 C l  \_ j 
C l  

By c omparis on  
( X  = pyridine , 

imidazole ) are c onsidere d .  to  have a t rans arran gement  while  
c ompounds o f  the type [cu ( pc p ) 2� ( Y  = ethylenediamine , dmp ,  
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TMED ) are considered  to  be c i s . 

An a t t emp t was made t o  prepare [ cu ( tbp ) 2 ( c o l lidine ) ]  
fo llowing the  method  for t he analo gous pep complex . In  the 
ini tial s t age a whi te  precipitate  appeared whi c h  had a 
melting point o f  205°C . Mas s spec t rome try indi ca t e d  t hat 
the  highe s t  molecular  weight spe c i es in  this pre c i pi tate  
i s  t ribromophe nol ( M P = 95°C ) . Hen c e  it  seems  l ikely that  
this c ompound is  polymeric but it  breaks down in the mass 
spe c t rome ter . Onc e  produ c t i on  o f  this had c eased i t  was 
po ssi bl e to i so late  some brown pre cipitate  whi c h  analyti cal 
data sugges t ed  was impure [ cu ( t bp ) 2 ( c o l lidine )] . Th e 
complex proved to be s table fo r inde fini t e  periods at high 
c oncentration i n  �c e to ne but on  dilu tion rapidly broke 
down to  gi ve a pre ci pi tate whi c h  from mass spe c t rome try was 
shown to c on t ain c ollidine hidrobromide . In c on t ras t 
[cu ( pc p ) 2 ( c o llidin eD  is s t able i n  bo th polar and n o n-polar 
solven ts . Similarly [ cu ( tbp ) 2 ( dmpD  tH20 i s  less  s table t han 
[cu ( pc p ) � ( dmp � ; i n  a range o f  pol ar a nd non-polar solven t s  

(_ 
the  former  c ompound  rapidly c hanged c o lour from the  purpl e 
o f  the c rys tals  t o yellow and some whi t e  pre c i pi ta t e  
appeared .  [ cu ( pc p ) 2 ( dmp D when dissolved i n  polar solvents  
exhi bi t e d t h is  c o lour  change only . 

Whi l e  th e  c ornpJ. e xes o f  in thi s study are s tabl e , u nder  
c er t ain  c o n d i tio n s p o l ym e r i s a t i o n  reac tions o f  t h e  phenol c an 
o c cu r .  � h e n  Cu ( Cl04 ) 26H2o i s  reac t ed wi th tbp in  ac e to ­

ni tri l e , whi ch raises  the redox po t ential o f  t h e  c o pper , an 
o rgani c c ompound w i t h  a m e l t i n g  poin t  o f  2 1 4° C  resul ts . The 
c ompound breaks down when sub j e c t to  analysis  by mass 
s p e c t rom e t ry the maj or  pro duc t being tbp wi th  t rac e s  o f  a 
pentabrornophenol . However ,  i t  appears l ikely that i t  is  a 
polye the r o f  the type ; 

Br 

0 

Br 
n 
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simi l a r  t o  t h a t  f o u n d  w h e n  p e p  i s  r e a c t e d un d e r  t h e  same 
c o n d i t i o n s  ( 1 39 ) . 

3 . 3 . 2  INFRARED SPECTRA 

I n f r ar e d  s p e c t ra are c o n s i s t e n t  f o r  t h e f o rmu l a t i o n s  

proposed  i n  Tabl e 3 . 1 .  I n  a l l  c a s e s  n o  ph e nol i c - OH 
s t re t c h i n g  f r e qu e n c i e s  i n  t h e  r egio n  3300 - 3500 c m- 1 a r e  

o bs e rve d a n d  wat e r  a p p e ars t o  b e  abs e n t  i n  a l l  c om p o u n d s  

e x c e p t  [ cu ( tbp) 2 ( dmp )] �H20 . Co m pl exe s o f  tbp s ho w  

abso rp t i o n s  i n  the region 1 240 - 50 c m - 1 
whi l e  c om pl exe s 

. 
d 

- 1  
o f  pep h a v e  abs o r p t 1 o n s  a r o u n  1 2 1 0  - 20 c m  . T h e s e  c a n  be 
a t t ri bu t e d  t o  t h e C-0 stre t ching  vibration o f  an o xygen­
bonded , c o o rdi n a t e d , phe n o x i d e  group ( 1 32 ) . T h e  c ompl e x e s 

i n vo l v i n g e t hy l e n e  diamin e al l show t h e  symm e t ri c  NH2 
s t re t c h  at 3360cm- 1 , t h e  a n t i s ymm e t r i c  s t r e t c h  at 3 1 00cm- 1 

and t h e  NH2 b e n d  a t  1 585cm- 1 • Ban d s  d u e  t o  Nil s t re t c h i n g 

are a l s o  e x h i b i t e d  by [cu ( tbp ) 2 ( im ) J at 3 1 40 c m- 1 
an d 

[cu ( pc p )  2 C cy c l ar;1 )] a t  3380cm- 1 • T h e  p r e s e n c e  o f  o xy gen 
c o o r d i na t e d  dm f i. n t h e  c omplex [cu ( pc p ) 2 ( dm f )] i s  d em o n s t ra ­

ted by t h e  C=O s t re t c hi n g  f r e qu e n c y  a t  1 6 40 c m - 1 ( c f  1 6 70 cm- 1 

fo r f r e e dm f ) . 

3 . 3 . 3  ELECTRONI C SPECTRA 

T h e  e l e c t ro n i c  s p e c t r a are  c h arac t e ri s e d  by an i n t e ns e  

abso rp t i o n  b a n d  around 430 - 500 nm ( Ex t i n c t i o n  o f  -1 200 1 

mol- 1 cm- 1 ) whi c h  gi ve s t h e  c om pl ex e s  t h e i r  c h arac t e ri s t i c 

y e l l o w  o r  brown c o lours . This bo n d i s  a f f e c t e d b y  t h e  

d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l ve n t  a n d  s hi f t s  t o  l o w e r 
e n e rgy i n  b e n z e n e ,  whi c h  i s  l e ss polar ( i . e .  l owe r  d i e l e c ­

t ri c  c o n s t an t )  t h an E tOH . Su c h  a t rend h a s  a l s o  be e n  

o bs e r v e d  i n  s o m e  2 , 2 1 - bipyridyl p al l adium ( I I ) a n d 

platinum ( I I ) c ompl e xe s  ( 1 40 ) . 

T h e r e  h as b e e n s o m e  d i s c u s si o n - o v e r  t h e  as s i gnm e n t o f  

this band . Gab e r  e t . al .  ( 40 )  h a v e  as s i gn ed i t  t o  a 

ph e n o l a t e - t o - c op p e r  c harge t ra n s i t i o n  bu t t h e  ban d w as 
assi gn e d  by Harrod  ( 1 4 1 )  t o  a c o pper-to -phe no lat e c harge 

t rans f e r  t ran s i t i o n . Har r o d pro posed  that t he prom o tion  
o f  e l e c t r o n s  o c c u rred m a i. n l y  from t h e  d tr- * orbi t al s  t ho u gh 

o n  t h e  b as i s  o f  o v e r l a p  c onside rations Bos n i c h  et . al .  ( 1 42 )  

mai n t � i n e d  t h a t  t h e  m a j o r  s o u r c e o f  i t s  i n t e ns i ty i s  
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Com po u n d  

( C u  ( t bp )  2 ( TMI·:D )  J 

[cu ( t bp ) 2 ( im ) 2 ] 
[cu ( t bp ) 2 ( c o l l i d i n e ) ]  
[cu ( pc p l 2 ] 

[ cu ( pc p ) 2 ( e n ) ] 

[cu ( pe p )  2 ( dmp )  J 
[cu ( J,c p ) 2 ( py l 2  J 

[ cu ( pc p ) 2 ( c o l l i d i n c )] 
.:J [ c u ( s /, u::w 4 ) J 

N o l u :  s h  = shou l d e r ,  br 

a .  Re f e rence  ( 1 4 2 )  

C T  a n d  d - d  Absorp tions 

4 2 8 ( 1 290 ) , 640 ( s n )  

41;7 , 680 ( s h )  

1, 92 

lt8 1, ( 26 1 0 ) , ""=" 7 50 

707 

1,2 3 ( 1 3 70 ) , 755(  1 8 5 )  ( br )  
462 , 770 ( b r )  

1, 1,7 ,  743 ( b r )  

725 

lj 8 3  

4 36 ( 1 080 ) , 700 ( s h )  

442 ( 1 270 ) , 6 4 0 ( s h )  

5 6  7 '  800 ( s h )  • 1 000 ( s h )  

1140 ( 1 2 30 ) , 760 ( 1 30 )  ( b r )  

4 6 7 , 76 5 ( b r) 

5 1 8  

5 2 6 ( 77 . 6 )  

4 34 ( 1 2 1 0 ,  727 ( s h )  

3 9 2  

Other Bands 

294 ( s h ) ,  30 2 ( 8 660 ) , 3 1 6 ( s h )  

296 

29 3 ( s h ) , 30 2 ( 8 9 50 ) , 320 ( sh )  

2 9 5 ( s h ) , 30 6 ( '16 50 ) , 322 ( s h )  

309 ( 76 1 0 )  , }? 1 ( s h )  

296 ( s h ) , 306 ( 7 76 5 ) , 322 ( s h )  

32 5 

300 ( s h ) , 30 7 ( 80 1 0 ) , 3 2 2 ( s h )  

broad , u :·: t i n c t i on  : o e f fl cL c n t  i n  bruc;u : L .i L n  : lmn '!. t · - 1 c : . -· 1 )  

Sol v e n t  

StO II 

Ac e t o ne 

A ce tone  
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CH
3

N o2 

E t  OH 

Et  Oil 
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E t  OH 
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t: t O H  

H e  O H  
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promotion  o f  an ele c tron from the  d TT *  o rbi tals ( i n  
particular the dxz and dyz orbi tals ) .  Depending on the 
extent  o f  distortio n , i t  i s  pro posed  ( 1 42 ) that the d n * � 
p TT *  phenolo. t e  trans i t ion  c ould be observed as a weaker 
band at lower energies , around 1 300nm . Resul ts from this 
s tudy would  favour the lat ter assignmen t  o f  Bo snich  e t . al .  
( 1 42 )  and Harrod ( 1 4 1 ) o f  a c opper- to-phenolate  charge 
t rans f e r  t ransi tion . 

. 
I n  the case  o f  the su bsti tu ted  phenolates under con-

siderati on  pep  i s  more el e c tronegative than t bp . Thus 
c opper- t o -phenolate  transi tions  would  be expec ted to o c c ur  
more readily wi th c omplexes o f  p ep  ( than wi th the analogous 
c omplexes o f  tbp ) . aen c e  t h�y would be expec ted to  absorb at 
l ower energy ( 1 43 ) . Th is has been observed to o c cur  for 
[ cu ( tbp ) 2 LJ and [cu ( pc p ) 2LnJ ( where when n = 2 ,  1 = py 
and where n = 1 , L :: dmp or  en ) (Tabl e 3 .  3 & 3 .  4)  . Complexes  
o f  copper wi t h  u nsubsti t u t od phe n o l a t e s  would  be expec t ed  to  
absorb at  higher  e n ergy t h � n c ompl exes o f  p e p  o �  t bp . Such  
i s  the  c ase  w _L  t h  t h e  c omplex of  SALE,'NH4 where t he c barge 
t ran s f e r  transi t ion  is observed at 392nm ( 1 42 ) in me thanol . 
No g r e a t  c hanc;e i n  >. , o f  [ cu ( S ALK�H4)] is o bse rved when " 'rJ A. X 
the  s o l v e n t i s  pyridi n e , sugg e s t i n g  that  the axial ni trogens 
have l i t t l e  e f f e c t . Subs ti tution o f  a ni t rogen b o. s e , suc h  
a s  en , fo r o n e  m o r e  basi c , such a s  TMED , should i n c rease  the 
e l ec t ron densi ty on c opper . Thi s woul d  promo t e  e l e c tron 
movemen t  f r o m  t h e  c opper to phenolate  and would also l ead to  
a shi f t  o f  t h e  c harge trans fer band t o  l o wer energy . Suc h  a 
shi f t  has been o bserved  t o  o c cur for [cu ( tbp ) 2 ( en )] and 
[cu ( tbp ) 2 ( TMEDD ( Table 3 . 3  and 3 . 4 ) . 

I n c reas i n g  the  number o f  phenolate s  donating c harge t o  
the c e n tral �e t al atom c o n  be e xpe c t e d  t o  destabilise  t h e  
metal o rbitals . Henc e the metal-to-phenolate charge 
t rans fer  band wil l  increase in energy as the c oordinat i on  
number is decreased  ( 1 43 ) . Studi o s  o f  potential mono­
phenoiate  copper sys t ems indicate  that this i s  the c ase . 
The complex N-n -propyl-5-nitro-salicylaldiminato-c opper ( I I )  
has be en  isolated and shown from a singl e crystal x-r�y 
s truc ture determination to .  be dimeric with t e rminal phenolic  
O H  groups ( 1 '+4 )  ; 
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The ele c t ronic spe c trum o f  this c omplex ( in  which  o nly one  
phenolic  OH group is  bound to  c opper ) has a d-d  band a t  
566nm bu t there is no  charge trans fer band in t h e  region 
above 400nm ( 1 45 ) . The complex  N-salicylidene -glycinato ­
aquo- c o pper ( I I ) has also been prepared and i s  though t t o  be 
c oordinat ed in  t h e  followin�  mann er  ( 1 46 ) ; 

However sienals at g = 4 as well as g = 2 in  i t s  e . s . r . 
spe c trum indi cat e  some dime ric c harac ter o f  the c omplex in  
solution ( 1 47 )  whi ch , by analogy with the  pre vious c ompound , 
would be expe c ted to have t erminal phenolic  O H  groups . This 
c omplex has a d-d band at 690nm and an intense band a t  357nm 
the  int ensity o f  whi ch  could be partly attribu ted t o  a 
c opper- to-phenolate charge trans fer interac tion . 

Complexes o f  known t e t ragonal symmetry su ch  as 
[cu ( t cp ) 2 ( im ) 2] and [cu ( MNOP ) 2 ( py ) 2 ] ( 1 35 )  have a single d-d  
band in the  di f fuse re fle c t anc e spe c t rum near 770nm and some­
times a poorly resolved band c an be observed at higher energy . 
These  c an o ft e n  be obscured when the charge t rans fer band i s  
bro ad . For some c omplexes where the  mean axial distanc e i s  
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shorter , as in [ cu ( FOMP) 2 ( py ) 2] this shoulder appears as a 
distinct  band . The m a j ori ty o f  the c omplexes and Cu2L f 
show evidence  o f  t e tragonal symme try ( havi n g  axi al posi tions 

o c cu pi e d  by Cl or Br ) i n  both the powder and i n  solu tion 
( Table 3 . 3  and 3 . 4 ) . For i nstanc e [cu ( tbp ) 2 ( py ) 2] h a s  two 
shoulders in i t s  di f fuse  re fl ec t ance  spe c t rum at 640 and 
760nm and a di s c ret e band at 770nm in ben z ene or 755nm i n  
EtOH. The d - d  ban d s  o f  bidentate  ligands o ccur  at  higher 
enerGy than those o f  monoden t at e  li ga nds , an indi cation o f  

the stronger l igand fi eld o f  the former . 

Two bands are present  in the di f fuse re flec tan c e  
spe c tra o f  [cu ( cy c l am ) ( pcp ) 2] ,  [cu ( pc p ) 2 ( en ) 2 ] and 
[cu ( tbp ) 2 ( e n ) 2 ] and in the elec tronic solution spe c t rum o f  
the  former in  MeOH ; one around 320nm and one around 500nm 
( Tabl e  3 . 3 and 3 . 4 ) . The band at 320nm can be assigned to  
a TT �  TT *  t ransi tion  o f  the  ionised phenolate grou p .  No 
su ch b a n d  is o bs e r v e d  i n  the  di f fuse  re flec tance spe c trum 
o f  [ cu ( c y c lam ) ( pc p ) 2] ,  while a 1 : 1  mixture o f  NaOH and p ep  
absorbs a t  322 nm . 'rhe we ak band around 500nm c an be 
assi g n e d  to a d- d  tra n s i t ion in [ cu ( cy c lam ) ( pc p ) � , from the 
int ens i ty of t h i s band in dm f ,  and in  [ cu (pc p ) 2 ( e n ) J and 
[cu ( tbp ) 2 ( en ) 2] ,  even  though the absolu t e  i n tensi ti es o f  

t he i r  band s canno t be de t e rmi n e d . Le ver and Mantovani ( 1 52 ) 
fo u nd for a s e ri e s  o f  c omplexes havi ng a n  in plane CuN4 
s t o i c hi o m e t ry that  this band ranged from 476-7 1 4nm , the 
highest energi es  being observed for the weakly coordinating 
axi�l l i gands . For instance in the  c omplexes [Cu ( en ) 2 ( X ) 2] 
( X = Cl , Br , I ,  NCS , N03 , Clo4 , BF4 ) )..·rnax ranged from 540nm 
t hrough 543nm to  553nm when X = Cl , Br , I re spec t ively . The 
c omplexes [ cu ( c y c lam ) ( pc p ) 2] , [ cu ( pc p ) 2 ( en ) 2] and 
[cu ( tbp ) 2 ( en ) � al l lie at the upper end  o f  thi s range 
s ugges ting only  a very weak axial interac tion o f  the  
phenolat e groups . 

Out o f  plane distortions from t e tragonal towards t e t ­
rahedral symm e t ry have the  e f fe c t  o f  shi fting the  d-d 
t ran si tions to l ower e n e rgy . [ Cu ( tbp ) 2 ( dmp D tH20 and 

[cu ( pc p ) 2 ( dmpD have two d-d bands around 800nm and 1 000nm 
in thei r re fle c t an c e  spe c t ra ( and in solution  in the c as e  o f  

the latt er ) , giving s t rong evidenc e  for out  o f  plane e o-
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o rdination o f  the  phenolat e groups to minimise i n terac tion 
with the methyls o f  dmp . 

3 . 3 . 4 ELECTRON SPIN RESONANCE SPECTROSCOPY 

In  general e . s . r . spec t ra  o f  t he c omplexes i n  this 
study , wi th g 1 1 ) gj_ are  c onsi s t e n t  wi th copper ( I I ) in a 

' 
t e tragonal envi ronment , wi th some c omplexes showing t e tra-
hedral distortions . Te trahedral distort i ons o f  o therwis e  
t e t ragonal c o pper ( I I ) chel at e s  i n c r eases g 1 1  and d e creases  
I A 1 1 1 • The ratio o f  g 1 1 : I A 1 1 1 appears to  be a c onvenien t 
empirical index o f  distortion o f  the donor se t from planar 
toward t e trahedral distortions ( 1 48 ) . This ratio t akes a 
value rangi n g  from about 1 05 - 1 35cm for tetragonal 
s tru c tures , values above this i ndicating dis t o rtions  towards 
t e t rahed ral symmetry .  In the c opper c omplexes under c o n ­
sideration ( Table 3 . 5 ) [cu ( t bp ) 2 ( dmp )] tH2o and 
[cu ( pcp ) 2 ( dmp )] would appear to have small out  o f  pl ane 
dis t or t ions t e ndi ng towards t e trahedral symm e t ry . The high 
empiri c al index [cu ( pcp ) 2] in me thanol ( Figure 3 . 4 ) dem­
ons tra te s  a Cuo4 t e t rahed ral symm e t ry ,  chaneing  to  a l argely 
t e t rago nal symm e t ry in a l e s s  polar solvent , n i t rome thane . 
The remaining c omplexes i n  the series all have e . s . r . 
spe c tra consi s t e n t  with copper ( I I ) i n  a tetragonal environ­
ment . Fo r [ cu ( pcp ) 2 ( en )] , [cu ( pcp ) 2 ( c o llidine )] and 
[ cu ( pcp ) 2 ( dm f� two species  are apparent in t h e  spe c t rum in 
mo re p o l a r  s o l v e n t s  ( EtOH or  dm f i n  the lat t e r  c ase ) one o f  
whi ch can be a t t ributed t o  t e t rago nal c oppe r ( I I ) ,  whil e  the 
o ther shows di s t or tion t owards t e trahedral symme try . Two 
species ar e also present  in the sp e c trum o f  [cu ( t bp ) 2-
( c ollidine )] t hough bo th indi c ate  that only very small 
distor tions from t e t ragonal symme try have o c cu rred . The 
lower than normal magnet i c  susc eptibilities o f  
[cu ( pcp ) 2 ( c ollidine )] and [cu ( pc p ) 2 ( dm f )] sugge st  that 
these c omplexes exis t  as ei ther  phenoxo bridged dimers i n  

the  solid state ; 0, 
0-o""- /o""- /o-rz:l 

Cu Cu 
/ ""' / ""'  B a s e· 0/o Base 

0-o = pe p 
Base = d rnf or 

co l l id ine 
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(a ) 

2600 2 700 2BOO 2900 300 0 31 00 3200 

( b )  

2 600 2700 2800 2900 3 0 00 31 0 0  3200 3300 

Magnet ic  F i "'ld ( g auss) 

Figure 3.3 E e S o R .  spec·tra at -1 94°C of ( a) [cu(tbp) 2 (py) 2 ] in ethanol 

and (b) .{cu(cyolam) (pcp)2 ]  in dm£'. 
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( a ) 

2 500 2600 2700 2BOO 2 9 00 3000 31 00 3200 

( b )  

2200 2t.OO 2 600 2800 3000 32 00 

M a g ne t i c  F ie ld  ( g auss )  

Figure 3,.4 E . S . R .  spectra at -1'94°C of (a) [cu(pcp)2(collidine)] in 
acetone and (b)  [cu(pcp)2] in methanol. 
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or as a polymeri c  s truc t ure wi th  more extensi ve phenolate  
bridging .  Partial o r  ful l  solvolysis o f  this dim er by the  
solvent  may ac c oun t for  the t wo spe cies  observed i n  the  
spe c t rum . 

I n  c omplexes o f  t e tragonal sym�etry there i s  a trend 
of  d e creasing g 1 1  and increasing A 1 1  values with inc reasing 
numbers  o f  ni trogens coordinating and when � bonding i s  
real ly signi ficant these g 1 1  values  fall into a narrow 
range ( 1 49 ,  1 50 ) . In some o f  the t e t ragonal c opper ( I I )  
c ompl exes in  t hi s  s tudy su ch a t rend i s  apparent . The 
complexes o f  [ cu ( tbp ) 2 ( c o llidine )] and [cu ( pc p ) 2 ( c ollidine )] 
( Fi gure 3 . 4 ) , both wi th only one nitrogen coordinated , have 

-4 - 1 values o f  g 1 1  arou nd 2 . 30 and A 1 1  around 1 77  x 1 0  c m  , 
when ac e t one an d e thanol respec t i vely are the solven ts . 
Whe n  t wo ni trogens are coordinated to t he metal , as wi th  
complexes o f  [cu ( tbp ) 2Ih ] ( L  = en , TMED when n = 1 and L = 

py , im when n = 2 )  when e thanol or  benzene i s  the solven t , 
g 1 1  dro ps to 2 . 240 - 2 . 267 and A 1 1  rises to 1 8 5 - 1 90 x 
1 0-4cm- 1 . The e 1 1 and A 1 1  valu es o f  [cu ( pcp ) 2 ( en )] and 
[cu ( pc p ) 2 ( py ) 2] i n  ben zene are also c onsi�t e n t  wi t h  this 
s cheme . When four ni trogens  are c oordinated , as in 
[cu ( cy c l am ) ( pc p ) 2] in dm f ,  g 1 1  d rops t o  2 . 1 93 and A 1 1  rises  -· 4 - 1 t o  2 . 0 5 x 1 0  c m  . However  values o f  g 1 1  and A 1 1  when 
[cu ( pc p ) 2 ( en )] and [ c:u ( pc p ) 2 ( py ) 2] in e thanol lie ou t side  
the  ran g e s  p r o po s e d  ( Tabl e 3 . 5 ) . 

3 .  3 .  5 'r RI VALENT I'1AN GA�'JES E PH E�OLA'rE COHPLEXES 

( a ) Preparati�n o f  [ Mn ( SALENH4 ) ( Ac e tato ) ] ( Ac e t one ) l iH20 

A slurry o f  Mn ( Ac e tat e ) 32H2o ( 0 . 26g , l mmol e )  i n  
ac e tone  was ad d e d  t o  a solution o f  SALENH4 ( 0 . 29g , l mmole ) 
i n  ac e t one . As the Mn ( Ac e tate ) 3zH20 dissolved wit h  
s tirring a brown solu tion resulted  from whic h  a pre c i pi tate 
was obtained . This  was rccrystallized by dissolving  i n  
ac e tone  and pre cipi tating wi th d i e t  hy, e t  her . The c o n-

- 1  - 1  2 due ti vi ty o f  the complex o f  1 . 35 SL mole cm  i n  e thanol ,  
i s  c onsis t e n t  with a non-el e c t rolyte . 

The presence  o f  a band at 1 700cm- 1  in  the  i . r .  
spe c t rum which  disappear�d on  heating for 1 2  hours at  1 05°C 
sugges ted t hat ac e ton e was present  i n  t h e  c omplex . 
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Analytical figu res cal culated for [Mn ( S ALENH4 ) ( Ac e tato )] 
( Ac e tone ) H2o were C ;  54 . 7% ,  H ;  6 . 7% ,  N ;  5 . 8% and for the  
c omplex were found t o  be  C ;  55 . 0% ,  H ;  6 . 0% , N ;  6 . 1 % . 

( b )  Charac terisation o f  [Mn ( SALENH4 ) ( Ac e t ato � 
( A c etone ) H -H2o 

The complex exhibits a si gnal i n  i t s  e . s . r . spec t rum 
o f  g = 2 . 0 1 7 ,  A = 95gauss and this is s t ro ngly c harac t e r­
is tic o f  mangan e s e ( ! ! )  rather than manganese ( IV ) , which  
exhibi ts  s tronger s ignals at g = 4 ( 1 5 1 ) .  The magnetic  
susceptibility o f  the complex o f  5 . 43 BM would suggest t ha t  
a mj_xture  o f  manganese ( ! ! )  CjJe f f  = 5 . 6 5 - 8 . 1 0  BH ) and 
mangonese ( I I I )  9J e f f  = 4 . 9 - 5 . 0  BM ) is presen t  in the 
preparation . 

The e l e c t ronic spec t rum · o r  the c ompl ex in  EtOH is 
charac terised by an i n tense band at 398nm whi ch  from i t s  
in t ensi ty o f  E = 4660lmole- 1 c m- l is  likely to  be a metal ­
t o-phenolate  or  phenolate- to-me tal charge tran s fe r  i n t e r­
actio n . T h e  spec t rum also exhibi ts  shoulders at l owe r  
e n e r g y , o f  �hi ch  o ne i s  found near 480nm . Thi s e l e c t ronic  
spec trum i c  very similar t o  Mn2L f  ( Fi gu re 1 . 7 ) and is  
probably m<J.inly due to  the l·ln ( I I I )  spe c i es pres_e n t . 

3 . lt C o n c l u �:-; i on 

Cu2L f  h a s  a c har0e t rans fer  band a t  438nm whi c h  i s  
sir. til a r  i n  energy t o  many o f  t h e  c ompounds listed in Tabl e 
3 . 4 ,  but this band is  at muc h  l ower e n e rgy than i n  those  
c omplexes  thou gh t  t o  have only one  phenolate coordinat e d  t o  
the  m e tal . Fluc tuations i n  charge trans fer energy o f  t he s e  
c ompounds arise from t h e  nature  o f  t h e  base and the 
phenolate  a s  well  as the s t ereoc hemistry about  c opper . 
Given the sam e  c o -ligands and arrangement o f  them about  
c opper as  the small molecular weigh t  c omplexes , i t  would be 
expe c t ed that the  c harge t rans fer e nergy o f  Cu2L f  woul d  be  
greate r  t han thes� complexes be cause  i n  the form er the  
phenolate  c omponent  of  tyrosine is no t halo substi tu ted . 
The best example o f  a Cu02N2 syst em c o n taining unsubs t i t u t­
ed phenolnt es i s  [cu ( SALENH4 )] where  >-.max is 392nm , t hough 
in this c a � e  the c h elat e  e f fe c t  would have shi fted t hi s  
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band to  lower energy . Re plac ing  the  e thylenediamine 
c omponent o f  SALENH4 by t wo imidazoles  would be expec t ed 
t o  shi f t  A by at  l eas t 20nm t o  lower energy ( Table  max 
3 . 4 ) .  On the  basis o f  these values then , a monodentate 
Cu02N2 would  be expe c t ed to absorb be tween  400 - 4 1 0nm .  
Whil e  a t hird phenolate group binding t o  copper would be 
expe c t ed to cause a shi f t  o f  the c harge trans fer ban d to 
l ower energy , precisely how great a shi f t  is  di f ficul t t o  
d e t ermine , though i t  would  be expec ted to  b e  small  f o r  an 
axial phenolat e .  Thus while  the posi tion o f  the  c harge 
t rans fer  band in cu2L f ,  at 438nm , would be more c onsis t en t  
wit h  two  ( as opposed t o  one ) tyrosyl residues biftding to  
c opper the  involvement o f  a third tyrosyl residue c anno t 
be  disc oun ted . In  addi tion  to  indicating the  number o f  
tyrosyls involved i n  the  binding si te o f  Cu2L f  the  elec t ronic  
spe c trum , in conjunction with the  e . s . r .  spec trum , point s  t o  
copper ( I I )  in a distorted t e tragonal environment . 

S tudi es on t rans ferrin ( se e  In trodu c tion ) have 
indic a ted that there are two hi s t idyl groups and , at  the 
most , three tyrosyl groups in the binding si t e s . From 
resul t s  presented in t his study the elec tronic  spec tra wou l d  
suggest  that when copper is  bound a t  least  two tyro syl 
residues  are bound equatorially and do not discount the  
possibili ty that  a t hi rd may be interac ting axially , even i f  
unioni sed . Th e e . s . r .  spe c t ra o f  cu2L f  and cu2T f  point  t o  
t h e  presence  o f  o ne equatorial his tidyl group .  However 
e lec tronic  spe c t ra would not be inc ompatible wi th one or two 
equatori al imidazole- type groups , whil e  axial ni trogens 
appear to  have l i t t l e  e f fe c t  on the absorbance  maximum . 
Hen c e  this would  poin t  t o  an axial coordination o f  the 
sec ond histi dyl i n  c u2Lf and Cu2T f .  A possible arrangement 
o f  the groups in the spe c i fic sites o f  lac t o ferrin , trans­
ferrin and ovo trans ferri n , based on  the evidence  presented  
in  this thesis , is i l lustrated in Figure 3 . 6 .  
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Tab l e  4a 

Fe 2L f  

Cu 2L f  

Co 2L f  

Mn 2L f 

cr 2L f  

Spe c t r a l  Charac t e r i s t i c s  o f  Me t a l- l a c t o f er r i n  compl exes 

E l ec t r o n i c  a n d  F l uo r P s c e n c e  S p e c t r a  E . S . R .  S p e c t r a ! Re s onanc e Rama n S p e c t r a  

C T  b a nd s u g g e s t s  t y r o s i n e s  ( p 2 9 ) . 

---···-�--- -·- - --

CT b a n d  s u p, g e s t s  t y r o s i n c s  .:1 n d  d - el 
ha nd s u g ge s t s  1 o r  2 eq ua t o r i a l  

n i t ro g e n s  i n  a s i t r o r  t c t r n gon u l 
s ymme t r y  ( p 30 ,  3 5 ) . F l l J < ' r t > s c v n c L' 
s ug ge s t s  s p e c i f i e  s i L L' h i n d i n 1� ( p 2 .'; - 9 ) .  

·---- ---- --- - - -- -

CT b a n d  s u g g e s t s  t y r o s i n c s  ( p 2 9 ) . 
F l uo r e s c e n c e  s u g g e s t s  s p e c i f i c  
s i t e b i n d i n g  ( p 2 5 -9 ) . 

CT band s u g ge s t s  t y  ros i ne s ,  p r e � e n c L' 

o f  d - d  bands cons i s t en t  w i th d i s­
tor t ed o c t a h e d ra l Hn ( I I l )  ( p 2 9 ) . 
Fluorescence  s u g g e s t s  s p e c i f i c 
s i t e  b i n d i n g  ( p 2 5- 9 ) .  

--

No C T  b a nd , d-d b a nd s s u g g e s t Cr ( T I I )  
b o u n d  t o  C l  a s  w e l l  a s  l o r  2 
n i t roge ns and oxy g e n s  i n  .:1 d i s t n r t ed 

F c ( I I I )  i n  a r homb i c  s i t e  

( p 3 7 ) some s u g ge s t i on o f  

s i t e h e t e r o g e n e i t y ( p4 fi ) . 

Cu ( I I )  i n  a t e t r a gona l s i t e � 
1 eq u a t o r i a l  n i t ro p. e n p r e s - 1 

e n t  ( p4 1 ) . No s p e c i f i e i 
b i n d i n g i n  a h s e n C l' o f  Hco; ( p 4 7 ) . 

E . s . r .  i na c t i v e-c o n s i s te n t  

w i t h  Co ( I I I ) ( p 2 0 ) . 

E . s . r .  i nac t ive - cons i s t e n d  
\"i th �ln ( I I I )  ( p 2 0 ) . P r o t e i 1 
po s s ib l y  .1 d o p t s  a d i f f e r e n t I c o n f o rma t i o n  ( p 4 9 ) . I I I 

s i t e h e t e r o g e n e i t y ( p4 5 - 7 ) . 
o c t a h e d ra l s i t e  ( p 3 5 - tJ ) ,  

C r ( I I I ) i n  a d i s t o r t e d o c t a1 
h e d r a l s i t e . D i s t i nc t iv e  

, __ l I 

-� -

TI1 e  CT b a n d  i s  d u e  t o  t y r o s i n e s  

a nd n o t  h i s t i d i n e o r  Hco; < r so- 7 ) .  

D i t t o 

D i t t o 

D i t t o 

D i t t o  



Conclus ions 

( 1 )  The e l ec t r o n i c  and r e sonanc e Rama n s p e c t ra b o t h  s uppor t the i nvo lvemen t of t y r o s i nes i n  the b i nd ing s i t e o f  Fe
2

L f . 

( 2 )  E l e c t r o n i c  a nd e . s . r . s p e c t r a o f  Cu 2 L f  a n d  e l e c t r on i c s p e c t ra o f  C r
2

L f  s u p po r t t h e  i n vo l v eme n t o f  1 o r  2 n i t r ogen 

l i gand s o n  the me t a l  a n d  h e n c e  t h e s e  l i ga n d s  a r e  e xp ec t ed t o  be bo und t o  i ron . 

( 3 ) The ab s e n c e  o f  s p ec i f i c  Cu 2 L f  e . s . r . s i gn a l s i n  HC0 3 f r e e  c o nd i t i o ns s u p p o r t s  t h e  i nv o l v e me n t o f  t h i s i o n .  

( 4 ) F r om s p e c t r o s c o p i c  a nd c h em i c a l  mod i f i c a t i o ns o f  F e 2 T f  ( a n d  ov o t f ) i t  h a s  b e e n  s u gg e s t e d  t h a t t h e  s i t e s i n  b o t l l  

p r o t e i n s  a r e  s im i l a r  a nd t h a t  t h e s e  i n c l u d e  2 - 3 t y r o s i ne s , 2 h i s t i d i ne s , l wa t e r a nd I b i c a rb o n a t e  mo l e c u l e .  

( 5 ) 

A s im i l a r s i t ua t i o n a p p ea r s t o  ho l d  f o r  Fe 2 L f  b e c a t t s e  i t  i s  s p e c t r o s c o p i c a l l y s im i l a r .  

Th e p r o t e i n  a p p e a r s  to b e  ah l P  t o  a d o p t a c on f o r ma t i o n  t o  s u i t t h e  s t e r e o c h em i c a l r e q u i r em e n t s  o f  e a c h  me t a l  i on .  

Fo r i n s t a n c e  h i gh s p i n  Mn 3+ ( Jd 4 )  a n d  Ct t 2+ ( 3 d 9 )  o r e l i k e l y  t o  b e  s ub j e c t  t o  

t e t r a gon a l  c o o rd i n a t i o n , wh i l e c r 3+ ( ld 1 ) , h i gh s p i n  Fe 3+ ( 3 d 5 )  a n d  l ow s p i n  

Jah n Te l l e r J i s t o r t i on s  h e n c e  a d o p t  a 
3+ () Co ( 3d ) h a v v  s r h c r i c a l l y s ymme t r i c 

e l e c t r on i c  c o n f i g u r a t i o n s  a n c l  w o u l d  a d op t a mo r e  r e g u l a r  o c t a h e d ra l c o o r d i n a t i o n ( po s s i h l y � i th s ome rh omb i c  

d i s t o r t i o n ) . 



Tab l e  4b 

• 

Fe06 

1 
FeON04 

Fe04 N2 
1 

Fe02 N2o2 

Fe0 3N 3 

Fe02 N4 

Gene r a l  

1 
CuON0 2 x 2 
Cu0 3N Y 2 
C u0

2
N

2Y 2 

CuN4 ( o 2 ) 

Gene r a l  

Manganese  

Compa r i son o f  Sma l l  Mo l e c u l a r  we igh t complexes w i t h  the me t a l - l ac t o f e r r i n  c omplexes 

E l e c t r o n i c  S p e c t ra 

CT band in  r i gh t  range , b u t  comp l exes 
no t su i ta b l e  ( p 7 3 ) . 

2+ 
CT  b a nd o f  [ Fe ( I l ia )  (MeOH)  4 l t oo 
l ow in energy ( p 7 5 ) . 

CT band t oo h i gh i n  ene rgy ( p . 7 5 ) . 

CT b and too  l ow in e n e r gy b u t  i n  t h e  
c a s e  o f  I l ia  and V I I I  add i t ion  o f  2 
i m i d a z o l e s  sh i f t s  band  t o  h i gh e r  
en e r gy ( p 7 5 , 7 7 ) . 

CT band i n  r i gh t  ranrc ( p 7 5 ) . 

CT band f o r  comp l e x  o f  V T d  ( t r i d en t a t e )  
o f  s im i l a r  e n e r gy b u t  t oo l ow f o r  
comp l e x e s  o f  V I I h  a n d  V I I d  (hexadcn t a t e )  
( p 7 7 ) . 

I n t ens i ty o f  CT ban�
1

o f _ 1 l l  comp l exes  
is  a round 4000 l mo l  cm ( p 7 4 ) . 

CT band i s  too h i gh i n  ene rgy ( p l 0 2 -3 ) . 
CT band is s im i la r  i n  e n e r gy ( p l O l ) . 
CT b a nd i s  s im i l a r  i n  e n e r gy . Add i t i on 
of ax i a l  N l igands has no e f f e c t  on  
b a nd pos i t i o n  ( p l 0 1 . 2 ) 

No CT  band-ax i a l  ph e no la t e s  a r e  
wea k l y  i n t e ra c t i n g  w i t h  c o p p e r  ( p l 0 4 ) . 
d-d b a nd s ugge s t s  t e t ra gona l s ymme t r y  
( p l O J - 4 ) 

I nd i ca t e s  pheno l a t e  i n  s p ec i f i c  s i t e 
( p l l O ) . 

1 E . S . R .  Spec t r a  

Mo s t  comp l e xes have g=4 . 3  
s i gna l s  cons i s t e n t  w i th 
rhomb i c  symme t r y . As 
s ymme t r y  b e c omes mo r e  
te t r a gona l ,  s i gna ] a t  g= 6 
b e c omes prom i nent . E . s . r .  i s  
no t s e n s i t i ve  t o  numb e r s  o f  
oxygen a nd n i t r ogen l i gand s 
( p 7 8 - 8 J ) . 

Compound i s  a d imer 

g // and A /I  s ame a s  C u 2Lf 

g // l ow e r  and A // h i gher  

g L/ much  l owe r a nd A// mu ch 
h l gh e r  

I nd i ca t e s  t e t ra gona l no t 
t e t rahed ra l s ymme t ry ( p l 05 
& 1 0 8 ) . 

M i x t ure o f  Mn ( I I I ) /Mn ( I I )  
( p l l O ) . 

O th e r  Da ta  

1 1  
Mos s bauer 
S e ns i t ive t o  degree  o f  
cova l ency i n  mo l e c u l e ,  b u t  
no t t o  numb e r  o (  oxyge ns or  
n i t rogens coord ina t ed ( p8 3- 7 )  

X- Ray S t ruc ture  

S t ruc t u r e  d e t e rm ina t i o n  o f  
[ Fe ( I I I a ) 2 ( MeOH 2 ] NO . MeOH 
shows i n t e rac t i on o ? n i t ra t e  
( a  b i c a rbona t e  ana l o gue ) v i a  
so l ve n t  mo l ec u l e s  ( MeOH) 
( p 7 0 - 2 ) . 



No t e  

Con c l us ions 

( 1 )  

( 2 ) 

( 3 ) 

( 4 ) 

( 5 )  

0 phenola t e  oxygen , ( 0 )  = ax ia l pheno l a t e  oxygen , o 1  ca rboxy l a t e  and o t he r  oxygen , N ni t ro gen , 

X = ax i a l  so lven t , Y = axial  ha l i de . 

CT band o f  Fe ( I I I )  comp l exes i nc reases i n  ene rgy as numb e r  o f  pheno l a t e s  and n i t ro gens bound t o  i ron 

inc r ea s e s ;  
- 1  

approxima t e l y  by  2000cm 
- 1  

p e r  pheno l a t e  and l - 2000cm p e r  i m i d a zo l e .  

E . s . r .  s pe c t ra o f  Fe ( I J I )  compl exes show i ro n  i n  Fe 2L f i s  i n  a s i t e  o f  rhomb i c  ( ra t h e r  t han 

t e t ragona l symme t ry )  

S t ruc t u re o f  [ F e  ( I l i a )  2 (HcOH)2 ] N0 3 . ?-1e0H s uggC's  t s  i n t e rac t i on o f  b i c a rbona t e  w i t h i ron v i a  a s o l  ven t  mo l e c u l e . 

E l e c t ro n i c  spec t ra o f  Cu ( I I )  c omp lexes s ugge s t  two equa t o r i a l  pheno la t e s  and one o r  two equa t o r i a l  n i t ropens 

b ound to  copper in a s i t e o f  t e t ragona l s y mme t r y ;  a l s o t ha t axi a l  phcno l a te s  and n i t rogc ns have l i t t l e 
i n f l uence on the po s i t ion o f  the CT band . 

E . s . r .  s p e c t ra o f  Cu ( I I )  comp l e xes  f a vo u r  an e q ua t o r i a l  Cu0 3N s y s tem in a s i t e o f  t e t ra gona l symme t ry . 



Con c lus i o n  ( s e e  F i gu r e  3 . 6 )  

S t u d i e s  o n  me t a l- la c t o f e r r in c omp l e x e s  have r e v ea l ed t h a t t y r o s y l  A nd l 1 i s t i d y l r e s i d u e s  a r e  i n v o l ved i n  b i nd i n g  

t o  i ro n ( I I I )  in a s i t e o f  r h omb i c  s �nme t r y  and t h a t b i c a r bona t e  i s  e s s e n t i a l  f o r  t h i s  b in d i n g  t o  o c cu r . S t ud i e s  
o f  sma l l  mo l e c u l a r we i gh t i ron ( I I I )  c o mp l e xe s h ave s h own tha t t h e  c h a r ge t r a n s f e r  b a n d  s h i f t s  t o  h i gh e r e n e r gy a s  

t h e  n umb e r  o f  pheno l a t e s  a n d  i m i d a zo l e s  b o u nd i nc r e a s e s . U s i n g  t h e comp l e x  [ Fe ( 4 -Me- p h e n o l a t o ) ( E t OH ) _ J 2+ a s  a ) 
b a s e po in t ,  i n  s e c t i on 2 - 4  i t  h a s  b e e n  a r g u e d  t ha t  t h r�e p h e no l a t e s  a n d  2 i m i d a zo l e s  a r e  l i k e l y  to b e  f o u n d  i n  

t h e  s p e c i f i c s i t e . Th e s i n g l e  c r y s t a l  X - r a y  s t r u c t u r e o f  [ Fe ( l i i a ) 2 ( MeOH ) 2 J N0 3 . MeOH wou l d  s u p p o r t  t h e  p r opo s a l  

f o r  t h e  i n t e ra c t i o n o f  b i c a rb o n a t e  v i .q a s o l ve n t  (\va t e r )  mo l e c u l e . S t u d i e s  o f  s ma l l  mo l 0 c u l a r  we i g h t  c omp l e x e s  o f  

c o p p e r  wou l d  s ugge s t  tha t i n  C u 2 L f  t h e r e a r e  l i k e l y  t o  b e  two p h e no l a t e s  a n d  o ne o r  t wo i m i d a z o l e s  eq t1a t o r i a l l y  

bound . Fu r t h e rm o r e  t hey wou l d  s u gge s t  t h a t  o n e  p h e n o l a t e ( o r  i t s  u n i on i s e d  e q u i va l en t )  a n d  o n e  i mi d a zo l e  a re 

i n t e r a c t i n g  a x i a l l y .  

w o u l d  b e  very we a k . 

bound . 

The t e t r a go n a l  s vmme t r y f a vo u r e d  b y  c o p p e r ( I I )  wou l d  s u g ge s t  t ha t t h i s  a x i a l  i n t e rac t i o n  

H e n c e  f o r  i ro n ( T J J ) , wh i r h f a vo u r s  r h o mb i c  sy�ne t ry t h e s e  a x i a l l i g a n d s wo u l d b e  more s t ron g l y  
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